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ABSTRACT

Optics has been for 400 years one of the most impactful elds of science; starting
with medicine and astronomy. Optical engineering challenges di er greatly across
applications. Large optical systems are exponentially more costly and complex,
especially when made in quantities of one. The future of astronomy demands more
photons and higher resolution, thus even larger collecting area. Scalability is needed
in order to keeps costs low while still producing these large collecting areas to meet
demand. This dissertation explores methods for advancing concepts that enable
large optical systems to become scalable.

In Chapter 1, we discuss the problem of large optical systems: why they are
needed, why that need is di cult to meet, and what concepts need to be imple-
mented in order to solve some of those needs. The following chapters cover design,
metrology, and alignment for large optical systems, with scalability in mind. The
rst work discusses optical design for the Large Fiber Array Spectroscopic Telescope
(LFAST) in Chapter 2. At 30" diameter, this telescope is designed to be replicated
thousands of times. Next, we discuss a novel metrology method to support e cient
manufacturing of radio antenna panels in Chapter 3. Finally, we discuss using the
same metrology method to form an accurate dish by rapidly align radio antenna
panels in Chapter 4.



18

CHAPTER 1

Introduction

When it comes to large optical systems, the goal is clear: see things with better
resolution, whether it be spectral, angular, depth or otherwise. At its simplest,
angular resolution is based on the ability to discern two adjacent objects from each
other. The theoretical limit of the resolution of an optical system is dependent
on two variables: the wavelength and the diameter of the collecting area. Lord
Rayleigh derived the relationship of these variables with angular resolution, coined
the Rayleigh Resolution (Eg. 1.1) in the late 1800s. It is equal to the radius to
the rst zero in the Airy diraction pattern for a circular aperture. If two objects
are separated by this distance or more, then they can be reliably discerned by the
optical system.

122 (1.1)

To see things with high angular resolution, it is also necessary for UV, visible,
and IR telescopes to collect enough photons to redugeﬁ noise, whether it be a
complementary metal-oxide semiconductor (CMOS) or charge coupled device (CCD)
for ultra-violet (UV), optical, or infrared (IR). For antennas used in millimeter wave
and radio frequencies (RF). These detectors have noise that is inherent to the sensors
even in the presence of zero photons, known as dark noise. It is necessary to gather
enough photons obtain a signal higher than the inherent noise of the detector to
be con dent that a true detection has been made. Dark noise can be signi cantly
reduced by cooling detectors to near absolute zero, reducing the probability that an
electron will gain enough thermal energy to escape and thus cause current to ow.
This is an expensive and generally undesirable solution. The most direct ways to
gain more sensitivity and angular resolution (as shown by Eq. 1.1) is to make a larger

collecting area. Ideally, the cost of a telescope scales quadratically with aperture
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diameter (linearly with collecting area). This has long been known to not be the
case, especially for optical telescopes[64, 96]. Van Belle et. al. published a paper in
2004 the trend of telescope cost versus aperture diameter, and compared telescopes
pre-1980 and post-1980. The paper found that cost scales with/D2.45 post-1980
versus D/ 2.77 pre-1980. Figure 1.1 shows the plot from van Belle's paper, with
the additions of the Giant Magellan Telescope (GMTO, European Extremely Large
Telescope (E-ELT), and Thirty-Meter Telescope (TMT) estimated costs, adjusted to
2004 dollars. These power laws are not fundamental limitations, simply observations

of the trends of existing observatories over time.

Figure 1.1: Cost versus aperture for a variety of large telescopes. Van Belle covered
all telescopes pre-2004, and found that the trend was D 2.45 post-1980 versus D

| 2.77 pre-1980, showing a slight improvement over time. GMT, TMT, and E-ELT
appear to be on a similar trend or slightly better.

To get to the even larger telescopes of the future, looking past GMT, TMT, and
E-ELT, the cost could approach$10B for only doubling the collecting area compared
to these three near-future large telescopes. To break this paradigm, a signi cantly
di erent approach to large telescopes is needed. Many of these new large telescopes
are made with segmented primary mirrors. In order for the telescope to form direct
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images of a celestial object, each segment of the telescope needs to be individually
aligned and controlled to combine the image from each segment coherently. As the
size of a telescope of this kind scales, the controls behind coherently aligning the
segments get more and more complicated, continuing to follow the unsustainable
cost versus aperture trend shown in Figure 1.1. For many astronomical research
topics, like single object spectroscopy, direct imaging with a large aperture is un-
necessary. Spectroscopy is inherently a photon de cient process, since light from
a single object is spread across a large detector. This results in a need for either
longer exposures or larger apertures in order to achieve high SNR. Transit spec-
troscopy is a method for determining the composition of an exoplanets atmosphere.
Subtracting the spectrum of the host star with the spectrum of the host star during
a transit (when the planet occluded the star), reveals the spectrum of the exoplanet
atmosphere. Molecular absorption lines reveal molecular compositions of the atmo-
sphere. In many cases, like transit spectroscopy, longer exposures are not an option,
as the transit event happens for a limited period of time. If the only goal is to
collect more photons, the paradigm of large telescopes can change. The Large Fiber
Array Spectroscopic Telescope (LFAST) is a telescope concept based on thousands
of small individual telescopes. Each telescope couples the light from a single star
into an optical ber similar to those used in ber-optic communication. The out-
puts of the optical bers from the individual telescopes are combined incoherently
to form a slit-input for a spectrograph. In theory any number of telescopes can be
used to form the slit. If economies of scale can be implemented to mass-produce
the telescope at a low cost, collecting apertures much larger than the GMT, TMT,
or E-ELT could be achieved for a fraction of the cost. Chapter 2 will describe in
more detail the concept of LFAST, and how an optical design was created for mass
production.

Optical telescopes are not the only kind of telescope aiming for mass manufactur-
ing and deployment. In April of 2019, the Event Horizon Telescope (EHT) released
the rst image of a black hole (Figure 1.2) at the center of galaxy M87[21]. This

image was formed by coherently combining many large radio telescopes across the
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globe to create an e ective aperture equivalent to the diameter of Earth. While an
individual radio telescope would have angular resolution orders of magnitudes worse
than an equivalent optical counterpart, the concept of radio astronomy can achieve
angular resolutions far better than optical. Radio frequencies are slow enough that
existing materials can respond to the speed of its alternating electromagnetic (EM)
waves. This means that the amplitude and phase of a signal can be recorded and
correlated with a di erent telescope at a later time. Looking back at Eq. 1.1,
millimeter-wave telescopes are roughly 1000 times less resolved than an equivalently-
sized optical telescope (), but the e ective aperture (D) of the Earth is over 500,000
times larger than GMT, E-ELT, or TMT, which gives a net gain in angular resolu-
tion of about 500. For example, GMT is expected to have a 10 mas resolution, but

EHT has a 20 as resolution.

Figure 1.2: Black hole images released by EHT in 2019. The diameter of the
colorized donut is roughly 50 as. It is formed with a combination of 8 radio
telescopes around the globe.

The ability to produce such images will greatly assist the understanding of grav-
ity and fundamental physics. The future of astronomy demands the ability to view
objects like this with higher angular resolution, higher sensitivity, and more often, to
further accelerate these discoveries. The next-generation Very Large Array (ngVLA)

and Square Kilometer Array (SKA) are two such projects to support these needs.
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ngVLA involves 263 18-meter telescopes, and SKA plans for nearly 200 telescopes
with varying sizes of 10-meters or greater. Radio telescopes have a more complicated
cost versus aperture relationship than optical. They cover a much broader range of
frequencies, covering many octaves, whereas even some of the most broadband opti-
cal/infrared telescopes only cover four octaves. The cost of a radio telescope highly
depends on the wavelength. The gain of a radio telescope depends on the re ector
surface accuracy relative to the wavelength being observed; the higher the frequency,
the tighter the requirements on the primary re ector, and the more costly the tele-
scope. The Ruze equation describes how the surface root-mean-square (RMS) error
of a re ector a ects the antenna gain, whereGy is the nominal gain considering a
perfect re ector, is the surface RMS and is the wavelength, expressed in the

same physical units[79].

G()= Gee (1.2)

Figure 1.3: Plotting the percent gain dictated by the Ruze Equation as a function
of surface RMS to wavelength ratio. At=15, 3 dB loss, or 50%, is achieved.

Just like large optical telescopes, radio telescope re ectors are commonly split
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into smaller segments. The RMS value in the Ruze equation includes the error
stack-up from the individual panel shape accuracy, gravity deformations, tempera-
ture gradients, wind-shake, and panel misalignment[8]. As the operating frequency
increases (and the wavelength decreases), the sensitivity to all of these errors also
increases. Gravity deformations, temperature gradients, and wind-shake are all re-
lated to unavoidable environmental conditions. They can be mitigated, but are not
economical to actively control. Individual panel accuracy and alignment, however,
can be improved in the manufacturing and assembly process, leaving more error
budget for deformations due to these environmental conditions. For millimeter-
wave astronomy, a general goal is= 25 for individual panel accuracy. This places
the required RMS of each panel at 40 microns for a 1 mm wavelength. While this is
signi cantly easier to achieve than =25 for an optical telescope, these panels typi-
cally need to be made in mass quantities for arrays of radio telescopes like ngVLA,
thus they need to be made with a low-cost, scalable manufacturing method. There
are many common methods for making radio telescope panels: machining, electro-
forming, aluminum casette, and carbon ber reinforced plastic (CFRP)[8]. These
methods all have varying limitations in speed, size, accuracy, and cost. Machin-
ing is slow and expensive due to tooling time. Electroforming, aluminum casette,
and CFRP all require a speci c mold for each panel shape, which is expensive and
time consuming to make. The Steward Observatory Solar Lab (SOSL) has been
performing research to improve the process of another method: thermoforming[3].
The thermoforming process uses high temperatures to reduce the yield strength of a
metal as a function of temperature, and performs a plastic deformation of the metal
with a reduced force, similar to hot stamping[58]. Thermoforming also involves the
use of a mold, but SOSL has been developing a mold that can change shape to
accommodate a large range of panel geometries and curvatures, for use with both
metal and glass (US Patent 10,538,451). Figure 1.4 shows one such mold; a 1/4"
thick sheet of stainless steel that is cut by a water jet machine with a tile and blade
exure pattern to make it exible. Tiles are controlled by linear actuators to set

the vertical height, and the exible mold surface conforms to the shape prescribed
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by the linear actuators.

Figure 1.4: Shown on the left is the concept for a exible mold; a surface with linear
actuators that control the position of tiles that are interconnected with springs.
Shown on the right is the actual implementation of the exible mold surface.

The goal of this project is to make panels that meet the= 25 for a 1 mm wave-
length, or 40 m RMS. Any speci cation requires a complimentary testing process
in order to verify that it is being met. For a depth RMS error requirement with
radio telescope panels, a metrology system that produces three dimensional (3D)
data with a higher accuracy than the speci cation is required in order to compare
a manufactured surface to an ideal shape. There are many metrology systems for
optical surfaces that meet and far exceed this required accuracy (e.g. interferome-
ters), but they only function with specular surfaces, and require unique components
that depend on the surface shape and size that needs to be measured. Current mea-
surement options for large antenna segments either require physical probing of the
surface or measurement of the locations of physical ducials. Coordinate Measuring
Machines (CMM), laser trackers, and photogrammetry are all commonly used meth-
ods that are are manual in nature with single point scanning and manual placement
of ducials. All of the these panel metrology methods are time-consuming, limited
in accuracy, expensive, and limited in spatial resolution. If a panel is measured with
one of these methods and does not meet speci cations, it is often unclear what is

causing the error due to sparse spatial resolution of the measurement, leading to a
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lack of feedback for the manufacturing method. This is especially true for the ther-
moforming method using a exible mold in SOSL. The mold needs to be remeasured
every time it is changed. Since the precision metal forming is a new technique, the
team wanted a strong understand of the impacts of all manufacturing variables on
both the mold and the resulting panels. Chapter 3 describes a method and system
that has been implemented to rapidly measure both the mold and the panels with
high accuracy and high spatial resolution using a combination of cameras and a
digital projector. It has become a critical tool for the lab to make progress on this
new thermoforming technique.

As mentioned previously, there are two ways that directly improve the perfor-
mance of a radio telescope: the panel accuracy and the alignment accuracy. SOSL
has been working on building panels more e ciently using the new thermoforming
method, and as a demonstration the group has been aiming to use the panels to build
a 3-meter radio telescope. Any radio telescope needs a metrology method to align the
panels to form a continuous dish, and the lab needed a way to measure and align the
demonstration telescope. Common methods to measure panel alignment and shape
have historically included photogrammetry[88, 22, 92, 57], holography[90, 44, 86, 7]
and laser trackers or laser trusses[92, 56, 99, 17]. Oftentimes, a combination of
methods is used[92, 5, 20, 83]. All methods deliver the information on the surface
accuracy of a dish, but they have many fundamental limitations and drawbacks
related to logistics, speed, accuracy, and size limitations. Chapter 4 discusses the
problems with current dish metrology methods, and presents an adaptation to the
same panel metrology solution in Chapter 3 to the measurement and correction of
alignment errors for full radio telescope dishes, as well as a path forward to measur-

ing up to the 18-meter dishes prescribed for ngVLA.

Note

The chapters of this dissertation are based on a collection of published and sub-

mitted journal articles, included in the appendices. In-depth discussions of each



research study are provided in this dissertation.
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CHAPTER 2

Large Fiber Array Spectroscopic Telescope: Optical Design for a Scalable Unit

Telescope

This chapter includes material from an article submitted to SpringerNano-
manufacturing and Metrology Appendix A, and SPIE proceedings fromAstronom-

ical Telescopes and Instrumentation 2022 ppendix B.

2.1 Background

2.1.1 Why We Want Larger Telescopes and Why We Can Not Build
Them

The goal of building future large telescopes is daunting when considering the rapid
scaling of cost with aperture diameter. However, while the goals of some astronomy
topics require more angular resolution, others only require more photons. Spec-
troscopy relies on collecting light from one or more astronomical sources, dividing it
based on wavelength, and analyzing it to understand the spectral composition of the
source. Most large telescopes have segmented apertures which need to be co-phased
for direct imaging of objects. This careful co-phasing is not required to perform
spectroscopy of brighter stars observed at the seeing limit of approximately 1 arc-
second due to the atmosphere. If a telescope was dedicated to such spectroscopy, the
aperture no longer needs to be coherent. Large telescopes are expensive due to chal-
lenges in the manufacture, mounting, support, and control of a surface over a large
area to form a cophased aperture. Instead of one expensive large telescope, the cost
versus aperture power law discussed in the introduction could be inverted to produce
many smaller telescopes that create an equivalent collecting area, for the purpose
of spectroscopy. The concept of many smaller telescopes being linked together with

optical bers to form a spectroscopic slit was rst introduced by Angel et. al. in
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1977[1]. Since then, the discovery of exoplanets in 1992[100] prompted a new area
of astronomical research: transit spectroscopy. Transit spectroscopy occurs when
an exoplanet crosses directly between it's host star and Earth, occluding the star
slightly, and changing the spectral composition of the light slightly by absorption in
the exoplanet's atmosphere.[14, 13] Transit spectroscopy is the perfect application
for a telescope made up of smaller telescopes, linked together with bers. The signal
from the absorption of an exoplanet's atmosphere is incredibly small compared to
the light from the host star. As a result, extremely large apertures are needed to
reduce photon noise su ciently to make a detection of some expected bio-signatures
like oxygen[35]. The speed of detection of oxygen in the atmosphere of a nearby
exoplanet is highly dependent on a number of factors: the duration and frequency of
transits, the resolution of the spectrograph, the brightness of the host star, the size
of the collecting aperture. With current telescopes, the detection of oxygen would
take many decades to con rm, even using the GMT, TMT, and E-ELT combined.

In reality, a 100-meter diameter telescope would be required to make regular obser-
vations of nearby exoplanets and reduce the time to a few years. Based on the power
law, a 100-meter telescope would be 30 times more expensive than GMT (using D
| 2.45), landing at roughly$60B in 2023 dollars.

2.1.2 A Larger Collecting Area Without Building A Larger Telescope:

The Large Fiber Array Spectroscopic Telescope

A 100-meter diameter circular aperture telescope would be roughly 7,863 of col-
lecting area. The collecting area of E-ELT is is 1,2002. The Large Fiber Array
Spectroscopic Telescope (LFAST) is a concept for an array of 2640 30" diameter
telescopes, that together make-up 1,2002 by collecting light from each telescope
via 18 m optical bers and combining it to form a single slit-input for a spectro-
graph. E-ELT has a diameter of 39 meters, 50 times larger than the 30" LFAST
telescopes. Using the cost scaling law, a 30" telescope should cost rougiok,
thus the array would cost only$264M, nearly 5 times cheaper than E-ELT. Angel
et. al.[2] expects that this unit telescope cost could scale even lower by taking ad-
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vantage of 5-meter scale tracking mounts carrying 20 telescopes each, avoiding the
use of a protective dome, and other advantages of at-scale manufacturing. The goal
is that the telescope may cost roughly$50,000/m?, or $60M for the whole array. At
scale, the cost of each telescope should scale linearly, making a 100-meter(48)0
equivalent collecting aperture possible for less tha8b00M.

LFAST will be comprised of 132 altitude and azimuth tracking mounts. 'Unit'
telescopes and bers from 132 '20-unit' mounts are combined at a central location

for spectrograph input. Figure 2.1 shows a rendering of the 20-unit telescope.

Figure 2.1: Rendering of 20-unit telescopes mounted on a single alt-az bearing. An
array of 132 of these is equivalent in collecting area to E-ELT.

The engineering problems for this kind of telescope are very di erent from tra-
ditional ELTs, where extensive time and money can be spent on a single telescope's
design, manufacturing, integration, and operation. For LFAST, the goal is to evolve
a robust manufacturing and integration process early in the telescope development
process and replicate it many times. The desire to eliminate recurring costs is key.
This drives the need for a large portion of the telescope cost to be from non-recurring

engineering (NRE), such that the extra cost per every additional telescope quickly
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diminishes as the number of telescopes manufactured increases and approaches a
regime of cost scaling linearly with collecting area. The optical design for the tele-
scope directly impacts manufacturing, alignment, assembly, and operation, therefore

setting the right optical design is key to reducing costs in downstream processes.

2.2 Requirements for Each Unit Telescope

When designing any optical system, a set of three speci cations are needed in order
to de ne the design problem: wavelength range, aperture diameter, and eld of view
(FOV). Figure 2.2 shows a summary of the requirements. The goal of LFAST is to
make the telescope as versatile as possible for a broad range of spectroscopic appli-
cations beyond just transit spectroscopy. The goal was to design each telescope to
be diraction limited on-axis over two octaves of bandpass. We selected 400-1700
nm to cover a broad range of potential molecular absorptions that could be observed
during an exoplanet transit. Below 400 nm, the UV-band edge of most dielectric
materials, including fused-silica bers, causes poor transmission due to ionization.
For aperture size, we chose 30" for a number of reasons. First, reducing the total
number of bers to combine to form a spectrograph slit is bene cial from a cost
of assembly standpoint, so more collecting area per unit telescope is better. If the
aperture is made smaller, LFAST must make more telescopes to achieve the goal
total collecting area. This means more correcting lenses, more bers, more guide
cameras, etc. We decided that 30" was the largest that we felt comfortable making
while also reducing the number of required peripheral hardware. 30" aperture di-
ameter would will create roughly 1 arcsecond images (using 1.1) even for the longest
1700 nm wavelength. Typical atmospheric seeing should also be on the order of 1
arcsecond, so there is ultimately no imaging gain in making a larger telescope with-
out the assistance of adaptive optics. We also felt that a mirror with f/# between
f/3 and f/4 would be easily achievable and well-matched to most ber numerical
apertures (NA) that are used in astronomy. We allowed the focal ratio of the tele-

scope to vary in the design between those two values, landing on f/3.33 in the nal
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design.

Figure 2.2: Requirements for an LFAST unit telescope.

There are a few interesting things to note about the speci cations for an LFAST
unit telescope. First, there are two places where image quality is important: at the
ber injection and at the guide camera. A paraxial layout of the telescope is shown
in Figure 2.3. At the 18 m ber (cure set in a planar fold mirror), only the near
on-axis elds are important. The only goal at that surface is to get as much starlight
as possible in the ber core, allowing image quality requirements for the rest of the
eld to be less strict. The image quality across the whole eld only matters at
the guide camera, and only 380-950 nm light can be detected by typical CMOS
sensors. There are three purposes for the guide camera: to know where the telescope
is pointing in the night sky, to give feedback on the coupling of the starlight into
the ber, and to give information on the telescope aberrations. The ber will show
up as a 18 m 'black hole' in the center of the FOV on the guide camera. Being
able to couple dim stars into the ber is important, so brighter stars in the eld
need to be used to triangulate their locations. Good imaging performance means
more photons per pixel, which means improved guiding on dimmer stars, but the

performance at this surface does not need to be diraction limited. We expect
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LFAST will be located at a site that supports arcsecond-quality seeing conditions,
so we aimed for arcsecond full-width half maximum (FWHM) at the guide camera

to balance image quality with atmospheric e ects.

Figure 2.3: The paraxial model here is shown with a4 arcminute eld. The guide
camera needs a signi cantly larger FOV than at the ber in order to ensure that
there will be stars with enough brightness to guide with. The chosen eld gives a
97% chance of at least one 16th magnitude star in the eld of view, which we found
can be captured with a signal to noise ratio of 30 with a 10 second exposure[9, 94].

In addition, we have a requirement for being able to view objects down to 70
from zenith as well as perform over two octaves of bandpass, to cover as much of
the night sky as possible and collect a broad bandpass for spectrographs. For the 18
m ber, and a focal length of 2520.12 mm, the ber subtends 1.47 arcseconds on
the sky. At 70° elevation from zenith, atmospheric dispersion is a few arcseconds,
S0 correction needs to be made to maintain performance across the bandpass. The
fourth lens in the corrector stack is used as an atmospheric dispersion compensator,
which is described in more detail in Section 2.4. Lastly, we are producing these
telescopes in mass quantities, with maximum energy coupled into each telescope's
ber. As a nal performance check, 2,640 Monte Carlo trials were performed to
represent all telescopes in the 1,2002 array to ensure that an average of at least
80% encircled energy is maintained in presence of all alignment errors. The rest of
this chapter will describe each piece of the LFAST design, and the reasoning behind
it in attempt to make a cost-e ective, high-performing telescope.
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2.3 Optical Design

In 2022, | designed the rst iteration of the LFAST unit telescope and presented it at
SPIE Astronomical Telescopes and Instrumentation in Montreal, Canada (Appendix
A). In 2022 and 2023, we went on to manufacture the entire unit telescope and mount
it on the same altitude and azimuth drives that are planned for the 20-unit telescope,
with a goal of completion by the end of 2024. In 2023, we have been performing
testing on the unit telescope, and using lessons learned to redesign some of the
optical components for next year's 20-unit telescope prototype. The updated design
and analysis has been submitted to Springer Nano-manufacturing and Metrology
Special Issue on "Astronomical Optics Manufacturing and Testing" (Appendix B).
The following optical design subsections focus on the updated design for the 20-unit
telescope and summarizes some of the changes and lessons learned from the rst
unit telescope. Figure 2.4 shows layout of the nal design to be used for the 20-unit

telescope, and Figure 2.5 shows the table with the full design prescription.

2.3.1 Primary Mirror

A substantial driver of cost and schedule in nearly any large telescope is the primary
mirror, and all ELTs currently in production have known this since the project
design phase[46, 68, 31]. This is often due to logistical and physical limitations of
manufacturing large, custom mirrors. It takes a long time for large glass mirrors to
cool, and a long time to remove material to polish perfect aspheric shapes. This
would be impractical if LFAST were to make mirrors in a similar way, since the goal
is to make thousands of them. The cost of the primary mirror needs to diminish at
higher manufacturing volumes for the concept of LFAST to be viable. This leads to
a rather unusual design decision for meter class telescopes[49]: a spherical primary
mirror. While spherical primary mirrors su er from signi cant spherical aberration
(on-axis) and coma (o -axis), they are much easier to make via using full-sized pitch
polishing laps. This method naturally produces spherical shapes, reducing the time

and costs associated with guring. Spherical primary mirrors are more tolerant to
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Figure 2.4: 2D optical layout of the nal designed unit telescope for the 20-unit
prototype (top). Zoomed in view of the 2D layout of the prime focus corrector
assembly, including corrector lenses, ber puck, relay system, and guide camera
(bottom).

alignment errors since they have no axis, an additional bene t. Even an optimized
aspheric mirror would still leave signi cant coma in the near o -axis elds needing
correction in some downstream optics. A conic would also require aspherizing in
the polishing process, costing the project money and time. Spherical is actually
the optimal choice for the primary mirror shape for a small, narrow eld of view
telescope meant for mass manufacturing and single object spectroscopy.
The team had initially considered a Mangin mirror (re ective coating on the

back surface) to extend the lifetime for mirror coatings outdoors[50]. While Mangin

mirrors would have the added benet of extended lifetime, there are signi cant
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Figure 2.5: Optical prescription for each unit telescope in the rst 20-unit LFAST
telescope.
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downsides in their manufacturing, testing and operation. A Mangin primary mirror
for LFAST would require polishing both sides of a 30" mirror, potentially doubling
the time on a full-sized lap. The homogeneity of the glass in the mirror would also be
important since it is used in double-pass. Inhomogeneity in a Mangin LFAST mirror
would add an additional layer of complexity in characterization and correction of the
wavefront error introduced by it. There would also be a tight requirement on the two
Mangin mirror surfaces to be concentric. If the mirror has wedge, lateral chromatic
error would be introduced to the telescope. All of these potential errors would need
complementary metrology e orts in order to characterize them. In addition, the
emissivity of glass versus silver would cause large index of refraction variations in
a Mangin mirror. For these reasons, we decided to not pursue Mangin mirrors for
LFAST, even though they may have a longer lifetime outdoors. A single coated

surface is a much simpler and likely more cost e ective choice in this case.

2.3.2 Prime Focus Corrector

The corrector optics can be split into two categories: before the ber injection, and
after the ber injection. As was discussed in Chapter 2.2, the requirements at each
of those image planes are quite di erent. At the ber, only a central few arcsecond
eld of view is crucial for diraction limited imaging performance for maximum
ber coupling e ciency for the as-built telescope. At the guide camera, it is only
important to obtain a larger eld of view, su cient that there are available stars for
tracking.

The corrector optics were designed to maintain the focal ratio of the primary
mirror, contributing minimal optical power. This allows for loose axial alignment
and manufacturing requirements for the corrector lenses. The spherical primary
mirror on its own has 65 waves of spherical aberration, relative to a paraboloid
of the same size and focal length. Maksutov originally revealed that third order
spherical aberration can be perfectly corrected with a single meniscus lens close to
focus, where the lens is self-achromatic[59]. However, this single lens cannot correct

coma, leaves some residual transverse chromatic aberration, and adds more higher
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order spherical aberration. This lens is essentially L1 in the LFAST design. To
reverse the additional higher order spherical aberration and coma and keep the focal
ratio constant, only two lenses are needed to give enough degrees of freedom, one
of int and one of crown to correct for chromatic aberrations. This leaves a small
amount of astigmatism and Petzval curvature[48, 47]. At this point, the system
can either be di raction limited within a 1 arcminute eld and degrade signi cantly
toward o -axis elds, or be balanced across the full eld. Figure 2.6 shows an LFAST
telescope with just two lenses, and the spot diagrams for the on-axis, 3-arcminute,
and 4-arcminute eld when weighting the optimization for RMS spot size equally,

or more heavily for the on-axis eld.

Figure 2.6: Conceptual design to create high quality images on-axis, for two-octaves
of bandpass. If the optimizer is weighted toward the on-axis eld, di raction limited
imaging is achieved in the vicinity of the on-axis eld, and degrades for the rest of
the eld. Black circle in the spot diagrams is the airy disk for 1 1m wavelength.
Alternatively, the imaging performance can be balanced if weighted equally. While
this simple telescope design works in theory, the addition of atmospheric dispersion
compensation and better performance near the on-axis eld is needed for the as-built
telescope.
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To give some margin for optical and mechanical tolerances and pointing errors,
we require a broader range of di raction-limited imaging performance. Thus, more
than two lenses are needed to extend the diraction limited performance beyond
the on-axis eld. We found that two more lenses (L3 and L4) enable this correction,
as well as atmospheric dispersion compensation, to be discussed in the next sec-
tion. The corrector was designed with these concepts in mind, correcting for Seidel
aberrations one by one and sequentially from L1 to L4. All lens radii and spacings
were optimized to achieve di raction limited spot sizes within a 1 arcminute eld,
from 1.6 m Airy radius at 400 nm to 6.9 m at 1700 nm. Figure 2.7 shows the
polychromatic RMS spot size as a function of eld. The traditional glass types of
N-BK7 and F2 from Schott were originally chosen for the corrector lenses for their
low cost, high manufacturability, and good transmission in the required bandpass,
but these days those traditional glass types are much higher cost than alternatives.
In the current design, equivalent H-KOLGT and H-F4 from CDGM will be used
instead due to availability and cost, but in theory any crown- int combination with
Abbe number di erence comparable to 27.7 for BK7 and F2 could achieve good

image quality.

2.3.3 Atmospheric Compensation

As mentioned previously, the optical system needs to meet all speci cations across
the entire two-octave bandpass, even at elevation angles close to the horizon. Exo-
planet transits happen all the time, in various parts of the sky, thus covering as much
sky as possible gives a higher probability of being able to observe them around can-
didate stars. Across 400 to 1700 nm, nearly 4 arcseconds of atmospheric dispersion
is present at 70 degrees from zenith (shown on the left in Figure 2.9, which means
signi cant dispersion correction is necessary for optimal coupling into the 1.47 arc-
second ber. Common atmospheric dispersion compensator (ADC) strategies in-
volve counter-rotating prisms (Amici prisms, or CR-ADC)[33, 75], linear ADC's
(LADC) using axial motion of thin wedge prisms[6], tilting low-power lenses[47], or
compensating lateral ADC (CL-ADC)[80, 81] using counter-translating lenses. CR-
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Figure 2.7: RMS spot size at the ber image plane as a function of eld position.
Di raction limit is shown for 900 nm. The telescope is diraction limited at this
wavelength up to 0.03 degrees.

ADCs and LADCs work extremely well and can be designed to correct secondary
color down to 10s of milliarcseconds[75], but often involve complicated mechanics
to achieve the desired prism motion. Commonly these method correct dispersion
down to only 50 degrees. Operating down to 70 degrees nearly doubles the amount
of observable sky, creating more opportunities to observe transits.

For the thousands of telescopes in LFAST, fewer moving parts are desirable
to eliminate points of failure. In addition, CR-ADCs and LADCs add additional
components, causing energy losses at each interface and taking up valuable space
and mass in the prime focus corrector of each telescope. The simplest solution for
LFAST is the concept of CL-ADCs, as it does not add any additional components
to the system. Typically, this method involves counter-translating two lenses to
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compensate for the tilt and astigmatism caused by translating one of the lenses.
Since the only performance metric that matters is encircled energy into the ber,
perfect correction of atmospheric dispersion is unnecessary, thus some secondary
spectrum can be tolerated. | designed the telescope to require translating only one
lens for atmospheric dispersion correction. Using lateral translation of only one lens
also creates signi cant image motion. Usually this would be a problem for any other
telescope that has a primary mirror with an axis, where tilting the primary mirror
would cause signi cant aberrations. Since the primary mirror is spherical (no axis)
and the required time for this correction is slow, simply tilting the primary mirror

to recenter the celestial target on the ber can be done with minimal e ect on the
image quality.

This design utilizes L4 as the ADC component. L4 decentering can perfectly
correct primary lateral color caused by the atmosphere(match the position of chief
rays of the shortest and longest wavelength in the bandpass). Figure 2.8 shows a
plot of the primary lateral color caused by the atmosphere as a function of elevation
angle[40, 85], the primary color induced by L4 as a function of decenter, and thus
the L4 decenter required at each elevation angle to correct for primary lateral color.
However, since the atmosphere does not have the same dispersion as the H-F4 int
glass in L4 (or any type of glass), this is not the best solution for optimum encircled
energy coupled into the ber. We carried out a numerical analysis to determine the
actual required L4 decenter values to achieve the best encircled energy. At shallower
elevation angles, these values start to diverge and expose the slight di erences in
dispersion of the int glass and the atmosphere. A slight under-correction of primary
lateral color due to the atmosphere yields the best encircled energy. Figure 2.9
shows an example corrected spot diagram at 7@om zenith. L4 needs to move 2
mm in order to correct the dispersion at this elevation angle, causing the image to
move nearly 0.7 mm( 1 arcminute). Encircled energy in this worst case is 90.3%,
compared to the diraction limit of 92.7%. Thus, even in this worst case, the
telescope would still be seeing-limited.
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Figure 2.8: Optimization of L4 decenter to correct for atmospheric dispersion.

Upper left shows the primary atmospheric dispersion (for 400-1700 nm)as a function
of elevation and induced primary dispersion from L4 as a function of decenter. These
curves can be mapped to the required L4 decenter to correct for primary atmospheric
dispersion as a function of elevation angle (bottom left). The decenter required to

correct for primary atmospheric dispersion correction, however, does not produce the
best encircled energy, thus a numerical analysis was performed to nd the optimal

L4 decenter as a function of elevation (right).

2.3.4 Atmospheric Jitter Compensation

As mentioned in the previous section, translating L4 to compensate for atmospheric
dispersion also signi cantly translates the image. In other telescopes, this would
be an inconvenience, requiring extra components to compensate for the chief ray
de ection and aberrations caused by misalignment of aspheric primary mirrors. For
LFAST, we can use this property as an advantage. The atmosphere will cause seeing
motion to the wavefront on the order of 0.5 arcseconds or less. This will signi cantly
degrade ber coupling e ciency if uncorrected. For every 100m translation in

L4, the image moves 34m , or about 2.8 arcseconds. This is a small percentage
of the lens motion needed to correct for atmospheric dispersion at low elevations
on the horizon (for example 1.9 mm at 70 degrees), thus this lens motion can be

used to correct for image motion caused by atmospheric wavefront tip/tilt without
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Figure 2.9: Spot diagram at the lowest elevation uncorrected (left) and corrected
with L4 lateral translation (right). The corrected focus is shown after recentering
the image on the ber using tilt of the primary mirror. Also shown is the 18 m
ber core in gray.

signi cantly disrupting dispersion correction. Looking again at Figure 2.8, for each
elevation if the L4 decenter is non-optimal by 100n , less than 1% encircled energy
is lost, as opposed to more signi cant losses if the wavefront tilt is uncorrected.
Implementing a rapid corrective movement on L4 allows LFAST to obtain improved

performance with the presence of image motion due to seeing.

2.3.5 Fiber Feed and Relay Optics

Each telescope will use feedback on whether light is properly coupled into the ber

or not, as well as a wide eld for guiding. The LFAST telescope primary mirror is
small, and thus has limited light collecting ability for short exposure times, which

are required for fast guiding to reduce atmospheric image motion. A simulated
image of a star when perfectly coupled with the ber and when misaligned by 0.2
arcseconds due to the atmosphere is shown in Figure 2.10. The telescope needs a
wider eld of view in order to improve the chances of bright stars existing in the eld

of view to use for o -axis guiding. To achieve this, the ber will be potted inside a

small fold mirror at the image plane, which is relayed 1:1 onto a camera sensor with
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a relay lens and another fold mirror, shown in Figure 2.4. This avoids losses that
would be caused by using a beamplitter to pick o the guide eld and maintains a
mechanically compact layout. The requirements on the relay require a larger eld
of view, but a narrower bandpass. The relay was optimized for wavelengths 500-800
nm, over a 4-arcminute half eld of view, to give a high chance of an availabe guide
star as mentioned in Chapter 2.2. The relay is made of two copies of a simple lens
assembly, a plano-convex lens and a doublet. Again, these lenses were originally
made with N-BK7 and F2 but were switched to CDGM equivalents H-KOLGT and
H-F4, The relay was redesigned with an equal optimization weighting across all
elds. Figure 2.11 shows the polychromatic point spread functions (PSFs) at the

guide camera sensor plane.

Figure 2.10: Simulated images of the 'black hole' at the guide camera due to the
ber. Shown is the o -axis image, and image given 0.2 arcseconds of image motion.

2.4 Tolerancing

Our initial design tolerancing was done with a small number of trials, but this
telescope is designed to be built 2640 times, so a more encompassing Monte Carlo
trial was executed to gain a perspective on how the telescope array as a whole
may perform. Previously, a standard irregularity tolerance was used to specify the
primary mirror, but this does not su ce for a meter-class mirror. For this new

design, tolerancing was split into two pieces: the corrector and the primary mirror.



44

Figure 2.11: Polychromatic PSFs for 3 eld points at the guide camera image plane.
All eld points are better than 1 arcsecond FWHM.

For mirrors of this size, it becomes di cult to specify with a single root-mean-square
(RMS) or peak to valley irregularity value (e.g., /4 or /8). Wavefront slope is
what truly impacts image quality, but slope cannot be described by a single depth
RMS value, as it is dependent on spatial scale. A structure function is used to
de ne the mirror requirements instead. The following sections tolerance the two
key pieces of the telescope separately and attempts to balance the errors introduced

by the mirror, the corrector, and the atmosphere.

2.4.1 Prime Focus Corrector

One of the key characteristics of LFAST is mass manufacturability at low cost.
This largely depends on the optical and mechanical tolerances of the system to
maintain high quality performance. LFAST needs components to be produced in
large quantities, therefore any components that require high-precision machining or
alignment are undesirable. All components and optics should be easily scalable both

in their manufacturing as well as the assembly. Thus, we took great care to loosen
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tolerances wherever possible to expedite production of LFAST telescopes at a low
cost.

Because the primary mirror is spherical, and the prime focus corrector was de-
signed to maintain the focal ratio of the primary mirror, axial errors have minimal
impact on wavefront error (WFE). Thus, image degradation due to errors such as
lens spacing, lens thickness, surface radii, and even refractive index, are mitigated
with the assumption that primary mirror piston is a compensator for defocus.

Figure 2.12 shows mechanical tolerances and sensitivity curves for non-axial er-
rors found for decenterf/tilt of L1-L4. L1 and L3 are the most mechanically sensitive
components, while L2 and L4 are looser. This information allowed us to better
tighten tolerances where they are most e ective as compared to the previous design.
We began with 0.1 mm decenter tolerances on L2 and L4, 0.05 mm on L1 and L3,
and 3 arcminutes (0.05 degrees) of tilt on all lenses, or approximately 0.1 mm edge
thickness di erence (ETD) at 100 mm diameter. Figure 2.13a shows how this is
combined together with all other tolerances for Monte Carlo trials. All axial toler-
ances are very looset(150 um), and were set to the standard loosest requirement

per many optical manufacturer's tolerancing charts[84, 71, 73, 72].

Figure 2.12: Sensitivity curves and best t lines shown for decenter and tilt of each
corrector lens. Sensitivity values are shown am /mm for decenter or m /deg for
tilt. These values indicate the increase in radius to 80% encircled energy per unit
perturbation.
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Figure 2.13: Final tolerances for the prime focus corrector (a). L1 and L3 have
slightly more sensitivity than L2 and L4, thus the decenter tolerance is tighter for
L1 and L3. Irregularity, wedge, radius error, center thickness, and material prop-
erties are all within standard tolerances for a variety of manufacturers. Mechanical
tolerances are within achievable tolerances for a lens barrel. The yield curve and
histogram (b) are shown for 2640 Monte Carlo trials using these tolerances with uni-
form statistics. The average performance is 84.2% encircled energy, and the number
of telescopes is shown in 2.5% bin widths.

This tolerancing does not include aberrations on the primary mirror, but rather
isolates properties of the corrector that are loose or sensitive. As expected, any
axial errors due to surface power or lens spacing/thickness are easily compensated
for with 25 mm of primary mirror piston. The most sensitive parameters are
non-axial errors: lens decenter, lens wedge, and element tilt, although these are
still well within commercial machining tolerances. All tolerances chosen are within
"commercial” or "standard" tolerances given by a variety of optics manufacturers,
and should be achievable with commercial machining and alignment tolerances for
a lens barrel[54]. Figure 2.13b shows the yield for 2640 telescopes using uniform
distributions of the tolerances shown in Figure 2.13a. The simulation showed that
80% of telescopes meet the 80% encircled energy requirement, and the average of

all telescopes is 84.2% encircled energy.
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2.4.2 Primary Mirror

All other surfaces in the telescope design have a single surface irregularity speci -
cation in number of fringes, which is a depth value. Common irregularity in pitch
polished lenses takes the form of low order Zernike polynomials. However, for large
surfaces, this speci cation is often not good enough, as mid-spatial frequencies be-
come more present and impactful to the surface slope errors. For high performance
systems, especially ELTSs, a slope speci cation is needed to de ne surface deviations
at a variety of spatial scales. LFAST uses 1" thick, 30" diameter BOROFLOA®
mirrors. This is the standard thickness for BOROFLOAT® glass, which reduces
the cost of procurement. Due to the small aspect ratio of the mirror (30 to 1),

it is likely that mid-spatial frequencies may show up in the polishing process due
to local bending of the mirror. As the spatial scale of surface errors shrink but
the amplitude does not, the RMS slope increases[37]. Because optical performance
(wavefront error) is truly dependent on surface slope error, surface error amplitude
requirements are directly dependent on spatial scale. A peak to valley speci cation
su ers from the same problem[26]. At scale smaller than/20, light will react to

the surface as if it is perfectly smooth.

The GMT mirrors have been speci ed using a structure function[60, 63, 62, 61],
which is a measure of the wavefront error as a function of spatial scale. It is de ned
as the mean square wavefront di erence between random points in the aperture as
a function of their separation. It is used since wavefront error due to atmosphere
turbulence is also commonly described by a structure function[76, 16]. Turbulence
fundamentally limits the image quality of a telescope that does not use adaptive
optics, like LFAST. It is expected that the location of LFAST may have seeing
as good as 1 arcseconds FWHM, which will create a baseline best case encircled
energy. Figure 2.14 shows this e ect by convolving the polychromatic point spread
function (PSF) of the telescope with a Gaussian of various arcsecond FWHM (or
2 @) ).

At 1 arcsecond FWHM, we can expect approximately an 8% loss in energy.
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Figure 2.14: Point Spread Function as a function of seeing. Loss of encircled energy
increases rapidly as the FWHM approaches the ber diameter.

This can be similarly applied to requirements for the primary mirror to de ne a
requirement for the structure function. We showed in the previous section that the
tolerancing of the PFC accounts for on average 8% loss compared to the dirac-
tion limit. Using a tighter requirement on the primary mirror would thus make
the telescope seeing limited. A 0.5 arcsecond FWHM requirement on the primary
mirror would thus roughly balance the error contributions from the primary mir-
ror, the corrector optics, and atmospheric seeing. Figure 2.15 shows the resulting
structure function requirement for 1 arcsecond FWHM(the same as expected from
the atmosphere), and a goal of 0.5 arcsec FWHM, measured at the interferometer
test wavelength, 632.8 nm. The LFAST primary mirrors will have 24 Peltier devices
around the edge of the mirror to control low order Zernike deformations[2]. As with
the GMT mirrors, eventually, the di raction limit is reached and a better surface
will not make a better image, thus the requirements can be loosened at spatial scales

that correspond to required wavefront error smaller than /20 RMS.
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Figure 2.15: Structure function requirement for LFAST. 1 arcsec is the expected
atmospheric seeing conditions, and 0.5 arcsec is the mirror requirement goal.

2.4.3 Testing

It is important to establish testing regimens to ensure that both the primary mirror
and the PFC will meet performance requirements before testing them on-sky. For
the primary mirror, the measurement is trivial: a phase-shifting interferometer with
the mirror center of curvature aligned with the interferometer focus for a null test
con guration. The collected data is then used to calculate the structure function
and compare to requirements in Figure 10. Testing the PFC is more di cult.

The PFC compensates for the spherical aberrations present in the spherical pri-
mary mirror when used at in nite conjugates. In a blackbox, it appears as an optic
with a large amount of spherical aberration, and a small amount of power. If the
PFC on its own was tested in double pass with a at reference mirror, there is
enough power and spherical aberration present that the fringes would alias, render-
ing the wavefront unmeasurable. Additionally, a point source test with a spherical
reference mirror would run into similar problems. To test the entire PFC assembly
separately from the primary mirror, we have developed a null corrector made of

two 3" H-K9LGT lenses to correct the on-axis aberrations introduced by the PFC.
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The PFC will be tested with a 2" diameter collimated beam from a Fizeau inter-
ferometer. Figure 2.16 shows the layout of the null lens and PFC test in double

pass.

Figure 2.16: Null Lens, Prime Focus Corrector, and return mirror set up in a
double-pass con guration. The returning beam has only 0.0033 waves of wavefront
error.

Figure 2.17: Optical prescription for the null lens.

This double-pass Fizeau interferometer setup produces &00 null. From the

yield data in Figure 2.13b, about 80% of systems pass the 80% encircled energy
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requirement. The Monte Carlo trials indicated that the wavefront error associated
with this cuto is 0.5 waves RMS. This wavefront error will be doubled due to
double-pass but will only be tested with half of the full aperture (2" test beam
versus 4" L1 and L2 lenses) thus we have set 0.5 waves RMS as the pass or fail
requirement for the as-built PFC assembly under the double pass measurement. A
computer generated hologram (CGH) could be used in place of this null lens, but
for now the team aims to use a nulls lens due to its simplicity and familiarity among

typical optical engineers and technicians.

2.5 Results From First Unit Telescope Testing

This Chapter has focused on the design for the telescopes 20-unit assembly(it is
the most recent, and better than the previous design), but it is important to brie y
discuss the prototype unit telescope as-built. In 2022, the team used an older version
of the design discussed in this Chapter. The design in very similar, with the main
di erences being lens diameter to thickness aspect ratio, atmospheric dispersion
performance, and change of material. Many team members have been crucial in
getting parts of the telescope together: rapid manufacturing of the spherical primary
mirrors, designing and manufacturing the prime focus corrector housing, structural
design of the telescope frame, control of the azimuth and elevation drives, and so
much more. This section serves as a very short summary of the construction of
the rst unit telescope to put the previous parts of this chapter into context. The
end of this section shows some initial results of on-sky testing with the single unit

telescope.
2.5.1 30" Mirror

Manufacturing and Testing

Traditionally mirrors are made by grinding and polishing a glass blank. This process
is a material removal process. The GMT blanks are made at the Richard F. Caris

Mirror Lab by spin casting, where glass is melted and slowly spun in the furnace to
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