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This review paper addresses topics of fabrication, testing, alignment, and as-built per-
formance of reflective space optics for the next generation of telescopes across the
x-ray to far-infrared spectrum. The technology presented in the manuscript represents
the most promising methods to enable a next level of astronomical observation capa-
bilities for space-based telescopes as motivated by the science community. While the
technology to produce the proposed telescopes does not exist in its final form, the
optics industry is making steady and impressive progress toward these goals across
all disciplines. We hope that through sharing these developments in context of
the science objectives, further connections and improvements are enabled to push
the envelope of the technology. © 2018 Optical Society of America
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1. INTRODUCTION

Space optical systems are key to furthering our fundamental understanding of the
universe in which we live. They provide measurements of phenomenon across space
and time, allowing us to probe the most exciting astrophysics questions of our time
through the electromagnetic spectrum. Optical measurements have identified planets
orbiting distant stars, many of which reside in the habitable zone (HZ) of their parent
star. The age, size, and shape of the universe are examined with space optics, which
allows us to draw conclusions about the past and future trajectory of its existence. In
the National Academy 2010 Decadal Report, New Worlds, New Horizons [1], the
National Research Council (NRC) identified three priority science objectives for
the coming decade: Cosmic Dawn: searching for the first stars, galaxies, and black
holes; New Worlds: seeking nearby, habitable planets; and Physics of the Universe:
understanding scientific principles. The European Space Agency (ESA) has defined
five topics of interest for future space missions: the hot and energetic universe, planets
and life, the solar system, fundamental laws, and the Universe [2]. In 2020 the
National Academy is expected to review four potential missions (Habitable
Exoplanet Imaging Mission [3], Large Ultraviolet/Optical/Infrared Surveyor
(LUVOIR) [4], Origins Space Telescope [5], and Lynx X-ray Surveyor [6]), and rec-
ommend the National Aeronautics and Space Administration’s (NASA) next large
mission to advance our knowledge and understanding of NASA’s most compelling
science questions. As discussed in this review paper, all of these potential missions
require significant advances in telescope fabrication and acceptance test technology.
Realizing the optical elements to enable these missions will require advances in space
optics technology across all aspects of the field. This review paper of current space
optics technology serves as a reference to the status of each critical technology such
that future work in these areas can benefit from the previous work of other researchers.
We hope to provide a succinct and comprehensive overview of technologies we
believe to be at the forefront of their field and those that are poised to enable the next
generation of space optical telescopes.

1.1. Review Methodology
In this review paper, the technologies for the future large-aperture space telescopes are
separated in to four core areas: fabrication, testing, alignment, and as-built perfor-
mance. In each section, key technologies that have been developed to move the sci-
entific community closer to the science objectives outlined above will be highlighted.
The results from the published works will be put in the context of the role they serve to
meet the specifications required to enable the next generation of space optics. Within
each sub-section, we have further differentiated the various technologies by the wave-
length regime of the telescope, breaking the electromagnetic spectrum into three main
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categories: x-ray, UVOIR, and mid- to far-infrared (MFIR). We define the energy/
wavelength range of each category as: x-rays from 0.3 to 100 keV, UVOIR to range
from 100 nm to 2 μm, and MFIR from 2 to 500 μm. Note that the boundaries are
flexible depending on the exact mission specifications, but this serves as a general
definition for terminology throughout the review. We attempt to provide a forward
looking review of these key technologies and hope that readers will apply the knowl-
edge presented here to improve existing methods, innovate, and further our under-
standing of optics technology for large-aperture space telescopes. In this review,
we prioritized the key technologies at the forefront of their respective fields that will
enable the next generation of space-based large-aperture reflective telescopes over
older methods.

2. TECHNOLOGY REQUIREMENTS FOR SCIENCE OBJECTIVES

Based on the mission objectives and science goals of each scientific area of interest,
as identified by the NRC [1] or ESA [2], the engineering specifications for the
next generation of space optical systems have been proposed and discussed in the
literature. These specifications serve as a goal for the development of space optics
technologies to enable the optics that will be used in the various telescopes. When
the optics can be manufactured to the standards determined by the science and at a
cost that is affordable, the next generation of space telescopes will launch. The
top-level flow down of specifications comes from determining the highest priority
science goals for the future, analyzing the measurements and data required to make
scientific conclusions about these topics, and then choosing the correct optical speci-
fication that will ensure the data meets the quality standards. The next step translates
the performance metrics of the science into engineering specifications for the pro-
duction of the optics, which sets the requirements for the technology used during the
manufacturing process. Understanding this relationship between the science objec-
tives and the technology requirements is critical to ensure that the tools used in
fabrication, testing, alignment, and performance testing are developed in a holistic
manner and are well justified.

2.1. X-Ray Science
The next generation of x-ray telescopes will provide more than an order of magnitude
improvement in performance compared to the current telescopes, namely Chandra
and XMM-Newton, in areas of imaging, spectroscopy, timing, and polarimetry [7].
The International X-ray Observatory (IXO) was a joint Japan Aerospace Exploration
Agency (JAXA)/NASA/ESA mission designed to address major astrophysics ques-
tions, concerning the formation and characterization of black holes, life cycles of mat-
ter, and energy in the cosmos [1,8]. Upon review by the ESA in 2011, the IXO mission
was revised to be an ESA-led program under the name Advanced Telescope for High
ENergy Astrophysics (ATHENA) [9] with the goals of studying the hot and energetic
universe by mapping the hot gas structures, determining their physical properties, and
searching for supermassive black holes (SMBHs) [2]. By mapping gas found in the
intergalactic medium as well as clusters and groups of galaxies, the data from x-ray
science will determine the physical properties and dynamics of these structures by
tracking their evolution through cosmic time. This data will allow us to answer ques-
tions such as “How does ordinary matter assemble into the large-scale structures
we see today? What happens at the very edge of a black hole? How do black holes
grow and shape the Universe? What is the equation of state of matter at supranuclear
density?” Results from these future experiments will produce data that shows the
beauty of our Universe, as exemplified by the merging of two galaxies shown
in Fig. 1.
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To probe these topics, x-ray telescopes with very large collection areas and high an-
gular resolution are required to image the extreme energetics of the interactions close
to the event horizon of black holes. Shown in Table 1 is a summary of the driving
specifications for the next generation of x-ray telescopes. The search for the first
supermassive black hole drives the requirement on sensitivity [7], which relies on
detecting a significant number of low-luminosity (distant and faint) active galactic
nuclei (AGN) at redshifts of z � 6–10. The luminosity of the AGN in the rest frame
(2–10 keV) is typically 1043 erg s−1, which creates the point source detection sensi-
tivity specification of ∼10−17 erg cm−2 s−1 in the observed frame (0.5–2 keV) [19].
Characterizing the supermassive black hole growth in the early Universe drives the
x-ray telescope effective area, angular resolution, and wide field imaging require-
ments. A 5 arcsec beam is the limit of the angular resolution to achieve the desired
sensitivity due to the fluctuation of the x-ray background flux in the beam [20].

Intrinsically tied to the angular resolution and sensitivity specifications is the require-
ment on the effective collection area of the next x-ray telescope, which is driven by
peak fluxes around 1–2 keV and photon-limited science. To obtain the required an-
gular resolution and sensitivity within the time constraints of a typical observatory
program of 8 month surveys, an effective area of at least 2.5 m2 is required in the
1–2 keV regime to detect sufficient numbers of individual distant and faint AGN with
the fluxes described above. While at 6 keV, an effective area of 0.65 m2 will ensure
>100 photons in the iron (Fe) line from a supermassive black hole during one orbital
period of the inner most annulus of the accretion disk to reveal the relativistic modu-
lation of the line profile. At the higher energies of 30 keV, where an accurate deter-
mination of the continuum under the Fe line is needed, an effective area of 350 cm2 is

Figure 1

Rare example of two galaxies caught in the act of merging, emitting x-rays (blue) and
radio waves (pink). As their central black holes merge, they each produce radio jets
surrounded by an enormous cloud of multimillion degree gas emitting x-rays. By an-
alyzing these two data, the direction and motion of the two black holes was deter-
mined. The swept-back appearance of the jets is due to the rapid motion of the
galaxies. Source: x-ray: NASA/CXC/AIfA/D.Hudson [10]; Radio: NRAO/CLA/
NRL [11]. Reprinted with permission from Hudson et al., Astron. Astrophys. 453,
433–446 (2006) [10]. Reprinted with permission from http://chandra.harvard.edu/
photo/2006/a400/ [11].
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required [7,21]. In order to explore SMBHs hidden by thick absorbers (column den-
sity of neutral hydrogen (HI) >1023 H∕cm2), an energy range of 60–80 keV (in origi-
nal rest frame) is required along with sufficient spatial resolution of 10–20 arcsec.
Such attempts of these measurements have been done by balloon experiments, such
as the International Focusing Optics Collaboration for μCrab Sensitivity (InFOCμS)
[22], and later with the satellites the Nuclear Spectroscopic Telescope Array
(NuSTAR) [23], and the International X-ray Astronomy Mission (ASTRO-H/
Hitomi) [24]) with multilayer coatings (Pt/C or W/Si).

Surface slope errors in the optics affect the angular resolution of the telescope by
changing the direction of converging photons, which redistributes the energy in
the point spread function (PSF), degrading the ideal angular resolution based on
the effective area. Surface roughness errors diffract light out of the focal points, reduc-
ing angular resolution as well. In optics considered for ATHENA, a 5 arcsec on-axis
half-energy width (HEW) is the angular resolution requirement [25]. Table 2 shows
the breakdown of the surface errors as a function of the spatial frequency at which they
occur. Curvature errors (figure) contribute to a lengthening of the line focus created by
x-ray optics, mid-spatial errors create local slope deviations, while the surface rough-
ness and higher spatial frequency errors create scattering tails in the x-ray images.

The wide field of view (FOV) requirement of the telescope is primarily driven by the
need to determine the distribution of supermassive black holes in the early Universe
with enough samples in the covered FOV. To perform an efficient survey, which

Table 1. Overview of the X-Ray Space Optics Technology Needs to Meet the Science
Goals of the Next Decade [7,12–18]a

Specification Requirement Justification

Sensitivity
∼10−17 erg cm−2 s−1

(0.5–2 keV, observed frame) Survey of distant AGN

Effective area

>2.5 m2 at 1 keV,

Line spectroscopy and broadband spectrum>0.65 m2 at 6 keV,
>350 cm2 at 30 keV

Angular resolution
≤5 arcsec,

Detection of distant AGN mapping10–20 arcsec

Field of view
>200 arcmin2 (wide), Black holes distribution

cluster spectroscopy25 arcmin2 (narrow)

Spectral resolution

ΔE < 3 eV at 6 keV, Dynamics of cluster gas
redshift of Fe line

absorption line features
ΔE < 150 eV at 6 keV,

E∕ΔE ∼ 3000 (0.3–1 keV)

Angle of polarization 1 deg/keV Black hole spin

Stray light
5 × 10−4 rejection

in 0.5–1.5 deg annular region Eliminate unwanted images

Areal density ≤1 kg∕m2 Launch vehicle
aEach parameter is chosen by the specific science goals of the instrument system. AGN, active
galactic nuclei.

Table 2. Overview of the Spatial Frequency Surface Specifications for Proposed
X-Ray Primary Mirrors That Will Meet the Science Requirements of the Next
Generation of Space Optics [25–27]a

Total surface error <5 arcsec on-axis HEW
Figure (<4 cpa) 1.5 μm PV
Mid spatial (4–60 cpa) <1 arcsec slope errors
Roughness (5–500 mm−1) <0.5 nm RMS
acpa, cycles per aperture; HEW, half energy width; PV, peak to valley; RMS, root-mean-square.
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requires a sensitivity of ∼3 × 10−17 erg cm−2 s−1 (0.5–2 keV) in 200 ks, an observa-
tional area of >200 arcmin2 is needed with the wide field imager. On the other hand,
imaging spectroscopy observation of clusters with a calorimeter array requires a FOV
of 25 arcmin2 to cover the cluster core and surrounding background area [7].

The spectral resolution requirement for the next generation of x-ray telescopes varies
significantly with each science objective. The need to trace the dynamics of hot gas in
groups and clusters out to high redshift and to measure elemental abundances to suf-
ficient accuracy drives the spatially resolved high-resolution spectral sampling to a
requirement of ΔE < 3 eV at 6 keV (narrow field imaging with the micro-calorimeter
array) [7]. Better than 10 eV energy resolution is a key technology to distinguish fine
structure of emission line features and the dynamics (>100 km∕s), as was demon-
strated in the test observation of the Perseus cluster with Hitomi XRS [28], which
is equipped with a micro-calorimeter array cooled with liquid helium and/or coolers.
In a wide field imaging scenario, for the science case of the growth of a supermassive
black hole, a spectral resolution of 150 eV full width at half-maximum at 6 keV is
needed to determine temperatures and centroid the Fe line for redshift measurements.
The most stringent spectral resolution to obtain a resolving power of E∕ΔE ∼ 3000

comes from point source dispersive spectroscopy requirements to measure lines in
absorption against a continuum. This permits measurement of the cosmic web of bary-
ons, where absorption lines in the range of 0.3–0.5 keVare expected in the continuum
of a point source behind the warm–hot intergalactic medium (WHIM). In measuring
the absorption lines, the missing baryons in the WHIM and their velocity structure can
be determined. The existing measurements in these regimes are at the limit of
instrumental detection thresholds, and therefore need confirmation and further
investigation [29–33].

In contrast to the specifications of sensitivity, angular resolution, collection area, and
spectral resolution, which are centered around faint objects, the next generation of
x-ray telescopes will utilize the large effective collection area to perform time-
resolved measurements from bright targets with a statistically high accuracy. Such
time-dependent phenomenon, such as x-ray emission from neutron star systems,
occurs on the time scale of 1 kHz, or several hundreds of hertz for black hole systems.
Understanding the periodicity, or lack thereof, can place constraints on the black hole
spins and neutron star compactness. These quasi-periodic oscillations probe the
strongly curved spacetime around compact objects, placing limits on their mass, spin,
and radius, which will hopefully lead to the determination of the equation of state in
the high density limit [34–36]. Therefore, the time resolution and count rate capability
of the future x-ray telescopes must be sub-millisecond resolution with more than 1
million events per second [7]. To further aid in determining the black hole spin, polari-
zation measurements of black holes to detect a rotation of the angle of polarization,
which is rotated due to relativistic effects for different observer orientations, will be
made [37,38].

X-ray observations will provide fundamental insight into our Universe through the hot
and energetic black hole science, mapping galaxy clusters while tracking their cos-
mological evolution in time and probing the extremes of our understanding of the
event horizon surrounding a black hole. The optics technology required to make these
telescopes is progressing to an amazing level of maturity and will continue to grow.
By understanding the science goals set forth in the previous sections, we can view
the space optics technology research in its broader context. We hope that this review
of the current technology to fabricate, test, and assemble the next generation of
x-ray space optics will enable further developments by learning from our scientific
peers.
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2.2. UV/Optical/IR Science
Astronomical science observations are not only made in the x-ray spectrum but also
across the UV, optical (visible), and IR. This wavelength regime is host to awe-in-
spiring science that is possible only through its own class of space telescopes. As
part of the New Worlds, New Horizons [1] document produced by the NRC, science
goals for the coming decade necessitate many UVOIR measurements. Scientific re-
search in areas that will benefit from advances in these space telescopes include the
following: the search for the first stars, galaxies, and black holes in the universe; seek-
ing exoplanets in the habitable zone of their parent star; and further understanding our
own solar system. UVOIR astronomy will provide insight into questions of the nature,
“When and how did the first galaxies and stars form? How did the first galaxies form
quasars? What other worlds exist in the universe that could harbor life? What are the
conditions of the various moons and planets within our solar system?” Through
answering these questions, we will answer some of the most fundamental questions
surrounding our existence. The discoveries made by the next generation of space
optics in the UVOIR will inspire the world and create common bonds between all
humanity by placing our Earth in the context of the Universe.

A top level flow down of the technology requirements for the next generation of
UVOIR telescopes is given in Table 3. The aperture of the telescope is driven by light
collection, angular resolution, and planet detection efficiency in searching for exopla-
nets in the HZ around stars. Shown in Fig. 2 is an image of four such planetary-mass
objects orbiting a nearby star taken by the Gemini and Keck Observatories. Aperture
size of the telescope impacts the efficiency of exoplanet detection in the HZ, where the
number of detections scales as D2, where D is the diameter of the telescope aperture
[42–44]. This yield is influenced by several astrophysical assumptions about the
nature of the exoplanets: assumed size and optical properties (albedo, atmospheric
composition, etc.) of the exoplanet, the exozodiacal dust cloud surface brightness
[45], and the number of exoplanets per star [43]. Given that few to no observations
of these parameters for exoplanets have been made, much is based on data from
Earth [44]. To directly detect an exoplanet, the angular resolution of the telescope

Table 3. Overview of the UVOIR Space Optics Technology Needs to Meet the Science
Goals of the Next Decade [7,12–18,39]a

Specification Requirement Justification

Primary aperture ≥8 m Resolution, sensitivity, exoplanet yield
Wavefront error 35 nm RMS WFE Diffraction limited at 500 nm
Wavefront stability 0.01 nm RMS over 10 min Exposure time
Angular resolution 2.74 milliarcsec/pixel Cosmic origins (UV)
Pointing stability ∼1 milliarcsec Starlight suppression

Stray light
Zodiacal dust emission

limited between 0.4 and 1.8 μm Spectroscopy SNR

Total figure error 8 nm RMS Symmetric PSF
Contrast in Coronagraph 10−10 Starlight suppression
Inner working angle <2λ∕D Internal coronagraph
Outer working angle >20–30λ∕D Internal coronagraph
Starshade positioning ≤ 20 cm Starlight suppression

Areal density (kg∕m2)

≤50 Delta IVH
≤100 Falcon 9H
≤300 SLS Block 1
≤600 SLS Block 2

Telescope temperature 273–293 K Thermal stability
aEach parameter is chosen by the specific science goals of the instrument system. PSF, point spread
function; RMS, root-mean-square; SLS, space launch system; UVOIR, ultraviolet/optical/infrared;
WFE, wavefront error.
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(determined by the aperture size) should be better than 0.5 times the angular radius of
the HZ, which at a distance of 10 pc can range from 2.2 to 566 milliarcsec [15]. The
required diameter of the telescope to achieve this angular resolution is evaluated at
760 nm because this wavelength is a key biomarker for life (molecular oxygen).
Furthermore, sensitivity in the range from 500 to 800 nm is critical for determining
the strongest markers of life as we know it on Earth [46]. The aperture size of the
telescope also sets the collection area, or required observation time, to achieve a spe-
cific signal-to-noise ratio (SNR). To confidently detect exoplanets an SNR � 10 with
a spectral resolution R � 70 is desirable. These driving and competing science goals
of exoplanet detection leads to an aperture specification of greater than 8 m [12]. As
the aperture diameter increases, the exoplanet yield and angular resolution increase,
which creates an incentive for larger-aperture space telescopes.

To answer the questions posed by the scientific community, we must continue to
develop new optics technology that will enable the space optics to make astronomical
measurements. The requirements on the next generation of UVOIR telescope surface
errors are summarized in Table 4. The general astrophysics goal of Cosmic Dawn and
Physics of the Universe—to find the first stars, galaxies, and black holes—requires
diffraction-limited performance with a symmetric PSF in the visible spectrum, which
generally drives the low-spatial frequency surface specifications [15]. Here we define
the widely used and often ambiguous term “diffraction-limited” as meaning a Strehl
ratio greater than 80%, where the Strehl ratio is the ratio between the illumination at
the center of an aberrated point image to an aberration-free point image (e.g., Airy
pattern [47]). Low- to mid-spatial frequency errors (traditional aberrations) move
energy from the core of the PSF to the outer rings, reducing the Strehl ratio and

Figure 2

Adaptive optics image of four planetary-mass objects (b)–(e) orbiting the A-type star
HR8799 captured by the Gemini and Keck II Observatory using the angular differ-
ential imaging technique. The direct illumination from the star was subtracted so that
the faint exoplanets could be detected, showcasing the need for extreme suppression in
future UVOIR space telescopes. Image credit: National Research Council of Canada-
Herzberg Institute of Astrophysics, C. Marois and Keck Observatory. From Marois
et al., Science 322, 1348–1352 (2008) [40]. Reprinted with permission from AAAS.
Reprinted by permission from Macmillan Publishers Ltd.: Marois et al., Nature 468,
1080–1083 (2010) [41]. Copyright 2010.
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degrading image quality [48]. Furthermore, stability of the PSF over multiple mea-
surements is critical for the general astrophysics astronomy science in the UVOIR
spectrum [49–51]. The New Worlds objective—to identify exoplanets—often neces-
sitates smooth surfaces to suppress scattering, which sets the mid- to high-spatial fre-
quency surface requirements. Errors in this spatial frequency regime push energy from
the core of the PSF into the tails of the distribution. This destroys the desired contrast
when performing exoplanet detection and characterization. The surface specification
for the future UVOIR telescopes is based on a −2.25 power spectral density (PSD)
slope, leading to a total surface error of 8 nm RMS, which is broken down into specific
spatial frequency regimes. For the low-order errors, <4 cycles per aperture (cpa),
5.5 nm RMS is needed, at 4–60 cpa (mid-spatial), 5 nm RMS, in the high-spatial
regime (60 cpa to 100 μm/cyc), 1.5 nm RMS, and a roughness (<100 μm∕cyc) of
∼0.5 nm RMS is specified [12,15].

To directly detect exoplanets, in which light from the parent star is reflected by the
exoplanet, suppression of the direct starlight with a contrast ratio of 10−10 is necessary.
Only a space-based telescope can achieve this since ground telescopes are limited to
approximately 10−8 due to atmospheric turbulence [52]. While this level of suppres-
sion may be sufficient for future extremely large ground-based telescopes with sig-
nificant post-processing of the data [53], the most likely, and efficient, means of
characterizing exoplanets is with space telescopes. The extreme level of starlight sup-
pression will be achieved using an optical occulter, either in the form of an external
starshade [54–56] or an internal coronagraph [57–59]. The direct light from a star is
blocked by the starshade by minimizing the diffraction pattern in the region of the
telescope’s aperture. If the planet–star system is assumed to be observed at a distance
of 10 pc, the separation angle between the two objects is 0.1 arcsec. A proposed
flower-shaped starshade will fly at approximately 50,000 km away from the telescope
and have about a 30 m diameter, which will subtend 0.05 arcsec in the telescope’s field
of view [60,61]. This generates a diffraction pattern where the on-axis radiation from
the star in the main detection band (500–800 nm) [12] is minimized. On the other
hand, a coronagraph operates internally at the instrument level by removing the direct
light from the parent star within some specified angular annulus [62]. To accomplish
this, the point spread function is altered such that the on-axis starlight is redistributed,
creating a donut of high contrast, which is defined by its inner and outer working
angle. The smaller the inner working angle (IWA), the closer to the parent star an
exoplanet may be detected [63]. Therefore, it is important for the next-generation
space telescopes to have a small IWA of <2λ∕D, where λ is the wavelength and
D is the aperture of the telescope. A larger outer working angle (OWA) is also desir-
able to achieve a large high-contrast angular region, which drives the OWA specifi-
cation to greater than 20–30λ∕D. In contrast, a starshade diffracts the light from the
on-axis star outside of the telescope aperture, thereby removing the much brighter
source. To be a viable starshade occulter, it must fit within the launch vehicle and
achieve positioning accuracy of ≤20 cm [60]. The starshade must have low scattering

Table 4. Overview of the Spatial Frequency Surface Specifications for Proposed
UVOIR Primary Mirrors That Will Meet the Science Requirements of the Next
Generation of Space Opticsa

Total surface error ∼8 nm RMS
Figure (<4 cpa) ∼5.5 nm RMS
Mid spatial (4–60 cpa) ∼5 nm RMS
High spatial (60 cpa to 100 μm/cyc) ∼1.5 nm RMS
Roughness (<100 μm∕cyc) ∼0.5 nm RMS
aThe specifications were based on a −2.25 PSD slope [12,15]. cpa, cycles per aperture; RMS, root-
mean-square.
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at its edges, so as to not generate stray light problems, creating the requirement that
the edge radius of curvature (RoC) should be ≤10 μm [64] and an edge specular
reflectivity ≤10%.

During an observation, which can last for many hours, the wavefront error of the tele-
scope must be very stable such that high-contrast imaging is possible. As the wave-
front error of the telescope changes over a measurement, the recorded image smears
and blurs, resulting in a loss of information. This is especially critical for internal
coronagraphs, which need a stable wavefront in order to create the annular region
of starlight suppression. Once the dark region is formed, wavefront error stability
of ∼10 pm RMS per control step is needed [65–67]. Low-order aberrations—piston,
tip, tilt, power, coma, astigmatism, and spherical aberration—will be important to
correct to obtain the desired stability. The factors contributing to the wavefront error
come from mechanical, thermal, and dynamic properties of the telescope. The stiff-
ness and mass of the telescope affect how vibrations propagate into the optical per-
formance, while thermal gradients can cause shifts in the optical components and
dynamic variation from reaction wheels or micro-thrusters input additional optical
aberrations. To limit these effects, the next generation of space telescopes should
achieve a thermal stability of a few pm/K over a gradient of a few mK at room temper-
ature. Depending on the material chosen for the support structure and telescope sub-
strate, the thermal control can range from 0.1 to 1 mK, where greater thermal stability
is needed for materials with larger variability with temperature (coefficient of thermal
expansion, thermal conductivity, etc.).

A launch vehicle for the observatory places limits on the aperture size, but more criti-
cally, the areal density of the mirrors. Depending on the launch vehicle, the payload
size varies significantly, so the areal density also fluctuates greatly for each aperture
size and vehicle [15]. The James Webb Space Telescope (JWST) mirror defines the
state of the art with a primary mirror areal density of 65 kg∕m2 and assembly of
1600 kg, which is planned for launch on an Ariane V rocket with a payload of
6600 kg. Future UVOIR telescopes may be launched via a Delta IVH with an allo-
cation of 2500 kg for the primary mirror, or Falcon 9H with 5000 kg, or Space Launch
System (SLS) Block 1 with 15,000 kg, or finally a SLS Block 2 with 30,000 kg.
Therefore, given the variation in launch vehicle payload, the required areal density
also changes depending on which vehicle is chosen. By selecting the SLS Block
2 vehicle, the mirror areal density provided by current ground-based telescopes
may be sufficient for future space optical telescopes [39]. This is attractive from a
cost and technological standpoint since the fabrication processes have already been
developed and proven for the ground applications.

2.3. Mid- to Far-Infrared Science
The MFIR spectrum is host to a multitude of critical information to help us understand
the Universe. Observations in the MFIR allow us to see through interstellar dust, iden-
tify galaxies with large amounts of new stars, characterize the emission mechanisms
present in AGN [68], observe cool objects, and perform atomic, ionic, molecular, and
solid-state spectroscopy [69]. Previous space telescopes in the MFIR, such as the
Infrared Astronomical Satellite AKARI (ASTRO-F) [70] or Spitzer [71], have fur-
thered our understanding of the Universe and pushed the capability for exploration
of the cosmos in the infrared. A future telescope, the Space Infrared Telescope for
Cosmology and Astrophysics (SPICA) [72], will probe the formation and evolution
of planetary systems, the life cycle of dust in the Milky Way and nearby galaxies, the
AGN/starburst connection over cosmic time and as a function of the environment, and
many other science objectives. Data from these measurements has helped shape our
fundamental understanding of the formation of the Universe, as shown in Fig. 3.
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A proposed mission, the thinned aperture light collector (TALC), will further the light
collection capabilities, allowing astronomers to detect fainter and smaller objects in
the far-infrared to sub-millimeter spectrum [73–75].

The questions answered by these investigations are only accessible through the MFIR
spectrum, which poses some unique challenges compared to the x-ray or UVOIR
telescopes being developed concurrently. A top-level overview of the technology
requirements for the next generation of MFIR telescopes is given in Table 5. The
telescope operational temperature, wavelength coverage, and image quality require-
ments separate the science made possible by the MFIR from other frequency bands.
A next-generation MFIR telescope should cover wavelengths from 5 to 210 μm, with
a possible extension into the mid-infrared spectrum down to 3.5 μm to achieve direct
detection of exoplanets. This is to complement the current suite of instruments on
Herschel, operating in the wavelength range of 55–671 μm [76].

To achieve better science outcomes compared to the current generation of telescopes,
the diameter of the telescope should match or exceed that of the present observatories.
Furthermore, the science objectives drive the aperture to be at least 3 m in diameter,
which is comparable to Herschel’s 3.5 m aperture [77]. The angular resolution and
light collection of the telescope are set by the diameter, which is particularly important
for the characterization of exoplanets. MFIR surveys are limited in depth by a fun-
damental confusion due to a high density of faint galaxies distributed approximately
isotropically within the field of view. The noise limit created by these extragalactic
sources, quantified with a source density criterion [78], varies with the inverse square
of the diameter of the telescope. Therefore, by increasing the diameter, the fundamen-
tal limits of confusion are reduced.

Telescope diameter also determines the limit of resolution through diffraction from the
primary aperture. The image quality should be diffraction limited at 5 μm over a center
field of view of 5 arcmin radius, while the diffraction limit should be maintained at
30 μm over a 10 arcmin radius in order to maximize the angular resolution offered

Figure 3

Cosmic timeline shown as a plot of the rate of expansion of the Universe as the width.
MFIR measurements with space telescopes will provide more data and answer many
questions concerning the history of the Universe. Image credit: NASA Wilkinson
Microwave Anisotropy Probe (WMAP) Science Team.
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for the given aperture. Through a diffraction-limited performance, future MFIR
telescopes will resolve details of the roles that stellar populations play in heating dust,
and many other fine scale deficiencies encountered in past observatories [79,80]. A
stricter image quality metric is needed over the center field of view in order to satisfy
the mid-infrared instruments for exoplanet detection. The corresponding wavefront
error to achieve the diffraction-limited performance at 5 μm is less than 350 nm
RMS. The wavefront error (and therefore the surface error, which is the half of
the wavefront error considering the double-path in reflection) can be broken down
in to specific spatial frequency regimes [81]. These details are shown in Table 6.
In general, the low-spatial frequency errors can be spread equally between focus
and higher-order aberrations (pushing into the mid-spatial frequency regime) so long
as the total error is within the wavefront budget. However, a recommendation is to
keep the total surface error to below 175 nm RMS. The high-spatial frequency surface
error budget, which induces wide-angle scattering, is determined by the stray light
needs of the telescope.

To meet the science objectives of characterizing the formation and evolution of plan-
etary systems, galaxies, and the life cycle of dust, the sensitivity of MFIR telescopes
must be increased. By reducing the background photon noise generated by the tele-
scope, the signal-to-noise ratio is improved and more faint objects can be detected.
Background sky should limit the sensitivity of the telescope, not the emission of the
structure or mirrors themselves. A strong dependence of background noise with tele-
scope temperature exists due to the blackbody emission spectrum of an object.
Therefore, a telescope temperature of ∼6 K is required to achieve the background
sky limit for wavelengths below the science band. However, as thermal gradients
and temperature fluctuations will occur, an upper limit of 10 K hot spots is desirable.

The sensitivity of the telescope is also affected by stray light sources, which are gen-
erated from unwanted reflections or light paths through the telescope [82]. Once
again, the goal is to have the sensitivity of the telescope limited by the background
sky emission, which requires a stray light rejection level of 90% [83–86]. This means

Table 5. Overview of the MFIR Space Optics Technology Needs to Meet the Science
Goals of the Next Decade [7,12,13–18,72]a

Specification Requirement Justification

Wavelength range 3.5–210 μm Exoplanet detection
Aperture >3 m Angular resolution and light collection

Performance
Diffraction limited at:
5 μm over 10 arcmin,
30 μm over 20 arcmin

Maximum angular resolution

Angular resolution 100 milliarcsec Galaxy, star, and planet formation
Field of view 12 arcmin radius All sky survey
Telescope temperature <6 K, 10 K hot spots Noise sources
aEach parameter is chosen by the specific science goals of the instrument system. IR, infrared; SNR,
signal-to-noise ratio.

Table 6. Overview of the Spatial Frequency Surface Specifications for Proposed
MFIR Primary Mirrors That Will Meet the Science Requirements of the Next
Generation of Space Opticsa

Total surface error 175 nm RMS
Figure (<3 cpa) <125 nm RMS
Mid spatial (3–1,000 cpa) Not specified
High spatial (>1000 cpa) <17.5 nm RMS TIS <0.2%
aNote that the surface errors are half the wavefront errors [72,81]. cpa, cycles per aperture; RMS,
root-mean-square; TIS, total integrated scatter.
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that out-of-field sources (artificial and natural) will not increase the observed patch of
sky background signal by more than 10%.

2.4. Synopsis of Science Drivers
In general, to provide a space optical system that will meet the science goals outlined
in the Decadal Survey, a large-aperture, low-areal-density, high-stiffness, and ther-
mally stable mirror is required. The surface errors must be controlled across all spatial
frequencies, and the thermal and mechanical stability of the telescope on orbit must be
carefully engineered. The top-level technology flow-down requirements within each
major wavelength regime are summarized in Tables 1–6. We note that this summary
cannot represent all requirements but serves as a good overview to put the reviewed
technology in context. Advancements in space optics technology based on past
missions at space agencies across the globe [87] have been made such that key hard-
ware systems are realizable [88].

3. LARGE LIGHT-WEIGHTED MIRROR FABRICATION

Creating an astronomical telescope mirror is an extremely unique task, especially
considering the specifications that are desired for the next generation of telescopes.
Only a handful of companies and institutions are capable of the size, finish,
and quality because of the vast range of high-precision skills required to make
astronomical telescopes [89]. These fabrication facilities must produce primary
and secondary mirrors for the telescopes, which necessitate unique technologies
due to different base radii of curvature (i.e., concave primary versus convex
secondary).

The primary mirrors identified as viable candidates to be used in the next generation of
space optics require novel fabrication methods due to their shear size, stiffness, mass,
thermal conductivity, and substrate material. As identified in the Science Instruments,
Observatory and Sensor Systems Technology Roadmap (technology area # 8) by
NASA’s Office of Chief Technologist [16,90], large-aperture diameters, low areal den-
sities (launch vehicle dependent), and high stability are required to meet the science
objectives in the next decade. Achieving the desired surface accuracy across the large
light-weighted aperture of the mirror requires new technologies from the start of the
fabrication process to the final stages of polishing. A list of the proposed surface spec-
ifications for the primary mirror of a telescope used to meet the science goals are given
in Tables 2, 4, and 6. The specifications cover the full range of spatial frequencies
found on the optical surface, which are usually expressed using a PSD [91,92] or
a structure function [93,94]. The areal density and thermal stability requirements
in Tables 1, 3, and 5 limit the materials used to fabricate the primary mirror.
Given the ambitious requirements on the telescope, improvements in the fabrication
process from the base substrate manufacturing, during rough grinding, to final
polishing/figuring have been investigated. We will now provide a sampling of these
technologies broken into sections according to the stage at which they take place in
fabrication.

3.1. Producing a Stiff, Light, and Low Expansion Mirror Substrate
The substrate of the primary mirror determines many optical and mechanical
characteristics of the entire telescope and must be carefully selected to ensure that
the mission goals are met. The type of material also changes the fabrication methods
available, which affects cost, manufacturing time, and risk. Given in Table 7 are the
critical parameters of the current methods of manufacturing the substrates of large
telescope primary mirrors.
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3.1a. X-Ray Optics Substrates

X-ray optics require a significantly different fabrication process compared to UVOIR
or MFIR telescopes since they are designed to operate at shallow incidence angles
instead of normal incidence. In order to produce a large-area x-ray telescope for
ATHENA where the physical mirror area exceeds 500 m2 when taking into account
the <0.5 degree grazing angle of incidence, technologies that do not require special
post-polishing processes are needed. Two promising technologies exist for future x-
ray telescope optics, either slumped glass optics (SGO) or silicon pore optics (SPO)
[106]. Both materials exhibit the required characteristics of mid-spatial frequency and
roughness errors as listed in Table 2. The mid-spatial specification satisfies the slope
error requirements, contributing much less than 5 arcsec of total HEWerrors while the
roughness specification will not produce significant scattering in the tails of the x-ray
images. The figure errors are controlled via a slumping or molding process to produce
a total peak-to-valley (PV) less than 1.5 μm. Given in Fig. 4 are examples of (a) SGO
and (b) SPO optical stacks that will be replicated to form the full optical surface. A
preliminary SGO technology was used for the optics in NuSTAR [108], while new
developments in the technology might be implemented on optics for the ATHENA
mission [23,109]. The principle of making an SGO is that of a molded sheet of glass
pressed and heated such that either the optical or non-optical surface is in contact with
the mold. Multiple sheets are glued together with ribs formed from glass or graphite.
The ribs ensure that each mirror shell is stacked with the correct shape and position,
aiming to reach 5 arcsec image quality, while also providing mechanical stiffness.
Each stack of slumped glasses will then be combined in a given geometry to form
the final optical assembly. The SPO technique also relies on creating the full aperture
from multiple segments of stacked optical surfaces [107]. In this method, silicon wa-
fers produced for the semiconductor industry are utilized for their well-controlled uni-
formity and polished surfaces. The wafers in SPO are etched from the back side to
leave ribs to keep the correct distance to adjacent wafers. They are then pressed into a
mold to give the required radius of curvature, creating a bond between sheets via a
strong chemical covalent bond of hydroxyl groups [96] instead of glue. The surfaces
are elastically bent and their roughness is not affected by the quality of the
mandrel [95].

Table 7. Overview of Some Promising Substrate Materials and a Sampling of the
Critical Characteristics to Meet the Requirements of the Future Space Telescopesa

Technology
Areal Density

(kg∕m2)
Diameter

(m)
CTE

(ppb/K)
1st Frequency

(Hz)
Fabrication
Method

X-ray
SPO [95,96] 0.5 0.066 2600 – Stack and bonding
SGO [23,97] 0.5–1.0 0.2 2000–

7200
– Hot slumping

UVOIR
ELZM [98] 25–75 1–4 1 450–75 CNC Grinding
Stacked core [88,99] 35–60 1.5–8 15 450–33 AWJ, CNC, and slumping
ULE segments [100] 40–60 1–2 15 – CVD and CNC Grinding
Spin cast [101] ∼300 ∼4.2–8.4 2800 – Glass melt

MFIR
Sintered SiC [102,103] 14 0.7–4 2200 321 Sintering with CVD coating
SiC sandwich [104] – 2 4000 100 Additive manufacturing
CFRP [105] 1.53 2 — — Resin coated
aNote that spin-cast mirrors have been used not in space telescopes but for ground-based
observatories. Blank entries were not reported in the literature. SPO, silicon pore optics; SGO,
slumped glass optics; CTE, coefficient of thermal expansion; ELZM, extreme light-weighted
ZERODUR mirrors; CNC, computer numerically controlled; AWJ, abrasive water jet; CVD,
chemical vapor deposition; CFRP, carbon fiber reinforced plastics.
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3.1b. UVOIR Mirror Substrates

A UVOIR telescope requires very-large-aperture primary mirrors with low areal
density, requiring novel technologies to produce mirror substrates with sufficient
mechanical properties along with the optical. Two main fabrication thoughts on
obtaining large mirrors exist: combine many small-diameter mirrors or a few large
mirrors [110]. In both cases, new enabling technologies to meet the requirements
given in Tables 3 and 4 have been developed to produce high-quality optical
substrates.

A monolithic substrate fabrication method called extreme light-weighted ZERODUR
mirrors (ELZMs) is a technology that uses a substrate material produced by Schott in a
monolithic structure that is then machined to light-weight the mirror [98]. To increase
the diameter of the substrate while maintaining the appropriate stiffness and areal den-
sity, very deep pockets and ribs must be machined in to the back side of the mirror.
This poses a technical challenge of safely and effectively grinding, which is circum-
vented by using a different method called stacked core [99]. In this technique, smaller
and more readily fabricated cores are produced and then fused together to form a deep
pocket and expand the diameter of the surface. This reduces the risk of manufacturing
failure because the individual sections can be remade. A front and back plate are used
as a sandwich to the cores. The entire mirror is then slumped to the correct base radius
of curvature. Another sandwich type substrate is made by additive manufacturing,
which enables complex structures within the substrate [104,111]. A similar idea is
employed in the ultra-low expansion (ULE) glass segmented method where hexagonal
pieces of glass are combined together to form the full aperture [100]. To form the
hexagonal segments, chemical vapor deposition (CVD) generates a glass boule (rough
cylindrical base structure) that is machined into the correct dimensions and given the
base radius of curvature.

A monolithic surface with light-weighting can also be made using a spin-casting tech-
nique [101], but so far due to the materials used in the process, it has not been applied
to a space telescope. The type of glass required in the spin-casting process does
not have an extremely low (comparable to the ZERODUR or ULE) coefficient of
thermal expansion (CTE), but very large and stiff mirrors have been produced.

Figure 4

Optical stacks of x-ray mirrors formed using (a) a slumped glass optics stack of ∼20
slumped glass sheets with graphite spacers. Image credit: INAF-Astronomical
Observatory of Brera. Reprinted with permission from Salmaso et al., Proc. SPIE
10563, 105639 (2017) [23]. (b) Silicon pore optics stack of ∼40 silicon wafers with
numerous ∼1 mm square pores as seen on the left face. Image credit: Cosine mea-
surement systems. Reprinted with permission from Collon et al., Proc. SPIE 9905,
990528 (2016) [107]. Red arrows show the approximate x-ray paths of each stack.
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Shown in Fig. 5 are three different substrate technologies that are considered in
UVOIR astronomical primary mirrors: ELZM, stacked core, and spin-cast methods.
In all cases, the light-weighting to achieve a low areal density while maintaining good
structural performance is critical and is achieved with a variety of methods.

3.1c. Mid- to Far-Infrared Optics Substrates

For space telescopes in the MFIR wavelength regime, a technique using carbon fiber
reinforced plastic (CFRP) mirrors shows promise to produce large, low CTE, and light
mirrors [105]. In this method, a base substrate of resin and carbon fibers are laid down
in a random orientation, resulting in a light and stiff structure. To form an optical
surface suitable for polishing, a thin (e.g., 40 nm) layer of SiC is deposited on the
surface. Another CFRP process covers the substrate using a nanolaminate reflective
facesheet that is deposited by sputter deposition [113]. The CFRP substrate mirrors are
made using a replication method, which does not require grinding or polishing to
achieve low roughness surfaces while other methods must be post-processed.
Sintered SiC [102] is also an attractive manufacturing process due to the mechanical
and thermal properties of the substrate. To use the sintered SiC, which is porous, in
visible applications, a layer of non-porous SiC is added on top via CVD to achieve
roughnesses down to 0.1 nm RMS. To create large monolithic surfaces, segments of
SiC can be brazed together either before or after the CVD process, depending on the
intended application [114,115]. The mechanical structure of the telescope can also be
machined from sintered SiC, creating a highly stable structure. The Gaia mission of
ESA is utilizing a 3 m quasi-octagonal support structure of sintered SiC [116]. The
SPICA mission from JAXA will utilize a form of SiC mirrors, either sintered SiC,
reaction-sintered SiC, or carbon fiber reinforced SiC [117]. Shown in Fig. 6 are
two examples of sintered SiC and carbon fiber reinforced SiC that are promising tech-
nologies for future MFIR space telescope missions. Meanwhile, the JWST mirror seg-
ments were made from optical-grade beryllium. The beryllium starts as a powder,
which is placed in a container shaped to the nominal mirror. The powder is subjected
to hot isostatic pressing to convert the powder to a solid form. The container is then

Figure 5

Three examples of substrates used in large UVOIR telescope primary mirrors.
(a) Extreme light-weighted ZERODUR mirror (ELZM). Image credit: SCHOTT.
Reprinted with permission from http://www.us.schott.com [112]. (b) Stacked core
with glass facesheets. Image credit: H. P. Stahl. Reprinted with permission from
Matthews et al., Proc. SPIE 9143, 91431U (2014) [99]. (c) Spin-cast light-weighted
glass. Image credit: H. M. Martin. Reprinted with permission from Martin et al., Proc.
SPIE 8450, 84502D (2012) [101]. Each technology uses a light-weighting technique
to reduce the mass of the optic, which is critical for launch vehicle choice.
Furthermore, new developments to mitigate the risks of manufacturing are being
developed, such as those demonstrated in (b) where the backing structure is formed
by fusing multiple cores together.
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etched away to reveal the mirror substrate, which can be machined and light-weighted
afterwards [118].

Further work is required for all the substrates listed above before they are ready to be
used in the next generation of space telescopes. However, the current state of the tech-
nologies is very promising and the knowledge gained from developing them so far is
invaluable. Developments in manufacturing and material science will enable the tele-
scope mirrors to meet their performance goals. Unconventional methods for creating a
large-diameter far-infrared telescope primary mirror are also being explored due to the
size limitations of the current methods (JWST, SPICA, etc.). The TALC is one such
project that uses a deployable 20 m primary based on stacking segments rather than
folding [73–75]. This provides a more efficient means of obtaining high angular
resolution per use of volume compared to previous designs.

3.2. Grinding, Polishing, and Figuring Processes
Once the substrate has been produced, it moves on to grinding and figuring to generate
the overall surface features required for the optical performance. The grinding step
removes material quickly and efficiently in order to minimize the amount of time spent
polishing. During the grinding phase, material is removed at a much faster rate
(e.g., ∼1000 times faster during a fine grinding phase) compared to polishing and
figuring. Therefore, accurate grinding methods are key to enabling the next generation
of telescopes. Polishing is required after grinding in order to produce a smooth surface
that meets the PSD requirements and to remove sub-surface damage caused by pre-
vious manufacturing processes. Awell-polished surface is critical for the science goals
because it determines the shape of the PSF, which affects image quality and therefore
the end science information content. Many methods of grinding and polishing exist
that are tailored to change the amount of removal and surface finish. Typically, high
removal rates lead to a rougher surface and therefore more time is spent as the surface

Figure 6

Two promising technologies for the future MFIR space-based telescopes: (a) carbon
fiber reinforced SiC, where the light-weighted backing of the mirror is shown below
the optical surface. Image credit: H. Kaneda. Reprinted with permission from Kaneda
et al., Proc. SPIE 6666, 666607 (2007) [117]. (b) Sintered SiC, shown waiting to be
coated with CVD. Image credit: M. Bougoin, Mersen Boostec. Reprinted with per-
mission from Bougoin, Proc. SPIE 10565, 105652C (2017) [116].
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gets closer to completion. Furthermore, with many telescopes utilizing off-axis de-
signs, the grinding and polishing method must accommodate varying local curvatures
and surface profiles. With these requirements, many tools and techniques have been
developed to accomplish the job of grinding and polishing space telescope optics. We
will now present a sampling of some key enabling processes in this field.

3.2a. Primary Mirror Surfaces

The JWST primary mirror array is composed of 18 irregular hexagonal segments.
There are three different segment types, each with a unique off-axis prescription
due to the change in location within the aperture. The mirror substrates are O-30 beryl-
lium [119], specially formulated and produced for JWST. Beryllium is challenging to
use in fabricating optical elements for several reasons. First, the material can be toxic
if small particles enter the airways, which requires extensive safety procedures when
being machined [120]. Further, material removal rates are low, surface pitting is pre-
carious, and the material is stress-sensitive even for typical process stresses. All of
these challenges are balanced against numerous advantages that are critical to the suc-
cess of the telescope. The light-weighted structure has a high specific stiffness, the
CTE is reasonably low (∼11 ppm∕K) at cryogenic space temperatures around 40 K.
The segment-specific thermal deformations due to change in environment between
fabrication and use can be measured and applied as a “backout” during optical met-
rology. In addition, finite element analysis simulations to remove the effects of gravity
on Earth can be removed when creating hit maps for the segments during the iterative
measure/polish sequence. Each segment type requires a different fabrication pro-
cedure in order to generate the aspheric surface profiles of the outer segments.
The surface profile accuracy was enabled by computer-controlled optical surfacing,
from the grinding stage to the polishing. Shown in Fig. 7 is an aluminum (Al) test
surface used to verify the grinding process. Parameters used during processing of the
beryllium mirrors are strongly proprietary, and therefore were not shared with the
community.

The recently completed Daniel K. Inouye Solar Telescope (DKIST) by the Optical
Engineering and Fabrication Facility at the College of Optical Sciences used
ZERODUR as its substrate, was 4.2 m in diameter, and had a superpolished surface.
Understanding the process parameters for the specific material in question is important

Figure 7

Aluminum surrogate of a JWST hexagonal segment during grinding tests at Tinsley
on their computer-controlled optical surfacing machine. Image credit: J. C. Cole.
Reprinted with permission from Cole et al., Proc. SPIE 6265, 62650V (2006) [120].
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for removal rates and convergence [121]. To obtain low surface roughness across the
full aperture, the surface was generated with a D64 Diamond Wheel by Schott, rough
ground using 40 μm alumina, fine ground with 25–12 μm alumina, and polished with
cerium oxide compounds. Various tool sizes, both active and passive, were used to
accommodate the large aspheric departure of the surface. A 600 mm diameter stressed
lap with 12 active bending actuators conforms to the varying local surface profile. A
passive 300 mm flexible lap was designed to obtain maximum smoothing and final
figuring [122,123]. An in-process polishing with these tools is shown in Fig. 8. Both
laps were controlled via a computer in real time with orbital motion while the mirror
rotated underneath. The mirror was measured to have a surface figure error RMS of
<18.8 nm, which describes the RMS difference between the ideal mirror shape and
the measured surface across the full aperture, and a micro-roughness of 1.05 nm RMS,
which represents the high spatial frequency surface variations in locally sampled
spots. A proposed specification for UVOIR primary mirror surface figure error
RMS is <7 nm RMS [12], which is divided into spatial frequency regimes: (low/
figure) 5.5 nm at <4 cpa, (mid-to-high) 5 nm at 4 to 60 cpa, (high) 1.5 nm at
60 cpa to 100 μm/cycle, and (micro-surface roughness) <0.5 nm at <100 μm.
Obtaining this level of roughness on a large-aperture telescope moves the entire
science community closer to producing surfaces that will enable the science goals
of the future.

Producing many high-quality mirrors for the use in a large segmented telescope is a
challenge for the manufacturing processes due to the high volume and precision. The
European Extremely Large Telescope (E-ELT) developed a methodology to reduce the
processing time of their 1 m class segments by implementing a low-damage precision
grinding to achieve most of the removal, thereby saving time during the polishing and
figuring stages [124]. In contrast to the grinding machines used in the DKIST fab-
rication, the E-ELT machines were optimized for small slope surfaces; shown in
Fig. 9 is an E-ELT segment in the grinding process. The grinding stage achieved
form accuracies of the order of �1 μm peak-to-valley with a surface roughness of
100–200 nm RMS and sub-surface damage less than 10 μm [125]. A variety of dia-
mond grit sizes on resin bond wheels were used during the rough to finish stages,
employing electroplated diamond grit wheels with an aluminum oxide compound
for the forming stage.

Figure 8

Polishing technologies used on the 4.2 m DKIST primary mirror made of ZERODUR
to generate a superpolished final surface shape error of <18.8 nm RMS and a rough-
ness of 1.05 nm RMS. Shown in (a) is the 600 mm diameter stressed lap where
(b) shows the 300 mm diameter flexible lap. Image credit: C. J. Oh. Reprinted with
permission from Oh et al., Proc. SPIE 9912, 99120O (2016) [122].

Review Vol. 10, No. 3 / September 2018 / Advances in Optics and Photonics 663



Ion beam figuring is an alternative to traditional polishing methods and achieves very
low surface roughness, which has been implemented on 1–2 m class telescope mirrors
[126]. This process removes material from the surface by bombarding the substrate
with a beam of high-energy (∼1 keV) ions, which creates a Gaussian profile removal
function with a peak of about 100–400 nm/min depending on the beam energy and
parameters. The removal function is stable for many hours, which results in extremely
well-controlled and predictable figuring. Hexagonal ZERODUR substrates for the
E-ELT were ion beam polished to achieve a surface roughness reduction from
100 nm RMS to 4 nm RMS [127]. Achieving this level of surface roughness means
that the segmented large-aperture telescopes have potential to meet the requirements
dictated by the allowable amount of large angle scattering. A similar order of mag-
nitude surface roughness is achieved on the sintered SiC substrates using a proprietary
method, which can polish the CVD SiC to 9 nm RMS [128]. This greatly expands the
areas of use for the SiC substrate, where the bare porous SiC cannot be polished to
visible quality surface roughness. Very low surface roughness can also be achieved
during polishing by utilizing magnetorheological finishing on 1 m class glass,
ceramic, and single crystal materials [129].

Large aperture diameters are a critical parameter for the future space optical tele-
scopes, which is also one of the most difficult challenges when fabricating monolithic
primary mirrors. While material selection determines the areal density, thermal and
mechanical properties of the substrate, the technology to polish across an 8 m diameter
mirror is equally important. The Richard F. Caris Mirror Lab at the University of
Arizona has technology in the area of grinding and polishing very-large-aperture
monolithic mirrors for ground-based telescopes [130,131]. The same skills developed
and knowledge gained from their projects can be applied to the fabrication of space
optics. A recently completed project polishing the combined primary and tertiary mir-
rors of the Large Synoptic Survey Telescope showcases the tools required to obtain
about 20 nm RMS error across an 8.4 m aperture [132]. Three tools were used in the
polishing process: a 1.2 m stressed lap [133] with bare pitch or synthetic polishing
pads, a rigid-conformal (RC) lap of diameters 35–12 cm based on a non-Newtonian
fluid that conforms to the global freeform shape while staying rigid locally [134], and
a small pitch lap of diameter 10–5 cm covered with a synthetic polishing pad. For the
current project of the 8.4 m diameter Giant Magellan Telescope (GMT) mirror seg-
ments, a freeform generating machine is used to generate the overall surface with an
accurate shape with 10–20 μm RMS error from the spin-cast glass blank [135,136].

Figure 9

Hexagonal mirror segment from the E-ELT being ground on the Cranfield BoX ultra-
precision machine. Image credit: P. Comley. Reprinted from CIRP Ann. 60, Comley
et al., “Grinding metre scale mirror segments for the E-ELT ground based telescope,”
379–382, copyright 2011, with permission from Elsevier. [124].
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From the generating machine, the mirror is then ground and polished using the 1.2 m
stressed lap and various size RC laps to achieve a high-quality surface across the 8.4 m
aperture.

3.2b. Secondary Mirror Surfaces

While the primary mirror of telescopes determines a significant amount of the top-
level specifications and performance, secondary mirrors are another critical compo-
nent of the telescope. Most modern telescopes use a convex secondary mirror in a
Cassegrain [137] or Ritchey–Chretien [138] configuration in contrast to the concave
secondary of a Gregorian [139]. The choice to use such a convex secondary in this
design form reduces the telescope length and aberrations, but requires unique fabri-
cation techniques compared to the concave primary mirrors. The blanks used as sub-
strates for the secondary mirrors are of similar materials and need to be light-weighted
as much as possible to avoid a large cantilever effect when held in the telescope struc-
ture, for instance, during the on-ground system level testing phase. For primary mir-
rors of the 4–8 m class, secondary diameters range from 0.5–2 m, which vary
depending on the system focal ratio (f-number) [140]. Typically, the secondary sur-
faces have 10–100 μm PV aspheric departure from their base RoC, which requires a
separate step in the grinding procedure to generate. The aspherization is carried out
using small diameter tools to locally treat the surface [141] or by large flexible stressed
laps that are specifically set up to generate the aspheric profile [140]. Shown in Fig. 10
are examples of a full aperture polishing lap with aluminum grinding pads (a) and a
sub-aperture stressed lap (b) whose tool shape is actively controlled.

As more tools are developed and processes refined, mirror production for the next
generation of space telescopes will commence. Whether the design utilizes segmented
primary mirrors or monolithic structures, made from carbon fiber, stacked core, or
light-weighted ZERODUR, the fabrication methods will support high-precision
superpolished surfaces. Developments in our understanding of removal functions,
critical structural integrity, environmental behavior, and light-weighting are important
parameters for future research. Understanding the current state-of-the-art methodol-
ogy and optical fabrication technology is the first step in successfully producing a
space telescope that enables the science goals of the future.

Figure 10

Fabrication tools used in the manufacturing of convex aspheric secondary mirrors
where the aspheric profile is generated by (a) controlling the placement of aluminum
polishing pads or (b) the force in the lap. The lap in (a) is 1.7 m in diameter, while
the stressed lap in (b) is 300 mm in diameter. Image credit: B. K. Smith. Reprinted
with permission from Smith et al., Fabrication and Testing of Aspheres (1999), paper
FT3 [140]. Reprinted with permission from Smith et al., Proc. SPIE 3134, 51–61
(1997) [142].
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4. TESTING IN-PROCESS OPTICAL SURFACES

Throughout the fabrication phase, metrology of the mirror being made is critical for
efficient, low-cost, and ultimately accurate surface production. Without the ability to
test and measure the optical surface, no mirror could be efficiently fabricated. The old
adage in the optical shop states, “If you can’t test it, you can’t make it.” Therefore,
developing the technology to test the next generation of space optical telescopes to the
precision and accuracy that is demanded by the science goals is one of the most im-
portant steps in the process. The type of testing technology used throughout the fab-
rication process varies dramatically from when it has a rough ground scattering
surface to a specular smooth profile. The more information about the starting surface
shape that can be input into the grinding machines, the more accurately and efficiently
the surface can be generated and ground. Therefore, metrology tools to measure rough
surfaces with a high dynamic range are critical to keeping fabrication times and costs
down. Even as the surface becomes reflective in the visible spectrum, the surface pro-
file is constantly changing with each polishing run, which requires metrology that can
accommodate a large range of shape errors, which in general have a freeform shape.
Finally, as the surface converges to the desired shape, precision and accuracy are of
utmost importance for the testing technology.

4.1. Full-Spectrum Metrology Requirements for Astronomical Telescopes
As telescope performance requirements become ever more precisely determined, our
definitions of surface specifications that will guarantee the optical performance must
also be refined and carefully controlled. Modern high-precision optical surfaces are
specified using a full spectrum of requirements: low-order surface profile errors, mid-
spatial frequency variations, and high-spatial frequency surface roughness, as defined
in Tables 2, 4, and 6. Low-order surface errors cause a broadening of the main peak of
the diffraction-limited PSF while high-spatial frequency errors redistribute the power
contained in the peak to areas much further away [143]. The PSF is computed by
taking the Fourier transform of the exit pupil, which for a single surface is the aperture.
When we have an ideal circular aperture and no aberrations, the Airy pattern is formed
[47], but given errors on the surface in the mid-spatial frequency regime, the sidelobes
of the Airy pattern become more pronounced. Shown in Fig. 11 is an example of the
loss in PSF quality when mid-spatial frequency errors are present in an optical system
[91]. To prevent these types of errors, a surface specification across the full spatial
frequency spectrum is defined. The three main spatial frequency regimes can be com-
bined together to create a PSD [91,92] or structure function [93,94] that describes the
magnitude of the surface errors as a function of spatial frequency. Typically, at the
high-spatial frequencies, the surface micro-roughness is determined from the random
statistical processes of polishing while the low- to mid-spatial frequency regime is
dominated by tool and machine specific figuring errors. Tables 2, 4, and 6 detail
the optical surface requirements of the next-generation telescope mirrors, which serve
as a requirement on precision and spatial sampling resolution of the metrology tools.

4.2. Rough Generation Stage: Measuring and Controlling the Global Shape
Defining the overall surface shape (low-order) mostly takes place during the generat-
ing and grinding stages in the manufacturing process. These processes remove
material from the surface rapidly but produce a rough surface, which cannot be mea-
sured using typical optical metrology tools that have been developed for final accep-
tance checks. Given the requirements that the metrology tools need to measure the
low-order shape of a roughly ground surface, new metrology methods have been de-
veloped. One such test employs laser trackers and distance measuring interferometers
(DMIs), which has been successfully implemented in the metrology of the GMT
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primary mirror segments [144,145]. The system operates by collecting roughly 200
point samples with 0.5 m spacing across the aperture of the mirror generating a point-
cloud of data describing the optic. To sample the surface heights, a spherically
mounted retroreflector (SMR) is used as a target for the DMI and moved across
the surface in 3D space. Because the SMR is used as the target, the surface quality
does not affect the measurement quality, so this method can be directly used in gen-
eration and loose abrasive grinding. Surface heights can be measured with an accuracy
of <1 μm RMS by supplementing the laser tracker with additional references and
calibration of the systematic errors. Another point-sampling method to determine
the shape of a ground surface is using a three-point spherometer mounted on a
swing-arm profilometer [146]. In this process, the spherometer is moved in increments
along a radius away from the center of the part and the part is rotated beneath the
spherometer to generate the 3D surface information. Measurement accuracies of
16 μm on a 4 m class surface with a radius of curvature of 14.6 m were achieved.

The previous methods can measure the surface of the optic when it is in any stage of
generation, but both have limited sampling because of the implementation. A method
to obtain a more detailed surface profile has been implemented for surfaces further
along in the generation stage when their surface roughness is <10 μm RMS. This
method is an IR deflectometry system and can produce height maps with much higher
spatial resolution than other grinding stage metrology methods while achieving
around 1 μm level accuracy [147]. The principle of deflectometry, a reverse
Hartmann test, uses an optical source and an imaging camera to measure local surface
slopes across the mirror aperture. Deflectometry is a non-null test method that
achieves a high dynamic range. In the case of IR deflectometry, the source emits
in the long-wave infrared (e.g., 10 μm wavelength), such as a long metal wire that
is heated. By knowing the wire location in 2D, and measuring with the IR camera how
the reflected image of the wire changes as the wire is translated in two perpendicular
directions, the surface slope is calculated by triangulation. An integration step is then
required to reconstruct the surface height information from the slope data. A sche-
matic of a particular IR deflectometry setup used to measure large optical surfaces
is shown in Fig. 12.

Figure 11

Autocollimation measurements of two identically specified optical systems using typ-
ical low- and high-spatial frequency (figure and finish, respectively) metrics, where
the system on the left has a much smaller spot due to fewer mid-spatial frequency
errors. Note that the exposure time for the image on the right is 50 times longer than
the image on the left. This means mid-spatial frequency errors can also increase mea-
surement time, because the system is not as efficient. Image credit: R. E. Parks.
Reprinted with permission from Parks, Proc. SPIE 7071, 707109 (2008) [91].
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Infrared deflectometry was used with much success on the 4.2 m DKIST during the
grinding stage where loose abrasives as large as 25 μmwere used. This metrology tool
guided the fabrication from 25 to 12 μm loose abrasive grinding, which resulted in a
1 μm RMS surface [122]. After the surface reaches this level of roughness, a clear
reflection is obtained by a minimal polishing-out run and other more traditional test
methods may be used in conjunction with finer fabrication methods.

The JWST primary mirror segments were measured during the generation stage using
a coordinate measuring machine for initial qualification, providing a spatial resolution
of 0.25 mm with an accuracy of 0.3 μm [120]. As the grinding progressed to the point
of obtaining a 10 μm RMS roughness, an infrared scanning Shack Hartmann system
(SSHS) was employed as a full aperture test. The infrared Shack Hartmann system
was developed by Tinsley under JWST funding, and operates at a wavelength of
9.3 μm [149]. A Shack Hartmann system has a high dynamic range and is able to
characterize the mid- to high-spatial frequencies on the mirror substrate. The system
is scanned over the surface making sub-aperture measurements, which are then
stitched together to form a high-resolution surface map of the full aperture. This type
of infrared system guides the grinding stage fabrication in an efficient manner,
allowing for higher quality control over the final product. A sample measurement of
an aluminum surface used to test the capabilities of the SSHS is shown in Fig. 13,
where residual lathe turning marks are clearly visible in the x and y slope maps (a) and
(b), respectively, but become dominated by the low-order shapes in the wavefront
map (c). The machined aluminum surface from the lathe was too rough to obtain
quality data, so the surface was ground with automotive body shop methods [149].

4.3. Polishing and Figuring Stage: Measuring and Perfecting the Surface Quality
Final figuring of the surface through polishing occurs after the surface shape is gen-
erated and the majority of the removal is completed through grinding. In this stage, the
metrology must be accurate enough to detect the small corrections applied to the sur-
face as it converges to the final desired shape while covering the full dynamic range as
the surface is in-process. This means that a non-null metrology tool is well suited for

Figure 12

Overview of one implementation of an infrared deflectometry system used for grind-
ing stage metrology (left) and the hardware implementation of the system (right). The
long-wave infrared (LWIR) wavelength permits testing of rougher surfaces (earlier in
the fabrication process), which can greatly reduce the total time of manufacturing by
providing metrology data to guide the high removal processes of grinding. Image
credit: T. Su. Reprinted with permission from [148]. Copyright 2013 Optical
Society of America.
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fabrication because it does not need to be retooled or aligned each time a polishing run
is completed. The surface also has a much lower roughness, so a specular reflection in
the visible spectrum is obtained, which enables a host of metrology tools previously
inaccessible. Throughout the polishing phase, the low-order shape is not changed as
much as the mid- to high-spatial frequencies, but it is still a critical parameter to verify
and fix any residual errors from the generation and grinding stage. To measure the
overall shape error, specific tests for reflective surfaces have been implemented on off-
axis aspheric mirrors utilizing a scanning pentaprism technique [150]. This same tool
has also been used on the primary mirror segments of the GMT to measure the surface
slope (and therefore height after integration) with an accuracy of 1 μrad RMS, which is
adequate to verify that the power, astigmatism, coma, and other low-order aberrations
are well controlled. A similar pentaprism test has been identified as a method to con-
trol the low-order shape (conic constant, radius of curvature, etc.) on the SPICA [151].
This test complements the Hartmann test during the polishing phase, and can achieve
an accuracy of 50 nm RMS.

Correcting the mid- to high-spatial frequencies is one of the most important aspects of
the polishing stage, and therefore the metrology tools used must satisfy the precision
and accuracy requirements and strive to remain efficient when used in the iterative
fabrication process. A full aperture test that has sufficient spatial sampling to measure
the mid-spatial frequencies and a large enough dynamic range to cover the ever chang-
ing surface of the in-process mirror is based on the principle of deflectometry. One
deflectometry system [152] was used to guide the polishing phase of the DKIST [153]
and GMTmirrors [154], resulting in a more efficient and well-controlled process. This
tool is part of a larger class of visible deflectometry systems, where the source is an
off-the-shelf screen, which is programmed to display sinusoidal patterns to enable a
phase-shifting style measurement. Visible deflectometry is capable of making high-
accuracy measurements when the system geometry is known precisely and all aspects
are well calibrated. To calibrate a deflectometry system, the display and camera non-
linearities must be considered as well as the display sag due to gravity. The instrument
transfer function is also important to consider when achieving the highest level of
accuracy [155]. To demonstrate the accuracy of the system, a measurement of one
of the GMT primary segments was made late in the polishing stage using visible de-
flectometry and the interferometric null test designed for the final acceptance check.
The resulting surfaces from this measurement are shown in Fig. 14 where the two

Figure 13

Sample measurement results of an aluminum mirror measured with the infrared scan-
ning Shack Hartmann system (SSHS) developed for grinding phase metrology of the
JWST mirrors. Shown in (a) and (b) are the x and y slopes (unitless) of the surface,
respectively. These slopes are integrated to obtain the wavefront shown in (c) in units
of millimeters. Image credit: C. Kiikka. Reprinted with permission from Kiikka et al.,
Proc. SPIE 6265, 626511 (2006) [149].
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datasets agree to within 25 nm RMS, which is within the uncertainty level of both the
interferometric test and the deflectometry measurement. Furthermore, the high dy-
namic range of a visible deflectometry test was critical during polishing because
the surface slopes at the edge of the mirror were initially too large for an interfero-
metric test, but the deflectometry test was able to resolve them. This allowed the direct
dwell-time-based figuring process to be applied and brought the edge errors down to
the point where an interferometer could resolve the data.

Deflectometry is also capable of measuring the high-spatial frequency errors by meas-
uring a sub-aperture of the optical surface. A portable sub-aperture deflectometry test
system has been created to achieve this goal on the GMT and DKIST primary mirrors
[156]. The sub-aperture deflectometry system utilizes an auxiliary lens placed close to
the surface under test to change the ray paths and allow a wider range of surface
curvatures to be measured. In this configuration, a portable deflectometry system
readily measures convex, flat, and concave parts with the use of the lens. On the
DKIST primary, the portable deflectometry tool using an auxiliary lens was able
to measure surface irregularities from 10 to 1000 cycle/m over a 125 mm diameter
region [122].

The typical phase-shifting deflectometry measurement relies on a temporal phase-
shifting method to calculate the slopes. This cannot be applied to a dynamic surface
because over the measurement duration the surface will change and corrupt the mea-
sured data. An instantaneous deflectometry system was recently developed to over-
come this issue and expand the range of test cases that deflectometry systems cover
[157]. The instantaneous system still uses a phase-shifting technique, but multiplexes
all the required information in a single pattern, which allows a full deflectometry mea-
surement to be made at each exposure of the camera. Due to the high dynamic range in
a deflectometry system, it is now possible to measure a time varying surface with
significant height variation. Applications of this system range from the measurement
of a deformable mirror (DM) to the bending modes of a large optical surface due to a
stimulus. Experimental evidence highlighting the capabilities of the system shows that
with a unique error correction method that uses a reference surface, this technique
agrees well with interferometric data.

Figure 14

Comparison of the (a) interferometric and (b) visible deflectometry data from a 8.4 m
in diameter primary mirror segment of the GMT over 95% of the mirror diameter.
Low-order terms related to system alignment have been removed from both datasets
to highlight the mid- to high-spatial frequency agreement. Shown in (c) is the pixel-
by-pixel subtraction of the two datasets where the resulting error is within the uncer-
tainty of both measurement systems. Image credit: T. Su. Reprinted with permission
from [148]. Copyright 2013 Optical Society of America.
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To characterize the low- to mid-spatial frequency components of an optical surface,
optical profilometry is an attractive tool. Profilometry measures the slope of the sur-
face by observing the deflection of a narrow beam on a well-defined small area of the
surface and through many scans across the surface it can reconstruct the full aperture
data. Note that since the fundamental data type are slopes, they must be integrated to
obtain a surface height. It has been applied to x-ray optics extensively [158], where
slope measurement accuracies of better than 0.3 μrad RMS are possible [159]. Optical
profilometry typically suffers from white noise at higher spatial frequencies, limiting
their range of use. However, making multiple measurements and modeling noise
sources are avenues to expand their utility [160].

4.4. Final Verification of Space Optics
To check if the final figuring process has converged to a desired surface, an interfero-
metric null test comparing the real surface against the ideal (i.e., theoretically or
numerically specified) mirror shape is often configured and performed using a
computer-generated hologram (CGH) and/or null optics (e.g., Offner null lens).
This final acceptance check is designed around a particular surface or an optical com-
ponent/sub-system, such that any deviation from a perfect null result in this test pre-
cisely measures the residual shape error from the ideal design. A null test, where only
a perfect match between the reference and the unit under test produces the null result
has a high level of sensitivity and accuracy since there is only one single solution to
create the designed null outcome achieved by matching the test wavefront and the
optics under the measurement. This test differs from the deflectometry systems
previously discussed due to the limited dynamic range, but increased sensitivity to
deviations from ideal. A null test is performed on each optical component in the sys-
tem to provide a final acceptance metric. The tests for a concave mirror (e.g., primary)
differ significantly from those used on convex surfaces (e.g., secondary) because of
the wavefront required to match the surface under test. Therefore, metrology tools
have been developed that tackle each of these surface regimes separately.

4.4a. Null Testing of Concave Optics

For a concave surface, the null test typically employs a CGH as the null component in
an interferometer because of the accuracies obtained with these measurement systems.
One such system has been designed and implemented as the last step in the polishing
process metrology for the GMT primary mirror segments. This test uses a fold sphere
to accommodate a large portion of the astigmatism component in the test wavefront in
conjunction with a CGH to generate a null [144]. The test setup is shown in Fig. 15
where the fold sphere is simultaneously measured using a separate interferometer dur-
ing the principle test to account for any errors in the fold sphere. Over the 8.4 m clear
aperture of the segment, 20 nm RMS residual error is achieved with the null test [101].
Alignment features can be put outside the primary CGH to make sure all the com-
ponents are correctly positioned [161]. The external reference patterns are printed on
the CGH at the same time as the main correction null pattern, which means they are
aligned to the precision of the lithographic printing method.

4.4b. Null Testing of Convex Optics

Convex metrology poses a challenging problem when designing a null test because the
apertures of the null components must be at least as large as the component under test.
This means that in order to create the null, one must fabricate an entirely new com-
ponent with greater accuracy than what the original test optic requires. Therefore, null
test methods to overcome this practical issue have been designed [162,163]. These
tests once again leverage the precision of the CGH printing process to generate a null
over a sub-aperture of the part. Alternatively, a variable optical null may be created
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using other optics [164,165], such as Zernike plates or cylindrical lenses. Then, by
moving the optic or the test system around to different regions on the surface, one can
create a full aperture measurement [165,166]. However, stitching the individual sub-
aperture measurements together poses a difficult challenge and can create more un-
certainty than is tolerable. Sometimes, a traditional null that measures the full aperture
at once is desired, and up to a 4 m diameter convex secondary has been measured
using such a test [167]. This test is good for simple surfaces, but as the aspheric de-
parture grows, a full aperture null becomes much less practical. Therefore, the sub-
aperture stitching interferometry or swing-arm profilometry are becoming the most
attractive options when testing modern convex secondaries [168]. When utilizing
sub-aperture stitching interferometry, new data processing methods to ensure accurate
data across the full aperture have been developed. Furthermore, information on the
coordinates of the sub-aperture metrology tool within the coordinate frame are re-
quired to compensate for the motion of the system. Shown in Fig. 16 is an example
of such a custom sub-aperture stitching tool (a) to test a 1 m class convex aspheric
mirror, and the sub-aperture sampling pattern used to ensure sufficient overlap be-
tween data. In this configuration, the CGH was designed to compensate for a majority
of the surface departure as the local surface changes with each sub-aperture.

4.4c. As-Flown Characterization

In the case of space optics, the final verification must be made in the zero-gravity
space-thermal environment experienced on-orbit. This implies cryogenic cooling
of the mirrors, and testing in a support structure that minimizes or removes the effects
of gravity deformation. These requirements on the test environment place significant
constraints on the test setup, but ensure that the performance of the telescope will
match the expected. Large cryogenic chambers are used with liquid helium to cool

Figure 15

Computer model of the principal CGH test for the GMT off-axis segments shown in
the 28 m tall test tower (left). Shown to the right is the null measurement CGH and
small fold sphere (SFS). The reference CGH is inserted during alignment of the test
system but removed during the actual test. The yellow cones show the light path of the
principle optical test, while the green cone is the path for the simultaneous measure-
ment of the large fold sphere (LFS). Such a null test utilizing a CGH forms the final
acceptance test for the GMT mirror segments due to the high accuracy of the nulling
components. Image credit: H. M. Martin. Reprinted with permission from Martin
et al., Proc. SPIE 8450, 84502D (2012) [101].
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the mirrors to the operational specification (e.g., JWST is at 30 K, Spitzer was at 4 K,
ASTRO-F was at 9 K [169]). To eliminate the effects of gravity, measurements can be
made at various rotations of the mirror, removing the effects of gravitational sag from
the measured surface [170]. Optical testing of the JWST mirror segments took place at
Marshall Space Flight Center’s (MSFC) X-ray Cryogenic Facility [171] where a clas-
sic interferometric center of curvature test with a CGH null optic was employed [172].
The interferometer and CGH sit outside the cryo-chamber in ambient atmosphere,
while the light propagates through a window into the chamber. Six segments were
mounted together but tested individually. They were placed in the chamber as a unit
in order to reduce testing time since cooling the chamber is very time intensive [173].
The cryogenic testing involved measuring the surface of each segment at a range of
temperatures: 25 K, 32 K, 45 K, 59 K, and ambient. Data from the cryogenic tests was
used to provide a final hit-map for the figuring of the mirrors before they were coated
and ready for another round of final cryogenic acceptance tests.

Due to the high thermal stability and thermal conductivity, SiC is used often in cryo-
genic conditions, such as those found on space telescopes. The planned SPICA mis-
sion will operate at 6 K, and therefore the mirrors made from SiC will need to be tested
at cryogenic temperatures [174]. As a test case for this future mission, an 0.8 m mirror
was tested at 18 K in the liquid helium chamber at JAXA. Similar to the JWST cryo-
genic tests, an interferometer was placed outside the cryogenic chamber and measured
the surface during cool down and warm up. The test results showed about 110 nm
RMS change at 18 K, with no significant residual deformation after warming back up.
Shown in Fig. 17 are data of the mirror as it is warming up from 18 K to ambient. The
ambient surface shape has been subtracted from each of these data and a measurement
error of 0.01λ RMS (HeNe: λ � 632.8 nm) is reported. Efforts to predict the cryo-
genic performance of a mirror are in development since if an accurate model can be
made and verified, significant time and money may be saved during future mission

Figure 16

Sub-aperture stitching using interferometry is a technology to measure aspheric con-
vex mirrors, which is necessary for the next generation of space telescopes. Shown in
(a) is a custom hardware setup to measure a 1 m class convex aspheric mirror and
(b) the sampling pattern generated to provide sufficient overlap between data.
Note that the 4D sensor is a commercial product by 4D Technology. Image credit:
C. J. Oh. Reprinted with permission from Oh et al., Proc. SPIE 9912, 99120R
(2016) [168].
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fabrication procedures [175–177]. With an accurate model for how the surface will
deform in cryogenic temperatures, fabrication in ambient temperatures can yield a
result that is closer to the desired surface shape. Current models for SiC show that
an accuracy of 50 nm can be obtained with these models under specific conditions and
well-known material properties.

Figure 17

Surface maps measured using a Fizeau interferometer of an 0.8 m diameter SiC mirror
as it warms up from cryogenic temperatures: (a) 18 K, (b) 193 K, and (c) 292 K. Note
that an ambient surface map has been subtracted from the datasets, showing the
change due to temperature. The height data is also not plotted on the same scale
and is given in units of HeNe wavelengths (632.8 nm). Measurements of the mirror
surfaces in the environmental conditions of space (cryogenic temperatures) are critical
to ensuring their performance. Image credit: H. Kaneda. Reprinted with permission
from [174]. Copyright 2010 Optical Society of America.

Figure 18

Modeled performance of aluminum-coated mirrors with a layer of protective coating
added immediately afterwards. Traditional methods are physical vapor deposition
(PVD) ofMgF2, LiF, or SiC [182]. The ultrathin atomic layer deposition (ALD) tech-
nique has been developed to coat the surfaces with AlF3 and achieve good perfor-
mance, which depends on the coating thickness. Curve 1 (green) is the result of a
3 nm layer of AlF3 on top of a 0.3 nm thick interfacial layer of Al oxide, while curve
2 (blue) is from a 2 nm layer of AlF3 assuming no oxide layer. Image credit: J. J.
Hennessy. Reprinted with permission from Hennessy et al., J. Astron. Telesc.
Instrum. Syst. 2, 041206 (2016) [183].
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4.5. Optical Coating
After the final figuring step and verification that the optical surface meets the spec-
ifications, it is sent off to be coated with a reflective material whose reflectivity,
mechanical, chemical, and thermal properties have been engineered for the particu-
lar application. The coating procedure for the next generation of space optical tele-
scopes has the potential to open new avenues of science measurement by
improving light efficiency, expanding the wavelength bands to the extreme ultra-
violet [178], or even improving cryogenic performance [179]. The future UVOIR
mirrors are typically coated with high reflectance Al using conventional evapora-
tion and advanced atomic layer deposition techniques [180]. The far-UV (FUV)
spectrum is most difficult to achieve a high reflectance, but offers a wealth of
science data. Aluminum has been the standard choice for UVOIR mirrors since
its high intrinsic reflectivity (R > 80%) from 90 to 2000 nm offers good broadband
performance. However, Al oxidizes quickly and degrades UV reflectivity, so the
process must take place quickly in low vacuum conditions. To prevent optical deg-
radation after the coating process, either by mechanical or chemical means, a pro-
tective layer of highly transmissive material is added on top. These are typically
metal fluorides like MgF2, LiF, or AlF3 [181]. Shown in Fig. 18 is the modeled
reflectivity of a variety of material coatings compared to bare aluminum. These
predictions are based in experimental data and demonstrate that AlF3 has good
reflectance in the FUV and even extends the cutoff wavelength over traditional
PVD techniques [183]. Further experimental work has demonstrated the scalability
of this approach and its environmental stability [184] through incorporating an
atomic layer etching procedure [185].

Optical coating of x-ray mirrors is essential to achieve high reflectivity for high-
energy photons, which is accomplished with high z metals, such as gold, platinum,
and iridium. The quality of the coating also plays a significant role in optical perfor-
mance since the reflectivity at grazing angle of incidence is very sensitive to changes
in surface properties. The technical requirements for mirror coatings in the soft x-ray
photon energy band are high reflectivity in double reflection, no surface deformations
introduced, efficient coating procedure, and no degradation during storage and in the
space environment. Current work to achieve these goals for future x-ray telescopes
are in low-stress iridium for slumped glass substrates [186], and bilayer Ir∕B4C for
silicon pore optics [187]. Both processes are undergoing optimization to achieve the
requirements for the next generation of x-ray telescopes. For hard x-rays above
10 keV, multilayer coatings of Pt/C or W/Si with nanometer thicknesses to enhance
the Bragg reflectivity is accomplished with tuned spacing of layer pairs.

5. COMPONENT AND INSTRUMENT ALIGNMENT OF OPTICAL AND
MECHANICAL SYSTEMS

After fabricating the optical components of the telescope they must be aligned to-
gether to produce a system that is able to make the measurements required by the
system level performance. Errors in the alignment create aberrations in the optical
system that degrade the performance and therefore inhibit the science. There are
unique aberrations that are the product of misalignment for a given combination
of optics, which can be understood through numerical simulations using ray-tracing
software, or nodal aberration theory (NAT) [188]. The general class of two-mirror
astronomical telescopes is well described by NATand therefore the theory is beneficial
for understanding and developing a correction method for misalignments [189].
As the mirror systems become more complex, determining the exact component
misalignments for a given aberration becomes more difficult, but a handful of
three-mirror anastigmatic telescopes can be successfully understood using NAT
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[190]. In practice, using NAT to perform an alignment generally requires multiple
iterations of measuring the aberrations in the FOVof the telescope and recalculating
the misalignments [191]. Understanding the misalignments of the optical system and
how they affect optical performance is critical to achieving a high-quality science
instrument. Each telescope poses its own unique alignment challenges, whether it
is a monolithic structure or segmented assembly, and therefore tools to accomplish
these tasks efficiently and accurately are continuously being developed.

5.1. Optical System Alignment
Alignment plans for all astronomical telescopes are critical parameters to establish
in advance such that there is a clear method to achieve the desired system level
optical performance [192]. Usually, this plan puts a tolerance on each optical com-
ponent’s location in 3D space with respect to a well-defined and measurable refer-
ence. One may use theoretical predictions of how the telescope behaves given a
misalignment [193], but this requires measurement of the imaging performance
to provide input into the alignment model, which is not always feasible for space
optical systems. The alignment model also has to account for the induced stress in
components when using active control of the optical surfaces to correct for low-
order misalignments [194]. Too much force applied to the optical components
can cause outright failure if the force creates stresses that exceed the fracture stress
of the material. Even if the induced stresses do not exceed the fracture stress of the
material, over time the stresses can create structural defects leading to a failure.
Stresses in transmissive optical components also induce a birefringence that creates
a polarization dependency and may degrade image quality. Not only do misalign-
ments cause imaging performance degradation, but they also create errors in the
pupils of an optical system. For certain applications, such as large deployable space
telescopes, pupil alignment is critical for the science goals and necessitates careful
considerations [195].

Depending on the sensitivity of the system to misalignments, many different strat-
egies for aligning the components exist. At the most basic level, the alignment is
completely determined by the mechanical mounting structure of the telescope. While

Figure 19

Theodolites provide an accurate method of aligning the angular geometry of the tele-
scope, as demonstrated in the Balloon Experimental Twin Telescope for Infrared
Interferometry. Shown in (a) is a model of the system that was realized (b). Each
theodolite performs an angular measurement of a mission critical component, building
up the full system alignment. Image credit: A. Dhabal. Reprinted with permission
from Dhabal et al., J. Astron. Telesc. Instrum. Syst. 3, 024002 (2017) [196].
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this is simple to implement, it is rarely sufficient, and therefore a measurement of
the component locations must be made and the errors compensated for using actua-
tors. To measure the location of the optical elements, laser trackers and theodolites
are very attractive options because they are able to measure a wide variety of errors
in a large volume with high accuracy. For instance, a commercially available laser
tracker system provides ∼15 μm accuracy for a 2 m measurement distance case, and
covers more than a 100 m diameter spherical working volume. As the accuracies of
these systems have increased, so has their popularity in alignment plans. The
Balloon Experimental Twin Telescope for Infrared Interferometry incorporates
these alignment tools in their plan and has shown that arcminute level pointing ac-
curacy is possible in a complex system [196]. Shown in Fig. 19 are (a) the model of
the angular alignment of the telescope assembly and (b) the realization of the model.
Theodolite 1 points along the two lower tooling holes behind the primary mirror,
theodolite 2 points toward the normal of the primary mirror’s flat outside edge, and
theodolite 3 is pointing along the principle axis of the primary mirror used to align
the secondary and tertiary mirrors. Note that theodolites 1 and 2 generate the
coordinate system for theodolite 3.

The JWST creates a unique alignment challenge since the primary mirror is segmented
but the secondary must still be aligned to the parent primary independent of any of the
segment misalignments. Using multiple field point wavefront measurements, an

Figure 20

JWST cryogenic test configuration shown in the cryo-chamber (left) at Johnson Space
Center (JSC) and the optical configuration of the coarse and fine mirror alignment
systems (right). The photogrammetry (PG) system is used as a global coarse alignment
for the outer primary mirror (PM) segments and aft optical subsystem (AOS), while
the center-of-curvature optical assembly (COCOA) with help from the absolute dis-
tance meter (ADM) assembly is used as a final phase measurement. The red dots
shown are locations of the PG targets, which are needed to perform the alignment
with this tool. Image credit: J. Hadaway. Reprinted with permission from
Hadaway et al., Proc. SPIE 9904, 99044E (2016) [201].
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alignment plan for the secondary mirror of the JWST has been developed and shown
in simulations to be able to account for field-dependent astigmatism and focal plane
tilt due to the secondary mirror misalignments [197]. A set of linear equations describe
the multifield wavefront errors that result from a misaligned secondary, which can be
inverted to provide a correction for the secondary mirror position.

5.2. Segmented Mirror Alignment
Segmented primary mirrors are an attractive option for the next generation of space
optical telescopes because of their compactness during launch, ease of segment
production, and scalability. However, aligning each segment to form a larger optical
surface becomes a necessary challenge. The alignment is called co-phasing because
the surface is not strictly continuous; there are small gaps between each segment for
mechanical reasons, but each segment must sample the parent surface at exactly the
correct location and orientation. Thus, the wavefront reflected by the primary has no
phase discontinuities between each of the segments, which will degrade the image
quality. To co-phase a segmented mirror, interferometric methods can be used
[198,199]. However, one challenge in this alignment is transitioning from a coarse
alignment to a state where the higher accuracy metrology tools can take over for final
adjustment. The ground-based test co-phasing plan for the JWST uses photogram-
metry (PG) cameras for coarse alignment and then a multiwavelength interferometer
completes the fine piston and tilt adjustments of the mirror segments [200]. This pro-
cedure has been validated in cryogenic conditions using the pathfinder telescope in
2015. Shown in Fig. 20 is a model of the test setup and a schematic diagram. The PG
systems start with a coarse error of the order of millimeters, which is brought down to
a final 10 nm RMS by the interferometer [201]. On orbit, no PG cameras will be
present to aid in the coarse alignment and co-phasing of the mirrors. Therefore,
an iterative approach over several months will be used to establish the initial on-orbit
alignments. Precise optical alignment will be achieved and maintained using
wavefront sensing imagery from the science instruments [202].

Figure 21

Angular alignment of mirrors is critical to ensure the success of the segmented primary
mirror designs of future telescopes. Shown in (a) are angular measurement results
comparing a proposed method based on sheared Fourier analysis (red) to an autocol-
limator (black), which is taken as the reference. In this experiment, a flat mirror was
tilted using a piezo electric motor and measured with both systems independently.
The errors between each measured data point are given in (b), where the error bars
represent the standard deviation of 30 data. Image credit: H. Choi. Reprinted with
permission from [203]. Copyright 2017 Optical Society of America.
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Developments to improve the coarse alignment of segmented mirrors are on-going
and will eventually provide a more efficient and accurate method of positioning
the segments. One multisegment alignment technology utilizes a sheared Fourier
analysis to obtain the tip/tilt of many mirror segments over a wide dynamic range
[203]. This multisegment alignment system uses a similar setup to the deflectometry
system used during fabrication, where a 2D sinusoidal pattern is displayed on a screen
and the pattern is captured by a camera in reflection from the segments under test. By
collecting sequential images and computing a Fourier transform of the difference in
the initial image to the current image, the tip and tilt alignment of each segment is
determined accurately and in real time. The multisegment alignment system has been
demonstrated using a set of seven flat hexagonal mirror segments, where the precision
of orientation was 2 μrad (0.41 arcsec) over a range of 1.4 mrad. Shown in Fig. 21 are
measured data from the case of a single flat mirror which was also measured using an
autocollimator as a reference. With the autocollimator, higher accuracy is obtained,
but it cannot measure multiple segments simultaneously.

Other methods to do fine co-phasing and alignment of the segments are also being
developed. One example uses a Zernike phase-contrast plate to expand the dynamic
range of a wavefront sensor, which can provide a final phased pupil with an RMS error
of less than λ∕80 [204], where λ is wavelength. This technique also can work along-
side a traditional Shack–Hartmann wavefront sensor, which provides a larger dynamic
range than the Zernike plate and wavefront sensor.

6. OPTICAL SYSTEM PERFORMANCE: END-TO-END TESTING

After an optical system has been aligned, a final test of the end-to-end system per-
formance is the final check before the system can be accepted for use. These tests
simulate the operating conditions of the optical system as closely as possible.

6.1. Telescope Testing
Pre-flight calibration is essential to reconstruct original images and spectra of celestial
objects from observed data, especially for x-ray optics. The energy response of an
x-ray telescope is sensitive to the surface material and roughness because the wave-
length of x-ray is so short that small surface roughness causes significant scattering.
Therefore, measurements of the flight mirror’s reflectivity and scattering need to be
completed [108,205,206]. The complex dependence of reflectivity has to be con-
firmed with enough angular and spectral resolution for sophisticated coatings. An
x-ray star is simulated in test facilities by using a collimated sub-aperture beam
scanned in two dimensions. The telescopes and the focal plane detectors are synchro-
nously moved as if a pencil x-ray beam scans over the telescope. An alternative way is
through a semi-parallel beam produced by a diverging beam from a point source
located 200 m or farther away. The response matrices of the telescopes have to be
constructed based on the x-ray measurements with certain x-ray energies and incident
angles, which will be performed with a strong and monochromatic x-ray beam of a
synchrotron orbital radiation (SOR) facility [207,208]. Shown in Fig. 22 is an example
of the type of data that is collected at SORs, measuring the optical performance of the
telescopes. The models of the surface characteristics are tuned to reproduce the mea-
sured data which has a known x-ray energy and incident angle. Final adjustment
is performed with the test observation of well-known x-ray starts in the orbital
environment.

The JWST team has developed very extensive tests to create the cryogenic environ-
ment that the telescope will experience when used on orbit [209]. The system level
tests are first completed on the science instrument assembly [210] and finally planned
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as a full system [211], where multiple test methods will be implemented to reduce the
risk during the test. However, due to the very large aperture of the telescope and
gravity deformation of the light-weight mirrors, a full-scale test of the system is
not possible. Therefore, verification of the system performance is based on sub-system
testing and high-fidelity modeling. To accomplish the scaled system test, which is
carried out at NASA Johnson Space Center, a source will be placed at the intermediate
telescope focus, illuminating the secondary and primary mirrors, retroreflected back
through the full telescope and into the science instruments. This allows a characteri-
zation of the imaging performance of the telescope in an end-to-end fashion. Due to a
high-vibration environment, a Hartmann test has also been designed to work in par-
allel with the planned system test. The Hartmann test is robust against dynamic jitter in
the measurement because a large number of averages is possible. Along with the op-
tical system tests of the JWST, measurements of the mechanical structure that supports
the optical components are also carried out [212]. This test characterizes the impulse
response function of the mechanical assembly to minimize and understand the optical
performance degradation due to mechanical vibrations and even failures.

The SPICA also has undergone extensive system testing and planning for their future
launch. Part of the planned system tests involve cryogenic testing at temperatures be-
low 10 K [213,214]. The total wavefront error of the telescope will be measured using
an interferometer in autocollimation, similar to the cryogenic tests implemented on the
JWST. To yield a full aperture measurement, a sub-aperture test and stitching will be
implemented since the autocollimating flats (ACFs) have a diameter much smaller
than the telescope aperture. To sample the aperture, the ACFs are rotated about
the optical axis of the telescope and therefore sample the aperture as a function of
angle. Shown in Fig. 23 is the cryogenic chamber that the telescope will be tested

Figure 22

Test results of the hard x-ray telescope on the InFOCμS experiment made at the Super
Photon ring-8 GeV (SPring-8) beamline BL20B2 synchrotron facility. A cylindrically
shaped x-ray telescope consisting of multinested mirror shells is illuminated by a
monochromatic pencil beam from a synchrotron orbital radiation (SOR) facility. A
focused x-ray beam is measured by an imaging detector on the focal plane, as is shown
in (a). X-ray images are accumulated while the pencil beam scans across the entire
telescope aperture, as shown with the contour map in (b), where the color represents
analog to digital units (ADU). Four leaves are created by the four boundaries of
the telescope quadrants seen in (a). Shown in (c) is the measured effective area of
the telescope plotted as circles compared to the model calculation (solid line). The
deviation from the model can be explained by the photon losses due to figure errors
in the mirror shape. Image credit: Y. Ogasaka. Reprinted with permission from [207].
Copyright 2008 The Japanese Society of Applied Physics.
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in, and a schematic of the test. The sub-aperture test methodology has been verified
through an experimental study where the main purpose was to verify the cryogenic
optical performance of the mirror substrate material [215]. A simulation of the sub-
aperture test has also been carried out and provides justification for this methodology.

6.2. Active Correction
Active optics within the observatory can simplify the manufacturing process of the
primary mirror as well as the telescope integration and mechanical design, mitigating
development risks, minimizing costs and enabling large-aperture optical mission per-
formances. The use of active optics in the system allows rigid-body motion of the
mirrors for optical positioning and alignment, correcting shape errors of the mirrors
(manufacturing, gravity release, moisture desorption, etc.), and the temporal variations
due to thermoelastic effects. Active optics are articulated around the following three
key building block elements: corrective element (e.g., deformable mirror, tip/tilt mir-
ror), wavefront sensing system, and algorithms for correction calculation (based on
wavefront sensing results) and control of the correction element. The active correction
system and its end-to-end performance must also be tested dynamically and this
becomes an important part of the final testing campaign.

In Europe, both the ESA [216] and the Centre National d’Etudes Spatiales (CNES)
[217] are currently envisioning the use of active optics for potential future large optical
missions. An example of the type of active optics are deformable mirrors (DMs), such
as those tested by a team at CNES [217], the National University of Ireland Galway
(NUIG) and Fraunhofer IOF [218], TNO Technical Sciences [219], and Muenster
University of Applied Sciences [220], among others. Placing the deformable mirror
in a conjugate plane of the primary mirror reduces its size and facilitates its manu-
facturability and testing. The distribution of actuators within the active optic impacts
its ability to correct the wavefront errors, where a smaller number of actuators is
desirable. For instance, in the case of the active correction loop developed by NUIG

Figure 23

SPICA requires unique metrology for the system level test due to the large-aperture
and cryogenic environment. (a) The 6 m cryogenic chamber that will be used as the
system level test for SPICA and (b) a schematic diagram of the optical test that utilizes
a sub-aperture measurement of the system in an interferometric autocollimation test.
Image credit: H. Kaneda. Reprinted with permission from Kaneda et al., Proc. SPIE
7731, 77310V (2010) [213].
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based on a DM designed by IOF, a Fibonacci distribution across the pupil, or mirror
surface, was initially chosen after comparing it to alternative distributions for large
UV-to-IR telescope applications [221]. Shown in Fig. 24 are the results of analytical
simulations showing the residual RMS error when reconstructing the sum of a speci-
fied set of Zernike modes for the various actuator distributions and number of actua-
tors. Given a more efficient actuation method, a higher number of actuators may be
implemented, allowing for a better residual wavefront error. Another DM developed
by TNO for space applications using 427 electromagnetic actuators has shown prom-
ise to achieve large stroke, low non-linearity and hysteresis, and low power consump-
tion [219]. Another style of deformable mirror (developed by the Muenster University
of Applied Sciences) features a unimorph mirror surface, which is actuated using a
piezo disc sandwiched between two metallic electrodes [220]. The bottom electrode is
structured into a 44-electrode keystone pattern optimized for producing low-order
Zernike modes. Another example of an implementation of a piezo-based monomorph
DM at CILAS [222] is currently reaching qualification for space.

Alternatively, the deformable component can be the primary mirror itself. On most
large-aperture ground-based telescopes, the primary mirror is actively controlled to
compensate for any large-scale and slowly varying wavefront errors, avoiding adverse
pupil imaging aberration effects inherent to DMs located in a pupil conjugate plane.
To overcome this limitation, the Telescope to Observe Planetary Systems proposed an
active thermal figure control concept [223]. This utilizes heating and cooling devices
distributed within the cells of the light-weighted mirror. Finite element models have

Figure 24

Analytic simulation results showing the reconstruction performance of deformable
mirrors with different actuator distributions. A set of Zernike modes (Z5–29 in Noll
index) is specified as the surface to reconstruct, and the residual error in this process is
calculated. The lowest number of actuators that provide the specified residual RMS
error (ex: dashed line at 20 nm RMS) in this scenario is the Fibonacci distribution. In
this simulation all Zernike modes were weighted equally, the ratio of the mechanical
extent of the DM (Dmech) to the clear aperture (CA) was set at 2, and the actuator
influence function (AIF) is assumed to be Gaussian with a 1∕e2 width defined as twice
the distance between actuators on the grid. Image credit: M. Goy. Reprinted with per-
mission from Goy et al., Proc. SPIE 10562, 1056233 (2017) [221].

682 Vol. 10, No. 3 / September 2018 / Advances in Optics and Photonics Review



shown that this method can correct up to N Zernike modes with better than 90%
fidelity, where N is the number of cells in the honeycomb light-weight structure.
Another deformable primary mirror concept, the large-aperture telescope technology
(LATT) [224], uses an approach already implemented on the European Southern
Observatory’s Very Large Telescope deformable secondary mirror, based on a very
thin glass shell controlled through contactless voice coil actuators with co-located
capacitive position sensors, and adapted for space requirements (environment and
light weighting) reaching an areal density of 17 kg∕m2. Shown in Fig. 25 is the
0.42 m in diameter, demonstration prototype, active primary mirror for the LATT
project. Another example of an active primary for space applications relies on a multi-
layer active shell approach for a CFRP substrate, with a sheet of piezo material as the
active layer [225].

Already, the first signs of active optics implementations in space projects can be
found. For instance, the JWST will include active optics in order to adjust phasing
of its large segmented deployable primary mirror and correct for line of sight varia-
tions [226], while the future NASAmissionWide Field Infrared Survey Telescope will
include deformable mirrors in its coronagraph to correct for wavefront error instabil-
ities in order to reach the extreme contrast required [227]. ESA initiated studies are
also making the case for use of active correction loops for Space-based Astronomy
[218] future large missions.

Looking further into the future, active correction can enable even more ambitious and
innovative large payload architectures such as TALC [73,75], a far-infrared telescope

Figure 25

Prototype demonstrator for the active 400 mm diameter primary mirror on the LATT
project, shown in multiple stages of integration and testing. The aluminum honey-
comb reference body (top left) is populated with voice coils (top right), which provide
the actuation forces. Magnets are attached to the non-optical side of the mirror (bottom
left), which allows the optical surface to float above the backing. The mirror surface is
a glass thin shell (bottom right) thinned to 1 mm thick. This prototype mirror has a
spherical profile with a radius of curvature of 5 m and 19 actuators. Image credit: R.
Briguglio. Reprinted with permission from Briguglio et al., Proc. SPIE 9904, 990410
(2016) [224].
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with a 20 m deployable annular primary mirror consisting of ultralight identical CFRP
segments (stacked on top of each other while in launch configuration) deployed within
an actively controlled tensegrity truss structure [74]). Distributed over the whole
spacecraft, the active correction takes place in the structure itself (adjustable ropes),
in the segments (actuators for shape and position control), and in a deformable mirror
located in the pupil relay. Once demonstrated for the far-infrared, this concept could
pave the way for an implementation in the visible wavelength range.

6.3. Stray Light Suppression
Imaging performance is not the only system level optical characterization that is
important for space optical systems. Stray light suppression will be critical for the
next generation of telescopes to meet many of the sciences goals surrounding exo-
planet detection requiring extremely high contrast imaging. The evolved Laser
Interferometer Space Antenna system has undergone testing and characterization
of their stray light suppression [228]. Their requirement for scattered light is 1 × 10−10
suppression of transmitted power into the field of view of the coherent interferometric
detector. Currently, the test to experimentally verify this requirement is being designed
but software models have helped constrain the required surface roughnesses to achieve
the desired level of suppression [229].

7. CONCLUDING REMARKS

The next generation of optical telescopes will require further innovations across many
disciplines and collaboration among many scientists and engineers. Over the course of
the last decade, mission developments and science requirements have guided research
in these various areas to produce amazing new results, technologies, and methods. The
current state of technology to support the fabrication, testing, alignment, and perfor-
mance verification of the space telescopes and their instruments is very promising and
inspiring. However, further development in these areas is required to enable the optics
that will be used to make paradigm-shifting scientific observations and discoveries.
While improvements are still needed in these areas of technology, we should also
marvel at the progress we have made and appreciate those who have put in the time
and effort to make these leaps possible. Technology in the space optics fields has
progressed rapidly over the course of the past decade, in which new and innovative
techniques were developed to meet the growing needs of the optical community. We
continue to push the limits of what is considered possible by improving accuracy,
reducing costs, and producing amazingly high-quality optics. This is no trivial feat
and we hope that this review article of a small sampling of the current technology
has allowed you to appreciate this aspect as well.

Given the limited amount of resources and growing need for ever bigger telescopes,
the development of the supporting technology is framed in the cost-saving mind set
while also pushing the limits of precision and accuracy. To reduce the cost of launch,
the areal density of the telescope mirrors must be reduced while simultaneously main-
taining the stiffness and thermal stability properties to produce the highest-quality
imaging system that survives launch conditions. Reducing fabrication time through
more efficient and deterministic computer controlled grinding, polishing, and metrol-
ogy will allow larger-aperture space telescopes to be launched since the available
budget will go further. As metrology methods that span spatial frequency regimes
become more accurate, techniques to align optical assemblies take less time, and final
optical performance verification is more reliable, the cycle of development will
be reduced and therefore create more cost-effective space observatory looking at
the dawn of the Universe. Through these developments, the goals identified in the
National Academy 2010 Decadal Report and by ESA of fundamental physics
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research, the search for exoplanets, and understanding the formation of the universe
are becoming a realizable achievement through the progression and development of
space optics technology. The optical fabrication, testing, alignment, and as-built veri-
fication technology plays a critical role in enabling the science objectives. Without
these developments, our understanding of the universe, solar system, and fundamental
physics would be severely limited to Earth-bound experiments. A fundamental ques-
tion to our nature as humans is, “Where did we come from and where are we going?”
In order to answer such basic questions, we need extremely high-sensitivity measure-
ments made with large-scale space-based telescopes enabled by transformative instru-
ments. Through research and development activities in space optics technology, we
will improve and expand our knowledge concerning our existence and place in the
cosmos, attempting to answer questions that humans across all of time have pondered.
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