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§ I. BBe.lleHHe 

B padOTax /1,2/ dana paccMOTpega MO,llaiTb KBaHTOBOfi 8A8KTpo
.Jl"HaMHKH, co,llepmamaR ROByn ya.Bepcan»ayro nocTOHHHYID - WYR.llaMeH
Tan»ayro llJIHHY l , COOTB8TCTBYJO!llll~ Aar.[lallll<llaH HM88T BH,ll: 

:1. (>l • ; iiic•l cr;® jo/i•) - 171 'i/Tc•J 'f(•J - ~ Fr,(•) Fr't•)-

-€Vi•lJ{'flx) - a/ Cv,e, Ylxl<;®¥'a;.,tii•l Fr'(•)+ (I.I) 

r.lle 

( 

'(,(x) ) 
VCxl • V, (•I (1.2} 

rrpe~CT~BT C06on 8-ROMITOHBHTHH~ CITHHOp, OrrHCHBSEmZ~ nBS TBITa 
CIII<HOPHHX '!aCTH!j (HanpHMep, e H f' } , BarrH'IHIIH <>";® ~r , \ll® 't' 
~ T.rr. CYT:O 8x8 MaTpHWJ BH.D;a (~r ;r), ( ;r ~,.} FI T.n., a rrapa
MeTp e, BHpaEaeTCH qepea 3aTpaBO~Hyn Macey m H WYR.llaM8HTaAbHyn 
MHHy: 

S. J~-i 
1.1'1 9~... me (I.3} 

JlarpaHl<llaH (I.l} OCTaeTCH HHBapHaHTIIHM rrpn ,llHCKpeTHOM npe
odpaaOBaHHH 

ljl(x)-+ cr; '{(x): ( ~ -') ( '(,<•) ) (I.4) 
t c) 't' .. (II'} • 

KaK ITOKaSaHO B / 3/, dOrOAIDdOBCKHA M8XaHH8M CUOHTaHHOrO HapymeHHH 
~. -cnMMeTpHH reaepnpyer pacmenAeHHe MaCe B .JlYdAeTe (I.2}. Coor

BBTCTBYJJilt8SI "(frASHtrBCKWI" BOJIHOBBJI qiyHKilHSI (~)ply.. CB.I13aHa C 
nepaoHa'!an»HoA BOAHOBofi WYHKI1Heft (I.2} yHHTapiiHM npeo6paaoBaHHeM 



rp;e E"' ti 

)l.IDr f € -CHCT6Mll 

(
ijr,_(•)J (rr.) 
~ I•J I''' • ~"r . 

(I.6) 

]arpaHmRaH (I.I) B 3TOM c~ae MO~eT 6HTb aanmcaH B BH~e: 

(I. 7) 

+ '
4
e Sz" ~' o/rx) cr;® cr;. Yl•l p~"'(x) -

r~e 
(I. B) 

(I.9) 

ITo cpaBHeHHID c o6uqHon Ksn ~arpaamnaH (I.7) co~epmnr ~ono~
HHTeRbHUe ~eHH, KOTOpHM B ~arpaMMHOM T8XHHK8 p;O~~ dHTb COTIO

CTaMeHH HOBHe BO]Xl!HHH. ~OPMY~pyeM H006XO~MHe TipaBH~a COOT
BeTCTBHII ( 011. Ta6n. ). 

§ 2. Ce~eHHI! paccei!HHI! B paccMaTPHBaeMoft MO~~ Ksn 
A. Ce-qeHHe npouecca e-e-- e·-e-

B aToT nponecc ~aror BKn~ ~arpaMMH, Hao6~eHwe Ha pHc. I. 
06HqH0e BH~eHHe ~ ce~eHHI! n~aeTCII H3 ~arpaMM a) H e). 
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Pl!c. I 

TaCiJIH~8. 

BepmHH!I <Pa.KTOP B llB.TpJfllHOll 3JieMeHT 

SJI9MeHTe .I~Harpam!H 

BepmHaa c naueKCOM cyMMH-
g-k'u;., ' ky poBaHHR f , B ROTOpYRJ 

BXO~ 8~8RTpoHHaff ~RHR 
p III qJOTOHHM J!EHHR k r.ne H BHXO,I(HT 3JI8.KTpoHH81I 

~ • fl(Sio8,-<t'C..e,) .mnrn:n: p ' • p 

MaCCOBH~ ROHTpqR8H - t(mr-m,) c>, ~ 

~OTHpe~epMMOHHH€ ¥.vi?\/ Bepnuuru:: ~~£ ~ 
a) coxp~e .rrerr- i 4 Yr/\v, 'fJ\<rr TOHH08 -q:HCJIO 

k -v 
_, e.t.f.t 'V"-"r ;;_ 

T 

~/\if.1[-/\iif 
6) H8 COXPa.HfiKltlHB 

v~v JI8TITOHH08 't!HCJIO 

' e1t" 
T 

{\'(, 1[-1\¥. 
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E' ' . fipH BHCO.Rl1X 8H8prnmc CUrl» h1e ITOJIY'Ia8M ,ItliR ;IJ;H(fqi8p8HW:\"aJII:.-
HOPO C8~8HH.ff pacceRHHR 8~8KTpoHOB C Ha~anbHHMH ITOXffpH3aQHHMH A! 
l1 A~ B 8JI8.RTpOHH c KOH8't!IlliMM IIOJIRpH3aqH.f!MH ).: ' ).; 

rl(e l<) 

+ ( '"• 1:ll I+) ,lfl(t'.,•) - (1, • J:)(J,+ li){t' + u'- u•) + 

+ (H.J:)(H.l!) (s-u)' • (!-),);)(H,lf)(s-t)'• 

+[(t•!,J,)(<•):J;)- (J,tJ,){J>J:Jj(<-u)(H) J , 

(2.2) 

..t. ::: .t,; , a $ , t H U - HHBap:~m.HTHhi8 nepeM8HHN8 MaH;II;BJThCTBMa. 

ilyCTb ITORRpHSauRH KOH8~HHX ~acT~ H8 ~HKCHpyeTCR. Tor~a 
MOmHO COCTaBHT1 8.CHMM8TP~HY~ KOM6HH8UHffi, KOTOpaR B o6H~HOfi TSOpHH 
HctteaaeT **): 

!!) 3l(8Cio H B l(am.H8l!m8M ( ~) - ,UH<l¢8P8H!Cll!am.H08 08'<8-
HHe, KOTopoe l(aeTcH cTaauapTHon K8n. 

l<l<) B ijiojllzyJiax (2.3), (2, 7) H (2.8) (eM. pa3l(8JI E) OnyTll8Hll 
'VI8HH, ITOPfmOR KOTOpl:lX M8H:&lli8, "l8M £2e • 

4 



(s· ·~ c..'~)(",..) (",..} ~, J + .t. ll A,~J...- ~ J,_:±._::(3-3~'9+?~-te .. ~"&}~tetEl(2.3) 

( s,·.,'ti-~.1!) ('r) + (d<rJI 4(i+6Cv.!'"&rCM.'e) ' 
~ 2 Jii ~.·"1 JJt ~.•-.\& 

s~ecb Al~~i, E - aHeprHR a~eKTpoaa B ~, 6- yro~ pacceHHHR. 
~~epea~anoaoe ce~eHHe ~R aeno~pH3oBaHHHX ~acTH~ HM86T 

BH.D;! 

( ~~{'e:..t1>: ~l (3+/Mte)""+ 3.~..t.f· ~.,. ,~..tJiEt{ts•.1&»~e) (2.4) 
dn Iff~'"'~~- 'iE

1 s.·~~6l " '!.i .. 19 H . 

E. CetreHMe npol\ecca e- e+- ~ e-e-+ 

.IJ.;I.R: JlHCWlepet:rUMa.m:.Horo C81!8HMH rrpouecca e-ll+_,. e-e + vrMeeM: 

( ""),-,.~,-,. ol ),-,·~,-e ' ' { 
dJt ),), ... }.,')..: "'C1~ ,.,).~~>-:,>.~ +f~e U>).)1 ).):)(,{f .. ~-1 ) + 

+ (l+).,).,' ){ ~ + ).'-l:) Jt ( ~- ~ t"~" .ut) - (A,+)/)()...+;: J-;1{;/-w'"-.t !t) + 

+ ( i- ).
1 
~ 1 )(1-A/ A{)~~{ .;i -u '+ :zst) + (), -~z}O.' ->.fJfs- { N -f.lt- tst}j + 

+I i -/.,),'){ i- ),A.')( s-u )' + I 1+/.,/..){ M.'!:) I u- t)' + 

+[(i•),J.)(i+J.'/.',)- (!,+l.)[J,+/.{)}1"-s){"·t)J ' 

(2.5) 

B .~aHHOM C~ae TaRXB MOEHO COCTaBllTD 

llC't!83a.IOOWIO B npe.n:eJie f....,. 0 : 
aCllMMBTPHllfiYJO KOMdHHaiUJIO, 

(s•-'~. c.,·~) 1/fr:L,.- (#;t_, ; 
(S.> 1f•CM'f)(~};,->. + (¥,i)~.·-•· 
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= ( ~"e- ~W>'& -+St:tn&e -f!~~e- .n~!e -+tos~~+19~(1-st}{1.-4e) 0! t 

H(t+6C.,'e•<M'e) <E . 
.1J.mi 9 -= f lU!BeM OTCJO;Il;a: 

(2.8) 

ITpH aHeprKOX rv 200 roB B CUH rrpoeKTHpyeMoro B ITEPHe 6oxornoro 
3~8KTpoH-IT03HTpoHHOrO ycROpHT8~ Ha BCTpe~HNX ~ (LEP) Be
Jl~HHa aciDili\lleTpMH H3M8H.fi8TC.ff B HHT8pBaJI8 OT I,4 ,UO 0,13, 8CJrn 

@yguaMOHT&UbHYD ~HHY £ BapbHpoBaTb B rrperre~ax OT 3 ~ 0 no 
' -I "'i'OOO r;)B • 
Tax Ka.K "HeMHHMMa.Jil>Hoe" B3aHMo.n;eficTBHe cmmopmzx l!aCTHI..J; c 

3J18KTpoMarHHTHHM ITOJI8M H8 COXpaHRBT CTIMpaRLHOCTH, TO ,JJ;H~8P8H

UH~H08 C8~8HH8 P8CC8RHMR 8J18KTPOHa H TI03HTpoHa C O~HaKOBHMH 
Hal!aJIDHHMH ITO~pH3~RMH H ITOCH8~M H3M8H8HH8M 3Hal!8HMR CITH
pan»HOCTH rrocne~Hero Ha o6paTHoe, B paccMaTpHBaeMo~ Mo.n;e~ Ksn 
OT.mitrHO OT HyJm: 

( da-)n·~,-, •• ._,f'U•C..•H•-c..e)'. s ... 'f4 e'r~+c..•J' (2 , 9) 
~.$2.. ,l,:>).t I (6 i-W...9 fj<f 

>.,..- .l~ 

3aM8THM, liTO TI8pBH~ qneH B (2.9) H8 3aBHCHT OT 8H8prHH CTaHKH
BaiOIItMXCSI ttaCTHU H, B TIPIHU:UIII8, MOJKe'T CiHT.b l:'l3M6p8H Ha JII060~ ycTa

HOBKe, l:'IM8IDm8~ CiOJII>myD CB8Tl:'IMOCTO. 

~~8p8~8JIDH08 C6~8Hl:'l6 paCC8HHHff H8ITO~pM30BaHHNX ~aCTHU 
l:'IM88T BIUI:: 

6 



+(1-~,l .. )(l-)/)fprr;tt + (>,-) 1 ){),'-):pu:-tt + 

+(!+l,l.'l(!•l.~.'l['";'~(HJs]- O,•I.'){!.•J:)f"~'·-1._./s J}, 
r)le 

( ~a;}t"t+4t .. -,..+ J.l {I )I , ')";.e ' "':..:ef 
· ~fl. , , = ,...,., H,l, 1-!,), 7- +{),-;,)(!,~!.)-:;;;:- . 

), ~'..., ), )t. 

(2.12) 

EcnH cnnpap~HOCTH a~eKTpoHa H rroaHTpoHa onHHaKOBH )t=~l , TO 
npo~ecc e~·~r·r• sanpe~eH B o6HqHo~ K3] (eM. (2.12)). B HarneM 
c.rryqae, O,ItHa.KO, C6'!€Fill8 OTJIH'!HO OT HyJIJl H ;n;aBTC.fi @opM,VJIOit: 

~ ITO~OrO CB'!BHHH HM68M COOTBBTCTBSHHO: 

~ rrpo~ecca C H3M8HBHH8M 3Ha~8HHH C?EP~HOCTH O,ItH01t H3 

Ha oOpaTHOB (HarrpHMBp, MOOOHa) HMBBM: 

'
- ± - t 

(i<r) r ~e r •'' "'£' - : ~ 1+C..e + <_<_ [<l+tOC..e+C..'6:;:4{1-<.•J] 
J.Sl I --)' 4 t-Wu ut · · 

l'l- • 
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(2.13) 

(2.14) 

(2.16) 

"CfaCTHll; 

(2.17) 



~. f~ydOKOHeynpyroe pacCeHHH6 ~enTOHOB Ha %8POHax 

B paccMaTpHBaeMo~ HaMH MO)(eJIIl K3Jl npH HsyqeHHH rJIY60KO

Heyrrpyroro ITPOU8CCa H80dXO~MMO yqHTHBaTh ~OITO~HHTB~bHHB nHarpaM
MH E, B H r, ITOKa3aHHH8 Ha pHC. 2. 

k ):k'): -); h 
- p' _o> ~ 

p A. E. B. r. 
Pile. 2 

~~8p8HUManDHOB C8~BHH8 C ~BTOM HOBHX ~arpaMM HM88T BHA: 

( l ) ' dJL:f' ~ ;.' f [il•),),)f~~(kl:') + (0,+),)fw~fYk'~-
~,).a I 

- .le,."~(I-A,J,) ~·]. y.j"P 

3,D;8Cb BB8.U8HH CJI8.JJYIOiltR8 Od03Ha~8HHH: 

(, (>k') ~ k,J; + kf k: +g .. , f' 
);?.,(:: k.;. .,. k: 

(2.18) 

(2.19) 

'W~~ o C"l' f, <pI ( r;-. 'r '.J;,, rIp'>< p' I J;--• •q.-J,r I r > b{J"r-P'!, 

- (~20 
I',JJ,8 J "'- H J"-~ HJlBHTHrJm:UHpoBaH.bl C BBPIIHU-Ia.MM 

:~p' 
coOTBeTcTBBHHo, a A1 

" q '~p' 
p_/IIFl 

H ). 1 - IIOJIHpH3a.UiirH JI8IITOHa B Ha<tiBJibHOM 
H KOHB~OM COCTOHHHHX. 

CTpyKTypy T8H30pa Y/,_ft MOlKHO ycTaHOBHTb H3 coo6palK8HH~ 
PBJIHTHBHCTCKOfi HHBapHaHTHOCTH H COXpaHBHHR 8JI8KTpH~BCROI'O TOKa: 

(2.21) 
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rro~cras~ VI., ns (2.21) B ~OPMY~ ~ ceqeanR (2.18 ), no~M 

( ~:cr;E,\ ~a-, )(i+A,~.)[i.'fYJ, + }w,j-
-~· 1),), 1 7f (2.22) 

- (),+ ), ) E~~'tif'f YJ, + 

+ (H.l.)~ [~·~\>/,- ~~;~:f \.1, 1 r . 
.,1.1 Cf1 ~~ 

r,n;e <r;, :. -1Et. Si~o~f- -C8tr8HH8 MOTTOBCKOrO paCCBJIHBR. 

HciTO~b30BaHH8 napTOHHOtt M0~8~ ITPMBO,Zl;HT K 0~8~8~ CTpyR

Type \.v'~f : 

'vi~ l;,q') • fnj Jz, ¥[~! rP+<'q 1~'Jfr),~( t, +•/a 'li1)] Sip,-p,·f J ~·iJx,. <2•23 ) 

+a•f • qf!} Vl.r•,f'J + k.(p .. -q. ~)ftrf' f;)(i- tf')W,r~1'J, 
r~e 

~,(v,~'). ;\; f!•)' 
v W,(v,q•], xft•), 

CpaBHI!BaJI ~PMYJm (2.211 M (2.23), 
3aBMCHT TO.JI&KO OT X""-£_ 

tHv 
HM88M 

w;rv,q') = 0,(v, f') , 
\V,IV.1'l = (1..- t.;s'}IJ,(v,q'), 

w,lv,q'J· o. 

(2.24) 

n.~epe~anbaoe ceqeaHe ~ r•yOoKoaeynpyroro pacceRHMR B 

paMKax ITapTOHHOtt M0,1!;8~ 

C:%·L. = cr;, { (f•A,l,))~·~w.rv.fJ+ 1(1-Si/W.rv.r·J]+ <2•25) 

+(1- ),),) ~ '[t}'~ .;,l~f')- ~;,t~ ( i· <})#.1~1')11 
3aBHCHT ~HillD OT dH~HHB!ffHX KOMdH~H ITonHpHSauBtt traCTHU. IT03TO~ 
P-He~eTHNX a~eKTOB B paccMaTpHBaeMOn Mo,n;e~ K3~ HB B03HHKaeT. 

llpoUBCC C MSMeHeHHeM CTIH~HOCTH Ha~~Horo ~eiTTOHa B 06H~
HOft Teopnn sanperneH. O.n;Hruto B HameM c.rrytrae nMeeM: 
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(
d'a-) =cr. D:[t.'fwl',f)- (E•f'l' (;-u'}W,tv, 1•J/ 

,tildE' 11 4 -o 2 1 4EE't'-rl~f Li ' ~~-A, 1 

), '! 1 . 
llH~ep8HllaanDH08 C8~8HH8 ~ H8ITO~pH30BaHHHX ~aCTH~ 

TaRRS OT~H~a8TCH OT 06R~oro HanH~HeM qneHOB,HapymaromHX 
rOB08 TIOB8~8HH8. 3ueCb HCIT0~30BaHH 06HqH~e'nepeM8HHH8 

1 

f' i+t(i-f.')'J'} 

K ~ >'+ £ 
1M 

a cr;. 11 OS cBH3a.m.I c W: cJIS,ItyliJIUHM o6paaoM: 

>"'"- [ - { P'o '){ >!..'} W,] K -W,+ i- .. 1-q, ' 

(2.26) 

(2.27) 

CK8JlJrnH-

(2.28) 

(2.29) 

~ H3M8Pff8MOrO Ha OTIHT8 OTHOmSHHH /<. npH CB8pXBHCOKIIX 3H8p-

rHHX ~0~8H Ha~aTDCH poeT 

, 1 _ ,, 'J _ u.· 
R 

__ <r's __ OS 1. ~, of cr;: ~ 
11

1 

a::' e2t ::::::-Jt-q2, 
T r:r,.- 7~ 

(2.30) 

0 """"0 ,..,.,.., TT1fa' I "' ~ roB-I np· COBP8M8H'~'x q' ~ 200 r"B2, "Ta ~·- ~~~ -Mo < joO o • na o o 

B8JmtmH8. COCT8BJIH8T "" 0, !"fo. 

E. llpoueccH c HecoxpaaeHHeM ;renTOHHoro ~ana 
'!eT!lpe~8PMJlOHHH8 B3811MO)I8l!CTBIIJI B J!Brpa!ll<IIB.JI8 (I, 7) npH

BO;n;R'T .K npoueccaM, B KOTOpHX H8 COXpa.Hf.i8TCSI JIBnTOHH08 tru:CJIO: 

a) e·r .... l"·f-

(2.3I) 

6) f'•e-~f'·"+ 

(<I'io~ )I''~ -~r·e·~ !!.£ E't' 3 • (2.32) 
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HanpBMep, AJlJI 

HOB n1 =i08f H 

WOPMYJIOM l<) 

npoqecca a) rrpH HHTBHCHBHOCTH rryqKa S~BRTpo

E,..r' roo roB '!I!CJIO COdHTI!ll B C9J<yll.liY )(aeTCJI 

(2.33) 

IlpK ( ~ 10-I?CM 

(2.34) 

~0 B CYTRH COCT8BHT ~ 3,45•10-4 C06HTHfi. 

B CJIY"ae 6) o~eHKa '!I!CJ!a co6HTHll ropas)(o MeHbme rrpe)(H)(ymell. 
TaKRM o6pa30M, SKCITepEMSHTBJ!bHOe HSMepeHKe rrpo~eccOB (2.31) K 

(2.32) MoxeT 6HTD )(eJioM JIEIDD oqeao )(aJieKoro 6yJ~Ymero. 
ABTopH BHPa&aiDT 6Jiaro)(apHocTD H.H.EoroJIID6oBy, C.M.EBJieHD

KOMY, A.n.noHKOBY H B.f.K8)(Hm9BCKOMY sa RHTepec K padoTe K 

no~e3HNe 3aMe~aHHH. 
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