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1. BBe.l{eHtte 

I-bBecnrn, 'ITO cTan.napTHaJI r:11.npo.nirnaM1F1ernan n.nepnan Mo.nem,, · ocnoBamran 'na rrpe.n­

cTaBnemm o n.npe RaK Kanne necl!mMaeMolt o.nuopo.nuo 3apnmennolt m11.nRocT11, up11Bo.n11T R 

3aR/IIO'lel!IIIO O ueB03MOIBIIOCTII cyll(eCTBOBairnn B cneI<Tpe ccpep11'1eCKIIX n.nep RO/1/leRTIIBHhlX 

B036ym.ne1rnlt MaTHIITHOTO TIIIIa, T.e. B036ym.neHHh!X COCTOJIHIIlt C OT/IIl'lHh!M OT HY/IJI' Ma­

rHIITHh!M MYJihTIIIlOJ!blllJM MOMeHTOM ( CM., narrp11Mep [1 ], CTp.22) • .[(eltCTBIITe/lhHO', COTJiaCHO 

RaueJI&Holt Mo.nen11 Bnenrnee ,)]leKTpoMarmuuoe BO3Myni;emre MomeT Bhl3h!BaTh JIHIIIh rapMo­

HH'leCRHe HCRameHHJI paBHOBecnblt ccpepH'IeCl{olt cpopMhl n.npa: R(t) = R(l +a,\µ(t)Y",.(r)), 
06ycnOBJie1mhle Bo36ym.neHHeM KOJI~6a1rnlt 3JieKTpH'leCRoro TOl{a j(r, t) = (eZ/A) n 8V(r, t) 
(n - IIROTIIOCTb 'lHCJia 'laCTl!U) C 6e3BHXj)eBIJM IlO/leM CROpOCTII: 8V(r, t) = 'vr"Y,\µ{r)a,\(t); 
3,necb Y"µ{r) ~ ccpepH'lecnan cpy1mnm1 MYilhTIIIIOJI&uoro rropn.nKa ,,\ H a"(t) - aMmmTy.n;a 

1(O/1/leKTIIBHIJX KO/le6a1rnlt. JlerRO y6e,n;HTbCJI, 'ITO np11 TaRIIX B036ym.n;eHHJIX MarmITHh!lt 

MYJihTIIIIOJibHh!lt MOMel!T [2, 3] 

(1) 

TOlR,n;ecTBe1111O paBeH uymo. IloCROJ!bl(Y OCD;IIJIJIJID;Illl 6e3BIIXpeBoro (rroTeHo;IIa/lbHOro) IIO­

TOKa JIB/IJIIOTCJI e.n;IIHCTBeHIIO ,n;orrycTIIMIJM BII,!l;OM co6cTBeHHIJX RO/le6a1rnlt HeClRHMaeMoil: He'­

BJl3ROlt ll(II,!l;KOCTH, TO Il3 IIJ)IlBe,n;emrnx paccy}K,n;eunu CTal!OBIITCJI JICHO IIO'leMy B r11,n;po.n;H­

HaMI1'1eCROH MO,!l;e/111 n,n;epHOH MaTepIIII B006Il(e He/lb3JI OlRH,!l;aTb ROJI/leRTIIBllhlX rrepeXO,!l;OB 

ManrnTnoro nma. Ilocne.nuee yTBepm,n;eune JIBHO rrponrnope'IIIT .n;aHHhlM, rrony'leHHIJM ma­

Bllh!M o6pa30M Il3 3RCIIepIIMel!TOB no HeyrrpyroMy pacceJIHIIIO 3/leRTJJOHOB TJllRe/lIJMII n,n;paMil 

[4- 7]. CToJ!b JIBHoe uecooTBeTcTB11e rrpe,n;cRa3amrtt Mo,n;enu mn,n;Kou namm 3RcnepnMeHTaJih­

nhlM cpaRTaM. CJIYlRIIT npJIMIJM yKa3aIIIIeM Ha Hea,n;eRBaTHOCTb OTOlR,!l;eCTB/leHJIJI IIOBe,n;emrn 

CII/IOIIIHOil: n.nepuo:ll MaTep!III C IlOBe.n;eHJieM CBepXII/IOTHOil: HeClRJIMaeMoil: HeBJI3ROlt ll(Il,!1;1(0-

CTII, 'ITO naR pa3 rro,n;pa3yMeBaeTCJI B CTaI!,!l;apTHOil: MO,ne/lJI ll(JI,!l;l(OH RaIIJIII, BnepBhle Ha 

3TO o6CTOJITeJibCTBO o6paTII/III BHIIMaHJie XoJibD;BapT II· 8m~apT [8], l{OTOphle OCHOBh!BaJICb 

Ha rnrroTe3e yrrpyro-no,n;o6uoro n,n;epuoro Bell(ecTBa, BIJJtBHHyTol1 Eep'leM B [9], npe,n;no­

JKH/IH TpaRTOBaTb CIIJ!bHO !{O/l/lel(TIIBII31IpOBaHHOe 2- B036ym,n;eu11e ccpepn'lecnoro JI,n;pa KaR 

npOJIBJieHIIe RPYTIIJlhHh!X RO/le6aunlt RBa,n;pyIIO/lbl!Olt CIIMMeTp!I!I. Pacrrpe,n;ene1rne JIORaJ!b­

HOTO IIO/IJI CROpOCTII 1(O/IJI~KTIIBHOTO IIOTOKa, COOTBeTCTBYIOII{ee ,!l;/IIIHHOBOJIUOBIJM RBa,n;py~ 

11O/lhHhlM npyTII/lhHIJM l(O/le6aHJIJIM, (s CIICTeMe C cp!IKCIIpOBaHHOlt IIOJIJipHolt OCblO) IIMeeT 

Bn.n: 8V,, = -yza, 8Vy = xza, 8V. = 0, r.ne·a rrpe.n;cTaB/IJieT co6ol1 reoMeTpn'lec1m 6ecno­

ne'lno MamJlt yro/1 3a1{py'l11BaHJIJI KOJIJieKTIIBHOro IIOTOKa HYRilOHOB BORpyr IIO/IJipHOil: OCH Z; 

Ilp11 Ta1rnx ROJie6amrnx Bepxuee '(ceBepnoe) II HlllRHee {lOlKHOe) IIOJIYIIIap!IJI COBepIIIaIOT B 

IIpOTJIBocpa3e oceCIIMMeTp!I'lHhle C,!l;BIITOBhle OCD;IIJI/IJID;IIII (neian 'laCTh pncynKa 1), Bhlpa31I· 

TeJibHO Ha3BaHHhle XoJibD;BapTOM II 8RKapTOM "n,n;epHIJM TBilCTOM" [8]. HeTpy,n;no rrpoBep!IT,h, 

'ITO .n;aHHhllt TIIII ,!l;BJill(elJJil1 IIplIBO,!l;IIT I( OT/IIl'lHOMY OT HY/Ill KBa.npyrrO/lblIOMY MarHIITHOMY 

MOMeHTY B B036ym,n;eHHOM COCTOJIHIIH. ' 

Pa3BIIBaJI H.n;e11 pa6oTIJ [8] (11 6oJiee IIO3,nHIIX pa6oT [10-13]), B ne.naBHIIX CTaTbJIX (14-17] 
( CM. TaKme [18]) Mhl ccpopMyJinpoBa/lJI qJillOII,!1;-,!l;IIHaMmieCKYIO Mo.neJib MarHIITHOro TBHCTO­

BOTO OTRJIIIRa rrpOH3BOJibHOlt MYilhTIIIIOJ!bHOCTII ..\. 8 3TOl1 MO,!l;eJIJI 1(0/IJieRTIIBHaJI BeTBb 

MarnnTHhlX II3OCl(aJIJlpHh!X B036y}K,neHHlt op6HTa/lbHOl1 IIpHpO,n;hl OlllICh!BaeTCJI B TepMnnax 

,!l;/IIIHHOBOJIHOBhlX ,n;ncpcpepemi;naJibHO·Bpall(aTe/lhHhlX MY/ILTHIIOJihHhlX RO/le6aHIIl1 ccpepII'lec 

cKoil: Manpo'!acTIIUhl o.nHopo,n;uoro uecmIIMaeMoro n,n;epuoro cpepMH·KOHTHHYYMa. TaKan 

llHTeprrpeTao;nJI JIBHO !IO,!l;'IepRnBaeT TOT cpaKT, 'ITO ,!l;IIHaMH'leCROe IIOBe,n;eune CII/IOIIIHOil: 



H,!lepnoll: MaTepmr IIMeeT 6oJiblllee cxo,!lCTB0 c rroBeaenneM 11aeaJib110-yrrpyroro B·eIUeCTBa, xa­

paKTepHI>IM CBOll:CTBOM K0T0poro HBJIHeTCH crroco6nocTh II0Mepm,rnaTh He3aTyXalOll(lle Hal{ 

IIp0,!l0JibHbie TaK II II0IIepeqnLJe KOJie6an1111, HO He naeaJibH0ll. }1{11,!ll{0CTH, B J(0T0poll. M0-

ryT pae;npocTpaHHTbCH T0Jibl{Q 3BYH0BLie cyll(eCTBeHl!0 np0,!l0JibHLie l{OJie6an11n. MnTepecno 

0TMeTIITL, 'ITO pa3BIITLill: B R,!lepnoll: Teopnn MeTOl( Il03B0JIHeT pellIHTh KJiaCCH'JeCHyIO rrpo-

6JieMy co6cTBeHHLIX 'laCT0T ,!lJIIIHH0B0JIH0BLIX l{OJie6annll: n;i:eaJibH0-yrrpyroro lllapa (19], B TO 

BpeMn KaK KaHon11qecKI1ll: MeT0.!l Teopnn yrrpyrocTn ncrrhITLIBaeT 3aTpy.!lneunn rrpn peI1Iem111 

M2 M3 

-

-=----

Puc. 1. reoMeTpn,,ecRan RapTnna M2 n M3 TBHCT0BUX oTRJIHH0B ccpep11qec1{0ro R.!lpa. 

,9Toi!: npo6JieMLI. K nacTOnll(eMy' M0MeHTY llMeeTcn ,!l0B0JibH0 06nr11pHaH JIIITepaTypa, B K0-

Topo.tt o6cym,!laIOTCR pa3JIH1IHUe acrreRTU Kai{ MaRp0Cl{QIIHqecHoro (22-33] II MHRp0Cl{0IIHqe­

CKoro (34-38] TeopeTn'lecRoro orrncamrn H0JIJieHTIIBHUX MarHIITHLIX M0.!l R.!lepnoro Hpyqennn 

(M ,\, T = 0 TBHCT0BUX pe30HaHCOB), Tai{ H rrpaHTnqecrme B03M0lliU0CTH :mcrrep_HMeliTaJih­

H0ro BhlRBJieHHR 3THX B036ym;i:ennil B ce'!emrnx neyrrpyroro paccemrnn :iJieHTpoIIoB ua R.!lpax 

[7, 11, 33, 38] (cM. Tal{}l{e CCLIJil{II B rrpOIUITHp0BaHULIX BLillle pa6ornx) •. 

Ilpo,!lQJIH{aR HaqaTLie B (14-17) HCCJiel(0Bannn, B uacT0RIUell CTaTbe Ml,I am(CIITHpyeM Billi­

Manne Ha BuqncJICHHII HIITerpaJihHUX xapa1ffepncnm MYJibTIIII0Jibll0ro MarHHTH0ro TBIICT0-

B0ro QTJ{Jllll{a ccpepll'lCCKOro R,!lpa, 113MepneMLIX B ueyrrpyroM paccemmn 3Jie!ffpOIIOB, 0CH0-

BhlBMCI, na MaKp0Cl{0IIH'leCHOll M0;J:eJIII n;i:epnoi1 CTpyKTypu. B 3TOll CBR3H yMeCTH0 0TMe­

TIITL, 'ITO 0,!lHa 113 rrepBUX Teopnil (e,e')-pacceHHHR C B036ym;i:em,.'eM H30CRaJinpHLIX l{QJIJieK­

TllBHLIX C0CTORHHll 3JieKTpnqecRoro TIIIIa, pa3BHTan TacciI (39], 6LJJia TaHme 0CH0Bana ua 

MaKp0CK0Hll'leCHofi {KarreJibHOil) M0,!leJIH n;i:epnoil CTPYRTypu. HecMOTpn Ha TO, qTQ H{ll,!l­

l{QCTHan M0,!leJib n;i:epnoll MaTepm1, Hal{ MU yme 0TMeqaJIH, ne HBJIHeTCR a,!leHBaTnoll:, Olla aaeT 

HaqecTBe11110 npaBHJibIIoe 01111ca11He cpopMu ce•1ennn neyHpyroro paccemmn 3JICHTponoB ua 

R,!lpax (J(YJIOHOBCl{llX cpopM cpa1(TopoB) B 3aBHCllM0CTll OT :ineprnn naJICTalOJl(ero 3JICRTpoHa, 

HO He a6coJIIOTIIUX 3Ha•1e1mil CC'!CllllH (e,e')-Bo36ym;i:e111111 j{OJIJICl{TllBIILIX COCTORHHll 3JICl{­

TpH'ICCl{0f0 THna; npe;i:cRa3LI_BaCMUC M0;J:CJiblO H{Il,!ll{QH HaIIJIH 3HeprrrH B036ym;i:eHHJJ n;i:pa 

rrpn6JIH3llTCJibHO B 3-4 pa3a HHJl(C 3l{C!lepHMCHTaJILIILIX 3Heprun ruraHTCl{HX pe30HancoB. 

CorJiacyIOll(Hecn C 3J(CllepHMCHT0M TC0pCTll'JeCRHe cpopMLI ceqe1mil ( e,e')-peal(l(HII paccMa­

TpllBalOTCH l{al{ CBHJlCTCJibCTBa B Il0Jlb3Y npearroJiaraeMoro nma l{QJIJICl(TIIB_HUX llBIIH{CIIHfi 

HYRJI0H0B, llH.!lYUHpyeMUX HaJieTalOll(HM 3JICJ(Tp0H0M, T.C. Hp0l!0Jlbl!LIX f{OIJBeHl(HOJIIILIX f{O­

JIC6annil T0l{a c Il0TCHJillaJiblll,IM II0JICM Cl{Op0CTI!. 

2 . ,,4 

L/}. 

qTO me RacaeTCR (e,e')-rrpOI(ecca C B036YlKlleHlleM MarIIIITil!dX l{QJIJieRTIIBHLIX M0ll, TO Ta­

l{Qf0 po,!la },!al{pOCl{QIIHqecm1ll II0l(X0ll 6IJJI paCCM0Tpen B ClllllICTBCHHOll. pa6oTC [11] T0JILl{0 

.!lJIH cJiy'lan M2, T. ~ 0 TBIICTOBoll M0l!LI. Tip111111Man BO BIIHMan11e cHa3a1moe, rrpeacTaBJIH­

eTcn IICJICC006pa3HLIM ccpopMyJinpoBaTh TC0pl!IO MarHIITII0ro MJJibTIIII0JibH0ro n;i:epnoro 0T­

l{Jll!l{a B neynpyroM paccennnn 3JICKTp0II0B, IICX0M 113 CoBpeMCIIIILIX HBaIIT0B0-MaKp0CR0ITH­

'IeCHHX npeaCTaBJie1111fi o HenpepLIBIIOH ynpyro-no;i:o6Holl R,!lepHoil cpe,!le. C.rre;i:yH xopolllo 

npoBepeHIILIM npeanoJiolKeHl!RM, HCil0Jib3YCMLIM B 60JihllIIIHCTBe pa6or, _IT0CBRIUCHHLIX 113yqe-

111110 l{QJIJiel\TIIBII0ro 1130Cl{aJIHpnoro CIH!H-IIC3aBHCIIM0fO nae_pHoro QTl{JIIIKa,·Mu rrpnMeM, qTQ 

JJJ(epHan MaTepnn rrpeacTaBJIRCT co6olt naCIJll{CIIULIH HO cmrny II 1130CIIHHY 0,!ll!0J)0l!H0 3apn­

JKCIIIILIH l!eCH{l!MaCMLIM cpepM11-HOIITIIIIYY1I, JlBl!lliemrn l{QT0poro yrrpaBJIRI0TCR ypaBIJeHHRMII 

Jll!CpHolt q>JIIOl!Jl-ll!!llaMHl{I!. foBopn 0 Bl,IpOlK/lCIIIIII 110 CllllHY, MLI II0J(pa3yMeBae11, qTQ cyM­

MapHLill Marmnm,Ill M0MCIIT 0CII0BH0ro C0CT0RIIIIR '!CTH0-qeTJIOro ccpep11•1ecKoro JJJ(pa paBCII 

IIYJIIO. _l{poMe Toro, Mb! H3yqaeM MarHIIT!Ihli! 0TKJIIIJ( H;i:pa Ha TaKoe Bl!elllnee B03~1YIUeHne, 

J{OTOpoe IIC CHHMaCT CIIIIH0B0f0 BIJpomaennn. Tio3TOMY o6cym;i:aeMLii! MexaHll3M "11a11ar1111-

q11eamrn" JJl(pa neynpyro paCCCRIIIILIMII 3JICKTpona1m (T.e. nept!xo.l( 113 0CH0BII0f0 B B03-

6yl!(l(ennoe C0CT0JIIIIIC C 0TJill'Il!IJM- OT 11ym1 MarnHTIILIM MOMCIITOM) CJieJ(yeT pacomTpIIBaTh 

J(al{ MaRp0CK0IIll'IeCl(YIO M0J!CJlh B036yll(J(el!HJJ KOJrneKTIIBIIOi! M)'JlhTIIII0JihII0i! BCTBII Mar1111T­

IIIJX ll30Cl{aJIJJ])IIUX MO.I( op61!TaJihHOi! IIJlH])0J(IJ (1iar1111TJ11,!X TBIICT0BI,IX pe3011ancoB). Ocuo­

BHan l(CJib namcro U:l)''ICIIHR C0CT0HT B TOM, '!1'061,1 BIJJJCl!HTb Ha•reCTBCIIHJde 3aJ(Of!QMCpH0CTII 

B 3aBllCIIM0CTll IIIITCrpaJihllldX napaMCTJl0B MarnHTIIl,IX TBHCT0Bl,IX pe30l!al!C0B (ncnTpOl!l(OB 

-~ueprnil II cyMMapnux Hpl!BCJ{Clll!l,IX HC])OIITl!OCTeii, 113BJICl(al'1ILIX 3KCIIep11Me1rraJibll0 113 

auaJIH3a (e,c')-peam(llll) OT aT0~III0f0 l!0M('pa, Mi\CCOH0fO 'IIICJia II M}"JlhTIIII0Jibll0CTII B036y­

)l{l(aCMOi1 M0ll!,1. 

2. KpaTKMH o63op TeopHH 3JieKTp0HHoro pacceRHHR 

.ll:Jin Il0JIII0TLl 113JIOlKCIIIIR MU II,l'IIICM C HpaTiwro ofoopa 11:JHCCTIII,IX q1opMyJ1 Teopnn pac­

ceJJUIIH uerIOJIJJp1130BallIILIX 3JICl{TJ)0l!0B na 11cop11c11T11poeannolt MllllICIIII. Bupallil'IIIIC l(JIH 

J(llcpq>epe11n11aJibllOI'O CC'ICIIIIR (c,e')-p<'aKI{IIII B 6opnoBCJ{OM rrpn6JIUlKCIIIIII IIJI0CHIIX B0JIH 

l!MeCT Bllll [40]: 

da { ("'')
2 

.,, 2 [I (q,,) 2 

o] . } dD, = aMfrec . q IS (q)I + 2 q + tg2 2 IS
1 _(q)l 2 

• (2) 

[

Zahccos0/2]
2 

3necb 0-J>,f = . 2 /' - M0TT0BCl{Oe Cl''ICl!lle pacceJIIIIIJI J(JIJI e1111m1'1110ro 3apJIJ(a, 
2 E sm 0 2 , 

[ 
2E sin2 0/2]-i · , 

free = 1 + 
2 

- (j>aKTO]) 0TJ(il'IH, /-, - 31Ieprn11 · naJICTaI0II\ero 3Jil'RTpona, 
Mc 

M - Macca JJJ(pa-Ml!llle1rn, 0 - yro11 pacn·11111rn. f!l'pl'J\a1111uii 1n111ym,c q = Jq;, + w2 ; 

qµ = 2fi£o/hc sin O /2, hw = E - Eu - 311cprn11 t10:16ym;,e111rn 1111pa. R11epna11 npy1,Typa 

IIp0RBJIJJCTCJI B cet1e111111 paccen111111 'WIH':l IIJlO)lOJll,llhlii 11 11011cpc•1111,1ii ,jiopwj>aliTOJlhl. Upo­

JlOJibllLii1 (1(yJionoec1rnii) cj>op~Hjia1rrop ISL(,,)12 = L IF\0
(11)1 2 

,·o;wpn,IIT IICIO 1111,jiop11a1lll10 

.\ ' 

0 IlJlOCTpancTBel!II0M pac:11peJ(!'JIClll1ll :rnpll)lOHOii IIJI0TII0CTII Jl)tpa, -rpa11c11epcam,11r.1ll cj>op-· 

MqJaKTOJ) ST("q) CBR3all C IICJlCXO)UI0ti TOHOHOH IIJIOTII0CThl0 II HHJIJICTCJI cy1111oii tj>OjHl<j>aH-

:l 



• TOpOB 3JleHTpll'IeCHIIX II M3flllITlll,IX 11)'JlbTIIIT0Jll,IIJ,IX uepexo,1oa: 

IST(q)l
2 = L {Wf(q)l2 + IF,\1(q)i2} · 

.\ 

Ilp1f pacceHHIIII Ha3a.ll B036yJK.llalOTCH TOJI!,l{Q T0H0BLie IT0ITepe'IHLie l{OJie6a1rnH HYI{JI0II0B. 

IIonoMy U3Mepemrn ceqem1fi paccemnrn 3JieHTpo11oa 11a yron O = 180° JIBJIHIOTCH nau6onee 

nmpopManrnHLIMH B IIJiaHe u3yqeam1 cocToJ11mfi Mar111n11oro nma.. • 

MarHHTHLifi cpopMq>aHrop Ff ( q) CBJI3al! C nepexo.n:11ofi T0H0BOH IIJI0TH0CThlO J,.\,.\( r) npe-

006pa3oaam1eM <I>yphe-EeccenJI [40]: · 

A'ir j1 /

00 

J>. ,,(r)j,,(qr)r2 dr, Ff(q) = z j. ' 
. ' 0 

. (3) 

i>.(qr)- cpyHHO:HH EecceJIJI paara .\, J; u JI - non11uti MOMenT R.llpa B na'IaJibHOM II HOHe'rnOM 

COCTOJIHlfJIX COOTBeTCTBe11110, j = ✓21 + 1. . 

Ilp1rneieHHaH BepOJITHOCTh B036ym)lemrn B(J\f ,\) COCTOJIIlllJI C OTJill'IIILIM OT HYJIJI Ma­

fHlfTHhlM MOMeHTOM MYJihTlflI0J!hl!0fO nop11,n:Ha ,\ onpe.n,eJI11eTCR lf!ITerpaJioM OT nepexo.zmoll 

TOHOBOfi IlJIOTHOCTlf J>.,>.(r); 

B(M.\) = ~ [j! /00 

~J.\,.\(r)r.\+2dr] 

2 

A+ 1 J; , 
0 

(4) 

HeTpynno y6eJIIITCJI, 'ITO B lIJIIlHHOBOJIHOB0M np116JIH}l{Cl!IIII Ff1 ( q) BLipamaeTCJI qepe3 np!I­

Be,n:eHHYIO aepoJITHOCTb B036y>HJICHIIR B(M ,\) cne.11ymm1IM 06pa3011,1: 

jFf (q)j2 = ~ q2>._ ,\ + 1 
e2Z2 [(2.\ + 1}!!]2 ~,\~ B(M.\). (5) 

Ilp1rneH1IMOCTh .11mrn11oao1111oaoro npn6J1Hll{e11n11 (!JR« I, r.n:e R-pam1yc 11.n,pa) 011paB.n:aHo 

rrpn cpaBHHTeJihHO Manux 3Hepnrnx E 11a11eramm11x 3JieHTponoa. O.11HaHo, B 3HcuepnMeHTax 

qaci-o 3TO yc11oa11e He pean113yeTCJ1. TaH, nanpnMep, np11 neynpyroM paccemrnn 3JieHTpo­

HOB na 
90Zr Ha yron O = 165° qR = I .llJIJI E = 24 M3B. B 3TOM cnyqae !Ff (q)l2 yme ne 

nporropn11onanen aennq11ne B(M .\), a onpe.lleJIJieTcJI llH.llllBH.llYaJibHLIMll oco6eH11ocTHMH rre­

peXO.llHOfi TOHOBOfi IIJIOTHOCTII B036ym.llaeMoro C0CTOJIHIIJI. Ilo3TOMY np11 pacqeTe qiopMqiaH­

TOpOB He06XO.lllfMO IIOJ!h30BaTbCJI _Henocpe.11cTBen110 cpopMynofi (3). rnaBHLIM II CJlllHCTBeH­

HLIM 3JleMeIITOM 6opHOBCHOro cpopMaJIH3Ma, B HOTopoM CO.llepmllTCJI IIHq>OpMaU:llJI O H.llepHofi 

CTPYHType, RBJIJIIOTCJI rrepeXO.llHLie 3apH.lJOBLie II TOHOBL!e IlJIOTIIOCTll [40]. 

CronT IIO.ll'ICpH11yr1,, 'ITO pacC'lllTLIBaeMue B MaHpornonnqec1rnx MO.lleJIHX JI,n:epHofi c_TpyK­

ryp11 IUITerpaJibHLie xapaHTepl!CTl!HII necyT B ce6e cymecTBCHIIO KOJIJICHTlfBHOe CO.llepJKa1111e. 

Ilo3TOMY OTOJKJICCTBJICl!He npe.11c1<a3b!BaCML!X nepeXO.llllblX TOK0Bh!X IlJIOTHOCTefi, cpopMqiaH­

TOpOB II BepORTII0CTefi B036yl!{llel!IIJI M3rHl!TIILIX TBIICTOBLIX pe30H3HCOB C peaJibHO 1Ia61110-

.llaeMLIMII OTJICJibIILIMII C0CTOJIHIIJ!Mlf MarHIITHOro TIIIla ecTeCTBCIIIIO Tpe6yeT c11eu:1IaJibHLIX 

HOMMeHTap1IeB, HOTOpLIMII MLI conpoB0lK.llaeM naJILIIefirnee II3JIO}l{CHIIe. 

4 
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3. MaKpOCKOITH4eCKiUI M0J{eJib MarHHTHoro 0TKJIHKa ccpep114ecKoro JIJ{pa. 8Hep-

r1111 M ,\, T = 0 pe3oHaHcoa: · · 

B JI,n:epaott cpmon.n:-nnaaMnHe ccpepnqecHoe JIJipo Mo.n,ennpyeTCJI aupoJKJieHHott no cmrny 

II lf30CITIIHY l{OHC'IHOH qiepMll-CHCTeiwri C Herrpeph!BHhIM II 0,!1,HOpOJIHhIM pacrrpenenemreM 

Maccu: Po = m no II 3apJI,n:a ne = ( eZ / A )no. B036yJKJieHHLie cocT0JIHHJI c OTJIH'IHLIM OT 

HYJIJI MarHilTHhlM MYJibTIIIlOJ!hHLIM MOMeHTOM JIBJIJIIOTCJI CT0JII, JKe ecTeCTBCHHLIM cne,n:CTBileM 

JIJiepaoll q>JIIOHJI-JIIIHaMIIHlf, j{ai{ II xoporno ycTaHOBJICHHLIC 3JieHTp1I'IeCKile Il30CKaJIJlpHLie 

pe30HaHCLI [41-45]. ,UocTaTO'IHO OTMCTIITh, 'ITO B 3TOM IIOJIX0Jie o6a TH!Ja norrycTHMLIX B03-

6yJKJICHIIfi BLIBOJIJITCJI C o6mIIX Il031IU:HH, !{al{ JIBa HC3aBilCIIMLIX perneHHJI BCKTOpHoro ypa-

BHCHHH • Jlarrnaca: · 

~a,\·=0, diva,\= 0. ,(6) 

YcnOBIIe HCCJKIIMaeMOCTH yHa3LIBaeT Ha nonepe'IHLifi xapaHTep pacrrpocTpaHeHIIH. He3aTy­

xaro~nx HOJ1e6am1tt, 'ITO CBOllCTBeHHO JIHHaMII'ICCHOMY 0TKJIIIHY yrrpyro-rrono6Horo aeme­

CTBa. KoJIJICHTIIBIIaH BCTBh II30CHaJIJlpHLIX MarrrnTHLIX MOJI op61ITaJibHOfi IIpllpOJILI B HJiep­

HOfi q>JIIOHJI-JIHHaMIIHC CBJl3LIBae1cH C B036ym.n:e1111eM 'IIICTO BIIXpeaoro ITOJIH CMell(CHilfi II 

OlllfCLIBaeTCJI TopOIIJiaJihHLIM IIOJieM BIIJia: 

a>.= rotrr>.Y>.µ(i-). (7) 

IIonqepHHeM, 'ITO IIOJ!e (7) OIIllCLIBaeT JIIIqiq>epeHl.{IIaJibllb!C, (HeTBep,n:oTeJ!bHLie, rno6aJib­

HLie) poTa!lllOHHLie l{OJie6aHIIH, B03MO}l{JIOCTh cymecTBOBaHIIJI HOTOpLIX o6ycJIOBJICHa IICKJIIO­

qJITCJ!blIO yupyrlIMII CBOHCTBaim JIJiep11ott cpe.11LI. 8 JlUq>qiepe11nnaJibHOM xapaKTepe Bpame­

HIIJI nerno <y6e,lllITbCJI, npe.llCTaBIIB II0JIC CHOpOCTII bV(r, t) = a>,(r)a,,(t) B xoporno 3'11aHOMOM 

Il3 MeXaHIIHH BII.lJC: 

bV = [rx w], (8) 

r.n:e w = -'vr).Y>.µ{i-) Ck). eCTb yrnoBaH CHOp0CTb BpamareJibllLIX .llBII}l{el!Ilfi, HOTOpaH HBJIJl­

eTCH cymecTBeHH0 JIOHaJ!bl!Ofi BCHTOpHoii: cpyHH!lllCii:. TaepJIOTeJiblIOMY apameIIIIIO C~OTBeT­

CTBYeT ,\ = 1 .. PncyHOK l HafJIJl.ll:e'o HJIJIIOCTpHpyeT xapaKTep KOJIJieHTIIBIILIX KOJ1e6a1111tt 

H.llpa, CBJl3aHHLIX c· 11,1ar111ITIILIMU TBllCTOBLIMII M2 II M3 Il30CKaJIJlpHLIMII pe3011a11caMII. Ta­

KIIM o6pa30M, MLI BII.lllIM, 'ITO qlJIIOIIJI-.lllIHaMII'ICCKaH MO.lleJ!b pacrnlipJieT npe.11cTaBJieI1H.i! 0 

KOJIJ!eKTllBIILIX BpamaTCJ!bllLIX CTerreHJIX CB060.llLI R.llpa. B 3TOfi CBJl31I CTOIIT IIOJI'IepHHYTb, 

'ITO MafHHTHble TBHCTOBLIC pe30HaHCLI ~BJIJIIOTCJI O.lJHIIM II3 11a1I6011ee HpHHX_IIpORBJICHIIfi KOJI­

JieHTIIBHLIX BpameHHfi cqiep!I'ICCRIIX H.llep. 

,UJIJ1 aHaJin3a rrponecca 311eHTpoH11oro pacceHHHJI y.llo611ee aocrroJIL30BaTbCJI HeCHOJibHO 

IIIILIM, 3HBIIBaJICHTllhIM (7), rrpe,n:CTaBJICHlfCM perneIIIIJI BCKTopmiro ypaBHCHIIJI Jlarrnaca, 

OIIIICLIBalOll(IIM .llJIIIHHOBOJIHOBLie MYJibTHilOJ!bllLie KPYTIIJ!bl!LIC KOJie6aHHH cqiepnqecHoro HJipa 

( CM. HanplIMep (45] cTp.188): 

a;.(r) = -ir>-Yt1(r), a;,(r) = ir>. (Y~>.1(r)]* = a>.(r), (9) 

f.lle y~).'l (r) - BeHTOpHLie cqiep1I'IeCH1Ie rapMOHIIHII, 0611a,n:a10ll(IIC CJICJIYIOll(IIMH CBOfiCTBaMn: 

I [Y~ >- 1 (r)] •. Y~: ., 1(r) di-= bµµ'b>-,>-' b,\2.\,, 
1 2 l A2 , l 2 

[Yµ (r)]* = (-)>-,+>-2+µ+1y-µ (r). 
>.,.\21 .\2>.,1 
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P'acnpe.n;eJieime coJieaon.n;am,noro 3JieKTpn"lecKoro TOKa B H.n;pe, ·1rn.zzyu11pyeMoro 11aJieTa10-

IIJ.I1M 3JleKTpOHOM, npe.n;cTaBJIJ!eTCJI BIIOJIHe KJiaCCH"leCKRM Bhipame1ineM: 

j(r, t) ·= ne8V(r, t) = nea~(r)a,\(t). (12) 

AMIIJinTy,n;a KOJie6aa11ll: a,\(t) J1BJIJ1eTcJ1 rapMOHH"lecKoll: cpy1rnunell: apeMeHH a,\(t) = a~ eiw,t, 

r.n;e 

a~=< la,\(t)l2 >~'2= [2s~wJ112 (13) 

eCTb .aMIIJinTy.n;a HyJieBhIX KOJie6aHIIH (2), W:,. = JC:,./ B:,. - "laCTOTa c~6CTBCHIIhIX KOJie6a1111ll:' 

H,n;pa. MaccoBhill: napaMeTp B,\ n napaMeTp mecTKOCTH C:,. ;J;JIHHHOBOJIHOBhIX HpyTn111,111,1x 

MYJibTRIIO/lhHhlX KO/le6aanll: H,n;pa COOTBeTCTBCH!lO paBHhI: 

B;,., = mA < r 2
;,. >, 

< v2 > . 
C:,. = mA-

3
-(2,\ + 1)(,\ ~ 1) < r~,\- 2 >, (14) 

r.n;e < v 2 > - cpe,n;IIJIJI CHOpOCTb cpepMH-;J;Bll}KCHIIJI IIYHIIOIIOB ll < r,\· > - pa.n;11a/lbJihifi MOMeJIT 

riopH,n;Ka ,\. B l!Il}Ke npHBO;J;llMhlX paC'leTaX JIILI llCIIOJib3Je!II qiep!lllleBCKYIO anrrpoKCH!llaUHIO 

IIJIOTl!OCTn_pacnpe.n;eJiel!HJI "laCTHU: 

no(r)=n(O)[l +exp{(r-R)/a}r
1

, '(15) 

C napa!lleTpaMn, B3JITl,IJIIII ll3 (2). 

40~-----------~ 
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Puc. 2. TeopeTnqec1rne ouemrn noJiomen11J1 

uenTpOH;J;OB 311eprnii K0/1/leJ{TIIBRl,IX J11ar11nT­

HhlX TBHCTOBIJX B036y}l{,n;eunii (11111111n) B 3a­

BllCll!IIOCTII OT Maccoaoro q11c11a. C11MBO/ll,I -

.n;amrne DALINAC [6,7). 

"' I 
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A 
Puc. 3. TeopeTll'ICCKttll: pac•teT cyM­

Mapn1,1x npllBC)lCIIIlldX ·aeponTIIOCTCll B03-

6y}l{J1CII11Jl M2 11 M3 TB~\:TOBhJX MOJl HaK 

qiyHKilttll Macconoro •rncna (n11111111) .. CnM­

BOJJLJ - 11am11,1e DALINAC (6,7). 

B nnepnoll qimo11n-111maM111{e 3neprn11 M)'JJbTHIIOJlhHJ.IX 1wne6anui1 E>. = hw.\ OTOHIJ1CCTB/l/l-

10TCJ1 C UCIITpoi111aMII 311epr11ll 1130CI{aJl/lp11LIX pe30llal!COB .. I{a1{ llOlla3al!O B (14, 16, 18), 

IIO/IO}l{eJ!IIC UCIITJ)Ol1,!10B M)'/lhTUilO/ll,l!LIX TBIICTOBhlX pe30l!aHCOB B 31lepreTtt'leCI{OM CIICKTpe 

6 

l 
I 

\ 
I 

. .f 

ccpepnqecKoro H.n;pa oupe.n;e11neTCJ1. cpopMynoll: 

[ 

2 · 2\-2 ] 1/2 
E(M>.,T = 0) = Ii < v

3 
> (2,\ + J)(,\ - 1) < r ·

2
, > 

. . . .<,.. > (16) 

CyM no 1111TepaType, 11an6011ee na)lell{Illd!IIII JIB/IJIIOTCJI .n;aHIILie DALINAC, noJiy'lel!Hhie B 

H3MepennHx ce•1e11nll neynpyroro paccc11111rn na yro11 0 = 165° 3/leKTponoa c 311epr11ell: 20-

100 M3B na H.n;pax 28Si, 90Zr, H□ce II 208Pb (6, 7). B 3TIIX 3KCIIep11!11el!TaX llCCJie)lOBaJIHCb 

KOJIJieKTIIBl!hie MarHIITHhie a036y>K)le111111 B 06nacT11 oT O .n;o 20 l\faB. Cornacao P11xTepy, 

3Tll )laHIIlde 1103BOJIJIIOT 3aK/IIO'IIITb, 'ITO ue11Tp JIOKaJI113au11n A-/2-cnJIJJ KOJI/leKTHBilldX B03-

6yameHHll B ccpepll'IeCHUX nnpax xoporno annpoHC!tllllPYIOTCJI CJJCJtYIOIUefi 3aBJICIIJIIOCTblO OT 
MaCCOBOfO qnrna (6, 7, 38): . . 

Eexp ~ 44 A-1l 3 M3B. {17) 

BJJII30CTb 3TOfi OI!CIIKU K BCJ!ll'IHIIC OCIIOBIIOll OCU.11/1/IJITOpIIoll: 'laCTOThl O,!ll!O'lacTll'll!Ofi !110-

)leJIII 06ono•1eK (1iw = ii A- 1/ 3 l\hB) no:rno1111eT une11rncjrnu11po11an i\12, T = 0 TBHCTOB!dll 

pe3011a11c Rak 1/iw eo:i6yiKne1111e. Ha pncy1mc 2 11 11 ra6nnne 1 npencraBJie111,1 TeopeTII'lernne 

npencKa3anun TBUCTOBoll qimo11/!-.n1111aM1P1ec1wn Mone1111 n ,!1a11m,1e DALINAC (6, 7). 

Ta6JIUQa 1. TeopeTn'leCKl1e npe,!1CKa3aIIUJI IlOJlOlKeI!IIJI l\Cl!TpOll)lOB 3Heprnll II BCJJl!qmiu 

cyMMapHldX upnBe)leHHldX BCpOIITIIOCTCII B036ymnc1111n Marlll!TllldX TBIICTOBldX pc:ionaHCOB 

ccpepn•1ecKnx /1,!lep. 8Hcnep11Menrnn1,1111e ,!1am11,1e DALIN AC [6, 7). · 

3JICMCHT E(M2), l\hB I:B(M2)j, 11
2

<llM
2 

Teopmi: 81<cnepUMCHT Teopmi: 81<cnepUMCHT 

285j 11-13 13-16 2:l0±20 340±20 

9ozr 8°10 8-10 1:rno±;rno 1620 

14oce 7.5-9 7.5-10 3100±300 6000±600 

20spb 6.5-8 6-8.5 5300±:300 8500±750 

J13 p11cy1rna 2 Bl1/lHO, qTo Ha6monaeMJ,IC I!CIITJ)IJ JIOJ{aJlll3allllll A12-cHJJhl pacn011ome111,1 B . 

o6JJaCTJIX, r,!le J!JlCpHaJI cpmo1111-J\UllaMHKa l!JlCJ\CHa3LJHaCT JIOHaJrn3a[\UIO IteIITp011/l0B 3Hep­

rnn 1130CKa/l/lpllhIX THUCTOBl,lX pc:ionancoB. Tipl'JlCTaBJICillll,IC na p11cy1me 3 C)"M!llapmJc 

BCp011TIIOCTl1 11036y}K)lCilllJI TBIICTOBl,IX MOJl o6cym/tillOTCJI lllllKC. l11rrcpcc110 OTMCTl!Th, •no 

anaJJll3 M11HpOCJWIIH'leCIUIX pac•ICTOH pacnpC/ll'Jll'llllll Cl!Jlhl J\J;l II /l/·1 H036JH,/ll'llllii, JlalllllJII 

PnxTepoM· B [Ci), npllBO)ll!T I{ CJIC/l}'IOlllll~I Olll'lil.inl IIOJIOHa'llllll lll'llTl){)ll/lOII :➔ m·prnn MarmIT­

llldX pe3011anco11: E(M3) = !JOA- 1/:i l\hB II E(.\/1) = 120.-\- 1/:l l\hB. l{a1; HIIJUIO. n11 

11pe11cKa3alll!JI. II npcJtCJU\3allllll, IIOJl}''IClllll,I<' Ila OCIIOH(' 1f,opMyJ11,1 ( 16) /l]l/1 ("lll'ir!'pa ~litrlll!T· 

IIIJX !110/l n11epnoro l(py•tclll!JI, OJlllllilliOHhlM 0Gpa:10M crrp,llHillOT Tl'll/ll'llllHIO pocra ·mq>l'IIII C 

pocTOM M)'/lbTH!lO/ll,llOCTII pc:1011a11ca: 
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4. RonneKTUBHhle nepeXO.llHaJI TOKOBaJI nnoTHOCTb u q>0pM<f>aKTOp ,meKTp0B03-

6y~eHun MarHUTHhIX TBUCTOBhIX pe30HaHCOB 

MaRpocRmrnqecRaJI peamrnaunn orrpe,n;ene1rnn KOJIJieKTHB11oli 11cp.exo,n;uoi1 TOKoBoit 11noT110- • 

CTll ,llJifl MarHl!THOro TBllCTOBOro pe30Hauca MYJlbTIIITOJlbHOCTll ,\ B CllCTeMC C qirmc11p0Bau11oli 

rroirnpHOlt OCblO llMeeT Bll,n;: 

~,\,>..•(r) =< I :c I j(r, t). YL,1(r) di- 1
2 >:12, (18) 

r,n;e < .. '. >t 03HaqaeT ycpe,naeune IIO BpeMenn. Tio,n;CTaBJinn B (18) flBHblil BllJ1 IIJIOT
0

HOC;ll 

3JieRTpnqecRoro TORa ( 4) II yqifTb!Ban CBOi!CTBa ( 10, 11 ), J{O;OpLIMll 06na,n;a101: BCRTO[lHLie 

ccpepnqecRne rapMOHHKH, nonyqaeM cne,n;ywmee auaJIHTHqeCKoe BLipameune ,n;im ROJIJieKTH· 

BHOil rrepexo.n;Hoit TOROBOfi JIJIOTIIOCTll: 

I . ( ) 12 1/2 · < 0).. t >t ,\ ,\ 
J>..,>..•(r) = --'---'---'-'-~-ne(r)r = Nvie(r)r , 

ec 

ao . 
N,\= ,\W,\ -

ec - (19) 

.D:aHHan rrepexo.n;Han TOKOBan IIJIOTHOCTb CBfl3aHa C B036ym,n;euneM J(JIHHHOBOJIIIOBLIX KOJI· 

JICRTHBHLIX KOJie6aHHfi HJRJIOHOB, IIpl!BO.llflillllX I{ B036Jffi.llCHilblM COCTOJ!HllflM C OTJillqHblM OT 

HYJin MarHHTHLIM M~.!.!ell~OM, ll HeCeT B ce6e llHcpopMaI(IIIO O MaRpoCKorrnqeCKOM pacrrpe,lleJie-· 

H.llll IIOTOKa IIJKJIOIIOB. PHCJIIOK 4 .llCMOHCTpllpyeT BLl'lllCJieUlILie J(Jlfl ll.llpa 9ozr rrepeXOJ(HLie 

., 
1.2 j 90zr I r>,. ::l 

e 1.0 
~ -- X=2 0, 

0 I ______ X=3 
...-t 0,8 ___ X=4 -~ 0.6 

,< 
,< 

t-:, 0.4- '.\ 

0.2 -I I I R ~ ·~ '~ 
~ 

0.0 

Puc. 4. KonneKTHBHLie 11epexo,n;1me TOROBLie rrnoT11ocTn B 90Zr .llJin M2, M3, M4 TBncTo­

·BLIX MOJ(. 

TOKOBLie,rrJIOTIIOCTll (19), COOTBCTCTBJIOll(lle B036ym,n;eumo MarHHTIIIJX TBllCTOBhIX COCTOJ!Hllil 

pa3nnqnon MYJihTllllOJlhllOCTl!. vb noro pncy11Ra B qacTHOCTll cne,n;yeT, qTo ROJlJlCKTllBHhltt 

MarHIITHhlil OTKJlll!( n,n;pa IIOCHT ofrheMULilt xapaKTep; C pocTOM MJJihTHIIOJlhHOCTll 'MaKCHMYM 

cpyIIKUllll J>,,,\ CMemaeTCfl B CTopony IIOBepxnocTll n,n;pa. 

JlBHOe Bhlpame11ne ,llJin ROJIJICRTHBIIOfO MarHHTHOro MJJlhTHIIOJlhHOfO qiopM<paKTOpa B03· 

6ym,n;e11Hi!, CBJl3aHHhIX C ,llJlllHIIOBOJIIIOBldMH .llllq><pepe11unaJihHO·BpamaTeJ1bllhlMll KOJie6aun-

8 

i 
d 
'./ 
1

1:\1 

I 

,-~ 

I 
i 
I 

flMll IIOTORa B IIJIOCROBOJIHOBOM IIpl!6Jil!lKCHllll llMCCT Bl!J(: 

1Fff(q)l2 = 4: (2,\ + 1) N; 
z 

00 J n 0 r>-+2j.\(qr) dr 
0 

2 

(20) 

. B npn6JillH{CHl!ll pe3ROro Rpan .n;aHJILilt llHTerpan MOH{CT 6LITh BLiqncJI~H a11amnnqecRH (15, 
17]: ' . . . 

1F.x'1(q)l2 = 4:;~ R2(.\+3) (2,\ + l)N; T2,\ + l)i>.(q,R~ qRi>..-1(qR)r (21) 

Pe3JJlbTaTLI 11amnx pacqeTOB MarHHTHLIX cpopMcpaRTOpoB, BbIIIOJlHCIIHhlX B .rrpn6nnmemm 

llCRaffieHHLIX ·BOJIH, J(JlJI ll.llpa 90Zr rrpe,n;CTaBJlCHLI ua pHCYHRaX 5 ll 6. Ilpn q>llRCll[lOBaHHOM 

yrne paccen11nn BaphnpoBanach 311eprnn 11aJICTaIOI11HX qacTnU, TaR qrn6h! rrepe.n;aHHhlfi nM­

rrynhc ~or MCIIJ!ThCfl, ~o B036ym,n;aJICJI 6u rrpn 3TOM orrpe,n;eneHHhllt ypoBCHh C 3Heprnen, COOT­

BCTCTBJIOillCil U:CHTPY JlOKaJIH3aUHH TBIICTOBOro MarHHTHOfO pe30Ha11ca. Ha pncyHRe 5 ll30· 

6pame11u RonneRTHBHLie MarHnTHble qiop11CpaRTOpb! IF.f ( q) 12 
MJJihTHIIOJlhHOCTH ,\ == 2, 3,4 

10 a··,,,,,,,,,,,,·······,, 0 , 0 • • • • • • • • • • 0 ·• 

10 
0 1 
.-I 

N' 

'0'10-• 

~ 

o.o 

I 

,' 1'=16 
I 

/ E,.=9 
I 
I 

' X=2 
X=3 
:>-=4_ 

1.0 

90zr 

, 1.5 2.0 
q, <l>M-1 

Puc. 5. KonneKTHBHble cpopMq>aRTOpb! Ma­

rrrnTHhIX TBllCTOBLIX MO.ll, B036ym,n;aeMLIX B 

HeyrrpyroM pacceJIHllll 3JlCKTpOHOB 110.ll yrnoM 

0 = 165° Ha JIJ(pe 90Zr, KaK q>JIIRUIIJI rrepe­

,llaHHOfO HMIIYJ!hCa q. PacqeT B rrpn61rnme­

Hllll l!CKaffiCHHhlX BOJlll. 

10 a·····,•,,,,,,, 0 0 , 0 0 • 0 • 0 ,,,,,,,,,,; ·• 

10 
0 1 
.-I 

N 
;;=...10-• 
c' -:ii N 
~ 10 ◄ 

10 ◄ 

10 .... 

90zr 
,.//>~::~,~--- - - -

/ / / \ ' I,' I \ , "\ 
I, I ' \ 
i ,' I \ 
,,, 'r, \, :, \~ ,, \ ,, . .. .. ,\ ' \ . 

I ' \ :, 
E,.=9 MaB \ ~\ :1, ,1

1 , I \ I'\', 
V I 11 

-- E= 4-0 MaB \1 'ii 
· - - E= 80 MaB !• , 
·---- E=120 MaB V 
···---- E=200 MaB 

10 ◄ f .. " '410°"" 01
" 

0
" '!X" "" 'l" I 

'l9 
Pttc. 6. KonneKTHBHhlfi qiopMcpaRTop 

J(Jlfl !{Ba.n;pyrroJlhHOfi MafHHTHOlt TBl!CTOBOfi 

MO.llhl RaR cpyrrRrr:nn yrna p~c~~JIHHJI, 0. Pa:~-
qeT B rrpn6nnmeHllll l!CKaffiCHHhIX BOJIH J(Jlfl 
90Zr npn pa3~HqHh!X anaqerrnnx 3HeprHn E 
rraneTaIOillllX 3JlCRTpOHOB. 

B 3aBHCl!MOCTll OT 11epe,n;a11rroro llMIIJJlhCa, Bhlql!CJlCHHhlC rrpn yrne pacceHHHJl'0 ·= 165° .. 06-

naCTh MaJlhlX rrepe,n;aHHhlX llMilJJlhCOB ( q < 0.5 <l>M-l) JIBJineTCfl rran6onee rrpe,n;rroqTHTCJlhHOil 

J(Jlfl perncTpanHn M2 TBIICTOBO.ll KOJIJieKTIIBHOi! MO.llhl, IIO cpaBRCHIIIO c TBl!CTOBhIMll MOJ(aMn 

BhICillllX_MYJlhTHIIOJlhHOCTefi (15]. via Hallll!X orr;eHOK cne,n;yeT, qTo TBHC1;0BhIC COCTOJ!Hllfl 60-

Jiee. BhICOKOil MJJlhTHIIOJlhHOCTH B036ym,n;aIOTCJI 3J(CCh C 3aMCTHO MCHhllleil llHT.eHCllBHOCThlO. 

IlpHMeqaTCJlhHhIM JIBJineTCJI TOT cpaRT, qTO B o6nacTH q ::::: 1 <l>M-1, r,n;e reRca,n;eRaIIOJll,Hhlfi 
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tpopMtpaKTOp m1eer rrepBLil1 MaKCIIMYM, KBa.llpyrroJILHLil1 OTKJIIIJ( MIIHIIMaJieH. IToxoJRM ){ap-­

TIIHa Ha6mo,llaeTCJI II B o6nacrn BToporo MaKrnMyMa tpyH){Ill!II IF.f1 ( q) 12 • B pa6oTe (33] 

BrrepBLie 6LJJia TIUaTeJILHO rrpoaHaJIII31IpoBaHa B03MOJRHOCTL 3){CIIeplIMeiiTaJILHOro OT,lleJie­

Hl!JI TBIICTOBOl1 (op61ITaJILHOfi) ){OMIIOHeHTLI M2-0T)(Jil!){a OT CIIIIHOBOlt B (e,e')-pacceJIHIIII 

Ha TOM me JI,llpe 90Zr II IIO){a3aHo, 'ITO C 3TOil TO'l.){II 3pemrn Ta)(JRe o6JiaCTL nepe,llalllJLIX 

IIMIIYJILCOB ( q < 0.5 <I>M-l) JIBJIJleTCJI rrpe,llIIO'l.TIITeJILHOlt. PncyHO){ 6 ,llaeT rrpe.ncTaBJieHIIe 0 

Bn,n;e IF:f (q)l2 
B 3aBIICHMocrn OT yrna pacceJIHIIJI 3Jie)(Tp~HOB c n~pBona'l.aJILnolt 3ueprnel1 

E = 40, 80, 120 II 200 M3B; c pocTOM 3Hepr1IJI Hanern10mero 3/le){Tpona E ,llm~pa){Ull­

oHHLil1 MIIHIIMYM CMemaeTCJI B CTOpouy Me!ILIIIIIX yrnoB. OTMeT~ii, 'ITO a TJl}lienux JI,llpax 

omn,naerc11 6onee JaMeTHoe rrpo11B11eHne TBIICTOBoro 3q>tpe){Ta, 'leM B, nenmx [15]. I-l!!me no 
IIO,llTBepJR,llaerCJI pac'l.eTaMJI cyMMapHhIX BepOJITHOCTefi B036yJR.lleHIIJI TBIICTOBLIX MO,ll. 

Bhl'l.lICJieHHh!e 3,lleCL rrepeXO,llHhle TO){OBhle IIJIOTHOCTII II tpopMtpa){TOphl xapa){Tep113YIOT 

BLI3BaHHhle HaJieTaIOllllIM 3Jie)(TpOHOM ,llJIIIHHOBOJIHOBLie )(OJIJie)(TIIBHLie )(OJie6an11J1 HY)(JIOHOB, 

rrpiIBO.llJ!llllle J( B036ylR.lleHIILIM COCTOJIHllJIM C OTJIII'l.Hh!MII OT HYJIJI MarHIITHhIM MYJILTIIIIOJIL­

HLIMII MOMeHTaMll II CO,llepmaT IIHtpOpMa111110 0 Ma){pOC){OIIII'leCROM pacnpe,lleJieHlllI IIOTORa 

HY)(JIOHOB. CorrocTaBJieirne BLIBO,llOB' Ma){pOCROIIII'JeCRIIX II MIIRpOCROIIl!'l.eC){IIX pac'l.eTOB 

Tpe6yeT crre1111aJILHLIX ROMMeHTap11eB. Cne,llyeT np113HaTL, '!TO OCTaBaRCL B paMnax 113JI0-

JReHHOil BL!llle tpJIIOll.ll-.lllIHaMII'l.eCJ(Oll MOJ(eJIII MarmiTHLIX. B036ym.n:emiit, CTporo roBop11,' ne 

rrpe.n;cTaBJIJleTCJI B03MOJRIIIJM )(OJill'l.eCTBenno BLIJIBIITL pOJIL CIIIIHOBOro BJ{Jla,na B MexaHll:iM 

HaMarHII'l.lIBaHJIJI JI,llpa, IIOCROJILJ(Y MaRpOCJ{OIIIl'ICCRaJJ IIJIOTHOCTL 3Jie1np111Iecnoro TORa ne 

pa3,lleJIJle'ICJI Ha KOIIBe)(nJioHHYIO II CIIIIIIOBYIO J(OMIIOHeHTLI, ){al{ Toro rrpe.n;nl!CLIBaeT MIIRpo­

C){OIIll'l.eCRIIH rro.n:xo.n:. Bonee Toro, II3JimnennM Tpa){TOBRa MA 11,nepHoro 0T)(Jil!Ra ne 3a-
. ' 

Tpar11BaeT Borrpoca o pacrrpe.n:enem111 CIIJILI MarHIITHoro OTRJIIIRa no 113ocrr11uoBLIM 1rnuanaM. 

.RcHo, 'ITO rrpo6JieMa .llOMJIHaHTH()CTII CIIIIHOBOro II J(OJIBeRUIIOHHOro BJ(Jia,llOB B MA, T = 0 

OT_)(JIJI)( 11,npa HaXOJ(IITCJI B KOMIIeTeHUIIII Mll){pOCKOilli'l.eCKOH TeOp111I J(OJIJieKTl!BHLIX 11.n:epIILIX 

B036ym.n:em1l1, ocnoBamrolt Ha o6dno'l.e'l.Hofi napT1I11e 11.ii,epuoil cTpy){-ryp11. O6cy}J{,nen1I10 

3rn;x rrpo6neM IIOCBJillleHLI pa60T11 [U, 34-36, 38, 39], B ){OTopux 2- )(OJIJie)(TIIBHLiil OT­

Kll.lIK cqiep1I1IeC){Oro JI.l{pa anaJil!3llpOBaJICJI C MIIl{J)OC!{OJIII'l.eC){OH TO'!){ll 3pCIIl!JI. Mu yme 

yrroMl!HaJil! ,llBC pa6oTLI [11, 33], a !{OTOpldX rrpose.n:eno .neTaJiblJOe TeopeTl!'l.CC){Oe l!CC/le­

.n;oBaHl!C 3)(CJiepJIMeHTaJILHOil B03MO}KHOCTll BLl.llC/ICHIIJI BK/la,Zl;OB CIIIIIIOBOH ll op611TaJILIIOH 

KOMIIOHCHT Mll){pOC){Oilll'l.eC){II BLl'l.llC/leHHOH TO){OBOH nepexo.n:nolt II/IOTHOCTII M2 COCTOJIIIllil 

B CC'l.CHIIII ( e,e')-pea){UIIII. B [36] OTMe'l.aeTCJI, 'ITO MarHIITHhlll TBIICTOBLiil., OT)(JIII)(, B CM!,!CJ!e 

op611TaJILHOl1 .llOMl!HaHTHOCTII, ananorn'l.eH 1 + HOlRHll'l.HOil MO.llC (46] B .n:eqiopM1IpOBaII11JdX 

11.n;pax. Ifay1Ieu1110 pacnpe.n;enen1111 1'v12 11 M3 CIIJILI B cne){Tpe .n;eqiopM1IpoBam111x 11.n;ep 

IIOCBJllllCHLI. pa60T11 [47, 48], BLIIIOJIHCIIHLie B paM){aX MII){pOC){OillI'ICC){Oll ){Ba31!'IaCTII'l.lI0-

tp0HOHHOH Mo.n;eJIII 11.n:epHLIX I{OJIJieKTIIBJJUX BOJ6ym.nen1Ifi [49]. Mm1pornom1qec1rne oco6e11-

nocT1I B036ym.n;eHIIJI Maflll!TIILIX COCTOJIIIIIH Bl,ICOl{Oll MYJILTllllOJlbllOC'J'II 11ey11pyro pacce1111-

IILIMII 3JIC)(TponaMII B TJl})(CJILIX 11.n:pax o6cpK.n;aIOTCJI B pa60TaX [5o; ,51], B Jiernnx - B pa6oTe 

(52]. qTo ){acaeTCJI BOJ6ym.ne111111 B peannHn 11ey11pyroro pacccm11rn 3Jie)(TponoB 1IMe11110 Ma­

rHIITHLIX TBIICTOBLIX MOJ( BLICIIIIIX MYJILTIIIIOJILHOCTel1, TO npe.n;cTaB/ICIIIILie 3.llCCL pe3yJibTaTLI 

JIB/IJIIOTCJI Bll.lllIMO rrepBUMll. 

5. CyMMapHaJI np1rne.r1eHHaJJ aepoJJTHOCTb 11036ym.r1eHHJJ MA, T = 0 pe3oHaHCOB. 

MarHHTHaJI OCQHJIJIJJTOpHaJJ CHJia 

PacC'l.lITLIBaeMyIO no <popMyne ( 4) !{0/1/IC){Tl!Blla/l IIpllBC,l\CIIIIaJI Bep0JJTIIOCTL B036ym.n;eHHJI 

MA, T = 0 TBHCTOB0fO pe3011a11ca Ml,! C0II0CTaHJJJ!eM C ll3MepneMOll H 3l{CJJepHMCIITC cyM-
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Mapuol1 npl!Be.n;e1111oll BeponrnocThI0 L B( 1\1 A) ncpexo.n;oB ( cM. rn6m111y 1 ). Cornacuo 06-

. merrp1IUJITOl1 B Ma){pOC){Ollll'l.CC!{OM no.nxo.ne T0'l.He 3pCHllJI, HMCIIH0 C, 3T0ll BCJlll'l.llHOlt l!MeeT 

CMIJCJI cpaBIIl!BaTh TeopeTll'IeCKl!e O!lCIIKII .ll/lJI l{0JIJIC!{TIIBHOlt-BepoJITHOCTII B036ym.n;eHl!JI.' 

Auan11Tn1IecKcic B!Jpamenue .n:n11 cyiIMapuoro rnncToBoro I: B( Al A )-tpa){TOpa IIMeeT BI1.n;: 

~ 2.A(2.A + 1) z2 w>-B>- 2 2>.-2 -
~B(MA) = (A+ I) A2 -h- µ <l>M • (22) 

8 np116JimKe111111 pe3Koro Iipan, IWTOpoe ll03BOJIJl!!T BhI}(eJll!TL./IBIIYIO 3aBHCUMOCTb' L B(l'vl A) 
OT aTOMII0ro H0Mepa, II MaCCOH0l'0 'IIICJJa, KOJIJICl{TIIBllaJJ np11Be}le1111aJ1 BCp0JJTII0CTL ,llaeTCJI 

BUpameuneM: I: B(M A)= 1,\Z2 Al 2,\-4l/3 µ 2fm2>--2 , (23) 

I/2 ' 
- 3 .A(2.A + 1) [ ( .A -:-- 1) ] 1/3 2>.-2 

r.n;e 'Y>. - 4ir (A+ 1) 5(2.A + 3) · (
9 ir) ro · 

Hcnon13y11 onpe.n:enenne Marm_i_T111,1x ~.numm Balirnoncj1a Bw(i\l A) [2], Bldpameni1e .D:JIJI 

np11Be.n;c11H1,IX BC()OHTIIOCTCli TBIISTOHLlX M)'JJl,TIIII0JJl,Hl,IX pe:mnanC0B MOlKIIO nepenncaTL B 

BH,Zl;e: . , : .. zi 
L B(i\/,\) = ,;._, ~13 Bw(M,\) . 

. . A 
(24) 

411cne111111e 3na•1ennn KO,HjHjrnnnenTOB 1-.:,\_np1rneJ1.ellhl H pa6oTe [14]. 
Bonpoc O cpaBHCHIIH noJiy•1e111i1JX HOJIJICIITIIBIIIJX HCjlOJITIIOCTCll B036ym.nc111111 1'1 A, T = 0 

p_eJonancoB C 3){C11Cplrnell'raJILIILiilll iianm,rnn ·qic6yeT cnenuaJJbJIO!i or0B0jllill, IIOCKOJibKY 

B peaJibIILIX 113MCpennf)X ua6mo.nacMaJI ~IafllllTllaJJ CHJia paccj1parMeI1THpoBaHa no .llOBOJibHO 

6o~LIIIOMY 'IIICJIY CO<;TO/llll!il •. Hanp1mcp, _no n11n111JM pa60T1J [38], B n.n;pe 90Zr cirna M2 

KO~Jie){TIIBIILIX B036ylR.lleHHil pac1i'pc.nc11e11a !JO 3·1 C0CT0JIIIIIJIM, .JIO)(a/11130BallllLIM B o6na~TH 

3Heprnlt OT 8 ,no 10 l\faB; ne1np noil cnm,1 naxo.nHTCJI H pa1toi1c 9 M3B. 

.• _Ha pncy1me 3 IIOCTpoenLI HOJl;leJ{TIIB!ll,Ie llJlllHC,l\CIIIILIC BCJ)0JITIIOCTH /112 II ,\13 TBIICT0-

Bhl:X B~36y}K,Zl;Clllll1 Kai{ c:pynminn MaCCOH0l'O 'IIICJ!a. 3aHl!CHMOCTb'•aTOMII01'0 II0Mepa oi'M~CCO­
A 

soro 'IIICJia napaMcTpH30BaJiaCh lt3HCCTIIOH ljlOJlM,YJIOii z = ·) 0 01 \2/3' J{OTOJ)aJI xopOIII? - + . 51 
annpOl{CHMHpycT pacrroJIO}l{CllllC ll.l\Cp H/(0JII, /1.0J)0lHlai ,tl-cTa6i!JlbIIOCTlf. CuMHOJiaMn na pi1-

cyu){e uauccC1111 . .namrne DALINAC [6, 7]. Bu;mo, •no TcopcnJt1cc1me 11pc,nrna3am111 .n:n11 

a6comoT111,1x 311aqen11il B(AJ A) oHa31JBaIOTCJI ~1ernoJ1Lno IIIHKC 3nrni;p11MCHTai1i111J~. 8rn, 
,no .Been BepOJITII0CTH, 061,JJCII/ICTCJI TCM, '!TO B npc/(CTaBJICIIl!Oll M0/1.CJIII MCXallll3M 11a~ta­

rnll'll!BilHIIJI 11.l{pa CBJl3IJBaeTCJI C J{Oll~Cl{l(IIOIIIIl,IMII KOJic6a11HJIMlf 3ap11.na II COHCplllCllllO IIC 

Y 'Il!Th!BaeTCJI BJ{Jla.n:, CHH3aJIIIJ.lil C 11an11•mcM V IJVJ{JlOIIOB co6cTHCIIIll,lX Mar1111n11,1x MOMCIITOH. 
. • J r 

J13 na11111x pac4CTOB M0JRIIO :Jal{JIIO'll!TI,, 'IT0, 11anp11Mcp, H yrt0MHIIYT0~I BJJIIIC 3HC11Cp11MCIITC. 

no neynpyrm1y pacceJJllll!O 3/ICHTJJOII0H na 90Zr Hl' HC'CM 113 ;14 11ali,ne111tLIX COCTOJlllllfi M0H\CT 

61,ITL npmmcana 'l.llCT0 op6wram,nan npnpo;ia, T.P. B ,noti 06nacn1 HMeeTCJJ 3,HH'TJJan J\OH­

Il~l!Tpann11 /112 CIIJILI CllllllOBOfi IIJlllP0/ll,I. '.:hoT ljlaHT yme OTMC'Ii\JIC/1 MIIOril~III aHropairn 

[11, 28, 34-38]. 

Eme o.n;noil Bamnoli mrrerpam,noii Mepofi CTPncnn R0JJJll'lffllHII0CTII 11;,epnoro 0THJ1111;a 

JIBJIJICTCJI npaBIIJJ0 cyMM. llpaRllJia cyMM JI.JUI Mar1111TIIIJX HO:J6)'lH)\l'llllil pacCM0TJH'lll,I H JM-

6oTax [53, 54]. R ManpoC){Ollll'ICCl{OM 110)\X0)ll' 1lllilJJOroM npaH1ii1a cy~IM JIBJHl(''J'('JI 0CI\IIJIJJII­

TO))llaJI CHJ!a B0:16ymJ(l'IIHJ1-[2]. Cor11ac110 11a11111M Hhl'IIIC Jll'llllll~I, Mar111nmu1 0C!lllJl,111T0pllaJI 

cnna /11 A 113oc11am1p11oro pc:m11a11ca JlaeTc·11 onr1111oil 

S(M,\) = L E(M,\)JJ(M,\) = 1-J_,z 1 .-1 12-1- 5>13 l\hB. ,t2<1>Mv-2, 
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(25) 



• 
r.n:e /32 = 30, /33 = 160, /34 = 560. '.:h11 onemm OHa3L!BalOTCH nec!{OJILHO 3alllll!(CIIIILIMII (ua 
10-30 %) no cpaBnemuo c .n:amII,IMII DALINAC, IIJH1Bene1111LIM11 B [6]. 3rn paccornacoBa­
mre MLI rrpunncLIBaeM OTMeqe11110My BLIWe He}lOCTaTI(Y paco1aTp11eaeMol! 3.n;ecL MO.AC/Ill, a 
IIMCHHO, qTo MLI He yq11TLJBaeM BH1Ia.n: CllllllOBOfO Marne'ffl3Ma. 

6. 3aKnIO<ICHHe 

B npe.n:cTaB/ICHHOll pa6oTe MLI paCO!aTpl!BaeM cjimo11.n:-.n:1111a11,111•recRy10 MO}leJII, B036ym.n:e­
HllH MarHHTHLIX ll30CHaiIHpHLIX pe30HaHCOB B peaHilllll neynpyroro paccen111111 311CHTp0110B 
Ha 60/IbIIIIIC yrnLI. OcHOBLIBaHCL ua A!aRpOCH0llll'ICC!(Oi\ I<apTIIHe 11.n:epnoi\ CTp.}'HTYPLI, co­
rnacuo ROTOpoli n.n:po ~!O.!(eilllpyeTCH Cllllll - II 1130CIIIIU - HaCLill(e!IHOi! <!iepMII-CIICTCMOII C 
uenpepL!BHL!M pacrrpe.n:e11eu11eM HeC}RIIMaeMoro HYHIIOIIIIOfO BClllCCTBa, MLI rrpnBO.!(IIM ana-. 
/IHTllqecRIIC BLIBO.ALI ll qUC/IeHHJ,Ie OllCJll{II 0CHOBHLIX lll!TCrpa11bl!IdX xapaHTepncnm MarnuT­
HLIX ll30CRaiIHpHL1X pe30HaHCOB, B036ym.n:aeMLIX B (e,e')-peaRilllll. C 06m1IX no3llllllli .n:a-. 
IOTCH OllCHRII IlO/IOll{CHllH IlCHTpOH.!(OB 3Heprnil: M ..\, T = 0 pe3oHaHCOB, cyMMapHLIX rrpu­
BC.!(CHHLIX BCpOHTIIOCTCll B036ym.n:eIIHH II MarHHTUOil: OCilll/I/IJITOpHoii CIIJILI B 3aBHCllMOCTll 
OT MaCCOBoro qlfc/Ia·, aTOMHOro HOMCpa II MY/ILTIIUOJlbI!OfO I!OpJI.n:Ha B036yJH}lCHIIJI; BLiqll­
C/ICHllJI RO/I/ICRTllBHL!X BCpOHTHOCTell II cjiopMcjiaHTOpoB Hpoee.n:eHLI na OCHOBC 1{011/ICKTllBIILIX 
nepexo.n:HLIX TOROBLIX II/IOTHOCTeil MY/ILTIIIJO/Ib!ILIX .!(llcjicjiepe11n1Ia/II,HO-BpamaTCJ[bH!dX RO/IC-
6aHllil: HYR/IOHHOfO IJOTORa. 3TH nepexo.n:nue TOl(OBLIC IIJIOTIIOCTII, Hal( MI,I IIOJlaraeM, MoryT 
6LITb llCIIO/Ib30BaHLI rrp11 o6pa60THC 6y.n:ymttx 3HCnepnMeHTOB no B036YlH}lCHlllO BldCOl{OM)'Jlb­
TllnO/IbHLIX MarHHTHLIX pe30Hancoe: CO!IOCTallJIJIJl cjiopMLI TeopeTll'IeCHIIX II ll3B1leHaeMldX ll3 
3RCIICp1IMCHTa cjiopMcjiaHTOpOB ( CM., HanpnMep, (.55]) MOJHHO 6y.n:eT cy.AIITb O TOM, HaCHOJlbl{O 
npe.n:/IOlKCHHLlli TBllCTOBLlli MexaHl!3M a.deKBaTell pea111,no 3HCUepnMCUTa/ILHO na6mo.n:aeMLIM 
B036ym.n:eHIIJIM. H3 cpaBHCHllJI TeopeTnqecHllX npe.n:cHa3aHnil C HCMII0fOqnc11ennL1Mll 3I{CIIC­
p1IMeHTa/IbHLIMll .n:anHLIMll no llHTerpa11LHldM xapaHTepncTllHaM l{OJIJieI{TllBHldX 2- B036ym.n:e­
mril:, nonyqenHLIMll B peaHilllll neynpyroro pacceJIHlIJI 3/IeHTpOHOB, MOlKIIO 3aumoqnTh, qTO 
rnaBHLlll R0Hl(CIITyaJibIILill BLIB0.!\ n.n:epnoli cjimOII}l-.!(llHaMllHll O TOM, qTo n.n:epnan MaTepllH 
o6na.n:aeT cBoil:cTBaMn yIIpyro-rro.n:o6noro BemecTBa naxo,unT uaqecTBe1rnoe n RomrqecTBenuoe 
no.n:TBepm.n:enne B ::iHcnepnMeHTe. 

ABtopL! 6naro.n:apnLI B.O. HeCTepe11uo, B.B. BoponoBy, E.B. BanL6ylleBy, JI.A. Ma­
JIOBY, B.IO. IloHoMapeBy, A.H. B.n:oBnny, )K. Jln6epy n 3.X. IOn.n:aIII6aeBoil: 3a o6cym.n:e­
HIIC npo6/IeM, 3aTp0HYTLIX B .n:annoli CTaTbe, n HpnTnqecHIIC H0MMeHTapnn. HaM rrpllHTHO 
no6naro.n:apnTL )l. EBceeBa 3a rroMOillL B rro.n:rorneue pyHonnrn. 
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