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A H H o T a u H g 

J.1ccne.tlOB8HD B036y>KJleHHe aneKTpOMai"'HHTHbiX BOnH, pacnpOCTp8HH!OlllHXCH nonepeK IIY'IK8 

38pSI>KeHHbiX '18CTHU B nnaaMe, C y'leTOM TerrnOBOI"'O LIBH>KeHHH. noK83aHO, 'ITO B036y>KLieHHe 

aneKTpOM81"'HKTHbiX BOnH _npOKCXOLIKT K8K llpH H8UpaaneHHbiX CKOpOCTSIX ny'IK8, npeBbiW810lUHX 

TennOBbl9 CltOpOCTH '18CTKU 0 T8K K npK CKOpOCTHX, MeHbWHX 'leM TennOB&Je CKOpOCTH '18CTHU 

a nnaaMe. 8 cnyqae MeaneHHOI"'o nyqxa, HanpaaneHHSH CKopocTb KoToporo MeHbwe Tennoa&Ix 

CKOpOCT9A '18CTHU BC9X COpTOB B CHCTeMe 1 B036y>KLieHHe aneKTpOM81"'HHTHbiX BOnH He npOHCXo­

LIHT, npH HSnK'IHH BHeWHero MSI"'HHTHOI"'O nonSI B036y>KLieHHe BOnH, pacnpOCTp8HHIOlUHXCSI none-

peK M81"'HHTHOI"'O IIOnSI ( H 0 cneLIOB8T9nbHO, IIY'IK8) 0 IIpOHCXOLIHT npH u 2 > v 2 + v 2 rae v 
AI A2 ' AI 

H VA 2 - anb¢B9HOBCKH9 CKOpOCTH 0 COOTBeTCTBeHHO 8 nyqxe H nOKOIOWeAcg nna3Me. 
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lepeK ny'IKa 

>y.)i{neHHe 

3biW8IOUIHX 

: '18CTHU 

enJIOBb!X 

' npoHcxo-

Ixcsr none -

BaeneHHe 

3apSI.)I{ e HH8SI '18CTHU8, LIBH.)I{YWBSICSI paBHOMepHO H 1IpSIM01lHHeAHO B M8TepH81lbHOA Cpene, 

MO.)I{eT H3JlY'I8Tb 31leKTpOM8f'HHTHbl 8 B OJlHbl, TaKOe H31ly'leH He HMee T MeC T O B CJiyqae, KOI"'Ll8 

npoeKUHSI' CK OpOCTH 'i8CTHUbl H8 Hanpaane HHe p ac npOCTpBHeHHSI 31leKTpOM8f'HHTHOA BOJlHbl npeBbl-

-+ X) 
waeT ee ¢a3oay10 cKopocTb ilk > w , H o6ycnoaneHo 3tiJtiJeKTOM BaaHnoaa-'-{epeHKoaa 

H aHoManbHbiM 3tiJcj:JeKTOM .Donnn e p a . EcnH a cpene LlBH.)I{ e TcSI He onHa 'lBCTHUa, a nnoTHbilt 

ny'lOK 38pSl.)l{eHHbiX '18CTHU, TO B pe3y!lbT8Te KOrepeHTHOrO H31ly'le HHSI BOJlH 3JleKTpOM8rHHTHOe 

none B cpene MO.)I{eT yCH!lHB8TbCSI CO Bpe MeHeM, 3TO 03H8'!8eT, 'ITO T8KOe COCTOSlHHe CHCTeM b' 

COCTOS!Utelt H3 M8TepH81lbHOlt cpeLlbl H LlBH.)I{yWe!"'OCSI ny'IKB 38pSI.)I{eHH biX 'i8CTHU, SIBJlSieTCSI 

HeycTOlt'iHBbiM H C T e 'le'iHeM BpeMeHH pac.nanae TCSI, 

npli HCC1leLIOB8Hiili B38HM OLI 8 ACTBH H ny'lK8 38pSI.)I{eHHbiX 'i8CTHU C ilJ183MOlt cnenyeT p a3-

1lli'i8Tb HeyCTOlt'iHBOCTH LlBYX BHLlOB - KHHeTH 'l e CKH e H rHLlpOLIHHBMH'ieC KH e. KHHeTH'leC KHe He -

yCTOA'iHB OCTH il!l83MW CBH38HW C H3MeHeHHeM 3 H8K8 y KOMnOHeH~ 8HTH3pMHTOBOlt 'i8CTH TeH-

11 
30p8 Llli31leKTpH'ie CK OA n pOHHU8eMOCTH, OTBeTCTB8HHO A 38 ilOI"'!lOWeHHe 3 !leKTpOMBrHHTHWX BOJIH, 

npH 3TOM BM e CTO nornoUieHHH MO.IK e T npOH C X OLlHTb p8C K 8'iK8 3i18KTpOM8rHH THbiX BOJIH, npHBOLlSI­

lliBSI K HeyCTOA'iHBOC TH II!l83Mbl. AHTH3pMHTOBCK8SI 'lBCTb TeH30pa LlH 3 JleKTpH'ieCKOA npoHHUaeMOC­

'rH ueCCTOJlKHCBHTeJ!bHOA fl1l83Mbl, KOTOpoA Mbl 3.L(eCb TO!lbKU H HHTe pecyeMCH, o6yC1lOB!leHa qepeH-

K OBCKHM H pe30H8Ht;Hb!M UHKJlOTpOHH!o!M llOr1lulUeHHeM UJ1B3 M!:>l, no3TOM)' H3MeHeHHe 3H8K8 'j KOM-

noHeHT 8HTH 3 pMHTOBOA 'iBCTH TeH30p8 LlH3l1eKTpH'IeCKOA 11pOHHU8eMOCTH 11Jl83Mbl npH HBJlH'iHH nyq­

KB 38pS1.1KeHHbiX 'i8CTHU a, CJl8LlOB8Te1lbHO, H KHHeTH'leCKHe HeycTOA'iHBOCTH T8K.IKe CBSI38Hbl C 3tiJ­

ciJeKTOM BaaHnoaa-'-le peHKoaa 11 aHOMB!lbHbiM 3tiJtiJeKTOM .Donnnepa (a nocnenHeM cnyqae BMeCTO 

UHKJlOTpOIIHOrO norJIOUieHHH HMeeT MeCTO UHKJlOTpOHHOe H3Jly'ieH He 3J18 KTpOMarHHTHbiX BOJlH) H 

B03MO.)I{Hbl 1lHWb npH yCJIOBHH , rne u HaupaaneHHBSI CKOpOCTb ny'IKa, B OTJIH -

'IRe OT KHHeTH'ieCKHX He yCTOlt'IHBOCTeA rHLlp0LlHH8MH'IeCKHe H e yCTOA'IHBOCTH ilJ183Mbl H e CBSI38-

Hhl C 8HTH3pMHTOBOA 'i8CTbiO TeH30pa LlH 3 1le KTpH'IeCKOA npOHHUaeMOCTH H MOI"'yT HMeTb MeCTO 
_.-+ 

npH W > U k , rRLlPOLlRHBMR'IeCKRe H e yCTOA'lHBOCTR ilJ183M bl ilOJlHOCTb!O onpeneJISIIOTCSI 3pMR-

TOBOA 'i8CTb!O T e H30pa LlR3Jl e KTpR'leCKOlt npOHRU8eMOCTR R npOHBJlSIIOTCSI B yCJIOBRSIX, KOI"'Ll8 

8HTH3pMRT080A 'IBCTb!O TeH30p8 Llli3JleKTpR'ieCKOA npOHRUBeMOCTR MO.)I{HO npeHe6pe'lb no cpaa­

HeHHIO c 3pMHTOBoA. H e cMoTpSI Ha 9 TO, nonroe apeMSI C'iRTanocb, 'ITO 3tPtiJeKT BaaRnoaa­

'-iepanKoaa R 8HOM8JlbHbiA 3tiJtiJeKT .[tonnne pa SIBJISIIOTCSI eLlH HC TB eHHbiMR M eX8HR3M8MR B03'6y.IKLle­

HRSI 3JleKTpOM8rHHTH biX BOJIH IIY'IKOM 38pS1.1KeHHbiX '18CTRU B nJI83M e , n o 3TOMy npR RCC!l e LIOBa­

HRR B38HMOLleACTBHSI ny'lK8 38pS!.)I{eHHbiX '18CTHU C II!l83MOA 06b i'IHO orpaHH'IHB81lHCb paCCMOT­

peHReM 3JleKTpOM8rHHTHWX BOJIH, LlJlSI KOTOpwx BWilOJlHSIJlOCb q e p eH K OB CKOe ycJIOBHe W < ;1 ... 
I 1 2/. 

(eM, o63opHbie pa6oTbi ' ). Eonee Toro, 6biJIO pacnpocTpaHe Ho Mne HR e, 'ITO 3 Jie KTpoM a rHHT-

Hbie B OJ1H b l 1 pacnpOCTp8HSIIOUIHeCSI none peK ny'iK8 1 B036y.IKL18TbCH H e MOI"'yT , T8K K8K Ll!lH Ta-

KHX BOJIH He Bb!II0 Jl!ISJ8TCH qepeHKOBCKOe yC!lOBH 8, 

x) 
non H3Jiy'leHHeM BaaHnoaa-'-iepeHKoaa Mbi noHHM aeM R3Jiy'leHHe KBK n onep e 'iHbiX , TBK 

R npOLl01lbHbJX 31leKTpOM8rHHTHblX BOJlH 8 cpene, 
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Po3ynbT8TOM aToro )Ke o6cTostTenbCTBa stsnsteTcq yTsep)K.aeHue, co.aep)Kameecst so MHo­

rux pa60T8X 1 'ITO B H30TpOOHOA: IIn83Me B036y)K,aeHHe nonepe'lHbiX aneKTpOM8l'HHTHbJX BOnH 

llY'lKQM 38pS!)KeHHblX 'l8CTHU HeB03MO)KHO, T8K K8K <!Ja30B8SI CKOpOCTb T8KHX BOnH 6onbWe CKO­

pOCTH cseTa B saKyyMe, K S TOMY cne.ayeT .ao6asHTb, 'ITO npH nccne.aosaHHH ny'lKOc oA: HeycToA:­

'lHBOCTH ll.!I83Mbl 06bi'lHO orp8HH"lHB8nHCb H3y'leHHeM ypaBHeHHSI 

-+ 

k, kj liJ ( (<), k) "' 0 , ( 1 ) 

-+ ... 
npe.acTasnHIOIUero co6oA .aucnepcHOHHOe ypasaeaue npo.aonbHbiX sonH (E Ilk) H OnHCbiBSJO-

wero Kone6aHHSI nnoTHOCTH aapst.aa s nna3Me, 3.aec h t,1 ( wJ) -TeH30p .OH9fleKTpH"leCKOA npo-

HHU8eMOCTH CHCTeMbi, COCTOHtueA: H3 llOKOJOIUeA:CSI nn83Mbl H .OBH)KyUlerOCSI rry'IK8 38pH)KeHHblX 

'l8CTHU. YpasHeHHe (t) SIBnHeTCSI npe.aenoM TO"lHoro .ancnepcHOHHoro ypasHeHHSI aneKTpoMaranT-

Hb!X BOflH 

B o6naCTH 6onbWHX k 

2 2 ~ I I k 8 IJ - k I k J - __fY._ liJ ( (<) , k ) "" 0 
c2 

, T,e, M8nbiX <iJa30BbiX CKOpOCTeA: 

(2) 

~ • Cornacao qepeHKOBCKOMY 

MeX8HH3My B036y)K,aeHHSI T8KHe BOflHbi nerqe BCero B036y.OHTb ny"'KOM 38pH)KeHHbiX "l8CTHU 

8 lln83Me, 0K838fl0Cb1 "'TO peweHHSI ypaBHeHHSI ( 1), COOTBeTCTByJOIUHe K8K KHHeTH"leCKHM 1 T8K 

H l'H.OpO.llHH8MH'leCKHM HeyCTOA:"lHBOCTSIM nna3Mbl, ,aeA:CTBHTenbHO H8XO.OSITCSI B o6naCTH 'l8CTOT 
...... 

(<) ~ u 1: 3To o6cTOSITenhCTBO ewe 6onbwe yKpennno y6e)K.aeaue s TOM, "'TO a<P<PeKT 

Basunosa-4epeHKosa H aHoManhHbiA: a<P<PeKT .[lonnnepa HBnSIJOTCSI e.aHHCTBeHHbiMH MexaHH3M8MH, 

OTBeTCTBeHHblMH 38 HeyCTOA:"lHBOCTb ny'IKOB B nn83Me, 

/3/ 
C .apyroA cTopoHbi, s pa6oTax Ha npHMepe nna3Mbi c aHH30TponHbiM .aasneHHeM ( T.~, .j ~1) 

6bin8 o6Hapy)KeHa HeyCTOA"lHBOCTh nn83Mbl C 8HH30Tp01lHOA <iJyHKUHeA pacnpe.aeneHHSI 'l8CTHU no 

CKOpOCTHM JlO OTHOWeHHIO K B036y)K,aeHHIO 3neKTpOM81'HHTHblX BOnH, no3,UHee T8K8Sl HeyCTOA­

"lHBOCTb 6bin8 nO.OTBep)K,UeHa H H8 pH.ae ,apyrliX npHMepOB nn83Mbl C 8HH30TpOilHOA <iJyHKUHeA: 

/4/ 
pacrrpe.aeneHHH qacTHU n o cKopocTSIM • AHanH3 aeycTOA:"lHBOCTeA nna3Mhl c 8HH30TporrHbiM 

.aasneHHeM ( T.~, .f T11) nOK83biB8eT, 'ITO B T8KOll: nna.sMe HMeJOT MeCTO K8K KHHeTH'leCKHe, T8K 

H l'H.OpO.llH H8MR'leC K He HeyCTOA"lHBOCTH 1 npHBO.OSIWHe K B036y)K,aeHHIO npo,aonhHblX H norrepe'lHbiX 

BOnH, 8 OTCYTCTBHH BHewaero M81'HHTHOI'O nonS! B nfl83Me C 8HH30TpOnHbiM .aasneHReM cywecTBy-

eT nHWb l'H.UpO.OHH8MH"leCK8SI HeycTOll:"lHBOCTb 1 npH'leM .llHCnepCHOHHOe ypaBHeHHe rrpO.UOflbHbiX 

KOne6aHHll: ( J) HeyCTOll:'lHBbiX peWeHHll: He RMeeT, 0TCJ0.08 cne.ayeT, "'TO llpH HCCne.aoB8HHH 

3neKTpOM8l'HHTHblX KOne6aHHA rrn83Mbl C 8HR3HTpon~oll: <iJyHKUHeA pacnpe.aeneHHSI "l8CTHU no 

cKopocTHM, soo6mee rosopH, aeo6xo.aHMO pewaTb TO"lHoe .ancnepcHOHHoe ypasaeane ( 2), 

npHMepOM nn83Mbl C 8HH30TpOnHOll: <iJyHKUHell: pacnpe,aeneHHSI "l8CTHU llO CKOpOCTSIM SIBnSieT­

CSI T8K)Ke CHCTeM8 1 COCTOS!lU8SI H3 nOKOJOWeHCSI nna3Mbl H .OBH)KyiUei'OCSI ny'IK8 38pS!)K8HHbiX 

'18CTHU, nosTOMy B T8KOA: nn83M e H8pSI.OY C qepeHKOBCKHM MeX8HH3MOM B036y)K,aeHHSI H 8HOM8nb­

Hb!M g<lJ<iJeKTOM .[lonnnepa ,UOn)KeH npOHBnSITbCSI 'IHCTO I'H.llpO.ORH8MH"leCKHA MeX8HH3M B036y)K­

,aeHHSI 9fleKTpOM81'HHTHhlX BOnH, CBH38HHhlll: C 8HH30TpOnHeA <iJyHKUHH pacnpe,aeneHHH 'l8CTHU no 
-+ .... ;!!/' .... 

CKOpOCTSIM H npnso.astwell: K B036y)K,aeHHJO KaK npo.aonbHOll: E II k , TaK H nonepe'lHOll: i!.l k 
...... 

KOMnoaeHT nonst, B o6nacTH qacTOT w :;; u k 3a HeycTOA:"lHBOCTh nnaaMbi oTseTCTBeHHbi see 

M9X8HH3Mbl B036y)K,aeHHSI BOnH H OT,aenHTb HX .apyr OT .apyra HeB03MO)KHO, 8 o6naCTH )Ke qac-.... 
TOT W > > U k HeyCTOfi'lHBOCTh nna3Mbl nonHOCTbJO o6ycnosneHa 8HH30TpOnHeA <iJyHKUHH pacnpe-

.OE)neHHSI "l8CTHU nO CKOpOCTSIM, TaKOe nOflO)!{ e HHe HMeeT MeCTO .OflH BOflH 1 pacnpoCTp8HSIJOWHXCSI 

4 
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(} = TT 
2 
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..... ,, uv Mnu-

brx sonn 

r: oa neycToA-

( 1 ) 

)nHCblB8IQ-

eCKOA npo-

PH)!{eHHblX 

(2) 

)BCKOMy 

i8CTHU 

KHM, T8K 

~H '18CTOT 

l<jleKT 

8HH3M8MH
1 

eM ( TJ. .j ~1) 
i8CTHU no 

neycToJt­

fHKUHeA 

IOnHblM 

~KHe 1 T8K 

onepe'IHbiX 

cymecTsy-

OnbHblX 

!IHHH 

HU no 

:) . 

!HHblX 

:THU no 

ibl see 

*e 'lac-

f! pacnpe-

IHIOI.UHXCH 

IIOLl yrnoM e .. 7 K HanpasneHHIO ny"'K8. DnH cny'laH xonOLlHOA rrn83Mbl, KOI'Ll8 TerrnOBbiM LlBH-

)!{eHHeM "18CTHU MO)!{HO npeHe6pe"'b1 H8 B030Y*LleHHe BOnH, p8CIIpOCTp8HHIOI.UHXCH IIOLl yrnoM 

8 = !!_ 
2 

/5/ 
K rry'IKY 1 OhlnO YK838HO B pa6oTe 1 B KOTOpOA OTMB"'8nOCb 1 'ITO LlHCrrepCHOHHOe 

ypaBHeHHB LlnSl T8KHX BOnH LlOIIYCK8eT pei.UeHHe, ,COOTBB TCTBytOU.lee 8118pHOLlH"'BCKOMy H8p8CTa­

HHIO 8MIInHTY Llbl BOnHbl CO speMBHBM. 8 H8CTOSllllBA pa6oTe Mbl IIOLlpOOHO HCCneLlyeM B030Y*Lle-

Hlfe sneKTpOM81'HHTHblX BOnH B cpeLle , pacnpocTp8HS!IOWHXCSl nonepeK rry'IK8 38pH)!{eHHbiX "18CTHU 

C Y"'BTOM TellnOBOI'O LlBH)!{eH!lSl K8K B OTCyTCTI3l1 11 1 T8K l1 npH H8nH"!Hif BHeWIIBI'O M81'HHTHOI'O 

nonS! B nna3Me, 

n pH HCCneLlOB8HHH sneKTpOM8l'HHTHbiX BOnH B CHCTeMe 1 COCTOSII.Uelt H3 IIOKOIOI.UBACSI llnlll3Mbl 

If LlBH)!{YWBI'OCSl IIY'IK8 38pS1)!{8HHbiX 'i8CTHU, Mbl 6yLlBM HCXOLlHTb H3 IIOnHOI'<; LlHCIIBpCHOHHOI'O 

yp8BHeHHSl (2). XapaKTepHCTHKOA sneKTpOM 81'HHTHhlX CBOltCTB CpB!lhl B STOM ypaBHBHHH S!BnSleT-.. 
CSI TBH30p LlHSneKTpH'IBCKOlt 11p0HHU8BMOCTH • DnH H8XO)!{JlBHHH TeH3opa t 11 ( w 1 k) 

"18CTO pewaiOT CHCTeMy KHHBTH'IBCKHX ypaBHBHHlf LlnS! 'i8CTHU rrn83Mbl H rry"'K8 H onpeLlenHIOT 

/2 6/ 
nonHbllt HHLlYKUHOHHbllt TOK B CHCTBMB, KaK IIOK838HO B pa6oTe 

1 
B pew BHIIH KHHBTH'i8CKIIX 

yp8BHBHHA B K8>KLlOM ·KOHKflBTHOM cnyqae HBT HBOOXOLlHMOCTH, J];JH orrpe!leneHHH TeH30pa LlHSneK-

TpH'IBCKolt rrpoHHuaeMOCTH t 11 ( w 1 k) npH LlBH)!{eHHH rry'IK8 c npoH3Bom,HoA penHTKBHCTCKoA 

CKOpOCTbiO BLlOnb BHBWHei'O M81'HHTHOI'O r; onSl B cnyqae OLlHOpOLlHOl\ lln83Mbl ( TOnbKO T8K8H 

IIOCT8HOBK8 38Ll8"11f HMe <: f tPH3H'IBCKHil. CMbiCil ) Ll0CT8TO'IHO BOCIIOnb30B8TbCSI rrpeo6p830B8HHe~ 

nopeHU8, 3JleCb LlnH Y.ilOOCTBO paCCMOTpBHHe OYLlBM BeCTH B CHCTBMe KOOpLlHH8T 1 B KOT.OpOl\ ' .. 
LlDIUKYTCH K8K rry"'OK, TaK H •llnA3M8, npH'IeM HarrpasneHH8Sl CKOpOCTb '18CTHU a copTa ua II u 

CHCTeMy KOOpLl l1118T B K8>KLlOM ::>T.::J.enbHO!vl cnyqae oyLlBM Bh10Hp8Tb1 HCXOLlSl H3 coo6pa)!{eHHA ... ... 
YLl'.)OC TB a (cM,Hii>Ke). nonaraSJ w >> uak 1 rro,ryqaeM 

(a) 

a IJ 
u at '!_g_J_ Ya- 1 + Ua 1 k_j_ u: Ya w 

[3 raJ [o .!!.~uoei ~-=!_ + ~-~ ] 11 = Ya 11 - 1 u; Ya w 

• 
(3) 

(4) 

- nopeHUOBCKH npeopp830B8HHble 

'i8CTOTa H BOnHOBOA BBKTOp1 8 - TBH3op LlHSneKTplf'leCKOit rrpOHHU88MOCTa ~8CTHU 

a - COpT8 B COOCTBeHHOit CHCTeMe KOOpLlHII8T, npH H811HC8HIIH Bblp8)!{eHiiH LlnS! TeH30p8 

ra~r 1 -t, 4"e 2N ~ 
ll/ Wa• ka) cne.ayeT 11.\.i::!Tb B Bii.lly , '11'0 .'18HI'MIOpOBCK8H '18CTOT8 WLa=(-;;CE..!fi K8 npeo6pa• 

a 
3yeTCSl llpH n~eo6p83088HHSIX CHCTBMhl KOOpLlHH8T 1 8 napMOpOBCK8Sl '18CTOT8 npeo6paayeTCH cne-

.'lyiOI.UHM 00p830M 

npH p e weHHH Jll{CIIepCHOHHOI'O ypBBIIeHHSl (3) Mbl OyLle.\.1 onpeLleJIS!Tb 'i8CTOTY W B BH-
-+ 

LlB cpyHKUIIH LlBACTBin'enbuoro sonHosoro BBKTopa k , T.e. w = w(t). KoMnneKCHLIM KOp.HHM .. 
w ( k) c nono>KrneJibHOlt MH!fMOA •racTbiO I m w ( k) > 0 COOTBeTCTByiOT HeyCTOil'IHBhle KOne-

08HHH CliCTeMbl 1 HpHBOLlSIWiiB K B036y)!{Ll8HHIO sneKTpOM81'HHTHbiX BOnH C HHKpeMBHTOM H8p8CTa­... 
HHH y = fm w(k), 



§ 1. Boa6Y*.lleHHe anex:TpoMarHHTHbiX BOIIH nonepeK nyqKa aapH*eHHbiX 'l8CTHU 

B OTCYTCTBHH BHeWHero M8rHHTHOrO IlOIISI 

B OTCyTCTBHH suewHero MB'r'HHTHoro nonH TeHaop .llH.:.i.to!KTPH'lecKoli npoHHuaeMoCTH qacTHU 

a -copT8 B C06CTBeHHOH C!fCTeMe KOOp.llHH8T MO)f(HO Bb!p83HTb B BH.lle 

.... .... e .... 
t(a)(w,k) = (o - .!...L!L)£ 1

' (w,k)+ ~£ (w,k) 
If If k 2 a k 2 a 

llo,nCT8B!!IHi 3TO Bblp8)f(eHHe B ¢opMyJiy (3) H Y'lHTb!B8SI COOTHOWeHHe (4), nony'lHM 

(If (w,;)"' o,f+ I y~l(t:;'(w~,k~) -1)81/ + _2 _ _ k~-:z-- X 

a k+ywua/c 4 
a 

( e I k I t~ I I U k + k U 
X ( ( W , ) - ( ( W , k )) + [ _cy__:.t;_ I at 

a a a a a a 
ua,ua 2 w

2
] + ___ :.l!,l _ (k - - ) X 

w 2 c2 w 

2 
k - w e 

X [ ( t tr ( w1 
, k 1

) - 1) + -:-l ((a ( w ~, kd) - £ ~ ( w ~, k 1
))] I 

a a a k2 . :z :z 2/ 4 a 
+yaw ua c 

.[lHCnepC H OHHOe ypaBHeHHe (2) npH 3TOM p 8Cll8.ll 8 eTCSI H8 cneuyiOI.UHe .llB8 ypaBHeHHSI 

rue. 

k 2_ w 2 
~(11=0, 

2 2 2 
( k 2_ w t 1£ + ~ t 3 ? H' 33 C 2 2 

t
11

= 1 +I Ya
2[£; (w~, k~)- 1] 

a 

0 

:z 
£ =1+L 2 l(t 1'(w 1 k1 )-1)+~ (k 2-~)[(t 1'(w1 k 1 )-1)+ 
22 Ya a a' a 2 2 a a' a a w c 

e I 1 lr 1 1 

(£a (wa' ka)- £a (wa,ka)J]}' k2
- w

2 
/ c 

1 

-- . 
k 2 2 2 '21 4 

+yaw ua' c 

+ 

(5) 

( 6) 

(7) 

(8) 

(9) 

( = 
23 

2 :z1 2 e 
£ = Ly 2 uak_ [(t 1a'(w 1

, k1 )-1)+ k -w c (t (w 1 ,k 1 )-t''(w 1 ,k 1
))], 

32 a a w a a k2 + :z 2 u 2/ c 4 a a a a a a 
Yaw a 

£ 33 -= 1 + I y 2[(£ 1'(w 1
, k 1

) -1) 
a a a a a 

k 2 
+ --------- r/ ( I kl) tr I 

k2+ y2w2u2/ c" a wa' a -ta (wa' k~))]. 
a a 

-+-+ ~-+ 

YpasHeHHe ( 7 ) onHCbiBaeT Kone6aHHH rrorrepe qHoro nonH, B KOTopoM E 1 k H E _L u • 3TH 
.... 

Kone6aHHH rrna3Mbi He HBIIRIOTCH HeycTOi!:'lHBbiMH, 'ITO snonHe ecTeCTBeHHo, TaK KBK npH E u = 0 

ny'loK He rrpOH3BO.llHT pa6oTy HB.ll rroneM. YpasHeHHe *e (3) onHchlsaeT Kone6aHHH nonH, s 
-+ -+ -+ -+-+ 

KOTopoM seKTOp E ne)f(HT s nnocKOCTH seKTopos u ·H k • npH a T OM nenH'lHHa E u , eoo6-

.me rOBOp51, OTIIH'lH8 OT HyllH. nosTOMy STO yp8BHeHHe 1 K8K M bl yBH.llHM Hlf)f(e, B onpe.ll e lleHHb!X 

YCIIOBHSIX MO)f(eT HMeTb K OMillleKCHbie peweHHSI , COOTBeTCTCByiOI.UHe HeyCTOH'lHBb!M KOne6aHHSIM 

H1183Mbl . 

PaccMOTpHM cnyqalf, Korua qepe3 xonouHyiO nna3MY .llBH)f(eTCH xonoUHbii!: rry'lOK 38PH*eH­

HbiX 'l8CTHU, T, e. 6yUeM C'lHT8Tb, 'lTO H8I1p8BileHH8SI CKOpOCTb ny'lK8 60ilbWe, 'leM TennOBbJe 

CKOpOCTH 'l8CTHU B CHCTeMe H IlOCile.llHHMif MQ)f(HQ npeHe6pe'lb, 3TO 03H8'l8eT 1 'lTO B Bb!p8)f(e­

HH51X ( 9) MO)f(HO I10118r8Tb 

6 

EcnH npH 

TO ypaBH 

6aHHSI np 

Horo non 

0UHH H3 

I.U8SI H3 

'l8CTHU, I 

BOIIH 1 pac 

CKHX CKO 

rue w Le . 

npH M811 

)f(eHHSI ( 

Bbipa)f(el' 

YK< 

8 .. 

Cp8BHHM : 

ro, 'lT06 

Hbii!: nyqc 

~ >> l 
k 

qeCKHe I 

r.lle 

HOM 

v 
Ta 

ypa 

o6nacTH 

BH.lle 

x) 

K tlenH'll 



:n1 '!8CTHU 

(5) 

(6) 

(7) 

(8) 

( 9) 

I ki)J] 
z' a ' 

lOnSI, B .... 
~ u , eoo6-

::J.eneHHbiX 

~68HifSIM 

noabie 

e . 
l ((jj I k I ) "' ( fr ( (jJ I k I ) =:. 1 _ 
a a' a a a' a 

( I 0) 

Ecn~r npH aTOM CHcTeMy KoopnHH8T aw6p8Tb T8K, '!T06hl awnonHSinocb ycnoa~re 

2 I(jj U==O, 
a La a 

( 11 ) 

To ypaaHeHHe (8) pacnanaeTCSI Ha 

6aHHSI npononbHoro nonSI ( E II t; C '!8CTOTOH (jJ 
2 == Y. (jJ 

2 
, aTopoe )!{e - Kone6aHHSI nonepeq-

a La ... ... ... 
HorononSI (Elk,EIIuJ ,np~r•wM 

2 

-~) 
y 2 

a 

• ( 12) 

0lllfH lf3 KOpHei\ ( 12) BCerna OTpHU8TenbHbllt 1 '!TO CBiflleTenbCTByeT 0 TOM, '!TO ClfCTeM8
1 

COCTOSI,... 

lll8SI H3 xononHolt nna3Mbi 11: llBif)!{YlllerocSI co caepxTennoaolt CKopocTbiO ny'!Ka 38pSI)!{eHHbiX 

'!8CTHU, BCerna HeyCTOlt'llfB8 rlO OTHOlll eHHIO K B036y)!{lleHHIO nonepe'!Hb!X aneKTpOMarHHTHbiX 

BOnH, pacnpOCTp8HSIIOlllliXCSI nonepeK DY'!K8. YfHKpeMeHT H8p8CT8HifSI BOnH B cnyqae HepenSITifBHCT-

CKifX CKOpOCTelt ny'!K8 u < < c , paaeH 
a 

rae (jJ Let 

npH Manolt 

y ( 13) 
ku (J)Let (JJLe2 

V ~ (jJ 2 ( k2 c 2 + I (jJ 2 J 
a La La 

x) 
If (JJ L e

2 
-neHrM!OpOBCKife '!8CTOTbl ane KTpOHOB, COOTBeTCTBeHHO anSI DY'!K8 If nn83Mbl, 

nnoTHOCTH ny'!Ka, N
1 
< < N

2 
If a npenene nnHHHbiX aonH, k2 c 2<< I (jJ 

2 , lf3 Bbipa-
a La 

)!{eHHSI ( 13) HMeeM y "' k u...; ~ • B npe.nene KOpOTKHX aonH, Kor.na k 2 c2 >> ~ (jJ 
2 

, cornacHo 
N

2 
a La 

Bbip8)!{eHHIO ( }3) y;::: .JL (JJ 
c Lei 

YKa38HH8SI HeycTolt'!HBOCTb aneKTpOM8rHHTHbiX BOnH, pacnpOCTp8HSIIOlllliXCSI DOll yrnOM 

() "'_!7_ K H8npaaneHHIO DY'!K8 0 lfMeeT MeCTO T8K)!{e If Dplf CKOpOCTSIX DY'!K8 1 MeHblllllX Hnll 
2 

Cp8BHifMbiX C TennOBb!Mif CKOpOCTSIMH '!8CTI!.U, KOrll8 CyUleCTBeHHO TeHnOBOe llBI!.)!{eHHe, .[lnSI TO-

ro, '!T06bi DOK838Tb 9TO , paCCMOTpHM cnyqalt, KOrna qepe3 ropSI'!YIO nn83MY llBI!.)!{eTCSI xonon­

Hhllf ny'!OK 38pSI)!{eHHbiX '!8CTHU. YfccnenyeM o6n8CTb '!8CTOT1 onpeneneHHyiO ycnOBIISIMil 

~ >> v Tet,
2 

11: v T/2 << T << v Te-2. Ecnl!. acnoMHI!.Tb, '!TO nonepeqHaSI 11: npononbH8SI nl!.aneKTpH-

qecKI!.e npOHI!.U8eMOCTI!. '!8CTI!.U a -copT8 B o6naCTI!. '!8CTOT (JJ << kv Ta HMeiOT BH.ll 

v ==...;!a_ 
Ta m 

a 

rne ' H 

2 
tr ((JJ,k) == 1 + iJE;. (J)La 
a 2 (JJkVTa 

2 

(e (w,k) == 1 + (jJ La (1 +if?:_ _(jj __ ) 
a k2v2 2 kv 

Ta Ta 
DOTpe60B8Tb 1 'IT06bi -~- << -}. TO MHI!.MbiMI!. 

kvTe2 2 

( 14) 

cnaraeMbiMI!. B llHCDepCHOH-

HOM ypaBHeHiil!. ( 3) 1 OTBeTCTBeHHb!MH 38 nornoweHI!.e sneKTpOM8rHI!.THbiX BOnH B p8CCM8Tpi!.B8eMoll 

o6n8CTI!. '!8CTOT 1 MO)!{HO npeHe6peqb, npll 9TOM .lli!.CnepCHOHHOe yp8BHeHHe ( 3) 38DI!.llleTCSI B 

Bl!.lle 

0 ( 15) 

x) 
HH)!{e BC!Oll y llHlleKC 2 OTHOCI!.TCSI K Beni!.'!I!.H8M, X8p8KTepH3YIOlllHM nn83My, 8 HHlleKC } • 

K ~enl!.'lllH8M 1 X8p8KTepH3YIOlllHM ny'IOK, 

7 



r.ne 

TJ 

A (k2c2 + wL2el)( 1 + 
2 

WL•2 

2 2 
k V Te2 

) ' 

2 
_ ( k 2c 2 + w 2 ) ( w 2 + w 2 ) + w 2 w 2 _ u_ 

Lei Lei L12 Le2 LII v 2 
Te2 

2 2 2 2 
WLe1WLI2 U k c • 

( 16) 

YpaBHBHf!9 ( !5 ) liMBBT KOM11nBKCHb!9 peWB HIHI , COOTBBTCTBY!OilllfB HByCTOll:'IHBbiM KOne6aHHHM 

CHCTBI.Ibl, f!pH _f < 0 , 'ITO B paCCMaTplfBaeMOll: o6naCTif qaCTOT lfM9BT MBCTO .nnH ni06b!X k 
A 

KaK yKash~sanocb Bbiwe , sos6y)!(.llBHHe aneKTpoMarHHTHbiX sonH B03MO)!(HO na)!(e B TOM 

cnyqae, Kor na u < v . v13 cooTHoweHHll: ( 15) If ( 16 ) s aTOM cnyqa e nonyqaeM cne.nyiOw.ee 
Te2 

BWpa)!(BHHB nnn lfHKpBMBHTa HapaCT8HifSI BOnH 

( 17) w w y = ku Lei -=1._,_1_,_2 _ _ _ _ 
2 2 2 2 2 

V ( k C + W Lei) ( W L e f W L 12) 

flpu .llBH)!(BHHH XOnO.llH OrO ny'!Ka '1Bpe3 ropH'IYIO lln83MY B o6naCTif '!aCTOT v << _!!l...v 
Te,l1 k....-·Te,l2 

KOr na CyW.BCTBBHBH yqeT Terrnosoro .llBif)!(BHifH K8K aneKTpOHOB, TaK If lfOHOB rrna3Mbi 1 B TO spe­

MSI1 KBK T9llnOBbiM •.llBif)!(9HifBM '!aCTifU B rry'IKB MO)!(HO rrpeHe6pe'lb 1 lf3 .lllfC!lepCHOHHOrO ypasHe­

HI-151 ( 8) rronyqaeM cne.nyiOW.Hll: c neKTp Kone6aHHll: 

2 22 2 2 2 2 
( 18) W [k C + W - U ( W Le2 + W1.12 ) l 

w 2 = 
LeJ LeJ ------:r- ~ ·· 

V Te? 7"f~ 
2 2 2 2 

(k C + W )(1 + W Lo2 + _ W_L1_2_) 
Le1 k2v 2 k2v 2 

Te2 Tl2 

Jlpa peweHifH .llliC!lBpCHOHHOro ypaBHBHifSI (8), TaK)!(B KBK H B np9.ll b l.llYW.9M cnyqae, Mbl 

npene6 pernH rrornOW.9 HHBM a neKTpOMBrHH THbiX BOnH , o6ycnoBnBHHblM MHifMOll: '!aCTb!O TBH30pa 

N fl T 
.lll19neKTpli'I9CKOH npOHHuaeMOCTH I 'ITO cnpase.nnHBO npH _w __ << :..__1._ • .:_:_L_ .::...v. vb Bblpa)!(BHHH 

k v T" 2 N 2 fJ 2 Tl2 

( 18) cne.nyeT, 'ITO B paCCMaTpHBaeMOH o6naC T H '!aCTOT HeyCTOH'IHBb!Ml-1 HBnHIOTCSI .nnlfHHOBOnHo-

2 2 

BbiB KOne6 8HHSI I1na3Mbl 1 nnn K OTOpbi X BblllOnHSI B TCH ycnOBife k 2c 2 + w 2 < U 2( ~ + W 1.12 ) 
L o1 V 2 V 2 • 

Te2 Tl2 
flerKO BH.llBTb, 'ITO TaKaS! HeyCTOH'IHBOCTb B03HifKaeT H B TOM cnyqae, Kor.na CKOpOCTb ny'!Ka 

MBHbWB TeanOBWX CKOpOCTell: aneKTpOHOB H lfOHOB rrna3MW 1 ecnH TOnhKO rrnOTH OC Tb nna3MW 3Ha-

'IKTBnhHO rrpeBOCXO.lllfT rrnOTHOCTb ny'IKa, a lfMBHH0 1 N 
2 

> M N
1 

." vliiKpeMeHT HapacTaHKH aneKTpo· 
m 

MarHHTHbiX BOnH B 9 TOM cnyqae O!lpe.nensteTCH Bblp8)!(BHHBM 

y kr' ---~~ 
y k2 c

2 + w ~ 
L ~1 

( 19) 

PaccMOTpHM c"ny q all: , K o rna qepes r o pH'lyto nnasMy nsa)!( e Tcst ropst'lHll: rry'!oK sapH)!(BHHbtX 

'18CTHU H lfCCne.nyeM aneKTpOM BrHHTHWB KOne6aHHH B TaKOll: CHCTBMB B o6naCTH '!aCTOT 

V << ..!IL << v .EcnH rtpH 9TOM llOTpe6oBaTb 1 'lT06bi 
TIJ , 2 k Tel,2 

N 2 
~ 

1 
~. __ 1 << _ u __ 

1 
TU ivluHM851 

kv kv N v 2 
Tel Te2 2 Tel 

'!aCTb B .llHCne p C HOHHOM ypaBHBHHH (8), OTBBTCTBBHHaH 3a rrornoureHJ.!e aneKTpoMarHHTHbiX sonH, 

npeHe6pe)!(HMO Mana. B p esynbTaTe nucnepcHOHHoe ypasHeHHe (8) sarrHweTCH B BH.ne 6HKB8.ll-

paTHOrO ypaBHBHHSI OTHOCHTBnbHO W (eM. ypaBHBHifB (15)), B KOTOpOM 

8 

0TCIO.lla 

rrpK A < 

Tlf .nnKif 

6aHHH Ill 

lfMBBT MC 

Ta Hapac 

Pac 

Hb!X BOnt 

Korna <P• 
TaK H B 

o6nacTif 

CKOpOCTE 

eT aneK'I 

rloJ 

Mbl HMBI< 

3apH)!(BH 

HOB TaKO 

)!(BHHH ( 

rrpasneHH 

np 
.llHMO Y'll 

MO)!(HQ n 

EcnH Ill= 

'IBCKOll: 11 

npeae6pe 



( 16) 

1e68HIHIM 

)!{e B TOM 

( 17) 

<<.JJJ((I 
·e,ll k Te,l2 

hi , B TO ape-

oro ypaaHe-

( 18) 

1yqae, M bl 

TeH3opa 

UllH HHOBOJlHQ-

2 
'!...r..u_) 
' 2 • 
TI:J 

Tb ny'lK8 

1183Mb! 3Ha-

HH H SlleKTpo· 

(19) 

)T 

TH hiX BOllH, 

2 

A = (k 2c 2 + Iw 2
1 

)(1 +I. wLea ) -
a La a k:J v :1 

Tea 

:J 2 
C =- WL11 WLI:J 

' (L)Lo2 

v: 
Te:J 

:J 
u 

u 

0TCIO.U8 Clle.ayeT, 'iTO KOJle6aHHH IT1183Mbl HBllHIOTCH H e yCTOlt'lHBhiMH 11H60 npH A > 0 

(20) 

, nH6o 

np!i A < 0 R 8 > 0 • nerKo BH.aeTb, 'iTO 3TH ycnoBHSI onpe.aenHIOT nepeKphiBSIOWHeCSI o6nac-

TH .UllliH BOllH KOlle68HHlt. noaTOMy 38Kll!O'l8eM, 'iTO B paCCM8TpHB8eMOlt 06118CT1~ 'i8CTOT KOJle-

6aHHH IT1183Mhl HBllHIOTCSI HeyCTOlt'iHBb iMH .UllSI J1106biX k • 0TMeTHM, 'iTO 3T8 HeyCTOlt'iHBOCTb 

RMeeT MeCTO H npH M811b!X CKOpOCTSIX ny'lK8, Kor.aa u << v • B aTOM cnyqae .UllSI HHKpeMeH-
Tet,:J 

Ta H8p8CT8HHSI BOllH cnpaBe.UllHBO Bblp8)KeHHe 

ku WLII WLI:J 

y"I.w:J (k:Jc:l+"'w 2 ) 
a Lla a Lla 

y (21) 

PaccMoTpe HHbre npHMephr oxaaThiBBIOT ace ao3MO)KHbre cnyqaH B03 6y*.aeHHSI aneKTpoMarHHT-

Hb!X BOllH B IT1183Me nonereK ny'lK8 38pSI)!{ e HHbiX 'i8CTHU 38 HCKll!O'leHHeM 06118CTH HH3KHX 'i8CTOT, 

KOr.Ua cP830Bble CKOpOCTH BOllH MeHbWe TenllOBblX CKOpOCTelt 3JleKTpOHOB H HOHOB K8K B IT1183'Me, 

TBK H B ny'lKe ~ << V V • MO)KHO ITOK838Tb, 'iTO .UHCnepCHOHHOe ypaBHeHHe (8) B STOlt 
k Tet,:J 7'11,:1 

o6118CTH 'i8CTOT p eweHHlt He HMeeT, 3TO 03H8'l8eT, 'iTO Me.aneHHbllt ny'lOK 38pSI)KeHHbiX 'i8CTHU 1 

CKOpOCTb KOTOpOrO MeHbWe TeiTJlUBbiX CKOpOCTelt 'l8CTHU BCeX COpTOB B CHCTeMe, He B036y)K.U8-

eT SJleKTpOM8rHHTHhlX BOllH. 

nony'leHHbre peaynbTBThr nerKo nepeHOCSITCSI H Ha TOT cnyqalt, Kor.aa see aneKTpOHbl nna3-

Mbl HMe!OT H e K OTOpy!O H8Up8BlleHHYIO CKOpOCTb OTHOCRTellbHO HOHOB 0 T,e, Kor.aa p011b ~llY'lK8 

38pSI)KeHHbiX 'i8CTHU Hrpa!OT SlleKTpOHb l lll183Mbl, npH 3TOM1 eCJlH H8Up8Bl19HH8SI CKOpOCTb Sl19KTp0 .. 

HOB T8KOB8, 'iTO TeUJlOB b!MH CKOpOCTSIMH 'i8CTHU MO)KHO npeHe6pe'lb0 T,e. U > V Te,l , TO H3 Bb!pa-

)KeHHSI ( 13) .UllSI HHKpe MeHTa H8p8CT8HHH B011Hbl 0 pacnpOCTp8HSII01UeltCSI UO.U yrllOM 8 TT 

2 
K aa-

npaaneHHIO CKOpOCTH, nonyqaeM 

(22) 

y 

npH HanpaaneHHblX CKOpOCTSIX aneKTpOHOB, Jle)K8lUHX B HHTepaane v < u < v Heo6xo-
7'1 7'e, 

.UliMO Y'lHTbiB8Tb T€llllOBOe .UBH)KeHH€ Sll€KTpOHOB, B TO BpeMSI K8K TeUJlOBbiM .UBH)KeHHeM HOHOB 

MO)!{HO npeHe6pe'lb. PaccMOTpHM noaToMy o6nacTh 'i8CTOT, onpe.aeneHHYIO ycnoaHeM v << ...!iL<<v 
:J Tl k Te 

E cnH npH STO U0Tpe60B8Tb, 'lT06bl _ ~ << _U __ < 1 1 TO MHHMOlt 'i8CTb!O TeH30pa .UHSJleKTpH-

kvTe v 2 
qecKOlt npOHHUaeMOCTH CliCT€Mbl, OTBeTCTBeH!iOl 8 38 nOrllOWeHHe Sll€KTpOM8rHHTHblX B011H 1 MO)KHO 

npeHe6pe'lb H peweHHe .UHCnepcHOHHOrO ypaBHeHHSI ( 8) 38UHC8Tb B BH.lle: 

9 



~ :a 
CU = WI./ 

2 
s 2 2 2 u 

k C + WLI-cuL_e' ~ 
2 2 2 . 2 2 

k c + ~~ K c +cut) k:lv 2 
Te 

(23) 

0TCIO.ll8 Cll9.llJ9T 0 'ITO npH HanpaaneHHb!X CKOpOCTRX 8ll9KTpOHOB, ll9)K81UHX B HHTepaane V < u< V 
Tl 7'e 

npOHCXO.llHT B036y)!C,U9HH9 .llllHHHOBOllHOBblX KOne6aHHft k 2 
C 

2 + W 
2 < W 2 ~. Vf HKp9M9HT HapacTaHHR 

Ll Lev2 
BOllH npH 9TOM onpe.oenReTCR COOTHOW9HH9M Te 

CULl 

Y"' ku yk2c2+ wL~ (24) 

HaKoHeu, npH HanpasneHHbiX CKOpOCTRX sneKTpOHOB, MeHbWHX '19M TennOBbie cKopocTH 

BC9X 'laCTHU 1 T.e. U < V T V , B036y)K.ll9HH9 9l19KTpOMai'HHTHblX BOllH 0 (BCUpOCTpaHRIOlUHXCR 
e, Tl 

llOLI yrllOM 8 = _E:... K HanpaBll9HHOft CKOpOCTH t He npOHCXO.llHT. 3TO RBllR9TCR Cl19.llCTBH9M TOI'O, 
2 

'ITO .llHCnapcHOHHoe ypaaHeHHe (8) a o6naCTH Tw << v He HMeeT peweHHft, 
TeJ 

II 2. Bos6y)K.ll9HHe sneKTQOMarHHTHbiX sonH nonepeK ny'IKa 

3apR)K9HHblX 'laCTHU B Mai'HHTOaKTHBHOft nna3M9 

KaK y)Ke OTMe'lal!OCb BbiWe, npH Hal!H'IHH BH9WH9I'O Mai'HHTHOI'O ITOliR B O.llHOpO.llHOft 

nnasMe pasyMHO paccMaTpHBaTb .llBH)KeHHe ny'IKa s.oonb MarHHTHoro nonR. B MarHHTHOaKTHBHOft 

!lll83M9 HapR.llY C q e peHKOBCKHM MeXaHH3MOM B036y)K.ll9HHR 3l19KTpOMai'HHTHbiX BOllH HM99T Mec­

TO TaK)K9 UHKllOTpOHHblft M9XaHH3M B036J)K.ll9HHR. nocl19.llHHft CJlU9CTB9H9H B o6naCTH 'laCTOT, 

6l!H3KHX K UHKllOTpOHHblM '18CTOTaM 91l9KTpOHOB H HOHOB W "' 1l W Be,l 1 H CBR3aH C aHOMallbHbiM 

9tPtP9KTOM )lonnnepa .06a 9TH MexaHH3Ma npHBO.llRT K B036y)K.ll9HHIO 9l19KTpOMai'HHTHbiX BOllH 

noa. OCTpbiM YI'llOM K Mai'HHTHOMy ITOll!O (a, Cl19.llOBaTel!bHO, H K UJ'IKJ) H COOTB9TCTBJIOT KHHe· 

T11'i9CKOft H9JCTOft'IHBOCTH nna3Mbl. )ll!R TOI'O, 'IT06b! OT.ll9liHTb HHTepecyiOlUJIO HaC I'H.llpO.llHHa­

MH'l9CKYIO H9JCTOft'IHBOCTb nna3Mhl 1 CBR3aHHJIO C 8HH30TpOnHeft tPYHKUHH pacnpe.oeneHHR '18CTHU 

nei CKOpOCTRM , OT KHH9TH'l9CKOft, Mbl 3.ll9Cb paCCMOTpi'lM B036y)K.ll9HH9 9119KTpOM8I'HHTHblX BOliH 

ny'IKOM sapR)K9HHbiX qacTHU, pacnpOCTp8HRIOWHXCR ITO.ll JI'llOM () "' ..!!_ K Mai'HHTHOMy ITOliiO. 
2 

JlliR TaKHX BOliH K8K qepeHKOBCKOe yCliOBHe, T8K 11 JCliOBHe aHOMal!bHOI'O a<Jl<JleKTa Jlormnepll He 

BbiiTOliHRIOTCR, 

p aCCMOTpHM Cl!J'l8fi He pel!RTHBHCTCKOA ITl188M b! 1 cu >> k V 
sa Ta 

H OCb 0 Z HanpaBHM B.llOllb 

BHewnero MarHHTno ro n o nR. Tensop .oHaneKTpH'leCKOA tipOHHuaeMOCTH 'IBCTHU a - copTa B co6-

CTB9HHOfi CHCTeMe K OOp.llHHaT npH 

(a) 
e (w , k ) = 

11 a a 

r.oe 

eta= 1 -

k "'0 HM99T BII.ll 
• 
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ta 

- ioga 

2 
WLa 

i ga 0 

1 
( 0 ta 
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grl. 
2 2 2 

Ya (w - wBa) 

e :za 

2 

1- w La 
y 2w 2 

a 
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(25) 

2 w w _ _ _kg_ Ba __ _ 
2 2 2 

yaw (w - wBa ) 

(26) 

B pac e r 

nepaTyp. 

He6pera 

)K9T 6 bi 

B 

CKOpOCTt 

TbiBaR ( 

aaeMoM 

KoMnoH 

Vf. 

qpesBbi'l 

( I'H.llPOL 

CHCT9Mb 

3.oecb 

nna3M bl 

JlHcnepc 

nepsoe 

llOliR B 

KOl!e6aH 



(23) 

. ne v <u<v 
Tl T'e 

HapaCTBHHSI 

(24) 

:>pOCTH 

SIIOWHXCSI 

3M Toro, 

llHOft 

!08KTHBHOft 

MeeT Mec-

'l8CTOT, 

M8llbHbiM 

{ BOJIH 

(lOT KHHe· 

;J 'l8CTIH1 

ib!X BOJIH 

TIOJIIO , 

:nnepo He 

M BLlOllb 

·a s co6-

(25) 

(26) 

B paccMaTpHsaeMoM npH6JIH:>KeHaH LlHSJieKTpH 'lec KaSI npoHHuaeMOCTb nnaaMbi He aasHCHT OT TeM­

nepaTyPbi 'l8CTHU, 3TO OLlHBKO He 03H8'laeT, 'ITO TeTIJIOBbiM LlBH:>KeHH e M 'l8CTHU TIOJIHOCTbiO npe­

He6peraeTCSI, 6onee TOI'O, KBK Mbl yBHLlHM HH:>Ke, HanpaBJieHHBSI CKOpOCTb TIY'lK8 llpH :3TOM MQ­

:>KeT 6b!Tb KBK 60JibWe, TBK H MeHbWe TeTIJIOBbiX CKOpOCTeft nyqKa 'lBCTHU B TIJI83Me • 

B nanbHeAweM .llliSI npocTOTbi orpaHH'lHMCSI paccMOTpeHHeM cny'laSI HepeJISITHBHCTCKHX 

CKOpOCTeft TIY'lKB U << C , T,e, y =1, noLlCTBBJISISI :3TH 
a a Bbipa:>KeHHSI B cpopMyJiy ( 3) H Y'IH-

T bi88SI COOTHOWeHHe (4) 1 .llHCTiepCHOHHOe ypa s iieHHe :3JieKTpOM8rHHTHb!X BOJIH (2) B paCCMBTpH-

saeMOM CJiyqae 38TIHWeTCSI B BHLle 

2 2 

(l -~)[E (l 
33 2 11 11 w 

k :J 2 
+ ( 2 ~ + 2£ ( ( "3;: 0 

13 w· 12 13 • 

KOMilOHeHThl TeH30pa LlHSJieKTpH'leCKOft CHCTeMbl ( 

II 

... 
(w, k) onpeLleJISIIOTCSI 

(12 i ~ g a 
a 

u k 
_ a_ ( £ 1a- 1) 

a w 
( ,_ 

23 

:J :J 

£,3=1+:£[(£ -1)+uak (E -1)]. 
~ a 2a ~ 1a 

(27) 

Bbipa:>KeHHHMH: 

(28) 

VfCCJie.llOBBHII:e .llHCTie pCHOHHOI'O ypasHeHHSI ( 27) B 06WeM Clly'lae npOH3BOllbHbiX 'IBCTOT 

'lpeaBhi'laAHo TPYLlHO, 3.lleCb Mhi npoaHaJIH3HpyeM ero JIHWb s o6nacTH HH3KHX qacTOT w << w 
81 

( ranpoLlHHaMa'leCKBSI o6nacTb). B bt pa:>K e HHe .llliSI TeHaopa LlHSJieKTPH'leCKOA npOHHuaeMOCTH 

CHCTeMbl ( 28) B :3TOft o6JIBCTII: 'l8CTOT CyWeCTBeHHO ynpoiUaeTCSI 

( 11 
'! 2 2 2 1 + ( c v A1 ) + ( c I v A 2) ' (12 (13 ( 23 0' (29) 

2 :J 2 :J :J :J 
w Let "'Le2 :!__(~ u 

) ( 1 - + + ..J_ 
33 --2- --2- 2 2 

w w w VAl VA:J 

3necb V H V -anbcpBeHOBCKHe CKOpOCTH 1 a u
1 

H U, 
At A 2 • 

HanpaBJieHHhle CKOpOCTH llY'lKB H 

TIJI83Mbl COOTBeTCTBeHHO B CHCTeMe KOOp.llHH8T 1 B KOTOpoft 

2 
I u wLa 0. (30) 
a aw2 

Ba 
llHcnepCHOHHOe ypasHeHHe (27) TipH :3TOM pacnanaeTCSI H8 CJie.llyiOWHe .llB8 ypaBHeHHSI 

(31) 

nepsoe H3 :3THX ypasHeHII:ft KOJie6aHHSI nonepe'lHOrO SJieKTpOMBI'HHTHOrO 

TIOJISI B llli83Me, B KOTOpOM • VIa BToporo :>Ke ypasHeHHSI 1 onHChiBa!Owero nonepe'lHbie 
... .. 

Kone6aHHSI nonS!, nonHpHaosaHHoro B.llOllb sHew Hero MBrHHTHoro noJISI ( E l\ u ) 1 nonyqaeM 
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2 
2 

w 2 2 2 u - 1 ) . ~ - k c (-r-: --2 
.:.wLea V +VA2 

(32) 
a AJ 

0TCJ0.08 Blf.OHO, 'ITO KOne6aHHH rrn83Mbl SlBnHJOTCH HeyCTOlt'IHBbiMH B o6naCTH KOpOTKHX 

:1 :1 :1 2 :1 :1 :1 
.QnliH B OnK, B KOTOpOlt k C ( ____,.,.~- 1 )> ~W • npu k C >> ~ W ycnOBHe HeyCTOlt'IHBOCTH 

v • + v • a L ea L ea 
A•J A:l 

KOne68HHlt HMeeT BH.O U 2 > V :1 + V 
2 

, rrpH'IeM HHKpeMeHT Hap8CT8HHSl ::meKTpOM8I"HHTHbiX BOnK 
AJ A2 

orrpe.aenHeTCH Bbrpa)l{eHHeM 

Y = 'c u 
2 

c 
2 2 

V +V 
AJ A2 

(33) 

MO)I{HO IT OK838Tb 0 'ITO paCCM8TpHB8eM8Sl HeyCTOlt'IHBOCTb HMeeT MeCTO K8K rrpH CKOpOCTHX rryoq '-

K8 0 rrpeB bJWSIOWHX TerrnOBbJe CKOpOCTH '18CTHU BCeX COpTOB, T8K H rrpH CKOpOCTHX rry'IK8, MeHb­

WHX 'leM TennOBbJe CKOpOCTH aneKTpOHOB, HO 60nbWHX 'leM TerrnOBbJe CKOpOCTH HOHOB. lleltCTBif-

TenbHO, 11 3 ycnoBHH w >>kv a cny'lae xono.aHoro rry'IKa, nonyqaeM u > v ..!u_ • 0TcJO.aa 
Ba Ta a2 T.

2 
cne.ayeT, 'ITO B HeH30TepMH'IeCKOlt rrn83M e , B KOTOpOlt T

82 
>> T

12 
, CKOpOCTb riy'IK8, Bbl3bJB8JO-

Wei"O HeyC TOlt 'IHBOCTb ITJ:\83M bl MO)I{eT 6b1Tb MeHbllle Terrnoaolt CKOpOCTH aneKTp'JHOB, 

nony'l e HHbre pe3ynhT8Tbr Herrocpe.acTaeHHO rrepeHOCHTCSl Ha TOT cnyqalt, Kor.aa ace aneKT-

... 
pOHbl nna3Mbl .OBH)I{yTCSl OTHOCHTenbHO HOHOB C HeKOTOpOlt HarrpaaneHHOlt CKOpOCTbJO U 

cnyqae .aucnepcH OHHoe ypaaHeHue ( 27) .ansr HH3KO'I8CTOTHbiX Kone6aHHlt nna3Mbi w << w 
81 

CBO.OHTCH K BH.Oy: 

r.ae 

B 

Aw
4

+Bw
2

+C 

A=1+c
2
/v

2 

A 

0 , 

' 2 2 :z 2 m u 
2 

(1+c/v)[w +kc(1---1) 
A Le M V :1 

A 
2 :z 2 2 :1 :z 

C = k C ( W l:. 
8
+ k C ) ( 1 - ;;- U /1 VA) , 

- k 
1
c ~ 

B 3TOM 

(34) 
.. 

(35) 

3.aecb u 
J 

-cKOpOCTb aneKTpOHOB B CHCTeMe K00p.OHH8T, onpe,aeneHHOlt COOTHOWeHHeM (30) H C 

m ... 
TO'IHOCTbJO .00 qneHOB .. --, COBIT8.08JOW8H CO CKOpOCTbiO OTHOCHTenbHOI"O .OBH:>KeHHSl U • Ypaa-

M 
HeHHe ( 34) HMeeT KOMnneKCHbie peweHifSl, COOTBeTCTBYJOWHe HeyCTOlt'IHBbJM KOne68HHHM rrn83Mbl 

rrpH U > JE V , 3aMeTHM, O.OH8KO, • 'l 1'0 T8K8Sl HeyCTOlt'IHBOCTb B03MO:>K ll8 B O'leHb Y3KOM HH-
m A :z ~ 

Tepaane cKopocTelt rry'IKa, orrpe.aenSieMOM ycnoaueM (.!!!. !!.I - 1) <<l!!.H a peanbHbrx ycnoaus:~x 
M v' M 

MO:>KeT He npOHBnHTbCH. A 

B 3aKnJO'IeHHe asTOpbi Bbrpa:>KaJOT HCKpeHHJOJO rrpH3HaTenbHOCTb B.n. CunuHy 3a ueHHbre co­

aeTbi H o6cy:>K.aeHHH, a T8K:>Ke B.n. ruH36ypry, B.Vf. BeKcnepy H M.C. Pa6HHOBH'iY 38 ITOCTOHH­

Hbllt HHTepec K pa6oTe. 
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