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ABSTRACT

The stringent and conflicting requirements of optomechanical instruments and the ever-increasing need
for higher resolution and quality imagery demands a tightly integrated design approach. The aim of this
study is to drive the thermomechanical design of multiple components of an optomechanical instruments
by the system’s optical performance. This work addresses the combination of structural-thermal-optical
performance analysis and multicomponent topology optimization while taking into account both compo-
nent and system level constraints. A 2D two-mirror example demonstrates that the proposed approach is
able to improve the system’s spot size error by 95 % compared to uncoupled system optimization.
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EXECUTIVE SUMMARY

Optomechanical instruments enable humanity to explore new galaxies, communicate via space, measure
and manufacture at the nanometer scale and modify human genetics. The optomechanical design involves
many coupled disciplines such as thermal control, structural mechanics, motion control and optics. The
stringent and conflicting requirements of optomechanical instruments and the ever-increasing need for
higher resolution and quality imagery demands a tightly integrated design approach.

Many factors contribute to the inability of an optical system to produce a perfect image, including chro-
matic and geometrical aberrations, fabrication and alignment errors and environmental effects such as
temperature fluctuations and vibrations. Structural deformations and temperature differences of the hous-
ing or frame should neither excessively distort the mount nor the optical surface, requiring a compliant
design. Those deformations depend on loading and support conditions, material properties (e.g. density,
Young’s modulus, thermal conductivity, thermal expansion coefficient), structural efficiency and size. In
contrast to a compliant design, the optical components require a stiff design, as the structure must con-
strain the component such that they are not damaged or irreversibly moved after exposure to external
conditions.

The aim of this thesis is to investigate how to design optomechanical components such that the optical
performance degradation due to thermal loads or mounting errors is minimized and to drive the thermo-
mechanical design of multiple components through the system’s optical performance. This work focuses
on the reduction of optical performance errors of reflective optical systems induced by (quasi)-static ther-
mal loads and alignment errors by optimizing the material layout of the mounts. Therefore, it is of interest
to research the influence of including optical performance metrics in the design and optimization of these
systems. For multicomponent systems, it is of interest what the differences are between optimizing a
coupled system and optimizing the individual components.

The typical design approach of optomechanical instruments is characterized by the optical discipline
creating a performance error budget that defines deformation limits for each optical component to the
structural discipline. From this point of view, an optical system functions as long as the components
remain within allowed tolerances of their nominal locations, orientations and deformations. Thus in the
thermomechanical design process, the optical performance is not considered directly and each component
is designed and optimized separately to meet a priori defined deformation limits. Typical optomechanical
design focuses on structural and kinematic design (e.g. flexural design), thermal stability and athermal-
ization, vibration control and material selection to meet those limits. This approach satisfies the optical
performance requirements, though individual components are unnecessary overconstrained leading to
non-optimal system designs.
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This study involves combining multiple methods of multiphysics analysis techniques and structural opti-
mization, which led to an effective new design optimization procedure. The optomechanical optimization
problems generally are characterized by difficult multiphysics and non-selfadjoint response functions
involving multiple nonlinear constraints. Therefore, this study uses a density gradient-based topology
optimization procedure to maximize the design freedom to systematically find an optimal solution.

This work proposes a new method that includes system optical performance metrics in the thermome-
chanical design and optimization process and optimizes all components simultaneously in order to exploit
component interactions and uses system-level constraints where possible. The method incorporates a full
structural-thermal-optical performance analysis into a gradient-based topology optimization framework
to effectively optimize the layout of multiple mirror mounts reducing the systems optical performance
expressed in terms of spot size and position accuracy. The combination of a structural-thermal-optical
performance analysis and topology optimization simultaneously utilizes the optical, structural and ther-
mal design aspects in the structural design optimization. By enlarging the design space, one can further
improve the instruments’ optical performance, or maintain the optical performance under more stringent
constraints.

To analyze a multicomponent optical system the deformed surfaces (analyzed by finite element analysis)
are approximated by a least squares fit to obtain the optical surface misalignments (rigid body effects and
surface form errors). Next, the ray transfer matrix analysis can be used to track the position and angle of
paraxial rays through the system.

Multiple different optimization problems of a single mirror mount subjected to thermal influences and
alignment errors show that there is a certain bandwidth of minimum eigenfrequency constraint values
that influence the ability of the optimizer to minimize surface deformations. Thus, conflicting requirement
tolerance values should be thoroughly investigated, as their limits can highly influence the topology layout
and performance.

A 2D two-mirror example case shows that the proposed approach is able to improve the system’s spot
size error by 95 percent compared to uncoupled system optimization to below the system’s diffraction
limit. Thus, the case study proves that an integrated structural-thermal-optical thermomechanical design
optimization procedure, taking into account all system components improves the system optical perfor-
mance compared to individual component optimization, while subjected to equivalent design constraints.
Whereas the uncoupled optimization aims to design two perfectly flat mirrors, the layout of the second
mirror in the coupled optimization is such that its misalignments (mainly curvature) effectively counter
effect the misalignments of the first mirror. Thus, the typical design approach unnecessarily overcon-
strains problems, whereas the system design optimization approach enlarges the feasible design domain
and gives the optimizer more freedom to minimize the objective while still satisfying all constraints.

Further research might well be conducted on the extension to multiple and different optical components
as well as the extension to 3D structures while taking manufacturability into account. Despite the aca-
demic nature of this study, it shows optomechanical designers should aim for considering and integrating
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multiple components and physics simultaneously in the design loop when requirements seem irreconcil-
able.






1. INTRODUCTION

1.1 Optomechanical instruments

Optomechanical instruments control light by means of optics and generally have to meet very strin-
gent optical, mechanical and thermal requirements [See e.g. 1-3]. These instruments enable use to
explore new galaxies, communicate via space, measure and manufacture at the nanometer scale and ex-
plore and modify the human genetics. They are found in high-tech applications in disciplines such as
(nano)metrology, astronomy, life sciences, aerospace, lithography, and communications. Some cutting-
edge examples are the Sentinel 5 UV-1 spectrometer, the Global Astrometric Interferometer for Astro-
physics (GAIA) and the European Extremely Large Telescope (E-ELT), see Figs. 1.1a, 1.1b and 1.2.
The challenge of optomechanics lies in maintaining the position and shape of optical elements such that
the optical performance is guaranteed under all working environments [e.g. 4,5]. Those environments
include extreme pressures (e.g. vacuum in space), high vibration levels, shocks, pollution and extreme
high/low temperatures (cryogenic applications) and temperature fluctuations. The optomechanical design
is a tightly integrated process involving many disciplines such as thermal control, structural mechanics,
motion control and optics.

1.2 Optical performance and design requirements

The optical performance generally encompasses the systems’ image quality, optical resolution, and image
position accuracy. Both image quality and optical resolution are typically quantified by the spot size or
image blur diameter [e.g. 10, 11]. The spot size of an aberration-free system is limited by the wavelength
of light. This diffraction limit determines the minimum blur diameter that is achievable by an optical
system and hence provides a reference for image quality. The spot size mainly depends on the wavefront
quality due to geometric aberrations, whereas the beam position accuracy depends on the pointing (an-
gular) errors of the optical components. These performance metrics can be determined using geometric
ray tracing, which traces the propagation of light rays through an optical system [e.g. 12]. For flat or
spherical single-mirror systems the Wave Front Error (WFE) scales linearly with the Surface Form Error
(SFE) of the deformed surface and the pointing error is directly related to the tilt of the surface [e.g.
13, 14]. The optical performance metric of interest thus depends on the application and system composi-
tion. Figure 1.3 shows a 2D schematic of an arbitraty reflective optomechanical system to further clarify
the discussed definitions. The SFE equals the difference between the deformed and undeformed surface
configurations, whereas the WFE equals the difference between the wavefronts originating from the de-



(a) The Global Astrometric Interferometer for Astrophysics
(GAIA) basic angle monitor optomechanical assembly mod-
ule, fully made out of sintered Silicon Carbide. The system
consist of two bars, a light source and beam splitters to measure
the field of view or ’basic angle’ of two separated telescopes
with an accuracy comparable to measuring the diameter of a
human hair at a distance of 1000 kilometres [See: 6,7]. GAIA
is launched in 2012 by the European Space Agency (ESA) and
aims to measure with extreme precision the position and speed
of billions of stars and create a 3D map of the universe.

(b) The European Southern Observatory (ESO) is currently de-
signing and building the European Extremely Large Telescope
(E-ELT), which will be the largest optical telescope in the
world with a primary mirror of almost 40m in diameter con-
sisting of nearly 1000 hexagonal segments of 1.2m in width.
TNO designed and optimized the support structure for each
segment, leading to a maximum surface from error of 30nm
root mean square independent of the segment orientation and
temperature [See: 8,9].

Figure 1.1.: Cutting-edge optomechanical instruments; the GAIA basic angle monitor assembly module and the

E-ELT.



(a) Structural design of the Sentinel 5 UV1 spectrometer. The
mirrors are bolted to the housing, which is semi-kinematically
connected to the satellite frame via flexures in order to limit
deformations due to imposed rigid body displacements of the
frame.

(b) Optical design of the UV1 illustrating the mirror mounts
and optical rays. Note the different mirror back layouts and
consistent connections to the frame. The spot position and size
depends on the misalignments and surface deformations of all
optical components.

Figure 1.2.: The European Space Agency’s (ESA) SENTINEL 5 shortwave UV1 band (270-300nm) spectrometer

system to be carried on the MetOp-SG satellite.
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Figure 1.3.: Schematic of a reflective optical system, to illustrate the principles of surface form and wave form error
and the resulting influence on the image quality (spot size and positional error). Domain Q represents a frame or
housing, whereas Q, represents the mounting structure. Due to a heat load Q, a misalignment in assembly or a
difference in temperature between both domains, the body will deform causing the undeformed surface to deform,
leading to Surface Form Errors (SFEs). Incoming light with a perfect wave front will deflect from the deformed
surface degrading the wave front causing Wave Front Errors (WFEs), which will, in combination with rigid body
effects of the surface lead to image quality degradation. In this case this is show by an increase in spot size and
positional error in relation to the perfect system.



formed and undeformed surfaces, respectively. Both spotsize and positional accuracy degrade when a
system subjected to environmental loads.

Many factors may contribute to the inability of an optical system to produce a perfect image, including
chromatic and geometrical aberrations, fabrication and alignment errors, self-weight, and environmental
effects such as temperature fluctuations. This work focuses on the reduction of optical performance errors
of reflective optical systems induced by (quasi)-static thermal loads. Therefore, structural deformations
and temperature differences of the frame should neither excessively distort the mount nor the optical
surface. This implies that a mechanically disconnected frame and optical surface combination would be
optimal. However, the presence of thermal loads requires material to abduct the heat from the optical
surfaces to the frame or vice versa. In contrast, the optical components also require a stiff design, as
the structure must constrain the components such that they are not damaged or irreversibly moved after
exposure to external conditions such as vibrations, thermal shocks and gravity [e.g. 1-3]. To limit excita-
tion from external vibrations, the fundamental elastic eigenfrequency must be higher than a critical lower
limit. Adding more practical constraints such as maximum mass and material usage, which are often
linked to costs, the optomechanical mirror support design clearly involves multiple conflicting structural
requirements. Thus, careful consideration of the thermomechanical and dynamic performance of optical
mounts is required. Optimization techniques can aid in this process.

1.3 Problem definition

The typical design approach of optomechanical instruments is characterized by the optical discipline
creating a performance error budget that defines deformation limits for each optical component to the
structural discipline. In an iterative design process, the thermal discipline provides the temperature fields
and gradients after which the structural discipline aims to realize a design which meets the deformation
limits during thermal and other environmental load cases. From this point of view, an optical system
functions as long as the components remain within allowed tolerances of their nominal locations, orien-
tations and deformations. Thus, in the thermomechanical design process, the optical performance is not
considered directly and each component is designed and optimized separately to meet a priori defined
deformation limits.

This approach satisfies the optical performance requirements, however individual components are overde-
signed, as each component is exposed to worst-case load scenarios. Overdesigning components can in-
crease weight and thereby costs. Furthermore, overdesign may lead to less optimal designs in relation to
performance, due to unnecessary overconstraining of the design problem. Hence, there is a clear need for
improved design approaches.

To enlarge the design space and further improve the optical performance of optical instruments, this thesis
proposes that



1. system-level optical performances metrics should be taken into account during the thermomechan-
ical design and optimization process,

2. all optical component designs should be optimized simultaneously for these metrics, and

3. system-level constraints should, if possible, not be replaced by component-level constraints.

1.4 Approach: simultaneous multicomponent multidisciplinary topology optimization

Model-based structural optimization techniques can aid in further improving the performance of opti-
cal instruments. Both heuristic procedures and mathematical routines are often applied. The heuristic
procedures are based on simple statistics or genetics. These approaches result in designs that perform
well, though for more conflicting and multi-physical problems a mathematical optimization routine is
preferable. These routines provide a rigorous, systematic approach to find the optimal designs. Structural
optimization problems are generally formulated as a sizing, shape or topology optimization problem.
Whereas in sizing and shape optimization the design variables are dimensions of a predefined geometry,
topology optimization is based on adding or removing small parts of the material. Topology optimiza-
tion is a systematic, bottom-up structural optimization approach that provides maximum design freedom
without any prior knowledge of the design. The procedure can effectively optimize the material layout
within given design domains in order to maximize a performance measure, while subjected to a given set
of loads, boundary conditions, and constraints [See e.g. 15]. The method, in combination with mathe-
matical programming, has shown to be able to solve complex nonlinear multidisciplinary problems with
multiple active constraints and is capable of producing innovative solutions.

In order to couple all involved physics of the optomechanical design and profit from the interactions be-
tween different disciplines an integrated Multidisciplinary Design Optimization (MDO) approach is often
applied, resulting in superior designs. For optomechanical systems, an integrated Structural-Thermal-
Optical Performance (STOP) analysis should be incorporated in the optimization procedure for this pur-
pose [e.g. 11,16, 17]. This combination utilizes simultaneous optimization of the optical, structural and
thermal design aspects. Prior work in STOP optimization couples various analysis tools to obtain the
optical performance. This shows great improvement, although the optimization often only includes sizes
as variables and thus uses only a limited number of variables such as face sheet thickness and strut diame-
ters [e.g. 18-20]. The STOP optimization procedure includes optical knowledge at the thermomechanical
design level but the design freedom is not yet fully exploited.

In addition, one can simultaneously apply multidisciplinary optimization to multiple components or a
system assembly and optimize for an optical performance metric at the system level, taking into account
component level interactions. This approach will be referred to as System Design Optimization (SDO). To
determine the system optical performance, this study uses a simplified version of geometric ray tracing,
the ray transfer matrix analysis. The method uses the paraxial approximation of ray optics to construct a
ray transfer matrix that describes the behavior of an optical system [e.g. 21-23].



The goal of this thesis is to show that an integrated structural-thermal-optical thermomechanical design
optimization procedure taking into account all system components improves the system optical perfor-
mance compared to individual component optimization, while subjected to equivalent design constraints.

Next two chapters give additional background in the fields of optomechanical design, Chapter 2, and
structural optimization in Chapter 3. The formulation of the coupled thermomechanical discretized equi-
librium equations, topology optimization formulation and sensitivity analysis of a generalized response
function are described in Chapter 4. The extension to a full STOP optimization approach can be found in
Chapter 5, which focuses on the optical performance prediction from finite element analysis results. Nu-
merical examples, supporting the answers to the research questions, are to be found in Chapter 7. Finally,
additional discussion, recommendations and conclusions are presented in Chapter 8 and Chapter 9.






2. OPTOMECHANICAL DESIGN

Optomechanics is defined as the part of optical engineering concerned with maintaining the shape and
position of the optical systems’ surfaces. Deviation from a stress-free condition always leads to defor-
mations, which affect both the position and shape of surfaces in an optical system. The driving design
requirement for operation is the optical performance while subjected to thermal loads, vibrations and
temporal material changes. A proper optical system functions as long as the components remain within
allowed tolerances of their nominal locations and orientations. Therefore, the design objective considered
in optomechanical design is focused on deformations rather than stress.

2.1 Environmental conditions and requirements

The environmental conditions an optomechanical instrument has to withstand are generally very stringent
at all stages of its lifetime. Both survival and operational environmental conditions dictate the design driv-
ing requirements. The survival conditions include situations where the performance is not of importance,
however the instrument must be able to operate without degradation of performance after returning to
the operational conditions. Severe conditions for survival happen during manufacturing, assembly and
transport. For example for space applications that are typically

* extreme pressures and pressure drops from 102kPa to vacuum with an average rate of —2kPas™!
and accompanying moisture release effects,

* high vibrations and acoustic noise levels; power spectral density levels up to 0.13 g?/Hz within a
range of 30Hz < f < 1500Hz,

* shock loads (approx. max 4 g over a 40ms period),
* manufacturing loads (e.g. polishing or postprocessing),
* humidity levels between 0% and 80 %, and

* extreme temperatures, as low as 100K for cryogenic applications up to 344 K for hot cases, as well
as temperature changes.

Those survival conditions generally impose maximum weight, minimum static/dynamic stiffness, limited
material selection and maximum stress constraints derived from multiple different load cases.
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During operation the design driving requirements are quite different, for example for space applications
the pressure and static loads can be assumed negligible, though micro-vibrations arising from other sub-
systems or small temperature gradients become critical load cases. The system must be susceptible to,
and withstand all dynamic and thermal loading conditions while performing nominally and provide full
specified optical performance during the full operational lifetime. The system must perform at varying
interface environment levels within a certain stability range; that is the optical performance must be re-
tained within a certain precision, accuracy or resolution for a set of external temperatures or heat loads.
The performance is often given by an optical measure, such as the allowable WFE, which dictates the
required stability of the optical components relative to the mount interfaces, including temporary or per-
manent change in position of the optical component after initial alignment due to static, dynamic and
thermal loads.

2.2 Design process

The first step in any optomechanical design is defining why the design needs to be done and what the
corresponding performance metrics and design requirements are. Although many specifications may be of
interest, generally a couple are the most important; the driving requirements. These driving requirements
will determine in which direction trade-offs will be made.

The optical design starts with a preliminary design using simplified hand calculations in order to de-
termine focal lengths and such. Light passing through an optical system consisting of various optical
elements such as mirrors, prisms, gratings and lenses, can be analyzed using the ray properties of light.
The trajectory of a ray can be computed by using the law of reflection and Snell’s law of refraction.
Followed by a paraxial design (based on linear approximations), most of the optomechanical require-
ments will be found and the optomechanical design can start by the selection of mounting structures and
geometries as well as materials.

After the preliminary design has been evaluated using models and analysis techniques, the process of
tolerancing begins. Tolerancing basically entails figuring out how far the manufacturing of the system
elements and the operational conditions can stray before the system performance drops below acceptable
levels. After defining starting tolerances, the effects of these boundaries on merit function are calcu-
lated. Once those effects are known, they are generally summed via the Root Sum Square (RSS). A
more advanced method of tolerancing is by performing a Monte Carlo analysis, in which the optical De-
grees Of Freedom (DOFs) are randomly varied to simulate the randomness of manufacturing errors or
environmental conditions.

The detailed design basically consists of iterative redesign based on the tolerance limits and redefinition
of the tolerance budget, until all requirements are met. The last step in the process is to experimentally
verify the system requirements of the detailed design, either using a breadboard or full model, depending
on the application.
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2.3 Thermomechanics

In order to analyze heat transfer and thermal expansion one can describe these physical phenomena by
differential equations. Assuming linearity and temperature independent material properties, a structure
can be analyzed by discretizing these equations in both space and time. The heat equation describes the
distribution of heat by conduction in a given regime over time. The temperature field 7' (x,y,z,t) as a
function of the spatial variables and time is described by

AT(x,1) PT(x,1)
ot Ix?

= 0(x,1), 2.1)

where D = Lp is the thermal diffusivity, a material-specific quantity depending on the thermal conduc-
tivity k, the mass density p and the specific heat capacity cp. Q is the rate of internal heat generation.

Assuming steady state conditions the equation simplifies to

92 T(x)
0x?2

= Q(x). (2.2)

The constitutive relations governing the linear elastic boundary value problem include the equations of
motion (Newton’s second law). Taking into account the thermoelastic forces, these are defined as

?U(x,1) do(x,1)

o o = F(%.0) + EaAT (x.1), (2.3)

where U is the displacement vector, ¢ is the Cauchy stress tensor, F the body force per unit volume, E the
Young’s modulus, o the Coefficient of Thermal Expansion (CTE) and AT (x,7) the change in temperature
at time ¢ with respect to the stress free condition at location x. For steady state statics Eq. (2.3) simplifies

to
do(x)
ax

The strain-displacement relations are given by

1 {oU(x,r)  [(AU(x,0)\"
€_2< ox +< ox >)’ -

where ¢ is the infinitesimal strain tensor. The constitutive equations, for linear elasticity based on Hooke’s
law, are given by

— F(x) + EQAT (x). (2.4)

o=C(E,v):e, (2.6)

where C is the fourth-order stiffness tensor and v the Poisson’s ratio. A more in depth implementation of
the discretized version of Eq. (2.4) can be found in Chapter B.
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2.4 Material properties

For structural components, the physical property of interest is the mass density p, which is relatively con-
stant in relation to temperature differences. Deflection in any application depends on support conditions,
material properties, structural efficiency, size and loading conditions.

Important mechanical properties in relation to optomechanical design, include the elastic moduli, strength
and fracture. For crystalline materials, the elastic properties can be described by the Young’s Modulus E
and Poisson’s ratio v, which both vary with temperature. The specific stiffness £ is an important material
selection criteria. Other mechanical properties of interest are the creep strength, ductility, fatigue strength,

fracture toughness, hardness, yield and ultimate strengths as well as micro creep and yield strengths.

The thermal properties of interest are the CTE «, thermal conductivity k, specific heat at constant pressure
¢p and diffusivity D = picp, of which all vary with temperature; « and ¢, directly, whereas k and D
inversely. The CTE is the most important property for optomechanical design and is defined as

AL
o= (2.7
where L is a length scale and T a temperature, i.e. the CTE is the expansion per temperature difference.
A low CTE minimizes the effect of thermal gradients on dimensional change of components. The CTE of
adjacent components can therefore be matched to minimize thermally induced strains. The thermal con-
ductivity is the amount of heat transmitted per unit of time through a unit of area per unit of temperature
gradient. High thermal conductive materials are desirable to minimize gradients, though, alternatively
low conductive materials can be used to isolate components from heat sources. The specific heat or heat
capacity per unit mass is the quantity of heat required to change the temperature of a unit mass of mate-
rial one Kelvin under constant pressure. A material with high specific heat required more heat to cause
a temperature change. The thermal diffusivity determines the rate at which a non-uniform temperature
distribution reaches equilibrium. Commonly used figures of merit are the steady-state and transient dis-
tortion coefficients, ¢ and 3, respectively. The former is a measure of the total thermal displacement
for a given steady-state thermal input, whereas the latter indicates the time for a thermal distortion to
dissipate per unit of temperature gradient. Material properties of the most commonly used materials in
optomechanical design and accompanying figures of merit are shown in Chapter A.

2.5 Optomechanical design principles

Principles of optomechanical design and material selection tend to minimize the adverse effects of at-
tributes such as contacts stress due forces imposed by temperature changes or accelerations, while retain-
ing component function, location and alignment. The design objectives for a mirror-mount system are
to eliminate or minimize local mounting forces/moments which might distort the optical surface, trans-
fer support loads without distorting the optical alignment, compensate for or minimize strains caused by
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differential thermal distortion and return the mirror-mount system elastically to the predetermined shape
and position after subjection to accelerations, shocks and vibrations [See e.g. 1-3]. In general the me-
chanical architecture should in general be optimized to make it as symmetrical as possible with respect
to the optical axis in order to have low and symmetrical thermomechanical deformation. Additionally,
the materials have to be chosen to have effective CTEs that are as low as possible, where effective means
that only some critical dimensions/orientations need to be controlled which is not only a function of the
bulk material properties but also of the distance, architecture and compensation techniques. Finally, the
design should be optimized to limit the thermal load and associated impact in the system as much as
possible, i.e. limit internal power requirements, separate the sub-system requiring stability and those
generating perturbations and increase the thermal time constant by reducing the internal and external
thermal exchange while also increasing the thermal inertia. The most important attributes contributing to
the performance of typical optomechanical designs are structural and kinematic design, thermal stability
and athermalization, vibration control and material selection.

Material selection

The material selection depends on the system performance requirements and factors such as size, weight,
mechanical loading, environment, number of components and cost. Material selection is an important
design consideration for structural components, connectors, refractors and reflectors. For the interest of
this thesis the focus is on structural components and reflectors. The material selection of reflective com-
ponents, i.e. mirrors, scanners, reflecting prisms and gratings among others, is often combined with that
of the structural components if it’s weight is of essential importance. For that purpose special materials
are created, such as beryllium (Be) or metal matrix composites (MMC). To minimize the disturbances
from heat loads materials with extreme low thermal expansion properties can be used, such as Zerodur,
Ultra-Low Expansion Glass (ULE) or Invar. Structural components, those that mechanically support and
connect the optical components, must be relatively stiff, dimensionally stable and preferably thermally
matched to the optics (both in relation to expansion and conduction). More information about the material
properties and figures of merit can be found in Chapter A or [e.g 3].

Structural efficiency and dynamic stiffness

Structural efficiency in optomechanical support structures is determined by the stiffness-to-weight ratio.
The fundamental elastic eigenfrequency f, is one important index, determined by both stiffness and
weight. For a single DOF system it is defined as

Jo= Zn\/? (2.8)
m
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where k is the stiffness and m the mass. The highest fundamental frequency is obtained by selecting
materials with a high specific stiffness % and a high geometric efficiency é, where [ is the mass moment
of inertia and V the volume. The dynamic properties of a mechanical structure are characterized by its
eigenfrequencies and corresponding eigenmodes. To avoid mechanical resonance the eigenfrequencies
of the structure should not approach the frequency of the dynamic loads. For the purpose of limiting
excitation under random vibrations, the fundamental elastic eigenfrequency must be as high as possible.

Semi-kinematic design

In the design of an optical support structure it is not necessary to limit deflections at all parts of the
structure. As long as the optical components are aligned compared to each other the performance is
retained, this is called insensitive optical design. The support structure of an optomechanical component
must maintain the components’ position relative to other components within given design tolerances. The
tolerances associated with optical systems generally require extremely accurate mechanical mounting of
the surfaces to achieve this precision. In order to circumvent extreme manufacturing requirements one
can use kinematic methods, which provide simple, accurate and repeatable mounting techniques in a low
stress condition. When mounting mirrors, ideally, the contact with the body occurs at points such that
moments cannot be exerted.

Every rigid body possesses six DOFs, any body which is constrained in more than six DOFs is over
constrained, and hence, is likely to have uncertainties in the position or be distorted from its stress-
free condition. Real kinematic mounts violate the theoretical assumption of infinite stiff material and
infinitely small contact points. Therefore, semi-kinematic mounts are often adopted. Semi-kinematic
design principles tend to reduce the elastic contact stress by replacing the point contacts by small contact
areas (e.g. thin flexures) and tend to be able to increase the number of supports without overconstraining.
Additionally, guidance of motion is provided without any play or backlash providing a unique location of
the body at all times.

In order to avoid large stresses and deformation of the surface, finite-sized contact areas are used. In order
to allow for CTE variations between mirrors and mounts, flexures are frequently used. A symmetric de-
sign with equal compliances keeps the optical elements centered when temperature changes. The flexures
allow the component to decenter during survival conditions and return to the center afterwards. As point
contacts are omitted, stresses due to shocks are highly reduced. Typical designs are stiff tangentially and
axially, though compliant in the radial direction. Flexural design is free of stick-slip and friction effects,
has less hysteresis than rolling or sliding contacts and is more robust to adverse environmental effects
such as extreme temperatures, vacuum and abrasive dust. Additionally, it requires no maintenance. The
thermal center ideally coincides with the center of gravity of the mirror, such that rotational symmetry
tends to keep the center of the mirror fixed in relation to the optical system. The real benefit of a semi-
kinematic mount is in the uncoupling of the optic’s internal behaviour from its mount behaviour. If the
mount support moves, the optic moves only in a rigid body sense, with no distortion of the optic itself,
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leading solely to pointing errors and not to image quality. Though, thermal gradients will still cause
distortions.

Athermal design

One of the most important environmental factors that can lead to distortions are thermal effects. Heat
transfer takes place by radiation, convection and/or conduction. Optomechanical instruments are sensitive
to thermal influences, which can cause optical component misalignments and mirror deformations. The
supporting structures transmit both mechanical and thermal distortions from the frame to the mirror. In
comparison to other considered loads, the thermal effects cause a relatively large magnitude of rigid body
effects. The deformation of a mirror from its nominal shape causes wavefront errors that degrade the
optical performance.

Athermal optomechanical design indicates that the design is able to maintain its optical performance
under temperature changes. In general, three types of thermal distortion effects can be considered, that
are

* distortions in the optical element due to the (change in) material properties, i.e. the CTE, spatial
variation in the CTE, thermal distortion index (ratio of CTE over the thermal conductivity %) and
the thermal diffusivity D,

* distortions in the optical element due to the manner in which the element is mounted, which is
primarily due to the difference in CTE between the mount and the optical component, and lastly

* distortions induced in the optical support structure or housing causing a loss of optical alignment.

Temperature gradients, especially radial temperature gradients, can be considered as the main source of
potential problems in mirror design; a sudden change in temperature is likely to develop temperature
gradients from the surface to the mount. Due to thermal expansion optical components move with respect
to each other. The curvature of a mirror also scales with temperature and hence, if the structure’s material
and that of the apparatus are the same, effects of temperature differences can be minimized.

The thermal behaviour of a system can area-wise be divided in a heat source, heat transfer area and
location where the optical performance is affected. A source, either hot or cold, can for example be
an actuator, light source or change in environmental temperature. Source placement can be crucial in
thermomechanical design. Any position in the component or material that will not move with change of
temperature is called a Thermal Center (TC). With neatly constrained systems, a TC can be located as of
interest.

To minimize disturbances from thermal deformations one can use different approaches [See: 4]:

* minimization of heat transfer using insulation for which one can select materials low thermal con-
ductive materials or simply by minimizing mechanical contact areas,
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* minimization of heat transfer by using components in direct contact with each other as they gener-
ally have a larger thermal resistance compared to solid materials,

* minimization of temperature gradients by good thermal conductivity, leading to a homogeneous
temperature field,

* using a large thermal capacity minimizing the effects of change in temperature, since the source is
too small to heat the system significantly, or

* additionally, but not preferable, the heat transfer can be actively controlled using heaters/coolers.

2.6 STOP analysis

The flow down of requirements in the typical optomechanical design, or tolerancing, to the various sub-
systems is done by experience and with much iteration as design teams negotiate for rebalancing of the
allocations. This is done because prediction of an optical system’s performance requires the use of optical
design software with imported mechanical analysis results. Image quality requirements are often recast
as requirements on WFE for this purpose. Thus, performing design trades on system level performance
is cumbersome. Integrated modeling supports engineering design and verification of high-level optical
requirements for image quality and sensitivity. By linking predictive methods from multiple engineering
disciplines one can compute more meaningful predictions of a system’s performance and simultaneously
improve the efficiency of the design process. While the mechanical design parameters are taken as design
variables one can optimize for the system’s optical performance.

In order to analyze the optical performance degradation due to thermal distortions a full STOP analysis
method can be used. The process begins with a thermal analysis to determine steady-state temperature
distributions, for different orientations or phases if necessary (e.g. hot and cold cases), see e.g. Figs. 2.1a
and 2.1b. The temperature results are mapped from the thermal to the structural model (if the models
are not the same), which is then used to predict distortions resulting from thermal loads, see Figs. 2.1c
and 2.1d.

The displacements of surfaces that are of interest for the optical analysis are mapped to an optical model to
predict the system optical performance. Alternatively, one can compute a sensitivity matrix that contains
information about the change in performance of the optical system with respect to a unit change of motion
of a deformation of the optical surfaces. The matrix relates the performance of the optical system due to
any deformation and motions of the optical surfaces as long as they can be described by the rigid body
motions and Zernike polynomials used in the development of the optical sensitivity matrix.
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(c) Thermomechanical deformations due to hot load case. The (d) Thermomechanical deformations illustrating the optical
maximum displacement is approximately 25 pm. components and struts.

Figure 2.1.: Thermal loadcase of the Sentinel 5 UV-1, as shown in Fig. 1.2, mounted on the satellite. This case
simulates the hotcase at the end of the instruments operational life, in which the absorption of heat is increased. The
UV-1 is located in an environment in which panels and other instruments have deviating temperatures compared
to the instrument. The instruments is mounted on a panel which has a temperature of 285K, whereas two heaters
ensure that the average temperature is 293 K. This is the integration temperature and hence this temperature will
generally lead to a low amount of thermomechanical effects. Due to heatleaks in the system thermal gradients exist
causing thermomechanical deformations of the optical components.
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3. STRUCTURAL OPTIMIZATION

Structural optimization methods seek to find an optimal structural design, while subjected to a given set
of loads, boundary conditions and constraints. Here optimal depends on the chosen performance criteria.
Structural optimization increases the performance of structural designs and speeds up the design process.
The existence of affordable and reliable structural analysis capabilities and the continuing growth of
digital computing power has led to an increase in structural optimization research and applications.

Any description of an optimal design problem consists of a recognition of a need, an act of creation and
a selection of alternatives. In a traditional description of the design phases, recognition of the original
need is followed by a technical statement of the problem (problem definition), the creation of physical
configurations (synthesis), the study of the configuration’s performance using engineering science (anal-
ysis), and the selection of an alternative (optimization) [24]. The process ends with testing of the design
against the original need. Thus, design optimization involves

1. the selection of a set of variables to describe the design alternatives,
2. the selection of an objective, as function of the design variables, which one seeks to minimize,

3. the determination of a set of constraints, as function of the design variables, which must be satisfied
by any acceptable design, and

4. the determination of a set of values for the design variables, which minimize the objective while
satisfying all the constraints.

Structural optimization methods are generally subdivided in size, shape and topology optimization as
shown in Fig. 3.1. They differ in the type and number of design variables they use and thereby the
amount of freedom provided to the optimizer. In size optimization a predefined design is optimized
by altering some geometrical dimensions, e.g. cross-section widths or beam lengths, whereas in shape
optimization the optimizer is able to change the shape of predefined boundaries, thereby extending the
design freedom. Topology optimization opens up the design space even further by providing each finite
element in the finite element analysis with a design variable. They are scaled to force each element to
either solid or void material, thereby providing the ability to create holes that can result in complex,
freeform and innovative designs. Topology optimization does not require any initial conceptual design
and is able to generate the complex topologies expected in the design of thermally loaded optomechanical
structures.

The topology optimization synthesis generally is incorporated in a gradient-based or heuristic optimiza-
tion routine to select alternative designs. Heuristic methods are basically a rule of thumb based on nature
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Size opt. |:>

Figure 3.1.: Initial designs and resulting topologies of size, shape and topology optimization of a compliance
bridge design problem [See: 15]. Whereas both size and shape optimization require an initial design, in topology
optimization the design domain is often fully initiated with half-density material. Note the similarity between the
size and topology optimization results, which indicates the well-known truss bridge is a near-optimal design.
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or logic, e.g. genetic algorithms, that aim to find a good enough solution and often include randomization.
Those methods are typically used to solve complex and/or discontinuous optimization problems that are
difficult to solve to optimality. Because of the random nature of those methods, they are good at dealing
with local optima. They generally require a high number of analysis and optimization iteration steps, do
not have sensible convergence criteria and do not provide a systematic and flexible manner to include
multiple constraints. Gradient-based methods require sensitivities of the response functions with respect
to the design variables to determine an alternative design and are especially useful when an analytical
description of the responses as a function of the design variables is known. These sensitivities are calcu-
lated analytically, semi-analytically or numerically, depending on available information. They generally
ensure convergence within a reasonable number of iterations. Common for these approaches is that they
represent smooth, differentiable problems that can efficiently be solved by well-proven gradient based
optimization approaches, such as the optimality criteria, sequential quadratic programming, convex lin-
earization approximation methods, quadratic approximations, steepest descent method or the Method of
Moving Asymptotes (MMA) [25]. When working with difficult multiphysics non-selfadjoint optimiza-
tion problems with varying signs on gradients or problems involving multiple nonlinear constraints the
number of applicable optimization routines becomes limited. The MMA is often used and proved reliable
in combination with non-selfadjoint optimization problems with multiple complex constraints.

The optomechanical design generally encompasses multiple physics and multiple nonlinear constraints.
This study uses a topology optimization procedure in combination with the MMA gradient-based opti-
mizer to maximize the design freedom and systematically find the optimal solution. The gradient-based
optimization process is explained in more detail in Section 3.1, followed by a description of topology
optimization procedures and application to optomechanical structures in Section 3.2.

3.1 Gradient-based optimization

The most generalized optimization problem in the negative null form is formulated as

msin f(s)
s.t. h(s)=0 , G.1)
g(s) <0
sc.s CH"

where f is the objective function, s the design variables, h, g the equality and inequality constraints, .&
the variable bound constraints and 7 the number of design variables [26]. Proper understanding of the
boundedness of the design space as well as the optimality and constraint activity at a possible solution s,
are essential in the interpretation of an optimization result.

The optimality criteria states that, for a function of one variable: if a point s has a first derivative equal
to zero and the second derivative at this point is positive, then s, is a local optimum. Extending this to
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a function of many variables involves the concept of local approximation of functions. The quadratic
Taylor series approximations around sy can be written in compact form as

8féVf(so)85+%8STH(SO)8s+ﬁ(H8s|]2), (3.2)

where H is the Hessian matrix and & is the approximation error. The first order necessity states that at
the optimum solution f; for s, by definition

hence all partial derivatives a—{ at s, must be zero. The fist-order necessary condition for an unconstrained
(or interior) local minimum states that if f(s) has a local minimum at an interior point s, and if f(s) is
continuously differentiable at s,, then Vf(s,) = 07, which can also be true at points that are not local

minima (i.e. local maxima and saddle points).

Second-order information can indicate a sufficient condition, that is whether a stationary point is a local
minimum. If s; is a stationary point of f, then

ofr = %8STH(ST)8S, (3.4)

neglecting the higher order terms and accounting for V£ (s;) = 07. If this quadratic form is strictly pos-
itive for all ds # 0 then, s+ is definitely a local minimum. Hence, the second-order sufficiency condition
for an unconstrained local minimum states that if the Hessian matrix of f(s) is positive-definite at a sta-
tionary point s, then s+ is a local minimum. A square, symmetric matrix is positive-definite if and only
if all its eigenvalues are positive.

Taking into account inequality constraints the necessary optimality conditions for a problem as Eq. (3.1),
known as the Karush-Kuhn-Tucker (KKT) conditions [26], are
h(s,)=0
g(s:) <0
Vi +pu'vh, +X'vg, =07
p#0’
A>0
AMg=0

(3.5)

where the minimizer s, is assumed to be a stationary point and g and X are the Lagrange multipliers
related to the equality h and inequality constraints g, respectively. Elaborated definition and explanation
of Lagrange multipliers can be found in Chapter C. The second-order sufficiency conditions now state
that if a KKT point s, exists, such that the Hessian of the Lagrangian on the subspace tangent to the
active constraints (both equalities and inequalities) is positive-definite at s,, then s, is a local constrained
minimum, i.e S, = Sy.
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Typical optimization algorithms reach the solution of the problem in the limit, thus termination criteria are
required. These criteria should address whether an acceptable estimate of the solution has been found,
slow/no progress is encountered, an acceptable number of iterations has been exceeded, an acceptable
solution does not exist or whether the algorithm cycles. One of the simplest criteria is the convergence
test, that is

Is® —s® D) < ey, (3.6)

where & is a small constant value dependent on the application and k is the iteration number. Another
termination criteria is convergence of the objective function

1f® — &) < ey 3.7)

in combination with a satisfactory positive-definiteness of the Hessian at s*). The constraints may be
tested individually or collectively by checking whether

1] < & (3-8)

Since the optimality criteria is the KKT conditions, equivalently, the termination criteria may also be
imposed on the KKT norm, i.e.

|Vfi+pl Vh, + AT Vg, || < ekt (3.9)

3.2 Topology optimization

Topology optimization effectively optimizes the material layout within given design domains, while
subjected to a given set of loads, boundary conditions and constraints in order to maximize a perfor-
mance metric. The method, in combination with a non-linear optimization algorithm, has proven to be
able to solve complex nonlinear multidisciplinary problems with multiple active conflicting constraints.
Commonly used topology optimization approaches based on gradient-based optimization routines are the
homogenization method [27], density-based approach [28] and (parametric) level-set methods [29-31],
schematically illustrated in Fig. 3.2.

The homogenization method [27] replaces the material layout distribution problem by a sizing problem
by considering that the macro structure consists of a periodic combination of microstructures. Each
finite element is described by a base cell, the smallest repetitive unit of material for that structure. The
cell’s microstructure is parameterized by a single or multiple design variables. The evaluation of the
effective constitutive parameters can thus be carried out by analysis of a single base cell, see Fig. 3.2.
The homogenization method aims to effectively find the optimal microstructure for each cell minimizing
the macrostructure’s performance function. For manufacturability and optimality reasons this approach
has long been considered unuseful for industrial applications.

Short after the introduction of the homogenization approach the Solid Isotropic Material with Penaliza-
tion (SIMP) approach [28] was introduced. Starting as an artificial trick to simplify the homogenization
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method and improve convergence, it was physically justified in a later stadium. In density based optimiza-
tion methods a design variable is assigned to each finite element in the design domain, see Fig. 3.2. These
one-variable material interpolation scheme approaches provide a continuous interpolation between solid
and void with a penalization of intermediate density values. The SIMP penalization scheme is defined as

Pi = SsiPo
E; = s"Ey (3.10)
0<s5<s;<1

where s; is the design variable of finite element i, bounded between s; and 1, and p is the penalization
factor, generally p = 3. The solid material density and Young’s modulus are denoted by py and E respec-
tively and p; and E; are the penalized material properties of that specific element. Intermediate material
properties can provide optimal performance depending on the objective function, though are unwanted
from a manufacturing point of view. The penalization scheme forces the design towards solely solid and
void elements. Additional filters or other restrictions are generally applied to the density approach in
order to ensure well-posed and mesh independent solutions.

In contrast to density methods, level set approaches [29-31] define the geometry of the structure via the
definition of a solid-void interface (isoline for 2D problems, isosurface for 3D problems). This boundary
is defined by the zero level contour of a Level Set Function (LSF) ¢ (x). The structure is defined by the
domain where the level set function takes positive values, that is

_{ 0:VxeQ:¢(x)<0 3.11)

B 1:VxeQ:9(x) >0

In many approaches the LSF is updated via the solution of the Hamilton-Jacobi equation using shape
sensitivities, i.e.

99

d

5, HVIvel=o, (3.12)

where 7 is a pseudo-time representing the evolution of the design in the optimization process and V is the
velocity field or speed function. The function V(x) at ¢ (x) = O represents the sensitivity of moving the
boundary interface in its normal direction with respect to some objective function, thus V is a function
of the design variables s. The geometry of this interface is clearly defined throughout the optimization
process and allows explicitly formulating the response functions and boundary conditions on the interface.

Many variations of the method have been developed that generally differ by the way of discretization of
the level set function, mapping of the level set field onto the mechanical model and by the type of updating
scheme. An alternative of the Hamilton Jacobi equation, allowing the use of mathematical programming
schemes, is the Parametric Level Set Method (PLSM), where one directly applies local changes to the LSF
introducing local changes to the structure’s topology. These PLSMs use a parameterization to describe
the LSF using shape functions and expansion coefficients that are used as the design variables in gradient-
based optimization routines, see Fig. 3.2.
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3

Homogenization method Density method Parametric level set method

Figure 3.2.: Illustration of the benchmark cantilever topology optimization problem showing the differences in
gradient-based topology optimization approaches: homogenization, density-based and level-set method (from left
to right), respectively. The homogenization method applies a parameterization to the microstructe of each finite
element, effectively optimizing the element stiffness matrix of each element. The density-based method applies
a scale factor to each finite element, in combination with a chosen penalization scheme, optimizing each element
to solid or void. The level set method defines the structures geometry by a solid-void interface, which is defined
by the zero level contour of a level-set function (indicated in red). The parametric version describes this function
using shape functions, which magnitudes are the design variables. The resulting topology is created using the 88
line Matlab code using the density-based method by top(nelx,nely,volfrac,penal,rmin) with nelx = 40,
nely = 20,volfrac = 0.5, penal = 3,and rmin = 2) [See: 32]. Results of the homogenization method and
level-set method are thus schematics to illustrate the principle.
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It appears that the various approaches are not that different as most of them are Eulerian based and
use the same sensitivity information and almost all make use of filtering techniques to ensure smooth
convergence and mesh-independency. Differences appear in the types of updating schemes and whether
and how length scales are controlled. Based on the difficulty of the optomechanical design problem,
i.e. multiphysical, non-selfadjoint problems with multiple nonlinear response functions, and the ease
of implementation and usage, this study uses a density-based approach in combination with the MMA
optimization routine.

Topology optimization of optomechanical systems: state-of-the-art

The influence of the mentioned typical requirements in optomechanical design for the use in topology
optimization have previously been researched. This includes thermal loads and prescribed temperature
differences on stiffness problems [e.g. 33-36] and the application to the design of thermomechanical
compliant mechanisms [e.g. 37,38]. The fundamental eigenfrequency as a response function has been
thoroughly investigated [e.g. 39-42]. The mentioned studies propose solutions for problems related to
localized modes and oscillations of the optimization due to mode switching. This study uses a com-
bined SIMP and linear penalization scheme to overcome local modes and applies the mean eigenvalue to
circumvent mode switching. The formulation of the coupled thermomechanical discretized equilibrium
equations and modal analysis, topology optimization formulation and sensitivity analysis of a generalized
response function are described in Chapter 4.

Topology optimization has previously shown its benefits in the design of mirror mounts for optical per-
formance. For example the minimization of SFEs under static [43,44] and thermal loads [45] and mass
minimization while constraining SFEs as well as the fundamental eigenfrequency [46]. Furthermore,
semi-kinematic flexible mirror mounts are topology optimized by, Hu et al. [47] who minimize surface
form errors subjected to both static and thermal loads while constrained by a minimum natural eigenfre-
quency, and Van der Kolk et al. [48], who achieve optimal damping characteristics at source frequencies.
The system optical performance metrics have not been included in the topology optimization framework
yet.

Coupled multicomponent topology optimization can aid in exploiting the components interactions. Si-
multaneous topology optimization of multiple components has mainly focused on layout design and com-
bined topology and joint location optimization [e.g. 49,50]. Topology optimization involving component
interactions to improve a system performance has previously been investigated by Jin et al. [51], with
the focus on simultaneous optimization of multiple coupled actuator mechanisms to minimize the cou-
pling interaction. However, this study was restricted to a single physical discipline. Thus additional work
coupling multiple components and physics taking into account the systems performance is required.
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4. FORMULATION OF COUPLED THERMOMECHANICAL ANALYSIS
FRAMEWORK FOR TOPOLOGY OPTIMIZATION

A schematic of an opto-thermo-mechanical system consisting of two mirrors is shown in Fig. 4.1. Both
domains consist of a linear-elastic homogeneous isotropic material with conductivity k;, Young’s Modu-
lus E;, Poisson’s ratio v;, density p; and Coefficient of Thermal Expansion (CTE) ¢;. For every optical
component a coordinate systems is required to express the displacements of the optical surfaces. Ad-
ditionally, each optical element (including propagation in medium with constant refractive index) has a
coordinate system to track the position and angle of rays with respect to the optical axis. The response
of a system to a given load case depends on the optical design and properties as well as the component’s
domain geometries, boundary conditions, structural layout and material properties. The optical design
includes the optical path lengths d, incident angles ¢ and beam properties. Any system response function
depends on the response of multiple components to a given load case, where the response of each domain
directly depends on the layout of material, denoted by the design variables s, or indirectly through other
responses.

The design variables, one belonging to every finite element in the domain, are bounded by a lower and
upper bound, i.e. 0 <s <s <1, where s has a very small value (to avoid numerical issues) denoting
the absence of material and, § = 1 providing the element with the assigned initial material properties.
Each design variable can have any intermediate value within the given bounds. The material properties
are interpolated using a penalization function as discussed in Section 4.1. Sections 4.2 to 4.4 discuss the
thermomechanical and modal analysis, followed by the respective sensitivity analyses.

4.1 Penalization scheme

Intermediate density values are penalized to force the design variables to approach their bounds and
achieve interpretable and manufacturable designs. All material properties are either a linear or nonlinear
functions of the design variables depending on the applied penalization scheme. Common interpolation
functions for the Young’s Modulus Rg(s), the density R, (s), and conductivity Ry(s), are the SIMP and
RAMP functions [52].

Large ratios of 2—" for design variables with near zero densities should be avoided to prevent low-
frequency eigenmodes localized in the void regions of the structure [49]. Therefore, this study applies a
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Figure 4.1.: Overview and nomenclature of a typical optical system. The incoming converging wavefront is
deflected by the mirrors and focused onto a sensor. The design domain of each component Q;(E;, ki, v;, pi, ¢) is
shown in grey, with nondesign domain illustrated in black. Prescribed displacements Uy, and temperatures Ty,
respectively, represent the housing rigid body effects and temperatures. The beam imposes thermal loads Q. onto
the mirror surfaces. The position and deformations of mirror i are locally described using coordinate systems Oy, ;.
An incoming wavefront is described by multiple rays, of which each rays’ position and the angle is expressed in
local coordinate system O; with respect to the principal ray incoming on component i. Each mirror makes an angle
¢; with relation to the incoming principal ray. The initial optical path lengths of principal ray i is given by d;.
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continuously differentiable penalization scheme for Rg(s) and Ri(s), as proposed by Zhu et al. [49]. The
function is a summation of a linear and SIMP interpolation term, that is

Re =Ri(s) =gs"+(1—q)s, (4.1)

where p is a penalization parameter and g is a weight factor controlling the relative influence. This study
consistently uses a power p = 3 and weight ¢ = 0.8. The densities are scaled linearly, thus the volume
and mass of an element depend linearly on the accompanying design variable. Using two adjustable
parameters the method can effectively penalize intermediate densities and avoid spurious eigenmodes for
low-density elements while keeping the penalization factor relatively low.

The thermal stress is given by
o(s) =E(s) (em+ aAT), 4.2)

where &, is the strain from applied forces, AT the applied temperature difference and E(s)aAT the
resulting thermal stress. Hence, the CTE itself is not penalized, though the thermal stresses are a nonlinear
function of the design variables via the penalization of the Young’s Modulus.

4.2 Thermomechanical equilibrium equations

The one-way coupled thermomechanical finite element discretized equilibrium equations, neglecting heat
transfer by radiation and convection, are given by

K(s) —A(s)
0 H(s)

U
T

F(s)
Q(S)] | @

where K(s) is the global stiffness matrix, H(s) the global conductivity matrix and A(s) the global thermal
expansion matrix converting the temperatures to equivalent thermal loads [53]. These global matrices
are a function of the material layout. Depending on the considered loading conditions, the forces F(s)
and applied heat flux Q(s) can become design dependent. The material properties are assumed to be
independent of strain and temperature, thus both linear geometric and linear material models are applied.
Furthermore, the loads are assumed to be independent of time, thus only steady state heat transfer and
(quasi)-static forces apply.

Prescribed and free Degrees of Freedom (DOFs) sets are generally different for the mechanical and ther-
mal problem. To express this in a convenient notation, one can separate the DOFs in terms of free and
prescribed displacement DOFs a and b, as well as free and prescribed temperature DOFs ¢ and d. Each
domain can be a function of externally applied forces F,(s) and heat loads Q.(s), prescribed displace-
ments Uy (s) and temperatures Tq(s), free displacements U,(s) and temperatures T¢(s) as well as the
reaction forces Fy(s) and reaction heat loads Qq(s). For the sake of clarity we abbreviate the multiplica-
tions, such that for instance,

KaU £ KaaUa + KabUb- (44)
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For a single domain one can now write the partitioned discretized heat transfer and elasticity equilibrium
equations as

[Kaa Kab Ua _ [F a Aac Aad Tc
KL Kop| |Up| — |Fp Ape Apa| |Tyq
4.5)
Hcc Hcd Tc _ Qc
HY, Hu| [Ta|  |Qa|’

Note that the design variable dependency has been left out, and will be left out from now on for compact
notation. The equilibrium equations, Eq. (4.5), are solved to obtain both temperature and displacement
fields.

4.3 Modal analysis and mean eigenvalue

The natural dynamic properties (neglecting damping) of a structure are found using a modal analysis by
solving the eigenvalue problem

(K—AM)¢;=0 for i=12,..n (4.6)

for each unknown eigenvalue A; and corresponding mode shape ¢;. Here i is the mode of interest and n the
number of DOFs. In this eigensystem the characteristic value equals the squared radial eigenfrequency,
i.e. &; = ?. All modes are mass normalized satisfying

¢/ M¢; =§; for i j=1.2,..,n 4.7)
In order to maximize or constraint the minimum fundamental frequency, the mean eigenvalue [39] is used

as a response function. The mean eigenvalue combines the 7z lowest eigenfrequencies of the structure,
calculated as

=

1
f(s) = e (4.8)

Il
—

This form ensures that the first elastic resonant frequency is the main contributor and the influence of
modes with a higher eigenfrequency quickly decreases. Thus, this closely resembles a pure natural eigen-
frequency constraint, though ensures the absence of mode switching.

4.4 Sensitivity analysis

For any response f, the sensitivities with respect to s must be determined to enable gradient-based op-
timization. The focus is first on the response that depends on the thermomechanical analysis. Adjoint
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sensitivity analysis is efficient due to the large number of design variables, and therefore we augment the
response function as
f = f(staan7Fa7Fb7TC7Td7007Qd)
— i (K,U—(F,+A,T)) (4.9)
- AZ; (HCT - Qc) .

Using the adjoint method to solve the sensitivities of the objective function in relation to the variables for
which a solve is required, the total derivative in relation to the design variables is

df 9f  9f OF,  If Uy _ If 9Q. . If 9T

ds _ 9s [ OF, 9s | 9U, 9s ' 9Q. 9s | 9T, os

JK, dU, JF, OJA, dTq
—Ar U+Kp—————— T—-Ay—— .
a ( ds 8 ds ds Js 4 9s > 4.10)
JH dTy dQ
AN ST+ Hg—— — ==
¢ ( s THeTe T s >
by forcing the Lagrange multipliers to satisfy
ar \" ar \*
0 K. | [X|— |/ar\T ar\T |- :
DG R ()

Equation (4.11) shows that the Lagrange multipliers related to the free displacement DOFs depend on the
sensitivity of the objective function f with respect to the free displacement DOFs as well as the sensitivity
of the response in relation to the reaction forces. Equivalent relations hold for the Lagrange multipliers
X related to the free temperature DOFs. In case (g}e objective function does not explicitly depend on the

reaction forces or reaction heat loads, the terms FiN and «9%1 vanish.

Furthermore, the terms aaLsabUb and %L;de in Eq. (4.10) vanish when the prescribed displacements or
the prescribed temperatures are zero. Whenever the prescribed displacements or temperatures are design

independent, that is Uy, or Ty is not a function of s, the terms Kabaa—(ib or Hcdaa—Tsc‘ and A;,dj’;a—l;d vanish. In

case the mechanical and thermal loads are not design dependent, 331:“ and a{% have no contributions.

For this research, loads and boundary conditions are assumed to be design independent and the responses
solely depends on the displacement field. Thus, Eq. (4.10) can be simplified to

TR L ) ) §
=L A(aSU ST ) = AT, (4.12)

where the Lagrange multipliers now have to satisfy

ds  7®

H,. -AL
0 Kaa

i:] = _(gf>T . (4.13)
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The sensitivities of the mean eigenvalue, as described in Eq. (4.8), with respect to the design variables are

nooq JK aM
; 7 (as la >¢z (414)

The sensitivities of the global matrices can be derived element wise using direct differentiation. With this,
all the sensitivities have been determined up until the term aU , which will be discussed in Chapter 5, after
the considered optimization problem and response functions have been introduced.
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5. OPTICAL PERFORMANCE MEASURES AND SENSITIVITIES

This section describes various optical performance metrics relevant for the analysis of reflective optical
systems. First, the SFE response will be discussed. Most commonly the SFE is expressed by the Root
Mean Square Error (RMSE) of the deformed configuration in relation to the undeformed or a predefined
configuration [13]. For 3D unit disk surfaces the surface errors are often expressed in Zernike polynomi-
als, which have the same form as the types of optical aberrations often observed. For diffraction limited
flat or spherical single-mirror systems there exists a simple relation between the RMSE and the Strehl
ratio, the peak aberrated image intensity compared to the maximum attainable intensity using an unaber-
rated system. The conversion factor relating wavefront to surface error is a simple scalefactor. Though,
for complex mirrors or multi-mirror systems the WFE becomes a function of the SFEs and can only be
determined by ray tracing techniques.

To analyze a multi-component system, the deformed surfaces can be approximated by a fit to obtain the
optical surface misalignments, i.e. rigid body movements and SFE. Next, the ray transfer matrix analysis
can be used to track the position and angle of a paraxial ray though a multi-component system, leading to a
measure for the averaged positional accuracy. In order to track the rays, all system properties, i.e. optical
paths lengths, incident angles and specific properties of the optical components, as well as component
transfer functions and misalignments should be known. Finally, the spot size is quantified by the mean
average deviation of all rays with respect to the averaged spot position.

5.1 Surface form error

The RMSE is the standard deviation of the deformed surface from the ideal surface and is a global
measure for SFE. The deformed surface is constructed from the out of plane displacements U, which is
fitted to a smooth surface represented by the fitted out of plane displacements U, using a Linear Least
Squares Regression (LLSR) scheme [54] such that

A,

U, =GU,, (5.1)
where G is the fit matrix, see Fig. 5.1. The fit matrix is constructed as
v\ T
G:VY:V(V V) v’ (5.2)

where V is the Vandermonde matrix. This matrix consists of the terms of a geometric progression and
evaluates a polynomial at a set of points, the surface nodal x-coordinates in this case. The tangential
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Figure 5.1.: Schematic representation of a generalized surface in undeformed (blue) and deformed (green) con-
figuration. A least-squares polynomial fit through the deformed surface (purple) is used to extract the surface
misalignments, that are the tangential and out of plane misalignments, 8 and &, as well as the rotational misalign-
ment 6y and curvature k. The component specific properties and misalignments & cause the input ray r;, with
incident angle ¢;, to change into r; .
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displacements are assumed negligible compared to the out of plane displacement, i.e. ||Ux|| < |[U,l,
which ensures V is constant during the optimization and hence the least-squares fit is linear.

Vector b stores the coefficients of the least-squares fit (size depends on the order of the fitted polynomial)
which will be used in Section 5.2. Matrix Y relates the out of plane displacements U, directly to the
coefficients of the least-squares solution, that is b= YU,. The fitted displacements are related to the
coefficients via fJZ = Vb. The nodal residuals of the LLSR fit, denoted by R, are calculated as

R=U,-0,=1-G)U,, (5.3)

where I is the identity matrix.

The surface RMSE equals the absolute residual between the deformed surface and the ideal surface. It is
preferred to use the Mean Square Error (MSE) when using the response in gradients based optimization
to avoid division by zero in the sensitivities. The MSE is defined as

= MSE (U,) = » Z (UU - UZ,,-)Z - %RTR, (5.4)

i
where 7i is the total number of nodes on the mirror face, U, ; is the observed and 0” the fitted out of plane
displacement at nodal point i.

The sensitivities of the MSE in relation to the free displacements U,, as required in Eq. (4.13), equal

df 9f OR 2 .
50~ srov. ~ AR I-G)L, (5.5

where L, selects the appropriate DOFs of the surface of interest from the vector of free displacements,
ie. U, =L,U,.

5.2 Positional accuracy

Depending on the application, it is often essential that the image remains within certain bounds from
the preferred position (e.g. within the boundaries of a sensor). Considering a situation where all optical
components are symmetric around the optical axis, the positional error of ray j, here denoted by ¢;,
depends on the radial distance and angle of the ray with respect to the optical axis when entering the
system, which will be denoted by vector ro. Furthermore, it depends on all misalignments 6y, ..., dy of
all reflective optics (N is the number of components) and system specific constant parameters p (initial
optical path lengths d and angles of incidence ¢), thus ¢; (ro, P01,y 5N).

The lower order misalignments of a surface i in 2D, are the change in curvature k;, the axial displace-
ment J,; (despace) the rotational misalignment 6y ; (tip/tilt), and the radial displacement & ; (decenter).
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The decenter is directly calculated from the tangential displacement of the surface vertex. Other mis-
alignments can be derived from the coefficients of the surface fit b;, which is calculated by the LLSR in
Eq. (5.2) and shown in Fig. 5.1.

The radius of curvature R; = % is assumed to be constant over the surface for small angular misalign-

ments, that is (%C) < 1, and defined as the reciprocal of the curvature x;, which equals k; ~ (%) . The
12 1

misalignments are stored as d; = [R; 0y, 6, 6X7i}T. Determination of the despace, tip/tilt and radius of
curvature from the surface fit do not take into account the radial displacement distribution nor the average
radial displacement (decenter) of the mirror surface.

Ray transfer matrix analysis

Assuming paraxial rays, ray transfer matrix analysis can be used to describe the light path through a
system by multiplying the vector representing the ray with the appropriate component transfer matrices,
which depend on the component specific properties and the misalignments. A general misaligned paraxial
transformation for component i, such as the mirror in Fig. 5.1, is denoted as

I M; E;| [r;
i+1 — i i i 7 (5 6)

1 0 1|1

where r; = [x; %JT, with x; and %I, the distance and angle with respect to the optical axis 7 in the unde-

formed configuration. The ray vector after component i, r; 11, is linearly related to the incoming ray r; via

the component specific transfer matrix M;, and the influence of the misalignments as contained in E;.

Using the first-order optical canonical operator theory [21] one can determine the influence of the mis-
alignments of an optical component §; on the position and angle of an incoming ray r; [55]. The general-
ized transfer matrices for the elements used in this study, that are space propagation and reflective optics,
are shown in Table 5.1. The space propagation transformation matrix assumes no aberrations or change
in refraction index between optical components and the derivation of the mirror transformation matrix
assumes perfectly reflecting surfaces without scattering, transmission or absorption.

The positional error €; after N elements, considering an initial ray vector ro ; and N sequential optical
elements' with accompanying misalignments E;, equals the distance from the optical axis after the last
component, that is €; = x5. The output ray vector equals

r/V,j = Msl‘o_’j + Es, (5.7)

IThe number of optical elements in a system is generally larger than the number of optical components, since space propagation
is also an optical element, i.e. N > N. In most optomechanical applications N = 2N + 1.
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Table 5.1: General misaligned ray transfer matrices for space propagation and mirror surfaces [55]. Here R; is
the radius of curvature, §,; and & ; are despace and decenter misalignments, 0, ; the tip/tilt contribution and d; the
optical path lengths of a principal ray i with angle of incidence ¢; on component i.

Element type ‘ Free space Mirror
Oi-1 Opit1 1 0 2sin¢‘5 i
1 d— 22— — 0 1Uz,i
M. E. Locos@imr  cos@iq _ .8, 46 i
) 1‘] {o 1 J St 1] 2 (e oa)
[0 0 ] [ o 0] ! ]
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where the system transformation matrix and misalignment vector are

N-1 N-1 N—i—1
Ms=][[My; and Es=Y E| [] My_; | +Es. (5.8)
i=0 i=1 j=0

Thus, the positional error of each ray is a function of all system and component optical properties and
misalignments.

Averaged positional error

The absolute positional error of a single reflective optic, for the purpose of an uncoupled optimization,
solely is a function of the misalignments of that specific component, that is

2

. 1 &
fi=8 (Ua) = = Z g (ro,6) | (5.9
=

where & is the average positional error due to misalignments of component i and m the number of rays in
the system. For equivalent reasoning as in Eq. (5.4), the root is omitted. In most applications it is unlikely
the positional error contributions have the same direction and hence superposition of the errors will lead
to overdesign of the individual components. Therefore, generally the positional errors of independent
sources are combined via the Root Sum Square (RSS).

The absolute positional error taking into account all the components’ misalignments is defined as

2

R 1 &
f=8(Uy,....,Upy) = %Zej (ro,,01,....,6N) (5.10)
j=1

The sensitivities of the positional error contribution of component i in relation to the free displacements
of domain Q; are
8f, 2 & de j

SRR E
a,i j= a,i

and the sensitivities of the positional error using an integrated approach equals

d 2 & e
an, ==Y & (ro:01,....0n) aé’, (5.12)

mj:1

In both Eq. (5.10) and Eq. (5.12) the sensitivities of a single ray €; are

8£j - 88,- 8&
oU,; 96,0U,;

(5.13)
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Note that 8U (Ua 1y Ua7N), thus the sensitivities of the positional error with respect to the displace-
ments of domain i depend on all displacements in the system. In contrary, the positional error due to
component i only depends on the components’ displacements, that is af’ (U )

The sensitivities of the misalignments 6; are defined as

a8 ob;
00; _ 9b; IU,; (5.14)
aUa,i ggx‘l[ ’

*

where 6 = [R; 6y.i 3Z,[]T. Corresponding sensitivity matrix %‘;", is a transformation scaling the fit coeffi-
cients to the misalignments, this is defined as

PIR) )
ab,“] ab,‘_z (9}711"(
* > p
d9; _ |90 98 96y (5.15)
ab ab,‘.l 9b,«12 8bl.,,; ) *
bo198y 98 98
819,-)1 abi_z 8hi‘;

%
01, (5.16)
0

where k; is considered constant over the surface. The order of the fit determines what type of aberrations
= Ly ;, where Ly ;

can be accounted for. The term ab’ =Y,L,;

picks the appropriate DOFs, i.e. 6X,, = LX’,Ua,,.

5.3 Spot size and sensitivities

In order to measure the spot size one can perform ray tracing for multiple rays with different initial
distance and angle from the optical axis, see Fig. 4.1. The average resulting deviation from the averaged
positional error is a measure for the spot size. The spot size due to the misalignments of component i is
defined as

1 m
fi =% (U,,) :E; (5.17)

where €; is calculated according to Eq. (5.7) and &; via Eq. (5.9). For an integrated system optimization
the spot size response is calculated by

1 & R
f=8(Uys.,Upy) = %Z (e;—2)°, (5.18)
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where £ is calculated via Eq. (5.10).

The sensitivities of the MSE spot size due to the misalignments of component i, with respect to the free
displacements of domain €2;, as required to solve for the Lagrange multipliers Eq. (4.11), are

8fl 1 & ~ de i 8@,
- _ € — & — , (5.19)
Uaﬂ' I’I’lj:Z’1 ( / l) <8Ua’i 8Ua7l~
where 8%2;_ is defined in Eq. (5.11) and aa,z - is calculated using Eq. (5.13). Equivalently, the sensitivities
of the MSE spot size taking into account all components’ misalignments are
af 1 ¢ R JE; €
=— g —&E - 5.20
Ua,i m /g’l ( J ) <8Ua_’,' &Ua,i ’ ( )

where %5 is defined in Eq. (5.12).
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6. NUMERICAL IMPLEMENTATION

This section describes practical considerations of the implementation. The initial conditions are set such
that designs are initialized with a uniform density field that exactly satisfies the volume constraint. The
optimization is solved using the Method of Moving Asymptotes (MMA) [25]. The optical performance
measures are relatively sensitive to design changes. Therefore, the algorithm is set more conservative (the
move limit move is set to 0.1) in order to avoid large jumps in the design space.

The optimization is subjected to termination criteria to circumvent infinite optimization or oscillation.
The optimization is considered to be terminated when the design variables and objective function change
less than a threshold and all constraints are met, that is

1/ (s —stt-1)? Ens
%\/(f(s)(k)_ F(s)k)?| < | nres) | - 6.1)
€q(s)

8i(s)

where 7 is the number of design variables, & is the iteration number and i = 1,2, ...,/ with /2 the number
of constraints.

In order to control the design complexity and to avoid mesh dependency and checkerboard patterns,
a general mesh and element-type independent linear spatial filter are implemented [56]. The simplest
spatial filter, as used in the presented study, is the linear filter with weights according to

wy={ 0TS 62)
0 if T 2> rij

where 7 is the radius of the filter, taken equal to the size of a single element. The radius r;; is the distance
between the centroids of elements i and j and 7 is the number of active elements (equal to the number of
design variables). The filtered variables are calculated as

. A Wi
§= M (6.3)

2?21 Wij

where § are the variables as updated by the MMA optimization algorithm. The filter does not take account
of the element volumes as only structured meshes are used.
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To stimulate full black-and-white designs, the filtered design variables are projected in the direction of
their lower and upper bounds by a smooth Heaviside projection function [57-59]. The projected design
variables are penalized by a projection parameter 3 around a threshold 1, given by

._tanh(Bn)thaﬂh(B (i’*ﬂ))
N tanh(ﬁn)+tanh(ﬁ(l_n)) '

All given values are constant during the optimization and no continuation strategy is used.

(6.4)
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7. RESULTS

This section discusses three case studies applying the foregoing theory and demonstrates the validity
of the proposed method. First, the focus is on the optimization of a single mirror mount to minimize
SFEs while subjected to a homogeneous temperature field. Next, multiple cases are investigated to obtain
mounting error insensitive designs. Finally, the proposed SDO method including the STOP analysis is
tested on a two-mirror case.

7.1 Single-component surface form error minimization

The focus of this study is on the optimization of a flat mirror mount design subjected to a uniform tem-
perature increase. The aim is to minimize the resulting SFE. Both the boundary conditions and eigen-
frequency constraint play a dominant role in the possibility to improve the optical performance. The
study verifies the single-component topology optimization procedure and investigates the influence of the
eigenfrequency constraint on the resulting topology and performance.

Problem definition

The design domain €2, as shown in Fig. 7.1, is subjected to an overall temperature increase AT, causing
the domain to expand and deform. As there are no resulting unknown temperatures, there is no need to
solve the heat equation. It is assumed the housing is subjected to the same temperature increase as the
considered design domain. It is assumed that the design domain is mounted to a housing with different
material properties. The resulting change in expansion is introduced in the design domain by application
of known prescribed displacements on both fixtures.

The objective is to minimize the MSE of the optical surface I' due to the overall thermal expansion
of the underlying structure and the incompatibility with the housing, while constrained by a minimum
mean eigenfrequency and maximum volume. Therefore, the mean eigenvalue Eq. (4.8) is adopted as a
constraint such that the mean eigenvalue must be higher or equal than the minimum elastic mean eigen-
frequency @2. In order to investigate the influence of the eigenfrequency constraint, a parameter sweep is
performed over a range of minimum eigenfrequency constraints. The range spans from minimum eigen-
frequency constraints where the constraint is inactive up to values where the structure is unable to satisfy
the constraint. Additionally, a constant volume constraint is added, in order to ensure a fair comparison.
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incoming aberrated efront

Figure 7.1.: Optical mount design domain Q of width w, height 4 and thickness ¢ with CTE o subjected to a
uniform temperature increase AT. All non design space is indicated in black. Two fixtures are modelled as the
interface with an infinitely stiff housing structure, which has CTE %, and thus known prescribed displacements Uy,
which will induce SFE on surface I" due to the boundary conditions and hence degrade the image quality of the

incoming wavefront.
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Figure 7.2.: Optimization results for Eq. (7.1) showing topologies (thermal deformations scaled by a factor 100)
and RMS surface form error, in umK !, for a range of minimum eigenfrequency constraints /o

The problem is formally stated as
min
S

S.t.

1
f=MSEr(U,) = <~RTR)
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In this study 1 = 6 for all cases, to prevent the occurrence of mode switching.

(7.1)
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Figure 7.3.: Detailed view of the resulting topology of optimization problem Eq. (7.1) with an eigenfrequency
constraint of 500 Hz both in undeformed and deformed (scaled by a factor 4). The figure illustrates the deformed
compliant mechanism-like structure with rotation points indicated in red, mirror surface in blue and frame interface
in green. Bottom figure shows the first modeshape of the structure. This is the bending mode, as expected.



47

Optimization results

Figure 7.2 shows the optimization results of Eq. (7.1) for a range of eleven different values for ]:n (note

that ®2 = 47> fﬁ). The required minimum eigenfrequency determines to what degree the optimizer is
able to minimize the MSE. Cases with a higher eigenfrequency constraint generally result in higher SFE,
as a compromise must be made. Note that above a critical frequency the resulting designs do not satisfy
the eigenfrequency constraint. The resulting RMS SFEs are given in umK~! because the RMS SFE
scales linearly with respect to both AT and the CTE ¢, thus the imposed temperature difference or CTE
is irrelevant for the final topology.

The topology of the optimal design subjected to a mean eigenfrequency constraint of 500 Hz is shown in
more detail in Fig. 7.3. Designs with a relatively low eigenfrequency constraint tend to possess compliant
mechanism-like structures in order to counteract surface deformations. In general, structures with a lower
required dynamic stiffness have clear rotation points (shown in red) and less small beams to support the
mirror. The large amount of material underneath the mirror both stiffens the structure and forces the
flexure-like structures, which are fixed to the frame (green), to bend outwards effectively flattening the
surface (blue).

7.2 Mounting error insensitive mirror design

The following case aims to develop a design chart for mirror mounts of which the SFE is insensitive for
mounting errors. Mounting errors in this case include differences in CTE between mount and housing,
radial misalignments and tip/tilt misalignments of the fixtures. The following studies are considered:

A CTE a study of two load cases with a 1 K global temperature increase, while the CTE of the housing
is § and 2o, respectively,

TILT a study consisting of two load cases where the fixtures are axially displaced 10mm up and down
and vice versa, causing the mirror to tilt and deform,

RADIAL a double load case study that investigate the influence of radial displacement of the fixtures
both inwards and outwards 1 mm, and finally

ALL a study consisting of all 6 foregoing load cases.
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All cases are optimized via a multi-objective formulation, constrained by a maximum volume and mini-
mum natural eigenfrequency. A parameter sweep of the minimum eigenfrequency constraint gives insight
in the working principles of the designs. The studies are formally stated as

(L]

min Zf =MSEH (U,) = <;RTR>

s.t. KU=AT

r

(K— w}M) 6 =0 for i=1,2,..n
(7.2)

where L is the load case considered.

Results of Eq. (7.2) are shown in Fig. 7.4. Figure 7.5 shows the influence of the loadcases on a resulting
topology.

7.3 Two-mirror system spotsize minimization

This example studies the topology optimization of a two-mirror system subjected to thermal loads from
a light source, as used in for example high-power laser or EUV applications. The study compares the
following design approaches:

1. Uncoupled System (US) optimization, and
2. Coupled System (CS) optimization, where the integrated SDO approach is applied.

Both optimization procedures make use of a full STOP analysis, though only the integrated approach
considers the component interactions and applies both system and component level constraints. Note
that the uncoupled optimization problem is not a typical design approach used in practice, since it does
consider system optical performances. The separate components are however artificially decoupled with
relation to the optical performance, in order to investigate the difference with respect to the coupled SDO
approach.

The optimization aims to minimize the spot size error due presumed known boundary conditions of the
frame and thermal loads from the propagating beam, while bounded by a the position accuracy, mass, and
eigenfrequency constraints. The main target is to investigate whether, and how, the components make use
of the capability to interact and compensate for each others optical aberrations and how this may benefit
the resulting optical performance.
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Figure 7.4.: Design chart illustrating the final topologies of four different multi-objective optimizations for a
parameter sweep over the minimum eigenfrequency constraint f . Note the similarities between the radial mis-

alignment and the homogeneous temperature increase studies.

RADIAL A CTE

Figure 7.5.: Three of the six loadcases and the first modeshape of the 550Hz case subjected to all loadcases. The
topology effectively minimizes the sensitivity of the mount with respect to mounting errors. Deformations are
highly scaled for illustration purposes.
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Problem definition

Consider the schematic structural-thermal-optical system consisting of two flat reflecting surfaces sup-
ported by optical mounts with equal design domains as shown in Fig. 4.1. An incoming converging beam
with perfect wavefront is reflected by two mirrors before it is focused onto a sensor with a theoretical
spot size of zero (in real systems the minimum spot size is limited by the diffraction limit).

The fundamental maximum resolution or minimum spot size of any optical system is limited by the
diffraction limit. The diffraction limit for the system as shown in Fig. 4.1, equals

0.614  0.614

D= =
- NA n, sin 6;

(7.3)

where D is the first minimum in the Airy disk, NA the Numerical Aperture of the system, A; the wave-
length of the light, n, the index of refraction of the medium and 6; the half-angle of the incoming light.
Assuming perfect vacuum conditions, i.e. n, = 1, sunlight of 4; = 550nm (center of sunlight wavelength
spectrum) the half-angle of the system of 3.8° and a NA of 0.0665, the diffraction limit of this system
equals 8.3 um.

The mesh is structured and consists of 10000 Quad 4 isoparametric elements (4 Gauss points and bilinear
shape functions) per domain. Each domain consists of Aluminium, with Young’s modulus £ = 70 GPa,
Poisson ratio 0.35, density p = 2700kg/m?, coefficient of thermal conductivity k = 250Wm~!K and
CTE o = 25um/mK ™!,

Both mirrors are subjected to known rigid body movements from the housing, which is modelled as an
infinitely stiff interface. The interfaces of the first mirror mount are considered constant at 1 K difference
with respect to ambient conditions, whereas the interfaces of the second mirror are constant at 0K differ-
ence. The first mirror is subjected to a decenter rigid body effect of &x ; = 200 um and a the same amount
of despace misalignment. The left side of the second mirror is moved out by 200 um and down the same
magnitude. The right side of the second mirror interface is also moved out by 200um. This causes the
second mirror to initially have a despace and tip/tilt error.

The heat load is modelled as a Gaussian profile over the surface, i.e.

Qo.i e*%(%)z, (7.4)
oV21

Qc,i (x) =
where Qp ; is the maximum amplitude in domain i in Watts, x is the location on the surface, with x =0m in
the middle of the mirror surface, t = Om and o taken equal to 0.1 m. The input heat loads are normalized
in relation to the maximum value at x = 0. The first mirror is subjected to a Gaussian heat profile with a
maximum input of Qp; = 0.1 Wm™!. Assuming the first mirror absorbs 10 % of the heat load, the second
mirror is subjected to a heat load with a 90 % maximum amplitude in relation to the first mirror.
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Each design domain is constrained by an individual eigenfrequency constraint, as well as a maximum al-
lowable RMS SFE in relation to a perfectly parabolic mirror. Therefore, the MSE SFE objective Eq. (5.4),
has to be adopted as a constraint, taking into account proper scaling, i.e.

1 _
gMSE,i(Ua,i) = 10g10 (ﬁRTR> S —loglo (MSED) (75)

I;

Additionally, the system is forced to keep the position of the spot within a certain limit with respect to the
optical axis, therefore the positional error, Eq. (5.9) or Eq. (5.10), depending on the optimization problem,
has to be adopted as a constraint, such that

8e:(Uai) = logyo (&7) < ~logyo (&) (7.6)

for an uncoupled optimization, and

A <2
gs (Ui, ... Upy) = logyg (82> < —log,, (s ) (1.7)

for the coupled case. For an uncoupled optimization, the system positional error budget must be split
up into the individual components, in this case such that the RSS value equals the total allowed system
positional error, with equal weights per mirror, i.e. the positional error & of the integrated case equals the
RSS of the positional tolerances &, and &,.

In the uncoupled optimization each mirror is subjected to an individual maximum volume constraint,
however, when performing integrated SDO the full system is subjected to a maximum volume constraint
equal to the sum of the volumes of the individual components. In the example 50 % volume is allowed.
This allows the optimizer to move material between domains for the benefit of the system performance.
The constraint tolerance values, redefined into more relevant measures (e.g. [n instead of Qﬁ), are given
in Table 7.1.

The uncoupled optimization problem of the individual components minimizes the spot size as a function
of the misalignments of the component of interest while satisfying the volume, positional error contri-
bution and RMS SFE constraints. The US optimization is a combination of the optimization of mirror
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one (U-M1), not taking into account the misalignments of the second mirror (U-M2) and vice versa. The
problem is stated as

P 1 UL SN
msll’l fi=§& (Ua,l)_m;(el 81)
. K —-Al |Ul |0
1o m|| |T| " |0Q|

(K—co-zM)(pi:O for i=1,2,..,n

gé,i(Uaz =logg (é +10g10< ) <0
(7.8)

1
gmse.i(Ua) logm(ﬁRT) —HoglO(MSEr) 0

i B

gvi(Uai) =

0<s<s<s

fori=1,...N, where N = 2 for this system.
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In the coupled case, the integrated SDO approach simultaneously optimizes all domains, thus objective
function, system positional error and volume constraint are a function of the layout of all domains in the
system, that is

) 1o .
min £ =& (Uy1,Upa) =~ Y (g, 2)°
s mj:1
. |K AUl _ |0

(K—a)izM) 0;=0 for i=1,2,...n

. 2
8¢(Ua1,Ua2) =logy (82) +logy (8 ) <0 .9)

1 _
gMSE,i(UaJ) = 10g10 <ﬁRTR> —|—10g10 (MSED) <0
I;

m (1)2
gaLi(UaJ) = Z =1 _1<0

— 2

J=1 (coj>

1
V. Vi

gV(Ua,laUa,Z) = % —1<0
0<s<s<s

fori=1,2.

The lower bound on the design variables is s = 1073. The density filter radius equals the length of two
finite elements and the Heaviside projection parameters are set to 3 = 1.5 and 11 = 0.45. The termination
criteria are €xs = 0.0015, €5¢(5) = 0.002, and &y(5) = 0.02.

System optimization results

Figure 7.7 shows the resulting RMS spot size diameter as a function of iteration history for both optimiza-
tion problems. The RMS spot size diameter versus the number of iterations for the coupled case using
the SDO approach is illustrated in red. Whereas this approach requires only a single objective function,
the uncoupled optimization consists of two separated optimization problems (one for each optical com-
ponent), of which the RMS spot size diameter versus iteration number are shown in green and purple. In
order to compare the system performances the RMS spot size diameter as a function of iteration history
of the uncoupled system is calculated afterwards as shown in blue. Note that the optimizer is unaware of
the US performance during the optimization process. The resulting topologies for both problems are dis-
played in Fig. 7.6, accompanied by the final performances as well as the system and component properties
and constraint tolerances shown in Table 7.1.
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(a) Final topologies after the uncoupled optimization, resulting (b) Final topologies after the integrated SDO, resulting in a
in an improved but not diffraction-limited system. diffraction-limited system.

Figure 7.6.: Final topologies after the optimization of the system in Fig. 4.1. The system, topologies and deforma-
tions are not to scale (deformations scaled by a factor 100). The uncoupled optimization attempts to obtain two flat
mirror surfaces, whereas the SDO is able to design both mirrors with respect to each other and utilize the curvature
of C-M2 to correct for the defocus error introduced by C-M1.
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Table 7.1: Performance of the obtained optomechanical systems, and properties of their individual mirror mounts:
RMS spot size, RMS positional error, volume, RMS SFE, mean eigenfrequency rigid body movements and mirror
curvature. The values between parentheses indicate the value at the first iteration.

| US U-Ml1 U-M2 | CS C-M1 C-M2
Spotsize € +D (-) | 12.7 17.9 51| 05
Positional error § (um) | 68.7 153.4 222.0 | 311.9
& (um) 223.6 223.6 | 316.2
Volume V (dm?) | 161.1 80.4 80.6 | 161.2 84.0 77.1
V (dm?) 80 80 | 160
SFE (um) 0.9 2.4 2.4 2.5
RMSE (um) 25 25 2.5 2.5
Eigenfrequency f, (Hz) 748 749 750 748
[, (Hz) 750 750 750 750
Curvature R (km) (-0.8) -4.1 0.5)7.2 (-0.8)-1.4 (0.5)0.3
Tip/Tilt 6, (urad) (0) 49 (275) 37 0)46  (275) 263
Despace 8, (um) (312) 247 (-245) -210 (312) 263 (-245) -284
Decenter Jx (um) (200) 212 (-50) -130 (200) 206 (-50) -58
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RMS Spot size vs. iteration histor
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Figure 7.7.: RMS spot size diameter versus iteration history for the uncoupled system (US) as result of the individ-
ual contribution of mirror mount one (U-M1) and mirror mount two (U-M2), as well as the coupled system (CS).
Note that the RMS spot size diameter of the US is constructed afterwards.
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The optimization process has lowered the RMS spot size diameter from 0.4mm in the first iteration
to 106.5um and 4.7 um for the uncoupled and coupled optimization approaches, respectively. Thus, the
integrated SDO approach used for the coupled case proves a ratio of increase in performance of 22.6 times
compared to the uncoupled method, equivalent to an improvement of 95.6 %. Note that the integrated
SDO approach is able to lower the RMS spot size to below the diffraction limit of the system, that means
it is not possible to further improve the optical performance measure with a geometry-based performance
metric.

The two approaches result in some significant differences, see Table 7.1 and Fig. 7.6. Whereas the
curvature of the first mirror in both approaches is brought as close as possible to zero, the second mirror
in the coupled approach is made even more concave than its original shape. Note that the spot size of US
is not simply the average of both mirrors. The positional error constraint of U-M2 is active, although the
combined positional error of US is far below the allowable error. Both systems have satisfied the allowable
mass, however, the integrated SDO has transferred mass from C-M2 to C-M1. The resulting temperature
and Von Mises stress distributions of mirror C-M2 are illustrated in Figs. 7.8a and 7.8b. The stress
distribution indicates that for the given loadcase the maximum yield stress of Aluminium, oy ~ 250 MPa,
is exceeded on multiple locations in the design leading to failure of the structure. High stresses mainly
occur on the bottom, due to tension of the material as a consequence of the imposed boundary conditions
of the frame, around the prescribed displacements Uy, >, and within some thin flexures. Additionally,
thermal stresses are present, clearly visible at the high temperature areas (T ~ 6 K). The exceeding of the
yield stress for this load case is caused by the excessively large initial prescribed deformations and heat
loads, not representable for industrial applications.

Figure 7.9 shows the first three modes of mirror mount C-M2. As expected from the topology the first
mode is the first bending mode and the second mode is swaying of the body. The third mode shows
large deformations of the optical surface and hence when the mount is subjected to vibrations of this
eigenfrequency (e.g. micro-vibrations for other subsystems) this will high degrade the optical dynamic
stability, that means a blurred image.
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(a) Temperature distribution of mirror mount C-M2 in the deformed configuration. The fixtures are subjected to a constant
temperature difference of 1K. The maximum temperature due to the imposed thermal load is approx. 6.5K. Note that the
mount requires material underneath the mirror surface to conduct heat off the surface.

10°
25

(b) Von Mises stress distribution of mirror mount C-M2 in the deformed configuration. The color bar is cut off at oyy =
250MPa. The red areas indicate failure of the structure by plasticity. The magnitudes of the resulting stress field is not repre-
sentable for the stresses that occur in most optomechanical thermal loadcases, though the field shows the critical locations.

Figure 7.8.: Analysis results of component C-M2.temperature and stress. Deformed configurations are scaled a
factor 100. Physical density threshold of s =0.5.
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8. DISCUSSION, LIMITATIONS & RECOMMENDATIONS

Existing approaches for topology optimization of optomechanical systems focusses on the optimization
of individual mirror mounts to minimize their surface deformations. This research extends this by

1. topology optimization of mirror mounts for the systems’ optical performance expressed in terms of
spot size and position accuracy using a full structural-thermal-optical performance analysis proce-
dure, and

2. simultaneous topology optimization of multiple mirror mounts to exploit the interaction of aber-
rations between different components due to thermal loads and frame movements and minimize
a system optical performance while constrained by dynamic stiffness, weight and optical perfor-
mance measures, both on a component and system level.

The results of the first case study, shown in Fig. 7.2, indicate there is a certain bandwidth of minimum
eigenfrequency constraint values that influence the ability of the optimizer to minimize the surface defor-
mations. Thus, conflicting requirement tolerance values should be thoroughly investigated, as their limits
can highly influence the topological layout and performance.

The second study shows that, as expected, different topologies result from different loadcases, though
some loadcases result in comparable topologies as their structures have the same working principles.
The multi-objective approach combining all loadcases appears to be effective; all response functions are
lowered. Though, control over how much the response functions are lowered compared to each other and
how to fairly compare the results of different loadcases has not been addressed yet.

The results of the third study indicates that whereas the uncoupled optimization aims to design two
perfectly flat mirrors, the layout of the second mirror in the coupled optimization is such that its mis-
alignments (mainly curvature) effectively compensate for the misalignments of the first mirror, resulting
in a spotsize improvement of over 95 % to below the diffraction limit of the system.

The activity of the positional error constraint in the optimal solution of the uncoupled optimization (while
the system easily remains within the accuracy limits) indicates the system is unnecessarily overcon-
strained. The SDO approach makes use of the enlarged feasible domain, which is apparent from the mass
transfer between the mirrors in the optimal solution and the significant differences in topologies. Thus,
the typical design approach unnecessarily overconstrains problems, whereas the SDO approach enlarges
the feasible domain and gives the optimizer more freedom to minimize the objective while still satisfying
all constraints.
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During optimization the SFE constraints are not necessarily satisfied, which means that optical analysis
is based on optical properties that do not accurately describe the deformed surface leading to inaccurate
results. However, the converged optimal solutions do satisfy the SFE constraints and hence accurately
describe the system’s optical performance metrics. A more enhanced surface error determination method
may result in faster convergence, and additionally a different optimal solution.

One would expect the SDO problem to be more difficult to solve than the uncoupled problem, due to
a larger design space and potentially more complicated cost function. However, the results indicate the
opposite as the required number of iterations to solve the problem remain the same. The iteration history,
Fig. 7.7, shows that the SDO approach is able to drastically decrease the objective in the first number
of iterations, where the uncoupled optimization requires more iterations. The RMS spot size diameter
of the uncoupled system reaches the diffraction limit twice, halfway the iteration history, whereas the
individual components are, at these particular points in the iteration history, far from optimal. In addition,
these points are not feasible, since the components do not satisfy all constraints. In addition, when the
optimizer is able to decrease the objective function of the second mirror, the system spot size increases
again. This indicates that the mirrors exactly counteract each others error during optimization, although
the optimizer is unaware of this information. Thus, component interaction should be included to obtain a
more optimal solution in terms of system performance.

Thus, the case study proves that an integrated structural-thermal-optical design optimization procedure
taking into account all system components improves the system optical performance compared to indi-
vidual component optimization, while subjected to equivalent design constraints.

A potential limitation of the method in current use is that the imposed boundary conditions are assumed
to be known. This implies that the housing is designed and analyzed before the conceptual design of
the mirror, which is not necessarily the case. Additional research concerning simultaneous optimization
of the housing and optical components is therefore of interest. An extension to this is the simultaneous
optimization of the housing and optical components when their domains are merged into a single mesh,
instead of using separate meshes per component as in the present study. A single, enlarged design domain
would give the optimizer the freedom to relocate the boundary conditions.

The determination of mirror misalignments from the deformed configuration includes multiple assump-
tions influencing the final accuracy: these assumptions are the negligible radial displacements and con-
stant curvature approximations, which limits the method to load cases causing deformations with rela-
tively large out of plane versus in plane magnitudes, small changes in the radius of curvatures and small
tip/tilt misalignments. For the targeted high-precision optical instruments these assumptions apply, but in
other optical systems with larger deformations a more extended misalignment analysis is necessary. In
addition, a more complex misalignment analysis would open up possibilities to extent to multiple, and
different types of components, e.g. lenses, gratings, prisms and initially curved mirrors.

Additionally, the differences in optical path lengths currently only take into account despace effects,
whereas tip/tilt, curvature, decenter and higher order terms also have small effects. These additional
effects can influence the optical performance prediction. Hence, if incorporated, the influence should be
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evaluated by a full STOP analysis using numerical ray tracing to verify the impact of the previously made
assumptions.

Furthermore, the current ray tracing technique is limited by the paraxial approximation. In the studied
two-mirror system, the maximum angle from the optical axis (in undeformed configuration) is smaller
than 4°, thus the paraxial errors are smaller than 0.5%. In order to limit the paraxial error to less then
one percent, the current method is limited to maximum angles from the optical axis of about 14°. When
larger angles are required, the extension to more advanced aberration theory or numerical ray tracing is
required. This would also open up possibilities for non-constant curvature or non-symmetric (freeform)
MIrTorS.

A recommendation that might further improve the performance of the mirror mounts is the extension to
multi-material topology optimization to achieve higher performances as there are more possibilities to
counter effects of thermal expansion, create conductive isolation, as well as damp out external vibrations
[See: 48]. Also, optimizing locations and magnitudes of active thermal components (heaters/coolers) can
have a large influence on both topology and the required design effort. In addition, enhancing thermal
modeling and control by e.g. considering design-dependent heat loads affected by the misalignments and
including radiation influences would increase the accuracy in relation to industrial usage.

In order to take this research from a concept version (proof-of-principle) to industrial usage the biggest
step is to extent the method to 3D structures as well as taking manufacturability into account. One
could use the same method for the detection of misalignments, i.e. fitting a parabolic plane through
the displaced surfaces from which known constant sensitivities can be derived. Though, a simpler and
more accurate approach would be to decompose the deformed surfaces into its Zernike polynomials (in
the case of circular mirror sheets) or another set of orthogonal polynomials for other shapes. Either a
sensitivity matrix, indicating the change in optical performance with respect to a change in magnitude of
a Zernike mode, can be created, or one could perform paraxial ray tracing. Both are only accurate for
small deformations. For larger deformations one is required to use a more complex numerical ray tracing
technique. In order to make the 3D design manufacturable additional constraints (or filters) should be
applied.

To conclude with a future perspective; it is expected that the more components compromise the system
and the higher the sensitivity of the interactions, the greater the benefit of the SDO method will be.
Allowing the optimizer to distribute unavoidable errors over multiple components in the system, instead
of letting the designer impose the error budgets on each component, enlarges the feasible domain and the
potential for superior system designs.
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9. CONCLUSIONS

A new method to improve the optical performance of multicomponent optomechanical systems is pre-
sented. The method uses topology optimization and a full structural-thermal-optical analysis to simulta-
neously design the layout of multiple components for a system performance metric.

The aim of this thesis has been to investigate how to design optomechanical components such that the
optical performance degradation due to thermal loads or mounting errors is minimized. Therefore, it
was of interest to research the influence of including the optical performance metrics in the design and
optimization of these systems. For multicomponent systems it is of interest what the differences are
between optimizing a coupled system and optimizing the individual components. This study involved
combining multiple methods of multiphysics analysis techniques and structural optimization, which led
to an effective new design optimization procedure.

An optomechanical component can be optimized for mounting error or thermal load insensitivity by using
topology optimization minimizing a surface form error or some displacement based function with relation
to the undeformed configuration. Instead of optimizing a design based on deformations one can optimize
a component based on an optical performance metric by including a structural-thermal-performance anal-
ysis in the topology optimization framework. Such an analysis is able to expose the performance metrics
that matter for optomechanical systems without relying on intermediate derived performance indicators.
For a single component system or multicomponent uncoupled optimized system, only minimizing defor-
mations leads to better optical systems. For a multicomponent system, the coupled analysis allows the
optical components to compensate for each others errors, which is a mechanism that is invisible to the
optimizer in an uncoupled optimization. That allows for focus where it matters, without overconstraining
the system unnecessarily. Since the feasible design space of the system level optimization completely en-
capsulates the design space of the individual component optimization, the globally optimal performance
of the coupled system is always better or equal to the uncoupled optimization approach.

The benefits of this method is investigated by simultaneous topology optimization of multiple mirror
mounts to exploit the interaction of aberrations between different components due to thermal loads and
frame movements and minimize a system optical performance while constrained by dynamic stiffness,
weight and optical performance measures, both on a component and system level. The results of the
optimization problems showed that the coupled optimization based on the full structural-thermal-optical
performance analysis is able to reduce the spot size of a two-mirror system with 95 % compared to un-
coupled component optimization to below the system’s diffraction limit.

This work contributes to the research fields of optomechanical design and topology optimization. The
problem formulation questions the typical optomechanical design approach and combines multidisci-
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plinary, multicomponent, system, and topology optimization to show both the system engineering and
optimization communities that system optimization involving multiple optomechanical components leads
to more design freedom and potentially improved systems for specific applications. These findings are
of interest to system engineers and optomechanical designers of high-tech systems that are looking to
further improve their instruments’ optical performance, or maintain the optical performance under more
stringent environments.

As a result of this study, further research might well be conducted on the extension to multiple and
different optical components. It is expected that the more components compromise the system and the
higher the sensitivity of the interactions, the greater the benefit of the system design optimization method
will be. In order to use this method in industrial usage an essential step is to extent the method to 3D
structures as well as taking manufacturability into account. The current method is limited by the paraxial
approximation and hence small displacements. When larger angles are required, the extension to more
advanced aberration theory or numerical ray tracing is required. Despite fact that real systems are more
complex than the simplified example considered in this study, it shows optomechanical designers should
aim for considering and integrating multiple components and physics simultaneously in the design loop
when requirements seem irreconcilable.
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A. STRUCTURAL COMPONENT MATERIALS AND FIGURES OF MERIT

This appendix gives detailed properties of commonly used structural component and mirror mount mate-
rials for optomechanical design. Often used materials and their properties are shown in Fig. A.1 and for
some selected materials the material selection figures of merit are shown in Fig. A.2.
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E K. MYS o k D
Young’s v Fracture  Microyield Thermal Thermal Cp Thermal
p Modulus Poisson’s Toughness  Strength Expansion Conductivity Specific Diffusivity
Density  (GPa) Ratio  (MPa[m]'?)  (MPa) (10%/K) (W/m K) Heat (10 m?’/sec)
Preferred (g/cm®)  Large Small Large Large Small Large (W sec/kg K) Large
Pyrex 7740 2.23 63 0.2 3.3 1.13 1050 0.65
Fused silica 2.19 72 0.17 <1.0 — 0.5 1.4 750 0.85
ULE fused silica 2.21 67 0.17 0.03 1.31 766 0.78
Zerodur 2.53 91 0.24 0.05 1.64 821 0.77
Aluminum: 6061  2.70 68 0.33 — 140. 22.5 167. 896 69.
MMC: 30% 291 117 0.29 >10. >200. 12.4 123, 870 S7.
SiC/Al
Beryllium: 1.85 287 0.043 12. 35. 11.3 216. 1925 57.2
1-70-H
Beryllium: 1.85 287 0.043 12. 50. 11.3 21e. 1925 57.2
1-220-H
Copper: OFC 8.94 117 0.343 — 12. 16.5 391. 385 115.5
Invar 36 8.05 141 0.259 — 41. 1.0 10.4 515 2.6
Super Invar 8.13 148 0.26 _ 41. 0.3 10.5 515 2.5
Molybdenum 10.21 324 0.293 — 280. 5.0 140. 247 55.5
Silicon 2.33 131 0.42 1.0 — 2.6 156. 710 94.3
SiC: HP alpha 3.2 455 0.14 5.2 — 24 135. 650 74.5
SiC: CVD beta 3.21 465 0.21 2.7 — 24 198. 733 84.2
SiC: RB-30% Si  2.89 330 0.24 2.5 — 2.5 155. 670 80.0
Stainless steel: 8.00 193 0.27 — 65. 14.7 16.2 500 4.1
304
Stainless steel: 7.80 215 0.283 — — 8.5 249 460 6.9
416
Titanium: 6Al4V 4,43 114 0.31 — 50. 8.8 7.3 560 29
Gr/Ep 1.78 93 — 0.02 35.0

(GY-70/x30)

Figure A.l1.: Properties of most common mirror and structural materials including density, Young’s modulus,
Poisson’s ratio, fracture toughness, microyield strength, thermal expansion and conductivity, specific heat and
thermal diffusivity. The row indicating "preferred’ gives insight in what properties are preferably large or small for
typical optomechanical designs. Unknown values are indicated by a dash. Additional information about the chart
and materials for e.g. lenses can be found in [3].
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Figures of Merit for Selected Mirror and Structural Materials

Thermal Distortion

Weight and Self-Weight Deflection Proportionality Factors Coefficients
(Efp)12 p/E p3/E (pst}lxz
Resonant Frequency Mass or Deflection Deflection Mass for a/k a/D
for Same Geometry for Same Geometry for Same Mass Same Deflection Steady State  Transient
(arb. units) (arb. units) (arb. units) (arb. units) (Um/W)  (sec/m?® K)

Preferred Large Small Small Small Small Small
Pyrex 5.3 3.53 1.76 0.420 2.92 5.08
Fused silica 5.7 3.04 1.46 0.382 0.36 0.59
ULE fused silica 3.5 3.30 1.61 0.401 0.02 0.04
Zerodur 6.0 2.78 1.78 0.422 0.03 0.07
Aluminum: 6061 5.0 3.97 2.90 0.538 0.13 0.33
MMC: 30% SiC/Al 6.3 2.49 2.11 0.459 0.10 0.22
Beryllium: I-70-H 12.5 0.64 0.22 0.149 0.05 0.20
Beryllium: 1-220-H 12,5 0.64 0.22 0.149 0.05 0.20
Copper: OFC 3.6 7.64 61.1 2.471 0.53 0.14
Invar 36 4.2 571 37.0 1.924 0.10 0.38
Super Invar 4.3 5.49 36.3 1.906 0.03 0.12
Molybdenum 5.6 3.15 32.8 1.812 0.04 0.09
Silicon 7.5 1.78 0.97 0.311 0.02 0.03
SiC: HP alpha 11.9 0.70 0.72 0.268 0.02 0.03
SiC: CVD 12.0 0.69 0.71 0.267 0.02 0.03
SiC: RB-30% Si 10.7 0.88 0.73 0.270 0.01 0.03
Stainless steel: 304 4.9 4.15 26.5 1.629 0.91 3.68
Stainless steel: 416 5.2 3.63 22.1 1.486 0.34 1.23
Titanium: 6Al4V 5.1 3.89 7.63 0.873 1.21 3.03

Figure A.2.: Figures of merit for selected mirror and structural materials, often used to aid in material selection.
The selection criteria include weight and self-weight deflection factors using the density p and Young’s modulus
E, as well as thermal distortion coefficients based on the CTE ¢, thermal conductivity k and thermal diffusivity
D. Note the row indicating ’preferred’, which gives insight in what coefficient are preferably large or small for
typical optomechanical designs. That is high resonant frequency, low mass, small deflections due to selfweight and
small expansion coefficient in relation to both thermal conductivity and diffusivity. Additional information about
the chart and materials for e.g. lenses can be found in [3].
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B. FINITE ELEMENT ANALYSIS

The following material provides detailed information about the finite element analysis procedure used.
Most information in this section is derived from multiple chapters in Cook [See: 53].

B.1 Preliminaries

For linear elastic conditions, stress-strain relations can be stated in general as

o=Ee+ oy

_E(e—co) (B.1)

where o and ¢ respectively indicate the initial stress and strain and the constitutive matrix E contains
elastic constants. For a 2D case where x and y are the in-plane coordinates, this can be written in matrix

Oy Eyw Enp Ein| | & 00
Oy | = Eyy Ey Ex & | + | Gy (B.2)
Tay E31 Exn Esz| | Yy Try0

The constitutive matrix E is symmetric and can represent both isotropic and anisotropic material proper-
ties. For an isotropic plane stress case the constitutive matrix is defined as

E

E=———
1—v2

1 v
v 1 0 (B.3)
0 0

where Vv is the Poisson’s ratio. Inverting Eq. (B.3) one obtains the relation
e=E'o+e (B.4)

If the material is isotropic and initial strains are produced by a temperature change 7', then &,0 = €,0 = T,
where o is the CTE (here assumed to be independent of temperature).
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A displacement field describes how a body deforms as well as how it displaces. Strain-displacement
relations extract the strain field contained in a displacement field and play a prominent role in formulating
commonly used elements. The linear strain-displacement relations are

oo O
oy
g = @ B.5
¥y (B.5)
v
Yo = dy Jx
where u = u(x,y) and v = v(x,y) respectively are the x-direction and y-direction displacements.
In matrix operator format, for a 2D case, the strain-displacement relations are
& 2 o 2177,
& | = 90x 5 4 (B.6)
g o v
Yoy dy dx
which can compactly be written as
€= 0u (B.7)

The compatibility condition (&, + € = Yiy.xy) requires that displacements are continuous and single-
valued functions of position, i.e. when a body is deformed without breaking, no cracks appear in stretch-
ing, no kinks appear in bending and material particles do no interpenetrate.

The equilibrium equation scan be symbolised as

o +F=0 (B.8)

The foregoing formula of structural mechanics are very comparable to quantities and fields in the thermal
domain. Note that heat conduction is a scalar problem, since the field quantity temperature 7" has no
direction, while the displacement field is a vector field having components in coordinate directions. The
field gradient in the structural domain, the strains, are comparable to temperature gradients in the thermal
domain. The elastic constants E is comparable to the thermal conductivities x similar as stresses o and
heat fluxes q. Surface loads, in structural mechanics denoted by tractions t are comparable to normal heat
fluxes g,,. The internal loads, in structural mechanics the body forces F have a thermal counterpart which
is the internal heat generation Q.
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B.2 Interpolation and shape functions

Interpolations devise a continuous function satisfying prescribed conditions at a finite number of points.
In finite element analysis these points are the nodes of an element, where the prescribed conditions are
the nodal values (and possibly its derivatives).

In terms of generalised DOF g;, an interpolating polynomial with dependent variable ¢ and independent

variable x can be written as
n

¢=Y dx'=Xd (B.9)
i=0
where X = (1 x x* ... x") andd=(dy d dr ... d,,)T. The a; can be expressed in terms

of nodal values of ¢, appearing at known values of x, this relation is symbolised as

¢° = Ad (B.10)
where each row of A is X evaluated at the appropriate nodal location. As a result

¢ =Ng* (B.11)

where N=XA"! = [Nl N> } . Every individual N; is called a shape function and state the inter-

polated ¢ = ¢(x) when the corresponding ¢; is unity and all other ¢; are zero. The element nodal values
¢° appear in U (or T for a thermal case), the global vector of DOF, hence ¢° is determined by solving
KU =F.

While ¢ can be guaranteed to vary smoothly within each element, the transition between elements is
not necessarily smooth; the symbol C™ describes the continuity of a piecewise field. A certain field is
C™ continuous if its derivatives up to and including degree m are inter-element-continuous. Usually, C°
elements are used to model plane and solid bodies and C! elements are used to model beams, plates and
shells providing inter-elemental continuity of the slope.

Consider C? interpolation between points (x1,¢;) and (x2,¢,) for which X = [1 x]. Evaluating X at
both points, one can obtain

01 do
=A B.12
[‘Pz dy ( )
where
| X
A= 1 le (B.13)

Thus we can calculate the shape functions

N— ["Z‘x x=x, } (B.14)

X2—X1 X2—X1
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Note that all shape functions »; along with the function ¢ are polynomials of the same degree, that for
any shape function N;, N; = 1 when x = x; and N; = 0 when x = x; for any integer j # i, i.e. N; is unity
at its own node but is zero at other nodes. Furthermore, C° shape functions sum to unity; ¥ N; = 1. In
two or three dimensions, two or three independent variables are needed and usually all components are
interpolated using the same shape functions.

B.3 Principle of virtual work

The principle of virtual work can be used to obtain formulas for the element stiffness matrix and for the
accompanying load vectors associated with initial strains, body forces and surface tractions'.

A virtual displacement is an imaginary, admissible’ and very small change in the configuration of a
system relative to the equilibrium configuration. The principle of virtual work for a single element can
be stated as

/ SWinqy = / SWV
(B.15)
/ Sel'adv = / SUTFAV + / sUTtds

T
where 6U = [5u ov SW} for a generalised 3D case. Equation (B.15) tells us that for any admissible
virtual displacement U from an equilibrium configuration the increment of stored strain energy is equal
to the increment of work done by body forces F and surface tractions t.
Now let U be interpolated over an element in the same way as ¢ in Eq. (B.11)

U=Nd (B.16)

where in this case d lists the nodal displacement DOF of an element. The strains are determined from the

displacements as follows
€ =0Nd =Bd B.17)

where B is called the strain-displacement matrix. Assuming Eq. (B.34) includes the initial strain (e.g.
from temperature variations), by substitution of Eq. (B.34) into Eq. (B.15) one obtains

&d’ ( / BEBdvd — / B EeodV + / B oodV — / NTFav — / NTtdS> =0 (B.18)

Equation (B.18) must be true for any admissible virtual displacements from the equilibrium configuration
and therefore Eq. (B.18) yields
K°U® = F°¢ (B.19)

IThis can be done equivalently for the thermal case; the conductivity matrix and the heat fluxes, normal fluxes and internal heat
generation.
2 An admissible displacement does not violate compatibility or displacement boundary conditions.
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where i
K¢ = / BEBdvV (B.20)

and the vector of loads applied to the element nodes, due to all sources but element deformation, is

F¢ = / NTFav + / NTtdS + / B EeodV — / B’ opdV (B.21)

The work W done by nodal loads P in moving through nodal displacements d is equal to work done by
distributed elemental loads F and t in moving through the displacement field defined by d and element
shape functions, thus we can state

w=dP= / UTFav + / U”tds (B.22)

B.4 Isoparametric elements

The isoparametric formulation permits quadrilaterals to have non-rectangular shapes. Shape functions
are used to interpolate both the displacement field (or equivalently the temperature field) and element
geometry. That is, displacement of a point within an element can be expressed in terms of nodal DOF
and shape functions N, which are functions of the reference coordinates. Similarly, the global position
of a point within the element can be expressed in terms of global nodal positions and shape functions N,
which are also function of reference coordinates. The shape function matrices N and N are functions of
the natural or intrinsic coordinates &, 17 and { and an element is considered isoparametric if N and N are
identical.

Bilinear quadrilateral element

Because the Q4 element is isoparametric the same shape functions are sued to interpolate both coordinates
and displacement of a point within the element from coordinates and displacements (or temperatures) of

nodes, thus
X ZN,'XI'
= =Nc
ol N
Y Niu;
Y N

(B.23)
=Nd




where for the Q4 i runs from one to four, and

r T
C= (X1 Y1 X2 Y2 X3 Y3 X4 }’4}

- T
d=|u; vi u vy uz vy uy V4]

Ny
0

The individual shape functions, by settinga=1,b=1,x= & and y = 1, are

0 M 0 M

N 0 M

0 M

Ny — (1—52(1—11)
Ny — (1+€L(1—n)
N3:(1+§L(1+n)
No— (l—éz(lJrn)

0 Ny O

0 M
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(B.24)

(B.25)

(B.26)

(B.27)

The strain-displacement matrix B cannot be written as easily since it involves gradients. Consider the
function ¢ = ¢(&,n); its derivatives with respect to & and 1 are

or equivalently

where J is the Jacobian matrix

J= [xaé yvﬁ] _
xan va)

For a four-node plane element

Jd¢ d¢ dx  d¢ dy
9§ 0xd& Iy dt
dp d¢ dx d¢ dy
an  dxdn  dyan
¢’§ _ (pax
iRl
YNiexi YNy

Y Ninxi YNinyi

X1y
X2 Y2
X3 y3
X4 Y4

(B.28)

(B.29)

(B.30)

(B.31)
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This result can be used to derive the desired derivatives of the function with relation to the coordinates x
and y, such that

0.x ¢7§
=T B.32
[(Pay] ¢7n] ( )
where
S S S IZ 5 N P
r=J"'= oy [—J21 I ] (B.33)

The Jacobian J can be regarded as a scale factor that multiplies d§dn to produce the physical area incre-
ment dxdy”.

The element strain-displacement relation now can be written as
e=Bd (B.34)

whereas as the same time (assuming linearity) for a planar 2D element

& 1000 Z’x
e=l&|=[0 00 1" (B.35)
Yoy 01 10 v:
where i
Uyx i Tz 00 0| fue
uy| T2 Tz 0 0| |uy
vl =10 0 Ty Tul| v (B.36)
Vyy 0 0 Iy I'mf |vy
where
el Mg 00 N 00 Nyg 0 Npg 0
V,g 0 1,§ 0 N2,§ 0 N37§ 0 N47§
v’ﬂ 0 NIJI 0 szﬂ 0 N3JI 0 N4TI

A
43

3For rectangles or parallelograms J = 4, where A is the area of the physical element
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where Ny ¢ = —ITTT', and so on. Comparing above equations with Eq. (B.34) we can define the strain-

displacement matrix as

I'm I'm O 0

I Iy 0 0
0 0 I'i Tz
0 0 I I'p

=]
- o O
oS = O

Mg 0 Mg 0 Nye 00 Nyg 0
Mg 0 Ny 0 Ny 0 Nay O

0 1§ 0 Nog 0 N3¢ 0 Nyg (B.38)
0 Ny 0 My 0 Ny 0 Nay
Now the stiffness matrix of an element of thickness ¢ can be calculated as
ST
K = // B EBtdxdy — / / BTEBtJdEdn (B.39)
—1J-1

Note: nodes may be numbered in arbitrary manner, though, when using the N; as defined in Eq. (B.27)
the cyclic order must be maintained and must run counterclockwise in order for J not to become negative.

In the case of a scalar field quantity, such as temperature T in heat conduction, at every node i there exists
a single DOF ¢;. For a scalar field element Eq. (B.32) can be written as

o}
¢x| _ [T Tia| [Nig Nag Nyg Nag| |62 (B.40)
9y o Too| (N Mo Nap Nap| |95
04
and thus for a scalar field element
I Tif [Nig Nog Nie Nyg
B-— : ; ) ; B.41

Equivalently to Eq. (B.39) the element characteris matrix, e.g. for heat conduction problems the conduc-
tivity matrix, for the four-node plane element is

1 1
K¢ = / BT kBrdA = / 1 / 1BTnBtJdé§dn (B.42)
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Quadrature

Numerical integration of element properties operates by evaluating (or sampling) the function at specific
points, multiplying the resulting number by an appropriate weighting factor and summing the results.
Gauss quadrature is the most often used rule in generating element matrices. It locates sampling points
and assigns weights so as to minimize integration errors when the integrand is a general polynomial.

In 2D, consider the function ¢ = ¢(&,n), integrating first with respect to & and then with respect to 1
one obtains

1=/_11 /_11¢(§,n)dédn~/_ll [;Wiwéi,n)] an

(B.43)
~ YW, [ZW,-d)(é,-,nj)] =) ) Wiw;o(&:.n;)

i
where I is the integrand. For a four-point integration rule, W;W; = 1 at each Gauss point and hence,
I~ +¢+ 03+ 4 (B.44)

where ¢; is the numerical value of ¢ at the ith Gauss point. In general, if ¢ = J, the Jacobian of the
transformation, the integration provides the length, area or volume of the physical element.
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C. LAGRANGE MULTIPLIERS

This section provides additional information about the derivation of Lagrange multipliers, as found in
[26]. The necessary condition for the reduced gradient to vanish at a stationary point can be written as

of df\ (on\ ' /oh\
(52).- (%), (%), (@), (D

where s denote the solution or state variables and d indicate the remaining decision variables. Now we

may define
af\ [on\ !
ra _(ZJ) i
e () (), .

and with some rearrangement one obtains

af r(Jh\
(5), > <aa>r"

af r(oh\
(5), (%),

The stationary condition Eq. (C.3) can be rewritten in terms of the vector A and the vector of variables
s=(d,s)” as

(C.3)

V£(si) + AT Vh(s;) =07 (C4)

which shows that the necessary condition for a minimum is that the gradient of the objective must be a
linear combination of the gradients of the constraints, at this minimizing point. The stationarity condition
Eq. (C.4) is often expressed in terms of a special function, the Lagrangian function defined by

ZL(s,X) £ f(s) = ATh(s) (C.5)

where A is a vector of new variables called Lagrange multipliers. The sign in front of A is related to
whether the positive or negative (null) form is used for the model.

A more general sufficiency condition for a constrained minimum states that a feasible point s, = (d,,s.)”

satisfying the conditions ( %) =07 and 9d” (%) dd > 0 is a local constrained minimum.
k *

The sufficiency conditions can be restated such that if a feasible point s, exists together with a vector A
such that V£(s.) + AT Vh(s,) = 0 and the Hessian of the Lagrangian with respect to s is positive definite
on the subspace tangent to h(s) at s,, then s, is a local constrained minimum.

Equivalently similar conditions can be derived for inequality constraints.
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