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1. OnTH'l9CK8lI Moaenb 

llo HeaaeHero epeMeHH ocHoBoli ecex pac'leTOB ynpyroro pacceHHHH 

6bICTpblX '18CTHU Ha gapax HBnHnacb nonyij,eHOMeHonorH'l9CK8lI OilTH'l9CK8lI 

Moaenb (cM,, HanpaMep, 11- 31 ). nocne Toro, KaK na peweH~H eonHoeoro 

ypaeHeHHlI C noao6paHHblM H3 OilbITa IlOT9HUHanoM lj,a3bl onpeaeneHbI, ceqe

HHe pacceHHHlI a ( 0) nony'laeTClI nyTeM npocToro CYMMHPOB8HHH. HanpHMep, 

anH pacceHHHlI 6eccnHHOBblX '18CTHU 

( 1) 

K 00 2 171 £ Ci ( 0) = -
0
l: ( 2 £ + l )( l -e ) P0 ( Cos O). 

2 <= O < 
(2) 

npa Bb!COKHX aHeprHHX, KOraa anHHB ae6polineBCKOli BOnHbl Ji CTSHO

BHTCH BO MHOro paa MeHbWe pa3MepOB H~pa-MHWeHH ff B CYMMY no £ 

cymecTBeHHb1li eKnaa aaeT oqeHb 6onhwoe 'IHCno qneHoB, cyMMY e ij,opMyne 

(2) yao6Ho 38M9HHTb HHTerpanoM H Hcnonb30B8Tb 8CHMilTOTH'l9CKOe COOT

HOWe.l!He 

!I'£ ( Cos O) = i U 2£ + l) Sin O / 2 ) "' J O <£ O.) , 

rae J O - xopowo aaeecTHaH ij,yHKUHH EeccenH. 

B o6naCTH BblCOKHX aHeprali MOlKHO Hcnonb30B8Tb T8KlKe H apyroe 

npH6nHlK9HHe: Bblp83HTb ij,aabl pacceHHHlI 'lepea KOMnneKCHblll KOaq>q>HUHeHT 

npenoMneHHH K(T, r ) = o ( T, r ) + ik(T, r ) , T,e. nonO}KHTb 
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00 

"lf(T)= f 
rK(T,rldr 

X £ yr 2 +Ut£)2 
(4) 

rAe 

l . 
nCT,rl= a(Tlk(T l 2 ,r • k (T • r l =Ao (Tl d ( l t r • (5) 

d t - nonHoe ce11eH11e B3SIIMOAellcTBIIH. pacce11Ba10lllellcH 'ISCTi\Ubl C HyKnOHOM 

HApa, a - OTHOllleH11e peanbHOll II MHIIMOll 11acTell aM_nnHTYAbl ynpyroro 

pacceHHIIH aToil. 'ISCT!lllbl Ha BHYTPHHAepHOM HyKnoHe, d ( r l - noA611paeMaH 

H3 cpaBHeHHH C BKCnepHMeHTOM nnoTHOCTb eyKnOHOB B sinpe-MHWeHI! C .aTOM-

Hb!M HOMepOM A • 3AeCb H B03Ae JJ.anee T - KHHeTH'leCKSH aHepI'HH pac-

ce11BaIOIJlellcH 'ISCTl!llbl B na6opaTOpHofi CIICTeMe KOOpAHHST, 

TaK KSK xapaKTep11CTl!KH B3Sl!MOAeficTBHH 'ISCTl!llbl co CBH3SHHblM BeyT

p11HAepHblM HyKnOHOM HeCKOnbKO 0Tn1111a10TCH OT COOTBeTCTBY!Ollll!X xapaKTe

Pll(?TIIK B3Sl!MOAellcTBIIH CB060AHblX 'ISCTIIU, TO B ijiopMynbl (5) npHXOA!!TCH 

BBOAl!Tb nonpaBO'IHble MHOlKHTen11, non611paeMbl0 113 cpaBHeHl!H C aKcnep11MeH

TOM, II 3SBHCHIJllle, B0061Jle I'OBOPH, OT auepr1111, 

Eonbwoe 1111cno IlOAI'OHO'IHblX napaMeTpOB, KOTOpb1e np!!XOA!ITCH BBOAl!Tb 

B ijlopMynb1, He MOJKeT He Bbl3blBSTb 'IYBCTBa HeyAOBneTBopeHHOCTH: OilTH'leC

KaH MOAenb OKS3bJBaeTCH cnl!WKOM 'npHBH3SHHOfi' K BKCnep11MeHTy, 

CTeneHb cornac!IH OilTH'leCKIIX Kp!!BblX C OilblTOM BIIAHS H3 p!!C, 1-3, 

Oco6eHHO TPYAHO nonorHaTb TeopeTH'leCK!l0 Kpl!Bhle IlOA 9KCnep11MeHT 

B o6naCTH 6onbWIIX yrnoB pacceHHIIH, I'Ae ASIOT BKnan BblCWl!e · AHi!>paKUHOH-

Hble MIIHIIMYMbl II MSKCIIMYMbl, KaK npaBHno, ·ecnH aKcnepHM0HTallbHble ,naH

Hble AOCTSTO'IHO TO'IHbl, TO YASeTCH nony1111Tb nl!Wb Ka'leCTBeHHOe cornacue, 

l!Ha'le npHXOAIITCH 11cnonb30BSTb cnHWKOM cm;>JKHble onTH'leCKll0 noTeHUIIS1.1bl 

C 6onbWHM 1111cnoM napaMeTpOB, KOT0pb10 BeCbMS ueperynl!pHO !13M0HHIOT

CH npH !13MeHeHHH BHepI'IIH pacceHBS!OlllHXCH 'ISCTllll H T11na HApa-MIIW0HII, 

3TO O'leHb 3aMeTHO nnll neI'KIIX HAep: nei\TpoHa, ren11H H T,ll, l!T06b1 

nony'll!Tb cornac11e c· OilblTOM, npHXOA!ITCll Flbl6HpSTb ,onTH'leCKl!e noTeHu11a

nb1 C paAHSllbHOll 3SBIICIIMOCTbl01 KOTOPYIO TpYAHO cornaCOBSTb C TeM, 'ITO 

Mbl 3HaeM 113 Ollb!TOB C paccell~HeM, aneKTpOHOB, Hanp11Mep, AnH Toro, 'ITO-
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P11c,I, ll111jxj,epe11u11anb11Oe ceqe1111e. ynpyroro pacce11H11ll npoTOHOB na paan11q
HhIX l!Jlpax (M6/cTep., Cl!CTeMa ueHTpa Mace). To'IKII - 9KCnep11MeH
T8UbHbl0 llBHHble 14-61, Kpl!Bbl0 - paC'leT no OilTll'leCKOll MOnen11 11 I, 
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PHc. 2. nHipq,epeHUHaltbH08 ceqeHHe ynpyrorO p8CC8SIHHH rr -M830HOB 
(Mo/ cTep,. cHcTeMa ueaTpa Mace) !Bl. Kpnahle - pe3ynbTaT pac

qeTa no OllTHqecKOH MOaenH. 
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6bl onTll'IeCKaSI KpHBSSI coanana C aKcnepH_M8HTanbHblMH ASHHblMH EpyKxal!aeH-

4 . /9/ 
cKoii na6opaTop1111 no ynpyroMY pacceSIHHIO P + He np11 aHepr11H T =1 raa· , 

Tpe6yeTCSI noTeHUHan C pe3KOII rpaHHUell, B TO BpeMSI KSK onb!Tbl C pacceg-
• 4 

HH8M aneKTPOHOB Y,Ka3b!B810T Ha 6onbWYIO AHq>q>Y3HOCTb rpaHHllbl SIAPS He • 

YqeT pa3Mep6a'pacceHB810Ill8rOCSI npOTOHS n11wb yaennq11aaeT aq>cpeKTHBHNll 

napaMeTp AHq>q>y3HOCTH. 

Hcnonb30BaH11e B .onT11qeCKHX pacqeTaX ra~CCOBCKOro noTeHUHana, B3SI

Toro 113 OnbITOB C pacceSIHHeM aneKTPOHOB, He BOCnpOH3BOAHT OCTpbill MHHH

MYM B yrnoBoM pacnpeAeneHHH np11 0 "' 24 ° , a np11 6onhWHX yrnax pac

ceSIHHSI •Aae,: ceqeHHSI, Ha ABa-TpH nopSIAKS 3aHHlK8HHbl8 no cpaBHeHHIO C aK

cnep11MeHTOM (cM. p11c. 3). 

<l>H3HqecKH 8TO CBSl38HO C TeM oqeBHAHblM q>aKTOM, qTo Allq>p8KUHOH

Hbl8 aq>cpeKTbl n npenoMneH11e Ae6poli:neacKoll aonHbl pacce11aa10merocS1 npoT~ 

Ha CTSHOBSITCSI TeM 6onee 38M8THblMH, qeM 6onee H80AHOPOAHOii SIBnSleTCSI 

pacce11aa10maS1 11 npenoMnS11011laS1 cpeAa. 

TaKHM o6pa30M Mb! BHAHM, qTo onT11qecKaS1 ~OAenb He yq11Tb!B88T KS

KHX-TO B8CbMa BaJKHblX q>H3HqecKHX A8Taneli. 1,1To6bl BblSICHHTb, B qeM. 3A8Cb 

Aeno, pacCMOTpHM 6onee noApo6HO KapTHHY npoXOlKA8HHSI qaCTHllbl qepe3 cpe

AY, COCTOSIIllYIO 113 0TA8nbHblX pacceHBSIOl!lHX II nornoma10m11x ll8HTPOB ( HyK- • 

noHoB). 

2. Teop11S1 MHOrOKpaTHoro AHq>paKUHOHHoro pacceSIHHSI 

B o6bJqHoli onTnqecKoii MOAen11 MHKpOcTpyKTypa cpeAbl He paCCMaTpH

BaeTCSI, II B8Ill8CTBO npeACTaBnSieTCSI KaK HeKOTOpaSI Henpepb!BHSSI cpeAa, Mb! 

MOJK8M HaAeSITbCSI, qTQ 6onee Toqaoe paCCMOTpeane noaaonHT ycTaHOBHTb 

nonpaBKH, KOTOpb!e cneAyeT BHeCTH B TSKYIO np116nHJK8HHYIO onT11qecKy10 Kap

THHy. 

TTpeae6peJKeM noKa 38BHCHMOCTb!O B3aHMOAeiiCTBHii: OT cnHHOB (aTO 

anonHe onpaaaaao B 06nacT11 Bb!COKHX aHepr11li:). 

Paccesrnne aaneTa10meii: qacTHllbl Ha OTAenbHOM HyKnoae 6yAeM xapaK

TepH30BSTb aMnnHTYAOll pacceSIHHSI (I , OAHaKo, noCKOnbKY HyKnOHbl Te

nepb He opSI3aTenbHo pacnonara10TCS1 B aaqane KOOpAHHaT ( ·;- ;=I 0, CM. 
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PHc,3, CeqeHHe ynpyroro pacceruiHH npoToHOB Ha renHH (6apH/cTep; CHc
TeMa ueHTpa Mace). 191 TTyHKTHPOM HaHeCeHa OilTHqecKaH KPHBaH, 
paccqHTaHHaH C raycCOBCKHM noTeHUHanoM, nonyqeHHblM H3 OilblTOB 
C pacceHHHeM aneKTpOHOB Ha ,mpe 4 He , IlpH6nH3HTenbHOe corna
CHe C 3KCnepHMeHTOM B 3TOM cnyqae B03MOmHO nonyqHTb nHWb AnH 
nepsoro AHcj,paKUHOHHOro IlHKa, CnnowHaH KPHBaH - OilTHqeCKHii pac
qeT B cnyqae, Koraa noTirnuHan. Bbt6paH · B BHAe. 6blcTpo · cnana10meii 
Ha rpaHHUe q,yHKUHH Bynca-CaKCOHa c panHycoM -c =l ,6•10-13 CM H 
napaMeTpOM AH#Y3HOCTH a= 3,1.10-14 CM, lllTPHf-IlYHKTHpOM Ha-
HeceHO ce'leHHe KynoHOBCKoro pacceHHHH Ha ,mpe He ' paCC'IHTaH-
HOe no cj,opMyne MoTTa C rayccoBCKHM cj,opMcj,aKTOpOM, nony':'eHHblM 
H3 OilblTOB C pacceruiHeM aneKTpOHOB, TTpH yrnax 0> 2-3° 3TO ce

qP,HHE> CT.'.iHOBHTCH npeHe6pemHM0 ManblM, 

8 

\ 

)' ,, 
( 

j 
\ 

II 

.....:;.;,,,,._ 

pHC. 4)' TO a3HMyTanbHO CHMMeTpH'IHOe BblpameHHe (2) nm1 3TO!l aMnnHTy

Abl yme He npHrOAHO, 

t.{'1'06bl nony'IHTb npaeHnbHOe BbtpameHH!!~ BCilOMHHM, '!TO aCHMilTOTH'lec

KaH eonHoeaH <PYHKUHH nocne ynpyroro pacceHHHH B o6meM cny'lae npencTae-

naeT co6oll cyMMY nnocKoll nana10mell eonHbI e lkz 

'18CKOl1 eonHbl C aMnnHTynoll (i ( IJ , ¢, ) : 

H pacceHHHoll: c4>epa-

- lkz ~ elkz 
'l'(xl=e +u(IJ,¢,)--, 

r l6) 

rne 

). 
00 f Im</, m 

(t(IJ,¢,)=- I.. I. (2f+ll(80 -Sfm)e Pe(Cos/J) 
2 f,.o m=-f m (7) 

;It= ti/k - )lnHHa ne6pollne11cKoll: BOnHbl B CHCTeMe ueHTpa Mace, 8om- H3-

B8CTHblll: CHMBOn K
0

pOHeKepa, pt - npHC08JlHH8HHblll: nonHH.OM neJKaHnpa 

m -ro IlOpHJlKa, t.{aCTHblil: Cny'!ail: a3HMyTanbHOfl CHMMeTpHH (2) nony'laeTCH 

n npennonoJKeHHH 

Sfm=e2171( 8 
• Om 

(8) 

EcnH orpaHH'IHTbCH JlOCTaTO'IHO BblCOKHMH 3HeprHHMH, rne pacceHHHe 

Ha HyKnOHe npoHCXOJlHT, B OCHOBHOM, n o6naCTH ManbIX yrnon /J H cy-

IU8CTB8HHbl8 f 0'18Hb nenHKH, TO MOlKHO BOCilOnb30BaTbCH aCHMilTOTH'lec-

KHM COOTHOWeHHeM, CBH3bJBalOIIlHM nonHHOM pt C <PYHKUHell Becceng 

Jm 
/10,11/ 

P fm(Cos IJ),. (-l)m{f + +) m Jm( (2 f + l) Sin IJ/2 ), 
(9) 

(t.{aCTHblM cnyqaeM 3Toro COOTHOWeHHH HBnaeTCH cj,opMYna (3) ). 

Y'IHTbIBaH nanee H11TerpanhHoe npencTanneHHe <PYHKUBH Beccena 

(-i)-m 2,r lxCose+1me 
J (xl=--- f e • de 

m 2 IT 0 

9 



II aaMeHSISI cyMMllpOBSHHe no 

B Blllle 

f HHTerpanoM, aan11weM aMnnHTYllY (7) 

0 

rile 

2 IT 
IC 

(i (0,cf,) = - f 
2 IT 0 

d t I 
f=o 

l I( 2 f+ I) Sin2 Cose 
(£+ 2 )e x 

xi 1 -
f 
I i-m(f + _!.,_) m S lm(cp+ t> 

m-f 2 fme 

21T 00 

=-i-fdtI 
21TIC o f=o 

0 
l 1(2f+l)Sln-CosC 11/Cp,ifn 

(f+-)e 2 11-e \pdp, 
2 

p :·}( f - napaMeTp yllapa, t/J=t+cf> H o6oaHa"leHO 

£ 
I ;-m<f + - 1-) 

m=-f 
2 

S Imo/ 
fme 

= e IT/<P,o/ > \ 

BBelleHHYIO TSKIIM o6paaoM q>YHKUIIIO .,., ( p • ,fJ ) Mbl 6ylleM llSnee H83blBSTb 

"qiaaoit". · 

EcnH nepeMeHHOit e npllllSTb Tenepb qlll311"leCKHit CMblCil yrna MelK-

llY HanpaaneH11eM BeKTOpa p H OCb!O X , TO B o6naCTII He6onbWHX yr-

noa 0 MOlKHO np116n11lKeHHO nonOlKl!Tb 

p ( k - k 'l."' 2 k p Cos ( a - cf,+ IT ) Sin 0 / 2 , 

rile k II k' COOTBeTCTBeHHO 11MnyilbCbl HaneTaJOmeA II pacceSIHHOH 

"laCTHUi nocne 3TOro aMnn11Ty1la pacceSIHHSI aan11weTCSI B KOMnSKTHOM Bl!lle 

rile 

- TaK 

llHTCSI 

. Hi::-i::'>p 
(i(O,rf:,h<i(ql=-'-fe 

21TX 
(10) 

l7'/(p) 2 
0-e )d p 

i lq p 
=TiiX,f e r(p)d

2
p, 

q = f" - f"' TiepellSHHblH 11Mnynhc, 

r(p)=l-elT/<P ( 11) 

II83bIBaeMSSI "npoqi11n11py10wa_SI qiyIIKUHSI", H HHTerp11poaaH11e np0113BO

no aceii: nnoCKOCTH napaMeTpa yllapa_ P · 

10 

t 
lj 

I' 
! 
I: 

I 

3aMeTIIM, "ITO BblpSlKeHl!e ( 11) MOlKHO paCCMaTpllBaTb KaK q>ypbe-npeo6--

paaoBaH11e <jlyHKUIIH r ( p ) ; ecn11 113BeCTHa aMn/111Ty1la (i ( g ) , 3TY 

q>yHKUH!O MOlKHO nony"lllTb o6paTHblM npeo6paaoaaHHeM 

r( p) =,__!:_ f e -lqp 
2 IT i 

• 2 
(i(q)d q • 

(12) 

rile IIHTerp11pOBSHl!e BblnonHSieTCSI no BCeit nnoCKOCTH, nepneHJlllKYilSipHOA 

HS"lSilbHOMY IIMnyilbcy i:. 

Bh1palKeHHSI (10) H (11) Mbl II nonOlKHM B OCHOBY llSilbHeAWHX Bbl"lHC

neHIIA pacceSIHIISI 6bICTpoii: "lSCTHUbl Ha Slllpe x). nonHYJO aMnnHTYllY TaKoro 

pacce5IHIISI Mhl nocTapaeMCSI Bblp83HTb "lepea aMnnHTYllbl pacceSIHHSI Ha OT

/12-14/. 
lleilbHbIX HYKilOHax. (BnepBbie TSKOi! nOllXOll 6bln paCCMOTpeH Tnay6epOM ). 

BhICOK03HepreTH'I8CKSSI. HaneTSIOIIISSI "lSCTHUa MOlKeT CTonKeyTbCSI C Ka

KIIM-TO OllHHM HYKilOHOM BHyTpH SlllPS-Ml!WeHH 11n11 ·11cnbIT8Tb nocnellOBST0nb

Hbl0 CTOilKHOB0HIISI C HeCKOilbKHMII TSKHMII HYKilOHSMII. B' Tex cny"laSIX, KOrlla 

paccesmue npo11aowno 11a yron 0 > IT I 2 , B03MOlKHO TSKlKe noBTopHoe pac

cesiH11e Ha OllHOM 113 3TIIX HyKnOHOB. KpoMe Toro, nocKOilbKY pallllYC aaa

llMOlleAcTBHSI HaneTa10weii "lSCTHUbl C HYKilOHOM MOlKeT 6b1Tb 6onbwe paCCTOSI

HHSI MelKllY OTlleilbHblMII HYKilOHSMII B SIJlpe, TO MOlKeT cny"ll!TbCSI, "ITO qac

Tl!Ua 6y1leT OllHOBpeMeHHO B3811MOlleAcTBOB8Tb cpaay C HeCKOilbKIIMII BHyTpH

SillepHblMII HyKilOHSMII, 

MaTeMSTl!"leCKIIA a11an11a TSKOH KapTIIHbl B o6meM cny"lae npellCTSBilSieT 

co6oit BeCbMa CilOlKHYJO aalla"ly, OllHSKO MOlKHO nony"ll!Tb cyweCTBeHHhle yn

pomeHIISI, ecn11 Bocnonb3OBSTbCSI "llHq>paKUIIOHHblM np116n11lKeH11eM" • 

EylleM C"lllTSTb, "ITO pacceSIHl!e Ha n1060M BHYTPHSillepHOM HYKilOHe npo-

IICXOllllT TSK 1 KSK ecn11 6bI 3TOT HYKilOH npellCTaBnSin co6oA He60ilbIIIOA 

Kyco"leK nornoma10wei! H npenoMnsi10weA cpellhI (cM. p11c. 4). Torlla, no1lo6--

11O TOMY., KSK 3TO l!MeeT MeCTO B oriT11Ke, llilSI onpelleneHIISI aMnnHTYllbl pac

ceSIHIISI He06XOllllMO HSATH Illllllb CllBHr qiaa. 

x) 
B 'ISCTHOM cny"lae aanMyTanbHOit CHMMeTp1rn, KOrlla aepHO (8) 11, Cil81lO-

BaTenbHO, qiaaa .,., ( p • ,fJ ) He aaBHCIIT OT "' • B Bh!palKeHl!II ( 10) MOlKeT 

6b!Tb Bh!IlOnHeHo IIHTerp11pOBSHl!e no yrnoBOA nepeMeHHOi!, nocne "lero nony

"ll!M xopowo 113BeCTHOe ~IpaJKeHne 
d(ql=ik f J 0 (2kpSin0/2)0- e 1T/Cp>)pdp, (14) 

coana1la10wee C (2), e°cn11 B nocnellHeM CllenaTb ac11MnTOTl!"leCKYJO aaMeHY 

(3) 11 yqeCTb, qTO qiaaa T/ (p) Ten'epb BllBOe OOilbWe q>a3bI, 11cnonb3OBaHHOA 

B BblpaJKeHHII (2) • 

11 
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Pnc.4. PacCeS!Hl!e 'laCTHUbl C n~mynbCOM k Ha CIICTeMe H3 HeCKOnbKIIX 

HyKnOHOB. Tiono)KeIIlle OTA9flb!!b1X HyKnOHOB onpeuensieTCSI TpexMep

HblMll D0KT0p8MII r I j s I -UByMepHbie B9KTOpbI, XapaKTep113yIO

lllHe nono)KeHl!e HyKnOHOB B !!IIOCKOCTII, rrepneHAIIKynsipHOH IIMilyllbCY 

k (OCb z napan11ellblla k ), p - AByMepHblH B0KT0p napaM0T-

pa yuapa B c1Tof1 )1{9 nnocKOCTn; k - 11Mnynbc paccesiHHOH qacTIIUbll 

0 - IlOIIS!pHblll. yron pacceSIHIISI; 8311MyTanbHblH yron paccemnrn <p ' 
xapaKTep113yIOlllllH npame1111e Il!IOCKOCTII (k '; ) BOKpyr OCH z , 

OTC'IIITL!DaeTCSI OT nnoCKOCTII Ci z) . 

12 
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I 

<l>aaa, o6ycn~BneHH8SI pacceSJHHeM Ha OUHOM HyKnOHe, 

X (p) = f K Cr l dr , (13) 

rue K ( r ) - noKanbHblll: IIOKa3aTenb rrpenoMneHHSI, a HHTerpHpoBaHHe rrpOH3-

BOUHT.CSI BUOnb TpaeKTOpHH 'laCTl!UbI. 0CHOBHblM MOMeHTOM Teop1111 rnay6epa 

S!BnsieTCSI rrpeurronoJKeH11e, 'ITO TpaeKTOpl!S! 'laCTl!Ubl He3Ha'lliTenbHO OTn11'1aeTCSI 

OT !IpS!MOnHHell:Ho_ll:.11, cneuoBaTenbHO, HHTerp11pOB8Hl!e B qJOpMyne (13) !IO 

KPllBOnHHell:HOMY IIYTll MOJKHO 3aMeHHTb HHTerp11poBaHHeM BAOnb rrepBOHa'lanh-

Horo UBlllKE!HHSI 'laCTHUbl z • TaKHM o6pa30M, qia30Bb!ll: CUBHr OT paccesi-

Hl!SI Ha KaKOM-TO OUHOM HyKnOHe OKa3bIBaeTCSI He 3aBl!CS!IUHM OT rrpHCYTCT

Bl!SI upyr11x HyKnOHOB. 

flpH UBlllKeHllll 'laCTl!Ubl BHyTpll siupa C A-HyKnOHaMl! CyMMapHb!ll: K0-

3qlqll!Ul!eHT rrpenoMheHl!SI 

A 

K(r,rl'•···•Al= l: K Cr-rll, 
i=l 

H, COOTBeTCTBeHHO, rronHb!ll: CUBl!r qiaa paBeH cyMMe CUBl!rOB qiaa, o6ycnoB

neHHbIX pacceSJHl!eM Ha OTUenbHbIX HyKnoHax: 

A 

X ( p ' s I ••••• s A) = l: X ( p - s ). 
i=l I I ( 15) 

flp11 3TOM cosepmeHHO He Tpe6yeTCSI 3HaTb ueTaneii l!HUl!BIIUYanbHbIX B3al!MO-

uell:CTBllii HaneTaIOIUeii 'IBCTl!Ubl C HyKIIOHBMll smpa: CUBllr qia3bl X I <ii- ; I) 

orrpeuensieTCSI qiypbe-KOMIIOHeHTOll: ( 12) aMIInl!TYAbl pacceSJHl!SI rraua10mell: 'lac

Tl!Ubl Ha COOTBeTCTBYIOIUeM HyKnOHe. Bee rrapu11anbHbie aMIInllTYUbl paccesi

Hl!SI Ha oTuenbHblX HyKnOHaX rrp11 3TOM cneuyeT, KOHe'IHO, rrpeo6pa3oBaTb 

B KBKyIO-TO OUHY 06my10 Cl!CTeMy KOOPi:tHHaT, Harrpl!Mep, B na6opaTOpHyIO, 

B COOTBeTCTBllll C BbipalKeHl!eM { 10) rronHoe l!3MeHeHl!e aMIInl!TYUbl 

rraua10meii BonHbI 

-- A 
~,;, i f lqp * - - r - - - )<I> - - ) Il 3 2 uu =-- e <I> <•c·····) (p,s1•····SA H(r 1, ... ,rA d r d p , 

nan. 2,dl. k A 1=1 1 

rue 
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I 

' A 
r<;;,-; 1 ••••• ;-A 1 = 1 - n 11 - r 1<;;- ;; )I 

1=1 

A A 

=l: r (p-;;" l+ 
l=I I I 

l: r <i> - ; 1 r <ii - -; 1 + 
l,J=l I I I I 

1,/J 

A 

+ l: 
l,j,k=l 

r, <'i> _;1 1r1 <r _;1 1 rk <'i>- -;kl+ ••• 

1,'1,' k 

(17) 

- npoq>HnHpy10wasi $yHKUHSI S!JlPa, q,H H q, k - BonHOBble !WHKUHH, OilHCbIBatO

WHe OCHOBHOe COCTOSIHHe H llBHJKeHHe S!Apa AO H nocne pacceSIHHSI. 4>H3H'lec

KHH CMblCn BBeQeHHSI BOnHOBblX IWHKUHH S!Jlpa B aMnnHTYAY ( 16) aaxn10qaeT

CSI B TOM, 'ITO npoH3BeneHHe 4>t 4> H onpenensieT pacnpeneneHHe pacceH

BaJOWHX ueHTPOB BHYTPH MHWeHH. 

Mbl BHAHM, 'ITO pacceSIHHaSI Ha S!Jlpe BOnHa npeACTaBnsieT co6oil cyM

MY 'lneHoB, COOTBeTCTBYIOWHX pacceSIHHSIM Ha OllHHO'lHblX BHyTpHS!AepHblX 

ayxnoHax, Ha llBYX HyKnoHaX (nocneAOBaTenbHblX HnH OAHOBpeMeHHblX - B 

HaWeM npH6nHJKeHHH OHH He paanHiiaJOTCS!), pacceSIHHSIM Ha Tpex HyKnoHaX 

H T • .a,. 

0AHHM H3 OCHOBHhlX ycnoBHH 3aKOHHOCTH TaKoro paanoJKeHHSI S!BnS!eTCSI 

Tpe6oBaHHe, 'IT06bl pacnpocTpaHS!JOWaS!CSI BHyTpH S!Apa BOnHa cna6o HCKaJKa

nacb AH¢paKUHOHHhlMH s#eKTaMH; TOnbKO B STOM cny'lae MOJKHO roaopHTb 

0 CYMMHpOBaHHH ¢as H · K KaJKAOMY B3aHMOAeiiCTBHIO BOnHbl BHYTPH, S!Jlpa npH

MeHHTb ¢opMynb( ( 10), ( 11 ) • 

IlpH paccel!HHH Ha HyKnoHe C pa3MepaMH 'N llH¢paKUHOHHb10 s¢¢eK

Thl Ha'lHHaJOT cywecTBeHHO CKa3blBaTbCSI nHWb Ha paCCTOSIHHS!X 

2 
d > r / K 

= N L 

( KL - nn11Ha Ae6pol!.neBCKOl!. BOnHhl B na6opaTopHoii c11cTeMe KOOpA11HaT), 

noSTOMY ycnOBIISIM np11MeHIIMOCTII paanoJKeHIISI { 17) S!BnS!eTCSI Tpe60BaH11e, 

'IT06bl , o6naCTb TeH11" d 3Ha'111TenbHO npeBOCXOA!lna paaMepb! SlllP_a R : 

a TaK KaK 

r
2 /K » R 
N L 

R / r N = A t/a , TO STO SKB11BaneHTHO Tpe6oBaHIIIO 

14 

1: 

{ 
I 

I 
I 

I 

j 
1 

iC « r A 1/s 
L N 

1/a -13 
= A 10_ CM, 

'ITO BbmOnHl!e'l'Cll yJKe npH SHepr11six B HeCKOnbKO COTeH MsB. 

( 18) 

D.pyr11M orpaHll'leHlleM Teop1111 S!BnsieTCl! Heo6XOAIIMOCTb paCCMaTpllBaTb 

n11w& o6nacTb He cn11wKOM 6on&w11x yrnoB paccesiH11ll, nocxon&xy cooTHowe

Hllll (10)-(12) BhJBeAeHbl IIMeHHO B TaKOM np116n11JKeHHH. CneQCTBlleM SToro 

l!BnsieTCl! HCKnJO'leHHe IlOBTOpHblX paccel!Hllii Ha OAHOM II TOM JKe HyKnoHe 

{ B cyMMax ¢opMynhI { 17) HeT OAHHaKOBhIX COMHOJKHTeneii), 

np11Be1leM Tenepb Bb1palKeH11e { 16) K BIIAY, 6onee YA06HOMY Anl! 'lllC

neHHbIX pac'leTOB. D.nsi 3TOro npeJKAe Bcero Y'lTeM, 'ITO SI_AepHbie BOnHOBb[e 

¢YHKUIIII 

(- _ l 1PSl ~ _ 
<l>Hrl, ..• ,rA =e cf,\r1,··•,rA), 

_ _ ,P~Sl _ _ 
4>k(rl' ... ,rAl=e cf:,(r l'"""•'A)' 

rne p 
II p ' - IIMnynbCbl S!Jlpa-M11weH11 AO II nocne pacCel!HIIS!, 

i=~ l:, 
2 I 

- BeKTop, onpenenl!IOWIIH nonoJKeH11e ueHTpa Mace sToro !!Apa, cf:, - BOnHo-

Bal! ¢YHKUIISI, Oll11ChlB810lllaSI BHYTpeHHee COCTOl!Hlle l!llpa. BBeAeM, Aanee, OT

HOC11Ten&Hb1e KOOpAHHaThl HYKnOHOB B CIICTeMe ueHTpa Mace -; ; =i°,-!ii,11 0603-_, -
HStJMM s:=s1-S , p=p-s , rAe s - npoeKUIISI BeKTopa :R Ha nnoc-

KOCTb, nepneHAIIKyngpHyIO IIMnyn&cy nepBll'lHOii 'l8CTIIUhl k • <l>opMyna (16) 

aam1IJJeTCSI Torna B Blllle 

""' i J lqp 2 J l(p_p,>!R,u~ ~ - ._r(-- - )-'-(- - ) 
uu =-- e .d p e 'fJ \r

1
, ... ,r) p,s

1
, ••• ,sA 'I" r

1
, ••• , rA X nan. 2"K • A 

t. - a a a xo(;i{- 2. r /Ald9lUd r 
1=1 I . i=I 

= (f ( q ) J 
IQ-;;+ICP-P'>iii 

e d 3 ;i{ 

rne 
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-, 
a i f I qp .2 , f ,,_* ,- , -, ) ['(- , -, - , ) ,,_ ( - , 
u(ql=--e dp 'l'"a• .. ·•'A p,sl, ... ,sA.,,rl 

2 11/C 

A 

x o ( I 
k=l 

A 
/A)0d

3 r' 
k k=l k 

I 
-, 

'•••, r A ) X 

( cpyHKUIIH r' KaK 3TO BHAHO 113 cpopMy nbl ( 1 7)' aael!CIIT TOllbKO OT pa3HOCTell 

- - - -p-s
1
=p'-s' ) . 

BbmOnHIIB B STOM Bblp8}1{0HIIII IIHTerp11poeaH11e no KOOPAIIHBTBM ueHTpa 

Macc,:nony,mM 

o fl nan. = ( 2 11) 
3 o l ( k - k' + P - P ' ) o [ k ( P - P ' ) / k ]fl ( q l • (19) 

3necb o - cpyHKUIIII Bblpa}KBIOT aaKOH coxpaHeHIIH 11Mnynbca, a cpyHKUIIH (l (q) 

npencTaBnHeT co6oll aMnn11Tyny pacceHHIIH 11acT11Uhl Ha Hnpe e 06menp11HHTOll 

HOpM1!pOBK0, 

C IlOMOlllblO COOTHOlll0Hllll ( 12) II ( 17) npocp11n11py10my10 cpyHKUIIIO r Mb! 

MO}1{0M Bblp8311Tb 11epea aMnnHTYAbl ynpyroro pacceHHHH 'IBCTl!Ubl Ha BHyTpll

sinepHb!X HyKnoHaX C OTHOCHT0nbHblMH HMnynbCBMII B CHCTeMe ueHTPB Mace 

q l ' q2 ' • • • ' q A 

a i f t<ip 2 J,1.*(- - ) u (q) = -- e d p 'I'- r , ••• , r X 
2 11lC I A 

A K -lqk(p-;-k) 2 
x(l- 0 [1--. fe (fk(qJd qk)lx 

k=I 2111 

(20) 

xq,(;"1••••,;"A)o( 
A A 

:£-;/A)Il 
k=I k k=I 

3 
d r k 

8 3TOM Bblp8}1{0HHII Mb! onycT11n11 lllTPHXII y npocTpBHCTBeHHhlX BeKTOpOB, T.K. 

nanee ecerna 6yneT nonpaayMeBaTbCH, 11To ece npocTpaHcTeeHHbte KOOPJlH

HaTbI B cpopMynax JlnH MepHblX aMnnHTYJl pacceHHHH OTHOCHTCH K CIICTeMe 

UeHTpa Mace MPB, 

B COOTBeTCTDIIH c HBlllHM DblBOAOM, ace HyKnOHHble aMnnHTyAhl e (20) 

OTHOCHTCH K na6ppaTOPHOll CllCTeMe KOOpAIIHBT, Ha npaKTHK0 STO He COBC0M 

18 

·• 

yno6Ho, T,K. B 6onbWIIHCTB0 ~KcnepHMeHTanbHblX H TeopeTH'l0CKIIX pa6oT aM

nn11TyAbl pacceHHIIH Ha HyKnOHe npl!HHTO aanaeaTb B CIICTeMe ueHTpa MBCC 

HaneTBIOlllell 'IBCTl!Ubl II HyKnOHa. 8 np11MeHeHHII K HaweMy cny11a10 STO 03Ha-. . 

11aeT, 'ITO nnH KB}KAOll aMnnHTYAbl (f i JlOn}KHB BbI6HpaTbCH CBOH CIICT0MB 

UeHTpa Mace (TaK KBK BMnyllbCbl ecex BHyTpBH/lepHblX HyKnOHOB, eoo6me 

l'OBOpH, pa3nll'IHbI). HeTpynHo, OAHBKO, noKB3BTb, 'ITO nnH o6naCTII He cn11m

KOM 6om,w11x yrnoe pacceHH11H, Korna scpcpeKTbI OTAB'IH HecymecT·eeHHbI, aMnnH

Tyna pacceHHIIH e na6opaTopHoll cHcTeMe Koopn11HaT H aMnn11Tyna pacceHHBH 

B CIICTeMe ueHTpa Mace HaneTa10mel! 'IBCTHUbl B HyKnoHa paanH'IBIOTCH nelllb 

TeM, 'ITO nepenaeaeMblll BMnynbC q i cnenyeT Bb1611paTb COOTBeTCTBeHHO 

e na6opaTopHOll CHCT0Me Hnll e CIICT{1Me ueHTpa MB cc 1131: 

a (L l (L) (f (Cl ( (Cl) 
uf (qi = I qi • (23) 

(np11 ecex npeo6pa30BBHIIHX, OAHBKO, A~IDKHO coxpaHHTbCH Bb!IlOnHHIOllleecH B 

CHCTeMe ueHTpa Mace COOTHOWeHHe M0}KAY KBanpaTOM TpeXMepHOl'O nepena

eaeMOl'O HMnym,ca q 2 H COOTB0TCTBY!Olll0ll eenH'IIIHOll '10TblpexMepHOl'O ne

penaeaeMOl'O HMnym,ca I: q
2 
=-t; noaTOMY BO ecex OKOH'laTellbHblX cpop-

MYnax eene1111Ha q 2 non}l{Ha HHTepnpeT11poeaTbCH KaK i I I . 
HyKnOHHYIO BMnn11Tyny B CHCTeMe U0HTpa MBCC yno6Ho, nanee, npen

CTBBHTb B BHA0 

!'/le 

(f (q)=_Z_(f (ql+(l-_z_)(f (q), 
I A pl A nl 

(f (q)=(Refl (Ol+ilmfl (0) I -fJNq

2

/
4 

NI NI NI e 

CT 
Nt 

4 11 JI'. 
( i + a N) e -f3 Nq

2 
/ 4 

(22) 

(23) 

3JleCb j - MHHMaH 0/lHHHUB, a N- He 3BBHCHlllee OT Bbt6opa CHCT0Mbl Koop-

JlHHBT OTHOW0HH0 peanbHOll H MHHMOll 'IBCTell aMnnHTY/lbl JlnH pacceHHHH Ha 
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yron 8 = 0 ' /3 N- H3BeCTH8ll II3 Onb!Ta nOCTOllHHall. 3To Bb!paJKeHHe RBnll

eTCll anonae xopOWHM np1I6n1IJKeH1IeM BO BCeli paCCMBTPIIBBeMoli HBMII o6nac

TII He cnHWKOM 6onbWIIX yrnoa paCcellHHll. 

nonxon K paC'leTy RAepHblX Ce'leHHli, B OCHOBe KOTOporo neJKaT qiopMy

nhI (20)-(23), npHHllTO H83b!B8Tb cei!:"!aC TeopHei!: MHoroKpaTHOro AHqipaK

UIIOHHOro paccellHHll nnH, npow~ Teopneii: rnay6epa. 

3. HyKnoa-neii:Tpoaaoe paccel!HHe 

nnll Toro, 'lTOObl no qiopMynaM (20 )-(23) Bbl'lHCnHTb ll)lepaoe Ce'leHHe, 

Heo6XO)lHMO npenaapHTenbHO c noMOl!lb!O KBKOli-TO MO)lenH onpeaennTb nnoT

HOCT~ pacnpeneneHHll HyKnOHOB B smpe 

p(,, .•. ,-; l=cf>*<, •••• ,,lcf,(,, •.• ,, i 
I A I A I A (24) 

3To cpaaHHTenbHO nerKo cnenaTb nnll ll)lpa nei!:Tepnll, rne cymecTay-

eT )lOCT8TO'lHO pa3pa6oT8HH8ll TeopHll. PaCC'lHTBHHble, no TeOpHli rnay6epa 

C0"10HHll OK83b!B8IOTCll B aTOM cny'lae B0CbMa 'lYBCTBHTenbHb!MH KBK K Bb!OO

py )leii:TpOHHOfi BOnHOBOi!: qJYHKIIHH, TBK HK BenH'l~He peanbHOH 'l8CTH HyK

nO!IHOH aMnnHTYAbl Re (f NV, a N ( pnc. 5-7) .3To OOCTOl!TenbCTBO MOJKHO ncnonh30-

B8Tb )lnll 8KCnepHMeHTanbHOro onpeneneHHll BCeX TBKHX BenH'lHH. B 'l8CT

HOCTH, a nocnenaee apeMll 6onbwoe 'lHCno aKcnepHMeHTOB c neliTepHeM 

6binO noCBlll!leHO H3MepeHHIO a N - napaMeTpa, nrpa10mero O'leHb B8lKHYIO 

ponb B qlll3HKe aneMeHT8pHblX 'l8CTHII 1151 ; TeOpllll rnay6epa naeT )lOCTa

TO'lHO Ha)lelKHYIO OCHOBY )lnll aaanH38 8THX aKcnepnMeHTOB. 

B npHMeHeHHII K neliTepH!O TeOpllll rnay6epa 3aCnylKHB80T oco6oro BHH

MaHHll eme H C npyroli TO'IKII apeHHll. KaK H3B0CTHO, OCHOBHblM IICTO'IHIIKOM 

HaWHX CBe)leHHli O aenH'lHHe Ce"!eHHH B38HMOAelicTBHli aneMeHTapHhlX 'l8CTIIU 

C Heii:TpOHOM llBnlll<>TCll upil.3HOCTHbie onbITbl" C BOAOPOAOM II neliTepHeM; 

npH 8TOM O'leHb B8lKHO yMeTb )l0CT8TO'IHO TO'IHO Bbl'lHCnl!Tb nonpaaKy, CBll-

38HHy!O C aqiqieKTBMII 8KpaHHpOBKH HyKnOHOB B RApe neliTepHll 1161• HeTO'l

HOCTb Bhl'lHCneHHll aToii: nonpaBKII 'l8CTO 3H8'lHTenhHO npeBOCXOAIIT aenH'lll

Hy HenocpeACTBeHHblX own6oK H3MepeHHll ce'leHHil. Teopllll rnay6epa noaao-

/13/ 
n11eT )lOCT8TO'lHO KOppeKTHO y'leCTb aqiqieKTbl 8Kp8Hllp0B~II • 
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PHc.5. HaMeHeHHe ce'leHHll ynpyroro paccemmll npoToHa Ha RApe AelhepHll 

B 38BHCHMOCTII OT paanH'lHOro Bh16opa aonaoaoi!: qlyHKUHII nei!:TpOH,2 

cf,(rl (a 0)llIHHUax M6/cTep; na6opaTopHall CIICTeMa KOOPAHHaT) 01• 
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PHc,6, CeqeaHe ynpyroro paccesHHSI npoT0Ha aa 1:teilTpoae np11 pa3nl!'IHbIX 

3H8'1eHH9X napaMeTpa a (B eAHHHUaX M6/cT•~~l2r,6opaTopHaS1 
CIICTeMa KOOpA!!HaT), 3aepI'IISI Ilp0T0H0B 1 r:crn 1 

, 
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Pnc.7. To lKe, 'iTo n aa pnc, 6. 3aeprnR npoToaoa 2 rsa/20/, OTnem,ao 
Il0Ka38H0 ceieane, Bbl'IHC1IeHH0e B ltMilYJibCH0M npn6nnlKeHHH (a npo
H3BeneHHH n [ ... ], B q>OpMyne (20) yaeplKaH 1IHWb -qneH C k=l ). •-• 
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Ha naHHbIX, np11seneHHblX Ha p11c. 6 II 7' BllllHO, 'ITO Teop11g MHOl'OKpaT-

1101'0 n114'paKUIIOHHOl'O pacceBHIIB Hennoxo cornacyeTCB C 113BeCTHblMII SKCne

p11MeHTanbHblMII llaHHblMH B o6naCTII nepaoro II BTOporo M8KCHMYMOB, HO nng 

q
2 

= 0,35(rsa/c)2 oHa npellCK83bJBaeT OCTpbllt MHHHMYM, TOl'll8 KaK Ha Oilbl

Te Ha6monaeTCB nnwb uaMeHeHne HaKnoHa KpnaoA. 3To pacxolKneH11e coxpa

HBeTcB, ecnu HCilO/lb30B8Tb paann'IHble BOnHOBbie ¢iyHKUHII nng nei!TpOHa unu 

TO'IHee pacnucaTb aMnnHTyllY HyKnOH-HyKnOHHOl'O pacceBHHB, Y'ITB 'lneH C 

q 
4 

B IlOKa3aTene 9KCilOHeHTbl «pOpMYnbl (23) unu, HaKOHeu, BapbupoBaTb 

Un H UP , OCTaangg HeH3MeHHblM 3Ha'leHne Up d • 8 OTCyTCTBHH CilHHO

BOA 38BHCHMOCTH (t N 
1 
( q) cna6o CK83bIBaeTCB H np11MeCb D - COCTOBHHB 

K BOnHOBOH 4'yHKUHH neATpOHa. 

rny6nHa MHHHMyMa OKa3blBaeTCB BeCbMa 'IYBCTBHTenbHOA ¢iyHKUHeA a N 

TaK, HanpnMep, xopowee cornacue c onbITOM nocTnraeTcg npu an =-1 ,2, 

a P = -0,6( CM. puc. 6). 3To OOCTOBTenbCTBO nocnylKJ!nO apryMeHTOM ~ng 06-

CYlKlleHHB B03MOlKHOA 38BHCHMOCTH a N OT nepenaaaeMOl'O HMily/lbca q 119( 

AllbTepHaTHBHblM peweHneM BBnBeTCB y'leT CilHHOBOA 38BHCHMOCTH HyKnoH-

- /19/ 
HyKnOHHOII aMnnHTyllbl npu 6onbWHX SHeprHBX • 3To oco6eHHO BSlKHO 

nng neliTpOHa, KOTOpb1A,. B OTnH'IHe OT OOCYlKllSeMblX HHlKe, Bllep, BBnBeTCB 

CHCTeMoii co CilHHOM, paBHblM ennHnue. 

XylKe OOCTOHT neno C pacceBHHeM TT - Me30HOB (cM. p11c. 8 H 9). 

B STOM cny'lae SKCnepnMeHTanbHble llSHHbie He HMeJOT pe3KOl'O nu¢ipaKUHOH

HOl'O MHHHMYMS II K TOMY lKe aaMeTHO npeBbIWnJOT TeopeT11'1eCKHe 3Ha'leHHB. 

TTpn'IHHa paCXOlKlleHIIB OCTaeTCB noKa He O'leHb BCHOli, BoaMOlKHO, KpOMe 

IlpH'IIIH, KOTOpble 06cylKl18nl1Cb B CBB311 C p - d pacceBHHeM, BalKJIYIO ponb 

HrpaeT y'leT BIIYTPIIBl1ep11oro llBHlKelllrn JtyKnOHOB, 'ITO apryMeJITHpyeTCB Ha-

n11'1HeM 6n113KO pacnonmKeHHblX pe30118HCOB B Ce'leJIHH TT - N - B3811MOlleii-

CTBIIH /32/ 

4. PacceBHHe 11yKnOHOB Ha Mpe remrn 

ilng 6onee CnOlKJiblX Bllep Mb! ceii'laC He pacnonaraeM XOpOWeii TeOplleli, 

Il09TOMY Ilpl!XOllllTCB IICilO/lb30B8Tb paann'IHbie, 'laCTO BeCbMa rpy6b1e, MO

nenbHble npencTaaneH11B, 
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P11c,8, Ceqea11e pacce,rn11si "- - Meso8rna aa ,mpe 11eliTep11si npu T =766Msa 

B e1111a11uax M6/(fsa/c)2 ) 127
•
2 1• OyHKTIIP - ceqeaue 6es y_'IeTa ne

peaopoTa Cill!HOB; cnnowaoi! KPIIBOH UOK83BHO cyMMBpHoe Ce'IeHne, 

Y'IHTh!Ba!Ol!lee · n cn·HHOBble sq,<peKThl. Pac'Ie'rhl BbIITOnHeHbl C ncnonb-

30BBHl!eM 'KoBapnaHTHoro 0606mea11si Teopnn rnay6epa' 129,301, 
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Piw.9. To )Ke, 'ITO u Ha puc. 8. T = 3,61 ran 127,31 I. 
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Ecnu npu6nnJKeHHO ):lonycTKTb, 'ITO HyJtnOHbl B SI.Qpe MOlKHO paccMaTpH

BBTb He3BBHCHMO J:IPYI' OT J:1pyra (a ):ISnee Mb! YBHJ:IHM, 'ITO B pSI.Qe cnyqaen 

3TO He TSKOe YlK nnoxoe npH6nulKeHHe) .. TO nnoTHOCTb p ljiaKTOpH3yeTCSI: 

A• 

(25) p <, 
1
, •••• , A> = n p < , k> • 

k=l 

Jlpu aToM aMnnHTYJ:18 (20) TSKlKe HMena 6b1 BHJ:I npou3BeJ:1eHHS1 He cnsi3aHHblX 

J:IPYI' c J:IPYI'OM UHTerpanoB no HyKnOHHblM KOOPJ:IHHSTSM r 1 , ecnH .6bl He 

COJ:1eplK8ll18SICSI B Hell 8 - fjiyHKllHSI. 3Ty fjiyHKIIKIO MOlKHO ycTpSHHTb C no

MOlllblO Tpaaccj>opMSllHH rapTeaxay3a-lllnapua 1171• K co>KaneHuro, nonyqaro

meecsi BblP8lK0HHe HMeeT cnOlKHblll BHZl, noaTOMY 6onee npe):lnO'ITHTenbHO pa-

60TaTb aenocpeztCTQ0HHO C BblpalKeHKeM, COJ:leplKalllHM l, - «j,yHKUHIO, 0J:1Ha

KO, ecnn npeanonolKHTb, 'ITO HS HyKnOHbl BHYTPH SUIPS aeliCTByeT rapMOHH

'leCKKil: noTeHUHan, TO npeo6pa30B8HH00 Bb1p8lK8HHe OK83b1B80TCSI B0CbM8 

• 
npoCTblM, B 'ISCTHOCTH, ecnH Bee A HyKnOHOB SUIPS C PBJ:IHYCOM R HSXO-

ZlSITCSI B l S - COCTOS!HKK, TO 

pf;),,,cfo*(rlcp(rl=(-I_)a/2 e-,2/R2 

"Rll. 

K aMIInKTYJ:18 pacceSIHHSI HS SI.Qpe 

(26) 

, q2&2/u !'lip 2 A K 2 -1p8-'-CR8/2)
2 

lt{q)=~e fe d p(I-0[I--fd8e ClN(S)]I= 
2"" k=l 2"i k 

= i q2R2/4A 1';i- A ~e fe p d2p(l-0[1- u (1-;a) -p2/CR2+/J2> 
k=l e ] I 

2"(R2 +fJ2) 

(27) 

rae u t , a , f3 - nenu•rnHhI, ycpeJ:1HeHHble no qucny npoToHoB u uel!Tpo-

aoa (cM, (22 )). 

Tax KaK BbtpalKeHKe B KBSJ:lpSTHblX CK06KaX He 38BKCHT OT k • Mb! 

MOlKeM nepenucaTb npou3eeaeane B suae cyMMbl 

A A A ( 1) kA I 
nC1-x1= [1-xl =l: - · xk, 

k=l kdl kl(A-k)! 
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nocne qero ace H11Terpanb1 B cpopMyne .( 27) 6epyTcsi auanHTII'lecx11, n aMnnnTyna 

paccesiHIISI np1106peTaeT aun /l 8'/: 

(t(q)= i (R2 {32) o,
2

n2/4AA 2X + e l: 
k=l 

(-l)k+IA! crt(l -ia) 

----<-----
kokl(A-k)I 2"CR2+{32/R2 ) 

)k e -q2(R2+{32)/4k 

(28) 

N -blfi 'lneH B STOM Bb!p8lK8HHH COOTBeTCTByeT pacceSIHHIO C N - KpaTHb!M 

CTOnKHOB8HH0M BHYTPH sinpa (cM. q>OpMYny ( 17)). Ha OObiTOB C paCC0SIHH0M 

sneKTPOHOB H3B8CTHO, 'ITO q>YHKUIIH (25) H (26) S!BnSIIOTCSI XOpOWHM npu6nu

JK0Hl10M nnsi sinpa 
4 

He • B STOM cny'lae BC0 '10Tbip0 HyKnoHa (A= 4) neli-

CTBHT0/IbHO HaxonsiTcsi B I S - cooTosiHnu, o6paaysi aaMKffYTYIO o6ono'!Ky. 

Ha pnc. 10 peaynbTSTbl paC'10TOB no cpopMyne (28) cpaBHHB8IOTCSI C 

sxcnepnMeHTanbHblMH )l8HHblMH, Xopowee cornacne HM80T M0CTO nHWb B 06-

nacTH OCHOBHOI'O nncppaKUHOHHOI'O ,IIHKa, npu 6bnbWHX 3H8'10HHSIX, q -Teope-

TH'leCKBSI KpHB8SI upoXOJlHT 38M0THO HHJK0 8KCnepHM0HT8/Ib'\ibIX TO'leK, non-. 

6opoM napaMeTpOB paCXOlKJl0H110 ycTpaHHTb He YA80TCSI, XOTSI rny6HH8 nepaoro 

MHHHMyMa B0CbM8 'IYBCTBHT8llbH8 K B0llll'll!He a • 

nonbIT80MCSI yny'IWl!Tb cornac110 pac'leTOB C OilblTOM, Bb16paB 6onee 

Cll0JKH00 Bbip8lK8Hl!e nnsi nnoTHOCTH p • 

MolKHO AYMSTb, 'ITO, nono6Ho TOMY, KBK '10Tb!pe np11TSII'HB8!0llll!XCSI npyr 

K npyry wapa B CB00M ycTOfi'IIIBOM COCTOHHIIH pacnonararoTCSI TaK, 'ITO B 

4 He pacnonara10TCS1 UeHTpe o6paayeTCSI )lblpKa, TSK II HyKnOHbl a S!Ape 

TBKIIM o6pa30M, 'ITO B U0HTpe sinpa nnoTHOCTb p MHHl!Ma/IbHa, <l>eHoMe-

Honor11'1eCKII STO MOJKHO paCCM8TPHB8Tb KaK peaynbTaT COBM0CTHOI'O neficT

BHSI paCCM8TpHB8BW0I'OCSI BhlWe rapMOH11'10CKOI'O IlOT0HUl!ana II H0KOToporo 

OTT8llKl!BaI0111ero noTeHUl!Sna B U0HTpe sinpa, CoOTBeTCTBy10111ee BbipaJKeHll0 

AllSI Il:JOTHOCTI! HYKllOHOB BbI6epeM B Bl!Jl0 

4 

p(r ,r ,r ,r l=Il 
. I 2 3 4 

k=l 

-r::,;R2 -y2r!/n2 
e [I-Ce ] (29) 

r.110 IlOCTOSIHHble C II Y non611paIOTCSI 113 ycnOBIISI, 'IT06bl T00p0Tll'l0CKOe 

Ce'leH110 Hanny'IWHM o6pa30M cornacoaanocb c sxcnepnMeHTa/IbHbIM (cM, Ta6-

nnuy 1); Bbip8lK8Hll0 nnH aMnn11TyJlbl (I ( q) B STOM cny'lae, KBK H0TPYAHO 

coo6pa31!Tb, nony'laeTCSI npOCTblM Bl!)l01!3MeHeHl!0M cpopMynbI (28) ) • 
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t2 Jlf (l3B/c) 
Pnc.10.Ce•rnmie ynpyroro pacce,mn,i npoT0H0B na ,.,lPe remrn (s emrnnuax 

MolcTep; c11cTeMa ueHTpa Mace) 19 , 191• Cnnornuof1 Kp1rnoil yKasa11bI 
pesynhTBTbl paC'leTa llll>I IIll0TH0CTII (29)' Y'IIITblJlBIOllleil 0TTanK11Ba-
1111e n ue11Tpe Mpa. CTynKTHP - pac'!eT no 6011ee npocToil tjlopMyne 
(26). To'IKBMII ·uaueceHbl pesynbTBTbl paC'leTa un,i nnoTH0CTII (30), 
Y'IIITblBBIOIUeil 0TT8llKI1Ba1rne · B ueHTpe Slllpa II K0ppen,iu1110 HYKll0H0B. 
OTJl,enbHO noKa3aH0 BnlI2HH~ H3MeHeHJUI BenH'-IHHbl rrapaMeTpa 'a Ha 

rny6nny nepsoro ;11tjlpaKu110HHoro MlfHIIMyMa ( npn aToM un,i npocTo
ThI npe,nnonnranocb a = an = a P ; aTa 'l!aCTh pactJeToB BbinonHe
na c Illl0TH0CTbIO (26) /18/). 
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Ta6n11ua 1 

311aqe1111n napaMeTpoa, onpellenmomux nnoTHOCTb 

P ( r.,r2 ,r3 ,r 4), nonyqe1111b1e H3 ycnoaun 11aunyqmero cornacun 

/19/ 
3KCnep11MeHT8flbHblX II TeOpeTnqecKHX ceqe11u8 o(O) 

Bb1pa>Ke1111e llflSI -13 -13 
C R, 10 CM y s, 10 CM 

nnoTHOCTH 

--
(26) 1,37 

(29) 1,32 0,555 0,858 

(30) 1,25 0,436 0,41 1 

D 

1 

Ha puc, 10 BHllHO, qTO npu T = lfae T8KHM nyTeM Yll8eTCSI nonyqHTb 

llOCTaToquo xopowee cornac11e c 3KCnepuMe11TanhHb1M11 ToqKaMlli 3aMeTHbJe 

paan11q11g ua6mOll810TCSI m1wb B o6naCTII BToporo MIIIIIIMYM8, 1leM 3TO O6yc

noene11O, ceitqac noKa 11egc11O: Mo>KeT 6b1Tb, 3TO npo11cxo1l11T 11a-aa Toro, 

'ITO Teop11n rnay6epa 11enp11Me1111Ma B 06nacT11 6onhw11x 3Haqeu118 q , 11n11 

3TO CBSl38llO C HeyqTellllb!MII B Teop1111 Cil!IIIOBblMII 3~KT8MII, 

HeKOTOpb!e SBTOpbl Ilb1:ran11Cb o6'bSICIIIITb paCXO>K1leH11e np11 60nbWIIX q 

BIIYTPIISlllepllblMII KOppennu11S1MII HYKilOHOB, nnoTHOCTb p B 3TOM cnyqae 

MO>KeT 6b!Tb aanuca11a B BUile 

p(r1•'2•'a••,l=tl e -,:/R2 
k=l 

-y2,2 / R2 4 _ 1 2 /s2 
[I-Ce k ]Il[l-De nm ] 

n<m (30) 

rile r nm - paCCTOSIIIHe Me>KllY llBYMSI 11YKno11aM11, 8 311aqe1111n napaMeTpOB 

c11oea noll6HparoTcn ua ycnoeun cornacun TeopeT11qecKoro ceqe1111n c 3Kcne

pu_MeHTanhHblM, 

Bb1pa>Ke1111e llflSI aMnnHTYllbl fl (q) Tenepb CTSIIOB!ITCSI a11aqnTenhHO 

/17/ 
6onee cno>KHblM, B qacT11ocTu, npeo6paaoea1111e fapTe11xayaa- llleapua 

Tenepb Mano nonea11O, npome 11MeTb lleno c Bb1pa>Ke11HeM, collep>KBIUIIM 8 -

' 'PYIIKUIIJO 8 (1!1 •1 I A). 

nollCT8B11B nnOTHOCTb (30) B 8MilflllTYllY (20) II Bb1q11cn11e IIHTerpanbl 

no BCeM nepeMeHHblM, KpoMe KOOpllHHaT qeTblpex BHYTPIISlllepHb!X HyKilOHOB, 

nonyq11M: ' 
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fl( q) = f p ( r
1

, r 
2

, r 
3 

, r 
4

) ( G 
1 

+ G
2 

+ G 
8 

+ G 
4 
)8(r 1+.; + r

8 
+ ;"'

4
) d3 (r 1 ,r2, r

3
, r 4 ) , 

(31) 

rile· q>y!IKUHII G t , G 2 1 Ga II c, OTHOCSITCSI, COOTBeTCTBe11ao, K OllHO

KpaTHblM, llBYX-, Tpex- II qeTb1peXKpaTHblM CTOilKIIOBeHIISIM BHYTPII Slllpa, 3TII 

. /19/ 
q>yHKUHII HMeJOT Bllll : 

GI = 2:x ( f n + I ) e I QSJ 
p 

e -{3 2q2/, . 

G 
3 i I q( "I+ 'i2 ) / 2 {32 2/a 

2 =- --- I I e - q 
8 112(32~ p n e 

e-Cs1-s2>2 /2{32 

Ga= i - -

48 

af3,~lpln(411 -l2-f2) lq(s1+s2+•a>la ,.;A2/ 11 i\ p n p n e ' -p q 12 e X 

-[( s ! + s: + s~ ) - ( s 1 +s2 +s8 ) 
2 

/ 8]/ f3 2 

Xe 

c,=- i [ 1 22 22 
12811'{3&;. pin -!pin(! -I )2] -{3 q /u A P n e X 

-[ ( s +s + 8 ) 
2 

2 2 xe I 2 a +Cs1 +s 2 +s!>]/{32 

31leCb 06oa11aqeuo 

opt(l-iaP) f P , o n t ( I - i a n) = f n 

11 nono>Ke11O 

2 . 2 2 
f3 =(f3p+f3n)/2, 

H11Terp11posa1111e l, -q>YHKUIIII B (Sl) IICKnJOqaeT KOOPllllHaTY r 4 

(32a) 

(326) 

(82s) 

(S2r) 

( 3TO y>Ke y'ITeHO B Bb!pa>Kellllll llilSI G 4 ) , . nocne qero OCTaeweecn IlOllllll

TerpanhHOe Bb1pa>Ke1111e np1106peTaeT Bllll cyMMbl qne11oe, -nponopu11011anhllb!X 
3 

SKCilOHeHTaM exp <-I. a nm• n r m ) • TaKOit lll!Terpan Mo>KeT 6b1Tb 
n,m /19/ 

Bb1q11cne11 a11an11T11qecK11 ( CM, ) 11n11 q11cne1111O, 
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Mb! npHBellll q>OPMYnbI (31) H (32), 'IT06b1 n0K838Tb, KSKHM o6pa30M 

cne.o.yeT BbmonHHTb pac11eTbI, K0I'JJ.8 nn0TH0CTb 

'18M (26) • 

p HMeeT BHJJ. 6onee cnoJKHb1il, 

PeaynbTST 'IHCneHHblX pacTJeT0B C nnoTHOCTblO (30) YK838H Ha puc.10. 

Y'leT BffYTPHHJJ.epHblX xoppenmmil nHWb Ha HeMH0I'0 CJJ.BHI'aeT TeopeTH'leCKylO 

KPHBYIO, H B npe.o.enax HeT0'IH0CTefi axcnepHMeHTan&HblX JJ.aHHblX coaepweHH0 

He· cymecTBeHeH. O.o.Haxo, e.cnH y'leCTb T0nhK0 xoppensnmH H He npHHHTb BO 

BHHMSHHe cna.o.a nnoTHOCTH B UeHTpe HJJ.P8 (T,e, nonoJKHTb B q>OpMyne (30) 

C = l: ) t TO TeopeTH'lecxasi KpHB8SI 0K83bIBaeTCSI 3H8'1HTenbH0 HHJKe axcne-
/19/ 

PHM8HTanbHblX T0'leK (no.o.po6Hee CM. ). 

Cne.o.yeT HMeTb B BHJJ.Y, 'ITC, nocK0n&Ky no.o.roHKa BblpalKeHHH )lnSI nnoT-

H0CTH p npoil3B0JJ.Hnacb acero nHWb no 0JJ.H0MY axcnepHMeHTY npu q>HK-

CHpOBaHHOil 8HepI'HH T, .K 3Ha11eHIIHM napaMeTpoB, npHBeJJ.eHHblM B Ta6nuue 1, 

a TSKlKe H K CaM0MY BblB0JJ.Y 0 cornaCHII TeopHH C onbIT0M, cneJJ.yeT noxa 

OTH0CHTbCSI C OCT0p0lKl!0CTbIO • .Unsi 6onee H8Jl8lKHblX 3aKnIO'leHHil Heo6XoJJ.H

M0 npeJKJJ.e acero cpaBHY.Tb nony11eHHbIe 3Ha'leHHH napaMeTpoa c axcnepuMeH

Tan&HbIMH JJ.aHHb!Mil npH HecxonbKHX 8HepI'HSIX T. Tax11x JJ.8HHblX B HaCT0SI

mee BpeMH, K C0JKaneHHIO, eme He HMeeTCSI, 

.UononHHTen&HblM coo6paJKe1meM 0 K0ppeKTH0CTH npoBe)leHH0I'0 aHa

nH3a HBnSieTCSI TO, '!TO q>opMq>aKTOP, onpeJJ.eneHHblfi H3 onbIT0B C pacceSIHH

eM npoT0H0B HS HJJ.pe 
4 

He t xopowo 06'bSICHSieT T8KJK8 H onbITbl C pac

C8SIHHeM gnexTp0H0B Ha renHH ( CM. puc. 11 ) • 

,TOT q>aKT, 'ITC )lnSI onHCSHHH pacceHHHH aneKTP0H0B H np0T0H0B B Teo-

pllH rnay6epa Hcnon&ayeTCH npaKTH'leCKH 0JJ.HH H TOT lK8 q>OpMip8KTOp, npe.o.cTaB

nseT co6oil BSJKHYIO OTnH'IHTen&ayIO 'lepTY 8TOit Te0PIIH no cpaBH8HHIO C on

TH'leCK0it M0)len&IO. Boo6me I'0B0pH, M0lKH0 0lKHJJ.aTb HeKOT0pblX paanH'IHit 

'8neKTPOHHOI'O' H 'npOTOHHOI'O' q>0pMq>a~TopoB acneJJ.CTBHe T0I'0, 'ITC nnoT-

H0CTH.npoT0H0B H HeilTp0H0B B HJJ.pe HeCK0n&K0 0TnH'ISIOTCH .o.pyr OT JJ.PY-

ra; 0JJ.Haxo 8TH paanH'IHH Heaenaxu, oco6eHHo, ecnu HBHO y11ecTb pacnpe.o.ene

HHe nnOTH0CTH BHYTPH caM0I'0 pacceuaaIOIIlerocSI np0T0Ha (pa3MepaMH H 
x) 

CTpyxTypoil 8nexTp0H~ M0JKH0 npeHe6pe'lb. 

x) .H.o.epHblil ¢opMljiaKTOp, npOHBnSIIOIIIHilCSI B onb1Tax C pacceHHHeM np0THJKeH-

HblX npoT0H0B, ( CM. npo.o.onJKeHHe Ha CTp. 32). 
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cM~ 

Puc.11; CpaaHeHHe '8neKTpOHHOro' q>OpMljiliKTOpa ;:,er.pa 
4 

He 

F ( q 2) = [ CT ( 0 ) ax en.I CT ( 0) Mott ] I 2 ' 

orrpe.o.eneHH0I'0 H3 onblT0B C paccesiHHeM gneKTP0H0B (axcnepuMeH
TanbHbie T0'IKH B3SITbl H3 pa5oTbl 1261 )' C "'npOTOHHblM' ¢op~¢aK.TO

poM, orrpeJJ.eneHHblM H3 0ilblT0B C pacceSIHHeM rrpoT0H0B, CrrnowHoil 

KpHB0H HaHeceHbl 31!8'1811Hll "rrpOTOHHoro' ¢opM¢aKTOpa, Bbl'IHCnea

l!ble JJ.nll nnoTl!0CTII (30) H 3Ha'leHHH rrapaMeTp0B H3 Ta5nHUbl I. 
BaypTel!l!HH CTPYKTypa pacceuaaIOIUerocl! np0T0l!a Y'ITel!a C Il0M0IIlblO 
¢opMyn (33)-(36). IlyHKTHPOM HaHeCeHbl C00TB8TCTBYIOIIIH8 31!8'1e

if1111 "rrpoTOl!IIOI'O' qiopM<paKTOpa, Bbl'IHcnel!Hbl8 B npe)lnonoJKel!HH, 'ITC 

pacrrpeJJ.enemrn 11yxn0Hoa B l!Jlpe renu11 orrpeJJ.en11eTc11 ¢opMynoil (30) 
c napaMeTpoM C = I ( T,e, 5ea y11eTa crraJJ.a rrnoT11ocTH B ue11Tpe 
.ll)lpa). KaK BHJJ.110, B 8T0M cny11ae "gneKTpOlll!blH" H "npoTOl!Hbiil' 

q>opM<paKTOpbl B8CbM8 3aMeTH0 paanu11aIOTCl1 1191 
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5. Pacce~He Ha Sl/lpax yrnepoAa H KncnopoAa 

B nerKHX Sl,llpax C aTOMHblMH HOMepaMH A > 4 , KaK STO noKa3blBaIOT 

Ollb!Tbl C pacce.llHHeM sneKTpOHOB, pacnpeAeneHHe nnoTHOCTH HyKnOHOB TSK 

JKe xopowo OilHCblBaeTCSI Bb!paJKeHHeM, COOTBeTCTBYIOWHM rapMOHH'leCKOMY 

noTeHuuany. Ecnu y'leCT&; 'ITO B s -COCTOSIHHH MoryT HaXOAUTbCSI ·Ton&KO 

'ieTbipe HyKnoHa, a OCTam-Hble 38HHMSIOT COCTOS!HHSI C 6tn&WHM 3Ha'leHUeM 

f I TO 

.! A -
p Crl, ... ,rAlcU Ps(rk)Il pp( rkl. 

k=l· k=~ 
(37) 

3tteCb nepaoe npOH3BeAeHHe onHCbIBaeT S - o6onO'IKY, H nnoTHOCTH p 8 Crkl 

cne.nyeT BbI6HpaTb B BHAe (26), BTOpoe npOH3B0A0HUe OTHOCHTCS! K OCTan&-

libIM A -4 HyKnoHaM CA< 16 ) B P - COCTOSIHHH c nnOTHOCTSIMH 

Pp c;) = 2 
3 77 

3
/2 2 ) r

2 
e - ,:/ R 

2 

· R k 

nocne noACTaHOBKH STHX BblpalKeHuii a (jiopMYny_ (20) u UCKnIO'leHUS! 

8 -lj)yHKUHH c noMOm&IO npeo6paaoaaHuS1 fapreaxayaa-lllaapua, S1AepHaS1 

aMnllllTyAS pacceS!HH!I aanHWeTCSI B BHAO 

FCql=fpCrl e-lqr d 3 r=F (q) F (ql, 
SI P 

rAe 

(38) 

(33) 

p(rl=fp Cr-+r')p (,')d 8r', 
SI .P 

(34) 

p Crl = fp C;l';:i ,,3 ,r 4 l d 3 Cr2 ,r 3 ,r 4 l 
SI 

(35) 

(.ru:tepuag nnoTHOCTb p ( r I , ½ , 'a , ', ) CHMM0Tp11'1Ha no OTHOW0H11IO 

K nepecTaHOBKaM r I ) • Jlnsi onucaHHSI lj)opMtjiaKTOpa npOTOHa MOlKHO HCnonb-

30BaTb nonIOCHOe BblpaJKeHHe 

FCql= l · 
P O+q2/a2l2 (36) 

C napaMeTpOM a =0,71 rsa/c. K BOnpocy O pacce!IHUH npOTS!lK0HHblX 'laCTHU 

Mbl eme BepHeMCSI B CB!l3H C pacceSIHHeM Sl,llep Ha Sl,llpax (cM. tlioPMYnbI 

(51 )-(53)). 
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q2R
2

/4A 
i e CtCq) = ;;,.--

4 • 

f 
I qp 2 

e d p x 

xfil Ps(r )0 p Cr ){I-II[l- utO-ia) -<P-;;1>2//32 A 3 
k= I k p k ---- e ] I n d 

kdi J=I 2 R r = 11t-J n=l n 

2a2/u 1;;-p- d2p I I -i e q f e 

= 2">: 

(39) 

-[l-
ut {I - ia-) 

2 2 
2,r(R +/3) 

e 

-P2/CR2+/32> • 
] X 

[ 
u t Cl - ia) l 2 R 2 

X l---=----<-----
2 R :i fJ :i -p2/ cn2+(32, A-t 

+--.....:.;,-)e ] I, 
2 ,:i2 2 2 

2 ,r R +,-, 3 ( R + fJ ) 3(1+ fJ2)3 

(Ami npoCTOTbl HyKnOHH8!1 aMnnuTyAa (23) B STOM B
0

blpalKeHHH npeAnOJKeHa 

ycpeAH0HHOll no p - p H p-n - B3aHMOAellCTBHSIM) • 

IlOAHHTerpan&HOe BblpalKeHHe a (39) MOJKeT 6b!Tb paanoJKeHO B CTe

neHHOll pSIJl (no tj>opMyne Ansi 6nHoMa H&10Toaa), nocne qero ace HHTerpanb1 

/19/ 
Bbl'IHCn!IIOTC!I aHannTH'leCKH • 0AHSKO nonyqa10meecsi npH STOM B_bp aJKe- · 

HHe OKa3bIBaeTCSI AOBOn&HO cnolKHblM. 

Pac'leTbl cy_meCTBeHHO ynpomaIOTC.11, ecnu npeAnOnOJKHTb, 'ITO S!APO 

ctj>epu'leCKH CHMM0TpH'IHO; B STOM cny'lae ( cp. (jiopMynbI ( 10) H ( 14)) 

... 
(tCq) =+ J J/ qp) I ... I pdp, (40) 

rAe q =+Sin0/2, a CHMBOnOM 

CK06KaX B tjiopMyne (39). 

I ... I o603Ha'l8HO BbipalKeHHe B tjiurypHbIX 

H HTerpupoBaHHe B ( 40) MOlKeT 6b!Tb nerKO BblnOnHeHO 'IHCneHHblMH 

MeTOASMHo 

33 



Mo>t<HO nony'IHTb 6onee TO'IHOe Bbipa>KeHue .Qn.11 aMnnuTy .Qbl <I ( q) , ec-

m1 npu onpe.Qeneauu nnoTHOCTH p c;·1 , ••• , ; Al aHTHCHMMeTpH30BaTb Koop-

.QHHaTbl HyKnOHOB B COOTBeTCTBHH C npuHUUilOM naynu. HanpuMep, B cny'lae 

pacce.llHH.11 Ha .11.Qpax 
12c H . 

18 
0 KO~<j)urypauu.11 npoTOHOB u, COOTBeTCTBeHHO, 

HellTpoHOB - HMeeT BH.Q (ls_ 1/2 ) 
2 

( l Pa/2) 4 .Qn.11 
12c H ( l S1/2 ) 

2 
( l Paj.il 4 <111;2 )2 

.Qnll 
16 

0 • rapMOHH'leCKUe BOnHOBbl8 <j)yHKUHH HyKnOHOB B 5 - H P -coc

TOllHH.IIX 

3.QeCb 

cf, 8 ( ;- ; j = 1/2 , j z = :!: 1/2 ) = cf, 8 ( r ) • X' + 

'Pp(;" 1 j = 1/2 , j = 1/2) =¢ ir) • -
1
- (-Y 1oX' +-./2\

1 
X' ) , 

z yT + -

cf, (;';j=l/2,j =-1/2 )=¢ l,>_!_(-y2Y
1 1

x +.Y
10 

X ), 
p z • p y3 - + -

(41) 

cf, (r; j=3/2 ,j =1/2) =¢ (rl-
1
-(y2Y X' + Y "X ) , 

p z p y3 10 + 11 

cp (;:-;j=3/2,mj· =-l/2l=¢p(rl-
1
-(-Y

1
.
1

X -y2Y
10 

X' ), 
P. z - -+ -

y3 

cf, (;',j=3/2,j =+3/2l=¢ (,l-
1
-Y X' 

p i, - p y3 11 ± 

/4 '8/ 2 
'I' S ( r) = ( 1 ) 2 - r /2 R 2 

1/2 e 
TT R 

2 Ii 
cf,p(rl=(~) 

3,r 

r -r 2/2R
2 

-e 
R 

(42) 

- COOTBeTCTByromue pa.QHanbHbie BOnHOBbI8 <l>YHKUHH, yfm -c<j)epu'leCKUe 

<j)yHKUHH, X' ± - CilHHOBble <j)yHKUHH HyKnoHa (co cnHHOM, HanpaaneHHblM BBepx 

unu BHH3; Hanpaaneaue .QBH>KeHH.11 nepBH'IHOli '18CTHUbl BbI6paHo 38 OCb z ). 

nonHbie aHTHCHMMeTpH'IHbie BonHOBble <j)yHKUHH, OilHCbIBaromue OCHOBH08 coc

TOllHHe .11.Qpa-Muweau, Bbipa>KaIOTCll 'lepe3 onpe.QenuTenb CnsTepa: 

34 

cf, ('rl •• .' •• r A)= (Al )-1/2 II cf, n (;'k) II' (43) 

I'.Qe cf, n Irk l .- O.QHO'ISCTH'IHbie BOnHOBbie WHKllHH ( 41), 

Ecnu He y'IHTbIBSTb npouecca nepe3ap.ll.QKH, anu.11Hue KOTOporo B 06'

nacTu Bb!COKHX 8Heprult HeBenuKo, TO npOTOHbl H HeliTpOHbl MO>KHO CHMMeT

pu30BaTb OT.QenbHO: 

-'-(- - ) /4 (p)(_ -)/4 (n),- - ) 
~ rt , ••• ,rA ="Y r1••••,r·z"Y \rz+1 ••••, r A• (44) 

< > - • - - 112 11 <->II cf, P ( r 1 • • •. • r z) = ( z I ) cf, n r k k= 1 • •.• • z 

(45) 

( n) - _ . -1/2 _ 
cf, (rz+l , ••• ,rAl=[(A-Z)I] JJcpn(rklJJk=Z+l, .•• ,A 

3To ynpomaeT Bbl'IHCneHHll, 

Ha puc, 12 npuBe.QeHbI pe3ynbT8TbI pac'leTOB .Qnll cny'lall paccei1H11.11 

-13 
npOTOHOB Ha KH<;:nopo.Qe ( R "' 1, 71 • 10 CM, c y'leTOM <j)opM<j)aKTOpa npo-

TOHa). KaK B11.QHO, Teopu.11 H 8Kcnep11MeHT xopowo cornacyroTCll, npu .8TOM 

8HTHCl!MMeTp1!38UH.II BOnHOBblX <j)yHKUl!li OK83bIBaeTCll cpaBHl!TenbHO HeBa>KHOli, 

Bb1'1ucnea11.11 BbmonHeHbI .Qnll Jal =0.3 (3HaK a He cymecTBeHeH); 113MeHe

HHe a 6onee 'leM Ha O, 1 38MeTHO yxy.QwaeT cornac11e pac'leToB c onb1TOM, 

3xcnepuMeHT II Teop11.11 3aMeTHO xy>Ke cornacyroTCll B cny'lae pacce.11-

HH.11 Ha yrnepo.Qe (p11c, 13). Ecn11 .Qnll .11.QepHoro pa.Q11yca 11cnonb30B8Tb 3Ha-

-13 
'1eH11e R = 1,58 • 10 CM, nony'leHHOe 113 OilbITOB C pacce.11H11eM sneKTpo-

HOB, TO MIIHIIMYM B Ce'leHl!II np11XO.Ql!TCll Ha cnl!WKOM Manb1e 3Ha'leHll.11 ne

pe.QaBaeMOI'O HMnynbca, a pac'leTHall aenu'luHa ce'1eH11ll B 06nacT11 BToporo 

MaKCIIMYMB OK83b!B8eTCll 38BbIWeHHOll npuMepHO Ha 50% no cpaBHeHl!IO C 

8KCnep11MeHTOM, nonbITKa yMeHbWl!Tb pa.QIIYC R C TeM, 'IT06bI .Q06l!TbC.II 

coana.QeHllll nono>KeHl!H 8Kcnep11MeHTanbHOI'O II TeopeT11'1eCKOI'O Ml!Hl!MyMOB, 

np11BO.Ql!T K yxy.QweHl!IO cornacu.11 KSK B o6naCTII Manb!X, TSK II B o6naCTI! 

6onbWIIX 3HS'leHl!H t • 
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p+ 

T = i r3B 

-2 
ill - )2 o OJ 0.2 0.3 o.4 I t. I ( r3s/c 

Pttc,12, Ceqeatte ynpyroro paccemm.11 npoTOHOB Ha rutpe KHCnopolla (a ellH

HHuax Mf5/cTep.)l9,19/, Kpttaa.11 A - pac'leT no TeopHH rnayf5epa c 

8HTHCHMMeTpK30B8HHOll BOIIHOBOll ,PYHKUHell ( 43). a-' COOTBeTCTay10ma.11 

KpHBB.11 Jlll.11 cnyqag, KOI'/lB IlllOTHOCTb p Bhlf'>HpaeTC.11 B BH/le (37), 
flyHKTHPOM IlOKB3BHO ceqeaHe, Bbl'IHCil8HHOe B HMITYilhCHOM npHf5IlH-

lK8HHH, t - '18ThipexMepHhlll nepeAaBaeMblll HMilYllbC, 
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TTo-BHAHMOMy, pacxO>KAeHHH o6ycnoaneHbl TeM, 'ITO HAPO 
12

C CHnbHO 

neqiopMHpoaaao, noaToMy ncnonbaoaaHHbie npn pacql!Tax ai,1pa>KeHHH nnH 

nnoTHOCTH p <,, ..... 'i" A) HBnHJOTCH CnHWKOM rpy6bIMH, 

B cnyqae pacceHHHH aneKTpOHOB OCHOBHOtt BKnan naeT HMnyllbCHOe npn6-

nn>KeHne, xorna ce'Ieane pacceHHHH ab1pa>KaeTCH 'Iepea nnoTHOCTH o T n en b -

H bl X smepHb!X HyKnOHOB, 3TH nnOTHOCTH cqiepn'IeCKH CHMM9TpH'IHbl, . Il09TOMy 

pe3yllbTaTb! paC'IeTOB cna6o 3aBHCHT OT CTenean neqiopMaUIIH smpa. TTpn pac-

C0HHHH HyKnOHOB cymeCTB9HHbltt BKnan naeT nayxpaTHOe pacceH1me, Ha-

npnMep, c nepexonoM smpa B nepaoe aoa6y>Kl!eHHoe cocToHHne H nocneny10mHM 

pacceHHHeM B OCHOBHOe COCTOHHHe; OTKnoHeHHll OT cqiepH'IHQCTH B 9TOM cny

'Iae CTaHOBllTCH BeCbMa cymeCTBeHHblMH H non>KHbl CHnbHee npOHBnHTbCH B 

o6naCTH BTOporo AHQ)paKllHOHHOro MaKCHMyMa, rne, KaK Mbl YBHAHM HH>Ke, 

OCHOBHYIO pollb nrpaeT nayKpaTHoe_ pacceHHHe, 

Pac'IeTbl, BblilOnHSHHble c.11. L(p03AOBblM Ha OCHOBe npn6nH>K8HHott M0-
/22/ • 

nenn 'Iepaoro annnconna , noxaaann, 'ITO yaenuqeane neqiopMaunn nen-

CTBHTenbHO cnanraeT TeopeTH'I8CKYIO KpHBYIO B HY>KHYIO CToPOHy, 

HccnenoaaHH~ ynpyroro pacceHHHll a o6naCTH BToporo nnqipaKllHOHHOrO 

MaKCHMyMa MO>K8T cnyi1mTb Ba>KHblM HCTO'IHHKOM caeneHHtt O CTeneHH neqiop-
/19/ . 

MaUHH Hll8P ( nonpo6aee CM, 06 9TOM pa6oTy ) • 

6, BaanMonettCTBHe C TH>KenbIMH HnpaMH 

1ho KacaeTCH pacCeHHHH Ha TH>KenbIX Mpax, TO aMnn!ITYAY (39) a 

9TOM cny'Iae yno6Ho npencTaBHTb B H9CKOllbKO HHOM Bnne. 

LlnH npOCTOTbl Mb! 6yneM CHOBa npennonaraTb, 'ITO nnOTHOCTb p <,, .... ,rA), 

HM_eeT BHA (25)' TO ecTb qiaKTOpnayeTCH, H, KpoMe Toro, Bblpa>KaeTCH '18-

pea raycCOBCKHe 9KCilOH9HTbl, Terna C IlOMOillblO npeo6paaoaaHHH rapTeH

xayaa-Illaapna cooTaoweHne (20) nepennweTCH a anne 

i q 
2 

R 
2 

/ 4 A I ;p 2 A ;\ -I qkp 2 
(I(ql=--e Je d p{l-Il[I---fe a (q )f(qk)d q ]I 

211A k= I 211 i k le k 

• q
2

R
2/u lqp 2 ;i_ -18p 2 A 

=-¾:-e fe d pl!-[I---fe. <i(B)F(B)d 8] l 
2 11A . 211 i 

(46) 
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rne QJOPMQJBKTOP F(B)=fe';-ka p(;-k)d 3r 
k 

a QJYHKUHH nnOTHOCTH p (;-k ) ynoaneTBOpHIOT ycnoBl!IO HOpMHpOBKII 

f p ( ,- ) d a, = I • 
k k 

3aMeTHM nanee, 'ITO B Mpax C 6ollbWHM 3H8'19HH0M A QJYHKU!lll nnoT-

HOCTH C pOCTOM A H3M9HH9TCH npn6nH3HT9nbHO KBK 1/A, 'ITO xopowo H3-

B9CTHO H3 OilblTOB C pacceHHl!eM aneKTpOHOB, OnpenenHB QJYHKUHIO 

°XA -1 li p 2 
17(p)= -- f e Cf(li) F(li)d li 

2 11 
(47) 

Bb1pa>KeHne B KBanpaTHblX CK06KaX qiopMynbI ( 46) 

[I+ ....!!!_]A= i ( A-k+l 
A k=° A 

A-!..:t;._ ... ~) ~) k 
A A k ! (48) 

MO>KHO npn6nH>K9HHO 3aMeHHTb 6eCKOH9'IHblM PMOM - paano>KeHHeM 9KCilO-

HeHTbl 

oo k 

e I 1/ = k J..!.!ll • (49) 
k=° k ! 

Bb1pa>KeHHe nnH HAepaott aMnnHTYAbl pacceHHl!ll IlPH 9TOM npHHHM89T yno6!lblil 

nnH Bbl'IHCnenntt Bllit: 

2 2 --i q R /4A iqp l1](p) 2 
<i(ql=--e fe IJ-e )d p 

211x 

(50) 

7, TTpHM911GIIH8 TeOpHII rnay6epa K B3aHMOnettCTBIIIO nayx Mep 

Teop1110 rnay6epa MO>KHO 0606w11Tb JI na cnyqali B3a!IMOAettcTBHil ABYX 

llnep. i1CXOAHbl8 COOTHOW8Hllll Teopnu ( 16) II (17) 6ynyT IIM0Tb B 9TOM C1'V-

'Iae BHA 
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~r., i J lqp .._(A)* _ _ 
uu =-~- e 'l'k Cr , ••• ,r l 

rra.Q. 2 rr A 1 A 

(B) - - ) 
<I> k Cr A+I '··· ' r A+B x 

A+B (51) 
- - - (A) - - (B) - - 3 2 

X r(p, s 1, ... ,s A+B) <l> H Cr 1, ••• ,r ,.;<l>H Cr A+I , ••• ,r A+B) fl d r 
1

d p, 
i=l 

_ _ _ A B _ (A) 

r(p,s1,. .. ,sA+Bl=l- fl fl {l-r (p -s 
1=1 J=I IJ I 

_(B) 
-s 

J 
>I, (52) 

I'.Qe qiyHKUHSI r IJ C. IIOMOlllb!O COOTHOWeHHSI ( 12) Bbipa>KaeTCSI '1epe3 8MIIIIH-

Ty.Qy N-N paccesmmr A NCq). 

O'!eBH.QHblM o6pa30M 0606ma10TCSI H Bee rrocne.Qy10mne COOTHOWeHHSI. 

(A)C- - ) 8 '18CTHOCTH, eCIIH .QIISI SI.QepHblX IIIIOTHOCTei!: p rl •• • •, r A 
(B) - - ) 

Hp CrA+t •··•,ra 

HCIIOIIb30BaTb qJ8KTOPH3Y!OlllHecsi Bblpa>KeHHSI, 38BHCSIIIlHe OT rayccoBCKHX SK-

CIIOHeHT, TO SI.QepHaSI 8MIIIIHTy.Qa OCB060>K.Q8eTCSI OT 8 - qJyHKUHi!:, H rrepe.Q 

HHTerpanoM IIOSIBIISieTCSI qiaKTOp 

q
2 

R ! / 4 A q 
2 

R.: / 4 B 
e e (53) 

I'.Qe A H B - M8CCOBble 'IHCna CT8IIKHB8l0lllHXCSI SI.Qep. 

ITpHMeHeHne TeOpHH rnay6epa K rrpocTei!:weMy cny'la!O B38HMO.Qei!:CTBHSI 

.QBYX SI.Qep - K B38HMO.Qei!:CTBIIIO .QeffTOH+SI.Qpo - paCCM8Tpl1B8IIOCb B pa6o

T8X /23-25/ 

EcnH Terrepb CHOB8 rrepei!:TH K cny'!a!O paccesIHIISI N + SI.Qpo, TO O.QHa 

113 SKCIIOHeHT B (53) IIC'le3aeT, a B Bblp8>K0HHH .QIISI SI.Qepaoi!: aMIIIIHTY.Qbl aB

TOM8TH'leCKII IIOSIBIISleTCSI qJOpMqJ8KTOp HyKIIOHa. 

s. ITepexo.Q K OIITH'l(lCKOMy. rrpn6nH>Ke1m10 

8 38KIIIO'lelme 3TOI'O pa3.Qena rrone3HO 6onee IIO.Qp06Ho paCCMOTp0Tb, 

K8KHM o6pa30M B. TeopHH rnay6epa B03HHKaeT o6hl'IH8SI OIITH'!ecKaSI .QllqipaK

u110HHaS1 KapTHHa. 
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PHc.14. BKII8Jl B aMnnHTYJlY ynpyroro pacces!HH>I npoToaos aa renHH npH 

T.= I fas 'III0HOB, o6ycnosneHHblX le - BHyTpHSI.QepHbIMH CTOIIKHOB0HH>I

MH (s OTHOCHT0IIbHblX OllHHHUax) 11 41• Pac'leTbl BblIIOIIH0Hbl no· <j,op

Myne (28), !')le )lII>I npOCTOTbl nonolK0HO a= O • CTpenKH OTMe'lalOT 

To'IKH, B KOTOpbIX siaepaasr aMnnHTy.Qa HMeeT MHHHMYMhl scne)lC'l'-

BHe Toro, 'ITO JlB8 'III0Ha, /l810ll!He HaH60IIbWHll BKIIall, KOMII0HCHpy

lOT apyr apyra. 
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Ha puc, 14, Ha npnMepe m1pa 
4 

He , noKa3aH BKnan B aMnnHTYAY pac

ceHHHlI OT 'lneHOB, o6ycnoBneHHhIX OAHIIM, ABYMlI, TpeMH n T,A, BHYTPHlIAepHbl

MH CTOnKHOBeHHlIMH, B nonynorapmj>Mu'!eCKOM M8CWTa6e KpHBhie, COOTBeTCT

BYIOIOHe rayccOBCKHM 3KCilOHeHTaM, npuo6peT810T BIIA HaKnOHHbIX nplIMbIX, 

CyMMHPYlI 3TII KpHBhie, Mbl BHAHM, '!TO nepBbiil, OCHOBHOM IlllK B yrnOBOM 

pacnp~neneHIIH pacceHHHhlX '18CTHU npaKTH'leCKH uenllKOM o6ycnoBneH OAHO

Kp8THblMII B3811Monei!CTBlllIMH BHYTPII lIApa. B3811MHoe raweaue aMnnuTyA, 

npOHCXOAlIIOHX OT OAHO- II ABYKP8THbIX CTOnKHOBeHnil, npHBOAIIT K MHHHMyMy 

)
2 , 

B ce'!eHIIH B6nH3il ql! = 0,2 (fsB/C • .LlnlI HeCKOnbKO 6onbWIIX 3Ha'leH11il 

q , B 06nacT11 BToporo AH¢paKUIIOHHoro MBKCIIMyMa, yrnoBoe pacnpenene

H11e IlO'ITH uenHKOM onpenenHeTClI npoueccaMH ABYKPBTHOI'O pacceHHlllI, B38HM-

2 ( 2 HalI KOMneHC8UlllI aMnnllTYA A 2 II A 3 naeT MHHHMYM B6nH3H q =0,8 fsB/ c) 

H T • .rt. 

TaKHM o6pa30M, All¢paKUIIOHHalI KapTHH8 B Teopuu rnay6epa B03HIIKaeT 

B pe3ylibTaTe IIHTep¢epeHUIIH 8MilnllTYA, o6ycnoBneHHhIX pa3nH'IHbIM 'IIICnoM 

BHYTPIIHllepHbIX CTonKHOBeH11il, 3To xopowo BHAHO TaKJKe H3 pnc. 15, 

Ilp11 nepexone K TlIJKenbIM m1paM Mbl nony'IIIM 06bI'IHOe OilTll'IeCKOe Bb1pa

JKeH11e nnH m1epHoil aMnn11TyAhf, ecnH B ¢opMyne (50) 0T6poc11M ¢aKTOp 
2 2 

e q R / 4 A (HanOMHIIM, 'ITO A AOCT8TO'!HO Ben11Ko)' a aMnnHTyAy (t (ll) 6y-
l 

AeM paCCM8TPIIB8Tb He 38BHCHIUefi OT /l • (nocnenaee Bnonae onpaBnaao, 

T,ll:. B TIDKenbIX m1pax, pam1yc KOTOPbIX cymecTBeHHO npeBOCXOAHT paAHYC 

N - N - B38HMOAeilCTBllil, ¢opM¢aKTOP F (ll) , l!MeeT HaMHOI'O 6olibwllil IlHK 

np11 /l = 0 , '!eM aMnnHTyna (t ( /l ) , 3H8'1eHHe KOTOpoil np11 /l = 0 MOlKHO 

BhlHGCTH 38 3HaK IIHTerpana B ¢opMyne (47) ). 

TaK K8K ¢op Myna ( 50) nony'leHa B npennonoJKeHIIH, '!TO KOHe'IHblil PlIA 

( 48) MOlKHO 38MeHIITb 6eCKOHe'!HbIM pa3noJKeHHeM ( 49). TO OTKnoHeH11e Be-

nll'!HHbl OTHOWeHHlI COOTBeTCTBYIOIOIIX Kos¢¢Hu11eHTOB B (48) 11 (49} 

,:\(A ,k) 
A- k + l ---

A 

A-k +2 

A 

A-1 
A 

OT eAHHHUbl sranHeTClI xapaKTep11CTIIKOfi TOI'O, HaCKOnbKO pa3nH'l8IOTClI TeOplllI 

MHOI'OKP8THOI'O n11¢paKUHOHHOI'O paccelIHlllI rnay6epa II OilTH'leCK8lI TeopHlI, 

113 p11c. 16 BHAHO, '!TO OTHOWeH11e ,:\{A, k) npH k = 1,2 AnlI i;icex 

lIAep 6nll3KO K enumiue. 3TO o6'hlICHlieT, IlO'!eMy nepBbili AH¢paKUIIOHHhlli 
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uf . 

I02 

jQ 

J 

OJ 

p-1-~e4 

r: r r3B 

:-3 ,o I 2 
o . n.4 o.8 1.2 I ti cr-as/c) 

Pnc.15. UmppaMH 1,2 ,3,4 oTMe'!eHbI ce'!eHHH paccenHnst, BhI'!HcneHHbie c y'le

TOM COOTBeTCTBeHHO OJlHOro, nayx, Tpex H '1eTb1pex •meHOB B aMnnu

Tyne paccestnnst: 
n k 

(I=I (-I)(Ik•n=l,2,3,4. 
k=l 

Pac'!eThl BhlilOnHeHbl C y'leTOM peanhHOM 'IBCTH aMnnHTyJlhl 

paccestHHst a 1191, 
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Puc.16. OTHOCHTenhHSR aenuquaa Koa¢¢uuueHTOB B pa3nomeHHRX {48) u {49) 
B 38BHOHMOCTH OT Maccoaoro qucna RUP8-MHW0HH H HOMepa qneaa 
pa3noieHHR k 
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MaKCHMYM npu ae6onhwux yrnax pacceRHHR ao acex cnyqagx xopowo annpoK

cuMupyeTCR onTuqecKOli Teopueli. npu 6onbWHX 3HaqeHHRX k OTHOW0HHe 

~(A,kl6nH3KO K eauauue nHWb anR TRmenhlx gaep; TOnhKO B 3TOM Cl!Yqae . . 

OITTuqecKoe npu6numeaue OK83bIB80TCR. UOCTSTOqHO xopoWHM. 
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