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1997, TOM 28, BbII1.6

YK 539.173

IKCMNEPUMEHTAJIbHbIE METObI
NCCNEQOBAHUA CIMTOHTAHHOIO
N HN3KO3HEPITETUYECKOIO
AENEHNA AOEP

I'"M.Tep-Axonvan, K0.L.Ozanecan, B.A. Qanusns, I'.C.I1oneko

O6beanHeHHbIN MHCTUTYT AAEPHBbIX UCCNeaoBaHuit, ybHna
L. F'amunvmon, A.Kopmuyku, A.Pamaiia

®dakyneTeT GU3NKK 1 acTpoHoMuK, YHneepcutet Banaepbunta,
Hewsunn, Tenneccun 37235, CLUIA

A.Kauman
UHCTUTYT dmnankn CAH, 84228 EpaTtucnasa, Cnosakus
Lx.Pacmyccen
HauunoHanbHas naboparopus um. Jloypenca, Bepxnu, Kanudophus 94720, CLUA

PBCCMOTPC}IH pa3viH4yHbIC (bM}H'-{CCKMC MCTOIbI HCCJ/ICAOBAHHA CIIOHTAHHOIO W HH3KO-
SHCPICTHYCCKOro HEJCHHA A4Cp, KOTOpbIC IPHMCHAIOTCA WIA ONPCUC/ICHHS KHHETHYECKOH
SHCPIrHH, Maccel, 3apdaia, 3HEPIrUH BO36y)KHCHM$] M CIHHA OCKOJIKOB. bonblioe BHUMaHHe
YACJICHO HYTOXEHHI0O HOBOIO noaxolda K UCCIICA0OBAHNUIO ACTIEHUA, OCHOBAHHOI'O HA CNEKTPO-
. METPHH MHOXECCTBCHHBIX MTHOBCHHbBIX Y-KBAHTOB HEJICHHUA. anHCTaBJlCHbl HEKOTOPbIE HO-
Bbl€ IaHHbIC /14 CITIOHTAHHOrO AENCHHUA zsch, KOTOPbLIE MOJYYEHBI IIDH TAKOM MOAXOAE.

The conventional experimental methods employed for the study of spontaneous and low
energy fission of atomic nuclei are presented in the paper. These are the methods that, being
used in different kind experiments, can give the information about the important charac-
teristics of fission fragments — kinetic energies, masses, nuclear charges, excitation ener-
gies and spins. A particular emphasis is placed on a new approach to the problem based on
the spectroscopic measurement of multiple prompt fission y rays. The new data obtained for
the spontaneous fission of 252Cf with the use of the new method are discussed in the paper.

BBEJEHHE

Henenne snep 6bi10 oTKpbiTO GOJIEe NonyBeKa TOMy Hasal. 3a BpeMs Hcclie-
N0OBaHHs ITOrO SBJIEHHA HAKOIUIEH OTPOMHBI 06beM 9KCriepUMEHTanbHOM
MH(OpPMAlIUY, aHATH3 KOTOPOH MO3BOJIH/ BHSBUTh U OGDBSCHHTH OCHOBHbIE 3aKO-



1358 TEP-AKOIIbAH I'M. U IIP.

HOMepHOCTH snepHoro aenenus [1]. CyuwectByer miybokas B3aHMO3aBUCUMOCTD
MeXIy BelTWUYHHaMH nonHoi kuHetndyeckod sHeprum (TKE), macc-acummerpueit
M 9Heprueil BO30OYXIEHHs OCKOJIKOB CHOHTAHHOTO M HHU3KO®HEPreTHYECKOTO
HeNeHus sagep. DTH napaMerpsl OMNpeReNnsloTcs, MaBHBIM 00pa3oM, paspbiBHOlM
KoHurypauuei sapa. DHeprus KyTOHOBCKOTO B3aUMOJEHCTBHS MMOC/E pa3phiBa
A0pa NMEPEXOAUT B KHHETHYECKYIO SHEPTHI0O 06pa30BaBIIMXCS OCKOJIKOB, a 9Hep-
rua gecdopMalld — B SHEPTHIO BO3OYXIEHHMS.

B MHOromepnoM npocTpaHcTse AethOpMallMii NOTEHUHAIbHAA SHEPTHsS XO-
JIONHOTQ sIpa UMEET CIIOXHYIO CTPYKTYpY, KOTOpas onpeaensercs 060104euHbl-
mu shdexTaMi B 1eDOPMHPOBAHHOM siApe. [ pasinMuHbIX JENSILUXCH CHCTEM
NOBEPXHOCTh NMOTEHIHANIBHOH 9HEPIUU UMEET SIPKO BBIPaXEHHbIE [TOJHHBI, KOTO-
pble MOYT OT CEATIOBBIX TOYEK K TOUYKaM Haubonee BepOATHOro paspbiBa sapa
[2—6]. IIpouecc nenenus sapa pa3sBUBAETCsA NO 3TUM JOJMHaM. PasinuHble myTH
AeseHust aapa B NpocTpaHcTBe JecopMalvidi HAa3bIBAIOT KaHalaMH WIM MOJaMH
neneHus. Kaxnad Moma JejieHHs XapaKTepH3yeTCs 3HaueHHEeM CpeqHed Macchl
OCKOJIKOB, aucnepcuenl macc, senudnHoi cpegHed TKE u gucnepcueit TKE
[7—9]. Moznens MynbTHKaHATBHOTO AENEHUs, OCHOBAHHAS HA aHAIM3€ MOBEpPX-
HOCTH TMOTEHUMATILHONW 9HEPTHUH Ae(pOPMHUPOBAHHOTO A1Apa, MO3BOJISET YCMEIIHO
NpeACKa3biBaTh CPEIHME 3HAYEHHMA MaAcC OCKOJKOB M cpefHiow BenuunHy TKE
ISl Pa3IMYHBIX KaHanoB feneHus. JInsg oObsicHeHHs TUCHEPCHIl MACCOBBIX M
DHEPreTHYECKHUX pacnpeesieHHH OCKOJIKOB Je/ieHHs HeoOXOOUMO paccMaTpu-
BaTh HE TOJILKO IOTEHLMANBHYIO YHEPTHIO S7pa, HO U AMHAMMKY MpoLecca Jelie-
HHUs. YCNEWHO MHTEPNPETUPOBATh MAacCOBBIE H BHEPreTHYECKUE pacnpelesieHus
OCKOJIKOB CMOHTAHHOTO M HHU3KOSHEPIeTHYECKOTo [e/IeHHUs sIep MO3BOJSET CO-
YyeTaHWe MOJeSM MYIbTUKAaHAILHOrO [EJICHUs C MOJENbI0 Cy4ailHOro pa3spbiBa
HIEHKH A7Ipa, OCHOBAHHO} Ha NPEANOJOXEHHH O BO3HUKHOBEHUH IMHAMHYECKOH
HecTaOMIILHOCTH MpH pa3pbiBe LIeHKH aapa [10].

[Ipn n3meHenun Gopmel Sapa OT CEANOBOH TOUKM OO TOYKH pa3phiBa OCBO-
OoauBuIascs SHeprus AV YacTHYHO MEPEXOAMT B KMHETHYECKYIO HEPIMIO, TaK
Ha3bIBAEMYI0 NPENIETHTENBHYI0 KHHETHYECKYIO SHEpPrui0 OCKOJMKOB. Yacts
sHepruM AV pacxogyercs Ha BO30YXHEHHE KOJUIEKTHUBHBIX CTeleHed CBOGOBI
anpa (oMnonbsHeIX KoneGaHui, KoneGaHUi B HanpasieHUH, MEPIEHIUKYISPHOM
OCH JIe/IEHMs1), W, MPU HAIMYUHU SAEPHOH BA3KOCTH, 4acTh dHepruu AV Gymer
NEepeXOoanTh BO BHYTPEHHIOI 3HEPTHIO Aensiierocs sapa. CerogHs uMeeTcs He
MHOTO 3KCHEPHMMEHTAbHBIX OaHHBIX, KOTOpblE MO3BOJSIOT OLIEHUTb pacrhpepe-
neHue 0cBo6OXIEeHHOH 3Heprun AV M u3Bneus HHGOPMALUIO O AUHAMUKE OElle-
HMS sifep. DKcrnepuMeHTaIbHas WHGBOPMaLUs SBHO HEJOCTaTOuHA JUIS MOCTpoe-
HHsl MOC/IEN0BATEIbHOM MOJENH AUHAMHKH JIEJIEHHUs, a2 CYLECTBYIOIIUE MOJENH,
OOBACHSIONIME OTAENBHBIE €€ TPOSBIEHMUs, JAIOT POTHBOPEYMBLIE PE3YNILTATHI.

IMonpo6Hele HccrenoBaHns M300apHBIX pacrpeneneHuil OCKONKOB (BEIXOIOB
OCKOJIKOB C Pa3IM4YHBIMH 3apafaMH Z npu (pHKCHPOBaHHOH Macce A) mpuBesd K
HOBOMY NOHHMAaHHIO HEKOTOPBIX CTOPOH Npollecca AENeHHs, CBA3aHHBIX C €ro
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o . - " 2
AvHaMHKOH. H3yueHue CBOWCTB aucriepcuit M300apHbIX pacnpepeneHuin (07,)

[11] no3Bonuno ces3ath GOpMHpPOBaHHE 3aPSAOBBIX PacNpeAeieHUit OCKOJIKOB C
HYJE€BBIMH AMIOJIbHBIMH KoJIeDaHMIMH TrapMOHMYeCKoro ocuwuiiaropa [12].
CornacHo 3TOH Mopeny mepen pa3pblBOM sfapa, KOrda paguyc LIeHKH sapa cTa-
HOBHUTCSI MaJIbIM, NIPOLIECC CTAaHOBUTCS HeanuabaTHYeCKUM, W 3apsaoBas gucnep-
CHsl OCKOJIKOB [IeJIeHUs olpejensieTcsi CKOpOoCThio paspbiBa weiiku [13]. Dkcne-

PUMEHTaA/IbHBIE 3HAYEHHUA 62

7 13 pas/IMYHBIX ACJIALIUXCA CUCTEM BOCIPOH3BO-

JATCS TAKOii MOJIENbIO NPH CKOPOCTH pa3pbiBa WIEHKH =~ 2 M / 107! ¢. Onnaxo

OCTJI0Ch HEMOHSATHIM TIOBEIEHHE CPeNHHX 3apsfoB HM300apHBIX pacrnpeieseHuid
OCKOJIKOB fIefIeHHs (MOJApU3alMK 3apSI0B OCKOJIKOB) C H3MEHEHHEM MAaccChl
OCKOJIKOB, KOTOpoe HabiogaeTcst Npu JeneHuH akTHHUAHBIX aaep ot Th po Cf.

HccnenoBaHust cBOHCTB NMPOTOHHOTO YeTHO-HedyeTHoro adipexra, To ecTh
NpEeBbILIEHUsT BBIXO/JAa OCKOJIKOB C YETHBIM 3apsiioM Hal BBIXOAOM HEYETHBIX MO
3apsfy OCKOJKOB, ISl pasnuuHbIX aenswmxcs cucrem [11,14,15] nossonunu
TMIOJIYYHTHh HEKOTOpblE CBefieHUs 00 aHepruM Bo3OyXIeHUs sapa nmpu npubnuxe-
HUM K pa3psiBy. Ha ocHoBe BhIYMCIIEHMI BETHUMHBI YE€THO-HeueTHOro sgdexra
M3 KOMOMHATOpPHOro aHaqu3a 4Yuciia pa3’opBaHHBIX NPOTOHHBIX map [16] Owula
NoJlydeHa OLEHKA SHEprUM JAUCCHUINALUK, KOoTopad coctaBuna okono 30% or AV
[17]. OnHako 3Ty ouleHKY OObIYHO paccMaTpHBAIOT Kak BEPXHHIl Npefen sHepruu
AMCCHNALMWM, TaK KaK MpPW pacyeTax He YYMTHIBAICH pa3pbiB map npu OBICTPOM
HeanuabaTuyeckoM paspbiBe LUeikH sapa [18].

HHTepecHbIM nposiBneHHeM JWHAMUKH SIEPHOTO AEICHUS SBNSIETCH HaJM4He
YIJIOBBIX MOMEHTOB Y OCKOJIKOB CIIOHTAHHOTO U HU3KOIHEPIETHYECKOTO JeTIeHHs
Amep, BEJIMYMHA KOTOPOro 3HAYMTENbHO MPEBBIIAET CIMH AENSIIEerocs sapa.
[TpoucxoxaeHne yrmoBOr0O MOMEHTA OCKONKOB NPUHATO OOBICHATh 8030yXie-
HHMEM nornepeyHbiX KoneGaHuil B JensdiueMcs sape Npu ero JABHXEHHH OT cemio-
BOH TOYKHM K TO4Ke paspbiBa. McXxoms M3 MpeanonoxeHust 0 CTaTHCTHYECKOM
paBHOBECHM B TOYKE pa3pbiBa, B TeopeTuueckux pabdorax [19,20] aBTophl moka-
3aIM, YTO YNIOBOH MOMEHT OCKOJIKOB JOJMXKEH BO3pacTaTbh C YBENMUYEHHEM HX
naedopMalMH B TOUKe pa3psiBa. ONHAKO yITIOBblE MOMEHTBI OCKOJIKOB U HX CBS3b
C APYrMMH XapakTepPUCTHKaMM CMOHTAHHOTO H HU3KO3HEPreTH4YECKOro Ae/IEHHs
Aep MI0X0 M3y4YeHbl.

Takum 00pazoM, B U3MKe sIIEPHOro Je/ieHUs CYLEeCTBYeT Lenblii psig npob-
JieM, CBSI3aHHBIX C OJMHAMHUKOi npouecca JefeHus], s pelleHus KOTOphIX Heob-
XOJUMBl HOBblE, Gojiee MOApPOOHBIE 3KCNEPHUMEHTAIbHbIE MCCENOBaHMS Xapak-
TEPUCTHK siIepHOro AesieHus. Takue HOBble JaHHbIe MOTYT ObITh NOJNYYEHbI KakK
Ha NMYTH COBEPLIEHCTBOBAHMS 3KCNEPUMEHTANbHOH TEXHHKH M CYLIECTBYIOILMX
METOAOB UCCIIEAOBAHHUS, TAaK U NPH MCHONb30BAaHUH HOBBIX NOAXOAOB K UCCIIENO-
BaHHUIO JeneHus auep. B Hacrosmem o630pe paccMOTpeHbl HU3HYECKHE METOJBI
HCCIIEA0BAHUS HH3KOIHEPIETHYECKOrO M CIIOHTAHHOIO AeneHud saep. B nepsom
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pasnene cinenaH KpaTKuii 0630p CyIECTBYIOUIMX METOAOB, KOTOPbIE PUMEHSIOT-
Cd g ONpefe/eHns pa3IMdHBIX XapaKTepHCTUK sepHoro generus. OcHOBHOE
BHUMaHHE YHETEHO HM30XKEHHI0O HOBOrO OPUTHHAILHOTO METOAA MCCIENOBAHUS
HeJIEHHs, ONHCAaHUE KOTOPOro JaHO BO BTOPOM pasfelie CTaTbH. DTOT MeTon Obin
NMPEMIOXEH W OCYLIECTBIEH B NPUMEHEHUH K W3YYEHMIO CIIOHTAHHOIO JeNeHus

252¢f [21—30].

1. ®PU3NYECKHE METO/IbI
ONPEAEIEHUA XAPAKTEPUCTHK JEJIEHUS AOEP

Kaxmoe coObiTHE feNeHHs sapa xapaKTepH3yeTcs Maccoi, 3apsloM, KHHe-
THYECKOH BHEpruei, aneprueil Bo3OyxXaeHus ¥ CMHHOM BYX OCKOJIKOB J€NEHUS.
OcobenHocTsio npolecca NeNeHNs SBASETCA WHPOKHIA CIIEKTP COCTOSHHUI 06pa-
3YIOLUMXCA OCKOJIKOB. XapaKTepUCTHKH pacrnpele/leHui BeJIMUMH, Habnogaembix
NpH JeJIEHUH A1pa, a TAKXE MX KOPPENsiLMH, CofepxXaT HHPOPMALIMI0 O CBOHCT-
BaXx M 3aKOHOMEPHOCTSX NPOLECCA ANEPHOrO AeNeHHUs, a TaKXe O CBOHCTBAX
AIEPHOM MATEPHH, KOTOPLIE MPOSBAKIOTCR B KOJUIEKTHBHOM ABHXEHHH OOJBLIONH
aMIUTUTYbI.

1.1. Maccel 0cK01KOB. Bonbiuas yacTs JaHHBIX O MAacCOBBIX pacrnpenee-
HUSAX OCKOJIKOB HHU3KOZHEPIEeTHYECKOTO W CIIOHTAHHOro [eneHus sgep Obuia
MOJIy4eHa NMPH U3MEPEHHAX KHHETHUYECKOH IHEPrHH MapHbIX OCKOJIKOB B TaK Ha-
3biBaeMbix (2E)-3kcnepumentax. [Ins onpegeneHus MacCOBBIX pacripenesieHHii
OCKOJIKOB [Ie/IEHHS SI€P HCIOJIb3YeTCs CBA3b MEXIY BEIMUHHAMH KMHETHUECKOH
9HEPrUH M MAacChi OCKOJIKOB, KOTOpas CJeAyeT M3 3aKOHOB COXPaHEHHs IpH
OMHApHOM HM3KOIHEPreTHYECKOM HefteHUH siaep. [lns TNepBHYHBLIX OCKOJIKOB
(no McnapeHHs HEHTPOHOB) CymMMa Macc ocxonKOB"Ai paBHa Mmacce AensLerocs

aapa AF:
Al + A2 =A Py

DTO cOOTHOLIEHHE CNPaBeTUBO /s MNOAABISIOIIErO YHUCIa COOBITHII CMOH-
TAHHONO M HH3KOBHEPreTHYECKOro AeleHHs slep, TaK KaK C/lydau, Koraa Hew-
TPOHBI HCMYCKAIOTCA M3 €Ile HE pa3lie/IuBLIerocs sapa, ouyeHb peakd. Tak, npu

252 .

CIMIOHTAHHOM JAEJIEHUH Cf, kak nokaszaHo B pabore [31], HeliTpoHBI HCNyCKa-
10TCA M3 NOJIHOCTbIO YCKOPEHHBIX OCKOJIKOB.

IlpH CIOHTaHHOM AE/IEHHH, a TAKXE NPH Ae/IEHUH TEMIOBLIMH HEHTPOHAMH,

KOTa BHOCHMBbIH WMITYNIbC TIPEHEOPEXHMO Masl MO0 CPAaBHEHHID C MMIMYJIbCaMH
OCKOIKOB, BHIMOJIHSIETCS] CJIEAYIOlee COOTHOLIEHHE:

Alvl = A2v2. (D

Ortciona CJIERAYET COOTHOIUCHHME N7 BCIMYHH KHUHETHYECKOH 9HEPIUH OC-
KOJIKOB:
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E,/E,=A,/A, 2)

rae Ei — KHHETHYECKaA IHEPrusd NEpBUIHOr0 OCKOJIKa. 3Has QHEPIruu OCKOJIKOB,

MOXHO Oan,ZlCHHTb MacCy Kaxjaoro OCKoOJiKa:
A =AE,/(E +E). 3)

OnHako crefyeT y4WThIBaTh, YTO cooTHoweHus (1)—(3) cnpaBemnuBbl A
NEPBUYHBIX OCKOJIKOB, KOrda U3 OCKOJIKOB HE HCNapsloTCs HEHTPOHbI. A 3TO
npoucxoaut B ~1% cnydaeB geneHust sgep. B ocTanbHeIX cnyyasx M3 OBHXY-
LLIMXCS OCKOJIKOB HCMYCKAIOTCs HENTpoHbi. [1o3TOMY MonaBuwinii B 1€TEKTOP OCKO-
JI0K UMEET Maccy A’.' M KMHETHYECKYIO 3Hepriio E, OTIMUHbIE OT HaYanbHbIX:

i

A=A -V
1 !
rae V, — CpelHee YHC/IO HEHTPOHOB, MCIYCKAEMbIX W3 OCKOJIKa ¢ Maccoi A,.

ﬂpennonaraﬂ, 4YTO HCﬁTpOHbl HCNapsaTCs € HyﬂeBOﬁ CKOPOCTHLI) OTHOCUTEJIbHO
OCKOJIKa, MOXHO JIETKO NOJYYHUTh Cleayillee COOTHOUWEHUE MeEXIy anepmeﬁ
NEPBHYHOIO U BTOPHYHOI0O OCKOJIKa:

E'=E (A -V)/A,. (5)

Ins onpegeneHus KMHETHYECKOW 3HEPrHHM W Macchl MEPBUYHBIX OCKOJIKOB
Heo6X0aMMO BBOAMTD MOIPABKH, CBA3aHHBIE C UcnapeHueM HelTponos. Cpentee
UMCIIO MCNIAPUBILMXCS HEHTPOHOB sBisieTcs (pyHKuMel Macchl OCKONKOB. DTH
(pyHKLIMM M3BECTHBI [UTS HEKOTOPBIX PEAaKLHUH JeJIeHHs AP Ter0BbIMH HEHTPO-
HaMH M [UIS CMIOHTAHHO Jensimxcs saep. Boiuncnenua macc m aHeprui ockon-
KOB [POBOAATCS C MOMOLLBI0 CTaHAApPTHOIA npouenyps! [32].

Kunernueckas sveprus ockonka E’ nocne ucnapeHust HeMTpOHOB OydeT He
TOJILKO CMeElleHa OTHOCHTENbHO HayalbHOH 3Hepruu ockosika (cM. (opmyny
(5)), HO W pa3MbiTa BOKpYr CpeiHero 3HadeHus aHepruu (E’) c¢ aucnepcueit
O(E ) n3-3a BapHALIMM YMCIIa UCTTYILIEHHBIX HEATPOHOB H YHOCHMBbIX HEHTpOHaMH
uMnysnbcoB. [103TOMY Macchl OCKONKOB, mnoJjiyuyeHHble B (2E)-3KkcriepuMeHTax,
MoryT ObITb OnpefeseHbl ¢ MOMPELIHOCTbIO, KOTOpas 00ycoB/ieHa CaMMM Tpo-
ueccoM aeneHus aapa. B pabore (33] npoaenan TimarenbHbId aHaJlW3 MacCOBOrO
paspelleHus, KOTOpoe MOXeT GbITh MONMYy4eHO U1 OCKOAKOB B (2E)-3kcrnepuMeH-

Tax. JIngd craHmapTHOH peakUHH 235U(n f) ¥ CrOHTaHHOro JeNneHus B2t

th’

PacCUMTAaHHOE MAacCOBOE pa3spellieHHe COCTaBiIsieT BeinuuHy O0A =3 U 4 aeM.
235 252

IS Uwu Cf coorBercTBeHHO. MeTon onpeaeneHuss MacCel OCKOJIKOB 10

OTHOILEHHI0 KMHETHYECKMX SHEprUd BTOPHYHBIX OCKOJIKOB HE [aeT NPUHLIH-

TIHAJIbHOH BO3MOXHOCTH OMNpeeIEHUs MacC OCKOJIKOB C TOYHOCTBIO JIyYllle 3THX

BEJIMYHH.
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Hns n3Mepenns aHeprui NapHbIX OCKOJIKOB OOBIYHO HCHONb3YKT ABA TMMA
ACTEKTOPOB — WMIyNIbCHbIE HOHM3aUMOHHbIe KaMepbl (MK) u kpemnuessie ae-
TekTopbl (KI). BonblmnuucTBO MMeoMMXCsl JaHHBIX O Ae/leHnH aaep ObuH nosny-
4eHbl NIpU Henonb3osanun KJI, Tak Kak 9TH IETEKTOPB KOMNAaKTHbI, He TpebyioT
BLICOKOBOJILTHBIX MCTOYHUKOB MHUTAHHS U MOBTOMY MPOCTHI M ynoGHbI B 0Gpa-
weHuy. [lng mepexoga OT aMIUIMTYABI MMIY/IbCa, KOTOPBIH aeT JETEKTOP TpH
PErHCTpalMK OCKONKA, K SHEPrUH OCKOJIKA HEOOXOMMMO YYECTh aMIUTMTYAHBIH
necekt, KoTopbiit B KJI B 0CHOBHOM onpepensercs neeKTOM MOHU3ALMH H He-
MONHBIM cOOPOM HOCHTENeH 3apsga. DKCNEPUMEHTAILHO YCTAHOBIEHO, YTO
CYLIECTBYET JIMHEHHAs 3aBUCMMOCTDh aMITMTYAbl UMITY/IbCA OT SHEPTMH OCKOJKOB
¢ (ukcHpoBaHHO#t Maccoil. ['panynpoBouHas (hyHKUHMsI, CBS3bIBAIOWIAS AMIUIH-
Tyay umnynsca N ¢ sneprueil E ockonka ¢ Maccoif A 3anuceiBaeTcsa B BHe

E=(a+bA) N+c+ dA,

me a, b, ¢, d — nocrosnuble KOI(DULHEHTEI, KOTOPhIE OMPENeNsIoTcs MHIH-
BUAYATbHO JUIA KaXIOro HETEKTOPa MO 3HEPreTHYECKMM CreKTpaM Haubonee

H3YYEHHBIX peakLMi JeneHus 235U(n,f) u 252Cf(sf) C MCII0JIb30BAHHEM Mapa-
MCTPU3ALMH IHEPTETHIECKUX CNIEKTPOB OCKONKOB, NPEATOXEHHONH B pabote [34].

DHEPreTHYECKOE paspellieHHe Al OCKONKOB AeNEeHHs, KOTOPOE MOXET ObITh
nonyyeno ¢ KI, cocrasnser 1—2 MsB [35]. Maccosoe paspeluene, KOTOpO€E
nony4aior B (2E)-sKcnepuMeHTax, OOBIYHO cocTaBiasieT 4—5 MacCOBBIX eau-
Huu [36].

B nocnennue roap ans uccnenoBanus fesenns yCnemHo HCNob3yIOTCS ra30-
HarnoJHEHHBIE HOHU3AUMOHHbIE Kamepsl. [IpUYHHBI HHTEpeca K MOHM3ALHOHHBIM
Kamepam CBA3aHBl C BOSMOXHOCTbIO TMOKOrO H3MEHEHHs KOHCTPYKLMH Kamep, C
OTCYTCTBHEM PalHALMOHHOIO MOBPEXAEHHSA M CYWIECTBEHHO JYYIIMM 3HEPreTH-
YECKHM pa3pelIeHHEM M0 CPAaBHEHHIO C KPEMHMEBbLIMH AeTeKTopamu. [na m3y-
YCHHs CIIOHTAHHOTO [ENICHHS WIH Je/IeHUs Sep, WHAYLUHPOBAHHOIO HEHTpoHa-
MH, HauOosee yno6HbI 1BOHHBIE MOHM3AUMOHHBIE KaMeEPhl C IIIOCKMMH 3JIEKTPO-
AaMH, pasfienicHHble o0wuM Katonom [37,38].

Amnntyanbii gecdexkt UK B ocHoBHOM enpenensietcs nedeKTOM HOHM3aA-
UMM M NIOTEPEH SHEPIUH B NIOMIOKKE (MM BO BXODHOM OKHE, €C/H MCTIONb3YyeTCs
BHEIIHHH MCTOYHMK). [l KOPPEKTHOrO ydyeTa MOTEPH SHEPIMH B IOATOKKE
H3MepsieTcs yron Bxona ockosnka B UK. Yron Bxona onpepensercs caMoil HOHH-
3aUHOHHOM Kamepoi, HanpuMep, N0 COOTHOLUEHUIO BEMYHH aHOJHOTO M KAaToM-
HOTO CHTHANoB.

DHepreTHYecKoe paspelIeH’e OCKOJIKOB, nonyyennoe B MK, cocrasnser 0,4
1 0,5 MaB 115 sierkoit 1 Takenoit rpynmnel ockonkos [39] coorsercTBenno. Mac-
CoBoe paspelueHue ia (2E)-skcnepumentoB ¢ MK o6sluHO cocrasnsier 3—4
MaccoBble eanHuubl. C NMOMOWBIO [1BOMHON HOHM3ALUMOHHOH KaMepbl ObLTO
TIIATENbHO W3YYEHO ABMEHUE XOMOAHOro mnenenus spep [40—42]. [pu xomon-
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HOM [e/l€HUH sIep OCKOJKH HE MCIYCKAIOT HEHTPOHOB, W NOYTH BCS 3HEPrus
JeNeHUs MEePeXOaUT B KHHETHYECKYIO DHEPrHi0 OCKOJIKOB. OOHapyX€eHHOe B XO-
JIOONHOM JeJieHMH MaccoBOe pa3pellieHHe, B COOTBETCTBUU C ypaBHeHHeM (3),
onpenesseTcs TONbKO HEPreTHUECKHM pa3peilieHHeM KaMephl.

MaccoBoe pacripegeneHde OCKOJAKOB MOXHO TNONYYHUTh W NPH H3MEPEHHH
CKOpocTell MapHbIX OCKONKOB B (2V)-akcrnepuMeHTax. 3Hasd MaccCy Aefaslierocs
spa A, MOXHO HalTH MacChi M 9HEPTHH OCKOJIKOB:

Ay =Apv, /(v + vy, (6)

E =AV/2. @)
W3 Beipaxennit (6) u (7) MOXHO BBIUUC/IHTB HOJIHYK KHHETHUECKYIO
9HeprHIo nepeuyHbIX 0cKonkos TKE = A v1v2/2. [TonyyeHHble NPpU U3IMEPEHHUH

CKOpOCTeH 3HA4YeHHs SHEepIruil OCKOJKOB [efleHHs He TpeOylT SHepreTHYecKon
KanuGpoBKH. DTOT MeTon AaeT abCcoMOTHbIE 3HAYEHH KHHETUYECKOH SHEPTHH.

[TockoIbKY 3MHUCCUSI HEMTPOHOB MPOMCXOAUT HU3OTPOIMHO B CHUCTEME ITOKOs
OCKOJIKA JeJIeHUs, BeNUYMHA CpedHed CKOpPOCTH OCKOJIKOB MOCNE HCMapeHus
HEHTPOHOB He M3MeHsieTcst. Mi3MepeHHbIe B 9KCNEPHMEHTE CKOPOCTH H TMOIyY€eH-
HblE C MOMOLIBI0 BhipaxeHuil (6) u (7) 3HaYeHUs MAcChl U SHEPTHUHU OTHOCATCA K
HepBUUHBIM OCKOJKaMm. Pa3bpoc ckopocTH M3-3a SMUCCHH HEHTPOHOB MPUBOIMT
K pasOpocy BBIUMCIEHHBIX Macc ockonkoB. Kak nokasano s pa6ore [33], macco-
Bas aucnepcus B (2V)-aKcnepUMeHTax MeHbIIE MacCoBOM aucnepcuu B (2E)-akc-
nepumenTtax. B (2V)-akcnepuMeHTax MaccoBoe pa3pellieHHE COCTaBISET BEJu-

yuHy 0A = 1,4 a.e.M. Ul peakuuu 235U(n H udA =19 aeM. a1 COHTAH-

th’
52
Horo nenenns “>2Cf. Takum obpa3oMm, ofa MeToja oOfpeleneHus Macchl

ockonkoB ((2E)- u (2V)-3KcrepuMeHThl) He AAT MPUHLMIINAIBHOW BO3MOX-
HOCTH OJHO3HAYHOIO OMNpenesieHHs MAacCOBBIX UHUCEN OCKOJKOB.

CKOpOCTh OCKOJIKa Onpeensercs U3 u3MepeHuil Bpemenu nposneta T 3anaH-
HOro pacctosiuus d. JIeTeKTopbl, Jaiolie BpeMEHHbIE OTMETKH O Hayale U KOHLE
MPOXOXAEHUS OCKOJIKOM MponerHoi 6a3bl d, JOMXHB HMETh XOpOLIEE BPEMEH-
Hoe paspeleHHe. Tak KaK CKOPOCTb OCKOJKOB J€JIEHHS COCTaBNAET BEIMUUHY

nopsiaka 10° cm/c, 1o npu nponetHoit 6aze 1 M Heo6XOAMMO HUMETb BpPEMEH-

HOE pa3pellieHHe HE XyXe 10 ¢, urobhi MOMYYUTb paspelleHue Mo Macce
8A /A = 1%. Kpome ToOro, cTapToBblii A€TEKTOP ROIKEH OBITH JOCTaTOYHO TOH-
KHM, 4TOOBI MPH €ro MpPOXOXAEHUHM CKOPOCTh OCKOJNKOB H3MEHsIach JIMLIb He-
3HAYMTENBHO.

Haunyyuiee BpeMeHHOe paspeliieHHe MOJYYEHO C MOMOLIbIO AETEKTOPOB,
PETMCTPUPYIOLMX 3MHUCCHOHHBIE 3DJIEKTPOHBI, W [O3TOMY TaKHe JETEKTODbI
Haubosiee YacTO NPUMEHSIOTCS B IKCIIEPUMEHTax. JInsd SMUCCHH 3NEKTPOHOB
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ucnonn3ytorcs ToHkue (10—20 MKF/CMZ) yITepOoAHble WIM ATyHAOBbIE TMJIEHKH.
Bhixog 27€KTPOHOB onpenessercd YAeNbHHIMH HOHH3AUMOHHBIMM TOTEPSIMH
SHEPTHH M AN OCKONKOB AENEHHA AOCTHraeT HECKOJIIbKMX COTeH. [ig nonyyeHus
XOpOILETO0 BPEMEHHOIO pa3pelleHUs BaXHO oOecrneuynTh MU30XPOHHOCTb IBHXKe-
HUS 3/IEKTPOHOB OT 061acTH MX 06pa3oBaHMs [0 OETEKTOpa. DTO AOCTMIaeTcs,
BO-TIEPBbIX, YBENIMYEHHUEM CKOPOCTH 3neKTpOHOB. CpenHsas sHeprus 3MHUCCHOH-
HBIX 3MEKTPOHOB HaXOAMTCS B 001acTH HECKONbKMX 3/leKTpoHBONbT. [lepen
perucTpauren 37eKTPOHBl YCKOPSIOTCS B 3/IEKTPUYECKOM [10JIe 10 SHEPrHH He-
CKOJIbKO KHJI091EKTPOHBOJILT. BO-BTOpBIX, nepeMelieHne 31eKTPOHOB K JeTeK-
TOPY OCYILECTBIIAETCS C MOMOLLUBIO OAHOPOLHOTO MAarHUHTHOTO MOJISt WIIM 3/EKTPO-
CTaTHYECKOro 3epKajla TakUM 00pa3oM, YTOObI [10JIy4HTh OXHHAKOBBIE 1O UTHHE
TPAeKTOpUH. [leTeKTOPOM 3NEKTPOHOB C/YXaT MHUKPOKAHAlbHbIE [UIACTHHBLI.
Takoii meton obecnieunBaer 100% athdek THBHOCTL perMcTpauun OCKONKOB je-
nenus. [Ina cucremsl, coctosied M3 ABYX TaKMX AETEKTOPOB M M3MepsioLleH
BpEMs [pOJieTa OCKOJKOB, [I0OJy4YEHO BpPeMEHHOE pa3pelleHHe  Jiyylle
OT = 100 nc [43]. dna uoiyyeHus BpeMEHHOW OTMETKH NPUMEHSIOT TaKXe
TOHKHE MNNACTHKOBbIE CLUHMHTH/UIITOPBI, BPEMEHHOE pa3pelieHHe KOTOPbIX CO-
crasnser 8T > 200 nc [44].

Ana u3Mepenus BpeMeHH NPOJieTa OCKOJIKOB A€/IEHUs [IPUMEHSIOTCS TaKXe
ruiocKonapasuie/ibtbie napuHHbie cueTyukd (ITIUJIC) [45]. JlaBunHble CUETYHKH
UMelT Xxopoiuee BpeMentoe paspewenune (100—200 nc) u 100% sddektus-
HOCTb peructpauru ockonkoB genenus. [IIJIC Moxno wucnosbs3oBaTh W B
kayecTBe AE-netektopa. MuHHMansHas TO/NLIKMHA BEWECTBA, KOTOPY NPOXOLST

ockonku B MIJIC, coctasnser 200—300 Mkr/cm> (B nepecueTe Ha yriepoa), 4To
3aTPYAHSAET WX MCIIONb30BAHME AN NOJYUEHHs «CTApT-CUrHaia». Ytobbl yBesiu-
YHUTb FEOMETPHYECKYI0 3(DGEKTHBHOCTD PErHCTPALMM OCKOJIKOB, MCIIONb3YIOT B
KayecTBe AaTuuMKOB «cton-curianos» [IIIJIC 6onbwoi ruowanu. Takue [TJIC
AENAT NO3HUHMOHHO-YYBCTBHTE/IbHBIMHK, 4TOObI YYeCTb W3MEHEHWE NpPOJIETHON
6a3bl. MecTo NpOXOXAEHHS YaCTHLLI MOXET GbITh ONpELEsEHO C NOIPEWHOCTBIO
okono 0,5 MM.

Meton onpenenenust Macchl OCKOJIKa NYTEM OAHOBPEMEHHOTO H3MEpPEHHMS
€ro CKOpOCTH (MNH uMMNysbca) U 3Hepruu ((E, V)-mMeton) no3sonsieT nojyyuTs
paspeuleHHe Mo Macce, KOTOpOe He YCTynaeT paduoXuMuueckuM meroaam. Cre-
AyeT MOOYEPKHYTh, YTO NPH MU3MEPEHHH DHEPIHH M CKOPOCTH OQHOrO OCKOJIKA
MOXHO TNOJYYHTh MacCy TONbKO BTOPHYHBIX OCKONKOB. DHEpPrus W HMIYJIbC
3apAXKEHHOH YacTHLbl MOXHO OfpedenuTh ¢ 6ONBILION TOYHOCTBIO MO OTKJIOHE-
HHMIO TPAEKTOPUH YACTHULLI B NIEKTPUYECKHX W MAarHUTHBIX nossx. [Ins uccieno-
BaHUst OCKOJIKOB JIENIEHUS YCMELIHO UCHONB3YIOTCA 3/1eKTPOMarHUTHbIE CMEKTPO-
meTphl. Tak, Hanpumep, cnextpomeTp «Lohengrin» ¢ gBoiHo# OKYCHPOBKOIA,
YCTAQHOBJICHHBI Ha BBLICOKONOTOMHOM peakTope B ['peHoOne, nossonser pasne-
JIMTh 110 MaccaM Kak TaXelible, TaK U JIEFTKME OCKOJIKM C pa3pellieHHeM Jyuilie

'
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-3
0A/A =2-10"". DuepreTMueckoe pa3pelieHMe 0P  9TOM  COCTABJISET
-3
SE/E=2-10".
JlocTHub TAaKOIo Xe MacCOBOIO pa3pelieHHs, Kak Ha Macc-CleKTpoMeTpax,
MOXHO M C TIOMOLIBIO COBPEMEHHBIX AeTeKTOpoB. [eilicTBUTENbHO, TaK Kak

2
A=2E/v" nuv=d/T, rae d — nponeruas Ga3a, a T — BpeMs nposiera, TO
MaccoBoe paspeluenue (E, V)-Merona onpenenseTcs BbIpaXeHHEM:

84 /A =[(BE/E + (8T /T2

M3 3TOro cooTHOWIEHUS BUOHO, YTO pa3pelleHHe B OOHY MACCOBYIO EAMHULLY
HE MOXET ObITb MONYYEHO NMPH M3MEPEHHH BHEPIMU OCKOJKA KPEMHHEBBIM le-
TEKTOPOM, TaK KaK JHEPreTHYecKoe pa3pellieHHe 3THX HNETEKTOPOB He jydlle
2%. DHepreTHueckoe pa3pelieHHE HOHH3AUMOHHBIX KaMep IMO3BOJISET OTJIIMYMThH
OCKOJIKH C COCEIHMMH 3Ha4YeHUsIMH MacCoBbIX unces. B pabote [43] ans nerkoii
FPYNMbl OCKOJIKOB NMOSyyeHo Maccosoe paspeutermne 04 = 0,6 a.e.m. B aThx 3kc-
NepUMEHTAX 3HEPrHst OCKONIKA M3Mepssiach C MOMOLIBIO ra30HaNMIHEHHON HOHU-
3allMOHHOW KaMepbl, @ CKOPOCTb — C IIOMOLLbIO BPEMSIIPOJIETHOIO UETEKTOPA.

1.2. SInepHbiit 3apan ockoakoB. [Ins uaenTU(HKALMH OCKOJIKOB JeJIeHus,
KpOME Macchl OCKOJIKA, BaXHO TaKXe 3HaTh ero siuepHbiid 3apsil. Puinueckue
METOUBI OlIpEe/esIeHHsl 3apsja AOIIoe BpeMs OTCTaBIM OT palHOXHMHYECKHX
MeTod0B. OUHAKO B 110CHEAHEE BPEMS B CBA3H ¢ Pa3BUTHEM TEXHMKH IKCIIEPH-
MeHTa ObLJI0 110JIy4eHO MHOTO BaXHOH MHgOpMaluHid O 3apsioBLIX paciipelelie-
HUSAX OCKOJIKOB PM3HYECKHMMH METOLAMMU.

PaccMOTPHUM BO3MOXHOCTH padiMulbIX METOMOB OlpelesIeHHs SUAepHOro 3a-
psaa. Hanbonee npocteiM KaxeTcs M3Mepenue 3apsiia ocKoiKoB 1o KX-jtyuam
[46]. delcTBUTENBHO, Y-UETEKTOPbl BBICOKOIO pa3jpelleHust 1103BOJISIOT olpele-
UTh 3apsa ockonkos 1o KX-nyuyam Ge3 cenapauuu ockonkos 1o Macce. Tpyn-
HOCTb 3aK/II0YaeTcst B TOM, 4TO BbIXOA X-ryuyel 3aBUCHT OT SilepHOi CTPYKTYpbl
OocKOJIKOB. [locKONIbKY HESCHO, Kak CKa3blBaeTCs 93TO BIMSIHME Ha BbIXOJE
X-11yuyei, 3TOT METOA He MOJIy4WJl WHUPOKOro npuMenenusi. TeM He MeHee crie-

AYET OTMETHTb, YTO 3JIEMEHTHbII BBIXOIl OCKOJIKOB CIIOHTAHHOTO jesieHHs 22¢,
HaileHHbIH 110 X-7yyaM, XOpOLIO COBNaJl C 371eMEHTHBIM BbIXOJAOM, H3MEPEHHMIM
metonoM (AE - E) [47].

B nocsiesnue rogbl MOABUIAMCH HOBblE BO3MOXHOCTH JUls MAEHTHU(HUKAUMH
OCKOJIKOB MO XapaKTepUCTHYECKOMY Y-W3nydeHuw. bBnarogaps pa3BUTHIO
TEXHHUKH Y-CIIEKTPOCKOINMUH, MOABIEHHIO 4T-CUCTEM repMaHUeBbIX IETEKTOPOB,
PErHCTPUPYIOLLMX MHOXECTBEHHbIE Y-KBaHTbl C Oonbluoi 3¢eKTHBHOCTDIO,
nonydyed Gonpuiod 06beM MH(pOPMaUMK NO CTPYKTYpe BpallareSbHbIX H KBa3H-
BpaLlaTe/bHbIX YPOBHEH, KOTOpble 3acelfloTcd B Mpolecce AeBO30YXaAeHHs
OCKONKOB aefeHus [22,23,49—59]. TaMMa-cieKTpOCKOMNUs BLICOKOIO paspelie-
HHUS MO3BOJIAET M0 IHEPTUM Y-H3/TYYE€HHUs] OAHO3HAYHO ONPEHenaTh Maccy H 3apsn
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OCKOJIKOB A€JICHUA. KpOMC TOro, N0 MHTEHCUBHOCTH Y-U3JIyYEHHSA MOXHO OIlpe-

+ +
JEUTh BBIXOA OCKONKOB. M3BECTHO, 4TO MHTEHCHBHOCTb nepexonga 2° — 07 mis
YETHO-YETHOTO OCKOAKA C GONBLIOH TOYHOCTBIO COOTBETCTBYET HE3ABHCHMOMY

BBIXOJly 8TOro ockonka [60]. MeTogoM Y-criekTpockonuu ObljiM OnpefeneHbl He-

25 2C

3aBUCHMBbIE BbIXOJBl OCKOJIKOB CHOHTAHHOTO A€/IEHUS f [60], a Takxe ockon-

KOB AEJIEHUs gaep By [61] n 23%py [62] TennoBeiIMH HeHTpoHaMH. Bo3Mox-
HOCTH WCCNIENOBaHUs JENEHUs siIep U MOJyYeHUst HOBBIX XapaKTepHCTHK 3TOrO
NpOLECCA METONOM CHEKTPOCKONNM MIHOBEHHBIX MHOXECTBEHHBIX Y-KBAHTOB
AeneHus OyIyT W3JIOXKEHBI B CJIEYIOLEeM pa3zielle.

Hns onpeaeneHus sNEpHOTO 3apsiaa OCKOIKOB (Z) HCHONB3YIOTCS pa3jiMyHbIE
MOAXOMbl, OCHOBAHHBIE HAa AHAIM3E IUIOTHOCTH WOHHU3aLMWH, KOTOPYH CO3IaeT
OCKOJIOK B MaTepuaie aerektopa. OCKOJKH CIIOHTAHHOTO W HHU3KO3HEepreTuiec-
KOTO A€JIEHHs SA€P MMEIOT CIMIIKOM Majlble CKOPOCTH M ITI03TOMY He AaT Opar-
FOBCKOTO MHKa B KPUBOH HOHM3auMu. OIHAKO KpHBas HOHU3ALUMH COHAEPXKHT
vHdopMalHnIio 0 gaepHoM 3apsage. JIeHCTBUTENbHO, IOTEPH SHEPTMH HAa MOHM3a-
uuio dE /dx nas OCKONKOB, TOPMO3SLUMXCH B CPelle, MOTYT GBITh MpEACTaBIIEHb]
B BHIIE

dE /dx ~ fZ)v, (®)
a npober ockonka B cpele:
R ~Mv/f2), ©)

[1e v — CKOPOCTb OCKONKa, a flZ) — ¢yHKUHS 3apspa OCKOJKa, KoTopas Wis
JIETKOR  TOopMo3sileid cpeanl (Z > Zcp) MoXxeT ObiTh MpeacTasieHa Kak

)~z 1/6'

Pa3suThl pasnuuHble NMOAXOABI I H3BJieYyeHMs HMHGOPMaUUM O 3apsie
OCKOJIKOB M3 KPHMBOH HMOHHM3ALMOHHBIX NMoTepb. CieayeT OTMETHUTh, UTO BCE 3TU
NOAXOAbl NO3BOJISIIOT OTIMYUTH COCENHHE MO 3apANY OCKOJKH TONbLKO Ul 1ErKOi
TPYNIbl OCKOJIKOB € 3apsaaoM Z < 45 H3-3a CBOWCTB MOHM3ALMOHHBIX IT10TEDb
OCKOJIKOB.

M onpenenenus 3apsaa OCKOJIKOB MOXHO YCIIEIUHO HCHOMB30BaTh XOPOLIO
W3BECTHHI MeTol AE — EOCT. OcraroyHas sHeprus EOCT H3MepSeTCs C MOMOLBIO

MOHH3ALIMOHHBIX KaMep C BBICOKMM pa3speliCHHEM WM BPEMSNpPONETHBIX AETEK-
TOpPOB. MeToa ObUT peanu3oBaH B HECKONBKHMX BapHaHTaX C I1aCCUBHBIM M1O-
m10TUTENIeM 3HEprHW AE M ¢ aKTMBHBIM MOIJIOTHTENIEM, KOrda MOTEps HEPIHU
H3Meps[eTcst caMUM NonioTuTeneM. Tak, Hampumep, OCKOJIKM, OTCelnapUpOBaH-
Hble MO 3Hepruu crnekrpomeTpoM «Lohengrin», Tepsanu wacte cBOeil 9Hepruu

AE BO BXOOHOM OKHE MOHHM3ALMOHHOH KaMephl, a OCTAaBLIASCS 3HEPrus E .

M3Mepanach MOHU3ALMOHHOW KaMepo# [63]. B aTHxX sKkcnepuMeHTax MOJIy4yeHo
paspelienre no spepHomy 3sapsany AZ/Z = 0,02 gnia ockonkos ¢ Z = 39. Ilns
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OCKOJIKOB C 3aJaHHOH Maccoil H BHEprueil, OTCenapupoOBaHHBIX CNEKTPOMETPOM
«Lohengrin», Ob1a ncnonmb3oBaHa meroanka AE — E B HECKONBKO ApYyrom

BapuaHTe. OCKOJIKH TaKXe TepsJIM YacTb SHEPIUH B NNACCUBHOM HOTJIOTHUTENE, HO
OCTaTOYHas HEPrus U3MepsAach BpPeEMANPONETHHIM AeTekTopoM [64]. B xauect-
Be AE-geTeKkTopa NpUMEHSIUCh TOHKHE TONYNPOBOJHUKOBbIE IETEKTOPBI M TOH-
KM€ CUMHTHIISATOpPSI [65].

H3mepeHue NoaHBIX M YOENbHBIX MOTEPh YHEPTHH MOXHO OCYIUECTBHUThH C
MOMOILbI0 OAHOI WOHU3aLMOHHOH Kamepsl. JIns 3TOR weNd B MOHU3AUHMOHHOM
KaMepe C CWJIOBBIMH JIMHHUSIMHM 3J1EKTPUUECKOTO MO, HallpaBJIEHHBIMU MEPIEH-
IOVKYJISPHO TPaeKTOpUSAM OCKONIKOB, aHOA pa3fengercs Ha ABe 4yacTu. Yacte
3JIEKTPOHOB M3 TpeKa, 06pa30BaHHOIO OCKONKOM, coOMpaeTcs MepBOi CeKLMei
aHoza, a Jpyras 4yacTh 3JIeKTPOHOB — BTOpOil. B mepBoii yacTu anopa ocyuecr-
Bisercst usmepenue AE, Bo Bropoit — E__ . Jlnd nerkoit rpynmbi OCKOJIKOB €

Z = 30 B TaKOi MOHM3ALUMOHHON KaMepe ObLIO MOJMyYeHO pa3pelieHue Mo 3apsny
AZ/Z = 0,03 [66].

B MOHM3aUMOHHOH KaMepe C CHIOBBIMHM JIMHUSIMH 3JIEKTPUYECKOTO MO,
HamnpasjeHHbIMA TIAapa/UIENIbHO TPaeKTOPHsIM OCKOJIKOB, (opma Opsrrosckoi
KPHBOH MOHW3alUMM, KOTOPYIO CO3AAeT YacTHLA B NPOCTPAHCTBE MEXAY KaTOAOM
1 ceTkoi Ppuiua, BOCNpoU3BOANTCS (DOPMOIl aHOZHOIO CHrHala B 3aBUCHMOCTH
oT BpeMeHH. CrieKTpoMeTpHs Op3ITOBCKON KPHBOH C NMOMOLUBIO ra30HaNOMHEH-
HBIX HMOHHU3ALUOHHBIX KaMep SBAAETCS XOpOoWMNM (HU3HMYECKMM METOAOM s
olpefesieHus 3apA/IoB OCKOJIKOB Aesenus auep. YTobwl H3BieYb HHOPMaLMIO O
3apsiie OCKOJIKa, He HYXHO OLU(POBLIBATH BCIO OP3ITOBCKYI0 KPHBYIO, JOCTATOY-
HO BbIOpaTh NpUrogHsiil Ans aroro napametp. Kak cnenyer u3 ypasHenus (9),
3TO MOXeT OBITh IJIMHA TPEKa OCKOJIKA C 3allaHHOM Maccoit U ckopocTsio. IHHa
TpeKa MOXeT ObiTh Onpe/eneHa o BpeMeHH 3aA€pXKH MOSBIEHHS aHOOHOTO CHT-
Hajla OTHOCUTEbHO MOMEHTa NMPHUXO/a YacTHLbl. 3apsfoBoe pa3pelleHne, noy-
YEeHHOE TaKMM METOIOM I/l OCKOJIKOB, OTCENapUpOBaHHBIX CIIEKTPOMETPOM
«Lohengrin», cocrasuno AZ/Z = 0,025 nns ockonkos ¢ Z = 40 [39]. Takoii xe
cnoco6 ornpeneneHus 3apsaa YCNelHO UCMONb3YeTcs B ABOHHOM BpEMsSINpOJIET-
HoM cnekTpoMeTpe «Cosi Fan Tutte» [14], KOTOpBIi yCTaHOBAEH Ha PEAKTOPE C
BHICOKMM TIOTOKOM HEHTPOHOB, 3TOT Xe cnocod Aan npekpacHsle pe3ynbTaTbl
MPU U3YYEHHUU XOJIOAHOIO A€IEHUs C NMOMOLIbIO IBOMHOH MOHU3ALMOHHOW KaMe-
pl [40]. Heckonbko mpyroit mooxom assi ornpenesieHUsl 3apsna OCKOJIKOB Obul
peanu3oBaH B ABOHHOI MOHM3aUMOHHOW KaMepe [67]. 3mech HaxoguiCHd LEHTP
TSKECTM MOHHW3aLMM, BO3HHUKIUEH TMPU TOPMOXEHHHM OCKOJIKa B ra3e HMOHH3a-
UHOHHOW KaMepbl.

1.3. DHeprus Bo30yKaeHHA OCKOJIKOB AejieHHA. [Ipy CIOHTAaHHOM M HHU3KO-
SHEPreTMYECKOM JIENEHUU Sfiep SHEPrHsi BO30YX/EHHS OCKOJIKOB OMNpenensercs
TaBHBIM 00pa3oM JedopMmanueid, KOTOPYI MMEIOT OCKOJIKM B MOMEHT pas3phiBa
anpa. KpoMe TOro, ockKonku MOryT NpHOOpecTH HEKOTOPYK SHEPruio BO3OyxX-



1368 TEP-AKOIIbSIH I'M. H IIP.

AeHUWsl B pe3y/nbTaTe Harpesa JeNsillerocs sapa npu ero ABUXEHMM OT CEANOBOi
TOYKH K TOuKe pa3psiBa. OOpa3oBaBUIMECS OCKOJKH XapaKTEPH3YIOTCS 3HAuM-
TeNbHOW Aedopmaumrert. OTHOLIEHHE OCEll OCKOIIKOB B TOYKE pa3pbiBa 1pa CO-
CTaB/IsieT BEJIMUMHY nopsaaka 1:2 (nmapamerp pedopmaunu [32 = (,65). duccuna-

HUHA ISHEPrHUH ne(bopmaunu BO BHYTPE€HHIOIO 3HEPIHI0 8036)’)K)JCHMH OCKOJIKOB
[NPOUCXOAUT OAHOBPEMEHHO C YCKOPEHHMEM OCKOJIKOB KYJIOHOBCKHMM MNOJIEM 3a

—20
Bpems nopsaka 10 ™" c. Dueprus Bo30YyXIEHHS OCKOJKOB COCTaBsET OKOJO

15% sceii anepruu nenenusi. Tak, nanpumep, juia B2ct CpellHss 9Heprus BO3-
Oyxpmenus aByx ockonkoB cocrasiaseT ~ 30 MsB. JleBo3byxaeHHe OCKOIKOB
XOpOLLO OMUCLIBAETCA CTATHCTHUECKOM TeopHeil. CHavaia BO30YyXAeHHBII OCKO-

JIOK HCHApseT HEUTPOHbI. DMUCCHS HEHTPOHOB NMPOHCXOMMT 32 BPEMS OT 1078

-15
no 10777 ¢ nocne pa3spsiBa aapa. Koraa sHeprus Bo36yXaeHHs OCKOJIKOB CTaHO-
BUTCSt HHXE SHEPI'UH CBA3H HEHTPOHA, AajlbHeilillee CHATHE BO3OYXIEHHS NPOUC-
XOIHT NyTeM 3MHCCHH Y-KBaHTOB. OCHOBHAS f10NS Y-KBaHTOB H3Jy4aeTcs OCKOJI-

12_y(10

Kamu B Teuenue 10 ¢ nocsne ux obpazosanus [68].

DMUCCHA HENTPOHOB YHOCHT 0K00 80% 3Hepruu Bo3OyXIeHHA OCKOJIKOB,
NO3TOMY HCC/IEIOBAHME MHOXECTBEHHOCTH MIHOBEHHBIX HEHTPOHOB JeNeHus
ABJIAETCS  OCHOBHBIM HCTOMHMKOM HHOpMauun 06 3Hepruu Bo30yxaEHMs
OCKOJIKOB. BOJILIIMHCTBO 3KCNEPHMEHTOB, B KOTOPBIX M3YYalnHCh MHOXECTBEH-
HOCTH MI'HOBEHHBIX HEHTPOHOB llenieHus, Obi/I1 OCHOBAHbBI HA NPSIMON peruUcTpa-
UMH HEHTPOHOB. MHOXECTBEHHOCTL HEHTPOHOB NOJNY4&TH B 3IKCIIEPHMEHTaX
pasHOH creneHu cnoxnocti. HanbGonee uuterpanbhas xapakTepHCTHKa Vio

252

L
3TO CpelHee YUC/I0 HEWTPOHOB, HCNYLUEHHbIX HA 0aHO aenenue. Ina “°Cf 3Ta
BeJIMYMHA paBHa V(m= (3,7676 £ 0,0047) [69]. Bonee auddepenunpopatHas

uHdopMauns H3BIEKAETC W3 IKCMEPUMEHTOB, B KOTOPbLIX OIHOBPEMEHHO C
perucTpaudei HEUTPOHOB U3MEPSETCS KHHETHYECKas 3HEPrUs WIIM/M CKOPOCTh
OCKOJIKOB. MHOXECTBEHHOCTb MTHOBEHHBIX HeHTPOHOB Haubonee M3yueHa s

peakuru NeNneHHs TErUOBbIMH HelTpoHaMu 3y [70—73] v nns cnoHTaHHOro
IeNneHus 252Cf [74—81]. 3aBHCHMOCTb CPENHErO YHCIAa MTHOBEHHBIX HEHTPOHOB

o2
OT MaccoBOTO YMC/la OCKOJIKOB Oblna MojMyyeHa TakXe AN peakuui By (ng. H

[73,82] u 2%y (n, /) [73]. dns BoccTaHOBsEHHS pacnpeneNeHHil MHOXKECTBEH-

HOCTH HEHTPOHOB MO MOAYYEHHBIM IKCNEPHUMEHTANbHBIM JAaHHBLIM HEOBXOIHUMO
MPOBOIMTL PacyeThl, YYMTHIBAIOIIME paspellaollee Bpems U 3DEKTHBHOCT
pEerucTpal HEHTPOHOB UETEKTOPOM, C BBEJEHHEM alpPHOPHON MHGMOPMALIHH O
thopMe BoccTaHaBNIUBaeMbIX pacnpenesieHu.

[ns perucTpauyy HEHTPOHOB NPUMEHAIOTCH OPTraHHYECKHE CLIMHTHIUISTOPSI

(TBepable WM XHWIKHE) M CYETYHKM C He. B CUMHTHJIISILMOHHBIX OETEKTOpax
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OTACJICHUE HMIIYJIbCOB, BbI3BAHHBIX MTHOBEHHBLIMH HCﬁTpOHaMM, OT UMNYIbLCOB
Y-KBAHTOB OCYLUECTB/ISETCA MO BPEMEHHW NMpHUXoAa 4acTHL B AETEKTOP C HUCIOJIb-
30BAHHUEM BpeMﬂHpOHCTHOﬁ METOOHNKH. I_[.Il/lpOKOC HUCHNOJIb30BAaHHUE I
peructpauvu HCﬁTpOHOB JCJICHUA HAXOIAT XHIAKHE CUUHTHUILIATOPBI C nobaska-

155 1
Mu ragoinunug. M3oronsl  ~"Gd u 37Gd umMelor cambie GOMbLIME CeyeHus 3axBaTa

TEMIOBbIX HEHTPOHOB, COOTBETCTBEHHO, 6,1-104 u 2,5-105 6. Heiirpon, nonas-
LWIHi B JETEKTOp, TEPMAIU3YyeTCsl B MaTepuaie AeTEKTOpa M 3aXBaThiBAETCS rano-
nuuuveM. I'amma-kBaHThl, HcnyckaeMble B peakunu Gd (n, Y), akTHBHPYIOT CLUMH-
THJUIATOP W BBI3BIBAIOT €r0 CBEUEHHE, KOTOPOE PerucTpupyercs PoToyMHOXHTE-
nsimu. Takum oOpa3oM, B TaKMX JETEKTOpPax pasjelleHHe UMNyibCOB HEUTPOHOB
OT HUMIYJIbCOB Y-KBAHTOB OCYLUECTBASETCH CAMHUM JETEKTOPOM 110 BPEMEHH 110-
SBJIEHUSI CUTHAJIOB.

IIns KOPPEKTHOro MU3MEPEHHS MHOXECTBEHHOCTH HEHTPOHOB HCHOJIB3YIOTCS
4m-perexTopbl, HMelolre 6onbylo 3¢heKTHBHOCTL PETHCTPALMK HEUTPOHOB.
Tak, Gonbwiod 4n-HelTpOHHBIK AeTekTOp B MenbbypHe n3MepsieT HEHTPOHbBI €
acppexTuBHOCTBIO 85% [83]. DTOT NeTekTOp MMeeT anaMeTp | M U couepkUT
500 NUTPOB XUAKOTO CUMHTHIATOPA Ha octose Tojnyona ¢ 0,4% nobaskoi Gd.

H3Mepenuns 3Heprud W MHOXECTBEHHOCTH MIHOBEHHBIX HEWTPOHOB H
Y-KBAHTOB fe/lelinsd NpoBoasTcs Ha Oonbwoi 4n-ycranoske B [eiinensbepre.
Ycrtanoska coctouT u3 162 xpucrannos Nal tomuunoi 20 ¢m [84]. Ha nei

252+¢
Ob1a H3yuyeHa 3aBUCHMOCTb MHOXECTBEHHOCTH Y-KBAHTOB AE/I€HU Cf or
MacCbl OCKOJIKOB H OT JHEPTHH Y-KBAHTOB.

MHoxecTBEHHOCTb HEHTPOHOB [esIeHMsl H3yyalach TakXkKe B «HENPIMbIX»
skcnepumenTax. Tak, B paGote [86] Obina nonydena 3aBucumocts V (A) ans

252

Cf no u3MepeHHbIM KMHETUYECKHM 3HEPIUSM [BYX OCKOJIIKOB M CKOPOCTH
OIHOr0 OCKO/IKa. AHAIOTHUYHbIE [aHHbIE TOSYYEHbl NMPH U3IMEPEHUU CKOPOCTEH
ABYX OCKOJIKOB M KHHETHYECKOH 3Hepruu onnoro ockosnka [87]. B HenaBHux

233U "

25U rensiossiMu HEUTPOHAMHK B pe3yibTaTe M3MEPEHHUs CKOPOCTEHR W KHUHETH-
YecKHX 3HEpruii JByX OCKOJIKOB JejleHUsi. Macchl OCKOJIKOB 10 HCnapeHus Heu-
TPOHOB HAXOAMJIMChH MO H3MEPEHHBIM CKOPOCTSM OCKOJIKOB, a 110 KHHETHYECKHM
3HEPIHUsIM HAXOAMIIMCh MAcChl OCKOJIKOB Mociie ucrapeHus HeiitpoHos. Cpennee
YUCIIO MCTIAPMBILHXCS HEHTPOHOB OMNpEJeNsioch KaK pasHOCTb MacC OCKOJIKOB
10 M noclie 3MUCCHM HeHTpoHOB. CreayeT OTMETHTB, YTO MOJyYEHHBIE B 9TOW
paboTe 3aBUCUMOCTH V (A) B HEKOTOPbIX 00/MacTAX MacCOBBIX YHCEN 3Ha4u-
TensHo (B 1,3—2 paza) OTAHYAKOTCS OT AHWIOTMYHBIX HAHHbIX, MOJAYYEHHbIX B
KJ1acCHMYECKHUX aKcnepumeHTax [73,82] npu npsmMoii peructpauun HEUTPOHOB.

akcnepuMenTax [88] nonydensl GyHKUMM V (A) a8 peakuwuit fefeHus

PacnpenesieHHs: MHOXECTBEHHOCTH HEHTPOHOB I pa3IMYHBIX Pa3le/ieHUH
no 3apsjaM AEJSIIErocs sapa MOXHO MOJIYYHTh B 9KCIEPUMEHTax MO MCCIIENo-
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BaHHIO MTHOBEHHBIX COBMANAIOLIMX Y-KBaHTOB jeneHus. O6 9TUX MCCIIE0BAHUAX
OyaeT cKa3zaHO B CJIEAYIOLIEM pa3fiene.
BHepruio Bo30YyXIeHHs! OCKOIKOB E (A) MOXHO oueHHTDb N0 opmyne

E(A) = VA)[S,(A, 2) + TA)) + EA), (10)

rie V(A) u N(A) — cpenHee YMCIO HEHTPOHOB M MX CPEHAs KHHETHYecKas
9HEPIHs; Ey(A) — I10JIHasi 9HEPrus, YHOCHMas 3MHCCHel Y-KBaHTOB. Bennuuna

S, (A, Z) — oHeprus oTaeNeHHs HEHTPOHA AN OCKOJKA C MacCoil A M 3apsiioM
Z moxert GbITh NonydeHa u3 Tabmuu Macc [89] wis Hanbonee BeposTHOro 3apsaaa

- 252 . .
OCKONIKOB ¢ Maccoit A. [Ins S2Cf 3aBrcumocTH CpefiHel KHHETHYECKOH SHepruu
HEHTPOHOB U MONHON YHEPIHH, YHOCUMOH SMUCCHEl Y-KBaHTOB OT MacChl OCKOJI-
KOB, M3BECTHBI M3 nureparyphel [31,90]. Ina yuera 3Hepruu (EY(A)), YHOCUMOH

IMHCCHEN Y-KBAHTOB, MOXHO BOCIIO/IB30BATbCs CBA3bK), YCTAHOBIEHHOM B paboTe
[90] Mexny mosiHO¥ 2HEpryei Y-KBaHTOB M YHCIOM MCNAPMBLIMXCH HEHTPOHOB:

Ey(A)=V(A)-0,75+2(M3B) WIS CIOHTaHHOTO Aenenus 2°2Cf w E\;A):

=V(A) - 1,1 + 1,75 (MaB) ans peakuuu 235U(n, - Ona rpy6oit oleHKH SHepruu
BO30yXIEHHs OCKOJIKOB OCTATOYHO 3HATh, YTO E(A) ~ V(A) - 8 MaB.

1.4. Yri10Bble MOMEHTBI OCKOJIKOB XejeHus. M3BecTHO, 4TO NpH HU3KO3HEP-
TeTHYECKOM U CIIOHTAaHHOM JENEHHH sifep oOpa3ylommecs OCKOJIKH UMEIOT yIIIo-
BO#i MOMEHT, BEJIMUMHA KOTOPOTO 3HAUUTE/IBHO TPEBBIIAET YIIIOBO MOMEHT e-

nsawerocs supa. Tak, HanpuMep, B Cllydae CIIOHTAHHOTO Aenenus 2> 2Cf CpeaHuH
YIJIOBOH MOMEHT OIOHOIO OCKOJIKa cocTaBisieT Benuuuny 7—=8 fi. [logsneHue
YIJIOBBIX MOMEHTOB ¥ OCKOJIKOB NPU HU3KOBHEPIeTHYECKOM M CIIOHTAHHOM Jene-
HHH S[iep CBsI3aHO C AMHAMUKOil geneHus. IIpu OBMXeHHMHW sapa OT CemIOBON
TOYKH K TOYKE pa3pbiBa 4acTh OCBOOOMMBIUEHCS SHEPrMM MOXET NEPEXOAUTH B
BO30YXJ€HHE KOJUIEKTUBHBIX CTeneHeil cBobonsl. HekoTopsle BUIbI KoneGaHMii
SAEPHOH MaTepuH B HaNpaBJIEHUH, NEPNEHANKYAIPHOM OCH HeJIEHHUs Spa, NpPH-
BOIAT K MOSBJEHHIO YITIOBBIX MOMEHTOB Yy oOpa3oBaBIMXCs OcKonkos [19,91].
Ilocne paspeiBa wieiiku sapa TH KoneGaHus NpPOSABNSIOTCS B TOM, YTO YIVIOBOI
MOMEHT OCKOJIKOB HalpaBjieH MepNeHAMKYIIpHO OCH OefieHus. Pacnpenenenue
YTJIOBBIX MOMEHTOB OCKOJIKOB MOCJIE pa3phiBa SApa MOXET HECKOILKO H3Me-
HHUTBCS U3-3a KYIOHOBCKOTO B3aUMOICHCTBHS MEXIY pa3fie/IMBIIMMHCH OCKOJ-
Kamu [19,92].

OcHoBHast yacTh yrI0BOrO MOMEHTA OCKOJIKOB YHOCHTCS B Pe3yNbTaTe SMUC-
cuu Y-kBaHTOB. [loaTOMy HcceoBaHHsS MIHOBEHHBIX Y-KBAHTOB AE/IEHUS MO3BO-
NAOT NONYYUTh Haubosee NoyHy0 MHGOPMauHo 06 YITIOBBIX MOMEHTAX OCKOJI-
KOB. [l OLIEHKH yIJIOBOrO MOMEHTA OCKOJIKOB HCTOJIB30BATHCh METOMBI, OCHO-
BaHHbIE HA U3MEPEHHH aHU3OTPONHH [92] U MHOXeCTBEHHOCTH [93] MFHOBEHHBIX
Y-KBaHTOB AesieHMs. XOpOLIO H3BECTEH TaKXe METOX ONpeleeHHs YIrIOBbIX
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MOMEHTOB OCKOJIKOB 110 W30MEPHBIM OTHOLHEHHUSIM, KOTOpPbIE HU3MEPAIOT B 3KC-
riepUMeHTax AJsl pa3MuHbIX U30MEPHBIX nap, obpasywumxcs npyu aeneHuu [94].
B mocnegHue romsl ¢ MOMOLUIBIO 3TOr0 MeToga OblIO MONY4eHO MHOrO HOBOW
uHdopMauurd 00 YIIIOBBIX MOMEHTAaX OCKOJIKOB HU3KOZHEPIETMYECKOTO Je/IEHHs
aaep [95,96]. OnHako paccYMTaHHbIE MO U3OMEPHBIM OTHOLUEHUAM BEJIMYMHDI
YIJIIOBbIX MOMEHTOB NEPBHYHBIX OCKOJIKOB CHJIBHO 3aBHCAT OT IPHUMEHSIEMOHN MO-
Oenu, ¥ MO3TOMY TPYAHO CPaBHWBATH PE3YIbTaThl Pa3IMUHBIX 3KCIIEPUMEHTOB.
OGBIYHO CPaBHUBAIOT HEe aOCONIOTHbIE 3HAYEHHs YIIOBBIX MOMEHTOB, MOJIy4eH-
Hble TaKUM METOJOM, a TEHAEHUMH UX U3MEHEeHHs. BonbmMHCTBO pacueToB nep-
BHUHBIX YTJIOBBIX MOMEHTOB OCKOJIKOB OBLIO C/leJIaHO C UCTIO/Ib30BAHUEM CTATHC-
THYECKOH MOJenu neBo30yXIeHHs OCKOJIKOB, pa3BuToil B paborax [97,98].

JINs OUEHKH YITIOBBIX MOMEHTOB OCKOJIKOB JefieHHs! Obll TaKXe MPUMEHEH
METO/, OCHOBAHHBI HA ONPEEICHHH HHTEHCHBHOCTH HEPEXO0B NpH NeB0O36YX-

L oat gt +
JEHUH YpoBHEH 27, 4" u 6' pOTaUUMOHHBIX IOJIOC YETHO-YETHBIX OCKOJIKOB CITOH-

TAHHOIO JENECHUS B2t [99]. K HacTOdluEMY BpeMEHM MOJY4YEHBI AETaIbHBIE U
TOYHbIE CXEMbl YPOBHEil UIA MHOTMX OCKOJIKOB [EJIEHHs], a TaKXe ONpelesIEHbI
CMUHBI M YETHOCTH 3TUX YPOBHEH, MO3TOMY MOSBUINCH HOBbIE BO3MOXHOCTH IS
Ha[eXHOro M3MEpeHHsl YIJIOBBIX MOMEHTOB OCKOJKOB. [IefiCTBUTENBHO, M3 3KC-
NEepUMEHTOB, B KOTOPBIX PETMCTPHPYIOTCS Y-KBAHTbHI C XOPOIUUM 3HEPreTHYEC-
KHM pa3spelleHHEM, MOXHO OINpENE/NTh BEPOSATHOCTH 3aceliEHHs ypOBHEH poTa-
IUOHHBIX MOJOC OCKOJKOB M HaiiTU CpefAHHUH CIIMH 3THX YPOBHEMH Jy(A', Z) ans

BTOPHYHBIX OCKOJIKOB C 3apsfioM Z M MaccoBbiM uucioM A" =A — v (A). Tlpu
neBo30yX1eHHH OCKOJIKOB OCHOBHAas 4YacTb YMIOBOTO MOMEHTa YHOCHTCA B
pe3ysibraTe IUCKPETHBIX Y-TIEPEXON0B MEXAY YPOBHSAMM POTaLMOHHBIX IONOC.
Hns Toro ytoObl ONpPENENIUTb TEPBUUHBIA YIIIOBO MOMEHT OCKOJIKOB, HEOOXO-
AMMO TaKXe Y4eCTh yMEHbIIEHHE YIIOBOTO MOMEHTA 3a CYET SMUCCHU HEHTPOHOB

Jn(A, Z) U CTaTUCTHYECKHX Y-KBAHTOB Jstat(A, Z). YII0BOH MOMEHT NEPBHYHbIX

OCKOJIKOB MOXHO TIPEACTAaBUTH B BUAE CYMMBbI TPEX KOMITOHEHT!:

JA, D =J A, 2)+ T (A D+, (A 2) =

= J-Y(A -V, Z) + V(A) Z) ..]n + Mstat(A’ Z) .jStat’ (1 1)
e j, — CPeAHMil YIIOBOH MOMEHT, KOTOPBIH YHOCHT HCMApUBLUUHCA HEHTPOH,
Msta[(A, Z) — cpefHsss MHOXECTBEHHOCTh CTATUCTHYECKHX Y-KBaHTOB, j .. —

CPEAHHH YITTOBOH MOMEHT, KOTODPBIH YHOCHT CTaTHCTHYECKHH Y-KBaHT.

PacueTsbl, MCHONB3YIOIUNE CTATUCTHYECKYIO MOJENb AeBO30YXIEHHS OCKOJI-
KOB, MOKa3biBAlOT, YTO CMUH OCKOJIKA NIPU MCMAPEHHH OAHOrC HENTPOHA YMEHb-
maercsa B cpeaHeM Ha 0,5—0,6 fi, a aMUCCUS CTAaTHCTHYECKOrO Y-KBAHTa YMEHb-

. 252
maet yrinoBoit MomeHT Ha 0,3 . Ing “~“Cf cpenHds MHOXECTBEHHOCTb CTaTHUC-
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THYECKMX Y-KBAHTOB COCTaB/SET BEIMYUHY MEHbLUE €IHHHULBI AN BCeil obnactu
MaccoBbIX YHcesl 0cKonKoB [85]. TakuM o6pa3om, onpenenys B 3KCIEPHMEHTE
JY(A’, Z), MOXHO oleHHTb Mo ¢opmyne (11) yrnoBoil MOMEHT mEpBHYHBIX

OCKOJIKOB.

2. HCCJIENOBAHHE CIHOHTAHHOIO IEJIEHHA 2%Cft
110 MHOXKECTBEHHBIM y-KBAHTAM

2.1. CnekTPOCKONHA MHOXKECTBEHHBIX Y-KBaHTOB. B03MOXHOCTH cospe-
MEHHBIX KPYIHbIX BBICOKO3((EKTHBHBIX 4T-Y-CMEKTPOMETPHUECKHX YCTAHOBOK
(48] W 3HaHHMe cxeM SAEPHLIX YPOBHEA, 3ace/sieMbIX NPU JeJeHHH Ans 601bLWOro
YKClla OCKONKOB [22,23,49—59], no3BoasioT OCYLLECTBHUTHL HOBBI MOAXOA K
MCCIEJOBAHHIO SUEPHOTO OENeHus, U3yyas MHOXECTBEHHbIE XapaKTepHCTHYeC-
KHe Y-KBaHTbI, HCMyLIeHHbIE NapaMy OCKOJIKOB Jienenus sapa. Ha ocHose Takoro

noaxona GeUIH MoMydeHbl HOBbIE XapPAKTEPUCTHKH CMIOHTAHHOrO AeJIEHUS B2¢f.
HE3aBUCHMBbIE BbIXOAbI NAp OCKOJIKOB U YIIOBbIE MOMEHTBI OCKOJIKOB, COCTaBIIS-
IOLKHX pa3inuHble napsl [21—30]).

H3MepeHHs Y-KBaHTOB CIIOHTaHHOTO denenus >>°Cf NPOBOAMIKCH B
Ok-PunXxckoit HauuoHantbHOI nabopaTopud Ha ycraHoBke, cocTosweidl u3 20
repMaHueBbix netekTopoB [30], u 8 HauuonansHoii naboparopuu um.Jloypenca
(bepksn) na ycranoske «Gammashere» B Ha4aibHOM BapHaHTe ee MCMONMHEHMS,

Korja Y-CneKTpoMeTp COCTOs1 U3 36 repmaHHeBbIX JeTeKTOpoB [29]. HcTOuHMKH

252 .
5Cf Obinu CPMETHYECKH 3aKpBbITBI, W 3IMHCCHA HUCCIEAyEMbIX 7Y-KBAaHTOB

NPOUCXOAMIA M3 OCTAHOBHBLIMXCS OCKONKOB. B 3KcnepumeHTax, npoBOAUMBIX
Ha 4T-Y-CNEKTPOMETpax, HAKaIUIHBAIOTCS APYr 3@ APYrOM BCE 3aperMCTPHpOBaH-
Hble COOBITHS C MHOXECTBEHHOCTBIO Y-KBAaHTOB, PaBHOM ABYM W Gonee.

AHa/n3 3KCMNEPUMEHTATbHBIX JaHHBIX HAUMHAETCS C MOCTPOEHHS ABYMEp-
HOro cnexkTpa coBrnagawiuux y-nyded. ConepxaHue crniekTpa — 4HCI0 COOBITHH
C 3aperuCTPUPOBAHHBIMH 3HEPTHSAMM COBMANAIOWIMX Y-KBAHTOB EYI H EYZ' HBy-

MEpPHbIE CNEKTPHl YY-COBMANEHHH MOFyT ColepXaTh HECKOJbKO AECATKOB ThiCAY
NUKOB, KOTOPble 00pa3yloTCA MPHOBEHHBIMH COBMNANAIIIUMHU Y-KBAHTaMH, HCIy-
IIEHHbIMU U3 MAPHbIX OCKOJIKOB, U3 OIHOrO W3 OCKOMKOB, 2 TAKXE Y-KBAHTaMH,
MCNyLUEHHBIMH Tocne [B-pacnama ockonkos. [Ipumep AByMepHOro crekTpa

YY-COBMaf€HHUH AN CMOHTAHHOrO OeJICHHS 22cf npenctaened Ha puc.l. Kak
BUOHO M3 PHUCYHKA, KPOME MHKOB, 00pa3oBaHHBIX COBNANAIOIIWMH Y-KBaHTaMH
NIpY MOJTHOM WX MOIJIOIIEHUH B IETEKTOPE, B CMIEKTPE MPHCYTCTBYIOT ABE CEPUH
toHOBBIX rpebHel, mapaie/ibHBIX OCAM EYl nk v Kaxnpiii MUK C SHEPruaMu

Eyl’ Eyz HaXOOUTCS Ha repeceyeHuH AByX HoHOBBIX rpeOHeil. [peGHu o6pasyior-
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108y, 104108y 144p, 1007,

110Ru 108Ru

E,,, xoB

Puc.1. Yacte aByMepHoro cnektpa Yy-conaienui (100 x 100 kan.).
CrpesikaMu yKas3aHbl 3HEpPIHH Y-KBaHTOB, COOTBETCTRYloMMe 2% — 0*-
nepexonaMm B pavIHYHbIX OCKOJIKAX

Csl NPH COBMAaEHHH UMIIY/IbCOB OT Y-KBAHTOB, 3HEPrHsl KOTOPbLIX MOJHOCTBIO MO-
IJI0THIACch B FTEPMAHHEBLIX JETEKTOPAX, C UMIIYIbCaMH, BOSHHKAKLIHMKU NPH He-
MI0JIHOM MOMIOLEHHH Y-KBAHTOB MJIH OT Y-KBAHTOB KBa3HHEMpPEPbIBHOTO CMEKT-
pa. [IByMepHBIii cnekTp BKJIIOYAET TakXke MMaukuit ¢oH, co3naHHblii coBnanaio-
ILIMMH Y-KBAHTaMH, SHEPrHs KOTOPbIX He MONHOCTDIO BbIIETHIACH B FePMaHHEBbIX
AETEKTOpax, M Y-KBAaHTaMW KBa3HHENPEPHIBHOTO CMEKTPa.

®on n1060# nokatbHOH 0071aCTH ABYMEPHOIO CNEKTPa 3aBUCHT OT MHTEH-
CHBHOCTH W 3HEPIUM Y-niepexoloB Golsiee BHICOKMX 3HEPrHil, a TakXe OT reo-
METPHH AeTeKTHpYlolleil cHcTeMbl H 3(PPEKTUBHOCTH KOMIITOHOBCKOM 3allMTBI.
Hns nonyyeHuss HCKOMOH MHOPMALIMK BAKHO NPOU3BECTH [IPAaBUJIBHEIE OLIEHKH
MHTEHEHBHOCTEH NMHKOB B ABYMEPHOM CIMEKTpe YY-COBNAAeHHH, KOTOpPhIE MOLYT
6bITh MOJYYEeHbl NPU KOPPEKTHOM ydeTe KakK rnaakoro ¢oHa, tak M ¢oHa
rpe6Hei.

Jlns aHanu3a AaHHBIX, MONyYaeMbIX Ha 4T-y-cneKTpoMerpax, 6biiH pa3pabo-
TaHbl Pa3THYHbIE COOCOOLI BHIYMTaHUA (POHA M OLEHKH MHTEHCHMBHOCTEH MHKOB
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B criektpax cosnamawiux y-nydeid [100,101], koropsle ycremiHo HCHONb30Ba-
JIUCh A7 TIOCTPOEHMS CXeM sAepHbIX ypoBHeH. OaHako 0OCyXOaemble B 39THX
paboTtax crnocobbl ONpefeeHNs HHTEHCUBHOCTEN MMHUKOB HE SBNAIOTCS TOUHBIMH
M3-3a HEMOJIHOTO, HEKOPPEKTHOrO BBIYMTaHUsA (POHA, YTO OTMEYAETCd CaMHUMH
aBTOpaMH.

Mbi He 6ynem 3neck noapo6HO 06CyXaaTh 0COGEHHOCTH NOCTPOEHHs (POHO-
BbIX (PYHKUHH, MpeaaraeMbiX B yKa3aHHbIX Bblle paGorax. OGpaTuM nuLib BHHU-
MaHHE Ha OMH M3 Haubosee 4aCTO HCMONB3YEMBIX B SAEPHOH CIIEKTPOCKOMMH
cnoco6o8 00paGOTKM OaHHBIX [OBYMEPHBIX CIEKTPOB YY-COBMAAE€HUH. DTOT
crnoco® 3aK/oyaeTcs B aHAIM3e OJHOMEPHBIX CIEKTPOB, KOTOPbIE MOJNYYalTCs
NyTeM HalOXEHHS TaK Ha3bIBAEMbIX «OKOH» Ha OJHY M3 OCEH IHEepruil AByMep-
HOTO CHekTpa (Eyl)' To ects M3 AByMEPHOrO CNEKTpa BBIAEIAETCA CNOH, mapai-

JIeNbHBIA BTOPOIl OCH Eyz’ LIMPpUHA KOTOPOTO M SB/ISETCH SHEPreTHUYECKUM

OKHOM. OnHOMEpPHBIN CIIEKTP NMOMYyYaeTcs Kak MPOEeKLUs 3TOro cjios Ha och E.

2
B kauectBe (hoHOBBIX (DYHKUMH MCMONB3YIOTCH MONHBIE MPOEKUHH JBYMEPHOIO

CNEKTPA Ha OCH KoOpaAHHAT. MHOXHUTeNb HOHOBOH (PYHKUHH onpenensercs Kak
OTHOLIEHUE WHTEHCUBHOCTH (DOHA B SHEPreTHYECKOM OKHE K IMOJIHOMY CYETy B
NPOEKUHH OBYMEpPHOro cnekrpa. IIpu onpeneneHuu 3THM METOAOM MHTEHCHBHOC-
TEH NUKOB, 0Opa30BaHHBIX COBMNAAIOLIUMH Y-KBAHTaMHM, HCTIYILIEHHBIMH K3 OJHO-
ro UM TOro Xe€ $pa, MONAy4EeHHbIE OLEHKH XOTA U HE SABIIAIOTCH TOYHBIMH, JAIOT
HEMJIOXUE PE3YNbTaThl Ul COOTHOLIEHHH MHTEHCUBHOCTEH 3THX nukos. Korma
Xe Hccrnejyemble IHKH 00pa3’oBaHbl Y-KBaHTaMM, HMCMYLIEHHBIMH M3 pPa3HbIX
a1ep, oHOKY B OLIEHKE MHTEHCHBHOCTEH TAKMX TMHMKOB MOTYT OBITH 3HAUMTEJIb-
HBIMH M NPH CPABHEHMH MHTEHCHBHOCTEH Pa3fNMYHBIX MMUKOB JaBaTh OLIMOOYHbIE
pE3yJIbTaThI.

B paborax [24,25,102] noka3saHo, 4TO A INONAydEHHs TOYHON OLEHKH
MHTEHCHBHOCTEH MHKOB HEOOXOMHMO aHAIN3MPOBATh BCIO 00J1acCTh JABYMEPHOTO
CTeKTpa BO3jle KaXAOro MCClefyeMoro nuka. Apropamu pabdotel [102] mpemno-
XeH crnocob BbMHTaHHS (POHA, MO3BOMAOUIMI MOJYYHTh TOYHBIE OLIEHKH MHTEH-
CMBHOCTH NHKOB. B xauecrBe ¢oHOBBIX (DYHKLHMI HCMONB3YIOTCS NMPOEKLUHH
cnekTpa HebombIoNH 06nacTH BOIM3M HCCIEAYeMOro MuKa, KOTopas HeE comep-
XHWT IPYrHX NMHKOB CPaBHMMOH HHTEHCHBHOCTH. MHTEHCHBHOCTH MmuKa M KO3G-
dunmenTs Npy GOHOBLIX (PYHKLHIX HaXOOSTCS B pe3yiabrare (PUTHPOBAHHUS [aH-
HBIX Hccnenyemoit obnacti crnekrpa. OOHAKO Ui CIOXHBIX CIEKTPOB COBNajia-

IOLUX Y-KBAHTOB CMOHTAHHOIO Ae/ICHUS 252Cf yawe Bcero HEBO3MOXHO HaWTH
obnacTe, CBOOOIHYI0 OT NUKOB. [109TOMY WIS KOPPEKTHOR OLIEHKM WHTEHCHBHOC-
Tei nukos B paborax [24,25] ucnons3oBaicsa apyroi noaxon [103,104], xoTo-
PBIA 3aKJIH0YaeTCa B anNpPOKCHMMALUN HeOOMBIIHX Y4aCTKOB ABYMEPHOIO CHEKTpa
aHaJIMTHYeCKON (pyHKLHEH.
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JIns mocTpoeHMs annpokcuMupyloueid GyHKUUH Heo6XooMMO HaWTH KOOp-
JMHATHl MAaKCHMyMOB BCEX BO3MOXHBIX MHKOB Ha MCCIIEAYEMOM ydacTKe AByMep-
Horo cnektpa. [ist 3Tod uenu GOpMHPYIOTCS MPOEKLHHM UCCIIENYeMOro y4acTka
JABYMEPHOTO CMEKTpPa Ha OCH KOOpPAMHAT. B OIHOMEPHBIX CMEKTpax MPOEKLHii
HaXOOATCs MOJIOXEHUs MaKCUMYMOB Bcex uMemoumuxcs nukos. Ecnu gopma
CNIEKTPOB MO3BOJISIET MPEANONOXUTh, YTO B JAHHOH 067acTH CyLIECTBYeT He-
CKOJIPKO HAJIOXKEHHBIX JIMHUM, TO 3TH JIMHUU pa3fensloTcd, U TaKXe HaXOmATCs
KOOpIMHATB MX MakCHMyMOB. PopMa NUKOB ONKCHIBAETCH TayCCOBCKHUM pacripe-
nenenueM. O6G03Hau¥MM HaleHHbIE B OZHOMEPHBIX CBEPTKaX LEHTPbI NMHKOB H
JMCNIEPCHH, COOTBETCTBEHHO, Y€pe3 ¢; U O; Npu i=1,2...m mis ocH x(Eyl); H

yepes dj W G; npu j=12...n g ocu y (Eyz)' Annpokcumupyoias (pyHKuus

npeacTaBiseT coGOil CyMMY TPEX KOMITOHEHT, KOTODBIE COOTBETCTBYIOT pa3iHy-
HBIM COCTABJISIOIIMM AByMEPHOTO criekTpa. [lepsas KOMIOHEHTa 3TOH (YHKUHH
OIMUCHIBAET MUKH YY-COBNAIEHHUI:

x-c)’ O-d)

m n
2 Z Aij exp| —

2 2
i=1j=1 20; ch
Bropast KOMIOHEHTa ONUCHIBaeT (YOHOBBIE TPEOHU:
m 2 n 2
x=c) 0-d)
ZB.exp -— +2H.cxp -—
i 2 J 2 02
i=1 i j=1 i

TpeTtbs yacTh PyHKLMH OMUCHIBAET DIAgKWH (OH:
k, -x+k2-y+k3-xy+k4.

CroGonHble mapaMeTpsl annpoKCUMUpyoILel pyHkumn Aij’ B;, H] u k; onpene-

NSI0TCA METOOOM HaWMeHbLIMX KBagpaToB. Ha puc.2 mpeacTasiieH NpUMep BbIYH-
TaHus (OHa Ha YYacTKe CNEKTPa, KOTOPHIA CONEPXKHUT MUK, 0Opa3sOBaHHBIA COB-
najaIlUMK Y-KBaHTaMH c aHepruamu 1922 k3B u 602,3 k3B, KoTopsie co-

oTBeTcTBYlOT nepexogaMm 27 — 07 B 1940 o u '%%Ba. Mns asromarnueckoro
MOMCKA NIMKOB M 06palGOoTKM BCEro ABYMEPHOTO CreKTpa Gblla CO3aHa Nporpam-
ma FIT-2S [24,25]. PesynsTaTom paboThi mporpamMMsl siBjsilack Tabnuua Koop-
JUHAT U UHTEHCHUBHOCTEH BCEX HAWAEHHBIX MUKOB.

Jliis yCTaHOBJIEHMS TOYHOCTH M HAJEXHOCTH CIEIAHHBIX OLEHOK WHTEHCHB-
HOCTEH MMKOB MOXHO HCIOJIb30BaTh pa3iiMyHble KpUTEpUU. Bo-mepsbix, moiy-
YeHHbIE OTHOCHTEJIbHBIE HHTEHCUBHOCTH Y-TIEPEXO/OB JUIA Pa3fIMYHBIX OCKOJIKOB
MOXHO CpPaBHHTb C AHATOTMYHBIMH JAHHBIMH, HMEKLIMMMCS B JIUTEparype,

Hanpumep, s 1007, [56], 1480 [54], 1361 [59], 144pa [55].
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Puc.2. a) Yacte nsyMepHOro crextpa Yy-coBnaneHuii, 6) CekTp Mocie Bbl-
uuTaHus oHa, ¢ M 2) crekTpsl oHOBbIX rpeGHel. CTpenkaMM yKalaHbl
3HEPTHH Y-KBaHTOB, cooTBeTcTBYIoWwHe 2 — 0*-nepexonam 8 '®Mo u [40Ba

Hpyroii kpuTepuii 3aKkniouaeTcs B NpoBEPKE COOTHOLIEHMI MEXIY MHTEH-
CHUBHOCTSMH COBNAJAIOLIUX NEPEXOLO0B, KOTOpblE CNEAYIOT M3 OOLHUX CBOWCTB
Kackaaa Y-KBaHTOB, oOpasywouierocs npu Aeso30yXAeHHH YPOBHEH OCKOMKOB.
H3BeCTHO, YTO ANd YETHO-YETHBIX OCKOJIKOB KacKadl Y-KBAHTOB HIET MOC/ieaoBa-
TEJILHO M COOTBETCTBYeT E2-nepexofaM, OCHOBHOE COCTOSIHHE YETHO-YETHBIX
Siep MUMEET HYNEBOH CMHH, a BCE COCTOAHHUSA BpALLATENbHOK MOJOCH — YETHBbII

cnud.  OGO3HaYMM  COCTOSHHE ypoBHA ockonka (2n)", a E2-nepexon

+ + o
(2n)" - (2n — 2)". Torna A% UHTEHCHBHOCTEN COBNATAIOLIMX TEPEXOI0B (C 9Hep-
THSMH Eyl H Eﬂ) YETHO-YETHOrO S/Ipa BBIIOJIIHAKTCA CAEAYIOIHE COOTHOILEHMUS :

I(E E = const ’ (12)-

@' - k-2 Fen 5 2n - 2"

npu k=constunpun=1,2,.k-1;

’
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I(E v Es

@ > k-2 "2 o)/ TEQy 5 k-2 450" 1 (13)

npu k > 2.

Ewe oauH cnoco® HaXOXAEHUS TOYHOCTH MONYYEHHBIX OLIEHOK HHTEHCHB-
HOCTE!l MHMKOB 3aK/I0YAETCd B TPOBEPKE PaBEHCTBA HYMI0 HMHTEHCHBHOCTEH
MHMKOB, COOTBETCTBYIOLIMX Y-KBAaHTaM OCKOJIKOB, IJI KOTOPBIX CyMMa SIIEPHBIX
3aps10B He PaBHa 3apsiy Aensulerocs sapa (Z, + Z, # Zp) w1 cyMMa MacCoBbIX

yucen Oonble (A]' + Az' > Ap) MM 3HAUUTEIIBHO MEHbIUE (Al' + Az' <Ap-1D

Macchl gensuerocs sapa. IIpi Takoii npoBepKe MOXHO TakXXe OUEHWTb BO3MOX-
HOCTH HabnoaeHust TPOWHOro AeNeHUs.

[lpuMeHeHUe yKa3aHHBIX KPHTEPHEB MPH HWCCENOBaHWM CMEKTPOB MOKa-
3aJ10, 4YTO MCHONb3yeMblil cnocob onpefeneHns WHTEHCUBHOCTEH MHKOB [24,25]
JaeT [MpaBUibHBIE OLEHKH, TOYHOCTb KOTODBIX OMpeaensercd B OCHOBHOM
CTATHCTHYECKOW TOUYHOCTHIO.

2.2. Beixoabl nap ockoakoB. H3yueHue coBnanaiommx Y-KBaHTOB, UCITYLIEH-
HBIX M3 OBYX OCKOJIKOB JE/IEHHSA, NO3BOMIAET 10Jy4aTh HOBbIH THIl JAHHBIX: Bbl-
xoubl nap ockonkoB. B paborax [24,25,29,30] Gbuin onpesesierbl BbIXOObI

~ 150 nap OCKOJIKOB, COOTBETCTBYIOUIMX ITATH pa3fiesieHUsM M0 3apsanam By
Z, /Z2 =46/52 (Pd-Te), 44/54 (Ru-Xe), 42/56 (Mo-Ba),
40/58 (Zr-Ce), 38/60 (Sr-Nd).

OTHOCHTEIbHbIE BbIXO[bI 1ap OCKOJIKOB ¢ YETHBIMH 3HaY€HHAMH MacCCOBbBIX
yucen onpeaesdaiuch 1o HHTEHCHUBHOCTH 'YY—COBH&HCHMVI, 06)’CHOBJ]CHHle Y-nepe-

+ +

XOAMH C HMXHEro yposhs 27 B ocHoBHOe cocToshue 07 B KaxaoM M3 saep.
B ToM ciiyyae, Korna OOMH M3 MapHbIX OCKOJIKOB WMejl HEYETHOE 3HA4YEeHHUE
MAaccChl, BLIXOJ Mapbl OCKOJKOB HaXxOMHWJICS 10 CYMME MHTEHCHBHOCTEH YY-COBMa-

neHuil, o6pazyeMbiX Y-Mepexonom 2* 5 0" B A-ueTHOM Aape M BceMM Y-Nepexo-
JaMH, BEAYLUKMH B OCHOBHOE COCTOsIHHME, B A-HEUETHOM OCKOJIKe. B ciydae aByx
A-HeyeTHbIX OCKOJIKOB pacCMaTpHBalach CyMMa HHTEHCHBHOCTEN YY-COBMAleHHH
110 BCEM BO3MOXHBIM KOMOMHALMAM Y-NEPEXO0B, BEAYILIHX B OCHOBHOE COCTOA-
HHE B KaXIOM M3 OCKOJKOB. MHTEHCHBHOCTb YY-COBNAIEHHH OMpeaensiach no
MHTEHCHBHOCTH COOTBETCTBYIOLIWX MUKOB B JABYMEPHOM CIEKTpe Mocie y4dera
3¢eKTHBHOCTH PErHCTPALIMM Y-KBAHTOB JETEKTOPAMH U BEPOSATHOCTH BHYTPEH-
Held KOHBEPCHM SAEPHBIX YPOBHEH.

HaiineHHsle OTHOCHTENBHBIE BbIXOBI NAap OCKOJIKOB OblM NMepeBeleHbl B He-
3aBUCHUMbIE BBIXOObl B Pe3ylbTaTeé HOPMUPOBKH C MCIMOJIb30BAHHUEM JIMTEPATYP-
HBIX JAHHBIX O HE3aBUCHMBIX BHIXOJaX HEKOTOPBIX S[ep NpH CIIOHTAHHOM Je-

2
nennu 22Cf [60]. Ons npumepa B Tabnulie npeacTaBieHbl HE3aBUCUMbIE BBIXO/IbI



1378 TEP-AKOIIbSAH I'M. U JIP.

Tabanua. HesaBucumble BbIxoxsl Ba-Mo map ocKonkos
CIIOHTaHHOTO fieneHus 252Cf, Bpixomsl JaHBI B NpouneHTax

138Ba 140Ba 141Ba 142Ba 143Ba 144Ba 145Ba ]46Ba 147Ba 148Ba

19200 0,048(9) 10,04(2) |0,05(1) [0,07(1) {0,17(5) |0,13(4) |0,10(4) [0,09(4)
%Mo 0,09(3) [0,14(8) |0,08(3) |0,12(8) [0,63(8) {1,3(3) |0,50(6) |0,36(5) |0,15(9)
%Mo 0,07(3) [0,13(4) [0,21(9) |0,32(4) |0,45(7) |1,00(8) |0,84(9) |0,33(3) {0,13(7) |0,05(2)

1900 0,10(3) |0,10(3) |0,58(7) |1,16(13) |1,2(1) |0,78(15)|0,12(5) [0,2(1)
%Mo 0,12(2) {0,35(7) [0,91(8) |1,0(1)  |0,58(4) |0,15(6) |0,04(3)
Mo 0,10(3) |0,14(3) [0,32(3) {0,37(5) [0,14(5) |0,10(5)

108\ 0,102) [0,11(3) |0,13(5) [0,16(4) |0,08(5)

252
nap ockonkos ans Ba-Mo paszaenenus “~“Cf. Ananoruynsle JaHHBIE O BBIXOZAX

nap ockoykoB 6butH nomyuedsl W ana Te-Pd, Xe-Ru, Ce-Zr, Nd-Sr pa3neneHuit
252
Cf.

M3 tabmui BLIXOOOB 11ap OCKONKOB MOXHO MOJTYYUTh HEKOTOPBIE HHTErpab-
HBIE XapaKTEPHCTHKH SepHOro gesieHus. CyMMHUpYS BBIXOABI Map, COAEPXAIUX
OCKOJIOK C Macco# Al’ W 3apsaoM Zl, MOXHO ONPEAEeTUTh BRIXOJ JaHHOrO OCKOJI-

Ka Y(Zl,Al’) NpH ReNeHHWH SApa. BriXoobl pasiMUHBIX HM30TONOB Oapus M

MONIMGAEHa MOXHO TIONYYHTh U3 MPUBENCHHONH TaGJHLbI, CYMMHpPYs BBIXOMbI Map
OCKOJIKOB, COOTBETCTBEHHO, IO CTPOUKaM M 10 cronbuam. [lonyyeHHble TakuM
06pa3soM M30TONHbIE paclpeeNeHns VIS NeCSTH 3JIEMEHTOB MOKA3aHbI Ha PHC.3.
IIpeacrasnennbie Ha pHCYHKE HE3aBUCHMblE BBIXOIBI PA3NMYHBIX H30TOMOB He-
IJI0XO COMIAcyloTCs C AHAJIOTHYHBIMM NaHHBIMH, NOJYYEHHBIMHM B pe3y/bTare
pacyeros [105].

Kaxnai nabmonaemas napa ockonkos o6pasyercst mociie UCMapeHHs onpe-
AICTICHHOTO YMC/a MTHOBEHHBIX HEHTPOHOB M3 NEPBHYHBIX OCKONKOB V, = Ap-

— A/ —A). TosToMy, IPOCYMMHPOBaB BBHIXOAB! Map OCKOJKOB, COOTBETCTBYIO-

e amuccuu 0, 1, 2 U T.0. HEHTPOHOB, MOXHO MOJIYYUTb PaCNpPENETeHHs] MHO-
XECTBEHHOCTH HEWTPOHOB VI Pa3fIHUYHBIX 3HAYEHHIl SAEPHBIX 3apANOB OCKOM-

xoB. Ha puc.4 npejcrasnens! pacrpenenenusi MHOXECTBEHHOCTH HEHTPOHOB I

IATH pasjiesieHUd 1o 3apsay 22Cf. Ina YeThIPEX 3apSAOBBIX pa3iesieHHl BKC-

NEPUMEHTANILHBIE TOYKM XOPOWIO OMMCBHIBAIOTCS TayCCOBCKMMH KPHBBIMH.
Pasnenenue Ba-Mo omTinyaercss OT apyrux pasgeneHuii MOBBILLIEHHBIM BbIXOIOM
nap OCKOJKOB, 06pa3oBaHHBIX MOCTE HCMapeHus ceMu U 6Gojlee HEHTPOHOB. DTa
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Puc.3. HsoromnHble pacripeneneHds OCKOJIKOB CIIOHTaHHOIO
nenenus 292Cf

ocoOeHHOCTb pasfeneHuss Ba-Mo xopowio nposiBisercsd B paclpefeleHHH MHO-
JKECTBEHHOCTH HeilTpoHoB. Kak BumHO M3 puc.4, Ba-Mo pasnenenue, KpoMe KoM-
MOHEHTbl, KOTOpas NMpPUCYTCTBYET B COCEAHUX pPa3felIeHUsX, COAEPXKHT BTOPYIO
KOMITOHEHTY CO CPEAHHUM 3HAU€HHEM MHOXECTBEHHOCTH HEHTPOHOB, paBHbIM 8.

HaGnionaemble B pacnpeleseHMH MHOXECTBEHHOCTH HeHTpoHOB Ba-Mo pas-
JeNeHus] JBe KOMIIOHEHTHI MO3BONSIOT NPEANOIOXUTE HATHYHE ABYX MOI JA€ne-

HUS U1 JaHHOW 3aps10BOH aCMMMETPHUH OCKOJIKOB HE/IEHUs Brey, HeiicTBu-
TEJIHO, Pa3fiMyHble MOJbI A€JIeHHs OTIIHMYAIOTCH KOH(UIypauueil sapa B TOUKE
paspriBa. Kaknas Mopma nesieHuss uMeeT pacrpeleneHue KoHurypauui okono
Haubonee BeposTHONH GOpMBI sAapa, KOTOpas XapakTepH3yeTCsl MacC-aCHMMET-
pueii 06pasylowuxcs 0CKOIKOB ¥ X gecopMmaiveil (TO ecTb pacCTOSHHUEM MEX-
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Puc.4. PacnipeneneHuss MHOXECTBEHHOCTH HEHTPOHOB 1A MATH
pasnesieHuit no 3apsnam 252Cf. JIMHHAMH H306paXeHsbI pe3yiib-
TaTh! anMpoOKCUMALIUH IKCIEPHMEHTATbHBIX TOYEK rayCCOBCKH-
MH KpHMBbIMH. BEPOSTHOCTH HCNapeHHs HeHTPOHOB (P,) nocne
YMHOXeHHs Ha K03(pHLHEHTHI, yKa3aHHbIE HA PUCYHKE, NaIOT
BbIXOIbl HEHTPOHOB B MPOLIEHTAX Ha AeJ/IEHHE

Ay UEHTpaMM OCKONKOB). bumonanehoe nenenue smep Gbiio obHapyxeHo M
MCC/IEI0BAHO B 3KCMEPUMEHTAX, B KOTOPhIX HabnioaanH MaccoBbie pacripeesie-
HUA M pacrpele/ieHUs TOJHOH KHHETHYECKOH 3HEPrMH OCKONIKOB JeNleHHs
[9,106]. Maccosbie pacnpeneneHus W CNEKTPbl KMHETHYECKOH BHEPrHM OCKOJI-
KOB /Ul KaXI0H MOJIbI IeJIeHHst XOPOLIO ONMKCHIBAIOTCS pacnpepenenuem laycca.
[lpusHakom Hanuuus aByx (unu Gonee) MOm meneHus smusgercs HAGMONEHUe B
9KCMNEPUMEHTAIBHBIX MACCOBHIX M 3HEPIETHYECKHX CHEKTpax HBYX (MM He-
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CKOJIBKMX) KOMIOHEHT, TO N
€CTb BO3MOXHOCTb ONMCaHusd 100}
9KCMEPUMEHTAIBHBIX CIEKT- . [
POB CyNeprno3uuuen rayccua- sor
HoB. Jlyywero pa3spelueHus 20
JEJIMTEBHBIX  MOI  MOXHO

AOCTHYb, Habmiogas MaccoBble

CNEKTPbl  OCKOJIKOB  TMpH 132-133
pa3nuuHbiX (PUKCHMPOBAHHBIX
3HAYEHHUAX KUHETHYECKOH
9HEPTMU MJIU CIEKTPbl KHHe-
THYECKOIH 3HEpruu npu puk-
CHpPOBaHHBIX 3HAYEHHUAX MacCC
ockonkoB. Takum cnocobom 20
nabnofanuch MOfIbl aCHMMET- R
PHUHOIO leneHus HOaKTHHWI- 10}
ubix suep [9]. Ha puc.5 npen-
CTaBJIEHbl  IKCIIEPUMEHTAIb- T !
Hble CIHEKTPbl KHHETHYECKOH M =138
IHEPIUH  OCKOJIKOB LesIeHus 2or

134-137

213 .
At Juis paduiHyHbIX aMa-  gg 4

Na3oHOB Macc, B3sThie U3 [9]. =

OcoBEHHOCTHIO METOME, OCHO- 4 *" : P
BAHHOIO  HA  H3MEpPeHUsIX 110 130 150 E.,M3B
BLIXOLOB ~ 1ap  OCKOJIKOB,

ABJISIETCH TO, 4TO OHMOAIb-

Hoe meslenue Habmomganocs B PHC.S. Paciipeueichns KHHETHHECKOI JHEPIHH OCKOII-
CHEKTPaX MHOXECTBEHHOCTH  KOB JeTeHHd 213At 4715 BHIOpAHHBIX AMANA30HOB Mace
HEHTPOHOB NpPH  pa3nuumplx ~ OCKOIKOB (9]

3HAYEHHUSX 3apsLOB OCKOJIKOB

(cM. puc.4).

Mapsl BTOpHUHBIX OCKOJKOB 00pasylTcs B pesynbrate AeBO30OYXKAeHHs
IIEPBUYHBIX OCKOJIKOB, M MO3TOMY MoydeHHble TabaHLibl BLIXOAOB 1ap BTOPHY-
HBIX OCKOJIKOB COfIEpPXKaT MH(OPMaLHIO O MAacCOBbIX M 3HEPreTHUECKHX pacrpe-
OENIEHUSX TEPBHUHBIX OCKOKOB. B paborax [24,25,30] na ocHOoBaHHMH BBIXOIOB
nap BTOPHUYHBIX OCKOJIKOB ObIIM BOCCTAHOBJIEHb! MapaMETPbl MacCOBBIX W 3HEP-
reTHYECKHX pacrpefeneHuii nepsuunbix ockoskos: Xe-Ru, Ba-Mo n Ce-Zr.
Aunanu3 Ob1 BHIMIOJIHEH B MpPENNONOXEeHUH, YTO pacnpeierenus MepBHYHBIX
OCKONKOB MO Macce, 3Heprud Bo30yXAeHHS U NOJHOH KHHETHYECKOH IHEPrUH
npu (UKCHPOBAHHOM pa3liENIEeHHW MO 3apsly MMEIT XapakTep rayCCOBBIX Ul
KaXJI0H MOIbl JeNeHUS. DKCrepUMEHTAIbHBIE JaHHBIE XOPOWO ONHCHIBATHUCEH
ana Xe-Ru u Ce-Zr pasznenenmnii ogHoi Momod aenenus, a ans Ba-Mo pasge-
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JleHns — AByMs Moaamu jenenus. Ilepsasd Mona nenenus ans Ba-Mo pasnenenus

uMena oObIYHOE 3HAYEHHE MOTHOHW KMHETHYECKOH BHEpPrMM OCKOJKOB TKE, =
= 189 MaB. [lna BTopoit MOabI AelieHHUs Gbia Noay4eHa 3HAYUTENIBHO MEHbLIas
BEJIMYMHA NOJIHOH KHHETHMYECKOH 3HEPruH OCKONKOB (TKE, = 154 M3B). Bro-

pas Mona fesieHHs JaeT OCHOBHOM BKJal B (DOPMHPOBaHHE CaMblX JIETKHMX Map
BTOpHYHBIX Ba-Mo ocxonkos.

Cneflyet OTMETUTB, YTO HaiileHHbIE B pe3yl1bTaTe aHATIM3a TaKHE BaXHbIE
XapaKTepUCTUKHU [IeJIEHHs, KaK CPENHHE 3HAYeHHs MOJHBIX KMHETHYECKHX
sHepruit (TKE) v 3HayeHUs QucrepcHil pacrpefe/leHMii NOMHON KUHETHYECKOM
®HEPTHH (O p) MU TPEX 3apsnoBbix pasuenenuii Xe-Ru, Ba-Mo u Ce-Zr He-
TUI0XO COMIACYIOTCS C aHAIOrMYHBIMU JaHHBIMH, MOJYYEHHBIMH B TIPAMBIX M3Me-
PEHHAX KMHETHYECKHX DHEPrHid ockonkoB [31,90]. XapakTepucTHKH MacCOBbIX

pacnpeneneHuil MepBHYHLIX OCKOJIKOB Z(Z) M O,, noayueHHsie B [24,25,30],

HEIUIOXO COINIacylOTCs C pe3y/bTaTaMH PAacueToB, BHIMOIHEHHBIX Ha OCHOBE aHa-
JIM3a COBEPIUEHHO APYrHX 3KCIEPHUMEHTANBHBIX JaHHBIX: KyMYJISTUBHBIX, (hpaK-

252
IIMOHHBIX W HE3aBUCHMBIX BBLIXOJOB OCKOJIKOB CHOHTaHHOro genenus <~ “Cf [105].

Takum 06pa30M, AaHHBIE O BBIXOJAaxX Iap OCKOJIKOB IMO3BOJISIOT u3lyyath xXa-
PAaKTEPUCTUKH NEPBHYHBIX OCKOJIKOB JI€JIEHUA, 06p33y101llHXCﬂ Cpa3y nocie pas-
phbiBa sdapa.

2.3. YrinoBble MOMEHTBI OCKOJKOB CIIOHTAHHOTO I€JIEeHHS 252Cf. Habmio-
AeHHME COBMNAJAIOLINX Y-KBAHTOB, MCIYIIEHHBIX H3 ABYX OXHOBPEMEHHO 00pa3o-
BaBUIUXCA OCKOJIKOB JACJICHHUA, MO3BOJIAET nonay4dyarhb 60!166 l'lOleO6H]>IC JaHHBIC,
xapaKTepmy}oume YIJIOBBIE MOMEHTBI OCKOJIKOB, IO CpaBHCHl/l}O C METOoaaMu
HCCENOBaHMUsl, KOTOPBIE NPUMEHSANHNCh paHee. B 3KcnepuMeHTe MOXHO M3Me-
PHUTb HHTEHCHBHOCTH Y-NIEPEXOJOB MEXIY Pa3IMYHBIMU BO3OYXIEHHBIMH COCTOSI-
HHAMM JUIsE OCKOJIKA € 3apsiioM Z, ¥ Maccoi Al’ , KOrZla 3TOT OCKONOK ofpasyercs

B TMap€ C ONpEaeJICHHBIM JOMOJIHUTEIbHBIM OCKOJKOM, WMEILIUM 3apana

— — ’ = —_— ’ —_ 7 -
Z,=2 Z, wn maccy A =Ag Af Veor THE YV, NOJIHOE YHCIIO HEHTPO

HOB, HCMIAPHBIINXCSA U3 NMEPBUYHBIX OCKOJIKOB I[PH (POPMHPOBAHUH HCCIIENYEMO
napsl OCKONKOB. TO e€cTh Wi OCKONKA C ONpefe/IeHHBIMH 3HaYeHUsMH Z U A’
U3MEPAIOTCS MHTEHCUBHOCTH Y-TIEPEXOMOB, KOIda 3TOT OCKONOK oOpasyerca B
pe3y/ibTaTe MCNapeHHs OMNpPENeNEHHOTO YHUC/Ia HEHTPOHOB V, .

ITo HU3MEPEHHBIM HHTEHCHBHOCTAM Y-niepexoaos MC)Kle Pa3u4YHbBIMH BO3-
6y)KJICHHbIMH COCTOAHHUSAMH MOXHO ONpeneHuTh BEPOATHOCTH 3aCCJICHHA 3TUX
COCTOSIHUM B JEJIEHHM. BCpOﬂTHOCTb 3aCCICHNUA COCTOSHUA Pi HaxXoOOHUTCA KakK

Pa3HOCTh MEXIY CYMMOH HHTEHCUBHOCTEI Ik _, j BCEX NEPEXO0B, BEAYLIUX B 3TO
COCTOsIHME, H CYMMO# HHTEHCHBHOCTEH I,. _, ; BCEX NIEPEXOMOB, MAYLIMX U3 ITOO

COCTOAHHA:
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PizR'AIi=R[ZIk—>i_zli—>1J’
k !

rie R — HOPMHPOBOYHBIA MHOXHTENb: R = 1 Al .
PMHD i

C HaliIeHHbIMH 3HaYEHUSIMHU

i
Pi W U3BECTHHIMH CIIHHAMM COCTOSIHUU Ji MOXHO

ONnpeaeJIMTh cpeaHee 3Ha4€HUE YIITOBOrO MOMEHTa AJid UCCIEAYyEMOr0 OCKOJIKa:

ZPi-Ji
J =——
LW &

i

B paborax [28,30] 6pu1n BbIOpaHbl IS U3YYEHHS YETHO-UYETHBIE OCKOJIKH,
TaK KakK JUld Takux sjgep Haubosee XOpOLIO M3yyeHbl CXEMbl YPOBHEH, KOTOpPbIE
3acensiioTcs npu Aenenud. [ng BoiGpaHHOro OCKOJKa, 06pa3oBaHHOrO B mape ¢
JIOMONTHUTENBHBIM OCKOJIKOM, HMMEIOIIHM YETHOE 3HAaYE€HUE MacCOBOr0 4YMCa,
MHTEHCHBHOCTh Y-Mepexofla OnpeaensyiaCh 110 HHTEHCHMBHOCTH COBIAICHHUH,

00yCNOBIEHHBIX Y-EPEXOIOM B
TMOIHUTENBLHOM OCKOJIKe. B ToMm

+ +
HCCIIeAYEMOM gape H nepexodoM 2° — 0° B go-
ciydae, KOraa OOMOMHUTENbHBI OCKOJIOK HUMEJI

HeuyeTHOe 3HayeHHMe MaccChl, pacCMaTpHBaTach CyMMa HHTEHCHBHOCTEH COBnaje-
HMii, 06pa3yeMbIX Y-IIepexoJoM B HCCIIEyeMOM sipe U BCEMH NEPEXOaMu, Beay-
IIHMHU B OCHOBHOE COCTOSIHHE, B JOTO/JIHUTENIBHOM OCKOJIKE.

HHTEeHCUBHOCTH Y-niepexo-
JOB, BEPOSITHOCTH 3aceneHus
YPOBHEH M cpegHHe 3HaueHHs
YIJIOBBIX MOMEHTOB OBUTH MOJTY-

YeHbl 11 ]44Ba, 138%e u 140Xe,
KOrga 3TH OCKOJIKH 00pa3ylTcs
B Hapax C pa3IUYHBIMH H30TO-
mamMy, COOTBETCTBEHHO, Mo u Ru
B pe3y/lbTaTe MCIapeHus pas-
JIMYHOTO YHMCJIa HEHTPOHOB (OT
2 pgo 6 HelTpoHOB). 3aBHUCH-
MOCTH CpENHHX YIJIOBBIX MO-

MEHTOB s 144Ba, 138Xe "

149xe or Viot TIPEACTAB/IEHB! Ha

puc.6. Jlng 3THX  TAXKENbIX
OCKOJIKOB BeJIH4YMHA JY Mano

MEHSETC C U3MEHEHHEM 4Yucna
HUCTIapUBIIHUXCS HEHTPOHOB.
OpHako, €cnu y4yecTh YIJIOBOH
MOMEHT, YHOCUMBIH HCIapHB-

‘J‘r L] T T ; 144Ba

or O 138Xe .

. i A 140Xe

7+ / \ % E

6 / ‘T/ ..
- !

5¢ /\ I 1

1 -
R s 5 6

\Y
tot

Puc.6. 3aBHCHUMOCTH YIJIOBBIX MOMEHTOB OCKOJIKOB
144, 138Xe y 140Xe or momHoro ynciaa HEHTPOHOB

(Vtot)’ HCTIAPHUBIUKUXCA U3 IIEPBHYHBIX OCKOJIKOB IIpH

06pa303amm 3THX H30TOIOB
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0 1 2 3 4 5 § 7 ? ? 1'0 Viot Puc. 7. B 3aBMCUMOCTH OT MOJIHOrO
6F g Mo ] 4HCiia HENTPOHOB MOKAa3aHbl: @) YIIo-
5 . BLIE MOMEHTh ocKonko  19*Mo;
- 4 ] 6) yriaoBble MOMEHTBI OCKOJIKOB Ba,
- ) ] KoTopble 00pasyloTci B mapax ¢
ol ) 104Mo; 6) cyMMapHBle yITIOBBIE MO-
MEHTBHl MepBHYHbIX Ba-Mo nap
148 146 144 142 140 138 | Ag,  OCKONKOB; 2) OTHOCHTEIbHbII BKJIAI
8 5 i Ba BTOPO# MOIbl Ac/ieHUs B 0Opa3oBaHu1e
G / ] Ba—'™Mo nap ockoskos
=l ¢
4} / i\ 4
2t @ =3 | IIMMHCH  HENUTPOHAMH, 1OJIyyeH-
16 HA ' ; ' AMo—Ball ] HBIE  BEJIMUHIIDI JY HO3BOJIFIOT
/‘\ CAeNaTh BLIBOU O POCTE YIVIOBOIO
12; ¥ E\‘ { MOMEHTA 1IEPBHYHbBIX OCKOJIKOB
- { ¢ Xe n Ba ¢ ysennueHHeM HX
8; HEPIHH BO3OYXKIUEHHS, UTO CO-
+ IJIACYETCs ¢ BBIBOMAMH TEOPETH-
oo 1T T T T yecknx [ 19, 20] u sKciepumen-
g 75 tansibeix pador [107,108].
> 50t 1 HeoObiunas 3ABHCHMOCTD
> 25 1 YIJOBOI'O  MOMCHTA  [CPBHUNBIX
ot — - L : OCKOIKOB OBl 1osyueHa npu
0123 456 7 8 910 HCCJICHOBAHHH  1IAP  OCKOJIKOB,
Viot 00pas3OBAHHBIX VI pasiny-

HBIMIE W3oTonami - Ba o nocne
ncnapenns ot 0 po 10 neirpo-

nos [28,30]. Ha puc.7,a 1 6 npencrasnietibl 3aBHCHMOCTH jY OT V| . COOTBETCT-

M
BCHHO, JId i MO H 4YeTHBIX H3OTONOB Ba, KOTOpbIe ()()pll'l)’l()'l'(:)l B Hapax ¢

104
Mo. Kak BHAHO H3 3THX PHCYHKOB, YIJIOBbIE MOMCHTBI HCCHCAYEMBIX 11ap

OCKOJIKOB YBE/IHUHBAKOTCA NPH H3MEHEHHH uHciIa HEHTPOHOB o1 () 10 5, a 3areMm
YMEHBILAIOTCA 1PH JaJibHEHUIEM YBEJIHYEHHH YHC/Ia HCHAPHBUIHXCH HEHTPO-
HoB. Ha puc.7,6 naHel cyMMaphbie yrloBble MOMeHTHI nepsiunbix Ba-Mo nap
OCKOJKOB, NOJIYYEHHbIE B PE3yJIbTATE YUeTa YITIOBOIO MOMEHTA, YHOCHMOIO Heli-
TPOHAMH. YrnoBoii MoOMeHT nepBHuHbix Ba-Mo mnap ockonkos pacrer ¢
YBEJIMYEHHEM MHOXECTBEHHOCTH HEHTpOHOB B auanazone or () po 4, a 3arem,
Npu JalbHEHIIEM YBETHYEHHH 4HC/Ia HCTIapHBLUMXCH HEHTPOHOB, tiabionaercs
aHOMasbHOE MOBENEHHE YIVIOBOIO MOMEHTA OCKOIKOB — I1PH YBEJIHYEHHH 4HCIa
UCMIapUBLUIMXCA HENTPOHOB, TO €CTh 3HEPrUH BO30YXKIEHHS OCKOJIKOB, HET pocTa
YIJIOBOFO MOMEHTa OCKOJIKOB. Takoe mMOBeNEHHE YINIOBOIO MOMEHTAa MOXHO
0OBACHUTL NPUCYTCTBHEM JBYX MOA ACNIEHWS M padfiMyUsiMH, KOTOpbIE CYLUECT-
BYIOT MEXIY 3TUMU MOJaMHU B BO30YXNEHHH KOJIJIEKTHUBHBIX CTENEHENH CBOOOMBI B
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nenaweMcs aape. Ha puc.7,e npeacrasfieH OTHOCUTENbHBIH BKJ1ad BTOPOH MOIbI
mejieHuss B oOpasoBaHue HccriefyeMbix Ba-Mo map 0CKOJKOB, KOTOpbIid Obin
NoJiy4eH B pe3ynbTaTe aHalKh3a BHIXOXOB NMap BTOPHYHBIX OCKONKOB [24,25]. U3
PUCYHKa BHIHO, YTO MMeEETCs KOppessiuMs Craja yrioBOro MOMEHTa OCKOJIKOB

Yy -
J‘YMO H ‘]yBa M aHOMAJIBbHOI'O MNMOBEACHHUSA YITIOBbIX MOMEHTOB NMEPBHYHBIX OCKOJI

KOB C BKJaJOM BTOPOi Moabl B o6pa3oBaHHe uccnenyembix Ba-Mo nap.

2.4. 3akioueHne. Meton MccnefoBaHMs SAIEPHOrO JejieHWsl, OCHOBaHHbIN
Ha CNEKTPOMETPUH MHOXECTBEHHBIX Y-KBAaHTOB [€leHHUs, NO3BOJSET ONpPEAEIUTh
HOBbIE [NETAbHbIE XapaKTEPUCTUKH AENEHHs: BBIXOIbl NMap OCKOJKOB U BEPOST-
HOCTH 3acesieHHs BO3OYXAEHHbIX YPOBHEH ANl OCKOJIKOB, COCTaB/SIOLIMX 3TH
napsl. HenocpeacTBeHHO M3 3TMX 3KCHEPHUMEHTA/IbHbIX JAHHbIX CIIEAYIOT HHTEr-
pajibHblE XapaKTEPUCTUKHU JeJieHHs, KOTOpble TaKXe I0y4yeHbl BNepsbie, — 3TO
pacnpesiesieHuss MHOXECTBEHHOCTH HEHUTPOHOB VISl Pa3/iMubbIX pasiesieHHit 1o
3apsy Aensilerocst sapa M 3aBUCUMOCTH YIVIOBBIX MOMEHTOB HHAMBHIYaTbHBIX
OCKOJIKOB OT 4Hc/la McnapuBlIMXcs Heitrponos. [lonyuenubie akcliepuMeHTalb-
Hble AaHHbIE COAEPXKAT HH(MOPMALIMIO O 3apsAlax, Maccax, SHepIrHsIx Bo30yxuenus
M CIIMHAX Map OCKOJIKOB AefleHUs. DKCIIepUMEeHThl, B KOTOPhIX HOBbIA METON
HccrieioBalius aefienns OyaeT coderarses ¢ TPAIMUHOHHBIMM METOJAMH: M3Me-
pEeHHEM CKOPOCTEH WIM/H KMHETHYECKHX 3HEPIMH JUBYX OCKOJIKOB, SIBISKTCS
NepCHEeKTUBHBIMU JUIS UCCIIENOBaHUs 1IPOLIECCa sASPHONO desieHus, TaK KakK 1103-
BOJISAT HOJYYUTh AaHHble, Hanbosee NOJHO XapaKTepH3ylollHe JeleHHe sipa.
Hoswtii Meroa Moxer ObITh NpUMeHen Ui UCCIIEA0BAlMS KaK CHIOHTAHHOrO, Tak
H HU3KOHEPreTHYECKOro AefleHHs pa3fiHuHbIX siuep.
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The many models adopted to study the properties of the low-lying magnetic dipole
cxcitations known as scissors mode observed in most deformed nuclei are reviewed. Atten-
tion is focused first on the geometrical two-rotor model (TRM) whose predictions gave the
motivation for searching for such a mode. The consistency of these predictions with the
most meaningful collective properties of the mode is emphasized. More sophisticated des-
criptions carried out within different Boson models are then reviewed. Their strict con-
nection with the TRM is proved. An even closer link is shown to exist between the TRM
and schematic random-phase approximation (RPA). From the phenomenological and
schematic models, confined to the description of the collective features of the M1 tran-
sitions, the analysis moves to the fully microscopic approaches, the only ones capable of
accounting for the global properties of the mode as well as for the fragmentation of its M1
strength. shell-model approaches, widely adopted for light and medium-light nuclei, are
discussed. A more detailed analysis is devoted to the RPA, the most widely adopted micro-
scopic scheme, especially in heavy nuclei. The path leading from the carly incomplete and
too approximate approaches yielding contradictory results to the most recent and refined
studies converging to similar conclusions is sketched. The quasiparticle-phonon model
(QPNM) as a way of improving the RPA description of the M1 spectrum by including the
coupling with two-phonon RPA states, is finally illustrated and the related results are
discussed. The study of the M1 spectra observed recently in deformed odd-mass nuclei
carried out in a QPNM context completes the review.

PaccMOTpeHb! ¢BOHCTBA HM3KOJIEXKALIMX MAarHUTHBIX JHUIOIbHBIX BO3OYkIEHHH, 06Hapy-
KEHHBIX HENABHO BO MHOFMX Ne(hOPMHUPOBAHHBIX SIpax 3KCMEPHUMEHTAILHO M Ha3BaHHBIX
«HOXHH4HOK» Monoi. [lpenctarnen o630op psma Mogeneil, MpUMeHSeMbIX IS W3y4eHHS
YKa3aHHbIX cocTosHHi. [Ipexne Bcero naHo onmucanue AByXx potropHoi Moaenu (IPM), npen-
CKa3aHHA KOTOPOH MOCTYXWIH OCHOBAHHEM JUIA FIOMCKa 3TOH HOBOW KOJUIEKTMBHOH silep-
Hol Moabl. [lpoaHanu3npoBaHbl Apyrue GEeHOMEHONOMYECKHe U MUKPOCKOIIHYECKHE Saep-
Hble MOZE/H, U NoKazaHa HX cBa3e ¢ JIPM. HetajibHo paccMoTpeHo npubanKeHHe clydai-
Heix a3 (MCP), Hanbonee pa3paboTaHHOE HAMPaBIEHHE B TEOPUH, OCODEHHO TS TSXKENbIX
anep. IlponeMoHcTpupoBanbl nyti ynydueHus [TC®D, BhINOMHEHHbIE B KBa3sHYAaCTHUHO-
toHonHo# Mozenu sapa (KPMS) nocpenctsoM yuera cBs3u ¢ AByXOHOHHBIMH KOHGHTY-
pauusamu. IlpoeneHo cpaBHeHHe M 1-CIIEKTPOB, U3MePEHHBIX HEJABHO B Ae(hOPMUPOBAHHBIX
A-HE4YeTHBIX 41pax, ¢ paccudTaHHbIMU B KOMS.
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1. INTRODUCTION

The field of magnetic dipole response has expanded considerably its scope
since the discovery of low-lying M1 excitations, known as scissors mode, made

by Richter and coworkers in 15664 through a high-resolution inelastic electron
scattering experiment [1]. The search for such a mode was stimulated by the
prediction, made within the TRM [2], of a collective M1 mode promoted by a
rotational oscillation of proton versus neutron deformed fluids. The name
«scissors mode» was indeed suggested by such a geometrical picture. A mag-
netic excitation of similar nature was predicted as mixed-symmetry state in the
proton-neutron interacting boson model (IBM2) [3,4] and as giant angle reso-
nance in a schematic model [5].

The discovery has led to a renaissance of low-energy nuclear spectroscopy.
Not only electron scattering but also nuclear resonance fluorescence (NRF) and
proton scattering have been adopted for a systematic search of this new mode.
As summarized in several review articles [6—10], the mode has been detected
in most of the deformed nuclei ranging from the fp-shell to rare-earth and
actinide regions. The search has also stimulated important advances in the expe-
rimental techniques which have enabled a quite complete characterization of the
mode. It is well established by now that this is fragmented into several closely
packed M1 transitions. These are mainly promoted by the convection current,
and their summed M1 strength grows quadratically with the nuclear deformation
parameter. This latter property was found recently in the rare-earth region [11—
15] and represents the most spectacular signature of the mode.

With the use of Compton polarimeters in NRF which has enabled parity
assignment [16], unexpectedly strong E1 transitions in the same energy range
of the scissors mode, or immediately below, have been detected [17—20].

Another byproduct of the systematic study of the mode has been the dis-

covery of spin excitations. Inelastic proton scattering experiments on 154Sm and
other deformed nuclei [21], have found a sizeable, strongly fragmented, M1
spin strength distributed over an energy range of 4 to 12 MeV so as to give rise
to a double-hump [22].

The experimental discovery has stimulated a proliferation of theoretical
investigations. The gross features of the mode were analysed in several pheno-
menological models. We recall, among them the IBM2 [23—29], the extended
Bohr—Mottelson model [30], the closely related neutron-proton deformation
model (NPD) [31], and the generalized coherent state model (CGSM) [32,33].
Studies carried out in a sum rule approach [34}, in schematic random-phase
approximation {35—37] and in a mean field context [38] have given illumi-
nating insights on the shell structure of the mode.
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Phenomenological and schematic models ignore many degrees of freedom,
such as spin. For this reason they are inadequate for describing the detailed
structure of the mode. An exhaustive analysis covering also the energy strength
distribution can be carried out only in fully microscopic approaches.

Microscopic calculations were performed in the context of standard shell-
model for medium-light nuclei {39—42]. These can be viewed as the micro-
scopic counterpart of an extended version of the interacting boson model, the
IBM3, also used to study the M1 mode in the same nuclei [43,44]. An
alternative and valid approach for this nuclear region has consisted in adopting
an SU(3) shell model basis [45—47]. The same SU(3) scheme was modified so
as to enable the description of the mode also in heavy nuclei [48,49]. In heavy
deformed nuclei, however, apart from few exéeptions [50,51], most of the
microscopic studies were carried out in RPA [52—77] or in Tamm-Dancoff
approximation (TDA) [78,79].

A new boost to theoretical studies has been stimulated by the discovery of
the quadratic deformation law. This property has been studied in practically all
models adopted previously either in the microscopic [42,69,74,77,79—83] or
phenomenological domain [79,84—92]. All these analyses give a conclusive
support to the scissors nature of the magnetic transitions found experimentally.
Nonetheless, a complete detailed understanding of the related phenomenology is
still lacking. The present situation is in fact more complex than that of the El
resonance. Unlike in the case of the E1 mode, the M1 transitions lead to bound
states, so that the theoretical models have to reproduce the pattern of frag-
mentation instead of a broad peak. Another feature of the M1 mode which
complicates its description is, for example, the interplay between spin and orbital
motion. Because of the many degrees of freedom involved in the transitions,
several components of the nuclear Hamiltonian enter into play in determining
the size and the distribution pattern of the strength. All these aspects are taken
into account in RPA calculations. These, however, being confined within a
space spanned by two quasiparticle states, may miss some configurations which
enter into the M1 channel either directly or through coupling.

An effort for improving and extending the TDA and RPA calculations has
been made recently by studying the mode within the quasiparticle-phonon
nuclear model (QPNM) [93] which accounts for the coupling with two RPA
phonons [94].

Theoretical studies have also posed the question of whether the scissors
mode survives as one moves from even- to odd-mass nuclei [95—98]. After a
first negative attempt carried out in electron scattering [99], NRF experiments
have detected in several odd-mass deformed nuclei of the rare-earth region a
sizeable dipole strength whose distribution pattern follows closely the M1 spect-
rum of the nearby even mass partners [20,100,101]. Schematic and phenome-
nological models are even more inadequate for facing the extreme complexity
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of the M1 spectrum in odd-mass nuclei. Fully microscopic calculations are
badly needed for this purpose. The first and only calculation of this kind has
been carried out recently using the QPNM formalism [102,103].

Section 2 deals with the TRM prediction and the experimental evidence of
the mode. The systematic experimental analyses are briefly reviewed. The con-
sistency of the model with the deformation law is discussed. Its microscopic
formulation is illustrated. In Sec. 3 the description of the mode within different
Boson models is discussed. The analysis covers the extended Bohr—Mottelson,
the NPD, the GCSM and the algebraic IBM2 models. The review then moves
to shell-model studies (Sec. 4). Standard as well as SU(3) shell model calcu-
lations are presented. The microscopic investigations go on with RPA. The
method, the problem, the early calculations have run into, the way of solving
them and, finally, the most meaningful results are discussed in Section 5. We
go then beyond RPA by reviewing briefly the QPNM and by discussing the
results obtained in relation to experiments and RPA (Sec. 6). The review is
completed by the discussion of the M1 spectra observed in deformed odd-mass
nuclei and studied within the QPNM formalism in Sec. 7. Conclusions are
drawn in the final Section 8.

2. SCISSORS MODE:
PREDICTION AND EXPERIMENTAL EVIDENCE

The angular momentum carried out by the nucleus does not produce any
intrinsic excitation. This reflects the spherical symmetry of the nuclear
Hamiltonian just as its translational invariance forbids the occurrence of an
isoscalar collective E1 mode. One may however carry further the analogy with
translations and assume that protons and neutrons form two distinct deformed
fluids free to rotate separately about a common axis (perpendicular to their
symmetry axes). Because of their mutual interaction, they may undergo a rota-
tional oscillation giving rise to an intrinsic M1 excitation. This is the underlying
idea of the TRM [2] which represents the rotational counterpart of the semi-
classical picture of the E1 giant resonance [104,105].

A. TRM Prediction of the Scissors Mode. The Hamiltonian describing two
axially symmetric rotors interacting via a potential V(%) dependent on the angle
29 between the symmetry axes has the form

H ——J+

=33 23 P+ v, . Q.1

where SP and 3, are the proton and neutron moments of inertia, JP and J, are

their angular momenta.
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Expressed in terms of the total and relative angular momenta

J=3,+3,. $=J -1, 2.2)

the Hamiltonian decouples into a rotational and an intrinsic part, if a Coriolis-
like term is neglected. For small values of ¥, the intrinsic piece assumes the
form of a two-dimensional harmonic oscillator (HO) Hamiltonian

_ __1 2,020, 1 2,42
H_Him_ 23 (Sl + Sz )+ ) Cﬁ(ﬁl + 132), (2.3)
SC

where U, (k= 1, 2) play the role of x and y variables and

gy _ . d
Sk_‘,k ‘Ik _ldﬁk (2.4)

are their conjugate momenta. The TRM physical constants are

43 3 acPc
—__prn — 2_ v v
Ssc - Sp + Sn ’ Cl‘) - Sscw - Cép) + Cén) ’ (2.5)

where we have put le)r) = wZSI with t=p for protons and T =n for neutrons.

The energy eigenvalues are
w"Kz(x)(2n+K+ 1). (2.6)
The scissors mode corresponds to the first excited level. Its quantum numbers
n=0 and K =1 define a positive parity band of intrinsic excitation energy . In

order to illustrate the mechanism of excitation we decompose the TRM M]
operator as follow

-\ = () (n) —
M1,y =V 437: (8,77 +8, 7"y =
=M, M1, p)+ M M1, ). (2.7
The first piece is the rotational component
3
MM =N 2T gp iy, 2:8)

where g, = (gp +g,)/2 is the rotational gyromagnetic factor. The second is the

scissors M1 component
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M M1, ) = an w8y 2.9)

where ¢ =g —g . This term is responsible for the excitation of the mode. In
r ) n

order to compute the transition strength one may exploit the harmonic relations
holding for the TRM Hamiltonian

sc SCp=+1
c=o ¥ Kulslo)l2 (2.10)
p==x1

In view of the structure of the scissors M1 operator (2.9), the above equations
yield for the M1 strength the expression

— 2.2 S 2
BMNT = nuzﬂlwls 0)122 42 =2-3 0 i @1

The mode can be further characterized by the M1 form factor. The general
expression of the magnetic orbital operator for electron scattering is

A
T: )(CI) = _M\/—X: J.drj (r)-rx V(]x(qr) Y. )_
== */—_—7»(7»7 j drp (r) v (r) - (r X V)(j,(gn) 1, ) =
1
=~ —W I drp (r)1,-V(j,(gn) 1), (2.12)

where m and lp are the proton mass and angular momentum, respectively.

The transition operator can be conveniently rewritten by using the classical
relations

1= mr(r Q) - mr’Q,

1
Qp = Sp Ip . (2.13)

After some straightforward algebra we obtain (u=%1)

Mgy =—t— jdrp (r) har )(rza —xr - V)(r 'y, ) 214
H VA + 1) uS P

For A =1 the only nonvanishing matrix element is
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(I=K=1,n=0| TP I=k=n=0)=
=- NI NG [arem i@, @.15)
0

where p(r) is a spherical density normalized to the total number of nucleons.

For A > 1 the integral in eq. (2.14) vanishes unless the density deformation
is taken into account. To this purpose [106] let us consider a proton (neutron)
density of the form suitable to an axially deformed shape

p(r) =p.[r = R(1 + o{0Y, (M)], 2.16)

@ _ _\/M
o =B = 25 o (2.17)

For A =3 the only nonvanishing matrix element is [106]

where

(I=3K=1n=0|| T*= V(@) I=K=n=0)=

4 2 1’ .
=T Tn: ) % qjdrr4p(r) J,(qr). (2.18)

The M3 transition strength can be obtained by going to the photon point and
results to be related to the M1 transition probability by

BM3)T = 1.148°R *B(M1)T. (2.19)

B. Experimental Evidence and Characterization of the Mode. A level
with the properties of the J™=1%, K™ =17 state predicted by the TRM was

discovered in a high resolution (e, ’) experiment on 156G4q by the group of
Richter [1]. The M1 excitation was detected by performing (e, ¢’) scattering at
backward angles (8 = 165°), where transverse magnetic transitions are dominant.
The experimental form factor of this state is in close agreement with the TRM
up to moderately high values of the momentum transfer g. The discrepancy at
high ¢’s is to be attributed to spin contributions, absent in the TRM [107,108].

Soon after, this strongly excited state was confirmed in (y, y’) experiments

[109]. In these reactions the decay of the J " = 1" state to the J™= 2;' level of
the ground state band was also observed. This allowed one to determine the

K value of the state under investigation using the Alaga rule [110]. In fact in
the rotational limit we have
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BM1, 1t >0h |akr-kl00)|?

R (2.20)

This ratio is R=0.5 if K=1, R=2 if K=0. Experimentally R is about 0.5
consistently with the K =1 assignment.

Subsequent inelastic electron scattering and NRF experiments have ascer-
tained the existence of the mode in three regions of the nuclear table, i.e., the
deformed rare-earth nuclei [111—119], the fp-shell nuclei [120—122] and the
actinides [123,124]. However, most of the experimental studies were performed
on rare-earth nuclei.

We have pointed out already that the electron scattering form factors are in
good agreement with the predictions based on the assumption that the exci-
tation mode is of orbital nature. A further support to this property of the mode
has been gained by comparing the (e, ¢) with the (p, p’) scattering [120,125,
126]. In (p, p’) reactions in fact, the intermediate energy proton scattering at
small angles excites magnetic dipole states only through the spin part of the
nucleon-nucleon interaction. The fact that the M1 states observed in electron
scattering are not appreciably excited in the (p, p’) reaction provides a strong
evidence in favour of the orbital nature of the mode.

A combined analysis of (e, ¢’) and (y, Y') experiments [127] has shown that
the mode is fragmented into several peaks closely packed around a prominent

one with a total strength B(M1)T ~ 3;1}2\,. Attempts to clarify the nature of the

single peaks have been made through (¢, o) reactions [128,129].

Joint (e, ') and (y, Y’) experiments carried out on a chain of even Sm iso-
topes have shown that the integrated M1 strength grows quadratically with the
deformation parameter [11] and is proportional to the strength of the E2 transi-

tion to the lowest 2% state [12]. The same deformation law was confirmed in Nd
isotopes [13] and ascertained by now to hold for all nuclei of the rare-earth
region [14,15]. The experiments on some actinides indicate that there is

evidence for a 8% law also in this region [10,130]. This law is maybe the most
spectacular manifestation of the scissors nature of the M1 transitions.

This systematic study was possible in virtue of the great progress made in
gamma spectroscopy. Indeed, the measurement of the linear polarization of the
scattered photons in nuclear resonance fluorescence (NRF) experiments has en-
abled parity assignment [17] and, thereby, the unambiguous identification of the
M1 transitions [17—20]. The same experiments have ascertained the existence
of E1 transitions intermixed with M1 excitations. '

The experimental set-ups have now increased the detection sensitivity to a
point that very weak transitions can be identified. A first success was the dis-
covery of scissors-like excitations in y-soft nuclei [131,132].
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The present status of the experimental results can be found in several
review articles [6—10]. The salient features of the mode which can be extracted
from them are:

— The M1 strength is fragmented and distributed around an energy cen-
troid, which assumes the value ® ~ 3 MeV in rare-earth nuclei.

— The summed strength in the most deformed rare-earth nuclei is
TBM1)T ~ 3% .

— The transition is mainly promoted by the convection current. The
orbital-to-spin ratio is typically B, (Ml)/BG(Ml) ~ 10.

— The integrated M1 strength depends quadratically on the deformation
parameter and is strictly correlated with the strength of the E2 transition to the

lowest 27 state.

While consistent with the observed properties of the mode on a qualitative
ground, the TRM, in its original formulation [2], was unable to predict either
the exact position of the energy centroid or the size of the total strength. Indeed,
the TRM energy was higher than the observed one by about 1 MeV and the M1
strength was five times larger. The main reason of these strong discrepancies is
to be found in the crude numerical estimates of the model parameters made in
that paper. A rigid body moment of inertia was assumed and the restoring force
constant was computed by paralleling the procedure adopted by Goldhaber and
Teller for the E1 giant resonance. We know now that both prescriptions are
unrealistic. There is however little doubt that the mode predicted by the model
corresponds to the observed M| excitations. We have already said that the expe-
rimental form factor is reproduced by the model to a large extent. We will see
now that the model is also consistent with the quadratic deformation law.

C. Consistency of the TRM with the Deformation Law. As pointed out
already, the most meaningful signature of the observed M1 transitions is the
quadratic deformation law of the total M1 strength. It is therefore of the utmost
importance to investigate if the TRM can predict such a behaviour. To this
purpose it is useful to express all TRM quantities in terms of the shape variables
%, instead of the angle ¥ and to impose for the proton (neutron) density (2.16)

the normalization condition

() _ A _ DpA+3
)= [ p 0 r M, () dr = o pPRM?, (2.21)

where pg’) and pg') are normalized to the number of protons and neutrons,
respectively. Under a rotation by 9, (ﬁp =1, 9, =— 1), around the x axis, the

proton (T=p) and neutron (T = n) densities undergo the following change
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p(R;'r)= pt[ r-R1+ Y, oQY 1 ))], (2.22)
* p=%1
where
W _n®@ (T),\,_-\/_S (7) __~\,__3
aZu_DOu (B) oy~ —i > Oy =—1i 2 o, (2.23)

to leading order in ¥, . This key relation enables us to express the TRM Hamil-

tonian (2.3) in terms of shape variables, namely

1 2.1 2__1 2. 1 )
H—-ZSSCS tCW = Y Inzul +7C % lay, % @24)

SCn=%1 u==1

where T, are conjugate to %y, and

4Bp Bn 4Cp Cn
BSC=B +B C=C +C (2:25)
p n p n

are the new model parameters. Old and new constants are related by
—1p2 (M) _ 2p2
ST—3BT B, Cj —-3BTCT. (2.26)

It follows from a simple inspection that, while the energy is independent of
deformation, the scissors M1 strength grows quadratically with it. Indeed, upon
insertion of the above expressions into the TRM harmonic relations (2.10), the
scissors strength (2.11) becomes

~9 poa2,2,2
B (M1)T = Ton BB g, 1y - (2.27)

The &% behaviour of the scissors M1 strength has been studied quantitatively in
Ref.90 by making an empirical estimate of the mass parameter. The following
expression was obtained

B (M1)T =~ 0.00404%/35%? u2 . (2.28)

Numerical calculations carried out by putting 8,=0 and gr=gp=2gR=

=(2Z) /A yield results in good agreement with experiments [11—13]. In parti-
cular theoretical and experimental summed M1 strengths have similar saturation
properties (Fig.1). A systematic analysis carried out recently [14,15] has shown
that the M1 strengths computed by such an empirical formula are in overall
agreement with experiments for all nuclei of the whole rare-earth region.



MAGNETIC DIPOLE EXCITATIONS IN DEFORMED NUCLEI 1399

4 T I T. _l T T T T 1 T T T T 1 T
C A 144,148 uu.Smll I a) I Th .1
[ MaMe-isong )
3-_ * -
- o 4
& [ o ]
5 _
32:' 7]
20 ]
m L ;
1F -
a ]

8

T T l T
[ b) Exp.1
3__ ]
3| "
=2 -
2 -~
N r -
m L 4
1_ —

- 1

2 4 6
P=N, N, / (N, + N,)

Fig.1. Saturation plot of the scissors M1 strength computed using the TRM formula
(2.28). The quantity P is the Casten number defined in the text (eq. 3.32)

The formula has been shown to account also for the deformation dependence of
the M1 strength in actinides isotopes [10,130] and in y-soft nuclei [131,132].
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D. Theoretical Computation of the TRM Constants: A Low and a High
Energy Mode. . Classical Method. Within the semiclassical domain one may
attach to each of the two rotors the velocity fields

v, == pr , v =-Vy , (2.29)

where

X = 5()c2t)r31§2lt + xlrx3r92{), (2.30)

Q; (i,=x_,y,) are the proton and neutron angular velocities. One gets a two
T

rotor Hamiltonian of the form given by eq. (2.1) and therefore an intrinsic one
given by eq. (2.3) with an irrotational moment of inertia

3. =3 =83 . 3 :%wﬂﬂ. (2.31)

The restoring force constant can be deduced from the symmetry energy mass
formula

2 (3p, - 8p,)°
=25 [ P g =25, ] — L, (2.32)
' 0

where b ~ 50 MeV and p; is the nuclear density normalized to the mass

number. The density variation is computed by making use of eqs. (2.22) with
the result

8, =p ()= p(0) =k p’ Z oYy (2.33)
T u +1

(0
2!

given by eq. (2.32). The calculation of the integral in eq. (2.32) yields then

where the constant k_ is fixed by the normalization condition (2.21) and o

“lew? (2.34)
2
where
~ 28, 482
C~ 7 b AY. (2.35)

Using the above equations one gets for the energy of the mode and the corres-
ponding strength (eq. (2.11))

o, ~ 139447 P Mev,  BM1) T~ 0.128%4% 32 12 (2.36)
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The strength is quadratic in the deformation parameter, but the energy is far
higher than the observed one. We obtain indeed for 154%$m @ ~26 MeV and
B(MI)T:4.7}L§,, having put g =0 and gp=2gR=22/A. Although the M1

strength is reasonably close to the experimental value, the energy lies in the
region of the giant isovector quadrupole resonance. What we have found is

actually a new scissors mode. It is indeed the K™ =17 component of the iso-
vector quadrupole resonance mode. In order to obtain a low energy mode one
has to make different assumptions about the nature of the rotors. A natural
prescription for all possible alternatives can be found once the model is formu-
lated in a microscopic context.

2. Microscopic Approach: Equivalence with Schematic RPA. Let us assume

that nucleons move in a deformed mean field described by an anisotropic

HO potential with frequencies ®, and w, such that (nfu)zz(ua and o, ~

~ 41473 MeV.

Mapping the procedure of Bohr and Mottelson unified theory [133] to the
present case, one can make use of the harmonic relations (2.10) in the specific
form

%(52>=§1— > X Kpals hIP=o +0,~20,  237)

s¢ SCpheZu)(u+l
where [) is the particle-hole (p-h) vacuum. The sum is restricted to the AN =2p-h
excitations. This condition yields the irrotational mass parameter

=g =g - ~ 2, 4R2
3e=%n =30 Su=3a S |(S+) |2~ ~ 5 mAR (2.38)
0 phe S(n
and the restoring force constant
+) 2,28, 452
G = Sm(2c00) ~g bOAES , (2.39)

where b, ~ 17.5 MeV. When the p-h interaction is switched on, the restoring

force constant gets the additional contribution
e~ 358— b,AY, (2.40)

where the constant b, follows from its relation to the energy symmetry potential

V, =4b, ~ 130 MeV. The full restoring force constant C, = C()(+)+ C1(+) results

to be exactly equal to the classical expression (2.35) with the same symmetry
parameter bs=b0+b1 ~ 50 MeV. It follows that the resulting energy and

strength are given exactly by the semiclassical egs. (2.36).
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We use now eq. (2.10) with the following requirement

1
3 6%=5- X X Kpnls,bli?~se, @4
sc SC phe &nop=il

where the sum is restricted to the AN =0 p-h space. This yields a rigid body
moment of inertia 3 <= Srig' The unperturbed restoring force constant is now

) 2q _28. ()52
Co ) = By’ S, = by 'AB (2.42)

with bg-) >~ b, /4. The potential component can be fixed [133] from the ratio

between the nuclear isovector and isoscalar average potential strengths V, and

Vo a_=C0/¢{7 =67 /65 =~ v, /(4V,) = 0.6. The final result is
\'/ C_ -1/3
w =N g—= 80)0\]1 +a_ ~ 5384 MeV,
rig
3
B (M) ~ T S0 0.04584%/3g2 u2 . (2.43)

The method just developed is nearly equivalent to the entirely classical one
adopted in the TRM in its original formulation [2]. Both rely on the assumption
that protons and neutrons form two rigid rotors. The present method however
improves the computation of the restoring force constant with the result that the
M1 strength is reduced by about a factor of two. Such a reduction however is
not enough. In order to induce a further quenching, one needs to remove the
rigid body assumption.
To this purpose one may impose for the low energy mode the alternative
condition
SL (s%= E(e,) + E(e,, + ), (2.44)

SC
where E(esp)z V(esp— 7\.)2+A2 is the quasiparticle energy. Here, €p is the

single particle (s.p.) energy referred to the chemical potential A and A is the
pairing gap. It is natural to use for A the value A = (8w,) /2. With this choice

the harmonic condition (2.10) becomes

L sy -0p= \/(&00)2 +(24)%. (2.45)

3
SC

Using closure we obtain for the mass parameter
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0
Ssc = sz = (Z—ES (u(ssp) v(esp + 6(DO) -

5()0 3
2
— (W(e,) e, +80y) Sfigz[—ZE ] S (2.46)

having made use of the standard expressions of the BCS amplitudes u and v
with A = (8w;) /2. The resulting energy and strength are

© = VS—— ~(Q2E)Vl+a_,
sf

8030

3
~ S0 202
B M1)T ~ Tom m_Sdg[ E ] g My (2.47)

or more explicitly

o ~1.26QA) V1 +x°,

3
B (MDT ~0.00124)4%/3 —*— ¢?

L Tel (2.48)

where x = 8030/(2A). According to these equations the strength goes like 8 for

small deformations (x << 1) and becomes linear for very large deformations
(x>>1). In the range of observed deformations the strength is approximately
quadratic in 8.

Had we averaged the two quasiparticle energies and the moment of inertia
with respect to A [133] we would have obtained exactly the strength derived by
Hamamoto and Magnusson in schematic RPA [69]. This is not an accident. The
approach presented here amounts exactly to a schematic RPA treatment. To
show this equivalence we observe that, when expressed in terms of shape
variables, the intrinsic TRM Hamiltonian (2.24) coincides with the harmonic
Hamiltonian adopted within the unified theory [133]. Let us indeed switch from
the normalization (2.21) to the new one

@,)=] prtr, mdr=o,, . (2.49)

This induces in turn a renormalization of the mass and restoring force para-
meters which assume the new form

—~B = Sgsc _211'. m
sc a” - 2
2(3 . .2\2 3 AR
3p [—4KAR J
. C L0, 0D
C‘f):c(l— 2—Ca +Ca N

3p2 [fﬁ AR? ] (2.50)
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where

2
co 8% oy 1™
o 3 AR2 ’ a 3 AR4 :
The above quantities are just the mass parameters and coupling strengths deri-
ved within the unified theory approach [133].

(2.51)

The link with schematic RPA is now obtained simply through the standard
mapping condition [133]

2o, 2=3 3 1,15 0,m=00-0". @52
H

p ph

Useless to say, an explicit RPA calculation yields exactly the results obtained
here [34—36]. Although the deformation dependence is roughly reproduced, the
magnitude of the strength produced by these calculations is about a factor of
two larger than the experimental summed strength. A quenching mechanism is
needed. This is hopefully found if the model can be framed in a fully micro-
scopic context, which accounts also for spin degrees of freedom.

3. Scissors Modes in Superdeformed Nuclei. We have seen that, in its refor-
mulated version, the TRM predicts a low and a high energy mode. In the first
mode protons and neutrons behave approximately as superfluid systems, in the
second as irrotational fluids. Being switched by deformation, the two modes
should exist also in superdeformed nuclei. Their existence was indeed predicted
in RPA [72] and within the classical TRM [134]. This latter model can be easily
adapted to these nuclei. Let us indeed assume that K is a good quantum number
so that the transition goes from K to K+ 1. The M1 operator couples the state
!1MK> to the states l]'M 'K+ 1) with I’=1-1, I, I+ 1. Using the standard
expression for the transition matrix elements [133] with the TRM intrinsic wave
function [2] and assuming />> K we obtain for the summed strength

ZB(MI,IK—aI’K+1)~—S 0

5 167 K1 M (2.53)

According to this expression the strength decreases with increasing K. If we
assume that the superdeformed state has K =0, we gain the standard scissors
expression (eq. 2.11). We may use eqs. (2.36) obtaining for the high energy

mode of the superdeformed 152Dy (6 ~0.62)

~~ ~~ 2
®, ~26MeV, B, (M1)T~26.1py, . (2.54)

where we have put g, =0 and 8,= 28,=2Z/A.
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For the low energy mode we may assume rigid rotors and use eqgs. (2.48)
with g =0 and 8,= 1, obtaining for the same superdeformed nucleus

®_~6.1MeV, B (MHT~226p}. (2.55)

The above numbers are in agreement with the RPA results of Ref. 72. They
have been obtained under the assumption that, in going from deformed to super-
deformed nuclei, protons and neutrons in their relative motion remain irrota-
tional at high energy but undergo a transition from a superfluid to a rigid-body
phase at low energy. Such an assumption is fully consistent with the conclu-
sions drawn in Ref. 72.

We like to stress that, according to our equations based on the use of the
TRM scissors wave function, these strong transitions occur only if the intrinsic
superdeformed state has K =0. If such a state has a nonvanishing but small K
or contains K admixture, the corresponding strength should be still sizeable.

4. M1 Mode in Triaxial Nuclei. The model can be easily extended to triaxial
nuclei [135,136]. To this purpose one can easily deduce the quadrupole fields
entering into the M1 channel from the density variation induced by the rotation
of protons against neutrons around each of the three principal axes. They are

2
Q=-Fry+h_pP1y.

I 2
Q=57 -1 )5,

Q= ry-Y, ). (2.56)

The corresponding excitation energies are

S(I.t)z |(1)2i(1)3l =woIe-acos(y—ém/})ie—acosy"

) _

_acos(y—2n/3)+e—acosy|
2 I ,

€ |w]iw3|=wole

)= o, 20| =yl @02/ a4/ (o)

The lowest eigenvalues for each mode are

i
wizwcosy[l—%tgyj, i=1,2
0 —~2—(l)sin (2.58)
3—\/3— Y. .

We have neglected pairing for simplicity.
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The E2 and M1 strengths are

B(E2)=1/2 cos y[ 1- (‘é)l tgyJB(EZ), i=1,2

2 .
By(E2) == sin Y B(E), (2.59)

B(M1)=1/2cosy| 1 —%1)' tg y}B(Ml)

2 .
By(M1)=7=sin Y B(M1). (2.60)

For both kinds of transitions the ratio B, / B, is

1
B, 1-xtey
2__ B3P 2.61)
B, 1+Lty

\/gg

A third mode, absent in axial nuclei, emerges. Its frequency and strengths con-
tain y as leading term consistently with the fact that such a mode disappears in
the axial limit. For very small values of y the frequency is very low and the
strength is negligible.

According to the model predictions, a splitting of the M1 strength should
signal a triaxial shape. Unfortunately such a splitting is likely to be hidden by
the fragmentation induced by the nuclear shell structure. Such a test may there-
fore work only in some medium-light nuclei where the fragmentation induced
by the shell structure can be modest.

E. Microscopic Formulation of the TRM. It is not obvious that the
scissors picture should be preserved within a microscopic context. The spin
degree of freedom can in fact interfere so as to destroy such a picture. This is
to be expected to some extent since the spin orbit coupling induces a large
fragmentation in the s.p. spectrum. In order to check if the scissors picture still
holds, it is useful to analyse the excitation mechanism. The full shell model M1
operator is

A
MM ) =V3/@n 3, (8,) 1) +8,00) 5,(D) by - (2.62)
i=1
The scissors picture remains valid only if the spin contribution is negligible or

can be absorbed into the generator S so that the M1 operator can be written in
the TRM form



MAGNETIC DIPOLE EXCITATIONS IN DEFORMED NUCLEI 1407

3 1/2
Mot =1 =( 70 ]S, (&, 8, by (2.63)

In such a case general definitions of the TRM constants valid in any micro-
scopic context can be given easily. To this purpose it is useful to write the
defining TRM eq. (2.10) in the form [34]

- t_1
3= 2 ©ls)z=5s,l0)
p==x1 0

c== Y ol [SJ (H, S]] |0). (2.64)

pu==1

B [

Using closure one obtains the quite general expressions

-y L 2
3.= 2 o lmls,lo)[?
np N

c=Y conl(nulSu'O)lz. (2.65)
L

It is now immediate to derive the scissors energy weighted M1 sum rule

3
2o, BM)T=7—3 ol(mls,10)]? ¢ =
n

n,t

3
2 Colis) H s o) uy -8 o’y (2.66)
pu==1

This sum rule holds in the macroscopic as well as in the microscopic domain.
Under the experimentally supported assumption of small fragmentation of the
mode, we obtain for the summed strength the expression defining the TRM M1
strength (eq. 2.9). It follows that the TRM formula, with SSC and C given by

€q.(2.65), represents a general definition of the scissors M1 summed strength.
Microscopic studies of these formulas have been carried out in Ref. 137.

3. BOSON MODEL DESCRIPTIONS

The TRM was formulated specifically for identifying a collective mode of
scissors nature and predicting its signature. Hence the simplifying assumption
that neutrons and protons form two fluids of ellipsoidal shape. On the other
hand, the mode can be fully understood only if studied in more realistic
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approaches which include additional degrees of freedom. An obvious extension
consists in allowing for surface vibrations of proton and neutron deformed
fluids. This is accomplished within a semiclassical context by describing these
vibrations in terms of the shape variables o, and o . These are indeed the

classical variables adopted in the phenomenological models described in this
section.

A. Extended Bohr—Mottelson Models. The TRM Hamiltonian, when writ-
ten in terms of the Bohr—Mottelson collective variables (2.24), assumes the
form adopted by Faessler and coworkers [30] to study the mode. In their ap-
proach the TRM Hamiltonian was derived from the proton-neutron Hamiltonian
introduced within the extended Bohr-Mottelson model developed by Faessler
himself to describe the E2 giant resonances [138]. The novelty of this model
consisted in the introduction of collective variables for protons ((xp) and neu-

trons (o). Nuclear and relative motions could then be decoupled by defining

the new variables

_Ltoor —al — "
o, = 2(oc +a) éu oo 3.1

The o, coordinates are quadrupole shape variables describing the motion of the
nucleus as a whole, while Y;u account for the relative motion between the proton

and neutron fluids.

In their study of the scissors mode [30], the authors started from an Hamil-
tonian of the form (2.24) and by using a relation similar to the one given by
€q.(2.23) gain a TRM Hamiltonian of the form (2.3). They improved the rigid
TRM results [2] by assuming that the motion is determined by a fraction of
nucleons only. Because of this ansatz, moment of inertia and restoring force
constant are reduced by about a factor of three. Their M1 strength resulted to
be only twice the observed one.

The same formalism was adopted by Rohozinski and Greiner [31] in a more
extended frame. They in fact formulated the problem in the laboratory frame
using a highly anharmonic Hamiltonian in the variables o, and §u. For small

amplitude oscillations the Hamiltonian can be decomposed into
H=H_(0)+ Hrel(ij,) +H, (c, &), (3.2)

where H_, describes the mass collective motion, Hrcl is an harmonic Hamil-

coll -
tonian in the relative coordinates &H and H,  is an interaction term which coup-

les the two motions.
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A similar decomposition holds for the total angular momentum

Ly, =L} () +L] ()= Ljﬁ“(a) + Lﬁ}(&). (3.3)
Transforming to the intrinsic frame defined by the principal axes of the system,
the variables o, are turned into the Euler angles (c, B, y) and the intrinsic shape

variables a,, and a,,, while the transformed relative coordinates ép remain still

20 2P
five in number. In the strong coupling limit one can put in the interaction term
the equilibrium values appropriate for an axially symmetric shape, namely
a20=B and a,, = 0. In this limit the transformed Hamiltonian becomes

H=H +H, +H +H +H . 3.4)
rot Y

centr coriolis s¢

B

H  and Hﬁy’ describing respectively the nuclear rotation and the B and vy

vibrations around an equilibrium spheroidal shape of deformation f, form

essentially the Bohr Hamiltonian [133], while H, and H_ o AT€ the centri-

fugal and Coriolis terms. The last piece is the scissors Hamiltonian. This, in the
strong coupling limit, can be written

2
Hsc = Hrcl(é) + Hint(&‘ B) = 2 HK ’ (3.5)
K=0

where H are HO Hamiltonians in the relative coordinates and carry intrinsic

angular momenta K =0, 1, 2. The coupling between the relative motion and the
mass deformation mode induces a dependence of the restoring force constant
Cy and the mass parameter B, on K and f.

The NPD model predicts therefore two other isovector modes in addition to
the scissors excitation. The magnetic orbital dipole form-factor operator is
obtained from the general expression (2.14) assuming an irrotational velocity
field and a proton mass density of the form (2.16). The resulting expression is

m_ i [3 p
Ty =am ¥ ag F@ Ly, (3.6)

with oo
[ Par [jl(qr) + 2 (an ]f’(r Ry
F(g) =" — . (3.7)
r drf’(r = Ry)
0

The M1 strength is obtained by going to the photon point and results to be of
the same TRM form (2.11) with an irrotational moment of inertia. The NPD
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model describes therefore the mode as a rotational oscillation between two ir-
rotational fluids.

The advantage of this model consists in that it describes on equal footing
the scissors as well as the B and 7y vibrations and accounts for the coupling
between them. The model, however, does not give clear and simple prescrip-
tions for computing the parameters. These are in practice determined by a fit to
the energy and the B(M1) values. Another drawback is the lack of agreement
between model and experimental form factors.

The model was extended so as to enable the study of the effect of triaxial
deformation on the M1 strength [139]. It was found that, contrary to the TRM,

a small triaxiality does not lead to the appearance of 17doublets.

B. Generalized Coherent State Model Description. The anharmonic terms
of the NPD Hamiltonian are not ease to handle. An efficient approach for
dealing with is provided by the so-called coherent state model (CSM) [140].

The idea of the CSM is to describe the low-lying collective states of sphe-
rical as well as deformed nuclei by wave functions obtained through angular
momentum projection from intrinsic coherent states, which represent a quad-
rupole boson condensate. The second step consists in constructing an effective
interacting boson Hamiltonian which is diagonal in the above states to a large
extent. As in the NPD model the CSM Hamiltonian is anharmonic and does not
preserve the number of bosons. Because of the use of coherent states, however,
such a Hamiltonian is of the simplest form. This model has been used success-
fully to describe the collective properties of nuclei from the spherical to the
transitional and deformed regions.

The M1 mode can be studied in its generalized version (GCSM) [32,33],
where distinction is made between neutron and proton bosons. The structure of
the generic GCSM state is

¥ =

J
amk = Noy Pk Pox > (3.8

where N, is a normalization constant, PAle is a projection operator of standard

form which projects the good angular momentum out of the intrinsic states
@, - These are obtained by acting with boson operators, at most quadratic in

the quadrupole creation operators b;p, on a HO coherent state in the defor-

mation parameters dp and d_

Qo =exp [d (b~ b ) ~d, (b7, = b, ). (3.9)
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States describing one B band, two y bands and two K™ =1" bands have been
constructed. The one describing the scissors mode band is

¥ =N/P (b+®b+)“|0). (3.10)

The Hamiltonian is constructed so as to be diagonal to a good approximation in
the bands of the six boson states. Its expression is

H =A1(np + n") +A2(npn + nnp) +

A1+A

+\5 2P +PY +A(PTP +PTR —2PT P YA JL (31D
n np 3V pn n’p np~ np 4
where n, and n_are the proton and neutron number operators and together with

Mon and n,, can be written in the compact form

Z b b v k=pn K=pon (3.12)

Pp+, Pn+ and Pnp are proton, neutron and proton-neutron pairing-like boson
operators

Pl =(bbr),—d 25 (3.13)
and the quantities A;, i =1, 4 are free adjustable parameters.

Eq.(3.11) defines an interacting boson Hamiltonian which does not com-
mute with the boson number operators n, and n, . Its excitation energies are

obtained as
o=, |HIW Y-(¥ [HY,). (3.14)

The parameters A, are determined from fitting some levels of the ground, § and

Y bands while the deformation parameter, assumed equal for protons and neu-
trons, is fixed by an overall fit of the B band. The only free parameter is the
scaling parameter entering into the canonical transformation

__ 1 nt
o, = \/_ (b +b) (3.15)
In the harmonic limit, this parameter assumes the standard form k.= VB e

The M1 operator has been derived from the general expression (2.14) using
an irrotational velocity field (eq. 2.29) and a charge density of the form (2.16)
as in the NPD model. The resulting expression to lowest order is
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T(M1, W) =~ ie];@R)E, I, + 8, 7,,,) (3.16)
where J, W= m(bek)lu. By going to the photon point, it is possible to obtain

for the M1 strength a rotational and a vibrational limit [89]

rot

_9 2022 2
B MDT ="k B by
B . mnT=1842p822 2 (3.17)
vib “n'p Bret My - )

This value is linear in B2 in both cases but with two different slopes. The full
GCSM expression was used to compute the M1 strength for different chains of

isotopes. The experimental 8% behaviour was nicely reproduced. If we put
klzJ = Bw, valid in the harmonic approximation, we obtain for the strength in the

rotational limit the TRM expression (2.27). The close link between the two
approaches was discussed in Ref. 89.

The M1 form factor was computed in plane wave approximation [143].
Although a detailed comparison with experiments cannot be carried out, it looks
promisingly close to the observed one. The octupole operator has exactly the

3 _
p/n
= 12/7gp/n. Once the magnetic dipole gyromagne‘tic ratios are determined, the

same expression of the M1 operator with a gyromagnetic ratio g

octupole ones are automatically fixed. The model predicts a scissors, an iso-

scalar and an isovector M3 transitions [141]. The isoscalar M3 strength is

remarkably close to the one measured. in 164

isoscalar [142].

The GCSM has also been extended to triaxal nuclei [143]. The results ob-
tained are consistent with the TRM findings.

Dy and consistently interpreted as

C. Algebraic Description of the Mode: The Interacting Boson Model.
1. The model. The basic assumption of the interacting boson model [144,145] is
that the low-lying collective states of nuclei away from major closed shells are
described in terms of a monopole boson with angular momentum and parity

J™=0", called s boson, and a quadrupole boson with J™=2", called d boson.
These s and d bosons are interpreted as strongly correlated pairs of valence
nucleons coupled respectively to J"=0" and J™ = 2",

In the first formulation of the model (IBM1) no distinction is made between
protons and neutrons. The Hamiltonian has the form
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_ + 1 4o+
Hy=Eg+ X € o Byby+> 2 uyssbybybsb., (3.18)
op oy

. . +
where E0 is a ¢ number, £ ap and uaBYS are the free parameters, ba and ba are

respectively the creation and destruction (s or d) boson operators. The distingui-
shing property of this boson Hamiltonian is that it contains in addition to the
harmonic term a two-body part and commutes with the total number of bosons.
Moreover it has a definite group structure since the bilinear products are the 36
generators of the group U(6). This allows one to find the proper basis states for
its diagonalization. In fact, one can generate from U(6) three subgroup chains
containing the rotation group as a subgroup. These are

L U9)20(5)20(3)2002) 1
U®6) > 5 SUB3) 2 0(3) 2 0(2) 11 (3.19)
0(6) > 0(3) > 0(2) 111

Each group chain provides the quantum number for labeling a set of basis’
states.

The boson Hamiltonian, in its general form, can be diagonalized in one of
these bases only numerically. For an appropriate choice of the parameters, how-
ever, it can be written as a sum of linear and quadratic Casimir invariants of one
of the three chains. In these limiting cases the eigenvalue problem can be solved
algebraically.

The states obtained in these three limits can be interpreted geometrically by
making uSe of the concept of coherent states. It can be shown that in the chain |
the states describe the vibrational motions of spherical nuclei, chain Il corres-
ponds to an axially symmetric rotor and chain III to y-unstable rotor.

In the second version of the interacting boson model (IBM2) one makes
distinction between neutrons and protons and assumes that the low-lying levels
of nuclei can be explained in terms of pairs of protons and pairs of neutrons
with J™=0" and J" =2, treated as 5, d_and s, d, bosons.

In order to take into account the p-h conjugation in particle space, the
number of protons, Nn , and the number of neutrons, Nv, is counted from the

nearest closed shell.
The Hamiltonian for the coupled system of proton and neutron bosons can
be written as
H=H +H +V_, (3.20)
where H (H) are the proton (neutron) boson Hamiltonian of the form (3.18)
and V_ is the proton-neutron boson interaction. Also the IBM2 has a group

structure, that of the group product U (6) ® U, (6). One can generate from this
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group several group chains containing the rotation group as a subgroup, each
one leading to a definite classical limit.
The chain leading to the scissors mode is the following

U6) ® Uy(6) 2 Uy, (6) 2 SU,, ,,3) > 0(3) 2 0(2). (3.21)

T+ V) T+ V)

Since the proton and neutron bosons are nonidentical, from the tensor product
of the two U(6) symmetric representations one generates symmetric as well as
mixed symmetry representations. In order to label the states of different

U, ,,(6) symmetry it has become customary to introduce a new quantum

number, called the F spin, formally equivalent to isospin for particles. A proton
boson has F=1/2 and third component F,=+1/2, a neutron boson has

F=1/2 and Fy=- 1/2. For a system of N= N_+N, bosons, the totally sym-
metric states have maximum F spin, F=me—-(Nn+Nv)/2, the states with
mixed symmetry have F = F -1 etc

The most general IBM2 Hamiltonian has too many parameters to be of any
practical use. A schematic Hamiltonian frequently used is of the form

H=&m, +n,)+2K 0O -Q + K, 0,6 O +K 0O - Q.+ M, (3.22)

where n, and n are the proton and neutron J ™ = 2% number operators, Q. and
Q, are the proton and neutron quadrupole operators and M is the so-called
Majorana operator related to the Casimir invariant of the group U, ,,(6)and is
responsible for the splitting between totally symmetric and mixed symmetry

representations.
In the special case £ =0, and KTW =KM=KW =K, the Hamiltonian (3.22)

can be expressed as the sum of the Casimir invariants of the group chain (3.21)
and is therefore diagonal in this scheme. The energy spectrum can be calculated
algebraically. One obtains symmetric as well as mixed-symmetry bands, where

=1 levels appear.

The first excited J™ =17 state describes the scissors mode [4]. Due to the
lack of experimental information on other mixed symmetry levels, the Majorana

parameter is fixed by fitting the observed energy of this J™ = 17 state. The IBM
cannot therefore predict the energy of the scissors mode.
The M1 operator has the form

A[3
MMD =N = (g, L +8, L) My =M + M, (3.23)

where the F spin scalar and vector components are
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M, w =N g 1w =N S g +L Juy. 629

N, N
VAR v _x
M (M1, ) = an G 78 | N lnw N Luw M (3.25)
and the gyromagnetic factor is obtained from the F spin scalar term
W gL )+gfL,) g N +gN
' T vrv, . ®m vV v (326)

SRTL T (L = N

The g, and g, factors can be computed microscopically by following a boson-
fermion mapping procedure [146]. Since the underlying idea in IBM is that the

s and d bosons represent strongly correlated J™ =0* and J™ = 2" nucleon pairs,
one can turn the boson state ¥, into a fermion state ‘¥, by substituting the

boson operators st and d* with correlated fermion pair operators

§*= zc‘o) (afa )y, D= Zc(z) GOSN (3.27)

The boson operator Oy is then defined by equating the matrix elements
(¥ploplvpy=Ceploglwp), (3.28)

where O, is the shell-model operator.

The microscopic estimates based on the above procedure give [147,148]
g, =1and g =0. Alternatively they can be estimated empirically from the com-

parison with the experimental g factor of the 2% states [29,149,150]. The values
so determined can deviate from 8,=0 and 8,= 0 by 25—30%.

The F spin vector term couples the ground state to the J™ =17 mixed sym-
metry state of the scissors mode with a strength given by [4,29,148]

3 8N1:Nv 2 2
BM) = (g, ~8,) - (3.29)

It is to be noticed that only valence nucleons contribute to the strength. Using
the values g =1 and g =0 for ]56Gd, N =7 and N =5, one obtains

BM1)=2.8 ui,, a value remarkably close to experiments.



1416 LO IUDICE N.

The IBM form factor is computed by using the microscopic expression of
the s and d bosons. It contains therefore some spin contribution. Its agreement
with experiments is satisfactory even at high momentum transfers, where the
spin term is dominant and where the TRM appears clearly to be inadequate
[107,108]. These results have been confirmed in subsequent calculations
[151,152]

The IBM description of the mode is on the other hand closely related to the
TRM. As we will see, in the classical limit the IBM Hamiltonian assumes
indeed the TRM form.

The M3 operator has a similar structure
N33Oyt 3 g+
MM3) =N = (g dTd )y +8,)(dd), ), (3.30)

where, for the lack of experimental data, the gyromagnetic ratios are to be
determined microscopically by a boson-fermion mapping procedure similar to
the one sketched for the M1 case. The model predicts [24] three M3 transitions,
one F spin symmetric and two of mixed symmetry including the scissor mode.
Numerically [24,29] the mixed symmetry transition strengths resulted quite

strong (B(M3)T ~0.35+0.6 p.jzv bz), while the symmetric strength comes out to
be too weak (B(M3)T ~ 0.09 ui/ bz), with respect to the experimental value
(142) (BM3)T ~ 0.3 3 b7,

2. Connection with the TRM and Deformation Law. The M1 strength given
by eq. (3.29) is valid in the SU(3) limit. The most general IBM2 summed M1
strength consistent with the conservation of F spin symmetry is [84]

3
BMDT == (015210 ) (g, - 8) Hy ~

9 <Nd> 2 2
~ PN B8 My (3.31)

where N_and N, denote the number of valence proton and neutron pairs respec-
tively, N=N_+N,, (N,) is the average number of quadrupole bosons in the
ground state; and P, the fractional number introduced by Casten [153]

NT! NV

P=2T' : (3.32)

The IBM2 M1 strength in the SU(3) limit is obtained as a special case by
putting n,=(N,)/N=2/3.
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One can derive a semiclassical expression of the IBM2 strength by the
following procedure [92]. Let us write

Nd=N(§p)+Nd(")=d; : dp+dn‘“~dn, (3.33)

having denoted by d: and d_ the quadrupole boson creation and annihilation
operators, respectively. Being a scalar, N, can be referred to the intrinsic frame.

In the classical limit, the harmonic approximation holds. We can then transform
to shape variables by means of the canonical transformation

) o=V —— (3.34)

W _ Dg*
o, =0 (dt‘“+d 0 ZBtoo'

2u Tu

The W= 1 components are the shape scissors variables. We can therefore assume
 to be the energy of the scissors mode.

In dealing with an axially symmetric system it is appropriate to take as
intrinsic ground state a HO wave function which is coherent only in the proton

and neutron p =0 components of olP. We have

20
dt, 0 W(' = dt’ W('
d ,W.=0. (#0), (3.35)

where dt' are pure ¢ numbers. It follows that

oDy (T g
Br"<a20 )(,-20(0 d;. (3.36)

In the strong coupling limit we then obtain

(B, (B Y
ol L]

0

2 2, 1 2
(B, B, + B, B,) = wBp". (3.37)

The above equation shows that the number of quadrupole bosons in the IBM2

ground state is strictly correlated with the Bohr—Mottelson deformation para-

meter B. The link between the M1 strength and deformation is equally close.
Indeed upon insertion in eq. (3.31) we get

. 9 P 2 2.2

gD ~ 21 - . 3.38

MNT > = 08B, —8,) (3.38)

In virtue of this relation, the IBM2 strength appears to be quadratic in the

deformation parameter consistently with experiments. Such a property is hidden
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Fig.2. Ratio between the IBM M1 strength computed in the semiclassical limit
(eq. 3.38) and the experimental value in the rare-earth region

when the same strength is expressed in the IBM2 formalism. Figure 2 shows
that in the classical limit of IBM2 the experimental trend of the M1 strength is
closely reproduced. Another method for deriving the classical limit of the same
IBM M1 strength (3.31) has been developed in Ref. 91. The results obtained are
of the same quality.

3. The TRM as Geometric Limit of the IBM2: Explicit Derivation. The close
link of the IBM2 approach with the TRM was explicitly proved [154—157].
Using coherent states of the form
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|‘Pa)=exp[ Y (o, s +a .d,j)]lm (3.39)

k=m,Vv

the IBM Hamiltonian is turned into a classical one

H(o , 0, 0 sk g

o) =(¥ |H ¥ ). k=p,n (3.40)

Because of the conservation of the total number of bosons N, o, can be
expressed in terms of N and o . The resulting Hamiltonian depends on ten
coordinates a, and o, five for protons and five for neutrons, and their complex

conjugates, as in the two-boson models illustrated previously.

The link of the IBM as well as of the other boson model with the TRM can
be established by the following procedure.

One can transform these shape coordinates @ into the intrinsic coordinates

Bk and v, and the Euler angles (apy) by the canonical transformation

2
@ zaka()(Q (3.41)

and similarly for the conjugate momenta T, . In the above equation a have
the expressions

%G 0= Bk cos Y, ’
1 .
2= B, siny,,
a =0. (3.42)

In IBM the deformation parameter 7y is equal to the Bohr and Mottelson corres-
ponding quantity, while the parameter B is a function of the parameter B of Bohr
and Mottelson.

In order to derive the Hamiltonian describing the scissors mode one must
freeze the shape variables by putting their equilibrium values. For an axially
symmetric system one has y =Y, =0, while the values of B are obtained by

minimizing the energy. Of the two sets of Euler angles (Q = of}y), the angles y's
are redundant if we impose L3“=L3V=O consistently with the assumption of

axial symmetry. The remaining angles can be transformed to an angle 6 between
the symmetry axes and to a set of Euler angles describing the orientation of the
full system, exactly as in the TRM. This program was carried explicitly for
instance in Ref. 154. Their starting point was an IBM2 Hamiltonian of the form

Hy=E +¢e,(n, +n,)+KQ -Q +\M. (3.43)
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After having followed the above prescriptions, by making an expansion in 8 and
keeping the quadratic terms in the angular momenta L, " they obtained, to

lowest order in the 1 /N expansion, apart from a constant

1 2 2 1 1 g2

H= Y g PtP)*+g Py P, +5CH, (3.44)
k=mv "k nv

where Piy =(1/N) Lkp. The inertial parameters Sk and Sm, and the restoring

force constant are complicated functions of N, Bk and of the other parameters

entering into the starting Hamiltonian.

The classical Hamiltonian (3.44) is formally identical to the TRM Hamil-
tonian (2.3). The only difference is the presence of the coupling term L -L,

which in the TRM appears only for N # Z.

One can therefore requantize the Hamiltonian by following the TRM pro-
cedure and obtains as in the TRM a two-dimensional HO Hamiltonian in 8. The
excitation energy o of the mode is now given by

4 2 1 \'?
w=—|Clg-5— ] . (3.45)
N[ [Sk Srrv]

The moment of inertia and the restoring force constant are estimated using

standard IBM parameters. Taking the average value 1/3 = l/Sn+ I/Sv, one

gets for 156Gd w=2.96 MeV which is a good approximation to the observed
value ®=3.1 MeV.

We have pointed out already that the IBM and TRM form factors prac-
tically coincide up to moderate values of the momentum transfer. The IBM is
more successful at higher momenta. The success of the IBM over the semi-
classical description is generally attributed to the fact that in IBM the neutron-
proton rotational oscillation is performed by valence nucleons only. In order to
check this point it was assumed in the TRM that only the part of proton and
neutron fluids external to an inert core takes part to the motion [158]. Such a
change, however, spoils the agreement of the TRM with the experimental form
factor. The success of the IBM description is rather to be ascribed to dynamical
correlations which, among other things, allow, though effectively, for spin con-
tributions. In particular the rather satisfactory agreement of the M1 IBM form
factor with experiments at high g¢’s is due to the spin degrees of freedom which
are effective only at high momentum transfer.

Though accounting weli for the collective properties of the M1 mode, the
IBM2, as all other phenomenological approaches, cannot account for the M1
strength distribution. The attempts to explain the fragmentation of. the strength.
by including additional bosons [25,28] or by changing the parameters of the
Majorana force [159] resulted clearly inadequate.



MAGNETIC DIPOLE EXCITATIONS IN DEFORMED NUCLEI 142]

4. MICROSCOPIC DESCRIPTIONS:
SHELL-MODEL CALCULATIONS

All boson descriptions are based on the quantization of the quadrupole
shape variables o, and o and lead in the geometric limit to a semiclassical
description formally equivalent to the one provided by the TRM.

Important differences however appear among the same boson descriptions
when these are in quantized form. This is to be expected since the Hamiltonians
and the methods used to handle the eigenvalue problem differ from model to
model. In particular a major difference between IBM and the other two models
can be noticed. While in fact the IBM is a boson number conserving scheme,
the other two approaches are not.

The microscopic implications of such a difference are of great importance.
The IBM bosons, as we saw, can be considered to lowest order as highly corre-
lated valence nucleon pairs. The bosons in the NPD and the GCS models are
instead to be viewed to lowest order as highly correlated p-h nucleon states. The
IBM can be indeed considered as a truncated shell-model scheme where valence
nucleons are so strongly pairwise correlated to allow a description in terms of
bosons. The microscopic counterpart of NPD and CGSM s to lowest order the
random phase approximation (RPA) scheme.

The microscopic descriptions of the scissors mode fall indeed in these too
major schemes, standard shell-model and RPA. The shell model has been adop-
ted to study M1 excitations only in light and medium-light nuclei. In heavy
nuclei, calculations of this kind are prohibitive because of the exceedingly large
dimensions of the configuration space. Only shell-model calculations using
group theoretical basis and relying on severe approximations have been carried
out for these latter nuclei.

A. Shell-Model Approaches in Light Nuclei. Zamick [39—41] has shown
that M1 states with a strength of about lulzv can be generated in the restricted

f./"/2 shell-model space. These states have the form
Y= Y DL LI, ® U ) 4.1)
L,, L'I v 4 n

where v is the seniority quantum number, D, is the probability amplitude for
two protons, coupled to angular momentum Lp, and n neutrons coupled to

angular momentum L_, to couple to total spin J.
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The M1 operator induces a transition from the J™ = 0" ground state to the
J™=1% excited states with a strength

BM1,0" > 1) = I(w1+|| MMD)|| \y0+>|2=
= (/41 uye, -8, ' > DLLY) DLLVNLL+1) |% @42
Lv

where the proton and neutron gyromagnetic factors are the effective ones appro-
priate for a single j shell

1 &
=-g +-. 4.3)
8 ; 8 Y
Using the orthogonality relation
- YD, (LD, (LL)=3 L (4.4)

o
it is straightforward to obtain the integrated strength

2 22
> BOM1, 0" - 1% =(3/4m) pfv(gp—gn) > D@Ly 1*Le + 1. @5
o L
The appearance of the factor (gp—gn) stresses the isovector character of the

transitions. The scissors nature can be proved by rendering explicit the link with
the TRM. Indeed

2 DD PLa+ 1= 12 1¥y) =
L

i(\volszl\vo)%%. (4.6)
We then get the standard TRM expression (2.11). In this case, however, the
strength gets contribution from both the orbital and the spin components. This
is due to the fact that the calculation is carried out within a single j shell so that
the M1 operator takes the form (2.63) with effective gyromagnetic ratios (4.3).
Similar expressions have been derived for the strengths of magnetic transitions
of higher multipolarity (A =3, 5, 7).

Numerical calculations have been performed for Ti isotopes using a nuc-
leon-nucleon interaction empirically determined from the observed levels of

2S¢ under the assumption that these #25¢ states are due to the configuration
(lf7 /2)2. The numerical results show that the M1 transition strength is mostly

concentrated into the lowest J™=1" state. The strengths of the transitions of
higher multipolarity are instead strongly fragmented and get a spin contribution
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which increases with the multipolarity, a result also found by Heyde and
Sau [160].
The schematic shell-model underestimates the orbital, with respect to spin,

contribution to the M1 strength. For 46T; the calculated ratio is R = \/B—l / \/ZI? o~

~ (.86, while the observed one is R ~ 3.5. If configuration mixing with higher
shell is accounted for [161,162] the ratio raises to R ~2.5. The calculation
reproduces nicely the M1 and M3 form factors.

Studies of the M1 mode in Ti isotopes have been carried out with satis-
factory and, in many ways, similar results also in RPA [71].

B. SU(3) Shell Model. It has been pointed out already that the M1 mode is
excited through the operator

S, = Lff’) - Lf[’). 4.7

If we confine ourselves within a major shell and use a HO basis, L(:) can be
viewed as the generators of the SU (3) groups. The connection with this group

can be made more transparent by observing that

5, 10y=-@8n/19"mo,+w) X, [K*=1%n)(K"=1*lQ, [0), 438

n

where
0="Y, () =12, (7). 4.9)

Namely, L(:) acts just like the quadrupole operators Q 1511) which are also gene-
rators of SUT(3).

In the SU(3) model [163] the Hamiltonian is composed of an HO one-body
term H, plus a quadrupole-quadrupole (Q-Q) two-body potential. For a given

major shell this interaction represents the leading term in the expansion of any
long range Wigner interaction. Its use is therefore justified in the LS coupling
limit. This is the case of light nuclei. For these nuclei, isospin is also a good
quantum number. The states must therefore belong to the antisymmetric repre-
sentation of the group SU(3) ® SU_ (4). Being the orbital space of a major shell

of degeneracy s, the states with a given symmetry can be classified according
to the irreps of the U(s), U(3) and SO(3). If the spin-isospin components are
characterized by S and T, the basis states can be written

| W)= lrriw kLM S T), (4.10)
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where [f] and (Ap) label the U(s) and the U(3) representations, respectively,
KLM are the rotational quantum numbers, while S and T label the spin and
isospin wave function. The scissors states are obtained by acting with the scis-

sors operator S_ on the ground state. In 20Ne for instance the M1 state is
[1"T=1)=5,1141 (80) K=0L=J=05=0T=0)=
=|BNGHK=1L=15=0T=1). @.11)

It is worth noticing that the generator S_ turns the completely symmetric (anti-
symmetric) orbital (spin-isospin) part into one of mixed symmetry. In other
nuclei with T#0 like 2%Ne, S, generates more than one scissors state.

A shell-model SU(3) study of M1 excitations in light nuclei of the sd shell,

like 20Ne, 22Ne and 36Ar, and of the pf shell, like 44Ti, was carried out by Poves
et al. [45—47]. The findings of their calculation were:

i) The integrated M1 strength of all J™ =17 states is > B(M1)=2.43 ulzv in
*Ne and " B(M1)=3.60 n% in *°Ar.

i) In °Ne the 75% of the strength is concentrated into the lowest J™= 1%
state at ® ~ 11 MeV and mostly comes from the convection current.

iii) In *°Ar the strength is mainly shared by four J™ =17 states. The diffe-
rence between the M1 distribution in the well deformed 2°Ne and that in the

vibrational *®Ar can be interpreted as a confirm of the peculiarity of the scissors
mode, whose existence is closely related to deformation according to the TRM
and the schematic RPA.

In heavy nuclei the SU(3) symmetry is spoiled by the strong spin-orbit
coupling term. This causes a large separation between the members of the
Nilsson spin-orbit doublets and pushes the state of maximum j down to the
next lower major shell. As a result a major shell is composed of a set of normal
parity orbits and one abnormal parity s.p. state.

One can observe, however, that the states of a given N shell with [—1/2
and (I -2)+1/2 are very close in energy [164—166]. Exploiting the fact that
the normal parity states of a given shell have the same total angular momenta
as the levels of an oscillator shell with N=N —1, one can make the mapping
No>N-1LI1-1/251+1/2=(0-1)+1/2,(-2)+1/2>(U-1)-1/2.

After relabeling the Nilsson states with pseudo-oscillator quantum numbers
[N7AQ], the members of the new spin-orbit doublet with Q=A+1/2 appear
very close in energy. The normal parity states can therefore be classified accor-
ding to a pseudo-SU(3) [167,168]. Such a scheme can work only under the
assumption that i) particles in the abnormal parity single j shell are dominated
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by the pairing interaction so that the dominant configurations arising from this
shell are zero seniority states with 11’: =J\;4 =0, ii) the interaction between nor-
mal and abnormal parity states is weak, iii) proton and neutron spatial wave
functions in the normal parity space are totally symmetrical so that §n = §v =0.

Under these assumptions, the nuclear state is of the form [48,49]
¥ = (YN ®Y (4.12)
where the completely antisymmetric normal parity (‘¥ J]X,,) and abnormal parity
(‘PJ’:‘) states are respectively classified according to the chains
U(Q;) - U(QN/Z) ® U(2) - SUB) ® SU2) - 0(3) ® SU(2) = SU2)
uQg) - S () — 003), (4.13)

where €, and Q, are the dimensions of the two groups and SI7 is the compact
symplectic group. Because of the pseudospin s.p. basis and the assumptions
made, the magnetic dipole operator M(M1) is purely orbital

MM =1/2g +g)L+1/2@g —g )L ~L). (4.14)

The theory predicts from one to four J™ = 17 states, the actual number depen-
ding on the leading SU(3) proton and neutron irreps. For completely symmetric

proton and neutron SU(3) representations (A_, O)(A , 0), as in 1549m and 238U,
p ks AY

there is only one J™ =17 state. For such a state the M1 transition strength is
given by
BM1,J™=0— 1) =364n(g_ - )Z—EV— (4.15)
T = 578 o+, - 1) ‘

which has the same structure as in IBM2 expression (eq. 3.29), with Xt re-

placing N_.

When only one ® (or v) irreps is symmetric, as in 156Gd, there are two
J™ =17 states, both collective. In general, as in 164Dy or '%Er, neither the
SUn(3) nor the SU, (3) irreps are symmetric. In this case there are four JE=1*

states, three of them corresponding to K™ =1 bands and the other belonging to
a K™=0" band. Only two of the three J™ =17 states have large M1 strength,
while the state belonging to the K ™ = 0" band is moderately collective.
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Aside from the M1 strengths, the authors have calculated also the magnetic
moments [, which fixed the gyromagnetic factors (g =1 and 8,=0), as well as

the branching ratio B(M1, 17 — 2*) /B(M1, 17 - 0) which supports the axial
symmetry of the nuclei under study. The calculations underestimate the M1
strength by about a factor two.

5. RPA DESCRIPTIONS

Most of the experimental analyses have been devoted to the search for and
characterization of the mode in heavy nuclei, specially of the rare-earth region.
A main feature of the mode in these nuclei is the fragmentation of the M1
strength. None of the phenomenological or schematic approaches discussed pre-
viously can account for such a property. Full shell-model studies would be
needed. They are not feasible, however, for heavy nuclei. One must therefore
rely on approximations. RPA has been the approximation scheme more exten-
sively adopted.

A. RPA General Formalism. In RPA the nuclear eigenvalue problem is
formally turned into a HO eigenvalue equation [169,170]. To this purpose one
defines the eigenstates of the nuclear Hamiltonian as

[y =0, o), 5.1)

where the operators O}j’ are such that its hermitian conjugates satisfy the equa-
tion

0,10 =0. (5.2)
The latter equation defines the nuclear ground state |0) as the vacuum for the
operators O, and 0{ . Such a vacuum is in general a highly correlated state.

Because of the above assumptions the eigenvalue equation can be written in the
HO form

[H, 0,110y = 0,0, |0) = (E, - Ep) 0, |0). (5.3)

RPA consists in solving these equations in a restricted p-h space so that the
operator 0{ is of the form

+ A+ A+
oy =% (Y pdoay, = Zyapa). (5.4)

The states l?») are normalized according to
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8, = AWy =¢lo,0f10)=0li0,, 0f1l0y = (l10,, 0j3), (5.9

where |) is the p-h vacuum. The last approximate equality expresses the quasi-
boson approximation. In virtue of this approximation, the normalization con-
dition yields

Axy, A _
PINes o Yon ~ z* h ph) 8y - (5.6)
ph
The RPA eigenvalue equations are
A B Y}‘ Yx
‘ B* A" z, = hw, -z, (5.7

where

Ay = (laogay, (H ol a )=, —e)8 8, +V ..

B ~(ltalay, H, af.a D1y =V, (5.8)

ph, p'h’ = pp hh'"

The transition amplitudes for the generic one-body operator W are given by

alwloy=lio,, miloy = (l1o,, ml) =

Ax Ax
=y T Won + Zo Wip)- (5.9)
ph
In QRPA the states have the form
v =010y =¥ (v el of - 2 so0x} [0, (5.10)

where a;(oza) are creation (destruction) quasiparticle operators defined by the

Bogoliubov transformation

f_ooF 2.2 _
o, =ua, —v.a., U, + v, = 1. (5.11)

The QRPA eigenvalues are obtained by still solving eqs.(5.7) with matrix
elements

= (0 (orgor,, (H, o011 10) = (B, + Ep) 8,85+ V.

Aup, 5 ofys’

Bog ys = (ol[a (H, (xsocy]]|0)_ B (5.12)
where E_ is the quasiparticle energy and |0) is now the quasiparticle vacuum.

We omit the explicit expressions of ."/043 and Vaﬁy& which are rather involved

and can be found for instance in Ref.169.
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The QRPA transition amplitudes for the generic operator W are given by

alwloy ~olo,, wilo) =

= Ax
‘ZWW@<mWW%””N (5.13)
a>p
where T =+ | or — | according that the operator W is even or odd under time-

reversal.

The eigenvalues and the transition amplitudes can be determined only
numerically using a proper s.p. deformed basis. In the BCS approach only the
coefficients «  and v, are determined selfconsistently using the pairing force
only, while the s.p. basis is determined independently. In Hartree-Bogoliubov
(H.B.) both s.p. states u, and v and coefficients are to be determined self-

consistently from a unique interaction.

B. RPA Hamiltonians. The first studies of the mode have been carried out
in schematic RPA [34—37]. As already pointed out, their results coincide with
those derived in Sec.1ID for the TRM. We therefore will not report on them. We
only like to mention that a schematic calculation which accounts also for spin-
admixtures was carried out to compute the M3 transition [171]. The results were
close to the ones derived for the TRM [106].

Apart from few calculations using a Skyrme interaction [55] or a Landau—
Migdal force [59,67,68], most of the realistic studies have been carried out
using a separable interaction either in RPA [52—54,56—58,60—66,69—77] or
in Tamm-Dancotf approximation [78,79].

A guide for guessing which multipoles should enter in the interaction is
provided by phenomenological and schematic models. From their analysis we
can infer that an RPA Hamiltonian should contain at least the following terms

H=H +V, ,+ VQ_Q+VGG. (5.14)

The first term is a one-body deformed Hamiltonian
Hy= h =2 (T,+V), (5.15)
i i

where T,. is the nucleon kinetic term; and Vi, the nucleon deformed potential.

This is either of the Nilsson [78] or Woods-Saxon form (for instance [53,60]).
The p-h energy spectrum produced by the one-body potential is extremely frag-
mented with intermixed orbital and spin excitations [172,173].
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The second piece is the monopole and quadrupole pairing for protons and
neutrons

VP— P = z {Gék)PO(k)TPO(k) + szpz(k)TPz(k)], (5 16)
k=p,n
where

P/ =3 la} ®ag,. (5.17)
o, B

The third is the Q—Q interaction which in the isospin formalism is

Vo_o=1/22 212N M+ (D A, (5.18)
where e
Q[T=(1)J=Q+(”l)iQ+("l). (5.19)
Finally we have the spin-spin interaction
Voo =1/2 2 1o(D [0(D) 6'(D) + 6'(1) o(D)), (5.20)
here T=0,1
G[T:?]:s(j’)l £ 50 (521)

The importance of the Q—Q and monopole pairing interactions appears clear
from the microscopic analysis of the TRM or, which amounts to the same thing,
from schematic RPA calculations (Sec. 2D). As shown there, the quadrupole
fields are related closely to proton and neutron angular momenta. They enter
directly in the M1 p-h channel. Monopole pairing qualifies the rotors as super-
fluids and has the effect of quenching the M1 strength without spoiling the
scissors picture. The necessity of the quadrupole pairing can be inferred from
the fact that the L = 2 correlated valence pairs are the building blocks of the
IBM states. The major role played by such a term emerges explicitly from
displaying the structure of the schematic SM wave function [39]

¥y=DyL,=0,L, =0 loy + DyL,=2 L, =2) | 2, ® 2n)),
¥, =D\, =2L, =2) | 2,®2)). (5.22)
The M1 transition is clearly due to the L =2 correlations among alike valence

nucleons. Monopole and quadrupole pairings have the effect of redistributing
the p-h M1 spectrum by inducing a concentration of scissors excitation around
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3 MeV [172,173]. The role of quadrupole pairing in RPA was studied in Ref.70.
The spin-spin term is dictated by the spin-orbit admixtures in the s.p. states and
by a large number of low energy p-h spin excitations intermixed with the orbital
ones. Because of its repulsive character, the spin-spin interaction has the impor-
tant effect of pushing up in energy the spin excitations, which get separated
from the M1 orbital transitions, consistently with experiments and with the
scissors picture [78].

Although all terms included in eq.(5.14) play a major role, it is not ex-
cluded that other pieces of the nuclear Hamiltonian not present in eq.(5.14) may
affect the M1 channel. It has been stressed for instance that the so-called recoil
term reduces the fragmentation of the two-quasiparticle spectrum, thereby con-
centrating the strength around a main peak consistently with experiments, and
enforces the scissors nature of the transitions [174—176].

C. Spurious Rotational Admixtures. The study of the mode in a realistic
RPA approach has gone through a series of problems [177]. A major one was
the occurrence of spurious rotational admixtures pointed out for the first time in
Ref.60. Since the RPA eigenvalue problem is formulated in the intrinsic system,
the RPA ground state breaks spherical symmetry so that

I, loy=o. (5.23)

This state separates out at zero energy from the other RPA states if the starting
Hamiltonian is rotationally invariant. In this case in fact we have

H-EpJ, Joy=(81_1loy=0. (5.24)

Namely, J_, |) is an exact eigenstate with zero eigenvalue. It is therefore auto-

matically orthogonal to the other RPA states.

The Hamiltonian used in almost all calculations however is not rotationally
invariant so that

(k" =171s_ loy=o. (5.25)

Several techniques have been developed to remove the rotational state. The
first one [60] consists in adding a symmetry restoring term to the Hamiltonian

’_ + T_ 4+
H—-H _H-vavj_ov (KT =1%, (5.26)

where the Lagrange multipliers 7\.\, are determined by the constraint

k*=1%vlrloy=0lok™=1H7 loy=0. (5.27)
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Since such a condition depends upon the solution, the RPA equations become
nonlinear, so that their final determination requires an iterative procedure.

A second procedure, adopted in TDA [78], consists in using the Schmidt
orthogonalization procedure on the two-quasiparticle states. These have the
form

lot o)) = |ocla2)sp AU o) (5.28)

The states so constructed are no longer eigenstates of the starting unperturbed
Hamiltonian, so that an iterative procedure is needed also in this case.

A third one, adopted in Ref.72, consists in using Pyatov prescription [178]
of replacing the quadrupole field in the Hamiltonian with

F=(H, 1. (5.29)
The condition of rotational invariance

[H,J]1=0 (5.30)

imposes on the fields F the following constraint
Lk, (FPL IO + &, (7, 5) =0,

(myt () @t ;ehy Z
Lk, ((F 00+ & (FP P = 0. (5.31)

In other approaches [77] the problem is avoided by using a j-projected s.p. basis
which enables one to formulate the problem directly in the laboratory frame.
Finally the separation can be achieved by using a selfconsistent basis. This has
been done in Ref.61 and partly in Ref.55. The problem can be clearly illustrated
in schematic RPA [179].

D. Selfconsistent Fields and Rotational Admixtures: A Simple Approach.
Let us assume [179] that Z protons and N neutrons move in a spherical HO
mean field with frequency @ and interact through a Q — Q force. The Hamil-

tonian is therefore of the rotational invariant form
H = H + X 2 (Q (P)* ) + Qz(:)* Q(ﬂ)) +
Z @7 o) + 00" o), (5.32)

where
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o) = 2 PHOEDIAS AR(O) (5.33)
i

1. Selfconsistent Mean Field and Doubly-Stretched Coordinates. In the
Hartree approximation we obtain for the i, proton or neutron deformed mean

field

mapr® - B melqld (5.34)

(7 _
Vy = o 0920°

N —

having defined
X (Q0)+ 1, Q5= — B, meg,
X Q)+ X, Qo)) = = B,mary, (5.35)

The Hartree potential can be written in the form of an anisotropic HO potential

2
v®= % maw’(1) (N’ + x50y + mw%(‘r) x“) (5.36)
with frequencies
Af 2 1
w (1) = 0, l+§61':m0(l+§61],
A/ 4 2
0,(7) = W), l—gét:wo[l—gﬁr], (5.37)

where &_= V45 /(16m) B.- The same potential can be put in the «spherical»

form

1 2~ 2 2 (2
v ® = > mu)o(xlm + xz(t) + .\’3“) ) (5.38)

if we use double stretched coordinates [180—183] .?i = u)l,/(norri. These are to

be used in the quadrupole operator entering into the Q — Q Hamiltonian so as
to preserve its spherical character. This transformation indeed ensures that the
Hartree field is not further distorted once the interaction is switched on. We
have in fact

©Py=("=0 (5.39)

if we impose the conditions
T T T .
(T) — ® 2 = ™
ON El— 5 2_0)3 23, _ (5.40)‘

T T ~
where 2 = z (n; +1/2). The explicit form of the Q operators is
1 1
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2
- _ 0)1(03 - B &
+1 7 co2 Qtl’ +2 2 <+
0 \/_ 0
~ 1 5
0y == (0] +20}) Q) -~ (@} - @) PY,,. (5.41)
3(00 30)0

Since the double stretched quadrupole operator contains also a monopole term,
the new Q-Q potential is composed of pure quadrupole-quadrupole plus
monopole-quadrupole and monopole-monopole terms.

The Hartree conditions fix the isoscalar coupling constant. Summing the
two eqs.(5.34) and making use of standard formulas for the quadrupole mo-

ments, we obtain, to lowest order in 9, the well-known result [133]

2
4n MW,

1
XO) =5 () =5 o (5.42)
The isovector coupling constant (1) can be derived from the symmetry energy
mass formula [133] and results to be related to y(0) by the ratio b=
=—y(1)/x(0) ~ 3.6. According to some analyses [75,184], however, this value
is too large.

A quasiparticle RPA calculation formulated in the AN =0 + 2 space has
been carried out [179]. It is shown that, in virtue of the selfconsistent conditions
(5.35), the schematic quasiparticle RPA gives a vanishing root. This is the
eigenvalue of the redundant rotational mode. Such a state results to be comple-
tely removed from the intrinsic ones. One obtains indeed

(n,K"=l+|L+|0) ocP(x)=x3+ax2+bx+c=0, (5.43)
where P(x) = P(u)z) =0 is the eigenvalue equation giving the roots of the M1
physical states.

The method presented here to remove the spurious rotational state, though

developed within schematic RPA, has a more general valence. Indeed, the
Hartree conditions (5.35) can be written in the form

(DL () (mt g nhy =

()t () @ JEy =
Lk, ((F™ 00+ (FPT 1P =0, (5.44)

where
FO=(H,JOL. (5.45)

These are just Pyatov ansatz (5.31) for removing the rotational mode. They are
therefore valid for any one-body potential and any separable Hamiltonian.



1434 1L.O IUDICE N.

2. Scissors Sum Rule in RPA. It has been pointed out already that for the
scissors mode the energy weighted M1 sum rule is given by eq.(2.66). This
quantity has been computed in phenomenological domains such as IBM2 [79,
86—388], in spherical shell-model [42] and in a schematic approach using a
deformed mean field (no interaction) [81]. Recently the same sum rule has been
computed in RPA [185]. To this purpose a separable interaction which includes
a 0—-Q interaction with double stretched coordinates has been adopted. The final
result was

Sgw M1) = T (59 + 559 + 59 g2 . (5.46)
The first term comes from the Hartree field and is given by
1
509=2 % olis) 5,110 =
p==x1
= 3mag(B, (0 7))+ B, (259" (5.47)

which is what obtained in Ref. 81, where only a deformed mean field is con-
sidered. The second piece comes from the two-body interaction involving the
monopole operators and is given by

$,7 = = 3mayB, Q)+ B, (2N (5.48)

It is, namely, equal and opposite to the one-body contribution (5.47), which
therefore cancels out. It remains therefore only the contribution from the pure
Q-0 potential, apart from modifications induced by the use of stretched coor-
dinates. This is given to lowest order in 8 by

SSM1) ~ — —n Xon Q. BOE)T-Y BVE) (5.49)

which is the result obtained in spherical shell model [42]. Stretched coordinates
are responsible for higher order terms which however are not negligible [185].

Experimentally the E2 strength to the lowest 2" state is by orders of magnitude
larger than the strengths of the other transitions. If these are ignored, one gets

) ) 4 ®._9 )
W OBMYT + o PBMDY >~ —x B PAE2) T. (5.50)
It follows that

BN B V(E2) T o (5.51)
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The sum rule approach presented here gives a quite general theoretical proof of
the quadratic deformation law holding for the M1 strengths of both low-lying
and high energy scissors modes.

E. Realistic RPA Calculations. The earlier RPA calculations produced con-
tradictory results. Some of them had seriously questioned the scissors nature of
the mode [53,54,59]. The reason of these discordances can be easily explained.
The M1 channel is extremely sensitive to s.p. energies, to the kind of interaction
used and, for a given interaction, to the choice of the strengths of the different
separable pieces. As already pointed [177], these early approaches used
different and incomplete Hamiltonians and relied on several untested appro-
ximations. Moreover, the M1 states produced by these calculations were conta-
minated with spurious rotational admixtures. Most of the recent studies are free
of most of these limitations and, consequently, tend to converge to similar
results.

The goal of RPA calculations can be summarized in the following points.
They should i) account for the collective properties of the mode such as the
quadratic deformation dependence of the total M1 strength, ii) put on display
the microscopic structure of the M1 states so as to enable one to decide about
the scissors nature of the mode, iii) reproduce closely the energy distribution of
the M1 strength.

Concerning the first point, calculations carried out by different groups have
reproduced fairly well the deformation law [69,74,77,79]. The crucial role of
pairing correlation in enforcing such a law was particularly stressed. As clearly
illustrated in Fig.3, the agreement with experiments would be almost perfect if
the spin contribution could be suppressed [74,79]. Indeed, such a good agree-
ment is reached in Ref.77, where the spin contribution is effectively suppressed
by the j-projected basis. In this basis, in fact, deformation is accounted for only
perturbatively. The necessity of spin suppression dictated by the experimental
data supports implicitly the scissors picture. Such a picture is tested more expli-
citly by computing the summed overlap

> Kk nly 2, (5.52)
n
where |\ysc) is the scissors state defined as
_ ® n
ly,.)=osP]0) + ps0). (5.53)

The coefficients are determined by imposing its normalization to unit and its
orthogonalization to the rotational state

<Wsc l Ve )=1 <\V5C|J+ | 0)=0. (5.54)
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Fig.3. Deformation dependence of the M1 strength computed in RPA versus experiments.
The dotted line gives the orbital contribution

The summed overlap for the states below 4 MeV is found to be about 40%, a
very large number in view of the fact that, as discussed in Sec.2D, the model
predicts another scissors state at high energy [177]. This latter mode is predic-
ted also by realistic RPA calculations [59,68,72,76]. Its extent of fragmentation
however is not settled. It seems [186] that if the two-quasiparticle space is
truncated up to 30 MeV, the mode is basically not fragmented in agreement
with the schematic picture [177]. It becomes strongly fragmented if the two-
quasiparticle space is enlarged.

As we said, the experimental systematic study of the scissors mode has led

to the other interesting discovery of spin excitations [21,22]. These have been

detected in '>*Sm and '*°Gd in the energy range 5 + 11 MeV and have a very

peculiar property. The profile of the spectrum exhibits two distinct bumps.
These transitions have been studied with good success in TDA [187,188] as
well as in RPA [67,68,70,74,77]. There is however no conclusive answer to the
interpretation of the observed two-peak structure. It is indeed not clear whether
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the two peaks correspond to different proton and neutron excitations [70,77,
187,188] or are of isovector and isoscalar nature {74]. The calculations which
support the first picture use a vanishing coupling constant for the isovector
spin-spin interaction. The supporters of the other interpretation use a nonvanish-
ing value. In the first case, deformation plays an important role, in the second
case, it is not relevant. This fact suggests that the issue can be settled by a
systematic analysis which covers both spherical and deformed nuclei.

RPA calculations have been carried out to describe the M1 excitations not
only in rare-earth nuclei, but also in actinides [66,73], in medium-light [71] and
medium nuclei [63]. On the whole, the results are satisfactory. An unsolved
problem remains however. The energy distribution of the M1 strength is not
well reproduced. This suggests that maybe the RPA space should be enlarged
so0 as to allow for higher configurations.

6. BEYOND RPA: THE QPNM APPROACH

Notably, TDA and RPA calculations are carried out in a p-h or two-quasi-
particle space. On energetic ground, however, higher order configurations can
also contribute to the mode. Many four-quasiparticle excitations fall within or
just above the energy range where the low-lying M1 transitions are observed. In
order to study the effect of these states it is necessary to enlarge the space. This
has been achieved within the QPNM [93]. In this approach [94] the nuclear
system is studied in a space spanned by one plus two RPA phonon states. Most
of the properties of all nonrotational states up to 2.5 MeV in deformed
nuclei, including all EA and MA transitions, have been studied in this scheme
[189—196].

A. Brief Description of the QPNM. The starting QPNM Hamiltonian has
the following structure

H=Hs‘p.+H +H, +H +H. (6.1

pair
The first term is the one-body Hamiltonian which includes a deformed axially
symmetric Saxon-Wood potential, the second is a proton (neutron) monopole
pairing interaction, the other three are isoscalar and isovector spin-independent
(HM), spin-dependent (HS) and tensor (HT) two-body interactions. All these

pieces are written in separable form. The two-body interaction acts in the p-h as
well as in the particle-particle (p-p) channels. The p-p component of the spin-
independent part yields also a quadrupole pairing term which adds to the
monopole pairing interaction. One may notice that the QPNM Hamiltonian is
considerably more complex than those adopted in RPA.
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The first step of the QPNM is to make use of the Bogoliubov canonical
transformation and express the Hamiltonian in terms of quasiparticle operators

& and a:;c. The symbols go stand for the s.p. asymptotic quantum numbers
g0 =Nn AT for K=A+1/2 and qc = Nn A | for K=A-1/2. RPA pho-

nons are then constructed
1
QKnG 52 {“’K AKo(qﬂz) ZAK_(,(qlqz)}, (6.2)
9,4,

where Alzo(qlqz) (Ags(4,9,)) are pairs of creation (annihilation) quasiparticle
operators. Their actual structure can be found in Ref.194. Using the equations
defining Q;m and Q, it is possible to bring the Hamiltonian (6.1) into the

quasiparticle phonon form

HQPNM = Hq +H + Hw, (6.3)

where Hq and Hq are respectively the one-body quasiparticle and RPA phonon
Hamiltonians and Huq is the quasiparticle phonon coupling term. Their expres-

sions can be found in Ref.194.
The transformed Hamiltonian is finally put in diagonal form by using the
variational principle with a trial wave function

‘I’(oK"—l)—{ZRQ + D vao g QVGQVG}‘{‘O, (6.4)

lv
v Y
101 262

where
s° =9 (L+8 2 (6.5)
1’2

v,0 .0, Ou +O1,0

The labels v and vy stand for the multipolarities of the RPA phonons,
v =gk, = (21); and v, = (ML), . The eigenvalues E are the roots of the
secular equation

det]| (w,-E) 81., v

Cop) U’ U

1 2 vlv2
-2 I =0, (6.6)
o> vz(,ovl + cov2 + Ao(v V) + A(vlvz) - En
where
1+ Ky, v,)
C(leZ) = T+_8— 6.7

V.,V
P2
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The quantity ®  denotes the RPA energies, vav describes the coupling between
12

one- and two-phonon states, K is a term introduced to take into full account the
Pauli principle in the two-phonon components of the total wave function
(eq.(6.4)). This term induces the energy shift Aw(v,v,) in the eigenvalue equa-

tion. The other energy shift A(v,v,) is due to the coupling with three-phonon

states not included explicitly into the calculation. Its value is approximately
A(v,v,) =~ = 0.2A0(v,v,).

B. Calculations and Results. Numerical calculations have been carried out
for a chain of Gd and Dy isotopes. Single particle energies and wave functions
were computed from the deformed axially symmetric Woods—Saxon potential
by solving the eigenvalue problem in a space spanned by quasiparticle plus
quasiparticle RPA phonon states for each odd nucleus. The calculation, whose
details can be found in Refs. 94,194,196,197, is then iterated until a good agree-
ment with the experimental data is reached. Such a procedure fixes the para-
meters of the potential as well as the quadrupole and hexadecapole deformation
parameters B2 and B4. The values of all parameters can be found in Refs.93,197.

The s.p. spectrum was taken from the bottom of the well up to + 5 MeV.

Two-quasiparticle configurations up to an excitation energy of 30 MeV
were taken into account. Monopole and quadrupole pairing were included in the
calculation of the quasiparticle energies and amplitudes. The quadrupole pairing
was extracted from the A = 20 p-p interaction. This term plays an important
role in determining the properties of the 0" states in deformed nuclei [198]. For
a fixed value of its strength GZO, the strength of the monopole pairing was
determined so as to reproduce the experimental odd-even mass differences.
Blocking effect and the Gallagher—-Moszkowski corrections [199] were taken
into account in computing the two-quasiparticle energies.

The separable interaction includes spin dependent and spin independent p-h
multipole terms. The strengths of the spin independent isoscalar p-h interaction
terms K{)‘” were fixed so as to reproduce the lowest experimental energy level

for each K™= 1* [194—196]. The only parameters left were the isovector
multipole constants and the spin strengths. The first were fixed according to the

relation K’l‘“ =- 1_5,(?)41 in substantial agreement with other choices [60]. The

spin isoscalar coupling constant was taken to be ten times smaller than the
isovector one consistently with the estimates obtained in a sum rule description
of spin excitations in heavy spherical nuclei [200]. All parameters used in the
study of the M1 modes can be found in Ref.93. The only parameter left was the
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coupling constant of the isoscalar Ay = 21 Q-Q interaction. This was taken to

be slightly larger than a critical value, for which the lowest RPA K™ = 17 state
vanishes. With this value the redundant rotational state results to be practically
orthogonal to the other intrinsic states. Its overlap with each one of them is less
than 0.005.

The basis consists of RPA phonons with A = 2—5 multipolarities. Twenty

At = 21 phonons and ten of the others were included. The K™ = 1* RPA states
were computed by including p-h and p-p isoscalar and isovector quadrupole and
spin-spin interactions. The M1 strength has been calculated by using a spin
quenching factor of g, =07

The M1 strength distributions obtained in RPA and QPNM for 18G4 is
shown in Fig.4 for illustrative purposes.

From the Figure and from a systematic analysis of the results one may draw
the following general conclusions:

1) In each nucleus the RPA calculation yields a strong peak of the order of

(1 +1.5) HIZV‘ Because of the coupling with the two-phonon space this peak

splits into two of weaker intensity.

i) The fragmentation induced by the coupling is otherwise modest. It is
appreciable only above 3 MeV. This reflects the fact that the coupling between
one- and two-phonon states is weak.

iii) On the whole, the moderate increase in fragmentation improves the
agreement with experiments. This can be improved by slight changes of pro-
perly chosen parameters. As is shown in the Figure, a change of the strength of
the Au =21 p-p (pairing) interaction brings sizeable changes on the M]
spectrum.

iv) The nature of the transition is not modified by the coupling with the
two-phonon states. Most of the strongly excited low-lying QPNM states are
dominated by a single RPA phonon. In both RPA and QPNM calculations,
practically all transitions are of orbital nature. A modest spin admixture, how-
ever, affects considerably the intensity of the transition. In general the spin
contribution to the amplitude is additive.

v) The total overlap with the scissors state is 49% in RPA and 45% in
QPNM. Most of the other percentage goes to the high-lying states.

vi) The theoretical summed M1 strength is larger than the one observed
experimentally by a factor ~ 1.2 + 1.4, mainly because of the spin contribution.

vii) As in RPA (see Fig.3), the agreement with experiment would improve
drastically if a mechanism leading to a partial suppression of the spin contri-
bution could be found. '

The QPNM was also adopted to study magnetic excitations™ with higher-
multipoles, in particular the M3 transitions [191]. It was found that the spin-
octupole isovector interaction plays an important role and shifts the M3 strength
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7. EXCITATIONS
IN ODD-MASS DEFORMED NUCLEI

The question of whether the scissors mode survives as we move from even-
to odd-mass nuclei was posed some time ago in studies carried out within the
interacting Boson—-Fermion model (IBFM) [95,96], in schematic RPA [97] and
within the generalized coherent state model (GCSM) [98].

~ After a first negative attempt [99], dipole transitions which seem to have
the properties of the scissors mode have been detected in several odd-mass
deformed nuclei of the rare-earth region [20,100,101]. The first experimental
search for M1 transitions in odd-mass nuclei was carried out in an inelastic
electron scattering on 16540 [99]. No strong M1 transition around 3 MeV was
found in this nucleus.

Subsequent NRF experiments on 163Dy have detected a sizeable M1
strength around 3 MeV which, though more fragmented, fits nicely into the
systematic of the scissors mode in the neighboring even-even Dy isotopes
[100]. A concentration of dipole strength with the same properties has been
found also in other rare-earth nuclei [20] and more recently in 1675, [101]. In
this latter experiment, which covered a wider energy range, 1.9 + 4.3 MeV,
peaks around and above 4 MeV have been detected. The interpretation of these
excitations as a manifestation of a scissor-like oscillation mode found support
in a theoretical analysis carried out within the IBFM [100,101].

Though appealing, such a response cannot be considered conclusive. In
IBFM, in fact, as in all other schematic approaches [97,98], the problem of
fragmentation, of crucial importance in odd nuclei, is overlooked.

The theoretical study of M1 excitations in odd-nuclei is rendered difficult
not only by the extreme fragmentation of some of these spectra, but also by
uncertainties inherent in the experimental analysis which will be discussed later.
In fact, the polarization techniques, adopted for parity assignment in doubly-
even nuclei, are ineffective when applied to odd-mass nuclei. Because of this
limitation, the presence of E1 excitations intermixed with M1 transitions cannot
be ruled out. The schematic models are clearly inadequate for clarifying the
nature of spectra of such a complexity. One may hope to gain a more clarifying
response from microscopic calculations. A fully microscopic calculation which
accounts also for the coupling with two-phonon states has been carried out
recently [103].

A. With RPA Core States. Equations for describing the nonrotational states
in odd-mass deformed nuclei using RPA core state were derived in [201]. These
states have the form
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with the normalization condition
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Here the factor
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comes from antisymmetrizing the quasiparticle-phonon components of (7.1).
This has been done for the first time in Ref.202. Using the above wave function
one deduces energies and eigenvectors from the variational principle. They can
be found in Ref.94.

B. With QPNM Core States. As shown in [93,195,203], at energies above
2.5 MeV the coupling with the two-phonon configurations induces fragmen-

tation of the K™ =17 and K™ =07, 1~ modes in doubly-even nuclei. Being
interested in the distribution of the magnetic and electric transitions falling in
the energy range (2.5—3.5) MeV, we need to take such a two-phonon coupling
into account also in odd-mass nuclei. The mathematical procedure developed in
[204] is followed. The basic idea is to use the already fragmented phonons in
the wave function of excited states according to the procedure described by
€qs.(4.86)—(4.90) in [94]. To this purpose the following trial wave function is
chosen

0 ()_ 0 n t +
(000) z 9, qc+z 2 60K+cru cKDq]vzaqu
%

4,0, v,0,

7‘2“2 # AR

+ D" o
Z _2_ oK, +G [, 0,K g Ln ‘130'3
9,0, ngo 073

)
Q% (7.4)

with the normalization condition
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The QPNM core states have the quantum numbers {n, A =2, i =1} for the
M1 excitations and {n, A =3, u=0} or {n,A=3,n=1} for the AK=0 or
AK =] E1 transitions respectively.

Under the assumption

'
[o g 21=0 (7.6)

which is a valid approximation when the energy of the core states is above
2.5 MeV, a variational calculation yields a secular equation whose rank equals
the number of one-quasiparticle states of the wave function (7.4).

The E1 and M1 transition probabilities were computed by using the total
wave function

! 2A+1 1 NN
v \ Dy, png + - 5D

nMK KC = 161.[2 M- K\PIIK i 0']. (77)
For the reduced EI transition probabilities an effective charge
1 e N-2Z7
eifz(‘c:) =-3 ( - ](1 + %) (7.8)

The factor x is a fitting parameter introduced to quench the too large El tran-
sition probabilities obtained with the standard expression (x =0). For the M1
reduced strength a bare orbital gyromagnetic factor and an effective spin factor

gfff: 0.7g£rcc were used. Given the impossibility of distinguishing experimen-

tally between El and M1 transitions in odd-mass nuclei, it is appropriate to
compute the widths, multiplied by the statistical factor g = (21f+ /@I + ).

These quantities are in fact parity and spin independent and are related to the
reduced strengths according to

gT(E1) = 1.0467(E Y[MeV])3B(El) T [e*fm>107°] meV,
gTy(M1) = 11.547(Ey[MeV])3B(M1) T 1] mev. (7.9)
A more closely related quantity is represented by the reduced widths
gTrY(E1) = 1.0467B(E]) T [*fm?107°] meV (MeV) >,

gT5d(M1) = 11.547B(M1) T [13] meV (MeV)™>. (7.10)
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The phonons of different multipolarity were calculated using isoscalar and iso-
vector interactions embodying the appropriate multipole fields. The phonon
basis consists of ten (i = 1,2,... 10) phonons of a given multipolarity: Au = 20,
22, 32, 33, 43, 44, 54 and 55. Twenty-five (i =1, 2,..., 25) phonons of
ML =21 and Ap = 30 and 31 multipolarities were used. The same phonon basis
was used for doubly-even and odd-mass nuclei.

Numerical calculations were carried out for 157Gd, 159Tb, l(’lDy, ]63Dy and
187Er. The core states entering into the quasiparticle-phonon basis are respec-

tively the states of 156Gd, 158Gd, ]60Dy, 162Dy and '%®Er,
1. M1 Transitions. In going from even- to odd-nuclei the fragmentation of
the strength is dramatically enhanced. This phenomenon is illustrated in Fig.5

showing the M1 spectra computed within RPA and QPNM for ]62Dy and

l(’BDy. The spectrum of the odd-mass nucleus is much richer than in the case of
the doubly-even one. A further increase in fragmentation is observed when the
M1 core states are computed in QPNM rather than RPA.

That the strength should get strongly fragmented in going from doubly-
even to odd-mass nuclei was largely expected. On the one hand, the quasipar-
ticle ® (Aft), components couple to several one-quasiparticle configurations. As

a rule, the fragmentation so induced is rather weak due to the small number of
one-quasiparticle states. On the other hand, the strength collected by each M1
state in a doubly-even nucleus is distributed among four M1 levels in the
neighboring odd-mass nucleus. In this latter system, in fact, the M1 operator can
couple the {K, [, =K} ground state to a multiplet of four excited states

with quantum numbers {(KO -1, I0 - 1), (K() -1, IO), (KO - 1,1, + 1)} and
{Ky+ 1,1, + 1}
Let us study this problem more quantitatively by analyzing the results

163

obtained for "“'Dy. The strength of the strongest M1 transition occurring in

l62Dy at an excitation energy E = 2.90 MeV and estimated to be B(M1) T~

-~ 0.9();1,2V is distributed in Hr’3Dy almost equally among the K;t =3/2" and

K/.’t =7/2" levels, both having an intrinsic excitation energy 2.89 MeV. The

two KT states, indeed, collect respectively

f
S BM1) Kf=1T=2 L gF=3 7]~ 045
i i 2 f 2 f |7 TN
Iﬂ
! 5” 7"
n_gm_ D r_gyn_1 Y. 2
B(Ml)[Ki AEEIEY SEY AR ]_0.47uN.
The KfTt =3 /2" strength, however, is further distributed among the If1t =3/27,

5/27, 7/2 states with strengths B(M1) ~= 0.30, 0.13, 0.02 “12\/’ respectively.
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Fig.5. QPNM and RPA M1 strength distributions in 162Dy and '93Dy. Full and dotted lines
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refer respectively to transitions to K,=3 /2 and K,=1 /2 final states

The I f" =3 /2 state gets about 2/3 of the strength. That the

f !

1™ = K states take

2/3 of the K f" strength is a general feature to be ascribed to angular momentum

coupling.
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The states collecting appreciable amounts of M1 strength are dominated by
a single quasiparticle-phonon configuration obtained by coupling the valence
quasiparticle to the (At) = 21 phonon. The effect of the substantial purity of the
M1 states is illustrated in the lower part of Fig.5 showing the M1 strength
distributions when only the (ARL) are included in the calculation. This is what is
done in schematic approaches [97]. The spectrum so obtained is quite similar to
the corresponding one deduced from including all core states.

The spectra of the reduced widths of 163Dy, computed in QPNM, are com-
pared with the experimental data in Fig.6. The following points are noteworthy:
i) The computed M1 transitions fall in the region of the observed peaks in all
nuclei. The discrepancies in the energy distribution with respect to experiments
are of the same order as in the nearby doubly-even nuclei. ii) The

K™ > K™+ 1 Ml transitions are fewer but in general much stronger than in
the K™ —» K™ — 1 case. As already said for 163Dy, the M1 strength of the

neighboring doubly-even nuclei is equally shared by the two Kf’t states, but for

Kf" = K,." — 1 the strength is further distributed mostly among two out of the

three Jf components of the Kf" multiplet. ii1) The magnitude of the strongest

M1 peaks is about twice the intensity of the corresponding observed transitions.
Also the summed reduced widths are in general about twice the experimental
values.

2. El Transitions. In odd-mass nuclei the fragmentation mechanism of the
AK =% | E1 strength is obviously the same as for the M1 transitions. Exactly
as in the case of the M1 transitions, the AK = I' E1 strength is also equally

. T_ pm_ T_ R . T_ e .
shared by the Kf = Kf 1 and Kf Kf + 1 levels and the If Kf states

take 2/3 of the Kf’t strength. However, as in doubly-even nuclei [193], the

AK =1 EI strength represents a small fraction of the total transition probability.
This is mostly concentrated in the AK = 0 transitions. These transitions are in
general more than 5 times stronger. As in the M1 case, the El states have a
dominant configuration embodying the (Ai) phonon.

Figure 6 shows that the M1 widths are much larger than the corresponding
AK =1 E1 widths. Indeed, as in the doubly-even nuclei, the E1 strength is
concentrated almost entirely in the AK =0 transitions. These can be quite
strong. The strongest peaks are larger than the magnetic transitions and more
than 3 times the experimental widths. These strong E1 transitions correspond to
strong E1 excitations of collective octupole core states. However, no strong El
transitions above 2 MeV have been observed in the nearby doubly-even nuclei..
One could reduce the strength of these transitions by using a smaller effective
charge, as done in Ref. 205. This new effective charge, however, would quench



MAGNETIC DIPOLE EXCITATIONS IN DEFORMED NUCLEI 1449

also the low-lying E1 transitions thereby spoiling the agreement with expe-
riments. This is an unsolved problem yet, which requires detailed specific
studies.

We can conclude that the occurrence of E1 transitions of appreciable
strength in the observation region cannot be ruled out but cannot be assessed
with certainty due to the discrepancies between theory and experiments found
in the doubly-even nuclei for these transitions. On the other hand, the M1 and
E1 transitions are predicted to carry different AK quantum numbers. More refi-
ned experiments may hopefully exploit this fact in order to settle upon the exact
nature of the observed widths. In any case, the problem of reproducing the

extreme fragmentation of the M1 strength, specially in some nuclei like 157Gd,
remains unsolved.

8. CONCLUSIONS

We have seen that the collective features of the low-lying M1 excitations,
chiefly the quadratic deformation law, are described fairly well in several
phenomenological approaches. All these models have been shown to be
mutually correlated. They can actually be put within a unified context having
the TRM as the common root. Each of them can be indeed turned into TRM-
like models when the variables which describe the shapes oscillations of the
nuclei are frozen. The differences among them are to be attached mainly to the
different microscopic structure underlying each model. While in fact the IBM
boson operators are to be considered as highly correlated valence fermion pairs,
in the other two interacting boson models under investigations (NPD and
GCSM) the bosons should be viewed, at least in lowest order, as highly cor-
related p-h fermion states. The microscopic counterpart of IBM is therefore the
standard shell model, while RPA is the microscopic scheme underlying the
other Boson models. We have shown that in their schematic version both shell-
model and RPA are intimately related to the TRM and actually provide the tools
for computing the TRM quantities in a realistic way.

In going from schematic to realistic RPA descriptions the correspondence
with the TRM as well as with the other phenomenological models is far from
appearing obvious. Because of the extreme fragmentation of the two-quasipar-
ticle spectrum the naive HO picture with one single degenerate p-h level seems
therefore quite far from reality. It is rewarding that because of the spin-spin
interaction which pushes the spin excitations up in energy, the quadrupole
pairing which rearranges the M1 strength distribution among different p-h levels
and the recoil term, the fragmentation is drastically reduced.

The many RPA calculations carried out since the discovery of the mode
have shown that such a mode is extremely sensitive to the choice of the s.p.
energy and of the two-body interaction as well as to the approximations invol-
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ved. Because of this extreme sensitivity, the calculations had to meet certain
requirements. A major one was the removal of the redundant rotational mode
from the physical M1 states. This problem has been clearly illustrated here and
a simple prescription for its solution has been given. All recent RPA calcu-
lations are free from this problem and tend toward converging results. Indeed,
all of them agree in interpreting the low-lying M1 peaks around 3 MeV as the
signature of a scissors like rotational oscillation between proton and neutron
deformed fluids. The simple TRM picture appears therefore valid. Only one
should think of a rotational oscillation between two superfluids rather than two
rigid bodies or two normal irrotational fluids.

The only point which is still under debate is the collective character of the
mode. We observe in this respect that the collectivity of this M1 excitation
should not be «measured» in terms of s.p. units as for instance in the case of
the E1 or E2 giant resonances. The mode under study here, arises in fact from
deformation and disappears as deformation is turned off. This emerges nicely
from the & dependence of the M1 strength. A more sensitive test of the collec-
tivity of the mode is provided by the M1 energy weighted sum rule. Recent
calculations [185] show that the observed strength is short from exhausting such
a sum rule. A strong indication in this respect is further provided by the fact
that the excitation is observed throughout all deformed (light and heavy) nuclei
and its strength goes smoothly with deformation.

The RPA descriptions are not able to reproduce faithfully the M1 energy
spectrum. A progress in this direction has been achieved by going beyond RPA.
This has been done by accounting for the coupling with the two-phonon RPA
state within the QPNM. Even this extension seems not sufficient. It is to be
pointed out however that the calculations carried out in this context are para-
meter free calculations. Minor adjustments may improve the agreement with
experiments considerably.

One of the most exciting recent discoveries was the detection of M1 excita-
tions exhibiting the properties of the scissors mode in odd-mass nuclei but with
a much more fragmented strength. The only microscopic thorough description
of these spectra has been carried out recently in QPNM. Many aspects have
been clarified. Many problems remain unsettled. The calculation in fact indica-
tes that the occurrence of E1 excitations intermixed with M1 transitions cannot
be ruled out. It also indicates that the detected total strength is quite smaller
than that predicted by the calculations. Moreover, the extreme fragmentation
observed in some nuclei remains an unexplained puzzle.

Let us now move to future perspectives. It is of great interest the possible
occurrence of a high energy mode of scissors nature. The sharing of the M1
strength among a low and a high energy modes is reminiscent of the isoscalar
E2 strength known to be concentrated in a high and a low energy modes. The
detection of such a mode is related to the discovery of the E2 isovector giant
resonance in deformed nuclei.
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Strongly excited M1 excitations of scissors nature both at low and high
energy are predicted also for superdeformed nuclei. Whether these modes can
be observed directly is an open question.

The perspective of finding the mode in y-soft nuclei is becoming a reality.
Pursuing in the search for M3 transitions would help to complete the picture.

We like to conclude by saying that the occurrence of orbital M1 excitations
has uncovered a beautiful example of dynamical symmetry in nuclei and has
provided a unique and sensitive test ground for many phenomenological models
as well as for microscopic theories. From its extensive study we have tested
effective interactions and correlations among nucleons in nuclei and we have
enriched considerably our knowledge on the low energy nuclear properties.
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«DHU3HUKA DJIEMEHTAPHBIX HACTHL H ATOMHOI'O A[1PA»
1997, TOM 28, BbII1.6

YAK 539.17

HN3KO3HEPIETUHECKUME PA3JIOKEHUA
B AAEPHON ®UBUKE

B.B.Ilynsiues

O6beanHeHHbI MHCTUTYT SAEPHbIX UCcnesosaHnin, lybra

Pe3ynsTaThl HENABHMX 3KCMEPUMEHTAIBHBIX H TECOPETHYECKHX HCC/IENOBAaHHH HH3KO-
3HEPreTHYECKHUX HYKJIOH-HYKJOHHBIX H HYKOH-IEHTPOHHBIX CTOKHOBEHHH 06CYX1aI0TCS H
CPABHMBAIOTCA € JaBHO W3BecTHbIMH. Ocoboe BHUMaHue ynesseTcs AByM npobiaemam: npoo-
NieMe 3KCTpanonsuny §as, aMIIMTYA W CEYeHHH TaKUX CTOJIKHOBEHHI B 3KCMIEPUMEHTAILHO
HeRoCTYNHYI o6nacTh 3Hepruit U npobieMe pasfeneHUS BKJIALOB OT SAEPHONO M J1EKTPO-
MardHMTHOTO B3aMMOINEHCTBMH B MapaMeTphl HH3KO3HEPreTHUECKOTro YNPYroro paccesHus.
AHATU3UPYIOTCH PavIHUHbIE KIaCCHYECKHE H HElaBHO MPE/I0XKEHHBIE NOAXOMIbI K PELICHHIO
3TUX npoGnem. Pa3BHBaeTcs METON MOCTPOEHHS HU3KOIHEPrEeTHYECKHX PAVIOKEHHH, No3-
BOJISIIOLUMX H3BICYs MHGOPMAUMIO O SNepHOM B3aUMONEHCTBMH M3 M3MepeHHbix a3 pac-
cesHHMs B CUCTEMax [OByX M TpeX HYKJIOHOB WIM sdep M HCCIeNoBaTh poOjb IEKTPO-
MarHWTHBLIX MOTMPABOK K KYJIOHOBCKOMY B3aHMONEHCTBHIO B TAKOM PaccesHUM.

The results of recent theoretical and experimental investigations of low-energy nucleon-
nucleon and nucleon-deuteron collisions are reviewed and compared with the previous
ones. A special attention is paid to the following problems: the problem of extrapolation of
the phase-shifts, amplitudes and cross-sections of the above collisions to the experimentally
inaccessible energy region and the problem of separation of the contributions from the
nuclear and electromagnetic interactions to the low-energy scattering parameters. The
various classical and recently proposed ways for solving these problems are analyzed. The
method for constructing the low-energy expansions, that allows one to extract the
information about nuclear interaction in the low-energy limit from the measured two and
three nucleons or nucleuses phase-shifts and to investigate the role of the electromagnetic
corrections to the Coulomb interaction in that scattering, is developed.

1. BBEAEHHE

3HaHHe SBHOH HH3KOIHEPreTMYECKOH 3aBUCHMMOCTH BCIOMOTATENbHBIX
dbyHKUHIT ¥ pu3udeckn HabnogaeMblX BeJIHYHH, XapaKTepU3YIOIHX CTOJKHO-
BEHHE KBAHTOBO-MEXaHHWYECKUX OOBEKTOB, MO3BOJSET PELIMTh MHOIHE TIPUKIIAN-
Hble W TeopeTHueckue 3amauyd. K HUM orTHocaTcs mpobrema 9KCTPanossiuuu
TakMX HaOMIOKAEMBIX BEJIMYMH, U3MEPEHHBIX NPH BO3MOXHBIX HU3KHX IHEPTUAX
MCCJIElyeMOro CTOJIKHOBEHHs, B obyacTh eme 6osiee HH3KHX, HO TEXHUYECKH
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HEJOCTYIMHBIX /1l MPSMOTO 3KCIIEPUMEHTa 3HEPrHil, U OfHA W3 BaXHEHIUMX
TEOpeTHYeCKUX npobieM, a UMEHHO 3ajaya o Bbibope yHKLHOHANBHOI (hOpMBI
M NapameTpoB B3aUMOIEHCTBUS B Npejesie HU3KHMX SHEPrHil Mo UMEILIMMCS 3KC-
NEPUMEHTATIBHBIM AAHHBIM.

I'maBHas uenb Hacrtosero o63opa — MOKa3aTb, YTO MOCTPOEHHE SBHBIX
HHM3KO3HEPreTHYECKHX aCUMNTOTHUK (a3 paccesiHud B CHCTEMax IBYX U Tpex yac-
THL W onpezneneHune Ko3((ULMEHTOB TaKHX aCUMNTOTHK OCTaeTcs OAHOM H3
MHTEPECHBIX, HO HE DELIEHHBIX B NMOJHOM 00ObeMe 3anay COBPEMEHHON TEOpHH
paccesHus. OgHUM M3 TakHUX KOo3((PULHMEHTOB sBAseTca AnHHa paccesHus. [lo-
HATHIO JUTMHBI paccesiHUs B 3ajadye ABYX Ten, crocobaMm ee OINpefeneHust U pas-
JIMYHBIM TIOAXOAaM K MOCTPOEHHI0 HM3KO3IHEPreTHUYEeCKMX ACHMITOTHK B TakKoi
3ajave MOCBSILUEH BTOPOM pasuen. B Tperbem pasgene o6cyXIaloTcss pe3yabTaThl
3KCMNEPUMEHTATbHBIX M TEOPETHUECKHX HCCIEAOBaHUM MUIMH, 3(hEKTUBHBIX
paavycoB M HM3KO3HEPreTHYECKOro noseAcHHs a3 HYKIOH-HYKIOHHOro (NN)
paccesHus. B ueTBepTOM pasgene aHaNM3MPYIOTCA HEKOTOPbIE MOMBITKH MOCTPO-
€HHMS HU3KOPHEPreTHYECKHX ACHMNTOTHK B 3adaye TPEXYAcTHUHOIO paccestHUs
3 —>3) u (2 > 2). B naroM pasnene cpaBHUBAIOTCA pe3yabTaTbl pPa3IMUHBIX
TEOPETHUECKUX HCCIeN0BaHMIl HYKIIOH-IEeHTpOoHHOTO (Nd) paccesHus npu sHep-
Ml Nd-CTONKHOBeHHs, OM3KOH K HYyJIO,

B 0630pe, Kak MpaBuiI0, UCMOAB3YETCS TEPMUHONIOTUS U 0003HAYEHUS, NPH-
HATHIE B M3BECTHBIX MaTeMaTHYeCKHX crnpaBouyHuKax [1—4], kHUrax no reopuu
noreHuHanbHoro paccesiius [5—10] u MoHorpadHsix, NOCBSIUEHHBIX MeTOdaM
thasoebix ynukumit [11,12] u runeprapmonuk [13,14], Teopuu NN-B3aumo-
perctBus [15—17] u dusuke neitpona [18,19]. Bce TepMuHBI, O3Hauawolue
OTHOCHUTE/IbHBIE MOHSITHS, 1 BCE KOMIAKTHBIE aBTOPCKHE 0003HAUYEHUS ONUCHIBA-
I0TCSl 10 MX HCIIO/b30BAHUS.

Teopus HU3KOHEPreTHUYECKHUX Pa3NoXeHUHl CTPOUTCS yXe IIUTeNbHOE Bpe-
Md. [N nyyiero noHUMaHUsl €€ COBPEMEHHOIO COCTOsIHUS B 0030pe LIUTHPYIOT-
cq KaK paboTsl, CTaBllide KJIACCHYECKHMH, TaK M CTaThH, ONyOIMKOBaHHBIE CPaB-
HUTENBHO HemaBHO. YToObl mMoka3arb, KakK pa3BUBATHCH (PYHIAMEHTAIbHbIE
NOHATHA METOJAa HU3KOPHEPIeTHYECKHX aCUMIITOTHK M KaK pellaliCh OCHOBHbIE
npo6ieMsl 3TOro MeTosa, paboThI, MOCBILIEHHBIE KAXA0MY TAKOMY MOHATHIO WU
npoGiieme, oOCyXaalOTCst B TOM XPOHOJIOTMYECKOM MOpPSAAKE, B KOTOPOM OHH
MOSABJISNINCE B CBET.

Hacrosiumii 0630p HU B Koell Mepe He NMpeTeHAyeT Ha MOJHOTY U MO CYTH
Jie1a ABJIAETCS ECTECTBEHHBIM MPOAOIIKEHHEM Npeabiaylilero ob3opa [20]. B Hem
OCHOBHOE BHUMaHHe ObUIO COCPENOTOYEHO Ha aHalu3e pa3fiMyHbIX Crnoco0OB
OLEHKH paHHLl 3HEPreTHYECKHX MHTEPBAIOB, B KOTOPbIX KOPOTKOAEHCTBYIOLIUM

. l
(V®) unn nanbHoaercTeylomuM (V') NOTeHLMAIoM MOXHO MJM HEnb3s mpe-
HeOpeub 1 KOPPEKTHOrO ONWCAHHS HU3KODHEPreTMYECKUX CTOJKHOBEHUi B
paMKax 3(p¢eKTHBHO [BYXYaCTHUHOH 3aja4yd paccesHus CYNepno3uuueit
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vl =yepylyys, comepxauieid KylOHOBCKMil moTeHuuan V €. 3nanue
TaKHX OLCHOK €LIE HE NOCTATOYHO A/ IKCTPANONALMHU (a3 U CedeHHil HyKJIOH-
SIEPHOrO paccesiHusl B 0071aCTh 3KCHEPUMEHTATBHO HEMOCTYMHBIX HU3KHX 9Hep-
rvid. JUIsl ONIHOTO pelleH s Takoi 3KCTParosLMOHHOIN npo6aemMbl HEOOXOIUMO
ClIC 3HATh HU3KOIHEPIETHYECKHE PA3NOKEHHS — aCHMITOTHYECKHE (hOPMYIIBI,
OMHCBHIBAIOLINE AHATMTHYECKYIO 3aBUCHMOCTb 9KCTPANoONMPYeMbIX BEIMYMH MpH

CTPEMSAIMXCA K HYTIO UMITYIbCE k MM SHEPIMU CTOJIKHOBEHUS E = O(kz).

PaznnuHeie cnoco6el mocTpoenus Takux pasnoxeHwuii aHaM3UPYIOTCS B Ha-
crositem 0630ope. OCHOBHAs LieNIb 3TOMO aHATM3a — OTBETHTH HA JBA BOMnpoca:
KaK pa3feuTh BKIadbl OT AAEPHOIO KOPOTKONEHCTBYIOLIETO M 3EKTPOMArHUT-
HOTO J1abHOACHCTBYIOIETO B3aUMOAEHCTBUI B- a3bl, cedeHHs M napamMmeTpsl
HH3KO9HEpreTuueckoro NN- unn Nd-paccesnus M Kak NOTOM OMNpPEeuTh napa-
METDbI, XapaKTepH3yIOLIHE TOJIBKO SIEPHOE B3aUMOJEICTBHE.

Pewenus atnx 3amay umyrcs uspasna. Tonyuenmsie pe3ynbraThl pasbpo-
CaHbl MO MHOTOYHCI/IEHHBIM OPHTHHAILHBIM CTAThM M OTPAXEHBI B CYLIECTBY-
IoWHX KHUrax [5—10] B pamMKax pa3nuuHbIX MOAXONOB M JaXe C PasHbIX KOH-
LenTyansHBIX TO4eK 3peHus. [109ToMy npencTaBiseTcs BaXHbIM M MHTEPECHBIM
NpOCYMMHPOBATE, CONOCTABHTbL H OLEHMTH MPABIONOJOGHOCTh PE3YILTATOB, M0-
JIydCHHbIX B Pa3HOE BPEMsA W Pa3HbIMHM CNocoGaMyl C €OMHON TOYKH 3PEHUs M B
paMKax OQHOr0 MoaXoja, OCHOBAHHOTO Ha HMCMONB30BAHMM HU3KO3HEpreTHUEeC-
KHX pa3/loXeHHil, NOCTPOEHHBIX B paMKax MeTofa a3oBbIX yHKLMi. [lonsiTka
PCLUMTL 3Ty HEJIErKYI0 3ajlayy O CHCTEMAaTH3allud W aHATH3€ MHOTOYUC/IEHHBIX
PE3yNbTAaTOB MpPEANPUHATA B HACTOSILIEM 0G30pe.

OG600UIEHHOMY NOTEHLHATLHOMY ONMCAHWI0 B3aMMOAEHCTBUS JIErvaiiluux

anep B dd-, p3He-, dzHe—, d4He-paccestym NpH CPaBHUTENILHO HMU3KHX 3HeEp-
rusix GbU1 MOCBSIlEH HEAaBHUI M Moapo6HbIi 0630p [21]. DTO NO3BONMIO orpa-
HHYUTBCA B HACTOAIUEM 0030pe aHATM30M MOTEHUHMATLHOTO HU3KOIHEPreTHYeC-
Koro NN- u Nd-paccesnus, HO 3aTo GOsblue BHUMAHUS YAETHTD CTPOTUM Mare-
MaTHYECKUM METOJaM PEIUEHMs 3a1ayM PaccesHHs B CHCTEMax [IBYX M TpeX Tel
C MapHbIMH B3aUMOIEHCTBUAMHU B BUIE CYNEDPIIO3ULMII KOPOTKO- U JaTbHOIEHCT-
BYIOLIMX MOTEHLHANOB. DTH METONBI NPUMEHHUMBI IS HAEKHOTO BbIBOAA HU3KO-
OHEPreTHYECKUX pa3lOKEeHHH XapaKTEPUCTHK YNPYTHMX CTONKHOBEHMH B CHCTe-
Max W3 IBYyX M Tpex sjiep, B3aUMONEHCTBME MEXIY KOTOPHIMH MOXHO OMMCATH
NOAXOAAIINMMH 9(PHEKTUBHHIMU NAPHBIMH NOTeHuManaMu. Takue NOTeHUMATDI,
KaK MpaBujo, CONEpXaT AanbHOACHCTBYIOLIME KOMIIOHEHTBI, KAPAMHATLHO H3Me-
HAIOUIME XapaKTep CTONKHOBEHHMS NPH JOCTATOYHO HU3KMX 3Heprusx. IToHsrue
«HM3KHE 3HEpruM» BechMa YCIOBHO. B Hactosiem o0630pe moa MHOXecTBoM
HU3KUX 9Heprui NN- unu Nd-CTONKHOBEHMH MoOapa3yMeBaeTcs HHTEpPBa
sHepruit 0 < E, < 10 M3B, B KOTOPOM 9KCNEpHMEHTANILHBIE JAHHBIE O TAKHX

CTONKHOBEeHHSIX GeHbI, a MOPOii M He comacyioTcs Apyr ¢ apyrom. MMeHHO 310
BaXHOE 06CTOATENLCTBO MOGYANIO aBTOPA OTPAHHUMTHCS OOCYXAEHHEM M3BECT-
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HBIX pe3ynbTaToB MccnenoBaHUd NN- M Nd-CTONKHOBEHMil TOMBKO MpU BbIllE
ONpeNeNeHHbIX HU3KMX 9HEPrusiX, HO 3aTO TIUATEJbHO NPOTECTHUPOBATH BTH
pe3y/nbTaThi Ha AOCTOBEPHOCTD.

2. HU3KODHEPITETHYECKHE PA3JIOXEHUS
B 3AJAYE IBYX TEJI

Ins obcyxnenus Takux pasnoxeHHil Heo6XOAMMO cHavyana MOSCHUTh, KaKHue
noTeHuMabl ganee OyayT Ha3biBaThCsl KOPOTKO- WJIM JabHOAEHCTBYIOILIHMH.

B cospemennoii Teopuu paccesuus [5,8] uenrpansuulii notenunan V °(r),
unutHbii (V () =0 npu r> b, rae 0 < b < o) uau yGbIBAIOWIMI NIPH YBENH-

Y
YEHHH pacCTOSIHHUA r HC MEUICHHEE KOKABCKOro noreHuuaia |7

Vi ~vYie) um Vi) =oV ), r—o o (1)

Vv Y(r) = VOY exp (- r/ ry) (ry/r), VOY = const, r¥ = const > 0, 2)
NPUHATO OTHOCHTbL K KOPOTKOAEHCTBYIOLIMM B3aUMOMAEHCTBHUAM, a NMOTEHLMAI,
yObIBalOLIKi MemeHHee, HanpHUMep, Kak obpaTHas uenas cTeneHb pacCTOAHUS:

Vi~ v vi=const, d=1,23,.., r—ee 3)
NPUHATO CYHTATh AalbHOACHCTBYIOIWMM. ORHAKO HOHATHE KOPOTKO- MM dalb-
HOAEHCTBYIOLLETO NMOTEHLUHANA OTHOCUTENBHO [22]: OAWH W TOT Xe MOTEHUHAN B
OIHOM cilyyae MNposasinseT cebs Kak KOPOTKOAEHCTBYIOWUKMH, B APYyroM — Kak
JanbHoaeHcTByomuii. [loaToMy Bompoc o BefiMYMHe paavyca AeHCTBHS TMOTEH-
uMaia pelaeTcs B KaXaoM paccmaTtpuBaeMoM ciydae. Bo Bcex cnyuasx, obeyx-
JaeMBbIX HUXE, TAKOE YTOUHEHHE He TpeOyeTcs, H MOITOMY NOTEHLHATbl C aCHMII-
TOTHKaMH (1) unu (3) Ha3bIBAIOTCS KOPOTKO- MJIH JabHOAEHCTBYIOLIMMH.

Hna KpaTtkocTH H3NOXeHUs BCe (PYHKUHWH W BEJHYMHbI, XapaKTepu3ylollue

paccesiine norenunanom V ¢ unu cynepnosuumeit V¢ =V < + V ¢ nomeuarorcs
BEPXHMM MHIEKCOM a WIM ca. HuXe nocnemosBaTenbHO paccMaTpHBAaeTCs He-

CKONBKO Cjly4aeB: paccesHue noTeHuuanamu V *(a =s), Vl(a=l), X cynep-

i

o I a
nosuumeit V= (a = Is) u cynepnosuunsmn V “ ¢ a = s, I, Is. CMbIcTIOBEIE 3Ha-
YEHHS BCEX OCTIbHBIX WHIEKCOB HE W3MEHSIOTCS M COBMANAlOT C HX MEPBbIMH
A

o Texcry onpeneneHusamu. Cumsonst ¥, I'(x) u B(x, y) win Bnm BCIOJy O3HA4YalT

NOCTOsHHYIO Diiniepa, raMMa- U 6era- dyHKUMH WM cuMBon KpoHekepa, Takxe
Bclogy R — GopoBckuil paguyc, p = kr,amn = 1/2kR.
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2.1. ITonsaTHe NIMHBI paccesHHA U CIIOCOOBI ee BeruucaeHus. CHauana »To
noHsiTHe Gb110 BBeeHO [5,6] nna paccesnus notenunanom V * ¢ GuicTpoyOsiBaio-
uiei acumnroTukoit (1). Inst ¢pasel paccesHus 5‘;(k) TaKUM NOTEHLHAIOM B KBaH-

TOBOM COCTOSHUM JBYX YacTHL |, I) ¢ COXpaHSIOLWMMHUCS OTHOCHTENIbHBIM
UMITYJILCOM Kk W YITIOBBIM MOMEHTOM [ npeaen

a)=-lim tg 8)(k) /K" ()
k—>0

KoHeueH [5], a cooTBeTcTBYIOWAs hyHKUMS 3¢hheKTHBHOTO paanyca
KB =k eg 8 =1/ KB ()

. )
apnderca ueno [7] dyHkuueir k° w umeer HuzkoszHepreruyeckyw (E =

= h2k2/2p — 0) acumnToTHKY (6]:

N . 2 4 5 s
KXE)~=1/a)+ K1y, /2 =Ky P, k—0. (6)

®yukuus (5) mpocteiM 06pa3oM cBA3aHa C JIEMEHTOM Iq matrpuusbl Taitie-

pa [7] (unn K-matpuusl [5]) B 6a3uce mapuMaibHbIX BOJHI Jk, ). Koueutible
R)
D
Hust [15—17] B cocrositinm | k, ['), a IMeHHO: JUIHHOK paccesiins, 3PPeKTHBHBIM
pailycOM M, COOTBETCTBEHHO, Napamerpom ¢opmbl. Cpean MHOXeCTBA M3BECT-
HBIX crOcOBOB [5,6] BHIUMC/IEHUS NApAaMETPOB paccesiHis KOPOTKO1eHCTBYIOLINM
HoTeHUHAIOM Hauboslee NPOCT M ylofeH anroput™ Metona a3oBbix PYHKLUMIA.
Hanomuum atoTt anropu.

B oanoit W3 nenuueilHbIx BepcHid MerToga (ha3oBbix (YHKUMI BETHUYMHA

A A
BE/IMYUNDLI G, ry, ¥ P, conepxatunecs B (6), Ha3biBAKOTCs N1apaMeTpamMm paccesi-

tg 5‘;(k) ofnpeenseTcs Kak npegesn npu r — oo pa3oBoit GyHKLHH tl“(r; k), paBHOUH

Hynio nipu r = 0 U ynosnersopsioweid npu r > 0 HenuHeHHOMY ypaBHeHHIo [12]:
3.4(r by = = KV UDip) - 14 by nP)P, ©)

rme a=s v p=kr . Ecnu B ypasueunu (7) 3ameHuTh (pyHKkuuu Purkatn —
Beccenst u Pukkatn — HeiiMaHa uX COOTBETCTBYIOIUMMHU pa3ioxeHUsaMu [1]:

hE =Y (1),

n=0
Vr(- )" .
n+ 1HT(n+A+3/2)°

Janr) = (/¥ A

ne) =k Y K, om, =0 /ni, 0 ®)
n=0
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¢ A =1 ¥ ¥ucnonp30BaTh aH3al

Ll = KLY (), ©)
n=0

rie a = s, TO MOXHO Oyder OoTOenuTb mapaMeTp k OT apryMeHTta r U MOJYYHTh
pexyppenTtHeie (n =0, 1,...) ypaBHeHUs

) ==V X Q) Qu(n), r>0,

m+m=n
Qf=j,(n- 2 tirn, (1 (10)
m'+m=n

Il HOBBIX HEU3BECTHHIX (DYHKUHH tl;(r)’ paBHbIX Hymo npu r = 0. DHeproHe-

3aBUCMMOCTh M PEKYPPEHTHOCTb ypaBHeHH#l (10) cymecTBeHHO ynpolawT WX
YHC/IEHHOE DEINEHME M MO3BOJIAIOT C BBICOKOH TOYHOCTBIO HAaWTH MapaMeTpbl
paccesHud 110 GopMynam

af == 15(e),  rg == 20(=) /(@)
2
P =15() /@) rigl + ajryy /4, (11)

CIIeAYIOUIMM B paccMaTpuBaeMoM ciydae (a = s) u3 (5), (6) u (9).

H36exaTh BO3MOXHBIX HEA0Pa3yMEHHI TEPMUHONIOTMYECKOTO XapaKTepa Mo-
MOXET MPUBEAEHHOE HUXE MOSACHEHHE YacTO BCTPEYAIOIIMXCH B JIUTEpAType MO
HU3KO3HEPTeTUYECKOMY NOTEHLHANBHOMY paccesHuIo pa3: «[InuHa paccesHus
cywecTsyeT (ompefeneHa)» M «[TMHa paccesiHHS He CYLIECTBYET (He onpene-
nena)». Hrak, ecnmm npu k=0 paccmampusaemas yukuns 3¢deKTHBHOTO
panuyca He paBHa (paBHa) HYJIO, TO FOBOPST, YTO AJIMHA PACCESHHS CYIIECTBYET
(He cyuiecTByer).

Ewe B 1949 r. Bnarr u [Jxexcon [23] pmokasanu, 4to npu Jnobom
=0, 1,... dykuus (5) sasnsercs GECKOHEYHbIM PALOM O YETHBIM CTEMEHSM Kk
s Gonee wupokoro, 4eM (1), Kiacca MOTEHUMATOB, a UMEHHO Ad MOTEH-

uManos, y6piBalOIMX ObicTpee, uem rd npu nwbom d > 1. DTH Xe aBTOpHI,
uccnenys paccesHue NanbHONEHCTBYIOWIMMH NMoTeHuHanaMu (3), He npuHamse-
XallUMH TaKOMy Kiaccy, nokasainu, 4yTo dyHkuus (5) xoHeuHa npu k = 0, ecnu
21+ 3 < d, a ee crenyiouiee no ckopoctu y6biBanus npu k — 0 craraeMoe KBaj-
paTuyHo no k, ecnu 21 + 5 < d. UIHBIMU cli0OBaMH, NPH PacCesHUU TOTEHLHAIOM
(3) B cocTostHuu |k, I') nnuHa paccesuns onpegnenena npu 2/ + 3 < d, a aex-
THBHBIA paquyc cyliecTByeT, eciiu 2/ + 5 < d. [Ipn pannom [ juiMHa paccesHus
MOXET CyLecTBOBaTh, a adexTHBHbIN pagnyc — Her. [Ipumep Takoit cutya-
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uud — S-ponHoBoe (I = 0) paccesiHue NONSPU3AUMOHHBIM MOTEHIMANOM, HMe-
IOIMM acUMNOTOTUKY (3) ¢ moka3areneM d = 4:

V() ~ Vopr_4, VOP=-ae/2|R| =const, r — oo, (12)

B sTOM cnyuae HM3KO3HEpreTHueckas acMMOTOTHKA (PyHKUMM 3(eKTHBHOro
panuyca, oOmnpedeleHHOH paBeHCTBOM (5), (YHKLUHOHANBHO OTIAMYAETCad OT
acuMnToTukM (6), T.K. umeer sua [24,25]:

KL(E) = k cig (k) =

nvP 144 (- vVPi?
=_1_ k) -2 12 + O(k?), (13)
G g
rae 5’6(k) — dpaza, a ag — JUIMHa paccesiHus noteHuuanom (12). Hanuuue B

cymme (13) nuneitHOro M JOrapUPMUYECKOro 110 MMITYJIBCY CllaraeMbIX O3Hayaer,
uTo 3dpexTHBHBIH pannyc ’f)O GeckonedeH, T.e. He cyuecrsyer. [Ipu d = 4 yc-

nosue bnarra u Ixekcona 2/ + 3 < d BeinosiHAeTcs Toabko ans [ = 0, a 11s Bcex
I'> 0 nnuHa paccessHus, a 3Ha4yuT U 9GhEKTUBHBIN pafryc, HE ONpeeneHsl. DTOT
Xe BBIBOA CleyeT M3 PaBHOMEPHOro no [ > (0 acUMITOTHYECKOrO COOTHOLIE-
Hua [24]:

tg k) =—nVPE/[@P - 1) QL+ )]+ 0k* + 1), k—0,
! 0

COINIaCHO KOTOPOMY Bce (ha3bl 8’l’(k) ¢ I > 0 nuHeiHbI Mo 3Hepruu.

[Mpononxas cpaBHeHue pasnoxenuii (6) u (13), OTMETHM, YTO MENIEHHOE
yObIBaHHE MONAPU3ALMOHHOIO noTeHuHana (12) no cpaBHeHHUIO ¢ M106BIM KOPOTKO-
HOEUCTBYIOLIMM MoTeHuHanoM (1) mopoxaaer HeaHAIMTUYECKME MO Kk craraemble

HU3KOPHEPreTUYECKOH aCHMMNTOTUKH ha3bl paccesHus Sg(k). B 1963 r. JleBu u
Kennep [26] 3ameTnnu, uro ecnu B ypasHeHusax (7) u (10) nonoxurs a = I, T.e.
3amenuts V * Ha V l, TO KOHEYHBIMU TIPH r = oo OynyT yHKLHUH thll(r) C MHIEK-
COM 1, NOAYHHEHHBIM YCJI0BHIO 2n < d — 21 — 3. TlosroMy npencrasnedue GyHK-
LUH tll(r; k) GeckoneunsiM psagoM (9) ¢ a =1 TepseT CMbICI TIpH r = oo, a ee

KOPPEKTHOE MpPHU BCEX r Pa3flOXeHHE UMEET BUI

m
k=Y R ki + B k), (14)
n=0

[1e m — MaKCHUMalbHO BO3MOXHOE 3HAaueHMe A, MPH KOTOPOM BEPHO HEPaBEH-
CTBO 2n < d — 21 — 3, a HETPUBHANBLHOE ClAraeMoe B, ybrisaer mpu k — 0 GbicT-
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pee, uem KT ™MH 1 bo vennennee, uem REFm+ D+ roncrapus (14) B (7),
Jleen u Kennep BoiBenu ypaBHeHus (10) ans orpaHuyeHHBIX npH Beex r (yHK-

LUHH t,i(r) C MHAEKCOM n < m W ypaBHeHHe Ay DYHKUHH Bl(r; k). Hccnenys no-

clleiHee ypaBHeHHe, OHM JioKasanu, uTo npu k — 0 u moboii crenenn d 2 3
yObIBaHuMs noTeHuHana (3) BEpHO aCMMNTOTHYECKOE COOTHOLIEHHE

Bl(r; k) ~— k! Idr 14 l(r) [I'I(P)]2 - PZI+ 2 2 Uin p2n ’
0 n=0
Tl+n+1)
Fn+ 1)TQI+2n+2)"

— _ Al
Tln = 2 dlm'dlm’ dln =2(- l)n (15)

m+m=n
3amenus B,(°°§ k) B (14) naiimzennoit acumnroTkoi uHterpana (15), Jlesu u
Kennep Bnepsbie Hauiu sBHble HU3K03HEpreTHyeckue (k — 0) pasnoxeHus TaH-
reHcos a3 paccesnus S;I(k) noreHuMaiaMu (3) BMIOTb 10 MX MEPBBIX He-
aHAIIMTHYECKUX M0 k cllaraeMplx:
Nd-HTrd+3/2-4d/2)
r2d/2Td+1/2+d/2)

tg 8/k) ~ — 27nv k|43 , 3<d<?2+3;

tg 8/(k) ~ - Vklk [ 1n [kl /1r+ 1, d=21+3;

m .
tg 8/(k) ~ K'Y K 1l (eo) = vk k] x
n=0

’

o m
xjdrr_d [1'1(’)]2—’2”2211,;’2" o AUF3I<d#5,7,
n=0

0
(d-5)/2
g 8/ ~ K1Y Kl eo) +
n=0
d d-3 -
Vet gy KK T k] 2043 <d=57,00 6
CornacHo (16) Bce Takue ciaraeMble — NpOU3BeAeHHs (YHKUHH In lk| w

uensix creneneil k. Cnenywoumue, 6onee 6picTpo yObiBalOLIME ClaraeMble HU3KO-
9HEPreTMYECKUX acCHUMITOTHK (PyHKUMH tg 6;1(k) B Clly4yae NPOM3BOJBHBIX KOHC-

d - .
TAHT VO ACHUMIITOTHK (3) HCHU3BCCTHDLI. I'Ipu HAOMOJIHKUTEJIBHOM TIPEATIONOXEHHH O

d - .
MaJIOCTH VO TaKHe€ cjiaraéMbl€ HETPYAHO HAUTH B paMKax JIHHEHMHOro no MalioMy
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napameTpy Vod npuGnuxenus cnocobom Xunkenmana u Llnpava [27]. Kak onu

nokasanu, dasa paccesnus &’(k) cynepnosuumeii VP = V? + V' uenepexpbi-

BawwmMxcs noreHuunanos (1) u (12)

VPn=0, r<b; V") =0, r>b; O<b<oo (17
uMeer nipu k, VO” — 0 acumMnTOTHKY

tg 8)'(k) = — b’k + (VK /3) [m + 4alk In |2kb| - (3/2) T +
+ (VP /3) @)% 25k in (266 — 1) + OV, &), (18)

Okaszanocs, 4To annHa paccesuus @' cynepnosuumeit (17) u kosdbbuLmenT T

0 p 0

CBA3aHBl C [UIMHOM @, U 3()PEeKTUBHBIM PadHycOM 7. paccesius MOTeHUHATOM
0 y oo P

V?®, obpe3annbiM B Touke r = b, CIIEAYIOLIUM 0Opa3oMm:

a =ay+ VPl -t +7/3)/b, t=al/b,

T, = (ag)2 r(‘)o/ Vi + (2b/3) x
X[1+211/3 =29 t- @+ (1 -1)/b) 1), (19)

Dopmynst (18), (19) 103BOAKIOT 110 HIMEPEHHBIM KOHCTAHTE VO” u caze 56”(/()
paccesanna cyneprnosuunein (17) HaiTH napaMeTpbl paccesHHs MOTEHLHATOM
V' MoueMy Takue u apyrue HH3KOIHEPreTHYECKUE COOTHOLLEHHS, CBA3bIBAIO-
LUHE XapaKTEPUCTHKH pacceshns cynepnosuumeit V™=V /!4 V5 ¢ pennunna-

MH, XapaKTEpH3YWOIUHMH ee KOPOTKOAEHCTBYyIoIY0 KoMnoHenTy V *, npencras-
0T 0coObIA HHTepec? Kak BHIBECTH TaKMe COOTHOUIEHMs B OOLIEM Cilyuae, W
Wit KakWX PyHRKUHA UMNY/IbCA CTONKHOBEHHS UX BBIBOAMTH? O6cyxneHue aTHx
npo6aeM HauHeM C OJHOro 3aMevaHus.

Cornacho (4) u (5) ¢a3a Sf(k) yObiBaeT npu k — 0 kak crenennas hyHKUUs

-a) K1 umnynsca k. [ToaToMy nuHa paccesiHus @, OXHUM KOPOTKOREHCTBYIO-

WwHMM noteHunanom V * umeer npocroit reoMeTpuyYeCKUi cMeicn: nipu k = 0 ona

ABseTCsH KoadphHLHeHTOM HakioHa rpaduka pyHkumun tg 8°(k) k ocu abcumcc,

_ R+

Ha KOTOpOﬁ OTNOXCHA BeJIMYMHA . HO—BHHHMOMy, XellaHHEe COXpaHHUTb

aHATIOTHYHBIA CMBICT B Cllydae paccesHMs Cynepnosuuuamu V'™ OIpEAENNIO0 B
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40-x rogax cnoco® BBedeHUS MOOugduyuposanHsix napaMmeTpos paccesHus. [lo-
SCHUM 3TOT OOLIENpPUHATBIK crnoco® Ha npumepe ofHON M3 HaWOonee BaXHBIX
Ins1 siAepHoH (PM3HUKM Cyneprno3uliMii TAKOro TUra.

B npenene HM3KMX 3Heprwii monkas dhasa paccesnus §;°(k) cynepnosuumeit
VE =V 4+ VS me VS =1/rR — orrankusaioluii KyJTOHOBCKHIl MOTeHUMAN
¢ 6opoBckuM panuycom R > 0 HeorpanMyeHHO pacteT [1] Kak KynoHoBckas ¢asa
8/ (k) = arg T(1 + [ + im):

Bl”(k) ~ 6;'(k) ~nnm-1D+=n/4, mMm=1/2kR, k-0,
H NMO3TOMY aHajlor

a®=—lim tg &°k) /K * ' = — lim QR+ %!
k>0 k—>0

npenena (4) paBeH — co. DTO nepBas NMPUUMHA, NO KOTOPOH B paccMaTPHBAEMOM
cnyyae (a = cs) TIOHATHE MUIMHBI paccesHHUs cTOMT Moauduumporats. Bropas
NPUYMHA UMEET ABHBIH (DH3HYECKHI CMBICH W 3aKJII0UaeTcsl B CNeAyIolieM: NoJ-

Has caza §,°(k) onmceiBaeT coBMecTHOE BMsAHMe moTeHumanos V© u V* ua
paccesitve. [Ipu 3KCNEPUMEHTAIBHOM HCCIIEN0BAHHM PACCESHUS CyMepno3uLMeit
V “ B3aumoneiicteue V °, xak npasuno, neussectHo. Uto6bl n3BIedb HHOp-
MallMIo O HeM, H3 M3MepeHHOM (hasbl 5;°(k) crieayeT BHIYECTH KYIOHOBCKYI0 (hasy,
a yHKUHMIO 3¢hheKTUBHOTO paauyca ONpesesuTs TaK, YToOsl OHA Obliia PSOOM 110
LENBIM CTeneHsM k2.

HMeHHO 3TOT croco® MOCTPOeHHS TEOPUH HU3KOSHEPreTH4eckoro pacces-
HHMA OJHOMMEHHO 3apsSXEHHBIX saepHbIX YacTul (R > 0) 6bu1 BeiOpaH Bpeiitom,
Kongonom u Ilpesenrom [28] w1 nocTpoeHus nepBoii TEOPHH NPOTOH-NPOTOH-
HOTO (pp) paccesiHUS W UCIMOJB3YETCs A0 CUX MOp. DTH aBTOPHI BBEIH NOHATHE
KyJOH-s1epHOi (a3bl paccessHUs

80 = 8°(k) — (k) (20)

KakK BKJafia B MOJIHYI a3y paccesHUs 8§s(k) cynepnosuuueit V < ot spepnoro

pp-noTeHunana V°, ¥ nokasalnd, 4YTO NOAXOAAIIMM o06pa3oM onpeneneHHas
KylnoH-saepHas ¢pyHkuus 3peKTHBHOrO paguyca

K, () = [Kem) [k ctg 8 (k) + K M)] @1

JIOJIXHa cofjepxaTh KyJTOHOBCKHMe MHOXuTenu [1]:
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cm =2 exp (-mn/2) [TC+1+im| /T2I+2),

hM) = k() /RCSM),  h(M) = Re y(in) - In 1, 22)

‘{T06bl nonyqanca KeJlaeMBbIH THI ACUMIITOTHUKH
K“E) ~ = 1/dp " + K6 /2 = K9G PSY, k>0, (23)

Tax kak nonmydenHoe pasnoxenue (23) v pasnoxenue (6) UMENO aHAIOTHY-

Hy10 (DYHKIIHOHAIIBHYIO 3aBHCHUMOCTb OT kz, TO KO3 PHLUMEeHTHI
ag *(k) = — lim tg 8 *(k) / kIK'C )%, (24)
k—>0

rg',s U PIC’ ¥ cranm uasbiBath KYNOH-SIEPHBIMH  (MTH MOAM(HLIUPOBAHHBIMH)

JUIMHOH paccesiHus, 2PeKTHBHBIM PaaMyCOM M, COOTBETCTBEHHO, MapaMeTPOM
dopmbl. BMecTo TepMuHa «KynOH-saepHbIit» MapameTp paccesHus [16] ynorpe6-
JIAE€TCA W CIIOBOCOYETAHHUE «AAEPHO-KYTOHOBCKMI» mNapamerp paccesnus [9].
Du3uYeCKMI CMBICIT TaKMX NapamMeTpoB Hauboslee TOYHO OTpaxaeT Gonee JUIHH-
HO€ Ha3BaHHWe — sSIIEPHBIN 1TapaMeTp paccesiHHA B KYJIOHOBCKOM [OJIE.

Hutepec k npo6iieMe onpeneneHus KyJIOH-sIEPHBIX MapaMeTPOB PacCesiHUs
BHOBb BO3pOC B 1949 r. u 6b11 uHMIMMpOBaH paboToi Jlannay n CMOPORHMHCKOTO
[29]. Onn Hauun npocroe NpuGAMXEHHOE COOTHOLIEHHE

1/a5* = 1/a}+R "'[In (r,/R) + 2y - 0,824], (25)

CBAI3bIBAIOLIEE KYJIOH-SIEPHYI0 AnUny a' * paccesanus cynepnosuumeii V < ¢ anu-
0 y

HOM paccesHHs af) KOPOTKOAEHCTBYIOLIEN KOMIOoHeHTo# V * 310l cynepnosunmm,

PalMycoM REHCTBHs 3TOH KOMIOHEHTB! . U GOPOBCKUM pannycoM R.

HeBo3MOXHO x0T 6Bl KpaTKO YHOMSHYTb BCE MHOTOYMCIIEHHBIE PabGOThl,
nocnenoBaslIne 3a cratbed Jlanaay 1 CMOPOIHMHCKOIO W MOCBSILIEHHbIE NPOGIIe-
M€ OIpEAE/IEHUS KYIOH-ACPHBIX 1apaMeTPOB PacCesHHs, HO CTOMT KjacCu(u-
UMpOBaTh U CPABHUTH MO NPOCTOTE peanu3aldd H CTENeHH HANEXHOCTH U3BECT-
HbI€ METO[Bl BBIYMCIIEHUsS TaKWX napamMeTpoB. [ Takoro cpaBHeHHs Heob6Xo-
JMMO HallOMHUTb HEKOTOPBIE (POPMYIIbI.

MNonnas ammnutyma ynpyroro (k =Kk’) paccesnus f(0; k) ueHtpanbhbim
noreHuuanoM V(r) u3 HauanpHOro coctosHus |K) B KOHEUHOE COCTOSHME Ik’)
3aBUCHT OT OHOro yra paccesHus 6 = arccos [(k - k) /kk’] u npencrasnserca
GeckoHeuHbM psioM [5] mo nonmunomam Jlexanapa P/cos 0):
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£6; k) = f(0)[(21 + 1) Pcos )] (26)

1=0
M NapLUHaibHbIM aMIUIMTYAaM
£ = ik Texp (2i8,(0)) ~ 11. 27)
Ecin V =V ““, 10 pasbuenne
8;"‘(k) = 8j(k) + 8, “k) (28)

kaxnoit (I =0, 1,...) da3p paccesnus Sl(k)ES;"’(k) Ha KyJlOHOBCKYI ¢pa3y

3¢(k) u chasy 8 “(k), oTcumnTaiHyl0 OT Hee, MOpoxuaeT pasbuenus nonuoi (26)

M napuvaneibix (27) aMIuIHTY paccesiius
fUOR =@+ fO R, [ R =f R R 29

Ha nonuywo [9]
£6O; k) = — R ™2k sin (8/2)]% exp (2i (85(k) — n Insin (8/2)))  (30)

M napunaibHble (f["(k)) aMIUTHTYbLl paccesiins KYJOHOBCKHM TIOTEHLHAIOM, H

COOTBETCTBYIOLLUHE UM aMIUITHTYAbl

FO4@: k) = 3 £ YRR+ 1) Pcos B)), 3D
1=0
£ = ik~ exp (2i8(k)) Lexp (2i8) (k) = 1, G2

1
NopoXaeHHble NoTeHunanoM V “ npu paccesHun B Ky/IOHOBCKOM nosie. Bknaabl

o} “, do““/d8 u 6" “ s1010 NOTEHUMANA B NapunatbHoe, AHddepentHaibioe

M TOJIHOE CeveHHs paccesiHus cyneprnosuumeit V ¢ onpenensiorcs cneyoumm
obpazom:

o “(E) = dn | £y, (33)
dc “©; E)/d8 = | £ 4®; k)| % sin 8, ‘ (34)
oo T .
o “E)= Y, o “E) = 2n [ d8(do® “(®; E) /). (35)

=0 0
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B TpanMumonnoM mnopxome [30—34] kynoH-sagepHble (@ =S) aMMIWTYObI
(31) u (32) 3apaloTcst MAaTpUYHBIMH 3JIEMEHTaMU

Sy B ¢, s ” C, Sopy _ ¢, s i
fef@ == alre@l, £ =Lk G

nonxoro (T ©*) u napumanbHeix (TIC’ %) KynoH-saepHbIX OnepaTopoB nepexona
Ha sHepreTuueckoii nosepxHoctu (k=4k’, z=E + i0 = h2k2/2u + i0), a onpene-
JIEHHE KYJIOH-SIEPHbIX MapaMeTPOB CBOAMTCH K BBIYUCIEHUIO MPEAESIOB MNpPH
7= E+i0 - 0+ dynkuuu Tl"’ (k, k; z) ¥ ee NPOU3BOMHBIX N0 IHEPrHUU. DTH
nipefiesibl BHIYKCISIOTCS CO CTOPOHBI MOJIOXHUTENBHBIX 3HAYEHHWI dHEPTHH, rie
matpuna (k|T %) |k n sce ee napumanbhsie Komnonentst T, *(k, k'; 2)

ABASIOTCA KOMIUIEKCHBIMU  ¢hyHkuusimu. Takum oOpasom, s ollpeieneHus
OEHCTBUTENbHBIX BEIMUUH (KYTOH-[ePHBIX NapaMeTpPOB paccesiius) NPUXOAUTCA
CHayajla HalTH KOMIUIEKCHOE pelleHHE T[C' S(k, K'; z) napuManLiOro ypasBHeHHs

Jlunnmana — LlBuHrepa. D10 neppas NpUYHUHA, W3-32 KOTOPOH TPaAULIMOHHbBIN
METOI He TaK NPOCTO PEATU3YEeTCs B BBIYMCIMTENBHOM IUlaHe, 0cOOEHHO B Cry-
yae KynoHoBckoro nputsxenus (V © < 0), korga Bce KylmoHOBCKHE (yHKLHH
Tl"(k, k'; 7) umeoT GECKOHEYHOE YHMC/IO MNOMIOCOB, OTBEYAKIIMX KYJTOHOBCKHM
CBSA3aHHbBIM COCTOSHHUAM M crylianiuxcs Kk Touke z = 0. Bropas npuunna maioit
3¢ eKTHBHOCTH TPAIHLHMOHHOTO METOAA COCTOMUT B HEOOXOOHUMOCTH BblUMCIIE-
HUS BBILIEYNOMSHYTBIX NpeaenoB. YMcaeHHO Takas 3ajada CBOAMTCA K 3agaue
IKCTpANONISUHY NTapUHanbHOH aMiiuTyasl (32), (36) U ee npou3BOAHBIX 110 3HEP-
MM, HalJeHHBIX 118 yOblBalOLEH NOCAea0BaTEeNbHOCTH El > E2 > ... > EN >0
MOJIOXKMUTESIbHBIX 3HaYeHWH sHepruH, B Touky E = 0. Kak un3secrtuo {3], moboi
9KCTPaNONALHOHHbIH METOA NPUBOAMT K JOMONHHUTEIBHOI NOTEPE TOYHOCTH.

B [35] HaBpoukuii nokasai, 4To npeaenst, ‘onpeaessiouniue KyJloH-saepHbie
napaMeTpbl, MOXHO BBIYHCIIMTh CO CTOPOHbI OTPHLATENbHBIX 3Hepruil. B kauyecT-
BE CTapTOBOrO MM MCIMOb30BAIOCH NMpeacrasieHue [36]:

T“%2) =1 +T() Gy T QU + T Gy, (37

copepxatuee cBobonHywo ¢yHkuuio [puHa G, BCcoMoraresipHbli Ky/loH-aaep-
Hplii onepatop T © ° 1 M3BECTHYIO B ABHOM BHjle KYJIOHOBCKYIo Matpuuy [37]:
ot

uR|k - k’|?

klr@lKy = [t +0™'F ) - o F ()],
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1/2

oo |14 @=P) & -p) RS
= 2 /2 T -1
PPlk-x| ®
p’ = 2uz/1, (38)

rae F,.n(x) =,F (1, m; 1 + in; x) — runepreoMerpuueckas ynkuus [1]. One-
patop T ¥, B otnune ot oneparopa T © *, yloBneTBOPSeT ypaBHEHHIO

T2 =V +V’G‘QT 2 (39)

C KOMMNAKTHBIM SIPOM, CoiepXaiuM V¢ Nulb NOCPeACTBOM KyJTOHOBCKO#
¢ynkuuu I'puna

G (@) = Gy + T @G, @)]. (40)

3a ynmomsHyToH Bbille nepecopMynuposkoit (37)—(40) ucxomnok 3agauu
(ypaBHenus Jlunnmana — LlIBunrepa s oneparopa T ° ¢ V © < 0) B obeyx-
naemoii pabore [35] mocneposan aHanu3 sapa ypasienus (39). Dror ananus 6bin
Ha4aT HO0Ka3aTebCTBOM MPEACTaBNeHUs KYJIOHOBCKOH MaTpuupl (38) B BMAE
CYMMBI

&I T2 1K) = klo@) k) + i cth (m) K| u@) | K, (41)

rae dyakuun (k | u)(z)|k') n Kk | u(z) | K’) HemnpepbiBHBI MO 3HEPTUM B TOUKE
z =0, a MHOXHUTENb cth (7IT)) onuUckiBaeT ABHO BCE MOMIOCHBIE TIO S3HEPTUU CUHIY-
JISIPHOCTH, OTBEYaloLIMe KYJTOHOBCKUM CBA3aHHBIM cocToaHusM. [lpencrasnenue

(41) nossonuio Beigenuts U3 ¢GyHkuMH (40) cunrynaphywo (G “Y u rankyio
(G ®) uvactu:
G =Gl+icth(mn)G®, G"=GuG, G®=G,(1+wGy), (42)

a 3ateM cBecTH ypaBHeHue (39) K ABYM ypaBHEHHMAM: K YPaBHEHHIO C BHO Bbljie-
JIEHHBIMH KYJOHOBCKUMH OCOBEHHOCTAMM

T4%2)=T) +icth(m) T G“@) T @) (43)

H ypaBHEHHIO
T°Q=V*+V°'G°0) T) (44)
JUId BCIIOMOTrateabHOro onepaTopa T (,0, ManI/lI_Ia KO’I‘OpOFO HE HUMEET OCO66H-
HOCTE KYTOHOBCKOTO MPOMCXOXAEHHS W HerpepsiBHA B Touke z = 0. JanbHei-

IMe MOCTpOeHHs ObLIM BBIMOMHEHBI JIMIIG B cllydae Hynesoro [. Okaszanocsk, 4To
KyJIOH-silepHas S-BONHOBasi JUIMHA paccesHMs paBHA Npefeny HylneBOl SHEPruu
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as® = 5“; T,,(0) (45)

MaTpHYHOIO 3/IEMEHTA HECHHIY/ISPHOM yacTh oneparopa T © *
Ire
kk'(Z) = (¢k ' T g(Z) , ¢k’

TC, S 4
T rcg(z) _ ( T . (@, V . > 0,
T "(2), Vi<0

B3ATOH B OOKJIaKax MEPeHOPMHUPOBAHHBIX KyTOHOBCKMX (DYHKLMIi o, () =

(46)

= F(p, n)/pCO(n). B cnyyae V>0 MOJYYHBILAsACA TaKUM o6pa3oM yHKLHs

T, ,/(z) noxuuuseTcs ypaBHeHHIO

dp p*C (n )
Ty = Vie f kp Ty
0 2 (z—-E )

(),

22
V=@l vilon.  m =172, E =177/, (47)
a a(pheKTHBHBIIA paanyc onpenensercss GpopMynoi
r(‘)'o“' =2R/3 + [1 /21(a® “)2] [ lim azToo(Z) + 4 lim 8k2Tk0(0)]. (48)
z—>0 k—>0

Mrak, B omimume ot Tpamuumontoro monxona, B cniocoGe HaBpoukoro gce
OCOGEHHOCTH KYJIOHOBCKOIO MPOUCXOXIEHHS HOCACAOBAMENbHO BbIIENEHDI, a
npenensi (45) u-(48), onpeaensiomme KyloH-saepHbIe NApaMETPhi, MOXKHO Bbi-
UMCIIATH CO CTOPOHBI OTPULATENbHBIX 3HEPTHH, Korna GyHkuua (46) sensercs
aedcTBuTeNnbHOH. O6a 5TH NpeHMylIecTBa YNPOLIAIOT BHIYHUCIEHHE KynOH-saep-
HBIX napameTpoB. OHAKO cXema BBIYUCIIEHHH 10 topmynam (37)—(48) tpebyer
HaXOXIEHUsE MHOTOYMCIIEHHBIX BCIIOMOTATENBHBIX OMNEPATOPOB M MMO3TOMY SIBIS-
€T NOBOJILHO TpoMo3nkod. I'naBuad npuumna ToMy — BbiGOp (B KauecTBe
paboyero) MMMyNILCHOTO NPOCTPAHCTBA, B KOTOPOM KynoHOBCKass marpuua (38)
ABJIACTCS HE TOJIBKO CHHIYJISPHOW, HO M OYeHb CIIOXHOH (yHkuuei. Craptys c
ypastenus ILllpeannrepa B KOOPAMHATHOM NPOCTPAHCTBE M HCMOJb3Ysl BMECTO
3TOH MATPHULbI NPOCThIE 0OBEKTH — (PYHKLHK F,u G;, MOXHO noctpouts Gonee

HaJeXKHBIE aNrOPUTMbl OMpEeNeHUs KyIOH-SAEPHBIX NapamMeTpoB. YIOMsHEM
JBa TaKUX criocoda.
Ilpumenne k 3anaue paccesnus Llpennnrepa ¢ [ =0 u B3auMomeiicTBueM
Y
vV MeTom 3BOMIOLMM TO KOHCTaHTE CBS3M [38], Kupxuuy u Ilenskop [39]

Hauum id pasHocti dynxumit (5) u (21) creayiolwee HHTerpanbHOe NpeacTas-
NeHue:
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AE) = KJ(E) - K (E) = R™' cosec? 8} (k) x

x m [ drin (r/ |R1) 3 (65(rs &) (s K) + ilu?*(r; T2 -
0
~ sin (p + (k) exp (i (p + y(k))), (49)

NO3BOJISIOLIEE ONPENEIUTh S-BOJHOBbIE KY/NOH-IACPHBIE MApaMeTpsl MOCHE Bbi-
yucnenus ¢aspl Sg(k), perynspHoiu (ug‘f) M HEperyisapHon (ua“) tynkuui pac-
cesnus notenunanom V *. lpu k = 0 npeactasnenne (49) npuHUMaeT BUA

1/a5* = 1/a} = A(O) (50)

. 8 .
W MO3BOJIACT HAWUTH KYJIOH-AAEPHYIO HJIMHY pacCesHHs 06 no U3BECTHOHU IJIMHE

paccesiHus a‘(‘) u unterpany A(0). Coornoutenne (50) cornacyercs ¢ ¢dopMmynoii

(25), HO, B OTNHYHME OT Hee, HE 3aBHCUT OT paauyca ACHCTBUS r, noTeHuHaia

V' Mapamerpst rg,* n Py"* paznoxenns (23) BbpaxaioTcs yepes Mepsyio M

BTOpYIO npou3soaHbie pyHkunu A(E) no snepruu E B Touke E = 0.
Cnoco6, npennoxenuslii babukosbiM [40], 6onee npoct, Tak Kak B HeM
BbIYMC/IEHHE KAKMX-THOO NMPOM3BOAHBIX M MpENenoB no 3Hepruu He tpebyercs.

Hcxonnyio 3anauy Llpeaunrepa ¢ notenumanom V ° Babukos cuayana nepe-
opmynuposan Tak, uro6bi Tanrenc casst 87 *(k) Gvn pasew npemeny npu
r — oo BcoMoratensHoi dyukumn 1, *(r; k), paBhoit Hymo npu r =0 u ynos-

nersopsawouled npu r > 0 HENHHEHHOMY ypaBHEHHIO
31 == KV [Fp. M+ 1< b G, W (5D

3arem, HCMOJIb3ysA ABE MOCJEAOBATEIbHbIE NMOACTAHOBKH

15 k) = L+ D KKCmP Y KBTAS S k), k>0,  (52)
n=20

A G5 h) =15 °(0) /T s k@), n=0, 1,
T(r kD) = 1+ 15 °(r) k) /R,
A =B hD) /T R, 15 5r) = B (s 0) (53)

u npeacrasnenue beccens — Knnuddopaa [1] mns F, u G,, babukos csen ypaB-'

HeHHe (51) K peKyppeHTHOH Leno4ykKe ROBOJIBHO CIOXHBIX, HO 3aTO 3HEProHe-
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3aBUCHMbIX ypaBHeHHH ans pynkumii ¢, °(r), n = 0, 1, 2, yepe3 KOTOpPbIE KYIOH-
In p

anepHeie napamerpsl ¢ [ = 0 spipaxatotcs no copmynam (11) c a =, s.
3ameTnM, uyTo dyHkuuu (53) HH3KOSHEPreTHUECKOro paznoxenus (52)
NapamMeTpUYECKH 3aBUCAT OT HEAHATUTUYECKOH yHKUMUH A(TM) (cMm. (22)). Boige-
IUTb 3Ty 3aBUCUMOCTb B BHOM BUie BaGukoBy He ynanoce no npocroii npu-
YMHE: HCTNIONB30BAHHOE UM MCXOMHOE ypaBHeHHWe (51) — HenuHeiHoe.
Ewe Gonee HamexHblii M mpocToil MeTOx onpedenenusi KynoH-sAepHbIX
NapameTpoB MOXHO NONLITaThCA MOCTPOMTH 10 clienyioweil cxeme. ChHavaia

MCXOOHas 3a1a4ya paccesHMs cynepriosuumeii V ° cBomuTes K cucTeMe auneidHox
YPABHEHHMH I HEKOTOPBIX BCMIOMOTATENbHBIX (yHKLMI, Yepes KOTopbie Bbpa-
Kaercs Kynol-snepHast ¢asa paccestus. 3aTeM M3 UCKOMBIX BCHIOMOIATELHBIX
YHKLMIE BLUIENAIOTCS B IBHOM BMAE BCE HEARHAIUTHUECKHE MHOXMTENIH M cllarae-
MbI€ KYJIOHOBCKOIO 1IPOMCXOXAIEIHS, @ OCTABLIMECS 4acTH 3THX (pyHKUMI 11peil-
CTaBJIAIOTCS B BUIE PANOB 110 M3BECTHBIM (DYHKUMAM HMMNy/ibca-iapameTpa k u
HOBBIM HEH3BECTHBIM (DYHKLUMAM paccTosuud-apryMmenta r. Jlaiee, ¢ 1OMOLIBIO
TAKOTO 1PEUCTABIENHS UCCIIedyeMble YPABHEHHA CBOUATCH K 3HEPIOHE3ABUCH-
MBIM YPABHEHHSIM JUIS HOBBIX HEMIBECTHBIX PYHKUHIA, YEPE3 KOTOPHIE HOTOM Bbli-
PAKANTCS BCE Ky/IOH-sAEpHbIE APAMETPHI.

Merou, 1ocTpoeniblii aBTOPOM 110 BBILLEYIIOMAHYTOM CXeMe, KpaTKO Hijlara-
CTCH B CIICAYIOLUEM TIYHKTE H 1O3BONSET eaniiooOpa3io olpese/nTh KaK Kyio-
AUEPHDIC [IAPAMETPLI paccesins cyneprosnumeit V °, Tak u sgephsie napamerphl
paccestiting cynepnosureid V cls c Vi,

Bwiawa onpegenenus  auepHOil WIHMILL paccesuns cylepriosuumei V<P
ORQ3IACH JOCTATOMHO CHOKNOI H pewanact umTensiioe spems. Tonnyio dasy

paccesinms 6; ["(k) TAKOH CYNEPIO3HLHENR MOKHO Pa3OUTL ABYMS clIOCOBaMu:
81 k) = 8 (k) + & “(hy; (54)
81k = 8k + 8 (k). 8¢k = B(k) + 8 k), (55)
BLIAC/IHB  TaKHMM  00OPA3OM  KOMIOHEHTH, HMEIOLIME payiuulibiii (PUIMYECK M
cMmpici. Paza b; [“(k) XdpAKTEPH3yeT COBMECTHOE BIIMSIHUE ABYX B3aUMOJAEHCTBHI

! § : s -
(Viu V' na paccednne B KynoHoBckom nosie 'V, a dasa 6; ‘(k) onuchiBaer

§ s
BKJIAL OAHOIO fl1epHoro notenumnana V* B nosnyio day 65 '(k). To Hu3KO3HEP-

TETHYECKOH aCUMNTOTHKE MMEHHO 3TOTO BKJIANa MOXHO CYIMTh O CTPOEHHH
SIEPHOTO  B3AUMOJCHCTBUS B TNpellene HU3KHX BHEpPIuii. DKCIepUMEHTanbHO
MOXHO ONpENENnuTH JIMUIb MTONHYI0 a3y, a He ee KOMIIOHEHTHI. [afiee BO3ZHUKAIOT
aBe MpoGeMbl: Kak W3 yke M3BECTHOH MOMHON (hasbl BBUIETHUTB KOMIIOHEHTY
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l ”
8? *%(k) M KaK MOCTPOMTh HU3KOPHEPIETHUYECKOE Pa3NOXKEHHE TAKOH KOMMOHEH-

ThI? DTH [0 CMX HOp He peuleHHble B NMOJHOM OOGbeMe 3aaud TEOPHM MOTEH-
LUMATLHOTO paccesius, NPEeACTaBISIOTCS JOCTaTOYHO OOIUMHU W OYEHb BaXHbBIMH
C TeopeTHYecKoil M MpHK/IagHOi Touek 3peHus. Takue 3azayu Heu3BeXHO BO3-

HUKAIOT MPH TEOPETHYECKOM HCCIIENOBAHUN POJM 3adaHHOTO noTeHumana V°,
OMUCHIBAIOLIEro AAEPHOE B3aUMOMEHCTBHE, B MONEKYIAPHBIX, aTOMHBIX U sIEp-
HBIX CTOJIKHOBEHHUSIX, MPOUCXOMIIIMX MPHU CBEPXHH3KHX B SJEPHOM MacluTabe
3HEprusAX, M NpH pelleHUH oOpaTHOI 3aday, T.e. onpeneNeHHH GopMel U napa-

METPOB siiepHbIX cHil V ° 10 Halll€HHBIM M3 OMbITa HaGMIOAAEMbIM, XapaKTepH-
3yIOLIUM TaKHe CTOJIKHOBEHHUS.

OCHOBHBIE YePTHl HH3KOSHEPreTHYECKOro paccesHUs 3apsXEHHOH 4acTHLbI
MHLIEHBIO C HETOYEYHBIM PACIIPEAEIEHHEM 3JIEKTPHYECKOro U (MIM) MarHUTHOTrO
3apsafoB (aToM, MOH, MOJIEKY/a, SAPO) MOXHO MpeAcKasaTh, HCNoNb3ys a¢dek-
THBHO-/IByX4aCTHYHOE npubInxKeHUe, B KOTOPOM 4acTHLA M MHLIEHb paccMar-
pHBAIOTCS KaK TOYEYHbie, HO B3aUMOAEHCTBYIOILHE MOCPEACTBOM MOIXOMSLIETO
athheKTUBHOTO NOTEHLNATA, COIEPXAIUEro pa3TMYHble N0 CBOEH ApUpOAe crnarae-
Mbie, 3(peKTHBHO YYMTBHIBAIOLIME HETOYEYHOCTh YaCTHLBI M MHIIEHH. B pocra-
TOYHO 001weM cnydae 3¢hheKTHBHO-IBYXUYACTHUYHOE B3aHMOJEHCTBUE NPENCTaB-

nsetcs cyneprnosuuneit V °* xynonosckoro motenumana V €, nanbHoneiicTsyio-
LeH 3JIEKTPOMarHUTHOMR NOINpPaBKH vik 9TOMY NOTEHLHANY U KOPOTKOAEHCTBY-

oulero moteHuuana V °, omuceiBalomero cyrybo sjepHoe B3auMoaeiCTBHE.
DneKTpOMarHUTHBIE TIONPaBKH HMEIT acuMnToTUKH (3) ¢ noka3aTeneM
d=2,3,4,...

HanpuMmep, B3auMopeiicTBMe MarHMUTHOTO MOMEHTA |.1=2suN HYKJIOHa C

2IEKTPHUYECKHUM 3apSAOM Ze MUIIEHHU UMeEET aCUMOTOTHKY [19]:

-3 2 2
Vi~ Vs e, VT =y Zet /2met, s oo, (56)

e s — oneparop ClMHa HYKJIOHA, a m,, H — €ro Macca U 3Haid€HHE €ro
N N

MarHUTHOTO MOMEHTa.
[Ipu r — oo HEKOHTaKTHas 4YacCThb B3AUMOMAEHCTBUA MarHUTHHIX MOMEHTOB
K, U B, ABYX HYKJIOHOB 3ajaetcs popmynoit [19]:

m
V) ~ - h—f B, 1) My 1) 2= ()l (57)

IMongpu3aunoHHOe B3aMMOAEHCTBHE 3apAXEHHOH YacTHLBI C 3JEKTPHYECKHUM
MOMEHTOM aeiTpoHa [15] umeer acumnroTuky (12), B KoTOpOii o, = 0,007 M —

KOHCTaHTa 3JeKTPUYECKOH MOngpu3yeMocTH AeiitpoHna [14], a R — GopoBckuii
paguyc CHCTEMBI «4acTHlla + ACHTPOH».
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@yHnaMEHTabHOE TEOPETHYECKOE HCCIIENOBAHME HU3KO3HEPreTHYECKOro
paccesaHus cynepnosuuueii V s e v! tuna (3) 6610 BhIMONHEHO B [42,43]. Bep-
rep u llnpay [42] noka3anu, uyto B cnyyae k — 0, VE>0,d>3 n npu nwobom
[=0, 1,... crapmine cnaraeMble aCHMITOTHK KOMAOHEHT SIC’ ls(k) U 810’ l(k) pas-

Guennii (54) u (55) onpenenswoTcs GOPHOBCKHM HHTErpanoM

8;‘ ls(k) _ 8;’ l(k) o k—l jdr Vv l(r) Flz(p, n), 0<b <oo, (58)
b

M3 KOTOPOro CAEAYIOT paGHOMEPHbLE TIO ! acuMnToTHKH

e d -V
;) ~ A+ D@+ 20+ 1-2nxm), d=3, (59)

- Vg 2030 + 10+ D] x,m) — (61 + 37
8 k) ~ — > . d=4,  (60)
2R I+ 1) @°=1) @2l +3)

XM =7r/2-Imy(l+1+in) (61)

W CripaBei/iMBas npu Bcex [ << M u d = 3 acumroThyeckas dopmyna
8 B(ky ~ 8y ~ (- VIR YK 3B@—1,1/2), k-0, (62)

Kak 3avetnan Beprep u LlInpay, u3-3a MeIIEHHOro, a HMEHHO CTENEHHOTO,

no k yGbiBanus (62) dasbi 5’ (k) ananor KYJIOH-SIEPHOMN THHBI paccesHus (24)

ap " =~ lim tg & (k) /kK'C ) =
k—0

= const - lim kK2@¢=!=D exp (n /kR) (63)
k—0
ABngeTcss GeckOHeuHOH BenuunHod. Tak BO3HMKIA npoGriema OnpeleneHus
AOepHOU AMHBI paccesnus cynepriosuuneii V <. Uto6u ee pemmts, Beprep,
Cronrpacc u llnpau [43] ucnions3oanu pa3buenve (55). Bemss nomxomswmmii
aHanor KyJloH-saepHoi (ynkuunn acdexrusHoro paguyca (21)

K S(E) = WC I [k etg 85 (k) + hm)) (64)

W JoKasaB, 4YTO
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chl, Y(E) - ]/a;'l, Ky k2 cl, v/2 k4 cl v Icl s’ k— 0’ (65)

OHH OoNnpeacinIn MOHHq)uU.MpOBaHHb]C MIMHY paCcCeaHus

a"* = — lim tg & k) /KKC M (66)
k—>0

abdekTHBIbIL pannyc r;); ' u napamerp copmbl P["I' ¥ KaK BenMuUMHBI, comep-
xaunecst B Koatppuurentax acumnTotuku (65). Takue napaMeTpsl XxapakTepu-
cls

3y1OT BJIMAHHE OUAHOI'O 1IOTEHUHaAla V‘\ Ha pacCesdHHue cynepnomuueu Vv

1
HHOITOMY HA3bLIBAKTCA SUEPHBIMYU 11apaMeTpaMH paccesatus B rose 1 ¢ -

Xors npobnema olipegesienns sUAepHON WIMHBL paccesiiust Obula pewlena c
KOHLUENTYUILHOR TOYKH 3PEHHH, HHTEIPAIbHBIE [IPEACTABIEHNs, NOJIyYeHHbIE B
[42,43] s koacpduumentoB payuoxenus (65) M HeananuTuyecknx pynkuui

C,‘.l(n) H h‘l'l(n) HapameTpa 1, OKa3wIMCh CITHILKOM TPOMOBIKHMH.

JIHCKyceust 0 unine paccesttns cynepnosuuseit V ' Bo3oGuosmiach auwb 8
1984 r. Hauas a1y auckyceHio qokyagom [44], Ksnunncekuii 4 Mepkypbes 1oka-
3w B Hocsieaosasuieii crarbe [45], 4ro H3-3a pd-nojspH3aLHOHIONO B3aHMO-

. 2 4

apeiicTHs (12) nyOnernas ( ”/ul) H KBapreTHas ( "pd) pd-1unel, onpegesseMoie
noAcTaHoBKOi B (63) coorsercryoweii pd-hasel BMecTo thash 6;) (k). OKabl-
BatoTcs Oeckoteunbivmi. Tlocsie 210oro 3aMeuanis nonspuiaunonnie >pdexrol B
HH3KODHEPIETHUCCKHX  SAEPHBIX  CTOJKHOBEHHIX HHTECHBHO  HCCIEAOBATHCH
paznuuHbIMi cniocoGamu. OCHOBHBIE PE3yIIBLTATBI ' 9THX  HCCICLOBaHHiT 00CyX-
aenst B [20].

Haubosee nontoe TeopeTHUECKOE HCCIEL0BAHHE paccestiisg CylepiosiuHei

N : !
V®Bcnyuae V>0, V' =V ul=0sbmonneno Benuenm u ap. [46] B pamkax
opHrHHaNbHOI nuueiiHoi Bepcun [47] merona dasoseix ynkunii. Ocnosnoii
BbIBOI 3TOI0 HCC/ICAOBAHMS CHEAYIOLIHI: 110 KpaHHEH Mepe [Uld BbIUHCIIEHMHS

ANepHOIl AnHHbI paccesiHust B popmysie (66) MOXHO 3aMeHiTD C,“/(n) na C(n) u

HCNOJIL30BaTh NOJyYHBLIEECd COOTHOUIEHHE

ah* =~ 1im 1g 8" (k) / kK C ()P (67)
k>0

KakK inlGJ]H)KCHHOC BbIpAXEHUE AN TaKOi OJTHHbBI.

Teopus, noctpoenHnas beHuem W Ap., Aaneko He MOJHA, MOTOMY YTO aBTO-
paM He yHaloCh OTBETHTb Ha JBa BaXHBIX BOMPOCA: KAKOBO CTpoeHHE (DyHKUMIA

Cld(n) n hm) U3 (64) ¥ Kak BHIYMCAUTH BEAHYMHDI rgll‘ T P,d’ T 13 (65)?
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HepaBHo aBTOop Hamen orBeThl Ha 3TH Bonpochl. [logpobHoe onucanue
npemiaraeMoro UM Meroaa OyleT AaHO B OTAENBHOM CTaThe, a CXEMaTHYeCKoe

NpUBEIEHO HUXeE s ciydas V € > 0.
2.2. Hu3Ko3HepreTuyecKre pa3ioKeHUd I PacCcesHUA CyNeprno3HIHeH
v b, Cnenys [48], BBeneM Oe3pasmepHble apryMeHT x =r/R W napamerp

q = kR v 3anuweM uccneayemyio 3anady paccesnus Llpennnrepa B Bune andde-
pPEHUHATbHbIX YpaBHEHUI

(2 -1+ 102 = VW - V) + 14 ) =0, xe RY,  (68)

A5 UCKOMBIX perynspHoi (u;r) W HeperynspHoii (ul_) BOJIHOBbIX (DYyHKLHH, noa-

YHHEHHBIX COOTBETCTBYIOILHM I'PAaHHYHBIM YCIOBHAM
+ +
U q) = 0D v, (69)

wx;q) ~sin[p-nin2p— Q2 +1 F1)n/4+8(g) +3(9)
X ~> oo, (70)

3peck R = {x:0<x<ow}, p=kr=gx,n=1/2q, a 8,(q) osnauaer asy, no-

poxaaeMmylo moTenunanoM V B kynonosckom none V = 1/x. ExuHcTBentoe
orpaHHYeHHe

X
16, 9=0r/U+ 1)/ [a vl <o, 0sbsxse (D

. b
Hak/aabiBaeMoe Ha noteHuuan V, asnserca pocraroyno obumm [8]. Emy ynos-
NeTBOPAIOT OOJIBIIMHCTBO KOPOTKOAEHCTBYIOLMX NOTEHLHATOB, UCIOJIb3YEMbIX B
saepHoi (pu3KMKe AN ONMUCaHUA CHIBHOro B3aumoaeiicteus [16,17], Bce nanbHo-

neiicTeyoie nonpasku (3) ¢ d > 2 v cynepno3dumu V" takux A0EPHbIX H
AaTbHOAEHCTBYIOWMX noTeHuuanoB. daree npu nHeobGxoaumocTH 6yaeT oropo-

K ! 13
peHo, ans Kakoro umenHo kmacca (V°, V' ugn V °) nortenumanos V Gynyr
BEPHbI T€ WIM HHblEe HU3KO3HepreTHueckue (¢ — 0) pasnoxeHus. bonslMHCTBO
W3 HUX — acHUMNTOTHYecKHe [4] GeckoHeuHbie pslbl

S ) =N@) Y, ¢S, (), xe R, g-0, (72)
n=0
C HOPDMHPOBOYHBIM MHOXHTENEM N(g) ¥ apryMEHTOM X, OTAEAEHHBIM OT CTpeMs-
werocs K Hymo napamerpa q. Pag (72) npenctaBuM B Buae pa3bueHHs Ha €ro
KOHEYHYIO MOICYMMY § ™) 4 ocrarounsiit unen Ms:
M
S=s™ Mg My g)=Ng) Y, 7 5,W. (73)
n=0
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JocTaTouHO NPOCTHIM CIIOCOOOM MCCIIEOBAHUS PA3AULHbIX PELIEHUH ypaB-
Henus: Ulpexuurepa (68) sapnsercs nuHelHas Bepcus Merona (a3oBbix pyHKUMIA
[11], mo cyTu nmena, 9KBHBaJeHTHAs METOAY BapHallMM «IOCTOSHHBIX» Ko3ddu-
uuenros [2]. Kanoaxepo [47] chopMynupoBan 3Ty BEpCHIO B TEPMHHAX aMIUIH-
TYAHBIX (DYHKUHH («[OCTOSHHBIX» KO3((ULHUEHTOB) [l BbIYMCIIEHHS perynsp-

HOTO peLleHHs u;L 3agauu (68)—(70) u aspl paccesHus Sl(q). HenasHo sTa

OpUrHHanbHas Bepcusl Obla JOMONHEHa cnocoOOM NMOCTPOEHHUS HEpery/lspHOro
pewienus [48], pazsuTa A UCCIEOBaHHS UCKYCCTBEHHBIX M (pH3HYECKUX pe3o-
HaHCHBIX cOCTOSIHUI [49] M oObenMHEHA ¢ METOAOM KOMIUIEKCHOTO BpauleHHs
KoopauHarel [SO] ans BoiuMCIeHUs QYHKLIMH Hocra [51].

Pacmmpum nuHeiinyio BepcHIo U1 NOCTPOEHUS HU3KOSHEPFETHYECKUX pa3-
noxeHui ¢yHKuUMiA, cBa3aHHBIX ¢ 3axavyeit (68)—(71), B Bune (72), (73). Cha-
yasa HarlOMHHM, KaK 3Ta 3anaya 6bina nepeopmynuposana B pabore [48].

HckoMble BOTHOBbIE (DYHKLUHH HPEACTABIAIOTCS B BHIE
/(% q) = N () Uj(x; q),
u (x; @) = i (x; q) + 0,(q) ¥, (x; q),

u, (x; 9) =N (q) U'(x; 9), (74

Ul q) = 6 q) Fiip. M) + 57(x; @) G(p, ). (75)

Kotanrenc da3smr 81(q) W HOPMHUPOBOYHBIE MHOXHUTENH Nli(q) ] al(q), obec-

neuuBaole acuMnroruku (70), onpenensioTcs Kak npenensl Npu x — oo COOT-
BETCTBYIOLUUX (DYHKLIMIA

ctg §,(x; q) = c](x; 9) /5, (x; q), (76)
N g) = (€ @) + (5T @)1 7172, an
0% ) = = €(x; 9) €;(x; ) = 5, (x; q) 5;(x; q)- (78)

HJ’IH AMIUVTATYAHBIX q)yHKLIHf;I BBIBOOATCA ABE HE3AUCIUVIAIOLIIHMECA CHCTEMBI

ypaBHEHHUH (TepBas cUCTeMa JUld Cl+ s

;» @ BTOpast — Ui ¢; H sl)

Cf(x; q)

=q V() U(x; q) (79)

+G(p. M)
~ F(p. M)

+
*| 55 )

C COOTBETCTBYIOLIMMH HauyalbHBIMU (X —> ) yCTOBHAMHU
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cf(x; 9) 1, - ]‘dt Vo Fo'. ) +G, M| (80)
5, (x; g) {0} 1 o (P -F\n |’
- . o 2,
Cl (X, 11) - Cl (x()’ q) + q _[ dt V(t) Gl (P ) n),
X xo
556 ) - 1—q ™ [ ar v For, m) G0 ), 81
0

obecreynBawIUMH acHMATOTHKH (69) dynkunii (74). B (80) u (81) p’ =1g;
eciu nepebiii nHrerpan (81) cywecrsyer npu x, =0, To monaraetcs, 4ToO x=0
n ¢,(0; g) =0, B IpOTHBHOM Cnyyae napameTp x, BlGupaetcs Tak, 4TOGBI Bbl-
NOMHSAMUCH [IBA HEPABEHCTBA: X > X M Xq << 1.
I .
Hrak, nng nocrpoeHust peuieHwmii U, MCXOZHOW 3ajayu (68)—(71) no dop-

mynam (74) u (75) Heobxoaumo pemwuts 3aaaud (79)—(81), a 3aTeM BBHIYUCAUTD
npeaessl Npu X — oo KaxAol pyHkuuu (76)—(78).

[lepeiigeM K NOCTPOEHHIO HU3KOIHEPTeTHYECKHX pa3ioxenud tuna (72) wis
6cex (PYHKLMIA, CBI3aHHBIX C HUCCheayeMol 3afaveii (68)—(71).

CHayana paccmoTtpuM ciyvait V = 0, koraa ”I+ =F,u u, = G,. llepenniwem

topmyny Jlambepra ((3.25) u3 [52]) B Buae
G/(p. ) = G/(p, M) + A°(q) F(p. M),

Gp. M) =Ox, 9)/C/ (@), (82)

C@=4q'Cm), K@ =hm)/qCyq). (83)

rae C,(n) u k(M) nanel paencTsamu (22), a ©) — uenas PyHKuUMs q2.
Hssectneie pannl beccena — Knnddopna (cMm. dopmynsr (14.4.1)—(14.4.4)

B [1]) conepxar nmonunomsl b (M) napamerpa K u mMoauguurMposaHHbie GyHK-

1/2

unu Beccens [ (z) n K (z) nepemennoii z = 2x /" OObeaMHHB B DTHX psjax

2
craraeMble ¢ OOMHAKOBbIMHM CTENEHs MU NapaMerpa k°, rnonydyaeM psasl tuna (72):

Fp,m=4C() X, " f,®, Go.n=C"@ X ¢"g, ™.  (84)
n=0 n=0
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3n 1 (Z)
= 21 1
=2 3 a,,,,,z’"“[ o J (85)
m=2n

4, }

(21+ 1) gln (x) (_ 1)-"1 21+m+1(z)

3mecb a,  — 9HEProHe3aBUCHMbIe KOI(MMHUUMEHTEI, MOIYHHEHHbIE PEKYPPEHT-

HBIM Lienoukam (m = 2n,..., 3n ag kaxgoro n = 1, 2,...) ypaBHEHHi

2manm + 22l + m) a,_, +a 0, (86)

,m=2 n—l,m—3=

npuyem aOOElnanmEO,ecnun>0um<2nnnu)l(em>3n.

Kak u3sectho [4], ouenku [1]
®F e, n) = 0@ 3c@). MGp.m=0qM?/Cla) B

OCTaTOYHBIX WieHOB pa3dueHuit (73) panos (84) paBHOMEDHBI O P, €CIH
p<<pi=nll+(+Il+1)/m?) (88)

[Tocrpoum psast tuna (72) ana ammauTyaHetx dynkuuid. [Ina sToro noa-
CTaBUM 3TH (PYHKLUMH B BUOE WCKOMBIX Psi10B

cr(x: q) = &N q) — K(q) 57(x: q), (89)

~+ . c? -1x1)/2 oo +
[c, (x q)l= l(q 1 (9) ] T 2 { c,"<x)} 00,

sf(x; q) (flc,z(q))(+ teh/z n=0 s;—;(x)

B (75) u (79)—(81), a pyHKuUMM Fl H Gl npeactasuM B Buae (82)—(86). Oraenus

q OT X B MOJIYYCHHbIX COOTHOLUEHHSAX, MOJy4yaeM MpEACTaBJICHUA

Ut 9 =4" "2 @) Y U ),
n=0

U= Y [ 0 f, 0+ s 0 g, ®) 1)

m+m=n

6eckoHeuHylo (n = 0, 1,..) HENOYKY SHEProHE3aBUCHMBIX YPaBHEHHH

+ 8,,(%)

& ) oo
In _ +
ax{ ol ] =V Y, Ut [ s 92)

In m +m=n

. +
V1A UCKOMBIX (bYHKl.IPIl/I Cln H Sln M HX aCUMINTOTHUKH IPpH X — 0:



HHU3KOBHEPTETUYECKHUE PA3JIOXEHUA B IAEPHOH ®H3UKE 1481

HON { 5
s () 0

> + 8,0
+ dt V(O f, (D) { l ; (93)
} Z J Im —flm(t)

m+m=n 0

GW~ao)+ Y | daving, e,

m+m=n X
x

sm@=80- Y Javg, o8, (94)

m+m=n 0

Ecnu nepsbiit unrerpan (94) cywecrsyer npu Xy, = 0, To nonaraercs x

0:()u

C[—n (0) = 0, B IPOTHBHOM CNyYyae CUMUTAETCH, YTO X < Xy << l.

+
MoucraBup UI‘ 8 Biue (91) B (74), nonyvaeM HCKOMbIE Psiibl

2
u/(x: q) = 4C () N (q) 2 47U (),
n=0

=

i (v q) = (Cl) Ny ™ Y 47 U, (95)
n=1{

Hcnonesys pasenicrsa (87), MOKHO HoKasarn, 910 npu yenosun (88) s ocra-
TOMHBIX wWieHOoB pasOuenuii (73) panos (90) 1 (95) BepHbl ChACAyIOUIHE OLEHKH:

I+

(A~ h/2

S g) e | GCH@)
=0 ¢

{ , (96)
l (M)S’t(.l_: ) (th,z(t/))H 1+ 1)/2 [

+

(M) M+ 3

i) = o™iy, METw g = 0™/ Cl). 9D

I[lepeiinem Kk nocrpoenuio pynkuuii acpdexTupHoro paunyca. Yrobsr hopmy-
bl HMEJIH KOMIAKTHBI BHJL, BBEIEM [1BAa B3aHMOCBSI3aHHbIX HHIeKca a U d’. CuM-
BonloM A “(x, ¢) ¢ uunmekcoM ca, e a = s, I, Is, o6o3nauaeM Hccrenyemylo
hyHkuHIo A(X, ¢), XapaKTepH3yloLlylo paccesHHe COOTBETCTBYIOILEH CYNeprno3u-
ueit 'V c a=s, 1, Is. CumBonbl Tuna A“l(q) CO WITPMXOBAHHBIM HWHAEKCOM
a=c s;a=cl;d =cl s, conepxamum 3ansatyi, 6yayT HUCIONB3OBATHCS IS

0003HaYeHUs BK/IafoOB 8;" ), 5;" I(k) u 5;'1’ (k) B paccmaTpuBaeMyio MOJIHYIO
chasy paccestus 8 “(k), dynkunii scdekrusroro pamuyca K,”* nin chl,s "

K09(P(PHLIMEHTOB UX pasoXeHHi npu ¢ — 0.
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CHayana paccMOTPUM paccesaHHe cyneprnosuuveir V . B stom cnyuae

V=V® a=sua =c,s. HUcnonbsya (83), 3anuieM KyloH-sepHyi0 PyHKLUHIO
appekTuBHOrO paguyca (21) B 6e3pasmepHoit opMme

K" (@) =R 'K/ (). (98)
: HOKa)KCM aCUMIITOTHYECKOE MNpPEACTaBI€HHE
M
K@= " KX +0@™M*?), M<e, g0 99)
n=0

¥ TIONYTHO BbiBeAieM (QOPMYIIBI U1l €r0 TpeX NepBbIX KO3()(HLUHEHTOB:

K& =cp o) /sheo) K = c) o) = Kpg 57, °%(e)] /53y (o),

K,‘z" = [c), (=) — K,g's,;"“(w) -K ,‘1"s;“l “Uo0)]/ 575 () (100)
H COOTHOILUCHUS
AR SV S ) S
Pl =—RTUKS/h (101)

onpefenslne KynoH-sAepHble NapaMeTpsl paccesHus (4’ = ¢, §) KaK NpocCThie
N
anrebpanueckue komGuHauuu (100) nmpepenbHbIX (X — o) 3HAYEHMIA Clnca(oo) "

S Y(e°) pemennit ¢ w s, 3amau (92), (93) c V=V un=0,1,2.

ITonctaBum cT B BUOe pasHoctu (89) B (76). Pannt (90) nna dyHkuwmii El+ U
s;L 3anuweM B Buae (72), (73) v nonoxuM x — o, Kax ObU10 1Moka3aHo BbllIE, B
3TOM npeaene GyHKLUHUH c;"n H s;, KOHEYHBI ¥ BepHBI oueHKH (96). [TosToMy npe-
nen ¢yHkuuu (76) npu x — o gaer cieayioLiee HU3KodHepreTuueckoe (g — 0)
NpefCTaBlIeHHE:

M
2 4" (=)
_ - = O
g 8 @) = 47K | P+ 0™ ) |- K().

o
2 4" 5 ()
n=0

M3 sroro npeacraenenus cienyiot dopmynst (99) u (101). CpaBuuB MX co cTaH-
JapTHBIM BbipaxeHueM (23), nmonyuyaeM cooTHomwieHua (101). CornacHo ‘um
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BHIYHMC/IEHHE KYJIOH-S/IEPHBIX NApaMeTpOB paccesnns a;” ', rg,” u P, * cBogures
K nocnenosarenbhoMy (n = 0, 1, 2) MHTErPUPOBAHUIO TPEX DHEPrOHE3aBUCHMBIX

3amayd (92), 93)c V=V' B ciayyae V= Vls BHIYMCIIEHUE MOAHU(HLMPOBAHHBIX
napaMeTpoB paccesiHUs YCIOXHSAETCH.

Mycts Teneps V= V' + V°, r1e V* ynosnersopser (1), a V' umeer acumn--
TOTUKY (3) c d 2 3. [lokaxeM, uTo pyHKLMs

K 5@ = [C@N] @)V [q ctg &"*(g) + qo(q)] (102)

CBs3aHa ¢ MoauduLMpoBaHHON dyHKuMelH 3tdekTuBHOrO paguyca (64) cooTHo-
meHueM (98) u umeer aCHMHTOTHKy 99) ¢ KO:»)Q)qmuueHTaMH (100), roe Teneps

+cls
a=lIs,a =cl, s, a cl (oo) H 8 ""(o0) — HEKOTOpbIC KOHEYHbIC BETMYHHbI, KO-
TOpbIE MBI ONPEAETIUM MO XOAY A0Ka3aTesibCTBa.

+
Ha ero nepsoM sTane HaxomuM ecnomozamensHbie PYHKUMU uy Cl, omnpene-
+
NeHHbIE KaK PEeLIeHNs U, 3anay (68)—(71) npu BHIKIIOYEHHOM SIIEPHOM B3aUMO-

. ! + cl
nedcTBuu, T.e. Korna V=V’ ' a=1 wu a =c, . OyHkuuu U “ M uX HHU3KO-

9HEPreTUYECKHE pa3/IOKEHUSA CTPOMUM BBHIILEU3NIOXKEHHBIM MeroaoM. B wutore
NoJiyyaeMm

ur e q) =N g U N g,

+ cl

U, Q) =i, (x; q) + o (q)u x; 9,
#, (6 q) =N g U7 % g,
UL g) = ¢ g) Fio, ) + s @) G o, (103)

1 2 )
uf ' q) = qCLN, ) Y, 47U ),
n=0

i o ) = [Clq) N g1 2 7"U; ),
n=0

Ur¥m= Y, (65 0 + 5510 g, (0. (104)

m'+m=n

B (103) c;‘r y s;: ! o3nauator pewenus c;‘r " sli sanau (79)—(81) ¢ V=V’ a

tcl

MHoXuTenn N “(q) u ocld(q) paBHBl NpelesnaM IpH X —> o COOTBETCTBYIOLIMX
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+cl +cl

cyukuuit (77) n (78). OyHKLUMH ¢, WS, ,couepxauuecs B (104), o3navalor

pelueHus Cl_n H Sl—n 3amay (92)—(94) c V= vi

[MepeitaeM k crenywouemy artany (a = Is, a’ = cl, s) ¥ IOCTPOUM peryispHoe

+ cls

pewienue u; ucxonHoi 3amaun (68)—(70) ¢ V= vEg pamkax 060061eHHOM

auHelnoi Bepcuu Metoza azosbix pyHkuui [11] cnenyomiuM o6pasom. CHava-

“d

na sanuweM acuMntoTuky (70) ¢yHkuUHH u;L‘ ¢ a =l[s B BUje, OTBevalolleM

pa3buennio (55) nonuoi ¢asbl paccesaHus:

+(I\ + ¢l

(x: q) ~ cos 8" (q) ur (x; ) + sin & (g) uy U(x; g) ~

~sin(p -1 In 2p + 8'(q) + 8" %(q),  gx > . (105)
®Oynkuun (103), noguunennsie B cuny (70) coorHowenuo Bpouckoro

u, "[(.\'; q) axu (x q) + u+‘](x q) a My (x g)=¢q, xe R (106)

+cly
HCITOJIb3YEeM TElEPb KaK ITAIOHHbIE BMECTO F[ H G,, au " nuwem B Buae

u

+(I\(x; (]) — N[+ (I\(q) UT( \(_‘_; qQ),

+(/\ +(/

(x:g9) = Y(x: ¢) u (\ q) + v“[‘(\: q) u/_‘l(,\'; q). (107)

- - . , +cls +cls
€ HEH3BECTHLIE ()()O()Luelllll)le AMIUIHTYAHBIC ('byl”\u“H ¢ H 5[ HOAUHHCHDBI

li
10 onpeacieHHI0 TOXUECTBY ﬂarpan»\’a

+(I\ + ¢l

(x; q) u (\ q) + D s (xg) u,_ "[(f\'; @P=0, xeR"  (108)

[Moactasus (107) B (68)—(70) n yuts (106) u (108), BLIBOLUM ypaBHeHHst

+(l‘(\ 9 ~ly,s s lll‘“l('“ q)
I +as =q V') U] P g) rl (109)
st R ) —up (v g)
+(1\

C MPOCTbIMH HAYAIbHBIMH YCIIOBHSAMH: cl+ ‘"[“'(0 q) =1, (0. ¢) = 0. Acumiro-

THKH pynkumii (107) npu x — oo Oyayr umers Hyxnoii i (105), ecnu no-
NOXUTDb 110 OllpeeNieHHI0

ctg 8;'1’ (g) = lim 07 by q)/s[+ By g). (110)

X = oo
Hcnonb3lya paznoxenus (104) u anzay

+cl\ ~+cls +cls

(x; g), (111)

(g =c "x q)—a (q)s
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+cls(x q) qun +cls ),

n=0 oo

TP @) =q [C N Y @F X 4™ 5150, (112)

In
n=0

ceoguM 3agauy (109) x pekyppentHon (n =0, 1,...) uenouke 3auemasOLIUXCH
nap SHEpProHe3aBHCHMBIX YpPaBHEHUH

+cls —cl
c, (%) + U, "(x)
in _ys +cls Im
ax +L1\‘( ) =V z Ulm' ®) _ U+cl( )
m+m=n m X
U[: cls(x) = 2 [U+‘I(x) C+ cl\'(x) + U_d(x) s+ le(x)] (113)
m+m=n
s byukunit ¢ " u 5T Takux, uro ¢t M0) = u st “0) = 0. Metogom
In in in n0 In
urepaunit [2] MOXHO noka3saTe, 4TO BCE 3TH PyHKLUMH OrpaHHYEHB] HA R*, ecnu

V* ynosnersopsier (1). Moncrasus c; cls

X — oo, IPHXOAUM K COOTHOLIECHHUIO, KOTOPOE MNEPENUCLIBACTCH B BHIAC ¢)0pmym>|

(102), onpenensiouteit Ge3pasMepHyo pyHKLIKIO K chs uepe3 GyHKLUHH clJr sy

+ cls
l

3ys oueHKH (97) wis KoHeuHbiXx cymMm psaos (104), noka3biBaeM COOTHOLUEHHS

B suge (111) B (110) n nonoxus

s , B3TbiE NPH x = oo. Pa36us psaasl (112) Ha cnaraemsie THna (73) 1 UCONb-

(99) u (100), rne a=1Is,a’" =cl, s, a c+ C"(oo) " s+ "‘(oo) 03HA4aloT NpejesbHble

3HayeHus peweHuid 3amay (113). CpaBHMB 64) ¢ (102), noJiyyaeM CBSI3H
cf'm) = Cl N Ug.  Hm) = koj'(q) (114)

1 dopmynel (101), onpeaensiouie MOAUGHLIMPOBAHHbBIE NMapaMETPbl paccesiHus
B paccMOTpeHHOM ciaydae a = Is, a’ = cl, s. Cornacxo (99), (101) n (102) dop-
Myna [ns SAepHOH JUIMHBI paccesHUs MMEET BHA

s = - lim g 8 (k) /kik'c,m) N, i)
—>

M oTauuaercs ot npubavxeHHoro coorHowenus (67), nonyuenHoro B [46],
HaJIHYHEM MHOXHTENS Nl+ ! Nocnennuii 6nusox k equHULe, ecnu V ! JIOCTaTOY-
Ho Man (cM. ouenku (37) paGotbl [48]). Tonbko B 3TOM ciydyae dopmyna (67)

8
nacr npasuononoﬁuoc, HO TEM HE MCHEC npuéﬂuxcennoe 3HAYEHUE QJIMHBI a; §

Kak 6bIJ10 MOKa3aHO BhIlIE, AN BHIUMCIEHHS C,d ] hfl U3 (64) nNocpeacTsoM

¢dopmyn (114) cHavana pewalotcs 3agaud (79), (80) ¢ V= vi IMocnenywee
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BbIYMCTIEHHE MOAU(HLMPOBAHHBIX TTAPaMETPOB pacCesiHUsl CBOAMUTCS K PEIIEHHI0
tpex (n =0, 1, 2) 3HeproHe3aBUCUMBIX M pPeKyppeHTHbIXx 3agau (92)—(94) c
v=viu tpex (n =1, 2, 3) 3apgau (113). Bce ynomsaHyThle 3agaud — CUCTEMbI
JVHEHHBIX AndepeHIHaNbHbIX YPaBHEHUH C MPOCTBIMH FPAHHUUYHBIMHU YCIIOBHS -
MH, TIpAKTHYECKOE pelleHHe KOTOPBIX C BBICOKOH TOYHOCTBIO HE BbI3bIBAET
KakMX-nubo 3arpydHeHui. B npemioxeHHOM MeTone BbIUHCIEHHE NMapaMeTpoB

!
AAEPHOroO paccesaHrs LEHTpPalbHBIM NOTEHUHAIOM Vs B noJjie VC HE Tpe6yeT

HUKAKHX MPEANoSOXEeHHH 0 MaJIOCTH Vl, HO MMO3BOJISET HCCAEAOBATh JIULIb MO-
OeflbHoe paccestHUE B CHCTEMax M3 JBYX HYK/IOHOB WM sigep. [eno B ToMm, uTo,
COINIaCHO COBPEMEHHBIM IMPEACTaBIEHHsSM, cyrybo snepHoe NN-B3aumoaeicTaue
HE ABNSETCs LEHTPAIbHBIM MOTEHLUHATOM, XOTS KOOPAWHATHAs 3aBUCUMOCTh BCEX
€ro KOMIMOHEHT OMHUCBIBAETCA KOPOTKOAEHCTBYIOUWIMMH MOTEHLUHATIAMH C ACHMII-
ToTHKaMHu (1).

Cuavana sMmnupuyecku [15], a 3areM M B pamkax Me30HHOH Teopuu [16]
ObITO YCTAHOBJIEHO, YTO pealucTHueckoe NN-B3auMoOeilcTsBHe JOJIKHO CONEp-
XaTh Hapsaay co cepHYecKU-CUMMETPHYHOH KOMIIOHEHTOH CHMH-OpOHTaIbHOE
M TEH30pHOe cnaracMbie. B HacTtosuee Bpems Haubosee 0OOCHOBaHHBIMU
TEOPETHYECKH W MO3BOJIAIOIMMH OINMHUCATh IHPOKYI0 COBOKYIMHOCTb JAHHBIX MO
NN- n 3N-cuctemam cuuTaiorcd napuxckuil [53], 6onnckuit [54], HugxeMe-
reHckuii [55] u ypOaHa-aparonckuil [56] norenumansi. Mmeetca W cepus
rMOPUAHBIX MOTEHUHATOB, MONYUYEHHBIX B PaMKaX KBapKOBbIX MOJENIEl M OTpa-
Xawux obMen mesoHamu [57]. Hccnegosanuio BKIaaoB M- U TP-OOMEHOB B
NN-p3aumoneiictene Gblna mocBsilieHa HemaeHsis pabora [58]. Hecmorps Ha
o6unue Bepcuit NN-MOTEHUHANOB, MOCTPOEHHE TEOPHUH SIAEPHBIX CHUIl U YTOY-
HEHUE NPEICTaBNEHNI O NPUPOJE 3THX CHJI NMPOAOKAETCH. BaxXHBIM acnekTom
9TOr0 NMOCTPOEHHSA SIBJIAETCS BbIBOA HHU3KOIHEPreTHUECKHUX pa3fiokeHWH Xapak-

l -1
TepucTHK NN-paccesnus cynepnosuuusmu V'™ u V' ¢ peanncruueckum suep-

HbIM MOTEHLHAIOM W 3JEKTPOMArHUTHOW MNONpPaBKOi V! Yro6er noscuuts
royeMy, HallOMHMM pEe3yNbTaThl CTapblX MCCiefoBaHWi 3((eKTOB HapyleHUs
3apsi10BOM CUMMETpUH NN-CHII M NpOaHalM3UPYeM, KaK YTOUHSIIMCh BETHUYHHbI
napaMeTpoB HU3KO3HepreTuyeckoro NN-paccesHus.

3. HU3KODHEPTETUYECKOE NN-PACCESTHHE

B 1932 r. Feii3enbepr [59] BBen noHAaTHe U30CIHHA MPEXIE BCErO B KAUECT-
BE HM3SIIHOrO cueTHOro cpeacrsa. ComnacHo 3TOMY NOHSTHIO HEHTPOH W NPO-
TOH — JiBa NPOSBAEHNUA OOHOMN M TOM Xe YacTHLB HYKNOHA, UMeIoilled Mo onpe-
AeneHulo u3ocnuH 1/2, npuuem HeHTpoH oOnajaer npoekuued HM30CMHUHA
—1/2, a nporon — npoekuueii uzocnuna + 1 /2. OgHako aBa TaKHX COCTOSHUS
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(hu3nyecku paznMuMMBl 3a CYET 3apsia MPOTOHA W pa3sHULIbI Macc HEHTPOHA M
nporoHa. [loatoMy He O4EBMAHO, YTO NMOHSATHE H30CMIHHA KaK HEr€OMETPHYECKOM
(M30CNMHOBOI) CHMMETPUH HMMeEET MCTHUHHBIH cMbici. C 3KCnepHMEHTalbHOM
TOYKH 3pEHHUS CIEACTBHE TaKOW CUMMETPUM COCTOMT B KBUBAIEHTHOCTH (3aps-
JOOBOJM HE3aBUCUMOCTH) SIIEPHBIX pp-, np- U nn-B3auMoeNcTBHil. PaBeHCTBO pp-
U nn-B3aUMOACIHCTBUH (3apsnoBag CHMMETPHsS) — MeHee OrpaHHYCHHOEe MOHS- -
THe. Bonpoc 06 MCcTOUHMKax HapylleHUs 3apsloBOH CUMMETpHUU M 3thexTax,
0OyC/IOBJIEHHBIX TAaKMM HapyIUEHHEM, OCTAaeTcd OOHOH M3 (yHIAMEHTaTbHbIX
npobseM COBPEMEHHO TEOPUH ATOMHOTO SIAPa M BJIEMEHTAPHBIX YacTHULL. 3aps-
JIOBas CHUMMETpPUS HAapylIaeTcs 3JIEKTPOMArHUTHBIM M ClabbiM B3aUMMOIEHCT-
BUSMM, MOAPa3yMEBAIOIIMMH HaJIHYME Pa3HBIX MO LBETY KBapkKoB (4, d, s, c,...).
Jpyroii UCTOYHUK HapyLIEHUS STOIl CUMMETPUM — pa3HHLA Macc uU- U d-KBap-
KOB, NpUOIM3UTENBLHO paBHas 3 MbaB. X

OnHo u3 usBecTHhiX [60—63] ¢ Havana 60-X rT. yKa3aHWU Ha nn- U pp-
ACHMMETPHIO A[1€PHOrO B3aUMONEHCTBUS — pa3HULA Macc 3ePKaJbHBIX sfAep *H

3 .
1 “"He — nHa3biBaetca aHomanueit Oxamoro — Honena — Iluddepa. B 1971 r.
Hurun [64] obpiacHuUn ee B paMKax MNPEANONOXEHHS O TOM, 4TO SOEpHOe
NN-B3auMoIeNCTBHE 3aps00BO-HECHMMETPHYHO, a2 UMEHHO AlEPHOE nn-B3auMO-

JeHCTBUE Vnsn ABJIAETCS HEMHOTO 6onee NMPHUTATUBAIOLIMM (|Vnsn| > |Vp‘; | ), yeM

SlepHOE pp-B3aUMOJICHCTBHE Vpsp. [Mocsie Takoro npeanosnoxeHus ObIO MOCTPO-
€HO HEeCKOJIBKO nepBblXx BepcHi [65—68] 3apamoBo-HECUMMETPUUYHBIX SAEp-
HBIX lSO—l'lOTeHL[I/la.ﬂOB, YYUTHIBAIOIIUX PW- H non-cmemnsanm. INocnenosasiuee
UCTIOJIb30BAHUE TAKUX MOTEHLHATOB MO3BOJIIMIO0 OOBICHUTH OCHOBHBIE 3(PEKTHI,

obycnosneHHbie HapyuieHueM NN-3apsa10BOii CUMMETPHU B dapax 3H u 3He: pas-
HULY uX Macc [69] u pa3nuuue 3HEpPreTHYecKMX 3aBUCUMOCTEH ynpyrux ¢opm-
¢akropos [70].

DKcHnepUMEHTATEHOE U TeopeTHYecKoe ucciaeaoBaHus 3¢eKToB Hapylle-
HUS 3apsAOOBOH CUMMETPHU B HU3KO9HEpPreTMueckoM NN-paccessHUH — JOBOJIb-
HO CJIOXHas 3agaya. [IpoToHbl 3apsikeHbl, IOSTOMY HUX JIEr4e YCKOpSATh U AETEK-
TUPOBaTh, YeM HEHTpOHBI. M3MepeHHsl xapakTepHCTHK pp-CTONKHOBEHHsS MMOKa
SBJISETCS JIyYIIUM MCTOYHMKOM KOJIMUECTBEHHO HH(MOPMaLIMH O AEPHBIX CHIaxX
NpY He OYeHb HU3KHMX 9Heprusx (E;, > 10 MsB). C ymeHbiieHHeM dHepruu

MOCTaHOBKA pp-3KCHEepUMeHTa Bce Oosiee 3aTpyqHSeTcs M3-3a OTTAKMBAIOLIEro
KYJIOHOBCKOTO 6apbepa, CHJIbHO NMOAABJIAIOLIEr0 BEPOATHOCTh COIMXKEHHUS NMPOTO-
HOB B obOnact jaeiictBus auepHbix cui. KynoHoBckoe B3auMoneicTBHe yCox-
HSET U TeopeTHYecKuil aHanu3 [71—74] akcnepUMeHTaNbHbIX pp-AaHHBIX. DTOT
aHAIM3 CTaHOBMTCA elle Oosiee TPOMO3AKMM NPH YMEHbLIEHUH 3HEPrHH pp-CTOJIK-
HOBEHHMs M3-3a Bo3pacTaiolueid ponu [75,76] pa3nuyHblX 2NEKTPOMArHUTHBIX
nonpasok. B np-cucreme, B 0TaMuMe OT pp- M NN-CUCTEM, BO3MOXHBI JBa THNa
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COCTOSIHHIi: CHHIJIETHOE W TPUIVIETHOE NO MOJHOMY M3ocnuHy. HeobxomuMocThb
yyeta 0OOMX 3THX COCTOSIHHH — OCHOBHAs NMPUYMHA, MO KOTOPO# aHATIU3 3KC-
NEPUMEHTANBHBIX Np-AaHHBIX W TEOPETHUYECKOEe ONMpedesIeHHe N0 HUM Mapamer-
POB HU3KOIHEPreTHYECKOrO np-paccesiHus — 3agaud HeCcpaBHEHHO Oonee ClloX-
Hbl€, YEM B Cllyyae pp- WM nn-CTonkHoBeHHH. HenocpeacteenHoe HabnoneHue
nn-CTOJIKHOBEHHS elle He ObUIO OCYLIECTBJIEHO, XOTS peabHas CXeMa nn-3Kc-
nepMMeHTa B HEHTPOHHOM mnyuke obcyxnanack B [77]. Iloka mis sKcnepUMeH-
TajJbHOrO ONpedesieHWs] NapaMeTpoB hn-paccesHWs HeT HHoro crocoba, Kak
aHaJIM3 KHHEMaTHKH CHCTEMbI U3 Tpex U Oosiee YaCTHL B KOHEYHOM COCTOSHMH,
Hanpumep, D(n", y) 2n, D(n, nn) p, D(t, 3He) 2n, D(U, vu) 2n. OpHako noboe
TEOPETHYECKOE OMMCAHHWE CUCTEMbI U3 TpeX U Dosiee YacTUL € CHIbHBIM B3aHMO-
aeicTereM TpebyeT modenuposanua 3ajadu W, KaK NPaBWIO, NPUGAUNKEHHOZO
anroput™a ee petieHns. O6a 3TH  npubIUXEHUS, JIOTHYECKOE W YHCIIEHHOE,
HeU30eXHO BHOCAT MHOXECTBO TPYIHOKOHTPOIMPYEMBIX TEOPETHYECKHX He-
onpeaesneHHocTeil. [IpenebpexeHne MMH MOXET NPUBECTH K HEBEPHOMY 3aKJlio-

yenuio. [lpencrasnsercss none3HbiM TIPHBECTH TMPHUMEP, NMOATBEPXAAIIMH 3TO
YTBEpXIEHHE.

B nuteparype 70-x rr. (cM. 0630p [78]) yacTo npuBoaMnOCcs 3HaYeHHE ISO-

IUIHHBI RN-paccesiHus afm = (- 16,6 £ 0,6) dM, nonyyeHHoe MPOCTbIM YCpenHe-

HHEM MHOTOUHMCJIEHHBIX JaHHbIX O peakuuu D(n, nn) p. IIpu ycpeaHenun teope-
THUYECKHE HEONpeaesneHHOCTH o6paboTKH 3TOro sKcrnepuMeHTa C Tpems aapo-
HaMH B KOHEYHOM COCTOSHHH HE YYMTBIBAIMCb, M YCPEIHEHHOE 3HauyeHHe

0Ka3anoch MeHblue no abCoNMTHOH BeTHYMHE lSO-ﬂnMHbl pp-paccesHus a;‘l"v =

= (- 17,1 £ 0,2) ¢M, u3sneueHHol u3 pp-gaHHbix [79}. Kak BbISCHMIOCH NO3Xe
(cM.  [80]), wWMeHHO BcNeaCTBHE 3TOMO HeyyeTa CpefHee 3HauyeHHe

afm =(-166+0,6) ¢M, kak ¢u Oonee NO3AHMIl  pe3ynbTar afm =

= (- 16,9 £ 0,6) d™m uccnenosanus [81] peakunn D(n, nn) p HenoctosepHbi. ObGa

3T 3HAYEHWs NpoTHBOpeyaT rmnpeanosoxeHuto Hurena o rtoM, uro

VS| > V| uue cornacyiores ¢ Benuuunoii @’ = (- 18,5 + 0,4) dm, nosny-
nn pp nn

yeHHOR B [82,83] ¢ moMouIbl0 MOTHOrO KMHEMATHYECKOro aHaiu3a POTOHHOro

cniekTpa peakuuMu D(T, Y) 2n, usmepeHHoro ¢ Oonbluoi cratucTukoii. HUccneno-
BaHME 3TOH peakUWH NpeacTaBnsdeT ocoOblii HHTEpeC, NOTOMY YTO B €€ KOHEUHOM
COCTOSIHUM MOXHO JETEKTUPOBaTb BCE TPH HaCTHLbI, M3 KOTOPbIX TOJNbKO jIBE
B3aHMOAEHCTBYIOT NOCPEACTBOM anepHbix cui. [Tocneanee o6CTOATENBCTBO OCO-
GEHHO BaXXHO: OHO MPEROCTARIAET PEAKYI0 BO3ZMOXHOCTb MCCNENOBATh BCE KMHE-

MATU4YCCKHE 06nac1‘14, YTO MO3BOJIAET ONPEAC/INTb HE TONBKO ANIUHY afm, HO H

- 5 —_
aheKTHBHBIA pajMyC 7, ~CHHDIETHOTO nn-paccesHus. Peakuus D(n, ) 2n
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NpUBJeKaTeIbHA U C TEOPETHUECKOH TOUKH 3peHud. [lelicTBuTENbHO, HaualbHOE
COCTOSIHHE 3TOW peakuMH MOXHO OMUCaThb B PaMKax TPEX4acTHUHbIX audde-
peHLMaNbHbIX ypaBHeHWi (PaaneeBa, a UCCEOBAHHE €€ KOHEYHOIO COCTOSHMS
CBONMTCS K PELIEHHIO MPOCTOi 3adauu ABYX Ten (HeWTponos). o aTum npuum-
HaM BCE TEOPETHYECKHE HEONpeaesieHHOCTH aHanu3a D(, ) 2n-JaHHBIX CBO-
JATCS 10 MHHMUMYMa, YTO MO3BOJISET ONpPEAENNUTb NapaMeTpbl Hn-pacCesHUs ¢
Gonbliel TOYHOCTHIO M AOCTOBEPHOCTHIO, YEM M3 JaHHBIX MO PEakUHsiM C Tpems
agpoHaMu B KOoHeuHOM coctosHuu. B 1987 r. Tepamona u I'abuoyn [80],
TILATEbHO HCCIIEA0BAB B3aUMOIEHCTBUE HEHTPOHOB B KOHEYHOM COCTOSHHH

peakuuu T D-3axBata, NMOATBEPAMIIM paHee u3Mepennblie [83] 3nauenus afm =

=(—185+04)dmu r‘:m = (2,80 £ 0,11) dpm. K 1992 r. naubosee 10CTOBEPHDI-

MU CUHTAIUCH [84] BENTHUYMHBI afm =(—185+04)pmu r:m =(2,75 £ 0,11) dm,
MOJyueHHblE yCpelIHEeHHEeM BCeX HAKOINHBLIMXCS K TOMY BpeMEHH JaHHbIX
[85—87], a anuny pp-paccesiing Obino npundto [87] cuuTaTh paBHOM

a;’p" = (- 17,3 £ 0,3) M. YnomsinyTsie Bbille 3HauEHHUs MUIMH COINIACYIOTCS C He-

R R
paBeHCTBOM |VnY"| > |Vm’| U 1no3BonAT o0bicHuTh anoMainiw OkaMoTO —

Honena — Ulunddpepa: ecnu nonoxuts pasiiocts ¢ * —a'  pasuoit 1,3 unu
Pp nn

1,5 ¢m, To ans pa3zHocTH Macc suep H u *He nosnyuarcs [88] coorsercrpyoiume
BeJIMUMHBL 59 1 63 k3B, cpaBHuMbIe ¢ ee 3KcnepuMeHTalbHbIM [89] 3HAueHHEM
(62 * 3) k3B.

B pesynbrare Twarensioro uccienoanust [90] akciiepUMEHTaNbHBIX [aH-
ueix [91] o peakuuu D(n, nn) p, sinonuentoro Kk 1993 r. B pamkax W-matpuu-
Horo AGS-metoaa [92] ¢ mMoanduuHpOBaHHBIM 1apHXKCKUM NN-NOTEHUHATOM

[53], 6bu10 nONTyYeHo 3HaueHHe a‘,‘;" =(— 17,0 £ 1,0) pm.

Kak c/eayeT U3 NpUBEAEHHOr 0 BbILLIE XPOHONITOIHYECKOro 063opa, B TEUYEHHUE
TpEX NOCIEAHUX NECATHJIETHI 3HAYEHUS lSo-napameTpOB HU3KOIHEPreTHYECKOro

nn-paccestHusi NOCTOSAHHO YTOUHSIMCh. B HacTosiLiee BpeMS MOHATHO,K2K MOXHO
00CTHYbL eute Gonbuieid TOYHOCTH B 3KcnepuMmeHtanbHoM [80] u TeoperHyec-
koM [90] onpeaenenun Takux S-BONHOBBIX napameTpos. [Ipu 3Heprusix
E.b < 20 MsB Bknaa S-¢pa3 B ceueHuss NN-paccesHus sBisgeTcd AOMHHHPYIO-

LKUM, YTO CYLIECTBEHHO 3aTpyAHsAET 3KCINEPUMECHTA/IBHOE ONpeac/i€eHHE JHEpre-

THYECKOH 3aBUCHUMOCTH 3Pj -pas (j =0, 1, 2) B aT0i OGnacTH 3aHepruk. Bropas

o 3
npuYKHa, NO KOTOPO# Pj -da3pl 3KCNEPUMEHTANILHO MCCIIEN0BAHbI JIMLID NPH
E ., > 10 MaB, coctoutr B TOM, 4TO 471 MX OQHO3HAYHOTrO OMNpPENE/EHUs Tpeby-

€TCs M3MEpHUTh NATh He3aBucuMbix NN-amnnutyn [71,73,75]. Mismepenue nuuub
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ABYX TaKHUX aMIJTMTYA AaXe MPH JOCTaTOYHO GOJILUINX BHEPrUsX, HanpuMep [93)

np-CrUHOBbIX Habmonaembix K 1 K .., P4 sHeprusx 230—530 MeB, npen-

CTaB/ISiET TPYAHYIO 9KCIIEpUMEHTANbHYIO 3ana4yy. Kak orMeueHo B [84], naHHble 0
BCeX nATH NN-HaGniofaeMbIX B HaCTOSLIEE BPEMs HEM3BECTHBI M BPAM JM OyayT
IOCTyNHbI B GnuxaiimeM GyayieM. B cBs3u ¢ Tako# 9KCHEPUMEHTATLHOIN CUTYa-
uMel TeopeTuueckoe onpenenenue P-sonHoseix (I = 1) napamerpos NN-pacces-

3
HUS ¥ pa3BUTHE HANEXHOrO MeToJa SKCTPAnoNsLHu Pj -pa3 B 00sacTh HU3KUX

SHEPIUH NPEACTABNAITCA 0COOEHHO aKTyalnbHBIMM 3agadamd. Mx peleHue nos-
BOJIJIO OBl YTOYHHTH CTPOEHHE W BETMYHHY P-BOTHOBBIX CllaraeMbix COBpPEMEH-
HpIX NN-norenumanos. Takoe yrouneHne HeoGXxoauMO Kak Ul 06paGoOTKM 3KC-

NEepUMENHTANBHBIX AaHHBIX O peakuusax D(m, ¥) 2n u D(n, nn) p, TaK u ang Ha-
HEeXHOr0 TEOPETHYECKOro onucaHust Nd-CnHUHOBBbIX HaOMI0AaeMbIX, B YACTHOCTH,
pd-aHanusupyolei cnocobHoCcTH Ay pd> KOTOpasd, B OT/IHYME OT NN-ananu3u-

pymouueii cnocoGHOCTH Ay Nn> UPE3BBIYAHO YYBCTBUTENBHA K BenMuuHe P-pon-

HOBbIX cniaraeMbix NN-Bzaumopeiicteus. Hanpumep [84], mns npasgonogoGHoro
ONHMCaHHUsA B paMKax 3aladyd Tpex Tej YITIOBOM 3aBMCHMOCTH Ay p d(G; E), name-

penno# [94] npu sHeprusx 5,0 u 8,5 M3aB, nHeo6xoguMo MoaudUIMPOBaTE MO-
Aenb GOHHCKOro NoTeHuMana [54] yMHOXeHUEM ero 3Po-cnaraem,lx Ha 3aMEeTHO

OTJIMYHBIA OT eauHuus akTop, pasHulit 1,04, 0,86 u 0,75 mns np-, pp- u
nn-B3auMOAeHCTBUI [95] coorBercTBeHHO. [lpHBeneM HECKONBKO apryMeHTOB,
MO3BOJIAIOIUNX HANeaThCd, 4TO AIbTEPHATHUBHBIM K TaKOi IMnupuueckoii MOOU-
tukauuu cnocoboM MOXET OKa3arbCsi KOPPEKTHbiH Y4ET 3JIEKTPOMArHHTHBIX
NOTMPAaBOK K gnepHOMy NN-noteHuuaty.

C nmaBHMX Mop HCCnegoBaHHE PONM TAaKUX MONPaBOK B NN-CTOTKHOBEHHSIX
ABJIAETCA OOHOM M3 3ajay (Pa30BOro aHaIM3a IKCIIEPUMEHTANLHBIX NN-IaHHBIX.
Ewme B 1950 r. Hlsuurep [96] oOparun BHMMaHHe Ha TO, YTO KOHTaKTHBIE,
KOPOTKONEHCTBYIOLIME 4aCTH B3aMMOJEHCTBHS MAarHHTHbHIX MOMEHTOB HEWTpOHa

C NPOTOHOM H MPOTOHA C NMPOTOHOM B 1SO-COCTOSiHl/ISIX OTJIMYHBI APYr OT Apyra

KakK Mo abCoNIOTHOM BEMYMHE, TaK U 110 3HaKY:

Vni (r) = 4mp, (2, — ) 8(r) < 0,
Vo) =21 [ — 1)’ + 3] &) > 0, (115)

rae b, =— 1,913, u H,= 2,793, — MarHuTHbIE MOMEHTH HEHTPOHA H NPOTO-

Ha, W,

NPEANOIOXU/, YTO KOPOTKOAEHCTBYIOLIME YacTH np- M pp-B3auMOJEHCTBHIl —
) Y & 56 Y )

cynepnozuuun V>° =y ' 4+ MV =V +V° omun 1X -

ynep i} np Vnp op Vv »p OHMHAKOBBIX, cyrybo suep

eh/ 2myc — snepHblid MarHeToH, a 8(r) — menbra-cynkuus. [BuHrep



HHU3KOBHEPTETUYECKHE PA3JIOXEHUS B AIEPHOM ®U3UKE 1491

HBIX I0KaBCKMX NoTeHLHanoB (2) u nonpasok (115). OueHus BKJIaabl af; - af,p H
a® % — a5 or srux nonpasok B mMHM @ 1 a® % cuHmIETHOTO Np- U pp-pac-
pp pp p np " “pp p- ¥ pp-p

CesHUs TMpPEeNnoJIOXEeHHbIMH MM Cymepno3uuusMy, LIBuHrep mokasan, 4To 3TO
NPENnosOXeHWe BMNONHE OOBACHAET H3BECTHOE B €r0 BpeMsl pasiuyde MeXIy
KOPOTKOAENCTBYIOLIMMH YacTSIMH np- U pp-B3auMOOEHCTBUI. :

Tak xe masno, no-sugumomy, ¢ 1955 r., uzsectHo [97], 4yTo y4yeT noTeH-
1yasna nojspusanuy Bakyyma [98]

2

3 v (r)jdtexp Co/a) et ey et -n2 (e

Vi =

N 1
MO3BOJIAET CYWIECTBEHHO YNIYYLINTL (PUT IHEPTETHIESCKOM 3aBUCUMOCTH  S)-(hasbl
pp-paccesnud npu Hu3kux (E < 10 MsB) sueprusax. [Torenuuan (116) aenser-

Cs KOPOTKOAEHCTBYIOLLHUM:

Vi)~ GV /4y Pexp (-1, A =h/2me,  t=r/A e,

HO H3-32 GOMBIIOH KOMNITOHOBCKOWN AJIMHBI 3JIEKTPOHA (7\.e = 193 ¢mM) ybbiBaer
Oonee MEUIEHHO, YeM SAEPHOE pp-B3aUMOIENCTBHE, PalMyC NEHCTBUS KOTOPOTo
ry =4 dm. MosToMy naxe npu HU3KHX sHepruax dasamu 8" (k) ¢ I > 0 Henb3a
npeHebpeus npu ananuse pp-paccesnus. Kak nokaszan Hypaug [98], ans Toro,
4yTOOBI M3BJIEYb TMPABUIBHOE 3HAYEHUE SAEPHOM lSO-(bam U3 3KCHEPUMEHTAb-
HBIX pp-NaHHbIX, HEOOXOOMMO peaTH30BaTh CJIEAYIOILYI0, OCHOBAaHHYIO Ha (hopMy-
nax (26)—(32) u (55), npouenypy.

CHayana M3 SKCNEpUMEHTAILHO HalileHHOH nonHoil ammmutyasl f €5(0; k)

cvs

CHHIJIETHOTO pp-paccesnus cynepnosuuueir V" =V + V"V 4+ V* ppunraercs

CHUMMETPH30BAHHAA «3JIEKTPHYECKasA» aMIUIUTyIa

@R = G+ -6+ " @) +f" (-6 k. (117)

Ilpu 2TOM Ky/IOHOBCKas aMIUIMTYyHa BeIYMCHsieTcs no ¢opmyie (30), a amruiutyaa

pacceanus f ¥ norenunanom (116) B KYTOHOBCKOM IoOJIE, onpeneneHHas op-
mynamu (31) u (32) ¢ a = v, aNNPOKCUMHUPYETCS CHEAYIOUIMM COOTHOILEHHEM:
6
FOVO; k) ~ k! 2 (21+ 1) 87 (k) exp (2i8](k)) P(cos®), k—0. (118)
1=0

IonyueHHas pasHOCTHas CUMMETpH30BaHHas amIuiutyaa f < * paccesHus noten-

waaniom V* B «enextpuueckom» mone V< =V + V" 3amensercs ee yaBoeH-

HOil S-BONTHOBO# KOMIOHEHTOH fi™ *:
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F O R =0 )~ f ;) = 26 )
= (k)" exp (287 "(k)) [(exp (2i56v’ Sk - 1] =
= 2k exp (2i85 *(k)) 8" (k). (119)

Takum 06pa3om onpenensercs 3KCNEPUMEHTANLHOE 3HAUEHHE lSO-tbaabl (O}

- v
MOPOXAAEMOii TONILKO AEPHBIM MoTeHuuatoM V * npu paccesuuu B none V <.
PeanuzoBaB ynoMsHyTylo Bbllie npoueaypy, Xemiep [99] nokazai, uto eciu

npH aHaIM3e ’SO-Bomlonoﬁ pp-byHkuuu acdexkTuBHOro paguyca npeHebpeus
notenudanom (116), To 3nauenue napamerpa ¢opmsl POC‘ ¥ okaxercs B 0,02 pasa

MeHblUe BETMYMHBI MOTU(HUHPOBaHHOTO napameTpa dopmbi Py ¥, nonydaemoii

npu ydere noreHuuana (116) B pamkax 6opHoBckoro npubnuxenus no Gopmy-
nam (117)—(119).

B 1949 r. Lsuurep [100] nokasan, uro B3aumoncicTeue (56) MarHUTHOro
MOMEHTA P HENTPOHA C KYJIOHOBCKHM NoseM dapa o0ycnas/inBaeT pacXoaUMOCTh
HEHTPOH-sAepHOTO AHGdEpPEHUHANIBHOTO CeYeHUs NpPH paccessHUM Briepen.
Bnocnencteun 3107 3hheKT HEOAHOKPATHO MCCIENOBAICT TEOPETHYECKH M IKC-
nepumenTaneHo [18]. B cepun pabor [101—103], Beinonnenusix 8 50 rr., Gbu10
MOKa3aHo, YTO y4eT B3auMoaeicTBus (56) MarHHTHOTO MOMEHTa OQHOTO MPOTOHA
C KYJIOHOBCKHM M0OJIEM [PYroro B MIOCKOBOJIHOBOM OOPHOBCKOM NMpHOIHXEHHH
3aMETHO yNydllaer (UT 3IKCMNEPUMEHTAIbHBIX 3HAYEHWI aHanu3upyluied pp-
cnoco6HOCTH Ay_ pp(e; E) npu 6onbuinx aucpruax.(Elab > 150 M3B) u mansix

yrnax (0 < 15°). Ina ymosneroputensHoro ¢uTa 3HaueHuwi  pyHKuHMHM

Ay pp(e; E), namepennsix [104} k 1975 r. npu Gonee HU3KOH 3HEPrUH (Epp =

= 10 MaB), aBropam pabotsl [105] npuunock yuects 3¢pdekThl KyIOHOBCKOro
HCKaXeHUs nyTeM 3aMeHbl B GOpHOBCKOM no nomnpaske (56) npubGnuxeHuu
IJIOCKHUX BONH perynsipHsiMi dyHkunsaMu Kynona. TNMonyuuslueecs npubnuxe-
HHME CTano TPaAHLUHOHHBLIM H JO CHX INOp NMPHUMEHSETCS AS ydeTa B3aHMONEHCT-
Buit (56), (57) u (116) npn dazoBoM aHanuze pp-ganHbix. Hcnonesys ato
npubnuxenue, Crokc u ae Ceapt [75] B 1990 r. mokasanu, yTo BKJIIOYEHHE
pp-nonpaekH (56) MO3BONSET COIMACOBATh BLIYHCIEHHYIO HMH YTJIOBYIO 3aBHCH-
MOCTb (hyHKLMH Ay‘ pp(e; E) c ee axcnepuMeHTa1bHO H3MepeHHO# [106,107] npu

JBYX 3HaY€HHIX SHEPruu: Elab =9,75 MsB u Elab

B IIEPBOM clydae ydyer nomnpaeku (56) ynyuwaer cornacue B obnactu 0 < 30°, a
BO-BTOpPOM — MpH Bcex 6 < 90°. CnenoBarenbHo, BEpXHsAsS IpaHHUA MHTEpBala
YIJIOB paccesiHps, Tie BKJIIOYEHHE NONpaBkH (56) 3aMeTHO M3MeHseT (PYHKUMIO -

Ay pp(e; E), ypenuuuBaercss ¢ yMeHblieHHeM SHepruu. CpasHenue ¢yHKUHI

= 5,05 MaB. Okasanocs, 4To
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Ay, pp(e; E)yu Ay, np(e; E), u3obpaxeHHsix Ha puc.l u 2 pabotrsl [75], nokasbi-

BAaeT, YTO BJWAHHE B3aWMoaeicTBus (56) MarHMTHOrO MOMEHTAa HEHTpOHa C
KYJTOHOBCKMM MOJIEM NMPOTOHA Ha YIVIOBYI0 3aBUCHMOCTb (DYHKLHH Ay np(e; E),

usmepenHyio 8 [108] mpu sueprun E, = 10,03 MsB, 6/1M3KOIH K 3HEpruu
E

lab = 9,75 MbsB, ckazbiBaetcs B Gosee LWIMPOKOM HHTEpPBaJie YIJIOB, 3 HMEHHO
npu 6 < 60°. HU3mepenus yHkuni Ay (8 E) u 3Pj -pa3 NN-paccesHus npu

6osiee HU3KMX DHEPrHAX OCOOEHHO HMHTEPECHO MOTOMY, 4TO monpasku (56) u
(57) panukanbHO MEHSIOT fOBeJeHHE 3TUX HabnoaaeMbIX B HU3KOIHEpPreTHyec-

KoM npeaene. B pesynbrate 3T0r0 H3MeHenus obwenpunsaTsle [17] onpeaenenus
3
Pj -anun NN-paccesHus, Ha3biBaeMbIX Takxke oObemamn NN-paccesHus, TepSIOT

cMbici. Jloka3aTeslbCTBO 3TOTO BaXHOr0 YTBEPXIEHHS HAUHEM C TPHUIUIETHOrO
pp-paccesHus.

MycTsb Sf’j””(k) — pa3HOCTb MEXIy MoNHON ¢a3oii 8;"'/'.“(k) paccesiius cynep-
no3uumei Vp‘;’” =V + V" + V" u kynonosckoit dasoit §)(k), | =j. B cuny
(59) u (62)

87 - = 3G+ D = ARV R, k0.

Cnenosarenbho, 3Pj -asbl 8‘1" }"s(k) yobiBatoT npu k — 0 ropa3iio MemIeHHeE,
YeM KyJIOH-SIAEpPHbIE 3Pj -cpazpt &) ‘;(k). Mostomy 3Pj -06bem pp-paccesnng ay’ ;'“

onpenesieHHbIH N0 aHAIOTHU C KYJIOH-epHbIM 00beMoM (24), T.e. Kak

dj "™ = - lim tg &; ™) /k°C k),

L.J k>0

paBeH GeckoHeyHocTH npu mobom j =0, 1, 2.
Kak 6bino pokasano B [109,110], nonpaska (57) Kk siaepHOMY nn-B3aUMoO-

aeicTeuio 06ycnaBnuBaeT nuHelHoe no k yObiBaHue 3Pj -as

j+1 2
DY mk

ms
87 (k) - k=0,

A b
max {1,/} (2 +1-j8,;)
nn-paccesuus cynepnosuumeit V'™ = V™ + V°. 3nauut, onpenenexne

a}¥, =~ lim K3 tg ) (120)
' k-0 ’

3Pj—o61>ema nn-paccesHus, aHaJIOTMYHOE CTaHAApPTHOMY onpefeneHuio (4),

NPHBOAMT K PaBEHCTBY la’l'”1| = oo,
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[Ipumenns cnoco6 pabotel [110] mis aHanmu3a TPUILIETHOTO np-paccesHus
cynepnosuunein V™ = V,” + V*, MoxHo nokasars, 4To Bce 3P].—Cba31>l 8'1"5] (k)

TaKoro paCCCﬂHHﬂ HUMCIOT HHHCﬁHblC 1o k ACHUMIITOTUKH
CHACRE 270G+ -4 VI k0. (121)

CnénosaTeanO, np-nipegenst (120) ¢ j =0, 1, 2 GeckoHeyHsI, a MapamMeTpu3aus

3 ms _ ms
k” ctg A, (k) = l/als ,
ucnonb3osanHasd B [75] nns duTa sHEpreTHYECKOi 3aBUCMMOCTH KOMOMHALNH

1247°(k) = - 28 (k) - 38" (k) + 5875(K) (122)

3Pj-q)a3 np-paccesiHus, HenpuMeHnMa npu k — 0, Kora napameTp a;° cTaHo-

BUTCs GeckoHeuHbIM. B cuny dopmyn (121) u (122) & 3TOM Npenene H3BecTHOE
paBeHcTBO [111]

S/ ms . res 5 2 ms .
(doy, (8: E) /d®) AT (8; E) = [sin 8}(k)/ 2k 12A)°(K) sin ©
npeppamiacTcd B aCUMITOTHYECKOE COOTHOILUEHHUE
SQ- ms . S\2 ;m .
(do},(8; E)/d6) A", (6; E) ~ (= 3/4) (ap)’ V" ksin 6, k-0,

cBsizbiBalollee auddepeHLHanbHOE CeueHHe H aHAIM3HPYIOLLYI0 COCOBHOCTD

1 o . -
np-paccesiHus ¢ ero SO-JIJ'II/IHOH a(s) M KOHCTAHTOM Vl:" o B3aHMOLEHCTBHS (56).

HUrak, npu k — 0 moBemeHHe Bcex 3Pj -ha3 pp-, np- UMK nn-paccesiHusl He

3aBHCHT OT SIEPHOTO B3aUMOJEHCTBUA M LIETUKOM ONPENENSETCS COOTBETCTBYIO-
IMMHU nonpaskamu (56) unu (57). BroT GhakT HEOOXOOAMMO YYUTHIBATH KaK IIpH

9KCTPaMoNALUH 3Pj -tha3 K HyNIEBOIl SHEPruH, TAK U IS KOPPEKMHO20 OTIUCAHUS

XapaKTepUCTHK MEWIEHHBIX CTOIKHOBEHHH B TPEXHYKJIOHHBIX cuUcTeMax. Takoe
MaTEMaTHYeCKH CTPOTroe ONnMcaHue HeOOXOAMMO U O APYTUM, HE MEHEE BaXHBIM
npuuyrHam. [TosICHUM HEKOTOpBIE U3 HHX.

Kak usBectHo [14], BomHOBbIE (PyHKUNH HENPEPHIBHOTO CHEKTPA, ONMMUCHIBA-
I0IHE KOHEYHOE COCTOSHHE B PEaKHHUsIX MOJHOTO pa3Bajia

nt+3He > 3p, 7 +°H o 3n, u‘+3H-—->3n+vu,

CHJIBHO H3MEHSIOTCS [pPH y4YeTe B3aMMONEHCTBHS MeXQY BCEMH HPOAYKTaMH
peakliiH, ¥ COOTBETCTBYIOIIHME CEYECHHS OKAa3bIBAIOTCS JOCTATOYHO KPUTHYHBIMH
K BbIOOpY THMa MapHbIX B3auMOAeHCTBHii. [109TOMy MccreloBaHMS TaKMX pa3Ba-
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JIOB U COBMECTHBIH aHaIU3 CTOJAKHOBeHHH (2 — 2,3) u (3 — 3) B cucrteme u3
TPeX HYKJIOHOB WM sjep npeacrasisercs s¢dgekTuBHbM cnocoboM oTGopa
Haubonee peanucTuuHoro Bapuanta NN-cun. [loctpoeHue Teopuu HH3KO3ZHEp-
rETHYECKHX siiepHBIX npoueccoB (2 = 2,3) u (3 — 3) oco6o BaXHO M HHTe-
PECHO M € NPUKIAAHON TOYKM 3peHHs, a UMEHHO KaK crocol pelieHus MHOTHX
3ajay sfEepHOH acTpodH3UKH U TEPMOSIEPHOro cuHresa. [IBa noaxoga K CO3- -
AaHUI0 TaKOM TEOpUH OOCYXIalTC B CIAEAYIOLIEM pa3sfere.

4. HU3KODHEPTETHYECKHE PA3JIOZKEHUA
B 3AIJAYE TPEX TEJ

B paborax, nocCBALUEHHBIX STOH 3ajadye, TPAAMUMOHHO MCMONL3YIOTCA He
TOJIBKO pa3fiMuyHble 0603HAYEHHS KOOPAUHAT, KBAHTOBBIX UMCEN, BOJIHOBBIX BEK-
TOPOB M MYJIBTHUHIEKCOB, HO M pa3IMUHble aH3allbl JUIsl BCIIOMOTATENbHBIX (PYHK-
uuit. [TosToMy obcyxneHue HH3KOIHEPreTHUECKHX pPa3NOXeHHH, MOJy4eHHbIX
Pa3HbIMH aBTOpaMM, HE MPEACTABAAETCS BO3MOXHBIM Oe3 BBEJeHHS €UHbIX H 1O
BO3MOXHOCTH HauGoJiee KOMIAakTHBIX 0003HayeHHi. Beegem Takue obo3Haue-
HUS JUIS CUCTEeMBl TpeX OECCIMHOBBIX YACTHIL C MOTEHUMATaMHU V., mejicTyio-

IIMMH B KaXxmo# u3 Tpex (i = 1, 2, 3) nap vactuu ¥ obnapaowumu cepuyec-
KO CUMMeTpueii: Vi(xi) = Vi(xl.). KBaHTOBBIE COCTOSIHUS TaKOM CHCTEMBI Xapak-

Tepu3yloTcss HabopaMu € = {I, m, E, G} ueTblpex COXPaHSIOLIMXCS KBAaHTOBBIX
yucen. Mmu sBnstorca nonuelii yrosoit Moment 1 = 1+ ly, €ro TpeTbs MNpo-

i i

eKuus m, KBaapar E mectuMepHoro umnynsca k = (p;»q;) ¥ yeTHOCT G =% |
OTHOCHTENIbHO MHBEPCHH I'; —> — I nwboro (i = 1, 2, 3) wecTuMepHOro BeKTOpa
r; = (X;,;), KOMIIOHEHTbl KOTOPOr0O — TPEXMEPHbIE NPHBEAEHHbIE BEKTOpa

Slko6u. Tlo onpenenenuio BEKTOPY X; CONPSIXEH YIIOBOH MOMEHT 1 M nMnysibe

i

p; Mapbl YaCTHL C HOMEPOM I, 2 BEKTOPY ¥;, ONUCHIBAIOLIEMY [10JIOXEHHE OCTaB-
. . 6 3 3

LIeHCs TPEThel YaCTHLIbI B KOOPAMHATHOM mpocTpaHcTse R =R™ @ Ry Tpex
i i

4acTUl, COOTBETCTBYIOT YIJIOBOl MOMEHT ly u umnynsbe g, . Habopy siko6ueBcknx

KoopamHaT r; =(X;,¥;) OTBeyaeT Habop runepcdepuyeckux KOOPAHHAT
r; = (/r\, ;): runeppamuyc r = \inj + ylz M COBOKYIHOCTDb £, = {;‘\i’ 9i,(p[.} JIBYX
nap &€ = {Gé, (pg} chepHUueCKUX yIMOB AKOOHMEBCKMX BekTopoB & =Xy, H
runepyrna @; = arctg (y;/x;). AH&IOTHYHOE COOTBETCTBUE MMEET MECTO Ul MOJI-

Horo umnynsca k = (k, €, ). B teopun Llpeannrepa [8] cuurtaercs, uto BOHO-
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Bas dynkuus Wr; k) MccneayeMoro TpPexyaCTHUHONO COCTOSHHS € npUHan-
NEXHUT NHHEHHOMY npocTpaHcTBy A & IBaxsl HenpepbiBHO-1H(dEPeHLMPYEMBIX
BCIOOY B RS 1 no Bcem cBoum wect apryMeHTam (yHKUMH, obnanalomux Habo-
pOM KBaHTOBBIX uucen €. B npoctpanctse A °® oproHopMupoBanHblii 6azuc Ha

Al
TOpe T4=S 2(;:') ®S 26’\:')’ rae Sz(ﬁ) — enuHu4Has cdepa BekTopa § B R3,
obpasyior 6ucteprueckue rapMOHHKH

m m A lx+lv A
Vi 3= 1Y 5@ Y, oI T == DY YR -5), (23)

obnajnawoimye KBaHTOBBIMHU YHCIaMH lx, ly, I, m, 5. B (123) KOMNOHEHTHI ABO#-

i i

HOro MHaeKca o = {Ix‘ IV} NOJYMHEHbl HEPABEHCTBAM TPEYrojibHHKA, B 4acT-

i i

HOCTH |lx -1 | <1< [, +1 , 1 A0NONHUTENLHOMY YCNOBHIO: I, + [ — yerHoe

i i i i i i
(HeuerHoe€) uncno, ecnn 6 = + 1(— 1). B kauectBe oproHopmHpoBanHoro 6a3uca
npoctpahcta A°® na eaunuunoit cepe S35 R® ynoben Habop nonucdepu-
YECKHMX THNEPrapMOHHK C KBaHTOBbIMM 4ncnamu [, [, [, m, G, L. Beeas Tpoi-

i i

HO# nHaeKe Vv = {, L}, 3anuiieM TakHe rHNeprapMOHHKH B BUIE NIPOU3BEAEHHI
A A
Y F(Q,) =2 cosec 20,W,(9) V5(x,,y,) (124)

6ucepuueckux rapmonuk (123) u dynkumii

I+ L+1 ( +1/2,1 +1/2)
W (9)=N, (sing) " (cos @®) " P i (cos 2cpi). (125)

n

OtH dyHKUMH comepxkaT MoauHOMbl SKoOH Pn("’b) U HMEIT EeAHHHYHYIO

L [20 n/2) HOPMY NpH COOTBETCTBYiolIeM BbibOpe MHOXHTENS N, uTO U noapa-

symesaercs nanee. [mnepmoment L =1 + ly +2n, tne n=0, 1,..., asnsercs

i i

YETHbIM (HEYETHBIM) YHCAOM, €ClIH G =+ 1(— 1).
Tenepb HanoMHUM, Kak B MeTofie runeprapMoHHK [112] craButcs kpaepas
- €
3agaya mwis BonHoBoH ¢ynkuum ¥ ©. Chauana u3 tpex skoOueBckux Habopos
runepcdepHyecKMX KOOPAWHAT BHIOMpaeTcs eIMHCTBEHHBIA M HanbGonee yno6-
HbIH JUIS OMHCAHUS MCCIEAYEMOro mnpouecca Habop KoopauHar (r, ;). Nanee

MHIeKC i Toro Habopa o6bluHO onyckaerca. ®ynkuus W © packnagbiBaetcs no
6a3ucy (124) u npeacrasisercs MaTPUYHbIM NPOU3BENECHUEM
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v
"
YL k) =Y Q) un k) =2 Y YEQ) u,(r; k) (126)
V=V_
CTPOKM Y runeprapMoHHK YVE 1 cTonbua ¥ HEM3BECTHBIX MapLUHATBHBIX KOMMO-
HeHT u . B anzaue (126) vV, = {(x,_r,Li}, o, = {lxi’ lyi}, L=l ,+ lyi+ 2n.
Ho OHPCIICHCHHIO BC€ KOMITIOHECHTDI MYJIbTHUHAEKCA V_ HMEKWT MUHUMAJIbHBIE U3

BCEX BO3MOXHBIX i1 COCTOAHHS € 3HaueHus. 3aMeHa, BooOule rosops, Oec-
KOHEYHBbIX BEPXHHUX MNPEIETOB CYMMUPOBAHHS 110 KOMIMOHEHTaM MYJIbTUMHIEKCA
V KOHEUYHBIMH (v+ < oo, T.E. lx+, ly+, L+ < o0) SABJAETCS OCHOGHbIM NPUONHXEHHEM
metoaa runeprapMoHuk. OHO MO3BONSET BBHIMONHATL pPacuyeTsl U MO3TOMY Noj-

6
pasymesaeTca Huxe. Kpaesas 3amaua ans ¥ €, T.e. ypasuenme LLpeaunrepa B R
3
€ _ €
(Hy+ E)WPE=(-D V)V¥* (127)
i=1
AOMOJIHEHHOE PEryNspHbIMM aCUMNTOTHYECKUMH YCIOBUSIMHU B TOYKE TPOHHOIO
ctonkHoBenus (r=0) u Ha ocax x=0,y=0 M rpaHUuHbIM YCIOBHEM

€ A “
W E(r; k) ~ W “(r; K) npu r — oo, NpOEKTHPYETCA Ha KOHEUHOMEPHOE JIMHEIHOE
npocTpancTso runeprapmonuk (124) c v=v_,..., v . Takum obpasom, nonyua-

eTcs oJHOMepHas MaTpuuHas 3aga4a lllpeauurepa:

(@2 + k) I+ Dy = VNl ur k) =0, re RY, (128)

w0, k) =0; u(r,k) ~u®(r; k), r— oo (129)

3neck W panee | — enunuyHad, a D, = diag {MA + 1)} — nuaronanpHas mar-
pHLBI; MOAYLENbIH HMHIEKC A [pUHUMAeT Bce 3HaueHus ot L_+3/2 po

L, +3/2 uyepe3 ennnuuy; anementsl V, . MaTpuubl B3anMojeicTBus V U ase-

MEHTHI U’ cTon6Ua U’ — COOTBETCTBYMOLIME HHTErpaisi 1o runepcdepe S o
3 3
Vooln) = [ drF@)" ¥ vie) vE@ = (r L Y veply, a3
85 i=1 i=1
u(r k) = P72 (Y E WS k). (131)

AcuMniToTHYecKHe TpexuacTHuHble pynkuuu Y (r; K) ¢ aeiicTBUTENBHBIM U He-
HyJeBbIM HMMIYJIbCOM K HccrnefoBaHbl JAOCTATOYHO TMOJHO: OHH MOCTPOEHHI B
pamkax ypaBHeHH# PanmaeeBa [10,113,114] nns Bcex THIOB CTOJIKHOBEHHH, BO3-
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MOXHBIX B CHCTEMaX TPeX HEWTpaJbHBIX WM 3apsXeHHbX vacTuu. [losTomy
npoGieMa ¢ NMOCTAHOBKOH 3ajjaud B pamMKax CTAHAAPTHOTO JUIS METOAa TUMep-
rapMOHMK npubnnxenns (V, < e) He Bo3HUKaeT. Bea mocranoska akTHuecku

CBOAMTCS K BblYMCIeHHI0 uHTerpanos (130) u (131). Cucrema ypasueuuii (128)
NoCTaBjieHHON KpaeBoH 3anauu (128), (129) BHIISAUT TOUHO TAK Xe€, KAK CHUCTE-
Ma IByX4aCTHYHBIX ypaBHenui lllpenuurepa ¢ nmoTeHUHATOM, HE COXPaHAIOLIUM
ABYXYaCTHYHBIH yrioBoi MomeHT [12]. TlosToMy M3BecTHble B 3amaye ABYX dac-
THU MaTpHyHble 000011ERUs Pa3THYHbIX BepcHil MeToaa (a3oBbix (DYHKLMH HOC-
TaTOYHO MPOCTO MOAUMUUUPYIOTCSA LIS NepeOpMyTHPOBKH TPEXUACTHUHON 3a-
nauu (128), (129). Hackonbko 3TOT NMOAX04, OCHOBaHHbI Ha 0ObEOHHEHUH TEO-
PHH THNEPrapMOHUK W HenuHeHHoN [115—119] win nuneiinon (49,120—122]
Bepcuil MeTona ¢azoBhIX (PyHKLMi, MEPCAEKTHBEH AT MOCTPOEHUS HH3KOBHEp-
reTHYECKMX aCMMMTOTHK B 3alauye TPEX YacTHL, KAKOBBl OCHOBHbIE TPYAHOCTH H
KaK MX MOXHO npeogoneTb? DTH BOMPOCH 00CYXAAITCH HUXE.

4.1. Meton dazoBoix dyHKuui B 3axaue Tpex yactuu. 3agaya (128), (129)
MMEET OfIHy OCOOEHHOCTb: HE3aBUCHMO OT TOTO, SIBJIAIOTCH TMapHblE B3aHMO-

pevcteus V, = Via KOPOTKO- (@ = §) WIK JanbHOueicTBYIoMMH (a = [) nmoTteH-
uvanamu (1) win (3), WIK Xe CyNeprno3suuuaMu (a@ = Is) TaKuX MOTEHLHAIOB,
anemeHnTHl (130) yOniBatoT Memiendo [123,124]:

Vi ~ Y, r've vis

n n ” vvv',n“ ’

r — oo (132)
n= n_

e n_23npua=sun_=d, ecnu a=1,Is. Hanpumep [124], nna cocrosinus

€=1{0,0, 1, E} Tpex TOXIECTBEHHBIX YACTHL, B3aUMOIEHCTBYIOLIMX nocpencr-

BOM rayCCOBCKHX NMOTEHLUHaJIOB

Vix)= V,exp (- (‘txi)z), V, =const, T=const>0

snementsl (130) c v =V =v_= {0, 0, 0} yGsiBaioT npu r — oo KaKk

~

6V, =
__ 0 —2n—1p-1 ra/2+n TG/2+n)
v O =1 2 () r ("”)[m/z—n) r(5/2—n)]'

n=1

Ilpu uccnenoBanun HU3KOIHEPIETUYECKHX ACHMIITOTHK BCeX (PYHKIMIA, CBS3aH-
HbIX ¢ 3apmaden (128), (129), dakry MemleHHOro yOBIBAHHA S/IEMEHTOB MOTEH-
UNaIBHOH MaTPHULb ClIEAYET YAETHTh CaMOe NMPUCTATbHOE BHUMaHHe. B npoTHB-
HOM ciydae Heu3OexHbl owubouHble BbIBOABL. UTOGH MOACHUTH MpUYMHY,
NIOPOXJAOLLYI0 TaKHe BBIBOAbI, PACCMOTPHM, HAcCKOJBKO BEPHBI OCHOBHBIE TO-
crpoenust paGoThl [115], MOCBALIEHHONH «MCTHHHO» TPEXYAaCTHYHOMY MPOLIECCY
(3 > 3) B cocroanun €= {0, 0, 1, E} cucreMbl Tpex MONapHO He CBA3bIBAIO-
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IIHMXCS OAMHAKOBBIX YaCTHI C MapHbIMH KOPOTKOAEHCTBYIOMIMMH MOTEHLHATIAMH.
B atom cnyyae v_={0,0,0} uB (132) a=s5,an_=3.

B [115] Oxu6yru u Curya npeanosioXniu, YTo aCHMNTOTHYECKas KOHGUTY-
pauus (3 — 3)-CTONKHOBEHUS — CyMMa IIOCKOH U c(pepHyYecKoil BOJIH:

W4(r; k) = (21) 7 exp (ipx + iqy) + F(Q; k) r~ /% exp (ikr). (133)-

OtMeTuM, 4T0 nocmyauposannas asropamm acumnroruka (133) ue copep-
KUT CjlaraeMoro, OTBEYAIOWIEro MpoleccaMm ABYKpaTHOro nepepaccestus [10].
JoMHHMpYET 1M 3TO cljlaraeMoe Hajl BKJIaOM OT pacxonsileiica cgepuyeckoi
BOJIHBI B nipenene k — 0, HenssecTHo. [103TOMy HeyueT OByKpaTHOro nepepaccesi-
HUs — rnepBoe HeoOOCHOBaHHOE ynpouieHHe aBTopos. Caenyoluee ynpouieHue,
CHENaHHOE MMM [UI IOCMPOeHUA «ACTHHHO» TPEX4aCTHYHOM aMIUTMTYIbl pacces-
Hus F, KacaJloch yXe moctasjieHHo# 3amaun (128), (129), (133) u cocrosiio B
HeoOOCHOBAHHOM TPEIIONOXKEHUH O TOM, YTO MaTpuua V adaroHaibHa:

VW,(r) = Vvv(r) /S\W,. (134)

B pesynbrare s3TOro «auaroHaibHoro npubnuxenusi» cucrema (128) pacnanaco
Ha COBOKYMHOCTb HE3aUenasioLMXCcsl OAHOMEPHbBIX ypaBHeHUH

(02 = AA+ D2+ K2 =V (D) u(r: k) =0, (135)
4YTO MO3BOJIWJIO aBTOpaM NPHUMEHHUTH OOHY M3 HEJTUHEHHBIX Bepcm‘i MeEToaa Cba30-

BbIX (pyHKLMiT [12] M cBecTH Kaxmoe (V =V _,..., v+) ypasHeHue (135) coorserct-

BYIOLLIEI MOACTaHOBKOM
u(ri k) =r'/?A (k) U(r k), p=kn
U, (r; k) = cos 8 (r; k) j,(p) — sin 8 (r; k) n,(p) (136)
K JIByM YpaBHEHHSM: HeJIMHEHHOMY
38 (rik)y=—Kk"'V, (r) U(r; b (137)
ans pa3oBoil hyHKLMK Sv(r; k) » nuHeliHOMY, ONpefensIolEMY aMIUIUTYIHYIO

bynkumo A (r; K).

H3eectHo [2], 4yTO npu ycnoBuu

o0
Jarxlvil <o i=1,2,3 (138)
0

acuMnroTika pewenus ypasueuus (137) B manoit (0 £ r £ b, bk << 1) nony-

oKpecTHOCTH ToukH r = () faercs nepBoi vrepaiHeil 5KBUBAJIEHTHOTO €My MHTe-

IPATLHOrQ YpaBHEHUS U UMEET BUJ
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.
(k) ~— k' [arv, i), o=k, r—0. (139)
0

Ipu ycnosun (132) ¢ n_ =3 pelenne atoro xe ypasHeHus (137) umeer [2]

KOHeyHbill Tipeien npu r — eo. 3rto aano JIxubyrn u Curya ocHOBaHHE Ha3BaTb
KOHEYHYI0 BEJIHUUHY Sv(k) = 8V(oo; k) napunanbHOl «MCTHHHO» TPEXYaCTHUYHOM

tazoii paccesHus W, npeanosaras OrpaHH4eHHOCTb KaXa0H aMIUIMTYAHO#N yHK-
UMM NPH r = co, NPEACTaBUTh acHMNTOTHKH pyHkuuit (136) B BUze

u (r; K) ~ A (>; K) sin (p — A /2 + 8, (K)),
r—oe, A=L+3/2. (140)

3areM, Ucnionb3ys (140) u nonoxus 6e3 BCAKUX 0O0BACHEHHH

Al k)=1, v=v ..,V (141)

e Vo,
aBTOPHI 3anucain acHMNToTHKY GyHkuuu (126) npu r — oo B TepMHHAxX nap-
uHanbHbix a3 § (k)  nokasanu, 4TO 3Ta ACMMNTOTHKA GyAeT HMeTh Tpebyemyto

cdopmy (133), ecnu amruiutyny F OnpenenuTh psaaoM
v

F (@ k)=, YAQ) (Y Q)" F, k) (142)
v=yVv

no napuua.anbIM aMIUIMTy}IaM
F (k)= \/%_ (- exp (- in/4) k> ik)™" [exp (2i8 (k) = 1).  (143)

I'maBHas ownbka obcyxnaemoii pabotsl [115] — yrBepxiaeHHe o TOM, 4TO
CTapiliee CllaraeMoe HW3KOIHEpTeTHYecKoi acuMnToTHKH ¢hasbl 8 (k) cosnanaer

CO CTapUIMM CnaraeéMbiM €€ KOOpAWHaTHO#i acuMnToTUKH (139), B3TOi B TOuKe
r=b, bk << 1, 1 N03TOMY 3aBUCUT OT k CTENEHHbBIM O0Opa3OM:

2+ j’, oLes
S (k) ~ - darV._(nr s k— 0. (144)
% [2L+5/2F(L + 3)]2 0 vV

®opmynel (142)—(144) npusenu aBTOPOB K OLUMOOYHBIM COOTHOLUEHHSAM
F,0=00"E*32,  Feyw =013, k-0 45)

4
U, 4TO caMoe AOCAJHOE, K HEBEPHOMY BBIBOAY O E3/ -MOPOrOBOM MOBEAEHHH

ammnuTyael F B ciaydae [ =0 u v_= {0, 0, 0}. DTa 3aBUCHMOCTb U €€ KauecT-

BeHHble OOBACHEHHS TO3Xe ynoMuhanuch B kHure [13]. Ilostomy no obcyx-
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JIEeHUd TOro, KaK npeononers orpaHuuenus (133), (134) u (141), HanoxeHHbie B
[115], HeoOXOAMMO MONYYUTh MPaABUIIbHBIE ACUMNTOTHYECKHE COOTHOLUEHHS B
paMKax ®THX Xe orpaHuueHHid. IIns 3TOoro noacTaHoBKOW 1,(r; k) =g Sv(r; k)

cselieM ypaBHeHue (137) k ypaBHeHHIO
dr(ri k) ==KV, (1) [y(p) - t(r: k) my ()] (146)

¢ HayanbHbIM ycnosuem ! (0; k) = 0. [lonyuennoe ypashenue ynkunoHaibHo

OTJIMYAETCH OT ABYXYaCTHMYHOrO ypaBHeHHs (7) TOJNBKO TEM, UTO COUEPKMT
thyHkuHH J3 M ny € nonyuensiM uHaekcoM A =L + 3 /2 sMecTo dynkuuii Jpm

1, C LUE/IbIM HHAEKCOM [. DTO OT/IMUHE He MellaeT HPUMENHTE K ypaBhenuio (146)

meron Jlesu u Kennepa [26], onucannsiii B 11.2.1, u gokasaTh, 4To 11pu J1o6om
v 6opHOBCKUI nuTerpan (aHaior dyukuuu (15) ¢ m = 0)

o
oy o gl J .2
Bv(w, ky=—k dr V() iy (P, (147)
0
HOPOXKAAEMBIN [IEPBOH HTEPALIMEN 3TOI0 ypaBHEHUS, OlIpellesser cTapllee cilara-
eMo0e UCKOMOM ACHMIEITOTHKH:

2V
Vo3

tg & (k) ~ B.(co, k) ~ — e Kk, k> 0. 148

88,0 =Bl b - =5 S o v ) (198)

TllKaﬂ p, (] nuHelitad no /\ 3daBHCUMOCTL BCEX napuuwn,umx q’)il'} B Hpe}le}le

k — 0 nonyuaercs (eM. [125]) B pamkax BKB-upuGinxenns [4] u obycinasiu-
BAET PACXOAHMOCTh BCeX NapUHaibHBIX amiuiuTyi (143):

2V exp (- im/4)

NS vv; 3 -3/2
F O~ a3 en+ s) k0.
3/2

AHanoruunyo k 7/ “-CHHIYASIpHOCTbL MMeeT M nosnas amnaurtyaa (142) npu

MoOBIX KOHeuHbX 3HAYEHHSX BCEX TPEX KOMIIOHEHT MynbTuHHaekca v, . Cneno-

BaTeJIbHO, NPU TOM Xe ycJIoBUM Mobas xapakTepucTHKa (3 — 3)-CTONKHOBEHMS,
2

1IpONOpUHOHANbHAS | 7 12, HanpuMmep, auddepeHLranbHOe CeYeHHE, AO0MXKHA

PacxoaMThCs Kak 0(k‘3), ecnu k — 0. K TakoMy xe BbIBOOYy MOXHO NpPHIHTH,
ecnu B hopmyne [116]

G, =264k [x sin 6v_(k)]2,

OMHUCBIBAIOIIEH B paMkKax MuHuManeHoro v=v_={0, 1, 1} npubnauxenus

ceyeHHe (3 — 3)-CTONKHOBEHMs! TpeX HEATPOHOB B -COCTOSIHHH

3
Pl/2
(e={1,m,~ 1, E}), 3amenuts a3y Sv (k) ee acumnrorukon (148).
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IMepeiineM K kayecTBeHHbIM 00BsicHeHusM. Ecnu B (147) nonoxuTs
VW(r) =0, r2b, b<oo, (149)

TO npu JMob6oM KOHeuHOM b MOXHO Oyner BoIOpaTh k HACTONBKO MajibiM, YTO
OyaeT BEpHO COOTHOLIeHHE kr << 1, no3Bosnsiouiee anmnpoKCHMHPOBATbh (PyHK-
uuio j,(Pp) CTapliMM ClaraeMbiM €€ acCMMNTOTHKH npu p — 0. B pesynbrare Ta-
KOH 3aMeHbl monyuutcs copmyna (144), nopoxnawouias cooTHoweHus (145).
CnepoBarenbHo, acuMntotuku (144) u (145), nonyuyenusie B [115], cnpasen-
JIMBBI B clyuyae uckyccmeennozo obpesanus (149) Bcex aneMeHTOB V., MaTpuuel

V npu arobom KoHEeUHOM 3HadeHuH b runeppaauyca r. OgHaKo U3-3a MEAJIEHHOro
yObiBaHus (132) snmemeHTOB VW MMEHHO 3Ta obnacTh 60MBLIMX 3HAYEHHUI runep-

panuyca (kr >> 1) u onpenenser nuaupylowmuii npu k — 0 unen (148) acumn-
TOTHKHM UHTerpana (147).

IIpuHuMNHaNEHYI0 BO3MOXHOCTB BBIATH 3a paMKW npearnonoxenuit (133),
(134) n (141) gaer merom, npemnoxeHHsid B [120]. C ero noMouisio MOXHO
NOCTPOHTh HH3KOSHEPreTHYECKOe pa3ioxenue Hccmenyemoii dynkuuun W& ¢

MPOU3BOJIBHOIA, Hamepea 3ananHoit acumntoTukoil ¥ u npu MoGHIX KOHEYHBIX
3HAYEHHAX 7, V, W MNapHbIX IOTEHUHANaX, MNOAYMHEHHBIX [OBYM [OCTATOYHO

ob1MM YCIIOBUAM: ycnoBHe HHTerpupyemoctd (138) u ycnosuio abGCconioTHOI
CXOAMMOCTH PALOB :
= ny, (n) =
Vix)= 2, v, x>0, i=1,2,3,
n=-1
obecneunBaioiieMy aGCOMOTHYIO CXOOAMMOCTb Pa3IOXEHUH

oo

= (n
V() = r"VW, , r—0 (150)
n=-1
BCEX MarpuyHbIX 21eMeHToB (130) BOMU3K TOUKH TPOHHOIO CTONKHOBEHMS.
[IpenMyliecTBa U HEJOCTATKM METOHA CTAHYT OYEBMIAHBIMH, €CJIM 0OCYOMTh
ero cxeMy B Haubolnee obweM ciydae, Koraa Ko pUUHEHTHI Vv(v_, D Beex v, Vv =
=V_,..., v,) panos (150) omnyHbl OT Hyns.

IlepBbiit 3Tam — onpefeneHue M mOcTpoeHHe QyHIAMEHTalbHOH [2]
marpuusl U = || U, || perynspubix pewenuii ypasnenus (128). Kaxmsrii

v
V=v,..,v L) ee cronben U ° onpenensiercs Kak peLieHHe 9TOr0 Xe ypas-

HEHMS, T.€. ypaBHEHHUS
(@2 +K) I+ Dy 2= VNI UV (r; k) = 0 (151)

CO cneyuanbHoiM HadalbHbIM (r — 0) yciioBHeM
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U (k) = Uydrs by = 113+ 00) (1 =5, ),

V=V ..,V . (152)
Kak nokasan Ilanym6o [126], ycnosust (152) rapaHTHpYIOT JIMHEHHYIO HE3aBUCH-

MocTb cTonbuos UV, a 3HauMT, U BO3MOXHOCTH [2] npeacraBuTh obuiee pery-
JIsipHOe peuieHHe u ypasHeHHs (128) B Bume NUHENRHOH KOMOMHaUMU :

u(r; k) = U(r; k) N(Kk) (153)

cTonbuos U\)" n koatpuunentos N, (k), cobpannsix B cronGeu N(k). YactHoe

pelieHne u ¢ 3anaHHOW (uzuyeckoii acumnrorukoi (131) nonyyaercsa npu Bbi-
Gope cronbua N(k) Kak peleHuns JIMHERHOrO MATPUYHOTO YpaBHEHMs!

U(r; k) N(k) ~ u®*(r; k), T — oo, (154)

CnenoatesnbHO, I71aBHOE NPEUMYLECTBO METOMA — €TI0 YHUBEPCAILHOCTH B Clle-
AYIOIIEM CMBICIIE: €CIIH NPH 3alaHHOM SHepruH (hyHIaMeHTalbHAs MaTpHLa T10-
cTpoetna, To no cdopmynam (124)—(126), (153) u (154) MOXHO BBHIYHCIHTb BOJ-
HOBYI0 (DYHKLMIO, OTHCHIBAIOLLYIO 10G0H BO3MOXHBIA Mpu 3TOi Xe HEPTUH
NpOLECC B paccMaTpiBaeMOH TPEXYacTHYHOH cucTeMe. ONHAKO 9TO NpeuMy-
LECTBO TPYAHO peanu3yeTcs B BBIYMCIIMTENBHOM MJIaHE W3-3a GLICTPOro pocta
uyucna ypapHeHUH cuctemsl (151) npu yBennueHHH X0Ta 6b1 ONHOI KOMIOHEHTDI
MYIBTHHHIEKCA V_ .

Ans wuccnenosanvs acMMNTOTHKM npu k — O pewenua U 3amaun (151),
(152) ynoGHO npuMEHUTh MaTPHUUHYIO JIMHEHHYIO BEPCHIO MeToaa thazoBbix
tynkumit [120]. B aroit Bepeuu ans U ucnons3yercs an3au

U(r; k) = j(p) c(r; k) = n(p) s(r; k), (155)

collepXalluii IHaroHaibHble MaTpuubl j = diag Uy}, n = diag {ny} n neussecr-
Hble amIIMTyAHble MaTpuubl ¢ = || ¢ || u s =] s, . Toncranoskoit (155)

3amava (151), (152) cBoguTcst K MaTPUUHBIM ypaBHEHHIM

3, { ;“((: ]’3 } =i { j"((pp)) } V() UGr; &) (156)

C HauyaIbHBIMU (r — 0) ycnoBusmMu

A+l i A D/, TN -A+120
K" le k) ~ 8 /0, =T,V o { ln/r, =0 ,

K k)~ o vC Do+ 1 + 214N +2) (157)

obecrneynBalOIMMU HyxHoe nopeaeHue (152) thynkunmii (155).
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Hns seiBoga copmyn (157) HeoGxonumo ydectb ycnosus (152); B ypasHe-
Husx (156) 3ameHUTS vn1eMenTbl MaTpuusl V psagamu (150); dyskuuu j, u ny
anmnpoKCHMUPOBaTh X aCHMITOTHKaMH j, (P) ~ G}\p)‘+l u n(p) ~ ‘r}‘p-}‘ npu

p — 0 u, HaKOHel, HaNTH NEPBYI0 UTEPALIMIO MOJTYYHBILUMXCA YpaBHEHHH.
BTopoii HegocTaToK 06CYXAaEMOr0 METona — CHHIY/SPHbIE HayalbHble YCII0-
Bus (157) ans dynkunit ¢ (r; k) B cnydae A+ 1 <A — He TaK BaxXeH, XOTd U

YCIIOXKHSET YuciieHHoe pelleHue 3anayn (156), (157).
Cnenyowas TpyoHOCTh, MOPOXIEHHAs CTpOeHHEM (PYHKLUH nl(p) ¢ nonyue-

JIIM MHIEKCOM, Jerko rnpeononnma. @yHkumns j,(p) ¢ nonyLesnsiM HHIEKCOM
A =L+ 3/2 npeacrasuma B Buge (8), a panoxenue [1] pyHkumn n, CONEPXHT

mHoxutens (2 /) In (p /2), 3aBucaiunit ot sHepruu. Paznenenue r v k B 3anaue
(156), (157) naunHaeTcsi ¢ NPeACTABIEHHS 3TOTO MHOXHUTENS B TOXIECTBEHHOM
MO OTHOLLEHHIO K MPOU3BOABHOMY NnapameTpy T Buae [121]:

2 Py s 2 x Sy = 2
nln(zJ-h(k‘c)+nln[2t], H(kt) = = In (ko)

DTO TOXAECTBO MO3BONSET BLIAEAHTL U3 (byHKLlMM nk(p) HeaHATUTUYECKHH no k

MHOXHUTeNb A*(kT) ¥ MPEACTAaBUTDL €€ B CIEAYIOIEM BHIE:

n(p) = (p) + KD jy(P),  Ay(P) =k Y K my (1),
n=20

0,...,A—1/2;

n

M) == (r/2) VT + 1)

r

"A,.(’)E(l/ﬂ)[ln[2T J—\v(n+ 1) —wyn-A+ 1/2)]x
xjx,n—x_l/z(’)» n=A+1/2,... (158)

Hanee, B (155)—(157) dyHkunu j, u n, 3aMeHSIOTCS MX WU3BECTHBIMH CyM-

Mamu (8) u (158), a MaTpHuUbl ¢ U § — HCKOMbIMH MaTPUYHBIMH plaMH

or ) =&r b+ By st b, S r k) =k 2 Y ke, (),
n=0

oo

s =Y ks

in
n=0

(. (159)

B utore nonyyaerca dopMaribHOE aCHMITOTHYECKOE Pa3lioXeHHe
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Urs k) = Y, kK"U (1),

n=0
U= 2 U0 e (0=n (s, 0l (160)
m+m=n
conepxauiee Marpuuel ¢, = || ¢ .. Il ,s, = || s, |l , nonunnennsie pekyppent-

HOW (n =0, I,...) uenoYKe IHEPrOHE3aBUCHMbBIX ypaBlEHHUi

-- ¥

m+m=n

C"( r)

5,(1)

n
m

j, A7)

Vi U, (r) (161)

r

¢ HavyalbHbIMKU (r — 0) yc/oBHAMHU

-5 3 /o _gtv(-l){rt/T, TEX'—)\.+I¢0,}
N ,

CVV'; n(r) n0=-vv n0 A" w In r =0

() ~=8 . VEDA+ 1+ 27 A2 (162)

$ nO~A " v

win
(r,
YAOB/IETBOPsitoLIMe ypaBheHuam (161) u rpannunbiM ycnosusam (162), Heorpa-
HHUYEHDI 11pH 7 = oo, CJie10BaTENLHO, ANNPOKCHMALIMS GECKOHEUHbIX psiuoB (159)

HX KOHEYHBIMH [10UCYMMaMH ClHpaBeil/IMBa TOJNLKO BO BHYTpeHHeH obOnactu
0<r<b_, kb_<< | u1o3Bonser TOILKO B 9TOH 0BJIACTH NMONYYUTH ClledyioLIee

M3-3a mewiennoro yOwiBanus (132) anementos V., (r) Bce dynkuuu S’ n

acUMINTOTHYECKOE NpeicTtasnenune psaa (160):

M <o
U k)= 3, KU (n+oM* %), ko
n=90

Kak 6b110 nokasano B [49], acuMnToTuky MaTpuust U npu p — oo HETPYAHO
NOCTPOMTH, eciid nepenucats aH3au (155) u wnoyeByio 3amauy (156), (157) 8

+ . . . +
TEPMHHAX IMArOHANbHBIX MAaTPUlt b~ = j * in = diag { k) }, cocTaBneHHbIX U3 PyHK-

. + . . + .
uui Pukkatn — Haukens hy =Jy t iny, M aMIIMTYHBIX MaTpuu f~ =c t is.

Torna an3au (155) u cucrema (156) npuMyT COOTBETCTBYIOLIMI BUA:

U(r; k) = 27 ) £ 1(rs by + () £ (r; ), (163)

3 _fX(r; k) = (F i/ 2k) KF(P)V(DU(r; k). (164)
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Ecnu B (164) noapcrasuts V=V % B Buge (132), 3aMeHHTh MaTPHLbI W psna-
mu [1]

W p)=exp (xip) 3, p ", p o oo,
n=90

hf = (F2i) "diag {A+1/2, n) exp (Fin(A + 1/2)/2)}, (165)
+
a MaTpuubl f~ HCKaTh B BHAE
FAP) =2, p IC W) + exp (F 2ip) pC,r(R)], (166)
n=0
TO AJii Marpull ij nonyyutcs pekyppeutHas (n=1, 2,...;j =1, 2) uenouka
ypaBHEHHUH

.~ t m =2 + _
2n ~ 1)iC7, _ (k) = Y ok V,Dl) =0,

m+m=n

. -2 .
8zcjfn +4(1 - n)cijn_  + DI vm,Djj;(k) =0;

m+m=n

pr= ¥ [r, CE+D"r, CT,

jn Im"~ jm 2m’ " jm
m+m=n
_ - = m' -
T, =C2)7" > Envime (167)
m+m=n

+
onpefessoLIMX Bce Takde Marpuuel ¢ n > 0 yepe3 MaTpHLbl Cja. [Mocnennue

MOXHO HaWTH, «CILUMBas» B MOCTAaTOYHO yaaneHHo# (kb >> 1) Touke r=b+

¢ynxunu fi, BbIYMCJIEHHbIE MHTETpUpOBaHUeM ypaBHeHUH (156) wnu (164) na

+
KoHeuHoM oTpe3ke 0 < r < b_, ¢ QyHKUHIMH f‘(M), NOPOXAEHHBIMH anIpoK-

cumanueii panos (166) ux koHedyHsIMH (M < o0) nogcyMMaMH
FEb, -0 =M+ 0; k),
+ Ly — M) .
arf (b+—0,k)—8rf (b, +0; k).

Ecnu teneps B (163) annpokcumuporats pansl (165) u (166), (167) ux Koneu-
HBIMM TOACYMMAaMH, TO NMOJYYHTCS HUCKOMOE aCUMITOTHYECKOE MpEACTaB/IeHHe
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Ur, k) =0 /2) (UM b+ UM ]+ 071, p oo,

M
UM =exp @ip) X, 7" X Ui R + PR (),

n=0 m+m=n

nossonsoliee CHATh npeanonoxenue (149), t.e. ydecTb BCE MapHblie B3aMMO-
ReACTBUS 1IpH JI0OBIX r 2 b .

B xauecTBe C/IEAyIOLIEro 3a BHIBOAOM NPAaBUIIBHOM acuMnTOTHKH (148) dasbi
SV(k) npuMepa, MOKa3bIBAIOLIEro, HACKOJIBKO BaXE€H TaKOH YYeT, MpHBEaeM

OCHOBHOM BbIBOA pabGoTel [49]: uckyccTBeHHoe obpe3anue (149) matpuuet V npu
moOOM KOHEYHOM 3HAYEHWUHW Turneppaguyca r =p MOXET NMOpPOXAaTh Tpexyac-
THYHbIE PE30HAHCHI, HCUe3alIUHe B MNpeaene b — oo U NOITOMY Ha3blBaeMbie
MCKYCCTBEHHBIMHU. ~

IMycts Tenepbs napHble B3aUMOJCHCTBHsSE OMNMCHIBAIOTCSA CyNEPNO3ULIMIMH

V,= VS + vV, kynonosckux (V,° = 1/R;x;) u Gonee GhcTpo yObIBaIOMX NOTEH-
LUHaJIOB Vi“, a =35, [, Is. Torna norenuunansHas Marpuua V npeiacTaBiseTcs CyM-

Moit V =V ¢+ V ¢ kynonosckoii Matpuusl V € ¢ anemenTamu
3

c _ -1 _ —1

vemn =Y IRy =®,» (168)
i=1

u Marpuusl V ¢, aneMeHTHl KOTOpOii B 06OM U3 Tpex cinyyaes (a = s, I, Is) yObI-
BaloT no 3akony (132). Ilpumenurs K MarpuduHoil 3agaue (128), (129) c
V=V meron ¢a3osbix (yHKUMii, BLIGpPAB B KayecTBE STAIOHHBIX (yHKUH
KYJOHOBCKHE, MEIAeT HeOUArOHAIbHOCTb KYNOHOBCKOH Marpuusl (168). Bce
pe3ybTaThl, NEpeYUC/ICHHbIE HUXeE, MONY4YeHbl B paMKax npeanonoxenus (134),
npu kotopoM cucreMa (128) pacnagaercs Ha He3aLEIUISIOIIMECS YpaBHEHUS
(135). Kaxpoe Takoe ypaBHeHHe sBNseTcs OOHOMepHbIM ypaBHenuem lllpennH-

repa C HoOJyyensim YIIIOBBIM MOMEHTOM A M cyneprnosuuuei VW=VVC\fI=

= chv + Vv‘i KY/TOHOBCKOT'O U AQJILHOAECHCTBYIOLLETO MMOTEHUHAIA U ITO3TOMY JIer-
KO nepedropMynupyercs Kak B HeauHedHoH [117], Tak ¥ B nuneiinoi [122] sep-
cusx Merofa a3oBbix (hyHKLHI.

AHaIUTHYECKHE BbIpaXeHUs I  KoapuuuenToB R,  KyIOHOBCKHX
B3aumozeicteuii (168), peryjaspHOro M HEperynsipHOro pelleHHi ypaBHEHHS
(135) B cnyyae V,, = chv’ T.e. KyloHoBckux dyHkumi F,(p, ) u G,(p, ) ¢

MOJyLENbIM HHAEKCOM YITIOBOTO MOMEHTa A M 1lapameTpoM 1, = 1 /2kR ., mony-

\A'A
ueHnl B [127] u ob6cyxmanuce B [119].
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[lo ananormu ¢ AByX4acTHYHBIM cooTHouweHueM (20) u3 dasbl 8$a(k), no-

POXIeHHOM cynepnosuumeii Vo', MoxHO Bbimenuts dasy 8 “(k), otcuntannyio

OT KynoHoBcko# chasst § (k):
8 “(k) = 8. (ky — & (K), 8 (k) =arg TA + 1 +im). (169)

B cnyyae KynoHOBCKOro oTTanKuBaHMS W HCKYCCTBEHHOro obpesanus (149)
noTeHurana VV‘;(r) npu n1060M, HO KOHEYHOM 3HAYEHWM TUIleppaiuyca r=b
dynkuns addekTHBHOrO pamuyca, oTsedarowas pasbuenuio (169), umeer
Bug [122]

KS“E

\Y

= ', )1 [k ctg 8 “k) + A1,

~

rae C, u h© — dynkuuu (22) npu l=Aun = M, Ecim nepeiitn k HeoGpesaH-
HOMY MOTEHUH ANy Vv‘i,(r), nonoxus B (149) b — oo, a 3aTeM paccMOTpeETH Mpeaen

a 3 5
a® “ dpynakunn — ]/Kv‘ “(E) npu E — 0, To nonyuurcs |a; 4| = oo, Onucannas
MOMBITKA ONPEeInTs MOAM(DHLMPOBAHHYIO TPEXHACTHUHYIO JUTHHY paccesHus

d . .
a; ¢ OKa3a/laCb HECOCTOSATE/ILHOH 1O TOH X€ INPHYUHE, YTO U B Cllyyae pacces-

HHA OBYX 4acTHU cynepnomuuei& KYJIOHOBCKOIO H ﬂa.ﬂbl{OIleﬁCTByK)UlCl‘O INMNOTEH-

unanos. Ileno B TOM, 4TO M3-3a Me/leHHOro yObIBaHMs IOTeHUM&IA V\/‘:,(r)

HHM3KO3HEpreTHYecKas acumMnToTHka daszbl 85'"(/() HE COHEPXHT MHOXHTENs

2t lez(nv) U npu mobom A umeet sua [125]:
) -1 1/2
55 (k) ~ - Vvv;n_(Zva)"— (m/8t) " ° x
B3-2n)/4 3/2-
xT(n_-1)@-1) - P, /),
=1+ 4R MA+ 1),
A%
rae n_ — TMOKa3saTeidb JIMIMPYIOLIEro uneHa acUMnTOTHKH (132) dyHkuuu

Vv‘i,(r), a PV‘1 — (ynkums Jlexanapa nepsoro poaa [1].

Hrak, o6vennHeHre Merona (ha3oBbix (PYHKUMHA M TEOPHH TMIIEPrapMOHKK
NO3BOJISIET NPOABUHYTHCA B HCCIEAOBAHHH HH3KO®HEPIETHUECKHX Pa3floOXeHHH B
3apaye Ttpex vactuu (126)—(131), 3anucannoil B yceueHHOM (v, < o) Gasuce

runeprapmonyk (124). Kak B paMkax 3Toro oGbeaHHeHHS MepeiTH K MOJHOMY
6asucy, T.e. K mpegeny V, —> ©°, HEM3BECTHO. A/IbTEPHATHBHBIH NMyTh — 3aMe-
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HUTb JUCKPETHYI0 MEpPEeMEeHHYI0 (TMnepMOoMeHT L) ee HenpepbiBHBHIM aHAIOroM
(runmepyriom @;). Takas 3ameHa BO3MOXHA, OHa MPUBOAMT K MHTEerpoaud-

tdepeHuranbHbIM danaeeBCKUM YPaBHEHHSM.

4.2. Meron wunrerponuddepeHIHANbHBIX YPAaBHEHHH B 3ajaade Tpex
yactui. Kak Gbuto nokasavo B [128,129,130], ecnu cnpoekTHpoBaTh Ha 6a3uc
runeprapMoHuK (124) He ypaBhenue Llpeaunrepa (127), a oTsevawuyio emy
cucreMmy M3 Tpex auddepeHunansHbix ypaBHenuii Panneesa

3
(Hy- E)¥;=-V¥*=-V, Y ¥, i=1,23 (170)

i=1

s CbaJHICCBCKM X KOMITOHEHT

¥, Qi E) =12 Y u (i E)YJ(Q)
v=V

BosiHOBO# ynkuun W&, a 3ateM NpocyMMMpoBaTh NOJIyueHHbIE YPaBHEHHS W
HeU3BECTHbIX GYHKUMI u,, 1o Kuaekcy L, To nomyuarcs unterponuddepen-

€ .
UHa/IbHbI€ YpaBHEHHSA danneesa 19 KOMIOHEHT \Pi(l pa3jloXeHHUH

€ . _ 9,2 .. . gn B
‘{-”. (r, Qi’ E) =2r * cosec 2(pl. 2 ‘V,.a(r, 9 E) ya(x',, y) (71
(1=(1_
no 6Gasucy (123). AHanuTHyeckue cBOWCTBa MHTerpoauddepeHHalbHbIX ypaB-
HeHMil MCcleloBaHbl JOBOJBHO MOMHO. ACHUMNTOTHKH KOMIIOHEHT ‘l”.’; npu

r — oo u3BecTHb [113] ang Bcex BOIMOXHBIX B CHCTEME TPEX HEHUTPATBHLIX HIIH
3apsKEHHbIX YacTHLL NPOLIECCOB C HEHY/€60ll BHEPTUel CTOIKHOBEHHS. ACHMII-

TOTHKH KOMIOHEHT ‘{’; npu r — 0 MOXHO MMOCTPOUTH Pa3IM4HbBIMU criocobamy

[131—133]. CnektpansHoe npencrasnenue [129,130,134] caMbix CIIOXHBIX
00bekToB uHTerpoanddepeHUHANbHBIX YPABHEHHII — HWHTErpajibHbIX M0 Mepe-

MEHHOH @; onepaTropos hfm, — ¥ xoMnakTHele dopmynsl ang ux aaep [130]

MO3BOJIWIM BBINOMIHUTL CEPHIO AHAIMTHYECKHMX HcchedoBanuii [135—140]. B
[135] npeanoxeH npoctoii cnocob peryaspu3aunu HHTerpoaHddepeHMaTbHbIX
YpaBHeHHH B MpejenbHbIX Toukax @, =0, T/2 UX yIIOBBIX apryMEHTOB ;,

i=1,2,3. B [136] nonyyeHs auddepeHunansHoe U MHTErpaJibHOE MpeacTaB-
nenus Koaduumnentos PeitHana — Pepan. HekoTopeie TOUYHbIE pelUEHUS 3alauu
TPEX TOXIECTBEHHbIX YaCTHL C S-BOJIHOBBIMH TMAapHBIMH MOTEHUHANAMH

V, = const xi_2 HaiineHnbl B [137]. Bcnen 3a paboroit [141] noxHelie peleHus

uHTerpoanddepeHUMaNbHBIX ypaBHEHHH ANd Takoil XKe TPeX4acTHYHOH CHCTe-
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. - 2
MbI, HO B Cj1yda€ OCUHWUIATOPHBIX B3aUMOACHUCTBUH Vi = (!)xi, HCCIENOBAJIMCH B

[138]. Kpurepwii cyliecTBOBaHHUS JIOXKHBIX pelleHUi ypaBueHuil (170) B cnyuae
LEHTPaIbHBIX MOTeHUHaNoB V; nokasan B [139,140], cnoco6 nocTpoeHus Takux

pellleHUit B SBHOM BUJE MpPEUIOXKEH W NMoscHeH mpumepamu B [140].

CnekTp JNOXHBIX pelleHHii COBNagaeT cO CHEKTPOM CBOOOAHOIO Tpexyac-
THYHOTO ramMuabToHHaHa [142]. JloxHble pelleHHs He OTBEYaloT HUKaKoi u3n-
4yecKOoil KOH(Hrypauuu cucTeMbl TpeX 4acTHL, MO0 MO OIpeAeneHHI0 TaKHe
pelieHus oOpaulaloT B HY/Ib ONHOBPEMEHHO IPaBYI0 M JIEBYIO YacCTH CHCTEMbI
(170) ¥ He 3aBUCAT OT B3aHUMOAEHCTBUH Vi' ITosTOMY H3 M3BECTHBIX B SIBHOM

BM/IE JIOXHBIX PEIIEHHUH I CUCTEMbl TpeX HYKJIOHOB [143] HeBO3MOXHO M3-
BlleYb Kakylo-mubo vHpopMaLuio, MOME3HYI0 11 MOCTPOEHHS HU3KO3IHEepreTH-
YeCKUX pa3noXeHWi usnueckux peuweHuid uHterpoauddepeHuHansHbx aa-
AeeBCKHX ypaBHeHMil. TeM He MeHee ®TH ypaBHEHMs NpPHBJIEKaTeNbHbl AN TMO-
CTPOEHHUs] TaKMX pa3/lOXKEHMH C BBLIYUCITMTENBHOM TOYKH 3peHHs, T.K. OHH
COYETAT CPABHUTEIBHO IIPOCThIE TPAaHHUYHBIE YCAOBHA C Pa3peXeHHOCTHIO
MaTpuLBl AUCKPETHON 3amauyu. DpcpexTisHble anroputMsel [144—150] pewenus
TaKOM 3allayd OCHOBaHBl Ha aNNpPOKCHMALMH MCKOMBIX PEIICHHH pa3NHYHBIMU
cnnaiiHamu [3]. 3HaUUTENBHO YMPOCTUTH BBIYUCIAEHHS TO3BOJSET TEH3OPHOE
npeacrasnenue [147] BcnoMoratenbHbBIX MaTpHLL.

Y106l MOACHUTB, YTO CYLIECTBEHHO MEIIAET BHIBOOY TPEXUaCTHUHBIX HH3KO-
DHEPreTHYECKUX pa3floXeHuil B paMkax uHTerpomudepeHuHaNIbHONR 3amaun
(PanneeBa, pacCMOTPUM Ciydyai, KOTIa 3Ta 3aja4a He TONbKO BLITISAUT Haubornee
NpOCTO, HO U HEOOHOKPATHO peliaack CaMbIMM pa3HbIMH criocobamu.

B cnyyae S-BOSTHOBBIX SOEpHBIX MOTEHUHATOB Vl.s 3ajaya pd-paccesiHus B
KBaHTOBOM cocTosHuu €= {/, m, S, E} ¢ I =0, nonueiM cnuHoM S=3/2 u
3HEprue  pd-CTONKHOBEHMS E=(3 /4mN) (hk)z, He npesblalo e

2 .
(t°(k) = B(d) — E > 0) sHepruio cBa3u geitpoHa B(d), cBoaurcs mnyreM oOTae-
JIEHUs OMCKPETHBIX CITMH-W30CMUHOBBIX MEPEMEHHBIX, MOAPOOHO OMHCAHHOrO B

[151], k GeckoHeuHOIi cuCTeMe 3aLeTUISIoIIMXEs 10 HHIEKCY O ypaBHenui [10].
3auenneHue oOyciaBidBaeTcsl HeAMaroHaabHOCThIO MATPHLIBI KYJIOHOBCKOIO pp-

B3aMMOJEHCTBHA VIC = 1/Rx, B Gasuce 6uctepuyecknx rapmonuk (123). Ecan

B panax (171) ang mpocTpaHCTBEHHbIX yacTel (paaneeBCKMX KOMIIOHEHT orpa-
HUYHUTBCS TIEPBLIM CJIAaracMbIM, T.€. MONOXUTH [10]

. . _ _2 € . € A A _
‘P,‘ (r, Qi’ E) =2r * cosec 2(P ‘yi, o_ (r, @ E) ya_(xi’ yi)_

= (2r*n)~! cosec 2¢ U(r, @; k), o = {0, 0},

TO OCTAaHETCSA OAHO MHTerpoauddepeHianbHoe ypaBHenue [10]
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[0} + 13, + r 29} + T - Vo o (n @1 UG, 03 k) =

1,9

= Vi(rcos )| 1+ % [ do vt ¢i k) (172)
t (¢)

C NEPEMEHHBIMU MpeAesaMu UHTerpupoBanus [114]
t (@) =min { {9+ n/3]|, 21/3 - ¢) (173)

H MaTPpHUYHBIM 3JIEMEHTOM

Ve o (r, )=

o o

R®) =3 { @ e<n/0 } (174)

1
rRy(9) 3sing, o2mn/6

KYJTOHOBCKOTO B3aUMOJEHCTBUS Vlc.

CnemyeT OTMETHTH, YTO CYLIECTBOBAHUE W €AHHCTBEHHOCTb PeryjispHOro,
Uuo, o; )=0, Ur, ¢ k=0, ¢=0,7m/2, (175)

PEIIEHUS 3TOr0 YpaBHEHHs cTporo Aoka3saHsl [ 10] TOIbKO B OHOM cllydyae: eciiu
k — omnauunsii OT Hyns (UKCHpOBaHHBIA napamerp, a acumnrtoruka U npu
r — oo MMEET BHOJHE onpenesieHHbH BuA. Mcnonb3ys pasbuenue (28) pd-daswi

86“(k) u dopmynst (29)—(32) ans nonnoit pd- ammmurynsl f ¢ ¢ a =s, a1y

aCUMNTOTHKY MOXHO 3alucaTh CIeIylIuM obpa3oM:
Ur, ¢; k) = K~ 'u (x) [sin 6°(5; m) + tg 8 (k) cos 6°(; m) + O] +
+ [AP(; k) + 0N F V2 exp (= 1)), 1 — oo, (176)

3pece x =x; =rcos @, y=y =rsing, u(x) — pamuanbHas SSI-KOMHOHCHTa
BONTHOBOH (DYHKLMM NEHTPOHA, @ TPUTOHOMETpUYecKHe yHKUMH aprymenTa 0°:
;) =r—-2nlnt+ Sg(k), t=ky, m=1/2kR(n/2),
COBNAJAIOT CO CMAPWUMY YTIEHAMH aCUMITOTHK
Fy(t, m) =sin 8°(; ) (1 + O(™), Gyt m) = cos 6°(; 1) (1 + O™
KyNOHOBCKMX (yHKUMiA [1] mipu t = ky — oo,

IMo-BumuMoMy, 3T0 coBrnageHne nobymuno asropoB pabor [152,153] 3ame-
HUTb acCUMINITOTHKY (176), BooOlLEe rOBOps, HEIKEUBANEHMHON € ACUMIITOTHKOM
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U(r, ¢; k) = K lu (x) [F,(t, ) + tg 8 (k) Gy(t, m)] +
+ (A% (@; k) + 0N 1 2 exp (= wk)r), 1 —> oo (177)

HeskBUBaNIEeHTHOCTD 3aKJII0YAETCS B TOM, YTO acMMNTOTHKA (177), B OTJIMUHE OT
(176), conepxuT Bce Ge3 MCKIIOUEHUs craraeMble pasnoxeHuit ¢yHkuuit Kynona
B 6eckoHeuHble psaabl [1] no obpaTHbIM LienibiM cTeneHsM aprymeHTa ky. Teopema
CYLIECTBOBAaHHUS M €AMHCTBEHHOCTH pelleHus] nonydyuslieitca 3amauu (172)—
(175), (177) no cux nop He nokazaHa. OHAKO ROCMYAUPOBAHHOE aCUMIITOTHYE-
ckoe ycnosue (177) no3ponuno asropam pabor [152,153] nepeiith k npeneny
HyneBoit aneprun (kK — 0) ¥ NOAYYUTH B 3TOM npeaesne rpaHU4YHOE YCJIOBHE

UCr, 9: 0) ~ f1®) - a§ “goo(®). &= 23y /R (®/2) (178)

NS .
C KOHCYHbIM K03(b(bMuMCliTOM 116 , OTOXAECTBIIEHHBIM HMH C KBApPTE€THOH KYJIOH-

. . 4
SAAEPHOW UTMHOM pd-paccesinus ( apd) W NEPBLIMH WIEHAMH f ) 1 g, psaoB (84).

[Monyuennoe takum obpa3om ypashenue (172) ¢ k = 0 U rpaHHUYHBIMH YCIIOBHSI-
mu (175) n (178) no3BosiseT HAHTH 3Ty MIHHY HENOCPEACTBEHHO, T.€. MHHYS

BblUHCIIEHHE ha3bl 66‘ (k) nyrem peuleHns aHepro3aBucHMoil 3amaun (172)—

(175), (177) ans nocnenoBare/ibHOCTH CXOOSALIMXCSH K HY/IK0, HO OTJIHYHbIX OT

C, 8

HEro, 3Ha4eHHH kn IMOCNIEAYIOLUETO HAXOXACHUSA ao ! 3KCTpaIIOﬂ5]UHCﬁ B TOYKY

k = 0 dyukuun acpcexTBHOro pagmuyca (21).

OTMeTuM, YTO OnMUcaHHbId nepexox oT 3auauu (172)—(175), (177) c k>0
K 3anaue (172)—(175), (178) ¢ k = 0 ocyuiectnsieTca B 1Ba 3Tana, Tpebyooumx
NPUHATH elle OfHO npeanonoxenue. CHavana ypasuenune (172) u rpaHnuHbie
ycnosus (175), (177) nendarca Ha KYJIOHOBCKHiIl GapbepHblii MHOXHTEND Co(n).

Nanee nonaraercs k — 0, a pynkunn tg 85 (k) n F, G, samensiorcs 8 (177) nx
paznoxenusmu (21) u (84). Ecnu npeanonoxurs, uro npu k — 0 amrinutyaa
BUPTYalbHOIrO pasBajla OEHTpPOHA Abr((p; k) yObiBaer OsicTpee, yem Cy(n), TO

nonyuurcs cootHoweHue (178). O60cHOBaHHIO 3TOTO MPEANONOXEHHs, KaK M
NOCTPOEHHUI0 HU3KOPHEPreTHUECKHX Pa3fioKeHHH KOPPEeKTHO MOCTaBlEeHHOMH 3a-
nauu (172)—(176), mewaior asa obcroartenscTsa. Bo-repsbix, OTCYyTCTBHE MMOJ-
HbIX aCUMINTOTMYECKHX pa3NoxeHUH (pagaeeBCcKUX KOMMOHEHT npu UKCHPO-
BaHHOM k > 0 U r — oo, BO-BTOpBIX, OTCYTCTBHE KAKHX-TMOO acCUMNTOTHUECKHX
Pa3NoOXEHUl 3THX KOMIOHEHT npuU kr — oo. BbiBOA acHMNOTOTHK BTOpPOro
THNA — aKTyalbHas 3anaya npobnemst Tpex ten. [lonaHoe pelenue 3To# 3amauu
NO3BOJIMIIO Obl 3a1aTh BHEPrOHE3aBUCHMbIE 'PAHHUUHBIE YCJIOBUS NPU r — oo 11
KaX/0ro ypaBHEHHUS, NOJYYEHHOr0 NMOACTaHOBKOM
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U(r, @; k) = N(ky Y, KU (r, ¢) : (179)
n=90

B ypaBHenue (172) u nocneaytomnm oraenexueM k. ChopMyinpoBaHHy0 TaKUM
00pa3oM 3HEProHe3aBUCHMYIO M PEKYPPEHTHYIO NO MHAEKCY 1 3adauy ans ¢yHK-
LU Un(r) cn=0,1,.,M<c MOXHO 6blI0 Obl pPeuInTb YUCIIEHHO, a 3aTeM

HaiTH HEH3BECTHLIA HOPMUPOBOUHBIH MHOXHTeNb N(k) u hasy & *(k), «cuimas»

KOHEUHY (M < o) noacymmy psiga (179) B HEKOTOpO# 10CTATOMHO yAAIEHHO#
TOUKE r = b < co C MOCTPOECHHBM aCHMIITOTHYECKMM pazioxenueM dyHkuuu U
npu kr — oo

BbickazanHble 3aMeuyaHMst O HENONHOTE TEOPUM PacCesHUs JUIS CHCTEMbI
TPEX YaCTHLL CleAyeT UMETb B BUAY MpPH CPaBHEHWH pe3ynbTaToB paboT, Moces-
LIEHHBbIX OMnpelenenHio napaMeTpos Nd-paccestius U 06CyXIaeMbIX HUXE.

5. HU3KOBHEPTETHYECKOE Nd-PACCEAHHE

Paccedinine TennoBbiXx HEWTPOHOB AEHTPOHAMH XOPOWIO M3Yy4eHO 3KCIIEPH-
MEHTIBHO [154—158]. Pe3ynbTaThl MHOTOUHC/IEHHBIX TEOPETHYECKHX HCCNENO-
BaHWH YOB/IETBOPHTESILHO COITIACYIOTCA ¢ SKCIEPUMEHTAILHLIMH W HEOJHOK parT-
Ho obcyxaanuch B 0630pHbIX crathax [153,159—162] u moknanax [163,164].
[Tosromy 06cyxienne coBpeMEHHbIX NpeacTasleHui 0 nd-paccesiuu B npeaese
HY/IIEBOH 3HEPIHH nd-CTOJIKHOBEHHMS MPEICTABISETCS pPa3yMHbIM OrPaHHYUTD
YIIOMHHAHHEM HEKOTOpbIX HetaBHHUX pabor, a Gonbuiee BHUMAHWE YIAENHTH
MCCIENOBAHHAM KOPPE/SLUMOHHBIX 3aBUCHMOCTEH B nnp-cHCTEME. DTO MOMOXET
HE TOJILKO NMOSACHUTDH, NOYEMY MOCTPOEHHE TaKHX 3aBUCHMOCTEH SBJSETCS nep-
CHEKTHBHBIM METOAOM OIIpEleEHHs NapaMeTPOB HU3KOIHEPIeTHUECKHUX IKCTpa-
nosisiuMottbiX opmyn ans Nd-paccesHust, HO U Jydule TIOHATb A0 CHX I1Op HE
peweHHyo npobneMy onpeaesneHus pd-inuH.

HecmoTps Ha onpeneneHHbie ycnexu, AOCTHIHYTHIE B TEOPETHYECKOM ONHKCa-
HHW IMHAMHKH 3N-CHCTEM, BCErla OCTaeTCsl aKTyabHbIM BOMPOC O TOM, B KaKOii
cTeneHu nonyyeHHsie 3N-1aHHble coracyloTcs Mexay cobGoil B paMKax CylecT-
BYIOLIMX npeactasieHuit 06 NN-cunax. TpaaMUHOHHBIA cNocoO pelieHns 3Toj
3ajayu COCTOHT B TOM, YTO A/ Pa3/IMuHBIX BapuaHTOB NN-noTeHUHanos, napa-
METPbl KOTOPHIX (PUKCHUPYIOTCS 11O OMpeAe/ieHHbIM HU3KOZHEPIETUYECKHM IaH-
HbIM O ABYXHYK/IOHHOM pacCesHuH, npou3Boautcs pacuer 3N-napametpos. s
pasHbix NN-MOTEHUWANoB, Kak HpaB/IO, MOJyYaeTcs 3HAYMTENbHBINH pazbpoc
BbIYMCIJICHHBIX 3HaYeHUH. Taxoii crocob «npob u omuboK» TpebyeT AOCTATOUHO
TPYAOEMKHX BBIYUC/IEHHH, HO HE M03BOJSAET MPOACHHUTL OOUIYI0 CHTYaUMIO, T.€.
CHCTEMAaTU3UPOBATh paHee W3BECTHhIE DPE3y/NbTaTHl W JOCTOBEPHO IpEACKasaTh
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MTOrM HOBOTO pacyera. OOHAKO pe3ylbTaThl PAHHUX MApP-pacyeTOB, BBITIOJHEH-
HBIX pa3iM4HbIMM crniocoGamH, HO B3ATHIX BMecTe, nosponunu Gumuncy [159]
YCTaHOBUTH B 1968 r. Hanuune JMHEAHOH KOPPENSLUHOHHON 3aBUCHMOCTH HyO0-

” 2 3
NETHON nd-JUIMHBL “a, ; OT BHEPTUHU CBA3M TPUTHA B("H). C Tex nop sra KpuBas

Ha3biBaeTcs nd-nvuHueit Punnunca, a MCCIENOBAHUE KOPPEISAUMOHHBIX 3aBUCH-
MOCTEH [BYX XapaKTepUCTHK CHCTEeMbl TpeX uyacTvl npuHaATo [160] B Teopun
HECKOJIBKMX YacTHI Kak crnoco0, Mo3BO/MIOILMI NpeacKasaTh 3Ha4€HHE OJHOM
HEU3BECTHO!N XapaKTEPUCTHKH MO M3BECTHOMY 3HAYEHHWIO APYroM.

I nocTpoeHus HU3KO3HEepreTHyeckux 3N-pa3noxeHHi ocoOblii MHTEpEC
NpEJACTAB/SET BBISICHEHHE MPUYMH KODPPENSILMOHHBIX 3aBHCUMOCTEH TPYHHO BbI-
4KCIIAEMBIX [1APAMETPOB TaKUX PaNIOXKEHHI OT CPaBHHMTEIBHO NPOCTO ONpeaense-
MbIX MapaMeTpoB 2N-paccesHusi. 3HaHHe TakOiH 3aBUCMMOCTH MO3BONMIIO OBl HE
TONIBKO CHCTEMATH3UPOBaTh U3BECTHBIE PAcueThl, HO M INPEACKa3aTh C XOPOLIEH
TOYHOCTBIO pe3y/bTaThl HOBBIX pacueToB 3N-napaMeTpoB NO 3alaHHbIM 3Haye-

HusAM 2N-napamerpos. [loyeMy U Kak AHMHa 4an 4 W 9PdeKTUBHBIN panuyc 4rn d

KBapTETHOrO nd-paccesiHds 3aBUCST OT AJIMHbI 3anp n 3¢deKTUBHOrO paauyca
3rnp TPUIIETHOrO np-paccedHus, Obuto BhisicHeHO B pabote [165]. Ee aBToph
HalUTH (QyHKUHOHAIbHBIE 3aBHCHMOCTH

‘a (1) /3anp ~ 1,179066 — 0,035951 — 0,0074487%,

4 3 _3. 3
rnd(‘l:)/ a,,= 0,0383 + 1,0588t, 1= rnp/ @, (180)

nd-napaMeTpoB OT OTHOLUEHHS T U MOJYyYHIH COOTHOILNEHHS
‘a  =16327 + 1,57(3anp —5414) - 0,32(3r"p — 1,705)] dwm,
*r =136 + 0,92(3anp - 5414) + 0,44(3rnp —1,705)) v, (181)

CBSI3bIBAIOILIME 3TH I1APAMETPhI C OTKJIIOHEHUSIMU Np-TIapaMeTPOB OT UX YCPEAHEH-

HBIX SKCIEPUMEHTAIbHBIX 3HaueHWd [166] ‘3af1;p=(5,414i'0,005) bm u
3’rf,;p=(1,750i0,005) ¢m. TlpuseneM Haubonee HHTEPECHblE KauyeCTBEHHbIE

pe3ynbraThl 00cyxaaemoii pabotsl [165]. Cornacso (180) 4an A0 — yObIBalOLIas
¢yHKUMSA OTHOWEHMS T, NOCTUramlias CBOEr0 MAaKCHUMaIbHOIO 3HAYeHHs
(= 6,383 ¢d™M) B npenene 3rnp — 0. D10 3HayeHHe SBAAETCS OLEHKOH CBEPXY H
HECYLWIECTBEHHO OT/M4aeTcs OT 3HaueHus 6,316 ¢M, monydaeMoro npu noicra-

HoBke B (180) ycpemHeHHBIX 3KCIEpHMEHTATBHBIX HAHHBIX 3anp =5,414 M u

3. _ 4
Top = 1,705 ¢m. Cronp HecyuleCTBEHHOE OTJIMYHE O3HAYaeT, YTO JJIMHA a,,
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SIBJIIETCA B BBICUIEH CTENEHU MOAENIbHO HE3aBUCHMOM BEITMYUHONI. B oTnuume ot

Hee 3eKTHBHBII paauyc 4rn T) CYLUECTBEHHO 3aBMCHT OT BLIGpaHHO#H Momenu
. 3 _ 4 - _ . 3

NN-cun: ecnu Tup = 0, To Fd = 0,207 ¢™m; npu Bcex Tap # 0 uMeeT MecTO

OLIEHKa 4rna,(‘c) = 3rnp. Koppensuuonssie 3aBucumoctyt (180) u (181) cucrema-

TU3HPYKOT BCE MHOTIOYHMCJIEHHBIC PACYECTHl AJTHHbI 4and, YNOMAHYTHIE B 0630[36

[160] , 1 MO3BOAAIOT MO M3BECTHBIM ABYXYACTHYHBIM JAHHBIM MpENCKa3aTh KakK
pe3y/IbTaThl TPEXYACTHYHBIX PACUETOB, TAK M PE3y/IbTaThl OYAYLLIMX SKCMEPHMEHTOB.
Hanpumep, u3 (181) cnenyer [165], uto npeanonaraeMoe 9KCrepMMEHTaTbHOE

3HaYeHHe MapaMeTrpa 4r"d IOOMXHO MpHUHamnexarb uHrepsany 1,73 + 1,74 ¢m.

DTOMY NpPOTHO3y NPOTHBOPEYMT 3HAYEHUE 4rnd= 1,91 ¢M™, BblumcneHHoe
SlkosnesbiM n Punuxuusnim [167], no metony CHIBHOM CBS3M KaHAIOB S 3a-
nayn (172)—(176) ¢ norenumanom V° sepcuu MTI-III [168]. Tem He MeHee

4
3HaueHue 'a, , = 6,44 M, nonydeHHOE TEMU Xe aBTOPaMHM, OuYeHb OIH3KO K

4and= 6,4 dm [113,169] u 4and= 6,43 ¢m [170], BBIUMCIEHHBIM paHee mns

Takux Xxe NN-noTeHLHaNnos.

Pe3ynpTaThl HegaBHMX Tpex4yacTH4HbIX pacuetoB [171,172] anun 20 4

nd’ “nd

3
v B("H) xopowo comiacyiorcs ¢ HX SKCNEPHUMEHTAIbHBIMH 3HAYEHHIMH

2P = (0,65 £ 0,04)  dm, a?P=(635+£002) ¢m [154] u BCH) =

= (8,481855 £ 0,000013) M3sB [89]. YueT TpexyacTMUHBIX CHJ NPH OMUCAHUH
nd-punamuku [171,172] ne u3Menser npexHwio [160], paccuuraHnyo ¢ AByX-
YaCTHYHBIMH PEATUCTHYECKUMH NN-B3aUMOAEHCTBHUAMH, JMHEHHYIO KOppens-

UHOHHYIO 3aBUCUMOCTb MEXIY Zand % B(3H). K HacroseMy BpemeHu cuuraercs

XOpOLIO M HEOJIHOKPATHO NMPOBEPEHHBIM (PaKTOM, YTO nd-muHus OUILTHIICA NPO-
XOMUT Yepe3 MHOTHWE TOYKM, BBIUMCIIEHHBIE Pa3IMYHbIMU criocobamu, u Gonee

2
TOro — 4epes TOYKY, OTBE€YAOLIYIO 9KCINIEPHUMEHTAJIBHBIM 3HAUCHHUAM and H
BCH).

Tak Kak naHHBIE O 3epPKATbHBIX SIEPHBIX CUCTEMAX COAEPXKAT LIEHHYIO MH-
dopmaumio o 3apsamoBoit cummetpun NN-cuil, T0 0C060 MHTEPECHBIM NMPECTaB-
NETCS Mapa/uielbHOE UCCEN0BaHUE 3EPKaNbHOIO K nd-paccesiHUio mpouecca
YNpYroro pd-CTONKHOBEHHS B PaMKaX OJHOINO M TOro xe nogxoxa. Takoii sep-
KaJIBHBIH [POLECC H3YYeH B rOpa3fio MEHbIUEH CTENEHH W IKCIEPHMEHTANBHO, U
TEOpeTHYeCKH. PH3UyYecKasd NPUUMHA TOMY — OTTIKMBAIOILEE KYJIOHOBCKOE
B3aUMOIEHCTBHE, MMOAABIIAIOILEE BEPOATHOCTh COIMXKEHHS NPOTOHA C AEHTPOHOM
TEM CHIbHEe, YeM MeHbllle 3Heprus pd-croiakHoBeHus E. H3-3a 3Toro npsmoe
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n3MepeHue pd-mind npu E = 0 He npencrapisercs BO3MOXHBIM, a M3MEPeHMs
ceuenmns pd-paccesnus npu E_ . < 10 MaB HacTonbKO ClOXHBI, YTO K HacTOA-

HIEMY BpeMeHM ONyOIMKOBaHBI JIMLIL TpY Habopa SKCNEPHUMEHTAbHBIX 3Haue-
HUH OyOneTHON Y TPUNIETHON ANMH:

P = (1302 dm,  *a¥P = (1147 1) dm [173];
Za;jlp = (2,73 £ 0,10) M, “ ay = (11, 88" > 4) dm [174];
2aP = (4,0 £ 0,66) dm, “a;j,P = (11,11 £0,24) dm [175]).  (182)

[Mepsetit [173] 1 Bropoii [174] nonydeHsl nyteM 3KCTPanoNsuMy JaHHBIX, H3Me-
PEHHBIX [IpH 3Heprusx npotoHa cebliie | MaB, a Tperuii [175] — npu sneprusx
cabiwe 0,4 MsB. CornacHo (182) umeercst 3HaUHMTENBHOE PACXOXZEHHE MEXIY
u3BleyeHHbiMH B [173—175] aKcnepUMeEHTATbHBIMK 3HAYEHUSIMH QYONeTHOI
INTUHBL U FOpa3no MeHblliee PACXOXAEHHE MEXAY COOTBETCTBYIOLUMMH 3HAYEHMS -
MU KBapTeTHOH M/1MHbI. BO3MOXHad nMpHYMHA TaKOro pacXxoXOEHHUs — HCNOb-
30BaHUE TPAIHLMOHHOTO HWU3KOIHEPreTHYECKOTO pa3noxeHus (23) ans 3KCTpa-
NOJISIUMH JAHHBIX, H3MEPEHHBIX NPY OONbUIMX IHEPTHAX, K HY/IEBOH IHEPTHH.

Kakue uznueckue ahpekTs HYXHO ydecTh Ui BbIBOAA MPABHIIbHBIX 3KC-
TpanoNAUMOHHBIX pd-chopMyn? OTBeT Ha 3TOT BOMPOC HayHeM ¢ oOCyXaeHHs
00BEKTHBHBIX NPHUYHH, 3aTPYIHAIOUWNX TEOPETHYECKHH aHaIN3 pd-paccesHud,
COMOCTABNEHUs M3BECTHLIX TMOAXOHOB K BbIYUCIEHHIO pd-IUTHH ¢ Leablo BhiOopa
ux Haubosiee npaBaoONoAoOHbIX 3HAYEHHH.

OcHOBHas MNpHYMHA, CYLUECTBEHHO YCMOXHAIOWAS YHCIEHHOE pelleHHE
TpeX4acTHYHOR pd-3ajaud ¥ TEOPETHYECKHH BBIBOA CTOJIb HEOOXOAMMBIX s
npasuibHONH 06paboOTKH 3KCHEPHMEHTATBHBIX NaHHBIX 3KCTPANoOMSLUMOHHBIX ¢op-
MyJ1, TOPOXIAETC HATHUMEM KYTOHOBCKOTO AanbHoaeicTeus. HM3-3a 06ycnosineH-
HbIX UM cuHryaspHocted Marpun (37), (38) napHoi pp-noacucTeMsl sapa
OopMrHHanbHbIX ypasHeHWil Panneesa [176] ans pnp-cucteMbl He PearonbMOBbI,
a caMM ypaBHEHHMs MO 3TOH NMPHYHHE MMEIOT MHOXecTBO peluenuid. B 1970 r.
Becenosa [177] u3 snep WHTerpajibHbiX ypaBHeHHWilt Panneesa Bblaenwaa SABHO
CUHIYNsIpHblE BKJ1afbl KYJOHOBCKOIO mpoucxoxaenus. Ha ocHose ee peHopma-
JM3aHOHHOM mpoueaypst AnbT, 3aHaxac v Lurensmanu [178] B 1978 r. no-
AY4HId MoAu(HUHPOBAHHBIE YPABHEHHS, Alpa KOTOPbIX KOMIMAKTHbI JIHUb MPH
p — d auepruu E, He npessbiawuieit (E < B(d)) nopor pa3pana Ha TpU YaCTHLIbL.
HHo#t noaxon K moauduKaudy ypaBHeHHI (PaggeeBa, OCHOBaHHBIH Ha BKIIO-
YEeHHU BCEX KYJIOHOBCKHX B3aMMOAEWCTBHI B HEBO3MYLIEHHBIN TPEXYACTHYHBIH
ramuiabToHdaH, npemioxen Hobnom [179] B 1967 r. Cnenys ero cxeme, B
1975 r. Xapuenko u Cropoxenko [36] BuiBenu ypaBHeHHs Panneea — Hobna
Ins 3anauu pd-pacceatius npu E < B(d).

Cregyer NMOAYEPKHYTb, YTO HMHTErpaibHble pd-ypaBHEHHs, MOJIyYEHHHIE B,
[36,178], HacTONBbKO rPOMO3AKH, YTO MX HHCIEHHOE PEIIEHHE B Cllyyae Hecena-
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pabenbroix ANEPHBIX B3aUMOAEHCTBHII TpeGyeT uesioil CepuH NOMONHHUTENbHBIX
NpUGAMXEHHI ¥ OITOMY NMPEACTABNAETCS MATOHAIEXHBIM CIOCOOOM, HE TMO3BO-
JISIIOIHMM B JOJKHOH MEPE NPOKOHTPOJIHPOBATh HEOMPEAENEHHOCTH, MOPOXIEH-
Hble TaKMMH npubnuxennsmu. Ouddepedunanshsie ypapnenus danpeesa [10]
M1 CHCTEMbI TPEX 3apsAXEHHBIX YacTHL AOCTATOYHO MNPOCTbl, B OTIHYHE OT
(Hu3NYECKHX TPaHUUHBIX YCOBHH [114], IONONHSIOLKMX 3TH YPABHEHHS 10 OAHO-
3Ha4YHO pa3pellMMOH KpaeBOH 3ajauM.

Tlo yka3aHHBIM Bbillle TPUYMHAM TPEXYACTHUHBIX PAcyeToB pd-IJIMH HE TaK
mHoro. [Ina npocteiiiux 3N-moneneit ¢ cenapabefibHbIMH slepHbIMH [IOTEH-
uvanamu pd-utiHbl BbluMcasiucy B [180—184]. B [181,182] 3nauenus atux
MUIHH OTIpENeNsIUCh MYTEM IKCTPanoisu{H pe3y/lbTaToOB BbIYUCIIEHMIt, COOTBET-
CTBEHHO, NIpH E > 400 k3B u E > 200 k3B. Yto6sl u3bexars pelueHus nonon-
HHUTEJILHOW 3KCTPanonslUMOHHON 3anayuu, aBTopbl paGorsl [183] npounTerpupo-
Banu pd-ypasuenus [36] npu E =0 u nonyuunu 3Hauenus pd-miumH, Cyliecr-
BEHHO OTJIHYalouuMecs oT BbluucieHHbix B [182]. Kak orMeyanocs B [184],
0OBACHHTH MPHYMHY HECOIMACOBAHHS HE TNPENCTABASETCA BOIMOXHBIM H3-3a
Toro, 4to B [182] u [183] npumenssuce pasible MeTOAbl BLIYHCAEHHS MUIHH M
pasnuuHble  AONONHHUTE/IbHbIE NpubIMXeHus. B omiMune ot  nd-nunum
®unnnca, yctaHosneHtbie B [183] 3aBHCUMOCTH MeXay 3epKabHbIMH JTHHAMH

2 2 4 4 . N .
(koppesngunu Apg = dpg W 0, = apd) CBA3bIBAIOT XapakTepUCcTHKH 3N-cucTeMsl

1IpH OIIHOH M TOH X€, a MMEHHO HYNEBOM, aHeprun Nd-ctosikHoBeHus. [ToaTomy
TaKHe KOppeJIsUHH NO03BOJIAIOT HAAEXKHO [IPEICKa3aTs peaibHble 3HAYEHUS pd-
IUIHH.

AHIM3 0OHOIl KOPPESSLMOHHONH 3aBUCUMOCTH MOXET, BOOOLIE roBops,
IIPUBECTH K OIIMOOYHOH OLEHKE HOCTOBEPHOCTH PE3Y/NbTATOB TPEXHACTHUHBIX
BBIYHC/AEHHH XapakTepHCTHK 3N-cucteMbl. [1paBuibHYIO OLEHKY TaKOH HOCTO-
BEPHOCTH MOXHO [OJyYHTb JIHWb C MOMOILUbIO TLIATENILHOIO aHATHU3a COB0KYN-
HOCMU DPa3IH4YHBIX KOPPENSAUHOHHBIX 3aBUCHUMOCTEH MEXIy XapaKTepHUCTHKaMH
nd-CHCTeMbl M 3epKanbHOW K HeH pd-cucTeme. B kadecTBe ApKOro npumepa,
MOSICHSAIOLLENO 3TO MPENOCTEPEXEHHUE, CPABHHM MOBEEHHE TPeX KPHBBIX, MOCT-
poeHHbIX Ha pHc.1, 2 v 4a, 4b u3 pabotel [183] no pesynbratam, NOMyYEeHHBIM B
3TOH W B AByX Gonee panHux paborax [152,182]. ComacHo puc.l Tpu pd-nuHuu
®umunca, oreeyawide pesynstataM [152], [182,183] u onuchiBaloLIMe 3aBU-

CHMMOCTh zapd oT B(3He), CMEILEHBI APYr OTHOCHUTENBHO APYra, HO HE rnepeceKka-

1otest. [ToaToMy, MCXOAs UL U3 3TOH KOPPEISUMOHHOH 3aBUCUMOCTH, TPYOHO
CYAHTb O TOM, pe3yJbTaThl Kakol M3 Tpex pabor HaubGonee noctosepHbl. Cpas-

2
HEHHE TpEX KPHUBLIX, OMNHCBHIBAIINX KOPpEISLHOHHbIE 3aBUCUMOCTH apd oT

2
a,, ¥ u3obpaxennbix Ha puc.2 [183], nulup ycHIMBaeT 3TO COMHEHHE: 3TH TpH

KpuBble He INepecekaiorcd, M 6onee Toro, kpusas u3 paGorsl [152] mpoxonur
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J0BONLHO 6nKM3K0 OT KpuBoit u3 [182]. Beakue coMHeHHs aBTOpa HacTOSUIErO
0630pa 0 TOM, IOCTOBEPHBI WM HET pe3ynbTathl paboTsl [182], passeusaior puc.4a

o 4
u 4b: u3o0paxeHHas Ha HUX KpHUBas KOPPEMALHOHHON 3aBHCHMOCTH ayq OT

4and, BbluMcieHHOM B [182], nepneHAMKyAspHa KpUBOM, MOCTPOEHHOH MO AaH-

HbIM 13 [152,183]. Bo3MOXHYI0 NPUYMHY 3TOTO APKOrC Kauy€CTBEHHOrO HECOOT-
BETCTBHMSI MOXHO ObIJIO OBl MONBITATHC MOTUBUPOBATh CJIOXKHOCTBIO TPEXYACTHY-
HBIX pacyeToB, ecau Obl He ObUIO NMPOCTON aHanuTHYecKoi dopmMynel [39]:

1/4apd=(1 ~1/% +(Int+2y-1/2)/R.

Ona sBngerca Nd-ananoroM Np-opmynn (25) M onMceiBaeT 3aBUCHMOCTD

. 4 4
KYJIOH-4A€PHON ANIUHBI a_, OT [UIHHBE 4

pd nd
€ cumsky (1-< € < 3) ¢pparMeHTOB MOAENBHOI BONHOBOH (PyHKLIMH KBApTETHOTO
nd-paccesiHys, pa3Mepa AeiTpoHa r, 6oporckoro p — d pannyca R.

u xom6unauun T = &r /R napametpa

[lepBbie pacuersl pd-gmud [152], [185,186], BBINONHEHHBIE B paMKax
unrterpoauddependaibHbIX ypaBHeHUd PagneeBa ¢ OAHMM H TEM XK€ JIOKA/lb-

HbIM S-BONTHOBHIM NN-moteHuuanom V* Mandnu — TroHa [168], HO pa3sHbIMU
cnocoGaMi, 0Ka3alnMch He COMIACYOWMUMHUCT MeXay coboii:

%a_ = 0,15 ¢m, 4an =13,8 ¢m [152,185], (183)
- 4 _
a,=103dm,  ‘a,=1196 dm [186]. (184)

Juunel (183) BbIUMCIIEHB! HEMOCPEACTBEHHO, T.€. PelIEHHEM pd-ypaBHEHMil MpH
E = 0 Ha OCHOBE anMNpOKCUMaLUU UCKOMBIX (hauteeBCKHX KOMIOHEHT pd-(pyHK-
uuu 6uxyouueckumu crutaitnamu [3]. Inunel (184) nomy4yeHsl sKCTpanosuyen
B Touky E = 0 kynos-sgepHoil ¢yHkuun sgdekrusHoro paamyca (21), B xoro-
PYI0 BMECTO 68‘ (k) noacraenanack pd-¢asa, BHIYMCIEHHAA MyTeM pellieHHs pd-

ypaBHeHHH KOHEYHOPa3HOCTHBIM MeTonoM [3] npu sHeprusx E > 200 xaB. Ka-
uyecTBeHHOe 0ObsicHenue [44] paznuuus B anunHax (183) u (184) ocHoBeIBaJIOCH
Ha NPeAnoI0XeHNH O CyLLIECTBOBAHHHU NOJII0Ca pd—amnnmyubl NpH KWI03JEKTPOH-
BOJILTHO#M 3Hepruu. [Ipy HalMYMK TaKoro nomoca B Touke E = iE, pa3noxeunue

(23) nna dynkuuu (21) c [ = 0 cnenyer 3aMeHUTH hopMynoi

K E) ~ [- 1/a"E) + KrS (E) /21 /11 + (E/E)*), k—0. (185)

IMpu E >> E0 acuMnTotuku (23) u (185) 6su3ku apyr K Apyry, a npu E << E0
OHU UMEIOT Pa3nU4HbIl HAKJIOH K OcH 5Hepruil. [loaToMy naxe npH ogHOH M TOH

Xe ny6netHoii pd-dpase 8 (k) senmummbt nybnerusix pd-nman ag’ u agy (Ep),

BbiuucieHHsle B [185] no dopmyne (185), a B [186] — no dopmyne (23), nonx-
HBI OTJIMYaThes apyr ot apyra. [locnenyiowee TitatenbHoe uccnegosanue [153]
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2
NMOATBEPAWIO CYLUECTBOBAHHE IIOJIIOCA W MOKa3zano, YTO WIMHY “a cenyer

pd
onpeaesisAiTb ¢ NOMOLIBID 3IKCTpANOIALMH K HyfleBOﬁ 9HEPruu aCHUMNTOTHKH

(185). Takum obpa3zoM, B [153] Gbu1i nonTBepXxaeHsl 3HadeHus anuH (183), Bbi-

YHuClieHHbie paHee B [152], u HepaBeHCTBO 2apd < 2and. [Tpusenennslit npumep,

NOKa3bIBAIOLIMH, HAaCKOJbKO BaXHO 3HaHUE MpPaBUIBHOH SKCTPANOJIIUMOHHOM
dopmysnel, cTaneT elue Gonee YOEANTENbHBIM, €CITM HAIOMHUTD O CYLIECTBEHHOM

pa3HHLE MeXIy BeTHYNHAMHU r(c)‘os = 11000 M u rg’ox(EO) = — 450 ¢m, BbIUUCTIEH-
HeIMH B [167] mo coorsercraytomnm dopmynam (21) u (185) npu E0 =25 x3B.

PesynbraTel nepseix pacueTtoB [162,171] winH pd-paccesHus, BBINOMHEHHBIX
C Pa3IMYHBIMH PEATMCTUYECKHUMH IBYXYAaCTHYHBIMH MOTEHLMAIAMH, a TaKXe C
y4eToM U 6e3 ydeta 3N-cun, nokasand, 4To 3N-CHJIbl He HIMEHSIOT KPHUBON KOp-

PESIUMOHHON 3aBHCHUMOCTH zapd oT B(3He), a BeTHYUHE B(3He) = 7,68 MbaB,

OnU3KOoil K 3IKCHEPUMEHTANIBHOM B(3He) = (7,718109 = 0,000010) MaB [89],
OTBEYaeT OTPHULATEBHOE 3HAYECHHE 2apd = — 0,1 ¢m, He cornacymwlueecs ¢ UMe-

IOIMMHCS 3KCIIEPUMEHTAIbHBIMHY AaHHbiMU (182). Tlocneanuii BeiBoa Obul mop-

TBEPXAEH TLIATENLHBIM HUccrnenoBaHueM [184] KoppensuHOHHOH 3aBUCHMOCTH

2
apd oT 2and, BBINOJTHEHHBIM Ha OCHOBE NPAMOro peUICHUs MO}ll/qul/lLlMpoBaHHle

UHTerpanbHbIX ypasHeHHi PangeeBa ¢ cemapabenbHbiMH NN-noteHUUanaMu U
Hynesoi sHeprueit Nd-ctonkrosenus. [lonydeHnas KoppensuMOHHas KpHBasg C
XOpouwEeH TOYHOCTBIO MPOXOJUT Yepe3 TOUYKH, OTBEYAIOUIHE 3HaYeHUusAM Nd-IUHH,
BBIYUCIIEHHBIX paHee B [152,162,171], HO pacnonoxeHa 3HAYUTEIBHO HHUXE
TOYEK, OTBEYAIOLUHX 3KCHNEpPUMEHTaIbHBIM 3HaueHusM (182). PaccuuranHad

2 "
3aBUCHUMOCTD 2apd OT a"d okazanach cnabo YYBCTBUTCJIBHOH K Bbl60py MOIEIN

NN-cun, yto gano aBropaM obcyxkaaemoi paGotsl [184] Beckue ocHOBaHUS A1s
C/IE[yIOLIEro BBIBOAA: COINIACHO KOPPENSUMOHHOW 3aBHCHMOCTH 3KCIIEpPUMEH-

2
TaNbHOMY 3HaYEHHIO za:’l;p = 0,65 dm cootsetcTByer 3Havenne “a,, =~ 0,1 pm.

HecMoTps Ha 3TOT npaBIonogo6HbIA M JOCTATOYHO YOEAUTENbHBI BBIBOI, OKOH-
JaTesbHbIA OTBET Ha BONPOC O BEJIMYMHE pd-IUIMH TpebyeT UX Nepeornpeae/ieHus
1 MOCTEAYIOIErO NPEONAONEHHUS MHOTUX COXHOCTeH. OHM MOPOXAAOTCS MO~
pu3auMoHHeIM pd-B3aumoneiicteueM [187], umerowmnm acumnrotuky (12). ®op-
MaIM3M HHTErpanbHbiX pd-ypaBHEHHH B MMIYJbCHOM MPOCTPAHCTBE, Pa3BUTHill B
[36,178], 6611 Monuduumposan B [188] ¢ wenbio BbliENEHHS MHAYLMPOBAHHbBIX
NOJIIPU3AUMOHHBIX B3aMMOAENCTBUIA. BhluMCeHNs 10 3TOMY MeTOfy 10 CHX NOp

He BbINOJTHEHBI. K HaCTOAIIEMY BPEMEHU HET HU OQHOIO TPEX4YaCTUYHOIO pacye-

Ta MOAM(ULMPOBAHHBIX (za;’:i’s H 4a;’;’ %) mun pd-paccesnus, nocnenoBaTenbHO

YYUTBIBAIOLIETO MOJsApu3auvoHHele a¢dekTl. EcTh aABE OCHOBHbIE TNPUYHHBI
OTCYTCTBHS TaKOTO pacyeTa — INpPaKTHYeCKas U TEOpeTHUYECKas.
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[lpyn npsiMOM pelueHuu cradgaptHoix ypaBHeHuid Llpeaunrepa unu Pan-
AeeBa C AabHOACHCTBYIOIIMMH NMOTEHUHATAMHU U CTPEMSALIMMCS K HYJIO NapaMeT-
poM (3Heprueit CTONKHOBEHHS) BO3HHKAIOT HENPEOAOIMMBIE BBIYMCIIHTE/IbHBIE
cnoxHoctu [20], [147,148]. Kak u3BecTHo [20], TOYHOCTh pelieHUsI AByXHac-

THYHO# 3amaum paccesnus cynepnosvumeit VE+ VP + V? V>0, nossonsio-
11as UCCraeaoBaTh BJAUSHUE MOMAPH3ALIMOHHOIO B3aMMOAEHCTBUS Ha HU3KOdHEp-

reTHueckylo 3asucumocts S-cas 8y P(k) m & °(k), cxommutes k Hymo mpu

2 .
k — 0 kak O(akSR ). CnenoBarenbHO, faxe Npv pelleHUH MOAENIbHOH 3amauu
(170)—(176) TouHocTb BHIYMCIEHUS S-BONHOBOH (pagneeBCKOH KoMnoHeHTsl U,
onuceiBawLleil pd-KoHpUrypaumio B pd-pacCessHUM € 3HEPruel CTONKHOBEHMS

E = 10 x3B, nonxHa ObITh paBHA MO NOPSAKY BENHYHHDI 1072, Cronb BBICOKO}
TOYHOCTH peLleHUsl TPEXYACTHUHBIX YPABHEHHWH, OMMCHIBAIOWIKX MOPOroBoe pd-
paccesiiiie, HEBO3MOXHO JOCTHUYb [1aX€ Ha COBPEMEHHBIX CYNEPKOMIMBIOTEPAX.
[To ouenkam KopHenuyca u ap. [148], cyuecTBytonme KOMIMbIOTEPDI NO3BOAIOT
pelunts daineesckue 3N-3azauu ¢ peanuctiueckuMu NN-cunamu [53,54] nuiws
¢ TouHocTeio okoso 0,01.

Mpu peweunn dagneeBckol 3amayd Ha c1abOCBA3aHHOE COCTOSHHE TPEX
YacTHLl € KYJOHOBCKWMH MapHBIMM MOTEHLHATaMH TPEUHIHOHHOH TOYHOCTH
MOXHO JIOCTHYb, MPUMEHHB U3BeCTHbIH crnocob [147] Bkaloyenns uhdopmaumu
0 MEUIEHHO YOBIBAIOILMX acHMITOTHKAX (hamieeBCcKMX KOMMOHEHT B o0nacTu
GoNbLWHX 3HAYEHHH rureppaguyca. DToT cnocod COCTOMT B 3aMeHe

r=1-exp(-1r), T =const > 0, (186)

. + - -
0T06pa>Ka|01ueu nonyocob R 3HayeHM#H runeppaagnyca r Ha €eAMHH4YHbIH OTPE30K
W3MEHEHHUS HOBOH rnneppanua.nbﬂoii KOOpAHWHATDI r', U NoC/ieayieM HCojb30-
BaHUM 111 (paﬂﬂCCBCKHX KOMITOHEHT \‘P'- aH3ala

Y (r. @ B = exp (- VIE[ ) ¥/(7, @ B),

B KOTOPOM NepBblii MHOXUTEb — 3TanOHHass NpH 60nbWHX r PyHKLMS, OMHChHI-
Balollas SsBHO aCMMMTOTHKH 3THX KOMIIOHEHT MpH r — oo. Paciunpenue takoro
cnocoba Ha 3aauy paccesiHus B CHCTEME TPeX 4acTHL, KpoMe MacluTabupoBaHus
(186) runeppanuyca, TpebyeT pelieHHs OYEHb CITOXHOM 3a1ayH NOCTPOEHUS WS
Kax1o# u3 Tpex (hanneeBCKUX KOMMOHEHT ¥, cBOEH Napbl dTaNOHHbIX (PYHKUMH.

DU PYHKUMM AOJNIXHB 0OHOSPEMEHHO ONUCHIBATh B IBYXYaCTHYHOH acHMINTO-
THYecKOoi obnacTu (x; <o, ¥, = o) BOJIHBI, CXOSLUHECH M pacxonsiliHecs 1o

AKOOMEBCKOH NEPEMEHHOI y,, @ B TPEXUaCTHYHOH aCHMITOTHYECKOH obnactu

(x ~ y; X, y = o°) BOCIPOU3BOAMTH ACHMITOTHKY pacxofsuieics cdepHuecKon
BOJHBI 10 mepeMenHoi r. Takas 3amaya TEOPMH PacCEsHUS I CHCTEMBI TPeEX
yacTHL elle He pelieHa. Bo3MOXHBIH noaxoa K ee pelieHHio — obbeauHeHnue
meTona (a3oBbix (pyHKUMA M WHTerpoanddepeHUHanbHbIX ypaBHeHuid Pan-.
neesa. [MepcrnextnBHocTh 06beauHeHus [189,190] merona ga3osbix dyHKUHIH H
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MHTErpanbHeix ypasHeHuil Maneesa ybeauTeNbHO NPOAEMOHCTPHPOBaHa HCCle-
AOBaHWEM 3aBUCUMOCTEN OAUH nd-paccesiHus [189] M HU3KOdHEPreTHYECKMX
CBONCTB Tpex 6030HOB B pe3oHaHcHOW oO6nactu [190] or paamyca obpesanus
ofHOY/IeHHOTO cenapabensHoro NN-noteHuuana.

Kak 6puto nokazano B nm. 4.1 u 4.2, MeTOI NOCTPOEHHS TPEXYACTHUHBIX
HU3KO3HEPIreTHYECKHX Da3IOXeHUH, CBOOSAIIMHA LIPEAMHIEPOBCKYIO WM haj-
AEeBCKYIO 3anauy K PEKYPPEHTHOi Lenoyke yqoOHbIX U1 YMCIEHHOTO peLleHHUs
M SHEPrOHE3aBUCHMBIX YPaBHEHHH, HAXORXWUTCA B 3a4aTOMHOM COCTOSIHUH.

ENMHCTBEHHBIM ROCTYMHLIM B HacTosiLiee BpeMsl Croco0OM MCCefoBaHus
NnonsApu3auMoHHbIX 3pexToB B pd-paccesHUM SBISETCH HU3KODHEPreTHUECKHI
ananu3 addexTuBHO-AByXuacTHUYHON pd-3agaun (68)—(70) ¢ cynepnosuuueii
V = V “P° achchexTUBHBIX KYTOHOBCKOTO, anepHoro (1) u nonspusaunonnoro (12)
pd-B3aumoneiicTBuit. Pesynbrarhl HccneqoBaHHi, BBINOMHEHHBIX B 3TOM NPHOIIH-
XEHHH U1 S-BONHOBOrO pd-CTONKHOBeHMs!, nogpobuo obcyxaanuce 8 [20]. B
npouecce obcykaeHUs BO3HHK (DU3MYECKH WHTEPECHBI BOMPOC: MOXET I
B3aHMHOE BO3IE€HCTBHE SAEPHOrO M MNOJIAPH3IALUMOHHOrO MOTEHUHAIOB, [10POXIa-
oulee MUMHUMYMBI [191] B S-BOHOBBIX MapuUMANbHBIX KYIOH-NOASPHU3ALHOHHO-
anepubix (a = ps) nybneTHOM M KBApTETHOM cedeHusx pd-paccestus, obycno-
BUTb MUHHUMYMBbI (pd-ananoru scdekta Pamzayepa [192]) cooTBeTcTBYHOWIMX
MOJIHBIX CeyeHui Takoro paccesHusi? OTBETOM Ha 3TOT BONPOC 3aBEPLUUM HACTO-
WU 0630p.

HauneM co ciiyyast a = p, Korna siepHoe pd-B3aUMOJIEHCTBME HE YYHTbIBa-

ercss, u B (68) V=V’ as (70) 8, (k) = 67‘”(k). Cornacno (60) u (61) dasm

8, P(k) ¢ Gonbwmmu [ yGuiBatoT npu ¢ = kR — 0 ropasno Meennee das (62) ¢

MasbiMu [:
tg 8 (q) ~ -V q" /RPEIT — 1) 20 +3),  [>>. (187)

[Moatomy u3 (62) u (187) cnenyer, 4to xapaktep yOblBaHHs CTApILIMX C/laraeMbix
HH3KOIHEPreTHYECKHX aCHMITOTHK MapUHanbHbIX aMruinTya (32) ¢ a = p uenpe-
PBIBHO MO ¢ W3MEHSETCS NMpPH nepexoje M3 obnactu | << 1 B obnacts [ >> 1:

[£P@=0@h I<<n; fOPg) =0, [>>n.

H3-3a Takoro usmeHenus auckpetHoe no ! npeacrasienue (31) HeynoGHO ans

BbIBOJA aCHMITOTHKH MONMHOM amnnutyasl 7,

[Tpumenns Meton pabotsl [193], Kuuunckuii B [194] 3amennn cymmy (31)
MHTErPaoM NO HEMPEPbIBHON MepeMeHHON | ¥ Halliesl aCHMIITOTHKY 3TOTO HHTe-
rpana npu g — 0 meTonom craunoHapHoi ¢assl [4]. Oka3zanoch, YTO B TaKOM
npenpene

FOP®; q) ~ = 2VFPR™'¢® exp (2in (In (n cosec (8/2)) — 1)) b,(6),

b,(8) = sin 8 (1 + cos 9)”3 [(2 — cos 6) (m — 8) — 3 sin 6], (188)
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a OCHOBHOIi BKJax B cymMmy (31) maior nmapuuanpHeie aMniauTyasl (32) ¢ MOMEH-
Tamu [, GIM3KHMH K TOUKE CTAUMOHAPHOH Gassl [, =1 ctg ®/2) - 1.

Moacrasus (188) 8 (34), nonyyaeM aCUMNTOTUKY
dcP(9; E)/d® ~ 8 (V'R 'q’)’ by(6) sin®, >0 (189)

BKJlana NoJsSpU3aUMOHHOIO MoTeHunana B aAnddepeHuransHoe ceyeHue pd-pac-
cesuns cynepnosuuueit V Y. Cornacto (189) npu 10CTaTOYHO HU3KUX DHEPTUAX

STOT BKJIaX 3aBUCHMT OT yria 0 Kak 0(63) npu paccesHuu Brepen (0 — 0) u kak
O(w — 0) npu paccesiHun Hasan (0 — m) u npu moboM PUKCHPOBAHHOM g HOC-
THraeT CBOEr0 MakCMMyMa B Touke 8 = /2.

3amenus B (35) Bxian do© P /d6 ero acumntotykoi (189), BHIBOIMM COOTHO-
LIEHHE

n
o P(E) ~ 8n(VPR ') [ dovl@) sin 6, g -0, (190)
0

O3Hayaioliee, YTO BKJIA[ TMONSIPU3ALMOHHOTO MOTEHUHANa B IIOJIHOE CEUEHHE
. 6
pd-cTONKHOBEHUs yObIBaeT B Mpefesie HyneBoH asHepruu Kak O(E ). Ilycts

Tenepp a =ps W siepHoe pd-B3auMopeictene V ¥ BKIOYEHO Hapagy C
TIOJIAPU3AUMOHHBIM NoTeHuWaoM (12), Ho Tonbko B cocrosinuu ¢ | = 0. Torna

o " —_— A
8 %q) ~ — S qRTICIM 8y, 1=0,1,..., g0 (191)

YuTa 9TH paBeHCTBa, ¢ nomolusio ¢opmyn (31), (32) u (35) nonyuaem ymobHoe
JUIS YUCJIEHHOTO aHaJlM3a NpeacTaBieHHe B3aUMHOIO BKJIala siIEPHOIO U NONsApHU-
3alMOHHBIX B3aUMOJIEHCTBUI B MOJHOE CeueHHe pd-paccesHust CYNepno3MLHUEN
1% cps.
c, ps _ ~C, DS C, C,
o P(E) = o () + [6°"(E) - o P(E)] (192)

Jns seryucnenus atoro Bkiaaa no gopmynam (32), (33), (190) u (191) ucnons-

30BaIMCh T€ Xe€ camble 3HaueHus pd-mvH, yto W B [191], a umenno

ay "= 1,03 dm wia nyGnernoro u a”’ = 11,96 M ans ksapretHOro pd-pacces-

nus. OKasanock, yTo BKj1an pasHoctu [0 P(E) - oy (E)] B cymmy (192) senser-

Cs OCHOBHBIM B 1yOlieTHOM crnydae npu E < 2E1 = 3,1 xaB:
[0 P(E) - 65 P(E)}/ 65 P (E) > 09, (193)

a B KBapTeTHOM — eciH E < 4E1 = 2,0 kaB. KoMmnouenra 0'8’ PS ceuenns (192)
obpautaercst B Hynb [20] B TOuke 2Emin = 2,2 k3B B ngybnerHoMm ciyuae, a B

4
kBapTeTHOM — B Touke E_. = 1,2 x3B. Tak kax "Emin < "El, n=2,4,T0 B

c, s

oboux cnydasx BKjag ¢ (E) HE MOXET UMETb 3aMETHOTO JIOKAJIbBHOIO MHHUMY-
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Ma B MHTepBaie sHepruii E < "El. Cornacdo (193) npu TakHUX SHEPrUsIX 3TOT

BKJag OOYCIOBIEH pacCessHHMeM NOJIAPU3ALMOHHBIM MOTEHLHATIOM B KYJIOHOB-
cKOM nosie B pd-coctosnusx ¢ [ > 0.

6. 3AKTIOYEHHE

Hepewennele 3a1auu TEOpUU HU3KOBHEPreTUYECKUX PaA3IOXEHHH B IEPHOH
¢uznke GopMyIHpOBaTHCH B KaXIOM pa3jieNie HacToaLero 063opa, nostoMy ero
MOXHO 3aKOHYUTh ABYMSI CaMbIMU ITIaBHBIMH BBLIBOAAMHU.

Kak 6bu10 1noka3zaHo, UccliefoBaHHe HU3KOOHEPreTUYECKHUX CTOJIKHOBEHUI B
NN- 1 3N-cucteMax NpOHOJIXAaeT OCTaBaThCH AKTYalbHOI npobnemoii sgepHoi
(bu3MKK B CBA3M C NPOBEPKOH BO3MOXHOCTU OTHCAHHMS CIIOXHOH CHCTEMBI Ha
OCHOBE COBPEMEHHBIX MPEACTABICHUNH O nOAHOM B3aUMOAEHCTBUU MEXAY HYKJIO-
HamMM W pelieHHeM oOparTHOH 3amauy — u3BjledeHUeM MHGOPMALMU O SIEPHOM
B3aMMOACHCTBIY MYTEM aHaIN3a BCEX IKCMNEPHUMEHTAIbHBIX AaHHBIX M TEOPETH-
yeckux pedynasratoB 0 NN- u 3N- cucremax.

HccnepoBanust cTONTKHOBEHHI HENTPOHOB M MPOTOHOB C Jier4yailuuMHU siipa-
MU TpU CBEPXHM3KHMX B SEPHOM Maclutabe SHEPrusx MrpalT BaxHYO pOjib B
AnepHOH acTpou3uKe M UMET NPHKIANHOE 3HaYeHHE B CBSI3U C OCYLUECTB-
JIEHHEM TEPMOSIEPHOro CHHTe3a. DTo elile OJHa NMPHYUHA, N0 KOTOPO# B 0030pe
ocoboe BHMMaHHWe OBUIO YAENeHO J0Ka3aTeIbCTBY YTBEPXKICHHMS O TOM, UTO aHa-
JIM3 TaKMX CTOJIKHOBEHMIii OoJIKeH 6a3upoBaThcs Ha MaTeMaTUyecKu oOOCHOBaH-
HBIX HMU3KOOHEPreTHUECKUX Pa3loXeHUsIX, MOJYYEHHBIX U3 CTPOTUX AMHAMHYec-
KMX ypPaBHEHUH NBHXEHMS, MO3BOISIOIIMX NOCIENOBATENbHO YYECTh KYJIOHOB-
CKO€ B3aUMOAeHCTBHE H Haubolee CYLIECTBEHHbIE 3JIEKTPOMArHUTHbIE NOMPABKH
K HeMmy.
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SNEKTPOMAIHUTHBLIE S®DEKTHI
B NEFKUX AAOPAX
HA OCHOBE MOTEHUWAJIBHOW
KNACTEPHOW MOAENN

C.F.lybosuuenko, A.B./[xa3aupos-Kaxpamaros

Ka3zaxckuiil rocyaapCTBeHHbIN HaUMOHANBHLIA yHuBepcuTeT, Anb-Papabu, 71,
480121, Anma-ATa, KaszaxcraH, E-mail: eldar@ag.alma-ata.su

PaccMatpuBaioTcs npoueccsl hoTopassala ¥ palMauMOHHOIO 3axBaTa B KaHalax NZH,
N*H, N*He, *H’H, ’H’He, 2H*He, *He’H, *He’H, *He’He na ociose COOTBCTCTBYIOLIHX
NOTEHUMANBLHBIX ABYXKJIACTEPHBIX Mouened. Borunensiores actpoduiyuyeckue S-hakTopbl
1pu Maibix 3Heprusx. IMokasana BOIMOXHOCTb OIMCAHWS PavIMYHBIX JICKTPOMArHUTHBIX
XapaKTePHCTHK JICTKHX SIep, BKJHOYas KyJIOHOBCKHE (PopM(aKTOpbl 1PH MMIIYIIbCAX 1O
4 (pM‘], Ha OCHOBE €AMHBIX HABOPOB MEXKKJIACTCPHBLIX B3aMMOICHCTBHH, KOTOPbLIC COUCPKAT
3aMPCLICHHBIC COCTOAHHS M COITIACOBalbl ¢ (pazaMM yNpyroro paccesius KJIAacTepoB IIpH
HH3KHX 3Hepruax. Pacucthbie Heyipyrue gopmdaktopsl 1py 3—4 (‘bM_] MUMEIOT BTOPOH
MaKCHMYM, XOTS CrO BCIHYMHA MCHBIUC 3KCICPUMEHTAIbHON. B jieryaiiilinx KiacTepHbIX
CHCTEMAX fIPOBOLMTCS KilaccHUKaUUs OpOHTAIBHBIX COCTOSHMH M BBHIOJIHICTCS pasjesie-
HHE a3 paccesHus U MCKKJIACTCPHbIX [TOTCHLUMATOB 110 OPOUTaAIbIbIM cxeMaM HOura.

Pholodisinlcgralion and radiation capture process are considered in NH, N*H, N*He,
H2H, 2H’He, “H'He, SHe’H, *He’H, *He’He channels on the basis of corresponding
two-cluster potential models. Astrophysical S-factors are calculated at low energies. It is
possible to describe different electromagnetic characteristics of light nuclei, including
Coulomb form-factors at momenta up to 4 fm™', using one set of intercluster interactions
containing forbidden states and corresponding to phase shifts of cluster elastic scattering at
low energies. The calculated inelastic form-factors have the second maximum (peak) at
3-4 fm™ although it is lower than the experimental one. Orbital state classification is made
for the lightest cluster systems as well as scattering phase shift and intercluster potential
separation on the basis of Young’s orbital schemes.

BBEJEHHUE

OKono OBYX HECATKOB JieT Hasan B pabGorax [1,2] BrnepBrie ObUI0 MOKA3aHO,
uTo hasbl yNPYroro paccesiHUs JerkKuX KJIACTEPHBIX CHCTEM MOTYT OBITh OIMCAHbI
Ha OCHOBE MYOOKHX, YHCTO NPUTATHBAIOIIKMX NMOTEHUHATOB ByIC-CAKCOHOBCKOTO
THIA, KOTOPBIE COMepXar 3anpelueHHsle ceazannbie cocrosuus (3C). Ctpykrypa
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3C onpenensercs NepecTaHOBOYHOH cUMMeTpueil BOIHOBBIX yHkuuid (BD) cuc-
TEMBbl OTHOCHUTEJIBHO HYKJIOHHBIX NepecTaHoBOK. [loBenenuie a3 paccesHus npu
HyJIEBOH 3HEPTHHM [Tl JaHHOTO BUAA B3aMMOIEHCTBUI NoAUYNHsIeTcs 00001eHHOH
teopeMe JleBuHcoHa [2]:

8L = N, +M)),
vi (3 N, u M; — 4HCIO 3aNpELeHHbIX W Pa3sPelIeHHBIX CBA3aHHBIX COCTOSHHM.

®a3zpl Npu GONBLIMX SHEPIMAX CTPEMSATCS K HYJIO, BCE BPEMs OCTaBasCh MONO-
XKUTENbHBIMU. Takoil Mogxof, No-BHAMMOMY, MOXHO paccMarpuBaTh, KaK ajb-
TEpPHATHBY KOHLEMNLMU OTTAMKHUBAKINEro Kopa, KOTOPBIA BBOAMTCS Ui KauecT-
BEHHOro yyera npuHuuna Ilaynu, 6e3 BbINOTHEHUS MOJHOW aHTHCUMMETPHU3ALIUU
B®. Pagnansnas B® paspemennsix cocrosHuii (PC) norenuuanos ¢ 3C ocuuin-
JMpPYET Ha MalblX PAacCTOSHHUAX, a HE BbIMHpaeT, Kak 3TO OGbUIO MpPU B3aUMO-
JENUCTBUU C KOPOM.

B nanpueitiem B [3] 65111 nonydensl rayccoBckue noreduranst ¢ 3C, mapa-
METPHI KOTOPBIX COINIAacCOBaHbI C (ha3aMH YNpyroro paccesHusi, ¥ MOKa3aHo, YTO

4
HX MCMOJIB30BaHUE B NIPOCTHIX ONHOKAHAIBHBIX He’H u “He’H KJIaCTEPHBIX MO-
Je/AX MO3BOJISET BIOMHE YCTIENIHO ONMUCATh HEKOTOPbIE XapaKTEPUCTHKH OCHOB-

HbIX coctostamii (OC) sagep 6Li, L4, BEPOATHOCTH KJIACTEPH3ALMKU KOTOPHIX B
4142
9TUX KaHanax CPaBHUTENIBHO BbicOKa. Pannuunbie oueHku patwot ans  He“H-kinacre-

pusauuu Benuuuny 0,6—0,8 u ~ 0,9 s cucrems *He’H [4]. OnpeneneHHpIi
ycriex OXHOKaHAIbHOH MOJENIM, OCHOBaHHBIH Ha TAaKMX MOTEHLUaNax, 00YCIoB-
JIEH HE TOJbKO OONBIIOH CTENEHBIO0 KJIACTepH3aLMH yKa3aHHBIX SIep, HO U TeM,
4TO B KaXJOM COCTOSHHMM KJIAaCTEPOB CYLIECTBYET TOJbKO O[HA pa3pelieHHas
opbutanbHag cxema HOura [2,5], onpezensiomas CHMMETPHIO BTOTO COCTOSHMS.
Tem cambIM gocTUraeTcs HEKOTOPOE «EOHHOE» OMUCAaHWE HEeNpephIBHOTO M IUC-
KPETHOTO CNEKTPOB, M NMOTEHLHaIBI, MOMYyYEHHBIE Ha OCHOBE 3KCIEPUMEHTaslb-
HBIX hba3 paccesHHs, yIaeTcs BIIOJIHE YCHEIIHO HCIO/b30BaTh A OIMCAHUS
pasnuunbiX xapakrepuctuk OC sgep nuthia. B TakuMx pacuerax MCHONb3yeTcs
NOTeHIMalIbHAs KJlacTEpPHAasd MOJENb, Te CUUTAETCs, YTO ALPO COCTOMT M3 JBYX
GeccTpyKTypHBIX (DparMeHTOB, KOTOPHIM MOXHO COIOCTABHTh CBOICTBA COOTBET-
CTBYIOIIMX YacTHLl B CBOOOJHOM COCTOSHMM. AHTHCHMMETpPH3ALHS BOJIHOBOM
(yHKIHH CHCTEMBI HE MPOBOMMTCS, HO MEXKIIaCTEpHBIE B3aUMOIENCTBUS COflep-
xar 3C [3].

Hna Oosnee nerkux KJIacTEpPHBIX CHCTEM BHIA NZH, 2HZH, N3H, N3He U

’H’He B cocrosmnsx paccesHUS C MUHHMMAIbHBIM CIIHHOM YXe€ BO3MOXHO
CMEINMBAHUE N0 OPOMTANBHBIM CUMMETPHSAM, M CHTYaI[Us 31€Ch OKa3biBAETCS
Gonee CI0XHOU. B COCTOSHHAX C MUHUMAILHBIM CIIMHOM B HETIPEPHIBHOM CIIEKT-
pe paspenieHbl JBe OpOMTAIbHBIE CHMMETPUM C pa3iuvHbIMH cxeMamH IOHra, B
TO BpeMsl KaK cBs3aHHBIM OC, MO-BUAMMOMY, COOTBETCTBYET TOJIBKO OfHA CXema
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[6—8]. [TosTOoMy HOTEeHUHUANTbI, HEMOCPEACTBEHHO MOJIydeHHbIE Ha OCHOBE DKC-
nepuMeHTaNbHBIX a3 paccedHus, 3(P(EKTHBHO 3aBUCAT OT Pa3/IUUYHBIX OpOU-
TaJIbHBIX CXEM M HE MOTYT B TaKOM BHJ€ MCTOJIBb30BATHCH A ONHUCAHUS Xapak-
tepuctik OC. M3 Takux B3auMopeicTBUil HEOOXOOMMO BBIAEASTH YHCTYIO KOM-
NOHEHTY, NPUMEHHMYIO YX€ NPH aHAIU3€e XapaKTePUCTHK CBI3aHHBIX COCTOSHUUN
(CC). Pesynbrathl TOrIa B OCHOBHOM OYIAYT 3aBHCETb OT CTENEHH KJIaCTEpU3aLUU -
SApa B paccMaTpHBaeMbIX KaHasax.

B pa6orax [6—8] Gbut0 MOKa3aHo, YTO IS JIerdailiiuX KJIACTEPHBIX CHCTEM
9KCIepHMEHTAIbHbIE CMeLIaHHble (ha3sl MOryT ObITh MpeACTaBIeHbl B BUE MOMY-
CYMMBI YHCTHIX (a3 c onpegeneHHbIMUA cxeMamu FOHra. OOBIYHO CUHTAIOT, YTO B
KayecTBe OAHON M3 4YMCThIX (ba3 KaHana ¢ MHHUMAQJIBHBIM CIIMHOM MOXHO
UCIOJIb30BaTh AHAJIOTHYHYI0 YUCTYIO (ha3y ApPYroro CrHHOBOIO COCTOSIHUS WIIH
CHCTEMBI, YHCTOl 1O M30CTHUHY. B TaKOM clyuae 10 9KCHEPUMEHTATBHBIM (ha3aM
JIETKO HAHTH 4uCTYyI0 a3y MaKCUMabHOM CUMMETPHUM KaHala ¢ MUHUMATbHBIM
CIIMHOM M MO Hell mapaMeTpH30BaTh YUCThle B3auMofeicTBus. B uactHocTH, B

[6—8] monyuyeHH Takue N2H, N3H, N3He, 2H%H u *H>He uncTsie raycCOBCKHE
B3auMoleiicTBU U MokasaHo [8], uTo ydaerca B oflueM NpaBWIbHO Mepenarh

"DHEPTHIO CBS3M AfEP 3H, 3He u *He B KJIaCTEPHBIX KaHalaX, aCHMIITOTHYECKYIO
KOHCTaHTy, 3apsAoBblii paauyC M YIPYIWil KYJIOHOBCKHMH (opMmbakTop npu
MasbiX NepefAaHHbIX HUMITYIbCax.

Crnemyer OTMETHTD, YTO CMEILIWBAHNE MO OpOUTAIBHEIM cxeMaM IOHra B co-
CTOSHUSIX ¢ MUHUMA&IBHBIM CIIMHOM XapaKTepHO HE TONbLKO i GOJIbLIMHCTBA
JIErKUX KJIaCTEPHBIX CHCTEM, HO pealu3yeTcsl M B 00Jlee TAKENBIX CHCTEMAaX BUOA
NLi, N7Li u 2HSLi [9].

C y4eTOM NONy4EeHHBIX paHee B3aMMOIEHCTBHH OBUTH PacCMOTPEHBI M Cede-
HUs (DOTONPOLIECCOB B paMKax TeX Xe KJIAaCTEPHBIX MOJENei, KOTOpble, HECMOTpS
Ha CBOI0 MPOCTOTY, B psijie Cy4aeB MO3BOJSIOT IOYYUTh XOPOIUME PE3Y/bTAThI
Ha OCHOBE NOTEHLHAIOB, MapaMeTpbl KOTOPBIX H3HAYIbHO (PUKCHPOBAHBI IO
9KCTIEpUMEHTANbHBIM (ha3aM paccesHUS U MPaKTUYEeCKH He MEHSITCS B IpO-
1ecce AanbHEeHIuX Belukciaenui [6,7,10].

1. METOJbI PACYETOB

I pacueToB cedeHHit (OTONPOLECCOB B ATHHHOBOTHOBOM NPUOIHUXEHHH
UCTIONIB30BATIOCH U3BECTHOE BhIpaxeHue [11]:

doc(N) _ Ku 1

- M. ™12, 4))
dQ " opp?g (25, + D(2S,+ 1) m,,sz,x )

rme N=FE wiu M u
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QI+Dit| J

J 1/2
Mn(N)=ZiJV2n(2J+1)K—[!—+—l] xZDfnx(lejm(N)lw,
J m
H, (B)=0, L)+0,S), H,M=W,L+W,(),

[ ]

1/2
0ur=¢ 3. 210, @: 0= oK 77| R

e 1 Zi A J
B =i T 2 o LVY,@),
i !

(S = z— Z W SV Y, @),

3pecy J — MyﬂbTHﬂOﬂbHOCTb q — BOJIHOBOE YHCIO OTHOCHTENLHOTO ABHXEHHS
KﬂaCTCPOB D’ ' — Pytkuus Burnepa, i — npusenennas macca, M;, Z,, S; 7
Ll — Macchl, 3apsaibl, CMUHBL U OpPOUTATbHBIE MOMEHTHI KJIACTEPOB, W, — Mar-
HUTHbIE MOMEHTBbI Knactepos, K — BosHoBoe uucio ¢orona, m, — macca
HyknoHa. 3Hak oneparopa Q, (S) BbIGpaH OTpHUATENbHbIM, KaK NPHBEACHO B

pabore [12]. UHTerpupys no yram ¥ CyMMHDYsi 9TO BblpaXeHHe 1o A, Ui Mon-
HOTO CeueHMs 3axBata nonyudaem [10]:

gnk 2| 23 J+1 5
= : M ,
o, m
M, N =i’ (flH, W]i), @

rac B KﬂaCTepHOﬁ MOIE/IH JJIEKTPOMArHUTHLIE ONEpaTopbl NPHHUMAIOT BHA

Z z

J 1 J 2

QL) = ey i +(=1) ] RY, =ARY, .
1 2

‘ J J
eh J 11/ A M2 A Ml J
QJm(S)—_mocK[J-f-l] lulsle+(_l)u2 Y, R°Y,, =

A A J
=B ;S +B,S)R°Y,,
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J
Wi W@+ | 2 My ey 2M g
Jm mee  J+1 Ml M,y Jm
_ J- J-1
=cR' Ly’

A Mj—l A Mj—l
2 J-1 1 J-lyJ-=1_
(S)—t—o VJ(21+1)[ulslMJ_l+(—1) uzsz—Mj_l}R Y, =

ay A J—1
=(D,,S,+D,,S)R’ ™1,

3neck R — MexknacrepHoe paccrosHve M M — macca aapa. Mcnonsiyem B
AanbHenwem Bd cBazaHHbIX COCTOSHMI KnacTepoB B 0Obunoi dopme [3]:
U
L
R R, ,=—. 3
lfy="y Z L, ,f,,,f u= 3)
DyHkuHio paccesHus 3anuiuem B suae [11]:
I . iBLj LS
|1)=‘{J',=; z { .-V41t(2L,.+ 1)(LiOSm,.‘Jiml.)e ”RL,J, ¢>j.m‘. 4)
L .I ] i 1

3necy R, ; — pannanshas B®, BbluncienHas u3 peuwenus ypashenus LLpennu-

repa ¢ W3BeCTHbHIMH noreHudanamu. Ucnonwsys atu B, ana nonHoro ceuenus
3axBaTa OKOH4YaTe/lbHO nosnyyaem [10]:

. 8k t! u J+1 2
c.()= lT Mm% s
) g QS+ D) QS+ 1) grr+ HnP? L;Lf A )

J.,J
i f

rae

T(Ey=A[P;+ (B N\, + By Ny,

T(M)=CJ, G+ (DN +Dy N, I,

J+ S+L

PJ=W(JfoS|| YN J,LS)=(-1) f(LOJolL 0) x

x\/(2J+1)(2J+1)(2J+1)(2L +D1, 5,
75y

LSJJ
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G, =an (JLS]| 2Y§|| JLSY= (D) L on0 | LOYL, +1)x

NLQ2L. + 1)(2k 20+ )2 +1 {L"IL"HSL" J"]
x VLQL, + + 12T+ DI+ DRI+1) i
i ¥ kL [|JU,L,

+1—J+L,,+Lf+25—1 -

A k —J
N, =VaT (J LS| SYH| J,L,S )= (1) ALK L) X

S 1S
x1Li K LeiNss+1) @S+ 1) @k+1) QL+ 1D (U, +1) )+ 1),
JJ
13

It

I, — paguasbible nHTerpasl Buta I, = Lf| R7| L)

B npuBeneHHBIX BhIpaXEeHHSX AHAIMTHYECKH BBIYUCIIAIOTCA BCE BEJIWYMHBI,
KpOME pagMalIbHbIX MHTErpaloB, KOTOPHIE HAXOMATCA YMCIIEHHO M3 PEMICHHS
ypaBHeHus LlpenuHrepa no onpeaeneHHbM BoinHoBbIM yHkuusaM CC u pacces-
HUS. ACUMNTOTHKa panuanbHoil BD paccesHus npeacrasnsgeTcd B BUIE

R ,—>F L(qr) cos (SU) +G,(qr) sin (SU), 6)

me F; n G, — BONHOBbIE KYIOHOBCKHE (DYHKLHH, Su — tha3ml pacceqHus.

HocTtatouno ciioxHo uyucneHso nonyyuts B CC Ha paccTodHusIx nopsaaka
20—30 ¢mM. ITosromy umncnennoe pewenue g CC cumsanock Ha 10—20 M ¢
aCUMNTOTHKON (DyHKLMH YHTTEKepa:

V2K,

0
R == CW (2K, W, Kr) = K" exp (-K ), (N

e | — KYIOHOBCKMil napamerp ¥ K; — BOJIHOBOE 4MCIIO, ONpeaenieMoe 9Hep-
rued CBs3H, C0 — aCMMIITOTHYECKas KOHCTAHTA.
Hcnonssys c¢dopmynsl (3), MOXHO BBHIYMCIATL MU HEKOTOPBIE CTaTHYECKHE

9JIEKTPOMArHUTHBIE XapaKTEPUCTUKH ANEDP. B uvacrHocth, ang KBaApyIOJbHOIO,
MarHuTHOro, OKTYIOJbHOIO MOMEHTOB H IIPUBEACHHBIX BCpOﬂTHOCTCﬁ panuna-

LUOHHBIX MEPEXOROB B IBYXKJIACTEPHOH Moaenu I TLic Jy=3/2 nmeem

2 234
O=-5Th="5 49"

17
Y=@ZM2+Z,M2 /M, :’Li =Xy =Ry,
0
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o L[ Aty ZM, Q_zﬂ_, a8, ®
M| M, T M, || w 5py22T2452
-1 2,2_1 o0 2.2 y22
BMD) = —Qr =X 5 =7 G -l BED=-Y71]
3pech MEpBBIM KJIACTEPOM CYHTAETCS TPUTOH HIIH 3He, o6nagatolye MarHUTHbIM
eh .
MOMEHTOM, H },lo = 2m0C — SAACPHbBIK MArHe€TOH.

MarHuTHBIH U 3apSOOBLIA paguychl B KJIaCTEPHOW MOIENH ONpPEHeNsioTcs B
Buge [3,13]:

A2y (2 >[& 432 )1

3430 T 1225 M

M M MM
2_"1,2 2 "2
RI = (g ()= 57 ©

rae M; 1 M — maccpl Ki1acTepos M sipa, { r; ) — Panuychl KJIacTepoB, a UHTEr-
pasibl I2 6bL1u omnpenesexsl Boitte (5).

JIns pacueToB KyTOHOBCKHX (popM(paKTOPOB HCIONb30OBAINUCH PE3YNBTATHI
pabors! [3], rae nokaszaHo, yto opMakTop npeacrasiseTcss B BUIE

2_ 1 2
FJ_szjBJ’
| L. S J:
B,=(2J,+1) @J+1) 2L+ 1) (L, 0J0|L,0) [‘]f J Lf] (10)

e L, o J; T OpOUTATIbHBIE U TOTHBIE MOMEHTHI HAYQILHOIO [ U KOHEYHOTO f

COCTOSHHUU sapa, J — MynbpTUNONBHOCTD (hopMpakTopa, Z — 3apsn sapa u

V,=Z,F\L + Z,F)l, . (11

Z,, F, — 3apsnst 1 dopMdakTopsl k-ro Knacrepa, IkJ — pamMasbHble MaTpUy-

Hble IEMEHTHI MO (DYHKLMAM HAYATHHOTO M KOHEUHOTO COCTOSIHMii OT chepH-
yeckux pynkumii Beccena:

(L lifgnlL, g, (12)

me k=12mn 8= (Mk/M)q, a ¢ — TepeflaHHbIil UMNIYNBC, j (g,r) — cdepuyec-
Kad ynkuus Beccens.
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[Ipu Beruncnenun ¢opMdakTopos BOTHOBbIE (PYHKLIHM paccestHus NP pe3o-
HAHCHBIX SHEPrusaX HOPMHUPOBAIUCH Ha aCUMIITOTUKY Buaa [14]:

U, =exp (- SL) (F cos (SL)+GL sin (SL)). (13)

BepostHocts E2-nepexonoB M 3apsaoBelii paguyc MOryT GBITh ONpeEReeHbl
Ha OCHOBE KYJOHOBCKHX (hopmdakTopos [3]:

2
2 F ~
B(E2) = 222" jim | -€2 |, R?=6lim [1 ’;( )]. (14)
4n qg—0 q q—0 q

Jins HaxoxiaeHus BOMHOBbIX (PYHKLIMH OCHOBHBbIX U PE30HAHCHBIX COCTOSSHHMH
B JIBYXKJIACTEPHOH cHCTEME HUCMOJb30BATUCh KOHeUHO-pa3sHOCTHBIN (KPM) u Ba-
puauvoHHblit Meroasl (BM) pentenus paauansHoro ypasHeHus Lllpenunrepa [3]:

U’ + (k= V)U, =0. (15)

Bonnosbie pyHkunu B MaTpuuHbIX 3neMentax (MD) (12) ans OCHOBHBIX M pe3o-
HAHCHBIX COCTOSHHMI® MOryT ObITh NpejCcTaBleHbl B BHAE Pa3lokXeHUs MO rayc-
counam Buaa [3,15]:

lLry=R, =" Cexp(-yr?), (16)
i

rae ¥;  C; — BapHaLMOHHbIE NApaMeTpsl, H KO3PUUHEHTBI Pa3NOXKEHUs HAXO-

IOSTCS BapHALMOHHBIM METOJAOM IS CBS3aHHBIX COCTOSIHHI WIIM anrmpokcuma-
uuei rayccoufnamu unuciaeHHslx B® pesonanchbix yposhei [15]. B aTtoMm cnyuae
MDD (12) BblUMCAKIOTCS aHATUTHYECKH [3].

2. KIACCU®HUKAIIUA KIACTEPHBIX COCTOSHHIA

PaccMoTpuM st npumepa KiaacCH(HUKALHIO COCTOSHHIA B N?H-cucteme B
TOM BHAE, Kak OHa npuBoaMrtcst B Tabn.l. 3gech CHUH cUCTeMbl MOXET MpH-
HMMaThb 3HayeHus 1/2 u 3/2, a uzocnuu 1/2. CnyuHoBas U U30CMMHOBAS BOJIHOBbLIE
(yHkumnmu xapakTepusywrcs onpeaeneHHbiMu cxemamu HOura { f}ou { f}, Ko-

TOpbIE 3a0al0T UX CHMMETPHIO OTHOCHTENILHO NEpPecTaHOBOK COOTBETCTBYIOLIMX
KOOpIUHAT HyKJIOHOB [5]. Tak, cnuHOBas CUMMETpPHS XapaKTepU3yeTcd CXeMaMH
{3}S npu S=3/2 u {21}S apy S=1/2, a u3ocnuHoBas — {21}T. [Mockonbky

CUMMETPHS CIMH-U30cTIHHOBOH B® onpenenseTca nNpamMbiM BHYTPEHHHUM MPOH3-
BeICHUEM {f}ST= {f1s® {f}T [5], To B nybneTHOM KaHane UMeeM {f}ST:

= {13} + {21} + {3} [16]. B xBapreTHOM KaHalIE TaKoe npou3BenéHue J1aeT TONBKO
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Tabnauna 1. Knaccnduxamms paspemieHHbIX M 3aNpelieHHbIX COCTOAHMIA
B JIETKHX KJACTEPHBIX CHCTeMax.

L — opOMTANBHBI MOMEHT IS CBA3AHHBIX COCTOAHHIl
Cuc- | T S US| ), {fg (Sl L [ e | 1)y
TeMa

N°H | 12 12 {21} | {213 | {11}+{21}+{3} {3} 0 {3} —

(21} 1 @1y | —

32 {3} {21} | {21} (3} 0 — {3}

{21} | @21y | —

n’He 0 0 {22} | {22} |{4)+(22)+{1111) | (4) 0 (4) =

p*H o {31} 1 — | 31

1 (31} | (22} |{31)+{211} {4} 0 — {4}

{31} 1 31y | —

p°He ] 0 {221 | (31} |{31)+{211) {4} 0 — {4)

n'H {31} 1 31y | —

pH 1 {31} | {31} | {4)+{31}1+{21}+ {4} 0 — {4)

n'He +{211} {31} | 31y | —

H?H 0 0 (22} | {22} [{41+{22}+(1111} {4} 0 {4} —

{31} 1 — | {313

{22} 02 | {22y | —

! (31} | {22) | (311+{211) {4} 0 — {4)

(31} 1 31y | —

(22} 02 | — | {223

2 {4} | {22} [{22) {4) 0 — {4}

{31} 1 — | 313

{22} 02 | {221 | —

WHe | 12 12 | (32} | {32} |{5)+{41}+(32)+ {5} 0 — {5}

+(311}+{221 }+ {41} I 41y | —

’HH +{2111) {32) 02 | (32} | —

32 | {41} | {32} {{41)+(32)+{311}+| {5} 0 — {5}

+{221) {41} 1 — | {41}

{32} 02 | (32} | —

p'He 172 172 | (32) | (32} |{5}+{41}+{32}+ {5} 0 — {5}

n*He +{(311}+(221}+ {41} 1 {41y | —
+{2111}

‘HeH | 0 1 {42} | {33) | {51}+{411}+{33}+]| {6} 0 — {6}

+{321}+{2211) {51} 1 — | 51}

{42} 02 | {42y | —
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Cue- | T S | {f)s | {F)y {flgr 1, | L )| (F)se
TEeMa

He’H 0 0 {33} | {33} |{42}+{222)+{6}+ | {6} | O — {6}
(3111) {51} |1 — | {51}
. {42y | 02 — | {42}
{33} | 13 (33} | —
1 (42} | {33} |{51)+{411}+{33}+| (6} | O — (6}
+{321}+{2211} {513 |1 — | {51}
{423 | 02 42y | —
{33} | 13 — {33}
SHH 1 0 (33} | (42} |{51)+{411}+(33}+| {6) |0 — {6}
3He’He +{321}+{2211} {51} |1 — | 51}
3He’H {42} | 02 {42y | —
(33} | 1,3 — | (33
1 (42} | (42} |{6}+2{42}+{51}+ | {6} |0 — {6}
+{411}142(321}+ (51} |1 — | 51}
+{222}+{3111} (42} | 02 — | 142
{33} | 13 (33} | —
‘He'H | 12 172 | {43} | (43} |(7)+{61}+{52}+ {7} |0 — {7}
+{511}+{43}+ {61} | 1 — | (61}
+{421}+{4111}+ {521 | 02 — | {523
+{322}1+(3211}+ {43y | 13 43} | —

+{2221}+{331}
n°Li 112 12 | {43} | {43} |{7)+(61}+{52)+ 7 |o — {7}
poLi +{511}+{43}+ (61} |t — | (61}
+{421}+{4111}+ {52} | 02 — | 523
+{322}+{3211}+ 43} | 1.3 {43y | —
+{2221}+{331} (421} | 1,2 | (421} —
32 | (52} | {43} |{61}+{52)+{511}+| (7} | O — {7}
+{43)42{421}+ 61} |1 — | (o1}
+{331}+{322}+ {52} |02 — | {52
+{3211) (43} | 13 — | {43
(421} | 12 |{4213] —
‘He'He| 0 0 (44} | {44) |{8}+{62}+{5111}+| {8} | O — {8}
+{44}+{422}+ {71} |1 — | (1
+{3311}+{2222) {62} | 02 — | (62)
{53} | 1.3 — | {53
(44) | 024 | {44) | —
p'Li 0 1 (53} | {44} |{71)+{611}+{53)}+| (8} | O — {8}
+{521)+{431}+ {71y |1 — |
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Cuc- | T | S | {flg| (f)y {(flg U | L [ hpe| )
TeMa
+H{4211}+{332}+ {53} | 13 — | {53}
+{3221) 44y {024 | — | (44}
(431} | 123 | (431} | —
2 (62} | {44} |{62}+{521}+{44}+ | (8} |0 — {8}
+{431)+{422}+ (71 |t — | {1
+{3311} (53} | 13 — | {53}
{44} | 024 | — | {44)
(431} | 1,23 | — | {431)
n'Li 1 1 (53} | (53} | (8}+2{62}+{71}+ 8} 10 — | {8}
p'Li +{611}+{53}+{4d}+| {71} |1 — | {7
+2(521)+(5111}+ " | {53} | 1.3 — | {53}
+{44)+{332}+ {44} (024 | — | (44}
+2{431}1+2{422}+ | {431} | 12,3 | {431}
+{4211}+{3311}+
+(3221)
2 (62} | {53} | {71}+{62}+{6i1}+ | (8} |0 — | {8)
2{53}+2{521}+ 71y |1 — | 1y
+2{431}+{422}+ (53} | 1,3 — | {53
+{4211}+{332) (44) | 024 | — | (44
(431} | 123 | — | {431}
HLi | O 0 (44} | (44} | (8)+{62}+{5111}+ | (8} | 0O — 1 {8)
+{44}+{422}+ {71y |1 — | (1
+{3311}+{2222} {62} | 0.2 — | {62}
{53} | 1,3 — | {53)
(521} | 12 — | {521}
(44} | 024 | {44} | —
431y | 1,23 | — | (4313
(422} | 02 | (422} —
1 (53} | {44} |{71}+{611}+{53}+ | (8} | O — | {8}
+{521}+{431}+ {711y |1 — |y
+{4211}+{332}+ {62} | 0.2 — | {62}
+{3221} {53} | 13 — | {53}
{521} | 1,2 — | {521}
(44} | 024 1 — | (44)
(431} | 1,23 | {431} | —
{422} | 02 — | {422y
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Cue- | T | 5 |(f)]|{f)y (Flgr U, | L] Ude | e
TEeMa

2| (62) | (44} |{62)+(521}+{44}+| (8} |0 — (8}

+{431)+{422)+ 71y |1 — {(71)

+{3311} (62} | 02 — {62)

(53} |13 — {53}

(521} | 1.2 — | (5213

44y | 024 | — (44}

431) | 123 | — | {431}

{422y | 02 422y | —

onny cxemy {21} o,.. Cummerpus nonHoii B® ¢ yuerom ee OpOUTANIBHOI KOMIO-
HeHThl onpenensercs ananornyHo { f}={f}, ® {f}¢,. llonnas BO cucrems
NP AHTHCHMMETPH3aUUK He oOpaulaeTcsi TOXAECTBEHHO B HY/b TONBKO TOIA,

KOTAa COOEPXUT AHTUCUMMETPHUHYIO KOMIIOHEHTY {lN}, 4YTO pealiu3yercs INnpu
NEPEMHOXEHUHN COMNMPAXEHHBIX {f}L H {f}ST‘ [ToaTomy cxembl {f}L, conps-

XKEHHLIC {f }ST’ CYMTAIOTCA PpaspCli€eHHbIMH B IaHHOM KaHale. Bo3MoxHbIe
OPGHTaJ]belC cxembl KOHra B cucreme N = nl + )12 4acTHH MOXHO OHpEeacsinThb Mo

teopeme JluiaByaa [5] kak npsaMoe BHeElIHee Npou3BeleHHe OpOUTAIbHLIX CXEM
KaXaoi M3 MONCHCTEM, UTO B [JaHHOM cliyyae nOaeT {f}l ={2} x{l}=

= {21}, + {3},. 3nech cxema {2} COOTBETCTBYET HEHTPOHY C LS=01. Orcona
BMIHO, YTO B KBapTETHOM KaHane paspelueHa Toibko opburtansHas BP ¢ cum-
metpueil {21}, a ¢ynkuns ¢ {3}, okasbiBaeTCs 3aNpewWIeHHON, TaK Kak

npoussenenme {21}, ® {3}, He NPUBOAUT K AHTHCUMMETPHUYHONH KOMIMOHEHTE
B®. B 1o xe Bpems B AyONeTHOM KaHale HMeeM {3}ST®{13}1={13} H

{21}ST®{21}L~{13}, H B 00OMX ciyyasix [MOJy4aeM AaHTHCHMMETPHUYHYIO

cxeMy. Tem cambiM B nyGieTHOM KaHane OKa3bIBalOTCs pa3pelieHHbIMH 0Oe BO3-
MOXHble opOuTanbHble cxembl FOura {21}, u {3}, [6,7].

MMeHHO 3TOT pe3ynbTaT MPUBOAHT K MOHATHIO CMELIMBaHUSA 10 opOUTanb-
HBIM CXEMaM B COCTOSHHSAX C onpeaeneHHbiMu ST = 1/21/2 npu mobsix L. [o-
9TOMY AyONeTHbI MOTEHLHAN B3aUMOICHCTBHS B S-BOJIHE, NONYYEHHBIH M3 3KC-
nepuMeHTaNbHBIX (ha3 paccesHust, 3¢hdeKTHBHO 3aBUCHT OT 06enx OpOHTabHBIX
CXeM, B TO BpeMs KaK OCHOBHOE COCTOSIHHS COOTBETCTBYET YHCTOH CHMMETPHH

{3}L. 3HauuT, B N’H-cHcTeMe 3TM MOTEHLMANbI pa3MyuHbl, U H3 B3aHUMO-

JeicTBUil paccesHust V Br+2h HaJ0 BBIOESISITH KOMNOHEHTY V (3),-3 NPUHLHMIIE.

NpUMeHUMYIo Uit pacuyeroB xapaktepuctik OC [6—8]. B yactHoCcTH, nmpH pac-
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yere (POTOMPOLIECCOB U OMMCAHUS CBH3AHHBIX COCTOSIHMII MOXHO NPUMEHSTD
quCTHIA MO cxemaM HOHra moreHuuan, a Jisi COCTOSIHMIA paccesHus, Harpumep,
IU1s KOHEYHbIX COCTOSHUH ¢hoTopasBaia, — MOTEHLHAT, HEMOCPEACTBEHHO NOJY-
YaeMblil U3 BKCNEPUMEHTATbHBIX (ha3.

Kak yxe rosopusnocs, sKkcnepuMeHTanbHble ¢asbl 1yOneTHOro KaHana Moryrt
GLITH MPECTABIEHb B BUE MOMYCYMMbl YUCTBIX (ha3 co cxemamu {21 }L " {3}L.

Ecnu gonyctuts, uto B Kayectse aybnerHnix ¢az ¢ {21 }, moryrt OBITH UCMONB30-
BaHbl KBAapTeTHble (ha3bl, uMcThie Mo opbutanbHbiM cxemam {21}, To nerko
HailTH M uncTbie AyOneTHsle ¢asel ¢ {3}, W NO HUM NapaMeTPHU3OBaTh YHMCThIE

B3aUMONENCTBUS.

[Monuas xnaccudpukauus paspelieHHbIX W 3alpelleHHbIX COCTOAHHMK i
JIErKUX K/laCTEPHbIX CUCTeM npuBeneHa B Tabn.l [9].

3. MEXKJIACTEPHBIE TITOTEHIHAJIbI
U XAPAKTEPUCTUKH CBA3AHHBIX COCTOSHUH

Ins pacueros B® paccesuus m CC HCnonbp30BaIUCh LEHTPAIbHBIE rAyCCOB-
ckue noredudanst [10]:

ZIZ2 r>R

.
;
V(r) == Vyexp (- ar?)+ V. (r), V.(r)= I (17)
2,2, 3-"5 |/2R., r<R_
R C [4

c

B HekoTOpbIX ciyyasix K HUM B00OaBiasioch nepudepuyeckoe oTTalKMUBaHHE
V, exp (—=Br), HeoOxoauMoe Ans MPaBHILHOTO OMMCAHUS OTPULATENbHBIX 3Haue-

Huit D- unu F-a3 npu Mansix sHeprusix, ecnu S- uian P-a3bl nMonoXHUTETbHbI.
MMoTeHunanbl BOCCTaHABIMBAIUCH 10 hazaM paccesiHUs KJIaCTepoB TaK, 4TOObI
OfIHY NMapUHaNbHYI0 BOJHY ONMCHIBAIA OfIHA rayccouja C ONMpeAeleHHbIMH rapa-
METpaMH B MaKCHMaIbHO IIHPOKOi 061acTH 3HEPrui.

Bhauasie paccMOTpUM MOTEHLHANIBI MEXK/IACTEPHOIO B3aUMOLEHCTBUS U Xa-

4
pPaKTEPUCTHKH KJIaCTEPHBIX SAEP IUIS YUCTBIX CHCTEM p3He, n3H, He3H,

4Hez’He, 4He2H, 3He3H, a 3arem nepeizneM K MOTeHLIManaM, CMELIaHHbIM 110 CXe-
MaMm HOnra.
Gry 2 3 3H 4yy. 3
3.1. Knacrepusie cucremsl He H, “He H u "He H. Kak BuaHo u3 Tabn.l,
opOuTabHbIE COCTOSHHSA B CHCTEMAX 4HeZH, 4He3H, “HeHe u 3He’H mns aaep

R B
6L1 u 'Li, 'Be — uncteie no cxemaM I0ura. [loaToMy noreHuuansl, ojiydeHHbIE
Ha oOcHoBe (a3 pacCesHHs, MOXHO HCIOJIb30BaTh JUII PAcCMOTPEHMS Xa-
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Ta6mua 2. Iapamerpbi notenmuanos ‘He3H-, ‘He’He-, *“He?H- u
3He3H-paccesnma. Tma He’H- n “HedHe-cucremsr o = 0,15747 M2
n R,=3,095 ¢m, nua ‘He’H un *He’H R, =0

"Li('Be) SLi(*He’H) °Li(*He’H)
~Lj VO, LJ VO, o, =1 §=0
2
MsB M2B i v, o v, o,
MsB | M | MsB | w7
67,5 S 76,12 0,2 90 0,18 85,0 0,18
12 81,92 PO 68,0 0,22 52,5 0,2
1’3/2 83,83 P1 79,0 0,22 65,0 0,2 74,0 0,2
D3/2 66,0 P2 85,0 0,22 80,0 0,2
D5/2 69,0 D1 63,0 0,19 72,0 0,18
F5/2 75,9 D2 69,0 0,19 85,0 0,18 85,0 0,18
F7/2 84,8 D3 80,88 0,19 90,0 0,18
200 pakrepuctuxk CC. Pe3synb-
1 D a*H TaThl GYIyT 3aBUCETH TOJIb-
. (e a . KO OT CTeNeHH KJIacTepu-
I ' D:\'\"'?L\‘q.;\\ 3alUM SOep B KIACTEPHHIX
[ ——— . KaHaslax. A NMOCKONBKY Be-
L M
120 f Ll POATHOCTb KJ1aCTEpH3aLUU
= - o /a " eoes a
g ! . D - 9TUX SIEpP CPaBHUTENBHO
2 sol o °°° ' BBICOKA, TO M pPe3yJIbTaThl
wo T 5° Z ° PacyeToB JAOIXHB B LIETIOM
1 * e’ oo o Lo nepefaBarb  9KCIIEPHMEH-
40+ o '® > S,~180 TabHble  gaHHblie. [lapa-
L ¢ METPHl  B3aMMOIEHCTBUI
ol WISl YHCTBIX COCTOSHMH B
0 5 10 15 20 Li u 7Li, NOJy4eHHbIe B
Ej MsB

Puc.1. ®ass ynpyroro “He?H-paccesinus, Kpisble — pac-
4eTsl AJ11 NOTEHUUANOB ¢ NlapaMeTpaMu 13 Tabn.2. 3neck U
Jajiee MOSCHEHUS 3KcrepUMeHTanbHbIX B MPI-Touex na-
HBI B TEKCTE

paborax [3,10], mpusene-

HHl B -Tabn.2. Bsaumo-
o 4

JeidCTBUd B He3H- H
3

4He He-cucremax  or1iu-

YalTC TOJIBKO KYJIOHOB-

CKHMM YJICHOM.
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Puc.2. ®asnt ynpyroro “He>H-paccesHus, KpHBBIE — pac-
YEeTHI U1 NOTEHLHANOB C NapaMeTpaMH U3 Tabm.2

3173
Hna “He He-cucteMsl H3-3a OTCYTCTBUSL OKCIIEPMMEHTANBHBIX JAaHHBIX
MOTEHIHAJIBI CTPOW/IMCh MCKJIIOUMTENBHO MO BBIYUCIEHUsM a3 METOOOM pe3o-
Hupylouux rpynn (MPI') [17]. I1apaMerpsl TUX B3aUMOMEICTBHII COBMANAIOT C

3He3 H npu § = 0, ogHako 31ech ueTHsie L cOOTBETCTBYIOT TONBKO S = 0, a Heuer-
Hple S=1.
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KauecrBo onucanus ¢a3 nokasaHo Ha puc.1—4 BMecTe ¢ 9KCHEpPUMEHTAIb-
Hevu nannbivi [18] wis “He?H, [19,20] — “HeH u [21] — He’H. Ha puc.3—4
KPECTHKaMH NOKa3aHbl pacyeThl 3 He3H—<ba3, NOJTy4EeHHbIE B METOJIE PE3OHUPYIO-
wmx rpynn [22]. [IpuBeneHHble B Tabn.2 TpUnsieTHble 3HC3H-ﬂ0TeHuHaHbl, thazml
KOTOpBIX MOKa3aHbl Ha pHC.3,a HENpPEPHIBHBIMM JIMHUAMH, HEBEPHO MepefaioT

sHepruio CC OLi. JIns nonydeHus npaBuiabHoi BennunnHel — 15,8 MaB ana OC
HeoOXOomMMO yBenHuuTh yOMHY B3aumopneictus no 105 MaB. [ng onucanus
9HEpTUM D-ypoBHs Tpebyercs noreHuuan ¢ rybunoit 107,5 MaB. da3pl aTHx

NMOTEHLHNANOB N0Ka3aHbl Ha PUC.3,a WITPUXOBbLIMU JIMHHIMHU.
4.2
Morenunan "He"H B D;-Bonte nosgonser nony4nts dasst 90° npu sHepruu
0,71 MsB B xopouieM comacHd ¢ gaHHbIMM [23], rne npuBeneHO 3HAYEHHUE

0,711 MoeB. ¥Ynpyrue ceuenus ans 3HC3H—paCCCﬂHI/lﬂ npu a3Hepruax 5,79,
19,91 M»B B uenoMm coracyioTcs ¢ 3KCNEPUMEHTAIbHbLIMU JaHHBIMH pabot
[21,24].

[Tonyyennsie no pasaM paccessHMs MEXK/IAcTEpHble B3aHMMOAEHCTBHA
MCTIONB30BANIUCh [UIS BBIYMCIIEHUS pa3uyHbix xapakTepuctuk OC spep, npuuem
K/lacTepaM COMOCTaBIAINCh ONpPEACIEHHbIE CBOHCTBA COOTBETCTBYIOUIMX SAEp B
cB0OOAHOM cOCTOSSHMH. B 4acTHOCTH, Onst HaxOXIEHHUS 3apsoBOro paauyca

AfEp MCNONb3OBANKUCH CIIEAYIOLINE PafAUYChl KJIAaCTEPOB: 2H — 1,9660(68) M,
M — 1,68(3) dm, 3He — 1,844(45) ¢m, ‘He — 1,673(1) ¢M, npuBeneHHbIE B

paborax [25]. MarauTHblil paguyc H npuHHMasics paBHbiM 1,72(6) dm [25].
Ing pannyca npoToHa Mcnosnbs3oBaioch 3HaueHue 0,805(11) m.

Pe3ynbTaTel pacueToB 3apsoOBBIX PalHYCOB, 3HEPrHH CBS3H B KJ1acTEPHBIX
KaHa/laX, MarHMTHBIX, KBAAPYNOAbHbIX W OKTYNOJbHBIX MOMEHTOB, BEPOATHOCTEH

nepexonos 1/27 — 3/27 8 Lin nepexoga 17— 3% B °Li, acuMnToTMyecKux KoH-
CTaHT npuBeneHbl B Tab6n.3 BMeCTe ¢ SKCHEPUMEHTANbHBIMH JaHHBIMH W3 pabor
[26—29], MPTI'-pacueramu [12,30] u pacueramu B kjacTepHoit Mogenu [13,31].

Ha puc.5 npencraBneHbl HUMIyAbCHBIE pacripefeneHus KJacTepoB [is ®Li 8
4HeZH-, 3He3H-Moncnﬂx u sKcnepuMeHT [32].
B dopmyne (11) ans V; npucyrcteylor He Tonbk0 M3, Ho u dopmcakTopsi

KJIaCTEpOB, B KaUeCTBE KOTOPHIX HUCMONb30BanHCh HOpMEaKTOPbl COOTBETCTBYIO-
WMX saep B ceobonHoM coctosgHuu. Ilapamerpusaunu 3Tux opmdakTopoB Me-

4
torcst B paborax [3,26]. Tak, i He MOXHO MCHONb30BaTh BbipaXeHHE BUIA

F=(1-(ag®" exp (- bg), (18)

e a=0,09986, b =0,46376, n==6. Ina 3H u 3He Takxe MOXHO M0/Ib30BaTHCS
(18), HO ¢ mapamerpamu, rae a=0,0785, b=0,4075, n=5,46 u a=0,0872,.
b=0,481, n=7,9 coorsercrBeHHo. [lapamerpuzauus ¢opmdakropa aeiTpoHa
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Tabmua 3. PesynbTarbl pacyera 3JeKTPOMArHMTHBIX XapaKTepHCTHK
ms spep "Li, "Be u ®Li

TLi
XapaKTepuCTHKH Pacuer BxcnepuMeHT [26—29] MPT [12,30] Pacuer [13,31]
Q, M6 - 382 - 36,6(3); 40,6(3) -342+419 | -374
TRETH 3,383 | 32564 2,79 = 3,16 3,384
Q/u, om® 2,70 2,4(5); 2,9(1) 32+36 2,48
B(M1), u? 2,45 2,48(12) 1,96 + 2,17 2,45
B(E2), *om* 7,3 7,42(14) + 8,3(6) 54+11,3 7,0
E, MaB -247 - 2,467
E,, MoB - 1,99 - 1,989
R, dm 2,40 2,39(3)
R, dm 2,77 2,70(15); 2,98(5)
c, 3,9 —

TBe
XapaKTepUCTHKH Pacuer BxcnepuMent [26—29] MPT [12,30] Pacuer [13,31]
0, M6 -59,3 - 584
THTR - 1,532 -127 - 1,533
Q/u, pm? 2,85 4,71
BM1), p? 1,87 1,87(25) 1,58 1,87
B(E2), ¢*-gm* 17,5 17,0
E,, MaB - 1,60 - 1,586 .
E,, MoB - 1,14 - 1,157

OLi
XapaKTepHCTHKH Pacuer BkcnepuMent [26—29]
E, MsB - 1,472 - 1,4735
R.. b 2,56 2,54(5)
c, 3,22(2) 2,9 +36
B(E2), *-om* 25,1 25,6
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Puc.5. Umnynecheie pacnpenenesus “He?H u 3HeH B aape

SLi, KpHBBIE — pacueThl LTS IOTEHLMATIOB C apameTpamu
u3 tabn.2
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F=exp (- aqz) + qu exp (- qu) (19)

¢ napametpamu a = 0,49029, b =0,01615, ¢ =0,16075. D11 BeIpaxeHHUs M03BONS-
10T MpaBWIIBHO Tlepenarb noseAeHne ¢opM(aKTOpOB MHOPU HUMIYNIbCAX O
20 (.‘bM_z, YTO BIOJIHE IOCTAaTOYHO, Tak Kak (opMakTophl paccMaTpuBaeMbIX
SJlep U3MEpeHb! TONbKO B obnactu 10 3,5 + 4,5 (bM_]. Hns dopmdakTopa nporo-
Ha MCMoJb30BaHa oObIYHasd rayccoBckas napamerpusaius ¢ a = 0,0864 cpM2 [33].

Kynonosckue dopmdakTopsl sgep MUTHS HCCAELOBATUCH BO MHOTHX pabo-
Tax, B TOM 4YHC/IE METOAOM pe3oHupywowux rpynn [34—36], na ocHoBe
pasnuuHbiX (peHoMeHonornyeckux noaxonos [37,14,38], B knactepHoit Momenu

[39]. B MPT-Bbluncnennsx ynpyrux u ueynpyrux ¢opmcaktopos Li yaaercs

MONY4YHTH XOpollee OMMCAHUE 3KCNESPUMEHTAJIbHBIX HaHHBIX NpH MalbIX nepe-

JAHHBIX UMINynbcax nopsaka 7—8 CIJM_z [35]. Onnako npu 3—4 (bM”l B 9KCIe-

pumenrte [40] nabGmopaerca BTOpOi MakcuMym, Koropelii B MPI-pacuerax
orcyrcteyer [34,35]. B cnyuae sapa bLi cywmectByomine MPT-pesynbrars, ¢
YYETOM KCKaXeHHUNW WIM NOJIHOH aHTHCHUMMETPH3alMH, B obiueM nepeanT
¢opmy BTOporo MakcuMmyMa ynpyroro opmakropa {36]. B paborax [37,14,38]
MCTI0/1Ib30BaNIN (PEHOMEHONIOTHYECKHEe BONHOBbIE DYHKUHH sapa OLin NONy4Usu
XOpolLee ONUCAHUE YNPYTOTO H Heynpyroro 3* hopMdakTOPoB NP MaIbIX M-

nynbcax. Bropoit MakcumyM ynpyroro kynoHosckoro gopMcakropa bLi yaaercs
nepenars ¥ B paMKax TPexTenbHOH Moaeny sapa [41], rne npUMeHsIUCE NOTEH-
unanst ¢ 3C.

B paGote [3] Buiuncnenus opmpakTOPOB BBINONHANHCH B IBYXK/IACTEPHOI
Mofenu Ha ocHose opmyn (10)—(12), (18), (19). Pesynbrarsl pacuera ynpy-

roro cdopmdakropa ®Li [3] nokasans! Ha pHc.6,a HenmpepLIBHOI JIMHHEH BMECTe
C IKCNEPHUMEHTAILHBIMH JaHHBIMH [40]. LLITpuxoBO# NMMHKEN NoOKa3aHbl JaHHbIE
pa6ot [35], monydyenHbie Ha ocHoBe MPI-BbIMMCNEHHI, WITPUXIYHKTHPOM —
pe3ynbTaThl TpeXTeNnbHbIX pacyeroB [41]. Buano, uto pacyerHas KpuBas B

obnactu 3—4 ¢)M_1 HIET HECKOJILKO HHXE OSKCMEPHUMEHTAIbHbIX [aHHBIX,
NpaKTHYECKH COBNajasl C TPEXTEIbHBIMH pacueTaMH, W MPH CPEAHHX HMMYJIbCax
He umeeT ABHOro MuHumyma. Ilocnennee o6ycnoBneHO NilaBHBIM XapakTeEpOM
thopmdakTopa aeiTPOHA, HE HMEIOLIEr0 MHHUMYMa B 3TOH 06/1aCTH NepefaHHbiX
MMIYbCOB. B HauMx pacyetax HHKaKoii mehopmaiiuu IEATPOHA HE MPOBOAH-
JIOCh, YTO, BMpOYeM, OnpasiaHHo TonbKo npu 100% xnacrepuszauuu sapa B

402

He"H-kanan. A Tak Kak BEPOSTHOCTB KJIACTEPH3ALIUH, NO-BHANMOMY, HE NPEBbI-
waet 60-—80%, ucnonkayemas Mogens 6e3 yueTa MCKaXeHHil ABIseTCs Onpene-
TIEHHBIM TIPUOIHXEHHEM K pealibHO CywecTByloleid cutyauuu. Koneuno, u B

*He’H-Monenu MOXHO BBeCTH AedopMaliMi UITH HCKaXeHHs JedTPOHHOIO KJlac-
Tepa. OQHAKO NpH 3TOM NOABISETCA MOATOHOYHBIA MapaMeTp, XapaKTepH3yio-
LM CTETEHb CXaTus AedTpoHa. B TO Xe BpeMs Ha ocHOBe pacuyetos Ge3 aedop-.
MallM4 KJIaCTEPOB MOXHO CYAUTh O BEPOSTHOCTH NeHTPOHHOH KI1acTEpU3aLUM B
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Puc.6. Ynpyruit u Heynpyruit ¢ nepexonom Ha 3*-ypoBens
KyJIoHOBCKMe thopMakTopsl aapa SLi, KpHBle — pacyeTsl
B Da3HBIX Mogensax (06bIcCHEHHE B TEKCTE)
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Puc.7a,6. Ynpyruii W Heynpyrue s yposHe# 1/27 u
7/2" kynouoBckue opmcakTopsl sapa 'Li; Henpepsis-
HBIE KPHUBEIE — PacyeThl B KJIACTEPHOH MOJENH C IOTEH-
uanamy u3 1abn.2, wrpuxossle — MPT-pacyets [35]
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sape. [Ipu 100% knactepusauuu Bce pe3ynbTaTHl, MOJNYYEHHBIE HA OCHOBE TPOC-
TOH ABYXKIJIACTEPHOH MOMIENH, AONXKHBI, HO-BHIUMOMY, XOPOLIO COINIACOBBIBAThCA
C BKCHEPUMEHTOM. A OTKJIOHEHHE PAacYETHBIX XApPaKTEPUCTHK OT IKCIEPUMEH-
TIbHBIX JaHHBIX OYIET CBUIETENLCTBOBATh O MEHbILEH CTENEHH K1acTepU3aluH,
KOrJa Kj1acTepy yXe Helb3sl OJHOCThIO COINOCTAaBIIATh XapaKTEPUCTHKH COOTBET-
CTBYIOIIErO 5Apa B cBO60AHOM cocTosHMM. OTKIOHEeHHe ynpyroro ¢opmdakTopa
OT 3KCNIEPUMEHTA, B MEPBYIO OUEpPENb NPH CPEIHHX UMITYIbCaX, KaK pa3 yKasbl-
BaeT Ha NMPHOJUXEHHOCTh MOJE/H, He yduThiBaioumlei aecopmamun. MeHpuias

BenuyuHa dopmdaktopa npu 3—4 (bM_l 06ycroBieHa OTcyrcTBMeM D-BOJIHBI B
B® snpa, BBECTH KOTOPYIO MOXHO, TOJIBKO YYHTHIBas TEH3OPHYI0 KOMIIOHEHTY B
NOTEHLIMAlE B3aUMOIEHCTBHS.

Ha puc.6,6 nenpeprisHOIi uHMel noKasaH Heynpyruii ¢popmbakTop ¢ nepe-

XOIoM Ha yposenb 37 B CpPaBHEHUM C pe3ynpTataMu paboT [41] mis Tpexrens-
HbIX B®. BunHo, uto pacyer npakTHYeCKH COBMANACT C 9KCIiepuMeHTOM [14,38]
U UMEET BTOpOH MakcuMyM. Hamo oTMeTHTb, YTO, B OTIMYHE OT BBHIYMCICHUIA
ynpyroro dopmdakTopa, Heynpyruii GopmdakTop OKa3BBaeTCs OYEHb UYYBCT-
BUTEIbHBIM K TnyOune u ¢opme noreHumana. Tak, usMeHeHnMe rny6MHBI Ha

0,03—0,05 MsB npakTuyecKu He cka3blBaeTcs Ha moseneHuu 3*-chaspi pacces-
HHsi, HO NMPUBOIMT K M3MeHeHHI0 dopmdakropa B 2—3 pasa. s npaBUIbHOTO
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onucanus 3Toro ¢opmMakTopa NpULIIOCh HECKOABKO HU3MEHWTh MOTEHIHA
D;-Bonubr W npuHaTh 80,93 MaB, uto oTnMyaeTcs OT Pe3ynbTaTOB, NMPHUBEIEH-

HBIX B Tabn.2, Ha 50 k3B.

Ha puc.7,a nenpepblBHON NHHMEH NMOKa3aH BHIYUCIIEHHBIA YIIPYTUil KyJIOHOB-
ckuit hopmdakrop sapa TLi, KOTOpBIA MMEET SABHBII MUHUMYM MpH 3,2 (1)}«1_l "
nogbeM B obnactu Gosee BLICOKHX MMITYJILCOB, NPAKTHYECKHU JIEXallHii B [010CE
dKcrepuMeHTanbHbiXx omnbok [40]. [Tynktupom 3necs npusesenst MPT-Boiunc-
nenus [35], mie pacuernas kpuBas nnasHo cnagaer. Ha puc.7,6 u 7,6 panml
Heynpyrue KynoHosckue ¢opMakTopsl C nepexogoM Ha ypoBHu 1/27 wu 7/27.

ITynkTup — pesynbrarst pabot [35]. ®opmdakTop yposns 1/27 onuceiBaeTcs 10
BTOPOro MakCHMyMa, Ile €ro BeJMYMHA 3aMETHO MeHblie DKCrepuMeHTa. AHa-
JIOTMYHbIE pE3ynbTaThl NoONyyeHsl U Ans copmcpaktopa 7/27. U 3pech umeercs
BTOPOH MaKCHUMYM, MOJIHOCTBIO OTCYTCTBYWOUMd B MPI-Bhiuncnenuax [34,35].
OTMETUM, 4TO NS PacUETOB MCIOML30BAINCH NOTEHLMANL! U3 Tabs.2 6e3 KaKux-
160 U3MEHEeHHil napaMeTpos.

3.2. KnacrepHble CHCTEMBbI p3He u n°H. Knactepuble cucTeMsl p3He H

n°H, uuctbie no u30cnuuy ¢ T=1, UMEIT TOJILKO ONHY pa3peleHHylo OpOH-
TajbHylo cxemy {31} ¢ sanpewenHoil B S-Boste Kondurypauveit {4} B Tpumier-
HOM M CHHIJIETHOM COCTOSIHUSIX.

Taéauua 4. IoreHuHanbl B3aMMOJEHCTBHA YHCTBIX KiacTepubix p3He-
u n’H-cHCTeM M SHeprMM CBA3aHHbBIX COCTOAHHI E . Jns Ky/l10HOBCKOro

norenumana R .=0. B cxobxkax naHa 3Heprus uis n3H-cucTembl

L, Vy M2B a, @M"Z V., MaB B, (bM_l E - MaB
§S=0
Yer. 110 0,37 45 0,67 -90-114)
Heuer. 14,0 0,1
S =
Yer. 43 0,26 - 3,6(5,3)
Po 10 0,1
P1 15 0,1
P2 20 0,1
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Puc.8. ®asbl ynpyroro p>He-paccessus, Kpussie — pe3yJibTa-
Thbl PacyeToB /IS PANTHYHBIX MOTEHLHAIOB

@a30BbIi aHanu3 npu SHeprusx no 1 MsB, BeinonHenusiil B paborax [42],
NPHUBOAMT K ONpeneNeHHOH HeopHo3Haunoctu ¢pa3. [Monyuenst nBa Habopa

peleHU#, KOTOphle 3aMETHO OT/IMYATCA APYr OT apyra. B oGnacTu ®Hepruii
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p’He

120 F g

81, rpan

Puc.9. dasur ynpyroro p3He-paccesHus, KpHBbIe — pe3yib-
TaThl PaCYETOB I PANTHYHBIX TOTEHIMAIOB

2+ 14 MsB umerorcsa ase rpynmnsl pa6ot [43] u [44], e ans CHMHDIETHBIX H
TpUIUIETHRIX P-(ha3 ¢ J =1 TakXe fojydeHn ABa BapHaHTa pe3ynbTatos. B [43]
cuHreTHas P -¢asa npu oneprusx 6 +12 MsB umer na yposne 40°—50°, a

P, nna =1 B obnactu 20°—30°. B paGote [44] cunrnernas ¢asa uget HuXe:

20°—30°, a TpumnetHas Bbiie: 40°—50°. B paGore [45] paccmorpennt oba
BapuaHTa Kak peitenus A u C. Obnacte Hepruii Boime 18 MaB uccnegopana B

paborax [46]. B Tabn.4 npusemeHsl nmapamerpsl p3He-B3anM0)1eﬁCTBuﬁ [8]
BMecte ¢ sHeprusmu 3C npu L= 0. B 4eTHbIX BOJIHAX OHH COBMANAIOT C MPHBE-
JEeHHBIMH B paborax [6,7]. ‘

Ha puc.8 u 9 HempepHBHBHIMH THHHAMH MOKa3aHbI pacueTHbie ha3bl BTUX
NOTEHLMATOB U SKCIEPUMEHTANbHbIE NaHHble pabor [42,43,45] — ToukM, KBan-
paTHKH W BEPTUKalbHBE JIMHHU U [44] — TpeyronbHUKHU. BhlMCIeHHBIE C

STHMH IOTEHLHAIaMH CEYEHHUS yIPYyroro p3He-pacce51Hpm npH aHeprusx 6,82 u
10,77 MsB xopowuio cornacyioTcs ¢ SKCIEPMMEHTATLHBIMU JaHHBIMU [42—45].

Ha puc.10 npencrasnensl ¢asml p3 He-paccesnus u ganHsle pabotsl [47]. Kpectn-
KaMH nokasanel pe3ynbrarel MPI-BeluMciennii u3 pabor [48].

TTockobKy MMeeTcs HECKONBKO PadiM4YHbIX BAPUAHTOB (DA30BBIX AHATH3O0B
U1 CHHIVIETHOM P-BOJHBI, NapaMeTphl MOTeHLHana, NpUBeAcHHblEe B Tabn.4,
noaGupanuch Tak, 4ToObl MOMYYMTH ONpPENEsEHHBI KOMIPOMMCC MEXAy pas-
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Puc.10. ®ase ynpyroro n3H-paccesns, HeIpephIBHbIE KpHU-
BBIE — PE3yNbTATHl PacYeTOB IS TOTEHIHATOB M3 Tabn.4

HbBIMM ha3oBHIMM aHanmu3aMu. [{ns onucanus gaHHbix [44], nokasaHHbBIX Tpe-
YrOJIbHUKaMHM, HyXeH NOTeHUHaI riiybuHoi okosno 11 MaB (TtoyeuHas nuHus Ha
puc.9), a dass u3 pabor [43] BocnpoussopaTcs Gonee MyOOKHMM B3aUMO-
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neiicreuem ¢ V=17 MeB (wrpuxosasd nuxus). [lnd onucaHus TpUIUIETHOH

P-ponnbl [44] ryObuHa noteHuuana goaxHa 6eith 17 MsB (TOYeuHas nMHMUS Ha
puc.8,6), a anst paHHbIX pabot [43] — 13 MaB (wrpuxoBas JUHUS). DHeprus
3C co cxemoii HOura {4} npuBegensl B TabGn.4, a paspellieHHBIE COCTOSHUS C
cummeTpueii {31} B P-Bo/IHaxX OKa3bIBAalOTCS HE CBSA3aHHBIMH.

3.3. Knacrepnas cucrema N 2H. Kak BuaHo w3 tab.1, B KBapTETHOM KaHa-

ne N2H-cHcTeMbl BOSMOXHA TOTbKO ofiHa opburansHas cxema {21}, a cumMer-
pus {3} zanpeuieHa. B To xe Bpems nyOneTHblii KaHall COBMECTHM Cpa3sy C ABYMs
cxemamu {21} n {3}, u noreHuuansl, nonyyaembie Ha ocHoBe a3 paccesHus,
apchpekTHBHO 3aBHCHT OT dTUX cxeM HOHra.

DKCriepUMEHTaIbHbIE AaHHbIE MO (Pa30BOMY aHAIH3Y B sz-CI/lCTCMC HMEIOT-
Cd B JOCTaTOYHO IUMPOKOH 3HEPreTHueckoi o0J1IacTH, W pe3ybTaTbl pa3HbIX
pabot B uenoM cornacylotca Mexny coboi [49]. C yyeroM 9TUX AaHHBIX Obliu

nojiydeHbl MOTCHUHAIbl B3aUMOICHCTBUS, NapaMeTpbl KOTOPHIX TNPUBENEHBI B
Tabn.s.

Tabnuua 5. Iorenumanbl Bi3aumoneiicreus p?H- u 2H3He-KnacTepHsIX CHCTeM,
cMewaHHble Mo cxemMaM HOHra B ayG/eTHBIX KaHadax.
Hns Bcex caywaes R.=0. E,. — 3Heprus CBA3AHHBIX COCTOSHMIA

B ckofkax npuseieHsl 3Hauenus sHepruu mis n2H- n ZH3H-cucrem

Cuctema L, V,, MaB o, pm 7 V,, MaB B, pm”" E.~ MaB
S=1/2
Yer. 35,0 0,1 . -93(-10,1)
sz 55,0 0,2 - 11,4(- 12,3)
Heuer. -04 0,01
10,0 0,16 0,6 0,1
§=3/2
Yer. 41,9 0,13 13,7 0,36 -42(-49)
Heuer. 7 0,05
§S=1/2
Yer. 455 0,15 - 15,9(- 17,0)
23He | Hewuer. 44 0,1 - 71,5(- 8,1)
§=3/2
Yer. 34,5 0,1 - 12,9(- 13,8)
Hever. 29 0.1 - 13 18)




SJIIEKTPOMATHUTHBIE 3®PEKTHI B JIETKHUX AOPAX 1557

Ha puc.11 mokasaHbl BbIYMCIEHHblE M 3KCrepuMeHTalbHble [49] ynpyrue

p2H-cpa3bl npy Manbix sHepruax. HenpepoiBHoi nuHueil Ha puc.11,a nokazaHsl
pe3ynbTaThl pacyeToB a3 JUIS YETHBIX BOJIH CO BTOPbIM HabOpOM NapameTpoB
Ans QyOneTHBIX NoTeHUMaoB 3 Tabn.S. ®a3sbl nepsoro HaGopa napaMeTpoB H30-
OpaxeHbl IITPUXOBOH JIHHHEH W NPUBOAAT K HECKONBKO 3aBbilleHHOH D-dhasze.
Hns P-BonHBI HENpPEPHIBHON JIMHUE! NOKa3aHbl pe3ynbTaThl Wi BToporo Habopa,
TOYEYHOH TIMHHEN — [uid nepBoro. Ha puc.11,6 HenpepblBHBIMH TUHHAMH NOKa-
3aHbl Pe3y/bTaThl JUIS NOTEHUHAN0B M3 Tabn.5, a WTPHXOBBIMH — (hba3bl B3aUMO-

peiicteust u3 pabor [6] ¢ napamerpamu: V,=57 MsB, a=0,37 q)M'z,
V, =72 MsB, B=0,36 ' ana sernbix ponn u V,=8,8 MaB, o =0,06 ™

IJid HEYETHBIX. BH}IHO, YTO TaKHe€ MNOTEHLHaNbl BIMOJIHE CIIOCOOHM nepenatb
QHEPIreTUYECKOE MOBEACHHUE IKCNIEPUMEHTAIbHbBIX (ba3, a BBIYHUCJICHHBIC CCUCHUSA

YIpYyroro pZH—paCCCHHHﬂ npu 2,5 u 10 MaB cornacyiores ¢ nanusiMu [49,50].
B 1abn.5 npusenenst sueprun CC ans 06oux cnUHOBLIX cocToAHMN. B KkBap-
TeTHOM Kanane npu L =0 umeerca 3C co cxemoit {3}, a PC ¢ {21} qna L=1

HaxOOUTCS B HEMPEPLIBHOM CIIEKTPE TaK Xe, KAaK B Ciydae p3He-CMCTeMbl. Cwme-
WwaHHbli  S-notenunan aybnersoro kavana npusomut Kk CC ¢ sHepruei,

. 2
OTJIMYHOH OT 3Heprm1 CBA3H ﬂ].lpa HC.
KaK I‘OBOPHHOCb BbILLIE, 3KCH€pMMeHTaﬂbele CMECUIaHHBIE HyGHCTHble (ba3bl
MOIyT 6blTb l]pCHCTaBHCHbl B BUIEC llO]lycyMMbl YHUCTbBIX (j)a3:
TR TA N IR B T
J_1 +

8" +8,7.

5, 2% T,

(20)

B nanHoM cnyuae Ul} ={3}wu {fz} ={21}. Ecnu monycruts, 4TO B KauecTse

nybnernsix a3 ¢ {21} mMoryr GbITh MCIIONB30BaHBI KBapTeTHbie (asbl TOi xe
cumMmeTpun {21}, To nerko onpegenuTs 4yucThie ayOsietHole dasbi ¢ {3}. Ha
puc.11,6 BepTUKaNbHBIMM JIMHUSAMH, KOTOpBIE MOKa3bIBAIOT MOJOCY OLIMGOK,

NOKa3aHbl MojydeHHble TaKUM 00pa3oM 4uCThIE sz—Q)azbl. ITapameTpnl B3auMo-
neHcTBHH naHbl B Tabn.6 BMecTe ¢ aHepruamu CC, a pacyeTHbie dasbl MoKa3aHsl
Ha puc.l1,6. B yeTHbIX BOnHax ¢ha3bl MOTEHUHANA C MEPBbHIM HAOOPOM Mapamer-
POB rokasaHsl HenpepbiBHOH iunuen. LLITpuxoBoi nHHHUel n306paxeHsl pe3ysb-
TaThl 1718 -BTOpOro HaGopa napamMeTpoB, KOTOpPbIE MPaKTHYECKH HE OTIMYAIOTCH
OT npuBefeHHbIX B [6]. Pa3bi yMCTO OTTaNKMBaOIWEr0 P-B3anMOIENHCTBUS MOKa-
3aHbl TOYEYHOH KpPHUBOH, a HENpEpBIBHOH JMHHeH — (ba3sl MoTeHUHana ¢
nepugepHYecKUM OTTAIKHBaHUeM H3 [6] ¢ mapameTpamu: Vo= 13,8 MBosB,

o=0,16 dM >, V, = 1,6 MaB, B =0,09 pm™".

o2
W3 pucyHka BHmHO, UTO BHOJIHE yAaeTcs nepenaTs HoBefeHHe 4UCTOil p H-
dasbl ¢ L=1, B To BpeMs Kak S-¢haza uMeeT xapakrep, 6MU3KHMIi K PE30HAHCHO-
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Puc.11 6. BepTukansHble THHHH — MOJIOCA OIUMOOK A7 YHCTHIX
a3 co cxemoit {3}, KpuBbIe — pe3ynsTaTEl PACYETOB WIS pas-
JIMYHBIX MTOTEHUHAIOB

Tabouua 6. Yucrsie no cxemam HOHra moremumansi p?H- n
3He?H-B3aumoseiicTeus B AyOneTHpIX KaHanmax. J1a Bcex ciyuaes R, =0.

B cko6Kax nmama smeprus mmm n2H- u 2HPH-cucrem

Cucrema L, V, MaB o, g2 | VpMeB | B gy E,., MaB
Yer. 34,75 0,15 ~ 5,49(- 6,25)
p°H 54,3 0,3 — 5,49(- 6,40)
Heuer. | 2.4 0,01
Yer. 40,0 0,15 8,0 0,2 - 7,1(- 8,0)
WHe | Py, 75,5 0,15 - 16,4(- 17,2)
P, 60,2 0,15 - 8,9(- 9,6

My, U He ylaeTcs HalWTH B3aMMoJeicTBHe, ciocofHoe onucars ee POpMy OIHO-
BpeMeHHO ¢ xapaktepuctHkamu CC. IlpuBesenusie B3aumopeiictsus ans OC

3
NPABHILHO OIMCHIBAIOT DHEPIHI0 CBA3H sgep “He u *H. DKCNepUMEHTaNIbHbIE
3HauyeHus 9Heprui paeHbl —5,493 MaB u —6,257 MaB cooTBeTcTBEHHO.
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O6a uucThIX S-moTeHUUana sz—B3auMone1710TBml NPUBOIAT NPUMEPHO K
ONMHAKOBbIM hazaM paccesHMs, HO TOJIBKO BTOPOH M3 HuX Ge3 BCAkmx medop-
MalH1id AeHTPOHHOrO KjlacTepa NPHUBOAMT K OTHOCHTENIBHO NPAaBUIBHOMY KYJIO-
HOBCKOMY ynpyromy ¢opMakTopy NpH MalbiX HMIynbcax. 3apsmaoBhiii panmyc

3Hc, B Clly4yae 3TOTO B3aMMOAEHCTBMS, Rf= 1,89 ¢mM u Rr=2,08 ™M, uTO He-

MHOTO 6071bllle BKCNIEPHMEHTAIBHOIO 3HAYEHMsi, a aCMMITOTHYECKAss KOHCTaHTa
paBHa 1,8(1), nMpu 9KcnepUMeHTANbHBIX 3HAYEHHSX, HAXOSIWMXCS B MHTEpBAE
1,8+2,3 [27]. B cnyuae n’H-cuctemsi BTOPOH MOTEHLUMAT HECKOJILKO 3aHMXAeT

SHEPrUI0 CBA3H, HO €C/IM YMEHBIIMTL MybuHy o 53,9 MaB, 1o aHeprus OKa3bl-

BaeTcsa paBHoW — 6,25 MbsB, a paauyce Rf— 1,89 dm u R =2,01 ¢m.

lna nepsoro BapuaHTa noTeHUMANa NPU ONMCAHUM pamuyca M hopmdakTo-
pa HeoOXxoaumo BBOAMTH JedopMauvu OEATPOHA, T.. Mpeanonarath, YTo Aei-

TPOHHOMY KJlacTepy BHYTpH sapa 3He wmm *H nenp3s conocrasnate coiicTsa

csobonHoro aeiitpona. C TOuKHM 3peHHsl pa3MepOB AeHTpOHa W siiep He u °H
3T0 BrionHe 0GOCHOBAaHHO, TAaK KaK PalHyc ReHTpoHa 3aMeTHO 6O0JibIE panHycoB
artux sgep. Ilostomy ana nmonyyewus mpaBWIbHBLIX paanycoB W (opmpakTopos
paccMarpuBaeMbix siep HEOGXOAMMO CXaTh AEHTPOHHBIN KJlacTep MPUMEPHO Ha
30—40% [8]. AcuMnToTHYeCKad KOHCTaHTa IJI3 3TOro MoTeHLHala B 0OOMX

kaHanax pasHa 2,3(1). Be3 yuera necopmaunit paguychl paBHbI: Rf= 2,05 dm u

YT

T

(%
o
-
TR YTTIY

YT

10 ®

TrrTYTY,

1
-6 1 {
1050 1.0 3.0 3.0 4.0

g oml

Puc.12. UMnynbcHBle pacripeaesieHust pZH-KﬂaCTCPOB B anpe SHe,
KpHBBIE — pacyeTsl Wi noreHuuanos OC u3 1abn.6
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R =220 dm B pZH U Rf= 1,95 M u R =2,12 pm 8 n*H. Ha puc.12 Henpepbis-

HO# JIMHMEH MOKa3aHbl WMMYNbCHBIE paclpeleieHus KJacTepoB B spe 3He,
MONyYeHHbIE C MepBbIM HabopoM mnapametpoB noteHuuana OC. LUtpuxosoii
JIMHUEH MOKa3aHbl PE3yNbTaThl A BTOPOro NOTEHUMAIA. DKCNEPUMEHTaATbHbIE
JaHHble B34THl U3 pabotsl [51].

34. Knacrepnaa cucrema 2H3He. [MepeiineM Teneps K paccMOTPEHHIO
2H3He-cucremu. B AyOneTHOM KaHasle (pa3bl TakXe 3aBUCAT OT ABYX OpOHMTalb-
HbIX cxem {41} u {32}, uto BuaHO u3 Tabn.l. B kBapTeTHOM Kanane pa3peu1cna
TONBLKO cxeMa {32} u COCTOSIHUS YUCTHIE.

DKcnepuMEHTATbHBIE NaHHbIE N0 (hazaM paccesHUs UMEIOTCs TOJLKO B Y3-
Kol obnacth snepruii 0 + 5 MoaB [52]. [TostoMy g nonydyenus noteuMana
NPUXOAMTCA ucnons3oBate MPI-soiuncnenus a3, BeinonHenusie B paborax
[53]. Pesynbrarsl pacueta a3 ¢ noreHuuanamu u3 Tabn.5 nokasaHel Ha puc.13
HENPEPLIBHLIMH JIMHUAMHK. 3[€Ch TOYKH ‘W KBAJApaThl — 3KCMEPUMEHTANbHBIE
P- n S-dbasbl U3 [52], KPeCTHKH M KPYKKH — BapHaHThi MPI-BblYMCIIEHHIT U3
[53]. Ha puc.13,a wrpuxosoii nunueir nokasansl D-dassl norenuuana [6]

napametpamu V., =50 MsB u a=0,15 M™%, npusonsume k Gonee npaBuJib-
P 0 p

Homy onucanuio MPI™ D-cas npu npumeprno takux xe pesyibrarax ais S-tas.
B T1abn.5 npusenenn aneprun 3C 1 KBapTeTHLIX MOTEHLHAIOB CO CXEMOH {5}
npu L =0 n co cxemoii {41} npu L =1, a PC c {32} oka3biBaeTcsi HECBA3aHHbBIM.

M3 puc.13,6 Buano, uto MPI u skcnepumentansnas nybnertnas S-chaza
CYWIECTBEHHO pa3nuyalnTcs Mexay coboii. [lapamerpsl B3auMoaeicTBus, npuee-
AeHHble B Tabn.5, nosnydyeHsl Ha OCHOBE 3KCHEPHUMEHTANbHLIX JAHHBIX, a €ro
S-tbaza nokasaHa ToueuyHoW nuHHel. [lns onucanus MPI S-chas Heo6xogum

noreHuHan ¢ napamerpamu V, =25 MsB u a=0,15 (pM_z, S- u D-da3sl koTo-

pOro NMoKa3saHbl HETPEPbIBHbIMH THHUSAMH. JyOneTHbli P-noTeHUHaT MONYYeH Ha
ocHoBe MPI'-Bbiumcnenmit 1 B LenoM cornacyercs ¢ akcnepumentom. CeueHus
ynpyroro paccessiidd npu ssHeprusx 4,19 u 10 M3B, BbiuHCneHHbIE C 3THMH
B3aUMOJEHCTBHAMH, COITIACYIOTCS C 3KCMEPUMEHTAIbHBIMU JaHHBIMU U3 [20,54].
M3 1abn.5 suaHO, yTO paspemieHHoe B ayGieTHOM KaHane P-COCTOSHHE MMEET
9HEpruio, He cornacympilylcs co cpended aHeprued CC P-ypoBHeH, Tak Kak
MOTEHLUHAT 3aBUCHT OT ABYX OpOUTANIBHBIX CXEM.

Ha ocnose (20) nonyuens! uucTeie ¢pa3bl paccesHus B RyOJEeTHOM KaHale,
KOTOpbl€ [10Ka3aHbi Ha puC.14 BepTHUKAIBHBIMH JHHHAMH. [lapameTpsl YHMCTBIX
NOTEHLMANOB AaHbl B Tabn.6, a Ha PUCYHKE HelpepbIBHBIMH JIMHUAMH 0003Haue-
Hbl pe3y/ibTaThl PacyeToB (ha3z ¢ BTUMM HOTeHUUanaMu s S-, D- u Py /2" BOTIH.

LITpHXOBBIMU JIHHUAMM TIOKa3aHbl (hasbl MOTEHUMATOB M3 [6] ¢ mapaMeTpamu:
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Puc.14. BepruxaisHple JHHHM — II0JOca OIMOOK IS
uncreix 2H3He-thas co cxemoit {41}, xpuseie — pesyib-

TaThl PACYETOB V14 PA3JIMYHBIX [TOTCHLMAIOB

V0=57 MsB, a=0,16 cpm‘2, V1 =8,4 MsB, B=0,21 (bM_l JIJIs1 YETHBIX BOJIH U
Vo= 69 MaB u a=0,14 cbrvf2 U1 HeueTHbIX. YucTteie ¢ {41} noTeHiMansl gawoT

. 50,
NpaBWIBHOE 3HaUY€HHe dHepruu P-ypoBHeil supa “Li, a B S-COCTOSHUH UMEETCs
3C co cxemoit {5}.

3.5. Knacrepnas cucrema 2H%H. Ipu paccesnuu B 2HH-cucteme B KaHase
¢ § =2 pa3spemeHa opburansHas cxema {22}, B TpumieTHOM KaHane cxema {31}.
CUHDIETHBI KaHal COBMECTHM C IByMsi cumMmeTpusMu {4} u {22}, kak BUAHO

u3 Tabn.1. DkcnepuMeHTanbHbIE JaHHbIE N0 (Pa3aM paccesiHUd B 2H?H-cucreme
U3BECTHHI TOJIBKO B obyiacTu 8 + 12 MaB [55]. [TosTOMy npHXOaUTCS HCTIOJB30-
BaTh pe3ynsTathl MPI'-pacueros ¢a3 [56]. Ha puc.15 u 16,a kpectukamu mnoka-
3aHsl MPI-dassl, kpyxkaMu — pe3ynsTarsl (pazoBoro ananuza. U3 puc.15,a
BUAHO OONBIIOE pa3iuMyve MeXOy pa3HsiMH MPI-BelYMC/IEHUSMH B S-BOJIHE
CHHIVIETHOTO KaHasa. BHU3Y pe3y/nbTaThl MOJy4eHbl HA OCHOBE MHOTOKaHAIbHOTO
Bapuanta MPI, BBepxy — omHoxaHanpHble pacyeTsl. TpuruieTHsle P-tasbl
TaKXe€ 3aMETHO OT/IMYATCS B 3TUX BapuaHTax MPI'-pacueToB u nexar Heckonb-
KO HHUXE 3KCHEPUMEHTAbHHIX JaHHBIX. B TO Xe Bpemsa Bce D- u S-¢a3sl npu

S =2 He CWIbHO OTJIUYAIOTCS MEXAy cob0H U B LIENOM COMIaCyrTCid C (1)a3OBblM
AHAJIU30M.
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Puc.16. a) ®aset ynpyroro 2H2H-paccesiHus, KpUBBIE — Pe3yJIBTaTH
pacueToB [Id  pAaNIMYHBIX NOTEHUMA0B; ©O) BEpPTUKAIbHbBIE
AMHMM — mojoca owWMGOK i uHcThIX (has co cxemoit {4},
KPHUBbIE — DPE3y/bTaThl PacCyYeTOB Il MOTCHLMANOB U3 Tabmn.7
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Tabmuua 7. CMelnaHHble B CHHIVIETHOM KaHajie M 4McThie ¢ {4} IOTEHIHAJIBI
p3aumoneiicreua ZH2H-cucremsl. s Beex ciaysaes R =0

S, L, V,» M=B o, v E.., MsB
§=0 9,0 0,05 -15
108,0 0,125 -17,1; 61,5
S=1 51 0,16 -2,0
S=2 40 0,24 - 6,9
1S (4} 47,15 0,073 - 23,85, - 3,73
Ip {4} 35,0 0,11

TpunneTHelii noreHIMAN H’H-cucremsi CTPOWICS 1O 3KCNEPUMEHTANIbHBIM
naHHBIM [55], B3anmMopeiicteusd ¢ L=0 u 2 — no akcnepumenry 1 MPI-Bbiuuc-
neHusaM. PesynpTaTsl pacuera a3 moKasaHbl Ha PHUCYHKax HeNpepbIBHbBIMU
aunusMu. [lapaMeTpsl NnoTeHManoB AaHsl B Tab.7. B cuHINMeTHOM KaHale 1oy-
4YEHO [Ba BapuaHTa B3aMMOICHCTBUM, NEPBbIM U3 KOTOPBIX CONEPXKUT ONHO CBA-
3aHHOE COCTOSIHUE W OMMCHIBAET MHOTOKaHa/IbHBIE PE3ynbTaThl, KaK MMOKa3aHO Ha
puc.15,a wrpuxopoil nunuei. Bropoii, npasuisHo Bocnpoussoas D-da3sy, npu-
BOAMT K OIpelesieHHOMY KOMIIpOMHMCCY MeXay pasziaudHsiMu MPT-Bbiuncie-
HUAMH.

IMockonbky npu S = 0 paspeuieHsl JBe cxeMsl, coBMecTUMble ¢ L =0, a {22}
JomnyckaeT ¥ L =2, To BTOPOil BapUaHT CHHIVIETHOTO B3aMMOJEHCTBUS KaxXercs
Oosiee peasbHbIM, MOCKONBKY HMeEeT IBa IMYOOKMX CBA3aHHBIX YPOBHS B S- W
onHo B D-cocrosnusx. Ilocnennee Haxoautcda npu sHeprud — 13,3 MaB. Tpu-

mweTHeId moteHuuan umeer PC, comacylomeecs ¢ ypopHeMm 2~ npu 22,1 MaB.
[Morenunan npu S =2 copepxut 3C co cxeMoitr {4}.

Yucrele ¢a3pl paccedHHs CHHIVIETHOIO KaHajla MojydyeHbl Ha ocHoBe (20)
s {f;} = {4} n {f,} = {22}. [lpn ucnonb3oBaHMM TONBKO pe3y/NbTaTOB MHOIO-

xaHanbHOro MPI yncTele ¢a3pl MoONy4a0TCa BIONHE ONpENesieHHO, OHHM MOKa3a-
Hbl Ha puc.16,6 toukamu. [Ipu ucnons3oBanuu oboux MPI-pesynbraToB mis
4uCTBIX a3 nonyyaercd Nojioca 3HaueHMil; NpUBEEHHAas Ha PUCYHKE BEPTH-
KaIbHBIMU JTUHUAMU. [lapaMeTpsl YHCTHIX MOTEHUHANOB AaHbl B Tabn.7. Ilpuse-
JAEHHBIA S-NMOTEHIHAT MPaBWIBHO BOCHPOM3BOAUT nosnoxeHus CC crnekTpa npu
sHepruax — 28,848 MsB u — 3,748 M3B oTHOocuTENnbHO mopora KJ1acTepHOTO
KaHasa. [lo sHeprusM 3THX ypOBHEH napaMeTphl B3aHMOAEHCTBUS (PMKCUPYIOTCH
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BIIOJIHE OfHO3HaYHO. OHAKO 3TOT MOTEHLMAT, XOTA U MO3BOJSET onucaTh S-ga3sy,
npusogut K D-caze, HaunHawouieics co 180°, u comepxut HeHabnogaeMoe co-
crosaue B criektpe CC mpu — 1,5 Ma3B. Dru pesynbrarsl noxa3aHsl Ha puc.16,6
HenpepbIBHBIMH JTMHMAMH. [losTOMy 1t D-BONHBI NPUXOAUTCA HUCHOJB30BATH
NOTEHLHaN ¢ APYrMMH NapameTpaMH, He npupoaauuid Kk CC, HO ONMCHIBAIOLIUMH
¢hazy, xak nokaszaHo Ha puc.16,6 ToueyHoit nuHuel. YucThii S-moTeHuHan B

H’H-cucreme OPUBOOUT K TPaBWIbHOMY 3HaueHHIo paguyca 1,64 ¢M Tonbko
npu nedopmauuy aeitpona npumepHo B 40%, Tak xe, KaK i p2H—KaHaJ1a saapa

3He. AcHMOTOTHYECKasd KOHCTaHTa oKa3biBaeTcsl paBHo# 13,7(1,3), uto 3aMeTHO
Oosnblie gaHHbIX [27], rae NpuBOAATCS 3HAYeHWs B UHTepBaie 6 + 9.

3.6. KnacrepHble cHCTeMBI p3H u n3He. Cuctems! p3H u m°He okasbiBa-
I0TCSl CMEIUAHHBIMK 110 M30CHHMHY, Tak Kak 1pn T, =0 BO3MOXHB 3HaYeHus

T=0,1. 3gecy TpuIUIETHBIE W CHHIJIETHbIE (hba3zpl, a 3HAYUT, U MOTEHLIUATHI
3(p(heKTHBHO 3aBUCAT OT ABYX 3HaueHHH n3ocnusa. CieICTBUEM CMEIIMBaHUS MO
W30CIUHY sBJAeTCA cMellnBaHue no cxemam FOura. B yactHoCcTH, B CHHIJIETHOM
COCTOSHUM pa3pelleHsl aBe opOurtaibHbie cxemsl {31} u {4}, xak BUgHO U3
tabn.1. [MostoMy mia nomyuenud yucTeix ¢as ¢ T =0, cornacao (20), ucnonn3y-
10TCs (pa3bl YUCTOM MO U3OCMUHY p3HC-CHCTeMbI ¢ T=1. B TpunnerHoM cocTosi-
HUU BO3MOXHa TOJBKO cxema {31}, HO OHO TakXe CMeulaHo Mo U3ocnuuy [7,8].

HMeercs cpaBHHUTENHHO MHOTO 3KCIIEPUMEHTATBHBIX JAHHBIX MO p3H—q)a3aM
paccesinus [57,58], npuueM B pabotax [S8] mpuBeneHs! aBa HaGopa a3, 1o3Bo-
JISIOLIUX BOCIPOM3BECTH CeUeHUs paccesHMs. [lepBhlil U3 HUX B LEJIOM corna-
cyercs ¢ naHHbiMu pabot [57]. Ha puc.17 u 18,a nokasaHbl 9KCTIEpUMEHTATIb-

HbI€, CMEUIAHHBbIE MO U30CNUHY W BbLIYHCJIIEHHBIE Cba?:lul p3H ynpyroro pacces-
HHUA. HapaMCprl MOTEHIMAIOB AaHsl B Tabmn.8. HOCKOHbe NOTEHLUHAJIbI
CMEUIaHHBbI€, SHEPIUd CUHITIETHOI'O S-B3auMonencTBUI He COOTBETCTBYET dKCIIE-

. 4
pUMEHTAIbHON SHEPrUH CBSA3M dipa He. B TpumietHOM S-cOCTOSHUM HUMeeTcs
3C co cxemoii {4}. Pazpemennsie B 060oux kKanaimax cocrosuus ¢ {31} umeror
OIOWH KBaHT, U P-noteHuuansl He copepxar CC.

Onpenenus Ha ocHoBe (20) uucthie ¢as3bl ¢ {4}, mokazaHHble TOYKaMH Ha
puc.18,6, MOXHO HAWTU YUCTBIE TIOTEHLMATBl B3aUMOMEHCTBUS C MapaMeTpaMy,
NpUBENEHHBIMU B TaONM.9, e JaHel TakXe 9HEPIHU CBS3aHHBIX COCTOSHHIA.
PesynbraTel BEIYMCIEHU YUCTHIX ha3 [UIA 9TUX NMOTeHUManoB npu S = 0 nokasa-
HBl Ha puc.18,6 HenpepbIBHBIMH KPHUBBIMM, a BBIYUCIIEHHBIE XapaKTEPUCTUKH

aapa *He 8 p3H— u n°He-Mogensx nani B 1a6:1.10 [8] BMecTe ¢ 3KCIEpUMEHTANb-
HBIMH IaHHBIMM U3 pabot [25,27].
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Puc.18. a) dassl ynpyroro p3H-paccesHus, KpUBBIC — pe3y/ibTaThl
pacyeToB Wi PaVINYHBIX MOTEHUHAIOB; 6) TOYKH — YUCTHIE (a3l
co cxeMoil {4}, KpHBble — pe3yJbTaThl PaCHETOB YHCTHIX (ha3 UId
MOTEHLHMATIOB C NapaMeTpaMu u3 Tabn.8
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Tabnuna 8. IloteHumans: B3aumoneiicteus B pSH-cucreme,
cMemanHble 1o cxemam IOmra. s Bcex ciyuaen R, =0.
B ckofkax jgausl sHeprum mia n3He-cucremsl

L V,, MaB o, V,, MsB B, v E.q, MaB

S=0
Yer. 50 0,2 - 10,4(- 11,4)
Heuer. -3 0,03
S=1
Yer. 55 0,39 6,0 0,39 - 1,2(-= 2,0)
P0 11 0,1

| 17,5 0,1
P2 22 0,1

Tabmuna 9. Yucreie no cxemam FOHIa NOTeHIHANBI B3aMMOIEHCTBHS
p H-xnacrepHoit cuctemst. s Beex ciayyaes R =0.
B ckobkax pmama sHeprua nma n He-cucremsl

L, V> M2B o, ch‘Z V. M2B B, q)M‘l E.., M=B
$=0
Yer. 63,1 0,17 - 19,82
Heuer. -8 0,03
S=1
Yer. 70 0,39 15 0,39 - 1,4(-24)
P, 11 0,1
. 19 0,1
P, 24 0,1 R
Tabnuma 10. XapakTepucTuk# ocHOBHOro cocrosnns ‘He
B n3He- u pPH-xnacTepHBIX MoOxeNsx
Kanan E, MaB Co R, Rf
1,31.1_pacqeT - 19,822 4,5(1) 1,761 1,693
DKcnepuMeHT - 19,815 5,2(1); 4,2(2) 1,673(1)
nBHe-pacqu - 20,861 4,4(1) 1,838 1,699
DKcnepumeHT - 20,578 5,1(4) 1,673(1)
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4. ®OTOINPOLECCHI HA JIETKUX SAJPAX

6y Ty .

4.1. ®oTtonpoueccsl Ha aapax Li u 'Li. Panee pacuersl nosiHeix ceueHui
thoTonpoueccos BrMONHsNIKUCH B DEHOMEHONOrHYECKOH MOTEHLHATBHON MOIeIH
[59], aHanoru4HOi HCHONB3YEMOH 30eCh, M B METOHE PE3OHUPYIOLIMX TPYII

(MPT’) [30,60,61] HJIﬂ\ 4HezH—, “He’H- u “He’He-cucrem. Onsa B3auMoneicTBuit

¢ 3C 6bulK TIPOBEdEHbI pacueThl MOJIHBIX CEYEHUH B *He’H-kanane aapa ®Li na
OCHOBe TpexTenbHbIX BoNHOBHIX (yHKuuii OC [62]. B aByxxnactepHoii Monenu
¢ 3C Ha OCHOBE I'ayCCOBCKHMX MOTEHIHATIOB, COINAacOBaHHBIX ¢ (ha3aMH yNpyroro
paccesiHHus, pacueThl MOJIHBIX cedeHui ObuIn BbinoaHeHsl B [10].

Iepexoust K pacCMOTPEHHIO CceueHHiT (POTOMPOLECCOB, 3aMETUM, YTO CIIHHO-
BB BrieKTpuueckuit oneparop Q, (S) B (2) faeT CPaBHUTENBHO Mallblil BKJIal B

O6HICC CEYEHHE mnpoLuecca. DTO MO3BOJAET paccMaTpuBaTh TOJIBKO HepBLIﬁ oIne-

parop EJ-nepexonos. OnHako, HanpuMep, Ans El-mpolieccoB B *He’H-cucreme
CIIMHOBOE CllaraéMO€ MOXeT [AaBaTh 3aMeTHBIH BKJIa# H3-3a MaJlOCTH CeyeHwus,
00YC/I0BIEHHOTO OPOUTANBHBIM OMEPaTOpPOM, MOTOMY 4TO B aapax ¢ N =Z nepe-
xoasl Tina E1 ¢ AT =0 cunbHo nopasneHsl. B kmacrepHoit Momenu 3ToT hakT

OTpaxaercsd B MHOXHTENE (ZI/M1 —Zz/Mz)z, KOTOPBIH paBeH HYJIO IIPH BTHX

ycnosusx. Ilepexon El, ofycnoBneHHblii OpOHTaNbHBIM ONEPATOPOM, B TaKHX
Afipax MOXET TOSABUTBCS TOJBKO Oyiarofgapss HETOYHOCTH ycnoBuss M =2Z, tak

KaK, Hanpumep, B *He’H-cucreme sapa ®Li maccsl JEHTpOHA H *He ne sBnsorcs
uenbIMK YucnamMu 1 pasusl M, =2,0135537 n M =4,0015061.

” 3
[Ipu pacuere ceueHuii B *He H- u *He’He-cucremax paccmarpuBanuch El-,
E2- y M1-nepexonsl W BKJIag CIIMHOBOH YacTH 3MEKTPUUECKOTO oneparopa. Pac-
CMOTpUM, Hampumep, El-nepexon, Korga 3axBaT MOXET NMPOMCXOAMTh Kak Ha

OCHOBHOE CBs3aHHOe cocrosHue ¢ J=3 /2" u sHeprusMu — 2,47 MsB B "Liu

- 1,59 MsB B 7Be, TaKk ¥ Ha nepsoe Bo30yxneHHoe ¢ J=1/2" u sHeprusMu
- 1,99 u — 1,16 MsB cootBercTBeHHO. 3aXBaT Ha OCHOBHOE COCTOSIHHE sApa
MPOUCXOAUT U3 COCTOSAHUII paccesiHus S, D3/2 1%} D5/2 Ha nepBoe BO30yXIeHHOE

us S u D3/2. [TapameTpsl MOTEHUMATOB, MCIONb3yeMbIX MPU pacyerax, JaHbl B
T1abmn.2.

Pesynbrarel pacuera ceuenuit EJ- u M1-3axBara *He’H u *He’He npuBee-
Hbl Ha puc.19. [TokasaHsl Takxe aKcnepuMeHTansHble [63,64] U pacueTHble naH-
Heie ansg E1 u3 [63] (Toyeunas xpusas BBepxy Ha puc.19,a). LtpuxnyHkTHpoM
Ha puc.19,6 nokasanni MPI-Beiuucnenus mns El-nepexona [12,30,60,61]. U3
puc.19 BumHo, uto ceduenus E2- m M1-npolieccoB Ha NonaTopa—TpH NOPAAKA
MeHsblle, 4yeM E1, U He DalOT CYIIECTBEHHOTO BKJaga B mosiHble ceyeHus. ITuk B
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Puc.19. TonHble ce4eHWs MPOLECCOB PagHALIMOHHOIO 3axXBaTa B
4He3H- u “He’He-cucremax ¢ obGpasosanueM sgep 'Li u 'Be B
OCHOBHOM H TIEPBOM BO30YKIEHHOM COCTOSIHHSIX, KPHBbIE — De3Ynb-
TaThl PacuyeTOB CEYEHUS WIS PATMYHBIX NepexofoB (0OBsICHEHHE B

TEKCTE)
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E2-ceuenun *He’H-3axsara COOTBETCTBYET pe3oHaHCy B F, /2-<ba3e NpH 3HEPTUH

2,16 MaB B c.i.M. AHaIOrMYHBINA MUK HaOMIOZAEeTCS U B CEYEHUU 4He3He-3ax3a-
Ta npu sHepruu 7,0 MsB, uto oTBeuaet pezoHaHcy npu 2,98 MaB (c.u.M.) oTHO-
CUTEJIbHO KJIaCTEPHBIX MOpOros. BeiuncneHHsle M1-ceuenus xopouo cornacy-
wrcs ¢ MPI-pesynpratamu [61]. Ha puc.19,a wrpuxnyHkrupom ¢ 06o3Ha-
yenneM E1’ mpuBegeHO cedeHue, OOYCIOBIEHHOE CMHHOBBIM UJIEHOM QJm(S)

3
anekTpuyeckoro El-oneparopa, kotopoe B *HeH-cucreme 3ameriio Meiblue
OpOUTANBHOIO CllaraeMoro Qjm(L), W €ro BKJadoM B nojiHoe El-ceueHue Heucr-

BUTEJILHO MOXHO npeHeOpeub. Bo Bcex pacuerax wis MariuTHbIX MOMEHTOB
KJIaCTEPOB UCHONBL3OBATHCH BEUYMHbL: L =2,9786 11 1 Hye = — 21274 ;.

Ipu *He’H-3axBate 6bin BhIMCIEN H S-thakTop, koropetid 1pu 20 xaB oka-
sancs pasen 0,087 k3B-0 B cpaBHennun ¢ u3secTHol Besnunnon 0,064(16) kaB-6,
lipuBeseHHon 8 [63,64]. OTMETHM, UTO CYILECTRYIOT U APYIHE DKCHEPUMEHTAIL-
nuie gannsie 0,134(20) [65]. Ipu 3axsare ‘He He S-chakTop 1upu 40 k3B pagen
0,47 k3B-6, 4T0 HEII0X0 comacyercs ¢ gannpimu [63,66], nexammu B npele-
nax 0,47 + 0,63 kaB-6. B MPI'-pacuerax obuiuno nonyuaior senuuuny or 0,5 110
0,6 x3B-6 [12,60]. B norenunansinom noaxoue [13,31,67] suiunciienus Jgaior
0,47(2) xsB-6, a B [59] 0,56 k9B-6. Ormerum, uro cywecTByioT jasa nabopa
IKCHEPHMEHTAILHBIX daHHBIX 110 S-hakTopamM Juist 9Toi cuctembl [63]. Ouaun u3
HHX npuBOMHT K Bennunne $(0) = 0,3(3) k3B-6, upyroii k S(0) =0,61(7) xaB-6.
Cpennee mexuay numn 0,45 k9B-6 xopowo cortacyercs ¢ nosnyuennonl Bejim-

. . 3
unnoi. Ha pnc.20 npusegenst acrpousnueckne S-chakropst st *He’H- u

3 .

*He He-saxpara s oGiactu suepruii 10 3 MaB, nosnyuennsie na octiose El-ceue-
HHH, W cpasienne ¢ MPI-oiuncnennsmu [12,30,60] (urpuxosblie Kpusbie).
DKClepUMeHT 1pHBelet B {63,64].
2
Bemunna P, s *HeH-cucremu s cityyae E2-1iepexojoB MOXKeT OblTh

lpejicTaBIeHa B BHilE
o)
Pr=2J+1, 21)
ec saxsar npoyicxoant na OC u3 cocrosnuit paccesiins ¢ L=2n J,=1,23.

[lapameTpsbl HOTEHUHATOB, HCIIOJb3YEMBIX [IPH pacyeTax, npuseicHsl B Ta0s.2.
B cedenun E2-3axBarta, 110Ka3aHHOM Ha puc.2] HenpepsiBHOH IHHHEH,
BMECTE C 3KCIHEPHMEHTATbHBIMU JaHHBIMH, MPUBEIEHHBIMU B paborax [68], kpome
nuka npu 0,71 MaB, naGmiogaercd W BTOpOH MakCUMyM MpH ®HEPrHU OKOJIO
2,5—3 M>3B, KOTOpbIii COOTBETCTBYET pE30HAHCY B D,-sonue ¢ aHepruei

2,84 M»3B. ToueuHoil nuHHe BHU3Y MOKa3aHbl ceyeHus M2-3axpaTa M3 Pi-n
P,-cocrosnuii paccesnns Ha OC. ToueuHas NHHHMS BBEPXY ITOKa3bIBACT PE3yNb-

TaThl pac4eToB E2-ceueHmii, BLINOMHEHHBIX B pabore [59].
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Puc.20. Acrpodusuyeckue S-paKTOpBl IPH MATBIX SHEPrusix Uis
4He3H- u *He’He-3axpata. HenpephIBHEIC KPUBBIE — DacUeTHl s

NOTEHUMANoB M3 Tabn.2, MWTPUXOBble JMHMH — MPT-pacueTs
[60,61]
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Puc.21. TlonHbie ceyeHUs Npolecca PagdallMOHHOIO 3aXBaTa B
4He?H-cucteme ¢ obpazoBaHHeM a1pa °Li B OCHOBHOM COCTOSHHH,
KDHUBBIE — PAacyeThl CEYEHHs UIA PaxTHYHBIX IpolieccoB (00bsc-
HEHHE B TEKCTE)

Hamu Gwinu BeimonHensl U pacuersi El-zaxBara Ha OC M3 KOHTHHyyMa C
J;=0,1,2 u L=1 ana op6uranshoro (E1) u cnunosoro (E1’) uleHOB B OTAENb-

HOCTH M MX 0OIIero ceyeHus ¢ yueToM uHtepepenunu (cM. puc.21, Henpephis-
Has JIMHUA BHM3Y). DTO CceyeHHe 3aMETHO MeHsblie, yeM E2, W npakTHYecKH He
BHOCHUT BKJIajia B IIOJIHbIE CE€YeHHMs npu sHepruu Gonbire 0,5 M3sB. Ha puc.22,a
HEMpPePHIBHOM JIMHMEH MMOKa3aHbl ceyeHus oTopa3Baia supa SLi B “He’H-kanan
BMeCTe ¢ 9KcrniepuMenToM [68,69] u pacueramu (WITPUXOBAs JIMHUA), TPUBEIEH-
HbIMH B [62] Ha ocHOBe TpexTenhHbHIX BonHOBHIX (ynkuuit OC. Ha puc.22,6
naHbl S-hakTopsl, nonydeHHsle u3 E1- u E2-ceyennii. 3gech XOpOIIO BUIHO, YTO
B 00/1aCTH HM3KHX SHEPIUii MpeoONafaommM oKasbiBaeTcs ceyenne E1-npouecca.
JluneitHas eKkcrpanossiums S-pakropoB K Hymio gaer S(E2) = 3.10° koB6

S(E1)=1,2-10"® xsB-6, 1ak uro obumii S-cpakTOp paBeH 1,5-107 k9B-6. Dror
Pe3y/IbTaT XOPOIIO COITIACYeTCs C BHIYMC/ICHUSAMH, BBITIOJIHEHHBIMU B pabote [70].

B cnyyae E1-3axBara 3He H na OC SLi senuumna P 7 IPEICTAB/IAETCS B BUIE

(21) nng HavadbHBIX COCTOSHMIA ¢ J, ; =0,12ulL=11.B 3HC3H-MOIICIIH MOXHO
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Puc.22. a) TonHbie ceveHus Tpouecca GoTopassana sapa Li B
“He?H-kanan. HenpepbiBHas JuHUS — pacueTHbie E2-ceueHus ans
HOTEHUMANOB M3 Tabn.2, WTPHXOBas MMHUA — pacyeTHblE CEYCHUS

u3 [62] ¢ tpextensHeiMu BD OC. 6) Actpodusuyeckue S-chakTopsl
i E1- u E2-npoueccos
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Puc.23. TMonubie ceyeHus mpouecca palMauMOHHOrO 3axBaTa B
3He3H-kanane ¢ obpasosanuem sapa SLi B OCHOBHOM COCTOSHMH.
HenpepbiBHast niuHus — pacyerhsle El-ceyeHus A0s NOTEHUHATIOB
13 1abn.2, ToueyHas NMHUA — ceveHUs M1-npouecca, WITPUXOBas
nnuHus — E2-cedenus

+
paccmotpets W El-nepexon Ha 37 pesonaHcHoe cocrosHue. [lapamerps

He H-notenunanos ¢ YY4ETOM CNHH-OpPOMTANBHOTO paculeruieHHs HaHbl B
Tabn.2. Pe3ynbraThi pacueToB MOJHOTC CEYEHHUs 3aXBaTa C S-MOTEHLUMAIOM, Npa-
BHWJIBHO TEPENaIOLIHM 3HEPTHIO CBA3M SApa B 9TOM KaHaile, MoKasaHbl Ha puc.23
HEMpPEPLIBHON NTHHUENH. DKCrepUMEHTaTbHble AaHHble B34Thl M3 paboThl [71].
BuaHO, 4TO MCMIONB30BAaHHE TAaKOTO NOTEHLMANA B P-B3aHMOLEHCTBHH, MEPENalo-
11Ier0 3HEPreTHYECKHH XOR (a3 paccesHHs, MO3BOJSET OMUCATh 3TH 3KCMEPUMEH-
Ta/lbHble AaHHble. OTMETHM, YTO CYIIECTBYIOT M ApPYrHe HU3MEpeHHs CEeueHMid
[72,73], 3aMeTHO OTIHYaolIMecd OT NPHBENEHHBIX HA PHUCYHKE.

B cnyyae M1-nepexonos Ha OC paccMaTpuBaics Mpouecc, Koraa NpoHcxo-
JAMT U3MEHEHHE CIIMHOBOIO COCTOSTHHMS C CHHIVIETHOIO Ha TpuruietHoe. B onepa-
TOpe MnepexoAa OCTaeTCsl TONbKO CIUHOBBIH 4JieH ij(S). Ins E2-nepexonoB Ha

OC u3 coctosHuii ¢ L=2 u Ji =123 PJ Haxoautcs u3 (21). Pe3ynpTaTsl 3THX
pacyeToB nOKa3aHsl Ha puc.23 TOYeyHOH M WTpUXOBOH KpuBbiMU. Ha puc.24.a

npuseneH S-dakrop Wi 3He>H-3axsara npu Manslx sHeprusx. JInHeiHOR 9Kc-
Tpanonduued 1A S-paxropa nmpu HyneBoil sHepruu B El-mpouecce Hoiay4eHo
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Puc.24. a) Acrpodusuyeckuii S-paktop ana He>H-3axsara,
6) TONHEIE CedeHus NpOLECCAa pamMALHOHHOro 3axsara B -He H-
Kanajie ¢ obpasoBanueM sipa SLi B pesonancHom 3*-cocrosuuu. To-
ueyHas JIMHUS — pe3ynbTarkl pacueror El-3axBara Ha ypoBens 37,
nosydeHHsle B pabote [74]. HempepriBHAad W 1UITPUXOBAs JTMHHH —
CEYeHNs, BbIMUCTICHHBIE U1 [TOTEHUHANOB U3 Tabn.2
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snayenune 0,06 xeB-6. Ha puc.24,6 noxka3ausl pe3y/ibTarsl pacyera CeueHMH 3a-
+

XBaTa Ha ypoBeHb 3 [UIsl MOTEHUHANOB U3 Tab.2 BMeCTe C JaHHBIMM M pacyeTa-

MM (TOYeuHas KpUBasi), MoJydeHHbIMU B pabore [74]. 3nech B KayecTse D3-l'[0TeH-

LMana MCToJb30BAINCh B3aMMoOneicTBUs ¢ rnybuHoit 105 MsB (uenpepriBHas

nuaug) ¥ 107,5 MsB (wtpuxosas nusus) u oo = 0,18 (bM—Z B 000MX clyyasix.

4.2. ®oTonpoueccs! 114 Aep 3He, 3H u SLi. Pacuern aucdepeHIUATBHBIX

ceyeHuil ¢oronpoueccos B N2H-, N°H- u 2H*He-cucremax A1 TIOTEHLHATOB C
3C u pasgeneHueM No opOUTAIbHBIM CXEMaM PAHEE BIIOJHE YCTIELIHO BBIMONHE-
Hel B [6]. [lonHple ceyeHHs AN TakuX CHCTEM B KiacTepHbix Mogenax ¢ 3C u
pasgenenueM no cxemaM HOHra paccMarpuBanuch, HaMmu B [75].

Ilpu pacuere nonubIX cedeHuit yuursiBanucy E1- u E2-nepexomnsl, 06ycios-
NeHHBIe OPOUTANBHOM YaCTBIO BJIEKTPUYECKOrO onmeparopa Q m(L). MarautHble
CEYEHMs] U CEUYEHHMs, 3aBUCAIINE OT CIIMHOBOM 4acTH BIEKTPHUYECKOrO ONepaTopa,
OKa3aJIMCh CpaBHUTENILHO ManbiMu. El-mnepexombi B N?H-cucTeMe BO3MOXHbI
MEX/y OCHOBHBIM YHMCTHIM 2§-cocTosHneM u 2P-cocTosHHeM paccestHus. Benu-
YyHHa P]2 B (5) wia doropa3sana MoxeT GbITh TipencTasiena B Buae (21), ecnu

3aMEHUTD Ji Ha Jf, rae Jf — MOMEHT KOHEYHOIO COCTOSHUS, KOTOPBId MOXeT

NpUHUMATh 3HaYeHus 1/2° u 3 /2. B cnyuae E2-npoueccos mepexonsl BO3MOX-
Hpl MexXay yucteiv OC u aybnerHoil D-Bonnoil paccesnus. U B sToM cityyae

P 12 npeacrasnsercs B Bupe (21) ¢ Jf= 3/2" u 5/2%. Ceuenus ¢oronpoueccos
NPOMOPLIUOHATBHB MHOXHTEIO (ZI/MIJ+ (—I)le/MZJ)z, KOTOpPBIA UMeEeT Ofu-

HaKOBYI0 BEIHYMHY B n’H- u sz—CHCTCMaX B cinydae El-nepexomoB u oTinua-
ercs Ha mopsapok anda E2. IlostoMmy ceuenue E2-mpouecca OKa3bIBaeTCs 3aMeT-

2
HBIM TOJILKO B p~H-cucreme, uTo, BpoueM, He OOBSCHSET pasHHIly B BeJHMYHUHE
. 2 2
9KCNIEPUMEHTAIbHBIX ceueHuit g p“H- u n"H-toropassana.
Ha puc.25 HenpeprIBHBIMH JIHHUAMH TOKA3aHbl PE3Y/IbTATH PACYETOB MOJI-

HBIX CEYEHMH MnpoueccoB oTopa3pana saep H u >He B n’H- n p2H—KaHam>1 c
nepsbiM BapuaHTOM notenuuana OC u P-p3auMogeiicTBUeM ¢ TiepuepruuecKuM
OTTaIKHBaHueM (cM. Tabn.5,6). DkcnepuMenT onucad B pabortax [76,77]. Wlrpu-
XOBOM JIMHUEH MOKa3aHbl Pe3y/bTaThl, [IOJyYeHHbIE C TeM Xe noTteHnuanom OC,
HO C YHCTO OTTAIKUBAIOIINM BapUaHTOM B3auMopneiicTeus B P-sonne. Ucnons3o-
BaHHe BTOpOro BapuaHra norenuvana OC npu moboM P-B3auMOIeHCTBUH TpH-
BOOMT K CedeHusM oropasBajla, KOTOPhle B MAakCHMMyME OOCTHMTAlOT TONbKO
600 M6, kak mokaszaHO Ha puc.25 TodyeunniMM NuHUaMH. LLITpuXOBOi NMHMEH
BHHM3Y Ha puc.25,6 obo3HayeHO cedeHue E2-npouecca. Ha puc.26 nokasan actpo-
usnueckuii S-pakrop, obycnosnenHsii E1-nepexonom. DKCIepUMEHT MoyyeH
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Puc.25. TlonHble ceyenus coTtopassaia anep 3H B n?H-xkaHan u
3He B p?H-xanan. Kpupble — pacueThl id TNOTEHLHAIOB W3
T1ab1.5,6
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Puc.26. Actpocuiuueckuii S-paktop ans p2H-3axsara. Kpussie —
pe3y/IbTaThl PaCYETOB VIS PAXIMYHBIX MOTCHUHANOB

nepecuetom gaHHbpix pabotbl [78]. O6Go3HaueHUs KPHUBBIX Takue Xe, KaK [Uis
doropa3zsana. Juneitnas skcrpanonsuus S(El)-dakTopa K HyneBOH IHEPruM
. —4 .
naeT [uis HenpepeiBHOH JMHUM Bennuuuy 1,0(2)-10 x3B-6, ans wTpHUxoBOH
-4
1,6(2)-10 k3B-6.

CyuecTByeT OOCTaTOYHO MHOIO pPacyeTOB CeYeHMH 3THX MMPOUECCOB Ha
OCHOBE Pa3/IM4YHbIX MORENbHBIX MOAXONOB. B yacTHOCTH, B HEKOTOpBIX BapHaH-
Tax MmeTtoda runepciepuueckux GyHKUMIA yraeTcs XOpowo nepenars MNOJHbIE
CEYEHHs NMPH HEBBLICOKHX aHeprusx [77]. OgHako B TakHX nopxomax oObIYHO He
paccmartpuBanach CynepMmyibTHIUIETHas cummeTpus B® c pasmeneHuem mno
cxemam FOHra, nossondmoolias aHaJIM3HPOBaTh CTPYKTYPY MEXKIIACTEPHBIX
B3aUMONEHCTBUI, OMpeNesTh HAIWYUE H MOJNI0OXEHHE paspelleHHBIX M 3ampe-
LIEHHBIX COCTOSHHUM, KaK 3TO ObINO CAENaHO BhILIE.

Benuunna sz ans El-3axsata B “H>He-cucteme Moxer 6biTh npeAcTaB/ieHa
B Buae (21) ¢ Jf= 1/27,3 /27, ecnu 3axBar NPOUCXOAUT U3 S-BOIHBI B 2pl4) 6.

CTOSAHHA KOHEYHOIO Apa, KOTOphie HecTaObHUIIBHBIL. SHCpI‘PIﬂ Pg4/l2}—ypOBHﬂ 0KOJ10

9 MsB c mupuHoii nopsaaka 5 MsB [23]. IIpu 3axpate u3 2D_BonHbI BenUuMHA
2
P, B nBa pasa Gonblue, yem npu S-3aXBaTe, €C/IM HE YUUTHIBAETCS CIIMH-OPOH-

TAJIBHOE pacCUICIVICHHE.
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Puc.27. a) Ilonusle ceuenns 3He?H-3axsara ana aapa SLi; 6) actpodusu-

yeckui S-cpakTop mns 3He?H-3axsara. KpuBble — pe3yIBTaThl PACUETOB LI
PaxnIMYHEIX TOTEHLHATOB
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Ha puc.27,a npencrasieHsl pe3ynbTaThl pacueToB ceveHus El-pagmanuon-

Horo 3axsata B H He-cucteMe B 061acTH sHepruii 10 k3B + 40 M»sB. rpux-
NYHKTHPHasA JIMHUA [OKa3bplBacT NMOJHOE cyMMapHoe cedyenue El-nepexomos u3
S- 1 D-BonH paccesHus Ha YPOBeHb Py /2> KOTHA B KayecTse NMOTeHUMana pacce-

SHHMS UCNOJb3YEeTCA B3auMOAEHCTBHE M3 Tabn.5 ansg yeTHsIX BonH. Ero S-chaza
NoKa3aHa Ha puc.13,6 TOYEUHOIi IMHUEH ¥ ONUCHIBAET SKCIIEPUMEHTANbHBIE 1aH-
Hble. HenpepeiBHOM nuHueil gaHo El-ceuenue mis S- u D-noreHuManos pacce-

AU ¢ napamerpamu V=25 MsB u a0 =0,15 q)M‘z, MPUBOASLIIUMH K OMUCAHHUIO

METOIOM PE3OHUPYIOIIMX Ipynn S-cha3bl, Kak MOKa3aHO Ha puc.13,6 Hempepbis-
HOH nuHHel. LLITpUXOBBIMU JTUHUSMH [OKa3aHbl BKJIambl u3 S- U D-BOnH Ui
NEPEXoia Ha ypOBEHb P3/2. ToveuHas nuHUA — NOMHOE CEUEHHE Mepexoja Ha

yposens P, /2 JIBa nuka, HaOJI0MaeMBIX B CeYEHHUSX 3axpara Ha o0a 2P—ypom{sx,

OGyCIIOBIICHbI pPE€30HaHCaMHU B 2S— H 2D-BOIIH8.X COOTBECTCTBCHHO.

Ha puc.27,6 npusenenst actpocusnueckue S-¢akTopsl mis Mepexogos Ha
YPOBHH P3/2 (HempepbiBHAS JHHUA) H P1/2 (wtpuxoBas nuHus), 00yCIOBIEH-

Hele El-npoueccoM. JInneitHas skcTpanomsiuns S-(hakTopoB K HYJIEBOH SHEPIMH
naer S(3/2)= 3(1)~10_3 kaB-6 u S(1/2)= 7(1)-10"4 k3B-6. Ins nmorteHumana
paccesiHusi, OIMCHIBAIOLIETO 3KCIIEpUMEHTanbHylO S-tady, S-dakTop mnokazaH

IWTPUXTYHKTUPOM U TIPH HYJIEBOI 9HEpPIUH paBeH 1,3(2)-10‘1 K9B-6.

4.3. @oromponieccsl B KIaCTEPHOM ’H’H-kanane aapa ‘He. IIpouecco

¢oropazBana sipa “He paccMaTpuBaIMCh BO MHOTHMX pabotax [79], ognako tam
He ucnonb3oBanuce noreHuuansl ¢ 3C. Takue B3aMMoAeicTBUS MPHUMEHSUTUCH B
[6] nna pacueroB nudepeHIHanBHBIX CEYEHMil, a IMOJNHbIE CeYeHHs paccMar-
puBanuck Hamu B [80].

ITockonbky B H’H-cucreMe OCHOBHOI BKJIaa AgaeT E2-mepexof, KOTOpHIi
BO3MOXEH MEXIY YMCTBIM OCHOBHBIM S-COCTOSHMEM M CHHIVIETHON D-BOJHOIA
paccesHusi, TO MOXHO YTOYHHTb 9TH ABa B3aUMOAEHCTBMsA. B KauecTBe YMCTOrO
S-notenunana OymeM HCHOIB30BaTh HAGOP HApaMeTpoOB, MPUBEIEHHbIN B Tabm1.7,
KOTOPHIM MO3BONAET TOYHO BocmpoussecTH SHepruu CC. [Ins CHHITIETHOrO
NOTEeHHHMAaNa PaCCMOTPHUM ABAa BapUaHTa CHHIVIETHBIX B3aUMoJeHCTBUIN U3 Tabn.7,
NepBOE€ M3 KOTOPHIX ONHMCHIBAeT S- M D-ta3pl paccesHusi, Kak MOKa3aHO Ha
puc.15,a, u ne cogepxur CC B D-onue, a Bropoe — D-dasy, umeer 3C u
HO3BOJIAET MOIYYUTh HEKUM KOMIpOMHcC Mexay pasHeiMu MPI S-hazamu (cm.
puc.15,a, HenpepbIBHAd JIMHUS).

Ilpu pacuere nonHeIX ceyeHUi paccMaTpusaics Toiasko E2-nepexon, oGyc-
JIOBJIEHHBIH OpOUTANbHOH YacThi0 3JIEKTPUYECKOTo Oneparopa Q,,(L). Mar-

HHUTHbBIE CEYEHHUS MU CEYEHUs, 3aBUCSILHNE OT CIIMHOBOH 4YacTu SJICKTPUYECKOrO
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Puc.28. a) Monusie ceyenns totopassana sapa “He B ZHH-kanan.

Kpusas — pacyerbl mnia rnybokoro D-noteHuuana M3 T1abn.7;
6) actpodmsnueckuii S-paxtop mns 2H2H-3axpara. HenpepbisHas
KpHUBas — pe3yJbTaThl PacyeToB [Uis MNMOTEHUManoB H3 Tabm.7.

IITpuxoBas KpuBas — pe3yJIbTaThl pacyeToB u3 [79]
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oneparopa, OKa3aIUCh CPaBHUTENbHO ManbiMH, a El-mpoueccst BooOGlie 3anpe-

2442
ILEHHbl M3-3a HAIMYKS KJIaCTEPHOTO MHOXHTENs, paBHoro Hymio B “H H-cucreme.
Ha puc.28,a HenpepbIBHOIT IMHUEH NOKa3aHBl PE3y/IbTaThl PacyeTOB MOTHbBIX

ceueHuil ¢oropas3sana sgpa *He B *H’H-xanan mns ny60KOro CHHINIETHOTO
norenuuana, cogepxauero CC B D-posiHe. DKCNIEPUMEHT, MOJYYEHHbII U3 nepe-
pacdera ceueHuil 3axsara Ao 10 MaB u u3 ceuenmii anekTpopassaia npu 6onee
BLICOKMX 3HEprusx, npusoautcs B paborax [81,82] coorBercTBeHHO (CM.
puc.28,a, Touku U TpeyroyibHUKH). KpyXKaMH mnokas3aHbl pe3yiabTaThl W3Mepe-
HHi, BBITIONMHEHHBIX B [83]. BuaHo, yro Toneko B cepuu pabot [81] npusonsrcs
XOPOILO COrfacyloLIHecs: MeXNy cOOOH faHHble, KOTOpbIE COBMANAIOT U C Pe3yJib-
tataMu [83] mpu Hu3KkuX 3Heprusx. [Ipu Gosiee BLICOKHX IHEpPrUSAX pa3iUyHble
M3MEpPEHHs OKa3biBalOTCA NpoTUBOpeuHBbIMU. Taxk, B [82] nosBnsitorcs ykasaHus
Ha MPUCYTCTBHE BTOpPOro makcumyma npu 20 MaB. B 1o xe Bpemsa B [83] npwu
sHeprusix 6onee 10 MaB naGmiogaercss 9BHBII Cliag CeueHMs.

PacuerHble ceueHHs ¢ MeTKHM CHHIMeTHBIM D-B3aMMONENHCTBHEM OKa3biBa-
I0TCS ‘Ha NOpAROK Gonbile 3KCHEpUMEHTANbHBIX pe3ynsTaros. Jlio6sie apyrue Ha-
Gopsl mapaMeTpoB, nossonsiowue onucarh D-hasy u ne npusogswue kK CC B
D-ponHe, JaloT 3aBbllLIEHHbIE OTHOCUTEJILHO DKCIIEPHMEHTA pacyeTHblE CeYEeHMUSI.
WU ecnu ucxonuts U3 TpeboBaHUS ONUcaHHs ceueHuil oropassaia, TO NPUXO-
OUTCA OTAATh NpeanoyTeHue ryDOKHUM CHHITIETHBIM B3aMMOIEHCTBHIM, HMENKD-
wuM CC B D-BonHe. 3aMeTHUM, 4TO eciau ansg ydcroro notenuuana OC vcnosb-
30BaTh B3aHMOJEHCTBHE C APYrMMU nMapameTpamu [82], KoTopble HE TOUHO fnepe-
AT IHEPTMH [BYX CBA3aHHBIX YPOBHei, TO cedyeHHe npouecca doTopasBana,
COXpaHsis MaKCHMYM MpPH Te€X XE€ 3HEPrusiX, yMeHbILAeTCd B HECKOJILKO pa3.

Ha puc.28,6 noka3san BbiuucieHHbIi S-dakTop 2H’H-3axBata NpHU SHEPTHUSX
ot 100 k3B no 10 M3B (HenpepbiBHas IMHKS) B CPABHEHUM C 3KCMEPUMEHTAb-
HbIMH AaHHbIMHM [81] W OOHMM W3 BapUaHTOB pacyeToB, BHIMOJHEHHBIX B [79]
(wtpuxoBast nMHUsA). BuaHo, 4To pacuerHblit S-hakTOp OnMUCHIBaeT 3KCNEPUMEH-
Ta/llbHbIE JaHHblE MPH 3Hepruax Ao 1—2 M3B u uMeer mpuMmepHO Takyl Xxe
topmy, kak B [79]. Ilpu Gonee Hu3kuX 3Heprusix ceyenue E2-MepexomoB THMA
2§ — 2D oxasbiBaeTcs CIMIIKOM MaJIbIM, 4TOObl OOBACHUTH IKCIIEPUMEHTAIIBHbIE
nanneie. Ilpu sHeprusx Huxe 1 MaB ocHoBHOIt BKJ1an fawT ceyeHust E2-mpo-
uecca ¢ MnepexoaoM U3 KBUHTETHOH S-BonHbl B D-koMrnoneHty B® ocHoBHOrO
coctosnug [79], koTopas B HCIONb3YeMOH 3aech MOLENIH OTCYTCTBYET.

4.4. ®ortomnponecchl B KNACTEPHBIX p3H- u n°He-kananax aapa ‘He. Parice
pacyersl AudPepeHUHATBHBIX CeYeHUN Ans p3H-CHCTeMbl Ui TIOTEHLHAJIOB ¢
3C u pazpenenuem no cxemam lOura seinonxens B pabore [6]. IonHbie ceueHust
Ul TaKMX XK€ B3aUMOACHCTBHI paccyuTaHbl HaMH B [84].

IIpu El-npoueccax BO3MOXHBI NEPeXOAbl MEXOY OCHOBHBIM UYHCTHIM C

T=0 cocroaHuem M CHHIIETHOUl P-BonHo#l paccesuus. Eciu cuurars, 9TO
OCHOBHOM BKJIaJl B CEYEHMS AAIOT MPOLECCH C W3MeHeHHeM u3ocmuHa AT =1
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[85], TO He0OXOAMMO MCMOJB30BaTh P-MOTEHIIHA U3 YHUCTOrO MO H30CHHHY C

T=1 CUHIJIETHOIO COCTOSIHHS p3He—CHCTCMb]. B cnyyae mepexomoB ¢ AT =0
UCTONb3YeTCsl MOTEHLMan YUCTOH CUHIMETHOH P-asst ¢ T=0 ans cuctemsl

p3H. B paGore [84] ana OC ¢ T =0 npusonsarcs TpH BapHaHTa B3aUMOJEHCTBUS,
OJIHAaKO 3[€Ch UCIIONB3YEM TOJIBKO OAHO K3 HUX, MapaMeTpbl KOTOPOro MpHBee-

Hbl B Ta651.9. [TapameTpsl P-B3auMoneicTBus p3He npUBeneHbl B Tabn.4, a casbl
paccesiHHs ToKa3aHbi Ha puc.8,9.

Ha puc.29,a mrpuxoBoii fnHMEN MoKa3aHbl pe3yabTaThl pacyeTa MOJHBIX
ceyeHuit poTropaspana *He B pSH—KaHan npu nepexonax ¢ AT =1. DxcnepuMeHT
B3saT u3 pabor [86,87] — kpyxku, [88] — TtpeyronpHuku u [89] — TOuKH.
BunmHo, uTO pa3bpoc pa3snUYHBIX 9KCIEPHUMEHTAIBHBIX AaHHBIX AocTHraeT 20—
30%, npuyem Gonee nmo3gHue H3Mepenud [88,89] nexar 3aMeTHO HHXe peE3ylb-
TaToB, Mojy4eHHbXx panee B [86,87]. Mockonbky P-roTeHLMan BhIOMpaics Kak
HEKHH KOMIIPOMHCC MEXAy pa3IMYHbIMU (Da30BbIMH aHAIM3aMH, €0 BEJIMYMHA
omnpejeneHa HeOOQHO3HAYHO. I109TOMY MOXHO HECKOJILKO YBETHUHUTD €ro NIyOuHy
u npudsate V=15 MeB u a=0,1 cpM‘Z. Torma B MakCHUMyMe Ce4YyeHHE

yBenuyuBaercs npuMepHo Ha 0,1 M6 M HECKONBKO Jydllle COIIacyeTcsl C 9KC-
nepUMeHTATbHBIME JaHHBIMU [88,89], kKak noka3aHo Ha puc.29,a HempepeIBHOM
nunned. daspl 9TOro P-noTeHuMana NpakTHYeCKH He OTIMYAlOTCH OT M0Ka3aH-
HBIX Ha puc.9,a HempepHIBHON JIMHUEH.

Ina paccmorpenus: nepexonoB ¢ AT =0 HeoOXOIHMO HCIIOB30BATh OTTAl-

KMBaWIIHi P-BONMTHOBOM MOTEHLUAN U3 p3H—Cl/ICTCMbI, npuBeaeHHbI B Tabn.9. B
9TOM cllydae BooOlle He ynaeTcd IpaBWIbHO Nepefars faxe opMy 3KCnepuMeH-
TaIBHBIX CEYEHMH, KaK MOKa3aHO Ha pHC.29,a WITPUXINYHKTUPHON JIMHUEH.

Ha puc.29,6 mrpuxoBoii TnHUEl NMOKa3aHbl pe3yabTaThl pacueToB Ul peak-

1H 4He(y, n)3He ¢ AT =1 pna P-s3auMopeiicTBud U3 1abn.4 BMecTe C 9KCHEpH-
MEHTAJIbHBIMU JaHHbIMU pabot [89] — Touku, [90] — TpeyronpHuxu u [91] —
Kpyxku. U 3mecs Gosnee panHue U3MepeHUs cedeHuid [92] nexar 3aMeTHO BblIllE
nocnenHux ganueix [89,90]. Ecnu HeckoipKO yMEHbIIUTD [yOUHY B P-BonHe o
11 M»sB npu Toii Xe reoMeTpHu, TO yaaeTcd onucaTh faHHble pabot [89,90]. Do
ceyeHHe NoKa3aHoO Ha puc.29,6 HenpepblBHOI nuHueld. Pa3pl Takoro P-morten-
uuasa nNpuBedeHbl Ha puc.9,a TOYEYHOH JIMHUEH M COMIacyloTcsd ¢ AaHHBIMU
thazoBoro ananusa u3 paboru [44].

CymecTBylolide pacueTsl ceueHHid 3THX (oropeakuuil B pa3MYHBIX MOfE-
A89X W nmoaxopax (cM., Hanpumep, [86—91]) B o0lweM NpHBOOAT K COIVIACHIO C
UMEIOLUMHUCS DKCIEPUMEHTANLHBIMM TaHHBIMU. OOHAKO 3KCIEepHUMEHTabHbIC
HEOIHO3HAYHOCTH CTONb BEJUKH, YTO TPYAHO OTAATh MPEANOYTCHHE TEM HIIH
HHbIM pe3ynbpTaTaM. B 1aHHOM ciiyyae HEOAHO3Ha4YHOCTb (pa30BbIX aHATH30B MO3-
BOJIIET HECKOJIbKO MEHSTh NapaMeTphl MOTEHLHATIOB M NMOJIyd4aTh PE3y/bTaThl,
comacyouyecs ¢ TEMH WIH HHBIMH DKCIEPUMEHTANbHBIMU AaHHBIMU 11O (OTO-
pasBany.
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Puc.29. Monusie cevenus oropaspana supa “He B p°H- u n°He-
KaHalbel. KpuBble — pe3ynasTaThl pacyeToB [/Id pa3iiMYHbIX MOTEH-
LHAI0B



1588 NYBOBHYEHKO C.B., IXA3AHWPOB-KAXPAMAHOB A.B.

I E
F pCH.7)'He
[
B
10"
© E
C 3 R |
A ;
M 3
o -
10 *¢
10}
Caaaad X At 1 asaal " A gl I I
10t 10" 1
Enms, M2B

Puc.30. Actpodusnucckuii S-paktop s p H-3axsara. Henpe-
pBIBHAst KpHBas — pacyeTsl L1 MOTeHUHaAoB K3 Tabn.4,8,9

Ha puc.30 npusenen actpodusuueckuil S-pakTop MpH Majibix IHEPTHUAX,
NoNyYeHHbli ¢ P-BOMHOBBLIM B3auMogeiicTeHem npu rnybune 15 MsB, koropoe
NPUBOAMT K OMHMCaHHI0 npouecca oTopassana. DKClIEPUMEHTaIbHbIE JaHHbIE
B3sThl U3 pabor [86—89]. BunHo, uto, HecMOTpst Ha HGonblne IKCHEPUMEHTATb-
Hble OLMOKH, B LIEJIOM yaaeTcst nepeaarb u3MepeHHbie ceueHus [86—89] u npu
HU3KkuX 3Heprusax 0,7 + 3 MbsB. Jluneiinad skctpanonsuus S-cdaktopa K Hyse-

BOW ®HEpPruM JaeT 3HaAYeHHE ~ 1,3(6)‘10_3 KoB-6.

3AKITIOYEHHE

Ha ocHOBe npuBeNeHHbIX PE3YNbTaTOB MOXHO CUMTATh, UTO pacyeThl ympy-
rMX M HEYNpPYruX KYJOHOBCKUX (hopM(baKTOPOB siaep JIMTHS B IBYXKJACTEPHbBIX
MOZENSAX sl TIOTEHUUATOB C 3anpeleHHbIMH COCTOSHHUSMHU TMO3BONSIOT MOMy-
YHTh HEIUIOXO€ OINMUCAHUE 3KCIEePUMEHTAIbHBIX pE3yJbTaTOB JaXxe MpH Cpas-
HUTEJBHO OONBIIMX MepeJaHHbIX HMMynbcax. Bo Bcex cnywasx, B OTJIMYHE OT
MPT -Beruncnenuit [34—36], B pacueTax NMpHUCYTCTBYET BTOPOii MakcHUMyM ¢opm-
(hakTOpa, BeNMUYUHA KOTOPOTO HECKOJIBKO 3aHHXEHA OTHOCHTEJIBHO 3KCIEPUMEH-
TIBHBIX JaHHBIX. YaeTcsd BOCIIPOH3BECTH BEPOSTHOCTH JIEKTPOMAFHUTHBIX E2-.
U Ml-nepexonoB, MarHUTHBIA, KBAaAPYMOJbHBIH M OKTYMONBHBIH MOMEHTHI,
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MarduTHBIA M 3apsJ0BbIA paauychl. [TapaMeTpbl MOoTeHUHANOB NMpeaBapUTENbHO
thukcupoBaHsl 1Mo ynmpyruMm ¢azam paccesHHs KJIacTepOB M MPH BBIYHCIICHUH

6y -
¢opMpakTOpOB HECKONBLKO H3MEHEHBI TONLKO Ul D;-BONHBI B ~Li, 4TO 10o3Bo-
JIMJIO XOPOLIO NepenaTh NMoBefleHHe NepBoro MakcuMyma topmeakropa.

Knacrepnas noreHumansHas Mogens g B3aumopeiicteuil ¢ 3C nossonsier
NpaBUIBHO OMHUCATh HE TONBKO CTaTHYECKHE 371€KTPOMAarHUTHBIE XapaKTepuc-
TUKHU SIEP JTUTHUA, HO M MOJHBbIE ceyeHus ¢OTONpPOLECCOB BO BCEH pPacCMOTPEH-
Hoil oOnacTu 3Hepruii. OnuceiBaloTcd M S-(pakTOpsl NpH  acTPOU3IHYECKHX
sneprusx. [losroMy MOXHO cuuTath, yTO GOJbLIAA BEPOSITHOCTH KJlaCTEPH3aLUH

SA€ep JUTHA B *He’H- u *He’H-xananw nossonsier Bnonue YCHEWHO NMPUMEHATD
NPOCTYI0 ORHOKaH&IbHYIO KJlacTepHylo momesb. OnHM M Te Xe Habopbl MOTEeH-
LMaNoB OAal0T BO3MOXHOCTb OMUCBIBATh Pa3IMYHBIE SAEPHBIE XapaKTEPUCTHKH.
[lns nonyvenus cornacus ¢ 3KCIEpUMEHTOM He TpebyeTcs BBOAMTH KakHe-IHOo
MCKaXeHHWs XapaKTepHCTHK KiacTepos. [lpennonoxeHue o TOM, YTO HaHHLIM
KjlacTepaM B sflpe€ MOXHO B LEJIOM CONOCTaBISTh CBOWCTBA COOTBETCTBYIOLLMX
cBOOOAHBIX YaCTHL, BMOJIHE OMNpas/blBaetcs, 4To coracyercs u ¢ MPI-pesysns-
tatamu [36,92], rne MCKaXeHUst NMPUBOASAT TOJIBKO K HE3HAYMTESbHBIM H3MEHe-

6 .  Ts.
HHAM XapakTepucTuk snep Li u 'Li. OnpenenenHoe MCKIIOYEHHE COCTABISIET

3¢1.3
TonbKO ceueHne “He H-3axBaTa, rae MMEIOTCS HEKOTOPbIE 3KCIEPHUMEHTAIbHbBIE
HEOJHO3HAYHOCTH B CEYeHHSX M He ylaeTcs cornacosats asbl paccesHUs c
sneprueit OC.

anMCHCHMC OHOKAH&IbHOM NOTEHLMAIbHOM KJ]aCTCpHOﬁ MOJE/IH C 3arnpe-
LWEHHBIMH COCTOAHHAMHU K pa3e/iCHHEM 110 CXeMaM KOnra nossonser B uenoM
BOCIMPOH3BECTH UMEIOLLIHECH IKCNEPHUMEHTANIbHBIC TAHHBIE 1O MOJHBIM CEYEHUIM

toropasBana M paaHaLUMOHHOIO 3axBara B NH-cucreme npHU HeOONBIINX BHEP-
rMAX Ha OCHOBE MOTEHLHala, B LENOM COINAacOBaHHOIO C YHMCTHIMH (pazaMH,
cazamu paccesHus u xapakrepuctukamMd CC, nonyuyuTbh BrOJIHE KOHKPETHbIE

pe3ynbTaThl U1 CHCTEMbI H3He.

[ToTeHumansHad KnactepHas Moienb B oOLeM no3sonseT nepenars Gopmy
" 4
ceyeHHit oropasBana He npu ucnons3osanuu El-nepexonos ¢ AT =1 ans pac-

CMOTPEHHBIX peakLHil B p3H- " p3He—KaHa.nax. BenuunHa pacueTHbIX cedyeHuit
HaxoOAMTCA B NpeRenax HEONHO3HAYHOCTEH Ppa3IMYHBIX DKCHEPHUMEHTaNbHBIX
pe3ynbratoB. Bapeupys mybuny P-3aumopeiicteus B npepenax 10—20%,
MOXHO HECKOJBKO YAYYIHHTb COINIACHE PacyeTOB € TEMH WIM HHBIMU 9KCIle-
PHUMEHTAILHBIMH NaHHBIMH N0 (poTocedeHusaM. Pa3pl U3IMEHEHHBIX TaKUM 00pa-
30M P-NOTEHLUANOB HAXOAATCS B MHTEPBAlE SKCIEPHMEHTATBHBIX HEOAHO3HAY-
HocTed pasnuyHbIX a3oBbix aHanu3oB. [oreHuuan OC comiacoBaH ¢ Xapak-
tepucTukaMn CC u unctbiMu aszamu.
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Hcnonb3yeMas KjiacTepHas MOIENb C pacuieluieHHeM no cxemam HOHra mo-
3BOJIIET OMUCATh OIpeesieHHbIE 9KCIIEPUMEHTANbHbBIE JaHHBIE TIO TOJIHBIM Ceve-

HuaM ¢oTopasBana ¥ pagMalMOHHOrO 3axXBara B 2H’H-Kanane npu HeGOoNBIINX
sHepruax. Acrpodusnyeckuil S-takTop BIONHE coOMIacyeTcd C pe3yabraTaMH
IpYrX pacyeToB IpH He OYeHb MaibiXx 9Hepruax. OKa3blBaeTCd BO3MOXHBIM
u30aBUThCA OT HEOAHO3HAUYHOCTEil rMpu BeIGope S-noreHuuana OC sapa u corna-
coBaTh €ro napaMeTphbl ¢ YUCTBIMH (hazaMu. YTOuHseTCs Takxe popMa U CTPYK-
Typa CUHIJIETHOrO D-B3auMORENHCTBUSI, MO3BOJIAIOLIEr0 OJHOBPEMEHHO BOCIIPOU3-
BecTH (ha3pl paccesHUs W ceueHus (poTONMpOLEcCOoB.
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PE®EPATBI CTATEH, IOMENIEHHBIX B BBINYCKE

VIK 539.173

DKenepuMeHTaNBHbIE METOAbI HCCIENOBAHHA CIIOHTAHHOTO H HU3KO3HEPTeTHYEeCKOro Jie-
JieHus anep. Tep-Axonvan I'M., Ozanecan FO.L]., Janusns B.A., Ionexo I'.C., Famunvmon Ix.,
Kopmuyku A., Pamaiia A., Knuman A., Pacmyccen k. Ousuka 31€MEHTAPHBIX YacTHIL U
aToMHoro sapa, 1997, Tom 28, Bein.6, c.1357.

O630p MOCBAILIEH PACCMOTPEHHIO SKCIIEPUMEHTATLHBIX (PU3MIECKHX METONOB HUCCIIENO-
BaHHs CIIOHTAHHOIO M HU3KO3IHEPreTHYECKOro AefieHus spep. M3noxeHsl pasnuuHble MeTo-
Obl OMpede/ieHHs XapaKTEPUCTHK AEPHOrO AENCHHA: Macchl, 3apsdla, KHHETHYECKOMN
DHEPIrHH, SHEPTUM BO3OYXKIEHHA M YITIOBOTO MOMEHTAa OCKONKOB desteHus. OGcyxnaorcs
BO3MOXHOCTH 3THX METONIOB, NAIOTCA XapaKTEPUCTHKH MCIIONb3yeMOl 3KCHEPUMEHTATBHOM
TeXHUKH. [IpUBEAEHE!I NPUMEPHI TOYHOCTH ONpefieIeHHs XapaKTePUCTHK [eI€HHUs, KOTopas
JOCTHTHYTA B COBPEMEHHBIX KCIIEPUMEHTAX.

HeTanbHo ONMCaH HOBBIH MOJXOR K HCCIENOBAHUIO AENICHUS, OCHOBAHHBIA Ha CHIEKTpPO-
CKOINUHM MHOXECTBEHHbIX MTHOBEHHEBIX Y-KBAHTOB jeneHHs. IIpencraeieHsl HEKOTOPbIE HO-
BB IaHHBIC [UTS CTIOHTAHHOTO feiteHus > 2Cf, TOTy4€HHEIE TIPH TakoM rnoaxone. [okasaHst

BO3MOXHOCTH HOBOTO METOMA JUIs MCCIIENOBAHUS SIEPHOTO JEIEHHs.
Tab6n.1. Un.7. Bubnuorp.: 108.

YK 539.142 + 539.143.43
MarHuTHbIe TUIIONBHbIE BO30YAIeHHA B 1e)OpMUPOBARHDIX anpax. /o F0ouue H.
®u3KKa 31EMEHTApHBIX YaCTHL H aTOMHOTO fapa, 1997, Tom 28, 1.6, c.1389.

[pencrasnen o630p psma Mopenei, NPUMEHSIEMBIX JUIA U3yYEHMs CBONCTB HU3KOIIe-
Kall¥X MarHUTHBIX JQUIIOIBHBIX BO30YXISHWH, HAa3bIBAEMBIX «HOXHUYHON» MONOH. YKa3aH-
Hble BO30YXNeHHI OOHAapyXeHsl B GOIbWIMHCTBE IepopMUPOBaHHBIX sep. BHauane
BHHMaHHe KOHLEHTPUPYETCS Ha FeOMETPHYECKOl AByXpoTopHo# Monenu ([IPM), mpencka-
3aHUA KOTOpOH MOCTYXH/IM OCHOBaHMEM J/d NOMCKA JaHHO#H Mogel. [ToguepKHYTO cOOT-
BETCTBHE 3THMX MpEICKa3aHHH HaubGollee BaXHbIM KOJUIEKTHBHBIM CBOMCTBaM Monbl. [anee
naercsa 0630p Goree YcIOXHEHHBIX MONXOAOB, BHIIOJHEHHBIX B PaMKaX Pa3IMYHbIX GO30H-
HBIX Mogaened. [JokasaHa ux crporas css3b ¢ JPM. IToka3aHo Takxe, YTo Mogo6HAs CBA3b
cywecryer Mexny [IPM u npubmmkenuem ciydaireix a3z (IICD). Benen 3a denoMeHo-
JIOTHYECKUMH H CXEMaTHYECKMMHM MOZCISIMH, INpeRHA3HAUSHHbIMH Ul OIMCaHHA KOJ-
JIEKTHBHBIX CBOMCTB M1-niepexofoB, NpOaHATU3UPOBAHBl MHUKPOCKOITMYECKHE IONXOMBI,
JIMILIL B paMKax KOTOPBHIX BO3MOXHO OOBSICHEHHE KaK OOIUUX I10GATbHBIX CBOMCTB MOZIDI,
TaK U pacnpepenenus ee M1-cuisl. O6cyxzeHbl Takxe 000I04eYHble NMOAXOMbI, IHPOKO
NpUMEHAEMble IS JIETKMX M cpemHux siep. HderansHblil aHanu3 nposegeH mis [ICO —
HaubGoiee my6oko paspaGoTaHHON cxeMbl, 0COGEHHO WIS Tsikenblx aaep. Kparko obpuco-
BaHO Pa3BUTHE TEOPHU PACCMaTPUBAEMOTO ARIEHUS OT NMEPBOHAYATHHO HEMOMHBIX H CIIMIL-
KOM NPUGIHMKEHHEBIX TIOIXOIOB, JAIOIKX MIOPOil IPOTUBOPEYMBLIE PE3YJIBTATHI, K COBPEMEH-
HEBIM YCOBEPLIEHCTBOBAHHBIM Pa3paboTKaM, NPHBOASILIMM K COITACOBAHHBIM BbiBOfaM. B 3a-
KTI0OYEHHE MPOAEMOHCTPUPOBAHEl BO3MOXHOCTH KBa3H4aCTHYHO-(POHOHHOH MOIENTH sfapa
(KOMID) nnst ymyumienns T[ICP-onucanus M1-criekTpa nyTeM BKIIIOYEHUs CBA3H C OBYX(o-
HOHHBIMH COCTOSHUAMH U 0OCYX/JEHBI CBI3aHHBIE C 3THM PE3YIILTATH HCcienoBanuil. O630p
3aBepllaeTCs cpaBHeHHeM M 1-CIIeKTpOB, H3MEPEHHBIX HEAABHO B Oe(POPMHUPOBAHHEIX A-He-
YETHBIX SAApax, ¢ paccyuTaHHbIMU B KDMSL.

Hn.6. Bubmuorp.: 205.
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YIK 539.17
HuskosHepreTHueckne pa3jioxeHus B ajfepHoii ¢pusuke. ITynvuues B.B. ®usrka aneMeH-
TapHBIX YaCTHULl U aTOMHoro anpa, 1997, tom 28, BhIN.6, c.1457.

Pe3ynbraTel HeflaBHHX 3KCTIEPUMEHTATBHBIX U TEOPETHYECKHX HCCIENOBAHHM HM3KO-
9HEPreTHYECKHX HYKJIOH-HYKJIOHHBIX M HYKJIOH-AEHTPOHHBIX CTO/IKHOBEHHH 00CYyXIal0TCs H
CPaBHUBAIOTCA C JaBHO M3BeCTHBIMH. Ocoboe BHHMaHHe yIeNneHo IBYM mpobieMam: npobiie-
M€ 3KCTparnonsuuu ¢as, aMIUTUTYR M CeYEHMH TaKHX CTOJNIKHOBEHWH B 3KCIEPUMEHTATLHO
HEJOCTYNHYIO 00/1acTh 3Hepryii M npobneMe pasneneHUs BKJIANOB OT SAEPHOTO M 3JIEKTPO-
MarHMTHOTrO B3aMMOZENCTBHI B MapaMeTphl HU3KOIHEPreTHYECKOTO YIPYroro paccesHHs.
AHaM3MpYIOTCS paTMyHble KJIaCCHYECKHE H HEJABHO ITpesIoXeHHbIe MOAXObl K PEILEHHUIO
3THX NpobnieM. Pa3sBuBaeTCs METOR MOCTPOEHHS HU3KOIHEPIETHYECKHX PaxIOXEHUH, 103BO-
NSIOLWWH H3BI€Yb MHGOPMALIHIO O ANEPHOM B3aMOREHCTBUH B Npelelie Hy/eBOi 3HEPIUH U3
M3MEPEHHBIX (a3 paccesHHs B CHCTEMAX W3 ABYX U TPEX HYKJIOHOB WIH saep U MCCIIENOBaTh
POJIb JEKTPOMArHUTHBIX MOMPABOK K KYTOHOBCKOMY B3aHMOIEHCTBHIO B TAKOM PacCEsHUH.
MoxkazaHo, 4TQ HATHYME y HYKIIOHA MArHMTHOTO MOMEHTa obyc/aBiHBaeT JIMHEHHYIO
3aBHCHMOCTh P -ba3  HYKJIOH-HYKJIOHHOIO paccesHHs OT CTpeMALUErocs K HYIo
OTHOCHTENILHOTO ~ MMMylbca. B TakoM ke r[ipelene HccllenoBaHa 3HepreTHYecKas
3aBMCHMMOCTh BKJ1alla TOJIAPH3ALIHOHHOTO B3aHMOIEHCTBHA B MOJTHOE ceYeHHe NPOTOH-IEHT-
POHHOTO paccesHus.

Bubnuorp.: 194,

VIK 539.14-17

DnexTpomarnuTHble 3¢peKThl B IETKHX AIPaX Ha OCHOBe MOTEHUHAILHON KIACTEPHOM
Monenu. Jyb6osuuenko C.b., [xasaupos-Kaxpamanos A.B. ®U3nKa 3NEMEHTAPHBIX YaCTHLL
1 atomHoro sapa, 1997, Tom 28, Bbin.6, c.1529.

B 0630pe pPaccMaTpUBAalOTCA TIPOLIECCh ¢0Topa3aana W paJMalIMOHHOrO 3axBaTa B
N2H N? H, N He 2H2H 2H4He 3He3H 4He3H *He’He xananax Ha ocHose COOTBETCTBY-
IOLIMX TOTEHLHaIbHBIX ABYXK/1aCTEPHBIX MOfenel. BrruncnsioTes actpodusnueckue S-pak-
TOpbl MpPH Manbix 3Heprusx. [lokazaHa BO3MOXHOCTb ONHCAHMA PaAITHYHBIX BEKTPO-
MAarHMTHBIX XapaKTEPHCTHK JIETKHX flep, BKI0Yad Ky/JIOHQBCKHe dopMdaKkTophl npH nepe-
IOaHHBIX UMMynbcax ao 4—4.,5 (bM_l, 3apANOBbIE 1 MarHUTHBIE PaiMyChbl, KBaApYTIOJbHbIE H
MarHMTHBIE MOMEHTbI, BEPOSTHOCTH 3JIEKTPOMAarHHTHbIX MEPEXONOB, dHEPrHH CBA3M B Kia-
CTEpHBIX KaHalaX, CHEKTpbl YPOBHEH, HMITY/IbCHbIE PacripelesieHHs KJ1acTepoB B sapax Ha
OCHOBE €AMHBIX HaOOpOB MapaMeTPOB MEXKJIACTEPHBIX B3aHMOAEHCTBHIl Wi KaXIol Kia-
cTepHOW cucTeMbl. Takue MOTEHLHANbl COAEPXKAT 3anpelleHHble CBA3aHHbIE COCTOSHUS W
H3HAYalbHO COMIAcOBaHbl C ()a3aMH YNPYToro paccesiHHs KJ1acTepOB MpPH HU3KHX 3HEpPrusX.
PacueTHble Heynpyrue KynoHoBckHe (opMcakTopbl NpH MepenaHHbIX UMMIynbcax 3—4 M-
HMEIOT BTOPOH MaKCHMYM, OIHAKO ero BelMYHMHa MeHbllle 3KChepuMeHTalbHOi. B ner-
YadIIMX KJIACTEPHBIX CHCTEMax MPOBOAWTCH KJIacCH(PHKALHMi OpOMTANbHBLIX COCTOSHHI H
BHIMONTHAETCA pa3fiefieHHe a3 ynpyroro paccesHHs H COOTBETCTBYIOLIHX MEXKJIaCTEPHbIX
MOTEHLHAIOB M0 opOuTatbHbIM cxeMaM IOHra. YmucTbie NMo OpOHTATbHBIM COCTOSHHSM
NOTEHUMATBl HMCTIONB3YIOTCA JUIS PacdeToB XapaKTEPHCTHK CBS3aHHBIX COCTOSHHi Jier-
yallux apep.

Ta6n.10. Un. 30. Bubnuorp.: 92.
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K CBEIEHHIO ABTOPOB

B xypHane «Du3HKa 3/IEMEHTAPHBIX YaCTHI H aTOMHOTO siapa» (3YAS) neyaratotcs 0630pbl MO
aKTyalbHbIM NPOGJIEMAM TEOPETHYECKOH M 3KCNEPUMEHTAIbHOH (DHU3MKH 3MEMEHTAPHBIX YacTHLL M
aTOMHOTO #pa, NpobleMaM CO31aHHA HOBbIX YCKOPHTE/bHBIX H 9KCIIEPUMEHTANBHBIX YCTAaHOBOK, aBTO-
MaTH3aunu o6pabOTKH 3KCNEPHMEHTATBHBIX JaHHBIX. CTaTbH MEYaTaloTCd Ha PYCCKOM M aHIIHACKOM
a3pIKax. Penakuus MpOCHT aBTOPOB NMPH HaNpPaBIEHHH CTaTbH B NEYaTh PYKOBOJCTBOBATHCH MITOXEH-
HBIMH HHXE MpaBWIaMH.

1. TexcT craTeu JOMXeH ObITh HaneyaTaH Ha MallMHKE Yepe3 [Ba HHTEPBala Ha OJHOW CTOPOHE
nucta (06s3aTeNbHO MpeCTaBIAeTCs NEpBbI MalMHOMMCHBHA 3K3eMiutap). Ions c eBOA CTOPOHBI
NOMXHbI OBITh HEe yXe 3—4 CM, PYKOITHCHbIE BCTABKH HE NOMYCKAKTCA. DK3EMIUISAP CTaTbH JOMXEH
BKJIIOYAaTh aHHOTAlMH M Ha3BaHHE Ha PyCCKOM M aHIIUHCKOM f3blKaX, pepepaT Ha PYCCKOM si3blKe,
VIK, cBeneHus o6 aBTopax: (aMwIHS ¥ HHMLHIB (Ha PYCCKOM M aHIIHIACKOM H3bIKaX), Ha3BaHHE
MHCTHTYTa, aipec u TeiaedoH. Bee cTpaHMLbl TeKcTa MOMXKHB! ObITh MpoHyMepoBaHbl. CTaTes HOMXKHA
ObITb MOANMMCAHA BCeMH aBTOpaMH. TeKCT cTaThi MOXET GbITh HaneyaTaH Ha NPUHTEpe ¢ cobIoeHHeM
TEX K€ MPaBuII.

2. ®opMynsl ¥ 0603Ha4YCHHA IOMKHBI OBITH BIMCAHBI KPYTHO, YETKO, OT PYKH TEMHBIMH
yepHwiaMH (MO HameyaTaHbl HAa NpPUHTEpe M 00A3aTe/bHO pa3MeueHbl). JKenaTe/nsHO HyMmepoBaTh
TOALKO Te hOPMYIIBl, Ha KOTOPbIE HMEIOTCH CChUIKM B TekcTe. Homep cropMynbl ykaseiBaeTcs crnpasa B
Kpyrbix ckobkax. Ocoboe BHHMaHMe ciejgyeT OGpaTHTh Ha aKKypaTHOe H300paXeHHE HHJIEKCOB U

NOBBLILICHHUS \U; LITPHXH HEOOXOMMMO YETKO OTIHYATD OT CIMHHLBI, a cAMHHIY — oT 3ansToi. Crenyer,
N0 BO3MOXHOCTH, H36erath rpoMo3IKHX 0003HadYeHHH 1 ynpolwats Habop opmys (Hanpumep, npume-
Hss exp, 1pobb Yepe3 Kocylo 4epTy).

Bo u3bexanne HeopalyMeHHH W OWHOOK ChedyeT JenaTh SCHOE PadiHdHe MEXIY NPONHCHBIMU
H CTPOYHBIMH OYKBaMH, OQMHAKOBBIMU MO HavepraHHio (VU v, Unu, Wuw,Ouno, Knk,Sus, C
e Pup-Znz), _NIpOMKCHbLIE MOIYEPKHBAIT ABYM HEPTaMH CHU3Y, CTPOHbIE — IBYMsi YepTaMH
CBEpXY (S us, Cwu ?). Heo6xouuMo sienats yeTKoe pavtuumne Mexiy Gyksamu e, [, O (Gombwoii) 1 o
(mManon) 30 (HyneM), 115 Yero 6ykBol O H O OTMEYAIOT JBYMs YepTOYKAMM, a HyTb OCTamIsioT Ge3
nonyepkHBanus. I'peyeckre GYKBbI NOIYEPKHBAIOT KPACHBIM KapaH/IallloM, BEKTOPbl — CHHHM, JIHOO
3HAKOM LJ CHH3y YepHWwiaMH. He pekoMeHiuyeTcs HcnmonbioBath i 0003HAYCHHS BEIMYMH GYKBHI
FOTHYECKOTO, PYKOMHCHOTO M IPYTMX MaloynoTpeOHMbIX B KYPHQIbHBIX CTaThiX WIPH(TOB, OIHAKO
€C/H Takylo OyKBY Hesib3s 3aMEHMTb OYKBOH JIATHHCKOTO WIH rpevyeckoro angasuTa, TO €€ pa3MeyaioT
NpOCTHIM KapaHjauwiom (06BOAAT KPYXKoM). B ciyuae, eciv HamucaHWe MOXET Bb3BaTb COMHEHME,
HeoOXOMMMO Ha MOoNSX 1aTh MOsACHeHHe, HanpuMep: § — «i3eTa», & — «kcu», k — naT., K — pycck.

3. PUCYHKM NpeiCTaBASIOT Ha OTAENbHbIX JIMCTaX Oemoi Gymarn Wwin KamnbK C yKa3aHHEM Ha
obopoTe HOMepa pHCYHKa H Ha3BaHHA ctaTbH. ToHoBsie (oTorpadui JOMXKHB! ObITH NPENCTABIEHB! B
IBYX 3K3eMIUIipax, Ha 06OpOTE KapaHAallloM yKasaTh: «BepX», «HM3». I'paduxu AOMXHBI OBITH Tila-
TENBHO BBLIMOIHEHB TYLIBIO WIH YEPHBIMH YCPHWIAMH; HE PEKOMEHIYETCS 3arpOMOXAaTh PHCYHOK He-
HYXHBIMH JIETATAMH: OGONBLIKHCTBO HAMMCEH BHIHOCHTCA B MOMMCh, a Ha PUCYHKE 3aMEHSETCA
uudpamu win 6yksamu. JKenareasHo, yToOb PHCYHKH ObUIH TFOTOBBI K NTPAMOMY PENpPOIYLHMPOBAHHIO.
IMoanucyu X puCyHKaM NpeICTABIAIOTCA Ha OTACAbHBIX JIHCTAX.

4. Ta6bauubl JOMXHBI ObITh HaleyaTaHsl Ha OTAEIIBHBIX JIHCTAX, Kaxaas Tabnuua A0MXHA HMETh
3aronoBoK. CrefyeT yKashiBaTh CAMHHIbI H3MEPEHHs BEIHYHMH B TaOIHLaX.

5. CoHCOK NHTepaTypsl NoOMeluaeTcs B KOHIeE crarsh. CCBUIKHM B TEKCTe AIOTCS C YKa3aHHEM
HOMepa CCBUIKHM Ha CTPOKE B KBaJpaTHbiX CKOOKax. B nurepaTypHOil cchUTKe JOJMXHBI OBITH YKa3aHbI:
WIS KHHT — (haMWIMH aBTOPOB, HHHIIHAIH, HA3BAHHE KHUIH, TOPOJI, H3MATENBCTBO (WIM OPTaHH3aLH),



TOJ H3[laHusd, TOM (YacTb, [J1aBa), UMTHPYEMasd CTPAHMIIA, €CIH HYXHO; LI cTateil — (haMWIHH aBTO-
POB, HHHLIMATTBI, HA3BAHHE XypHalla, CEpHs, TOR H3IaHHsA, TOM (HOMEPp, BBINYCK, ECIH 2TO HEOGXOMUMO),
nepsas cTpaHuua cratsi. Eci aBTopos Gonee msaTH, TO yKasaTh TOIBLKO MePBIE TPH (haMUIHH.
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