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1 • BBe rreIDfe · 

· B pa60T8 111 rrpe.n;JiomeHa MHOrorrapaMeTpwrecKaH HhIDTOHOBCKafl 

_ . I!TepaI,iMOHHaH cxeMa pe1II8HJ1H N-KaHaJibHO:il: · sa.n;atI:n paCC8HHMH .n;.'IH 

: .c:ncTeMu pa.n;:naJibHUX ypaBHeH:n:il: illpe.n;MHrepa 

. (L+li)(j)=(I d: - IL( L!1) ·.-: P(r)-2Q(r)~ +Ji:2)¢(r,k, L)=O. ( 1 .) 
dr · r'- · 

~.,,.- ' 

B N-K8H8JibHO:il: sa.n;atie pacce.HHMH C. No OTKpllTb!M:11 KaHaJiaMM_: ITOJIHbl:il:, 

HaOop pe1II8H:n:il:, ¢( r) ~{¢( fl ( r)} 8CTb TipHMOyrOJibHa~ ·.· MaTp~a 

pa3M8pHOCTh~ NoxN, r.n;e l!MCJIO KOMITOH8HT , B8KTOp-CTOJI6u;a pellleH:n:il: 

1=1, •• ;,N,. a HOMep p81II8HMH V=1, •• ,N
0 

COOTB8TCTBY8T OKpb!TOMY KaHaJiy 

peaKu;MM i=v co sHatieH:neM KBa,ll;paTa HMITYJihca k~>O,' 1=1, ••• ,N0~ 

. 3HatieHMe kf<O o:BetiaeT saKpUTOMY KaHaJiy peaKI.Ufil rrp:n 1=N0+1, •• ~,N. 

I'paHMtIHbl8 . YCJIOBMR ,ri:JIH CHCT8Mbl ypaBH8Hml ( 1 ) • CTpOHTCH T8KHM 

o0pa30M, l!TOC>bl OHM COOTB8TCTBOBa~ YCJIOBI1IO peryJI.HpHOCTH 

¢(r) N ri+ 1 rrp:n r-+O C 2 ) 

:11 OTpamaJIH B acHMITTOTHl!8CKO:il: OC>JiaCTH kr>>1 ITOB8~8H:118 BO™OBUX 

IPYHKU:n:il: ¢(r) B B:n.n;e 
. .. ( V)- N ( V) • ) 

¢ i. Ai (aiv(cosavj 1 (kir)-s1na,111 (kir))+(1-aiv n 1 (kir)), 

rrpH ,3H8l!8HMHX 1=1, ••• , No ( 3 ) • 

. ,I\( V) N A ( V) exp(l-k Ir), 4 ) 
~ i i i . 

. irp~ 3H8l!8HHHX 1=N0 +1, ••• , N. 

,3.n;ecb: P( r) H Q( r)- sa.n;aHHUe' Ma'rpimH KosqxtlHLiJ1:eHTOB, oOecrretIMBaIDI11He 

cymebTBOll8.HH8 pellleHH:il: · 38.n;8l!H ( 1 )-( 4 ) , av - . : HCKOMaH qiasa 

ipacceHHHH B OT~pb!TOM KaHa_Jie rrpH sa.n;aHHOM 3Hatie~ HMTIYJibCa 

~=k~.~o. Alv) = aiv .. + ( 1-aiv> Kiv cosav(1/ki) 
112 

.. - aMTIJIHTy.n;a, 
•j,(kir) H n,(kir) - cqiepHtI8CKH8 IPYHKI.iHH EecceJIH H · He:/l:MaHa • 

. IIapI,iH8JibH8H MaTp~a pearuum K=K 1 ( E) Bblp8Jlt88TCH CJI8.n:YIDI11HM oOpasoM: 

Ob1.e1t:,t('ifoLi!l HHC'iitr97., (( 

Ga<eJ!iidK nee .'lt.:tomumfl ~ · 
· . SM-sni,10TEHA U -.----- ~--



L ,, 
K1i=tgu1 , · 

(V) , . 

Ki =-(k lk )112 4>1 (rrrax)[cosclv.j,Ui1,,r·max>-sinc\,,n,(k,,r . )l 
, 1 V . i V ( V) , ma., . 

tv ( r ma,,) n, (1?.irmax) co:::l>v 

J{aHHa.H JI0CT8H0BK8 CiUJJa .n:onoJJHeHa J1HTert,a.TJbHilMM YCJJ0BJUIMH H3 

BO~0BU8 q>YHKUMM t+>( r_, k, 1,), .D:JJH JI0C:Tpo8HM.H IWT0pl-,IX J1CJI0JJb8Y8TCH 

BapH81U10HHUA q)YHKUM0H8JJ 

~(¢) = ( (,j_> , (L+ll)(P ) • ( 5 ) 

B rrpe,n:JIOliC8HH0A CX8M8 CiHJJa J1CII0JJb30BaH8 pa3H0CTH8.H arrrrpoKCJfM3UIUI 

8a,natm ( - 1 ) -( 5 ) BT0poro ripopH,nKa T0'IH0CTJ1 0TH0CJ1T8Jll-H0 rnara . 

h KB83HpaBH0M8pH0"1: C8TKH,rlh., 

B H8CT0flll{8A . pa60T8 ITpDBO,QMTCH oCioCill\8HM8 3T0:tl CX8MH . TIYT8M 

BB8.D:8HM.H arrnp0KCMM8UID1 n-r6 rrop.H,n:Ka _T0tIH0CTM ( n > 2, ) :Ha 

KBa3Hp8BH0M8pH0fi C8TK8 oh, ,r,n:e, fl _, xapaKT8J)Hl1fi mar C8TK~-. 

0co6eHH0CTbIO npe,nJJaraeMoro rro.nxo,na HBJJ.HeTc.H rrpe,ncTaBJJem1e 
1 ,__; 

pa3H0CTHoro orrepaTopa D~n) B BH.D:8 CYt,IMU_ , . 

D·cn> ~ n<2>+ (D(n)_0c2>) = DC2l + 8cn> ( 6 .) 
h _, h h h h ' h ' . 

UTepau110HHl1:tl npouecc CTp0MTC.H TaKUM o6pa30M, qTo Ha K8litl{0fi 

J1T8P3UJirn o6pall\a8TCH JJHlllb np0CT0Yl: Tp8X,IU1aroHaJJbHH:tl one pa Top , D},2}, 
· a c.11araeMoe l'I~ nl paccMaTpnBaeTc.H KaIC B03MYII\8HMB 8Toro onepaTOpa. 

OHO BKJJ!Olla8TC.H ,B xo,ne MTepau110HH0ro rrpOil8CC1:l !10CT8118HH0 C IT0M0!l\h!O 

BBe,nemrn. B npe,ncTaRJI8HM8 ( 6 ) tl>YHKUUM yrrpaBJJ8HU.H g( t) 

D~n)(t) = D~2)(t) + g(t)l'l~n)(t), ( ~) 

Y.I\0BJJ8TB0pH!Oll{8fi rpaHMqHuM yC.JI0BHHM g( 0)=0 i1: g( t-•ro) = 1. 3,necb Q,:-,t-:,J) 

_:_ ,llOTTOJJHMT8.JTI-,Hl;fl na°'pAM8Tp B '.~BC>,;ffllU-fOHW>M Yf'3BH8lllAJ-1 HRrrr;,:,:pHFrlClf'(J 
tr, I " • 

BHR,Tidra ~;ff;TO,lJ/j H1,lflTOHt1 1 
,_-,,/ • 

]:; R,3'-!8CTD8 llplf.JIOJK8HHH paceMo·rpoiia 33Af1'!;} p::1ccemnrn MF!:303TOMOB 

B paMr:ax TTJJ0CToro a):(m:iua'l'J1t1ec1mro rro,n;xo,n:a. IIpoBe,n:eHH pacl!eTH 
" ' . ' /4/ 

_ ceqemru MesoaT0MHUX npoueccon yrrpyroro_ H Heyrrpyroro pacce.Hmrn 

(ttt)
15 

+ d ➔ (tµ)
15 

+ d, t + (dµ)
15

, ( 8a ) 

(dµ)
18

,+ t ➔ d +,(tµ) 15, (dµ)
15 

+ t . ( 80 ) 

pµ(F=O) + p ➔ pµ(F=O) + p, pµ(F=1) + p, ( .9a 

pµ(F==1) + p ➔ pµ(P=O) + p, pµ(F=1) + p. ( 9Ci ) 
' "' . . \ , 

.I{aHo · cpaBHBHMe rroJJy,ieHHHX pesyJJLTaT·oB c .npyrMMH paCoTaMM. 
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CMCT8Ma ypaBHemnt 

qi< 1 ) = ( L + k2 

2. liTeparmoHHaa !lXBMa· 

1 ) Ha oTpesKe r 
1

, ,;; r ( 
mn 

1,j>( r) = o, 
c rrpM6Jll1liC8HHHMM rpaHMlIHUMM YCJJ0BH.HMM 

q/2) = (. A1 ~ + B1 ) ~(r) lr=r = o. 
dr ,, min 

r max 

'( 10) 

C 11'> 

¢< 3 l = (A
2

~ + B.,) 4,>(r) ,,:__,,, = 0, kr »1, (:12) 
. dr '- - max - max 

arrrrp0KCMMHpYJO!l{MMU , ffCMMITTOTWI8CKM8 YCJI0BM.H ( 2 ) - ( 4 ) , · 

)(OOITJ)8,IJ;8JJ8HH3.H .IlBYM.H J1HTerpaJJbHl1MJ1 YCJJOBM.HMH•/ 1/: . 

q/4> =·( qi ,¢<1\k,¢) > = 0, 

4>(5) = (qi, ¢(1)(.k*,ljJ) ) = 0, 

13 

( 14 ) , 

M0JK8T 0l1Tb pacCM0TpeHa KaK H8JJMH8tllioe tl>YHKUM0H8JlbH08 ypaBH8HM8 

.\Il( Z) = 0, ( 15 

r.n:e \Il = { qi< 1 >,qi< 2 >,¢< 3 >,¢( 4 l,¢( 5 ) } - IT.HTJ1K0MIT0H8HTH3.H 

•H8JIMHetlliaH tl>YHKUM.H, a H8H3B8CTHHfi'9JJ8M8HT .z -npe,n:CT3BJJ.H8T co6o:tl· 

B8K~0p Z = {k,qi,u}. 

, · ,UJJ.H 0THCKaHM.H pernemrn z* YP3BH8HMB 

BeKTope MMIIYJJbC0B k~ McrroJJisyeTcH 0600meHHI1Yl: 

M8T0,IJ;a Hh!OTOHa: 

15 ) · rrpH, sa.naHH0M 

, HerrpepHBHU~ 8H3JIOr 

,' ·,{- <I>~ ( t, z ( t) ) + \Il; ( t' z ( t ) ) z ' ( t) 

- z(O) = z 0 , 0 < t < oo_, 

-\Il(t,z(t)), 
( 16 ) 

- , r.n:e z 0 - HaqaJJbHoe np11:0JJUliCe1111e K l1CROMOMY perneHmo z* = o~*,ljJ*,u*}. 
~pe.n;cTaBHM orrepaTOp \Il B BM,n:e cyMMH ,n:Byx orrepaTopoB i!>

1 
11 1Il

2 
rrocpe,n:cTB0M tl>YHKUID1 BKJJIOqeHH.H B03MY!l{8HM.H g(t) 

ll>(t,z(t)) = \Il
1
(z(t)) '+: g(t)<t>

2
(z(t)),' ( 17 

r.n:e g(t) - HerrpepHBH3H ,PYHKJJ;H.H, Y,IJ;OBJJ8TBOp.H!OlJl8fl yCJJ0BJIBM 

. g(O) = O,g(oo):,,, 1. 3aM8TMM, qTQ npHperne!H1J1 38)t8l!W(. 10 )-('14.) 

, B pa0oTe
151

'B. Kaqe~TB8 \Ill BU6npaJJaCb KB33M,n:MaroH8YlbH8.H qacTh 
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"d1ag"L MaTp:wmoro onepaTopa L,· a B K3'l8,CTB8 <I>~ - H8,.lU13I'OHaJlbH3H . ~ 

tiaCTb L-"diag"L, 'ITO TI03BOJIHJIO Ha K3JK;:(O;l Hb!OTOHOECKOfi HT8})3U,m 

oOpamaTh· on8paTopu npocTofi, CTPYKTypu. B ,naHHott paCioTe 

npe,ncTaBJI8HH8 ( 17 ) HCTIOJII:.3Y8TCH ,nJIH TIOBH!ll8HH8 nopn,nKa TOlJHOCTl1 . 

pa3HOCTHOfi CX8MH B COOTB8TCTBHH C qiopMYJIOfi ( 7 ). 
ITOCJI8 ITO,nCTaHOBKH npe,nCT8BJI8HHH ( 17 ) B ypaBH8HH8 ( 16 ) 

· IIOJIY'IHM CJie.nYIOmYIO 8BOJIIOUHOHHYIO 3a,natJy : 

{ 

cll;z(z(tnz'(t) = - [ <I>
1
(z(t))+(g'(t)+g(t))•I>2(z(t))+ 

g( t)<D;z(Z( t) )Z' ( t) ] , ' 

Z( 0) = z
0

, 0 t < oo, 

( 18 ) . 

r,ne z~ = u~,tl{,o~} = {11(t),V(t),rJ(t)}, 'A= J::.2.. 

. YpaBH~HH8 ( 18 ) pe!llaeM M8'I'O,UOM 3:A:JJepa Ha HepaBHOM8pHOfi 

C8TK8 tk+1 = tk + '(k' to=O, k=0,'1,2 •••• , np:WI8M Ha Kal!C,n0'/1 k-ofi 

HTepau,rn peaJJU3Y8TC.H Hb!OTOHOBCKllli mar c·. 33II33,Uh!BaHH8M B npaBOi1 , 

''13CTH 

{'

<I>;klizk = -[•I>1k+(g~+gk)<I>21{+gk<:1•;klizk-1 1• 

z = 0, 
0' , 

·.,·-.. 

OTHOCHT8JlbHO UTep:31\UOHHOfi norrpaBKH lizk = { ~{' Vk; rik } , ' r,ne 

<I>1k = <I>1(Zk), cll2k = <I>2(Zk) , gk = g(tk), lizk = Z'(tk), a 3Ha'l8HH8 

norrpaBKH lizk_ 1 OepeTc.H HS npe,nhl,nyme:A: :i1Tepau1m. CJie,nyromee · 

rrpHOJiillK8Hl18,K pemeHJ1!0 z* orrpe,neJJfl8TCH ITO qiopMyJiaM: 

,Zk+1 = .zk + 'tklizk, 

lj!k+1 = (j)k + 'tl/k ) •. 

T. 8.• Ak+ 1 = Ak + 'tk11k' 6k+ 1 = llk + 'tkrJk, 

,, . 
3 . .llllC.k:pe.THilll. TipAllCTaRTT8HM8 . .. ~ . ·-~. . . 

Ha oTpesKe r i, r ] BB8,U8M. KB33Hp3BHOM8pHYIO C8TKy
161 

m n max 
I 

Qh= U.{ nh }, r.n:e 0
1 

=_{ 7:
1

, = r
1 

+ hi; j=,1, •••• J(i) }, 
i=O i 11 . j' j-1 ·· •.· . · 

r1 .= re:i: J)·, hi 1 = N(i) hi< I r:i , - r 1 . I, ·1=0,~ ... ,I-1 •. 
J(i) · + 0 + · · J(i) 0 .. 

B OTJI:Wll18 OT. pa/JOT 11 ' 51 , - . r;e HCITOJ!b30BaJiaCb pa3HOCTHa.H 

arrrrpOKCHM3UH.H orrepaTopoB ,n:i1q¢epeH1~HpoBaHH.H'rropH,nKa O(h2) ( h -
. '. - .·. ,· 

4 

1 ' 

I 

-

l 
I~ 

J 
:I': 

xapaRTepHU:A: mar KBa3HpaBHOM8pH08 C8TRH ), BO~ITOJlh3Y8MCH 

arrrrpoKCHMaUHefi rropR,nKa O(hn): BBe.neM 60o3Ha'l8HHH ~ ,pa.3HOCTHUX 

orrepaTopoB Cl1CT8MH.ypaBHeHH8 ( 10) 
2 ' 

. D~n>(iµi) = d; (j)i+ 2QiQ_ q,i+ O(hn); 1=2,3, ••• ,N-1, ( 19). 
.ctr · ctr 

(2) d 2 . d 2. _ 
Dh ((j)i) = ~ (j)i+ 2Qi- (j)i+ O(h ), 1-2,3, ••• ,N-1 ( 20 

dr dr · 

H KpaeBHX YCJIOBH8 ( 11 )~( 12 

. d~n) ((j)i) = Q_ q,i+ O(hn); 1=1,N , ( 21 ) 
dr . 

ct~
2

>cq,i> .= Q_ q,i+ ?Ch
2 >; 1=1,N , c 22 > 

· dr , 

r.ne (j)i=(j)(ri), Qi=Q(ri) - 3Ha~eHHH B TO'IK8X C8TKH, ~-

IIepBHe TpH KOMIIOH8HTH pa3HOCTHoro orrepaTopa, arrrrpOKCHMHpYJOl]t8I'O 

· aa,naqy ( 10 ) -( 12 ) , c ytieTOM ( 17 ) H BBe,neHHHX oOoattatJ8HH8 

( 1.9 )-( 22 ) JIPHMYT CJie,nyromH8 BH,n: 

ni2>+ g(t)(D~n),:_D~2>)+ (A-P) J q,i, 1=2,3, ... ,N-1, 

{ 
[ 

~ [ 

\ 
A (ct< 2 >+ g(t)(d(n)_d( 2))) +BJ ' h 

1 h. . h h 1 '1'1 

A ( ct ( 2 > + g( t) ( d C rt) -d ( 2 > )) + B J (jJ 
2 h, .. · h h 2 N 

TaKHM oOpaso~, perneHHe'aa,natIH ( 10 )...:( 15) CB0,1U1TCH R pemeIDfiO 

Ha k-oa HT8p8UHH Hh!OTOHOBCKOro HT8pal{HOHHOI'O _rrpouecca CJI8.UYIOmHX 

Tpex· pa3HOCTHHX Kpa8BHX aa,naq OTHOCUT8JibHO HT8P8UHOHHUX 
ITOITp8BOK V( 1 ) v< 2 ) v< 3 ~ • 

, k'k'k' 

cn< 2>+1. -P(r ))v< 1.>cr )=-(g'+g ),(D(n>_n< 2 >)q, (r )-
, h -~ . i .k i. k k _h h k i 

-g (D(n>_n< 2>)v (r )· 
k h h k-1 i' 

1=2, •• ~ ,N-1; 

(A ct< 2>+13 )v< 1>cr )=-(g'+g )A· (ct<.n>-ct< 2 >)(jl {r )-
· 1 h 1k 1 kk1h·•h,·k1 

' I ' {JA ' . 
-g [ A ( d ( n)-d ( 2) ) V . ( r ) +,,,,,-!( d ( n) -d ( 2 > ) 'h ( r ) IL , + 

k -1 h h k-1 1 . 0/1. . h h 't'k 1 'K-1 
oA . . ( 23 

~(d~n)_d~2>)q,k(r1)~-1J; 
' ' ' 

(A ct< 2>+B )vC 1>(r )=-(g'+g )A (d(n)_d( 2 ))'h (r )-
2 h 12 k N k k 2 h h 't'k N . . M . 

-g [A (d(n>-ct< 2>)v (r )~(d(n)-d( 2))'h (r )LL + 
k 2 h h k-1 N ·011. h h ~ N 'K-1 

1~~2(d(n)-d(2)),h(r )~ . ]• 
h h 't'k N '1k-1 ' 

,5 

' •. 



· 1 ( ri) . ( 2) . . ' . • • . :<Dh +~-P(ri))Vk (ri)=-:-¢k(ri). 1=2 .••••.• t.J-1, 
fJA · BB . -

(A ct< 2>+B )v< 2>cr )=[- ......:..!.ci< 2 >...: 1J(ji (r ·,. 
1 h . 1 k 1 OA -h GA k .1 • 

<.A ct< 2)+B )v< 2)(, )·=[:._ ~~2ct< 2)~ fJB2j,h (r )• 
2 h 2 k N h 0A '+'k N' 

l 
(D~2>+~-P(r

1
))v~3>(r1 )=0; 1=2, ••• N-;1; · •· 

BA . fJB .· . 

• 

( A ct< 2>+B )v< 3>(, .)=[- . .....J.n( 2 )_ 1 ],h ,, .>· 1 h 1 k 1 00 -h : ·lJo '+'k> 1 • 

(A d(2)+B )V(3)(, )=[- ~~2d(2)_ fJB2J,h (,·) 
2h-2k N h lJo'+'kN. 

24 

•/ 

· ( 25 

~ymcr.u;m , BRJII0~8IDUL B03MYJ!l8HHfl . Hff IIOJIYOCH . Q,,;;t<r : i BHCipaHa ,· . · 1 

CJI8.UYJOIII.HM oCipasoM: 

-~-· · g(t) = 1- exp(-t).' 

KpaeBue sa,natrH ( 23 )-( 25) B rrpouecce _HTeparutll pernaIOTc.fl 

· MeTo,noM -rpexTotretIHo:0: rrporomrn. CooTBeTc~BYJOll(He cHcTeMH JIHHe:A:Hux 

aJireCipaMtieCKHX YP8BH8HH:0: .Ha Kallt,Il;0:0: . HTepauHH OTJIH'.JaIOTC.fl JIHIIlb 

rrp~BHMH qacTsi:MH. trTO rrosBOJISieT SKO~OMHTb.peCYPCH 3BM~B pesy:11bTaTe 

pemeHHfl TpeX Kpa8BHX . sa,naq ( . 23 ) - ( . 25 ) · Ha . · k-o:0: HTepaUHH 

IIOJIY'!aeM 3HatI8HMfl HTepal.(HOHHHX IIOITpaBOK v~1) , v~~) ~ v~3) •. 

dqTaJibHHe· He_imBeCTHHe rrap~eTpH Haxo,nsi:Tc.fl ITO ¢opMyJiaM1 , · CJI8.UYIOIIU1M 

HS HHTerpaJibHHX YCJIOBH:0: (. 13 ),-:( 14 ) : . ' ' ' . . ' . .-. 

nk = ~1k + .~2kl\:' C 26) 
, 

·µ =;... ¢(5_}(~lk·+ ¢i'~/c~,pk+vf{1)) +1ti~S)(V~~))nlt' 

k c)l~5)(V~3~)n2k + . c)l~5)CV~2)) 
27) 

. ¢<4.>(¢ > + q,<4>(:-(j> +v<1)) 
n =-···.k (jl.kk-

• 1k · ,t,(4)(V(3)) · · 
. '"¢ _k . .• 

· ,t,(4)(,h )_.+·,t,(4)(/2)) 
. ~ ~ '+' k 

n2k = -:-. . ,t,C4>cvC3>)' 
. '+'(j> k 

28 ) . 

(, 29 ) 

Tor.na HTepaUHOHH'a.fl irorrpaBK8 V k K j 'pernemrio '(j>k orrpe,neJif!8TC.fl CJI~.UYIOll(HM 

oCipasoM: . . .. . . . . · 
· .· v ·=:vt1> + v<2>u:. ·+ ;;,,c3>~-' ::.. cJ>. 

I . k k k rk k . k k ' 

B ¢YHK~U:l:C)HaJiax q,C 4_) M cp( 5 ), rrpHMeHSieTC.fl pasHoCTHa.H arrrrpcmbHMau;m_ , 

I 
6 

·-1 

.l 

, . 
. '\ 

) 
.} 

·1 
r 

l 

.UH!txll8p8HUHaJibHHX OII8paTOpoB IT0p.H,UK8 . 0( hn) M COOTBeTC~BYIOOlafl_ 

KBa.npBTYPHafl qiopMyJia ill!TerpMpoBaHH.fl. 

CXO,l.JJ1MOCTb HT8paUMOHHOro ITpouecca KOHTpoJIJ-IpY8TCfl ITO 3H~IPI8HMSIM 

H8B.fl3KJ1 _ . _ , . 

Ek = rmx {-}if > II c~ • 1 ¢~ 
2 

> I • I¢~ 3 
> 1 • 1 ¢~ 4 

> I ~ I q,v> I } · 
HbIOTOHOBCKH:0: HTepaUHOHHH:0: rrpouecc· 38K8HtIBBa8TC.fl IIPH BHIIOJIH8HHJ1 

YCJIOBH.fl ' tk .< c·. r.n;e E>O - Harrepe.n; sa.n;aHHoe . .n;ocTaTOtIHO M8JI08 

tIHCJIO. ITpoBepKy BHIIOJIH8Hl1.fl 9TOI'O YCJIOBH.fl ,ll;Jifl 1¢~4 )1 J1 lc)l~S)l,''KaK 

CJie,nyeT H3 BapHaUJ10HHoro ITPHHUJma X!OJihT8Ha. 'MOlKHO 3aM8HJ1Tb 

YC.HOBH.f!MH Ha COOTB8TCTBY!Oll(H8 HTepauiioHHH8 rrorrpaBKM. 11.1 • 

;µkl ~ I ~~lt=tk < C H ,~kl ~ I ~ lt;,,tk < C • 

,UJI.H BHOopa HTepaUMOHHoro rnara 'L'k OuJio MCIIOJibSOBaHO oCioCimeHHe 

aJII'OpHTMa 171• , 

Ilpe~cTaBJieHHa.fl HTepaUHOHHa.fl ·cxeMa rrpH· n=6 CiHJia BcecTOpoHHe 

npoTeCTJ-IpOBaHa B CJiytrae ·o.n;HOK8H8JibHOI'O p8CC8flHH.fl B paCioTe/6/ 

HBHHft BH.n; orrepaTopoB qHCJI8HHOro ,ll;HippepeHUJ-IpOBaHH.fl rrop.H.n;Ka O(h6 ) B 

. 3aBHCHMOC,TH OT BHCiopa ysJia C8TKH '1 ITpHBO,ll;HTCfl B paCiOTax 16•81 • 
I CooTB8TCTB8HHO ' ITpH BH'J:HCJI8HHH CRaJI.HpHHX . rrpoHSBe.n;eHH:0: , B 

MHTerpaJibHHX YCJIOBHSIX ( 13 )-( 14 ) M B BHpalKeHHSIX ( 27 )-( 29 ) 
HC~OJih30BaJiaCb RBa.n;paTYP8 130.n;e ~9/ TO'J:HOCTH 0( h6

) • B : . pac'J:eTaX . 
sa.n;aBaJIOCh i =10-10 7 10-12 • · · '.· ·. 

· B .n;aHHoft · paCioTe · paccMaTpHBaeTcsi: rrpHMeHeHHe rrpe.n;.nolKeHIIoro · 

aJirOpHTMa B ,ll;BYXK8H8JibH0:0: sa.n;atI8 paCC8.f!HH.fl KaK C O,ll;HHM. TaK M C 

.D:BYM.fl O_TKpllTHMH KaHaJiaMH, ,ll;JI.f! pactreTa . rrapaMeTpOB peaKUH:A:. 

/ ( 8 )-( 9 ) • BlltrJ1·C~8HH.fl CiHJIH BHITOJIH8HH Ha rrepcoHaJibHOft 3BM THIIa 

IBM PC.AT..:.386 rro.n;.yrrpaBJieHHeM cHcTeMH MS-DOS. · 

4. FaCl£8TH xapaKT8:pliCTIBC M8308TOMH!lX rrpoueccoB pacce.amra 
.'. ' ,, . 1· ' 

✓ < • _·, • 

• -'•B H8CTO.f!I11ee BpeM.fl sa.n;atia. MesoaToMHHx· cTOJIKHoBeHH:0: :s cMedH Hso-

TorroB: BO,l(bpo,na RB.n.fleTCfl rrpe.n;MeTOM MHT8HCHBliHX HCCJI8,ll;OBamfll 10- 14r· -· 
3tti!'HHe ~e~efUtll: STHJC p~aKI.Utll: B . HH'.l'epm.ne sl-iep~HH cToJIKHoBeHH.fl •. OT·· 

d:·ooHB .n;o ' 50sB H80CiXO)lHMb )irr.fl orrijcamm 'KHH8T}IBH rrpoueccoB 

Miioirn~i:\:; · . 'KaT8JIJ138 · : RiepHUX .· peaKUitll: CHHT83a ;J 151 • . rrepme 

CliC':TeMaTHtrecmie 'pactieTli c~tie~H:0: rrpoueccoB pacc~mnisi M830aTOMOB 
. . . ·' 
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TID1a · ( 8 )-( 9 ) OHJIH BHITOJIHeH11 B paOoTe 141 B · "rrpocToM" 

.IlBYJCyPOBH8BOM a,nHa0aTIBI8CKO~ rrpW:5JIIDK8HHH / 16/ 

0,llHaKO rrpH MaJIHX 8Heprm1x B .n:11:arra30H8 OT.·. O·. 001 sB .no · 0 ~ 1 sB, 

B8ChMa , HHTepecHoM ,nJI.H . , if,H3HKH Me3oaTOMHHx .. ,cToJIKHOBemiri, 

paspa00T8HH118 paHee q:wcJI8HH118 rrpoue.nYPH H8 Il0300JI.HIDT ITOJiyqHTh 

Ha,nelltH11e pesyJibTaT;11. IIosTOMY . .D;JI.H Hae rrpe.ncTaBJI.HeT .ocoOHfi . HHTepec 

rrpoBepHTb paOoTy rrpe,nJioJKeHHofi mq:imJIHTeJihHOfi cxeMN B c YKaSaHHOM 

,llHaITS30H8. 

B ypa~H8HH.HX ( .. ~ ) , ,COOTB8TCTBYJO!]ll1X ,llByxyPOBH8BOMY ·rrpOCTOMY 

ITO,llXO,ny,· ITOT8~HaJ!ll P.(r) H Q(r) BHllHCJI8H11 B paOoTe 1171 

:S c~ae rrpouecco13 TID1a ( Ba· ) , ( 9a ) , T. e. rrp:11: ·perneHHH sa,naq:w 

'pacce.HHHH c O.I!HHM. OTKPNTNM KaHaJioM. (NO= 1) .. , rrapu:waJII,HHe ceqemrn 

o~ 1 BJ:lqHcJI.HIDTc.H no it,opMyJie:, · 

o.~ 1 = 4'.IC 
· 1l 

1 

(Ki )2.· 
11 

( 2l+1) . i 2 • 
· 1+(K

11
) 

)l.Jr.H. sa,naq:11: pacce.HHH.H TID1a ( 80 ), ( 90) c .UBYM.H. OTKpHTHMH 

KaHa~aMH ( No=2 ) HCIT~Jii'.syeTC.H CJl8,llYJOm8H if,opMyJia ,nJI.H •' BHqncJISHH.H. 

rrapUHaJihH11X ceqe~: 
. ' . 

2 . i 2 
i _ 4'.IC 51ii+(Kij) · · _ i i i 2 

oij - ,2 (2 l+1) .·. 2 · i i 2• r.ne Di-K11~2-<K12> • 
;, ki . (Di-1) +(K11+K22> ·. . 

Hs T80pHH O~OKa~aJibHOro pacce.HHH.H1181 H3B8CTHO pa~JIOlK8HH8, H3' 

'Ko-roporo M~JKHo orrpe,neJIHTb .IlJIHHY pacce.HHH.Ha: · 

.kK-:f= ...:a- 1 + 3M'lt(2a2)_-1k + 3Ma-:- 1k 2 in( 9~2.> , ( 30.) 

r,lle.M - s<WJeKTHBHa.H Macca, orrpe,neJieHHe KoTopofi ,nJI.H peaKU:ml: ·( 8) 

11 ( 9) ,naHo B paOoTe ~161• c ,npyrofi cTopoH11; ,nJIHHy paccemnrn 

rrp:11: · ITOMOl!Uf rrpe.ncTaBJieHHoro aJiropHTMa JierKo _· · HafiTH cJie.llYJO!]ll1M 

oOpasoM: 

a~ -ocl/ok npH .nocTaTOqttO MSJ!llX.k. . 

Ilp:w rrpoBe.neHHH pacqeToB OHJia BHOpaHa cHcTeMa e,llHHHU m =e=h=1, 
-1 -1 . -1 . . · . . · · a · ma = mµ +Mb, ·Ma) Mb, a,b = t,d;p, H HCTIOJib30BaH11 CJI8,llyiomH8 

sttaqeHH.H ·. Mace MIDOHa, .nempotta 11 TpHTH.H : mµ = 206. 769 m
0

, 

M = 1836.152 m ,Md= 3670.481 m , Mt"" 5496.918 m (3,ll8Cb m -
p · .. e e ... e e 

Macca 8JI8KTpoHa), a TaKllt8 KOHCTaHTH PH,nOepra Ry,,; 13.6058 sB. 

···· .. PemeHHe CHCT8Mll ,llByx YPSBHe~ IlpOBO,nHJIOCb Ha . KBa3HpaBHOM8pHOfi 

C8TK8 '°ii CJl8,nyI00(8rO BH,na: {0.1(0.1)20.(0:5)rmax}. C YM8Hb1Il8HH8M 

3HaqeHJ1.H SHeprHH E1~kfl2M, H pOCTOM OpOHTaJibHOro MOM8HTa l. OHJIO 

8_ 

:.i 

l ,: 

) 
I 

i], 
.1 

. j 

" 

H800XO,llHMO YB8JIHq:lfBSTb 3HaqeHHe rrpaBofi rpaHHUH pa,nHaJibHOfi 

rrepeMSHHO~ rmax C USJibID coxpaHeHH.H TpeOyeMO~ TOqttOCTH BHqJ1CJI8H:ml:. 

,. B Ta0JIHU8 1 npHB8,ll8HH pesyJibTSTH 'pacqeTa napIJ;HaJibHHX ceqe~ 

0~1' qias pacceRHH.H Cl=Cl1 H MaTpHtIHHX 8JI8M8HTOB K~1=tgcl ,llJIR peS,KUUH 

yrrpyroro pacceRHHR M830STOMOB · 'TpHTHR Ha .nefiTpoHax: 

(tµ)
18 

+ d ➔ (tµ)
16 

+ d, ( 31 ) 

T.e. sa,naq11 C O,llHHM OTKpHTHM KSHSJIOM TIPH, 3HaqeHJ1RX ITOJIHoro 

opOHTSJ!bHOro MOM8HTa 7, = 0,1,2,3 B ,llHaITS30H8 8H8prllli E=E1 

OT 0.001sB .no 46'.0sB. I'paHHUa HHT8pBaJia r . BH6Hpa8TCR' corJiaCHO • max 
H?B8CTHOMY COOTHOIIl8HHID: 

r max >> ( ~ + 1 ) / k. 

· QueHKH CHH3Y ,llJIR r npH pasJIHqm,1x ,k ( COOTB8TCTBYJOmSR · 8H8prH.H · max . , . .. 
CTOJIKHOB8HHR O. 001 sBi;;E,,.;;O. 38B) H l =0, 1 , 2, 3 rrpHBe,neHH B TS<:5JIHU8 2. 

B CK0<:5KaX YKS3SH11 3HaqeHJ1R rmax' HCITOJ!b3Y8MH8 HSMH ,B pacqeTax 

rrapaMeTpOB pacceRHH.H'peaKUHH ( 31 ),KOTop:ue BH<:5HpaJIHCb 113 YCJIOBHR 

YCTaHOBJI8HlliI Tpe<:5yeMoro q11cJia 3Haqal!UfX UHIPP B . q>a3e . pacceRHHR. 

TaKoe ycTaHOBJl8HH8 npoHCXO,llUT B CJiyqae, Kor.na ,nJIHHa HHT8pBaJia . 

HHTerpHpoBaHHR. E o; r · J cpa:sm™a HJIH rrpeB:umaeT rrepvro.n acHMTIToTu-. • max . .. 
qecKoro pemeIIBR <.I{ V) ( r); 1, V=1, 2. Hs Ta<:5JIHUH' 2 BH.llHO, qTo .UJIR 

pacqeTa rrapaMeTpOB pacceRHH.H rrpH l;. 1 11 sHeprHRx E "'0.05sB c 

TOlJHOCTbID rropR,nKa 10-4+10-5 H80<:5XO,llHMO YB~J!WiHBaTb 0<:5JiaCTb_ 

Jfr!TerpHpOJ3amrn · BTIJIOTh .no r = 6000. PesyJihTaTH BhltJHCJieHHfi 

COBITS,llaIDT c'pacqeTa~41 ,llJIR ~~pr:mt: E~0.005sB rrpH l=O, E;.0.05sB 

rrpH l=1,. E)0.3sB npH l=2,3. IIpaBHJibHOe, MOHOTOHH08 TIOB8,ll8HH8 

·rrapu:11aJihHHXMaTpmHHx sJieMeHTOB Ki noJiyqeHo iiaMM· B HHTepreJie 

.· sHeprHH _cToJIBHoBemm 0.001sB "'E "'0.3sB ,nJI.H 3Haqe~ rroJIHoro 

Op0HTSJ!bHOro MOM8HTa l=0,' 1, 2, 3·. . KOJ!Wi8CTB8HHH8 H KaqecTB8HH118 

9TJII1q11JI' c pa<:5oTofi 141 B_noBe,neHHH MaTpmHHx sJieMeHTOB K; 1 H qias 

paCC8HHHR Cl IlpH <:50JI88. HH3KHX SHeprHRX .. CBR3SHH ,JIH<:50 C 

H8,llOCTaToqHofi 0<:5JiaCTbID HHTerpHpo:samIB no pa,llHSJ!bHOfi ' iiepeMeHHofi; 

JIU<:50C 'rrorpeIDHOCTbID HCITOJ!b30BaHHOI'O. TaM ·MeTo,na. IlpHB8,ll8HH119 HaMH 

3Haqemrn napUHSJibHHX ceqe~ IlpH '- HH3KMX . SHeprHRX ,llJIR Ma.mix 

3HSll8~ ITOJIHo:r,o opOHTSJibHOro. MOM8HTa (7,::,0,1)' corJiacyIDTCR .c 

pesyJibTaTaMU MHoroKaHSJlbHoro pacqeTa 1141 

. IIpH l=O , .• <:5:uJio · orrpe,neJieHo sHalleHHe ,nJIHH:u pacceRHHR • a .UBYMR _ 

CIIOC0<:5aMH: a)no_q>opMyJie ( 30) noJiyqeHo: a~ 3.48, H <:5) a~ -:85/ok 
~.3.44+3.52 rrp:11 E E o.0001+0.001sB •. 3aBHciIMocT:i, ripo11sro)lHofi ocl/Bk 

• ,, \ • < ,,. ' - • < 

. qia~:u pacceRHH.H OT SHeprHH -CTOJIBHOB8HH.H E(sB) ~JIR yrrpyroro 

pacceRHHR ( 31_ ) rrpii: HYJISBOM · noJIHoM ·· opOHTaJibHOM MOMSHTe l=O • 
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. rrpe,n;cTaBJieHa Ha p:nc. 1.' . )VIHHe pacceirnmi 3,ll;8Cb COOOTB8TCTBY8T 
rrpe,n;eJJ Lim -aulak rrp:n E➔o. , 

3aBHCHMOCTI:, rrapu:naJJbHHX C8ll8H:nfi (J~ 1 ( 10-2° CM2) ynpyroro 
pacceRHHR ( 31 ) _ OT , 9Heprmr CTOJlKHOB8HHR E( 9B) rrpH 3H8l!8HJ1RX 
ITOJJHoro opOHTaJlbHOro MOM8HTa Z=0,1,2,3 H30upameHa Ha 
p:nc.3 110Ka3aHO COOTB8TCTBYJ()IJl88 110B8,ll;8HH8 9Jl8M8HTOB 
yrrpyro:ro pacC8RH11li ( 31 ) B 38BHCHMOCTl1 OT 9HeprHH 
E(9B) rrpH Z=0,1,2,3. KaK Bl1,n;HO H3 9T11X pHCYHKOB, 

p:11c.2, a Ha 
K~ 1 MaTp11L\H 
CTO.ITKHOB8HJ1fl 
orrpe,n;e.rrRJOIUttfi 

~a,n; 'B C8l!8HH8 rrp:n Ma.JJ1IX 9Hepr:nmc BHOCRT B8JlW-U1HU' BfJtLl1CJl8HHH8 
rrp:n 3HatI8HHRX ITOJJHoro op6l1T8JlbHOro MOM8HTa 7, =0 l1 ·1 . 

B TaC\JJHL(aX 3, 4 rrpe11,CT,'3,BJl8HH pactJeTH M3TI}WIHHX 9Jl8M8HTOB K!j H 
COOTB8TCTBYJ()m11X rrapl\113JlbHHX . C8ll8Hl1fi . O i j' 1, j "'.1 , 2 peam.{Hfi 
( Sa, 0 ) , T. e. sa,n;atm pacceRHHR C ·.n;BYMR OTKphlTHM11 KaHaJ1aM11 Bhllll8 
BToporo' rroporokoro sHa.tieHttfl E2-E1=1iE=48. 04199B MesoMoJJeKyJJRpHofi 
CHCT8Mhl ( t, d, µ) ,• rrp:n Z=O 11 1 • Bee CKa33HH08 Bhllll8 OTHOCl1T8JlbHO 
BHOopa rpaHHL\U 00JlaCTl1 HHT8rp11p0BaHJ1H crrpaB8,ll;Jll1BO H B 9TOM 
cJJytJ.a.e. rpaqi~M, BOJJHOBHX tlJYHKL\Hfi . ¢; 1>(r), ¢11)<r),; ¢; 2>(r), 

'¢12) (r) Cl1CT8MH ypaBH8H:nfi ( 10 )-( 14,)' COOTB8TCBYJ()m11X pacceRHlflO 
( 8a,0) C ,ll;BYMR OTKpHTblMM KaHaJlaMl1 rrp11 9Heprl1l1 CTO.nKHOB8Hl1li 
E, = E2= 0. 39B~ O~C~UTaHHOfi OT rropor;-oooro 3H8ll8Hl1f! liE=48. 04199B, 
l =0. rrpl1B8,ll;8H1l Ha puc. 4 H 5. Ha puc. 5a) H30upameHII BOJlHOBH8 
tlJYHK1\l1l1 peaKL\HH dµ+t, · BHtIJ1CJ1eH~He rrp11 sHatJ.8Hl1RX E=O. 005sB; Z= 1,' 
r =1200. I1.'3 CpaBHemu=i: p],ic.5 . u 5~ MOJKHo c.n;eJJaTb BHBO,n; o · TOM, 

max · . · · .. ,· ...... , •· · . : , , .. , 
tJ,TO oO,rracTh HHT8I'pl1pOBaHJ1f! ,ll;OJJmHa OHTb C0110CT3BHMa C rrepuo,n;oM 
COOTB8TCTBYJ()lll8M acm,m~OTHtI8CKOM ~OJIHOBOM qiyHKL\HH. · , ·. . 

B, Ta0Jll1L\85 rrpMB8,ll;8HH 3HatJ.8HHfl K~1.:11 0~1 rrp:n ITOJlHOM opOHT~JlbHOM 
MOM8HT8 Z=O B peaKL(J1J1 yrrpyroro paCC8RHJ1fl pµ(F=O)+p ➔ pµ(F=O)+p, 
s=V2 - sHatieHue rroJJHoro cinrna. B TB.OJlHl\e 6 rrpe,n;cTaBJieHH 

'· ' ', ' . . ,; JI 

co_oTBSTCTBYJOmMe rrapaMeTpH paccesrn:11R peaKUHfi ( 9a, Ci ) yrrpyroro 
pacceRHHR :n rrepeBopoTa _crr~a (sp1n...:i11p) · c:ncTeMH p,p,µ s=112 BHrne: 
rropora cBepxToHKoro pacmerrJJeHIDI liEhfs =·0.182 sB. IloJJytJ.eHHHe 
p83YJlbTaTH COBrra,n;aroT C pactieTaMJ1 141· C ' OTHOCJ1T8JlbHOfi TOllHOCTblO 
10-3 + 10-4

• ·3aBHcHMocTb rrapu:11aJ1hHoro cetJ.eHHR o~1(10~ 19cM2) 
yrrpyroro pacceRHHfl ( 9a) c O.n;HHM OTKpHTHM KaHaJJOM H peaKI.Um 
( 9a ) C ,ll;BYMR OTKpHTHMJ1 ImHa.llaMJ1 OT 9HeprJ1J1 CTOJIKHOB8HJ1R E( 9B) 
rrpHBe,n;eHa B J1orapwpMJ1ti:ecKoM MacmTade Ha p:11c.6. rpaqiHKl1, BOJlliOBHX 
tlJYHKUHfi ¢; 1 > ( r), ¢11 > ( r), ¢; 2> ( r) ,. ¢12> ( r) c:11cTeMH ypaBHeH:nfi 
(. 10 )-( 14 ) , OITHCHBa!Om118 pacceRHH8 ( 9a, 0 ) c .U_BYMR OTKPHTHMl1 
KaHaJiaMH rrpH 8HeprJ1J1 CTOJIKHOB8HJ1li E = E2 = 10.0 9B, OTCtJ,HTaHHOfi 
OT rroporoBoro 3HatJ.8HHfl liEhfs=0.1829B, Z=0,:11soOpa~eHH Ha p:ncl7 H 8~ 

IO 

i 

i 

,, 

\. ;_ 

I 

i 

i) 

fl• 

r 
l 

E 
· '<sB) 

0.001 

0.005 

0.01 

, 0.05 

0.10 

0.30 

1. 0 

TaO.nJ1Ua 1. TiapaMeTpH pacceRHHR, pacctJ.HTaHHHe ,n;JJR 
peaKL\J1J1 (tµ)

15 
+ d ➔ (tµ)

15
+ d, z,;,0,1 

rrapaMeTp . l =U Z =1 

pacceRHHR HaCT.paO~ /4/ HacT •. pao. /4/ 

i 
K11 -0 .. 7279e-2 0.1913e-4 · 
u -0.7279e-2 -0.729e-2 0.1913e-4 o •. 142e-3 

Oi(CM2 ) 11.366e-20 - 2.3538e-24 
i -0.1680e-1 -0.5319e-4 K11 

a -0.1680e-1 -0.168e-1 -0.5319e-4 -0.629e-4 
Oi(CM2 ) 12.115e-,-20 3. 64 toe-24 

i 
K11 -0.2429e-1 -0.3223e-3 
u -0. 24,29e-1 -0:243e-1· -0.3223e-3 -0.356e-3 

Oi(CM2) 12.651e-20 6·. 6866e-23 

. Ki -o. 5861 e-,1 -0.5574e-2 
11 

-0.5574e..:,2 u -0.5861e-1 -0.587e-1 -0.557e-2 
(Ji ( CM2) 14.719e-20 3.9989e-21 

i 
K11 -0.8670e-1 -0.1545e-1 
C, -0.8692e-'1 -0.869e-1 -0.1545e-1 -0.155e-1 

Oi(CM2) 16.082e-20 1.5357e-20 
i 

K11 -0.1632 I -'0.6133e-1 
u 

' 
-0:1647 -0.165 -0.6141e-1 -0.614e--'1 

o'i(CM2) 18;879e-20 8.0581e-20 
i, 

-0.3279 ~0.1906 K11 , 

u -0.3402 -0~340 · -0. 1906 -0.193 . 
(Ji ( CM2) 22.249e-20 23.084e-20 

i 
K11 0.1151e+1 -0;7806 

10.0 . u 0.2242e+1 -CJ.224e+1 -0.9905 -0.990 
Oi(CM2) 3.5857e-20 16.029e-20 , ', 

i 
K11 0.9575 -0.1511e+1 -l 

40.0 ,u 0.1421e+1 · 0.142e+1 -0.16648+2 -0.166e+2 
Oi(CM2) 3.5857e-20 c 16.029e-20 

Ki 
11 0.8276 o. 1536e+1 · 

'46.0 u o.1088e+1 0.109e+1 0.2906e+2 0.290e+2 
(Ji( CM2) · 2. 5282e-20 13. 972e-20 , ., 

:'.;ll 



E 
( sB) 

0.001 

0.005 .. 

0.01 

·o.os 

0.10 

0.30 

1. 0 

10.0 

/ 

. TaO~a 1~ IlapaMeTpU pacceHHHH, paccqHT8HHU8 ~JIH 
(rrpo~OJ!lK8HH8) peaKI.{HH (tµ) 15 + d ➔ (tµ) 15 + d, L=2,3 

rrapaMeTp l =L T =~ 
pacceHHHH ·· Ha.cT.pao. /4/ H8CT.pa0. /4/ 

l 
K11 0.6218e-5 0.2055e-5 
{j 0.6218e-5 0.153e-3 0.2055e-5 0.153e-3 

o1(cM2 ) 4.J482e-25 6.3413e-26 

K~1 0.3119e-4 0.1039e-4 
{j 0.3119e-4 0.718e-4 0.1039e-4 0.686e-4 

0 1 ( CM2 ) ' 2.0859e-24 3.2425e-25 

Kl . 0.6238e-4 0.2080e-4 
11 

(j . 0.6238e-4 0.646e-4 0.2080e-4 · 0.492e-4 

o1 (cM2 ) 4.1731e-24 6.4935e-25 
. l 
K11 .0.3121e-3 0.1040e-3 
(j 0.3121e-3 0.311e-3 0.1040e-3 0.867e-4 

o1(cM2 ) 2.0888e-23 3.2447e-24 . 
; 

. 
l 

K11 0.6246e-3 0!2079e-3 
{j 0.6246e~.3 o •. 623e-3 . 0.2079e-3 0.211e-3 

o1 (cM2 ) 4.1837e-23 ' 6.4912e-24 
l 0.1879e-2 0.6241e-3 K11 

{j 0.1879e-2 0.188e-2 0.6241e-3 0.624e-3 

o1 (cM2 ) 1.2625e-22 1. 9951e-23 . 

Kl . 0.6330e-2 0.2085e-2 
11 

{j 0.6330e-2 0.633e-2 . 0.2085e-2 0.209e-2 

o1(cM2 ) 1-2982e-22 6.5573e-23 
T 

K~1 .o.1011e-1 0.2637e-1 
{j 0.7028e-1 0.703e-1 . 0.2638e-1 0.264e:-:1 

. o1 (cM~) · 5.2718e-21 1.0442e-21 

l 0.3620 -0.1224 K11 
40.0 {j .0.3786 0.379 -0.1230 -0. ·123 

o1(c~2 ) 3.3618e-20 5. 5973e-21 . · 

K~ 1 .. .0.4409 -0.1323 

46.0 {j 0.4719 · 0.472 -0.1330 -0.133 

o 1 (CM2 ) 4.2464e-20 5.6760e-21 

'12 

.... k 

-~ 

ddelto/dk 

-3.40 

-3.60 

-3.80 

-4.00 

-4.20 

-4.40 

-4.60 

-
4
·
8~.fa 111110:c\'1' 111110'.c\2' '.'' 'o:c\:i 111110'.c\4'' '' 'o:os '' '' 'o'.6s 

E(eV) 
. . ' 

PHc.1.3aBHCHMOCTb IIpOH3BO~HO~ ~a3U pacceHHilll oC3/ok OT SHeprHH 
CTOJIKHOB8HHH E(sB) ~JIH yrrpyroro· pacceHHHH (tµ) 15 + d ➔ 
(tµ)1s + d ( 31 ) rrpH HYJI8BOM IIOJIHOM op0HT8JibHOM MOM8HT8 L=0.' 

a',,(1 o-20cm2
) 

80.0 ,-----------------, 

1=3 

60.0 

tµ+d·.:... tµ+d 

40.0 

20.0 

0.0 l , ....... , , , ,lfiTii'.' , ''""'' , , n,in.-~I 
0.001 0.01 . ' 0.1 ; 1 , · .. 10 · ' •' , 

. · ' Energy(eV) 

PHc.2,3aBHc~ocTb rrapµHaJI~HllX ·ceqeHJtll: o;
1
~10~ 20cM2 ) yrrpyroro 

J)8CC8HHilll ( :31 ) OT aiieprHM CTOJIKHOB8Hilll E(sB) rrpH 3H8tI8HilllX 
IIOJIHOro OpCiHTaJibHOro MOMSHTa l=0,1,2,3. 

13 



1.00 .--~-..:.,_ ________ _ 

o.oo ~------~~==== 

~-1.00 

-2.00 
fl 

PHc.3.3aBHCHMOCTh aJJeMeHTOB K~ 1 MaTpHJ.ill_ ynpyroro pacceflHHH 

( 31 ) OT SHeprHH CTOJJKHOB8HHfl E(sB) rrpH .3HaqeHHflX ITOJJHOI'O 

opOHT~bHOro MOM8HTa 1.=0,1,2,3. 

1.50 ....---------------7 

1.00 

0.50 

"?- o.oo illt 
2 

-0.50 

-1.00· 

-1.50 I , ! 
0.0 20 .0 

r 

PHC.4,I'paq>HKH,-pcmHaJJbHUX•qJ~ 1-•-·. ¢~ 1)(r) H 2 .:_ __ ¢11 )(r) 

CHC_T8MU YP8BH8Hill!: ( 10 )-( 14 ) , COOTB8TCTBYJ()lJ.{HX, paCC8flHHIO . 

t µ + d ( 8a) ·c ){BYMfl OTKpUTHMH ;attaJJaMH rrpH · stteprHH 

CTO.JIRHoBeHHfl E=0.3sB, l=O;: · · 
',' 

l,4; 

I 
l 

1.50 

1.00 j 2 
, 

' , 
' , 
' I ' , 
' . . 

0.50 -I . . . . . 
\ 

°?- 0.00 
. . . . I 1 \ 

\ I . 
\ ' \ 

\ I . . \ 

-0.50 . \ 
\ 

' \ 
\ 

, 
' 

, 
-1.00 

-1.50 . 
so:o' 106.0 156.o 206.0 0.0 

r 

PHC. s. rpa¢l1KH. pa){H8JlbHl1X IPYHKUIDl 1-- ¢; 2 > ( 1') M 2 --- ,4'~2 ) ( r) 

CMCT8Mll YPaBH8Hill1 ( 10 )--( 14 ) , . C_OOTB8TCTBYJOl]1l1X pacceflHMIO 

d µ + t ( 80) c .i.\BYMfl OTKPHTHMJ1 KattaJJaMM rrpM Toil lK8 SHeprHH 

CTOJJKHOB8HJ1fl E=O. 3sB (OTClIJ1TaHHOi1 OT_ moporo rropora), 1=0. 

1.50 ~-------,---------7 

1.00 

0.50 

"?- 0.00 -~ , . / 

' .. , ,' 
' I ' 

I ' , 
' ,' ' , 

-0.50 

-1.00 ............. _~_,,, 

, 
I 

, 

, , 
I , 

,' 

I 

FMC. Sa), I'paq)HKH ' pcWfaJJhHHX IPYHKUinl 1 -- ¢~ 2 ) ( r) x, 10 H 

2--- ¢12
)(r) .CHCT8MH ypaBH8mnl ( 10 )-( 14 ), COOTB8TCTBY!Ol]1l1X 

paCC8flHHIO d µ + t ( 80 ) c ,l{BYMfl · OTKpUTHMM . KaHaJJaMK rrpM 

SHeprMM CTOJJKHOB8HHfl E= 0.005sB (oTcqHTaHHOfi OT BTOporo 

rropora), 7.=1. 

15 



Ta6.JIHU8 2. 3aBHCl1MOCTb HHl!CHffll rpammH r max: 9T 

8HeprHH E(8B) H op6HT8RbHOI'O MOM8HT3 L 
· ,!(RH peaKI .. mll ( 8a, 6 ) 

E 
(sB) 

0.001 

0.002. 

0.005 

0.010 

0.050 

0.100 

-0.300 

i 

0 1 2 3 

492(2000) 1265(4000) 2037(6000) 2810(6000) 

348(2000) 894(3000) 1441(6000) 1987(6000) 

220(1500) 566(3000) 911( 6000) 1257(6000) 

156(1500) 400(2000) 644(4000) c.889( 5000) 

70(1500) 179(2000) 288(4000) 397(4000) 
' 

49( 1000) 126(1500) 204(2000) 281(3000) 

' 28( 1000) 73(1500) 118(2000) '162(2000) 

B CK06Kax YK338Hl1 3HaqeHHH r , , . . max: 

HCII0Rb30B8HHH8 B pacqeTaX peaKUHH ( _31 ) 

0.1 

0.01 

0.001 

0.0001 

cr°,;(10-19cm2
) 

., 
'I 

I 
I ., 
I 
I 
I 
I 
I 

I I 
I I illiili I I iiliilj I .. ""' 1 10 

0.0000~_001 ' '"b'.~, · 0-1 Energy(eV) 

PHc. 6.3aBHCHMOCTh rrapuHaRhHoro ceqeHHH o~ ( 10-19cM
2

) yrrpyroro 

pacceHHHH ( 9a_ ) c O,I(HHM OTKpHTUM KaH8ROM H peaKUHH ( ,9a ) c 

,nBYMH . OTKPHTHMH KaHa~aMH OT 8HeprHH °CTO~OB8HHH E (SB) 

(OTCqHT8HHOll OT rrepooro rropora~-

16. 

I 
/' 

' 

Ta6.JIHUa 3. IlapaMeTpH pacceHHHH .nRH 

peaKUHll ( 8a, 6 )'·rrpH l=O 
r . , ~ . 

. E Ki Ki • i Ki i i • i i 

(sB) 11~ 12' ~1• 22 · 0 11• 0 12,.' 0 21• 0 22. 
. ' 

0.1004e+1 -0.9540e-2 2.2413e-20 9.11sse-20 
0.001 -0~9541e-2 -0.3079e-2 2.0236e-24 2.0949e-20 

· o •. 1004e+1 -0.1425e-1 2.2406e-20 4.sss5e..:.20 
0.005 -0.1425e-'-1 .:...o.7152e..:2 4.5109e-24 2~2569e-20 . 

o.'10o4e+1 -0.1691e-1 2.2398e-20 3.0539e-20 
0.01 :...o.1591e.:...1 -0.1054e.:..1 6.3584e-24 2A484e-20 

0.1002e+1 -0.2503e-1 2.2334e-20 1.3392e-20 
0.05 -0.2503e.:...1 -0.2865e-1 1. 3928e·.:.·23 3.5941e-20 

o~ 1000e+1 -,-0.2950e-1 2.2259e-20 9.3064e:..21 
. ' 

,0.10 '-0;4523e...:1 1.9340e-'-23 -o.295oe-1 4:4600e-20 
'· ' 

,'•• 0.9918 -0.3789e:-1 2.1975e-20 5.1194e-21 
0~30 -0.3789e-1 -o.9524e-1· 3~1778e.:...23 6~5151e-20 

0.9837 ..:o.4236e-1 2. 1698e-20. 3.8338e-21 
0.50 -0.4236e-1 -0.1354 3~9501e-23 7:8104e-20 

0.9639 -0.491-5e-1 2.1026e-20 2.5563e,-21 
' . ' . 

1. 0 -0.4915e-1 -0.2186 5.2139e-23 9.8652e-20 

0.8898 -0.6342e-1 1.8533e-20 1.3601e-21 
3.0 -0~6342e:...1 -0.4172 7.9943e-23 1.0646e-19 

0.8228 -0.7421e-1 1.6314e-20 9.4797e-::-22 
5.0 -o. 7_421eic-1 ...:o·.6895 • ·. 8.9392e-23 1.3835e-19 

0.6783 -0.1051 1.1704e-20 6.1004e-22 
10~0 -0.1051 -0;1277e+1 1~0514e-23 1.2358e-19 

0.4477 -0.2737 - 5.5732e-21 3.9073e-22 
20.0 ~0.2737 -0. 3'972e+ 1 1.1489e-22 1.0021e-19 

0.1739 0.2292 5.937.6e-22 2.4844e-22 
. 40.0 . 0.2292 0.3,156e+1 1.1292e-22 4.82~5e-::-20 

' - 0.4596e-1 0.1441 3.0225e...,..23 2. 1440e-,-22 
50.0 0.1441 0.1764e+J 1.0938e-22 3.2129e-20 

'-. 

.17 
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,..\ 

TaOJJIDJ,a 4. IlapaMeTpH pacceHmrn .n:nH 
pe8KI.Uf8 ( Sa, 0 ) ITpH 7.=1 

E 1 1 . 1 - l l l . 1 1 

(SB) 
K11•K12• ~1•~2 0 11• 012' 021• 0 22 

o~·1588e+2 0.6520e-2 1.3340e..:19 5.3991e-22 .. 

0.002 0.6520e-2 -· 0.5863e-4 3.1029e-27 1.0930e-23 

0.1588e+2 0.1296e-1 1.3340e-19 8.5468e-22 
" 

0.005 0.1296e-1 0.2313e-3 8~8838e-26 6.2754e-23 

0.1586e+2 0.2176e-1 1. 3339e-19 1.2070e-21 
0.01 0.2176e-1 0.4757e-3 2.5119e-25 1.2796e-22 

.. 0.1575e+2 .0.7214e-J 1.3326e,-19 2.6904e-21 
0.05 0.7214e-1 0.2210e-2 2.7971e-24 4.5519e-22 

.. 0.1559e+2 , 0.1198e-1 1.3310e-19 3.7851e-21 
0.10 0.1198e-1 0.4393e-2 7.8623e-24 7.7766e..:.22 

·0.1501e+2 0.2598 . 1.3245e-19 6.3878e-21 
-

0.30 0.2598 0.1283e-1 3.9641e-23 1.4970e-21 

0.1446e+2 0.3619 1.3177e-19 8.007µe-21 
. 0.50 0.3619 ·. 0~2060e-1 8.2485e-23 1. 7322e-21 

0.1322e+2 0.5357 1.soo4e-19 1.0474e-20 
1. 0 o:5357 0.3566e-1 2.1357e-22 1.2871e-21 .. 

o~9642e+1 0.7711 1.2317e-19 1.3399e-20 
3.0 o._1111 0.4776e-1 7.8755e-22 4.5515e-22 

O.'f471e+1 0.7765, 1~1672e-19 1.3319e-20 . ' 

5.0 o. 7765 - 0.1402e-2 1.2555e-21 5.4820e-21 

- 0.4713e+1 0.6658 .1.Q251e-19 1.1219e-20 
' . ' 

.10.0 d.6658 . -0.1322 1.9467e-21 2.9415e:-20 

·, i' 
0~2687e+1 0.5298 . - 7. 9753e..:.20 7. 95_60e:-~ 1 

20.0 0~5298 
,. 

-0.4664 · · 2.33B7e-21 7.2850e:-20 
., 

o.1392e~1 4.6586e-21 0.5276 ,, . 4.8247e-20 
. ' 

1'.Q23~-':19 - 40.0 0.5276' --:-o.13ose+1 2.1.175e,-21 

0.1071e+1 -0.6285. s·. 7'212e-20 3·. 7695e-21 
·, 

..::0;6285: : ..:.6:2□,12e+1 1. 9227e.: .. 'z'1 :i'. o967e::-19 50:.0 

l8 

[ 

~-

.\. 

" 

TaOJJID.1,a 5. TiapaMeTpu pacceaHHH .n:na peaKu:im: 
·pµ(F=O)+p, ➔ pµ(f:O}tp, 8=1/2,, 7.=0 

E Kl .. . ·1 

(_sB) 1 ) -. 011 

0.001 0.2963e'-:2 4 3489e-20 
0.005 0:6534e-2 4 22~6e-20 
- 0.01 0.9181e-2 4.1751e-20 

0.05 . 0.2093e-1 4.3374e-:-20 
o.•.10 0.3234e-1 5.174Je-20 
0.12 0.3736e-1 5.7528e:-20 
0.14 0.4318e-1 6.5859e-20 

. 0. 16 0.5069e-1 7.9353e--:-20 
0.18 0.6473e-'1 11.484e-20 

0.182 0.7089e-1 13.610e-20 

Tadn:ima-6. IIapaMeTpH, pabc~HHMH .D:JIH 
. peaKUJIB ( 9a,C> ) rrptt 8=1/2~-l=O' . 

' ' . . 

E. Kl Ki . 'l i· o• o1 • o1 o1 

(SB) 
. - 11' 12' K21 •K22 ·' 1 12 ' 21'• 22· 

O. 7101e-1 0.6607e-1 1.3471e-.19 2 •. 1315e-17 
0.001 0.6607e-1 0.2672e-1 1.1647e-19 3.5164e-18 

0.7148e-1 0.9914e-1 1. 3243e-19_ 9.4694e-18 
0.005 0.9914e-1 0.5947e-1 2. 53.1_9e-1.9 3.4372e-18 

0.7205e-1 . _o. 11_84 ., 1 • ;3034e:...19 6.5757e-18 
0.01 O. 1184e-.1 o:8372e-1 3.477oe·-19 3.3679e-18 

0~760_4e-1 0.1825e-1 1.1894e_:.19 2. 982·1e-18 
0.05 o.1s2se7 1 0.1820 6.4270e-19 3.0027e-18 

.o. 798oe:....1 .0.2233 1.0907e-19 2.1117e-18 
0.10 0.2233 0.2500 7.4882e-19 2.6856e-18 

0.8543e-1 0.3640 7.7195e-20 8.7695e-19 
0.50 0.3640 ·, .· 0.4648 6.4292e-19 l.4867e-18 

0.6900e,1 0.4353 6.8264e-20 5.5022e:...19 · 
1. 0 0.4353, 0.5470 4.6550e-19 9.,3558e-;:19. 

' .... 

-o.1482e 0.53'.7'4 7.3759e-20 1.4699e-:-.19 
5.0 0.5374 0.4676 1.4182e-:19 1.7655e-19 

-0.3897 0.5664 7.8841e-20 7.7846e-20 
10.0 0.5664 0.2623 7.6455e-20 6.01.16e-20 
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1.50 ~----------------, 

1.00 

o.50 -1 I I ,, 
' ' l 

' ' 

'\ ' ' , ' _-,.. o.oo ~I •, , ' ' ' , ,· , ' ' , ' _,.,,l .... l 

' ·-
-1.00 

,-, 
I , l , 

' ' ' , ', . , 
' , 
' ' ' ' 

' i 2' 

,, 
' ' ' ' l 
' I 

• 

I 

' ' \ 

-1.so l I 
100.0 

r 
150.0 200.0 0.0 50.0 

PHc. 7. I'parJ)HKH pa.!U:[8JlhHHX g)YlfKI.{H8 1-- <P ~ 1) ( r) H 2 --- <P1 1 ) ( r) 

cHCTeMH YJ)8BHeHH8 ( 10 )-( 14 _), COTB8TCTBBYJOmHX pacce.HHmo. 

p µ + p C 9a ) c .lWYM.H OTKpHTHMH KaHaJiaMH npH atteprIDI 

CTOJIKHOB8HIIB E=10.08B (OTClJHTaHH08 OT BTOporo nopora), l=O.' 

1.50 -.-:------.;__ ______ _ 

l.00 
2 

0.50 

~/0.00 

-0.50 

-1.00 

"'.1,50 I , , , , , , I 
0.0 150.0 200.0 

r 

PHc.8,I'paq>HKH pamra.rrhHHX<I>YHKilH8 1---· 41~ 2 >cr) H 2 -:-- 41~2 >cr) 
CHCT8MH ypaBHeHH8 _( ·10 )-( 14 ), COOTB8TCTBYJOmmc pacce.HHmo 

p µ +_ p ( 96 ) C .I(BYM.H OTKpHTHMH KaHaJiaMH npH T08. l!C8 ·. 9H8prIDI 

CTOJIKHoBeHHSI E=10~0sB, l=O. 

20 

,.,.✓ i 
/ 

I1poBe,neHHue pacqeTll noKa3HBaIOT, qTo B sa,naqax ynpyroro 

pac:ceHmrn np_e.l(JI0l!C8HHH8 no.nxo.n TI03BOJI.H8T BOCTipoH3B8CTH Tpy.noeMKH8 

pacl!8TH c CiOJibIIH1M qJicJIOM saKpllTHX KaHaJIOB 1141 

5. 3aKJI!Oll8HH8 

E .naHHO:t1 padoTe npe.n;cTaBJieHa HTepanuoHHa.H cxeMa . pemeHIIB 
' . . . . 
• MHoroKaHaJibHOfi sa,natIH pacce.HHHH .UJI.H GHCT8MH .n11iM>epeHI.{HaJibHHX 

ypaBH8HH8, J1CIIOJih,3YJO!l(a.H 3TITIJ)OKCHM3Uill0 .nuqxpepeHI.{HaJibH?rO orrepaTopa 

BHCOKOro rrop.H,n:Ka TOllHOGTU .. 0( hn) . OTHOCHT8JlbHO ·, _ mara pa3HOCTHO:lt 

Cf TKH nh. . I1p11JimireHH.H pasBHTo:t1 Buq11cJI11Te.JihHO:t1 cxeMH K · sa,naqe 

pacce.HHJrn ( 8 )-( 9 ) M8308TOMOB Ha .H,npax H30TOTIOB BO,nopo.na 

TI03BOJI.HIOT YCTOfil!HBO B!IqJ1C.JI.HTb C OTHOCJ1T8.JlbHOfi TOtIHOCThlO • ~1 o-4 

ceqeHH.H peaKUHfi KaK rrpH HH3KHX, TaK H IIpH BHCOKHX 8HeprH.HX 
-. . . ' . 

B .nuanasoHe O.001 + 5081_3. IlpHM8H8HU8 armpoKCUMaUHJf . · llI8CTOrO 

nop.H,nKa .n;JI.H .nuqxpepeHI.{Ua.JibHOro orrepaTopa . rrosBO.JI.HeT . .nocTHqb ·, 

Tpe6yeMOM • TOlIHOCTJ1 . rrpH J1CTIOJib30BaHHJ1 . Ta6JIJ1qHO _ . sa.naHHHX 

TIOT8HUJ13JIOB /_·l 7 / Ha · C8TKaX co cpaBHJ1T8JU,HO H8CiO.JibIIIHM lJHCJIOM 

ysJJOB~ ,Ua.JibHefuuee npHMeHeHUe MeTo.na CB.H3atto . rrpem.ne . Bc'ero c 

pa3BHTH8M aCW>eKTUBHOrO a,nHaCiaT11qeCKOI'O IIO.ll:XO.lJ:~ .l(JIH CJ1CT8~H • Tpex 

TeJI~ Y'-IHTHBal9li\8ro Hea,n:11auaT11qecKHe. rrorrpaBK11
1191

• TaKOfi rro.nxo.n 

npe.ncTaBJI.H8TC.H rrepcrreKTHBHHM, .. TIOCKO.JlbKY · OH · II03BOJI.H8T H3Cie:m:aTh 

peIIIeHH.H sa,naqH pacceHHHH c CioJI·bIIIHM lJ.HCJIOM saKpUTHX KaHa.JioB 
1141 , . 

KOTOpaH B03HHKa8T ~ Tpa,nll..(HOHHOM a.l(J;~C5aTHqec:KOM rro.nxo.ne 
1201 . · 
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