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¢ Solar salls use photon “pressure” o’r
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force on thin, Ilghtwelght reflective

“sheet to produce thrust. Sails can
| 'open up new regions of the solar
i sys{em to acceSS|b|I|ty for |mportant

science missions, with*no propellants

..requwedq . -



- Solar Sails. '
Propulsmn J‘rom Photon Momentum Exchange
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| Solar Sail Control-Angles. .
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* Thr'ué't vector is dep'endént“On ’tWO‘ ‘angleS‘ i
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K James Clerk Maxwell (England)
= Who developed the modern
" theory-of electromagnetism in -
- the 1860’s, proved that Ilght
could exert pressure T o

S o, e R
¥ Konstantm Tsmlkovsky (Russm)
- first discussed solar sailing;
" Fridritkh Tsander (Ru331a) Wrote
©7in 1924, “Forflightin- _ -
mterplanetary spacelam
working on the idea of flying,
iusmg tremendousgfiirrors-of
very'thin sheets, capable of

o achlevmg favorable results -
o : ./ ¢ W
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L solar thrustlaffect on spacecraft orblt .
. 135- foot rlgld'lzed mflatable@alloon satellrte " ‘ e
. taml'nated Myfar plastic.and alumlnum i e e e T " oy

\

. placed in near-polar Orbit ; —
passwe communlr;attons expe’rlment by NASA on January 25 1964
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:/,/'/l ?. & \‘ P ;_ : S'ph’lé'rical Sh'ape hasno
% _ - solar pressure torques <~

S jenabllng direct
+ *  observation of thrust .
«. - ®effects without fegard to’
spacecraft attltude
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. When folded sate1I|te S packed into the 41- |nch
dlameter canlster shown in the foreground

~ = . o i 2R .. »
; P * i -
v P < . ©
s " - - o
| : R e .
< . X Sy ¢ ' - - . .
. . - s e 1 yia

-



../../../../../Solar Sail art & PR/SSP movies/Balloon movies/Echo II Inflation Edited.mpg
../../../../../Solar Sail art & PR/SSP movies/Balloon movies/AVT-1.mpg

Solar Sailing was initially developed at JPL as a
measure to save the Mariner 10 mission which
had lost a large portion of its propellant margin
when the star tracker locked on to floating debris
instead of Canopus. The mission went on to flyb
Venus and three encounters with Mercury. Its
successful implementation on that mission led to
it being declared a mature technology, ready for
application to future NASA missions in 1978.

Several Comsats (e.g. INSAT 2E) operating today in GEO
use solar pressure to unload momentum wheels or offset
solar torques on asymmetric solar arrays.

Chosen for Halley Comet Rendezvous in 1985, it was
replaced by a chemical rocket in phase B due to launch
date/window pressure

Joint NASA/NOAA/USAF proposal to NMP ST5 fell in the
11™ hour when USAF/NASA/NOAA partnership collapsed

Planetary society launched a flight experiment and a full
system on converted Russian Volna sub-launched missiles.
Unfortunately both boosters had stage separation failures.

2010: JAXA launches the world’s first true solar sail on a
journey past Venus.

2011: NASA launches a subscale “drag sail” into Low Earth ; PRI ¢
Orblt. I FR ! R
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. = s " _ Mariner2 D;crbi'l\_' - solar sails on Mariner IV (1964)
v | ’ & P ‘ S Solar Sail (1962) - B '7 .
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Geostorm Solar Storm‘Warnlng
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e i Th_e GeOStorm |\/|ISSIOn .
Warnlng*Eatth of Impendlng Coronal Mass Ejectlons A
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Use a solar’ sail to achleve a non-Keplerlan orblt near the sun® earth line, twice 4§ far.from the :

earth as the current w,arnmg system, NOAA’S Advanced Composulon Explorer (ACE) at the L1

“point - % s . _

- 7 : 2 - “ e - TR I . N . 5 . - ? !
Geostorm will double the warmng tlme to enable the reconﬁguratlon and securmg of space systems
(and ground electfical power grlds) to aV01d o ’ b M T e A
” 85 Cqmplete or part1a1 {oss of HF & satellite Commumcatlons A" e -

» A g = % -~ 4
* Degradedsnavigational and geo- logltlonal capablhty - . :
s / T * : _ ‘ R
P + False retums on ATC and early warnlng radars . ‘ Sl e . gt TS : M
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TS Satelhte system dlsruptlon and lock problems P .i A i
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e Geostorm bemg propellantless could result ina s1gn1ﬁcantly longer spacecraft 11fet1me
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Chusiog ) Contlnual coverage of the polar reglqns W|th no propeIIant usage!
o Altitudes ranging from 0.75. million km to 3.5 million km %
o ., dependmg on sa1I-performance and.mchnatlon chosen L
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0 Constantly above an Earth

. '
* Contlnuous hemlspherlc V|ew
of the pole S Bamn e T
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“eNew vantage pomt for o
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Solar Sail Asteroid Rendezvous Mission
(rendezvous with 3 NEO’s in 6 years):

Departure: Aug 2017

Candidate asteroids visited:

NEO Date Observation Period
1999 A010 Mar 2019 35 days
Apophis Dec 2021 30 days
2001 QJ142 July 2023 30 days

* Ground Rules:
* Use existing spacecraft and components
* Use existing instruments
» Use NASA-developed sail technology
* Solar Sail Spacecraft Launch Mass: 328.6 kg
* Mass at destination: 228.4 kg
* Cost: 3175M, plus launch vehicle and ops
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g - Solar Sarl Comet Chaser
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* Use the unlque capabllltles of a ‘ L
» Solar sail to study tht;lﬁecycle ofa S 5

comet\ﬂthln the i inner. solar -
_system- o S .
I > ~ g - RS 3

;Place science. spacecraft T e

& N

- a propulswe Co- orblt wrth am. - i
comet- i - N T

”

¢ =Acquire the comet:between s’? ; i
- "the orpits of Mars and-Jupiter-- "~ B,
st Fbllow the comet t‘hrou'gh : R
< “perihelion and as far out as T .
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http://cfa-www.harvard.edu/~thunter/comet/comet_28.jpg
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_ earth communlcatlon

- - -

§ i
S Solar I—‘ér Slde Sentlnel
4258 s e 0 2 a,
. Fars1d‘e 'Sentrnel 1s°1 of' ab spacecraft A
mission to study 1) the acceleration and
transport of SEPs and 2) the J;utlatlon and» ’
evolution of CMEs and 1n’&rplanetary

shocks 1nﬁe 1nner hehosphere

K W111 prov1de a maj or advancement toward
the future’ ab111ty to forecast spaee Weather
events 2 gy

- o -

-

e Far si_de observatio'n; hold promise as an’
S indl'cator of upcoming ‘earth side'activity- .-
-‘Wlth oppos1t10n orbrt the sun blocks

- ) o~
: -~

' %Optlons include two satelhtes n echptlc
- or 1 solar sail orbltlng above the sun °

¥

“S'olar sail enables hrgh degree of - 5 - . o .
ﬂemblhty in orbrts aﬂfmlsswn ops e o S R - |
: . = e o‘- A . : 4 .. S : : ~. /‘ = 5
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K FIeets of propellantless solarsalls could be the cargo shtps of the future ity gl &
¢, (Operatlng Wlthln the |nner solar system — near the sun) 2k o
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e Ben Diedrich, 1999



- Solar Sails Enable Interstellar Trav
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Heliosphere

Our Solar Nelghl;_gprhood

Q} 2 » . '
I Intersteilar Medlum .
Edge. AT
. of 0—Centauri
G Cloud?
5 : 5
10 10
. AU
.
; 'R

2 1 ‘

NASA‘/ Interstellar Plobe ,Séie_nce’- & Technology Definition Team
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PP—Pluuto

The Heliopause is a barner Where charged
~ “particles from the sun cannot go beyond because
™ . cosmic rays from deep space force them back

/ » . ~ A ‘. ?

*The first mrssron to beyond the Helropause =

- 250 AU minimum :
‘Reach 250:AUwithin 20 years from laun‘Bh
15-20 AU/year target velocity - e
Two propulsro nCepts considered

@ BASELIN : olar Salls (via closeﬁplar
approach) -
OPTION: Nuclear Electrlc (frssmn reactor)
REJECTED AII Chemrcal with Gravrty Assists

v.r A_-.§

—-—

+
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_Solar-$ail Propulsion for the'..  ~ .
=Intetstéllar Probe Mission - g

; Sar

Scrence Ob}ectrves S

IRequrrements :
- 500 - 80Q.meters diameter .
TgimPdehgiy Be o h T s e R e
Survivable to T:-3000K for close solar approach >
., ‘._ 3
e Explore, the nature of the iriterstellar medrum and its

<1 implications for the origin. and evolutlon of matter in our !

.o EBX]

Galaxy and the Universe. ksl

re the influence of-'the rnterstellar medlum .OR the .
solar system, its. dyamics arg its evolution :
Explore tl)e impact of the solar system on the interstellar
medium as an example ‘of the interaction of a stellar
system-with its envionment . *

Explore the oliter Solak System in search of clues to |ts
orrgrn and to the nature of other planetary systems

Carbon il

r p-truss.fabfic
(1 gm/m2 2.mm thick)’

‘
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Very Large Solar Sails With A Very CIose’Solar
Approach May Enable Interstellar Travel '

- .,.
o . ~

&, , . ;
-+ 100 km class sall urffurled at less than (0} 2 AU

. ‘may enablea tr|p to the nearest star in. under
ety '1000'years o

. - \ - s
- . .
: . g - L] -
- : 3 %

» China was “the world S most populous emplre
By the laf® 13th century, the Song Dynasty had
_ atotal populatron of some, 101 million people, an

st The Islamic World‘fwas e>‘<perrencrng a Golden:
“¢ Age and continued to flourish under the Arab
. ~Empire. & . ’ G
Leif- Ericson Ianded in North Amenca o

o .fought in Europe - :

| O*WG have recorded h|story gprng back 1000
. . years and will likely know to furn on the

~ . radio to listen for the probe “callmg '
T T homet el L e v R

- avefage arinual iron output of 125 OOO tons/year\

* 1000years ago A g ,7 : _

B

B o }Olso Norway was fouhded and lots 8t wars were
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Tt = Near Term Solar Sarl Applrcatrons Leadto L
. Inte?ste‘rlar Capabrlrty with. Laser Sl ™
. g w ’1 - : P |
e e e e e T e
- ghity o e ' el o oL e ' : g -
N v 5 o INTERSTELIAR : 'NTEIfngEELAR
43 . PROBE FLYBY ’,'R‘ENDEZVQUS
Solar Powered 4 ot
Laser Powered s INTERSTELLAR :

5 = Areal Densrty (Sail Mass/Sail Area) : i |V|ED|U|V| EXPLORATlON

5 . % © 53 ADVANCED
", -SAIL DEMO ang/or’
HELIOSPHERE SCIENCE
. ”, 4

'y

/ ; : » n d 07 : \— .l\/‘ “l‘-"'
L «. MID-TERM. - -

TECH :
i — -~ DEV - bt = S b "
_ NEAR-TERM 7 SAIL DEMO L : ST el S
. SAIL BEMO" . O e SP-0 T O R o
o \| "\ TDEEC\I/4 150" 300-m DJA? : \ : o
» -
. 8=1-2.5,g/m? «- S
"40-70-m DIA - D v W . a9 = . - _~OORTCLOUD —
6 20 g/m ~100-m DIA k. ) : » TRAVEL WITHIN
169‘m2 ol . *INPERSTELLAR PROBE "=, |SOLAR SYSTEM:
@ °-EUROPA LANDERS + [PAYS TO WEEKS
: ‘ » COMET SAMPLE RETURN ST T
~’:SOLAR POLAR IMAGER - e R T UK
Geostorm- : ; *MERCURY ORBITER s et : , s " . =
- B7T-MDIA= = "~ «NON-KEPLERIAN EARTH ORBITS i - SRR A
8= 15 g/m? - e 2 Ml 0T T e e
+ (Bpmfilm) - - NG A : ; ' _ = ¥y o : e
. : : 3 - s O‘ 2 o ‘ : _ o W 23
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; : Interstellar Light Sa1IConc‘ept . :
e . SRy - S
! » PRI o - % L, = -
IMERSTELLAR-FLYBY: ~*: =i = -.- "o INTERSTE'[LAR RENDEZVOUS :
., Trapsmitter - & S : Transmltter or - 1st.Stage
11_28?1) L Oplics. v REAE. ~ 8 T Laser ; Optlcs g (1000 km Dia.) -
s - £y (O 5um)/// e ‘Accelerated
e g " Ouf of System
Light Sail < o T .
) «Coast %
P Rest ; P
_ 100 km — S .%ooxm : Light
Diameter. ' 1000km* 1o Star T+ - 5 Dianje;er‘ 2 Sail
| Sy o Diametergs » ot *'f't\ : \ 2nd Stage (300 km Dia.) .
. . " S & SIopE at S:ar :
. - e . ® - 1 2 . - ._ f'_f;’ . ¥ > %
/.v - - ) ‘d. . : ‘". '?. ‘ . ; -‘ : - A ¢ :‘ 4 -
i Advantages L ' o - e i B
e Perform mterstellar mlssmns in.< 860 years T S . ’
_* Only Competitor is antimatter e e .
. « Use as a solar sail once'ih orbit about target sl oy :
T « Use solar power satellite as ‘driver for robotic fbeys A
. Dlsadvam es . i, . A _
v e Very laser / micPowave powers (0 1 1,000 TW) ' o
" * Very Ia‘gge optics (100-1,000 km) ¢ N /
e Far-term concept, but one of the few ways to, do "Ias.t}rntef'stellaﬂ
. mlssmns % . oy :
' , e - . 24-
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e .+ 3« s laserSailsAreBIG . - .

LightSail for 40 LY

Rendezvous Mission
* 100 Year Trip Time
* 0.2 goes Max Accel.
« 936 km Dia
* 3,000 TW Beam

R R

LightSail for45LY

Rendezvous Mission
* 20 Year Trip Time
* 0.2 gees Max Accel.
* 117 km Dia
*47 TW Beam

- .

Beamed-Energy
Transmitter Array

* 1,000 km Dia

* 1 um Wavelength

S e I =—

Courtesy. Robert Frisbee
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_\.' e 5S_pinning Solar Sail ™
. =" Dgployment Sequence

5 o
Y, 2

. R > 2

Launch Configuration Boom Deployment and Gore Deployment Using Gore Deployment Using
Spacecraft Spin-up Centrifugal Force Centrifugal Force
Deployment
Module Cold Gas
Thrusters

Marmom
Belly'Band  Clamp

Continued Gore Final Gore Deployment
Deployment Achieved

Spacecraft

Tether




Solar Sail Technology — Many Players-

BFS NASA develoo'ed 80m cJass solar
- sail. propulsion systems to ~TRL 5/6
in the mid-2000’s B s

* Tested inner 20m sarl core under .
thermal vacuum condrtrons in 2005

-0 JAXA IS flylng a°14m solar sall to
Venus (@Unched In 2010)

0 NASAqs flyfng’ NanoSail- D, subscale
; '+ solar sail prototype

5 ¢ ThePIan‘étary Society’s Cosmos 1
‘twice suffered launch vehicle -

o . failure; LrghtSarl -1 IS thelr new
: FprOJect RO e
T g - T ,
S £ N § f/ ‘
.+ . .

.« - S ‘
2 -, i “ o e N
. - 23 - -
< A e - - - - -
7/ . .s - : : . > :
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NASA Solar Sail Propulsion Technology Status i
» i o0 ey 3. ‘@& + i ! : AR et . : o

- 5 i - 4 - v .
- s . 2 : i X s & 22 : 3 a>

3 |

’ < ‘e . o < | .. :..?.v “ i -

» 0’4’ echnology Area Status . ” ' ' ‘ ‘

« Two solar sail technologles were deS|gned fabrlcated and tested under oo
thermal vacuum.conditions in 2005: ey g - o

- 10 'm system ground demonstrators were developed and tested in 2004/2005."
—  -20m system ground demorStratggs designed; fabricated, and tested -

i L Developed nd.tested«hlgh fldeJlty computatlonal models @Dls and

a dtagnostl - -
‘o Multiple effor-ts completed: materials evaluatlon optlcal propertles Iong-

. term environméntal effects, charging |ssues and assessment of smart i
adaptlve structures : R ol e o N s
)" e _ £l =< 4 # i e i - ‘. 99-
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* ¢ Ovyerall Strategy =~ Lo gk
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Technical Team =t : . - :
o ATK (Goleta CA) systems engineering & cortable booms ol
e Nexsoh;e (Huntsvrlle AL) Sail manufacture & assembly i : : =% -
- e LaRC (Hampton, VA) Saj M’odelmg &Testrng CadiuagE ey RS
* MSFGgHuntsville, AL) Materials Testing * e 5%

-

o Leareraged New Millennium Program ST 7 P‘Ease A Desrgn Concept
—Jmprove performance with Ultra-Light Graphrte Coilable bootls - .

—Sail membrane, AL coated 2.5.um €P1, comphant *border; 3 pomt/attach . ¥ £

— Thrust Viector Control uses shdmg mas¥es along boom,wrth sprﬁder bars and 5
» micro-PPT at mast tlp i .® N

. 'ATK Solar Sail Development = -
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#3' | - ATK Solar, Sail Development, Continued ,

<

. \ -
4 . &,

. R

+ Operating Temperature bt
‘1% i < . % *020un. (305 em)

« Firgg Natural Frequency « «/%imm

%

—

« Stowed Package.
~ 'System' M&SS: ;
- % Characteristic accelgruaem

-

i,

Cﬁt—Away of . R
- Sto.wed Ay | £ : S o '.'-'_'i-_hf?-hi_ﬁhjkj_fj“f-‘:‘j—%

o e Package _ ’ ‘ . /"/:/
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o \’( L% CorI-AbIe Mast_Herrtage s -
. Able Englneerrng Company Esﬂtablrshed |n 1975 (caIIed ATK - . : |
Space Systems at the time of the demo) s G e % ’_
« 30 CorIAbIe systems had been flown to date o
- oA phenomenal S‘trffn'ess 1(0) Werght ratro Hrgh Drmensronal

Staprlrty, Robust deployment and Compact Stowage
- & Reécent flight mast designs® . e 3
*“Mars Pathfinder (1999) 1- meter boom 130 g/m

**IMAGE spacecraft (2000) 10- meter booms 93 g/m ” .
| 280 b Siane o 2 5. ¢ ]
LACE, oo ISP e e SETRR




Membrane Design: .
m4-quadrant planar sail " " R
« Compliant Border interface between edge cablgand membrane

* Shear f&nsmve Cord/Material CTE mismatch insensitive

'» Thermal Gradlent insensitive. - el R
- & . - .
 Sail Material: . CPI Polyim'ide 5 AR
« High Operating Tetperature (>200° C) Soliar ey
» UV Stable % i . e ". ; e
_ «Essgntially Inert = /- | .

.°-Soluble (Wet Process), modlﬁable with Varlety additives - .
ynproveconductlwty and thermal propertles i ‘j i e

-

© « 2%5 micron pol‘y]mtde . .
=9 Flzght Proven emm ﬂymg on Numerpus GEOCOM satellttes
- i e .- ik e Sall with Comphapt .-
: Sall Constructlon MethodS° o 5.7 : .' - Border 2

Ar gossamer film constructlon similar to gussete(f reﬂe(&fe
bIankets flying on nymerous  GEOCOM satellites :

Scalable Consttudion Methods --- current Syste1#>20m :

« Adhesive less Bondin Methods --- ehmm‘ates sticking and -

‘contamlnatlon rlsks S : - ;

£ i - - T ~ SRS CNC .Se,sming"Syste‘l-n/ ; S - : 34-
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ol Garde Inc (Tustln CA) systems englneerrng and 1nﬂatab1e truss ;
> e Ball Aerospace & Tech Qorp Q30u1der CO)ni’1ss10n eng. & bus desrgn “j ,
"o LaRC (Hampton, VA) sall’modehng & testrng w G s ;
L JPL (Pgdena CA) mission plannlng & space hazards B2
+ Overalk Strategy N e e S ok -
‘o Con.cept Leveraged ST-5 Phase A desrgn concept and Team Encoglter-experle

‘. Sa11 membrane AL coated 2 pm Mylar attached W1th str1pped net > 7~
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% Beam Charaeterlstlcs i

L d ~

. > - - - - 3 : A : ..\:

'. v » Lo‘ad bealjmg longrtud‘lnal unl dlrectlonal ﬁbers e

3 - « Fibers fmpregnated with resin (rigid bglow -20°C) -~~~ + . - :
+0.48 AU design requires greater ﬁber dens1ty to withStand. loads from the

.- inereased sqlar flux — = | g ; e i

@iral wraps -~ o7 ;‘-'.,.' . L

» Stabilizes, longltudmal ﬁbers i e T o g 5
* Allows over-pressurization for deployment anomahes e e
Bonded Kaptgn bladder and Mylar- . =~ = - e 5
- - » Encapsulation;’ 'skin" carries ‘hear . SR e bk
-+ Aircraft fuselage like structure = . < ’ G
Beam Structure BT S - .
* Sail strueture is stressgd for se‘ar loadmg n one dlrectwn for mass
“efficiency : ot i S SRS S
* Truss system comprlsed of mostly tensmn elements m1n1mal r1g1d :
_cdbmponents * * - :
. nghly ma,ss efﬁ01ent ~36g/mémear den51ty

"".Stovredﬁnlmboorn ~.5 .. ' e ]jé lo éd&'m},édm_'j' o R e e :
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,Ne'tll\/lembrane SEY

- - . . .
2 . o '

Chords are
from the bqus

Sail material is laid over
the net allowing billow

Net/Membrane Sail Schematic

v

Net Membrane . F s ; S g
o Sall 5 supported by a low CTE net with add|t|onal membrane materla{added {o. a‘tlow

_ for thermal compllance . : e =
. Shil propertles effect Iocal billow between net merﬁbers only, global sail shape is stable

- Y
-
S

Advantages e

* Net defines the overabl.sail shape, not the membrane t ey L

. Stablllty and geometry of the sail is eﬁ‘ectrvely d‘bcoupl from membrane propertles

. Sail shape, and henceﬁust vector sailcraft stabrhtyap performance are predlctable
ar;d.stabte i : - "

-+ No hlgh local stress conceairatlons in the sail, Ioads are transferred though the net not
" the membrane - ‘ :

/ : - /

. Very scalable, larger net/membraneé. salls S|mply add addltlonal net élements to control

overallshape o : P : :
: g = : i

IS some *
,ata-
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Control torque

Solar radiation
pressure

"13

-Developed an 1ntegrated s1mulatlon alyl .
~ analysis software tool for optlmal design of ‘
soIar sail trajectggies ahd for evaluation of*
f 1dance» nav1gatlognd control straﬂgles

- L
-
-

b

Solar'Sail-Subsystem Development

B Developed a ground 1ntegrated
| mstrumentatlon packai to alow ™~

-

measurement ‘of sail's e, tension and
temperature, boom & sail Vlbratlon modes
and stress, and deployment momtoﬁng

- 42
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‘Solar Sail Subsystem-Development—cont. -~ -
£ - -85 _‘,, .“ 3 e ?.'. - " ’-‘ - '. : ., ;

R - 7
-~

, N T NEY. 5 o
/ Samples prior to UV exposure - o

O e - Y i
—— »:

Characterized engineering performance ofg.

<candidate SS materials at .5 and 1 AU, 3
gauglng material property tolerances after Q
exposure to simujgted rhission-specific . .
Cﬁarged-partlcle and mlcrometeorouf'

‘ elwlronments. - .

'S1mulatlon software toolklt T Z 4

Able’s Solar Sail Mast with a Trim Control Mass it
(TCM). Roll Spreader Bars (RSBs), and microPPTs :

nd a S e Tqy 0 & T
Developed of a highly integrated, low cost, low
mass, low volume; and low power attitude

- determination and control@ystem and develop

a hlgh-ﬁdellty multl-body modellng' and



Solar Sall SubsyStem Development— Cont el
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Identlfied nonhnear
" mechanism for-
_existing 40 meter .
coilable"booni Ass'es's ;
3ntlal for control

structures. * “y
1ntera‘»ct.10ns. s
- . 1
® :
i, S .
he solar wind with the 26 .
entials normalized by < i
y - Mounted SAFE Mast Canister System
i s > /. : % % 3 & 2 =
_ Déveloped env1r0,nmental and sail conﬁggratlon o e : . @
- models and desngn guideline crlterla for solar sails. . _ o : .
. Conduct laboratory assessment of potentn‘for Laped B T e
" destructive ghwlng‘ﬁelds and arcing ewtnts within @3- G = <3 " ;
¥ the sail and surroundlng environniént. . : : o it £ e AL
g " ‘ - : A S48 : - Ea
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: B | aunch Environment gl Solar Polar Imager
BN Ground Environment — —
. o Initial Application

For
Solar Sails

Technology Area

Relevant Environment I
¢ Definition I

. - .TRL Assessment Process-Flowchart

* M ISSIOnS . Assessment
o . . of
. ¢ 4 Technology Readiness
- .
B , R

ks
D

- -
-~
-
”
S Technology Readiness ) Technology Readiness
, Level (TRL) Definitions/ j=S Level (TRL)
LT Requirements 3 Assessment
i 'v; . i > / ; ' \
\ e
e %
- - -
» . . LA "’ .
§ G System Ground AP ~ B ; >
o e Demonstrator (SGD) - o : s '
Design, Analyses, sl - . .
2 Fabrication, Testing | ] » ¢
(10 Meter and 20 "

. Meter)

TRL Assessment Tool :

. " : el b

Technology 5248 ' B ‘
Assessment Group : e / :
c (TAG) ; ey 7
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-+ . - NanoSail-DDemonstration Solar Sail « - ..
¢ Mission Description 5, '
« 10 m? salil
- Made from tested ground fes 28
demonstrator hardware S -




| NanoSail-D Mission Configuration

Spacecraft Bus
(Ames Research Center).

Bus interfaces _
Actuation Eleetronics
MSFCIUAH)

NanoSail-D -

(Alamlnum CIoseout Panels Not Shown) >

PPOD Deloyer, \ StoWed Conflguratlon

: (Gal-ﬁoly)

Ride Share*dapter
(Space Access Technology) s st | Cubesat 1OCm X 10cm X Mem.
ot +Deployed CP-1 sail: 10 m? Sail Area (3. 16.m smfe Iength
\ . .. g o L Elgiloy Trac B(ws LW
. SpaceX Falcon 1 & ; 5 . - *UHF&S- Band communications e ‘ .

# # ' «PermanentMagret Passive Stabilization .-



National Aeronautics and Space Administration

P | B

Solar Sarl Propulsron IS a
9 Near Term Priority NASA
Technology

Rank Description

Demonstrating large (over 1000 m?) solar sail equipped vehicle in space (E — ——————

Nuclear Thermal Propulsion (NTP) components and systems

Advanced space storable propellants

Long-life (>1 year) electrodynamic tether propulsion system in LEO

Advanced In-Space Propulsion Technologies (TRL <3) to enable a robust technology portfolio for future missions.

i /

# From NASA Office of Chief Technologist Draft In’Spa& Propuléion Systems Roadmap Technology Area 02 %,



Ihterplahetary Kite-craft Atcelerat‘e‘d By
o »Radia'tion Of the Sun (I-KAROS) =

— - B .
.

K IKAR»OS was iRt o May 21,2010
* The Japan Aerospace Exploratron Agency (JAXA) began to
deploy the solar sail on June 3.
-+ TKAROS has demonstrated deployment of a solar sarlcraft

accelétation by photon. pressure and attitude control .
’ -+ Deployment was by centrifugal force :
"« Sail membrane is 25 mm thick 5 -

<

v Configuration / Body Diam. | 1.6 m x Helght 0. 8 m (Cyllnder shape)

Configuration / Membrane | Square 14 m and diagonal 20 m

Weight Mass at liftoff: about 310 kg
. 7L1quld crystal device power was on. R = 2
ELEL - & | : T
Diagonal distance : oy | i i Lae!
_ AN R V(R ' i S5 - { Bass } ol
S — - | Steering device | ‘ SR
, = Z—= Il WAL | o | § 3 4
3 S eaciLas \ /: ‘ Thin film solar cell| £ & el il { et
—r o= Y | |
L= r, ‘ ‘ s 0= -
N LI LB 457 2 hr % = ; S - 'y
f > - g % - - )
4 ,f: r y Dust counter o g-_' 8 4 3
SOk E5k e -
iy 7S 1T o 25
| I O — - ']
LB T ‘—-—-LL ( 29 = BassacssasnssnsasaeditillIUR loditeirparibipnmmpensmmesesnsssarithisensassanssnsosmmmennid
J TI“ ==l 2LT 1
! = E———x : I | i
1 ‘ T 1 H [
- ‘ ! !
T~ 2
Tip mass




LrghtSar l—1 (The Planetary Socrety) STatuS 5

. \.’7‘ s -

13 Cubesat desrgn | Fos
5 V‘,-45k9 . A_;._“.V ‘.__ ..
. s Two 2-megapixel cameras e
- Foursun sensors ‘

~ « Six accelerometers for measur' ng solar
‘acceleratron : :

l

> ,
0 Sall Mater(al alumrnrzed 4. 5 mrcron

Mylar film _;,’ R |
‘s 32 sqmare rfl’etgrs solar sarl area fully
deplcyed‘ Sl g Koo
‘ 2011 planned Iaunch s

\
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SOCIETY

lar Panels (10)

Cameras (2)

Xis
elerometer (2)

Trac Booms (4)

Sun Sensor

(4)

Avionics Package entum
-C&DH Board Battery
*Power Regulation Torque Rod (3)

le Axis Gyro (3]
Sail Storage (4)

*Transceiver
*Payload interface Board Sail

Deployment

Mechanism
Whip
Antenna

xis
elerometer (2)




g LightSail-1
Concept of Operations

THE
PLANETARY
SOCIETY

Sail uses sun energy to
gain orbit energy (up to
4.29x10-° m/s2 when
“on”). 3 - 4 week mission
life.

Drift away from
primary vehicle, eject
from PPOD, deploy
whip antenna, 3 axis 2. Solar panel
stabilization. Solar deployment
panel deployment

followed by Solar Sail Inect: , Sol 1
(Sail deployment video 1. Injection | | 3. Solar sal 9.6 Kbps 437 MH

: deployment ' pS =
stored for downlink) e downlink FSK.

Acceleration data and 2
camera images/day
Sun Synchronous
Orbit 824 km, inclined
98°

Delta 7920-10

Secondary launch with
NPP (June 2011)

Command and Control
from Cal Poly and Ga.
Tech and other ground
stations as appropriate

#52 o

‘Georgia Tech
A , ¥ . _ground station

Vandenberg AFB o N e :9,

2

g2

Amateur Optical
trackers to provide
position data




| Solar..Sall Technology Status .

oJAXA has taken SOIar sa|I propulsmn to TRL 7

e NASA’ Iarge fII‘St generatlon solar salls are a
mature tec‘hnology ready for fllght valldatlon
and subsequent mjssion lmplementatlon

. UnIess space valldatlon IS |n|t|ated—soon, the IRL WI||

beglnto.sllp ey Cltg as . 1_ 3

- Based on 2006 ST-9 studles a\valld’atlon m|SS|on can be .
. flown for under$200|\ﬂ Ly | ~ o ’

0Cubesat scale sa|Is are a mature technology for "
seIected appllcatlens ' - :




