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To keep within the NASA astrophysics budget, however, 
their launch dates have been pushed to the 2040s and 2050s, a 
forbidding timeline. A newly minted PhD today will be barely 
a decade from retirement by the time even the fi rst of the ob-
servatories launches. The unwelcome implication is that there 
likely will be a  decade- scale gap in fl agship capabilities at all 
wavelengths in the 2030s to the detriment of science and of 
NASA’s technological leadership.

Astro2020 took place against a rather static background of 
space capabilities. Yet from late 2020, SpaceX has been devel-
oping an enormous and fully reusable launch system known 
as Starship, which consists of the Starship upper stage and the 
Super Heavy booster stage. The Super Heavy hasn’t fl own yet, 
although Starship underwent dramatic progress, from early 
tests that resulted in multiple  explosions— known  tongue-
 in- cheek as “rapid unscheduled disassemblies”—to a success-
ful  high- altitude test fl ight and soft landing by mid 2021. Stud-
ies of the largest fl agship missions that NASA commissioned 
took three years and were completed by 2019. The unfortunate 
timing meant that the capabilities of Starship could be only 
briefl y considered in the Astro2020 deliberations.

Assuming it is successful, Starship will dramatically en-
hance our space capabilities in ways that will qualitatively alter 
how astrophysics missions can be built. The capabilities for 
planetary science missions in our solar system are discussed 
in the Origins, Worlds, and Life report, which emphasizes that 

Starship can accelerate the NASA planetary program.2 This 
paper discusses the parallel opportunities for astrophysics.

Mass, size, and cost
Astrophysics missions to space have always been tightly con-
strained by the capabilities of the launchers, which have not 
changed substantially in two decades. The three changes that 
Starship would bring are a much larger mass to orbit, much wider 
cargo bays, and no increase  in— and potentially  lowering— the 
cost per launch.

For decades the maximum mass brought to low Earth orbit 
has been around 10–25 metric tons (t). The Starship Users Guide 
says that the spacecraft will be capable of carrying about 100 t 
to low Earth orbit, which is 4–10 times more than other launch-
ers (see fi gure 2). Starship will be able to put 21 t into geostation-
ary transfer orbit and about 18 t into a  Sun– Earth L2 Lagrange 
point orbit, a favored location for many classes of astrophysics 
missions, including the James Webb Space Telescope (JWST). Re-
fueling in orbit is required for NASA’s lunar Starship Human 
Landing System.3 It could transport 100 t observatories to the Moon, 
to the L2 orbit, or almost anywhere in the solar system.2

Space observatories are deployed from the cargo bay of the 
upper stage, known as the payload fairing, of their respective 
launchers. They then fl y independently for their operational 
lives, typically years to decades. All  heavy- lift vehicles launched 
this century have had inner fairing diameters of 4–5 m. Starship 
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By substantially increasing the mass and volume of its reusable 
transportation system without raising costs, SpaceX may enable 
NASA to implement future missions years ahead of schedule.
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F rom 2019 to 2021, the US astronomy community was engaged in a planning 
exercise for the coming decade and beyond. The result of that eff ort is the 
decadal survey Pathways to Discovery in Astronomy and Astrophysics for the 
2020s. Commonly known as Astro2020, it envisages an ambitious set of new 
“Great Observatories” as the community’s top priority.1 (Each of the authors 

is closely associated with one of the observatories endorsed by Astro2020.) The new Great 
Observatories, some of which are shown in fi gure 1, would collect measurements that 
span the electromagnetic spectrum, from  far- IR to x rays, with  orders- of- magnitude gain 
in capabilities over their renowned  predecessors— the Spiĵ er Space Telescope, the Hubble 
Space Telescope, the Compton  Gamma- Ray Observatory, and the Chandra  X- Ray Observatory.
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Source: CSIS Aerospace Security.

Figure 15A: Comparing Costs for Space Launch Vehicles by Country – United States

Source: CSIS Aerospace Security.

Figure 15B: Comparing Costs for Space Launch Vehicles by Country – Russia
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Figure: Jared Males 
& Ewan Douglas 
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How to break the cost curve?
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Possible Approaches Assumptions

Design Minimize new design work, create 
production lines

Maintain Flexible Science 
Requirements to Adapt to 

Prior Art

Analysis Simple requirements and build with 
extra margin via control

Create tolerance envelopes 
for controls based approach

Test Minimize on-ground testing and 
instrument for on-orbit testing Multiple revisions

Documentation Minimize redundancy and maximize 
automation Git

Materials Maximize use of COTS electronics, 
Minimize use of composites

Aluminum and Invar 
structures, rad-tol 

electronics processors



Two “simple” science cases to explore design space
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Boone et al 2021

Supernova Spectroscopy

Exoplanet direct imaging

<—1e-9

<—1e-7

Measured
Preliminary
Raw mean: 7.4e-9

Measured dark hole

Concept heritage: SNAP (Elat et al 2004)

Concept heritage: CDEEP/SCoOB (Van Gorkom et al 2022), PICTURE-C/D balloon (Mendillo et al, Monday’s talk) 



Enabling Technologies and economies of scale

Mirrors 

•RFCML has cast over 20 honeycomb Ohara E6 borosilicate mirrors*, seven 6.5 m f/1.25 

Sensors:  

•Commercial CMOS sensors make feasible gigapixel arrays with low read-noise affordable (e.g. Alarcon et al 2023)  

Computing:  

•Rad-tolerant embedded computing enables active on-board control (e.g. Derby et al, Kang et al and Belsten et al 
Thursday 4:50 PM, in 11A) 

Document management 

•Automation of interface and document management can allow nimble teams and minimize document waste  (e.g. 
Douglas et al 2018,  O’Mullane et al 2022) 

Optical Design 

• Improved simulation tools and affordable computing resources (subsequent talks)

10

*https://mirrorlab.arizona.edu/content/mirror-castings  

https://mirrorlab.arizona.edu/content/mirror-castings
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Sub-aperture coronagraphy is simpler

“So coronagraph performance with the NRO subaperture is immediately 
understood in terms of the ACCESS study. 
Inner working angle is increased, while the contrast floor is possibly 
unchanged from ACCESS. Technology readiness is high.”

We have been here before: 
JPL/Caltech Princeton NRO Telescope Workshop  

John Trauger, 6 September 2012:

Goals are different: 
Nearer stars 

Brighter stars 
Telescope is bigger 

Schedule is 5x shorter 
Tech is even more mature

2m-2.5m 
Aperture

1 m

1e-7 m



DRAFT

design to  
eliminate deployables

12



A telescope that fits in a rocket fairing

—> see Daewook Kim’s talk next

13



Economies of scale

Mirrors 

•UA RFCML has cast over 20 honeycomb Ohaha E6 borosilicate mirrors, including seven 6.5 m f/1.25 with the 
Multiple Mirror Telescope Conversion design  

Sensors:  

•Commercial CMOS sensors make feasible gigapixel arrays with low read-noise affordable (e.g. Alarcon et al 
2023)  

Computing:  

•Rad-tolerant embedded computing enables on-board control (e.g. Evaluating embedded hardware for high-
order wavefront sensing and control, Belsten et al Thursday 4:50 PM, in 11A) 

Document management 

•Automation of interface and document management can allow nimble teams and minimize document waste  
(e.g. Douglas et al 2018,  O’Mullane et al 2022)

14

*https://mirrorlab.arizona.edu/content/mirror-castings  

https://mirrorlab.arizona.edu/content/mirror-castings
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Use a heavily analyzed primary 
mirror

15
http://link.springer.com/10.1007/978-94-007-5621-2_4 

http://link.springer.com/10.1007/978-94-007-5621-2_4


UArizona Richard F. Caris Mirror Lab 
4+ 6.5m mirrors to date

16

Tokyo Atacama Telescope Mirror  MMT monolithic primary

•UA RFCML has cast over 20 honeycomb Ohaha E6 borosilicate mirrors, including 
seven 6.5 m f/1.25 like the Multiple Mirror Telescope Conversion (cast in 1992) 
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Martin et al 
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=945198 http://link.springer.com/10.1007/978-94-007-5621-2_4 

More info:

http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=945198
http://link.springer.com/10.1007/978-94-007-5621-2_4
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High Frequency Modes 
(EAR99)

Model Boundary Conditions Mode Frequency (Hz)

Face Plate

Outer Diameter of Model 
constrained. Backplate 
unconstrained (rib-only 
bending modes not 
included)

Piston of face sheet with back sheet 
in same direction 1834

Piston of face sheet and opposing 
piston of back sheet 3140

Adjacent ribs 
constrained around a 
single core

Piston of single face sheet core 5115

ID
Outer Diameter of Model 
constrained. Backplate 
unconstrained

Inner Wall Deflection 1386

OD
Outer Diameter of Model 
constrained. Backplate 
unconstrained

Outer Wall Deflection 1388

Special OD 
Cores

Outer Diameter of Model 
constrained. Backplate 
unconstrained

Outer Wall Deflection 942

Jamison Noenickx, UA Steward Observatory Richard F Caris Mirror Lab
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UA 6.5m Mirror Bending Modes (EAR99)

8/17/2021

Astigmatism Spherical

Trefoil
ComaJamison Noenickx, UA Steward Observatory Richard F Caris Mirror Lab
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GMT style load spreader 
Richard F Charis mirror lab (photo E. Douglas) 

https://ntrs.nasa.gov/api/citations/19830008969/downloads/19830008969.pdf



DRAFT

 Leverage commercial sensor 
breakthroughs 

21



Sensors
true 16-bit CMOS sensors  (e.g. 
Sony IMX411, IMX455, 
IMX571). 

~1e read noise 

Low dark noise 

Radiation tolerant 

—> Affordable gigapixel arrays

22

Dark noise of IMX455 

 (Alarcon et al 2023, PASP)

0.1109/MSSC.2015.2442393 
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Figure 1. Comparison of Instrument Fields of View - 
Roman, Hubble, and James Webb Space Telescopes 

202 arcseconds 
(3.3’) 

~5x13 arcmin
Concept FOV  

Daewook Kim’s talk (next)

Adapted from Bartusek et al 2022 

10.1109/AERO53065.2022.9843415.

Roman and TESS guide  
from the science cameras 

We propose guiding 
+ continuous wavefront sensing

https://ieeexplore.ieee.org/author/37087625288


JWST phase retrieval (Dean et al 2006)

24 10.1117/12.673569



Field of view
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Figure 1. Single-star phase retrieval wavefront err or versus stellar magnitude for a modern CMOS sensor (e.g. IMX571

or IMX455 operating at ⇠1
�
Celsius).

include the 1.5-m AMTD-2 mirror, which was studied theoretically24 and then qualified at picometer level
stability in a vacuum cryo-shroud simulating space.25

Material selection is a key aspect of telescope design and many candidate materials are typically studied
before the optimal observatory design for a particular astrophysical question to be established. JWST went
through an extensive study of options26 and published details of the cryo-vacuum testing.27 The JWST (JWST)
primary mirror segments are Beryllium but several other materials were considered and studied in active research
programs, including ULE glass at Kodak28 and Zerodur12 at the University of Arizona. The Kodak AMSD mirror
program studying ULE options, including wavefront error in cryogenic vacuum, were published.28 The 3.5 m SiC
Hershel telescope was cryogenically tested and discrepancies between the FEM and the physical performance of
the system were identified, studied, and published.29

West et al. 201030 studied the launch survival of 4 m borosilicate primary mirrors and introduced the concepts
of thermal figuring for large borosilicate space mirrors and the use of o↵-axis stars for guiding and wavefront
sensing. These concepts prove key to our point design.

1.2 Wavefront Control

Closely related to thermal control and observatory design is wavefront sensing and control. A range of scientific
studies have investigated optimal wavefront sensing and control approaches for large space telescopes, including
ultra-stable 6m telescopes with active primary mirrors,31 9.2 m space telescopes with formation-flying laser guide
stars,32–34 and active space telescopes with predictive thermal modeling.35 There have been several research
missions to test approaches to wavefront control and the TRL of these approaches for future missions. The
PICTURE missions demonstrated power-on of a microelectromechanical systems (MEMS) deformable mirror in
space36 and the Deformable Mirror Demonstration Mission CubeSat37,38 was a prototype space-Adaptive Optics
(AO) system that performed closed-loop wavefront control using a MEMS mirror.39

The methods for simulation of large optical system performance, with and without wavefront control, are
another active research area that has been significantly advanced by JWST and Roman40–46 including through
testing47,48 and on-orbit performance.49

2. ENABLING TECHNOLOGIES

2.1 Launch Cost and Payload Volume

Spacecraft launch costs and their impact on design are di�cult to quantify from public data, but a recent analysis
by CSIS50 suggests a > 40⇥ decrease in heavy lift launch costs between the Shuttle era and the SpaceX Falcon

Bahcall 1980ApJS. . .44. . .73B
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Lesson from ground-based AO:  
Parameterize the disturbance with 
PSDs (e.g. Males and Guyon 2019):

Ohara E6 has a room temperature 
CTE of ~27.8 × 10−6/○C (Hill et al 

2013) 
This allows us to put requirements 
on thermal control system ΔT and 
then extrapolate a optical residual

Parameter Value Notes
Clear Entrance Aperture 2m-2.5 m and 0.6m-1 m independent sub-apertures
Design life 1+ year (3+ goal) sets radiation sensitivity
Primary operation wavelength 650 nm
Nominal filter bandwidth 2% minimizes sensitivity to WFE
Deformable Mirror Actuator
Count

952 BMC Kilo-C DM 1.5um

Deformable Mirror Actuator
Stroke (max)

1500 nm BMC Kilo-C surface stroke for
4x4 actuators

Coronagraph mask Charge-6 VVC
IWA 2.4�/D depends on mask
OWA 10�/D-15�/D depends on WFE
Sensitivity 1e-8 or dimmer star-planet flux

ratio
sensitivity to debris disks and
sub-Neptune size planets in hab-
itable zones of nearby stars

Table 2. Desired ESC Coronagraphic Instrument Parameters.

3.2.2 Extra-solar camera

The baseline parameters of a simple coronagraph or ExtraSolar Camera (ESC) design (Table 2), inspired by
the CDEEP/SCoOB and PICTURE designs.96–99 Since the ESC will observe bright stars, the sensing of the
telescope wavefront error (WFE) will be much more precise than in the general astrophysics example above,
enabling control down to the sub-nanometer regime82 required to reach 1e-8 contrasts with a simple charge-6
vector vortex coronagraph.

3.3 Parameterized disturbances

Integrated Structural-Thermal-Optical-Performance (STOP) analysis is becoming the standard for both Large100,101

and small space-telescopes.102 These models unfortunately are often time-consuming to build and run, leading
to the dilemma of whether to design the active optics system before or after the observatory design is complete
and STOP modeling of input disturbances is complete. To ease this causality dilemma, we adopt a parametric
approach inspired by ground-based AO103 using power spectral densitys (PSDs) early in the design process to
approximate realistic disturbance and create requirements envelopes.33 Past work on high-contrast imaging has
estimated leakage with spatio-temporal PSDs.104 As a quick first-approximation, we generate a 2D data cube
with parameterized PSD and express the simplified von Karman PSD as:

PSD(f) =
�

(1 + f/fn)↵
. (2)

where fn is the so-called “knee frequency” of the distribution, ↵ is the fall o↵ power-law and � is a normalizing
scalar. Fig. 2 shows the measured PSD for an example realization of this data cube for the first 25 Zernike
polynomials. Initial results of using this model to exercise an end-to-end observatory control system or “digital-
twin” is described in this proceedings by Derby et al.82 To generate a synthetic time series, each time-evolving
term is assumed to start at zero and then a 40 hr. time series is generated randomly. This results in a conservative
example, since in a physical system error Zernike terms are correlated with each other and with temperature –
an opportunity for optimized predictive controllers.25,105,106 For the example plotted, the maximum gradient in
focus is ⇠1 nm/minute, or approximately the value we expect to be able to control (see Sec. 3.1). This example
only addresses one example PSD; future publications will establish the bounding cases of observatory control as
a function of Fn, ↵, and �.

3.4 Software

As much as possible, it is desirable to use “o↵-the-shelf” parts that have previously been space qualified in some
manner, along with and software that has been used in space or deployed to professional observatories. This
enables significant code reuse. In particular, the real-time wavefront and control software inherited from the

Figure 2. Example realization of statistically generated spatio-temporal wavefront evolution. The top panel shows the

time evolution of the ampitudes of the first few wavefront error Zernike terms, which are multiplied by Zernike coe�cients

to generate a 2D synthetic STOP analysis output. The bottom grid shows the PSDs measured from time-series wavefront

error amplitude functions. For these toy models, the temporal PSD has a knee at 0.45/hour and ↵ = 7; for the spatial

PSD fn=5/Zernike number and ↵ = 6, the spatial PSD falls o↵ quickly since Seidel aberrations dominate due to thermal

misalignment and the temporal PSD is expected to be dominated by slow thermal e↵ects.
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time evolution of the ampitudes of the first few wavefront error Zernike terms, which are multiplied by Zernike coe�cients

to generate a 2D synthetic STOP analysis output. The bottom grid shows the PSDs measured from time-series wavefront

error amplitude functions. For these toy models, the temporal PSD has a knee at 0.45/hour and ↵ = 7; for the spatial

PSD fn=5/Zernike number and ↵ = 6, the spatial PSD falls o↵ quickly since Seidel aberrations dominate due to thermal

misalignment and the temporal PSD is expected to be dominated by slow thermal e↵ects.



28 See: Nicholas Belsten, et al Thursday 
• 4:50 PM - 5:10 PM PDT | Conv. Ctr. Room 11A



29https://github.com/karlrupp/microprocessor-trend-data



GPUs are going to space

30

Kosmidis, L., Rodríguez, I., Jover, Á., Alcaide, S., Lachaize, J., Abella, J., et al. (2021). GPU4S (GPUs for Space): Are 
we there yet. In Proceedings of the European Workshop on On-Board Data Processing (OBDP), Online (pp. 14–17).
https://zenodo.org/record/5520783 

https://zenodo.org/record/5520783
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https://github.com/milk-org/ImageStreamIO 
https://github.com/magao-x/ 

GPUs in space allow us to 
leverage existing ground-
base AO software built on 

CUDA  

We’ve already begun work on 
code testing and reliability in 

public repos
(Guyon et al 2018, Proc SPIE)

https://xwcl.science/ 

https://github.com/milk-org/ImageStreamIO
https://github.com/magao-x/
https://xwcl.science/


Then

32

https://www.ibiblio.org/apollo/Documents/Apollo%20Configuration%20Management%20Manual%20%281970%29.pdf

https://github.com/spacetelescope/poppy/pull/499/commits

Now



Git, not just for software

•automates tracking of all document changes, 
eliminating human error in change control. 

•In use for legal document management (https://
www.athennian.com/)  and Excel (https://
hdl.handle.net/1822/68730)  

•Integrated with overleaf.com 

•Used for requirements tracking (Browning 2014, 
Douglas 2018 (https://arxiv.org/abs/
1807.05422)  

•Requires cultural shift for non-software teams but 
many science teams are already comfortable (See 
“CAOTIC”, Iva Laginja et al, Proc SPIE 2022)

Doc management:

33

https://www.athennian.com/
https://www.athennian.com/
https://www.athennian.com/
https://www.athennian.com/
https://hdl.handle.net/1822/68730
https://hdl.handle.net/1822/68730
https://hdl.handle.net/1822/68730
https://hdl.handle.net/1822/68730
http://overleaf.com
https://arxiv.org/abs/1807.05422
https://arxiv.org/abs/1807.05422
https://arxiv.org/abs/1807.05422
https://arxiv.org/abs/1807.05422


What’s next today?

34

Solvay Blomquist 
a

End-to-End simulation 
@4pmMirror bending modes — fitting a basis set 

@3:40pm

Kevin Derby

Interferomet

OAP OAP 
Sto

OAP 

D

OAP 

Reference 

Intermediate 

Camer

B/

• Dr. Hyukmo Kang,

Lab validation 
@3:20pm



What’s else?

35• Dr Kyle Van Gorkom

Electronics testing for 
Vacuum coronagraph testbed  

@4:20pm
Flight DM electronics design 

(Yesterday, see SPIE proceedings)

+ next two talks  on 
optical design

• Dr Christian Haughwout
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