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I, AMnmITy na peaoHaHcHoro pacceHHIHI Ha 1rnom1poaaHHOM ypoaHe I f > , 

K8K H3B9CTHO, HMeeT BH.ll: 

M ct> 211 
l ➔ n = -k 

< n I A I f> < t I A I f> * 
E 1 -E-if'1 /2 

( I ) 

3.necb <n I A j £> -aMnnHTyna par.nana HecTa6HnbHoro ypoBHH If> , cooT-

aeTcTayromaH nepexony B cocTOHHHe I n > 

pacceHB8IOlllHXCH '!8CTHU C 3HeprHett E 

, It> -nayxqacTH'!Hoe cocToHHHe 

H OTHOCHTenbHbIM HMnynbCOM 2 k 
(B C,U,H,), E 1 -aHeprHH ypoaasi If> , r 1 -ero nonaasi wHpHHa, AMnnHTy-

.llhl <n I A I f > y .llOBneTBOpS!IOT COOTHOWeHHIO: 

l<n!Alf>l 2 =1 
f 

(2) 

rne 3H8K cyMMbl BKnI0'!8eT HHTel"'pHpOB8HHe no yrnaM H 3Hepl"'HS!M nponyKTOB 

pacnana, 

BbipaMeHHe (I) (cpopMyna EpettTa-BHrHepa) 8BTOM8TH'l9CKH ynoaneT­

BopsieT ycnOBHIO yHHTapHOCTH, ,UettcTBHT9nbHO, cornacHO OilTH'!eCKOl! TeOpeMe, 

nonHoe ceqeHHe peaoHaHcHoro paccesiHHS! 

aCI) = .Arr.. Jm M [ I) 
k I ➔ I 

r 1 I< t I A I £ > I 2 

( E 
1 

-E )2 + 1// 4 
(3) 
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C ,r:tpyrol! CT0p0HbI, 

a(fl i IM (I) 12 
n t ➔ n 

4 11 2 

k2 

r I < t I A I £ > l2 

f 

( E 1- E )2 + r/ / 4 

/1/\J,1 BH,r:tll~, 'ITO C y'leT0M (2) paBeHCTB8 (3) II (4) C0Bil8,r:t8IOT. 

(4) 

Ecnll Mb! IIMeeM HeCK0I!bKO ypoBHel! C p83Hb!MII BHyTpeHHIIMII KB8HT0BbJ­

MII 'lHCnaM11, aMIIIIIITY.r:ta peaoHaHCH0I'0 pacceHHIIH paBH8 

. ( f) 

M = i M 
(5) 

t ➔ n t➔ n 

r.r:te M111 
I ➔ n 

onpe.r:tenHeTcH 110 cpopMyne ( 1 ). 

. YpoBHII C p83Hb!MH KB8HT0BblMII '111CI!8MII He ,r:t8IOT IIHTepcpepeHUIIH B 

II0I!H0M ce'leHHII peaoHaHcH0I'0 pacceHHIIH. OTCIO,r:t8 

a= i a< 1> ~ Jm i M <fl 
k 1 1 ... t 

(6) 

T.e. C00TH0WeHlle ( 5) y ,r:t0BI!eTB0pHeT ycnoBIIIO yHIIT8pH0CTII. 

ilnH HecK0I!bKIIX 11epeKpb!B8l0ll.{IIXCSI ypoBHel! C 0AIIH8K0BblMII coxpaHHIQ­

ll.lllMHCSI BHyTpeHHIIMII KB8HT0BbIMII '1HCI!8MH BKI18.r:t IIHTepcpepeHu1111 p83Hb!X 

yp0BHel! B II0I!H0e ceqeHHe peaoH8HCH0I'0 pacceHHIIH, 0'leBll,r:tH0, He paBeH 

Hyn!O. np11 ST0M y)Ke Henb3H II0I!b30B8TbCSI cpopMynol! ( 5), II0CK0I!bKY Ben11-

-4. ~ (f) 
'Ill Ha k Jm 7 M 1 ➔ 1 aaBe.r:toMo He co,r:tep)KIIT IIHTepcpepeHu110HHbIX qne-

H0B, H, cne,r:toBaTenbH0, ycnoBHe yHIIT8pH0CTII HapywaeTCSI. O606meH11e Teo­

PHH Epel!Ta-B11rHepa Ha cnyqal! 11epeKpb1B8l0ll.lllXCSI peaoHaHC0B C 0AIIH8K0Bbl­

MII CIIIIH8MII 11 'leTH0CTHMII H3BeCTH0, C00TBeTCTBYIOll.llle Bblp8)KeHIISI .r:tnH aM11-

IIIITYAbl pe30H8HCH0I'O pacceHHIISI B paanH'lHblX cpop!i.!ax M0)KH0 Hal!TII, H8I!p11-

Mep, B pa60T8X 11 - 101• 

8 H8CT0Hll.lel! pa6oTe ST0T B0I!poc o6Cy)K,r:t8eTCSI C .r:tpyrol! T0'IKII ape­

HHH. ileno B TOM, _K8K 0TMe'leH0 B / l l/, IIHTepcpepeHUIIH pe3,0H8HCHblX ypoB­

HeJI C 0,r:tllH8K0BblMII KB8HT0BbIMII '111CI18MII (c1111HaM11, 'leTH0CTSIMII II T.,r:t.) 
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B nonHOM ceqeHHH pacceHHHH OAHO3Haqao CBH38Ha C HeOpToroHanbHOCTblO 

BOnHOBblX cpyHKUHlt, COOTB8TCTBYIOlllHX STHM ypOBHHM • .UnH ypoBHelt \f> H \ f > 

4e \£ > (7) 

8 ASHHOlt pa6oTe paccMaTpHB88TCH 38BHCHMOCTb aMnnHTyAbl peaoHSHCHoro 

paCC8HHHH Ha ypoBHHX C OAH!IaKOBblMH coxpaHHIOUlHMHCH KBSHTOBblMH qHcna-

MH OT aenH'IHH<f \ f> • 3Ta aaanr.HMOCTb HMeeT npocTylO cTpyKTypy. AMnnHTy­

na pacceHHHH, ynoaneTBOpHIOlllSH ycnOBHIO YHHTapHOCTH, MO)K8T 6h!Tb npencTaa­

neHa B BHA8 

M 
t ➔ n 

=k i 
k !=1 

< n \ A \ f > < t \ C \ f> * 

E
1
-E-ir

1
/2 

rne aenHqHHbI <t \ C \ £ > ynoaneTaopHIOT cHcTeMe ypaaaeHHII: 

m 

<t\A\f>= l <t\C\f>d\£> 
f = I ' 

m 

=<t\C\f>+ l <t\C\f><f\f>, 
f/,1 

(8) 

(9) 

npH'leM <f \ f > onpenenHIOl'CH cornacao ( 7 ) .• 3necb, KSK H BhI!lle, < n \ A \ f > -

-aMnnHTYAhI pacnana ypoBHH \£> no KaHanaM\n> (~ \<n\A\ f>\2 =r1 ) 

B cnyqae opToroaanbHOCTH ypoaHelt < t \ C \ f> = <t \A\ f > ., H Bb1pa)KeHHe 

(8) coananaeT c. (5). 

2. noKa)KeM Tenepb, 'ITO H3 ycnOBHH yHHTapHOCTH H peaoHaHcHoro xa­

paKTepa aMnnHTYAbl 8BTOMSTH'l8CKH cnenyK>T COOTHO!ll8HHH ( 8) - ( 9). 

npe)Kne acero, aMnnnTyna peaoaaacaoro pacceHHHH non)KHa HMeTb 

non10ca npH KOMnneKC,HblX SHeprHHX Ef -i r f / 2 • C npyroll CTOpo-

_HbI, B paMK8X npH6nli)K8HHH BaltcKoncp-a-BHrHepa 114-15/ r I << E f) Bb!'l8Tbl 
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pe30H8HCHbIX 8MIIIIHTY.!l (jiaKTOpH3YJOTC5I H rrporropuHoHanbHbl rrapuHa!IbHbIM 

8MIIIIHTy.!laM pacrraaa peaoHaHcHoro ypoBHR, 0TCIO.!l8 !!CHO, 'ITO .!l!I!I peao-

H8HCHOl! 8MIIIIHTY.!lhl M, ➔ n Bceraa crrpaaeanHBa cpopMyna (8). Bbl!ICHHM Te-

rrepb CMb1cn aenH'lHHhI < t I C I f > * , 
nonaoe ceqeaHe peaoHaHcHoro pacce!IHH!I paaao 

a=l:!M 12 
n t ➔ n 

r 1 !< ti C_I £>!
2 

( E 1 - E) 2 + r: /,,2·\.t 

411 2 

k2 
l: + 

l: < n I A I f > < n I A I f> *< t I CI f> *< t I C I f> 
+ l: l: n 

U,1 
(El -E-i rf /2) (Er -E+i rr /2) 

C apyroll CTOpOHhI, cornacHo OIITH'l0CKOl! TeopeMe, 

411 
a= --Jm M k t ➔ t 

+ l: 

3aMeTHM, 'ITO 

411 2 

k 2 

rf Re(<tlAlf><tlClf>*) 
!~----------+ 

r (E 1-E) 2 + r// 4 

2(E -E)Jm(<t!Alf><tlCJf>* 
r I. 

(E -E) 2 + r 2
/ 4 

·I · I 

(Ef -E -i r, /2)- 1 <Er -E+ ffr /2 )-1 ."" 

( 10) 

l • 

(11) 

( 12) 

=-i[ rf2+ 
11 

+ i (EI -Er )J-1 [(EI -E-ff, I 2)-1 -(Er-E +i q /2i1]. 

noacT8BII!l!I (12) B (10), Mb! C yqeTOM (7) rrocne O'l0BH.!lHOl! rreperpyIIrrH­

pOBKH 'l!I0HOB rrony'lHM: 
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a= 
4 772 m 
--! I 

k 2 I= I 

r 1 l<tlCl£>l 2 

(E 1-E) 2 +r;/4 f=! 

m r1 I < t I c I £> I 2 
m m 

<£!£><tIClb < ti Cl£>* 
I 2Jm[-------Jl"' 

U I E
1 
-E-ir

1 
/2 

r f Re ( <f I£>< t I Cl f> < t I CI f > *) 
477 2 

=-! 
k2 

I------+ I I 
i = i < E i -E) 2 + r/ / 4 f= i u f 

-------------- + 

( 13) 

+ f 
2 ( E 1 - E) J m ( <f If>< t I C I f> <t I C I f> * 

I • 
I= I 

CpaBHIIB8ll ( 13) C ( 11) np11 np0113BOnbHb!X 3H8qeHl!llX E I ,no11yq11M 

m 

Re(<tlAlf><t!Cif >*)=j<tIC!f>l 2 
+ I Re(<f!f ><tlClf><tlClf>*) 

f;t1 

m 

Jm(<tlAlf><tlC!f>*)= ·I Jm(<f!f><tlClf><tlClf>*). 
£1,1 

(14) 

0TCIO.U8 cpasy cne,nylOI' paaeHCTB8 ( 9). Pewag CIICTeMy ypa!IHeHl!l! ( 9) I 

MhI MO)KeM Bh1pas11Tb aen11q11HhI < t IC I f > 'lepes aMnn11Ty .Uhl pacna.noa 

< t I A I £ > , B qacTl:IOCTH, c .nayx nepeKphrna10w11xc!l ypoaHel! 

<tlCl1>= 

<t!Cl2>= 

r.ne <1\2>=<211>* 

nonO)Kl!Tb f =i, f = 2 

< t I A 11 > - < t I A 12 >< 2 I 1 > 

1-1<112>1 2 

<tlAl2>-<tlA\1><1 \2> 

1-\<112>\ 2 

( 15) 

- . 
' 

onpe.nen!leTC!l no cpopMyne ( 7), B KOTopol! cne.nyeT 

3, 8 K8qeCTBe npl!Mepa p8CCMOTp11M ql!CTO ynpyroe (o,nHOK8H81lbH00) 

pacce!lHl!e .UBYX 6ecnHHOBbIX qaCTIIU npH H81lHqHH .UBYX nepeKpblB8IOlUIIXC!l 

pe30H8HCOB, CilHHhl Ii 'leTHOCTH KOTOpblX 0.UHH8K0Bhl, AMilllHTY .Uhl pacna.noB 

B 3TOM cnyqae l!Me!OT BH,n: 
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2s+l 
<n\All>=A v'--P (cos0), 

I 4 11 s 

2s+l 
< n I A I 2 > = A v' -- P ( cos 0 ) , 

2 411 s 

{ 16) 

r.oe 0 -yron paccesrn1rn, s -cmrn KS)K.ll0ro 113 peaoaaacon, Qqen11.oao, 

IA 1
2 

= r . IA [2= r ' npH'l8M 
I I 2 2 

<t!All>=A v'~ 
I 411 • 

<tlAl2>=A y.l!.:t..l, 
2 411 

C Y'l8T0M { 16) {cM, cpopMyny (7)) 

A1 At 
< 1 I 2 > = r + r; . < E - E

2 

) 
•---+l I 

2 

TTo.ocTanmrn { 17) B (15), nony'lHM: 

<t!Cll>=v' 2s+l 
411 

<tlCl2>=v' 2s+l 
411 

OTCIOJW, cornaCH0 (8), 

2s+l [ a 

r +r 
A [(E -E )-i-1 __ 2_] 

I I 2 2 

E - E - i _r~. 
I 2 2 

A
2 

[(E
1
-J;. )•+i ¥ 

E E 
'r. -r. 

,- 2 -i -~-:.2.. 

+ (:3 
Mt➔ n 

2k E
1
-E-i r

1 
/2 E2 - E - i r2 / 2 I • P s ( cos 0 ) • 

r.oe 

a= 

r +r 
E -E +i _L._..1.-

1 2 . 2 

E -E + i ri - r2 
I 2 2 

rl • (:3 

E -E . r, +r 
I 

2 
-1·-~-..L 

2 -r 
E -E +. r, -r. 2 I 

2 

I __ 2. 

2 

8 

{ 17) 

{ 18) 

{ 19) 

(20) 

,. 
f" 



nerKO BHA8Tb0 '!TO 

fl I a = 
r2 

--- exp (2i ate tg 
r 

I 

r +r _____ 1 __ 2 __ ) • 

TTocneAHee cooTHoweHHe 6bmo yxaaaHo a pa6oTax 
15•91• 

<PopMyny (20} MO)KHO npHB0CTH K 6onee KOMilaKTHOMy BHAy: 

2s+l 21<\(E) 
M =--(e -l)P

8
(cos0), 

1 ➔ n 2ik 

rAe 

(E -E+ir /2HE -E+ir /2) = I I 2 2 

(E ..:E-ir Ii)( E -E-ir /2) 
I I 2 2 

( 21} 

(22} 

(24} 

3aMeTHM, 'ITO An!! OAHOK8H8nbHOJ;'O pacceSIHHS! COOTHOW0HHe (24} MO)KHO 6b1-

I 210 ( E) I 
no 6bl H.anHC8Tb cpaay, HCXOAS! H3 ycnoBHSI yHHT8pHOCTH. e B = I 
TTpH HanH'IHH y peaOHBHCHblX ypoaHel! H0CKOnbKHX K8Hanoa pacnaAa cne.oyeT 

nonb3OBBTbCH o6IUHMH qiopMynaMH (8) H (9). B cnyqae 'IHCTO ynpyroro pac­

ceHHHH Ha m peaoHBHCHblX ypOBHS!X C OAHH8KOBblMH ,cnHHaMH H '18THOCTSIMH 

( m,? 2) qiopMyna (24} 0606waeTCS1. GneAyJOIUHM o6paaoM: 

e21os(E) = n E1-E+ ir,12 

1=1 E -E- ir ;2 
f f 

C Y'l0TOM HepeaoHaHcHoro qioHa (KOTOpb!M Mb! AO CHX nop npeHe6peranH) nap­

UHanbHaSI aMnnHTyAa, COOTB0TyTBYIOlllaS! yrnoaoMy MOM0HTY S , HMeeT BHA: 
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M 
t ➔ n 

2s+l 

2ik 

21810 , 
e s 

218(0) 218 (El 
-l+e •(es -l)]xP.(cosO), 

(26) 

r.ae 8. (E) onpe.aem10Tc11 cornacao (25), a 8 10 > -cpaaa noTeau11anbHoro 
s 

paccesia11si (KoTopyIO B npe.aenax peaoaaucaoll o6nacTH saepr11l1 MO}KHO cq11-

TSTb KOHCTSHTOl!). 

4. PaccMOTpHM B036y}K.ll0Hlle .CIICT0Mbl H0CKOn_bKIIX aecTa6HnbHbIX ypoB­

aell C 0.llllHSKOBbIMII coxpaHSl!Oll.lllMIICSI KBSHTOBbIMII q11cnaM11. nocne B036y}K -

.aeHl!SI COCTOSIHl!e CIICT0Mbl 6y.aeT IIM0Tb Bll.ll: 

If>= 
m 

I. gf 1£>, (27) 

f = I 

r.ae g -aeKOTOpbie KOHCTSHTbI. Bb16epeM aopMl!pOBKY TSK, qT06b1 <fl f>=, 

r.ae a -cyMMapaoe ceqea11e npouecca Boa6y}K.ll0HIISI ypoBHell. Tor.aa 

m 

a= I. 
f=! 

l&1l2+I.I-
fh 

ge*g"<flk> (28) 

, 
Cne.ayeT no.aqepKHyTb, qTo B cnyqae aeopTOI'OHanbHOCTII ypoBHell aMnnl!TY.llbl 

g f He COBilaAalOT C sneMeHTSMII S -MaTpllUbl Gt 1 COOTB0TCTBYIO lllll-

MH nepexo.ay 113 aaqanbaoro COCTOSIHIISI It> B cocT011H11e \ f> • ,llel!cTBH-

TellbHO, no onpe.aeneHHIO G 1 =<ffS\t>=<f\ f>. 0TcID.aa 

m 

G f = g f + I- g e <£1 e >. 
eh 

(29) 

,llnsi .aByx ypoBHel! cpopMyna ( 28) 6bma nonyqeaa B pa6oTe /1-1 I, HaaoBeM 

8Mllnll.TY .!lb! g I 6 aMnn11Ty .ll8MII o6p830BSHIISI' COCTOS!Hlll!. J.1MeHHO qepea 

8MllnHTY.llbl o6p830B8HIISI g f (a ae M8Tpl!qHbi8 sneMeHTbl Gf ! ) Bb!pa}Kaer-

csi pacnpe.aenea11e saepr11l1 npo.ayKTOB pacna.aa ypoBHell If> 

u1111 nocne.aa11x B xo.ae KaKoro-na6o npouecca ( cM, 111/): 

10 
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h m 

da =--! I. 
!l 217 f=J 

<n!Alf>g
1 

------ 1
2 

dE. 
E

1 
-E ...;i r

1 
12 (30) 

CpaBHHM Tenepb cpopMynbI ( 9) H ( 29). nerKo BH,!leTb, 'ITO OHH 9KBHBaneHTHbl 

IlpH 

g =<t!Clf >*. 
f ' 

(31) 

TaKHM o6pa3oM, BenH'IHHa < t IC If>* ,B cpopMynr_ (8) HMeeT CMb1cn "a1,mm1-

Ty.Obl o6pa30B8HHll" ypoBHll f B KaHane t , Cne.ooBaTenbHo, .Onll nepeKpb1-

B8IOWHXCll pe3oHaHCOB CTPYKTypa K8)K,[(OI'O H3 qneHOB cpopMynbI ( 8) T8K8ll )Ke, 

. KaK H .Onll O,[(HHO'IHOI'O ypoBHll, HO ponb , aMilnHTY ,[(bl o6pa3oBaHHll. BMeCTO 

< t I A If>* (cM. cpopMyny ( 1)) HrpaeT BenH'IHHa < t IC If>*, onpe.oeneHHSll 

B COOTBeTCTBHH C (9). 

5. PaccMOTpHM HeKOTOpble npaBHna cyMM .onll npoH3Be,!leHHA aMnnHTy.O 

<n!Alf> H <n!C!f> 

npe.ocTSBHM COOTHoweHHe (:fa) B BH,!le 

'G 
f 

m 

I. u tf g f ' 
f= I 

r.oe u -MaTpHua, aneMeHTbl KOTOpoA 

(32) 

(33) 

(oqeBH,!lHO, uff =<fl f>= 1 .) Tor.oa a~mnHTY.llbl gf Bblp8)1{8IOTCll qepes 

M8TpH'IHb18 aneMeHTbl GI C IlOMOWblO COOTHOW8HHll 

i cu-1 > G 
I

• e , 
f=J L 

(34) 

r.oe u-1 
-MaTpHua, o6paTHall U 

11 



C Y'l0TOM ( 34) H ( 31) Mb! MO)K0M H8IIHC8Tb 

m 

K = I I < n I A I f > < n I CI f> * = 
I= I n 

m £ <nlAlf>(U-
1 \e <nlAI£>* I 

£=1 I= I 

HnH, cornacHo ( 7) H ( 33), 

m m 
K = I I 

I= 1 £=I 

0TCIO,Cl8 S!CHO, 'ITO 

m 

K = I 
f = I 

[cu-1>1e u1e< I\+re +i(E1-Ee»· 

m 

I <n!Alf><n!Clf>*= 
n 

I. r 
I= I 1 

m 
I I l<n1Alfl 2

• 

!=1 

(35) 

B cnyqae 'IHCTO yrrpyroro paccegmrn 6ecCIIHHOBbIX qaCTHU Ha CHCT0M0 m 

H0CTa6HnbHb!X ypOBH01t C · O,ClHH8KOBb!MH CIIHHSMH S 

11paa1rna cyMM (35) cne,ayeT, 'ITO 

H '10THOCTSIMH 

m 

I 
I= I 

2s +l m 
< n I A I £ > < t I C I f > = --- P ( cos 0 ) I. r . 

4 11 8 != I f. 

np1r m =2 qiopMyna (36) SKBl!aaneHTHa (21 ). 

(-1) S H3 

(36) 

8 38Knl0'10HH0 38M0THM, 'ITO H00pToroaanbHb10 KB83HCT8UIIOH8pHbl0 COCTO-

S!HHS! I f > MomHo paccMaTpHBBTb KaK cyrreprroa11u1r1r opToroaanbHb!X apyr 

apyry H0CT86HnbHblX COCTOSIHHl!· I a> , KOTOpb10 rrep0M0WHB8IOTCSI K8KHM-mr-

6o B38HMO,ct0l!CTBH0M / l l/ • np11 STOM 

m 

I£>= I 
a=1 

L 1a I a> , I a>= I. 
. != I 

12 
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r.ae aneMSHTbI MaTpllUbI L 0,UH03HS'IHO Bb!pa)KSIOTCSl qepea acpcpeKTIIBHb!ll 

I"SMllnbTOHl!aH, Oill!CblBSIOll-lllll .aaHHylO CIICTeMy yposHel! 1111. C Y'ISTOM (37) 

SMnn11Ty,ah1 < n I A I f > II <t!Clf> Bb!pS)KSIOTCSl qepea SMilnllTY.Ubl 

pacna.aa cocTOstHlll! I a > c noMOlllblO oqes11,aHhIX cooTHOWeHlll! 

<n!Alf> ~ L fa< n I A I a > (38) 
a= I 

<t!Clf>*= ~ 
a= I 

( L- 1 
) < t I A I a> * • 

al 
(39) 

Ha (38) 11 (39) cne.ayeT npas11no cyMM 1 cnpase.amrn.oe .anst n106blx KaHanos 

In> 11 It> 

:£ <n!Alf><t!C If>*= :£ <nlAla><t!Ala>*. 
I= I a=! 

3aM8TIIM 1 'ITO ~ 
a= I 

3TOI"O 113 COOTHOW8Hllst 

~ l<n!A !a>l
2 

= f 
n a=t 

(40) cpaay cne.ayeT (35). 

r a 
f= I 

f'_I 

(40) 

• C y'ISTOM 
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