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MMPEJVICJIOBUE

Pemenne OCONBIIMHCTBA 3agad TeopeTHUeCKOl (PHIMKH
HaUMHAETCA ¢ IPMMEHEHHA KaTeCTBEHHLIX METONO0B, KOTOPLIE
COCTABIAIT Hambollee HPHBIEKATENBHYIO M KpPacHBYIO 0CO-
GennocTs »Toil HayKd. [loJ KauecTBeHHHMH METOAAMU MEI HO-
HEMaeM PA3MepHLe ONeHKM W OLEHKM C TIOMOIbI0 MPOCTLIX
Mojieieil, M3ydeHye IpeflellbHBIX CIyIaes, KOrga MOReT OBTH
HCHONBIOBAHA MAILOCTH KAKOro-Imbo mapaMeTpa, MCHOb-
gOoBAHME AHAJATHIECKHX CBOMCTB (QU3HYECKMX BeamInH i,
HAKOHel[, N3BJeUeHNe CJIeJCTBHA M3 CBOHMCTB CHMMeTDHH,
T. . M3 MHEBAPHAINTHOCTH OTHOCHTEILHO KaxMx-1u6o mpeol-
pasoBaHmil, Hanpumep, HHBAPMAHTHOCTH OTHOCHTEIBHO mpe-
o6pasopanuit Jloperna wiK H30TONHYECKON MHBAPUAHTHOCTH.

Kax mokasmBaer NefarornuecKHil OIET, HMEHHO 3Ta
CTOpoHa Teopermueckoit GMIWKE TPY/IHEe BCero AaeTcA Hadi-
HAIOMuM.

K cojkaleHmo, OGHYHO METOAL TeopeTHiecKod QU3MKH
msinaraorca GOpMANBHO MATEMATHUYECKH, a He B TOH KOH-
CTpYKTMBHOH (opMe, B KAKOHM HMH HOJIB3YIOTCA B HayTHod
paGore. 3ajaua KHUTH — BOCIONHHUTEH 3TOT mpoGen, T. e.
Hay9uTh HaumHaouero ¢@3MKa-TeopeTHKA HPaBAILHOMY
HOJXOAY K DPemieHHio HayYHHX 3ajat. dra meib B BHAUMTEND-
HO# Mepe ompefelNdeT XapaxTep H3IOHKEHHA. Bee obmume pe-
3yIbTaTH MOAYUAIOTCS CHAdala HA YACTHRHIX IpPEMepax, Ha
VOPOmMEHHHX G0 Ipejela MofelaXx.

Dopmanbhoe U3IT0sReHNE, TPH KOTOPOM yOpaHL Bee CIeJsl
HOCTeIeHHOro TOAXOZa K PeayrbTaTy, BCe CIeAbl «moTan,
MOJKeT, KaK HaM Kaskercs, BHYIIATH HAUMHAIOIMEMy HayTHO-
My paboTHHKY UYyBCTBO HENOJHOIEHHOCTH. TloaToMy aBTOP
crapalcd TO BO3MOKHOCTH [OKAa3aTh MEXaHU3M MOAXOMa
K 3ajgatve, oco0eHH0 Ha HePBOH CTajguy paGorn. Pasymeercsd,
APH 3TOM HPHMXOJBTCA OTKA3aThCA OT CTPOTOCTH H3IO0MKEeHMA,
HO 3aTO PACKDPHBAIOTCH (COKPETH pemMecia, T. €. MaJeHbRHe
XHTPOCTH, KOTODhie YCKOPAIOT HONyYeHHe PC3ylpraTon.




8 HPENHUCIIOBUE

O6sraaas omm6Ka HAYHHAOIIEX — 5TO JKEJAHHS cpasy
DOHAMATB BCO /10 KoHna. B nelicTBUTeN bHOCTH MOHMMAHNE BO3-
HHKaeT MOCTeNeHHO 110 MePe NPHBHKAHAA K HOBEIM MOHATHIM.
Onsa ms TpymHocteit HayuHOM paGoTH COCTOMT B TOM, 9TO
HeNb3A NPOJBUIaThCA BOepen 6es ACHOr0 MOHMMAHHA, HO IO-
HAIMaHHe BOSHMKA®T TONBKO B pesyinbrate pabore. Kammoe
BaKOHYCHHOE HCCIOHOBAHME O0BHAYACT NPEOXOJCHHE DTOTO
OPOTUBOPeYHA. AHAIOTHIHKE TPYAHOCTH HeM8GEKHO BOSHUK-
HyT IPU YTeHWH 5TOH KHWIH. ABTOP HAjeeTcs, 9T0 K KOHIY
9TeHHA OHM GyAyT TpeomoleHEH.

Rasxpas ms mecTn raap keurm HadmHaeTesd ¢ nogpoGHOTO
BBeJICHUs, B KOTOPOM B IpocToit opMe msmaraercs ¢uamye-
CKHH CMHICI NOJYYeHHHX B TJIaBe pPe3yABTAaTOB.

Ileperie Tpu TIaBH KHETH MOCBAIEHH DABMEPHHM H Mo-
ACNBHEIM ONEHKAM B aTOMHOM MeXaHWKe, IPUMCHEHHAM pas-
JAMTHEX THEOOB TEOPHME BOSMYMCHHH ¥ KBABHKIACCHIGCKOMY
OpubimKeHmo. ITH IJIaBH NPeICTABISIOT co6oi B nepepa-
GoramuoM Buze xHmry A. B. Murpmama m B. II. Hpaitaopa
«[lpubnmuxesane METONEH KBAHTOBOM MeXaHHKI» («Hayxa»,
1966 r.).

YerBepras riaBa MOCBAMEHA DABIHIHKM Ba7aYaM, [IA
peIleHAsT KOTOPHX HE0OXOAMMO HMCHOJIBBOBATH AHAINTHIG-
CKHMO CBOHCTBa (MBHYCCKHX BeJHIMH.

B naroit rmaBe passmBaercs rpadmuecxmii METOJ{ B ero
npuMeHeHHe K B8ajaye MHOTHX TeJ.

Haxrosern, mecras riaBa mocpAmeHa BOOPOCAM, CBABAH-
HEM CO B3AaMMOJEHCTBHEM HIXEMEHTADHBLIX UACTHI HA MAJLIX
paccrogauax. VMmenHo B 2710it mpo6ieMe KBaETOROH TeoPuu
00JiA FIaBHYI0 PONb UI'PaeT NPHMEHeHHE KAUCCTBEHHEIX Me-
TOHOB.

ABTop BHIpaykaeT rayGokywo 6GiaroxapHocTs A. A. Mur-
pany, A. M. Ilonaxosy, B. A. Xogeno 3a MHOTOUHCIICHHEE
coBeTH ® o6cymyerna u B. II. KpaiiHoBy 3a moMomp B Bh-
Oope marepmanma mEpPBHX Tpex TiaB.  ABTOP 6imaromapur
TaK;e CBOMX Apysed m yueHmkoB I'. 3acemkoro, II. Bocxpe-
cenckoro, H. Hupwwenxo, O. Mapkmna, W. Mumycruna,
I'. Copormra u A. YepHoynana sa moMomp B OATOTOBKe Py-
Kom|cH,



raTABA 1
PA3BMEPHBIE U MOJAEJNBHBIE OIJEHKH

Hu opna sagmava B ¢usmre He pemaercd TouHO. Bcerpa
npuXoAMICA npeHeGperath BIMAHNGM KaKMX-IN6O BO3fei-
¢TBH#l, KOTOpHE HE CYMIECTBeHHH [AJA M3YyT1aeMOTO fBIIeHHA.
Ilpu »10M HYKHO yMeTh OMEHHBATH OTOpAaCHBaeMBe BEJIHIH-
Hu. Hpome Toro, ciemgyeT [0 moiaydeHHMA KOJHYECTBEHHOTO
pesyibTaTa MCCAEZOBATH HM3yYaeMoe MABRJIeHMe KaleCTBEHHO,
T. €. OIEHHUTH NOPSAOK HM3YYaeMOil BeJIMIMHH M IO BOBMOM-
HOCTH HAHTH XapaKTep pelueHHA.

Insa srofl menu sagava cHagalia paccMarpMBaeTcd B MaK-
CAMaJIBHO yNnpomeHHOM Bmae. Hanmpumep, ecim peub HAeT
0 JABIDKEHMW YaCTANK B KYJIOHOBCKOM TIOJIe, TO BMeCTO 3TOTO
PaccMaTpHBAETCH €6 IBM;KeHMe B IPAMOYTOJIbHOI NOTeHIMaNb-
HO# siMe, ¢ COOTBeTCTBYIOmUM 06pasoM HogoGpaHHO#R rayGm-
HO#l M INEpPMHOHA, 3aBUCAMEH OT SHEPTHH YacTHOH, H T. .
HKpome Toro, ciemyer pac-
CMOTPeTh BcCe IpeJeJbHEE
ClIy9ad, B KOTOPHIX pPemeHue
ynpomaerca. Haupumep, ec-
am TpebyeTcda peIudTh 3ama-
9y 0 paccessHHHE YaCTHI OPO-
HM3BOABHOHE SHEPIHH, CICXYOT
paceMoTpers cHauajia Ipe-
OeIbHEE CIyIam MAJIHX H Puec. 1.

Gonbmux 3HEprmii U mpocie-
METh, KAK CONPATAIOTCA COOTBETCTBYIOMM® BHPAKCHHA B
OPOMEKYyTOUIHO#H obracTd aHeprmit.

Lens sTolf riaBH — HAayYdTh YMTaTeNs IONYYaTh IPH-
ONMKeHHEE peIIeHHA M3 DAasMEPHHX OINEHOK ¢ HOMOIIBIO
YOpomeHHOH MOjell M3y1aeMOr0 ABICHHA.

B mexoTopmx ciywasx pasvepHHEe ONEHKH IOBBOJAIT
OOXYIATh M KOJNHYeCIBeHHHE COOTHOmeHuA. [okameM, Ha-
opaMep, teopemy Ilmdaropa ms pasmepHEX coobpakeHmHi.

8 PasMepPHOCTH BEITeKaeT, 4TO INIOMANb TPOYTOJIHLHAKA
(puc. 1) MoskHO BammcaTs KaK KBagpaT THIOTeHYSH ¢2,




10 T, {. PABMEPHBIE U MOJOEJLHBLIE OUEHKNA

yMHO)KeHHHE Ha Hexoropyio ¢yEkmmio yraa f(a). To ixe
caMoe OTHOCHTCA K IIOMAfAM [ABYX NOACOHHX TPeyroib-
EnkoB ABD u BCD, 1iia KOTOPBHIX POJIb THIOTEHY3H HIPAIOT
KaTeTH MCXofHOro Tpeyroinbrmka. Ilosromy

¢’f (o) = @*f (a) + b (o).

PaccMorpuM B BEAe Apyroro mpHMepa 3amady O HaXOxt-
AeHAM CHIH CONPOTHBJCHAA IDPH ABIYKEHHH Tela B BABKOH
cpefie ¢ WPOMBBOJIHHOH CKOPOCTHIO.

HaumeM ¢ mpepenbHoro clydasd Malkx ckopocreid. Torma
CHIa COTPOTHBIEHHA CymeT OUPefelATHCA BABKOCTHIO CPEfH.
[apaMerp, ompemeldOmuii DOHATHe Maloi mim Goxbmoir
CKOPOCTH, HAHAEeTCA, 6CIH COCTABHTD M3 BABKOCTH, INIOTHOCTH
CpefH M PAa3MEpPOB Tella BEIMINHY, HMEIOMIYIO PasMePHOCTDH
ckopocTH. IIpefmoliosKuM, 9YTO TeJ0 MMeeT NPHOIM3HTEIHHO
OAMHAKOBEIE pasMepsl 0 BceM HampaBleBmAm. Torga pis
OII¢HOK Pa3MepH Tejla MOKHO XapaKTepH30BaTh, KAK U B CIy-
yae mapa, ofHoit mumuoi R. M3 BA3KOCTH 1), MIOTHOCTH p,
MIMHE R M CKOPOCTH ¥ MOKHO COCTABHTEH TOJIBKO OHY Gea-
pasMepHyl0 KOMGMHAIUIO, HasdLIBaeMyl0 umcioM PeitHonbzca

Re = v—vli ,
rae v = n/p. Tak Kak DOTOK KOJMIECTBA [ABMIKGHHA DPaBeH
Vv, TO omeHKa CHIB, [EHCTBYOMEHd Ha eJMHHUIYYy DOBepPX-

v
HOCTH, ecTh P ~1 7 TI'pafMeHT CKOPOCTH ONEHMBAETCA KaK

Vv ~ v/R. ]leficrBuredsHo, Ha IOBEPXHOCTH Tela CKOPOCTH
JKAIKOCTH PAaBHA v, BAALH OT Tejla Ha PAcCTOAHMAX mopAfka R

Av v

AULKOCTH TOKOMTCA, VU ~F~F" Eciim omeEATH TOBEpX-
HOCTB Tella Kak S ~ 4nR? 10 nolHAA CHIa CONPOTHBICHHA

F ~ 4anovR.
BaMeTHM, YTO TOUHOE PeINeHHe 8afady AIA cPePHISCKOTO Tela
Faer B ciydae MaJod CKOpPOCTH

F = 6anvR.
B ciayuae mpOHM3BOIBHOH CKOPOCTH 3TO BLIPajKeHHEe CIeLyeT
NOMHOKMTH Ha QYHKIMIO oT (espasMepHOro mapamerpa Re

F — 6RO (Z’V—R) .



TJI. 1. PABMEPHBIE H MOJARIILHLIE OIIEHKH 11

PaccMOTpHUM Tenephb OpefiebHKI clydall 09eHb fonpmMAx
cropocreit. B arom crydae cuia CONPOTHBIEHNAS He 3aBHCHT
OT BSI3KOCTH W ONpeJeNsercs KOINIeCTBOM IBIKEHNA, KO-
topoe coofmaerca 3a eJHANIy BpeMeHH CTOI0Y JKHIKOCTH,
HaxonAmeMyCcs BIepeu Tea ¢ MIOMA/BIo OCHOBaHUSM, PABHOH
MIOMAE [ONepegHoro CcedeHus Tella

F ~ R
CrenoBaTebHO, IpH GONBIMHIY CROPOCTAX pyurnua O (z) ~
1

~= .
6
T'pyGo xapakTep pemeHis OPH BCEX CKOPOCTAX onpemensa-

ercss M3 NHTEPHIOIATMOHNOH HOPMYILE
R
F ~ 6mpR (1 +_‘6_lv_>.

CornacHo Taxoi OIeNKe Iepexoi OT OJHOTO Pe;RMMa K Jpy-
roMy HoJ3keH OBLI G5l nponsoiitn npu Re ~ 6. B meiictBUTENb-
HOCTH Tepexoy; B TYPOYJIeHTHRI PeuM, ROT/a Ciia conpo-
THBIGHMS HE B3aBUCHT OT BABKOCTH, NPOMCXOAUT [pH
Re ~ 100. Mm craaxuBaeMcd 37ech €O CIydaeM, KOTOPHH
[OBOJIBHO PEIKO BCTpedaeTcd — 0OKTHO TEPEX0f] OT OMIHOTO
OpefelbHoro ciaydas K APYromy XapaxTepuayercs 3Hade-
HITeM COOTBETCTBYIOmero (e3pasMepHOTO mapamerTpa IOpAAKA
eIIHHATbL.

Hpyroit mpmMep, KOTODHI Ml TPUBEJEM, OTHOCATCH
K BO3MOJKHOCTH TOCTPOEHAA TEOPHH, CBA3HBAKMIEH TpaBH-
TarMo M SIEKTPOJUHAMUKY. Tagas Teopus, ecanm Obl 0HA
CYyDecTBOBAJA, OJI/KHA fuima OBl oOpefieNTh 3HATeHNE 0es-
passephoTo mapamerpa, CBA3HBAIOMErO TPaBUTANMOHHYIO
HOCTOSHHYIO g ¢ BEJMUHIAMH, XapAKTePU3yIOmIuMI 9TEKTPO-
MATHHTHBIE [IPOICCCH, T. €. ¢ 3aPAJOM dICKTpoNa € I Cro
MacCoi M, CLOPOCTHIO CBCTA C U nocrosuion Ilnanxa fi. Uz orox
BOIMUNH MOKHO COCTABUTL jisd 6e3pasMepHLIX COOTHOUICIIIA

e 1 _ogmt 11
d»;—h-é——m, g—— hc——2-104.

Kax yike ymommHamzoch, GespazMepHble IapaMeTpsl, KOTOPbHIe
BOBHHMKAKT B peayiabrare pemeHus ypaBHeHNii, 00bIIHO OKa-
amBaoTeA mopAnKa emuHMNp. [losroMy BenmIMHA £ momxHAa
BXOMNTH TAKKUM 00PazoM, 9T00b HOMYyIALOCEH TACTIO HOPAAKA
e IHII[BI, HAIpHMep,

aln (1/E) ~ 1.
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Umenro B Taxoit gopMe Bxomar mapaMeTpsl o u & B OIleHKH,
ROTOPHE [AI0T HANEMNly HA YCTAHOBIEHHE CBASH MeMJIy
3JEeKTPONMHAMUKOW W TpaBUTaANHel.

IlpmBesiem eme onue mpEMep TOTO, KAK OMEHKH MOMOTaioT
OPHEHTAPOBATLCA B CHOMKHHX 3agavax. OTBermM Ha Bompoc:
HaqMHAA ¢ KAKUX HanpsKReHHOCTed moneit & m 57 ypasHenms
Maxcsenna B mycrote cfemaoTes HelnHeHHuMi? Npuanna
HeIMHeHOCTE ypaBHeHHUH CBA3aHA ¢ BOSMYIEHHEM BaKyyMa
BHemHPM mojeM. CocTaBEM BeJHYNHY, HMEIONYIO pasmep-
HOCTL 107, N3 BeNMYMH, XAPAKTEPUIYIOIMUX BAKYYMHEIe
GaykTyammm smexTpOH-NOBWTpoRHHOTO moaA. Tak kax e&
AMeeT PasMepHOCTh JHEepIWM, AENeHHO# Ha JIAHY, To

R m2c3
e(%’,(~mcz/;—w-, &y ~ 5

U3 sToro BHpamenns scHO, 4TO KPUTHIECKOe HOJe ompese-
JACTCA HACTUIAMI ¢ HamMeHbme# Maccol, T. e. sIeKTpoH-
HOSHTPOHHEIM ToneM. Benwumma &k, Kaxk Mu BHAEM, ecTb
HaUPAKEHHOCTh, NPH KOTOPOH HA KOMUTOHOBCKON JJImHe
BOSHAKAET PA3HOCTh NOTEHNUATOB IODPAAKA HSHEPIAW WMADHL.
IlogcTanoBka u4mcieHHHIX B3HaweHui e, m, %, ¢ pnaer
By ~ 10'® g/cu.

1. OHEHKH MATEMATHYECKHUX BBLIPAKEHHH

Ilpeskne weM mpowmssBopuTh OmEHKM (PU3HTIECKUX BeJiN9nH,
MOCMOTPHM, Kak JelaTh Gojiee IPOCTHE ONEHKH, 8 VMMEHHO —
ONEHKN MaTeMaTHIecKAX BupakeHmit. IlpmEnmmm mojo6merx
OI@HOK COCTOHT B OLpeMeeHNH O0IaCTH UePEMeHHEIX, BHO-
CIMAX TIABHBA BKJAAA B Pe3yAbTaT, B BHJEICHUH GEHICTPO
H Me/UIeHHO MCHAOILNIIXCA B DTOH ob0IacTy 4acTell MaTeMATI-
YECKOI0 BHIPAKEHMA, & TAK:Ke B ICHOJAB30BAHIM ACHMIITOTH-
9eCKUX BEIPAKE HU.

Onenka uponssomuoii. B camom OPOCTOM CJydae, KOTAA
CymiecTBenHasA obracTs maMeHeHWs HyHrmum F (r) Xapakre-
pusyerTcs ONHUM mapaMeTpoM [, MpoM3BORHAS HMET HOPSALOK
F' (z) ~ F (H/l. ,

Hanpumep, ecim F (x) = exp (—*/1%), To npomssomnas
F'(z) = — zl—f exp (— z*/I%) wu, cmemomarenso, F' (1) ~ F()/!.

Omnaxo pia x, muoro Goasmmx [, Takas OleHKA HE TQ-
auTcs.
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Iina cremenmoit ¢yuxmma F (r) = z obiacts cymecr-
BeHHOTO W3MeHeHHsS oIlpejesselca caMoif HepeMeHHON Z.
JleiicTBHTEIBIIO,

F' (x) = na™ ! ~ nF (x)/z.

B HeKoTOpHIX CIAY4asX CYIMECTBCHHAA juinHa [ pazamuna
Ha pasNUyYHAIX yUacTKaX msieHeHus mepemeniofi x. Torga

Flx

Iy I

7 Ty I

Puc. 2.

B Rampgo#l obnacTu TepeMeHHON x npoU3BOTHAA
F' (z) ~ F (z)/l (),

rie [ (x) — pauHa, Ha KOTOpOH F (x) CyriecTBeHHO MeHIETCS
B 9T10# oOxacru. Ilyerp, Haumpumep, F (r) mMeer BH, u30-
Gpaskenrunil na pwe. 2. Torpa

F’ ((L' — xl) ~F (1'1)/[1, a F’ ((L' —_ 1'2) ~F (l’z)/lz.

B Gonee croskupIx caygasax, xorma F (r) mMoxHO XoTa Oni
OpEMepHO HAPHCOBATH, €€ IPOH3BOMHYIO Jydile BCEero oIe-
HnBare 113 rpadmra.

Onenxnn unTerpasos. [lpomeMoHCcTPHpYEM METONEl OIEHOK
HHTETPATOR Tia HECKOIBKUX IIpHMepPax.

1. Yaero wommo  moayuarb wpubiimKeHHB® 3HAUEHNS
HHTErpajioB, pasiarasg B PAJ HOAUHTETPATBHYIO (YHKIHIO.
Hanpnwmep,

{exp (— eyt =\(L— - yat =
0 b :

z3 z8
_J,'_—B‘—‘—E-— PECEPEN

ITOT pag CXOAUTCA A BEEX Z. 71 omeHRI mATETPaia MOSKHO
OfpaHE‘IHTBCH HEeCKOABKNMH IIG‘pBbIMI/I YIeHaAMII DpAja, Pa—
ByMeeTcsl, Taxkad omneHkKa ymo6ma mpm z =<i1.
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Haxk onmennts TOT K€ mMHETerpam npu Goasmmx z? WMure-
rPUPYA HECKONBKO Pa3 N0 9YACTAM, MoJydaeM

x X0 0 20

§_ §_ izg_[exp(—ﬁ)_ Sexp(—ﬂ)dt]z

- 2z 212
Va
2

x
1 1
= —exp(—xz)[-ﬂ—m—i—...:l;
rpe n-if wienm paga mmeer Bum (—1)" (2n — 1)1/2HIgentt
Jlerxo Bumers, wro pax pacxopmrcs. [efcTmTensHo, mpu
n — oo daxropuan (2n — 1)!! pacrer Gmcrpee cremeHHOro
gxeHa x*"fL,

PaccMarpusaemsiit pap npepcrasisier cofofl mpuMep Tax
Ha3hBAEMOTO  aCMMOTOTHYECKOTO pspa (mompobmee  cm.
crp. 124). Tax xax oH pacxomures, To O6paTh 0UeHB GoJbImOE
9HECIO WIeHOB [JIA ONMEHKM HHTeTpala HeBHTOMHO: OPH HTOM
YMeHBIINTCA TOYHOCTH. Hax HAHTH OOTHMAaJbHOE YHCIO wie-
HOB pAna? 3aMeTHM, 4T0 NPM GONBIMHMX I WIGHH paccMa-
TPHBAEMOTo pAxa cHadala yOWBAW0T OO aGCOMIOTHOH BeJu-
9UHE, a 3aTeM HaumpHaioT pacTu. OUTHMajIbHOE YHCIO UISHOB
PAnA, OYEBHAHO, OOpefeldeTcA W3 YCIOBASA MHUHIMyMa
OCTATOTHOTO WIeHAa pAfa. JIeTKO BHETDH, YTO OCTATOIHHIH T eH
uMeer wmopsAmok (n + 1)-ro uwmenma psana. Ilostomy penent
COCTOMT B CYMMHDOBAHMM [0 MIHMMAJBHOTO WieHa psAfa.
VYcenosue MPBEMYMa MOKHO OPHOIMKEHHO 3amMcaTh B opme
paseHcTBa n-ro m (n - 1)-ro wieHon papa:

e =D @ D

2n+1z2'ﬂ'+1 2n+2x2n+3

Otciopa n ~ x2.
SAOJAYTA

0

exp(—t
Iloraszats, 49TO TUpHM OLEHKE MHTErpajia S#dt
X
B caydae T > 1 onTMmadnHoe UmMCA0 YIEHOB acCHMITOTHIE-
CKOTO PAJa PaBHO Z.

2. MHorme WHTerpaJsl MOMHO ONEHHUTH, BHIedSA HaH-
fosee cymecTBeHHYI0 4aCTh B MOJUHTErPAIBHOM BHIPAyKeHMM.
Paccmorpum npumeps:

X

» 2
1) I(z)= S %dt'

0
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Ecaz z <€ 1, 70 B MOAMHTETPATbHOM BHIPATKEHMHI SRCIO-

menra exp (#2) =~ 1.
x 1
dt

CrepoBartensHo, I(r)= S —_— = g
Vaz 2 vV

0 0
KaK B HTOM HHTErpale HeT HUKAKHAX IapaMerpos, TO I(z) ~1.

1

dz

1—z2

Taxr

dz 7
Briumcienme 9Toro MHTErpajia jaeT —‘/—1_—_—2:—5-.
— 2
0
Ecan > 1, To 113-32 9KCIOHEHIUATBHOTO POCTA MHOKH-
tens exp ({2) raaBHbli BRIAg B WHTErpas BHECOT obmacTs
oxono Tourm t = x. Obosmaumm & = x — £ Torna

I(z)= gexp (x® — 28r + &%)

0

dz
V2Ez —¢

ObaacTs &, cymecTsenlias B HOMUHTErPAJBHOM BEIPAREHIM,
COCPEfIOTOUeHA OKOJO0 HILKHETo Hpejesa M WMeeT IIHpPHHY
nopagka 1/2z. B aroit obmactn g2 ~ 1/42* <€ 1, cmepoBa-
tenpHo, exp (E¥) =~ 1 m

x d i 2 oc d —
I (x)=~exp (z?) g o%x V;i_i = e}\pzix ) g e? T/% : g: (z?).
0

[pr  ~ 1 o6a Blpaskenus pis [ (x), ®aK 9TO M MOIBKHO
6HTH, IPUMEPHO COBIAZIAIOT M MOPAMKA eJNHUIEL. Taxum 06-
pasom, yKasaHIbie OIEHKHM XOPOIIO ONMCHIBAIOT I (x) Bo BCEll

o0lacT M3MeHeHHUA Z.
oc

2) I(a.B)= Se—ax'sinzgxdx, 2> 0.

[}
Tlepenumem 5TOT MHTErpand B BHJE
17 3
[(0,B)=—= Se—fz sin? { == z> dz.
SURER (5

Ipn z>>1 mwopuHTerpaibHas QyAKIHAA fricrpo yb6wniBaer,
D09TOMY CymecTBeHHAs 061acTh HHTETPUPOBAHII 0 <z <1

Ecan § > V(—zj TO Sin <T/§§ Z>MH01‘0 pas ocnmaAnupyer B Cy-
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8

IMECTBEeHHOH 00IacTH 3HaYe HM 7. CaeposarenpHo, sin?{ —— z

a
MOiIHO 8aMeHUTh Ha 1/2, u rorpa murerpaxn 7 (a, ) opuGan-
MEHHO paBeH

~ 1 v —21 — V&T‘_
I(0,B) = Ve §e dz_m.

Ecim B<<V a, 10 B CYMECTBOHHOY 061aCTH 3HAYCHMI 2z

sin < B z) z—B— 2. Caenosaresnsmo,

Va Va
BN e _ Vip
I(a,B),\/F Se Pz2dz = —4(137.
0
IIpu p == V_(T_o6a Boipasxenua mas [ (a, B) cosmapmaror
u paBHH% % .

3ameTnM, 910 TouHoe 3HaueHHe OHNEeHWBAEGMOTO MHTErpaia
PaBHO

@B =+ (1 = exp(— pa)).

Jlerxo Bupers, aro n3 Hero momywatTes o6a HpeneJbHHIX CIIy-
waf>Vaunp < V «, npusenerHse Brme. IIpaf =y o

el =5} +(t-1),

T. €. TOTO jXe HOPSANKA, 9T0 ¥ NPUBEJEHHEE ONEHKH.
G:: e—ax
3) I (o a)= 5 =7 9% @, a>0.3amenny mepemernyio

0
uHTeTpupoBanuaA: r = az. Torma I (@, @) npummmaer BH]

0

Y e—-Bz d
1=\ de
0
rie p = aa. O6nacrs, rme HOjMHTeTpalbHAsA QyHKIHEA cy-
IMecTBeHHO OTNHMIHA OT HyJIA, 2z =T 1/B.
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Ilycrs f > 1. Torpa B cymecTseHHOH obmactu z < 1.
CremoBareibHO,
]
I~ Se“"dz 1. (1.1)
p>1 8 B
Eciz p << 1, 10 B cymecTsenHoii o6xactu z > 1. Caepo-
BaTENbHO,
1p
I=~\% -mLl. (1.2)
pc1y ? 8

PaccmaTpuBaeMeii MHTErpaj BHIpajkaeTcA dUepes MHTe-
rpaxbHyl0 moxasatenbryio gyHkmmo Ei (z) [1]:

oc

yﬁ7m=—ﬂm—mp=m.
0

Ecan B > 1, 1o Ei (—B) = ¢ #/(—B), m Mu monyqaem ¢op-
myny (1.1). Ecan B <1, 10 Ei (—B) = —In B, ur0 copma-
naet ¢ (1.2).
- f(@)dz
4y I(a)= S Ve  Dpeauonaraercd, dro PyHEK-
-1
nms f (z) cymecrseHHo MeHserca B obuactm T ~ 1.

B cayuae’a << 1 ocrHoBHO# BKIaj B WHTerpaj BHOCHT
061acTh B OKpeCTHOCTH Hadaja KoopiamHAT. BriHecem mias-
HYIO B 3To# ofnactm QyHKNmIO f (£) U3-mOf BHAKA WHTErpala,
samerus ee Ha f (0). Torma

=1 |~ =2 O EEE o

~2/(0)ln= -
B cayuae a >1 moayuum

IMz%Sﬂww

-1
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SAJAUR

OnenuTh clefyomue MHTErPalH B NPEIENBHHX CIydasx
a>bnaLb:
o0

1) e sin az?dz, b>0.

d
exp(—x/a)—m—_%—, a,b>0.

[\]
e’
ce8 cem8 ce—

in (x/
3) %dx, a,5> 0.
OTBeTH.

1) a > b: V'1/8a; a << b: a}/ w/165°. Touroe smauenme
HHTErpaja paBHO

YV
AR
2) @ > b: In (a/b); a << b: V na/b. Touroe 3maueHme nH-
Terpaja paBHO
exp (b/2a)- K, (b/2a)

(K, — ¢yaxmaa Maxpgonanabna).
3) a>> b: nn/2ab; a << b: n/20?. Tounoe 3HaueHHe HHTe-
rpaia paBHO

sin (Jz—arctg—%-) .

- [ — exp (= /).

e o]
Metoy nepesaina*). Paccmorpum unTerpan I = Sg @) ef® dt,
0

rae f(f) — QyHKROMA, KOTOpAs MMeeT PE3KUH MAKCHMYM
opm £ =t, > 0.

ITycrs BO6amsu rouxm ¢, pyurmusa g () meHsAeTcs MenieH-
Ho. Torga B oKpectHOCTM Makcmmyma ¢yHKmu0 gef MomHO
3aMeHNTH Gojdee mpocro#t ¢ymkmmeir. [las sToro pasmokum f
B pap Teiilopa B OKPECTHOCTH ee MaKcAMyMa Iy

1) =Flto) + 5 (¢ —t)¥/" (te) + - -

*) Bomee mopmpoOHO MeToj mepeBala paccMaTpmBaercAa B ri. 111
(ctp. 137).
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TIpennonoxuM, 9T0 [ (o) | > 1/, to — MaTeMaTHIECKOE
BHIpayKEHIE IPEOIOKEHAS O Pe3KOM MAKCHMYMe $yHKIMA f.
TleiicTBUTEABHO, cymecTBeHHEE B WHTErpae [ 3HaueHHA
(t — to)?, ®aK ME YBHJUM HIDKE (1.3), mmeoT NOPAMOK
1/f" (t,). Tawmm obpasoM, (t — t,)2tg << 1. DT0 ycaosme
jeIaeT 3aKOHHbM 0T0pachHBaHUe cIefylomuUX 9JeHOB B HANM-
cagHoM Bpime psame Te#mopa 1IA 7 ().
Tmeem

I=~g(to) °§ exp [ F(to) — 5t — to /" (to) |] dt =

2n
= ]/m g (to) . (1.3)

Tlpefensl MHTETPHPOBAHMS 3aMEHEHb 3[CCH Ha [— oo, oo},
raK Kak TOMEHTErpaTbHOe BHpAKeHMe OIKCHOHEHIUALBHO
zaTyxaeT B obiacTn

—_—— t

1
St
= VT (ol

OmeHEM IIOTPABKY,; BHOCHMYIO CIIeMIYIOIUMH TIEHAMT paxa
Teitnopa.

Ecim orpaHRIHTHCS TOIBKO KyOUMYecKNM WIEHOM M pas-
JaraTh HKCIOHEHTY IO HeMY B PAJ, TO nepBH# TIeH pasio-
JKeHMs 1le BHOCHAT BRIAfa I3-3a HEYETHOCTH MOAHMAHTEIPALb-
Horo mupakenma. Ilo 5T0d OpUYNHE pPaccMOTPUM qIeH
geTBepTOr0 HOpAMKA B PAme Teiropa mis /. Om pasen

(t — 1o}t
- f 8 .
4! f\IV) (t()) Pasznaraa panee JKCNOoNEeHTY TI0 HEMY B

PAN, HAXOMMM, 9TO NONPASOYHHIH TWIEH IO OTHOMMEHMIO X
(1.3) mmeer omenxy fIVV/(f"). Ecun pyuxmmsa [ (f) xapax-
TepmayercA TONBKO OJIHEM TAPAMETPOM, TO, OCHUBAA
OpousBojHLE OT f, HAXONMM:

FIVI(FY ~ Af (to)-

Taxum 06pasoM, MeToj| MepeBaia MPUMEeHIM IpU yCIOBHM
f () > 1. Ono oKBUBAIEHTHO CHETAHHOMY BHINE IpPeAro-
aomenmio | ' (o) | S 1/t

Ecnu samennts 8 (1.3) £ — £, Ba {§, TO MOAMHTErpaAABLHOE
BHpajKeHAe IPEBPATHTICA B PACTYILYI0 SKCIOHEHTY. Masvu
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CIOBAMM, B KOMIUIEKCHOH NMIOCKOCTH NmepeMeHHOH ! Todka ¢,
AsiAercsa cenmoBoit (pme. 3)." Hampasnenne VHTEerpuposa-
HEA COBIaaeT ¢ Hampasie-
HIeM HaHCKope#iero ciyc-
Ka ¢ mnepesana. Orciopa
HOHATHO HAa3BaHUE MeTopa
mepeBaJa.

Mu paccmoTpesnn wact-
Hpi cIydaii, Korna HaOpae-
JeHNe IlepeBasa COBOAJAET
C BeMECTBEHHOHA 0¢h10. Mosk-
HO PAcCMOTpeTh m Gollee 06-
MuH caygai, Korma Haopas-
JICHHe TIepeBaja COCTABISET NPOM3BONBHEN yToN ¢ BeMIECT-
BeHHOH 0ChIO.

G nomompio Merona mepesaira TONIYyIMM acHMITOTHIECKOE
BHpaeHne mpn Gonbmmx z ramMa-$yHKomm

T(z+1) = Sexp(—t—l—xlnt) dt.
1]

O6osraunm f (#) = — ¢t + 2 In ¢ Torma ms pasemcrsa myao
f (f) momso matitu TOUKY HepeBaJa Z,:
]U(tﬂ):_i"‘_%:oy

OTKyna ty = z. Tak Kak f(t) = zln z — Z, TO ycioBue
PHMEIIIMOCTI METOA Tiep eBasa f (x) > 1 osnauaer x >1.

Uneem [ (t)) = — z/82 = —1/z. C nomompio (1.3) ma-
XOIIM
(@ +1) = V2nz (z/e)". (1.4)
x>l

JTa acHMITOTHUECKAA dopmyna HazuBaercs popmymoii Crup-
JIMHTA.

Haa onenku ee Tounocrm BOCHOJIb3yeMCA COOTHOIIEHHEM
I'(z +1) = al' (x). Banwmem meromoe TOYHOEe BHIPAMKeHHe
ras T'(z 4 1) B Bage:

T@+1)=Vomz ()" 1L + 9@ + 1)),
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\
x
’

-

rge ¢ — OOKa HEeWsBecTHasd dyurmua. C momMompio PeKyp-
PEHTHOTO  COOTHOIICHWA TOTydaeMm (z+1)—ox) =

= — 121952 .Tps £>1 pasmocts @ (Z + 1) — ¢ (z) wpm-

1
GamxeHHO paBHa ¢ () W, CieOBATEABHO, ¢ (@) = 157 -
Urax, mpn z > 1

o b=V T (2) [t o ()]

Wnrepecno, dro sra gopmyna ¢ 00JIbIONA TOYHOCTHIO TI'O-
pUTCA W AnA HeGodbmHuX sHadeHmt z. Ee TOYHOCTh MOKHO
TpOBEPHUTH, 3HAA, ITO JNA IETHX sHaueHH#  ramMma-QyHK-
maa T (z 4+ 1) = z!. Haopnmep, pame i & = 1 monywaeM

Vi _1;(1 +_112_) —0,9990 =~ 1! =1,

upd ¢ = 2
—— 4 1
Vim o (14 5p) = 19990 =20 =2.

3AAYN

’ 1
1. BeI9UCHATL HWHTEIrpal Scos (—T A xt) dt MeTonmom
0
nepepana upu r > 1.

00
2. BraucanTh HHTETPAX %x exp <— ar — Vb_ )dx. lloxa-
[ z
0

38TDh, YTO MeTO/|, lepesaja Fojurcs OpH yCJLOBHH ab® > 1.

OTBerTn.
T 2
1. 1f_exp(—— —;x’rﬁ.
21/(3 \ !

Do

b T 33,933
. — %exp<—7]/2ab>.

a

CpoiicTBa uHTEerpajoB oOT OCIFLLHIPYIONIIX QyHRIpii.
Ouenku naneknx wienos pmja @ypoe. PaccMorpnM NecKomb-
KO UpHMepoB, HOACHAKMILX CBOIiCTBA MHTETPATOB OT OCIHILI-
Anpyomax GyHKIaR.
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< e‘iwtdt
hI= _SW Ve

Oco6nle TouKN TDoWHTErpaiibHOTO BHIPAKEHAA HAXONATCH
Ha MHHOMOH ocu: { = —-i. BuiumcanM 3TOT HHTErpai, CMeImas
KOHTYP HHTErPHpPOBAHAS B BEPXHION TOIYHNIOCKOCTH (CM.
puc. 4). Uurerpansm no C; m C, McIe3a0T UPH CMEMEHAR
KOHTypa B 0OecKoHey-
HocTh. IlosToMy paccmart-
puBaeMEd mWHTErpax pa-
BeH MHTErpajly 0o KOHTY-
py Cs + C, + CsBoxpyr
TOYKN BeTBIeHNA [ = {
3HaMeHaTeNbh LORUHTEr-
Puc. 4. PaXbHOTO BHIP&KCHUA Me-
HgeT 3Hak npu obxope
TO4KNM BeTBieHnsi. [losTomy muTerpaiisr o C; u C4 paBHEL
Wurerpan mo korTypy C5 cTpemuTes K Hyiwo. B sToM merko
yOepnThest, saMenus ¢ = [ -+ ret*, npnaem r — . Torna

on
re'®do -
S~ S V= Vr—o.
g g Vre

Beopa wuepemennyio muTerpmposaius t = i(1 4 y) #@ Bu-
uncaas uHTerpaid mo C;, HaXOomuM:

Y Ee

Tarum 06p330M, nopu 60JILIIIIIX @ HMHTEerpal I JKCOONTeHII -
aJBbHO MaJI.

o

,y 01,

I~ 26""( e~V

iwl
2) | — e dt , )
) S Ve +13) (02413 o

B sroM cnyvae B BepxHeil HOJYIIIOCKOCTH NMEIOTCS fiBe
TOIKH BeTBAeHus £ = iau t = ib. penmonosxum, 910 @ > b.
Ilpesxne Bcero MokHO yMEHBIIATH YHCIO CBOGOAHBIX mapame-
tpoB B [. Wanepsist £, a, © u I B eguAUNAX b, DOAyInM

o

. it dt
d Se Vet dtm

_—0
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CmecTIM KOHTYp HHTerpHpOBAHAA B BEPXHION TORYII0C-
roers (pue. 5). Ha puc. 5 oT TOUKRH i ;10 TOUKM [a MPOBEREH
paspes. AHATOTHIHO PaCCMOTPEHMIO IpemHAymero IpuMepa,
Jerxo BHMETh, 9T0 MCKOMEIT WHTErpay paBeH y/BOCHHOMY
gHTETpAly BROJL paspesa.
BaMeHAA epeMEeHHYI0 HHTe-
rpaposarmus ¢ = i(1 + v,
HMeeM: i
a—1 .

e Ydy L

I ~2e© Og = s .

IIpm BHUMCTEHMA STOrO Pae. 5.
HHTErpajia BO3MOJKHBL JBa
cayaas. Ecan a — 1 >> 1/, To cymecTBeHAAd o0xacTh WHTeE-
rpupoBanms ofpesacTCsi OKCIOHeHTOH €™“Y B HMeeT mops-
mox 1/w. CinemoBaTeNbHO,

d ———eee
PO R TR Vi
) Va@=1 © (a*—1)
Eern a — 1 <€ 1/, To BHYTPH HHTEpBaNa HHTEIPHPOBAHUA
e =1 7
a—1

-
I ~2e S B — PPV 'l/
p V2y (a2 —1—2y)

2
at+1°

Hepsrit ciyJail COOTBETCTBYET [ATEKMM JIPYr OT Jpyra,
BTOPOil — GIM3KIM 0COOLIM TOTIKAM. Msi BEAEM, 9TO0 B 000HX
CIyuasx DKCHOHEHLNANHHO Malbii LIeH OUpefe’serca 0co-
Goit TouKol, GAMIKAlIIe]f K BEMECTBEHHOH OCH, a HPefdKCIo-
HeHTa CYIECTBEHHO 3aBHCHT OT PacHoJOKeHHA oberx oco-
OLIX TOYEK.

OtmeTnM, 9T0 B Ipesene @ — 1 M3 mocreaHero BHpasKeHIs
noxyaaeM I —> me~®. DTOT PesylibTar JIerko NOXyduTh €pasy,
ecJim yg4ecTh, YTO OpH & —> | CIHAHNE KODHEBHX TOYEK BET-
BIEHASA OPHBORAT K IIPOCTOMY IOJIOCY.

1

3) 1 =\ 7(@)eda.
-1
70T HHTErpajJ BO3HMKAET TPU BHYHCIEHAHM aMIINTYHBI
paccearns (cm. 2.1). Ilpepens wmHTErpUpPOBaHUA 3A€CH
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KoHeunsl. VaTerpupys mo wacrsm, nOXyIAM:
1

~ 7 | @ et =

iwx

=@

1

~1

™ ©?

_ W —f (e +0(1).

Wrax, B cayuae womewmmx npefieIoB gallekue $yphe-KoMIIO-
HEHTH HMMOIOT, KaK NpPaBHIO, CTONEHHYI MAai0CTh (BMecTo
OKCHOHEHNUANLHOM MaJOCTH B CIydYae GECKOHEUHEX npege-
nos). Wekatouenne cocrapnser CIy9ai, KOIfja UpPE MHOro-
KpaTHOM MHTETPHPOBAHMM IO YACTSM BKIAK OT / (x) 7 Bcex
€6 OPOMSBOAHHX obpalnaeTcd B HOIL Ha IrpaHANax HHTe-
TPHEPOBAHMS.

4 I =§g @) expli(kr — For)ldr mpr kR >1, rme

— XapaKTepHOe paccrodAHme, Ha KOTOPOM HUOMEHAETCH
dyaxnua g (r).

Buigienwm B 1 maTerpmposande mo YIJIOBHIM I1epeMeHHEIM:

b

I={rdr g0, q)eikra—con ginp o de.
0

0

Wurerpapys mo wacram, moxysaem

o0

= S ridr 'zkir [g (ry 6, ) elkr(i—cos )

0

: +0 (%)] d.

Brxagom or mepxmero mpepsesa MOKHO mpeHeGpeuh m3-3a
6rcTpOl ocmmAAAIAT DOARHTETPANBHOTO BHpaKeHaa. Okomn-
9aTeNBHO HAXONAM

Iz—zz—iiog(r,G: O)rdr[l +0(,%)].
[1]

OTH Pe3yNBTATH MOKHO 0606muTh: pazexme Qypoe-
KOMIOHeHTH (yHKNUWil, He HMEOIUX 0COGeHHOCTeH Ha Bele-
CTBeHHOH OCH, 9KCHOHEHOHWAXbHO Mane. Ecnm Zj — paccroa-~
HHE OT BeIeCTBeHHOH ocd A0 Gammaimedr 0coGoi TOIKH

f (2), To

o]

fo= S f (@) eoxdy ~ e—ox,

0 wx,l
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OueHnM npesKCHOHeHNUANBHEE MHOKHATOAb AAA yphe-
KOMIOHEHTH f,. Ecam f (z) umeeT modc B KOMIJEKCHOMR
MIOCKOCTH @, TO

fo ~ f (a)z,e7 0%,

IefcTBUTENBHO, BEIeT C, GYHKIUM f B TOUKe TOJNIOCA, KakK
BHHO W3 DPasMepHOCTH, mMeeT wopanok Cy ~ f (r,)z;. Ecam
f () mMeeT TOYKY BETBIEHHA KODHEBOTO THHIA H HE HMeeT
0IU3KO APYyrux ocoGHX TOYEK, TO, KAK MEI BHIEIN Ha DepBOM
u BropoM mpmMmepax (cTp. 22)

f —_~ _—f (z1) 21 e—wxy
@ —
Von
B cayuae KoHEYHHX NpefeioB WHTETPHPOBAHHEM TO YACTAM
noaTydaeM

1]

fo=\ 1@ emde L0110 (2)]-

a0

To e caMoe OTHOCHTCS K HHTerpajiaM B 6eCKOHETHEIX mpe-
Jenax, korma f(z) mMeeT CKadKW Ha BeMIECTBEHHOH oOCH.
HeficTeu Te1bHO, HHTErpall MOKHO pasbuTh Ha 06MacTHE OT
— 00 JO MecTa CKAuKa) (Z == a) W OT MecTa CKadKa [0 oo.
Ecnm soaumcasite sareM KaKQHE W3 HTNX HHTErpalioB, To,
KaK U B TOXBKO YTO NPHBENeHHOM IpHMepe,' BO3HMKaeT cTe-
DeHHAs MaXoCTh. B aTOM caygae’

Af

fo=ig
e Af — BenwmgymHa CKagKa.
Jlerxo Buperh, YTO ecHU CKAYOK MMEET n-si UPOM3BOAHAA
dynrmua f (z), To

Af(")

fo=
rge Af(" — penmumHa crauxka ¢yarkman f™ (z). Yrobm yb6e-
RETHECA B 3TOM, HY;KHO UPOMHTETPApPOBaTh Ho wacTam (n 4 1)
Pas BeangHAy
a oo
fo=§ @ ewdz 1 § f () elovda.
0P

q
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5) Jlia WAZOCTPAN@E JTHX PE3YIbTAaTOB pACCMOTPAM
UpuMep, Ha KoTopoM Gyner BAAHO, KAk B aJeKNX KOMIOHEH-
tax Oypre SKCIOHEHNHATLHAA MATOCTE TPeBpamaercsa B CTe-
DeHAYI0, KOTHa 0CO6eHHOCTH ¢yHKIIM DpHOIAKAETCA
K BemecTBeHHON och. VIMeHHO, PacCMOTPHM HMHTETpa

I=_§w——1ju;x dr, ® = w,— id, 2,6>0, 6—0.

Ipu Takom BmOope sHaka § mHTerpax CXOAUTCA; TOCHE
ero BuUMCIeHAs MoxHO ycrpemuth & k 0.

I'padux ¢yuxmum fi(z) = [1 + e*x]~1 pmeer BHJ, N30-
Gpaskennsni Ha puc. 6. Ecaun o — oo, TO 3Ta $YHETHA CTpe-
MATCA K OpAMOYToibRoél crymeHbke. (DyHKMAA f (x) mmeer

f/f) ["l 6'2
| &+
| 1
- | |
U b0
N | ’ -
I | f
|
Ll T
g z
Pmc. 6. Puc. 7.
2k A
OpoCTHE WOJNI0Ca B TOUKAX Ly = (——iailﬂ , rme k — meraoe

gneno. Beanm o — oo, To Mod0ca DPAGIMKAIOTCA K Belmect-
BeHHOH OCH.

BHuvcaEM HHTETPal, CMemas KOHTYD HHTerpHpOBaHUA
B BEPXHION MosymrockocTs (pue. 7). Varerpax mo (Cy + Cy)
ofpamaercs B HyJ b IPH CMCIIEHIH KOHTYPa B 6€CKOHETHOCTD.
Wrax, paceMaTpmBaeMbiii MHTEIpPal CBOJMTCA K CYMMe BHI-
qeTOB B LOJIOCAX BepxHedl moxymiockoctd. [las Haxome-
HHA BHYETa PAasIOKHEM e** B PAR BONM3H WOIIOCA Zp!

e = —1 — o (x — zp)-
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Torga
< dx
J— Ef ezmx —
I Igo g o(x— xk)
25

= — = exp (— %w> [1 4 g2 4 gmdmels 4]

Psapx B xBajgpaTHLIX CKOOKaX mpefcTaBIAeT co0oil TeoMeTpH-
YecKy10 IPOTPECCIo I ero cymma pasHa [1— exp (—2ne/a)™
CxeoBarenbHO,

I =— m‘/ocshge .
e

Ecin @/o > 1, To paccMaTpuBaeMEIi HHTETpaX SKCHO-
HEeHIUaNbHO Mal:

_[ ~ _Z_T':_ie-""’/“.

w/ant o

DTO COOTBETCTBYET CHeNaHHOMY BHILIE YTBEPHKIEHHIO 06 HKCIO-
HEeHIMaNhHOH MaJocTH galexuX (ypbe-KOoMHOHEHT B ciaydae,
KOIJila DOpUHTerpanbHag (QyHKIEs He mMeeT ocobeHHOCTei
Ha BeNiecTBEHHOH OCH.

Ecan o — oo, TO

I = ——.
/o @
Nrak, xorma ocofelocTh TEPEXONUT Ha BEMEeCTBeHHYIO
0ch, ypbe-KOMIOHEHTA CTAHOBHTCA MaN0il CTeHeHHBIM 06-
pasom.

JADAYA

OmesuTh fajieKylo KommoHeHTy Qypse-dyHrmmm f (z) =
= z¢~l*l, Oma BeTpeTHICH IPH PAcCMOTPEHANM AHUIOIBHOIO
doroadderrta (cTp. 94).

Orser.

o
Jo Z@

Oneuxn pemennii gud@depeHuaIbapX ypasnennit. Ilpu-
BEIEM HECKONBKO CIydYacB KaueCTBEHHOTo pemeHma judde-
PeHIMaNbHHX ypaBHeHUI.

1. Kpasmraaccmuecroe mpubimsxeHne (sToT MeTox Gymer
nofpo6Ho paccmorper umxe, B 3.1).
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Ilpm pacemorpennn MHOTHX 3aJa¥ TeOopeTHIECKON $HBHKE
Tpebyercsi pemuth nudepeHKUaILHOE yPaBHEeHMe BHIA

¢" + k*x)e = 0. (1-5)

Xapakrep pemenms ypasHenusa (1.5) cymecTeeHHO 3asmcmt
or sHaka k2. [leiicTBuTenbHO, ecam A® — molommTeNbHAA
BeJWINHA, TO pelleHWe WNMeeT OCHWIAMDPYIOIUH Xapakxrep,
HaOopumeD, ias k = const
¢ = exp (4 ikz). Ecam

k®<<0, To pemenue sKCIO-
/\ /\ HeHOUANbHO PACTeT WM

I \/ \/ \/ > 3aryxaeT; g=exp (- k| z)

npu k = const. Pemenne
)50 Wm0 ypaBHeHus (1.5) mmeer
Takof Ke XapakTep um
Puc. 8. KoTHa k& 3aBHCHT oT I
(p=c. 8).
Ecnm k% (x) pna unTepecylommx Hac £ — G0ibInoe mojo-
JKUTENBHOe YHCHO, TO UPHOIHMKEHHOe pelleHHe YpaBHOHHA
(1.5) mmeer BHR

@ = [ (x) exp { i § k(z)dz}, (1.6)

rge f (x) — mepmenso H3MEHATOMAACH (i)ymcmm HeitcTan-
TeABHO, B 3ToM caydae ¢' =~ =+ ik (2)p u ¢" = — k? (2)g.
Eecnm k (x) — pocrarouno raagkaa GyHKNEA Z, TO pelmenwme
(1.6) mpubamxenHo ynosnersopser ypasHeHnio (1.5). Moxuo
Ha#TH H ciefyoIyio monpasky (mogpobaee cM. 3.1). Tak kax
¢ = -';— QFikp 1@~ —k*p 4 ik’ = 2ik f7 ¢, TO, IHOJCTAB~
aag ¢ m @' B (1.5), maxommm 2k + fk' =0 mmm fIf =
= — k'/2k, otryna f ~ 4/V'k.

Wrax, upubimurernoe pemenme ypasmeums (1.5) mmeer
BHJ,

V_exp {—I—igk(x)dx}, k2 >0,

(1.7)
exp{ Slkz)ldx} k2 < 0.

quwk

PaccmorpuMm mpmmepH.
1) 9" 4+ oxp = 0 — ypaBHeHHe JIA TAK HABHBaeMoil
¢yaxmun diipd.



{. OIIEHKN MATEMATHYECKHX BbIPAREHHUDR 29

Hecnenyem cuauana caygait x > 0. Torga &% = ax > 0
m cornacuo (1.7) pemenne upn 6onbmnx Z WMeeT BUX

exp[ S iV axd ] (1.8)

P =

x—oo 3 qz

Pemernge npn x <<0 MOMHO DONYyIATh AHAJATHICCKEM
npopoxenmeM (1.8) (momgpobmee 06 srom cm. 3.1)
~ni/4

~ ¢ xpl+= Voa|zx
ol p[+3 Val <TaF) -

Hononuurensuas ¢asa exp (—mi/4) BosHEKaeT upd obxone
TOIKN BeTRieHHA = 0

2) ¢"+(a—Bz?)9=0. Ecim Bz*>a, TO Slkldxz
~=VB S xdx = % VBz2 CrenoBaTenbHO, AaCHMIOTOTHIECKO®
pemesnde npy GONBIIHX X HMeET BUN

¢ ~ %_ exp £ 5 VB

SAITAYN

1. HaiiTi acEMOTOTHIECKYIO ONEHKY PelleHnus ypaBHeHHA
zu” + (y — 2)u’ — au = 0 (BHPOxEEHHOE TUNEPTEOMETPH-
9eCKoe ypaBHeHHe), HPUBeJsS IPeJBAPUTEABHO 3TO ypaBHe-
HAe K CaMOCOUPSKEHHOMY BHAY ¢ NIOMOIMBIO Hajjeskalneit
3aMeHH IepeMeHHOH u.

2. C noMompI0 KBaSHKIACCAIECKOT0 NPHOIMKEHAA TOJY-
9UTh ACHMNTOTHIECKOe BHpaykeHHme (Z >> 1) ¢ymrmum Bec-
censa J, (z). Yopoerurs ero gis cayyas z > n.

OrseTH.
1.u ~ z*ve*, u ~ |z
X—»00 X—>—00
2. Jp(z) ~ sin(V:ﬂ—nz—}-narcsinl—f—Cn),
X—co /xz_nz z

rre C, — KOHCTAHTA, oupep;enﬂemaﬂ trooM QyERIEE Beccens.
Ipr z>n aMeem J, (x)~—l7=sm (z 4+ Cy).

2. TlpuGnmmeHnse pemeHus ANQQepeHNUANBHEX ypaB-
HeHH¥ MOKHO IOJYIaTh, OUYCKAS B 9THX YPABHEHHAX Malbe
4eAbl d UPOM3BONA NoCHeqoBATeAbHEE HTePAT(UH.
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PaceMoTpuM Chefylomui OpaMep:
y +y+ay®=0. (1.9)

Bynem HCKaTh DelieHme B BHfe NOCIE0BATEIBLHBIX npuban-
JKEHTil [0 IapaMeTpy «, IPeAmolaraeMoMy MAaJhM. Pemenne
HeBO3MYIIEHHOTO ypaBHEHHA y© 4+ y©® =0 mumeer BHR
y©® = asin (z 4 ¢). MoxHo DONOMUTE ¢ == 0, uro cooT-
BETCTBYeT CABHTY Hagaza oTCUeTa Z. Ecin mopcTaBiIATh 9TO
pelleHne B 4ieH Oy° ypaBHEHHH (1.9) m pemars (1.9) memo-
CPeNCTBEHHO MeTO[OM WTepanii, TO BCTPeTaTcd TPYJHOCTD.
IeiicTBuTeNbHO, B yPaBHEHHH

3
Yy by = —ay® = — a% (3 sin & — sin 3z)

¢BOGOAHBIA 9IIeH CONEePRUT cobcTBeHHOE pemeHne oHOPOIHO-
ro ypaBHeHms. JTO TPHBOJMT K HOABJIECHIIO QUKTHBHOTO pe-
soHanca. UTOGH ero ycTpaHuTh, HYKHO ydIecTh, 9T0 BOSMY-
menne oy® MeHAET 9aCTOTY romeGammit. MmeM HylieBoe pe-
meHme B Bue y©® = asin oz, TAe TacToTa O HAXOMUTCH N3
yCIOBHA OTCYTCTBHS TaKOro pesoHaHca. Vpasuenne (1.9)
ymoGHo mepenmcaTk B BHZE

Y 4 oly = —oy® + (0* — 1)y. (1.10)

IIparylo wacrs 5T0TO ypaBHEHHA GymeM paccMaTpUBAaTh Kak
HeoxHOpoxHOCTH. llopcTaBiisAA y© B mpaBylo 9acTh (1.10),
MOXYIAM

Yy - ¥y® = — oig-‘-(?) sin oz — sin 3oz) - (0*—1)asinor.
(1.11)

TlorpeGyem, aroGs KOdOULUMEHT IPH sin ®z B UpaBoii gac-
TH ofpamayicd B HONE. Orciofa ToJyIaeM O = 1 4+ 3aa¥8.
Mmem uacTHOE pelneHne HeOXHOPOAHOIO ypasuesus (1.11)
B BH[E
yW = y sin 3oz.

Tlogcrasasis 9TO pelleHHe B (1.11), saxopum y = aa®/32.

Wrax,
. aa® .
y=~asinez - 5 S0 3oz,

rme © = 1 + 30a*8. Ycnopme UPEMEHIMOCTH TOJYyYeHHOTO
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pemenms mmeeT Buj 0a® << 1. Ilpm moclenyomuX HTepa-
NEAX MB TOJYIMIH OBl /U © PAX HO CTENEHAM LapaMer-
pa oa®, a pusA Yy — PAM, copepsxamuil cjaraeMele BUIA
a (aa?)® sin (2k + 1oz. =
3. IlpeamonoRnM, 9TO peIleHHE ‘m3BeCTHO B HEKOTOPHIX
obnacTaX n3MeHelns IepeMeHHoil. B aToM ciygae MOMHO
HOCTPOUTH TPHGIUKeHEHE HATEPUOIANTOHHELIE $OopMYIH [IA
pemenust Bo Bceil ofnacTn H3MEHEHHH mepeMeHHoM.
B kagecTBe mpuMepa pacCMOTPUM ypaBHeHWe® Tomaca —
Depmu:
it
¢ Vaz

OHO BO3HHKaeT NP HAXOKAGHHH CAMOCOTIACOBAHHOTO TOJA
atoMa B KBASHKJIACCHYECKOM NPHOImmennd (CM. 3.2).

Haiinem npubimxeRnoe pemeHne ypPapueHnus (1.12) npm
z — oo. BymeM mcKaTh €T0 B BUJG ¢ = A/z2. Tlogcrapnsas aTo
pemerme B (1.12), moxyumm

Aa (a + Dze? = Aoy~ Gat1)2,

w, @0)=1, @(o0)=0.  (112)

oTkyma o = 3 m AY = a (a+ 1), 7. e. A = 144. Urak,
0 Lo
x 13 ’

—> 0

HaiineM mompapKy K 9TOMY peIIeHHMI0 IpH I —- 0O

Q= 4-;%4 + . (1.13)

>0

Hopcrasum (1.13) B (1.12). B nmHEeitnomM 10 ¢ npubauKeAnn
HAXOTHUM

“p,, _ 9 (p172.\p — % . -;2- ‘\I) ('1.'14)

Nz (1.14) smpEO, WTO ' CTeNEHHBIM 06pa3oM 3aBHCHT OT Z.
WUrag, ¢ = B/xf. na B uns (1.14) nomydaeM KBajparHOe
ypasmenme P (B + 1) = 18, orkyma p = (—1 -4V 73)/2.
Tomuress sums wopenn B = 3,77 >0, paa  KOTOPOro
‘Pf)O- CieroBaTeJIbHO,
144 B
¢~ o + pexh (1.19)

X—00
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C To#f e TouHOCTEIO, 4To M B (1.15), pememme MokHO
HanmeaTh B BHLE
0= 144
=7/ n:!
o (1+L)"
z0,77

rie n @ C — nOKa TpOW3BOJBHEIE 4wcia. HaiifleM Takoe n,
, gro6or ¢ (0) OBIO KOHEYHO.
it - O Ilaa  aroro NOMKHO  OHITD
— Yy, 3—0,77n =0, 1. e. n = 3,90.
Tlociie sToro KoHCTaHETY C MOK-
HO Halith u3 ycmoBua ¢ (0) =
= 1: 144/C3%® = 1, orryna C =
= (127077,
OKoHYaTeIbEHO
1
i1+ ($/12'/s)0,77 1;3-%0 '

dro upumbiamHeHHoe  pelneHwe

Puc. 9. YAOBIETBOPATENBHO COTIACYETCA

¢ TOYHKIM permeHweM, HalileHHEIM

c nonga)ommo SJIEKTPOHHO-BHYACIUTEIHHOA MAamIMHEE (CM.
pume. 9).

(1.16)

(p=

2. ATOMHAA MEXAHHKA

B srom paspene GysyT modydeHH OCHOBHEIE De3YJILTATH
aTOMHOR Mexanuku. JIJisa Mony4eHus COOTHOmeHwWHd MH Gymem
HCMONb30BaTh, KPOME Pa3MEPHEIX, TAKIKe MOMleIbHEe OTeHKH.
Hpesa MOmeAbHHX OIEHOK COCTOMT B PACCMOTPEHHH Npefeib-
HHIX CIyYaeB W YUPOMEHHHX BapPHAHTOB 3a/adH.

Oneexn cxopocreft m pasMepoB OpOMT BHYTPEHHHX DiieK-
TpoHOB aToma. JlJiA OUEHKHM CKOPOCTH JJIEKTPOHA HAa BHY-
TpeHHe#l opOuTe aTOMa HY)XHO COCTAaBUThH BelmdwHY € pas-
MepPHOCTHI0 CKOPOCTH W3 BeJIWINH, ONPeJelAINX CTPYKTYPY
aToMa, T. €. W3 MACCH 3JIeKTpoHa m, moctosnno# Ilmanka 7
W IpoW3BefieHWsA 3apAfa AnApa Ha 3apAfl diIeKTpoHa Ze-e.
HeficTBuTenpbHO, B ypaBHEHMe [BWHOHWA 3apAJ 3JIEKTPoHa
BXOJUT TOILKO B BU/ie HPOM3BefleHUuA Ha 3aPAJ AAPA, IOCKONb-
Ky IPH pPACCMOTDPEHMH BHYTPEHHHX JJeKTPOHOB BAMAHHEM
APYTHX 3JEKTPOHOB MOKHO IpeHeOpeusb. 3afava HepPedATH-
BHCTCKasi, NO3TOMY CKOPOCTH CBeTa He BOHJleT B ONCHKH.
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FEpuECTBeHAAs BeANYUHA PAa3MepPHOCTH CKOPOCTH, KOTOPYIO
MOKHO COCTABHTH us m, i m Ze*,— 210 v 0 Ze*lh.

Jlast ONEUKE TOPA/[KA BeJWUMHH DAjHyca BIyTpEHHNX
op6UT PIEKTPOHA BOCHONB3YEMCHA TeM, 9T0 MOTCHUHAILIAA
HepTHA diMeKTpona Ze?/a mopsAfKa ero KMHETHYeCKOil 2Hep-
rum ~mv?, 1. e. a ~ hi/Zme®.

Jlns omenku pafmyca Hapy:KHBIX opbut caeqyer mojo-
;kuTh Z =~ 1, TOCKOJBKY B 9TOM Ciyuae 3apsj Ajpa MOouTH
HAIEIIO 3aPKPAHMPOBAH BHYTPEHHOMM SICKTPOHAMIL.

W3 ONeHOK a W v BAAHO, 9TO TIPH PACCMOTPEHHH aTOMHRIX
ABIeHHH ymoGHH efMHUIH € = i = m = 1 (Tax HaspBae-
Mble aTOMHBIE eAMHHIb). B oTUX eAHHHIaX CKOPOCTH CBETa
¢ = 137,2, a mMacca TPOTOHA y
M = 1836. .

CramuonapHpie COCTOAHUA. '\ T

Pacemorpusm  JRBIKCNVE  Ha-
CTUIH B HOTCHHUAILHOA sAMe
(pme. 10). Vpavuenue [lpepuu- !
repa mmeeT B[ |
|
[
|

¥ 4 ¥ = 0,

npmuem k=2 (E — V). B l =
KJIaCCHYeCKH OCTYyUHOIT 06ia- } |
CTH mOTeHNWANLHAA aneprua V.o = } 7
mensme tuoamnoit sweprum E. {U U U U&
CrnemoBaTeinuo, BOJTHOB as } l :
$yaxnuma ¥ ocnuaimpyer B
aroit o6nacru (em. (1.7)). B 06- Puc. 10
gacth, e E <<V, V-pyHRIHA
SKCTIOHEHINAJIBHO B3aTyXaeT. OHePTHi0 CTAMMOHAPHHIX CO-
CTOAHHUH MOMHO ONENUTh N3 YCJIOBHA, UTO XaPaKTePHHIf
pasmep [ o6macThm, B KOTOpOW MOKeT ABUTATHCA HACTHUILA,
CONePIKUT Teoe YMCIO n HoiyBonH e Bpoiid.

CragmonapHble YPOBHH 2HEPTHH HeEIb3A TOJNYdATL, MC-
NOIA W3 OfHOX NMIOhL PasMePHBIX coofpaskeHmil, TaKk Kak
peamumHEa n OezpasmepHa. MH GyfeM fenaTh MOJEAbhITLIE
ONeHKH, 3AMeHAA NOTCHNUANBHYI AMY AMHAKOM (pHC. 11)
¢ UIANOI, 3aBHCAMETT OT 9HEPTHHW JACTHIH. Jlamra mebpoii-
NCBCKOI BOJIATL

7 =1/p=1V2(E=Y),

2 A. B, Murgaa
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I'ie p — EMOYJABLC 9acTHNUH, A 3aBHCAT OT KOOPAWHATH I.
Ilaa omenKM MOKHO CUHTATh A ~ 1/V2E, eciu E orcum-
Tano OT AHa AMELI.

Wrax, oneHKa CTaMMOHAPHHIX ypoBHe# cucremn K, mony-
YyaeTcsi M3 COOTHOMEHH

n 2ntn
L (En) = 5 hA~—,
2 V3E,

e L (E,) — xapakTepHas AiuHA 06;1aCTH, B KOTOPOX MOsKeT
IRUTATHCA HacTula.

(1.47)

y
%
: {fn
| !
I |
| :
— : 0 | T
T |
P j’: L |
| | |
I
| | {
| | |
! 1

Puc. 11. Puc. 12.

Jlna mpAMoyTobLOi aMbl BenuuuHa L (k) = L — minne
nwn 2
V2E,
paKeHwe Y[ OBJIeTrBOPseT NPUHIHUIY COOTBeTcTBUA Bopa: mpm
GoNbIINX KBAHTOBHX YHMCIAX PACCTOSHHE MEKAY COCeTHAMH
SHEPreTHYeCKHMH YPOBHAMH [OJUKHO DAaBHATBCA KIaccHye-
ckoit gwactore mBwxerma (cm. ctp. 133). IleidicTBHTENRHO,

dE, nin 2% 2n 2%

dn T CEIET G wn . 2fje T, °

(R

N 2n?
amel. CiepoBarenanno, L = , OTRyma k,, = TR IT0 BhI-

rae I'yn; — RJIacCMUeCKH# Tepwof, NBHMKEHNHd.
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Cregyromuii npuMep — OXHOMEPHBHI OCHMWIIATOD, HOTEH-
nuanbHAsg 9HEPTUA KOTOpoTo V = 3 ®%*z2. 3rece ® — 4acro-

Ta KJIaCCHYeCKOTO OCIMIJIATOPa. 3aMeTHM, 4TO 4acToTa OC-
gqunnanaii Y-gynknum oxoio Hadaja Kooppamuart (puc. 12)
Gonpme, wem y kpaeB sAMH. [leiictBurensHo, npm z = 0
KHHETHYOCKASS SHepTHsA [BIKEHHS MaKCHMAaJbHa, cle/oBa-
TeIbHO, JJAMHA BOJHH A MuHumanwla. Ilpn sapmaunoit smep-
run E, xapakrtepuas pnwmHa obiactn L, B KOTODOH MOKeT
ABUTATLCA YacTHna, Haxommres un3 ycjuopmst V (L) = E,.

1 7
WUrax, 3 0?l% ~ E,, otryaa L, ~ Vbn/o). VenoBue KBaii-

ropamma (1.17) mmeer Bt YV E./o0 ~n/V E,, orkyna
E, = Cinw. W3 npuannna COOTBETCTBHA CJeJlyeT, dTO
L =

Hax msBectno, Todnoe pemenne 3a/1a9u IPUBOAKNT K CITCK-
Tpy ocumiuasropa E, =(n + 1/2) 0, 1. e. npu r = 0 sueprus
KoneGaHMil OTIWYHA OT HyJs. JTO CBA3ANO C COOTHOHICTIHEM
HEeoNpefieIeHHOCTe H ; yacTuia, v
ABIIKYIIAACA B Majol obGiacTa i1
d, He MOMKET HMEThL WMOYJKC, 0
menbmuit ~1/d. Ineprus E nmeer

4 o¥d? Bosn-

T

oneHry FE ~%

|

MeM MEHOMYM 9TOI'0 BHIpaske- |
HUA. ITa MEHAMEA3AIAA COOTBET- '|
CTBYyeT BAapHUANAOHHOMY UPHHIIH- |
Iy KBaHTOBOH wMexammpu: F = ¥ '
=min (Y| H [P). B nagsom cay- !
9ae P-QYHKIAA 3aBUCAT OT OJHO- A
ro nums napamerpa d. Borpaske-
uge pusa F  MHHAManbHO OpH
d ~1/Y o.llpp otom  Eg, = Puc. 13
= C,0 (B [eHCTBATENLHOCTH S
C, = 1/2). Bexmamna dmpn ~ 1/0 paer ONeHKY KBaApaTa
AMILIATYAB HyJAEBHX KodeGammil.

AHaJIOTHYENM CHOCOBOM MOKHO PACCMOTDETh JIBHINCHILC
B KyuaoHoBckoM moxe (puc. 13). Orpanmdmmes cayuaem

[ =0 (cayuaii [ = 0 6ymer mccaegoBaH KBA3MKJAACCHICCKT
2
Ha crp. 153). Aueprua E mmeer nopnnox%z—f—. Munnmm-

>
g
<
—

.,

3IPYA D5TO BHpakeHHe, monyuaem L = 2n%/Z.

2*
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IlogcTapnssi B BHIpasKeHHst Ui DHEPTHH, LAaXO[UM
Z2

7
E, 4n?
. A .
Sanmmem E,= — Cl—ﬁ u maiinem C, m3 UpWEIAOA COOT-
BeTCTBHA:
dE, . 272 2n
T - 61 - Ok =2 7 -

HCpI/IOIl KEJACCHYECKOro JiBU:Kellmda
Z
Tt Eu

TKJI =2 S %f =2 u& ——————-dr = an?

0 V 2 (E'u -+ —}:—> (——2/"'7L)"2 '

272 2n VAN
Nrag, C, _‘:m<2clﬁ> , orkyma Cp =1/,.

nd
| Z2
Orouvareapno B, = — o3 UTO, KaR U3BECTHO, COBIIA-

JI@eT ¢ TOYHBIM DPEellIeHHeM.
Hccaemyem Gosee cnoyRHBIA caydail, KOrJla 9acTHNA JIBH-
JKETCA B IOJIe AlrapMOHHYECKOTO OCIIMJIIATOPA. Morennumain V

paBeH%(ozﬂc2 + }LZ: (A>0). Omeprma E (L) mmeer ciepyio-
HIyI0 OIeHKY:

142
n+—' 279
. ( 2 w2l L
E(L)= sz>+§ B

Ocnoproe cocTosimme cooTsercTByer n = 0. Mru BmGpain
KHHETHYECKYI0 DHEPTHI0 OCHOBHOTO COCTOANNS Tak, 97065
HOJY9MIOCh TOYHOE BHpasKeHme JJIA JHepIrud rapMOHMIe-

CKOTO OCLHIIATOPA.
MuBpMA3anua 3TOTO BHpaskeHHs OPHBOAUT K yPaBHEHHIO

_@2+mgL+xL3:o,

13
nnu

(- 5)" = L@+ (117)
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Paccmorpum cnadana caydail Goapmx L. Tlpeme6peras
1\2
8 (1.17") anenonm ¢ o2, MOJydae ALE = <n -+ 7) Caejosa-

3
tenpno, E, = T

g \Ma w22
) 1o

A <n + 5 VynTeBag WieH g

TEOPUH BO3MYINEHNil, DONyuaeM IOUpaBKY

B HPOTHBOUOJIO}I{IIOM ciay4dae MAaJibl X )\, AHAJTOTATH HIM
cnocoboM HoaydaeM
<n—}4l -
2

| A
En:<”+'§>m0+z - Y

(O] 0

Pemasn wybuueckoe ypasnenue (1.17'), necaosiuo mony-
ypte # obuyio gopmyny mua E, npu mpomsBoarnnx 2. Mo
e OGymeM OpPHBOJUTL €€ 31eCh BBUJLY TPOMO3JAKOCTH.

Pacnpenenenne HaekTpuucckoro sapsaja B arome. Pac-
OpefiesleNye Rapsja B THMKEIBIX ATOMAX MOGKIUO BLIMHCIATL
¢ TIOMOM{BIO TPUGJIHHKENNOTO MeTO/la, HA3BIBACMOr0 METO/IOM
Tomaca — Depumn (enm. Tarsme crp. 108). Ipn srom menonn-
syercst TOT (JaKT, 4TO B Ts;KEJAOM aToOME GONLIITHCTBO DieK-
TPOHOB mMeeT GoNbllHe KBalTOBHC umcia. Jlauns BOMH
DIEKTPOHOB IIPH HTOM MAJBI IO CPABHENHIO ¢ 06JIacTbIO H3Me-
HeHHUst moTeHruana. Torga MIoTHOCTL DIEKTPOHOB B Kay/01
TOUKEe aTOMa MOJKHO PACCTHTHIBATH TaK JKe, KaK M IJIOTIOCTH
cBOGOITHIX DICKTPOHOR B TOTEIHIAAILIOM SIIUAKC ¢ MIOCKUM
LHOM.

IycTs nambosbmuil WMIYJIBC DAEKTPOHOB B NAHHOH TOTKE
pasen p,. Yucsno coctosumii B epuHEMie o6beMa B HETEPBAJE
(p, p + dp) pasnodp/(2n)3. IlockoabKY B OCHOBHOM COCTOS-
Adp aToMa DJAeKTPOHLI JOJIKHB 3aDOAHATHL BCe COCTOSHUSA
C MMIYJbCOM, MEHBIIHM Dy, TQ YHCTO DJIEKTPOHOB B eJHHMAIE
ofbeMa paBHO

— dp _ 9 4
n—2g(-2—n—)3_u3np3

(MIIO;KHTEN T 2 BOBHHKAGT M3-3a BYX BOBMOUMIN NPOERTil
CITUIiA BJIEKTPOHA).
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OGo3paauM uwepes @ (r) 9IEeKTPOCTATHYECKHI NOTEHIINAI
arommoro moxusa. CornacHo ypasHeEuio Ilyaccoma
Ap = 4un,
T. €.
3
Agp ~ pq.
Cesmem p, ¢ ¢. [lonmas DHeprua 9IeKTPOHA paBHA
% — ¢ (r). llycrs £ — MakcUMaAbHOE 3HATEHKAE NONHOW DHED-

THA B KajKmoil TOYKe aToMma, T. e.

P
50370—(13(")-

Beawauua e, gomxHEa OMTH TOCTOAHHOM, MHAYE DJAEKTPOHEI
OyfayT uepexofiuTh M3 TOYeK ¢ OOnbieil 9HepTHEl B TOUKH
¢ MeHbiel smeprumeii. M3 AByX mocaegHmx dopMyI Haxonum

Ap ~ (@ + &))"
anu

A(P A~ (P’/t,

ecJIM OTCYMTHIBATE ¢ OT —Eq.

Onpepennm paanyc [ o6racTu, B KoTOpoit HaxonuTea 601b-
IIDHCTBO AaTOMHHIX osuaexTponon. W3 wocuenneidn ¢opmyin
uMeeM IO HOPAAKY BEJIMYHHBE

—% ~ ¢y, otRymA |~ .

C mpyroil CTOPOHE, BeJIMYHHEY [ MOJKHO CBA3ATH ¢ YHCIOM
BCEX DJIEKTPOHOB aToMa Z:

Z ~ nl®
WA, YYHTHBAaA COOTHOMeHHE A@ ~ n
Z~ Agld ~ 13 ~ .

CpaBEHBaA JBa IOCJAEIHHX BEHpaKeHUs, HAXOmUM Z ~ [~4.]

Ui
1

CpenEsisi »HeprusA € ATOMHOTO 2JIeKTPOHA WO MOPAAKY
BeNVUMEH paBHA DIEKTPOCTATHIeCKOMY NoTeHmmany ¢ (I).
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Tar rarg | ~ ¢~14, T0 HONYUaeM
g ~ 1" ~Z',

Monnan bsueprus Beex 2JIeKTPOHOB [f mMeeT NOPHAAOK
BeJIMYMHEEL
E ~¢eZ ~Z7Zh.

1/,

Yuesto y3710B BOMHOBOI (YHKIHH €CTh Ve ~ 2%,

Urax, pagmyc K-o6onouxu aToma rg ~ 1/Z, paccros-
Bwe | (Tomac-pepmmeBcKumil panmyc), Ha KOTOPOM HAXONHTCSA
GOBMHCTBO ATOMHBIX 2JEKTpoHOB, ~ 1/Z°: wm papguyc
HapyKHHX 06onouer ~ 1, mOCKOIBKY addexTuBHBI 3apAn
IS DIEKTPOHOB HApyKHHX oboxouer ~ 1.

Pacnpesieienue 2JeKTpAYECKOTO 3apANa B aTOMe paccMma-
TpmBaeTca mofpoGHee B paspene 3.2.

@opmyna Poseppopma. PaccMmoTpum paccesinue JIerkoi
YACTHI ¢ Maccoii m m 3apALOM € 1ma TAMKCAOR TacTune ¢ 3a-
pAOM Ze B 1EPeNATABUCTCKOM KIACCHILCKOM cirydae. Ceue-
TIHe pacCcesiHusA He 3aBUCHT
OT MaCCH THKeJNOH YaCTHIH;
0110 OIpereasercsi CKOPOCTHIO
HajeTalomell 4YacTHUH v, ee
Maccoil u sapangamu e u Ze. Uz
sakoHa Hysora caeayer, 4ro
ceueHme ¢ Gy/eT 3aBUCeTh JUIIb
or Kombumuanmm Ze*. U3 atux
TIapaMeTpoB MOKHO COCTABHTH Pic. 14.

TOJNBKO OfHY BeJWUUHY C pas-

MEDPHOCTBI0 NJIUHBI, a HUMeHHO Ze/mv?; ciiefloBaTelIbHO, Ce-
2\ 2

4geHme paccesiHua ¢ (0) = ( f;) 7(6).

Haliem 3aBECEMOCTD cedueHms OT yIvla PaccesHust B mpe-
NEATLIOM CTyvae MaJRX yIJIoB. YToi oTkioHenusa O mpubim-
sueno pasen (pme. 14) 0 =~ p,/p, rAc p — HMIYJBC 4a-
CTUIbI, & P, — HMIYJALC, BO3HUKANOIHI B HaUPABJICHHUH,
HNepUeHUKYIAPHOM K MCXOMHOMY. BeumeanM p, :

00 o
_ a Ze?
P = S _Ldtz S—T_TCOS@dt:
—o0 —o0
o0 (=]
S Ze2p dt 2Z('2g dx 27Ze*
o e K O ko L

— 0
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(uaTerpan Geperca sameHoit £ = tg Y); 37ech p — NPHIENb-
Boe paccrosinwme (cm. pwme. 14). CaemomarenbHo,

2Z¢e?

0(p) = ot - (1.18)

mvep

ITo ompemenenuio nuddepeEnEaTBLHOTO CEYEHHA PACCeAHMA:

d dp |sin 0d0 d
d°=Pde‘P=P|£|d9d‘P: PL% e
nin

1
sin® ’

ds dp
ac — Plao

Hcooabaya (1.18) m (1.19), noaygaem dopmyay Peszepdopna
[UTSE MaJbiX yTJIO0B PacCesHmA:

o= (o) 5 (1.20)

dQ = \met) B

(1.19)

HenpuMeRnMoCTh KiaccwdecKoli MexaHHKH NpH 6oabmmx
NPUIETRHBIX NapaMeTpax. B KiaccHUeCKoll MeXaHHKe NOj-
HOe cedeHHE PacCesHnsA

G=§°2:ﬂ:pdp
0

o6pamaercsas B GECKOHEUOCTD MJIA JTI06KX HOTEHI[HANOB KPO-
Me oOpHBamMUXCA, KAaK, HaOpPEMep, IOTEHIHAJ TBEP/Ioro
mapwka. B KBaHTOBOH MeXaHHKe HOJHO€ CEYEHUE KOHEUHO
I MOTeHNHUAaNoB, yOHBAKWMAX ¢ paccToAHHmeM OLICTpee, dem
1/r? (cM. BEmxe). IloxakeMm, 9TO KIacCHYECKasd MEXAHUKA
CTAHOBATCA HENPAMEHUMON IpH MOCTATOYHO MAJBIX YIJIax
paccesHma, T. €. OPH JOCTATOYHO GOJIBIMIAX TpPHUIEibHBIX Tapa-
MeTpax p. Mel yBujpmM, 9TO ¢ yBejmueHpmeM LPHUIEIBHOTO
mapamMeTpa yrol KBaHTOBOMeXaHHuecKo# mudpaxnmm Ogag
YMEHELIIACTCA MefjIeHiiee, YeM yToJ KJIacCHIeCKOTO pacCes-
nua Oyx,. I[losToMy mauwmBEasg ¢ HEKOTOPOTO NPHAIEIBHOTO
napamerpa p, yron Oymp cTamoBmrcs Gonbime Oxy. Crnemona-
TeIBNO0, AU{PepeHTmAIbHEOE CeYeHHme pacCesAHAs [jifA IpH-
MeJIBHEIX HAPAMETPOB paccesHmsA, GOnpmmx p,, HY;KHO pac-
CYMTHBATHh 10 KBaHTOBOMexammueckmMm Qopmynam. MHraxk,
XOTs JUINHA BOJHBI A 3Jech MHOIO MEHbLIE XapaKTePHoro
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pasmepa, T. €. Py, YCIAOBHH KJIACCHUNOCTH DaccesHus ue
BHIOOJHUAOTCA, T. €. ycloBme A<€ p; — Neobxojmmoe, 1o
BOBCe He A0CTaTOYHOe YCJIOBHE HMPHMEHHMOCTH KIaCCHIECKOI
MeXaHMKM B 3ajade paccesnus.

IMonyuum KpuTepuil MPHMCHAMOCTH KIACCHIECKON MeXa-
nukn. Corsacno omeHKe Oy, -~ p,/p 3araoUaeMm, 4T0

oV AL V(at ¥V (p) Vip

O~ F1 AL ~$‘F P ?""‘7, T. €. 61<.7|~T
ov vV
3/ech Mbl TPEANOIOKAIH, 9TO TR E — smeprus vac-

THUILE, V — moTeHmuaj BaauMojelicTBuA.

Mg maxoskenust yriaa SUQPaKIEH PacCMOTPEM Ciefyio-
@i OmHT. DKpaH ¢ OTBEPCTHEM AMaMeTPa 24 OTPaHEIMBAET
IpuileNbHEeTapaMeTPLl pac-
ceAnnA 3MavenuAMA O I a -
(puc. 15). Jlas upumenumo- 1 -
CTH KIaCCUIECKON MEXaHUKY
11e06xoquMo, 9To0B MAPUHA O

[Z/ ‘e’qﬂ@; GAW
a
menaw a Oplra MHOTO MEHBb- I

e UPHIENLIOro TMapaMer-
pa p, WHade caMO TOHATHE

OPULETBIOro mapaMerpa l
repdger cmbica. llpu cyske-

AU OTBEPCTHS BO3HUKAET Puc. 15.
In(hpaknuoOHHOE paccesHue.

Yrofe MOiEO OBIIO HaOMIONaTh OTKJIONEHHE, HeoGXOtuMo,
q100b MuPPAKIHOHHBE yroa 6B MHOTO MeHBOIE yIia pac-
cesnus.

U3 coorronenus HeonpemedeHHOCTeH BUJIHO, UTO HeOMpe-
JICTTEHHOCTH B KOOPJUHATE @ COOTBETCTBYET HEOTP e e eliocTH
B momepeunom mMmoyabce Ap ~ 1/a. CiepoBatennno, yroq
nndpaknun

e

rjie p — HMIYJIbC HameTaromen dacTuin. J(aa npuMenuyocta
KiaaccuIecKol MexaHuku Heobxojumo, uToOBl Ouy =2 Opug
i Ogy > 1/pa, TeMm caMbBM

exn = ! (p)>
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Iro — obupmit Kpurepuwd TPUMEHNMMOCTH KIIACCHICCKON
MeXaluKn A 3ajaul pacceddusi, [[sisA moTeHUmanIoB, cma-
HaWIEX ¢ pacCTOAHMEM OGHCTpee, 9eM KyJOHOBCKMI, HIac-
CHYEeCKUN YToil paccesHmsi yOBIBaeT ¢ POCTOM IPHUNEIBHOIO
mapameTpa cusibuee, dgeM 1/p. Iloasromy Bcerma maiipercs
npuienbHbIl mapaMerp i, /JAA KOTODOTO Gm ~ O

Ze?
B cayuae pesepdopmoBCKOTO paccesHHSA 6——-—121 pacces-

Hue Gymer AAA BCeX YIVIOB KIIACCHUIECKHM, €CJIH Zez/ﬁv >1.

OneHra ceuenns paccesAHHs Ui IMOTEHINANOB, CIAKAIOIINX
¢ paccrosHmem ObicTpee, dem KyJIoHOBecKHdA. Mu moxny-
9UIN, 9T0 KiacCcHYecKas MexaHmKa HempUMeHMMa IpH OpH-
NeabHRX OapaMeTpax, OOJbHIMX p,, KOTOpPOe OIpejelsderca
¥3 YCJIOBMS PaBEeHCTBA KJXAaCCHMYECKOTO yIrja pacCeAHHs [iH-
$pakmuoHHOMY:

13
L 1.21
pip KJI(pl)’ ( )
T. €. BeJHYHHA 01 HaXONHUTCA H3 COOTHOIIEHHUA
h V (p1) 9
pip E (1'2 )

N3 (1.22) moxuo maiiTm p,; AusA H1000ro KOHKPETHOTO BHAA

norennmuana V (p), cmajaiomero ¢ paccrosnueM GmcTpee Ky-

JIOHOBCKOTO (1A mocienHero o6e wactu coorHomenua (1.22)

nponopnmoHaibun 1/p, 1. e. p; Haiitm nenwsa). Cregona-

TeabHO, OpU p << p; AuddepeHnuaibHOE CeUeHHE PACCeAHHUA

MOKHO BEYMCIAATH 0 QOpMynaM KIacCHIeCKOll MeXaHMKH.
ITonnoe ceueHue paccesHus

= ﬂpi + Gllﬂd)a

Tfe Opup —— AM(PAKIMOHHOE ceYeHHMe pacceaHus. )
Ecnu morennmman mocTaToumo OHICTPO yOHBaeT, TO Ouug
MOKeT OBITH OIEeHeHO KAk AuPPAKHUOHHOEe cedeHHe pacces-

HEA Ha DKpame paj;yca py, T. e, Ogup HMeET MOPANOK 7P,
TaK 4YTO

0 ~ 23’[‘)%.

OI{GHHM HOJIHOG:CG‘IGHHG PaccedAHus And CTeIEHHOrO mo-

reHnmana V = a/r*. Ua popmyas (1.22) Haxopum L ~2_,
PP pny
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1

OTKyga p; ~ (a/v)*1, CrenosaTenbHo,

2

a\" 1
ot 2| 2V
6 ~ 2np? 2::(27[
Msr onenuBanu AM$paKIEOHHYK dacTh pagceHHnH KakK
nudpaknmpo Ha sxpane. Kak MoxHO yOenuTnes ), IUIA 3TOTO

Tpebyerca, urobm moTennman yOmBadx ObCTpee, UeM 1/r2,
W, cJefoBaTedbHo, HOpHBeJeNHasd ONEeHKa CHpaBe/UIMBa TpPH
n > 2.

Pesonancabie dddexTnr npn paccesnmu. Pacemorpum cHa-
q9ajta pacceAHde Ha IMOTEHIUake, HMEIIIEeM CHIbHO OTTATKN-
Baiomyio cepiuesuny (puc. 16). OGosmauum gepes V, u a
COOTBETCTBEHHO BBHICOTY U HIMPHHY IO-

TennEaabuoro Gaprepa. Ilpemmosno- V}
wEM, uT0 V, > E — smepruum Haue- U
Taomed uacTunsl. Torga Ha rpaHdne
fapbepa BosrHOBaA pynKknua obpamaer-
ca B myab: ¥ (a) = 0. Paccmorpum
IS OpPOCTOTH  cepuIecKU-CUMMeT- .
PHYHOE paccedHHe M HpefIoJOiKHM,
q9TO NpH 7 > a4 9acTHHA JBHKETCH CBO-
Goauo, T. €. ee BoaHOBasS (PYHKOUA
€CTh CyMMa Nafalomeil nocKON BOJHE
etfz y  pacxonAmeiics chepuIecKoOn
_I_eikr,
pacceanus. Ilmockas Boama e

=
[~y S
3

BOJILI rje f— aMIIIATy1a Puc. 16.

2 ymeer cdepuuecKu-cEMMe-

sin kr
TPMYIHYK 9YacTh, paBHyl0o —— . llosToMy

kr
a9 sin kr f ok
g 2oe — 1 pt 1‘.
S ¥ 4% |r>a kr + r €

Hemonpsys rpanmynoe yciaosme ¥ (a) = 0, naxopmm
Lk :

S”;c L+ fekr =0, mum

f=— sn;tka o,

*)J.0. Taugay, E. M Jud¢muu HsanroBag Mexa-
maxa, Qusmarrasz, 1963, crp. 548.
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Ecau sueprus 9acTuIpl TakoBa, 49To ka = nn, rige n —
nexoe wucno, To f = 0, 1. e. ceqenue s-pacceAnns obpamaercs
B HYJb. 3TOT Pe30HaHCHHH dddexT B MOIHOM cedeHHH ociab-
Jewu TeM, 9To npu ka = 1 B pacceAHUH CymIeCTBCHHE! M BOJHBI
¢ I == 0. MosTomy noamoe ceveHne paccessnus ne obpamaercs
B HYJb.

Kak BuZHO W3 BHpaKEHHA IJAA aMIUIUTYRH paccesHUA

]

.
napbospimee cedenpme mOoJgydaerca npu ka = (2n + 1) 3

o = 4nx2. Ilpu mansix k (ka << 1) ceuenne ¢ = 4na’.

Pesonanchnie 9QeKTH IpPH paccesHHU HMCHOJb3YIOTCA
B Tax Ha3HBaeMO# NMpOCBETIGHHON ONTHKE: Ha MOBEPXHOCTh
JIMH3H HAHOCHTCA CJIO BemecTBa TAaKOHW TONMMHEI, YTOOH
Opd HOpPMaJbHOM MaJeHHH CBEeTa pasHocTh (as oT ciod m
JNEH3E COCTaBWJa Iejoe amcao . B pesylnbpTaTe Ha moBepx-
HOCTH JTHH3H HE MPOUCXONUT OTPaKeHUsA cBeTa U BCe MOTEPH
00ycaoBJeHE JHIIL HOTJIONIEHHeM.

Amajorganoe sBjenie OPOWCXOAMT MpPH pPacCeAHHH da-
crur] Ha mnorenmuanbroil AMe (V << 0). Hak w B cayuae
V > 0, ceuenne paccessHusi TPUHAMAET pasnUIHbe 3HAYeHUA
B 3aBHCHMOCTH OT (a3H BOJHOBOH (GYHKOUE Yy Kpas sAMHL.
IIpu ompenenennmix s3nageHHAX (asu cedeHme oOpamaeTcs
B Hynb. JTOT adderT Habniogancsa BuepBue PaMaayspoM mpm
paccedHWH B3JIEKTPOHOB Ha aromMax. HiaccudueckaA Teopus
paccesinuA He MOKeT 00BACHMTH 8TO siBaenme. J[pyrod mpm-
Mep, e KNaccHIecKas MeXaHHuKa pemIMTeNbHO IPOTHBOPEYHT
DKCIIEPUMEHTY,— 3TO aXBaT MEIJIEHHHX HEHATPOHOB AJPaMH.
Ceuenme sToro mpomecca (~ 4n%X%) mpemmOaeT Kiaccwieckoe
ceuenue (0y.; = nR2, tme R — paguyc sAnpa) B JECATKH
THCAY Pas.

BsaumopeiicTsue me:xgy aromamu. OuneEUM BeAWIHHY
B3amMofeficTBUA HEHTPaNbHOrO ATOMA C MOHOM M C HEHTpaJb-
HBIM aTOMOM Ha Gonbmux paccrogHuAX. WoH cospaeT ainek-
Tpudecroe moue & = Z,/r?, rne Z, — 3apaAp uona. HeilTpans-
HHI aTOM, HaXONAMUACA B BIEKTpHIECKOM moxe &, mpuobpe-
TaeT JUOOJbHEH MoMeRT d = a&, rie o — IOAAPU3YEMOCTDH
aroma. CrepgomaTenbHo, B3amMOJeiicTBHe HOHA ¢ HEHTpab-

HeM atomoM V = —&d = — Zija/r*. B aTOMHHIX efuHMmax
o ~ 1, Tax Kak TAaBHYI pOJib B MOJAPHU3ANUHM aTOMA HI'DAIOT
HapyKHEE 000ON0YKHM, [OAA KOTODHX BCe Benwdmusl ~ 1

2
R aTOMHHX efmuupax. Taxum obpasom, V ~ — Z;/rt,
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PaccmorpuM Temepb ciydail, KOTia 06a aroma HeHTpadb-
pol. OBy MEAYOEPYIOT APYT Y ApPyra AUIOABHEIC MOMEHTH dy
# dy. JlMmONb-TANONBHOE B3ANMOMICHCTBHE MEHAY aToMaMH
paso V ~ —dy do/r®.

Cpennee 3Ha4eHHe d, ¥ dy IO OCHOBHOMY COCTOSAHIIO PaBHO
HYJIO, TAK KAK QTOMH HE WMEHT IOCTOANHBX TUIOMLHBIX Mo-

2 52
menToB. OnHaKo cpejHee sHadeHue di, dj OTAWYHO OT HYIA.
JumosibHEA MOMEHT Rgoiebjerca €O BCeMH BO3MOKHBIMI
ATOMHEMHA 9acTOTaMu:

d = Dideeit.

d

“ 3
JlumoNbHEN MOMEHT die CO3/aeT mojie (‘o"m~—r§’— . Momenr dye
B orom mome pasen 0,8, IlogcTaBusAs dy, B SHEPrUIo
B3AMMO/IeHCTBYA, MOJYIUM IIOCHEe YCPeIHeHHA IO BPEMEeHi:

V~—2d2m$m:—%—demaz(m)~——1—.

ré

Taxoe B3auMomeiicTBHe Ha3BIBAIT paamMojeiicteueM Ban
nep Baaasbca.

Honusanns aroMos. Onenmm IOTepHM dHEPrUM HpH JBA-
;KNI DIAEKTPOHA ¢ DHeprueil, MHOTo GoibIIei SHEPTHAN d/IeK-
TPOHOB ATOMHLIX 000NO0YEK.

Haserajomuil 3JeKTPOH, CTAJKUBAACh C 3JIEKTpPOHAMH
ATOMIBIX 060T0ueK, BHOpackBaer ux us aroma. IIpu Gonbioi
9HeprHM HWaJNeTAIOMero dJEKTPOHA ero yroj OTKIOHEHHHA L)
madi. [109TOMY cedeHye paccesHus Ha OJHOM dIEKTpole o6o-

. do .
JouKk; ompepneasieTca PopMYIIoil T A 3gech p — UM-

OyLC  AJICTAIONIEro 3JIEKTPOHa.

O6oznadnM wepes ¢ U3MEHeUHe MMIYJALCA ILAJICTAIOIICTO
DIEKTPONA; BeJUYMHA ¢ CBA3AHA ¢ YLNOM paccesAnus ¥ coor-
nomenuem ¢ =~ pO. dueprusa AE, nepeaaemast Ipu cTOJAKHO-
BeHum, pasua ¢%2. IloTepa sHepImu LICKTPONA Ha C/IHHANE
IIYHE OyTM paBHA.

2% = —nz\ALds,

x

rae nZ — [MOJHOE UHCAO 9JAEKTPOHOB B EAMHHNE obBeMa,
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do — puddepennumannioe ceuenme. Mnmeenm:

S‘Ezﬁlnqﬂm
q P qnin

—Z—§~anq2#ﬁdﬁ:an—z

Tar xak MaxcuManbHas mepefaBaeMasi BHEPTHA MOPANKA
PHEPTMM HAJTeTameil 9acTHHH, TO (max ~ P (Fmax ~ 1).

Munumanbubii nepefaBaeMbil UMIYIbC COOTBETCTBYET CIy-
9310, KOT/[a BpeMA Ipojera T CTAHOBHTCH NOPANKA 0OpaTHHIX
9acTOT aroMa, T. e. ot ~ 1. IIpu Gonbmmx Bpemenax mpo-
JeTa IOjie HaJeTalomero HJIeKTPOHA IPAKTHIECKH HE Coflep-
HKUT QYDPbe-KOMIOHEHT ¢ aTOMHBIMH 9acTOTAME HM BEpPOsT-
HOCTb MOHM3anuu pesko yOmBaer. Ilpunenbusii napamerp p,
COOTBETCTBYIOMHUH 9TOMY YCIOBHIO, ONpPENEJAETCA COOTHO-
IeHUeM P = ¥T = p/®, I/[eé ¥ — CKOPOCTHh HAJIEeTAIOmEro aJex-
TpoHa.

HNocronbry (€*/hiv) << 1, MunuManbubiii yroa Smin ompe-
JlesieTcs He KJIacCHYeCKHM YCIOBHeM, a yCIOoBMEM Audpak-
neu (cM. crp. 41), 1. e. Umin ~ 1/pp HIH Gmm = ©o/v.
CregoBarenbHo,

dE Zn In 22

—_—— o~

dz 7 e

Kax 6rino Beme moxasauno (cm. crp. 38), ocnoBHas Macea
9JEKTPOHOB pacHonokena B obmactu pagmyca a,/Z't u
9HePrMA KaJKKOro U3 wmux ~Z'%. Benmumua o, UMeeT no-
Z’/a
7-s
BBOIA TOTeHIMAJ MOHM3anum Bonopona /,, moayumm

dE _ pinety E
nLz:

v
. PANOK 0 ~ — ~ = Z. BoccraHaBauwBas pasMepHOCThH U

dz my?

Tounnii pacuger maer C = 4n,

MuorokpaTHoe paccesHme. Y3Kmil My4YoK OJEKTPOHOB
OpH OPOXOKCHHE 4epe3 Cpefy pa3MHBAaeTCA MO YIJiaM M3-3a
MHOTOKDaTHOTO paccessBds. JleficTBUTENBHO, XOTA OTKJIO-
HeHWE DJIEKTPOHA, CKa)keM, HampaBoO WM HajeBO, PaBHOBepO-
AITHO, CPeNHMII KBafpaT yIia OTKIOHEHHUA OTIMYEH OT HYJIA.
C analoOruTHRIM sBIeHHMEM ME BCTpPRUaeMCA B OGHeHHOM
JKM3HH, Halli0[an, KaK B3aKpydYdBaeTcd CO BpPEMEHeM Teje-
¢ounwii muyp. [Ipm kapom TesedoEHOM pasroBope HIHYD
BaKPYIMBAETCA B Ty MJH HHYIO CTODOHY DPABHOBEpPOATHO.



2. ATOMHAf MEXAHHUKA 47

OIIHHNO mocdae 6().’[1)1[[01‘0 YUCJIA PA3roBopoB 1Nyp OKas3bIBaeT-
€5 3aRpyderiibM Ha yIoJi, TPOHOPIHOHAIbHET KBagpaTHOMYy
KOPHIO #3 YucJja pﬂBFOBOpOB.

ITockoapky pasz0poc DJIEKTPOHOB Iy4YKa L0 yIJaM Ipef-
cTaBasger coGoli COBOKYITHOCTH OOJNBIIOT0 YHCIA 11e3aBECUMBIX
CAYJaHHHX MHpOIEecCOB, TO pacupefiesenue N0 yriam HMeeT
g D (9) = Ae™9 (rayccoso pacupepnesenne). Cpeanumii
KBajpar yraa oTkJIolreHus 02 IPONOPOUOHaen YACay CTOMK-
nosenuii /N, paBHOMY OTHOII@HHIO TOIMAL 06pasua L k juune

cBoBogioro npobera . Ecam ¥ — cpepnmii kBagpar yraa or-
KJIOHEHHs HPH OJ[HOM CTOJIKHOBEHHM, TO

T = 0N = 012 = a0} = 0L

rie o -- cedeHme paccesHus, n — YUCAO AJEp B eJIuHHUIE

oGmera, a 0 — cpejnuit KBajipaT yria OTKIOHeHWUA Ha e/iu-

Imue lumnm nyTu, T. €. 0% = n09%. Tax rak, 1o oIpefieeHuio,
= —SG (9) 92dQ, 1o 02 = ngs (9) 92dQ. [laa peaepdop-

JIOBCKOTO paccednusa moxydaeM

72 ¢

l max

w2 G

min

02

~ 27N —=

Jra gopMyna TOAMTCA KaK B PENATEBUCTCKOM, Tak M B 1ie-
PCIAATHBUCTCKOM cJIydae.

PacemoTpmm iBa mpepesnbuuix caydas: Z/v >1uZjv<<1.
B mepsom ciiyuae paccesiime RIS BCeX YIJIOB MO;KHO CUATATh
riIaccugeckaM (cM. crp. 42). MakcuMaabubl yrod pacceAnns
ompenessAercs juGo U3 YCIOBMA, 9TO TPHUIEJbHHA mapa-

V(R Z
MeTp paBeH pajuycy Axpa R, T. €. Omax ~ —— = 55, €CIH

Z/IRE < 1; qubo Vypax ~ 1, eciu Z/RE ~> 1. B cnydae pac-
CeAHnA DJEKTPOHOB IEePBOE M3 STHX YCJIOBUIl IPOTUBOPETHT
cootHomeRnuw Z/v > 1. Jleficisurensuo, yeiaosue E > Z/R
COOTBETCTBYET pEeJIATHBUCTCKAM DHEPTHAM, HO [AJH CKOPO-
creit v~c¢, Z/c< 1, mcatomy umeem o ~ 1. Munu-
MAJIBGHLIA YIOJd OTKJIOHEHHS OIIPefeIsseTcsi pPasMepaMu aToMa
a: 9 ,in ~ Z/aE. Onenupas a uo moneau Tomaca — (Depmu,
7 Z‘Is
-

HaxoguM Uy, ~
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AT = Z =
Caegonarensio, uas suexrpoos ¢ E-<Z 7?2 <-U—> 1>
— 72 E
2 P~ — —
6% ~ 2an 7 1n 7

B cayuae, xorga Z/v << 1, K1accuuecKHil yroa OTKIOHEHHS
MeHbIle yria KBAHTOBOMEXAHHWYECKOH nudpannuue Ougg.
Hoaromy yrast Yypax U Umin MOIGKHEL OUPEENsTBCHA CIEYIO-
muM 00pasoM:

Omin — yrod JUPpaKnuyM HA pag@yce aToMa:

x le:l
ﬁmln i T -~ 7

Omax — Yrod mupaKuuu Ha sjpe:

x 1 x x
ﬁmax""ﬁ""p—}{ npu —1;,—<1, Cmax ~ 1 Hpn_l_{—>1'

?

Taxum ofpasoM, B caydae Z/v << 1
Inz, ®R1,

s, XR>1

3. BBAUMOJIEVICTBUE C M3JIYUYEHHUEM

HyneBble KoneGauns dieKTpoMarsMTHOro mois. Hax
H3BeCTHO, HHEPrusl  HJIEKTPOMATHMTHOTO TIOJA  paBHA

* 2 2

S(;% -+ ‘g_n)dr, rie € ud — HaOpAKEHHOCTH BJEKTpHIEC-
i

KOT0 X MAarHUTHOTO no/iefl, ECan B OPOCTPAHCTBE HET 3apAN0B,

TO DAEKTPOCTATHIECKNI MOTEHITHAN (¢ MOIHO CIUTATH PABHBIM

A .
aymo. Torpa € — — icaa—[ ,H=rot A, rme A— BexTOpULIH

MOTEeRIA AT,
Pasmo;kuM BeKTOPHHIA MOTEHIHaJd IO IJIOCKIM BOJIlaM:

A= Z ApetFr ;- KOMIVL. CONPSK.
)

Torga mis dHePrul dJeKTpoMarHuTHOTO moaA E moaywaem
caeiyomee BRpaskeHue:

: k2 ;
E=3 g | dul +grl 4P} -
k
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3j16cb HOPMHEPOBOUIHIT 06BEM LIPOCTPANCTBA, B KOTOPOM Ha-
XOJMTCH I0J€, CIATAETCS DABHBIM GIHHULC.

Jlerko BupeTb OTCIOJA, YTO DHEPTHA DIECKTPOMATHMTHOTO
noJid paBHa cyMMe pHEPTuil HeB3auMOJeHCTBYIOMMX IaPMOHIT-
YeCKHX OCIILIATOPOB. JlefCTBuUTeNbHO, BeayunBEa Ay Urpaer
31€Ch POJb KOOPAWUHATEHI, A — cropocru, 1/4 mc? — Maccst

TAaPMOHAYECKOT 0 OCHUAAATOPA. Yacrora OCHUIIIATOPA O =

[0
= ]/— , TIe 0. — 3KEeCTROCTh, & m — Macca. B naHnoM ciy4vae
n

a = k4 5, m = 1/4 nc?, cnenosareiabHo, ox = ck. Ilepsoe
ciaaraeMoe B Bepasnenuu Aas E mpepcrapiser co6oil KuHeTH-
4eCKYI0 PHEPTHIO HJIEKTPOMATHHTHOTO HOJA, a BTOpoe — Io-
TeHIUAIbHYIO.

Mrak, 2i4eKTPOMAarHuTHOE Hojne B mpocTpancTse 6es saps-
J0B MO}KHO PaccMaTpuBaTh Kak COBOKYIHOCTH HE3aBHCHMEIX
FapMOHHIECKHX OCIUJUIATOPOB CO BCeMM BOBMOKHEIMH 3HATe-
HIAMEA BOJHOBOTO BeKkTOpa K.

I puMennM K COBOKYIHOCTH I'aPMOHUIECKUX OCIUIIIATOPOB
3aKOHLI KBaHTOBOH Mexammku. Torfa SHeprus OJIEKTpOMar-
UUTHOIO 1I0JIA paBHa

L. 1
E = 2_] <n,; - —)> W,

k

Tme np — HOMeD BO3OYIKICIIHOIO COCTOANHSA OCIHHJIATOpA €
BOJIHOBBIM BEKTOpPOM K (4rCJI0 KBAHTOB € BOJNOBEM BEKTOPOM
k). Jlns npocToTH 3[iech OMyCKaeTCA 3HAYOK A HOJIAPH3ALuA
kpanTa. OH oupenedsier HanpaBlIeHne OPUEHTALUHA BEKTODa
Ay, me;kamero B IJIOCKOCTH, HepHeHfuKkyaapHoi k k. B oc-

. 1
HOBHOM COCTOSHIH Bee nx = { (HCT KBaHTOB) u £/ = 72 -
Tk

lips sToM Hu KuHETHYECKasA, HH LOTEHIUAJIbHAS BHEPIHH
KoJefanuil He MMEOT ONpejesICIHOr0 3HadYeuusd.

CienoBaTeqbHO, HU HAOPAKEHHOCTH 3JEKTPUYECKOr0 MO~
75, HUA HAOPSYKEHHOCTh MATHUTHOI'O 10/l HE UMEIT olpene-
seHHoTo 3navenusd. Cpennue sHAYEHUS BJACKTDUYECKOTO M Mar-
HUTHOTO TOJell Ipyu STOM PaBHE HYJI0, HO CpefHiie 3HAYCHUA
OT KBaj[paTOB 3TUX BEJHMYMH OTIUIHBL OT HyJIsA ITO O3HATAeT,
YTO HJEKTPOMATHHUTHOE MOJIC B IIyCTOTE KouebacTcsi. JTH Ko-
snebaHma HASHBAIOTCA HyJNEeBHIMH KoJeOaHMAMH 5JIeKTpoMar-
HUATHOTO WOJIA.
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Tenmeph MOKIO O0TBETUTH HA CIEAYIOU{MI BOOpoC: HOYEMY
aTOMB HE HAXO/sATCH HEOT PAHUUYEHHO J0JTO B BO30yKIEHHBIX
cocroanunx? Beun BosOy)kpesnpie COCTOSHHMA €CTh TOYHEE
cranuoHapHse cocroanus ypasHenusa Illpeguurepa. Ilpuuuna
3aKJII0YAeTCA B TOM, 9TO B HYCTOTE BCEIrJa €CTh DJIEKTPOMAr-
HHUTHOE, II0JIe, ¢ KOTOPHIM B3aMMOjIeicTByeT aToM. B pesyiub-
TaTe COCTOSHUA aTOMa HepecTaioT GHThH CTAHOHAPHBIMH.

Pacemorpum B3amMmopeiicTBHMe 4acTHOHE! C BJIEKTPOMATHHT-
HBEIM mofieM. s Toro 9To0h HaiTH A3MeHEeHMe FaMUIbTOHMA-
Ha OpH HAJOKEHHMM IIOJA, HYKHO UMIYJIbs YaCTHOR P 3aMe-

e .
HUTH HA P — — A, rne A — BexTopHEI moTeHNUax mous. Crue-

IOBATENbHO, ONEePATOpP KHHETHIeCKOo# sHepruu p*/2 m mpeol-
p? e 2

pasyeTcA B 5— — — pA -+ T
3TOM BEIpakeHuHM Majo. Ero Hy:KHO yIMTLIBATD B 3ajjadax, Tle
OePBHIA MOPAJOK TEOPUN BO3MymeHU# gaeT HyJeBOH BKiaf,
HalpuMep, B 3ajlave¢ paccesHMs KBaHTa Ha djiekrpoHe. Omepa-
TOPH Ay HTPAT POJb KOOPAHHATH COOTBETCTBYIONIETO OCI{MII-
JAATOPa TOJAH U MO3TOMY MMEIOT MaTpPUIHEE DJIEMEeHThi, COOT-
BeTCTBYIOMME M3MEHEeHUIO YHMCIa KBAaHTOB Ha 1.

Bruameanm MarpuaHsiil sueMentT (Ax),; mepexona U3 BaKy-
YMHOTO COCTOAHMA B COCTOSHUE ¢ ONHUM KBaHTOM. JlysA aToro

raitnem pemmauny (AL)o = Oy (0] Ak | n) (]| Ax | 0). Tax

A?. Tlocnenuee ciaraeMoe B

KaK omepaTop Ar pOjaeT OQUH KBaHT (C 9acTOTOH g), TO
B CyMMe OTJHMYEH OT HyJs Toabko uien ¢ n = 1. Hrax,

[ (Ar)or| = V( | Ak [¥)go- 1A rapMOHMYECKOTO OCHMILIA-
Topa cpejHue 3HAYCHAs KUHEeTHIECKOH M NOTeHINAbHO’ 9Hep-
Uil cOBNANAIOT ¥ PaBHH mosioBiHe moaHoi sHepruu. Cienosa-

= 7 1 1
TeNbHO, JYJIS OCHOBHOTO cOCTOAHUA T = Uk = - Ex = T ck.
" 7 k2 ; 1 k2 )
Yax kax Ug= m(lAklz)oo, 0 ck = = (| Ak [Doos oTHY AR
(A%)oo = z—:ktf . CnegoBaresibHo,

2ne 25c?
[(AR)o | = ]/_k_: ]/@k :

AHAJOTMYHO HAXOMUTCA MATPHYHEHIA 3JIeMeHT oT Ay Aus mepe-
X0jla U3 COCTOANMA ¢ NI KBaHTaMH B cocTosAHme ¢ n - 1
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KBauTamu. Herpymuo noxydmTh

(Ak)‘m n+l1 — ]/n ‘+ ]// 231:02 )

/ 25ct
(Ak)n, n-1 — V l/ Al N

Takum 06pa3oM, MaTPUYHBIM DJIeMEHT NEpexofa JacTHIbI
H3 COCTOAHHA (;, B COCTOAHME (,, C UCHYCKAHUEM KBaHTA
paBeH

Vi = (=2 A, = =5l pet ) ) 5
(1.23)

Yro6s mepeiTn K PeJIATHBACTCKOMY CIYYalo, JOCTATOUHO JUIS
OLICHKH 3aMeHUTh P/m Ha v. 3Hech Plg) — LPOCKIUA UMIYJIb-
ca Ha Hanpasienue 4y (Mgx — eIUHHYNHIE BOKTOD NOJAPU-
3amAM KBAaHTA).

®@oroapderr. Paccmorprizt gorosdderT: KBaHT cBeTa MO-
TIOMAaeTCsa aTOMOM, B pe3y/ibTaTe 4ero M3 aroMa BheueTaeT
anexktpon. Umciao mepexofoB 3a eIWHHMIY BPEeMEHH DPaBIlio

2n . .
Vo, 0?0 (Bs — Ey),

rne E; — sHeprus HadalbHOrO COCTOSHIS, paBUas CymMwme
HUEPIMH KBAUTa M W DIEPIHM DICKTPOHA B HAYaJbHOM CO-
CTOAHME &g, & [}; = &, — DHEDPTUSA BLLIETEBIIEr0 WICKTPOILa.
Umesio mepexofoB dJIEKTPOHA 33 eQUHMILY BPeMeHH B COCTOA-
HUS ¢ UMIOYJILCaMH P B uHTepsaie [p, p + dpl pasho

aW = 25| Vo, 8 (60 -+ o0 — £) 5 =

e

——2NS‘V0’p|2 p 8 (8o -+ or — €p) dQ2 =
2 P

= g ) Vol 5 40

Ceuenue goTosdderra paBHO OTHONICHHUIO YUCIA DePeXO/ioB

3a e[MHUIy BPeMEHHM K MHTCHCHBHOCTH NoToka KBaHTOB. Iloc-

JeSHAA PABHA CKOPOCTH KBAHTA ¢, TAK KaK B HOPMHPOBOYHOM
o6Beme (= 1) maxommrca oguE KBaHT. (JiefoBaTeabHO, HO



52 TJI. 1. PABMEPHBIE U MOIOEJLHBIE OLIEHKII

OOPAAKY BeJIHYNHLBI AMeeM

Aap 2

6~
(2:rt 2 | VOP ‘

IToraskem, uro B Boipaskenuu (1.23) sxcuonenry €i*" MoxmO

samMeHUTH epmHunel. [leficrBuTenbHo, BOMHOBOE WHCHO Kk =

= ©/c ~ I/c, rge I — norennman monusanun atoma; I ~ Z2

JJIA BHYTPEHHMX 3JIeKTPOHHBIX 000J0YeK. Pa;myc 3TUX 000-
Z2 1

1ouer ~ 1/Z, ciegosarensuo, kr ~ 7™ —<1 u etk = 1,
IKCnoHeHTy ¢*T Tem Golee MOMHO 3aMCHNTH eJIMHHIe s
HapY:RHBIX obomoder, tne kr — 1/¢ = 1/137.

Tal{ KaK (mop(pp) = (o7 QPp) = i (8 —2p) (Qo7"¢Pp) =
= {0 (Qo7 @p), TO cedenme PoTodaddeKTa MMeeT MOPANOK Be-
JIVIUHE

5~ co2 [ (9o r'(pp)]2 ——— | (o) |2

Paccmorpum dorononusanuio K-060109kM B ABYX Ipe-
AeNbHHX CIydasAX: KOTAAa 9HEPIHA BHLIETAIONIET0 3JCKTPoHA
MHOTO MeHbIIe WIOTEHNMAJla MOHM3AaOHU W KOLMA OHa MHOTO
Oonplle mMoTeHIMala WOHM3aLuMU. B mepBoM ciydae pHeprus
KBaHTa OJM3Ka K sHepruu moHmsamum I ~ Z2 T. e,

Z2
5~ | (@orep) [

Ceuenme copepxnt MuouTens p ~ }V E. Ecnn 661 MaTpUY-
HEI 2JIeMeHT Iy, He 3aBUCEIN 0T 9HePrun (4T0 HEBEPHO B [aH-
HOM caiydae), To 6 ~ } E. 910 0GHYHEIL peayibTaT 1jis cede-
HUA peaknmi B6amaum mopora (cm. crp. 171). 3asmcmmocts
cewernss ~ J E BOSHHKIA M3-3a CTATHCTUIECKOTO BECA KOHEU-
HEIX COCTOSTHUA:

d3 . o . .
SG(E——(D)(—zT’))sfvSG(b—(v))p“dp~§6(b—(v))pdb~p.

B mamem cnydae geno o6cTouT mHade: cedenue Qorosdderrta
IPU MalbX DHePrUfX BHIIETAIOUIET0 3JIEKTPOHA HE 3aBUCHUT OT
oHePrHh. JTO CBA3aHO C TeM, 9TO AMNOJBHEA MaTPHYHEHLH
BJIEMEHT H3-32 MEJJIeHHOCTA CHAJaHAA DOTeHNWAJAA HAa 6oib-
mEX paccTosEMAX Beger ceba kak 1/} p B6amsm mopora
peaxmuu.
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OmneHUM rop BOMU3H MopoTa. Bonnosas GpyHRIuA K-siex-
TpoHA @, ~ € %', | CJIe[0BaTeNbHO, B JUIOJHHOM MaTPAIHOM
DIIeMEHTe CYIIECTBCHHH MaJble DPaCCTOAHHA T~ 1/Z.

UTo6H OWEHHTH Fop, HYMHO HailTH @p (r) npu r~ 1/Z.
Tak Kak OLePaTOp F* M3MEHAET yII0BOi MOMeHT Ha 1, To QyHK-
[Af BHUIETAIONIEr0 DJIEKTPOHA COOTBETCTBYeT COCTOAHHIO C
MOMEHTOM ©JMHMIIA M HMeeT Ha GeCKOHEYHOCTM BHJ

(PP—’T:TCOS (pr - 8,) cos 0. (1.24)

C nmpyroil CcTopoHHE, pajMajNbHaA dacTh BTOH $yHKITUY
@p/cos & = uy/r, TAe U, YAOBIETBOPHAET YPABHEHHIO T pe-
AMHTepa

u, + Plup = 0,

9 B VA 2
e P — 2<b +—r—~72->, E = p*2.

[IpuGnmxennoe pemeHAe TOT0 ypaBHeHUs, HaHICHHOC B
1.1 (kBasmKIacCHIeCKOe NPUOIMKEHNe), OIPEeIe/IAeTCs BhPa-
JKCHHEeM

r

cos (S Py (r)d —%> . (1.25)

A
TV E®

Cpasuusas (1.24) ¢ (1.25), maxogum A = 1V p.
VeioBIe IPAMEHHMOCTH KBasMKJIAaCCHICCKOTO NMPUGImKe-

dh, d\ {
HUA _zﬂ_<1 (cm. 1.1 1 3.1). Ucnonbays & VE MONIyIaeM

ycaoBue Kpasurinaccugnoct, r > 1/Z. Urak, KBasmKmaccu-
gecKkoe NpUGIMKeRRe 0 NOPATKY BeJIUIUHb IPATO/HO BIIOTH
no pagumyca K-o6onouxm.

1 t VZ
Haxonum ¢, upar ~1/Z: ¢p ~ i v
» OP » Vp %/‘Z/r r V‘p
JlumonpHeIR MaTPAYHEIA 9I€MEHT MMeeT II0PHAMOR
. VZ 1
Go? )~Z/'ge-z’r = rdr ~ ——— .
(%ores ; Vr 22 Vp

Taxum o6pasoM, 3aBHCUMOCTE | rop|? OT p KOMDeHCHpyeT
3aBHCHMOCTH CTATHCTHIECKOr0 Beca, m cedeHHe goroapderra
IPU MAJKX DHEPrEAX He 3aBUCHT OT bHepPruu. JaMerum, 9UTo
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9TOT pPe3ylnbTaT BOSHHK TOJBKO Oiaarogaps IiaBHOMY X0y
KYJOHOBCKOTO moTeHIuajka. Ecim OH moTeHmmas, B KOTOPOM
IBIJKETCS DIIEKTPOH, MMeJl BHM HOTEHIAAJNBHON AMEI, TO HA
Kpaw AMH BOSHUKIA OH 001acTh, B KOTOPOi HopTUTCSA KBa3H-
KjaccHYecKoe MpUOAMKeHHWe, W TPHBEJIeHHAA BHIIE ONEHKa
Ooina Ont Hesepra. Us gopmyn Tperbeit riasut (cm. crp. 171)
JerKo yOefuTbCA, UTO B BTOM CJiydae Iy, He 3aBHUCHT OT p, H
xop cedenna goToadderta BOIMSK MOpOra OUPereNsieTcs CTa-
TACTHYECKAM BECOM.

Urax, mpu £ — I <<€ I mnonHoe ceueHwe (oroaddexta

pZ2 [ 1 \2 1
T\

s=-2L ¢ ~1 (1.26)

YA

nin

PaccmoTpum apyroit mpemenbHbIl ciydail, Korga DHePTrHud
BHJIETAIONIET0 3JIeKTPOHA MHOTO 0O0JIbIIe NOTeHIAALA NOHU3A-
nun, OnenrM TUNoNBHH MATPUIHEIR 3IIeMEHT | cedenue GoTo-
odderra. BonHoBas PyHKNUA HENPEPHBHOI'O CIEKTPa HUMeeT
BHJ Qp == Fel?" rne F — QyHKOHMA, CTpeMAmascs K eqd-

r—00
nune npu pr > 1. B maTpudrOM dieMeHTe (@0 P@p), KaK MBI
YBUJIUM, CYIIeCTBeHHHW paccTosHuA r ~ 1/p. OTrnonenme F
OT eMHMIH onpenexserca BeduwauHo# V (r)/E. Ipu r ~ 4/p
V/IE ~ Y I/E n momso nomarats F ~ 1.

Yuer nojagpusanum KpaHTa BHeCeT JIUIIb MHOMKHATENb NO-
pagka 1. CaeposarennHo,

1 p -
5~ — H@op9p)[F ~ [ (@oe™") [*.

Unrterpupyst mo yriam, moiaydaem

o

’ . T
((P()elpr)'\' Z“/zS e—ZT_SL[:rDr_r2dr = -g—p S re=Zir sin pr dr.
0

— o

Omenum 5T0 BHpakeHHe. JIerko BUAETH, YTO BTOpPasA NMPOH3-
BofHas oT QyHKnuH f (r) = re-Z17! umMeer ckagox npur = 0.
ITosTomy nanexue ¢yphe-KOMIOHEHTH 3TOH QYHKIME MMEOT
omesKy (cm. 1.1) ~ Z/p.

Ecnu 6u morennmman V kak ¢yEKmma r* He mMenx ocobnIx
TOYeK Ha BeINecTBeHHoil ocH, To BOJHOBAA (YHKIUA KaK CKa-
asap Owna 0w asanmTHYeckoit PyHrnmed r:. B atom cayuae
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nanexas Qypbe-KOMIOHeHTa BOJIOBOH dyurimun kak ¢y
ust DHEePTHH 6bUIa Gbl KCHOHENI[HAJBHO MALA (CM. 1.1). Cre-
OeHHA 3aBHCHUMOCTH MATPHYHOTO BJIeMeNTa OT DHEepPruM B Ha-
IIeM cliyuae BO3HMKAET M3-32 KOPHeBOi 0COGEHHOCTH KyJI0OHOB-
cKoil BoiHOBo#l QyEkmum (cm. crp. 192).

Nrak, MaTpU¥HBIH 2JieMeHT (@,¢'P") mpu p — oo MMeeT
oneHky Z':/p*, a cedenue goroadderTa

. Zsp CaZ5 _ 2hgy (T N2
3~ P , T. G.G:-;Eﬁz—, WiIn JN_CZ‘Z—(T) .(1.27)

3nechs [ — moTeHmman uoHUSanuKM K-DIEKTPOHA, paBHHI
7%/2. UucnenHmil pacyeT mokaseiBaer, aro C, ~ 10.

Ecun monosuts B (1.27) aEepruio E pasuoil noTeHnHaLy
noHH3anuy I, To MBI JOJHH DOAYIUTH DO NOPAJKY BeJIHIHHbI
dopmyny (1.26). OnEako, KX HDOKA3HBAIOT YUCIEHHbIE PAc-
weTs, Gopmyna (1.27) gaer npu E = [ cedeHue, Ha NOPANOK
Gonpmee, geM (1.26). 9to osHauaer, 4rTo mepexoj or obia-
ctn E — I<< I x o6nactu E>>> 1 oxrasniBaeTcs CHIIbHO pa-
CTAHYTHIM.

3AMAYA

Onenuts cegenne gorosddexra A sHeprum 2 B6ausu mo-
pora I m Gonsmux E B ciydYae NPAMOYLOJBHOH SIMHL.

Bpemena sxu3nE BO3GYKIGHHBIX COCTOAHMI aToma. a) One-
HUM BpeMs KH3HH COCTOSIHHUA 2p BOAOPOAONOZOGHOTO aToMa.
DIIeKTPOH U3 COCTOAHMA 2p HepexouT B cocromHme 1s, mec-
OycKag AMOOJBHEM y-KBaHT. ucio mepexoioB B eAMHUIYY
BpemerH (o6paTHoe BpeMsA JKH3HHM) DPaBHO

. , d%k ,
[’Vo] = 2nle01 IZWG(EO — El —_— (l)),
e V = — % PpA — moTeHNnua B3aUMOJIeICTBUA DIEKTPOHA

¢ aJieKTpoMarHUTHEM mnojteM. WHpeke O cooTBeTCTBYeT COCTOA-
HHIO 1s, uaneke 1 — cocTognmo 2p, ® -— SHEPTHUA Y-KBAHTA.
Tak Kaxk

Bk = k2 dk dQ — kz%- 4Q do,

TO

k2 dk dQ
do

(231:)3 :

Woy — 2nS| Vor |2
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OnmennM maTpuyHsil 2ieMcHT mepexoma V,; ydumTHBast
HODMMDOBKY NoTeHIuajsa A 3JIeKTPOMarHATHOTO WOJA (CM.
crp. 50), Haxomum

1 2
Vo= — c—(pA)m"" o Po1-

3meeb MBIl He HETEPECYEMCA NOJAAPA3ANAEH Y-KBaHTa, yYeT Ko-
TOPOH BHeCeT JNWIUb YHCICHHLIC MHOKHUTEIH TOPATKA eIMHU-
npl. OneHEpM MaTpUYHHI 2J1eMEHT HMIYJIbCa p:
- (O]
Pop = 10rgy ~ —5— .
CiaemoBaTenbHO,
dk w3
~ k2 —~——
Wy do 723

Tar Kak gacToTa mepexofa o HMeeT MOPAJOK Z2, TO oKOHuA-
TEJABHO HAXOMUM
Z4

c3

OneruM YUCIIEHHO BpeMA JRUSHU COCTOAHAA OTHOCHTENbHO
JAUIOJABHOTO Hepexoja. ATOMHOE BpeMs JKA3HU NMeeT HOPHATOK

h 10727 spe-cex —_ ~17
Tar ~ E,. 27 06-1,6-10_12.7p2/36~2 10 CER.

03
CienoBaTennbHo, Tyun ~ 77 Tar st atoMa Bofopofia Tyyy ~

~ 107-10-17 = 10-1° cex. Tounmi#i pacueT fgaeT HECKOJILKO

foabnine 3HATCHHUA Tpyn.

6) OnenuM BpeMs JKU3HM KBaIPYNOJBHEIX NEPEX00B, Ha-
npumep, 3d — 1s. Panee B omepaTope 4 31eKTPOMATHHTHOTO
MOJIsT MHl 3aMEHSJIH MHOMHUTEIh e"” (k — BOIHOBOH BeKTOpD

) IIpn pacemorpenun

KBaHTa) eIMHUIeH <kr

KBaJ[pyIOJIBHBIX nepexonon Hymno pasioxurs ¢*" B pap,
npuYeM TJIaBHHHA BKJaJ BHeCeT WieH pasioskenus ikr. llony-

JaeMm
, 20
Vo =i Y = (p) kor)os,

rae 1 — IOJApHU3anusa KBaHTA.
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Hanpasum ock z 0 BeKTOPY 1, & 0Cb T — IO k (BexTOp
0 PU3AIMA KBAHTA 1) MEePUeHMKYIAPEH BOTHOBOMY BEK-
tropy k). Tornma

. 2n
Vor = ik )/ Z(pethos =

i Y B[ ) 0 2],

, on 1 t d
— ik ]/_m_[_ & Bl + 5 4 (zx)]m.

IlepBoe ciaraeMoc B 9TOM BEIPaKeHHH IPE;\CTaBJLACT coboit
MATPHYHBII BITeMEHT 0T y-IPOSKIMI MOMEHTA KOIMIeCTBA [IBH-
JKeH|sA, T. €. COOTBETCTBYeT NUNOJIBHOMY MarHHTHOMY mHepe-
xony. IIpoussepenne zx — 9TO KOMIOHEHTA KBapyuoJIbHOTO
MOMeHTa, T. €. BTOpO€ cjlaraeMoe ompefesser BepOATHOCTH
KBaJIpyIOOJIbHOTO 2JIeKTPUYECKOTO Iepexona. 06a caaraeMHx
OMET ONMHAKOBHIA HOPAJOK BEJIMIMHBEL.

OneHuM YACTEHHO BPEMs jKUBHH COCTOFHUSA OTHOCHTEIHHO
KBQJIPyIOJBHOr0 Iepexona. B orapume oT JUIOJBHBIX Iepe-
XOJ0B, B MATPHYHBIH DJIEMEHT noGaBiaAgeTca MHOKUTeNb Kor.
CienoBaTelibHO,

02
Txpag ™ Tmm'(Tr)E ~ Tmm‘z—z .

IIns atomMa BOAOPOAA Txpagx ~ 10-10.40* ~ 10-8 cex.

BALAYA

OuenuTh BpeMA KU3HH BOAOPOAOLONOGHOTO aToMa Lo OT-
HOIEHMI0 K MCIOYCKAHHIO [BYX KBaHTOB.

Orset. T~ c%Z°.

Topmosroe uaryuenme. OneHnM s@exTUBHOE CedeHHEe H3-
JlydeHnsA y-KBAHTOB IIPU PaCCesHUHU DIIEKTPOHA Ha ANpe. {Ipen-
HOJI0AM, YTO 9acTOTA Y-KBAaHTOB MHOTO MEHbIIe dHepruu
axexrpona. Torjga uamydeHne cixaGo BIMACT HAa [BHKEHIE
pJeKTpoHA U ddeKTuBHOe CeICHIe npuGaMKeHHo paBHO Opo-
M3BEICHHIO CeIeHNA PacCesHUA dIEKTPOHA Ha BePOsTHOCTD HC-
OyCKAHAA Y-KBaHTA.

OneHnM BEpoATHOCTh HCIYCKAHHA (QOTOHA TPH 3aJaHHOM
NBAAeHUd daeKkTpoHa. ¥ papuenue Hlpegunrepa mpist oToHa B
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9HEpIreTUYeCKOM NIpeACTaBJEeHHUH HMEeT BHJ

iCyy = D) Vi C oo, (1.28)

rge V onmcriBaeT B3amMOmedCTBHE DIEKTPOHA C DIIEKTPOMAr-
HUTHBIM TDoJieM, a C, — aMIUIUTY/a COCTOSHAS C N KBaHTAMH
¢ 3agaHHBIMI BOJHOBHM BeKTOpPOM W IoJiApAsanuei.

B ocrorrOM cocrosaun C, = 1, a Bce C,, = 0. B mepsom

0
DOPsIKe TeOpUM BO3MYNIEHWM OTIMYHA OT HYJIA aMIUIATYHa
mepexofia B COCTOAHME C ofHUM KBaHToM, C,. N3 (1.28) moxy-
qaeMm
iCl = Vloeimt,
OTKy/A
ox oo
v Y ; - 1 ;
(«1 = —1 S Vloelm'dt = 13 S ('—C— UA >1 elm'dt.
0
—00

—O0

Mut Hanucaliu B3auMojeiicTBHE ¢ M3JyIeHHueM Jiis Geccuu-
HOBHIX dYacTum. [liaf wacTunm co COMHOM B3aWMoJeiicTBHe yc-
JIO0MHAETCS, HO IO NOPAAKY BEJIUYMHBI MOKeT OHITH OIeHeHO
no aroil ke Qopmyie.

IHockonbKy HasydeHue He BJINAET HA PaccesHue 2JIeKTPo-
Ha, TO CKOPOCTH ¥ MO;KHO CUNTATh 3ajaHHOH ¢yBKIUe# Bpe-
MEHH.

Cregosarensno, Tak Kak

2712 27c? o 2
A~]/m ne-tkrzl/w T]em s 1,

B . 9 ¢ 'iml—im—f-l
o=i) = S (on) € < at, (1.29)

TO

T7e 1) — efUHUYHHIA BeKTOp NOJApH3auK KBaHTa, W — €[u-
HUYHH BeKTOp K/k.
Takx Kar BpeMs coygapeHUs 9JIEKTPOHA MHOT'O MEHbIIe, YeM

HHTEePBAJI {, CYMEeCTRCHHKHA B 5TOM AHTerpaxe, t ~ —————
® <l -

VA ) ’

TO MOYHO CYUTATh, YTO CKOPOCTH YaCTHULOLI B MOMEHT BPEeMEHR
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¢ = 0 ckagxo06pasio M3MEHMIACH C U == ¥y HA ¥ == V. Torpa
u3 (1.29) waxopum

iw \h%nl 0 iw (1 ”C" 1‘) .
e\

Clzil/ ?;’)L

€

(vn)

0

— ‘ + (vn)
i Kl — ﬂ —c HO) (1 — vcn >

o rii V221
- 1
¢ C

-V in( S |

Jlyia MaIBIX YTJIOB OTKIOHEHHs BIeKTPOHA IT KBAHTA N3 (1.30)
noJiyyaeM
2 1 (Av) . 1.31
Ci~ s (1 —ofe (1.31)
anech Av — H3MEHEHHe CKOLJCTH DJIEKTpPOHA. Tax Kak 3uame-
maTenn Beipamenma (1.30) mpu MaidblX yTiax OTKIOHEHUS
KBanTa U W dleKrtpona ¥, MMEIOT BHI

92 » (0, + 4,)?
y v X { K 9
1 — - + 1 — - -+ - R

2 *

TO CyIleCTBEHHLIC yriabt OTKJIOHENUA OT PAHHYUYCHDLE yCJOBHEM

/ 7
I —. (1.32)

OmeHuM BePOATHOCTH HCHYCKAHMs KBaHTa B HATEPBal 9ac-
10T [®, © -+ do] npu 3a7aHEOM M3MCHEHMH CKODOCTH dJIEKI-
pora Ap. [lyis 9TOr0 yMHOMHM (1.31) Ha CTATHCTHYeCKHIl BeC
KOHeUHBIX COCTOAEMIl KBaHTa dk/(2m)%:

; 1 Av)?2 S Av)? do

AW ~ o5 — D kedk A ~ (Bef 20 4,0 (1.33)
(1 - T> ¢ (1 - T>

CB‘IGHIIG TOpMOBHOI‘O I/I3JIy‘IeHI/IH paBHO HpOI/I3Be}IeHI/IIO Be-

POATHOCTH MCIYCKAHUA KBaHTA dW Ha cedenue KyJIoNnoBCKOTO
paccesHHA i PeNATHBACTCKUX JJIEKTPOHOE:

(Ao ¥y do 22 9%

dsT.ﬂ. —~ 7 \2 o * TR 7]
c3 (1 — ——> sind =2
¢ 2
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MM OpH MaJHX yriax paccesHuda (sin 0, = 0, = ¢/p)

F v
1,42K1—T> do © 72 9,40, 72 do dg 1.34
P T 1T (1.34)
03<1__) O ) p% o2 S o q
c

dc’r.n —~

Haiinem BepoATHOCTE HCIIYCKAHMAA KBaHTA JiJIA 1 POM3BOJI b-
10r0 M3MEHEeHUs MMIYJIbCa 3AeKTPoHa. [lig aToro mpouHrer-
prpyem (1.34) mo q. BymeMm cuuraTh smexTpon yibTpapeis-
TUBHCTCKAM, T, e, 1 — v/c < 1. Tax kax Ze?/fic << 1, vo Munm-
MaJIbHBIA yroJ OTKIOHEHHA GyJeT ompeiedAThCA AudpaKmueii
9JeKTPOHA Ha pafHmyce aroMa a ~ Z~%, a MaKCHUMAaJbHBIH —
yeaosuem (1.32) (em. crp. 48).

I/IHTerpnpyH (1.34) mo ¢, momyuaem

3 Sr.u _Z;_dﬂ 0 9inax Z: dw c. ‘ (135)
AN 9min S o Zs

OmueHnEM cevenrMe TOPMOSHOTO MBI yYeHNAA KBALUTOB C NPOU3-
BONBLHHME uacrotamu. Varerpupys (1.35) mo ®, naxojum
YA ¢ D nax an
~ZIn —qp In_max 1.36
Or.n o5 7103 Omin ( )
MaxcuMaiLHAsg 9aCTOTa KBAHTa — HOPAKA 3HE PTUL DIICK-
TpPOHA:
me?
Vi-oye
Hpu ®min — 0 Bepaskenue (1.30G) pacxomgures (em. crp. 62).
OpHaxo mOTepH SHEPTUH 3JIEKTPOHA Ha TOPMO3HOE M3JIyYeHHe
dFf
OyAyT KOHEUHHIMH: — —— = \ RO d3.y, TR B — YUCIO sAfeD

dz
B ejpuHuNe oObema, OKOHYATENIHHO,

Mmax ~

dE Z2n
— &~ s Eln 71/3 )

OdGpasosanme map. HamomMuuM guraresio, YTo PeJsITUBHCT-
CKU MHBAaPHAHTHOE yPaBHEHUE [JBIZKEHUS 3JIEKTPOHA — ypaB-
nenre Jlmpaka — OpPU 3aJaHHOM UMIIYJIbCe D BIEKTPOHA HMe-
er coOCTBeHHHE (YHKIWUM, OTBEYAIONE He TOJIBKO MOJIOKH-
TeAbHBIM, HO ¥ OTPHUNATEJILHBIM 3HAYCHUAM SHEPruu:



3, BRAUMOJENCTBUE C HU3TYIEHWEM 61

E = —+ V m%* & p¥%?. Jlas Toro 4r100hi 00'BACHNTE, I09eMY
DIEKTPOH He MePeXOAUT B OTPHIATENBHIIC COCTOAMMA C MOIY-
Kamuesm KBaHTa, JlMpaK IPEIIOJIOKILII, 9TO BCE OTPHIATENDL-
HbIe COCTOSHUA B BaKyyMe B3aI0JHEHb 3JIeKTPOHAMIH. Torpga
mepexofi B OTH COCTOSHMA 3alPeler MPUHIHATIOM Maynu. He-
3aII0JTIeHHOe OTPHIATeIbHOE COCTOAHNE 03HATAeT, UTO B BAKY-
yMe ecTh TO3HTPOIL

( 9Toit TOYKE SPeHHs MeXaHH3M 00pa30BANIIT Hap aHAL0-
rHueH MexannaMy GoToddderTa: KBaHT HePCBOJANT JJICKTpON
13 COCTOATIMA C OTPUIaTeNbHOI dHePrHell B COCTOSIHIE C 010
JRATeNbHON dHeprueit. B mycroTe Takoil mMporece HEBOBMOMKELL,
KaK 9TO ¢pasy BHHO U3 3aKOHOB COXPaHEHWS dHePIIH I MM-
uysibca. B mole Afipa mpolece JeacTCs BO3MOIKILIM, Tak Kak
HIEKTPOI HepejaeT U3JNHMIIeK MMIYJIbCa SIpPY.

MosKkHO OUEHMTh CcueHHe OOPa3OBAHMA Iap HA Ajpe aHa-
JOTHYHO TOMY, KaK 9TO JIeJal0Ch NJISI TOPMOBHOTO M3y JeHIsA:
HaliTH BepOATHOCTh 00Pa30BALNS HAP NPH 3aj1aNHo# BeJnvInHe
HepeaBaeMoro AAPY MMOYIbCA, & 33aTeM YMUOKUTL DTy BEPO-
ATHOCTb 13 CeUeHTe PACCCAHMA DICKTPOHA Ha sAPC H INPOMLi-
TEIPAPOBATH MO BCeM 3HATCHUAM HOPELABACMOFO TMITYADLC.

MokHEO moliysuTh cedeHne o6pasoBaltust Map, paccMaTpi-
BASI BTOT IpoIecC Kak 0OpaTHbil TOPMOBLHOMY H3JMYHCHHIO.
Crporo roBopst, Mporece, 00 paTHLIL TOPMOZHOMY T3y TeHI0,
COOTBETCTBYET MOTJOMEHNI0 KBAHTA A MePeXO/y DICKTPOMa 13
OHOTO COCTOAHIA C IOJIO}RATeNHHOHR sHeprHeil B Apyroe.
OpEako B y.JILTPapeISTHBHCTCKOM CIYdae. KOTOPLIM MBI LA
1POCTOTH OrPABMUMMCs, COOCTBOIIIHC (YKL, COOTBETCT
ByIOIIe OTPHIaTeALHOE DHePTHR (1. €. CONTBETCTRYIOUIIE 1O~
SHTPOHY), MaJI0 OTIMYAIOTCH OT (yHRIIL jiisl HOJMORITE D IO
pHepruH (KyJOHOBCKOE IOJE SIIPa BUOCHT MAIYI) oI PaBKY).
CrneposaTenbHo, cedeAme 0o0Pas3OBAHIA Hap MOMHO npudan-
FeHHO PAaCCMATPMBATh KAk IPOTece. 0GPaTHHIA TOPMOSMOMY
H3J1ydeHAIO.

Cedennus MpAMOTo M 006PATHOLIO IIPOLECCOB OTHOCATCH KAK
CTaTHCTHIeCKIe Beca KOBeIHbIX coCTosAnnil. B caydae T0pMo3-
HOTO HM3Iy94eHHA B KOHEIHOM COCTOAHHHM €CTh BJICKTPOH I
KBaHT, TOI4a KaK B cjydae o0pasoBanlid Iap — IO3UTPOH |
saerTpon. Ho mpu Goapmimx dmepruAx CTAaTHCTHYECKAN BeC
KBaHTa He OTJAMYaeTcd OT CTATUCTUYECKOTO Beta 3J1eKTPOoHA
Toil ke PHEPILHH, M MODTOMY Cederme 00pa3oBaimsa Hap COB-
Hanaer 1Mo HOPAIKY BeJIUHHHEL ¢ CeUCHHCM TOPMO3IOTO M3JIy-
QeHUs, M)OUNTET PAPOBAHHBIM 10 DHePTHAM KBANTOB IOPA/IKS
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9HePruu 3neKTpoHa. Taxkum obpasom,
] 2 1n ¢
~ 2 In
mnap 05 Z”B
[Torepn smeprum KBaBTOB Ha eMHUIIE IYTH BCIEICTBHE 00pa-
30BAHHA AP MMEIOT HOPAZOK

dF nz® ¢
—— Eln TR

T. €. CORINANAIOT IO MOPAAKY BeJIMYNHHL C IOTePAME DHEPTHHA
YIABTPaPeIATHBACTCKOTO IEKTPOHA Ha TOPMO3HOE U3Iy4eHHe.
Poxenne MArKMX KBAHTOB NPH pacCesHAM 3APHAMKEHHBIX
vacrun, ( «uAdparpacnas karactpoda» ). Pacemorpum 3agaay
0 POKIEHNH MATKUX KBAHTOB HPHM PACCesHNy YaCTHILI HA A
pe. byneM npegitonarats uwacTmmy mepeiaatusucTckoil. [a-

MHJIBTOHHAH CHCTEMLI HMEeT BHJ

H=T4V — — pA {H, (1.37)

3nech T —wunermveckasg DHePLHA 9aCTHLE, V— pPaccemBalo-
. 1 .
mui moTeRnmaN, — — PA —B3amMOHCTBUC YaCTHIIH C I10-

JeM KBaHTOB, H,—TraMmibroHuail IOJs KBAHTOB (CM. Bhille).

{IpenmonoxuM, 9470 3HEPIUA KBAHTOB MHOTO MEHBIIE dHE-
UM 9acTUnB. Torma ABMKeHMe 9aCTAI{B MOKHO CIMTATD 3aHad-
HEIM H PacCMaTpHMBATh TOJABKO Ty 9aCTh TAMUIBTOHMAHA, KOTO-
Pas cofepUT OLePATOPH, HelicTRyOMmMue Ha P-OyHKINIO KBaH-
ToB. ['aMIIbTOHMAE Y-KBaHTOB 32 BPeMs CTONKHOBEHHA, KOTO-
poe OyjeM CIATaTh MAJIKIM, MEHsIeTCA OT Bejuaunbl Hy = H., —

1 1
—— PoA 10 cronkHOBeHUA K Benmumpe H, — H., — — A

nmocie croakHoBenusi. Ilepeiifem B cmcTeMy XoopamHAT, B
KOTOPOH dacTmIa /o paccedHms Tokomaach. Torma

Hy=Hy, Hy=H,—— qA, (1.38)
rge ¢ = P; — P, — M3MeHeHNE UMIIYJIbCa JACTUIH B PE3YIIb-
TaTe CTONKHOBOHMS.

Bosmymesue — % gA pius Majkx 9acToT CTAHOBHTCH
GombminM, Tak Kak Ax, ~ 1/) ©. IlooTomy Mu He Gymnem

O0JL30BAThCH TeopHeH BO3MYMEHWH, a MCHOINb3yeM TOILKO
BHE3aNHOCTh M3MeHeHHs FaMHJIbTOHHAHA Y-KBAHTOB.
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BeegeM coberseHHbIe QYHEKIMH ¥, TamuIbroHumana f, u
¥n TaMipibTonmana H . Ilpeamoiosum, MTo 710 CTOJIKHOBCHHUA
cucTeMa y-KBAaHTOB HaXOMMIACh B COCTOSAHHM ¥,. Bmumy BHe-
3aIHOCTH CTOJKHOBEHHA BOJNHOBaA (QYHKIMA CHCTEMH Yo
npaxtudeckn He usmemsercda. (iejoBarelbpBo, aMILIMTYH

mepexoga B COCTOSHHE Y. paBna (Xn | %) (cm. crp. 86).
IIpexcTaBuM TaMHEIBTOHHAH DJIeKTPOMATHUTHOTO IOJIA,

paBHBIH’

H, = S <-—1-— A? J[——S% (rot A)2> dr, (1.39)

8re?

B BHjle CYMMbi TaMHJIbTOHHAHOB OT[EIbHBIX OCHHIIATOPOB
mons. Jlna ororo sanmimieM BEKTOPHLIA MOTCHEMA 4 B BHIE

4 = 2, V?.nc2 Ny (Grr exp (ikr — iwgpt) +
kA

4 g exp (— ikr + iomt).  (1.40)

3iec, K — BONHOBOM BCKTOp, A — IIOJAPUBALMA, Ok —
DHePTUs KBAHTOB, i) — EANHUYNLIA BOKTOP MOJispU3alMU.
Onycraa ganee sHaukm kA m obo3Badas

q=Q+%P, q*:Q—LmP,
nonydmm, mopcraBissg B (1.39)
H, =S5 (P + 0Q?). (1.41)

B ciaydgae MATKHX KBAaETOB JKCIOHERTY eF" MoxHO 3a-
MeHNTE epuuummed. Bygem cumTaTs BpeMeBHbIe MHOGKUTEIH
exp (4 iof) srmogenammu B ¢, ¢ *. Torzxa

A = DY 2Zncin-2Q.

Tamuasrosmas kBagroB I1; mmeer BupA
1 5= .
Hy= g (P +e0)—2VZnma) 0} . (142)

HpencraBuMm ero B Buie CyMMBI OCITAILIATOPHEX FraMUIBTOHMA-
HOB cO CMenfeunoil roopaudaTtoil:

H, = 2 {% P2 ..;T. 0?2 (Q — 8)* — -é— 0)262} , (1.43)
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2Von

2
nocjie CTOJKHOBEHHS X;z (Q) mMeT BHI OCHHILIATOPHBIX
$yBERIMHA, HO CO CMemeuHoﬁ KOOpILHHaTOﬁ:

An (Q) = %, (@ — ).

Taxum 06pasoM, aMIIATY/la IICPCXOAA B COCTOAHME ¥, MMceT
BH1

rjge 6 -- (ng). CaemoBaresbHO. BOJHOBHC (YHKIUH

PaccmoTpuM chawaza jBa HPCAENBHEIN CIYYafd — MAJbie
n Gonpmiue 8 o cpaBHEHMIO € AMIUIATY;(0il HYJIEBBIX KO-
neGanni.

Ecmn 6 mano, 10 m3 (1.44) caegyer

Xn
0Q
e P — omepaTtop mmuyabsca. OB mMeeT oTIMUYHBEIE OT HyJsA
MaTPUYBRIC deMeHTH JHIIb /i M3MeHeHnA 9uCia KBaHTOBR Ha

emuENNy. Tak Kak sHeprus IyJeBHX KodeGaBHA paBHA ®/2,
To m3 (1.41) BmiTeraer, uro | (P)y, | 2 = /2. IloaTomy Be-

pOH’l‘HOCTI:- HACIYCKaHMWs OHOTO KBaHTA paBHa Wy = Tm62 =

(03 (11(1)2 dra ¢opMmy:a coBUafaeT ¢ pe3yibTATOM OOHTY-

HOH TEOPHM BO3MYNICHHIA.

OmenuM maTpmankii sxement C, = %, (0 — 8) x, (Q)dO,
Korjga coMmemeHme 6 MHOro OGoibime aMIIMTYHbl KouebaBui
ocruanATopa. s aToro Bocmonb3yeMes KBa3MKJIACCHIECCKHUM
BHpaskeHHeM [Is QyHKoum ¥, (cm. 1.4 7 3.1):

K (Q) = _—nl/z—@— cos (S VE,—%,0% dQ — _> .

s opocToTH 3jech 4acToTa OCTIMILIATOPA © B3fATa PaBHOM
eguHENNE (Pe3yIbTaTH JIETKO NEePeHoCATCA Ha cIyvail o = 1),
HopmupoBogubiit MiouTeIb @, HopAaKa equBunsl. JeficTen-

TeJbHO,
2 2 7l
] a?l V-b‘n

1= SXndQ"“V‘L '/j;; o
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ITosTomy
C, ~S n exp (— Q%/2) %
V £, —1(Q — 82

X cos (SV B, —a(Q — O dQ — ) d0.  (1.46)

Tax Kak Benmauaa 8, Mo IPeIION0KeHNI0, MBOTO (obule am-
IUIATY;(H HyJeBsIX Koje0aHUd, TO MOKHO HOZ 3HAKOM KOPHHA
B (1.46) npeneGpeus gnedom Q%/2. O6osmaumm E, — §%/2 =
= AE m 3aMenuM [OepeMeHHYI0 HHTeTpHpOBaHma ()
AE/8 + Q = z. Torpa us (1.46) maxommm:

o~

by Yl :
~S cos (0 /*x®) exp (——%2—1—2.7: A(sb )dxcxp[——-é—(AéEY] )

S V4 Oz

(1.47)

3uauenns x, CymeCTBeHHKE B 3TOM HHTErpaje, COOTBETCTBYIOT
apryMeBTy KOCHHYCA MOPAAKA efMEMIH, T. €. MMEIOT HOPALOK
BenauauBEn x ~ 075, Iloaromy

g VB oem[ = ()],

G ~exe [~ ()]

Taxum o0pasoM, pacupepesenne BepOATHOCTH HCIYCKATHIA
KBaHTOB IMeeT BHJ FayCCOBOM KPHUBOI ¢ MAKCEMYMOM Wmax ~
~ 1/8 n nmpuroit AE ~ § okoxo ssageBus E = %2, ko-
TOpOe, KaK HeTPYHHO BHIETh, COBIAfaeT ¢ dHepPIruell KiaccH-
9eCKOT0 OCIMIIATOPA, HAYAJIO0 KOOPAHHAT KOTOPOro BHE3AMHO
CHBMHYTO Ha BeJuduny oO.

Teneps mepeiigeM K Buranciaennto C,, Aid NIPOA3BOALHHX 6.
Bruncaum cHadala BEpOATHOCTH TOTO, 9T0 HEe OyHeT poKmEeHo
HH OFHOTO KBaHTa HaHHOTLO THOA, T. .

wo = | {10 (Q — 8) % (Q) 4Q

Tax kKak soxHOBag QYHKIAA OCHOBHOI'O COCTOAHHA OCIMJINA-
TOPa HMMeeT BH[

%0(Q) =Y/ exp(— 5 00?),

2

3 A. B. Murpgan
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TO

oo

wo:'l/-::t S exp<—m02——;—m62+ mQG)dQ r:

- 1 4
= exp <— —4—(062> = exp [— w—f (qn)z} . (1.48)
Boccragopnm remeprs suauxm K, A. Torpa

wet = exp [— —4.31- (q’l'lk)\)2]

— BEPOATHOCTH TOT0, 970 He OyjmeT M3Jy4eH HH OfMH KBaHT
k, A

Beposarsocte TOoro, wro BooOme He pOXHMTCS HU OXHOTO
KBaHTAa HH B KaKOM COCTOAHHH, PaBHA

W, = wﬁ“zeXP[—Z e (qnm)z] :

PN kv Ogx

128

Hng Beraucnaenns W, HymHO HAWTH CyMMy

4 2dwd Q
D (@) = Dl4n (qnm)2g(:‘)j’7)3%. (1.49)
IS

Ex Ok

Mbi BHp#M, 9TO IPH MaJIBIX 9acTOTaX ATO BHPaXKeHHe Jiorapud-
Mudecku pacxomureda., CruemoBatensno, W, = 0, 1. e. mwboe
TOPMOReHHe Bcerga OymeT ConmpoBOMKuaTbCH H3IYIOHAOM MAT-
KHEX KBaHTOB. BHYuCIuM MaTpPHMUHBLIA DIIEMEHT

Co = %n (Q — 8) %o (Q) dQ

A" Opom3BoabBhIX 7. OcuMINATOPHAas BOJNHOBasA QyHKIHUA
¥n (Q) nMeer Bug

(@ =V F o exp (00" H (V50)

rae H, — momusomn Jpmmra. Ilostomy

Co= 7= {em] — 00 —-0(0 ] ML (VG0)0.

o
n2"n!

ITOT METETPAN JOTKO BHYMCIATH, HCIONB3YA OPOM3BOMNHILY IO
$OYHKOUI0 TOINHOMOB JPMUTA

oo

exp (— t* 4 2t8) = D) % H, ().

n=0
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B pesynbrare nomyuaercs

C, — :;n_leXp (-——;—a2>, (1.50)
rae
1 : 4
R N

BeposiTHOCTS MCIyCKaBMA KBauTOB ¢ pasaudHLIMm &, A paBia
IpOM3BeJIeN0 KBajgpaToB BhipakeHmit Bupa (1.50), T. e.

. um)?“kx
W = eXp[—Zam][ L2 A
kA

Py ()1

HameM ¢pefHee 9nciio KBAUTOB, M3/1yYCHHBIX IIpu TopMoO-
JReHHn:
2Ny
- T 2 (Y2
Ng) = 2 NpWw," = exp [— dx] 2 _&‘_ NEy =
N NP (llk)n)'

9 41
= opr = —5— (gM)"
(0]
n
Taxum 06pasoM, s BepPOATHOCTH HCIYCKAHUA 1N KBAHTOB
THna K, A MH nolxydaeM CIIeAYIOILYIO (OpMyITy:
=
kM (ng2) - -
n = —r——— eXp (— k), (1.51)
(rg)!
foTOpas coBmagaer ¢ pacupepenenueMm llyaccona.
BepoarmocTs menyckasus opsoro KpaHTa gaHBoOro THma,
Kax BupgHo m3 (1.51), pamma

X - -
Wy = Np)exp (— Ny)-

[lpn 7k, << 1 monygaem w," = fig,. I10 BHpaskeHHe COBIA-
AaeT ¢ pPeayJbTaTOM OOHIYHOH TEOPHH BO3MYH[eHMI.

W3 (1.49) Mur Bupmm, 4To cedeilne WHCTO ympyroro paccesi-
HEA CcTPoTO paBHseTcsA Hyswo. Ha onste mox yupyrum pacces-
HueM MOHUMAIOT paccesnme, IPH KOTOPOM JIMePTUS M3XydeH-
HELX KBAaHTOB MeHbIe HEKOTOPoil Beamumnn E,, KoTopas oIm-
pejensiercs TOYHOCTRI0 m3MepeHus. Habmmogaemoe ceuenme
paccesHUA paBHO

Ouagx =— GOWO,-
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3nech 0, — BHUMCIEHHOe CedeHme yIPYroro paccesnms Oes
ydera manydeHns, W, — BepoATHOCTH TOr0, 9T0 He H3NYIEHO
HH OHOTO KBAaBTa ¢ sHeprumeii, Goxpmeit £;. Kax Mu pugenn,

E
’ f 4 5 @
W, = exp [—— S —(:T(an;\)* ?(’ﬁ(’;?:l =
E,

- 2 1 q* E
— exp[_ b 5 o —c—.d—lnE] . (1.52)

B KadecTBe RepXHETo Mpe/ieia ME B3AJIH DHEPIHIO 3IEKTPOHA,
XOTA IIPefmoiio;Kedue ¢ MACKOCTH KBAHTOB HapymIaeTcHd yiKe
npu Menbmux sEeprusx. Ecau In (E/E,) [0CTaTo9HO BEJHKO,
TO 5TO BHECET MAIllyl0 OIIHOKY.

Cegenye M3IyYEHUs IIPOM3BOJIBHOIO UHCIA KBAHTOB JIO-
foro Tmma paBHO

6 = 6y 2 Wy = .
n

Ecan 65 MH HONBb30BAIACH TEOPHUEil BO3MYMIEHHH, TO OIyIH-
m0ch  6bl

5N 471
Wy =——(qMa)%
O
PN 41-2¢2 ' do
Wi = Jol’ = pa) o
kA

0

1. e. BhipayKeHHe, PacxojAmeecs Ha HIKHEEM Ipegene, dTa pac-
XOMMMOCTh, CBA3AHHAA C He3aKOHHLIM HNPHMEHEHHEM TeopUHn
BO3MYIIeHnHd, HasuBaeTcsd HHQPaKpacHO#l pPaCXoHUMOCTHIO
(«mBdparpacHoil KatacTpodoiir).

JiamOoBcKoe cMemenue, JIEKTPOH aTOMA, B3aUMOHECTBY A
¢ HYJeBHMH KoJde0auusaMA 9JIeKTPOMarEUTHOTO MO, IPOKUT
Ha c¢Boeil opbure. BemecTeae 5TorG ero sapayn pasMaskBaeTcA
B IPOCTPAHCTRE M B3aMMONEHCTBHE ¢ KYJNOHOBCKHM NOJEM
agpa ocnabesaer. TaxuM o6GpasoM, yPOBHHM dHeprum MH3-3a
B3aMMOJIeHCTRNA ¢ HyJIeBHMHA KoJaeGaHugMy IIOBRINAIOTCH. ITO
ABJieHne HA3HBaeTcA I3MOOBCKMM cMemeRmeM. OmeBnM BeJH-
9uAy CMemeHusI.

Ilycts 8§ — oTKIOHEBHE dieKTPOHA OT PAaBHOBECHOTO HOJI0-
JKeHHMH W3-32 B3aMMOHeHCTRHA € HyJIeBHMH KoJIeOaHMAMH.
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Torma u3MeHeHme MOTEHIHATA BsauMo,ueﬁc'anﬂ papHo
. v
H—V(r+-6)—V(r)— 6—}— 2 azaz —§;9;
(i,j =12z, ,z).

3mech 7 — KOOpPHMHATA BJIEKTPOHA OTHOCHTEIBHO sHpa. ¥c-
pegEuM 3TO Bbrpamenne o jpo:saEmio 3nexTpoma., Torga

§=0a0=08)=02= —62 CrrenoBaTelbHO,

H =L §FAV.

O:

Urax, mus onpejenednsd BeJIMIAEL IIMOOBCKOI'0 CMeIleAn s He-
o6xoguMo 3HaTh CpegHEA KBajpaT aMIUINTYHAB KPOsKaBHMA
aiexTpoHa 62

VY paBHEeBHC (BIKCHNA DJEKTPOHA B I0Je HyJIeBLX KoJeba-
Buid & jnd OeHOK MOSKII0 3aIMCATh B BHIE

8 4 0id = — &,

rge ®, — dacrora obpamednsa dIeKTPoHA.
Pazanoskum B pap Dypove oTKIoHeHNe 9IeKTPoHA § m Hmoxe
HyJeBHX Kodebaomii &:

—i t —1 t
8 = D) 0me N B = D) G RN
128

128

ITpm sTom Mui Trpeanoioxmian, aro kb << 1. Hmxe Mu B oToM
ybegumMest.

YpaBHeHme HBMKeHHAA 3JIEKTPOHA B Qyphe-IpeacTaBIennT
npmobperaer BHJ,

(— @5 + ©k) 8kp = B
Orcroona

1
8m = gm( ! -+ ) !

Opy =@ | O+ 00 | 205,

IlepBoe ciaraemoe B mPaBOMl 9acTh COOTBETCTBYET HOTJIOMIe-
HMI0, a BTopoe — HelycKaBmio kBadToB. IIpm xBamTOBOMEXA-
HEY9eCKOM Hojxope 3Ty (GopMyny BY;KHO MoguHIMPOBATH
cuegytomum oGpasoMm (cM. crp. 91):
Sur = € ( =S A B
o P o, — oo O+ @0 ] 205

b
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rjge ng; — YACIO0 KBaHETOB. B paccmMaTpuBaeMoM ciydae
ng, = 0, crnemgoBaTenbHO,

1
Sy =

20 (g + @0) &

CpepHuil KBafipaT AMILIATYHL [PO;KABNSA 8% parem

= R G
& = D\ = 2
LN

T A% (0 - o)

o 2 -
Haitnem &3,. Omeprus HyieBblX KoJebamuii Tuna k) paBHa

v g2, . & 1
B =\—z-dV = - = 5 on

o 2
(mopmmposodBmii o6seM paseB 1). Orcioma Gy = 2 Tok,;
¢IeoBaTeIbHO,

o n 1
=) — .
2 ,% O, (Opp, - ©0)?

3aMeHIM CyMMHpOBaHHE IO K HMHTer pHPOBATHMEM:

2_ 9 dnkrdk 1 ( oo
ey - (@m T m? ¢

(MEOIKITEIb 2 COOTBETCTBYET CYMMHDOBAHHIO TIO ABYM IOJISA-
pM3aungM KBaHTA).
Torpa momydaem
5 — 1 odo 1 I D max
T 2med ) (o - wo)? 3 0o

Tjle ®max ONPEEIALTCHA YCIOBHeM HEPEeJIATHBHCTCKOTO [BHKe-
Hufg DJeKTPoHA B oJie HyJeBbX Konebamuid. [leiicTBuTenbHoO,
€CIH DJIeKTPOB HPH [POKAHUN OpiodpeTaeT PelaTHBACTCKHN
HMIIYJIC, TO B YPABHOHAE BIDKEHAA BOWCT PeIATHBUCTCKAN
Macca u O, OymeT ymenbmeua. IlosTomy muTerpan obpesa-
erca yeaopueM k<€ ¢, ®<& ¢®. llpn aToM Beamumua, KOTO-
poit mbl mpene6peran, k6 ~ ¢/<<1. Tak xax V 8% norapug-
MHI9ECKH 3aBHCHAT OT ®pin M Omax, TO BeTOYHOCTH B MX OIpe-
feJeHun HeCymecTBeHHA.

CMemenne 9JeKTPOHHOr0 TePMa B IIePBOM IOPANKE TeOPun
BO3MYIIeHHA [aeTCsd [MATOHANLHKM MATPHIHBIM 3IEMEHTOM
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poamymienus H' 10 COCTOAIINI0 DIEKTPOHA ¥, T. €.
8 = - & S ¥AVE,dr = - @& W, 4o, dr,

e p — II0THOCTH 3apAja. Tak Kar 3apsaj sAApa coCpeforo-
9eH B 06acTH, MaJIoH o CPABHEHHIO ¢ PRJAMYCOM 3IEKTPOH-
HOlt OpGHTH, TO 3IEKTPOHHYIO BOJIHOBYIO GYHKOHIO MOKHO
B3STH B Hauale Koopaumuar. VuTerpad { pdr pasen sapsangy
anpa Z. Urax,

Z o Z 9 2
SE — ZL 8| W, (O ~ S | Va (O P In o,

T. . 19MBOBCKOE CMEIIeHHe OUpe/eNsaeTcs 3HAUeHIIeM BOJIHO-
Bo QYHKOUH HIEKTPOHA B Hadanc KOOPAMHAT.

Taxum oGpasoM, CMEIIeHHe HMeeT 3aMeTHYI BEeIHUMHY
JMIB JUIs S-3TeKTPOHOB, TAK KAK TOIBKO JUIA HEX OTCYTCTBYeT
meHTpobe;rHLil Gaphep M IEKTPOH MOGKET HAXOAUTHCA B Ha-
yage xoopauHar. CMeneHne DIEKTPOHHBIX TePMOB, obxaparo-
IIEX YIJIOBHIM MOMenToM, Gyier 3HaYUTeShHO MEHBIUNM.

JIaMBoBeKOe CMelIeHHe MPHBOANT K PacIleilyieRnio TepMOB
2 sy, 1 2 py,, BOAOPOLOHOOOHOTO aToOMA. CorsiacHo CKa3aH-
HOMY BHIIe YPOBEHb 2 Py, CMEIIAeTCA ~ 3HAUATENBHO
caabee, geM 2 s, Tax xax | ¥y (0) |2 = Z°/8 a1, To 8E =

4
=C, %—lni—i . (Tounmit pacuer maer C; = 1/6 n).

ACUMIITOTITYECKIil XapaxTep PAOB B KBAHTOBOH d1eKTpoO-
juinaMpke. B KBAHTOBOIT HIEKTPOAHHAMUKE HCIOIb3YIOT TEO-
piI0 BO3MYIMeHHWH 10 B3aMMO/EiiCTBUIO 3apAKEHHEIX HaCTHI|
¢ nosiem. JleiicTBUTENBIIO, PAAL TEOpPUH BO3MYIEHUH COAep-
aar GespasMepHuiit Maubii mapamerp e*/fic = 1/137.

TlokaeM, 4T0 DTH PAALl aCHMITOTHYCCKHe, T. €. Pacxo-
JIATCS HpH yBeJYCHII qucia uaeHos. CyimecTByer oNTIIMAb-
}10€ WICI0 WIeHOB pAjA, KOTOpoC JIydile Bcero msofpaskaer
usyuaemulii npomece. Ilwke 970 MHCIO GveT oleHeno.

Ilust oToro mpesrae Beero ybepumes y19 $U3NUCCKAE BEIH-
upHE RARK QyHROAYN €2 UMeT 0c00ylo TOURY HpHU e =0 u,
CIIEOBATENFRU; He M LITE PasioieHsl B paAj IO CTele-

HAM 2, "
" B'RKauecTBe mpuMepa pacCMOTPUM dHEPIHIO BaKyyMa (Hait-
con, 1952). Ecuam 61 He 610 ocoboil Tounu mpm e = 0, TO
oNeprHs BAOKYYMa He saBuceia Op o1 cmocoba erpemsienns e?
K TT§910. 11yCTh OHePIUA BakyyMa, Haliennas 1o Teopun BO3-
Mymennit, cTpemmrea K Ey. K raxoii Beimimne CTPEMHTCA
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dHepruA BaKyyMa, Korfia e? — 0 ¢co CTOPOHBI OTPHIATeNIbHhIX
snavenuit? Pacemorpum opum e < 0 posmenne B Bakyyme N
8NeKTpoH-I03uTPpoHHNX map. [Ipm e? < 0 smexrpoms (rak
JKe KaK M IO3UTPOHH) HPUTATHBAITCA ApYr K apyry. Ompe-
oenuM, Opu KaxoM [V mporecc o0pa3oBanusa Hap sHepreTHuec-
ku BuirofeH. Ilyerer saexTpoHHOe M mosUTpoHHOe of6maka
PasomIuch Ha MTOCTATOYHO OGOJBHIOE PACCTOAHME APYr oOT
Apyra, Tak 9T0 OTTATKEBAHUMEM MEKAY HUMH MOKHO IpeHe6-
peub. JHEPTUIO0 KaKIOr0 U3 3TUX 06JIaKOB MOKHO OIEHUTH 1O
metony Tomaca — Depmm. Haxonum, uTo BHHUrpHID B 3Hep-
ruad — E ~ N (cm. ¢rp. 39). Ilpourpsum B sHeprzm cocra-
BIAET 2 mc? Ha KaKAYI0 3IEKTPOH-IO3UTPOHHYI0 Dapy, a AJs
Bcex gactun 2 me2N. Cnegosatensro, ecau N > ¢2N, r. e.
ecnu N > ¢**, TO pPOKIEHHE BIEKTPOH-IO3UTPOHHHIX Iap
OKAa3HIBAETCA BHITOIHEIM.

ITpu N ~ ¢ penuunna ToMac-$epMUEBCKOI0 MOTEHINAA
@ ~ 2, HO9TOMY HYKHO BHIACHHTH, KAaKOH pesyIbTaT mHO-
JAYy4uTCA B PEIATHBUCTCKOM ciaydae. PaceMoTpuM i upocTo-
TH yALTPApeNATHBUCTCKUHA Hpenena. B atom ciyaae py ~ /e,
ciegoBaTenbHo (ctp. 38), /1% ~ (@/c)?, orkyma @l ~ ¢
Tax kax N ~ Bo/l?, 10 monyuaem N ~ ¢l ~ ', 1. e. Ty
e ONEeHKY, 9TO ¥ B HEPEJATHBUCTCKOM ciydae. JHEPIUA cHe-
TeMR Opu 3ToM E ~ N¢? — N ~ ¢'ls — ¢3/1, 1. e. mo;xeT GuTh
HeoTPaHMYeHHO DOHUAeHA yMeHbIerweM [. MBI Donyugnu, uto
QNEKTPOMAIHMTHEN BaKyyM HpH e® < 0 oraseBaeTca_meye-
TOMYUBLIM. TaK Kax Hpu 2 > U OH yCTONIHUB, TO 3TO osﬂaqa—
eT, 9T0 uMeeTcA ocobad Touka mpH e° = U.

“Pownenné N aleKTpPON-MO3UTPOIHAIX Hap COOTBCTLTByeT
N-My mopajxy Teopun BO3MyHeHur. HalifeHHOE THCI0
~ ¢+ yka3EBaeT HOPANOK ducjia WIGHOB TEOPHH BOSMYyIle-
HMI, HAYMHAA C KOTOPOI'0 OyHeT CKaBhBalbCA 0C0O0aA TOUYKa
1py e = . Yder Gosiee BHCOKHX HOPAMKOB TEOPUH BO3MYIHIE-
HUA He yIydmuaT, a yXymOuT pe3yibrar.

ITockonbry acuMOTOTHYECKHE XapaxkTep PAMOB TeOpHUH
BO3MYHIEHNII CKa3HBAeTCA TOJIBKO HA JAllEKUX TICHAX, BOIPOC
HMeeT YHCTO TeOPeTHUeCKHH MHTEepEC.




r'mTABA 2
PASJIUYHBIE CJIAYYAHl TEOPHH BO3MYIIEHNI

Pasmepnnie u Mmojedbuble OLEHKH IPEACTaBASIOT c00OM
AWM B DepBRIT OTall moXoia K pelnennio Pu3nieckoi sagaun.
Hus nosefennsa samayu 1o KoHila TpeGyeTca HalTH KomdecT-
BenHoe peuresme. OnHaro TOYHOE pellleHHe B 3ajadax Teope-
THIeCKOR QU3NKEN yTaeTcA HAWTH TONBKO B PEOKHAX Caydasax.
Tax, wanpumep, mpocreimas 3afada KBAHTOBORX MeXaHNKA —
3ajava 0 naxoykaeHnd Y-QYHKIUA ONHOMEPHOI'O ypaBHeHus
Illpeamurepa — pemraercs TOYHO TONBKO [JIA HECKOJBKHX
BHJIOB TOoTeHNHasiok. [TonToMy HPHXOAUTCA NOBOJILCTBOBATHCS
A160 DpubHMKEHNIBIME AHANATAYECKAMU MeTONaMH, 1ub0 quc-
JenHLM pemenunen. Hpm nroM nisi HoHHManua W DpOBEPKHE
YHECJIEHHDIX METOAOB OMAThL-TAKHA CleAyer HallTH npubiuskerr-
Hoe aHaamTuuecroe [)GIHEHHE B pHBJ]I/I‘I]UyIX opeieJIbHbIX cuay-
qagx,

B meworopux caydagx xapaxrep pemieHns olipejedserca
aHANATHYeCKIMH ¢BOHCTBAMH HJH CBOWCTBAMH CHMMETPUH
u3ydaemsix Besrmumi. llpumepn taxoro poma GyayT pacemot-
PEHH B 4-ii, 5-it, u (-ii rmaBax. B 570f riase paccMaTpUBAOTCH
pasauunble CIydau Teopuu BO3MYIIeHUH, KOTAA pelleHue MO-
/meT GOHTH ITalifleHo B Buie psfia OO ¢TemelAM Karoro-nu6o
MaJioro mapamMerpa.

Ipocreitmuit caydait Teopuu BO3MyUIEUil COOTBETCTBYET
cnaboMy BHELTHEMY MO0 Wil c1aGoMy B3aUMO;efiCTBIIO Mesk-
Ay dactumamd. Torga pods Majioro mapaMeTpa HTpaeT OTHO-
UleHne SIepTHH WIW HOTeHNHWalda B3amMOJEHCTBHA K Xapak-
TePHOMY 3HAUeHHIO dHeprmm CBoGoAHoro pemkeHus. Hwmxe
Tarasg Teopusl BOSMylleHmi, HMcOOXb3yIODIAd MaloCcTh goba-
BOYHOTO cJalaemoro B I'aMEIbTOHHAHE, pPaccMaTpPHBAETCA Ha
upuMepe 3ajaunm paccesAHuA.

Hpyroit eayuait Teopum BO3MYIIEeHH — BO3MYHIEHUE I'pa-
HAYHHX yenoswit. [lyeTn, nanpuMep, m3BecTHO peHIeHne 3aj1a-
9¥ ¢ TPAaHMYHBIME YCJOBHAMHE Ha cdepe, a Tpebyercda maitu
pelieHye 3aJadyd ¢ TAKWAMH jKe T'PaHUYHBIMH yCIOBHAMH, HO
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Ha Gausxoit x cepe mosepxHoctu. lIpousBsosss ¢OOTBETCTRY-
joITze HpeoGpa3oBaHMA KOODJIHHAT, MOKHO IPABECTH TPAHIL-
HHE YCIOBHMA K YCJIOBHAM Ha cfepe, HO IpH STOM 3a CHeT Ipe-
06pasoBaHUA KOOPAMHAT BOSHHKAET HONpABKA K TAMILILTO-
HHany, T. €. 3a/a9a CBOAUTCH K TEOPHH BO3ZMYIIEHHH OpH ¢lla-
foM HeKa)KeHUW FaMMIbTOHHMAMHA.

B ToM ciyuae, KOI7la BOBMYLIEHHE HE Masib, HO juIUTCA B
TedeHpe MaJIOT0 BPEMEHH T, B 33/a9¢ BO3NAKaeT Majibiii Hapa-
‘metp & ~ V. 9ToT cayuair reopuu BO3MYyIEHHIl MIIIOCTPH-
pyeTcs Ha mpuMepe MOHHW3ANWy UpH B-pacmaze, mOHU3AUUN
IpY A EPHEIX CTOJKHOBEHUAX U Ha IpUMepe apdexra Méccba-
yopa. XopomuM IpEMepoM IPUMEHeHHS MeTOoa BHESALHBIX
BOBMYIIEHUA sIBIAETCS PAaCCMOTPEHHOE B opejLAYIel raase
porEfenne MATKAX KBAHTOB IPH PACCEAHUH BIEKTPOIA («mn-
Ppaxpacuas KaracTpodar).

OfpatHplii UpefebHEii ciaydair OCYIeCTBIACTCH, Korja
BOZMYIIEHHE W3MEeHFeTCsl 3a BpeMeHa MHOI'O gonblime, 4eMm
XapaKTepHbe IepHoJsl PAacCMATPHBACMOE CUCTEMEL (anmaba-
Twaeckoe mpubnmkenme). B oTom ciydae Tpebyerca naliThH
pelIenme BCIOMOTATEIbHOI 3a/(add O ABYWKEHUH CHCTeMb! IpH
duxcHpoBaHHoM Bo3Mynenun. Poib Majioro mapaMerpa urpa-

eT Boamuuna § ~ , Tjie ® — XapaxTepnad gacToTa CmcTe-

MBI, a T — BpeMs CYLICCTBEIIIOr0 M3MENEHHs BO3MYIICHUL.
Knaccmdeckmit mpuvep ainabaTHaeCKOT0 BO3MYMICHHA — 3TO
Teopua Mojiexyis. Cradazia pemIaeTcs BCOOMOTATENbHAA 3a-
faYa O JBIDKEHMH DJEKTPOHOB Ipm PUKCHPOBATHOM IOJOKE-
HUA A7ep. 3aTeM ompejleiAeTCs PENIeHNe ¢ yIeTOM JIBIKeHN
ATep B HPEANOIOKEHHHM MaJOCTH OTHOIIECHUA Oyoa/ Wor.-

B rauectse mpuMepa ajmaGaTuiecKoro DpHGIMKEeHNA pac-
cMaTpuBaeTCsA TaxsKe sajada O PAcCeAHNH NpOTOHA Ha aTOME
BOJIOPOAA.

Eme onu# sddexTnnHb HPHGIMKEHHBE METO/ MOMKET
6HITL PasBuUT, KOT/a B CHCTEME MMEeTCS HeCKOJBKO GausruEx
yposHeii. B ToM ciyuae, Korjga BO3MYIEHHE MaJO 10 cpaBHe-
HHUIO ¢ PACCTOAHMEM /10 OCTANBHBIX ypPOBHEN, MOMKHO HOCTPOUTDH
pacueT, yunTHBAOUIUA POIb GINBKUX YPOBHEH TOYHO. OTOT
MeTOj WLIIOCTPEPYETCS Ha UpHMEpe [BIKCHHA YaCTHIB
B IIEPUOAMICCKOM IOTEHIMAJie, Ha IpuUMepe mTapr-apdexTa u
Ha DpEMepe 3a7ja4d 00 M3MEHEHUH BPEMeIlH JKU3HU COCTOAHNA
2 Sy, aToMa BOJOPOIa B DIEKTPUYECKOM LOIE. B mocuenrEmx
ABYX 3ajjadaX polb GJAM3KOTO yPOBHA MTpaeT ypoBEHb 2 Py,
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1. TEOPUA BO3MYIIEHHII B HEIIPEPBIBHOM CHEHKTPE

Teopus BosmMymeHuil cHTpaia GONbLIYIO POJIH B pa3BUTHH
teopermueckoit pusuxu. OHa MomeT OBITH UCHOJB30BaHA NIAA
OIEHKY XapaKTepa perreHus [a/Ke B TeX ¢jiyJasax, Korja mapa-
MeTp passj0fKeHHA He Maj, a HOPAAKA e/MHIHIHL.

Hexaogenne ¢cOCTAaBIASIOT Taxkue sSABICHWA, KOTOpPhHIe
MCUe3ai0T OpPK MaJoM 3HAYCHHH NapaMerpa pasioKeHns. Tax,
HaOmpmMep, paccMaTpHBas IOTEHLHAI B3auMOACHCTBAA Kak
MalyIo BeJINYHHY, Heip3g HU B KaKOM HOpPsIIKe TEOpHUA BO3-
MYNIEHHRA DOAyYMTh (QYHKOHWK, ONMUCHBAONIY0 CBA3aNHOe
cocToaHme wactunnl. OcobGeHHo 3TO fACHO, KOoIla CBA3aHHOE
COCTOANME HOABJASETCA UPH KOHEYHOH TIybmHe HOTeHIH-
QJbHON SMEI.

1. TEOPU A BO3MYUOIEHNU B HENPEPAIBHOM CIIEKTPE

PacemoTpum sajjagy paccesnua B ¢liydae, KOIJIa K paccen-
BalolleMy OOTeHINUaNy 10GaBisieTcsl MaJblii BO3MYIAIOUMR
moTennuad. HaiijeM n3MeHeHHe aMINIATYAN pacCesHusA IO
Teopun BO3MylieHuii. B KayecTBe HpuMepa N3Y4HMM paccesgHue
3apsSIREHHBIX YACTHII HA aTOMHBIX sIpax W BHUMCJIMM Ji06aB-
Ky K aMILIATyjle KYJOHOBCKOI'O pPacCesHMS H3-3a KOHEUHO-
CTH Appa.

[lyeThs TaMUIBTORHAN CHCTEMBI paBeH

H=H,+ H,

rne H' — manas nobaBka, mprves H3BecTHO pelieHme 3ajaiud
¢ ramunabrormanom Hy:
Hypp = Eppp.
I'panmunsie ycIaoBms, Hajaraembie Ha ¢, B caydae 3a4a4m pac-
cesnus (HEmpepHBHIA CMEKTp), MOTYT OBITH [BYX THIOB:
+
(p;: — gior % g Fipr,

W3 aux ¢msmueckuil cMpIca uUMEIOT JUINb QYHKIAN (p;,, COO0T-
BETCTBYIOLIME pacxofsielicsa ceprnaecKol BojHe, ONHAKO A
BCIIOMOTATeTbHbIX Iejieil OHBAOT yAOOHH nm ¢p. Hampas us
cucrem PyHKIUH (p; I Qp ABJISAETCS HOJHON OPTOTOHAB-
Ho#l cmCTeMoif, T. e.

S Oh Phdr = S(p;,*(p;,'dr = (218 (p — P).
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HNuddepennnannnoe ypasueuune llpenuurepa HY, = EV,
¢ TPAHMYHLIMH YCIOBHAMHU 3aa9¥ paccegHUA SKBUBaJEHT-
HO MHTErPaJbHOMY ypaBHEHHIO

> ap (O H'IY,)
‘FP = (P; +S (25:)3 ;jp___Ep,p Pp- 2.1)

B srom merxo yGemmrhea, peficTBys Ha (2.1) omepatopom
Ho - Ep.
Mosxuo Goixo 65 pasnarate ¥p 0 YHKIMAM Qp, HO MEL

manee ybemmmesa, dro QyHKmum @p ymobHee.
Honﬂmerpansnoe Bupasenne (2.1) umeer ocobyo ToUKy

mpa | P | = | p’ |. M yBupmm, uTo cmoco6 ob6xona 0co6oit
p’  TOURH OLpeNeseT acHMUTOTHYECKME

g 4 Buf ¥, T. €. CTAaBUT I'DaHUYHHE yC-
~ nosus. IToxkamem, 9710 IMEHHO yKa-

Pme. 17. sauHwi# Ha puc. 17 cmoco6 o6Gxoma

(a He o6xox cCBEPXY ¥ He MHTErpal

B CMHICIIe TIaBHOT'G 3HAYeHWs) AaeT HPaBHIbHHE I'DaHWYHKE
yCIoBuA.

IlepeiiemM K BLUMCIEHHIO WHTErPaja B BHpakeHmm (2.1)

opu r — oo. OyHKNHUA @y UPH 7 —> 0O HMEeT BUJ

fo v’
(Pp' ——eip'rx + ip T

r—oo
rne
z = cos / (p'7).

I'Iepnoe cjiaraeMoe 3TOI'0 BHIPa}KEHUA NPUBOIUT K uHTerpaily
B (2.1) BmERa '

1

{ F(2)ewr da.

—1

WaTerpupysa mo d4acTaAM, MMeEeM

1 P Py
, F) P —F(—1)ePT
eirrxdy ~ — .
& F(z) r—>00 ipr

—1

Tloxkaxem, 9TO YaCTh STOT0 BHPAKEHH, COflePKaMaA e P7,
mcaesaeT B Ipejene r — oo IPH HHTErPHPOBAHHE IO dp’.
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Hy:xH0 omeHHTs MHTErpal

1 Ao’
_g____E P D (p). (2.2)

r —F_,
Q p p

KonTyp muTerpmpoBanma m3o0pawen ua puc. 17. 3amenum
xouTyp uHTerpuposanusd Ha C; -+ C, (pue. 18), B3aB § nocra-
TOYHO MAJEIM, 9TOGLI MEEAY CTaphM M HOBBIM KOHTYPOM He
6o1s10 ocobrx Touek. Torga Besn-

guHa wHTerpaia (2.2) He H3Me- g I ?
HATCA. —
, B muTerpane 1o KOHTYDY C, 0 .
pf=8t—i8, &6>0, wpostomy _j; 2

e—iP’T == g-iir . =% JRCHOHEHTa
e~ BRIHOCHTCA 3a 3HAK HHTErpa-
aa (2.2), m, cuefoBaTejqpHO, IPH 7 — 00 BECh HHTErpai HO
C» sxcuorennuanbno Man. Ha yuactre C, (p' = — if) momy-
qaeM HMHTerpall

Puc. 18.

3

1 et ,

TS—_E,,—- 7@ . 2.3)
0

Ilpu r — oo WHTEPBAT AIA I, CYNIECTBEHHH B IIOIAHTET PaJlb-

HoM Beipaykernunm (2.3), mopaaxa [0, 1/r], cnenosarensno, E;;

mano B aToMm mHTepsane, E;; << E,. IToatomy unterpan (2.3)
8

L 1
mopaxka — \e7'dl ~—, T. €. Mal CTeNeHHHM oGpasoM.

0
ITo TeM sxe coobpajKeHUsIM Majla CTEIEHHHIM 06pasoM I

gacTh muTerpana B (2.1), copgepskamasn cnaraeMoe—frE—e‘il’"

ACHMITOTHUECKOTO BHPsKEHUS o

MuA @p. BaTom mcocTout mpe- P B

UMyWeCTBO Gas3uCHHIX (QyHK- ,

nuit @, OO CPaBHEHHIO ¢ Pp b b5 ZI‘
Canenosarenabno, B (2.1) oc- 0 T~

TaeTcA NWIb MHTErpad ¢ eP’, ~

[ns ero pHuucIeHUA BHIOHpa- Puc. 19.

€M KOHTYp, n300payKeHHEI] Ha
puc. 19. Kax u gna unterpana ¢ e”P7, B 9TOM Ciy4uae WHTEr-
pax wo C, + C, Gymer 3KCOOHEHNMAJIBHO Mal, a IIo C,—
'
MaJl cTemeHHHM o6pasom. Muterpanst mo Cyu C,!B3ammHO
38 Ly
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yamutoKaTcA. CIIefloBaTeNIBII0, BECh MHTETPAI CBONUTCA K BhL-
yery B ToUKe p’ = p:
¥t 4+ 2 2np'? ((P;,'IHII‘I’I,) AP
» = Pp (2m)3 dE /dp ip’r '

' r
1‘118 p = p 'r—.
Urax, ¥, uMeeT HY;KHYI0 acHMIOTOTHKY:
\Ij‘ — eun- + fO + f) eipr,

gpaueM

(2.4)

(0o [ H'|¥3)] ,_

f__va r—p L
-

Jl1a HepexsTUBMCTCKUX YacTHI MOKHO 3aMEHWUTh p/v = m.
+ —
B cayuae ¢cBOGORHOTO ABWKEHUA @, X (pp — IIOCKHE BOJ-
HH, fo = 0, ¥ MBI mOZyYaeM aMOIMTYy pacCesHUA B TaK Ha-
3HIBAEMOM GOPHOBCKOM HpHOJIMIKEHUHU:

fo=— 2nv SH,(T)"’WT dr’,
e
r
9=DP—p—+—

" .. 6
— EMIyJabC, HEPeaBaeMuil Opu pacceaHnu: |q | = 2p sin -,

a 0 — yron pacceAHms.

Jna HaxoKOeHUA MoCHeAYIONUX UTepanuit ynoGHo mepe-
dopmynmpoBaTs mATErpaiibHOE ypasHeRue (2.1) nua BoaHoBOR
(YHKIMH B COOTBETCTBYIOIIEE MHTErpalbHOE ypaBHEHHE AIA
AMIUTUTYAH paccessHus f.

Nenonnsya (2.1) u (2.4), naxomum:

212)& g(p's p")f(p", p) dp”
E, —E, @) *

2.5)

' p)=hH(D P)—

e
AP, P) = MS% H' g} dr,

g0 P) =55, S% H' gpdr.
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B arom ypasueHnn P u p’ — coGomunie napamerpi. Ceaenue
paccesHus ompejieasiercs Besmumnoir |/ (p', p)|* upnm
[p =Pl

HaiineM KpuTepuit mpUMEHHMOCTH TEOPHH BO3MYULEHUI B
HempepuiBHOM cIlexTpe. IIpuHnum oTuicKauus KpuTepus Jio-
6oro mpuGIMAKEHHOT0 pacieTa COCTOMT B TOM, 4TO Hpubiu-
JKEHHO BHUWCJIEHHAA (UaMYeCKasd BeINYMHA JOJsKHA OBITH
BEJIMKA [0 CPAaBHENUIO ¢ MOIPaBKOH K Hell 0T ¢lIeyIomero mo-
pAAKa DpubIrKeHA.

B mepsom mopsaxe Teopmm BO3MYULeHUH

P —* 7y, + ’
f=h= —%S(PP'H(PPdr'
Bo Bropom mopsjxe Teopmu BosMmymleHmit u3 (2.1) mmeem
P —* rrrar{l) W - pfr s ’
f2 = ——mg(pp'H \Fp dr ~mS(Pp'H 7,-6”” ar'.

Veanosne fo/f; << 1 cayKuT KpATepHeM IPUMEHHMOCTH TEOPHH
BO3MYHIEHUI.

IlycTs @ — MOpAAOK BeNuIHHE 00MAcTH IPOCTPAHCTBA,
B KoTopoit Bosmymaioniee moie H' () 3amMeTHO OTAHYHO OT
myaa. Pacemorpunm cnavana crydait pa < 1. Torga dyurnun
cp%‘ (a) mo mopAAKY BeauwyuHb pasusl efmnmme. Ciexosarens-
Ho, amminTyfa f, nopsagka H' (a) a® u cnaGo saBment ot yraa
paccegnusa. Ilostomy fo/f; ~ H'a® u xpuTepmit Teopum BO3-
MyOleHu# mMeeT BH/[

H'e? << 1.

Paccemorpum Teneps cirydait pa > 1. Bonee noppobuno aToT
ciaydaii mecaeposan B 3.1. Paccesaume B 9roM HpefelbHOM
ciaydae GOJIbIIMX DHEpPIHi Pe3KO aHH30TPOIHO W HAPABJIEHO
Buepes. JleiicTBuTenbHO, B BHpaskenmn (2.4) BeamuHHA

s ;8
. ipa sin —
—* R )
(Pp'(Pp""elqr ~ e

CUIBHO OCHMIIHPYET UpH pa = 1 And BceX yrioB paccesHusa
0, xpome 0 < 1/pa<< 1. Jlas yrnos paccesnna 6 << 1/pa Be-
In9mHA (p;: (a) ¢p (@) DO MOPSAIKY BEJIMYMHLL PABHA /IHHALE U
aAMIIUTy/la PACcCesHAA HMEeT ONEeHKY

f10) ~ H'(a)a®

0 gl/ pa
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TaxuM o6pasom, mus s1oit o6aacTu YIioB KPUTEPUH OpH-
MEHHMOCTH T€OPHH BOSMYIIEHUHE OCTaeTCA TeM jKe, 9TO U IpH
MalBX EMIyJbCax.

Han yraos 0> 1/pa ammnmryna f(6) cymecrsesnno
YMEHBINAETCA H3-3a OCHMJIIANUYM BOJHOBHX (QYyHKMUit (p;.

Pacceanye sapsmkeHHBIX 9acTHI[ HA ATOMHOM anpe. B ka-
I6CTBE HpUMEPa PACCMOTPUM PACCESHUE 3aPAIKOHHHX aCTuI
Ha artomuoM snpe. Ilpenmonmoskmm, gro wacTummt Bsammoneir-
CTBYIOT TOJLKO C DIEKTPUYECKUM TOJIeM AApa (Kak, Halupmmep,
dMEeKTPOHE). Dymem cumrars, 9To 3apag sagpa paBHOMEpHO
pacupesienen no ero o6vemy. Torga morennuanbras smeprus
YACTHUITHL

Z 3 1 r2
—w(r—oF&) 0<r<a,
—= r>R.

3nect Z — zapan saapa, B — pamuyc anpa. Cuemosatennbro,
BOBMYHIEHHE WMEET BU[
_i( 3 1 r2 ) Z
H = R
Oa r >R

HonmonuntensHan aMmIMTyla paccesHEA B HePBOM HopsAnKe
mo H' pasma

1 —*rrr 1 —* + ’
h=— g\ s g dr~— 30y 0 s O) | ' ar.

Heitcrutensro, H' maMeHserca Ha PaccTOAHME HOPATKa R,

a @p — HA paccrToAnmum mopangka 1/p. g He cammeoM 6o b-

MHUX CKOPOCTeil 9eKTpoHoB pR << 1 (B aTOMHBIX egmhummax

R < 10-%). Iosromy B BHpaskeHmm as [ QyHEouE Op B

(p MOKHO BHIHOCUTH M3-IIOJ| 3HAKA HMHTerpala B TouKe r = 0,
Briaucinenne mgaer

SH'drz 2:?1?1?2 )
CremoBarensno,
ZR2 s
fi = — = 92 (0) 95 (0).

HKynonoBcxkue nepenaTuBmeTcKme BOIHOBHIE dyHRIUR cp,:!: (0)
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PaBHHL *): sl HONA OTTANKHBaHHSA
+ 1 .
Y O = Bamy—————d e~™2p T 1 +l s
(pp( ) V(Zﬂ?)s ( . /p)
IS HOJAS HPUTSKEHUA

05 (0) = —=—= V( = e 22 T' (1 i/p),

rie I' (1 4-i/p) — ramma-Ppyuxmusa. OOGHYHO mccaemyerTcs

paccesiHne 3JIEKTPOHOB ¢ HMIyJIbCaMi, MHOTO GOJBIIAMHE HM-

OynBCOB aTOMHHIX onexkTpoHos. Torma T (1 +i/p) =1.
OxongarensHo moayuaem

1 ZR?
h=— g 5 " (2:6)

rge 3HaK MEHYC OTHOCHTCS K HOTEHIHAaNy OTTaJIKHBAaHMA, a
IJII0C — K NOTeHIMAAY HPHTAKeHUS; dy— GOPOBCKHi paguycC.
Jinddepennmanvhoe ceuenue paccesuns do/dQ pasHO

do/dQ = | fo + f1| %

Tie f, — aMIIUTY/la KYJOHOBCKOrO paccesnus. ITockoapry
fi He 2aBUCHT OT yrila paccesnns, a fo yOLBaeT ¢ yBeJudeHdeM
yria paccesiHusi, TO y9eT KOHEIHOCTH PAguyca siipa CyIecT-
BeH IpH OOMBIIMX YIriaX pPacCesHHA.

Hpurepuit npumenumMocTn TeOpHA BOSMYIIEHHHE B DTOM CIY-
qae (pR<< 1) — oro H'R*<< 1 nam ZR << 1; on BHOONHA-

erca s BCeX peaJbHHX Afep.

2. BOBMYIUIEHHE TPAHHYHLIX YCJIOBAN

B srom pasfene paccMaTpuBaercs ciiydail, KOTa BO3ZMY-
HleHne HAJNOKEHO Ha IpaHuvHEe ycaoBusi. IIpeoGpasosanme
KOOD/IMHAT 1103BOAAET IPHBECTH I'PAHNIHEIC YCAOBHSA K HEBO3-
MymeHHOMY Bufy. OIHAKO OHO M3MEHsET BHIpa)ieHme s
raMImIbTOHHAHA CHCTEMB. JTO H3MEHEHHEe IaMHJbTOHMAHA U
€CTh BOBMYI[AIOMKA IIOTEHIMAJN, BIAHSHHE KOTOPOIO MOFKHO
PaccMOTpeTh ¢ MOMOMIBI0 OOLIIHOM TeopHH BoaMymeHuii. Teo-
pusa moAcHsercs Ha HpPEMepe pacuera OJHOYACTHIHHIX dHEp-
TeTHYeCKHX ypOBHedl jedopMHPOBAHHOrO Apa.

* J.OA Jdamagay, E.M Judmuun Kpaaropags Mexa-
HiKa, (Qusmarrus, 1963, ctp. 603.
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ITyers 11aM m3BecTHO pemieHme CTAMOHADHOR (ujiM HecTa-
nuoHapuoil) 3afjavym ¢ raMuiabToHmanoM H (z) u rpaHWwIHBIM
ycioBHeM Ha HEKOTOpPOH HOBEPXHOCTH Syt ,

a¥ 4 B¥’ |5, = 0

(¥ — mpousBopnas mo HopMaau K Sy). Tpebyercs naittu pe-
mieHWe 3ajja9¥ ¢ TeM ke raMuabrondanoM H (x), Ho ¢ rpaHmy-
HEIM YCJIOBHEM

oa¥ + B’ [s = 0,

npuYeM moBepxHocTh S Gamska k S, (sra 6auzocts H ecTh
MajHi mapameTp B 3ajade). luaa pemeHus 3afadu caegyer
Ha#iTH Takoe mpeobpasoBaHme KoopAuHaT z; = f; (¥j), 9ro
S (z) = Sy (2'), T. e. B HOBHX HepeMEHHLIX ypaBHEHWE IIO-
BEepXHOCTH mpeskHee. VIHBIMH cioBaMw, €CiM ypapHeHHE HO-
BepxHOCTH Sy ecth @y (z;) = 0, a S — D (z;) = 0, To momx-

HO OHTH
D (f; (z7)) = Do (z7).

TFamuawsronman H (z;) = H (f; (zj)) B HOBHX IIlepeMeHHBIX 13-
smenserca. Mol MosKeM 3allmcaTh ero B BHje

H (zj) + H' (z3),

rne H' (z;) = H (f; (x;)) — H (x;) 1 ects BO3mymenue. [la-
nee UpUMeHHMMa yike OObIYHAA TeOpus BOBMYIeHWH.

duepreTndeckme yporHU nedopmupoBanHoro Axpa. Ilycrs
U3BECTHH CTAHOUNADPHKIE YPOBHH BJHEPruH B cPepHIecKOM
ANUKE, a HYKHO HaliTm MX B SAAHICONAAJNBIOM ANHUKE
(cTrenku cumraem GecKOHEYHO BHICOKHMM). Y paBHeHHe HOBepX-
HOCTH S, HMeeT BHT

3
Dy (z;) =0: Dai— R*=0,
j=1
a ypaBHEHHE HOBEPXHOCTH S eCTH
3 22
O)=0 D——1=0.

j=1 %j

BBQJIBM HOBBEIe HepeMeHHbIe:

T =
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Torna @ (f; ()) = @, (27). Ilpu aToM H3NMeRsercs omepaTop
KHHeTHYeCKOH DHePTUI YACTUIIHI:

;
82 R 1 02
i=1 i=1 1, 1,
CnejioBaTeJIbHO, BO3MYHICHHE MMEET BUJT
1 : Vit 02
1
H' (z) = — 537 21 <a—?_ 1) -
1= 1 1

Ono mand, ecam Bce a; OGamsku & R.

Pacemorpum saamnconpanbuyio gegopManmio AApa, COH-
Tast YIIHIICOR] JBYX0CHBN (¢ moayocsmu a u b). ITapamerpom
nedopMany HashiBAETCA BEIHYHHA

Cumraen, uro o6meM sifpa He MeHsercs lIpu ero negopmanuu,
T. e. ab? = R3. Ecam wauncarp

=R +8),b=R{1-—205),
rie 8,68, << 1, ro B nepsom unpubammennu us ab® = R?
monyumm 6 — 26, = 0, T. e.

B2 R(1+261?2;R(1—61) ~ 36,

HIn
2 1

amR(1+B), b=R(1—58).

Torpa Bosmymienue H' upunmmaer cIefyomuil BHI:

H = — o (8—357)

MycTe €h;; — sneprua gacrur 6es yaera fedopManuu sj1ep
(oT MarHETHOrO KBAHTOBOTO WHCJA OHA HE 3aBUCHT B CHAY
cdepuaeckoii enmmerpuu moas). C yuerom pedopmanum B nep-
BOM HOpPAJAKE TEOPUH BOSMYIIEHHIl HOIydaeM

0 (0) (0)
Entjm = Entj + (Prijm | H'| Qnlim)-
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B pesyapraTe pacuera HaXOfuM
R m 4
Enijm = Enij [1 + B (7(f+1) 3 )] . (2.7)
BaBECHMOCTD €y;j, OT P cXeMaTHUeCKH U300 paskeHa Ha puc. 20.
1
3aMeTuM, 9TO e % Cnrim =

& =ghp T. e. HEHTP THKeCTH

MyabTHHJeTa He cMemaeTcsa

upu nedopManuM AApa.
ﬂl—,ﬂ B mpuBeneHHOM BHIIE Dac-
geTe HPeIoNaranoch, 4To fie-

Puc. 20. dopManusa JoCTATOIHO MAaia,

qTo0K He paspymaTh CHHH-

opburanbHyio cBA3b. TOrNa YPOBHH ONpEAeaAlOTCs MOMHBIM
moMerTOM j (cM. 3ajady 2).

3ATAUM

{. BH9ncauTh €,y B OTCYTCTBHE copH-0pOHTANbHOH CBS-
3K (‘I’nzm = Rn1Y im)-

Enim

m? — 7 1

(=) (+7) 7

2. BHUHMCIOUTE €, OpH NPOUIBOABHOM COOTHOIIEHHM MEK-
Iy cuEH-Op6HTanbHEIM B3aMMOJieicTBHeM W 9Hepruedr nedop-

Mamu#
H=H,+ ASL + H'.

OTBeT. &y =em i1 +B

+ - + - o |m
OTBeT. enjm =en ~+Bem |+ —"3 |+

)/ () et T e T ] —
)
rie sﬁ;'=aﬁ,+—?[—-é—$(l—|——;—)], 9HAK - cooTBer-

R 1
creyer j =1 —-. (B orBere AMA CORPANERHSA BAIMCH M5
peenu oGosmauemme L = (I—1/2) (I+2/3).)
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3. BHE3ANIHHIE BOSMYIIEHAA

B paccMOTpeHHHX A0 CHX HOp IPHMEPax MaJmM Hmapa-
MeTpOM 3a/1a9K GHLI0 OTHOCHTEIbHOE HBMEHEHNE FaMUIbTOHRA-
Ha cucTeMmH. M3y9mM ciaydaii, KOTa MajakIM IapaMeTpoM AB-
AsieTcs BpeMs JefCTBUA BO3MYNIPHHA, HO CaMo BO3MymMEHHe
He Majo.

Nonnzanusa npu P-pacmaje — OfMH U3 TAKHX HPUM epOB.
B sToM cayuae ckopocTh f-pacHagHOTO 3IEKTPOHA MHOTO
Gouabme CKOpOCTeil aTOMHHIX 3ieKTpoHOB. IloaTomy mamene-
HHe 3apAja fAfpa — BHesamHoe cobwTHe Ana HEX. [lpyroi
HpHMep — MOHM3ANus HpH yAape GHCTPOR YaCTHHE O ANPO.
B sToM ciydae BHe3amHHM COOWITHEM Jjisi aTOMHEIX 3JI€K-
TPOHOB CJIYKHT OTAada Afpa.

PaccMoTpuM cucTeMy, BOJAHOBAaA (YHKIUA KOTOPOH LONIH-

, 0
naercsa ypaphenuio HIpegunrepai —g— = HY c¢ ramuasro-

HHXaHOM
" H (r), t<L0,
:{m(r), t>1.

TIpennonox|uM, 970 raMIABTOHHAH CHCTEMBI CHIBHO H3Me-
HseTCA 3a KOPOTKOe BpeMs T. BreneM monnyio cucremy QyHK-
uuii rammapronmana H,:

(2) (2) (2)
Hypn' = 80" @n

U pasaoruM penieHue 3agaan ‘F oo (I)yHKILHHM (pﬁf):
. (2)
¥ (1) = Dan ) ghe . (28)
n

Bannmenm rammapronvad H B puge H = Hy + (H — H,) =
= H, - V. Torga
da

.2 (2)
(2 SV R0 @)

IeiicteuTensno, ecam BpeMeHHo o6ozmauuTe b, (f) =
e
—ie, "'t
=a,(t)e " ,TopakTuiecKku pasnoxenue V¥ (f) = an ® o\
n
03HAgaeT Hepexof OT KOOPAMHATHOTO K SHEPLeTHIeCKO-
My mpeACTaBleHHI0 TlaMuibToEmana H,.  Ypasuenme
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Illpefmarepa B HOBOM LpEJCTAaBICHHH HMEET TAKOH BH:
. b (2
I'a_tn' = 2 [b;l )6nm + Vnm (t)J bm1
m

OTKy/la cpa3y ke moiydaeM ypapuenme (2.9).
Nuterpupys HoaydeHHOe ypaBHEHHE, HMeeM
t

an(t) — 00 (0) = — i S\ Vo (e ar. (2.10)
m Q¢

Marpuunbii siaement V,, obpamiaercd B Hyab IIpH >,
Ilpennonomxum, 4TO (s(nz) — 8(,,21)) 1 <€ 1. Torpa okcmomenTa
HoJ HHTerpaxoM npubiamkeHHo pasia equnnne. Caenosarens-
HO, JiaA TOro d9ro0bl MOJH30BATHCA IOCHAEOBATE]IBHBIMH
npuONMREHUAMY, JOJKHEO BHIIONHATLCA YCJIOBHE Vi<
(BO3MyIeHIe He ABJIAETCH MAIbIM, HO OHO JIeHCTBYeT KOpOT-
KOe BpeMs).

B nyaesom npubamrennn us (2.10) nmeem a (1) = a,(0).
Bamensa B npapoi wactu ypasHehus (2.10) B mepBoM mpu-
GIwKeHRN G, (t) Ha a, (0) m yamruBas (2.8), moaxyImMm

14
D)= — i @ |V ¢ an (0)dt =
14

= — (@@ V| T Opdr. (211)

IIpennososkuM, 4T0 HadaabHOE COCTOSHLE ¥ (0) 6B110 O1-
HOH m3 cobcTBenHbix Qyuxmui H,, T. e.

¥ (0) = gft) = D). (0) g -

Crnegosarenso, a, (0) = (¢4 | ¢i). Urak, B nyneBoM mpn-

GnWKeHHH BEPOATHOCTH Iepexofia B COCTOSHHE % ecrs

B mpocrpanctse BexropoB ¥ (f) ¢ fas;mcoM ¢, BHE3aIHOe
BOSMYIIEHHE COOTBETCTBYET CHIBHOMY HM3MEeHeHHI0 Gasmca:

2 N
ﬁ}’—»(ps,), OpM MajioM M3MEHeHMM BOJHOBOR GyRROHI:

¥ () = ¥ (0).
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Honuzanua aromMon Tpu P-pacuage. Pacuer moumsanuu
aroMa TpH P-pacliajie CHIBIO YIPONAETCs, €CIH HCI0JIb30-
BaTh TOT PAKT, YTO CKOPOCTH [-PACIajIioro dIeKTPOHA MHOIO
Goubuie cKOpocTell aTOMHBIX 3iexTponos. [IoRaskem, 4ro mo-
HHU3AIHA BBB3HIBAETCH H3MEHenueM 3apsjia Anpa, a Helocpes-
CTBEHHKIM B3amMoAeHCTBIeM aTOMHOI'O 1 f-pPacuajiHOTO 3JIEKT-
POHOB MO;KHO IpeHe6peds.

CHauana OleHMM BEPOSATHOCTL DICKTPOHHOIO Tepexoja,
BLI3LIBACMOTO TIIIOCPeiCTEen I M BsanmozeiicTmen. CormacHo
TeOpHH BO3MYH{eHnii olia PaBla

(o]

. . 2
0

3necsk V,,, — MaTpUUHBIl DJIEMCHT DHEPIHI B3aHMOACHCTBHA,
a W, — YaCTOTA Tepexofa.

OreHnM 9TO BHpa;ieHne. DBeanumua ., AMECT IOPHIOK
aTOMHBIX 9acToT. Bpceast mposera -pacmagHoro »IeKTpoHa T
MHOTO MeiIblile ATOMHBIX IEPHONOB, T. €. W,,,T << 1. IlooTory
B (2.13) Mo;uHO 3aMeHHTDH ¢! — 1. Baammopeiicteme V
B-seKTpOTIa ¢ ATOMHBIM DAEKTPOHOM HMECT MOPSLIOK BEJIUYH-
HHI €%/a, TJie @ — BeJmumHa IOPsIKa aTOMHHX pasmepos. Tax
KaK IpH B-pacuaie 9IeKTPOH BLIIETAET H3 aATOMA €O CKOPOCTHIO
HOPSAKA CKODOCTH cBeTa ¢, TO BpeMs Bruiera T ~ a/c. Ciepo-
BATENIDLIO, BepOATHOCTh 1V mieeT OTEHKY:

1 e? \2
I”V~TL2—V%2~(%) <1. (2.14)

BriamennM Teleph BepOATHOCTh MOHHM3ALMH BCJIEJICTBUE
u3MeHeHNs 3apsaga aapa. Kax MBI TOJBRO 4TO BHJIENH, BOJIO-
Bag (YHRIMA aTOMUBIX HJEKTPOHOB MaI0 MCHSCTCA 3a BpeMs
BHAera f-pacmajgnoro snexrpona. Ilosrormy BeposaTHOCTL HoO-
HU3AMUK 3JEKTPOHA, HAXOTUBIIErocA B COCTOSAHHIN UZ B moxe
Aapa ¢ sapagoM Z, coraacuo (2.12) pasma

Z | il g2
Wo g = | (¥o| ¥E™) [" (2.15)

z
3gece ¥5?' — BonHoBadg QyHKIMsA BHUICTEBIIEIO IEKTPOHA C
smeprueit £ > 0 B mone appa ¢ sapagom Z + 1. Iloxnas
BEPOATHOCTL UOHM3AMUM H3-32 HBMEHEeHNA 3apAja Anpa paBHa

oo

W, =\ W, g dE. (2.16)

0
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Onernnm (2.16). aa sroro pasmomum ¢ynrpmo [ (Z,, Z,) =
= (‘I"ﬁvl | ‘P}Z;) B PAJ IO pasziocTh Z — Z,:

[ Z) = = 2 g,

of
3Z1 Zy=Zs

Z Z: Zy—7Za 1
HO, (‘Foll lP'E) ~——Z——-=—Z—l-, T. ©.

1
1
Wor 2z - (2.17)

6‘1’
IIponssomnasn (‘P' | > ~ —Zil— . CaemopaTean-

Ornonienue BEepOATHOCTH HEDOCPEACTBEHHOI'O B3HI/IMOJIefICTBI/IH
K 9TOM BeJHYMHE MMeeT OOpAOOK

Ze? \2
1.
( ke J <
W3 (2.15) MosxEoO cfiesiaTh 3aKA0YeHUe 0 IpaBmaax oT6opa
1A paccMaTpHBAaeMoOro mpomecca. B caydae nonmsanws BiyT-
peHHEX 060J09eK caMOCOTIaCOBAHHOE HOJE, B KOTODPOM JiRH-
KETCST BIEKTPOH, MOSKHO CINTATh CPCPUICCKHU-CHMMETPHIH biM,

caepoBareapto, ¥ = R,; (r) Y (6, ¢). ITloncrasasga aro ¥
B (2.15), momyumm mpasmia orbopa:

11 = 12, ml = nlz.

Has mapymnanx obonodex sddekTusHbA 3apan Z, neiicr-
BYIOmMUHA HA aTOMHEE 9JeKTpOHLI, HopA Ka epuans. Cienosa-
TeAbHO, coraacHO (2.17) 4 BeposATHOCTH MoHH3anuu Wy ~ 1.
ITO mOATBEPIKNALTCA IKCHEPUMEHTAMH 1O HAKOUWAEHHIO IOJ0-
FKUTeNBHHIX MOHOB mpH f-pacmaje.

BepoaTHocTs HOHHM3AIMME MOMKHO BHYHCAWTH Ansa K- u L-
obonouex. B aTux cnyqaﬂx cymeCTBeHHa obiaacte BGIH3H
sAgpa, rae QYHKIHH ‘I’o u ‘I"E MOKHO CYHTATh BOJLOPOJO-
moA00HKME (MONB30BAHME BOMOPO/IOMONOOHKIMY ()yHKIIMAMHI
BHOCHT IOTpenrHocTh mopsfka 1/Z).

BeposaTHocTh monnzanuu GEICTPO yOEBaeT, KOIJa 9HEPTHs
BHLIETAIOIIEr0 DJICKTPOHA CTAHOBUTCS MHOTO 0OJbIIe MOTeH-
MHajga MOHU3amuu. [[edcTBHTENHHO, B 9TOM caydae QYyHHRIHS
W5 MBOrO pas ocumAIEpyeT Ha pasmepax K -06070YKH I MH-
rerpan (2.15) man. Takum o6paszoM, BHIETAIOMINE BIEKTPOHEI
MMEIOT DHEePTHI0 MesKIy HYJAeM ¥ BeAHIMHOIl MOPAJKa IOTeH-
Huajza MOHMBAIMHA.
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Ionyuum BepOATHOCTH HOHU3ANMY A1 K-2/1eKTpOHA, KOT-
713 BHEPTEA BEIETAIONET0 AaTOMHOTO 5JIeKTPOHA MHOI'O Gosbmie
IoTeHNMana MOHH3AUMHE. PajmanpHas BONHOBasg QyHKIHA
RE™M npu Gonpmmx dHepTHAX [OMKHA COBHAfaTh € pajHalb-
po# (QyHKmuedr cBOGOXHON TaCTHIM,

Z41 1 1/2 ;
R% i —-sin kr.

Bmecs k = 2 E. ®ysknuss Rg Opeimomaraerca HOPMHpO-
BaHHOIL:

oo

\ ReRy r2dr = 8(E— E).
[}

CaegosaTeabHo,

oo

¢z Z+1 > 2 Z 2
Wie = IS RyRg ridr| =~ — IS Risin(kryrdr| .
0 E-e 0
Husa K-snexTpoHa RZ = 27%¢-Zr. Cnen BaTembHO, HYKHO

o]
BRIYHCANTE HATErpad I = S re-Zr sin (kr) dr npu k — oco. Nu-
0

Terpupys ero 1o wacrsaMm, moaydaem [ = 2 Z/k® (mmrerpan
peraucasgaca B 1.1, erp. 27, u Ha crp. 54).

Wraxk, npu E S>> Z? epoarHocTs monusamun K-anexrpona
HpHGAMAKENHO paBHA:

W S22 (22Y}_2VE 2

nk \ k3 n gh

Honnsamusa aromos npn anepubix peakmuax. Ilpu sapep-
HBIX CTOJIKHOBEHHAX ¢ GoapmIoll mepejaveil dSHEPIHH JOJKHA
OPOMCXOAUTh HOHMBANHsA aTOMOB orfauu. Kcam ckopocts,
npuobpeTeHHas AApPOM, HEBEJIHMKA, TO AAPO ycuesaer yBiaedb
BIIEKTPOHH, ¥ HOHH3ALUA HPOUCXOMHUT TOJHKO B HAPYIKHHIX,
cna6o cBazamHEHX obomourax. HaoGopor, mpu Gompmux cko-
POCTAX AAPO BHUIETAeT W3 06ONOUKH, He YBIEKAsA ee 3a ¢oboii.

BraucanM BepoOATHOCTh HOHMBANMYU IPH yAape HeATpoHa
o6 anpo (Murgax 1939). Bpems coymapenmsi HedTpoHa ¢
fAnpoM T~ R/vy, rne R — pajumyc afpa, vy — CKOPOCTH Hel-
TpoHA. ITO BPEMA MHOIO MEHBINe 3JeKTPOHHHX IEPUAONOB Tp.
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ITosroMmy Ba BpeMs CTONKHOBEHHA HJIEKTPOHHAS BOJIOBAA
(YHKIUA HPAKTHIECKH He MeHAeTcCA.

Ecam 06osHauuTs 1epes vg CKOPOCTH, HPHOOPETEHHYIO An-
poM, To cMemieHme [ Afpa 3a BpeM:A COy/lapeHHA HMeeT IHOpHA-

TOK BeAMUMHD [ ~ UpT ~ —= R ~ ST ~R< R, . e. | muoro
H

MeHBIIe PasMepOB HJIEKTPOHHOH o6onormn. CiegoBatenpuo,
ANpO HNpaKTH4YecKH Iie cMmelaeTcs 3a BpPeMA yjapa.

ITepeiifeM k cucreme KoopjJuWHAT, B KOTODOH sijpo Locjae
coynapeHus noxkomresa. Torga BoaHOBaA QYHKIHA HadalibHOIO
cocTosiHNA npeobpasyeTcs B BEIpajkeHHe

ivgBr;
II)'0—_> e 1'IP.O (rl'l s )1

I/l ¥ — CKOpPOCTh OT/la9W AApa. JTO BHpasKelHe IPOIe Bce-
ro moay4nth, pasiaras V,-dyHKOHIO 10 NNOCKHM BOJHAM H
C/IBHTAS KayKILIH U3 MMIYJIbCOB HTUX BOAH Ha BEJHIUHY Vg.
Ilycts ¥, (4, 75, ...) 0603HAUaeT KOHETHOE COCTOSHHE AaTo-
Ma. BeposrtHocTh BO3Oy:;mpenms coriacuwo (2.12) pamma

W= | (¥;] "Wy |2 (2.18)

Kpurepnit npumenmmoctu 310 Qopmyan: T << T,. Ero
R a ~ M
MO}KHO 3allICATh TaKiKe B BUie 5 <K wnmvg S —Vos THE
H 9
a — BeNWuYWHA TIOPANKA pa3MepOB m3ydaeMoil 060;04Km.
N3 sopamenns (2.18) morkio noayauTs PopMyny s Be-
POATHOCTH IIepexojia OJHOr0 (HKCHPOBAHHOIO YIEKTPOHA.
Tax rax mpm Z > 1 BaammopelicTBHe MeKAy SJACKTPOHAMH
MaJjo 110 CPABHEHHUIO ¢ ToXeM fApa, TO

VI/ S WIWZ’

rpe W, — BepoATHOCTH Iepexojia pacCMaTpPHBAEMOTO 3dJIEKT-
pota, a W, — BepoATHOCTH BO30OYKIeHHA BCeX OCTAABHBHIX
3JAEKTPOHOB.

CyMMupys 100 BeceM KOHEUYHHIM COCTOAHHAM, IIOJYTHM

W,=1, )W, =1. CaegosaTeibmno, BepoATHOCTEL Ilepe-
1— 2

2
xona PaccMaTpPHBAEMOTO JIEKTPOHA H3 COCTOATHA Py B COCTO-

Anue P, pasia

W =W, W, =[S ne o ar | (2.19)
2
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Ecau ckOpocTh Afipa MHOIO MEHBIIE CKOPOCTH BJIEKTPOHA
R
HO Uy >UDT), TO 3KcIOHEHTY B (2.19) MOKHO PABIOKUTE

B psag. HyxneBoit uned pasioyxenusa mcdesaeT M3-38 OPTOro-
HaIbHOCTH QYHKIUH Py u P,. IIycTs cKopocTs ¥ HapaBieHa
mo ocu z. Torpa

W= o3| (o] z]po) |2 (2.20)

HaoGopor, ecium vy > v,, T0 oKCIOHeHTa € 7o'i B (2.18)

fmnm (2.19)] Guicrpo ocrumnupyer. CienoBarennio, Beposr-

~iv, Zr
HOCTH mepexoga W me Mana, TONbRO ecinm ¥y ~ e 7714,
T. €., KOIJla DJNEKTPOHH B HOBOI cuCTeMe ABIKYTCH CO CKO-
poctsio — 21, B taGoparopHoii cucTeMme KOODAWHAT ATO COOT-
BETCTBYET TOMY, UTO OJEKTPOHHAA 000J0YKa He yBIeKaeTcd
AAPOM IIpHE yJjape.

Ecnu cropocts Aapa vy Goxblie CROPOCTU BHEIMIAX 3JICK-
TPOIIOB, HO MEHBIIE CKOPOCTH BHYTPEHIIMX DIEKTPOHOB, T. €.
1< va<{ Z, 1o BuyTpeHHHEe O0ONOUKH aTOMa YBIEKAKTCA
AApPOM, a Hapys/KHbIe — HeT. 3apaj DoJydamllerocs umoHa
paBeH [0 MOPAIKY BEAMYNHEL YHCIY 3NEKTPOHOB HA HAPYK-
HEIX 000709Kax.

Taxrue cooOpaskeHus MO3BOJLAIOT ONEHATD 3aPAL OCKONKOB
OpH JejeHuun. Sapsan ompemelseTcd KaK THCJI0 3JeKTPOHOB
CO CKODOCTAME, MEHBUIMMH 9eM CKOPOCTh OCKOJKa (cM.
crp. 93).

Hutst atoma Bogopoga u fiia BHYTPEHHUX 000J109€K APYIHX
ATOMOB BLIYUCJIEHHA MORHO [0BecTH A0 Kouma. BeposarwocTn
HOHUBANUH ¥ BO30ymieHHA JJA 9THX cAyJaeB IIPUBORUTCHA B
3agavax.

OmenuM DOJHYIO BEPOATHOCTH BO3OYIRCHAS U HOHH3ALMIN
W nopnm vy << 1. U3 (2.20) naxogum

2
W - Clvﬂy
rae Cl —_.4YHCJI0 ODOopAJKa eIqHHAILL. Hs pemrenud 3amadu 4

(. crp. 94) caegyer, UT0 BEPOATHOCTH ATOMY BOJOPOAA
0CTATECA B OCHOBHOM COCTOSHHH pPaBHA

SO S—
”700 (1-!—_{[[*—0%[)4

Oreroma naxogum, 4To i aroma Bojopoga C, = 1.
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Tlepefaua smepruM Npu BhUIeTe KBaHTAa M3 sijipa Mode-
kyant (3ddexr MéccGayapa). llpepmonosxum, dTO KBAHT
¢ sHeprueil A@ BHUIETaeT M3 AApPA, BXOAAMEr0 B MOJERYyIy.
Ecnn i® MaXo, TO MONeKyla HOJydaeT CIalHil TOAIOK H
BOCHPHHAMAET OTAAYYy KaK efuHOe MEeIoe. Ecan 7o Bexmko,
TO AXPO BHUIIETaeT U3 MOJCKYJIH — IPOMCXOANT BO36YIKISHNe
chcTeMH (Te ke Coo0paskeBmMs NPHMEHHMMH M K MeTallJaM:
IPE MAJOM @ OTAaYy BOCHPMHUMAET BCSA KPHCTALIMICCKAA
peINeTKa).

OxnesnM BpeMs BolleTa T KBAHTA M3 AApa; T — 3TO BpeMd
mponeTa maketa pajuyca R = ¢/o gepes obnacTe sAjpa, T. €.
T ~ Xe = 1/©. Dra omenxa HesepHa mpm A < I?, rne R —
pajnyc sapa, T. e. upr @ > ¢/R ~ 137.140%.27 98 ~ 40 Moe.

Bpems T HEYTOKHO N0 CPABHEHMIO ¢ BpeMeHaMm, Xapak-
TepH3yOMUMA KoJeGaHms ¥ BPAMEHHA MOJEKYJIH. Cuaepo-
paTenbHo, V-QyHKIAA MOJEKYNH He YCHeBAeT H3MEHATHC
3a BpeMs BuleTa KBaHTA. 3afada HAIOMHHAET 3a/[ady 00
MOHM3AOMM UPH SAAEPHEX PpeaKknuAx. BouanoBag QyHKRUA
MOJGKYIE B HAUAJbHEH MOMEHT HOCHe MCHYCKaHHA KBAHTA

nMeeT BHJ
Yo=Y (1, Ty .- )M,

I7ie ¥ — CKOPOCTH OTHAdM, 7*; — PafUyC-BEKTOP ALpa, U3 KO-
TOpOro BEUIETENX KBaHT, M — Macca aToMa. Oyurnna ¥ onn-
CHIBAET OCHOBHOE COCTOSIHI® MOJEKYJH. BeposTHOCTE TOTO,
9T0 MOJEKYJNa OCTaHETCH HeBO3GY:KAEHHOH, paBHA

Wo = | (¥, | 6Mo7 |¥o) | % (2.21)

Ecta Mvr, <1, to Wy ~ 1, T. e. 0TRaYa BOCHPHHIMACTCA
BCel MOJEKYIOH, BO30YMIeHHs HeT.

OneHEmM 9acTOTy Y-KBaHT2 ©, HaImHasd C KOTOPO# BO3-
Oy:malTCA KoJeGaTeNbHbHE CTeHNeHH cBOBOME MOJEKYJEHL.
Kak M yBEIEM, aMIVIATyAa KoXeGaHNd MMEET HOPALOK Be-

4 A, —
awaman 1/ M. Tloatomy B (2.21) 1y ~ 1/v/ M. Cnemosarteinb-
HO, A TOTO 9ToGH KoxeGaHms He Bo30YHIATACH, LOIKHO

ours Mv 41_ < 1. Tak Kak UMOYJIBC AAPA Pa = Mv pasen

M
EMOYJABCY KBaHTa ©/c, 3TO YCIOBHE O3HAYAET, HTO olc <L
<V4 M, ann o <& 1371‘71‘7 (B aTOMHHX eAMHHLAX); B 6

<< 137 17100-1840-27 28~ T0 roe (3mech B3ATO ANpPO C
4 ~ 100).
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Kpurepnit mpumesmmoctu (2.21):

m>mxon~1/}/ﬁ~ 21

oy ,06 9y
V 1001840 0,06 2

e Wgon — KoNeGaTerpHAs JaCTOTA MOJERYJH.

OneHuM Teweph 9ACTOTY KBAHTA, HAUNHAS C KOTOPOH BO3-
GyKHal0TCA BPAMATEILHEE CTEmeHH CBOGOJH MOJEKYJIEL.
Jlis sToro paccMOTPEM IJIOCKHE pOTaTop. Ero BonHOBas
dyrEIAA P, = €™°, BeposATHOCTE Lepexojia i3 COCTOABUA
Y, B cocrognue 1, coriacHo (2.21) pasma

Wiy = |g‘~pmeiM"‘~po dr '2 — ' 2§ eims i iMvacos ode : R (2_22)
0

rme @ — BeIWYMHa MOPAJKA Pa3MEPOB MOJEHYIH.

ClefoBaTe bHO, A TOrO 9T00H BpamaTeNbHEE yPOBEM

He BO3GysKmamamch, HeoGXoinmMo, 9ToOB MOMEHT KOIMIECTBA

IBWKeERs ~ Mva, cooGMEeHHb MOJeKyine KBaHTOM, GBI

MHOT'O MEHBbIIe MOMEHTA KOJMYECTBA JABIKEHHS poTaTtopa m.

B sToM caygae us (2.22) HAXOAAM Wpe << 1. [ua HamAm3-
ms£0

mero Bo36ysmeHusa (m = 1) moaydaem
Mva<<€1 nam %a<1,
oTkyma o << ¢ = 137.27 26 ~ 4 roe.

BAAUU

1. Y6emquTihcA B TOM, 9TO OTAAYA fAApa HE CYHECTBeHHA
mIA MOHW3ALNUM aTtoMa OpH P-pacmaje.

2. Hcmoanays meron Tomaca — Depmu, OmeHATH 3apsax
0CKOJIKOB IpPH feJleHAn ALpa, CIATASA €r0 PABHEM YHCIY BJIeKT-
POHOB CO CKOPOCTBHIO, MEHBIIEH CKOPOCTH OCKOJKOB.

OrseT. Zox ~ 8.

3. OmeHnTh HOHM3ANAIO ATOMA W3-3a MArEMTHOLO B3aMMO-
neficTBUA HAJeTAOIETr0o HEeHTPOHA C BIEKTPOHOM.

OTrBer.

w Viars® [? Pty R 2 1 12
Mar Mart —~ HO at - o — —7
114 g vy a3 ,,}lll <lMﬂc‘~’ R \ 107
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4. OnpepesmTs BEPOATHOCTH TOTO, UTO TPH yAApe He#Tpo-
Ha 0 APO aTOMa BOAOPOMA HIEKTPOH OCTAHETCA B OCHOBHOM
COCTOSHAM.

Orser. Wllzm.

4. AJJMABATHYECKUE BO3MY I{EHUA

B arom paspene paccmarpmBaercs caydai, Korma BosMy-
meHne, JeHCTByINiee Ha KBAHTOBOMEXAHHMYECKYIO CHCTEMY,
MeJjieHHO MeHserca co BpemeHeM. Ilpm sTom cumerema ycme-
BaeT MePecTPamBATBCA BCJIET 34 MeIICHHHM W3MeHeHmeM
napamerpos. Takme Bo3MyIieHNs HAa3LIBAOTCA anmabaTmue-
CKUMU.

B caywae agmaGaruuecknx BosMymesmit yzo6HO mCKaTh
pemeHue ypaBuenusa Illpeguarepa B Bume cymepnosunmmm cra-
IIOHAPHBIX COGCTBEHHEIX (YHKIWI, BHYMCIGHHRIX NIPH IPO-
M3BOJBHEX, HO (UKCUDOBAHHHX BHAYCHAAX HAPAMETPOB.

Ilpegmonoxum, uro rammnbrormar H (z, &) saBmeur ot
MeJIeHHO MeHAKIerocss mapamerpa &. Bsemem coGcTBenHbIe
ynrnum @, (2, §) ramumnsronmasa H (z, &), B KoTopbx
3Hauenme § B3adHKCEpPOBAHO:

H (2, &) om (2, &) = & (§) om (2, E). (2.23)
Bynem merare pemenme ypasmemma Illpegmarepa
i 2~ HY (2.24)

B BHE
t

¥ = D @) om (@ Hexp{— i { en®dr}. (2.25)

MopcraBuaa (2.25) B (2.24), maxommm

iz" + % <(Pn

‘%ﬂ.) fa, exp {_ i i (Em — €0) dt} = 0. (2.26)

—_—C0

Ypanuenne (2.26) yo6Ho 1iA HaXosKgeHHA TOCIETOBATEID-
HHX UPHOAMKeHUd Upu MaJpXx §.
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Wmenno,
aﬁ)) (t) = Qn ("_ °°)1
alb @) =

Iz

%) B (O)exp {— i S (€m — €5) dt'}

=— _i P <<Pn

o T. .

P
ToE
Huana H. [ludpdepernupys coorHomenne (2.23) mo mapamerpy
E, Haxogmm

oH 09,  de, de,,
g Om T g = O oy

Bripasum <(pn > Yepe3 MATPUIHHI 3IIeMeHT raMEJIbTO-

YMHOMAA 3TO0 PaBEHCTBO HA @, CJIeBa W MHTErPHPYSA IO Z,
HOoJyTaeM

(P ) o dr‘:n

n dE.;

(2.28)
Bynem mpeamomararb, 9T0 cOGCTBEHHEIE COCTOSHUA ¢, HE

BHPOKAeHH. Torga BolIHOBHEe QYHKIUM ¢, MOKHO BHOpPArh
BeMECTBeHHBIMA, W, CJE0BAaTeJbHO, THATOHAJIBHKEIN MAaTpUY-

HBIH DJIeMEeHT
0P 1 9
<(pn "> = Scpidr:-().

o 2 8
NopcraBnaa (2.28) B8 (2.27), monyuaem

oH
% q)M) ’ ((P‘n

ngEm En — &y

od

oy (5 _
73

i3

d ,(%’90‘_‘1 (pm)é
ol () =— | ar F

—0 m

’

X G (—o0)exp {— i { (en—edt’}.  (2.29)

—00

HItpux B cymme mo m o3uauaer, 4ro B Hed HeT IMATOHAIBHBIX
9JIEHOB.
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HKpurepmit mpumeEmMocTy aguabaTHdecKod TEODHH BO3-
MYIMEHAN COCTOMT B TOM, YTOGH M3MEBEeHNE TaMHIBTOHMAHA
3a BpeMsa MOpPsAAKA OGPATHRIX 9acTOT CHCTEMH OHIIO MAalHM
M0 CPaBHEENI0 C DHEPIUAME, COOTBETCTBYIOMHEME 3STHM Ya-
CTOTaM.

KpoTepmit nprMeHEAMOCTH JEIKO HONYINTH, €CIH ONEHATH
OTHOINGHZ® MONpPABKH a5 () k ammauTyne a (t): yumTsiBas
(2.29), maxopmm

al om 1
asll) a (€, —¢,)

: (2.30)

Kak smgeo m3 (2.30), TpeGyeT oTAEIBEHOTO PacCMOTPEHHS
clydaif, KOrga OpPH HEKOTOPHX 3HAYeHHMAX MapaMeTpoB §
ypOBHE 3JHEPram mnepecekaiTcsa. B sToM ciydae BOJHOBYIO
GYHKOMIO ClleflyeT MCKATh B BHAE CYNEPHO3UOUN COCTOAHMIA,
COOTBETCTBYIOIUX 3TAM MEPECEKAIOMIMCS TepMaM.

IToxasxemM, 9T0 ecim oGpaTHHE COOCTBEHHHE YacCTOTH CH-
CTEMH ®jwm MHOTO MEHBIIE BPEMEHH T, 334 KOTOPOE CYMeCTBeH-
HO W3MeHseTCsA TaMHJILTOHMAH CHCTEMEI, TO 3Ta CHCTeMa, KAK
npasmiio, 6yner Bo30y)KIaTheAd SKCHOHEHENMANBHO ¢i1a6o.
HeitctomrenbE0, BHpakenme (2.29) aas aMIUIATYAH HEpexo-

za aﬁ.l)(t) cBofmTcA K (Qyphe-KOMIOHEHTAM 0T QYHKOUH

(7. |52 o) &

g —§&
$ypHEe-KOMIOHEHTH DU O,y T > | SKCHOHEHOHAIBHO MAJH

n m
(~e “mn%), ccam 5T QYHKOMH MM HX IPOM3BOJHEIE HE MMEIOT
ocoBeHHOCTE!l Ha BeMECTBEHHOH ocH.

IIpnMeHeHme TEOPHH BOBMYIIEHWH K JKCHOHEHOHWAJIBHO
MaJHM BHPROKEHAAM TPe6yeT OCTOPOIKHOCTH, HOCKOJBKY
HeGoABIIoe M3MEHEHNE B NOKA3aTelle SIKCIOHEHTH MOKeT CKOM-
HEHCHPOBATH CAeIyIOmMuil HopAaok mo cremeHaM §. Popmy-
aa (2.29) faer BeaWINHY TOOPABKHA ¢ TOTHOCTBHIO [0 MHOKOTE-
s mopanka epuEmne ([lmxme, 1961).

HKak 6yner mokasao (cM. crp. 192), ky1oHOBCKEE BOJHOBHE
dyukmum umeor ocobemHocTs B Touke 72 = 0. Iloaromy,
HAOpUMep, BEPOATHOCTH HOBM3AaNWM aTOMa NpoJeTamomeit
MEeJJICHHON YacTHIEd Maja CTeHeHHHM 00pa3oM, a He DKCIO-
HeHOUaJAbHO (CM. CIAEeAYIOmEHE pasped).

. Panee (cm. 1.1) Mu BHAeam, 9TO Taxme
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3ATAYA
Ucnonsays coorHomenme (2.28), Boramcamtd 1/r®  pus
OEeHTPaNbHO-CEMMETPIYHOTO [(BUKeHNs.

0 Tt oF
TBET. Em (—al—)nr
2

Monusanus aToMa IpH HpoJere MeNIeHHOIl TAKENoi gac-
runpl. ONeENM, Kak 3aBACAT BEPOATHOCTh HOBH3ANUHA aTOMAa
IpH TpoJieTeé MEMO HEro MeJJIeHHoil THeNoH 3apsrKeHHOR
YAaCTHIE OT CKopocTm 3Toit wacTmmsl. [luA MpocToTH GyneM
paccMaTpuBaTh aTOM Bogopoja. IlpennonoskmM, 9T0 CKOPOCTh
OpoJieTalomeil JaCTUIE ¥ MHOTO MeHBIIe CKOPOCTH aTOMHOTO
sneKTpona, T.e. v<& 1.

JHepruA B3aWMONEHCTBHUSA IIPOJeTA0MEed JACTANE ¢ aTOM-

HEIM 2JIeKTPOHOM HMEeT BHJ| — . Marpmansi sIeMeHT

|r — 71}
mepexona 2JeKTpoHEA W3 COCTOAHHA (p B COCTOAHEEE @ H
TAXEN0H gacTHmH 15 cocToaEna ¥y, B Wy B mepBoM mopsAgKe
TEOPHN BO3MYMEHHH paBeH:

1
My = — (‘Fp‘kaTm cPo‘Fp) .

Kporepmii mprMeHEMOCTH TEODHH BO3MYMIEHHA Mbl yKa-
KM TI03Ke, KOrja ONeHAM BTOT MATPHYHHIE 3JIEMEHT.

Hokaem, yto dyuronn ¥y, ¥y MOMKHO 3aMEHUTH B Mg,';,'
Ha miIockme Boiun. JleiicTBurenbHo, 3ammmem ¥, B BHIE

Y, ~ ei?vy rhe y = exp {iM S—Z—z pdr} (cm. 3.2), V — Ky~

JIOHOBCKO® B3amMoJeHCTBHe HPOJETAIMER JacTUIH ¢ AXPOM

atoma, M — mpmBefeHHAA Macca JAcTHNH W ANpA.
Vv MVa 1
Qaza M - P dr uMeeT OIEHKY —p-—~7(a — upu-
nenpHEm mapamerp). Tak Kak v << 1, To dasa ¢yHKOHE Y
re maxa. Ogmako ¢asa yx’, Kax Mu ceifdac yGegmmes,

MaJa.

HeificTBrTenbHO,
, . vV qdr . Ve,
= ex LMS——— ]zex [zM& dr].
wi = exp[iM | — L2 p e
3meck ¢ — AMOYJALC, IepefaBaeMef BOJb JBIKEHHs dYa-

ctanel. OmeHmM €ro.

4 A. B. Margan
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IlepepaBaeMas sHeprusa paBHA:
1
Ep’— p=A(—2-Mvz)=’vAp=vq".

C apyroit croporu, Ep — Ep = € — & ~ 1. Cregonarens-

HO, gy ~Yv m
M .
1)~ exp[1 Gt oxp 575

Hpr yeaosmn Me® = 1 seamumBa yx = 1 u 3amena ¥,¥,’
Ha IVIOCKME BOJHH CTAHOBHTCA onpaBgaHHOM.

OneHmM TEHepsn Mm,'. Tak rar

. 1 . 4 ok 1 .
Se WT]T_'_—,-]Tdr = N5, 10 Mpp"“"qT (Poe™4" Pre).

Vq
¥ =~ exp [iM

Jlmi)d)epeﬂnna.nbﬂoe CCUCHHN® WOHM3ANUN DOJIYyIHM, Heas
| M Ha MOTOK HafalOMAX JacTHL (OH IPOmopOUOHAeH v),
yMHOH{aH Ha O-QyHKI@IO, COOTBETCTBYWOINYIO 3aKOHY CO-
XpaHenns dHEPIUN, B CYMMEDYH IO BO3MOKHEIM COCTOAHMAM
5IIeKTPOHA C TOJOKHTEJIbHOH 9HEePrmed N BO3MOMKHHM 3Ha-
geHOmAM P

1 1 s 9 ’
GN_SZ}TI(%G““”(Pk)I'a(EP_‘ Ep —er 1 €)dp’.
k

v

Benmausadp’ = dq = 2nq,dq;dq,. UBTerpuposarue mo
HOPOJONLHEM IEPeAaBaeMEM HMMIYJIbCaM ¢ YHHITOKASTCA
d-pyBsrnmeit:

Sa(Ep_Ep’_8k+ &) dqy = 85(9||”—8k+80)dQu =1/,

npmaem g = (ex — &g)/v. CegoBaTeapHo,

G ~

1 | (oe™ ™" @) I2
v—ZSZ e 91941
< (e (22))

W3 storo BHpaskeHHWs BHAHO, 9TO CYIMECTBEHHEE 3Have-
Hps g, WMeT mopsagox 1/v.

OneHnM MaTpUUBHIA H6MeHT (Qqe797qx). OH pasen
Se‘”‘i‘"d'r, rme o — umeldo HopAnka exmHEuNNE. Takas e
masexas Qypbe-KOMIOHEHTa OMEHMBAJIAch HPH PaCcCMOTPeHNH
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mumoasHOro dotosdderta, riae 6HI0 moxydeHo (cM. cTp. 99)
. 1
(o™ " Qr) ~ ok

IHopcraBisasa HalijeHHoe 3HAUYEHmE MATPHYHOTO BJIEMEHTA

B QopMyny pisA O, moaydaem
1 ¢ 919
S~

Tak kak g ~ gL ~ 1/v, 10 0 ~ V!%* = o8

JTak, ceMeHme MOHM3ANAN ATOMA IIPH IPOJeTe THKEIOoH
MeJJleHHoH YacTHIH ~ BOCBHMOII CTEelleHH ee CKOPOCTH.

IToueMy oHO He Majlo HKCIOHEHIMAJIBHEIM 00pa3oM, Kak
3To OOHYHEO OHBaeT MIf agmabmrmdeckoro mpomecca? IT1o
CBA3AHO ¢ KOPHEBON 0COGEHHOCTHI0 KYJIOHOBCKHUX BOJHOBHIX
GOyHERMUA e = e V&FyT2 1o gaskgodl us mepeMeHHRIX
opr QUKCHPOBAHHEIX 3HAYEHHAX APYIWX HEDEeMEHHHX. IJTa
0COGEHHOCTE MO’KeT JOCTUIaTh BEIeCTBEHHON OCH, m3-3a Tero
O TONyYaeTcA CTeeHHAd, a He DKCIOHeHIHAJLHAA MAJNOCTh
(em. Tarke ctp. 192).

IIpoBepum KpuTepmil HIPUMEHUMOCTH TEOPUH BO3MYIIEHHIA.

Tark Kak & — ey ~ 1 1

~ v,

ok 1 . 1 1
Mpp ~ g (@ k) ~ 5 T

TO
Myl (er — £0) < 1,

910 M TpebyercA [iA MPUMEHUMOCTH TEOPMHN BO3MYINEHIA.
IlpmBemem B 3akiaoueHne yCIoBHA, IPH KOTOPHX HPHTOJ-
HE [OOJYYIeHHHE BHINEe Pe3yJbTaThl

1> 0% > 1/M.

B8 wacTHocTH, OTCIOfa CieAyeT, 9TO 3HEprma IpoJeTaomel
9aCTHOH [JOJAKHA OHITH MHOrO OOJBIIE aTOMHEIX JHEPTHI.

3axpaT aToOMHOro 3JeKTPOHA HpPOTOHOM (mepe3apAmxa).
[Ipumesum agmabaTHUecKyI0 TEOPHI0 BOSMYMEHUH K 3ajade
0 Tepe3apsAAKe OPH HNPOJeTe MEIJIeHHOTO IIPOTOHA MHMO aTo-
Ma Bomopoja. IIpeamosioskmM, IT0 CKOPOCTH IPOTOHA MHOTO
MeHBIIE aToMHOH ckopoctm. Torma MoKHO IPHMEHATH ajwa-
6atmueckoe npubamxenne (Dupcos 1955). Kpome Toro, mpea-
HOJIOIKMM, 4TO SHEpPIAs HaJleTanllero TpoToHa MHOTO Goibiie
atomeoit. Torga MosKHO cIATaTh IBUKEHIE IPOTOHA 3aJAHHEIM.

4%
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TaMpipTOHHAH CHCTEME HMEET BHJ

o 1 . 1 1
T T

rme R — paccTosiHHe MemIy IPOTOHAMHI, KOTODO® M GymeM
cumTaTh 3ajaHEON (yHKIOUed BPEeMeHHm; 7 — KOOpAWHATA
siexTpoBa, I, — KHHeTHYeCKas SHEPTHs 3JIEKTPOHA.

Tammnpronuan H ciMMeTprdeH OTHOCHTENBHO IePECTaHOB-
KE HaJeTaomero ¥ IOKOAMErocs HpoToHOB. Takas mepe-
cTaHOBKA DKBHMBAJeHTHa 3ameHe ¢ — —r. CiaegoBaTessHO,
MOJKHO BBECTH CHMMETPHYHLIe M AQHTHCHMMETPHIHBIE OTHO-
CHTGILHO  TOl  IEPeCTAaHOBKA  CoOCTBeHHBE (yHKIUN
ramaaerormaga H: ¢ (r, R) u ¢n (r, R).

ByneM capTaTh, 9T0 CHAYANA BIEKIPOH HAXORMICH OKOJIO
OpOTOHA, MMEIOMEro KOOpAMHATY R/2. Torga BoiHOBAA QYHK-
IHA 3IAEKTPOHA MMeeT BHA ¢ = P (r — Yy R), Tre @n,— Ky-
JOHOBCKasA BOJHOBAS QYBKINA IJsA COCTOAHHSA INg.

[ocae paccesHms aToM BOJIOPOAR ¢ GOLBIIEH BEPOATHOCTEIO

OCTAHETCS B COCTOSHHUA (u,. JLeHCTBATONBHO, /A BO3GYIK/e-
HEA HyKHa KoMmmoHeHTa Dypbe ¢ 9acTOTOM, PAaBHOR SHEPIHM
BO3GYMICHNA, Onn, = &, — En, 11PH MEJTEHHOM HpOJeTE,
KOTZla BpeMs mpoJieTa BeJHKO N0 CPaBHEHHIO C obpaTHOIH Ta-
CTOTOH ®nm,, KoMmoneHTa Oypbe C YaCTOTOH Mny, OYCHD Maja
¥ Bo30yMueEHsd He HPOHCXOAUT.

OnpaKo HIEKTPOH MOKET HepedTH K ADYroMy HPOTOHY.
D10 sABTeHHme HapHBaeTcH mepesapsafgxodt. Kpmrepmit agmaba-
rruHocTH (2.30) 3mech He BRIOJHAGTCH. B camom perxe, Korga
IPOTOHE HAXOAATCA HA GONBINOM PACCTOAHAW APYL OT ApYra,

BOJHOBAA (QYHKIUA BJIEKTPOHA PaBHA @5, (1 — o R), ecarm oH
HAXOJHMTCA Y OAHOIO NPOTOHA, U Pne (7 + /2 B),— ecnm y
npyroro. Vs aTux gByX GyHKIHE MOFKHO COCTABHTE CAMMETPHY-
HYI0 ¥ aHTHCEMMETPHYHYI0 KOMGHHATUN @no X @, OBa cocros-
HAA OTBEYAIOT ONHOA W TOH Ke dHEpPrum. CiefoBaTeabHO,
ME EMeeM JeJ0 ¢ mepecedeHmeM yDOBHEH.

Mostomy pemenme ypasHerus IlIpenmarepa

, ot
i —HY (2.31)

cieflyeT MCKaTh B BHAME CYIePHO3WIME ITHX ABYX COCTOSHIH
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Qne U @, TOCHE Yero HYKHO HPUMEHATh afnabaTHIecKyio
Teopuio Boamymenuil. Uraxk,

t
¥ = C*(¢) @n, (7, R) exp (—i S ssdt) +
t

+C (1) gl (v, Ryoxp (— 1 § e'dt) . (2.32)

—00

Honcrapassa (2.32) B (2.31), yMBOXKaA Ha @p, © HHTETPHPYA

o 7, mollyJaeM
t

S F.] 8
{de- —}—Csdd—}tif <cpil,, %;—")}exp (——i S ssdt> =

= —C“GIT;?-<c(>s

t

:;) exp < '_(; s“dt) . (2.33)

Eciy HYKIOBE BaxXoZATCA AajeKo APYT OT APYyra, TO
s,a 1 0 1 0 1

Yaurusan (2.34), us (2.33) B HyaeBoM npuGIMKEeHUN HOXY-
qaeM

=C({t =—o0)= =(C%'t =—o0) =

-
V V 2
(10 coOTBETCTBYET BIEKTPOHY, HAXOMAIMEMYCA B HAYAJE-
BHIf MOMEHT BpeMeHH BO3le HPOTOHA ¢ KoopjauHEartoil JR/2).
Ilpu ortux smagemmax C%, C* us (2.32) moaygaem

o0

Ve = %—[exp (—i S ssdt) +

_—0

+ex;;(—i ig s“dt):lcp?%(r—-——z—R)—l-

—}——;—[exp(— i c§ ssdt) — exp(— i cS’os"dt)]q)?“,('r + —;—R)
- - (2.35)
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IlepBoe ciaraeMoe 3/leCh COOTBETCTBYET Oo6GLIHOMY pacces-
Hmlo, a BTopoe — mepe3apsfke. HBagpar MomyJs roagpdu-

IUeHTAa IIPH P, (r + % R) naeT BePOATHOCTh Nepe3apAJKH

o0 o0

W (o) = sinﬁ(—;— S (e* —¢°) dt) = sin? ( S (e* — ss)dt) ,
- ’ (2.36)

rje O — OPUINEJbHHN HapaMerp.

Msi cauraeM, To Beamaurm £* (R) m &° (R) U3BECTHHL U3
pemeHus 3ajady ¢ HENOJBIUKHEIMU sApaMu. Ilpepnonaras
TPAGKTOPHI0 HAJETaoUeid TaCTHHE npsaMoxuneeiiHoi, 3a-
MPHAM HWHTerpHpOBaEHe MO ! WHTErPUPOBAHMEM HO R. Tan
Kak

R? = p? + 2,
TO "
1 Rd
dt = KR VR —p*
OGosmawas & (R) — &° (R) = @ (R), us (2.36) maxomum
(AT RdR
W (p) = sin? (- §®(R)_——V’”—92)' (2.37)

PaccMoTpuM mpumensHie paccrosEus p ~ 1. Torma pac-
CTOAHMS MEKAy JACTHIAMH, CyIeCTBeHHHe IPU B3aUMOMeH-
crBum, Takke mopsaaka 1. CiepoBaTesabHO, HETETPAI B (2.37)
mopsnka 1. Hockoabky v < 1, TO BHpaKEHHN® IA W (p)
CHJIBHO MHSOTCA IPH MAJIOM M3MOHEHHH p. Y CDOJHAM (2.37)
[0 HEKOTOPOMY HHTDBAJy 3HAUOHHH p, MAJOMy IO CpaBHe-
HEIO C Q:

= 1
W=

T. 6. Tepe3apsAfKa OyAeT B IOJOBHHe BCOX CIydJaeB.
PaccmMoTpuM Tenepb BepOATHOCTD NePe3apsAfKHA IPH P >1.
HKax  MokHO 1IOKa3aTb *), mpr GOJbMHX PACCTOAHHAX MEOKLY

* JI.JA. Jaspgay, E. M. Jndmun, HKsaaroBan mexa-
auKa, Ousmarrus, 1963, crp. 346.
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IpOTOHaAMH Pa3HOCTH BHepI‘HfI CHMMETPHYHOIO H aHTHCHM-
MEeTPpHUYIHOTIO COCTOSHUI paBHa

s%m_ymgiéﬂwt

Iloatomy mpu p > 1 poaydaem

1 RAR
F(p>=7§®< =
e
_ 4 °§ R B _ g ” °§ (G+APds o,
ev : VRz_p-z ev Viz+2)

~ ép_z.. eP 1}_ S gz e—Prdz — Tﬂ p’/: e~°.
2 ev

Mu Bugum, gato F (p) << 1 mmpu p > 0, ~ In 1/v. CaepoBa-
TEIBHO,

W = sint F (p) = F* (p) = —% e,

Takum o6pasom, upu p << p, Beangnsa F (p) > 1, a npn

o > p, Beauguna F (p) << 1.
Tenepp omeRMM HOJHOE CeYeHHE IIE€pe3apAgKH

(=]

6= S sin?® F (p)- 2np dp.
0

ITo mopAnky BeIMIHMEEL IOTydaeM
1
1 1 1 1
5=S—‘z—2npdp=7np‘f~—2—nln2—v—. (2.38)
0

Takum 06p330M, HpU MaJbIX CKOPOCTAX U CeYeHUe nepe3apAal-
KM MHEOIO (oJbIne reOMETpPHAYECKOro Ce4eHUsd.

5. BBICTPAA U MEJJIEHHAA IIOJJCUCTEMBIL

Paccmorpum ape mojcrcteMsl, offHA U3 KOTOPHX XapaKre-
pusyercsa GoabINUMHU, a APyrasd — MalHMH Jacroramu. Baam-
MoJleficTBHE MeKAy IOJACHCTeMAMN He pejIoJaraercda MaJhiM.
Iycrs £ — coBokymHEOCTH KOOPAUHAT Me/IeHHOU TOJCACTOMH.
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TamMunbToEMaE BCEeM CUCTEMEL HMeeT BHJT
H = Hi(z, t) + H (%),

rge H, BKI09aeT raMwiIbTOEMAaH GHICTpOM ITOICHCTEMEL U ee
B3amMofielicTBHe ¢ MONJICHHOH IOJCHCTEMOIH.

B npenmpymeM paspmesie MH CIHTANHA, IT0 ABIKOHN® Me/[-
JICHHOHN TOACHCTOME KJIACCHYHO: MH 3a/aBalll TPAGKTOPHUIO

£ = E (¢) m BBOAMIE ckopoctb . Temeps aTo He GymeT mpes-
moJaratbeA.

BeemeM cucreMy CoGCTBOHHHX (QYHKIUA raMHJILTOEH-
ana H,:

H; (xy g) Pn (xa g) = gy (g) Pn (xi g)v
KaK aTo Jiellajioch W paHee. Pemenme Beeil 3agaum

H‘FA = E*‘Fx (2-39)
AmeM B BHOE ’

¥y = Z Un (g) Pne (xv Ea) (2.40)

Hopcrasnsaa (2.40) B (2.39),
(Hy + Ho) D unn @) o (2, 8) = Ba Q&) 9w (2 B)-

Yuuokas caesa ma ¢ (z, §) U HHTErpUPYA HO T, MOTyIaeM

(Sn —_ E)\) Unn -+ SCP;Hg Z Un' AP’ dx = 0.

Ipm sTOM AN IPOCTOTH IPeIONOKeH0, 910 H, KoMMyTH-
pyer ¢ E. Hamee, Tak Kak

Holtn \Qre = @ Holtn'y, + (Hj, @nlins,
TO

(€n — En) s 4 Hattnr, = — 2§ on [Hy, @u] dz-wen. (2.41)

9To cOOTHOMEHNe aHAJOINIHO COOTBETCTBYIOIMEMY BRI PaKeHUIO

. a(Pn . d(pn
B DpefBylIeM pasfjielie, TOJNbKO lEY:——‘ i—= 3aMeHsAeTCH

gommyTaTopoM [Ha, ¢nl.
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B coorromennu (2.41) MoyxHO mepemecTH 4ieH ¢ n’ = n
HaJIeBO:

{Hz — (Ex — & — Scp:L [Hs) @] dx)}um =
=— D Scp:L [Hy, pn] dz-unn. (2.42)

n'x=n

JdT0 ypaBEeHHe yMoGHO AJs NPEMEHEHHs MeToja HmocienoBa-
TeNBHHIX NpubamwxeHnit. B HymreBoM npubammennm mnomay-
9aeM ypaBHEHHE

{Hy (8) — [E) — &, (B)]} us) (B) = 0.

Mu Bupmm, 9To SHeprus GHICTPOI IOJCHCTEMEL UTPaeT POJb
HOTeHOUAJbHOH osHeprau B 5¢-
PeKTHBHOM raMmIBTOHHAHE Me[-
JI6HHOW IOCHCTeMEL.
KoneGaTenvubie yposnnu suep-
ram monexynbl. OneBEUM HEPIUI0
Konebaumit Mosexkyns. Iaa mpo-
CTOTHL MEL HAOUIIEM BCE BHIpajke-
HUA [ UOHA MOJEKYIH BOJOPO-
ha, XOTA pe3yabTaTH 6e3 Tpynma
TmepenocATCA U Ha 60Jiee CI0KHEBIe Pue. 21.
MOJIeKyNE. ['aMuIbTORMAH HOHA
MOJIEKYJEL BO/OpOfa HMeeT BHA (B ATOMHEIX eJUHUIAX)

1 1 1 1 1
H=— b ——r—1—+7 — 3=
IT—TRI lr—f-TRl

311001: M — macca mpoTtoHa, 7 — KOODAMEHATA BJIEKTPOHA,

+ R — xooppuratsl mporoHoB (puc. 21). flgpa obpasyior

MeAJIeHHyIO HOJICHCTEMY, a 3JeKTPOH — GHICTPYI0. B 0603Ha-
YeHAAX TEOPMH, pasBuTod Brme, mpumeMm 3a H, (z, ) ra-
MHJIbTOHUAH

1
Hy(r, R)=—

£ 1
2

1
Ar — 1 'umme iy -3
=z n| |rrgn
u 3a H, (£) rammabroEnan

Hy(R)=— 5 Ag
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(xomewro, 1/R moxHO 60 6H mepemects B H,). Bsemem
¢yrrmEu @n (r, B), yroBretsopsomue ypasHeHHIO

Hyp, (r, R) =2, (R) ¢, (r, R).
OHH COOTBOTCTBYIOT COGCTBEHHNM (QYHKIUAM dJIEKTPOHA HpH

(HEKCHPOBAaHHOM PacCTOABUH MeKAY Afpamu. Pemenme ypas-
meHus Illpepumrepa ¢ rammabToEmanoM H mMeeT Buf

¥ = 2 C'tms (B) 9a (7, R), (2.43)

npudeM QYHROUA Yn, YAOBIETBOPAKT YpPAaBHOHHIO
1
{= 3 Bz + en ()] o (B) = 0nitms (B). (2.44)

fAnpa MoneKynn KoJe6IIOTCA OKOJO HOKOTOPOTO CPEFHOro
TOJOKeHEASA. JTH KONe0aHUA AMET Maiayw aMmautyay. Ilo-
BTOMY JJsi €, (R) MO'KHO HamucaTh CJAEAyIOImee HpUGIHAKEeH-
HO® BHIpajKeHHE:

d2
e (B) = n (R) + - (578 ) o, (B — o).

Ioncrasusas 1o &, (R) B ypasrernue (2.44), moxyvaem ypas-
menme Illpenusurepa ajs TpexMepHoro ocmmiasrTopa. Ciepmo-
BaTeJbHO, KOJ60aTeJbHEE® YPOBHA MOJOKYJIH UMEIT BUJ

WOny = anr(Ro) =+ (’V + %) g,

Ime ®, — TacTOTa KJIACCHISCKOTO OCIHMIIATOpA.
Haiigem saBHCEMOCTH ©, 0T MacCH MoJeKylIu. U3 coort-

HOOIeHH A
1 { [d%
3 Mo}(R— Boy =+ (_d - )R=R. (B — Ry

BHTEKaeT, 4To
-l/ 1 [d%,
©o = M \dR?)p=ps’

Tak Kak B aTOMHHX JUEANAX 3JI6KTPOHHES YPOBHHU &, ~ 1
2

g,
H pasMepH MOJeKyan R, ~ 1, 10 Tﬁ% ~ 1 m, cregopaTeabHo,

1
Wy ~ —5=.
o Vi
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ITOCKOATBKY 9YacTOTH 3JE6KTPOHHHX IIOPeX0J0B Mgy = 1, TO
MH BHIAM, 9TO0 ©) <€ Ogy-

OuexnM aMmIuTyny kosaeGauuil azep. B ocEoBHOM cocTOA-
HIM OCHIIIIATOPA Cpefnue 3Haqennn KHHETUIeCKOH B MOTeH-
OHaNBHOW 9HEPTHM COBIIAAoOT: = U = E,/2 (Ey — nox-
Has 9HEPTHA), T.e.

1 [d%, —_— 1
= (m)hm “(B— RBo)* = 700

Tak Kak 0, ~ 1/} M, T0o cpefEas KBaJpaTUYHAS BEIUIMHA
OTKIOHEHHA sAApa OT NOJOKEHHSA PaBHOBECHS KMeeT OLeHKY

BBy 1 1.
V(®&—R,) <

Hokaskem, ato koadPumments Cx B Brpaxkenmu (2.43) mis
¥,, ompejelseMie ypaBEeEMeM (2.42), MOKHO BEITHCIATH
METOJIOM IOCJe[oBaTeNbHENX npubmmkenuii. [uag atoro ome-
HOM TpaBymo gacth (2.42). PackprBas KoMMyTaTop, HOJLYIUM
9IeHH CJHEAYIOMEro BHAA:

I AP Ay < 1
WXnv n

@R TdR o7 XnPr | g7 K
<qnenm BHA <—— XnvPr

d?g,, )

xnv

Pn

) paBHBI Hymo). Omenm M

NPON3BOAHEE QYHKIHMH Y.

dX,w Ky LY Vi
e T4 MX‘I’W'
R Y& — Rop

H03TOMy 113 HAIMCAHHKIX ABYX THIOB 9JI€HOB CaMhIM 00 BIINM

Oymer mepBEIA: OH HOPAAKA 1/14/ M?3. Urak, M o6ocHOBaIN
MEeTOJI UTepamuil B paccMaTpMBaeMOM 3ajiaye; mapamerp pas-
aosxeRUsT ~ 1/M @y ~ 1/M"s,

Hpome ronebarenbEbXx ypOBHEH, MOJNERYIE AMEIOT TAKIKeO
BpamaTeabHsle ypoBEH. YacToTel 5THX YpPOBHEH o6paTHO
OPONOPHUOHAJIBHEL MOMEHTY WHEpPHHM MOJEKYJIH, T. ©.

Oapam ~ 1/M.

Taxum o6pasoM, aaekTpoHnEe, KoJieGaTefbEHbe I BpaMaTe/isb-
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HHO© qaéTOTH OTHOCATCA KakK:
®ppam* Orome Won = 1: I/M M.

BosGyjienne ANEPHBIX AMOOALHBIX YPOBHEN OblcTpOi
wacTrieii. PaccMoTpuM 3a3ady 0 Bo30y:KIEHAH ATOMHOTO SANI-
pa IpU IpoJeTe MAMO Hero OHICTPOH 3apsKeHHOH JaCTHIH.
B pamHOM caydae 6micTpas mofcucTeMa (HajeTalomas YacTd-
11a) EMeeT CIUIONIHOM CHEeKTp, a Me[leHHasA (ATOMHOe AApPO) —
puckpetrnit. Hajifem pemmeEne B IpeANOJIOKeHAN, ITO BPOMA
IIpoJeTa JaCTHIH MAJo [0 CPABHEHHIO ¢ CYMECTBOHHKIME 00-
pPATHEIME JaCTOTAMU CHCTEMBL.

Cravasa nomxyaum obumye GopMyIHl A4 IPAMeHEBUA afna-
faTudeckoro NpuGMmKeEMA K 3afade paccesnus. Baepmem
cOBCTBEeHHE® QYEKHUU @p (7, §&;) raMuipToEMaHa OnicTpoit
noncucremer H, = T, + V (», &;), rae T, — KuBeTHIECKAA
pHeprus gactumsi, a V (r, §;) — ee B3auUMOJeMCTBHE C Mefl-
JeHHON NOJCUCTeMOH; §; — KOOpAUBATH MeJJeHHOR, 7 —
6LICTPOH MOJCHCTEMEL.

Takum 0o6pasoM, QYEKIUE (p YAOBIETBODAIT yPaBEOHHIO

Hygp (ry &) = 95 (7 &) (2.45)
DEeprus YacTumi &, = p%/2M, T. e. He 3aBHCHT OT E:, B o1-
Jugue 0oT CJaydas AUCKDETHOTO CHEKTPa.
Umem pemenne (2.45), MMmeiomee acUMOTOTHYOCKHH BUN:
4,8 .
P08 i, (2.48)

r

¢p — €177 +

r—>00

TockoabKY €, HE 3aBHCHT OT §;, TO ypaBHeOHHE A BOJHOBOMR
GYEKIAN Me[JIeHEOH IOJICHCTEME (1. e. paa anpa) Gymer
TaKUM jKe, Kak B 6es &, (TOJBKO CO CABUHYTHIMHM Ha €p c06-
CTBEHHHIMM 3HAYEHHSAMH):

Hyyn (gl) = OnpXn (gl)
WmeM pemenwe 33add B BHje

dp' o
Yon = 2 S (’;R)s" Con QpXns
n
npuTeM  Koa(@UIHeHTE CP7 mONIMHATCA YPaBHEHHIO

(cm. (2.42)) »
(@n — Epun Coi* = — 2\ B (@oltn [ Has 0] 1) O

n'
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Dro ypaBHEHHe MOJKHO PemIATh IOCJIef0BAaTe]bHEIMH npmbian-
seunamMu. 1lycTh B HaTadbHBIA MOMEHT BPeMEHH (I = — c0)
CHCTOMa HaXOAWIach B cocTOAHUU (P,, n, = 0). Torma B Hy-
J1eBOM I PUOIMKeHUH

‘1"1‘330 = CoPriXo-
Cornacuo (2.46) umeeM

w0 G (em10 @) + 5 /(0 B0 (E) =

= C, (em'xo &)+ eif"rZ(xn/xo) xn> . (247)

Touroe pemeHne MOJKHO HMeTh AcCHUMHOTOTHYECKUN BHI:
N s 1 i
¥ — eimryg (&) + — 21 /a () €7 X (B)-
r—o0 n

3gech HUMOYIBC D, ONPENENsAeTcs B3aKOHOM COXPAHEHUS
DHEPTUH:
&p, T On = Ep, -+ @y

IIpere6perass m3MeHeEHeM OJHePIHH YacTHIBI, HOJYyIAM
. iper
¥ s ey () + — D /n (8) Xn (&)- (2.48)
r—oo n

CpaBHUM € DTHM BEIPAsKeHNEM aCHMITOTHYCCKHUH BU HPUOIH-
sennoro pemenns V(. W3 cpapnenus (2.47) m (2.48) ma-

xoamm Cy U aMIUIMTY/H YOPYTOro M HeyHPYroro pacCesHHs:
c,=1,
o (8) = (% (€)1 1 (B, E0) | %o (B0))s (2.49)
fu () = (xn (€ | /(8 &) | %o (B2))-
Ucnonbayem moJydeHHBE Pe3yibTarhl A BRTUCIEHHAS
ceveHUs BO36YKICHHA AAEPHBIX [IMIOJBHEX ypoBHe# Ohict-
poii sapmmemmON gactumeit. HynoHoBckoe B3anMo/ieficTBHE

mpoJieTalomeil TacTHIB ¢ HYKIOHAME fApa HMeeT BUJ (Zy —
3apsaj 9acTHIsI, Zp; — 3apAn Afpa): ‘

1 YAV d
V=2, =t L1

ilr——ril r

rie d — MUNONBHEL MOMEHT Afpa. JTOT HOTEHNAAN MOMKHO
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npeacTaBUTh B BUIE KyJIOHOBCKOFO, HO CO CABUHYTHIM Ha-
qajJioM KOOpAWHAT:
VAVA

V7
r—Z’d

Ilas aTOr0 HYKEO, Uro6H Beauwdusa a = | d/Z, | 6ura mana
[0 CpPaBHEHUI) ¢ CYIMECTBEEHHIMU r, T. €. IO CPaBHEHHIO C
NpUIEIbHEM IapaMeTpoM p: @ << Q.

CJle[0BaTeIbEO, BOJHOBHE (QYHKOUE @p O6YIYT KyJIOHOB-
CKEMY BOJHOBHMU (YHKOUAME CO CABHHYTHIM apryMeHTOM:

¥ () =03 (r— 2 @) TE-

BriGepeM 7y (E;) Tak, 9To6H @, HMega ACUMHTOTHYCCKUH BHJ
, 1
®p (7 §i)r—-;{eXP [lp (7' — 74 )] +
0 . 1
+ f———(r ) exp[zp |'r——z;d|]}'\’ &)

e Q@ — aMmINTyAa KYJIOHOBCKOTO paccesmus. His coBma-
penma ¢ (2.48) cmemyer Baars y (§;) = ei?%/Z. Torpa

Pp (71 &) o eirT -

e 0 . 1 N
+—=1 (ﬁ)exp[zplr— T d|+ tpd—z;— zpr].
1 1 dr
Tak Kak lr——zz d|=r——-—, 10
. P . 1
@ (1 B) — e+ 72 (@) exp [ igd 7],
r—>00

rmeqg=p— % 7 — BEKTOp, XapaKTepU3yomMuil n3MeHeHHE

AMIOYJIbCa HAJNETAIOmed YacTHIH TPH CTOIKHOBEHUH.
IloatoMy coraacEo (2.49)

£u(8) = 12 (9) (xn| oxp (192 =) u). @50

BI{GCL Q — aMmIAT ma KyJOHOBCKOT'O pacCceadHHA.
b
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SaMeTmM, UTO cyMMa cedenmil [fIsA BceX Bo3Oy:xpeHmi
paBHa

(1@ P =210

<

, 1
exp (— iqd 72)

A ) X

. 1
exp (zqd 72—)

1) 119 @) =114 @,

T. €. paBHa CeUCHMIO KYJIOHOBCKOTO paccesHuf.
Ecam yron orrjionennsa U malx (Madslii MepejaHBRIA HM-
myasc), To u3 (2.50) monygaem GopMy Ty TeOpHM BO3MYyIIEHHI:

fn (8) =272 (8) (%n %) - 2.51)

i
7; 14

aMIIETyga Bos30y;KgeHWs HpOHOpOWOHAJAbHA [AHOOIBHOMY
MaTPUIHOMY 3JIEeMeHTY.

Paccesnne nporoHa Ha aToMe BOJOpOia (mepesapsyika).
PaccMoTprM paccesHme HPOTOHA Ha aToMe BOZOPOJA, KOI[a
CKOPOCTh HPOTOHA MHOTO MeHBIE CKODOCTH ATOMHOIO JIIeKT-
poHa. B npormBomoso;kHOCTE HpeAHAYMEMY CIydam 3[ech
AMCKpPeTHa OHCTpas HoACHCTeMa, 4 ¥ MeAJeHHOR HOJCHCTeMb
HEIPEPHBHHN CHEeKTp. ['aMUIBTOHHAH CHCTEMBl HMeeT BHJ

1 1 1 1
H=Tr ——g—— 7 o+ g~
|| |r+om|

B paspene 2.4 mu pacemaTpusanu R kak safaHEHyo QyHKIHIO
BpeMern. Temeps MH paccMaTpuBaeM HaJeTAWINuA HPOTOH
I aToM BOMOPOAA KAK /B B3amMOAelcTBYIOINHe KBaHTOBOME-
XaHAYECKHE CHCTEeMEI.

TamunsroHmas H cuMMeTpudeH K mepecTaHOBKe HaJIeTalo-
mell w moroametica wacrun (# — — 7). Ilooromy MoskHO BBe-

CTH CHMMeTpUYHbe ¥ aHTHCEMMETPHIHEC QYHKOHE @y (7, R)
u @n (r, R). Ecim HyRIOHN HaXojsfTCsA AaleKo APYT OT
Apyra, TO 9JAeKTPOH MOMeT HAXOFUTHCA OKOIO OFHOTO IHOO
OKOJO0 APYyroro HWpPOTOHA, W, CJIEJOBATENBHO,

L Y B U

rge B HPaBo# JacTw CTOAT BONHOBHe (YHKIHEE aTOMa BOJO-
pona.
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IIpegmonoxnm, aro npn cOam:xeHnn Axep He HPOUCXOIUT
mepecedeHns TepMoB. Torja MOKHO KIacCUHIMPOBATH HX
o TeM COCTOSTHHAM, M3 KOTOPHX OHEM 00pasoBalHCEh.

Bynem cumraTh, 4T0 CHagala DHIEKTPOH OBLI OKONO HPO-
ToHa ¢ KoopauHatoii R/2, 1. e. ero BonHOBaA QyHKIUA mMe-
ja BUJ

¢ = (p%.,(r—%R)-
Tamunbronman MemIeHHON MOJCUCTEMBl PaBeH
Hy (R) = — 7 A,
a ero coOCTBeHHEIE (byHK]II/II/I HaxouATCA H3 YypPaBHEHHA
[— 57 Ar + e (B) |35 (R) = Bt (R)

¥ HWMEIT AaCHMOTOTHUYECKHH BHJ
$,a

Ypn (R) — €iP® | Q‘R—eizﬂ?.
R—co
B mynesom npmbinmxeHnmm pemenue 3aj1adum HMeeT BHJ
(cm. cTp. 101)
¥ = Cagn (13 B) An (B) + Cagon (v B) Xpm (). (2.52)

A A
Kosdpdunuentnt Cpp n Crnp OHpefeNsoTCS N3 ACHMITOTHYE-
ckoro Bmaa ¥,:

‘P'xR_-:o(p?L, (r—-—é— R) gimB |

[ (7 — 5 B) et (v + 3 B) | T 259)

rae fi — aMIIMTYa yOpyroro paccesinms, a f, — aMIJIHTY-
na HepesapsafKy.

Yro6H obecmeuuTh acmMuToTHUeCKHi Bup (2.53), HyskHO
cautath B (2.52) p = p, u n = n,. Torga BonHoBasa QyEKIuA
(2.52) cranoBETCA paBHOI

¥s = C@h(7) B) Xpuny (R) + C°@ry (75 B) Xpuns (B)




6. TEOPHS BO3MYIIEHUII B CIIVIAE BJIM3KUX YPOBHEW 113

¥ HEMeeT ACHMOTOTHYECKHH BR[|
) — 6PR (g o+ Ch) + A et (1,C G+ faC9)-
(2.54)

Buipaserus (2.53) 1 (2.54) AOIKHBI COBIAAATH, T. 6. HY:KHO
moTpeboBaTh

Torpa ms (2.54) maxomuMm
&—w’i:%{/s[@%,(r——;—R)+(p‘,’l,<r+%R>]+
+/a\:(py?o(r——;—R)—q>?ln(r+_;—R)}}=

— /i (7 — 4 B) + 18 (7 + 5 B):

fo+fa fo—fa
p= et =T (2.55)

Taxum obpasoM, [AIA HaXOMEHHSA AMIVIATYLH Hepesa-
PAAKH f; U AMIIATYABl YOPYToro paccesmusd /1 Beobxomumo
BLIYHCIATD AMILIATYAB [s B fo. UTOOH BAMTH MX, HYIKHO pe-
mMUTh ypaBHeHHe

[~ A dp et (B)| 2 = okt

¢ BeamanHamu 5" (R), KOTOPHE OMPeAeINsAIOTCSA U3 PelleHusd
sajaup 06 HIEKTPOHE B HmoJe ABYX HELTPOB. B pansneimem
(cTp. 168) MH HaiijieM pelneHme pTOH 3aja9¥ B KBAa3HKJIACCH-
9eCKOM HOpHOAn-KeHHH.

6. TEOPHSA BO3MYHIEHHHI B CJIYYAE BJAN3KNAX
YPOBHEM

PaccMoTpuM cmCTeMy € ABYMA ONM3KMMH YDPOBHAMHE, Ha
KOTOpYI0 HAJOMEeHO BO3MYINCHME (caygair O60mbmIEro HmcIA
GIM3KMX ypOBHeil BHeCET JMIIb aire6pawdeckne yCIOKHE-
mua). [lycTs BoamyIieHEE [0CTATOTHO Maid, TAK 9T0 MOMKHO
npeHeGpedh NPAMECHIO cOCTOATIMA ¢ RAIeKHMH DHEPIrusaMH,
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MeXIy TeM KAk COCTOAHHS ¢ GIm3KAMH DHePrHAMM CMEIln-
BAIOTCA CHIBHO.
Pemenne ypasuenus Illpeauarepa

(H, + H) ¥ = EV,

rpe H' — BoamymeHue, clefyeT MCKAaTbh B BHAe CYHePLO3M-
IOUE COCTOAHHI, COOTBETCTBYIOMHUX ONIW3KEM YPOBHAM:

Y = Clq‘rl + CgWg, (256)

npuaeM ¢ynrmun Vi YAOBIETBOPAIOT HEBO3MYMEeHHOMY
ypaBHEHRIO

HW,, = £1,2¥ 1,2-

Koaggumuentr Cj, Cz B (2.56) mmeror OIMHAKOBHH HOPANOK
BeININHHL.

Haiinem sHepreTmdecKne ypPOBHHA BO3MYIIEHHOH CHCTeMHI.
Jlna sToro sammmeM ypaBHEHHe MIpenuurepa B HpeAcTaBlIe-
HHAN Cl’ Cz:

(E — &) €1 = HuCy + H'mcz,} (2,57
(E—eg) Co= HyuCy + HyCo

KoopdumuenTtn C,, C; OTIAEIHE OT HYILA, eCld AeTePMAHART
cucteMn (2.57) paBeH Hymo, T. €.

E—el—Hlu —H'12

, . |=o0. (2.58)
—Hzl E—%—Hzg

Orciofa moJydaeM

&1+ ea Hyy + Hyy

+

e 2 —
Hy + Hyp) ' ; s
il/@l“z*;’ 20 (ey -+ Hu) (82 + Hao) + | Hia ™

O6osmauas &, -~ Hy = €1, &z + Hgp = 82, OKOHIATEABHO
HaXOAuUM

E=bte LV e —ap HAHl  (259)
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B caydae mpmMeHHMOCTE OGHIYHON TEOpHH BO3MyIMeHMA:
| Hi, | << | &1 — &2 |, w3 (2.59) moxydaem

(1) a1 H | Hi P

EV~eg; 11+81-__821
. HP

(2) ~ —

E ey + Hy 5—5

910 W caefoBaio oxuparh. llpw H' — 0 Benumanna EQ) — g,
a E® — g,. Haobopor, B ciryyae & = €y = & U3 (2.59)
nMeeM

H +H, .
E—et T2 0|y (2.60)

BaMernM, 9TO eclim A KaKoro-1mbo BO3MYyMEHH:d, 3a-

BucAmero ot mapamerpa, Hi, # 0, T0 ypoBHE EO u E®,
kak (QyHKOmE DapaMeTrpa §, He IepeceKaloTcd, TaK Kak

B (2.59)V (61 — 822 + 4| Hyp|® >0, 4
VYpoBun sHeprum OPH HTOM EMEIOT BUI, M
A300pakeHHHA Ha puc. 22.
Yactuma B NEpROAUIECKOM IOTEH- )
nmane. PaccMoTpmM, KaK HM3MeHAETCs \
ABUKeHHe CBOGOMHOW WacTunbl HpH
HAJOMEHHE HEePUOJUIECKOr0 BO3MY-
DieHnsA ]
V= Vo e o e Pre. 22

BoauoBas ¢yHKOUS HEBOSMYIIEH-

Ho#t sapmaum mmeer Bup ¥, = eiP*. Cpennee 3HaveHme V mo
M060My HeBO3MYIMEHHOMY COCTOSHHIO PABHO HYJIIO, & OTIWIHH
OT HyJIsi JNINb MATPHIHES BIEMEHTbL Vpp-k = Vppre = Vo
(mnuny smMu cumraem paBHOi 1). B o6rraHoil Teopnm BosMyme-

Hufi CABUT JHEPreTHIECKHX YPOBHel paBeH
V2 v

0 0
Ep = &p + - + 9
P

ap—k 8p —Epik

rae &, = p?/2M. OgHako 3TO BHIpa)keHHE HPHMEHHMO JIANIb
B cayuae Vo<<| & — €pk|, T-€. KOTAA p He Gam3Ko
K =+ k/2.
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Ecam p — %/2, to cocrosimms ¥y m Wpp EMeloT Gum3kme
BHEPIHE, W BOJHOBYI0 (YHKIHWIO MaCTHOH HYKHO HCKaTh B
BHJE

q’ = Clq,p + Czq,p_k

(mpm p—> —k2 ¥ =C¥p+ Co¥pix). U3 (2.59) pna

CcoBCTBeHHHIX 3HA4YeHmII »HepPruE HOJydaeM BHIPajKeHme:

T —e 2 .
E, = 27 £V el e

BriGop 3naka B (2.61) ompegenserca TeM yCIOBHEM, TTOGH
npn | e, — epy | S>>V, omeprusi E, crpemmmach K ep. Tax
Kak Opu p <<k/2 Benmumms

Ly \ V(ep — ep-k)’= [ &p— Epi | =
! =gpp —8&p & HpE p >k/2
! V(ep — epi)® = €p—Epg, TO
! pnap <k/2 B (2.61) HysxHO
I B3ATH OflmH 3HAK KODHA, a HpH
| p > k/2 — ppyroir. [ua E,

it Honydaercs paspHBHAafg Kpu-
y Bas, n300paykeHHas Ha puc. 23.
K IIpu 5TOM BeJMYEHA DPa3pHBa

! paBEa Egrg — Eipo = 2V,

L Takum bOGpasoM, Hpu Ha-

hl2 r H0KeHHH NePHOAWIECKOro IO~

Puc. 23. TeHm@ala B CHEKTpe cBoGof-

HEIX TaCTHI[ HOABIHAETCH MEeIb.

OTcro7ja HOHATHO BOZHUKHOBEHHE 3aIPelIeHHEIX 30H B MeTal-

JaX s 9MEeKTPOHOB (mpaBfa, TaM HYKHO DacCMarpHBaTh
TpeXMepHHI caydai).

Hs (2.61) cmepyer, uro =0, T. e. rpyumoBas

dp |p=k/a
CKOpOCTE YACTHI[N Ha Kpawo 30HH (p = k/2) paBHa HyIo.
D70 COOTBETCTBYET TOMY, UTO Ha Kpal 30HH BOJHOBad QyHK-
Ous YacTHIH ecTh CTOosUasg, a He Gerymas BOJHA.
IMrapk-adderT B cayyae Gauskux ypopeit. Paccmorpmm
cHCTeMy ¢ ABYMA GIW3KEME yPOBHAME, Ha KOTOPYI0 HaJose-
HO OJHOPOJHOe sIXexTpmieckoe moue V (z) = — &z. Ompe-
[eNMM, KaK HW3MeHsdeTcsd pHEPrHsl CHCTeMH B 39TOM mHoIe.
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Cpenree sHateHme V 1Mo a0GoMy COCTOAHHMIO C OpefieIeHHOM
YeTHOCTHIO PABHO HYJIO (IAIONBHBE MOMEHT

d, =\ 5 (r) 2% () dr

IpE 3aMeHe IepPeMEHHOW MHTEIPUPOBAHUA 7 — — 7" Iepexo-
muT B —dg, 1. €. dy = 0). Jlnsa dHepreTwdecKHx ypoBHei E,,,
CHCTeMH B [OJIe HOJIy4aeM:

B, =2Ee )/ @ y,p. @6

PaccMOTpEM, HaIpEMeD, COCTOAHHA 25y, B 2py, aToMa
Bogopoga. Omm o6xajaioT OJMHAKOBOW dHeprmed (ecam He
VUmTHBATE JOMGOBCKOrO CMelleHRs). Pacmenienne Takoro
1y6aeTHOro YPOBHA HpH HAIOKEHHH IEKTPHIECKOIO IONA
NEHeiHEo H0 momo M paBHo Ey — E, = 2| Vy,|.

BrramenmM V. [lus ypoBHA 25y, BONHOBaA QyHKIEA

pasHa Ry (1) —17% , & 1A ypoBHA 2Dy, paBHA Ry, ]/Tarf cos 0.

R, (r) — pajgmalbHEE KYJOHOBCKHE ¢yaxnme. CilefoBaTeabHO,

3
V12 = 8(320!7‘ l Rzl) ‘14%—& cos?0dQ =— %(R%lr l Rzl)‘

Marpmanse sIeMEHTH AWOONLHOIO MOMEHTA JUIs KyJIOHOB-
CKMX pafmanbHHX (yHKOmA Tabymupomads. B wactrOCTH,
(Rao | Ray) = 3)3. CaepoBarenrHo, | Vi | = 38.

Hrak, pacmennesne xybmeta 2sy,, 2py, B cnaboM DIeKT-
PUYeCKOM IIojie B aTOMHBIX €MHHIAX PaBHO 6&.

3aMeTM, UTO YpOBEHB 2ps, HMeeT Ty jKe HYeTHOCTh, 4TO
u 2py, IlosTomy S‘Fm/’x‘lf'gpl/zdr = (. CuemoBaTesnrHo, 3TH
yPOBHE B HalIeM IHHCHHOM HO HOJNI0 HpuOIMmxeHwnm He pac-
menasmorcsa. JJis BX pacmenyeHns HYKHO paccMaTpuBaTh
CYHepHO3BHIRI0 TPeX COCTOAHHEA — 28u,, 2Dy, 2psjye

Ilas Bcex APYTHX aTOMOB, KpoMe aroMa BOJ(0DOia, pac-
meIJIeHHe TePMOB KBaJPaTUIHO IO HOJIO:

E = Ey + 5 a8

JleficTBHTeIBHO, YPOBHH CJOKHBIX aTOMOB HE BHPO/EHEI
OTHOCHTEJBHO OPOMTAaIbHOIO KBAHTOBOLO WHCJIR I, 1. e. Her



118 TJI. 2. PABTIRYHHIE CJIVIAY TEOPAY BO3MYIIEHHA

COCTOAHEH ¢ OAM3KUME DHEPIrEAMHU, KOTODHE HepeMellnBallnCh
66 B cinaboM BJIEKTPHIECKOM HOIe.

VizMenenre BpeMeHH 3KH3HH COCTOAHHA 28y, ATOMA BOJO-
poxa Bo BHemHeM SiaeKTpudeckom mnome. B arome Bojopoma
cocTosHme 2sy, mMeeT Goaplmoe BpeMs kusHH. [ledcTBHTeNb-
HO, Hepexoy 28y, — 1sy, MO}KeT HPOUCXOAUTH IHMb C HC-
OyCKAHHeM [BYX y-KBAHTOB. BpeMs jKUBHH COCTOAHHA 28y,
[0 OTHOWMEHmI0 K BToMy mepexoxy mopsaka 1/7 cex. Hpome
TOro, BO3MOJKeH emle [UOONBNBIA mepexon 2sy, —2py,
(oHeprEm 060UX COCTOAHHA DPA3IMIANTCH W3-32 TIMOOBCKOrO
cMemenns). OmeEnM BepOATHOCTH BTOTO mepexoja.

B (1.3) Mp1 HamwI®, 9TO BEPOATHOCTH AUIOIBHOTO HEPEXo-
na w ~ ®3c®, THe ® — "YacroTa mepexoja. PasHocTh dHED-
rait © = Ey, — Egp,, MMeeT TOPAJOK 1/c® (cm. crp. 71).
CnenoBatensHo, w ~ 1/c}2. B aromumx egmEmmax ¢ = 137,
cnegosaTenbuo, w ~ 107, 1. e. BpeMsa KU3HE COCTOAHHA
25, 10 OTHOIIGHWI0 K NEPeXofy 2sy, —2py, HOPsAKa
10%41,,, rae Tar — aToMHOe Bpema ~ 1017 cex. UTtak, pac-
cvarpuBaemoe BpeMsa ~ 107 cex. Mu Bmpum, 9T0 mepexof
28y, — 151, BCe e BeposATHEe, UeM Mepexof 28y, —- 2Py,

IIpn HaIo)KeHWH BHEIIHEro IOJs COCTOSAHME aToMa Oymer
cynmepmosumueir cocrosnmit 2sy, m 2py,. Ho Kak ToIBKO aToM
mepefiier B COCTOSHEE 2pi,, OH MOMEHTAIBHO (3a Bpems
T ~ 10-19 cex) copepmmT AMIONBEHI mepexom: 2py, — 1sy,.
Msl BmamM, 9TO BpeMs )KU3HH COCTOSHHA 25y, DEIKO H3Me-
HFGTCS NpH HAJOKeHWH dJeKTpmaeckoro mong. Uraxk, Gyaem
captate ¥ = Cie~ist, + Cyeishp,, rme muperc 1 coorser-
CTBYeT COCTOAHEIO 25y, & HMHIEKC 2 — COCTOSHHIOZp:,. [lus
seawuuH C;, C, mMeeM ypaBHEHUS

iCy = VyuCoexp [i (8, — &) t],

. | . 2.63)
ng = - l—T—Cz + Vglcl exp [— 1 (31 — 82) t]. (
Baeck V = —&z. Marpmunnie saeMeHTH V3 = V,y = 0.
3aTyxaHms COCTOSHHA 25y, CO BpeMeHeM ~ !/; cex He ydm-
THIBAEM.

Jame B oTcyTCTBHE BHemHero Imois C, He sBIAETCH HO-
crosiEHOM: CF ~ exp (—i/T) w3-3a BBAMMONEHCTBHA C IO-
deM wu3IyYeHmsA. 3[eCh T HMeeT MOPANOK BPEMEHR JKABHHA

AunoabHOro cocroauusa (T ~ 10710 cex). C® camraem mocrosn-
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HOX, HOCKOJBKY BpeMA BATyXaHMA COCTOSHMA 2sy, OYeHB
BEJIHKO.

O6osaagum C = C, exp (ieygl), THE €13 =€ — & —
1aMGoBcKoe cMemende (e, ~ 1/7).

Torga mn3 (2.63) mmeem

iCy = ViuC, i€ = VgyCy — (812 + /1) €. (2.64)
Nckmogas C,;, modyiaeMm
. . 1 .
¢+ (—1812+T)C+|V12|2C=0.
NmeyM pemenme ypabHeHmss B Buge C = Aetot, Tlomyuaem

w:— o (-;— + 812) bl |V12 l2 = O, (2.65)

9ro faer ABa KOMILIEKCHHX KODHA A .

B mavamemmsi Moment Bpemenm C; =1, C = 0. Ha
wanpHoe ycrnopme fias C Oyper BHIOXHEHO,eCIn HCKATH c
3 Bmge C = alexp (ioWf) — exp (io®p)]. Hs (2.64) ma-
XOquM

c, ~CtEatinl
1 Vat -

= (e — o) exp (i) +
4 (— lT — e+ m(2)> exp (im(z)t)} .
1:

BenmumEa a onpexenserca ma ycaoua Cy(t =0) =

a = Vg (0 — o)1,

s ypasmemmsa (2.65) maifigem wactoTel o), o®):

o=t (on+L) £V 1 (o0 +5) +1 Vil 266)

PaccmorpmM crydaii | Vi, | << 1/1. Torpa ms (2.66)
i Vi i
m(l)z812+T, 0)(2)%———12—1“<T——812).
2 —_—
812 + T2
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CrnepgoBaTebHO, COCTOAHME 2, HMEET B HTOM CIydae OUeHb
Gonpmoe Bpems sxusHE ~1/ | Vi |? 7. oy

PaccmoTpuM  Temeph OpPOTHBONOMOMKHEINM  IpeHeNbHHEH
ClydJaif, KOTAAa HaJOKeHHOe IoJié CTONb BEJIHKO, YTO
| Via | > 1/x. Torpa

(1)(1:2)z—é—<312 +%) ,V12,+8|V |(812 —l"—i‘)z

H BpeMsa 3aTyxanus C; CTAHOBHTCS DABHHIM IO HOPAJKY Be-
IAYUHB BPEMEHH KHBHE JUNONBHOIO COCTOSHHS T.
Wrak, BpeMs ;KuSHEH COCTOSHHS 28, aToMa BOAOPONa
9pe3BhIYafiHO CHIBHO (HA f[EBATH HODPAHKOB) yMEHBINAaeTcs
1
ODH HAJIOKeHWH DHJIEKTPHUECKOr0 HOIA HOpAAKa & ~—
10°

~c 3~ 1378 6 ~ 9008.



rT7ABA 3
KBABNKJIACCHYIECKOE IIPHBJIMKEHUAE

B sroif riaBe paccMaTPHBAeTCHd NPHOIMKEHHEH METON
pemenns ypasHerms Illpegmarepa fia Toro Caydas, Korja
JIMHA BOJHB YACTHISl Maja IO CPABHEHHIO C pPacCTOA-
HEeM, Ha KOTOPOM CYMIeCTBEHHO WM3MEHsETCS IOTeHI{HAJ.
IIpocreiimme mpuMepsl TAKOTO NPMOIA/KEHHs GBLIH PacCMOT-
penst B 1.1.

ITockonbKy Tepexo K MaJod JJIAHe BOJIHEL COOTBETCTBYET
nepexoqy K KIAcCHYecKod MeXaHMKe, KBA3HMKJIACCHIECKOE
IPEGImKEHAe MM03BOJAET HPOCIEAUTH CBA3b KIACCHIECKOM
n KBamroBoil Mexammkm, (OcoGeHHO OTYETIHBO 3TA CBA3D
BHEA B npmHagaekameil (DedEMany IPOCTPAIHCTBEHHO-Bpe-
MeHHo# (opMyIMpOBKe KBaHTOBOK Mexammkm *). CoraacHo
5TOMY IOAXORY BONHOBasg QyHKIHAA B Touke (z, t) ompexens-
erca w3 BoxHopoit ¢ymrmmm ¥ (z,, t,) YMHOKEHHEM Ha
exp (iZSk) (Sy, Say « « +» Sk« . .— QYHRIIHE JEHCTBHA JJIA BCEX

K

TpaeKTopHH, COBAMHAOMUX TOIKH (Z,, Lo) 1 (%, 1)), B MATET pH-
poBaHmeM 1O Z, I[OCKOIBKY BOBMOKHEIE TPAaeKTOPHEE 00pa-
3YIOT HEIpepHIBHOE MHOKeCTBO, B IIOKAa3aTele SKCHOHeHTH
CTONT WHTeTpaJ IO BCEM BO3MOMKHEIM TPAeKTOPHAM (KOHTH-
HYaJbHbI HHTErPal).

IIycrs mMeerca KIaCCHIECKas TPAGKTOPHs, COEJUHAIN0-
mas TOUKA (o, to) ® (7, ). Tak Kak QyHRIAA feACTBAA MUHH-
MaJpHA BHOIb KIACCHYECKOHX TPAGKTOPHM, TO BKIAJ IydYKa
TpaeKTOpmit, IPHIETal0MUX K KIaCCHICCKOH, AaeT HAMMEHb-
muit $azoBHi MEOKHATEIs. Mesxny TeM TpaekTopmu, HAyImiHe
BAAJIA 0T KIACCHIECKOH, CHIBHO OCHM/IMPYIOT A HOramaiT
Apyr Apyra. B pesyabrate B KoHTHHyaJbHOM HHTETpae adde-
KTHBHO 0CTAeTCA TPyOKa TPaeKTOpHi, NPHIETAMAX K KIac-
CHYEeCKOil, W TO3TOMY

Y (z,t) = S A (x, Tp) €155 b %ou 1) W (7, £5) ATy,

*) @. QesiamaHn A. Xuobc, «Hpaaropasd MexaHWKa O HH-
Terpalil IO TpaeKkTopmam», «Mip», 1968 r.
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rge S, — fAelicTBHe, BHMYWCAEHHOE II0 KJIACCHIECKOH Tpa-
exropun. Muossmtens A ompegensercs >dPeKTHBHOR mApH-
HO# TpPyOKHM YYACTBYIOIIMX TPAaeKTOPHH.

Ias crammorapro#t 3agadd S, (z, 1) T, o) = So (@, xy) —
— E (t — ty) u, cegoBareabHo, TaK KaK S, (x4, Zo) = S, (2, 2y) +
+ 8, (24, z,), THE z; — OPON3BOJIBEAA TOYKA HA TPACKTOPHH,

¥ (z) ~ a (z, x,) eiSdx=n,

Vimenno Tako#t pesyabrar moixydaerca B obbramoA dop-
MYJIHPOBKE KBAHTOBOH MEXAHHKH.

dror pesyasrar 00obmaercsa HA caydall TpaeKTOpWH, Aia
KOTOPHIX feiicTBHE S KOMIUIEKCHO — POJIb «KIAaCCHISCKOM» Ar-
paer TPaeKTOpHs, BHOCAMASA BMECTe C HPHICTAIOIEAMH Tpa-
EKTOPHAME HamOGoNbIMM# BKIAJ B KOHTHEYAJbHBIH WHTETPAI.

DyEKOUA fedcTBAA HA TaKOH TPAaGKTOpWMA, KaK W B CIy-
49ae BEMECTBEHEHOTO S, MOJ4MHAETCS ypaBHEHWK I'aMEABTO-
na — fIxoGm. B wacthmocTm, npwm ABMKEHHWH IOJ, HOTEHIHANb-
HeM Gapbepom S mnpwamMaer MumMble 3HaueHma. Ilocae
TaKoro o6oOmMEeHHA KBAa3MKIAcCHIeCKoe NPHOIIMKEHHE J[aeT
pa3yMHEE pPe3yAbTATHL Haske B TeX CJydasdx, KOTAR YCIOBHE
DPAMEHAMOCTH HTOTO NPHOIMKEHRA Kasaloch 6Bl HE BHIIOJ-
ueHo. C mpEMepoM TaKoTo Pofla MH CTOJNKHYJIHCH HPH MOJIY-
4eHEM ACCHAMIOTOTHYECKOT0 BRIpaykeHwsa pmiaa I-PpyAxmmm.
Buipaskenme, monydeEHoe B mpefene x> 1, oxasaloch ¢
Xopomei TOYHOCTHI0 CIpaBefIuBeIM IpE £ = 1. AHamormuso
5TOMy CTamHoHapHoe pemenme ypasuenns Illpegmarepa mus
OCHOBHOTO ¥ TIEPBOTO BO3OYXHZEHHOTO COCTOAHHH [OCTATOY-
HO XOPOIIO ONMCHBABTCA KBA3NKIIACCATECKIM NPHOIMAKCHTEM,
x0T pmiA (GOpPMAIBHOTO BHIOJHEHHA STOr0 NpHOIMAKeHHmS
Tpebyerca, 4ToGs YMCIO Y3I0B 1 BONMHOBOX QyHKIHH GsLio
Opr Muoro Goxbme 1. IlpmumEa 5TOTO HUMKE BHIACHACTCA —
napaMeTpoM pasiokeHua sapisgercsa He 1/n, a Beamumua
£ = 1/n%n?, KoTopas H[OCTATOYHO Mala yke TOpE n = i,

B mexoropsix sagadax (magfaprepHOE OTpa;KEHHE, BO3-
fy)KIeHHe CHCTEMBI MpOJeTAImed JacTHIeHd) BOBHAKAKNT WH-
TETPaibl OT CWIABHO OCHWLINPYIOMAX QYHKIAA. ITH HHTErpa-
JIKl BEIYACIAIOTCA METOMOM HepeBaia u 00BTHO ONpefelsaioTcs
OKPeCTHOCTHI0 OAMKAMIMHX K BEMECTBEHHOH 0CH 0COGHX To-
9eK IIOTEHNHAIA.

Humxe BoiscHAECTCH, B KAKMX CIydYaaX STH WHTETPANH He
OyAyT OKCIOHGHOHAJIHHO MAIH. DBHYMCIGHHA HCHONBL3Y-
0TCA, Kak DoBoj jia Godee mnoppo0HOTO H3YYEHHS Me-
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Tofa mepeaia. VzydJaercs 3ajada O BHLIETe TACTAIEI M3 NO-
TeHnmanpHOTO Gaphepa. Bompoc cBopmTCA K 3ajgate o pac-
OBBAEEH HAKeTa, ONMCHBAIOMEro 4YacTHIY, HAXOAAMIYIOCA
B HagaIbHEIN MOMEHT BpeMenm BHyTpE Oapwepa. Ilokasamo,
49T0 BEPOATHOCTH HAUTHM HCXOHYI0 CHCTEMY Hepacnapmeica
depe3 BpeMs { HKCIOHCHIMAIBHO IAJaeT CO BPCMEHEM.

Bosrnkaomue IpH pacdere JONOJHHTEIbHbIE CIAaraeMsle,
HeOKCHOHEHIMAJILHO 3aBUCANME OT BPEMEHH, ONPeaeAITC:H
pacIIbIBAHMEM NAKeTa MEJJIeHHRIX YaCTHIL, 006pazoBaBIIAX CA
B IIporecce NPUTOTOBIGHMs MCXOXHOW CVCTEME, M HE MMEIT
OTHOIIEHHMA K Hporeccy pacmaja.

Jlas ayamero DOEMMAHHA KBA3MKIACCHIECKOTO npubian-
EHHAA B J-MEPHOM CIydae YATATENI0 CIENyeT o6paTuTh BHHA-
MaH@e Ha BHUMCICHHEe PACIPEieJCHHA 3apAfa B aToMe M HA
KBa3@HKJacCHUYECKyI0 3ajady paccesanu:.

1. OMHOMEPHAA 3ATAYA

Hammmem ypasaesme Illpepmarepa B BH[IS
¢ + kK (x)e =0, (3.1)

THe
K (z) = 2 [E — V (2).

IIycrs morermman V (z) AOCTATOYHO ME[ICHHO MEHAETCA
¢ H3MEHEHMEM KOODAMHATHEL, TaK 4TO

kS, (3.2)

rge | — jHHA, HA KOTOPOM CYI[eCTBEHHO MCHACTCH V (z).
Torga npmOJIMKeHHOEe PEMeHme 3afadd HMeeT BHA (cM.
ctp. 28)

x

P (z) = 7;——(_;)_e'xp [i ig kdz]. (3.3)

910 orHocHTCA K cayialw E > V, Korma k BemecTBeHHO.
B cayuae E << V pemernne GymeT cojeprRaTh pacTymymo Hu 3a-

TYXalomyl BKCIIOHEHTEl, T. €.
X

¢(a) = Aexp| £ |k]dz], (3.4)

e A = a/} | k|. Mbt moayunian meppoe npubiamxeane B
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pasnoenny Mo crenefam sexmanus 1/(kl)?. Moxuo momyInTh
7 ciaegyiomue npubamuerns. OxaspBaercs, 9ro HOXyYalo-
mumiics mpm 9ToM pAX mo cremensM mapamerpa 1/(kl)® acumn-
TOTHYECKHA, a He OOGHITHEIH.

BATAYA ‘

[lokasaTh, 410 OpH DpHEGIMKEHHOH ONEHKE IPOH3BORHOM
0T KBa3EKJIACCHIeCKol QYHKIMHA HYXHO AuddepeHnapoBaTs
AN YKCIOHEHTY.

AcmmnroTnieckne papel. Hamommmm, dro TAKOE ACHMI-
rormiecKui pax. Ilyers

— gacTmugas cymma papga. Ilycrs npm QUKCHPOBAHEHOM z X
n — oo BEJIMYMHA S, — 00, HO HpA (UKCHPOBAHHOM n H
z —> 0o CyMMa s, BCe Jydme W Jydile andpOKCHMHDYeT He-
KoTopyl ¢yHKnEL f(z), T.e.

lim z" [s, (z) — f (z)] = 0. (3.9)

Z—>00

3pech z — oo B 33JaHHOM WHTEpBajxe arg 2.

Torna roBOpAT, 94T0 §, €CTh ACAMITOTHIECKOE MPeCTaBIe-
ane f (z). 10 He ecTh pAX B OOBTHOM CMEICIE ITOTO CIOBA,
TaK KakK s, pacxogurcsa. Ho ma Hero MO»KHO H3BJIETIH CBEJICHUA
o ¢ynrnuu f (z), TaK KaK OPH 2z — o0 OH XOPOWIO NPEACTaB-
iger Ty (QYHKIHIO.

ViHEME cloBaMH, CXondmuiica psAj crpemmTes K f (z),
KOTJ]a n — oo JJiA JAHHOTO Z, B TO BPeMs Kak aCHMOTOTHIE-
cKmit pag crpemaTced K f (z), KOrAa 2 — oo A RAHHOTO n.

[ocrpomm s, (z) Do 3agaunoil f (z). Benrminna s, paBHA dgy
CIeOBATEIbHO, ao = f (oo0). Beamamma s = ay + ay/z,

TOTHA
limz (6 + 2 — £ (2)) = O,

ay = lim 3 [/ (2) — ao] = lim 2 [ (5) = (o)

AmanmormuEEM 00pasoM HaxOfATcs BCe KODPQUIHEHTH d,.
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OnEaKo BOCCTAHOBATH 00paTHO (QYHKIHWI IO e ACcHMI-
TOTHYeCKOMY IpefcTaBieHmio Heab3a. Hampmmep, mycTs
f(z) = e7%, Torma

ap =0, a,=limz* =0, Qg = a3 =...=a, = 0.
Z—00
CiIe/l0BaTeNbHO, BECH ACHMITOTHIECKAN PAJ PABOH HYIO I
$yaxmmn e, Urak, dpynxmun f (z) u f (2) + e~* mmerwoT onm-
HAKOBHIE ACHMOTOTHYECKHE HPejCTaBICHHA.
O6ozaaumM z = kl. OxazeiBaercd, 4T0 KBa3MKIaccHIe-

CKoe penieHHe
n

av (z)
QPrexn (T) = 2 " (3.6)

v=() z

eCTh ACHMITOTHYECKHi pAA, T. . PAX, Pacxopsmumica IpH
n — oco. OMHAKO IpH 2z — 00 BEIHIHHA @, (Z) CKOIb YTOJHO
XOpOmo mpepcTaBiaAeT (GYHKIHUIO @ (z) (rouHOe pemieHHE).

[Iycrs, patee, z puxcnposano. Ilpa n —, 0o KBa3UKIACCH-
qecknit paAx pacxopmresa. (ieoBarelbHO, IpPH moboM 2
€CTh ONTEMAIbHOE YMCI0 WICHOB n (2), KOTOPOE HAMTYTHINM
o6pasoM ommchBaeT QYHKIHL ¢ (Z). MokHO mOKa3aTh, 9ITO
OITMMAJIBHOe 9HCI0 LIeHOB KBA3MKIACCHIECKOTO IpPHOIMKe-
HEA n ~ kl. Mpr GygeM moJb- Viz)
30BaTHCA TOJIBKO HYJIEBbIM Tie-
HOM 3TOTO pAAa.

CmuBaHRe KBasHKIaccHIec-
Enx ¢yurmuii. B sTom paspe-
JIe MBI HafjieM, KaK Hy*KHO CIIn-
BaTh KBA3UKJIACCHICCKYIO BOI-

HOBYI0 QyHKIUIO ¢ B obmacTn, ! I
LOCTYIHOM I KIaCCHIECKOT O z
IBUMKEHNA, ¢ @ B BaIPeNeHHoH Puc. 24.

ob6aacrm. [las onpeaeaeHHO-
CTH OpeJIOIOKAM, 9TO NOTeHIUATLHAA SHEPIHs HACTHILEI
AMeeT BHA, M300DKEHHHI Ha puc. 24 (HaYalo KOOPAWHAT
B3sATO B Touke, rye V(z) =FE).

Kpasnriaccuueckoe pemenme B obmactm I] (xiacemde-
CKI JI0CTYHmHOi) cOTJacHo (3.3) mMeeT BHUJ

cp:%exp (iikdm)—k {7% exp<— iikdx), 3.7)

0
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a B obmacta I (KIaCCHIECKH HemMOCTYIHOM)
0 0

q)=%exp <§lkldz>+7?—k_l—“p (—§|k|dx). (3.8)

Ecam 6B KBa3WKJIACCHYECKOE pelleHHe OHI0 aHAIHTHYE-
ckoit pyHKIMEH x B oKpecTHOCTH £ = 0, TO AlA HAXOKIEHHA
COOTHOIIEHHA MEXLY d,, Gy B by, b, AyKHO OblI0 6Bl aHATATH-
9ecKm Hpoposxath 510 pemerne u3 [/ B I (mpm sToM 9Kemo-
HenTH B (3.7) mpocto mepemum Osl B dKcmoHEHTH (3.8)).

IIpaBga, MO BemecTBEHHOR ocH HeAb3d 6blI0 6H ABHEraThH-
cs1, TaK KaK B oKpecTHocTH z = ( KBasHKIacCHKa HENpHMe-
mmma (k (0) = 0, mostomy ycaoBme &kl >> 1 He BHmOIHAETCA).
9Ty TPYAHOCTH MOMHO GbLIO OB mpeopgosers, oboigs TOUKY
z = 0 B KOMIJIEKCHOHN IIOCKOCTH IO AyTe JOCTATOYHO 601b-
moro pagmyca (rge IPHMEHAMA KBAa3WKJIACCHKA).

OnEako Taxoe AaHAJHTHYECKOE HPOXOJDKEHHe [aeT, Kak
MH VBHAUM, HENPABHIBLHEH peaylbTar.

OxaseiBaeTesA, 9To OpH TakoM obxope obAsarenbHo mepe-
cekalTcd IWHEA (oHEH HaswBalrca amEmama (CTokca), THe
HOPTUTCA AHAJIUTHYECKOE NPOXOIKeHHe. JTO ABJEHHEe Xa-
PAKTepHO JJIA aCEMOTOTHYECKHX paaioseHmit. Mu moKaxe,
KaK CjefyeT HAXOAHTh AHATHTHIECKOEe IIPOJOILKEHAe B IO~
OOOHEIX CIy9asx.

Jipyroit BO3MOKHEIE IyTH COCTOHMT B TOM, 4TOOH HCKATh
TO4HOE pelleHme 3anadd BOamsm z = 0, cuATasa MOTEHNUAN
OpAMOJHHEAHNIM, JTO pelleHMe ONHCHBAETCA TAaK HasHBae-
Moit ¢pyEKImme# Ditpm. 3aTeM HYKHO CIIHTH TOYHOE pemeHnme
¢ KBasmKIaccmieckmMm mpa z > 0 m z << 0.

Pazymeerca, Tak MO)KHO HOCTYHIATh TOJNbKO B3Hasg, 49TO
KBAa3MKJIACCHICCKOe NPUGIMIKeHHe CTAHOBHTCA NPAMEHAMEIM
Ha PacCTOAHMAX OT TOUYKH IOBOPOTA, MAJIEIX IO CPABHEHMIO C
paccTosHAeM, HA KOTOPOM IIOTEHNHAAJ CYMECTBeHHO OTKJO-
HaeTcsA oT npaMoamueinoro. [TokaxeM, aro npm GoabmoM na-
pamerpe KsasmriaccmasoctH (kl>>1) 9To peiiCTBHTEIBHO
TaK.

Pasznossmm pus 9roro morenmman V (z) 86amsm z = 0 B
pag: V()= E+ V' (0)z. Torma mmmyase K (z) =
= ]/—ZV’ Ozrz=a V_ OnenuM BeIWYHHY O

s~ V7O~ R~
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e k, =} 2E, a | — jamEa, Ha KOTOPOH CYMECTBEHHO Me-
gsercsa mortemmmana V (xz). MTak, B OKPeCTHOCTH TOYKH T = 0

=z
peamauHa Kk (2) ~ Ky ]/—l— . UroOs KBa3WKIACCHIECKOE IPH-~

6amxenne GHUI0 DPHMEHHEMO, HY)KHO OTOfTH OT Todkm % = 0
HAQ TaKOe PacCTOoAHHEe, YTOOH -
e,

d(—i—)/dx<1 nim Vi < 1.

ko Vz—s /‘7\
Orcrona maxommM: T > 1/(kol)h. Tax uf
Kak kol>1, o MoxBO BHOpaTe Ta- J/
KO® Z;, 4TO J/
l 20y
— L Ll /

(kol)’/a
Ha paccrogmmax ~ z;, ¢ OEOE CTOPO-
HHI, 7K€ TOJIUTCA KBa3MKIAacCHYecKoe NpmbiamKenne, a ¢ Apy-
roif,— mOTEHIMAJ] BCE eme MOKHO CINTATh NPAMOJIHHEHHEIM.
CmwBka ¢ moMomplo (QyHKOWA Iiipu 1A IOTEHENHAA,
H306payKeRHOTO0 Ha pHC. 24, mMeeT Bmj *)

-Vi—Tcexp [iikdx——z—]—)i—vi—l_k—_lexp [S[k[dx]+

0

Puc. 25.

0

+21}|_k_ oxp [~ 1k|ds], 3.9

x

-V%exp [—igkdx +—Z—]—>;—;I_1?Iexp [§|k|dx]+

0

+3 ‘}l_k_l—exp[— S!k[dx]

Cefiqac MB [OJYyYAM O5TH COOTHOMEHHWs, He mpmberas
kK ¢ymxmmam dipu. Bribepem pammyc o6xopa p mopanKa zy
(pme. 25). Torpa MoKHO IIOTH30BATHCH KBAZHKIACCHIECKAM
npu6IKeENeM W B TO Ke BPeMsA CUATATh NOTEHIIHAT IPsMO-
auuednpiM. Tak Kak OpH 5TOM

x

x

k (z) = ax', TO g kdx = —?)— o™,
0

*) JI. Il u ¢ §, HKsamroBan mexammka, MJI, 1959.
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B xoMmiexkcmoit mirockocTH

T =pe® n Skdm = -g—ocp’h exp (-—;- icp).
0
l'Io:-rmMy

V— exp [ §kdm] =
= V:zp‘/’ e—i%exp [—?2)— ocp“/=<i cos —‘;—cp sin i )] (3.10)

ITo mepe ofxoma KOHTYpa K0 Tex mop, HoKa @ << 2m/3,
sin 3/, ¢ momokmresen, a Boipaxerne (3.10) comepxut 3aTy-
xawmyio skcnonenty. Ecan ¢ > 2w/3, To (3.10) cogeprxur pac-
TYMy b5KcnoHeHTY. Hak ToabKo mHoABJIAETCA pacTymas
OKCIIOHEHTa, BCE CJaraeMsie, CcofepKamue YOHBAIOMYIO
9KCIIOHEHTY, HE NOJKHB YIATHBATHCA, HOCKOJBKY KBAa3u-
KilaccmdecKoe npubamuxenne, GyAyTn aCAMOTOTHIGCKHAM Ipef-
CTaBJIeHMEM, WMEeT [0 HapaMeTpy KBa3WKJIACCHIHOCTH CTe-
pennyio (~ 1/k*?), a He DKCHOOHEHIHUAILEYOD TOYHOCTE.
IMosToMy amHamATHYeCKoe Npojo/bKeHHe MO03BOJAeT HAHUTH
K09(QOUIMEHT TOJBKO MpH PACTyIell SKCIOHEHTE.

Honyt[aeM

V_ exp i [(kdx ] VI exp [i]kldm] . (3.11)

ITpm 5TOM M5 HOTEPAIM CIATAEMOE, DKCIOHEHIMAILHO MaJoe
D0 CpaBHEHMIO ¢ mpaBoi dacteio (3.11).

IIpm o6xone Toukm z = O cum3y ¢ymKmua (3.11) mepexo-
IOUT CHAYAJa B PACTYmYI0 SKCHOHEHTY, a 3aTeM IIocje mepe-
cedeHNs JIWHUH

25
=7

— B y6nBaomyw. IlorepsarHas mn3-3a HETOYHOCTH KBAa3H-
KiIaccHyecKoro npubmmxerns B o6aactn — 27/3<< ¢ << 0 axe-
NOHEHMEANLHO Majgad pobaBKa mocie Tepexofa B o61acTh
—n<< @<< — 27/3 mpeBpamaercs B SKCHOHEHIHANBHO 60ab-
moi WieH, KoTopkit TakuM obpasom Tepgerca. CiemoBaTean-
HO, TAKAM IYTeM MHl He MOKeM NOJYIATh IPABHJILHOE 3HAa-
qerne KosQdummenra mpm yGbBaomedl SKCHOHEHTE.
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Kak ero moayumrh? IIpepmosioskmM, 4r0 B KIACCHYECKH
HeyocTynHo# obiaactu (up:m V > E) ecTh TOIBKO 3aTyXawmast
HKCIOHEHTA:

0

—1/:—Tlexp [—&Ikldm]. (3.12)

Obmee pemenme npn V << E mmeer BHK

x

-ng’exp [iikdz— iq>1] —’r% exp [—' igkdﬂﬁ—’ri%]- (3.13)

0 0

Haiienm C, Cy 1 @y, Q. s 5TOTO NPOXOTHAM AHATIHTH-
qecku (3.12) B o6xacts z > 0. AHaaHTHYECKOe IPOTOJHEHAE
yepes BEPXHIO HOJTYIIOCKOCTH MMeeT BHJ

V?T] exp[_§|k|dx]_>

ﬁ—% exp [—?)—ocp’h(sin %cp —icos%cp)] .
V op™ exp (i9/2)

Ipr ¢ = 0 moxydaem Bropoe ciaaraemoe (3.13), mpmaem @, =

= /4, C, = 1. AHaauTndecKn IPOJO.KAsA depe3 HIKHIOD

HOIYILIOCKOCTh, MH TOJNydmim Ol mepBoe ciaaraemoe (3.13)

€0 3HAYCHHAMHE

x

@, = @, = /4,
Cl= 02 =1.-

K asxpiit pas OfHO M3 CIaTa@MBIX TEPAETCA M3-33 DKCIIOHEL-
MuaabHo Majoi omubKkH B TOi 061acTH, rAe yHKIHUSA DKCIO-
HeHOHAIbHO Beamka. TakmMm o6pazoM, mMeeM

0 x
-——1_—=exp [— g | klda:]—»—z—_-cos <gkdx __n_)
Vikl Vi 4

x 0
B cormacum ¢ (3.9).
VeinoBue KpaHTOBaHns. I Basmriaccmueckoe  pelieHHe
ypapuerma Illpequurepa B KIACCHIECKH JOCTYNHOR o6IacTH
(z; << << 7p; puc. 26) MoixHO 3ammeaTb ABYMs cmocoGamm:

5 A. B. Marpan



130 TJI. 3. KBABNMKIACCUYECKOE TPUBJIMKEHHUE

ONMH pa3 — CIIHBAasA OCHMIIAPYIIee pemieHHe ¢ 3aTyXaio-
mEM B TOYKe I;, a APyroi pa3 — B Touke Z,. TpebGoBamme
COBIIAJEHAA DTHX ABYX (yHKOHHE B

Viz)
[ACT HAM yCJIOBHe KBAHTOBAHHSA.
N pay [lepBoe W3 pemeHwmi EMeeT BUJ
] |
k-/} ¢
l 1 1-——_V—._-COS (Skd.’z—- Clﬂ),
|
| ! x1
Py T, J
! 2 T rge Cyn — dasa, KoTopas BO3HHKa-
Puc. 26. €T IPH CIIHBKE C 3aTyXaomed skc-

HoHeHTOH mia z << z;. B Tex cay-
4aAX, KOTHA HOTEHIHAJI B OKPECTHOCTH TOYKH Z; AMeeT Ju-
HeHHHHE XONI, moxydaerca, Kak Mol Bmaeiam, C, = 1/4.

Bropoe m3 pememmit mMmeeT BHR

Py = ——cos S kdx— an) .

Ycnosue coBHAjieHAA PEMIEHHH fJaeT
Xg
(kis=(@n+Cr+Com (3.14)

X1
(upm atom a; = a, (—1)).
Herpynao Bmaers, d9ro coOS (S kdx— Cl:rt) IOPOXONHT Yepes

X3
HYJIb N pas, T. €. N — YACIO y3JI0B BOIHOBOH QYHKIMA B WH-
repBane [xz;, z,].

IIposepnm npasmio kBaHToBaHUA (3.14) (Tak HaseBaeMmoe
OpaBWiIo KBaHTOBaHWMA Bopa) Ha mpmMepe OXHOMEPHOR mps-
MOYTOIBHOM SIMEI ¢ GECKOHEYHO BHICOKAMH CTeHKaMH. Tak Kak
BONHOBAaA (YHKIHA JoKHA ofpamarbcd B HYIb KaK Ha
JeBolf, Tak W Ha mpaBoit rpammmax, to C; = C, = 1/2.
IToxywaem
X1 1 2
S kadz = koL = (4 D)7,  Ep=—ki =555 (1)

X1

(3.15)
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rge L — paumpa samel. HawHEA3meEMY COCTOSHHMIO COOTBETCTBY-
er guciao y3aos n = 0.

B manGoiiee wacToM cjiydae, KOTfa MOTEHI{HAN @mMeeT JIf-
HOWHEI X0 KaK BOJIU3H x;, TAX ¥ BOIU3H Z,, HOIyIaeM Ipa-
RUJIIO0 KBaHTOBaHUA

X2
| Ko (n + ) (3.16)
X1

Mu yBupum mEmxe (cTp. 155), 9T0 IpEMeHeHHe KBa3UKIAC-
CH9ECKOT0 TPUGAMKOHEAA I PAIHAIbHOR KYJIOHOBCKOH QyHK-
mor  upu L =0 pgaer C,= 3/4,
Co=1/4, anpu l+£0 C, =C,=1/4.
Vi,
BAMTAYA v

IToxasars, 49To mila TOTEHUAIA,
u306paskeHHOTO Ha pue. 27, yCIOBHe
KBAHTOBAHUA MMeeT BUJ

iikdxz (n +_Z_) . Puc. 21.

Xt
ToYROCTb KBABUKIACCHTECKOTO OpubImKerus. ExuacTBeH-
HOO HNpPROAMKeHHe, KOTOPOe MBI [ejalw OPA BHIBOJE HAMMIX
dopMyan, cocrosmo B oTOpPACHBAHUMA CIAraeMOTO
A’ Ajl2 1
A T RA T (k)
Huxa omenru kl sameruM, 49TO

\k dr ~ kl ~ na,

e n -— gaciao ysioB. CiegoBaTeIbHO, KBABMKIACCHYECKO
npubimxeHde CIpPaBeJJIABO C TOYHOCTBIO N0 1/w’n® (a He
1/n). UmerHO mO3TOMY B HpaBMJe KBaHTOBaHWUA Dopa sakom-
HO COXpaHATL AobGaBKy 1/2 x uWmcIy y3iI0B n, KOTOpasa mpem-
craBiger cobod mompaBry ~ 1/n.

TaroBa oTHOCHTONbHAA TOTHOCTL BCEX HEIKCIOHGHNUAIH-
HEIX BHpaykeHmit, Hna BolXHOBO ¢yEKOUH, copepmxame
exp (S S’dx) , OTHOCUTeJIbHAA IOHNpPaBKa HOPAAKA i%ﬁS’dm~

A’l

~i—1

i
% ~m Hpﬂ BHYHACJICeHU MATPHYHHIX 3JIEMEHTOB

5%
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(¢r., Von,) aaa pyExmmii @, 7 @;, MAJIO0 OTIHYIAIOMUXCA 1O
9WCIy Y3IOB n, M, HONPABKA (g B ¢; JaCTUYHO COKPAMAIOT-
¢, B HOTOYHOCTh BEHIYHMCIGHHS MATPHYHOTO 3JIeMeHTa Gyzer
1 n—m
TH T
Hopmmpopka KeasuriaccuyeckEx ¢yHrmuil. Cymecrses-
HEI BKJIAJ[ B HOPMEPOBOYHLIA MHTErPaJ BHECET JIHIIb 06I1acCTh
x, < << T, (cM. puc. 26), Tax KaK BHe ee BOIHOBast QyHKIHsA
KCHOHeHNUadbHO 3arTyxaer. Ilpm z,< x< x, BOIHOBaA

$yHKROHAA

x
a 7
Pn = —V—F-cos (i kd:c—z),
. 1
CJIe[[0BaTENbHO,
X3 .
2 a 2
g|(p,,| dr = 1%& —— cos? Ddz,
X1
rae
x
i * i
X
Ilpu E = E, BouxHoBasxs ¢QyHKIHA @, HMeeT n y3JO0B B
X3

obmacrm [z;, 2.}, Tak Kax S k dxr wusmemaercs or HyJIAA [0
X1
(n-+ Y,) %t u cos @ 6yner n pas ofpamarbcs B Hynb. Kcau
n Bexuko, To $asza @ — Goxbmoe umcmo. Jlamee, cos® D =
1 1
= 3+ 3 cos 2@. Bropoe cllaraeéMo€e MHOTO pPa3 H3MeHsAeT 3HaK

n mosToMy BHecer Maunlid BKiIag. CiemoBaTelnbHO,

at ( dz _ a? T ~1
—2—& T T2 T2
X1
rge T — mepuop Kaaccuyeckoro asmwxenma. Mrax,
aZ —_ i J— 3 0]
- T T a

Ine ® — 9acToTa KojeGanuil B COOTBETCTBYIOMEH KIaccHie-

croli sapmage. Tarum oGpa3soM,
— x
o=} 22 cos (S k dz — ;}) (3.47)

X1
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3ATAYA
OnesnTh BRJIAJ B HOPMHEPOBOYHBIA MHOMHTENP OT Kjac-
CHIECKYM HeLOCTyNHO# ob6macrd.

_.l/
OrBer. m(g—v) ',
x JV=E

Dpusmun coorsercTeus. M3 mpasmra xsaprosamua (3.9)
auddepeENEPOBAHAEM [0 7 NOJIyIaeM

X3

T — den( dz _ den T
=Tdn)E  dne’
Xy
OTKYZia
den
T2 =0 (3.18)

BTO COoOTHOUIeHUe Ha3hIBaeTCA leZ[HIIHHOM COOTBETCTBHA: OIPH
GoIPMIEX KBAHTOBHIX UYHUCIAaX Pa3HOCTH COCENHEX YDOBHER
SHEPIUH paBHA KJIACCHIECKOHd 9acToTe IBUYKEHUS.

CpenHAA KuHeTHIeCKasd sHeprus. Bripasum cpepHion Ku-
HeTHYeCKY0 3HEPTHIO YaCTALH IPH KBa3MKIACCHYECKOM ABHU-
YKeHOAN depe3 ee TOJHYIO 3HEPIHIO:

| . 1¢ « d? 10
T= 7& @, P*Pudx = — 55 @, 75 Pndr = —2—8 @, k2@, dz.

x
Huddepennuposanne 1Vk B @ = —;—Fcos (S kdr— ;:-)

X
BHOCHUT Majnii BkIag B T. Mcnolp3ys OpPHHOWMI COOTBETCT-

BUAA, HOJy9IAM
X2

Xz
o a2 9 1 _i _—
T——Tgk —k—cos2CDda:— T Skda:~
X1 X1

=F(ntg)a=g(n)T 619

B caygae KynoHOoBCkoro moTeHnmaia mpm ! = 0 ycmosze
KBaHTOBaHUA He copepmut 1/2 m

- 1 de,
T = 'E‘n -d—n .

Ecim npuEATH BO BHUMAaH¥E TEOpPeMy BHpHAIa
- 1 dv

=55
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to n3 (3.19) Mo;kHO HailTd COGCTBEHHBIE 3HAYCHHA 3HEPrud
B KBasmKJIaccmdecKoMm ciayiae. Haopumep, njs oCHHILIATOPA

vV = - —
V~rPuzx g; = 2T, 1. e. T = V. CaegoBaTenrHo,
1\de,
@+ﬂm—%

Pemas 510 ypapHenue, monydmM &, = C (n + 1/;). s npue-
[UIa COOTBETCTBHA Ciefyer, 4To (' = @ — 9acTOTe KJIaCCH-
qeCKOTO MBIKCHES, CIel0BaTeNbHo, &, = (n +1/,) 0. Jlatee,
LA KyJOHOBCKOTo moTeHnuaida mpu [ =0

T=—gV=gngh ta=T—=2T=—5n 5.
Pemenme »Toro ypasHeHmma ects &, = C/n’. Mo Bupean
(cTp. 36), 4To M3 MPUHNMIA COOTBETCTBHSA CIENAYeET C = —1,.

CBA3p KBA3HKIACCHYECKHX MATPHYHLIX JIEMEHTORB C KOM-~
NOHCHTaAMH (I)ypbe KJIacCHIeCcKOI'0 JBUKCHUA, Ces:xeM MaT-

o * o
pUYHEI 3JIeMeHT f(an (z) @n-dx onHOMEPHOW 33189 C KOM-
momentoii (Dypre or kiaccuwieckod Bemmuman U [z (1))
(HampuMep, AMIOIBLULI MATPMYHEIA 3JI€MEHT

S @ 2Py dz

MOJKHO CBA3aTh ¢ roMmoHeHToi (Dypbhe KIACCHUIECKOM KOOD-
nuEaTH gBEAendsa Iz (t)).

[lycts nu n’ He 09€HL CHILIO OTIMIANTCA APYT OT PYyra,
HMMEHHO,

H_’;"—_n_'_<1’ n>1’ nl>1'
Torpa MaTpuYHGIL 2JeMEHT
Upw = S Qv @ridx = Gnlns S T/—k[—j.k: cos @, cos O dxr =
== aﬁs U [cos (D,, — Dy’) + €08 (Dy, + Dnr)] ‘_é% .

Tax xax @, u @, Beauku, TO BTOPOS CilaraeMoe B HOJMHTe-
TPAbHOM BEHID/KESHNH MOMKHO OTGDOCHTH M3-33 CHJIBPHOH OC-
mumaanua cos (O, + @,/). CaeposarenbHo,

2 *n2

Upn =a§" g U(x)cos(CDn—CDn’)d—:.

Xny
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Tax xax

¢ Vdr 4
d z
O,— D~ g —k—a-c—(an —&y) = —s’"—(n —n) S = i,':(n—n’) Z,
n

X,

nl *ny

TO

Tj2

r

U,m'z—;,— S U[x(t)]coszn(n;n)t dt.
0

Wrax, MaTpudHbIi d1eMeHT BeduImEnl U (r) B KBa3HKIACCH-

9eCKOM UpubImKeHHd paBeH (Qypbe-KOMIOHEHTE BeJIHIAHE!

U lz ()]

Kpurepuil IpaMeHMMOCTE TEODHH BOMYIIEHMIi 1A pac-
YeTa He CANMKOM Mannx Belnudu. IIpu BosmymeHu#:m n-ro
COCTOAHAA AUCKPETHOTO CIEKTPA KPUTEPHHA IIPEMEHMMOCTH
TEOPUH BO3MYINeHUH wMeeT BHJ

I
H<LE, ,,
rpe H' — Marpudnmiii aieMeHT BoO3MymeHusa, a E,, =

=E,— E,. 3gecs E_ u E,, 03HATAIOT 6mKalimae YPOBHH,
IJIfl KOTOPHIX MATPUYHEIA 3JIEMEHT Hnm Be Max. Tar kak

dE, E,

~ ?

dn n

E..~

Tl n — YHACIO Y3JI0B BOJHOBOH (yHKIEH, TO 2TO YCIOBHE
cBOAMICH K

(3.20)

B xBasukiaccmueckoMm ciiydae n > 1, u aro ycioBume mo-
JKeT He BHIIOJHATHCA. [loraskeM, 9T0 AIA BHYIHCICHAA He
CIHITKOM MAJIEIX BEIIMYHMH €ro MO)KHO 3aMeHATH 50JIee MATKAM
yCIOBHEM:

2 <. (3.21)

Ilna pnoxasaTelbCTBA JTOTO YTBEDIKjEHAA DPacCMOTPHEM
MaTpuaHbii  aaemerT U, = (@, ] U| ¢n). Hycrs U (z) —
miasHad ¢yprmusa. Torma U,,, = 0, aump Korna n m m
MAaJI0 OTIAMYAKTCA APYL OT Apyra (WHade y IOFAHTEr paIbHOR
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dyuxnmEE 6yger MEOTO y3I0B). BoCcIIoab30BaBIIMACL KBA3HKIIAC-
CUYeCKOME BOJHOBHMEM (PYHKIMAMH, WMONyIaeM
__Gna dz
Upm =~ 2"‘ SU (x) ETa {cos (Dp— Dy,) + cos (Dn+ D)}
(3.22)
Bropoe ciaraeMoe B IOTMHTEr PaIbHEOM BHpaskenuns fIA Upp
ocnmaupyer (n + m) pas, DO3TOMY €ro BKJIAJA0M MOKHO Ipe-

HeOpedb.
Ilycts Temepp x mortemnmaxy V (x) mobaBisercs Manas

penmumHa H’' (x). Tax kax k, = V2I1E, —V (2)], To
Ak, = V2B, V@) —H @) —V2E.—V @) ~kin',

cnenoBarennro, Ak,/k, ~ H'/ky ~ H'/E,, eciua V Be Gius-
ko x E, (mmage kBasukiaccuxa HempuMenmma). CiepoBa-
TenbHO, yeiaopue Ak,/k, << 1 sxsuBanesrso H'/E, <1, 1. e.
n3MeHeHHeM k MOKHO mpeHeGpeyb NP BHIOJHEHAW YCIOBUSA
(3.21).
X
IIpu srumciaennn gass O, = S k,dx — - oTOr0 HEMB3SA

4
*n1
X
H’ H’
menarh, Tak Kak 60@,~ \ 6k,dzx =~ E—kndx ~ N, Tnen —
n n
xnl
H‘I
qucino ysnos. Iloaromy yemosue 8@, <L 1 osmagaer —n < 1;
“n

OTCIOfd ¥ BO3HEK KPHTEPHIl TEOPHH BO3MYMEHHIA.

OpEaxo MH BHAEM, 9TO AJd BLIYHCIGHHA BelwdmH, copep-
mamux @, — @, wpu |[n — m| ~ 1, msMeHenue pas-
HoCcTH (a3 HEMeeT HOPANOK

H' H'

8 (D, — D) ~ E—n(n——m)~E—n .
CiemoBaTelbHO, M3MEHEHM® GOJBIIAX MaTpPUYHHIX 2JeMeHTOB
U,n TUDE BO3MYMeHWM LOTeHNuaja Ha Benmuuny H' (z)
onpepenserca yexosnem H'/E, << 4, uro m HymHO Gbino mo-
KazaTh.

Ecim |n— m| He Mamo, TO H3yJaeMbll MaTpPHYHEIA
sleMeHT Mai u3-3a ocnmmianui cos (O, — D).

BhisicHEM, Kax N3MEHAETCA KBABHKIACCHYIECKas BONHOBAA
$yuxnma ¥ = AeiS npm fobasienun Manoil Bexmanssl H' (x)
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g norennuany V (x). Usmenenne A ompejeindercs BeaamHON
H'/E, nockonsry A ~ A/V'k, a Ak/k ~ H'/E, rax yme G-
a0 Haiigeno. Ho § = Skdl, mootomy 65 ~n —E—’ , Tak aro 6.5
MoyieT OHIThb W Gombsme 1, xora H'/E << 1. lsmenenune ¥
npa nobarmesnn H' pasmo:

‘F-}-G‘Fz‘?eiﬁsz‘l"exp(i&

H'dzx
)

Bosmymenne, Br3mBaeMmoe gedopMmandei Apxpa, He yHoB-
nersopsier kpurepuio (3.20), Ho KpuTepumit (3.21) BumomHsA-
ercd. B aroMm ciysae A He 0YeHB MAJHIX BeJIMIMH MO)KHO
MOJNIB30BATHCA Teopueil Bosmymenmit (crp. 84).

Boruncnerne MAaTpHYHBIX 3MEMEHTOB B CIyyae CHIBHO
ociapyomnx Qyremuii. [IpegmomoxuM, uro Tpebyercs
HaliT® MaTpPAYHBIA 3JIEeMEHT

L]
1=\ ¥{@)/ @) ¥ @) de,

—-00

rae f () — MepJIeHHO m3MeHANmMasACH QYHKIAA, He AMEOmas
ocobernocTeil B6au3u BemecTBeHHOM ocu. IlycTh cocroammsa 1
¥ 2 CAJNBHO OTIMYAIOTCH WO HEPIUH H, CIE0BATONbHO, MOM-
HHETEerpanbEasd (QYHKI#EA CHIBHO ocHumiaiapyer. Marpuannie
3JIEMEHTH TaKOr0 THIA BO3HHKAIOT B 334ade O BO3OyxnigeHAM
CHCTEeMH HpoJeralomesl wacruneil. Mel BUjeld mpH paccMoT-
pesus nanexux KoddpdunuentoB Dypre, 9T0 >TH MaTpPUIHLIE
BIIEMEHTH SJKCHOHeHTMAILHO Made. Hark Gymer moxasaso,
BO MHOTUX CJIydaAX MaTPHUYHHE 3JIeMeHT OHmpejelIAercd Io-
BepeHneMm V;, W, BOau3u 0CO00¥ TOYUKM HOTEHNHANA B KOM-
IUIEKCHON miockocTd r. BOamsud »roit 0co6oil TOUKE KBa3d-
Kilaccnueckoe HpubimKeHdAe HEIPAMEHHMMO, M [JIA HOJIyde-
HUA KOJA9eCTBEHHOTO pedyibraTa Tpebyercs CHINTh TOYHOE
pemeHne B6IU3YM 0€000H TOYKEA C KBABHKIACCHICCKHMM BAAJM,
¥ TOJILKO HOCJIe 3TOT0 IPUMEHATH MeTOof IepeBaia, KOTOPHM
Mol Gynmem HwXKe moib3oBarbes. OpHaKO Takoe yTOYHEHHO
TOBJIXAET AL Ha GACHCHHNA MHOKUTENb B I PEASKCIOHEH-
muanbHOM BhipaskeEnu. Iloxasarens sKCIOHEHTH U HOPALOK
BEJIMIMHE TIPEIIKCIOHEHNUAIBHOT0 MHOMKHATENIA MOTYT OHITh
HaljieHH ¥ C MOMOINbI0 KBa3WKIAaCCHUECKOr0 IPUGIMKeHMds.
C avamoru4nbIM 06CTOATEIHCTBOM MH CTONKHEMCH HIUKE B 3a-
Aade o HapbaphepPHOM OTpayKeHH .
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Urax, BospMeM ¢ynxmuu V;, ¥, B KBaSHKIaCCHIOCKOM
gpufIImKEHAW ¥ LOCTAPAEMCHA MCHOIb30BaTh METOX mepe-
pana (Jlammay, 1932). Bymem cuuTars QyHEKROUE v, ¥,
BEIECTBeHHEIME ¥ HOPMEPOBAHHHMHA HA eJWHAYHYIO aAMINIH-
TYAy UpH I — 00

X
4 Ey, e fi 1
lF1,2 = \ VEI,Z ~ Vie CcoS ( g kl’gdx —_— 'Z') .
»

x>a
1 a2

Touka z = d,,, COOTBETCTBYeT yciosmio E;, = Vi, Paso-
6pem ¢pyERmEI0 ¥, Ha (BA KOMILIEKCHO CONPSKEHHEIX CJIarae-
Merx ¥, COOTBETCTBYIOIEX ACHMITOTHYCCKHM BEIPRIKOHHAM
Yt~ ¢iS, Wi ~ ¢S, Marpuupnpil dJeMent I ompepeanrcs
kax cymma muTerpanos I+ 4 /-, Ecun E, ~> E,, To IpHA BH-
ypesennn I+ MoxHO AedopMUPOBATh KOHTYP B BEPXHIOW IO~
JYILIOCKOCTh, a IpH BEMmCIeHEE ]~ — B HIKHIOWO. Ieiict-
BUTOJbHO, OpH x —- if QyHKOUA exp iS; —exp (— ]/ZEIE),
TOTHA KAaK pacTyimee Claraemoe B ¥, copep:KaT exp V2E2§.

Haitgem maTerpad I +. Hax MEl Bujesd Ha CTp. 128 B Bepx-
Hed MOJYIJIOCKOCTH HMeeM

4/ 1

1 ! Y VA Y
TI=_2_I--V Vl—__—Eexp VZ (Vl-—'El)dZ,

ne .~ 8

— az
1 Y7 I, Y e
¥, = l,/mexp (-—-S V2(V.— Eo) dz).
z
Tlpn BemecrBeHHOM z Gepercs HOJI0KUATeJIbHEIA 3HAK KOP-
Heil. Bripasxenme piasa [+ mpuHAMaeT BHJ

A
It = Yk dz exp @ (2),
4 S Y V=) (V:— B3

rae
@ (z) = S’V2(V1—-E1) iz —\ V2V, — B dz.

z z

Ina opmMeHeHuA MeTOna LepeBajla CIeAyer HaiTH O6JaH-
RAMMYI0 K BENIECTBOHHON OCH CTANMOHAPHYI TOYKY (Toura
SKCTpOMYMA MOKABATeNs DKCIOHEHTH) W 3aTeM HPOBECTH de-
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pes Hee KDHUBYI MOCTOAHHOM MHEMOR dacTnm IOKa3aTels
SKCIOHEHTH. BJ0Jb 3TOil KpHMBOil, KaKk 9TO JIETKO BHUJIETh H3
coorHomeHuit Homu, BemecTBeHHAA TaCTh MOKA3aTels yObI-
paeT B 06e CTOPOHH OT cramuoHapHoil Toukd. Cienyer yGe-
JATHCA, 9TO KOHTYP MHTEIPHPOBAHMUA MOKHO COBMECTHTH C
KPHBOil mOCTOAHHON MHAMO® 9acTH, He 3ajieBasg 0COOHIX TO-
geK (B NPOTEBHOM Cirydae MPHUAETCS A00ABUTD elie WHTer paibl
oo umeriaM, obxomsumum ocodsie Toaknm). Ilocae Taxoit gedop-
Mandd KOHTypa 3HadeHAe HHTerpala oupeneilserca obia-
CTLI0 WHTErpUpoBaHUA, OpHIeraomedl K CcTaludoiapHOH
TO9Ke, 1 B mpocTeilmem ciydae cBogurca k l'ayccoBoMy mH-
Terpaiy.
CranuoHapHag TOYIKA OLPeAedaeTCa COOTHOMEHeM Cfl—? =

nim

VV1 — B, = VV2 — £,

Ilpegmonoxum, aro obe W-Qyurnuu COOTBETCTBYIOT NBH-
MEHMI0 B OJHOM U TOM jKke moremrmaite V, = V, = V. Torga
CTan@oHapHasA TOUK: Z, COBIAajfiaeT ¢ TOUKOM, rae V (z,) = oo.
Buarogaps sToMy 06CTOATENLCTBY TPOIERYPa NPEMEHEHAA Me-
TOJld HepeBajla HECKOJBKO W3MeHserca. llpegmomosxuM, dro
zy ecTh moamoc V, T. e. V = A/(z — z;). llokasareas axcmo-

z—Z¢
HeHTHI BOAM3HM CTAMUMOHAPHON TOYKH HMMeEeT BHUJ

z

@) =D @) —VE\ VT—E—VV—E)d:~

Zo

~D(z) + 3—372: EL‘%& (2 — 7).

Toduka 2z = z, ABIAeTCA TOIKOH BeTBIeHMS QYHKIHH
® (z). Yrobu cpenats @ (z) ogHo3HATHOI, TPOBENEM DPaspes
OT z = z, A0 2 == ioo. llpu E; > E, ¢pyuxuua @ (z) ume-
eT OTpPUNATENbHYI0 BemeCTBeHHYI0 dYacTh H exp @ »sxero-
HEHO@aIbHO YyOuBaer upu Im z — oco. llpm Gomsmux z,
D (z) —»i(l/2E1— V2E,) z u Hamamo ® KOHeL KpHBOi
Im @ = const mayr nDapajienbHO MHEMOA ocu. B Todxe
Z = Z, Kp#Basg TMOCTOSHHOH MHHUMOW YaCTH MMEeT H3JIOM.

HeificrBaTensHo, paccMOTpUM CHadana Caydail, Korga
BEYeT A — TOJO0KATEIbHOE YHCI0 (HAIPUMED, NJs KYyJIOHOB-
CKOTO moTeBnuala, xorga A = Z). Ilycrs E, > E,, torma
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KpEBasA mocTosAHHOH MuuMoll dactu @ (z) B6aH3E z, ompene-
AAercs TPeGOBAHIEM OTPUIATEIbHOCTH BEIMIMHE (2 — Zo)* =

s fad 21
= pe?, orkyma Y =k3 -

3amermmM, aro mpa A > 0 yrau cilegyer OTCIHTHBATH OT
JAUHEA, HA KOTOPOH (z — Z,) BEMECTBOHHO H IOJOKUTEIPHO,
nockonbky JV — E To OLpefeIeHmI0 TONOKHATENIeH HpPH
BeIeCTBEHHOM H IoJjokmTenbHOM V — E.

Hpumepesit xox xpusoil Im [O (z2) — @ (z5)] = 0 paercs
Ba puc. 28, a). HmpHas nuEMA H3006pakaer paspes. Korpa

Pnc. 28,

VA — KOMILIEKCHOE 9MCJI0, KpHBasa BOIM3H z, HOBODaYdBa-
Vo
erca. Tak, Hampumep, pAJs DoTeHnmanza V = {55 BBMeT

Vv
A =-2—‘; H, Kak HeTpyAHO BHAETH, KpuBasd BOIM3M z, LOBO-

pavEBaETCsA BOKPYT TOYKH z, Ha yroa —i/6.

Jlis mosACHeRWst MeTORa ImepeBajia IPEMEHUTENBHO K pac-
CMaTpUBaeMOMY CIydal0 3aMeTuM clepyiomee. Pasymeercs,
HHTerpaj 00 KPHBOA HOCTOSHHOM MHMMON JaCTH COBHAjaeT
¢ EHTErpajoM Lo KOHTYDY puc. 28, 6), MOCKOIBKY OJUH KOH-
Typ MoXkHO medopMEpoBAaTE B JPYyroil, He 3ajxeBas 0COOBIX
rogex. OHAKO METErpai IO STOMY KOHTYPY He OLIpeNesNsercs
OKPEeCTHOCTHIO TOUKH Z, U IOSTOMY HE MOKET GHTH BHYHCIEH
B o6meM caydae. JleficTBuTeNbHO, HA IPaBoM Gepery paspesa
Y=mn/28(z — zp)* = p'hr ( cos % 4~ isin %) . [Tockoabky Be-
mecTBeHHAs dacTh MHOKasaTelsd OTPEIaTellbHA, WHTErpall
OIpeeIAeTCA OKPOCTHOCTBIO TOUKE 2z, OpEako Ha JjeBoM
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3 b 4 P
Gepery P = — —2— . u (2 -— %) e = pthe (cos 71 smi[:-) , Be-

HiecTBeHHAS dYacTh TOKA3aTelNd NOTOMKHTENbPHA M WHTErpal
onpenensnerca noseferneM @ (z) BHaIm OT TOUKH Z,.

Unrepecyonmii Hac murerpan I+ ompepneiasercs oKpect-
HOCTBI0 TOYKH 2z, U MO)KeT OHITH 3ammCcaH B BHJE

4 e
FiE o "
It~ ‘:—ﬁ_l—zeo(zﬂ)f(zo)s dz (z — 2) X

o B[t () et

rge o = — Ey).

2
Mu McHoJIp30BaJId HePBLEe ABA WIEHA PASJIOKeHUA MOAMH-
TerpasbHOTo BHpaskenms BGmm3m z,. MurerpmpoBaHme
0 KpuBo# ToCcTOAHHOH MHEMOHE Wacrm BOIM3EM Z, COOTBET-
CTByeT saMeHe z — z, = pe€i¥ m z — z, = pe'¥: po ® mocue
2n "
usioMa, rue Py = — -3 Yo =3 - IlepBriif wieH B KBaj-
paTHO# cKOOGKe WOANHTErPaJbHOTO BHPKEHWS, KaK JIErKo
BHAETH, BEIAJaeT (COOTBETCTBYIOMIME MHTETPAJIE §O M TOCIe
m3jJoMa B TouHOCTH corpamalorcd). Iloxygaem

A Byt Ba . (AP AN 10 e s
It = L_V‘T;_eom)f(zo) [_‘_"“__ + <J£7>Z°]S e-xpiindp,
0

4 ZA
nin
l/s
L (Bt Ea | (af 1\ ] __A° D(zo) |
1 I/-EIEZ [___—4A + (;i—z —f—)h] (El _ EZ)B/‘ f (zo) e

AnanormuHo BHmciaserca [T, COOTBETCTBYWIUA KOH-
TYp UHTerPHPOBAHAA JEKAT Termepb B HIGKHEHE HOJYIIOC-
xoctu. Ecim f (z) Bemecrsenna, 1o I~ = (I')* m, caepo-
BateasHo, [ = 2Re/*. Hpurepuii DpHMEHAMOCTH NOJY-
4eHHOr0 BHIPAKEHHA oupemeldercA W3 YCIOBHA MAJOCTH
clenylomux wieHos pasnokesna @ mo z — z,.

Haiigem @ (z,) AnA ABYX clydaes: A ciaydad KyIoHOB-

CKOT'0 moreHOwaJa V =~ U A TOTEHIIHAJA BHUpa
R

Vr (1’) = -—-—VO

4 6m(x’—-a¢) ’
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Ipn aa® - oo norenmuan Vg mepexofmt B OPAMOYTOABHEI
6apbep BHICOTH V) m NIMPHHE 24g.
a

Beraucamm cmauanma Beivuuny @, = S V2V —E)dz.
Zo
Beenem mepemennywo &= E/V. Torma @, sammmercs B Buje

1
V3E 1 dg
O =V2E SVi_ gh dgjdz

0

B cnyqae I{YJIOHOBGI{OI‘O moTennuaia mmeeM z, =0, § =
1

u, caemoBarensHo, @ (0) = — nZ (% — E) .

E

=—2 (I)
Z Ly 1— V—

B cayuae morenmmana Vpy Guwxailimas K BeleCTBeHHOH
oct ocob6ad TOYKA B BEePXHEH MOJYMJIOCKOCTH eCTh HOJIOC,
KOTODH# oIpenenseTcss yCIOBHEM

a(zf-aﬁ)
e = etin,
Ilpegnonaras, aro aa® > 1, noayvaem

it
Zozia—i“m.

Rax MLI yBEAEM, HamOOJBNIMA BKJIAJ BHeCET MOJIOC
Zy =04 + . B6au3m sroro moamca mepeMeHHas § cBA3aHA

C z COOTHODIGHEGM

E =& (1 4 efe-o),
re §0=%, B = 2aa.

Iaa @; monydaem
1 _
_VZE 1 9
T3 S]/E =%

JLns BRIUMCHeHIA 3TOTO HHTErpana 0603Ha UM 'l/—- — 1=

= { m npengmonoRmM, aro £, > 1. Hmeem

.l/ _9 ¢ t2dt
g g i 50’ § (113 1 —8%01+13)
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Iepeiimem K WHTETPEPOBAHMWIO OT — 00 KO -+ 0O U CHBH-
HeM KOHTYD B BEepPXHION moiymiockocts. Murerpasa cBo-

. . 1
AETCA K CyMMe BRYETOB B IOJI0CaxX £ = [ Ml = L]/ { — —.

Eo
I=nm ]/ _1_ )
( ! Eo 1)
oTkyga moiydaem @, mpu §, > 1 (E > V)
a V2 e -
©, =2V (VE=V, - VB).

K cayuao V, > E caegyer mepexoiuTs, ABUTasgch IO
OKPYsKHOCTH BOKpYT Toukum E = V, B BepxHe#l moaymmoc-
Koctm, T. e. sameHas E — Vy Ha | E — V,|ei". Iloatomy
npu E <V, HaxoguM

0= — 22 yVE+ 2 YT —F.

Korma o6a cocroauma ¥;, ¥, EMeoT pHeprumio, MEHBIIYIO
g9eM Bricota Gapwmepa (E,, Es <V,), @ (z,) pasHO
D (z) =

- VYR Y B+ T B - VT .

CymecTseHHO, 9TO B OTJIHUME OT KyJOHOBCKOTO Ciaydas
OKCIOHEHIMAJBHAH MAaJOCTh MATPHYHOIO 3JeMeHTa ompe-
aelidercA He NPOMUTAeMOCTHI0 Bcero Gapbepa, a HPOHHIae-
MOCTBIO Y3KOT0 IepexofHoro cxos mupuaoit ~1/8. Ilpa f — oo
ocofasg TOYKa IepexoguT Ha BeIeCTBEHHYI0 0Chb M MaTpHi-
HHH 2J6MeHT CONEP/KHT TOJBKO CTeIeHHEe WIeHH (HeT
9KCIOHEHI[NAJABHOA MAJOCTH).

Hpoxoxnenue depes Gaphep. BosmoKHE nBe MOCTAHOB-
KH 33ia9¥ O NPOXOMKJEHUM 9YaCTUIH depe3 MOTeHNMAJIBHEIN
6aprep. OgHa ®W3 HUX COOTBOTCTBYeT clydaml, KOrja Ha IO-
TeHNUAaJbHHEE Gapbep TagaeT CTALMOHADHEIA HTOTOK YaCTHIL.
Tpe6yerca HaifiTH aMIVIATYAH NPOXOfAMed W OTPAKEHHOH
BoaH. Du3vdgeckmM mpUMEpPOM MOKeT CIYKHTh 3afada O XO-
JomHOH 2MHMCCHM 3J6KTPOHOB MeTajda IIof ACHCTBHEM IpH-
JOKEHHOF0 K MeTajJy dJieKTpuuecKoro mois. DBosmmraer
CTAHOHADHHIA IOTOK 3JEKTPOHOB, IPOXONAINMX Yepes3 mOTeH-
muaxpHE Gapbep (cM. OpejiaraeMylo HIUKe 3a4ady).

Haxonmm
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Jpyrasg mocraHOBKA 3afady COOTBETCTBYET CJIydUaio, Kor-
Ja B HAYAJbHEI MOMEHT BPeMEHM dacTHLA HAXOAMTCA BHY-
TPH NMOTEHOMAJBHOM sAiMH W Tpebyercd HAWTH ee COCTOSHME
uepes3 BpeMA £, T. e., B JaCTHOCTH, aMIVIATYAY BEePOATHOCTH
ee obHapyskeHus depe3 BpeMs { B HAUaJBHOM COCTOAHHH.
QusuueckuM IpEMEpOM sABiseTcsH 3ajada . o6 a-pacmage,
KOTHAa B pe3yibrare Kakoi-imbo sgmepHOH peaknuH BO3HE-
KaeT MaTepwHCKOEe AMpPO, KOTOpoe 3aTeM paclamaercd Ha [o-
4epHEe W O-FacTULy *).

Pacemorpum cHadasa cranmoHapHY0 IOCTAHOBKY 3a-
maum. Illpemmomoskum, wro wactumm mamapoT ciesa. Torpa
penieHne HpH & — -k 0o MMeeT BUJ

P = eihr g gemikx,

Koo¢pdummenrsr ¢ w b (aMmImTygs oTpa)keHHoOd ¥ TpPoxo-
AAmek BOJH) CBASAHE COOTHOINEHWEM, BHTEKAOIEM N3
3aK0HA COXpPAaHeHHA T@CIA JacTull

1—Jafp=|b[

IIpuz mamoit mpounmaemoctm Gapsepa (| b | —- 0) pemennme
cieBa oTr Gapbepa 6iamsro K crogueidr BomxHe. Mwl mpesanoso-
JRUAM, 9TO TOTeHOUAN HOCTAaTOYHO OnicTpPo YyOHBaeT Ipm
Z—> 4+ oo. Ecam moTeEmuan crpeMuTca K DPasHHM 3Hade-
HEAM OpH £ —> o0, & —> — 00, TO egUHCTBeHHOe N3MEHEeHue
COCTOMT B TOM, 4TO EMOYJIbC OpOoXomAmed BOJHH OTAHYaeT-
cA OT HMMIyJhca TAfA0Med, ® yclIoBHe MOCTOSHCTBA TOKa

kl
macr 1 —|af=]0b 127 , Tme k' — IMOyIbCc TPOXofAsuiei
BOJHE, a &k — majaromeil.

Kosgduumenrsr ¢ m b MOKHO TONYyYMTH, CINABASA KBa3m-
KJaccUUeCKHe pelleHHsA BHYTPH ¥ BHe 6apsepa ¢ TOMOIKIO
dopmya (3.9), mpmeegenunx Ha crp. 127.

OdeHs moJe3HO cHadaka HakTH KoapdumueHTH a4 B b
IaA caydas TpAMoyroabHoro Gapwsepa. XoTA aTa 3ajada
pelmaerca Bo MHOIHX KHHTax IO KBAaHTOBOH MeXaHWKe, pe-
KOMeHfyeM 4HTaTeJi0 MpofelaTh dTO BHUWCIEHHE CAMO-

CTOATEIBHO.

*) J7a mocTAHOBKA BONpOCA BIEpBHE aHAJIM3WpPoBanack B paGote:
H.C. Kpunos, B. A ®ox, HITP 17, 93 (1947).
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Paccmorpmm  caywait  ciaafompommmaemoro  Gapmepa
(| 8] > 0). Hax Bugno m3 dopmyx (3.9), pemenme BHYTPH
Gapbepa mocae CIIMBRE HA IpaBodl rpammme (cm. puec. 29)

nMeeT BHUE
Xg

;f,, :b;%]/l_ol %{expi’lkldx—}—%exp(—g |k|dx)},

x x

rae k, — mMIOyabc Ha Geckomeunoctnm. BOamsm z = x, BrO-
poe caaraeMoe Oyjer SKCHOHEHNUAJBHO MeHbIIe HEPBOTO W,

Puc. 29.

clemoBaTeabHO, MajJo IOBJAMsAET HA yCJA0BHE CHOIMBKH HA I'pa-

nume I, II. Wsobpaskaa pemeBme BHYTpE Oaphepa B BHAe
x i x

—V—f:_—k_l exp (— &{kldx) , TTe sze—l_:-]/k_oexp (§|kldx>,

X1 X1
TOJAYy9IAM IIOCJie CIIUBKH B TOUYKe r = Z; pemmeHme CJIeBa

Tpebys, arofn xosduImerT Npn NALAIMe# BoJXHEe PaB-
HAnca 1, moaydaem

|6 = e, [a P =1 —e?,

Xy
rme 1= S | k| dx . Bexmauna e~2Y oOHuHO Ha3HBaercs Ipo-

X1
HumaeMocTbi0 Gapbepa.

ViooMuHapmascsg BHIIe 3agada O XOJIOZHOM 3sMECCHM
JEKTPOHOB CBOJUTCA K BEAMCJIEHHIO TPOHHEIAeMocTH Gaps-
epa, usoGpamentoro Ha pme. 30. Tury6mHa moTeHNUEANBHON
AME IS DIEKTPOHOB MeTaipia jAaercA sexmumuoit Vo, Vg —
pasHoCcTh MOTEHIHATOB MEXAY KaTomoM (MeTalu) W aHOJOM.
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B o6nacru 0 — x, norennnan pasen V (z) = — Kz = — Vx—‘;x
Ipepnaraerca Hafirm OpoHMI@eMocTh Gapbepa.

Iepeitnem Temepb Ko BTopoil MOCTAHOBKe 337aTX 0 IPO-
X0){IeHNE JaCTHIH depes Gapoep. 1IycTs gacTHma B HA9aIb-
HEIf MOMEHT HAXOQUICA B COCTOAHMWE, OIM3KOM K KaKOMY-
60 CTATMOHAPHOMY COCTOSHMIO, KOTOPOEe MONYIHIO0CH Ol
npun HempoHWIaemoM Oapbepe (HampuMep UpH Gaprepe,
OPUDOTHATOM BAAJH OT
AMH Ha BHICOTY 00Jb-
myimo, deM dHeprud B-
Va Jetaomei JaCTHIH).
v ITockoabKy gacTUTA UMe-

eT TOJOKUTeIBHYIO DHe -
>  ruo E,, ee cocroAanue

g Zr Ig
OIIACHIBACTCA CYNEePIO3H-
umeit cobcTBeHHNX QYHK-
A 1Ml CILIOIHOTO CHeKTPa,
Puc. 30. m mpoGieMa CBOZMTCA K

3ajade O pPACHIHIBAHWW
BOJHOBOT0 Takera. Tak Kak cOCTOMHEE ¢AeNadoch HECTAIHO-
HapHHM TOJBKO GIaromapd OpOHUaeMocTH Gapeepa, TO JJA
cnabo mpommmaeMoro Gapbepa BOJHOBOH DaKeT, OTBEYAl0-
m@i# HAYaABHOMY COCTOSHNIO, GymeT pacHJKBAThCA MenJeH-
H0. COOTBCTCTBYIOIHEA TAKOMY COCTOAHWI) YPOBEHBb Ha3kh-
BaeTcst KBasmeraruoHapHmiM (cM. crp. 187).

Pasnoskum HaYadpHOe COCTOAHEE, ONKCHBAIOUIEe UaCTH-
Oy BHYTPH fAMBL, OO0 COGCTBeHHHM QYHKIOUAM CIJIONHOTO
coexrpa

¥, () =\ C(B) Y& (@) dE,

0

o

I \ ¥ (2) ¥r (2)dz = § (E — E).

Boanosaa ¢yuaxiua B moment I Gymer

o

¥ (2,t) =\ C(B)e Bt ¥y (z) dE.

0
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OnpegeruM aMIVIATYAY BEPOATHOCTH HAXOKEEHHA da-
cranu B cocrosuaun ¥, uepes Bpemsa ¢

o0

@)= (¥ (1) Yo(z) :S |C (E)|Pe-E1dE.

0

Kak mu ymamm mwxe (crp. 193) mpm smepruu E, 6aus-
Kot K F,, pyHKOuE COJIOITHOTO CHEKTPa BOAHM3H AMH HMEIOT
BAJ

T. ¢. pa3bmBanTcda Ha mpoudsefieHre QYHKOUM OT SHEPrEm
¥ (E) ma ¢yarono ¥, ONHCHBAWMY® CTANHOHAPHOE CO-
croAHme B ciydae Henmpouunaemoro 6Gaprpepa. Ilpm sTom
Pyurmma y (£) mMeer mOJIOC B KOMIUIEKCHOM miocKocTm K
apn E = E, — il',. lllnpnaa KBasmcTam@oHAPHOIO YPOB-
na I, mpomopumonansHa unpounnaemocTn Gaprepa. He-
TpynHo cBasath y (E) ¢ Bexmumnoir C (E), xapakrepusymo-
mei#t pacmpepgelieHEme HAYAJIBHOTO COCTOSHMA IIo JHEPTHH.
HeitcreureasHo

C(E) = § ¥k (@) Yo (@)dz = " ().

Bepremca x smumcieHumio BeamduHe Z (f), ompepmeisio-
mei#t BepOATHOCTH 3aCTATh YACTHIY B MCXOJHOM COCTOSHHH.
Tar kar ¢yuxmus C(E) mme-
eT IoJI0C BOAWSH BemeCTBeH-
HOI ocum ¥ yXOBJIETBODPAET yc- @
JOBHI0 HOPMHPOBKH, TO AIA
|C(E) ] =|x(E)[|* npubnm- o

JHeHHO HMeeM -
Ty 1 / Tr
k4

\l 2
CBF~ G

Z 2

CMecTuM KOHTYP HHTEIDH- Prc. 31.
poBanna 8 £ (f) B HIDKHIOK .
noaymiaockocrs (em. puc. 31). llprerpuposanme mo yda-
cTKaM 2 paer BRJA[, OKCUOHEHI[HAIBHO WHagaloluii OpH
CMEMEHHN KOHTypa B HIKHIOK Holymiockocrb. Ocraerca
BHYET B HOJIOCE B WHTErpaj Mo OTPUNaTeJhHOM MHUMOU ocH.
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B pesyabrate mMeeM

(o)

2(t) = eBate T — i (| € (— i) Peeidt.

]

IIpu Goxpmux ¢ Bropoe ciaraeMoe ompefensdeTcA IOBe-
peruem |C (E) [° mpm manmx smeprmax. [las Toro, 4ToGH
omennth BeamuuHy | C (E) |* B 9ToM ciayuae, HYKHO 3aJaTh-
¢ CcmocoB6oM NPUroTOBNEHWSA HAYaJAbHOTo cocrodHuA. Jas
oIpeaesenHoCTH GyaeM roBOpuTh 06 a-pacuajie W PacCMOTPEM
RaRyo-Au60 peakmuio, IPHUBOAAMIYI K 06pa3oBaHEI0 MaTe-
PHEHCKOT0 AApa, KoTopoe 3areM GymeT pacmagaThesa Ha [odep-
Hee M a-9acTuns ¢ sueprumeit £,. Hapagy ¢ atum 0ymer mpowuc-
XoguTh W NpAMoe oGpasopaHFe [OYEPHUX Afep W C-JACTHI
B Xojie camoit peaxmuu. IIpucyrcTBue B cekrpanabHOM pasio-

KaK pas ¥ COOTBETCTBYET TeM MOYepHMM AApaM M o-gac-
THTAM, KOTOPH® BOZHHKJIK B IpoIecce OPHTOTOBISHUSA
Ha9adBHOTO cocToguusa (B Xome peakmmm). Ymeao dacTum
¢ sHeprue#t E pgaam oT E, IpoONOpHNEOHAJBHO IpOHEIae-
Moctr Gaphepa e~2YE)y B caydae TpeXMepHOH 3a5adn — CTATH-

JHeHHNU HAYaJbHOI'0 COCTOAHUA (-4aCTHL C 9Heprneﬁ

dk =
CTHYECKOMY BEeCY KOHEYHOIO COCTOAHHUA, T. 6.~ k? B VE.

Ymeno @-9aCTHI MaJoil »Hepruu, BO3HUKINIEX B IIPOIEcce
PeaKnud, papHO

|C(E)|> =AY Ee?®),
IIpn E ~ E 570 BoipaKeHUe J0JIKHO NePeXOIATh B IPABEICHHY IO

Bumie Qopmyiny. Bsogsa Bemmummy I'(E) Mo)KHO 3ammcaTh
| C (E) ? ®Bmme, IpUrogHOM M NpPH MAJEX DHEPIHUAX

I' (£)
[C(E)]P= (E—Eo: 12 (E)’

T (E) ~V EE,evE). )

Tenmeps HOTPYAHO ONEHMTH poGaBodHoe ciaaraemoe B £L.

B cayuae o-pacnajga mpoHmmaemocTh Gapbepa mpum £ — 0
Z i

crpemarca K e 2Y(E) = exp (—2—’-;-—) , moaToMy 1pm ¢ —> oo

HHTErpajll MOKeT OHTH HallleH MeToxoM DepeBaia. Pexomex-
myeTcs umTaTedl0 y6emuThesA, UTO HOPAAOK BeJMYWHE
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BToporo ciaraemoro 8 £ gaercs BeIMYMHOR

= 7% 2wm)*3V3 i
I$1]~VE07/.—GXP[—-(—%—V;‘Z/t/].

Jlna caydas, Korja IPOHEMIaeMocTs Gapbepa mpu E—>0
CTPEeMHTCA K KOHEYHOMY Wpejeiny, HMeeM

|| ~ OV E"

Kak BumHO u3 NpuBeAeHHHX BHpakeHn# gob6aBoqHOe Cia-
raeMoe ONMUCHBAeT paCIIHIBAHEEe BOJHOBOTO NHAaKeTa O-d9a-
crum, 06pa3oBaBMMXCA B XOJe PeaKIuu, W He HMeeT HMKa-
KOTO OTHONIEHHS K NpOLmecey pacHafa MaTepwHCKEX Anep.
Ecan ompepmedsaTh YMCI0 MATEPUHCKAX M [0YEPHUX Afep He
o 9mcay C-4acThI, a,CKaykeM, 0 XaPaKTepy aTOMHBIX CIIEKT-
POB, TO TAK ONpPeeTeHHOe UHCIO MATEPHHCKHX sxep Gymer
y6rBarh mo 3axomy e 2o, [leficTBuTeabHO, €CIH B KaKOH-
an6o MOMEHT YCTAHOBJIEHO, YTO ATOMHBIM CHEKTP COOTBET-
CTBYET MATePWHCKOMY AAPY, TO TeM CaMEIM oIpejeseHa ero
PHEPIHA ¢ TOYHOCTHIO [0 IIMPHHE QTOMHEIX JWHEE 1, cle-
AOBaTeIBHO, B CHEKTPAJIBHOM DPAa3JI0)KEHHH O-9aCTUN, OT-
CYTCTBYIOT CcJaraeMsie ¢ Majoil sHeprueii, T. e. IPH 00Nb-
mux £ ocraercs ToABbKo IepBoe cilaraeMoe &£ ¥).

HanGapreproe oTpaskenne. PemmM 3ajady o6 orpaske-
HUK 9aCTHIH NpPH ABWKEHUM ¢ pHeprmeil, Gojbimeil BHCOTH
Gapbepa, TaK 4TO Be3fe BEIOJHAETCA KPUTePUH KBA3UKIAC-
cudeckoro mpmbamwxenusa. Jlerko ysupers, 9ro HE B KaKOM
npuGIMKeHME 10 uapamerpy KasuriaccmarocrH 1/(kl)?
He Bo3HHKAaeT oTpaskeHHo#l BoxHe. JleficrBuTenbHO, KBa3M-
KiaccmuecKkoe TpHOImKeHyre, COOTBETCTBYOMEe MAyMed Ha-
paBo BOJHE, WMeeT BHf

X

Aexp [i S dex] .

Paznaras eTo pemenme Do cTemeHaM A"/A, moiyduam sciopy
TOJBKO BOJHEI, HOymue BOPaBo.

.

*) Bosee mOAPOOHKIT amaJi3 1 CCHUIKH Ha NTpe/iIecTByIOINAe pa-
Gorm cofepssarcs B cratbe A. Degasper is, L. Fond a,
G. Ghirardi, Nuovo Cimento, 21A, L 71 (1974).



150 TJI. 3. KBABHKJACCUYECKOE IPUBJIHKEHNE

Ilpuauna sroro pesyiabrara B ToM, 9T0 Koaddummerr or-
pasikeHUsA DKCHOHEHNMAJBHO mnapmaer ¢ yBeamdeHmem (kl)?,
MEKIY TeM KaK KBa3WKJIACCWYecKoe PeMeHNe ecTh aCHMIITO-
TAYECKUA PAR M OHKCOIOHECHOHAJBHO Majdsle fo0aBKH B HeM
TOJHOCTHI0 TEPAIOTCH.

ITesecooGpasrno umckath penieame ypapHenma Ipepmn-
repa

¥ 4+ =0 (3.23)

¥ = 'l/%exp(i §kdx>—l~ P,

—_—00

B BHE

roe ¢ — Magasg jfobaBra, cofep;Kamas OTPAKEHHYI BOJHY.
Torma monydaem
¢" + ko = [ (x),
THe
B\ ¢
fl@) = — (]/%) exp[i S kdx].
—00
Bripasum pemieHme 9TOTO HEOFHOPOAHOTO YypapHEeHWMA
gepe3 [BAa pPeIMeHHWA COOTBETCTBYIOMETO OFHOPOZHOTO ypas-
Heaua ¥, 1 ¥y, (W, u ¥y — BOMHLI, HAYIUEe COOTBETCTBEH-
HO BIPaBO U BIEBO):
1 x x
o= 1 {IFI S V.fdz — ¥, S ‘I“lfdx} ,
rae
A= ‘PI‘PZ —_ 11!1\]:;2 = const

— ompepeaunTelb BpoHCKOTO.
Wrag, pemenne ypasueuna llpegunrepa (3.23) umeer Bupg

X

W (z) = Vrgexp [i S kdx] +

+§{\yl S W, dr — ¥, § ‘P’lfdx}.

ITpegesmts mATerpupoBaHUsA OHpPEHEISIOTCA W3 CHSTYIOIIX
coobpa)keHuil: OpH & —> oo HOJIKHA 0CTABATHCHA TOJBKO BOJ-



1. OIHOMEPHAS 3ATAYA 151

Ha, WAyIaA BOpaso; 3sTo obecneduBaercs dynarmueit V,.
IIpn z — — oo ¢yHRIAA @ (— ©00) MOIIKHA COAEPIKATDH
TOJbKO OTpaskeHHYI BoJHY. [eficTBUTENbHO, UpH yKa3aH-
HOM BHIGOpe HHMKHero Iipefena
o0
. s 1 . ‘
¥(z) = eftorinf emine | Wfda
X—r —C0 A
—o0
Tak wag A = consl, MOKHO BHYHCIATHE A mpm = — oo.
Myaxmua ¥, — e, a dynxnua ¥, B cuay manoro .Rosqa-
dumuenTa oTpaskeHN s TPHOIIIKEHHO CTPEMHUTCA K g~ thoxtia,
Orciona | A | = 2k,.
Taxusm obpasom, KodpOUIHEHT OTPAKEHUA

oi ‘I"lfdxr:l—-i—oi ‘P'I/d:clg. (3.24)

—_— —_c

3amermm, aTo B (3.24) He MCHOJb3YeTCs KBA3UKIACCHICCKO®

npuadinKeHne.
Eeun V<€ E, To ms (3.24) momygaerca o6maHas gopMyiia

4

TeopHH BO3MYylleHHA. [leACTBHTONHHO, BEIHIMHA (l/%) =

=— 211//]%_ k' Tak wag k=Y 2(E —V), 10 k' =—V'[k, cie-

7T ” ‘S - v‘/[ 'k ] R
AOBaTeNbHO, [ = — (‘/- ig) P~ %2-31 otid g
“%0
oo
1 e 2
R = w S V7erikex dy
0 —oo

MaTerpupys ABasKAH IO 9acTAM, IOJIYIMM BHIpaKeHHE A
K02(PUIHEHTa OTPAsKeHHA, COBIAfaioNiee C TOM, TTO IOTy-
9aeTCA IO TeOPHHU BO3MYyHNIeHM:
X o
R = llg— g Vez“‘v‘cdxl‘-
0

—00

Benmunra R oupepenserca nopegenem V,f B OKpecT-
HoceTu Gmmxaiimeit k BemecTBeHHoH ocm ocoGo# Toukd. Ilo-
KaszaTelb DKCIOHeHTH B R olpenelAeTcd PacCTOAHAEM JTOH
0coGo#f ToukM Ko BemecTBeHHoX ocH. [liIa HaxoxmeHAs
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UPEeAIKCIOHEHITAIBLHOT0 MHOKATENA HOOOXOAMMO HCIIOJIb-
30BaTh ToUHoe pemenue i ¥ BGamsm ocoboit Toukm *)
AHAJOTAYHO TOMY, KAK BTO AEJaj0Ch IPH CIIABKE KBAa3H-
RIIACCHYOCKHX BOJHOBHX (yBROEH (CM. Tak;ke B3aMedaHHe
Ha crp. 96).

2. TPEXMEPHAA 3AJJAYA

IlenTpanbBo-cuvMmeTpraHoe mode. PaccMOoTpEM KBasm-
KIACCHAIOCKOE [BHOHES® B IOHTPANHHO-CHMMETPHIHOM IIOJe.
IlepemenEre 0, @ B aroM ciyuae OTHeJAATCA OT HepPeMOH-

HOH 7:
qfnlm = Rnl (r)Ylm (9, (P)

PaccmoTpmM cHavajIa PafMaibHYI0 9aCTh BOJHOBOR (pyHKIIUHM.
Brepem ¢ynrmuro
Uny (1) = TRy (7).

W3 orpanmuesnocra R, (r) upm r = 0 cuaexyer, dTO
Uy (0) = 0. Qaa u,;,, Kak wm3BecTHO, HMOJY4aeTCA OFHOMOp-
HO® ypaBHeHHe

Uns + kilunl =0,
rne
kil =2[8nz—V(r)— l—(lz—j;—i—)] .
VYeunosme u,; (0) = 0 coorBeTcrByeT B OfHOMEPHOH 3ajade
GecKOHEUHON TOTeHIUAJNLHOM CTOHK® B Havajle KOOPHMHAT.

Ilpn ypeamaennu ! n sagansom V (r) amMa ma puc. 32, 6 cra-
HOBHTCH BCO MOjbU¢ M B KOHIE KOHI[OB HCYe3aeT, T. 6. IpH
gocraTouHo GojbmoM [ cmcteMa He 6ymeT o6iafaTh AHCKpeT-
HHIMHA ypPOBHAMH. 3HAYOHHAM €,; >( cooTBeTcTByeT CIJOMI-
HOH CIEKTp.

Mopudurangsa DenrpoGesxnoro noteHOuana. Iloxamem,
9T0 UOpPH HCUHOJAB30BAHMM KBASHKIACCHIECKOTO NpHOImKe-
HUA B IEHTPOOEKHOM HOTEHIWANe CJIegyeT IPON3BOCTH 3a-
mery ! (I 4+ 1)— (I 4+ '/,)? (moupasra Jlanrepa).

PaccmoTpuM o6ltacTh BOAMsH Hawaja roopamHat. B aroit
ofjacTn CymecTBeH JHmMb MEHTPoGe:KHHH ToTeHOUAN W,

CIIOX0BATONBHO, K~ ﬂ(ii}_) Torpa % ~ T/WT!:_T—) Hpu se-

*B.J.Moxposckuii, I. M. Xanareukxkos, HITD
40, 1713 (1961).
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dh
Gonbmux I, T 1, T.e. yCIOBM® KBABHKIACCHIHOCTA HO BH-

moJIEAeTCA BOAM3H Hadajla KOOPAMHAT.

Iloxamem, Kak OOJYyYdATh pemeHWe, IPATONHOe BOIM3H
Hadajga KooppmHaT upm Jo6wx l. [{aA sToro B ypaBHeHHH
lpemquarepa mpomsseneM 3aMeHYy He3aBHCHMOH IepeMeHHOM

x

r=e¢*u ¢pyHrmmam u = we ®. YpaBHeHme mHpmoGperaeT

o 1 )2
d:z:z +2[(8nl_v) - (_j:z*/'l]wzo'

Touka r = 0 mepexofdT B £ = oo. YCJI0OBHE KBA3WKJIACCHU=
HOCTH TIPA T —> 00 BHIMNIAMUT TAK:

dr_ d !
dz dz VYo (€ — V) e — (1 o)

~e 0,

d)
Nrax, E<1 HesaBucEMoO oT Beamumunl l. Ecam temeps

B TepMHHAX TepeMeHHo# T chopMyIHpoOBATH NPABHWIO KBaH-

ropanma Bopa, a 3aTem npeo6pasoBaTh eTo K IepeMeHHOH r,

TO oHo HmpuoGpeTer oOHYHHI BHA, ¢ Tol pasHEme#, uTo Te-
111/5)2

nepsnb Vacbcb =V -+ ( _2,;2/) .

Ilocme Tawoil 3ameHH B 3ajade oUpeeiicHUsA DHEPIETH-
4ecKUX yPpoBHedl ¥3 Ipapmia KBaHToBaHuA Bopa rpmrepmit
TPAMOHAMOCTH KBAa3HKJIACCHUYECKOT0 MeTOJa COCTOUT J{IIb
B yciaoBuam n,>>1 (r. e. paguanbHas QYHKIIHA HOIKHA
AMeTh MHOTO y3j0B), a TpeGoBaHudl > 1 Her. Pasymeercs,
upu ! = 0 raxko# mompaBk® [06aBIATH He ClemyerT.

- YpoBHE bdHeprum B KyJdoHoBckoM moie. Haiinem ypoBHE
9HePIHH B KYJOHOBCKOM II0JIe. Y CJI0BY® KBAHTOBAHMA HMOOT

Bup (upum [ £ 0, puc. 32, 6)

max 'l/ 5 (E,. I Z_({ -;—r:/z)z> dr = ( + .%.) .

r

T"min

-

3mech n, — pagmajbHOe KBAHTOBOE WACHO, IFmin, Tmax —
KBa3MKJIACCHUOCKHe TOUKM IOBOPOTa. MH 3aMeHHIN B LPHT-
poGes;xaom morenmmaie ! ! (I 4 1) — (I 4 Y/,)*. g Unrerpaxn
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B JIeBOH dWacTH TpUBELEHHOT0 BLIIIE yciaoBHEA paBell

Zn 1
—_ — {1 -‘—> .
V 2k, ( T3
CraegoBaTedbHO,
Z2
Bn=—gz

rge n = n, + 1 + 1 — ruaBooe KBaHTOBOE UHCJIO.
IIpm ! = 0 (puc. 32, @) IeBasA TOYKA MOBOPOTA Tmin = 0
M coBmajaeT ¢ 0coloi TouKoi ypaBHeHHA, T. e. B obiacTy

Vy(rs Wir

O S — 4

L#0
a) hh

Puc. 32.

JIeBO TOYKH IOBOPOTA TOTEHIHAN HOJIb3A 3aMEHHTH IPAMOM
Ampvel, kKaK Mbl fenajm Bemre. IloaToMy yciIoBHe CIIMBKA
Ha JIeBOM Kpaio M3MEHHTCH.

Ilas BaxosgieHMs ODHEPIeTHUECKHX yDOBHeH NpH =0
HY)KHO Ha#iTH ToYHOe pelneHue BOIA3N 0co60H TOYKH W CHOINTH
ero ¢ KBABWKIACCHYeCKMM pellenieM BJAJH OT Hee.

Ilns GoapmuX KBAHTOBHIX Ymcel (T. €. DHEPTUH, GIn3RHX
K HyJ0) BOJHOBaA QYyHKIUA B KYIOHOBCKOM Ioje C =20
mmeer BuUg *)
wJ1 (V8Zr)

Vir
IEe a; — HopMmpoBouHm Koaddmmuent. Ilpm r>1/Z or-
cloga HAXOguM

Rng = aIZ.I

cos (V' 8Zr — 3/am)

r’l 4

Rno == ao

*) J. 1. Jamgay, E M Jlun ¢ m uy, KpaETOBas Mexa-
gmKa, ®maMarrms, 1963, crp. 153.
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C npyro# cropoum, muas R,, MoKHO HammcaTh KBasH-
RIACCHYECKOE PpelleHue

,
cos ( p,dr——Cm) -
R § ! cos (V' 8Zr — Cin)
nyg —/ a2 — = a2 —= .
r Vo, r Vo,
Takum o6pasoM, spech mosBisercs fasa €y = 3/, x BMe-

cro !/, & B 0o6bruHOM cliydae.
Oyarmua R,, Moxker OHTL TakKe 3amncaHa B BUpe

Tmax
cos( j\ prdr-—n/4)
T
rVp,

31ect rya.« — IpaBas Touka nopopora. Ms yciopua opHo-
BHAYHOCTI, TAK Ke Kak ¥ B 3.1, mojyJaeM IPABMAI0 KBAHTO-
BallMsI

Ry =a;

Tiax

S p,dr = (n, + 1) = nx,

0

Ifie n — TriaBioe KBAHTOBOE TUCIO.

Buunciieane uirrerpaia gaer

Epem — .
2n2
Kag Mpt BujuM, B DTOM cjiydae KBas3uKIaccHmieckoe mpubiu-
keHme (TaK e KAk W B ClyJae OCHMJLIATOPA) gaeT TodHELe
YPOBHU JHEpPTU.

KBasuxiaccuueckoe upejcTaBlenne cepauyeckux Qynk-
nmii, Jlndg BrUMCIeHHA MATPHIHEX HIEMEHTOB (QUINIECKAX
BeJquupH npy 60JBIIAX YTIOBHX MOMEHTaX [ yno6mo mcmoib-
30BaTh KBasWKJaccHdecKoe INpefCcTaBiIeHMe A cdepmdec-
KONl {yHKIHA:

. 1 .
Y im0, @) = Vo P (cos 0) gt
3necs P, (r) — npucoexnHennndt moiaunom Jlesxanapa, yAo-
BRIETBOPAKMMN ypaBHEHUIO
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Baegem ¢pyarmmo 4, ():

Pipz)= V1 ).

Torga pusa ¥y, (z) nmeeM

(=) B (@) +[10+ 1) — Tz | Fum (2) = 0.

PemeHne 9T0r0 ypaBHeHHAA ¢ TOYHOCTBIO HmopsAxka 1/12 mo-
7KeT GHITHh HalEeHo B KBasHKJIACCHIOCKOM BHHEE

O () = —1%;005 (§ kdx—%) )

X1

=[(r2) -

B Ttourax z,,; BeamumHa k (r) obpamaercA B HyIb, T. €.

—_ m2
:1:1,2:—{—]/1—(1—_!_—_—1/7)2.

Mp samermiam sgech I (I + 1) — (I 4 /5)?, wumea B Bumny,
9T0 KBa3WKJIacCMuecKoe NPHOIMsKeHHMe NDHMEHAMO € TOd-
HocToio fo 1/1%, a me 1/ (cm. crp. 131).
Koaddumment a onpemeisierca W3 yCIOBEA HOPMUPOBKH
mpucoeNUHeHHNX moiuHoMoB Jle:xaHppa:
1
S P%m(m)dx = 1’

-1

e

k?(z) =

20" 1 4 e 1 o

a T a

Tgi_'_—ﬁf_i__z—___l'ﬁgkdx'
Xy l+2 X

X3

Brrurcanm S kdzx:

VY T 3) = ] e = (il )

(3.25)
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ITOT pesyIBTAT CJIE0BANO OKMAATH, TAK KAK WYHCIO Y3JIOB
Pun (¢), ®ax msBecTHO, paBRo I — | m |
s (3.25) Baxommm

Xz

2 {kar—n
Xy
CireoBaTeapHo,
gt 2t
n

OxroHuaTebHO MMe6M

le(x)xlz<xz-l/21:1 V11;¢ V_cos (i kdx —— e ) ’

1 1\2 m?
k:w—_—ﬁ]/ (l+7> =z

HBasmriaccmdecxoe IpejcTaBileHHe cepuIecKux (QyHK-
M To3BoJAST UPHOIM;KEBHO BHYHMCIATH CYMMEI BHA
!
LE)= 2 |Yin(6 @)D (m).
m=—1
TleftcTBITONBHO, HCIOIB3YS YCIOBEE KBAHTOBAHEA (3.25) n 3a-
MOHAS CYMMHPOBAHHE HHTEIPHPOBAHHEM, IIOXy4aeM

rfe

(I+'12) | sin 9 |
I,0) = Lt @ (m) dm _
l( In2 e
—(+Y2) | sin®l (I 415)sin® ]/ 1-— TF72si2 0
1
11
- ‘!;nf g = @[t (L + /2) sin 0.

B uacraoctn, gaa @ (m) = 1, m?, m* HaxommM
!

1
o LFYe (_dt 2041
L

l

1
: 4 ¢
z ‘YIMlzmz— 2n2 S V1

M=

-2 (1 4 12)? sin® 0 =
_ Ot +4;/ 2 sin? 0

*
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l 1

3 It — LA dt 4 1/ Vaind —
Z-I I Ylm I m o) _gl V,Ct_z t (l + /2) Sin el 5
— 3ULYP ginsg,

16

M=—]

KpoMe TOTO

L+ )2

1
| Prnatdz = 3 (1= o) -
]
PeromenpyeM gmTaTenio ¢ noMomibio 3TAX GOPMY.T BHYAC-
auTh ypoBEHH AedopmmpoBanHoro Axpa (cM. 2.2).
Pacupenenenme Tomaca — @epmm s artome. [laa mo-
TeHIMAJILHOA 3Heprmm V JIEeKTPOHA MOJKIC HAOUCATH Cie-
Ay0Iee DJIOKTPOCTATHIECKOE ypaBHOHHE:

AV = — 4np, (3.26)

rie P — MIOTHOCTh 3JeKTPOHOB B JAHHOU TOUKe. JTO ypas-
HeHHe — OpHOIM;KEHHOE, TAK Kak HA CaMOM Jelle ©UMeeM MHO-
ro4acTHYHYI0 3aKady — AAPo W Z 3JIeKTPOHOB, I IOTeHIHAJN

z
Z 1

V(r, 7'1)=——,—~+.2 =77
i=1 ¢
eCThL 0IIepPaTop, a He 4ucio, T. €. V 3aBUCHT OT 3JIEKTPOHHHX
KOOPAHMEAT, B To Bpemsa Kaxk O, ogeBunHo, ner. CiemoBaren-
o, morennuai B (3.26) ecrb 3HadeHHme WMCTHHHOTO IOTEH-
1ala, ycpegHeHHoe IO [BMKeHHI0 BJIEKTPOHOB.

IlocxoabpKy dacTum MHoOTo, To OTKIOHeHHmA V (r,7;) or
V() 6ynyr B cpepnem maust (XoTa ¢opmanbro V (#, 7;) Mo-
JHeT NpUHAMATH Ji6me 3HadeHms). Ypasuenme llpegmmre-
pa ¢ TaKHM yCpPefHeHHHM IOTEHIMAIOM HMeeT BUX

AY +2(E—V) ¥ =0, (3.27)

opudeM HOTEHNMAX V MOKHO CYMTATh cepHIecKHA-CHMMET-
puaHBM (cdepudeckas CHMMETPHA MOJKeT HAPyMAarheA JHIMD
3a cuUeT HAPYIKHBIX BJIOKTPOHOB WM He3alOJHeHHHX 060-
Uy (1)
aoger). Torma Wum =— Y m
IlstoTHOCTL DIEKTPOHOB paBHA

uy,
0 =2 Vum|t =2 12 | Y i | (3.28)

nim
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CyMMupoBaHue o m ¢ yI6TOM COOTHOIMEHHSA
!

2041
S|Vl = "

m=—|

IPABOGUT K BBEIPAKEHHIO

up, (r) 21 4
o(r)= 2D~ M . (3.29)

B kBasuxaaccmueckoM NpHOIMKeHUM pajEajbHasg BOJ-
HOBaA QyHKOWUA MMeeT BH[

iy () = —2_ cos (S /cn,dr—%), (3.30)

nl

rae

14 1/2)2 2 9Ey,
) = 2(En—V ) — L5, a5

VYposun sseprum E,, HaxogdarcA M3 NpaBHia KBAaHTOBa-

Bmg Bopa
Ts

S b dr = (n4 3) ™ (3.31)

et

Mpr I = 0 smecro n -+ Y/, B orHowennm (3.31) mysxro Ha-

nucatb n (eM. crp. 155).
Ns (3.29) = (3.30) moxygaem

o) = 12k (2141 )cosﬂ(gkn,dr—%). (3.32)

T1

B =xBasmriaccHuecKoOM npn6nnmemzm MOKHO 3aMeHHUTH
cpeiHee 3HaueHme KBajpaTa KocuHyca Ha /s.
N3 (3.32) mmeem
1 V0 2041 1 .
2t (3.33)

PO = md T ke

Ot cymMmmupoBannsg no n B (3.33) mepeiiieM K HHTETrPAPOBAHMIO
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upr PurCHpPoBaHHOM [; TaK Kak

E E
Z%?“l(---)_ég aa:l dn(. . .)-eng(. S

TO

3o i =\ -y VI V”‘

ml n

rne Emm = Vi (upm E >> V, BoaHoBas (GYyHKOUA AMEET BHUL
08 (gkd — %) ,anpe E <V, oHa 3aTyXaeT 3KCIOHeENH-

anpi0 W BRJIAZOM 9Tof wacTm B P (r) MoKHO mpeHeGpeus).
IlosToMy BEIpasxenme (3. 33) MOKHO 3aIECATh B BHUJP

p(r) = 2y oy, (3.34)

2n2

dv 2
Tak war V, =V+§2—(l+—2-) , TO 2—dl—’=—l7j—1, TAK 49TO

(3.34) npnmmae'r BUR,

o(r) = 'V 3V, = ZSV:T/—,dVI:
Vimax
= (— 27" . (3.39)
Vimin
Vi CootBerctsyer [ =0, Vi, = V. Bemriuna

Vimax(") = 0. las cocrosanmit ¢ GoxpmmME I Toura r HaXo-

JHTCA B KJIACCHYOCKM HeZOCTyNHOH ofjacT#, M Takwme Co-
CTOAHMA BHOCAT 9KCHOHOHINAMBHO MAJIEIA BRI B IIOTHOCTD
B Touke r (pmc. 33).

Urax,

o(r) =5 (—2V)" (3.36)

O6osnauag — V = ¢, saummenm ypasrenue Ilyaccona (3.26)
¢ yaerom (3.36) B caexyiomem Bufe:

A(p = 4“9 = 8__?;_:‘/“_‘% 3/2 =:C(p3/z, (3‘37)
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rne C = 8)/ 2/3n. Dro — Tak HasmBaemoe ypasHeHume To-
maca — Depmu.
Ecau r — 0, 10 ¢ — Z/r — noTeHOuax Agpa. Henecoo6-
pasHo saMeHETH @ (r) = ZY (r)/r ¢ TPAHHIHEIM ;yCIOBHEM
¥ (0) = 1. B cdepugecknx

KOOp/IHHaTaX W
1 d2
Ap == rz(r ) drz( X)
(3.38) lm
cregosatenpao, u3 (3.37) 7 =
uMeeM

\
|
1/, {

" Z 3 oo
% (T):C‘rT/;'”/,“- (3.39)

Beejem HOBYH0 mEepemen-
Hy10 & = aZ"r (o BolepeMm
IO3Ke) ¢ MeNbI IOTYUUTH
YHUBepcalsHOE YypaBHeHHe
oA QYyHKOUHA §.

Torpa us (3.39) HaXoauM

Puc. 33.

aZy = CZ" g,

WIH, ecliu BHIOPATD Ot = (C, T.e.d= <%%> ", 10 oKoHuA-
TeJIFHO HAXOJUM
dey 1
T Yeh (3.40)
%(00) =0, x(0) =1

Ypasuenue (3.40) pemaerca wucienuo (8 1.1 gano mpu-
OJmKeHHOe ero pemenue). Pemenue ero oupejeiser pacupe-
JeJleHne MIOTHOCTH 9JIEKTPOHOB. XapaKTepHbIH pajuyc 3TOTO0
pacupesenenua B OesapasMepHmX eAwHHIAxXx z ~ 1, ciemo-

4 —
BaTelIbHO, B OOBMHBIX €AUHHUINAX dT.D. ~ ao/;/ Z. Ha »arom
PacCTOAHME HAXOMUTCA GONBIMHUHCTBO dIEKTpoHOB. lloiy-
YeHHBIH pe3ymsTaT CcoBHAJaeT € NPUOIWHEHHOH ONMeHKOI,
npuBeeHHON Ha cTp. 37.

Ypasrenne (3.40) cupasennuso B Toit o6macTu aroma, rue
OPUMEHUMO KBABHKJIACCHYECKOe TpubiueHye.

6 A. B. Murpgaa
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3ATAYA

B rakoM mHTepBaje r npuMeHuMO pacupesenenue To-
maca — Qepmm?

OtrBeT. rmn—~ YZ, rmax ~ 1.

OLenKy sAepHBIX MATPHUHBIX DIeMeHTOB. B Teopum Aj-
pa WacTO NPHXOAUTCHA BHUUCIATH DPA3MUIHBIe CYMMBI MaT-
PEUHHIX DIeMeHTOB. PaccMoTpuM, Kakue MATPUIHEIE dJie-
MEHTH BHOCAT HAHGONBIMAHR BKIAL B TaKHe CYMMEL.

Iycrs U (r) — Benudmna, 3aMeTHO HM3MENAIOMAACA Ha
paccrosHEAX MopAaka paguyca agpa. OQueHuM KBasuKiIac-
cnaecku Marpuunbii smement Uiy, = (on,U@,), TAe @r —
BOJNHOBAA (QYHKIWA HYKIOHA B CaMOCOTIacOBaHHOM Holle,
CO37IABAEMOM BCEMH OCTATBHRIME HYKIOHAMH ARpa, A —
COBOKYIHOCTH KBANTOBLIX THCEN, OMHCLIBAIOIMUX COCTOANHE
HYKJIOHA.

PaccmorpuM cHawana cgeprUecKoe ApO. Torpa A =
=n, j, I, m, raie n — pajpuajabHoOe, ! — opbuTanbpHOEe U
m — MarHHTHOe KBaHToBhie wmcna, j = [ | 1/2. Ilokakem,
10 COCeJHME YPOBHHU B CepuIecKoM fpe HE KOMOMHUDPYIOT
MexIy coGoli, T. e. AT Majoe 3HAUEHUe MATPUIHOTO diie-
menta Usxp,. IlpeaBapurelbHO OIGHUM DACCTOAHU® MEKITY
COCeTHEME YpPOBHAMH. B mefopMupoBaHHOM Afpe YPOBHHK
¢ pPa3sIMYHBEIMM OPOEKIOUAMM MOMEHTA HAa OCh CHMMeTpHUU
paciielIeHpl, I0dTOMy eciu A — YUCIO0 HYKIOHOB B Aape,
a ep — sHeprua @epmu, T. e. IHEPreTUIECKOE PACCTOAHHE OT
IHa CaMOCOrIACOBAHHOA fAMHL 0 MeCTa 3aMOIHEHUA NOCIe]-
HUX HYKIOHOB, TO CpejHee DPAacCTOAHYNE MEHITY OJAHOTACTHY-
HEIMM YPOBHAME uMeeT mopafok ez/A. Beauduna er He 3a-
BUCHT 0T A ¢ Toi e TOYHOCTHIO, ¢ KAKOH IOCTOAHHA IIOT-
HOCTH n AfepHOro BemecTBa. JleficTBUTeNBHO, B CUCTEME,
KOTOpaA yJep:KuBaeTcs CHIaMH, JeHCTBYIOIMMME MEKIy ee
YacTHIAMHA, pajuyc meHcTBHA CHI W CpelHee pacCTOAHUE
MeKIYy YACTUIAMHM MMEIOT OXUHAKOBBIA HMOPANOK BEIUIUHBI.
IlosToMy BCe BENWYMHLI, XaPaKTePU3YIOI(Ue ALPO, MOKHO
BHIPA3UTH C [OMOMBIO PAa3MEPHHIX OLEHOK APYT Yepe3 npyra.
B uacrHOCTH, £F ~ n's (M = h = 1).

B cdepaaeckoM Axpe CymeCcTBYET BHIPOK/EHHUE IO HPOEK-
OAW YII0BOTO MOMEHTA ¢ KDATHOCTHIO HOPALKA BeEIMTUIb!
yriosoro MomeHta ! ~ ppR, rge R — papmyc Anpa, a pr —
umnyabc HykinoHa Ha rpanune Pepmu. Tax Kaxk R = rod's,
Tfle r, — BeIWUMHA IODAAKA CPEJHEr0 PACCTOAHUA MERTY
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HykJIoHamun, To ppR = ppr,A's ~ A's. CreposaTespHo,
cpemHee paccrofime Meskay OuukaionMu ypoBHAMuH cde-
pPUTIECKOTO fAfpa HMEeT HOPAJOK BeIUIUHBI p/A s

OuennM cHavajla paccTosiHMe MEMKAY YPOBHAMHU, OTIH-
qamuMucs JIUIh pajuaJbHhIME KBAHTOBBIME 4HCIAMHU 7,
opudeMm 8n ~ 1. Jaa storo npopuddepennupyem mo n ye-
doBite KBauTomauus Bopa § p,dr ~ n, rae p, — pagmaib-
o umnynane. {lonydaem

1 -01’ (\ ap, Oey dr Otn ¢ dr Ot R
(’)n J0e, 8n an Yo on v !
ey
rje £,, — ypoBenh DHEPIUM, a U :—a-p——CKOpOCTB HYRJIONA.
T
Orcmoja
98, v v PE? £p
PVt e T e gt s ("t .
aon R o Al Al

OuenuM Temeph paccTOAINe Me;KAY YPOBHAMH, OTINYAI0-
HIMUCH Vs opGUTATHHEIMI KBAHTOBBIMA THCIAMU [, TpHTeM

8l ~ 1. Has sroro mpopuddepermupyem 1o ! COOTHOMIEHHE
§ p,dr ~ n, yautnBasn, aro p, = ]/2 [Gnl —V(r)— (_l-lz-r:_/z)z} .

dmecy 1 (r) — morenmmanbsHag 3sHeprug HykJoua. Ilomy-

qaeM.:
dr a“S'n,l 1 . 0
P, al )
T. ¢
R R
a“"’nl ! dr l > dr
ol P, rep,
Tmin Tmin

rfe rmin HaXOAUTCA u3 yeaoBua p, = 0, T. e. rmin ~ U/pr.
R

©  dr
B wunTerpaie & E‘cymeCTBeHna BCcA 00JNAcCTh MITETPHPO-
"min
BaHMA, LOITOMY MBI ero onenmsaeM kak R/v. B unrter-
R
dr

pajle ixe S r2p OCHOBHOII BKIIaJfi BHOCHUTCA 00IaCTHIO
r

Tmin

&%
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BONM3N Fnjn, HO9TOMY ero oueHra 1/rmin pr~ 1/1. Urax,

%y R o1 By
_877~ZT:1’ T. €. '—al——NsF/A .

Taxum o6pasoM, Mbpl HONYIAIU, UTO

38, e —_e A
on al F )

IlooToMy ypoBeHb cdepuueckoro Aapa, OGamwxaimuii Kk gan-
HoMy (T. e. OTCTOAIHH oT Hero Ha paccTosHme &p/A%),
HolydaeTcA, KaK IPABWIO, 3a cueT GOIBMUX M3MeHeHU# dn
u 6/, Tak 4TOOH BeJHUHHA

€ on + 08y 51

Ben = — 3l

OpITa MUHHMAJbHA.

Jina sroro my:kHO Bmbpats On, 6l ~ A's. CnemoBartemnn-
HO, OmmwKaiimuie ypoBHEH cepudecKoro AApa, Kak IPaBmio,
CIIBHO OTIAHYAIOTCA 0 YHCHY y3JI0B PagualbHOR M YrioBold
gacTeil BOMHOBO# (YHKIWM, a IOTOMY Jal0T MajXoe 3HAUeHHe
matpudHoro snemeHTa Uxa,.

CocroABua ¢ DHEPrHAME |&r, — £i, | > er/A'l Tarske
maroT Mainoe sHaueHme Uy, TaKk Kak QYHKIMH @i, H ¢,
CUITHHO PA3JIMYATCA IO UHCIAY Y3J0B.

Wrax, matpuumeiii saemedt U), 3aMeTHO OTIHMYEH OT
HYJIA QA Ay = Ay (eCIE OH IPHE TOM HE PABEH CTPOro HYJIH
H3-3a MpaBUA oT6opa) U [AJIA | €x, — Ex, |~ ErAT, Korma
yucya y3710B QYHKIUA @a, B @a, MAJN0 Pa3NUIAIOTCH.

Bee ckasamHoe Buime 0 KOMOMHHDYIOmMMX YDOBHAX 0C-
TaeTcA B cHie W fiA nedOpMEPOBAHHOrO A]pa, €CIH omepa-
top U menser kpanTonpie ucaa n u [. Ecam e U menser
JHIOF MATHUTHOE KBAHTOBOE Wucio m (HampHEMep, omepaTop
YIJOROrO0 MOMEHTA), TO KOMOUHEHDYIOT YDOBHH C COCeHUMHE
m, MpuUHajJIe;Kamue ofHoMy Mmyiastmmiaery nl. Omenum pac-
cToAHMe Mexny HuMu. Brime (cm. crp. 84) 6blio moKasaHo,
9T0 B NEPBOM MHOPAZKe TEOPUH BO3MYIIEHNWH pacmemieHue
YPOBHEH OIpefelaeTcs COOTHOMEHUEM

m2 1
Enim = Eny + 8nlL3 ('lT - '3‘) ’
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rae P — pemuunua gedopmamun. Cnegosarensno,

de.

1l m ~1/,
T~ Enild -~ B4,

T. €. B 9TOM CIyIae MOI'YyT KOMOMHHDOBATH U GIM3KUe ypOB-
Hu (Opm Maieix fB).

Henenrpaneuniii  morenmman. PaccMoTpum Gomee ofmuuit
cllydaif, KOra HepevcHHbME He pasfedsioTes, 1 IOCTPOMM
B 9TOM cliyiae KBasHKJIacCHYCCKoe pemenue. limem pemenue
ypaBHeHUA

AY + B*Y =0
B sufe ¥ = AeiS. Torpa

AA + 2iVAVS — A (VS)? - iAAS + k24 = 0. (3.41)
Otaensisi geHCTBUTENBHYIO U MHEMYIO dactu, u3 (3.41) nomy-
4aeM [Ba ypaBHeHHS

AA + k24 = A (VS)2, (3.42)
2VAVS + AAS = 0. (3.43)

Ypasuenue (3.43) osmauaer 3akom COXPaBeHHA wAaCTHII.
HeiicrBuTensro,

N )
=5 (PVY — PVP) =
— 5 [4eSY (4e15) — Ae'S V(Ae-15)] = A2YS

divy = V (4%VS) = A%AS 4 2VAVS.4 = (.
CrepoBaTenbHO, BAONB JWHUH TOKA
j1d0'1 == j2d0'2, (3.44)

rme do;, ® do, — HopMAJbHHE
BJIEeMEHTH ILIOMAZH TpyGKM ToKa
(pme. 34).

Ecin AA/A <12, 10 u3 (3.42)
caefyer ypaBHeHue 'amMmunsToHA —
Aro6u nas peitcreus S:

2[E — V()] = (V92 (3.45) Puc. 34

Ksasnknacemueckan sapawa paccesmus. Iloctpoum kpa-
SUKJACCHYECKYI0 BOIHOBYI0 (YHKIWIO JJIA B3afaué pacces-
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pus. lipemgBapmrensHo 3ameruMm, uro ypaBHeHme (3.45)

COIePIKUT He OAHO pemieHye: B MOV TOUYKY B - 0o, Kyna

YCTPEMIAIOTCST acTHIBL II0Cjie pacCesHHA, TACTUIA MOKeT

2 - npuiiTH 0o MeHpIIeH Mepe AByMA

-m’\m nyTamu. OTo u306pakeHO HA DHC.

1 35. 3pmech 1 1 2 — 1aBe TOUKE GpoH-
! Ta nJOCKOM majamnied BOJHE.

IlosToMy ma ocHOBe HpPHHIUIIA
CYHePIO3MIIMA  BMECTO  pelleHusd
¥ = A¢'S  Mm  gomxmme  noTpebosats b = D A,

1
rie cyMmMa Oepercsi TO BCCM KIACCHYECKUM TPAEKTODPUAM,
COeTUHAIMMM paccMaTpHBaeMble TOUKH.

Il peAnomosuM A TPOCTOTHEL, UTO €CTh TOIABKO /[BE TPaeK-
TOpUH, COeMUHANIKE GPOHTH Hafaflomed u paccessHHOHU BOJH
Ha GecKoHeunocTu. Bpoxp Tpaexropum I, KoTopas mpoXomut
BIAJE OT IIeHTPa paccesiHus, TPYOKa ToKa NapajielpHa
ock z; A u VS mocroamms, upuuem VS = p,. Moo mo-
JOMKUTH, UTo 3HaueHMe P-QYHKOUE B KaKA0# Touke ¢poHTa
magaomeii BoxHe papmo 1. Ilostomy Ay = A, = 1. Cuxe-
OBATEJIBHO,

X
¥, =exp [i S Do dx] = exp (ipe® + ipoL)s
~L
rie L — moxa npomssonsHoe umcno. Haiijem BTOpoe peme-
mme V,. Bpons Bropoit Tpy6rm Toxa A?VSdo = comst.
Ha — oo mmeem A, = 1, VS = p,, do = p dp dg, e p —
OpHEIeisHE napaMerp. CJenoBaTelbHO,

pop dpde = Adpyr® d9. (3.46)

—_ r
R dp d .
Wy > Ay — 1/ 240 99 exps { pdll,

Torga

a NoJIHOe pelieHNle 3aJa4d MMeeT BH]

. : pdpd ¢
Y — exp (ipyr + ip,L) + ]/ przzgw exp [z S pdl] . (3.47)
r—00 L

VMHOKEM TpaByl0 4YacTh ITOrO PaBEHCTBA HA HOCTOAHHHIA
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MHOKHTENE e-ipol:

N . dod . \ C
Y — gwox+]/%expl[por+ S pdl — S Podlo]’
T—00 —L —L

<

m

Y s giPex L i etpor,

r—>00 r

=V (). 49

(=]

D= S pdl — §p0dzo. (3.49)

—00

rie

Tpaexrropuu ! m [, m3o6pakeHs na puc. 36.

B Brpaskenun (3.49) cymecTBeHHBHIH BKIaJ BHOCAT TOY-
km BOamsWm meHTpa paccegnus. Bripaskenue (3.49) Tpebyer
YTOUHEHWs B TOM clydae, KOTAa
KJIaccudecKasg TPaeKTOpus NIpo-
XomuT BOJHMBHM TOUEK, e KBAa3h-
Kilaccmra HenpuMeHuMa. CoBo-
KYIHOCTL TAKHX TOUEK ofpasyeT
IOBEPXHOCTH, HA3HBaeMyl Kay-
ctuxoii. Haycrurka otmenser o6-
JTACTh, MOCTYHHYI [iH HJacCu-
YECKOTO JBUKEHHSI, OT HeJ0CTyII-
Ho#i. Hampmmep, IiA Ky/I0HOBCKOro mOTEHI[MANA OTTANTKHABA-
HAA KayCTHKa HMeeT BHJ napabolompa BpameHus, a B cryyae
IPHUTAEHAA OHA IpeicraBiser co00# OPAMYIO JHHUIO, HIY-
Iy OT IeHTpPA paccedHHsA K -+ oo,

Haiinem, ®ax mensercsa dasa BoaHOBOM (yHKIUH BOIH3H
KACaHWA TPaeKTOPHH ¢ KAYCTHUKOH. PasioKuM IBH:KeHUe
JacTHNHl HAa jBA [ABIKEHUA: NEPUECHAUKYIAPHO KacaTelb-
HOH K KaycTHKe W BHOJb KacareidpHoH. J{BuKenme B mep-
NeHANKYIAPHOM HANpPAaBIEHNN aHAJOTHIHO KBa3HKIACCH-
YeCKOMY OTPa)KeHUI0 OT TOUKH HOBOPOTA B OJHOMepHOM 3a-
fNadge. Ilpm srom pasHOoCTH a3 majaomell M OTpaKeHHOMH
BOJIH, KaKk MHl BHJeNH, paBHa mw/4 — (— m/4) = /2. Ilpm
ABW;KEHUHM BIOJb KacaTeJbHOH K KaycTuKe H3MeHeHUs (a-
3l He npomcxopur. CremoBarensro, BMecTo (3.49) gma @

Puc. 36.
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nojydaeTcsa CIeRymmee BhIpaKeHHe:

(=] oo

O = Spdl— S podly+ivE,

-_—00 —_—00

Ije v — 4HCIO To4eK KAacaHWMA ¢ KaycTHkoi. B ciyuae wy-
JIOHOBCKOT'O moTeHmuaJja v = 1.

Ceuenne paccesHus IPOTOHA HAa aToOMe Bojopoma. Ilpm
pacCMOTPeHHE 3amaudm o unepesapamke (cMm. crp. 113) Gruro
moIydYeHo, UTO AaMINHTyAa pacceaHma fi =1/, (f; + fo),
a aMIIMTYAa mepesapARrd fo = /y (fi — [), tme fi, fo —
AMIJIATYNH COOTBETCTBEHHO CUMMETPHYHOrO M AHTHCHMMET-
PETHOTO PACCeAHHA,

Hoternuan V, mano ormmuaercsa or V,, 0osToMy Kiac-
cHYecKoe CeueHNEe MO;KHO CUMTATh OfMHAKOBEIM Ana V, u V,,
MeRay TeM Kak ¢asol @O, mw O, MOTyT CHIBHO PasiudaThCA.
Heiticrsurensno, @,, @, — oueHs Goipmime UmCIa, MOITOMY
u O, — @, Moxer GHTH BeJIHKO.

CrxemoBartesnbHo, coriacHo (3.48)

=V ()% o= 5V (55) e ).

Ceuenne nepesapﬂmm paBHO

<g_g2>nepea _|f2l <3§2) ‘eio& — ei‘:DaL!2 =
(33) sin? o (D, — _o,).
Tar xar

D= §pdl— io Podly,

O, — D, = S (ps — pa)dl =

Y om,(V,—V,) 1 &
o\ e T g ~ ,
3 - dl =~ - 5 V, —V)dl

—00 —00

Tie my — Macca, a vy — CKOPOCTh IPOTOHA,
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Pacemorpun paccesnune ma mambie yran. OGosmEaumm
Vi—V,= V. Torga s ceucHEA NEPe3aPAAKE HOIyIaeM
Cleylomee BEIPAKEHHE:

((%‘)nepea - (j%)m sin? [-2% S;V(]/ ety dz]. (3.50)

3nech p — npume LAEE mapaMeTp. 9TO BHIpAKEHHE COBIA-
AaeT ¢ ceueHWeM, mojydeHHHM B (2.4). Ilna cewenus pacces-
HHAA HOJydyaem
ds _ (45 L7 PORTIP -
(e = (88 oo § VO 2] =
1 /ds 1 /ds 1 ¢ T 7
——z‘(m>m*7(3§>m 'COS[UO S V(Voitaz )dx]-

Taram o6pasoM, HapAxy ¢ OGHYHBIM KIaCCUTECKEM paccesi-
HOEM MOJYYalOTCA KBaHTOBOMEXAHWYECKHME OCHEJLIALNU Ce-
YeHHS paccesnnsa KaKk (YHKOUE yria OTKIOHeHWA.



FTABA 4

. AHAJINTUYECKUE CBOUCTBA OHN3NYECKHUX
BEJINYNH

B mociaennue mecATHIETHA Pa3BHTHE DKCIEPHMEHTAJIBHON
A TeopeTHdecKod (HMBWKH CHJIBPHOB3AMMOAEHCTBYIOIIHX 2Jie-
MEHTaDHHIX dactan (agpoHoB) moTpefoBANO COBNAHHSA TEOpe-
THYECKUX MeTo/l0B, He Ipe IoJaraioliAX MaJocTh B3aWMMO-
JeHicTBEA H, CJe0OBATEIHHO, He HCHOIB3YIOMMUX TEOPHIO
Bo3MymeHMA. OfHuM H3 TAKMX METOMIOB ABIAGTCA MCIONE-
30BaHEE AHAJHTHYECKHX CBOUWCTB (UBWUECKUX BeJWIWH, HA-
IpuMep, KCHO0JIb30BAHNAE AHANUTHYECKAX CBOMCTB aMIIHUTYNH
pacceAHMA KaK (YHKOWU 5SHePrad HIHW yria OTKIOHEHW.

B Tex ciygaax, Korma maysaeMas BeJWUNHA HMeeT 0CoDeH-
HOCTE B KOMILIEKCHOHW ILIOCKOCTR BOJM3W BENIeCTBEHHOH ocH,

ee IoBeJleHle HA BEemECTBEHHOH OCH ONIpeNeNIAeTCA XapaKre-

POM 5To# 0COOEHHOCTH. mmM W3 HePBHX IPHMEPOB T TAKOI0

CeslHHA JIPYT Ha IIpyre POMABINAXCA B pes3ylbraTe DEeaKIHM
JacTHIl oOpefielisgeT HHepreTHYecKmil xoj uporecca. Cymecr-
BOBAHHE B CHCTEMe B3aWMOJECHACTBYION(UX 4YACTHI, yPOBHeH
¢ MAJLIMA DHEPrUAME, KaK MH YBHJHM, HACTOJBKO yIPOmaer
DHEPTETHYECKYI0 H KOOPAMHATHYI B3aBHCHMOCTHL BOJHOBBIX
$YHKIUHA IPA MAJBIX SHEPIUAX, 4TO M03BOJsIET CBECTH 3afaTy
HAaXOKIEHMA JHepPreTHYeCKOro CIEeKTpPa K IIPOCTOMY alre-
OpanvecKoMy YPaBHEHHIO.

AHaauTHYECKHEE CBOMCTBA II03BOIAKNT YCTAHOBATBH COOT-
HOWeHHE MOy MHUMOH UaACTHIO AMIUIMTYHAR _DAacCefnms,
KOTOpasA _oIpefesisdeTcs INOTJOMeHAEeM YACTHI, W ee Beme-
CTBEHHOH TacTHI0 (AHMCcIePCMOHHOE COOTHOMIEHUE). VI3 TakmX
COOTHOINEHMA BHTEKAeT GoJIbIIoe YACIO SKCHEPHMEHTAILHO
HaGI0[AeMBIX CJIe[CTBAM B PasJUYHHX 00JACTAX QU3HKM.

Bce ¢usmueckMe BeJMUMHBL TPH pEANBHHX 3HATCHHAX
napameTpoB He [oJIKHH 00pamaTecs B 0ECKOHETHOCTH.
VawME CJI0BaMH, Ha_BemecTBEHHOM OCH B DPeallbHO JOCTH-
FKEMBIX obmacsix ¢usmueckme (QYHKIOA KOHETHH, TaR KAk
BCE @Q&%&,Mmmm npej-
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CTaBJIAIT cobof TiajKme QyHKIAM TapaMerpos. Ocobnie

ToanTEnsaqee;mx BeJMUIHH Ha Bengec'rBeHHomc_nLoumKamI

B pesyibpTaTe DasyMHOH Wjealm3alu; _pPaccMaTPHBAeMOH
CHCTEMHI.,

IMosicumm crazamHoe Ha mpuMepe. Hax mssectHo, ceuenne
paccesiHEsl JACTHHE HA YKPAHAPOBAHHOM KYJOHOBCKOM TIO-

e
TeHnHmaje — e B GOPHOBCKOM THPHAJIMKEHAH IIPOLIOPHHAO-

ranbHo (q® + a®)~%. 3pech ¢ — mepejaBaeMblii TMIYJIBC.
B koMIIexcHOH ILIOCKOCTH MEPefaBaeMoro MMIYJIbCa cede-
HHe mMeeT oco0yio Touky. Ecam paceMarpuBathk (ojee mpjea-
AU3MPOBAHHYH cucTeMy — 0e3 dKpammpomamus, To a—0 @
0COBGEHHOCTh TIePexoinT Ha BeHIeCTBeHHYIO 0Ch 4.

ITpenmososum Temeph, 9TO H3YUAETCA paccesHHME HA
HE3KDAaHMPOBAHHOM 3apsfe. Torjpa B HleaIn3NPOBAHHOM
BHIPKEHHN AaMIUIETYAbl PaccesiHus mMeeTcs ocoas TOUKA
upr q = 0. B srom caydae GecKOHEYHOCTD CEYeHMs ycTpa-
HACTCH KOHEUHOH HIMMPMHOK d DyIKa HaJeTalomiX YacTHIl,
JIeficTBrTeIbHO, OTPAaHHYEHNE NYYKA HPHUBOAMT K leolpeje-
JeHHOCTH TOIepediioro mmuysisca dactng Apy ~1/d um Tem
CAMBIM K HEBO3MOKHOCTH BBIIETeHAA MalbiX YIJIOB OTKIO-
nesns, cooTBercrsyiommx ¢ — 0. Opmaxo yaydinenme bKe-
nepuMenrta (yBedmuenne d) MO3BOJUT KaK yrojuo npnd.m-
3UThes K 0co6oil roune ¢ = 0, 4To II 03HAYAET Pa3yMHOCTb
paccMaTpuBaeMoil HpeaM3amu.

Ilpyroit mpmmep — aro moporoBeie ocobenmoctn. OHA
BOBHIKAIT W3 CTATUCTAYECKOTO BeCA KOHEUHBIX COCTOSIHAHI
(cm. mmxe, crp. 203). Hanpnmep, ceueHme BhIGHBaRTIA HYK-

JoHa W3 siypa BONHW3W mopora TPOTIOPITHOHAIBHO ]/ E—E,
rne FE — oHeprmsa Haneraioumleil wacranu, K, — aneprus
nopora. Takas 3aBACHAMOCTE BO3HHKJIA N3-32 cmmcmqecnoro
BeCa KOHEUHBIX COCTOSHAH

o

fo(E — Eg) =
=\ 88, — By ~ \ 8B, — B) VB, — Eyd, =
B ~VETEs
B peaﬂBHOﬁ IIOCTAHOBKE BI{CHepHMeHTH SHEePTrust HaJeTa-

onieil yacTHOH He (PMKCITPOBAaHA, a PACIpe/iejieHa, CRaxeM,
0 TayccoBOMy 3aKoHYy oKogo dHeprum I. llosromy B
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CeUeHMe DOKJeHAA BXONWT He BeJWIHHA f,

o0
*

f(E—— Eo) = VRU? e~ HE-E? l/ El —_ Eo dEl =

Eo

= Ve { et Y T,
(]

Ceuenve pOR/IEHHA TPONOPHUOHAIBHO 3TOH Bedmuune. Bui-
q@CAAs WHTErpad, HaXOJIHM:

f(e)= (2oysgaetl2 Py, (—e Y 2a0).

V—
3nech & — QyHEnmA napaGoiUdeCKOro NWIMHApPA, a & —
=F — E,. Oyuxnua f (¢) He HMeeT 0COGEHHOCTH B TOUKE
mopora s = 0.
Henmonvays acmmmrorury &P-QyHKmumM, IoJydaed, dGTO
mpE & — —oo, f(8) ~ e, a mpm & — + oo, f (¢) ~ Ve,
Ha puc. 37 noxasan rpa-
¢ur f (e).
Horpa sumeprumsa mame-
Tamed gacTEOH Quk-
cupyercss Bce Oomee u
6omee TogHO (@ —> 00),
z rpuBasi f (¢) crpemmres
K IpelesbHOH KpHBOM
Puec. 37. (oma m3obpajkeHa DYHEK-
TAPOM Ha pHc. 37), KOTO-
pasa mveer ocobennocTsy npm ¢ = (. Taxkmm 006pa3oM, KopHe-
Basi 0COOGHHOCTH IpH & = () MOABAAETCS B pe3yIbTaTe Muea-
JH3aNEA PealbHOR 3aaudM pacCesHus.

B xoMunexcuoit mirockocTH TapaMeTpoOB PuBMUeCKHe PyHK-
IAR MOTYT HMETh PasiIHTHLe 0CO0bE TOUKH. B RAKIOM Cny-

qae qJA BX HAST ROJKHEL OLIT '_Ginanecrme npnth 1.

3 €BONCTE aHATUTHYHOCTH MomHo'p;eﬂaTb BayKHEe 3a”
KJII0YeHAA 0 CBA3AX MEKAY Pa3JIHIHBIMHA (U3NUECKUMHU BeJd-
ypHaM#. CHavaja MB PACCMOTPHM HECKOJBKO TIPOCTHIX (-
3MYECKHX NPHEMEpOB, a 3aTeM HafineM peIneHue pana 3ajad,
KOTOpHE HE MOTYT OHThH M3y4eHH 0e3 MCIOJb30BAHHA AHA-
JIUTAYeCKUX CBOMCTB.
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3aBucuMOCTH, MOMEHTA MEHEpIEM AXpa OT fedopmanum.
Ilns KBaHTOBOMeXaHHYECKOH cepmueckodl CHCTEMbl MOMEHT
HHOPIAYN CJERYEeT CIUTATH PaBHHIM HYJIO.

JeticTBATENBHO, AJIsi TOTO 9TOOGH Habiofarh BpamenHe,
Feo0X0oguMO WMeTh OTMEeTKY Ha IIOBEPXHOCTH CHCTEMBI.
Takast OTMETKa COOTBETCTBYET BO30YKAeHBEOMY COCTOSHHIO,
OPH KOTOPOM CHCTEMa TepecTaeT OHITH CHePuIecKoi.

Ilo Mepe yMeHbIIeHEA AedOPMANHUH DHEPTHSA BPATKATENB-
HHX TePMOB YBeJIMYABAETCA A0 OECKOBEYHOCTH, UTO H COOT-
BeTCTBYeT CTPeMIeHHI0 K HYJI0 MoMeHTa mHeprnund. J[lis
OACHEHH A TIOJIyIAM KBAHTOBOMEXAHMYECKOE BHIPAKeHEE JUISA
MOMeHTa WHEpPOHH.

Ilepeitnem B cHcreMy KOOPAHHAT, BPAMIAIOMYIOCsi ¢ YIio-
Bo#t cropocThio . Ilpm aTOM B TaMMILTOHMAHE BO3HHKAET
NOTIOJHATEJNBHOE CJaraemoe

H = —MQ,

rae M — omeparop YriioBOTO MOMEHTA CHCTEMHI,
Paccmarpusas H' Kak Majoe BO3MYINEHHe, JIOTKO HOJAYIUTE
BHIDaK@HHAE [JIA CpPeJHET0 BHAUEHWA YIJOBOTO MOMEHTA

s 5

My =22 ES_EOQ:JQ.
MBl omnpesesumId MOMEHT HHePIEM Kak orHourenme (M)/Q.
Ecitm mpE paceMaTpPHBAaeMBIX YIJOBHX CKODOCTAX MOFKHO
npeHebpeds Bo3OYKIeHUAME BHYTPDEHHEX CTeIeHeil cBoGOAH

CHCTeMBI, TO BpamiaTe/jbHas SHePTHsA Oyper

poM_ G+ 1)
27 2J

¢ TeM j;Ke MOMeHTOM mHepmum J:
IM 08 lz

—22 .

T3 5TOr0 BhHIpa)ieHHs ClHeAyeTr, uTo AJNA cdepuuecKon
cucTeMH, Korga M HEMmeeT TONBKO AMATOHATBHbIE MATPHYHBIE
anementr, J = 0.

PaccvmoTpaM MoMeHT mHepnmE J IpE Mauxeix Jedopma-
masx 8. C Kaxkoro ujIeHa HAUMHAETCs pasioykeHme J IO cTe-
nersM 8? Jlerko yOeamreca B ToM, uTo Bhpaskenme J = A
HempapmapHEo. llpepnonomkmm, uro J = A8 mus momoxy-
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renbHEX O («orypem»). Tar wrar J — Bcerna NOJOMHATEIH-
Bas BeJWUMHA, TO JJIs OTPHNATeNbEHX § («Onmm») J =A 8| =
= A V. Cneposatensno, MOMEHT WHEDPHOWH Kak OyHKIAA
6% mmen 6wl B HyJe TOUKY BerBJeHHs. MeENy TeMm, MOKHO
y6enuTscss B TOM, 9TO HET HUKAKHX OPHYMH JJIA [OABJISHHS
ocoboit Touxu. JleficTEETenpHO, TepeineM ot ciabo medop-
MHEPOBAHHOTO ffipa K ceprHuecKoMy ¢ HOMODILIO COOTBETCT-
ByIomero mnpeo0pasoBaHEA KOOPAWMHAT. B rammisTonmaHe
mosBATCA Madias noGaBra H', IpomopnuoHaJbHAS BeJMIMHE
nepopmanm: §. Jlaa KoHeuHOH CHCTeMHl HPHUMEHeHIle TeOpPWH
BO3MyUIeHu# naer cxomammiica psn. CaefoBaTesbHO, Mo-
MeHT WHEePIEE He mMeeT ocoGoit Toukm npu § = 0. Iosromy
MOMEHT HWHEPIHE MOKHO pasjaraTh 0o cremersM 8§, m ato
pasJiosReHTe HAYMHALTCS ¢ KBaiparaaHoro wrena J = B§? + ...

3aBncuMocThs YacTOTHI 3BYyKAa OT BOIHOBOIO BEKTOpa.
Hax msBecTHO, IpH Majnix BOJXHOBHX umcaax k (1. e. Goxp-
WEX AIuHAX BOIH A = 1/k) B HEKOTODHIX CHCTEMAX MOIYT
pPacIpocTpaHATbHEs 3BYKOBHE BO30OYRACHHAA ¢ TACTOTOM o =
= ck. 3pech ¢ — cKOpocTh 3BYKa. Tak KaK ® — ckKaasAp,
a % — BeKTOp, TO BTO COOTHONEHHE 03HAUACT ® = ¢ V kZ.
Hrak, nmpu k = 0 wacrora o Rak QyHrmms k% mmveer Touky
serBieHdsa. OOBJACHEM, nodYeMy 37ech BO3HHEKaeT ocobas
TOUKA.

YpapHeHHs, ONHCHBAIOWINE COCTOAHHE CHCTEMBI, Iie Me-
HAKTCA TpE 3amene {-—> —if, ecim HeT moTuaomenus. Ilo-
9TOMY B OTCYTCTBHME MOLAOINEHHWS YpaBHeHHe [Jjis OIpe-
JeJIeHHsi 4aCTOTH Beerfia Colep/KAT ueTHRe cTeneHA o. Hampm-
Mep, B KJIacCHYeCKO¥ Mexammke ypaBHeHus HuoToHa s
CHCTEMBI YaCTHI IPH MAJIHX KOJEeOAHWAX WMCIOT BHJ

mii, = — Zanum'
m

3necy m — Macca n-¥ 9acTHObL, U, — €€ cMeineHne, a F,,, —
cmia, JeficTBYIOMAs HA n-I0 9acTHHY co cTopoHbl m-#. Ilona-
rasg U, = Uy, €', moJy4uM JHCHEePCHOHHOe YPABHEHHE NJIs
KBafipaTa HacToTH 3BYKa ®? B BHIE

mo® gy, = Z Fonllom.

m

CrenopaTeipHo, KBaJpaT 9acTOTH 3BYKA ®?, a He cama wac-
TOTa ©, A0/ KeH OHTh aHalWTHIECKoH QyHKNmell mapameTrposn



1. CBOMCTBA IHUAJIEKTPHUYECKON MOCTOAHHOM 175

3anagu. IlosToMy
w2 =a -+ 2 -+ bkt - ...

Hedpopmamus cpefpl, COOTBETCTBYOMAA 3BYKOBO# BOJIHE
npu k — 0, Ho:sKHA TEPeXONHTb B CABUI CHCTeMB KAaK ie-
JOTO. DHepTusA, COOTBETCTBYIOMAA TAKOMY CHABUTY, PaBHA
Hyxo. IlosToMy mis 3BYKOBHIX BoaR a = ( (TeopeMa Tonsp-
CTOYHA), W CJIE0BaTeNbHO, AIA MAJHX k gacrora ©=¢ | % |.

1. AHAJJATUYECKUE CBOMCTBA JHIJEKTPIYECKON
MOCTOAHHON

Kak Mbl yBHJEM, aHAJIHTHYHOCTE HEKOTODHX (m3mge-
CKUX BeJMYNH ONpE/iesigercs TPeGoBaHUsAME IPMYAHHOCTH.
PaccMoTpmM, HanpEMep, aHAJIHTAYECKHe CBOWCTBA JMAJIEHK-
TpiYecKoil mocToAHHOM. Diexrpmueckas mmxyrmma D (1),
BOSHEKAOMAA B CHCTeMe NpPH HAJOKEHAH JJIeKTPHIECKOTO
Hoss &, ompepenseTcs AaMILIATYION IOJs BO Bee IIPeslbiiy-
mue MoMeHTH Bpemenm ¢ — T (v > 0). HUrax,

D (t) :S (1) & (t — T)d; (4.1)

# (1) — BemecTBeHHAA W yOwBaomas QYHKOHA T, Tak KaK

0HA CBA3LIBACT (H3MYECKHWEe BeJMUYMHBI, C/[BUHYTHE II0 Bpe-

MeHM HA BeJINUUMHY T. JTO COOTHOUICHME BeITeKaeT JHIb H3

TOTO, 4TO CJEJICTBHAE HACTYIaeT MO33Ke IPHIMHBL.
Pagnossum & mw & B pagm Dypse

& — S Eorivdo, D= S@me‘f“‘i do.

s (4.1) wmaxonmm

o0
Do = &\ 2 (e,
:
OTKYJa JIADJIeKTPAYeCKaA IOCTOAHHASA OIpejieasaeTcs COO0T-
HOUICHHEM
Do

8(.0::—:

- % (%) ot dr. (4.2)

v
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Beamunna g, aHAIATHYHA B BepXHe# HOIYNIOCKOCTH .
JleficTBATEILHO, eCJA 0003HIUATE O = © -+ iwy, THe 0, >0,
TO HOAMHTerpajpHOe BHIpayKeEHme B (4.2) cOfepsKHT 3ary-
XaloOmyio SKCIOHEATY e :", W moaToMy wmBTerpax (4.2) cxo-
JHTCA |, CIef0BaTe,IbHO, IPEACTABIAeT CO00H aBATHTHICCKYIO
dyHETHIO.

Herpyspo BHAeTb, 9TO AHAUATHYECKHE CBOUCTBA & H
1/e copnagator. PaccMorpuM AMHHAERE B KODOTKHM MUJIMHAPH

BelllecTBa, HA KOTOPHE HAIOKe-

- ] HO BHemHee 1oe &, (puc. 38).

B cayuae pamHEOro IHINHL-

gﬂT Tg” pa mojie BHYTPH & paBHsAETCA

e BHeIIHEMY HON0 &,, & HHIYH-

\ ‘ ona 9 = e8,- B caydae wo-

POTKOr0 IHMIMHAPA HBAYKOHASA

B 9) paBHsSETCs BHEIIHEMY IIOJIO

~— &,, a mome BHYTPHE & = &,/e.

JTO BHTEKAeT HW3 M3BECTHHIX

TPAaHEYHHX YCJIOBHI JJiA HOD-

MAIBHHX MW TAHTE€HIMAJIBLHEX
COCTABJIAIOMIAX 3JEKTPHICCKOr0 IONA H HHIYKIWH.

B nepBom caydae mMmeem

Pnc. 38.

Ey, =S %y (1) &t —T)dr, & =S %, (v) e dr.
0 1}

Bo Bropom ciydae moiie & ompepieisiercd 3HAYCHHAME &, =
= 9) B UpeRHAYNIEe MOMEHTH BpPeMeHH,

é = S.’)Z‘z('c)%(t — 1) dr,
OTRYJA ’

[~

1 ,
== 8.775'2 () eler dr.
0

TaxkEM 06pasoM, aHaJHTAUECKHe cBoiicTBa &€ m 1/e cop-
nagaioor. CaenosaTellbHO, AMAJIEKTPHUIOCKAA IOCTOfHHAS He
WMeeT HY IOJI0COB, HE HyJedl B BepXHeHl HOJYIJIOCKOCTH ©.

Hcenmonnaya aHATETAYHOCTh, MOJKHO BHPA3HTh BeIIeCT-
BEHHYIO UacTh NUHONEKTPHUECKONl TOCTOAHHON Uepes ee MHH-
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MYI0 9acTh. PaccMOTpIM KOMINIOKCHYIO IIOCKOCTh ®?, B aToM
cirygae 00JaCTh aHAJUTHYHOCTH TPEACTABAAET cofoil mepBhIH
JHMCT PEMAaHOBOH IIOBEPXHOCTH — BCe 0CO0Be TOYKH JIEeKaT
Ha BropoM Jmcre. [lepBHiit JACT mepexOfUT BO BTOPOH depes
paspe3, mAYIMEL Bi0Jb TOJOKH-
TEJIBHHX 2 W3 Hauajia KOoOpAH- @
Har (pmc. 39). g
JIasi Toro, 9To0H CBA3aTH Be- 0/
MECTBeHHYID H MHAMYI0 UacTH
AWDIEeKTPHIecKof  HOCTOAHHOMN, [
Bocmoabsyemcs teopemoil Kommy
1 2"y dz’
1) = =55 fz(’—)—z '
C

Prc. 39.

3necs C — 3aMKHYTHIH KOHTYD, HE Ccofiep/Kamuii BHYTPH
cebs1 ocoOnix Touek f (z). IlIpmMennM 8Ty TeopeMy K (YHKIEH
¢ (0?), B3aB B KauecrBe C KOHTYD, H306 parkeBHH Ha prc. 39.
Hexecoo6pasno BHOGpaThs GyEKOHo f Tak, YToOH mHTErpal
no 6eckomeuno GoasmomMy Kpyry C, obpamaics B HYJIb.
Tak Kak Opm ® — o0 BEIHYEHA € — 1 (KAK MH YBHEAEM
HEKe), To By;Ho B3ATh f = g — 1. Hrax,

2) —1
g(0?)—1= ! § ° ((;)1) w?. (4.3)
ate

2mti 0} — o

3Hech WHTETpHpOBaHMWE CBORHETes K o6xony paspesa. OGo-
3HAYEM uepe3 &, (w?) 3madenme & Ha BepxHeM (epery paspesa,
a & (w?) — 3uauenme ma BWKHeM Oepery. CBssKeM 9TH Be-
JgamEsl Apyr ¢ apyrom. IlososkmM Ha BepxHeM Gepery pas-
pesa ® = o, (w, BemectseBHO0). Torga ma mmmxHeM Gepery
IMeeM ® = 0™ = —@,. ClefoBaTeJbHO,
o0
2 (05) = gif (t) elost d
0
[~ 4]
£y (0F) = S%‘ (v) e-iont dr.
0
Tax rak J7 (1) ¥ ©, BEIMECTBEHHBI, TO OTCIOAA HAXOAHUM, UTO

£a (0p) = [e1 (@p)]*. (4-4)
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Honcrasnas (4.4) B (4.3) m yumreiBas, uro Ha BepxHeM Ge-
pery paspe3a ®— o? - id (8§ - +0), monxyuaem
8o = &1 (©°) =i+%S

0

Im & (@?) do? (4.5)

2 a2
0] — @ id

Jlerxo mpoBepuTk, 4T0 Mp¥ BHGPAHHOM 3HaKe O BEUECICHIE
MBOMOX 9acTH (4.5) NPHBOJHT K TOMIECTBY.

Taxum o6pasom, 3Has MHEMYI 9acTh AHBIEKTPHUECKOM
TOCTOAHHOM, MOKHO BOCCTAHOBHTH BCI0 BENMUMHY €.

MBuMas wacTh AMBIEKTPUUECKOH IOCTOSHHOMN, ompene-
JA0MAsA TOTJONIEHAe 3JeKTPOMATHATHHIX BOJH CHCTeMO,
OTJIMYBA OT HYJA, TOJBKO KOTAA 4acTOTa BOJH B Ipefelax
MUPAB COOTBETCTBYIOMUX YPOBHeR COBHanaeT ¢ coOCTBENHEH-
MH 9aCTOTAMHU CHCTEMBl ©,. JTO GyneT siCHO M3 PaceMOTpen-
Horo Hm:ke npunMepa. Munimm cioBamm, mpemeGperas uim-
pmHaMu, 3ammmeM [m & B BHUje:

Ime(0?) == D)/, (0° — wd). (4.6)

Hopcrasnsa (4.6) B (4.5), moayuaem

f
b n
n Op—0*—1i
Ecan @ > o, T. e. JJINHA BOJHH CBeTa MaIa IIo cpas-
HEHMIO ¢ aTOMIBIMH PasMcpaMHd, TO aTOMHAs CTPYKTypa cra-
HOBATCA HECYMIECTBeHHOHM M BeJWYMHA € NePeXONdT B pA-
DICKTPUIECKYI0 IOCTOSTHHYI0 HAEaTbHOTO Tas3a JJEeKTPOHOB:
e = 1 — dnne*/mo?. (4.8)
W00

31eck n — 9HCIO0 BIEKTPOHOB B €j[HHATE obbema, a m —
Macca ayiexTpora. Mopmyna (4.8) moscHseTCs Ha PaceMOTpeH-
HOM Bmxe mnpnmepe. CpaBHuBas 9TO BHIpajkende ¢ (4.7),

HaXOJIAM:

Z [n = 4nine?/m.

ITO COOTHOINEHMEe HA3HIBAETCH MPABIIOM CYMM.
AmamurinuecKie cBofiCTBA RMDIEKTPUYECKOH TMOCTOAHHOM

B npocToif Moemni. PaccMoTpmM cpeny, COCTOAMYIO W3 0CIAI-

JIATOPOB, AMEIOIMUX YACTOTY 0, (HeTPYAEO HCCACSAOBATE 1 Golee
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peanncTAYeCKUN CcIydail COBOKYNHOCTH OCHHJIATOPOB ¢ pas-
HLIMA gacroramu). Takue OCHHIIATOPH HUMHUTHDYIOT aATOM-
HEe DJIEKTPOHHI.

YpapHeHme ABUKEHHMSA AJS OCHMLIATOPA TOJ LEHCTBUEM
BHCIIHETO 3JeKTpuueckoro uoxas & (f) mMeer BuA

. . ) ¢
r 4+ hr 4 opr =7€£.
3uecs h—roadunyent saTyxanns. Pasiaras » n € B muTer-

paxs Dypse mo opmyran 7* = § ree e dou & = § €.l do,
o y4nM

. [4
— 2Py, — ihore + 0hr,= —%,,

oTKY/A
e 1

m mg—uﬂ—ihw )
Briymeausm junionpiyio noJdspH3AIN0 BedlecTBa P

ne? 1
P, =ner, = & .
w w w B .
m 0} — w2 —iho

3iech n — 9YWCIO OCHUJLIATOPOB B enmHume obmema. [lm-
DIEKTPHUECKAA IIPOHHMIAEMOCTb €, HAXOJUTCHA € IIOMOMIIBIO
HM3BECTHHIX COOTHOUIOHMH 9JIeKTPOJUHAMUKY

D, o 8 T+ 40P, 4rine? 1

22 % 14
C C s
€. L m (03

€, =
—2— iho

Orciona mpu ©° > o moJyuaeM HAHJIEHHYIO Bhile Gopmy-
ay (4.8).

Ecam cmerema COCTOMT ¥3 OCHUJILATOPOB DPasHOTO TH-
1a, To B mocjenteil GopMyse HY;KHO BBECTH CYMMY IO 9acro-

TaM Mp,:
. Ame?
g =1
© T 2 02 — @ — ik,

n n

n
n

(4.9)

3nech n, — YMCI0 OCHMJIIATOPOB C DHEPried W, B eJMHHIE
o6bbema. B srom ciayuae, mojgarasa ® —» oo, HAXOOUM

1S,
Ep—>1 — TR Ny
n




180 INI. 4. AHAJUTHUYECKUE CBONUCTBA ®U3HYECKHX BEJAYMH

CpasauBash ¢ (4.8), norygaem mpaBmiIo cymMM B opme Z R,=n

n

(n — umcno onexTpoHoB B epmHmme obbema). Mur BEpuM,
YTo HpHE @ —> o0 CBojicTBa BHOpaHHON Mofenn, Kak o
fouxHE0 OHTH, He BIHSIOT HA pPe3yIbTATH.

Kosgunmenr 3aryxamus h, oIpefensercsi HWHTEHCHB-
HOCTBIO TIEPEXOKOB U3 N-TO COCTOSHAA B APYTHE COCTOSHMUA.
Mu sBumpenm (crp. 56), aro h, <€ 0,. HKax BmaEO M
(4.9), koapPWIUEHT 3aTyXaHHA OIpefelsfeT MHUMYI0 dacTb
IAIeKTPAYECKON TOCTOAHHOM.

IIpoBepuM, 4TO €, HMeeT IMOJi0ca B HYJIH TOJbKO B HEKHeH
moxymiIockoerd . W3 (4.9) caepyer, wro moiica €, HaXo-

—— h
EATCA B TOYKAX m:iV(oi—ihn(ozimnl — i . Tax
Kak h, >0, to Im (0) <<O.

Ilna BaXosueHAA HyJIefl &, PACCMOTPHM CHAYalia CJYydai
ORHOTO OCHHJLIATOPA € YAaCTOTOH , ® KO?QPHIHEHTOM
saryxaBmsa h,. llpmpaBumBas Bepaxenme (4.9) wymo, ma-
XOZHEM

I 4me?n .
o=+ 0+ 22— ihgo =
9 4rten . ho
o A
Urak, Im o < 0.

B caydae HECKOJBKAX OCOMJLIATOPOB, KAK BHJHO U3
(4.9), BemecTBeHHEHe 4acTE HYIeir OYAYT JeKaTh MEKAY
BemeCTBeHHHIME YacTAMHE LOJI0COB. Bpmay Toro, uro Bee
h, WMEOT ONMHAKOBHIA 3HAK, OHH GYAyT CABHIATH HYJIH £,
B Ty e CTOPOHY, YTO H B CjIydae OfHOTO OCHHIIATOPA.

Taxmm oGpasoM, MH TPOBePHIH BCe AHAIMTHICCKHE
CBOIICTBA AMDIEKTPUUECKON OCTOAHHONW HA IPOCTOH MOJeNH.

Uccnenyem B paccMaTpPEBaeMoil MOJIGJIH CTPYKTYPY PYHK-
nur 7 (v). Mmeem:

oo
n

o _—_—S X (t)eodt =1 + 43;62 2 o =
b

—_— w2 — 1
- n— © Lhn(l)

Orcioga

4rte? sin(Vmﬁl—hfl/lx'r) —h oz
# =80+ TRt
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M5l BAnuM, 9TO BexmumAa h, oupepeiaser saryxarume ¥ (v),

a TaKKe CHBAr COOCTBEHHBIX YAaCTOT O, —> V o — hi/A.

OTmermM, 9T0 TaK Kak 4 (T) 9KCHOHEHIMAJTLHO yOHIBaeT,
ro maxyrmua P (t) onpenensierca sHagsennaMu noxsa & (f —v)
B MOMEHT BpeMeHH, OTCTOANTMA OT BpeMeHH [ Ha BeJH-
quEy nopApgka v ~ 1/h. OTMeTHM, KpOMe TOrO, 4TO MHHAMAH
9acTh JUANEeKTPHMYECKodl MOCTOAHHON ecTh HedYeTHasd, a Be-
mecTBeHHAas — 9eTHAd (QYHKI(HA 0, B COTIACHH C TeM, 9TO
Tpebyer of6paTEMOCTE BO BPEMEHH.

2. AHAJATRYECKUE CBOMCTBA AMILIATY JIbI
PACCESIHEA

VYunTapHocTh Kax cieflcTBAe NPHHEIANA CyIepHo3HIMH
1 coxpaHeHMs BeposaTHoctH. lccremyem aHanuTHYeCKUe
cpoiicTBa ammamTynH paccesnnA. Ilo ompepexenmio, Boi-
nopasa pymxmusa Yoyt mOCHE PACCEAHMA CBA3AHA ¢ BOJHOBOR
bysxmuest Wi, 0 paccesHHA DOCPECTBOM Tak HA3KIBAEMOi
S-yarpu: Wour = SWin.

Hoxameniqum’éo_xﬁa}IeHmﬂ BEPOATHOCTH W NPHHOHDTA
CYmepPmOSNIUE BHTEKaeT CBOACTBO YHHTaPHOCTH S-MaTPHIBL.
MaTpuameie saeMeHTH S-MATPHUIB Sy, CYTh AMILIATYAH
1epexosia 13 COCTOAHUA a B cocrosinne c¢. CiefoBaTelsHO, 13

COXPAHOHNA BEPOATHOOCTH Y | Sec |2 = 1. 970 paBeHCTBO

.6 .
CHMBOJIMUECKH 3alNCHBAGTCH B BAE (O +0)q, = 1. /s kBan-
TOBOMEXAHMIECKOTO NPMHIUOA CYNePHO3MIIH BHITEKaeT, 9TO
BOTHOBaA GYHKIUA |@) MIOGOTO COCTOAHMA MO¥MeT OHTH mpef-
cranena B dopme: @) = o |ad 4+ P|bd + ..., tme |a),
| b> ... — mabop 6asmcHEIX cocToAnmil. Ycuaopue (S*S);; =

= 1 MOKHO 3amucarb B BHJE:
[ 2 (S*S)ea + [BP (S*S)p + -+
coo - aP® (SHS)ay - a*P(SHS) e ..o =1
Tar Kax (S*+8)qq = (S*S)p = ... =1m|a]>+|B[* ...
...=1, 10
af* (S+S8)ap -+ P (S*S)pa + .. . = 0.
BBugy npOM3BONBHOCTH KOd(QHIUEHTOB o, [ OKoHYa-

renpEo Haxomum: (S+S),, = 0. Dvecte ¢ yciaoBUeM coXxpa-
[ £t S
HCHNS BePOATHOCTH 9TO DPABEHCTBO MOKHO 3a0HCATH B BHE
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(S*S8)ap = 8ay umm, B omeparopmoit gopme, S+S =1, Taxam
o6pasoM, S-marpuma ofmafaeT cBOHCTBOM YHUTAPHOCTH.
Yno6u0 BHuenuTs N3 S-MATPUOH eJMHMYHYI0 MATPH-
Iy, ONHACHIBAIOIIYI0 OPOLecC (ed PeaNbHOro paccesmusa: S =
= 1 + iT. Torpga ycioBwe yHATAPHOCTH S-MATPHNH IpU-

obperaer Bumx (1 — iTH(A 4 iT) =1, mm
"r=i(I+=10.

B MaTpuumEIX 9ieMEHTaxX 3TO COOTHONIEHHE B3AIHCHIBAETCS
B dopme

2Im Ty = 2 Toal on: (4.10)
- .
OnpenenuM aMmIuTyay paccesmus f HOCPEJCTBOM COOT-
2
Homenna I = 4;; f8(E — E'). 3necs M — macca paccensa-

eMOil HEepeJATHBHCTCKON dacTHOH, a [eabra-QYHKIUA BH-
paKkaeT 3aKOH COXPaHeHMA 9HePrMM Opu pacceAHmu. Torpma
cootHOmenne (4.10) nuA xpmaroHANBPHHX DJIEMEHTOB (@ = b)
MOKHO 3a0HCaTh B BUJE

o1 2 , S(E—E)S(E, — £
mf,, = M Zlfucl S(EZE) . (411)
9

B nepoil wacTm CTOMT aMIIHTYNA pacceAHHS Ha YTOX HOJIb.
B npapoit wactu B wucamrene 8§ (E, — E’) Mommo 3ame-
pnty Ha O (K — E’), mocme dwero sra & dymkmua coxpa-
maerca ¢ §-QyHEKIued B 3HaMeHaTele.

Torna B npasoil wactn ypasrenus (%4.11) BosHHKaer cymma

2|fuc [? 8(E — E,). IIpoMeyTOUHEE COCTOAHUA ¢ XapaKTe-
c

PU3YIOTCS MMIYIAbcoM P’. 3aMeHsAs CYMMHUPOBAHHKC 1o P’ mH-
S ( _dp’
TerpupoBaHHUEM (Z - S W), 0.Tygaen:
\ X dp’ 1 p?
N o8 iy — B) {5t =\ 11 O) 4D .
dp

3nmeck 000BHATEHO: fguy = fppr = f (0). ,

Benuuuna d—P’ =V eCTh CKOPOCTEH HAaJeTAWM[eil YacTHIHI.

Harerpax f [f (0)]* dQ = 0 ecTn momice cedenme paccesHHs,
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Urax, =m3 (4.11) maxommm:

4ot p
2Tm/(0) = wopr 5
nin
Im/(0) =—o. (4.12)

910 COOTHOLIEHWE Ha3HIBAETCA OUTHIeCKoil Teopemodt. Omo
CBA3HIBAET [IOJHOe CEUeHNMe PACCCAHUAC MHUMOH JacTBIO am-
OJHTYRH pacCesHEs Ha YyroJd HOIb.
Husxe nmpuBOIUMTCA [PYrod BHBOJ, OUTAIECKOH TEOPEMH,
BHTEKAOMNH 13 3aKOHA COXPAHEHNA TaCTHUL.
Jlucrepenonnoe cooTHomenne. AHAJOTHIHO TOMY, KaK
5TO GHLIO CHEJAaHO JJNA AM3IeKTPUIeCKON DOCTOARHOMA, CBAKEM

MHEMYIO I BeINeCTBeHHYI0 9acTH AMIIUTY/ PACCeAHNA. Pac-

CMOTpHM, HaOPAMED, paccesHUe CBeTa 3aPAKeHHON CHCTEeMO1A.
Hanmmem omepaTopHoe coorHomexume B = SA. 3pech Be-
awumpa A XapaKTepH3yeT aMIUIUTYAy Oajanmeil BOJHH,
a B — aMOIWNTYAy paccesHHOH BOJHEL

B wacrHOM ciydae, KOTK& aMIIHTyAa A Gepercsa B MOMEHT
BpEMeHH { = —o00, a aMILIATyia B — B MoMeHT ¢ = --oo,
omeparop S OKBHBAJGHTeH BBEJEHHOH BHINE S-MaTpHIE.
OTMeTHM, UTO [M3JIEKTPHIeCKas HOCTOAHHASA ABIACTCA JACT-
HEM cIyJaeM omepaTopa S, Korja semmuuanl A u B me
3aBHCAT OT KOODAMHAT.

CrielraeM mpeJIOIO/KeHHe, TT0 10 MOMeHTa Bpemenyu ¢ = 0
AMONMTYAa Danalolliell BOJHB Ha HEKOTOPOH KOHTPOJIBHOM
OJOCKOCTH, PACIONOKEeHHOH JO PACCeHBAIOMEH CHCTEMEHI,
paBma Hyao. OTHOCHTenBHO B MOXKHO YTBeP:KIaTh, YTO
B(t) =0 mua t <, tme t; > 0.

Ilepeiinem k ¢ypne-KoMIOHEHTaM!:

4, = A@yert dt, B, =g B(t) ciel dt.

t

Og/)g

™y

Tak rak A () = 0 opu ¢t < 0, T0 A, Be nmeer ocoGermEOCTeH
B BepxHeil moiymiockoctu. AmamorugHo B, Tawke me HMeeT
ocobeHmocTeit B BepxHel moaxynmockoctd. M3 cooTmomeHumsa
B, = SA, cuexyer, aTo BeimumHa S MOMKeT HMeTh ocoben-
HOCTH N B BYIAX A,. Ho S He MomeT 3aBHCETH OT JaCT-
#oTo Buna Ae, T. €. He MOKET 3aBHCETH OT PACIONOKEHHA
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Hyneit A,, creposaTensHO, Hyn:m A, COBHANANT ¢ HYJZAMA
B,, m § ne mosker nmMets ocobemmocTel B BePXHEH DONymio-
croctu. Omepatop S, KaK MH BHEUEJNN BHINe, JUHeHHO CBARAM
¢ aMOINTyAo# paccesnus f (w?) cBera. Bemuuumma f (o0)
OTIMYHA OT HyJs W HpefcTasiaseT coGolt cymmy ammimTyn
Pacceanns cpera Ha CBOGONHBIX YaCTHOAX CpeJH. Ioaromy
AMCII®PCHOHHOE COOTHOMICHNe HY;KHO IPHMEHATH He K f (@2,
a X pasHocT® f (@) — f (c0). Omo aHamOTMYHO R¥MCOEPCUOH-
HOMY COOTHOLIGHWIO JJIA [HSJICKTPAUECKOH NOCTOAHHON g
g 2
F@Y) =7 (o) 4+ - { SRUE@I T O gz (543

2 __ 2 . i
- 0] — o id

Pesonancmoe paccesmme npu mamsx sueprmax. Ilpm
Gorsmmx r BoxmoBagm (YHKOHA 3amaum PaccedHns HMeer
CIeAYIOMMA aCHMOTOTUYECKHANR B

¥ s o4 L i,
r—o0 r
PaccMorpam crawana ceprIecKN-CAMMETPAYHOE PACCesHTe,
Cdeprmueckm-cammerpaaras wacrs V¥, ONMCHBAIOIIASA pac~
cesnme ¢ ! = 0, npm Gompmmx r pasHa

¢ daQ sin pr fo u
LY L L pipr - 2 .
SF 4t pr + r¢ r

3pecs  f, — cdepmueckm-cHMMeTPETHASA napoEaJIbHAg  aM-
nnuryna. OYHEKOAI0 ¥ MOKHO 3amMCaTh B BHNE:

e | A +42ipfo _,;iz;p fo etpr, (4.14)

U= —

ip

Tox wactun, cocrarmenusit nz BolpasKenmsa (4.14), pasen
Pa3HOCTH TOKOB, 06pa3oBaHHHX N3 [BYX CIATaeMuX 1z
(B BHpaeHHN A TOKA DEPEKPECTHHE CIAaraeMue COKpamma-
lores1). Ecnm paccemparommit meETp He moriomaer m me mc-
TyCKaeT 4acTUN, TO STH TOKH DPaBHH APYT APYry. Yciosme
uX paseHCTBa mMeer smp: |1 - 2ipf, |* =1, mum, HHave,

fo —fo = 2ipfefsy Imfo=p|f [ (4.15)
OTKyJa IoJIydaeM

1 1 :
Imw = —p, fO = m y (4.16)
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e g, (p?) — BemecrBenran Qymknua p°. IIpm Manwx smep-
IAAX OHA MOKET OHITH pasiomena B pAx. Hak Mm ysupmM,
B Cllyyae paccesAHMs Ha NOTeHI[HANBHOHM AMe IapameTpoM
PaslloKeHNA ABIACTCA OTHOUICHME DHEPIMH K TIyGHHE AMBL

@opmyaa (4.15) mpepcrapiAer cobof WaCTHBIE ciyuail
oxTHyecKo Teopemer (4.12), cBA3BHBAKOIEA MHUMYI 4YacTh
aMIIIATYAH PACCesTHHA HA YroJ HONB C IOJIHHIM CeUeHUeM.

Hccnenyem Tenmeps moBefigHEHe OPON3BOJBHKX DapIHUalib-
HHX aMIinTyd f, opd mauwx omeprusax. Ilo ompenernenuio

£(0) = D) f1(21 4 1) Py (cosB).

le=0

Uz gopmyas (4.10), Beona BMecTo Iy, aMOmIHTYAy Ppac-
CeANHA W 3aMEHAA CYMMHPOBAIMe [0 ¢ HMHTerpUpOBaHHEM
M0 OPOMEKYTOUHBIM M-
nyiascam P’ (#o He Ho- /Pb
narag, xak B (4.11),

a = b), waxopum: P

Imf (%) =
=2 \rmranv.
3necs y = (6, @) m ¥ ="

= (0', ¢’) — yram, noxasammeie Ha pmc. 40. Pasmaras

ammantyns £ (9), f (y) 71 f (y') mo mapmualbERIM aMILTHTYAM,
OOIyIaeM:

D2l + 1) Im 7, P, (cos®) =
!

Ve
Y
ek

Pmc. 40.

— L D@+ D)@+ ) fife SP, (cos0) Py (cos ©) dy'.

1254

Ilo Teopeme cioskeHHA [JIA  TOJHHEOMOB  Jleskamppa
P, (cos ) = P, (cos¥) P, (cos 8') + ... Orbpomenusie
ujeHH cojiep/KaT BHpamenmsa Bmma cos m (¢ -— ¢'). Ilpnm
HETeIPHPOBAERA Ho ¢ oHE ofpaTArcd B HoXb. Mcmoapsys
CBOMCTBO OPTOHOPMHPOBAHHOCTE monmHeMoB Jlemanapa,
oxonuaTenbHo Haxommm: Im f; = p|f, | Otcrona

_t
g, (p)—1p

fl=
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Bepremcs omats k cdepmuecku-cummerpmumoMy pacces-
mmo. Kar Mur yeumum mmwe (crp. 189), mpm mambix pP? cy-
MecTBeHHO s-paccesnne. Pasmaras g, (p?) B pam Teimopa
m obosHadag —g, (0) = %, Haxomum:

1
fo — T (4.17)

Benmuuna j, nmeer npomoc B Touke p < ix (BTopoit
KOPeHb KBafipaTHOro ypaBHeHHEA — % — ip + ap?® = 0 coor-
BETCTBYeT CTONb GONbIMM NMOyJIbCAM p, LPH KOTOPHX
HEOPAMEHAMO pasyomenme g, B pAx Teiuopa). Ecam
paccMarpupark f Kak ¢yEKmuio sHeprum p*/2 (maccy dac-
THIRI OoJjlaraeM papHoil emgurmne), To mpu p? —= 0 umeercs

z
'
~ B‘éﬁ”’ anbHDE

o
< USIYeCH) e

Hewusuveenud guem

Pme. 41.

KopHeBasA Touka Bersienma. UrolH f, (p?) crama opmosHau-
HOH, IPOBeieM B HJOCKOCTH p? paspes M3 HAavaja KOOPABWHAT
BJ0JIb EeNECTBEHHON NONOKHTenbHON moiyocu (pme. 41).
O=m penur nixockocTe p? Ha jsa auncra. Ecau » > 0, ro mo-
m0C f, JEKUT HA OTPHIATEJBHOH BEIMEeCTBEHHOM NONYOCH
mepsoro amcra, a eciau % < 0, To — Broporo.

Benmumny % MO/KHO BHIPasHTH Yepe3 dHEPrHI0 cjiabocBdA-
3aHHOTO COCTOAHMA B DPaccemBalomeil sAme (eciu Takoe Co-
crosigue cymecrsyet). Iloncrapnan (4.17) s (4.14), momxyuaem:

U ~ __1_<e—ipr __—*tir eipr) ]
Tr—00 ip — A lp

DyHKIHNIO U MOMKHO allaJHTHYeCKH IPOJOIKATE B 06I3CTH
OTPUIlaTeJbHKX 9HEPTHil, UTO COOTBETCTBYET MHHMHIM 3Ha-
gegnAM p. llycTe 9Heprus CBA3AHHOTO COCTOAHMA paBHa
— E,. O6osmaunm %, = V 2E,. Torxa mpu p= =+ i%, BoJ-
HOBaA QYHKOWA NOJKHA CTATHh BOJHOBOH QyHKIUel cBA3am-
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HOrO cocTosHuA. I1loTOMy B BHIP&KEHWH M4 U OPH P =
= = in, HE JOKHO OCTABATBCA CJATAEMOTO C pacrymei
SKCHOHENTOMH.

Hpu p = in, moNydaeMm

u = 1 YT — —r—% e¥or ) |
20 — %+ %o

Ilia Toro 9TOOH MOKHO OBIITO mpeEefpedb pacTymein aKe-
HOHeHTOi, HEOGXOMMO TIONORATD % = Ko > 0. Tarkum obpa-
30M, B Caydae CBA3AHHOIO COCTOSHHA aMIVINTYAA PaCCeAHNA
HMeeT MONIC OPH p = i%g
- 1
TMonoKeEre 1oMI0Ca OIPENEAeTCA dHEPrHedl CBA3AIHOrO
cocTosHMA. Jra GOpMyJda HMEeT CMBICT, KOIZA dHePrusA CBs-
3aHmoro cocroAmms E, mala 10 CPaBHEHUIO C raybunoit mo-
TeHUANBHOI AMB. B TaKoM ciydae NPA MAibX IHEPIuAX
PacCemBAEMEIX FaCTHI{ IPOMCXOANT PE30HAHCHOE YBeJIMTEHNe
9 peKTUBHOr0 CedeHHs paccesHus, I MOKHO npexebpedn
BIMANAeM MHOTENIUAIBLHOTO PAacCeARNHA M BIMAHHEM NDPYTHX
ypoBHe#H.

Tak kKar %, > 0, To moiawC, ¢OOTBETCTBYIOMUA cBA3AH-
HOMY COCTOAHHIO, JIE/KHT, HA TEPBOM JHCTE HIOCKOCTH P
Mo;KHO @OKa3aTh, YTO BCe MOJIOCA HA NMEpPBOM JuCTe Ipel-
craBIAlT coboll cpasammsie cocrosmmA. Ilo aroll mpuIMHe
OepPBHi JUCT HA3HBAKT (GH3HYECKUM (cm. pue. 41).

B caygae x < 0 momioc aMIVIATYAR PACCeAHNA JIEIKHT
Ha BropoM (HeM3MUeCKOM) JHCTe M COOTBETCTBYET TAK HA3RI-
BaeMOMY BHPTYRJBHOMY COCTOAHHIO. Hanpumep, CHHrAeT-
Hasd aMIUIUTYJA PpacceAHMA HeHTPOHA HA NPOTOHE MMEeT
noxtoc npu sHeprum ~ —10 K38, COOTBeTCTBYIOmMUA BUPTY-
QJBHOMY COCTOAHMI0. Tako# MOJI0C MPOABIAETCA KAK DE30-
flaEc B PACCeAHHNM OPM MAJbIX dHEPruAX, OfHAKO HEe COOoT-
BETCTBYET CBASAHHOMY COCTOAHHIO.

Ha medmsmdecxoMm IHCTe MOTYT 6uTH U Apyrme ocober-
goctn. OHM MOTYT HaXOJHTHCS (B oTamume oT QUINIECKOTO
xncra) B J0Go# TOUKEe KOMIIEKCHOM IJIOCKOCTH. Ilpencras-
Ig0T ocobbii HWHTEpeC MOJI0Ca, PAcHOJOKeHHEIE BOam37
HOJIOKATENBHOM BeIMeCTBENHON MOJyocH p* B TOUKAX P =
= py — iy (y > 0). Kaxpsli M3 TaKkUX IONIOCOB CHIBHO

BIMSET HA AMIUIATYLY paccesHus OPH dHEPrum, 61M3KOM K pg/2
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M UOPHBOJMT K PE3OHANCHOMY DAacCeAHMI0 ¢ IIAPUHOH 7.
ITH HOJNI0CA ONPEeJIeNAT TaK HA3HBAEMBIe KBABHCTAIMOHAD-
mue cocrofrus. [Hupuna 1 pasEa ofparHOMYy BpeMeHH: Ku3HE
aroro cocroamnsa (ctp. 146).

BANTAUYA

N3 sarioHa coXpaHeHMS 9aCTHI HONYdIATs (AHALOTHIHO
TOMY, KaK 9T0 OHJIO C/IeSaHO B TEKCTe) ONTHYECKYIO TeOPeMy
B Clygae NOTJIOMEHWA, OIPEReNAeMOro CeueHmeM O,.

Orser. Im fo=—4p?(4n]f0]2+ Sc).

Hepesonancnoe paccesnme npu mansix smeprusx. Vie-
clleflyeM aHAJIATHUYECKHEe CBOMCTBA AMINIATYAH pPacCesTHUA
f(p, 6) mpu manmx omeprusax. Cmauama ompejesmM, npu
Kakmx ycuaosuax ¢yakmusa f(p, 0) amanurmaEa B Touke

= 0. [lga »sroro mammmeM ypaBHEHWe, CBA3HBAIOIee
f(p, 9) ¢ Bonmomoit ¢ymrmmedr sapmaum paccesEma Y, =
= e'®Tu, (). 3pecs up — QYHKIHA, MONYIMPYOMAS I1ITO-
ckyio Boarny. Hak mm yBmamm, ocoGemmoctu f (p, 0) npu
p = 0 onpepensiorcs nosepermeM W, 1 V mwa Gonmpmux pac-
CTOAHAAX r, TN

\Fp__> eirr | _’fl_eipr n up—> 1+ % eipr-pr),

T. €. Up = 1 Opn r — co. Bonpoc 06 amanETHIHROCTH upm
P —> 0 mosier GHTH paccMoTpen B GOPHOBCKOM I PHGIM:KeHAT.
HeiicTBurensao

(pr0) = — ;—nge-iarv (1) (r) dir ~ — JZH—S eV () dr,

e
g* = 2p* — 2pp’".

Ecnma V () yOuBaeT npm r — co 9XCHOHEHNHEATBEO (uam
Gonee CHIBHO), TO BCe IPOMBBORHHE OT f O P KOHEUHH (GOOT-
BeTCTBYIOIME WHTEIPANH CXONATCA), T. €. [ aHAIUTHIHA IpH

Ilycrs V (r) y6uiBaer mpm r—> co crememEEM ofpasom.
Iponuddepenmupyem f (p, 6) mo p mocrarouso Gomsmoe
urcno pas. llpm kaskpom muddepeRmmpoBaBRE 3KCHOHEHTEH!
e"'™ B DOIWHTErpanbHOe BHPAMKEHHe ROGABIAETCH MHO- .
/KUTENb, OpOoNOPUMOHaNBHHI r. OH oclabiaser yGHBamnme
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9TOTO BhIpakeHHA OpH r — co. CrefoBaTeNbHO, AOCTATOTHO BHI-
cokasg mpomsBomHas npu p —>0 pacxomuTCs. Taxmm oGpasom,
B CJIyuae NOTEHHAJI0B, yOEBAOMMAX OPA r—> 0O CTeneHEHHIM 00-
pasoM, aMIUINTYAA PaccesHUsA OPUp = 0 mMeeT 0COOYIO TOUKY.

I pu GonrbiroM HOKa3aTe e CTeNeHH 9Ta 0CcOBEHIOCTE He OKa-
3EIBaeT 3aMeTHOrO BIASHOA HA paccedANne JacTHI| MAJBIX 9HED-
r@if, TAX KAk IPOABJIAETCH JHIIB B 096HD BHICOKAX OPOUIBONL-
HEIX OT aMIINTY[AB paccesnnd.

Haiinem 3aBHCMMOCTH AMIVIMTY[H DPacCesHHsA OT p IpH
MaJBX p B cirydae JOCTARTOYHO GHCTPO y6nBanmux Ha Oec-
KOHEYHOCTH TOTEHOWANOB (I9KCOOHCHIWAJIBHO HIIH cuinHee).
Jlast aToit mesn ynoOHO mepeiTy oT NePeMeHHHX p, 0 ® mepe-
meEEHM PP’ 1 p*. Torgamo ompefeseHHI0 NapHHAIBHEIX aM-
MIANTY], pacCesHus .

/= %mﬁ (22-).

Kag um3BectHo, ¢ymkmua P, Apxdgercsd DOIAHOMOM -7
CTENEeHM, a HMeHHO:

(2) — (22 s (22

)"2+...

pz

PaccMoTpuM TOBefieHHe AMILTATYAB HPH (QUKCAPOBAHHOM
sHagenny pp’ ®wopd p? —0. Iro ozHaIaeT, UTO MH paccMmar-
puBaeM aHAJNTHIECKOe OPOROIIKeHAE AMIUIETYAH B Hedm-
smgecKyw o6macTh yriaoe cos 6 —- oo m tpefyeM amanATHI-
gocty B 9Tol ofgacT.

910 TpeGoBamme 9KBHBAlleHTHO AHAJUTUIHOCTH 0O Pt
HPE QHKCHPOBAHHOM ¢%, KOTOPAsA JETKO MOMKer GHTb JIOKa-
3amHa JUIA HOCTATOYHO OHCTPO yOHBaomMAX HOTEHNHWAJIOB H
0COGEHEO OUeBMIHA B GOPHOBCKOM IpHOIM/KemmHm, Korja f
BOOGIe We 3aBECHT OT p? IPH 3aJAHHOM ¢°.

Ipu urcApoBaHHOM 3HAYeHHN PP’ U OpU p —> 0 ¢yak-
O¥A f He WMeeT OCOGEHHOCTH O P TOJBKO OpH

fi= d1p2l + dop?tt ..
Tloatomy, ecam HeT QU3HISCKUX DPHIMH [T o6 parmenus dy

B HOJb, TO IPH MQJIHX p aMIIATYJAA f) IPOMOPIIOHAIEHA P
3peck d; ~ R+, rie R — xapaxrepHas [JMHA HOTCHHWAJIA.
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®aza paccesmmsa §, cpAzana ¢ f; U3BECTHHEIM COOTHO-
menueM ¥)
J2i5[ 1)

fr=4

Ipn mankix p orciopa maxommm: §, ~ p¥*l,

Paccesnne na noremmmanbuoii mvme. B kagccrpe opaMepa,
WIIOCTPAPYIOMETo aHAIATHYECKHEe CBOMCTBA  AMILIHTYIHL
PACCesAHAA, PACCMOTPHM paccesHHe IACTUI(H ¢ MaXoit sHep-
rue#f Ha moTeHKHANBHON sAMe. Ipeanonomnum, 9To AMa mMeer
RocTaTodHO peskmit kpait. OGosHaumM uepes R sdpderTnBHHN
Paswep AMH. Bynem paccMarpmpaTh €TOJb Mallble 9HEPIUK
E Baneraromeil gacTUIE, 9TO BHOOJIHIAETCH yeaoBue pR<< 1,
e p = ]/2E. HKax mm Tombko uTo yGenmmuce, mpm BH-
LONHEHAW OTOTO YCJIOBHA CYMECTBEHHO JHML S-paccesnue.

Bue amut pyuxnma u (r) = r¥ (r) umeer Buz, coBIafarOmmit
CO CBOMM aCHMIOTOTHYECKHAM BHPajkKenueM

2ip

u(r) = SBIL | fgiom,

IIpa r ~ R umeem:
v(ry=r-+f, 1 -+ ipr).

OGosnaunm norapmPMEIECKY0 IPOMZBORHYI BONHOBOM
pynrnmauw Buyrpm Ame npm r ~ R depes g, (E). Cmmsas
JorapupMuuecKHe NPOMSBOXHEE BHYTpPEHHedl U BHELIHei
BOJHOBOY (YHKOHM, HAXOLAM:

go(B) = L0,
OTKYZa
1

h=wm—5

JTOT PesyNBTAT mpefCcTaBIAeT coGOil APYTOM BEHBOJ GOPMYAH
(4.16).

Xapaxtep g, (E) MokHO yBHAETH Ha TpmMepe IPSIMO-
yroasHO# AmH. OGosHaumM rayGuny samer wepes U,. Torma

BHYTPE AMHL u (r) = Asinkr, tne &k =7V 2 (U, + E).

*) A 0. Jamgay, E.M. JIndpman Ksaarosas mexa-
maka, Qumamarrus, 1963, crp. 547.
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CaemoBareabHO,
g, (E) = k ctg kIt

Bripaenue, Crosliee B IPaBoil 4acTH MOCJE[HEro pa-
BEHCTBA, PAsNaraeTCa B DPAA IO HeJLIM CTeNeHAM Majoi Be-
anumen E/U,. Tarkum o6pasom, g, (E) — NefCTBHTENLHO
aHauTHYecKas QyHKRIUA sHepruu E.

Ecam BEYTpE AMEL UMeeTCS CBA3aHHOEe COCTOSHME C HeP-
rueit —E,, To BoJHOBaA (YHKUEA BHEe SAMBl HMEeT BHJ:

ulr) = Be-ViEw, Cmpsad JorapudMuueckne ITPOUBBOJHELE,

Kak 9710 fedajoch Bhime, HaxomuM: g, (—E,) = —V2E, =
= — %,. Ecan oueprum E u E, maan mo cpasnermo ¢ U,
TO MOMKHO YTBeDEAATb, uTo g, (E) = go (—Eo) = — %y,

I MH HoJyduaeM CcHOBa peayiabtar (4.18).

Manocts g, (E) = k ctg kR pmocturaercs, ¥orja kR =~
~ /2. IlomyuaeM m3BeCTHOe YCJOBHEe IOABJIEHUA CBA3AH-
Or0 ypoBHS B HpAMOyroxbHO@ sme: U, > n?/8R®.

ATIAJOTHUHLIM CTOCOGOM MOSKHO DpaccMOTpeTh CJyyai
ampl ¢ G6aprepom ¥). Pesynbrar mmeeT B[

B 1
Jo = —ip—n-tap*
. n,
3nech o~ — R, npuuem §= 2 S V' 2(V — E) dr — noxa-

Ry
3aTeiib mPOHWIAeMocTH Oapwepa, a Ry, m R, — xmaccuue-
CKHEe TOYRU IOBOPOTA.
Anaiurnueckne cBoiictTBa Bomnosoii ¢yBrim. Coriaceo
tTeopeme Ilyankape ocobbie TOUKN DEIIEHEH IJUHefiHoTo gEd-
(EPEHINANBHOTO_yDABHEHAA MOTYT OBITEH TOABKO B 0COOHIX

TWLO ypasuenusa {xpove GecKoHeY-
HO yNanenHol TogkM). Hampumep, OCHUINATOPHBIA HOTEH-
HaJt = az? aaa omnomepHoro ypasHenma Ilpemuurepa
He WMeeT 0CoGBIX TOUYEK B KOHEUHOH 06JacTH IPOCTPAHCTBA.
Tloatomy u pemenue ypasHenusa llpenunrepa MomeT HMeTh
0cofyI0 TOUKY ToabKo Ha Geckonednoctu. To sxe crpasenIuso
mra tpexmeproro cayuas (V = ar?). Hanpumep, BonHOBaA
$ymkmus ocHoBHOTO cocTofgEna ¥ ~ exp (— ]/2oc ).

PaccMOTPEM aHaINTHYECKHE CBONCTBA BOAHOBON QyHKIVE
W (r) mo mepemMeuHOl 7 A YACTHIL, ABWRYMeHca B TPOU3-

* A.B. Murpgaa, A.M.Ilepenosos, B.C. lomos,
A0 14, 829 (1971).
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BOJBHOM CepUYECKU-CHMMETPUIHOM HOTeHNuale ¢ opbum-
TaJBHEIM MOMEHTOM, PaBHHIM HYJI0. B cucTeMe HeT BEHIIENIeH-
HOTO HalpaBJIeHUA, CJIEJOBATONbHO, PyHrmua ¥ avanmrmy-
Ha 0 mepeMedHoi r2. BonHoBasg $yHKIUA MOKET UMETH 0CO-
GeBHOCTH TOJIBKO B TEX TOYKAX, Ife uMeeT 0coBeHHOCTH
DOTeHNMAX Kak (yHwimsa r2.

Opmako ocobne Touku Ko3PPUIUEHTOB MOrYT M He GLITH
0COOBIME TOYKAME peINeHHA.

Hanpumep, B ypaBrenum

u +2(E — V) u, =0,

rpe V, =V 4 1 (I 4 1)/2r%, toura r = 0 asxnserca ocoboi
TOIKOH Koapdunmenra ypapsenmsa. IlycTh pu MadBIX 7 MOsKHO
npeaebpedr Bexuumboir V mo cpaBmenmio ¢ ! (I -+ 1)/r2
Torpa panmanbHoe ypasuenme Illpenuirepa mnpuobperaer
BUJT

—rfuy 1+ 1) u; =0,

OoTKyAa u; ~ r*lmmm u; ~ r-t. Urax, cymecTsyeT peimenme
u; ~ ri*1, perymnapuoe B Toure r = (.

Kynonosckuit morenmman V = Z/r = Z/Y 2* + y* F 2
Opn QEKCHPOBAaHHHX Y M z HMeeT KODHEBYI0 TOYKY BeT-
BJIeHuA mo nepemensoii z. CiemoBaTenbHO, B TOH e TOIKe
MOKeT HMeThb ocoberHOCTH BoaHOBaA QyHkuusa. Hanpmmep,
I OCHOBHOTO COCTOSHHA YaCTHIihl, KaK H3BECTHO,

¥ ~expl—V22+ y? + 2.

B wacrrOCTH, Havamo KoopamHAT ABIAETCA 0c06oit TOUKOM.
Mu sBugenm (crp. 55), 910 3Ta 0COGEHHOCTH KYJIOHOBCKEX
BOJIHOBHX (yHRIUH ompefieiseT Xapakrep sHepreTHUecKoOm
3aBHCHMOCTH cedeHUA (orosdderTa.

B panbheiimeM Mbl eme BepHEMCA K CBoMCTBAM aHaJH-
trgdoctn V-QpyHKOUN, HOo He Kak QYyHRIMY 7, 4 KaK QyHKIUR
pHEPI'HH.

OnHovacTHuHbIE (YHRIAYM CIVIONIHOrO CIEKTpa IPU Mawoii
sueprum. Ilomyumm ypmoGHoe ans panbHeHMAX BHYHCIEHMI
BHIpaKeHYe 18 (yHRIWI CITIONIHOTO CHeKTPA ¢ MaJlofl sHep-
rueit e,. Ilpm paciere MaTpHMYHHIX sileMeHTOB OOHYHO BXOAT
(yHEKINN Ha PacCTOAHHMAX DOPANKA paguyca R moTeHmuams-
Boit amel. Ilokaxem, atro ecma pR<<€1, 1o BonHoBas Qynk--
oA @p(7) MokeT OHTH 3amMCaHA KaK IIPOM3BeNeHEE MHO-
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RATEJIsS, 3aBACAMELO TOJBKO oT p, Ha PyHKUMIO @) (1), yHOB-
JetBopaomyo ypasuesmio Illpemmurepa ¢ p = O.

HefctBurenbro, omeHra Ag, ectb Ag, ~ ¢,/R?, ® mo-
3TOMY B YPaBHEHUHU LA ¢, (7)

Agp (1) +2(ep — V) @p(r) =0

BeJIMINHOM &5, = p?/2 mpm ycmoBmm pR << 1 momkHO mpe-
HeOpeds.

Urak, Gynem maobpaskates @, B BHAe ¥)
?p () =% (P) 9o (7)- (4.19)

lna mpocroTs orpaHmumMCsa  cdepmUeCKU-CHMMETPHIHEIMA
cocrogamaAmu. B kadecTBe ¢, BHOEpeM pemeHme ypaBHEHWA
lllpenmarepa, KoHeYHOe B Hylle W yhoBJIeTBopsAmomee Ha Gec-
KOHEYHOCTH YCJIOBHIO

Ilpm smeprmm cBssH &, cTpemsAmedica K Hymo0, GyHRUAS
Qo OTIMYAeTCA TOJBKO HOPMUDOBOUYHHLIM MHOMRUTENEM OT
dyErmmm cBAsaHHOrO cocrosHmA. I{IA ABYX WacTHI OfiMHA-
KOBO# MaccH (HampmMep, AlA CIydas MeHTOHA) JIerko mo-
Iy9uTH
4 s
Pa = aP, Ime a = V Me
d — 0 = .
Van

Oyuxknun @, (r) Gymem npeamosaraTh HOPMAPOBAHHEMA Ha
uatepsal dp. Torma BHe aAMH chepuueckasn! wactb @y ()
UMeeT BUL:

"up (r) __ sin (pr 4 8o (p))
r pr :

HKax Mb Bmpjenm Brime, mpu manwx p cdepwmueckas map-
OUaJbHAA AMIUTATYZA PaccedHEs f, MMeeT HOJIC B TOUKe
p = in(x > 0"pna peanbsoro ypoBs u % < 0 ana Bup-
TyanbHoro). B oxpecTHocTH 8TOro moaIOCa PE3OHAHCHO

*) Amanormumce ceoiictBo QyHKUME coTomHOrO cheKTpa MIs
®Hepruii, GIU3KIX K DEEPrHI KBa3NCTANMOHAPHOTO YPOBHA, HEIONb-
30BaH0 B paGore B.M. Tauxnpgroro, B.®. Yearnosma
(Nucl. Phys. 56, 86 (1964)); cm. Tarse cHocky ma crp. 191.

7 A. B. Murpan
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Bospacraer u (asa O, (p), cBABaHHaA C f, COOTHOMIe-
HAEM:

ol = —1sind ()|

CuegoBaTelbio, mmeercss mmpokasa obmacte R Cr <
< 1/p, rpe 8, (p) > pr; raxmm obpasom, umeeM:

1 .
Up = o sin & (p),

TOrfla KaK 7¢, B 3Toi 06IacT; B CHIY HOPMHPOBOYHOTO yC-
aosus pasHO 1.
Iostomy, menonbays (4.17), Haxommm:

1 . 1
[%(p) [P = -5 sin? 8 (p) = | /o =eFr—rrr - (4.20)
Branm ot noxioca, T. e. npu p? ~ Uy (U, — rrybuna smu),
| x (p) |2~ 1/Uy  BOamBE moJIIOCA (mampumep, Tpm
ap?—x = 0) mmeem | 7 (p) |2*~1/E. Huxe GyneT paccMOTPeHo
HECKOJIbKO IPHMEPOB HMCIOJB30BAHHWA JTOTO CBOHMCTBA BOJ-
HOBHIX (yHrmmi.

Wrak, mpy MaiLX p M % BOBHMKAET YCHJIEHHE BOJTHOBHIX
$yHKOmE CIIOMHOrO COEKTPAa HA MAlbHX PpacCTOAHHAX B
VUJE pas.

Paspelenne BolHOBOH GyHKIEE @, () Ha HpoU3BEleHHe
[BYX WISHOB, OMH M3 KOTOPHX 3aBHCHT OT 7, & [PYroil — OT
P, IO3BOJIAET OUEHD IPOCTO BHIMCIATH MATPAIHEIE BIIEMEHTH.
VBrerpmposanme o 7 CBOJAMTCA IPOCTO XK B3ATHIO CPefiHEro

mo (QyHRIUA Q.

3. NCIOJIb30BAHAE AHAJIATHYECKHAX CBOUCTB
B OM3NYECKAX 3AJAYAX

Teopus spepHbIX peakmuii ¢ 0OPa3OBaHNEM MeLTCHHLIX
qacTmn. IlpumBefiem eme ofmH HOpEMEp TOTO, KAk ydYeT o0Co-
OeHHOCTH BONHOBOM (PyHKIMM mO3BOJACT DPEIIHUTH CIHOMKHYIO
3afavy. B mamsHoM ciysae GymeT ydTeHo CymecTBOBaHNEe MO-
Jioca He B AMIDINTYAe DaccesHms Ha MOTEHNMAJBHOM sME,
KaK 2To GHIIO B 3ajlade TPeJHAYMEro pasfena, a B aMILIATY e
paccesHASL [BYX HYKJIOHOB, NOSBHBIINXCA B pe3ylbTate
pearkmun (Murpan, 1950; Barcom, 1952).

.
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Paccmorpum spmepHyo peakpmmio, B pesyibTaTe KOTOpOi
HapAjgy ¢ APYyruME dgactumamm o6pasyroTcd jBa HYKIOHA
C MaZod OTHOCHTENIbHOU sHeprmeil. Takoil cilyuail ocymect-
BJfAETCSA, HAIpUMEp, OPH POMACHUM I-Me30HAa B CTOJKIO-
BEHUN ABYX HYRJIOHOB C sHepruei, 6muskoil K sueprum obpa-
30BaHAA NHOHA, WAV IPH Pa3pyldeHWH JeilToHa HEHFPOHOM,
KOT/Ia 3HePTus BHUIETAOMEro HNPOTOHA OIM3KA K CBOEMY
MAaKCHMaJbHOMY 3HAUEHMIO ¥ OTHOCUTEJLHAs pHEPIUsA HEH-
TPOHOB focTaToyHo Maja. CedeHme Takoro mporecca HapALY
¢ HecymecTBeHHHIMH MHO;RATENAMI OyfeT MPOMOPIUOHAIBHO
KBaJpaTy MAaTpPUYHOTO B3JIeMEHTa, COJEeP/Kamero BOJHOBYIHO
QYHKIUI0 OTHOCUTEIBHOTO ABWKEHHSA PAcCMATPUBAEMOH mapsl
HYKJIOHOB, .

6 ~[(D, @p (11— 7)) [ (4.21)

Benwauna @ comepsur MHTErpadn DO KOODAMHATAM OCTANb-
HEIX YacTHI, YYaCTBYWOINEX B DeaXuyl, ¥ OPHA MajiOM OT-
HOCHTEJIPHOM JNMOYJIbCe P HEJYBCTBUTeJPHA K BeJHIU-
HEe OTHOCHTEJNLHOH SHEPIrAM DACCMATPHBAEMHX HYKIOHOB.
Tax war B wnmrerpasie (4.21) cymecTBEHHH paCCTOAHMSA
ry— Py | ~ry, re ro — paguyc cua (pro << 1), To MOMKHO
WCIONB30BaTh I @p cooTHomenwme (4.19). IlosTomy ceue-
HEe s BHbOpanuoil B (4.20) HODMHDOBKH ¢, WMeeT BUJ

d

do=A1|/|2dp=AE—+%, (4.22)
rae E = p?/M — »Heprus OTHOCHTEJIBHOTO ABWKeHHWA (mpm-
BeJIGHHAS Macca HYKIOHOB paBHa M/2). 3gech MH HCIOJIb-
30Bagm BuHpakeHme (4.17) gnsa ammuutrynn S paccesHms
ABYX HyXJIoHOB. Benmumua e, 3aBHCHT OT THOA W CyMMap-
HOTO COMHA HYKJIOHOB. Jlig HeliTpOHA W IPOTOHA CO CHHHOM
eflUHALA &y = 2,2 Moe (pHeprusa cBA3W NEATOHA), IS COMHA
Bynb g, =~ 70 kog (Bmpryanbunil yposerb). Ilisa AByX Heii-
TPOHOB HOJIOC B AMINIUTY[e HMEeTCS TOJIBKO LpPH CIOHHE
aynb (ey =~ 70 Mss, cm. mmwe). [[Ba meiitpona co cmmHoM 1
He MOTYT coraacHo npmurunoy llayim Haxogutecs B S-co-
CTOSTHHU ¥ MO9TOMY HMEIOT MAJYI0 HEPE30HAHCHYIO aMILIHTY/LY
paccesHmsa (corimacHo ctp. 189 ammauryma ¢ [/ 7= 0 magaer
¢ ymenbmenmem p). B caywae gByx mpotonoB dopmyna (4.22)
YCJOKHASTCA WX KYJIOHOBCKHM OTTAJIKHBAHMEM.

7*
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Taxk kak dp ~ VE dE, To pacupefelleHme IO OTHOCH-
TeABHKM >HOPTLUAM HMEET BUJ
VEdE

et (4.23)

dWg = const

T'papur ¢ysrnmu dWg/dE mnoxasad Ha pHC. 42. Ceuenue
peakuuy uMeeT MAKCHMYM IpH
%!f E =g,
f HaiigeM BeposaTHOCTH peax-
OEE B 3aBHCEMOCTH OT YyrIia
MEy BHUIETeBIIVMH HYRJIO-
Hamu. OGozmaumm uYepes py
OPOCKINI0 P Ha HaNpaBleHHE
nMOoyabca P ueHTpa WHEpHUHA
- ABYX HYKJIOHOB, adepe3 p —
Puc. 42. OPOEKIMI0 P? Ha DJIOCKOCTB,
nepnesgukynsapuyo P. Yrox
mexpy mMmOyabcamm (p -+ P)/2 mepsoro m (—p +P)/2
BTOPOI'0 HYKIOHOB ONpefeidseTc BHPayKeHHOM

s
-
o~

2
@+ B)XpE B P oy

il = P e PT

Mu npepnonossniau, uto p << P. ®azosnit 06bem dp B mepe-
MEHHHX p;, p, OponopnmoHated p,dp,dp;. llopcraBuas
B (4.22), maxogum
0dodp,
Pz °
Meo 4Py +—7—

dW, = const

Nrrerpmpys mo dp;, HaXoguM
0do

dW’Q = const m ’

(4.24)

rpe E, = P*4M — pHeprus IjeHTpa HHEpHUY ABYX HYKIO-
moB. Tarkum oGpa3oM, XapakTepHHE YIVH HMEOT HOPAJOK
VEQ/EQ.

HamosxeHHasA Teopwms npefCKasala BO3MOKHOCTh OIpe-
JeJieHds KOHCTAHTH €, JJIA ABYX HeHATDOHOB IO XapaKTepy
PHEPreTHICCKOT0 pacIpefesieHus TpeTheit dacTHnu. Taxme
ONHTH OHJU BHOOJMHEHH Ha peakmua d +n = p 4+ 2n
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(B.K.BoiitoBenxuit u ap. 1965). Haiinem cmexTp mpo-
TOHOB, M3 KoToporo Ohlla oIpejelleHa KOHCTAHTA &,.

O6o3HaunM UMIyJIBC OPOTOHA B CHCTeMe LeHTPA MHePIUH
TpPeX HYKJIOHOB 4epes3 Pp. UMnynbe cucreMu AByX HEHTPOHOB
pasen —P,. [lonnasa sHeprusa cucremst E; cKiIajnBaercd u3
9HEepPImA NPOTOHA, SHEPIHMH IIeHTPA WHEPIUH BYX HEHTPOHOB
W 9HEPrHM UX OTHOCHTENBHOTO MABMKEeHHA F

1 2 1 3

MaxcamanpHas BO3MO;KHas HHEPIMA IpoToHoB Ky, COOT-
mn
BerctByroman E = 0, Gyner E, = — Ei.

Pacopepenenme sepositHocty B dynkmun E, gaetcs Bh-
pPaxeHmeM, KOTopoe moaydaercsa u3 (4.23) nepexomom k mepe-
MeHHON K,

VEY_E dE
dWg, = const p3 L_p

i (4.25)
€o + —2_ (EI) - l",p)

CpaBHeHue 3TOro pacmpefeleHUsT ¢ SKCIEPUMEHTAIBHLIM
mOKasalo, 49T0 &y =~ 70 ks6. Hpome Toro, 6mino moxasamo,
49TO JTOT ypOBeHb — BAPTYAJNbHHH, TaK KaK B HOPOTHBHOM
clydae B pacnopejelleHMH IPOTOHOB BO3HHUKIA GH MOHOXPO-
MaTHdecKas JuHuA ¢ sHeprueit K, = Ej -+ g,, cOOTBeTCTBY-
I0IasA CBA3aHHOMY COCTOSTHHIO BYX HEHTPOHOB, 4ero He Ha-
Onrofaock Ha ommpITe.

Tarkum o6pasoMm, 9HePruaA BUPTYAIBHOTO YPOBHA ABYX
HeiTpoHoB co cnmEoM 0 coBmana ¢ aHeprmeil BAPTYalbHOTO
YPOBHA HEHTPOHA W IPOTOHA C TeM K€ COUHOM, B COIJIACHH
C M30TONNYECKO# WHBAPHAHTHOCTHIO AfEPHHX cmi. Teopus
[N03BOJIAET PACCINTAThH OTHOMEHME BEPOATHOCTH BEIIETA CBO-
OomHLIX HEATPOHA M OPOTOHA K BEPOATHOCTH BHIIETa Jei-
ToHa. OTHOMeHMe THX BepoATHOCTeH coriacHo (4.21) maercs
BHPayKEeHNEM

aw =

(@, @y (1 — ) P gsp
(@, 9q ri—ra) F (0P (4.26)

Wcnonvaysa suipamenus @p = ¥, (p) 9oy Qa = ag, ® HOP-
MUPOBKY QYHKIMHA (g CBA3ATHOIO COCTOSHNA, NPHBENEHAYIO
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B npepmpymem pasperne (crp. 193), momyumm
t  VEdE

— 4.2
4 Ve E+e (4-27)

doII,Tp =g

rae doﬁ,l, COOTBETCTBYEeT CBOGOMHLIM HEATPOHY M HPOTOHY
¢ mapamTelbHHMA conHaMu. [l rpy6oil ONeHKN OTHONMEHHS
HOMHHX COUeHMH mpefmonouM, dro (4.27) copaBefaBO BO
peeil obnactn smauenmit E mo En. Haxomum

S“d"c ~ 4 I/-f“: (4.28)

BsaumopeiicTByompue 4acTEIH B IOTEHIMAIbHON Ame.
Haiimensniit B mpefblymeM pasfielie OPOCTOM BUJ BOIHOBHX
PyHKImil mpu MajHX JHEPruAX IO3BOJAET PEMUTh 3afady
0 HBIKEHHUN [BYX B3aUMOJEeHCTBYOMWX 4YacTAI, B MOTEH-
muanpuoi aAme *). TaMunbToHHMAH 3ajadd HMeEeT BHJ

H = H, (r) + Hy (1)) + H' (ry, 7). (4.29)

[ penmoxoskuM, |To HaliieHE COGCTBEHHH® GyHRIUM cp(;f) (ry),

9% (1) OHOTACTHIHO 3a/1a9M, Y/IOBILETBOPAIOMIE YPABHEHMIO

Hyp (r) o () = & 2™ (r), (4.30)

1 IPeANOOMKEM, 9T0 UMEeTCH CBA3AHHOe COCTOSAHNEe C MOMEH-
ToM HyJIb ¥ C HEprueil €,, Gumakoit x nyiwo. Torma GyERIER

oY (r) maa pr<<1 ¢ MOMeHTOM [ MOKHO 3ammCaTPh aHao-
1mgH0 JopMylaM NPeABAYyMmero pasiela B BAJ®

o (r) = ¢ (") xV (),
e y° (p) =y (p) ompepmeisieTcd BHPAaKEOHUEM (4.20). Ilpm

MAJIOM 7 QYHKIHUA CBA3AHHOTO COCTOAHHA (¢, OTIAIAETCA OT

¢ TOIBKO HOPMHPOBOYHHIM MHOKHTENEM a (cM. HEIKeE).
Pasnosum coberBennyo Qyurumio F (ry, 73), sABIA0-
MyIOCA PpEHeHNeM YypPaBHeHHS

HY = EY, (4.31)

* A. B. Murpgaa, A®XVI, 8(1972).
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no cmcreMe coOCTBOHHHX (YHKOWE B OTCYTCTBHE B3aMMOjeH-
creusn H'

¥ — 3 (dpdpC (0 p) 0¥ (1) o () +

L I's50

+ 2 $dp iy () 0 (1) s () + Cot (1) s () 95 (1)} +
[#0
+ COO(PEo (rl) (p!o (r2)‘ (4‘32)

JUJIsT mPOCTOTH MEI OPEeJUOJOKIIN, Y4T0 00e JacTHOH HMET
OAVIHAKOBLIC BOJIHOBEE QYHKINHA ). PapeHcTBO (4.32) MontHO
CHMBOJIMYECKY 3amuCaTh B BHJE

¥ = 3C, V0. (4.33)

Torpa ypasmenme Ilpemmurepa (4.31) npmamMaeT BHE

v 0 0 0
(E— EY)Co = (VSH'P) = DY (POH' ¥3) Co.  (4.34)
B
B aToM ypaBHeHM# MH HE MOKeM HCIOJb30BATH MPOCTOH BHJ
dyarmmit ¥ (ry, ry) NP MANHX ry,,, TAK KAK B MHTEIPAIAX
Co = (¥3, ¥) cymecTBeHHH KaK GolbImme, TaK I MaJbe Pac-
CTOSTHMUSA.

Yno6uee wnanmcars ypasHeHHme [JA BelnumHn A, =
= (VoH'Y), B KOTOpOH, KAK MH YBHIUM, CYDIECTBEHHE!
TONBKO MAJIHe DPACCTOAHHUA 7,4 ~ R.

Uz (4.34) maxopum

Ay = D Cs (PIH' YY) = D,
B B

woryd
el 4 (4.35)
r— EB

Tar kKaX Ha MaJbX DPACCTOANUAX COCTOATHA ¢ MOMEHTOM
l =0 ycunens Gnaroaps NPUCYTCTBHIO CBA3AHHOLO CO-
croguns (cM. (4.20)), To B pasioenmu (4.32) MoKHO
OCTaBHTb TOJBKO coCTosHHA ¢ MomeHTOM [ = (. (Moo mo-
Ka3aTh, 910 y9eT wieHoB ¢ ! %= () npmBogm1 K CymecTBeH-
HHM OOOPABKAM TOJBKO B TOM CJIydae, KOTHA MEKAY YacTH-
IaMH ecThb pesoHaHCcHoe BsamMopeiictBme (I{roraes, 1974).)
Torpa V" mproGperaer mpocroil Buf

Y = Coy (r1), (rs), (4.36)
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a cmcrema Qymkmmit WS 3amaercs BBHIpajieHUEM
X (1) % (P2) Po (1) o (2) (2 wacTOBL B crTOMEOM

0 CIIEKT]e),
¥a = X (P) a@o (1) Qo (T2) (1 cBoGopmas gacrama), (4.37)
a*@o (1) @o (2) (o6e YacTHIH CBA3AHH).

3neck ¢, (r) HopMupoBama Ha mHTEpPBAL dp (T. €. @p(r)—

2 sin(pr 4-9)
— _—_r—) , TO3TOMY HOPMHDOBKA ¢, OTIAYAETCH
T
oT BBeneHHOM Ha crp. 193 MHOmuTeneM ]/Ep
T

Bce mMatpmunnie suementh suma (YoH W3) ompenensoTes

mopesierneM WY Ha MalHX PACCTOSIHUAX OT MOTeHIHANbHON
ame. eficrBuTensHo, Dpefmosaradg, dYTO BaauMoJeiicTBHe
H' cumnpHO yOmIBaer, Korga |y — 75| > r,, DoJydnM

(VOH I3) ~
~ dry @, (1) O, (r2) HY (2 — 73) @0, () 1, ()~
~Sarr (ot \a(ry — r) B (ry — 7).

N3-3a yOuBavuma ¢, ~ 1/r nepBei ®W3 STHX UHTErpalloB

ONpEAeNIsieTCA MAaJbBIMU PACCTOSHUAMU OT AMb 7 ~ R, Tae

CYMECTBeH PE30HAHCHE XapakTtep GYHROUA @).
danmmceiBas @ () B BHAe

—Xr

e, (r) - R

- = Vme.
e A T Rl 7Y
m npepmojaras, uro x[l <1, HAXO/UM
@~ (4.38)
IIpm nomcranoske (4.36), (4.37) u (4.38) B ypaBHenme (4.35)
KOHCTaHTa C COKpAmaeTcHd ¥ INOJYdYaeTcH

Y(p)dp % (p1) X (P2)
1—H0{ +22&E—80—8p+SE—EPI—Bp,dpldp2}’
(4.39)

rie Hy = (g (r1) @0 (o) H o (r1) 9o (72))-
Taxusm o6pasoM, HCHOJNB30BAlME PE30HAHCHOr0 Xapak-

Tepa (bYHKIII/Iﬁ CP(I())) O03BOJIHAJIO CBECTH CJOMHOE HHTerpajJbHoe
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ypasuenue (4.35) k mpocromy aireGpamuecKoMy ypaBHeHUIO
(4.39) aast oumpepenennst oHepruu £. Nsyuenme sroro ypaB-
HeHWs B 3ajlaue o JBUKEHHUU [BYX HYKJIOHOB B IOTEHIOHAJL-
HO¥W siMe Afpa TPUBOXUT K 3aK/IIOUEHWIO, YTO B TeX CIydadx,
KOTJla MMeeTCsA OJHOYAaCTHYHHIEA ypoBeHb ¢ GIU3KOH K HyJIo
sHeprue#, y MOBEPXHOCTHM AJpa HOJKHO CYIIeCTBOBATH CBSi-
3aHHOE COCTOSIHME JBYX HeHTDPOHOB (MJIH JBYX TPOTOHOB).

Teopns npsameix peaxmmii. IIpn  ¢uauTHOM IBMKEBWM
KiIaccwuecKoll 4acTUI[LI 0HA BCE BpeMsa NaXoJHTCA B obilacTu
medicTBUA cwia. B kBanTosoit dusuie 9To He Tak, cuCTeMa
CBA3AHHBIX TACTHIN, MO:ReT I1a KOPOTKOe BpeMs Kak 6ul pac-
magaTtbesl Ha ceoGopnple yacTunsl. Taxue Bpemenune pac-
Tafbl Ha3plBAIOTCA BUPTYAJbHEMY IepexofamMu. Bo3MoKHEOCTE
BUPTYaNbHLIX TEPeXoj0oB TMODPO:KAaeT fABIEHUA, KarKyImuecs
Ha TepBLIf B3IIAL mapajokcambimmm. Hampumep, Haxera-
I0muid Ha sLpPO TPOTOH B HEKOTOPOH J0Je cilydaeB BHGHBAET
U3 Hero 9acTuily Tak, KaK eciid GH IPOM30IIe] aKT yUPYTOTo
paccesAHus npoToHa Ha c¢BOGOAHON, a He Ha cBA3aHHOH dac-
Tune. B wacraoctw, B peakmuwu (p, 2p) yroa pasiera gByx
mpoToHoB 6au3ox k 90°, Kax mWpH paccesinuu cBOGOIHLIX UAC-
THI[ ¢ OJWHAaKOBOU Maccoil, o/{Ha U3 KOTOPLIX IO CTOJIKHOBEHTST
norousgack. Eme Gosee mopasurenbHa peaknusa BuOHBANMA
meiiToHOB (p, pd), B KoTOpoOl Takske HAGNIOAAIOTCS KHEHeMa-
THIeCKHWe KOPpeasnwd, CBOHCTBeHHBle ympyromy pd-pac-
ceAHMIO Ha cBobGomgumx peiitonax. IlockoabKy sHeprusa cBa3w
mefiToHa 3BAYATENBHO MEHLIIe, 4eM DHEePTHA B3aWMOIeHCTBH A
HYKIOHOB B flpe, JeliToH B KauecTBe cTabwiabHoro 06paso-
BaHUA CYINECTBOBATL B fAfpe He MoOKeT. ITO He HCKIIOUAaeT,
OlHAaKO, KPaTKOBPCMEHHOTo oGpa3oBaHHA CBoGOmHOrO seii-
TOHa B pe3yibTaTe BUpPTyalbHoro Tepexoma. Hamerarommit
Ha AP0 UWPOTOH, yHAapwB IO TaKOMy CBOGOXHOMY AedToHY,
nepegaer emy oHEDPIWI0 U HMIYJALC 1O 32KOHAM YIPYTOro
cronkuoserus. IlosTomy cewenma peaxumit (p, 2p), (p, pd)
H T. I. MOTYT GHTL IpUGIYIKeHHO BHPayKeHLl 9epe3 aMIJIu-
TYAB BHPTYalbHOTO pacllajia ¥ YHPYroro paccesHUs CBO-
Gommpx uactum. Hmwke Mm yBUIMM, KakoBH YCIOBHA 3TOTO
upubamkeHuA. ITH pPeaKkIUd ABJIAOTCA YacTHHIM CIydaeM
HIFPOKOTO KPyra MPoneccoB, MOJTYUMBITNX Ha3BAHHA IPAMEIX
peaxnumit. Jlia HuX xapaxTepHa Iepefaua IOYTH Beell BHO-
CHMOl B ALpO HepPrui (M UMIYJIbca) Kakoit-mmGo onHOMH
vacTume, TOrla Kak ocTalbHasg dYacTh Ajpa He ydacTByeT B
Ipomecce.
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C rTeopernuecroil TOYKHM 3peHHs HPAMBIE PEaKIUU BbLjle-
JeHsl TeM, 9T0 aMILIUTY/Ibl 9THX peaknuil, paccMaTpHBaeMpie
KaK aHAIHTHYecKWe QYHKHUH KHHEeMATHYECKUX IepDeMeHHEHX,
UMeI0T GJM3KO pacmosokeHHEe K (Qusuyeckod obmacTm
0coGeBHOCTH IO TmepefaHHEIM MMOyJIbcam *).

PaccmoTpuM B kavecTBe NIpuMepa YUOMAHYTYIO Npsi-
mylo peakmuio (p, 2p). Ilyers Ha sxpo X (IV, Z) mamaer npo-
TOH C [0CTaTOYHO Oosbmoi sHeprueit £ (p) m mpowmcXoguT
pearmus

XNV, 2 +p—Y W, Z—1) + 2p. (4.40)

Torga ammintyma npsMmoii peakmum 6ymeT oUpenelAThCsA
dopmMydodl WA aMOAUTYAH Ilepexojia depe3 HPOMEMKYTOUHOe
COCTOAHHE

7 ? w F ? : ” !

rne @ (¢) — ammunTyna BEpTyansHOro mepexoma Axpa X
B Axapo Y ® cBoOGOgHHE DPOTOH ¢ HMIYJIBCOM ¢, a
F (p, ¢ p’, ¢) —avnanTyna pacceAnusl HaJeTalomero IIpo-
TOHA HA BUPTyalsHOM HpoToHe, Kx, Ky — BUyTDeHHHE dHep-
ravw agep X m Y. Cruepyer moguepxBYyThH, 4wro (4.41) —
o6mas KBaHTOBOMexaHmdYecKada QopMmyla 4 aMIUIUTYIbI
mepexofia 4epes 3ajaHHOE MPOMEKYTOYHOE COCTOSHHE W OT-
HIOAb He IpeamoJaraeT MAaJOCTH B3aUMOJEHCTBHSA MEXIY
9aCTHIAME. Y49eT pHePTHM OTHAYM supa Y IPWBOJIMT K H3Me-
HeBuo 3¢0PeKTHBHOA MACCH B S9HepPruy BUPTYaJIbHOrO IPOTOHA
q2 MM

E(g)= ‘zm, Mopp= IT:I—}-—;:I; . Benmnuuna Ev— Ex=E, >0
npejcTaBiAeT coGoii sHepruio cBA3H npoToHa B siupe Y . DyHK-
nua @ (¢) ompepensercs MaTPWIBHM 95J€MEHTOM

®(g) = (VX " (rj 1)y ¥F 27 () ),

rge r; — KOOPAMHATH BCEX HYKJIOHOB, KpPOMe paccMarTpl-
BaeMBIX (MHB ONOYCKAaeM COHHOBEIE 3HAYKY).

Naa rpyGoit omemrm 3aBucmmoctu D (¢) MoskHO mpep-
[OJIOKHTH, 9TO BOJHOBHE YHKIMH BCeX OCTAJBHHX HYKIOHOB

*) ABajanTHdYecKde CBOMCTBA aMILTHTY]] NPAMHX Peaxiiii BIepBhe
6man mccaemoBakl B paGore . C. Manmpo, MITO 41, 1616
(1961), cm. rarmme U. C. Maumpo, YOH 92, 549 (1967).
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B Agpe Y MAalo OTIMYAIOTCH OT BOJHOBHIX (GYHKIWH 5THX
HYKI0HOB B siipe X. JlomycTuM AJs IPOCTOTH, 9T0 A7po X
oTimgaercA oT sApa Y TOJBKO HAlAYMeM IPOTOHA B COCTOS-
Bup A B6aumsm rpammpsl @epyu. Tornma

@ (g) = (o (1) 7). (4.42)

Nas mumoerpanun Bupa @ (g) pacemoTpum caydai, Korga
opbuTANBHHIT MOMEHT cocTosHuUA paBeH Hylo. Ilpegnonaras,
4TO fmepHBIT TOTeHOWAJN, B KOTOPOM [JBHKeTCS NPOTOH,
uMeeT PopMy IPAMOYroMbHON AMH panuyca R > 1/pr (pr —

sin ppr 1

nmnyabc Ha rpanmme (Depmu), uMeeM @ = _’_W )11

— R
®(q) = 1/2%8 2 sin ppr-sin gr-dr =

0

_ VZT‘R {sin (g—prp) R sin(q -+ pp) R}

(g—prp)R o @+prpR

Dra ¢ymxmua mmeer MaxcEMyM mpu ¢ = pr. Hpome Toro,
3HaMeBaredp BHpaxenus (4.41) yGmBaer mpu E (q) > E,
(= 5—10 wma6), mosromy B (4.41) cymecTBeHHH Maike ¢,
TIpY KOTOPHIX aMIUIATYAa paccesmns I’ majo oramdaercs OT
aMIIATYOH paccesnus Ha IOKogmemca mnpoToHe. TakmMm
o6pasom, dopmyrna (4.41) mosBosseT BHpa3UTh CedeHHe pac-
CMATPHBAEMOTO Ipomecca depe3 cedeHHEe NPOTOH-IPOTOHHOIO
paccesimus. Ius Beramcaenus @ (g), Kax Mbl BHAHM, Tpe-
fyercs .chelaTh mpepuoiioskeHwe O Xapaxrepe W-QpyHKmmit
agep X u Y. Ilpm gocrarouso Manom £, 3aBHCHMOCTH CeTeHMS
PeaknuE OT ¢ OPH MAIHX ¢ OIpeJelseTcA PEe30HAHCHHM 3Ha-
meHatemeM (4.41) mHesasmcmmo or Bmia ¢ymxmmm @ (g).
[Ipu6aw;keHne, KOTOPOe MHL MCIOJB30BAJIH HPH HANMCAHUM
(4.41), cocToMT B IpeAmoJIOKeHMH, YTO /pyrue MeXaHW3MBI
peaknuu, uaymume Gojee ¥eM depes OfHY BUPTyalbHYIO dac-
THIy, BEOCAT MeHpHEHA BRJIaj. IT0 obecrneumBaeTcs Malo-
cThi0 3Hamenarens (4.41).

ARnajormeEHM 06pa3oM pacecMaTpuBalTcA n Golee CHOK-
HEI€ PEAKIUH.

Iloporosnie 0OCOGEHHOCTE AaMILINTYAbI paccesmma. Pac-
CMOTPHEM 0coBeHHOCTH aMIVIATYAH paccesHna B6na3m mopora
posxnenng sactunsl. Ceuenwe pOsKNeHMA 9acTHObl O IPOIOP-

d o~
JUOHAJBHO CTATHCTHYCCKOMY Becy—(z—%; KOHEYHHX COCTOAHNE
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gacTHnbl. YUUTHBAA 3aKOH cOXpaHeHWs HHepPTHH, IOJIyIaeM

n ap’ T T
c~&6(E-—I—E)(2£)8~VE—I. (4.43)

3pnecs I — mopor peaxmum, a K — pHeprua Haleraromei
9aCTHIHL.

Haiigem ceuenme ympyroro paccesBus o, BOAHM3u mopora
peakmun. llas sroro oupegeamm Bui S-MaTpPWHsl B HTOM
ob6aacTi. BBugy wMamocTm »HePruwM BHUIETAIOMEN YaCTHITH
HEeYOPYTHIl KaHAJT CKa)KkeTCA JUIih Ha HYJIeBOM IapnuajbHOM
wiene S-marpunel (! = 0) (Burmep 1948; Bass 1957).

Bupasxenue (4.14) mosxHO 3amucaTh, BBegs S -MaTpuny,
B Bue

Sueipr _ gipr
b= 2ip
Brrucngs notor gacrurn Tepes cdepy paguyca R W meis Ha

O 65‘

™
— 2
tn

Prc. 43.

IIIOTHOCTE TANalINero MOTOKA, HAXOAUM CeYeHWe POKIeHHI
(moriomenus) wacTHI

6= —;‘7 (A —18,]?)- (4.44)

CpasmwBag (4.43) u (4.44), monyuaem:
[So| =1 —C,VE—T,
E

>I

opuzem C; > 0.
Ilpu E < I weyupyrmx mpomeccoB HeT, cleloBaTelbHO,
| S¢| = 1. O6a mnocmegHmx cooTHomeHuA BOAH3HM NOpora
E<I

\
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MOKHO 3ammcaTh B BUje:
So=(1—C,VE—=1) e¥id, (4.45)
rie 6, — BemecrBenHasn (a3sa.

Ieitctsurensuo, mpu E < I 510 BEpaskeBwe faer | Sp | =

=1 ¢ rtouHoeTbi0 Ko WieHoB mopsgka (Y |1 — E |).
Ceuenpe ympyroro paccesHrs O; COCTOMT M3 CYMMHI JBYX

wrenos. IlepBoe claraemoe CBf3aHO ¢ HapHHaJbHEIMA aMILIA~

rygamu [ = 0; B ofiacT;m mopora ero MO}I(HO 3aMeHHUTH Ha

RoHcTaETy. Bropoe ciaraemoe PaBHO 5 |1—S0]. Hom-
cTaBaAs Clofla BHpaxeHwe IIg S, HaXOJIHM.
28
const+2"s"‘ v, VE—=1, E>I,

G ==
’ const—\——“Sl—;z%—"C,_VI——E, E<]I.

B 3aBumcuMoCTH OT BedmumHE (ass §, MOTYT OCYIIECTBIATHCA
ABa TEna HosemeHus o,. OHM Tora3aHH Ha puc. 43.



FrJITABA 5
METO[bI 3AJAYN MHOTUX TEJI

Pemenne ypaBmenms Illpegmmrepa I CHCTEMH, COCTO-
Ameid w3 6ONBIMOro dWcia CHIBHO B3aHMOJEHCTBYIOMUX
9acTHI, NpeAcTaBifer coboif HepaspemmMmyl 3amady.
Haxe knaccmaeckas 3ajaua Tpex Tell He pelIaercs B 06-
mem Bupge. K cuacreio, Haxompenme W-QpyHKmmm Taroit
CHCTEMH HE€ TOJBKO Hepaszpemmmasi, HO ¥ HeHykHad 3ajgada.
HeiicTBuTenbHO, Takoe geTadbHOE ONWCAHME 3a4aYN MHOTHX-
Teldl He JUKTYeTCH HURAKVMY BO3MOKHBIMH DKCIEPHMEeHTaMH.
Jliobas sKcmepEMeHTANbLEAS YCTAHOBKA CONEPIKHT CPABHU-
TeIbHO HEGOJBIIOe WHCIO WHAMKATOPOB YACTHI, B IOITOMY
B ciy9ae GoJIBINOTO Yycia TacTHI, YIacTBYIOMHAX B IPomecce,
AaeT TOABKO yCPeNHEEHEe XapakTepucTuku. IlommTka ompe-
AeIuTh KOOPAMHATH BCEeX YacTWi TaKo# CWCTeMb IIpUBeJa
OBl M3-32 COOTHONIEHHs HeOIpeAeIeEHOCTeHl K CJIOKHOMY
BO30Y;KIEHHOMY COCTOSHHIO W H3MEeHWJa GH ee CBOHCTBa.
OnncaBue MaKpPOCKONAYECKOH CHCTEMEI ¢ IIOMOMBI0 BOJIHOBOIR
yHRIUE ABIAETCA HeaJeKBaTHEIM CIIOCOGOM PaccMOTpeRMs *).
HomxBE GHTH HCHONAB30BAHE METONH HEIOJHOLO ONMCAHMSA,
OpH KOTOPHIX ONPENeNAIOTCH COOTHONMEHWS TOMBKO MEKIY
ycpenHeHHHMH BeauuMHamu. IIpumepom Takoro momxoma
ABJIAETCH TUADPOAMHAMMKA, yPAaBHEHWS KOTOPOH Ompefensior
TOJNBKO CPEeJHIOI CKOPOCTh JaCTHN B Kaykmo#d TOouxe (110JIe¢
CKopocTeit).

Hpyroit Gonee Gauskuii k Hamed 3amave TpuUMEp — HTO
KHHeTHYeCKOe YypaBHeHWe, NO3BOJNANIEEe HaHTH QYHKIHIO
pacnpefeseHus 9acTHI[ IO CKOPOCTAM u KoopauHatam. OnHo-
9acTHIHAs QyHKmuMA pacupemenenus f (», p, f), saBucAmas
OT KOOPAMHATH 7' U MMIYJILCA ) YaCTHIEI, JaeT BO3MOIKHOCTD
BHYHCAATH CPe/HUE 3HAYCHWSH AIJWTHBHHIX BEJAMYWH, TaKHX,

*).B xmure H. C. KpauoBa «PaGoTH 1o 060CHOBAEMIO CTATHCTH-
KH» 3Ta HieA HCHOONb3YeTCA M 000CHOBAHAA CTAaTHCTHYOCKOMH ¢usnky,



(7

TJI. 5. METONHI 3AAUH MHOT'HX TEJI 207

KaK, HAIIPEMep, WIOTHOCTH It (1) = 26 (r — ;) MAE EMOYJILC
i

eqmHUNE o6seMa j (1) = Z p;d (r — ;). IpyxqacTuasasg QyHK-

1
mus pacupenenesus f (1, 72 P, P2 1) mo3BOJIsieT HAXOJNTh
KOPPeIAMME MeKLY KOOPAMHATAMA M CKOPOCTSIMU BYX HACTILL
¥ ONpeJeNATL CPElHEE OT BeJMYMH, 3aBUCAMUX OT KOOP/MHAT
JBYX 9aCTHI[, HApEMED, cpejHee 3HATEHHe dHEPTUM MapHOro

B3amMmojiefictBuss V = ZV (r; —y) . Tlepmomwaeckme wiIm
ik

c1abo 3aTyxalomye pemeHus ypaBHeHUA A ¢yEKOAE pac-

npejfielleHUs HAIOT COOCTBEHHBIe YaCTOTHL CHCTEMEL.

PassuBaemsiii Hmxe MeTop ¢yHRuumi I'puHA, Kak MH yBH-
[AM, BKIIYAeT 3TOT CI0Co0 KIacCHIeCKOro ONucanus CHCTEMH
MHOTMX UACTHI[ K HO3BOJAET HEpEBOXUTH €ro Ha KBAHTOBHIA
asmK. OfHAKO JlaKe TaKoe HEMOJHOe OMMCAHHE CHCTEMBI Tpe-
fyeT mCIONb30BAHUA NPHUOIMKEHHBIX METOJ0B. HeiicTBu-
TeJABHO, eCIH HHTEPecoBAThCH HOBEJEHHMEM TONBKO, CKAKEM,
ABYX 4YACTHI, MH HEH3MEHHO NpHJeM K IPOMEKyTOTHLIM
COCTOAHMAM, B KOTODHX B pe3yibraTe B3auMOJeHCTBUA
yuacTByeT HECKOJIBLKO 9YAcCTHI|, KaK[afd B3 KOTOPHX BOBJIETET
B [BUsKeHHe elie TacTUIH, U 3a/lada c/lelaeTcd HepaspemuMon
Ge3 HCHOAB30BAHMA NPUOIMKEHHHX MeTOJ0B.

Hau6osee mpocToii caydail ocymecTBIAfeTcs, KOrja B3a-
AMOZ[eHCcTBEE MEKIy YacTUIaMH MOKeT CUMTATHCS MAJBIM IIO
CPaBHEHHIO ¢ HX CpegHei KUHeTHmIecKoil »Heprueil m ImpuMe-
HEMA TeopHs BosmymeHwmii. C IpIMepOM TAKOTO POJA ML y3KE
CcTAIKEBAJIHCH IPH Mcmoib3oBaHmm Merona Tomaca — Depmn
VTS HaXO<eHNA Moy B TseToM aTome. IIpm sTom pemaercs
ypasnenme Ulpepmsrepa [ 9IEKTPOHA, [BIKYIMErocs
B CAMOCOINACOBAHHOM TIoJe OCTaJAbHHX dacTul, Haxojd-
muxess B ocHOBHOM cocrofHmE. IlapaMerpom {, xapakTepu-
3yIOMEM IPEMEHEMOCTh JTOTO NPUONMKeRHs, ABIAETCA OT-
HOIleHWEe DHEPTHHM B3aHMOJEHCTBHA JBYX 3JIEKTPOHOB ~Zs
K KAHeTHYeCKOH DHEPrMH dieKrpoHa ~Z'% (cTp. 39),
1. 6. { ~ 1/Z. Caepyrommit mar — 9T0 y7eT BJIHMAHUA KBaH-
TOBHX (AyKTyanmil INOTHOCTH HA [BM}KEHHe paccMaTpuBa-
eMoro aJeKTPOHa.

Iipyroit MeToy IpHGIMKEEHOro MOAX0AA K 3ajiade MHOIUX
Teq BO3MOKEH B TOM CiIydae, KOIfla B3anMOJIeHCTBHE IBYX
wACTAINl He MaJo, HO UACTHIL HAXOAATCA B CPEJHEM [AJTEKO
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APYT OT JIPyTa HACTONBKO, 9TO MOKHO upeHeOpeds cayuasgmum
TPOAHOr0 B3awMopeiicTBHg HacTHO. OJTO TaK DasHBaemoe
¢rasoBoe HpuGiusKeHme», KoTopoe OCYIIECTBJIAETCA B Cilydae
Fasa cHILHO B3amMoOfeHCTBYOmMuUX qactun. Ilapamerpom (
9TOT0 WPHOIMKeHMA sBIseTcH BelMIUHa fn's, e f — am-
IINTYyAa pacceAHMs [BYX YacTHL, — IIOTHOCTH, T. e.
C~Jlry (ro — Cpeatee paccrosnme memy gacTHIAaMY).

B nawmbonee unrepecnrix Ppusugecknx o6verTax (MeTammm,
TBEPJIOE TeJo, ;KMUAKWIA Trelmil, aToMHOe ANPO) He BHIONHA-
I0TCA YCIOBHMA NPUMEHHMOCTH HH TEOPUN BO3MYIeHH, Hpu
rasoBoro npubammenus. B nrux CAYIAAX MOIIKHEL ObiTh wWe-
HOIB30BaHBl JAPyTue MeTolbl paccmorpenns. Ilpemwpme Beero
CIe1yeT BHIACHUTH XapaKTep HaMHMBIIHX BO30YKIeHHRIX
COCTOAHMIE CHETEMEI ¢ ONpeneeHHbMH HHTErPaJaMu BUKe-
H¥s, HalpuMep, B OQHOPOAHOIM cucreme, COCTOAHMIE ¢ Ompe-
A€JCHHEIM mMImynbcoM. Torga Gosee cioixuiie BO30YKIeHu g
MOKHO paccMaTPWBATE KaK ra3 TaKUX 9JeéMEeHTaPHEX BO3-
Oyxmennii.

Hosceum 310 Ha npuMepe 3ajav¥ o BO30YIKIEHHBIX co-
CTOAHUAX TBEPHOIO Teja. Ilpennonosxmm, 9to ME uMeem aeso
¢ DmanmerTpuroM. Torga B cmaGerx BO30O YK eAnsX 3IIeKTPOHEL
He yHacTBYIOT U Bee cabo Bo3GyknenHbe COCTOAHMUS CBOIAT-
Cf K 3ByKOBHIM BoxHaM. IlpmMeBenue KBaHTOBO MeXaHWKHA
K SBYKOBHIM KoJeGaHusM (T. e. K 3amade 06 OCIMIAATOPAX)
UPHBOMUT K TOMY, 9TO SHEePTHs BOIHHI ¢ 3alaHHEIM BOJHO-

1
BEIM BEKTODOM p M3MeHAeTCA NOPIUAME €, (r)= ( n 4 T) @,

® = ¢p (¢ — cKopocTh 3ByKa). Poasn 9JIEMEHTAPHOTO BO36Yy:K-
AeHWA urpaeT HaUHH3IIee BO30y:KIeHNe CcHeTeMEr (n =1)
C 9HepPrued @ = &) — gy u uMIyiascoM p. Jlwbue ciabo Bos-
OymeHEHe cocrosBMA cmcTempr MOKHO pPacCMaTPHBATH KAk
Ta3 aTHX 3NeMeHTADHHIX BO3GY:KyeHmil (Pomonon). Hean-
HefiHple cllaraemele B ypaBHeHHAX YOPYTOCTH COOTBETCTBYIOT
B3AMMONEHCTBHIO Me:KNy doHOHaMm. Takme aJIeMeHTapHpIe
BO3OYKIeHHA MOKHO Ha3BaTh KBaswiacTunamu. [lug amex-
TPOMAarEUTHOTO IO TaKoit KBasmYacTHnedl ABisAerca ¢oToH.

WMrax, meron msywenma cumcrenm CHILHO B3aMMOJeHcTBY-
IOIMHX 9acTHI COCTOMT B TOM, 9UTO B KadecTBe ob6beKra pac-
CMOTperus Gepyres He YacTHIH, BXOJsmye B COCTaB CHCTeME,
8 KBa3WIACTHNH, I KOTOPHX MOKHO HCHONbL30BATh Ta30-
BO® HpMOIW;KeHwMe, HOCKOJILKY IpHM ciabhx BO3Gy:RmeHmsx
HX KOIMYECTBO HEeBEIWKO.

’
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Huxe Mm yBEAEM, 9TO HH3KOIeskamue Bo30y;KIeHHbIe
COCTOSHUA (pepMU-CHCTEM jajke IPH CHILHOM B3amMofeHcT-
BUM EMEIOT 04eHb IpocTyo mpupoxny. Ilpesxne Bcero, cymect-
BYIOT TAK Ba3HBaeMble OJHOYACTHUHEIE BO3OY:;KICHHSA, KOTO-
pHe aHANOrHYHH BO30Y)KJeHHAM B HIealbHOM ¢gepmu-rase.

Bos6ysxnennne cocToSHAA HaealbHOTo (gepMu-Tasa COOT-
BETCTBYIOT IePexofy 9YacTHUH M3 COCTOSHHWA C DHepruei,
MeHbIIei# dem rpanmna Depmu, B cBoGOHOE COCTOAHME BEHINIG
rpaguns Depmu, mian, nBade, NOABIEHAI0 JaCTHIEL M AHIPKH
Ha ¢oHe ¢(epMHEBCKOro 3amONHEHHH.

Bo36ysxuenua B pealbHOHl (epMm-cHCTeMe TaKie COOT-
BETCTBYIOT IOSABJEHHIO YaCTHN M JBIPOK, HO €O CBOMCTBaMu,
OTANYAIOMMMUCA OT CBOMCTB CBOGONHHIX dYacTHI[ H JIHPOK.
B wacTHOCTH, TaKHe KBA3WIACTHIE HMMEIOT Maccy, OTJINYAI0-
myoed oT MaccH cBoGojubX Tactun. MapiMu ciloBamu, ogHO-
qacTHYHEe BO30YKmeHHA B peaibHoll ¢epMum-cucTeMe COB-
majanoT ¢ Bo3OyKIeHENAMA MAEANBHOrO rasa, COCTABIEHHOTO
13 KBa3W9YACTHI ¢ PepMAEBCKUM pacupejelieHHeM 110 9HePTHH.

(Dusnueckn 3TH pe3ydbTaTH 0YeHb ecTeCTBeHHH. YacTmma,
ABUrasch B cpefe, BOBJIEKAET B [BIKeHHe IpHIEralmue
K Heif wactunsl. [Ipm ciradux Bo36y:KmeHHAX, KOTA HEPrHus
gactuoH 6iamska k smeprum Depmm, xapakTep pacmpepele-

&

HUA BOBJEYEHHHIX B ABW/KEeHME TaCTHI[ MaJO 3aBUCHUT OT CO- ',l
!».
i

cToARUA paccMmaTpuBaemoii wacrmmel. [losTomMy B cayvae I
caabmx Bo30yxJeHEH 9acTHOA W ee OKDY:KeHHe BHCTyNaloT
Kak crabmiibEoe 00pasoBaHue, KOTOpoe W Ha3blBaeTCHd KBa3H-
qacruneli. JIocKOMBLKY COMH COXpaHsJeTCH, CIHH BCEro KOH-
riaoMepara, o0pasyomero KBa3wdacTHIy, Takoll ke, Kak H
comp qactunsl. CaemoBaTeiabHo, KOTJa KBa3HIACTHHH BHCTY-
OapT Kak mejoe, OHH [OKHH MHOTIHHATHCA CTaTUCTHEE ||
TMayam, wax mob6ag 9acTHoa €O COMHOM Y/, &i

Hrax, Bo Bcex ciyTasX, KOTJa yJacTByeT Majoe THCIO
KBA3WYACTHI[ ¥ KBaSHIHPOK, OHE BeyT cebs xak Bo3by:xie-
HHSL B WjeajJbHOM ¢depMm-rase.

B fGecroBeuHO# cmCTeMe [JdA oupejelleHUs COEKTPa OHO-
9aCTUYHHX BO30YKIeHHH JOCTATOYHO BBECTH 0/HY HEBHITHC-
IgeMy0 KOHCTaHTY — 3QQeKTHBHYI0O Maccy KBa3WIacTHI.

B xomeunoii cucreMe A XapPaKTePUCTHKHN OJHOYACTHI-
HHX Bo306y:KineHmil TpwWXOAMTCA BBOAMTEL, HoMEHMO 3Pdek-
TABHOM MacCH KBasmuacTwl|, elle HDapaMeTPE 3¢deKTHBHOH
TOTEeHOMANBLHON AMEI, B KOTOPOHl ABIKYTCHS KBa3u4acTHUIH.
g cucreM ¢ KOpPOTKONEHCTBYTOIIMMH CHIAMM pajgayca Iy

|

\

{
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K TaKMM IapaMeTpaM oTHOcATCA IiIyGuHa, pasMeps n ¢opma
AME, a Tarxe mupuHa cios 8 (8 ~ ry), HA KOTOPOM IIOT-
HOCTh MEPeXOAUT OT CBOET0 BBAYeHHsA BHYTPH CHCTEMHl
K HYIO.

IloMpMo OmHOYACTMYHEIX BO30Y:KAeHMH, B cHcTeMe B3a-
IMOJeHCTBYIOMHUX 9ACTHI CYMECTBYIOT TaK la3biBaeMble KOJ-
JeKTHBEHE BO36Y:KIeHHWs, KOTOPHE MOMKHO MHTEpPHpeTHpo-
BaTh KaK CBSIBAHHEIE COCTOSHMS KBA3WYACTHOH H KBa3u-
grpkn. IlppMepom Takux Bo30OyKIEHHA MOTYT CHYKHThe
3BYKOBHe BOJNHH B GeckomewHoil cucteme. [lis onpenelenus
CIeKTpa KOJJIEKTHBHHX B030y:KIeHwil cllefyer BBeCTH B3a-
AMOJieicTBYe ME;KIy KBa3@IacTUIAMH, KOTOPOe, KAK Mbl YBH-
MM, CHABHO OTIAYASTCSA OT B3AMMOJEHCTBHA ABYX cBOGOTHEIX
gacTh.

Jlns GonpmuHECTBA (HBMIECKHX NpPWIOKEHHHE (MHTeH-
CHABHOCTH HEPEXOA0B, MATHUTHEE ¥ KBAJPYyIOIBHKE MOMEHTH
A T. A.) HeoGXofuMO 3HATH H3MEHEHWs, IIPOHCXOfAImue
B CcHCTeMe IIOj BIMAHMEeM BHemHero nois. Hak moxasmBaer
TeopHus, 3ajada OIpejeleHNs peaKNud CHCTEMH HA BHENIHee
moJie CBOAMTCHA K 3ajaYe O HOBefeBHH BO BHELIHEM IOJe rasa
B3aMMOAEHCTBYIOIMEX KBA3WIACTHIL, NOMEINEHHKHX B IOTeH-
muanpHylo samy. IIpm 3ToM [0CTATOYHO YYHUTHBATE TONBKO
mapHHe cOyAapeEWsA KBasmiacTmn. MHOTOKpaTHHE COyAape-
HOA YaCTHI YYUTHBAKTCA TeOopHeHX TOYHO, HO HPHBOJAT
TOIABKO K H3MEHeHHIO B3aAMOJSHCTBMA MeKny KBa3WYacTH-
HAME ¥ K H3MEHEHHIO «3aPANA» JUIA B3aHMOJEHCTBUS KBa3u-
9acTHI ¢ BHEIIHOM @OJeM. «3apAn» BO MHOIHX CcIydasx
yaaercsa HaiiTH ms o6mux coobpaskeHmil (M3 3aKOHOB COXpa-
HeHHsA 8apAfa, SHEPTHH, UMIOYIBCA H T. 1.).

T pesyiNbTaTH TaK:Ke HMET 09eHb IPOCTOe M HATIAL-
Hoe o0bAcHeHHme. [lycTh Ha cucreMy JeWCTBYyeT He OYeHB
cWIBHOE IoJe, Takoe, 9TO M3MEHEHMe SHEPIHH KajKao# da-
CTHIH B 3TOM IIOJIe MAjo IO CPABHOHUIO C ee KHHeTHIeCKo#
smeprumedi. Torma cocTosHMe CHCTEMHI COOTBETCTBYeT MOSB-
JleRNI0 HeCKOJIBKAX KBA3HYACTHI[ X HECKOIBKHMX KBa3UIBIPOK
Ha ¢ome pepMmeBcKOro pacmpesefeHns. IUCI0 BOZBUKIINX
KBA3WYACTHI] COCTABIAET MAIYI0 [OMI0 OT HOJHOTO YHCIA
gacTun B chcreme. Kciam cpefHee PacCTOAHEE MEKAY JacTd-
HaME NIOPAMKAa pajmyca AeHCTBHA CHI, TO CpeJHee paccrod-
HEe MeK[y KBasuacTHIaMm Oyfer 3HaUMTeNpHO Godbiie,
9eM pajuyc CHI B3aMMOJleficTBHs, W CJe10BaTeNbHO, KBAa3H-
gacTANE o0pasylor ra3, T. . MOKHO NpeReOpeTb CAydasaAMH,
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KOTla OJHOBPEMEHHO CTAJKHMBAIOTCA TPY WK Ooibme KBa-
3M9aCTHII.

Yrto kacaercs «3apAga» KBAasWIACTUIOHN IO OTHOUWIEHHIO
K BHemIHEMY II0JII0, TO STOT ¢3apAA» OMHCHBAET B3aHMO[eii-
CTBHE ¢ TOJIeM TOT0 KOHIJIOMEpaTa 4acTHi, KOTOpHi o6pasyer
KBasmuactumy. [omycrum, K AAPY IPHIOMKEHO 3JIEKTpHIe-
CKOe 1oJie, KOTOpoe JeACTBYeT TOJIbKO Ha MPOTOHH. Tak Kak
OpH B3aMMOJEHACTBHE INPOTOHA € OCTAJBHEIMK YaCTHIAMH
Anpa 3apsAj coXpaHmeTCH, TO Bech KOHIJIoMepaT, o0pasy-
0MUA IPOTOHHYI0 KBa3WYaCTHIy, HMeeT TOT ke 3apamd, IT0 H
mporou. B 3T0M ciiydae 3apsii KBAa3HJACTUIH pPaBeH 3apAny
4JacTunn. B caygae Apyrux BHeIIHAX moJeill, HaOpHMep Aia
MarHUTHOTO [0JA, B3auMofeficTBHe KBa3WYACTHLE C IOJeM
OTINYAeTCA OT COOTBETCTBYIOMEH BEJNHIMHE [JIA YaCTHIH.
Ismxymumitca HeliTpoH B mycToTe B3aHMofeHCTBYeT C Mar-
HHATHRIM IOJIEM TOJBKO 33 C49eT CBOEro BHYTPeHHero MarHMT-
HOTO MOMEHTa, TOrJla KaK HeATpOHHAA KBA3W4YaCTHOA NPH
CBOEM JBH)KeHHM BOBJEKAeT B ABM)KeHHEe TAaKke U IPOTOHEHL,
B pe3yabTaTe 4ero BO3HHKAET dJIeKTPHIecKHil TOK H B3aMMO-
NeHCTBHe ¢ MATHATHEIM IoJieM H3MeHsAeTc. Y HEHTPOHHHX
KBA3WYACTUI] BOBHMKAET OPOMTAJNBHEIA MarHeTHsM, T. e.
MATHETH3M, CBA3aHHHI ¢ KX [BIGKeHEeM mo opbure. B orcyr-
CTBYE B3aHMO/CHCTBHA OPOHTANBHHIN MarHeTH3M €CTh TOABKO
y mporoHoB. [{na GeckoHedHOH ofHOPOAHOH (epMU-CHCTEME!
ONMCAHHAMA BHIE TEOPMA B3aMMOAeHCTBYIOMMUX KBA3WYaCTHI]
6p1a mocTpoeHa Jlammay (1958 r.).

MeTox KBa3WYACTHI, B NpPAMeHEHAN K TEOPDHH AApa CO-
CTOMT B ClleAylomeM. IIpesie BCero MOKa3WBaeTCHa, 4TO AJA
cIabux BO30YKIEHUH AAPO MOKHO PAacCMaTPHBATh Kak ras
KBasWYaCTHI, B MOTeHIMAJAbHOH fAMe. B3aumopedicTBne MeRAy
KBA3WYACTHIAMH XapaKTepuayeTcd HECKOJIBKHMH YHHBep-
CAaTbHBHIMM KOHCTAHTaMH. JTO B3auMoJefiCTBHe He Mako H
OOMKHO TOYHO YYMTHBATHCA. EIWACTBEHHOE NPHOIM;KEHUE
COCTOHT B TOM, 49TO [iA ciaabbix Bo3OY:kIeHHWH, KoTHa THCIO
KBA3WYACTHL, MaJ0, YIMTHBAKTCA TONBKO HX IapHHE CO-
yrapenus. [{nag GonsmuucTBa HAOMIOZaeMHX AAEPHEIX SBIle-
HAH MOKHO HONYYATH (POPMYNbI, KOTOPHIE B pe3yiabraTe
pemeHns ypaBHEHMI HA CYETHRIX MANIXHAX BRPAsKAIOTCA dePe3
YHABepCATbHEE KOHCTAHTH TEOpHH.

HorcTaHTH, onpe/eisimye B3aHMojeiicTBHe KBasMia-
CTAI[ Tak ’Ke, KaK M mapaMeTPH HOTeHOUAJBHOH AMH, He
MOTyT OHTh BHYHCICHH 0§63 HPENIONONEeHEA 0 MaJoCTH
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B3AUMO/EHCTBHA MeKIY JacTHmaMu. B ciaydae Aapa B3auMo-
HelicTBHe MeKIy IaCTHIAMK He MOKeT CUMTATBCA MAJEIM, I0-
3TOMY STH KOHCTAHTH JO/DKHE OHITH HaljIeHH K3 CpaBHeHHSA
TEOPUH ¢ BKCHepPUMEHTOM.

[ins mpoBe/ieHHs ONMCAHHOrO BHIIE METOJAA KBA3H9ACTHI
HanGoaee 3pPeKTHBHEIM cpefcTBOM ABIANTCA GpyHKonu I'pu-
Ha u rpaguueckoe oilycaHHe OPOMECCOB. JTa TeXHHKa Oyaer
HHe TOfiCHeHa Ha NMPOCTHX IpAMepax M 3aTeM HCIOIb30-
BaHAa [iA pelleHHA PA3IAYHHX 337ad.

Wpesa rpadumaeckoro MeToa B HanleM H3JIOKEHHH COCTO-
HT B TOM, UTO IpPOMEccH ONHCHBAITCA PHCYHKaMH, msobpa-
YHAIOMEMH  NPOCTPAHCTBeHHO-BPEMEHHOH XO0J mpomecca, &
3aTeM Ha MPOCTHX NPHMEPAaX yCTAHABJIHBAETCA COOTBETCTBHE
MeKAY aJieMeHTamd rpaduKOB M aHANHTHYCCKMMH BEIpaje-
HHAMH, 9To No3pejseT pacmudposaTs JNobee rpadukn, co-
CTOAMMPE W3 3TUX 3JIeMeHTOB. TaKoil cmocol, mMOMHMO ero
IPOCTOTH, AaeT BO3MOYKHOCTh NONYEPHHYTH KAYECTBEHHYIO
CTOPOHY pacdeToB *).

1. METOJl KBA3UYACTHAI 1 OVHKIHA I'PUHA

AMmimryner mepexonma. JJia KoJMd9eCTBEHHOTO HpoBeje-
HHA MeTofla KBAa3WYACTHI| NOCTATOYHO HOJYINTh yPaBHEHHE
AJA HeGONBIOro YHCJIa YaCTHI, YYaCTBYIOMHAX B M3ydaeMoM
ABJICHAM, TOrga kKak ypasHeHwe I[lpeamnrepa omucHBaer
HOBefeHHe BCell CHCTeMBl I IPABOAMT K Hepa3pemMUMEIM TPYA-
HocTAM. JlA TaKOro HEMONHOrO ONMCAHMA CHCTEeMH yA06HO
nepeiiti ot V-Pynrnuit kK ammnuTyaam mepexoaa (PpyHKmum
I'puna). B otamane o1 V-PyHKnum cucTeMH, KOTOPasA 3aBACUT
OT KOODAWHAT BCEX YACTHI, aMINIUTYAA Hepexosia ecTh PyHK-
OMA TOABKO KOOPAMHAT YaCTHE HAYaJbHOTO N KOHETHOTO
cocroanmii. PaccMorpnM cHavana mpAMep OFHON YaCTHIH.
Bmecto ypasmenus Illpegumrepa

. Y (r, t) _
i 8D g (r, ) =0

*) Bomes ¢opMmaibHOe N3JIOMKEHHe 3THX BOIPOCOB YATATENb MO-
wer HadTH B KEmrax: A. A. A6pukocos,JI.II. Toprxos,
U.E. Nsanomuuckuii, Merogs XBaHTOBOH TeOpHA TMOJA
B crarACTHYeCKoi ¢mamke, Om3marrms, 1962; A.B. Muarpaa,
Teoprasa KOHeYHHX (JepMU-CHCTEM H CBOHCTBA ATOMEHX Afep, «Haykay,
1965; A. B. Mur g aux, MeTog KBasHUACTAN B Teopm: Axpa, «Hay-
ra», 1967. ,
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MO’KHO MOJb30BaThCA ypasHenmeM musa ¢ysxmun I'pmaa
G(r, t; », t)
i %8 HG=i8(r— )8t —1). (5.1)

(Oynrnna Tpuna mMeeT CMHCH AMIUITYAH HIepexoja YacTH-
IOH A3 TOYKHU 7' B MOMeHT i’ B TOUKY 7 B MomeHT {. I{Bagpar
MOAYJA AMILIATY/AH [aeT BePOATHOCTh Hepexoja.

B sroM jerko yGemnThCs, BHPa3HB ¢ HOMOIbI0 (yHKIHHA
Tppaa W-pyukmmio B MOMeHT BpemeHm [ - T 9epes
W-pyHKIEIO B MOMEHT I

Yr,t41)= SG(r, t-n o )Y ) dr. (5.2)

JleitcTBUTENBHO, KAk MoskHO Bufers u3 (5.2), ¥ (», t + 1)
yAOBJETBOPSAET  yPaBHEHHIO

Illpennurepa u, kpome Toro, V
ecniu G(r, t+0; »r, §) =

= § (r — "), nepexonT NpH =

t—>0 B ¥ (r 0. I

®opmyaa (5.2) comepsxmr ‘I

|

|

G rtonpko ams t > 0. Iowo-
#uM G = 0 mpu 7 < 0. Torga
u3 (5.1) momygaem -V,

G(r,t4+0; »,8) =8 (r —77),

aro u Tpebyerca paa (5.2). B
OTCYTCTBHE BHOUIHETO MOJA H3 Prc. 44.

€000 paskeHHit CHMMeTPHH, T. e.

A3 OHOPOJIHOCTH H H30TPONHHA IPOCTPAHCTBA M OTHOPOIHOCTH
BPEMEHH, CIeIyeT, 9TO

G, t; v, )=G(|r—1r| ¢t —1I).

Ilycrs cmctema coGCTBeHHmX QYHKIOUHA OHpeflesaeTcs
COOTHOMEHUAMA

Hopv(ry=eaq (r), H= % +V(r).

IIpuMepuL#i BH NOTeHTHANBHOM AMH V A HYKIOHA, ABH-
Jymerocs B ajpe, AaH Ha puc. 44, rme R — pammyc sAApa,
ro — mupmHa «IAdPysHOH o6macTmy, T. e. Tod obuaacTu,
Ha KoTopoil V mepexogdT 0T HOCTOSHHOIO 3HAYeHNS BHYTDH
K 3HaYeHWIO BHe fA/Apa.
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Ilpepcrasum ¥-pynxomio wactunm B Buge ¥ (», f) =

= 2 Cy (?) x (7), Torma coormomenne (5.2) npumer BmJ
)

Cr(t 4 1) = D) G (1) Cy @),
<

G = (a3 a3 (v, 7, ¥ 0 (7) o ().
Tak xak @\ — cobcTBenHas GpyHEKIHA, TO Hepexofisl B ApyTue
COCTOAHHA He TmPOHCXOmAT H C (I + 1) = ¢ (), (1), 1. e.
G (T) = G (1) Banr = €75278,,.8 (1), (5.3)
1, >0,
e 6(r)={0’ T 0.
ITOT e pe3yapTaT MOKHO 6e3 Tpyma IOJYYMTH # Hemo-

CPeICTReEHO W3 ypaBHeHHA AaaA G. ,
Hepexona x ¢ypbe-IpefcTaBieHAd [O T, WONYIEM

1
G (8) :T:m-’ 6 = + 0. (54)

3neck G (8) ompeneneHo COOTHONMIEHHEM

Gr(e) =+ S G () ¢ dr.

IloatoMy B ofGpamenHoM npeoGpazoBaEmE HMeem

Go () = Srmc;l (e) L2

3uax & Bubpan Tak, 9Tobs G, (1) = 0 npu v < 0. B mpa-
BHNIBHOCTH 3HaKa O Jerko yGemmrhesi, mepexons o6paruo
B T-HOpeJICTABICHEE
eier ide

) =\ =i

. —& +i
H CABATaA KOHTYD WHTeIPHPOBAHASA B BEPXHIK MOJYIIO-
CKOCTh (€) aHANOTHYHO TOMY, KaK 3TO OBLIIO CAENAHO Ira
cp. 77.

B cmemannom mpencrasmenmnm (r, &) momywaem

G(r,r,e)=

., P (1) 5, ()
= g G E) o (1) o (1) = ;}ATE;-;T . (5.5)

.
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B cymMmmy mo A BXOAMT CYMMHDOBaHME IO CBASAHHEIM CO-
CTOAHHAM ¥ WHTETPHPOBaHAE MO CINIONIHOMY COEKTPY.
Oyurnma G (r, ', € uMeeT NOJIOCA IPH 3HAYCHNAX €, PaB-
HHIX ODHEPTHAM €, CBA3aHHHIX COCTOAHHM.

Oynxnuma 'pura mpocto cBf3aHa ¢ S-MaTpmleil 3agadu
paccesnas Ha moTenumane V (r), BBejeHHoit Ha cTp. 181.

Ecnp B HaganbHbiil MOMEHT ¢ —> — co V-QyHKOUA B AM-

—1,Ept
nyJbCHOM IpE/CTaBJIeHHHM HMeJa BH] Cp =@ , 4

p) —iEpt

B MOMeHT (' — - oo ImpUHAMaeT BHJ ZC},)e ) 10
oy

MATpPUUHBIL saeMenT S-MaTpunbl Spp = 2. C gpyroit cro-

poust, u3 (5.2) moirydaeM
CP =G(p, p,t', 1) T = Sy,
l—>—00, 1’00
W3 BHpaskeHHi, CBA3HBAaMUX S-MaTPHOY € AMIUIATYAOH
paccesansa (crp. 182), cuenyer
G (), p, ¥, ) = — 2 (Hy — E) A (D, D),
rie A (p, P’) — aMOnuTyAa paccesHHA B YHEPreTHIECKOM

HOPMHPOBKe, cBsizaHHad ¢ OOHYHOE ammnutyaoi f(p’', P)
COOTHOIIEHH M

1@ )= — 5 AP P) (5.6)

Oppouactnuanie Qynxkpumn I'pura B cucremMe nepsammo-
neiicTeyonux yactan (pyrxnun I'pura xpasugacrun). Hadinem
dyuxnmo F'para dacTuisl Gy (T), T. €. aMIVIATYAY Hepexofa
H3 COCTOAHHA ¢ OJHOH dYacTHIE# A B COCTOAHHME ¢ ONHOM
qacTrmeit A’ B cucTeMe HeB3amMofeHcTBylomux dacThm. [las
3TOTO HYKHO TOIbKO B (5.3) ydecTs npmHnnn Ilayan — gomx-
HH OHTh HCKNIOYEHH I€pexofsl B 3aHATHe cocTogHua. (Mu
JJIA TPOCTOTH paccMaTpHBaeM 37ech TOJIBKO caydai pepmu-
qacturn.) IloaTomy B ¢yurmuio I'paHa momsxeH OHTHL BKIIOUEH
muokutreas 1 — n,, rie

{1, ex < &F
n, =

— UHCIO YACTHI, B COCTOSHHH A.
0, 8;\>8F

Taxkum oGpasoM, moxydaeM

—ie)T
Giv (1) =1 — ) GW{S h’ :zg’ (5.7)
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Haiinem remepr Bbipaskenme s aMImmETyib! nepexojga
ApEH. Tak Kar 4wucno AHpPOYHEIX MecT Ha ypoBHe A mpo-
OOPHHAOHANBHO 7,, TO AHAJOTHYHO CIYYal0 YacTHLH LIO-
JydaeM

G (1) = oy | € X0 T>0, 5.8
w {T) = m6 0, 20, (2-8)

3ech €\ — dHepIWs JEHPKH, HIH, TOUHEE, PA3HOCTD aHepruit
CHCTEMBl LOCJIe W 10 HMOABIEHHA IBPKH.

Bo mmormx caywasx ypo6mo BBecTH ¢yHrmmIO I'puna
dacTans G, (T), onpeeNenHy0 Kak miA T > 0, Tak s
T < 0, n obvepnEsomyo Bhipaskenna (5.7) u (5.8):

Gy (1), >0,

i (5.9)
— GG (—1), 1<L0.

G;\ (17) =

B ¢ypse-mpeacrasienmn no v dopmyms (5.7), (5.8) u (5.9)
OPHHAMAOT BHJ
1—n
oy A
A (&) = e—g, - i0’

LN

e (5.10)

Gr(e) = —

1—n n
Gy (g) = {(e)——G{(—S):[g_ekiié + g-—]—e;—-ié]'

s (5.10) Bureraer BaskHoe cpoiicTo $ymknmit I'pmna G+
B G~ — K@KAadA W3 HAX UMeeT MOJIOC TPH 3HAYCHHH €, PaB-
HOM 9HePrHMH YaCTHOH H JHPHA COOTBETCTBEHHO.

U3 crasauHOro BO BBE/|GHHH CIefyeT, 9TO TAKOH ske B
mMeeT W ¢yEknua [paHa KeasHIacTHIH (kBa3WABIPKH)
B chcTeMe B3aMMOJEHCTBYIOMIAX YaCTHI — HYKHO TOJBKO
3aMEHNTh BHEPIHI0 YacTHNH (JHPKA) HA SHepPrui0 KBa3H-
9acTUNH (KBA3HABIPKH).

Ha crp. 232 mu moscumM mexommsie dopmynst (5.7) m
(5.8) nus pepMu-cHCTEM M MOTYIMM aHATOTWIHEE BHPaKEeHAA
ansa Gose-gacTui.
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LI OCHOBHOTO COCTOAHHMA, KOTZa
1 mpm &) <ep,
)\ ==
0 opn &), >ep,

nocienssas u3 dopmya (5.10) moxer GHTHL 3almcana B BHJE:

Gr(8) = ! (5.10%)

e —e&, | idsign(e—ep)

Oynxopu 'puea B cacTeMe B3aHMONEHCTBYIOMMX JACTHI.
My Hamrn ¢yaknmio I'pmaa cBobopHO#M YacTHOH B QYHKOMIO
I'puma ojmoit gacTumbl B CHCTeMe HEB3aHEMOJEHCTBYIOMIMX
depmMu-gacTHI], HaXOAAIMeHcA B OCHOBHOM cocToAHnn. Moskuo
Ob10 OBl JTerko HaiiTh u dyurnuio I'pEHa, OMMCHEBAIOIIYIO
MOBeeHAe ABYX WIH 0OJbIIero KoJmiecTBa YACTHI, HIH Al
POK B cHCTeMe HeB3anMofeiicTBylomux Jactar. OgHako Hameit
3ajjadeil ABIAETCA ydYeT B3amMOMeHCTBHA MEKIY JacTHIAMH.
OcuosHasa muesa Merofa pymrnmit I'ppHa coCcTOHT B TOM, 9TO
IJIA E3yYeHHA CHCTEME MHOTHX JacTHI, HeT HYKIH BBOJHTH
¢ynxnun TpmHa ¢ ovens Gompmmm gmcaoMm dactum. Coot-
Homenge (5.1) merxo oGobmaercsa na clydail MHOTHX 9JacTHI
(n1g 9TOTO MOCTATOYHO O/ 7° TMOHHMATh BCIO COBOKYIHOCTH
KoOpJAMHAT Bcex wacTurn). ONHAKO HAXOKIeHHe Tako#d QyHK-
mau I'pana G (ry, . . ., N3 1; 71, . .., Tn; U') CTOID 3Ke HEBO3-
MOJKHO B cHCTEMe MHOTHX Tell, Kak H Haxokjnenme V-QyHK-
mua. B Tex cayuasax, KoOrfa B paccMaTpHBaeMoil 3amade
o¢deKTHBHO ydacTByeT HeGoJbIIOE UACIO YACTHI,, He3aIeM
paccMaTpPHEBATh BCE YACTHOH CHCTEMBI.

IMouTr Bce OKCHEPHMMEHTAJBIO H3YydaeMbie IPOIECCH,
NpOHCXOAANIHe B CHCTeMe MHOTHX TeJl, KaKk MLl YBH/AHM, OIH-
CLIBAIOTCA OHOYACTHIHOH H JABYXYacTHIHOM QYHKIHAMA
'pnna.

Oyurnnio ppua ofHO# YacTHIH B CHCTeMe B3apMOJei-
CTBYIOIMHAX YaCTHI OIpefeNuM BHparkelneM

G (r b, 7, ) = (DT (', ') (r, 1) Dy), (5.11)
1>t
rae @, — TouHaA coGcTBeHHas QYHKOUA OCHOBHOILO COCTOA-

sps; ¥ (», {) — omepaTop BTOPHYHOrO KBAHTOBAHWA B Treii-
3eHOEPrOBCKOM WpeACTABIEHAA, T. €.

L' (r’ l) — eiHllIJ' (r) e—th’

rAe H — ramMmuiabToHOB ouepaTop CHCTEMBb ¢ YIeTOM B3aHMO-
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aeicTBHA, a omepaTop YV (r) Moxer GHTH BHpa)KeH depes
OIePATOPH YHWYTOKEHHA YaCTHIH B KaKOM-IAGO COCTOsI-
HEE @, (7):

¥ (T) = % (15N (r)

Hmxe Mu yGemmmes, gro Belpakenme (5.11) umeer mpo-
CTOH CMEICI ¥ [eHCTBHTEJHHO [aeT aMINIATYAY Iepexopa
dJacTuOs W3 cocrofHua (r’, t') B cocrosmme (7, t). Hsagpar
MOLyAsA 9Tolf BeJWIMHH [JaeT COOTBETCTBYIOIIYI0 BEPOAT-
HOCTh. AHajormunas (QopMysia Mo;keT OHITh HamWcaHa HNJIA
¢yHkmuu I'puHA JHIPKH

G (ry t; 7', b)) = (D (1, 1) P (0, 1) D). (5.12)
1>t

YEnYTO;KEeHAe 4YacTHOH SKBHBATEHTHO POKIACHHIO [BIPKH.
O6a BHpaskeHAA oNpe/eleHH TONBKO Auas ¢ > t'. Ux MosxHO
dopmansEO 0oGBenuuNTH B ofHy pyHEmmw I'pmHa, ommcwiBa-
fomyo upu T > 0 wactrny, a mpu T < 0 geipKy, Tar ske,
Kak 310 OBIO CeaHO JJIST CHCTeMBI CBOGOMHBIX YACTHI]
(ctp. 216):

Gr(r, ;' ), t>t,
G (@t t), <l

3HAK «IJII0CY COOTBETCTBYeT 6036e-, 4 3HAK ¢MHHYC» — depMHa~
9aCTHIAM.

Bupascenns (5.11) u (5.12) B cIyvae HeB3auMofiefcTBY-
IOIHUX YACTHI[, KAK HETPYAHO BHJETh, NEPEXOMsAT B COOTBCT-
cTeyome $opMyas mpefHAymero paspeia. Pexomenmyem
9@ETATeNI0 MpOfeNaTh 9TO BEIYHCIEHHE.

Coornomenus (5.11) u (5.12) MomkHO 3ammcaTh B Buje

G(z, ') =LKTY (2) ¥+ (2)),

G(r, t;r',t") = { (5.13)

rie depes <...) o0o3HadeHO ycpefHeHUe IO OCHOBHOMY CO-
crostumo, z = (7, ), omeparop I (omepaTop ymopAjodYeHms
BO BpeMEHH) O3HadJaer, UTO BEJHYHHH, CTOAMME CIpPABa OT
T, pacumoiararoTcA B HOpAfKe yOHBaHHA BPEMEHH B apry-
menTax. Huas ¢epmu-cncrem mpu ¢ >1¢ (korma ¥ m ¥+ me-
HAITCA MECTAMH) CTaBHTICA 3HaAK «—».

AHaJOrH9TILIM 00pasoM OUpeeNATes M JIBYXIaCTATHEIE
¢ysxuun Ipuna: smecro ¥ (1)¥W+ (2) BXOmAT Mpon3BeqeHHA
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Y)Y (2) ¥+ (3) ¥+ (4). Hryxe Ml yBAIHM, KaK BRIIACIA-
otcsA pyHKnun I'pHHA YaCTHI H KaK OHM CBA3AHE ¢ pyHKOHA-
M [puna KBaz@dacTHII.

AmajnTndeckue cpoiicTBa opHodactmunoil Qymxnun I'pn-
na. OrpaHMYAMCA [Js1 HMPOCTOTH ciydYaeM 0GeCKOHEIHOH Of-
HopomgHo# cucTembi. Torga, B CHIY OQHOPOLHOCTA H M30TPO-
OAX CHCTeMH 1 OJHOPOJHOCTH BpeMeHH, HMeeM

Gr, 6 7, ) =G(r—r| t—1t) (5.14)

Iepeiigem k Gypwe-mpefcTasienuio mo ry = » — . 13
(5.11) = (5.12) momyuaem is

G(p, 1) = Sd3rlG(r1, T) eirm

BhIpa;KeHHue
1 , <ape_illra+> eil&",v: upn T > 0’
G(p, )= { O e ke (5.15)
—=<{ape’ azye opu T < 0.

3anncwBas omepartops, Bxogamues G (P, ), B sHepreTAIe-
CKOM WpEeJCTaBJEeHAN, HMeeM:

D (@) [ exp {— i (Es— Eo) T} mpm T >0,

Gp,7) =]
+ Dl (ap)so P exp {i (Es— E)7y  mpm 1<L0.

(5.16)

Tak Kak ONEPATOp @) YBEIRdHBAaeT HMIYJIbC CHCTEME!
Ha BeJIHYHHY P, 4 UACTO YaCTHI B cCHCTeMe — Ha 1, T0 CcyM-
mMppoBanpe npu T > 0 mponm3BOAMTCA MO BCEM COCTOSHHAM
C HMOYJIBCOM P M YHCIOM JacTHI IV -+ 1, eciu B 0CHOBHOM
COCTOANMM ducao dYacTun .Owao N, a HMOYJLC PABHAICH
HyIl0. AHaJOTHIHO 3TOMYy cymmmpoBanme mpu T < 0 mpo-
H3BOATCA IO COCTOSHWAM ¢ wmcaom dactam N — 1 m nm-
oylIscoM —P.

O6osnaauM

Eq(N +1) — E, (N) =
=g (N +1) + Eo (N +1)—E (V) = &+ p,
rie w = E, (N + 1) — E, (N) — xuMudeckui NOTeHIAAT.

Oueprua Boabympenus & = E (N + 1) — Ey (N + 1) wo
ONpeleeHAI0 TIOJIOKATENbHA.
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Amamorudiio,
E((N—1)—Ey)(N) =
=& N —1) —E,(N)+ Ey,(N—1)=¢ —p'.
Benmumnnt e; m p’ cosmagaior ¢ €, ¥ p ¢ TogHOCTHIO 1/NV.
BreneM ¢yurumm
A(p, B)AE = Q|(a3)0 [, E<e,<E+dE,
) (5.17)
B(p, B)dE = X||(ap)0 [, E <& < E+dE

H mepeiiieM B Buipaskenmm (5.16) & pasnoxennio Dypse
no t. Umeem

o0

— I A()), E) B(pv E)
G(p g = — S dE {E—e—}—p—-ié iE—f—s—p.—-ié}' (5.18)
0

Mopmyna (5.18) npeacrasisier cofoit CIEKTPaTbHOE Pa3iio-
JKeHWe IJA 0/H0YacTHIHON (yHKMuu ['puHA cHCTeMEH, co-
CTOAMEHA U3 KOHeTHOro uciaa gepMu-gactuil *). Ita dopmyna
M03BOJAAET HOJIYIATH COOTHOIEHHE, CBASHBAIOIEe BEMIECT-
BEHHYI0 ¥ MHAMYIO JacTH QyHKuun G (P, &). leicTBHTENBHO,
M3 paBeHCTBA
1
E—g4p—id
BEITEKAET

ImG(p,a)-:n{

1 .
= PE—e+p + ind(E—e+4p)

—A(p,e—p), e>np,
¢B(p’ l"—e)1 8<P"

Taxnm o6pasom, MEMasn 9acTh G (p, €) A4 PepMU-IacTHIL
n3MeHAeT 3HAK B TOUKe € = [, a AJaa 003e-9acTHI OTpHMIA-

TeNbHA A7 Bcex p u €. Mcnonssys (5.418) u (5.19), metpynso
DOAYIHTH

(5.19)

L ¢ ImG(p, &) de
Gpo)=5 | DL (5.20)

Jdra Popmyna aHalormyHa cooTHouieHmio (4.5) Ha cTp. 178,

*) AmaTorm4mEoe pasioKeHAe B KBAHTOBOH TePPHA IHOJIA OHIIO
noayueno Jlemamom B 1954 r.
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VeTaHOBEM CBA3H OfHOdacTHuHOi ¢yHrnmum I'puna co
cmexrpoM Bo3bysxaennit. Oynkmua G (P, T) umeer HPOCTOH
¢usmgecknit cMuica. IIycTh B HadadbHEIA MOMEHT CHCTEMa
naxoputes B cocTossnum @ (0) = a;®,, rne ®) — ocHOBHOE
cocTosTHEe cmeTeMbl [N dacTull ((QH3MYeCKHH (BAKyyM»).
B momenT T >0 BOAHOBaA (YHKIHS CHCTEME PaBHA

O (1) = e T apD,.

®yuknus G (P, v) paBHA aMILIATY/le BEPOSTHOCTA HAUTH
cucreMy B MomenT T B cocTosganu O (0). [leicTBUTeNBHO,

(@ (0), D (1)) = (Doape TayDy) == G(p, 7).  (5.21)

Anasnormunoe cootnomenne cymecrsyer mias T < 0. Co-
raaceo (5.16) u (5.18) maa v >0
(@(0), @ (v)) = e\ A(p, B)eiFdE.  (5.22)

0

Ilpr oTCYTCTBEN B3amMONEHCTBMA AAA P, GoabmuX Pr
(u = ep),
A, E)=08(E +er—¢& (D) u (D(0) D (1)) =ik

Ilpy BRIOYEHHH B3AHMOJEHCTBHMA MEMKAY TaCTHIAMHU
S-oyukmus B A(p, E) samensercsa Ha QYHKUMIO, HMEOIIYIO
peakuit maxcaMyM BOausu E = & (P) — W, rae € (P) — oHep-
THA KBasHUIACTHIL.

k. Paccmorpum noBepenme ¢ysrnum I'puHa mua Gombmmx
HOJIOKUTEIbHEX BpemeH. IlycTh Onmxaiimas K BemieCTBEH-
HOME ocu ocofad TOYIKA AHAIHTH-
geckoro mpopoixennss A (p, E) B
HIKHAKO NOJYIUNIOCKOCTh €CTh IO-
JI0C_IepBOTO IOPAAKA OPH B3HaTe-
mnn, E = ¢(p) — p — iy. Torna, Ref

cmemas B (5.22) KOHTYp HMHTETPHpO- e (i
BaHMs B HIKHIOK MOIYIIOCKOCTB, p n elpre-iy
DO y9IuM )

Inf

G(p, 7) = e\ de-iBdE.  (5.22)

c Pmc. 45,

Konryp unterpuposanua C m3obpamen Ha pumec. 45. Heare-
HNOHeHIHaJbHOe caaraemoe B QyHkruud G (P, T), DOBHHKA-
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oMee 0T MHTOTPUPOBAHHUA N0 MHMMON ocu BOamsu E = 0,
ans v > 1/y umeer nopsamor seimdurn (y/e (P))2. Taxum
o0pasom,

G (P, ©) = Zeewr-1s - O [(v/e (D))} (5.23)

3TOT pesyABTAT MOKHO HHTEPHOPETHPOBATH CIEAYIONMUM
o6pasom: B cocrosgHuu @ (0) ¢ aMoauTynolt Z mpHCyTCTBYeT
nmaker, usofpa;KaIMUi KBA3WIacTHIy ¢ sHeprueid & (P) u
3aTyxaHueM Y. 3Ha9eHHA € (P) W Y OHPeNeNAIOTCA HOJI0sKe-
HueMm moxioca A (p, E).

PacemarpuBasgs v < 0, MB OpHOUIA OB K aHAJOTHIHOMY
COOTHOIDEHHIO AJA KBasuusipknm. Taxmm obpasoMm, G (P, )
MOKeT OHITH BallmCaHa B BHJeE

. t—n, "p ] _
G, e)az[e—e(p)wué trsm o | T =
EZGQ + GReg, (524)

rne Go — ¢pyernma 'pmHa KBasudYacTHIH.

ITHM COOTHOMIEHHEM yCTAHABINBACTCS CBA3H MEENY PYHK-
muaMa ['pUHA 9YacTUOE M KBasHYaCTHIHL.

Boiunciaenue madmopaembix Beanyun. C nomombo gyHK-
muu G MOMKHO BHIIHCJISATH CPeHHE 3HAYEHHA IO OCHOBHOMY
COCTOAHHI0 ONEpATOPOB BHAA OHOKPATHOH CYMMHI IO BCeM
gactunaM (§; — COBOKYIHOCTH HpPOCTPAHCTBEHHLIX M CIH-
HOBOIl NepPeMEeHHEIX):

A =24 & Do), (5-25)

T. e. TAKHX, KAK HAOpUMep, NJIOTHOCTE YACTHI B TOUYKe 7,
paBHas

n(r) =28 (r—mr),

WJIH NOJHBIA OpOMTAIBHHIH MOMEHT

L=\ [r X pil.
i

IleiicrButensuo, omepaTop A BO BTOPHIHOM KBAHTOBAHMH
HMeeT BHI

A={v®A¢E p) YL, (525
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DO3TOMY ero cpefHee 3HadeHHe [0 OCHOBHOMY COCTOAHMIO
cucTeMu Brpaskaerca wepes G mpm =t — O

G, & 1) :_(F(CDO‘I’* (BN Y (8) Do) (5.26)

(®,, Kak H BHIIe, 03HAYaeT TOIHOE OCHOBHO® COCTOSHHE).
Cpenuee suauenume omeparopa A Oyner paBHO

Ay =FAE PEE Y (1= —emdi=
= Sp AG.—_,. (5.27)

Takum o06pasoM, G:._o COBIANAET ¢ TOIHOCTBIO K0 MHOMKH-
Tensn 41 ¢ marpuneit mmorHoctH. [laa ¢epMu-gacTHI]

p(E, &) = (DT ()Y (E) D) = —CGzo;  (5.28)

1A 603e-9acTHIT

p (&, &) = Giavo (5.28")
,I[JIH onpexpeleHnusa CpeJHuX 3HAYeHHH onepaTopoB BHJA
B =D\ By &, pi; & ), (5.29)

i k

TAKHX, KAaK, HaOpumep, DHEPTHA B3AaMMONEHCTBHA TaCTHI,
Heo0XOMMMO 3HAHEe ABYXYacTHYHOM QyHkmum I'puna. ITa
BeqHYMHA ONpefeadaeTcs aHaJOTHIHO G

G, (1, 2; 3, 4) = (D, TY (1T (2) ¥+ (3) ¥+ (4) D). (5.30)

Onepatop I osHagaeT, 9TO BCe BEIHIHHE, CTOAMHUE
copasa or T, pacmomaraioTca B IOpsjke yOHBaHHs BpeMeH
B aprymenrax ¥, W+, mepem BceM BHPaKeHHeM CTaBUTCH
3HaK «+» mam «—» (A gepMm-cucTeM) B 3aBHCHMOCTH OT
TOr0, UeTHOH WIM HEYETHOH IEePecTAHOBKOH NOJYydaeTcs
yIOpA0YeHHOe BHIpajkeHHe M3 HAOHCAaHHOTO B (5.30).
Oyrknua G, KaeT aMINIATYAy Iepexofa s caydas, Korza
HadajbHOe W KOHEYHOe COCTOSHUS COOTBETCTBYHOT B 3aBHUCH-
MOCTH OT COOTHOIIEHHUS BpeMeH Iy, &y, I3, {4 mub0 KBYM 9acTH-
maM, aubo ABYM AbIpKaM, Inb0 FacTHIE ¢ HEIPKOM. B G,
TakKe COleP/KaTCA caydad, KOIKAa B HAYAIBHEI MOMEHT
€CTh YacTHIla, a KOHeYHOe COCTOAHHE COOTBETCTBYET ABYM
gacTEmaM ¥ AHpKe. Mp [IA KPAaTKOCTH TOBOPHM O JABYX
gacTHIaX (HEHpPKax), Hof[pasyMeBasi, ITO OCTAaIbHEIe N -2
9acTHI B HAYQJIBHEN 1 KOHEYHHIH MOMEHTH HaxonATCA B OC-
HoBHOM cocToanun. Oyrkuum G u G, CofeprKar TakKe HH-
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¢dopManuo 06 aMIIHTy/e PacCeAHHSA B IOJE PacCEeHBAIOMmero
[eHTpa, MOMEHIEHHOTO B cpefly, H 06 aMILIATyIe paccesHus
ABYX B3amMOJ€MCTBYIOMUX TacTul. PaccesaHume ABYX YacTHI
B cpefie onpenendercs QyHEmueH G, (Pf;, Daty; Psls, p4t4)
mpu i, f—>—oo u tg, t,—>+oco (cM. crTp. 215).
Hpn YAAJIeHHH HaYalbHHX BpeMeH iy, I, OT BpeMeH B3amMO-
MeiCTBHA BOJHOBHE HaKeTH, H3o0paskaomue TacTHOB C HM-
OyJAbCaMH P; H Py, 3aTYXAOT TaK, ITO0 KO BPeMeHH cOymape-
HHA OCTAIOTCA TOJBKO ClaTaeMile, COOTBETCTBYIOIIHE KBA3H-
FacTANAM ¢ TeMu ke mmuoyiabcamu (cTp. 222). Ilocte nepuona
B3aUMOJCHCTBHA IPH 14, {, — -} co TaKiKe OCTAHYTCA TOJBKO
KBaspHIacTUOH ¢ UMOYJIbCaMu Py U P,. Ilosromy samagy pac-
cessHHA yHxoOHee paccMaTPHUBATH Cpasy jke B TePMHHAX KBa-
3u9acTHI. T0 ke OTHOCHTCA K 3afade PacCesHHUsA B IOJe Pac-
CeHBAMmMEro IEeHTpa.

OnHouacTH9Hasg m AByX9acTH9HasA ¢GyHKOouu ['puHa co-
gepxaT Hambolee CYMECTBEHHYI0 HHQPOPMAIHIO O CHCTeMe.
Nuorpa Bo3HHKAOT BONPOCH, YpeOyomue 3HaHUS TpexXdacTHd-
HOM WaM dYeTHpexdacTuyHoil ¢yHrnmm I'pura. Oum moryr
TIOHafo0MUTHCA, HANPEMED, NI BEIHCJICHHS YHEPTHH CBASH
B CHCTeMe ¢ HeINapDHHM B3aHMOJelicTBHEM.

Pacipenenenne gepmu-yacrun mo mMmmyiascam. W3 ¢op-
Myas (5.26) ciegyer, 9To pacopeenenrne JaCTAI IO HMIYJIb-
caM BHIpaskaeTca uepe3 ¢QyHKmuio I'puHa

n(p)y = SG(p, s)e-m lde .
T——0

B »ToM BipayiieHuu HeJb3sa mepeitTw K upereay T = 0.
JeiicTBuTensno, Kak BUEHO u3 (5.24), G ~ 1/e npu ¢ - oo
u §G (p,e) de mo BemecrBennoit ocu pacxomurca. ITpu Ko-
HEYHOM OTPHIATEJHHOM T MOKHO 3aMEHHTH HMHTErpajg Mo
BEIIECTBEHHONH OCH Ha HHTErpaj IO 3aMKHYTOMY KOHTYPY
C, cocToameMy U3 BemEecTBeHHOH ocH W GECKOHeYHOH momy-
OKPY/KHOCTH B BepXHel NOTYIJIOCKOCTH, HOCJIEe 9ero IMOJIo-
#uth T = 0. Taknm oGpaaoM,

n(p) = %G(p, &) 45—
[s]

Kak mn Buwpemn, ¢yErpmua 'puHa mHMeeT HOJMIOC B TOYKe
e=¢(p) — iy

(5.31)

zde

VA
G (p, 8) = W —l‘ GRea(p7 ),
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rie Greg (P, &) — QyHknmsa, peryasApHas p6amsu moJioca.
Baryxanue y (P) msMenser sHaK Opu p = pr; Y >0 mpm
p > pr; < 0 opu p < pr. Iloaromy npu p < pr BHYTPE
kouTypa C ecTh mONIOC, a8 OpH p < Prp OH NEPeXORUT B HILK-
HIOI0 TOJYILIOCKOCTH, T. €. MCKIKYaeTcs H3 HHTerpaia IO
rkoutypy C. Iloaromy

n(pr —0) —n(pr +0) =27

Tak xark 0<n (p) <1, T0 HepPeHOPMHPOBKA (QYHKIUK
I'puna (Tax HasHBaeTcaA MHO-
murens Z) 0 < Z <<1. Pac- P

npejiesenme 9acTHIL o
HMOyJabcaM H300pajkeno Ha 1
puc. 46 (Murmam, 1997). \
Taxum oOpasoMm, u3ydeHue K
AHAJTATHIECKHX CBOUCTB QYHK-
mud [puna mos3Boamao moay- f r ?

YATH BaKHEIH QU3HIECKHH pe-
ayaprar. HecMmoTpAa Ha Baau-
MOJI€HCTBHE MEKIY JacTHIIAMH,
KOTOpoe paszfpachBaeT dacTHIH II0 MMIYJAbCaM, OT pacmpe-
nenenusa Mepmu cBOOOXHBIX YAaCTHI OCTA@TCSA (BOCHOMHHAHIE)
B Bujie o6puiBa B pyukuun n (p). Ha puc. 46 nokazano Tamxe
pacupefiejieRre KBasuYacTull. PasyMeerca, aTo pacmpene-
JeHHe mMeeT CMBICA TOJABKO NJAA D, OJU3KHX K pr, THE IpH-
MEHEMO MOHATHE KBa3HYaCTHIH.

Pac. 46.

2. TPAOUIECKAA METOJ

I'padnuecroe n3oGpaxkenme npoleccos. [[ns noxyieHms
PA3IMYHLIX COOTHOIIGHMH B daj{ade MHOTHX Tel U B TeOPHH
HOJMS IIHPOKO McHoab3yercs Meron rpaduxos (DeirHMaHa,
COCTOSAMmUA B TOM, YTO BCe HM3ydaeMhe IPOIeccH m300paKa-
I0TCA PHCYHKaMH, KOTOPHE BaMeHAIT €c0GOl TrpoMO3JKHe
aHAJMTHIeCKHe BHPAaKeHHs, MOXO0HO TOMY, KaK KHTaiCKue
nepornudu 3ameHsoT Ueasle ¢pasw. Haumem ¢ roro, 1aTo
Gynem mzobpakarh pasiuiHble QU3MIECKHE NPOIECCH C HO-
MOmBI0 PHCYHKOB, HaIDHMep, ABIIKeHHe KBaHTa CBeTa HM30-
fpakaTh IYHKTHPOM, a ABH/KeHHMe CBOGORHOH TacTHIH —
CIJIOIIHOM JIHHUEH.

8 A. B. Murpaa
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Fpagux

O3Ha4vaeT, 9T0 3apsyKeHHas dYacTHOA, JONYCTHM, JJEKTPOH,
HCOYCTHIIA KBAHT cCBeTAa. Conomuasa JHHAA HapHCOBaHa
C HBJIOMOM, 9TOOH OKa3aTh, UT0 JIEKTPOH IOCIe HCIYCKAHMsA
KBaHTa npuobperaer Apyroii HMIYJbC.

IIyers ectr gee HEB3aHMOJEeUCTBYIOMHUE JaCTUIH

Eciu onm BsamMopeiicTByoT, PHCYIOT TAKyl0 KapTHHY:

Ecan ux B3anMozeiicTBrae 0cynecTBIAETCS ¢ TOMOI[BIO KBAHTA
cBeTa (3TO BHAYMT, YTO B3AHMOJEHCTBHE KYJIOHOBCKOE), TOrAa
IUHAKA COENMHAIT OYHKTHPHOH JHIIHCH;

Ecnu aro nBa HykioHa W B3amMOJEHCTBHE OCYMECTBIAETCS
nepenaved f-Me30Ha, TOIZA PHCYIOT BOJIHOOGDASHYIO IHHHIO
MEXAY JUHHAMA YacTHUIl: .

i

JdToT rpadmk mOKaszHBaET, 9TO ABa HYKJIOHAa ONHMH pas
B3aHMOJEHCTBOBANKM Meway cobGoit. Ecau oHm BaamMopeii-

CTBOBaJIM [BAa pasa, TO PHCYKT TaK:

RIR
9

nm300paykaer Gojlee CHOKHBIE INpoONEcC: HYKIOH HCIOYCTHI
T-Me30H, KOTODEIi BaTeM PAcTajcA Ha HYKJIOH H aHTHHYKJIIOH,

I'padux



5, PPAQUYECKHAN METOM 997

YTi 7Be FACTHIE NPeBPAMAIOTCS ONATH B f-ME3OH, KOTODPHIA
noriaomaercsa BTOPBIM HYKJIOHOM.

AHaJIOTHIHO MOKHO m306pasurk M Gosiee CIOKHBIE HpO-
HeccH, mpomexopAmue ¢ dacTumamu. Jas Toro 9rolH 3T
PHUCYHKH HMeJM He TOJHKO MINIOCTPATHBHHIM, HO M KOJHYTe-
CTBEHHEI CMEICJI, Oy7eM IOHHMATh IOJ KaKIBIM I'DaduKOM
aMIVINTY[y Tepexoiia M3 ONHOTO COCTOHHA B HAYANbHEIMA
MOMEHT B JPyTOe COCTOSIHHE B KOHEYHHH MOMEHT BpPeMeHH.
KpagpaT MOAY/IA aMINIUTY/[bl TEPEXOia faeT BepOATHOCTh Ha-
XOKIeHHA KOHEYHOTO COCTOSHHSA B KOHEYHEI! MOMEHT BpeMe-
un. Tak, HanpuMep, IPUBE/(EHHBIH BLIIe IPAQUK HCIYCKAHUA
KBaHTa 03HauaeT aMINIUTYAY II€PexXOfia 3apsKeHHOW TacTHIIE
¢ MMOYIbCOM P B COCTOAHHE ¢ KBAHTOM HMIYJIhCA ¢ U TaCTU-
meil ¢ UMOYIBCOM D — (.

CoriacHO DPUHLUOY CYIepIO3HOMH HOJHAA aMINIATY[a
mepexofa HpeACTaBIseT coGoil CyMMy BceX BOBMOMKHEIX (u-
3MYECKE PA3MHUHBIX AMIINTYX Hepexofa. TOYHBIA CMBICH
9TOTO yTBepIeHHs BHACHHTCA HHMKE HAQ OPOCTHX IpUMepax.
IHonmTaeMca HOJYYHTh MHTYHTHBHHIM OyTeM ¢ NOOMOMIBIO
rpaduKOB COOTHOLIEHHE, BHParKaomee AaMINIUTYAY pacce-
AHHSA JBYX dYacTHI[ 9epe3 HOTEHOMAJN  B3aUMOAEHCTBHA.
I'paduueckn aMmaMTyAa paccesHHA H300Pa3UTCs, COTAACHO
OpUENANY CYNepHo3HIuH, CyMMo# IpaduKoB:

-YI - TeIETIT

ITepBuit n3 rpadHKOB n306paskaeT OFHOKPATHOE B3AWMOJEH-
CTBHe MEIY 9acTHIaMu. BTOpOit B3 rpaguKoB COOTBETCTBYeT
JABYKPATHOMY B3aHMOJEHCTBHIO JaCTHII. Memxpy akTaMu B3a-
HMOTEHCTBHA CTONT aMILTUTY/[a IIePexofia IByX HeB3auMofieii-
CTBYIOIHUX YaCTHI.

Bynmem comocTaBlATh NEPBOMY Ipaduky DOTeHIHaJ B3a-
HMOJeiCcTBAA MeXAY dacTALaMH,

H

a Kaskiod mpsAMoit auHuu — QyHKmEI0 I'puHA, T. €. aMIuH-
TyAy mepexofa cBoGoxHoi# gacTuns G. Torpa BrOpoOH rpaduk

s

8%
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YCIOBHO 3amumieTcs Tak:

3§ =uew,

TdK KaK aMIUINTYJa Depexofia ABYX CBOGOAHKIX YacTHI[ paBHa
npomsBefeHmio GyHKnMiE I'puna kampoi us wacrnm. [las
AMINIUTY/BI PACCeAHHA NONYIUTCA PR

I'=U+ UGGU + UGGUGGU + ...

Bripaskenue, crosimee B0 BTOPOM u CAENYIOMHAX WIEHAX CIpPa-
Ba ot UGG, cnoBa oGpasyer cymmy, gaomyio I'. Haa ¥ nony-
daercsd ypaBHeHHe

I'=U 4 UGGT.

Qyuknusa G, BXOXAmAA B 5T0 ypaBHEHHe,— 3T0 YKe H3BECT-
Hafd HaM aMIUIATyAa IIepexoja CBOGOXHOH wacTHIIH.

Pasymeercs, nmposienannas onepanus npepcrasiser coboi
HE BRIBOJ yPaBHEHHUs, & CKOpee HaBofsAmee coobpaxenne. s
TOT0 9TOCHL YCTAHOBHTb, B KAKOM CMHICJIE CJIE/yeT NOHMMATE
CUMBOJIUYECKOE YMHOMMEHHE B OTHX BLIDAKEHHAX, CJAeyerT
CPABHUTH IONyIeHHOe ypaBHEHHME ¢ COOTBETCTBYIOIIUM BHpa-
KEHUOM, HAHeHHEM OOHYHHIM CIOCOGOM W3 PElIeHHs ypab-
Hermua Illpepumrepa. OuweBnmmo, uro Bripawenme mas T
mpefcraBiaser co0oH CHMBOJMYECKYI0 3a0MCh M3BECTHOTO M3
KBAHTOBOH MEXaHMKH ypaBHEHHS JIA AMIUIATYAH pacces-
HuA B 9HEPreTHIecKoid HopmupoBke. B cucreme nerTpa mmep-
MU AMeeM

n_L(p, asp’
L(»1, p)) = U (py, ps) + SU (p1, D) Bm‘faf :)_ 7 (2,1’;3 .

(5.32)

AHRamornannm 00pasoM MOKHO CBA3aTh (YHKOHIO Tpuna
TaCTHIH Bo BHemHeM Noxe (G ¢ ¢pynknmeir I'puna cBoGoxHOIM
dactunil G. Oysknua 'puna B mone G usobpasures cyMmoi
HaCTHHX aMIUIATYA mOepexofa

A S B U L

T@ TOYKA C BONHUCTOM JMHMe# M300paykaeT aKT nercTeusa
sHemuero mona V. Cobumpas Bce rpadukm, crosmme B G
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copasa oT V, moiaydaeM ONATH G. Taxmm oGpasoM,
G =G+ GVG + GVGVG + . . . = G + GVG. (5.33)
B paccMOTpeHHHIX HaMH HPOCTHX CIYTafX MOMHO oGoii-
rHcH 1 Gea rpaguKos. Bupaxernus (5.33) u (5.32) merxo MoryT
GHTh HONTydeHH HEIOCPENCTBeHHO H3 YyPaBHEHUA (5.1) gaa
G § aHAJOTMIHOTO BEHPAMKEHHsA 1A ABYXIaCTHIHOR QyHRIUM
I'puna. Hanumem ypaBHeHHe (5.33) B omeparopHoit dopme,
BBejis omeparop G-! = 9/9t + iH,, rtme H, — raMujibTOHHAH
cBoGonnoi gactmmu. M3 (5.1) monydaem

G\@ + VG =1, (5.33")
OTKYAA

=@+ G(—ing. (5.33")

Tak Kak B KadecrBe omeparopa [ B3ATO BEIpaKeHHe
8 (r — ') 6 (t — t'), TO yMHOKeHHE OEPAaTOPOB O3HATAeT

A (xlv 12) = BC = SB (121, 13') c (12’, 12) d*z’,

rme z = (r, t).
Taxum o06pa3oM, COOTHOILIEHHE (5.33) B amamuTH9ECKOMH

dopme mMeeT BHUJ

@ (2y, 2) = G (@0, 22) + §G (21, ) (—iV (&) G (&', z,)d*’
U, cleLoBaTeNbHO, TpaduK B3aMMOJEHCTBHA ¢ TOJeM pac-
MR POBHBAETCA CIeYIOMEM oGpasoM:

i S

[lonumas B BHpamennax (5.33") m (5.33") mox G nByxuac-
Taynyo ¢ymkmmo [puHa, COOTBETCTBYIONYIO YpPaBHEHMUIO
Ilpeguurepa iJasa ABYX 9acTUL, & IOA V — morenmman B3a-
mmopeiicreua U (z, — 2,), HoayduM B IEPBOM mopsfixe

Ggl) (xlv Za; x;, x;) =
= Sd4~’53 d*2,G (21, 3) G (2, zy) (— i) U (x5 — z4) X
| L L &
X G (g, %1) G (Ta Z2) = E o (5:34)

T, I &
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J1o o3HaA"aer, 4UTO
Ly

Jna  nesamasnmalomero BsaumopeBcrsus U (z; — ) =
= U (r,— 1y 6 (1, — 1,).
Herpynuo momyants BHpasenue G, B (A, £)-Ipeficrasie-
Hou. Wmeem
(1
G2)(7"1€17 Ag€s, Ases, Aogy) =

= — i D {60 0) G (€2) (e | U () [Ashe) G, (61 - 0) X
Ak
dm
X G (ea— )8 (ey + e, — 83— &) 5,
The
U (0) = S dve-iotl (v).
Oyrrnns G nproGperaer cobcem OpOCTOi BHJ B CAyTae

B3aNMOJEUCTBUA CBOOOHEIX 9acTul. B (P, €)-mpencrasiennn
uMeeM (p = p, ¢, g =Fk, o)

6 = —i\a(p) 6 () U (g) x
X G(p1+q)G(pz—q)%5(p1+ P2— Ps — Da)

(¢ = Ps — p1 =P — Pa)-
Herpyaso naydaurtses cBo6omgHO mepexofuTh OT OJHOTO Ipej-
CTaBJeHHA K JApPYyromy.
[1a npumenennms k sagade paccesmua B moxe V (r)
rpaguru (5.33) ymo6Ho cobpare caegyomuM ofpasom:

G =G{V+ VGV + ...} G = GAG,

rie A — aMIIHTyXa paccesHHs B DHEPreTHIecKoir HOpPMU-
pPOBEKE

A =V VGV FVGVGV + ... = V + VGA. (5.36)

Bosbmem B kauectBe G Bripaskenue (5.4). Ilockoabky moxe
He 3aBHCHT OT BPeMeHH, BeJIHINHA &, BXOXAMAA B (, JOIKHA
OHTh B3ATA PAaBHOM DHEPruM €, magawomei gacTume. Wurer-
PHPOBaHHEe IO HMIyJIbCAaM IPOMEKYTOUHEIX COCTOAHHI CJe-
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yeT IpoM3BOTETH ¢ BecoM 1/(2m)’, 4TO COOTBETCTBYET CYM-
MPPOBaHMIO ¢ BecOM 1 110 BCeM KBASUJMCKPETHEIM COCTOAHUAM
HOPMEPOBOYHOTO 06BeMa. MeHHO TaKoe CyMMHPOBaHHE cJe-
yeT M3 IPUHIANA CYIepIo3UIuM. B MMIyIbCHOM IpEfCTaB-
JIeHAY 7MeeM

nip, ==iltpp,) |

IMofcrasisag coriacHo HaliieHAOMY HaMH IpPaBUIY B (5.36)
A —»>—iA, V - — iV, ooaydum

r ’ V - A ] ! ds
A, p)=V@—2)+| “;pfgmg; P) £, (5:37)

gT0 coBmajaer ¢ (9.32) mpm sameHe T >4, U—>V. Tem
CAMBIM IIOITBEPsKIaeTCsl COOTHOIIEHH® (5.37).

B kadecTBe mpuMepa, WLIOCTPUPYIOMEro ymoGerBo rpa-
¢ugeckoll 3amMCH W COOTBETCTBYIOMUX CHUMBOJMIECKMX BEHI-
pasKeHMiA, MOJydYNM WHTerpajbHOE yPaBHEHWE [ AMILIH-
Tyael B opme, yaoOHOH A BHACHEHUSA €€ aHAJIATHIECKUX
cBoiicTe. I'paduK® A AMILIETYAE MOTYT OHITH coGpaHsl cie-
AVIOmMEM 00pasoM:

A=V +V{G+GVG+ ..}V =V+VGV. (5.38)

Ionssysach ye HallfeHHHM perenToM pacmu@poBKA Tpadu-
KOB W menodbsys ais G supaxenue (5.0) ¢ € = €p, HOXYINM

A LA
no__ ) PAPAp’
A(D, D) =Vss +§1]————8p_gl+ia : (5.39)

B cyMme mo A mpejmonaraeTcs CyMMRPOBAHUE MO CBA3AHHEIM
cocrosHmAM (g) < 0) m HHTErpHpoBaHWE MO CIVIOMIHOMY
cnextpy, App= (77", V (r) g, (7))-

IlepeiimeM or sHepreTmyecKodl HOPMAPOBKE K oGsrgHOK

(crp. 215)
: N ,
f(p,p)sz(p—p)——m—Zl]%—j—g:—l—ia—,(5.39)

rie fgp — GOPHOBCKASA aMILUIMTY/la PacCCesHWUsA.

VI3 5TOr0 BHIPAsKEHHUsS CIEIyeT, UTO AMILINTY/a, AaHAIUTA-
qecKH NpoOfoiKeHHas B o6aacth g << 0, HMeeT momioca B
TOUKAX, COBHAJAIMUX ¢ DHEPLHAMU CBA3AHHHX COCTOAHMHA.
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OGparHoe yTBepKieHHe HEeBEeDHO — HE BCe IHONIOCA AMIIIHE-
TYNEL COOTBETCTBYIT CBS3AHHHM coctosHEAM (cTp. 187).

Pacemorpum mmmMylo wacre  pasemersa  (5.39') mpm
p = p’. llpexmomaras, 4YTo cOCTOAHWMA @, IJIA CIJIOM-
HOrO CHEeKTPa HOPMHMPOBAHH HA IJIOCKHE BOJHH, T. €. HMEOT
ACHMITOTHRY @), ——> eiPT moayduM

Inf(p, 2) = — 2 (= m) {17 (2, PIPS (0 — ep) S =

22 P
= w1 orda =2,

9TO COOTBETCTBYEeT OnTHIecKoir teopeme (crp. 183).

ITora ME pacIEPOBEIBANH TONBKO TPadUKHE, OMHCHBAI-
muae ABEMKEHWs OfIHOH CBOGONHOA 9aCTUIE HAM ABYX qacTa,
B3aUMOJIEHCTBYIOMUAX MexRAy coGoit. [Mepeiimem k HHTEpecyIo-
meMy Hac CIyIaio 9acTHIl, ABIKYIMAXCA B cpeje.

Haumem ¢ mpocreiimero cayvas ofHO# WacTEOH M mosc-
HOM, KaK BIHAeT TOMAECTBEHHOCTh YACTAL HAa QYHKIUIO
I'pmua, T. e. HOACHEM BBeIeHHbEe HHTYATHBHO Ha ctp. 215
supakends. Ilyerb kBasmuacruma ¢ mMmmynbcoM P (u1m B
COCTOAHHM A — 3TO He MeHAeT DACCYKICHHA) NBHKeTcs Ha
¢oHe oCTANBHHX FACTHI[, CPeAM KOTOPHX C BECOM 7, npu-
CYTCTBYeT KBASHIACTHIA C TOM jKe AMIYJIBCOM (NI TPOCTOTH
OIyCTHM CHHHOBHE BHAYKM).

Torpa ammnuryna Hepexofa ABYX paccMaTpHBAEMBIX Tac-
THn Oyner m300pamaThcA TpadUrOM .

f——— _
+ p 4 x Il .

f—— P
Bropoit rpagux oramuaercs ot mepsoro mepecTaHoBKO#M KoOp-
nvHAT n06aBiaeHHOM u OHOBOH wacTHm. 3HAK «—» COOTBET-
cTByer depmm-, a sHaK «+» — Goze-gacrmmam. MHOMKHTeJB
Np YIUTHIBAET YHCIO TACTHI[, ¢ KOTOPHIMH MOKHO HepecTra-
BHUTb KOODAMHATH HCXOnHO# dactumul., Ecnnm ommcmBath 06a
CIaTAeMEHX Kak [BIKeHHEe ONHON KBASHYACTUNE, LOJTYIHM

G+ (P, 7) = (1 F np) e?" 8 (x).

Hast puprE B caygae (epME-9ACTHI MOKHO BBECTH Vp =
= (1 — np) — uMCHO AHIPOK B COCTOAHEM P m TeM e pac-
Cy)KJleHHeM HOAYYATL MHOMETENb (1 — vp) = n,. B cay-
dae (08e-9aCTHI, CIeJyeT yJecThb H3MEHEHHe B IEDECTAHOB-
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Kax np JacTHI[ OT NOSABIEHHA AHPKH, 9T0, KAK MOKHO yBH-
JETh, JaeT MHOKATENb Ny. IIOCKOIBKY PTH K€ De3yABTATH
IPE OTCYTCTBHE B3aHMOJeACTBHA IHOAYIAIOTCA ABTOMATHIECKA
n3 mamero ompeneienusi G Ha crp. 218, To Tem caMuIM IOX-
TBEPHIAETCA U YTOTHAETCS WBTepPIperanusi G Kax aMIIHATY-
AL Iepexona B Cpefe.

PaccMoTpmM Temeph KBASHYACTHIy BO BHEIMHEM IOJe.
Bo BropoM mOpsAAKe IO MOII0, HAPANY C rpaduEroM

P PP

HOABHATCS eme H TPagEK, KOTOPOTro HET B CiIy4ae CBOGOLHBIX
94acTHII,

L

O KOTOPH 03HAYaeT, 4T0 B MOMEHT {; HOABHINCH KBasW4ac-
TEOA W KBasHAbpKa, & B MOMEHT f; HPOMCXOAUT AHHUIH-
AAOUA.

Ham Hy:xHO HajiTd aHaJATHIECKOE COOTBETCTBHe rpadura
b. Jls 2TOr0 PaccMOTPUM ABHKEHHE ABYX JACTHIL HCXONHOM
9aCTHNH € OMIYJbCOM 2 M dacTuiil goHA ¢ EMOYIBLCOM P;.
Torpa cymme rpagueos ¢ U b cOOTBETCTBYIOT HPOIIECCH

o h d iq
1 /
INCT + gy oy (5.40)
d 4 didid
Bo BropoM rpajmke B MOMEHT !, HOABHMIACH [IHIPKA €
EMOyIBCOM— P, I BTOpPad 9YacTuna ¢ EMoyascoM p’. B mo-

MeHT {, HCXOJHAas JACTUNA 3aHAMAET csoboproe mecro. T'pa-
(112839

t, b

+1
+!

17 4

y:Ke yuTeHs TeMm, 4T0 (yEKOu® I'pEuHa UACTHIH H JLIPKA
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Gepyrea ¢ maoxatenamu (1 — n,) U np. I'padurn

& L,

VUATHBAIOT M3MeHeHHe (JOHA B LoJe W BINAHAE HA 3TO H3-
MeHeHne f00aBileHHOR dYacTmUE. JTH I'PaWKHE He MMEOT OT-
HONIGHAS K JBIGKEHMI0 paccMaTPrBaeMold 9aCTHI(H.

[Tockonbry BTOpolt m3 rpaduxor (5.40) coorsercrsyer
MepPecTaHoBKe YACTHI, MEMy aKTaMy B3aUMOJEHCTBHA, OH
fepercs co 3HAKOM «—» AlA (epMa- H €O 3HAKOM «—» i
Goze-gactrr. Taxum oGpa3oM, MEH IPHYOAUM K 3aKJIOUEHUIO,
910 rpafmk ¢ ofparHofl cTpenKOA paBeH

7 =+ (p-v)=6(p7)

Urakr, cymma rpaguxos a u b ecrs

@ 1+ b=G*(—iV) G+ (—iV) G+ G+ (— iV) G (— iV) G+.

Teneps Buano yro6eTBo BBeeRHOR HaMu QyEKROEA G (P, T) =
=G* (P, 7)) F G(p, — 7). I'padurn a 7 b kar gas ¢ep-
MP-, TaKk # A 603e-9aCTHI MOrYyT OHITh 3ALWCAHK« B BHJE
oxHoro rpadura, obbenmaAIOmMeEro o6a mpomecca:

2 _ _
br= ) ; % Ly

= — (G (t, — VG (' — ') VG (" — t,)dt'd¢",

npudey aasg T =t —t" >0 ¢vaxnma G cosmamaer ¢ G*
O yYATHBaeT paccesHme, a 1iaat < O oma coBmagaer ¢ F G~
W Y9MTHIBAeT POYKJEHHE HapH. 37eCh aBTOMATHIECKH YUTEHO
BJIWAHAE BUPTYAIBHOro 00pasoBaHWMsA map HA paccesHme
KBA3WIACTHIL B mojie. BrpajkeHme [Jis aMILIETYIH pacces-
AusA KBA3MYACTHI[ HAa PACCEMBAIOMIEM IEHTpE, HOMEIIEHHOM B
cpeny, TakaM o0pPasoM, MOKHO MOJIYYHTh 3 HalileHHEX Bhme
BRIDQ;KEHEN J/1A JACTHIH 3aMeHoM cBoGonHo#A pyrKmnn ['prura
B IPOMEKYTOUHHIX COCTOAHHAX HA 00BbeAHHEHHYI0 (yHRIAIO
I'puna G B cpene. Taras dgopMmyna Moxker, Hampmmep, Lo-
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HAOOMTBCA JIA OLpeleseHHusd aMIUINTY/bl PACCESHUs DJIeK-
TPOHOB MeTAJLIA HAa IPHMECHHX aToMax.

Taxoe e 3aMedanne MOKHO CIeJaTh N 06 aMIIATyIe pac-
ceslHMA B DPesy/braTe B3aUMOJAEHCTBHS [BYX KBa3m4aCTHII.
s mpocToTh paceMoTpuM §-06pasHoe B3aMMofeicTBIE Mesk-
Iy dYacTHOaMH, Koropoe OymeM m3o0paskarh Todwoit. Pac-
cMOTpRM rpagudecKWe 3JIEeMeHTH, BXOAAMMEe B AMIANTYLY
paccesHus:

Moo Yo N
p=y 8=}¢
A A
AZ l[, AZ ]‘1/

T'padur B mpm © > 0 ommcmBaer JBH;KEHWE MEKAY AKTaMd
COyRapeHms ABYX KBa3SWYACTHI B cucTeMe w3 NN dacTHl] H
comepmut Gy (t) G3» (t), a mpa 1< 0 cooTseTcTByeT ABYM
KBasmiplpkam B cwmcteme (N -+ 2) 9acrmm @ copepiKAT
Gy (1) Gy (1). O6a caaraemMex ¢opMaJba0 00BLEIEHAIOTCA
B onHo BBemenmeM G, (t) G, (v). To ke orHoCHTES H R Ipa-
$uRy A, onmchBAIOMEMY [BH)KeHNe YACTANH W JHPKA: HMe-
10TCA [iBa rpadmKa B 3aBECEMOCTH OT 3HAKA T, COlePKAILHe
GGy m G5G3.- O6a rpadmka MOKHO OGDBEIHHHTb, BBENS
Gy, (t) Gy (— 7). 5

Haiinem B xauecrse 3aroTOBRM [JisA BajbHeilmero rpaduKu
A 1 B B (M, e)-upencrasnennn. Ilogcrasasa Gy, (e) us (5.10),
HAXOf[IM

_ id Ny — Ny,
A= X —S;—:Gl(a) Gl’(ﬁ—w)-:T,l_Tl_,_u,‘,

(5.41)

1 —ny—ny

ide
S L LR =
‘ (5.42)

dnecs £ — cyMMapHas sHeprmd ABYX JacTHI, ® — CyMMap-
nmasg dIlepImA YACTHOE W AHPKE. B 9Tnx BHpaskeHHAX omy-
meEbl MaTpPHYHEE 3JICMEHTH B3aMMOJNEHCTBHA.
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Bsenem eme opun rpaguaeckmii sreMeHT, KOTOPHIA MOAAL0-
OuTCcA B faXbHeiimeM. A HMeHHO, BBeNeM rpafHi

(5.43)

=iy = '
OLUCHBAIMHAHA, KAK MB YBHAHMM, B3adMOXEHiCTBUS BHIAEICH-
HOH 9acTHOH ¢ YACTHIAMH CpeAl B IepBOM IOPAAKe IO
BaamMopeiicremio U. Ilog Kpy:xKoM ciefyer HOHEMATh yHK-

nuio I'pura, BBATYIO IPH OMABAKOBHX Koopnumaarax. Todmee,
Gynem comocTaBiATh KpYKY QymEKnuio I'puna

G(7y T, Voo =Fn(7) (5.44)

(BepxHMmE 8HAK cooTBeTCTByeT QepMHE-, a HEIKHHA — 6o3e-
gacrEnaM, cM. (5.14)), yMHOKeHEYI0 Ha MHOKHTEIb Yy, KO-
TOPHIA MH ceitdac ompenexuM. I'padux (5.43) ommcriBaer arr
HeACTBHA BHEDIHEro HoisA V m BMeCTe ¢ TeM BRHIPAKAeTCs depes
pzamMmogieiictrsae U. HMmeem

(— #) = (— i) YGerns. (5.45)
B rooppEEATHOM IPEACTABICHHHA
V) =1{0@—+,t—t) 6@, v, —O)adr dt'-=
= TSU (r — )G (¥, sy dr,
C [PYTOi# CTOPOHL, CYIIECTBYeT O9eBHAHOE COOTHOIIGHHE
7o) =U@—r)n(r)ar.

Cpasmmsas c (5.44), noxydsaeM y = 4+ 1, T. e.

Q =30rrr=—) -

Taxmm 0o6pasoM, saMKmyTOll meTie Ciefyer CONOCTABIATH
G(r,r,v = — 0) ¢c maAycoM A depMm- B C IUIIOCOM st
6ose-gacTHN, T. €. HPOCTO N (r).

Kax suano s ckasaBHOro, MoyKHO no-pasHOMY BHOHpaTh
06BeKTH, H3ydYaeMHe MeToxoM rpadmros. MoxHO pHCOBarh
OPOMeCcCH, NPOUCXOAAmMe B 8afia1e MHOIHX TeJ ¢ JACTAIAME,

R
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HO MOKHO MMeTh {670 B ¢ Gojiee IPOCTHM 00BHeKTOM — KBasd-
9ACTHNAMH, ¥ KOTOPHX (yHKOus I'puHa mMeeT mpOCTOH BUA,
mafinenEnit ma crp. 222. Ilocme Toro Kar B IpeNHIAYIEM
pasjelie MH yCTAHOBHJIW CBASH MEHY YACTHINAME H KBASH-
gacTmaMu O yGemIuch, 9TO A BHEPTHH B0o36y)KIeHHA C
qacrotaMi ® << €p W HMIOyJIbcaMd k << €p KBASHYACTHIH
HPEeACTaBIAT €0GOf HOCTATOYHO TOYHYI0 XAPAKTEPHCTHRY
BOBOYKIeHMit, A ONHCAHAA MHOTEX NPOLECCOB, MOKHO
EMeTDb 7e0 TONbKO ¢ KBasuiacTumamu. VckiioueHue cocras-
JAOT TaKEe CAYYaH, KOTIa PACCMATPUBAETCA BSAMMOJEHCTBHE
CHCTeMH C JaCTHOAMO, UOPAXOAAMEMH H3BHE, HId KOTAA
msyuaeTca pacupefielleHEe IO HMIYJIbCaM JacTHM, & He KBa-
3EIACTHI].

B panbHeifimeM B KagecrBe 00beKTa rpadmEIeckoro Merona
6ynyT B3ATH KsasmyacTEOH. J{is sroi memm GynieT BBe/eHO
HpOCTOe BEPAKEHHE, OmpefelAioee B3auMo/ieicTBae KBasu-
qacTHI B cHCTeMe ¢ 8-00 pasHEIM B3aMOleiCTBACM MEMKIy Jac-
tamama. Taxoe B3auMOJeHCTBHE OCYIIECTBISIETCS B SAACPHOM
semecrse. Kpome Toro, 6yAyT BBEJGHH «3apANED, XaPAKTEPH-
3yIOmue B3aUMOfeHicTBHEe KBASWYACTHI, C BHENIHMM IOJEM.

Bsammopeiicteme Mexmy KpasmwacrmmaMH. Bsammo-
neficTBHe MeKAY KBASHIACTHIIAMH OTIHIAETCA OT B3aH-
MoOflefiCTBHEs JABYX vuacTHm B nycrore. Hampumep, B3a-
aMonelicTBAe MEXAY ABYMA HYKJIOHAME B NYCTOTE OCYIeCT-
Bagercs 06MEHOM OfHWM HJH HEeCKOJbKUMHI ME30HAMM, TOTAA
KaK BHYTDH S/[EPHOTO BEImECTBA, IOMHMO 3TOT0 MEXaHU3MA,
BO3BMOJKHO TaiKe B3ammojeiicTsme 3a cger ofMeHA TacTHIEH
¥ AHPKOH; Ha TpaduKax aMILIATYAH paccesHms I' aTm oba
MexapmaMa m300pasATesa cIefyomuM o0pasoM:

I'= b~ + I::j+”ﬂ~©~{+_- -

Boxmmcras Jaunms o03HAUaeT Me30HHHe ¢yHKmumm I'pmma,
a TeTISA COOTBETCTBYET POKACHHI0 JACTHIH ¥ JHIPKH.
TaxuM 006pasoM, ONOIHHTeIbHOE B3aMMOAe#cTBHE TPEN-
CTaBIfieT coboi B3amMOecTBHE 38 CUCT NOJAPH3ANAA CPEefH.
HKpome Toro, m3-3a mpmenuna Ilaynwm U3MeHAIOTCA [ase Te
rpaguKE B3aUMOMeHCTBHs, KOTOPHE He CBA3AHH C IOJAPU3A-
mueii, 8a c4er TOro, IT0 JacTh COCTOAHHM BAHATA OCTAJIbHEIME
HYKJTOHAMHE M HeJOCTYHHA JJIA B3aMMOAEHCTBYIOIYEX 9TacTHL.
HaxoeHme B3aEMOREHCTBAS B BellleCTBe M3 B3AMMOfei-
CTBEA JBYX 9aCTHI B HyCTOTe A/ CHIbHOB3aHMOfeHCTBYIOMHX
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9aCTAINl HPECTaBaAeT coGofl CIOMKHYI0 3amady, HOCKONBRY
BIUHAE CPEJbl CYMECTBEHHO W3MEHSeT HyCTOTHOe B3amMo-
medcTeme. 3mech 5Ta 3ajlaua He paceMarpmBaercsa. Bsammo-
feficTBUe Me/ly KBa3HIACTHHAME GyJeT BHPAKEHO depes
HECKOJIBKO KOHCTAHT, KOTOpPHE He BHYHCIAIOTCH, a TOMKHBI
OHTh HafileHEl W3 CPABHEHMA TEOPHH C OIHITOM.

B caywae sampa pamuyc cua BsamMopeiicTBEA Memuy
KBasMJacTHIAMA TPUOIMBATEABHO TAKON ’Ke, Kak H panmyec
MeACTBHA I'y MOTEHI[AAIA B3aNMO/IeiCTBAA B IIyCTOTE. HeiicTBn-
TeJIbHO, IJIOTHOCTb Apa OIpefiedseTca TeM YCIOBHEM, qTO
paccrogHue MexJy YacCTHOAMH [JO0KHO OHTbL HOPARKA T,.
Cremosarenpno, mMmynabe ma rpamme Depmu, KOTODH#A on-
PefiensaeTcs IUIOTHOCTHIO, CBA3AH C Iy COOTHOMeHHeM (Fi =
=m = 1)

PFTy ~ 1.

Fnybmua s@dexTmBHONE mMOTeHIMAIBHON AME, B KOTOpoit
ABHKYTCSI AJOPHEE YaCTHIB, LOPAAKA

_Pr 1
2 2 )

Taxmm o6pasom, Bce BeawdmMHK B AJEePHOM BemecTse, a
CIerOBaTENIPHO, W pPajgdyc 3QPEeKTHBHHIX CHI B3amMbueHct-
B OLPefeAlOTCs BEIWUYMHON 7', KAK €IMHCTBeHHOH 8einu-
9MHOM Pa3MEepPHOCTH JIMHEH, Xapaxrepusyiomeil Kak TycTOT-

HOEe B3aUMOJecTBHE, TaK U J0-

Prrq pq IOJHATEAbHOE B3amMOjeHlcTBHE,

BHI3HIBAEMOE  IOJIAPH3YEMOCTHIO
AJEPHOTO BEIIECTBA.

Hak MH yBmguM, Bce 3ajaum,
CBA3aHHEE C BHEIIHEM IOJeM qa-
CTOTH ®, MaJO#i Ii0 CPABHEHHIO
¢ sueprreil rpagmns Qepmu ep,
W ¢ BOJHOBEIMI BEKTOPaMm®m, Ma-
JHMP 00 CPAaBHEHWI0O ¢ AMIYJb-

i Pz coM pr Ha rpaEunme @epmu,

Puc. 47, CBOIATCA K HAXOKACHHIO aMILJIU-

TYAH pacCesHHS € MAaJbHMH Iie-

penasaeMeiMun  mmuyarcamu (k<€ pr, © << er) B KaHaze
ABYX KBasWYaCTHL WM, WHLIMHA CIOBAMM, C MaJbM CyMMap-
HEIM OMOyJAbCOM H MaJod CyMMapHOH sHeprumell B KaHaje
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KBA3WUACTAIH W KBASHAHPKE (TOPU3OHTAIBHEIA K2HAI HA
puc. 47, ¢ = (v, k)). B srom ciaydae jid moJNydeHAsA
yo6HOro ypaBHEHUA CJenyer rpapnrm, sxopsmue B I,
KJIACCHQUIPOBATH CJIEYIOMUM cnocobom. BrenmM B 60
F Bce rpaduKm, KOTOpHE He COMePKaT yacreil, COeMMHEHHEIX
IMHASME KBA3WGACTHOH ¥ KBasugmpxm. B 6aoK § BOI-
AYT Clejyiomue CPaguKi:

=Y - kAT T ES
2 b

BagepKHYTH Te IPAQUKM, KOTOPHE 10 ONPE/SJeHII0 HE BXO0-
mAT B 60K §. OTH rpadEKE IPW MAJBIX HepefaBacMbIX M-
mynbcax, Kak OyaeT MOKasaHo, CYMECTBEHHO 3aBHCAT OT
COCTOSTHUI PACCEMmBAIONIEXCA FACTHI| M TOITOMY OHH BHEIE-

HH u3 6moKa §.
Bce rpadmm, 3a MCKIIOYCHMEM 3aYEPKHYTHX, COOTBeT-

CTBYIOT IDH MAQJBIX TeEPEeJaBaeMbhIX HMIYIbCax §-o6pasHomMy

BRIagy B OI0K ¥ .
JleficTBATeNBHO, WCIOJNB3YA 8-06pasHoCTh TYCTOTHOI'O

B3AMMOJIEUCTBUA 4 = :@: , MOKHO M300DpasuTh mepPBLIE IPa-

¢nxkn § B BHUIE

AN by g
e BY
F :% + + .
- AP
‘ & Pz Y]

Iepssie 3 rpaduka 3aBECAT OT NEPEAABAEMOTO IMUYJIbCA
q (q; = (g, k;)), TOABKO B Mepy HEeJIOKANTBHOCTN IYCTOT-

o 1 c
HoTo B3ammogeiicreua u ana k <r—0 , © <—; MOTyT OHTH 3

MeHeHHE CBOWMM 3HadYeHHeM IpH g = 0.
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Haa Toro 9106 yGenmTbCA B HEBABHCEMOCTH OT q 6osee
CIOKHHX TPaduKOB §, OmeHHM AEATpaMMy

VAt P9

ﬂ"(ﬁ et 7

7 ’

rZ Lz

ABIAIOMYIOCA yCHOAHeHAEM 4-T0 rpadumua §. Ilpamoyromn-
HUK COOTBETCTBY®T JIOKANBHOMY O0JOKY, KOTOpHil 0603Ha-
9um I'. Brpaskernme mas W sapmmerca B Bagne

d4
9_'(4)~lrlzgﬂ—qi 6(9_01—92+93+QA)-
i

o, —e (k)

Tax xax gy, g, coorBercTByIOT AEIDKaM, T0 ks, ky 0O onpegere-
HEI0 MeHbIIe, 9eM pr.

Pacemorpum o6macts UHTETPUPOBAHEA &; > eF U kg S>>
=>pr, TOra B SHAMEHATEJAX, COOTBETCTBYIOMMUX [HPKAM,
MOKHO IpeHebpeds € (kg, ) 0 cpaBHEHHIO ¢ W3, 4 ¥ IPON3BECTH
HHTeTpHpOBaHUe 10 kg, k. Ilomydaem .

@rd (012 —0s—ws—a) [1 do,

(4) t
F ~n2[I‘]2 (@1 — & (k1)) (w2 — & (k1)) wsea

UHTETPHPOBAHME O  ky  HCKIOYAETCH  MHOKUTedeM
8 (k—ky — ky + ks + ky).

Herpyamo sumers, uro mambomsmmit BRJIAJ B HHTErpaj
[0 ®; BHOCHT 06JaCTb ©; ~ 0, ~ Mg ~ 0y ~ & (k).

OxorvarenvHO mMeem

@ a2k 9
F ~n?]I‘[2Sm~n2,I‘] L,

TAe gepes [ oGosmaden BepxEm#t mpepen HHTEeTrPAPOBAHAA
no k. TaxmM o6pasom, moxywmmocs pacxopsmeecs BHpame-
HUE, BHAICHHE KOTOPOIO ONPEedAETICs HeMOKALBHOCTDIO 60~
Ka I'.

Hockonpry cymecrsenmas o6xacts HATErPAPOBAHUA MO
UMIyIbCaM mopAgka L, paceMarpmpaemurit rpagur He
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8aBHCHT OT ¢, ECIH
k o

B sasmcmMocTH OT Xapakrepa rpagHkoB, BxojAmmx B I,
XapaKkTepHHHA HMIyaA6C L MOKeT GHTE HOPAAKA MixC HIH MyC.
Boo6me Bce rpadpuxm, copepsxamue Golee AByX JHHMI, caabo
3aBHCAT OT HEpefjaBaeMOr0 HWMIYJIBCA, IOCKOJBKY LPH HH-
TerPHPOBAHEHA L0 4-HMIYJbCAaM BHYTPEHHHX JHHHA CymiecT-
BeBBH GoJBIIHe HMIYJABCH H BHEPIHH (p = pr, € = &p)¥),

C nomompio 610Ka, § Bce rpadukn, Bxopsumme B I', MoxHO
KJ1accmpmumpoBars cilenyomuM obpasom: 1) rpadguxm, He co-
AepKamie JBYX JHHEAN 0 KAHALY KBasHYACTHLA — KBa3HABIP-
Ka (6uoK &); 2) mo KaBaJy KBasHYACTHIA — KBasHABIPKa
cHadajna mpAeT OJOK §, 3aTeM fBe JIHHMH (KBasHYACTHIA M
KBas@AHPKa) B CyMMa BCeX Ipa(HKOB, NEPEBOANIEX KBa3H-
9aCTHNY M KBasHAKPKY B HoBoe cocrosEme (1. e. I).

I'paguueckn ypasHeEEe jisa I' msobpasmrcs Tak:

!/ J 7 J 1 J
Loz 4 2 4 2 4
HIX B CHMBOJHYECKOA (opme

I'=¢ + #GGr. (5.46)

3anmmeM 3TO BHpaskeHzme B (A, £)-IpeACTaBACHHH, OLYC-
Kasg TOKa 3HAURE A. II0CKOJBRY GioK § §-o6paseH mo pas-
HOCTH BXOHHHIX BpeMeH, To H Boipakesme I' Tomke §-o6pasHo
mo 9roit pasunoctH. Tar xax I' cEMMeTpEYHA OTHOCHTEIBHO
BXOMHHX H BHIXONHHX TOYeK (B 4eM MOKHO Cpasy ke yGe-
AuThCA, cobmpas rpagmkm B o6paTHOM mopspke), To I' 3a-
BHCHT TOJBKO OT PasHOCTH BXOJHOTO M BHXOZHOTO BpEeMeH
H, ClIefoBaTexbHo, B (A, £)-OPEACTABACHAN 3aBHCHT TOJNBKO
0T CyMMapHOH DJHEPIHH ( KBAa3WYACTHOH M KBasHAEDKA,
KOTOpas cOXPAaHAGTCA BO BCeX paspesax 3Toro kamaaa. Omyc-
Kasg ofmudA mEOKHTenAb § (8,4-€,—&3—e€,) H COMOCTABIAA

*) Boxee mogpoGHO 9Ta apryMeHTAaUHds pasBUBaeTcA B LUTHPOBAH-
HEX BhINe KaHErax (crp. 212)
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F u I Beawyusant (— if), (— il'), moxyumm

r padgukram
P =F—F 6E)60—e) 5T @=F +FAr.

BoccranapiuBas 3HAUKH A H MCIONbL3yA BHpakeHme A, Hail-
HeHHOe Ha crp. 23D, monyumm

(hiha | T'[Aghg) = (Mha ]| F | k) -
+ DV Ohg | F | WA) — 22 (WA [T [ Aghy).  (5.47
(Mba | F | PRy a— sha)-  (0.47)

AN

HpasarsEOCTH KOIQQHINEHTOB TOr0 YPIBHEHHS MEL HPOBE-
pHEM HIZKe Ha upocrtoM upumepe. Hlockoabry 630K F B Koop-
AMHATHOM  upejacraBieHmum O-ofpasen W oupenenser-
cs1 obJacTeI0 pagmyca r, BOIu3E H3y9aeMoOHl TOUKH, MHI Oy-
[eM BeJINYAHY § Ha3HBATh AMILTATYAOH JIOKAJBHOTO B3aMMO-
JeUCTBAA HJIA POCTO JOKaJbHEIM B3amMOJelCTBHEM.

B cnyuae, xorma cymecrBeHHA mapHasg KOPPeNANHA HIIE
Korpa B6um3m moBepxHoctu @epMm ecTh YPOBHH, KOHKYDH-
pyninue ¢ OfHOYACTWYHHIME COCTOSSHHAMH, BEIpaykeHHe NJIA
G, yenoykHsAeTCA H ypaBHeHme mJiA 1’ He mMeeT IPOCTOTO BH-
ma (5.47)

JlokaabHOe BBammopeiicTeue KBasugacTmi. Hak yme ro-
BOPHJIOCH, dH(eKTUBHOE JIOKANbHOe B3aMMOJEACTBHE MEHAy
KBa3su4YacTHLIaMH GyeT XapaKrepu3oBaThcAd HECKOJIBKAMHE 9HC-
aamu. [loxasem aT0 Ha HpHEMEpE JTOKATHLHOTO B3AEMOJICHCTBYA
B Anpe.

PaccmoTpnM cHadajia OZHOPOJHOE SAEPHOE BEIECTBO, a
3aTeM BHeceM LOUpaBKM, BHI3BAHHBIE KOHEYHOCTHIO PasMepoB
Aapa. B mMuoynbcHOM mnpefcraBieHmHM aMIUIHTYAA JIOKANb-
HOTO B3aMMOAEHCTBHA B3aBHCHT 0T ABYX HMHOYIBCOB P;, P,
H OT NepefaBaeMOT0 HMUYJbca ¢

b, pl
S0

prq Prq

Tak kak 6mor § caabo 3aBHCHT OT EMIYJBCOB (3aMETHO
m3MeHgercaA upd Op ~ pr, e ~ ef), To mpE MaloM uepe-
TaBaeMOM HMIYJBbCEe MOMHO HOJOXKEATE ¢ = O (C TOYHOCTBIO
~ kipr, o®/er). KpoMe Toro, mias maydenma aMImImTynn I
BOimm3m uoBepxHocrm @epMm pocrarouno 3HaTh § IpH
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|2yl =Pl =pr = & =g, =¢er. IlosToMy § 3a-
BHCHT TOIBKO OT YA MEKAY BXOMHHIME HMIYJIbCAMH P,
n p,. DBsammopeficTBue MeKIYy KBa3WIaCTHIAME 3aBHCHT,
KpOMe TOTr0, OT CHMHOB KBAa3HYacCTHI[ W OT H30TONHYECKOTrO
comHa. Ilpedmosarag HM30TONHIECKYH HHBapHAHTHOCTH, LO-
ayImM

F =C{f + 1t + (g + g'7yts) 0,05}, (5.48)

e f, f, & & — QYHKIEE OT yIJIaMEKLY P; B Py; T, 0 —
H30TONMHYECKHE H CHOEHOBHE MaTpPHIH.
Hopmupopounni#t mMuo;kurens C BHOepeM PaBHBIM
1 E1

€= dn/dep = m*pp

Torma f, f', g, g — GespasMepHHe BeJIWYHHE mopAfnKa 1.
Mu me Bxmoumnm B (5.48) ciaraemuie Bmpa (p,9,) (9:0,),
KOTOpHE BOSHHKAT KaK pEeJSATHBHCICKAsA HoIpaBKa H 06-
pamaTcsa B HYJIb IPH MAJHX CKODOCTAX YacTHI,.
Brmpouem, B ciydae ajgpa ckopoctn y rpanmnu @epun ne
0ueHb MaJH 10 CPABHEHHIO CO CKODOCTBIO CBeTa, v/c ~ Y/,
W 3TH cjlaTaeMble MOT'YT OKa3aThCsA CymecTBeHHHMH. Taxk Ha-
3HIBAGMHIC TEH30PHHE CHJH UPONODIUOHAIEHB k% M II03TO-
My He BKIKUeHH B (5.48). PasnoxuM § B paAx uo uoam-
nomam Jlemamppa, 3aBECAmMEUM OT KOCHHycAa Yria Me:wTy

P, B Pyl

z =20 7= F P () (5.49)
Pr 1

(Yucaa f,, fi, €, g’ ROMKHHE OHTH Ha¥ijleHbl M3 CPAaBHEHHA
TEOPHH C ONBITOM.) 3aMETHM, UTO 3TO DA3JOKEHHE HE HMeeT
HOYero obmero ¢ OOGHIYHHM pAa3JIOMKeHHEM aMILUIATYAL pac-
CeAHNA U0 NAPOHAJBHLEIM BOJHAM, e Pa3lioyKeHHe BeJercd
1o QyHKOEAM P, OT yria OTKJIOHEHHA, TOT/A Kak B § yroi
OTKJIOHEeHNA MoJIoxeH paBHHM Hymo (k= 0).

Kax moxassiBaer cpaBHeHne ¢ OIBITOM, B AApax TLJIaBHYIO
POJIb HTpaloT HyjeBble TaPMOHMKE DpasnokeHHA (5.49), T. e.
JIOKaJbHOE B3amMOMeACTBHE KBAa3WYacTHI[ MAJI0 3aBHCHT OT
HX CKopocTeii.

B ypaBuenne ana sddexrnsuoro uoxs B Oeckomednoil
cucTeMe BXOQUT § NPH LepejlaBaeMoM HMIYIbCE ¢, PABHOM
4-Bextopy BuemHero uwoxs. llosromy B 10€TaTOIHO ORHOPOA-
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HHIX IOJNAX MOKEO B § moxarate ¢ =0 (¢ TouHOCTBIO
~ kipr, oler).

B koBeuHOH cHCTeMe fJaj<e ‘B OFHOPOJHOM BHEIIHEM IOJe
V° a¢dpexraBBOE mosie V He ogHOPOAHO, & 3AMETHO M3MEHAET-
¢ Ha paccroABuAX nopanka R. IloaroMy HyKHO IMeTh BLI-
paxxeEme g § mpd k ~ 1/R; mpu 3ToM MOYKEO IOJAararh
o = 0, ectn 0 << ep. IlocKoABKY B KOHETHOH CHCTEMe

k 1 1

e PpR A !

JAOCTATOYHO YUHTHBATH B § TOJBKO CJaraeMele, HE 3aBHCHA-
mue oT k W auHeliEne no %k, 1 mpeEe0Operars wWieHaME ~ k2,

3. PEMIEHAE 3AJAY METOJIOM OYHKIAHA I'PAHA

Ypaseenne [laficona. OQBGocmoBanme Momenm 0GomOUeK.
Kax ®=3BecTHO, TaK HasmBaeMasd MOAEAb SAEPHHX 06o0-
JA09eK HNCXORHT N3 NPEJIoJ0KeHHM:, 9T0 B SAPE HMEIOT-
c¢d 9SHepreTW4YeCKHe YpPOBHH, TaKHe jKe, KAK H B CHCTe-
Me HeB3amMOJCHCTBYIONMX YaCTHN, LIOMEMEHHHX B IIOTEH-
nmanbHyw amy. o mosaBiaenmsa MeToma ¢yHrmmil I'pmua xo-
polliEe Pe3yJbTATH, MOJydaeMble BO MHOTMX CIYyYaAX C IO~
MOMpBIO 3TO# Mopen:, OnAM COBePMEHHO HeoOBACHEMEH. Ta-
Kasa jKe TPYQHOCTH CYIIECTBOBAJIa B TEOPDHH METAJLIOB, Tie
Mofedb CBOGOABHIX 9JEKTPOHOB XOPOIIO ONHMCHBAJIA MHOTHE
ABJIGHAS, HECMOTPA Ha CHJIBHOG B3AaHMOAEHCTBHE MCHKAY
anexkrponamu. C moMompio meropa ¢ymknui I'pmHa ypmaerca
00'bACHATH CYIIECTBOBAHHE ONHOYACTHYHHX BO30Y:KueHNHA B
depMm-cacreMe C CHJIBHHIM B33aMMOJEACTBHEM.

Byaem o6osBawars Tounylo ¢yBEKmu0 I'pana xumpHoi
JmBERei

(i) =" 4

a ¢yuxnumio I'pmra cBobopgHOH YacTHOH — TOBKOH NHEHER

! 2

62) =

Ilonnasn aMILIATY/ia mepexoda paBHA CyMMe BCEX BO3MOKHEIX
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aMILIATY[, D03ToMy (7 BHpaKkaercss Yepes CyMmMy rpaHKOB

. T ? 4, 5
pol_2_1 z+732+75 }z,r:f i §z+

= 5

~  Ilepsmit u3 rpaguKoOB CyMMH COOTBeTCTBYET aMILIHTY/Ie mepe-
X0/ia IPH YCJIOBHH, 9TO PACCMATPMBAEMAas TACTHIA HE B3aHMO-
JeicTBOBaNA C YaCTHUAMH Cpepmsl, T. 6. G,. BTopoit rpadmk
H300pasKkaeT ympyroe paccesHEEe DPACCMATDPHBAGMOM YaCTHIIEHI
HAa YaCTHIOAX CPpejEl.

Tpermii rpaduk ommcHBaeT CBOGOIHOE ABHKEHHE [0 TOY-
KH 3, 3aTeM OPOHCXOJAT HEYOPYToe CTOJIKHOBEHHE, B PE3YIlb-
TaTe KOTOPOr0 paccMaTpHBaeMas 9aCTANA POKIAeT Hmapy B
rouke 4. Jlasee mapa mcuesaer B TOUKE &, M OT TOYKH 6 70
TOYKHA 2 mpOHMCXOMAT CBOOOXHOE NBH:KEHME. AHAIOIMYHO BHI-
SICHAETCA CMEICJ BCEX OCTAABHHX rpadHKoB.

Bynem knaccudmmumpoBaTe BCe TpaduKH CAeyoOmMaM o6-
pasom. llpempe BCEero oTneaMM eHHCTBEHHHIHA TrpadmK, co-
OTBETCTBYIOIIHHA CBOGORHOMY nBHKeHmio. Bce ocraasnire
rpapEKE ¥MMEIOT TaKOR BHA: KO HEKOTOPOH TOYKHM YaCTHNA
ABHKeTCA CBOOOKBEO, 3areM HPOHCXOJHAT CTOJKHOBEHHE, B pPe-
3YJABTATE KOTOPOro 06pasyercd M YHMYTOMKAETCA HECKOJIBKO
YaCTHAN ¥ AHPOK, 3aTE€M ONATH CBOGOJHOE ABMKEHHE H AKTH
CTOJIKHOBeBHMA moBTOpsATCA. IlosToMy Bce atm rpadurum
HMET CJIefVIOMYI0 CTPYKTYPY: CHadajga cBoOojgHOE nBHKE-
HEe, saTeM CyMMa rpadmKoB, HE COepKamux Yacreit, coemd-
HEHHHIX OfHOi JHHHeH, M 3aTeM mOJHAS AMILIATYAA DEPeXo/a
YaCTHOH H3 ODPOMEKYTOYHOrO COCTOSHHS B KOHEYHOE,

I'pajpmueckn Brpaykerne gaa G (1, 2) Oyner caegyomumM:

pp =t 2 , LAy lz (550

Ie 4epes X o6o3maueHA CyMMa rpadMKOB, Hid, KaK MH 0y-
AEM TOBODHTE, 610K, He coepKamui dYacTed, COegUHEHHEIX
OnHOH nwWHwWeil. AHanmTHYeCKM ypaBHeHme (5.50) mMeeT BHT

G (1,2 = Gy(1,2) + § Gy (1,3) = (3,4) G (4,2)dvydv,. (5.51)

Ypasaerme (5.51) nasmpaerca ypasecEdMeM [laficoma.
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Bpenenne 6ioka 3 mMeerT To nmpeEMymecTBO, 9TO oH 8-06-
paseH B KOOPAHHATHOM IPECTaBICHNHN W IODTOMY XapaKTe-
pHE3yeTca ManHM THCHOM KoHcTautT. [eitcreurenpno, 6mox 3
cofiepxuT rpadmuKE, cocToAmue W3 Tpex u Oojee JHHHHA, Ko-
TOpHe, KaK MOKHO y6emmrbesa (cM. crp. 239), 8-06pasuu mo
PasHOCTAM KOODAMHAT ¥ BpPeMeHH C MIHDHHOK pasbpoca
Or ~ 1/pr, 8t ~ 1/ep.

B orcyrcreme BHemHmX moJsieil, Korga TaMENLTOHHAH
CHCTEMbI HE 3aBHCHT SIBHO OT BPEMEHH, BCE BeIMYWMHbI, BXOT -
mue B (5.51), 3aBHCAT TOABKO OT PasHOCTH COOTBETCTBYIOMHUX
Bpemed. Ilosromy ypo6HO uepeiitm K upencrasienmio Dypbe
uo BpeMeHH. Ilomydmm

G(rl’ 7y 8) = GO (7'1, 7o, 8) +
+ 6o (ry, 75, ) 2 (s, 74, €) G (g, 7, €y dry. (5.52)
Ypapuenne A1 G, B KOOPIHHATHOM HPEJCTABICHHHN HMEET
Bup (cM. ypasHenme (5.1) ma crp. 213)
(e — P*2m) Gy (v, 7', &) = & (r — 7'),

rge P — omepaTop mMuyiabca, AeHCTBYIOmMHA# Ha KOOpAHHATY
r. YMHO®aa (5.52) ciepa Ha & — p*/2m, momyumm

2
(a— —;7) G(r,r, &) — g Z(r, ry, €)G(ry, v, 8)d%, =
=8 (r—r’),
Ms1 gz TPOCTOTH ONMYCKAaeM CIEHOBHIE MHIEKCH.

ITockonpky 6a0k 3 sBiaserca O-o6GpassbiM, BTopoe cja-

raeMoe MOMKHO HM300PasuTh B BHAE
, . G (r, r', €)
SZGd% =oaG(r, r', &)+ B“BT%‘ y
rae
a(r e) =\ 2w, iy, 6)dr,

Bup (7, &) = 5§ B, 7y, ) (1% — ) (7 — 7)p Iy

B onnoponmoit cpeme P.s = Pd.s, rme P He 3aBmcmT oT 7.
B xomeuHOfl cucTeMe 5TO COOTHOIIEHHE CUPABEIAHBO C TOY-
HOCTBIO [0 OTHOWeHWs r,/R, rme r, — paccrogHme
Me;kAy vacrEmamm, a R — pammyc cucremsl. Ilpa ry << R



-
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ypaBdenne [jig G NpAHAMAET BHJ

[a_sznu + 2mB) — a(r, a)]G(r ¥, &)= 8(r—1). (5.53)

PacemorpaM ypasrenme (5.53) fiiA 3HAYeHHH €, JeKammx
B6ausn rpamuns (Depmm er, B OyAeM OTCYATHBATL & OT
er. Torma, pasnarag BeJHYHEHY o (7, €) 1O CTEIeHAM & H
OrPANHUMBAACH NEPBHIMA JByMA WIeHAMH, HOJYyIHM

(= Lr— U @) 6(r 7, e) = ZD@—v), (559

2m
rae
1 da
. T o . da _a(r,0)
M= Z=1—+4-, U('r)————1 R
— de

3pecs m* — addexTmBHas Macca, Z — MepeHOPMHEPOBKA
dynknmn Ipnua, a U (r) — sQdeKTHBARE HOTEHIHAL. Bee
9TH BeJHIMHEL BHIPA/KalTCA depes GiOK X, juisi KOTOPOTO
HMeercs psAX TeOPHH BO3MYIIEHHI 10 B3aHMOJEHCTBHIO MEKTY
gactunamz. 1103TOMY OPHELMIHAILHO BO3MOJKHO BRITHCIHTH
penmunasl m*, Z u U (r). Tak, saupaMep, B 1epBOM HOPSAA-
Ke TeopHH BO3MYINEHHI 1O B3aMMOJICHCTBHIO MEX.]Y 4YacTH-
AMHA HeTPYZHO HOJYYHTDH

(m*W =m, ZW=1, U@ = Uxso

rge Ux_o — CaMoCOrJacoBaHHBI HoTeHmumad Xaprpm —
®Doxa.

Tax Kak B Axpe B3amMojeHCTBEE HEe Mayo, TO BHITHCICHAC
9THX BeJHYEH CBH3AHO C 0YeHb GonbrmME TpyaHocTama. Llos-
TOMY CJIGLyeT XapaxTepEaoBaTh moTeEnman U () HeCKOIbKH-
MH KOHCTAHTAMHU: TIyOMHON MOTEHNHAJIbHOM fMHI, ee pagmy-
COM, WIEPHHOH d-¢jiod, HA KOTOPOM IOTEHOHAJ IepexoquT OT
MOCTOAHHOTO 3HAadYeHmsi BHYTDH AfApa K B3HAYCHHIO, PABHO-
MY Hyal0 BHe sAjpa. OITA KOHCTAHTH BMeCTeé CO 3HAYEHHA-
Mo m* @ Z pomHnl OwTH Haiifedsl M3 CpaBHEHHA Teopmid C
OIBITOM.

Beenem Tenepp cucremy GyHKIEHA, OMACHBAINAX KBAsH-
JacTHOBI C dHeprueil g, OAM3KOHA K €r:

(% +U ("')) ¢ = EaQa-
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Torpa ms ypasmends (5.54) momydmm
(e — &) Gan () = Z8py.

9TO BBHIpa)KeEME OTAMYAETCA TONBKO MHOMKHTEAEM Z OT COOT-
BETCTBYIOMET0 PAaBEHCTBA JIJIA KBASHYACTHIH, KOTOPOE MOMY-
gaerca |3 (5.10°).

TaxuM oGpasoM, G, (&) mMeeT momOC LpPH € = &,. JTOT
pesysIbTaT 03HAYAET, YTO B CHCTEME eCTh BETBH OHOUACTHY-
HHX BO30yXaeHmiA. ITH BosOYKNEHHA COOTBETCTBYIOT BO3-
Oy)KIeHHAM rasa KBasHYaCTHI.

HeycroiiuusoeTs (epmueBckoro pacnpenenenma B cIyuae
OpUATSKEHN A, BO3HI(IKHOB9HHO menas B JHEPreéTHYEeCKOM CIex-
Tpe. llonmyumM ypaBHeHHe NS AMIVIATYAH pAacCesHEA I
100 KaHaNy nBYX KBasm4yacTHn. Jlas sroro seemem Gaox 9,
He COAIePKAMMA N0 STOMY KAaHANY YacTeil, COAUHEHHHEX JBY-
M JHBMAMA KBasW4YacTun. AEaJIOTHYIHO TOMY, KaK 3TO GELIO
CRellaHO BHIe NPH HoJydYeHHH ypaBEeEus (5.46), maxommm

p P pp b pp
) = Ry + T. ’
A A BT
I' =% + UGGT. (5.55)

-

3pecs B oTEume ot (5.46) GG — dysxmun I'prra ABYX KBaszH-
gacruy. Biok 9 §-06pasen mo KoopamEaTaM B BpemMeHaM BX0-
AAIEX B HEro JWHWA, MO TeM )ke IPHIEHAM, YTO ¥ GJIOK & .

Paccmorpum aBe wactEmsl ¢ cymmapmoi# smepraed EF m
CYMMAapHHM HMOYJBLCOM, PABEMM HYJIK. DHYHCIAM 9JIeMEHT
GG, pxopamuit B sTo ypaBHeHme. C LOMOMBIO (5.42) momy-
qaeM

+ooG o e g ] 1——2721,1 —iB
S (P1, T)G(Py, T)e T=EE-__—2-EW5-=L .

-0

Hopcramoska B (5.55) ¢ menonb30panmeM mpasEi pacmuppos-
Ku rpaduKoB pmaer

1—2n d3pi
F ! - 1 ’ ——
(2, P') = U + Uy SE_zT(p_l)P_ié_I‘(pl, ") T (5.56)
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Bynem mckars noaroc supamenns giaa I'. Ipu srom mMom-
HO npeEe6peup MEPBEIM CJIAraéMHM B IPABOM 4aCTH, M IOJIY-
9aeTcs ORHOPOAHOe ypaBHeEZe. [{Aa HAIIARHOCTHE NPHIATAM
9TOMy YPAaBHeEHIO BHJ, HauoMEHAamME# ypasmemme Illpe-
JuETepa A AByX wacrmnm. Beepem W (p) = BT, torma mus
¥ momyyaeM ypaBHEHHE

(E—2E @) ¥ (1) = (1 — 20 % | ¥ (9) 55 -

B mycrom mpocrpamcTBe (rp, = () 9T0 ypaBHeHHe coBIamaeT
¢ ypasEenueMm IlIpegmArepa B HMUyABCHOM IpeACTABJICHHM
IJA {BYX "acTHL ¢ §-00pasHNM HOTEHIMANOM B3AHMOJEHACTBAA
Yo = §U (r — ') dr'. MBOuETeas (1 — 2n,) yunrsBaer
H3MeHeHHe 5TOTO ypaBHeHEMA B cpexe. CobcreenHas suepras
E HaxopmrTca M3 cooTHOMEHHA

1—2n dsp

. »
1="% S E-—2E(p) (V7

£y
dn ar’ dF’
=gy i~ | rmer + | 7o)
0

EF

Ms1 obopsanm murterpmposarme mo E’ Bo Bropom mmETerpaie
BeJMYMHOH &,, KOTOpDAasA OMpPEHeJseTcs HEeTOYHOCTHIO IIpef-
nososkeEHs 0 §-o6pasHocrE 9. CoriacHO CKasaHHOMY BLINIE
& —er ~ ep; nOpA Madex (E — 2ep) HerouHoCTH OD-
pefie/ieBEA £,, KaK MH YBHIHM, He CKa)KeTCs Ha pesyJbTaTe.
OGosnauas F — 2ep = ¢ < &p, HaxXoguM ¢ Jorapudmm-
9eCKOH TOYHOCTHIO

dn — g2 —g? -
1z%0 dEF IH—E ETln 8% . (5.5/)

M3 (5.57) cnepyer, uTo pemenne ecTb TOABKO AJIA OT PAIATENb-
mux U,
— g o epe— 1M,

Taxam o6pasoM, KBagpaT JHEPIHM € OKA3LIBAETCA OT-
PHEIOATeJIBEHM, 9YTO 03HAYAET CYIECTBOBAHME HAPACTAIOMIMX
Bo Bpemenn pemennit ¥ (1) =¥, exp{| e|t}, 1. e. HeycroiramBocTs
cucreMu®). KoandecTso TaKMX KOPPeIHPOBAHHLIX AP YACTHIT

*) 970 obcroaTenberBo GRO o6Hapy:emo Kymepom s 1956 r.




250 I'JI. 5. METOABI 3ATAYY MHOTHUX TEJ

6yner HapacTaTh [0 TeX LOp, HoKa pacupenenenne Oepmu, u B
pesyabTaTe sHeprus KBAsuIacTHI[, HE MBMEHATCA TAKHM 00pa-
30M, 4UTo6H BOBHHKJO yCTOWYHBOE COCTOSHHE. JTO ABIe-
HUe NUpPHEBEAET, KAK MHBl YBHAEM, K UOABICHHIO CBEDPXTEKY-
YecTH HJIH B CIyYae 3apsyKeHHHX YacTHI K CBePXIPOBOIH-
MOCTH.

Ilpenmono;kuM, 9To HEYCTOAIHBOCTH, PACCMOTPEHHAsA BbHI-
e, COOTBETCTBYET IBYM KBAa3WIACTHIAM ¢ IPOTHBONOAOKHEIMI
comHaMA (Takofl caywait oCymecTBIgeTcd [JA 3JEKTPOHOB
B CBEPXIpOBOJHEKE). B3amMopeiicTBEA 9aCTHI ¢ TapasLyiesnb-
HEIME H AHTENADPAJI6IbHHMHE CIMHAMHI CHJIBHO OTIHYAIOTCA.
IeiicreurennHo, B cuny npmHruna Ilaynm gBe wacrmue c
OMIFHAKOBBIMY CIEHAMHI HE MOTYT HAXO/UTHCA B OJHOH TOUKe
OpOCTPAHCTBA, 9TO Ocxabiaser B3amMONEACTBHE HA MAJIbIX
pacCcToAHMAX M MO}KeT HPHBECTH K H3MCHCHHMIO 3HAKA BBEJIeH-
HOH BHINE BEJIHIHHEL Y.

B pesyasrate Heycroifumpoctm 00pasyercsa «KoHEHCAT»
KOpPeJHpOBAHHKX LAP YacTHI ¢ CYMMapHHIM CIHHOM, PaB-
HEM Hymo («kymepoBcxme» mapsr). CymecrBoBaHHe TaKoro
KOH/IEHCATA CYMEeCTBEHHO M3MeHseT CBOHCTBA YacTHI[ ¢ SHEp-
ruefi, 6amskoit K rpanume (Pepmu. [leficTBETENBHO, YacTHNA
MOKeT HepefiTh B AHPKY ¢ 00pa3oBaHHEM KYNepPOBCKOM A PH.
O6o3paunM uYepe3 A aMIOIHTyQy TaKoro mepexoja:

pama—g —,—@4“ -
Torga aMminTyna obpaTHoro nepexop;a Oymer el KOMILJIEKCHO
compaaena (1| V]2) =<2|V|1)¥) -
At = =~

IIpm sroM x coGCTBeHHON dHEprmH dacTHN A06aBHTCA Be-
JIHYNHA

3, = ~@~0m

QOyukans ['puna auprm Mexpay 6J0KaMu He COAGDMKUT Iepe-
XO0HOB B KyHepOBCKHE WmapH, TAK KaK TaKoil mepexox osma-
yan OB 1OsBJIEHWe JHHEH, HIYIe#d HANPaBo, a BeJAHINHA z
IO OUPEJeJNeHMI0 He CORePHHT qacren, COGAMHEHHHIX Ta-
KOil JIMEmeH.
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Baepem ¢yHrnnio I'puna G, yumrsiBaomyio Bce rpadmiu,
KpoMe DPACCMOTPEHHOI0 BHINIE, TOr/ia HOJydaeM COOTHOLIeHHe

G;l =S Go_l _ Z - Go_l — ZO-—— Zk - G_l—Zh-, (5.58)
S~

roe Gl = Go’l — Zo.

Yuer rpadmros Bmga X; BO BHYTPEHHHX JHHHAX X
e OphBejeT K CYMECTBeHHOMY W3MEHEHHIO DTOM BEIHYMHBHI,
HOCKOJBKY TPH 3TOM OCOOEHHOCTH, COlep:Ramasgcsd B X,
3amHTerpmpyercA. J[lelicTBHTedbHO, KaK Mbl YBHEHM, Xy
ncKa)KaeT QyHKNmWI0O G B 9HepreTHYeCKOM HHTepBaje INWpPH-
HOli ~ A, MajoM mo CpPABHEHHWIO C CYIECTBEHHOH 00jacThbIO
HHTETPHPOBAHUA 1O & W & (P) (~ eF), ecad IPeIOJOKATD,
a0 A << ep. 3anmmem ypaBHeHHe B (P, €)-IPeJCTaBICHAN N
OyneMm Bce dHeprum orcuursiBaTh or rpanuipl Qepmm. Torma

Gs (p1 8) = [G—l (pa 8) - Zk (p7 8)]_17

rge coraacHo (5.10°) m (5.24) mpm maanx & (P) U &

Z
G(p, &) = e—e(p)+ idsigne ’

Has Z; (p, &) nMmeem

- Z
- :IA(p’a)I28+e(p)—]—iésigne'
—JTlelicTBATENIbHO, W3MEGHCHHE HANPABIACHHUA CIPEAKH ¥
JWHUN, cTosAmed Merpy Gaokamm A, xKak Owuro mOKasaHO HA
crp. 234, paer B (p, T)-upencrapiaeHEr — G (—p, —1)
nian B (P, €)-upencrapnersnn — G (— P, — ).

Ilonyuum Beipaskenme (5.59) eme opxumM, ropaspgo Goiee
HATIAMHBIM CHOCOGOM.

Kax Bupguo u3 swpaskeHnsa pasa G, BeAWUMHA Z2Xj Tpej-
cTaBiger co00f mompaBKy K 9HeprHd KBa3W4acTHOHL. Jra
mONpaBKa MOKeT OHTH HalljleHAa ¢ IOMOIMbBI0 OOBITHRIX Hpa-
BUJI KBAHTOBOW MexaHMKM KaK KBajpar MATPWYHOTO BJEeMeHTa
mepexoja B IPOMEHYTOUHOE COCTOSIHHWE, J[eJeHHBH Ha
Pa3HOCTh SHEPIHH WMCXOMHOTO M HPOMERYTOUHOTO COCTOS-
unii, B gaHHOM cayvae mMeeTcsd TOJIBKO OJTHO IIPEMEKYTOU-
HOC COCTOSHWE, COOTBETCTBYWOLIee NOABICHHIO [JBIPDKE U

(5.59)
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KOppeJaHpoBaHHOX wmape. llepexof, COOTBeTCTBYHOIMUA
rpagury

(3 wacTHOH B IPOME;KYTOYHOM COCTOAEHH), CTPOTO 3aUpelen
gpusnmnom Ilayiam (cp. COOTBETCTBYIOMee pacCyifieHHe B
caepyiomeM pasfedae pgaa 6ose-wacrum). Ilockoabky poas
HAYANbHOH DHEpPrmH YACTHENBI MI'PAaeT BeJNUHHA &, a4 [HPKE
B IPOME}KYTOYHOM COCTOSHNE — BeJnduHa — & (P), MH He-
HOCPEeJICTBeHHO NpPHXOAMM K BHpaxemmio (5.59). Beammma
ZA H@rpaer poab COOTBETCTBYWINell AMIIUTY[H Uepexofa
1A KBa3WdaCTHL.

Tax wax 610K A (P, &) 0o OOpefieeEAI0 He CORepIKAT Jac-
Tell, COCAWHOHHHX ORHOHE JIHHHWEH, TO OH He JOJKeH CHIABLHO
3aBUCETH OT P ¥ & H MojkeT GHTD BasAT Ha moBepxHOocTH Depmu

A (p, &) =~ A (pr, er) = Ae®.

B pesyaprare maa G, moaydaem

G, (D, ) = z . (5.60)

A2
e—e(p) — et e(p)

Ilna xparkocTd 3aumc MK 0T6pocmim id sign & m o6o3Ha-
anmm A = ZA.

Ioaioca G, COOTBETCTBYIOT 9HEPTHAM HOBOI KBa3WIACTHIIEI
W HOBOHW KBa3HJHPKH

(E —e (D) (E + e (p) = A2,
OTKYyHa

E=+VE i@
B6ausn rpanunn QepMu MOKHO HONOMHATH:
2
&(p) = 5= — &r = Vr (D — PF)-

Ilpn & (p) > A aTH BHpa;keHHA HepeXOfAT B NpeKHee
BHpaKeHHEe MJIA HHEPTAM KBA3WYaCTHOH W KBaSHANPKH

E (p) - = & (p).
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Hrax, B coekTpe CMCTeMH BO3HEMKJIA mejb. MuumMamsbe
HasAd HePIHs BO30YKIEHmSA, COOTBETCTBYIOMIAS HOSBJICHHIO
KBA3WYACTUIH W KBasWAHpPKE BOaEsz mosepxmocrd Qepwmu,
paBHa [E* (py) — E~ (py)lmin = 2A. Bupaenue (5.60) mo-
H{e'ro OHTL 3aOMCaHO B BHjle, HANOMUHAIONMEM BHpayKeHHe
(5.10):

_ 1 —vip) v(p)
G, (D ®) _Z{e——E(p)+i6 + 8+E(p)—i6}’
{

rzie

v(p) = E(P)“"‘-"(P) .
2£(p)
IlpaBuabHOCTE 3HAKOB UPH (8 cielyeT M3 TOrO, Y4TO HEPBOE
ciaaraemoe B (QHT'ypHOH# CKOOKe OHOMCHIBAeT 4acTHUIly, a BTO-
poe — AHpKY, ¥ IpH mepexoie B T-TpeficraBienme G (T) =
= G- (1) = 0 mpu v << 0. Kpowme Toro, BUjHO, 4TO BAAIH OT
P = pr BHpaykeHHue G, mepexofur B G BHIIIe H HAM¥E TPAHUIE
DepMu.

s euipaskenns (5.31), ceasmiaromero G ¢ pacupeejseHAeM
dacTun, ybexyaeMcsa, 410 v {(p) ecTh HOBOE pacIipejeseHHe
KBas@4acTHI], 3aMEHAmee IpeskHee fepPMU-pacipelieleHne.
Bnanu or rpammns @epmu v (p) npepamaercs B IpeKHee
pacopepesenne. Takum o5pasoMm, yder HapHOH KOppeaanuu
IpHBeJ K MOABIGHHIO INeJIM B COEKTpe KBASHYACTHI U K CIia-
JKABAHEI0 CKauKa B pacupenenenun @epmu. Hak Mu yBEamM
HEKe, NOABJeHUE éﬁrm B CHEKTpe NpPHBOJHET K CBEDXTEKYy-
9ecTH, 4 B CJAydde BapSAKEHHHX YaCTHI — K CBePXIPOBOAH-
MocTr. HiA BeawIwHH A MokeT 6HTH HOJAYYEHO ypaBHEHHe,
CBASHBAIOIE® €6 CO BaaummopmeicTemeM 9 ,o. OTO ypaBHeHHe
COOTBeTCTBYeT I'padPuecKOMy pPaBEHCTBY

o

B nmpaBoii yacts kK A DpEMHEKAIOT pasHble JWHAN: OfHA — TOH-
Kasg, [Apyrag — jkmpHaA. llpefocraBideM dYuTarein IOXY-
9UTH 9TO rpaduIecKOe ypaBHEHWE M eT0 AHAJHTHYCCKHHA BH

u ybenurbes, 910 A oupefiessieTcs COOTHOIIEHHEM

E,
S\, Bamem,
JVEte

roe E;, ~ er, a 9 onpegeaeno B (5.57).
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duepreTudeckuii cneKTp G6o3e-cHcTeM, CeepxTeKydecTh,
OcHOBHOe COCTOSIHEE HAeajibHoro rasza 6ose-4acTur COOTBET-
CTBYET TOMY, 9TO BCE YACTHI(Bl HAXO/JATCA B HAMHUBIIEM COC-
TosEmEM, OTBedaomeM mMmyabcy p = 0 («6oze-KoHJeHCA-
nus»). Brioyenme B3ammopeficTBuA pasépachiBaeT IaCTALEL
0O MMIIyJbCaM, OfHAKO KOHeYHasd [0JsA JacTHI[ IO-TIpeKHe-
My ocTaercsl B cocroAmmm ¢ p = 0, HOKOGHO TOMY Kaxk B
caydae (epMH-UACTHI OCTAeTCA KOHEYNBIM CKAUOK Ha Ipa-
mnrie @epmu (c1p. 229).

®yuxnua pura wacTuusl Gyner, IOMAMO rpaduKOB, OT-
BEYANIINX B3aMMONeHcTBHI0 € HaMKOHJEHCATHHIMH HaCTH-
OaMH, coOjep:KaTh TpaduKHM BHIA

BoarmcToll JApHmell 0003HAYeHH KOMJEHCATHHIE YaCTHIBL.
[epsuit m3 rpadMKOB COOTBETCTBYET TOMY, UTO paccMaTpu-
BaeMas UacTHIa B3amMojeficTByer ¢ dacTmleidl KOHJeHCaTa,
He M3MeHss umeja KOHHeHcaTHHX dacTur. I'padmem Taxoro
THIa ONHCHBAIT HOTEHIHAJBHOE pacCedAHme B I0Je KOHIEH-
caTHRIX uacTmn. Bropoit rpadur oTBeuaeT Gojee CIOKHOMY
npomeccy. JacTuma IepexoimT B IEPKY B Ppacmpelejenun
4aCTHI] ¥ POKIAeT [Be KOHJeHCATHbe YaCTHIpl, KOTOpHE 3a-
TeM BMecTe ¢ [HPKOH OIATH HepexoifAr B pacCMaTPHUBAEMYIO
JacTHILY.

Beenem Beamumny G, KOTOpas OmpejenseTcs BCeMH I'pa-
JuKaMm, He cOHep:KAIMMM Iepexoja B JABIPKY W J1B6 KOH-
JeHCATHEE YACTHIE, AHAJIOCMYHYI Beamimue G, BBeJ[eHHOM
B IpeiBIAyImeM pasjierne,

G = Gy + Go= G- ’ (5.61)

Torga ms ypaBHenmsa J[laficoHa HAXORHM
G, = G+ GZyGs. (5.62)
Taxk Kax 24 (P, €) He COHEPKAT dacTell, COEJMHEHHBIX onHOHK

auHEed a060ro HAIpaBieHnsA, OHA IPH MaJIHX P M & MOMeT
6nITH pasioieHa B DAL,
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W3 ypasuenms (5.61) caemyer, uro Bemmumna G (p, &)
paBHa
2

G(p, &) = [e—e*(p) — Zo (P, &), €°(p) = L,

NTHyAa IpH MaAblX P U & HMMeeM

VA
G(p, &) = T e T ir + Greg = 2Gq + Greg,

rme

z=[1=221", e =(0)+ 20,0 + 35 ) 2.

Beanumna Gg = npepcTaBiAeT coboit pyHKRIEIO
-

1
e —e(p) iy
pacOpocTpaHeHHsl KBa3WYaCTHI] «HyJAeBOTO» NpHOJMMKeHnA,
COOTBETCTBYIMMUX BHKIIYCHUI0 IEPEXOJ0B B KBASHIABIPKY N
IB€ KOH[EHCATHHI® KBA3HYACTHI{HI.

Taxo#i mpueM BBeleHHs BCIOMOTaTeJIbHHX ¢yHrmui I'pn-
Ha, COOTBeTCTBYIMMX BHIKJIIOYEHWIO KAKHX-TNOO0 Iepexopos,
MOJKeT OBITh IIMPOKO WMCIOJB30BAH B pasimdHbix 00idactTax
Teopermdeckoil ¢umsmkm. B wacTHOCTH, B Anpe MiIA ydera
IapHOH KOpPPEeIAHH NCIOIb3YIOTCA BCIOMOTaTedbHbEe KBAa3H-
9aCTHUIBI, COOTBETCTBYION[HE BHKJIIYEHHI0 NAPHOrO B3amMO-
HBefCTBHA, W ¢ WX HOMOIMIEI BEYHCIAIOTCA Ipadurm, TPHBO-
AAmyue K MapHOK KOppessIuH.

Haiijem séauunny

N Ned N
= (O -
L=7°5°%

CBepxy o6oaHageHb 9MCia 9acTWI B cHucTeMme. J[bpKa ¢ WM-
IyJbCOM —P COOTBETCTBYeT COCTOAHMIO cucremsl (N - 2)
¢ mmoyascom P. Takmm oGpasom, 6aarogaps cymecTBOBAHAIO
KOHJeHCATa IPOMCXONUT IepeMeIlMBAHNEe COCTOSHMIMAL

JacThna B cmcreme (V) & pbipka B cmereme (IV + 2).

B awmawnm, coepmuaiomeii npa GioKa, yie He CIAe[yeT YIHThHI-
BaTh Iepexofa B ABIPKY, HOCKOMBKY XZj HO ONpefiesieHuo He
COleP)KUT dacTeil, COeIUHEHHBIX OJIHOH JnHHWeH, unynei
HampaBo. MBEI [ag LPOCTOTH ONYCTHIAH JUHEK KOHJEH-
CATHHIX YacTHIl. ByleM OTCUMTHIBATD BCE DHEPIHH OT XWMH-
9eCKOT0 IOTeHLHANA CHCTEMN; XAMUISCKHH HOTeHmHAM | =
= Ey(N-+1)—E, (N) paBer suepram KOHEHCATHON YACTHUIH,
IOCKOJBKY, IePeXOsd OT OCHOBHOTO COCTOSAHHA CHCTEME [V
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wacTHI, K OCHOBHOMY cocTofEEI0 Axsa NN + 1 YacTMIH, MH
noGapaAeM ONHY KOHJGHCATHYI0 TaCTHHY.

Takum 06pa3oM, OpH OTcYeTe OT XMMHYECKOrO MOTOHIHA-
Ja DHePTWH KOH[eHCATHRIX 4acTHI PABHH HYJIIO W BEpajKe-
AWe s X, IPUHAMAET BW, aHAJOTHYHHE dopmyie (5.59)
TIpelLAYIMEro pasgeiia, HO € W3MEHEHHHIM 3HAKOM (cm.

crp. 251):
_ _ ZiAp
B (p,0) = ()G (— b, —9)(—i8) = —

;s TPOBEPKH 3HAKA B 9TOM BHPaKeHHHE BOCIOJIL3YeMCs
0GEMHOH TeopHell BO3MYINEHHI AHANOTHIHO TOMY, Kak 9TO
Henajioch JUIA cAydas HApHOH KOppeaAnuH B PepMu-cHCTeME
(crp. 252). B cayuae Go3e-CHCTeMH HMEIOTCA 2 BO3MOMKHBIX
IpOMe;KYTOYHEX COCTOAHHA: 1) cOOTBeTCTBYyIOMEe Lepexony
KBAasMYacTHIH B KBASHAHPKY U [Be KOHJEHCATHHE KBa3H-
YacTHOH ¥ 2) ONECHBAIOMEe Nepexoy] paccMaTpUBaeMOil KBasH-
9ACTHIH W JBYX KOHfIeHCATHHX KBa3WuacTHI B 2 HA/[KOH-
JeHCATHE YACTHI(H ¢ AIMIYJILCOM P B OfHY ¢ HMIYJIbLCOM—P.

OmyeraM Aas mpocToTH MEOkETeds Z (Z 2> 0), Torma sa
cueT MepPBOTO IPOMEKYTOYHOTO COCTOAHMA HOJydaeTcs Cla-
raemoe B X, paBuoe| A |*/(e -+ & (p)) c TeM e 3HAKOM, 9TO M
B caydae depMm-cucTemsl. Bo BTOpOM IPOMEKYTOTHOM COCTOS-
HEH, KOTODOTO HeT s epmm-gacTdr (CM. pEC. Ha CTP. 252),

9Heprus paBHA 2e + € H COOTBeTCTByWIOEe CJjaraemoe
P 2A P 5 Yy

B Zj PaBHO - . MBOkUTEAD 2 yUATH-

"2 —e(p  e+e(p
paer TOT (akr, uro mMeiorcA 2 Goze-1acTHIE ¢ HMIYJb-
jA®
coM p. B peayabrare momyuaem 2y = — ————, 9I0 H
p p y V 'k 8+8(p) ]

JOKA3LIBAeT IPABHILHOCTH MOJYYEHHOTO BLILIE BhiparKeHmd
wast 2. CpaBHeHHe ¢ STHM BHpa’KeHHeM HOKasHBaer, 4TO
poNs AMILTETY/H] Tepexofia KBa3HYACTHI[ WCpaeT Bein-
apna ZA.

Unrepecyomas Hac ¢ymxmua G, paBHA

G, = z D+ Gres. (5:63)

iz “e—e(M+ 22 (D,

PaccMOTpEM HOJIOCHYI0 JaCTh STOTO BHPAEHNA NP Ma-
aux p, &. Cpenu BoaOyxmenuii ¢ p — 0 06sa3aTeqbHO OMK-
HH CyMecTBOBATH TaKue BO3OY)KAEHHSA, KOTODHe B Ipejene



o
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MaJbX p HepexO[sT B CMeMeHWe CHCTeMH Kak nenoi. Taxue
B036y:K/leHUA [IOMKHE MMETb 9acTOTy, CTPEMAMYIOCA K Hy-
a0 mpu p — 0 (reopema I'oxsacroyma). IlpmMepom Takrmx
B030Y)KIeHNH ABIATCA 3BYKOBHe xoneGanmaA. IlosTomy Be-
anauaa G, Ko/xHA EMeTh moaoc npup =0, e = 0. Ireprus
e(p) =2 (2(0,0) —p 4 O (p?) (crp. 255), m coriacHo
(5.63) umeem ycigoBme
[H - 20 (0’ 0)]2 = | A (Ov 0) |2,

OTKYAA

B=3,4 Ay Zo=23(0,0), Ag=[A(0,0)]. (564

Mu yBupuMm, 9To B CHIY AHATHTHIECKHX CBOUCTB (yEKOumM
I'puna (HOA0KETEIBHOCTH BHYETa B HOJIOCE) B 3TOM BEIpaske-
HHH ciejyeT OpaTh HWKHEHN 3HaK.

Pasno;xEM BHpaykenus, Bxofsmue B Gy, B paApx BOiamsm
p, e = 0. B uncamrene moxuo monoxuTh p, € = 0. Cueno-
BATEJABHO,

et+e(p)=ZTy—p=7FA,.

Kax MH cefiuac ysmnum, BGausu monioca G, cymecTBeH=

HE & ~ p.
O6osunauan
A _ -
28y = —20 ~ K, 28(p,9)=E(p,0)
T oe
p? %o __ P
(47 + 55 P') 2 =2
ooAyImM
Gs =7 p2 :IiAoz — .
e—(Lr+5) +15@or

Kax Bupno W3 aHAJMTHYECKHX CBOCTB ¢yHKOWM I'pmHa Ans
Gose-uacturm, (crp. 219) mpm <ajpap) = n (P) >1 (aro,
KaKk MH y0efmMcsa, oCymecTBJSeTCs B HamleM ciydae) QyHEK-
mua I'puna pomxua Owrs gerHON ¢ynrnmeid €. Ilosromy u

| A (p,e)|? ectv derHas QyHKIEA €

~ ~y , IR A
[A(p:®)] = A5+ !9172' P+ T e

9 A. B. Murgaan
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B pesyabrare BHpaskenue A G, npuobperaer Bu[

G=Z T (5.65)
de?
2 1 (K_o_a;Zp)
a|Ap \m op

Taxum o6pasom, moioca G, mpu p — 0 0TBeYAOT 3BYKOBHM
BOo30y:KIeHEAM *).

2
M= coxpasunu B 3Hamenateie (5.65) ciaraemoe ( 2’: . ) ,

KOTOpOe Ha LepBHl B3riAJ) HE3aKOHHO, HOCKOJABKY WIEHH
pt m e* orbpacmBamucb. Opmmako 3T0 craraemoe Jaer
OpaBHJIbHHE HePexof K cAydarn 6oapmux p. (ITpm pocraTouno
oA
GoJpIIEX P CAe/lyer 3aMeHUTh m* Ha M, TOAOKUTD ;Tzl =0,
u E (p) mepexonur B #Hepruio csobopuoii yactuns.) B cmcre-
Me cO ciaalbiM B3aMMOJelcTBHEM COXPAHEHHe DTOro ciarae-
MOrO 3aKOHHO, W BHpaskenme (5.65) Henaercss MpaBHAbHBIM
Ipy BCEX HMIYJAbCAX.
Omnpenenum 3Haxk B umciamrene G,. Paccmorpmm cmcreMy
. % 9|AP
co caabum BzammoieiictemeM. Torma e ———l%zl << 1. Bure-
gaomasa m3 (5.18) mHOAOKHTENBPHOCTH BHYETa B IOIICE
03HAYAET, 9TO CAEMyeT B3ATh HIDKHNAIM 3HAK «-», 9T0 COOTBET-
CTByeT 3HaKy «—» B (5.64).
Ho mocie Toro, KaK OUpenesieH 3HAK, N3 IMOJOMKHATeNBIIOC-
TH BHYETA CiaelyeT, 4TO IpH JI060M B3amMOMeHCTBEA
olAp -
V== >0

IIpeqocraBiAeM 49mTaTeTIo yOepnrbesa, 9TO W3 IOJIOMATEN b~
%
noctn Bh™era G caegyer 1 — o > 0.

*) 3BYKOBOM XapaKTep CHOEKTpa HeHIealnbHOro Gose-rasa OHLI
ofmapymen B paGore Boromo6Gosa (1947). Metos, HCHONAB30BaH-
HHI B 9T0ll paGoTe (MeTo KaHOHHHYeCKHX MPeo0pasoBaHIIl), OKasail
Gonplmoe BIAWARWe Ha DpPEMeHeHWe KBAaHTOBO TeopuHM B 3ajaqe
MHOTHX Tel,
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s BHPaKeHnA AJA CKOpPOCTH 3ByKa HaXOAWM TaKKe

R @ | A|
il >0
OxoHUATeABHO MMeeM
a
= gmmmFn (5-66)
rfie
a — VA l A()l > 0

)

==

Mr sBu6panm 3Hax MHEMOR n06aBKH Tak, 9ro0H ¢yHK-

mug  Tpuma wactmmu G (E (p),t) = G, (E (p), t) co-
t>0

OTBETCTBOBAJA 3aTYXAKMEMYy, a He HapacTalleMy pe-
MeHHID.
Sanumem G, B BHIe

a 1 1
G, = 2E(p) ( e—E(P)+id 8+E(p)—i6)

n HafimeMm G, (P, t) mpu ¢ << 0. IIpu mHTETpHpOBAHME HO &
"OCTAETCHA TOJBKO BTOPOE CIaTaeMoe

e 1€
Gu(p, ) = \Gu(p, ) T = iy

C ppyroii cropoun, s Gosze-cucremsl Mu mmenm (ctp. 219)

G(p,t =—0) =<a*(P) a (P)) =n(p). Ilosromy pas
pacupenpeseHnsa 4acTUIy 110 AMIOYyJbCaM IOJYyJIaeM:

> 1. (5.67)

a a

n O mmem—— T e—

(P)= 27 o TP
Taxum o6paszom, n (p) umeer momawoc opn p — 0.

Ilpn Goabmmx p, & pyrxmua G, (cM. (5.63)) mepexonut

B ¢yuxkomo Ipuua cBoGomueix vwactmm, T.e. E (p)

2
HepexoiuT B ey = 7’:;‘— — . Taxum o6pasom, 3aBHCHMOCTH
E (p) naummaercst ¢ JHHEAHOTO y4acTKa W UPH GOJLIIHX p

HoMKHa mepexopuTh B KBafiparwunyio. Hax Bepmer cebs E (p)

9*
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B IIPOMEKYTOUHOI obaactu? PacdeT TeIIOEMKOCTH JKHIKOTO
Teimsi, COOTBETCTBYIOMEH 3BYKOBEIM KonebaumsaM, JAajx pe-
3yabTaT MEHBIIAH, dYeM HabirofaeMasl TEITOeMKOCTS. Or-
ciofia cieyer, 9TO HOMHMO 3BYKOBHX BO30yR/eHNHA, HMEKHT-
cA eme W Jpyrhe BO3OYMJeHHA ¢ MAJNLIMHE SHEPTHAMH (Mur-
max, 1940 r.). Jlampay cpeaxan
£ IpejuoJIoKenne, 4To Kpusas £ (p)
A mveer mEEEMyM (puc. 48). Bos-
E Gyaenns ¢ MMIYJIbcOM p, Oum-
’ 3KEM K Dy, B RAiOT R00aBOYHK
BRJAT B TEILIOEMKOCTh, ITO
mpefuoioKenHe OJecTsAme moj-
TBepAWIOCH HAa OIHITe.
o by nF CmexkTp cupaBa OT po B TOW-
Ke p, HcYe3aer (T. e. HCIE3AeT 1Io-
awoc B pynknme ['puna). [Ippanna
HTOTO COCTOMT B pacuasie Bo30ys -
HeHAA ¢ WMIOYIbcOM p Ha BO30y:KjueHHA C MEHBINUMH MM-
nyascamm (ITmraesckmii, 1959).
Mugxoctn co cuektpom E (p) = cp, Tak e KaKk B FKHJ-

KocTm co cmexipoM E (p) = VY A? + (p — pr)? v¥, mondy-
YEeHHBIM B IpeBIAyIMeM pasaeie, o0aal0T CBOHACTBOM CBEPX-
TeKy4ecTH, T. €. IPOTeKalT depes y3Kne TpyOxm Ges TpeHHA.

Ilepeiiflem B CHCTeMy KOOpAMHAT, [BIAKYHYIOCA BMECT®
¢ xmprocTbo. CBepxTeKkydecTh O03HAUAET, 9TO CTEHKH Tpy6-
Kn mau BooOme gi0o6oe Teso, ABMKYINeecAd B JKHAKOCTH, He
topmosmTesA. Ilpum HMSKEX TemmepaTypax eJMHCTBeHHEI Me-
XaHNBM TOPMOM{eHHS — 9TO Ilepefiada SHEPIHH 3JIEMEHTap-
HEIM BO36yRIeHnAM. IIycTh Tedo yMEHBIIHIO CBOM MMIYJIbC
Ua BeJWYHHY P, DHEPrHUs Tella H3MeHseTcA IpPH dTOM Ha Be-
JAWYMHY PV, TJie ¥ — CKOPOCTh Tejia. YCJIOBHE CBePXTeKyIec-
i (kpurepmii Jlanmay) osHavaer

pv < E (p), (5.68)

HDOCKOJIbRY pv — HamboIbllee M3MEHEHH® dHEPTHH TeJa HpH
3alaHHO# mepejade MMIOyibca. Ilpm GOIbIMAX CKOPOCTAX ¥
oTOT KpmTepmii HapymaercA. HpmTmueckas CKOpOCTH U,
IIpH KOTOpOHl CBEPXTeKydecTb HmpeKpamaeTcs, OMpefedsercs
yeaopuem vx = (£ (p)/p)min-

Coextp BO3Gy:KieHmE $epME-CHCTEMH fe3 mapHO# KOp-
peldSmuM He YAOBAeTBOpSeT KPHTEePHIo (5.68) paxe upm
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ckopoctax v — 0. Jpeprua Bos0yKIeHHA B TaKO#l cHcTeMe
E (p1, P.) = & (p1) — & (P2); Pr>Pry P2 > pr- llpm mammix
HEMIyJxbcax BosOywuenmsa E = UrP, U CIeROBATENIHHO, KPH-
Tepull CBEPXTEKyYecTH HApPyIAaeTcsi IpPH CKOIb YIOXHO
MalIHX v. B ciysae ke cmexTpa ¢ TapHOH KOppexsamuei
KDHTEPHH CBEPXTEKYIeCTH HAPYIIAETCA, TOABKO HAIHHAA C
HEKOTOpOit cKOpocTH v. 110dTOMY BIEKTPOHH CBEPXIIPOBOJ-
HHKA OPH AOCTATOYHO clafoM TOKE HABHIAlOTCA CKBO3b pe-
MeTKy aTOMOB (e3 TopmoskeHHA (CBepXIPOBOAMMOCTDH). B
crydae cuexktpa E (p) = cp KpHTHYeCKada CKOPOCTH pPaBHA
g = c.

flpneHne CBePXTEKY4ECTH >KUAKOTO TeadsA OLIIIO BKCIe-
puMeHTaNbHO o6Hapys;keHo Hammmeir (1937 r.). Hak mokasax
Jlapfay, Bce Bo3HHKalm@e LOPH KOHETHRX TeMIepaTypax
apdexTh 00BACHAITCA cBOe0GpPa3HOH IMAPOAUHAMEKOA ABYX
LOPOHMKAKMUX APYT B ApYra >KHEKOCTEH — «cBepXTeKydeir»
H «HOpMaiabHO#». Teopua skEAKOr0 reJma — OJHA H3 CAMBIX
Grectamux pabor Jlammay.

4. CHICTEMA BO BHEIIHEM HOJIE

Muorue cBoiicTBa cuCTeM (CTATHIECKHE MOMEHTH, BEPO-
ATHOCTH TMePeXOJI0B, DHEPTHH HEPBHX YPOBHeH M Ap.) JETKO
OUDPENENANTCA, €CIH HM3BECTHO HM3MEHEHHe MATDHIE ILIOT-
HOCTH KBa3WYACTHI, BO BHEIDHEM [I0Ji€ H €€ H3MEHEHHEe HpPH
HobaBiIeHAH YACTHIl K cucTeMe. MaTpuIla INTOTHOCTH, KAK MAI
BHAENH, OpOCTO cBaAszaHa ¢ (QyHRmmeir I'pmaa (c1p. 223).
Jis ee HaxO[AEHEA MOCTYHAT ciaeAyomuM o6pasom. CHa-
dgajya oupepeisercsa maMeneEMe pyHKnmu I'puBa B sddHexTHB-
HOM TIOJI€, BOBHAKAKINEM B CHCTEME TIOf BIWAHAEM BHEITHETO
[oJISl.

9pPeKTHBHOE IOJNEe CKIATHBACTCA W3 BHEIMIHETO NOIA
¥ DOJIAPU3ANHOHHOIO IOJIA, BOSHEKAINET0 0T IepepacIpese-
JIeHHA 9aCTHL. JTO Iepepaclpe/ieieHAe BRIPAKAETCA 9Iepes
nsMeHeHne (yHKkmuE I'puHA B 9PdexTrBHOM oxe. B peayas-
TaTe BOSHMKAET 3AMKHYTafA CHCTEMa YDaBHEHHHA [if omperne-
JAeHEs dpPeKTURHOTO LOJIA.

OnpemenrnM m3meHeHume (GyHKOmA ['pEHA KBa3HIACTHIH
Bo BHemHeM nosie. OTpaHHIEMCSA JJif NPOCTOTH IEePBHM Ipu6-
JdyReHHEeM TeOpHH BOBMYmEHHA mo moiio. BaaumMopeiicTBume
MEX/y JYacTHIAMH OyAeM YIHTHBATD TOYHO. JaIlmmeM He-
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CKOJNIbKO TIpaduKoB, BXogAmux B ¢yEKkmmio I'puHA KBasu-
gacTumn B mojie G:

1 ]
i
|

G'= +—é—+—A— +—é-— +...=

)
|
% |

= + I\ =0+0V0 .

(5.69)

31ech KPYKOK ONMCHiBAET HEMOCPECTBEIHOE B3aEMOfCHCTBHE
KBagMIacTHIHl ¢ BHeIIHAM IomeMm V°

e, — «3apamy KkeasmdacTHOE. Hax ME yBmAmM, ANs HEKOTO-
pHX THHOB moieir e, 7= 1. Jlaa HeB3aEMONEHCTBYOMUX
9acTHI| MBI HMeJHd

I

o +——@——=[,’+[1781/06’n-
/A /A

Takam o6pazoM, BalITPAXOBAHHLIH TPEYTONbHHK B dpop-
myre (5.69) samenser TO4KYy Ha 3TOM Tpaduke H IPEICTaB-
aser coboit spdexruproe moxe V, HeCTBylomee Ha KBa3M-
9aCcTHIY.

Ionyamm ypasuenme fAusa moia V. Cpeam rpadukos, BXO-
AAmux B V, ecTs ogmn rpaduk, He cofepiRamuit B3amMOAei-
crBuA MexIy kBasmiactunamum (e,V?). Bce ocrambHEE rpa-
PUKE EMENT CIeAyomyo CTPYKTYpy. Kcim ABAraThCA CO
CTOPOHKI 0CHOBAHUSA K BEPIIHHE TPEYrOJbHHUKA, TO BCE rpagn-
KH HAaYAHAITCA CO B3aumMoyeiicTBHA, 3aTeM UAYT [iBe JHUHAH
CBOGOJHOTO [BIKEHHA H 3aTeM COBOKYNHOCTh TIpadukoB,
u306pakaoman dddextmBHOe moime. Bmemem 6ok ¥, He
coflepyRamuii gacTeil, coelMHeHHNX ABYMs nuHEAME. Torma
a)pexTHBHOE mOJE ONpEeNeNAercA ypaBHEHHEM

V = e, V® + FGGV, (5.70)
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HId rpadpuIecKH

y ==/é>\+

IlepBoe ciraraemoe B V onucrBaer HemocpeCTBEHHOE BO3-
AeiicTBHe BHEINHErO IIOJA Ha KBasmyactuiy. Bropoe ciarae-
MO€ jaeT [ONOJINHTENbHOE T0JIe, BOSHAKAIOMee H3-3a NOJSAPH-
3alMU CpefBl, T. €. BHI3BAHHOE BOB/leHCTBHEM Lepepacupene-
NEBIIEXCA HYKJIOHOB ANpA.

B A-mpepcraBnenuu momyuaem (cM. ctp. 242)

Vs = €5V, — Z (MAg | F1AL) AsarVan, 5.71)

rae ,
Apy = S Gr (£) G (6 — ) e (5.72)

Kak mm Bupenm (ctp. 235)
Ay =

n)\ — n)\,
&y — 8 + O

(5.72')

WaMenenue pacnpenenenns uacTun B HOTe. ITonyaennnie
HaMHF pe3yJbTATH HMEIOT IPe3BhiYaliHO IIpOoCTOi (U3HUecKTi
CMLICJI, KOTOPEI# MH BEIACHEM Ha IpuMepe Goablnof cmcTe-
Mu. B arTom cirrywae ymo6HO mcionbs0BaTh HMILyNbCHOE TIpe)(-
CTBBJIEHHE, ITO COOTBETCTBYeT ¢, = e'?7. Torma A, , MOmK-
HO 3ammcaTh B BHZIE

n(p) —n(p—k)
e(p—k)—e(p)+o’

Ay = Ap, pr =

llpu k<< p passocrs e(p)— e (p — k) zj—spk = kv, a
n(p —k) —n(p) =— d';(“:) kv. llsmenenme  MaTpHOH

II0THOCTH coriacHo (5.28) (crp. 223) Brpamaercs uepes A3Me-
nenne ¢gynrmuu I'puna » moxe, T. ¢. B cuMBOIMYIecKOM BHIE

8p = (GGV)eorg = AV. (5.73)
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O6osnagaa 8p = fr (), rAe fr (P) ecTb k-KoMImOHEHTa
@®ypre GyBkmum pacupepexeHdd f (v, P), HOTyIAM

(0 — ko) fu (1) — 22

(") gV = 0, (5.74)

&
WIH B KOODAHMHATHOM IpPeACTaBJICHHR

A D) L oVir, p)— LWV =0,  (E74)
P
rae f° (7, p) = n (p).

TakuM oGpasoM, coorHomenue §p = AV 3KBHBANEHTHO
OGHYHOMY YPABHEHHIO [Jisi H3MeHeHHA QYHKIHE pacHpefee-
HEA BO BHemHeM moxe. [Ipu k, cpaBHEMOM ¢ P, ME HOAYIHIR
6K TAK HasHBaeMoe KBAaHTOBoe ypaBHeHHE AinsA QyHKIHE pac-
npenenenna. Brpaskenme (5.72) mpmBommr k sromy Goxee
ofmeMy YpaBHEHHIO B A-IPEACTABICHEH.

Vpasuenue (5.74) He TOJIBKO IO3BOJIAET HAMTH PEAKIHIO
CHCTEMH Ha BHEIIHEe IoJie, HO U OMpEAeNuTh IacTOTH c06-
CTBeHHLIX KONeGanmii CHCTEMEl ¢ KBAHTOBHIME JHCJIaMHE, COOT-
BeTCTBYIOIIMME cEMMeTpHE Hoixd. Tak, Hanpmmep, B ciydae
BEKTODHOTO MOJA B CHCTEME BOBGYIKAAIOTCA KONEOAHUs BEK-
TOPHOTO THNA, a AJA BHENHEro IOJA, COOTBETCTBYIIIETO
BosMymeHHEI0 BEFa H' = po,y aiay # (9 — maramraoe
mose),— cOMEOpHOTO THma. CoGCTBEHHBE YacTOTH GyAyT
onpefenAThCA Kak momioca V () (cM. Hmke).

CunnoBaA NOIAPA3YEMOCTh M MATHMTEBIY MOMEHT KBasH-
wacrunpl. Jlus cTatmeckoro moias ypabuenme (5.70) moser
6HTH OPOCTO 3AIKCAHO B KOOPAMHATHOM IPEfCTaBICHAN

V@)= ey — {F (r—7) "’; V@)de. (5.75)

d

IIpu BRIBOfe DTOr0 BHIPAYKEHHSI MEl MCHOJDb30BAJM OTHOMEHH®
ny — Ny» dny, dn, :

S e o o o a TaKKe IOMHOTY O(YHEKDUEA @,
VuursiBas O-o6pasHocTs §, Bsammmem § = §F o8 (» — ')
IpeanmonosKuM, KpoMe TOTo, 4TO B3AHUMOJEHCTBAE He 3aBHCHT
OT CKOpOCTeli ¥ CIMHOBHX IepeMeHHHX TacTun. Torpa
(eM. crp. 243)

quO (r)

V(r)=—m-,

(5.76)
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rmef =%, g&-— — XapaKTepH3yeT HOJAPH3YeMOCTh CPEJH BO

pHemueM moge, a BexmamHa (1 4 f)/eq mpencraBiser coboit
aHAJOT [UAJIeKTPHIECKO# mpoHmnaemocTd. B cryzae Marmmr-
HOTO NOJA, AEHCTBYOIEro Ha AApOo, BosMymenae H' ~
~ ayayOys, T.e. MH HMEEM [0 CO CIUHHOBEIM IIOJIEM.
Ecnu 61 agpo 6610 gocTaTo9HO 060XBIION cucTeMOi, TO Ba-
meHsaa B (5.76) f ma g, MBl moxyamim Obf WBMEHEHHE CIHHO-
BO} 9acTH MarHETHOTO MOMEHTA OJ(HO# YACTHIH B Pe3yIbTaTe
CUMHOBON MOJNAPHU3AHHA SePHOT0 BemecTBa (B Axpe g ~ 1),
T. €. CHHHOBH MAaTHATHRH MOMEHT KBa3WYaCTHLH
s

[Ls foq —1:0? y (5.77)
Iié Wg — COHHOBASA 9YacTh MArHATHOIO MOMEHTa CBOGOJHOTO
ByxioHa. Haxomienne cIEEOBONE HOMAPHE3YEMOCTH B cdepu-
9eCKHX AApax Tpedyer JIUCIEHHOTO pelleHHA ypaBHemm
(5.71) B A-npepcrasieHun. B/neq)opmnpOBaHme Agpax, B
KOTODHX Of{HOYACTHIHLE YPOBHH DACHONOMKEHH Tyme H3-3a
CHATHA BHPOMAEHAA M0 NPOEKOHH YIJIOBOIO MOMEHTAa, CH-
Tyanua Gosnee 6amska K caylal0 GECKOHEYHOH CHCTEMEl, H
dopmymna (5.77) mpubimKeHHO CUHPaBEAJIABA.
" - 3ByKoBBIe KojIe0anusA B epME-CHCTeMe («HYJIEBOH 3BYK»).
N3 ypasuenna (5.71) B crydae GeckoHeTHOH CHCTEMH IOJXY-
qaeM

= 0 o n(p)—n(p+k dsp
Vk"<<PFquk+ JOSG(P)—G(p-f-k)-{-(D 2 o Vi, (5.78)

3neck yureHa §-06pasHOCTH §, a TaKiKe TOT GaKT, 4TO OpH
MaJmx k B mATErpase mo d°p cymecTBeHHH TOJBKO 3HaUeHHA
| 2| =~ pr.
BuuucmaM wummTerpan, BXOAAINEA B 5TO BRIPayKeHHe.
I/ICIIO.TILByH B DOAEHTEIPATHHOM BHPa)KeHHH MAaXOCTh k

u Gopmyny (p ) - 8 (e — ep), mOIyIEM

S n(p—nP+k o dp _
e(p)—e(p+k)+o  (@2n)

d 1 Y kvpz
= S . dx

T T Gep 2 ) 0 —kogz
4

Dk, o), (5.79)
e
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rae @ (k, o) maerca BhipaskeHmeM (IiA k2/4p%v <)

. ® o+ kvg
Ok 0)=1— 2kvp In o —kvg

+int 5 G(kvp—co)

(0 («) — rora-Ppymxuma). Dynxnus @D, wak MHE yBHIHEM,
ompejieisier AHcHepcHMi0 (saBmemMOCTh O (k) cOGCTREHHBIX
KoneGaHmii B cucreme. [losipienne MHHMOM JaCTH B ypaBHC-
HOE A V CoOTBETCTBYET TOMY, 9TO HpH ® << kvp LOJ€ MO-
MeT POKAaTh mapk (o = kv¥), TOrAa Kak IOpPE ® > Kvp
POIeHAe IapH HeB03MOKHO (® > kv aasa Bcex v < vF).
YpapHeHHe ;iA 3PPEKTABHOTO HOJIA HPUHEMAET BHJ

Ve= eV — (5.80)

B saBmcmMocTH 0T cuMMeTpHH nois V B 9TO BHpaskeHHe
BXOJAT pa3J@dIHEe CIaraeMble BHpa)keHHA AuA § (cTp. 243).
Tak, B cllyzae CKalfApHOI0 HOJA BXOJHT KOHCTAHTA f, a B
cIydae COMHOPHOIONois V ~ G B CHMBOJIHYECKOE IPOU3Re-
JeHne & V BXOAHMT KOHCTAaHTA CHHH-COHHOBOTO B3aMMOJEii-
CcTBHA g (MBI [IA KPATKOCTH ONYCKAJH CIHHOBHE 3HAYKH B
MaTPHIHOM dJIeMEHTe ¥ ).

Takum oGpasom, ypaBHEHHE AJNS CKaJApHOro moias V
TIPHEEMAET BHJ

L 5.81
=TFIO @) (2-31)
B cayzae cumsopHOro mois f sameHsercs Ha g.

CoGcTeeHHBE KOJIEOAHHA ONPEREIAIOTCA MONIOCOM BH-

pasxenus auA Vi

1 = — f® (k, o). (5.82)

HOpepnonoskum, wro @ = ykvp. Torga ypasmenme (5.82)
OPAHAMAET BHJ

14f=f4 it

Hesaryxaomee pemenme cooTsercTByer y > 1. Taxoe
pemende ectb upm f > 0
T+ 1 -2 1+ f

'\’ln 7
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Tax kak y He 3aBHCHT OT k, TO @ HMEET TAKYI0 >Ke BaBHCH-
MOCTDb OT k&, KaK H 3BYKOBHE KoJeOaBuA. ITH Koje6aHOA Ha-
BHIBAIOTCSI HYJIeBHM 3BykoM. B ciaygae V ~ o xoncrasTa f
3aMeHsIeTCA Ha g ¥ Opu g > () BO3MOIRHEI KO1e6aHNSA, KOTOPEE
€CTeCTBEHHO Ha3BaTh cIHH-3ByKoM. HakoHer, B ToM ciayuae,
KOTAa V o0 o7, B 3ajauy BXO{dAT KOHCTaHTa g’ (COMH-H30-
COUH-3BYK).

IInasuennrie KoneGanus. JKpaHMPOBKA 3apAna B IUIa3Me.
B kagecTBe Ipyroro mpmiIOKEHHA MONYIEHHLIX PE3YTHTATOB
PaccMOTpHM ypaBHeHHe [JA pPacHpOCTPAHEHHs! JIEKTpHIe-
CKOI0 mojs B miasme. B aTom caywae Bo B3ammojeficTBun §
OpH Manelx k clief[yeT OCTaBHTb TOJBKO I'PAPHUK

P Dk ,
F = = i, (5.83)
P ==p,;-k

COOTBETCTBYWIUN KYJIOHOBCKOMY B3amMmopeiicTBmio. I'padmk

10 onpefeliecHHI0 He BXOJHUT B 9'_

T'pagux

Kak JIerk0 BHAETH, ocraercA KoHeuHwmm mpu k — 0. To xe
OTHOCHTCSI W K APYTAM BO3MOKHHM rpadpmeaMm §. YparHe-
HEe (5.75) npuEEmMaeT BHJ (KaK Mbl yBHAUM HIDKe, € B
aTOM ciaydae paBHO 1)

Vi = it (5.84)
L 4ne? dn ) ’
= d—aF— D (k, o)

PaccmoTpum fBa mpemenbHEX caydas: o <<kvg B o0 >
> kvp. B nepBoM ciyuae HafileM pacHpejeeHHe 3apaAa
BOKPYT BHEIIHEro TO4eTHOro 3apsaaa (, HOMEeImeHHOro B ILIas-
My, 9TO COOTBETCTBYeT B k-IIpejcTaBiieHuH

0 _ 4mQ
Vi = -
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Uz (5.84) ana Vi maxopam (@ (k, 0) = 1)

V, 4nQ dn

—_ —_—— %2 == 4“62
k2 %2’ dep

: (5.85)

ITepexOfs B KOOPAMHATHOE IPE]CTARICHAE, AMEEM
V()= Lo (5.85)

Hamu BHpasenna 6ruim noaydeHsl npa k << pr, OPH Lepe-
Xoje B KOODAMHATHOE IPEACTABIEHHE 3TO COOTBETCTBYET
r > 1/pp

TaxuM oGpasoM, Ha GOIBIIEX pacCTOAHHAX BapaAf HOJ-
HOCTHIK) OKPAHAPYETCA 3apAJAAMH ILTA3MBI.

k22
B cryzae o > kvp nerxo noxysats @ (k, o) = — 3—;;)5,
1 mopctaBisAs B (5.84), HaxogmM
Vi
Vk:: Zreein ° (5.86)
— me?

JT0 BHpa)keEHe EMeeT IOXIOC IPH

4nne?
m

o? =

Tak rak OpH 3TOM 3aTyXaHHe OTCYTCTBYyeT, TO B CHCTeMe
BO3MO;KHEl He3aTyXallmue KosnebaHuA. Bemumamua

i
on= B (5.87)

HasbIBaeTCA IJIaBMEHHOH 9acTOTOM,

BakHO 0TMeTHTH, YTO HOJYICHHEE BHINE PE3yJILTAaTHl He
IpeIHONATAal0T MAJOCTH B3AHMONEHCTBAA H SABIAITCA TOY-
HBIMA B Ipefiefie Maibx k.

Brparienme, crosmee B 3HamenaTerxe (5.86), mo onpenerne-
HAI TpElCTaBiAeT co00fi AHDIeKTPHIECKYI0 IOCTOSHHYIO
4ine?
mw?

g(@)=1—

?

uTO coBHANAET C pe3yJIbTaToM, MOJydeHHRM Ha crp. 179.

3aKoHBI COXpPAHEHHs W 3apANbI KBA3HYACTHI[ IS pas-
AMYEBIX Hojiel, 3aKOHH COXPaHEHHA HAKJIaJHBAIOT CHJIbHEIE
OrpaEWYeHHA Ha 3apARH e, KBasmdacTHN. Mu orpanmimmca
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HaBOJAMEME (HE3EIECKEMH C000pa’keHHAMH, omyckasa ¢op-
MaJBHH BEIBOJ IPHBEJEHHHX HIDKE DE3YJILTaToB *).

Ilpesxme Bcero paccMOTpPHEM CIICTBHA, BHTEKAIOIHE H3
Tpe6oBaHEA KanHOPOBOYHON HHBAPHAHTHOCTH. ITO TpeboBa-
HEE COCTOHT B TOM, YTOGH BEKTOPHOE BHEIIHEE MOJie BUAA

oD < oD a®>

==, ),
oz, or, ' ot
JeiicTByOmee Ha HPOTOHH WJIH HEATPOHH, He IPOUBBOAMIO
HOKakgX ¢usmiecknX H3MeHeHmir B cacTeme. Hamommuwm,
9T0 B cjry9ae BJIEKTPOMATHHTHOIO IOJA BEKTODHLIMA MOTEH-

o0
nuan 4; = 52— COOTBETCTBYET PABHOMY HYII0 JJIEKTPUTECKO-

1
My ¥ MaTHHTHOMY DOJIAM, T. €. He OKa3hIBaeT HAKaKUX Quam-
9eCKHX BO3AEACTBHI Ha YACTHIHL.

Paccmorpum cHagajsa CKRalAApHOE Tojie BHAA
V(t) = Voeiot,
rae V° — KoHCcTaHTA. JTO MoJe ABAAETCHS YACTHHM CIydJaeM
D /oD ey
PEKTEBHOTO HOIA 90 (90 _ 0, —— = V0eiet) |
Oz, \ Ory at
IMockonrKy B TakOM IOJe HAKAKHX (U3EIECKHX H3MeHEe-

ERi cHCTeMH He IPOHCXONAT, TO dPdeKTHBHOe HoNe MOMKEO
PABHATHCS BHENMIHEMY TIOJI0

V =10,
Mu umenn

V = e,V® + (FAV).

Ipr V = V°® = const BTOpOE claraeMoe OTCYTCTBYeT W
noxyuaeM e, = 1, npmyem, eciu noxe V° geficTByer Ha mpo-
TOHH (HEATPOHBI), TO W mode V GymeT AeficTBOBATH TOJIBKO Ha
nporoHu (HeiiTpouw). IlosToMy piIA CKAJIAPHOTO IOJA Ha-
XOAuM

pp __ nn__« np
e’ =eg =1, e

= e = 0. (5.88)

Iockonbky~e, oupenensiercss rpaguKaMu, COOTBETCTBYIO-
muME GOJBIIEM DHEPIHAM (MM, B KOOPIUHATHOM HPEICTAaB-
JIEHHH, MAJTHM PACCTOAHEAM OKOJIO PACCMATPUBAEMON TOUKHE),

*) A.B. Mnarpgaua, Teopna XKoHeIHHX ¢epMH-CHCTEM H CBOK-
CTBA AaTOMEHX fAfxep, «Hayxa», 1965.
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TO 3TOT K€ pe3yJIbTaT COXpPAaHAETCS AJA BCeX CHAJAPHBIX IO-
neﬁ, JOCTATOYHO OJHOPOAHHX B IOpPOCTpaHCTBE H BpPEMEHR
k<< pr, 0 L er).

HlanbHeAIMe cBEHEeHHA 0 3apAfaX KBas@4acTAL MOMKHO
OOJXYYRTH, HCIOIB3YA TOT PAKT, ITO B HEKOTOPHX HOAAX (yiKe
He PEHKTHBHHX) TeM He MeHee He HPOMCXO[MT mepepaclpere-
JEeHHST 9YacTHIN H, CJIEN0BATENbHO, dpderTHBHOE IOJie PaB-
HO BHemHemy. Hampmmep, B 0fHODOAHOM IioNie, [eHCTBYIO-
meM OJUHAKOBO Ha o06a THOA YACTHI[, CHCTE€Ma Ko0JXel-
JIeTCA KaHK IeJioe.

B sroM ciayuae BosMymeEme NpPONOPOAOHAIBLHO IOJHO-
My HMIYJIBCY CHCTEMB

P = Z D;-
n+p

3peck cyMMHpPOBaHAE HPOMCXOLHT II0 HEHTPOHBEIM H IIPOTOH-

HEIM cOcTOoAHnAM. B Hamux 0603HaY€HAAX 3TO COOTBETCTBYET
0 n

noxo Vg = ps + p%, rae o = (z,y,z). W3 Toro ¢ak-

Ta, 9TO OPH TOM B CHCTeMe He HPOMCXOAAT BHYTPEHHHAX H3-

MeHEHHH, HETPYAHO MOJYJAThH

Vi [Pa + Pa] = Pa = ( o e;lp) Da (5.89)

(8 xBajpaTHO# cKOGKe mpm V 3aNECAHO 3aTPABOTHOE BO3MY-
merme V°). Takum 06pa30M

ex? et =" e = 1. (5.90)

B cuny uszoTonmueckoii HHBapEAHTHOCTHE B sAfpe ¢ [V ~ 7

3¢ PeKTHBHNH 3apsAA HEHTPOHHOTO HOJA B Ciayiae 3aTpaBOd-

) n
HOTO IOJA, J[eHCTRYIMEro Ha IPOTOHH €;°, paBeH 3apamxy

€f" NmPOTOHHOTO IOJA, BH3BAHHOTO B3aTPABOTHEIM IOJEM,
- . nn
meficTByIomuM Ha HeRTpomt e = ™. Kpome TOI‘O eq = e},’p-
]
ABagorugHo 3akaioyacMm, UYTO CyMMa P toe® =

0aA I1060ro BO3ZMYIICHHUS, HOMMyTPIpYIOHIGI‘O c TaMIJIBTO-
EEaBoM H ¥ WMeomero TOJLKO JHATOHAJbHbE MATPHIHEE
3IEMEHTH B A-IpEACTABIEHHH, T. €. [Js1 BO3MYIIEHHS BH[A

H' = 2 a“{ame\, (591)

ecnim omeparop H' wommyrmpyer ¢ H. Taxoe BoaMymeume
Oy/nieM Ha3HBATH [HaroHaabHBIM. HerpynHo BameTsh, 9T0 AHA-
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TOHaJbHOE BO3MYylIEeHUE cABUTaeT SHEPrWH YaCTHI[ M HE IpH-
BOJHUT K IIepepacupeielIeHNI0 9acTuI, €CJad TOJIbKO

e = &3 + Qa
COOTBETCTBYeT IIpe;KHeMY PacHoOO0KeHHI0 ypOBHeH (ITo Bcer-
72 BHIIIOJHEHO IpH Maiaex ;).

Hoayuum Buipaskenme puas sdpdexTHBHOrO 3apsama B ciry-
4ae COMHIOPHOro moJsi (BoamMymieHwe Buaa ¢H).

Tak kak s3apaf e, ompefeasieTcAd JIOKAILHKM B3aHMOJIel-
CTBHEM YacTHll, er0 BeJIMYHHA B AApE MAJ0 OTIHYAETCA OT
COOTBETCTBYIOMeH BEJIHMIMHH B HEOTPAHHYCHHOM SIIEPHOM
BemecTBe TOH ke miorHocTH. IIpenmosioxuM, 9To couE-0p6u-
TajbHOE B3aMMONEHTBHE B AEPHOM BemIECTBE Mall0, TOIIa
0mepaTop HOJHOTI0 CIMHA CHCTEMH KOMMYTHDPYET ¢ TaMHJIBTO-
HHaBEoM. Hpome TOro, B HOCTAaTOYHO GOJBIIOH cHCTEMe COMH-
op6uTanbHEAA MONpaBKa K TaMMJIBTOHHAHY KBasHYACTHI, HI-
paeT Maayio poiab M MoykeT OmTBH omymena. Torma ¢pymxmum
Q; ABAALTCA coOGCTBEHENMH (QYHKOHAME OIeparopa o,.
Taxum 06pasoM, BosMymmeRre THATORAILHO H, CJIE[0BaTeIbHO,

es? + ey’ = 1. (5.92)
3amumeM 9TO yCcioBHe B BH/E
e’ =1—8, ef=Et,. (5.92%)

Beanumua &, e Bhumcaserca m 0JKHA HAXOAUTHCA M3 OIEITA.
Iloxasxem, uro aTa ’Xe BeAMIWHA BXOJHT B IEPEHOPMH-
POBRY aKCHAJbHOH KoHcraHTH [-pacmaga B sagpe. asa pas-
PEemeHHHX TaMOB-TeIIEPOBCKHX NEPeX0of0B B3amMOEHCTBHS
C BJIEKTPOH-HEUTPMHEEIM LOJEM JaeT B FaMHJBTOHHAHe HYK-
JI0HOB BO3MYIIEHHE, HPONOPIMOHAIbHOE (T, - iT,)s, (ICeBno-
BeKTOpHOE B3amMmojpieitcreume). Hafimem spderruBHE sapan niusa
TAaKOT'0 BHENIIHEro noJs.
Paccmorpum cmawama mose t,0,:
1+, 5, T,—1
2 z 2

n
1,6, = 6, = Gf — o5.

Cnaraemoe ¢,V° B ypaBEeEmH misa V B 5TOM ciyuae paBHO
- P oo
€q [Tzdz] T,0; = €4 [521 G, — €q [621 5, =

PP _ on 1—2¢
q q s
G, = (__(1 —253)) s, =(1~— 2&3) G, T,

np _ nn
€q )
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B kBapparuoit ckobxe yrasam Bmm moist V®, mas Koroporo
sapsn paseH e, [V°]. Hrax,

eq [t,0,] = (1 — 28). (5.93)

B cnay usoronmueckoit MmBapMaHTHOCTHE Takoi ke sapap Gy-
mer ® paasa moiaA (T, + ity) 0,.

Taxmm obpasom, MHOKETENb € = (1 — 2§;) maer mepenop-
MHPOBKY IICEBIOBEKTOPHOH KOHCTAHTH P-pacmajia B A/epHOM
BemecrBe. Jasa wmoua (t, + iT,), KOTOpoe COOTBETCTBYET
depMueBcKEM mepexomam (BEKTOpHOE B3aWMoOfie#cTBHE), IO-
TywaeM (paccMaTpuBas cHauasa moje T,) ¢, = 1, T. e. Heme-
PEHOPMHPYEMOCTE BEKTOPHOTO B3aHMOJIeCTBHA.




TTABA 6

KAYECTBEHHBIE METO/IbI B KBAHTOBOM
TEOPUU HOJA

HKBamroBas Teopma mosist ommceIBaeT B3anMOMEHCTBHIE Dle-
MEHTaPHHX YaCTHUI, ABHKYMHUXcA B Bakyyme. 1pu arom gucio
yYacTBYIOIHX YaCTHI HE BCErfa COXPAaHAETCA — YaCTUIE
MOTYT pOKIATBCA H MCYE3aTh B IPOIECce B3aHMONEHCTBHUA.
Jaske B Tex cayuasax, KOT[a YHCI0 YaCTHI[ B Hadaje X KOHIE
mpomecca coBmagaeT, ofpasoBaHWe BHPTYAJAbHEX YacTHI[ B
HIPOMEKYTOYHKIX COCTOAHMAX, COTJIACHO OOIIUM NpPHHEIHMIAM
KBAaETOBOM MeXaHHMKH, OKas3HBaer BIHAHNE Ha XOJI mpomecca.
IlosToMy BakyyM ciefyeT paccMaTpuBaTh He KaK IYCTOE
TIPOCTPAHCTBO, & KAK CPERY CO CAOMHLMHE CBOWCTBAMHA. JIAEK-
TPOH MJM HYKIOH, NBWKYIOHECH B BaKyyMe, OKDYIKEH
061akoM TIOPOKIaeMEIX MX JIBH/KeHHEeM BHPTYaIbHELX YaCTHI,
NOA00HO KBasHYacTHINAM B 3ajJave MHOTHX Tell.

I'paduxu, ommcHBaomue B3aEMOJCHCTBHE 3JIEMEHTAPHEIX
9aCTHI, 0 BHAY HE OTJIHMYAIOTCA OT TPadHMKOB 3aJ[a9¥ MEOTHX
ted. OMHEAKO MO CymEecTBY HMEIOTCA 0YeHb BajKHEE OTIMYHA.
IIpesxnme Bcero, MOCKOABKY sABIEHMS NIPOMCXONAT B BaKyyMme,
OHH He MOJGKHH 3aBHCETh OT BHOOpa JOPEHIOBOH CHCTEMEL
KOOPJMHAT, 9T0, KaK MH YBHIWM, HaKjJagblBaeT cHJILHEHIIHE
OTPaHVWYEHAS Ha XapaKTep B3amMOfelcTBHA M Ha (GYHKIHN
I'pura wactun. Kpome Toro, B KBAaRTOBOM TEOPHH LOJA MEI
HMEeM [[eJI0 TOJBKO C (KBasHYACTHNAMHE», «3aTPaBOYHLIE)
WM (TOJIEIE) YaCTHIE TaK K€, KaK 3aTPaBOYHOe B3aHMMOIEHCT-
BHE, B 9TOM ciysae HeHabiaromaemul. JeificTBHTENBHO, B 9TOM
ciydae, B OTJIMYMe OT 9afla4Y¥ MHOTHMX TeN, HeT BO3MOKHOCTH
BHHYTE YaCTHIOE M HCCJIEGROBATH MX CBOHCTBA BHE (CpOIHD.
Mesxny Tem mpu NOCTpOGHMHE KBAHTOBOM TEOPHH HOJsS IPAXO-

RUTCs HAYMHATh C BBEJIGHMA BaTPABOYHHIX UACTHN, W 3arpa-
BOYHBIX B3aMMOAEHCTBHIM. CyMeCTBeEHO¥ 4epToii TaKoh $op-
MYJIHPOBKH TEOPHMH ABIIETCA HOSBICHHE PACXOMAMMXCA WH-
TeTPajioB BO BCEX BHIPAKEHHAX, CBASRIBAIONINMX 3aTDABOUHYI)
MacCy WIH 3aTpaBoYHOEe B3aMMOJefCTBHE ¢ HabJ0IaeMHMI

BEIIIMHAMA. JTH PacXOIUMOCTH ABJIAITCA, KaK ME YBHIHM,

-
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CJHeACTBHEeM OHOTO W3 OCHOBHEIX OPEANI0JIOKeHHH KBAaRTOBOH
TE = HU 0 JTURANGHUCTH B3 BBaPIMOJIe]z[—
CTBUA. JTouanLHOCTb O3HAYAeT, 9T0 qac‘“um BRaEMopieicT-
BYIOT TOJIBKO KOIfa COBUAAAlT HX 4-MEDHHE KOOpPAUHATHL
Jlw6oe  BaaumopeficrBHe Ha pé—cET_Jﬁifﬁn’ ‘paceMaTpuBaeTcs
KaK BTOpumuBH v§eKT, Bo3uuKaomui B pesyabTare obMeHa
OHOM HJH HEeCKOJBKUMM BHUDTY&JLHBIMH YACTHIAMIL, HCITY-
DICHHLIMH U DOTJOMEHHBMHM B JOKAJBHBIX AKTAX.

Ilockonbsky sarpaBounile BeJAYAHH HEHAGIIOMAEMEI, TO
PacxXofiuMOCTH BHPAKeOHH, COJACPIKAMMAX OTH BEJIMYHHEI,
He ABIAIOTCA aPTYMEHETOM IPOTHB IPEANQJIOKEHHS 0 JIOKAID-
HOCTH B3aWMOJEHCTRBHs, KOTOPOE C OOJBIIOH TOYHOCTHIO
IOATBEPHAAETCA Ha TpPHMepe KBAaHTOBOM 3JeKTPONMHAMMKH
(cM. HmKE).

Opue n3 cnocoGoB BHUTH M3 BTOTO 3aTPYOHEHHMA COCTOMT
B caemyiomeM. Moxxuo Tak chopMyJIMPOBATH TEOPHIO, 9TOOH
OHa € €CaMOro Hauaja COfepskada ToiAbKo HabiaiofaeMLie Be-
JguyuHLL. IIpu a10M pacxogAIiEmecs METET PAJIbl He ODOABIAITCS
B pacyerax, HeCMOTPA Ha JOKaJIBHOCTH B3aHMMOJEHCTBHA. ITY
IPOTpaMMy B IPHHIULE MOKHO GRIIO0 OH IPOBECTH ¢ TOMOME
AUCIePCHOHHHX coorHomeHuil. IlosacHuM HMpuer sTOTO METO
HA OPOCTOM NPUMepe, KOTOPHH K TOMY ’Ke IIOMOMKeT Ipo-
CAefUTs LIPHINHY PacXofuMocTedl NpPH JIOKAJIBHOM B3aMMO-
JEHCT BUA.

Pacemorpum aMmiamTyay paccesiEEA ABYX HEpPEIATHBHCT-
CKHX YacTHI, ¢ JOKaJbHEM (0-00pasHnM) BizamMomeHcTBHeM.
Ilycrs B3amMopielicTBHE COOTBOTCTBYET OTTAJIKHBAHMIO, TOT/A
OTCYTICTBYIOT CBAi3aHHHE cocTosAnmA. Ilpm §-o6pasmoM B3am-
MOJIGHCTBMH AaMIUIETYAA DacCesiHUA He 3aBHCHT OT YTAOB
(S-paccesinme).

YpaBHeHUe [ aMIIATY[H PacCesAEHsS B CHCTEMe I@HTpA
HHEePIIA MOKHO 3ammcaTh B BHpe (crp. 231, m = 1)

- & f(p, p1) f(p1, Pp) &m
P — pi -+ id (2r)3

(P, ') =)

3mech A — GODHOBCKas aMIVIMTY[a, HE BAaBHCAMAA B HAIIeM
ciydae OT P ¥ P’ M HUrpaomas PoJab «3aTPaBOYHOT0» B3aMMO-
neiicTBuA.

[Ipepmonokum, 9To A JOCTAaTOYHO Maja, M HOOEITAaEMCA
HoJyuuTh f B BUJe PAAA Mo cTemeHAM A. Bo Bropom mopsap-
Ke 00 A TIOJydaeM HHTerpaJ, JHHEHHO pacXofamEiicsa Ha
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BepXHeM mpefieiie,

W @ 2S d3m 1 .

Jra pacxofEMOCTH TOH e IPHPOJL, 9TO W PACXONUMOCTH B
KBaHTOBO# Teopum moJusA. Ilepexon K pPerATHBUCICKUM ¢Op-
MyJIaM, KaK MBI YBHJUM, TOJBKO W3MelifieT XapaKTep pacxo-
TEMOCTH, M IiiA G03e-4acTHI[ BMECTO JHUHEiHoil 3aBUCAMOCTH
OT BepPXHEro IIpefiesia MOJIyYaeTcs JorapmmMuyeckas, a s
depMu-gyacTHI—KBafparmunasd. MaTeMaruvyecKas TPHYMHA
PacX o AMOCTH COCTOUT B TOM, YTO MHTErPAILH0E Y DABHCHANE KA
AMITATY/(B C CHHTYJADPHKIM IIDX p —- 0O SI[POM He JOTyCKaer
PasiioeHHA B DA IO CTONEHAM A. TaKAM 00pA3oM, pacxo-
nﬁccméopnn noJjiA HE copep:Kat HEuero " TaWHCTBREHHOTO,

a ABIAIOTCA €CTeCTBeHHKIM CJIONCTBAEM JOKANBHOCTH,  KOTO=
pasi TPUBOJTUT K METETrPHPOBAHMIO 10 GECKOHEUHOMY MMIYIIBC-
HOMy npocrpancrsy. Ecaum 6H BsaunmopeiicTsne GHLIO HEo-
KaJBbHEIM, TO A Heib3sA OHI0 OH BHHOCHTH M3-IOJ MATErpaja
H MHTeTPHPOBaHHe 10 MMOYJbcaM Orio GH o6pesaHo Beam-
qmHOo# 1/r,, THE r, — pamuyc B3auMoneMCTBU.

ITonpoSyem nmoayanurp paAjf He MO CTENEHAM A, a IO CTeme-
HAM aMIUIMTY/B, COOTBETCTBYIOIMIEH KakoH-imbo ompesesieH-
HO# 9HEpPrWHM, CKayKeM, 9HEePrud, paBHoi Hy.j0. Brpasam am-
IVIETYAy dYepe3 ee MHHMYyI0 dacTb (crp. 184, p = p’)

1 ¢ Imf(mdp;
f(p) = ?TS Tpil'

0

Kak nerko Bmaerrs M3 onTHYECKOH Teopemnl (cM. HHsKe QOp-
myay (b)), nna cxommmoctn psapa mo crenensaMm f (0) meo6xo-
O¥MO YIYYUIUTh CXOMMMOCTEH HMOAWHTEI PAJbLHOTO BHPAKEHU.
s aroro BhiuteM m3 JieBoil M mpaBoil uacted f (0). Iloay-
qaeM

¢ T (pr) dp?

o =10+ 5 =5 (a)

Tak kak MEUMasa 9acts f (p) COrIacHO OOTHYECKOH Teopeme

Imj(p)=rlf®]® (b)

KBafpaTHYHO 3aBHCAT OT f, To dopmyia (a) Bmecre ¢ (b)
JaeT BO3MOKIOCTH IHOJYydYarTh mrepamnu no creneusm [ (0).
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Ilonaras B mpaBo#t gactu (b) f = f (0), monmyumm
f)=7F0)+iplf OF +...

Jla1a paccMOTPeHHOro HaMM CIydas MOKHO, KaK MBl BHEeIH
(crp. 184), monyunts m 3aMrEyTOe BHpaxenne. Coriacro (a)
HMeeM

(0

()= T—ipf (0) °

Has nonyuenusa pspa mo cremesam f (0) mam mpmmuiocs
nepenmcaTh ypaBHeHME 1A aMIVIMTYAH B ¢opme (a), T. e.
BHeIHTE cJiaaraemoe [ (0).

IIpm mepexone kK pelATHBHCTCKOM 3ajaue B ciaydae dep-
MHE-CHCTEM H3-3a 60jiee CHIBHO PACXOAEMOCTH HaM I PHILIOCH
6m1 s cxommmocTy psfa no creneraM f (0) BHAEAUTH, Kpome

cnaraemoro f (0), eme ciaraemoe (7;%— )0 pt. B caepyromumx opn-

6IWKEeHHAX CTeNeHL PAcXONMMOCTH YBeJIMYMBAETCA M KOJIHd-
9eCTBO BEIYATATeJBHHX KOHCTAHT BO3PacTaer.

HecMoTpa Ha npmBIexaTeJbHOCTH AHCHEPCHOHHOTO NOJ-
X0lla, OH DPAKTHYeCKH NPHMEHUM TOJLKO B NPOCTEHRMAX
caydanx. B caegyomux nprOImkeEAAX peJATHBACTCKON
3aJlaul _yBEJMYUBAETCS YHCAO YaCTHI B IPOMEKYTOTIHKIX
COCTOAHMAX W BOBHMKAIOT MHOTQUACTHIHHE AMILIATYIH,
~IpHBOfIAMYEe K He0003PUMEIM MATeMATHICCKEM TDPYIHOCTAM.

VYnobuee m0IB30BaTECA CHeNyOMHAM IpHEMOM. Pacxoms-
mEecs MHTETPaJH 00pe3aloTcsi HA HEKOTOPOM G0JbINIOM HMM-
| myasce L (man Ha MaJIOM PacCTOAHMH Ty, €CJIH PacdeT BeIeTCs

B KOOPAWHATHOM IpexcraBienum). Torma, pepnosarag Boa-
HAMOJIeHCTBAE A JOCTATOYHO CJAabHM, MOKHO HOJYYHTH DAJ
TEOPHUH BO3MYIIeHHH 1o cremeEAM A. OkasHBaercs, 9To pac-
xofAmuecsa YaCTH HHETerpajioB (3aBHcamue 0T L) MOryr G6HiTh
B Ka)K[OM IOPAAKEe TEOPHH BOSMYIIEHHWH BHIEJEHH TaK, uT0
mociie Hepeolpe/iesieHHsA KOHCTAHTH B3aUMOJEHCTBHA W KOH-
cTaHT, BxonAmux B pyEknuu I'prra, ocTaBmimecs BHpaskeHEUs
|| y)Ke HeuyBCTBHTeJIBHH K MecTy oOpesammsa. B srom cocromr
| mmes NEePeHOPMHPCBOK, ¢ KOTOPHIMH MH CTaJKHBAIACH B

3ajlage MHOTHX TeJ,— OPH HEpPexofie OT YacTHI, K KBasm-
| WacTHIaM HPHUXOAHIOCH IePEOLIPeleIATh MACCy M KOHCTAHTH
; psammopieiicteaA. Ilepexos; oT 3aTpaBoOYHOR KOHCTAHTH A
i ® ammuaTyze f (0) B paccMOTpeHEOR BHINE 3afade IPefCTaB-

E\‘JIHST co00f mpEMep NepPeHOPMHPOBKHE B3AMMOJEHCTBHA.

R —
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Jls Toro uro6H Teopus mMesa (U3MYECKHHE CMBICH, HEOG-
X0XEMO, YTOGH yCTpaHeHHE PacXoidMOCTeH 3a CUeT mepeom-
pefiesieANA KOHCTAHT MOJKHO OHJIO0 CfledaTh BO BCeX IOPANKAaxX
Teopum Bosmymempui. OxasHBaercs, UT0 dTO BO3MOKHO He
BO BCeX TeOPHAX I0JiA, T. €. YTO He Bce TeOPUH mond obaagaioT
cBolicTBOM TIepeHOpMEpyemocTH. HpHarepuii mepemopMumpye-
MOCTH OIpeejiAerca pasMepHEMA coobpamenuamn. s
HepPeEOPMHAPYEMOCTH HeoGXO0EMO, 9TO6E KOHCTaHTa B3aMMO-
nmeldictBEA Obia GespasMepHA HIE Cofep:aja TIMHY B OT-
puNaTe]bHOM CTeneHH. B ciiydae KOHCTaHTH, HMEOMEH pas-
MEPHOCTE, CKajkeM, KBaJ{paTa [JIMHL, CTeIeHb PacXOfHEMOCTH
HHTETPaJIoB Gy/eT pPacTE ¢ yBeJWYeHHEM HOPARKA TEeOopUH
Bosmymenuit, JleficTBUTEIBHO, TaK KAk Macca YacTHI HpH
60NBIINX MMIOYJIBCAaX HE BXOJMUT B 337a4y, TO €JUICTBEHHAA
GespasmepEas KomGHEamusa B n-M mopaake Gymer (AL?)".
CrefoBaTenbHO, CTEHEHN PAaCXOAUMOCTH PAacTyT ¢ yBeJIHIeHHeM
n, ¥, KAaK MH YBHIUM, HeOTpaHAIeEHO BO3PaCTaeT YHCJIO0 KOH-
CTaHT, KOTOPHE EYKHO IlepeonpelelATh MM 3aHOBO BBOJHTH
I ycTpaHeHHA pacxopuMocreii. M mokakem, 9To 3TO 03-
HAYaeT IOTepI0 JOKAIBHOCTH BaamMomedcTBHA.

Taxmm 00pasoM, ODepeHOPMHPYeMOCTh ABIACTCHA KPHTE-

preM (HaEIeCKH NOTYCTEMOLO JOKAIBEOr0 B3AEMONEHCTRAL..

Bomnpoc 0 mepeHOpMADPYEMOCTH IO CYMECTBY CBOAUTCA K BO3-
Mﬁ%mwnpmmmmﬁﬁﬁggg-
cTBe IDH MMNYJIHCAX, MHOTO MEHBIIMX, YeM I'DAHHNA obpe-
3aHAA MMIYAbCOB L, 0IpPefeiANoch MMIYIbCAMH BUPTYaJb-
HHX UaCTHI, TaKKe MHOTO Membmumd, dvem L. Tm,
B KOOpHAHATHOM NPOCIPAHCTEE, ITOOH —B3amMOAeMcTBUA
HA DacCTOAHMAX 7 >S>7, ONPeJe/IHCh B3aNMOJeHCTBHAME
BHPTYalbHHKX YaCTHI[ TAKKe OpH r=>>r,. Heypusurensno, uro
Takoe Tpe6oBaEMe BHIIQJHAETCA HE BO BCEX TEOPHAX.

Jlna mamocrpanud PaccMOTPHM IpHEMED aHaJOTHYHON
CUTyanud B KiaaccmuecKoi ¢mamke, Jlomycrum, MuE 3amaemcs
HeJbi0 IIOCTPOMTH TEOPHIO, ONHCHBAIOMYI MaKPOCKOHHYe-
CKHe [BWKEHHA KHAKOCTH HMiM rasa. DosumkaeT Bollpoc,
GyMyT JH 9TH [REKEHHA 0CTaBAaThHCI MAaKPOCKOIMYECKAMH MK
GyayT paccHIaThCA HA ABWKEHHA Bee 6ojiee MEIKOTO MaCIiTa-
6a, DOKa He JMOHMYT M0 aTOMHHX pasmepoB? B rex cayuasx,
KOTla IpUMEHUMA TUAPOAMHAMEKA, MH HMeeM IpEMep TaKoi
«IIEPEHOPMEPYEMOily TeOPHH — POJb MAaJIHX MacmTabob CBO-
OATCS K HDOABJEHUI0O B TEOPHH MAKPOCKOIMYECKHX KOHCTAHT
BASKOCTE M CpefHedl IIOTHOCTH.
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OnHaKo HENB3A OCTPOMTH TEOPHIO, OMMCH BAIOILYIO MAK PO-
CKOIMYeCKHE ABUKOHHS, Hampumep, B ¢epmum-raze. [|Bmxe-
HHA HE OCTAlOTCH MAaKPOCKONMIECKHMH, a PACHaJaloTcsd Ha
JIBHKeHHsS aTOMHRIX MacmTaboB.

Ilpm m3yweHHN CBOWCTB TEOpUHU IOJIS HA MAJHX PacCTos-
HUAX (MIM OPH OOJMbIIHX WMOYIABCAX) BOSHUKAET €M OIUH
BajKHHHA BOHPOC: ABJsIETCA JH IepeAOopPMHpPYeMas TeopHs
JIOTrM9eCKA 3aMKHYTOH, CIpaBe[JIUBH JINM €e Pe3yJbTaThH IpH
CKOJb YTOMHO MAJIHX PaCCTOAHHAX?

B TeopuaAX mnepeHopMHPYEMOT0 THOA B3auMOJeHcTBHE
MKy ABYMS 4acTHNAMH 9KPAaHHPYETCA I0JIeM BUPTYaJbHEIX
gacTHl (0 BO3MOKHOM HCKIIOUEHMW U3 BTOr0 IPaBUiIa CM.
crp. 334). B pesyusrare spexkTERHOE B3amMoOjeHcTBHE yOH-
BaeT ¢ paccroAHWeM. Ecam NpemmodoXHTh, YTO 3aTPaBOT-
HOE B3aHMOJIEHCTBHE [OCTaTOYHO MAJ0, TO MOKHO PacCYATaTh
B3aUMOjielicTBHe Ha JOOHX pAaCCTOSTHUAX, NOIB3YAChH Teo-
pueil Bosmymeruii. [Ipm 5ToM OKasblBaeTcHd, UTO B3amMoOjeii-
cTBUe Ha GOJBITAX PACCTOAHHAX IOJHOCTHIO DKPAHUPYETCH
BHPTYaJbHEIME YaCTHHNAMHA I0J00HO SKPAHMPOBKE CTOPOHHMX
3apA0B 3JIeKTpoHaMU Merajiia. Taxum o6pasoM, dacTHIL
He JOJIKHH B3awMomeicrBoBaTh Ha 00JBIMX PACCTOAHMAX.
JroT mapamokc, moppobuo ucciaemopanubiit Y. fl. Ilomepan-
9YYKOM, DONy4YuJl Ha3BaHWMe «HYJs 3apsAma». B peificrsmreis-
HOCTH 3T0 OGCTOSTENbCTBO HE ABIAETCA 4 PIYMEHTOM TIPOTHB
JOTHYECKOH B3aMKHYTOCTM TEOpPWH.

B ciyuae kBaHTOBOH 9IeKTPOINHAMUKHA, €CIM YMEHbLINATH
pacCcToAHEE MEKIY ABYMSA 3apAMAMH, MBl, HECMOTPA Ha Ma-
docts Habuiomaemoro szapsifa, o0a3aTeNbHO MNPHXOTEM B
| obacre, Irfie 3apsAA OKa3HBAETCHA NOPAIKA eJUIUILI U Teo-
pEA BO3MYIIEHMII, HA KOTOPOHl OCHOBAH TAaPaJOKC, mepPecraer
ObiTh cpaBenBoit. Byner s mpomoKaThCA POCT 3apama Opu
MeHbIUX paccrossamsax? Ecau Oymer, To mMbl npugem K Gec-
' KOHEYHOMY 3aTpaBOYHOMY 3apsAmy, UTo O03HavaeT ¢uamuec-
"KYI0 6GecCMBICIEHHOCTh NOHATHS 3aTPaBOMHOIO  3apala.
Kar wMm  yBupmm, 9TOT BOHPOC [0 CHX T[O0pP OCTaeTcs
{QTKPHITHIM.

Paccroanus, sa xoropsix 3apsp e? (r) nenaercs mopsira 1,
Ype3BHYAMHO MaJIK, W BIOOJHE BEPOATHO, UTO BIHMAHHE CJla-
OHX WJIW T'PABUTANMOMHHEIX B3aWMOMEHMCTBUI TAK H3MEHHT
TEOPHIO, 9TO POCT 3apsANa NPEeKPATHTCS WPEKIe, 94eM MBI Joii-
meM po obnactm e (r) ~ 1. B aTom ciayuae Bompoc 0 «HYJIE
3apAfga» B DJIEKTPOAMHAMUKE YTPATAT (USHYECKHHE HITEpec



IJI. 6. KAYECTBEHHBIE METO B B KBAHTOBOY TEOPUU TIOJIA 279

U COXPAHHUT TOJLKO TEOPETU4ECKOE 3HAUCHIE JJISI BHISCHEHUS
CTPYKTYPH MOJEBHX TeOpUil HA MAaJIHX DPACCTOAHHAX.
HaunbHelitnee W310/KeHAS IOCTPOEHO CJIENYOMHAM 06pazom.
Ilo cymecrsy paccmarpuBaeTcs TOJBKO OfHAa H3 mpobiaem
KBaHTOBO}# TeOPMHM NoJifi — BONPOCH, CBA3aHHEE CO CTPYK-
TYPoIl HOJEeBHX TEOPHMil #a MAJBX PACCTOAHHAX. JTOT KPYT
BOOOCOB Jtaer GoJbmiHe BO3MOKHOCTH JJIA HCHOJIb30BAHUA
Ka4ecTBENHHX METofloB. HOHKpETHble 3amadd KBAHTOBOM
TeOPHUH IO (BHYUC/IEeHTE PAJAANMOHHLY TOIPABOK) CBf3aHE
¢ TPOMOBIKMMH pacueraMi H, KpPOMe TOro, IPeBOCXOIHO
H3JI03KeHH B IPYIEX Mectax *). B mepBHX pasfenax CTpOHTCA

HeoOXomuMHH A Hamed uexnm aumapaT. Haxomarcsa ypas-
HenMA ¥ ¢yHknun I'pmHa, onHchBabomue CBOGOMHEE JaCTHILI
co cumaoM 0, Y/, m 1. YpuBEenusa m ¢yaknmm I'puna pus
CBOOOJHEIX YaCTUI[ WOJYYAlOTCA KaK PEIATHBHUCICKH HH-
BapgaHTHAA 3amuch AByx ypaBuenm#i Illpemumurepa m coor-
BeTcTBYIOIEX ¢yHKUui ['pHHA I YaCTHOH X aHTHIACTEITHL.
O6mue cBoiicTBa MOJIEBHIX TEOPHH HA MAJHX pPACCTOAHUAX
W3Y9AIOTCA cHAYajla HAa MOMEIH 4-0030HHOTO B3amMONeACTBHA.
Ha mpocrefimux rpagurax ABYyXTIacrHIHON aMIUIMTYNE mepe-
X0/la IOJCHAETCA IPHPONa PACXOAMMOCTell M Hpies mepeHOp-
MEpoBoK. Haxopurea ycioBHe mEPEHOPMEPYEMOCTH TEOpPHH.
3areM OpPOHM3BOAMTCH BHYNWCIGHME aMILUIATYIH PACCeSAHHA 10
3-To0 DOpAfKa WO KOHCTAHTE B3aMMONEHCTBHUSA. AHAJIH3 mep-
BEHIX WIGHOB PA3JIOHEHMA HPHUBOTUT K MAEE O BOSMOMKHOCTH
TOJYYeHUA TOYHOIO BHIPKGHMA JUIA AMIUIMTYOH H3 Tpebo-
BaHMA HE3aBHCUMOCTH aMIIMTYAH OT pajimyca oOpesaHmd,
T. €. U3 TpeGoBamua mepenopmupyemocru. Iloryeernoe Bripa-
’KeHHe 00JaflaeT CBOMCTBOM «HYJA 3apapmar. Ilpm mocraTouno
MaJjOM 3aTPAaBOYHOM 3apsAfe 3apAN Ha GOJIHMMX PACCTOAHHAX
CTPEeMHUTCA K HYJIIO.

Jlajiee paccMaTpHBaeTCA PeaNMCTHIECKA TEOPUA — KBAH-
TOBasA leKTpoguHamMuKa. CpaBHEHHEM C KJIACCHYECKOM dIIEK-
TPOAMHAMHAKON BEIICHAETCS (U3NYECKHH CMBICI IONPABOK K
¢ysxmun I'puna goroma. Qunpenensercsa Bo BTOPOM HOPALKE
mo ¢ mompaBKa K sakoHy HynoHa, BH3LIBaeMas LHOJAPH3a-
MOHHHME 3apsafamu. Ilocde 9THX TOATOTOBHTENLHHX 3aad

* AAU. Axunesep, B.B. Bepecrenruii, HKsanro-
BasA 3jeKTpoauHamuKka, «Haywa», 1969.

H.H. Boroaxw6os, /[J.B. IMlupzxosg, Bsegenue » teo-
PHIO KBaHTOBaHHWX mnoiel, «Hayra», 1973.



280 TJI. 6. KAYECTBEHHBIE METOABI B KBAHTOBOU TEOPUN IIOJIA

¢ TOMOINBIO IIPOCTHIX (MamuecKHX coobpaenmit 6es pasiio-
JKEHHA [0 ¢? HAXOJWTCA MCHpaBIeHHHE 3akom Kyiowa, ms
KOTOPOTO BHBOR@TCSA (OPMyia A B3aMMOJCHUCTBAA YaCTHI]
Ha IPOH3BOJBHO MAJIHX paccroAruax (popmyua Ienn-Man-
Ba — Jloy). O6cyxnmaoTea BO3MOKHEIE IPAHHIE HPEMEHH-
MOCTH KBaHTOBOH DJIeKTPONMHAMHAKH *),

1. KOHCTPYUPOBAHHE PEJATUBUCTCKUX YPABHEHNN

Ilpn monygyenum ypasmemnit m ¢ymruuii I'pmma, ommch-
BalOIMUX YaCTHIHI, OIPeNeAION[YI0 POJb HMIPalT YCJIOBAA
CHMMeTDHHU, T. €. TpeGoBaHHe HHBAPHAHTHOCTH OTHOCHTEIBHO
obmmx mpeobpaszoBanmit JlopeAma, BKINOYAOMHUX IOBOPOTH
B OPOCTPAaHCTBE — BPEMEeHH M OTPa)kemMsa (TpefoBamma derT-
HoctTH 1M oGparmmocrn). Eme ofHO CymiecTBeHHOE YCIOBHE,
KOTOpOe HaKJIAJIHBaeTCA Ha ypaBHEHHA,— 3T0 TpeboBanme
npocToTH. Tak, mampmmep, or6MpParOTCA ypaBHEHUA ¢ IPOMS-
BOIHHMY HAMHASTIETO MO PAIKA MU, B CIyTIae BHENIHEIO OIS,
¢ HAUMEHBIIUM BO3MOKHKIM YHCJIOM 118 PaMeTpPoB, OIPeJeiaio-
Mux B3awMOJieficTBHEe wacTMIB ¢ moJiem. TpeGoBaHme Ipo-
CTOTH, HJIN JIyYIIe CKa3aTh, KPAacOTH yPaBHEHHUH, He ABIAACH
abCOJIOTHHIM, CHIPajJo0 BakKHEEHIMYI0 pOJIb B OTHICKAHHH 3a-
KOHOB LPHPOJH.

Jopesn-maBapuanTHOCTS. Y paBEEHHAA, OUUCHBAOIIME JBH-
JKeHHe YaCTHI B IYCTOM OPOCTPAHCTBE, MOJIKHEL OHTH JIO-
PEeHO-KOBAapHAHTHH, T.e. He JOJ/IKHE MEHATH CBOEro BHa
{pH mepexofie B ABIKYILYIOCS CHCTEMY KOODAHMHAT m0 ¢$op-
myaam Jloperma

f o= 4 vr r _ rtwt

.

T VI = Vi-a

Hocrarouno paccMarpmBarh GeCKOHEYHO Malikie IpeoGpaso-
Bamua Jlopenma, gro M u GyaeM HeiaTh B JajbHeHirem,

' =t+wor, » =r -+t v—>0.

*) HsxnoskeHHe APYTHX BOOPOCOB TEOPHUH HOJAf, OIM3KOe K IpH-
HATOMY B 9T0H rJdaBe, cojepskurca B KHure: R.P. Feynman
«Theory of Fundamental processes» (W. A. Benjamin, Inc. 1961)
u B JgexknuaX B.H. Tpm6oBa «HBanToBasg bDIEKTPOAMHAMUKAY
(Martepuanun 9 Jumueli mronst JIMAD, wacte 1, Jlemmurpag, 1974 r.).
VInpUTENBHO sICHOE H3J0KeHHe KOHKPETHHX pacueTOB pa3INIHBIX
mpoueccos cofiepaxurcsa B Kuure JI. B. O kK y B a «CnaGoe Bsaumopeii-
CTBHe 9JeMeHTapHHX uwactumy, ®duamarrus, 1963.
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Ilpeo6pazoBarus JlopeHma oCTaBIAT HHBAPHAHTHHIM HH-
TepBal

(xl - xz)z = (ti — tz)z - (7'1 — 7'2)2
MEXKNY JABYMA TOUKaMHR B npoc'rpaHCTBe — BpeMeHHn
(2y — 2p)* = (21 — o) = inv.

Bce BefMUMHE KIaCCHYECKOH TEODHH ILPEACTaBIANT co6ok
6o cKaJsApH, 160 4-BEKTOPH U 4-TeH30DH, T. €. BeJIHSHHH,
npeobpasyomuecs Kak TPOE3BeJleHHe KOMIIOHEHT 4-BeKTOpa
z, = (¢, r). Ilpmmepamu caysxar: 4-BeKTOp SHEPruum — HM-
nyasca p, = (E, p), 4-Bexrop Toka J, = (p, J), TeH30p HaN DA~
JKEHHOCTH 9JIeKTPOMArHETHOTo moxs F,, = 0,4, — 8.4y,
CBfI3aHEHE ¢ 4-BexTopoM moTennmaia 4, = (¢, 4), B T. L.
Bee 4-pexTopH npeoGpasyloTcs 10 3aKOHY

Ay = A, +v4, A = A+ v4,.
CralApHOe Ipon3Be/ienne N6k X 4-BeKTOPOB HHBA PHAHTHO
(AB) = A,B, — AB = (A'B’) = inv.

MoskHO cOXpaHHTh OGHYHEE NPaBUja YMHOKeHHA BeKTODOB,
BBEJ( MeTpHUYECKHH TeH30D

1 0 0 0

0 —1 0 0
Bww=lo o0 —1 o]

0 0 0 —1

Torna AB = g,.4,4,. Bumecro 3Toro cyMMUpoBaHHe IO
rpeUecKMM HHJieKCaM OyfAeT NOHEMATBCA B WHBAPHAHTHOM
CMEICIIE

AB= ApB.= A,B,— AiB:.

B HeKOTODHX ciayuasax Ml OyjeM mepexoftuTh K eBKIHjo-
Boii merpuwe, BBoua A, = id,. Taxme BexTopr Oynem oT-
MeuaTh THJILHOMH:

AB =A4,B, = — AB.
B xBamToBoMl MexaHmKe HaOgio[aeMbHM BeJHYHHAM COOT-

BeTCTBYIOT omeparops V, XapakTepuayloluecs mabopoM

Ay
MaTpuuBHX siaeMentoB Vy; = (' V¥,

MarpuuBHe 3JeMeHTH JOMKHH NpPeo6pPasoBHIBATECA TaK
#e, Kak ® COOTBeTCTBYIOIHE KIACCHICCKHe BOIWYHHEL, T, €,
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KaK KOMOOHEHTH BEKTOPOB WHIH TemsopoB. Ommaxo musa
V-byrrnumit mpu 5TOM Bo3MoKeH Gojlee CIOMKHEI 3aK0B IIpe-
00pa3oBaEMs, MOCKOJIBKY OHE BXOUAT OHIMHEHHO B MaTpHuU-
Hbie DJIeMEHTH. AHANOTHYHASA CATYyamMs yKe BCTPedaiach B
HepeJATHBUCTCKOH KBaHTOBOM MeXamHHKe: IDM AaHAJId3e HH-
BapHAHTHOCTH OTHOCHTEJIBHO 3-MEPHHIX BDAaIeHH#l Hapsny c
TEH30DaME BBOAWJIMCH TaK:Ke CIHMHODPH. Temzope mpeobpa-
3YyIOTCA KaK INPOHM3BEJIeBHA J-MeDHHX KOODAMHAT, & CIN-
HOpH — 1o Gojiee CIOMKHOMY 3aKOHY, TaK 4To OmiamHeitHbie
KOMOMHANHYN CIMHODPOB NPEo6PasyloTCS KAaK BeKTODPHl M TEeH-
30DHL.

Hanpumep, mias gacTEnnl co cmmHOM 1/, ee BojmoBas

PyERIEA @ = <$l> npeobpasyeTca Kak
2
¢ =@+ i 0p (6.1)

IpH IOBOPOTE CHCTEMBI KOODAHHAT HA MaJkiit yroa 6 Bokpyr
ocH n. (3geck 6 — marpuni Ilaynu.) Baammefinpe koM6m-
Haumm Q*Q m @*CQp mpeobpasywTcs, COOTBETCTBOHHO, KaK
CKaJfAp U 3-MePHBIH NCEB(0OBEKTOP — OTCIONA W OBl Halijien
3aK0H Ipeo6pazoBaHHA CHHHODA.

Ilonnraemest  maittm  3aKoH  JopeRm-mpeo6pazoBagds
comeopa. Ilockonabky marpumm I[laynm ofpasynor monmmi
Babop, To 3TOT 3aKOH Ho/UKeH 6H GHTh amanormumsim (6.1):

¢ =9+ Q. (6.2)

Coornomenna (6.1) cooTeercTByHOT mnpeobpazoBanmio Koop-
IAHAT

1y = 2y + 02, 75 = 7, — O2y. (6.3)

([lnst ompeyesenHOCTH PACCMOTPCH 1I0BOPOT BOKPYT OCH 2
mo gacosBoil crpenke.) Ilas toro uroOnt mpeofpasosanue
Jlopeura

;r; =y + vt, t' =1+ vas

IIPU BBEJIEHIH eBKIMMAOBON MeTpHKH il = ¥, o0beyUHAAIOCE ¢
dopmyloft ATMA TOBOPOTA KOOpHWHAT, HEOOXOIMMO B3ATH
i0 = & v (3HaK «-|» mMIE «—» 3aBucuT or BHOOpa mIpaBoi
1w JeBOM CHCTEeMBI IPOCTPAHCTBEHHNX Koopaunar). Mosromy
naa moxywenns (6.2) caepyer B (6.1) samenutsh i0 ma o4 ,
Taxmm obpasom ¢; = 3= 1.
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meetca nBa BO3MOJKHBIX THIIA COIMHODPOB ¢ IpeobpaszoBa-
HUeM

Pr =+ o P Bo= P — 5 (6.4)

O6a aTH cIMHOPHHX IOJsI He BMEIOT OIPe/IeNeHHoM YeTHOCTH,
HOCKOJNBKY BEJWYHMHA (¥ N3MEHACT 3HAaK IIPH OTPAJKCHHA.
Ilpn orpaskenun ¢, mepexousET B ¢_ u HaoGOPOT. ITH N0
OIACHBAIOT 2 JBYXKOMIOHeHTHHE YacTUOH (HAIpHMCD, Hei-
TPHHO ¥ aNTHHEHTPHUHO). VI3 TAKHX MOJEH MOMKHO COCTABHTH
NiBe JNWHeHIIHe KOMOMHAMUM C ONPEeJeJeHHOX YeTHOCTHIO

=9, -9, X =¢ —¢_.

Ilone @ nMmeer weTHOCTH, MPOTHBONOJOMKHYIO ). 3aKOH mpe-
ofpazoBanmsa A STHX BedWumH nojydaerca ua (6.4):

=0+ 5% X =%+ 0 (6.5)

9tu mpeoGpasoBaHUA COXPAHANT CBOH BHJ IPH OTPasKeHHH.
Nrar, tpe6GoBaHMA JOpeHN-HHBAPHMAHTHOCTH M P-ver-
HOCTH IPHBOJAT K TOMY, UTO YacTHOA CO CIHHOM l/; nommna

X
ME YBHIHM, 4TO 3TOT (AKT CBA3AH C CYMeECTBOBAHHEM aHTH-
YACTHIN: 4deTHpPe KOMIOHEHTH peJATHBHCTCKOTO CIHHODPA
COOTBETCTBYIOT ABYM IIDOGKNUAM CIHHA YaCTHOH U JBYM —
AHTHYACTUIH.

IToxa 4ro, He KOHKPETH3MPYA (PU3MUECKOro CMHEICJIa CIH-
HODOB @ H %, MH MOKEM COCTaBHTh U3 HHUX OnivHEiHEHe
KoMOmBamum, mpeobpasylomuecsi KaK CKajlAphl, BEKTODH H
TeH30PH IPHU JopeHm-npeo6paszopaBuaXx. OrpaBEMaEMCA BasK-
HEMHE JJIA JalJpHefillero CJAydYasAMH CKalfdpa H BeKTOPA.
Crajasp WMeeT BHJ

ONHCHBATHCA 4-ROMIOHEHTHHM cuuHopoM ¥ = {(p} Husxe

S = @tg — x*y.

JleiicTBHTeIbHO, TPH JODPEHN-IPeO6PA30OBAHMA KaK/bld H3
wieEoB @*@, x*y npuobperaeT OpNHY U Ty e Ho0aBKy
1/, (x*ove -+ @*ovy), KoTopas cokpamaercd B S. KEcim
COCTABUTH BMECTO DPasHOCTH CYMMY

Vo = 09 + %*%s
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TO HAo0aBKEH He COKDAaTATCA, a V/ABOATCA:

VO = VO ‘+‘ ’UV.
3iecn
Vi = X+0'i(P + (P+Uix. (6.6)

Taxum o6pasom, V, npeoGpasyercs KaK 4eTBePTasas KOMIIO-
HeHTa 4-Bextopa V, = (V,, V). Herpynso yGenmrhes, uro
BeTHYUHH V; n1peolpasylnTcsa KaKk NPOCTPAHCTBEHHBE KOMIIO-
HeHTH 4-Bektopa V. [leficTBurensno, mopcraBaas (6.5) B
(6.6), monyumm

. 1 1
Vi=Vi+ 5 vex" (G0 + 068:) X -+ 5 @ (6i0% + 0403) @-

Hcnonpsya mpaBmia aBETHKOMMYTALME O ;0 -+ 0,0; = 28,
MH IPHXOAMM K IPaBUJILHOMY 3aKOHY mpeolpa3zoBanHmsa

Vi=V;+ vV,
Haitjiennre 6uannefigne KoMOuHanmuy o6HYHO 3aIHCHEBa-

10T ¢ ToMombio Gucnmaopa V' = < E > u Mmatpun [Impara

) I 0 ( 0 g
70:<0 —I)’ Ti = -5, 0/

\

S = \F+TO\P = \?\P, Vp = W+TOTH\F = .\?Tp.\lp

Martpunn [lupaka ynoBAETBOPAIOT COOTHONMEHHAM aHTH-
KOMMYTaI[]Z[]Z[
Pu¥y T VWWu = 28p.-

Ypasuenna Maxceeana. B xadecTBe mamoctpanum me-
NOAb30BABHUA CBOHCTE CHMMETDHH LOKaKeM, KaK TeoPeTHK
Hamero BPeMEHH BocCTaHOBHA 0w ypaBuenuma Maxcsemnnra
B mycroTe, ecan OH oHE He Onlim masectHsl. Ham Hano mo-
AYYHTh COOTHOINeHHA Me;KIy 3JeKTphueckmM moiaeM & (v, )
H MaTHOTHHIM nojeMm ¥ (7, t). OTH COOTHONIEHUS JO/KHE! OHTh
JAVHEHHEIMH BILIOTH /10 049eHb Goabmnx modelt &, 7 ~ &x ~
~ 10'® g/cm, woTODHE oOIpEjEAAIOTCA TNOJADH3ANHUell BaKy-
yma (cMm. omenky Ha crp. 12). Ilpempe Bcero HaM RYIKHO
HaliTH Xapakrep cuMMerpuu moJyieir € m J, uro BHAcCHAETCA
¥3 UpocTedInX SKCUEePUMEHTOB, HANPHMED, M3 BKCIIePUMER-
TOB II0 OTKJIOHOHWIO IIyJKA 9JIEKTPOHOB B MATHHTHOM H BJIEK-
TpHYECKOM 1monAX. IIpm 5ToM Ha BJIEKTPOH [eHCTByer
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cuna F = e€ - —z— v X ¥, oTKyja ciefyer, uTo Benwanea H

SBIIETCA TICEBJOBEKTOPOM (MU QKCHATLHEIM BEKTOPOM). ITO
03HaYaeT, YTO B OTJIMYUE OT BEKTODHHX BeJW4HH Jf He Hm3Me-
HAETCH NPH ONePamud 3ePKajbHoro orpaxkenna. Hpome Toro,
TaKk Kak Jf cO3HaeTcsA TOKOM, T. €. BeJNUYMHOH, IPOIOPIHO-
HalbHOH CKOPOCTH 3apsKeHHBIX YaCTHI[, TO MArHUTHOE TOJe
I3MeHsgeT 3RaK mpH omepanuu obpameHud Bpemern. Mexpy
TeM sleKTpUYecKoe Ioje & ABIAETCA BEKTOPOM M, MOCKOIBKY
OHO MoKeT GHTH CO3/|AHO HEeIOIBU;KHBIMU 3apAfaMU, HHBAPH-
aHTHO OTHOCHTEJIBHO ofpameHusa BpeMmenn. Torja ypaBHeHus
HAWHU3IIero NopAjKa, cBasbBatomue & m ¥, Gyayr
oA

o8 -
-El—_arot.’?[, —m—_brot 8.

IeiictpuTenbHo, rot J# — e[(MHCTBeHHasA BeIUYMHA, He
H3MEHAIOmAsA 3HAK NPH OTPUKEHUH M MeHANINAA 3HAK IIPH
samene t na — ¢. Ciaraemoe Buja r X J npormBopedmno 6
TPAHCAAGHORHOH CHMMETDHH IPOCTPAHCTBA. AHAJNOTHYHO HC~
RAIOYAOTCA W BCe APYTHE BO3MOMHOCTH.

MH He BKJIIOYHIN B ypaBHEHHE IPOM3BOJHEe Gosee BHICO-
KOTO HopsAJKa. JIX BKiIoueHHe IpRBesio 65 K BBEJOHHIO A0TIO-
HUTENbHHX KOHCTAHT M Hapymmio 65 kKpacory Teopnn. Hpome
TOTO, BBejieEre 60jiee BHCOKHEX IPOM3BOIHEX IO KOODAHHATAM
3acTaBmio OB TakKe BBeCTH M (ojiee BEICOKHE IIPOM3BONHEE
10 BpeMeHH, HHAYe HAPYIIHIACh 6B CHMMeTDHA KOODAUHAT U
BpeMeHH, JUKTyeMas PpeIATHBHCTCKO# MHBAaPHAHTHOCTHIO.
Torja 3nauenme modeik € m J B MOMEHT BpeMeHM { ompefie-
aAnoch 6B He TOJDKO HX 3HaueHHeM B HAWaJLHHIH MOMEHT, HO
¥ 3HadeHHeM WX IPOH3BOXHHIX II0 BPeMeHH.

OGe BBejleHEEIe BHIIE KOHCTAHTH NMEIOT DPasMepHOCTb
CKOPOCTH, IPMUeM O{HY B3 HUX MOKHO BHIOPaTh IPOU3BOJIBHO.
9To OmpejielUT OTHOCHTeJbHHE efUHUIH H3Mepenusa & u H.
Honoxum b = ¢ (¢ — cropocth cBera). Torpa, mcxmovasa H
u3 ypaBHenmit, Haxogmm (rot rot & = — A% 4y div¥ =

¢ = — acA¥.

Ilna Toro 9To6H cKOPOCTh PAacHpoCTPaHeHMA BolH Ghlia pas-
Ha ¢, HeobXoguMo ¢ = — ¢, IocCie 4ero HauM YPaBHeHHA
mpeBpamalotcsA B ypasHeHums Maxcpenna. M3 TpeGoBanms
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PeIATHUBUCTCKON MBAPHAHTHOCTM MH MOrJE 6H HAHTH 3aKOH
npeoGpazoBanns € u Jf, KOMOEHCHPYIOIIA# JIOPeRNEBO mpe-
o6pasoBanne KOODAMHAT Tak, 4To0bl BHJ yPABHeEMH He H3-
MeHAjcA. YpobHee sTo cuenaTh, BBeisa 4-BexTop A,

Ei= Ai — 0;Ay, H =10t 4, (c=1),
. 62
O — 0 =0, [ =24,

OTKYJ1a oueBHUJeH 4-BeKTopHHI xapakrep A,. Taxum oGpasom,
€ u ¢ mpeoGpasyorca Kak KOMIIOHEHTH YeTHPeXMeDPHOTo
TeHsopa F,, = 0,4, — 0,4 -
& Ypasuenue Kueiina — Topjona — ®oxra. Ilonyuum 7o-
PeHI-MNBaPHAHTHO® YpaBHeHWe, ONMCHBAMMEEe YACTALNY CO
CIMHOM, PaBHHM HYI10. UKCI0 KOMIOHEHT BONHOBOY ( YyHKIHH
CO CIIMHOM j B CHCTEMe IOKOf OLPe/eNsIeTCA THCIOM IPOeKIai
J Ha duKcmpoBanHyIO OCh, T. €. paBHO 2j + 1. B Hamewm ciy-
4ae GYHKIMA JoaKHa OHTh 0JlHOKOMIOHeHTHOH. Hak Mbl yBu-
HuM, m3yuas Gynkoum I'puna B mose (cM. ciegyomuit pasjern),
HEBO3MOKHO IIOCTPOMTh PEJATHBHCTCKH HHBAPUHAHTHYIO Teo-
PHIO TOJNBKO /s YacTHIl: B TEOPHIO C HEOOXOEMOCTHIO 0~
*KHHL BXO[HTH aHTHYACTHIE C To#l ke Maccoif, KOTOpHe,BMe-
CTeé ¢ YaCTHI[AMU ONMMCHBATCA eJUHHM ypaBHeHHeM. Ilomy-
9UM 9TO ypaBHEHIe,

Boanosrie ynknum wacTumsl # aHTHIacTHOH B (P, f)-
IIPejiCTaBIeHNT MOJIAHAIOTCH Y paBHEHHAM

1 2@ v, ), 1 B gy v (), 67

e

E®@=Vo+m
Beegem ¢ymrmum
g =¥, +¥, ¥,=v, —Y%

rorfa m3 (6.7) momyuaem

*
*

. oY . oY

Nexawuan Wy, mMmeem

ek
— = ()Y,

B kooppumaTHOM DpejicTaBIeHMM NolydaeM ypaBHeHHe
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Kaneitna — Topuora — doxa
@ +m) ¥ =0., (6.8

U3 onpepenenua V' (p, ) Bunno, gro caaraemsie V' (s, t)
C OTPUOATeTBHBIMM 9aCTOTAMH COOTBETCTBYIOT UYACTHIAM, a
CIATaeMble ¢ NOJNOMKHETeJBEEIMA YacTOTAMH OHNMCHBAIOT AHTH-
9acTHNE. ¥YpaBEenme (6.8) PpeJATHBHCTCKA MHEBaPHAHTHO,
YTO cpasy BUJHO B p-IpejiicTaBieHmm: (py — p? — m) ¥ =0.
Yymosan (6.8) ma V'* u prunras ypasnenne miasa V¥, ymmo-
skedHoe Ha W, mosnyuaem ypaBHERHE Hepa3pHBHOCTH

dp s s
—r + div j =0,
Tae 0 U j, o6pasyloT deTHpeXMEeDPHHIH TOK
. 1 . oY v
=+ <\P 4 )

oz, oz,
S—
IInornocts Q0 AaeTcA BHPpaMeHueMm
. 1 [qee OY Y
o= PWJ):T(“” b )

B (P, )-upexcrapiennn

p(P) = 2E (p)(Y_(p) ¥_(p) — ¥i(p) ¥, (P))

Takum 06pazoM, BeIHYEHA P MMEET CMBICJ PAa3HOCTH IIOT-
HOCTell JacTHO ¥ aHTHYACTHI, a yPaBHOHHe HepPa3PHBHOCTH
BEIDAKaeT COXPAHEHHE PA3HOCTH UHCET JACTHI[ B AHTHIACTHII.
B orcyrcTBue mosisi, pasyMeeTcs, COXPAHAETCA Kaykjuoe W3
orux umcea. Jlis 3apsAKeHHHX YaCTUI YPaBHEHHE HepaspHIB-
HOCTH, OYEBH[HO, MNOJKHO COOTBETCTBOBAThH COXPAHEHHIO
3apsAfa 1, cJexoBaTeNbHO, 3aPAJ AHTHYACTHUI, OTIHYACTCS
TOIBKO 3HAKOM OT 3apPHIA YWACTHIL.

Hrax, ypasuenme (6.8) npejpcraruser cefoil pensrusmer-
CKM MHBAPHAHTHYIO (opMy 2anucu ABYX ypaBuennil Illpennn-
repa (6.7), ymoGHyio pia manpHeiniero BBeJeHAS IOJA.

Ypasuenue [{upara. Hamia zajaua — monyunth penaTH-
BHCTCKHM WHBADHAHTHOE YpPAaBHEHHe, OMNCHBAKNIEE YaCTHILY
co cnusoM */,. Kak yske ToBoPMIOCh IPH HOJNyueHUN ypaBHe-
sna Hneiitna — Toppona — Moxa, 5T0 HEBO3MOIKIO ClesaTh
¢ moMollpl0 moad omHok wactunwl. Heobxommmo cocTaBuTh
efillHoe ypaBrHeHHe, ONWCHBAKINEe YAaCTHIYy M AHTHIACTHIYY,
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Ins onpefenentoctd OyjeM ToBopUTh 06 3JIEKTpoHe M MO3H-~
TpoHE.

PaccMoTpuM cHawajna ypaBHeHHe B cHCTeMe IoKos. Tornma
RJA 3JIEKTPOHA H NMOBMTPOHA MOAYYAIOTCA KBA He3aBHCHMBEIX
ypaBHEHEA "

. 0 . 0
; i =m¥,, i G =m¥._.
w O .
Kamxpasa us sTEX (YHKOHEE ABYXKOMOOHEHTHA B COOTBETCTBNH
¢ ABYMA BO3BMOKHBIME HPOEKIUSMH COHHA.
*

O6osraunm ¥, = ¢, ¥_ =  u BBejeM 4-KOMIOHEHTHYIO

pysrmmo0 ‘I"’:’{Z};Ypameﬁne pia ¥ npumobperaer Bup

e X — m¥. (6.9)
at .

“

Teneps Haflo HanHUCaTh JOPeHI-HHBAapHAHTHOE ypaBHEHHE,

cojiepiKamee KOMIIOHEHTH olIePaTopa EMIYJIbCA Py = — i 57y

u nepexogsamee npa p;'¥ = 0 B (6.9). M ysxe 3HaeM, 4TO Be-
nmmaua  Vy,¥ — s1o 4-merrop, a V'Y — cransp. Orcrona
caenyer, aro peamumHa Ay, mpeoGpasyercs Tar ke, Kak
WV, ecim A, — 4-serrop. (YMHOMeHNE 9TOM BEIHYMHH CJIeBa
na ¥ jaer cransp, Tak ke Kak ymuoxkenue T na V.) B map-
HOM Ciyuae B HAlleM pACHODPSIKEHHH eCTh TOJBKO 4-BEKTOD

ipp = B . Ilosromy MBI IpHXOREM K YDaBHEHHIO
ot » oz,

Jupara
. 2

b

VMHOMaA ypaBHeHHe, 9PMUTOBCKH compsxenHoe K (6.10),
cupaBa Ha y, U HCHOAB3YA CBOMCTBA Y,, MOJAYYaeM ypapHe-
pae paa ¥

o

3, Yo =m¥. (6.11)

— 1

Yuuosxan (6.10) cnepa na ¥, a (6.11) cupasa Ha V' @ BH-
9quTas OlHO U3 JPYroro, moaydaeM ypaBHEENe HePa3pPHBHOCTH

a —_
2o T = 0. (6.12)

Hmse msr ypupmm, ato Wy, 'V mmeer cMbicn 4-ToKa,

i s b B e



1. KOHCTPYHPOBAHUE PEJAATHBUCTCKUX YPABHEHUHN 289

B amnyabcmom mpexcrapienmm
Y =y, p, ¥ = m¥. (6.13)

Ilpumensan aro ypapHemWe JBaskjbl, MONyTaeM
Y = p*t = m¥Y,
JTKYZa
p2=m2—p"=m2.

Jdto ypapmHeEme uWMeer fBa pemenma: o = 4 ) p® + me.
Honoxurenbubie 9acTOTH COOTBETCTBYIOT 4acTAIaM, a oOT-
prIaTesbAble — aHTHIACTHOAM. IT0, KOHEYHO, He OBHATA-
er, 4To dHepruA E aETHUacTHI OTpHUATeNbHA — mpocto B 'V
BXOAMT KOMIJIEKCHO CONpSKeHHaA BONHOBAA QyHKImA amTH-
JaCTANbI, TaK UTO BMecTO MHOKHTeNA e~E! noapnserca Mo
wurenp eif! 1, e, orpmmarensmas wacrora.

Homnnercroe compsxenme Ham Imonazo6mioch AJs ToTo,
9to0nl nosxyants B (6.9) MaTpuny y,, 9To MO3BOJIMIO HANACATD
KOBapmaHTHO® YpaBHEHUeE.

Ypaprennme Jlmpaka ycranaBampaer CBA3h MEMLY Iep-
BhiMy m BropbiME KoMmoHenTamu V. Vimeem m3 (6.13)

(E(p) —m)op =0opy, (E(p)+ m)yx=0py. (6.14)
Sammmem ¥ (r) muA nuocKoll BONEEL B BHle

YY) (a, z) = udlet?™, (6.15)

3Mech 3HAYOK O ONpejesiseT 3HAK 3HEPIHE W 3HAK IPOEKIUA

COUHA, T. e. oNpelelsaeT «Ha3paHNe» (YHKINN, TOT/ia KaK 3Ha-
90K O — COWHOPHAA IIePeMEHBAasA, OIpenelA0Nas HoMep

Kommomenthi. M3 (6.14) naxonum uﬁf), HOPMHPOBAHHYIC
Tar, qro Zu = 1:
o
E4m
(+)3: = =
u 2m _E}_’)___ (P(s) !
E+m
[ — —9P__ 9
wor = )/ LELES T TELFR L 646
2m "
rie ¢ — cOMHOD, COOTBETCTBYKINHN [BYM 1UPOEKIHAM

cuuna (@®, ¢®)) = 8 . B cmcreme moxos ¥ (2) mua

10 A. B. Murpan
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(s)
E (p) > 0 mepexopur B ¥ = {‘I’(')+ }, agna E(p)<<Os

0
‘P‘(_)s = {\P(_s)‘ }.

Na (6.16) caegyer, wro ¢yHrnms u)* (P, o) onHCHBaeT
[OBHTPOH € UMIYIBCOM — P.

HamGosee cymecrsernoe ciencTpne ypapaeans Jnpaka —
3T0 UpeficKasaHWe AHTHUACTHI[ C TOM e Maccoil, 4To W dga-
CTHHA, HO € OpPOTUBONOJOMHON werHOoCTHIO. [lo Tex mop,
OKa HeT BHEINHWX HoJell WM B3aMMOREMCTBUA, UYACTHIH U
AaHTHYACTHIH pACHPOCTPAHAIOTCA HE3ABUCWMO, W ypaBHeHue
Hupara mpencrasisier coboift mpocTo KOMIAKTHYIO 3amucCh
ypapHennsa Illpenwnrepa m yciosua JopeRN-KOBAPHAHTHOCTH.

IIpenmymecrpa ypapaenusa Jnpaka Oyayr BEAHB HYEKe,
Korza Oyjer smelleHo p3amMofelicTBme.

Oyuxnua Ipora GecemuroBmx wactun. Dynxmma Ipuna
cpobojiHO# wacTHOH B (P, T)-OpeACTABIEHAk HMeeT BHJ

(cTp. 214)
+ 1E*(p7=e
G (pv)=¢ (),

e E* (p) = Vm++p2
B ¢ypve-upencrapienmm no v mmeem (crp. 214)

+ 1
G (p1p0)= Po— E+ (p) I 8

310 BHpakeHHe peNATHBHCTCKE He KoBapuanTHO. lleficTBu-
rennHo, yarnua 'pana G (P, p,) RosKAEa GHTH KOBAPHAHTHA
upn nopeun—npeo6pasonannn 4-peKkTopa (P, Po)

P = P+ vp,, P0=Po+’vp~

Mesxny tem croamas psamoM ¢ p, seamamna E* (p) npm ra-
KoM HpeoOpa3opanny H3MeHAeTCA IO 3aKOHY

E'(p)=E(p)=E (D) + v0 5y E(m

Ilna toro 9rofH nNOJYINTE KOBAapHAHTHOE BLIpaskende,
HeoOXoIuMo [OIyCTHTL CYHeCTBOBaBHE eine Oflpoif wacTuIh
¢ ¢yurmneit I'pmna

Q_ (p7 T)_= e'i_fflp)te(r)’ E = Vmg 4 pa
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U BBeCTH, TAaK ke KAK ME 9To Jexandm Bumie (cTp. 218),
¢yaknmo T'puna, ompepememnyio 1nsA BCeX T:

G* (p. 1), T >0,

GP9) = \g(p —1), t<0. (6-47)

Torna
1 1
— Gy (

A e R T

Has toro urobn »To BHpajkeHHe HMeJO KOBAapPHAHTHYIO

= F (p), 7. e. uT0 Macca BTOpOfi HACTHILE paBna Macce mnep-
BOR (m, = m_ = m)
2E (p)

Gl(p7p0)_ E'z(p)—pg-—lb .
— e
B sHamenartesie CTOMT HEBapmHanTt p* + m? — pq.
Beepem mupapmanpreyio Bemnunny G (p) = Gy (p)/2E (p).
3amernm, uto G (p) saBAgeTCH bynkunei—Fprna ypannenna
Hnejina — lopmora — ®oka (KI'®D), omncwsamomero 9a-
CTALY C HyJeBhiM CHNHOM

(6.18)

Y + m¥ =0, f

2y @ N o— !
C+ m ) G (z, ’x) o | \\
=—id@x—2a), =0 .  -— . _\_ 2

! °
HeidicTeutensno, B 4-mMnyane- -
HOM HOpefcTaBleHnn I
1 ’
G(p) = o Tn (6.199 Pmc. 49.

uTo cormagaer ¢ G = G /2E(p).

B HexoTopwx cnywasx yno6HO mONB3OPATHCH $ynrnmeit_
I'pmua B koopnunatuom npencrapaennn. O6osnauasn z;, — z, =
=7, DONYy4mM:

e~ipx dip
2 m2 i 4 *
JZ m +i8  (2m) B

Gz, — 2,) = G(2)= iS
\.

s BRUMCIEHNS 3TOTO MATErpalia yHOGHO mepeiiTH K eBKIN-
[lOBEIM IIeDeMeHHHIM, BBES p,=ip,, Z,=iz,. 3 mpusenernoro
pucyura (pwc. 49) BMAHO, uTO Takodl MOBOPOT KOHTypa

10*
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MHTeTPMPOBAHAA B KOMIUIEKCHON NJIOCKOCTH MOMKHO CIeJaTh.

He 3aJeBas 0COOKIX TOUEK MOAMHTETPANBHOTO BHpaskenus (HI-

’Ke MBI paccMaTpHBaeM Takoii noBopoT Goiiee mompoGHO).
Heoonwsys coorHOmenne

oo

1 -
e S e do, P = p*+ pi=—p’,
0

nojlydaeMm

o 4

6@ = §emmia]] (Sexp(— apt +ipa: (5ot) =
0 i=1

=1 %duexp{—%u-—%}. (6.20)

(4m)?

Ha Gonrmux paccToAHMSAX € HOMOMIBI0 METOJa HepeBaJa,

pasnaras mokasatenb, nonmyuaem (£ = V a})
I m?2 o z3 ,
—-Tu —T = —mx-—m(u—ul)“, u1=2m/f,
OTKyna
1 2 =
@)~z ) S ™, E>1m. (6.21)

B ciyuae Maamx z MoKHO HpeHebpeus m? B mOKasaTeje, R

(6.20) maer

G(2) = ey = — . (6.22)

4m2z2 )

Ouensp mpocToii BEA nMeeT QyHKNus [puHa B cMemaHHOM
upencrasienmn (7, p,). s ypasuemms (6.19) moayuaem
AG (py, 7) + (Pg — m?) G (p,, ) = 6 (),
OTKY/la

G(va 7') =

. 1
i OXP [‘(Pg—mﬁ)/zr]. (6.23)
Buifop 3Haka «-+» B DKCIOHeHTe 3aMeHseT NPABHAIO o06Xomxa
noJgoca B BMOYJABCHOM HpeACTaBleHHD.
O®ynknusa lpuna wacrans co cuuaom Y/,. Homxyunm craga-
1a ¢pyornuio I'puHa B cucTeme, B KOTOpPo# 9aCcTHHA W aHTHYA-
CTATIA DOKOATCH, TOTAA HX GyHKnuA I'DHHA B T-IPEfCTa BICHHE
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AMel0T OJMHAKOBHII BHX
G:s’ (1:) = eimQ (1:) 6ss” s_s’ (1:) = e7imeQ (1:) 6ss'v

rge s, s — CHHHOBHE BSHAYKA.
BBemeM, kak To ysxe genasoch Bmme (crp. 218), o6penn-
HeHHYI0 (yHKNHIO

+
S8’ (1:)9 T > 09
— Ge (— 1), t<L0.
Tlepexoma OT T- K pe-mPeACTAaBJEHHIO, MOKHO 3aHUCATE
G B BHje MaTPUUHOTO BJIEMEHTA 4-DATHOA MaTpPRIlbI
po+m

L ST 0
py—m? - id

Gss' (T) =

G (py) = Po—m ,

0 —
py— m? 4 i8

r=(o 1)

BHpameHue B BEpXHEM JIeBOM Yriy COOTBETCTBYeT YacTHIle,
a B HN¥HEM NpaBoM — anTRYacCTHIE. NHumB Cl0OBaMH, MB

npepcraeisem Gy, kak Gy = Y G¥y, toe ¥, :@‘) — 6m-

COMHOD, ONKCHBAIOMINI YACTHIY U AHTHYACTHIY CO CIUHOM
s, ¥ = ¥+y,. Tlepennniem G (p,) B BHEE
m
G (po) — 2"]'OPO + :
pg—m:+id °
Ias toro utobn nmoxyunts G (p) B n060H cucTeme Koop

nmHaT, Heobxopmmo sanmcath G B MHBapHAaHTHO# Qopme.
Jlia sToro B BHAMeHaTele DPANOM CO CKAJAPOM m? ciaepye:

2 o
BMECTO D) DOACTAaBMTH 4-MepHHil ckansp p* = po— P*, @ b
YdCIIATeJIe BMECTO YoPo — CKANAPD Yypy. CKaNsAPHELT XapaKkTep
3TOTO TPOHBBEJEHWs CleiyeT M3 TOTo0, 9TO MATPHYHHE dJe-

menth ¥y, ¥ ofpasyior 4-exrop. Taxmm o6pasom, moiysaem

6(p) = s (6.24

rme p = y.pv. Marpuunne snemenTH G clefyeT MOHMMATEH
B cmuicne VG, Brpaskenme (6.24) coBnapaer ¢ $yHKOMei
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I'pnna ypasmeHuss [lmpakra, ompefielleEHOH COOTHOLIeHHEM

F—mG=1 G=—"r 2L

p—in ~ pPP—md

Haitnem G B ®oopammaTHOM HpeicTaslieHuUn

. . d4 .
G(z)=1i Se—“’x—%j::';—z # = (m + i7.0,) G,. (6.25)
rpe (G, — ¢pyuknus 'pmma cxanapmoin aacrunm (6.20).
IIpn m*® << 1 noayuaem

Ty

G (@) = 5 - (6.26)

Takmm obpasoMm, G (p) npencrasisier coGoii MaTpumy
Gas (p) B mpocTpancTBe cnmHOpPHOK mepemeutionn o Ilepexop
K O-TpPefiCTABJICHHIO OCYMECTBIACTCA ¢ HOMOMIBIO (YHKIHK
uw® (o), sBeneHHO#r Ha crp. 289. llns BHyTpemmHx uacTeii
amarpaMM ymoGHee mONb30BATHLCA Q-HpECTaBIeHNeM (CM.
HIKeE).

Oypkgna puaa dorona. [lpm onwmcanunm CraJApHEX w
CHEHODHEIX 9acTHN MH ncxofuin ua ypasmenna [Ipeguunrepa
n, NONbL3YACH JOPEHN-WHBAPHMAHTHOCTLIO, HAXONHJIN peiig-
THBUCTCKWe ypaBHEHHS M cOOTBeTcTRYylomme ¢yurnnu [puma.

B cayuae KBaHTOB »IeKTPOMATHHTHOTO nOIA — §o-
TOHOR — MCXOHHM HYHKTOM HBJAITCA JOPEHI-HHBAPHAHT-
unie ypaBHeHHS Maxcrenna. Ham HymHO HAaWTH ¥BanTOBO-
MeXaHHIeCKYI0) HHTepPHOpeTalunio aTHX ypaBHeHUH.

Hanoxum Ba Bextop-motemmmas ycaoeme Jlopenia

9,4, = 0. (6.27)
¢ un

Torna ypaenenme Makcpeana cBOIUTCH K 9eTHPeM ypaBHEHH-
am KI'D nna wangofi ua kommomenT A,

(] 4,=0. (6.28)

Taxum 06pasom Mul MokeM mHTepnpeTupoBaTe A, (2) Kak
BOMHOBYI0 QyHKNHMIO Goze-gacTHIL ¢ IWydeBoll maccoil. Bex-
TOPHHI 3HAYOK [L COOTBETCTBYET MPOEKIUAM CHMHA JTOL
YaCTHUI(B.

B cayuae wactunn ¢ Maccoit, oTnHYHOI OT HyJadA, Oif on-
pefleJIeNNsA CIINHA YaCTHIE MOKHO HepeiiTH B CHCTeMY MOKOS —
9MCJA0 KOMOOHEHT BOJHOBOH QYHKNWKM B 9T0# CHCreMe paBHO
2j 4 1. Jlasz porona cmcTeMH OOKOs He cylnecTsyer. B srom
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cayYae [Jsi OmpefieleHHs COHHA MOYKHO MCHOJIB30BATH Kauaub-
POBOYEYK HMHBADMAHTHOCTE: moda A, H Ay = Au+ 0,4,
rjge f — oponsBoJdbHAA (QYHKNMA KOOPIAMHAT U BpeMend, Qu
3MUECKH HePA3JIHYUMbI ¥ ONWCHIBAIOT OJHY B TY jKe JacTHHy
B no6oii ¢ukecmpoBaHHO# cucTeMe KOOP/IMHAT MOKHO TaK Bhl
6path Gpyurnuio f, 9To6s1 4, PpaBHANOCH BYJIIO BO BCeX TOUKAX
IpoCTPaHCTBa — BPeMeHM, TOTHa A, mOpeBpamaeTcs B Tpex
MepHI{ BEKTOpP B, CJAe10oBaTeJbHO, ONUCHBAET 9ACTANY CO
cinsom 1. OnHaxo ycixoeme Jlopemma ocraBisieT TOJBKO
JABe Hea3aBHCUMEIE NPOEKIUH CIHHA, KOTOPHE COOTBETCTBYIOT
IBYM NOJIAPHBANMAM IeKTPOMATHHTHOH BOJHE

Ap (x) = el'? (aeib* - g’ ik). (6.29)

3nech mepBoe CIAraoMoe OTBeYaeT BOJHOBOW QyHKOUM (oTO
Ha, a BTOpPOe MPEACTaBiAeT €060l KOMILIEKCHO CONPAKen:
Ayl0 BoxnoByo ¢ymknumio amtmdoroma. Tax kak moie AFL
BellecTBeHHO, TO AHTHQOTOH TOMIECTBEHHO COBHAnaeT ¢
$oToHOM, H TOK, OTBEHYAIOMMHA COXPAHEHHI0 PAaBHOCTH dHCE]
gacTHI ¥ AHTAYACTHN, paBen HyIo. Bonnosas dyuxums,
onuchiBaromasn 1 goroH B enmumue obbema, COOTBETCTBYeT B
(6.29) a = 1/ 2k, (cm. samenamms ma crp. 320).

A

BexTop ey MOMHO BHGpaTh OPTOHOPMEPOBAHHBIMH
&y ()
ey ep = Oan.

A
HPOMB TOrO, e‘(_,,) HONUUHATCA YCIOBHUI) «IOIEPETIHOCTH»

kel = 0.

Tax, manpumep, npu A,, paBHOM HYJi0, HANpaBjsAi 0Ch 2
1o k, moxyunm

e = (0,1,0,0), ¢ =(0,0,1,0).

Teneps Mw Mokem HocTpomTh QyHKnZIO ['prHa dorona
KAk (QyHKIOWKO [pUHA 4YacTHIH, YIOBAETBOPAONIEH ypaBHe-
pniw RT'O.

B npepcrapnennu (A, k)

bhkl
Dy (k) = ———5- 6.30

AN ( ) B i8 ( )
Jns Toro uTo6u sanmcaTh DTO BHpa)keHHe B KOBAPHAHTHON
dopMe, HOCTYUUM aHAJOrHYHO TOMY, KaK 9To AENaNOCh MpH
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nonysennmu ¢ynxnmn ['puma cmmpopmoit 9acThIb, 3 AMEHHO,
BBEJIeM 4-PANAYI0 MaTpRIy D,,, raxymo, uro6n ee MaTprumHNe
9JIGMEHTEl [aBalm BelWYuHy D)

D;\)‘r = ef}‘)Dpve‘(,N). (6 .31)
Ws atoro ycmosma D, OIpefie/isIeTCA HeOAHO3HAYHO, a ¢
TOUHOCTBIO N0 mPOgoNbHOTO uileHa (d (k2) — 1) kuky/k?

v + (d (k%) — 1) kp.kv/kz
k24 id

Dy (k) = . (6.32)
IIpogonsuniit unen we rEOCHT BkJaja B (6.31) B cuay ycnosma
OONEPEeYHOCTH, a 4jen g[w naer (6.30) Gmaronaps opromopma-
POBaHHOCTH GYHKHN ep)‘). Raxubposounyw dpysrumo d (£
B (6.32) moxHO Bu6WpaTh, Hexons M3 yno6eTBa npomeskyrou-
HHIX BRI9HCIeAud., B oxoHuatemnmmx oTperax d COKPATUTCA
6raromaps KaamnGporogsoi VHBADHAHTHOCTH. O6KYHO BHI6B-
pawor d (k?) = 1.

ITOT Pe3ynbTaT MBEl MOTIH 65 DOJIYIHTh U JPYIHM IIyTeM.
Moxno 6m0 6m BBecTR BeKTOPYIO 94acTHNy ¢ Maccoit m, a
BaTeM NepeiiTu K ciydaw $oToHa, yeTpemans Maccy ¥ HyIio.
@yurnus ['prna Bexroproi 9aCTHOH B CHCTEME TIOKOSl UMeeT
BUL, coBnajatomnii ¢ (6.30), #o B oTamume or goTowa mme-
WTCH 3 BHAYEHNMA NONAPHBANMM W COOTRETCTBEHHO 3 opTa
e{f". Ham mymno maiitn 4-TeHsopuoe BEIpaenne DY,

MAaTPUYHLIE DJeMeHTH KOTOPOTO B CHCTEME MOKOsA BawT D(S?

. 8,5
D) — o

2 2
ko m

Orciona, awmanormumo (6.32), cnenyer

m 1 kyk,
Dg:,v) = <g|u — =k > (633)

k2 — m? m2

Hns Toro utobu nepeiitu k cnydaro m — 0, Heo6x oMo npej-
HOJOKATL, YTO HPOZOJBILIE KOMOOHEHTH D,, (BTopoe cna-
raeMoe B ckoOKe) He BXomAT B HaGuiomaemsle BEIDAKEeHHSA.
JdT0 ¥ coorBercTByer Kanubposounolfi mmpapmamTHocTH. Ta-
KaM o6pasom, kammbpoBownan MHBAPUAHTHOCTh TPENCTABIA-
er coboii Hemsbe;kupe ciecTBue PaBeHCTBA HYI}0 MAacCH
doTona,
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Iockonbky BBeneHHasA HaMu Belmumua D ,, npencrasiser
coboii ¢ynrumio I'pmna ypasmenus JanamGepa

D, = — igubx—z'),
TO ¢ moMomEio Dy, ompefelseTca KIACCHUECKOE MoJe Af;x,
BHBHIBAEMOE TOKOM jy

ex -eX
. o= Ju,
OTKyza
A () =i S Dyv (x — z') 25 (z") d*2". (6.34)

B wactnocTn, AJs mONA HeNOABIKHOFO BapAKA e UMeeM j, =

=ed (r), AS* = ie{D,, (r, t — ') dt’. Orcioma, wucnomxs-

8y Buipayxkenms QyHKunn ['pmEa OecCHMHOBEX vacTul, ¢
m = 0, moayuaem

, . 1

—1 SD(r,r) d1==Dye (=0, r)=— e

. AF = (6.35)

2. PACXOJ1HMOCTHA U ODEPEHOPMUPYEMOCTD

Hcnoanvays ¢ynxkuum I'pmua, palifeHREie B npemsiymeM
paspede, u BBelsi BBAaHMOREHCTBHE MEeXAY 9acTAIAMH, MOKHO
OPRCTYNMTh K BHACHEHHIO NPHUPONE PacXofguMocTeil B Teo-
pUR HONA W K YCTPaHeHHI0 BTHX pacXo[MMOCTe# 3a cCUeT
mepeonpenesesnsa KOHCTAHT, BXOAAMUX B TEOPHIO. ITH Bo-
opoch 6YAyT cHavalla BRIACHEHH HAa NpocTeiiiied Mofen KBaH-
TOBOH TeopHY 0OJA — Ha Mofedu 4-G030HHOT0 B3amMouei-
CTBHS.

Jlokanbnoe esammopeiicTBHe Memxay dacTanami. B sTom
pasgeie O6yAyT paccMOTPeHB BO3MOKHble THUbI B3aumopeiict-
BHA MeKAY uacTHLaMH B Gyner Bubpana mpocreiiman Mopens,
KOTOpag HHKe OyJeT HCHOJIbB30BaHA JAJA WMCCIENOBAHUA
CBOHCTB KBaHTOBO#l Teopuwm mOJsA Ha MaJlHX pPacCTOAHMAX.

KpanToBas Teopms mons MCXOJMT M8 MPEAIOJIOKEBHA O
JOKAJIBHOM BB3AaMMOJEHCTBUM YacTHN. JTO O8HAuaeT, 49TO
YaCTUIH B3aMMOJEHCTBYIOT TOJIBKO, KOTAA HX IPOCTPAHCTBEH-
Hble 1 BpeMeHHEIe KoopAanHaTH copnagaior*). Habaopawmeeca
Ha ONHTEe B3aMMOJEHCTBHe HA DPACCTOSHUM paccMaTpHBaeTca
Kak BTODHYHEIA Nporecc, BO3HHKAIOMHAU B peaynbraTe HC-
NyCKaHUA B HOTJOMEHHs BUPTYAJLHHX YACTHL, B3amMofei-

*) Mm He paccMarpmpBaeM 3sfech HONBITOK HOCTPOeHMs HEJOKaib-
HHIX TeOpHil, KOTOphle mOKA HE [AJH peaJbHRX DPe3yJbTaTOB.
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CTBYIOLLAMP YaCTUNAMB, OpAYeM aKTH NCHYCKAHWA W OOTIO-
menus JokainbHH. Eciu BaammopeiicTBre TakoBo, 4TO B J0-
KaJbHOM aKTe POMKIAeTCA OJHA 9acCTHIA, TO NPOIeEcC pacces-
HUj 4acTHU onucmBaercs rpadmkom pme. 50, a.

Ty ‘y] .Z‘;’

&y Py
Y
a) )

Puc. 50.

Yacruna I or x4 10 y; fABHraiack csobogHo. B Toure y,
Guija mcoymeHa Karkag-nu6o 9YacTHNia, KOTOpasg B Todke Y,
poraotmaacs gactuneir 2. B clydae alexTpopumHAMHKHE HC-
nyckaeMas dgacTuna — KBaHT.  HyaoHoBckoe B3ammopeiict-
BRe, TakEM 00pasoM, ecTb pe3ylibTaT o0MeHa BHPTYAJBLHKIM
KpaHTOM. B ciyuae sfepHOro B3amMOJEHCTBUA JBYX HYKIO-
OB TakKo#l BRMPTyalnbHOH wacTUmell ABIAETCH N-MEe30H MM
Kkakag-nubo QApyras dYacTHNA, CHJILHO B3amMOMEHCTBYWmasn
¢ uykJoHamn (Takme yacTUuH, mo npepioennio JI. B. Ory-
Hs, o0beMHAIOTCA Ha3BaHWeM «anpoH»). BaammopeficTeie Ha
pacCTOSHME ocymecTnasercs m Gojee ClOMHBIMH Mponec-
caMn — Happumep, usofpaskesupoiM Ha pmc. 50, 6. B cay-
gae BJEKTPOAVHAMUKN Takofl Iponece mHpuBegeT JHINb K
Manoil Jo6aBKe K KYJOHOBCKOMY B3aWMONIEACTBHIO, NOCKOJb-
KY B3aHMOJeHCTBHE AJIEKTPOHOB C 3JeKTPOMATHUTHHM NOJIeM
xapakTepusyercs MansM 6e3pasMepHEIM MapamMeTpoM o =
= ¢?/fic = 1/137. B cayuyae cHABHEX B3amMojeficTBHHA co-
oTBeTCTBYIOMAH GespasMepHHI mapaMeTp He Mad M rpaguKn
tuoa H(, 6 MOKHE VUHTHIBATLCA HAPALY ¢ foliee CIOKHBIME
rpadEKaMm, B KOTOPHX yuacTByeT GolbMoe YHCIO BHPTYalb-
HEIX YacTHm.

Horga B N0KaILNOM aKTe MCHYCKAKOTCA 2 WacTHIH, B3ak-
MopieficTBMe Ha PacCTOSRMK ONMMCHBaeTcA rpadmeom puc. H1.
Taxoit cayuait ocymecrBiasieTcs B clIabuXx BauMoneHcTBHAX.
Ha puc. 51 n3o6 pasxen nponecc ciaboro BsanMopeficTBEA IRy X
HYKJIOHOB. JTO B3amMOJeHCTBHE OCYmMIECTBASAETCA B8a CUYET
ofMeHa [ByMA 4YACTAIAMM: DJIEKTPOHOM M AHTHHEHTPHHO.
Taxum obpasom, TpeloBaHne JOKAABHOCTH COCTOHT B TOM,
9T0 Me;KIy aKTaMH B3auMOfeficTBMA dYACTHNH ABRMIANTCA
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cBoGonHO, a pasMep (4eThipex MepHEI) @6JacTi B3auMOfieHcT-
BUA NpeAnojaraercd pPaBHWM Hymio. Taxoe mpocToe W Kpa-
CHBOE NPemoJio}Kenile HPHBOANT K CePbe3HHM TPYIHOCTAM:
MHATer pajinl 0 HPOCTPAHCTBY, ONUCHBAIOMAE HEKOTOPHE HPO-
MecCH, OKAaSHBAIOTCHA PACXONALINMHACH 338 CYeT HMHTEeTPHpo-
BaHUA 00 06NacT! MaJIkIX PAcCTOAHME MeHKNY , p
aKTaMHé B3apMopeficTBUA, HJIN, €CIHM BHYH-
clenne BegeTcsi B HMMIYIBCHOM HpEiCTaB-
Jenmm, 3a cueT GoNbIIAX MMHOYJILCOB BHP-
TyalBHHX dYacTHN. JTO O8HAYaeT, UTO -
HCIOJb3yeMble HaMi METORHN ONUCAHNSA KBaH- Prc. 5L,
TOBHIX CHCTeM HelPpAMEHHEME Ha MAaJHX

paccTosnusax. HempotuBopeunBoe onmcanue

cHCTeM B Majhix o6JlacTaX OPOCTPaHCTBA — BpPeMeHH, BO3-
MoskHO, moTpebyer QyHAaMEHTAJbHOTO MNEePecMOTpa Hainux
OOHATHI.

Onrako, OcTaBifAsA B CTOPOHE 3Ty HEPelIeHHYIO 3aJavy,
MOMKHO MOTHTATLCA OOCTPOMTH TEOPHI), HPUIOAHYK B TeX
clydasXx, KOTJA N3YUAlOTCA OPOLECCH, MPOTeKalomue B de-
ThIpeXMepHHX o06JacTAX MHOTO GOJNBIMIMX, YeM UYeTHpexMep-
AWl WATepBall Iy, ONPENENAKHNN FPaHANY IPAMEHHMOCTH
teopun. Ilogobury ofpaszoM HDOCTPoeHH BCe MAKPOCKOTIHYE-
ckue Tteopmn. Hanmpmmep, mocTpoenme HIeKTpPOLHHAMUKHA B
cpefe aJisA moJeil, MeAJIeHHO HBMeHAUIAXCA BO BpeMeHH H
IIPOCTPALCTBE [0 CPABHEHHMIO C ATOMHEIMH MacmTabaMmM, He
TpefyeT 3HAHMA aTOMHOU MeXaHHKH, a TpebyeT TOJNLKO BBe-
NeHAA OHAJeKTPUIeCKOH ¥ MATHHTHOH BOCHPMHMYHBOCTeH.

s mpoBemenns Takoil mporpamMmil TpefyeTcs mpexnue
BCEr0 fCHO NOHATH NPHPOLY W XapaxIiep PpacXomuMocTeH,
BOBHMKAIIIUX B TEOPHH. IJTOT $YHAAMEHTAaJBHHEA BOLPOC
HWTB Ha peaNbHO CYMIECTBYWIINX 4acTH-
nax ¥ BaanmojencTeuax. llemecoo6pasno paccMoTpeTh ero
cHAWANlA Ha NpOCTeHIleii MOeNM TeOpHUH TOJA JUIA OAIIOTO
tana vactun. CaMoe Hpocroe JoKanbHOe B3amMojelcTBme
coorBercTeyer pmc. 92, OgHAKO Takas TeopHsA, KaK JICIKO
BHJETH, NEYCTOMYNBA N0 OTHOINEHUIO K PoIK/eHMI0 GecKoHeu-
goro gmcsa gacTull. JedcTBHTENLHO, Nid B3amMoneficTBIA Ta-
KOTO THHA ILIOTHOCTH OSHEPrHMH wMmeeT Bux mig? + god.
Ipu nw6oMm 3HaKe g aHePTUA HEOTPAHHYEHHO NOHHKAETCA
npm g —» — oo, B peaysbTaTe BOSHHKAWT PaCXOAMMOCTH,
He HMEIONHEe OTHONEHWS K TeM, KOTOpPhl€ HAaM clejiyeT M3y-
YHTh. llp\CTenIlIaH pasymmas Teopiis COOTBeTCTByeT cKaJIFIp-
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gbiM 9ACTHNAM C JOKAJBHHM B3amMOJeiicTBmeM, 1306 paken-
HEM Ha_pmc. 3. J[1a Toro 4robH Takas Teopms 6ulia ycroii-
9uBOH, HeobXogmmo, 9YTOOH KOHCTAHTA, XAapaKTepH3YOmas
& .
7 Z
4
Iy .rz’
Pmc. 52. Pme. 53.

B3AMMOJIGHCTBAE, COOTBETCTBOBAJA OTTANKEBAHMI YACTHIL.
(Jlaraemoe B BHEPTHH NOJs, COOTEETCTBYyOmee PHC. 53, mMe-
er sug . (s ycro#uneocra tpeGyetes A > 0, uTo H co-
OTBETCTBYET OTTAJKABAHHIO.
3aMernM, 9TO B TeODHH, ONNCHBAKMEH 1BA THIA SACTHI
(bepmuontl ¥ GO30HH), B3amMOJeHCTERE, U306parkeHHOE Ha
. pHC. 54, He NPHBOAMT K. HeyCTOHUHBOCTR
(BoJIHMCTas NMHMSA COOTBETCTBYeT 6030HY).
Takoe BzamMopeficTBIE COOTBETCTBYET WIGHY

s oneprud smua g¥ Yo. Tar kar depmno-

Pmc. 54. Hel B CcHIy unpumnnuna llaymam me moryr

HAKAILIEBATLCH B GONbIIOM KOJHYECTBe, TO

OpocTOoe paccy:kheHune, NPHBEJeHHOe BHINE, B BTOM cJIydae

HelpHMeHEMO. BsamMojielicTBHe TaKOr0 THMIA MCHOJNb3YeTCH

B TEOPHA CUJIBHOFO B3aWUMOJIENICTBUS BIEMEHTAPHHX YaCTHIL.

ITo ake BamMeuanue OTHOCHTCA M K BJeKTpoiuuamure {(cM.
crp. 318).

Ipadurun @eiinmana B exaxspuoii Teopun. Briscunm, kax
JOJUKHA BBIYHCAATLCA HByxuacTmyHas ¢yurnus I'puma =
Mojielin 4-6030HHOTO B3aHMOLEHCTBRA, T. . HAHLEM AHAJIHTH-
9ecKoe COOTBETCTBHE NpocTeimmm rpaduxaM, BXOLAMEM B
3Ty ammamTyny nepexona. Tem camuiM OynyT HaiijeHR mpa-
BHIa pacmBdpPOBKA NIOGHX ZMATPAMM, COCTOANIMX W8 BTHUX
mpocrefimaX 3JeMeHTOB.

AMnamTyga mpocreiimero mpomecca umeer Bup {pmc. 53)

A (xh xm xSa .174) =
=[G (@, — ) G (z, — y) (—iV,)G (y — z5) G (y— z,).
OHepaTOp BsaHMOHeﬁCTBHH f’y He OOoJKeH ABHO 3aBHUCETh OT

TOYKM J — 9TO Hapymwaygo G 0JHOPORHOCTL NPOCTPARCTBA H
npuBesio K K HeCOX PaHEHHU ) SHOPTHH M UMIYIbCA, HOCKOIBKY
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9TH 3aKOHH COXPaHEHHA ABIAITCA NPAMBM CIEJICTBAEM Of-
HOPOAHOCTH BpeMeHM @ DpocTpaHCTBa. Boobmie rosopd,

MOXHO BHKJIKYUTh B Vll 83aBHCHMOCThP OT TpPajiHEHTOB:

v, =V(%), rge 9/dy peiicTByer Ha KaKywo-inGo s

qeTHpex (GYHKOWA pacopoCTpaHeHHA.

Mmb paccMoTpEM mpocTemwii BapHMaHT TeOPHH IOJA, HE
colep:Kamuii rpammeHtoB, T. e. moxokmM V = A. Teo-
puA mMeeT CMEICH Toabko mpm A > 0. Jlmarpamma pmc. 53
COOTBETCTBYET HAUHH3NIEMY OPHUOIMKeHHI0 TeOPH: BO3MY-
meHr# no A, KoTtopoe cmpaBepdmBo mpu A << 1.

Kpome nmarpamme prc. 53, corjacHo NpEONAIy Cynepro-
SULHH, B AMIUIATYAY HEepexoia BHOCAT BKJIAJ BCEBO3MOMKHNLIE
JAMAarpaMmbi, COOTBETCTBYIONINE PpA3JIAYHAIM [POMEIKYTOTHEM
COCTOAHMNAM.

Bo BTopoMm mopsake no A BO3MOKHB TPH CAe/YIOmAX Tpa-
¢ura (pmc. 55). ITH Tpm AMATPAMME OTJIHYAIOTCA MepecTa-
HOBK@MH HAPYKHHX TOUEK Ty, &,, &3, T, TaK 4TO CyMMa

|NT) 1 5
7 3
" ) 7
. 27N : 8 _
5)
Puc. 55.

ANarpaMM CHMMETDHYHA MO Zy, &, T3, T,, KAK 9TO W [OJKHO
OHTh NJIA CKAJAPHHX YACTHWI, NOTUAHAKINAXCA CTATHCTHAKE
Bose.

Ilo 4-rooppuHaraM BHYTPeHHHX Touer y; = (T,py), Y, =
= (Ty, P,) HY)KHO NPOMHTETPHPOBATH MO BCEMY MPOCTpPAHCT-
8y — Bpemenu. [Ipm sToM pasamunbie o6JAacTd HHTErpHpO-
BaHHSA [0 BpeMeHaM Ty, T, OTBEYAIOT PasiIMIHEM IPOMERYTOY-
ThM cocToanmam. Hanpumep, B auarpamme a o6aacrs ty,t, <
<71y < Ty, < t3 I, OTBeUaeT HPOMECCY IEePePACCEeAHAA Yac-
i 1 B 2, aobnacts ty, t, < T, < T < tg, I, OTBeuaeT po-
HICHAI) M3 BAKyyMa B MOMEHT T, 49eTHpex JacTHI, ABE M3
KOTOPHX AHHATHJINPYIOT B MOMEHT T, ¢ HCXOAHBIMA 9aCTd-
namu 1, 2, a pgBe Apyrme mNpmxogAT B ToukE 3, 4.
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CymiecTsoBaHe aHHETWIANWOHHBIX HPOLECCOB ANKTYET-
cA llOpeHN-AHBapHAaHTHoCThI0. MaTerpan wo obnactm T <
< T, He NHEADHAHTeH (MOKHO NMEePeHTH B TAKYIO IBIKYIYOCA

CHCTEMY KOODAMHAT, THe Ty >> Tg), B TOJABKO B CyMMe C Ef-
TerpajioM oo 06JacTn v; > T,, T. €. IPA ydeTe aBHUTHIANUH,
MH TNoJiydaeM JIOPeHI-WHBAPRAHTHYIO aMIJHUTYAY.

Ilpn sToM HeoGXommMO K TOMY ke HOTpe0oBaTh, 4TOOH
KOHCTaHTa A, COOTBeTCTRYWINAA PacCedHHI0, COBIAnala ¢
AHQJIOTAYHOM KOHCTAHTON, COOTBETCTRYIOMEeH AHHUIHJIATIAH
N POKJICHHI 9acTAN u3 Bakyyma. CBA3s MemAy Iponeccamut
paccesiHAA W AHHATHJAANMEN (KPOCCHHI-CUMMETDHs) ABJA-
eTcA XapaKTepHOH uepTOf JOKaJbHON PeJATHBHECTCKON Teo-
PVE 00JIA W Hafe)KHO NOATBED;KNeHA SKCIEePUMeHTAMH.

Hdpyro#i BaskHL# DOpWHOND, WCUOAL3YeMBIH ©Opm Oo-
CTPOCHEH TEOPHH TIOJA,— 5TO HPHHIAN TOMKIECTBEHHOCTH
4aCTHUIl.

Xopomo A3BeCTHO M3 HePeNATHWBHACTCKOW KBAHTOBOI Mexa-
HUKHN, 9TO COCTOAHU:A, OTJAMYAIMEECs UEePecTAHOBKOH Ko-
opArHAT (M UMOYJABCOB) ONMHAKOBHIX YaCTHI, TOMKNECTBEH-
Hbl ¥ He JROJOKHB YYATHBATHCA 0 OTAGJIBHOCTH B CyMMe IO
OPOMEKYTOUHHIM COCTOAHEAM. Ecau cyMMEpoBaThs Ilo BCeM
TAKHM COCTOATIMAM, TO HPABHIBLHYI0 HOPMIPOBKY MOKHO BOC-
CTaHOBNTh, CHAOQMB IPOMEKYTOUHOE COCTOSHWE C R YACTH-
mamMn MHOKEATeNeM 1/n!, COOTRBETCTBYIONIEM YHCIY TOMKIECT-
BeHHHX HEPECTAHOBOK.

Taxum o6pazom, fHAaTpaMMy a HaJlo YMHOKATH Ha 1/2] =
= 1/2 paa T10T0, 4TOOBH HCKIIOYATH TOMKIECTBEHHHEE COCTOA-
guA npu T, << t < 7,. Ilpm oTOM nJIsA JOPEeHI-MHBAaPHWAHT-
HOCTE MH JOJKHB IOCTAaBWTh MHOmATens 1/2 m B ppyrex
ofsacTsix WHTerPpEPOBAHHA IO T;, T, HAOPHMED, Ty < Ty.
B sroii ofsiacta MuEOKHTeNb 1/2 yumTHBaeT HepazIMIAMOCTH
9aCTHIl, POAHBIINXCA K3 BaKyyMa. AHAJIOTUYHO MOJKHO IIPO-
aHAJM3EPOBATH AWATPAMMHE PHC. 53, f W 6.

Onenxn pacxogmmocteii m wnjpes DepeHopMupoBok. Ilo-
CKOJIbKY IpaBmwia pacmadpoBku rpadueoB HaWAeHH, MOKHO
OpECTYIHTh K GoJiee [eTAIBHOMY AaHAJIW3y BO3HHAKAIIINX
puipaskeHmil. Ilpn aTom ME cpasy e HaTaJKHBaeMca Ha pac-
XofAmuecs UHTErpaisl. [efcTEMTENBHO, HOKAaKeM, 9TO NU-
arpamme DeiiHMana, copgepskallme 3aMKHYTHeE HEeTJIH, pac-
XOIATCA UPH HHTETPHEPOBAHHM IO BHYTPeHHAM KOOpIUHATAM
mim mmnyibcam. PaccmorpaM, Hanpamep, OpocTelinyro gaar-
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pammy puc. 55, a. PacxommmocTh B Heil cBA3aHa ¢ 061aCThI0
Yo — y1, Tue Kaxspaa Qyuruma  Ipmaa G (y; — ys),
G (y2 — y1) Befer ce6a rak (cTp. 292)

G (y) = const/y?, y* <€ m™2,

B pesyabrate BozHEKaeT HHTErpaJ, JOTapEQMHYECKH pac-
XonAm@iica Ha HW)KHEM Ipejene

1 41d%,
0 (L G 0y — ) 6 (12 — 1) G s — 1) G (s — o)

12
(6.36)

OcoGeHHO ACHO 9TO BHJHO, €CAM MEPEATH K eBKJIMJOBOH MeT-
pHKe, 3aMEHHB Yig, Y20 HA Y14, IYz,s TOT/I2 HHTEPECYIOMAA HAC

9acTh MHTErpaja ~% yy4y ~ In (1/mry).

Pacxopamanca wacTh 9TOr0 HMHTErpaja BHJeNAeTCA B
BU/I®6 MHOKHATONA

1 d
RN P
Y12

XG (23 — Y1) G (@1 — 1) (| | <L | 2 — 11 )

H uMeeT Ty ke GopMy, YTO M BKJIaJ, [AarpaMMBl IIePBOrO IO-
panpka (pac. 53).

Haxk n gmarpaMma mepBoro nopsAnka, pacxonAnlasaca 4acTh
AuarpaMMsl BTOPOTO HOPAAKA OTBedaeT TOUETHOMY B3aHMO-
IeVCTBHIO, B WX MMeeT CMEICA O0'BeJMHATH, NepeompesiesnB
KOHCTAaHTY A ToYedHOro BaammojeiictBmda. B arom cocromt
Hed NepeHOPMHPOBOK.

Or6pacriBaHEe TOYEYHHX BKJIAJ0B COOTBETCTBYOT BHIYH-
TaHEI #3 MHOMETEAA G (2, — Y )G (zy — Y1)G (Y2 — x5) X
XG (y; — z,) ero 3aHaUeHEA OPH Yo = Yi,
moclle 4Yero UOMYYaeTCA CXOAAmMEica o Ty
AHTErpal No Y,, Y. He Bce pacxopu- & Z
MOCTH CBOJRATCH K NePeHOPMUPOBKE KOH-
CTauTH B3auMojeficTemda. Paccmorpmm,
BampmMep, rpajuk BTOPOro HOpALKA
ana ¢yakunn I'pmna, maobpaskennniit Ha pme. 56. On conep-
JKAT Opom3BefieHne Tpex ¢yuknmi I'pmra G (y) m pacxoput-

Puc. 56.
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¢ npa y — 0. BosHmKaeT pacXoJuMOCTh y:;ke He Jorapud-
MAYeCKH, a KBaJpaTHYHO 3aBHCAMIAA OT HAIKHEro Ipejesar,

§d'G® (y) ~ [dy-y=® ~ rt.

Mu mokakeM, 9TO PaCXOAAMmMAACA YacCTh 5TOTO HHTErpa-
Ja MOkeT OGHITh BKJAKUYEHA B HEPEHODMHPOBKY MACCH 9YacTH- |
e 1 B veperopMEpoBKy ¢yHkmum I'puna. Iaa atoro ymo6-
H0 3aOucaTh TOUHOe ypaBHeHme aiA ynxmum I'pmaa B dopme
Haiicona, rax Mbl 9TO Jeajiu B Bajade MHOTHX Tel (CTP. 247):

O+m) G —a)+ igZ(:c—xl)G(xl— z')d*z, =
= —ib(z — ). (6.37)

Bennunna I (x, z') massBaeTca cOGCTBEHHO-DHEPreTHUECKOL
4acThI0 (NJA Hamero ciydaa 603e-4acTHI[ ee MHOTHA HA3H-
BAKT NOJNAPA3aNMOHHLIM OIEPATOPOM), B B OTCYTCTBHE BHEII-
Hero nons, Kak m gyuxuma I'puna, 3aBACAT TOJBKO OT paa-
HOCTH KoopAmHAT (r — z’) B CMIly OJHOPOZHOCTH HPOCTPaH-
CTBa — BpemeHH. Benuumna X (y) BriIwouaer B ceba Bce
IPaQuKa, KOTOpPHe HeJh3d PasbMTh HA 4YACTH, COEJAHEHHEIE
OJiHOi nwHpmedl. Bo BTOpOM DOpAnKe TEOPHH BOZMYINEHHMH IO
A oTa BeawumHA naeTcsA BHYTpeHHei dacThio rpagmia puc. 56.
B 2 orcyrerBynor amarpamMmi, cooTBeTCTByHOmEe MOBTOpe-
HEI0 BTOTO Tpajuka,— OHM yiKe yuTeHM B G (z; — z).

Taxmm o6pasoM, B Hame#l TeopmmE mHTerpain or X (y)
no d*y pacxonAtca npm y — 0. Jia BmaeneHna aToil pacxo-
BRAMocTE pasinoxkmMm G (r, — z’) mon maTerpasom B (6.37)
B PAj MO cTemeHAM y, Ipepmojarad, uto |z — & | S>> ry
(ro — onpepenser rpanEny ODpEMEHAMOCTH Teopdn). My yGe-
AUMCA, YTO OPHA 9TOM AOCTATOYHO HCIOJIB30BATH TONBKO 2
WIOHA PasjoKeHHA — CAeNyIONINe YWIeHH OPeCTABIAKT CO-
6oii cxopAmmeca WHTerpajih, HeUyBCTBHTeNbHbe K BeJddYd-
He r,. JleiicTuTenbHO,

Sz(y)G(:v— ' +y)dly =
=G —2) {2y + 08— =) 2@ ndy+
+ 5 06 @ — )\ 2@ ydy+. .. ]

B cmny maorpommm mpoctpaHcTBa — Bpemenm  MHTerpad,
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auHe#Ho copepsKammél y,, PABGH HYJI0, a HHTErpanl
SEypyvd“y = -%- By S Zydly.

Bo BTOpoM HopAjKe TeopHE BOBMymeHm 2 ~ A2/y®. Ioasto-
My HHTerpajs MMeIT MOPAJOK

A2 1
(2ay ~-, (pay~wms,

0

Crenyompe wWieHw pa3joKeHHA COepPIKAT yike CXojf-
muaecA mHTerpajs. O6o3HaunM 9Ty YacTh I Uepes 2’ u BBEMlEM
0608Hav9eHAA JJIA ABYX PACXOAAMMXCA JacTed

i 2aay = § 2Gasy + m”6 + cOC-
Ilopcrapnaa 8 ypasHenme (6.37), moxyuymM
4 — )08 + (m} +m™) 8 + i ¥Gdly = — i6(z — o).

IMocenHee ciaraeMoe BAaIHECAHO B CHMBOJHYECKOM BH/E.
Brepem o0o3HaueHus

m%—l—m’2

1—-0C

2 iz’

mt o G —C) = Ga
1—C

Torpa aia Gg DONyuATCA ypaBHeHHe, cojepskalmiee TONBKO

mabaonaenMue (CXOAmMpeca) BeJIHYEHE BMECTO 3aTPaBOYHHX

(] + mt + W)Gr = —id (z — ).

Besamumes, BXogAmuEe B 3TO ypaBHeHme, KOHeuHH. Bripasum
m? gepes Habmopaemylo Maccy m’. [lisA aToro mepeiijieM K
EMIOyabcHoMy Tpeacrasienmo. Oyaxmua Gr A0IKHA WMETH
HoJMIC Oph p? = m?, 9TO COOTBETCTBYeT BHIPAKOHHIO A
omeprum uactuns E (p) = (P* + m?)y  ciegomatensHo,

m? = mi + H2 (p2 — m2).

Takum o6pasoM, BhIeJIeHAE PACXOAAIMAXCAH gacTed rpa-
PuKOB mpmBEs0 K NePeHOPMHPOBKEe MACCH M K HMBMEHEHHIO
rosddunmenta npu & (z — z’) B ypaBHeHHH (6.37). MHOmE-
tenb Z = 1/(1 — C) HasmBaeTc NePeHOPMHPOBKOH (yHK-
man T'puHa B AHAJOTMYGH MHOJKATENI0, KOTOPHE BOBHHKAI
TpH BHeJeHANM KBasWiacTUIE M3 HaGopa COCTOAHMHA, TpH-

{1 A. B. Murgaa
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CYTCTBYIOMHUX B COEKTpPe ofHoYacTHUHOM ¢yHEmmm I'puma
(ctp. 222, 247). .

Yuer pacxommmocTeidi B GoJee CIOKHHX rpajmrax 2

OPHBOJAAT TOJABKO K TOMY, 4TO BO BCeX BHYTPeHHUX JAWHHAX
OPOUCXOAAT TAKAA jKe MepeHOPMHPOBKA MACCH M KOHCTaHTH
paaumojeiicteua. IlepeHopmMmpoBKa BHYTpeHHEX QYHKDUH
I'pmra y6mpaeTrcA B HOBYK KOHCTAaHTY B3aEMMOJeHCTBHA:
OT KajKJ0¥ W3 YeThipeX JWHAH, BXOAAIIMX B TOYKY B3aMMO-
nefcTBHA, 3abmpaercd 1Mo VZ, Tak 9To A, = Z%\.
- JleficTBHTENIBHO, MOKasKeM Ha MIPUMepe HECKOJBKHAX TIPOC-
TefiAX jHarpaMMm, 9TO0 TakKoe I»epeonpejeieHne BepIIAH
OPHBOJMT K YMHOKEHHIO KaKROH amarpaMMu Ha of6mul MHO-
JKUTeds Z®, KoTophii MoskeT GHITh yCTpaHeH Iepeolperelie-
HEeM JByXuacTHuHo#l gynxknum I'pmHa. OTOT pe3yabTaT cie-
AyeT W3 paBeHCTBA

b={ T > ke

Buinesierne mMHokmTeNa Z n3 ka;sgod gyEkmEM I'pmHaA coot-
BETCTBYOT B IePBOM clIaraeMoM B UTypHOH CKOOKe mepexonxy
OT HOPDMHPOBKM COCTOAHHI Ha 1 gacTEny B efmHHIE 00BeMa
K HOpMEDOBKe Ha 1 KBaawYacTHily, a MHOKHTENb Z2 cOOTBeT~
CTByeT NepeXOiy K ABYXKBasmyacTHuHO# ¢ymrmmm ['pmma.
Jlaa Toro 9To0m ka;kabll W3 rpadUKOB yMHOKAJICA Ha TOT
7Ke MHOKHUTENh, Heobxoammo 3a6paTs B A mo ]/rZ OT Kapuoi
us YeTeipeXx QyHKNEE ['prHa, BXOAAIMEX B TOUKY BBamMojeii-
cTBnA. Bupaskenme B PurypHo#t cxoGxe yiKe He COJN@PIKAT
Bexnumny Z M ABjiAercA pyHKumed I'puna qByX KBasMyacTHII.
OxoHgaTenbHH pesyibTaT CBOLHTCA K TOMY, YTO MOMKHO
UpUMeHATh rpadAUecKuil MeTOq MPAMO K HaOIOJAeMHM Yac-
tunaM. Takmm ofpasom, DOcle BHAENeHHA pacxonAmuXcsd
YacTeH MOMKHO NOJIb30BATHCA METOJIOM KBa3W4acTHN TaK IKe,
Kak ® B 3aja’e MHOIHUX Tel. .

Hrtak, nped HepeHOPMAPOBOK COCTOHT B TOM, YTO pacxo-
BAIMMEeCA BHPAKEHHA MOTYT GHTh YAaJeHK A3 pacieTOB NIYyTeM
TepeonpejielieHAA KOHCTAHT, BXOAAMMX BO Baa@MOfeiicTBme
n B pyrrnmio ['puna. Mu yBranM, 9T0 TaKyo IPONEAYPY MOK-
HO MPOBeCTH He BO BCEX TEOPHAX IOJA, T. e. YTO He BCe TeQ-
pEM IepeHOoPMHEDYEMI.
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Ycaosie nepemopmupyemoctu. Herpymuo y6egmtnes, uro
TEOPHA ¢ 4-PePMUOHHHM B3aUMONeHCTBHEM IPeACTABIACT CO-
6oil IpuMep HemepeHopMAPYeMOil Teopua.

JmarpamMm 1jia B3amMojeiicTBuA qacTum co comHom 1/2
BEMEIoT TOT sxe BHA (pmc. 53, 95), 4To U [ANA cKaNAPHHX gac-
THR, Ho ¢pynxmua ['puaa G (r) umeer Gosee cmipHYO pacxo-
Aamocts npm z — O (ctp. 294):

1

Tu T
G(x)-—-const—”ﬁﬁ-f»jc—g.

HMuarpamma (pme. 55, a) pacxopurca KBaipaTAIHO
4
h?aSG(z)G(z)d“z»vk%g .

Hoatomy pas ycrpamenma pacxommmocta HY;KHO BHISJIATH
ug gysxnuii Tpuna
Gle1—Y)G (2~ y)G (¥ + 2 — 2)G (y + z — z,)

Bhpaskenud (6.36) mepeue apa wirema pasnokenms mo z. DTm
WIeHH MMHTHPYIT 4-TOueYHOe B3amMojeficTsme BHIa

Vaso0) =14 {6 ()6 () 0% + 3 {66 @) mets L+
+ o S G (z) G () zuz,dz _a.‘y"_ % :

Taxmm o6pazom, PacXoMMOCTH IPHBOAT K A3BMEHCHHIO CTPYK-
TYPH HCXOXHOTO B3aMMOAeHCTBAA —
HPAXONUTCA DACCMATPHBATL B3amMO-
ReiCTBHE, 3aBHCAMEe OT TDaANEHTOB.
llpu mepexone k Gomee cosxEbiM rpa-
$uram, manpumep, pucynra 57, moan-

JAITCA 4jleHH ¢ 6ojaee BHICOKUMHA Puc. 57.
liad 0*

IPON3BOAHEIMA ——— , — 1

p pi\ ays ’ ay4 H T b1

’ ,I[o6aB1m MOKXHO BOCIOPHHHAMATH Kag nepeHOpMHpOBKn
HapaMeTpOB B HCXOJHOM BB_aHMOlIeﬁCTBMH BHa
~ e 8 P o2
Vy=A +Ciyp— 1+ ¢, L
) + ITP' @'_)’l}l —*—_—72“@4?“-*:;. .
ItoT pAN He O6pHBaeTCH B COIePKUT 690[{01{8'1}‘106 KOJIRYeCTBO
rpaguesTos. B pesyJlbTare HCXogHoe B3aKMOJIeﬁCTBEe opu-
XopaTcA OpeanoJyiararhk HeJOoKalbHBIM W OHO MOKeT KMGTB’

11*
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HalpuMep, CTPYKTYDY
& g \2 92\ _ g2
Vy'— (7) ;(31/—2-) m‘2ﬂ__ m?—[-u :

COOTBETCTBYIONYI0 0OMeHy dYacTumell ¢ Maccoi m.

VlHEME CcloBaMH, JoKadbHOe 4-fepMHOHHOe B3aMMOJEH-
cTBme He WMeeT cMpicia. HempormBopeumsoe (T. e. MepeHOp-
MApyemoe) BaammofelicTBme (EPMHOHOB MOJKHO TOCTPOMTE,
eCJIN MCXOJIETH W3 JOKAJIbHOTO BSAEMOJEfiCTBAA (epPMHOHOB C
Gozonamu (puc. 54). ITa maes MCIOAbBYeETCsA B TOOPHM CHIALHO-
ro B3aEMOJeHCTBAA dieMeHATAPHHIX JaCTHI[ H B COBPEMEHHEIX
MOZeIAX TeOpHH ¢aaboro B3aMMOJEIHCTBHA.

B uweMm xe o6mad 3aKOHOMEDHOCTh — K&K Cpa3y CKas3arTh,

nepeFOpWRDYoWT T TeoDuA?
’ PHUTEpAH MOKHO HaliTH Ha OCHOBE aHA/IM3a pasMepHOC-
Tei.
" KoHncrauta A B3amMOjeiCTBHA dYeTbipeX CHaJAPHBIX dac-
L, GeapaamepHa. [{efiCTBHTENbHO, KAK MEL BHJCJIM, nobag-

KM K aMICIATyjle HMEIT BHA:
dy
g e\
T. e. A OespaamepHa.

~~~KoHCTaHTa, COOTBETCTByloIiad

Puc. 58. BBAaHMOAEHCTBEI0 (JepMHOHOB C

Gosomamm (puc. 58), Toxe Oes-

pasMepHa, 4TO MOKHO yBHjeTb M8 CpaBHeHHA [ByX IIpo-

creiimux rpagmeos. Ecau mepsoMy rpaguKy COOTBETCTByeT
KOHCTaHTa g, TO BTOpoi mMeeT HOPANROK
gigt

g3 S GrGrGpdiz,dit, ~ §° g

T. e. KOHCTaHTa g GeapaaMepHa. Takas ke OIEHKA C BaMeHOI
g Ha ¢ OPABOANT K 3aKJIIOYeHHI0 0 Ge3apasMepHOCTH KOHCTaH-
TH 9JeKTPOMATHHTHOTO B3aMMOJEHCTRHA €. Komcranta Ap
4-pepMmOHHOTO BBAMMOJEHCTBEA HMeeT DasMEpHOCTL KBaj-
paTa AJAMHHE. JTO JeTKo BANETh U3 CpaBHEHAsA JIByX rpaHKoB
aMIIATYB Oepexopa:

Z; I3 &y

&y Ty Z; F Ty - S
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Orciona pasmeprOCTS Ap ~ 2. TlosTOMy T06aBKE EMEIOT BHA:

?»F—l-k%’g'f;y

?

nobaBJeHAA TIPajueHTOB BO B3aHMOjeHcTBHe.

“"HoncTanTa g TPeXD030HHOTO B3AMMONGHCTBAA, yHOMAHY-
TOTO BHINIE, K&K JIETKO BHAETh U3 PHC. o8 ¢ 3aMEHOil pepMmo-
HOB Ha 6030HH, nMeeT pasMepHOCTh & ~ [71 u, ciemoBaTtens-
HO, 106aBKM K 9TOH KOHCTaHTe OT OGJACTH pacCTOAHMI ~Ty
6yayT mMeTh BHJ

—< + —<<f =g+gsg—:=g(1+0(g’r3)),

T. €. B3aMMOJIeiCTBAe B TAKOH TEOPHH HE CONEP;KHUT PacXOiH-
MocTell. EjmHCTBeHHas NOePeHOPMHPOBKA, KOTOPYIO HYKHO
¢lesaTh,— 3TO NEPEHOPMHPOBKA MAaCCH BO BTOPOM TOpAIKE
TeOPAN BO3MyIMEHHH, COOTBETCTBYIMAA rpaduky

‘,‘1(2)= _O_ y

. Boobme mia awboro touwewnoro

uT0 flaeT m'* ~ g% In

mro
B3aEMOICHCTBAA ¢ KOHCTAHTOH Y HONPABKA R-TO HOPAAKA H
GeapaamepHoii pexrmumHe GyayT EMeTh BHA

—d
(YrO )ny
rme [r%] — pasMepHOCTH y. B caydae 4-gepmmoHHOrO Bammo-

[eiCTBUA TONpaBKa n-ro MOpARKa 6ygeT comepsxath Iy, 4TO
¥ IPABOJHT K HOABJEHUI0 BHCOKHX IPOMBBORHHIX BO BBAWMO-
meiictemd. B Tex jxe caysaAx, Korja KOHCTaHTA Y Geapasmep-
Ha, PacXOAMMOCTH B n-M IOPAAKEe MMET BHJ (CM. HHIKE)

T"(Coln" ! + Cy I +)

mro mro
W3 coobpaskeHril pasMepHOCTH MOKHO Cpa3dy ke y6elnmTh-
¢f, 9TO B Teopud 4-6030HHOTO B3aMMO[efiICTBHA He BOZHAKAIOT
JOoKajbHEE B3amMomefcTBHA ¢ GOJBIEM YHCIOM YYACTBYIO-
MEX 4YacTHI[, HaNpHMep BHa

S
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PaamepHOCTh KOHCTAHTH TAKOTO BBAMMOAEHCTBHA HAXOAHT-
¢Ad U3 CpPaBHeHUA ABYX rpaduroB

%+§e<—,

orkyaa [Agl = [ m, ciegoBatembHo, Ag ~ rg—> 0. IToT
jKe pesyabTaT MOKHO MOJNy4HTh, PACCMOTpeB IIpocTedmmid
rpagmx

A= .

IlpegocTaBiAeM 4mTaTenl ybBemmThCA, 9TO B CIaydae 4-
$epMHOHHOTO B3aMMOJeHCTBHA BOBHHKaeT JOKaJbHOE B3aH-
MofleficTBre n1060T0 YeTHOTO YHCAA JACTHIL.

Mb OpnmaE K BasKHOMY BHBOJY, 9TO He BCce IGJIEBHE Teo-
PHHA MOTYT GHTH HOCTPOEHH B IPEAIOJI0KeHAA JOKAABHOCTH.
Jlas Toro 4To6H JoKanbHAaA TeopuA Ona IepeHOpPMEpyeMa,
HeoGXoxmMo, YTOOH KOHCTAaHTa B3amMojeicTBHA Gruta Gea-
pasMepHa. JTOT KpHTepuil — HeoOXOAMMEIA, HO He [0CTaTo9-
gni. Tax, BampmMep, B TeOpHAX, COnep:KAIMX BeKToPHHE
YacTHOH ¢ Maccoil, oTIIMYHOH OT HyJA, KaK BUJAHO H3 BhIpA-
menna (6.33) ana dyErmuu I'puAa Taxoll wacTHIb, Macca He
BHIajiaeT W3 TeOPHHE HpH GoXbMEX 4-mMIyibcax k? > m?,
W OpHUBejieHHHe BhIOIe pa3MepHHe cOo0paskeHHA HEePAMEHH-
MEl. BOBHHKAIOT HHTErpaJbl, PACXO[ANIEECH CTeNEHHHM 00-
pasom.

Jlorapudmudeckoe npudiamkeHVe ¥ OEPEHOPMHPYEMOCTD.
Kax MH Bujeiam, B Teopuax ¢ OeapazmepHod KOHCTAHTOH
B3aNMOJEeHCTBAA BOBHHKAIT JOTapAPMHEYECKH pacXojAmMuecsa
HHTErpajb, KOTOpPHe MOTYT OHTh BKJIKYEHH B NePeHOPMHE-
POBKE KOHCTAHTH B3amMO[efcTBHA, MacCH ¥ Qynknmi ['pm-
Ha. B Rasknom mopAgKe Teopmy BOSMYINeHHH yBeJMIABaET-
cA cTemeHb Jorapugma.

Iaa Toro utoGH mpoBecTH HporpamMmy OePeHOPMHADOBOK
B BHICIIHX TOPAAKAaX TeOPHH BO3MYyIeHHil, HCIOAB3YyeM JO-
rapapmmueckoe mpmbGamKeHHe, KOTOpOoe IPHMEHAETCA BO
MHOTHX 3a/jauaX KBaHTOBOW Teopum moidA. Jlorapmpmumueckn
pPACXOAAMMEcH WHTErpajH, BO3HMKAOMHAe B IepeHOpMHpYye-
MHX TeopHAX, oGpesaloTcA Ha PAcCTOAHUAX ro, MHOTO MEHB-
NIMX, YeM MHTepeCyIOIEe HAC PACCTOAHAA (PACCTOAHUA MEK-
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Ay KOHIIAME aMILIMTYAH mepexopa). B pesynbraTe Bo3EHKa-
2

Y
10T Ooabmue aorapudmu I ~ In 2,910 mosBoasger npuA << 1
0

COXPAHATh B KAajKAOM MOPAJKEe TEOPHH BO3MYIEHHH TOILKO
WIeHH ¢ HaWBHCIIeH cTemeHEI0 Jorapudma. Mu cHagama mpo-
BefieM 3Ty NIpOHeAypy Ha IEPBHX HOPARKAX TEOPHH BO3MY-
HmeHUH, a 3aTeM 0000MMM MOJY4eHHHE pe3yAbTAaTH Ha Bce
OODAAKK, TOAB3YACh CHOPMYIHPOBAHHHM BHxe CBOHCTBOM
TIePeHOPMHUPYEMOCTH. o
OGpesaHne MHTETPANOB GYAeT MMETh CMHICH, €CIH OTBET
He OyfeT 3aBmCeTh OT cmocoGa oGpesaHmsA, T. €. eCIM OCTAB-
muecAs WHTErpadnl GYAyT ompefeldAThCA 06aacThio ¥2 S>> 75
Rax Mu ceffivac ysuayum, BO3HAKAOMME B TEOPHH JOTapUPMH-
JecKHe MHTeTPAIH JeACTBUTEIbHO 00Iadal0T 2THM CBOHCTBOM.
Hawm Gyner yno6uo paboraTh He B KOODAMHATHOM, 2 B M-
IyILCHOM NpEACTABICHHH, B KOTOPOM $yuxmun  I'puna
G (k) umeoT mpocToii BUL
1
Gk) = 73—

.

B umnynbcrom mpepcraBierumm Briaaf rpaduxa pmc. 53
paBeH mpocTo

Y 1 1 ! (2 k; ) (2m)t.

k% — m? kg —m2 k% — m? h2 me

Muoxurens —id (Zk)(2n)?, Bripaskalomuil 3aKoH COX paHe-
HASA 9HEPTHA AMIYabca, n MEOkuTean 1/(k; — m?), cooTBerct-
ByWOI{He Hapy:KHHM ¢yHkmuam I'pmHa, OyqyT BCTpewaThCA
BO BCeX [marpaMmax, ¥ Mu GymeMm nx omyckars. Ocrasmeecs
mocjle STOr0 BHpPAsKeHMe HASHIBAETCA AMILIATYROM pacces-
HHAA 9acTH.

I'paduxm Broporo mopsaxa COOTBETCTBYIOT no6anxe K 7»
BHJA

/ J
2: <ll -
I SPP 1
Tz S @)% [(pr+ pr— k)P — m? + ie] [k* — m2 I ie] ~
(6.38)

Bynem pna mpocroTH cumraTh Hapy)KHHE HMIYJABCH pi, Di,
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Ps» Ps GHECTO TPOCTPAHCTBEHHHMHU: po; = 0. (OT aroro mpep-
TOJOKEHEA MOKHO 0CBOGOAUTBCA HOCHe NOJYYeHHA OKOH-
9aTeJBHOTO pesyabraTa.) Torga WETerpajsl TEOPHH BO3MY-
meHuit 6ymyT 9HCTO BeIMECTBEeHHEIMH.

JleficTBHTENbHO, MHTETPA] IO DHEPTeTHIECKOH KOMIOHEH-
Te ko B (6.38) mmeer BU

“+ o0

S dko 1
200 (k2 — (pr+ p2— k)2 — m?+ ie] [K] — k? —m? 4 ie]
(6.39)

OcoGeHHOCTE TIOJMHTErPAJbHOTO BHDAasKeBAA M300parkeHk

Ha puc. 59. He mepecexas ocoGeH-

& HocTel, MOKHO medOPMIPOBATE KOH-

Typ mHTerpmpoBaHnsa (; B MHUMYIO

och Cy, T. €. MEPEUTH K HHTEIpaty
——ew—-L Wm0 ky = —ik,

oo -+o0

dko dka
2mi 2n

—_00 —00

T

Puc. 59. JTOT mpueM Ha3HBAETCA IOBOPOTOM
Buxa. Ilocae moopora Bmra mpo-
CTPAaHCTBO UMIYJABCOB CTAHOBUTCA €BKIHIOBBIM: k= kﬁ__

—k* = —ky — k= —ki= —%2. Urax, unterpan B (6.38)
CBOJMTCA K MHTErpaly IO eBKJAMIOBY HPOCTPAHCTBY

Sl = — e dik L
2 @)t (k24 m] [(pr 4 pr— k)2 m2]

Taxne WHTErpaisl MOJOKUTEAbHE M X HeTPY/HO ONEHABATD,
NMOCKOJNBKY YTI0BO€ MHTETDHPOBaHMe IIPOH3BOMATCA MO KO-
He4YHOH mIOmajy efuHuIHON cdepst B 4-MEPHOM MPOCTPAHCT-
Be S = 2n?%, Tak YTO PAaCXOJAHMOCTH CBA3AHH TOIBKO ¢ Oec-

KOHEeYHO# o6aacThio uMETerpupoBaHmMs mo [k | = Vi
OrpaEpupM mATerpupoBaEme mo |k | Hexoropoi Goub-
mo# BeawuuHo#t L S>> m, | Py + Po |- 9Ta Beanmumua coorset-
cTByeT 00pe3aHHI0 Ha PACCTOAHHMAX MOPAAKA 7'y B KOOPAMHAT-
HOM mpepctasiaenmu (L ~ 1/r). Bmumeanm wuHTErpar,
caurasA, 910 | p1 -+ pof? = pPle >m?® (ora obiacTh moHa-
poburca B ganbHeiimem). OrOpachBas B NMOAHHTEIPAIBLHOM
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BHPaKeHHH m® U piy, TOAYIAM
L . L _
S dik 1 dk? 1 L2
— == = 1
(2m)r k2 1672 S

= Tem
Pra

D12

Py

L2
Ornocurensnas ommbxa Takoro Berucienns ~1/In —<<1.

12
AHajnorg4HO BHUHMCAAKTCA MarpamMumel puc. 91, 6, 6,
OTAMYAIOMHEC 3aMeHOX p; -+ p2—>P1 -+ ps B p1 + pa—
—p1 + ps
CyMMa BceX IOHPABOK BTOPOTO HOPAAKA BMeCTe ¢ 3aTpa-
BOYHON KOHCTAHTOM KMMEEeT BUJI

A+ A (py, p3, D3, Pa) =
=),_%_7L<n—-+l ——-—Hn—)

1672 Py Pis Pl
Bynem cunraTs, 9TO BCe MMOYABCHL Py, P, P3s Pa OFHOTO
nopsgka (~ p) n muoro meHbme L. Torga Bce Tpm wiena B
CKOGKAxX MOKHO CYMTATH PABHEIMH, W MEI lIOJIy‘IaeM
3 A2 L2
(2) ~f— — 2 _In——= ~ 5
A A® (p) ) — e In = (1 g)

A 2
3neck u gaapme o6ozHaumm & = To In -

HaﬁJIGHHaH oonmpaBKa CTAHOBHUTCA HMOPAAKA MePBOro 4jiae-

A L2
Ha, KOIlA ~—r In - 1. IIpu aTOM MOT'yT CTATh CymECcTBEH-

HHMH CAeAyIIHe MONPABKE ~A3, ecim OHH YMHOKATCA

- J
vy ’>7'<:Z
sz./ , .
‘

a) 5)

Pume. 60.
Ha (In (L% p*)?. llompaBkamm mopsaxa A®In (L% p*) m mo-
pAnxa A% mo;kHO mpeHeGpedb. PaccmoTpuMm Tenepb rpaduiu
TpeTbero mopsanxa (puc. 60).
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Mu He paccmarpmBaem rpaguxu BHAa

>,

COOTBETCTBYIOI[MEe NEPeHOPMHPOBKE MACCH BXOMHBIX WACTHI]
¥ mepeHopMupoBre ¢yHKmun I'puna. lleppas meperopMupoB-
Ka 03HadaeT IepeompefesieHNe MAacCH BXOAHHIX dactur. Uto
ke KacaeTcA MIIOkuTedss } Z, KOTOpst JOJUKeH BXOJMTH OT
KajKRo¥ JMHEY B HOBYI0O KOHCTAHTY A, TO OH, KAaK JIETKO BH-
merb, umeer Bug 1 + C,A% In (L?/p?), 1. e. He ZOMKEH yum-
TEHIBATBCA IPH 0TGOPE CTaPIMMX JOrapudMOB.

Hpome mapmcoBaHHMX rpaduKoB, ecTh RHATDAMMEL, OT-
Ir4apmuecs NePecTAHOBKAME HADYKHHX HMIYJIBCOB Py <>
<> p3y P1 < py- C dorapudmmdeckofl TOYHOCTHLIO HIPH p; ~
~ Pg ~ ... ~p NEPeCTAHOBKHN MMILyJbCOB He MEHAKT BKIANA
rpa¢ura. IloaTomy s ydera mepecTaHOBOK AOCTATOIHO yM-
HOKATH Auarpammut puc. 60 va 3. Kpome Toro, yuer Toxmgect-

1
BeHHOCTH BHYTPEHHHX YACTHI[ NPUBOIUT K MHOMHATEIIO 5 . —2—

1
B rpaduke @ M K MHOKHTEIN - AJs Auarpamm 0, 6.

T'padux a BEUMCIAETCA MPOIIE BCErO, MOCKOIbKY HHTEr-
pupoBaHUA 10 k; U &k, HE3aBUCHMH:

2
1
Ve = <>UO<> =ALgl.
B nByKpaTHOM MHTErpade, COOTBETCTBYIOIEM IpaduKy 6, MK
8HAaeM BKJIAaJ MHTerpaia mo k;

By p

k=

=ixgd”‘1 1 I UPWNE WY ©
2 @ Rk —p—kg 2 16m2 T (p+ )
llpu uHTEerpHpoBaBUN WO k, CYMECTBEHHH ky S>> p

P L
K T ds 14 L)‘,- 1 In J
s L

-]
©
5]
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HponHTerpnpyeM mo YNIaM Sd“kz = n? S k2dk} w BBepem mora-

PUPMATIECKYIO HEPEMEHHYI0 1) = = In ——, Torga momyTaem
npocToil HHTErpadi

1

O eI
&
=
=
I
>’
|3

I'pagux ¢ oTamuaercs mepecTaHOBKON HAPY/KHHX HMIYIbCOB
M IOTOMY BHOCHT TAKOH Ke BKJIAJ

Hrax, My mamuam BKAajg cymmsl rpaduKoOB TpeThero MOPARKA
@y g2 B2 BN _ . 9
AP (p) =43 (4 S+ o) = A B

B raxmom cregyomem mOpAAKe TEOPHH BO3MYIMeHmi Gymer
noGaBAATECA A M OMHO MHTErpHpOBaHHMEe, T. €. €me OgHa CTe-
nens §. IlosTomy moaHaa aMmIMTyda mMmeeT BUL

A=r@=h(1—5E+8+...). (6.40)

Bramcaerne rpadukoe 4-ro mopAfKa, KOTOPOE ME ONyCKAa-
eM, faet caaraemoe B f(§), paBHoe —(7‘5,)3. Taxum o6pasom,
nepeue YwieHH dyExmyn f (§) ABIAITCA CTENEHAMHA BeJINIHHEH
—g’- . Ilpeanono;kuM, 9T0 W fAajbHeHIOHe cjaraemsle IOTIN-

HAIOTCA 9TOMY IIPABUIY, T. €. IT0 f (§) ecTs cyMmMa wieHOB pa-
Ja reoMeTpPUIeCKOil mPOrpeccHu, TOrma

A - A
4= )

3. L3 L2
I+5¢t I+5 pehm

(6.41)

U3 ¢pusmueckux cooGpaeBmit MH OKHLaeM, IT0 paguyc 06-
pesaHmA L [oNKeH KaK-TO BHIIACTh M3 OTBeTa. AHaJaW3 JHa-
rpaMM B KOODAMHATHOM IPOCTPAHCTE® H&BEJ HAC €mie paHbiIe
Ha HJeI0 HI6PeHODMHPOBKH, T. ©. HOPEOHIPeeleEAA 3aTPaBOq-
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HOH KOHCTAHTH 3a CYeT BKIIOYEHHA B HEE PACXONAMMUXCH
BKJAJOB OT BHICIMHX [HATPAMM.

@opmyna (6.41) moaxoguT AJA TAKOTO HmepeompefedeHns,
9T0 cpasdy BHJHO, eCIM ee mepelmcaTh TaK:

A(p) = !

1 3 1 :
Mt g T P~ g o P

Ilpn nameneHmy L MBI MOeM Tak M3MEHMTH A, 4TOGH aMIIu-
Tyfa A (p) He m3MeHmIACH.

Ecan mur sanagum snagenne ammautynu A (p?) B Hexoro-
poit Touxe p? = p?

1
A (n) = 3 1 7z = Ar

Mt Tone 10 7

U HasoBeM BeAWIMHY A (p) mepeHOPMHPOBAHHON KOHCTAHTOM
AR, T0 cBA3H MeskAy ammamrymoirt A (p) M Ap yike He Gymer
comep:KaTh pagmyca ofpesaHuA:

A
A(p) = 5 ’;R = (6.42)
T e e
7 2

Jis ompemeNeRHOCTH MOKHO B KadecTBe [ B3ATH HePEHOP-
MHPOBAaHHYI0 MACCy YACTHILE .

Taxmum 06pasom, reoMeTpHYECKAs IPOrPeCCHs, 0GHA DY KeH-
Hasi Ha NepBHEIX WieHax BeipaskeHms miaa A (E), He aBnsercs
CIyZIaifHON 0COGEHHOCTHI0 MEPBHIX WIEHOE, & OTPAyKaeT Bajk-
HOe CBOMCTBO DaccMaTpPHBAEMOM TEOPHM — CBOMCTBO Tepe-
HOPMHDYEMOCTH.

Ilonyunm Buipaskenme (6.42), He LOIB3YACH PANAME TEO-
pUM BO3MyIIeHWH mo A, a HemOCpeACTBEHHO M3 TpeGoBaHuA
mepeHOPMUDyeMOCTH — aMmiauTyda A He JOJKHa 3aBHCETH
oT uMIyibca obpe3danusa L. Hrax, moiaHasg Opom3BOJHAA OT
aMILINTYAH, BHpaskeHHo# gepes A u In (L?*/ p?), wo In L? opn
OOCTOAHHON Ap AoJkHA OHITH paBHa Hydn. Vemonsays (6.40)

¥ puddepermupys A mo 161152 In L2 = u, noayuaem

Fr=0=rg (), (1O+ILE).

B 3TOM ypaBHeHNE MOKHO H3MOHATH £ HpH PEKCHDPOBAHHOM
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L, 1. e. coxpauafg A # (%—2—))% . Ilomaran § =0 (p = L),
HaXOAM
% (ot
(317)13]‘(0) =—W ( F3 )0 ’

Ucnoapays suauenns f (0) u /' (0), u3 (6.40) moxysaem

(E+5)r®+/@ =0

Pemenue 2TOro ypaBHEeHHA
1
fE) = —s—
I+

9TO IPHBOAUT K IPE/NON0KeHHOMY BHIIIE BHIPaKEHHIO (6.41),
a caegoBaTelbHo, U K (6.42). 13 (6.42) caepyer, 910 BeMINHA
A pacrer ¢ yseanyeHneM p? (4TO SKBHBAJIEHTHO yMEHbIIEHHIO
paccrosmnit z). [Ipn npuOAMKEHAN K HOJIOCY DTOTO BHIpaske-
HEA Qopmysia mnepecraeT Omrh cmpabemimpoid. Hpurepumem
OpEMeHHMOCTH BHpakeEna (6.42) ABisercA MalocTh BeIH-
anEn A. Jina moscHeHuA mepeifileM B KOOPAMHATHOE Wpef-
crapnenme. B rpaduxax ammantyms 4 (z) mpp mz << 1 cy-
ECTBeHHH PACCTOSHAS MEKAY AKTaMH B3aMMOJIEHCTBUA BUD-
TyaabHHX YacTHI, TOke mopsAaxa z. [leficTBuTeNbHO, BCE
5JIeMeHTH TpaguKOB, COOTBETCTBYIOIIHE MAJHM pacCTOAHH-
AM (pacxofAmuecs OPH MAIHX Z), yOUPAOTCH B mePEHOPMH-
POBKH B3aMMOAEUCTBUA, MACCH H dyuxmuu Tpuna. Paceros-
HHUA, GOJBIINE YeM Z, BHOCAT MAaJhll BKIaT M3-3a yOnBaHAA
¢ynxnuit T'pmma. B orom HeTpymHO yOeguThCcsa Ha mpHEMEpe
paccMOTpeHEHX BHIIe rpaduxop. PaccesHme BUPTYaJabHEIX
gacTuI GyAeT ompefedAThCA Beauunnol A, ~ A (z), KoTopas
GymeT 3aMeHATH BeJIMIMHY Ap HA MAAHX PacCTOAHUAX. ITo-
5TOMY KDPHUTePHii IPAMEHHMOCTH HCIOIb30BAEHOIO HaMHU HC-
xomHOro BHpaskenusa (6.41) 6ymer He A < 1, a 4 < 1.

DTH co06pakeHIA HABOAAT HA MHICIb O BO3MOKHOCTH 60-
dee o6meit GOpMyIMPOBKH IepEHOPMHPYEMOCTH, He Hpef-
moJarapomel MajJocTH KOHCTaHTH Ap. Hmxe M BepHeMCA
K 9TOMy BOUPOCY IPH M3yTIeHMM CBOHCTB KBAHTOBOW BIEKT-
PONMHAMEKM HAa CBEDPXMAJIHX DACCTOAHMAX. 3aMeTHM, HTO
ME MOTJIM OBl OJYYHTh Te jKe Pe3yJIbTaTh M He BBOAA 3aTpa-
BOYHOM KOHCTAHTH A M COOTBETCTBYIIIEro pajuyca obpesa-
aua L (maz ro B KOOpAMHATHOM mpeacraBienmn). Bmecto
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9TOT0 MOKHO BBECTH YCIOBHHIA pajmyc 06pesaHus r, MIOTO
Gonbminii, 9eM rpaHUNa PAMEIEMOCTH TEOPHH Ty, 110 B TO Ke
BPeMsA MHOT'0 MeHbIInii, 9YeM HHTePeCyImue Ha¢ paccTOAHAL Z.
Braan obnacreii mHTerpupoBaHmus, MEHBIIMX YeM T, 6y-
OeM BKJIKNYATh B YCAOBHYI0 KOHCTAHTY B3aHMOJCHCTBUA A,
(xoTopas Gymer JOKAABHOH ¢ TOYHOCTHIO Mo 7). llpn A, << 1

x2
ammunryna A = A4 <?»,_. In —;) HIHM B UMOYJIBCHOM LIPE/ICTABJe-

Te

12

HEA A = A (7» In F> .Tak kak Touxa r, = L;' mponasosipua,

TO aMILIUTYNa He JOJKHA 3aBHCLTH OT BHGOpa 3101 Toukn. Ilos-
TOPAA NPHBeJleHHHH BhIING. BRIBOY ¢ 3ameHo#t L Ha L, m A na
A;, MBI IPHXOIMM K TeM K€ pe3yiabTaTaM.

3. KBAHTOBAA 3JIEKTPOJJUHAMAKA HA MAJIBIX
PACCTOATHRNAX

Paccmorpernas Brme TeopmA CKaAAPHOrO LOJA He ONH-
CHIBA@T pealibHoll fuauveckoil cucremui. PeadabHo cymecTBy-
0MUe CKAaJAApHBE YaCTHIL (ME30HH) B3aMMONEHCTBYIOT Iie
TOJIBKO MeRIY co00H, HO M O CIMHOPHEIMU YacTunaMu (Gapu-
OHAMH) H X TOMY jKe KOHCTAHTA B3aMMOJICHCTBHA BeAuKa,
TAaK YTO TEOPHUA BOSMYmEHHI 316€Ch HOmpPHMEHNMa.

Teopusi CKAIAPHOrO NOJA ¢ MAJIOH KOHCTAHTOH B3amMo-
AeHCTBHA IPENCTaBAfET cOGON AWIIb TPOCTERHIYIO MOMENb,
KOTOpad NOCAY;Kmia HaM I BHACHEHHA OOIAX CBOMCTB
TEOPUH MOJA Ha MAJHX pPacCTOAHHAX.

Tenmepb ME mepeiieM K peajncTHIECKOH TEOPHN — KBaH-
TOBOH DJAEKTPOUHAMEKE, T. €. K TeOPHH, ONHUCHBAKIEH B3an-
MO/leHiCTBHE 9JIeKTPOHOB, HMO3HTPOHOB M (OTOHOB.

Jl okasibHOe B3ammopeiicTBMe B KBAHTOBOH BIEKTPONMHA-
maxe. B paspene 1 Guanm Haiimenn ¢pyHxumm I'pumHa siaexTpo-

Ha (mosmrpona) u dorona. Ocramochs BBeCTH

' B3amMopelicTBHe MEKIY OTHMH YaCTHIIAMM.

ITpocreiimnit 31eKTPOMATHUTHHE IPOIECC

n3o6paskeH Ha puc. 61. Jlmuna co crpearoi

A %2 COOTBETCTBYeT pacmpOCTPAHEHUI0 DIEKTPOHA

Puc. 61, (mosurpona), a BONHACTAA IMHAA — pacnpo-
CTpaHeHHI0 QOTOHA.

B rouwe z mp xogur JoxanbHOe B3ammopeiicTeme. OG-
mee Brpa)ceHme MM aMILIMTYAH Ipomecca Ha puc. 61
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HMeeT BHJ

—iF Sd‘xG (@21 — 2) Ty () 6 (3 — 2) D (2 — 2) Vier,
(6.43)

rae ¥y, ¥, e, — BoXHOBHeE (YHKIUA dJAEKTPOHA (MJIH IMO3HUT-
poHa) u ¢otoHa; f‘tJL (8/dx) — uwemssecTHaa ¢ynxmua. Ilpo-
N3BOJIHEE 8/0x MoryT feiicTBOBaTh Ha JOOYI M3 TpeX GYHK-
muit Tpuna. fApnas sasmcumocts I'y oT z mcKiI0YaeTcs U3
Tpe6GoBaHMA OHOPOAHOCTH IpoCTpaHcTRA. [liA JlopeHm-uMH-
BAPHAHTHOCTH AMILIATYAH Iepexoxa TpeOyeTcs, 4ToOm Be-
amauna ¥,T', ¥, npeoGpasoBrBaiach Kak 4-BeKTOD, KOTOPEIH
[0M#eH GHTH MOCTPOeH U3 Yy, M 0/0r,. OMHAKO 3aBMCHMOCTEH
T', or rpagumenToB o3Hadaja GH BBeleHHE PasMepHO KOHC-
TAHTH B3aMMOXEMCTBHMA, 4TO HApymmiIo OH mepeHopMHEpye-
Mocts. JlAA ycTpaHeHMs pacXoguMmocTei Npmmuioch 6w
BBECTH OeCKOHEYHOe YHMCa0 WIeHOB Buia (0/dx)", T. e. more-
PATH J0KaJIbHOCTH. JJA MOACHEHUA ONEHMM BRJIAJ] rpaduxoB
3-ro mopsaKa A BePIIHHH BHJA

Ty =ipi (Yuyy — YWwo/oz,.

B mMnyibcHOM mpefcTaBieHHH HMeeM

k
]v — + /7'(] /7'/1’{7

It

3

¥4 +h
g Ji prh

OGnacTb MHTErpUpOBAHMA ¢ > p, k HAaeT

(0) 2 1 1 1 o) 2
Ty ~Thp (1 + S q“q—z—q—-T d4Q) = I (1 +mL?).
[onyannach KBagpaTHIHO paCXOAAmMAACA go6aBKa B COOT-
BeTCTBHH ¢ pasmepHocThio My ([p,] = 1/m).
Taxum 06pa3oM, MH IPHUXOJUM K TaK HA3EBAeMOMY MH-
HEMAJTbHOMY JeKTPOMATHUTHOMY B3aMMOJ\EHCTBUIO

‘ T',=ey, ] (6.44)
¢ 6espasMepHOl KOHCTAHTOR B3aEMONeHACTBAA, COBIANAIOMEH,

KaK MH YBHJMM, ¢ 3aPA/IOM JIEKTPOHA B e;lMHMIAX XeBHcAl-
ma (et/4n = 1/137). Jlo6se [o6aBKM K 9TOH BepmMHE BOZHHU-
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KalT TOJNBKO KaK BTOPUIHKIH 3PJeKT Ipu BHUKCIEHAN rpadu-
KoB 6GoJiee BEICOKOrO mopsaka mo e. Tak, Hampumep, paccMoT-
PEHHEIA BEIe rpadMK TPETHEr0 HOPAAKA € BePHIMHAMH
(6.44) npusosut k no6aBke x I, paccMOTpeHHOro Bhme BHAA,
rge [ ~— IOIpaBKa K MarHUTHOMY MOMEHTY 2JeKTpOHa. JTa
monmpaBKa ByYMCIAeHa ¢ momompbio, (6.44) mo 6-ro mopaaxa mo
€ M ¢ OIPOMHOM TOYHOCTBIO COBHALAET C OIBITOM.

Has toro, wrobu y6epurbes, 4T0 'kOHCTaHTA € CoBHAAeT
C 3apANOM 3JIEKTPOHA, AOCTATOYHO B3ATH MATPHIHHIA dJIeMEHT
BupakeHna (6.44),'cooTBeTCTBYOmMUN I1Iepexofy HEPeIATH-
BHCTCKOTO 3JEeKTPOHA '¢ MCIyCKaHMEeM KBaHTA, M CPaBHUTH €ro
€ BHIpakeHMeM, HOJy4YeHHHM Ha cTp. Ol.

BoanoBasa ¢yHEmus, coorBeTcTByHOmMan oqHOMY QOTOHY B
eAmHuLe obbema, paBHa e/} 2k, 9Ty HOPMHPOBKY Jerko
OPOBEPUTH, BLHUHCAAA DHEPIHI0 3IAEKTPOMATHUTHOIO IOJHA
g%(%’ + 9*)dV = . B pesyabraTe moiaydaeMm [ mome-
peunoit KaamGposkn (e} = 0)

. =(0 6’ 1
— 16 (Yi)ap ufy et (6.45)

Vik

IlpeneGperas maMeHeHmeM MMIYJAbCAa JIEKTPOHA, IOIydaeM

& (py) Yo u(py) = P—,: .

IlpaBuabHOCTE 3TOro BHIpaskeHHA Cpa3y ke NpOBepAeTCA
YMHOKEHMEM Ha p, W HCIOJIb30BaNMeM ypaBHeHmsa [lmpaxa.
Ho6aBKa K raMUIBTOHMAHY BJIEKTPOHA COOTBETCTBYET BHIpa-
xeHnio (6.45) Ges mHoskutens (—i), T. e.

1 P;
H' = ¢ (ve®) Vi vy ==,

970 B TOYHOCTH COOTBeTCTBYer BhipakeHmio (1.23) ma crp. 51
(3mech 3apan e — B equHunax Xepncaitna). Tax Kax uw(® (p, a)
AJAsA OTPUIATENBHEIX SHEPIMH COOTBETCTBYET TOBHTPOHY
¢ nmmyiascoM — P (eMm. crp. 290), To B caygae LO3HTpPO-
Ha 9T0 BHpajkeHHe M3MEHseT 3HAK, T. €. 3apAJ MO3UTPOHA
IPOTHBOMOJIO}KEH 3apAAY 2JeKTpoHAa. Tak KaK BHIPaskeHHe
eV/V 2k, upencrapiser BeKTODHHI NOTEHIMAN, COOTBETCT-
BYIOIUi ogHOMY (OTOHY, TO MATPMUHLIH DJIEeMeHT B HPOM3-
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BOJIBHOM DIEKTPOMATHATHOM Iole A, HOIyYMTCA 3aMeHOMH
4 il
eL)/VZkO Ha A,. OTUM oOmpejelAeTcA IPAaBUJIO BBeJeHHS]
BHENIHEIO 3JIEKTPOMACHATHOIO NOJA B ypaBHeHHe lupara —
cllegyer K BeXuduHe.y,p, RoGasmth ey,A,. [leicTBurensHo,
OpE 3TOoM ypaBHeHMe iuA (yEknma I'pmHa maer GO =
= G (—iey,A,)G B cooTBETCTBUM ¢ BHpaKeHumeM (5.33).
Brramesenne ciefylomux HOPANKOB 1O € B I'y, maer mapsaxy
¢ MONpaBKON K MArHATHOMY MOMEHTY HOIPABKY IO B3a@MO-
HDefdCTBUI0 5A€KTPOHA € HOJEeM AApa, HPUBOJAILYI0 K PACCMOT-
peHHOMY Ha c¢Tp. 68 19MGOBCKOMY COBHIY aTOMHHIX yPOBHeEH.
PaccmoTpuM aMmIATYAy Tepexoja, COOTBETCTBYIOILYIO
PacCceAHMI0 NBYX YaCTHI[, HAIpHMep, 9IeKTPOHA K HPOTOHA.
B mamamsmenm mopsgKe HO € 5TOT WPOIECC OLNPEAEIIACTCS IPa-
durom

P~y
v . (6.46)
Pa===pq

Hoporkue KOHIH y 3/eKTPOHHHX U NPOTOHHHX JMHMA 03Ha-
4al0T, UT0 (GYHKOHE PacOpOCTPaHEHHMA, COOTBETCTBYIOMME
BXOZHHM H BHIXOAZHHIM JMHHUAM, H¢ BKIIYeHH B paccMaTpm-
BaeMyK aMIUIATYAy Iepexopga. MaTpHYEHRH 3l1eMeHT Iepexo-
Aa, COOTBETCTByWmuil 5ToMy rpadHmKy, MOKHO 3aIECaTh B
BUJe

— e (— i) Fi7u¥sDps (g) TI7 95,

s Manmx 4-mmMoyascoB ¢ (g << Mp) MOKHO CUHTATh
IBM;KeHHe NPOTOHA BafaHEHM M TOIJa MHOKHTENL CIpPaBa
ot D,, mpeacraBisgeT coGod ¢-I0 KOMOOHEHTY 4-TOKa IPOTO-
Ha, /JBIDKYINEroCA ¢ HMOYABCOM Py, 8 BHPaKEHHe
D,, (9)j® (¢) ectb g-1 KOMIOHEeHTa BeKTOPHOI'O MOTEeHIHAJA

Ap (@) = i\ D (z — &) 2 (2" da, (6.47)

mpoToHHOTO ToKa (cTp. 297). B sT0M ciryuae 3amada pacceanmsa
HIEKTPOHA CBOJUTCA K 3a/[aue paccedHHs BO BHeNIHEM HoJie
Ay (z). lna ydvera oTgaudm NPOTOHA AOCTATOYHO NOHAMATH
mop, jP (r) TOK mepexofa, T. e. MATPHUHHIA dJleMeHT OIEpaTo-
pa TOKa Me;KAy HAaYalbHHIM M KOHeYHHM COCTOSHHAMH Hpo-
ToHa. Yd4eT rpadukoB, mompamnsawommx D,, &OpuBeger K
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Tomy, 4ro B (6.47) D, 3amermTcs Ha Towmyl ¢ymrmmio D,
K PAacCMOTPEHAI0 KOTOPOil MH ceifuac mepeigeM.

Honspusauusa BakyymMa., B mpucyTcTBUM BHEUIHErO IIOJIA
B BaKyyMe BO3HUKAIOT ITONAPH3ANMMOHHLIE TOKU M Bapsim,
cBA3aHHHIE ¢ HNOSBIeHUEM BHPTYaJbHHX map. [lomomHmTesnh-
HHe 3apsAfH, HaBefleHHEEHE B BAKyyMe, KaK MH YBUIHEM, DKpa-
HAPYIOT BHeceHHble B BakyyM 3apsan. Takoro jxe Tmma sB-
JeHAA TpomcxomgAT B pmaiexrpmre. IlosTomy misa BescHe-
HAA (H3ATeCKOH KAPTHHH BAKYYMHHX HPONECCOB IOJE3HO
TIPOCTeIUTh AHAIOTHI0 C KIACCHYECKOH 3IeKTPOAMHAMHEKOM
HOJAPH3YIOMERCA CpelH.

Hanmmem ypapuerne llsﬁcona (cTp. 245, 304) nus rounoit
¢yaxnum I'pmHa doroma [D),,, KOTOpas COJEP:KAT BCe BO3-
MOKEHEE BHEDPTyaJIbHBE HNPONECChl, IPOMCXOAAmEe HPH pac-
mpocTpaHeHMH (OTOHa B Barkyyme. Hak MH yBHamM, 3TO
yPaBHeHHe EMeeT IPOCTOe COOTBETCTBHEE B KJIACCHYECKOM 3Jjie-
KrpopmEammke. Beemem 6nox Iy, (x — z°), He comepsxampmit
gacTedl, coefEHEHHHX OFHOH ¢oToHHON nmEmed. IloBTOpss
BHYACIEHAA HA CTP. 245, HAXOAMM B OIEPATOPHOM BHE

D =D + pubD.

YMHO:Kas cieBa Ha — iD”!, molydaeM B KOOPAMHATHOM
TIpeCTaBIEHAR

[1Dp (z—2") +1 SHW @ — 1) Dy (2, — 2') d'ay =
= —igwd(z— 2’). (6.48)

3anmmeM 370 ypaBHEHEE B OMePATOPHOM BUE X YMIOKHAM
ero chpaBa Ha BelmumHy j*, rfe j** — TOK, co3/aBaeMbIil
3apsfaMB, BHeCeHHRME B Bakyym. VMeem

D™ +ilIDj™ = — ij*™~.

IMockonsry D jé* = — iA, »T0 ypaBHeHHe COBIAJET C ypaB=
HeHFeM LA BeKTOPHOrO HOTeHIAANA B MOJSIpHU3ylomeica cpe-
me [ JA =j 4 jex; j = illA — nmonApM3anMOHHKIA TOK, T. €.
[]4 + il1A = jex. Takmm o6pasom, BenrmumHa I1 ompeneins-
€T TNONAPH3ANMOHHHE TOK, BHBHBAEMHA BEKTOPHHM MOTEH-
nmanoM, a D mpepcraBusier coboit dyrrmmo I'prEa ogHOpOX-
HOTO ypaBHEHHA s HoTeHnmana A B moasapmsymomeiics
cpefe. BoccranaBnmBas HMHAEKCH ¥ HHTErPAPOBaHME, MO-
Iy4EM '

Ap(@) = (D (@ —2) [ 2") a. (6.49)
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Jdra Popmyna ob6obmaer anajiormuuoe BrpaseHue (6.47) ua
ciydaii mosnapmaylomeiica cpepw. llomApusammoHHe# TOK
JaeTcs BLlpayKeHHeM

Ju(z) = iS My (x — 2') A, (z') d*’. (6.50)

Has moscuenma 3stmx QOpMYN paccMOTPUM clydail He-
TNOJBU;KHOrO 3apAfa, HOKOAIMEIrocAs B Hadajle KOODAHHAT
.eX X
ji =0,jp =ed(rymAd; =0, ¢4, =V (r).

Has mona V (r) ma (6.49) momywaem

V(’I’) = iegSDoo (tr ’I') dt = — 63500 ((D = O, 'I'), (6.51)

rge D (o, ) — rounas ¢ynrnms I'pmna dorona B cmeman-
HOM HTpeJACTABJICHMAH. :
IlnoTHOCT, HaBeleHEHX 3apsfoB paBHA

p(r)=—i eoS oo (» — 7', ©) Dy (0 = 0, ") drdr’. (6.52)

Hoacrasnas B (6.51) HeposmMymeHHYI0 ¢yHERImIO I'pmia
Dy (0 =0, r) = —1/anr (c1p.297), nonrydaem saxor Kymnona.
Tar Kak Tok j, () MoJKeH y/AOBIETBOPATH ypaBIeHHIO He-
Pa3pLIBHOCTH

Oy _
oz, -

0,

to u3 (6.50) cxexyer, uro
7
ﬂ*";f—’)- — 0. (6.53)
T
Kpome Toro, Kak BHAHO M3 rpadiiuecKOro oNpejeJeHAsA,
IT,, = II,,, mosromy ycxosme (6.53) obecneuuBaer m KaxmG-
POBOYHYI0 MHBAPHAHTHOCTH, T. €. HEH3MEHHOCTh TOKA NPH
moGaBrenmn K A, BexmumBEn J.f. OOHAKO, KAR MH YBH/UM,
B KBaHTOBO# dlieKTpofmHEaMuKe Bexmumna I1,, (z) mmeer cmin-
Eyo ocoleHHOcTs mpE z — 0, m yciosme (6.53) B TOUKe
z = ( HapymaeTcA. IT0 03HAUAET, YTO OPH MAJIbIX £ KBAHTO-
Basg SNEKTPOAMHAMHKA NOMKHA OHTH MOAHPEIEpPOBAHA TaK,
97006 06eCneYnTh KATAOPOBOYHYI0 FHBAPRAHTHOCT B COXpa-
HeHHEe TOKA.

B caepylomem pasaene Mo HCmoAbayeM Bripa:kemde (6.51)
IIA HaXOMIGHHAA HompaBKu K 3akomy HyiloHa, BHsHBaemoi
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HOABJNEHMEM B BAKyyMe HaBeJeHHHX 3apsAJ0B, MIOTHOCTh KO-
TOPHX OUpeesseTca cooTHomeRAeM (6.52).

Papguanponnsie monpaBKA ¥ 3akoHy Kynona. Heamropas
BIeKTPOIMHAMUKA NPeACKa3KBaeT OTKIOHEHHA OT 3aKoHA Hy-
J0HA. IJTH OTKJIOHEHMA CBA3aHH C JAArpaMMaMP BHCIIEro
mopsafgKa (Tak HaspBaeMEe Pafdan@oHEBe HompaBKm). Hak
MH ceifgac yBEAmM, (msmuecKkas HPHEPOJa HONPABOK K 3aKO-
my Hymoma ompepmensiercsi monspmaamueil Bakyyma.

HecmoTps Ha To, 9T0 pagmanAoHHEE IONPABKA COfEpPsKaT

2

- €
MaJIHKA JapaMeTp & = Fo = 137 OHA HMEIT OPAHIANAA b~

HOe 3HaUeHMe, MOCKOJbKY OHH TO3BONAIOT BHACHATEH XapaKTep
PacxXofEMOCTe#l Ha MaJIHKX PacCTOAHHAX.

HmerHO mpm m3yueHmm pajEalMOBHHX HONPABOK B KBAaH-
TOBOH BIEKTPOAMHAMHAKE POAMIACH Hfesd HePeHOPMHPOBOK,
e amas B OCHOBe COBPeMeHHOH TeopHH BaamMopeiicTBHit
3JleMeHTapHHX Yacrmin. HTay, HaliieM DepBYI0 PafUanIoHHYIO
HompaBKy K 3aroHy Hymoma.

PaccmoTpmm 6GecKOHEUHO TsXENYI0 3apAAEHHYI0 9acTH-
Iy, MOKOAIyIoCA B Hauade KoopamHar. Iloxe, cospgaBaemoe
TaKkoH wacTmmeit, onpenenderca pupaskerneM (6.51). B myme-
BOM NpHOIUKeHAR 5T0 BHpaskeHHe jaeT sakon Hymoma. M-
MeHeHme 3aKoHa Hymosa ompepensercs HOABJIEHHEM JKpaHH-
PyOIAX NOJAPH3aIHOBHELIX 3apAf0B H, CleJ0BaTeJIbHO, OI-
pepenserca uompaBkoit k D,,. B HamHM3meM HOpsfKe IO
3aTPABOYHOMY 3apANY €y EMeeM

) _ .
Dyy = 7~y s (6.54)

4

BynemM npoBogmTh BLUWCIEHAA B CMEHIAHHOM IIpefiCTAaBIIe-
upn. Torpma, memomssys Il (0,r) = SH (t,r) dv, moxyanM

D (0, r) =
— D (0, 7— #) 11, (0, #,— 9%5) Dy (0, 7) dry diva. (6.54)

3pmecy D, (0, ) — cBoGopEaa ¢yHrnma I'pmHA B cMe-
manHsoM upescraBiaeEnn (crp. 297)

.Dp,v (0, 7') e

1
T S

(Mu BH6pann Domepeuryr Kanm6poBry d = 1, cM. cTp. 296).
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[I,, — moNApH3aNEOHHKE omeparop, BBENEHHHH B Npe-
AHAymeM pasjelie, COOTBeTCTBYOMHEA BHYTPeHHEH 9TacTH

mmarpaMmu (6.54)
Hyv(ﬁt) =va

nt -

Ham yno6uee Brramcaars II,, () B KoopAMHEATHOM NpeACTaB-
aeamm. [{marpamma paa II,, (#) pacmmdpoBrBaeTcs Tak:

0,y (@) = — (—ie)? Sp {v,G (@G (—2)}.

Caej MaTpHOH COOTBeTCTBYeT CyMMHDOBAHMIO 1O BceM CIH-
HOBHIM COCTOAHHAM BHPTYaJIbHON 97IeKTPOH-IO3ATPOHHOM Ha-
pH. JlomonHRTeNLHEI 3HAK «—Y» CBABAH € TeM, 4T0 G (—f) =
= —G~ (t), rne G- — ¢yHruusa I'pmua mosmrTpoHa (CM. CTp.
293). Kaxk Gyzner BHAHO HEIKe, HaM IOHAJ00ATCSA PaCCTOAHHASI,
MHOTO MeHbIIHe KOMIOTOHOBCKOH JJHHH, HO3TOMY MOKHO B
dyurnmax [pmHA dIeKTpoHA W LOBUTPOHA MONOKETE m = 0
(ctp. 294),

& £ &
Iy (z) = F‘LSP ('ﬁJL FY"F) .

Cieql BEYHCIAETCA 3JeMEHTAPHO, ¢ IOMOINBIO COOTHOMEHHMIl

W& = — &y, + 2z, 2% = 2%, Sp (v,p) = 4gu:
62
Iy (2) = m—g[zxva—ngpv] z®. (6.95)

3amermm, uTo mpE % >> 1/m m3 BHpameHmit (6.25) m (6.21)
misa G (z) mmeem G (%) ~ e~™ m, ciepgoparensso, Il (%)
9KCHOHEHNMAaNbHO yGHBaeT mpm Goapmmx Z:

Hp,v (T’)‘-’V e'_2mx.
x>1/m

Jlerko mpoBepmTh, uTO BHIpa)KeEHe (6.55) YZOBIETBODAET
yeaoBuo (6.53) Bo Bcex Tourax, kpome z = 0. IIpm manmx
T <<r, 5T0 BHpaKeHMe AOJKHO OHTh MOIHQHIHDPOBAHO JH-
60 3a cueT BBejleHMS B TeOPHIO (yHAAMEHTAIBHHX A3MeHeHAH,
160, eClIM TEOPHA BHYTPeHHe HEIPOTABOPEUABA (CM. CllefyIo-
mEi# pasjen), sa cuer ydeTa Gojee CIOKHHX IIPOLECCOB.
EcTecTBeHHO IpeANmONOKHATH, YTO 3Ta MogA(HKALAA He HA-
PYmIHET KaiubpoBOuHOK WHBAPHAHTHOCTH.
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a4 paneHeiimiero HaM [JOCTATOYHO HOTPeGOBATH, YTOGLI
noGaBneHme K A, NOCTOAHHOTO cJAraeMOro He M3MEeHAIO
Toka (cM. (6.50)), T. e. UTOGH HCUpABIEHHOE BHpAMKEHHE
s I1,, () ynoBaeTBOpPAIO yCIOBHIO

(M (2)d8z = 0. (6.56)

IlockonbKy Hac UHTEPECYIOT PACCTOAHHSA & S>> ry, TPYKHOC-
TH, CBA3aHHHe ¢ mosefeHmeM Il (z) mpm  <Crj, KaK MH yBH-
O¥M, MOYKHO O0OITH.

Hiaa Toro urobn HafiTE HHTEPECYWINYI0 HAC BElHYHHY
Ifps (0 = 0, ) = Il (»), cre;myer NpOMHTErpEpPOBATH BH-
paserme (6.55) mo ¢. O6xox 0co6eHHOCTH, COOTBETCTBYIOMEN
2 = 7%, ompepensercs TeM, 4T0 K 7% caemyer noGaBmrh Gec-
KOHOUHO MAIYIO ‘OTPHIaTelsHYI0 MHEMYI J0o0aBKy. 3HAK
noGaBKE ompenensierca yciaoBmeM, 9robu Il (®, 7) cooTBeT-
cTBoBala pacxopameiica Boaxge II (0, 7) ~ ei“r. Jladde-
PEHIUPYSA MHETErpas

+oo

. dt n
I(r)=—i Sm{s:—r‘

O 7%, JIErKO WOJY4dNuTh

e? 12 2 I
o (0 =0, r)=—i;§’—8m§%a—d‘ =Ag, A=

43

(6.57)

JJA HompaBKH K KYJOHOBCKOMY B3aMMOJeHCTBHIO, mc-
monb3ysa (6.51) m (6.54"), maxopmm

V)= — &DP(=0,r)=

. 1

=~z \r=mr O & Trr

€

d’rl dp
[InoTHOCTH HaBeeHHHX 3apAA0B paBHA

1
pr(7) == — ﬁgH(P)WdP

Hﬁn, Henoas3ysa (6.56),

pr(r) = — 2 $110) (15557 — +) -
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B 3ToM BHpayKeEHE CJeJyeT PasAQKMTH HepBOe CIAraeMoe
B cKOOKE B pax mo mosmHoMam Jlesxamnpa Py (g;) Wcnons-
sys H (p) =11 (| ¢ [}, momyunm

3 ~T
p1(r) = €pd S

r

3
1 . a4 1
wlr=3) Pl =T 5 -
B 8V orpammumM wmHTErpupoBaHHe N0 Iy CHH3y TI'DaHH-
Ieit npmMeHEMOCTH Teopud ry. Iopcrasnsaa p; B BHpaskeHHme

masa OV m pasmaras | » — 7, | no mommmomam Jlexanmpa
rr "
Py (Fl)' HOIyYAM ¢ JorapadMEIecKodl TOYHOCTHIO
1

e e 2
V(r)= - (1 o7 In ) (6.58)

0

910 BHpaskeEMe mpEMeHAMO HpH 72 <& 1/m?, moCcKOIBKY MH
moiab3oBanmch GesmaccoBmumu ¢yHKnmamm I'pmea. Ha Goxs-
OIMX PacCTOSHAAX JorapudMmuecKEH HHTerpas GymeT oOpe-
3aThCA KOMOTOHOBCKOH IJIMHON, W MH HOJy4mM sakoH Hy-
J0HA ¢ HCOPABJICHHEIM 3apPAA0M

€
Vi) =7z
rge
2 2 e 1
=t — gy )i (6.59)

BeIMYMHA €° TI0 ONpefelieHAI0 COBIAJAeT C KBaJpaToM HaG-
A0fiaeMoro 3apsama aieKTpoHa. Vcknouaa ma (6.58) sartpa-
BOYHH#A BapAx eo, HaXO0AM

2 (1 ke + 0) = S0

Kar m monmuo GHTH, 5QQeKTHBHHI 3apA] yBelnMYnBaeTre
¢ OpH YMeHBUIEHAHW F, TAK KaK OPHA 5TOM yMeHBIIAETCH 9K~
PAaHHPYHOINEe NEACTBAE HOJAPMBAIMOHHHX 3apSIOB.

INEKTPOMATHATHOE B3aMMOJLEHCTBAEG HA CBEPXMAJIBIX pac-
croaamsax. HBaHTOBas HIeKTpommHAMHEKA, TaK e, KaK H
TeopHusA 4-0030HHOI0 B3aMMOJLEACTBHA, pACCMOTpeHHAs BHIIIE,
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ABIAeTCA mepeHOpMEpYeMoil Teopmeit (cM. crp. 308). dmext-
pOMarEATHOe B3amMopelicTBMe XapakTepmayercsa Gespasmep-
HOM KOHCTAHTOHl — IOCTOSHHOH TOHKOH CTPYKTYpH o =
= ¢ = 1/137.

Ecam BBecTE 3aTpaBOuHHI 3apAf €, m pafnyc oGpesanna
L, 10 cBA3p Mexay HaGnoOQaeMHM B 3aTPABOYHBIM 3apALOM
AMeeT BHA, avamormuHmit (6.59),

et = cif (e ln%—) . (6.60)

JdTa opMyTa npenmoaraerT, 4T0 3aTPABOUHBIN 3apA €, MaJ,
HO BeIMUAHA €o ln%— mopAfKa efEHANGL. Torga B Amarpam-
MaX TeODHAH BO3MYINEHHH MOKHO OCTABHTH TOJBKO IJIaBHHIE
YJIeHE (eﬁ In—ﬁ;—)n . To, 4To Takme WIeHH BO3HHKAIOT, BAXHO

¥3 aHAJIN3a JHarpaMM ¢ NOMOINBI MOBOpoTa BmKa, aHamormd-
HO TOMY, KaK 9TO /lelalioch B CKalApHOH Teopuu. IIpemnono-
JKEeHHe 0 MaJOCTH 3aTPaBOYHOIO 3apAfa CAENaHO TOABKO IS
NIPOCTOTH — eIMHCTBEHHOEe, YTO HaM IOHAZOOHMTCA B Ialb-
HeilllleM, 9TO MAaJOCTHL HAGIIONAEMOTO 3apA/a €.

TpeGopaHme mepeHOPMEPYEMOCTH MO3BOJNsAET HalTH QyHK-
nmio f (§) ¢ TourOCTHIO N0 HemsBecTHOM nocTosHHOI ' (0). Kak
H B clIydae CHaaspHOH TeOpHH, EIMHCTBeHHaA (QyHKIHA

9 L
ef (eﬁ 1117-) , TO3BONANINAA CKOMIGHCHPOBATh HM3MeHEHHe

pagmyca ofpesammsa 0L m3MeHeHHmeM 3aTpaBOYHOTO 3apsaia
Oey, MMeeT BHJ
2
€% = ‘o .
1 ) 21 i
_f ( )eo n m

Mu mony4mm sty ¢gopmyny, mONb3ysich HPOCTHIMA M HATJA[-
HEIME c000pa:KeHMAMM, W3 KOTOPHX OyneT ciIefoBaThb, YTO
A A00r0 THNA 3apsKeHHHX YacTHI|

f (0) <O.
Paccmorpam moTeEnman ¢ (77) EeMOABMKHKX 3aTPaBOUYHKX

3apANOB ¢y, pacupefeleHHENX ¢ HIOTHOCTRIO 1, (7). Iloren-
Omajl ¢ ynoBieTBopser ypabHenmio llyaccoHa

Ap = —ep (ng -+ n,), (6.61)
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rfie n, — ILIOTHOCTH 3apA/0B, BOSHEKIIEX B BAKyyMeé B pe-
3ynpTaTe NOASAPH3AIAM NOJ JAEHCTBEEM IIOJIA.
Coruiacu8 IOy TeHHBIM BEIIIIe pesyabTaTan, BBons 1lg (p) =
= II(p) A IOy IuM
e ’

ny (r) = ST (0) (@ (7 -+ 0) — @ () dp. (6.62)

3 3TOTO COOTHOIIEHAA clefyeT, ITO NOJHHI 3apsAn BakyyMa

ocTaercs pasHEM HyIo § n; (r)dr = 0. Ha paccroaanax p >
> 1/m, II, (p) sxcHmoHeHnmaABHO yObiBaeT, a Ha MallbIX pac-
CTOAHMAX, P <€ 1/m, coriacHO (6.57)

M) =A|p|? A=1/4n*>0.

Paszo6pem muTerpEpoBanme mo p B (6.62) Ha TpE obnacTm:
p<< r,p ~rup> r. Buepsoil 061acTi MOHO Pa3IOKATE
@ ( -+ p) mo crenenaM . YCpeAHsdA IO yIiaM p, NONyIAM

o(r+p)—o(r)=
= 5010 (1) + = prr 0059 (1) + - . - = 0o

Braag aToit o6mact: B ny (1) paBeH
r
1 ds 2n
ny () _fz—g-AAcpg == 2 AAgIn=.

To

IIpm r > 1/m BepxHmit mpenes cieqyeT 3aMeHUTH Ha 1/m.
Hmxenit mpefen ompepeiseTcA TpaHmIed TPAMEHAMOCTH
reopmm. Kak ymommmaizock Ha crp. 318, moxmo Oeto OH
B3ATH B KadecTBe HIKHErO Ipejlella MPOH3BONbHYI TOUKY
1/m > r > r,, KOTOpPOii COOTBETCTBOBAIL OBl 3apAL €. B cm-
Ny TepeHOPMHDYEMOCTE OKOHYATENbHEHI pesyiabTaT, BhHpa-
yReHHBIT gepe3 HabmomaeMslil 3apaAn, He Oyner 3aBHCETH OT
e. & r.. HmKe Ml B 9T0M yOeqaMcs.

O6nactes p>>r mpmr > 1/m npakTAdecKA He BHOCHT
BRIaa B n, () m3-3a 6mcrporo y6msamma II (o) mpm p >
> 1/m. Upm r < 1/m BruIan aToit o6aacTE mMeeT HMOPANOK

1
Ap(r) =, p>>r, T.e. Mal IO CPaBHEHHIO C BR.JA/(OM

P1
nepBoii o6iacTy.
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Haxkonen, or ofmactm r ~p, samenss ¢(r+p) —
— @ (r) > pVp ~ rVp, monyumm cmaraemoe Baga Ony ~

r .
~ A?ql - Hooddmmuenr npm osrom craraemom mosxer Gmrs

HaiiJleH M3 CIeNy0mero coobpayenns.

Hax Mu 3maem n3 o6nrunoit 9IeKTPOTHBAMAKH, IIIOTHOCTD
HaBelleHNbX 3apANOB BHpasKaeTcA 4epes NMBEPTEHIAI0 Bek-
Topa moasApmaanuu, HO3TOMY B 7, (") [OIKHA HMeTh BRI
AUBEPreHNMHE HEKOTOporo Bextopa P = f(r)Ve, orkyna

m~div P = (r) Ap+ 2L 4.
Taxmm o6pasom, cmaraemoe, COOTBeTCTBYyIOMee 061acTh

I ~ P, KOIKHO TaK JONONHATE B 1 (7) WieH ~Ag, 4T06H
HOXYy4HJIach NmBepreHNEA BekTopa. OKOHYATEILHO MMeeM

m(r) =2 4 div (In (L) Vq)).

PaccmoTpum cmauama cayuait, Korna mroTHOCTE ny ()
pacupefienera B o6aacta r > 1/m. IloxcraBusas Bupaskenme
A 1y (), B KOTODPOM 7 CIIeyeT 3aMeHHTD Ha 1/m, B ypapHe-
uue [lyaccora, monyuaem

Ap = —en, (7), (6.63)
rne :
2 % (6.64)
et = 5 . .
t+ed g Al

Kak Bmamo ms (6.63) e ompenensier BsammoneiicTBme MEeKITY
3apAlaMu, PacHONOKeHHHMHA MaleKO Apyr OT Apyra H, Ciae-
AOBATENbHO, COBHANAET ¢ HAGMIOaeMHEIM 3aps0M 3IEKTPOHA.
Beipasenne (6.64) ycramapimeaer cBszb e? ¢ KBaJgpaToM
3aTPAaBOTHOTO 3apAna €;. Benmumua A, ompemensiomas mo-
AAPA3YEMOCTD BaKyyMa, NONOKATEeNbHA H, CIefoBaTeJbHO,
HabojaeMH# 3apsAj MeHbIIe 3aTpaBOYHOTO.

Pacemorpmm Temeps ciyuait, korma zaTpaBouHsle sapamu
pacnpenenensl B o6nactm r << 1/m u, B wacTHOCTH, KOIna
€CTh OJMH 3apAJ B Hauaje KOOpAMHAT: 1y () = 6 (7). 3anm-
meM n, (r) B Bufie ‘

my (#) = 2% A(div (In (mr) Vo) — In (mry) Agl.

Ileperocs BTOpoe cnaraemoe B IeBylo gacTh ypaBHeHHA
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(6.61) m mepexons K sapAny e, LOJXYIAM
Ap = —e? (ny () + ng (7). (6.65)
Bennuuny
ng(r) = —?— A div (In (mr) Vo)
MO’KHO HasBaTh HEPEHOPMHPOBANHOR IJIOTHOCTLI0 BAKYYM-
HHX 3apsAHOB.
, 2 1
Brenem Benmumny & = — (1 —e —3—A1n W) Vo, ana-
JIOTHYHYIO BeKTOPY MHAYKIUH. Y paBHeHHe (6.65) maer
div @ = e*ng (7).
Taxum o0pasoM, BeIHIEHA
21 1
ge=1—e—5Aln (6.66)

mr

npencTapisier coGofi [AMANEKTPHYECKYI0 BOCHPHEMIHBOCTL
BaKyyMa Ha MaJHX PACcCTOAHHAX OT 3aps/0B.

Haiizem pacupefieseHre BAKYYMHHIX 3aPAfOB BOKPYT 3a-
pAfa e,, PACIOJIO)KEHHOTrO B Hadaje KOOPAMHAT: I, (r) =
= § (). :

Bapsy BHYTDE cepr papmyca T, ¢ (r), cBfBAH C ( 0IGBHA-

e2(r
HHM COOTHOMeHEEM — V@ = 4:1(r3 r. Ucnommsys Bupa:KeHHE

€2
@ = —— r, HoxyIaeM

4rurs
2 2
e? (r) = ie— = . 2:!1‘.: " (667)

3 AT

Iipz r > 1/m, € (r) mepexonut B HabmofaeMulii 3apsn e, a
Oopm r = roy B 3aTPaBOYHEI 3apAn. Tak kax DOJHHI 3apAnR
BaKkyyMa He H3MeHseTcs IPH IONAPH3aNud, TO dKPaHHPYIO-
muit BakyyMHH# 3apsap, nogBuBINTiicss BOJHU3HM 3apAfa €,
KOMIEHCHPYETCSl PABHHM 3apsfoM, yXOoismuMm Ha Gecko-
HEeYHOCTD, TaK JKeé KaK 9TO IPOHCXOAHT IPH BHECEHHN 3apAna
B GeCKOHEYHHH THIJIEKTPHK.

dopmainsro u3 (6.67) cieayeT, 4T0 IpU

1 3
r~Try~ 5 ¢Xp ('_ S Ae )

sapsy e? (r) obpamaercsi B 6eCKOHETHOCTD.




332 Il 6. KAUYECTBEHHKE METOXE B KBAHTOBOU TEOPUY IO

Ha camom nene dopmyna (6.67) ma rakmx paccrosmmsx
Henpumenama. leficTeurensno, korma Mp Haxomman 11 (r),
MH Opefmonaraiu, 4ro GespasMepHHI 3apsag e? (r) max, u
He yYHTHIBAJIA BO3MOMKHYI0 3aBmcmMocTh II (77) ot €2 (7).

B obnacta r ~ ry, rorna e? (r) ~ 1, popmpmumecss Ha oT-
HOCHTEJLHHX PACCTOAHEAX ~T 3apAAbI, B CBOI O4epefb, Mo-
TyT B3AEMO/IEICTBOBATD, TIPHIEM DTO B3AWMO/IEHCTBAE Xapak-
Tepasyercs sapsinom e? (r). Takoe ecrecTBerHOE mpemonosKe-
HHEe, KaK MLl YBEAEM HEXe, ABJIAETCH APYroii ¢opMynmpon-
KOil CBOUCTBA TEPEHOPMUPYEMOCTH.

Taxkum obpasom, «mocrosauas» A B (6.64) ma camom mene
MOjKeT 3aBHCeTh OT 7 gepes e? (7):

A= 4 (e (7).

Ecam yuecTs o1y 3aBucEMOCTB, TO MBI OyduM BMecTo (6.64)

2
0
Inly/m

t+25 | a@Eame

[

2 —

Inr,

Hcopapnennas gopmyna pias e? (r) GyfeTr @MeTh BUJ @HTET-
PaJbHOTO ypaBHEHHA
e2

et (r) = : (6.68)

Inr

4t
14— S dinp A4 (¢ (p))
Iniym

Huddepennmpys (6.68) mo In r, MokHO HomywmTs MEQ-
depernmanbHoe ypaBHeHme, HaliienHoe Buepnbie I'ema-Man-
nom 7 Jloy

20— _pEr),

rie ¢pyuknua exn-Manna — Jloy f (e?) crsizana ¢ gynknm-
eit A (e?) cooTHOmenMEM

BeY) = et L A (er). (6.69)

Heasnoe pelieHne 3TOT0 ypaBHEHWA HMEeT BH[
ex(r)
dz 1
S -—BF)- = 111 -7,-27- . (6.70)
e3 -
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3necs nrefien Habmogaemuii 3apan e? = e? (m~?). Crasp Hab6-
JIOZlaeMoTp 3apfla ¢ 3aTPaBOYHLIM 3apAnOM ey = e? (ry) na-
erca (6.70) mpr r ~ 1yt

2

€

& de__p L. (6.71)

B (x) mro

e

Ilonyaennbie ¢OpMyIE SABHO YJOBJIETBOPAIOT COOTHOIIE-
HEI mepemopMmpyeMocTd @ Onuim Hadinenn l'ei-Mannom @
Jloy, uMenHo mcxops ms aTOro TpeGopaHms.

[IpuBenienHuii KadeCTBEHHBI BHIBOL LO3BOJIAET TOHATH
Pusmaeckuit cmuica dynxmma Iexn-Manna — Jloy (6.69) —
OHa CBA3aHA ¢ HOJAPE3YEMOCTLIO H II0ITOMY He MOeT GHTH
oTpEmaTeJLHA B 06JacTH, TI/ie TEOPHs HMeeT CMEICI.

3aMeTEM, 9TO HTOT BHIBOJ MOHO yTouHETH. MH mpenmo-
aarauan, aro A (r) = A (e? (r)). B jeiicTpurensHOCTE HA pac-
CTOSIHUAX r BeimumHa A ompenensercs sapanoM e? (ry), rae
r, ~ r. IlpegmonoxmyM cHagana, 4ro Inry =Inr + v, rhe
v — Mmanaa po6aska. Torma

A () = A () + STV = ().

Iopropas 5Ty omepanuio, NPEXOAAM K 3aKIIOUEHHIO, 9TO
A = @ (¢ (r)).

Oynkuus Nemnr-Marna — Jloy siBisercss BaxHeNmed xa-
PAKTePHCTAKON TEOPHHE IOJA, ONHAKO, K COMAJICHHIO, [I0 CAX
HOp He CymecTByeT HHOTO CIH0oco6a /IS ee BEIIHCIEHAH, KPOMe
Teopua Boamymenmii. Teopusi BO3MYIIeHHI MO3BOJIAET HaliTH
meppiie koaddumuments pasnosxenus A (%), HO He mO3BOJIAET
clenaTh 3arjioueHmii 0 cpoiictBax A (¢%) B mATepecymomei
Hac obmactm e® = 1.

B mpumrnume He mckiawoueHo, 9T0 PyHKmEA A (e?) obpama-
eTcsl B Hyib Ipd HexoTopoM e® = €. Tl0CKONbKY TOJNAPHE3Y-
eMOCTDh Te MOKeT cTaTh OTpEIaTenbmoii, To ynkmua A (6%)

[OJKHA B DTOM CJydae EMeTh TOUKY KacaHms IpH €* = e

Bomupoc 0 Bo3HEKHOBEHHE HYJIS QyHKOUT Ienn-Marra —
Jloy mMeer mpwHO@IHEAaJbHOE 3HAYCHHE, HOCKOJIBKY B ITOM
cIydae MOYKHO HOCTPOATL CTPOTO JIOKAJIBHYIO TEOPHIO C Iy =
= 0. Jleiicrparensro, npu ro — 0 mrterpan s (6.71) pomxen
pacxonmThcs. OTO HPOW3OHET, ecln iu6o BepxHHEi €5, nd-

6o HmKHEH e mpefesl COBLA/aeT ¢ HyJeM e’ pynrnmm B ().
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Ha6uropaemerii sapan e* = 1/137 pocraroumo mai, 4TOGH
AOBepATE Teopuu BosMymeHmA ana Gymrmuu P (e?), koropas

He mmeeT Hyus npu e? = 1/137. Ecnm xe e} comapaer ¢ el
TO MOKHO TONOKHTE rog = 0, T. e. Teopus Gymer crporo io-
HKaJIbHOH,

Ecim ¢ynknma Tenn-Mamma — Jloy Boo6me He wmmeer
Hyas (410 Kaskercs HamGonee BEPOATHHIM), TO opu ry— 0

3aTPABOYHHIA 3apsy| €5 HY/KHO IOIOMATH PaBHEIM oo LIS pac-
xofmmocTa maTerpata. Takmm ob6pasoMm, B aTOM ciryuae 3ar-
PaBOYHOE BoamMOfeiicTREE JWIIEHO CMEICIA.

IKPaHAPOBKA BBAEMOMEHCTBES (LOJNOKATENBHOCTD Koag-
¢unmenta A B (6.64)) xaparkrepra mis BCEeX HCCIEHOBABIIAXCS
A0 HeJaBHETO BPeMOHH MEPEHOPMHPYEMEIX TEOPHid: DIEKTPO-
AUHAMUKA, CKAJAPHOe HOJe (B3amMopedicTBEe ~ Ag?), Teo-

pus IOxkasu (B3aumopeiicrBue~Y' Vo) u r. 1. B revenme nBaj-
HaTH JIeT S9KPAHWPOBKA 3aTPABOYHOTO B3aWMONEHCTBHA Ka-
SaJlaCh HEOTHEMJIEMEIM CBOMCTBOM IEPEHOPMEPYEMHX Teo-
puii. llpm n1060oM KOHeYHOM B3aEMOJEHCTBEE HA 60JBIIEX
PacCTOAHUAX B3aUMOfeiiCTBEE HA MaJHX pacCTOSHUAX Be-
JUKO WIM Jayke obpamaercss B GECKOHEYHOCTH, 9TO HejaeT
GecuiofHEIM caMo0 NOHATHE 8aTPaBOYHOI0 B3aWMONECHCTBH.

OKPaHEDOBKA B3aWMONEHCTBHEA 9ACTO BHIBATANACh B Ka-
4eCTBE apryMmeHTa NIPOTHB JOKanbHON Teopumm moxs. Craio
UHTEHCHBHO DPa3BUBATBCHA [Pyroe. HAIPAaBIEHHEE TEOPHH, B
KOTODOM 9Ta TPyHHOCTH o0xogurcsa. Buaa cpesama mommiTka
CHOPMYIMPOBATH TEOPHIO B BHE COOTHONICHHIA, BHTEKAIOIMAX
TONbKO W3 OOMUX CBOMCTB: U3 YHHTAPHOCTH, NPHIAHHOCTH
# T. 8. (TaKk HagHBaeMasg reopua S-Marpuns). OmHako, Kar
MBI y?K€ YIOMHHAJH, STy CXeMy He ynaercs cQopMyImpoBarh
B BHJIE 3aMKHYTO#d Teopum. .

B nocnexmee Bpems otk puizack HoBas BoaMoHOCTH, BHa
o6Hapy;keHa IepPeHOPMAPYEMOCTD KaJIn6poBOYHO-AHBAPHAHT-
Hoil TeOPHER, npepioskenHon fInrom 1 Mmiuicom eme B 1954 ro-
ny. Teopum sroro Tmma smpasiorcs 06oGmenzem 9JIEKTPO-
AMHAMUKE: ePMAOHHEIE HOJs B3aUMOJEHCTRYIOT C HECKOIbKH-
MA TANAMH BEKTOPHHIX IOJNell — TJN0HOB. B ornmume or
$otonos rimoont BaPSIKEHH, T. €. B3AHMOJEHCTBYIOT MEKy
coboit. CTpykrypa JarpamixuaHa OJHOZHAUHO ompeneNsercs
TPEGOBAHEAME IEPEHOPMEDYEMOCTHE W KaAm6pPOBOYHON WHBA-
prantoctd. Teopus comepxut Toabko onHy GespasmepHyio
KOHCTAHTY, OHPeflelIA0MYI0 KaK B3aEMOJeicTBEEe PepPMEOHOB
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¢ TJI00HAME, TAK W B3aEMOJEHCTBYE IIIOOHOB MEMKAY COOOHM.
3aTpaBounHe MacCh IJNIOOHOB paBHH HYJIO, a MaccH dep-
MHOHOB MUIyT OHTH OTJIHYHH OT HYJIA.

Coxpananmuiicss «3apaf» B OTIHIAE OT DIEKTPHEIECKOrO
3apsAma, ABIAETCH BEKTOPHHM OIEPATOPOM, KOMIIOHEHTH KO-
_TOPOTO KOMMYTHPYIOT KAK KOMIOHEHTH MomeHTa. lloatomy
3aKOH CJIOKeHAA TOJAPH3AMAOHHEX (3apANOBY ClIOKHee, TeM
B AeKTpoguHaMuKe. HaKk IOKasHBaer pacduer, B 3aBUCHMO-
CTH OT COOTHOMEHU A MEKy YACIOM PePMAOHHLX U INTIOOHHHX
moJIeii, BOBMOMKHHL KaK DKPaHUPOBKA, TaK I (AHTHIKPAHHPOB-
Ka» BHeCEHHOI0 B BaKyyM «3apapa». Ilpm me cammrom 6oib-
moM wmehe GepMEHOHHHX mOJNell OCYIIecTBIAETCS aHTHOKpa-
HHPOBKA.

B rakroii Teopuu CBOHCTBO MEePEHODMHPYEMOCTH TaKKe
HPHBOJHAT K norapmbmmecxony 3arony (6.64) pna sdderrns-
HOHA = KOHCTAHTH nsanmonenc'rnnﬂ, HO C OTPHIATEIBHHM
koodpunmuenrom A. IrTo o3Hauaer, uTo >PdexTuRHOE
B3aHMOJEHCTBHE pacreT IO Mepe yBeJWYCHHS pPacCTOSHES.
B npemene cBepxMaJHX paccTOSHWII B3amMojejicTBme HC-
wesaer (Tak HaswiBaeMas <¢aCHMITOTHYECKas cBoGopa»). Jto
SABJIEHHWe UpejIoJaraercsd HCI0JAB30BATh [Jf O0bACHEHH:A
mapafokca QusHrE cmiIbHHX B3amMmofeiicTemit. Hak maBect-
HO, CIEKTP MAacC ajZpoHOB, a TakKe HUX DIEKTPOMAarHuT-
Hasl CTPYKTypa, KOTOpas H3ydeHa C DOMOINBIO I'TyGOKO He-
YHPYrEX DJEKTPOH-aJ[POHHHX PEaKNWil, XOpomo OIHCH-
BAaOTCA MOJENBI0 Hep3aHMoneHcTByOIMAX KBapros*). Bmecte
¢ TeM cBoGOfHHE KBApKH He HabGiiojmanmch, HeCMOTPs Ha
MHOT0JIeTHUE MOUCKA. JTOT HaPafloKC MOKHO Ghijo Ghr 00BsiC-
HOTH, IPEHIOJIOKHAB, 9TO B3aEMOJEACTBEE KBAPKOB OIHCH-
paercs reopmeir fIHra — Mmuaxca, T. e. mcuesaeT Ha MalHX
PaccTOAHUAX W He MO3BOJAET HE KBapKaM, HE IJIIOOHAM pac-
XOAUTHbCHA Ha OoJbIIAe PACCTOSHUASA.

Hrax, gacro Teoperaueckd@e BOIPOCH IePeHOPMAPYEMOCTH
H B3aHMOJeHCTBEA HA CBEPXMAJKX PACCTOSHUAX MOTYT OKa-
3aThCsl POIIAKIEME 1A TORUMARAS IPAPOAK CHTLHBX B3au-
MopeicTBuii.

*) P, ®eiinwMan, «Baaumogeiicreme GoTOHOB ¢ afiporamMm», «Mipy,
Mocksa, 1975,



