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Course QOutline

* Dayl
— Program and Mission Development (1)
* Program
* Mission Design
* System Design
— Earth Science and Planetary Missions
* Day?2
— Program and Mission Development (2)
e Subsystem Development

* Integration and Test
* Mission Operations

— Astrophysics and Heliophysics Missions



Programmatic Overview

— Why Explore?/Open Questions
— Who Are the Players?

— What is the Investment?
— How Are Missions Selected?



Big Questions for NASA Science

(http://science.nasa.gov/big-questions/)

Earth

How is the global earth system changing?

How will the Earth system change in the future?

Heliophysics

What causes the sun to vary?

How do the Earth and Heliosphere respond?

What are the impacts on humanity?

Planets

How did the sun's family of planets and minor bodies originate?

How did the solar system evolve to its current diverse state?

How did life begin and evolve on Earth, and has it evolved elsewhere in the Solar
System?

What are the characteristics of the Solar System that lead to the origins of life?
Astrophysics

How do matter, energy, space, and time behave under the extraordinarily diverse
conditions of the cosmos?

How did the universe originate and evolve to produce the galaxies, stars, and planets we
see today?

What are the characteristics of planetary systems orbiting other stars, and do they
harbor life?



http://science.nasa.gov/earth-science/big-questions/is-the-global-earth-system-changing-and-what-are-the-consequences/
http://science.nasa.gov/earth-science/big-questions/is-the-global-earth-system-changing-and-what-are-the-consequences/
http://science.nasa.gov/earth-science/big-questions/how-well-can-we-predict-future-changes-in-the-earth-system/
http://science.nasa.gov/earth-science/big-questions/how-well-can-we-predict-future-changes-in-the-earth-system/
http://science.nasa.gov/heliophysics/big-questions/how-and-why-does-the-sun-vary-and-what-are-the-consequences/
http://science.nasa.gov/heliophysics/big-questions/how-and-why-does-the-sun-vary-and-what-are-the-consequences/
http://science.nasa.gov/heliophysics/big-questions/what-are-the-fundamental-physical-processes-of-the-space-environment/
http://science.nasa.gov/heliophysics/big-questions/what-are-the-fundamental-physical-processes-of-the-space-environment/
http://science.nasa.gov/heliophysics/big-questions/how-does-solar-variability-affect-human-society-technological-systems-and-the-habitability-of-planets/
http://science.nasa.gov/heliophysics/big-questions/how-does-solar-variability-affect-human-society-technological-systems-and-the-habitability-of-planets/
http://science.nasa.gov/planetary-science/big-questions/how-did-the-suns-family-of-planets-and-minor-bodies-originate/
http://science.nasa.gov/planetary-science/big-questions/how-did-the-suns-family-of-planets-and-minor-bodies-originate/
http://science.nasa.gov/planetary-science/big-questions/how-did-the-solar-system-evolve-to-its-current-diverse-state/
http://science.nasa.gov/planetary-science/big-questions/how-did-the-solar-system-evolve-to-its-current-diverse-state/
http://science.nasa.gov/planetary-science/big-questions/how-did-life-begin-and-evolve-on-earth-and-has-it-evolved-elsewhere-in-the-solar-system/
http://science.nasa.gov/planetary-science/big-questions/how-did-life-begin-and-evolve-on-earth-and-has-it-evolved-elsewhere-in-the-solar-system/
http://science.nasa.gov/planetary-science/big-questions/how-did-life-begin-and-evolve-on-earth-and-has-it-evolved-elsewhere-in-the-solar-system/
http://science.nasa.gov/planetary-science/big-questions/what-are-the-characteristics-of-the-solar-system-that-lead-to-the-origins-of-life-1/
http://science.nasa.gov/planetary-science/big-questions/what-are-the-characteristics-of-the-solar-system-that-lead-to-the-origins-of-life-1/
http://science.nasa.gov/astrophysics/big-questions/How-do-matter-energy-space-and-time-behave-under-the-extraordinarily-diverse-conditions-of-the-cosmos/
http://science.nasa.gov/astrophysics/big-questions/How-do-matter-energy-space-and-time-behave-under-the-extraordinarily-diverse-conditions-of-the-cosmos/
http://science.nasa.gov/astrophysics/big-questions/How-do-matter-energy-space-and-time-behave-under-the-extraordinarily-diverse-conditions-of-the-cosmos/
http://science.nasa.gov/astrophysics/big-questions/how-did-universe-originate-and-evolve-produce-galaxies-stars-and-planets-we-see-today/
http://science.nasa.gov/astrophysics/big-questions/how-did-universe-originate-and-evolve-produce-galaxies-stars-and-planets-we-see-today/
http://science.nasa.gov/astrophysics/big-questions/how-did-universe-originate-and-evolve-produce-galaxies-stars-and-planets-we-see-today/
http://science.nasa.gov/astrophysics/big-questions/what-are-characteristics-planetary-systems-orbiting-other-stars-and-do-they-harbor-life/
http://science.nasa.gov/astrophysics/big-questions/what-are-characteristics-planetary-systems-orbiting-other-stars-and-do-they-harbor-life/

NASA Science Planning

(http://science.nasa.gov/media/medialibrary/2010/03/31/Scien
ce_Plan_07.pdf)

* NRC (NAS) Decadal Surveys Establish Science
Priorities

* Science Community and NASA Develop
Roadmaps to Plan Implementation and

Missions
* Assigned and Competed Missions



U.S. Federal Spending — Fiscal Year 2013

2013 Federal Budget, $3,700B Total 2013 NASA Budget, $17.7B
Total

Defense



Project Life Cycle

Competed Missions

A0

v Step 1 Step 2
I I |

V V

Down Select Down Select

(6 to 10 Proposals) (1 to 4 Proposals)

Assighed Missions

FPhase A Fhase B Phase C Phase D Phase E
Fre- Design Definition Dasign Development Operations
. Y vV A
PDR CDOR FRﬂF

| Concepts, Analysis, Trade Studies "
| J | Prod. Drawings

| ot e
PDR = Preliminary Design Roview . Fabrication
CDR = Critical Design Review ) .;'.TI:.D
FRR = Flight Readiness Review —— MoS

ATLO = Aszembly Test and Launch Operations
MOS = Mission Operalions
EOM = End of MEssion




Mission Design

e Science and Engineering Team Collaboration
— Science Teams Establish Science Requirements

— Engineering Teams Develop Mission Options

 Team X Provides Environment for Rapidly
Exploring Option Space



Concurrent Engineering — What is it?
* Traditional Method — Serial

Provide | | Subsystem || System || .
Staff Design Trades
0 ]

Delays

* Concurrent Engineering — Parallel

— Diverse specialists working in real time, in the same place, with shared data, to
yield an integrated design




JPL's concurrent engineering team for
rapid design and analysis of space
mission concepts

Multidisciplinary Team

* Science * Structures
 System Engineering ¢ Thermal

* Configuration  Telecom

e Attitude Control * Ground Systems
* C&DH/Software * Reliability

* Power * Cost

* Propulsion



Orbital Mechanics 101

Kepler’s Laws
—" Planet®~__

""\\

T ot

Johannes Kepler
1571-1630

. Planets move around the Sun in ellipses, with the Sun at one focus
. The line connecting the Sun to a planet sweeps equal areas in equal

times.
. The square of the orbital period of a planet is proportional to the

cube (3rd power) of the mean distance from the Sun



Hohmann Transfer Earth to Mars

Vv DV
(km/s)  (km/s)
Foo 11
ERotation 1.5 9.5
ESun 30
MTO¢ 33 3.0
MTOwm 21.6
Msun 24.3 2.7
Total 15.2







Lagrangian (Libration) Points — Sun

Earth System

Mission Point
ACE L,
SOHO L,
ISEE-3 L,
Herschel L,
Planck

WMAP L,
JWST L,

Point Distance from Earth, 10° km
L, 1.5
L, 1.5




Science Instruments

* Remote sensing

— Used on an orbiting platform to make observation
of planetary body or its atmosphere

* |n Situ

— Used on a landed spacecraft to make some form
of “contact” measurement



Instruments Span the Electromagnetic
Spectrum

Spitzer

WMAP

H ST ii WST pa

, - «\ \
.'. 4 l ; Y R \\'x' Lg '\ A:‘\. »

,:9 o il ~ 7',/ - Y
Gamma  X-rays  Ultraviolet Visible Infrared Microwave
Rays

-10 ~8
10 m 10 m m 5x10 m 1O m

Chandra Herschel Planck




Moon Mineralogy Mapper on
Chandrayaan-1

|
— Ty

Moon Mineralogy Mapper (M3)
e 10kg

& RgPpctorvia

Water Detected in lunar craters




Diviner on Lunar Reconnaissance
Orbiter

r

9 channel infrared filter radiometer
e 9kg
e 11W

First global
temperature
map of the
moon




Wide-field Infrared Survey Explorer (WISE)
Instrument

N

Closest Star System Found in a Century
 Brown Dwarfs
e 651y

WISE IR instrument

* 363 kg (includes telescope)

e 115W

* Telescope temperature = 20K (-423°F)
* Focal plane temperature =7K (-447°F)




Chemistry and Mineralogy (CheMin)
on Curiosity Rover

<*+—Antenne UHF
ChemCam ' S
l\ . S ‘

1 AN

SN, ~ S o S as=FFgrand gain
Mastcam . , . y §

CheMin
e X-ray powder diffraction and
fluorescence instrument
* 10kg
s 40W

REMS e

First X-ray diffraction analysis revealed
presence of feldspar, pyroxenes and olivine
similar to the "weathered basaltic soils" of
Hawaiian volcanoes




Sample Analysis at Mars (SAM) on
Curiosity

Quadrupoie Mass Solid Sample Inlets
Atmospheric Inlets j

Tunable
Laser

Chemical Separation
and Processing Laboratory

Mass = 40 kg
Power =25-200 W



Earth Science Missions




A-TRAIN CONSTELLATION

e 5 Satellites

e Altitude = 690 km; Inclination = 98.14 deg

* Oblatness of Earth Precesses Orbital Plane
* Crosses Equator at 1:30 PM Local Solar Time

13:31:13 13:31

133011 CALIPSO  CloudSat A13130
PARASOL  CALIOP qua
POLDER ? MODIS
Approx equator
A3:45 crossing times
ura
HIRDLS CERES
TES
MLS

OMI



New ways to see a changing Earth with
robotic remote sensing

Atmospheric Infrared Jason provides global sea Gravity Recovery and Climate QuikSCAT provides near
Sounder (AIRS) provides surface height maps every 10 Experiment (GRACE) provides global (90%) ocean surface
monthly global days monthly maps of Earth’s gravity wind maps every 24 hours

temperature maps

e —

Multi-angle Imaging Spectro Tropospheric Emission Microwave Limb Sounder CloudSat provides monthly

Radiometer (MISR) provides Spectrometer (TES) provides  (MLS) provides daily maps of maps of cloud ice water
monthly global aerosol maps monthly global maps of stratospheric chemistry content

Ozone



QuikSCAT observes sea ice
loss

¢—¢ Drift-Age Model

Perennial ice extent (million km?)

3.2 —— Fifth-order regression

28 - B QuikSCAT observation o

’ n

2_4 M I T 1 . ' ] 1 L 1 sl
I N e e e T
KWW~ M~ @ memoT o o
a2y

Continuous monitoring of Arctic Sea
lce by QuUIkSCAT shows trend of
perennial Arctic sea-ice loss. Arctic

| | wind conditions contributed to the

e odiid . acceleration of the recent losses.

OWFY 1 2 3 4 5 6 310
.

1Z/0/VY ciauin vunathan

Nghiem et al. 20072CzRL



Gravity Recovery and Climate Experiment (GRACE)

* Monthly gravity maps up to 1,000 times more accurate than previous maps
* Improved understanding of
* Global ocean circulation
* Thinning of ice sheets
* Sealevel rise
* Changes in salinity

tarth’s Geavity Feld Anomabes |meigak]

-:i':f.—::—

040 30 20 -10 10 20 30 40 N




Break

Next up:
 Planetary Science Missions



Planetary Science Missions




Voyager - 1979

k2

Ve VEUE ]

W Shog
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Cassini at Saturn
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Complex Cassini Mission Operations

-,:»""” .Mn"\ "
=" 22 Orbits between

* Precision Navigation
* Precision Maneuvers



Russian and US Spacecraft at Venus

200
150
E 1063
2100 1058
E Sulfuric acid 10748
= cloud layers = LU
% 1072
10~1
50 R R - G o £ 1
10
Troposphere
100 200 300 400 500 600 700 800
Temperature (K)




Messenger at Mercury




MRO at Mars - Possible Water Flows
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pressure [atim)

How Can Liquid Water Exist on Mars?

One model for the formation of

Martian Gullies

Sun

Ilce Barrier
/ “steam” clouds

ﬂi; T
e a

e

Water Layer

L ]
Rock/Tebris
. "'"__ fiaid

1 | | | I 1 1 1 ] I 1 | ]
100} Water Phase Diagram -
10.0
- liquid
1 ob Ice ]
0.1f ]
0.01f vapor |
I-""".fTE_ I I T | [ B
20 o 20 40 &0 &80 100

temperature (C)

http://science.nasa.gov/science-news/science-

at-nasa/2000/ast29jun_1m/

Semi-parmeaable



MRO at Mars - Dust Devils
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MRO at Mars - Dry Ice and Dunes

M alESE

Dry Icess
o Junes



media-10.mp4

MRO Captures Phoenix Parachute




CO,lce

Phoenix







MSL (Curiosity) - Mobility Test




MSL Lander




MRO Captures MSL Parachute




Curiosity Rover’s Traverse

¢ Rover Way Points —Traverse Path Descent Blast . Zone ¥

BRADBURY o
7 oS o , rg.,.

J K

METERS




Curiosity Self Portrait




Future Mission? - Mars Airplane




DAWN — Asteroid Mission

e Solar Electric Propulsion




Phil Garrison
Robert Wilson
June 13, 2013

May 3, 2010 Garrison




Course QOutline

* Dayl
— Program and Mission Development (1)
* Program
* Mission Design
* System Design
— Planetary and Earth Science Missions

* Day?2
— Program and Mission Development (2)
e Subsystem Development

* Integration and Test
* Mission Operations

— Astrophysics and Heliophysics Missions



Typical Spacecraft Subsystems

Telemetry

Electric Power

Spacecraft Bus
C&DH/SW =

Propulsion



Newton’s Laws of Motion

Sir Isaac Newton
1642-1726

A body will remain at rest or in motion in a straight line
unless acted upon by a force.

Change in motion is proportional to the applied force and
parallel to it.

To every action there is an equal and opposite reaction.



mf = full mass

M = instantaneous mass of rocket

u = velocity of rocket me = empty mass

t = time mp = mass of propellant
F = netforce =thrust = m Vg, Isp = specific impulse

Veq = equivalent engine exhaust velocity =Isp g,

Newton's second law of motion: = =
dt €9 dt
M du +ydM = v, dmp

Assume we move with rocket —— u=10
Mdu = - Veq dm

Mass of rocket vanes with time:

Mit)=me +mp{) dM=-dmp du=-V, dM
_ . mf M  me
MR = propellant massratm—ﬁ AU = -V, In (M)‘
mf

AU = Vg In (%L = VqInMR =Isp g In MR




Cassini Mission Mass Distribution

Launch Mass = 1,040,000 kg Spacecraft Mass = 5720 kg

Spacecraft/Ada

Launch Vehicle = Titan IVB/Centaur



Very High Energy Propulsion Required for Future

5
10" p————y R D B R
Alpha Centauri 0
(50 Years -——-—-.-\\\\\\(0-16) \\\\\\\\\\\ ~aww
One-Yay) by Delivered Mass as
% of Initial Mass
~
. (Mb / Mo ) 1
= "Advanced
i NEP
. AV (km/s) o
Chemical Inertial
103 (H2/02) Confinement
=
Fast Piloted Mars -
(60 Days s <« DR D TR R hah e o R R N
Round-Trip)
1,000 A.U.
(50 Years —-—2’ \\-J \\\\\\\\\\\\\\\\\ l‘\\‘
One-Yay) 10 4 l | . i
106 108 1010 1012 1014

Propellant Energy Density (J/kg)



Electric Power for Solar System Missions

eMass is at an absolute premium

* Need power systems with high specific power and scalability

e Over 3 orders of magnitude reduction in solar irradiance

from Earth to Pluto

¢ Size and mass of solar array depends on solar input

Neptune

reference

=

<1 AU
610 W/m?2

» Radioisotope Thermoelectric Generators (RTG)

1373 W/m? produce power independent of the sun

2200 W/m?2 * Fixed mass per unit power, that is less than solar

arrays at about 5 AU and beyond.



Solar Array Size Prohibitive for Deep
Space Missions

Saturn il 1
*,,,_
- LU i
Jupiter | i
Mars '
Earth
e (Cassini Power Requirement = 700 W Other Problems:

 GaAs Photovoltaic Cells e LILT



Cassini Radioisotope Thermoelectric
Generator (RTG)

3 RTGs

e 33 kg of plutonium-238
(plutonium dioxide)

* Thermoelectric Power
Conversion (6-7% Efficiency)

* 600-700 Watts of Electrical
Power at End of Life




Deep Space Communications

Power received by 70m DSN antenna from Voyager is so small that if it
were to be accumulated for 10 trillion years it could power a refrigerator
light bulb for one second!

Orbiting Mars relays enabled a 5X increase in science

— Nearly all data from Mars’ surface comes via relays today




Deep Space Network

» 3 stations distributed
equidistance around the
Earth

* Goldstone, USA
e Madrid, Spain
* Canberra, Australia

e 70m, 34 m,and 26 m

antennas

A LR D T e
S Ll : !\_‘K‘— R




DSN Antennas in Madrid, Spain




Spacecraft Computers Slow but
Rugged

* Curiosity uses PowerPC RAD750
Microprocessors
— Redundant, 200 MHz, 2GB Flash,

256 MB RAM, 256 MB EEPROM
<< Smart Phone

— Highly Resistant to Radiation
Damage (lons and Protons)

* One Upset in 15 Years

— Wide Operating Temperature
Range (-55 Cto +125 C)

— Built by BAE Systems




Software iIs Critical to Robotic
Spacecraft Missions

Long missions require on-board spacecraft
capability to reload/update flight software in flight

Long one way light times and intermittent
communications require reliable software that is
able to safe the spacecraft and phone home when
there are failures

Mission critical events require autonomy to carry
out the activity successfully without ground-in-the-

loop
Mission cost constraints requires autonomy to
reduce size of operations teams




Curiosity Autonomy

— Limited traverse distances without “ground-in-
the-loop”

— 3-sol cycle to approach a rock or soil target
— Traverse 40-50 m/sol

— Traverse autonomy-ability to safely drive outside
of Navcam images

— Location science autonomy

Allows approach of rock or soil to occur from 10m
distance to within 1 cm of target in about 1 hour (no
“sround-in-the-loop”)



Integration, Assembly and Test




Mission Control




Break

Next up:
* Heliophysics Missions
* Astrophysics Missions






Back Up Slides



HUBBLE vs JWST

(http://www.jwst.nasa.gov/comparison.html)

e S, Hubble
2> Space
Telescope




Alternative? —from WMAP -
Dark Ener
at GSFC : Expansigx
Afterglow Light

Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

. T J‘Sﬁﬁ &@ﬁ"ﬁ

-
o éa g

1st Stars
about 400 million yrs.

Big Bang Expansion

Y
-

13.7 billion years
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Extra Solar Planetary Detection

Radial Velocity



Unique Environmental Challenges

Planetary Extremes

Deep Ocean
Hydrothermal
Vents
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Nuclear Reactor *

Volcanoes

300 -250 -200 - 450 500

Temperature, °C

Challenged by extremes of temperature, pressure, radiation, and distance




MRQO at Mars




Spirit (MER) Hardware on
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Figure 1217, The stability fields of sohd, liquid, and
gas phases of water and carbon dioxide are defined
by their boiling-temperature and the treezing-temperature
curves, By superimposing the phase diagrams of these two
compounds the stability fields can be labeled in terms of
the phases of both compounds that can coexist ogether.
The triple point of water {T = +0.010°C; P = 0.006{0 atm )
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LANDSAT e Tai
N \,:\‘/ AT 12:30 NOON Thg sat.elllte.s in the A-Train are
LOCAL TIME maintained in orbit to match the World
Reference System 2 (WRS-2) reference
grid used by Landsat.

EARTH
ROTATION

<—— EQUATORIAL
PLANE

CloudSat and CALIPSO travel within 15
seconds of each other so that both
instrument suites view the same cloud
area at nearly the same moment. This is
crucial for studying clouds which have
lifetimes often less than 15 minutes.

LANDSAT
AT 9:42 AM
LOCAL TIME

The constellation has a nominal orbit altitude of 705 km and inclination of 98°.
Aqua leads the A-train with an equatorial crossing time of about 1:30 pm.

CloudSat and CALIPSO lag Aqua by 1 to 2 minutes separated from each other by 10 to 15
seconds.



LANDSAT
N AT 12:30 NOON
1 LOCAL TIME

LANDSAT
AT 9:42 AM
LOCAL TIME

The World Reference System 2 (WRS-2) was developed to facilitate regular sampling
patterns by remote sensors in the Landsat program.

Landsat-7 and Terra are “morning ”satellites in the same orbit as the A-train.

Each satellite completes 14.55 orbits per day with a separation of 24.7 degrees
longitude between each successive orbit at the equator.

The orbit tracks at the equator progress westward 10.8 degrees on succeeding days,
which over a 16-day period produces a uniform WRS grid over the globe. The WRS
grid pattern of 233 orbits with separation between orbits at the equator of 172 km.



LANDSAT
N AT 12:30 NOON
) LOCAL TIME

LANDSAT
AT 9:42 AM
LOCAL TIME

The World Reference System 2 (WRS-2) was developed to facilitate regular sampling
patterns by remote sensors in the Landsat program.

Landsat-7 and Terra are “morning ”satellites in the same orbit as the A-train.

Each satellite completes 14.55 orbits per day with a separation of 24.7 degrees
longitude between each successive orbit at the equator.

The orbit tracks at the equator progress westward 10.8 degrees on succeeding days,
which over a 16-day period produces a uniform WRS grid over the globe. The WRS grid

pattern of 233 orbits with separation between orbits at the equator of 172 km.

The Agua satellite will be controlled to the WRS grid to within +/- 10 km.



Curiosity Rover Arm Instruments

APXS
Drill Alpha Particle X-Ray Spectrometer
Acquires powder B
from rocks :

CHIMRA

Collection and Handling
for Interior Martian
Rock Analysis

Scoops regolith,
. sieves and portions

MAHLI

Mars Hand Lens Imager

DRT

Dust Removal Tool



Interstellar
* Winds

HELIOSPHERE

VOYAGER 1

THE SUN

VOYAGER 2
Termination St

TERMINATION SHOCK 2 HELIOPAUSE

SOLAR APEX

__— BOW SHOCK

I




Future Missions Must Utilize Extraterrestrial Resources
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Flight Software Growth
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Fressure (atm)

CO, Phase Diagram
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Pressure-T emperature phase diagram for CO;.



