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August 2013

ISECG

International Space Exploration

Coordination Group

Roadmap for Human Exploration

Outlines a plan that extends
human exploration beyond low-
Earth orbit (LEO)

Includes multiple destinations
(the Moon, asteroids, and
eventually Mars)

Highlights the need for a robotic
program that
« Serves as precursor
explorers, then as
* A parallel mission element
partner,
« Before we have a fully
developed human
exploration program
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Elements of a Lunar Robotic Program

» Itis essential that we restore the capability of lunar surface operations and

« Sample return

Chang’e 3 Lunar sample return
Lander and rover o (~2020)
Now being implemented
Lunar Reconnaissance Orbiter as Resource Prospector ,
- Chang’e 5
(current mission)
Lunar sample return
(prior to 2020)

lllustration from the GER (2013)
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NASA’s Resource Prospector Robotic Lunar Surface Element

RESOLVE (Regolith & Environment Science and
Oxygen and Lunar Volatile Extraction)

Sample Acquisition - » Volatile Content/Oxygen Extraction -
Auger/Core Dnill [CSA provided) Oxygen & Volatile Extraction Node (OVEN)
Complete coredoan o 1m, Augerio05m Temperature rangs of <100K to 900K
Minima¥no volatie loss S0 operations nomina
Low mass/power (<25 kg) Fast cperations for short duration missions
VWide vanaton in regoiithirociice charactenstics Process 30 to 60 gm of sampile per operabon
for panetraton and sample collection X (Order of magnitude greater than TEGA & SAM)

Wide temperature vanabon from surface % . .
depth (00K 1o <100K) : , Volatile Content Evaluation -

Lunar Advanced Volatile Analysis (LAVA)
Sample Evaluation - Fast analysis, complete GC-MS
Near Infrared Spectrometer (NIR) , ' SNalysis in under 2 minutes
Low massiow power for flight : ‘ Measure water content of regolith
Mineral Charactenzation and ceiwater ’ at 0 5% (weight) or greater
detechion before volatie processing - Charattonze volatdes of intorest
Controlled iluminaton source \ ‘ below 70 AMU

Resource Localization - o v 4 Operation Control -
Neutron Spectrometer (NS) R 2% Flight Avionics [CSA/NASA]
* Low massfow power for flight = * SPACH-rated MICIODIOCeSSOr
+ Water-equivalent hycrogen > 0 5 wt% down
10 1 mater depth &t 0.1 Vs roving speed Surface Mobility/Operation
[CSA mobility platform)

RESOLVE Instrument Suite Specifications Rover nicknamed “Artemis Jr
* Nom Mission Life » 10+ Cores. 12+ days + Low massiarge paylcad Capabity
* Mass » 60-T0 kg o Driving and situahion Swireness, S18reo-cameras
* Dimensions = wio rover. 685 x 112 x 1200 em +  AUtonomous NAMGation Using stereo-cameras
* Ave Power. 200 W and sensors
NASA contrbutions likely for communications and
thermal management
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A Roscosmos-led Series of Robotic Lunar Surface Elements

(Lunas-Resource-3)
Lunokhod mission
(3000 kg)

Luna-20
(Luna-Resource-2)
Cryogenic samples return
from South Pole
(3000 kg)

-l

Lana-27
{(Luna-Resource-1)
Studies of South Pole
regolith and exosphere
in cooperation with
India

Luna-26 (2200/810 kg)
w (Luna-Glob-Orbiter)

Global orbital studies of
the Moon

Luna-25 ESA participation is
ey ek Y currently being explored
landing, study of unar

South Pole
(1450/530 k)




EXPLORATION — DEVELOPMENT OF ORION AND SLS VEHICLES

Exploration Flight Test - 1 -% EFT-1 (Decem ber 201 4)

EXPLORATION FLIGHT TEST ONE _ OVERVIEW
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Exploration Flight Test - 1 wasa EFT-1 (December 2014)

EXPLORATION FLIGHT TEST ONE oveview || EM-1 and EM-2 (2017 and 2021)

TWO CREITS + 20000 M ENTRY & S5 MUE APSGEE & 216 DEGREE INGUNATION

' LALING
g - ) -
g w4 ESD Mission Overview NASA
N
: ; :“:‘r(’: . . .
E - Exploration Mission One (EM-1) Exploration Mission Two (EM-2)
§ B First Uncrewed BEO Flight First Crewed BEO Flight
z e 2017 2021

« Mission objectives e Mission objectives
» Demonstirate imegrat scraft sysioms » Demonstirate creowed Mght Bayon

e Mission description

Spacecraft configuration

Crowed

Spacecraft configuration

Orion Uncrewed

Launch vehicle configuration

. . 2 pgment RERMYV, 4 RS-25, T0m
Launch vehicle configuration "

SLS Biock 1, S-segment RSAMYV, 4 RS.25

»  Inlenm CPS

Launch site

Launch site
KSC LC-398
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EXPLORATION — DEVELOPMENT OF ORION AND SLS VEHICLES

Exploration Flight Test — 1 vasa EFT-1 (December 2014)
EXPLORATION FLIGHT TEST ONE oveview  ||EM-1 and EM-2 (2017 and 2021)
TWO ORETS & 20000 M ENTRY & HET MAUEAPOGEE 2R 6 DEGREE INGLNATION
-
¢ A .| ESD Mission Overview And, W|th|n the framework of the Global
1 g Exploration Roadmap:
4 W Exploration Mission One (EM-1) Human-assisted sample return
1 B First Uncrewed BEO Flight
X e 2017 Humans to the lunar surface
é I « Mission objectives

Spacecraft configuration

» Oron Uncrewed

Launch vehicle configuration

agment RSAMYV, 4 RS-25

tenm CPS

Launch site
. KSCLC-a98

Mutti-Destination
Trasspoctation
Capaditties
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Crew perives / Docs to

D5F

Tost future Dxploratbon

VRO ahons

—

3 Test & Demonastrate Exploration Capadihnies

Systems. & Techno el
e * ‘ ’
. .
Q M’ P

000 |

=
&a

Demonstrate future

caploraton technologies

LI
-
MPLY ungocks
Crew retums %o tatt
DSFensinE-MLL LY

for future Crew

C‘Jl 21

Ol!' < .

Operations at L} orri Space Facilty N

ty (OSF) located B E-M
Lagrange point, Crew tests & demonstrates future

* Crew visits Deep Space Fac

exploration systems & operations, controlling assets
on the lunar surface, performing lunar surface
observations, and other deep space science tasks. D54
could be derivative of ETM and moved between E-M
L1 & L2 points and be visnted multiple times

o Uses ETM and MPCV (first MPCV/SLS mission beyond
test flights) for crew pressurized volume

* First Crow acrives 10r first DSF mussion, later crews
brng further infrastructure, stay for longer durations

« Station-keeping (with ACS, RCS7)

Develop habatation capabiities & reduce nsk
for future exploratson messions

Enhance lunar & space science: ¢.8., survey
farside, control robots on surface, perform
surface assembly (e.g. farside radio telescope)
Perform exploraton research & technology
Ops: crew+robot autonomous ops, long delay
comm, advanced EVA systems, measurements
(e.g., racdation shielding)

Demonstrate deep Space assembly

ETM serves as foothold in deep space

* NEA stack assembly in situ?




NASA Human Spaceflight Architecture Team (Connolly et al. , 2012)
Lunar Destination Activities

% Lunar

100 km Low

Lunar Orbit 7

$S O Travsn

LEO 407 km i/
x 407 km ( -
‘:‘ Lanar Lancher
’ Bk
.

5 & Travat

+ Lunar Surface
* Missson Duration — up 1o 7 days
« Block 1 CPSs (no LBO)

« Lunar Lander requires Low Bod-off




The Missing Element

Human-rated lunar lander
(European concept pictured)

Until this capability is
developed, we will be limited to
missions with crew in cis-lunar
space and robotic lunar surface
components



- a W . CENTER FOR LUNABSCIENCE AND EXPLORATION

’ Witalllimpactingjtheifuture — today

Developing the Human Exploration Elements

* NASA's SLS and Orion vehicles
« ESA service module

p—— . B 2P 2 SN i b e . Y
ISECG Mission Scenario 2 Ccnes B3 42' esa wa N\ @ 4 %
2000 21 22 23 24 25 26 27 28 29 20
C. Robosc Missaon Tt’f!. ‘v,g.-:".:”s EM.2
A Homan Nisson [A [A A
' Cargo Mission Extended £ Stagong Post oy Crew
g 1 e R B I b LT
Crew
Lunar Vicinity MiSSIOnS
o (o] e © 0 © o o0 o]
AL e L 6 Lame 27 ESDAWE 5w - Fa NS Al
|
Multi-Destination |
Transportation a
n :
C.np.:bclmt:s - (\'
Pawd and Coxcepday) . | . \
> * W o

Detail of illustration from the GER (2013) with small modifications
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| In 2007,
S ”:6 s = =) The National Research Council
N : 5
/[ I - \;-& published a report called The

Scientific Context for
Exploration of the Moon, which
provided NASA with scientific
guidance for an enhanced
exploration program that would
provide global access to the

The Scientific Context for

EXPLORATION

of the

lunar surface through an
\ T integrated robotic and human
2 : architecture.

The report outlined 3 major

hypotheses, identified 8 science
2 concepts, and, within those
& e concepts, it
PR 0 e e - . .
. AT LR oA |dentified 35 specific investigations
Ay T L=
) NM:OFK!:R!‘;;:AR;H..c;jgnc:li T o Importantly, the report also
Sy TS T 3 prioritized those investigations

gy =

-




The “BIG” ideas to be explored:

Giant impact hypothesis for the origin of
the Moon

The Scientific Context for

EXPLORATION

of the
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The “BIG” ideas to be explored:

e Aitallyii

Giant impact hypothesis for the origin of
the Moon

Lunar magma ocean hypothesis and
fundamental principles of planetary
differentiation




The Scientific Context for

EXPLORATION

of the

The “BIG” ideas to be explored:

« Giant impact hypothesis for the origin of
the Moon

« Lunar magma ocean hypothesis and
fundamental principles of planetary
differentiation

*  Lunar cataclysm and inner solar system
cataclysm hypotheses
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| A Global Lunar Landing Site Study

I\/IOO NT™

to Provide the Scientific Context
for Exploration of the Moon

Guided, in part, by the 2007 National
Research Council report called
The Scientific Context for
Exploration of the Moon,

We conducted a six-year series of
summer studies to identify
suitable landing sites on the
Moon.

Stacking maps of the locations where
each investigation could be
addressed, we identified sites
where a particularly large range of
objectives could be addressed at
th same time.



A Global Lunar Landing Site Study
to Provide the Scientific Context
for Exploration of the Moon

B il rpctnglenelfiture - day

Some highlights

Schrodinger basin on the lunar far
side, within the South Pole-Aitken
basin, is the location where the
largest range of objectives can be
addressed.

For studies of polar volatiles,
Amundsen crater may be a better
target than Shackleton crater.

Most of the NRC (2007) objectives
can be addressed within the South
Pole-Aitken basin on the lunar far
side,

But to truly resolve all of the NRC
(2007) objectives, global access to
the Moon is required



Schrodinger Basin
w/i the South Pole-Aitken Basin

SPA Image: LRO-LOLA/NASA GSFC SVS



Schrodinger Basin ’
w/i the South Pole-Aitken Basin

1a, 1b, 2a, 2c, 2d,
3a, 3b, 3c, 3d, 3e,
5a, 5b, 5¢, 5d,

6b, 6¢, 6d, 7a, 7b, 7c

. And potentially:
1c, 1d, 4a, 4b, 4c

Background SPA image: LRO-LOLA/NASA GSFC SVS



Schrodinger Basin
w/i the South Pole-Aitken Basin

ol . ,~
For those reasons, we have focused a lot of attentlon on

Schrodinger basin. Itis a very good target for future
robotic and human exploration.

- — -
.l

-
e

Landing Site Study
O’Sullivan et al. (GSA SP 477, 2011)
Background SPA image: LRO-LOLA/NASA GSFC SVS See also Bunte et al. (GSA SP 483, 2011)




Schrodinger Basin
within South Pole-Aitken Basin

O’Sullivan et al. (2011)




Schrodinger Basin
w/i the South Pole-Aitken Basin
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Detailed studies by:
|  Kramer, Kring, Nahm, & Pieters (Icarus 2013)
Kumar et al. (JGR 2013)
Chandnani et al. (LPSC 2013)

‘ -

1Using M3 data, LOLA data, and LROC data.

Peak ring exposures of
anorthositic, noritic, and troctolitic rocks

. ~ Pyroclastic vent

i -.--". 'thablefor ISRU_ SN =S
—-g-— - e v - e i S .
S '?—“.‘ - = g e R,

. -~-r““~“‘,f R T~ = Hurwitz & Kring
- - ¢ s - - - - . S =-_.”~."\” N




A Global Lunar Landing Site Study
to Provide the Scientific Context
for Exploration of the Moon

Experience suggests

 The best results would be
obtained by a trained crew on the
lunar surface

» If crew cannot be delivered to the
lunar surface, then significant
progress can be made robotically
or with an integrated robotic and
human architecture (e.g.,
deploying crew to Earth-Moon L2
above the lunar far side in Orion)



Hopkins, Lazio, & Kasper (2013)

Burns, Kring, Norris,

Re-examining the details:

* Our previous landing site
study of Schrodinger Basin
assumed crew were landing.

* In an integrated robotic
and human exploration
program that is consistent
with the multi-agency Global
Exploration Roadmap, we
re-evaluated the landing site
and stations for a robotic
surface asset.
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28.8 km, 1 km/hr
13.5 days (total
traverse time)

Addresses NRC (2007)

priority:

Station 1:
Station 2:
Station 3:
Station 4:
Station 5:
Station 6:
Station 7:

Plus ISRU studies in
the vicinity of the
pyroclastic vent

Gullickson et al. (2014)
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28.8 km, 1 km/hr
13.5 days (total
traverse time)

Addresses NRC (2007)

priority:

Station 1:
Station 2:
Station 3:
Station 4:
Station 5:
Station 6:
Station 7:

Plus ISRU studies in
the vicinity of the
pyroclastic vent

Gullickson et al. (2014)




ng These studies

| have even

= | identified the

- B specific rocks that
&4 should be sampled




t rpeak
material

SITE C
28.8 km, 1 km/hr
13.5 days

Average slope: 6.1°
Maximum slope: 15.8°

-4000
, 5

—~ 4500 | g 2 3 4 6
E
c
2 -5000
© Where samples can be
9 loaded into the ascent
Ll .

-5500 vehicle for return to

Earth
-6000
0] 7.5 15 22.5 30

Distance (km) Gullickson et al. (2014)




I’LLUMINA‘TION STEC

» Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

vent PR
PYr

2021-218T00:00:00.000
Potts et al. (2014)
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» Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

vent PR
PYr

2021-218T00:00:00.000
Potts et al. (2014)




I’LLUMINA‘TION STEC

» Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

vent PR
PYr

2021-218T00:00:00.000
Potts et al. (2014)




* Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

Incidence
sunlight
(i.e., sunlight
power on
surface)

Potts et al. (2014)




* Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

Incidence
sunlight
(i.e., sunlight
power on
surface)

Potts et al. (2014)




* Mission planned 2021
« Optimum period of sunlight = 6t" August 2021 - 19t August 2021

Incidence
sunlight
(i.e., sunlight
power on
surface)

Potts et al. (2014)




POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

* lron anomaly that has been used to define regions with
SPA melt extends into the
Schrodinger basin

« Within that region, look for
low-Ca pyroxene exposures,
which can reflect crystallized
SPA melt

Hurwitz & Kring (2014)




POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

« Basin walls more likely to host SPA melt
— Possible exposures of SPA melt Candidate SPA Impact M
— Slumped terraces, fallen rocks

» Possible Mission
— Sample candidate SPA impact
melt

Schradinger Impast /el

Candidate SPA ImpastMé f7 ;

Low-Ca pyroxenes: red and pink §
Anorthosite (blue) :
Olivine (green)
(Kramer et al. 2013)

Hurwitz & Kring (2014)



POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

» Basin walls more likely to host
SPA melt
— Possible exposures of SPA melt
— Slumped terraces, fallen rocks
» Possible Mission
— Sample candidate SPA impact
melt
— Compare with Schrodinger melt
« 15-18 km away on plains floor
« Slope from plains to lower

rocks: 5.5°
€ -3000 /\ .\
S o
g Ne
K
i ¥
-4500
3 6 ] 12
Distance (km)

LOLA topography: 2x vertical exaggeration



A SCIENCE PERSPECTIVE ABOUT HUMAN AND ROBOTIC EXPLORATION

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

An option we have been
exploring

Earth-Moon L2 Mission:

* L2 located 60,000 km above
the lunar surface

e Orion launched and
maneuvered into a halo orbit
around L2

* The mission can also be
conducted using the DRO
architecture
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

Exploration risk reduction:

* Demonstrate Orion in deep
space and high speed Earth-
entry

30 to 35 day mission into
trans-lunar space

* Crew will travel 15% farther
than Apollo and spend 3
times longer in deep space

* Practice tele-operation of
rovers



PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

Science objectives:

 Land and explore a region
within SPA (for example,
Schrodinger Basin)

» Geologic measurements
will be made.

« A sample will be collected
and returned to Earth.

* An astrophysical system
will be deployed.

Status: Integrated science
and engineering studies
continue.
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Science objectives:

* Land and explore a region
within SPA (for example,
Schrodinger Basin)

* Geologic measurements
will be made.

« A sample will be collected
and returned to Earth.

» An astrophysical system
will be deployed.

Status: Integrated science
and engineering studies
continue.

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)



COMMUNICATION COVERAGE FROM A HALO ORBIT ABOUT EM-L2

Lockheed Martin (courtesy of Josh Hopkins)

An Orion mission to Earth-Moon L2 is a
feasible alternative to DRO for tele-
robotics missions

A large area of the lunar farside
is continuously visible from a
compact L2 halo orbit

Even in limb sites like Schrédinger |
Basin there are areas where
communication to the halo orbit
can last from dawn to dusk

ouriosy NASA and NRL



TRAJECTORY FOR SAMPLE CAPTURE IN EARTH-MOON L2

Lockheed Martin (courtesWosh Hopkins)
T — Depart from Free
’ —— Return
/ .

—0
) 77055~
/ /) 7}\
/ Vi,
<P/~

\ EM-L1

~— . : = —~
————————— je
C Igample
Orion Halo Insertio Halo

° Insertion
Rendezvous
and Capture

Periods when Orion has line-of-sight to landing
site in the center of SPA Basin are shown in
green.

Combined Trajectory by JPL




TRAJECTORY FOR TELEROBOTICS IN A DISTANT RETROGRADE ORBIT (DRO)

Lockheed Martin (courtesy of Josh Hopkins)

'.::;3~~~ — Depart from Free Return
/ s
/ g ‘—x_—‘\\
~—_
/ ~
\\
\\\
\
Target ») \
Orion DRO - EM-L1 - RO )
Departure ] /
T T T —— e y’_/
~—— T
/ - - P s \\

Periods when Orion has line-of-sight to landin EM-L2 /

site at Schrodinger Basin pyroclastic vent are — e

shown in green. e """ Orion DRO
Insertion

Trajectory is compatible with Orion delta-V and
duration capabilities
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TIMELINE FOR DRO/SCHRODINGER BASIN MISSION

Lockheed Martin (courtesy of Josh Hopkins)

Q,Ok Landing - Science
Mission Start

pOmmmkunambandermumOEnd Science Mission

Orion to Landing Site Comm
Daylight at Landing Site

10 15 20 25 30
Mission Elapsed Time from Orion Launch (Days)

Telerobotic rover has 11 day operating duration with one telecom gap of
~1.5 days when Orion is not visible.




TRAJECTORY FOR SAMPLE CAPTURE IN DRO FROM SPA BASIN

Lockheed Martin (courtesy of Josh Hopkins)

(> Depart from Free
a Return
Oy
Cto,.y
. Target pro
Orion DRO .~ . 4 T —
Departure. .-~ /
.'-—-—
Rendezvous / '
and Capture? \e )
( LA
N\
SRV DRO AN

Insertion 5‘.

EM-L2 o
/ Orion DRO
Periods when Orion has line-of-sight to landing Insertion
site in the center of SPA Basin are shown in

green.
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SAMPLE CAPTURE MISSION TIMELINE COMPARISON

Lockheed Martin (courtesy of Josh Hopkins)
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©
Return éx‘\hﬁﬁb(%&mh
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y

Central SPA

Basin to L2 & RS s
O Ox Lunar-kanderscy it off
Orion to Landing Site Comm

Daylight at Landing Site

&

Sample
Return
Central SPA
Basin to

DRO | Orion t andmg Site Comm
Daylight at Landing Site

Earth
Return

5 10 15 20 25 30
Mission Elapsed Time from Orion Launch (Days)
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Additional options:

* Deploy a communication
satellite from Orion to
support additional surface
activity after crew returns to
Earth

* If long-term station-
keeping by crew is
implemented in an L2 or
distant retrograde orbit
(DRO), then additional tele-
ops can be conducted with
the first rover and
potentially other landed
assets.



Conclusions

Schrodinger basin is one of the highest
priority landing sites based on a global
assessment of the NRC (2007)
objectives

It can be used to test the

« Lunar Cataclysm Hypothesis
* Lunar Magma Ocean Hypothesis

It can provide ISRU resources

» Pyroclastic deposits
« & potentially volatile-rich deposits

The Moon is the best and most accessible

place in the Solar System to answer
fundamental planetary science questions.




