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1. ITpon:eccbl 

eN ... e" N 
(I) 

H 

"N->Ne-e+ ( 2) 

npencTaBnuroT 6on&woft HHTepec nnu uayqeuuu sneKTpoMarHHTHoft cTpyxTypb! anpo

HOB, fiepBb!ft H3 HHX yJKe .[lOBOnhHO ,l:{aBHO H HHTeHCHBHO HCCnenyeTCH Ha sneKTpOH-
/J/ 

HhiX ycxopuTenux • Yfayqeuue BToporo noxa aaTpynueao ua-aa ManhiX HHT&H-

CHBHOCT&ft " -MeaoHHb!X nyqxos. ITponecc 2 oco6o HHTepeceH, nocxon&Ky noaso-

mieT HayqaTh aneKTpOMarHHTHhi9 lj>opM¢aKTOpbl anpOHOB BO Bp9M9HHno.ao6Hoft o6-
a a 

nacTH 0 < q < 4 m , KOTopaSI HenocTynaa HH B sxcnepuM&HTax no pacc&HBHro, 

Kill B BHHHrHnS!D:HOHHhiX 9KCrrepHM9HT8X 
/2/ 

3nec& Mhi npuseneM cxeMy soccTaaosneHHSI aMnnHTy.!1hi yxaaaHHhiX nponec-

CQB H3 SKCrrepHM9HTan&HhlX llBHHhiX, 

2. B o.aHolj>oTOHHOM npu6miJK&HHH aMnnuTyna o5oux nponeccos MOJKeT OhiTL 

npencTaBneua B Bune 

M 
2 

e 
q2 

3nec& j; = u (k 2 ) Yp. u(k I ) 

A p. J ~ . 

-an&KTpOHHbift TOK; k I H k 2 -HMnyn&Cbl 

aneKTpOHOB HrrH aneKTpOHa H noaHTpOHa COOTB9TCTB9HH0i 

A 

A 

<NJJ IN"> p. 

<N"JJ iN> p. 

nnu nponecca (1) 

.anSI nponecca (2~ 

3Aech J a -onepaTop anpoaaoro Toxa; q = ( ru, q) -HMrryn&c BHpTyam.aoro lj>oToaa; 

A p. -lj>yHKUH!I HMrryn&coB Ton&xo anpoaoB u lj>oToaa. ITnocxocT&, o6paaoBaaayro 

STHMH HMnyrr&C8MH 1 0003HaqHM p 1 B nnOCKOCTh 1 OOp830B8HHyro Sn&KTpOHHhiMH 

HMrryrrbCBMH;- I{. fiorrh3YHCh ypaBHeHH!IMH Henpepb!BHOCTH 
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qiLAIL= wA
0 

-qA=O, 

q IL jiL = w j o - q j = 0, 

MOmHO HCKfliO'IHTb Bp8M8HHbl8 KOMIIOH8HTbl TOKOB H rrpellCTaBHTb MaTpH'IHbllt ane-

.... !IT B BHil9 

2 .... 
e [ q J .. .. .. 

M=-2- --2 q -j]A. 
q w 

HaH6onee o6mHA BHil rrceDilOB8KTOpa: 

31l9Cb 

A= j;. a·+(;;):. b + (u~)k· C+(;;;) ;. d + 

... ... .. 
n, k, s 

... ... ... ... ...... 
+ (a s)k· e + (ak)s· f. 

-opTOHOpMHpOBaHHaH CHCT&Ma B8KTOpOB1 IlpH'I8M 
... ... ... 
D = k X B 

HOpMan& K IlflQCKOCTH p , a a, b,c,d,e, f -KoMIIfl8KCHbl8 cflyHKltHH q1
2 

aaeprHH H yrna pacceHHHH B c,n. qeTblpexxDoCTKH y N ... rr N. 

B nan&HeltmeM Mbl He 6yneM HHTepeCOBaT&CH IIOnHpH3altHOHHbiM COCToHHHeM 

aneKTpOHOB ( IIOCKOflbKY BC8 B8flH'IHHbl 1 flHH8ltHb18 IIO IIOnHpH3ai!HH aneKTpOHOB 1 rrpo

IIOpi!HOHan&Hbl HX Macce H I!OSTOMy Manbl), Torna n106aH H3 H3M9pH6MblX B8flH'IHH 

Q ( C8'19HH8
1 

KOMIIOH8HTbl B9KTOpa rronHpH3altHH HyKnOHa H T,Jl,) 6yll9T HM8Tb 

cnellyiOmyiO cTpyKTypy: Q = I 
l,m 

Q lm p lm , i,m = n,k,s, 

rne llnH nponecca (1) 

4 

(1, 

;~! 

J' 
,I' 

' ( 
,-., 

·;,:1 

j 
·' 

e 2 
2 . -+2 2 

p =[--l·Uf +(q-w)o-
lm 2 1 m 1m 

q 

e .. 2 
__ o_ U q +f q )+-f-q q ], 

CU 1 m m 1 W2 1 m 

q=kl-k2,f k I + k 2 

nnH nponecca (2 ) 

2 2 

[~ l [fl 
q 

+(q2-w2 0 -im plm 

n -+Z 
[ f . 

__ Oi_f q +f q )---q q], 
CU im mi Ct} im 

q = k I + k 
2 

, f= k I - k 2 

a Qlm=Qml -B8flH'IHHbi,6HnHH9ItHbi9 IIO a,b,c,d,e,f. 

nns orrpeneneHHH BC9X KOMIIOH9HT Q1m KOTOpb!X B CHlfY HHBapHa.IITHOCTH 

aMrrnHTYilbl OTHOCHT8flbHO OTpaJKeHH!t 6yll9T He 6onee '19Tblp8X1 H806XOilHM0 H3M8-

pHTb B9flH'IliBY Q IlpH QJHKCHpoBaHHblX HMf!YflbCaX anpoHOB1 HO IIpH pa3liH'IHblX 
... .. 
f • TipH aTOM f BaLlO BapbHpOBaTb T8K1 ..fTo6bi M8HHflHCio 3Ba'I8HHHX B9KTOpa 

KAK B3AHMHaH OpH8HT8I!HH IlflOCKOCTelt p H K , TaK H aaaHMBaH opue.aTanu• .. .. 
K. B9KTOpOB H B IlflOCKOCTH q 

Tax KaK P lm IIpH 9TOM 6yneT M9HHTbCH 1 rrony'IBTCH CHCT9Ma nHBeltBblX 

ypaBHeHHA nns orrpeneneHHH Q 1m • 

3, Tiepeli:ll9M K HaXOJKil9HHIO l'IBHOr'O Bb!p8lK9HHH B8lXH'IHH Q lm qepea aemx-

'IHHbl B 1 b 1 C d • e H BOCCTaHOBneHHIO aMIIflHTYilbl IIpOI!8CCOB ( 1) H 

( 2). 

OrrpellenHM rronspHaarrHOHHbie TeHaopa HyneDoro, rrepDoro 11 BToporo paHrOB: 

a 
0 

1 T Sp M M+ 
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~.· 
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1 + 
u A .. - Sp M u M 

0 I 2 I 

1 + 
u P = - Sp u M M 

0 I 2 I 

1 
u 0 D,k = T Sp u I M 

+ 
u M 

k 

3A&e& u
0 

-ceqeaHe peaKDHH c aenonspH3oBaHHhlMH ayxnoaaMH; 

A1 -BeKTOp acHMM&TpHH 1 P 1 -BeKTOP nonspH3anHH, 

D lk -TeH30p AenonHpH38DHH ( 5onee DOAp05HO 0 CMhlCne BMLt9HHhlX MnHqgJI 

/3/ 
CMOTpHTe, JlaDpHM9p1 B pat5oTe ) , 

B COOTB9TCTBHH CO CK838HHhlM Bb!W8 OIIH Dp9ACT8BHM&I B cneAyiOW&M BH.a•: 

U 0 = U 0, lm p lm ' 

uA=[uA] p, 
9 k 0 k lm lm 

u 0 pk = [ U 0 p k ], lm p lm' 

uoDtf =[uoDtt],,mplm 

0T1111;<1Hbl OT HynR cneAyiOIDH9 B&nHqH.H&I: 

2 2 
u = [ u

0 
D 1, = I a I · + I b I · 

0, n n n n n n 

2 2 
u

0 
=-[u D L •lei +lei , 

'k k 0 "" k k 

2 a 
u =- [u D L .. I d I + I f I , 

0, e a 0 n n a • 

[ u 0 An]' nn .. [ u 0 p n] nn • 2 Im ba* , 

[ u A ] .. - [ u P 1 .. 2 Im ce*, 
0 " kk 0 " kk 

8 

-'~! 
:; 

.,, 
,'''' 
I 

,1'1 

.. 
'-~i, 
'~~ 
<'~•I 
I' 
;.i 

t, 

:r· ij 
I .I 

·, 

I' 
'I 
~-"'*-----~-

[ u A 1 = - [ u P l = Im ( cd* + f e* ) , 
0 n te 0 n ta 

[u A ] = lm (ca* + eb*), 
0 k nk 

[ u 
0 

A k l n • = lm (fa* + db* ) , 

[ u P 1 = lm ( c a* - e b * ) , 
0 k nk 

[ u P 1 = Im (fa* - db*), 
0 t n a 

[u
0

As]n
8

= Im (da*- fb*), 

[ u 0 A • 1 n k = Im ( e a * - c b * ). 

[u
0 

P 1 = lm (ea* + cb*), 
s nk 

[ u P 1 = Im ( d a * + f b * ) , 
0 a n • 

I Z 
[ u

0 
D. L l = [ u

0 
D 1 = I a I -I b I 

.. .. nn a a nn {" 

2 2 
[u D 1 =-[u D 1 =lei· -lei, 

0 kk kk 0 •• kk 

[uP 1 =-[u D ] •Re(cf*-de*), 
0 kk ka 0 aa ks 

[ u 0 D k n 1 n k "' Re ( a e * + b c * ) , 

[u D 1 =Re(ad*+bf*), 
0 t n na 

[u 
0 

D 1 "' Re (b c • - a e * ) 
nk nit • 

[u D 1 = Re (bf*- ad*), 
0 nt n • 

[u D 1 = Re (be* -·ac*). 0 an nk 
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[a 0 1 Re ( b d * - a f * ) , 
en ns 

[a D 
0 n • ni: 

Re (be*+ ac*), 

[a D 1 
0 n s n s 

= Re ( b d * + a f * ). 

[aD] =-[aD] =-2Reab*, 
0 ks n n 0 s k n n 

[ a D l =[a D l = 2 Re ce *, 
0 •k kk 0 k 8 kk 

[ a D ] =[aD 1 = 2 Fe d f* , 
ks sa 0 sk BB 

[ a D ] = [ a D ] = 
0 k s k s 0 sk Its 

Re ( e f* + c d* ), 

a - [ 
k s 

Re ( c f * + e d * ), a D 
0 nn 0, ka 

[a A ] =-[a P 
0 n ss 0 n 

l •• 
21m fd*, 

[a D ] =-[a 
0 kk ss 

2 2 
D] =lfl -ldl 

s 8 s s 

finS! Bb!SICH9HHSI CMb!CITB BB91l9HHbiX BenH'IHH 38M9THM1 'IT0 1 H81lpHM8p1 a 
•, 0, n n 

npencTaBnSieT C9'19HHe nponecca, B KOTOpOM BHpTyanbHblft ~OTOH nonS!pH30B8H BllOnb .. 
n . CMbiCn ocTanbHbiX BenH'IHH aaanorH'Iea. 

a =[aD ] 
0, n n 0 n n n n 

8H8ITOrH'IHbl COOTHOW9HHSIM ( 8. 7) CooTHoweaHs THna 
/3/ 

pn6oTbi H HM9IDT TO me rrpOHCXOmlleHHe - OHH SIBITSIIDTCSI cnellCTBHeM HHBapHBHT-

HOCTH MBTpHilbl p8CC8SIHHSI OTHOCHT8nbHO OTpS)KeHHft B rrnOCKOCTH peaKilHH 

yN->N77). 

nonb3YS!Cb rrpHB81l8HHhlMH ~OpMyn8MH 0 MO)KHQ BOCCTBHOBHTb 8MfinHTyllhl 

a,b,c, d,e, f 

nocKOITbKY BCe OHH onpenenSIIDTCSI C TO'IHOCTbD llO o6weft ~83hl 0 6yneM C'IHT8Tb, 

HallpHMep, BenH'IHHy 
-!ell 

MaTpHUB e a M 

a neftCTBHTen&HOft H nonomHTen&HOft (BOCCT8HBBnHB89TCSI 

rae ella -<!>aaa senH'IHHbi a ) • Toraa 

a 2 = .J_ I a + [ a
0 

D 1 I. 2 O,nn kk nn 

8 

a 
Reb = - _!_ [a D ] ~ ...L[ u D ] , 

21 0 alt n n 2 1 0 It a n n 

1mb= - 1 [u A l = ..L[u P I 
2a 0 n n n 2 a 0 n n n 

Rec=-1 I [u D ] -[aD l I, 
2a 0 na nit 0 an nit 

1 
lmc=-l[uP] +[uA] I, 

2a o k nk o k nk 

1 
Red"' - I [a D l - [ u o I I, 

2a 0 kn na 0 nk na 

1 
lmde-l[u P] +[u A] I, 

2a 0 a n • 0 a n a 

Re e = + I [u D l -[a D I I, 
a 0 k n nk 0 nk nk 

1 
lme=r.l[a P] +[a A I I, 

a 0 • nk 0 • nk 

Ref =...LI[a D ] -[a D ] I. 
2a 0 na na 0 sn ns 

1 
Im f • - I [ a P l + [ u A l I . 2a 0 k ns 0 k ns 

3n•cb rrpHBeneaa CX8M4 •nHH8ftaoror BOCCT8HOBneHHSI 1 B KOTOpOft neftcTBHTen&Hhl8 

H MHHMbl& '18CTH 8MilnHTyll Bb!p8m810TCH r nHH8ftHO., '19p93 H3MepS18M~I9 senH'IHHhl. 

Bo3MOmHbl llpyrHe CX&Mbl BOCCT8HOBn8HHSI 1 KOr.Qa, H8ilpHM9p 1 CHS'Iana BOC

CT8H8BnHB810TCSI MOnynH 8MilnHTYil: 

2 
lal =..lla +[aD I I. 2 0, n n 0 It It n n 

2 1 
jbj .. -lo -[u

0 
Dkk] I, 

2 O,nn nn 

2 1 
c I = 2 I u 0, k k + [ u 0 D k k l It It I. 

2 

I e I 1 [ l I 'flaO,kk- 0 o 0 ~t~t kk ' 

lfl
2

=
2
1 1u +[u D ]

8 
I, 

0, a • 0 k t a 
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I d I a 1 
-
2 

I u _,[ u D 1 I 
0, 8 8 0 Jr. Jt II 8 

H HX peanbHbl9 (HnH MHHMbi&) 1JBCTB 1 a 38T9M YlK9 no BHM MHHMbl& (pean&S:bi&) 

I..JACTM. 

HaKoaeu, MOlKBO Bbi5paT& .Qe1!:cTBHTen&soll: nonolKBTen&s:oll: aenH'IBS:oll: mo6y10 

H3 OCT8Bil!HXCH aMnnHTy.Q b • C, d, e, f ( T,e, BOCCT8HOBiifTb M8Tplllly ~M c 

TO"'HOCTbiO JlO COOTB8TCTBY!Oill8ro ljla30BOrO MHOJKHTeng:) • 

nocKon&Ky aenH'IHHbi a H b )if c, d,e, f BXOJlHT B Bhlp8lK9BHH .QttH 

JI3Mep11'~Mb1X aenH'lHH CHMM9TpH'lH01 BOCCTHHOBn9HH9 M8TpHDbl 
-l<llb 

e M 
-lei> e ,. M a BOCCT8HOBn9Hiife l'H"'HO BOCCT8HOBneHHIO MaTpHllbl 

-l¢e -lcl>f 
e M , e M aHanOI'H"'HO BOCCT8HOBn9HHIO 

-1cl>e 
npoBe)leM BOCCT8HOBn8HH9 M8Tpllllbl e M 

c a ~ .L( u + [ u D 1 I. 
2 o, It It 0 It It It It 

0 

Rea=...l.l[u D 1 -[u D 1 ltl. 2c o na nit o an n 

Ima=-....!..([u A] +[uP 1 I. 
2c o 1r. nit o 1!: nk 

Reb=-
2
1 l[u D ] +[u D ] I. 
c 0 kn nk 0 n k n k 

Im b ~ -.! I - [ u P ] + [ u A ] I, 
2c 0 8 nlr. o a nit 

Re e == t [ 0' o D air. 11tk ' 

Im e = - .1... [u A 1 , 
2e o n ltk 

Ref=..L(u +[u D ] 
2 e o, t 8 o 1t 1t 1t a 

aaano
-tcl>d e M, 
-lei> 

e c M. 

H, H8KOH9ll 1 BenH'IHHbl Im f Red, Im d onpenenHIOTCH KaK peme-

Hl!fl CHCTeMbl nHH9fiHbiX ypaBH9HHfi: 

Re d Re e + Im d • : Im e = .lt u - [ u D 1 I , 2 0, It • 0 It k It 8 

10 

- c 1m d + Re e • Im f- Re f • Im e = [ u 
0 

An] at , 

c Re d + Re e • Re f + Im f • Im e = [u
0 

D 1 . 
k. k. 

AaTop 5naronapea n.M. nanu.Qycy sa pH.Q nonesawx saMe'laaull: u o6eylKAe- , 

nne pesyn&TaToB, 

naTepaTypa 
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