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IIYII JIOepHbiX UCCAei:JoaaHUU ,i{y6Ha 

Bll8.!l8HH8 

B pa6orefi/ MY llY'qHcnBKH qacrb BK~OE E 8R8KTpOMarHHT
HYil nonpa:eKy (a.n.) HHamero nopll.!lKa K ynpyroMY fe -pacce.fi-

HHD B YCXOBH.IIX aRcnepHMeHra, B KOTOpOM He ,!l8RQ8TC.fl paaKH'qH.fl 

Me~ ynpyrBM npoueccoM H npoueccoM ropMoaHoro na~eHRa ~o

roHa ( aRcnepHMeHr :eroporo rnna). 

B arol pa6ore MY npi!BO,IUIM OCTaJibHHS ~OpMf.IIH, KOTOp!ie 

BMecre c pe3yJiuaT8MH pa6oru/I/ ,llallT noRflYil a.n. HHamero 

nopll.!lKa K npoueccy aReRrpoMarHHTHoro pacce.fiHRR .!lBYX roqeqHHX 

aapazeHHYx qacrzu co cnHHOM I/2 .!ln.!~ aKcnepHMeHro:e :eroporo 

THna. TaR ~e,RaR H B pa6ore11< :ece :eupa&eHRa noR]qeHH 6ea Hc

no.UDSOBaHRR KaRBX-RH60 npH6nH~eHHI H E KOEapHaHTHOI ~pMe. 

Ha.lt.!leHHHe S.!lSCb H :el 1 I ~OIJMY.IIH 6YKH BcnoRoao:eaHH HaMH ,!lJtll 

BHqHc~eHHR a.n. HBamero no~ K npoueccy rR]6oKoHeynpyroro 

e II- paCCS.fiHH.fl B naprOHHOA MO,!le~2/. 
HMeR B BB~ ~HelmHe npHR0~8HH.fl, Mli npHBO,!lHM TaK~e 

aaa.norHqHHe peayRorarH ~ ynpyroro aReKTpoMarHBrHoro pacce.fi

HRa ,JO!yx roqeqHHx aap~meHHYx qacTHU co cnHHaMH 0 H I/2. 

3,![8Cb HCIT0Rb3YDTC.fl re ~e 060aHaqeHH.fl H TepMHHOHOrH.fl, 'qfO 

H :e pa6oref!/. Ee3 pa,n.H~HOHHOe ceqeHHe B nopll.!lKe Jv 2 
, a 

rax:ae V- H R -BKJia.Ini B ceqeHBe nopll.!lKa .}...3 upe,!lCTaB-

~eHH B BH,![e O~OKpaTH!iX ~H~epeHUHanbHHX cneRTpOB no EeHHqBHe 

Y•(K1-Kaf, r.!le 1(, H K1 -Ha'llaJibHHA H KoaeqHHI 4-BMnym.

cw qaCTBUY CO CITBHOM !/2. 

B nepBol qacrH pa6oru ,!laRa o6ma.fl ~PMYRa .!ln.!~ ceqeHHH npo-
3 

U8CCOB C !'O'qHOCTbll ,![0 qJieHOB -. ~ • Bo BTOpol qacrH BIJITHCQH!i 
3 



V - EKJIB,Ubl E C8'!8HHe, Bl:Jpa;!t8HHi;8 'i8p83 BBe,neHH~;e I'IHBapHa.H Ti; , 

D TpeToeH '!acTH rrpHBe.neHJ:J peayJioTaTJ:J ~ Tex qacTeH f? 
-BKJia,na, KOTOpJ:Je He 6J:JJIH ,na.HJ:J B/l/, 

I. 06mee BJ:JQa!BHHe 8AH ce'leHHR 

AH~pepeH~aJioHoe ce'!eHHe o/E>'~(J(~ 3JIBKTpoMarHHTHJ:JX 

rrponeccoB 

~(P,) + -k(K,)- f(~) + f(Kz) 

0 ( P,) +I (K,) - O{Pz) + f(Kit) 

(I) 

(2) 

( P. , K1 , P2 , Kz. - Ha'!aJioHJ:Je H KOHB'!H~;e 4-HMrryJioCJ:J '!aCTHU 
z. a z z it it 

peaKUHH, npH'iBM P, ... l'z .. - H , K
1 

• Kit.,. - m ) c TO'iHOCToiO 

,no 'IJIBHOE J.. S rrpe,ncTaBHM B BH,ne 

(} r/! ,}! F /. ). S ~ J(;:''J F 5 = _§+ ..§- + dG'o.J:...( $ + d +d + t,)+_J +~(3) 
dY dY dy dY 9i Jy dY 

3.necb dO, I dy - ,n>~qxpepeHUHaJioHoe ceqeue HHSUJero ITOpli.llKa 
l. 
~ , ~ ITpOUBCCOB (I} H (2) HM88M COOTE8TCTE8HHO: 

do/ 4S·l rr1 T.x= .!...[sz+x'-2·Y.(m2+ M2
)] (4) -=- 2 ·1 0 , o 2. • 

dY 'J..'!;Y 

11 2. ii ;; r. it} d6:,. .25i·J.. ·T.- , y-=2.·l S·X.- Y·M , Xo= S-Y. 
dY .\·Yz o o 

(5) 

4 

IR 
Ce'!eJme dO., / dr - KoHe'iHM (He 3a.BHCi!IJ1ail OT ).. ) '!aCTo 

Y - BKJia..Jta, OCTaBma.RCR ITOCJie Bhl,nBJIBHR!i H3 Hero C8'!8HHR 

db.,r/dr (<t>opMYJia (52) pa6oTJ:J;r;), 3Ta qacn co.nepJKHT 

BKJia,Iij,l ,llllarpa.MM IIOMpH3aiU!H BaKyYMa, B8p!IIHHHJ:JX .nHarpa.MM H 

,llllarpaMM ~yxit>OTOHHOro 06MeHa H MOXBT 6HTb saTIHCaHa B BH,ne 

drs-./ d6; rk ( ~ (' ) db. o'G:'I' 
- - - • -· cL + Overt +- + - ) dY dY 9i vac dY dY (6) 

r.ne d~Jdy OTBB'l88T BK~ aHOMaHDHOrO MarHHTHOro MD-

.PeHTa B BBpiiiHHHO:It ,nHarpaMMe ~ 'IQCTHU CO CII.HHOM !/2, 

TpeTb8 CJiaraBMOe B (3) OTBB'!aer: KOHB'iHO:It 'laCTH 

do./~dy - oL; pesyJibTary COKpa!IIBHR!i A B v H R 
BKJIB,ltax - ~ ; qacr.RM R - BKJia.zta, orrHcJ:JBaDILHM HSJIY'leHHe 

MIU'KHX E ll8CTKHX WOTOHOE, - dS H c),H, COOTBBTCTBBHHO, 

Be~'!HHY (r BCJie,nCTBHe <t>axropH38UHH yrrpyroro C8'!8HH8 

He SQBRCRT OT CDHHa CTaJIKHB&~CR '!QCTHU H RBJIRDTCR 06mHMH 

l1JIII .103yx paccMaTpHBaeMHx CJIY1JaeE. OHH ,nB.DTCR it>OpMYJiaMH ( 5?), 

(60), (38) H (46} pa60TH/I< COOTB8TCTB8HHO, 

HaKoHen, dG',_"fay e do/!dy - ocra.noHble 'lacr>~ R -BKJia

.na ( <t>opuyAY (45) H (IO) pa6orw/I/), 

BypaaeHBR l1JIII KOH8'1HO:It '!QCTH \( - BKJIB,lta l! C8'!8HHR 

rrpoueCCOB (I) H (2) Heo~oKpaTHO ITpHl!O,nHJIHCb B JIHTeparype/3 , 4/, 

Mg Bhiiili!WeM HX HUe ~ ITOJIHOThl. 

lloARpli!SSUHR l!&KyyMa 'l&CTHOe:lt CO CDHHOM I/2/3/: 

5 



~ l 

c\:c = ~ (Y+2m
2)-Lm - ~ + ;.;·fi-zm~,.). 

(7) 

llo~pH3auHH :SaKJYMa 'IQCTHUeA CO CIIHHOM o/4/: 

&_ o = (Y+4·M''(L _ ~ _ 4·H". 
V4c 6·)" N S J·)" (8) 

BeplllHHHaJI~RUIDI '!acrHUbl co crrHHOM I/2 141; 
I 

cS',e~t = { i ·Y+4m
2)l,. -2 . (9) 

BepmRHHaJI ~HRUHR '18CTHUbl CO CDHHOM 0 / 41: 
\0 2. 

overt -2{Y+2·M }LN -2 . (IO) 

BK~ aHOMaJibHHX MarHHTHHX MOM8HTO:S '18CTHU CO CIIHHOM l/2: 

I l 2 '6',.i 3 

dOa.::: 4·.L~fi(Y-2tl'rnf_ +f(v-2m~·H'j J cfi • =- 2.·J..rY+4tl)rJf,.< ·> 
dY AiY L' J "' N ' d t >-s·Yl II 

B~ ~yx~oToHHoro o6MeHa: 

I I r 
d6;'(= dG:, f.(£:+ s.c)' 
dY dY :r 

d~!. d6;;~f( c5;1+ c>.c), 
dY dY 

r~e f - 3HaKo:sb!A MHOXHre~b,:s:se~eH~ :s pa6oref1/, 

6 

(!2) 

(!3) 

BeJIWHIHH &.' 
j H J: :SH'IHCJI8Hbl: B pa6ori 4/, B IIpHH.R:ThiX HaMH 

0603HQ'I8HHRX OHH HM8DT :S~: 

~=2{ p(i+ !L)-p(t- ;,)-p(ma(~:~l))+P{m2~:s~-iJ(I4) 

r-!.-s(i+ YC S•M2.)):K -x ·(1- Ytt.-~/J)·K • + 
o.r 7.1 s o T.' x 

4 Y"'s v >~ 2 c..J 2.)G(rn) 1 (m)J 
. l· :"• (Y+2M'IG. +(Y+2m; +2m·Q.. 
T! ; o o 4i ' CI5) • 

r A£: 
1[.1\l .t :1. l .l aa./ K =-L .t,_ Y '"s'(m-M)+S(m+M)+4mM] _ 

s s 2.·m·H·5.., 
lf'As I. 

2 [rh(S+2.H- ) rf\( S+2m +fr; ) z] 
(>;~ 'f S+2M'+~ -'f s ... 2m'-fr; +J 

(!6) 

K .-=K (s--x.)+L·s2 

l( s v.:; 
rc:>J...[ .t, m

1+...!_·[ rh(~X; -Y)_ihL if,.+Y)-fjcr7> ~ ~ "' >' 4 r>;: 'f 2m1 'fr 2 ,., 

G.(~ ct'[m-Mj 
("") 

(m) ., ( I en y + y G ) ~ - Y+4"'2 2. m' · o 

CJ~HJ ~1("')[ m- Mj . 
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4> -iP.vmmHR CneHca ; OCTaJibHble 0603Ha'leHM BBe,UeHbl I! 

/I/, WyHRUM Cl~ 6bl~ Bbl'IHC~eHa HaMH C HCllO~b30BaHHeM npHeMDB 

pa6oTbl/ 4/. Pesy~I>TaT HMeer BH.ll: 

~
1

= ~x{-l~(-r;=..sj.K5- 2~(T:~x:JKx·-
- 4 ~lC;[Y(Xo-2mt}(x.-2ti}+X.-Ax-}Lx.- 4 ~Jy(S+2m2)• 
( ~\ ]L ( ) r. G(I'C) ("') lf (Hl 

' S+2M ;-S\ • t S+X. '[2.Y0 0+~ )+4·Ml Go + 

(Jot)) 2 IG("') ("')) M 
+~i +4m·l' 0 +~1. +fenr;, + 

+ (.M:- rnl_) ·{ M~ mi._ Y J fn ~]} . 

::l)l.eCI> 

d 2 2 
.=m+M -x. 

)( 
d5 = m 2+ M t + S , 

a DCTaJibHble 0603Ha<JeHM Te ~e, 'ITO H B (I5)-(I7), 

3, BRAaA TOpM03HDI'O H3AY<JeHM 

(I8) 

IlpHBe.neM renepb He BH<JHcJieHHble B III <JacTH R -BRJI8,lla. 

BRm,n clfi;_w / d Y BblllHCbiBaeM, Hcno~b3YR ljlopMy-JIY (II 5) pa6oTH 

Ill. MMeeM 

I '11'.., 

(dO:)=- ~·J(s-Y- ~ ·v)· Jcv) v) d11, dY )..s·Y 
(I9) 

0 

H l l 1'11".., 

( dO:)=- 4<L·~. Ti( y lf)dlr d y As·Y J \ > • 
(2.0) 

0 

8 

~ 

I 

OcraBma.R:CR (CaMa.R: rpOM03,URa.R:) qaCTb ~ - BR~a, DTEe<JaEma.R: 

ce<JeHHIO do/Jdy (cpopMY~ (IO) pa6orbl I I/), 611~a Ha.ii.neHa 

c noMOlllbJJ nporpa.MMH aHa.JIHTH<JeCKHX EH'IllMeHHii SC.HOO!ISCHIP 

151. Bb!'IHCJieHHR npoBO.UHJIHCb no c~e.nyV~I~e~ cxeMe. 

I. Haxo).(HJIOCb noJIHocniJ .D:H!fxPepeHUHaJII>Hoe ce<JeHHe (mnyp) 

npouecCOB TOPM03HOI'O H3JIY'IeHHR I! peaKUHJIX (I) H (2), 

2, IlOJIY'!eHffHM runyp BJl~CR <Jepe3 ll.R:Tb He3aBHCHMblX HH

BapHaHTOB S , Y , X , t , Z, BBe.neHHilx E/I/, H npe.ncraE

JIR~CR RaR rro.JIHHDM no creneH!IM t>z wZt' (1.,= 2+~-Y). IR 

3, 113 TIOJIY'IeHHoro Bll~eHHR Bll'IHTaJiocb ce<JeHHe dG; / d Y 
(cpOpMYJia (I3) pa60Tbl/I/). 

4. C noMOlllbll ra6JIHUJ1 HHrerpaJioE I Bbl'IHCJIIIJIHCb .n;Eotl-

Hble HHrerpaJIH Jat J ~~tf.l"' nocpe.ncTBDM no.ncraHoBoK 
" "' :. R, t·l- pesy~bTaT HHTe!'pHpDEaHHR. 

5. IlDMe HHT6I'pHp0BaHHR ilpHBO)I,HJIHCb TIO.U06Hble 'IJieHbl. HH

l!HCJieHH.R TID DllHCaHHO" nporpruwe 3aHHAIIi.DT 6 KHHYT Ha 3BM CJlC-o 11UU, 

IlpHBe.neM pesyJibTaT MaillHHHOI'O Ehl'IHCJI6HHR EeJm<JHH c/fS,_ F/dy 
E BH,Ue: 

F F ~ F 

d'OA. { d~) + f ·{des .. ) + 1~(d6;) 
d y d r o d v /1 1 d y 2 • <2n 

3.necb 

F 3 Xo 

( d§ l~ 2 ot·Jdx({J...(L +L )-(1+ 2-m~Sx)·L-d Y Jo As 2 A t Y1 , 
)( .,.._ 

- 1r + 1. - L · (T+ m~B )-[-' (T -2m"E)+ yz. y yz.·)..s ' o y.z).s 2. • 

9 



.l+T- 2m
2

_ 4·m"]L }+ {s--xJ) 
2. 3 y Y1 s . (22) 

F - ')(. 

(:d§ )'- 2·.1.,
3

• Jdx({ i.(s +2.m2)L + j_- 2~-d Y o As y x "' y Y 
X ... i,. 

- _g_ :r-(-' ·I:+ T. )·L j+{S --)(J) (23) yz As 1. Y a>.., ~ 3 s J 

'fl::: ( 4m
2

S·X _ 1 )· F.·'lr + m~s~.if.(~ + 3d..)_ 
r.ne 11 Ma.y.t 2. yl M2. >-.s 

s-{s+x)-(S+2·m'-)+ M~B.. , 

T 2·m~S2( 38-F.) (4m~s-x ") zF. ( H1
) = · £--· -Y.B· " -M -2m· ·5+ , 2. y Y·As o y • 

2 1 ~ L a ul 1 C' 1 T )(-2M S+X- ... rn·n4-2.m·..Jx l>rn·S·X "--+ l + J ) 3 y y y 

OCTanbHHe 0603Ha~eHHH re xe, ~TO H B pa6oTe/l/) 

(~~),: ~:.': J~~< { (s+x)(i~x[Y(s-Y)(X>Y)-
x...... 2 

( 
2 l 2.)] y y [ I ,,/(i '!f.'S,. +y)~L -2.·m1

1f+Y+2.YM --+- -+-
5 

+-A- . + >-r 11' 2 J( Y t 

+ (J_- ,/v(Y+~M~)J-L '\+s·[T + I].Cll-[Tr+3m,.+Ma+ 
2 $11 ·>-.y w) 4 s ~ s 

m
1

( >\J~L ['~ 4m
2 2T]L} (25) + -· Y(S+X)-,:: . + S· - + -+ -· ~ . -

A ~ s~~ Y s~~ s 

-{ s --xJ);x. 
(dG';~l~ 2~3·:f.jdx<{(s+XJ.«1- rlr.(~+4tl)J-L + 
d Y ~ Xs Y 5 ·Ay " 

X~~ -

2 ' (26) 
+ ~ [~ + ~~ (i+ s~·~)}Ly+s·T; ·f4 -( S+ tl+ 

+ 2m')L. +s(4_;''+ ~ .. zT.)L,}-{s--xl); 
(24) 8-v.8 -Y·'A Q -zm"s + S·Y o J , Oo 11 

1 

C -X·S~~-(S+X•2M')·Y, 
f:.:: S·S +2·H~Y S • S-X 

0 )( , )( ' 

do .,4'[ Y-(M~Y-SX)+m' . .AYJ , )..,. - s: + 4·M~Y 

r.ne T St+ ~~ 2. 2 
• --M-m 

~ y 

T - S-M~}_g_ 
' y , 

T,.. S+~ 0\ = LA-Ls 
5 2 ' Vs v > 
" f·X·S -2M~'I . 
0 

Jl ) (27) 

L 1 ~ )(+y ... {,f ·l" z. ( z.) 
.... - ul a A- (x+Y1 -4,.,.. v-·M ) A fA' )(+'(- A , 

10 11 



Xo 

(~~l~ 2>-~;:yx{T, +S+X+Y-[ UJ + 
" 'l( ...... /1 

+Y.1J( 3~f..- ~JI + Bo+ t.D-X·Y-M~(S+X+ JY)-

2) :l 
-2·w/y1-1 + 11"(S.+2 M ·[.Y..(li -A•2·G)-J T 4 )..y Ay 

"z 

- 2·m
2

+Yj ~'- -[ ~,(/;+To +jlJ.Y·(A~-3 ~~+ 

+ r (S+X+Y)+2·M~(S+X•2·Y)+m~(SI(+Y~.f 14 }; 
(28) 

F )(, 

do. i 3f2j (-R.) = £L_ · dx{T. +2·X -[J..·(T.- Y·r.£l-d Y 2 'As Yl. 7 )\., & ) 
)(..,;" 

-1J(Y-2m
2
)-{X+Y)(Y+2MJj ~ -{ ~., (7; + 7":o + 

A .z 17 + '\f·Y f:; )+X·Y+2·M·(Y+2·X)J'LI(] 
J 

(29) 

r.ne "z "' 
/;: ~J1f(A1 - 3[: )+2·(Y+2X)F: j ) 
T._ = H~lf.( 3>..:'"- A)- ( Y+2tl)(Y+2XJF) 

12 

" " 7; = -2M~?T( 3~;-A)'+80 ), , 
7; = ( Y+2·X }{2·H~£' + ( Y+2tl)-K J. 

(30) 

0,lll!DKpaT!ille MHTerpaJIN (I9) li (20) EH"'MC.JIIIJOTCR: JJerKD. (',,llHa.KO 

B KOHKpeTHHX paC"!eTax MX Y.ll06HO 06~e,llliHRTb C BHpaEeHHRMH 

(22), (25), (28) M (23), (26), (29). ilOCJJe,lll!He HHTerpaJJH EHpa

~TCR: qepes ~HH CneHca, ao pesyJJbTaT HHTerpnpoBaaRH 

HaCTOJJbKO rpOM03.1lKKA, "'TO ITOJJYl:feHHe li3 Hero l:fliCJJeHHOro 3Hal:feHHR 

saHHMaeT 6oJJbme BpeMeHH aa 3Bf',l, "!eM l:fHCJJeHHoe HHTerpHpo:eaaHe 

HCXO,IlHHX BHpa~eHHM. il03TDMy MH li ITpHBeJJH HX E EH,Ile O,lll!DKpaT

HHX liHTerpBJIOE. 

~OpMyJJH (3)-(30) CDBM8CTHO C ~DpMyJJaMH (38), (4G), (5?) 

li (60) pa60TH/I/ ,llaJOT B yCHOBHHX 3KCnepHMeHTOB BTOporo THTia 

HCKOMHe ~M~epeH~liaHbHHe Cel:feHHH npo~eCCOB (!) li (2) C TOl:f

HOCTbD ~0 't!JieHOB- t/.,
3 

, Kax Bli,lll!:J, pe3yJJbTaT TD"'HDrD pac'tleTa 

qpe3BHl:faAHO rpOM03,1lKHH, 0,lll!9.KO MH ~eM HMeHHO TD"'HHH pesyJJbTaT, 

HMeR B E~ ero pa3JJH"'HHe TipHMeHeHRa BTIOCJJe,llCTEHH. 

13 



Ta6.mn.ta I. 

Ta6Jll'lua .n;Eoltmrx HH'!'erpa.noE Tf <£ J= J-J dl: j :f.c ·Z 
1 

T[ ;t ]'" m12 v , T [ Tz} • T [ ;. ] ( S ~ -X) , 
I 

T[ fl ] .. y:>.s. (Fa Ls-:.v), T[ /:t J· J{ -/q]( s~-x), 
-J [ :;h 1 I [( r' ~} I L A ,. ( ). Jd.) 

l tt .., Y'A.s c:- Y A.s Y .s + m2 tr+yz. M~-+- >-s ' 

J [ zh·] ,. J [ -h · 1 ( s~- x) , 

J[ }-]~LA , T[ ~.}=- T[ ;](s --x), 

T[if]=-yLs , T[ft}a-J[;'~](s~-x), 

J[k]· y!As(~-13l.J: Jf&J=-J[jp](s~-xJ, 
J[ zrt-YJ] • 1f-L,.. , T[ ~(~:y;] =- :b--L .. , 
T[l]= ~ ) 'L-lJ+M'", 

J [ ~ 1 .. Lt ' T [ ~~]. M~~~ 
I[,,.'~]= ~-Lx , T[ 1./i,.J = - J [ u1l] {s.4-t -x), 

T[i]= E-ll" -~-L y[LJ·-J[±.](s~-xJ. 
? A ·r: A A , 11 'l 

MHTerpEpOBaHHe BHpaaeHHA, Co~epaa~x ~ B qKCRKTen~ Be~eM 
B ,liES ::l'l'ana, BHUOJIHl16M Z -HH'l'erpKpOBaHHe UO il>oPMyne , 

2 

Jldl I ( 2. 'if7i:; ::o:: IT;. C. 11" + (1. 'l.<(·V""+ Cz.·v..') 

14 

J ldl I ( ;_ _ t.u} J.:!.L = _1 
(i rR; = >--:lz. lT f) , :ifii; ~ ) 

... ,_ .A -4 " 

C : 1. _&_ _ _11 C = _ 3 e·f'o + )..II - Bo 
o 2. )..

1 2·>--., ' 1 A.z. >-. 'f y y 

C -= 3E"2
- A·A.v 

.z. 2·>...2. 
'I 

Tiocne MHTerpEpOEaHHH no t E03H:HRall'1' HHTer pa.Jlhl 

T[ -' 1- _j_ -r ' 1 L ua. - M1 v- > J u .... "" ) 
T[U]=- tr~(SIC+2·M 2) 

2·7:2. • 

B noJIYlieHlillX llJopMy.rrax : 

L ~ ..!_ !n S+frs 
s v->:: s-~ s 

L ==- L ( s .,..__... -x) 
' J( s ) 

\ 2. 2 2. 
As"" S -4m·M , .Ax= .As ( s-- -x)} 

Lt -= _j_ !n ?r( Sx "i- {>:; )-r 2-M~Y 
VA; 'IT{ SIC -fr;)+2·M~Y 

L = _1_ en Sx+2M
1+n;; 

u rJ:; s-~.-+-2M1 -0:; > 

L _ I 4 .rr;..-+ Y A"' = y~ 4· m2.. Y 
~n-rx:c.n. } . 

WI vr: -'/ 
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