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§1. B Be a e H He 

B HHTeHCHBHO pa3BHBaeMbiX cefiqac BapHaHTaK KonneKTHBHoro MeToaa 

I 1,21 
ycKopeHHH HCnonbaymTCH 3apHM€HHhl€ KOnbUa penHTHBHCTCKHX aneKT-

pOHOB. KaK H3BeCTHo, TaKHe Konbua MoryT 6biTb ~ cnonbaoBaHbi anH ycKo

peHHH HOHOB 0 ecnH OHH coaaamT aocTaToqHo rny6oKym noT€HUHanbHym HMy 

npoCTpaHCTB€HHOrO 3apHaa. 3Ta noT€HUHanbHaH H~a yBenHqHBaeTCH npH 

yBenHqeHHH qHcna aneKTpOHOB, oaHaKO C pOCTOM qHcna yBenHqHB8€TCH 

H aneKTpOCTaTHq€CK8H CHna OTTanKHBaHHH aneKTpOHOB. ¢aKTHqeCKH eaHH-

CTB€HHOH B03MOMHOCTbm ee KOMneHCaUHH SIBnHmTC I MBrHHTHbl€ CHnbi npHTSI

M€HHSI napannenbHO aBHMylliHXCH TOKOB ( a¢qleKT J: €RHeTa), KOTOpbl€ I10CTH-

ramT BenHqHHbl ITOpHJ1Ka KynOHOBCKHX CHn paCTanKIBaHHH nHllib npH penH

THBHCTCKHX CKOpOCTHX qacTHU. 8 8TOM nnaHe HCncnb30BaHHe penHTHBHCT-

CKHX aneKTpOHOB HBnHeTCH npHHUHnHanbHbiM llnH p l3BHBa€MbiX KOnneKTHB-

Hb!X MeTOJ10B yCKOpeHHH. 

npH 8TOM B03HHK8€T Bonpoc 0 TOM, He Cylli€CTByeT nH YHHBepcanbHOH 

HeycTofiqHBOCTH penHTHBHCTCKHX 3apHM€HHbiX KOneJ, ITpHHUHnHanhHO CBH38H-

HOH c HanHqHeM penHTHBHCTCKHX aneKTpoHoa? B lpHHUHne TaKaH Heyc-

ToAqHBOCTh MOrna 6bi "pa36paCbiBaTb" ::meKTpOHbl no &HeprHSIM H TeM C8Mbl' 

yMeHhrnaTh rny6HHY noTeHuHanhHOH HMbi, co3aasaeMofi KOnhUoM. DeficTBH

TenbHo, ecnH aneKTpOHbl KOnhUa yaepMHB8mTCH Ha KpyrOBbiX op6HTaX BH€lli

HHM MarHHTHbiM noneM, TO pallHYC op6HTbl KaMLlOT 0 H3 HHX onpeaenHeTCH 

ero &HeprHeA, T.e. pa36poc no &HeprHHM npHBoaH" K pa36pocy no paaHy-
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caM, a cnenoaaTenbHo, KDnhuo upa36yxaeTu (Manhrfi panHyc ceqeHHH 

KOnhU8 B03p8CTae1). fnyoHHa ITOTeHUHanbHOfi HMhl oopaTHO rrporrOpUHO

HanbHa ManoMy pa.mycy KDnhua 
l 
a 

M3aecTHo, q1o Konhueahre rryqKH penHTHBHCTCKHX sneKTpOHOB MoryT 

HHTeHCHBHO H3nyqaTb sneKTpOMarHHTHhie BOnHhl - TaK Ha3hiBaeMOe CHHXpO

TpOHHOe H3nyqeHH€. OnaaKo HapHny c STHM B03HHKaeT 1:1 CHHxpoTpoHHaH 

/3/ 
HeycTofiqHBOCTb , CyTh KOTOpofi B oomeM cnyqae COCTOHT B TOM, qTQ 

SneKTpOHhlo oopa3y IOIDHe KDnhU0 0 ycHnHBaJOT sneKTpOMarHHTHhie BOnHhlo 

MexaHH3M CHHXp01pOHHOfi HeycTofiqHBOCTH HeCKOnbKO pa3nHqeH nnH aonH, 
/4/ 

MeHbUIHX Manoro _ranHyca A<< a • 1:1 rrpH oopaTHOM HepaBeHCTBe 

/5/ 
A'>> a • B rrepE oM cnyqae MO)!{HO roaopHTh o rrpoueccax HHnyuHpoaaHHo-

ro CHHXpOTpOHHoro H3nyqeHHH H rrornomeHHH BOnH He38BHCHMO OTnenbHhiMH 

penHTHBHCTCKHMH :>neKTpoHaMH. EanaHc STHX rrpoueccoa rrpHaonHT K Ma3ep

s¢¢eKTY nnH CHHXpoTpOHHOro H3nyqeHI:IH. Bo BTOpOM cnyqae ¢aKTHqeCKH ace 

qacTHUhl KOnbUa 1:1:1nyqa10T KOrepeHTHO~ 1:1 0 TaKHM oopa30M 0 peqb HneT 0 KO

repeHTHOfi panHaunoHHofi HeycTofiqHBOCTH. ITocKonhKY ace qacTHUhi onao

apeMeHHo yqaCTBYl)T B pa3BHTHH HeycTofiqHBOCTH0 OHa HOCHT B naHHOM cny

qae rHnponHHaMHqE·CKHH xapaKTep. ITo caoefi rrp1:1pone oHa 6nH3Ka K Heyc-

/6/ 
TofiqHBOCTH OTpHUBTenbHOfi MaCChi 1 H3BeCTHOH nnH UHKnHqeCKHX YCKOpH-

Tenefi. B neficTBH1 enhHOCTH TaK Ha3hiBaeMhiH HMrrenaHc penHTHBHCTCKoro 

sneKTpOHHOro KOnEUa (aenHqHHa, ¢HrypHpyJOIDaH B TeopHH OTpHUaTenhHOfi 

/6/ 
MaCChi ) BCerna HanHeTCH KOMITneKCHOfi BenHqHHOH. TonbKO MHHMaH 

qacTb STOrO HMITeJiaHCa yqHThiBaeTCH a TeopHH OTpHUaTenbHOfi MaCChi, 

TaK KaK B OOhiqHhl ~ ycKOpHTenHX peanbHOe H3nyqeHHe 9neKTpOMarHHTHhiX 

BOnH 1:13-3a HanHql' H KaMe phi HeB03MQ)!{HO. BemeCTBeHHaH qaCTb HMrrenaHCa, 

OITHChiBaJOmaH IT pOll eCChl CHHXpOTpOHHOrO H3nyqeHHH ( ¢opMyna Ill OTT a) 1 orrpe-

nenHeT rrpouecchr ~3nyqeHHH B ycnoBHHX, Korna Konhuo HaxonHTCH naneKo 
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x/ , 
OT CT9HOK K8M9pbl • Eon99 TOI'0 0 5!CJI0 0 'ITO B8ll(8!:TB9HH85! H MHHMa5! 

"18CTH HMIT8):18llC8 H80T):I9nHMbl 0 T,K, CB5!38llbl ):IHCIT9JlCHOllllbiM COOTHOW9-

HH9M H o65!38Hbl OLIHOMy H TOMY )1{9 pa):IH8UHOHHOM) rrpoueccy, flpOU9CC 

xorepeHTHoi!: CHHxpoTpOHHoi!: ueycTo H"'HBOCTH rrpH A'>> a C yqeTOM K8T{ 

nei!:CTBHT9nbHOH 0 TaK H MHHMOH '18CTH HMITe):laHCa 6yaeT Kp8TKOCTH paAH 

B nanbHei!:weM Ha3biB8TbC5! paaHauHoHHoi!: ueycToi!:qi BOCTbJO. Hy)I{HO ayMaTb, 

'ITO HMeHHO panHaUHOHH85! HeycTOH'1HBOCTb0 6yay'1H I'HLIPOLIHH8MH'18CKOH0 

M0)1{8T rrpeACT8BHTb H8H60nbWYIO "orraCHOCTb" nnH KO.In8KTHBHbiX l\19TOLIOB 

ycxop9HH5!, Oauaxo 5!CHO, 'ITO oTneneHHe xorepeHTHOH qacTH aeycToi!:'IH

BOCTH OT HeKorepeHTHOH 5!Bn5!8TC5! H9CKOnbKO HCKy<:CTB9HHbiM ( CM, T8K)I{8 

HH)I{e). CTporoe paccMoTpeHHe rrpoMe)l{yTO'IHOH o6nacTH rrpHBOLIHT K 6onb-

WHM M8T8M8TH'19CKHM TPYLIHOCT5!M 0 CB5!38HHbiM C H ~06XO):IHMOCTb!O yqeTa 

TOHKHX 3~8KTOB CTpyKTypbl pacrrpeneneHH5! aneKTp)HOB ITO ManoMy panHycy, 

flpeaenbHhie )1{9 cnyqaH A << a H ·A'>> a aorrycxa10 r cpaBHHT9nbHO rrpocToil: 

aaanH3. flpH A'>> a xopowei!: arrrrpoKCHMaUHei!: HBn~ eTcH rrpH6nH)I{8HHe 6ec-

/5/ mc2 
3 

KOH8"1HO TOHKOI'O KOnbua • PeanbHO nnHHbl BOnH 5onbW9 A . ,R(--) «a 
ffilO ( 

T,e, HM88TC5! K8K KOI'epeHTH85! 0 T8K H ae KOI'8p9H''H85! aeyCTOH'IHBOCTb, 

flpaKTH"!eCKH A';; a BhillonaHeTC5! nHWb nnH rrepBbiX: 6-10 rapMOHHK UHKno-

TpOHHoi!: '18CTOTbl, Pa3 BHTHe aeyCTOH'IHBOCTH H8 31 HX rapMOHHK8X B CHny 

89 I'HLIPOLIHH8MH'19CKOH IIpHpOLibl HaH6onee 6biCTpOe. flo3TOMY rrpeACTaBn5!

eTC5! orrpaBLIBHHbiM B K8'18CTBe rrepBOI'O IIpH6nH)I{8H:HI paCCMOTpeHHe LIHHa

MHKH pa3BHTH5! ReyCTOH'IHBOCTH rrepBbiX 10 rapMOH !K B IIpH6JJH)I{8HHH 6eCKO

H9'1110 TOHKOI'O KOnbUB, PeweRHe CTpOI'O H8nHH8HHOH 38):18'1H '1HCJJ8HHhiMH 

M8T0):18MH OK83b!B88TC5! BIIOnHe B03MO)I{Hb!M, 3TOM~ H l10CB5!!U81!0 li8CT05!!U88 

HccneaoBaHHe. 

x/ B KaMepaX THIIa p830118TOpa H !1p5!MOI'O B01HOBOLI8 B03M0)1{1!0 

CHHXpOTpOIII!Oe H3JJy'1ei!He Ha OTnenbHOH pe30ii8HCII)H nHHHH. B nanblieH

WeM Mhl 6ynyM paccMaTpHB8Tb 6onee llHTepeCHWH C TO'IKH 3p8HH5! 3KCIIe

pHM81!Ta Cnyqaft CB060):IHOI'O llpOCTpaHCTBa, 
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Hy)KHO OTMeTH'~h, 'ITO mmefiHa5! TeopH5! paaHaUHOHHofi HeycTOH'lHBOCTn, 

/5/ 
paCCMOTpeHH85! B 1 He MO)KeT OTBeTHTh H8 BOITpOC 0 TOM 1 H8CKOnhKO OITBC• 

HblM C 9HepreTH'leCl~Ofi TO'IKH 3peHH5! 5!Bn5leTC5! p83BHTHe T8KOfi HeyCTOil:

'lHBOCTH, B npHHUHW! B03MO)KH8 HenHHeil:Ha5! cTa6HnH38UH5! 1 orpaHH'lHBaiOIU85! 

ypoBeHh Kone6aHHfi (HnH 6yH'lHpOBKy KOnhUa) H8 BeCbM8 HH3KOM ypOBHe, 

noapo6H85! 8H8nHTH'l3CK85! HenHHefiH85! TeopH5! p8AH8UHOHHOfi HeycTOfi'lHBOCTH 

171 
6bin8 p83BHT8 B o 0AH8KO OH8 nH6o OITHCbiB8eT npeaenhHble cny'laH ( B6nH31; 

nopora HnH Ha HatianhHOfi cTaAHH), nH6o aaeT nHWh oueHKy aMnnHTYA no neil: 

Ha HenHHeHHOH CT8):1JIH, npoMe)KyTO'lHble pe)KHMbl, B KOTOpb!X H MOrna 6bi 

B03HHKHyTh HenHHefiJI85! CT86HnH38UH5! 1 He ):IOITYCK810T npOCTbiX 8H8nHT.H'leCKHX 

peweHHH, nocneaHee CB5!38HO C rHApOAHH8MH'laCKHM X8p8KTepoM HeyCTOH'lHBO• 

CTH H £jlaKTH'leCKHM JTcyTCTBHeM Manoro napaMeTpa B Gaaaqe, Hy»<Ho ay

MaTh IT09TOMy, 'ITO lpOBOAHMOe 3):1eCb peweHHe TO'!HOH HenHHefiHOH 38):18'!H 

( 'lHCneHHblMH MeTO):IIIMH) IT03BOn5leT BnepBbJe Bbi5!BHTh 5!CHyiO KapTHHy pa3-

BHTH5! rHApOAHH8MH'l!CKOH HeyCTOH'lHBOCTH, nonyqeHHNe pe3ynhT8TN HOC5!T 

6onee o6mHfi xapaKT!p H nerKo o6o6maiOTC5! Ha apyrHe rHapoaHHaMH'leCKHe 

HeycTOA'!HBOCTH 1 WHjiOKO H3BeCTHble B £jJH3HKe nna3Mbl, 0AHOA H3 cywecTBeH-

HNX npo6neM rHAPODHHBMH'leCKHX HeycTOA'lHBDCTefi 5!Bn5leTC5! MeX8HH3M ITD5!B

neHH5! Heo6paTHMblX npouecCOB H8 HenHHefiHOH CT8AHH pa3BHTH5! HeycTOH'lH

BDCTH, HacT05!IUHfi plC'l~T no3BDn5leT Bhi5!BHTh H npoHnniOcTpHpDB8Th B03HHK

HoBeHHe HeKDTOpblX f8KHX Heo6paTHMOCTefi, Pac'!~T ITO):ITBep)K):I8eT HenHHeil:-

Hwe OUeHKH aMnnHTyUN noneA 1 pa3BHB810IUHXC5! H8 HenHHefiHOH CT8):1HH paaHa-

17/ 
UHOHHOH HeyCTOfi'lHBC•CTH 1 nony'leHHble B 1 O):IH8KO B03HHK810T 'lHCneHHble 

K09~HUHeHTbl "'0,1-•0,2, yK83biB810IUHe H8 TD 1 'ITO £jlaKTH'leCKH nonR OK83bl

B810TC5! HeCKDnhKO MeHbWIIMH, BBHAy DTCyTCTBH5! Manoro napaMeTpa T8KHE' 

'lHCneHHble KD8~HUH !HTbl yaaeTC5! Bbi5!BHTh nHWh C ITOMDillh!O 'lllCneHHbiX 

paC'!ATOB, nocKDnhK] B nanbHefiweM He06XOUHMO CDITOCTaBneHHe 'lHCneHHNX 

/5/ 
paC'!ATOB C 8HanHTH IeCKHMH 1 pa3BHTbiMH An5! nHHeil:HDH CT8LIHH B 1 a He-

17/ 
mmeil:Hofi B , Heo6xoaHMo naTh KpaTKoe pe3IOMe 8THX peGynhTBTDB, 

6 



§ 2. Pe3YIIbT8Tbi aHanHTH'!eCKHX TeopHfi 

flpH IIOCTpOe!!HH TeopHH HCII01Ib3YIOTCSI M81Ib!e rrapaMeTpb! 

a « l v/r«l, (1) 
R 

rJle a H 
e2 R - MSlibifi H 6onbll!Ofi paJlHYCbi aneKTpoHHoro KOnbua, v = ~. 

N 
2rrR 

- IIOI'OHHblfi 91IeKTpOH 1 N - IIOliHOe 'IHCliQ '18CTHU B KOllblle, 

y - penSITHBHCTCKHfi ~aKTop a3HMyTanbHoro JlBH~eHH~ aneKTpoHoB. To'!HaSI 

HenHHefiHaSI 38Jl8'18 CBOJlHTCSI K OJlHQM8pHOfi B ~830BOM 1IpOCTp8HCTBe 8 , 

w -a3HMyT81IbHOI'O yrna H COOTBeTCTByJOIUero o6o6neHHOI'O HMIIYllbCa. 

IT pH aToM paccMaTpHBaJOTCSI TOllbKO rrpOJlOllbHbie ( BJlOllb JlBH~eHHSI) B03-

MymeHHSI H CBSI3b!O IIO!Iepe'!HOI'O JlBH~8HHSI C !IpOJlOllbH,IM rrpeHe6peraeTCSI. 

YcnosHe KorepeHTHOCTH Mo~eT 6biTb 3arrHcaHo JlliSI a3 IMyTanbHoro HoMepa 

rapMOHHKH B03MyiUeHHSI: 

n«R/a. ( 2) 

B nHHefiHoM rrpH6nH~eHHH HeycTofi'IHBOCTb HMeeT rropor, CBSI3aHHbifi c 

3aTyXaHH8M naHJlay; COOTB8TCTBY!Oll!ee IIOpOI'OBOe 3H8,8HHe pa36poca '18CTOT 

o6pameHHSI '18CTHU B !Iy'!Ke p8BHO 

EcnH Ha'IanbHbifi pa36poc B rry'!Ke ropa3JlO MeHbll!e A v kp 

HBMH'!eCKHfi HHKp~M8HT HeycTOfi'IHBOCTH HMeeT BHJl: 

- 2/8 ,--
Yn"'wn '1)1//y. 

B6nH3H ~e rropora 
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( 3) 

1 TO I'HJlpO/lH-

(4) 

( 5) 



Mo*HO ITpeaiTono*FTh1 qTo B ITpouecce pa3BHTHH a:eycTo~qHBOCTH B pe3ynh~ 
TaTe H8p8CT8HHH 9,JeKTpOM8rHHTRblX ITOne~ B03MyllieHHH aa:epreTHqecKH~ 

pa36poc qacTHU B :ryqKe B03pacTaeT 1 H ITyqol( aaonJOUHOHHpyeT ao pa36poca 

( 3). 

ripouecc aaomouHH 1 xapaKTepHbre BpeMeHa 1 ypoBHH B030Y*aaeMbiX aneKt 

poMarHHTRblX ITonel 1 X8p8KTepHCTHKH KOHeqa:oro COCTOHHHH ITyqKa OITHCbiB810T 

CH · B p8MK8X HenHH8~HO~ TeopHH 1 yqHTbiBSJOllie~ B38HMoae~CTBHe rapMOHHK 

171 
ITone~ B03MymeHHH Me*aY co6oii. Aa:anHTHqecKHe pemeHHH 1 a:aMeHHbie B 1 

COOTBeTCTByJOT aBy M ITpeaenhHbiM cnyqaHM: MOHOXpOMaTHqecKOrO ITyqKa 

~w<<~w kp H nyqKa a6nH3H ITopora ~w < ~ w kp 

B ITepBOM cnyqae 1 Koraa a:a aceii paccMaTpHBaeMoii cTaaHH ITpouecca 

~w << ~ w kp , ( 6) 

MO*HO ITpHMeHHTh .AeToa ycpeaHeHHH OCHOBHbiX xapaKTepHCTHK ITyqKa ITO 

OpOHTe 1 HCITOnh3YH ITepBbie MOMeHTbl <jlyHKUHH paCITpeaeneHHH, TaKa~ IToaxoa 

IT03BOnHeT OUeHHTh TOnhKO TeMIT pa3BHTHH HeyCTO~qHBOCTH 1 ypOBHH B030Y*

aaeMbiX IToneii H m•TepH a:aiTpaanea:a:ofi aa:eprHH ITyqKa a:a a:aqanhHOii cTaaHH 

pa3BHTHH aeycToftqiBOCTH, 

XapaKTepa:oe apeMH ITpouecca paBHo ITO nopHaKy aenHqHHhi 

( 7) 

3aech N - rronH )e qHcno qacTHU B ITyqKe 1 ~ n -a:aqanhHaH <jlnJOKTyauHH 

nHHeiia:ofi ITnoTHOC~'H ( x 2rr R ) qaCTHU H BCe BenHqHHbl oepyTCH ITpH 

n :::::: n max 

A~ITnHTyna rwnH HaHoonee a:eycToftqHBo~ rapMOHHKH c 

*eT ohlTh ouea:ea:a cneayJOlliHM o6pa3oM: 

1/3 2 
n me v 

eR 
~w 

---,.--) 
~wkp 

8 

n::::::: 0 max 

( 8) 
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H, aaKoHeu, OTHOCHTenbHaR noTepg cpeaaeft 9HeprHa aanpasneaaoro aBH~e-

HHR T8KOBa: 

( 9) 

Ha nocneaaeii: 4JopMYilhi BhtTeKaeT, 'ITo no Kpaii:aeii: Mepe aa rHapoaHHaMH

qecKoii CTaaHH pa3BHTHR HeyCTOH'IHBOCTH H3MeHeHHE cpeaaeii: HanpaBneHHOH 

9HeprHH ny'I:Ka He3H8'1HTenbHO. 

PaaBHBaR annapaT oaHoMoaosoro npH6nH~eHHR B ycnoBHRx, Koraa 

'"' ~w«~wkp 0 MO~HO nony'IHTb 6onee TO'IHbie ypaBHeHHR anR H3MeHe-

HHR noneii: B03MymeHHR BO BpeMeHH 1 a TaK~e ypaBH9HHe 1 OnHCb!B8JOmee 

Tpaac4JopMaUHJO aaqanbHOft tjlyHKUHH pacnpeaeneHHH. B qacTHOCTH, rroKa-

171 
38HO 1 'ITO ao TeX nop1 noKa npHMeHHMO ycnOBHE (6), H3MeHeHHe tjlyHK-

UHH pacnpeaeneHHR He BllHReT Ha BenH'IHHy HHKpeMEHTa HeyCTOH'IHBOCTH1 

paBHOI'O rHapoaHH8MH'IeCKOMy (4). 

Bo sTopoM cnyqae ( ~w < ~ ,w k P ) CHCTeMa H9XOaHTCR B yCIIOBHRX 

KB83HCT8UHOHap HOI'O pe~HMa 1 T.e. HHKpeMeHT 3H8'1~ TenbHO MeHbUie '18CTOTbl 

Kone6aHHii: 

y « Re 0- n w 
-n 

( 10) 

3To noasonHeT B o6meM arrnapaTe paano~eHHH aenFHeii:aoro saaHMoaeii:cT

BHH no aMnnHTyae KOne6aHHH nony'IHTb pga KOIIH'Ie<:TBeHHblX BbiBOaOB. JlnH 

9HeprHH OKOIIOnOpOI'OBOH MOab! KOne6aHHH MO~HO nony'IHTb Y'IHTbiBBH llHlllb 

9~eKT CaMoaeii:CTBHH 9TOH MOabi 0 npoCTOe aH4JtjlepeHUH81lbHOe ypaBHeHHe, 

KOTOpoe MO~eT B npHHUHne onHCb!BBTb B3pb!BHYIO Ho!yCTOll'IHBOCTb aaHHOH 

MOabi 1 JIH6o aaBaTb BepXHIO!O rpaHHUY 9HeprHH Kone5aHHHo JlnH 8MITJIHTyahi 

nonH Kone6aHHii: cneayeT oueHKa 

&n "' n t/3 ~~ • y' I - ~ w 
eR h w kp 

( 1 1) 

n - HOMep oKononoporosoii: HOahi. 
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6htn rrpoBenei yqeT KoppenHUHOHHoro ymnpeHHH peaoHaHCOB rryTeM 

qacTHqHoro cyMMll(•OB8HllH pHAOB TeopHH B03MyllieHHit ll ITOK838H0 0 qTo 

B ycnOBHHX 0 Korna B HaqanbHOM COCTOHHHH B CHCTeMe HMeeTCH orrpeneneH-

Hbilt ypoBeHb B036y MAeHHbiX KOne6aHHit 0 llHKpeMeHT HeycToitqHBOCTll cy

llieCTBeHHO yMeHbllioleTCH, DocTpOeHHe rronHOft KapTHHbl p83BHTHH HeyCTOH

qHBOCTll BO BpeMeH~ C yqeTOM HenHHeftHhlX B38HMOAeitcTBHA 38TpyAHeH0 0 

qTo <jlaKTHqeCKll CB!I38HO C OTCYTCTBHeM Manoro rrapaMeTpa B Han6onee 

llHTepeCHOM rrpoMe>cyTOqHOM peMHMe, J1MeHHO B 9TOit o6naCTH HenHHefiHoe 

B38HMOAefiCTBHe ra JMOHHK He HBnHeTCH ManbiM ll HMeeT TOT Me ITOpHAOK 1 

qTo ll nnHeAHoe HX H8p8CT8Hlle, CpaBHHB8H (8) ll (11), BHAHM, qTO 9T8 

o6nacTb xapaKTepn:1yeTcH 3HaqeHneM aMrrnnTyn Boa6yMnaeMbiX rroneA, 

rronyqeHHbiX rryTeM 9KCTparronHUHH rrpenenbHbiX BbipaMeHHA 

- mc
2 v t/8 

ff,n < ----- n 
eR 

( 12) 

¢laKTHqeCKH 0 KaK O'rMeqanOCb Bb!llie, qncneHHb!A pacq~T rrpHBOAHT K He-

CKOnbKO MeHbllillM ~ HaqeHHHM ff, n 

§3, nocTtHOBKa aanaqn qncneHHoro nccnenoBaHHH 

HeycToAqHBOCTH 

HenHHeAHbie y J8BHeHHH 0 OITHCb!B8lOlliHe H3MeHeHHe BO BpeMeHH rapMo-

HHK B03MyllieHHH 1 ll!~eiOT cnenyiOlliHA BHA! 

( 13) 

3necb r/1 n - rapMOI:HKa <jlyHKUHH pacrrpeneneHHH, rrpnqeM Jr/1 n d w = n n 2 7T R ' 

n 
tf>niOKTyaUHH J:HHefiHoft rrnOTHOCTll qHCna qaCTHU B rryqKe, Do orrpe-n 

neneHHIO, an CBH3b.BaeT rapMOHHKy aneKTpHqecKoro rronH B03MymeHHH 

ll <jlniOKTyaUHlO ITnOTfOCTH qncna qacTHU! 
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e /i,n = an n n • 

BbiBOll SIBHoro Bblp8)1{eHHSI lUIS! an npHBene.H B npHJIC )l{eHHH. nanee: 

a= 
dw 
dw 

w-w 1 
w 

( 14) 

( 15) 

B npeaenax npHMeHHMOCTH HcnonbayeMoro MeTona CI!CTeMa ypaBHeHHfi ( 13) 

KOHeqHa H COCTOHT H3 2n +1 
m ypaBHeHHfi, rne D m -M8KCHMBJibHbifi HOMep 

83HMyT8JibHOfi rapMOHHKH, KOTopy!O eme MO)I{HO paCCIA8TpHB8Tb B MOUeJIH 

TOHKOrO nyqKa. Mbi 6yneM p8CCM8TpHB8Tb 3BOJIIOUHIO H B38HMOUefiCTBHe 

UJIHHHOBOJIHOBhiX B03MyllieHHfi BllJIOTb AD D m , ITOIJ81'8SI 0 qTO 6onee Bb!COKHe 

rapMoHHKH Boa6y)l{llaJOTCSI Kpatlae cna6o (HeKorepeHTHaSI qacTb nonSI), B co-

OTBeTCTBHH C 3THM ITOJIO)KHM 

llanee He06XOUHMO 38ll8Tb HaqaJibHbie ycJIOBHSI, T,e, cpyHKUHH t/J n ( w ) 

B HaqaJibHblfi MOMeHT BpeMeHH. M hi 6yneM HCXOUHTb H3 HaqaJibHOrO COCTO-

SIHHSI C BeCbM8 M8JibiM ypOBHeM llOJiefi B03MymeHHSI 0 r.e, 1/J n .j, o << t/J o • 

<f>yHKUHIO 1/J O ( W ) 38ll8llHM B 4JopMe pacnpeneneHH51 f aycca BHll8 

2 

N -~ 
e ( 16) 

w 0 - aaqaJibHbill paa6poc B nyqKe. nocKOJibKY aa H£ qaJibHOM aTane npenno

naraeTcSI cnpaBenJIHBOll JIHHeliHaSI TeopHSI, To aaqaJibllbie aaaqeHHSI t/Jn.;, 0 ( w )_ 

MO)I{HO Bblp83HTb qepe3 t/J o (O,w) • 3To nerKo cneJI8Tb C llOMOllib!O ypaBHe

HHll ( 13) B npeae6pelKeHHH HeJIHHefiHhiMH qneaaMH H npennonaraH, qTo 

x/ 
BblllOIJHeHO ijHCITepcHOHHOe COOTHOIUeHHe JIHHeliHotl Te.>pHH 

x/n • 
pH 3TOM npennonar8JIOCb 1 qTo H8 HaqaJibHOl CT8AHH 3BOIJIOUHH 

8MllJIHTYllbl B03MymeHHfi H8p8CT810T IIO 3KCITOHeHUH8JibHOMy 38KOHY C ITOK8-

38TeJieM 3KCllOHeHThl, p8BHbiM HHKpeMeHTy JIHHefiHOfi TeOpHH. 
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Toraa rrony"'HM 

'l'n(w)Jt=O=i ( 17) 
Yn+anw 

3aech A - Manbie "'HcneHHhJe K08cpqmun:eHThi, xapaKTepn:3yJOume pacnpeae-
n 

neHHe BMIInHTYJl HB'IBnhHblX B03My.IUeHHH IIO D , 8 COOTBeTCTBHH C TeM, 

"'TO 6binO CK838HO BbiWe 0 B036yMJleHHH Bb!COKHX rapMOHHK ( n ·> D m ) , 

cneKTp 3HB"'eHHH , ~ n Bbi6HpaeTCH TaKHM o6pa3oM, "'T06bi A n npH n "'n m 

6binH 6bl 3H8"'HTeni:HO MeHhWe 8MIInHTYJl nepBblX rapMOHHK, nepei\neM 

K 6e3pa3MepHoMy E HJlY B ypaBHeHHHX ( 13) - ( 17). BBeneM 

W= 

(1 
n 

w 

<w> 

(1 

< w •> =meR y 

-2 -2 
-~':_ 

__ w_o__ e ·'2 

..;-r;; 

N . <w '> -----, 
Y I <w> y I 

Terre ph HMeeM cneayJOIUHii BHn ypaBHeHHH ( 13): 

+in a w t/J + n I t/J 
<w> -17---

wo 

< w ·> 
---; 

N 

n-n 1 

( 18) 

( 19) 

8 npouecce 8BOnJOUIIH aonMHbl BbiiiOnHHThCH cnenyJOIUHe COOTHOWeHHH, COOT

BeTCTByJOIUHe 38KOHiiM COXpaHeHHH "'HCna "'BCTHU H ITOnHotf 8HeprHH CHCTeMbl 

("'epTO"'KH Teneph 6~aeM orrycKaTh): 
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f¢
0

(w,t)dw=l, 

~ n 1/8 J G;n :J
2 

+ 
n 

-TT 

§4. MeToAHKa qHcneJUihiX pacq~TOB 

lJHcneHHO Heo6XOAHMO HaRTH pemeHHe 38AaqH K1>IIIH Ami CHCTeMbl 

21 KBa3HnHHeii:Horo ypaBHeHHS! B qaCTHbiX npoH3BOAHhiX ( 19) C HaqanbHbi

MH ycnoBHHMH (18). 3Ta CHCTeMa nonyqaeTcH B pe3)nhTaTe pa3no~eHHH 

B pHn <l>yphe no e 1 n (} <flyHKUHH pacrrpeneneHHH 1/J ( U, w, t) H rronH 'tb( 0, t), 

BXOASIIIIHX B HCXOAHOe ypaBHeHHe, aHanorHqHoe OAHOM•!pHoMy ypaBHeHHIO 

Bnacosa nnH 6eccTonKHOBHTenhHOH rrna3Mhi. nocnenHE·e ypaBHeHHe oTnHqa

eTCH OT Haiiiero He TOnhKO 3aMeHOil neKapTOBOi! KOOpUHHaTbl x(-oo<x<+oo) 

Ha nepHOAHqecKyiO (}( 0 '5_ (} ::: 2 TT) , a CKOpOCTH V Ha o6o6IIIeHHbiil MOMeHT 

w ' HO H cymecTBeHHO HHOii: CBSI3hiO Me~ny lb n ( l) H I 1/J n (w' t ) d w . 

OnHoMepHoe ypaBHeHHe Bnacosa pemanoch ql!cn!HHo B pHne pa6oT 

/8 9/ 
(eM., HaiipHMep, ' ). B aTHX pa6oTax npHMeHHnOCb pa3no~eHHe 1/Jn (w, t) 

B pS!A IIO IIOJUIHOM8M. 3pMHT8 OT W , H IIpH AOCTaToq iOM qHcne qneHOB 

pS!Aa B ni060H KOHeqHbiii: MOMeHT BpeMeHH IIpH6nH~eHI'Oe peiiieHHe CXOAHTCSI 

/10/ 
K CyiiieCTBYIOIIIeMy ( B Knacce C) TOqHoMy • C po<·TOM BpeMeHH Heo6-

/9/ 
XOAHMO ysenHqHB8Th qHcno qneHOB pS!A8 • Hac HHT•!pecyeT He TOnhKO 

HaqanhH8S! CT8AHS! 8BOniOUHH 1 HO H B03MO~HOCTh BblX(IA8 CHCTeMbl HB CT8UHO-

HapHbiH pe~HM. noaTOMy pacq~T Tpe6yeTCS! IIpOBeCTH H8 BeCbM8 AnHTenhHOM 

0Tpe3Ke BpeMeHH, qTO IIpHBOAHT K Heo6XOAHMOCTH yq~Ta oqeHh 6onhiiiOrO 

qHcna ( "' 100) qneHOB pHna no w 

B aTofi pa6oTe nnH perneHHH rrocTaBnenHofi 3ana qlf Mhi rrpHMeHHeM 

MeTOA KOHeqHbiX pa3HOCTefi. 
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B aeiicTBHTenbHofi o6nacTH Mbi MO)i<eM rrepermcaTb cHcTeMy ( 19) 

B cneayJOll{eM KOMITBKTHOM BeKTOpHOM Bli}:le! 

atjl atjl 
·---+A --- = a . 

at a w 
( 21) 

3aecb t/1, a - B<~KTOpbl C KOMITOHeHT8Mii 

t/1 = t/1' 
n n 

+ i t/1 " 
n 

a= l 0, a w t/1 '
1
' , ... , 10 a w t/1 ;~ , -a w t/1; , ... , -10 a w t/1 ;0 

a A= A ( t, tjJ )- 2tx:!l MaTpHua, sneMeHTBMH KoTopoll: smmrJOTCH nHHefiHbie 

KOM61iH8Uiili ft/J ~ d W li ft/J ': dw C COOTBeTCTBYIOlllliMii 'lliCneHHb!Mii Ko3ljlqm-

UlieHT8Mii, 

B CHny csoAc rB iflypbe-KoMrroHeHT t/1: = t/1 _:n , t/1 :.'n =-t/1 ': M8Tpli-

ua A HBnHeTCH c1 MMeTpli'IHoll:, rrosToMy ee co6cTBeHHbie 3HB'IeHHH se

wecTBeHHN, TaKHM o6pa3oM, CHCTeMa (21) - rHrrep6onH'IecKoro THrra, 

li ITOCKOnbKY M8Tplill8 A 38BiiCiiT OT t/J 1 CliCTeMa (2]) S!BnHeTCH KBa-

( s MaTeMaTH'IeCKOM CMbrcne). KaK Ha'lanbHbie aaHHhre, TaK 

li Kos$$HUHeHTbi B Jp8BHeHiiS!X Herrpepb!BHO LIH4>$epeHUiipyeMbi, npli 3TOM 

Ill/ 
(eM., HarrpHMep, ) peweHHe 38Jl8'11i KowH cywecTsyeT H eaHHCTBeHHo 

B HeKoTopoM cnoe ( t 0 , w ), rae MoMeHT speMeHH t 
0 

orrpenemreTCH o6pa-

IUeHHeM B IIpOH 3BOLIHOll: ITO w OT HCKOMOA iflyHKUiili, KaK ITOK83hiB8eT 

'lliCneHHbiH 3KCrreplilA:eHT1 3TH IIp01i3BOJlHbie OCT810TCH orpaHH'IeHHbiMii B 

rrpouecce C'leTa, 3a BliCiiMOCTb M8TpliUbl A OT t/J MO)KeT npHBeCTii K TO My 1 

'ITO B rrpouecce 3BCniOUiili CliCTeMa 6yaeT CTpeMHTbCH K eaHHCTBeHHOMY 

HeTp!iBHanbHOMy CTIIUiiOH8pHOMY COCTOHHHIO He38BiiCiiMO OT Bbi6HpaeMblX 

H8'18nbHbiX L18HHbiX, 
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f1epefi.neM K OITHC8HHIO Bbi6paHHOfi pa3HOCTHOfi <:xeMbl, 0CHOBH08 

Tpe6oBaHHe K pa3HOCTHofi cxeMe: Heo6xoaHMO, '-!To6u npu6nH)f(eHHoe perne-

HH8 1 nonyqeHHOe H3 pa3HOCTHhlX ypaBH8HHA 1 npH H3~enbqeHHH IIIaroB C8TKH 

CTpeMHnOCb K perneHHIO HCXOllHOrO llH~~epeHUH8nbHOfO ypaBH8HHH, 

112/ 
I13BecTHo , qTo anH cTpororo aoKa3aTenbCTBa cxoaHMOCTH Heo6xoaHMO 

llOK838Tb annpoKCHM8UHIO H ycTofiqHBOCTb pa3HOCTHoa CX8Mhl, 

Bo3hMeM npHMoyronhHYJO ceTKy c rnaraMH IT<> BpeMeHH H no 

w-h 06o3HaqHM: t/1";. =t/J(kh,mr) ITocne npeaBapuTenbHoro aHa-

nH3a Mbl OCT8HOBHnHCb H8 H8HBHOfi CXeMe, B3HB cne ~YJOIIIee Bblp8)!(8HH8 

-, 

{3(t/J ::1
1 

-t/J ;_+: )+(l-{3}(t/Jkr~1 -t/Jk: 1 ) 

2h 

Torna p83HOCTH08 ypaBH8HHe, COOTB8TCTByJOtllee ( 21 ' 1 HM88T BHll 

2 

K = -h-' 

_ tfm+1 
k-1 

m+l m+l m m 
8 k+l +ak-t+ 8 k+l +ak-1 

4 

2 

15 
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BocnonbsoBaB:u:ach pasno»WHHeM B psm Teii:nopa no .QByM nepeMeH

HhiM, HeTpy.QHO y6e,lHTbCSI 0 'ITO Bb!6p8HH8SI CXeMa anrrpOKCIIMHpyeT I1pH 

h --> 0 ypaBHeHHe ( 21) C OCT8TO'IHhiM qneHOM rrepBoro I10pS!.QK8 0 yMHO-

)I(eHHbiM Ha KO a¢4!11111eHT 2 f3 - 1 • B cnyqae f3 = .!..._ cxeMa - B roporo 
2 

rropSI.QKa TO'IHOCTH. Ecn11 f3 HeMHoro 6onbll!e -i--· To arrrrpoKCHM8UHSI 

6nH3K8 KO BTOpOMy nopSI.QKy. 

Mccne.QyeM ycroil:'IHBOCTb cxeMbi. KaK o6bi'!Ho, rronaraSI I{J m =,\me 1 
k ¢, 

k 

H8H.Q9M C06CTBeHH~e 3H8'IeHHSI ,\ 1 o OTBe'I8!0ll!He C06CTBeHHbiM 3H8'!9HHSIM 

Ill M8TpHUbl A ' i = 1, 2, .•• ' 21 • Heo6xo.QHMhiM Tpe6oBaHHeM ycToii:-

'IHBOCTH SIBnSieTCSI A 
1 
I -s_1. flo.QcTaBnSISI 1/Jm B (22), HMeeM 

k 

,\I 
1-i 0-{3) K/l 1 sin¢ 

(23) 
1 + i f3 K /l 1 sin ¢ 

oTCJO.Qa BH.QHo, 'ITO I A 1 I -s_1 , ecnH f3 '> 1/2 , T.e. cxeMa 6y.QeT Bcer.Qa 

ycToil:'!HBa rrp11 f3 '> 1/2 • 3neMeHTbi MaTpHUbi A saBHCSIT oT , cne.Qo-

B8TenbH0 0 JL.
1 

B I pouecce C'I~Ta MeHSIIOTCSI He TOnhKO no a6conJOTHOii: 

BenH'IHHe, ao Mory-r HSMeHSITh sHaK. Cyll!eCTBeHHo noaToMy, '!To, KaK 

cne.QyeT 113 ( 23) 0 ~ CTOH'IIIBOCTb He 38BIICHT OT 3H8K8 /l I 

Ha K8)1(,[10M C. JOe ITO BpeMeHH Mbl rronyqaeM CIICTeMy pa3HOCTHbiX 

ypaBHeHHH, KOTOpyn 6y.QeM pell!8Tb MeTO.QOM HTepauHii:. BMeCTO ( 22) TOr.Qa 

m+(~) 
A 

m+(q) m 

A +A 

2 

( 24) 

3.Q9Cb q - HOM9p HTepaUHII If q = 0 COOTBeTCTByeT 3H8'IeHHIO 1/J Ha 

rrpe.Qhl.Qyll!eM cnoe. 

YciiOBHe ycTc H'IHBOCTH cxeMbi ( 24) npHBO.QHT K .QononHHTenhHhiM 

orpaHH'IeHHSIM H8 CTHOllleHHe lll8rOB K • lleii:CTBHTenbHO, l10.QCT8BHB B CX9-
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H 
A (q l 

OTciOna BHnHo, 'ITO Ha'!HHaH co BTopoit HTepaunn I A 
1 

I -::_ l , ecnn 

Kl JL. I-::_ 'J/1Jl.;; l , fJ '> l/2 . J.1TaK, ycnoBHeM, o6ecm·'!HB8IOll!HM ycTO~i'lHBOCTh, 
' x/ ,... 

6yneT : 

K 
T 

--< 
h 

y2fJ-l 
fJ 

l 

max I JL 1 I 
i 

Bbi'lHCnHH JL 1 , Mbi Bcerna MO)!(eM H3MeHeHHeM fJ no6HThCH BhmonHeHHH 

yKa3aHHoro ycnoBHH. 

OnHaKo B rrpouecce C'leTa 6bmo 3aMe'!eHo, 'lTO rrpn t ""5 Ha rnanKne 

no CHX rrop ~YHKUHH H8'IHH8IOT H8KnanbiB8TbCSI He6onhurHe OCUHnnHUHH ITO w, 

DO-BHnHMOMy 1 OHH OTHOCSITCSI K p83HOCTHbiM 9<jl~e (T8M, Mbi rrpo60B8nH 

yBenH'lHB8Tb H yMeHhlll8Tb ( H3MeHeHHeM fJ ) TO'l IOCTb arrrrpOKCHM8UHH, 

rrepexonHnH Ha npyrHe CX8Mhl TH!18 rrpenHKTOp-KO~peKTOp H T8K H83hlB8e

MyiO cxeMy "c'leT-rrepec'!eT", OcunnnHUHH HeH3MeiHO rroSIBnHIOTCH, J.1 Bee 

)1(8 BnHSIHH8 HX He O'l8Hb CyU18CTB8HHO, llnH 90% ~'O'leK H8 KpHBOH 1/J O (w, t) 

B KOHUe C'leTa ilpH t = 8, 0 pa36poc He rrpeBb!lll8€T 1% OTHOCHTenbHO TO'leK 

KpHBOH, ilpHBeneHHOH B cnenyiOureM rraparpa~e. J.13 OCT8Bll!HXCSI 10% HMeeT

CSI nHlllb HeCKOnhKO TO'leK C OTHOCHTenbHb!M pa36f10COM, noxonHlllHM no 5~ 

3aMeTHM T8K)!(e 0 'ITO YK838HHbie OCUHnnHUHH COBC8M He ilpOHBnHIOTCSI 

B HHTerpanax 9BOniOUHH 1 COOTBeTCTBYIOlllHX ~H3H'l€CKHM 38KOH8M coxpaHe

HHSI, KOTOpbie coxpaHHIOTCSI C 6onhll!OH TO'lHOCTbiO B T8"!8HHe Bcero C'leTa, 

xl .. 
llaHHBH cxeMa ncrronh30Banacb B.B. PycaHOBhiM nnH paC'JeTa 3anaq 

ra3oBoi1: nnHaMHKH/13/, TaM )i(e MO)!(HO HaiiTH rronpo6HoCTH noKa3aTenhCTBa 

YCTOH'llfBOCTH. 

17 



LlnSI pacq~ToE 6binH Bb16paHbi cneJlyJO!IlHe napaMeTpbi, aaH6onee HH

. /1 2/ _;_v_ l 
TepeCHbie C TO'IKH 3peHHSI BeJly!IlHXCSI 9KCnepHMeHTOB ' : y y = --ys- , 

_!!._ = lO 
a 

; H JlBa 3HaqeHHSI aaqanbaoro pa36poca no aaeprHH w 
0 

=5; 10. 

8 uenSIX H3Y'l eHHSI 38BHCHMOCTH OKOH'I8TenbHbiX pe3ynbT8TOB OT Bbl-

6opa H8'18nbHbiX Jlll HHbiX paCCM8TpHBanHCb cneJlyJO!IlHe JlB8 B8pH8HT8 

aaqanbHoro pacnpe1eneHHSI aaeprHH B03MymeHHSI no aMnnHTyJlaM rapMo

HHK ( CM, pHC, 1 ( 11 0 6) H Ta6n, 1), 

KpoMe Toro, HcnonbsoaanHCb saaqeHHSI KOMnneKcaoro HMIIeJlaHca 

an cornacao Ta61Hue rrpHno~eHHSI, 

HaqaeM o6cyJKJleHHe pesynbTaTOB 'IHCneaaoro pac'I~Ta c rroaeJleHHSI 

rronaoi! aHeprHH IIOlSI WE= ~ n 1 ;al~n;~Bo BpeMeHHt=y 1 t. Ha pHc. 2a 

rrpeJlCTaBnea rpaqm { WE ( t ) JlnSI wo • PoeT aaeprHH BcneJlCTBHe 

HeyCTOii'IHBOCTH H8 H8'18nbHOi! CT8JlHH C XOpomei! TO'IHOCTb!O 8IIIIpOKCHMH

pyeTCSI KpHBOi! \l' E " e
2 yt , r)le y - cpeJlHHil ITO rapMOHHK8M HHKpeMeHT0 

COBII8Jl8101IlHil C IIOJ:y'leHHb!M 8H8nHTH'IeCKH, 

3aMeTHOe OTnH'IHe OT nHHeiiHOi! TeOpHH B03HHK8eT IIpH "' 2, 7 

H WE "'0,2 .I0-
2 

• B aToll o6nacTH aKcnoaeHUHanbHbilt saKoH HapacTaHHSI 

H3MeHSieTCSI 0 H II pH l ,,;3;35 , \l' ,0, 7 .lO-ll IIOSIBnSieTCSI IIepBbilt "3arH6' 
E 

HnH M8KCHMYM H8 ·'p8lPHKe 9HeprHH 0 0JlH8KO IIOCne He6onblliOrO yMeHbllieHHSI 

9HeprHSI IIpOJlOn~aeT paCTH JlO t"' 4 
-2 

H \l' E"' 1,5 .10 , 3JleCb B03HHKaeT 

BTOpOi! M8KCHMyM, IIOCne KOTOporo 9HeprHSI 3H8'1HTenbHO yMeHblli8eTCSI 0 

JlOCTHr8SI IIpH t "' 5 
-2 

3H8'1eHHSI \l' E "'0,3 • 10 , T,e, B JlB8 p838 MeHblliero, 'leM 

B rrepBOM M8KCHMy:.1e, LlanbHei!mee IIOBeJleHHe 9HeprHH IIOnSI BO BpeMeHH 

-2 
HOCHT OCUHnnHpy!OU Hi! X8p8KTep CO cpeJlHHM 3H8'1eHHeM \l' E"' 0,8 • 10 0 'ITO 

CBHJleTenbCTByeT 0 H8CbiiileHHH p8CCM8TpHB8eMOi! HeyCTOH'IHBOCTH, 
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Ta6nHua 

n 1 2 3 4 5 6 7 8 9 10 

A X 103 
n 

1,4 1,54 2,2 2,4 2,85 1,6 0,9 0,4 0,2 0,06 
a -

A xl05 70 35 25 18 15 8,8 3,0 1,6 0,6 0,05 
n 

A. X llf 15 29 15 8,0 3,4 0,8 0,16 0,032 8x10-3 4,2x10 -3 

b 
n 

-3 6x10-4 5x10-5 
A X 105 70 48 15 5,4 1,35 0,2 0,019 1,3x10 

n 

-CD 



1-----·· - ··----------~--·- --------------~ 
6 

10 w,.. I 
t = o.o i 

6· I 
a 

'-1 

2 

) 2. Lj 6 \ 10 n. 

i06 WI'\. 
t =0.0 

6 

'-1 6 

2 

2. Lt 6 '6 10 n. 

PHc, l,a H 6. llBl BHna aaqanhHhlX pacnpeneneHHA aaeprHH nonH Boa

MymeHHA DO HOMef·BM rapMOHHK, fpa<jlHKH 8BOniOUHH HB pHC, 3-6 llBHhl J:WSl 

cnyqaH a 
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• r - i02W~--

1.~i 

1.'2 

1.0 

0.'6 

0.6 

O.'i 

0.2 

2 

r --·-t .. 
10 we. 

I 1.lj 

t.o 

0.8 

0.6 

0.2. 

a 

$ 6 7 

. --l 
I 

\} 
I 
! 

6 

2 6 

Pn:c. 2,a H 6. nonHaH 8HeprHg rrong B03MymeHH~ K8K $yHKUHH BpeMeHH 

( H8'18nbHhie ycnOBHH 8 H 6 COOTBeTCTBeHHO), 
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'l 

1 

'1 

2 

t =3.S 

n. 

A 107.Wn 

0 

t =~.0 

10~W n 
tzS:5 

2 

2 '1 6 8 fO n Av 
n. 

\O~Wn 
3 t =1.5' 

0 2 ' '\0 n 

PHc, 3, CneKTp B03MymeaHft - pacnpeaeneHHe aaeprHH nonH no HoMepaM 
rapMOHHK QnH MOMeHTOB BpeMeHH l =·3,5 ; 4, 0; 5,5; 7,5 . 
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PHC, 4, OoaeneHHe aMnnHTyn nomi nepaol!:, nSITOH1 neCSITOl!: rapMOHHK BO 

BpeMeHH, 

MOHHK CTpeMHTCSI K HeKOTOpOMy cpenHeMy 3HaqeHH~1 noqTH He aaBHCSillie

My OT HOMepa rapMOHHKH, TaKaS! CHTyaUHSI MO}f{eT Ob!Tb <jJHanqecKH nOHSITa 

KaK cTpeMnenHe c:IcTeMbi K paanopacnpeneneHH~ sneprHH no rapMOHHKaM 

H3-3a HX HenHHel!:foro B3aHMOlleHCTBHSI, 

Onnol!: H3 aa:KHbiX xapaKTepHCTHK SIBnSieTCSI H3MeHeHHe nyneaoi!: rap

MOHHKH, onHCb!Ba~ lleH pacnpeneneHHe qaCTHU no SHeprHSIM B KOnbUe 

(t/J 0 = N dO) . Llo 'vfOMenTa =·3. 5 1 Korna B03HHKaeT nepBbiH HenHHei!:Hbil!: 

c6oi!: <jlaa, peaynbT1Tbi HMe~T HeKoTopy~ aHanormo c H3BecTHoi!: Kapnmoll: 
/14/ 

nHHaMHKH KBa3HnHIIel!:Hoi!: penaKca UHH • Ha pHc. 5 BHnHo B03HHKHOl>c 

HHe CTyneHbKH THDa "ynapHOll BOnHbl
11 B 8HepreTHqeCKOM npOCTpaHCTBe 1 

"pacnpoCTpaHSI~llie i:cSI" B CTOpOHy MeHblliHX SHeprHfi, 0TMeTHM 1 qTQ B pac-

cMaTpHBaeMoi!: aan.1qe KBaaHnHHefiHoe npHonH*eHHe, cTporo roaopSI, He 

rrpHMeHHM0 1 TaK K~K H3MeHeHHe "<jloHOBOl!:" <jlyHKUHH pacrrpeneneHHSI rrpo-

HCXOllHT rrpHMepHO C TeM }f{e xapaKTepHbiM BpeMeHeM 1 qTQ If "OCUHnnHpy~-
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'fo (t,w-) 

t =-0.0 2.0 

-3.0 -2.0 -to 0 1.0 2..0 .....,... 

PHc, 5. 3somoumi <jlyHKU.H.H pacrrpeaeneH.HSI 'laCT.HU no v B KOnbUe 1/J O (l, W ). 

meii:", KpoMe Toro, "yt:tapHaSI BOnHa" BD3H.HK88T H8 OCJIOBHOH <jlyHKU.HH 

pacrrpeaeneH.HSI B cny'lae rHapoaHHaM.H'IecKoii HeycToii'IIIBDCTH. TaK.HM 

o6pa3oM, rrony'leHHLie pe3ynhT8Tbi rroKa3biBaiOT, 'ITO aq<jleKT pacrrpocTpa

HSIIOII1eiicSI yaapHOll BOnHbl SIBnSieTCSI xapaKTepHbiM t:tnSI lHHaM.HKH pa3BHT.HSI 

3Ha'IHTenbHO 6onee umpoKoro Knacca HeycTOH'IHBocTeii. Bo3MO)I{HO, 'ITO 

H8KHM <jl.H3.H'I8CK.HM OCHOB8H.H8M 8TOrO <jlaKTa SIBnSieTCSI T0 1 'ITO C8MO o6-

p830B8H.He "yaapHoii" BDnHhl IIpHBOt:I.HT K HanH'I.HIO t:IBYX pa3n.H'IHhlX xapAK

TepHblX speMeH, B o6meii t:tHHaM.HKe pa3B.HT.HSI HeycToii•msocTH aTa cTat:t.HSI 

38H.HMaeT OTHOCHTenbHO He6onhWOe BpeMSI ~ ~ = 0,5 ( 01 t = 3 LID t =3,5 ) • 

8 MOMeHT t = 3,5 IIOSIBnSieTCSI c6oii <jla3 .H B03HHK88T HC BaSI "yaapHaSI" BDnHa 1 

.H 38T8M IIOSIBnSIIOTCSI OCU.HnnSIU.H.H B pe3ynbTaTe H8nO)I{EH.HSI pSit:18 T8KHX 

"yt:tapHbiX" BOnH (eM, p.HC, 6), 

<l>poHT pe3ynbT.HpyiOll18H BDnHbl IIOCT8II8HHO 38M8t:l flH8TCH ( IIp.H l = 4,5 ) 1 

.H B03H.HK810T OTHOC.HTenbHO Cna6bi8 .H Met:tneHHbie "yaapHbie" BDnHhl 1 pac

IIpOCTp8HSIIOIU.H8CSI B CTOpOHy 6onhiU.HX 8Hepr.HH, 0TM8TI!M 1 'ITO IIOCne C60SI 
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2..0 

t =S'.S 

--~------~~~---------+--------~~~~~--~--------~~ 
W" 

-3.0 -; .o -1.0 
0 1.0 2.0 

Pnc. 6. 3aoniDUHH $rHKUHH pacrrpeneneHHH qacTHU rro w 

$a3 arrpH l = 3,5 OT l = 3,5 no l = 4 0 K8K cnenyeT H3 pHC, 2a 0 wKB8-, 

3HnHHeli:Hble" ITpOU€CCbl 38MeHSIIDTCSI pe3KHM B03p8CT8HH8M \V E 0 qTo M0)1{8T 

!16! 
6bJTb HHTeprrpeTHpO B8HO K8K HenHHeli:HaH B3pb1BH8H HeycToll:qHBOCTb 

6biCTpO CT86HnH3HpyiDW8SICSI C pOCTOM ::meprHH ITOnH, 

HacToHwne pltcq~Thl rroKa3hiBamT, qTo nnHaMHKa pa3BHTHH t/1 0 HMeeT 

xapaKTepHbie aeo6paTHMbJe qepTbi ( rrpeHMymecTaeaaoe ywnpeane t/1 0 a 

CTOpOHy MeHbWHX :•HeprHll:), B pe3ynbTBTe B03HHKaeT CnO>KHblll: HenHHeli:Hb!ll: 

caMocornacoaaHHhil pe)KHM, a KOTopoM pa36poc rro ::meprHHM 

Bb!COK H CpaBHHM f,Q BCeX p8CCMOTpeHHblX cnyqaHX ITO ITOpHnKy BenHqHHbl 

C nHHeli:HhlM KpHTH•eCKHM pa36pOCOM, 

/I 2/ 
CywecTaymwne a HacToHwee apeMH sKcrrepnMeHThi ' cooTBeTcTay-

IDT HaqanbHOMY pa~6pocy ;
0 

=2%, qTo HaxonHTCH a6nH3H rropora ycToll:

/2/ 
qHBOCTH 0 rrpH 3TOM 1 K8K ITOK83b!B8IDT H3MepeHHSI 0 H3nyqeHHe H3 KOnbl18 

nnHTCSI BeCbM8 KOpJTKOe BpeMS1 0 ITOpHnKa HeCKOnbKHX o60pOT0Bi OUeHHBBSI 
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BpeMSI p83BHTHSI HeyCTOll'IHBOCTH no H8CbiilleHHSI l :o 5 + 6 ( CM, pHC, 28) 

- 8 -1 
npH y "" 10 ceK 0 H8XDnHM 0 'ITO H3Dy'leHHe KODbU8 B p3CC'IHT8HHOM H8MH 

cnyq8e nnHTCSI npHMepHo 50 HCeK, 'ITO H8xonHTCSI B xoroweM corn8CHH 

C H86moneHMSIMH. 

ABTOpb! BeChM8 6n8ron8pHbl 3.A. nepenbrnTeiiHy, 13.n. C8p8HUeBy 

38 HHTepec K p86oTe H o6cy:lKneHHe, M.r. MemepSIKOBy 38 rronnep:lKKy, 

M.r. Hexaeaolt 38 BbiiTDnHeHHbie 'IHCneHHbie pacq~Tbl HMrien8HC8 H M.E. ro

DOBOlt 38 ITDMOillb B O~OpMDeHHH pyKDITHCH, 

Bbi'IHCneHHe a 0 B popMyne ( 13) 

BaeneHHBSI B ~opMyne ( 13) aenH'IHH8 an npocTo :BSI38H8 c HMrrenaH

/5/ 
COM Zn 

a = n 

2 -e w 
277 

Z n ' ( nl) 

llnSI H8XO:lKneHHSI an 6yneM HCXOilHTb H3 o6mero Bbip8:lKEHHSI HMITell8HC8 

,'5/ 
nnSI ITY'IK8 B UHDHHilpH'IeCKOM BDDHOBOile, nonyqeHHOM B 

YcTpeMDSISI p81lHYC BDDHDBOil8 K 6eCKOHe'IHOCTH B ~DpMyne (1,20) 

H3/5/ Z n ITpHXOilHM K cnenyJOilleMy Bb!pa:lKeHHIO llDSI 

2 ---
J n (n ~ x ) y 1- xll '4rr:an:a [ f 

Zn=---c--- 0 
X 

-i( f 
2 2 J n (n ~ x ) V x - 1 

X 

2 
-dx+~ f 

0 

2 "" 
dx-~ f 
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Bbtpa}l{eHHe ( D2) 

z 
n 

3nech 

11 = f [ 

2 : 

neperrHIIIeM B HeCKOnhKO npyroM BHne: 

417 2 2 n 
[ -1 I + i I 2+ il 3] • 

c 

2 2 '2 
Jn(nf3 xh/1- X 

+ f3 2 
Jn(n{3x)x 

X 

"" _1_ f 
y2 1 

X 

y'I-x 2 

2 
Jn(nf3 x)y'1-x 2 

d X, 
X 

J~ 2 (nf3x)x 
==--] dx. 

( n3) 

-ldx, ( D4) 

( n5) 

( D6) 

HeTpynHo y6enHT!CH, qTo HHTerpan I 2 pacxonHTCH Ha sepxHeM rrpenene, 

x/ 
I 1 H I 3 - KOHeqHbte Bbtpa}l{eHHSI • PacxonHMOCTh CBSI3aHa c TeM, 

qTO HCXOUHOe Bblf 8}1{eHHe Z n HBITHCBHO UnSI 6eCKOHeqHO TOHKOf'O KOnhU8, 

YqHThiBaSI, qTo rrc rrepeqHoe ceqeHHe Konhua HMeeT panHyc, paBHbttl: a , 
/5/ 

cnenyeT, KBK He"pyUHO ITOK838Th ( CMo ) , orpaHHqHTh BepXHHtl: rrpenen 

HHTerpHpoBaHHSI B I 2 senHqHHotl: - 1- _!L, rne n << __!l_ • Torn,' I 2 nf3 a a 
HMeeT oueHKY 

I 2 
2 

In R/ a. ( n7) 

I /51 
X B pa6oTe rrpH BhlqHcneijHH HMrrenaHCB B CB060UHOM ITpOCTpBHCTBe 

6bma norrymeHa HE ToqHOCTh: li.HTerpanhi 12 , 13 6btnH oT6poweHh1 no cpaB-

HeHHJO c I 1 • Ha caMoM nene, KBK HBM n106e3Ho yKa3an M.n. neBHH, 

I 1 H 13 onHoro rropSinKa. HeTpynHo rroKa3aTh, qTo yqeT aToro o6cToSI

TenhCTBa H3MeHSier KOnHqecTBeHHhle pe3ynhT8Thl nHHetl:Hotl: TeOpHH (HHKpe

MeHT H nopor HeycTOtl:4HBOCTH) rrpHMepHO HB 25%, 
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llnR nanbHeftrnero npeo6pa3oBaHHR HHTerpanoB [ 1 

HCrronh3yeM cnenyJOWHe <jlopMynhi J:WR 6ecceneBbiX <jlya:mHft: 

2 1 
J ( n f3 x ) = -- J J 

0 
(2 n /'h sin y ) cos 2 n y d y • 

n TT 0 

1T 

( 09) 

B HHTerpane I I nocne HCIIOnb30B8HHR ( nB) H ( 09) :::nenaeM 38MeHy 

rrepeMeHHb!X X = cos 8 , Torna: 

I I 

2 

dO 
1T 

f Jo ( 2 n f3 COB e sin y ) cos 2 r y Cos e d y + 
0 

rr/2 ;r 
f3 1 d +-- <-+ --) 

TTn f3 df3 
f d e f J I ( 2n f3 Cos e Sin y ) Cos ~ n y Sin y d y 

0 0 

83RB HHTerpanbi ITO 8 

rr/2 

117/ 
B ( 010) C IIOMOllibiO <jlopMyl bl 

f Cos2JL8 J 2 v (2aCos8)d8= T JV+JL (a)JV·-JL (a) 
0 

(ntO) 

( nt 1) 

H Bbipa3HB <jlyHKUHH EeccenR rronoBHHHoro HHAeKca ~eJe3 TpuroHoMeTpH~ec

KHe <jlyHKUHH, nony~HM 

I 1-{3
2 

JTT Cos2nySin(2nf3 Sin y) d _____§_ d 
7
c 2 C (2 f3S" .>d 

1 =- - y + -- - " OS ny OS n 1D y y • 
2 TT n f3 o Sin y 2 TT n 2 d f3 o 

( nt2) 

J.1HTerpanbi B ( n 12) nerKO Bb!p83HTb ~epe3 <jlyHKUHIO Eecceng c IIOMOlliblO 

HHTerpana Eecceng H OKOH~aTenbHO HMeeM: 

1 2 f3 . 
I=--- [n/3 J' (2nf3)-n 2 (1-f3) f J (2JaOdc;J. 

I f3 n2 2 n O 2 n 

( nt3) 
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0 

Bbxpa>KeHHe ( n 13) :>TnH'!aeTCSl 'IHCneHHb!M KOa4$HUHeHTOM OT H3BeCTHOA 
118' 

$opMynhl illOTTa llnSl CHHXpOTpOHHOrO H3ny'leHHSl 0/lHHO'IHOrO aneKTpO-

Ha. 

nepeitneM Ten3pb K HHTerpany J a 1 onpenenmomeMy MHHMYIO '18CTb 

HMlle)l8HCa. J1cnonb:lyR OllSlTb ( n8) H ( n9) H cnenaB ll0/lCT8HOBKY X= ch (), 

nony'IHM 1 8 s BH/ll!! 

2 00 

13=~! 
7T 0 

X f 
0 

7T d() 
-- f 

ch () 

dO 

ch () 

0 

7T 

f J 
0 

( 2 n ,B ch () Sin y ) Cos 2 n y d y . 

11HTerpanhi no () 
/17/ 

B ( n 14) 6epyTCSl C llDMDlllbiO $opMynhl ! 

00 

( nt4) 

f J (2ach0) ch [ .,8-v)O]d0=--
17
-[J (a)N (a)+ N (a)J (a)l,(nt5) 

V+ p. 4 p. V p. V 

H nocne ae6onbwHx 1rpeo6paaosaHHi1 npHXDilHM K cnenyromeMy peaynhTaTy 

( n 16) 

3nech sseneHa $yHKl HSl Be6epa E ( z ) : 
m 

E ( Z) = 
m 

I 
7T 

f sin(my-z siny)dy. ( nt7) 
7T 0 
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Terrepb HMrreaaac (n2) 6yaeT HMeTb BH!l 

n c 
[ - n f3 J ' (2 n f3 ) - i n f3 E ' 

- 2 n 2 n 
z 2n 

(2n f3 )+ i ---- In R/u + 
- rrf3y2 

1 

~ 

( nt8) 

8 HHTepeCyiDilleM HaC cnyqae TOHKHX penHTHBHCTCKHX IT)qKQB 6yaeM 

cqHTaTb 1 qTQ BhliTOnHeHO ycnOBHe 

n << y 3 • ( nt9) 

Toraa rrpH ManhiX n qHcneHHhi~ pacq~T, a rrpH 6onblllHJ n ( Ho yaoa

neTBOpHIDillHX ace .lKe ycnoBHID ( n 19)) aHanH3, rroao6Hbi~ npoaeaeHHOMY 

/18/ n 
a , rroKa3biBaeT, qTo TpH nocneaaHe qneaa a ( n 18) nopHaKa ( -:-:;r) 

y 
OT nepBblX llBYX H HMH MO.lKHO rrpeae6peqb. npH 1 << n << y 3 !lnH npOH3BOll-

HO~ oT !f>yHKUHH Be6epa HeTpyaHo nonyqHTb npH6nH.lKeHH,>e Bbipa.lKeHHe 

E' (2nf3),_ 
2 n 

1(2/3) 

2" 0 2/3 3 1/3 
(n20) 

CooTBeTCTBeHHO 

3
116 

£'(2/3) J; n (2 n {3 ) "" 
2 "n 2/3 

(n21) 
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Pacq~Tbl IIOKa3b!B9JOT, 'ITO IIpH6nH)I{8Hll8 ( I120) C 5%-Hoi!: TO'IHOCThiO 

ro.QHTCH .QnH n1061 IX n 1 a ( I121) - Ha'IHHaH C n = 4 

B COOTB8TC1 BHll C ( I1 1) a 3allllill8M B Bll.Q8 

a 

n 

217 e 2 

=---(-a 
R 

+ i b ) . 
n n 

( I122) 

To'IHhJe 3Ha'IeHHH .QnH rrepBbiX '18Tbipex 3Ha'IeHHi1 n cBe.QeHbi B Ta6nHuy .2, 

a rrpn n '> 4 

a "'...;"73 b "' 0,26 n 
1

/
3 

• 
n 

( I123) 

Ta6nnua 2 

n 3 4 

a 0, 284 O, 298 0,349 0,389 

~------------------------------------
h

1 
0,156 0,195 0,222 0,244 
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