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ABSTRACT

The SAGE IV (Stratospheric Aerosol and Gas Experiment) Pathfinder looks towards ushering in the next generation of
the SAGE family of instruments, leveraging solar occultation to retrieve vertical profiles of aerosols and gases in the
stratosphere, providing high precision calibration data for other instruments. A development funded through the NASA
Earth Science Technology Office (ESTO) Instrument Incubator Program (IIP) SAGE IV Pathfinder is designed to extend
the data record from the SAGE III scanning grating spectrometer with a multispectral imaging approach. Solar disk
imaging improves the data collected by providing: (1) absolute pointing information; (2) measurements of atmospheric
refraction effects; and (3) measurements of solar disk anisotropy. This additional information relaxes traditionally tight
constraints on attitude knowledge, stability, and pointing control making a free-flying 6U CubeSat instrument feasible.
Early estimates show this approach might reduce the cost of SAGE continuity missions by as much as 90%.
A key benefit of the SAGE IV Pathfinder design to future missions is the versatility of the resultant telescope subsystem.
The F/5.25 telescope resulted in >90% encircled energy within a 30 µm/28 arcsecond pixel and point source normalized
irradiance transmittance (PSNIT) of <1E-4 0.5° outside of the field of view (FOV). The baseline design can be adapted to
accommodate changes to layout, aperture, focal lengths, filters, and/or detectors in various CubeSat form factors. The
telescope was designed to be thermally agnostic, with STOP analysis results indicating negligible performance variation
as thermal gradients fluctuate on orbit. Once thermal validation of STOP analysis is completed, proven micron-level
alignment, mounting, and analyses can then be leveraged for new high performance, semi-custom instruments, saving
significant development cost for future science missions.
Keywords: SAGE, CubeSat, telescope, imaging, spectrometer, NASA, three-mirror anastigmat, STOP analysis
1.

INTRODUCTION

The Stratospheric Aerosol and Gas Experiment (SAGE) IV Pathfinder looks towards ushering in the next generation of
the SAGE family of instruments, leveraging solar occultation to retrieve vertical profiles of aerosols and gases in the
stratosphere, providing high precision calibration data for other instruments. At the outset of the SAGE IV Pathfinder
project, the principal investigators and team took a step back from the proven success of the NASA LaRC SAGE missions
to date to apply a fresh systems engineering approach to its future continuity missions. The team identified key areas to
improve the method of collecting science data. This systems-engineering-first approach began the development of a robust
optical instrument, with strict stray light control, that can not only meet the historical SAGE measurement requirements
using imaging, but can lay the groundwork for a paradigm shift in the development of high precision space borne optical
systems.
The 2017 Committee on the Decadal Survey for Earth Science and Applications from Space1 called out a need to reduce
mission costs for space based Earth observations. It is common for technology to be leveraged from mission to mission,
such as customizable CubeSat, small sat, or larger satellite buses. It is less common with space borne precision
optical systems, which are often designed from the ground up to meet the science needs of a mission. If the appropriate
work is done to validate the analytical tools used to design optical components and subsystem designs, beyond a
particular use case, these tools could be used to adapt current component and subsystem designs to new missions. This
approach could lead to semi-custom precision optical systems for space applications, much in the same way
spacecraft bus suppliers support the science community.
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Figure 1. The SAGE IV IIP Telescope Design. This telescope has many features specific to the SAGE IV Pathfinder
mission, but can be heavily leveraged to develop entirely new missions with different FOVs, apertures, detectors,
wavelengths, complexity, optics, filters, and/or measurement techniques (i.e., not an imaging system).

There has long been a high cost barrier of entry for space borne imaging systems. This is caused by many factors, including,
but not limited to: (1) design cost to address thermoelastic sensitivities resulting from harsh transient thermal
environments; (2) rigorous testing requirements prior to flight; and (3) redesign costs caused by unforeseen performance
problems during validation testing. It is cheaper and faster to analyze a new design than to build and test it, but the cost
savings are contingent on the ability to believe the analyses performed, otherwise the cost savings are transferred to
technical risk. Quartus Engineering Incorporated (Quartus) is a company that focuses heavily on front end analyses and
systems engineering to drive the design process.
In conjunction with the NASA LaRC SAGE IV Pathfinder team, Quartus has developed a small format, near-diffraction
limited telescope designed to package into a 6U CubeSat. The SAGE IV Pathfinder telescope is a great example of an
instrument which has analytical models and designs that can be heavily leveraged to meet a broad range of scientific
optical mission needs, creating a family of semi-custom, small format, space borne optical systems. During the initial
phases of a science mission, a systems engineering assessment can be done to determine what existing designs and analysis
tools can be leveraged from a program like this to meet many key requirements. This allows scarce resources to be focused
on developing required new components instead of designing an entire optical system from the bottom up. This is done in
industry for high volume components and systems, but this is not typically leveraged for low volume, high precision, space
based optical systems.
As the 2017 Decadal Survey urged, it is important that the science community find ways to make limited resources go
further so that more science can be performed. With the testing of developed optical components and related correlation
to analysis tools, the science community can begin to explore concepts that are enabled by the reduction in the cost barrier
of entry for high performing optical systems, such as constellation-type missions that improve geospatial sampling. Upon
completion of this type of validation, systems can be developed by adapting the SAGE IV Pathfinder, or other similarly
validated designs, with low technical risk. As new CubeSat and small satellite missions continue to modify and fly these
and other designs, a library of validated components can be created with proven flight heritage; components and missions
will continue to benefit from an economy of scale generally unavailable to space borne optical systems.
2.

STRATOSPHERIC AEROSOL AND GAS EXPERIMENT (SAGE) IV

2.1 SAGE mission
The primary goal of SAGE is to measure ozone (and other trace gases) and aerosols in Earth’s stratosphere. Ozone is a
trace gas in the stratosphere that is critical for life on Earth as we know it, and stratospheric aerosols, which originate
mostly from large volcanic eruptions, play an important role in Earth’s overall climate. The latter part of the 20th century
saw the realization that the ozone layer had begun to disappear, and a large seasonal ozone “hole” formed over the polar
regions during spring.2 The source of this destruction was traced to anthropogenic chlorofluorocarbons (CFCs) which are

Proc. of SPIE Vol. 10986 109860H-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

industrial compounds used in refrigerants, cleaners, and propellants. Once these compounds reach the stratosphere, they
interact with ultraviolet light and photodissociate, releasing chlorine atoms that catalytically destroy ozone.3 As a result of
these discoveries, the world came together and passed the Montreal Protocol on Substances that Deplete the Ozone Layer,
a series of treaties designed to eventually ban the production and use of CFCs to restore the ozone layer as well as establish
reporting requirements. The Clean Air Act4 mandates that NASA monitor ozone and ozone depleting substances (ODSs),
which is one of the primary functions that SAGE has served over the past four decades.
The SAGE series of missions has a legacy dating back to 1979 when the first SAGE instrument was launched. Its mission
was short-lived, with the spacecraft battery failing in 1981, but it demonstrated that the solar occultation technique (see
Figure 1) could be used to observe ozone in Earth’s stratosphere. SAGE II followed shortly thereafter, launching in 1984,
and operated for nearly 21 years when the spacecraft was deactivated and decommissioned in 2005. SAGE II provided the
longest single instrument record of stratospheric ozone observations to date. It not only monitored the ozone layer, showing
how its decline slowed and even began to turn around following the Montreal Protocol’s entry into force5, but also provided
some of the most precise and stable measurements of stratospheric ozone.6 This provided newer instrument records starting
in the mid-2000s with a system for validation and calibration. Validation between instruments is necessary, as deriving
the long-term trends in stratospheric ozone requires piecing together data from multiple instruments over many decades. 7

Figure 2: Illustration of Solar Occultation Geometry. The instrument mounted on a spacecraft observes the Sun both above
and through the atmosphere as it appears to rise or set from the spacecraft. The light ray is registered at the location of the
tangent point (i.e., where the light ray is tangent to a particular atmospheric layer).

SAGE III was designed to continue this crucial data record, with three instruments being built: one for deployment on the
Russian Meteor-3M (M3M) spacecraft, one for deployment on the International Space Station (ISS), and one awaiting a
flight-of-opportunity. The SAGE III/M3M was launched in 2001 and began a period of overlap with SAGE II prior to its
decommissioning. Unfortunately, not only did the M3M spacecraft fail in late 2005 (not long after SAGE II was
deactivated) but also the SAGE III/ISS mission was tabled for a later time. The SAGE III/ISS project was revived in 2009
and was launched to the ISS in February 2017. Its job is twofold: (1) to continue monitoring stratospheric ozone like its
aging contemporaries on other currently operating spacecraft, and (2) to continue the stratospheric aerosol record of its
predecessors. While SAGE III/ISS is currently providing data and looks to continue to extend these crucial data records,
it will not last forever. Like most missions, SAGE III/ISS has a nominal 3-year mission lifetime with the possibility of
continuing extensions as the ISS mission lifetime is also extended. Still, given current atmospheric conditions, modeling
suggests that the ozone layer will not recover to 1980s levels until the late 2030s or even 2040s.8
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With a mandate to continue measurements for another 20 or 30 years, a new paradigm must be explored. The SAGE IV
Pathfinder concept is intended to offer the same capabilities of previous SAGE instruments, making high precision
measurements of stratospheric ozone and aerosol, but with a significantly reduced price tag. In doing so, NASA can
continue the data record for the next few decades with successive launches of relatively inexpensive sensorcraft. This is
achievable by adopting new observation techniques and implementing them with a combination of new technology and
commercially available hardware packaged into a conformal spacecraft such as a CubeSat. Such cost savings enable not
only sustainability, but also the possibility of a constellation of measurement systems for improved science results.
2.2 SAGE IV telescope requirements
Thus far, every SAGE mission has operated practically in the same fashion. At a time just before sunrise or sunset from
orbit, an elevation scan mirror slews in azimuth to point the instrument telescope boresight towards an expected Sun
position. This scan mirror then moves the boresight across the diameter of the solar disk to acquire a spectrum through a
small science slit at the focal point of the telescope. The science field of view then scans back and forth across the solar
disk during the sunrise or sunset event as the light from the Sun passes both through the atmosphere and above it. By
comparing the solar spectrum attenuated through the atmosphere with the unattenuated solar spectrum, vertical profiles of
line-of-sight transmission can be created which are then inverted to vertical profiles of trace gas species and aerosols.
While the scanning technique works quite well, it still has limitations, primarily related to mechanical stability of the
instrument scan mirror, the stability of the orientation of the spacecraft, and the radiance anisotropy of the solar disk itself.
The SAGE IV Pathfinder concept looks to alleviate these limitations by switching from a scanning spectrometer to a
multispectral imager.
The SAGE IV Pathfinder instrument concept draws most of its requirements from those of previous SAGE instruments.
These imposed relatively simple performance requirements on their telescopes. SAGE instruments scanned across an
extent of approximately 33–40 arcminutes to capture the solar disk as well as some margin to observe FOV-convolution
drop off and background data. For SAGE IV Pathfinder this was extended to a full imaging FOV of 60 arcminutes to allow
margin for expected spacecraft pointing uncertainty. Additionally, since the science slit FOV of previous SAGE
instruments was 0.5 arcminutes in the local vertical, this was adopted to be the instantaneous FOV of a single pixel for an
imaging detector at the focal plane.
The observations in solar occultation measurements can span 4–5 orders of magnitude. This makes the measurement
extremely sensitive to stray light when transitioning from a small science slit FOV to an imaging telescope. A small science
slit eased the stray light performance requirements of past SAGE telescopes. For SAGE IV it is thus vital to identify
sources of stray light and mitigate them, particularly those that cannot be characterized on-orbit. All three types of telescope
stray light were addressed separately during this design effort: (1) out-of-field stray light, (2) in-field stray light,
and (3) ghosts. Optical ghosts caused by Fresnel reflections from refractive elements needed to be eliminated by design or
controlled in such a way so as not to affect science measurements as they cannot be accurately characterized on-orbit.
Regarding out-of-field stray light, the technique of solar occultation is robust as the Sun is by far the brightest possible
source during the observation, and the intention is to always keep it within the FOV of the telescope. Despite this, when
the Sun is low over the horizon and heavily attenuated, the “lit-up” atmospheric limb can provide a significant relative
source of out-of-field stray light, and so a requirement of <1.0E-4 beyond 0.5° was implemented.
For imaging, the minimum requirement to distinguish between two pixels is >50% at the edge of a pixel (in this case 15 µm
from the centroid). While the encircled energy curve at the entrance slit for previous SAGE instruments was not formally
measured (or perhaps documentation was lost to time) modeling of the design suggests a value of ~60%. Even so,
processing data from observing the solar disk with previous SAGEs reveals that large gradients in the Sun’s limb-darkening
curve, particularly in the presence of heavy distortion from refraction below 20 km in the atmosphere, can detrimentally
affect the retrieval process. It is believed that the combination of assumptions about instrument behavior and
uncharacterized stray light can cause biases in some parts of the data processing. As such, a preliminary requirement
of 90% encircled energy within a pixel—essentially nearing the diffraction limit for the expected CubeSat-hosted
aperture—was chosen with the understanding that this could potentially be overdesigned. Such a requirement, however,
allows a tradeoff between size and performance in future iterations of the design.
Naturally, for science goals to be met, these requirements must survive launch loading and be maintained throughout all
operational environments. This means that the telescope performance must not vary outside of requirements through the
thermal cycling expected on-orbit. Despite a relatively small absorption cross section for solar flux, CubeSats lack thermal
mass heat capacity, accommodation for thermal control systems and surfaces, and large radiators.
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3.

TELESCOPE DEVELOPMENT

As outlined above, NASA LaRC identified the key requirements for the telescope and worked with Quartus to bring a
systems engineering and analysis-first approach to this optical system development project. At the program outset, trade
studies were performed to explore how various optical architectures, material selection, and mechanical designs impacted
the expected system performance against the key requirements outlined above in section 2.2. This systems-engineeringfirst approach, focusing on key requirements early in the development of the SAGE IV Pathfinder telescope, allowed for
the early, rapid vetting of multiple design approaches and resulted in the down selection of a telescope architecture that
would best meet the optical performance requirements, while carrying the lowest technical risk over changes to defined
environmental conditions. For each trade study, key metrics were identified to allow for the ease of comparison between
various solutions, with analytical tools brought to bear when appropriate to have quantitative values to compare.
This SAGE IV Pathfinder program resulted in a 40 mm entrance aperture F/5.25 telescope design with >90% encircled
energy within a 30 µm/28 arcsecond pixel, and a point source normalized irradiance transmittance (PSNIT) of <1E-4
beyond 0.5° outside of the field of view. This design is expected to meet performance requirements through the transient
thermal environment seen passing in and out of eclipse in low Earth orbit. The development effort outlined below is
common among optical system design projects and is a costly endeavor typically undergone at the start of every optical
system development project. Early in the development of the SAGE IV Pathfinder instrument, it became apparent that if
the appropriate verification and validation of the design and analysis could be expanded, it could be leveraged to
significantly reduce development cost and timeline for future unrelated science missions. SAGE IV Pathfinder could be
the first, of what could be many, design and analytical model libraries leveraged to cut out significant cost and development
time for new projects. If effort were expended at the start of a program to determine if a new instrument could leverage
the design paradigm of SAGE IV, or other future entries into these libraries, then as new projects are developed with slight
or significant deviations from a particular design, the library would grow and change within a family of spacecraft. In this
case the family of spacecraft is related by the components, materials, and analyses opposed to the more conventional
family of instruments, related by mission parameters. In this manner, NASA and the science community can significantly
reduce the overall mission cost for future science missions, cutting out much of the work described below, and achieve
economy of scale on missions where this is typically not possible.
3.1 Trade study: Optical architecture
For this particular application there are several key requirements that are critical to the performance of this multi-spectral
imager, including: (1) image quality, measured as encircled energy; (2) out-of-field stray light rejection; and (3) the need
for a filter wheel with narrow-band filters to perform multi-spectral measurements. To compare designs for out-of-field
stray light rejection, each design scored higher if there were regions at which the optical rays passed through focus, where
physical stops could be placed to block critical surface illumination. The quality of the secondary foci also drove the
design score. When narrow-band filters are implemented in a multispectral imager it is important that the filters be in
collimated space to ensure that the narrow-band filter edges are straight and deep as opposed to manifesting as a blurring
of the spectral edge, potentially affecting the science product. As such, the presence of a small-diameter collimated space
in the design was used as a binary metric to indicate a favorable design. Furthermore, tilting of the filter by a few degrees
eliminated any potential ghosts.
As image quality and encircled energy are a function of in-field stray light, only unobscured systems were considered with
the largest reasonable aperture. Many designs were explored during this process which could have resulted in a less
complex, and thus less costly, system. Ultimately the high performance of the final architecture outweighed the potential
cost savings. The final optical system architecture can be seen in Figure 3 and has several key features that scored high
when comparing the metrics outlined above. There are two regions where the light goes through focus, and one of these is
well corrected, which makes it an ideal location to place a secondary stop. The entrance pupil, where the entrance stop is
placed, is very nicely imaged at the Lyot Stop, a secondary stop that defines the actual system stop. There is collimated
space in a central portion of the system where the optical diameter is sufficiently small, and the angle of incidence was
sufficiently low to implement a filter wheel into a 6U CubeSat. Another benefit of a centrally-located collimated space is
that it opens the option for the system to be built as two key subsystems: a telescope and an imager. This results in a system
that can be mechanically decoupled with resultant motions between the two systems manifesting as a correctible pointing
error, as opposed to affecting the image quality. This trade was explored in conjunction with the material selection trade
study.
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Figure 3. Resultant Optical Design for SAGE IV Pathfinder. The design features three locations to block out-of-field stray
light, collimated space to place the filter wheel, two independent subsystems for ease of build and alignment, and high
optical performance.

3.2 Trade study: Metering structure material and architecture selection
During the execution of the SAGE IV Pathfinder, there were assumptions that had to be made on the operational thermal
environments to which the satellite would be subjected to select a material and mechanical architecture that would meet
future requirements. Pursuant to these assumptions, it was critical to select materials and an architecture that would provide
a robust design that could perform well under changing definitions of the thermal environment. This uncertainty in final
operating environments led to decisions regarding material selection, and the architecture that resulted in a very robust
design that would be advantageous for not only potential future SAGE IV flight missions, but also for development of
high performing instruments in very different and possibly harsher thermal environments.
It is expected that there will be meaningful temporal and spatial thermal gradients during operation caused by periodic
solar flux and the small size of the host spacecraft. The selection of materials for each of the primary component types
(metering structure, mounts, and optics) is critical to maintaining alignment through the range of operating conditions, as
well as ensuring the structural survivability during launch. There are two primary methodologies as they relate to optical
system performance over temperature ranges: (1) select materials that have high thermal conductivity (k) to minimize the
thermal gradients present in a system, and (2) select materials that have low coefficients of thermal expansion (CTE) such
that temperature gradients and changes have a minimal effect on the position and shape of the optical elements. Two
thermal metrics were compared to quantify the behavior of materials as they relate to these thermal design practices for
this project: (1) thermal stability and (2) thermal distortion.
Thermal stability [k/CTE] compares the thermal conductivity of a material to the coefficient of thermal expansion. A high
thermal conductivity (k) will result is smaller thermal gradients across a part or structure. This will mean that the thermal
expansion is more uniform and approaches a more isothermal system. The benefit to this in optical systems is realized
with the use of common materials. If reflective systems of the same material change temperatures isothermally, the effect
on the optical performance is minimized. Materials with lower CTE will have less thermoelastic deformation, inducing
smaller gradients, reducing the effect on optical performance. Optical systems will be more stable over temperature with
higher thermal conductivity and lower CTE. As a result of this, the thermal stability of multiple materials are compared,
looking for the larger values to indicate materials that will have better system performance over bulk temperature changes.
Thermal distortion [(CTE∙ρ∙Cp)/k] is a metric particularly important for small orbiting satellites, such as the targeted 6U
CubeSat platform of the SAGE IV Pathfinder instrument. Thermal distortion takes the two parameters from the previously
discussed thermal stability metric and adds two parameters to quantify the susceptibility of a material to thermal flux.
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Adding the specific heat (Cp) and density (ρ) of a material to a thermal metric gives an indication of how a material will
behave in a transient manner and the susceptibility of a material to temporal variances in exposure to solar radiation.
To select which materials should be used for this application a first order on-orbit thermal analysis was performed to
develop thermal boundary conditions that could be utilized to compare various materials. In this case, as outlined above
in section 2.2, the performance at the start and end of a 6-minute sunset/sunrise event was critical to understanding the
relative behavior of materials in a transient environment. Three combinations of materials were analyzed during this trade
study to understand which metering structure material would perform best: (1) an all-aluminum design; (2) a carbon fiber
metering structure, Invar mounts, and Zerodur mirrors; and, (3) silicon carbide metering structure and mirrors.

Figure 4. Expected Encircled Energy (EE) vs. Radius (µm) up to 15 µm Radius at the End of a 6 Minute Sunrise Event.
(a) Nominal optical system design is diffraction limited and exceeds the requirement. (b) A single aluminum bench design
does not meet requirements with ~60% EE at R = 15 µm. (c) A single carbon fiber bench meets the requirement with
effectively diffraction limited performance at R = 15 µm. (d) A single silicon carbide bench has slightly better performance
than the carbon fiber design. (e) A dual carbon fiber bench design resulted in a high performing design without the
manufacturing issues and risks associated with a silicon carbide design.

From the first order thermal analysis, it was apparent that an aluminum design would perform poorly under the expected
transient environments of a low Earth orbit CubeSat. Both carbon fiber and silicon carbide could result in a system that
meets the final requirements, though a silicon carbide solution could be more dependent on the final system design and
thermal management than the more thermally agnostic carbon fiber design. In addition to the potential thermal robustness
of a carbon fiber design to changing environments, the risk with supplying carbon fiber was deemed lower, since there
would be less variability in the material properties between vendor and suppliers than with silicon carbide suppliers.
Further analysis was done to understand if improvements could be made to the expected optical performance with a change
in architecture. As was noted above in section 3.1, the presence of a collimated space between the telescope and imaging
system allowed for easy, independent builds of each subsystem. As such analysis was done to compare the performance
of a single monolithic bench to that of two independent benches. As can be seen in Figure 4, there were significant
performance improvements with a dual bench carbon fiber design.
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3.3 Optical analysis tools and future design variables
Optical analysis tools were utilized and developed throughout the design of this telescope, including but not limited to
performance merit functions, operational wavefront error budgets, stray light models, fabrication tolerance budgets, and
build plans. If these tools are appropriately validated beyond the specific requirements of this mission, these tools can be
used to accelerate the development and reduce the cost of missions requiring similar components.
With the systems-engineering-first approach described above, the optical design for the SAGE IV Pathfinder telescope
was developed while understanding the key performance requirements for the mission. As has been outlined, two of the
key requirements were image quality and out-of-field stray light. For the SAGE IV Pathfinder a one-degree FOV was
selected to image the Sun (~0.5° apparent angular diameter from Earth) with sufficient under-filling to allow guidance and
pointing errors while coming out of eclipse. The wavelengths of interest were selected to retrieve the atmospheric species
of interest and to leverage a silicon detector that does not have stringent cooling requirements. A filter wheel was designed
to select the key spectral passbands to perform the SAGE science mission. The coating used on the mirrors is a UV
enhanced silver coating with good performance from 350 nm through 10 µm. These key specifications for the optical
design are the first design points for a family of small format, semi-custom optical systems.
The SAGE IV Pathfinder instrument was designed with the volumetric constraints of a 6U CubeSat, where 4U (~200 mm
× 200 mm × 100 mm) is available for the instrument payload, and 2U is reserved for the spacecraft bus. Future missions
could work to fit in the same form factor, or a smaller or larger bus, depending on the mission. With the validation of the
optical tools, the extrapolation of the design into other sizes, wavelengths and fields of view is reasonably straight forward.
With the current tools, it is reasonable to consider the following use cases to build onto the current design library:
(1) changes in aperture; (2) increasing the field of view; (3) changing filters to observe at different wavelengths;
(4) changing detectors to either alter pixel density or select materials that have sensitivity at new wavelengths of interest;
(5) simplifying the complex stray light suppression to reduce cost; (6) inclusion of refractive elements; and, (7) leveraging
the same tools for alternate optical techniques beyond imaging telescopes, such as grating-based hyperspectral imagers.
These extrapolations could require significantly more work, but if done correctly would further expand the semi-custom
development library.

Figure 5. Key Building Blocks of the SAGE IV Pathfinder Telescope Subsystem. The design of these parts and the
corresponding analytical tools developed can be leveraged to design new optical systems with scaled designs and unique
architectures.

3.4 Mechanical analysis tools & future design variables
In the opto-mechanical development of this instrument, effort was taken to minimize the variation in mounts, components,
and design features. This was done not only to minimize the number of features that needed to be designed, but also to
simplify the analysis. Once features were analyzed and shown to work for one component, they could be leveraged across
the design for multiple components. This approach to analysis-based design can be extrapolated one step further to the
development of future instruments. For this instrument, mounts were designed for mirror diameters of 9, 15, 19, 22, 24,

Proc. of SPIE Vol. 10986 109860H-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

27, 30, and 48 mm. In all of these cases, the general approach to mounting these optics was the same. Upon completion of
the analytical model validation with performance testing over temperature, new mounts can be developed leveraging the
design and analysis models, saving significant development time and cost for future instruments.

Figure 6. Opto-mechanical Development of the SAGE IV Pathfinder. Common component design features were leveraged
across the instrument design to minimize the design variations and analyses that needed to be performed and validated. This
commonization of features lends itself well to leveraging these designs for future optical instrument design: (a) example of a
mirror mount with flexures to minimize stressed on the mirrors over temperature; (b) one of three stops in the system. All of
the designs leverage common features and can be adapted to future missions as appropriate.

4.

MANUFACTURING

There are a lot of reasons why it is often costly to make a one-off high performing optical instrument, one of these is the
amount of time and money associated with building something for the first time. It is common for companies to leverage
existing templates, designs, and tooling where appropriate, but it is not always the case that these can be leveraged from
instrument to instrument. By pursuing this approach of setting out to leverage an existing design and analysis library,
comparable components and processes will also be able to be leveraged and significant costs can be saved. This allows
complex one-off optical systems to leverage economy of scale in a way typically unavailable to new science missions. It
also reduces the uncertainty often associated with the cost and schedule of building a complex optical system for the first
time, reducing schedule and cost risks associated with a new mission.
4.1 Optical fabrication
There are gains that can be had by establishing common practices for optics that require cutting edge fabrication and
metrology needs. In the case of the mirrors for SAGE IV Pathfinder, the metrology needs of these optics are at the limits
of what can be done without the costly use of computer generated holograms or experimental techniques. As such,
significant effort was done on the part of both the optical designers and the suppliers to fabricate and measure the resultant
optics upon completion. If another instrument were to leverage similar optics, significant cost savings would be reaped
due to having an established procedure.
Since Aluminum was not an option for a thermally stable optical system, Single Point Diamond Turned (SPDT) mirrors
were not a viable option. The aspheric Zerodur mirrors in the optical system were manufactured using a
magnetorheological finishing (MRF) process on the parent mirror with the child mirrors cored out after the surfaces were
finished. The measurement of each mirror was fed into the optical model to predict the final as-built optical performance.
The measured parent mirror for R1 is shown in Figure 7.
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Figure 7: R1 Parent Surface Measurement Prior to the Child Mirror Being Cored Out.

4.2 Mechanical Fabrication
If this design philosophy is utilized for a sufficient number of instruments, especially if there are multiple known missions
being developed along similar timelines, it is not unreasonable that mechanical components for these systems could
leverage the same mechanical mounts. For example, if optics were all rounded to the nearest 5 mm diameters, several
mounts could be ordered at larger quantities and be utilized across different programs. This is similar to the approach of
optical and opto-mechanical component suppliers, but applied to high precision spacecraft optical systems. The unique
mounts of SAGE are also reworkable, which would mean less damage to future optics and metering structures.
4.3 Assembly & Alignment
The area of assembly and alignment is where the largest gains can be made by this approach. As anyone who has built and
aligned an optical system can attest to, a system gets easier to align the more times you have aligned that system. The
improvement to process, familiarity with tooling, and resultant improvements to the system design pay dividends when
you can use all of the knowledge gained on a system. The unique and complex alignment method of SAGE, which utilizes
a Coordinate Measuring Machine (CMM), theodolites, alignment telescopes and an interferometer can be optimized and
streamlined for similar systems going forward, saving time and money.
5.

MODEL VALIDATION

As has been outlined throughout this paper, the goal of leveraging existing system designs and analysis tools to reduce the
cost of future missions is predicated on the ability to believe the analysis performed. In order to have confidence in the
analytical models, appropriate validation must be done of the models to allow them to be extrapolated without increasing
risk. The focus of the SAGE IV Pathfinder effort is the verification of the measurement method, including radiometric
budgets, as such the optical performance is critical. It was imperative to show a path to a system that would meet
requirements in a space operating environment, but the analyses could be verified in a later development phase. As such,
the focus of validation for the Pathfinder effort was on optical performance, including stray light measurements. Currently
there are plans for validation of the design and analysis tools for optical performance over temperature.
5.1 Optical performance STOP analysis
STOP (Structural, Thermal, and Optical Performance) analysis was performed at both a preliminary and a detailed level
throughout the development of the SAGE design. STOP analysis is performed as three steps in series: thermal,
thermoelastic, and optical performance. Nodal temperatures are determined from a transient thermal analysis performed
using MAYA ESC/TMG 8.0. At several timesteps, these temperatures are mapped to a more detailed thermoelastic finite
element model (FEM) in NX/NASTRAN 11.0 as the input for a thermal distortion analysis. Distortions of the FEM are
calculated using the mapped temperatures. Zernike coefficients are calculated from nodal displacements on the optics
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using a Quartus-developed Matlab® code. These Zernike coefficients along with rigid body motions of each optic are
imported into Zemax® for the optical performance analysis.
For the SAGE environment, the thermal analysis is performed as a transient analysis to capture the distortions as the
assembly orbits around the earth. Because the exact orbit was unknown at the time of analysis, the International Space
Station (ISS) orbit of 93 minute duration was specified by NASA. Solar and albedo loads were also unknown at the time
of analysis, so a simple step function was developed with input from NASA. These step functions have a linear ramp-up
and ramp-down at sunrise and sunset. Temperature data is calculated over the entire orbit; however, the six minutes of
sunrise and six minutes of sunset are the times of interest. At these timesteps, the temperatures are mapped to the
thermoelastic model and nodal displacements are calculated. The thermoelastic FEM included all parts explicitly modeled
(main bench, reimager bench, bipods, mirror mounts, and mirrors). Nodal distortions were used to calculate Zernike
coefficients and mirror rigid body motions. Due to the nature of the design (low CTE composite bench coupled with Invar
optic mounts and Zerodur mirror), the Zemax analysis yielded no significant change in system performance throughout
the sunrise and sunset events (Figure 8).

Figure 8. FFT Diffraction Encircled Energy. Left – Sunrise, time = 6 minutes. Right – Sunset, time = 52 minutes.

Quartus is currently planning to validate the SAGE IV Pathfinder STOP analysis methodology and results via testing and
model correlation. Although there was little to no effect on optical performance due to temperature shown in the previous
SAGE analysis, testing and model correlation can further reduce this risk by validating the analysis results. In the event
that the SAGE IV Pathfinder design and/or environment changes, correlated models can help reduce the design cycle
timeline. The planned testing includes performing a series of thermal tests on individual optics in their mounts. In order to
validate the test setup, an initial test article will be selected that will show measurable distortion under temperature changes.
This test article will be very similar in design to the SAGE T3 optic and mount – but materials will be selected to give
higher optical distortion which can be more accurately measured (Zerodur or BK7 & Stainless Steel). Once the test setup
and data recovery process are vetted and finalized, a second test can be performed using a test article similar to the SAGE
T3 optic and mount (Zerodur & Invar). If very low wavefront error (WFE) and/or optic motions are detected, it will validate
the SAGE STOP analysis predictions, which were negligible.
Thermal tests will include steady state testing at different ambient temperatures. During the tests, piston, tip/tilt, X/Y
decenter, and WFE will be measured using a test article similar to the one shown in Figure 9. These results can then be
used to correlate FEMs of the individual optics and determine any changes to modeling, material properties, or calculation
of Zernike coefficients and rigid body motions that need to be made. Modeling details that may be correlated include:
mesh size and element type of bonded joints, bond modulus and Poisson’s ratio, temperature dependent CTE of materials,
spring stiffness representing pins bonded in place, and methodology for recovering piston, tip, tilt and decenter (i.e., via
interpolation element or using a Matlab best fit reduction).

Proc. of SPIE Vol. 10986 109860H-11
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Figure 9. Model Validation Test Article (includes SAGE T3 optic/mount and reference optics)

5.2 Optical testing
As previously discussed, there are two main performance requirements for the optical system, encircled energy and stray
light. While in theory, these two measurements could be performed on the same test setup with a change of detectors or
apertures, the stray light test setup was not diffraction limited. To meet these requirements, optical testing of the system
was performed in two phases; 1) encircled energy measurement and 2) Point Source Rejection Ratio (PSRR) measurement.
The encircled energy measurements were performed using a reflective collimator and an unresolved back-illuminated
pinhole. The SAGE IV Pathfinder instrument was then placed after a fold mirror so that the image of the pinhole could be
moved to different positions on the focal plane. Encircled energy was measured to be between 92.4% and 94.2% over the
image plane, which exceeded requirements and was within the predicted as-built performance range, including
manufacturing tolerances. An example image used for calculating the encircled energy is shown in Figure 10.

Figure 10: Encircled Energy Images - Left is the raw image, Right is with the central portion removed. Shown as an
example data set used to calculate the systems encircled energy
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A stray light model was created of the opto-mechanical system. Conservative assumptions were used in the model which
included surface roughness, cleanliness, optical coatings, and mechanical finishes. PSRR measurements were performed
at a stray light test facility where the instrument was located on a rotating stand that allowed it to be rotated both in
elevation and azimuth. Narrowband filters were used in the system to simulate the real, on-orbit filters. The PSRR
measurements agreed with simulation in identifying the locaiton of the ghost due to the wedged Solar Rejection Filter
(SRF) located about 1° away from the center of the field of view. Measurement outside the field of view was higher than
simulation due to the dynamic range of the Photo Multiplier Tube (PMT) detector and that the signal on the detector was
just above the noise floor. Data from the measurements and the model are shown in Figure 11.
From the data, measurements at the stray light testing facility went extremely well with good correlation between
simulations and modelling. The SRF ghost showed up where expected and agreed with the model. Discrepancies between
measurement and simulation include as-built coatings, fabrication and alignment tolerances, and the PSRR test setup,
which used a resolvable, back-illuminated aperture at the focus of the collimator. Due to the success of the measurements
and their agreement with simulation, the model has been validated, thus eliminating the need for expensive testing as long
as good qualification of components is achieved.

Figure 11: PSRR Simulation and Measurement
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6.

FUTURE BENEFITS OF SEMI-CUSTOM ANALYSIS-DRIVEN TELESCOPE DESIGN

It is neither unusual nor novel for industries to leverage existing designs when developing new systems. This is
fundamental to the engineering discipline; there are few incentives to reinvent the proverbial wheel. But process matters,
notably with respect to cost, and the incentives to build extensible analyses or universal tools or design concepts for science
missions is often hidden. While analysis-heavy designs involving a multidiscipline investigation, such as STOP, are
increasingly in demand to improve mission assurance, it is uncommon at the close of a project to find that the developed
tools can be easily repurposed on demand to another project. To meet the increasing demand for space borne science
missions, it is imperative that mission costs be brought down without prohibitively increasing risk. While the need for
larger science missions will remain robust, significant gains can be made on reducing the cost of smaller missions. If
extensible analytical models can be built and validated for a particular design approach, these tools can be heavily
leveraged to reduce the design overhead and testing needed for new missions utilizing comparable components and
materials.
The SAGE IV Pathfinder instrument is the perfect example of an optical system that can be leveraged for numerous other
applications. This system was designed to be inherently insensitive to transient thermal effects on the system’s optical
performance in the operational environment. Prior to flying this instrument, component-level and system-level testing will
be performed. Performance verification along with validation of the analytical models will reduce the risk associated with
leveraging the same design components in a different configuration. Model validation can be strengthened by removing
some of the flexures or changing materials to induce higher levels of stress in the optics and mounts, further elevating the
measurements above the noise floor. Following validation of a representative number of designs and configurations, it is
reasonable to reach the point where analyses can be used to justify similarity to existing designs to achieve a higher TRL
with less testing than typical one-off science payloads. With private industry reducing the cost of access to space for
smaller payloads, the reduction of semi-custom instrument development and build costs, using an existing development
library, will make it increasingly acceptable and even economical to fly multiple instruments with less expensive risk
postures, involving little more than temperature and vibration testing for workmanship.
The CubeSat and small satellite revolution has already begun to reduce the barriers to entry for space-based experiments.
With our approach to optical systems development, improved reliability and performance for this class of mission, along
with reduction in cost and schedule, will allow for more missions at an accelerated pace, and limited resources can be
shifted to processing data and results. This enables universities or other science organizations to develop small science
missions with higher quality optical instruments previously unavailable with tight budgets and ultimately will improve the
science. This is one example of how a forward-thinking, systems-engineering-first approach can stretch the limited
resources available beyond a single mission and allow missions to leverage significant engineering efforts in an economy
of scale not typically available to one-off science missions.
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