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B peq:iep11pyeMoli .llllCCepTau1111 paccMaTp!!BalOTCH HeKOTOpbre BOilpOCbl pacnpo

CTpaHeHHb!X B nocne.llHee BpeMH KBapKOBb!X COCTaBHh!X MO.lleneli sneMeHTapHb!X qac

TIIU. KnapKOBb!e MO.llenl! sneMeHTapHb!X qacTIIU COCTOHT B TOM, 'ITO sneMeHTapHhle 

qaCTIIUbl paccMaTp!!BalOTCH Ka K CBH3aHHbJe COCTOHHl!H I'IIIlOTeTH'leCKIIX qaCTIIU, Ha3·

BaHHh!X KnapKaMI!, 3THM He OTKpb!ThlM noKa qacT11uaM np!!Ill!Ch!BaeTCH oqeHb 6onb

waH co6cTBeHHaH Macca (nopH.llKa 10 rsB) 11, B 6onbWHHCTBe MO.llenell:, .a:po6-

Hhrli sneKTpHqecKHli 3apH.ll. npe.llnonaraeTCH TaK)Ke Han11q11e oqeHb c11nbHOro 53a11-

MO.llell:cTBHH B TaKIIX CIICTeMax KBapKOB, KOTOpoe II KOMileHc11pyeT HX 6oJibWYIO 

co6CTBeHIIYIO Macey. 

n11ccep·Tau11H COCTOHT 113 BBe,lleHl!H II .llBYX rnaa. Bo BBe,a:eH.1111 .a:aeTCH Kpa-r

Kllll: o63op pa60T, npHBeAWIIX K BO3H!!KHOBeHl!IO KBapKOBb!X Mo.a:ene_ll:, H paccMa-r

p11na10TCH HeKOTOpbie pe3ynbTaTbl, nonyqeHHh!e C HX IlOMOlllblO, HanpHMep BbI'lHc.

neHHe MaI'Hl!THb!X MOMeHTOB, q:iopMq:iaKTOPOB II AP, B nepBoll: rnaBe paccMaTpHBa

eTcH npocTell:waH MO.llenb KBa3HHe3aBHCl!Mb!X KBapKOB Ha OCHOBe Hepem!THBl!CT< • . .rx 

ypaBHeHHll:, KOTOpaH, O,llHaKo, .a:aeT pe3yilbTaTbl, HaXOAHll!HeCH B xopoweM corna

CHH C 9KCilepHMeHTOM. Bo BTOpoll: rnaBe paccMaTp!!BaeTCH 6onee CilO)KHaH MO,a:enb, 

OCHOBaHHaH Ha penHTHBl!CTCKH-IIHBap11aHTHb!X ypaBHeHl!HX Tnna BeTe-ConnHTepa. 

B § 1 npOBOAIITCH o6mee o6cy)KA8HHe IlpHHHTOll: B nepBOll: rnase MOAenH 

6apHOHOB. 8 9TOll: npocToll: Mo.a:en11 C'll!TaeTCH BO3MO)KHbIM paccMaTpHBaTb KBapKH 

B 6ap110He KaK He3aBl!Cl!Mh!e qacTl!Uhl, ABH)KYllI118CH B HeKOTOpOM .. ycpe.a:HeHHOM .. 

!!ITH caMocornacoBaHHOM none, CO3.llaBaeMOM ABYMH ocTanbHbIMH KBapKaMH • .Un.11· 

Ka)KLlOI'O KBapKa l!MelOT B TaKOll: cxeMe CMbICn HH.lll!BH.llyanbHhie, OAHO'laCTll'lHbie 

BOJIHOBb!e q:iyHKUHII, OilHCbIBaeMb!e o6bI'lHhlM ypaBHeHH8M .UHpaKa. Macca OAHOI'O 

KBapKa C'll!TaeTCH MHOI'O 60JibWell: MaCCbl 6ap110Ha, I{ .a:eq:ieKT Macchi, o6ycnos-:

neHHhlll: B3al!MO.llell:cTB118M, npaKTH'leCKII paseH cyMMe Mace Bcex Tpex KBapKOB 

B CB060.llHOM COCTOHHIIII, n,anee npe.a:nonaraeTCH, 'ITO Tpll KBapKa C OAl!HaKOBbIM 

CilHHOM MO)KHO IlOMeCTl!Tb Ha O.llHOM ,mepreTH'leCKOM ypoBHe, T.e. > 'ITO BOJIHOBaH 

qyHKUIIH 9TO8 CIICTeMbI .llOJl)KHa 6bITb CIIMMeTpli'lHOll: q:iyHKUHell: KBapKOBbIX nepe

MeHHbIX: 
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t k 8 ( -: k., A k , j k ) , k = 1 , 2 , 3 

3.necb 

,neKCbI. 

1 -npocTpaHCTBeHHbie nepeMeHHbie, A -yHHTapHbie, i -cnl!HOBbie HH-

.Llm1 npeo.noneHl!SI Tpy,nHOCTel!, CBSI38HHblX C npHHUl!nOM TTayn11, C'll!TaeTCSI, 

'ITO mi6o KB8pKII 

KB8pKOB ( p , n 

/1/ 
SIBnSIIOTCSI napacpepMlfOH8MI! • n1160 cymecTayeT He 0,UIIH Tp11nneT 

, ,\ ) , a TPH Tp11nneTa ( pa , n a , ,\ a ) ' 
/2/ 

a = 1,2,3 • YpaaHe-

HIie .Ll11paKa .nnsi o.nHoro KBapKa HMeeT a11.n: 

!yo E + i ( y _a_) - M - V (r) I 'l' = 0 
at · ( 1) 

r.ne V (r) -pa.n11anbHO CIIMMeTpll'lHhll! CKansipHbll! noTeHu11an, M -cao6o.nHast 

Macca KBapKa. TTpe.nnonaraeTCSI, 'ITO Hll3Wlll! SHepreTH'leCKlll! ypoBeHb E = Eo 

COOTBeTCTByeT CBSI38HHOMY s -coCTOSIHIIIO, II paccMaTpHBaeTCSI CTpyKTypa II He-

KOTOpbie CBOl!CTBa CIIMMeTp1111 BOnHOBOl! cpyHKUIIII. 

B § 2 paccMaTp11B8eTCSI· aonpoc O HaXO,K,UeHl!II MarHIITHblX MOMeHTOB 6apHOHOB. 

CHa'lana 113yqaeTCSI peaKUIISI O,UHOf'O KBapKa, Haxo.nsi:merocg Ha MIIHl!ManbHOM SHep-' 

reTH'leCKOM ypOBHe E O , Ha BHewHee M8f'HIITHOe none, .nnst STOf'O ypaBHeH!le 

( 1) .nononHSieTCSI COOTBeTCTBYIOWIIMII 'lneHaM11: 

I .. [ a .... y0 E +y i-.. -+eQAA(r)]-U(r)l'l'=O, . a r (2) 

r.ne e QA -sneKTpH'leCKHl! 38pst.n KBapKa, U = M + V , 

Haxo *.UeH11st pacmenneHHst 11cnonb3yeTcst cpopMyna Teop1111 

2 1 1 
Q= 3 ,--r' -a· .Llnsi 

B03MymeH11l! B nepBOM 

nopsi.nKe no napaMeTpy e QA . B cnyqae nocTosiHnoro Manoro MarHHTHoro nonsi 

II = II = const z 
.nnH MarHHTHOf'O MOMeHTa KB8pKa nonyqeHa cpopMyna 

~(1-8), 
µA= 2Eo (3) 

r.ne O -cpe.nnee 3H8'1eH11e z -KoMnoneHTbl op6HTanbHOI'O MOMeHTa L ' 

B COCTOSIHIIII, B KOTOpOM rronHbil! yrnoaol! MOMeHT g ., + . 
o = <· L z > f • 

.Llanee orrpe.nenstIOTCSI MarHIITHbie, MOMeHTbl 6apl!OHOB, .Llnsi STOI'O 6epeTCSI 

cyMMapHoe rrp11pamen11e snepr1111 acex Tpex KBapKOB: 
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2 g (1') 
z 

II ycpe.AHSIC'I'CSI no BOIIHOBOl! cpyHKUIIH 6ap110Ha ql B • B peaynbTSTe AIISI MSl'HHT

HOl'O MOMen-;ra 6apHOHa a e.AHHHuax 6opoBCKOl'O SI,AepHOl'O MSl'HeTOHa nonyqaeTCSI 

cne.uyromaSI cpopMyna: 

(5) 

.llanee paCCMOTpeHa MO.!l0llb C TpeMSI TpmrneTaMH KB8pKOB H nonyqe11a Ta )K0 

cpopMyna (5) .!lllSI MSl'HIITHh!X MOM0HTOB. 8blllOIIH0HO ycpe.uHeHHe .!lllSI cnyqag HyK

IIOHOB, H nonyqeHh! MSl'HHTHbie MOM0HTbI: 

/l = p 

2 

3 

(6) 

(7) 

B § 3 B paMKax MO.!lellH KB83HHe3aBl!CHMbIX KB8pKOB onpe.uenSieTCSI OTHOll!e-

HHe FA/ F V 8KCHanbHOll H B0KTOpHOi!: KOHCT8HT • .llnH 3TOl'O HCIIO!lb3Y0TCSI TOT 

')K0 IIplleM, qTO ll IIpH orrpe.ueneHlrn MSl'HHTHbIX MOM0HTOB. nonyqe11a cj:JopMyna 

noKaaano, •ITO 1{3 3TOi!: cpOpMyJibl MO)KHO nef'KO rIOJiyqHTb cpopMyny, IIOJiy-

' /3/ 
'l0HHYIO Ha OCHOBSH!IH .upyrHX coo6pa)KeHHi!: renn-MamlOM • 

B § 4 o6cy)K.!l8IOTCSI paHec nonyqeHHbJe cpopMyJihl ( 6) I! ( 8). KaK y)Ke 6blll0 

CKa38HO, O CBH38HO co cpe,!lHllM 3H8'ICHHCM z -KOMIIOHCHTbl op6HT8JibHOl'O 

MOM0HTa KBapKa, EcnH B yKaaaHHblX cj:JopMynax Boo6me npene6pe'Ib 3TO.i!: B0Jil{ql{

HOi!:, TO rronyqaroTCSI pe3yllbT8Tbl su6 

FA / F V = +- = l , 67 , µ P = 3 , 
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KaK BH.llHO, .lln!I MarHHTHOro MOMeHTa 3TOT peaynbTBT MO)KHO C'lHTBTb ynoa

neTBOpl!TenbHhlM, HO .llnll OTHOWeHl!ll aKCl!BnbHOi! I! BeKTOpHoil KOHCTBHT l!MeeT CMh!Cn 

yqecTb BKnan op611T8nbHOro MoMeHTa. (FA/Fv = 1,18+0,02) • .Llnll OpHeHTl!po-
3KCil. -

BO'lHOi! oneHKH aenl!'lHHb! 8 6epeTCll npOCTBll cpopMa IIOTeHn11ana: 

V(r)=-M, r<r0 V (r) = 0 , r > r 0 

.Llnll TBKOI! cpOpMbl IlOTeHnHana nony'leHa aenH'lHHa 8 0,17, TBKIIM o6paaoM, 

µ P = 2, 49 FA / F v = l, 10 

KaK BH.llHO, npH TaKHx rpy6hlx npennono)KeHHnx nony'lHnocb xopowee corna-

c11e C :.lKCIIepl!MeHTOM. Beml'll!Ha 8 T8K)Ke IIO.llC'll!TaHa HCXO.llll H3 3KC1IepHMeH -

TBJ!bHOro aHaqeHl!ll MarHHTHoro MOMeHTB npoTOHa ( µ p = 2. 79). B 3TOM cnyqae 

8 = 0,145 H _FA/ FV = 1,185. 

8bI'lHCJieH TaK)Ke cpenHHil KBanpaT panHyca HyKnOHa 

< r 2 > .. 0,43-
1
-

P m2 
IT 

( 
2 1 < r > SKCII = 0 , 396 -- ) • 

P • m 2 
IT 

B § 5 paccMaTpHaaeTcsr ypaaHeHHe c nceanocKanl!pHb!M noTeHnHanoM nnll 

KBapKa B HyKnoHe: 

lr
0 

E +i(y 
a 

a 1 
) -M+ly6 V(r)l 1P =0, 

(9) 

rne V (r) -panHanbHO CHMMeTpHqHal! cpyHKl!Hll, £ = :1. 3.necb o6pamaeTcll 

BIIHMaHHe Ha BO3MO)KHOCTb npocTo coaeplllHTb npenenbHhll1 11epexon IIpH M. ➔ 00. 

a peaynbTBTe aanaqa cunbHO ynpomaeTcll. B 3TOM cnyqae HenbaSI yqecTb BKnan 

op611TanbHoro MOMeHTa ( 8 = 0) H nony'laIOTCll o6b!'{HbJe peaynbTBTbl s u 6 • HO Ta

KBll O co6eHHOCTb ncean OCKBnllpHb!X IlOTeHnHanoB HCIIOilb3yeTCSI B nanbHel!WeM np11 

paccMOTpeHHI! ypaaHeHHil . THIIa EeTe-ConnHTepa. 

B § 6 IIB'lHHBeTCll paCCMOTpeHHe •6onee cnO)KHOi! MonenH, OCHoBaHHOil Ha pe

IlllTHBHCTCKH-Hl!BapHaHTHhlX ypaaHeHHllX. vlccnenyeTCll Monenb MeaoHa KaK CBl!aau

HOro COCTOllHHSI KBapKa H aHTHKBBpKa 11a OCHOBe ypaaHeHHll THila EeTe-CommTepa: 
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3.aecb 

a 
a x(l) 

V 

, j = 1,2 . 

V HBnSieTCSI cpyHKUlleA IIHBap11aHTHoro CKangpa 

( 10) 

.!lnH ynpomeH11n aa.aaq11 npo11aao.a11Tcn npe.aenbHhIH nepexo.a np11 M ➔ oo , 

np11'leM penSITIIBHCTCKlllt xapaKTep Mo.aen11 He TepneTcn • .Um1 npoae.aeH11n TaKoro 

rrepexo.aa 11crronb3yeTcH aaMelJaH11e 113 §5 o TOM, 'ITO TaKolt rrepexo.a y.ao6Hee ace

ro coaep111HTb B cnyqae rrcea.aocKanSipHoro aaa11Mo.aeltcTBIIH. !,13 sTIIX coo6pa)KeH11lt 

rronaraeTcH 

YpaBHeHl!e (10) paccMaTpl!BaeTCSI He B CBH311 C KaKolt-n1160 cxeMolt KBaHTo

BOlt TeOpllll IIO/ISI, a rrpOCTO KaK pe/lSITIIBIICTCKll~IIHBap11aHTHOe 0606meH11e ypaaHeHHSI 

.anSI o.aHolt qacTHUhl. nocne npe.aeni.Horo nepexo.aa ypaaHeHne np11HHMaeT BHA 

C .UOilO/IHHTe/lbHblM ycnOBl!eM 

llanee IIp01!3BO.UIITCSI aaMeHa rrepeMeHHblX .U/IH BbI,Ue/leHl!SI KOOp.UHHaT ueHTpa 

TH:>KeCTH - X II OTIIOCl!Te/lbHOrO .UBll:>KeHHSI - y H paccMaTpnaaeTCSI CTpyKTypa 

BO/IH0BOlt cpyHKUHII. 8 rronyqeHHI/IX pe111eHHSIX l!MeeTCSI Bb!pO)K.Ue1me no qeT!IOCTH H 

CIIl!Hy. noKaaaHo, 'ITO rryTeM .UOIIO/!Helll!SI cpyHKUIIII 53a11Mo.aeltCTBl!SI u 

CTBylOLUIIMII qneHaM11, TaK oe Bb!po:>K.ae.H11e CHl!MaeTCSI. PacCMOTpeHa CTPYKTypa Bon

HOBOl! cpyHKUIIII .U/ISI rrcea.aocKannpHb!X II aeKT0pHblX Me30HOB II nonyqeHo npe.acTaa

/18Hll8 Eera II nattca
141• 

B §7 paccMaTpl!BaeTCH BOIIpoc O B/ll!SIHHII BK/IIO'l8lll!SI B ypaBHeHHe ( l O) cna-

6oro BHelllHero 3/18KTPOMarHIITHOrO IIO/IH A ,, ( x). B pe3y/lbTllTe nony'leHo ypaa
/5/ 

HeH11e, nonyqemrne pa11ee B pa6oTe .anH cnyqag cpaKTop11ayromerocS1 noTeHu11ana. 

Bb!'lllC/leHbl MarHJITHbie MOMeHTb[ MeoOHOB. 
/t:l-11/ 

OcHODHbJe peaynbTaTbl .UHCcepTau11H ony6nllKOBaHbl B pa60T8X • 
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