
Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

Jonathan Arenberg (Northrop-Grumman Aerospace Systems) 

Benjamin Rackham (MIT), Kevin Heng and Chloe Fisher (CSH, U Bern)

Apai, Milster et al. Astron. J. 2019 158, 83 Apai et al. Astro2020 WP http://nautilus-array.spaceApai et al. 2019 SPIE

A Very Large Diameter, Ultralight Space Telescope for Exoplanet Exploration,  
Faint Objects, and Time-domain Astrophysics

Daniel Apai

Tom Milster, Dae Wook Kim, Alex Bixel, Glenn Schneider, Rongguang Liang, Kira Purvin, Marcos Esparza, 
Oliver Spires, Chuck Fellows, Tom Connors, Young-Sik Kim, John Guzman, Zichan Wang, Choi Heejoo 

(University of Arizona)

1



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

New Flagship?Nautilus Prime+Extended Missions
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Objective 1) To understand the diversity of extrasolar planet atmospheres by building a large, uniform 
transmission spectral library of the atmospheres of small extrasolar planets, from sub-earths to 
neptune-sized worlds. 

Objective 2) To determine the atmospheric compositions of ∼500 extrasolar planets.  

Objective 3) To identify the processes that shape planetary atmospheres by testing connections 
between atmospheric composition, orbital properties, stellar irradiation, planet mass, and planet 
density.  

Objective 4) To identify and characterize habitable planets with atmospheric abundances that are 
unlikely to be consistent with abiotic processes.  

Science Objectives
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Collecting Area: 12x HST 
3 magnitude fainter objects than HST 
Same resolution as HST

Not a wide-field survey instrument 
but for narrow-field studies it provides 
superior sensitivity and same resolution 
as ACS, STIS,WFC3
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79% of HST papers WFC3, STIS, ACS = Large fraction of 
that science could be done 10x better with Nautilus!

Highest redshift quasars

Increase sample of multiply lenses quasars

Order-of-magnitude deeper SN surveys
3-4x smaller KBOs

Possible Highlights



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

Nautilus Probe Optical Path

MODE Lens

dichroic

color corrector 
filter wheel + grism

visible light detector

near-infrared detector

filter wheel + grism

color corrector 

Not to scale
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Nikon 

Nikkor PF lenses

Canon
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Canon DO Lenses

Canon’s Diffractive Optical Element (DOE)Nikon’s Phase Fresnel lens
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Atcheson et al. 2012  
Atcheson et al. 2014 

Eyeglass

Hyde 1999 Appl. Opt. 
Hyde et al. 2001  SPIE

Lawrence Livermore National Laboratory

MOIRE
DARPA & Ball Aerospace
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Apai, Milster, Kim et al. 2019
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Four patents pending on MODE design and applications
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On-axis 10.5’ 15’15
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PMMA prototype diamond turned at KBSI
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Main focus on optical technology development 
- Increase lens size and demonstrate efficient replication 
- Optical quality assessment and surface metrology 
- Laboratory and on-sky demonstration on MODE telescope

Ongoing work at UArizona
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Currently between TRL 2 – TRL3
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a) 100x lower weight than traditional mirrors 
b) 100–1,000x less sensitive to misalignments 

c) shaped through controlled, direct/local process 
d) fabricated with replication technology 

e) more flexibility in optical design 
f) can incorporate simple instrument in the lens design

Disadvantages
a) Potentially narrower wavelength range with diffraction limited performance

Advantages
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Inflatable Space Antennas

NASA’s ECHO Satellite Freefall demonstration C. Walker et al.
27



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

28



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

29



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

30



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

Path 2

Path 1

Mold segments 
diamond-turned Segmented mold Monolithic lens

Mold segments 
diamond-turned Lens segments molded Segmented lens
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Strategic Defense Initiative: Precision diamond-turning (LLNL, ORNL) funded by DARPA 
Lawrence Livermore Labs: Large Optics Diamond Turning Machine  
(D~1.5m, 28nm radial figure accuracy and 12.5 nm azimuthal figure accuracy over the entire distance) 
Keck secondary mirror (~1.5m) was diamond-turned with LODTM 
D=3m diamond turning machine: TRL5-6 (Caststevens et al.) 

Step 1: Diamond turning mold segments

Largest existing molding machine: D~1m 
Molding machines are relatively easily scaleable 
Key requirement: Temperature/pressure control

Step 2: Aligning and fusing mold segments

Step 3: Molding a monolithic lens

Scaling Up Fabrication

32
D=2m diamond turning machine 
Moore Tool Co.  

D=2m diamond turning machine 
at Oak Ridge N. L.

MODE lenses have well-defined physical surface structures 
that make them easier to align. 
Tech Dev in progress  
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Scaling Up Fabrication: Diamond Turning
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High-performance diamond turning machine with ultrasonic tool vibration upgrade at KBSI 



Astro2020 EOS-1 – March 18, 2020    Daniel ApaiA Very Large Aperture, Ultralight Space Telescope

Aligning Mold and Lens Segments
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Three patents pending on alignment methods and KEYS mechanism
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Segment Alignment
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Revised: Monolithic lens from segmented mold; no balloon flights; utilizing ORNL’s large diamond-turning facility; more realistic task duration estimates
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Cost Estimate 1: Scaling from JWST
1) Starting from GAO FY2013 estimate for cost category breakdown 
2) Inflating total cost to $2021: $7.4B 
3) Assume actual cost is $8.5B, but keeping same cost distribution 
4) Scaling from 6.5m to 8.5m diameter 
5) Matching scope to Nautilus (eliminating instruments not needed, relaxed tolerances, etc.) 
6) Accounting for MODE lens instead of mirrors 
  Estimate ~$2.2B
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Work breakdown: 42 tasks 
Each task: Duration range + cost/day estimate 
Actual Task dependencies defined 
Monte Carlo simulation: 500 realizations 
Critical path assessment

Cost Estimate 2: Bottom up
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Science Objective: 
To spectroscopically characterize 1,000 Earth-sized,  

habitable zone planets

Science Goals: 
1) Determine the diversity of Earth-sized planets 

2) Search for life
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Transits: no need for coherently combined light

A 50m-equivalent space telescope

* - equivalent collecting area
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Apai et al. 2019 SPIE Apai et al. 2019 Astro2020 WPhttp://nautilus-array.space
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Apai et al. (2019)

How far do we have to look?

Closest planets: 50 pc 

M-star planets only: 53 pc 

50% M + 50% FGK: 126 pc 

FGK star planets only: 159 pc 

Only G stars: 330 pc

Faintest planet hosts: I=12–16.5 

Based on Kepler occurrence rates 

Space density of stars, geometric transit probability
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Apai et al. (2019)GSFC’s Planetary Spectrum Generator Kepler already reaches 2ppm;  
sensitivity not spatial resolution

Transiting Earths with a 50m space telescope
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JWST LUVOIR Concept (Interim Report) Nautilus Observatory

33 m2 201 m2 1960 m2

1-3??

Collecting 
Area

# Habitable 
Planets 

Searched  
for Life

30-60 1,000

Max. Distance 
for life 

detection
~14 pc? ~50 pc 300 pc
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Technology: 
Multi-order diffractive engineered-material lenses 

Key Step to Nautilus Space Observatory 
Ultralight-weight optics cost-efficiently replicated  
Array of light-weight, low-cost telescopes launched simultaneously 
Risks and functionality shared between units 
Paradigm change for space telescopes: scalable, highly sensitive, low-cost

Transformational Science Mission with Transformational Technology 
Characterization of 1,000 exoplanets 
Time-domain astrophysics and faint objects
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Extra Slides
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Technology Development Path 
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a) Fabrication and on-sky demonstration of 0.24m telescope with mold MODE lens (Dec 2020)

b) Scaling up molding capabilities to D=1m

c) Building a D=1m ground-based telescope

d) Designing / reviving a D=2.0m-class diamond turning facility

e) Scaling up molding capabilities to D=2m
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Launch Vehicle Options 
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NASA SLS B2 and Starship could both launch 
10-20+ D=8.5 Nautilus units

NASA SLSB1 SpaceX Starship prototype

New Glenn, Falcon Heavy, etc. expected to  
be able to launch D=4.5m Nautilus units
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Launch Survivability 
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Large glass-metal structures in space: ISS solar panels

Multiple potentially viable options identified

Advanced, self-supporting structure to  
maximize launch survivability

Passive, fixed support structures to 
suppress vibrational modes

CO2 ice to minimize membrane-
like vibrations
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Comparison with ESA’s Ariel 
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Clouds? 
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Not using economy of scale 
Can’t build very large mirrors

Why Can’t we Build a 50m Space Telescope?
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Higher-cost Missions

Low number of missions
Complex Missions 
with no tolerance 
for failure

Challenging Science 
Requirements Unique Telescopes

The “Space Spiral”
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Higher-cost Missions

Low number of missions
Complex Missions 
with no tolerance 
for failure

Challenging Science 
Requirements Unique Telescopes

Upper limit on possible costs

The “Space Spiral”
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The Cost of Large Mirrors
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