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SpaceX
Srarship

S e 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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Historical Observatory Costs
$100B
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How to break the cost curve?®

Possible Approaches

Assumptions

' o . Maintain Flexible Science
DeSIQn Minimize new design work, create .
C Requirements to Adapt to
production lines .
Prior Art
Analvsi Simple requirements and build with | Create tolerance envelopes
atysis extra margin via control for controls based approach
Minimize on-ground testing and . .
Test . 0 SHNY Multiple revisions
instrument for on-orbit testing
. Minimize redundancy and maximize .
. Git
Documentation Automation
. . Aluminum and Invar
. Maximize use of COTS electronics,
Materials structures, rad-tol

Minimize use of composites

electronics processors
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Two “simple” science cases to explore design space
Supernova Spectroscopy

Parameter Value Notes

Wavelength range A= 400 nm to 1700 nm Allows Type Ia supernova (SN) characterization at
redshifts 0 < z < 2

Wavelength resolution R=100 at 1pm S/N > 10 per resolution element (in the rest-frame
B band for aa flux of AB=25mag)

FOV ~1 arcsecond Allows spectrophotometry, including subtraction
of host galaxy from SN spectra

Boone et al 2021 Photometric accuracy 3 millimag Relative to standard stars

Table 1. Desired Spectrograph Instrument Parameters.

Concept heritage: SNAP (Elat et al 2004)

<—le-/

Measured dark hole

Exoplanet direct imaging

Primary operation wavelength 650 nm

Nominal filter bandwidth 2% minimizes sensitivity to WFE

Deformable Mirror Actuator | 952 BMC Kilo-C DM 1.5um

Count

Deformable Mirror Actuator | 1500 nm BMC Kilo-C surface stroke for

Stroke (max) 4x4 actuators

Coronagraph mask Charge-6 VVC

IWA 2.4\/D depends on mask

OWA 10A/D-15A/D depends on WFE

Sensitivity le-8 or dimmer star-planet flux | sensitivity to debris disks and Measured
ratio sub-Neptune size planets in hab- Preliminary

itable zones of nearby stars Raw mean: 7.4e-9

Table 2. Desired ESC Coronagraphic Instrument Parameters.

. <—1e-9

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 Eé borosilicate mirrors*, seven 6.5 m f/1.25

Sensors:
® Commercial CMOS sensors make feasible gigapixel arrays with low read-noise affordable
Computing:

® Rad-tolerant embedded computing enables active on-board control

Document management

® Automation of inferface and document management can allow nimble teams and minimize document waste

Optical Design

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

10
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2m-2.5m

Aperture

Sub-aperture coronagraphy is simpler

We have been here before:
JPL/Caltech Princeton NRO Telescope Workshop
John Trauger, 6 September 2012:

“So coronagraph performance with the NRO subaperture is immediately
understood 1n terms of the ACCESS study.

Inner working angle 1s increased, while the contrast floor 1s possibly
unchanged from ACCESS. Technology readiness is high.”

Goals are different:
Nearer stars
Brighter stars

Telescope is bigger
Schedule is 5x shorter
Tech is even more mature

1



design to
climinate deployables




A telescope that fits in a rocket fairing

—> see Daewook Kim’s talk next
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Economies of scale

Mirrors

® UA RFCML has cast over 20 honeycomb Ohaha Eé 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 dl

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)
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Use a heavily analyzed primary
MIrror

http:/link.springer.com /10.1007/978-04-007-56021-2 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

® UA RFCML has cast over 20 honeycomb Ohaha Eé borosilicate mirrors, including
seven 6.5 m t/1.25 like the Multiple Mirrer Telescope Conversion (cast in 1992)



O

Figure 2. Dual axial-lateral actuator. Each actuator comprises two opposed pneumatic cylinders with pres:
regulators, a load cell for feedback, and a ball decoupler to eliminate transverse forces and moments. Coml|
is transmitted to back plate of mirror through a 3-point load spreader (not shown).

More info:

Martin et al
http:/proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=045198 http:/link.springer.com/10.1007/078-94-007-5621-2 4
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http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=945198
http://link.springer.com/10.1007/978-94-007-5621-2_4

High Frequency Modes
(EAR99)

m Boundary Conditions

Outer Diameter of Model
constrained. Backplate
unconstrained (rib-only

bending modes not Piston of face sheet and opposing
Face Plate . luded .
included) piston of back sheet

Adjacent ribs

constrained around a Piston of single face sheet core
single core

Frequency (Hz)

Piston of face sheet with back sheet
in same direction 1834

3140

Outer Diameter of Model
ID constrained. Backplate  Inner Wall Deflection ~ 1386
unconstrained

Outer Diameter of Model
oD constrained. Backplate = Outer Wall Deflection 1388
unconstrained

<\

Special OD Outer Qlameter of Model

. ' 94?2
Cores .
unconstrained

Jamison Noenickx, UA Steward Observatory Richard F Caris Mirror Lab

18



UA 6.5m Mirror Bending Modes (EAR99)

Spherical

Astigmatism

Jamison Noenickx, UA Steward Observatory Richard F Caris Mirror Lab

8/17/2021
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https:/ntrs.nasa.gov/api/citations/19830008969/downloads/19830008969.pdf



|.everage commercial sensor
breakthroughs




| Sensors
true 16-bit CMOS sensors (e.g.

3\?&);'7/‘]/\)).(4] 1, IMX455, Dark noise of IMX4355

~1e read noise
Low dark noise
Radiation tolerant

—> AHordable gigapixel arrays

(Alarcon et al 2023, PASP)
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Roman and TESS guide

from the science cameras

We propose guiding
+ continuous wavefront sensing

~§X13 arcmin
202 arcseconds I Concept FOV
(3.3) Daewook Kim’s talk (next)
Figure 1. Comparison of Instrument Fields of View - Adapted from Bartusek et al 2022

Roman, Hubble, and James Webb Space Telescopes 10.1109/AERO53065.2022.9843415.
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https://ieeexplore.ieee.org/author/37087625288

JWST phase retrieval (Dean et al 2006)

10.1117/12.673569



Field of view

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

B

PO = g7

Ohara E6 has a room temperature
CTE of ~27.8 x10-6/°C (Hill et al
2013)

This allows us to put requirements
on thermal control system AT and

then extrapolate a optical residual
27
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See: Nicholas Belsten, et al Thursday
e 4:50 PM - 5:10 PM PDT | Conv. Ctr. Room 11A



https:/github.com/karlrupp/microprocessor-trend-data
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GPUs are going to space

Kosmidis, L., Rodriguez, 1., Jover, A., 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 20



https://zenodo.org/record/5520783

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

https:/xwcl.science/

ANSR

(Guyon et al 2018, Proc SPIE)

ANSC=NODODING MO o=

https:

h

.//gith

L0oMmM/Mm

oithub.com/milk-org/Image

0-X/

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

Then

EXHIBIT 1

EXAMPLE "A"

Specification No.
Dated

PERFORMANCE AND DESIGN REQUIREMENTS SPECIFICATION

FOR THE
(Approved Name) /APOLLO PROGRAM
https:/github.com/spacetelescope/poppy/pull/499/commits
Approved By Approved By
(Preparing Activity) (NASA Office)
Date Date

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



Git, not just for software

Doc management:

® automates tracking of all document changes,

eliminating human error in change control.

® |n 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

“CAQTIC”, Iva Laginja et al, Proc SPIE 2022)

33
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Camer

OAP

OAP

Lab validation
@3:20pm

Reference

B/

Intermediate

OAP

Sto

Dr. Hyukmo Kang,

Interferomet

OAP

What's next today?

End-to-End simulation

Mirror bending modes — fitting a basis set
@3:40pm

Solvay Blomquist

@4pm

Kevin Derby
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What's else?

Vacuum coronagraph testbed Flight DM electronics design
@4:20pm (Yesterday, see SPIE proceedings)

+ next two talks on
optical design

e DrKyle Van Gorkom e  Dr Christian Haughwout>°



Dr. Michael Logan Lampton Dr. James Breckinridge
(1941-2023) (1939-2022)
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