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Cette thèse a été dirigée par le Professeur Kauffmann de l’université de Franche()*%+",&-.&/*(

directeur de l’Ecole Royale Mil0+102.& "+10+& 3.&4*/+.$2& 5*617&813317+& .+& 3.#& .##10#& 9& l’Institut franco(

133.%17:&:.&2./6.2/6.#&:.&;107+(-*$0#&<=;->&"+10.7+&.7/1:2"#&?12&3.&4*/+.$2&@12A$#&;/67.0:.2,&

B7&317/.$2&9&2103#&/*7C.7+0*77.3&.#+&/*%?*#"&:.&:.$D&2103#&/*7:$/+.$2&/*77./+"&?12&$7&?2*E./+03.,&

L’interaction entre le champs magnétique induit par le courant dans les rails .+& 3.& /*$217+& :17#& 3.&

?2*E./+03.&2"#$3+.&.7&$7.&F*2/.&"3./+2*%1G7"+0H$.&1//"3"217+,&417#&/.++.&+6I#.&*7&$+030#.&$7.&?2*E./+03.&

1C./&:.$D&?*7+#&:.& /*$217+,&J*$2&$7& 317/.$2& 9& 2103#&/*7C.7+0*77.3& 31&%"+6*:.& 3.&?3$#& .FF0/1/.&?*$2&

1$G%.7+.2& 31& F*2/.& #$2& 3.& ?2*E./+03.& est d’augmenter le /*$217+& :17#& 3.#& 2103#,& @10#& 3.& :.7#0+"& :.&

courant est limité. L’échauffement des contacts entre les rails et les ponts de courant par l’effet J*$3.&

.+& la force de frottement, peut résulter dans la transformation d’un contact solide dans un contact 

plasma, ce qui est à éviter. Une possibilité d’adresser ce problème est d’ajouter des ponts de courant 

?*$2&1%"30*2.2&31&:0#+20K$+0*7&:.&/*$217+,&&B7.&autre possibilité est d’appliquer un champs magnétique 

extérieur généré par un circuit extérieur qui nous permet d’augmenter la force "3./+2*%1G7"+0H$.&#17#&

augmenter le courant dan le circuit intérieur. Dans cette thèse l’objectif est d’étudier la distrib$+0*7&:.&

/*$217+& .+& :.& +.%?"21+$2.& :17#& $7& ?2*E./+03.& 9& :.$D& ?*7+#& :.& /*$217+& ?*$2& $7& 317/.$2& 1$G%.7+",&

)*%%.&3.#&:.$D&?*7+#&:.&/*$217+#&.+&3.#&2103#&:$&/02/$0+&07+"20.$2&F*2%.7+&$7&/02/$0+&F.2%"L&3.&/61%?#&

1$G%.7+"&C1&07:$02.&$7&/*$217+&:.&/02/$31+0*7&H$0&07F3$.7/.&31&:0#+20K$+0*7&:.&/*$217+&.7+2.&3.#&K2*##.#,&

-.&?2.%0.2&%*:I3.&:.&#0%$31+0*7&.#+&$7&%*:I3.&G3*K13&:$&317/.$2&.7&J;?0/.&H$0&7*$#&?.2%.+&:.&

:"+.2%07.2&3.#&/*$217+#&G3*K1$DL&31&F*2/.&"3./+2*%1G7"+0H$.L&31&?*#0+0*7&.+&31&C0+.##.&:$&?2*E./+03.&.+&31&

+.%?"21+$2.&%*M.77.&:.#&K2*##.#,&-.&%*:I3.&G3*K13&prend en compte l’effet de peau :N&9&31&C0+.##.&.+&

.#+&C130:"&?12&:.#&2"#$3+1+#&.D?"20%.7+1$D,&-.&:.$D0I%.&%*:I3.&.#+&$7&%*:I3.&3*/13&.7&OP;Q;L&$7&

/*:.&9&.3.%.7+#&F070#L&?*$2&$7&?2*E./+03.&F0D.,&).&%*:I3.&?.2%.+&$7.&"+$:.&3*/13.&:.&31&:0#+20K$+0*7&:.&

/*$217+&.+&:.&+.%?"21+$2.,&B7&%*:I3.&?*$2&31&R*7.&:.&/*7+1/+&.7+2.&3.#&2103#&.+&3.#&K2*##.#&.#+&07+2*:$0+,&

-.&%*:I3.&3*/13&.#+&$+030#"&?*$2&/13/$3.2&3.#&/*.FF0/0.7+#&:.&l’"H$1+0*7&:.&F*2/.&:17#&3.&%*:I3.&G3*K13,&

-.#&2"#$3+1+#&:.#&:.$D&%*:I3.#&:.&#0%$31+0*7&#*7+&/*6"2.7+#,&

-.&317/.$2&-O!OL&$+030#"&?*$2&3.#&.##10#L&1&$7.&3*7G$.$2&:.&S,T&%&.+&$7&/130K2.&/122"&:.&ST&%%,&

On disposait de trois bancs de condensateurs pour l’alimentation du lanceur en configuration non(

1$G%.7+"& .+& 1$G%.7+",& -.#& C0+.##.#& 9& 31& K*$/6.& *K+.7$.#& C120.7+& .7+2.& UV& .+& WSU& %X#,& J*$2& 31&

:"+.2%071+0*7&:.&31&:0#+20K$+0*7&:.&/*$217+&7*$#&1C*7#&$+030#".#&$7.&%"+6*:.&?2*?*#".&?12&Y;)Z[T1\,&

).++.&%"+6*:.&.#+&$7.&/*%K0710#*7&d’une %.#$2.&:.&+.7#0*7&.7+2.&:.$D&?07#&:17#&3.#&2103#&.+&:17#&$7.&

K*$/3.,&P*$#&1C*7#&/*7#+1+"&H$.&3.#&#0G71$D&*K+.7$#&1C./&/.++.&%"+6*:.L&1??30H$".&:17#&/.&2"G0%.&:.&

C0+.##.L& #*7+& ?.2+$2K".& ?12& 3.#& /*$217+& :.& ]*$/1$3+& 07:$0+#& 1C17+& 3.& ?2*E./+03.& .+& 3.#& 2"#$3+1+#& 7.&

2"?*7:.7+&?1#&9&7*#&1++.7+.#,&B7.&%"+6*:.&1713M+0H$.&K1#".&#$2&31&%.#$2.&:.&+.7#0*7&:17#&31&K*$/3.&1&

"+"&:"C.3*??".,&-.#&2"#$3+1+#&.D?"20%.7+1$D&#*7+&/*%?12"#&1C./&3.#&#0%$31+0*7#,&P*$#&1C*7#&/*7#+1+"&

$7.&K*77.&/*22.#?*7:17/.&.7+2.&3.#&C13.$2#&:.#&/*$217+#&%1D0%1$D&:17#&3.#&2103#&/13/$3"#&1C./&J;?0/.&

.+& 3.#& C13.$2#& .D?"20%.7+13.#L& %10#& 3.& /*$217+& /13/$3"& 1C./& J;?0/.& .#+& ?3$#& F10K3.& :17#& 31& ?61#.&

:"/2*0##17+.& :$& /*$217+,& -.#& .22.$2#& #$2& 31& C0+.##.& #*7+& 07F"20.$2.#& 9& S[& ^,& -.#& :.$D& %*:I3.#& :.&

#0%$31+0*7#&.+&3.#&.##10#&%*7+2.7+&H$.&31&K2*##.&1C17+&?*2+.&31&?3$#&G217:.&?12+0.&:$&/*$217+,&

-1& :.270I2.& ?12+0.& :.& /.++.& +6I#.& .#+& $7.& "+$:.& ?121%"+20H$.& 1C./&O7#M#& ?*$2& l’avant(?2*E.+& :$&

circuit extérieur d’un lanceur à rail existant. L’influence de la G"*%"+20.& .+& :.& 31& ?*#0+0*7& :.#& 2103#&

.D+"20.$2#&#$2&3.#&F*2/.#&#$2&31&?2*E./+03.&.+&3.#&2103#&.#+&.D1%07".,&&D’autres études paramétriques sont 

effectués avec PSpice pour LARA pour l’optimisation du projectile et pour l’alimentation du lanceur.&

&

'()#& *+"#_& 317/.$2& 9& 2103& 1$G%.7+"L& ?2*E./+03.& 9& :.$D& ?*7+#& :.& /*$217+L& :0#+20K$+0*7& :.& /*$217+L&

:0#+20K$+0*7&:.&+.%?"21+$2.L&%*:I3.&:.&/*7+1/+L&%*:I3.&:.&F*2/.&.7&F*7/+0*7&:$&+.%?#&&
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!"#$%"&'"()*++"&,-&./)-0)*#&
&

&

1-(/2'$3(*2-&

&
& 3-& +)-4,$/& (/)-#.5/%,& $-,& "-,/6*,& 75(,-(*,++,& ,-& "-,/6*,& 4*-"(*8$,& ,(& 4,$9& 8$*& #5-(& +,#& 7+$#&

efficaces partent de l’énergie chimique. :,#& 4)-5-#& 5$& +)-4,$/#& 4+)##*8$,#& 5-(& )((,*-(& ',#&

7,/.5/%)-4,#&/,%)/8$);+,#<&=-&7,$(&4*(,/&+,&4)-5-&'$&4>)/&?,4+,/4&8$*&'"@,+577,&$-,&"-,/6*,&',&11<A&

BC&,(&+)-4,&$-&7/5D,4(*+,&',&A<2&E6&)@,4&$-,&@*(,##,&F&+)&;5$4>,&',&1AGH&%I#<&J5$/&$-&4,/()*-&-5%;/,&

d’applications, c’est la vitesse à la bouche qui doit être très élevée. Des soluti5-#&)@,4&',#&6)K&+"6,/#&

,9*#(,-(& %)*#& )@,4& $-,& 45-#(*($(*5-& @5+$%*-,$#,<& ?,#& +)-4,$/#& "+,4(/5%)6-"(*8$,#& 7,/%,((,-(&

d’atteindre ces vitesses élevées avec un rendement supérieur. De plus ils s’inscrivent dans les 

5/*,-()(*5-#&LMN&OL++&M+,4(/*4&N>*7#P&,(&LMQ&OL++&M+,4(/*4&Q,>*4+,#P<&

&& =-&'*#(*-6$,&',$9&(R7,#&',&+)-4,$/&"+,4(/5%)6-"(*8$,&;)#"#&(5$#&+,#&',$9&#$/&+)&.5/4,&',&?5/,-(KS&

+,& +)-4,$/&F& /)*+#&,(& +,& +)-4,$/&F&;5;*-,#<&?,#&/")+*#)(*5-#&#5-(&,-45/,&)$&-*@,)$&',#& +);5/)(5*/,#<&?)&

source d’énergie utilise g"-"/)+,%,-(& ',#& ;)-4#& ',& 45-',-#)(,$/#&;*,-& 8$,& +,#&%)4>*-,#& (5$/-)-(,#&

aient une densité d’énergie plus élevée. Les travaux de recherche qui sont menés portent sur les #*9&

75*-(#&#$*@)-(#&T&

U! +,&+)-4,$/&F&/)*+#&

U! +,&7/5D,4(*+,&,(&7+$#&7)/(*4$+*V/,%,-(&+,#&45-()4(#&,-(/,&7)/(*,#&.*9,&,(&%5;*+,&

U! l’alimentation en énergie&

U! +,&'*)6-5#(*4&

U! +)&%5'"+*#)(*5-&,(&+,#&45',#&',&4)+4$+&&

U! +,#&)77+*4)(*5-#<&

?,#& /,4>,/4>,#& ')-#& 4,& '5%)*-,& 5-(& "("& '"@,+577",#& 'V#& 1GWX& )$9& M()(#& 3-*#S& 8$*& .5-',-(& ',&

6/)-'#&,#75*/#&')-#&4,((,&(,4>-*que. La Chine est actuellement le deuxième pays par l’importance des 

chercheurs et des moyens affectés à ce domaine de recherche. En Europe, c’est l’ISL (Institut francoU

)++,%)-'&',&N)*-(&?5$*#P&8$*&,#(&+,&.,/&',&+)-4,&',&+)&/,4>,/4>,&#$/&+,#&+)-4,$/#&F&/)*+#&'5-(&+,#&(/)@)$9&

5-(& '";$("& ,-& 1GWA<& ?,#& )$(/,#& +);5/)(5*/,#& ,$/57",-#& #5-(& +YM!B& OM45+,& !5R)+,& B*+*()*/,P& ,-&

Belgique sur le lanceur à rails augmenté, l’Université de Pise en Italie sur les champs magnétiques et 

l’Institute for Semiconductor Physics F&Q*+-*$#&,-&?*(>$)-*,<&

?,#& 4>,/4>,$/#& #$/& +,#& +)-4,$/#& "+,4(/5%)6-"(*8$,#& #,& #5-(& /,6/5$7"#& ')-#& '*.."/,-(,#& #54*"("#&

#)@)-(,#& -)(*5-)+,#& 5$& *-(,/-)(*5-)+,#& ,(& ',#& 45-6/V#& #5-(& /"6$+*V/,%,-(& 5/6)-*#"#& 45%%,& MB?&

OM+,4(/5%)6-,(*4&?)$-4>&NR%75#*$%P&'5-(&+,#&45%%$-*4)(*5-#&#5-(&7$;+*",#&')-#&ZMMM&[/)-#)4(*5-#&

5-&B)6-,(*4#S&,(&',7$*#&\H1H&')-#&ZMMM&[/)-#)4(*5-#&5-&J+)#%)&N4*,-4,<&

Les travaux de recherche menés à l’ISL portent sur les lanceurs à railsS& +,#&45-()4(#&6+*##)-(#&,(&

+’alimentation. L’ISL dispose de Pe6)#$#S&+)-4,$/&&',&]&%&',&+5-6&)@,4&$-,&"-,/6*,&',&1H&MJ et d’un 

4,/()*-& -5%;/,& ',& +)-4,$/#& ',& 7,(*(,#& 7$*##)-4,#<& Z+& )& ,-& 7/5D,(& !L^Z!L& O!L7*'& ^Z/,& !L*+6$-PS&

+)-4,$/&/)7*',&',&2&%&',&+5-6&)$(5/*#)-(&',#&(*/#&%$+(*7+,#<&

?,#&(/)@)$9&#$/&+,&+)-4,$/&F&/)*+#&)$6%,-("&O?L!LP&5-(&'";$("&)@,4&+)&(>V#,&',&C<&_)++)-(&')-#&+,&

cadre d’une coopération entre l’ISL et l’ERM<&?,#&"($',#&(>"5/*8$,#&,(&+,#&#*%$+)(*5-#&5-(&"("&%,-",#&

à Bruxelles. Les essais et validations expérimentales ont été faits à l’ISL. Le champ extéri,$/&7,/%,(&F&

7,/.5/%)-4,#&"8$*@)+,-(,#S&',&/"'$*/,&+)&',-#*("&',&45$/)-(&)$&-*@,)$&',#&45-()4(#&6+*##)-(#&,(&'5-4&',&

/,#(,/&F&',#&45-()4(#&#5+*',#&)$&+*,$&',&6"-"/,/&$-&7+)#%)&8$*&)&',#&,..,(#&',#(/$4(,$/#<&

?,#&(/)@)$9&%,-"#&')-#&+,&4)'/,&',&4,((,&(>V#,&#5nt également le fruit d’une collaboration entre les 

%`%,#& +);5/)(5*/,#& ')-#& +,#& %`%,#& 45-'*(*5-#<& a,& -5$@,++,#& (,4>-*8$,#& ',& %,#$/,& ',@/)*,-(&

permettre d’étudier l’influence du champ extérieur sur la répartition des courants dans les ponts de 

45$/)-(#<& ?)& -5-& '*#75-*;*+*("& ',& ?L!L& '$/)-(& $-,& 4,/()*-,& 7"/*5',& n’a pas permis de mener les 

*-@,#(*6)(*5-#&)$##*&+5*-&8$,&-5$#&+,&#5$>)*(*5-#<&

&

&

&

&

&
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13! 4)-5,$/&"+,5(/6%)7-"(*8$,&9&/)*+#&

&
& 4,& :/*-5*:,& ',#& +)-5,$/#& "+,5(/6%)7-"(*8$,#& 9& /)*+#& ,#(& ;)#,& #$/& +)& .6/5,& ',& 46/,-(<& 8$,& -6$#&

:6$=6-#&,>:/*%,/&#6$#&+)&.6/%,&?&&

&

&

&

6@& & /,:/"#,-(,&+)&',-#*("&',&56$/)-(&')-#& +,&:/6A,5(*+,&,(& & l’induction magnétique induite par ce 

56$/)-(3&

&

B*73131&: Schéma de principe d’un lanceur à rails&

4)&56C"-,/7*,&%)7-"(*8$,&',&5,&5*/5$*(&,#(&?&
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6@&<&,#(&+)&'*/,5(*6-&'$&(*/&et L’!&l’inductance incrémentale des rails3&& & & & &

La force qui s’exerce sur le projectile peut être augmentée en ajoutant un champ extérieur B,>(&?&

&

&

&

&

K,5*&,#(&6;(,-$&)=,5&$-&',$>*L%,&#M#(L%,&',&/)*+#&avec son propre système d’alimentation (fig.1.2)3&

&

B*7313D&?&Schéma d’un lanceur à rails augmenté&

&

La force s’exprime dans ces conditions par&?&
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FN&est le courant dans le rail extérieur et M’ la mutuelle incrémentale entre les deux rails. Dans ce cas 
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3,#&#,+.&,(&%$($,++,&*-'$4()-4,#&*-4/"%,-()+,#&-,&#5-(&6)#&45-#()-(,#&,(&'"6,-',-(&',&+)&65#*(*5-&

du projectile car la distribution de courant dans les rails évolue à cause de l’effet de peau qui est lié 

d’une part à la forme des courants injectés et d’autre part au déplacement du projectile.&

3,#&45$/)-(#&78&,(&7!&#5-(&59(,-$#&6)/&+)&'"4:)/;,&',&9)((,/*,#&',&45-',-#)(,$/#<&3,&'*#65#*(*.&',&

mise en forme de l’impulsion de courant comprend une diode «&4/5=9)/&>&?$*&"+*%*-,&+,#&5#4*++)(*5-#&

'$&45$/)-(<&

&

&

&&&&&&&&&&& &
@*;<1<A&B&C4:"%)&',&9)#,&'$&'*#65#*(*.&',&%*#,&,-&

.5/%,&'$&45$/)-(&

@*;<1<D&B&8++$/,&'$&45$/)-(&

&

3)&6)/(*,&%59*+,&45%65/(,&#5$E,-(&6+$#*,$/#&65-(#&',&45$/)-(&65$/&'*%*-$,/&+)&',-#*("&',&45$/)-(&

,(& "E*(,/& +)& .5/%)(*5-&'e plasma qui entraîne une détérioration des rails. L’ISL utilise ',#& 65-(#& ',&

45$/)-(& .*+)%,-()*/,#<&3)&4:)/;,& (:,/%*?$,&'5*(&F(/,& +*%*(",&65$/&"E*(,/& +)& .5/%)(*5-&',&6+)#%)<&G)/&

)*++,$/#H& +,#& ./5((,%,-(#& #$/& +,#& /)*+#& ,-(/)I-,-(& $-,& "/5#*5-& ?$*& 6,$(& )++,/& jusqu’à la suppression du 

45-()4(&65$/&$-&',#&65-(#<&

&

&

&
@*;<1<2&B&Gorte projectile utilisé à l’ISL& @*;<1<J&B&K*#65#*(*5-&',#&65-(#&',&45$/)-(&.*+)%,-()*/,#&

&&

L’expression globale de la force n’est pas modifiée&6)/&+,&-5%9/,&',&65-(#&',&45$/)-(<&
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La répartition de courant entre les deux ponts n’est pas équilibrée et le courant I1&34("&3$+)##,&,#(&

(5$65$/#&-,((,%,-(&#$7"/*,$/&)$&35$/)-(&89&34("&:5$3;,&'$&+)-3,$/<&=,&+)-3,$/&>&/)*+&)$?%,-("&',@/)*(&

permettre une meilleure répartition entre les deux ponts de courant et c’est un des objectifs de ce 

(/)@)*+&',&(;A#,&B$*&.)*(&#$*(,&>&3,+$*&%,-"&7)/&C<&D)++)-(&EDF=GHI<&&

&

L’objectif de cette thèse est de généraliser l’étude de +)&/"7)/(*(*5-&',&35$/)-(#&,-(/,&+,#&',$J&75-(#&

et de pouvoir valider les résultats au moyen d’essais sur le lanceur LARA (LAnceur à Rails 

Augmenté) de l’ISL. K,$J& (,3;-*B$,#& ',& #*%$+)(*5-& #,/5-(& $(*+*#",#& 7)/& +)& #$*(,L& $-,&%5'"+*#)(*5-&

?+5:)+,& '$& 3*/3$*(& "+,3(/*B$,& $(*+*#)-(& MN7*3,& ,(& $-,& %5'"+*#)(*5-& +53)+,& )$& -*@,)$& '$& 7/56,3(*+,&

utilisant ANSYS et mettant en œuvre une résolution par la méthode des éléments finis.&

&

9<! O5'"+*#)(*5-&?+5:)+,&'$&+)-3,$/&>&/)*+&

&
=,&%5'A+,&35%7/,-'&',$J&@5+,(#L&$-,&7)/(*,&"+,3(/*B$,&,(&$-,&7)/(*,&%"3)-*B$,&35$7+",#&3)/&+,#&

paramètres dépendent de la position, des courants, de l’échauffement de la vitesse et de l’effet de peau.&
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P*?<9<1&Q&M/*-3*7,&',&35$7+)?,&',#&',$J&%5'A+,#&

&

9<1<! O5'A+,&"+,3(/*B$,&

&

!"#"#"! $%&'()*+,-+(.,'/0*)10.2+

&
L’alimentation et le système de mise en forme des courants sont modélisés suivant le schéma de la 

.*?$/,&9<9<&

&

&
P*?<9<9&: Modélisation du circuit d’alimentation&

&

=,&#3;"%)&"+,3(/*B$,&,#(&'5--"&#$/&+)&.*?$/,&')-#&+,&3)#&',&',$J&75-(#&',&35$/)-(<&)&,#(&+)&'*#()-3,&
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3*45657&8&9:'"+*#)(*:-&"+,;(/*<$,&'$&+)-;,$/&=&/)*+#&)$4%,-("&
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>,#&/"#*#()-;,#&?)/*,-(&,-&.:-;(*:-&'$&(,%@#&,(&,-&.:-;(*:-&',&+)&(,%@"/)($/,5&A$&"4)/'&=&+)&.:/%,&

',#&;:$/)-(#B&@:$/&+,#&;:--,C*:-#B&$-,&./"<$,-;,&',&1DD&EFG&;:-?*,-(5&H:$/&+,#&/)*+#B&+,&@/:I+J%,&,#(&

@+$#&;:%@+,C,&; nous utilisons l’expression mise au point par KLAMN2O&@:$/&+,#&/)*+#&,C("/*,$/#&8&
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>,#& (,%@"/)($/,#& ',#& /)*+#& -,& ?)/*,-(& @/)(*<$,%,-(& @,-')-(& $-& (*/& %)*#& *+& .)$(& (,-*/& ;:%@(,& ',&

l’échauffement du

&

@/:T,;(*+,&@)/&#)&?)/*)(*:-&',&/"#*#(*?*("5&

& Q176X15XVXY75DRQR 6

D +-+-= /*/*/ rr
& & & & &

&

Les inductances L’!B&>Z&et M’ ont été obtenues à partir de l’énergie magnétique calculées par la 

%"(U:',&',#&"+"%,-(#& .*-*#5&[:%%,&-:$#& +,&?,//:-#&@+$#&+:*-&Z\]M]&-,&@,/%,(&@)#&',&@/,-'/,&,-&

;:%@(,&+,&'"@+);,%,-(&'$&@/:T,;(*+,5&>,#&;)+;$+#&:-(&':-;&"("&.)*(#&@:$/&(/:*#&./"<$,-;,#B&1D&FGB&1&EFG&

,(& 1DD& EFG5& >,#& *-'$;()-;,#& ,(& %$($,++,& *-;/"%,-()+,#& -,& #:-(& @)#& ;:-#()-(,#& ,(& -:$#& +,#& .)*#:-#&

"?:+$,/&;:%%,&*-'*<$"&@)/&+,&()I+,)$&6515&

&
^)I+,)$&651&: Variation des coefficients L’!&and M’&

^,%@#& [:,..*;*,-(#&

L’-,0123'4, M’ (µH/m),

(&£&D56&%#& D5XXD& D562D&

D56&%#&_&(&_&15Y&%#& '";/:*##)-;,&+*-")*/,&',&

D5XXD&=&D5X1X&

'";/:*##)-;,&+*-")*/,&',&

D562D&=&D51V2&

(&³&15Y&%#& D5X1X& D51V2&
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L’inductance des ponts de courant est donnée par la relation #$*3)-(,& ,$& "4)/'& 5& +,$/& .6/%,&

78+*-'/*9$,&:&

þ
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=?=?! @6'A+,&7*-"%)(*9$,&
&

Le modèle est basé sur la loi fondamentale de la mécanique. Le point délicat est d’appréci,/&+,#&

.6/7,#& ',& ./6((,%,-(& '$& #8#(A%,& %6B*+,C& D6-(#& ',& 76$/)-(& ,(& D/6E,7(*+,?& F,((,& .6/7,& '"D,-'& ',& +)&

76%D6#)-(,&-6/%)+,?&

GD/6E&H&GI@&–&G.&H&J1&–&g&mK&GI@&–&L&GMC%,7N&&&)3,7&GMCI@&H&g&GI@&
&

O,&76,..*7*,-(&',&./6((,%,-(&,#(&,#(*%"&5&D)/(*/&',&+)&76$/B,&mJ3K&

( ) ÷
ø

ö
ç
è

æ-+=
1>>

,PD=?>1?>
%

%m &

&

& &
G*4?=?;&:&Q"76%D6#*(*6-&',#&.6/7,#& G*4?=?R&:&S)/*)(*6-&'$&76,..*7*,-(&',&./6((,%,-(&,-&.6-7(*6-&',&+)&

3*(,##,&

&

F6--)issant l’accélération, on en déduit par intégration la vitesse et la position. Pour affiner le 

%6'A+,&%"7)-*9$,C&on peut tenir compte de la perte de masse du système mobile liée à l’usure des 

D6-(#&',&76$/)-(?&F,7*&*-(,/3*,-(&,##,-(*,++,%,-(&D6$/&',#&3*(,##,#&"+,3",#?&F,&-,&#,/)&D)#&+,&7)#&D6$/&

+,#&,##)*#&9$,&-6$#&)36-#&,..,7($"#?&

O,&%6'A+,&%"7)-*9$,&$(*+*#"&#6$#&TUD*7,&,#(&'6--"&#$/&+)&.*4$/,&=?V?&

&

=?<?! S)+*')(*6-&'$&%6'A+,&
&

O)&3)+*'*("&'$&%6'A+,&76%D+,(&)&"("&(,#(",&#$/&',#&,##)*#&,..,7($"#&D)/&W?&X)++)-(&')-#&+,&7)'/,&',&

#)&(NA#,&YXZO>;[?&O,#&76$/)-(#&')-#&+,#&/)*+#&#6-(&#6$#\,#(*%"#&')-#&+,$/&D)/(*,&'"7/6*##)-(,&76%%,&

6-&D,$(&+,&36*/&#$/&+)&.*4$/,&=?]?&M")-%6*-#&+,&76%D6/(,%,-(&%"7)-*9$,&,#(&(/A#&#)(*#.)*#)-(&D$*#9$,&

+,#&,//,$/#&#$/&+,#&3*(,##,#&5&+)&B6$7N,&#6-(&*-."/*,$/,#&5&1R^&,(&,-&3)+,$/&%68,--,&5&=^&7,&9$*&,#(&

.)*B+,&76%D(,&(,-$&',#&,//,$/#&',&%,#$/,&,PD"/*%,-()+,?&&

O,&%6'A+,&)&"("&$(*+*#"&D6$/&,#(*%,/&+,#&76$/)-(#&,(&+,#&"7N)$..,%,-(#&')-#&+,#&D6-(#&',&76$/)-(?&

O,#& .*4$/,#& =?2& ,(& =?_& 6-(& "("& 6B(,-$,#& D6$/& $-& +)-7,$/& 5& /)*+#& )$4%,-("& )3,7& /,#D,7(*3,%,-(& $-&

'"7+,-7N,%,-(& #*%$+()-"&',#& ',$P&76$/)-(#& ,(& $-& /,()/'&',&1?1%#&D6$/& +,& 76$/)-(& `!?& &O,#& 76$/)-(#&

')-#&+,#&',$P&B/6##,#&#6-(&'$#&5&$-&76$/)-(&',&7*/7$+)(*6-&*-'$*(&D)/&+,&76$/)-(&')-#&+,#&/)*+#&,P(,/-,#C&

le projectile n’a pas bougé. &

&
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&
3*45657&8&9:';+,&%"<)-*=$,&'$&+)-<,$/&>&/)*+#&

&
3*4565?!&@)/*)(*:-&',#&<:$/)-(#&#*%$+"#&A)/&BCA*<,&DBCAE&,(&,FA"/*%,-()$F&A:$/&$-&+)-<,$/&>&/)*+#&)$4%,-("&

& &

3*4565G&8&H:$/)-(#&')-#&+,#&/)*+#&,(&')-#&+,#&',$F&A:-(#&

',&<:$/)-(&A:$/&$-&'"<+,-<I,%,-(&#*%$+()-"&

3*45652&8&H:$/)-(#&')-#&+,#&/)*+#&,(&')-#&+,#&',$F&A:-(#&

',&<:$/)-(&A:$/&$-&'"<+,-<I,%,-(&/,()/'"&',&J!&

K,& ()L+,)$&656&':--,& +,#& (,%A"/)($/,#&%:M,--,#&',#&A:-(#&',&<:$/)-(&#$*N)-(& +,$/&-:%L/,&')-#& +,#&

%O%,#& <:-'*(*:-#& ',& 4"-"/)(*:-& ',& <:$/)-(5&P-& -:(,& =$,& +,& A:-(& <Q("& <$+)##,& A/"#,-(,& (:$R:$/#& $-&

"<I)$..,%,-(&%)/=$"&A)/&/)AA:/(&)$F&)$(/,#&,(&=$,&<,/()*-,#&<:-.*4$/)(*:-#&-,&#:-(&A)#&*-("/,##)-(,#5&

S)L+,)$&656&8&S,%A"/)($/,#&')-#&+,#&A:-(#&',&<:$/)-(&

S&DTHE& 1L/$#I& 6&L/$#I,#& U&L/$#I,#& V&L/$#I,#&

B:-(&1& 6WG& 1U2& 1?U& 12G&

B:-(&6& & UG& U7& V?&

B:-(&U& & & V1& 66&

B:-(&V& & & & X7&
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&

89:*7,&#,&/";<+,&76%%,&$-&%6=,-&,..*7)7,&,(&/):*',&pour étudier le comportement global d’un lanceur 

>& /)*+#3&?,#&'*..*7$+("#&:/*-7*:)+,#& /"#*',-(&')-#& +)&'"(,/%*-)(*6-&',#&:)/)%<(/,#& ()-(&"+,7(/*@$,#&@$,&

%"7)-*@$,#&'$&%6'<+,3&A+&.)$(&.)*/,&$-,&)-)+=#,&.*-,&',#&:B"-6%<-,#&:B=#*@$,#&:6$/&(,-*/&76%:(,&',#&

effets de peau tant liés à la forme impulsionnelle du courant qu’au mouvement du projectile. ?,#&

/"#$+()(#& #6-(& (/<#& #)(*#.)*#)-(#3& ?,#& C/)-',$/#& 6D(,-$,#& #6-(& -"7,##)*/,%,-(& C+6D)+,#& 6$&%6=,--,#&

comme pour les températures. Une analyse locale nécessite d’autres outils comme ANSYS. Les deux 

6$(*+#&#6-(&76%:+"%,-()*/,#3&

&

!"!#$%&'()*+($,-'$.*'/-%0-'*,./01-2-1*(')-

&

E3F3&G"(B6'6+6C*,&
&

La simulation sous ANSYS résulte d’un couplage fort entre l’électromagnétisme et la thermique. 

8)/& 76-(/,& 6-& -,& :,$(& :/,-'/,& ,-& 76%:(,& +,& '":+)7,%,-(& '$& :/6H,7(*+,3& I-& 7,/()*-& -6%D/,& ',&

:B"-6%<-,#&#6-(&'6-7&677$+("#&,(&,-&:)/(*7ulier l’effet de peau dans les rails lié au déplacement du 

projectile. L’effet de peau qui intervient est lié à la forme du courant. Il s’estompe par la suite du fait 

',& +)&'"7/6*##)-7,& ,J:6-,-(*,++,&'$&76$/)-(& )+6/#&@$,&:6$/& +,& +)-7,$/& /",+&7,&:B"-6%<-,&'’effet de 

peau apparaît toujours du fait qu’une nouvelle portion de r)*+&,#(&76-7,/-",&76%%,&+,&%6-(/,&+)&.*C$/,&

E31&,J(/)*(,&',&KGL!M4N3&

&

&

&

&
O*C3E3F&P&56$:+)C,&,-(/,&+,#&%6'<+,#&"+,7(/6%)C-"(*@$,&

,(&(B,/%*@$,&

O*C3E31&P&?,#&'*.."/,-(,#&'*#(/*D$(*6-#&',&76$/)-(&')-#&

$-&+)-7,$/&>&/)*+#&

&

56%:(,&(,-$&',&+)&'*%,-#*6-&'$&+)-7,$/Q&6-&-,&:,$(&+,&%6'"+*#,/&,-&,-(*,/3&R-&)'%,(&,-&C"-"/)+&

qu’il faut quatre fois le calibre pour la partie entre la culasse et le projectile car 95&S&',&+)&.6/7,&=&,#(&

C"-"/",3&?,&7)+*D/,&,#(&',&FT&%%3&?)&+6-C$,$/&(6()+,&#*%$+",&,#(&',&F4&7%3&?,#&:6-(#&',&76$/)-(&#6-(&

',#&7=+*-'/,#&',&/)=6-&E3T&%%3&

?,#& 76-'*(*6-#& +*%*(,#& #$/& +,& :+)-& "+,7(/6%)C-"(*@$,& #6-(& :/"7*#",#& #$/& +)& .*C$/,& E343& ?,& 7U("&

D6$7B,&,#(&)$&:6(,-(*,+&V"/6&',&%W%,&@$,&+,#&%*+*,$J&',#&:6-(#&',&76$/)-(&,$&"C)/'&>&+)&#=%"(/*,3&?,#&

76$/)-(#& *-H,7("#& #$/& $-,& #$/.)7,& "@$*:6(,-(*,++,& 7U("& 7$+)##,3& ALX(Y& ,(& A!X(Y& 6-(& "("& 6D(,-$#& #6*(& :)/&

#*%$+)(*6-&#6$#&89:*7,&#6*(&,J:"/*%,-()+,%,-(3&&

86$/& +)& %6'"+*#)(*6-& (B,/%*@$,Q& 6-& 76-#*'</,& @$,& +,#& /)*+#& #6-(& *#6(B,/%,#& >& +)& (,%:"/)($/,&

)%D*)-(,&,(&@$,&+,#&:6-(#&',&76$/)-(&#6-(&)'*)D)(*@$,#3&8)/&)*++,$/#&+,#&D/*-#&,-&7$*;/,&6-(&$-&#,-#&',&

76-'$7(*6-&(B,/%*@$,&:/*;*+"C*"&,(&6-&76-#*'</,&@$,&+,#&"7B)-C,#&(B,/%*@$,#&#6-(&*-,J*#()-(#&')-#&+,&

#,-#&(/)-#;,/#,3&&

?,#&:6-(#&',&76$/)-(& #6-(& .6/%"#&',&D/*-#&)##,%D+"#&,(&)&:/*6/*&6-&-,&76--)Z(&:)#&.)7*+,%,-(& +)&

76-'$7(*;*("&(B,/%*@$,&"@$*;)+,-(,3&[6$#&);6-#&*-(/6'$*(&$-&76,..*7*,-(&\&:6$/&(/)'$*/,&7,&76,..*7*,-(&

',&/,%:+*##)C,&:6$/&+)&76-'$7(*;*("&(B,/%*@$,3&
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3)/& )*++,$/#4& *+& .)$(& (,-*/& 56%7(,& ',& +)& 86-,& ',& 56-()5(& 9)+)*#:rails sous la forme d’une couche 

d’épaisseur d conduisant à une /"#*#()-5,&',&1;<&mW;&=)&/"#*#(*>*("&',#&9/*-#&,#(&5,++,&',#&%)("/*)$?&

$(*+*#"#&56%7(,&(,-$&'$&()$?&',&/,%7+*##)@,;&

!"#"## ;A2B1CD;222EF<;DDCFE;1G 1
W-+-+-=r &

&
H*@;I;I&J&K,#5/*7(*6-&@"6%"(/*L$,&',&+)&76/(*6-&'$&+)-5,$/&M&/)*+#&%6'"+*#"&

&

&
H*@;I;B&J&N6-'*(*6-#&)$?&+*%*(,#&"+,5(/*L$,#&

&

&

I;1;!O-.+$,-5,&',&+)&86-,&',&56-()5(&,(&'$&/)776/(&P&',#&56-'$5(*>*("#&+*"&M&+)&56-#(*($(*6-&',#&

76-(#&',&56$/)-(&&
&

Deux paramètres introduisent des incertitudes, d’une part l’influence du taux de remplissage en 

brins des ponts de courant et d’autre part l’épaisseur de la couche d’air sur le plan thermique sachant 

L$,&#$/&+,&7+)-&"+,5(/*L$,4&+)&/"#*#()-5,&,#(&56--$,;&&

On constate que l’incidence de l’épaisseur d est faible et nous avons retenu la valeur de d&Q&C;2&%%&

par la suite. L’incidence de k n’est pas non plu#& (/R#& #*@-*.*5)(*>,& #$/& +,#& (,%7"/)($/,#&%)?*%)+,#&

obtenues tant que l’on reste dans un domaine de variation raisonnable.&

S)9+,)$&I;2&J&=)-5,$/&M&/)*+#&56->,-(*6--,+&)>,5&$-&#,$+&76-(&',&56$/)-(&:&S,%7"/)($/,#&%)?*%)+,#&,(&M&+)&.*-&

'$&(*/&76$/&'*.."/,-(,#&>)+eurs de l’épaisseur de la zone de contact  et du rapport des conductivités thermiques P&

& P& TCU& T<U& TTU& 2CCU&

'&Q&C;2&%%& S%)?&GVNA& FEC& FFB& FFI& FF1&

S,-'&GVNA& BDE& BDI& BDC& BEE&

'&Q&C;1&%%& S%)?&GVNA& FFI& F<<& FBT& FBE&

S,-'&GVNA& <C2& BTF& BT1& BT2&

'&Q&C;<&%%& S%)?&GVNA& F<1& FBI& FIF& FIB&

S,-'&GVNA& <CD& BTT& BTI& BT1&

&

!"#$%&'()&*(

!"#$%&'()&*(

((+,"#-'(

((((((((+,"#-'(
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2)3+,)$&451&6&7)-8,$/&9&/)*+#&)$:%,-("&);,8&1&<=-(#&',&8=$/)-(#5&2,%<"/)($/,#&%)>*%)+,&,(&9&+)&.*-&'$&(*/?&

:"-"/)(*=-&',&8@)+,$/&<)/&%%
4
&,(&/)<<=/(&',#&8=$/)-(#&l <=$/&'*.."/,-(,#&;)+,$/#&'$&/)<<=/(&A&

&

&

&

&

&

&

&

&

&

&

&

4545&B*%$+)(*=-#&);,8&+,&8=',&CDBEB&
&

!"!"#"! Détermination de L’$%et de M’%

&

7,#& #,+.& ,(& %$($,++,& *-'$8()-8,#& *-8/"%,-()+,#& #=-(& '"(,/%*-",#& 9& <)/(*/& ',& +)& .=/8,&

"+,8(/=%):-"(*F$,5&&

&&& & & & &&&&&&&&&&&&&&G45HI&

J-& /)*#=-& ',& +)& .=/%,& *%<$+#*=--,++,& ',#& 8=$/)-(#?& +,#& #*%$+)(*=-#& =-(& "("& %,-",#& <=$/& ',#&

,>8*()(*=-#&#*-$#=K')+,#&9&',$>&./"F$,-8,#?&H&ALM&,(&HN&LM&<=$/&',#&8=$/)-(#& OC&":)$>&9&HN&AC&,(&9&

HNN&AC?&O!&"()-(&":)+&9&HNN&AC5&7,&()3+,)$&454&/"8)<*($+,&+,#&;)+,$/#&=3(,-$,#5&

2)3+,)$&4546&P)+,$/#&',#&*-'$8()-8,#&*-8/"%,-()+,#&=3(,-$,#&);,8&CDBEB&9&HN&LM&,(&H&ALM&

& L’!& M’&

HN&LM& N5QHQ& N5HRS&

H&ALM& N5QQN& N51SN&

7)&.*:$/,&45T)&%=-(/,&F$,&+,#&;)+,$/#&/,(,-$,#&9&./"F$,-8,&"+,;",&8=-;*,--,-(&<=$/&+)&%=-(",&,-&

8=$/)-(&)+=/#&F$,&8,++,#&9&3)##,&./"F$,-8,&#=-(&)')<(",#&<=$/&+)&F$,$,&',&8=$/)-(5&J-&.*:$/,&45T3?&-=$#&

8=%<)/=-#& +,#&;)+,$/#&=3(,-$,#&);,8&+)&;)/*)(*=-&'=--",&')-#&+,&()3+,)$&15H&,(& +)& .=/8,&8)+8$+",&<)/&

CDBEB5&

& &

)I& ;)/*)(*=-& ',& UJV& <=$/& +,#& ',$>& ./"F$,-8,#& HNLM& ,(&

HALM&,(&8=%<)/)*#=-&);,8&+)&.=/8,&/",++,&&

3I& ;)/*)(*=-& ',& UJV& <=$/& +,#& ;)+,$/#& )'=<(",#& ,(&

8=%<)/)*#=-&);,8&+)&.=/8,&/",++,&

&

U*:545T&: Calcul des forces électromagnétiques par ANSYS et par l’équation :+=3)+,&

&

&

&

&

& A& WNX& WTX& WWX& HNNX&

Y=-(&',&

8=$/)-(&H&

&

2%)>&GZ[I& TRS& TRQ& TRH& TRN&

2,-'&GZ[I& QN\& QNQ& QN1& QNH&

L],-%)>&GA^_%%
4
I& 4Q5T& 4Q5T& 4Q5T& 4Q5R&

Y=-(&',&

8=$/)-(&1&

2%)>&GZ[I& 1QQ& 1Q1& 1QN& 14W&

2,-'&GZ[I& 14S& 14Q& 144& 141&

L],-%)>&GA^_%%
4
I& 15RW& 15RW& 15RW& 15SN&

& l 
N5\S& N5\S& N5\S& N5\S&
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34$#&-4$#&*-("/,##4-#&,##,-(*,++,%,-(&5&+)&#*%$+)(*4-&',#&',-#*("#&',&64$/)-(&,(&)$&64%74/(,%,-(&

thermique. Nous privilégions dans ce résumé le cas d’un projectile avec deux brosses. Des études ont 

"("&%,-",#&')-#&+,&6)#&',&8&,(&',&9&74-(#&',&64$/)-(:&

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

;*<:2:=&>&?)*++)<,&',&+)&@4-,&$(*+,& ;*<:2:A&>&BC4+$(*4-&',#&64$/)-(#&')-#&+,#&/)*+#&,(&')-#&

+,#&74-(#&',&64$/)-(&

&

. .
;*<:&2:D&>&E,-#*("&',&64$/)-(&')-#&+,#&/)*+#&&&&&&&&&&&&&&&&

5&(&F&G:1%#&

;*<:&2:H&>&I,%7"/)($/,&')-#&+,#&74-(#&',&64$/)-(&&&&&&&&&

5&(&F&G:DDG%#&

&

J-&7,$(&-4(,/&#$/&+)&.*<:&2:A&K$,&+,&64$/)-(&',&6*/6$+)(*4-&)$<%,-(,&)$&'"7)/(&+,&64$/)-(&')-#&+,&74-(&

de courant côté culasse. Le courant dans l’autre pont est d’abord négatif. Les deux courants 

'"6/4*##,-(&,-#$*(,&64%%,&+,#&64$/)-(#&')-#&+,#&/)*+#:&J-&7,$(&-4(,/&#$/&+)&.*<:&2:D&que l’effet de peau 

n’est plus très marqué&du fait de la diffusion dans l’ensemble des rails. Il ne faut pas oublier que le 

7/4L,6(*+,&,#(&.*M,:&N,#&(,%7"/)($/,#&5&(&F&G:DDG&%#&'4--",#&#$/&+)&.*<:&2:H&%4-(/,-(&6+)*/,%,-(&K$,&+,&

pont de courant côté culasse s’échauffe beaucoup plus. Le courant qui y circule est important.&

&

&

2:9:&O4%7)/)*#4-#&',#&',$M&%"(P4',#&',&#*%$+)(*4-&
&

N)& .*<$/,& 2:8G& %4-(/,& K$,& +,#& C)/*)(*4-#& ',& 64$/)-(& #*%$+",#& 7)/& +,#& ',$M& %"(P4',#& #4-(&

comparables. On n’observe pas de divergence particulière. Néanmoins les amplitudes ne sont pas les 

mêmes. ANSYS conduit à des valeurs plus élevées jusqu’à t = 1&%#&,-C*/4-:&N)&/"7)/(*(*4-&,-&.*-&',&

(*/&'4--",&7)/&Q3RSR&,#(&6/*(*K$)T+,&6)/&U8&',C*,-(&K$)#*&-$+&,(&(4$(&+,&64$/)-(&7)##,/)*(&7)/&+,&74-(&',&

courant côté bouche. Comme dit plus haut, la diffusion de courant n’est pas représentative du 

.4-6(*4--,%,-(&/",+&+4/#K$,&+,&7/4L,6(*+,&,#(&%4T*+,:&

&
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&
3*45&6578&9&:;%<)/)*#;-&',#&"=;+$(*;-#&',#&>;$/)-(#&#*%$+"#&<)#&?@<*>,&,(&<)/&AB@C@&

&

L’analyse des simulations thermiques conduit à faire les remarques suivantes&9&&

D! E,#&(,%<"/)($/,#&';--",#&<)/&?@<*>,&-,&<,$=,-(&F(/,&G$,&',#&=)+,$/#&%;H,--,#&')-#&+,#&<;-(#&

',& >;$/)-(&<;$/& +,#G$,+#&;-&>;-#*'I/,&G$’il n’y a pas d’échange de chaleur avec l’extérieur 

(domaine adiabatique). L’échauffement des rails n’est pas considéré. La température des ponts 

de courant est fixée par l’énergie qui est générée par la capacité calorifique des brosses.&

D! @;$#&AB@C@J&;-&*-(/;'$*(&$-,&K;-,&',&>;-()>(&dont la modélisation n’est pas évidente ,(&;-&

>;-#*'I/,&$-&%)("/*)$&*#;(/;<,&)$&-*=,)$&',#&L/;##,#&dont les paramètres sont à définir. Il n’y&

a pas d’échange de chaleur avec l’air ambiant mais avec les rails. Le projectile n’est <)#&

%;L*+,&)+;/#&G$,&')-#&+,&>)#&/",+J&+,&</;M,>(*+,&/,->;-(/,&(;$M;$/#&$-,&-;$=,++,&K;-,&./;*',5&

N)+4/"& >,#& )<</;O*%)(*;-#J& +,#& ',$O&%"(P;',#& ';--,-(& ',#& /"#$+()(#& )##,K& >;P"/,-(#& >;%%,& +,&

%;-(/,&+,&()L+,)$&652&G$*&';--,&+,#&(,%<"/)($/,#&%;H,--,#&')-#&+,#&',$O&<;-(#&',&>;$/)-(&>)+>$+",#&

)=,>& +,#&',$O&%"(P;',#5&E,&<)/)%I(/,&,#(& *>*& +,& /)H;-&',#&L/;##,#5& ?@<*>,& )& (,-')->,&Q&';--,/&',#&

(,%<"/)($/,#& <+$#& "+,=",#& <;$/& +,& <;-(& ',& >;$/)-(& >R("& >$+)##,5& E,#& ;/'/,#& ',& 4/)-',$/& #;-(&

>;%<)/)L+,#5&S-&)&*-("/F(&Q&$(*+*#,/&',#&L/;##,#&',&'*)%I(/,&"+,="&,(&Q&/)<</;>P,/&+,#&)/%)($/,#&>;%%,&

+,&%;-(/,&+,&()L+,)$&65T5&&
&

U)L+,)$&652&9&:;%<)/)*#;-&',#&(,%<"/)($/,#&%;H,--,#&')-#&+,#&<;-(#&',&>;$/)-(&';--",#&<)/&AB@C@&,(&?@<*>,&

V)&W&18%%&,(&%&W&184X&

/&V%%X&

U,%<"/)($/,&VY:X&

UP&AB&Z7& UP&AB&Z1& UP&?@&Z7& UP&?@&Z1&

6& 1T[& [\& 68T& 27&

65T& 7]6& T8& 7[1& 1[&

2& 71^& 6^& 718& 1T&

25T& 78[& 61& [T& 12&

&
U)L+,)$&65T&9&:;%<)/)*#;-&',#&(,%<"/)($/,#&%;H,--,#&')-#&+,#&<;-(#&',&>;$/)-(&';--",#&<)/&AB@C@&,(&?@<*>,&

V/&W&2%%&,(&%&W&184X&

)&V%%X&

U,%<"/)($/,&VY:X&

UP&AB&Z7& UP&AB&Z1& UP&?@&Z7& UP&?@&Z1&

7T& 78\& 6T& \[& 1]&

18& 71^& 6^& 718& 1T&

1T& 721& 6]& 71]& 1[&

68& 7T[& 6[& 76\& 1[&

&

&

&
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3424&56-7+$#*6-&
&

89:;:&<,/%,(&$-,&%6'"+*#)(*6-&+67)+,&'$&+)-7,$/&=&/)*+#4&5,&+6>*7*,+&</"#,-(,&',$?&'".)$(#&@&*+&-,&

</,-'& <)#& ,-& 76%<(,& +,& %6$A,%,-(& '$& </6B,7(*+,& ,(& <6$/& 6C(,-*/& $-,& </"7*#*6-& )77,<()C+,D& *+& .)$(&

modéliser assez finement ce qui limite la zone d’études qui doit être égale à au moins quatre fois le 

7)+*C/,& '$& +)-7,$/& <6$/& +)& <)/(*,& )A)-(& +,& </6B,7(*+,4& E,#& /"#$+()(#& #6-(& 76//,7(#& ')-#& +,#& </,%*,/#&

instants. Ils le deviennent de moins en moins lorsque l’effet de peau disparaît. ANSYS permet une 

"($',&(F,/%*G$,&76$<+",4&E,#&FH<6(FI#,#&G$,&-6$#&)A6-#&<$&.)*/,&#$/&+,#&<)/)%I(/,#&<FH#*G$,#&#6-(&

liées au fait qu’un tir )& $-,& '$/",& 76$/(,& ,(& G$,& #,$+#& +,#& "7F)->,#& <)/& 76-'$7(*6-& #6-(& <6##*C+,#4&

ANSYS permet une étude locale de la distribution de courant et de l’échauffement alors que J:<*7,&-,&

peut donner que des valeurs globales ou moyennes lorsqu’il s’agit de température. Néanmoins on 

6C#,/A,&$-,&76F"/,-7,& #)(*#.)*#)-(,& ,-(/,& +,#&',$?&)<</67F,#4&:,$+#& +,#&,##)*#&<,$A,-(&<,/%,((/,&',&

valider l’une et/ou l’autre des méthodes de simulation. Nous verrons que les contraintes et les 

*-7,/(*($',#&',&%,#$/,#&-,&<,/%,((,-(&<)#&',&/"<6-'/,&7+)*/,%,-(&=&+)&G$,#(*6-4&&

&

&

K4!L"(F6',#&,?<"/*%,-()+,#&
&

Nous décrivons dans ce chapitre les dispositifs expérimentaux qui ont été mis en œuvre à l’ISL. Le 

+)-7,$/& "()*(& '"B=& /")+*#"& M7.4& (FI#,&N4&O)++)-(P4&E,#& "G$*<,%,-(#&',&%,#$/,&6-(& "("& )')<("#&<6$/& +,#&

%)-*<$+)(*6-#& /")+*#",#& ,(& ,-& <)/(*7$+*,/& +,#& %,#$/,#& ',& (,-#*6-& <6$/& )<</67F,/& +)& /"<)/(*(*6-& ',&

76$/)-(#&,-(/,&+,#&',$?&<6-(#&',&76$/)-(&Q:5RS2T4&

&

K4U4! E)-7,$/#&E8!5&,(&E8!8&

&
E)& .*>$/,& K4U& /,>/6$<,& +,#& '*.."/,-(#& "+"%,-(#& 76-#(*($)-(& +,& C)-7& ',& (,#(4& 96$#& )A*6-#& =& -6(/,&

'*#<6#*(*6-& 3& C)-7#& ',& 76-',-#)(,$/#& ,(& 1& C6C*-,#& ',& %*#,& ,-& .6/%,& '$& 76$/)-(4& 1& C)-7#& ',&

condensateurs et une bobine servent pour l’alimentation du rail intérieur. Le dernier banc avec la 

C6C*-,&#6-(&$(*+*#"#&#6*(&<6$/&)+*%,-(,/&+,&/)*+&,?("/*,$/&')-#&+,&7)#&',&E8!8&#6*(&<6$/&$-,&',$?*I%,&

injection de courant pour LARC. L’instant de déclenchement de cette alimentation est /">+"&

séparément de l’autre alimentation. Nous reviendrons plus loin sur les autres équipements de mesure 

*-#()++"#&#$/&+,&C)-74&

&

&

&

&

&

&

&

&

&

&

&

&

&

&

&

&

&

&
&

V*>4&K4U&W&:7F"%)&>"-"/)+&'$&+)-7,$/&=&/)*+#&)A,7&+,#&"G$*<,%,-(#&',&%,#$/,&

&

!

X)-Y&U&

X)-Y&1&

X)-Y&3&

&56*+&U& &56*+&1&

Z-B,7(*6-&X+67Y&Z--,/&5*/7$*(&

Z-B,7(*6-&X+67Y&[$(,/&5*/7$*(&

L$\\+,&]6+()>,&

L$\\+,&&X/,,7F&

U2SS&%%&

1^2&%%&

&K_2&%%&

`^2&%%&

]6+()>,&&

J/6C,&

]6+()>,&&

J/6C,&

!6>6a#Y*&

56*+&

!6>6a#Y*&

56*+&

E*>F(&

X)//*,/&

&U& &1& &3&

L,)#$/,%,-(&

J6*-(#&
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3*45&651&7&8$,&'$&#)9:(&'$&;/:<,=(*+,&)>,=&+,#&

9/*-#&=:-#(*($)-(&+,#&;:-(#&',&=:$/)-(&

3*45&65?&7&@:$;,&':--)-(&+,#&'*%,-#*:-#&'$&#)9:(&,(&

%:-(/)-(&+,#&">*',%,-(#&;:$/&+,#&9/*-#&&

&
A,&#)9:(&B$*&;:/(,&+,&;/:<,=(*+,&,#(&.)9/*B$"&,-&.*9/,#&',&>,//,&C.*45&651D5&A,#&=:-()=(#&4+*##)-(#&#:-(&

)##$/"#&;)/&',#&9/*-#&',&=$*>/,&+:4"#&')-#&',#&(/:$#&=*/=$+)*/,#5&E,#&">*',%,-(#&#:-(&;/">$#&;:$/&B$,&

=,#&9/*-#&;$*##,-(&+"4F/,%,-(&#,&;+*,/&,(&)##$/,/&$-&%,*++,$/&=:-()=(&)>,=&+,&/)*+&C.*45&65?D5&G:$#&)>:-#&

utilisé des brosses qui font un angle de 8° avec l’axe du sabot.&

&

6515! HB$*;,%,-(#&',&%,#$/,&
&

A,#&=:$/)-(#&'"+*>/"#&;)/&+,#&)+*%,-()(*:-#&#:-(&%,#$/"#&)$&%:I,-&',&9:9*-,#&',&!:4:J#K*5&A,&

#*4-)+& ':*(& L(/,& *-("4/"& ;:$/& ':--,/& $-,& *%)4,& '$& =:$/)-(5& A)& (,-#*:-& %,#$/",& M& +)& 9:$=N,& -:$#&

/,-#,*4-,& #$/& +)& B$)+*("& ',#& =:-()=(#& 4+*##)-(#5& H++,& ,#(& ;/)(*B$,%,-(& "4)+,& M& +)& =N$(,& :N%*B$,& )$O&

9:/-,#& ',#& ;:-(#& ',& =:$/)-(#5& A,#& (,-#*:-#& ',#& 9)-=#& ',& =);)=*("& #:-(& %,#$/",#& ;:$/& =:--)P(/,&

l’énergie apportée par les alimentations.&

E,#&9)//*F/,#&+$%*-,$#,#&#:-(&;+)=",#&M&+)&#:/(*,&'$&=)-:-&;:$/&'"(,=(,/&+)&#:/(*,&'$&;/:<,=(*+,&,(&

,#(*%,/& #)& >*(,##,5& Q$/& +,#& =*-B& '*:',#& +)#,/R& #,$+,#& ',$O& ':--,-(& $-& #*4-)+& $(*+*#)9+,5&E,#& #*4-)$O&

+)#,/#&#:-(&"4)+,%,-(&$(*+*#"#&;:$/&'"(,=(,/&+,&;)##)4,&'$&;/:<,=(*+,&,-&(/:*#&;:*-(#&STR&S1&,(&S?&'".*-*#&

/,#;,=(*>,%,-(& ;)/& +,#& '*#()-=,#& UT& V& W51XY%R& U1& V& W562Y%& ,(& U?& V& W5ZXY%5& @,#& ;:#*(*:-#& :-(& "("&

=N:*#*,#&',&%)-*F/,&B$,&+,#&#*4-)$O&:9(,-$#&)$&;)##)4,&'$&;/:<,=(*+,&-,&#:*,-(&;)#&;,/($/9"#&;)/&+,#&

./:-(#&',&%:-(",&',#&=:$/)-(#5&

&

65?5! [,#$/,&',&+)&'*#(/*9$(*:-&',&=:$/)-(&,-(/,&+,#&;:-(#&',&=:$/)-(&
&

\-&-,&;,$(&%,#$/,/&'*/,=(,%,-(&+)&/";)/(*(*:-&',&=:$/)-(&,-(/,&+,#&',$O&;:-(#&',&=:$/)-(&;,-')-(&

un tir. L’ISL a mis au point une nouvelle technique et l’a testé sur un lanceur à haute énergie donc à 

grande vitesse [SCH05]. Cette technique a également été mise en œuvre sur LARA. Elle comprend 

d’un côté du rail intérieur deux pointes espacées de 5mm et de l’autre côté une bobine. On mesure les 

(,-#*:-#&)$O&9:/-,#&#:*(&/,#;,=(*>,%,-(&8;*-#&,(&8+::;5&':--",#&;)/&+,#&',$O&/,+)(*:-#&#$*>)-(,#5&]^_&,#(&

+,&=:$/)-(&=*/=$+)-(&,-(/,&+,#&',$O&;:*-(,#&':-=&')-#&+,&/)*+&*-("/*,$/5&S)/&'*.."/,-=,&:-&)&$-,&*%)4,&',&

=,&=:$/)-(&B$*&=N)-4,&)$&;)##)4,&'$&;/:<,=(*+,&)$&;:*-(&=:-#*'"/"5&

'(

'

'(

']
A]!8 ^_

^_^_^_;*-#

F
++= &`&

'(

'
8
+::;

F
= &

Cette méthode avait donné des résultats satisfaisants mais nous verrons qu’elle s’est trouvée 

*-:;"/)-(,&')-#&-:(/,&=)#&=)/&+,#&NI;:(NF#es qui avaient été faites ne s’appliquent pas. Le courant I!&-,&

;,$(&L(/,&=:-#*'"/"&=:%%,&=:-#()-(&,(&+)&>*(,##,&,#(&(/:;&.)*9+,5&

&

&

&
3*45&656&7&H%;+)=,%,-(&',#&;:*-(,#&,(&',&+)&9:9*-,&',&%,#$/,& 3*4&65Y&7&8$,&'$&'*#;:#*(*.&;,/%,(()-(&',&

%,#$/,/&+)&(,-#*:-&8;*-#&

&

!"#$%&

!&''(&

)$*+,#',!-.#/&

)$*+,#',!-.#/&

&Y&%%&

&Y&%%&

^&_&
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3,#& .*4$/,#& 567& ,(& 562& *++$#(/,-(& +,#& %,#$/,#& 8$*& 9,$:,-(& ;(/,& .)*(,#<& =9*-#<& =+>>9<& #*4-)+& +)#,/& ,(&

?>$/)-(&@!&*-A,?("6&3,#&'>--",#&#>-(&-$%"/*#",#&,(&,-/,4*#(/",#6&B++,#&'>*:,-(&;(/,&.*+(/",#&,-&/)*#>-&'$&

C/$*(& ',&%,#$/,6& 3,#& ?>$/C,#& >-(& "("& >C(,-$,#& )$& 9>*-(& DE. L’action combinée du laser permet de 

9>#*(*>--,/&?>//,?(,%,-(&+,&9/>A,?(*+,6&

&

& &
F*46&567&G&=9*-#<&=+>>9&,(&#*4-)+&+)#,/&,-&.>-?(*>-&'$&

(,%9#&,-&DE&

F*46&562&G&@!&,(&#*4-)+&+)#,/&,-&.>-?(*>-&'$&(,%9#&,-&DE&

&

3,& +)-?,$/&3H!H& I>$&3H!J& #*& on n’alimente pas le rail extérieur)& ):,?& #,#& "8$*9,%,-(#& #,/)&

$(*+*#"& 9>$/& EK& (*/#& ,-& %>',& ?>-:,-(*>--,+& ,(& 1& ,-& %>',& )$4%,-("6& L-& '".)$(& #$/& +,& (MN/*#(>/& ',&

déclenchement d’une alimentation a limité cette deuxième série d’essais. Les résultats sont explo*("#&

')-#&+,&?M)9*(/,&O6&

&

&

O6! H-)+N#,& ',#& /"#$+()(#& ,(& ,#(*%)(*>-& ',& +)& /"9)/(*(*>-& ',#& ?>$/)-(#& ,-(/,& +,#&
',$P&9>-(#6&
&

O6E6! 3,#&'*.."/,-(#&,##)*#&
&

Les essais ont été conduits à l’ISL sur le lanceur à rails augmenté. La non alimentation des rails 

,P("/*,$/#& 9,/%,(& ',& (/)*(,/& +,& ?)#& '$& +)-?,$/& ?>-:,-(*>--,+6& Q>$#& '*#9>#>-#& ',& (/>*#& C)-?#& ',&

?>-',-#)(,$/#6&

&

!"#"#"! $%&'()*+,+*%-./+'0&1(&2-0&&(.+–+$345+

&

3,#&.*4$/,#&O6E&,(&O61&%>-(/,-(&+,#&?>--,P*>-#&8$*&>-(& "("&/")+*#",#&/,#9,?(*:,%,-(&):,?&',$P&,(&

(/>*#&C)-?#&',&?>-',-#)(,$/#6&3,&()C+,)$&O6E&9/"?*#,&+,#&(,-#*>-#&',&?M)/4,&',#&C)-?#&',&?>-',-#)(,$/#&

,(&+,#&*-#()-(#&',&'"?+,-?M,%,-(&9>$/&+,#&EK&(*/#&8$*&>-(&"("&,..,?($"#&):,?&+,&%;%,&9/>A,?(*+,&9>$/&+,#&

O&9/,%*,/#6&D>$/&+,#&O&)$(/,#<&*+&)&"("&-"?,##)*/,&',&/,9/,-'/,&R&?M)8$,&.>*#&$-&->$:,)$&9/>A,?(*+,6&

On peut noter que les différentes vitesses sont faibles, de l’ordre de 100 m/s et que tous les essais 

ne sont pas exploitables. Les vitesses à la bouche sont toujours plus faibles qu’en positions 2 et 3. Les 

?>$/)-(#& #>-(& .)*C+,#&,-&.*-&',& (*/&,(& +,#& .>/?,#&',&./>((,%,-(& ./,*-,-(& +,&9/>A,?(*+,6&3,#&:)/*)(*>-#&',&

%)##,&#>-(&-"4+*4,)C+,#6&

&

&
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3*45657&8&9+*%,-()(*:-&);,<&',$=&>)-<#&',&

<:-',-#)(,$/#&

3*45651&8&9+*%,-()(*:-&);,<&(/:*#&>)-<#&',&

<:-',-#)(,$/#&

&
&?)>+,)$&657&8&@:-'*(*:-#&d’essais&);,<&A9!@&

?*/& B)-<&7&&

CD&EFCG&

B)-<&7&&

(D&E%#G&

B)-<&1&&

CD&EFCG&

B)-<&1&&

(D&E%#G&

B)-<&H&&

CD&EFCG&

B)-<&H&&

(D&E%#G&

%D&

E4G&

%&).(,/&

E4G&

7& 2& D& 2& D& & & 7I52J& 7I52J&

1& K& D& K& D& & & 7I52J& 7I526&

H& 2& D& 2& D& & & 7I526& 7I527&

L& K& D& K& D& & & 7I527& 7I5KK&

6& 2& D& 2& D& & & 7I5KK& 7I561&

J& K& D& K& D& K& D& 7I5IK& M&

K& K& D& K& D& K& H& 7I5IJ& 7I5I1&

2& K& D& K& D& K& 156& 1D5DH& 1D5DD&

I& K& D& K& D& K& 756& 7I52J& 7I52H&

7D& 2& D& 2& D& 2& 756& 7I5KI& 7I5K7&

&
?)>+,)$&651&8&C*(,##,#&%,#$/",#&+:/#&',#&'*.."/,-(#&(*/#&);,<&A9!@&

& N7&O&D51I6&%& N1&O&D5LJ6&%& NH&O&D52I6&%& N%$NN+,&O&756&%&

;7&E%P#G& ;1&E%P#G& ;H&E%P#G& ;%$NN+,&E%P#G&

7& 7DJ56& 77752& 7D151& 2L5J&

1& 2D51& 2756& 6D57& QRAS&

H& 7D25I& 7725L& 7DD52& 2652&

L& I75H& I657& KD5L& L25H&

6& 77656& 71J57& 7D25H& 7D75J&

J& 7L151& 76I57& 76K57& 76H51&

K& M& 7175J& 77D52& 7DD5D&

2& M& M& 71D56& 77K5K&

I& 7H251& 7625I& 7JD5L& 76L57&

7D& M& M& 17H5D& 17L5L&

* Le projectile n’a pas quitté le lanceur&

&

T-U,<(*:-&

>+:<F#&

B)-F&7&

B)-F&1&

@:--,<(*:-&

>+:<F&7&

@:*+&&&&&&&&

&&&7&

V/:$-'&

&

T-U,<(*:-&

>+:<F#&

B)-F&7&

B)-F&1&

B)-F&H&

@:--,<(*:-&

>+:<F&1&

@:--,<(*:-&

>+:<F&7&

@:*+&&&&&&&&

&&&7&

@:*+&&&&&&&&

&&&1&

V/:$-'&
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&

34$/& +,& +)-5,$/& 6& /)*+& )$7%,-("8& ',$9& :)-5#& ',& 54-',-#)(,$/& #,/;,-(& <4$/& +,& /)*+& *-("/*,$/=& >,&

(/4*#*?%,&)+*%,-(,& +,& /)*+&,9("/*,$/&54%%,& *-'*@$"&#$/& +)&.*7$/,&A=B. Nous n’avons pu ,..,5($,/&@$,&

deux tirs car au troisième, il s’est produit un défaut grave sur un des thyristors. Les résultats sont 

,9<+4*():+,#&%)*#&6&-4$;,)$&+,#&;*(,##,#&-,&#4-(&<)#&(/?#&"+,;",#&@$4*@$,&#$<"/*,$/,#&6&5,++,#&4:(,-$,#&

,-&%4C,--,&);,5&+,&+)-5,$/&54-;,-(*4--,+=&&

&

&

&

&
D*7=A=B&: Schéma d’alimentation du lanceur à rails 

)$7%,-("&

D*7=A=E&F&G*7-)+&+)#,/&,(&(,-#*4-#&)$9&:4/-,#&',#&<4*-(#&

',&%,#$/,&,(&',&+)&:4:*-,&)$9&<4*-(#&3H&,(&31&

I):+,)$&A=B&F&>J!JF&K4-'*(*4-#&',&(*/#&

& L)-5&H&

MN&OPMQ&

L)-5&H&

(N&O%#Q&

L)-5&1&

MN&OPMQ&

L)-5&1&

(N&O%#Q&

L)-5&1&

MN&OPMQ&

L)-5&1&

(N&O%#Q&

%N&

O7Q&

%&).(,/&

O7Q&

HH& R& N& R& N& R& N& H2=21& H2=RH&

H1& R& N& R& N& R& H& H2=RE& H2=RST&

* L’augmentation de masse est probablement due à $-&'"<U(&',&%)(*?/,&+4/#&'$&(*/&

&

I):+,)$&A=E&F&>J!JF&M*(,##,#&'$&</4V,5(*+,&

& WH&X&N=12A&%& W1&X&N=ESA&%& WB&X&N=R2A&%& W%$WW+,&X&H=A&%&

;H&O%Y#Q& ;1&O%Y#Q& ;B&O%Y#Q& ;%$WW+,&O%Y#Q&

HH& HEA=R& HSS=S& HZH=S& HSE=B&

H1& HEN=Z& HAR=S& HSN=E& HAH=1&

& & & & &

>,#& ',$9& ,-/,7*#(/,%,-(#& ',& +)& .*7$/,& A=E& '4--,-(& /,#<,5(*;,%,-(& )$9& <4*-(#& 3H& ,(& 31& +,& #*7-)+&

+)#,/&<,/%,(()-(&',&/,<"/,/&+)&<4#*(*4-&'$&</4V,5(*+,&,(&+,#&(,-#*4-#&%,#$/",#&)$9&:4/-,#&',&+)&:4:*-,&',&

(,#(& ,(& ,-(/,& +,#& ',$9& <4*-(#& ',& %,#$/,=& K,((,& ',/-*?/,& 54$/:,& -,& '4--,& <)#& ',#& /,-#,*7-,%,-(#&

*-("/,##)-(#&<4$/&'"(,/%*-,/&+)&/"<)/(*(*4-&',&54$/)-(&,-(/,&+,#&',$9&<4-(#&',&54$/)-(#8&%[%,&#*&4-&.)*(&

+)& '*.."/,-5,=& \,& <+$#8& 5,#& ',$9& 54$/:,#& </"#,-(,-(& $-&%)$;)*#& /)<<4/(& :/$*(& #$/& #*7-)+& ,(& *+& )& "("&

-"5,##)*/,&',&+,#&.*+(/,/&OD*+(/)7,&DDI&);,5&+,&+47*5*,+&]/*7*-Q=&&
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^-V,5(*4-&

:+45P#&*--,/&

L)-P&H&

L)-P&1&

L)-P&B&

K4--,5(*4-&

:+45P&1&

K4--,5(*4-&

:+45P&H&

K4*+&&&&&&&&

&&&H&
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3)&%"(45',& )6)*(& "("&%*#,& )$& 75*-(& 7)/& 89:;2<=& )6,>& ',#& 6*(,##,#& ',& 7/5?,>(*+,& (/@#& +)/A,%,-(&

#$7"/*,$/,#&(de l’ordre de 1000&%B#C&,(&7,/%,(()-(&',&>5-#*'"/,/&D$,&+,#&>5$/)-(#&')-#&+,#&/)*+#&"()*,-(&

>5-#()-(#&'$/)-(&+,&7)##)A,&'$&7/5?,>(*+,&,-(/,&+,s deux pointes de mesure. Ici ce n’est absolument pas 

+,&>)#E&

&

FEGE! :)+>$+&)-)+H(*D$,&',&+)&(,-#*5-&)$I&J5/-,#&',&+)&J5J*-,&',&%,#$/,&
&

K5$#&)65-#&,##)H"&$-,&)$(/,&(,>4-*D$,&75$/&,#(*%,/&+,&/)775/(&',#&>5$/)-(#&')-#&+,#&',$I&75-(#&',&

>5$/)-(E& 3,& #*A-)+& )$I& J5/-,#& ',& +)& J5J*-,& #,%J+,& +,& 7+$#& *-("/,##)-(& ,(& -5$#& 75$65-#& '5--,/& $-,&

expression analytique moyennant un certain nombre d’approximations. Au voisinage des ponts de 

>5$/)-(& +,& >5$/)-(& >*/>$+,& ')-#& $-,& .*-,& J)-',& D$,& -5$#& 75$65-#& )77/5>4,/& #5*(& )6,>& 7+$#*,$/#&

conducteurs filiformes soit à la limite avec un seul. Le résultat n’est pas sensiblement modifiéE&3,&.+$I&

à travers la bobine est calculé à partir de l’induction obtenue par la loi de BiotL9)6)/(E&&

&&

&

& & &

)& J& >& '&

M*AE&FEF&N&O5'"+*#)(*5-&',&+)&'*#(/*J$(*5-&',&>5$/)-(&)$&-*6,)$&',#&75-(#&',&>5$/)-(&

&
3,&.+$I&')-#& la bobine est donné pour le lanceur à rails conventionnel, par l’expression ciL)7/@#&

D$*&.)*(&*-(,/6,-*/&+,#&7)/)%@(/,#&A"5%"(/*D$,#&'$&+)->,$/P&+)&75#*(*5-&'$&7/5?,>(*+,P&+)&6*(,##,&)$&75*-(&

>5-#*'"/"& ,(& +,& /)775/(& l& Q& RSBR!E& T-& 7,$(& ,-& '"'$*/,& +)& (,-#*5-& '$& (,%7#E& 3)& .*A$/,& FEU& %5-(/,&

l’influence de l&D$*&>5-'*(*5--,&+)&.5/%,&',&+)&>5$/J,&)$&-*6,)$&',&+)&7/,%*@/,&J5##,E&

C(VRC(P6PPWXPYV:
Z

#
!

2 ×l
p

dm
=F

&
&

&
M*AEFEU&N&R->*',->,&',&l&#$/&+)&(,-#*5-&*-'$*(,&')-#&+)&J5J*-,&

&
Y)-#& +,& >)#& '$& +)->,$/& [& /)*+#& )$A%,-("P& *+& ,#(& *-'*#7,-#)J+,& ',& (,-*/& >5%7(,& '$& >5$/)-(& ',&

>*/>$+)(*5-&,-(/,&+,#&',$I&75-(#&',&>5$/)-(E&Le flux est donné par l’expression ciL)7/@#E&

&

( )[ ]+557\!
2 *C(P6PW]PYV^:C(VRYW:C(VRC(P6PPWXPYV:
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#
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3,& 45$/)-(& ',& 4*/4$+)(*5-& 6/,-'& ',$7& 8)+,$/#& '*.."/,-(,#& #$*8)-(& 9$,& +,& 45$/)-(& :;& ,#(& ,-& 6<)#,& ',&

4/5*##)-4,& 5$& ',& '"4/5*##)-4,=& ('& /,6/"#,-(,& +,& /,()/'& ',& '"4+,-4<,%,-(& '$& 45$/)-(& ')-#& +,& /)*+&

,7("/*,$/&6)/&/)665/(&)$&/)*+&*-("/*,$/=&3,&45$/)-(&4)+4$+"&)8,4&',$7&,76/,##*5-#&,#(&45<"/,-(&)8,4&4,+$*&

5>(,-$&6)/&?@6*4,&dans les conditions d’essai de la figure 2.7A&

';B' (((( +££ &
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(((
,76D

(((
,76D#*-D

(
,7645#D* &&&&

&

&
&

E*F=G=H&A&:-.+$,-4,&'$&/)665/(&m&#$/&+)&6/,%*I/,&>5##,&
65$/&l&J&B=K&

E*F=G=K&A&:-.+$,-4,&'$&/)665/(&m&#$/&+)&/"6)/(*(*5-&/",++,&',#&
45$/)-(#&')-#&+,#&65-(#&',&45$/)-(&Ll&J&B=KM&

&
3)&.5/%,&',&+)&(,-#*5-&*-'$*(,&,#(&.5/(,%,-(&*-.+$,-4",&6)/&+,&/)(*5&',#&)%6+*($',#&%)7*%)+,#&',#&

45$/)-(#&')-#&+,&/)*+&,7("/*,$/&,(&')-#&+,&/)*+&*-("/*,$/&m =&:;%N:!%&45%%,&5-&6,$(&+,&85*/&#$/&+)&.*F$/,&
G=H=&?)/&)*++,$/#&+,#&45$/)-(#&')-#&+,#&65-(#&',&45$/)-(#&#5-(&'5--"#&6)/&A&&

+556!2 *:: -l= &,(& +556!C *:M2L: +l-= =&

?5$/&$-,&8)+,$/&(<"5/*9$,&',&lO&m&)&',&-5$8,)$&$-,&(/I#&F/)-',&*%65/()-4,&#$/&+)&/"6)/(*(*5-&',#&
45$/)-(#&45%%,&5-&6,$(&+,&85*/&#$/&+)&.*F$/,&G=K=&?5$/&"9$*+*>/,/&+,#&45$/)-(#&')-#&+,#&',$7&65-(#O&5-&)&

'5-4&*-("/P(&Q&(/)8)*++,/&)8,4&$-&45$/)-(&')-#&+,&/)*+&,7("/*,$/&"+,8"=&

&

G=1=! R)+4$+&)8,4&;S@T@&

&

3,&4)+4$+&)8,4&;S@T@&Q&6)/(*/&'$&45$/)-(&/",+O&65#,&$-&4,/()*-&-5%>/,&',&6/5>+I%,#=&U-&,..,(O&+,&

6/5V,4(*+,&,#(&.*7,&,(&6,$(&P(/,&65#*(*5--"&#5*(&,-&?2&#5*(&,-&?C=&3,#&45$/)-(#&*-V,4("#&')-#&+,&+)-4,$/&#5-(&

45--$#&%)*#& #*& 5-& +,#& 45-#*'I/,& ',&%)-*I/,& >/$(,& )8,4& *-V,4(*5-&)$& (,%6#& BO& +,#& ,..,(#& ',& 6,)$& 5-(&

9$)#*&'*#6)/$#&+5/#9$,&+,&6/5V,4(*+,&,#(&,-&?2&,(&,-45/,&6+$#&,-&?C=&U-&,..,(& +,#&,..,(#&',&6,)$&+*"#&)$&

'"6+)4,%,-(&'$&6/5V,4(*+,&-,&#5-(&6)#&6/*#&,-&45%6(,=&S5$#&6/565#5-#&',&45//*F,/&+)&.5/%,&'$&45$/)-(&

*-V,4("& :!& 65$/& /,4/",/& 4,(& ,..,(& ',& 6,)$& 45%%,& *-'*9$"& #$/& +)& .*F$/,& G=W=& 3)& '*..$#*5-& ')-#& +,& /)*+&

extérieur n’est liée qu’à I;&,(&+,&45$/)-(&Q&45-#*'"/,/&,#(&4,+$*&%,#$/"&)$(5$/&',#&65*-(#&?2&,(&?C=&

X-,& )$(/,& '*..*4$+("& /"#*',& ')-#& +)& 8)+,$/& *-*(*)+,& ',& +)& (,%6"/)($/,=& R,++,& ',#& /)*+#& ,#(& +)&

(,%6"/)($/,& )%>*)-(,=& R,++,& '$& 6/5V,4(*+,& ,#(& ,#(*%",& ,(& -5$#& )85-#& 6/*#& +)& 8)+,$/& 5>(,-$,& )8,4& +,&

45$/)-(&*-*(*)+=&&

&

&
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&
3*45657&8&9'):()(*;-&'$&<;$/)-(&=!&:;$/&$-,&#*%$+)(*;-&#;$#&9>?@?&

&

65A5! B;%:)/)*#;-&',#&/"#$+()(#&
&

>;$#&)C;-#&)-)+D#"&,-&'"()*+&',$E&(*/#&)C,<&+,&+)-<,$/&<;-C,-(*;--,+&,(&+,#&',$E&(*/#&'*#:;-*F+,#&

)C,<&+,&+)-<,$/&G&/)*+#&)$4%,-("5&H,#&"-,/4*,#&%*#,#&,-&I,$&#;-(&/"'$*(,#&,(&+,#&C*(,##,#&'$&:/;I,<(*+,&

relativement faibles. Ceci a l’avantage de ménager le projectile mais rend la méthode proposée par 

J?BKL6M& *-;:"/)-(,& <;%%,& +,& %;-(/,& +)& .*4$/,& 65NL& O$*& <;//,#:;-'& )$& (*/& -PNN& )$& :;*-(& QN5& R-&

n’observe aucune particularité au passage des deux ponts de courant au point choisi. Nous avons donc 

mis en œuvre la méthode analytique relative à la tension aux bornes de la bobi-,&',&%,#$/,5&

&

&
3*45&65NL8&S)/*)(*;-&',&&+)&'*.."/,-<,&',&(,-#*;-&S:*-#&–&S+;;:&+;/#O$,&+,#&:;-(#&',&<;$/)-(#&:)##,-(&)$&:;*-(&QN&

&

T)F+,)$&6568&B;%:)/)*#;-&,-(/,&%,#$/,#&,(&#*%$+)(*;-#&:;$/&+,&(*/&-PN&

& U,#$/,#& Q?:*<,& 9>?@?& 9-)5&

&

(,%:#&

V%#W&

C&&

V%X#W&

(&&

V%#W&

C&&

V%X#W&

=!&&

VY9W&

=N&&

VY9W&

=2&&

VY9W& =NX=! =NX=! =NX=! 

Q;*-(&N& 25Z[& NL[56& 25\2& NN2& 2Z57& 2N51& [5[& L5Z[1& L5[72& »L5Z6&

Q;*-(&2& A52\& NNN5\& 1576& NN6& N25\16& 757LN& 257& L5ZZN& L5[7N& »L5\&

Q;*-(&1& \5N1& NL252& [5Z1& NNN& N5[& N52& L5A& L5ZZ2& & &

];$<^,& N75N2& \A5[& N15\L& NLN& & & & & & &

&

>;$#&';--;-#&,-&()F+,)$&656&+)&<;%:)/)*#;-&',#&(/;*#&%"(^;',s mises en œuvre pour déterminer 

+)&/":)/(*(*;-&',#&<;$/)-(#&')-#&+,#&',$E&:;-(#&',&%,#$/,&dans le cas d’un lanceur à rails conventionnel 

V(*/&-PNW5&H,#&/"#$+()(#&#;-(&<;%:)/)F+,#&:;$/&+,&(*/&-P7_&',$E*`%,&<)#&)-)+D#"5&

H,#&<;$/F,#&',#&.*4$/,#&65NN&,(&65N2&#;-(&/,+)(*C,#&)$&(*/&-PNN&,-&+)-<,$/&G&/)*+#&)$4%,-("5&&

&
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2*34&5466&7&89%:)/)*#9-&',#&;9$/)-(#&%,#$/"#&,(&#*%$+"#&:)/&<=:*;,&:9$/&+,&(*/&->&66&

&

& &

& &

& &
<9*-(&<6?&@6&A&B4CD5%& <9*-(&<C?&@C&A&B4EF5%&

2*34546C&7&89%:)/)*#9-&,-(/,&%,#$/,#&,(&)::/9;G,&)-)+H(*I$,&

L’analyse des courbes montre que la décroissance des courants est toujours plus rapide pour la 

#*%$+)(*9-&:)/&/)::9/(&)$J&%,#$/,#4&8,((,&/,%)/I$,&,#(&K/)*,&')-#&(9$#&+,#&;)#&',&.*3$/,4&L-&;9-#()(,&

"3)+,%,-(& I$,& +)& %"(G9',& )-)+H(*I$,& ,#(& :)/.)*(,%,-(& )::+*;)M+,& )$& :9*-(& <6& )+9/#& I$e c’,#(& :+$#&

'*..*;*+,&:9$/&+,&:9*-(&<C4&

N)M+,)$&54F7&89%:)/)*#9-&,-(/,&%,#$/,#&,(&#*%$+)(*9-#&:9$/&+,&(*/&->66&

N*/&66& O##)*#& <=:*;,& PQ=R=& P-)&

J&S%T& (&S%#T& K&S%U#T& (&S%#T& K&S%U#T& V6UV!& V6UV!& V6UV!&

B4CD5& C4BEF& 6E54W& C4BC& 6F5& B4XC6& B4XE5& B4W&

B4EF5& 1466F& 6FF4F& 14BC& 6XX& B4XE5& B4X5W& B4D&

B4WD5& 54F16& 6X64F& 54EB& 6WB& B4XXB& & &

645BB& 6C4W6& 6FE41& W4XD& 6XF& B4XWE& & &
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3$,+&4$,&#5*(&+,&6)#&',&.*7$/,&65-#*'"/"8&5-&9,$(&(*/,/&+,#&65-6+$#*5-#&#$*:)-(,#&;&

<! =,#& #*%$+)(*5-#& 9)/& >?9*6,& 5-(& "("& .)*(,#& ):,6& ',#& /"#*#()-6,#& :)/*)@+,#& 65-(*-A%,-(& ,(& ',#&

*-'$6()-6,#& 65-#()-(,#& 5$& B& :)/*)(*5-& +*-")*/,& ,-(/,& +,#& :)+,$/#& ,C(/D%,#&E& +,& 65$/)-(& ,#(&

-")-%5*-#&9+$#&.)*@+,&')-#&+)&9F)#,&'"6/5*##)-(,G&&

<! >5$/&(5$#&+,#&(*/#8&+,&95-(&',&65$/)-(&6H("&6$+)##,&.)*(&9)##,/&,-:*/5-&+,#&(/5*#<4$)/(#&'$&65$/)-(&

I!G&=,#&/"#$+()(#&,-(/,&+,#&(/5*#&%"(F5',#&',&#*%$+)(*5-&#5-(&B&9,$&9/J#&65F"/,-(#&#)6F)-(&4$,&

6F)6$-,&)&#,#&'".)$(#G&&

<! =,#& /,%)/4$,#&#5-(&basées sur des tirs à faible énergie. Il est difficile d’extrapoler pour des 

"-,/7*,#&,(&'5-6&',#&:*(,##,#&-,((,%,-(&#$9"/*,$/,#G&

<! =)&%"(F5',&',&%,#$/,&',& +)& /"9)/(*(*5-&',&65$/)-(#&,-(/,& +,#&95-(#&'5*(&D(/,&)%"+*5/",&95$/&

4$,&+,#&#*%$+)(*5-#&9$*##,-(&D(/,&:)+*'",#&,(&D(/,&$(*+*#",#&95$/&',#&'":,+599,%,-(#&.$($/#G&&

&

&

KG! L-)+M#,#&9)/)%"(/*4$,#&95$/&',#&+)-6,$/#&B&/)*+#&)$7%,-("&
&

=,#&+)-6,$/#&B&/)*+#&)$7%,-("#&devraient permettre d’obtenir des vitesses à la bouche supérieures à 

N&O%P#& Q9/5R,(&!LSI!LT& (5$(& ,-& 7)/)-(*##)-(&$-& 65-()6(& #)-#& 9+)#%)& ,-(/,& +,& 9/5R,6(*+,& ,(& +,#& /)*+#G&

U5$#&-5$#&9/595#5-#&',&.)*/,&$-&9/"<design d’un tel lanceur avec les objectifs suivants&;&

<! +)-6,/&$-,&%)##,&',&VWW&7& B&$-,&:*(,##,&',&N&O%P#&5$&$-,&%)##,&',&NWW&7& B&$-,&:*(,##,&',&V&

O%P#&E&6,6*&#,&(/)'$*(&9)/&$-,&*%9$+#*5-&',&NWW&U#&

<! +*%*(,/&+,#&.5/6,#&+*-"*4$,#&qui s’exercent sur les rails à 8.10
K&
UP%&

=)&7"5%"(/*,&'$& /)*+& *-(,/-,&"()-(&'5--",8&4$,++,&'5*(&D(/,& +)&7"5%"(/*,&',#&/)*+#&95$/&5@(,-*/& +)&

.5/6,&%)C*%)+,X&U5$#&,##)M5-#&',&/"95-'/,&B&6,#&4$,#(*5-#&,-&$(*+*#)-(&LU?Y?&95$/&+)&'"(,/%*-)(*5-&

',#& 9)/)%J(/,#& "+,6(/*4$,#G& Z,((,& )-)+M#,& 9)/)%"(/*4$,& -,& 9/,-'& 9)#& ,-& 65%9(,& +,#& 65-(/)*-(,#&

%"6)-*4$,#&,(&(F,/%*4$,#G&&

[)-#&$-,&',$C*J%,&)-)+M#,&9)/)%"(/*4$,&-5$#&6F,/6F5-#&B&59(*%*#,/&+)&'*#()-6,&)&,-(/,&+,#&95-(#&

',&65$/)-(&,(&+,&/)M5-&/&',#&95-(#&',&65$/)-(&&95$/&$-&9/5R,6(*+,&95$/&=L!L&,-&$(*+*#)-(&>?9*6,G&&

La dernière partie est une analyse des différentes types d’alimentation ,-&$(*+*#)-(&>?9*6,8&,..,6($"&

95$/&+,&+)-6,$/&=L!LG&&

&

KGVG! \9(*%*#)(*5-&'$&/)*+&,C("/*,$/&

&

U5$#&/,(,-5-#&$-&6)+*@/,&',&N]&C&N]&%%&6,&4$*&.*C,&+,&/)*+&*-("/*,$/&,(&-5$#&.)*#5-#&:)/*,/&+)&+)/7,$/&

^&'$& /)*+& ,C("/*,$/8& #)& F)$(,$/& F& ,(& +)& '*#()-6,& 7& 4$*& #"9)/,& +,& /)*+& ,C("/*,$/& ,(& +,& /)*+& *-("/*,$/G&=,#&

65$/)-(#& #5-(& 6F5*#*#& )/@*(/)*/,%,-(& 95$/& +,&%5%,-(& ,(& -5$#& /,(,-5-#& (/5*#& 65$9+,#& (,+#& 4$,& '5--"#&

')-#&+,&()@+,)$&KGVG&U5$#&#$995#5-#&4$,&-5$#&'*#95#5-#&',&]&@)((,/*,#&',&65-',-#)(,$/#&Q1&*-(,/-,#&,(&

N&,C(,/-,#T&,(&-5$#&%5'*.*5-#&+,#&(,-#*5-#&)$C&@5/-,#&95$/&5@(,-*/&6,#&65$/)-(#G&

&

S*7GKGV&;&_"5%"(/*,&'$&+)-6,$/&B&/)*+#&)$7%,-("&65-#*'"/",&

`)@+,)$&KGV&;&Z5$9+,#&',&:)+,$/#&',&65$/)-(&')-#&+,#&/)*+#&

I!& 2WW&OL& ]WW&OL& KWW&OL&

IL& VNKa&OL& b11&OL& ]VV&OL&

&&&

F&&&
7&&&&
NW&%%&&&

N]&%%&&&

&NW&%%&&&
7&&&
&F&&&

^&&&

N]&%%&&&

\$(,/&/)*+&&&

\$(,/&/)*+&&&

I--,/&/)*+&&&

&I--,/&/)*+&&&

>/5R,6(*+,&&&
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3,#& 45-(/)*-(,#& 6,$7,-(& 8(/,& 59(,-$,#& ,-& :;& (/)-#*(5*/,<& 3,#& .*=$/,#& ><:& ,(& ><1& '5--,-(& +,#&

7)/*)(*5-#&',#&.5/4,#&#$/&+,#&/)*+#&6)/&4,((,&',/-*?/,&%"(@5',&65$/&+,&45$6+,&',&7)+,$/#&',&45$/)-(&ABCC&

DEF&G:>H&DEI&,(&',$J&="5%"(/*,#<&

& &

K*=<><:&L&K5/4,&"+,4(/5%)=-"(*M$,&#$/&+,#&/)*+#&–&/)*+&

,J(,/-,&+)/=,&A:B%%&J&:C&%%I&

K*=<><1&L&K5/4,&"+,4(/5%)=-"(*M$,&#$/&+,#&/)*+#&–&/)*+&

,J(,/-,&"(/5*(&A:%%&J&:&%%I&

N8%,&#*&+)&.5/4,&#$/&+,&/)*+&*-(,/-,&,#(&-"=)(*7,&6,-')-(&$-,&+5-=$,&6"/*5',F&+,#&7)+,$/#&59(,-$,#&#5-(&

(/?#& "+,7",#& ,(& 4,((,& '*#65#*(*5-& ,#(& O& 6/5#4/*/,<& P-,& )-)+Q#,& 6)/)%"(/*M$,& 45-'$*(& )$J& 7)+,$/#&

%)J*%)+,#&',#&.5/4,#&'5--",#&#$/&+,&()9+,)$&><:<&

R)9+,)$&><:&L&K5/4,&%)J*%)+,&#$/&+,#&/)*+#&

K5/4,&(5()+,& N)J*%$%& +)/=,$/&S& @)$(,$/&@& '*#()-4,&=&

T!&U&BCC&DEF&&&

TE&U&G:>H&DE&
GC<B<GC

>
&VW%& GB&%%& :&%%& G&%%&

T!&U&2CC&DEF&&&

TE&U&X11&DE&
><X<GC

>
&VW%& G:&%%& :&%%& G&%%&

T!&U&>CC&DEF&&&

TE&U&2GG&DE&
B<X<GC

>
&VW%& :&%%& :&%%& G&%%&

><:<! Y6(*%*#)(*5-&',#&.5/4,#&#$/&+,&6/5Z,4(*+,&
&

Cette optimisation nécessite de calculer les inductances L’!&et M’ par ANSYS pour en déduire les 

.5/4,#&"+,4(/5%)=-"(*M$,#<&[5%%,&6/"4"',%%,-(&*+&.)$(&'"45%65#,/&,-&6@"-5%?-,#&+,-(#&,(&/)6*',#&

)$J&6/,%*,/#& *-#()-(#\&65$/&4,+)&-5$#&45-#*'"/5-#&',$J&./"M$,-4,#&GC&]^&,(&G&D]^&4)/&4,++,&',&GCC&

D]^&n’est pas facilement accessible sous ANSYS. L’analyse paramétrique montre qu’à la fréquence de 

GC&Hz, h et w n’ont&pas d’incidence sur L’!&et la variation de M’ avec g est prévisible puisque cette 

7)+,$/&'5*(&8(/,&%*-*%)+,&A7)+,$/&+*%*(",&6)/&',#&45-#*'"/)(*5-#&',&%"4)-*M$,I<&E&+)& ./"M$,-4,&',&G&

D]^, w n’a aucune incidence. Nous avons retenu les valeurs de L’!&,(&M’4)+4$+",#&O&G&kHz jusqu’à 0<1&

%#& ,(& 4,++,#& O& GC& ]^& )$_',+O& ',& G<`H& %#& )7,4& $-,& 7)/*)(*5-& +*-")*/,& ,-(/,& +,#& ',$J<& [,#& 7)+,$/#&

45-'$*#,-(&O&$-&95-&45%6/5%*#&6)/&/)665/(&O&$-,&)-)+Q#,&(/)-#*(5*/,&45%6+?(,<&

3,#&7)+,$/#&%)J*%)+,#&',#&.5/4,#&#$/&+,&6/5Z,4(*+,&#5-(&'5--",#&6)/&+,&()9+,)$&><1<&Y-&-5(,&M$,&+,#&

'*%,-#*5-#&="5%"(/*M$,#&56(*%)+,#&#5-(&*-'"6,-')-(,#&',#&45$6+,#&',&7)+,$/#&',&45$/)-(<&

R)9+,)$&><1&L&a)+,$/#&,(&'*%,-#*5-#&65$/&$-,&.5/4,&"+,4(/5%)=-"(*M$,&%)J*%)+,&#$/&+,&6/5Z,4(*+,&

K5/4,&"+,4(/5%)=-"(*M$,& N)J*%$%& S& @& =&

T!&U&BCC&DEF&&&TE&U&G:>H&DE& G`2&DV& X&%%& :&%%& :&%%&

T!&U&2CC&DEF&&TE&U&X11&DE& GXB&DV& X&%%& :&%%& :%%&

T!&U&>CC&DEF&&TE&U&2GG&DE& GH1&DV& X&%%& :&%%& :&%%&

&
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"
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*

+
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2313! 45(*%*#)(*6-&',#&76$/)-(#&
&

86$#&/,(,-6-#&+,#&9)+,$/#&#$*9)-(,#&:&;&<&%%=&>&;&?&%%&,(&@&;&?&%%&56$/&65(*%*#,/&+,&/)556/(&

',#&76$/)-(#3&A,#&7)+7$+#&76-'$*#,-(&)$B&9)+,$/#&'$&()C+,)$&23D&56$/&+)&.6/7,&"+,7(/6%)@-"(*E$,&#$/&+,#&

/)*+#3&A,&%,*++,$/&/"#$+()(&,#(&6C(,-$&56$/& +,&76$5+,&FDGH&IJ=&<GK&IJL&7)/&56$/&',#&76$/)-(#& M!&5+$#&

.)*C+,#=&+)&5)/(*,&-"@)(*9,&#$/&+,&/)*+&*-("/*,$/&,#(&(/65&*%56/()-(,3&&

&
N)C+,)$&23D&O&P6$5+,#&',&76$/)-(#&56$/&6C(,-*/&$-,&*%5$+#*6-&#$/&+,&5/6Q,7(*+,&',&?HH&8#&&

&

&

&

&

&

23D3! 45(*%*#)(*6-&'$&5/6Q,7(*+,&
&

86$#&7>,/7>6-#&R&65(*%*#,/&+,&76$5+,&F)=&/L&)9,7&)&'*#()-7,&,-(/,&+,#&56-(#&',&76$/)-(&,(&/&/)S6-&

',#& 56-(#& ',& 76$/)-(& ,(& -6$#& /,7>,/7>6-#& +,#& 9)+,$/#& E$*& 76-'$*#,-(& )$& 76$/)-(& +,& 5+$#& "+,9"& ,(& R&

l’échauffement le plus faiC+,3&P,((,&)-)+S#,&,#(&.)*(&56$/&$-&5/6Q,7(*+,&56$/&AJ!J&,-&$(*+*#)-(&TU5*7,3&

D’après la figure 6.4=&6-&)& *-("/V(&R&)$@%,-(,/&+,&/)S6-&56$/&)77/6W(/,&+,&76$/)-(&,(&'*%*-$,/&,-&

même temps la résistance. L’augmentation de a est surtout intéressante au début '$&(*/&6X&*+&S&)&',#&

'MJY'(&*%56/()-(#3&

&

& &
Z*@323D&O&T/6.*+&',&76$/)-(&')-#&+,#&',$B&56-(#&',&

76$/)-(&56$/&'*.."/,-(,#&9)+,$/#&',&/&F)&;&[G&%%L&

Z*@323G&O&T/6.*+&',&76$/)-(&')-#&+,#&',$B&56-(#&',&

76$/)-(&56$/&'*.."/,-(,#&9)+,$/#&',&)&F/&;&1&%%L&

&

23G3! J-)+S#,&',&'*.."/,-(,#&)+*%,-()(*6-#&

&

P,((,&"($',&,#(&'"76--,7(",&5)/&/)556/(&R&+)&5/"7"',-(,&,(&-6$#&#6$>)*(6-#&)77"+"/,/&$-,&%)##,&',&

[G& R& ?G& @& 56$/& )((,*-'/,& $-,& 9*(,##,& ',& [HHH& %Y#& R& +)& C6$7>,3& 86$#& '*#56#6-#& ',& ?& C)-7#& ',&

76-',-#)(,$/#&7>)/@"#&R&K&I\&56$/&+,&/)*+&*-("/*,$/&,(&',&D&C)-7#&',&76-',-#)(,$/#&#6$#&[H&I\&56$/&+,&

/)*+&,B("/*,$/3&A,#&(,%5#&',&'"7>)/@,&5,$9,-(&9)/*,/3&A)&@"6%"(/*,&"($'*",&,#(&7,++,&'$&+)-7,$/&AJ!J3&

&

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

&

Une première étude consiste à étudier l’influence de la lo-@$,$/&',#&/)*+#&,B(,/-,#&5)/&/)556/(&)$B&

/)*+#&*-(,/-,#&56$/&(/6*#&)+*%,-()(*6-#&(,++,#&E$,&'"7/*(,#&#$/&+)&.*@$/,&2323&A,#&*-#()-(#&',&'"7>)/@,&,(&

l’efficacité énergétique sont donnés sur le tableau 6.G3&A,#&/,-',%,-(#&#6-(&(/]#&.)*C+,#3&A)&'"7>)/@,&

(S5,&7&,#(&+)&5+$#&,..*7)7,3&M+&5,$(&S&)96*/&*-("/V(&R&/"'$*/,&+)&+6-@$,$/&',#&/)*+#&,B(,/-,#&56$/&)%"+*6/,/&

+,&/,-',%,-(&76%%,&+,&%6-(/,&+,&()C+,)$&2323&

&

&

!"#$#

#$#

"#$#

%##$#

%"#$#

&##$#

&"#$#

'##$#

'"#$#

# #$" % %$" & &$"

()*+,-*./

0
1
22
+
3
4,
-5
6
/

0122+34,733+2
89):.

0122+34,;14+2
89):.

0122+34,<%,2,=,'
**

0122+34,<&,2,=,'
**

0122+34,<%,2,=
'$",**

0122+34,<&,2,=
'$",**

0122+34,<%,2,=,>
**

0122+34,<&,2,=,>
**

0122+34,<%,2,=
>$",**

0122+34,<&,2,=
>$",**

&

!"#$#

#$#

"#$#

%##$#

%"#$#

&##$#

&"#$#

'##$#

'"#$#

# #$" % %$" & &$"

()*+,-*./

0
1
22
+
3
4,
-5
6
/

0122+34,733+2
89):.

0122+34,;14+2
89):.

0122+34,<%,9,=
%",**

0122+34,<&,9,=
%",**

0122+34,<%,9,=
&#,**

0122+34,<&,9,=
&#,**

0122+34,<%,9,=
&",**

0122+34,<&,9,=
&",**

0122+34,<%,9,=
'#,**

0122+34,<&,9,=
'#,**

M!&FIJL& 1HH& 1GH& DHH& DGH& GHH& GGH& 2HH&

MJ&FIJL& [G[<& [?D1& [H1H& <GK& K[1& G<^& D<H&

Z&F[H
2
&8Y%L& [[3^& ^3?& K3G& 231& G3G& D3^& D3G&
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& &

3)#&)&4&+,#&5$)(/,&6)-7#&'$&7*/7$*(&,8(,/-,&#9-(&

'"7+,-7:"#&,-&%;%,&(,%<#&=&(&>&?&

&

3)#&6&4&@&6)-7#&#9-(&'"7+,-7:"#&=&(&>&?&,(&+,#&',$8&

)$(/,#&,-&%;%,&(,%<#&5$,&+,&',$8*A%,&6)-7&<9$/&

+,&/)*+&*-("/*,$/&

&

3)#&7&4&'"7:)/B,&7)+7$+",&<9$/&96(,-*/&$-&79$/)-(&

</)(*5$,%,-(&79-#()-(&

C*BDEDE&4&FG9+$(*9-&',#&79$/)-(#&

H)6+,)$&EDI&4&J*(,##,&=&+)&69$7:,K&/,-',%,-(&,(&*-#()-(#&',&'"7:)/B,&(L&'$&',$8*A%,&6)-7&',&79-',-#)(,$/&'$&/)*+&

*-(,/-,&,(&(@K&(1&,(&(M&<9$/&+,#&@
A%,
K&1

A%,
&,(&M

A%,
&6)-7#&'$&7*/7$*(&,8(,/-,&<9$/&'*.."/,-(,#&%)##,#&'$&</9N,7(*+,&

%&

OBP&

(L&
O%#P&

(@&

O%#P&

(1&

O%#P&

(M&

O%#P&
3)#&

G&

O%Q#P&

η&

ORP&

LI& LDS?& ?D??& ?D??& ?D??& )& TTTD2& @DLI&

LI& LD2?& ?D??& LDEI& LDEI& 6& TTTD2& 1D1@&

LI& LDE2& ?DL?& ?D2I& LD1I& 7& L???D?& 1D12&

@?& LD?E& ?D??& ?D??& ?D??& )& L??LD?& @DSS&

@?& ?DTM& ?D??& ?D2I& ?D2I& 6& TTTD1& MD?1&

@?& ?DT?& ?D??& ?DI?& ?DT?& 7& L??LDS& MDL?&

@I& ?DI?& ?D??& ?D??& ?D??& )& TTTDI& @DM2&

@I& ?DMI& ?D??& ?D1?& ?D1?& 6& L???D2& MD1E&

@I& ?D@L& ?D??& ?DMI& ?DT?& 7& L???D2& ID?1&

&
H)6+,)$&EDE&4&J*(,##,&=&+)&69$7:,&,(&/,-',%,-(&<9$/&'*.."/,-(#&+9-B$,$/#&',#&/)*+#&,8(,/-,#&

%&

OBP&
3)#&

U9-B$,$/&

O%P&

G&
O%Q#P&

η&

ORP&

LI& )& LDI& TTTD2& @DLI&

@?& )& LD@& L???D2& 1DL1&

@?& 6& LD@& L???D?& MD1T&

@?& 7& LD@& TTTD2& MDMM&

@I& )& ?DT& TTTDT& MDMM&

@I& 6& ?DT& L???D2& IDM1&

@I& 7& LDL& TTTDI& IDEI&

&

!"#"$"! %&'()*+,+'-*./'+).0)1()*+2).)+.,&'()*+,+'-*.345.

&

U,&</*-7*<,&de l’alimentation segmentée et de l’a+*%,-()(*9-&VFW&OV*#(/*6$(,'&F-,/BX&W(9/)B,P&,#(&

'"7/*(&#$/&+,#&.*B$/,#&ED2&,(&EDSD&

Dans le premier cas la longueur du premier segment est telle que l’alimentation du deuxième 

#,B%,-(& *-(,/G*,-(& N$#(,& )$&%9%,-(& 9Y& +,& </9N,7(*+,& ,-(/,& ')-#& +)& Z9-,& O)+*%,-()(*9-& (X<,& 6PD& [9$/&

l’alimentation DES, les rails extérieurs sont en seul morceau mais on dispose d’un deuxième point 

d’injection. C’est également la position du projectile qui définit l’instant de déclenchement des deux 

',/-*,/#&6)-7#&',&79-',-#)(,$/#D&U,#&/"#$+()(#&#9-(&/,B/9$<"#&')-#&+,&()6+,)$&ED2D&L’alimentation DES 

#,&7)/)7("/*#,&<)/&$-&%,*++,$/&/,-',%,-(&<9$/&$-,&,..*7)7*("&"5$*G)+,-(,D&

&

&

!

"!!

#!!

$!!

! !%& ' '%& "

()*+,-*./

0
1
22
+
3
4,
-5
6
/

7

,8

9



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

&

12&

& &

3*45657&: Schéma de principe d’une alimentation dite 

#,4%,-(",&

3*45652&: Schéma de principe d’une alimentation&'*(,&

89:&

&
;)<+,&657&=&>*(,##,#&,(&/,-',%,-(#&?@$/&+,#&',$A&)+*%,-()(*@-#&)B,C&$-,&+@-4$,$/&DE&@?(*%*#",&'$&?@*-(&

d’injection. &

& %&

F4G&

DE&

F%G&

BE&

F%H#G&

ηE&

FIG&

BJ&

F%H#G&

ηJ&

FIG&

:9K& EL& M577& EM225N& 15JN& EMMM51& J572&

JM& M5EN& 22J5J& O5L1& & &

JM& M5JL& & & NOM52& 15JN&

89:& EL& M57L& EMLE5L& O517& NNN57& O5MM&

JM& M5E2& EMO15L& O5L1& EMMM5L& O5E6&

&

D,& ()<+,)$&652&C@%?)/,& +,#&1&%@',#&d’alimentation avec deux bancs de condensat,$/#&?@$/& +,#& /)*+#&

*-(,/-,#&,(&,A(,/-,#5&D,#&',$A*P%,#&<)-C#&',&C@-',-#)(,$/&#@-(&'"C+,-CQ"#&)$&%@%,-(&@R&+,&?/@S,C(*+,&

)((,*-(& +)& ?@#*(*@-& CQ@*#*,5& T-& -@(,& U& -@$B,)$& +)& %,*++,$/,& ,..*C)C*("& '$& #V#(P%,& 89:& %)*#& +)&

C@-#(/$C(*@-&,#(&-,((,%,-(&?+$#&'"+*C)(,5&

&

;)<+,&652&=&>*(,##,#&U&+)&<@$CQ,&)B,C&$-,&*-S,C(*@-&',&C@$/)-(&)$&%@%,-(&@R&+,&?/@S,C(*+,&)((,*-(&+)&?@#*(*@-&A&&

8*#()-C,&A& M5JL&%& M5LM&%& M57L&%& E5MM&%&

W@/%)+& N67&%H#& 22N&%H#& 2LO&%H#& 21M&%H#&

:,4%,-("& 21L&%H#& NOO&%H#& NM1&%H#& 26E&%H#&

89:& NN6&%H#& NJ1&%H#& 272&%H#& 2OL&%H#&

&

6565! X@-C+$#*@-&
&

W@$#& )B@-#& '"(,/%*-"& 'es dimensions optimales d’un lanceur à rails augmenté permettant de 

.@$/-*/&$-,&*%?$+#*@-&',&JMM&W#&)B,C&',#&,..@/(#&#$/&+,#&/)*+#&*-."/*,$/#&U&2&MN/m. L’optimisation est 

<)#",& #$/&$-,& )-)+V#,&?)/)%"(/*Y$,&',#&'*%,-#*@-#&,-&$(*+*#)-(&ZW:[:&#@*(& '*/,C(,%,-(& #@*(&?)/& +,&

biais du calcul des paramètres L’!&et M’. D)&'*#()-C,&,-(/,&+,#&/)*+#&*-(,/-,#&,(&,A(,/-,#&'@*(&\(/,&.)*<+,&

F4&]&J&%%G&,(&+,#&/)*+#&@-(&$-,&+)/4,$/&^&]&2&%%&,(&$-,&Q)$(,$/&.)*<+,#&',B)-(&+,&C)+*</,&FJL&%%&A&JL&

%%G5&D,#&C@$/)-(#&*-S,C("#&U&?)/(*/&',&+)&'"CQ)/4,&',&J&<)-C#&',&C@-',-#)(,$/#&?@$/&+,#&/)*+#&*-(,/-,#&

et 4 pour les rails externes nécessaires pour obtenir l’impulsion voulue tout en respectant les 

C@-(/)*-(,#&#@-(&"4)$A&U&OLM&_Z&,(&2L7&_Z&#@*(&$-&/)??@/(&`ZH`!&?/)(*Y$,%,-(&"4)+&U&J5&

8)-#&$-,&',$A*P%,&)-)+V#,&?)/)%"(/*Y$,&-@$#&)B@-#&fait l’optimalisation ?@$/&+)&'*#()-C,&)&,-(/,&

+,#&?@-(#&',&C@$/)-(&,(&+,&/)V@-&/&',#&?@-(#&',&C@$/)-(&?@$/&$-&?/@S,C(*+,&?@$/&DZ!Z5&&&

8)-#& $-,& (/@*#*P%,& )-)+V#,& ?)/)%"(/*Y$,a& $(*+*#)-(& b:?*C,a& -@$#& )B@-#& C@%?)/"& (/@*#& (V?,#&

d’alimentation avec @?(*%*#)(*@-&',#&*-#()-(#&',&'"C+,-CQ,%,-(&',#&<)-C#&',&C@-',-#)(,$/#&FJ&?@$/&`!&

,(& O&?@$/& `Z). L’alimentation dite DES (Distributed Energy Storage) présente la meille$/,&,..*C)C*("&

énergétique comparée à l’alimentation normale ou segmentée. Dans tous les cas, le rendement 

"-,/4"(*Y$,&,#(&.)*<+,&,(&-,&'"?)##,&?)#&6&I5&&

&

&

&

`!

`ZaE `ZaJ

`ZaE `ZaJ

&&

`!&

`ZaE& `ZaJ&

`ZaE& `ZaJ&
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34-5+$#*4-#&,(&6,/#6,5(*7,#&&

&
Le but initial de ce travail de thèse était d’étudier la répartition d,#&54$/)-(#&,-(/,&+,#&',$8&64-(#&

de courant d’un lanceur à rails. A priori, le lanceur à rails augmenté par son champ extérieur nécessite 

$-&54$/)-(&')-#&+,#&64-(#&%4*-#&*%64/()-(&64$/&$-,&%9%,&7*(,##,&:&+)&;4$5<,=&>-&'*%*-$,&)*-#*&+,#&

54-(/)*-(,#& #$/& +,#& ;/4##,#& ,(& 4-& "7*(,& +)& .4/%)(*4-& ',& 6+)#%)#& ?$*& '"("/*4/,-(& ,(& +,&6/4@,5(*+,& ,(& +,#&

/)*+#=&

Pour analyser cette répartition, nous avons mis en œuvre deux méthodes de simulation. La 

première utilise une approche circuit. Il s’agit de AB6*5,=&C,&%4'D+,& #,&'"54%64#,&,-&',$8&6)/(*,#E&

une partie électrique avec les bancs de condensateur qui fournissent l’énergie, les dispositifs de 

54%%)-',& ,(& +,#& /)*+#& )7,5& +,& 6/4@,5(*+,& ,(& $-,& 6)/(*,& %"5)-*?$,& ?$*& (/)'$*(& +)& 5*-"%)(*?$,& '$&

6/4@,5(*+,=& C)& '"(,/%*-)(*4-& ',#& 6)/)%D(/,#& ,#(& '"+*5)(,& 5)/& *+& .)$(& (,-*/& 54%6(,& ',& +)& .4/%,&

*%6$+#*4--,++,& ',#& 54$/)-(#E& )7,5& ',#& ./"?$,-5,#& "+,7",#& )$& '";$(& ,(& ;)##,#& 64$/& +)& ?$,$,& ',&

l’impulsion. A l’effet de peau lié au courant, s’ajoute un effet de peau lié au mouvement&'$&6/4@,5(*+,=&

C,#&6)/)%D(/,#& /"#*#(*.#&,(& *-'$5(*.#&'4*7,-(&6/,-'/,& ,-& 54%6(,& 5,#&6<"-4%D-,#=&C,#&6)/)%D(/,#&'$&

%4'D+,&%"5)-*?$,&#4-(&"F)+,%,-(&'"+*5)(#&:&'".*-*/&,-&/)*#4-&',#&./4((,%,-(#&#4+*',G#4+*',=&

C)& .4/5,& "+,5(/4%)F-"(*?$,& '"6,-'& ',#& 54$/)-(#& ,(& ',#& #,+.#& ,(& %$($,++,#& *-'$5()-5,#&

*-5/"%,-()+,#=&3,++,#G5*&4-(&"("&'"(,/%*-",#&,-&$(*+*#)-(&HIBJBE&+4F*5*,+&$(*+*#)-(&+,#&"+"%,-(#&.*-*#=&

HIBJB&6,/%,(&$-,&"($',&+45)+,&',&+)&',-#*("&',&54$/)-(&,(&',#&"5<)$..,%,-(#=&B,#&'".)$(#&#4-(&',&-,&

64$74*/& #*%$+,/& +’ensemble du rail mais surtout ',& -,& 6)#& 6/,-'/,& ,-& 54%6(,& +,& %4$7,%,-(& '$&

projectile. Les résultats sont donc rapidement faussés dès qu’il y a diffusion du courant dans le rail au 

74*#*-)F,&'$&6/4@,5(*+,=&>-&4;#,/7,&-")-%4*-#&$-,&;4--,&54<"/,-5,&,-(/,& +,#&',$8&%"(<4',#=&A4$/&

"($'*,/&+)&/"6)/(*(*4-&',#&54$/)-(#&,-(/,&+,#&',$8&64-(#&',&54$/)-(#&-4$#&)74-#&"("&)%,-"#&:&%4'*.*,/&+)&

montée en courant pour retrouver l’effet de peau.&

Une méthode mise au point à l’ISL devait permettre de mesurer la répartition de 54$/)-(#&,-(/,&+,#&

deux ponts. Elle s’est révélée impraticable en raison des vitesses faibles du projectile liée#& :& $-,&

"-,/F*,&'*#64-*;+,&/"'$*(,=&I4$#&)74-#&6$&,..,5($,/&'*8&(*/#&)7,5&+,&+)-5,$/&:&/)*+#&54-7,-(*4--,+#&%)*#&

?$,&',$8&')-#&+)&54-.*F$/)(*4-&:&/)*+#&)$F%,-("&#$*(,&:&$-&'".)$(&#$/&$-,&)+*%,-()(*4-=&C)&'*#64-*;*+*("&

des moyens d’essais était également limitée.&

I4$#&)74-#&6/464#"&$-,&)$(/,&%"(<4',&64$/&$(*+*#,/&+,#&#*F-)$8&.4$/-*#&6)/&$-,&;4;*-,&',&%,#$/,=&

C)&%"(<4',&6,$(& ,-54/,& 9(/,& )%"+*4/",=& K+& .)$(&7,*++,/& (4$(&6)/(*5$+*D/,%,-(& :& +)&?$)+*("&',#& #*F-)$8&

64$/&'*%*-$,/&+,&;/$*(&,(&"7*(,/&+,&.*+(/)F,&?$*&.)*(&6,/'/,&',#&*-.4/%)(*4-#=&C)&54%6)/)*#4-&,-(/,&+,#&

',$8&%"(<4',#&',&#*%$+)(*4-&et l’expérience est néanmoins intéressante&,(&#)(*#.)*#)-(,=&

C)& ',/-*D/,& 6)/(*,& ',& 5,& (/)7)*+& 54-#*#(,& :& .)*/,& $-,& )-)+L#,& 6)/)%"(/*?$,& d’un lanceur à rails 

)$F%,-("& ',& F/)-',& 7*(,##,& :& +)& ;4$5<,=& K+& '4*(& .4$/-*/& $-,& *%6$+#*4-& ',& MNN& I#=& O-,& "($',&

6)/)%"(/*?$,&;)#",&#$/&HIBJB&64$/&+,#&*-'$5()-5,#&*-5/"%,-()+,#E&6,/%,(&',&.4$/-*/&$-&)7)-(&6/4@,(&

où la force sur le projectile répond au cahier des charges mais où les forces s’exerçant sur les rails sont 

"F)+,%,-(&+*%*(",#&:&P=QN
P
&IR%=&3,((,&"($',&'4*(&9(/,&54%6+"(",&6)/&$-,&"($',&%"5)-*?$,&,(&(<,/%*?$,&

5)/&+,#&54-(/)*-(,#&',&54$/)-(&#4-(&(/D#&.4/(,#=&L’analyse paramétrique pour l’optimisation du projectile 

pour LARA en utilisant PSpice montre l’influence de la distance a entre les pont des courant et le 

/)L4-& /&',#&64-(#&',& 54$/)-(& #$/& +,&6/4.*+& ',& 54$/)-(=& C,#& "($',#& #$/& l’alimentation montrent que la 

#4+$(*4-& STB& US*#(/*;$(,'& T-,/FL& B(4/)F,V& 54-'$*(& :& $-,& ,..*5)5*("& %)8*%)+,&W& -")-%4*-#& +,&

/,-',%,-(&/,#(,&.)*;+,=&&&

&

La solution du lanceur à rails augmenté mérite d’être approfondie. Deux pistes nous semblent 

*-("/,##)-(,#. D’une part réfléchir à $-,& )+*%,-()(*4-& '*#(/*;$",& ,(& 54%%)-');+,& 64$/& +,#& /)*+#&

*-("/*,$/&,(&,8("/*,$/&de telle manière que l’on apporte une énergie en phase ou en avance de phase par 

/)664/(&:&+)&64#*(*4-&'$&6/4@,5(*+,=&C,#&"-,/F*,#&,(&+,#&54$/)-(#&#4-(&"-4/%,#E&5,&?$*&5/",&',#&'*..*5$+("#&

de connectique. D’autre part pour définir ces lois de commande, il faut améliorer les moyens de 

simulation et en particulier la simulation locale qui devrait fournir plus d’éléments constructifs par 

/)664/(&:&AB6*5,=&AB6*5,&est un outil intéressant pour une étude rapide mais il faut également l’adapter 

64$/&$-,&)+*%,-()(*4-&'*#(/*;$",&,(&#L-5</4-,&)7,5&+)&64#*(*4-&'$&6/4@,5(*+,=&&
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X4-210%,"*%E2-9,%Y.-)8%Y#-K%E#4+".1Z[2))*$)\*%9,#-,*8%9,482*9%.1%-#2)0419'%<"*%)#41+"*-%#18%,"*%

$-.@*+,2)*9%"*%49*8%#-*%$-*9*1,*8% 21%E20'%&']'%<"*%$-.@*+,2)*%49*8%"#8%+.$$*-% :219'%<"*9*%+.$$*-%:219%
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F40/*1,*;% -#2)041:% "#I*% /4),2$)*% #;I#1,#0*:'% B"*% $-*:*1+*% .8% #1% *C,*-1#)% /#01*,2+% 82*);%

#40/*1,:%,"*%8.-+*%.1%,"*%$-.L*+,2)*%>*P'%&'&Q@'%%

%
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6"*% +4--*1,% 7!% 21% ,"*% .4,*-% +2-+42,% 2184+*9% ,"*% *:,*-1#)% /#01*,2+% ;2*)8% "#$%% ,"#,% -*21;.-+*9% ,"*%

/#01*,2+%;2*)8% <=20'%&'&>?'%@*+#49*%A*%"#B*%,A.%9*$#-#,*%+2-+42,9%.1)C%,"*%+4--*1,%&'%.;%,"*%211*-%

+2-+42,%-419%,"-.40"%,"*%$-.D*+,2)*'%6"29%/*#19%,"#,%A*%+#1%#40/*1,%,"*%;.-+*%.1%,"*%$-.D*+,2)*%,"-.40"%

,"29%*:,*-1#)%;2*)8%A2,".4,%-#29210%,"*%+4--*1,%21%,"*%211*-%+2-+42,%#18%,"49%A2,".4,%-#29210%,"*%+4--*1,%&'(

,"-.40"%,"*%$-.D*+,2)*'%%

%
=20'%&'EF%G+"*/#,2+%.;%#1%#40/*1,*8%-#2)041%

%

%
%

=20'%&'&>F%H-21+2$)*%.;%#1%#40/*1,*8%-#2)041%

%
6"29% 29% #1% 2/$.-,#1,% #8B#1,#0*% .;% #1% #40/*1,*8% -#2)041'% 71% #% +.1B*1,2.1#)% -#2)041% ,"*% +4--*1,%

,"-.40"%,"*%$-.D*+,2)*%29%)2/2,*8%I*+#49*%.;%,"*%"*#,210%.;%,"*%9)28210%+.1,#+,9%I*,A**1%,"*%$-.D*+,2)*%

#18%,"*%-#2)9'%6"*%"*#,210%.;%,"*9*%+.1,#+,9%29%84*%,.%,"*%J.4)*K*;;*+,%#18%,"*%;-2+,2.1%#18%+#1%+#49*%,"*%

+.1,#+,9%,.%/*),'%L*),210%.;%,"*9*%+.1,#+,9%+#1%-*94),%21%+.1,#+,%,-#192,2.1%A"2+"%)*#89%,.%#1%21+-*#9*%.;%

%%

7%3%%%

7%3%%%

7%M%%%

7%M%%%

7%3%
%%
%

(1*-0C%%
9.4-+*%

211*-%+2-+42,%.4,*-%+2-+42,%

&'5%/%

7

3%

7

M%

(1*-0C%%
9.4-+*%

7

3%



!"#$%&'%()*+,-./#01*,2+%3#2)041%

%

56%

,"*%#-/#,4-*%-*727,#1+*%#18%,"*%8*,*-2.-#,2.1%.9%,"*%-#2)7'%:299*-*1,%,;$*7%.9%+.1,#+,7%<*,=**1%,"*%-#2)7%

#18% ,"*% $-.>*+,2)*7% +#1% <*%47*8'% ?1% ,"27% ,"*727%=*%47*% $-.>*+,2)*7%=2,"% #% 7.)28% +.1,#+,% #18%=*% ,-;% ,.%

#@.28%+.1,#+,%,-#172,2.1'%A1.,"*-%#$$-.#+"%27%,"*%47*%.9%$)#7/#%+.1,#+,7%.-%#%+./<21#,2.1%.9%<.,"B%,"*%

";<-28% +.1,#+,7'% C"27% =2))% <*% 827+477*8% 21% D% &'E'% F#@210% ,.% 7*$#-#,*% +2-+42,7% #)7.% #)).=7% ,"*%

.$,2/2G#,2.1%.9%,"*%*H,*-1#)%+4--*1,'%

C"*%-#2)041%9.-+*%*I4#,2.1%9.-%#1%#40/*1,*8%-#2)041%27J%

%% % % %%%%%%%K&'&LM%

=2,"%!"’% ,"*%7*)9% 2184+,#1+*%0-#82*1,%.9%,"*%211*-%-#2)7%#18%#’%,"*%/4,4#)%2184+,#1+*%0-#82*1,%.9%,"*%

211*-%#18%.4,*-%-#2)7%#18%$%%,"*%+4--*1,%21%,"*%#40/*1,210%+2-+42,'%

F.=*@*-B%*H$*-2/*1,#)%-*74),7%7".=%,"#,%*I'%&'&L%.@*-*7,2/#,*7%,"*%*)*+,-./#01*,2+%9.-+*%.1%,"*%

#-/#,4-*'%N**9*-%*,%#)'%ON((PEQ%+./$#-*8%,"*%9.-+*7%+#)+4)#,*8%=2,"%*I'%&'&LB%=2,"%,"*%-*74),7%.9%#%E:%

R(SA% 72/4)#,2.1% .9% ,"*% *)*+,-./#01*,2+% 9.-+*'% C"*;% #)7.% +.1+)48*% ,"#,% *I'% &'&L% 02@*7% #1%

.@*-*7,2/#,2.1'%T.-%#1%#40/*1,*8%-#2)041B%,"*-*%27%#%)#-0*-%8299*-*1+*%<*+#47*%#%)#-0*-%$.-,2.1%.9%,"*%

9.-+*%27%*H*-,*8%21%,"*%-#2)B%721+*%,"*%#40/*1,210%+4--*1,%"#7%"#8%,2/*%,.%829947*%21,.%,"*%-#2)%$-2.-%,.%,"*%

$#77210% .9% ,"*% $-.>*+,2)*'%A1.,"*-% +.1+)472.1% .9% ,"*2-% 72/4)#,2.17% 27% ,"#,% 9.-% #% +.1@*1,2.1#)% -#2)041%

21+-*#7*7%21%,2/*%#7%,"*%92*)87%829947*%21%,"*%+.184+,210%7,-4+,4-*%.9%,"*%-#2)041'%

%
T20'&'&&J%%%C"*%,"-**%8299*-*1,%+4--*1,%-*02.17%ORA3UVQ%

%

?1%ORA3UVQ%2,%27%7,#,*8%,"#,% % %"#7%,.%<*%47*8%=2,"%+#4,2.1%<*+#47*%?% 27%1.,%4129.-/);%

827,-2<4,*8% #18% 2,% 27% <*,,*-% ,.% 47*% *I'% &'6'% ?1% ,"27% #-,2+)*% ,"-**% 8299*-*1,% +4--*1,% 9).=% -*02.17% #-*%

827+477*8%KT20'%&'&&M'%?1%,"*%92-7,%7".-,%-*02.1%A%82-*+,);%<*"218%,"*%#-/#,4-*%,"*-*%27%1.%92*)8%21728*%,"*%

-#2)7%#18%,"*%+4--*1,%9).=%27%219)4*1+*8%<;%,"*%$-*7*1+*%.9%,"*%#-/#,4-*'%C"*%*99*+,2@*% %.9%-*02.1%A%

+.4)8%<*%8*-2@*8%29%,"*%@#)4*%.9%,"*%*)*+,-./#01*,2+%9.-+*%27%W1.=1'%%

?1%-*02.1%!%,"*%+4--*1,%"#7%94));%$*1*,-#,*8%,"*%-#2)7%#18%,"*%+4--*1,%8*172,;%27%4129.-/'%A18%-*02.1%

X%27%,"*%-*02.1%21%<*,=**1%="*-*%,"*%+4--*1,%27%9).=210%21%,"*%74-9#+*%.9%,"*%-#2)7%<4,%,"*%*99*+,%.9%,"*%

#-/#,4-*%27%1.,%;*,%1.,2+*#<)*'%%

&'E'! ()*+,-2+#)%!.1,#+,7%

A%0..8% *)*+,-2+#)% +.1,#+,% <*,=**1% ,"*% -#2)7% #18% ,"*% $-.>*+,2)*% 27% #1% 2/$.-,#1,% 9#+,.-% 9.-% -#2)041%

*992+2*1+;'%A%).=%+.1,#+,%-*727,#1+*%-*74),7%21%)*77%Y.4)*%).77*7%#18%,"47%)*77%"*#,210%.9%,"*%+.1,#+,'%?1%
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0*1*-#)% 7.4-% ,8$*9%.7%#-/#,4-*9%#-*%49*:;%$)#9/#%#-/#,4-*9<%9.)2:%#-/#,4-*9<% ,-#192,2.1210%#-/#,4-*9%

#1:%"8=-2:%#-/#,4-*9'%

>1%#%$)#9/#%#-/#,4-*%,"*%+4--*1,%29%+#--2*:%21%#%"20"%,*/$*-#,4-*%#1:%"20"%$-*994-*%#-+'%?"29%#-+%29%

,8$2+#))8%9*@*-#)%+*1,2/*,*-9%).10'%?"*%$)#9/#%+#1%=*%0*1*-#,*:%=8%*A$).:210%#%/*,#)%7.2)%=*"21:%,"*%

$-.B*+,2)*%.-%=8%:2-*+,210%#%$)#9/#%:29+"#-0*%#0#219,%,"*%=#9*%.7%,"*%$-.B*+,2)*'%>7%#%"20"C$-*994-*%0#9%29%

49*:% ,.% $-*C#++*)*-#,*% ,"*% $-.B*+,2)*<% ,"*% #-+% +#1% =*% 0*1*-#,*:% =8% 212,2#,210% #% :29+"#-0*% 21% ,"*% 0#9%

=*"21:%,"*%$-.B*+,2)*%DE(FG&H<%D?FIJGH'%

>1% #% 9.)2:% #-/#,4-*% #% 9.)2:% +.1,#+,% 29% /#21,#21*:% =*,K**1% ,"*% -#2)9% #1:% ,"*% $-.B*+,2)*'% ?".9*%

#-/#,4-*9% +#1% +.1929,% .7% 9.)2:% $)#,*9% .-% +4--*1,% =-49"*9% .7% +.1:4+,210%/#,*-2#)'% L.4)*% ).99*9% :4-210%

#++*)*-#,2.1%+#1%+#49*%,"*%"*#,210%.7%,"*%+.1,#+,%#1:%+#1%-*94),%21%+.1,#+,%,-#192,2.1'%M%9.)2:%#-/#,4-*%

,"#,%,-#192,2.19%21,.%#%$)#9/#%#-/#,4-*%29%+#))*:%#%,-#192,2.1%#-/#,4-*'%

M%"8=-2:%#-/#,4-*%+.1929,9%.7%#%9.)2:%+.1:4+,.-%K2,"%$)#9/#%=-49"*9%21%,"*%9/#))%0#$%=*,K**1%,"*%

9.)2:%+.1:4+,.-%#1:%,"*%-#2)9'%%

M))%7.4-%,8$*9%.7%#-/#,4-*9%"#@*%,"*2-%#:@#1,#0*9%#1:%:29#:@#1,#0*9'%N.-%#%$)#9/#%#-/#,4-*%.1*%.7%

,"*%:29#:@#1,#0*9%29%#=)#,2.1%:-#0%.-%,"*%).99%21%#++*)*-#,2.1%#-29210%7-./%,"*%#=)#,2.1%.7%=.-*%/#,*-2#)9%

#1:% ,"*2-% *1,-#21/*1,% 21,.% ,"*% $)#9/#% #-/#,4-*'% M=)#,2.1% +#1% +#49*% 9*-2.49% :#/#0*% ,.% ,"*% -#2)9'%

M1.,"*-%$-.=)*/%29%,"*%#$$*#-#1+*%.7%9*+.1:#-8%#-+9%=*"21:%,"*%$-.B*+,2)*%7.-%@*).+2,2*9%"20"*-%,"#1%6%

O/P9'%?"*%#=)#,*:%=.-*%/#,*-2#)% B.219% ,"*%$)#9/#%K"2+"% 29% ).9210%/#,*-2#)%.1% ,"*% 9#/*% ,2/*'%Q1:*-%

+*-,#21% +.1:2,2.19% ,"29% +#1% +#49*% ,"*% +-*#,2.1% .7% #% 9*+.1:#-8% #-+'% ?"29% 9*+.1:#-8% #-+% #)9.% +#--2*9%

current but doesn’t contribute to the electromagnetic force on the projectile and thus the total force on 

,"*%$-.B*+,2)*%29%-*:4+*:%D?FIJGH<%DRM3G&H'%M%$)#9/#%+.1,#+,%"#9%#%"20"*-%*)*+,-2+#)%-*929,#1+*%=4,%

#994-*9%#%0..:%*)*+,-2+#)%+.1,#+,%#,%"20"%@*).+2,2*9'%%

M%9.)2:%#-/#,4-*%"#9%#%).K*-%-*929,#1+*%+./$#-*:%K2,"%#%$)#9/#%#-/#,4-*'%L.4)*%"*#,210%+#1%+#49*%

,"*% 9.)2:%+.1,#+,% ,.%/*),<% ,"*%$#-#92,2+%/#99%1*+*99#-8% ,.%$-*@*1,% ,"29%/*),210%+#1%=*%"20"'%M)9.% ,"*%

#-/#,4-*%"#9%,.%K2,"9,#1:%"20"%9,-*99% )*@*)9% ,.%#994-*% 2,9%9,-4+,4-#)% 21,*0-2,8'%M%9.)2:C9.)2:%+.1,#+,%29%

)2/2,*:% ,.% S6% O/P9% D?FIJGH'% M% 9.)2:% #-/#,4-*% "#9% 1.% #=)#,2.1% :-#0'% F.K*@*-% 0.40210% +#1% +#49*%

*-.92.1% .7% ,"*% -#2)9'%?"*% 94-7#+*% .7% ,"*% -#2)9% 29% 1*@*-% $*-7*+,'%T.40210% 29% +#49*:% =8% #1% 21,*-/2,,*1,%

+.1,#+,%=*,K**1%,"*%-#2)9%#1:%,"*%$-.B*+,2)*%K"2+"%-*94),9%21%#%$)#9,2+%:*7.-/#,2.1%.7%,"*%-#2)9%#1:<%7.-%

"20"% @*).+2,2*9<% 21% "20"% +.1,#+,% $-*994-*% #1:% "20"% ,*/$*-#,4-*9'% ?"*% -*94),% 29% #% ,*#-C9"#$*:% 0-..@*%

DNM>U&H'%%

F8=-2:%#-/#,4-*9%"#@*%#%).K*-%-*929,#1+*%,"#1%$)#9/#%#-/#,4-*9'%?"*%#$$*#-#1+*%.7%#%9*+.1:#-8%

arc is less likely but can’t be ruled out [LEH91]. A transitioning armature combines the advantages%

#1:%:29#:@#1,#0*9%.7%=.,"%$)#9/#%#1:%9.)2:%#-/#,4-*9'%%

N.-%,"*%*A$*-2/*1,9%:29+499*:%21%!"#$,*-%V%#1:%5<%K*%49*%#%$-.B*+,2)*%:*@*).$*:%#,%>WE'%>,%29%/#:*%

.7% /*,#)% =-49"% #-/#,4-*9% 21+.-$.-#,*:% 21% 9#=.,9% /#:*% .7% 2194)#,210% ).KC:*192,8% /#,*-2#)'% N20'&'&X%

9".K9%#%$-.B*+,2)*%49*:%21%,"*%*A$*-2/*1,9'%>,%"#9%,K.%72=*-%=-49"%#-/#,4-*9%21%!4!:%#1:%#%0)#99%72=*-%

-*217.-+*:%-*921%29%49*:%7.-%,"*%9#=.,'%>,%29%#%9.)2:%#-/#,4-*%#1:%K*%,-8%,.%#@.2:%+.1,#+,%,-#192,2.1'%

%

%
N20'%&'&X;%Y-.B*+,2)*%K2,"%,K.%72=*-%=-49"%#-/#,4-*9%49*:%21%,"*%*A$*-2/*1,9%#,%>WE%

N.-%#%9.)2:%#-/#,4-*<%,"*-*%#-*%,K.%/#21%+.1:2,2.19%,.%O**$%#%0..:%+.1,#+,%=*,K**1%,"*%-#2)9%#1:%

,"*%$-.B*+,2)*%DW!FU6H;%
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·! 7"*%1.-/#)%8.-+*%$49"210%,"*%+.1,#+,%#0#219,%,"*%-#2)9%"#9%,.%:*%94882+2*1,'%;,"*-<29*%

*)*+,-2+%#-+9%+#1%.++4-%<"2+"%+#1%-*94),%21%+.1,#+,%,-#192,2.1'%%

·! 7"*%,"*-/#)%+"#-0*%"#9%,.%:*%)2/2,*=%:*+#49*%"*#,210%#1=%/*),210%.8%,"*%+.1,#+,%+#1%

#)9.%-*94),%21%+.1,#+,%,-#192,2.1'%

>2-9,%<*%=29+499%,"*%1.-/#)%8.-+*%.1%,"*%+4--*1,%:-2=0*'%7"*%/.9,%+.//.1%9.)2=%#-/#,4-*%29%,"*%!?

9"#$*%#-/#,4-*@%>20'%&'&A@%9,2))%49*=%:B%C/*-2+#1%-*9*#-+"*-9'%C%9+"*/#,2+%.8%,"*%$-.D*+,2)*%49*=%8.-%

,"*%*E$*-2/*1,9%#,% FGH% 29%$-*9*1,*=% 21%>20'%&'&6. Also here a “C?shape” is present. The brushes are 

:*1,%:#+I<#-=9'%%C9%9".<1%21%>20'%&'&6':%,"29%-*94),9%21%#%+4--*1,%8).<210%21%,"*%=2-*+,2.1%.8%,"*%:*1,%

:-49"%#1=%#%+.--*9$.1=210%*)*+,-./#01*,2+%8.-+*% %<2,"%#%+./$.1*1,% %21%,"*%9".,%=2-*+,2.1%#1=%#%

+./$.1*1,% %$49"210%,"*%+4--*1,%:-49"%#0#219,%,"*%-#2)9'%

%

>20'%&'&AJ%!?9"#$*%9.)2=%#-/#,4-*%<2,"%,<.%+4--*1,%:-2=0*9%KLCHM6N%

%
%

>20'%&'&6J%G+"*/#,2+%.8%,"*%$-.D*+,2)*%49*=%21%,"*%*E$*-2/*1,9%O#P@%8.-+*9%#+,210%.1%,"*%%

:*1,%$#-,%.8%,"*%+4--*1,%:-49"%O:P@%#1=%=2/*192.19%.8%,"*%$-.D*+,2)*%O+P%

Q#-9"#))% KQC3M6N% set forth the “gram per amp” rule which means that at least 9.8 N of force 

/49,% :*% *E*-,*=% ,.% +./$-*99% ,"*% -#2)?#-/#,4-*% 21,*-8#+*% 8.-% *#+"% I2).#/$*-*% .8% +4--*1,% ,"#,% 8).<9%

#+-.99% 2,'%7"*%*)*+,-./#01*,2+% 8.-+*% -29*9%<2,"% ,"*% 9R4#-*%.8% ,"*%+4--*1,%<"2+"%/*#19% ,"#,%#1% 212,2#)%

/*+"#12+#)%8.-+*%/49,%:*%$-*9*1,%,.%*194-*%,"*%+.1,#+,%41,2)%,"*%+4--*1,%29%"20"%*1.40"%KSC3MAN'%7"*%

)*10,"%.8%,"*%82:*-%:-49"*9%29%212,2#))B%0-*#,*-%,"#1%,"*%+#)2:*-@%$49"210%,"*/%:#+I<#-=9%21%#%-*9*-T.2-'%

7"29%-*94),9% 21%#%/*+"#12+#)% 8.-+*%$49"210% ,"*%:-49"*9%#0#219,%,"*%-#2)9'%7"*%=*9201%.8%,"*%$-.D*+,2)*%

*194-*9%,"#,%,"29%/*+"#12+#)%8.-+*%29%94882+2*1,%*1.40"%,.%/#21,#21%,"*%+.1,#+,%:*,<**1%,"*%:-49"*9%#1=%

,"*%-#2)9%#,%,"*%:*0211210%.8%,"*%9".,'%

G*+.1=%<*%=29+499%,"*% ,"*-/#)%+"#-0*%.1% ,"*%$-.D*+,2)*'%7"*%"*#,210%.8% ,"*%+.1,#+,%29%=4*%,.%,"*%

D.4)*%"*#,210%21%,"*%$-.D*+,2)*%#1=@%21%#%)*99*-%*E,*1,@%=4*%,.%/*+"#12+#)%8-2+,2.1%:*,<**1%,"*%$-.D*+,2)*9%

#1=% ,"*% -#2)9'% 7"*% ,"*-/#)% +"#-0*% O7!P% =4*% ,.% ,"*% D.4)*% *88*+,% +#1% :*% *E$-*99*=% ,"-.40"% ,"*% #+,2.1%

21,*0-#)%KG!UMANJ%
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6"*%$-.7*+,2)*%"#8%,9.%+4--*1,%:-48"*8'%6.%;1.9%,"*%6!%.1%*#+"%+4--*1,%:-48"<%9*%8".4)=%;1.9%

,"*% +4--*1,% >).9210% ,"-.40"% *#+"% :-48"% 8*$#-#,*)?% #1=% *@#)4#,*% ,"*% #+,2.1% 21,*0-#)% >.-% *#+"% +4--*1,%

:-48"'%%

A2>>*-*1,%/*+"#128/8%>.-%+.1,#+,%,-#182,2.1%"#@*%:**1%$-.$.8*='%6"*%/.8,% 2/$.-,#1,% ,"*.-*,2+#)%

#$$-.#+"*8%#-*%,"*%+4--*1,B9#@*%/.=*)%:#8*=%.1%,"*%@*).+2,?%8;21%*>>*+,%CDE(F%#1=%,"*%+.1,#+,B8$.,%

/.=*)'%%

6"*%=2>>482.1%.>% ,"*%+4--*1,% 21% ,"*%-#2)8%=*$*1=8%.1%=2>>*-*1,%*>>*+,8'%G2-8,% ,"*-*%28% ,"*%$-.H2/2,?%

*>>*+,'%I"*1%,9.%+4--*1,%+#--?210%+.1=4+,.-8%#-*%$)#+*=%21%$-.H2/2,?%.>%*#+"%.,"*-<%,"*%+4--*1,8%92))%

21>)4*1+*%*#+"%.,"*-'%6"*%+4--*1,8%92))%+.1+*1,-#,*%21%,"*%#-*#8%9"*-*%,"*%/#01*,2+%>2*)=%28%/#H2/#)<%

9"2+"%/*#18%:*,9**1%,"*%-#2)8%.>%,"*%-#2)041'%6"*%8;21%*>>*+,%-*>*-8%,.%,"*%,*1=*1+?%.>%#1%#),*-1#,210%
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taken into account. While the projectile moves along the rails during the shot, it “sees” always a new 
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/;$*:.-%/0%3".%@A,%:/;5)#3/*0'%B".:.%9#)5.:%#8.%/0:.83.-%/0%3".%;*-.)%3"8*51"%:*58>.:%-.$.0-/01%*0%

3/;.'%B".%:#;.%#$$8*#>"%<#:%5:.-%2*8%3".%-.3.8;/0#3/*0%*2%!"’%#0-%M’%5:.-%/0%3".%C/0.;#3/>%;*-.)%

-/:>5::.-%/0%D%&'&'E%#0-%/:%.F$)#/0.-%/0%;*8.%-.3#/)%/0%D%G'H'I'%

B#+).%&'H: Values for L’4, M’ for different frequencies%

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

!"’ (µH/m)# M’ (µH/m)#

4#/):J%IKK%CLM% K'HE&% N%

4#/):%#0-%#8;#358.J%I%CLM% K'HIO% N%

4#/):%#0-%#8;#358.J%

>*0:3#03%>588.03%

K'GPQ% N%

% 2$1#+)'+-*0&"%1$)*

4#/):J%IKK%CLM% K'HGQ% K'GKK%

4#/):%#0-%#8;#358.J%I%CLM% K'HHK% K'&QK%

4#/):%#0-%#8;#358.%#3%)*<%

28.=5.0>?%RIKLMS%

K'HIH% K'IOQ%

%

B#+).%&'ET%Variation of the coefficients L’4%and M’ 2*8%6747%

3"#+*
.(+44"5"+)'6*

L’"#$%&'()# M’ (µH/m)#

3%£%K'&%;:% K'HHK% K'&QK%

K'&%;:%U%3%U%I'E%;:% )/0.#8%-.>8.#:.%28*;%

K'HHK%3*%K'HIH%

)/0.#8%-.>8.#:.%28*;%

K'&QK%3*%K'IOQ%

3%³%I'E%;:% K'HIH% K'IOQ%

!

#$#$%$&&&'()*+,-./+%

#$#$%$0$&&&1+2+(3/&4)5+/&

B".% 1.0.8#)% ;*-.)% 2*8% #% $8*V.>3/).% </3"% 3<*% >588.03% +85:".:% /:% 8.$8.:.03.-% /0% @/1'% &'Q'% B".%

8.:/:3#0>.%"6&*2%3".%>588.03%+85:".:%/:%3/;.N-.$.0-.03%#0-%3.;$.8#358.%-.$.0-.03%3"8*51"%3".%".#3/01%

*2%3".%+85:".:'%B".%:.)2%/0-5>3#0>.%!6%*2%3".%+85:".:%/:%>*0:/-.8.-%>*0:3#03'%
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was adapted to obtain an additional contact resistance of 2.5 µΩ per contact [GAL04]. The simulations 
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B"/*"%3".%_)5+.%".#3/01%-5.%3)%3".%#--/3/)0#+%:.;/;3#0*.%:.;/-.;>%/;%;<#++.:'%@"/;%B)5+-%+.#-%3)%#%"/1".:%
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E#+5.C%2)?%3".%*)03#*3%+#F.?%3"/*G0.CC%-%#0-%3".%3".?>#+%*)0-5*3/E/3F%?#3/)%GH%

% G% IJK% ILK% IIK% :JJK%

-%M%J':%>>% 8>#N%DO!H% P7J% PPQ% PP&% PPR%

8.0-%DO!H% Q67% Q6&% Q6J% Q77%

-%M%J'R%>>% 8>#N%DO!H% PP&% PLL% PQI% PQ7%

8.0-%DO!H% LJ:% QIP% QIR% QI:%

-%M%J'L%>>% 8>#N%DO!H% PLR% PQ&% P&P% P&Q%

8.0-%DO!H% LJ6% QII% QI&% QIR%

%
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3.>$.?#35?.C%#?.%2)50-%2)?%-%M%J':%>>'%T23.?%:'6L%>C%3".%"/1".C3%3.>$.?#35?.C%#?.%2)50-%2)?%-%M%J'%L%
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+,-,',! Determination of L’.**and M’*
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/0%!"#$3.=%9%#=.%-.3.=</0.-%@/3"%3".%2/0/3.%.+.<.03%*)-.%;ROSO'%T.=.%@.%5A.%3".%<.3")-%$=.A.03.-%
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% E% IHM% I^M% IIM% JHHM%

_=5A"%J%

%

7<#F%Z`![% ^a\% ^aL% ^aJ% ^aH%

7.0-%Z`![% LH6% LHL% LH9% LHJ%

TV.0<#F%ZEbc<<
&
[% &L'^% &L'^% &L'^% &L'a%

_=5A"%9% 7<#F%Z`![% 9LL% 9L9% 9LH% 9&I%

7.0-%Z`![% 9&\% 9&L% 9&&% 9&9%

TV.0<#F%ZEbc<<
&
[% 9'aI% 9'aI% 9'aI% 9'\H%

% l 
H'6\% H'6\% H'6\% H'6\%
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8#9+.%&'&:%;#+5.<%2)=%3".%/0-5*3#0*.%1=#-/.03<%</>5+#3.-%?/3"%@ABCB%#3%DE%FG%#0-%D%HFG%

% L’4% M’%

DE%FG% E'IDI% E'DJK%

D%HFG% E'IIE% E'LKE%

8".0% #0% .+.*3=)>#10.3/*% &M% 3=#0</.03% #0#+N</<% ?#<% *#==/.-% )53% ?/3"% 3".% <#>.% >)-.+% #0-% 3".%

.+.*3=)>#10.3/*% 2)=*.% ?#<% </>5+#3.-'% 8".% *5==.03<% 5<.-% /0% 3".% 3=#0</.03% #0#+N</<% #=.% #+<)% 5<.-% 3)%

*#+*5+#3.% 3".% .+.*3=)>#10.3/*% 2)=*.% 9#<.-% )0% 3".% =#/+150% 2)=*.% .O5#3/)0% #0-% 3".% P#+5.<% 2)=% 3".%

/0-5*3#0*.% 1=#-/.03<% </>5+#3.-% ?/3"% 3".% "#=>)0/*% #0#+N<.<% #3% DE% FG% #0-% D% HFG'% 8".% =.<5+3<% #=.%

$=.<.03.-%/0%Q/1'%&'6'%@%1))-%*)==.<$)0-.0*.%/<%2)50-%?/3"%3".%P#+5.<%2)=%D%HFG%#3%3".%9.1/00/01%)2%
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*#+*5+#3/)0<%2)=%DE%FG'%8".%$=)R.*3/+.% /<%2/S.-% /0% 3".%QT,%</>5+#3/)0<'%8"/<%>.#0<% 3"#3% 3".%P.+)*/3N%

<H/0% .22.*3% /<% 0)3% 3#H.0% /03)% #**)503'%8"/<% .S$+#/0<%?"N% 3".% 3=#0</.03% #0#+N</<% *)==.<$)0-<%?/3"% 3".%

"#=>)0/*%#0#+N</<%#3%DE%FG%#3%3".%.0-%)2%3".%<")3%?".=.%?.%2)50-%#%?.++U-/225<.-%*5==.03'%%

Q)=%3".%*#+*5+#3/)0%)2%3".%.+.*3=)>#10.3/*%2)=*.%/0%VB$/*.%3/>.U-.$.0-.03%P#+5.<%2)=%L’!%#0-%M’%

#=.%5<.-'%%8".%P#+5.<%2)=%3".%/0-5*3#0*.%1=#-/.03<%2)=%D%HFG%503/+%E'L%><%#0-%2)=%DE%FG%#23.=%D'W%><%#=.%

5<.-% 9.*#5<.% #% 1))-% *)==.<$)0-.0*.% /<% 2)50-%9.3?..0% 3".% .+.*3=)>#10.3/*% 2)=*.% )93#/0.-%?/3"% 3".%
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/"*8*% *)$*+,-*./8% C,/"% #% /C7% =+98"% $+7>*;/,0*L% -,.,#/9+*% R7J7C8N,% ;7,08% #+*% $0#;*<% #+79.<% /"*%

=+98"*8'%6"*%8,J.#0% :+7-% /"*%;7,0% ,8% /+#.8:*++*<%A,#% /",.% /C,8/*<%;7$$*+%C,+*8% 07;#/*<% ,.% :+7./%7:% /"*%

$+7>*;/,0*'%6"*8*%C,+*8%#+*%$98"*<%<9+,.J%/"*%8"7/%#.<%;#.%7.0B%C,/"8/#.<%/"*%0#+J*%#;;*0*+#/,7.%:7+%#%

;*+/#,.% #-79./% 7:% /,-*'%6"*%R7J7C8N,% ;7,08% ;7.8,8/% 7:% #% <79=0*% 0#B*+%C,.<,.J% #.<% #+*% <*8,J.*<% /7%

+*>*;/% /"*% *::*;/% 7:% .*#+=B% ;9++*./8% ,.% /"*% +#,08% #.<% /"*% 7/"*+% =+98"'% 6"*B% -*#89+*% /"*% ;9++*./%

<,8/+,=9/,7.%<9+,.J%/"*%:,+8/%@55%Y8%,.%#%-7A,.J%#+-#/9+*%C,/"%/C7%=+98"*8'%

6"*%-*/"7<%C*%C,00%98*%,.%/",8%/"*8,8%C#8%$+*8*./*<%,.%E1!W5@#I%#.<%E1!W5HI'%V/%,8%#%;7-=,.#/,7.%

7:% /"+**% -*#89+*-*./8_% /"*% A70/#J*% -*#89+*<% =*/C**.% /C7% $,.8% ,.% /"*% +#,08L% /"*% A70/#J*% ,.% #% 077$%

$0#;*<%$#+/,#00B%,.%/"*%+#,08%#.<%/"*%0#8*+%<*/*;/,7.%7:%/"*%$+7>*;/,0*'%6",8%-*/"7<%C,00%=*%<,8;988*<%,.%?%

&'@'%V/%#007C8%-*#89+,.J%/"*%;9++*./%<,8/+,=9/,7.%,.%<,::*+*./%$7,./8%#07.J%/"*%+#,08%<9+,.J%#%8"7/% :7+%#%

-7A,.J%$+7>*;/,0*'%%

M9+,.J%79+%*)$*+,-*./8%C*%/+B%/7%#A7,<%;7./#;/%/+#.8,/,7.%#.<%/"*+*:7+*%C*%C7+N%C,/"L%:7+%+#,0J9.%

standards, “low” currents and energy. The muzzle velocities obtained in our experiments vary between 

&`%#.<%a4&%-b8'%

%

&'a'! 6*8/%D*.;"%

6"*%*0*;/+7-#J.*/,;%0#9.;"*+%UGR!bUGRG%C#8%98*<%:7+%/"*%*)$*+,-*./8%Qc,J'%&'aS'%6",8%+#,0J9.%

,8%4@55%--%07.J%#.<%"#8%#%8K9#+*%;#0,=*+%7:%4@%--'%6"*%8K9#+*%;+78828*;/,7.%7:%/"*%+#,08L%,./*+,7+%#.<%

#9J-*./,.JL%,8%4@%--%)%4@%--'%%%

%



!"#$%&'%()$*+,-*./#0%1*/23$%

%
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! !

6,7'%&'89%:"*%*0*;/+<-#7.*/,;%0#=.;"*+%>?@!A>?@?%#/%B1>%

6,7'% &'C% D"<ED% #% /+#.DF*+D#0% ;+<DD2D*;/,<.% <G% /"*% *0*;/+<-#7.*/,;% 0#=.;"*+% >?@?'% :"*% D=$$<+/%

D/+=;/=+*%H4I%"#D%#.%=$$*+%#.J%#% 0<E*+%$#+/K%E",;"%"<0J%*#;"%#.% ,./*+,<+%H8I%#.J%*)/*+,<+% HCI% +#,0'%:<%

#DD=+*% #% J,D/#.;*% <G% 4L%--% M*/E**.% /"*% ,./*+,<+% +#,0DK% /"*% ;#0,M*+K% ;N0,.J+,;#0% D=$$<+/D% H&I% #+*% $=/%

#+<=.J%/"*%/"+*#J*J%+<JD%HLI%,.%D/**0%/"#/%O**$%*F*+N/",.7%,.%$0#;*'%?%P%--%/",;O%,D<0#/,.7%$0#/*%HPI%,D%

$0#;*J%M*/E**.%/"*%,./*+,<+%#.J%*)/*+,<+%+#,0D'%:"*%+#,0D%#+*%#//#;"*J%/<%/"*%D=$$<+/%D/+=;/=+*%E,/"%M<0/D%

HQI%/"#/%$#DD%F*+/,;#00N%/"+<=7"%/"*%D=$$<+/%D/+=;/=+*K%/"*%*)/*+,<+%+#,0D%#.J%/"*%,D<0#/,.7%$0#/*%,./<%/"*%

,./*+,<+%+#,0D'%:"*%M<0/D%#+*%,D<0#/*J%G+<-%/"*%*)/*+,<+%+#,0D'%:<%*.D=+*%/"*%J,+*;/,<.%<G%/"*%$+<R*;/,0*%#.J%

/"*%;<./#;/%M*/E**.%/"*%M+=D"*D%#.J%/"*%+#,0DK%/E<%$0#/*D%HSI%#+*%$0#;*J%#0<.7%/"*%0<E*+%,./*+,<+%+#,0%/<%

7=,J*%/"*%$+<R*;/,0*'%

%

6,7'%&'C9%:+#.DF*+D#0%;+<DD2D*;/,<.%<G%/"*%*0*;/+<-#7.*/,;%0#=.;"*+%>?@?9%H4I%D=$$<+/%D/+=;/=+*K%H8I%,..*+%+#,0DK%

HCI%<=/*+%+#,0DK%H&I%;N0,.J+,;#0%D=$$<+/K%HLI%/"+*#J*J%+<JDK%HPI%P%--%/",;O%,D<0#/,.7%$0#/*K%HQI%M<0/DK%HSI%7=,J*D%



!"#$%&'%()$*+,-*./#0%1*/23$%

%
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7"*% 89..*8/,9.% :*/;**.% /"*% ,..*+% +#,0<% ,<% #<<=+*>% :?% /"*% 8=++*./% :+=<"*<% 9@% /"*% $+9A*8/,0*'%7"*%

#=B-*./,.B%+#,0<%#+*%89..*8/*>%;,/"%#%:+,>B*%#/%/"*%-=CC0*%9@%/"*%+#,0B=.'%%%

!#$#8,/9+%:#.D<%#+*%=<*>%#<%8=++*./%<9=+8*%@9+%/"*%+#,0B=.'%E%/9/#0%9@%/"+**%8#$#8,/9+%:#.D<%;*+*%#/%

9=+%>,<$9<#0'%F9+%/"*%*)$*+,-*./<%;*%=<*>%/"*%.9.2#=B-*./*>%<*/2=$%GEH!%#.>%/"*%#=B-*./*>%<*/2=$%

GEHE'%I=+,.B%/"*%*)$*+,-*./<%;,/"%/"*%.9.2#=B-*./*>%+#,0B=.J%/"*%#=B-*./,.B%+#,0<%;*+*%89..*8/*>%

;,/"% *#8"% 9/"*+% /"+9=B"% /"*% :+,>B*% #/% /"*%-=CC0*% #.>% /"*% 09;*+% #=B-*./,.B% +#,0% ;#<% 89..*8/*>% /9%

B+9=.>'%7"*%,.,/,#0%8"#+B*<%9@% /"*%8#$#8,/9+%:#.D<%#+*%K#+,*>%:*/;**.%L%#.>%M%DN%;",8"%89++*<$9.>%

;,/"% *.*+B?% :*/;**.% 6L2OP% DQ% $*+% :#.D'% 7"*% *0*8/+,8% 8,+8=,/% 9@% /"*% 8#$#8,/9+% :#.D% ,<% >,<8=<<*>% ,.%

!"#$/*+%6'%%

%
F,B'%&'&R%!=++*./%$+9@,0*<%,.%@=.8/,9.%9@%/"*%$9<,/,9.%9@%/"*%$+9A*8/,0*%@9+%#%.9.2#=B-*./*>%+#,0B=.%

@9+%/"+**%>,@@*+*./%89.@,B=+#/,9.<%9@%/"*%$=0<*%@9+-,.B%.*/;9+DR%9.*%89,0%$*+%:#.DJ%9.*%89,0%@9+%

/;9%:#.D<%#.>%;,/"9=/%89,0<%

7"*%@,+</%*)$*+,-*./<%;,/"%GEH!%;*+*%;,/"%/;9%8#$#8,/9+%:#.D<'%7"*%B9#0%9@%/"*%*)$*+,-*./<%;#<%

/9%-*#<=+*% /"*% 8=++*./% >,</+,:=/,9.% :*/;**.% /"*% 8=++*./% :+=<"*<% ,.% /"*% $+9A*8/,0*'%7"*%-*#<=+*-*./%

>*K,8*<%#+*%$0#8*>%#09.B%/"*%+#,0<%,.%/"*%@,)*>%$9,./<'%7"*%$9<,/,9.,.B%9@%/"*<*%-*#<=+*-*./%>*K,8*<%,<%

0,-,/*>% :?% /"*% 8=++*./% $+9@,0*'% S@% /"*% 8=++*./% ,<% /99% 09;% #/% /"*% -9-*./% /"*% $+9A*8/,0*% $#<<*<% #%

-*#<=+*-*./%$9,./J%;*%>9%.9/%#8T=,+*%#%<,B.#0'%%

F,B'%&'&%+*$+*<*./<%/"*%<,-=0#/,9.%;,/"%U1$,8*%@9+%/"*%/9/#0%8=++*./%,.%@=.8/,9.%9@%/"*%$9<,/,9.J%@9+%

/"+**% >,@@*+*./% 89.@,B=+#/,9.<% @9+% #% .9.2#=B-*./*>% +#,0B=.% ;,/"% /;9% 8#$#8,/9+% :#.D<'% 7"*% ",B"*</%

-#),-=-%8=++*./%,<% @9=.>%@9+% /"*%<,-=0#/,9.%;,/"9=/%$=0<*%@9+-,.B%89,0<'%V9;*K*+%#@/*+%&5%8-%/"*%

8=++*./%,<%#0-9</%C*+9'%7"*+*@9+*%;*%=<*>%$=0<*%@9+-,.B%89,0<%WF,B'%&'XY%/9%<"#$*%/"*%8=++*./'%7;9%89,0<%

;,/"%#.%,.>=8/#.8*%9@%M%ZV%;*+*%#K#,0#:0*'%7"*%<,-=0#/,9.<%;*+*%-#>*%@9+%/;9%89.@,B=+#/,9.<'%S.%/"*%

@,+</% 89.@,B=+#/,9.% /"*% 8=++*./% 9@% :9/"% :#.D<% ;#<% ,.A*8/*>% ,.% /"*% <#-*% 89,0% ;",0*% ,.% /"*% <*89.>%

89.@,B=+#/,9.%*#8"%:#.D%;#<%89..*8/*>%/9%#.9/"*+%89,0'%7"*%89.@,B=+#/,9.%;,/"%/;9%89,0<%"#<%#%",B"*+%

8=++*./% =./,0% #$$+9),-#/*0?% &O% 8-'% [*8#=<*% ;*% "#>% 9.0?% /;9% 89,0<% #/% 9=+% >,<$9<#0J% ;*% 8"9<*% /"*%

89.@,B=+#/,9.%;,/"%9.*%89,0'%F9+%/"*%#=B-*./*>%+#,0B=.%89.@,B=+#/,9.J%9.*%$=0<*%@9+-,.B%89,0%;#<%=<*>%

@9+% /"*% ,..*+% 8,+8=,/% ;,/"% /;9% 8#$#8,/9+% :#.D<% #.>% 9.*% @9+% /"*% #=B-*./,.B% 8,+8=,/'% S.% /",<% ;#?% /"*%

89.@,B=+#/,9.%@9+%/"*%,..*+%8,+8=,/%;#<%/"*%<#-*%@9+%/"*%#=B-*./*>%#.>%/"*%.9.2#=B-*./*>%+#,0B=.'%%S.%

!

"!

#!!

#"!

$!!

$"!

%!!

%"!

&!!

! !'# !'$ !'% !'& !'" !'( !') !'* !'+ # #'# #'$ #'% #'& #'"

,-./0/-1232456

72
48
9
6

:1;2<-/=2>;?2@A18

:1;2<-/=2B-?20C-2@A18.

D/0E-F02<-/=.
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/"*%78.9,:;+#/,8.%98+%/"*%.8.2#;:-*./*<%+#,0:;.%=,/"%/"+**%7#$#7,/8+%>#.?@A%/"*%@*78.<%78,0%=#@%;@*<%

98+%/"*%/",+<%>#.?'%

B.8/"*+% =#C% /8% 8>/#,.% #% 7;++*./% #/% /"*% -8-*./% /"*% $+8D*7/,0*% $#@@*@% /"*% -*#@;+*-*./@% $8,./@%

=8;0<%>*%/8%<*0#C%/"*%<,@7"#+:,.:%89%/"*%@*78.<%7#$#7,/8+%>#.?'%E8=*F*+%#@%@"8=.%=,/"%/"*%@*78.<%

@"8/A%<,@7;@@*<%,.%!"#$/*+%GA%=,/"%/=8%7#$#7,/8+%>#.?@%<,@7"#+:*<%#/%/%H%5%-@%,.%/"*%,..*+%7,+7;,/%89%/"*%

.8.2#;:-*./*<% +#,0:;.A% /"*% $+8D*7/,0*% <,<% .8/% 0*#F*% /"*% +#,0:;.'% I8+% /"*% 78.9,:;+#/,8.% =,/"% /=8%

7#$#7,/8+% >#.?@% 98+% /"*% ,..*+% 7,+7;,/A% .8.2#;:-*./*<% #.<% #;:-*./*<A% /"*@*% >#.?@% =*+*% <,@7"#+:*<%

@,-;0/#.*8;@0C'%I8+%/"*%/",+<%>#.?A%98+%/"*%,..*+%7,+7;,/%8+%/"*%#;:-*./,.:%7,+7;,/A%/"*%<,@7"#+:*%/,-*@%

=*+*% F#+,*<'% J"*% <,@7"#+:,.:% 89% #% 7#$#7,/8+% >#.?% <,@/;+>@% /"*% -*#@;+*<% @,:.#0@A% /";@% ,/% ,@%

+*78--*.<*<% .8/% /8% <,@7"#+:*% #% 7#$#7,/8+% >#.?% D;@/% >*98+*% /"*% $#@@,.:% 89% /"*% $+8D*7/,0*% #/% #%

-*#@;+*-*./%$8,./'%%%

!

%
%

I,:'%&'GK%L;0@*%98+-,.:%78,0%MN%H%O%PE, R = 1.4 mΩQ%

&'6'! L+8D*7/,0*@%

B.% *)#-$0*% 89% #% $+8D*7/,0*% ;@*<% ,.% /"*% *)$*+,-*./@% ,@% $+*@*./*<% ,.% I,:'% &'R'% J"*% @#>8/% 89% /"*%

$+8D*7/,0*%,@%-#<*%89%:0#@@29,>*+%+*,.98+7*<%$0#@/,7%#.<%,@%6G%--%08.:A%4G%--%=,<*%#.<%4&'G%--%",:"'%

J=8%>8+*"80*@%#+*%<+,00*<%=,/"% #%<,#-*/*+%89%S%--A% /"*%<,#-*/*+%89% /"*%>+;@"*@'%J"*% 7*./+*%89% /"*%

>+;@"*@%,@%,.%/"*%-,<<0*%89%/"*%$+8D*7/,0*%#/%S%--%#.<%TT%--%9+8-%/"*%9+8./%89%/"*%@#>8/'%J=8%<*.@*%

78$$*+%>+;@"*@%#+*%$;00*<%/"+8;:"%/"*%>8+*"80*@'%U.%>8/"%@,<*@%/"*+*%,@%#%+*@*+F*%F80;-*%,.%/"*%@#>8/%

=",7"% #008=@% /"*% >+;@"*@% /8% >*.<% <;+,.:% /"*% 08#<,.:'% J"*% #++8=% ,.% /"*% 9,:;+*% ,.<,7#/*@% /"*% @"8/%

<,+*7/,8.'%%

%

I,:'%&'RK%()#-$0*%89%#%$+8D*7/,0*%=,/"%#%@#>8/%,.%VWL%#.<%/=8%7;++*./%>+;@"*@%;@*<%,.%/"*%*)$*+,-*./@%
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%

45&%

6,7'% &'8% 9":;9% /;:% 9<"*-#9% =:+% $+:>*</,0*9% ;,/"% ?,==*+*./% <@++*./% A+@9"*9'% B"*% A+@9"*9% "#C*% #%

?,==*+*./%0*.7/"%#.?%/"@9%#%?,==*+*./%-#99%+*9*+C:,+'%B"*%-#99%+*9*+C:,+%,9%/"*%#??,/,:.#0%0*.7/"%:=%/"*%

A+@9"*9% /:% <:C*+% =:+% -#99% 0:99% ?@+,.7% 0#@.<"'% D% ",7"*+% -#99% +*9*+C:,+% ,9% A*//*+% /:% #C:,?% <:./#</%

/+#.9,/,:.%A@/%#%",7"*+%0*.7/"%:=%/"*%A+@9"*9%#09:%<#@9*9%#%",7"*+%.:+-#0%-*<"#.,<#0%=:+<*%!"#$%&'%?@*%

/:%/"*%A*.?,.7%:=%/"*%A+@9"*9%#.?%/"@9%#%",7"*+%=+,</,:.%=:+<*%E#9%?,9<@99*?%,.%F%G'G'H'I'%J+:>*</,0*9%:=%

/K$*%A%;*+*%@9*?%?@+,.7%/"*%=,+9/%/*9/9L%;,/":@/%<@++*./%?,9/+,A@/,:.%-*#9@+*-*./L%#.?%;*%*9/#A0,9"*?%

/"#/% /"*% =+,</,:.% =:+<*% ;#9% /::% ",7"% =:+% :@+% *)$*+,-*./9'% B"*+*=:+*% /"*% 0*.7/"% :=% /"*% A+@9"*9% ;#9%

#?#$/*?L%A#9*?%:.%#.%*),9/,.7%:.*%A+@9"%$+:>*</,0*%M1NDOL%#.?%$+:>*</,0*9%:=%/K$*%#%;*+*%@9*?%?@+,.7%/"*%

*)$*+,-*./9%?,9<@99*?%,.%!"#$/*+%H'%B"*%A+@9"*9%#+*%<@/%#/%#.%#.70*%:=%PQ%;,/"%/"*%9#A:/%,.%:+?*+%/:%

:A/#,.%#%7::?%<:./#</%A*/;**.%/"*%+#,09%#.?%/"*%A*.?%A+@9"*9'%B"*%-#99%:=%/"*%$+:>*</,0*9%@9*?%,.%/"*%

*)$*+,-*./9%,9%#$$+:),-#/*0K%G5%7'%

%

6,7'%&'8R%1<"*-#9%:=%/"*%$+:>*</,0*%%

&'&'! S*#9@+*-*./%T*C,<*9%

()()*)! +,--#./01#23,-#"#./0

6:+%/"*%-*#9@+*-*./%:=%/"*%<@++*./9%,.%/"*%,..*+%#.?%:@/*+%+#,09L%/;:%U:7:;9V,%<:,09%;,/"%#</,C*%

,./*7+#/:+9% #+*% @9*?'% % B"*% <:,0% ,9% ;:@.?% #+:@.?% #% =0*),A0*% .:.2-#7.*/,<% /@A*% ;,/"% <,+<@0#+% <+:992

9*</,:.%/:%A*<:-*%#%"*0,<#0%<:,0'%B"*%;,+*%+*/@+.9%/"+:@7"%/"*%<*./+*%:=%/"*%<:,0%9:%/"#/%A:/"%*.?9%:=%/"*%

;,+*%#+*%#/%/"*%9#-*%9,?*%:=%/"*%<:,0'%B",9%<:,0%,9%/"*.%0::$*?%#+:@.?%/"*%<@++*./%<:.?@</:+'%B"*%C:0/#7*%

-*#9@+*?%;,/"%#%U:7:;9V,%<:,0%,9%$+:$:+/,:.#0%/:%/"*%+#/*%:=%<"#.7*%:=%/"*%<@++*./%*.<0:9*?%AK%/"*%<:,0%

E4564/I%#.?%#09:% /:% /"*%.@-A*+%:=%;,.?,.79%#.?% /"*%9@+=#<*%:=% /"*9*%;,.?,.79'% N.%:+?*+% /:%A*<:-*%#%

C:0/#7*%/"#/%,9%$+:$:+/,:.#0%/:%/"*%<@++*./L%#.%#</,C*%,./*7+#/:+%,9%@9*?%E6,7'%&'PI%M!WB5GO'%%

%

%
6,7'%&'PR%1<"*-#/,<%:=%#%U:7:;9V,%<:,0%;,/"%#.%#</,C*%,./*7+#/:+%M!WB5GO%

%

#I% AI%



!"#$%&'%()$*+,-*./#0%1*/23$%

%

456%

7"*% 8*.8,/,9,/:% ;<% /"*%=;>;?8@,% AB++*./% /+#.8CBA*+% B8*C% ,.% /"*% *)$*+,-*./8% ,8% 5'5D%-EFG'%7"*%

$*#@%AB++*./%,8%H55%@G%#.C%/"*%$*#@%!"#!$%,8%&5'5%@GFI8'%7"*%=;>;?8@,%A;,0%/+#.8CBA*+J%/;%-*#8B+*%/"*%

/;/#0% AB++*./% ,.% /"*% ,..*+% +#,08J% ,8% $B/% #+;B.C% /"*% ,..*+% $#+/8% ;<% /"*% A;#),#0% A#K0*8% #/% /"*% A;..*A/,;.%

K0;A@8'%L,>B+*%&'M%+*$+*8*./8%/"*%8*/B$%<;+%NG=!%?,/"%/?;%A#$#A,/;+%K#.@8'%L;+%/"*%A;.<,>B+#/,;.%?,/"%

/"+**%A#$#A,/;+%K#.@8%<;+%NG=!%#%8*A;.C%=;>;?8@,%A;,0%?#8%B8*C%<;+%/"*%-*#8B+*-*./%;<%/"*%AB++*./%

<;+%/"*%/",+C%A#$#A,/;+%K#.@J%$0#A*C%#/%/"*%8*A;.C%A;..*A/,;.%K0;A@%#</*+%/"*%8*A;.C%$B08*%<;+-,.>%A;,0'%

L;+% /"*% #B>-*./*C% +#,0>B.%NG=G% /"*% 8*A;.C% =;>;?8@,% A;,0%?#8% B8*C% <;+% /"*%-*#8B+*-*./% ;<% /"*%
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A voltage change at the muzzle of a railgun can be an indication for the transition from a “low 

voltage” metal2/;2metal contact to a “high voltage” arcing contact. Therefore muzzle voltage is an 
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measured muzzle voltage is lower than 5 V which corresponds with a “low voltage” metal2/>2-*/#0%

B>./#B/'% % X>% 0>99% >A% B>./#B/% E#9% A>:.;% ;:+,.?% /"*% *)$*+,-*./9'% D9% ;,9B:99*;% ,.% !"#$/*+% K@% /"*%

-*#9:+*-*./9%>A%/"*%B:++*./%;,9/+,C:/,>.%,.%/"*%$+>Y*B/,0*%9:??*9/%/"*%*),9/*.B*%>A%#%B:++*./%,.%A+>./%>A%

/"*%$+>Y*B/,0*'%

%

N,?'%&'4SZ%[:<<0*%=>0/#?*%-*#9:+*;%;:+,.?%#%9">/%%

%

#$#$%$! &'()*)'+,-+.,/01'2)*3,40-(56070+*(,

,

#$#$%$"$! 8)9:*,;-66)06,

H:+,.?%/"*%*)$*+,-*./9@%/"*+*%,9%.>%B>./,.:>:9%-*#9:+*-*./%>A%/"*%$>9,/,>.%#.;%/"*%=*0>B,/8%>A%/"*%

$+>Y*B/,0*'% 7"*% $>9,/,>.% #.;% =*0>B,/8% ,9% >.08% -*#9:+*;% #/% ;,9B+*/*% $>,./9'% 7"*% -:<<0*% =*0>B,/8% ,9%

-*#9:+*;%E,/"%#%0,?"/%C#++,*+'%7"*%$+,.B,$0*%,9%$+*9*./*;%,.%N,?'%&'4\'%%

7"*%A>:+%>$/,B%A,C*+9%#+*%$0#B*;%#/%>.*%9,;*@%*M:#008%9$#B*;%#/%#%;,9/#.B*%>A%K%B-%A+>-%*#B"%>/"*+'%

D/%/"*%>/"*+%9,;*%/"*%A>:+%9*.9>+9%/"#/%+*B*,=*%/"*%9,?.#0%A+>-%/"*%>$/,B%A,C*+9%#+*%$0#B*;%#/%/"*%9#-*%

;,9/#.B*% Y:9/% ,.% A+>./% >A% /"*% A,C*+9'% ]"*.% /"*% $+>Y*B/,0*% $#99*9% ,.% A+>./% >A% #% 9*.9>+@% /"*% 9,?.#0% ,9%

!"

#

"

$#

$"

%#

%"

&#

#'## %'## ('## )'## *'## $#'## $%'## $('##

+,-./0-12

3
4
56
7
8
.
/0
3
2

9:;;5./345678.



!"#$%&'%()$*+,-*./#0%1*/23$%

%

456%

,./*++7$/*8'%19%:*%;.9:%#/%:",<"%/,-*=%/"*%$+9>*</,0*%$#==*=%*#<"%?,@*+2=*.=9+%<97$0*'%A*%#==7-*%/"*%

B*09<,/C%9?%/"*%$+9>*</,0*%/9%@*%<9.=/#./%:",0*%,/%$#==*=%/"*%0,D"/%@#++,*+'%E.9:,.D%/"*%8,=/#.<*%@*/:**.%

/"*%-*#=7+*-*./=%$9,./=%:*%*=/,-#/*%/"*%B*09<,/C%9?%/"*%$+9>*</,0*%#/%/"*%-7FF0*%9?%/"*%+#,0D7.'%%

%

%

%

%

%

%

%

%

G,D'%&'4HI%1<"*-#/,<%9?%/"*%0,D"/%@#++,*+%?9+%/"*%-*#=7+*-*./%9?%/"*%-7FF0*%B*09<,/C%

G,D'%&'4&%$+*=*./=% /"*%=,D.#0=%-*#=7+*8%87+,.D%#%="9/%:,/"%JKL!%,.% /"*%<9.?,D7+#/,9.%:,/"% /:9%

<#$#<,/9+%@#.;='%M7+,.D% /"*%-*#=7+*-*./=N%:*%*=/#@0,="*8% /"#/%/"*%=,D.#0=%?+9-%/"*% ?,+=/%#.8%=*<9.8%

?,@*+2=*.=9+%<97$0*%D+9:%:*#;%87+,.D%/"*%*)$*+,-*./='%O"*+*?9+*%:*%8*<,8*8%/9%7=*%9.0C%/"*%0#=/%/:9%

=,D.#0=%?9+%/"*%*=/,-#/,9.%9?%/"*%-7FF0*%B*09<,/C'%O"*%+*0#/,B*%*++9+%9.%/"*%-*#=7+*8%B*09<,/C%D!"!#<#.%

@*%<#0<70#/*8%@#=*8%9.%PQKJ5&RNP1SK44RI%

%%% % % % %T&'4U%

A,/"%*%/"*%8,=/#.<*%@*/:**.%/"*%9$/,<%?,@*+=N%D$%/"*%*++9+%9.%/"*%8,=/#.<*%@*/:**.%/"*%9$/,<%?,@*+=%

#.8%D%%/"*%*++9+%9.%/"*%$#==,.D%/,-*%@*/:**.%/"*%9$/,<%?,@*+='%O"*%-*#=7+*-*./%*++9+%9.%/"*%8,=/#.<*%

@*/:**.% 9$/,<% ?,@*+=% ,=% *=/,-#/*8% #/% 4% --'% O"*% 8,#-*/*+% 9?% /"*% 9$/,<% ?,@*+=% ,=% 4% --% #.8% D$% ,=%

*=/,-#/*8%#/%V%--'%D%%<9++*=$9.8=%:,/"%/"*%=#-$0,.D%87+#/,9.%9?%/"*%9=<,009=<9$*%:",<"%,=%4%W='%O"*%

-#),-7-%-7FF0*%B*09<,/C%-*#=7+*8%87+,.D%/"*%*)$*+,-*./=%,=%V4&%-X=%#.8%/"7=%/"*%+*0#/,B*%*++9+%9.%

/"*%B*09<,/C%-*#=7+*-*./%,=%0*==%/"#.%&'&%Y'%

%

G,D'%&'4&I%1,D.#0=%-*#=7+*8%:,/"%/"*%0,D"/%@#++,*+%87+,.D%#%="9/%:,/"%JKL!%,.%/"*%<9.?,D7+#/,9.%:,/"%/:9%

<#$#<,/9+%@#.;='%

%

%

!

!"#

!"$

!"%

!"&

'

'"#

'"$

'"%

'"&

! ( '! '( #! #(

!"#$%&#'(

)
*
+,
-
.
$
%&
)
(

/-'$0%1

/-'$0%2

/-'$0%3

"#$%&'%!

()*+,!-+.#'%!

/0112#!



!"#$%&'%()$*+,-*./#0%1*/23$%

%

456%

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

7*8,9*8% /"*% :*0;<,/=% -*#8>+*-*./% #.9% $;8,/,;.% 9*/*</,;.% #/% /"*% ->??0*@% /"*% $#88,.A% ;B% /"*%

$+;C*</,0*% ,8% #08;% 9*/*</*9% #/% /"*% $#88,.A% ;B% #% -*#8>+*-*./% $;,./'% D;+% /",8% $>+$;8*@% #% 0#8*+28*.8;+%

<;-E,.#/,;.%,8%>8*9'%D,A'%&'4F%8";G8%#%/=$,<#0%0#8*+%8,A.#0%-*#8>+*9%#/%/"*%B,+8/%-*#8>+*-*./%$;,./%%H?4%

I%J6'F%<-K%'%L.%-;8/%<#8*8%/"*%*9A*8%;B%/"*%8,A.#0%#+*%8"#+$%*.;>A"%/;%#00;G%:*0;<,/=%*8/,-#/,;.'%M*%

#88>-*%/"#/%/"*%:*0;<,/=%,8%<;.8/#./%9>+,.A%/"*%$#88,.A%;B%/"*%$+;C*</,0*'%N"*%#:*+#A*%-#),->-%E*B;+*%

#.9%#B/*+%/"*%:;0/#A*%9+;$%#.9%/"*%#:*+#A*%-,.,->-%9>+,.A%/"*%$#88,.A%;B%/"*%$+;C*</,0*%,8%<#0<>0#/*9'%

NG;%8/+#,A"/% 0,.*8%#+*% B,//*9%#/% /"*%*9A*8% H45%O%2%65%OK'%N"*% /,-*%9,BB*+*.<*%E*/G**.% /"*%-;-*./8%

G"*+*%/"*%8,A.#08%+*#<"*8%F5%O%,8%9*/*+-,.*9'%N",8%#00;G8%*8/,-#/,.A%/"*%:*0;<,/=%#/%/"*%-;-*./%/"*%

$+;C*</,0*%$#88*8%/"*%-*#8>+*-*./%$;,./'%

!

!"!#

!"$

!"$#

!"%

!"%#

!"&

!"&#

!"'

!"'#

!"#

' '"# # #"# (

!
"
#$
%
&
'
()
!
*

+,-'()-.*

/%.'0(1

!"#$

!"#$

D%

%
D,A'%&'4FP%N=$,<#0%0#8*+%8,A.#0%#/%#%-*#8>+*-*./%$;,./%B;+%/"*%9*/*</,;.%;B%/"*%$#88,.A%;B%/"*%$+;C*</,0*%

&'F') Q*#8>+*-*./%;B%/"*%!>++*./%R,8/+,E>/,;.%E*/G**.%/"*%7+>8"*8%

D;+%/"*%-*#8>+*-*./%;B%/"*%<>++*./%9,8/+,E>/,;.%E*/G**.%/"*%E+>8"*8%;B%/"*%$+;C*</,0*@%/"*%-*/";9%

9*8<+,E*9%,.%S1!T5F#U%#.9%S1!T56U%G#8%>8*9'%%N",8%-*/";9%,.<0>9*8%/"+**%-*#8>+*-*./8'%%

N"*%B,+8/%;.*%,8%/"*%:;0/#A*%-*#8>+*-*./%E*/G**.%/G;%$;,./8%#0;.A%/"*%+#,08'%N"*+*B;+*%/"*%:;0/#A*%

67.0'%,8%-*#8>+*9%E*/G**.%/G;%$,.8%$0#<*9%,.%/"*%>$$*+%,..*+%+#,0'%N"*%9,8/#.<*%E*/G**.%/"*%$,.8%,8%F%

--'%N"*%:;0/#A*%-*#8>+*9%E*/G**.%/"*%$,.8%,8P%

% % % % % H&'JK%

N"*%<>++*./%89:%,8%/"*%<>++*./%,.%/"*%8*</,;.%V7%;B%/"*%+#,08%HD,A'%&'4WK%#.9%;9:*#.9%%9:%#+*%/"*%;"-,<%

#.9% ,.9></,:*% ,-$*9#.<*8% ;B% /",8% 8*</,;.'% N"*% /*+-% dФ7.0'<=,% ,8% /"*% B0>)% <"#.A*% ,.9><*9% ,.% /"*%

-*#8>+*-*./%0;;$'%%



!"#$%&'%()$*+,-*./#0%1*/23$%

%

445%

#%

%
%

6%

%
%

7%

%
%

8,9'%&'4:;%<*$+*=*./#/,>.%?>+%/"*%-*#=@+*-*./%>?%/"*%7@++*./%A,=/+,6@/,>.%?>+%A,??*+*./%$>=,/,>.=%>?%/"*%$+>B*7/,0*;%

#C%/"*%$+>B*7/,0*%"#=%.>/%+*#7"*A%/"*%-*#=@+*-*./%$>,./D%6C%>.0E%/"*%7@++*./%6+@="%/>F#+A=%/"*%-@GG0*%"#=%$#==*A%

/"*%-*#=@+*-*./%$>,./D%7C%6>/"%7@++*./%6+@="*=%"#H*%$#==*A%/"*%-*#=@+*-*./%$>,./%%%

%

8>+% /"*%=*7>.A%-*#=@+*-*./%#% 0>>$% ,=%$0#7*A% ,.% /"*% 0>F*+% ,..*+%+#,0%#/% /"*%=#-*%A,=/#.7*%#=% /"*%

$,.=% ,.% /"*%@$$*+% ,..*+% +#,0'%I",=% 0>>$% ,=% ,=>0#/*A% ?+>-% /"*% +#,0% #.A%$0#7*A% ,.% #% =0>/% ,.% /"*% +#,0'%I",=%

-*#=@+*-*./%,=%@=*A%#=%#%7>-$*.=#/,>.%-*#=@+*-*./%?>+%/"*%/*+-%dФ!""#$%&'%I"*%H>0/#9*%'!""#%,=;%

% % % % % % J&'KC%

!"#$%

!&''(

)$*+,#',!-.#/

)$*+,#',!-.#/

0
,1
%
2

0
,1
%
2

!"#$%

!&''(

)$*+,#',!-.#/

)$*+,#',!-.#/

0
,1
%
2

0
,1
%
2

!"#$%%

!&''(%

)$*+,#',!-.#/%

)$*+,#',!-.#/%

%L%--%

%L%--%

M% N%!
"
#$
%
&
!

!
"
#$
%
&
!



!"#$%&'%()$*+,-*./#0%1*/23$%

%

444%

5"*% /",+6% -*#78+*-*./% ,7% /"*% 6*/*9/,:.% :;% /"*% $+:<*9/,0*% =,/"% #% 0#7*+% >#++,*+% #7% 6,79877*6% ,.% ?%

&'&'@'A'%B,C'%&'4D%,7%#%$,9/8+*%:;%/"*%-*#78+*-*./%6*E,9*%87*6%68+,.C%/"*%*)$*+,-*./7'%5"*%,-$:+/#.9*%

:;%/"*%$:7,/,:.%:;%/"*%$+:<*9/,0*%,7%*)$0#,.*6%,.%B,C'%&'4F'%G.%7,/8#/,:.%#H%/"*%$+:<*9/,0*%"#7%.:/%+*#9"*6%

/"*%-*#78+*-*./%$:7,/,:.%I*/'%G;%/"*%$+:<*9/,0*%,7%;#+%;+:-%/"*%-*#78+*-*./%$:,./H%.:%98++*./%;0:=7%,.%

/"*% +#,07'%J"*.% /"*% $+:<*9/,0*% #$$+:#9"*7% /"*%-*#78+*-*./% $:,./H% /"*% *66I% 98++*./7% ,.% ;+:./% :;% /"*%

$+:<*9/,0*%"#E*%/:%>*%/#K*.%,./:%#99:8./'%G.%7,/8#/,:.%&'4F%>H%/"*%98++*./%,.%/"*%+#,0%7*9/,:.%>*/=**.%/"*%

$,.7%,7%/"*%98++*./%;0:=,.C%,.%/"*%>+87"%/:=#+67%/"*%-8LL0*'%G.%7,/8#/,:.%&'4F%9H%/"*%98++*./%,.%/"*%+#,0%

7*9/,:.%>*/=**.%/"*%$,.7%,7%/"*%/:/#0%98++*./'%

5"*%6,7/#.9*%>*/=**.%/"*%$,.7%,7%M%--H%=",0*%/"*%6,#-*/*+%:;%/"*%>+87"*7%,7%D%--%#.6%/"*%6,7/#.9*%

>*/=**.%/"*%9*./*+7%:;%/"*%>+87"*7%,7%4M%--%NB,C'%&'4OP'%J"*.%/"*%$:7,/,:.%:;%/"*%$+:<*9/,0*%,7%K.:=.%

=*%9#.%6*/*+-,.*%/"*%98++*./%;0:=,.C%,.%/"*%>+87"%/:=#+67%/"*%-8LL0*'%%

5"*%/"+**%-*#78+*-*./7%$:,./7%0:9#/*6%#/%L4%Q%AR'M%9-H%LA%Q%&F'M%9-%#.6%L@%Q%OR'M%9-%-*#78+*6%

;+:-% /"*% >+**9"% 7,6*% :;% /"*% +#,0C8.H% =*+*% 9":7*.% >#7*6% :.% 6,;;*+*./% 9:.7,6*+#/,:.7'% 5"*% 7/#+/,.C%

$:7,/,:.%:;%/"*%$+:<*9/,0*%,7%L%Q%O%9-'%5"*%$:7,/,on of the first measurement point can’t be too close to 

/"*%7/#+/,.C%$:7,/,:.%:;% /"*%$+:<*9/,0*'%5"*%6,79"#+C,.C%:;% /"*%9#$#9,/:+%>#.K7%6,7/8+>7%/"*%7,C.#0%#.6%

/"*%E*0:9,/I% ,7% 7/,00% 0:='%B:+% /"*% 9:.;,C8+#/,:.7% ;:+%STU!%#.6%STUT%=,/"% /=:%9#$#9,/:+%>#.K7% /"*%

98++*./% ,.% /"*% ,..*+% 9,+98,/% 6+:$7%E*+I% ;#7/% NB,C'%&'&P'% %1:% ,;%=*%9"::7*% /"*%-*#78+*-*./%$:,./7% /::%

90:7*%/:%/"*%-8LL0*H%/"*%-*#78+*6%7,C.#0%,7%/::%=*#K'%B8+/"*+-:+*H%/"*%-*#78+*-*./%6*E,9*%"#7%/:%>*%

$0#9*6%>*/=**.%/"*%>:0/7%:;%/"*%78$$:+/%7/+89/8+*'%%%%%%

%

B,C'%&'4DV%W*#78+*-*./%6*E,9*%;:+%/"*%6*/*+-,.#/,:.%:;%/"*%98++*./%6,7/+,>8/,:.%>*/=**.%/"*%98++*./%>+87"*7'%

%
B,C'%&'4OV%19"*-#%:;%/"*%$+:<*9/,0*%87*6%,.%/"*%*)$*+,-*./7%

D%--% D%--% @HM%

--%

O%--%RHM%--%



!"#$%&'%()$*+,-*./#0%1*/23$%

%

445%

6.% *)#-$0*% 78% #% -*#9:+*-*./% ,9% ;,<*.% ,.% =,;'% &'4>'% ?"*% +*@% A:+<*% +*$+*9*./9% /"*% <70/#;*%

-*#9:+*-*./%B*/C**.%/"*%$,.9D%/"*%;+**.%A:+<*%,9%/"*%A7++*9$7.@,.;%<70/#;*%-*#9:+*-*./%,.%/"*%077$'%

?"*% 0#9*+% 9,;.#0% #007C9% /7% @*/*+-,.*% /"*% $79,/,7.% 78% /"*% A:++*./% B+:9"*9'% ?"*% 8+7./% #.@% /#,0% 78% /"*%

$+7E*A/,0*%#+*%,.@,A#/*@'%F.%G1!HI>BJ%/"*%<70/#;*%-*#9:+*-*./%,.%/"*%077$%,9%:9*@%/7%A7++*A/%/"*%/*+-%

dФ!"#$%&'%,.%/"*%<70/#;*%-*#9:+*-*./%B*/C**.%/"*%$,.9'%3.@*+%/"*%#99:-$/,7.%/"#/%/"*+*%,9%.7%A:++*./%,.%

8+7./%78% /"*%$+7E*A/,0*K% /"*%<70/#;*%-*#9:+*@%B*/C**.% /"*%$,.9%B*87+*% /"*%$#99,.;%78% /"*%8,+9/%A:++*./%

B+:9"%,9%7.0L%@:*%/7%/"*%/*+-%dФ!"#$%&''%?",9%$#+/%78%/"*%9,;.#09%,9%:9*@%/7%8,/%/"*%<70/#;*%-*#9:+*-*./%,.%

/"*% 077$% /7% /"*% <70/#;*% -*#9:+*-*./% B*/C**.% /"*% $,.9'% ?"*% 8,//*@% 9,;.#0% ,.% /"*% 077$% A#.% /"*.% B*%

9:B/+#A/*@%8+7-%/"*%<70/#;*%-*#9:+*-*./%B*/C**.%/"*%$,.9'%M:+,.;%/"*%*)$*+,-*./9%@,9A:99*@%,.%/",9%

/"*9,9K%,.%#0-79/%*<*+L%-*#9:+*-*./%78%/"*%A:++*./%@,9/+,B:/,7.K%/"*%<70/#;*%-*#9:+*-*./%B*/C**.%/"*%

$,.9% ,9% .*;#/,<*% B*87+*% /"*% $#99,.;% 78% /"*% 8,+9/% A:++*./% B+:9"% ,.@,A#/,.;% #% A:++*./% ,.% 8+7./% 78% /"*%

$+7E*A/,0*'%69%#%+*9:0/%C*%A#..7/%8,/%/"*%9,;.#09'%?"*+*87+*%#.7/"*+%-*/"7@%87+%/"*%@*/*+-,.#/,7.%78%/"*%

A:++*./%@,9/+,B:/,7.%B*/C**.%/"*%A:++*./%B+:9"*9%B#9*@%7.%/"*%<70/#;*%-*#9:+*-*./%,.%/"*%077$%,9%:9*@'%

?",9%-*/"7@%,9%@,9A:99*@%,.%N%O'P'%

=,;:+*%&'5I%9"7C9%/"*%A:++*./%@:+,.;%/"*%$#99,.;%78%/"*%$+7E*A/,0*%87+%/"*%8,+9/%-*#9:+*-*./%$7,./%

87+%/"*%8,+9/%9"7/%@,9A:99*@%,.%!"#$/*+%O'%?"*%A:++*./%<#+,#/,7.%A#..7/%B*%.*;0*A/*@%,.%7:+%*)$*+,-*./9'%

?"*% <*07A,/L% 78% /"*% $+7E*A/,0*% ,9% A7.9,@*+*@% A7.9/#./% @:+,.;% /"*% $#99,.;% 78% /"*% $+7E*A/,0*% #/% /"*%

-*#9:+*-*./%$7,./9'%%%

%
=,;'%&'4>Q%R*#9:+*-*./%78%/"*%A:++*./%@,9/+,B:/,7.Q%S70/#;*%B*/C**.%/"*%$,.9%#.@%,.%/"*%077$%-*#9:+*@%@:+,.;%/"*%

8,+9/%9"7/%#/%/"*%8,+9/%-*#9:+*-*./%$7,./K%T4%U%I'5>O%-'%

!"# !"$ !"! !"% !"& '"# '"$ '"! '"% '"& %"#

(#"#$

#"##

#"#$

#"#!

#"#%

#"#&

#")#

#")$

(#")

#"#

#")

#"$

#"*

#"!

#"'

#"%

+
,
-.
/
0
1
23
+
4

35
67
8
29
2:
,
,
;
4

<6=123=84

2+,-./01256782;,67.2)

2+,-./012:,,;2;,67.2)

2+
,
-.
/
0
1
23
+
4

3:
/
8
1
>4

2:/81>2;,67.2)

8+7./% /#,0%



!"#$%&'%()$*+,-*./#0%1*/23$%

%

445%

!"# !"$ !"! !"% !"& '"# '"$ '"! '"% '"& %"#

$#

$'

(#

('

!#

!'

'#

''

%#

)#"*

#"#

#"*

#"$

#"(

#"!

#"'

#"%

+
,-
-.
/0
112
34
5

678.12895

1+,--./012345

1:
;<
0=
>.
12
:
5

2?
=9
.-
5

1?=9.-1@;7/01*

%

6,7'%&'89:%%;*#<=+*-*./%>?%/"*%@=++*./%A,</+,B=/,>.:%!=++*./%-*#<=+*A%A=+,.7%/"*%?,+</%<">/%C",0*%/"*%$+>D*@/,0*%

$#<<*<%/"*%?,+</%-*#<=+*-*./%$>,./E%F4%G%9'8HI%-'%

&'J'1 !>.@0=<,>.%

K"*%*)$*+,-*./#0%<*/2=$%C,/"%LMN!OLMNM%#00>C<%A*/*+-,.,.7%/"*%/>/#0%@=++*./%,.%/"*%,..*+%#.A%

>=/*+%+#,0<E%/"*%P>0/#7*%#/%/"*%@#$#@,/>+%B#.Q<%#.A%/"*%-=FF0*%P>0/#7*'%K"*%A*/*@/,>.%>?%/"*%$+>D*@/,0*%,.%

/"*%-*#<=+*-*./%$>,./<%#.A%#/% /"*%-=FF0*%$+>P,A*<%,.?>+-#/,>.%>?%/"*%$><,/,>.%>?% /"*%$+>D*@/,0*%#.A%

#00>C<%*</,-#/,.7%/"*%P*0>@,/R%,.%/"*<*%$>,./<'%K"*%+*<=0/<%>?%/"*%@=++*./%A,</+,B=/,>.%-*#<=+*-*./<%C,00%

B*%A,<@=<<*A%,.%/"*%.*)/%@"#$/*+%#.A%#%@>-$#+,<>.%B*/C**.%/"*%*)$*+,-*./#0%A#/#%#.A%/"*%<,-=0#/,>.<%

C,00%B*%-#A*'%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<=%

!"#$%&'()(

(

(

(

*+#,-./.(01(%"&(2&.3,%.(#+4(5.%/6#%/0+(01(%"&(!3''&+%(2&$#'%/%/0+(7&%8&&+(

%"&(980(:'3."&.(

(

(

&'<'! %>)07.43?0-.)%

!

>)% !"#$017% @% 91% "#A1% 41A1*.$14% #% 6.41*% 9-0"% BC$-?1% #8*1% 0.% ,-63*#01% 0"1% 81"#A-.7% ./% #)%

#3D61)014%7#-*D3)%#)4%0.%/.71?#,0%0"1%,$114%#0%0"1%63EE*1F%0"1%?3771)0%-)%0"1%7#-*,%/.7%#%D-A1)%A.*0#D1%

./%0"1%?#$#?-0.7%8#)G,%#)4%0"1%?3771)0%4-,07-830-.)%-)%0"1%873,"1,%#)4%0"171/.71%0"1-7%.A17"1#0-)D'%:"1%

?3771)0%4-,07-830-.)%#)4% 0"1% 016$17#0371,% -)% 0"1% #76#0371%6#+%#*,.%81%410176-)14%8+%3,-)D%(HCIC%

,./09#71%G).9-)D% 0"1% ?3771)0% -)% 0"1% 7#-*,'%;.0"% ,./09#71,%"#A1% 0"1-7% #4A#)0#D1,% #)4%47#98#?G,% #)4%

0"1+%#71%?.6$*161)0#7+'%>0%-,%"1)?1%-)0171,0-)D%0.%A#*-4#01%0"1,1%6.41*,%0"7.3D"%1J$17-61)0,'%%

>)%!"#$017%=%91%4-,?3,,14%0"1%61#,37161)0%01?")-K31,%3,14%/.7%0"1%1J$17-61)0,%.)%0"1%01,0%81)?"'%

:"1% #3D61)014% 7#-*D3)% ?#)% #*,.% 81% 3,14% #,% #% ?.)A1)0-.)#*% .)1'% :"1% )36817% ./% ?#$#?-0.7% 8#)G,% -,%

*-6-014%,.%0"1%,$114%#0%0"1%63EE*1%-,%#*,.%*-6-014%0.%#8.30%<LL%6M,%/.7%$7.N1?0-*1,%9-0"%#%6#,,%./%#8.30%

@L%D'%:.%.80#-)%0"1%?3771)0%4-,07-830-.)%-)%0"1%#76#0371,F%#%01?")-K31%9-0"%61#,37161)0%./%0"1%A.*0#D1%

810911)%09.%$-),%#)4%$7.$.,14%8+%OC!PL&#Q%"#,%811)%3,14'%R1%9-**%,11%0"#0%0"-,%610".4%9"-?"%D-A1,%

#??1$0#8*1% 71,3*0,% /.7% #% "-D"% ,$114% 1J$17-61)0% "#,% ,.61% 47#98#?G,% /.7% *.9% ,$114% #)4% 4.1,% ).0%

-)07.43?1%,3//-?-1)0%-)/.76#0-.)%0.%410176-)1%0"1%?3771)0%4-,07-830-.)%810911)%0"1%09.%#76#0371,%9"-?"%

1K3-$%0"1%$7.N1?0-*1'%%

:"1% A.*0#D1% -)43?14% -)% 0"1% *..$% 9"-?"% -,% )1?1,,#7+% 0.% 3,1% 0"-,% 610".4% 6#+% D-A1% #*,.% ,.61%

-)4-?#0-.)% .)% 0"1% ?3771)0% 4-,07-830-.)% #)4% 91% $7.$.,1% 0.% 3,1% -0'% :"#)G,% 0.% ,.61% #,,36$0-.),F% -0% -,%

$.,,-8*1% 0.% 1,0-6#01% 0"1% 7#0-.% 810911)% 0"1% 09.% ?3771)0,% 1A1)% 0".3D"% 0"1% 71,3*0,% #71% ).0% #*9#+,%

?.)?*3,-A1'%:"1%.0"17%71,3*0,%?.)?17)-)D%0"1%,$114%#0%0"1%4-//171)0%61#,37-)D%$.-)0,%#**.9%A#*-4#0-)D%

0"1%BC$-?1%6.41*'%%

!

&'@'! 5J#6$*1%./%#%C".0%

!

"#$#%#! &'()*!+,-.'/!'.0!1)/23,45!

!

(%A1*.?-0+%$7./-*1%./%0"1%$7.N1?0-*1%-,%).0%1J$17-61)0#**+%410176-)14'%:"1%4101?0-.)%./%0"1%$#,,-)D%

./%0"1%$7.N1?0-*1%#0%0"1%61#,37161)0%$.-)0%-,%4.)1%9-0"%#%*#,17%#,%41,?7-814%-)%S%='='%>)%T-D'%&'<%91%,11%

#)%1J#6$*1%./%#%*#,17%,-D)#*'%:"1%,-D)#*%-,%4-,037814%8+%0"1%4-,?"#7D1%./%0"1%?#$#?-0.7%8#)G,%#0%@%6,'%

:"1% A.*0#D1% 47.$% 810911)% ='&% #)4% &% 6,% ?.771,$.)4,% 9-0"% 0"1% $#,,-)D% ./% 0"1% $7.N1?0-*1'% >)% 6.,0%

1J$17-61)0,%0"1%$7./-*1%./%0"1%*#,17%61#,37161)0%#**.9,%#)%1,0-6#0-.)%./%0"1%#A17#D1%A1*.?-0+%./%0"1%

$7.N1?0-*1%9"-*1% $#,,-)D% 0"1%61#,37161)0% $.-)0'% T.7% 0"1% ?#*?3*#0-.)% ./% 0"1% /*3J% A#7-#0-.)%91% "#4% 0.%

-)07.43?1%#%?.771?0-.)%/#?0.7%/.7%0"1%A1*.?-0+%8#,14%.)%#%*-)1#7-0+%#$$7.J-6#0-.)%0.%.80#-)%0"1%?.771?0%

$.,-0-.)%#0%0"1%7-D"0%0-61'%%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<&%

%
=->'%&'<?%@#,17%,->)#*%#0%61#,37161)0%$.-)0%<%AB%C%D'EF&%6G%/.7%0"1%4101H0-.)%./%0"1%$#,,-)>%./%0"1%$7.I1H0-*1%

!

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

!

"#$#$#4! 56&.7!82.6!98&!:1;1<2.&=!>1'?7!

!

=-J1%,".0,%#71%H#77-14%.30%9-0"%0"1%7#-*>3)%@(2!%/.7%0"1%H.)/->37#0-.)%9-0"%09.%H#$#H-0.7%8#)K,%

A=->'%&'EG%#)4%.)1%$3*,1%/.76-)>%H.-*'%:"1%4-,H"#7>1%0-61% .@%#)4%-)-0-#*%J.*0#>1%A@%/.7%1#H"%8#)K%#)4%

0"1% 6#,,% ./% 0"1% $7.I1H0-*1% 81/.71% ,;=B@% #)4% #/017% ,;=BC% 0"1% ,".0% #71% *-,014% -)% :#8*1% &'<'% :"1% ,#61%

$7.I1H0-*1%9#,%3,14%/.7%#**%,".0,'%:"1%873,"1,%,".914%).%J-,-8*1%91#7%1J1)%0".3>"%$7.>71,,-J1%6#,,%

*.,,%9#,%1,0#8*-,"14'%;.0"%H#$#H-0.7%8#)K,%#71%4-,H"#7>14%,-63*0#)1.3,*+'%%

%
=->'%&'E?%@(2!?%!.)/->37#0-.)%9-0"%09.%H#$#H-0.7%8#)K,%

:#8*1%&'<?%@(2!?%L-,H"#7>1%0-61%.@%#)4%-)-0-#*%J.*0#>1%A@%/.7%0"1%H.)/->37#0-.)%9-0"%09.%H#$#H-0.7%8#)K,%

% ;#)K%<%%

MD%AKNG%

;#)K%<%%

0D%A6,G%

;#)K%E%%

MD%AKNG%

;#)K%E%%

0D%A6,G%

6$7OD%

A>G%

6$7O8%

A>G%

<% P% D% P% D% <F'PQ% <F'PQ%

E% R% D% R% D% <F'PQ% <F'P&%

S% P% D% P% D% <F'P&% <F'P<%

T% R% D% R% D% <F'P<% <F'RR%

&% P% D% P% D% <F'RR% <F'&E%

!

!"!#

!"$

!"$#

!"%

!"%#

!"&

!"&#

!"'

!"'#

!"#

! $ % & ' # ( ) * + $!

!"#$%&#'(

)
*
+,
-
.
$
%&
)
(

/-'$0%1

U)I1H0-.)%

8*.HK,%

;#)K%<%

;#)K%E%

!.))1H0-.)%

8*.HK%<%

!.-*%%%%%%%%

%%%<%

V7.3)4%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<=%

%

:#8*1%&'>?%@(2!?%A1#,3714%B1*.C-0-1,%/.7%0"1%C.)/-D37#0-.)%9-0"%09.%C#$#C-0.7%8#)E,%

% F<%G%H'>I&%6% F>%G%H'J=&%6% FK%G%H'LI&%6% F63FF*1%G%<'&%6%

B<%M6N,O% B>%M6N,O% BK%M6N,O% B63FF*1%M6N,O%

<% <H='&% <<<'L% <H>'>% LJ'=%

>% LH'>% L<'&% &H'<% PQ@R%

K% <HL'I% <<L'J% <HH'L% L&'L%

J% I<'K% I&'<% SH'J% JL'K%

&% <<&'&% <>='<% <HL'K% <H<'=%

R%PQ@?%P-4%).0%*1#B1%

%

:"1%61#,37161)0%./%0"1%C3771)0%4-,07-830-.)%9#,%C#77-14%.30%-)%09.%$.-)0,%#*.)D%0"1%7#-*,T%F<%G%>I'&%

C6%#)4%F>%G%J='&%C6'%:"1%$#,,-)D%./%0"1%$7.U1C0-*1%-)%0"1,1%$.-)0,%#)4%-)%FK%G%LI'&%C6T%9#,%4101C014%

9-0"%*#,17,%#)4%$".0.4-.41,'%:"1%61#,3714%,-D)#*%#**.9,%#)%1,0-6#0-.)%./%0"1%C.771,$.)4-)D%B1*.C-0-1,%

!"T%!#%#)4%!$'%:"1,1%B1*.C-0-1,%#)4%0"1%B1*.C-0+%#0%0"1%63FF*1%!%&''()%#71%*-,014%-)%:#8*1%&'>'%:"1%B1*.C-0+%

#0%0"1%63FF*1%9#,%61#,3714%9-0"%#%*-D"0%8#77-17'%P37-)D%0"1%,1C.)4%,".0T%0"1%$7.U1C0-*1%4-4%).0%*1#B1%

0"1%7#-*D3)'%%

:"1% 1V$17-61)0#*% 71,3*0,% /.7% 0"1% 61#,37161)0% ./% 0"1% C3771)0% 4-,07-830-.)% /.7% 0"1% /-7,0% ,".0% #71%

$71,1)014%-)%W-D'%&'K%#)4%W-D'%&'J'%:"1%B.*0#D1%810911)%0"1%$-),%-,%)1D#0-B1%/.7%0"1%$#,,-)D%./%0"1%/-7,0%

873,"'%:"-,%)1D#0-B1%,-D)#*%-,%431%0.%0"1%144+%C3771)0,%-)%/7.)0%./%0"1%$7.U1C0-*1'%:"171/.71%0"1%610".4%

$71,1)014% -)% XY!ZHI[% #)4% 4-,C3,,14% -)% !"#$017% J% C#)).0% 81% 3,14'% \0% -,% ).0% $.,,-8*1% 0.%6#0C"% 8.0"%

,-D)#*,% 81/.71% 0"1% $#,,-)D% ./% 0"1% /-7,0% 873,"'%:"1%61#,3714% ,-D)#*,% "#B1% #% 8#4% ,-D)#*]0.]).-,1% 7#0-.%

MYQ2O'%:"1%,-D)#*,%$71,1)014% -)%W-D'%&'K%#)4%&'J%#71%,6..0"14%9-0"%#%W#,0%W.37-17%:7#),/.76%MWW:O%

/-*017%/7.6%0"1%4#0#%#)#*+,-,%,./09#71%^7-D-)'%%

%

%
%

W-D'%&'K?%A1#,37161)0%./%0"1%C3771)0%4-,07-830-.)?%_.*0#D1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)D%0"1%

/-7,0%,".0%#0%0"1%/-7,0%61#,37161)0%$.-)0T%F<%G%H'>I&%6'%

%

!"# !"$ !"! !"% !"& '"# '"$ '"! '"% '"& %"#

(#"#$

#"##

#"#$

#"#!

#"#%

#"#&

#")#

#")$

(#")

#"#

#")

#"$

#"*

#"!

#"'

#"%

+
,
-.
/
0
1
23
+
4

35
67
8
29
2:
,
,
;
4

<6=123=84

2+,-./01256782;,67.2)

2+,-./012:,,;2;,67.2)

2+
,
-.
/
0
1
23
+
4

3:
/
8
1
>4

2:/81>2;,67.2)



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<=%

%
>-?'%&'@A%B1#,37161)0%./%0"1%C3771)0%4-,07-830-.)A%D.*0#?1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)?%0"1%

/-7,0%,".0%#0%0"1%,1C.)4%61#,37161)0%$.-)0E%FG%H%I'@J&%6'%

%

!"#"#"#! $%&'()*+'%),%-..)/0102+'&-)3045()

%

%
>-?'%&'&A%K(2!A%!.)/-?37#0-.)%9-0"%0"711%C#$#C-0.7%8#)L,%

%

:"1%C.)/-?37#0-.)%9-0"%0"711%C#$#C-0.7%8#)L,%-,%$71,1)014%-)%>-?'%&'&'%;#)L%<%#)4%G%#71%C.))1C014%

9-0"%0"1%,#61%$3*,1%/.76-)?%C.-*'%(%,1C.)4%$3*,1%/.76-)?%C.-*%-,%3,14%/.7%8#)L%M'%:"1%/-7,0%#)4%,1C.)4%

C#$#C-0.7% 8#)L,% #71% 4-,C"#7?14% ,-63*0#)1.3,*+'% :"1% 4-,C"#7?-)?% 0-61% '6% ./% 0"1% 0"-74% 8#)L% -,% N#7-14'%

>-N1%,".0,%#71%C#77-14%.30O%0"1%4-,C"#7?1%0-61%'6%#)4%-)-0-#*%N.*0#?1%76%/.7%1#C"%8#)L%#)4%0"1%6#,,%./%0"1%

$7.P1C0-*1%81/.71%81-96%#)4%#/017%81-9:%0"1%,".0%#71%*-,014%-)%:#8*1%&'M'%:"1%$7.P1C0-*1%3,14%-)%0"1%J
0"
%,".0%

9#,%).0% 71C.N1714'%:"1%873,"1,%./% 0"1%$7.P1C0-*1,% ,".914%91#7%#/017% 0"1% ,".0,'%(%)19%$7.P1C0-*1% /.7%

1#C"%,".0%9#,%3,14'%%

:"1%61#,3714%N1*.C-0-1,%#71%*-,014%-)%:#8*1%&'@'%:"1%4-,C"#7?-)?%./%0"1%C#$#C-0.7%8#)L,%4-,0378,%0"1%

*#,17%,-?)#*%#)4%/.7%,1N17#*%$.-)0,%0"1%N1*.C-0+%C.3*4%).0%81%410176-)14%Q>-?'%&'J'R'%%

!"# !"$ #"% #"& #"' #"# #"$ ("% ("& ("'

)%"%&

%"%%

%"%&

%"%'

%"%#

%"%$

%"*%

)%"*

%"%

%"*

%"&

%"+

%"'

%"!

,
-
./
0
1
2
34
,
5

46
78
9
3:
3;
-
-
<
5

=7>234>95

3,-./012367893<-78/3&

3,-./0123;--<3<-78/3&

3;092?

3,
-
./
0
1
2
34
,
5

4;
0
9
2
?5

S)P1C0-.)%

8*.CL,%

;#)L%<%

;#)L%G%

;#)L%M%

!.))1C0-.)%

8*.CL%G%

!.))1C0-.)%

8*.CL%<%

!.-*%%%%%%%%

%%%<%

!.-*%%%%%%%%

%%%G%

T7.3)4%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<=%

%

:#8*1%&'>?%@(2!?%A-,B"#7C1%0-61%!"%#)4%-)-0-#*%D.*0#C1%#"%/.7%0"1%B.)/-C37#0-.)%9-0"%0"711%B#$#B-0.7%8#)E,%

% ;#)E%<%%

FG%HEIJ%

;#)E%<%%

0G%H6,J%

;#)E%K%%

FG%HEIJ%

;#)E%K%%

0G%H6,J%

;#)E%>%%

FG%HEIJ%

;#)E%>%%

0G%H6,J%

6$7LG%

HCJ%

6$7L8%

HCJ%

M% N% G% N% G% N% G% <O'ON% P%

N% N% G% N% G% N% >% <O'OM% <O'OK%

=% N% G% N% G% N% K'&% KG'G>% KG'GG%

O% N% G% N% G% N% <'&% <O'=M% <O'=>%

<G% =% G% =% G% =% <'&% <O'NO% <O'N<%

%

:#8*1%&'Q?%@(2!?%R1#,3714%D1*.B-0-1,%/.7%0"1%B.)/-C37#0-.)%9-0"%0"711%B#$#B-0.7%8#)E,%

H%P%S%61#,37161)0%3)#D#-*#8*1%431%0.%4#0#%#BT3-,-0-.)%$7.8*16J%

% U<%S%G'KO&%6% UK%S%G'QM&%6% U>%S%G'=O&%6% U63UU*1%S%<'&%6%

D<%H6V,J% DK%H6V,J% D>%H6V,J% D63UU*1%H6V,J%

M% <QK'K% <&O'<% <&N'<% <&>'K%

N% P% <K<'M% <<G'=% <GG'G%

=% P% P% <KG'&% <<N'N%

O% <>='K% <&='O% <MG'Q% <&Q'<%

<G% P% P% K<>'G% K<Q'Q%

%

:"1%1W$17-61)0#*%71,3*0,%#71%$71,1)014%-)%X-C%&'M%#)4%&'N'%(C#-)%0"1%D.*0#C1%61#,3714%810911)%0"1%

$-),%81B.61,%)1C#0-D1%431%0.%0"1%144+%B3771)0,%-)%/7.)0%./%0"1%$7.Y1B0-*1'%:"1%D.*0#C1%61#,3714%9-0"%

0"1% *..$% 71$71,1)0,% 0"1% /*3W% D#7-#0-.)'% :"-,% ,-C)#*% 81B.61,% )1C#0-D1% #/017% 0"1% $#,,-)C% ./% 0"1% 873,"%

0.9#74,% 0"1% 8711B"L% #,% 1W$1B014'% :"-,% 1//1B0% -,% *1,,% $7.).3)B14% -)% 0"1% ,1B.)4% 61#,37161)0% $.-)0%

81B#3,1%0"1%B3771)0%-,%41B71#,-)C%,*.917%#0%0"#0%$.-)0'%

%
X-C'%&'M?%R1#,37161)0%./%0"1%B3771)0%4-,07-830-.)?%I.*0#C1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)C%0"1%

,".0%O%#0%0"1%/-7,0%61#,37161)0%$.-)0L%U<%S%G'KO&%6'%

%

!"# !"$ !"! !"% !"& '"# '"$ '"! '"% '"& %"#

(#"#'

#"##

#"#'

#")#

#")'

#"$#

#"#

#")

#"$

#"*

#"!

#"'

+
,
-.
/
0
1
23
+
4

35
67
8
29
2:
,
,
;
4

<6=123=84

2+,-./012567825,67.2)

2+,-./012:,,;25,67.2)

2+
,
-.
/
0
1
23
+
4

3:
/
81
>4

2:/81> 25,67. 2)

%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<<=%

%
>-?'%&'@A%B1#,37161)0%./%0"1%C3771)0%4-,07-830-.)A%D.*0#?1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)?%0"1%

/-7,0%,".0%#0%0"1%,1C.)4%61#,37161)0%$.-)0E%FG%H%I'JK&%6'%

%

!"#"$"! %&'()*+),-./01'&*-

-

%
>-?'%&'LA%M(2(A%!.)/-?37#0-.)%9-0"%0"711%C#$#C-0.7%8#)N,%

% %

O)*+% 09.%,".0,%9171%C#77-14%.30%9-0"% 0"1%#3?61)014% 7#-*?3)%M(2(%9-0"% 0"711%C#$#C-0.7%8#)N,'%

:"1%C.)/-?37#0-.)%-)%$71,1)014%-)%>-?'%&'L'%:"1%4-,C"#7?1%0-61%+2%#)4%-)-0-#*%P.*0#?1%32%/.7%1#C"%8#)N%

#)4%0"1%6#,,%./%0"1%$7.Q1C0-*1%81/.71%(4562%#)4%#/017%(4567%0"1%,".0%#71%*-,014%-)%:#8*1%&'&'%(?#-)%/.7%1#C"%

,".0%#%)19%$7.Q1C0-*1%9#,%3,14%81C#3,1%./%0"1%91#7%./%0"1%873,"1,'%:9.%C#$#C-0.7%8#)N,%R<%#)4%GS%#71%

3,14%/.7%0"1%-))17%C-7C3-0%#)4%.)1%/.7%0"1%#3?61)0-)?%C-7C3-0'%O0"179-,1%0"1%$7.Q1C0-*1%9.3*4%).0%*1#P1%

!"# !"$ !"% !"& !"' &"# &"$ &"% &"& &"' ("#

)#"#!

#"##

#"#!

#"*#

#"*!

#"$#

)#"#!

#"##

#"#!

#"*#

#"*!

#"$#

+
,
-.
/
0
1
23
+
4

35
67
8
9:
,
,
;
4

<6=123=84

2+,-./012567825,67.2$

2+,-./012:,,;25,67.2$

2+
,
-.
/
0
1
23
+
4

3:
/
81
>4

2:/81>25,67. 2$

T)Q1C0-.)%

8*.CN,%-))17%

;#)N%<%

;#)N%G%

;#)N%U%

!.))1C0-.)%

8*.CN%G%

!.))1C0-.)%

8*.CN%<%

!.-*%%%%%%%%

%%%<%

!.-*%%%%%%%%

%%%G%

V7.3)4%

T)Q1C0-.)%

8*.CN,%%

.3017%

%

%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

0"1% 7#-*?3)'%@37-)?% 0"1% 0"-74% ,".0A% 0"1% ?#01% ./% 0"1% 0"+7-,0.7% ./% 0"-74% B#$#B-0.7% 8#)C%837)14% .30'!:"1%

61#,3714%D1*.B-0-1,%#71%*-,014%-)%:#8*1%&'E'%%

!

:#8*1%&'&F%G(2(F%@-,B"#7?1%0-61%"#%#)4%-)-0-#*%D.*0#?1%$#%/.7%0"1%0"711%B#$#B-0.7%8#)C,%

% ;#)C%<%

H>%ICJK%

;#)C%<%

0>%I6,K%

;#)C%=%

H>%ICJK%

;#)C%=%

0>%I6,K%

;#)C%=%

H>%ICJK%

;#)C%=%

0>%I6,K%

6$7A>%

I?K%

6$7A8%

I?K%

<<% L% >% L% >% L% >% <M'M=% <M'L<%

<=% L% >% L% >% L% <% <M'LN% <M'LEO%

O%:"1%6#,,%-)B71#,1%6#+%81%431%0.%#%6#017-#*%41$.,-0%437-)?%0"1%,".0%

%

:#8*1%&'EF%G(2(F%P1#,3714%D1*.B-0-1,%/.7%0"1%B.)/-?37#0-.)%9-0"%0"711%B#$#B-0.7%8#)C,%

% Q<%R%>'=M&%6% Q=%R%>'NE&%6% QS%R%>'LM&%6% Q63QQ*1%R%<'&%6%

D<%I6T,K% D=%I6T,K% DS%I6T,K% D63QQ*1%I6T,K%

<<% <N&'L% <EE'E% <U<'E% <EN'S%

<=% <N>'U% <&L'E% <E>'N% <&<'=%

% % % % %

:"1% 1V$17-61)0#*% 71,3*0,% /.7% 0"1% 61#,37161)0% ./% 0"1% B3771)0% 4-,07-830-.)% /.7% ,".0% <<% #71%

71$71,1)014%-)%W-?'%&'M%#)4%&'<>'%:"1%D.*0#?1%61#,3714%9-0"%0"1%*..$%,".9,%0"1%$71,1)B1%./%#%B3771)0%

-)%0"1%873,"%0.9#74,%0"1%63QQ*1%-)%0"1%/-7,0%61#,37161)0%$.-)0,'%X)%0"1%B#,1%./%0"1%/-7,0%,".0%9-0"%0"1%

).)Y#3?61)014%7#-*?3)%9-0"%09.%B#$#B-0.7%8#)C,A%0"1%$71,1)B1%./%0"-,%B3771)0%-,%6.71%$7.).3)B14%-)%

0"1%,1B.)4%61#,37161)0%$.-)0'%:"-,%,3??1,0,%0"#0%0"1%B3771)0%4-,07-830-.)%810911)%0"1%B3771)0%873,"1,%

-6$7.D1,%0.9#74,%0"1%1)4%./%0"1%,".0'%:"1%D.*0#?1,%61#,3714%9-0"%0"1%*..$%-)%#)%#3?61)014%7#-*?3)%

,3??1,0,%#%810017%B3771)0%%4-,07-830-.)%#0%0"1%/-7,0%$.-)0'%:"-,%B.771,$.)4,%9-0"%0"1%1V$1B014%-)/*31)B1%./%

0"1%#3?61)0-)?%B3771)0'%

%
W-?'%&'MF%P1#,37161)0%./%0"1%B3771)0%4-,07-830-.)F%J.*0#?1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)?%,".0%

<<%#0%0"1%/-7,0%61#,37161)0%$.-)0A%Q<%R%>'=M&%6'%

%

!"# !"$ %"& %"' %"% %"# %"$ ("& ("' ("%

&"&&

&"&(

&")&

&")(

&"'&

&"&

&")

&"'

&"!

*
+
,-
.
/
0
12
*
3

21
4
56
7
18
19
+
+
:
13

;5<012<73

1*+,-./0145671)

1*+,-./019++:1)

19.70=

*
+
,-
.
/
0
12
*
3

21
9
.
7
0
=1
3



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=<%

%
>-?'%&'<@A%B1#,37161)0%./%0"1%C3771)0%4-,07-830-.)A%D.*0#?1%810911)%0"1%$-),%#)4%-)%0"1%*..$%61#,3714%437-)?%

,".0%<<%#0%0"1%,1C.)4%61#,37161)0%$.-)0E%F=%G%@'HI&%6'%

%

!"#"$"! %&'()*+,&'-

-

J/%91%0#K1%#%C*.,17%*..K%#0% 0"1%L.*0#?1%61#,3714%-)%0"1%*..$%#0%0"1% /-7,0%61#,37161)0%$.-)0%M>-?'%

&'NOE%0"1%,-?)#*%-)4-C#01,%0"1%$71,1)C1%./%#%C3771)0%-)%0"1%C3771)0%873,"%0.9#74,%0"1%63FF*1'%()%#)#*+0-C%

610".4%4-,C3,,14%-)%P%&'Q'%-,%41L1*.$14%0.%1,0-6#01%0"1%C3771)0%7#0-.'%%

%

&'Q'! ()#*+0-C%!#*C3*#0-.)%./%0"1%D.*0#?1%-)%0"1%R..$%S!T><@U%

!

!"."/"! 01,'(,2)3-

%

:"1%61#,37161)0%./%0"1%C3771)0%4-,07-830-.)%810911)%0"1%#76#0371,%./%0"1%$7.V1C0-*1%-,%4-,C3,,14%-)%

P%H'&'%(0%09.%/-W14%$.-)0,%#*.)?%0"1%7#-*,%0"1%L.*0#?1%810911)%09.%$-),%-)%0"1%7#-*,%#)4%-)%#%*..$E%>-?'%

H'<IE% #71% 61#,3714'% % J)% 0"-,% $#7#?7#$"% #)% #)#*+0-C% 610".4% 0.% 1,0-6#01% 0"1% L.*0#?1% -)% 0"1% *..$% -,%

4-,C3,,14'%:"1%L.*0#?1%-)%0"1%*..$%C.771,$.)4,%9-0"%0"1%/*3W%L#7-#0-.)%0"7.3?"%0"1%,37/#C1%41/-)14%8+%

0"1%*..$A%

%%%%% % % % %%%%%%%%M&'<O%%

9-0"%'% 0"1%)36817%./%9-)4-)?,E% -)% 0"-,%C#,1%)%G%<'% J)%.7417%0.%C#*C3*#01% 0"-,%/*3W%L#7-#0-.)%0"711%

"+$.0"1,1,%#71%6#41'%>-7,0% 0"1%C3771)0%$7./-*1%-)%0"1%7#-*,% -,%).0%0#K1)%-)0.%#CC.3)0X%91%71$71,1)0%0"1%

7#-*,% 9-0"% #% 0"71#4% *-)1% C.)43C0.7'% :"-,% "+$.0"1,-,% -,% 71#*-,0-C% -/% 91% C.),-417% 0"1% C3771)0% 41),-0+%

4-,07-830-.)%-)%#%873,"%?-L1)%-)%/.7%1W#6$*1%>-?'%Q'Y%#)4%71$1#014%"171%-)%>-?'%&'<<#'%J0%61#),%0"#0%0"1%

C3771)0% -)% 0"1% 7#-*% -,% #*,.% *.C#014% -)% #% ,6#**% ,07-$% #,% ,".9)% .)% >-?'% &'<<8'% :"1% ,-6$*1,0% 6.41*-)?%

C.),-,0,%./%#%*.)?%,07#-?"0%9-71%830%0"1%,.*30-.)%$7.$.,14%-)%>-?'%&'<<4%-,%#*,.%$.,,-8*1%9-0"%#%C3771)0%

4-,07-830-.)% ./% Y@Z% -)% 0"1% 6-44*1% #)4% <&Z% /.7% 0"1% 09.% .0"17% C.)43C0.7,'% :"1% /-)#*% 71,3*0% -,% ).0%

6.4-/-14'%(%,1C.)4%#,,36$0-.)%-,%0"#0%0"1%,37/#C1%./%0"1%*..$%-,%C.),-41714%,6#**%C.6$#714%9-0"%0"1%

.0"17%4-61),-.),%#)4%0"-74*+%0"1%6#?)10-C%-)43C0-.)%"%-,%C.),-41714%C.),0#)0'%4%-,%C#*C3*#014%8+%3,-)?%

0"1%;JT:[\(D(2:%*#9'%:"1%41L1*.$61)0%-,%?-L1)%-)%0"1%())1W'%

%

"#$ "#% &#' &#( &#" &#$ &#% $#' $#( $#"

'#''

'#'&

'#)'

'#)&

'#('

'#'

'#)

'#(

'#*

+
,
-.
/
0
1
!2
+
3

24
56
7
!8
!9
,
,
:
3

;5<1!2<73

!+,-./01!4567!(

!+,-./01!9,,:!(
!9/71=

+
,
-.
/
0
1
!2
+
3

2!
9
/
7
1
=!
3



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<==%

%

% % %

#% 8% >% 4%

?-@'%&'<<A%B.41*-)@%./%#%>3771)0%873,"%8+%#%,07-$%C#D8ED%#%9-71%C>E%.7%#%>.68-)#0-.)%./%9-71,%C4E'%

%

!"#"$"! %&'()*+,-'.-/01234+*'0

0

0

0

0

0

0

0

0

0

0

0

0

0

%

?-@'%&'<=A%%F1.6107+%./%0"1%61#,37161)0%./%0"1%>3771)0%4-,07-830-.)%810911)%0"1%873,"1,%./%0"1%$7.G1>0-*1'%

:"1%#H-,%./%0"1%*..$%-,%$#7#**1*%9-0"%0"1%5I#H-,%./%0"1%/-@371%9"->"%>.771,$.)4,%9-0"%0"1%#H1,%./%0"1%

>3771)0%873,"1,'%:"171/.71% 0"171% -,% .)*+% #% >.)07-830-.)%./% 0"1%".7-J.)0#*% >3771)0% -)% 0"1% 7#-*,% #)4%).0%

/7.6%0"1%>3771)0%.)%0"1%>3771)0%873,"1,'%

ECEDDDKDC
L

M .6.789:
;

1×=F l
p

dm

%
% % % C&'=E%

:% -,% 41$1)4-)@% .)% 0"1% @1.6107+% ./% 0"1% 7#-*@3)D% .)% 0"1% $.,-0-.)% ./% 0"1% *..$D% .)% 0"1% $7.G1>0-*1%

$.,-0-.)%0"7.3@"%z’%830%#*,.%.)%-0,%N1*.>-0+%#)4%.)%0"1%7#0-.%l0<06=>61'%d%71$71,1)0,%0"1%4-,0#)>1%810911)%

0"1%>1)071%./%0"1%*..$%#)4%0"1%+I#H-,%#)4%;%-,%0"1%,1>0-.)%./%0"1%*..$'%

?-@'%&'<O%,".9,%0"1%-)/*31)>1%./0l%#0%$.-)0%P<Q%0"1%,>#*1%-,%#78-07#7-*+%>".,1)%/.7%0"1%#6$*-0341'%:"1%

@1.6107->%$#7#61017,%#71%@-N1)% -)%:#8*1%&'R'%:"1%N1*.>-0+%7% -,%>.),-41714%>.),0#)0%#)4%1S3#*%0.%N%T%

<MM%6U,'%:"1%>3771)0%#0%0"-,%$.-)0%-,%/-0014%#,%#)%1H$.)1)0-#*%9-0"%#%0-61%>.),0#)0%1S3#*%0.%t1A%%

% % % % % C&'OE%

:#8*1%&'RA%F1.6107->#*%4-61),-.),%/.7%0"1%N.*0#@1%*..$%

#% M'M<&%6% e M'MM=&%6%

8% M'M<&%6% V% M'=RM%6%

d M'MMR&%6%  t2% =%6,%

%

7#-*%

873,"% ¤%
7#-*%

¤%¤% ¤%

7#-*%

%%

''%
%%

W%2%
%%

W%<%
%%

W%=%
%%

J%%%

V%%% %%1%%%%;711>"%%%

%#%%%

J%’%%%

%%

W%2%
%%X%
%%

W%2%
%%I%
%%

;%%X%
%%

;%%I%
%%

d% %

%%%%e%
%%

%%%%8%
%%

%%%4%<%
%%

%%%4%=%
%%

%%%%+%
%%

H%
%%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

%

?-@'%&'<>A%5B#6$*1%./%1C.*30-.)%./%*..$%C.*0#@1%C,%0-61%#0%D%E%F'=G&%6'%

%

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

:"1% $7-)H-$*1% -,% 0"1% ,#61'% I31% 0.% #)% -)C#7-#)0% @1.6107+J% 0"1% -)43H14% C.*0#@1% H#3,14% 8+% 0"1%

#3@61)0-)@%/-1*4%41$1)4,%.)*+%.)%0"1%C#7-#0-.)%./%0"1%H3771)0%1$'%:.%0"1%$71C-.3,%1B$71,,-.)J%91%"#C1%

0.%#44%#%,1H.)4%0176%$7.$.70-.)#*%0.%1$'%%

( )[ ]KLMKLKJJJMJL
N

F *123*1*4523
6

$- +×=F l
p
dm

%
%%%%% %%%%%%%%%%L&'NK%

:"1%H3771)0%-)%0"1%.3017%7#-*%-,%#*,.%/-0014%9-0"%#)%1B$.)1)0-#*%9-0"%#%0-61%H.),0#)0%τ$%A%%%

% % % % % L&'&K%

O)%0"1,1%H.)4-0-.),J%0"1%*..$%C.*0#@1%-,%@-C1)%8+%

%
( )

ú
û

ù
ê
ë

é -
-

-
×= K1B$L

M
K1B$LKJJJMJL

N

F

$$-'

$'

-

-'0778

*23

1

1*
*4523

+*

+
1

6)
9

ttt
l

p
dm

% %%%L&'PK%

9-0"%)%0"1%)36817%./%037),%./%0"1%01,0%H.-*'%:"1%@1.6107+%-,%$71,1)014%-)%?-@'%&'<N'%

%

%

%

%

%

%

%

%

%

%

%

%

%

,

,

,

,

,

,

?-@'%&'<NA%Q1.6107+%/.7%#)%#3@61)014%7#-*@3)J%H7.,,R,1H0-.)%./%0"1%7#-*,'%

!"!!#$ !"!!% !"!!%# !"!!%% !"!!%& !"!!%' !"!!%(

l=0.6

l=0.7

l=0.8

l=0.9

%%

%%

%%%%+%
%%

%%%B%

O%2%
%%S%
%%

O%2%
%%R%
%%

;%(S%
%%

;%(%R%
%%

%%%% %d% %

%%%%e%
%%

%%%%8%
%%

O%(S%
%%

O%(%R%
%%

%%%%H%
%%

!
"
#$
$
%
!

:-61%L,K%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

!

?-@'%&'<&%,".9,%0"1%-)/*31)A1%./%0"1%.3017%7#-*%/.7%0"1%,#61%@1.6107+%#,%81/.71%9-0"%B(6CB26D%='EEF%%%

l%D%E'GEF%t(%D%='&%6,F%H(%D%<'&%6%#)4%A%D%E'E=<%6'%:"1%4-//171)A1%-,%I17+%,6#**%#)4%41A71#,1,%9-0"%
"#$'%

!

!
?-@'%&'<&J%!.6$#7-,.)%./%*..$%I.*0#@1%810911)%#3@61)014%#)4%).)%#3@61)014%7#-*@3)%#0%K%D%E'=L&%6%

!

%&'&(&! ")*+,-).-!/*!0,11-)2!3)!24-!5//6!7-28--)!24-!98/!:1,;4-;!

!

:"1%I#7-#0-.)%I,'%0-61%./%0"1%A3771)0%-)%0"1%#3@61)014%7#-*%A71#01,%#%A3771)0%3+//6%-)%0"1%*..$%/.7614%

8+%0"1%09.%873,"1,%#)4%$#70,%./%0"1%-))17%7#-*,'%:"1%6.I161)0%./%0"1%$7.M1A0-*1%4.1,%).0%-)/*31)A1%0"1%

6303#*%-)43A0#)A1%%810911)%0"1%09.%A-7A3-0,'%B/%91%A.),-417%0"#0%0"1%A3771)0%-)%0"1%#3@61)0-)@%7#-*%6#+%

81%41*#+14%8+%#%0-61%2<%0"#)!"#%-,%@-I1)%8+J%

4(E4 0000 +££ % ÷÷
ø

ö
çç
è

æ -p
=

(E

4

(6(
0

00

=
,-)BB % % % % N&'OP%

% 000 4(E £+ % % ÷÷
ø

ö
çç
è

æ

t
--

-=
(

(E4

(6(

000
1Q$BB % %% %%%%%%%%%%%N&'GP%

B)%0"1,1%A.)4-0-.),%NA/'%())1QP%0"1%A3771)0%-)%0"1%*..$%-,%@-I1)%8+J%

4(E4 0000 +££ %
ú
ú
û

ù

ê
ê
ë

é
÷÷
ø

ö
çç
è

æ
j-

-p
+÷÷
ø

ö
çç
è

æ

t
-

-j-= A

(E

4

A

4
A<*..$

0

00

=
A.,

00
1Q$A.,R- %% % N&'LP%

000 4(E £+ %%%%

÷÷
ø

ö
çç
è

æ

t
--

-+÷÷
ø

ö
çç
è

æ

t
--

-
ú
ú
û

ù

ê
ê
ë

é
-j+÷÷

ø

ö
çç
è

æ

t
-j-=

(

(E4
=

A

(E4
=A<

A

(E
A<*..$

000
1Q$R

000
1Q$R,-)R

0
1Q$A.,R- %%N&'<EP%

:"1%/*3Q%-)%0"1%01,0%$7.81%-,%0"171/.71%@-I1)%8+%

( )[ ]+//6#= 32>?@02"@02"2>?@0
;

PFFSFNTPNSPNPFFFSFN
>

E ++×=F l
p
dm

%
% % N&'<<P%

#)4%0"1%I.*0#@1%-)43A14%-)%0"1%*..$%-,%@-I1)%8+%1U'%&'<'%%

B/% 4(E 000 -<< %0"1%/*3Q%-)%0"1%*..$%-,%@-I1)%8+%

( )[ ]PNPFFSFNTPNSPNPFFFSFN
>

E 2"A2>?@02"@02"2>?@0
;

###= ×++×=F l
p
lm

%
%%%%%N&'<=P%

!"!!#$ !"!!% !"!!%# !"!!%% !"!!%& !"!!%' !"!!%(

)*+,-+./*+01

0234-+.-5!
"
#$
$
%
!

:-61%N,P%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=&%

#)4%

( ) ( ) ú
û

ù
ê
ë

é -
+

-
-

-
×= >1?$@AABAC>1?$@

B
>1?$@>AAABA@

D

E

!"#

!#
!

!!"#

!#

"

"#$%%&

'
'()*+

,'

,

-

-
.

'*+

-

-'
'()*+

,'

,
-

/
0

tttt
l

p
lm

% @&'<F>%

G0% 63,0% 81% ).0-H14% 0"#0% 0"1% 71#*% H3771)0% -)% 0"1% 873,"1,% #71% 71,$1H0-I1*+% *..$2< -GG -l= % #)4%

*..$2= -G><@G +l-= '%:"1-7%7#0-.%H#)%81%1,0-6#014%#0%1#H"%$.-)0'%

%

123212! +%45$6/7%48

:"1% 4-//171)0% 1?$71,,-.),% #71% 8#,14% .)% 0"71#4% *-)1% H.)43H0.7,% #)4% 0"1% H3771)0% -)% 0"1% *..$% -,%

H#*H3*#014%8+%3,-)J%H.),0#)0%$#7#61017,'%:"-,%-,%).0%0731%431%0.%,K-)%1//1H0%1I#*3#0-)J%437-)J%#%,".0'%G)%

,$-01% ./% ,.61% #,,36$0-.),A% 0"-,% #)#*+0-H% 41I1*.$61)0% #**.9,% 0.% J-I1% #)% -41#% #8.30% 0"1% 7#0-.%l'%:"1%
I#7-#0-.)%./%0"1%I1*.H-0+%9-**%81%/-0014%9-0"%#%*-)1#7%#$$7.?-6#0-.)A%81H#3,1%91%K).9%0"1%I1*.H-0+%.)*+%

#0%0"1%$.-)0,%L<%#)4%L='%:"1%I1*.H-0+%#0%0"1%63MM*1%H#)).0%81%3,14A%81H#3,1%0"1%I1*.H-0+%-,%41H71#,-)J%

431%0.%/7-H0-.)%/.7H1,%#,,.H-#014%0.%#)%1*1H07.6#J)10-H%/.7H1%41H71#,-)J'%%

N-J'%&'O'% ,".9,% 0"1% -)/*31)H1%./% 7$%%&% .)80$%%&% /.7% #)%#3J61)014% 7#-*J3)'%:"1%H37I1,% -)%N-J'% &'<P%

,".9%0"1%-)/*31)H1%./%0"1%7#0-.%m =8-!#9-"#%.)%I.*0#J1%-)%0"1%*..$%9"1)%0#K1)%-)0.%#HH.3)0%7$%%&'%:"1+%
"#I1%811)%.80#-)14%/.7%l%Q%E'R%#0%$.-)0%L<'%G0%-,%H*1#7%0"#0%0"1%H3771)0%-)%0"1%#76#0371%*..$%"#,%#%J71#0%
-)/*31)H1%.)%0"1%H3771)0%-)%0"1%873,"1,'%%

%

8 8
N-J'%&'<OS%!.6$#7-,.)%./%T*..$%9"1)%-*..$%-,%0#K1)%-)0.%

#HH.3)0%

N-J'&'<PS%G)/*31)H1%.)%T*..$%./%0"1%7#0-.%m %

8

8

N-J'%&'<RS%G)/*31)H1%./%0"1%7#0-.%m%.)%G<%U%G2%
8

:"1%N-J'%&'<R%71$71,1)0,%0"1%1I.*30-.)%./%0"1%7#0-.%-:898-"%I,'%0-61%/.7%4-//171)0%I#*31,%./%m'%G0%,".9,%
H*1#7*+%0"#0%0"-,%7#0-.%41$1)4,%H.),-417#8*+%.)%0"1%H-7H3*#0-)J%H3771)0%7$%%&'%:"-,%/-J371%416.),07#01,%0"1%

/#I.37#8*1%-)/*31)H1%./%0"1%#3J61)0-)J%H3771)0%-!%.)%0"1%H3771)0%71$#70-0-.)%-)%0"1%#76#0371,'%:"1%N-J'%

&'<R%"#,%811)%.80#-)14%/.7%#)%-)-0-#*%I#*31%l%Q%E'R%9"-H"%H.771,$.)4,%0.%#%H.)I1)0-.)#*%7#-*J3)'%%%

!"!!#$ !"!!% !"!!%# !"!!%% !"!!%& !"!!%' !"!!%(

)*+,-+./*+01

0234-+.-5

6/.78/1**9

!"!!#$ !"!!% !"!!%# !"!!%% !"!!%& !"!!%' !"!!%(

m=0

m=0,5

m=1

m=1,5

m=2

!"(

!"((

!":

!":(

!";

!";(

!"<

!"<(

!"!!#$ !"!!% !"!!%# !"!!%% !"!!%& !"!!%' !"!!%(

!"#$%&'(

)*
+)
,

m=0

m=0.5

m=1

m=1.5

m=2

!
"
#$
$
%
!

!
"
#$
$
%
!

:-61%@,>% :-61%@,>%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

&'?'%!#*@3*#0-.),%9-0"%0"1%A-)-01%5*161)0%!.41%(BCDC%

%

(,%41,@7-814%-)%!"#$017%EF%91%,-63*#01%-)%(BCDC%#%/-G14%$7.H1@0-*1'%:"-,%61#),%0"#0%0"1%I1*.@-0+%

,J-)%1//1@0%-,%).0%0#J1)%-)0.%#@@.3)0'%K)%#%/-7,0%,-63*#0-.)%91%3,14%0"1%0.0#*%@3771)0%#)4%-)H1@014%-0%-)%0"1%

7#-*,F% 9"-@"% @.771,$.)4,% 9-0"% 0"1% 71#*-,0-@% ,-03#0-.)% 9"1)% 0"1% @#$#@-0.7% 8#)J,% #71% 4-,@"#7L14% -)% #%

7#-*L3)%9-0"%#%/-G14%$7.H1@0-*1'%K)%0"1%1G$17-61)0,%0"1%$7.H1@0-*1%6.I1,%437-)L%0"1%,".0'%:"1%4-//3,-.)%

-)%0"1%7#-*,%,0#70,%9-0"%0"1%$#,,-)L%./%0"1%$7.H1@0-*1'%K)%0"1%(BCDC%,-63*#0-.),%0"1%4-//3,-.)%-)%0"1%7#-*,%

#/017%0"1%$7.H1@0-*1%,0#70,%9"1)%0"1%@#$#@-0.7%8#)J,%#71%4-,@"#7L14'%C.%0"1%4-//3,-.)%-)%0"1%7#-*,%-)%0"1%

,-63*#0-.),%/.7%0"1%610".4%9-0"%0"1%0.0#*%@3771)0,%9-**%81%/370"17%1I.*I14%#0%0"1%6.61)0%@.771,$.)4-)L%

9-0"%0"1%$#,,-)L%./%0"1%$7.H1@0-*1'%:.%7143@1%0"1%4-//3,-.)%-)%0"1%7#-*,F%0"1%610".4%41,@7-814%81*.9%9#,%

3,14'%K),01#4%./%,0#70-)L%0"1%@3771)0%-)H1@0-.)%./%0"1%7#-*,%#0%0"1%81L-))-)L%./%0"1%,".0F%91%#4#$014%0"1%

@3771)0,%#,%$71,1)014%-)%A-L'%&'<M'%

%
A-L'%&'<MN%:.0#*%#)4%#4#$014%@3771)0,%!"#/.7%0"1%(BCDC%,-63*#0-.),%/.7%,".0%M%

%

:"1%714%#)4%L711)%@37I1,%-)%A-L'%&'<M%71$71,1)0%0"1%@3771)0,%3,14%-)%0"1%(BCDC%,-63*#0-.),%/.7%

0"1%/-7,0%#)4%,1@.)4%61#,37161)0%$.-)0'O1%3,14%0"1%.7-L-)#*%@3771)0%$7./-*1%P8*#@J%@37I1%-)%A-L'%&'<MQ%

/7.6%0"1%6.61)0%0"1%$7.H1@0-*1%$#,,1,%0"1%61#,37161)0%$.-)0%3)0-*%=%6,%*#017'%:.%,-63*#01%0"1%7-,-)L%

$#70F% 91% 3,14% 0"1% /-7,0% $#70% ./% 0"1% .7-L-)#*% @3771)0% $7./-*1% RSTS'=>% 6,U% 3)0-*% 0"1% /-7,0% 6#G-636% -,%

71#@"14'%:"1%7-,1%0-61%P07%V%S'=>%6,Q%9#,%71,$1@014%#)4%0"1%#6$*-0341%9#,%#4#$014%0.%/-0%0"1%.7-L-)#*%

@3771)0%$7./-*1% /.7%0"1%$#,,-)L%./% 0"1%61#,37161)0%$.-)0'% K)% 0"-,%@#,1% 0"1%4-//3,-.)% -)% 0"1%7#-*,%,0#70,%

*#017%#)4%9-**%81%*-6-014'%%

W.91I17% ,1I17#*% 716#7J,% "#I1% 0.% 81%6#41'% :"1% 4-//3,-.)% -)% 0"1% 7#-*,% ,0#70,% #0% 0"1%6.61)0% 0"1%

$7.H1@0-*1% $#,,1,% 830% 0"1% 4-//3,-.)% -)% 0"1% @3771)0% 873,"1,% ,0#70,% #0% 0"1% 81L-))-)L% ./% 0"1% ,".0'% :"1%

4-//3,-.)%-)%0"1%@3771)0%873,"1,%9-**%81%-)@.771@0'%:"1%016$17#0371%./%0"1%@3771)0%873,"1,%-,%#*,.%#%$.-)0%

./%@.)@17)'%O1%"#I1%0.%41/-)1%#%,0#70-)L%016$17#0371%/.7%0"1%,-63*#0-.)%81@#3,1%0"1%0.0#*%@3771)0%73),%

0.% 0"1% $7.H1@0-*1% #)4% ).0% 0"1% @3771)0% 91% 3,1% /.7% 0"1% ,-63*#0-.),'% O1% 6#J1% #)% 1,0-6#0-.)% ./% 0"-,%

016$17#0371%8#,14%3$.)%0"1%/-7,0%,-63*#0-.),%9-0"%0"1%0.0#*%@3771)0'%

:"1% 3,1% ./% 0"1% #4#$014% @3771)0,% *-6-0,% 0"1% 4-//3,-.)% -)% 0"1% 7#-*,% 830% ,0-**% 4.1,% ).0% ,-63*#01% 0"1%

I1*.@-0+%,J-)%1//1@0'%:"1%4-//3,-.)%-)%0"1%7#-*,%,0#70%#0%0"1%-)H1@0-.)%./%0"1%@3771)0%/.7%1#@"%$.-)0%./%0"1%

7#-*,%#)4%9-**%#*71#4+%,0#70%437-)L% 0"1%7-,1% 0-61F% 07%V%S'=>%6,'%:"1%6.I161)0%./% 0"1%$7.H1@0-*1% -,%).0%

#@@.3)014%/.7'%:"1%7-,1%0-61%-,%0"1%,#61%/.7%1#@"%@#*@3*#0-.)'%C.%#*0".3L"%0"1%$7.H1@0-*1,%"#I1%4-//171)0%

I1*.@-0-1,%9"-*1%0"1+%$#,,%0"1%61#,37161)0%$.-)0,F%0"1%4-//3,-.)%-,%0"1%,#61'%

!

"!!!!

#!!!!

$!!!!

%!!!!

&!!!!!

&"!!!!

! !'!!& !'!!" !'!!( !'!!# !'!!) !'!!$ !'!!* !'!!% !'!!+

!"#$%&'(

)
*
++
$
,
-%
&.
(

!/-01%)*++$,-

)*++$,-%2/",-%3

)*++$,-%2/",-%4



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

?.7%0"1%#3@61)014%7#-*@3)A%0"1%4-,B3,,-.)%81B.61,%6.71%B.6$*1C'%:"1%4-//3,-.)%-)%0"1%-))17%7#-*,%

,0#70,%#0%0"1%6.61)0%0"1%$7.D1B0-*1%$#,,1,A%/.7%0"1%.3017%7#-*,%0"1%4-//3,-.)%.E17%0"1%0.0#*%*1)@0"%./%0"1%

7#-*,%,0#70,%#0%0"1%81@-))-)@%./%0"1%,".0'%(%/-7,0%$.,,-8-*-0+%-,%0.%#4#$0%0"1%B3771)0%-)%0"1%.3017%7#-*,%#,%91%

4-4%9-0"% 0"1% B3771)0% -)% 0"1% -))17% 7#-*,'% F)% 0"-,% B#,1% 0"1% 4-//3,-.)% -)% 0"1% .3017% 7#-*,% -,% -)B.771B0'%:"1%

#3@61)0-)@%B3771)0%9-**%#*,.% -)/*31)B1% 0"1%B3771)0% -)% 0"1% -))17% 7#-*,'%:"1% #76#0371,%./% 0"1%$7.D1B0-*1%

#)4%0"1%7#-*,%/.76%#%*..$'%:"1%#3@61)0-)@%/-1*4%9-**%-)43B1%#%B3771)0%-)%0"-,%*..$%$7.$.70-.)#*%0.%!"#$!%'%

G37-)@% 0"1% 7-,1% 0-61% ./% 0"1% #3@61)0-)@% B3771)0% -)% 0"1% ,-63*#0-.),A% 0"1% #3@61)0-)@% B3771)0% -)% 0"1%

1C$17-61)0,%,".9,%#)%1C$.)1)0-#*%41B#+'%H.%0"1%-)/*31)B1%./%0"1%#3@61)0-)@%B-7B3-0%9-**%81%4-//171)0'%

(%,1B.)4%$.,,-8-*-0+%-,%0.%,0#70%0"1%4-//3,-.)%-)%0"1%.3017%7#-*,%/-7,0%,.%0"1%4-//3,-.)%-,%#*71#4+%-)%$*#B1%

#)4%0"1%#3@61)0-)@%B3771)0%,".9,%#)%1C$.)1)0-#*%41B#+%#0%0"1%6.61)0%0"1%B3771)0%-)%0"1%-))17%7#-*%-,%

-)D1B014'%;30% ,0-**% 0"1% #3@61)0-)@% /-1*4%9-**% -)43B1% #% B3771)0% -)% 0"1% *..$% 1E1)% 81/.71% B3771)0% -)% 0"1%

-))17% 7#-*,% -,% -)D1B014'% :"1% ,0#70-)@% 016$17#0371% /.7% 0"-,% ,-63*#0-.)% "#,% 0.% 81% 41/-)14% 81/.71% 0"1%

-)D1B0-.)% ./% 0"1% #3@61)0-)@% B3771)0% #)4% 9-**% 81% -)/*31)B14'% ;.0"% 610".4,% 9171% 1C$*.714'% :"1%

-)/*31)B1% ./% 0"1% #3@61)0-)@% B3771)0% 437-)@% 0"1% 7-,1% 0-61% -)% 0"1% /-7,0% 610".4% 9-0"% #4#$014% B3771)0,%

B.3*4%).0%81%)1@*1B014'%:"1%71,3*0,%./%0"1%,1B.)4%610".4%9-0"%#4#$014%B3771)0,%#71%$71,1)014%-)%I%&'J'%

&'&'! !#*B3*#0-.),%9-0"%0"1%KH$-B1%!.41%

:"1%KH$-B1%B.41A%4-,B3,,14% -)%!"#$017%=A%71$71,1)0,%#%@*.8#*%6.41*%./%0"1%7#-*@3)'% F0%#**.9,%0"1%

B#*B3*#0-.)%./%0"1%0.0#*%B3771)0,A%0"1%$.,-0-.)%#)4%0"1%E1*.B-0+%./%0"1%$7.D1B0-*1'%:"1%E1*.B-0+%,L-)%1//1B0%

-,%6.41*14'%:"1%B#*B3*#014%E1*.B-0-1,A%B3771)0,%#)4%0"1%B3771)0%4-,07-830-.)%810911)%0"1%873,"1,%9-**%81%

4-,B3,,14%#)4%B.6$#714%9-0"%0"1%1C$17-61)0#*%71,3*0,'%

&'J'! !.6$#7-,.)%./%0"1%21,3*0,%

F)% 0"-,%$#7#@7#$"%91%B.6$#71% 0"1%71,3*0,%.80#-)14%9-0"% 0"1%@*.8#*%#)4% *.B#*%,-63*#0-.),%#)4% 0"1%

#)#*+0-B#*% B#*B3*#0-.),% 9-0"% 0"1% .80#-)14% 1C$17-61)0#*% 71,3*0,'% :9.% ,".0,% 9-0"% 0"1% ).)M#3@61)014%

7#-*@3)%#)4%0"1%09.%,".0,%9-0"%0"1%#3@61)014%7#-*@3)%9-**%81%4-,B3,,14%-)%410#-*'%

&'(')'! *+,-#./01,%1!23456/.,27#382

&'(')')'!9:+%2)2

?.7% 0"1% /-7,0% ,".0% 09.% B#$#B-0.7% 8#)L,% N0"+7-,0.7O%9-0"% #)% -)-0-#*% E.*0#@1% ./% P% LQ% #71% 4-,B"#7@14%

,-63*0#)1.3,*+'%?-@'%&'=R%B.6$#71,%0"1%1C$17-61)0#**+%.80#-)14%B3771)0%9-0"%0"1%KH$-B1%B#*B3*#0-.),'%

(%@..4%B.771,$.)41)B1%-,%/.3)4%/.7%0"1%6#C-636'%:"1%B3771)0%.80#-)14%9-0"%0"1%KH$-B1%B#*B3*#0-.),%

41B#+,%/#,017%0"#)%0"1%1C$17-61)0#*%B3771)0'%

:#8*1%&'P%B.6$#71,%0"1%1C$17-61)0#*%E1*.B-0-1,%9-0"%0"1%KH$B-B1%71,3*0,'%:"1%B#*B3*#014%E1*.B-0-1,%

,".9%#)%.E171,0-6#0-.)%./%0"1%E1*.B-0+'%?.7%0"1%63SS*1%E1*.B-0+%91%/-)4%#)%.E171,0-6#0-.)%./%<P'PT'%

KH$-B1% 3)4171,0-6#01,% 0"1% B3771)0'%:"-,% ,3@@1,0,% #)% .E171,0-6#0-.)% ./% 0"1% -)43B0#)B1,% 3,14% /.7% 0"1%

1*1B07.6#@)10-B% /.7B1% 6.41*% .7% #)% 3)4171,0-6#0-.)% ./% 0"1% /7-B0-.)% /.7B1'% :"1% 63SS*1% E.*0#@1% -,%

$71,1)014%-)%?-@'%&'=<'%:"1%63SS*1%E.*0#@1%71$71,1)0,%0"1%E.*0#@1%.E17%0"1%B3771)0%873,"1,%#)4%B#)%81%

used to detect transition. We didn’t find loss of cont#B0%810911)%0"1%873,"1,%#)4%0"1%7#-*,%-)%#)+%./%0"1%

1C$17-61)0,% 4-,B3,,14% -)% 0"-,% B"#$017'% :"-,% 9#,% 1C$1B014% 81B#3,1% 91% 9.7L14% 9-0"A% /.7% 7#-*@3)%

,0#)4#74,A%*.9%E1*.B-0-1,'%%

%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

%
?-@'%&'=AB%!.6$#7-,.)%810911)%1C$17-61)0#*%#)4%,-63*#014%D3771)0%!"%

%
?-@'%&'=<B%E.*0#@1%#0%0"1%63FF*1%

?.7% #)% 1,0-6#0-.)% ./% 0"1% D3771)0% 4-,07-830-.)% 810911)% 0"1% 873,"1,%91% 3,1% 0"1% #)#*+0-D#*%610".4%

4-,D3,,14% -)% G% &'H'% ?.7% 0"1% D3771)0I% 91% 3,14% #)% 1C$.)1)0-#*% /-0% ./% 0"1% 1C$17-61)0#*% D3771)0% /.7% 0"1%

$17-.4%./%0"1%$#,,-)@%./%0"1%$7.J1D0-*1'%:"1%K1*.D-0-1,%3,14%/.7%0"1%D#*D3*#0-.),%#71%*-,014%-)%:#8*1%&'>%

#)4%0"1%$#7#61017,%./%0"1%1C$.)1)0-#*%/-0%/.7%8.0"%61#,37161)0,%$.-)0,%#71%71$71,1)014%-)%:#8*1%&'L'%

:"1%1C#D0%,37/#D1%./%0"1%*..$%-,%).0%M).9)%#)4%0"1%71,3*0,%$71,1)014%-)%?-@'%&'==%#)4%&'=H%#71%,D#*14%0.%

/-0% 0"1%6#C-636% ./% 0"1% 1C$17-61)0#*% ,-@)#*'% :"-,%610".4% #**.9,% #% D7341% 1,0-6#0-.)% ./% 0"1% D3771)0%

8#,14%-)%0"1%7-,-)@%$#70%./%0"1%,-@)#*'%N)%0"1%/-7,0%61#,37161)0%$.-)0%#8.30%=&%O%./%0"1%D3771)0%/*.9,%

0"7.3@"%0"1%873,"%0.9#74,%0"1%63FF*1I%/.7%0"1%,1D.)4%$.-)0%#8.30%=A%O%-,%/.3)4'%:#8*1%&'L%$71,1)0,%0"1%

D3771)0%7#0-.,%D#*D3*#014%9-0"%0"1%PQ$-D1%6.41*'%:"1%K#*31,%/.7%0"1%/-7,0%#)4%,1D.)4%61#,37161)0%$.-)0%

#71%).0%/#7%#$#70B%=H'R%S=='L%O'%:"1%81,0%D3771)0%7#0-.%-,%/.3)4%-)%0"1%/-7,0%61#,37161)0%$.-)0'%%

T-0"%0"1%/-)-01%1*161)0%D.41%09.%,-63*#0-.),%#71%3,14I%0"1%,-63*#0-.)%9-0"%0"1%610".4%/.7%0"1%0.0#*%

D3771)0,%-)%9"-D"%0"1%).)S#4#$014%D3771)0%-,%-)J1D014%/7.6%0"1%81@-))-)@%#)4%0"1%610".4%9-0"%#4#$014%

D3771)0,% -)%9"-D"% 0"1% -))17% D3771)0% -,% -)J1D014% J3,0% 81/.71% 0"1% $7.J1D0-*1% #77-K1,% #0% 0"1%61#,37161)0%

$.-)0'%N)%0"1%/-7,0%610".4I%&=%O%./%0"1%D3771)0%/*.9,%0"7.3@"%0"1%873,"%0.9#74,%0"1%63FF*1I%9-0"%0"1%

#4#$014%610".4%H<%O%./%0"1%D3771)0'%%PQ$-D1%0#M1,%-)0.%#DD.3)0%0"1%K1*.D-0+%,M-)%1//1D0'%T1%1C$1D0%0.%

/-)4% 0"1% "-@"1,0% D3771)0% 7#0-.% !#$!"% /.7% 0"1% "-@"1,0% K1*.D-0+'% :"1% "1#0-)@% ./% 0"1% 873,"1,% "#,% #*,.% #)%

-)/*31)D1% .)% 0"1% D3771)0% 4-,07-830-.)'% :"1% D3771)0% 873,"% 0.9#74,% 0"1% 8711D"% 9-**% "#K1% #% "-@"17%

!

"!

#!

$!

%!

&!!

&"!

! & " ' # ( $ ) % * &!

+,-./0-12

3
4
55
.
6
7/
08
9
2

:;<,=.

>?<.5,-.67

@(

!

(

&!

&(

"!

"(

'!

!A!! "A!! #A!! $A!! %A!! &!A!! &"A!! &#A!!

+,-./0-12

B
C
D7
E
F
.
/0
B
2

G4HHD./BCD7EF.



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

016$17#0371%#)4%0"3,%#%"-?"17%71,-,0#)@1'%:"-,%1//1@0%-)@71#,1,%-)%0-61'%A0-**%91%/-)4%9-0"%BA$-@1%0"1%

*.91,0%@3771)0%7#0-.%#0%0"1%/-7,0%61#,37161)0%$.-)0'%%

%
C-?'%&'==D%5,0-6#0-.)%./%a=1-l%#0%$.-)0%B<%EF%G%H'=>&%6I%

%
C-?'%&'=JD%5,0-6#0-.)%./%a=1-l%#0%$.-)0%B=%EF%G%H'KL&%6I%

:#8*1%&'MD%!.6$#7-,.)%810911)%1N$17-61)0,%#)4%,-63*#0-.),%/.7%,".0%<%

% O1#,37161)0,% BA$-@1% (PAQA% ()#'%

%

0-61%

E6,I%

R%%

E6S,I%

0%%

E6,I%

R%%

E6S,I%

T2%%

EU(I%

T<%%

EU(I%

T=%%

EU(I% T<ST2 T<ST2 T<ST2 

B.-)0%<% ='VL% <HL'&% ='M=% <<=% =V'>% =<'J% L'L% H'VLJ% H'L>=% »H'V&%

B.-)0%=% K'=M% <<<'M% J'>&% <<&% <='MJ&% >'>H<% ='>% H'VV<% H'L><% »H'M%

B.-)0%J% M'<J% <H='=% L'VJ% <<<% <'L% <'=% H'K% H'VV=% % %

O3FF*1% <>'<=% MK'L% <J'MH% <H<% % % % % % %

:#8*1%&'>D%($$7.N-6#0-.)%./%0"1%61#,3714%@3771)0%

% T26%EU(I% t2%E6,I%

B.-)0%<% <=<'>% ='=L%

B.-)0%=% <K&'J% ='H&%

!"#"$"

!"#""%

"#"""

"#""%

"#"$"

"#"$%

"#"&"

"#"&%

& &#& &#' &#( &#) * *#& *#' *#( *#) '

+,-./0-12

3
4
56
7
8
.
/0
3
2

7597/:/"#""

7597/:/"#"%

7597/:/"#$"

7597/:/"#$%

7597/:/"#&"

7597/:/"#&%

7597/:/"#*"

7597/:/"#*%

7597/:/"#'"

7597/:/"#'%

;<=.>,-.?6

!"#""%

"#"""

"#""%

"#"$"

"#"$%

"#"&"

*#% *#@ *#A '#$ '#* '#% '#@ '#A %#$ %#* %#%

+,-./0-12

3
4
56
7
8
.
/0
3
2

7597/:/"#""

7597/:/"#"%

7597/:/"#$"

7597/:/"#$%

7597/:/"#&"

7597/:/"#&%

7597/:/"#*"

7597/:/"#*%

7597/:/"#'"

7597/:/"#'%

;<=.>,-.?6



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

!"#"$"%"!&'()*+*

?.7% 0"1%)-)0"%,".0%9-0"%@(2!A% 0"711%B#$#B-0.7%8#)C,%9-0"%#)% -)-0-#*%D.*0#E1%./%F%CG%9171%3,14'%

:"1%/-7,0%09.%B#$#B-0.7%8#)C,%9171%4-,B"#7E14%,-63*0#)1.3,*+A%0"1%0"-74%B#$#B-0.7%8#)C%9#,%41*#+14%8+%

D0%H%<'&%6,'% I)%?-E'%&'JK%#% B.6$#7-,.)%810911)% 0"1%1L$17-61)0#*% B3771)0% #)4% 0"1% B3771)0% ,-63*#014%

9-0"% MN$-B1% -,% $71,1)014'% (E#-)% 0"1% B3771)0% B#*B3*#014% 9-0"% MN$-B1% 41B71#,1,% /#,017'% :"1% 63OO*1%

D.*0#E1%61#,3714%437-)E%,".0%P%-,%$71,1)014%-)%?-E'%&'J&'%:"1%,-E)#*%-,%4-,037814%8+%0"1%4-,B"#7E1,%./%

0"1%B#$#B-0.7%8#)C,'%:"1%1L$17-61)0#**+%410176-)14%#)4%B#*B3*#014%D#*31,%/.7%0"1%B3771)0%7#0-.%,$-,.%#71%

*-,014%-)%:#8*1%&'<>'%%

%
?-E'%&'JK%%%!.6$#7-,.)%810911)%0"1%1L$17-61)0#**+%61#,3714%B3771)0%#)4%0"1%,-63*#014%B3771)0%9-0"%MN$-B1%/.7%

,".0%P%

%
?-E'&'J&Q%5L$17-61)0#**+%61#,3714%63OO*1%D.*0#E1%/.7%,".0%P%

:#8*1%&'<>Q%!.6$#7-,.)%810911)%1L$17-61)0,%#)4%,-63*#0-.),%/.7%,".0%P%

% R1#,37161)0,% MN$-B1% (SNTN% ()#'%

%

0-61%

U6,V%

D%%

U6W,V%

0%%

U6,V%

D%%

U6W,V% I<WI2 I<WI2 I<WI2 

M.-)0%<% J'FX% <=X'J% J'X&% <KK% >'FFJ% >'YX=% »>'X&%

M.-)0%J% K'JX% <&X'P% ='PX% <&Y% >'FXF% >'YXP% »>'P>%

M.-)0%=% X'<=% <Y>'K% Y'F=% <&&% >'FP>% % %

R3OO*1% <K'>=% <&K'<% <>'F>% <KP% % % %

!

"!

#!

$!

%!

&!!

&"!

! & " ' # ( $ ) %

!"#$%&#'(

)
*
++
$
,
-%
&.
/
(%

*+,-./0 -12

34,/5-

6(

!

(

&!

&(

"!

"(

'!

'(

!7!! (7!! &!7!! &(7!! "!7!!

!"#$%&#'(

0
1
2-
3
4
$
%&
0
(

5*662$%012-34$



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=<%

%

!"#"$"%"!&'()*+,-'./012311./41*-5+1(1.2-/*.6/7,(58*2,'./

%

:"1%>.6$#7-,.)%/.7%0"1%>3771)0%,".9,%>*1#7*+% 0"#0% 0"1%41>71#,1% -,%.?171,0-6#014%8+%@A$->1'%:"1%

-)>71#,1% ./% 0"1% >3771)0% ,116,% 0.% >.771,$.)4%63>"% 810017'% :"-,% -,% 431% 0.% 4-//->3*0-1,% 0.% 1,0-6#01% 0"1%

$#7#61017,%./%0"1%>-7>3-0'%B)%.)1%,-41C%L’2%"#,%811)%#$$7.D-6#014%8+%#%>.),0#)0%?#*31%.80#-)14%#0%<%

EFG%0-**%H'I%6,%0.%71#>"C%#/017%#%*-)1#7%?#7-#0-.)C%#%>.),0#)0%?#*31%#0%<H%FG%#/017%<'&%6,'%B)%0"1%.0"17%

,-41C% 0"1% 71,-,0#)>1%?#7-1,%>.)0-)3.3,*+%431% 0.% 0"1% ,E-)%1//1>0% J>3771)0%?#7-#0-.)%#)4%?1*.>-0+%1//1>0K'%

L1?170"1*1,,%0"1%177.7,%#71%*-6-014%#)4%1,$1>-#**+%/.7%,".0%M%9"171%0"711%>#$#>-0.7%8#)E,%#71%3,14%9-0"%

#%41*#+%/.7%0"1%0"-74'%

N/%91% >.6$#71% 0"1% ?1*.>-0-1,% ./% 0"1%61#,37161)0,% #)4% 0"1% ,-63*#0-.),%91% >#)% .8,17?1% 0"#0% 0"1%

177.7%-,%,6#**%830%0"1%437#0-.)%./%0"1%,".0%1,0-6#014%8+%@A$->1%-,%#8.30%IHO%*1,,%0"#)%-)%71#*-0+'%:"-,%

61#),% 0"#0% 0"1% /7->0-.)% *.,,1,%#71%).0%91**%#$$71>-#014'%@7.8#8*+% 0"1%>.1//->-1)0,%#*,.%41$1)4%.)% 0"1%

016$17#0371% 9"->"% -,% -)>71#,1,% 437-)P% 0"1% ,".0'% :"1% #76#0371,% 6#+% #*,.% >.61% 3)417% ,071,,% #)4%

41/.76#0-.),%6#+%.>>37'%

:"1% >.6$#7-,.)% ./% 0"1% 7#0-.% 9$:9;% -,% ).0% >.)>*3,-?1'% :"1% #$$7.D-6#0-.),% -)% 3,-)P%(LAQA%"#?1%

811)%1D$*#-)14%-)%R%&'S'%@A$->1%*1#4,%0.%71#,.)#8*1%?#*31,%830%0"1%#)#*+0->#*%?#*31,%P-?1%.)*+%#)%.7417%

./%6#P)-0341'%%

%

!"#"<"! =5>(1.216/;*,8>5./?=;=/

%

:"1%$#7#61017,%/.7%0"1%09.%,".0,%#71%P-?1)%-)%:#8*1%&'&%#)4%91%9-**%/-7,0%P-?1%0"1%4-//171)0%71,3*0,%

81/.71%>.6$#7-)P%61#,37161)0%#)4%,-63*#0-.)'%

%%

!"#"<"$! 7@'2/$$/

/
T-P'%&'IUV%!.6$#7-,.)%810911)%0"1%1D$17-61)0#**+%61#,3714%>3771)0%#)4%0"1%,-63*#014%>3771)0%9-0"%@A$->1%/.7%

,".0%<<%

%

N)%,".0%<<%0"1%09.%>#$#>-0.7%8#)E,%/.7%0"1%-))17%>-7>3-0%#)4%0"1%>#$#>-0.7%8#)E%/.7%0"1%.3017%>-7>3-0%

#71% 4-,>"#7P14% ,-63*0#)1.3,*+'%:"1% 1D$17-61)0#*% #)4% ,-63*#014% >3771)0,% #71% >.6$#714% -)%T-P'% &'IU'%

T-P'% &'IW% ,".9,% 0"1% 1D$17-61)0#**+% 61#,3714% 63GG*1% ?.*0#P1% /.7% ,".0% <<'% :"1% ,-P)#*% -,% >.3$*14%

.$0->#**+%#)4% 0"1%61#,37161)0% ,0#70,%I% ,1>.)4,%81/.71% 0"1%4-,>"#7P-)P%./% 0"1%>#$#>-0.7%8#)E,% -)% 0"1%

-))17% >-7>3-0'%:"1%61#,3714%63GG*1%?.*0#P1% -,% )1P#0-?1%437-)P% 0"1%$.,-0-?1% ,*.$1%./% 0"1% #3P61)0-)P%

!

"!

#!

$!

%!

&!!

&"!

! & " ' # ( $ ) %

*+,-./,01

2
3
44
-
5
6.
/7
8
1

9:;-4+,-56<+55-4.=344-56

9:;-4+,-56<.>36-4.=344-56

?@;+=-<.+55-4.2344-56

?@;+=-<.>36-4.2344-56



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

?3771)0%!"'%:"1%$#7#61017,%/.7%0"1%?3771)0%/-00-)@%)1?1,,#7+%/.7%0"1%#)#*+0-?#*%A#*31,%#0%$.-)0,%B<%#)4%B>%

#71%@-A1)%-)%:#8*1%&'<<'%

%
:#8*1%&'<<C%$#7#61017,%./%0"1%/-0014%?3771)0,%

B.-)0% D26%EF(G% t2%E6,G% D(6%EF(G% t(%E6,G%

B<% <<='<% >'=&% HH'H% <'IJ%

B>% <<I'I% >'>K% <L<'>% <'J=%

%%%

%

%
M-@'%&'>HC%5N$17-61)0#**+%61#,3714%63OO*1%A.*0#@1%/.7%,".0%<<%

%

% %

% %

% %
B.-)0%B<P%O<%Q%L'>K&6% B.-)0%B>P%O>%Q%L'JI&6%

M-@'&'>RC%!.6$#7-,.)%810911)%61#,37161)0,%#)4%#)#*+0-?#*%#$$7.#?"%

%

!"

"

#"

$"

%"

&"

""

'"

("

)*)) "*)) #)*)) #"*)) $)*))

!"#$%&#'(

)
*
+,
-
.
$
%&
)
(

/011+$%)*+,-.$

+,--./0

!)1)$

!)1)#

)

)1)#

)1)$

)1)%

)1)&

)1)"

)1))#" )1))#( )1))#2 )1))$# )1))$% )1))$" )1))$( )1))$2

+,--./0

!)1)$

!)1)#

)

)1)#

)1)$

)1)%

)1)&

)1)"

)1)'

)1))$" )1))$( )1))$2 )1))%# )1))%% )1))%" )1))%( )1))%2

+,--./3

!)1)"

)

)1)"

)1#

)1#"

)1$

)1$"

)1%

)1))#" )1))#( )1))#2 )1))$# )1))$% )1))$" )1))$( )1))$2

+,--./3

!)1)"

)

)1)"

)1#

)1#"

)1$

)1$"

)1%

)1))$" )1))$( )1))$2 )1))%# )1))%% )1))%" )1))%( )1))%2

456678894:

)1(;"

)1(2

)1(2"

)1;

)1;)"

)1;#

)1;#"

)1;$

)1;$"

)1;%

)1;%"

)1;&

)1))#" )1))#( )1))#2 )1))$# )1))$% )1))$" )1))$( )1))$2

45<667894:

)1;2;

)1;2;"

)1;22

)1;22"

)12

)12))"

)12)#

)12)#"

)12)$

)12)$"

)1))$" )1))$( )1))$2 )1))%# )1))%% )1))%" )1))%( )1))%2

!"#$%&'(%

!"#$%&'(%

!"#$%&'(%

!"#$%&'(%

!"#$%&'(%

!"#$%&'(%

)
*+
+
,
-
.
%&
)
(%

)
*+
+
,
-
.
%&
)
(%

)
*+
+
,
-
/
%&
)
(%

)
*+
+
,
-
/
%&
)
(%

0 1
2
$
$
3
4
50
6
%

0 1
2
$
$
3
4
50
6
%



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<==%

:"1%>37?1,%!"##$%&%-)%@-A'%&'BC%"#?1%811)%.80#-)14%437-)A%0"1%01,0,%830%#,%,#-4%81/.71D%0"1%,-A)#*,%

#71%?17+%).-,+D%,.%0"1+%"#?1%811)%/-*01714'%:"-,%6#+%71,3*0% -)%*.,,%./%-)/.76#0-.)'%:"1%>37?1,%!"##$%'%

"#?1%811)%.80#-)14%E).9-)A%0"1%>3771)0,%#)4%0"1%?1*.>-0+%#0%0"1%4-//171)0%$.-)0,'%()%1F$.)1)0-#*%/.76%

"#,%811)%3,14% 0.%/-0% 0"1%1F$17-61)0#*%>3771)0,%#)4% -0%>#)%81%.8,17?14%0"#0%0"1+%41>71#,1%,*.917% 0"#)%

1F$1>014%8+%0"1%GH$->1%,-63*#0-.),'%(0%$.-)0%G<%#%,-6-*#7-0+%>#)%81%.8,17?14%810911)%0"1%09.%>37?1,%

71$71,1)0-)A%0"1%?.*0#A1%-)%0"1%*..$'%I0%63,0%81%).0->14%0"#0%0"1%6#F-6#%#71%.80#-)14%/.7%0"1%,#61%0-61%

-),0#)0% 9"->"% -,% #)% -)4->#0-.)% ./% >."171)>1% ./% 0"1% $7.$.,14% 610".4'% :"1% #6$*-0341,% #71% ).0% -)% #%

>.),0#)0% 7#0-.'%:"1% 71,3*0,% #71% ).0% ,.% >*1#7% #0% $.-)0% GB'% I0% -,% 4-//->3*0% 0.% 1F$*#-)%9"+'% G7.8#8*+% -0% -,%

*-)E14% 9-0"% 61#,37161)0% 4-//->3*0-1,'% :"1% >3771)0% 71$#70-0-.)% 810911)% 0"1% 09.% 873,"1,% >#)% 81%

1,0-6#014%#)4%0"1%41>71#,1%./%0"1%.3017%>3771)0%*1#4,%0.%#%).)%>.),0#)0%7#0-.'%:"1%4-//171)0%71,3*0,%#71%

,366#7-J14%-)%:#8*1%&'<<%/.7%0"1%,".0%<<'%%

%
:#8*1%&'<<K%!.6$#7-,.)%./%0"1%71,3*0,%/.7%0"1%>3771)0%4-,07-830-.)%-)%0"1%61#,37161)0,%$.-)0,%/.7%,".0%<<%

H".0%<<% 5F$17-61)0,% GH$->1% (LHMH% ()#%

F%N6O% 0%N6,O% ?%N6P,O% 0%N6,O% ?%N6P,O% I<PI2% I<PI2% I<PI2%

Q'BR&% B'QST% <S&'C% B'QB% <T&% Q'UB<% Q'US&% Q'C%

Q'ST&% ='<<T% <TT'T% ='QB% <UU% Q'US&% Q'U&C% Q'R%

Q'CR&% &'T=<% <U<'T% &'SQ% <CQ% Q'UUQ% % %

<'&QQ% <B'C<% <TS'=% C'UR% <UT% Q'UCS% % %

()*)+)+! ,-#./0+//

/

:"1%,#61%610".4%9#,%#*,.%#$$*-14%/.7%0"1%,".0%<B'%:"1%716#7E,%/.763*#014%/.7%,".0%<<%#*,.%".*4%

/.7%,".0%<B'%V37-)A%0"-,%,".0%0"1%>#$#>-0.7%8#)E%/.7%0"1%.3017%>-7>3-0%9#,%41*#+14%8+%D0%W%<%6,'%:"1%

1F$17-61)0#*%#)4%,-63*#014%>3771)0,%#71%$71,1)014%-)%@-A'%&'BR'%

%
@-A'%&'BR%%%!.6$#7-,.)%810911)%0"1%1F$17-61)0#**+%61#,3714%>3771)0%#)4%0"1%,-63*#014%>3771)0%9-0"%GH$->1%/.7%

,".0%<B%

%
:#8*1%&'<BK%G#7#61017,%./%0"1%/-0014%>3771)0,%

G.-)0% I26%NE(O% t2%N6,O% I(6%NE(O% t(%N6,O%

G<% <Q&'R% B'S<% <==% <'U=%

GB% <QR'B% B'=&% <&Q'R% <'T<%

%
@-A371%&'=Q%,".9,%0"1%1F$17-61)0#**+%61#,3714%63JJ*1%?.*0#A1%/.7%,".0%<B'%(,%-)%@-A'%&'BUD%0"1%

0-61%0%W%B%6,%-)%0"1%/-A371%>.771,$.)4,%9-0"%0"1%4-,>"#7A-)A%0-61%./%0"1%>#$#>-0.7%8#)E,%-)%0"1%-))17%

>-7>3-0'%:"1%61#,3714%63JJ*1%?.*0#A1% -,%#A#-)%)1A#0-?1%437-)A% 0"1%$.,-0-?1% ,*.$1%./% 0"1%#3A61)0-)A%

!

"!

#!

$!

%!

&!!

&"!

! & " ' # ( $ ) %

*+,-./,01

2
3
44
-
5
6.
/7
8
1

9:;-4+,-56<.+55-4.=344-56.

9:;-4+,-56<.>36-4.=344-56

?@;+=-<.+55-4.=344-56

?@;+=-.>36-4.=344-56



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

?3771)0%!"'%:"1%?37@1,%-)%0"1%?1)017%$*.0%-)%A-B'%&'=<%#71%?#*?3*#014%8#,14%.)%0"1%$#7#61017,%4143?14%

/7.6%0"1%1C$17-61)0,'%

%
A-B'%&'=DE%5C$17-61)0#**+%61#,3714%63FF*1%@.*0#B1%/.7%,".0%<G%

%

%
%

% %

% %
H.-)0%H<I%F<%J%D'GK&6% H.-)0%HGI%FG%J%D'>L&6%

A-B'&'=<E%!.6$#7-,.)%810911)%61#,37161)0,%#)4%#)#*+0-?#*%#$$7.#?"%

:#8*1%&'<=E%!.6$#7-,.)%./%0"1%71,3*0,%/.7%0"1%?3771)0%4-,07-830-.)%-)%0"1%61#,37161)0,%$.-)0,%/.7%,".0%<G%

M".0%<G% 5C$17-61)0% HM$-?1% % % (NMOM% ()#'%

C%P6Q% 0%P6,Q% @%P6R,Q% 0%P6,Q% @%P6R,Q% S<RS2% S<RS2% S<RS2%

D'GK&% G'=&T% <>D'U% G'&&% <=T% D'LK=% D'U<<% D'TU%

D'>L&% ='>UT% <&T'L% ='U>% <>U% D'LKT% D'UG>% D'TL%

D'TK&% L'<&K% <LD'>% L'LL% <>L% D'U>D% % %

<'&DD% <='UT% <&<'G% <D'TK% <>D% D'UK<% % %

!"

#

"

$#

$"

%#

%"

&#

&"

# $ % & ' " ( ) * + $# $$ $% $& $' $"

!"#$%&#'(

)
*
+,
-
.
$
%&
)
(

/011+$%)*+,-.$

,-../01

!%2##3!#%

!$2##3!#%

#2##34##

$2##3!#%

%2##3!#%

&2##3!#%

'2##3!#%

#2##% #2##%$ #2##%% #2##%& #2##%' #2##%" #2##%( #2##%) #2##%* #2##%+ #2##&

,-../01

!#2#%

!#2#$

#

#2#$

#2#%

#2#&

#2#'

#2#"

#2##&% #2##&& #2##&' #2##&" #2##&( #2##&) #2##&* #2##&+ #2##' #2##'$ #2##'%

,-../05

!#2#"

#

#2#"

#2$

#2$"

#2%

#2%"

#2##% #2##%$ #2##%% #2##%& #2##%' #2##%" #2##%( #2##%) #2##%* #2##%+ #2##&

,-../05

!#2#"

#

#2#"

#2$

#2$"

#2%

#2##&% #2##&& #2##&' #2##&" #2##&( #2##&) #2##&* #2##&+ #2##' #2##'$ #2##'%

67889::;6<

#2*"

#2*(

#2*)

#2**

#2*+

#2+

#2+$

#2+%

#2+&

#2+'

#2+"

#2##% #2##%$ #2##%% #2##%& #2##%' #2##%" #2##%( #2##%) #2##%* #2##%+ #2##&

67=889:;6<

#2*"*

#2*(

#2*(%

#2*('

#2*((

#2*(*

#2*)

#2*)%

#2*)'

#2##&% #2##&& #2##&' #2##&" #2##&( #2##&) #2##&* #2##&+ #2##' #2##'$ #2##'%

!"#$%&'(%

!"#$%&'(%

!"#$%&'(% !"#$%&'(%

!"#$%&'(%

!"#$%&'(%

)
*+
+
,
-
.
%&
)
(%

)
*+
+
,
-
.
%&
)
(%

)
*+
+
,
-
/
%&
)
(%

)
*+
+
,
-
/
%&
)
(%

0 1
2
$
$
3
4
50
6
!

0 1
2
$
$
3
4
50
6
!



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=&%

%
!"#"$"%! &'()*+,+-./-012-32+4)0+-

-

:"1%)36817%./%,".0,%-,%,1>17*+%*-6-014%/.7%0"1%#3?61)014%7#-*?3)'%@.61%A."171)A1%-)%0"1%71,3*0,%

A#)%81%.8,17>14%1>1)%0".3?"%0"1%,".0%A.)4-0-.),%9171%).0%0"1%,#61'%

%

B! :"1%,-63*#0-.),%9-0"%C@$-A1%01)4%0.%.>171,0-6#01%0"1%41A71#,1%./%0"1%A3771)0,%-)%0"1%-))17%#)4%

0"1%.3017%7#-*,'%:"1%$#7#61017,%./%0"1%A-7A3-0%#71%>#7-#8*1%830%0"-,%-,%).0%,3//-A-1)0%0.%0#D1%-)0.%

#AA.3)0%#**%0"1%$"1).61)#'%

B! :"1%1)17?+%3,14%-)%0"1%1E$17-61)0,%9#,%*.9%#)4%0"1%>1*.A-0-1,%#71%).0%>17+%"-?"F%#8.30%<GG%0.%

<HG%6I,'%:"1%A.)4-0-.),%0.%6#-)0#-)%,.*-4%A.)0#A0,%#71%71,$1A014%#,%-0%A#)%81%>17-/-14%9-0"%0"1%

61#,3714%63JJ*1%>.*0#?1'%

B! :"1%610".4% $7.$.,14%8+% K@!LGMN% -,% ).0% #$$*-A#8*1'%(,% #)% 1E#6$*1% 0"1% A37>1% -)% O-?'% &'=P%

71$71,1)0,%0"1%4-//171)A1%810911)%0"1%>.*0#?1%#0%0"1%$-),%#)4%0"1%>.*0#?1%-)%0"1%*..$%#0%$.-)0%

C<'%:"171%-,%).%-)/.76#0-.)%#>#-*#8*1%0.%1,0-6#01%0"1%7#0-.%./%0"1%A3771)0%-)%0"1%09.%873,"1,'%

B! Q,-)?%0"1%>.*0#?1%-)%0"1%*..$%.//17,%6.71%-)/.76#0-.)'%:"1%#AA37#A+%-,%)1>170"1*1,,%).0%>17+%

"-?"'%

B! :"1% >#*31,% ?->1)% 8+% 0"1% (R@S@% ,-63*#0-.),% #71% 177.)1.3,% 81A#3,1% 0"1% 6.>-)?% ./% 0"1%

$7.T1A0-*1%A#)).0%81%A.),-41714%

B! :"1% A.6$#7-,.)% 9-0"% 0"1% 09.% .0"17% 610".4,% ,".9,% 0"#0% 0"1% #76#0371% .)% 0"1% 8711A"% ,-41%

,3$$.70,%#8.30%0"711%U3#7017,%./%0"1%?*.8#*%-))17%A3771)0'%:"-,%-,%#8.30%0"1%,#61%/.7%0"1%).)B%

#3?61)014%7#-*?3)'%

B! :"1%61#,37161)0%01A")-U31,%#71%A.6$*1E%830%0"1+%"#>1%0.%81%-6$7.>14%-/%91%9#)0%0.%1,0-6#01%

0"1%A3771)0%4-,07-830-.)%-)%0"1%#76#0371%A.771A0*+'%

%

O-?'%&'=PV%5>.*30-.)%./%W$-),%–%W*..$%9"1)%0"1%873,"1,%$#,,1,%#A7.,,%0"1%$.-)0%C<%

!

&'X%!.)A*3,-.)%

:"1%/-)#*%71,3*0%-,%).0%9"#0%"#,%811)%1E$1A014%9"1)%91%,0#7014%0"-,%9.7D'%Y1%9171%A.)/-41)0%-)%

0"1%$.,,-8-*-0+%0.%.80#-)%#)%#AA37#01%A3771)0%7#0-.%810911)%0"1%09.%873,"1,%#)4%0.%416.),07#01%0"#0%0"1%

#3?61)014% 7#-*?3)% A#)% "#>1% #% $.,-0->1% -)/*31)A1% .)% 0"1% A3771)0% 4-,07-830-.)% -)% 0"1% #76#0371'% :"1%

01A")-U31,%#71%).0%91**%#4#$014%/.7%*.9%>1*.A-0-1,%#)4%91%A.3*4%).0%1E$*.71%#)+%6.4-/-A#0-.),%./%0"1%

$7.$.,14%610".4%431%0.%#%/#3*0%.)%#%0"+7-,0.7'%

Y1% "#>1% 1,0-6#014% 0"1% 177.7,% 6#41% 8+% 3,-)?% C@$-A1% #)4% O5Z% 8+% (R@S@% ,./09#71'% :"1%

$#7#61017,%./% 0"1%A-7A3-0%63,0%81%410176-)14%>17+%$71A-,1*+% 0.% 0#D1% -)0.%#AA.3)0% 0"1% ,D-)%1//1A0%#)4%

"#$%&'"())#

'*+,

'*+*-

*

*+*-

*+,

*+,-

*+.

*+**,- *+**,/ *+**,0 *+**., *+**.1 *+**.- *+**./ *+**.0

"#$%!&'(!

)
*
#+
'!
–
!)
,-
-
*
!&
)
(!



!"#$%&'%()#*+,-,%./%0"1%21,3*0,%#)4%5,0-6#0-.)%./%%

0"1%!3771)0%21$#70-0-.)%810911)%0"1%:9.%;73,"1,%

<=>%

?1*.@-0+%,A-)%1//1@0%@71#014%8+%0"1%@3771)0%$3*,1%#)4%8+%0"1%6.?-)B%./%0"1%$7.C1@0-*1'%:"1%61@"#)-@#*%

81"#?-.7%-,%#*,.%@.6$*1D%431%0.%0"1%/7-@0-.)%810911)%0"1%873,"1,%#)4%0"1%7#-*,'%

E1,$-01%#**%0"1,1%3)@170#-)0-1,F%0"1%71,3*0,%.80#-)14%#71%,#0-,/+-)B'%:"1%177.7,%.)%0"1%?1*.@-0-1,%#71%

*1,,% 0"#)%<GH'%:"-,% -,%$7.8#8*+% -)% 0"1%,#61%.7417%#,% /.7%@"16-@#*%B3),'%2#-*B3),%#71%@.)@1-?14%/.7%

"-B"%63II*1%?1*.@-0-1,'%:"1+%)114%"-B"%1)17B+%,.37@1,%4-,07-83014%.)%0"1%*1)B0"%./%0"1%7#-*B3)%#,%91%

9-**%,11%-)%0"1%)1D0%@"#$017%41?.014%0.%0"1%41,-B)%./%#%"-B"%,$114%#3B61)014%7#-*B3)'%

%



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!"#$%&'(!)!

!

!

*$($+'&(,-!./$012'2!34(!.56+'/&'7!8$,065/2!

!

!

&':'! =0,)586.,-50!

>+! #$?+! 3++0! ,#$,! )$-17603! $)+! +1+.,)5*$70+,-.! 1$60.#! 323,+*3! @#-.#! #$?+! ,#+! %5,+0,-$1! ,5!

$..+1+)$,+!%)5A+.,-1+3!,5!?+15.-,-+3!#-7#+)!,#$0!B!C*D3'!E5)!$!.50?+0,-50$1!)$-1760F!)$-3-07!,#+!.6))+0,!-3!

,#+!5012!@$2!,5!-0.)+$3+!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5A+.,-1+'!/67*+0,+8!)$-17603!$)+!$G1+!,5!

)+86.+!,#+!.503,)$-0,3!50!,#+!$)*$,6)+!G2!1-*-,-07!,#+!#+$,-07!54!,#+!31-8-07!.50,$.,3!G+,@++0!,#+!)$-13!

$08!,#+!G)63#!$)*$,6)+3!86+!,5!,#+!H561+I+44+.,!$08!,5!,#+!4)-.,-50!@#-.#!.$0!.$63+!,#+!*+1,-07!54!,#+3+!

.50,$.,3'!J#+!8+7)++3!54!4)++85*!$)+!*5)+!-*%5),$0,!45)!$0!$67*+0,+8!)$-1760!-0!.5*%$)-350!@-,#!$!

.50?+0,-50$1!50+'! =08++8F! ,#+!.6))+0,! "#!*$2!G+!8+4-0+8! -08+%+08+0,12! -0!$*%1-,68+!$08!3#$%+'!J#+!

7+5*+,)2!54!,#+!56,+)!.-).6-,!#$3!$135!,5!G+!8+4-0+8!,5!*$K-*-L+!,#+!+1+.,)5*$70+,-.!45).+'!!

=0!,#+!4-)3,!%$),F!,#+!45).+3!50!,#+!56,+)!)$-1!$08!50!,#+!%)5A+.,-1+!@-11!G+!3,68-+8'!J#+3+!3-*61$,-503!

$)+! $! %$)$*+,)-.! 3,682! 45)! ,#+! %)+8+3-70! 54! $0! $67*+0,-07! .-).6-,! 45)! ,#+! +K-3,-07! 050I$67*+0,+8!

)$-1760!9/E=9/!M9/%-8!E=)+!9/-1760N!$..5)8-07!,5!=OP!3%+.-4-.$,-503'!J#+!3-*61$,-503!$)+!*$8+!45)!

$05,#+)!7+5*+,)2!$08!3,$08!$%$),!4)5*!,#+!3-*61$,-503!$08!+K%+)-*+0,3!@-,#!P/9/!8-3.633+8!-0!,#+!

5,#+)!.#$%,+)3'!9/E=9/!#$3!$!3Q6$)+!.$1-G+)!54!BR!**!$08! ,#+! -00+)!)$-13!#$?+!$!)+.,$0761$)!.)533I

3+.,-50!54!BR!**!K!BS!**'!J#+)+45)+!5012!$!)+.,$0761$)!.)533I3+.,-50!54!,#+!56,+)!)$-13!-3!.503-8+)+8'!

J#+)+!$)+!,#)++!%$)$*+,+)3!@#-.#!.$0!G+!?$)-+8F!,#+!8-3,$0.+!$!G+,@++0!,#+!-00+)!$08!,#+!56,+)!)$-13!

$08!,#+!#+-7#,!$08!@-8,#!54!,#+!1$3,!50+'!J#)++!.56%1+3!54!.6))+0,3!"%!$08!"#!$)+!4-K+8'!J#)++!*+,#583!

$)+! 63+8! ,5! .$1.61$,+! ,#+! 45).+3! $08!@-11! G+! 8-3.633+8'!/! 3-*-1$)! %$)$*+,)-.! 3,682!@$3! 8-3.633+8! -0!

TU/PS;V'! J#-3! 1+$83! ,5! $0! 5%,-*-L+8! 7+5*+,)2'! J#+! 5GA+.,-?+3! 54! ,#-3! 3,682! $)+! ,5! 8+3-70! $0!

$67*+0,+8!)$-1760!.$%$G1+!54!$..+1+)$,-07!%)5A+.,-1+3!@-,#!$!*$33!54!:SS!,5!BSS!7!,5!$!?+15.-,2!54!:!,5!

B!C*D3F!@-,#!,#+!.508-,-50!,#$,!,#+!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!*63,!G+!1-*-,+8!,5!W!XYD*'!J#-3!

1-*-,! -3!G$3+8!50! ,#+!36%%5),!3,)6.,6)+!63+8!$,! =OP!@#+)+! ,#+!#563-07!54! ,#+! )$-1760! -3!*$8+!54! ,@5!

3+%$)$,+!G15.C3!#518-07!,#+!)$-13F!3%$.+8!G2!.21-08)-.$1!36%%5),3!$08!C+%,!,57+,#+)!@-,#!,#)+$8+8!)583!

-0! 3,++1'!J#+!.6))+0,! -0! ,#+!56,+)! )$-1F! $08! ,#63! ,#+!*$70+,-.! 4-+18F! -3! 1-*-,+8!G2! ,#+!+1+.,)5*$70+,-.!

45).+3! 50! ,#+! )$-13'! =0! Z! &'B!@+! -0?+3,-7$,+! ,#+! -0416+0.+! 54! ,#+! 8-*+03-503! 54! ,#+! 56,+)! )$-1! 50! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!%)5A+.,-1+!$08!50!,#+!)$-13!45)!$0!$67*+0,+8!)$-1760'!J#+3+!3-*61$,-503!

@-11!$115@!$!)567#!8+3-70!54!$!#-7#!%5@+)!)$-1760'!/!.5*%1+,+!8+3-70!0++83!,5!+K$*-0+!$135!,#+!715G$1!

+44-.-+0.2F! ,#+! *+.#$0-.$1! 4+$3-G-1-,2! $08! ,#+! *$K-*$1! .6))+0,! 8+03-,2! -0! .5*%$)-350! @-,#! $!

.50?+0,-50$1!)$-1760!45)!,#+!3$*+!%+)45)*$0.+3'!

=0!,#+!3+.508!%$),F!@+!@-11!5%,-*-L+!,#+!%)5A+.,-1+'!J#+!%$)$*+,+)3!@+!?$)-+8!$)+!,#+!8-$*+,+)!54!

,#+!,@5!G)63#+3!$08!,#+!8-3,$0.+!G+,@++0!,#+*'!J#+!3-*61$,-503!$)+!*$8+!@-,#!,#+!(O%-.+!.58+!45)!,#+!

P/9/!.504-76)$,-50'!

=0!,#+!1$3,!%$),!@+!3,682!,#+!4++8-07!54!$!)$-1760'!J#)++!,2%+3!$)+!.503-8+)+8F!$!.1$33-.$1!$67*+0,+8!

)$-1760!45)!@#-.#!,#+!1+07,#!54!,#+!-00+)!)$-1!-3!3,68-+8F!$!3+7*+0,+8!)$-1760!$08!$!8-3,)-G6,+8!+0+)72!

3,5)$7+!M[\ON!)$-1760'!J#+!3-*61$,-503!$)+!*$8+!@-,#!,#+!(O%-.+!.58+!45)!,#+!P/9/!7+5*+,)2'!

!

!

!

!

!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

&'='! >%,-*-?$,-50!54!,#+!(53-,-50!$08!,#+!@-*+03-503!54!,#+!>6,+)!9$-1!A">BCDE!

!"#"$"! %&'()*+,'-)&.

!

F#-3!3,682!-3!G$3+8!50!,#+!+H-3,-07!9/%-8!BI)+!9/-1760!9/BI9/!$,!IJK'!9/BI9/!-3!$!;!*!1507!

.50L+0,-50$1!)$-1760!M-,#!$!3N6$)+!.$1-G+)!54!=O!**'!I0!,#+!3-*61$,-503P!$0!$67*+0,-07!%$-)!54!)$-13!-3!

$88+8!,5!,#+!9/BI9/!7+5*+,)2'!F#+!-0416+0.+!54!,#+!%53-,-50!$08!,#+!8-*+03-503!54!,#+3+!$67*+0,-07!

)$-13!50!,#+!45).+!50!,#+!%)5Q+.,-1+!$08!,#+!)$-13!-3!3,68-+8'!F#+!8-*+03-503!45)!,#+!-00+)!)$-13!$)+!4-H+8!

$08! ,#+!5GQ+.,-L+3! $)+! ,5! 4-08!$! )+$1-3,-.!5%,-*6*! 45)! ,#+!56,+)! )$-1! -0! ,+)*3!54! 3-?+! $08!%53-,-50! ,5!

5G,$-0!$!7-L+0!L$16+! 45)! ,#+! -*%613+!$08! ,5! 1-*-,! ,#+!+1+.,)5*$70+,-.! 45).+3!$%%1-+8! ,5! ,#+! )$-13!$08!

+3%+.-$112!,#+!56,+)!50+3'!I0!.50361,$,-50!M-,#!IJKP!,#+!45115M-07!.503,)$-0,3!$)+!63+8R!

S!T6??1+!L+15.-,2!54!:!S!=!U*V3!45)!$!%)5Q+.,-1+!M-,#!$!*$33!54!=CC!S!:CC!7W!-,!*+$03!$0!-*%613+!!

54!!=CC!X3'!

S!Y1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!1+33!,#$0!<':C
&
!XV*!

>0!50+!#$08!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5Q+.,-1+!*63,!G+!*$H-*6*!45)!7-L+0!.6))+0,3'!>0!

,#+! 5,#+)! #$08P! 45).+3! 50! ,#+! )$-13! 8+,+)*-0+! ,#+! .503,)6.,-50! .503,)$-0,3! $08! -,! -3! G+,,+)! ,5! )+86.+!

,#+*'!/3!M+!M-11!3++!1$,+)P!G5,#!L$)2!-0!,#+!3$*+!M$2'!J5!M+!M-11!#$L+!,5!*$U+!$!.5*%)5*-3+'!

F#)++!7+5*+,)-.!%$)$*+,+)3!$)+!.503-8+)+8P!,#+!8-3,$0.+!/!G+,M++0!,#+!-00+)!$08!,#+!56,+)!)$-13P!0!

$08!1P!)+3%+.,-L+12!,#+!M-8,#!$08!,#+!#+-7#,!54!,#+!56,+)!)$-1'!F#+!3-?+3!54!,#+!-00+)!)$-13!$)+!-08-.$,+8!

50!B-7'!&':'!

.

!

!

!

!

!

!

!

B-7'!&':R!Z+5*+,)2!54!,#+!$67*+0,+8!)$-1760!

F#+!.6))+0,!%2!-3!.#53+0!$)G-,)$)-12!$08!,#+!$*%1-,68+3!%3!$)+!.$1.61$,+8!,5!5G,$-0!,#+!3$*+!-*%613+!

54!=CC!X3!50!,#+!%)5Q+.,-1+!based on the railgun force equation with L’9!!= 0.4 µH and M’ = 0.2 µH for 

#$)*50-.!.6))+0,3'!F#)++!.56%1+3!54!L$16+3!$)+!.503-8+)+8!G6,!,#+!)+361,3!$)+!05,!$11!7-L+0'!F#+!

.6))+0,3!63+8!-0!,#+!,)$03-+0,!$0$123+3!$)+!$8$%,+8!35!,#+!*$H-*6*!54!,#+!.6))+0,3!.5))+3%5083!M-,#!

,#+!L$16+3!-0!F$G1+!&':!$08!,#+!-*%613+!.5))+3%5083!M-,#!=CC!X3'!

F$G1+!&':R!"56%1+3!54!.6))+0,!-0!,#+!-00+)!$08!56,+)!)$-13!

I9! [CC!U/! OCC!U/! &CC!U/!

I/! :=&D!U/! <;;!U/! O::!U/!

F#+3+!.6))+0,3!$)+!5G,$-0+8!G2!8-3.#$)7+!54!,M5!.$%$.-,5)!G$0U3!M-,#!+$.#!4-L+!.$%$.-,5)3'!J5!,#+!

.6))+0,!+L516,-503!$)+!1-U+!,#$,!7-L+0!50!B-7'!&'='!!F5!)+$.#!,#+!0++8+8!*$H-*6*!7-L+0!-0!F$G1+!&':P!$!

.5+44-.-+0,!-3!$%%1-+8P!-'+'!,#+!-0-,-$1!L51,$7+3!50!,#+!.$%$.-,5)3!$)+!$8$%,+8'!

!!

#!!!
7!!!!
=C!**!!!

=O!**!!!

!=C!**!!!
7!!!
!#!!!

M!!!

=O!**!!!

>6,+)!)$-1!!!

>6,+)!)$-1!!!

I00+)!)$-1!!!

!I00+)!)$-1!!!

()5Q+.,-1+!!!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!
=-7'!&'>?!@)$03-+0,!.6))+0,!$%%1-+8!,5!,#+!-00+)!$08!56,+)!)$-13!

@5! $.#-+A+! ,#-3! 5%,-*-B$,-50C! D+! D-11! 63+! ,#+! =-0-,+! E1+*+0,3! "58+! /FGHG'! @D5! ,2%+3! 54!

3-*61$,-50!D-11!I+!0++8+8?!

J! >K!3-*61$,-503!,5!.5*%6,+!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13'!@#+!.$1.61$,-50!,-*+!45)!50+!

.$3+!-3!3#5),!

J! ;KJ3-*61$,-503!,5!.5*%6,+!,#+!45).+!$08!,#+!-*%613+!50!,#+!%)5L+.,-1+'!@D5!*+,#583!$)+!63+8?!

!! 8-)+.,12!D-,#!$!;K!,)$03-+0,!$0$123-3!D-,#!$!4-M+8!%)5L+.,-1+N!,#-3!,$O+3!$!1507!,-*+'!

!! $0$12,-.$112!D-,#!,#+!45).+!+P6$,-50!D#-.#!-3!4$3,+)!I6,!0+.+33-,$,+!,5!8+,+)*-0+!4-)3,!

L’!!$08!M’!

"#$#$#! %&'()*+,-./')0(12+*('31+/1)4'1!-0&31

"#$#$#5#! %6-,7&'1+81%&'()*+,-./')0(12+*('31+/1)4'1!-0&31

Q+! %)5%53+! ,D5! +M$*%1+3! ,5! -1163,)$,+! ,#-3! %5-0,'! R0! ,#+! 4-)3,! .$3+! ,#+! .6))+0,! 9:! S:>&T! O/U! -3!

-*%5),$0,!-0!.5*%$)-350!D-,#!,#+!.6))+0,!9!!SVWW!O/U'!@#+!7+5*+,)-.!%$)$*+,+)3!$)+!7!X!Y!**C!D!X!>V!

**!$08!#!X!>W!**'!@#+!56,+)!)$-1!-3!4$)!+0567#!4)5*!,#+!-00+)!)$-1!S-351$,-50!-336+3U!$08!-3!)+1$,-A+12!

1$)7+'!/11! ,#+!45).+3!$)+!%53-,-A+!$08!,#+!1-*-,!54! !Z':W
&
!F[*!-3!05,!)+$.#+8!S=-7'!&';U'!@#+!,5,$1!E\!

45).+!50!,#+!)$-13C!)+%)+3+0,+8!I2!,#+!)+8!.6)A+C! -3! ,#+!36*!54!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!-00+)!

$08!56,+)!)$-1!$08!.5))+3%5083!D-,#!,#+!45).+!50!,#+!#563-07!54!,#+!)$-13'!!

R0!,#+!3+.508!+M$*%1+!,#+!56,+)!)$-1!-3!,#-0!$08!3*$11!SD!X!>!**!$08!#!X!>!**U!$08!0+$)!,5!,#+!

-00+)!)$-1N! ,#+!.6))+0,!-*%613+3!$)+! ,#+!3$*+'!R,!.$0!I+!5I3+)A+8! -0!=-7'!&'V! ,#$,! ,#+!+1+.,)5*$70+,-.!

45).+!50!,#+!-00+)!)$-1!SI1$.O!.6)A+U!-3!0+7$,-A+!45)!$!1507!,-*+'!\5)+5A+)!,#+!A$16+3!+M.++8!1$)7+12!,#+!

4-M+8!.503,)$-0,!54!Z':W
&
!F[*'!@#+!.6))+0,!8+03-,-+3!-0!,#+!)$-13!45)!,#+3+!7+5*+,)-+3!D-,#!.6))+0,!)$,-5!

VWW!O/[:>&T!O/C!3#5D!,#$,!,#+!0+7$,-A+!.6))+0,3!-086.+8!-0!,#+!-00+)!)$-1!I2!,#+!56,+)!)$-1!.6))+0,!$)+!

D+11!3%)+$8!$,!,#+!36)4$.+!54!,#+!-00+)!)$-1!,5D$)83!,#+!56,+)!)$-1!-0!,#+!.$3+!54!$!1$)7+!56,+)!)$-1!S=-7'!

&'Y$U'!=5)!$!3*$11!56,+)!)$-1!S=-7'!&'YIUC!,#+!-086.+8!.6))+0,!-3!.50.+0,)$,+8!$,!,#+!*-881+!54!,#+!36)4$.+!

54!,#+!-00+)!)$-1!.153+!,5!,#+!56,+)!)$-1!D-,#!.6))+0,!8+03-,-+3!#-7#+)!,#$0!,#53+!54!,#+!-0L+.,+8!.6))+0,!

.50.+0,)$,+8! -0! ,#+! .5)0+)3! $,! ,#+! 3-8+! 54! ,#+! %)5L+.,-1+'! G-0.+! ,#+! *$70+,-.! 4-+18! -3! -0A+)3+12!

%)5%5),-50$1! ,5! ,#+!3P6$)+!54! ,#+!8-3,$0.+C! ,#-3!+M%1$-03!D#2!,#+!*$70+,-.! 45).+!50! ,#+! -00+)!)$-13! -3!

0+7$,-A+!S-0D$)83U'!=5)!.503,)6.,-50!)+$3503C!0+7$,-A+!45).+3!50!,#+!-00+)!)$-13!#$A+!,5!I+!$A5-8+8'!

!

"

#""""

$"""""

$#""""

%"""""

%#""""

&"""""

&#""""

'"""""

'#""""

#"""""

" "("""# "(""$ "(""$# "(""% "(""%# "(""&

!"#$%&'(

)
*
++
$
,
-%
&.
(

)*++,-.!/--,+!+0/12

)*++,-.!3*.,+!+0/12



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!
=-7'!&'>?!@1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!45)!$!1$)7+!56,+)!)$-1!AB;!**!C!B<!**D!8+,+)*-0+8!E-,#!$!BF!

,)$03-+0,!$0$123-3G!H9!I!;<<!J/!$08!H/!I!:B&K!J/L!!

!

=-7'!&';?!@1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!45)!$!3*$11!56,+)!)$-1!AB**!C!B!**D!8+,+)*-0+8!E-,#!$!BF!,)$03-+0,!

$0$123-3G!H9!I!;<<!J/!$08!H/!I!:B&K!J/!

!

!

!

!

!

!

!

!

!

!

!!$! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!M!

=-7'!&'N?!O58+1!45)!,#+!.6))+0,!8-3,)-M6,-50!45)!$!1$)7+!56,+)!)$-1!A$D!$08!$!3*$11!56,+)!)$-1!AMD!

!

!!

!

"

#

$

%

&

'

(

)

*

! !+# !+% !+' !+) " "+# "+% "+' "+) #

!"#$%&#'(

)
*
%+
,
-.
$
%&
*
/
0#
(

)*%+,-.$%,1%"11$-%-2"3%

)*%+,-.$%,1%,45$-%-2"3

!,523%)*%+,-.$%,1%-2"3'

,"&

,"!

,&

!

&

"!

"&

#!

#&

! !+# !+% !+' !+) " "+# "+% "+' "+) #

!"#$%&#'(

)
*
%+
,
-.
$
%&
*
/
0#
(

)*%+,-.$%,1%"11$-%-2"3

)*%+,-.$%,1%,45$-%-2"3

!,523%)*%+,-.$%,1%-2"3'

'!

56,+)!)$-1! 56,+)!)$-1!

-00+)!)$-1! -00+)!)$-1!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;:!

!"#"#"#"! $%&%'()&*+,-.%/01*1,

<5!.5*%$)+!,#+!45).+3!50!,#+!)$-13=!>+!8+,+)*-0+!,#+!*$?-*6*!,5,$1!45).+!45)!+$.#!7+5*+,)2!$08!

.6))+0,!)$,-5'!@+-7#,!2!$08!>-8,#!3!A$)2!4-)3,!-0!$!1$)7+!85*$-0!B **;C>D ££ !$08! **;C#D ££ E!

$08!$!1$)7+!$)+$!-3!$135!.#53+0!45)!4!B **:F7: ££ E'!

!
G-7'!&'&H!I0416+0.+!54!,#+!>-8,#!54!,#+!56,+)!)$-1!50!,#+!,5,$1!+1+.,)5*$70+,-.!45).+!!

!#!J!D;!**!BI9!J!;CC!K/!$08!I/!J!:D&L!K/E!

!
G-7'!&'LH!I0416+0.+!54!,#+!#+-7#,!54!,#+!56,+)!)$-1!50!,#+!,5,$1!+1+.,)5*$70+,-.!45).+!!

>!J!DF!**!BI9!J!;CC!K/!$08!I/!J!:D&L!K/E!

<#+! *$?-*6*! A$16+! 8+%+083! 50! ,#+! *$?-*$1! A$16+! 54! ,#+! .6))+0,! $08! 50! ,#+! )$,-5! 5675-'! /!

323,+*$,-.!$0$123-3!#$3!,5!M+!850+'!!I,!.$0!M+!5M3+)A+8!,#$,!,#+!>-8,#!#$3!$!3*$11!-0416+0.+!BG-7'!&'&E!

$08!-,!-3!05,!0+.+33$)2!,5!+01$)7+!,#+!56,+)!)$-1!,5!8+.)+$3+!,#+!+1+.,)5*$70+,-.!45).+'!<#+!*$?-*6*!-3!

5M,$-0+8!45)!$!>-8,#!54!$M56,!DC!**'!!

<#+!,5,$1!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13!-3!8+.)+$3-07!>-,#!-0.)+$3-07!#+-7#,!2!$08!8-3,$0.+!4!

M+,>++0!,#+!)$-13!BG-7'!&'LE'!G5)!,#+!.6))+0,!)$,-5!&CC!K/NF::!K/!,#+!*$?-*$1!,5,$1!45).+!-0!460.,-50!54!

,#+!>-8,#! -3! 45608!$,!M!J!D!**'!G5)! ,#+! ,>5!5,#+)! .6))+0,! )$,-53! ,#+! 45).+! .6)A+! -0! 460.,-50!54! ,#+!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

=-8,#!75+3! ,#)567#!$!*$>-*6*'!?#-3! -3!$! )+361,!54!,#+!0+7$,-@+!+1+.,)5*$70+,-.!45).+3!50! ,#+! -00+)!

)$-1'!?#+! 5@+)$11!*$>-*$! 54! ,#+! ,5,$1!*$70+,-.! 45).+! $)+! 1-3,+8! -0! ?$A1+! &'<'!?#+! 15=+3,!*$>-*6*!

;'B':C
&
!DE*!-3!45608!45)!,#+!#-7#+3,!.6))+0,!)$,-5!&CC!F/EG::!F/'!?#+!*$>-*6*!&'B':C

&
!DE*!45608!

45)!GCC!F/EBHH!F/!-3!$A56,!;C!I!#-7#+)!$08!,#+!*$>-*6*!:C';':C
&
!DE*!45)!;CC!F/E:<&J!F/!-3!*5)+!

,#$0!,=5!,-*+3!#-7#+)!,#$0!,#+!50+!45608!45)!,#+!#-7#+3,!.6))+0,!)$,-5'!K6,!,#+!5A,$-0+8!@$16+3!$)+!05,!

)+$1-3,-.!A+.$63+!$!8-3,$0.+!54!:!**!A+,=++0!,#+!56,+)!$08!,#+!-00+)!)$-1!-3!,55!3*$11!,5!5A,$-0!$!7558!

-351$,-50! L+'7'! M/9/N! 7! O! G!**P'!/135! ,#+! .6))+0,! 8+03-,2! -0! ,#+! )$-13! #$3! ,5! A+! .503-8+)+8! -0! ,#+!

8+,+)*-0$,-50!54! ,#+!.)533Q3+.,-50!54! ,#+!)$-13'!D+@+),#+1+33R! ,#-3! 3,682!$115=3! )+86.-07! ,#+!)$07+!54!

@$)-$,-50!45)!,#+!,#)++!8-*+03-503!!R!"!$08!#'!

?$A1+!&'<N!S$>-*6*!,5,$1!45).+!50!,#+!)$-13!

?5,$1!T5).+! S$>-*6*! U-8,#!=! V+-7#,!#! W-3,$0.+!7!

X9!O!;CC!F/R!!!

X/!O!:<&J!F/!
:CR;':C

&
!DE*! :;!**! <!**! :!**!

X9!O!GCC!F/R!!!

X/!O!BHH!F/!
&RB':C

&
!DE*! :<!**! <!**! :!**!

X9!O!&CC!F/R!!!

X/!O!G::!F/!
;RB':C

&
!DE*! <!**! <!**! :!**!

!

$%&%'%! ()*+,-./0!1*,2+34.-+*53.13,"*36-.7*+,2)*3

$%&%'%8%! '934212,*3()*/*1,3:10);52533

?#+!85*$-0!54!3,682!-3!7-@+0!50!T-7'!&'B'!?#+!1+07,#!54!,#+!)$-13!-3!1-*-,+8!,5!:;C!**!86+!,5!,#+!

,55!#-7#!06*A+)!54!058+3!=#-.#!#$@+!,5!A+!.503-8+)+8!,5!#$@+!$!7558!+0567#!$..6)$.2'!!

!

T-7'!&'BN!S+3#-07!-0!HW!3-*61$,-50!63-07!/DYZY!

$%&%'%&%! 60-0/*,-2+3:nalysis for L’<3and M’3

?5!.5*%$)+! ,#+!+1+.,)5*$70+,-.! 45).+3!50! ,#+!%)5[+.,-1+!45)! ,#+!8-44+)+0,!7+5*+,)-+3!=+!0++8! ,5!

8+,+)*-0+!L’<3and M’'!/!3-*-1$)!*+,#58!$3!8+3.)-A+8!-0!\!H';':!-3!63+8'!?#+!$0$123+3!$)+!*$8+!45)!$!

#$)*50-.!.6))+0,!=-,#!,=5!4)+]6+0.-+3'!/!#$)*50-.!.6))+0,!=-,#!$!4)+]6+0.2!54!:C!V^!#$3!A++0!63+8!

-03,+$8!54!$!8.!.6))+0,!A+.$63+!$!8.!.6))+0,!.5618!05,!A+!63+8!45)!,#+!HW!3-*61$,-50!-0!/DYZY'!/3!

3$-8!A+45)+R!,#+!A+3,!4)+]6+0.2!=5618!A+!:CC!FV^!,5!3-*61$,+!,#+!3F-0!+44+.,!A6,!,#+!)+361,3!.5618!05,!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

=+!%)5.+33+8!45)!$!<>!3-*61$,-50!$08!$!4)+?6+0.2!54!:!@AB!=$3!=++0!.#53+0'!C0!,#+!0+D,!%$)$7)$%#!E+!

E-11! 3++! ,#$,! ,#+! +1+.,)5*$70+,-.! 45).+3! .$1.61$,+8! E-,#! ,#+! ,-*+F8+%+08+0,! G$16+3! 45)! L’!! $08!M’!

=$3+8!50!,#+!#$)*50-.!$0$123+3!45)!:H!AB!$08!:!@AB!3#5E!$!7558!4-,!E-,#!,#+!+1+.,)5*$70+,-.!45).+!

.$1.61$,+8!E-,#!$!8-)+.,!<>!,)$03-+0,!$0$123-3'!!

!

!

!

!

!

!

!

!

!

!

I-7'!&'JK!L$)-$,-50!54"L’!!$08!M’!E-,#!,#+!#+-7#,!45)!$!E-8,#!54!MH!**!–!I)+?6+0.2!:H!AB!

!

!

!

!

!

!

!

!

!

!

I-7'!&':HK!L$)-$,-50!54!L’!!$08!M’!E-,#!,#+!E-8,#!45)!$!#+-7#,!54!MH!**!–!I)+?6+0.2!:H!AB!

!

!

!

!

!

!

!

!

!

!

I-7'!&'::K!L$)-$,-50!54!L’!!$08!M’!E-,#!,#+!#+-7#,!45)!$!E-8,#!54!MH!**!–!I)+?6+0.2!:!@AB!

!
!"#$%&'"%()*+'#,("&-)'&)./)01!

!"#$!

!"%!

!"%$!

!"&!

!"&$!

!"'!

!"'$!

!! %! '! (! )! #!! #%! #'! #(! #)! %!!
0(,*2&)3445!

!"
#
$
%
&'
"
%
(
)*
+'
#
,(
"
&)
36
0
74
5!

89):)*);)<)44!
89):)*);)=)44!
89):)*);)>)44!
89):)*);)?)44!
89):)*);)@)44!
A9):)*);)<)44!
A9):)*);)=)44!
A9):)*);)>)44!
A9):)*);)?)44!
A9):)*);)@)44!

! !"#$%&'"%()*+'#,("&-)'&)./)01!

!"#$!

!"%!

!"%$!

!"&!

!"&$!

!"'!

!"'$!

!! %! '! (! )! #!! #%! #'! #(! #)! %!!
B,#&2)3445!

!"
#
$
%
&'
"
%
(
)*
+'
#
,(
"
&)
36
0
74
5! 89):)*);)<)44!

89):)*);)=)44!
89):)*);)>)44!
89):)*);)?)44!
89):)*);)@)44!
A9):)*);)<)44!
A9):)*);)=)44!
A9):)*);)>)44!
A9):)*);)?)44!
A9):)*);)@)44!

! !"#$%&'"%()*+'#,("&-)'&).)C01!

!"%!

!"%$!

!"&!

!"&$!

!"'!

!"'$!

!! %! '! (! )! #!! #%! #'! #(! #)! %!!
0(,*2&)3445!

!"
#
$
%
&'
"
%
(
)*
+'
#
,(
"
&)
36
0
74
5! 89):)*);)<)44!

89):)*);)=)44!
89):)*);)>)44!
89):)*);)?)44!
89):)*);)@)44!
A9):)*);)<)44!
A9):)*);)=)44!
A9):)*);)>)44!
A9):)*);)?)44!
A9):)*);)@)44!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;;!

!

!

!

!

!

!

!

!

!

!

<-7'!&':=>!?$)-$,-50!54!L’!!$08!M’!@-,#!,#+!@-8,#!45)!$!#+-7#,!54!=A!**!–!<)+B6+0.2!:!CDE!

<5)!,#+!4)+B6+0.2!54!:A!DE!F<-7'!&'G!$08!<-7'!&':AHI!,#+!#+-7#,!"!$08!,#+!@-8,#!#!#$J+!05!-0416+0.+!

50! L’!! $08! ,#+! J$)-$,-50! 54!M’! @-,#! ,#+! 8-3,$0.+! 7! K+,@++0! ,#+! ,@5! )$-13! -3! 45)+3++$K1+'! /,! ,#+!

4)+B6+0.2!54!:!CDE!F<-7'!&'::!$08!&':=HI!,#+!@-8,#!54!,#+!56,+)!)$-1!#$3!05!-0416+0.+'!L#+!#+-7#,!*63,!

K+! 3*$11! $08! -,! -3! -0,+)+3,-07! ,5! 1-*-,! ,#+! 8-3,$0.+! K+,@++0! ,#+! ,@5! )$-13! K6,! ,#+)+! -3! $! 0+.+33$)2!

*+.#$0-.$1!1-*-,!86+!,5!,#+!+1+.,)5*$70+,-.!45).+3'!!

$%&%'%'%! ()*+,-).-/",-0*)1,+/23,-

M+45)+!@+!.$0!*$C+! $!%$)$*+,)-.! $0$123-3!54! ,#+! 45).+!50! ,#+!%)5N+.,-1+I!@+!#$J+! ,5!8+4-0+! ,#+!

%$)$*+,+)3!L’!!$08!M’!45)!@#-.#!@+!#$J+!,@5!8-44+)+0,!J$16+3!8+%+08-07!50!,#+!4)+B6+0.2'!O0!<-7'!

&':P!@+!.$0!3++!,#+!J$)-$,-50!54!,#+!45).+!50!,#+!%)5N+.,-1+!.$1.61$,+8!@-,#!,#+!J$16+3!5K,$-0+8!45)!,#+!

,@5!4)+B6+0.-+3'!L#+2!$)+!.5*%$)+8!@-,#!$!8-)+.,!,)$03-+0,!$0$123-3!45)!,#+!3$*+!.6))+0,3'!!

/!7558!$7)++*+0,!.$0!K+!5K3+)J+8!$,!,#+!K+7-00-07!54!,#+!3#5,!45)!,#+!.$1.61$,-503!@-,#!,#+!J$16+3!

.5))+3%508-07! ,5! :! CDE! $08! $,! ,#+! +08!@-,#! ,#53+! 45)! :A!DE'! Q5!@+! %)5%53+! $! .5*K-0$,-50! 54! ,#+!

J$16+3!,5!.$1.61$,+!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5N+.,-1+'!

! R!J$16+3!54!L’!!$08!M’!$,!:!CDE!,-11!A'P!*3!

! R!J$16+3!54!L’!!$08!M’!$,!:A!DE!4)5*!:'GS!*3!

R!L’!-$08!M’!1-0+$)12!8+.)+$3-07!4)5*!,#+!J$16+3!$,!:!CDE!,5!,#+!J$16+3!$,!:A!DE!K+,@++0!A'P!!

!!/08!:'GS!*3!

L#+! %)5%53+8! 1-0+$)! 4-,,-07! 7-J+3! J+)2! 7558! )+361,3! F<-7'! &':;HT! ,#+! 8-44+)+0.+! K+,@++0! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!%)5N+.,-1+!.$1.61$,+8!@-,#!K5,#!*+,#583!-3!@-,#-0!=U'!V+!@-11!63+!-,!45)!

$!%$)$*+,)-.!$0$123-3!54!,#+!45).+!50!,#+!%)5N+.,-1+'!!

! !"#$%&'"%()*+'#,("&-)'&).)/01!

!"#!

!"#$!

!"%!

!"%$!

!"&!

!"&$!

!! #! &! '! (! )!! )#! )&! )'! )(! #!!
2,#&3)4556!

!"
#
$
%
&'
"
%
(
)*
+'
#
,(
"
&)
47
0
85
6!

9:);)*)<)=)55!
9:);)*)<)>)55!
9:);)*)<)?)55!
9:);)*)<)@)55!
9:);)*)<)A)55!
B:);)*)<)=)55!
B:);)*)<)>)55!
B:);)*)<)?)55!
B:);)*)<)@)55!
B:);)*)<)A)55!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!
=-7'!&':>?!!"5*%$)-350!54!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!A+,B++0!$!8-)+.,!.5*%6,-07!$08!$0$12,-.$1!

.5*%6,-07!C05B-07!,#+!D$16+3!54!L’!!$08!M’!

!
=-7'!&':;?!!"5*%$)-350!54!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!A+,B++0!$!8-)+.,!.5*%6,-07!$08!$0$12,-.$1!

.5*%6,-07!B-,#!1-0+$)!4-,,-07!54!L’!!$08!M’!

!

"#$#%#&#! '()(*+,)-./01(234-4/56/,7+/8(9-*:*/;5).+/51/,7+/')5<+.,-2+/

E0.+! ,#+! -086.,$0.+! 7)$8-+0,3! $)+! 8+,+)*-0+8!B+! .$0! .$1.61$,+! $0$12,-.$112! ,#+! +1+.,)5*$70+,-.!

45).+!50!,#+!%)5@+.,-1+'!F#+!4-,,+8!D$16+3!45)!M’!$08!L’!!$08!,#+!.6))+0,3!45)!,#+!,)$03-+0,!$0$123+3!$)+!

63+8'!F5!.5*%$)+!,#+!)+361,3G!B+!8+,+)*-0+!,#+!*$H-*6*!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!45)!

+$.#!7+5*+,)2!$08!+$.#!.6))+0,! )$,-5'!I5,-.+! ,#$,!B+!.$0!.$1.61$,+! ,#+!+1+.,)5*$70+,-.! 45).+!50!,#+!

%)5@+.,-1+!45)!$02!.6))+0,!)$,-5!B+!B$0,'!!

F#+!*$H-*6*!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!-3!8+.)+$3-07!B-,#!-0.)+$3-07!#+-7#,!7!$08!

8-3,$0.+!=!45)!$11!.6))+0,!)$,-53!J=-7'!&':<K'!F#+!D$16+3!-0!460.,-50!54!,#+!B-8,#!>G!3#5B0!-0!=-7'!&':&G!

75!,#)567#!$!*$H-*6*!$08!3#5B!$!8-%!$,!B!L!:;!**!1-C+!,#+!D$16+3!45)!M’!$,!:!CMN'!!

F#+!5D+)$11!*$H-*$!$)+!%)+3+0,+8!-0!F$A1+!&'>'!F#+!15B+3,!*$H-*6*!-3!45608!45)!&OO!C/P<::!C/'!

F#+!*$H-*$!45608!45)!;OO!C/P:Q&R!C/!$08!<OO!C/PS>>!C/!$)+!)+3%+.,-D+12!:>!T!$08!&!T!#-7#+)'!

!

"!

#!

$!

%!

&!!

&"!

&#!

&$!

! !'( & &'( " "'( )

!"#$%&#'(

)
*$
+
,-
.
#
/
0
1
$
,"
+
%2
.
-+
$
%.
1
%3
-.
4$
+
,"
*$
%&
5
6
(%
7%
%%
%%

!-/1'"$1,%/1/*8'"'

9:;/1/*8'"'%/,%<=%>?

9:;/1/*8'"'%/,%<%5>?

!

"!

#!

$!

%!

&!!

&"!

&#!

&$!

! !'( & &'( " "'( )

!"#$%&#'(

)
*$
+
,-
.
#
/
0
1
$
,"
+
%2
.
-+
$
%3
-.
4$
+
,"
*$
%&
5
6
(%

!-/1'"$1,%/1/*8'"'

@"1$/-%2",%@A%/1B%CA



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;&!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

<-7'!&':=>!?0416+0.+!54!,#+!#+-7#,!54!,#+!56,+)!)$-1!50!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!

A!B!CD**!E?9!B!;DD!F/!$08!?/!B!:C&G!F/H!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

<-7'!&':&>!?0416+0.+!54!,#+!A-8,#!54!56,+)!)$-1!50!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!

A!B!CD!**!E?9!B!;DD!F/!$08!?/!B!:C&G!F/H!

!

I$J1+!&'K>!L$16+3!$08!%53-,-503!54!,#+!5M+)$11!*$N-*$!45)!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!

OP!45).+!50!

%)5@+.,-1+!

P$N-*6*! A! #! 7!

?9!B!;DD!F/Q!!!

?/!B!:C&G!F/!

:R=!FS! T!**! C!**! C!**!

?9!B!=DD!F/Q!!!

?/!B!TKK!F/!

:T;!FS! T!**! C!**! C**!

?9!B!&DD!F/Q!!!

?/!B!=::!F/!

:GK!FS! T!**! C!**! C!**!

!

!

!

!"#!

!$#!

!%#!

!&#!

!'#!

!(#!

!)#!

*##!

#! *! $! &! (! !#! !*! !$! !&! !(! *#!
!"#$%&'())*!

+
,
'-
.
/0
"
'(
1
2
*!

$'3'4'))!
$'3'5'))!
$'3'6'))!
$'3'7'))!
$'3'8'))!

!

!%#!

!%%!

!&#!

!&%!

!'#!

!'%!

!(#!

#! *! $! &! (! !#! !*! !$! !&! !(! *#!
9#:&%'())*!

+
,
'-
.
/0
"
'(
1
2
*!

$'3'4'))!
$'3'5'))!
$'3'6'))!
$'3'7'))!
$'3'8'))!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!"#"$"! %&'()*+,-./,0+1+2&3.-134.,45,16+,76+42+138-))9,:+*1,;+4&+129,

=#+! -*%613+! .$0! >+! .$1.61$,+8! >2! -0,+7)$,-50! 54! ,#+! $0$12,-.$112! 8+,+)*-0+8! 45).+! .6)?+'! =#+!

5>@+.,-?+!-3!,5!7+,!$0!-*%613+!54!ABB!C3'!D5)!$!.#53+0!-*%613+E!,#+!56,+)!)$-1!.6))+0,!.$0!>+!.$1.61$,+8!

-4!,#+!-00+)!)$-1!.6))+0,!-3!4-F+8'!

G-,#! ,#+! ,#+5)+,-.$112! >+3,! 7+5*+,)2! H+! *+$0! ,#+! >+3,! 7+5*+,)2! 45608! >$3+8! 6%50! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!$08!50!,#+!%)5@+.,-1+'!=5!5>,$-0!,#+!-*%613+!*+0,-50+8!$>5?+!H+!

#$?+!,5!*$F-*-I+!,#+!45).+!50!,#+!%)5@+.,-1+'!J6,!#-7#!+1+.,)5*$70+,-.!45).+3!50!,#+!%)5@+.,-1+!*+$0!

$135!#-7#!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13'!G+!4-F!,#+!1-*-,!45)!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13!

$,! K':B
&
!CL*! 45)! .503,)6.,-50! )+$3503'! =#+)+45)+! H+! #$?+! ,5! 4-08! $! >$1$0.+! >+,H++0! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!$08!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+'!!

=#+! +1+.,)5*$70+,-.! 45).+3! 50! ,#+! )$-13! @63,! $3! ,#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5@+.,-1+! $)+!

-0.)+$3-07!H-,#! 8+.)+$3-07! 8-3,$0.+! >+,H++0! ,#+! )$-13! <! $08!#+-7#,!6'!=#+! 45).+! 50! ,#+! %)5@+.,-1+! -3!

8+.)+$3-07!4$3,+)!45)!<!$08!6!,#$0!,#+!45).+!50!,#+!)$-13'!=#+!>+3,!)$,-5!54!,#+!45).+!50!,#+!%)5@+.,-1+!$08!

,#+!45).+3!50!,#+!)$-13!-3!45608!$,!$!8-3,$0.+!>+,H++0!,#+!)$-13!54!7!M!A!**!$08!$!#+-7#,!54!#!M!A!**'!

=#+!5%,-*$1!H-8,#!=!-3!05,!35!+$32!,5!4-08'!=#+!*$F-*$1!+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+!

45)! 7! M! A!**! $08! #! M! A!**! -3! 45608! $,! K! **! 45)! $11! ,#)++! .6))+0,! )$,-53'! =#+! *$F-*6*! 54! ,#+!

+1+.,)5*$70+,-.! 45).+! 50! ,#+! )$-13! 8+%+083! 50! ,#+! .6))+0,! )$,-5'! =#+! >+3,! )$,-5! 54! ,#+! 45).+! 50! ,#+!

%)5@+.,-1+!$08!,#+!45).+3!50!,#+!)$-13!-3!45608!$,!H!M!K!**!45)!,#+!.6))+0,!)$,-53!&BB!N/LO::!N/!$08!

OBB!N/LKPP!N/!$08!$,!H!M!A!**!45)!;BB!N/L:A&<!N/'!/05,#+)!%5-0,!54!-0,+)+3,!-3!,#+!+1+.,)5*$70+,-.!

45).+3!50!,#+!-00+)!)$-1'!Q4!,#+!H-8,#!H!-3!.#53+0!,55!3*$11E!H+!H-11!0++8!$!#-7#!.6))+0,!-0!,#+!-00+)!)$-1!

,5!$?5-8!0+7$,-?+!+1+.,)5*$70+,-.!45).+3!-0!,#+!-00+)!)$-13'!G+!#$?+!.#53+0!H!M!K!**!,5!5%,-*-I+!,#+!

+1+.,)5*$70+,-.!45).+!50!,#+!%)5@+.,-1+'!

!"#">"! ?0,72-.*3+.1,@.-)9*3*,45,16+,76+42+138-),A4)(134.,

!"#">"B"! 0+1+2&3.-134.,45,16+,C(22+.1,D-134*,,,,,

G+! 4-)3,! #$?+! ,5! 5%,-*-I+! ,#+! .6))+0,! )$,-53! 0++8+8! ,5! 5>,$-0! ,#+! 8+3-)+8! -*%613+3! 45)! ,#+! >+3,!

,#+5)+,-.$1!7+5*+,)2'!D5)!$0! -*%613+!54!ABB!C3E!H+!?$)2! ,#+! -00+)!.6))+0,!>+,H++0!PBB!$08!&BB!N/!

$08!.$1.61$,+!,#+!.5))+3%508-07!56,+)!.6))+0,!$3!-0!R!&'A':'!>6,!>$3+8!50!,#+!?$16+3!45),L’D!$08!M’!45)!

,#+!5%,-*-I+8!7+5*+,)2'!D5)!,#+3+!.6))+0,!)$,-53!$!AS!,)$03-+0,!$0$123-3!H$3!.$))-+8!56,!,5!8+,+)*-0+!

,#+! .5))+3%508-07! +1+.,)5*$70+,-.! 45).+3! 50! ,#+! )$-13'!=#+! )+361,3! 54! ,#+3+! .$1.61$,-503! $)+! 1-3,+8! -0!

=$>1+!&';'!

=$>1+!&';T!"6))+0,!)$,-53!.$1.61$,+8!,5!8+,+)*-0+!$0!-*%613+!50!,#+!%)5@+.,-1+!54!ABB!C3!45)!,#+!,#+5)+,-.$112!

>+3,!7+5*+,)2!$08!,#+!.5))+3%508-07!*$F-*6*!,5,$1!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!
!

!

!

!

!

=#+!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!8+.)+$3+!H-,#!$0!-0.)+$3-07!.6))+0,!-0!,#+!-00+)!)$-13'!U-0.+!

1-*-,-07!,#+!.6))+0,!-0!,#+!-00+)!)$-13!-3!,#+!*$-0!)+$350!H#2!H+!H$0,!,5!8+3-70!$0!$67*+0,+8!)$-1760E!

H+!.#553+!,#+!.6))+0,!)$,-5!H-,#!,#+!15H+3,!-00+)!.6))+0,!H#+)+45)+!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!

)$-13!-3!3*$11+)!,#$0!K':B
&
!CL*'!J6,!45)!,#+!.6))+0,!)$,-5!;BB!N/L:BPB!N/!,#+)+!-3!$!3-70-4-.$0,!0+7$,-?+!

45).+! 50! ,#+! -00+)! )$-13'! =#+! )+361,3! 45)! ;OB!N/LKO<!N/! 3#5H! 5012! $! 15H! 0+7$,-?+! +1+.,)5*$70+,-.!

45).+!50!,#+!-00+)!)$-1!$,!,#+!?+)2!>+7-00-07!54!,#+!$0$123-3!$08!,#+)+45)+!,#-3!.6))+0,!)$,-5!-3!.#53+0!$3!

3516,-50'!

Q9!VN/W! PBB! POB! ;BB! ;OB! OBB! OOB! &BB!

Q/!VN/W! :O:K! :A;P! :BPB! KO<! <:P! OKX! ;KB!

D!VYCL*W! ::EX! XEA! <EO! &EP! OEO! ;EX! ;EO!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!"#"$"#"! %&'()*+,-./')0(12+*('1-/314,56&7'1+/1)8'19*+:'()0&'1111

/! =>! ,)$03-+0,! $0$123-3! ?$3! .$))-+8! 56,! 45)! ,#+! @+3,! ,#+5)+,-.$1! 7+5*+,)2! 45)! ,#+! .6))+0,! )$,-5!

;AB!C/D<AE!C/'!F#+!.6))+0,!)$,-5!;AB!C/D<AE!C/!?$3!5%,-*-G+8!,5!5@,$-0!$0!-*%613+!54!HBB!I3'!F#+!

-*%613+!@$3+8!50!,#+!)+361,3!54!,#+!=>!,)$03-+0,!$0$123-3J!.$1.61$,+8!$3!.50,)51J!-3!HBH!I3'!

!"#"!"! ;+/(&670+/1

K5)!,#+!.503,)6.,-50!54!$0!$67*+0,+8!)$-1760J!,#+!-0416+0.+!54!,#+!7+5*+,)2!54!,#+!56,+)!)$-1!50!,#+!

*$70+,-.! 45).+3!50! ,#+!%)5L+.,-1+!?$3! 3,68-+8'!F#+!5@L+.,-M+! -3! $!*6GG1+!M+15.-,2!54!:NH!C*D3! 45)! $!

%)5L+.,-1+!?-,#!$!*$33!54!:BBNHBB!7!$08!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!15?+)!,#$0!<':B
&
!ID*'!!!

/!H>!,)$03-+0,!$0$123-3!?$3!.$))-+8!56,!45)!,#+!8+,+)*-0$,-50!54!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!

)$-13'!F#+! ,5,$1!+1+.,)5*$70+,-.! 45).+!50! ,#+! )$-13!8+.)+$3+3!?-,#! -0.)+$3-07!#+-7#,!8!$08!8-3,$0.+!.'!

F#+! 15?+3,! 5M+)$11!*$O-*6*! -3! 45608! 45)! ,#+! .6))+0,! )$,-5!?-,#! ,#+! #-7#+3,! -00+)! )$-1! .6))+0,'!F#+!

?-8,#!?!?#+)+!,#+!5M+)$11!*$O-*$!$)+!45608!-3!8+%+08-07!50!,#+!.6))+0,!)$,-5'!!

F#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5L+.,-1+!?$3! $0$12,-.$112! .$1.61$,+8!?-,#! ,#+! 45).+N+P6$,-50'!

F#+!.5+44-.-+0,3!54!,#-3!45).+N+P6$,-50!L’<!$08!M’!?+)+!8+,+)*-0+8!?-,#!=>!/"!$0$123+3!$,!:B!QG!$08!

:! CQG'! F#+! 45).+! 50! ,#+! %)5L+.,-1+! 8+.)+$3+3! ?-,#! -0.)+$3-07! #+-7#,! 81 $08! 8-3,$0.+! .'! F#+! 5M+)$11!

*$O-*$! ?+)+! 45608! $,! ?! R! <!**'! F#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5L+.,-1+! -3! -0.)+$3-07! ?-,#!

8+.)+$3-07!.6))+0,!)$,-5'!

F5!8+,+)*-0+!,#+!,#+5)+,-.$112!@+3,!7+5*+,)2!$!@$1$0.+!@+,?++0!,#+!+1+.,)5*$70+,-.!45).+3!50!,#+!

)$-13! $08! 50! ,#+! %)5L+.,-1+! #$3! ,5! @++0! 45608'! F#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5L+.,-1+! -3! 4$3,+)!

8+.)+$3-07!?-,#!,#+!8-3,$0.+!.!$08!,#+!#+-7#,!8!,#$0!,#+!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13'!F#+!?-8,#!

=!?$3!5%,-*-G+8!,5!5@,$-0!$!*$O-*6*!45).+!50!,#+!%)5L+.,-1+'!F#+!,#+5)+,-.$112!@+3,!7+5*+,)2!-3!,#+0!!!!!!!!!!!!

7!R!H!**J!#!R!H!**!$08!?!R!<!**'!

F#+0!?+!8+,+)*-0+8!,#+!@+3,!.6))+0,!)$,-5!45)!,#-3!7+5*+,)2!,5!5@,$-0!$0!-*%613+!54!HBBI3'!/!=>!

,)$03-+0,! $0$123-3! ?$3! .$))-+8! 56,! 45)! ,#+! ,#+5)+,-.$112! @+3,! 7+5*+,)2'! F#+! 8-44+)+0.+! @+,?++0! ,#+!

8-)+.,12! 8+,+)*-0+8! $08! ,#+! $0$12,-.$112! .$1.61$,+8! 45).+! 50! ,#+! %)5L+.,-1+! -3! ?-,#-0! H! S! $08! ,#+!

8+,+)*-0+8!-*%613+!-3!HBH!I3'!F#+!*$O-*6*!,5,$1!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13!-3!&'=':B
&
!ID*!

45)!,#-3!.504-76)$,-50'!K5)!$0!-*%613+!54!;BB!I3!,#+!1-*-,!54!<':B
&
!ID*!45)!,#+!+1+.,)5*$70+,-.!45).+!

50!,#+!)$-13!?$3!05,!$.#-+M+8!45)!$0!$..+%,$@1+!-00+)!.6))+0,'!

F#+! 5@,$-0+8! 3516,-50! 45)! $0! -*%613+! 54! HBB! I3! -3! $! ,#+5)+,-.$1! 3516,-50! @$3+8! 6%50! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!$08!50!,#+!%)5L+.,-1+'!T,#+)!.)-,+)-$!#$M+!,5!@+!.503-8+)+8!45)!,#+!

4-0$1!.503,)6.,-50J!1-C+!,#+!*+.#$0-.$1!4+$3-@-1-,2!$08!,#+!*$O-*$1!.6))+0,!8+03-,2'!!

!

&'='! ()5L+.,-1+!T%,-*-G$,-50!U"TKB<$V!

F#+!.6))+0,!8-3,)-@6,-50!@+,?++0!,#+!@)63#+3!54!$!%)5L+.,-1+!-3!-0416+0.+8!@2!,#+!$67*+0,-07!4-+18!

@+.$63+!,#+!.6))+0,!@)63#+3!$08!,#+!)$-13!45)*!$!.153+8!155%'!F5!3,682!,#+!-0416+0.+!54!,#+!7+5*+,)2!54!

,#+!%)5L+.,-1+!50!,#+!.6))+0,!8-3,)-@6,-50J!$!%$)$*+,)-.!3,682!?-,#!(W%-.+!45)!8-44+)+0,!)$8-63! *!54!,#+!

.6))+0,!@)63#+3!$08!8-44+)+0,!8-3,$0.+3!-!@+,?++0!,#+!.6))+0,!@)63#+3!-3!.$))-+8!56,'!F#+!3,682!54!,#+!

.6))+0,!8-3,)-@6,-50!-0!,#+!%)5L+.,-1+!-3!-*%5),$0,!@+.$63+!?+!?$0,!,5!5@,$-0!$!@$1$0.+8!8-3,)-@6,-50!,5!

%53,%50+!.50,$.,!,)$03-,-50!$3!1507!$3!%533-@1+'!/!@+,,+)!@$1$0.+8!15$8!$135!1+$83!,5!15?+)!,+03-1+!$08!

.5*%)+33-M+!3,)+33+3!-0!,#+!%)5L+.,-1+!$08!,#-3!$115?3!,5!)+86.+!,#+!8+$,#!*$33!54!,#+!%)5L+.,-1+'!!

K-7'! &':E! )+%)+3+0,3! ,#+! .6))+0,! %)54-1+3! .$1.61$,+8!?-,#! (W%-.+! 45)! $! %)5L+.,-1+!?-,#! $! 8-3,$0.+!

@+,?++0!,#+!.6))+0,!@)63#+3!$!R!:A!**!$08!45)!8-44+)+0,!M$16+3!45)!,#+!)$8-631*!54!,#+!.6))+0,!@)63#+3'!

/! #-7#+)! )$8-63! *J! )+361,3! -0! $! 15?+)! ,+*%+)$,6)+! >8! $08! ,#63! -0! $! 15?+)! )+3-3,$0.+! 54! ,#+! .6))+0,!

@)63#+3!$08!#-7#+)!.6))+0,3'!F#-3!#$3!$0!+44+.,!50!,#+!.6))+0,!%)54-1+3!86)-07!,#+!?#51+!86)$,-50!54!,#+!

3#5,'!F#+!3-*61$,-503!$)+!.$))-+8!56,!45)!,#+!)$-1760!X/9/!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

=-7'! &':>! )+%)+3+0,3! ,#+! .6))+0,! %)54-1+3! .$1.61$,+8!?-,#! (@%-.+! 45)! $0! $67*+0,+8! )$-1760! 45)! $!

%)5A+.,-1+! ?-,#! ,?5! .6))+0,! B)63#+3! ?-,#! )$8-63! )! C! D**! $08! 45)! 8-44+)+0,! 8-3,$0.+3! B+,?++0! ,#+!

B)63#+3'! /! #-7#+)! 8-3,$0.+! !! B+,?++0! ,#+! .6))+0,! B)63#+3! )+361,3! -0! $! #-7#+)! -0416+0.+! 54! ,#+!

$67*+0,-07!4-+18!B+.$63+!,#+!36)4$.+!8+4-0+8!B2!,#+!.153+8!.50,56)!45)*+8!B2!,#+!.6))+0,!B)63#+3!$08!

,#+!%$),!54!,#+!-00+)!)$-13!-0!B+,?++0!-3!B-77+)'!E#+!-0416+0.+!54!,#+!$67*+0,-07!4-+18!-3!#-7#!?#+0!,#+!

8+)-F$,-F+!"#$%"&!54!,#+!.6))+0,!'!-0!,#+!56,+)!)$-13!-3!#-7#'!/,!,#+!B+7-00-07!54!,#+!3#5,!$!.1+$)!8-44+)+0.+!

B+,?++0!,#+!.6))+0,!%)54-1+3!-3!45608G!$,!,#+!+08!54!,#+!3#5,!,#+!8-44+)+0.+!-3!3*$11'!

!
=-7'!&':HI!"6))+0,!%)54-1+3!.$1.61$,+8!?-,#!(@%-.+!45)!$0!$67*+0,+8!)$-1760'!!

()5A+.,-1+!?-,#!,?5!.6))+0,!B)63#+3!?-,#!8-44+)+0,!)$8-63!(!$08!8-3,$0.+!B+,?++0!,#+!B)63#+3!$!C!:J!**'!

!

!
=-7'!&':>I!"6))+0,!%)54-1+3!.$1.61$,+8!?-,#!(@%-.+!45)!$0!$67*+0,+8!)$-1760'!!

()5A+.,-1+!?-,#!,?5!.6))+0,!B)63#+3!?-,#!)$8-63!)!C!D**!$08!8-44+)+0,!8-3,$0.+3!!!B+,?++0!,#+!B)63#+3'!

&';'! /0$123-3!54!K-44+)+0,!E2%+3!54!=++8-07!L"M=NH$OLP/QNHO!

! =5)!,#+!5%,-*-R$,-50!54!,#+!$67*+0,-07!.-).6-,G!,#)++!8-44+)+0,!.504-76)$,-503!45)!,#+!56,+)!)$-13!

?+)+!.5*%$)+8'!E#+!(=S!45)!,#+! -00+)!.-).6-,!.503-3,3!54!,?5!.$%$.-,5)!B$0T3!?-,#!UN!C!H!TV'!E#+!

(=S! 45)! ,#+! 56,+)! .-).6-,! #$3! 456)! .$%$.-,5)! B$0T3!?-,#! UN! C! :N! TV'!E#+! 8-3.#$)7-07! ,-*+3! 54! ,#+!

.$%$.-,5)!B$0T3!?+)+!$1,+)+8! ,5!5B,$-0!$!*6RR1+!F+15.-,2!54!:NNN!*W3'!E#+!+44-.-+0.2!54! ,#+!)$-1760!

?$3! 8+,+)*-0+8! 45)! ,#+3+! .$3+3'! E#+! 3-*61$,-503! $)+! *$8+! ?-,#! ,#+! (@%-.+! .58+! 45)! ,#+! Q/9/!

7+5*+,)2'!

!

)*+*,*' -!(!../.'$012/3&/"'4!5.103'

!

E#+! 1+07,#! 54! ,#+! -00+)! $08! 56,+)! )$-13! 54! ,#+! %$)$11+1! $67*+0,+8! )$-1760!Q/9/! -3! :'J!*! X=-7'!

&':<Y'!E#+!.6))+0,! -0A+.,-50! -3!$,! ,#+!B)++.#!54!,#+!)$-1!760'!E#+!?+-7#,!54! ,#+!%)5A+.,-1+!?$3!$1,+)+8!

!"#$#

#$#

"#$#

%##$#

%"#$#

&##$#

&"#$#

'##$#

'"#$#

# #$" % %$" & &$"

()*+,-*./

0
1
22
+
3
4,
-5
6
/

0122+34,733+2
89):.

0122+34,;14+2
89):.

0122+34,<%,2,=,'
**

0122+34,<&,2,=,'
**

0122+34,<%,2,=
'$",**

0122+34,<&,2,=
'$",**

0122+34,<%,2,=,>
**

0122+34,<&,2,=,>
**

0122+34,<%,2,=
>$",**

0122+34,<&,2,=
>$",**

!"#$#

#$#

"#$#

%##$#

%"#$#

&##$#

&"#$#

'##$#

'"#$#

# #$" % %$" & &$"

()*+,-*./

0
1
22
+
3
4,
-5
6
/

0122+34,733+2
89):.

0122+34,;14+2
89):.

0122+34,<%,9,=
%",**

0122+34,<&,9,=
%",**

0122+34,<%,9,=
&#,**

0122+34,<&,9,=
&#,**

0122+34,<%,9,=
&",**

0122+34,<&,9,=
&",**

0122+34,<%,9,=
'#,**

0122+34,<&,9,=
'#,**



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

4)5*!:;!,5!=;!7'!!>5)!+$.#!*$33!,#)++!8-44+)+0,!.$3+3!?+)+!3,68-+8'!@0!.$3+!$A!$11!,#+!.$%$.-,5)!B$0C3!54!

,#+!56,+)!.-).6-,!$)+!8-3.#$)7+8!$,!,!D!<!*3'!@0!.$3+!BA!,#+!4-)3,!,?5!.$%$.-,5)!B$0C3!$)+!8-3.#$)7+8!$,!,!D!

<!*3!$08! ,#+!5,#+)! ,?5!B$0C3!54! ,#+!56,+)!.-).6-,!?+)+!7)56%+8!$)5608! ,#+!8-3.#$)7+!54! ,#+!3+.508!

.$%$.-,5)!B$0C!54! ,#+!-00+)!.-).6-,'!E#+!8-3.#$)7+3!54! ,#+!B$0C3! -0!.$3+!.A!?+)+!5%,-*-F+8! ,5!#$G+!$!

*5)+!5)!1+33!.503,$0,!.6))+0,'!E#+!.6))+0,3!$)+!7-G+0!50!>-7'!&'=<'!

!

!

!

!

!

!

!

!

>-7'!&':HI!@0416+0.+!54!,#+!1+07,#!

!
>-7'!&'=<I!"6))+0,!+G516,-50!45)!,#+!J!.$3+3!

E#+!#-7#+3,!G+15.-,2!-3!5B,$-0+8!?#+0!$11!B$0C3!$)+!1$60.#+8!$,!,!D!<!*3'!E#+!8-3.#$)7-07!,-*+3A!

,#+!*6FF1+! G+15.-,2! !! $08! ,#+! +44-.-+0.2!η! 45)! ,#+! 8-44+)+0,! .$3+3! $)+! )+%)+3+0,+8! -0!E$B1+! &';'!E#+!

+44-.-+0.2!η!-3!8+4-0+8!$3!,#+!)$,-5!54!,#+!C-0+,-.!+0+)72!$,!,#+!*6FF1+!$08!,#+!-0-,-$1!+0+)72!3,5)+8!-0!

,#+! .$%$.-,5)3'! E#+! B+3,! +44-.-+0.2! -3! 45608! 45)! .$3+! .'!E#+! +44-.-+0.2! -3! 5G+)$11! G+)2! 15?! K=L;!MN'!

O5)+!,#$0!P<!M!54!,#+!+0+)72!-3!8-33-%$,+8!86+!,5!,#+!)+3-3,$0.+!54!,#+!56,+)!)$-13'!!!

E$B1+!&';I!O6FF1+!G+15.-,2A!+44-.-+0.2!$08!8-3.#$)7-07!,-*+!,:!54!,#+!3+.508!B$0C!-0!,#+!-00+)!.-).6-,!$08!,=A!,J!

$08!,Q!54!,#+!3+.508A!,#-)8!$08!456),#!B$0C!-0!,#+!56,+)!.-).6-,!45)!8-44+)+0,!*$33+3!54!,#+!%)5R+.,-1+!

*!

K7N!

,:!

K*3N!

,=!

K*3N!

,J!

K*3N!

,Q!

K*3N!

"$3+! G!

K*S3N!

η!

KMN!

:;! :'P<! <'<<! <'<<! <'<<! $! HHH'T! =':;!

:;! :'T<! <'<<! :'&;! :'&;! B! HHH'T! J'J=!

:;! :'&T! <':<! <'T;! :'J;! .! :<<<'<! J'JT!

=<! :'<&! <'<<! <'<<! <'<<! $! :<<:'<! ='PP!

=<! <'HQ! <'<<! <'T;! <'T;! B! HHH'J! Q'<J!

=<! <'H<! <'<<! <';<! <'H<! .! :<<:'P! Q':<!

=;! <';<! <'<<! <'<<! <'<<! $! HHH';! ='QT!

=;! <'Q;! <'<<! <'J<! <'J<! B! :<<<'T! Q'J&!

=;! <'=:! <'<<! <'Q;! <'H<! .! :<<<'T! ;'<J!

!

"!!

#!!

$!!

! !%& ' '%& "

()*+,-*./

0
1
22
+
3
4,
-5
6
/

7

,8

9

@/!

@9!

1+07,#!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;:!

<$=1+!&'&>!?6@@1+!A+15.-,-+3!$08!+44-.-+0.-+3!45)!$!%$)$11+1!$67*+0,+8!)$-1760!B-,#!5%,-*-@+8!1+07,#!45)!,#+!56,+)!

)$-13!45)!8-44+)+0,!*$33+3!54!,#+!%)5C+.,-1+'!

*!

D7E!

"$3+! F+07,#!

D*E!

A!

D*G3E!

η!

DHE!

:;! $! :';! III'J! K':;!

KL! $! :'K! :LLL'J! M':M!

KL! =! :'K! :LLL'L! N'MI!

KL! .! :'K! III'J! N'NN!

K;! $! L'I! III'I! N'NN!

K;! =! L'I! :LLL'J! ;'NM!

K;! .! :':! III';! ;'&;!

!

O0!5)8+)! ,5! )+86.+! ,#+3+! +0+)72! 1533+3!B+! 4-)3,! ,)2! ,5!5%,-*-@+! ,#+! 1+07,#!54! ,#+!56,+)! )$-13'!P+!

8+,+)*-0+8!,#+!1+07,#!B#+)+!,#+!#-7#+3,!A+15.-,2!B$3!5=,$-0+8!45)!,#+!.$3+3!$08!*$33+3!8+3.)-=+8!-0!

<$=1+! &'&'! <#+0!B+! $8$%,+8! ,#+! 8-3.#$)7-07! ,-*+3! 54! ,#+! .$%$.-,5)! =$0Q3! ,5! 5=,$-0! $! A+15.-,2! !! 54!

$%%)5R-*$,+!:LLL!*G3!45)!,#+!0+B!$8$%,+8!1+07,#!54!,#+!56,+)!)$-13S!45)!,#+!8-44+)+0,!*$33+3!$08!.$3+3!

$08!.$1.61$,+8!,#+!+44-.-+0.2!η'!T5)!$!*$33!54!:;!7!,#+!*$R-*6*!-3!45608!$,!:';!*'!<#-3!-3!86+!,5!,#+!

#-7#! 8-3.#$)7-07! ,-*+! 54! ,#+! 3+.508! .$%$.-,5)! =$0Q! -0! ,#+! -00+)! .-).6-,'! T5)! ,#+! 5,#+)! *$33+3! ,#+!

*$R-*6*!A+15.-,2! -3! 45608!$,!$!3#5),+)! 1+07,#!54! ,#+!56,+)! )$-13!$08!,#+!+44-.-+0.2!#$3! -0.)+$3+8'!/!

7+0+)$1!5%,-*$1!1+07,#!54!,#+!56,+)!)$-13!.$005,!=+!8+4-0+8'!

"#$#%#& '()*(+,(-&./0/11(1&23)*(+,(-&4/51)3+&

<#+!3+.508!%$)$11+1!$67*+0,+8!)$-1760!#$3!56,+)!)$-13!,#$,!$)+!3+7*+0,+8!DT-7'!&'K:E'!<#-3!)$-1760!

#$3! .6))+0,! -0C+.,-50! %5-0,3! $,! ,#+! =+7-00-07! 54! +$.#! 3+7*+0,'! <5! 5%,-*-@+! ,#+! 1+07,#! 54! ,#+! 4-)3,!

3+7*+0,S!B+!.$1.61$,+8!,#+!%53-,-50!54!,#+!%)5C+.,-1+!$,!,#+!*5*+0,!,#+!,#-)8!$08!456),#!=$0Q3!D.$3+!=E!

$)+! 8-3.#$)7+8'!<#+! 1+07,#! 54! ,#+! 3+7*+0,3! -3! $8$%,+8! 35! ,#+! %)5C+.,-1+! #$3! C63,! +0,+)+8! ,#+! 3+.508!

3+7*+0,!B#+0!,#+!.6))+0,!-0!,#-3!3+.,-50!-3!-0C+.,+8!$08!B+!.$1.61$,+8!!6!$08!η6'!<#+0!,#+!8-3.#$)7-07!

,-*+3! B+)+! $8$%,+8! ,5! 5=,$-0! $! A+15.-,2! 54! $%%)5R-*$,+! :LLL! *G3! D!%E! ,5! =+! $=1+! ,5! .5*%$)+! ,#+!

+44-.-+0.2!η%!D<$=1+!&'JE!B-,#!,#+!+44-.-+0.2!54!,#+!05)*$1!%$)$11+1!$67*+0,+8!)$-1760'!!

!

!

!

!

!

!

!

!

!

T-7'!&'K:>!U.#+*$,-.!54!$!3+7*+0,+8!%$)$11+1!$67*+0,+8!)$-1760'!

!

!

!

!

!

!

O9

O/S: O/SK

O/S: O/SK



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

=$>1+!&'?@!A+15.-,-+3!$08!+44-.-+0.-+3!45)!$!3+7*+0,+8!%$)$11+1!$67*+0,+8!)$-1760!B-,#!5%,-*-C+8!1+07,#!!!54!,#+!

4-)3,!3+7*+0,D!45)!8-44+)+0,!*$33+3!54!,#+!%)5E+.,-1+'!

! *!

F7G!

H!

F*G!

I:!

F*J3G!

η:!

FKG!

I<!

F*J3G!

η<!

FKG!

LMN! :;! O'??! :OPP'Q! R'<Q! :OOO'R! <'?P!

<O! O':Q! PP<'<! S';R! ! !

<O! O'<;! ! ! QSO'P! R'<Q!

TML! :;! O'?;! :O;:';! S'R?! QQQ'?! S'OO!

<O! O':P! :OSR';! S';R! :OOO';! S':&!

!

"#$#%#& '()&*+,+--.-&/012.34.5&6+7-103&

! =#+!TML!FT-3,)->6,+8!M0+)72!L,5)$7+G!%$)$11+1!$67*+0,+8!)$-1!760!#$3!56,+)!)$-13!-0!50+!%-+.+!$08!

#$3!>+3-8+3!$!.6))+0,!-0E+.,-50!%5-0,!$,!,#+!>)++.#!54!,#+!56,+)!)$-13!$!3+.508!-0E+.,-50!%5-0,!$1507!,#+!

56,+)!)$-13!FU-7'!&'<<G'!/7$-0!,#+!%53-,-50!54!,#+!%)5E+.,-1+!B$3!8+,+)*-0+8!$,!,#+!*5*+0,!,#$,!,#+!,#-)8!

$08!456),#!>$0V3!$)+!8-3.#$)7+8'!=#+!-0E+.,-50!%5-0,3!B+)+!15.$,+8!$,!,#+3+!%53-,-503'!=#+!+44-.-+0.-+3!

η8!$08!η9!B+)+!8+,+)*-0+8!$,!*$W-*6*!I+15.-,2&:8!$08!$,!:9!$%%)5W-*$,+12!:OOO!*J3'!/!TML!%$)$11+1!

$67*+0,+8!)$-1760!#$3!05!%)5>1+*3!B-,#!.6))+0,!1533!$08!,#+!%)5E+.,-1+!54!<O!7!)+$.#+3!$!I+15.-,2!54!

:OSR';!*J3!B-,#!$!.6))+0,!-0E+.,-50!%5-0,!$,!O':P!*'!U5)!$!%)5E+.,-1+!54!<O!7!,#+!TML!)$-1760!)+$.#+3!$!

15B+)!I+15.-,2!,#$0!,#+!3+7*+0,+8!>6,!-,!#$3!$!#-7#+)!+44-.-+0.2'!!

=$>1+!&'P!)+%)+3+0,3!,#+!I+15.-,-+3!5>,$-0+8!45)!$!05)*$1D!$!3+7*+0,+8!$08!$!TML!%$)$11+1!$67*+0,+8!

)$-1760!B-,#!,B5!.$%$.-,5)!>$0V3!45)!,#+!-00+)!.-).6-,!$08!,B5!45)!,#+!56,+)!.-).6-,'!=#+!3+.508!>$0V!54!

,#+!56,+)!.-).6-,!-3!8-3.#$)7+8!$,!,#+!*5*+0,!,#$,!,#+!%)5E+.,-1+!)+$.#+3!8-3,$0.+!;'!U5)!,#+!3+7*+0,+8!

)$-1760!,#-3!-3!$135!,#+!8-3,$0.+!B#+)+!,#+!3+.508!3+7*+0,!3,$),3!$08!45)!,#+!TML!)$-1760!,#+!%53-,-50!

54! ,#+! 3+.508! .6))+0,! -0E+.,-50! %5-0,'! =#+! #-7#+3,! I+15.-,2! -3! )+$.#+8! B-,#! ,#+! 3+7*+0,+8! )$-1760!

+W.+%,!45)!W!X!<;!.*!>+.$63+!,#+)+!-3!05!.6))+0,!)+.6%+)$,-50!>+,B++0!,#+!3+7*+0,3'!=#+!TML!)$-1760!

)+$.#+3!$!#-7#+)!I+15.-,2!,#$0!,#+!05)*$1!%$)$11+1!$67*+0,+8!)$-1760!-0!$11!.$3+3'!

!

!

!

!

!

!

!

!

!

U-7'!&'<<@!L.#+*$,-.!54!$!TML!%$)$11+1!$67*+0,+8!)$-1760!

!

=$>1+!&'P@!Y6CC1+!I+15.-,2!)+$.#+8!45)!,#+!,#)++!8-44+)+0,!.504-76)$,-503!B-,#!.6))+0,!-0E+.,-50!$,!,#+!*5*+0,!,#+!

%)5E+.,-1+!)+$.#+3!8-3,$0.+!;'!

T-3,$0.+!;! O'<;!*! O';O!*! O'?;!*! :'OO!*!

Z5)*$1! Q&?!*J3! PPQ!*J3! P;S!*J3! PRO!*J3!

L+7*+0,+8! PR;!*J3! QSS!*J3! QOR!*J3! P&:!*J3!

TML! QQ&!*J3! Q<R!*J3! P?P!*J3! PS;!*J3!

!

!

!

[9!

[/D:! [/D<!

[/D:! [/D<!



! ! "#$%!&'!($)$*+,)-.!/0$123+3!45)!/67*+0,+8!9$-17603!

!

:;<!

!"#"#"$ %&'()*+,&'$

!

!"#$#%%&'&#(')$*%$+$(*,-+.$/+,+..#.$+01-#(2#3$,+&.10($&4$.*5$6#'+04#$*%$2"#$#(#,1)$.*44#4$&($2"#$

*02#,$,+&.47$8&,42$5#$+3+/2#3$2"#$.#(12"$*%$2"#$*02#,$,+&.4$602$(*$*/2&-+.$.#(12"$%*,$+..$'+4#4$'*0.3$6#$

%*0(37$9$4#1-#(2#3$,+&.10($,#+'"#4:$%*,$2"#$4+-#$'*(3&2&*(4:$2"#$"&1"#42$;#.*'&2)$#<'#/2$%*,$+$3&42+('#$

*%$=>$'-7$?02$2"#$4#1-#(2#3$,+&.10($"+4$+$.*5$#%%&'&#(')7$!"#$@AB$,+&.10($%&(+..)$,#+'"#4$+.5+)4$+$

"&1"#,$ ;#.*'&2)$ 2"+($ 2"#$ (*,-+.$ 4#1-#(2#3$ ,+&.10($ 0(3#,$ 2"#$ 4+-#$ '*(3&2&*(4$ +(3$ "+4$ +$ "&1"#,$

#%%&'&#(')$ 2"+($ 6*2"$ 2"#$ (*,-+.$ /+,+..#.$ +01-#(2#3$ ,+&.10($ +(3$ 2"#$ 4#1-#(2#3$ ,+&.10(7$ !"#$ @AB$

,+&.10($4##-4$ 2"04$2"#$6#42$4*.02&*(7$!"#$3*5(4&3#$*%$ 2"&4$2)/#$*%$,+&.10($&4$ 2"#$'*-/.#<&2)$+(3$ 2"#$

'*42$*%$2"#$'*(42,0'2&*(7$$

!

&';'! "50.163-50!

!

=5)!,#+!.503,)6.,-50!54!$0!$67*+0,+8!)$-1760>!,#+!-0416+0.+!54!,#+!7+5*+,)2!54!,#+!56,+)!)$-1!50!,#+!

+1+.,)5*$70+,-.! 45).+3! 50! ,#+! )$-13! $08! 50! ,#+! %)5?+.,-1+! @$3! 3,68-+8'! A#+! 5B?+.,-C+! -3! $! *6DD1+!

C+15.-,2!54!:EF!G*H3!45)!$!%)5?+.,-1+!@-,#!$!*$33!54!:IIEFII!7!$08!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!

15@+)!,#$0!J!KLH*'!!!

/!FM!,)$03-+0,!$0$123-3!@$3!.$))-+8!56,!45)!,#+!8+,+)*-0$,-50!54!,#+!+1+.,)5*$70+,-.!45).+3!50!,#+!

)$-13'! A#+! ,5,$1! +1+.,)5*$70+,-.! 45).+! 50! ,#+! )$-13! 8+.)+$3+3! @-,#! -0.)+$3-07! #+-7#,! -! $08! 8-3,$0.+!

B+,@++0!-00+)!$08!56,+)!)$-13!.'!A#+!15@+3,!5C+)$11!*$N-*6*!-3!45608!45)!,#+!.6))+0,!)$,-5!@-,#!,#+!

#-7#+3,! -00+)! )$-1!.6))+0,'!A#+!@-8,#!/!@#+)+! ,#+!5C+)$11!*$N-*$!$)+! 45608!8+%+083!50! ,#+!.6))+0,!

)$,-5'!!

A#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5?+.,-1+!@$3! $0$12,-.$112! .$1.61$,+8!@-,#! ,#+! 45).+E+O6$,-50'!

A#+!.5+44-.-+0,3!54!,#-3!45).+E+O6$,-50!L’0!$08!M’!@+)+!8+,+)*-0+8!@-,#!<M!/"!$0$123+3!$,!:I!PD!$08!

:! GPD'! A#+! 45).+! 50! ,#+! %)5?+.,-1+! 8+.)+$3+3! @-,#! -0.)+$3-07! #+-7#,! -! $08! 8-3,$0.+! .'! A#+! 5C+)$11!

*$N-*$! @+)+! 45608! $,! @! Q! J!**'! A#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5?+.,-1+! -3! -0.)+$3-07! @-,#!

8+.)+$3-07!.6))+0,!)$,-5'!

A5!8+,+)*-0+!,#+!,#+5)+,-.$112!B+3,!7+5*+,)2!$!B$1$0.+!B+,@++0!,#+!+1+.,)5*$70+,-.!45).+3!50!,#+!

)$-13! $08! 50! ,#+! %)5?+.,-1+! #$3! ,5! B++0! 45608'! A#+! +1+.,)5*$70+,-.! 45).+! 50! ,#+! %)5?+.,-1+! -3! 4$3,+)!

8+.)+$3-07!@-,#!,#+!8-3,$0.+!.!$08!,#+!#+-7#,!-!,#$0!,#+!+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13'!A#+!@-8,#!

@!@$3!5%,-*-D+8!,5!5B,$-0!$!*$N-*6*!45).+!50!,#+!%)5?+.,-1+'!A#+!,#+5)+,-.$112!B+3,!7+5*+,)2!-3!,#+0!

7!Q!F!**>!#!Q!F!**!$08!@!Q!J!**'!

A#+0!@+!8+,+)*-0+8!,#+!B+3,!.6))+0,!)$,-5!45)!,#-3!7+5*+,)2!,5!5B,$-0!$0!-*%613+!54!FIIL3'!/!<M!

,)$03-+0,! $0$123-3! @$3! .$))-+8! 56,! 45)! ,#+! ,#+5)+,-.$112! B+3,! 7+5*+,)2'! A#+! 8-44+)+0.+! B+,@++0! ,#+!

8-)+.,12! 8+,+)*-0+8! $08! ,#+! $0$12,-.$112! .$1.61$,+8! 45).+! 50! ,#+! %)5?+.,-1+! -3! @-,#-0! F! R! $08! ,#+!

8+,+)*-0+8!-*%613+!-3!FIF!L3'!A#+!*$N-*6*!,5,$1!+1+.,)5*$70+,-.!45).+!50!,#+!)$-13!-3!&'<!KLH*!45)!

,#-3!.504-76)$,-50'!=5)!$0!-*%613+!54!SII!L3!,#+!1-*-,!54!J!KLH*!45)!,#+!,5,$1!+1+.,)5*$70+,-.!45).+!

50!,#+!)$-13!@$3!05,!$.#-+C+8!45)!$0!$..+%,$B1+!-00+)!.6))+0,'!

A#+! 5B,$-0+8! 3516,-50! 45)! $0! -*%613+! 54! FII! L3! -3! $! ,#+5)+,-.$1! 3516,-50! B$3+8! 6%50! ,#+!

+1+.,)5*$70+,-.!45).+3!50!,#+!)$-13!$08!50!,#+!%)5?+.,-1+'!T,#+)!.)-,+)-$!#$C+!,5!B+!.503-8+)+8!45)!,#+!

4-0$1!.503,)6.,-50>!1-G+!,#+!*+.#$0-.$1!4+$3-B-1-,2!$08!,#+!*$N-*$1!.6))+0,!8+03-,2'!!

A#+!3+.508!%$),!-3!$!%$)$*+,)-.!3,682!54!,#+!%)5?+.,-1+!45)!U/9/!@-,#!(V%-.+'!W,!3#5@3!,#+!

-0416+0.+!54!,#+!8-3,$0.+!1!B+,@++0!,#+!B)63#+3!$08!,#+!)$8-63!2$54!,#+!B)63#+3!50!,#+!.6))+0,!%)54-1+!-0!

,#+3+!B)63#+3'!!

W0!,#+!1$3,!%$),>!$!%$)$*+,)-.!$0$123-3!54!,#)++!8-44+)+0,!,2%+3!54!)$-1760!4++8-07!@-,#!(V%-.+!-3!

%)+3+0,+8'!A#+!MXV!$67*+0,+8!)$-1760!#$3!,#+!B+3,!+44-.-+0.2!.5*%$)+8!@-,#!,#+!05)*$1!%$)$11+1!

$67*+0,+8!)$-1760!$08!,#+!3+7*+0,+8!)$-1760'!!



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

234)

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

)

)

)
56-) (#(0(*%) 7"*%) "8) 06(')9".:)9*') '0&+;(#7) 06-) $&..-#0) +('0.(<&0("#) (#) 06-) *.=*0&.-) "8) *) .*(%7&#)

/.">-$0(%-)9(06)09")$&..-#0)<.&'6-'?)@#)*)$"#1-#0("#*%).*(%7&#)06-)$&..-#0)9(%%)8%"9)=*(#%;)06."&76)06-)

$&..-#0)<.&'6)"#)06-)<.--$6)'(+-)96($6)$"..-'/"#+')9(06)06-)/*06)"8)06-)%"9-'0).-'('0*#$-?)A*(%7&#')*.-)

+-'(7#-+) 0") "<0*(#) *) 6(76) =&BB%-) 1-%"$(0;?) 5") "<0*(#) 06-'-) 1-%"$(0(-') 6(76) $&..-#0') *.-) .-C&(.-+?)

D"9-1-.)06-)$&..-#0)+-#'(0;)(#)06-)$&..-#0)<.&'6-')=&'0)<-)%(=(0-+E)06-)6-*0(#7)"8)06-)'%(+(#7)$"#0*$0')

<-09--#) 06-) .*(%') *#+) 06-) <.&'6) *.=*0&.-') +&-) 0") 06-) F"&%-) %"''-') *#+) 0") 06-) 8.($0("#) $*#) $*&'-) 06-)

=-%0(#7)"8)06-'-)$"#0*$0')*#+)$*#).-'&%0)(#)$"#0*$0)0.*#'(0("#?)!"#0*$0)0.*#'(0("#)%-*+')0")*#)(#$.-*'-)"8)

06-)*.=*0&.-).-'('0*#$-)*#+)06-)+-0-.(".*0("#)"8)06-).*(%'?))

G#-)9*;)0")(#$.-*'-)06-)8".$-)"#)06-)/.">-$0(%-)9(06"&0).*('(#7)06-)$&..-#0)(#)06-)(##-.)$(.$&(0)*#+)

06&') 06."&76) 06-) *.=*0&.-) (') <;) *++(#7) *#) -H0.*) /*(.) "8) .*(%') (#) ".+-.) 0") -'0*<%('6) *#) *&7=-#0(#7)

=*7#-0($) 8(-%+?) @#) 06(') 9".:) 9-) '0&+;) 06-) (#8%&-#$-) "8) 06-) *++(0("#*%) -H0-.#*%) 8(-%+) "8) *) /*.*%%-%)

*&7=-#0-+).*(%7&#)"#)06-)$&..-#0)+('0.(<&0("#)<-09--#)06-)09")$&..-#0)<.&'6-')"8) 06-)/.">-$0(%-?)56-)

<.&'6-') *#+) 06-) /*.0') "8) 06-) .*(%') <-09--#) 06-=) 8".=) *) %""/?) 56-) $6*#7(#7) *&7=-#0(#7) 8(-%+) 9(%%)

(#+&$-)*)$&..-#0)(#)06(')%""/)*#+)(#8%&-#$-)06-)$&..-#0)+('0.(<&0("#)<-09--#)06-)<.&'6-'?))

59")'(=&%*0("#)=-06"+')*.-)&'-+)0")'0&+;)06-)$&..-#0)+('0.(<&0("#?)@#)06-)8(.'0)"#-)-%-$0.($)$(.$&(0')

*.-)&'-+)0")="+-%)06-).*(%7&#?)I-)$*#)+('0(#7&('6)09")/*.0'?)56-)8(.'0)/*.0)(')*#)-%-$0.($)="+-%)"8)06-)

$*/*$(0".)<*#:'J)06-)/&%'-)8".=(#7)#-09".:J)06-).*(%')*#+)06-)/.">-$0(%-?)56-)'-$"#+)/*.0)'(=&%*0-')06-)

:(#-=*0($') "8) 06-) /.">-$0(%-) 06."&76) -C&(1*%-#0) -%-$0.($) #-09".:'?) ,K/($-) 9*') &'-+) 8".) 06(') 7%"<*%)

="+-%)"8)06-).*(%7&#)06*0)*%%"9')&')0")/.-+($0)06-)7%"<*%)$&..-#0')(#)06-).*(%')*#+)(#)06-)<.&'6-'?)L%'")

06-)*1-.*7-)0-=/-.*0&.-)(#)06-)<.&'6-'J)06-)8".$-)"#)06-)/.">-$0(%-)*#+)06-)/"'(0("#)*#+)06-)1-%"$(0;)"8)

06-)/.">-$0(%-) $*#)<-) -'0(=*0-+?) )56-)+-0-.=(#*0("#)"8) 06-)/*.*=-0-.')"8) 06(')="+-%) (') +(88($&%0?)56-)

':(#)-88-$0)+&-)0")06-)/&%'-+)'6*/-)"8)06-)$&..-#0)*#+)06-)1-%"$(0;)':(#)-88-$0)+&-)0")06-)="1-=-#0)"8)

06-) /.">-$0(%-) 6*1-) 0") <-) ="+-%-+?)L%'") 06-) 6-*0(#7) "8) 06-) <.&'6-') $*&'-+) <;) 06-) F"&%-) %"''-') (')

$*%$&%*0-+)<-$*&'-)06-(.).-'('0*#$-)(')0-=/-.*0&.-M+-/-#+-#0?)56-)+(88-.-#0)$"=/"#-#0')"8)06-)8.($0("#)

8".$-).-C&(.-)'/-$(*%)*00-#0("#)*')9-%%)*')06-)0(=-M+-/-#+-#0)$"-88($(-#0')"8)06-)-%-$0."=*7#-0($)8".$-?)

56-)'-$"#+)=-06"+)(')*)8(#(0-)-%-=-#0)'(=&%*0("#)9(06)LNKOK?)56(')=-06"+)/-.=(0')06-)$"&/%(#7)

"8)*#)-%-$0."=*7#-0($)*#+)*)06-.=*%)*#*%;'(')*#+)*%%"9')*)%"$*%)'0&+;)"8)06-)$&..-#0)*#+)0-=/-.*0&.-)

+('0.(<&0("#) (#) 06-) *.=*0&.-?) 56-) 7%"<*%) $&..-#0') *.-) &'-+) *') (#/&0) 8".) 06-) ="+-%) 96($6) *%%"9')

$*%$&%*0(#7) *="#7) "06-.') 06-) $&..-#0) +('0.(<&0("#) (#) *#+) <-09--#) 06-) $&..-#0) <.&'6-'J) 06-)

-%-$0."=*7#-0($)8".$-')"#) 06-).*(%')*#+) 06-)/.">-$0(%-)*#+)06-)*1-.*7-)*#+)=*H(=&=)0-=/-.*0&.-')(#)

06-)$&..-#0)<.&'6-'?)@0)(')&'-+)0")+-0-.=(#-)06-)0(=-M+-/-#+-#0)$"-88($(-#0')"8)06-)8".$-)-C&*0("#)&'-+)

(#)06-),K/($-M="+-%?)G#-)"8)06-)+.*9<*$:')(')06*0)"#%;)*)/*.0)"8)06-).*(%')$*#)<-)="+-%-+?)56-)=*(#)

+.*9<*$:)"8)06-)8(#(0-)-%-=-#0)=-06"+)(')06*0)06-)="1-=-#0)"8)06-)/.">-$0(%-)(')#"0)'(=&%*0-+?)I6-#)

the projectile moves it “sees” continuously another part of the rails and the diffusion in the ra(%')'0*.0')

*80-.) 06-) /*''(#7) "8) 06-) /.">-$0(%-?) K") 06-) $&..-#0) +(88&'("#) (#) 06-) .*(%') #-*.) 0") 06-) *.=*0&.-)9(%%) <-)

-.."#-"&')-H$-/0)8".)06-)<-7(##(#7)"8)06-)'6"0?)N-1-.06-%-''J)9-)8(#+)*)7""+)$"..-'/"#+-#$-)<-09--#)

06-)7%"<*%)*#+)%"$*%)="+-%'?)

56-)-H/-.(=-#0')*.-)$*..(-+)"&0)9(06)06-)PLA!)*#+)PLAL).*(%7&#)*0)@KP?)I-)9".:-+)9(06J)8".)

.*(%7&#)'0*#+*.+'J)%"9)$&..-#0')*#+)%"9)1-%"$(0(-')*#+)#")0.*#'(0("#)9*')+-0-$0-+?)Q".)06-)=-*'&.-=-#0)

"8) 06-) $&..-#0) +('0.(<&0("#) <-09--#) 06-) <.&'6-'J) *) =-06"+) +-1-%"/-+) *0) @KP) 9*') &'-+?) R&.(#7) 06-)

-H/%"(0*0("#)"8)06-).-'&%0')9-)-'0*<%('6-+)06*0)06(')=-06"+)$*##"0)<-)*//%(-+)<-$*&'-)"8)06-)/.-'-#$-)"8)

-++;) $&..-#0') (#) 8."#0) "8) 06-) /.">-$0(%-?)I-) 6*1-) -H/%"(0-+) 0-#) '6"0')9(06) 06-) $"#1-#0("#*%) .*(%7&#)

PLA!)*#+) "#%;) 09")9(06) 06-) *&7=-#0-+) .*(%7&#)PLAL?)R&.(#7) 06-) 06(.+) '6"0)9(06) 06-) *&7=-#0-+)



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

233)

$"#4(5&.*0("#)*)/."6%-7)8(09)09-)09(.+)$*/*$(0".)6*#:)"$$&..-+)89($9)/&0)*#)-#+)0")09-)-;/-.(7-#0'<)

=-)9*1-) /."/"'-+) *#"09-.)7-09"+) 0") "60*(#) (#4".7*0("#) *6"&0) 09-)$&..-#0) +('0.(6&0("#)6-08--#) 09-)

6.&'9-') 6*'-+) "#) 09-) '(5#*%)7-*'&.-+) 8(09) 09-) %""/) (#) 09-)7-*'&.-7-#0) +-1($-<) >9(')7-09"+) '0(%%)

#--+') (7/."1-7-#0<) ?"#-09-%-''@) 09-) $"7/*.('"#) 6-08--#) 09-) -;/-.(7-#0') *#+) 09-) '(7&%*0("#)

7-09"+')(')(#0-.-'0(#5<)

A4)8-)$"7/*.-)09-)+(44-.-#0)7-09"+')4".)09-)$&..-#0).*0(")!"#!$)4".)09-)#"#B*&57-#0-+).*(%5&#)09-)

.-'&%0')*.-)(#$"#$%&'(1-<)=(09)C?DED)8-)"60*(#)09*0)*//.";(7*0-%F)G2)H)"4)09-)$&..-#0)4%"8')09."&59)

09-)6.&'9)"#)09-)7&II%-)'(+-<)=-)4(#+)*%7"'0)#")+(44-.-#$-)4".)09-)$&..-#0).*0(")!"#!$)6-08--#)09-)4(.'0)

*#+)'-$"#+)7-*'&.-7-#0)/"(#0<)>9(')$*#)6-)-;/%*(#-+)6F) 09-)'(7&%*0("#)7-09"+<)>")"60*(#)*)6-00-.)

*//."*$9)"4)09-)$&..-#0)+(44&'("#)(#)09-).*(%'@)8-)*+*/0-+)09-)$&..-#0')&'-+)*')(#/&0)(#)C?DED<)A4)8-)

8"&%+)'(7&%*0-)09-)89"%-)'9"0@)09-)+(44&'("#)(#0")09-).*(%')8"&%+)6-)4&.09-.)-1"%1-+)*0)09-)7"7-#0)09-)

/."J-$0(%-)/*''-'<)>9-.-4".-)8-)+-%*F) 09-) '(7&%*0("#<) )=-)&'-+) 09-)".(5(#*%)$&..-#0)/."4(%-) 4."7) 09-)

7"7-#0)09-)/."J-$0(%-)/*''-')09-)7-*'&.-7-#0)/"(#0)&#0(%)K)7')%*0-.<)>")'(7&%*0-)09-).('(#5)/*.0@)8-)

&'-+)09-)4(.'0)/*.0)"4)09-)".(5(#*%)$&..-#0)/."4(%-)&#0(%)09-)4(.'0)7*;(7&7)(').-*$9-+<)>9-).('(#5)0(7-)(')

.-'/-$0-+<)LF)&'(#5)09(')7-09"+)09-)$&..-#0)+(44&'("#)(#)09-).*(%')*40-.)09-).('(#5)/*.0)"4)09-)$&..-#0)(')

09-) '*7-) (#) 09-) '(7&%*0("#') 4".) 6"09)7-*'&.-7-#0)/"(#0'<)>9-) .-'&%0') "60*(#-+)8(09),D/($-) '9"8)*)

6-00-.) $"..-'/"#+-#$-) 8(09) 09-) -;/-.(7-#0*%) .-'&%0') 4".) !"#!$<) M"8-1-.) 8-) 7&'0) $"#$%&+-) 09*0) 09-)

.-'&%0') "60*(#-+) 4".) 09-) $&..-#0) .*0(") +&.(#5) 09-) -;/-.(7-#0') *%%"8) "#%F) 7*:(#5) N&*%(0*0(1-)

$"#$%&'("#'<)>9-) $&..-#0') $*%$&%*0-+)8(09) D/($-) '9"8) *) 5""+) $"..-'/"#+-#$-)8(09) 09-) -;/-.(7-#0')

&#0(%)09-)7*;(7&7)"4)09-)$&..-#0)(').-*$9-+)6&0)09-F)+-$.-*'-)4*'0-.<)>9-)$"7/*.('"#)4".)09-)1-%"$(0(-')

(')'*0('4*$0".F<))

O".) *#) *&57-#0-+) .*(%) 5&#@) 09-) *#*%F0($*%)7-09"+) 4".) 09-) $*%$&%*0("#) "4) 09-) $&..-#0) +('0.(6&0("#)

0*:-')(#0")*$$"&#0)09-)$&..-#0)%&''()(#+&$-+)6F)09-)*&57-#0(#5)4(-%+<)C?DED)+"-')0*:-)(#0")*$$"&#0)09-)

(#4%&-#$-)"4) 09-)*&57-#0(#5) 4(-%+)*#+) 09-) .-'&%0') 4".) 09-)$&..-#0) .*0(") '9"8)*)6-00-.)$"..-'/"#+-#$-)

09*#) 4".)*)#"#B*&57-#0-+) .*(%) 5&#<)O".) 09-),D/($-)'(7&%*0("#') 09-) '*7-)$"#$%&'("#)*') 4".) 09-)#"#B

*&57-#0-+).*(%5&#)$*#)6-)7*+-<)>9(')7"+-%)*%8*F')&#+-.-'0(7*0-')09-)$&..-#0).*0(")$"7/*.-+)0")09-)

-;/-.(7-#0*%).-'&%0'<)C%09"&59)09-)*#*%F0($)7-09"+)*%%"8')-'0(7*0(#5)09-)$&..-#0).*0("@)09-).-'&%0')*.-)

#"0) 89*0) 8-) -;/-$0-+<)=-) 9"/-+) 0") "60*(#) *#) *$$&.*0-) $&..-#0) .*0(") 4."7) 09-) -;/-.(7-#0') *#+) 0")

+-7"#'0.*0-) 09-) (#4%&-#$-)"4) 09-)*&57-#0(#5)7*5#-0($) 4(-%+<) A0) *//-*.-+) 09*0) 09-)&'-+)7-*'&.-7-#0)

0-$9#(N&-)8*')#"0)8-%%)*+*/0-+)4".)%"8)'/--+'<))

>9-) %*'0) /*.0) "4) 09(') 8".:) +('$&''-') *) /.-%(7(#*.F) +-'(5#) 4".) *#) *&57-#0-+) .*(%5&#) 8(09) 9(59)

7&II%-) 1-%"$(0F<)C) /*.*7-0.($) '0&+F) 8(09)C?DED) 8*') $*..(-+) "&0<) >9-) (7/&%'-) *(7-+) 4".) (#) 09-)

'(7&%*0("#')8*') KPP)?'<)>9-) (#+&$0*#$-) 5.*+(-#0')8-.-) +-0-.7(#-+) 4".) +(44-.-#0) 5-"7-0.(-') "4) 09-)

"&0-.).*(%')*#+)*%'")09-)+('0*#$-)6-08--#)09-)(##-.)*#+)"&0-.).*(%')8*')1*.(-+<)>9-#)09-)-%-$0."7*5#-0($)

4".$-')"#)09-)/."J-$0(%-)8-.-)+-0-.7(#-+<)M(59-.)-%-$0."7*5#-0($)4".$-')"#)09-)/."J-$0(%-')7-*#)*%'")

9(59-.) -%-$0."7*5#-0($) 4".$-') "#) 09-) .*(%'<) O".) 09-) 4".$-') "#) 09-) .*(%') *) %(7(0) "4) Q<2P
R
)?S7)7&'0) 6-)

.-'/-$0-+<)>9-)6-'0).-'&%0')8-.-)4"&#+)4".)"&0-.).*(%')8(09)*)8(+09)"4)Q)77@)*)9-(590)"4)K)77)*#+)*)

+('0*#$-)"4)K)77)6-08--#)09-).*(%'<)>9(').-'&%0)(')09-)6-'0)09-".-0($*%).-'&%0)"#%F)6*'-+)&/"#)09-)4".$-')

"#) 09-) .*(%') *#+) 09-) /."J-$0(%-) *#+) +"-') #"0) $"#'(+-.)7-$9*#($*%) 4-*'(6(%(0F) ".) *) 7*;(7&7) $&..-#0)

+-#'(0F<))

>9-)(#4%&-#$-)"4)09-)5-"7-0.F)"4)09-)/."J-$0(%-)"#)09-)$&..-#0)+('0.(6&0("#)*#+)09-)0-7/-.*0&.-)8*')

-;*7(#-+)8(09)09-)+('0*#$-)))6-08--#)09-)6.&'9-')*#+)09-).*+(&')*)"4)09-)6.&'9-')*')/*.*7-0-.'<)>9(')

'(7&%*0("#)8*')7*+-)8(09)09-),D/($-)$"+-)4".)TCUC<)M(59-.)1*%&-')4".)*).-'&%0)(#)%"8-.)0-7/-.*0&.-')

89(%-)%"8)1*%&-')4".)))%(7(0)09-)(#4%&-#$-)"4)09-)*&57-#0(#5)7*5#-0($)4(-%+<))

O(#*%%F@)+(44-.-#0)0F/-')"4).*(%5&#)4--+(#5)4".)09-)TCUC)$"#4(5&.*0("#)*.-)*#*%FI-+<)>9-)-44($(-#$F)

"4)*)#".7*%)/*.*%%-%)*&57-#0-+).*(%5&#@)*)VWD)/*.*%%-%)*&57-#0-+).*(%)5&#)*#+)*)'-57-#0-+)/*.*%%-%)

*&57-#0-+).*(%5&#)8*')$"7/*.-+<)>9-)6-'0).-'&%0')8-.-)4"&#+)4".)*)VWD)*&57-#0-+).*(%5&#<))

)



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

234)

56(') 7".8) "/-#') /-.'/-$0(1-'9) 56-) '"%&0("#) ":) *#) *&;<-#0-+) .*(%;&#) +-'-.1-') 0") =-) :&.06-.)

->*<(#-+9) ?) :(.'0) '0-/) 7"&%+) =-) *) <".-) ->0-#'(1-) ->/-.(<-#0*%) '0&+@9) 56-) <-06"+) +('$&''-+) (#)

AB!CDEF):".)06-)+-0-.<(#*0("#)":)06-)$&..-#0)+('0.(=&0("#)'6"7')/."<(''(#;).-'&%0'):".)6(;6)1-%"$(0(-'9)

?%06"&;6)06-) (#0-./.-0*0("#)":) 06-)'(;#*%')7*')#"0)'0.*(;60:".7*.+)+&.(#;)"&.)->/-.(<-#0'G)7-)$"&%+)

<*8-) *#) -'0(<*0("#) ":) 06-) $&..-#0) +('0.(=&0("#! =*'-+) "#) 06-) '(;#*%) <-*'&.-+) 7(06) 06-) %""/) (#) 06-)

<-*'&.-<-#0)+-1($-9)56(')<-06"+)'6"&%+)=-):&.06-.)->/%".-+9)B/-$(*%)*00-#0("#)'6"&%+)=-);(1-#)0")06-)

H&*%(0@)":)06-)'(;#*%9)56-)'(;#*%)'6"7')*)%"0)":)#"('-)*#+)06-)0.-*0<-#0)":)06-)'(;#*%)7(06)*)II5J:(%0-.)

$*#) $*&'-) %"'') ":) (#:".<*0("#9) ?%'") 06-) $"<=(#*0("#) 7(06) "06-.) <-*'&.-<-#0) 0-$6#(H&-') (') *#)

(#0-.-'0(#;)"/0("#9)C-.-=@)7-)%(8-)0")<-#0("#)06-)<-06"+)+('$&''-+)(#)AKLM22FG)ANOPDEFG)ANOP22F)*#+)

AB!CDE*F)0")<-*'&.-)06-)<*;#-0($):(-%+)7(06)*)!QMJ=*'-+)'-#'".9))

?)'-$"#+)'0-/)7"&%+)=-)06-)*+*/0*0("#)":)06-):--+(#;)":)06-).*(%;&#9)?)+('0.(=&0-+)-#-.;@)'0".*;-)

:".)="06)06-)(##-.)*#+)"&0-.)$(.$&(0G)'")06-)(#R-$0("#)":)06-)$&..-#0)$*#)=-)*+*/0-+)0")06-)/"'(0("#)":)06-)

/."R-$0(%-G)7"&%+)6*1-)*)/"'(0(1-)(#:%&-#$-)"#)06-)-::($(-#$@9)56-)+"7#'(+-)":)06(')0@/-)":).*(%;&#)(')

06-)$"'0)*#+)06-)$"</%->(0@)":)06-)$"#'0.&$0("#9)

?#"06-.) /*06) :".7*.+) (') 0") (</."1-) 06-) '(<&%*0("#) <-06"+'9) !"</*.('"#) =-07--#) 06-) .-'&%0')

"=0*(#-+)7(06),B/($-):".)06-)$&..-#0')*#+)06-)8(#-<*0($')*#+)06-)->/-.(<-#0')'6"7)06*0)06-)*$$&.*$@)

":)06-)/*.*<-0-.')":)06(')<"+-%)<&'0)=-)(</."1-+9)B/-$(*%)*00-#0("#)'6"&%+)=-);(1-#)0")06-)<"+-%):".)

06-):".$-')"#)06-)/."R-$0(%-9)?)=-00-.)-'0(<*0("#)":)06-)<-$6*#($*%)$"</"#-#0)":)06-):.($0("#):".$-)*#+)

":) 06-) $"-::($(-#0') ":) 06-) -%-$0."<*;#-0($) :".$-) -H&*0("#) (') (#) ".+-.9) 56-) $"-::($(-#0') ":) 06-)

-%-$0."<*;#-0($):".$-)7-.-)"=0*(#-+)7(06)*)%"$*%)<"+-%)&'(#;)?SBTB9)?+*/0(#;)06-)IPQ)*#*%@'(')'")

06-)<"1-<-#0)":)06-)/."R-$0(%-)$"&%+)=-)'(<&%*0-+)$"..-$0%@)7"&%+)<*8-)*)6&;-)+(::-.-#$-9)?%'")06-)

<"+-%):".)06-)$"#0*$0)%*@-.)=-07--#)06-)=.&'6-')*#+)06-).*(%')#--+'):(#-0&#(#;9))

!

!



!"#$"%&'()*+,

,

-./,

!"#$"%&'()*+,
,

,

01234,

,

Y. Aso, T. Hashimoto, T. Abe and S. Yamada, “Inductive Pulsed56%78',19))$+,

with Marx Generator Methodology”, IEEE Trans. Magn., vol. 45, no. 1, Jan. 2009, 

)):,;</5;=3,

!0>4-, ?:,!('#8'@,A:,!(98'@,B:,?(C"D%E@,?:,6('F8'@,G:,1H8I(E",(EJ,0:,K"8$"EDF"@,,

“Observations on the Limits of Plasma Armatures”, IEEE Trans. Magn.@,L%$:,;/@,

-44-@,):,<;<5<;.,

!0>4<, J.P. Barber, A. Challita,“Velocity,8II8MHD,%E,C8H($,('C(H9'8,M%EH(MH,H'(ED"H"%E,

(railguns)”, IEEE N'(ED:,O(&E:@,L%$:,;4@,-44<@,):,/<<5/<P,

!0>4., J.P. Barber, Y.A. Dreizin,“Model of contact transitioning with realistic armature5,

rail interface”, IEEE N'(ED:,O(&E:@,L%$:,<-@,-44.@,):,4Q5-33,

!0>3<, J. Barber, D. Bauer, K. Jamison, J. Parker, F. Stefani and A. Zielinski, “A survey 

of armature transition mechanisms”, RSSS,N'(ED:,O(&E:@,,L%$:,<4@,?(E:,;33<@,)):,

=/–.-,

!ST34, U:,!8M*8'"E"@,1:,A",G'("(@,O:,1M*E8"J8'@,>:,T"%$"E"@,!:,N8$$"E", “Shielding of High 

Magnetic Fields”, IEEE Trans. O(&E:@,L%$:,=.@,E%:,-@,?(E:,;334@,)):,Q3=5Q34,

TV04-, R. Charon, H. Peter, W. Wenning, “Description d’une unité de stockage d’énergie 

M()(M"H"L8,J8,-/3,F?,J8DH"EW8,X,$(,)'WWH9J8,6SU01Y1”@,>())%'H,R1Z,[Q3=@,-44-,

TR234, R. Ciolini, M. Schneider, B. Tellini, “The Use of Electronic Components in 

Railgun Projectiles”, RSSS,N'(ED:,O(&E:@,L%$:,=.@,E%:,-@,?(E:,;334@,)):,./P,–,.P<,

T2G3Q, O:,T%II%@,?:,U($$(EH@,“Preliminary design of an augmented rail gun”, -/
H*
,SSOZ1,

O88H"E&,!'9\8$$8D@,18)H:,;33Q,

T2G3/, M. Coffo, J. Gallant, “Modelling of a Parallel Augmented Railgun with Pspice. 

Validation of the Model and Optimization of the Augmenting Circuit,” 16
H*
,RSSS,

69$D8J,6%78',T%EI8'8EM8@,L%$:,;@,;33/@,)):,-P-=5-P-P,

T2G3/(, M. Coffo, J. Gallant, “Preliminary design of an augmented railgun. Influence of 

H*8,J"C8ED"%ED,%I,H*8,%9H8','("$D,%E,H*8,I%'M8D,(MH"E&,%E,H*8,)'%]8MH"$8,(EJ,H*8,

rails”, EEEJ Transactions on Fundamentals and Materials, vol. 12750@,E%:,--@,

[%L:,;33/@,)):,/3=5/3P,

T2G3P, M. Coffo, J. Gallant, “Simulation of the Current Distribution and the Heat Load of 

(,O9$H")$8,!'9D*,6'%]8MH"$8,"E,(,[%E509&C8EH8J,(EJ,(,6('($$8$,09&C8EH8J,

>("$&9E,7"H*,H*8,G"E"H8,S$8C8EH,T%J8,0ED+D:,T%C)('"D%E,7"H*,H*8,V8(H,Z%(J,

2#D8'L8J,A9'"E&,Experiments”, ;
EJ
,S9'%50D"(E,69$D8J,6%78',T%EI8'8EM8,;33P,-

;;5;Q,18)H:,;33P@,^"$E"9D@,Z"H*9(E"(,

T2G3P(, M. Coffo, J. Gallant, ”O%J8$"E&,(EJ,0E($+D"D,%I,H*8,T9''8EH,A"DH'"#9H"%E,#8H788E,

the Brushes of a Multiple Brush Projectile in a Parallel Augmented Railgun”, 

6'%M88J"E&D,%I,H*8,;33P,RSSS,REH8'E(H"%E($,6%78',O%J9$(H%'D,(EJ,V"&*,^%$H(&8,

T%EI8'8EM8@,;33P@,)):,=-45=;;,

T2G34, O:,T%II%, J. Gallant, “Simulation of the current distribution and the heat load of a 

brush projectile in a railgun with the finite element code ANSYS”, Acta Physica 

6%$%E"M(,0@,L%$:,--.@,E%:,Q@,;334@,)):,---;5---=,

T2G34(, M. Coffo, J. Gallant, “Modeling of the conH(MH,'8D"DH(EM8,(EJ,H*8,*8(H"E&,%I,H*8,

M%EH(MH,%I,(,C9$H")$8,#'9D*,)'%]8MH"$8,I%','("$&9ED,7"H*,H*8,I"E($,8$8C8EH,M%J8,

ANSYS”, Power Pulsed Conference 2009, Washington DC, United States, 28 

?9E85;,?9$+,;334,

,

,

,



!"#$"%&'()*+,

,

-./,

012-3, 45,0%66%7,85,9($$(:;7,45,<=*:>"?>'7,J.M. Kauffmann, “Study of the current 

?"@;'"#A;"%:,#>;B>>:,;*>,#'A@*>@,%6,(,)'%C>=;"$>,$(A:=*>?,#+,(:,(A&D>:;>?,

railgun”, Research Meeting, Electrical Engineering, Saint Louis, France, 10 E--,

4(+,F3-3,

0GH3F,, “0GH,I))$"=(;"%:,J%;>@7,K%B>',L$>=;'%:"=,4>(@A'>D>:;@,M;?7,J%;;":&*(D7,NO7,

<>);5,F33F”,

PIQ/R, K. Darée, “Caractéristiques fondamantales d’un lanceur à rails avec accumulation 

de l’énergie et formage de l’impulsion par induction,”, Rapport ISL N610, 1986,

PLP3/, K5,P>?"S7,<5,<=*(':*%$T7,U5,!'%DD>', “ICCOS CounterE0A''>:;,H*+'"@;%',V"&*E

Power Opening Switch for Currents up to 28 kA”, IEEE Trans. 4(&:57,W%$5,X.7,:%5,

-7,8(:5,F33Y7,))5,.ZRE.ZY,

PQLY., Y. Dreizin, J. Barber, “On the origins of muzzle voltage”, IEEE Trans. 4(&:57,W%$5,

Z-7,-YY.7,))5,./FE./R,

L9L/Y, 45! Egeland,“Birkelands Electromagnetic Gun: A Historica$,Review”, IEEE 
H'(:@5,,

K$(@D(,<=">:=>7,W%$5,-[7,-Y/Y7,))5,[ZE/F,

L4M-3, K'%=>>?":&@,%6,;*>,-.
;*
,L$>=;'%D(&:>;"=,M(A:=*,<+D)%@"AD7,F3-37,!'A@@>$@7,

!>$&"AD5,\LLL,H'(:@5,K$(@D(,<="57,W%$5,ZY7,"@@A>,-7,2>#5,F3--,

2I\3-, H. Fair, “The Science and Technology of Electric Launch”, IEEE Trans. Magn.7,

W%$5,Z[7,F33-7,))5,F.EZF,,

2I\3Y, H. Fair, “Advances in Electromagnetic Launch Science and Technology and Its 

Applications”, IEEE Trans. 4(&:57,W%$5,X.7,F33Y7,))5,FF.EFZ3,

2\O/X, D. Fikse, J. Wu and Y Thio, “The ELFEI augmented electromagnetic launcher”, 

\LLL,H'(:@5,4(&:57,W%$5,F37,:%5,-7,-Y/X7,))5,F/[EFY3,

2NMY-, R. Fuller, J. Kitzmiller and M. Ingram, “Design and testing of a 0.60 caliber,

augmented railgun”,,\LLL,H'(:@5,4(&:57,W%$5,F[7,:%5,-7,-YY-7,))5,X.EXY,

9IM3Z, 85,9($$(:;7,“Parametric Study of an Augmented Railgun,” IEEE Trans. Magn., vol. 

ZY7,:%5,-7,8(:5,F33Z,

9IM3X, 85,9($$(:;7,“Le lanceur électromagnétique à rails augmenté,],D%?S$"@(;"%:,>;,

validation expérimentale’, PhD Thesis, Université de Franche–0%D;S7,F33X,

9IM3., J. Gallant, P. Lehmann, “Experiments with brush projectiles in a parallel 

augmented railgun,” \LLL,H'(:@5,4(&:57,W%$5,X-7,8(:5,F33.7,))5,-//E-YZ,

9IM3[, J. Gallant, M. Coffo, “Modelling of a parallel augmented railgun with Pspice:  

Validation of the model and optimization of the augmenting circuit”, -/
;*
,H%)"=($,

LL4M<,4>>;":&7,!'"&*;%:7,--E-F,<>);5,F33[,

9IM--, J. Gallant, P. van de Maat, “Efficiency of a r("$&A:,(&(":@;,(:;"E@*"),D"@@"$>@5,2"'@;,

results”, ISL Symposium on Electric Engineering, SaintEM%A"@7,4('5,F3--,

9INYX, Gauthier C., “Mesure de la 'S)(';";"%:,?>@,$"&:>@,?>,=%A'(:;,?(:@,$>@,$(:=>A'@,^,

'("$@,(W>=,?>@,@%:?>@,D(&:S;"_A>@5,I:($+@>,?>@,$"D";>@,?>,$(,DSthode.” Rapport 

\<M,QH.3.7,-YYX,

9LQYY, L. Gernandt, H. Nett,“Historique de l’accéleration élecromagnétique par bobines”, 

Q())%';,\<M,QH.-F7,-YYY,,

9Q1YY, V5,9'%@=*7,“I$$,>$>=;'"=,=%D#(;,W>*"=$>,`IL0Ua,–,U"@"%:,(:?,'>($";+”5,4"$";('+,

H>=*:%$%&+7,-YYY7,W%$5,Y7,)5,Z[EX[,

\JP--, J. Boone, “Accidental explosion at Yemen arms factory kills 100”, The 

\:?>)>:?>:;7,FY,4('5,F3--7,BBB5":?>)>:?>:;5=%5Ab,,

OLLYZ, D. Keefer, J. Taylor and R. Crawford, “The Electromagnetic Force in Railguns”,  ,
X
;*
,LL4M,<+D)%@"AD7,-YYZ,

OLLY., P5,O>>6>'7,Q5,0'(B6%'?,(:?,85,H(+$%'7,“\:?A=;(:=>,&'(?">:;,@=($":&,>c)>'"D>:;@,":,

an augmented railgun,” IEEE Trans. 4(&:57,W%$5,Z-7,8(:5,-YY.7,))5,ZFR–ZZ-,



!"#$"%&'()*+,

,

-./,

0123/, A. Keshtkar, S. Bayati, A. Keshtkar, “Derivation of a Formula for Inductance 
Gradient Using Intelligent Estimation Method”, IEEE Trans. 4(&567,8%$6,9.7,5%6,-7,
:(56,;33/7,))6,<3.=<3>,

0?@/;, A6,0$"5&B5#B'&7,:6,CB"DB'$7,“AE5,DEFF$B,#$(GH,(5I,J$(G*”7,KBGH%5,LM"'&"5"(7,
N5"HBI,2H(HBGO,P,Q@QQ,R'%&'BGG,"5,(GH'%5(EH"SG,(5I,(B'%5(EH"SG7,-//;7,..-,)6,

0T?UV, H. Kolm, K. Fine, F. Williams, P. Mongeau, “Electromagnetic Guns, Launchers 
and Reaction Engines”,  Proceedings of the 25I,@111,@5HB'5(H"%5($,RE$GBI,R%WB',
X%5JB'B5SB7,-/UV7,))6,9;=9>,

?1C3<, R6,?B*D(557,16,2)(*57,“Y*B,)E$GB,)%WB',&B5B'(H"%5,J%',WB()%5,G+GHBDG”7,A'%E)B,
IB,H'(8("$,TYQZ,QMY,39U,[,3/>7,;33<,

?1C3<(, R6,?B*D(557,C6,RBHB',B5,:6,\B+7,“T8B'8"BW,%J,H*B,B$BSH'"S,$(E5S*,(SH"8"H"BG,(H,H*B,
]'B5S*=AB'D(5,'BGB('S*,"5GH"HEHB,%J,2("5H=?%E"G,L@2?O”, IEEE Trans. 4(&567,8%$6,
</7,))6,;9=;>,

?1C/-, R6,?B*D(557,C6,RBHB'7,“1HEIB,B^)_'"DB5H($B,IB,I"JJ_'B5HG,H+)BG,IB,)%5HG,IB,
courant d’un lanceur électromagnétique à rails”, Rapport ISL RY.3;7,-//-,

?@13/, Liebfried O., Löffler M., Schneider M., Balevičius S., Stankevič V., Žurauskienė 
N., Abrutis A. and Plaušinaitienė V.,,“B=2S($(',4B(GE'BDB5HG,#+,X4K=!(GBI,
2B5G%'G,%J,C"&*$+,@5*%D%&B5B%EG,Transient Magnetic Fields”,  IEEE Trans. T5,
4(&5BH"SG7,8%$6,9.7,5%6,-;7,`BS6,;33/7,),.<3-=.<3V,

?@1--, Liebfried O., Schneider M. and Balevičius S.,“Current Distribution and Contact 
Mechanisms in Static Railgun Experiments With Brush Armatures”, IEEE Trans. 
T5,R$(GD(,2S"B5SB7,8%$6,</7,5%6,-7,:(56,;3--7,),9<-=9<V,

?@N3/, C6=R6,?"E7,46,?BW"G7,“<=`,1$BSH'%D(&5BH"S,Q5($+G"G,%J,Q'D(HE'BG,(5I,K("$G,J%',
High Launch Energy Applications”, IEEE Trans. 4(&567,8%$6,9.7,5%6,-7,:(56,;33/7,
))6,<;;=<;V,

4QK3-, K6,4('G*($$7,“K("$&E55B'+,P,W*B'B,*(8B,WB,#BB5,a,\*B'B,('B,WB,&%"5&,a”7,@111,
Y'(5G6,4(&567,8%$6,<U7,;33-7,)6,993=999,

4QK39, R. Marshall, Wang Ying, “Railguns: their science and technology”, China machine 
R'BGG,

4QK>9, K6,4('G*($$7,“Current Flow Patterns in Railgun Rails”, IEEE, Trans. Magn67,8%$6,

;37,5%6,;7,-/>97,))6,;9<=;99,,

4X]3<, :6,4S]('$(5I7,@6,4SZ(#7,“Q,?%5&=Range Naval Railgun”, IEEE Trans. 4(&567,

8%$6,</7,5%6,-7,:(56,;33<7,))6,;>/=;/9,

4XZ/U, @6,4SZ(#7,“Pulsed Power for Electric Guns”, IEEE Trans. Magn., vol. 3, no. 1, 

:(56,-//U7,))6,9.<=9V3,

4XZ//, @6,4SZ(#7,“1('$+,1$BSH'"S,AE5,KBGB('S*”7,@111,Y'(5G6,4(&567,8%$6,<.7,5%6,-7,:(56,

-///7,))6,;.3=;V-,

4XZ3U, @6,4SZ(#7,]6,!B(S*7,“Naval Railguns”, IEEE Trans. 4(&567,8%$6,9<7,5%6,-7,:(56,

;33U7,))6,9V<=9U.,

4XZ3/, @6,4SZ(#, “Progress on Hypervelocity Railgun Research for Launch to Space”, 

@111,Y'(5G6,4(&567,8%$6,9.7,5%6,-7,:(56,;33/7,))6,<>-=<>>,

41@3U, C. Meinel, “For Love of a Gun”, Spectrum IEEE, vol. 44, no. 7, 2007, pp. 40=9V,

Z1b--, “Nexter industries”, Mar. 2011, WWW6&"(H="5IEGH'"BG6J',,

RQK/3, P.B. Parks, “Current melt=wave model for transitioning solid armature”, Journal of ,

Q))$"BI,R*+G"SG7,8%$6,VU7,5%6,U7,-//37,))6,<.--=<.-V,

RQK//, R('cB',:6,M67,“Experimental Observation of the Rail Resistance Contribution to 

Muzzle Voltage”, IEEE Trans on Magnetics, 8%$6,<.7,5%6,-7,:(56,-///7,),9<U=99-,

R1Y/., H. Peter, R. Charon, ”Le contact entre rail et pont de courant solide dans un 

$(5SBE',_$BSH'%D(&5_H"dEB,e,rails,” Rapport ISL R111, 1995,



!"#$"%&'()*+,

,

-./,

012/3, G. Pflieger,“Simulation numérique du comportement mécanique des projectiles ,

lors d’un tir avec un lanceur électromagnétique à rails”4,5())%'6,782,5-/94,://3,

5;</=, !>,5?@A4,0>,2?*B(CC4,;>,8)(*C4,D>,D?CC"C&,and M. D. Vo, “A Model for 

Predicting Transition in Railgun Fiber Brush Armatures”, IEEE Trans. on Magn., 

E%$>,F94,C%>,-4,G(C>,://=4,))>,,.:/H.:9,

5IJK., W. Rodgers, “Report of the Presidential Commission on the Space Shuttle 

Challenger Accident”, 1986, *66)LMMN@"?C@?>AN@>C(N(>&%EM,,

5OP/=, P. Rutberg, I. Kumkova, G. Shvetsov, “New Steps in EML Research in Russia”, 

7;;;,P'(CN>,%C,Q(&C>4,E%$>,F94,C%>,-4,G(C>,://=4,))>,,:3-H:3.,

8<R=3, B. Schulman et al., “HART hypervelocity augmented railgun test facility”, IEEE 

P'(CN>,IC,Q(&C>4,E%$>,:=4,C%>,-4,G(C>,-==34,))>,,9/9H9-/,

8<R=K, S>HT>,8@*B"664,“;E($U(6"%C,V?N,W%'@?N,?X?'@Y?N,NU',V?N,)'%Z?@6"$?N,(@@Y$Y'YN,)(',UC,

$(C@?U',Y$?@6'%B(&CY6"[U?,\,'ails,” PhD thesis, Université de Haute Alsace, 1998, 

))>,K]HK=,

8<R/:, M. Schneider, D. Eckenfels and F. Hatterer, “Kontaktmechanismen multipler 

elektrischer Bürstenkontakte in Schienenbeschleunigern” (in German), ISL, Saint 

2%U"N4,1'(C@?4,5?)>,782H5,-:/4,://:,

8<R/3, Q>,8@*C?"V?'4,J>,;@A?CW?$N,(CV,1>,R(66?'?'4,“J%))$?'H'(V('L,(,)%NN"#"$"6+,6%,

B%C"6%',)'%Z?@6"$?,V+C(B"@N,"C,'("$&UCN”4,7;;;,P'(CN>,Q(&C>4,E%$>,3=4,://34,

)>,-K3H-K],

8<R/3(, Q>,8@*C?"V?'4,J>,;@A?CW?$N,(CV,8>,^?_"'?E"@4,“P'(CN"6"%C,"C,!'UN*,S'B(6U'?N”,,

7;;;,P'(CN>,Q(&C>4,E%$>,3=4,://34,))>,].HK-,

8<R/9, Q>,8@*C?"V?'4,5>,8@*C?"V?', “Sliding contact performance of multiple brush 

armatures”,,7;;;,P'(CN>,Q(&C>4,E%$>,F-4,://94,))>,F3:HF3.,

8<R/9(, Q>,8@*C?"V?'4,5>,8@*C?"V?',(CV,J>,;@A?CW?$N, “Experiments with brush armatures: 

new technical solutions”, 7;;;,P'(CN>,Q(&C>4,E%$>,F-4,://94,))>,:3-H:3F,

8<R/=, M. Schneider, R. Schneider, “Measurement of the Current Distribution between 

Multiple Brush Armatures during Launch”, 7;;;,P'(CN>,Q(&C>4,E%$>,F94,C%>,-4,G(C>,

://=4,))>,F3.HFF-,

8<R/=(, Q>,8@*C?"V?'4,I>,2"?#W'"?V4,`>,86(CA?E"@4,8>,!($?E"@"UN4,^>,aU'(UNA"?C?4,

“Magnetic Diffusion in Railguns: Measurements Using CMRHBased Sensors”, 

7;;;,P'(CN>,Q(&C>4,E%$>,F94,C%>,-4,G(C>,://=4,))>,F3/HF39,

8<R/=#, M. Schneider, M. Woetzel, W. Wenning, D. Walch, “P*?,782,'()"V,W"'?,'("$&UC,

project RAFIRA. Part I: Technical aspects and design considerations”, vol. 45, no. 

-4,G(C>,://=4,))>,FF:HFF],

8<R/=@, M. Schneider, M. Woetzel, W. Wenning, “P*?,782,'()"V,W"'?,'("$&UC,)'%Z?@6,

RAFIRA. Part II: first results”, E%$>,F94,C%>,-4,G(C>,://=4,))>,FFK,–,F9:,

8<R--, M. Schneider, O. Božić, T. Eggers, “Some Aspects Concerning the Design of 

Multistage Earth Orbit Launchers Using Electromagnetic Acceleration”, IEEE 

P'(CN>,0$(NB(,8@">4,E%$>,3=4,"NNU?,:4,1?#>,:/--4,))>,]=FHK/-,

80S=:, E. Spahn, W. Wenning, “L’emploi de diodes semiH@%CVU@6'"@?N,)%U',$(,

@%BBU6(6"%C,V"6?,b,V?,@'%c#(',d,V(CN,$?N,$(C@?U'N,Y$?@6'"[U?N”4,5())%'6,782,

5P9-]4,-==:,

80S/9, E. Spahn, V. Zorngiebel, G. Buderer, K. Sterzelmeier, A. Welleman, “^%E?$,

-3>9,A`,QU$6"@*"),P*+'"N6%',c"6*,(C,;C*(C@?V,V"MV6,W%',`('"%UN,0U$N?V,0%c?',

Applications”, 15
6*
,7;;;,0U$N?V,0%c?',<%CW?'?C@?4,://94,))>,K:FHK:],

,

,

,



!"#$"%&'()*+,

,

-.-,

/0123(, E. Spahn, G. Buderer, V. Brommer, K. Sterzelmeier, V. Brommer, “32,45,6$7'(8
compact pulsed power supply unit for various applications”, 117*,96'%):(;,
<%;=:':;>:,%;,0%?:',9$:>7'%;">@,(;A,1))$">(7"%;@B,C223B,))D,ECF8ECG,

/H92F, ID,/7:?('7B,“The impact of the USS Forrestal’s 1967 fire on United States Navy 
@*")#%('A,A(J(&:,>%;7'%$B”,Master’s thesis, U.S. Army Command and General 
/7(==,<%$$:&:B,C22F,

/K1--, T. Siaenen, M. Schneider, M. Löffler, “Railgun Muzzle Velocity Control with 
High Accuracy”, IEEE Trans. 0$(@J(,/>"DB,L%$D,MNB,"@@6:,-B,O:#D,C2--B,))D,-MM8-MG,

/K1, HD,/"(:;:;B,)'"L(7:,>%JJ6;">(7"%;B,C22N,

H1PNM, J. Taylor, R. Crawford, D. Keefer,“Experimental comparison of conventional 
'("$&6;@,(;A,7'(;@8augmented railguns”, IEEE Trans. Magn.B,L%$D,CNB,;%D,-B,-NNMB,
))D,3CM83CE,

HIQEN, RD,H*%';*"$$B,5D,!(77:*,and J. Brown, “Armature Options for Hypervelocity 
Railguns”, IEEE Trans. Magn.B,L%$D,C3B,;%D,-B,-NENB,))D,33C833G,

S1H--, HD,S(77B,TD,<*(4'(L('7*+B,UD,!%6':$$, “The use of high8@)::A,L"A:%,(@,(;,";8#%':,
diagnostic for electromagnetic launchers”, IEEE Trans. 0$(@J(,/>"DB,L%$D,MNB,
"@@6:,CB,O:#D,C2--B,))D,E2N8E-F,

S9PNG, J. Wey, E. Spahn, and M. Lichtenberger, “Railgun modeling with the P8/)">:,
Code”, K999,H'(;@D,V(&;DB,L%$D,MMB,-NNGB,))D,.-N8.CF,

S9PNN, J. Wey, P. Lehmann, R. Charon, D. Eckenfels et C. Gauthier, “First measurements 
%=,>6'':;7,A"@7'"#67"%;,";,J%L";&,="#:'8armatures in railguns”, K999,H'(;@D,V(&;DB,
L%$D,M3B,-NNNB,))D,-2G8---,

SQQNG, L.C. Woods,“The Current Melt8Wave Model”, IEEE H'(;@D,V(&;DB,L%$D,MMB,-NNGB,,,
))D,-3C8-3.,

PQWEC, F. Young and W. Hughes, “Rail and Armature Current Distributions in 
Electromagnetic Launchers”, IEEE Trans. Magn., vol. 18, no. 1, 5(;D,-NECB,))D,MM8
F-,,

XK92-, A. Zielinski and J. Parker, “Demonstration of a hypervelocity mass8:==">":;7,
integrated launch package,” K999,H'(;@D,V(&;DB,L%$D,MNB,5(;D,C22-B,))D,3.–.-,,

XQY2N, ZD,X%';&":#:$B,9D,/)(*;B,[D,!6A:':'B,1D,S:$$:J(;B,(;A,SD,O$:"@>*J(;;B,

“Compact high voltage IGBT switch for pulsed power applications”, L%$D,F3B,
;%D,-B,5(;D,C22NB,))D,3M-83M3,

XWY--, Žurauskienė N., Balevičius S., Stankevič V., Keršulis S., Schneider M., Liebfried 
O., Plaušinaitienė V., and Abrutis A., “B8/>($(',/:;@%',W@";&,<VY,9==:>7,";,H*";,
Polycrystalline Manganite Films”, IEEE Trans. on Plasma Science, L%$D,MNB,;%D,-B,
5(;D,C2--B,),F--8F-.,

,



!""#$%

&'(%

!""#$%

%

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

%

!34%5-*"+*,'#%

!"% #$)*+% *,-./+)+0,"% ,1% +2#% 3,,.% 4,3+)5#% 06% 70110*/3+% 8#*)/6#% 0+% 06% "#*#66)9:% +,% ;",<% +2#% 9#)3%

*/99#"+%706+908/+0,"%0"%+2#%9)036%)+%#)*2%-,-#"+=%0>#>%)+%#)*2%.,60+0,"%,1%+2#%.9,?#*+03#>%@#%.9,.,6#%)"%

)..9,$0-)+0,"%+);0"5%0"+,%)**,/"+%+2)+%+2#%*/99#"+=%7/#%+,%6;0"%#11#*+=%06%*,"*#"+9)+#7%)6%0+%)..#)96%0"%

105/9#%!>&>%A29##%.90"*0.)3%)..9,$0-)+0,"6%)9#%-)7#B%

C! +2#%9)036%)9#%9#.9#6#"+#7%<0+2%)%10301,9-%*,"7/*+,9=%

C! +2#%6/91)*#%,1%+2#%3,,.%06%*,"607#9#7%6-)33%*,-.)9#7%<0+2%+2#%,+2#9%70-#"60,"6%

C! +2#%-)5"#+0*%0"7/*+0,"%D%06%*,"607#9#7%*,"6+)"+%,"%+2#%3,,.%

A2#% 4,3+)5#% 06% *)3*/3)+#7%8:% 7#904)+0,"% ,1% +2#% 13/$% +29,/52% +2#% 3,,.>%E,9% +2#% *)3*/3)+0,"% ,1% +2#%

-)5"#+0*% 0"7/*+0,"% D% <#% /6#% +2#% DFGACH!I!JA% 3)<% )"7% -,9#% #6.#*0)33:% +2#% #$.9#660,"% 1,9% )%

6#5-#"+>%@#%2)4#%)36,%+,%+);#%0"+,%)**,/"+%+2#%)"53#%8#+<##"%D%)"7%+2#%",9-)3%709#*+0,"%,1%+2#%3,,.%

+,%*)3*/3)+#%+2#%13/$>%A2#%)$06%,1%+2#%3,,.%06%.)9)33#3%<0+2%+2#%:C)$06%,1%+2#%105/9#%<20*2%*,99#6.,"76%

<0+2%+2#%)$#6%,1%+2#%89/62%*/99#"+>%A2#9#1,9#%+2#9#%06%,"3:%)%*,"+908/+0,"%,1%+2#%2,90K,"+)3%*/99#"+%0"%

+2#%9)036%)"7%",+%19,-%+2#%*/99#"+%,"%+2#%)9-)+/9#6>%

%
%

%

%

%

%

%

%

%

E05>%!>&B%%%L#,-#+9:%,1%+2#%-#)6/9#-#"+%,1%+2#%*/99#"+%706+908/+0,"%8#+<##"%+2#%89/62#6%,1%+2#%.9,?#*+03#%

!36%7."8&029#")#:%-&*'20"%

A2#%-)5"#+0*%0"7/*+0,"%06%7#.#"70"5%,"%+2#%*/99#"+%)"7%+2/6%,"%+2#%.,60+0,"%,1%+2#%.9,?#*+03#>%E05%

!>M>%62,<6%+2#%*,"105/9)+0,"6%1,9%+2#%/..#9%)"7%3,<#9%9)03%,1%+2#%","C)/5-#"+#7%9)035/">%!"%9#.9#6#"+6%

+2#% +,+)3% */99#"+% 0"% +2#% 9)036>%#% 06% +2#% 706+)"*#% 8#+<##"% +2#% 89##*2%)"7% +2#% .,0"+%<2#9#% +2#% 4,3+)5#%

8#+<##"%+2#%.0"6%)"7%+2#%4,3+)5#%0"%+2#%3,,.%06%-#)6/9#7%)"7%z’%06%+2#%706+)"*#%8#+<##"%+2#%89##*2%)"7%

+2#%*/99#"+%89/62%+,<)976%+2#%89##*2>%A2#%1)*+,9%a%9#.9#6#"+6%+2#%19)*+0,"%,1%+2#%+,+)3%*/99#"+%+2)+%9/"6%

+29,/52%+2#%*/99#"+%89/62%+,<)976%+2#%-/KK3#>%F+%06%9#3)+#7%+,$l 0"+9,7/*#7%0"%N2).+#9%&%8:B% l-=a & %

%

>>%FJ%

F&% F(%

K%

O% %%#%%D9##*2%

%)%

K’%



!""#$%

&'(%

!

)*+,!,-.%%/#01#234%503%6%"0"768+1#"2#9%36*:+8";%<30==7=#<2*0"%05%2>#%36*:=,%

6?! @AA#3%B6*:%

!
!

C?! D0E#3%B6*:%

!

)*+,!,(,%%%F0"5*+8362*0"=%503%2>#%8AA#3%6"9%:0E#3%36*:%503%2>#%"0"768+1#"2#9%36*:+8",%

!AA:*<62*0"%05%2>#%G*027H6I632%D6E%6"9%5:8$%<6:<8:62*0"%3#=8:2=%*".%

ú
û

ù
ê
ë

é -+-
-

-+-
=F

-

-

J

(

J

&

J

&

J

-

-

&

(&&-K ?=*"L=*"?=*"L=*"?=*"L=*"?=*"L=*"

M !!

"# $
%&&'

qqaqqqqaqq
p
dm

%

?L?;;;J;L
M

K ("()*+,
#

$%&&' ×=F l
p
dm

%

%

%

%

%

"#!

$!z’!

%&! a%&!

'!

θ#!
θ(!

θ)!

*+,,-.!

"(!

$!z’!

%&! a%&!

'!

θ#’!θ(’!
θ)’!

*+,,-.!

%&!/!

%&!0!

*!/!

*!0!

d 

!!!!ε!

!!!!1!

!!!"#!

!!!"(!

!!!!2!

!!!!3!



!""#$%

&'(%

)*+,-%

..
&/ e+d= %

..
. 012/ +e+d= %

.

&

.
&

032

3
4*"

!"#

"#

+-

-
=q %

.

.

.

3

&

032

3
4*"

!"#

"#

+-

-
=q %

.

&

.
.4*"

!#

#

+
=q %

.

.

.

3

.4*"
!#

#

+
=q %

.

&

.
5

032

3
4*"

!$"#

$"#

+--

--
=q %

.

.

.

3

5

032

3
4*"

!$"#

$"#

+--

--
=q %

%

!"#$!%&'()*(+$,-./&%)$

678%9"%9:;<#"+#/%89*=;:"%+)7%9//*+*7"9=%+#8<4%>78%+,#%<9;"#+*?%*"/:?+*7"%*"/:?#/%1@%+,#%?:88#"+%

*"%+,#%7:+#8%89*=4%,9A#%+7%1#%?9=?:=9+#/B%%C,#%9:;<#"+*";%?:88#"+%%&%8:"4%+,87:;,%+,#%+7+9=%=#";+,%7>%+,#%

9:;<#"+*";%89*=4%9"/%+,#%*"/:?#/%<9;"#+*?%*"/:?+*7"%*"/#D#"/#"+%7>%+,#%D74*+*7"%7>%+,#%D87E#?+*=#B%C,#%

?7">*;:89+*7"% >78% +,#% =7)#8% 9"/% :DD#8% 9:;<#"+*";% 89*=4% *4% 4,7)"% *"% 6*;B% !B(B%D’% *4% +,#% /*4+9"?#%

1#+)##"%+,#%<#94:8#<#"+%D7*"+%9"/%+,#%<:FF=#B%%

C,#%>=:$%*"%+,#%=77D%/:#%+7%+,#%7:+#8%89*=4%*4-%

!.
.3

3
G

3
(

.
&

G(!H
! I0J23K

/

04*"24*"

3/

04*"24*"

(

I4
=

ú
ú
û

ù

ê
ê
ë

é q-q
-

q-q

p

dm
=F

%

)*+,-%

..3
& 0?2/ e-+d= %

..3
. 0?12/ e+++d= %

.3

&

.
(4*"

!#

#

+
=q %

.3

.

.

3

(4*"

!#

#

+
=q %

.3
&

.
G

/3J

3J
4*"

+
-=q %

.3
.

.

3
G

/3J

3J
4*"

+
-=q %

%

C,#%;=719=%>=:$%*"%+,#%=77D%*4%;*A#"%1@-%

( )[ ]023020LLL3L2
(

H '%#('%')"#(
*

&+,--. +×=F l
p
lm

!



!""#$%

&'(%

!

)*+,%!,-.%/#01#234%503%6%"0"768+1#"2#9%36*:+8";%<30==7=#<2*0"%05%2>#%36*:=,%

6?! @AA#3%!8+1#"2*"+%B6*:%

!

C?! D0E#3%!8+1#"2*"+%B6*:%

!
!

)*+,%!,(.%F0"5*+8362*0"=%503%2>#%8AA#3%6"9%:0E#3%36*:%503%2>#%68+1#"2#9%36*:+8",%

!"#$%&'()*&+*$,'$-.*$+/0+)(1-/&2$+)00*&-$3*-4**&$-.*$30)5.*5$

G>#%<833#"2%*:00A%*=%=0:82*0"%05%2>#%9*55#3#"2*6:%#H862*0"%

% 92

9I
6JK

92

9*
D*B !:00A

<:00A< -=+ %

E*2>%
CB<
BL6JBB += %M% CB< DL6JDD += 6"9%

<

<
<
B

D
=t

%

"!

#$%%&'!

D’!

!()**+%!

,-!

θ.!

θ/!
01’!

"!

#$%%&'!

D’!

!()**+%!

,-!

θ.’!
θ/’!

02’!

!!!!3!

!!!!4!

,5!6!

,5!7!

#-6!

#-7!

!!! d 

!!!!ε!

!!!!8!

,-6!

,-7!

!!!!&!



!""#$%

&''%

%

%

%

%

%

%

%

%

()*+%!+',%-.#/01)/2.%3/4#5#%671%04#%/)1/8)0%9)04%097%2152081#3+%

:811#"0%!"%/2"%;#%#$<1#33#=%9)04%2%*77=%2<<17$)520)7"%;>,%

671%%
!?

00? ££ % ÷÷
ø

ö
çç
è

æ p
=

!?

@!!
0

0

A
3)"BB %

% 00 !? £ %% ÷÷
ø

ö
çç
è

æ

t

-
-=

!

!?
@!!

00
#$<BB %

#$%%&%)3%*)C#"%;>%67..79)"*%1#.20)7"3%671%04#%097%0)5#%=752)"3+%

!?
00? ££ % ÷÷

ø

ö
çç
è

æ
j-

p
+÷÷
ø

ö
çç
è

æ

t
-= /

!?

&

/

&&.77<
0

0

A
/73D

0
#$<:) %%

9)04%%

/
A

!?/

@!
&

0*&

&

0AE

2BF@
D

j+

p
-= 2"=%

!?

//
0A

0*
p

t=j %

00 !? £ %% ÷÷
ø

ö
çç
è

æ

t

-
-+÷÷

ø

ö
çç
è

æ

t

-
-=

!

!?
A

/

!?
AA.77<

00
#$<D

00
#$<:) %

9)04%%
/!/

@!
A

&

E

2BF@
D

t-t
= %

G4#%097%/7"302"03%21#%=#0#15)"#=%83)"*%.)5)0%/7"=)0)7"3,%

!0% ?0 = % %% ?) &.77< = %% % /&& /73D: j-= %

2"=%671% !?00 = % % A.77<&.77< )) = % A/&

/

!?
/&A D3)"D

0
#$</73D: -j+÷÷

ø

ö
çç
è

æ

t
-j-= %

B"%/7"/.83)7",%

!?
00? ££ %

ú
ú
û

ù

ê
ê
ë

é
÷÷
ø

ö
çç
è

æ
j-

p
+÷÷
ø

ö
çç
è

æ

t
-j-= /

!?/

/&&.77<
0

0

A
/73

0
#$</73D) %

00 !? £ %%%%%% ÷÷
ø

ö
çç
è

æ

t

-
-+÷÷

ø

ö
çç
è

æ

t

-
-

ú
ú
û

ù

ê
ê
ë

é
-j+÷÷

ø

ö
çç
è

æ

t
-j-=

!

!?
A

/

!?
A/&

/

!?
/&A.77<

00
#$<D

00
#$<D3)"D

0
#$</73D) %

&’% &’'

#
(

#
(

!
(

!
(

#’
!
'!’

!
'

&’% &’'

#
(

#
(

!
(

!
(

#’
!
'!’

!
'

&’% &’'

#
(

#
(

!
(

!
(

#’
!
'!’

!
'

B!%

).77<%



!""#$%

&'(%

!))%*+,+-#.#,/0%R’, R!, L’"%+"1%M’%-+2%1#*#"1%3"%.4-#%.%+"1%/3-#%3"%.#-*#,+.5,#6%78#,#%4/%+%9#,2%

:331%+:,##-#".%;4.8%</*4=#%/4-5)+.43"6%>.%8+/%?##"%9#,4@4#1%4"%.8#%=+/#%3@%>A%B%C6%78#%14@@#,#".%

*+,+-#.#,/%+,#%=3"/41#,#1%"3.%9+,24":6%%

!

D4:6%!(E%F3-*+,4/3"%?#.;##"%+"+)2.4=+)%+"1%/4-5)+.#1%9+)5#/%

>"%.8#%#$*3"#".4+)%1#=,#+/4":%3@%.8#%=5,,#".0%.8#%/#=3"1%.#,-%3@%#$%%&'%?#=3-#/%,+*41)2%.8#%*,4"=4*+)%

*+,.6%

.. !C << % !

=!

=

=!

!C

=!=

G!

!

!C
HH)33* >

I

+JG..
#$*

&

A

+>JG..
#$*K4

t-t

t
=÷÷
ø

ö
çç
è

æ

t

-
-

t-t
=÷÷
ø

ö
çç
è

æ

t

-
-@ %

>"% .8#/#% *,#9435/% =3"14.43"/% !!!

A

!)33* >L>
JI

JG
M4 =@ % ;4.8% HN'0CM! = 6% % 78#% =4,=5)+.4":% =5,,#".%

,#*,#/#"./% +?35.% HCO% 3@% ()% +"1% =+""3.% ?#% "#:)#=.#16%P#% 8+9#% .3% .+M#% 4.% 4".3% +==35".% 4"% .8#% #-@%

4"15=#1%4"%.8#%93).+:#%)33*6%%

=Q! R**#,%A+4)%

!
!

1Q! I3;#,%A+4)%

!
D4:6%!SE%F3"@4:5,+.43"/%@3,%.8#%5**#,%+"1%)3;#,%,+4)%;4.8%)33*%=5,,#".%4"@)5#"=#%

78#%@)5$%=,#+.#1%?2%.8#%=5,,#".%#$%%&%4/%:49#"%?2E%

( ) $%%&$%%& #*+,-.
/

#
00

/
00J0T

U

Q/4"V/4"Q/4"V/4"

U
T C

H

H

J

N

J

&

H

&

N&C

p
dmqqqq

p
dm

=ú
û

ù
ê
ë

é -
-

-
=F

%

"#$%&'(&)

"#$*&'(&)

"#$#&'(&)

"+$&&'(&*

",$&&'(&*

"%$&&'(&*

"*$&&'(&*

"#$&&'(&*

#$&&'(&*

*$&&'(&*

%$&&'(&*

& &$&&&% &$&&# &$&&#% &$&&- &$&&-% &$&&*

.//0123456!57/058891:

;<005:=!>0<84!?<@@A5

"#!

$!z’!

%&! a%&'()**+!

,!

θ#!θ-!
θ.!

/01123!

"-!

$!z’!

%&! a%&'()**+!

,!

θ#’!θ-’!
θ.’!

/01123!



!""#$%

&'(%

)*#+#,-+#%.*#%.-./0%,01$%2"%.*#%3#/41+#3#".%0--5%24%.*#%413%-,%.*#%.*+##%.#+346%

( )[ ]7897::9:8;787:::9:8
<

= !"#$%!&'#$!"!&'#$
(

)*++,-*++, +×+×=F l
p

dm

!

>,%?#%4/.24,@% !=.. >> %.*#%,01$%2"%.*#%A-0./B#%0--5%24%.*#+#,-+#%B2A#"%C@%

( )[ ]787::9:8;789787:::9:8
<

= !".!&'#$!"#$!"!&'#$
(

)))-*++, ×++×=F l
p

dm

!

%


