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O6rn,errpIIH.lITO DtlaIIMOp;eIICTBIIe xorroim,1x II ym,Tpaxorrop;m,1x nenTpOHOD 

, (YXH) c .nern,ecTBOM omrchlBaTb OIITII"IecKIIM rroTeHI:~IIarroM[2]: 

b) u0 = 4nN0bo, (I) 

· rp;e 1i _;_ rrocTO.lIHII~ IlrraHK·a, p;erreHIIM Ha 21r, m - Macca HeiiTpoHa, No · 
' - 'IIIClIO aTOMOD D e~11mm;e o6'beMa nern,ecTna, a bo - KorepeHTHM p;rr11~a 

, pacce.aHII.lI.' 

EcmI HeIITpOH c norrHoBbIM neKTopoM k0 rrap;aeT Ha rronepxnocTb ne~ 

rn,ecTna, TO, OH rrperroMrr.aeTc.a Ha rpamm;e panp;erra, II norrHono:ii neKTop 

He11:Tp6Ha k~ BHYTPII nern,ec~na oKanhlnaeTc.a paDHhlM 

c) k6 = ✓k'd - uo, · (2) 

rp;e ko = (k011 , kOJ.) -- .norrHono:ii neKTop HeiiTpoHa n naKyyMe, ~Ha"IKII II II . 

.l OTMC'IaIOT KOMIIOHeHTbl DCKTOpa-rraparrrrellbHhle II IIepIIeHp;IIKYll.HpHhlli 

rpaHIII~e nern,ecTna,a k = lkl, 
YXH onpep;ell.llroTc.a KaK HeiiTpoHbI, KnHeT11"IecKa.a aHeprll.lI k2 KOTOphlx 

· · MeHbUie u0• IIM cno1ICTBeHHO norrnoe <>Tpa:iKeHIIe, rrocKOllbKJ aMIIITIITyp;a 

· OTJHt:iKeHII.a OT rpan11n;hl panp;erra , ' 

(3) 

'. . Henorrrorn,arorn,ero, 1Ip;earrbHO · ynop.s:p;o"IeHHoro II KorepeHTH<'> paccennruo

lIJ;ero Belll;eCTBa no Mop;ymo panna ep;nnnn;e. 

1 / ' B pa6oTe[l) 6bl110 cp;errano yTnep:iKµ;enne, "ITO npII.' 

(4) 

rp;e a - pacCTOHHHe MeEp;y, aTOMa.MH, BOlIHOBOII BCKTOp D eemecTBe, C. 

'J"ICTOM MHoroKpaTHLIX nepepacce~, onp~eruieTCJI'. BLipruKeHIIeM. 

(5) 

:.~ "ITO CIIJILHO 0Tmrl3CTCJ[ OT (2c). . ' 

ECJiu aTo YTBep:iKµ;enne cnpaeCAmmo, TO p;oJI::aan.t 6LtTL cyll(eCTeemio 

uoMeneuLI npep;cTaenemu o ooam1op;eiicTBmi iie:ii:Tpona c Bell(eCTBOM. B 



"'IaCTHOCTII, ecrrII aMIIlIIITyp;a OTpa2KeHirn OT rpaHII!):bI panµ;crra OIIIICbIDa
eTCJI DbIJ?a)KCHilCM (3), TO crrpanep;lIIIDOCTb (5) 03Ha"'!aeT, "'ITO rrpn CKOlib-
3JIIIJ;CM' naµ;eHIIII, Korµ;a HOp1ialII,HM K rronepXHOCTII panµ;erra KOMIIOHCHTa 

DOlIHODoro DCKTOpa TIJ;ODlICTDOpJieT ycrronmo ko1.. :S Uoa, ( 4), IIOlIHOe OT
pa2KeHIIC OTCJTCTDyeT. 8To Morrro 61,1 µ;aTb KlIIO"'I K panraµ;Ke aHOMamrir, 

Ha6moµ;aeMhIX rrpn xpaHeHilII YXH n oaMKHYTbIX cocyµ;ax[2], KOTopbie noT 
y~e 6orree 20 rreT He rroµ;AaIOTCJI TeopcTII"'IecKoMy o6'hJICHCHIIIO. · · 

Ha ca:MoM µ;erre yTnep2K~emre (5) Hecrrpaneµ;mmo. B crrcµ;yrorn;cM rm
parpaq>e µ;eMOHCTpnpyeTcJI, KaK rrorry-qaeTcJI rroTeiiu;uarr noanMoµ;ci'rcTmrn 
HefrTpoHa c ncrn;ccTBoM. 8ToT rroTem:i;uarr c BbICOKoi'r cTcrrenbro TO'-IHOCTII 
rrpeµ;cTaDrrJieTcJI Dbipa2Kem1eM (1). · II pou;e~ypa n1,1-qncrreHIIJI rroTCHIIImrra 
II03DOlIJICT Hafrru nee Heo6xoµ;IIMbie rrorrpaDKII K Dbipa)KCHIIIO (1 ). B µ;an
HOII pa6oTe IIOlIY"'ICHbI rrorrpaDKII C OTHOCIITClibHOfr DClIIPIIIHOII µ;o 10....:5. 13 
3-M rraparpaq>e rrpocrre'.2KnnaeTcJI xoµ; paccy2Kµ;emrii pa6oTbI (l]. Il0Kan1,ma~ 
eTcJI, "'ITO Dbipa2KeHue (5) M02KHO rrprrnJITh TOlibKO KaK rirnoTeny, KOToprur 
Iieµ;ocTaTO"'IHO xoporno 06ocHODana II rrpIIDOp;IIT K HCIIpIICMlICMhIM ·c TO'IKH. 

npemrn q>ImIIKII crreµ;cTDIIJIM. 

2. · YpaBH~HHJI TeopHH MPB 

To, "'ITO IIOTCHIIIIarr nnaIIMoµ;e:ucTBIIJI ne:uTpoHa · c nern;ecTDOM µ;a~TCJI Dbl~ 
pa2Kemn!M (1), Tpe6yef o6ocI:i:onamrn. Ha rrepn1,1n:'nnrrr1Iµ; Bbipm1c~mi:e (1) 
Ka2KCTC.li rrapaµ;o·KcarrbHbIM. )];ellCTBIITelihHO, DCJIKOC DCIIJ;CCTDO COCTOIIT IIO 
aTOMOB, Hen:TpOH DOaIIMoµ;ei'rcTnyeT,B OCHOBH01f,C 1Ip;paMII aTOMOD, a noau.c 

MOp;eHCTBIIe 1Ip;ep C HCHTpOHOM OIIIICbIDaCTCJI OTpII:q;aTClibHbIM, T.e. IIpIITJI
rIIDaIOIIJ;IIM, rroTenu;uarroM. TaKIIM o6pa~oM, rroTenu;uarr nnaIIMoµ;ei'rcTnnJI 
Hen:TpOHOD '.C nern;ecTDOM, KaoarrOCb 61,1, TO)KC µ;omKeH 6bITh OTpuu;aTCJib

HbIM. Ecrru 2Ke rrpnnJITh, "'ITO 3TO·B'OauMoµ;en:cTnIIe orn1c1,macTcii-rroTeiru;1i
arroM (1 ), TO 60libll1IIHCTDO''DCIIJ;eCTB ,OTTalIKIIDaCT 'HCIITpOHbI; IIOCKOlii;Ky 

µ;rrJI HIIX BClIII"'IIIHa ( 1) IIOlI02KIITelibHa. 
· ; bµ;Ho uo o 6ocnonanui'1 rroTeHIII~arra: (1) rrp1rnaµ;rrc2IrnT <Pep Mn II IJ;nu-· 

ny.., Ixl. ')J.~~~ ~Dei:c:trro,rro~~T~ri_b_Hb~ .rr~enµ;~m<p;;_cIIu;mp:i; ,nnaII¥9lJ;CHCT,DIIJI 
HCIITP?:H'.:,{r ,0µ;_nn~1. 1IJJ;P()1!,, ~OT,?J?1,>1II lHep-a,9¥;II<_>p1Ip;~~ T~OP.IIII,l;1,03Myrn;c-. 
HIIH rrpnnoµ;nT K rrpaDIIlibHOH a~IIIlIIIT_yp;e pacce.HHIIJI b. Torµ;a Dbipa)KCHIIe 
(J) ·:rrorry<rneTCJI n penyrrnTaTe ycpeµ;HCHII1I4IICeDp;OIIOTCHIIIIalia no BCCMY 

.1:.•; 
' . :r ,'" , ,, .f -fl.:, .;;~ J ,,-. t l'f -

{\~~\- '.!~·-'. ...• ;~J~j\i•.; \-"",_}.,1_~-; ;-; b,~"':'.- ,. ... ; '~:~"•\~~.,:~,:IJ, •,.:· ·>·,·1 :""-t "'>·-s ~:c· 1
~·~ 

.~;.---:_:;o..: _::,·:;~,:, ,Jt-::i • ,.~\a,•!•:r.l(.'.f (; -~~, ·.t·•: ► (t,J- :>:.~.4--~~--~-1. 
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nern;ecTny . .Hcno, "'ITO TaKOC o60CHOBaHIIe HClib31I C"'IIITaTb µ;ocTaTO"'IHO 
CTporIIM. 

Han6orrec rrocrre,a;onaTerr1>Hoe o 6ocHonaHIIe rroTeHIIIIana ,a;aeTcJI ·Teopnen: 
MnoroKpaTnoro pacceJIHIIJI norrn (MPB), paoBIIToii <Porr,a;u [4] a TaK2Ke 

JlaKCOM [5, 6]. PacceJIHIIC u rrepepacceJIHIIC Ha 1I,D;pax q>opMnprmT OT
pa2KCHHJIO II rrpelIOMlICHHYIO BOlIHbI, aMIIllllTTIJ;bI KOTOphlX OKaOhlBaIOTCJI . 
TO"'IHO TaKIIMII 2Ke, KaK CClIII. 6bI OTpa2KeHIIe rrponcxo,a;urro OT IlO'l'CHD;II

am,HOI'O 6ap1,epa, DbICOTa KOTOpOI'O UQ B HeKOTOpOM IIpII6lIII2KCHIIII paBHa 
(1 )., 

TeopIIJI <f>orrp;II II JlaKCa ern;e He IIOOBOlIJilia HaHTII IIOTCHIIIIalI C lII06on: 
narrepe,a; naµ;aHHOH TO"'IHOCTbIO, HO IIO nee crreµ;ona:rro, "'ITO MHoroKpaTHOe 

rrepepacceJIHIIe q>opMnpyeT na Ka2Kp;OM 1Ip;pe cnoe rr0Karr1,noe 3q>q>eKTIID
noe Hen:TpOHHOe rrorre, KOTOpoe IIpIIDO):i;IIT K rrepeHOpMIIpOBKe aMIIlIHTY):i;hl 
pacceJIHIDI. 8TOT peoyrrnTaT ,a;arr OCHOBaHIIe II.M.<PpaHKY [7] Bhl,ll;BIIHYTb 

rHIIOTeoy, "'ITO lIOKari:bHOC rrorre MO)KCT IIMCTb 6orr1>rnyro MHIIMYIO "'IaCT.b, 

KoTopaJI 3q>q>eKTIIniio ynerrn"'IIIBaeT MHIIMYIO -qacTb aMIIITIITTIJ;hI pacceJIHIIJI 
II TaKIIM o6pa30M OIIIICbIBaeT aHOMalibHhle IIOTepII YXH IIpII 0Tl)a2KCHIIII 

~ ~ . ' 

OT CTCHKII. B rrpIIHD;IIIIe, TaKoii: 3q>q>eKT MO)KCT IIMCT.b MeCTO, HO rrepeHop-
' . ' . 

MIIpODKa a:MIIlIIITTIJ;bI B penyrrhTaTe MHOI'OKpaTHOI'O rrepepacceJIHlIJI BOlIH 
DCer,a;a IIpOilCXO)J;IIT TaKIIM o6paOOM, "'IT06hl o6ecrre"'IIIDalIOC.b DhlIIOJIHCHIIC 
_yciron~:ii JHIITapnocTII. B 'laCTHOCTII, ecrrII pacceIII!aTerrII pacrrorrararoTcJI 

n rrpocTpaHCTBC TaKIIM o6paOOM; "'ITO pacceJIHIIe B KaKIIC-TO yrllhl rroµ;a

BlIJICTCJI, TO MHIIMaJI -qacT.b a:MIIlIIITTIJ;hl pacceJIHlIJI ,ll;OlI2KHa YMCHhillaT.bCJI. 
EcITII 2Ke, Hao6opoT, coBMCCTHoe ,a;eii:cTBIIe pacceHBa.Terreii: OTKphlBaeT pa-. . ' 

Hee HC,ll;OCTYIIHbIC KaHa:IThl pacceJIHIIJI, .TO MHIIMM -qacT.b a:MIIlIIITJµ;bI ,a;orr-
)KHa nonpacTaTb. Ilo3TOMY, ecITII mI>q>eKTIIBHoe rrorre ynerrn'lIIBaeT MmIMyio 
-qacTb aMIIlIIITTIJ;hl paCCMHlIJI, TO Heo6xop;IIMO B.blllCHIIT.b, B KaKIIC KaHalibI 
yxo,a;JI~ TepJIIOrn;IICCJI rrpII OTpa2KeHIIII HeHTpom.r. 06Hapy2KeHIIe. 3TIIX Ka

Ha:ITOD II JIBrrJieTCJI ocHOBHOH naµ;a-qe:u rrpn perneHIIII npo6rreMhl aHoMalibHhlX 

IIOTCpb YXH. ' 
!Iccrrep;oBaHIIJI <I>orr,a;n n JlaKca ,a;a:rreKo rrpo,a;mmylIII Teopmo MPB, HO 

OCT~a:rrCJI nepemeHHbIM BOilpoc, HaCKOlI.bKO ;tJ;OCTaTO'lm.I Te npir6rrII2KeHIIJI, 

KOTOphle rrpimop;JIT K BLipa2KeHIIIO (1). He M02KeT lIII OKaoaT.bc.ll TaK, "'ITO 

npII 6orree CTpOI'OM paCCMOTpemm Mhl BCe_)Ke IIpllp;CM K Bhlpa2KeHIIIO TIIIIa 
(5) p;mc Kaxoro-HII6yp;1, p;IIanaooHa :meprmi mip;aIOrn;ero HeiiTpoHa? 0TBCT · 
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Ha 3TOT norrpoe OTpm:i;aTerreII. II "'IT06bI IIOKanaTb 3TO, noerr0111,nyeMeJI 

TeopIIeii MPB n TOM BIIµ;e; KaK oHa IInrro)KeHa n MOHorpaqnrn [2] . 

"9: TO 6},1 eTporo orrpeµ;emITb, KaKIIe norrm,1 · q>op1mpyroTe.lI rrpn rraµ;cmm 

rrrroeKOll HeiiTpOHHOll BOlIHhl Ha rp1tHIIey panµ;erra, rrpnMeM, "'ITO Ha OTp;errb

HhlX .lip;pax HeiiTpOH IIeIIbITbIBaeT TOllbKO s-paeee.irnne, T.e. BOlIHa, paeec

.lIHHaJI Ha OT)J;~llbHO B3.lITOM HeIIO)J;BII)KHO naKperrrreHHOM, Herrorrrorn;arorn;cM 

.lip;pe, orrrrei,rnaeTe.lI Bbipa)KeHneM 

b 
a) W1 = --exp(ikor), r 

bo 
b) b = l + ik0bo' (6) 

r;a;e ,b0 -:- nern;eeTBeHHM ;a;mma paeee.lIHII.lI, II aMrrmITyµ;a b yµ;onrreTnopneT 

Tpe6onaHIIIO YHIITapHOeTII. 
YpaBHCHII.lI Teopnrr MPB namrei,rnaroTe.lI erreµ;y1orn;uM o6panoM. BorrHo

nrur <pyHKn;1rn:, 'l/J(r ), eq>opMnponaHHaJI n penyrr1,TaTe :r.rnoroKpaTHbIX rrepc

paeee.lIHIIII, panHa 

b· . . 
'l/J(r) = exp(ik0r) - 2t 'l/J(ri) Jr _

1 
ril exp(z.koJr - ril), . (7) 

rµ;e 'l/J(ri) - 3<p<peKTIIBHoe rrorre, oenern;arorn;ee Hp;po i. O'rMeTIIM, "'ITO Ka

)K;n;oe .llp;po µ;aeT eq>epu-qccKyro norrHy e norrHOBbIM BeKTopoM ko, rroeKOllbKY 

p;ll.ll HeihpoHHoro rroll.ll HeT IIOH.lITII.lI 6rrnnKoi'r noHhl, II narruei, paeee.lIHHoro 

rrorr.lI B nn;a;c e<pepu-qeeKOII BOJIHbI errpane;a;rrnna Ha rrro61,1x paeeTO.lIHirnx OT 

nµ;pa, rrpenhlIIIarorn;nx panMep eaMoro Hp;pa. 

,Il;ll.ll 3<p<peKTIIBHoro IIOll.lI Ha .llp;pe i IIMeeT MeeTO crreµ;yrorn;ce ypaBHeHIIC 
. . . b· 

'l/J(r;) = exp(ikori)- I: 'l/J(rj) I 1 I exp(ikolri -rjl). (8) 
· #i ri-rj 

YpanH,eHII.lI (7) .II (8) B3.lI'J;'bI na oeHOBY no neex rroerreµ;yrorn;IIx pc1,eey2Kµ;e".', 
• ' I # ' , 

HII.lIX. 

Hoe~orrl>Ky ni,rnop;hl pa60T1,1[l] He nanIIeJIT OT ~oro, .lIBJI.lICTe.lI rru epeµ;a 

yrrop.lI)J;O"'!eHHoii .IIJIII. HeT, paeeMo~pIIM nµ;eaJibHbIII oµ;HoaTOMHbIII TO'Ie'-r~ 

Hbill KpIIeTarrrr c Ky6n-qeeKoii peIIIeTKon, p;rr.lI KOToporo Teop1rn MPB[2] 

rrpnno;a;n;r K ,a,6eomo'.fH? TOJHOll eneT~~e, ypanHeH1111 n. IIInpoKoM ;a;riarra

noHe. 3Hepnrii rra;a;arorn;ero _HeIITpOHa. . 

, J:(rr.lI 6orrbIIIeII H~/UI)J;H?eTII yµ;o6Ho eHa-qarra HeCKOllbKO yrrpoeTIITb_'na~ 

µ;a-qy .. A nMeHHo, rrpep;eTaBIIM ee6e.KpIIeTarrlI n.nn;a;e eonoKyrrHoeTII Kpne-
.-, • ! ' t ~ • . , • . V, , ,._ .. . , , _, • . ·, · · '. t 

Tll:ll:JII;'I~~~-IIX .IIJI?eKOCTelf., ~aparrrrerr~HhlX. rpamm;e pan;a;erra II QTeTO.lIID;IIX. 

4 

',1· 

I 

~; 

1 

;a;pyr OT µ;pyra Ha paeeTo.lIHIIC a. Paecc.lIHire )Ke Ha oT;a;crrbHOIIrrrroeKoeTn 

. ?Y;rJ;CM om1e1,rnaTb .HCKIIM Gq><peKTIIBHhlM rroTcHn;rmrroM, KOTOphlII norry'IIIT 

enoc o6beHonaHIIC n p;allbHCIIIIICM.Jipn 3TOM Mhl OTBlIC~aeMe.lI OT B03MO)K-:- . 

HOU µ;u<ppaKD;IIII Ha Ka)K;a;oii 113 KpneTaJIJIII'leCKIIX rrrroeKOeTeii, ri naµ;a-qa 

rrpno6peTacT oµ;HoMcpHbIII xapaKTcp. IIoeMoTpm!, K KaKoro po;a;a nanu

e1111oeTn k' OT k npnnop;nT TaKrur nap;a'Ia. B pcnyn:1,TaTe 6yµ;eT l!orry'lcHo ·· 

BbipmKCHIIC )J;ll.lI IlOTCHD;IIarra (1) n nonpanKII K HeMy, o6yerronrre_HHI,Ie µ;ue-. 

KpCTHOeTbIO OTpa)KaIOID;CII epep;bl B)J;Ollb HOpMarrn K BXO)J;HOll nonepXHOeTII .. 

,Il;arrcc Mb! J'ITCM ;a;ueKpeTHOeTb Ka2Kp;oii rrrroeKOeTII, HO rrpeHe6pe)KeM 

rrpon:ceeaMII ;a;n<ppaKn;mr rrpn HII3KIIX.3Hepr1rnx. B penyrri,TaTe 6yµ;eT rro

rry•1cHo Bbipa)KCHirc )];ll.lI 3!p<pCKTIIBHOI'O IlOTeHn;narra OT)J;ellbHOII IllIOCKOeTII . 
( T .C. )];OKanaHa CIIpancp;lIIIBOeTb rrpIIH.lITOI'O paHCC Bbipa2KCHII.lI) II Hafrp;eHhl 

rrorrpanKII K IIOTeHn;Imrry (1 ), o6yerronrreHHble ;a;neKpCTHOeTbIO aTOMHbIX 

rrrroeKoeTdr, rraparrrrcrrbHbIX nxo;a;nofr rronepxHoeTn. 

Crreµ;yrorn;nfr IIIar eoCTOIIT n J'ICT~ ;a;n<ppaKD;IIII Ha Ka2Kp;ofr KpIICTalIJIII

. ~reeKon: rrrroeKoeTn. Ilpn HunK011 3Hepr:nn na;a;arorn;ero HCIITpoHa nee ;a;n<ppa-, . 
rnponaHHhle BOlIHhl OKa3bIDaIOTe.lI nnpTyarrbHbIMII, T.C. 3KeIIOHCHD;IIallbHO 

naTy~aIOT rrpn yp;al!CHIIII OT IllIOCKOeTII. OHII He 1IpIIB0)];.lIT K ~yrn;eeTBCH-;

HOMY II3MCHeHIIIO nepKallbHO OTpa2KeHHbIX BOJIH, HO BHOe.lIT HC60llbll1IIC rro

rrpam:n K .· IIOTeHn;IIarry. ( 1). Hn2Kenpnnep;CHHbie OD;CHKII II0Kani,rnaIOT' "'ITO 

n o6rraeTII ;meprnfr YXH 3TII rronpanKII IIMeIOT OTHOeIITCllbHJIO n_el!II'IIIHY 

rrop.llp;Ka 10-5 n HIIKaK He MoryT rrpeo6panona-r1, norrHonofr neKTOp BHYTPII 

epep;hl K nnµ;y (5). 

2.1. Oµ;uoMepHbIH IIf;PUO)l;H"IeCKHH rroTeuu;mui 

B erry-qae O)J;HOMCpHoii naµ;a'-III KOMilOHCHThl BOlIHOBOI'O llCKTOpa HCIITpona, 

riaparrrrcrr1,H1,1e rpamrn;e pan;a;crra, _He MeH.lIIOTe.lI, II03ToMy OT HIIX M02KHO 

a6eTparuponaTbeJI. Bee aMITlIIITY)J;hl OTpmKCHII.lI II rrporrycKaHirn rrpu •meTO 

yrrpyroM paeeeJIHIIII Ha Hp;pax n;a;amr oT pcnoHaHeon nanueJIT TOJibKO OT 

HopMarr1,11oii KOMnoHeH~bI norrHonoro ncKTopa. I1McJI 3To n im;a;y, nHa'IOK 

.L 6yµ;cM )J;lI.lI rrpoeTOThl TO)KC orryeKaTh. 

"9:To61,1 Ha11Tn paecMHIIC Ha Ka2Kµ;o11 Im KpneTaJimP1ccKnx nrroeKoeTc11, 

nncµ;eM }l;JIJI HlIX 3<pcpCKTlIBHhlll. IlOTCH~laJI 

a) tt(x) = 2p6(x), b) 2p = ttoa. (9) 
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(B p;arrhHerrweM, npn nepexop;e K TpeX.MepHoMy crry'Ia10; 3TOT no_Tenn:narr 
TaK)KC 6yp;eT crrep;oBaTh nenocpep;cTBenno II3 TeopnII MPB.) 

3ap;a'Iy Teneph MO)KHO cq>opMylIIIp~BaTh TaK: Heo6xop;IIMO peWIITh ypa

BHCHIIC illpep;nnrepa 

[d:-/dx2 -u(x) + k2]w(x) = 0 (10) 

C IIOTeHn:rrarroM 
u(x) = 2p:E8(x.:.. na). (11) 

n 

Bh16epeM B Ka'IeCTBC IIOTeHn:rrarra op;noro nepnop;a BhlpruKCHIIC 

u1(x) = 2p0(-a/2 :5 x s; a/2)8(x). (12) 

rp;e 0~q>YHKn:IIJ{ paBHa C)J;IIHUU:C IIpII BhIIIOJIHCHIIII HepaBCHCTBa, yKaoaHHOrO 
B ee aprJMCHTe, II nyrr10 n rrp.oTimorrorro)KHOM crry'Iae. IlepIIop;, Bhl6paHHhiii 
TaKIIM o6pa30M, CIIMMCTpII'IeH II cop;ep)KIIT )l;CllhTa-o6pa3HhIH IIOTCHD;IIall 

B D;CHTpC. 
AMIIlIIITY]l;hl OTpa)KeHirn II nponycKaHII.lI TaKoro nepnop;a npep;cTaD.lITC.lI 

Bhlpa)KCHII.lIMII[2] '. . , ,. 

_a)r=-exp(zka)p!zk' ·' b)t~~exp(zka)p~zk' (13) 

rp;e )];lI.lI npc:icTOThl onyrn:eHhl tiHa'IKII On' .1.. y k01., chn Dbipa:iKCHIIJI norry
'IaIOTC.lI B pe3yJihTaTe CTpororo peWCHII.lI ypaDHCHII.lI ffipep;IiHrepa C ITO~ 
TCHn;rraJIOM (12), HOB IIX cnpanep;JIIIBOCTII MO)KHO y6ep;IIThC.lI u c noMOW:hIO 
'IIICTO <pII3II'IeCKIIX paccy)K)];CHIIH. )J;eHCTD:UTCJihHO, ecim IIOTeHtiIIitIT p pa~ 

1:3~1,IRY:I~, TO ,oTpa)K_e:mJ;~ ,)];OJI)KHO O,Tcy~CT!JOBaTh, _T.e. r, ;=y=. 0, a nppny:
~KaHHC p;o~)KHO 6hITh,II<>JIHhIM, T.e .. t = exp(!ka). Ecm1 ?Ke /1.MIIJIIITY]l;?i}' 
6e:cKqH~'IH~ nemIKa, TO :qp9nycKa~IIe )J;OJI)KHO OTCYTCTDODaTh, (t =, Q), ,a 
aMIIJllI'.l'Y)];a O'l'pa)KeHIDI ,O'l' p;eJihTa-;cpyHKD;IIII ;JJ;OJI)KHa paBH.lIThC.lI -1, a• OT 
~cerq.nepIIop;a r :,= -exp(zka)'. · · · 

0TMeTIIM p;Be oco6eHHOC'l'II nhlpa)KeHnii (13) .. 1), ne)III'IIIHa -p = uoa 
Bhl6paHa,'IIICTO p;e*cT~II'l'CJihHOH (u0 = 41rN0b0) 1 nocKOJihKY.TOJihKO D.3TOM 

' . 
' ClI)"Iae DhIIIOJIHeHO ycrrOBIIC YHIITapHOCTII.,2) ,a6COJI:IDT,Hhle ~Ha'I~mrn,17 II t 

HII rrpu KaKIIX 3Ha'IeHII.lIX k He rrpenocxop;.lIT ep;IIHUU:hl. 
\·.::; 

6 

~j 

' I I 

AMnm1Typ;a oTpa)Kemrn R · OT norry6ecKoHe'I:s:oro nepuop;II'IeCKoro no-
TeHn:rrarra Haxop;nTC.lI c noMOW:hIO arrre6pau1IecKoro ypaBHemrn [2] ·. ' 

R = r + tR(l - rR)-1t, (14) 

pcweHIIe KOToporo MO)KeT 6hITh 3aIIIICaHO B BII)];C 

R = Jk + ptan(ka/2)- ✓k=pcot(ka/2). 
Jk +ptan(ka/2) + Jk-:- pcot(ka/2) 

(15) 

,IlocKOJihKY nepuoi IIOTenn:narra Bhl6paH paBHhIM (12), TO aMnJIIITyp;a (15) 
ornrchlnaeT oTpa:;KeHIIe OT nrrocKOCTII, oTop;BIIHJTOII B naKyyM Ha :ri:orrne
pIIop;a no OTHOWCHIIIO K BXO)];HOII noBepXHOCTII KJ>IICTarrrra. '9:T06hI norry
'IlITh aMnJIIITY)l;Y OTpa)KeHirn Henocpep;CTBeHHO OT BXOp;H6ii IIOBepXHOCTII 
KpncTarrrra, p;ocTaTO'IHO YMHO)KIITh Bhlpa)KeHne (15) Ha cpa3oDhIH MHO)KII
Terrh. exp(-zka). Op;HaKo 3Ta cpa3ona.H nonpaBKa Hecyrn:ecTneHHa II Y'III
ThIDaThC.lI He 6yp;eT. 

HeTpyp;Ho BII)];CTh, 'ITO npn p = 0 OTpa)KCHIIC OTCYTCTDYCT. EcrrII )Ke 
p - -, To np11 ka - 0 norry'IaeM R-: -1. . . .• , . 

Bbipa:iKCHIIe (15) MO)KHO npIIDecTII ic ~II~Y (3), ecrrn n Ka'Ie~TBe k' npII-
. ' ' 

H.lITh Bhlpa)KCHIIC 

k'= 
k2 - u0(ka/2) cot( ka/2J_ 

1 + (u0/k2)(ka/2)tan(ka/2) · 
(16). 

. ~ . ' . 
.. PaccMoTpIIM crry'Iaii ka - l. Pa3JIO)KIIM Bhlpa)KCHIIe (16) no .c;Tene-. 

H.lIM. ka. O'Iennp;Ho, 'ITO npn MaJihIX ka norry'IeHHhIII p.lI;JJ; O'IeHh xopomo 
cxop;IITC.lI. OrpaHII'IIIMC.lI 'IJieHaMII KBap;paTII'IHhIMII no a. B . pe3yJihTaTe 

' ' 

6yp;eM IIMCTh 

k'- k2 _ uo[l - (ka)2/12] _ ✓k2 _ u
0

, 

1 +' U a2/4 ' ' '' ' ' 0 ' ·•.", ' ' ' • l 

: (17) 

rp;e .. •' i':: ;- J 

'fio - uo[l - u0a2 /4 + (ka)2 /6]. (18) 
. ~ : . , ; 

TaKIIM o6pa3oM, B OTOM np116JIII)KCHIIII oTpa)KCHIIe npo11cxop;11T TaK 
)KC KaK OT cnrromHoII cpep;hl c noTenn:rrarroM (18), OTJIII'IaIOrn:nMc.lI OT (1) 
TO~Ko ne6orrhmIIMII nonpaBKaMII, yK~aHHhlMII n (18). IloaToMy MO)KHO 
YTBep)Kp;aTh, 'ITO cooTnomeHIIe (5)B 3TOM np:ri6rriDKeHIIII ne n:MeeT MecTa. 
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I' 
IIoeM0Tp1rM Terrep1,, IIe BHeeeT JIII 'Ier·o-m16yp;1, eyw,eeTBeHHoro ;a;11e

KpeTHoeT1, eaMIIX KpIIeTaJIJIII'IeeKIIX rrrroeKoeTeii, rraparrrreJII,llbIX rpamm;c 
pan;a;erra. 

2.2. Paccrumue ua Tpex:MepHOM nepnoµ;Il"IeCKOM TO''Ie~HOM IIO-

TeHu;mure 

PaeeeJIHIIe IIa yrropzp;o'Ie'Imo paerroJIO)KCHIIbIX z;a;pax nHyTpII o;a;Hoii · Kpn
eTarrrrn'IeeKoii IIJIOeKOeTII rrpnno;a;nT K ;a;mppaKD;IlOHHOII KapTIIIIC paeeeJIII
HhlX BOJIH. CoOTBCTeTBCHHO, OTpa)KeHIIe OT KpIIeTaJIJIII'ICeKoro rrorryrrpo-

' CTpaHeTBa xapaKTepIIt3JeTe.lI aMIIJIIITYIJ;HOM MaTpnn;en p;mppaKD;IIOHIIOro 
oTpruKeHII.lI R. MaTpII'IIIbIC 3JieMeHThl R1; 3Torr MaTpnn;1,1 rrpe;a;eTanrr;110T 
eo6onaMIIJIIITJ)];J OTpa)KeHIUI, IIpII KOTOpOM IIJIOeKaJI nOJIIIa e noJIHOnbIM 
neKTOpOM k; rrpeo6panyeTeJI n IIJIOeKyIO n_OJIHY e nOJIHOnbIM BCKTOpOM k1, 
r;a;e 

a) k1 = (k111 ,kfl.), 

c) k111 = k;11 + r1;, 

b) kr1: = Jk'tJ-k}u, 
d) r1; = (2n/a)(m1;,nJ;,0), {19) 

kill - KOMIIOHCHTbI BOJIHOBorb BCKTopa k;, napaJIJICJibHbIC rronepXHOeTH 
KpIIeTarrrra, a m1;, nfi - n;errhle 'IIIerra, KOTOpbIC eOOTBeTeTBJIOT nexTopy 
r1; 06paTH011 pemeTKII o;a;uoii KpIIeTaJIJIII'IeeKoii: rrrroeKoeTII, rraparrrrerr1,Hoii: . 
BXOp;HOII rronepXHoeTII OTpa2Ka10w,ero KpIIeTarrrra. 
' MaTpIID;a R orrpep;eIT.lieTe.H 'Iepen ;a;mppaxn;IIoHHhle MaTpIID;hl oTpa)KeHIIJI 
r II rrporryeKaHII.lI t O)J;HOrO 3JICMCHTapHOro eJIO.lI1 T.e. KpIIeTaJIJIII'ICeKoro 
erro.ll. TOJIIll,IIHoii: B o;a;Hy 3rreMeHTapey10. Jl'Ieii:xy, rraparrrrerr1,uoro rpauIIn;e 
pan;a;erra. CooTBeTeTBy10w,ee ypanueime no BIIp;y eonrra;a;aeT e ypanHeHIIeM 
(14) B O)];HOMepHOM erry'Iae. Ep;IIHeTneHHOe OTlIII'Ille eoeTOIIT n TOM; 'ITO, 
xor;a;a r, t II R ,- MaTpIID;hl, ux HellbtJJI rrepeeTanrrJITb rrpoIItJBOJibHbIM 06-
panoM. 

: MaTpIID;bI r II t p;IT.lI 11;a;earr1,uoii: · pemeTKII n1,pi:uerr.lIIOTe.lI auarrIITH'Ie

eKII [2] n npe;a;eTaBJI.lIIOTe.lI n BIIp;e 

a) r = r0£JCN£, · b) t = t:(l + roJCN)t:, (20) 

r;a;e 

. . p/k01. . ' 
•· a) ro =.-zl + zpEn(k01./kn1.) b) p = 21CNoboa, (21) 

8 

-~ 
.. 1 \ 

.i.11''• 
')' 
{ 

JVo -:- •merro z;a;cp n c;a;nmm;c o6'bcMa, bo -,KorepcIITIIaJI ;a;mma paeeeJIIIIIJI 
z;a;cp I..:pneTarrrra, a ~ paeeToJIIIIIe Mc)Kp;y zp;pa1rn, MaTpnn;a N eo;a;ep)KIIT .. · 
O)J;IIII ep;IIIIHD;bl (N1; = 1), MaTpIID;hl t:, JC ;a;naroIIaJibHhl, IIX MaTpII"'IIIbie 
3JICMCIIThl panHbl 

a) t:1; = e181;, 

c) JCJ; = K181;, 

b) e1 = exp(ik11.a/2), 

d) K 1 = k01./k11., 

a 8 Ji - enMnorr K pouexepa, panu1,rfr 1 rrpn i = f u uyrr10 rrpn i t= f. 

(22) 

IIoeMoTpIIM, HaeKOJII,KO eIIJibHO 1!aTpIID;bI (20) OTlIIPiaIOTe.lI OT eKaJI.llp
HbIX ai.mmITyp; (13) rrpu Marr1,rx k0a. · MaTpwrn1,rc 3JieMeHThl rli 1i:1.1e10T · 
nn;a; 

k 
r1;= ro ko1. exp[ia(k11. + k;1.)/2]. 

• fl._ 
(23) 

Ilpu Marr1,1x k0a nee kn1., KpoMe ko1-, OKan1,ma10Te.ll_ 'IIIeTo. MHIIMbIMII. IIo-
3ToMy nee Tnm, KpOMC roo, 3KC:QOHCHD;IIalII,H_O MaJibl e IIOKatJaTCJIJIMII 3Kerro-: 
IIeHT IIOp.llp;Ka 1Cn, r;a;e n - D;CJII,Ie •merra. TaKIIM o6pat30M, neeMrr, KpOl',Ie' 
o;a;uoro,1mTpH'IHI,IMII 3JieMCHTa1m MaTprrn; (20) MO)KHO rrpeHe6pe•11,. 

Bnrpa)KCHIIe (21) MO)KHO np1mceTI1 K mr;a;y 

r0 = -p'/(p' - ik01.), .(24) 

r;a;e 
1 

p' =Pl.+ PL.ncfo(i/kn1-) (25) 

npu Marrhlx k0a - new,ceTncnnoc 'IIIerro. IIo3ToMy aMnmrTyp;1,1_. r00 u t00 ; 

eorrraeuo (23), panHhl 

-P' . . · 
a) roo = exp( zak01.) p' - zkor' 

-zk01. 
b) too = exp( zako1.) p' - zko1. · (26) 

0Tero;a;a ~n:c;a;y~-r; ''IT"o, 'ecJIII. orp'airwIIITbe.lI TOJibKO t3CpKaJibHhl~I '0Tpa1Ke-;' 
HIICM, T.C. npeHc6pc-q1, 3KeTIOHCHD;IIaJibHO naTyxa10w,rr1m ;a;mpparrrpona~~,.. 
HblMII norruaMn, TO paeeCJIHIIC na Ka)Kp;oi'r KprreTaJIJIIPICeKoi'r IlJIOeKoeTJI 

, ' . I , • . _ · , ', . • • '' •, •' , , , 1•, '· : •_• ' t •- - l_ • _, •. r;;_ •' ;;,-" ·•'~ ~, 
rrponexo):vtT Tali'. ')l{c, 1

KriK .. CClII1161,f eii: 61,irl irpin'iiieaiI rfoTCHD;IIarr ri'ii;a;a {9), rr 

Y'J?'A ;a;w::Kpe'.I'HO,e.TIL IIP.IIn?;a;IIT T().JibKO ,K tJaMCHC Uo Ha. TIQ'.l'~tmnarr,uo; OT-:'; 
m~;i~.10ii,v~ii:~~ O'f::1LO;l!e 60JibllIOII ,;a;onorrHIITCITbHOl~ IJQTipanKO,II., Hair~CM ,oTy ,, 
~?,irp~n·~y:~._ na~m13,uieM J}P~I6~~I~<;Him no ko<h .; . \ ;,,,'.,;,,• '"'' ,: ', ;, ;, 
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· ,II;mr aToro naMeTIIM, 'ITO 1rnp;eKc cyMMIIponamrn. n n (25) o6onHa'IaeT 
HOMep BeKTopa o6paTHOH perneTKII r, orrpep;eITJie1rnro D coOTBCTCTDHII c, 
Bhlpa2KeHIIeM (19d). IlpII koa « 1 mrneM ko « Tn, II noToMy 

knl. ~ ZTn ~ 21nJl~ + mUa, (n), 

rp;e ln II mn - n;eIThle 'IIICITa. Ilop;cTaBD:B (27) B (25), IIOITY'IIIM 

ub~uo[l-(uoa2/41r) L (1/J/2+m2)]. (28) 
lll+lml/O 

CyMMa B (28) pacxop;IITC.lij O)];HaKO, KaK IIOKanaHO n[2], 0TOT p.lip; JIDITJI.: 
- eTCJI <popMaIThHhlM rrp~p;cTaBITeHIIeM xoporno CXO)];JIUJ,eHCJI 'PYHKIJ;IIII II MO

)KeT 6bITh rrpocyMMIIpOBaH TaK·, KaK •yKa3aHO n[2, 8]. ,Il;ITJI IIOJICHeHIUI yKa
)KeM, 'ITO p.1Ip; Exn rrpII 6oIThlllIIX nHa'Iemui:x x npep;cTaBITJieT co6on: q>op
MaIThHOe pa3ITO)KeHIIe <pyHKD;IIII 1/(1-x ), II, 'IT06hI HallTII 3Ha'ICHIIC 0Toro 
p.1Ip;a rrpII_ x = 2, HY)KHO Ha:BTII nHa'IeHIIe D aTon: To'!Ke nopmKp;arorn,ei'1 _ 
ero q>yHKD;IIII. B p;aHHOM cITy'Iae 0TO nHa'IeHIIe paBHO -1. AHaITorII'IHhIM 
o6panoM npoIInnop;IITCJI cyMMIIponaHIIe II IIHTepecyrorn,ero Hae j)J!p;a. B, 

penyIThTaTe 110ITy'IaeM 

ub? uo(l +uoa2/41r). (29) 

Ilop;cTaBIIB (29) n (18) BMCCTO uo, OKOH'IaTeIThHO rroITrIIIM, 'ITO nep
KaIThHOC OTpa2KeHIIC OT KpIIcTaITITa OIIIIChIBaeTCJI TaK )KC, KaK II OT CilITOilI
HOH cpep;hl c rroTeHD;IIaITOM 

uo ~ ~o[l - uoa2(1r-1)/41r + (k01.a)2 /6]. (30) 

Y'IeT p;IIcKpeTHOCTII KpIICTaITIT~eCKOH IIITOCKOCTII npIIBCIT K µ;onoITHIITCITh
HOH no OTHO~CHIIIO K Bhlpa)KeHIIIO (18) MaITOH rronpaBKC 

Auo/uo = uoa2/41r. 

TaKIIM o6pa30M, II B 0TOM npn6rrn)KeHIIII COOTHOIIICHIIC (5) He UMCCT Me
CTa . 

2.3 , Y"leT nepepacce.HHHJI aKcnoueun;HaJibHO. oaTyxaro~HX BOJIH . 

. Penym,TaT (30) ?-,{O)KeT IIOKa3aTbCJI ney6eµ;IITelI1,HhIM, IIOCKO~KY, orpaim~ 
'IIIBilIIICb TOlILKO aepKarrbHbIM OTpruKemieM, Mbl np~~e6per~ ;n;~qipirn-: 
ponamn.n.m BOlIHaMII. Koue'lHo, · npn ;n;nq>paKD;II~ M~~rr~HHhIX ueii:Tp<>HOB 

IO 

'i, 

.{\ 
·,,,, 
·~ 

. r! ,· 

. t'·I 

' :) 

Ha KpIICTaITITII'Iec:iwii IIITOCKOCTII p;mpparIIpODaIIHhle BOITHhI OKa3hIBaIOTCJI 
, • ' ♦ 

0KCIIOHem:~IIaIThHO naTyXaIOUJ,IIMII, op;mi.KO, 0KCIIOHCHD;IIaIThHO 3aTyxarorn,ne 
DOITHhI MoryT, )];OCTII'Ih CITep;yrorn.eii KpIICTaITITII'ICCKOll IIITOCKOCTII II Ha HCII 
IICIIhITaTh o6paTHYIO p;mppaKD;IIIO, rrpeo6pa30BaDilIIICh B pacrrpocTpaHJI
IOUJ,yIOCJI BOITffY. HeTpY)l;HO pacc'IIITaTh COOTBeTCTBYIOUJ,IIC npo:a;ecChI no 
Teopnn nonMyrn,eHnii:, rrpnHJIB B Ka'IeCTBe nom.cyrn,eHII.lI op;HoKpaTHhIH npo
:a;ecc p;n<ppaKD;IIII. Op;HaKO ITy'Irne nocrroITh30BaThCJI cIIcTeMoii ypanHeHIIll 
)];IT.II MaTpn:w,1 R mrp;a {14), nocKOIThKY oHa nonnoITJieT HaHTII neo6xoµ;nMhlC_ · 
norrpaBKII c ITI06oii )KCITaeMOH TO'IHOCThIO. . 

YpaBHeHIIJI (14) II Bhipa)KCHIIJI (20) )];ITJI MaTpII:a; r II t, IlOKa3hlBaIOT, 'ITO 
1mTpn:a;y R MO)KHO npep;cTaBIITh B nup;e 

a) R = ro----, b) -Ji= -if· (31) 

8To Il03BOITJICT npeo6panonaTh ypanHCHIIC (14) )];IT.II MaTpIIn;I,I - CITep;y
IOUJ,IIM o6pa30M · 

- - _2 __ 2= (1 + ro-2 ___ 2),- (1 + ro-2 ___ 2), . (32) 

rp;e 
a),=1/(1-p), b) P = rff L e;,J<m-mn1<ne;.. (33) 

m,n 

Ifo (32) cITep;yeT, 'ITO MaTpII'IHhle 0ITeMeHThI npIIBe~eHHOH M~TpIID;hI -
MO)KHO npep;cTaBIITh Bhlpa)KeHIIJIMII: 

· a)-Ji :._ ,s1s;/(1- e}e:), b) s1 =)+roe} L-,~Kme~ . 
. ·m 

· (34) 

.3aMeTIIM, 'ITO qiopMyITa (34a) aHaITorH'IHa qiopMyITe'Bpeii:Ta-BIImepa.· 
Koaq>q>HD;IICHThI Si n:rparoT pOITh KOpHen: nn, npIIBep;eHilhlX napD;IIaIThHhIX 
IlIHpmI, a Bhlpa)KCHIIC 

1.- exp(ik11.a + iki1.a), 

_KOTopoe npn HCKOTOphIX :JHa'IeHilHX k11. +kil. MOJKeT o6parn,aThCH B HYm,, 
nrpaeT pom, peaouaucnoro :JHaMeHaTelli[. 

CncTeMa ypannemrii: (34) noanoITJieT c rrro6oii: narrepe;n; aap;aHHon: TO'I- · 
HOCThIO Bhl'IlIClllITh Ma.Tpirlllble arre:r-.reHThI ~Ji· n, cooT:aeTcTBeHHo, Rfi· 

II 



Oµ;HaKO Mhl o6paTIIMCJI Henocpeµ;CTBCHHO K ypaBHeHIIIO (32), KOTOpoc 
rrpITBoµ;nT K ClICTeMe ypaDHCHIIli µ;iur MaTpIPIHhlX 3ITCMCHTOB R/i: 

RJi = 1 (1 + roe} I:RtmKme~)(l+ ro I: e~KmRmiel)/(1 - e}el). (35) 
m · m · 

Ilocrre rroµ;cTaHOBKII (33) rrorry'IBM 

__ (1 + roe} Lm R1mKme?n)(l + ro Lm e;.KmRm;er) 
R1, - (1 - e}er)(l - r5 Lmn e?»KmRmnKne'f.) 

(36) 

B Ka"!eCTBC HyrreBoro rrpII6muKeHIIJI orpaHII"IIIMCJI· nepKam,HhIM 0Tpa-
2KeHIICM, T.e. rrpeHe6pe2KeM µ;IIq>paKn;Hei'1 Ha oTµ;errhHoll KpIIcTarrmPieCKOII 

IllIOCKOCTlI. O6onHa'9:IIM , 

x = Roo = r0Rooe5. 

Ilpeiie6perrur B "IIICJIIITerre II nHaMeHaTerre ypanHeHnii (36) "!rreHaMn, co
µ;ep2KallJ,IIMII Rom u Rmn rrpu m, n t= 0, IIOCKOllhK)' OHII coµ;ep:iKaT MallhlC 
~HO:iKIITerru rropJIµ;Ka k0a exp(-,2rr) ~ 10-5 u [k0a exp(-2rr)]2 ~ 10-10

, cooT

BCTCTDCHHo, rrorry"IIIM ypaBHCHIIC 

x = xo = roe5(l + xoe5)2 /(1 - et)(l - roxoe5), xo = R(o) - 00 · (37) 

Pernemre 3TOI'O KBap;paTHOI'O ypaBHCHIIJI, KaK II )];Oll)KHO 6bITh, IIOITHOCThIO 
conrrap;a~T c Bhlpa2KCH~CM (15) npu naMeHe p Hap' lIITII u~ D, (18) Ha no-
TeHu;rrarr ~b, orrpeµ;erreHHhlII B (29). · · · · 

·· Y"ITCM Terreph.B rrepnoM rrpu6mDKCHIIII crraraeMhie c y = Rom• B nyrre

noM rrpu6rru2KeHIIII 1m (36) crreµ;yeT, "ITO 

Y =Yo=;= (1 +xoe5)/(l ~roxoe5), .- ' ' , 

- (0) ( ) Y = Rom· , · . . . . 38 . 

Byµ;eM Tenepb IICKaTh X = Roo, rrorrarrur, "ITO X = Xo + &xo. Tor~~ II3 (36) . 

6yµ;eT crreµ;onaTh , . 
~ \,, . '.;,,, . ;·. -. L ._ 

. . fixo = 2 [2&xo - zyorosak01-/2rr + ~XQ - 2zyorgsak01-/2r], ,, · .. (39)· 
'•,ib. ,eo•.•:·· 1-t-xe2 · ,\· To:'···1-rxe2 · . . ·' '· . 

. o o .,,, ... ·.:·:-i,,,; ,,,-•,::·_::?c-..?1.0.,,. •·, .,,:•.J'-:.. ::,;,:c: 
rp;e 
~ '. •i_ l <. 

• -~ t .. 

•-.·- ''.: .• - . l. ,:·•i,, •{.:!, ·(.'. ,'• i ,'.'~~~ ,•f:',,_,~:' . . :;, ·,. 

;,,,;, .. ;,•.·,:_• ~'; eip( ..J.2if✓m2 +n2) ~ ex;(;2rr) ~ 2 X 10;( ".;', :.! 1 (40); 
_.,;,,,,.,.;Sf.-:--, z:.,,,_,...... ✓m2 +n2 ··' "'. . .. 

m.n 

1~. 

I 

,11 cyMl\mpoBaHne npormnop;IITCJI no nceM m n n,Kp0Me m = n = 0. Bhlpa
:iKCHIIC ( 40) c Y"ICTOM (38) u (37) npeo6panyeTrn K nuµ;y 

fixo _ ( ) . / · · xo(l - eg) ( ) 
- - -2z 1 +ro sk01-a 2rr(1. 2)(l 2 2 2): 41 xo + x0e0 - x0e0 - r0x0e0 

3aMCTIIM, TITO n o6rracTn rrorrHoro oTpa:iKemrn jx0 j = 1, 
0

T.e. 
' 

a) xo = ~xp(-2u/>), b) ¢> = arctan lk[ufk01-I, (42) 

n rroToMy &x0/x0 ,= 2z&ef>. YTIIIThIBaJI, "ITO 

a) r0 + 1 = -zk01- exp(zx)/ Jp12 + k51_, b) x = arctan(k01-/P'), (43) 

·· IIOllrIIIM 

z&ef> = _18 k51_ a sin( ko1- a) __ . 
· 4rrJp12+k61- cos(ef>-k01-a/2)cos(¢>-x-k01-a/2) 

(44) 

OTcIOp;a crrep;yeT, TITO rrorrpaDKa K q>an_c TIIICTO DCill,CCTDCHHa, u IIMCCT 
ncrrn"IIIHY uop.llp;Ka sk01-a. YTIIIThIBaJI (42b), MO:iKHO cµ;crraTh TaKoe :iKC na
KITIOTICHIIC OTHOCIITCIThHo rrorrpanKn K k[u ,· a, nHaTrnT, u OTHOCIITCIThHo uo. 
Ilpu k01- ~ p' = u0a HMCCM ef> ~ rr/2, x ~ k01-a/u0a2, II rrorrpanKa lief> 
npno6peTaeT nHa"!em1e rropJIµ;Ka ·sk01_a/21r. CooTBCTCTDeHHo,rronpanKa K 
n0Te11u;nan:y u0 panHa · 

. fiuo = ;..fiioak51_/2rr. 

· · TaKIIM o6panoM, H nµ;ech He nonHIIKacT HnKaKnx HaMeKon Ha nonMo5K
H9CTh rrepexop;a µ;ncrrepcnoHHoro cooTHOIIICHIUI K nnµ;y (5). 

3 .. · AHa.rIH3 penyrrhTaTOB pa60Tb1[l] 

Mn ncero n@rnecKanaHHoro crreµ;ycT, TITO cTporoe pcrncm1c ypanHeHnii 
' MPB npIInop;uT TOIThKO K 11c6orrhIIIIIM noupanKaM K rroTeHn;1xarry 110 , n, 

t3Ha"!IIT,YTBCp:iK)];CHIIC pa60Thl [1] Hecr.xpanep;mrno. Oµ;HaKo, 3TO naKITIOTIC
HIIC orrnpaeTcJI Ha o6rn.errpIIHJIThle rrpcp;cTanrrcmrn, n cro crrpancp;mrnocTh 
cirpaHII"!eHa paMKaMn 3TIIX rrpep;cTanrrcmn'i:. BuorrHc D03MO:iKH<_?., TITO p;rrJI 

. CJill,CCTDCHHOI'O npop;DII:iKCHIIJI D IIOIIIIMamm rrpon;cccon OTpa:iKCIIIIJI HC06-
. XO)];HMO Il3MCHIITh caMy II)];COITOI'HIO; IloCMOTpIIM, TITO coµ;cp:iKIITCJI B pa-
6oT_C (1] c aToii TOTIKII npemrn. llHhlMH crronaMn, Hco6xoµ;m.rn BhIJICHIITb, 
KaKHC DDC)];CHhI )];OIIOlIHIITCllhllhlC l'IIIIOTCt3hI, KaK. 3TII l'IIIIOTC3hl "o6ocHO
DaHhl II KaKIIC CTporue DhlBO)];hl · uorryTICHhl Ha OCHODC. 3TIIX l'IIIIOTC:3. 
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3.1. I'llnoTeObl 

11To6bl ccpopMyrrnponaTh OCHOBHYIO rIIIIOTeny, anTOphI paccMaTp1rnaIOT. 
TOHKIIII, 6ecKoHe•rno npoTJI)KeHHhIIT crroii nern,ecTna, KOTOphIII 11arro nonMy
rn,aeT ~epnII'IHYIO norrHony10 <pJHKD;IIIO HeIITpoHa, BhI6paHHYIO n nn;a;e na
;a;a10rn,en: IIJIOCKOH BOlIHhI C BOlIHOBhlM neKTOpOM ko. ( ¢aKTII'IeCKII anTOphl 
paccMaTpIIBaIOT HOpMaJihHOe na;a;eHIIe Ha CJIOII, HO nee IIX paccy)K)J;CHIIJI 
cnpane;a;rrnnhI, KaK 6y;a;eT rroKanaHo HII)KC, ;a;rrJI na;a;emrn no;a; rr106hIM yrrroM; 
Ilpu 3TOM no;a; k0 crre;a;yeT nom1MaTh HOpMaJihHYIO KOMIIOHCHTY norrHonoro 
BCKTOpa.) 

11 TO 6hl HaIITII nonMyrn,eHne BOJIHono1'i: cpyHKn;1m nHyTpII crroJI iorrrn,iiHhI 
( ~-a (a - Me)KaTOMHoe paccToJimrc), 06ycrronrrc1rnoe Hamr'IIICM ca110ro 
CJIOJI, anTophl IIOllh:JYIOTCJI MeTO)J;OM T10i'rreHca II CKJia}J;blBaIOT ccpepIPie
CKIIe BOJIHhI, npmne;a;ume n ;a;aHHYIO TO'IKY OT -ncex paccennaTerrc1r crroJI. 
O6hI'IHO n TaKIIX ClIY'IaJIX pacceJIHHhle BOJIHhl 6epyTcJI n mr;a;e HCBOm,Iy
lll,eHHhlX ccpepn'IeCKIIX BOJIH 

b 
'¥1 = --exp(zkor), 

r 
(45) 

Tor;a;a ;a;rrJI TOH 'IaCTII norrHonoi'r q>yHKD;IIH, KOTopaJI o6ycrronrrcHa nonMyrn,e
HIIeM, norry'IaeTCJI Bhrpa)Kemre 

'ljJ1 = -b(N0 fo'x, exp~kop)21r pdp = -z(4nNob/2ko. (46) 

OcHonHaJI runoTena anTopon ,cocTOIIT B TOM,- 'ITO npu k0 -4;:, u0a .pacce
JIHHhie cq>epII'IeCKIIe BOlIHhl )J;OJI)KHbl co;a;eparnTh He BaKyyMHbIH ·BOlIHODOII 
neKTop k0_, KaK B ( 45) II ( 46), a norrHonoii neKTop k nHyTpII cpep;hI, T.c. · 

, b - . . 
'111 = -:rexp(zkr). (47) 

i ' 
3.2. ; OoocHoBaHHe rHno'TeObl 

06oCH?~aHI;e _ COCTOIIT n -~OM, ~TO npII ~~am,ix ~ko n'errII'II~Ha -1{1_11;Nob/2k~I 
MO:.KeT CTB,,T~ 6on:hllle ep;IIHHD;hl_. ::h~ C'IIITae'l'CJI H~;a;oµycTIIMhlM, no~KpllbKY 
nonMyrn,eHHaJI '!aCTh norrHonoii cpyHKD;IIIIcTaHODIITCJI 6orrbllle Henon11yIIJ,eH--: 

' ! " ;' J ,, ' ' ' , . . ,, ,, 

Hoii:. Ecrill nonpaBIITh Teopmo nonMyrn,eHIDI, nb16pan n Ka'IecTBe pacce.HH-, 
' ; . ' . : . . . ' ' ' 
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HhIX DOJIH Bbipa2I<eHI:Ie ( 4 7), TO nonpaBKa OKa)KeTCJI paDHOll 

l oo exp(ikp) 1P1 = -b(No -"--'---'-'-21r pdp = -z(4nN0b/2k. 
' 0 p 

(48) 

.IJ:arrce, II:J COIIOCTaBJieHIIJI Bhlpa)KeHIIJI ( 48) c noJIHOil BOlIHOBOli cpyHKD;IIeii 
nHyTpu crroJI, onpe;a;erreHHoii: o6hl'IHhIM o6panoM u panrro)KeHHOH no CTe
neHJIM ( c TO'IHOCTbIO ;a;o mrneimoro 'IJieHa, HaXO)J;IITCJI COOTHOllleHIIe (5). 

3;a;ech Heo6xop;IIMO OTMeTIITb crre;a;y10rn,ne o6CTO.HTellbCTBa: 

1) DOJIHa,pacceJIHHaJI i-M .Hp;poM, co;a;ep)KIIT, KpOMe cq>epn'IeCKOH BOlIHhl, 
TaK)Ke II na;a;aIOIIJ,yIO exp(zkori)- Y'IeT 3Toro MHO)KIITeJI.H npIIBO)J;IIT K 
TOMY, 'ITO DCC BhIDO)J;hl aBTOpOB )J;OJI)KHhl 6h1Tb 'oTHeceHbl He K norr
HOMY BOJIHODOMY BeKTopy, a Kero HOpMallhHOH no OTHOllleHIIIO K ClIOIO 

' KOMnOHeHTej 

2) HepaneHCTBO 

1(.fnNob/2kol s 1 . (49) 

HapylllaeTCJI He npn BhIIIOJIHeHIIII ycJIOBII.H ( 4), a IIpII nHa'InTellbHO 
6orrhllIIIX k0, nociorrhKY ( ~ a. Ilo3ToMy, ecrru ·6b1 anTop1,1 6blrrn 
np'ani1, TO COOTHOllleHIIe (5) BhIIIOlIHJIJIOCb 6bl n:pn: 'ko ~ u~(/2, T.e. 
ri:oim6e OTpa)KeHIH~ HeiiTpOH0B, n '!aCTH0CTII,xpaneHiie YXH n c'ocy: 

· ;a;ax; 6hmo 6hl nanpern,eHo/'IT0 rrorriiocThIO npoTnnope'IIIT 3Kc11epu-
- ' 

MeHTYj . 

3) nocTanrreHHaJI IIMII n;e~b ;a;o6IITbC~ BbIIIOJIHemxe HepaneiicTna (49) OKa~ 
~ narracb He)J;OCTIIrHyToii, ;rroqCOllhKY :;a;a)Ke npu ( ,~ a- a6colIIOTHOe tlHa~ 

-'IeHIIe 
~o(/ {/uoko' 

I• 
!,' 

''; 

; '[ ~ l j •. 

r ... ·••. 

npu k0 s u5a3 cHona_ 6om,µie-Mnmrn;h1; -

,-4); nocKOlihKy, paccMHHbie 'BOlIHbl' q>OpMIIpyIOT BOlIHOBYIO -IPYHKD;IlIO -· He 
-, 'TOJihKo-neyTpII:cpep;b1,Ho ~ cnapyim, 'l'o oTpa)KCHHaJI II'IIpoinep;lllaJI 
, __ • ,.c1mom, ClIOli DOlIHhl ;a;omKHhl,IlMeTb'"3Heprmo·IIHYIO;He)KeJIII y na):(a10:. 

rn,e:ii. Ecrru pacceunaIOrn,IIe .Hp;pa cTporo· <pIIKCIIJ)OBaHhl' na,tnomt'-Me
' CTax II, IIX' neyTpeHH.HJI CTpyKTypa, He· Y'IIIThIBaeTC.H, , TO, IItJMeHeHIIe 
3iieprnII onHa';IaeT napyllleHIIe nh.KoHa coxpanenIDI·3HeprIIII. ,,,, 
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3aMeTIThf Tauie, 'ITO IIpII HaITII'IIIII B, cpeµ;e Heoµ;Hopop;HOCTeIL paccc

.lIHIIe Ha HUX paCC'IllThIBaeTC.lI no ·TeOpUII B03MJ11\eHIIII C TIOMOll\hIO DOIT- , 

HOB,hIX q>JHKTI;IIH, IIMCIOll\IIX BHYTPII cpeµ;1,1 BorrHonon BeKTop k, a He· ko . 
(MeToµ; IICKa:lKeHHhIX BOrrH), ITO 3TO He cqiepn'IeCKIIe q>yHKIIIIII mrµ;a ( 45), a 

{ q>yHKIJIIII, J'IIIThIDaIOll\IIe rpaHII'IHhIC ycrromrn. BonMO:lKHO, 'ITO C TIOMOll\hIO 

TaKIIX 2Ke qiyHKIJIIlI MO:lKHo rrepeqiopMyrrIIpoBaTh II TeopHIO MPB, HO Torµ;a 

HJ:lKHO rrona6oTIIThC.lI o TOM, 'IT061,1 nepepacce.HHIIe He oKanarroch rrepcy

'ITCHHhIM p;Ba)K)J;hl. 

3.3. CTporn:e BbIBO;tl;hl 

iiocKOllhKY Bell\eCTBO MO:lKHO oxapaKTepxmoBaTh m160_ IIOTCHIJIIalIOM (1), . 
JIII6o ~eJIII'IIIHOH BOITHOBoro BeKTopa k BHYTPII Hero, TO µ;arr1,ne11wcc pc

iueriIIe nap;a'III rrpIIBO)J;IIT K aMIIlIIITyp;e oTpa:iKemrn YXH, conrrap;aIOll\CII c 

(3), OTKyp;a op;HonHa'IHO orrpep;eirneTc.lI Ko3q>qJIIIIIICHT rroTeph 

µ=I - IRl2 = 2{f kfJ!uo. (50) 

TaKIIM o6pa30M, rrpIIH.lITaJI rIIIIOTetm 3KB:11BaJICHTHa rrpeµ;rroJIO:lKeHIIIO, 'ITO 

MHIIMaJI '!aCTh aMIIJIIITJAhI pacce.HHII.lI Ha op;HoM .Hp;pe p;omKna 6hITh II3MC

HeHa B COOTBCTCTBIIII C (50), 'ITO IIplIBO)J;IIT K JBClIII'IeHIIIO K03qlqlIIIIIIeHTa . 

IIOTeph. Borrpoc, op;HaKo, COCTOllT He B TOM, 'IT06hl_ OIIIICaTh anm.rnllhHhIII. 

K03q>q>IIn;IIeHT rroTeph YXH B lIOBJlllKax, 3TO Bcerp;a MO)KHO cµ;erraTh, npn

rrIIcan p;ocTaTO'IHO 6oJihlllYIO MHIIMYIO '!aCTh aMrrm1Tyµ;e paccc.HHIUI, a n 

TOM, 'IT06hl BhI.lICHIITh Te KaHallhl YTC'IKII, KOTOphIM COOTDCTCTDJCT 3Ta 

6om,lllaJI MHIIMaJI '!aCTh, T.e. Kyp;a p;eBaIOTC.1[ rrporranwne HeiiTpoHhl. 

"9:To6hI OIIIICaTh rrporra:iKy HCHTpOHOB, aDTOphl pa6oThI DDO)J;.lIT TCpMIIH 

"IIHqJIIllhTpan;II.lI" 11 IIO.lICHHIOT ero crrep;yIOll\IIM o6panoM. IIorrHaJI DOlIHODaJI 

q>yHKIJ;IIj[ npep;cTaBJI.1[CTC.lI B BIIp;e 

tp = t/Jc(x)eiwot + t/Jn(x, t), (51) 

rµ;e nepBoe crraraeMoe OTDe'!aeT KorepeHTHoii norrHonoii q>yHKn;nn, rrorry...:. 

'!aeMoii c IIOMOll\hIO ypaBHCHII.lI illpeµ;IIHrepa c DOlIHODhIM DCKTOpOM (5) 
DH)'TPII cpep;hI, a DTOpoe crraraeMoe OTBCTCTBCHHO oa yTe'IKY HC;D;OC'IIIThI

naeMhlX HeiiTpoHon. (,II;arree n;IITIIpyIO) 

3a Ka,Kyll\eCC.lI napylllenne _yHIITapHOCTII. OTDCTCTDCHHa DOJIHOBaJI 1/)n• 
Oira, no cyTu p;erra, OIIIICI,IDaCT IIHqJIIlIJ.Tpan;mo neiiTpOHOD D_ DCll\CCTDO. 

)6 

8Ta HCCTan;noHapmur 'IaCTh COCTQ.lIHII.lI 1/Jn ( X' t) cpaDHIITCIThlIO D.lIITO 3DO

ITIOIIIIOIIIIpycT ... (KOHCII Il;IITaThI). 

· PanyMeCTC.lI, D KOnc"rnoM C'JCTC DCC IIOTepn CD.lI3aIIhl C ncyrrpyrJI:M pac

CC.lIIIIICM II IIOl'ITOll\CIIIICM, II aDTOphI 3TO OTMC'IaIOT. Oµ;HaKO OHII ne yKa-

3hIDaIOT HIIKaKoro McxaH1m1,rn ycnrrcmrn 3TIIX npon;cccon, nuKaK- ne rrpo

.lICH.lIIOT CMhIClI )J;OIIOlIHIITCllhHOII q>yHKI.J;IIII 1/)n, II IJ03Tmry 3Ta µ;orrorrun- . 

TCllhHM qJYHKIJII.lI TOllhKO OTpa:nmcT IIX :lKellaHIIC npccTaIIOBIITh DhIIIOITHC

HIIC ycrromrn ymITapuocTn, no ne noccTauanmrnacT ero. 

TaKIIM o6panoM, TIOKa 60llhilla.H_ DCITII'IIIHa K03qJqJIIIIIICHTa IJOTCph ~e 

COOTHCCCHa C KOHKpCTHhIMII qmnII'ICCKIIMII npon;ecca!-.m, crrona "nnq>IIITh

Tpan;1rn" II "3qJqJCKTIIDIIOC rrorrc" .lIDIT.lIIOTC.lI TOllhKO CIIIIOIIIIMaMII ClIOD "ano-, 

MallhIIhIC IIOTCpn". 

4. 3aKJiroqeHlie 

Iloµ;noµ;.H nTorn, M02KHO cxanaTh, 'ITO- yTncp:n-;:p;enne n pa6oTc [1] o Hccupa

nep;mrnocTII 0611\eIIpIIH.HToro naKoHa µ;ncrrepcnn (2b) nc nMceT rrop; co6ou 

HIIKaKnx ocHonaHni'r, rrpnH.lITa.H anTopaMn rxrrroTcna nc o6ocnonaHa, a rro

lIJ'ICHHhIC c ce TIOMOll\hIO penyrrhTaThl npoTIIDOpC'IaT Tpc6omin_IIIO ymr

TapHOCTll u naxony coxpaHemrn :meprnn, a rroTQ11y c TO'IKII npemrn ¢n- · 

3IIKII nerrpIICMITCMhI. 

Pe:Jyrr1,TaThI pa6oThI [1] oTnoc.HTC.lI ue K rrorrnoii 3ncprnn nei'rTpona, a 
.., . ' ' ' 

K_ TOII ee 'IaCTII, KOTOpa.H OTDC'IaCT nopMaIThHOMY p;BIDKCHIIIO no OTHOlllC-

HIIIO K nonepXHOCTII BCll\CCTDa. Ilo3TOMY, 6yp;h OHII rrpaDIIIThHhI, OHII 61,rnir 

6hl rrpnrro:nnrMhI K nci'rTponaM no nceM p;rmrranone 3Heprni'r. B rrprmn;urrc, 

oµ;HaKo, MO)KHO TaK CKOHCTpynponaTh naDIICIIMOCTh a1mrrIITY)J;hI paccc.ll~ 

HlI.lI b OT 3Hcprnn, 'lT06hI IIOlIY'IIITh )KCJiaC11hIC ILMII COOTIIOlllCHII.lI TOllhKO 
• u • 

)J;ll.ll CDCpXHII3KIIX 3HCprnu, Korµ;a TOIThKO IIOITHaJI 3Hcprrrn yµ;onrrcTBOp.lICT 

ncpaDCHCTDY (4). Hou Torp;a OCTaIOTC.lI BOIIpOChI: l)KaK DO:JHIIKaCT TaKaJI 

:JaBIICIIMOCTh n 2)Kyp;a p;cnaIOTC.lI HCIITpOHhI, IJOTcpn KOTOphIX OIIIIChIBa

IOTC.lI K03qJqHIIJIICIITOM (50). 0TDCTOD Ha 3TII DOIIpOChI D pa60TC [1] HCT. 
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