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Why I’m Here: 
The NASA Challenge Today

“The mismatch between NASA’s aspirations for human 
spaceflight and its budget for human spaceflight is the 
most serious problem facing the Agency.” 

NASA Advisory Council Findings: August 2014

I’m an Entrepreneur and I’m Here to Help 
:-)
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SpaceX Actual Performance

>10X Cost Reduction

NASA Model Based Prediction

Falcon 9 NAFCOM Cost Estimate Comparison
Initial

(Both Estimates Are Cost Plus Fee)(Both Estimates Are Cost Plus Fee)

                                                        (All Costs Are In FY2010 $M)
Cost Plus FeeCost Plus Fee

Space‐x Approach NASA Approach
Weight DDT&E Flight Unit Total DDT&E Flight Unit Total

Elements (lbs) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M)
Stage One (Including Engines) 39,080 $614 $87 $701 $1,535 $206 $1,741

Stage Two (Including Engine) 6,520 $331 $12 $343 $608 $44 $651

Fee (12.5%) $118 $12 $130 $268 $30 $298

Program Support (10%) $107 $4 $111 $241 $21 $263

Contingency (30% Vehicle, 10% Engine)) $251 $11 $262 $674 $68 $741

Vehicle Level Integration (8%) $106 $5 $111 $258 $24 $282

Total 45,600 $1,528 $131 $1,659 $3,584 $393 $3,977

‐ Based on November, 2010 weight estimate and technical data from SpaceX
‐ Represents DDT&E and one flight unitp g
‐ Both estimates represent cost plus fee acquisition approach (include fee, program support, and contingency)
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Falcon 9 NAFCOM Cost Estimate Comparison
Initial

(Both Estimates Are Cost Plus Fee)(Both Estimates Are Cost Plus Fee)

                                                        (All Costs Are In FY2010 $M)
Cost Plus FeeCost Plus Fee

Space‐x Approach NASA Approach
Weight DDT&E Flight Unit Total DDT&E Flight Unit Total

Elements (lbs) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M)
Stage One (Including Engines) 39,080 $614 $87 $701 $1,535 $206 $1,741

Stage Two (Including Engine) 6,520 $331 $12 $343 $608 $44 $651

Fee (12.5%) $118 $12 $130 $268 $30 $298

Program Support (10%) $107 $4 $111 $241 $21 $263

Contingency (30% Vehicle, 10% Engine)) $251 $11 $262 $674 $68 $741

Vehicle Level Integration (8%) $106 $5 $111 $258 $24 $282

Total 45,600 $1,528 $131 $1,659 $3,584 $393 $3,977

‐ Based on November, 2010 weight estimate and technical data from SpaceX
‐ Represents DDT&E and one flight unitp g
‐ Both estimates represent cost plus fee acquisition approach (include fee, program support, and contingency)
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Falcon 9 NAFCOM Updated Cost Estimate Comparison
Updated

(Cost Plus Fee Vs Firm Fixed Price)(Cost Plus Fee Vs. Firm Fixed Price)
Firm Fixed Price Acquisition Cost Plus Fee Acquisition

Weight DDT&E 2 Test Flt Units Total DDT&E 2 Test Flt Units Total
Elements (lbs) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M) (FY2010 $M)( ) ( $ ) ( $ ) ( $ ) ( $ ) ( $ ) ( $ )
Stage One (Including Engines) 39,080 $188.7 $109.3 $298.0 $370.6 $218.3 $588.9

Stage Two (Including Engine) 6,506 $89.0 $23.6 $112.6 $184.7 $59.6 $244.4

Fee (12.5%) $0.0 $0.0 $0.0 $69.4 $34.7 $104.2

Program Support (10%) $0.0 $0.0 $0.0 $62.5 $31.3 $93.7Program Support (10%) $0.0 $0.0 $0.0 $62.5 $31.3 $93.7

Contingency (30% Vehicle, 10% Engine)) $0.0 $0.0 $0.0 $193.2 $91.7 $284.9

‐ Based on technical corrections and the additional insight in to the mass summary information as well as hardware heritage 
gained from a recent trip to the SpaceX facility.

Vehicle Level Integration (8%) $22.2 $10.6 $32.8 $44.4 $22.2 $66.7

Total 45,586 $299.9 $143.6 $443.4 $924.9 $457.9 $1,382.7

g p p y
‐ Represents DDT&E and two test flight unit
‐ Cost plus fee acquisition approach include fee, program support, and contingency where firm fixed price acquisition reflects a 
space act agreement approach
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But Things Are Changing

NASA’s	Numbers,	Not	Ours
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Where to Go For Resources?

Lunar	Distance	Retrograde	Orbit

Deimos
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CLIMATE ‘Paris Protocol’ 
should boost trade in 
green technology p.567

MATHEMATICS John Napier 
book marks 400 years of 
logarithms p.566

IMMUNOLOGY A history of 
autoimmune disease 
research and its pioneers p.564

METRICS Survey asks authors: 
is your most-cited work your 
best work? p.561

Find asteroids to 
get to Mars 

Asteroid retrieval is a distraction, says Richard P. Binzel. 
Better steps to interplanetary travel abound. 

budget announcement in January 2015. 
Some options are better than others. The 

cost and complexity of human space explora-
tion demands that each element be measured 
by its value towards the ultimate goal: Mars. 

But NASA’s stated next priority will not 
contribute to that aim. Its Asteroid Redirect 
Mission (ARM)2 is a multibillion-dollar 
stunt to retrieve part of an asteroid and 
bring it close to Earth where astronauts can 
reach it. It will require an ancillary space-
craft deploying either a huge capture bag or 
a Rube Goldberg contraption resembling a 
giant arcade-game claw. Neither technology 
is useful for getting humans to Mars. 

There is a better way. Thousands of ship-
ping-container-sized and larger asteroids 
pass almost as close as the Moon each year. 
Many, such as September’s near-miss asteroid 
2014 RC, come closer. We need to find them 
far enough in advance, and abundant oppor-
tunities for crewed missions will open up. 

This gateway for human space exploration 
requires three things: a thorough asteroid 
survey to find thousands of nearby bodies 
suitable for astronauts to visit; extending 
flight duration and distance capability to ever-
increasing ranges out to Mars; and developing 
better robotic vehicles and tools to enable 
astronauts to explore an asteroid regardless 
of its size, shape or spin. The asteroid survey 
would also provide a prudent and overdue 
assessment of future impact hazards. 

PASSERS BY
Asteroids orbit the Sun, most of them in 
the asteroid belt between Mars and Jupi-
ter. Jupiter’s gravity and other forces nudge 
a few onto paths that come within 40 mil-
lion kilometres of Earth. The largest of 
these near-Earth asteroids (NEAs) is about 
30 kilometres across, although most meas-
ure in metres. The smallest objects are most 
numerous and strike Earth frequently. 
Tonnes of their residual grains and peb-
bles rain down from space every day; a few 
metre-sized objects hit each year. 

At about 20 metres across, the asteroid 
that lit the skies and shattered windows in 
Chelyabinsk, Russia, in 2013 demonstrated 
a threshold between merely delivering mete-
orites and posing a significant hazard. A 
Chelyabinsk-like airburst occurs somewhere 
on Earth on average every 50 years, usually 
over the oceans. A 10-kilometre-wide 

Return to the Moon? Head straight to 
Mars? Pluck a boulder off an asteroid and 
tug it to lunar orbit, just so that idle astro-
nauts have somewhere to go and something 
to do? NASA must decide which path to 
follow before President Barack Obama’s  

Interplanetary flight is the next giant 
leap for humans in space. Yet consen-
sus on even the smallest steps forward 

has proven elusive. In June, a US National 
Research Council report1 illuminated many 
options but offered no recommendations. 
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At least one roughly 10-metre-wide asteroid passes as close as the Moon each week (artist’s impression).
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Asteroid Source Populations

106 tonnes
106 tonnes

Our NIAC Study Provides New Insights Here



Volatile Materials in Asteroids
• 10 to 50% of known large asteroids 

are likely hydrated CI-CM-like 

• CI-CM chondrites are typically 
10-20% water by weight in the form 
of hydrated minerals 

• CI-CM materials are friable and may 
be in rubble piles with regolith or in 
blocks on asteroids. 



Parabolic Reflector Performance
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2m Diameter Solar Furnace Demonstration on 
A Stainless Steel Bolt



The Solar Furnace at White Sands



What Happens When Highly Concentrated 
Sunlight Hits An Asteroid-Like Rock?



SBIR Phase 1: NNX15CJ35P                     Demonstration of "Optical Mining" for Production of Mission Consumables 
ICS Associates Inc.	 	 	 	 	 	 	 	   15 December 2015 Final Report
"

at least 10 years to bulk heat by 
conduction and probably more like 1,000 
years given the presence of regolith 
insulation or fractures in the rock that 
reduce thermal conductivity at large 
scale. This analysis strongly suggests that 
bulk heating of asteroids is not the way to 
extract volatiles to support human 
exploration programs or large scale 
industry in space.  

The concept of optical mining as it has 
evolved in this research effort depends in 
part on the pressure of gases escaping 
from the rock being high enough to move 
spalled debris out of the way to expose new cold surface to the optical beam for excavation. With 
this in mind it is important to perform scoping calculations to determine the range of possible 
pressure levels that can be applied by the escaping gas. One theoretical limit to this parameter is 
to assume an extreme case of zero permeability in the rock. Figure 18 shows this analysis. A 
simple calculation shows that the upper limit to the pressure that can be produced inside a typical 
carbonaceous asteroid assuming a 20 percent volatile mass fraction (which would be about half 
water) and a 2 percent void fraction is about 5x108Pa, or 5000 atmospheres. This indicates that if 
the gas could not diffuse outward through rock as it is released, it would certainly be enough 
force to cause the rock to explode. However, this is a somewhat academic calculation as the gas 
will permeate outward through the rock.  

Figure 19 shows how we calculate the magnitude of the internal gas pressure drop that creates 
tensile stress in the rock driven by gas release based on Darcy’s law. In Figure 19 " is the 
volumetric release of gas in the rock. We calculate " from the mass of released gas coupled with 

the ideal gas law. Mass flow rate " is 
determined by the rate of heat flow into 
the rock and the enthalpy of dehydration 
or volatilization of the evolved gases. is 
the intrinsic permeability of the rock and µ 
is the dynamic viscosity of the gas. 
Permeability of asteroids is a well studied 
parameter in the field of planetary science 
and viscosity of these gases is well know. 
∆P is the pressure drop and translation 
from pressure drop to tensile stress is a 
simple calculation. 

Given the results of Figure 18 and the 
method of Figure 19, it is natural to ask if 

!V
!V

κ

 ICS Associates Inc. SBIR Data
"

- "  -20 See SBIR Rights Notice On Cover             

Tensile Stress Due to Constant Evolved Gas 
Escape Via Diffusion (Permeability)

= Gas Permeability of Asteroid, m2 

= Dynamic Viscosity of Evolved Gas, PI 

Darcy’s Law of Gas Diffusion:

κ

µ

Pi P=0

!QC
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L

!V
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Ideal gas Law:
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Combining:

Integrating:
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The Patent Pending Optical Mining Process Does Not 
Require Costly or Massive Electric Power or Robotics 

few millimeters before thermal shock fractures the surface material while the intense heating 
causes outgassing of the volatiles with the gas release providing a pressure gradient that drives 
fractured material  away from the surface thereby exposing new cold surface material  to  the 
incoming radiation. The quantity of gas liberated in this process can be expected to be 5 to 40 
percent of the total mass of the rock material. Based on our experiments thus far, this liberated 
gas can be expected to be about half H2O with the other half dominated by CO2 and SO2, so the 
yield of water will be in the range of 2 to 20 percent of the total mass of rock heated depending 
on the quality of the ore. If the liberated gas constitutes only 10 percent of the rock mass, once it 
is released from its bound state it will increase in volume by a factor of several hundred times.

Although the  target  type  of  asteroids,  the  source  bodies  for  CI  and  CM meteorites,  can  be 
expected to be permeable, they are also known to be structurally weak with low tensile strength. 
Hence,  the massive increase in gas volume inside the permeable rock structure will  cause a 
massive internal pressure gradient driving the diffusion of the gas out of the rock. This gradient 
will in turn cause a tensile stress to build up in the rock. The experimental evidence shows that 
this internal gas-pressure driven tensile stress in combination with the thermal shock of rapid 
heating will fracture the material locally and cause it to spall and shed small pieces or chips. 
Once these pieces are separated from the surrounding rock, the expanding and escaping gases 
will  drive them away from the surface exposing fresh new, still  cold surface below and the 
excavation process will continue. 
Note that our review of the literature has shown that the de-volatilization reaction for hydrated 
silicate minerals is about 2,800 kJ/kg and is approximately the same for release of carbon dioxide 

- �  -7

Figure 5 - Summary of Insights Gained From Analytical Modeling of the Spalling Process  Optical Mining Excavation Process

Progress continues at ≈1m/hr at surface blackbody peak temperature 
≈1000K: 

1. Cold surface temperature rises to near the blackbody temperature 
associated with the intensity of the applied radiation over a period of a 
few seconds establishing a mm scale hot layer. 

2. A spall surface is created primarily by compressive thermal stress 
aided by thermal shear and gas pressure gradient. 

3. mm scale spall particles fully outgas in seconds as surface outgassing 
drives them from the asteroid. 

4. Process repeats in a cyclic fashion exposing new surface to applied 
radiation.  

1. Surface Heating 2. Spall Front Via 
Thermal Stress

3. Gas Release Drives Spall 
Particles Away

4. Fresh Surface 
Exposed

!

Solar Power

Outgassing

Our Physics-Math Model Shows How It Works



Can We Do That in Space?



Let’s	Think...	Like	We	Live	In	Space
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A 40ft Diameter Reflector in Space in 1992

Spartan 207/Inflatable Antenna Experiment — Preliminary Mission Report 2

Electronic still camera images of Spartan 207/IAE during experiment operations on STS-77.

Photo of Precision 14m Diameter Inflatable Reflector In Space Shuttle Flight Demonstration 



Inflatable Reflector Scaling

STORAGE, DEPLOYMENT, 
AND GAS SYSTEM



Some Possible Inflatable 
Reflector Configurations 



Capture Sequence: Currently TRL-4

• S/C approaches and matches spin. 
• When asteroid is centered in the bag, 

close top diaphragm. 
• Mechanism provides elasticity to 

control loads to solar arrays .

Fly	S/C	to
	position

	bag	ove
r	asteroi

d,	close	d
iaphragm

	over	top
.
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ISRU Concept

Section 1: Introduction and Overview

Optical  Mining™ is  an  approach  to  excavate  volatile  rich  asteroids;  drive  water  and  other 
valuable  volatile  materials  from the  excavated  material;  and  collect  the  volatiles  for  use  as 
propellants  and  feedstocks  for  mission  consumables.  Optical  Mining™ is  part  of  an  in  situ 
resource  utilization  (ISRU)  mission  architecture  called  Apis™  (Asteroid  Provided  In-Situ 
Systems)  which  includes  Honey  Bee™  mining  vehicles  and  Worker  Bee™  space  tugs.  As 
depicted in a simplified drawing in Figure 1 and in the artist’s concept of Figure 2, the Honey 
Bee™ mining vehicle encloses the asteroid or large boulder in a thin-film bag to minimize the 
need  for  complex  robotic  material  handling  and  excavation  equipment.  Highly  concentrated 
sunlight is delivered to the surface of the asteroid using non-imaging optics and lightweight, 
thin-film deployable reflectors. The concentrated sunlight spalls the surface, continually exposing 
new material  while  heating the spall  particles  to  extreme temperatures  thereby releasing the 
volatiles. Released volatiles are subsequently thermally separated and collected in geometrically 
large but lightweight thin-film cold traps at temperatures controlled to sort specific molecular 
species into specific containers each held at the correct temperature to store the collected material 
as a solid. A key feature of the Apis architecture is extensive use of thin film systems as 
low pressure gas enclosures, cryotraps, solar concentrators, and solid phase consumable 
containers. 

Mission-system studies show that Apis with Optical Mining™ can feasibly extract up to 100 
tonnes of water from an accessible near-Earth asteroid in its native orbit and deliver it to Lunar 
Distant  Retrograde Orbit  (LDRO) from the launch of  just  one spacecraft  compatible  with  a 
medium-class  launch  vehicle  such  as  the  Falcon  9   (Sercel,  2015).  Worker Bees™ is a 
transportation network architecture that employs reusable OTVs in a distributed system to 
efficiently utilize available materials and carry payloads from LEO throughout cis-lunar space. 
As shown in Figure 3, the system includes transportation to and from Geostationary Earth Orbit 
(GEO), Near Earth Asteroids (NEOs) in their native orbits, LDRO, the Moon, and trans-Mars 
injection. We have performed a concept-level design of the Worker Bees™ system, mission, and 
architecture. Possible nodes in the Worker Bee network are shown in Figure 3, which provides 
∆V for transportation between nodes and shows that LDRO is energetically close to all the 
destinations NASA is considering in its new Evolvable Mars Campaign. The impulsive ∆V to go 
from LDRO to many highly accessible NEOs in their native orbits or to Trans-Mars Injection 

- �  -2

Low Pressure-Asteroid 
Containment Bag

Growing 
Excavated 

Cavity Flexible Protective 
Boot Reflects 

Debris and 
Intense Radiation 

Primary Reflector 
Surface

Inflatable, Passively-Cooled 
Cryopump and Ice Storage Bag

Dust Filtration and 
Separation System

Transparent 
Front Surface 
of Lenticular 

Structure

Port with 
Sleeve Joint

Telescoping 
Penetrator With 

Light Tube

Subreflector

Encapsulated 
Asteroid

(Restraint Net 
Not Shown)

Figure 1a - Optical Mining™ System in 
Initial Configuration Prior to Excavation

Figure 1b - Optical Mining™ 
System In Use With Multi-Meter 

Excavation

Figure 1c - Final 
Configuration With Enclosed 



Solar Thermal Propulsion

MIRROR AXIS OF REVOLUTION 

MIRROR INFLATABLE 2 R E O P  
(SEGMENT OF PARABOLOID) 

PARABOLOID 

PARABOLOID 
MIRROR SUPF'ORT 
(INFLATABLE CONE) 

WIRE REINFORCED AND 
MIRROR COATED INSIDE 

Fig. 4. Inflatable ConeIParaboloid Collector 

GAS TEMPERATURE. R 

Fig. 5. Theoretical Vacuum Specific 
Impulse Variation 

thruster components. Therefore, hydrogen 
is the primary propellant candidate being 
considered. 

Candidate Concept Evaluation 
and Comparison 

Concept Description 

For solar thermal propulsion, two 
basic approaches exist to heat the propel- 
lant. The first approach is indirect 
heating in which a physical wall exists 
between the solar radiation and the flow- 
ing propellant. The solar absorber in this 

approach is basically a radiant heat ex- 
changer. Two concepts utilizing this ap- 
proach are presented in Fig. 6. 

I / 

HEAT EXCHANGER 
C A V I N  (ABSORBER) 

HEAT EXCHANGER CAVITY 
(WINDOWLESS) 

/' 

FOCUSED 

SOLID 

\ 

WINDOWED HEAT EXCHANGER CAVITY 

Fig. 6. Indirect Solar Absorption Concepts 
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Solar Thermal Rocket (STR) Propulsion

.. 
. .  ...... . 

Figure 3. Solar Thruster installed on Thrust Stand at 
Phillips Laboratory Solar Test Facility 

propulsion, as shown in Figure 1. Because the fabricability 
of rhenium was relatively unknown in 1981, efforts investi- 
gated annealing techniques to increase ductility and to 

._, establish welding and brazing parameters to enable joining 
rhenium components. A number of advanced engine con- 
cepts were investigated and evaluated as well. The porous 
material absorption concept (Figure 4) was conceived and 
effort initiated to investigate its feasibility experimentally. 
Mission analyses were also performed to quantify the 

payload benefits of a solar thermal propulsion system fora 
LEO-to-GEO transfer. 

Rocketdyne designed, analyzed, and fabricated a test 
bed of the porous material absorber, which was loaned to 
the Phillips Laboratory for test Figure 5). This hardware 
was to be used to experimentally investigate the thermohy- 
draulics of the hydrogen flowing through a high-tempera- 
ture porous structure heated by solar radiation. The test 
bed was used to further characterize the test facility con- 
centrator performance, and initial checkout tests were F&UW - Hbh perlamance Potenfla 

-HiphWh'ersdSpellclnpuhe(upIO 1.oSoblubm~ . I W d  Remdklwl LLW 

Hlgh TmvwaIureC+&ilm, (up to BXXTRI 

Figure 4. Windowed Porous Material 
Absorplion Concept in Phillips Laboratory Solar Test Facility 
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5a. Launch con f igu ra t i on .  

-IA 

PLANETARY  STR  PROPULSION 
-I- 

CENTAUR 6' "--4 
SPACECRAFT MODULE 

(Artist Concept) 

5b. Deployed  conf igurat ion.  

PLANETARY  SPACE  CRAFT 

ACTUATORS 
THRUSTER WITH RADIATION SHIELD 

5b. Deployed  conf igurat ion.  

INFLATABLE  SOLAR CONCENTRATORS 
PLANETARY  SPACE  CRAFT 

ACTUATORS 
THRUSTER WITH RADIATION SHIELD 

(Artist Concept) 

F igu re  5. Schematic o f  STR i n j e c t i o n  module  concept. 

STR i n j e c t i o n  module t h r u s t s   f o r  a mission  dependent  burn  t ime  of   approximately one  month t o   p l a c e  
the   p lanetary   spacecra f t  on i t s   f i n a l   t r a n s f e r   t r a j e c t o r y .  The i n j e c t i o n  module i s  separated  from 
the   p lane ta ry   spacec ra f t   a f te r   t he   requ i red   de l ta -V  has  been achieved.  For  the SOTP miss ion,   the 
p lanetary   spacecraf t   uses  an  in tegrated  chemical   propuls ion  system t o   p r o v i d e  an i n s e r t i o n   d e l t a - V  
upon ar iva l   a t   Sa turn ,  and spacecra f t   d ry  mass and p r o p e l l a n t  mass a r e   v a r i e d   w i t h   o r b i t   i n s e r t i o n  
delta-V as required. 

INFLATABLE SOLAR  CONCENTRATOR AND OPTICAL  CONSIDERATIONS 

Past   s tud ies   o f  STR propuls ion systems  have i n v o l v e d   s p a c e c r a f t   o p e r a t i n g   i n   t h e   v i c i n i t y   o f   t h e  
E a r t h  such t h a t   t h e   c h a r a c t e r i s t i c s   o f   t h e   l o c a l   s o l a r   r a d i a t i o n   c o u l d  be assumed c o n s t a n t .   I n   t h e  
p resen t   i nves t i ga t i on   o f  STR p r o p u l s i o n   f o r   p l a n e t a r y   s p a c e c r a f t ,   t h e   e f f e c t s   o f   v a r y i n g   d i s t a n c e   t o  
t h e  Sun w e r e   c o n s i d e r e d .   S p e c i f i c a l l y ,   t h e   i n t e n s i t y   o f   s o l a r   r a d i a t i o n  was assumed t o   d i m i n i s h   w i t h  
the   square   o f   re la t i ve   d i s tance   f rom  the  Sun, and the   angu la r   s i ze   o f   t he  Sun  was assumed t o   f a l l   o f f  
l i n e a r l y   w i t h   d i s t a n c e   f r a n   t h e  Sun. The r e d u c t i o n   i n   t h e   a n g u l a r   s i z e - o f   t h e  Sun somewhat m i t i g a t e s  
the   inverse   square   e f fec t  on i n t e n s i t y  by  a l lowing an increase i n   s o l a r   c o n c e n t r a t i o n   r a t i o  as t h e  
spacecraft moves outward. The e f f e c t   o f   v a r y i n g   d i s t a n c e   t o   t h e  Sun was ca lcu la ted   us ing   the   con tour -  
e r r o r  method  (Ref. 8) and  then  normalized t o   t h e   n u m e r i c a l   r e s u l t s  of  Reference 1 f o r   t h e   i n i t i a l  
c o n d i t i o n   o f   o p e r a t i o n  i n  E a r t h   o r b i t .  

Assumptions made concern ing  in f la tab le  so lar   concentrator   per formance  were  taken from Reference 1 
and a r e  shown i n  Table I. It i s   d i f f i c u l t   t o   e s t i m a t e   t h e   l e v e l   o f   o p t i m i s m   a s s o c i a t e d   w i t h   t h e  
performance  indicated i n  Table I due t o   t h e  embryonic  nature o f  h igh -accu racy ,   i n f l a tab le   op t i cs  
technology. The techno1 ogy  development  being  funded by t h e  AFRPL will no doubt be o f   g r e a t   v a l u e   i n  
assess ing   the   c red ib i l i t y   o f   these  assumpt ions .  The s o l a r   c o n c e n t r a t o r   i n f l a t i o n  system, i n f l a t i o n  
gas, s t r u c t u r a l   t o r u s  and i n f l a t e d   p a r a b o l o i d  mass est imates were  adapted  from  Reference 9. A t r i p o d  
structural   support ,   deployment and p o i n t j n g  system,  based  on  astromasts, was s i zed   t o   suppor t   t he   i n -  
f l a t e d   c o n c e n t r a t o r   a t  an assumed maximum dep loyed  acce le ra t ion   o f  0.01 rn/s2. F igu re  6 gives  est imated 
solar  concentrator  subsystem mass as a f u n c t i o n  of the   perpend icu la r   a rea   o f   in te rcepted   sun l igh t .  
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Rocketdyne 
STR Thruster 
on Air Force 
Test Stand in 

1992

• Currently	at	TRL	3-4	Based	On	
Decades	of	Ground	Development	

• Key	Features:	
- 100X	higher	Thrust	Than	SEP	
- Omnivorous	for	propellant	type	(H2O,	CO2,	

etc…)	
- Isp>300s	for	H20	Propellant	
- Relatively	simple	and	robust	in	concept	



Water-Based Solar Thermal Rocket Specific 
Impulse Performance

. 

-.-- --- 
CROSS NEKUNFS 
ORBlTI“ -1.9yr Y A V  AT PERI- 

- 
Mlsslon Option: JupiterSun Gravity Assist 

* Vehicle Within Four Solar Radii of S u n  

* AV at Perihelion = 5 km/s (16,405 Ws) 

... ---.-..... . ....... \ .-&> ‘. ... 

\ ...._..- *** 

’ Final Velocity = 52 kWs (170,612Ws) 
(1 1 a.u.iyr) 

Solar Thermal Propulsion Beneflto 

* Permits Utilization of Solar Gravity 

Higher Vehicle Final Velocity 

Assist 

/ 
* Permits Efficient Vehicle Thrusting and 

Cooling at Perihelion 

* Ideal PropulsionKhermal Protection / / ”:/ Match 

Figure 10. Application of Solar Thermal Propulsion to TAU Mission 
<4 

total mission duration. Because an incremental increase in 
velocity is required at perihelion (near the Sun) and the 
spacecraft requires thermal protection at this Same time in 
the mission, the application of solar thermal propulsion 
appeared to be an ideal propulsion/thermal protection 
match. There would be no solar concentrator as a result of 
the intense solar flux at four solar radii, and the absorber 
would merely be a convectively cooled conical heat shield. 
This cooled heat shield would provide both the spacecraft 
thermal protection and propulsion. The heat absorbed by 
cooling the heat shield would, in turn, heat the propellant 
used by the solar thermal thruster. 

A mission using in situ produced water in a solar ther- 
mal propulsion system was suggested by two investigators 
[Dr. Tony Zuppero (now with the Idaho National 
Engineering Laboratory but then with General Dynamics) 
and Bob Zurbiin of Martin Marietta Denver]. In the mis- 
sion scenario developed (many others are possible), solar 
thermal propulsion was applied to a spacecraft mapping 
Earth-orbit-crossing asteroids containing carbonaceous 
materials, including frozen water. The spacecraft would 
rendezvous with an asteroid, gather data and information, 
and process a full propellant load: it would then leave and - rendezvous with another asteroid. Thus, the spacecraft 
propulsion system is refueled at each asteroid for the next 

leg of the mission. The spacecraft would contain a water 
processor that would process the subsurface “water ice” 
into water, which could be used directly as propellant. The 
predicted delivered engine performance using water as the 
propellant is shown in Figure 11 as a function of water 
vapor temperature. As discussed by Zupper~,’~ because 
the in situ produced propellant is essentially free, the 
engine specific impulse need not be high to provide a 
mission benefit if Earth-based propellants are used. How- 
ever, the mass of the water processor and the power system 
to power the processor must be considered to quantify the 

I I I I I M I 

3lW 

1 . 1  1 . 1  310 1 . 1 , .  
rn ma 2uxI pm 

Chamberlempsmn [W 
2x4 am 

Figure 11. Solar Steam Rocket Performance 
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As	reported	in	Figure	11	of	AIAA-92-1719,	“Solar	Thermal	
Propulsion	Status	and	Future”,	JAMES	SHOJI,	PATRICK	
FRYE,	and	JAMES	MCCLANAHAN	from	the	Space	
Programs	and	Technologies	Conference.	March	1992	

Scaled	from	personal	communication	with	James	
French,	August	2013	based	on	ODK	code	run	with	
performance	derated	to	account	for	real	losses.	

The	two	results	are	effectively	in	agreement,	so	we	will	use	them.		They	are	significantly	
derated	from	ideal	calculations	based	on	experience	with	real	rocket	engines.
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Ceramic Foam Solar 
Absorber

Sapphire 
Window

Incoming 
Solar Energy

Counterflow 
Propellant in 
Channels for 
Regenerative
Heat Capture

Photo of Zirconia Foam 
Showing Penetration of Sunlight

Tangential Flow 
Injection In Annular 

Channels At Window 
and Throat

ICS Associates 
Proprietary 
Informtion

Cold Radial 
Propellant 

Injection for 
Window 
Cooling

The Omnivore Thruster

Zirconia	Provides	Isp=170s,	Thorium	Oxide	Provides	Isp=350s





A Map of Cis-Lunar Space

Earth's Surface

Lunar Distant 
Retrograde Orbit 

(LDRO)

Low Earth 
Orbit (LEO)

Trans-Mars
Injection (TMI)

Highly-
Accessible NEOs 
In Native Orbits

9.3 km/s

4.3 
km/s3.8 

km/s
3.3 to 4

km/s

≈.7 km/s 
Typical

≈.8 km/s
(Via Earth Perigee 

Burn)

≈2.1 km/s

4.2 km/s
2.0 km/s

≈1.8 km/s

.7 km/s 
km/s

0.7
km/s

< 1 km/s

Geostationary Earth
 Orbit (GEO)



Worker Bee Transportation Network

Worker Bees Carry 
Satellites to GEO

Earth's Surface

LDROReusable Apis Vehicles Uses 
Optical Mining and STP To 
Continuously Harvest And 
Return Water Ice to LDRO

Earth Launch  
to LEO Only

Trans-Mars
InjectionHighly-Accessible 

NEOs In Native 
Orbits

≈2.1 km/s

Geostationary Earth
 Orbit (GEO)

Worker Bees Pick Up Commercial 
Satellites and Exploration Vehicles in  LEO

Worker Bees 
Carry Exploration 
Vehicles to LDRO

Worker Bees 
Carry Exploration 
Vehicles to Trans-

Mars Injection 
(TMI)

Worker Bees
Return to 
LDRO to 
Refuel
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Coordinated With ESI

Architect:	Sercel,	PI:	Gertsch	(MoS&T),	Lab:	Dreyer	(CSM)
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Our Solar Thermal 
Oven Simulator

Year	1	Oven	Development	and	Initial	Tests	Complete	
Year	2	Research	Program	Now	Gearing	Up



SBIR Sub-Scale Optical Mining Demonstrations

!

AIR 

FILL 

VACUUM 

MASS 
SPECTROMETER 

METEROITE 
SAMPLE

Architect	and	PI:	Sercel,	Lab:	Dreyer	(CSM)



CSM Lab



Experimental Methods

• Xenon Arc Lamp, nominally 150 W 
• Focus variable from ~10 to 1000 W/cm2 

• Video: 1280 x 720, 240 fps 
• Mass Spectrometer 

• Before and After, 1-200 amu 
• 8 mass values every 3 seconds during runs 

• Chamber pressure recorded at 20Hz 
• Sample Measurements 

• Before and After mass 
• Before and After photographs



37 Subscale Optical Mining Tests Have Been Completed 
Test # Sample Type Form Result Test # Type Form Result

1 Serpentine Block preparatory 20 Tray None Control

2 Serpentine Block preparatory 21 Lizardite Thin slice Floatation

3 Serpentine Block preparatory 22 UCF Simulant 2 Thin slice Off gassing

4 Lizardite Block Particle spalling 23 UCF Simulant 2 Block Preparation test

5 Lizardite Block Explosive fracturing 24 UCF Simulant 2 Block Preparation test

6 Lizardite Thin slice Floatation 25 Lizardite Block Floatation

7 Murchison Thin slice Floatation 26 Lizardite Block Preparation test

8 Serpentine Thin slice Control 27 UCF Simulant 2 Powder Cancelled

9 Anorthosite Thin slice Control 28 Lizardite Block Floatation

10 Harzburgite Thin slice Control 29 Lizardite Block Irradiance Testing

11 Serpentine Thin slice Control 30 Lizardite Block Irradiance Testing

12 Serpentine Thin slice Control 31 Lizardite Block Particle spalling, Floatation

13 Murchison Thin slice Floatation 32 UCF Simulant 2 Block Spalling

14 UCF Simulant 
1

Thin pieces Melting 33 UCF Simulant 2 Block Spalling

15 UCF Simulant 
1

Block Off gassing 34 UCF Simulant 2 Block Cryotrapping

16 Jbilet Block Off gassing 35 UCF Simulant 2 Block Cryotrapping

17 Lizardite Thin slice Floatation 36 Murchison Block Cryotrapping, 
Particle spalling

19 Ceramic Base none Control 37 Lizardite Asteroid 
Regolith Spalling/Floatation plume
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SBIR Phase 1: NNX15CJ35P                     Demonstration of "Optical Mining" for Production of Mission Consumables 
ICS Associates Inc.                                                                                                       8 October 2015 Interim Report
!

 ICS Associates Inc. SBIR Data
!

- !  -35 See SBIR Rights Notice On Cover             
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SBIR Phase 1: NNX15CJ35P                     Demonstration of "Optical Mining" for Production of Mission Consumables 
ICS Associates Inc.                                                                                                       8 October 2015 Interim Report
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Evidence That Optically Mined Volatiles Can Be Cryotrapped: Cryotrapping water is a technically 
tricky but well understood technology.  Commercially available water cryotraps are available for 
vacuum systems but have not been integrated with systems that extract volatiles using 
concentrated light.  For reasons of budget and because we wanted to develop a better practical 
knowledge of the process we avoided using a commercial trap, and learned some lessons in the 
process.  We did successfully demonstrate cryotrapping water that has been optically extracted 
from molecularly hydrated asteroid simulant and meteorites, albeit at low efficiency using available 
laboratory equipment. A total of three trapping tests were conducted, one was partially successful 
with a simulant, and one was fully successful with a sample of the Murchison meteorite. This 
cryotrapped water is shown in Figure 32. The maximum volume of liquid water potentially 
available for these tests ranged from 1 to 4 cm3, based on sample mass loss, significantly less 
based on vacuum system pressure measurements coupled with residual gas analysis. 
Approximately 0.5 cm3 was collected from Test 36, a large Murchison sample used in one of our 
asteroid sSurface tests.  

The first trapping attempt was found to be unsuccessful after the transfer (Figure 33) produced no 
water. This failure was a practical technical lesson.  Our cooling loop trap was used with liquid 
nitrogen poured into the trap via a funnel. Unfortunately, the liquid nitrogen readily evaporated with 

 ICS Associates Inc. SBIR Data
!
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2015	Full	Scale	Demonstration

SBIR Phase 1: NNX15CJ35P                     Demonstration of "Optical Mining" for Production of Mission Consumables 
ICS Associates Inc.                                                                                                       8 October 2015 Interim Report
!

2.5 Task 5: Design Work for Follow-On Research:  The last task in this contract is Task 5, the 
design work we have performed focussing on follow-on Phase II SBIR work at full scale using the 
solar furnace facility at White Sands New Mexico, and an International Space Station (ISS) flight to 
demonstrate optical mining on orbit by repatriating a small CM chondrite meteorite as an asteroid, 
mining the water our of it, and returning that water to Earth for analysis.  

The design work on the solar furnace experiment has proceeded well and is complete. The 
design of the apparatus, as shown in Figure 34 will allow testing at multi-kilowatt levels of 
samples up to 8 inches in diameter and 6 inches thick or as small as 3 inch diameter spheres. 
Figure 35 provides photographs of the facility this apparatus will be used in.  In this effort we have 
designed a portable water cooled vacuum system that can be carried in Pelican cases as 
checked bags and installed in a temporary fashion at the site of a solar furnace.  Key features of 
this design include a 14 inch diameter fused silica front window that is 3/4 of an inch thick; an 

 ICS Associates Inc. SBIR Data
!
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14 Inch Fused Silica 

Two Assembly Configurations Shown

Cryotrap

Internal Sample Holder Showing 8 
inch and 4 inch Diameter Samples

Internal Fused Silica 
Window ProtectorVacuum Pump 

Assembly

Samples

Heliostat
Parabolic 
Reflector

Parabolic 
Reflector

Instrument 
Bench

Louver 
System

Test Lab

Test Lab

Figure 35: The White Sands Solar Thermal Test Facility

Aspects funded by SBIR, NIAC and Private Sponsors
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2.5 Task 5: Design Work for Follow-On Research:  The last task in this contract is Task 5, the 
design work we have performed focussing on follow-on Phase II SBIR work at full scale using the 
solar furnace facility at White Sands New Mexico, and an International Space Station (ISS) flight to 
demonstrate optical mining on orbit by repatriating a small CM chondrite meteorite as an asteroid, 
mining the water our of it, and returning that water to Earth for analysis.  

The design work on the solar furnace experiment has proceeded well and is complete. The 
design of the apparatus, as shown in Figure 34 will allow testing at multi-kilowatt levels of 
samples up to 8 inches in diameter and 6 inches thick or as small as 3 inch diameter spheres. 
Figure 35 provides photographs of the facility this apparatus will be used in.  In this effort we have 
designed a portable water cooled vacuum system that can be carried in Pelican cases as 
checked bags and installed in a temporary fashion at the site of a solar furnace.  Key features of 
this design include a 14 inch diameter fused silica front window that is 3/4 of an inch thick; an 

 ICS Associates Inc. SBIR Data
!
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14 Inch Fused Silica 

Two Assembly Configurations Shown

Cryotrap

Internal Sample Holder Showing 8 
inch and 4 inch Diameter Samples

Internal Fused Silica 
Window ProtectorVacuum Pump 

Assembly

Samples

Private Funding

Heliostat
Parabolic 
Reflector

Parabolic 
Reflector

Instrument 
Bench

Louver 
System

Test Lab

Test Lab



Full Scale Optical Mining Demonstrated at 
White Sands

The PI Holding A High 
Fidelity Simulant After It 
Was Spalled In Vacuum. 

Spall products can be seen 
in the vacuum chamber 
falling into the collection 

Cryotrapped volatiles can be seen 
after the removal of the cryotrap 

from the vacuum system after a test 
run using low fidelity gypsum based 

simulant. 



Successful Optical Mining Demonstration on University of 
Central Florida Asteroid Simulant

After Removal From 
Vacuum Chamber

Image Before Test: 
1.32Kg

Image After Test: 1.0Kg

Image After Test 
1.19Kg with Spall

Spall Product 0.22kg

130 Grams Of Volatile 
Mass Lost Out Of 220 

Grams Of Spall 
Production (Or 350 
Grams Of Source 

Material).  Suggests 37% 
Volatile Yield By Weight



Solar Thermal ISRU and 
Propulsion TestBed Concept
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Magna Power 
T-Series 45 kW 
Water Cooled 
Power Supply

Booster

Starter 
Electronics

20 Inch
Fan

Housing

Coolant Manifold

Cold Shot Model 
ACWC-120E

Water (Coolant) Chiller

Water Cooled Vacuum Tank:
Customized Pfeiffer Horizontal, KHH 

820KHH0600-900 
With Pillowed Cooled Walls and Cooled Windows

UCF Supplied Asteroid Simulants

Sample Support With 
Rotary Stage 

Colorado School 
of Mines

Large Diameter 
Cryotrap

Ozone 
Exhaust Pipe

Water Cooled 
Shroud

Movable
Water Cooled 

Shutter

OptiForm E1585 
High Temperature 
Elliptical Reflector

With Manifold 
Cooling

Fixed, Cooled 
Light and Gas 

Shroud

Pfeiffer WD 900 PP S22 112 A 
Roots and Roughing

Pump Station

Not Shown:
• Movable flex cables and harnesses for power and data
• Optical diagnostics
• Flex hoses and harnesses for water cooling
• Optical safety curtain
• Sacrificial window shields
• Counterflow gas system for window protection

Key Features of the
Optical Mining Test Bed (OMTB)

Water Cooled 
Superior Quartz 
32kW Arc Lamp

≈62.4 Inch Focal Length



The World’s Largest Lightbulb

The Superior Quartz Sx32000D High Pressure Short Arc Xenon Arc Lamp 



Elliptical Reflector

Several	
other	

reflectors	
available
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ISS Flight Demonstration #1

Meterorite/
Asteroid Sample

Primary Storage 
Container

One-Way Valve

Mined Volitiles 
Container

Stowed Inflatable 
Reflector

Deployment 
Hinge

Deployment 
Hinge

Grapple 
Fixture

Inflatant Gas 
Storage and 

Feed
Electronics 

Module

Hinged, 
Ejectable 

Lid

Grapple 
Fixture

ISS Arm

To Sun

To Sun

Inflatable 
Reflector

Torus

Inflatable 
Reflector

Strut

Inflatable 
Reflector

Strut Transparent 
Front 

Surface

Refective Surface 
With Transparent 

Center

Deployed OMEM 
After Reflector 

Ejection

Direction of 
Ejection



“The best way to predict the 
future is to invent it…”

“The future is not laid out on a track. It is something that we can decide, and to the extent that we do 
not violate any known laws of the universe, we can probably make it work the way that we want to.”

Alan Kay: The Inventor of the PC


