
!"#$%&’’(
!)*’+),%%-).%$)
/00)12’$3#4%5"

!"#$"%&’"(")*%+#,-%./$)0*%+,##,12,%3415*
6#1,7)%./$)0*%89%90,,(,#*

+0,%:7)#4;,, +,"/
<:.:%:/,7%=,7,"#20%>,1),#

.?"2,@?7A%%!"-%BC*%BDEF

https://ntrs.nasa.gov/search.jsp?R=20180006684 2019-12-27T02:45:05+00:00Z



!"#$%&’$%()* +,-./011$2 34"5164,$%()* %



!"#$%&’$%()* +,-./011$2 34"5164,$%()* 7



!"#$%&’$%()* +,-./011$2 34"5164,$%()* 7



Futre AAplAritcaA

!"#$%&’$%()* +,-./011 2 34"5164, %()* 7

AstrobAe wiwAlwihtsbAprvuo

eAl



!"##$%&’()*’+#$$’+,-$#.
! !"#$%$!&’()!)*&+ ,-./0123&4556

! #781,9&:.002::;.,&<2:2-<01&=,->;?<@&.:23&;?<&@-/9&8.2:>&
:072/02&2A=2<7@2/>:

! ):><?B22&C7,,&<2=,-02&!"#$%$!D&@-/-823&B9&>12&:-@2&
;-07,7>9&>2-@

! E/>FG-,,&’H)I)*&+ ,-./0123&45JK
! !.002::;.,&2A=2<7@2/>&7/&B.7,37/8&-/&EL)&;<22&;,92<&C7>1&-&

<-=73&32M2,?=@2/>&090,2&’JN&@?/>1:*
! !@-,,&:7O2&’JP&0@&37-@2>2<*&2/-B,23&B9&H)I)Q:&@7/7->.<7O23&

-,,F7/F?/2&R"S&T&EUS&T&VF-A7:&<2-0>7?/&C122,&@?3.,2
! H?7/>&-0>7M7>72:&B2>C22/&E/>FG-,,&-/3&):><?B22&@-9&B2&

=?::7B,2
! REUW(&’XY%*&+ >?&,-./01&,->2<&>17:&92-<

! $/-B,2&<2:2-<01&?/&)E&;?<&1.@-/F<?B?>&7/>2<-0>7?/
! E/>2</->7?/-,&0??=2<->7?/&+ REUW(&C7,,&:1-<2&;<?@&>12&

=??,&?;&B->>2<72:&>1->&):><?B22&Z.-,7;723&;?<&E!!

U-9&4[D&45JN ):><?B22&F !=-02W=:&45JN 6

!"#$%$!

E/>FG-,,



!"#$%&’()*$%&’+,%-

! !"#$%&’()(*%+"#,")$%-.("#/#-%+("’0’)"+1(2)+%3%-.(%4(-1’(566(76(
8"/%-)3(6’,*’4-(97686:;(<1%+1(<%33("’=3)+’(-1’(’>%0-%4,(
6!?@A@6(2)+%3%-.

! !"#$%&’("’*#-’3.(#=’")-’&(*#/%3’(+)*’")($%’<0(#2(-1’(566(
7686(-#(’41)4+’(-1’(0%-B)-%#4()<)"’4’00(#2(*%00%#4(+#4-"#3

! !’"2#"*(*#/%3’(0’40#"(-)0C0(%4(-1’(566(7686

D).(EF;(EGHI J0-"#/’’(K 6=)+’8=0(EGHI L



!"#$%#&’(#’)*"’+!!

! !"#$%"&’%()’)#*$&"#+)#%
! ,#-.&)’/&)0’()12%(’1#3’-14)%5
! !1$#%1$#’*)($/2)’()12%(’1#3’2"#6)*$%5
! 7".#3’2)*)2-8’&13$1%$"#8’1$&’9.12$%5

! :.%"+1%)’2"6$-%$/-
! ;#/&)1-)’)44$/$)#/5’"4’"#<"&=$%’">)&1%$"#-
! ?@;A’2"/12$B1%$"#

! C.&&)#%25’/"22)/%)3’=5’4$D)3’2"/1%$"#’
-)#-"&-’"&’=5’/&)0</"#3./%)3’-)#-"&’
-.&*)5-

!15’EF8’EGHI :-%&"=))’< 7>1/)J>-’EGHI IK1=$%1%’%()&+12’+1>>$#6

L"/12$B$#6’-$6#12’-".&/)-’=5’1#125B$#6’?77’
->1%$12’*1&$1%$"#’M)N6N’?@;A8’1/".-%$/-O



!"#$%&’()(*#

! !"#$%&$%’()*+,##%-(%-./#0%-)%1"&*2#(%-$%-)(%.+13
! ’()*+,##(%1&$%#4#15)#%1+67/#4%7/&$(%8-)"%95//%&5)+$+6:%&$.%$+%

&()*+$&5)(%7*#(#$)
! ;$1/5.-$2%5$.+130%)*&<#*(#%65/)-7/#%6+.5/#(0%*#)5*$%)+%.+13

! =+8#<#*0%’()*+,##(%*5$%8-)"%2*+5$.%+7#*&)+*%+<#*(-2")
! !"#$%&$%&$+6&/:%+115*(0%&$%’()*+,##%2#$#*&//:%()+7(%&$.%8&-)(%9+*%+7#*&)+*%

-$)#*<#$)-+$
! ;)%1&$%1+$)-$5#%+7#*&)-$2%.5*-$2%1+665$-1&)-+$%+5)&2#(%5$)-/%-)%#$1+5$)#*(%&$%

&$+6&/:
! >"#%+7#*&)+*%1&$%&/8&:(%)&3#%+<#*%&$.%)#/#+7#*&)#
! ’()*+$&5)(%1&$%&/(+%,#%+7#*&)+*(0%,5)%)"-(%-(%*&*#%?6-$-6-@#%1*#8%)-6#A

B&:%CD0%CEFG ’()*+,##%HI7&1#J7(%CEFG D



!""#$%&&’’’()*$*(+,- &*$".,/00 &-120,$

!"#$%&’$%()* +,-./011$234"5164,$%()* )(



!"#$%&’(%#)*+,$+-./’!%.#-*#’0’123!"#$%&’’(

!"#$%#&’()*%#+&,)*%--%#&

."//-%&

01+%#&2"3$4%#&

5*%16%#7839#"*:"$%& ’1;%#<&
=%#)3$14%&’(;"$&

2">%#&5>349:&

?16%&’(;"$&
@"#>1#A&@-1+:-3B:4&

5414(+&0CD+&

E7FG7FHIJ& 52KCLC57M+4#"N%%&?"#63$B&O#"(*& P&

593!1)&
.1Q!1)&

K1/!1)&

="(9:&59#%%$&

53B$1-&03B:4+&

5*%%A!1)&

M#)&

D"96!1)&
2%#9:!1)&

MR&@-1+:-3B:4&

!"#$%&’$%()* +,-./011$234"5164,$%()* ))



!"#$%&’(%#)*+,$+-./’0-&&1.+)2$+-.#

! !"##$%&’()*+,)-."$/-,
011,2&3&4-*%,567&%/

! 1&%/6*,)*6*#*).789&:*",
+).*(#,)",/."$%:

! ;$6)&<6*,/."$%:,
+)()&"%+,’(%,’"%%*’),
)-."$/-,+*.9*.

! =(./*,5&6*,).(%+5*.+,(%:,
+"5)4(.*,$<:()*+,
)-."$/-,>)-*.%*),"%,)-*,
:"’?

;(7,@AB,@CDE F+)."G**,H1<(’*I<+,@CDE D@
F+)."G** ’"##$%&’()&"%+,<()-



!"#$%&’(%#)*+,$+-./’0-#+$+-.’1#$+&2$+-.

! !"#"$%&’(#)*+%(,"-(."$%
! /$01(2)#+3)(.42)#+5".6+$%&’$(2*+(+12"$2"+

0(1
! 7%8$21$2(.)#+"%)2."(9+0)(#42)0)%.#

! :"*48"(9#+4#)*+3$2+(4.$%$0$4#+*$8;"%-
! <)=4"2)#+(112$>"0(.)9?+@+80+1$#"."$%+

(8842(8?

A(?+BCD+BE@F G#.2$’))+&H1(8)I1#+BE@F @J

! !"#4(9+$*$0).2?
! <$’$.+8(%+8$%."%4)+.$+%(,"-(.)+56)2)+%$+0(1+3)(.42)#+(2)+2)8$-%"K)*

:)(.42)+0(1+$3+.6)+LMA&NA



!"#$%&’(%#)*+,$+-./’0%*)1+.2’3*&

! !"#$%&"’()*(%+,#-(.,&’+,$/#
! 0)*1#(2*3-/")"/4($&(

-,4/*,’(5,4
! 62)#(,#(,(-,&7)$/)(8&$)(1.$/"(

-"+2."’
! 9/":$5/"(,&’(5,2; 7’+$<,5/"
! =,4(5"(-"+2."’(3,&8,//4

=,4(>?@(>ABC 6#)+*5""(70-,2"D-#(>ABC BE

F,3"+,(G$"1(!$+"2)$*&

6#)+*5"" H"+2.$&%(6+3(-,&(+,&%"

7BCAI JBCAI

7KAI

J?AI

6#)+*5"" H"+2.$&%(6+3()$/)(+,&%"



!"#$%&’(%#)*+,$+-./’(-)0+.1’!$2$+-.

! !"#$%#&#’!#$%#&#(!#$%
! )*+,-.#/0+#(#/+**#/12*+.
! 3+0456*.#708*+#9:6#;,-*+:*,

! <56=$591.#=.*6#/0+#45.=91#.*+405:>,0#
9=,0:0%0=.12#60$?

! @9>:*,.#7+0456*#+*,*:,50:#/0+$*

@92#(AB#(CD! E.,+0F**#GH79$*I7.#(CD! D"

!"#$%"&’(

!)**+!’,*)+-*)./

011’"23+!&2

4&.&+0122*%.1)

516*)+0122*%.1)

78/&$(.+9%11:

;&"2+516*)+96".%/

;1$2."23+-)&%<*.(



!"#$%&’(%#)*+,$+-./’0*-1.2’(3$3’!"#$%&
! !"#$%&’’()%*#$%+(,#-#.%*

! ,%$#.’(/+-**.*0(#%%+
! 12’34#.%*(5%*.#%$.*0

! 6.7’(#’+’5’#$8
! 95-0’(-*:(7.:’%("#$’-5"
! ;<(7.$#4-+(:."/+-8

! ,4/’$7."%$8(3%*#$%+(=$4*(/+-*"(%$(".*0+’(3%55-*:">
! ?8/.3-++8(4"’:(&8(0$%4*:(%/’$-#%$"

! )$’@()%*#$%+(,#-#.%*(=4"’:($-$’+8>($4*"(%*(-*(
1ABC1,,(6-/#%/()%5/4#’$(=16)>

! ,’$7’$(D%$(-$3E.7.*0(-*:(:."#$.&4#.*0(!"#$%&’’(
:-#-

! ,4.#’(%D(’*0.*’’$.*0(#%%+"(#%("4//%$#(
5-.*#’*-*3’(-*:("%D#@-$’(4/0$-:’"

F-8(GHI(GJKL !"#$%&’’ M,/-3’N/" GJKL KO



!"#$%&’’ (%)#$%*+,#-#.%)

!"#$%&’$%()* +,-./011$234"5164,$%()* )7



!"#$%"&’!(#$(%)

! !"#$%&’’()*+(&’(%,’$*#’-(.$%/(*0/%"#(*+123’$’
! 40563#()%+#$%00’$"(*#(75""5%+(8%+#$%0(8’+#’$(9:;8<
! =*10%*-()%+#$%00’$"(*#(=*10%*-(>,’$*#5%+"(?+#’6$*#5%+(8’+#’$(97;48<
! @A’"#(")5’+#5"#"(*#(7A0#5B75""5%+(>,’$*#5%+"(8’+#’$(9!C8<(%$(3%/’(

5+"#5#A#5%+"
! =$%D5-’"(%,’$*#%$"(25#3(*(/%&50’()*/’$*(.%$(5/,$%D’-(

6$%A+-("5#A*#5%+(*2*$’+’""(-A$5+6()$’2(*)#5D5#5’"
! >,#5/5E’(D5’25+6(*+60’"(A"5+6(#3’(,*+F#50#(%$(&1($’0%)*#5+6(!"#$%&’’

! ;A,’$D5"%$1()%+#$%0(/’*+"(GHHI(%.(%,’$*#%$J"(*##’+#5%+(5"(
+%#($’KA5$’-

7*1(LMN(LHGO !"#$%&’’(B;,*)’>,"(LHGO GO



!"#$%"&’($)"%*+,-’-&+./$%0$/&(%$1
#"*)2$)")($&2"/3

!"#$%&’$%()* +,-./011$234"5164,$%()* )&

! 357189:1$+,-./011$"5-;<;-#
! =,1$>:"?$@8;-/.$-/$5.1"-1$)A$"$4:"?$-7"-$B/<1,$

+,-./011$-/$5.1C$"5-;<;-#$,;-1’$"?8$%A$"$4:"?$-7"-$
.1-9.?,$+,-./011$-/$-71$D/5E

! 37/.-:#$01F/.1$5.1C$"5-;<;-#’$1G159-1$),- 4:"?
! +-$,-".-$/F$5.1C$"5-;<;-#’$,C;-57$-/$H1:1/41."-1$-/$

01I;?$,-.1"B;?I$JD$<;81/$"?8$"8K9,-$4"?$"?8$-;:-
! LF$5.1C$0:/5E,$5"B1."$<;1C’$-1:1/41."-1$+,-./011$-/$

9?41.57’$F:#$-/$?1C$7"?8.";:’$.1241.57M
! D9.;?I$N63’$+,-./011$C;::$5/?-;?91$-/$.15/.8$<;81/
! +-$5/?5:9,;/?$/F$5.1C$"5-;<;-#’$1?8$JD$<;81/$

,-.1"B;?I$"?8$1G159-1$%?8 4:"?$-/$.1-9.?$-/$8/5E
! 6?51$+,-./011$;,$8/5E18’$;F$81,;.18’$8/C?:;?E$

.15/.818$<;81/$F;:1M

O/?514-$/F$+,-./011$41.57;?I$F/.$5.1C$"5-;<;-#$
8/59B1?-"-;/?



!"#$%&!’$%(")*+(,&-*+.)/$%(")*+.

! !"#$%&’())$"*+,,"()"’-"’&(+%."(/%"’-,0"1"2’34+-5"6%7%+’-"()&%8$"7&)"
797+,7(,)

! :8+&;"<&))"<,0)&"*+,,"()"$%’*);"7-;"*+,,"&)=/+&)"3&)*"%’"387&5)"7-;"+-$%7,,"
(7%%)&+)$"()<’&)"/$)

! >/,%+?,)"<&))"<,0)&"’?)&7%+’-$
! @738"#$%&’())"733)?%$"3’AA7-;$"<&’A"’-,0"’-)"B’-%&’,"6%7%+’-"7%"7"

%+A)
! #-0"B’-%&’,"6%7%+’-"A70"A’-+%’&"%),)A)%&0"<&’A"A/,%+?,)"#$%&’())$
! #,,’*$"’?)&7%’&$"%’"*7%38"<’&"+-%)&<)&)-3)"()%*))-"A/,%+?,)"#$%&’())"

73%+9+%+)$
! C66"’?)&7%’&$"A/$%"$38);/,)"/$)"’<"#$%&’())"*+%8"%8)"#$%&’())"

D73+,+%0

>70"1E."1FGH #$%&’())"I 6?73)J?$"1FGH 1F



!"#$$%&’%()*+#,%-.

!"#$%&’$%()* +,-./011$234"5164,$%()* %)

78941.$5/::;,;/<$-1,-$.;=

! ><;?81$5/::;,;/<$@"A".B,C$$D.1E$5"<$9/F1$G",-1.$-@"<$+,-./011 5"<$9/F1$
/8-$/G$-@1$E"#

! !;-;="-;/<,
! H;=@-$I:/E$9",,’$J)($K=L
! 3:/E$I9"M$,411B$(NO$9P,L
! 3/G-$I5/.<1.$08941.,$"<B$G/"9$4"BB;<=L
! 3;=<":$:;=@-,P</;,1$E@1<$1<-1.;<=$@"-5@E"#
! Q114$5.1E$"E".1$-@./8=@$/41."-;/<":$-15@<;?81,

! R";:#$S:"<
! R";:#$5/<G1.1<51,
! D"4D/9 5"::,$",$<11B1B

! 35.11<,$5/F1.$;<-"K1,
! T.;::,$5/F1.$</AA:1$G:"4,



!"#$$%&’%()*+,-.#/0

! !"#$%&’#$(’)%’*+’,)%"-%+.$-$/$(%0)1("2$$3)%
"4$(’13-5

! 6(3/’&,%)1’17)%89:)%"-%;"(+’(<%’-<%’;1%;’&$)%3-<3&’1$%
+.$-%&’#$(’)%"(%#3&%’($%"-%’-<="(%)1($’#3-5

! >($+%’&17’**,%#")1%&"-&$(-$<%’2"71%*3/$%’7<3"
! ?-%’<<313"-%1"%4(3/’&,%)1’17)%89:)@%)35-’*%*35.1)%"-%

*$;1=(35.1%6("4%A"<7*$)%+3**%).3-$%2*7$%+.$-%#3&%3)%"-
! B$$4CD71%E"-$)%FBDEG%&’-%2$%7)$<%1"%H$$4%

0)1("2$$"71%";%’($’)%+.$($I
! 0%&($+%#$#2$(%3)%$J$(&3)3-5
! 0%#$<3&’*%$J4$(3#$-1%3)%3-%4("5($))
! 0%)$-)313/$%4’,*"’<%3)%"4$(’13-5
! 0-%$J.’7)1%/$-1%&($’1$)%;’)1C#"/3-5%’3(%1.’1%#35.1%

2*"+%0)1("2$$";;%&"7()$

A’,%KL@%KMNO 0)1("2$$C!4’&$D4) KMNO KK
0)1("2$$%;"(+’(<%2$P$*%4(3/’&,%)1’17)%89:)

!"#$%&’()#*+%$,-.’/.&.$%(00
-’.1#2,$%1.’$#2*$%3%’.1#$#2*$

’.1#$#2*%0.!!.’4%% (
&(!.4%%
$#+*(!,’.4%5555555555555555



!"#$$%&’%()*+$#,%-%&.
! !"##"$%&’(’)(#"*+(,(-./01,*/*’2(&)$,’")*(#)0(

’3/(!)$4"*5(6’,’")*
! 7$$%."/8(8"5*"#"$,*’(8.,$/
! 9,*’(’)(,:)"+(3"53(’0,##"$(,0/,8
! ;*’"$".,’/+(8/0:"$/(&"#/(%*’"&(<=<>?(@"&&(&,8’(’30)%53(

1,*A($3,*5/8(’)(B66
! C/88)*(&/,0*/+D(/E./$’(’)(F/(1):/+?(,*+(F/(

#&/E"F&/
! !)$4(+/8"5*(*)@(3,8(1,*A(1)%*’"*5(

$)*#"5%0,’")*8(@"’3(,+G%8’,F&/(F0,$4/’8?(F,8/+()*(
F)’3(8/,’(’0,$4(,*+(3))4 H,*+ H&)).

! ;$$)11)+,’/8(1,*A(.)88"F&/(1)%*’"*5(&)$,’")*8
! B*"’",&(&)$,’")*D(I;J;(3,8(,50//+(’)(3)8’(’3/(

;8’0)F//(+)$4("*(’3/(IKL HM0/88%0"N/+(L)+%&/(
M)0’(K*+$)*/ ?(;#’

L,A(<O?(<=PQ ;8’0)F//( H6.,$/7.8(<=PQ <R

B*"’",&(+)$4(&)$,’")*("*(0/+?(IMLP;S



!"#"$%&’()*%"’+!!’,-").)"/’01*234#$5-67

!"#$%&’$%()* +,-./011$234"5164,$%()* %7

81,9:-;<=$>?$@"4$/A$B;,9":$
:"<C@".D,

E33$F?8$G.1,<;D$-"D;<=$4H/-/,’$
%()IJ))J(K

L"</."@"$,-;-5H1C$A./@$&$4H/-/,

MN!$!"44;<=O$P/5"-;/<,$/A$)7$4"</."@",



!"#"$%&’()"*+,#"-.)’-)’/,.+,*%%

!"#$%&’$%()* +,-./011$234"5164,$%()* %7

89-$:;15<$= 8.11$8>#1.$:/.1$?9-;$@/5<

A./4B>,9/C$!/DB>1$A>1CBE :/.1$+F9/C95,$GB.C2HC

I/JJ>1$!15;"C9,E A./4B>,9/C$HE41>>1.



!"#"$%&’(()*+,#*-./
! !"#$%&’’()*++(,’+-(-$%.’(%/#(#,’(0%10’-#(%2(345$’#56’$(

7%&%#"8(2%$(2/#/$’(’9-+%$5#*%1(5$0,*#’0#/$’"
! !++%)"(:%1*#%$*1;<(:5*1#’1510’(51=($’-5*$(%2(5(250*+*#>(&’2%$’(

51=(&’#)’’1(0$’)"
! ?5#’)5>(:5>(&’(0$’)’=(@/"#("*9()’’6"(-’$(>’5$A
! 4$*#*05+(1’’=(#%(05$’(2%$("-50’0$52#(),’1(0$’)(5$’(1%#(-$’"’1#

! B1"-’0#*%1(2/10#*%1"(051(*10+/=’C
! D-%#(0,’06"
! D/$.’>"
! !/#%:5#’=(0,51;’(=’#’0#*%1(51=(#$’1=*1;
! E%05+*F*1;(-$%&+’:"

! G*#,(=’9#’$%/"($%&%#*0(:51*-/+5#*%1(05-5&*+*#*’"<(2/#/$’(#5"6"(
0%/+=(*10+/=’C

! H5*1#’1510’
! 7’-5*$
! 45$;%(#$51"2’$

H5>(IJ<(IKLM !"#$%&’’(ND-50’O-"(IKLM IP

B"%+5#*1;(25/+#"C(Q+#$5"%1*0(
+’56(=’#’0#*%1

O22N+%5=($%/#*1’(5"#$%15/#(
#5"6"C(7%&%#*0(05$;%(#$51"2’$



!"#$%&’("#

! !"#$%&’%’(%))*#*%"#+(,)()-*./0(&"1(
2&+-,&1(,2%$&0*,"’

! !32$,4%’(#$%5(’&)%0+
! 6,7*-*0+(#&8’%1(8"*98%(,2%$&0*,"&-(

#/&--%".%’
! :&8"#/;((<,4%37%$(=>?@
! A,33*’’*,"%1;((3*1 B=>?C
! A8$$%"0(’0&08’;(!"0%.$&0*,"
6&+(=CD(=>?@ E’0$,7%%(BF2&#%G2’(=>?@ =H



!"#$%&’()*+($,-

! !"#$%$&’()
! *+,+&-./%&01.#23#2&4%5%678/%#9&:;72;./&<,8.=%&>%=1#7672(&?3@@37#&

43;%=97;.9%A
! B,,&,:CDED,&!.=3639(&<C"/.#&DF867;.937#&.#$&G8%;.937#@&?3@@37#&

43;%=97;.9%A
! >1.#H@&27&97)

! B,,&,:CDED,&>%./
! B,,&:.(67.$@&GII3=%
! J,0&!63219&G8%;.937#@&43;%=97;.9%
! B,,&+537#3=@&.#$&,7I9K.;%
! +$5.#=%$&DF867;.937#&,(@9%/@&:;72;./

?.(&LMN&LOPQ +@9;7’%%&R,8.=%G8@&LOPQ LQ



!"#$%&’($)
!"#$"%&’"(")*+","%-./

0"1234523678 9,)#.&::2 ; <=">:?=,23678 34


