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I’m Chuck Finley, on loan from NASA Ames Research Center, to run the AF Research Lab’s Prototypes and Flight Experiments Portfolio, which is executing, among other things, the Space Solar Power Incremental Demonstrations and Research Project (SSPIDR), the Gryphus L2 Space Domain Awareness mission, and the Hybrid High Ground Lunar/Cis-Lunar Space Domain awareness study.
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Since components of SSPIDR are in competition, I’m not going to talk about that, but here’s what I will talk about:



~Making a Case for Beamed Power

Doe |tmk ‘

“Power can be, and at no distant date will be, transmitted without wires, for
all commercial uses, such as the lighting of homes and the driving of
aeroplanes. In years to come wireless lights will be as common on the
farms as ordinary electric lights are nowadays in our cities.”

(Nikola Tesla, The American Magazine, April 1921)

Intra-domain Cross-domain
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Imagine a clean slate . . . 
1850, before fossil fuels were widely used to produce power and before power lines were around to distribute power
Every minute enough of the Sun’s energy reaches the Earth’s surface to meet the world’s energy demands for a whole year. Combine this powerful energy source with other readily available energy sources like wind, moving water and geothermal heat, it almost seems incredulous that our human population depends on the burning of fossil fuels to meet nearly all of its energy demands

Idea of collecting power in space and beaming it to the ground is not new
• Seen in Isaac Asimov’s 1941 short story “Reason”
Benefits include reduced ground infrastructure requirements and clean power generation
• No need for power plants, generators, miles of power lines, or heavy batteries
• Only need ground rectenna or photovoltaic to convert beamed signal into current
Despite benefits, solar power beaming has historically been infeasible
• Arrays required were technologically prohibitive
• Too large, too heavy, too inflexible, and too costly to put into orbit

Earth-to-Earth
Existing, but limited scope and vulnerable generation/distribution system
Moon-to-Moon 
No existing infrastructure
Fewer human vulnerabilities, but more natural vulnerabilities
No atmospheric losses, but no atmospheric protection
Space-to-Space
Space-to-Moon
Space-to-Earth
Vulnerable to human and natural
Competing with terrestrial generation/distribution
Atmospheric losses without ionospheric protection


Candidate Vision for Space
Solar Power
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Nxinbin Hou, Li Wang; Qian Xuesen Laboratory of Space Technolog

Efficiency Chain System Efficiency
Factors Efficiency System efficiency
5 Sun Solar energy collection and conversion (0.29)
Solar cell 0.40 0.4
Y Error of Sun-pointing 0.99 0.396
n, | Selar energy collection Gap of solar c_F-'“i- 0.3_5 0.336
and conversion Angle of sunlight 0.958 0.322
Y Space environment effect(EOL) 0.90 0.290
Ms Power transmission Power transmission and management (0,849 )
and m'";“:umm“ Voltage conversion in solar array 0.95 0.276
. Microwave power Transmission 0.95 0.262
" Wn::;:::nd Voltage conversion in antenna 0.95 0.249
. Y Consumed by service devices 0,99 0.246
fa MI:::;K:;S::H Microwave power conversion and emitting (0.7125)
Y Microwave generator 0.75 0.185
Microwaue power Microwave regulation 0,95 0.176
s rn::::::zi:;d Microwave power 'trdn',rnissiu;m
Microwave transmission 0.095 0.0217
Ne Electric e Microwave power receiving and conversion (0.72)
regu ation Receiving antenna 0.9 0.0167
Y Rectifier circuits 0.8 0.0133
P Grid Electric power regulation (0.97)
: Electric power collection 0.98 0.0130

Violtage conversion 0.99 0.0129
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Note:  Microwave power transmission is ~0.095 in the MegaWatt range, but ~0.90 in the GigaWatt range, which accounts for the order of magnitude difference.

Kyle Montgomery, Advanced Space Power, AFRL/RV:
Solar cell efficiency of 40% is way above the current state-of-practice. The latest “next-gen” products hitting the market now are in the 32-33% BOL range. We are funding working looking at an architecture that might get us to 35% BOL, but even that may be a stretch. Beyond that, I do not see any feasible way to get to 40%, aside from doing concentration on the array, or doing some wild cell design that would be incredibly expensive and not mass-manufacturable, as would be needed for this system. This point is really what I found most interesting about this Chinese analysis. I highly doubt they are doing anything radically different in terms of solar cell designs. So, either they are just saying that their system case does not close with anything less than 40%, or their just blowing smoke, or there is some other nefarious reason for using this as the starting point.
Their 90% efficiency for “Space environment effect(EOL)” is also interesting. I know they are looking at GEO, but not sure of mission lifetime. 90% remaining factor at EOL is highly optimistic. Generally something closer to 85% for a more “standard” mission profile (~15 year in GEO) is assumed.
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=Recent SPS Activities in China

Nxinbin Hou, Li Wang; Qian Xuesen Laboratory of Space Technolog
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Mass ~40t Module Deployed truss
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Note:  Microwave power transmission is ~0.095 in the MegaWatt range, but ~0.90 in the GigaWatt range, which accounts for the order of magnitude difference.

For array size, keep in mind that the solar irradiance/power on orbit is ~1366 W/m2. So, if you do assume a 40% solar cell (546 W/m2 converted), and you need 24MW (at BOL?), and just assume 100% cell packing factor (unrealistic, but an upper bound), then you would need an array of the size 43,956 m2. I am not quite sure what their x, y, and z dimensions exactly refer to, so not sure how their sizing compares.
Another interesting note is their assumption of a 500V solar array module. That is certainly problematic from an arcing perspective, and would have to have some massive mitigations to prevent the array from burning itself up.
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Nxinbin Hou, Li Wang; Qian Xuesen Laboratory of Space Technolog

Configuration(1GW)

g 1310m
Solar sub-arrays
Configuration(1MW) g
o 1000m
NEEN Transmission
ol Antenna
‘* 11800m
A | |
Parpendicular
frusses
. ]
‘ 25 Solar sub-arrays each side. Transmission Antenna

6/3/2019 DISTRIBUTION STATEMENT A: Approved for public release

Upper south-north Truss

Parpendicular
frugse

Lower south-north Truss



DISTRIBUTION STATEMENT A: Approved for public release

«~Space Solar State-of-the Art

Dr Kyle Montgomery, Advanced Space Power, AFRL/RV

Where We Have Been - Space Solar Cells

_ arLRED Shift Towards Enabling New Capabilities
—_— 35 ;1 gg';/g// ,-’]
X /
= = o/ ‘Space
5 / .\___/,/ Qumr'fr'ndo
. SBIRS
§ 30 N S Solar Power &
o 5 _ = Enhanced d
E = _ 3/0 Triple Junction Lt
w WGS / Triple Junction N =
| H'
@] 25 ® Dual Junction g . .
o / :
o [ i .
= / Single JunctionGaAs
< 20 1 :
o="8SFR Silicon )
1 5 L 1 . Credit: https://www.wired.com/2014/03/space-solar/ Credit: http://environment.umn.edu/discovery/game-changing-research/
1980 1990 2000 2010 2020
Year Theoretical Limits

< 50

Z 40

<

5 30 -

b=

5 20

E ° = He - :

0 : : ; =
0 2 4 6 Space Systém.Resilience

6/3/2019 Source: P. Sharps. 33 IEEE PVSC, 2008 Number of Photovoltaic Junctions Credit: https://spacenews.com/op-ed-the-move-from-survivability-to-resilience/


Presenter
Presentation Notes
Kyle Montgomery
I would probably include the PV efficiency timeline, as that does a nice job of illustrating where PV has come, and the side figure on that chart shows the law of diminishing returns with respect to Multijunction solar cell architectures. Main point being that we can only push PV efficiency so far, and we are likely nearly the practical limits within the next 5 years. 


~Making a Case for Beamed Power

Does It mak 07

“Power can be, and at no distant date will be, transmitted without wires, for
all commercial uses, such as the lighting of homes and the driving of
aeroplanes. In years to come wireless lights will be as common on the
farms as ordinary electric lights are nowadays in our cities.”

(Nikola Tesla, The American Magazine, April 1921)

Intra-domain Cross-domain
Earth-to-Earth
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Imagine a clean slate . . . 
1850, before fossil fuels were widely used to produce power and before power lines were around to distribute power
Every minute enough of the Sun’s energy reaches the Earth’s surface to meet the world’s energy demands for a whole year. Combine this powerful energy source with other readily available energy sources like wind, moving water and geothermal heat, it almost seems incredulous that our human population depends on the burning of fossil fuels to meet nearly all of its energy demands

Idea of collecting power in space and beaming it to the ground is not new
• Seen in Isaac Asimov’s 1941 short story “Reason”
Benefits include reduced ground infrastructure requirements and clean power generation
• No need for power plants, generators, miles of power lines, or heavy batteries
• Only need ground rectenna or photovoltaic to convert beamed signal into current
Despite benefits, solar power beaming has historically been infeasible
• Arrays required were technologically prohibitive
• Too large, too heavy, too inflexible, and too costly to put into orbit

Earth-to-Earth
Existing, but limited scope and vulnerable generation/distribution system
Moon-to-Moon 
No existing infrastructure
Fewer human vulnerabilities, but more natural vulnerabilities
No atmospheric losses, but no atmospheric protection
Space-to-Space
Space-to-Moon
Space-to-Earth
Vulnerable to human and natural
Competing with terrestrial generation/distribution
Atmospheric losses without ionospheric protection


“ Alternate Architecture for Beamed Space Power

100

1MW Configuration

 Collection aperture size challenge

 Constellation challenge
® e Orbit challenge
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=The US Military Wants Tiny Road Mobile Nuclear Reactors

Joseph Trevithick
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~Walking Away From Space Nuclear

Jeff Waksman, Strategic Capabilities Office

Portable Nuclear Power: An Old Idea

* The U.S. Army Nuclear Power Program ran
from 1954 through 1977.
— Eight reactors were constructed (five were

portable), each between 1-10 MWe, of various i
designs and for various purposes.

Source Energy Equivalents

I Uranium Fuel Pellet, without being reprocessed and recycled,
has about as much energy available in today’s light water reactor AS...

* The first U.S. nuclear reactor to be E ﬁ. |
- - - Of
connected to an electrical grid, in 1957, [ q
B 8
was an Army reactor (SM-1). i
Uranium Fuel Pellet 3 B.a_rtels.ni_ oil 1 Ton of Coal 17,000 Cubic Feet of
- SR 12 gal. ea Natural Gas

* As some of the earliest nuclear reactors actialsize)

ever built, they were technologically
difficult to operate, unreliable, and too
expensive relative to abundant fossil fuel
alternatives.

st T
ML-1 US Army reactor, 1958, Arco, Idaho
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Why did humans (US and international) go away from nuclear in space?
1958 wasn’t as cheap as fossil fuels
Iraq/Afghan illustrated cost of fuel transport (58% of casualties)

Jeff Waksman, SCO:
In terms of why the US walked away from space-based nuclear power, that's really an editorial topic rather than objective fact, but broadly speaking NASA has not really taken nuclear power seriously since the end of the Apollo/Saturn V era. The one serious attempt to restart it was the Prometheus program, which I'm sure you are familiar with, but that program got cut to come up with the billions needed to get the Space Shuttle back flying after the Columbia disaster. Originally, NASA wanted nuclear rockets for getting people to Mars, but since there has never been a tangible humans-to-Mars program there has been no reason to invest money seriously in it.
In terms of space reactors, the biggest regulatory impediment is a reform of the regulations governing spacecraft launch for nuclear systems. The hurdles are primarily political, not science. Engineers understand why a fresh uranium nuclear reactor is safer to launch than a Pu-238 RTG, but the general public is not going to understand that, and there will be significant protests whenever NASA announces an intention to do an NTP launch.

Max Chaiken, NASA Glenn:
SNAP-10A: Flown 1965
SP-100: Designed 1983-1995, no nuclear testing
Prometheus: Designed 2003-2005, no nuclear testing
First new fission reactor design fully tested in 40 Years
KRUSTY was first space nuclear hardware test in >50 years

Mark Scherbarth, AFRL/RVE:
Why did humans (US & Int'l) go away from nuclear in space?
 
First understand/appreciate nuclear history – space & terrestrial
Nuclear research & capabilities grew substantially from late 1800’s through end of WWII
Europe (Germany, Denmark, Britian, Hungary, etc.) led the way until 1930’s & 1940’s when personnel and expertise shifted to the U.S. and the Manhattan Project
Post WWII a handful of other countries developed nuclear technologies for peacetime and wartime usage
Nuclear power research initially focused on exo-atmospheric, subterranean and deep sea testing (e.g., U.S. conducted x tests between 19xx – 19xx)
Peacetime terrestrial applications focused on clean, energy-efficient systems for electrical power generation (vice coal)
Civil space applications (e.g., NASA, Russian Space Agency) focused on Radioisotope Power Systems (RPS) and some Fission Power Systems (FPS)
Military applications expounded to nuclear-powered submarines, smaller systems for ICBMs/SLBMs
Test Results of nuclear applications and several real world disasters swayed government & public opinion on nuclear safety/security
Advancement of other technologies and energy research with lower cost and without nuclear’s safety/security concerns exasperated the departure from considering nuclear


~Walking Back To Space Nuclear - Projeét Pele

Jeff Waksman, Strategic Capabilities Office

2019 NDAA requires a DoE/DOD plan to
achieve the operation of a small nuclear
reactor at a DOD installation no later than
2027.

USD(R&E) Michael Griffin has assigned the
task of developing a mobile nuclear reactor
to the Strategic Capabilities Office (SCO).

- R e Pty
. it

Power

For South China Sea
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Jeff Waksman, SCO:
NASA is finally getting serious again, just in the past couple of months, on nuclear power for space, for a variety of reasons, both to do directly with the Moon 2024 plan and also with Washington DC politics. You can say publicly that NASA and DOD are working together now to make sure that technological development of my reactor and the NASA NTP demo are as synced as possible, on materials, fuel, regulatory issues, etc.

Max Chaiken, NASA Glenn:
Flight demonstration checklist
Stirling Converters Power Sizing – Higher power Stirling engines to increase system reliability
High Enriched Uranium (HEU) vs Low Enriched Uranium (LEU)
LEU systems have more mass than HEU systems
LEU requires lower TRL in-core heat pipes (not used on KRUSTY)
LEU relaxes some of the security requirements (but materials handling reqs remain)
LEU better for good-stewardship and non-proliferation
Assembly, Test, and Launch Operations (ATLO)
Control Architecture Reliability and Launch Safety
Launching radioactive materials is relatively common due to use of Plutonium-238 Radio Thermal Generators (RTGs)
Uranium metal has lower natural radioactivity (not during fission) than Plutonium
System not in fission during launch
Lunar Lander Interface
Lunar Lander Site

Mark Scherbarth, AFRL/RVE:
State of U.S. Space Nuclear Power (today)
https://www.engineering.com/DesignerEdge/DesignerEdgeArticles/ArticleID/18844/The-Pentagon-Wants-a-Particle-Beam-Weapon.aspx
Prior programs (e.g., SNAP, Prometheus, BEAR) made some progress but all halted due to a myriad of reasons
NASA Glenn’s Kilopower Project
NASA Marshall’s NTP Project
DoD’s Pele/agile military power program
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~Walking Back To Space Nuclear -- Kilopower

Max Chaiken, NASA Glenn Research Center

The Lunar Surface Innovation Inifiative activities will be implemented through a combination of in-
house activities, competitive programs, and public-private partnerships. The Initiative will bring
together the full range of stakeholders, including enfreprensurs, academia, small businesses,
industry and the NASA workforce fo catalyze technology development. For example, this Inttiative
From the NASA FY2020 will develop and integrate systems used for in situ resource ufilization and processing into mission
consumables, including oxygen, water, and hydrogen. This capability will reduce mission mass,
Budget F’roposal cost. and risk of human exploration. and increase independence from the Earth's resources.
NASA's Kilopower technology will transition into @ demonstration mission - building on the
2018 demonstration of a small, lightweight nuclear fission power system that would permit

Jumpstart fuel cell development, space weather monitoring, and improve systems and components
tn allawr eneuival and gperation through the cold lunar night.

Kilopower 15-yr Space Systems
"Relaxed"” Shielding (1e12 nvt, 100 kRad, 15m boom, 4m dia dose plane)
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These concepts are benchmarked to, ond utilize the same fuel and materiol composition/properties s KRUSTY.
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Jeff Waksman, SCO:
NASA is finally getting serious again, just in the past couple of months, on nuclear power for space, for a variety of reasons, both to do directly with the Moon 2024 plan and also with Washington DC politics. You can say publicly that NASA and DOD are working together now to make sure that technological development of my reactor and the NASA NTP demo are as synced as possible, on materials, fuel, regulatory issues, etc.

Max Chaiken, NASA Glenn:
Flight demonstration checklist
Stirling Converters Power Sizing – Higher power Stirling engines to increase system reliability
High Enriched Uranium (HEU) vs Low Enriched Uranium (LEU)
LEU systems have more mass than HEU systems
LEU requires lower TRL in-core heat pipes (not used on KRUSTY)
LEU relaxes some of the security requirements (but materials handling reqs remain)
LEU better for good-stewardship and non-proliferation
Assembly, Test, and Launch Operations (ATLO)
Control Architecture Reliability and Launch Safety
Launching radioactive materials is relatively common due to use of Plutonium-238 Radio Thermal Generators (RTGs)
Uranium metal has lower natural radioactivity (not during fission) than Plutonium
System not in fission during launch
Lunar Lander Interface
Lunar Lander Site


“Space Nuclear State of the Art

SCO Project Pele

~B00 pm
Tristructural isotropic
(TRISO) particle

 Design - Terrestrial (2023) > Space

Ground demo 2018 - Space demo ??

 1->10MWe « 1->10kWe

* <40tons (primarily shielding) > ??  EM electronics - Space-qualified
« HEU > HALEU TRISO fuel « HEU U235 fuel > ?7?

« Powerin 2023 « Earth powerin 2018
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Pele
“Canisterized” (albeit not canisterized for space”).  Safe for truck transport ~ safe for space launch (i.e., “meltdown proof”)
HALEU TRISO fuel (“functional containment” licensing strategy; 19% enriched U235 not weapons grade requires no protection)
At the heart of the safety case for modular, high-temperature, gas-cooled reactors
Key component of the “functional containment” licensing strategy
TRISO fuel has already been subjected to rigorous testing by DoE, eliminating the need for DOD/SCO to develop or qualify a new fuel.
Silicon carbide keeps fission products sealed inside, meaning that a containment vessel failure is no longer necessarily catastrophic.
Pellets as the first line of containment is a paradigm shift for nuclear regulations/safety. Even in case of destructive release of pellets, fission product release will be greatly reduced, leading to the possibility of a practical-sized evacuation zone for FOBs/ROBs.
Extensible 1-10MW
Plan is convective cooling, so would need mod for radiative cooling
Most of weight (40tons) is shielding (somewhat unnecessary for unmanned space)
Kilopower
Novel integration of available U235 fuel, passive sodium heat pipes, and commercially-derived Stirling power conversion
Successful KRUSTY test; First space nuclear hardware test in >50 years
Extensible 1-10KW
High TRL.  Readily available sodium heatpipes, commercial Sterling engines.
redundant & fault tolerate
HEU fuel (readily available; weapons grade requires protection; U235 in metal form)
Throttleable (load following) – Fission rate passively follows power loading
Small volume (1m^3, 400kg for 1KW; 1500kg for 10KW)
Need to add 
 Startup using Boron Carbide control rod
 Radiation shielding
 Microgravity heat pipe operation
 Optimized engine sizing
 Heat rejection radiators
 Radiation tolerant electronics and controllers

Safe for truck transport, before and after, safe for space
Meltdown proof
2019 NDAA directed to design, build, test, operate a small nuc reactor for DoD.  SCO got job.
Electric grid is vulnerability, just as HUGE sc is vulnerable
Idea is to localize
Russia has floating nuclear reactor for power, 20-30MW
China working to power island bases
Fuel – China and Russia have production lines?  Are they using weapons grade?
TRISO fuel is at the heart of the safety case for modular high temp gas-cooled reactors.  Key component of the “functional containment” licensing strategy.  Intentionally not using weapons-grade (19% instead of 20% U235).  Russia and China are using weapons grade, which is why we want to drive the market.
Unlike previous breaches, 50-100m exclusion zones translate to smaller casualty and hazard analysis launch radii.  Triso is more hearty than the containment vessel.
Get TRISO Fuel:  A Paradigm Shift for Nuclear Power chart from 
Construction 2021.  On with power in 2023.
Temp good 1800 for ~1-10MW, but radiative cooling.
Most of the weight is shielding for turn off, then transport.  Space application you could strip off most of the weight.

NASA KiloPower:
KRUSTY – Kilopwer Reaction Using Sterling Technology test
Objective:  Small nuclear reactor for space applications, 1-10KW
Available U235 fuel in metal form.  Sodium heatpipes.  Commercial Sterling engines.  TAKE INVENTION OUT and make it about integration.
SNAP-10a last one
SP-100 cancelled, as well as SNTP
No radiation tolerant electronics
Highly enriched Uranium
Throttling?  Robust and throttleable, due to load following
Dimensions?  1m^3 400kg for 1kw; 1500kg for 10kw
100kw change to Brayton power conversion and the SCO fuel
Uranium less threatening than Plutonium when in decay and not in fission (e.g., launch), but higher fission power
Take exact KiloPower unit, make it flight ready, and deploy to lunar surface
“Flight demonstration checklist” and “HEU vs LEU” slides from Max Chaiken at Glenn
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Topics

* Recipe for a contested domain
» Hybrid Architecture

* Prepping the “battlefield”

» Opportunistic Layer

 Intentional/Conditional Layers
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AFRL

History of the American West

First explored > 12,000 years ago
First “settled” > 700 years ago

1850 SITREP
 Increasingly acknowledged value
* Raw
» Contested

How did the US achieve “control” over its adversaries?
» Superior awareness
« Superior communications, “precision” navigation and
timing
» Superior logistics
» Control of power generation and distribution
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Raw = Free of organized awareness, communications, navigation, timing, logistics, power generation or distribution networks
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History of the Moon
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Layers of the Hybrid Architecture

Hybrid
‘A;. |
i

Intentional

Single Mission

Opportunistic

It is critical we know end-state deployment strategy as it will drive the
requirements of the system or technology we develop
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Key Technologies Attributes

Key Questions

Pillars of Distributed Satellite Systems

Networked Learning

A
|{ Distributeq capability Reliability
[ M
. . TH Collaborati
Autonomy | | Connectivity | | Performance | | Resilience b
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AFRL

Historical Objective: Strategically Persistent Space Effects

ISR/Missile Warning/PNT/Comm/Weather/SSA)

GEO: Geostationary Earth Orbit satellite Objective: Exquisite capability in all space
35,800km height . . .
mission areas in all Areas of Interest (AOls)

against all adversaries all the time.

MEO: Medium Earth Orbit satellite
5,000km to 12,000kme

LEO: Low Earth Orbit satellite
500km to 1,500km

O
__—...__—___,,__._-___\
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AFRL

Modern Threshold: “Fight Through Solutions for a Contested Domain”

]

MEO: Medium Earth Orbit satellite
5,000km to 12,000kme

GEO: Geostationary Earth Orbit satellite
_ 35,800km height

| LEO: Low Earth Orbit satellite
Nokm to1,500km

Objective; Il space
mission area rest (AOls)

against all saries all the

« Contested:

1. Space Systems

2. Space Signals

3. Space Military Effectiveness
4

Space Domain

Threshold: Fight-through resilience of
critical space effects in critical AOls for
critical time periods despite contesting
adversaries.
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Presenter
Presentation Notes
Space System Resiliency
Objective:  Fight-through the threat to the orbital system via:
Re-distribution of constellation via maneuver
EAGLE/MyCroft; Multi-Mode Propulsion; StratoLab: StratoOWL
Disaggregation of mission to cross-domain constellation
SSPIDR; Blackjack; Extraspace; Killer Bee; StratoLab: COLD STAR, Aether Link, Aether Shield
Autonomous data-to-information-to-response Timeline-of-Need Employment
EAGLE/ARMR; REBEL; SOHIX; MSV TO-3; Killer Bee; Dodger StratoLab: COLD STAR, StratoOwl, REBEL LIDAR
Space Signal Resiliency
Objective:  Fight-through the threat to the signal via:
Reprogramming of constellation signals
NTS-3; Blackjack; SSPIDR; Extraspace, Malachite; StratoLab: COLD STAR/NanoSAR, StratoRadar, Polar Scout Yukon II
Space Effect Resiliency
Objective:  Fight-through the threat to the effectiveness of all space services in all AOIs all the time and provide Tactical Persistence via:
Cross-Domain (cyber + ground + stratospheric + orbital) Effects
StratoLab: COLD STAR, Army Dynetics, ALTA CFT9 Link-16, Polar Scout Yukon II, Aether Link, Aether Shield, LEO Aerospace launch system
Cross-Enterprise (DoD + IC + civil + commercial + international) Effects
Blackjack; Killer Bee; SOHIX; StratoLab: Polar Scout Yukon II
Graduated Tip-and-Cue Employment CONOPS
Killer Bee EUCOM PNT; EUCOM MW; EUCOM ISR; SOHIX Fusion Engine; StratoLab: TRIPPWIRE, COLD STAR, Polar Scout Yukon II
Modular Open System Approach (MOSA) Timeline-of-Need Deployment 
NTS-3 HPIU; Blackjack Pit Boss; ESPA:  EAGLE, SSPIDR, DSX, Extraspace, Killer Bee;  CUBESAT:  Polar Scout, Special Projects; StratoLab:  COLD STAR
Space Domain Resiliency
Objective:  Fight-through the threat to the orbital domain exploited to provide wide-area, survivable, covert effects via:
Remediation of the orbital domain
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AFRL

Hybrid High Ground - 1850 American West “Do Over”

I”

 How should the US achieve “control” over its Domain?
e Superior awareness
e Surface or overhead or cross-domain sensors?
* Remote or proximity ops systems?
e South pole or farsideorL2orLl1or...?
e Superior communications, “precision” navigation and timing
e Surface or overhead or cross-domain sensors?
* RF or optical sensors?
 Superior logistics
* Digital or material?
e Control of power generation and distribution
» Solar or nuclear source?

e Wires or wireless distribution?

THE AIR FORCE RESEARCH LABORATORY
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Superior protection; area defense
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AFRL

NASA Commercial Lunar Payload Services (CLPS)

Phase 1: Fast, Low-Cost, Commercial-
Enabled Missions

* Partner with industry to develop and
demonstrate capabilities to enable an
evolvable lunar infrastructure, including:

* Lunar cargo delivery, mobile power
stations, communication towers and
satellites, lunar surface rovers, etc

* Obtain ground truth data at several lunar
sites:

* |dentify resources and hazards

* Determine economic viability for
resource extraction.

Phase 2: Pilot Scale Demonstration

Phase 3: Long-Term Contracts

* Demonstrate multipurpose * NASA awards long-term contracts for
infrastructure services, such as, lunar
cargo delivery and power/comm

services to support human missions.

infrastructure services on a pilot-scale to
support future NASA crew missions and
commercial activities, such as, lunar
mining.

. * NASA may also award long-term
* Develop a pilot-scale ISRU plant to

extract water and produce up to 1 metric
ton of propellant.

contracts for full-scale resource
extraction and/or delivery of resources
to cis-lunar destinations.
* Evaluate feasibility and economics of

scaling up production to full scale.
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NASA Space Communications and Navigation (SCaN) Program

HHHHHHHHHHHHHHHHHHHHHHHHHHHHH
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NASA Small Sample Return

2U Solar Panels

2 Extruded Structure
(TS5 variant) Design (3.5 U)
Solar Panels (Standard TES)
Additional (StmgaraRES)
CUBIT-2 Helical  CNTR board
Amieane replaced by MP/QB
(De-scoped)
Iridium Antenna #2 COM/CNTR Boards
(Standard TES) (Improved) === Exo-Brake and Deployment System
Exo-Brake with improved
Iridium/GPS Antenna tensioner
(Improved location;
Standard TES) — AR-Cover
_ (Standard TES)
Modified Aft-cover/Jettison
/ Inhibit Switches (Standard TES) Plate (reduce actuator count)
Teflon Noseca =
NOSECAR me
Improved
Teflon/Ablator l';ﬂgf:;ﬁf;ﬂ;iﬂe Design (Ease of
Instrumentation ¥ 2 WSM Crickets (one stand-
PhoneSats Same Cartridge/Battery Design alone using CR2032 battery;
PWRBoard  poard stack 9 2 9 hard ﬂ d f y
Canon BPO30 (Improved) one hard-wired for power)
155-supplied x2
(Standard TES)

CUBIT powered by CR2032 coin
cell battery)

THE AIR FORCE RESEARCH LABORATORY
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Amazon Digital and Material Logistics Chain
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Tactical Power Generation
SCO Project Pele NASA Kilopower

Fuel Kernel (UCO, UO,)
Porous Carbon Buffer
Inner Pyrolytic Carbon
Silicon Carbide

Quter Pyrolytic Carbon

~800 pm
Tristructural isotropic
(TRISO) particle

Design - Terrestrial (2023) > Space

1> 10MWe

<40tons (primarily shielding) =2 ??

HEU > HALEU TRISO fuel
Power.in.2023........

Kilopower 15-yr Space Systems
"Relaxed" Shieiding (1e12 nvt, 100 kRad, 15m boom, 4m dia dose plane)

R R
SSEE
Bt

=R R-T-%-}

m Heat Rejection

L25ESE

111111
eeeeeeeeeeeeeee

mass (kg)

Sgs8888888
%
=
e
=
E
I
z
[

-

g

2

327
1kWe-HEU 1kWe-LEU 10kWe-HEU 10kWe-LEU
its aré benchmarked to, and utilize the same fuel and materfal composition/properties as KRUSTY.

Ground demo 2018 - Space demo ??
« 1->10kWe

EM electronics - Space-qualified

« HEU U235 fuel > ??

« Earth powerin 2018
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Pele
“Canisterized” (albeit not canisterized for space”).  Safe for truck transport ~ safe for space launch (i.e., “meltdown proof”)
HALEU TRISO fuel (“functional containment” licensing strategy; 19% enriched U235 not weapons grade requires no protection)
At the heart of the safety case for modular, high-temperature, gas-cooled reactors
Key component of the “functional containment” licensing strategy
TRISO fuel has already been subjected to rigorous testing by DoE, eliminating the need for DOD/SCO to develop or qualify a new fuel.
Silicon carbide keeps fission products sealed inside, meaning that a containment vessel failure is no longer necessarily catastrophic.
Pellets as the first line of containment is a paradigm shift for nuclear regulations/safety. Even in case of destructive release of pellets, fission product release will be greatly reduced, leading to the possibility of a practical-sized evacuation zone for FOBs/ROBs.
Extensible 1-10MW
Plan is convective cooling, so would need mod for radiative cooling
Most of weight (40tons) is shielding (somewhat unnecessary for unmanned space)
Kilopower
Novel integration of available U235 fuel, passive sodium heat pipes, and commercially-derived Stirling power conversion
Successful KRUSTY test; First space nuclear hardware test in >50 years
Extensible 1-10KW
High TRL.  Readily available sodium heatpipes, commercial Sterling engines.
redundant & fault tolerate
HEU fuel (readily available; weapons grade requires protection; U235 in metal form)
Throttleable (load following) – Fission rate passively follows power loading
Small volume (1m^3, 400kg for 1KW; 1500kg for 10KW)
Need to add 
 Startup using Boron Carbide control rod
 Radiation shielding
 Microgravity heat pipe operation
 Optimized engine sizing
 Heat rejection radiators
 Radiation tolerant electronics and controllers

Safe for truck transport, before and after, safe for space
Meltdown proof
2019 NDAA directed to design, build, test, operate a small nuc reactor for DoD.  SCO got job.
Electric grid is vulnerability, just as HUGE sc is vulnerable
Idea is to localize
Russia has floating nuclear reactor for power, 20-30MW
China working to power island bases
Fuel – China and Russia have production lines?  Are they using weapons grade?
TRISO fuel is at the heart of the safety case for modular high temp gas-cooled reactors.  Key component of the “functional containment” licensing strategy.  Intentionally not using weapons-grade (19% instead of 20% U235).  Russia and China are using weapons grade, which is why we want to drive the market.
Unlike previous breaches, 50-100m exclusion zones translate to smaller casualty and hazard analysis launch radii.  Triso is more hearty than the containment vessel.
Get TRISO Fuel:  A Paradigm Shift for Nuclear Power chart from 
Construction 2021.  On with power in 2023.
Temp good 1800 for ~1-10MW, but radiative cooling.
Most of the weight is shielding for turn off, then transport.  Space application you could strip off most of the weight.

NASA KiloPower:
KRUSTY – Kilopwer Reaction Using Sterling Technology test
Objective:  Small nuclear reactor for space applications, 1-10KW
Available U235 fuel in metal form.  Sodium heatpipes.  Commercial Sterling engines.  TAKE INVENTION OUT and make it about integration.
SNAP-10a last one
SP-100 cancelled, as well as SNTP
No radiation tolerant electronics
Highly enriched Uranium
Throttling?  Robust and throttleable, due to load following
Dimensions?  1m^3 400kg for 1kw; 1500kg for 10kw
100kw change to Brayton power conversion and the SCO fuel
Uranium less threatening than Plutonium when in decay and not in fission (e.g., launch), but higher fission power
Take exact KiloPower unit, make it flight ready, and deploy to lunar surface
“Flight demonstration checklist” and “HEU vs LEU” slides from Max Chaiken at Glenn
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