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Kitan ®APU 60-
Xbl1AbIFblHA apHanagbl

Animatsl KanaceiHga 1941k, KypbliraH actpaHoOMUs XXoHe
@u3snKka nHCTUTYTbiHaH 1950k. KCPO FA akagemuri
B.I. ®eceHKoBTbIH 6acTaybIMEH aCTPOPUINKE MHCTUTYTbI
(DUDA) 66s1iHir LWbIKTbI.

KHura nocssiujaercs
60-Tm netTnro AGUNO

B 1950r. n3 VIHCTUTYTa acTpOHOMMM U QOU3NKY, CO3L3HHOIMO
B 1941r. B r. Anima - ATa, Bbigesmiacs AcTpogusnyeckmi
UHCTUTYT (ADU®D), co34aTes1eM KOTOPOro s1B/ISETCS
akagemmuk AH CCCP B.I. @eceHkos.

The Book is devoted
to 60-years of APHI

On the base of the astronomy and physics institute, which was
formed in 1941 in Alma-Ata, the new Astrophysical Institute
(APHI) was founded in 1950 thanks to academician AS USSR
V.G. Fessenkov.
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rNnPEANC/IOBUE

K usdaHuro

HacTodwasa moHorpadma - 310 (yHOaMeHTanbHbIN
Tpya, OXBaTbiBaOLMI LUMPOKUIA KPYT BOMPOCOB, KacaroLux-
CSl CTPYKTYpbl Si4ep M MexXaHU3MOB SOEepHbIX peakuun, a
Takke NPUMEHEHMs AAepHbIX METOA4OB ANsi aHanu3a acT-
podmsnyecknx npoueccoB B 3Be3gax. /3noxeHne onupa-
€TCA Ha MHOroYuCneHHble opurinHanbHble paboTbl aBTopa,
onyGnMKoBaHHble B MPECTWXKHbIX HayYHbIX XypHanax. B
KHWre pacCMOTPEH LUMPOKUA Habop SA4epHbIX CUCTEM, CO-
aepxaumx ot Tpex (p + °H) go wectHaauatv (*He + '2C)
HYKIMOHOB.

YHUKanbHOCTb M3MOXEHHOro B KHUre martepuana co-
CTOMT B TOM, YTO TEOPETUYECKOE OMNncaHne Bcex 3TUX pas-
HOOBpasHbIX CUCTEM OCHOBAHO Ha egMHOM noaxoAe, KOTo-
pbli MOXHO Ha3BaTb ABYXTENbHOW MOTEHUManbHOM Kna-
CTEPHOM MoAernbio C Knaccudukaumen COCTOSHUN MO cxe-
maMm KOHra. HecmoTpsi Ha OTHOCUTEMBHYKD MNPOCTOTY (Mo
CpaBHEHMIO C APYrMMU U3BECTHLIMWU MEeToAaMM), 3TOT MOA-
X044 NO3BONWM aBTOPY AOOUTHCSA XOPOLLEro OnucaHus, Kak
COCTOSIHUM OMUCKPETHOro crekTpa (CBsi3aHHbLIX COCTOSIHUR),
TaKk N COCTOSIHUIA HEMPEepbLIBHOrO criekTpa (COCTOsIHMIA pac-
CesiHNSA) PAaCCMOTPEHHbIX CUCTEM.

AKTyarnbHOCTb Matepuarna KHUrM B 3Ha4uTenbHON Mepe
onpegensaeTcsa NPUNoOXeHWeM pasBUTOro noaxoda K npo-
Gnemam sgepHon acTpodU3nKK, ABMSIOLLENCA B HACTOS-
uiee Bpemsa ogHon mn3 Hambonee OypHO pasBMBaIOLLMXCA
obnacten Hayku. Ona kaxgowW pacCMOTPEHHOW AByXKNna-
CTEPHON cuCTeEMbl b+C aBTOp paccuynTbiBaeT acTpodumanye-
ckun S - chakTop pagnaumoHHoro 3axeata b(c,p)a, roe a -
CBsI3aHHOE cocTosiHMe b 1 ¢. AcTpodmandecknin S - pakTop
nponopLUMoHaneH cevyeHuo aHHOro npouecca u ornpege-
NseT CKOPOCTb €ero npoTekaHWsi BO BHYTPEHHUX obracTtax
3Be3A (Bknoyasa Hawe CornHue).
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Mpn aTom cnegyetT ocobeHHO BbIAENUTL XopoLlee Co-
rmacuve TeopeTUYecKMX pesynbTaToB aBTopa C 3JKcnepu-
MEHTarnbHbIMN 3HAYEHUSMU acTPOPU3NYECKNX S - dakTo-
pOB, M3MEPEHHbIX B NabopaTopHbIX YCNOBUSIX NpU LOCTYM-
HbIX OS5 9KCNepuMeHTaTopoB aHeprusax. [eno B ToMm, 4To,
HEeCMOTPS Ha Nporpecc B TEXHWKe 3KCnepuMeHTa, Ang
GonbLlUIMHCTBA acTpOU3NYECKNX SAEPHBIX peakuuin, npo-
TeKkawLwmx B 3Be3gax U onpedenstowmnx pacnpocTpaHeH-
HOCTb 3N1IeEMEHTOB N M30TOoNoB BO BcerneHHoun, npsimoe us-
MepeHne NX cedyeHun n actpodumamyecknx S - akTopos
npu 3Be3AHbIX JHEPrusix OO0 CUX MOP HEBO3MOXHO U3-3a
ManocTn ceyeHun, obycrnoBneHHON KyNOHOBCKUM OTTarnku-
BaHWEM.

MoaToMy Ons nonydeHns MHgopmauMmM O CKOPOCTAX
noAobHbIX peakuu B 3Be3gax OCTalTCA ABa BO3MOXHbIX
nyTun:

1) OkcTpanonauusi 3HadYeHun actpodusnyeckmx S -
(haKTopoB, M3MEPEHHbIX Npy Bornee BbICOKUX 3HEprusix, B
obnactb acTpom3n4eCcKMX IHEPIrMN (Mopsaka eauHuL, unu
0EeCATKOB KaB).

2) PacueT S - haKTOpOB MpU HY>XHbIX SHEPTUAX B pam-
Kax Kakmx-nnbo TeopeTnyeckux Moaenemn.

Bonee onpaBaaHHbIM M NEPCNEKTUBHBLIM B HacTosiLLEee
Bpems nNpeacTaBnseTcss BTOPON NyTb, KOTOPbIN U Obin Bbl-
OpaH aBTOpPOM.

HocTturHytoe cornacue € 3KCNepuMeHTanbHbIMU pe-
3ynbTaTtamm npu 6onee BbICOKUX SHEPrusix, sBnsoLLeecs
oba3aTenbHbIM YCNOBMEM adeKBaTHOCTUM UCMOMb3yeMOoro
noaxoAa, NO3BoNseT HaAeATbCA Ha HALEXHOCTb MOMy4YeH-
HbIX Pe3ynbTaToOB NPWU UHTEPECYLWNX acTPOMU3INKOB HU3-
Kunx (3Be3aHbIX) aHepruax. B page cnyyaes (Hanpumep, ons
cucteM p + ?H v p + °H) pesynbTaThl pacyeToB aBTOpa C
XOpOLLEN TOYHOCTBbK COBManu C AaHHbIMU 3KCMEPUMEHTA,
NOSIBUBLUMMWUCA 3aMETHO MO3XKE BbINOSIHEHUSA 3TUX pacye-
TOB.

MpeacTtaBnsiemas kHWra BbIrOQHO OTNMYaeTCs OT Apy-
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X MoOHorpadum B obnactn sgepHon usmkm HeobblYHO
LUMPOKUM CcoYeTaHMeM pasHbiXx TUNOB maTtepuana. B Hen
noapobHO u3nararTes Kak msmdeckme noaxogbl M nony-
YeHHble Ha UX OCHOBE pe3yrbTaTbl, Tak U MaTemaTudeckune
W YUCMEeHHble MeToAbl pacyeTa U [axe KOMMbTepHble
nporpamMmmbl.

K HEeCOMHEeHHbIM OOCTOMHCTBaAM KHUIMM crnegyet OTHe-
CTU Takke 1 Hanuyme B Hen BBegenusa v Mnasbl 1, B KOTO-
pbiX B cXXaTon oopme nsnararoTca OCHOBbI (OU3MKKU TEPMO-
SAAEPHbIX NPOLEeCccoB B 3Be3nax (SAepHble 3Be3OHble LMK-
nbl, 3BOMOLMA 3B€34 1 T.M.).

Khura "TepmosigepHble npoueccbl BceneHHon" Byger,
6Ge3ycnoBHO, nonesHa Ansi CTY4EHTOB CTapLUMX KypcoB, ac-
nupaHToB (PhD poKTOpaHTOB) M Hay4HbIX COTPYOHWKOB,
crneumanuaupylowmxca B obnactn dusmkn atoMHOro sgpa
N SOepHON acTpOdIU3MKMN.

Lokmop ¢pu3suko -
Mamemamu4ecKux
Hayk, rpogbeccop,
enaeHbll Hay4HbIl
compyOHUK HUNA®
Mry bnoxurues J1.4.



AJIFbl Co3

Aemop

HAoponvix  acmpoguszuxa - Kaszipei
acmpoghusukansly 6ipoeH 6ip aHaASYpPIbIM
arcac benimi 6oavin madwviraovl. On acmpa-
HOMUSLIBIK 0OBeKminepoiy mabugamvl MeH
9Hepeust KO30epi, JHCACHL JHCIHE XUMUSLIbIK
KYpambviHbly — epeKulenikmepiniy — myciniel
Ywin  S10ponvlK  QUIUKACLIHBIY — IKCHepu-
MEHMMIK  JICOHE MeOPUSIbIK,  CANAChIHOA
ANBIHEAH  HIMUMICENEPINIY KONOAHY asCbIH
kepcemeOi. [1].

AcTtpoHOMHSA MeH acTpoH3uKa Kas3ipri JaMmybIHBIH Oi37iH
OJleM Kallalf KYpBIIFaHbBI koHE 013re¢ OHBIH 14 MIumIHap. *KapbIK
JKBUTAAPABIH KAIIBIKTBIKTa DSBOJIONUSACH MEH KYPBUIBIMBIHBIH
TYCIHITiHE MYMKIHAITIH Oepeai. Onemi 0akpuIay MaTepUsIChIHBIH
OTe€ TYTaCc KOHIICHTPAIUACHIHBIH alMaKTapblH JKOHE OJIap.IbIH
apaNBIFBIHAAFE «00C» KOPIHETIH YIKCH KEHICTITH KOpCeTemi.
JlereEMeH oCBl «0OC» KEHICTITIH Ta3TO3aHAbl MOJEKYJIATBIK
HEMECE aTOMJBIK 3aTIIeH >KOHE HEHTPUHO KOCBUIFaH op TYpIIi
coyJe IIbIFapybIMEH TONTHIpbUFaH. byman OGacka Onemre xaHa
KO3KapacleH Kapacak Kapa MaTepusi MEH Kapa dHEprus TYCIHITIH
Oeperi, 071 OHBIH MAaCCAChIH aHBIKTAN/IBI )KOHE YIIFAIOBIHBIH TYPiH
CUIIATTal b

OneMzeri 6aKpUTaHATHIH KYJIIBI3Iapaa JKOHE TUTaHeTazapaa
3aT IIOFBIPJIAHABI KOHE Ta3TO3aHIbl OYITTapiblH KypaMbIHA
Kipei JKoHe HYKIUATEPACH KYpPBUIAIbl, SFHH CYTCTiICH ypaHFa
JMEeHiH TOKCAaH €Ki XHWMIBSUIBIK OJJIEMEHTTEPHiH SApOJIaphIHIA
MPOTOHJAp MEH HEWTPOHAAp Op TYPAl CaHJAphIMEH aToMIap
tonracanpl. bi3al kKopmiaraH OneM op TYPIi SAPOJBIK KYypaMbl
maMaMeH OipHemie >Xy3[ereH HYKIUATEPACH TYpaabl >KoHE
Ka3ipri 3aMaHra cail FBUIBIM, SIAPOJBIK acTpo(u3nka TyTacTai,
OJIapJIbIH KYPBUTYBIH JKOHE CaJBICTBIPMAIIBI TYPJAE TapaTybIHBIH
TapUXbIH TYCIHAIPYTe MYMKIHAIrH Oepei.
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bizmi xopmraran JKep omemi op TYypii  XUMHSIIBIK
JJEMEHTTEpIeH Kyphulnel skoHe Kep, Kyn, 0i3min Kyn
KyHeciHaeri XUMHUSUTBIK JJIEMEHTTED KYIIBI3aAP
sBamonMsceiHAa nakiaa 6omansl. bizpin XKep - Kyn xkyitecingeri
Ceri3 IaHeTaHslH OipiHe >katanwl, anm KyH Oi3miH rajakThkama
(Kyc  KkomplHAa)  OpHAjlacKaH, O  KE3eKTI  TYPaKThI
KYIAeBIApAsH  Oipine »xatansl. Kasipri 3amanra cait Kyc
JKOJIBIHIA OipHeIIe )Ky3/IereH MUJUTHAP/ KYJIIBI3Iap OpHATacKaH
JKoHe omap Oi3miH OileMiH OakplmaraHHaH Oacram mamameH 14
MUWUTHAP] JKbUIIAH KeHiH maina OoJibl, O Ky3AereH MUJUINapA
yKcac TajJakTHKaJaH Typanasl. [2].



rNnPEANC/IOBUE

Aemopa

Hoeprnas acmpoghusuka - o0un uz Haubonee
MONIOOBIX PA30€i08 COBPEMEHHOU acmpou-
3UKU, KOMOPbIL, NO Cyuecmsy, npeocmas-
asem coboll cghepy npumenenus pe3yrbma-
MO8, NONYYEHHbIX 6 0OAACMU IKCNEPUMEH-
MAanbHOU U meopemuyeckoll sdepHoi gusu-
KU, K ACMPOHOMUYECKUM O00vekmam 0/
00bACHEeHUsL UX NpUpoOsbl U UCHOYHUKOG
9Hepeuu, 803pacma u 0CoOEeHHOCmel Xumu-
yeckoeo cocmasa [1].

biraromapst coBpeMeHHOMY Pa3BUTHIO aCTPOHOMHH M acTpO-
(hU3MKK MBI B LIEJIOM IPEACTABIIIeM, Kak YCTpOeHa Haia Bce-
JICHHAs, MPUYEM 3TU 3HAHUS PACTIPOCTPAHSIOTCS HAa TTOHMMAHHE
HaM{ €€ DBOJIOIWN W CTPYKTYPHI Ha PACCTOSIHHSIX TMopsaka 14
MUJUTHAPIIOB CBETOBBIX JeT. HaOmomenust BcemeHHON MmOKa3bI-
BalOT 00JIACTH OYEHb KOMITAKTHOUW KOHIICHTPAIIMH MAaTCPUH U OT-
POMHBIE MTPOCTPAHCTBA MEXKY HUMHU, KOTOPBIE KaXKYTCS «IIyCThI-
Mm». OTHAKO BCE ATO «ITyCTOE» MPOCTPAHCTBO 3aIOIHEHO Ta30-
MTBUIEBBIM MOJICKYJISIPHBIM I aTOMapHBIM BEIIECTBOM U Pa3HBI-
MU BUAAMU U3IIy4YCHUH, BKIIoUas HelTpuno. Kpome Toro, coBpe-
MEHHEBIE TIPEICTABIICHNS O BCeleHHON BKIIIOYAIOT IMOHSATHS TEM-
HOM MaTepUH U TEMHOU HEPTUU, KOTOPHIEC ONPEEIAIOT €€ MaCCy
U XapaKTepU3YIOT TUIl PaCIIUPCHUSL.

BemecTBo, KOTOpOE KOHIICHTPUPYETCS B 3BE3/1aX U IJIAHETaX
HaOJrogaeMoii Hamu BeelleHHOM 1 BXOJUT B COCTAB Ia30MbUIEBBIX
00J1aKOB, COCTOUT U3 HYKJIHJOB, T.€. aTOMOB C Pa3JIMYHBIM YHC-
JIOM IPOTOHOB ¥ HEUTPOHOB B SAJpE ACBIHOCTA IBYX XUMHUECKUX
3JIEMEHTOB OT BOJIOpOJaa 10 ypaHa. Bce pasHooOpasue smepHOTro
cocTtaBa BceleHHON CBOAUTCS MPUMEPHO K HECKOIBKAM COTHSM
HYKJIUJIOB, U COBPEMCHHBIN YPOBEHb HAYKH, SIACPHOU acTpOdu-
3UKH, B IIEJIOM ITO3BOJISICT OOBSICHUTH HCTOPHIO MX 00pa30BaAHUS U
OTHOCHTEILHYIO PacIIPOCTPAHEHHOCTD.
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OKkpy>Xaronuii Hac 3eMHOW MHpP TaK)X€ COCTOUT U3 pasiind-
HBIX XMMHAYECKUX JJIEMEHTOB M B HACTOSIIEE BpPEeMs OOIIETpH-
3HAHHOU SBIISIETCSI TOUKA 3PEHUS, YTO BCE ITH DIEMEHTHI, U3 KO-
TOPBIX cOCcTOUT 3emisi, CONHIIE U BCS HAllla COJHEYHAs CHUCTEMa
00pazoBamrch B XO7€ 3BE3MHON 3Botonuu. Harma 3emust — 310
OJIHA UX BOCHMH IUIAHET HAICH COJHEYHOM CHCTEMBI, a Halle
ConHule — pspoBas, CTaOWIbHAas 3Be3/la HAllleH TalaKTHUKU —
Mieunoro ITytu. I1o coBpeMEHHBIM OlIEHKaM TOJbKO MIleUHbIH
IlyTp HacUMTHIBa€T HECKOJIBKO COTEH MWIIIHAPIOB 3BE3ll, KOTO-
pble MOTYT POXKAATHCS U B COBPEMEHHYIO AMOXY, T.€. CITyCTS
npuMepHo 14 Mip. JieT mocie o0pa3oBaHus HaOIIOAaeMOi HaMH
BcenenHol, KoTopass MOXKET BKIIIOYaTh COTHH MUJUTHAP/OB IIO-
JOOHBIX FajJakTHK [2].



FOREWORD

Author

Nuclear astrophysics is one of the youngest
branches of the modern astrophysics, which
practically represents the sphere of applica-
tion of the results obtained in experimental
and theoretical physics to the astronomical
objects with a view to explain their nature,
energy sources, age and chemical composi-
tion peculiarities [1].

Owing to the modern development of astronomy and astro-
physics we have a general understanding of the Universe — of its
evolution and structure within the distances of the order of 14 bil-
lion light years. The observations of the Universe reveal the areas
of very compact matter concentration and extremely large dis-
tances between them which seem to be “empty”. However, all
this “empty” space is filled with gas and dust matter, atoms and
various kinds of radiation including neutrino. Furthermore, the
modern theories about the Universe involve such concepts as dark
matter and dark energy, which determine its mass and character-
ize its mode of Expansion.

The matter which concentrates in the stars and planets of the
visible Universe and which forms the gas and dust clouds consists
of nuclides, i.e. the atoms of ninety two chemical elements having
different numbers of protons and neutrons in their nuclei and
ranging from hydrogen to uranium. All the diversity of nuclear
composition of the Universe is made up of several hundreds of
nuclides and the current level of science — nuclear astrophysics —
allows explaining in general the history of their formation and
their relative occurrence.

The world around us also consists of various chemical ele-
ments and, presently, it is generally recognized that all the ele-
ments forming the Earth, the Sun and the whole solar system
were produced in the course of the stellar evolution. Our Earth is

20



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

one of the eight planets of the solar system and our Sun is a
common stable star of our galaxy — the Milky Way. According to
the current estimates the Milky Way only comprises several hun-
dred billion stars and even at present time, i.e. 14 billion years
after the formation of the visible Universe, which may contain
hundred billions of similar galaxies, new stars can be born [2].
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KbICKALUA MA3MYHbI

Onemoi  3epmmey  canacvlioa npozpec
amomovly  A0poMeH dnemenmap Oonue-
Kmepoiy PU3UKACHIHbIY dicemicmikmepine
baiinanvicmol. Aman aumkanoa MuKpo-
anemoezi  3aWdapevl  Onemoeci  Oonvin
JHcamKam — OKUeanapovl  MYCIHYI  YuliH
Kon0auwiiaovl. byn muxpo — ocone maxpo —
eapviumoly  Oipriei  mabueammolH (WKL
Oipaiciniy  2ajicaiibln  OKbIMY — MblCanod-
PpbiHbIH bapvbiesl Oonbn madwliadsl. [2].

Herisri moTwkenepinaeri OasHmamara eoTmec OypbIH
KITAaOTBIH KpICKAIlla Ma3MyHbIHa eTeMi3. bipinmi Oemiminge
OapJybIK HEri3ri TepMOSAPONBIK pPeaKIIsUIapblH KBICKAIIa >KOHE
JKeTKUTIKTI JKaJIIbIFa TYCIHIKTI KapacThIpaMbI3, Ojap OpTYpIi
ATaNTaFbl KYJIIBI3AAPABIH KAIBINTACTHIPYBl KOHE JaMybl OTYi
MyMKiH. CoJaH pagualusUIBIK KapMayblHa THICTI KeOMIIUIIK
TEPMOSITPOIIBIK TPOIIECTEP/IiH TangayblHa TOJBIFBIPAK
TOKTaJlaMbI3, OHBIH >KaHBIH/A €Ki COKTBIFBICKAH OejmeKTep -
KBaHT COyJie¢ IIBIFapybIMeH Oip OeJmeKkKe TyTacaasl >KOHE
JNIEKTPOMAarHUTTIK ©3apa OpEKeTTeCyiHeH oTeli, OoJapIblH
TEOPHSIIBIK KO3KapachIMEH KapacTHIPBUTYBIH >KeHinperenai. bi3
KeJIeCiZic TePMOSIPONIBIK PEaKIUsIChIHIA KAThICKAH JKEHUT aToM
SIPOJIAPBIHBIH, OalIaHBICTHI KYHJIEPiHIH KacueTTepiMeH Oipre
HETi3ri  CHIaTTamMaliapblH  KapacThIpaMbI3, aran  aWTKaHaa
acTpo(M3UKaNBIK JHEPrHsUIapbIMEH OCBIHAAN  SAPOAPBIHIAFEI
MpoTOHAap  MeH  Oacka  OeNIeKTepmiH  pamaHamusuIbIK
KapMaybIHBIH NPOLeCcTEPAiH acTpOYU3UKAIBIK S - (aKTOPHI.

Enni bac TizOekrepaiH TypakTshl >KYIABI3AAP YIIH YII
HEr13ri TEPMOSIAPOITBIK IUAKJIICPAIH 00ITyBI MYMKiH
paauanusiapeiHa KbICKalla IOy OepeMi3 oHE OChl KiTamnTa
KaHAall TpoLlecTep KapacThIPBUIFaH, ajl  OacKajlapblH >KaKbIH
yaKbITTa TaJIIalMBbI3.
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Huxnnepmig OipiHmIici — Oy MPOTOH — MPOTOHIBIK Ti30€K,
OJI KYITI HEMece 3JICKTPOMATHHUTTIK ©3apa OpEeKETIMEH OTETiH
MPOIECTEPAIH  Kipy KaHajabl OoOWBIHIIA Oec  eKiOemImeKTi
ecenrenineni. OnapaplH ilIiHEH YIIeyi paJuanusuiblK KapMayblHa
KaTbIcanpl. EKi OCBIHAAM TIpoIlec KiTaOBIMBI3a KapacThIPhLUIATHIH
Oomasel, a HOTHXKeNepi 3 xoHe 9 TapayblHIA KepceTieni. Tars
Oyn mwmknain Oec peaknusacel (Oapmeirel 10, cyperre 1.4
KOpCETUIeMi) oJci3 e3apa OpeKeTiHeH OoJjiafpl JKOHE OCHI
mporectep 6131 KiTanTa 6omamnrakTa KapacTHIPBUIMAIEL.

Kynaezapik CNO - mukn 9 yYKCacThIK peaklUSIChIHAH
Kypsuiaas! (6apiers! 13 mporec, kecrene 1.2 + 1.4 kepceTirex,
AFHH TOPTeyl oJICi3 KYLUIIMEH OTeli) >KoHe ONapIblH ilrHAe
antaysl - paguanusaiIblK KapMmaybiMeH. OChl peakmusIapIbH
Gipirmici (p'’C — "NY) 8 - wi TapayslHIa KapacThIPbLIAIbI, all
COHFBI  eKeyi (kecrene 12 =+ 14 xepcerinren) '"'°F
SMPONIAPBIHBIH,  KYPBUIYBIHA  KedTipurenmi, omap p -
KaOBIKIIACKIHAAFHI SAPOJIAPbIHA JKATHANIBl JKOHE TOTEHIHAIBIK
knactepaik ~ mozengep  (ITKM) Oacka  ecenTepiHze
naiianaHpUTFaH, OCBl JKaFjgaiiapia KOJNJIAHBUTYbl MYMKIiH
TekcepimmereH. COHBIMEH Karap OojalrakTa TeK KajdFaH YIIeyi
CNO - peakuusiiapsl KapacTbIPbLUIAIbL.

Y1 ece renuifaik MK — OYJT €Ki peakuus, onapAbiH Oipeyi
eKi0eNIIeKTI pagalusaIblK KapMaybIMEH OTell, OHBIH TalAaybl
MOTEHIIMANABIK ~KJIacTepiiik MopaemniHiH HeriziHge 10 - mri
TapaybIHa OPBIHAAIIBL.

Hormxecinne 0i3me OapiblFbl 15 HETI3TI TEPMOSIPOIIBIK
peakmusuIapel 6ap, oap ekl OeJIIeKTi Kipic KaHaJbIHIa KYIIITi
JKOHE DIJIEKTPOMAarHUTTIK e3apa opeKeTi MEH oTeAdl, OJapIblH
immage 10 imiHeH pazuanusIIBIK KapMaybIHBIH MpPOLECiHEH
Oomazel, OJIapABIH TOpTEyi O13/1H KiTanTa KapacThIPhLUIAIL, Oacka
TepTeyl Oojamakra 3eprreieTiH Oomanmel, anm ekeyi [IKM
alfHaJIaChIH/IA KapaCThIPBLIMAMTBI.

Kapacteippurran 0acka Ja paguanysuiblK  KapMaybIHBIH
OipHerIe peakmpsUIapsl 60IabI, oJap O13iHIIe ONeM TaMybIHBIH
KYJIABI3ApFa IeiiiH Ke3eHIe OTTi, SFHU oJlap OJIEMHIH aJFallKbl
CeKyHTTapbIHIa oTTi. Onapra KaTeICTH peakiusiiap [1,2]
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p+°H—>‘He+y
HEeMece

H+ *He —» °Li+v,
H+'He » 'Li+v,

oJIap aJIFalmKbl HyKJIeocHHTE3iHAe [3,4] OO0IyBl MYMKIH JKOHE
OCBI MPOLECTEPAiH acTpoPu3uKaNbIK S - GakTopuapsl 4 xoHe 9
TapayblHJa KOPCETUIS/I.

KopbITBIHABICHIHIA OaliKaiiMbI3 "OJIEMHIH TEPMOSIIPOIIBIK
mporeci’  KiTaObiHA ~ OepilreH  JKaambsl  aThl  OoJaIraKka
TaHAanaHblIanel.  JKakplHIa KEHUT aToM  SIPOJIAPBIHIAFEI
paavialiisAibIK,  KapMaybIHBIH — TYPJIEPIHIH  TEPMOSIPOIIBIK
peakmmsUIapel  KapacTBIPBUIYBIH — OiTipeMi3, COHBIMEH Oipre
OipiHIII OpBIHAA OJAPIBIH TOPTEYl TEPMOSAPOIBIK ITHKIIApFa
TiKeNeH KaThlHACy Oap eKeHi KOHE aJbIHFaH HOTIDKENEpi OCHI
KITallTBIH CKiHIN OachUIBIMBIHAA KepceTileai, ai OipiHmii
0achUTBEIMIa KApMAYIITBl TOFBI3 PEAKITUSACH KOPCETIIII.

Bapneirel  pamumanusanblk  KapMmayblHBIH 16 Herisri
MIPOIIECTEPi, OJIAP COHFBI KYHIHAC p - KAOBIKIIACKIHBIH SIpOIapFa
kenripineni sxoHe [IKM aiimarpiHIa onapra KOCBUIFAH ajIFaIlKpl
HYKJICOCHHTE3 peakmisuiapl MEH KepceTumreH 5, 6 xoHe 7
TapaybIHAFbl PEaKIUsIIaphl

p*'Li — "®Bey
JKOHEC

p’Be — "By
HEMECE

plo,llB SN 11,12C,Y

MYMKIH KapaCTbIpbUIaAbI.
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Omap Oapmerel pp - Hemece CNO - Tiz0ekTepmiH
CTaHIAPTTHIK TEPMOSIPOIBIK TUKIAAPBIHA JKaTHaNIbI.

CoHaH COH MPOTOH - NPOTOHABIK koHe CNO - mukIgapaIbH
Oap BIFBl KaJFaH TEPMOSAPOIIBIK MPOIIeCTepl KapacThIpy/ia, ojap
KaHAJIIApAbIH KaiiTa KypybIMeH oTeli (OapibIFBl 5 OChIHIAN
peakmwst 6ap), MbICAIIBI

*He + "He — ‘He +2p.

ConbiMeH Oipre KesemeKTe OChl OapiblK IpOLECTePAiH
Tangaysl KEHUT  SIOpoONapAblH  HOTEHLUWANABIK  KJIACTEPIiK
Mozaenaepin skoHe Ilaynmm TpUHINMIMEH TBHIMBIM CaJbIHFaH
Kyinepine KkeWOip kmactepnik »xyHenepinin FOHr xyiienepi
OoiiblHIIA  OpOWTANBIK  KyiJiepiHiH  KiacCU()UKAIUSICHIH
nainaranysIMeH OipbIHFal HETI131HE OPBIHAATYHI YCHIHBUIIEI.
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KPATKOE COQ4EP)XAHUE

Ilpoepecc 6 obnacmu usyuenuss Bcenennoi
60 MHO20M CB513aH C OOCMUNCEHUMU (u3u-
KU amOMHO20 510pa U 2NEMEHMAPHbIX YaC-
muy. OKa3anocy, 4mo UMEHHO 3aKOHbL MUK-
POMUPA NO360SLIOM NOHSIMb, YMO APOUCXO-
oum 6o Bcenennoii. 9mo eduncmeo Muxpo-
U MAKPOKOCMOCA - 3aMeYamenbHblil U no-
VUUMENbHLIL NpUMep BHYMPEHHe20 eOuH-
cmea [lpupoowr [2].

[Ipexxae 1eM mepexoauTh K M3JI0KEHHIO OCHOBHBIX PE3yIlb-
TaTOB NPUBEJEM KpaTKOE cojiepaHue KHUrd. B mepBoi riase
MBI KOPOTKO ¥ JIOBOJBHO MOMYJISIPHO (ISt MFOOOTO0, KTO H3ydal
SIIEPHYIO0 (PU3UKY) PACCMOTPUM BCE OCHOBHEIC TEPMOSIICPHBIC
peaxium, KOTopble MOTYT MPOXOJUTHh B 3BE3/1aX Ha Pa3HbBIX 3Ta-
nax ux (OPMHUPOBAHUS M Pa3BUTH. A 3aTeM MOIPOOHO OCTAHO-
BUMCS Ha aHajau3e OOJIBITMHCTBA TEPMOSACPHBIX MPOIIECCOB, OT-
HOCSIIUXCA K paJlalliOHHOMY 3aXBaTy, MPH KOTOPOM JIBE CTa-
KUBAIOIMECS YAaCTHUIIBl CIMBAIOTCS B OAHY C HCITyCKAaHUEM Y -
KBaHTA, M MPOTEKAIOT 33 CYET AIIEKTPOMArHUTHBIX B3aWMOJIEHCT-
BUIA, YTO HECKOJIBKO YIPOIIAET UX PACCMOTPEHHE C TEOpETUYE-
CKOHM TOuYkM 3peHus. Mbl Oynem najiee, Hapsay CO CBOMCTBaMH
CBSI3aHHBIX COCTOSIHHH JIETKUX aTOMHBIX fAJ€p, yYacTBYIOUINX B
TEPMOSZIEPHBIX PEaKIUsIX, PACCMaTPUBATh OCHOBHBIE XapaKTepH-
CTHKH, & IMEHHO, acTpodmuueckue S - PakTopbl MPOIECCOB pa-
JIUAIIMOHHOTO 3aXBaTa MPOTOHOB U APYTWX YaCTHIl HA TaKUX SAMI-
pax mpu acTpopU3NIECKUX IHEPTUSX.

[IpuBenem Termepp KpaTkuii 0030p BO3MOXKHBIX pPEaKIHH
TPEX OCHOBHBIX TEPMOSJICPHBIX ITUKJIOB JJIs CTAOWMIBHBIX 3BE3]
I'naBHOM mOCIEAOBATEILHOCTH U PACCKAXKEM, KaKHUE IPOIIECCHI
PacCMOTpPEHBI B IAaHHOW KHUTE, a Kakue OyAyT aHaTU3UpOBATHCS
B OJmkaiiiee BpeMsl.
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TlepBrIil U3 IIUKIIOB - 3TO MPOTOH - MPOTOHHAS IIETI0YKA, KO-
TOpasi HACYUTHIBACT IIATh ABYXYACTHYHBIX IO BXOTHOMY KaHATY
MPOLIECCOB, MPOUCXONAIINX 3a CUET CUIBHBIX WJIU 3JICKTpOMAr-
HUTHBIX B3aUMOJICHCTBUH, B TOM YHUCIIC, TPH U3 HUX OTHOCSTCS K
paguaMoHHOMY 3axBary. JIBa Takux mporecca OyayT paccMOT-
pensl B 11.3 1 9. Eme mars peakiuii sToro mukia (Bcero ux 10,
KaK TOKa3aHO Ha puc.l.4) IPOUCXOMAT 3a CUET CJIA0BIX B3aUMO-
JICUCTBUH, a TaKue MPOLIECChl pacCMaTpUBAThCS HAMHU B JTAHHOU
KHHUTC HE OYIyT.

3Be3anbiii CNO - OUKI COCTOMT M3 9 MOJOOHBIX peakiuit
(Bcero 13 mporteccoB, moka3aHHIX B Tabm.1.2 + 1.4, T.e. 4eThIpe
MPOTEKAIOT 3a CYET CJIA0BIX CHJI) M IISCTh U3 HUX — PajHaiioH-
ubIii 3axsart. [leppas u3 stux peaxuuii p'°C — "Ny paccmorpena
nanee B TJ1.8, a aBe mocienuue (cM. Tab6mn.1.2 + 1.4) npuBogsT K
00pa3oBaHHIO 1718 KOTOpBIC HE MPHUHAJUICKAT K AapaM p - 000-
JIOYKH U BO3MOXKHOCTH TIPUMCHECHIS MTOTCHIIMAILHON KIIaCTePHOU
moxaenu (ITKM), koTopast ObljIa MCIIOJIE30BaHA BO BCEX HATbHEH-
IIMX pacyeTax, JJIs TaKuX ClIydaeB He mpoBepsuiack. [loatomy B
OyaymieM OyIyT pacCMOTPEHBI TOJBKO TPH U3 OCTABIIUXCS Peak-
i CNO - 1ukia.

TpoiiHOM renueBbI IUKI — 3TO JBE PEaKIUH, OJJHA U3 KOTO-
PBIX TIPOTEKACT 33 CYET JBYXYACTUYHOTO PATUAIMOHHOTO 3aXBa-
Ta, aHAJIU3 KOTOPOr0 Ha OCHOBE MOTEHIIMAIBHOMN KJIACTEPHOU MO-
JIelId BBITIOTHEH fanee B T 10.

B pesynbpTate Mpl mMeeM 15 OCHOBHBIX TEPMOSICPHBIX pe-
aKIMi, TPOTEKAIOMNX B JBYXYaCTHYHBIX BXOIHBIX KaHajaxX 3a
CUET CUJIBHBIX U AJIEKTPOMArHUTHBIX B3auMoieicTBUi. JlecsaTs u3
HUX SBIISIOTCS MPOIECCAaMH PAJUAllMOHHOTO 3aXBaTa, YeThIpe U3
KOTOPBIX PACCMOTPEHBI B IAHHOW KHUTE, €IIe YeThIpe OyIyT h3y-
YeHBI B JAITBHEHIIIEM, a JIBa, KaK YK€ TOBOPIIIOCH, TIO-BUIUMOMY,
HE TIOJJIeXKAaT PacCMOTpeHHI0 B pamkax [TKM.

Kpome mepeuncieHHbIX TPOLECCOB, CYIIECTBYET €IIe He-
CKOJILKO pEaKIMi pagualliOHHOTO 3aXBaTa, KOTOPHIE, KaK Ipel-
rojaraeTcsi, IpoTeKadu Ha JIO3BE3HOW CTaauu pa3BuTusi Bce-
JICHHOH, T.€. B TIEPBBIE CEKYH/IBI €€ CyIlIecTBOBaHUs. K HUM OTHO-
CATCS, HATIpUMeED, peakiuu [1,2]
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p+°H—>‘He+y
)5010%0

H+ *He —» °Li+v,
H+'He » 'Li+v,

KOTOpBIE MOTJIM UMETh MECTO B IIEPBUYHOM HyKJIeocuHTe3e [3,4]
u actpodusmgeckne S - paxkTopbl TAKUX IPOIECCOB PACCMOTPEHBI
Jajee B ri.4, a NOCIACAHUX ABYX peakui B I11.9.

B 3aknrodeHne 3aMeTHM, YTO CTOJIb OOIIee Ha3BaHUE KHUTH
"TepmosinepHbie TIporiecchl BeereHHOH" BEIOpAHO ¢ TIEPCIICKTH-
BOIl Ha Oymymiee. B camoe Onmmxkaiiiiee BpeMst OyJeT 3aKOHUEHO
PaccMOTpEeHHE BCEX BO3MOXKHBIX TEPMOSICPHBIX pPEAKIUN TUTIA
paZMalliOHHOTO 3aXBaTa Ha JIETKMX aTOMHBIX SApaxX, MPUYEM, B
MIEPBYIO OYEpellb, YETHIPEX U3 HUX, KOTOPBIE UMEIOT MPsMOE OT-
HOIIIEHUE K TEPMOSACPHBIM LUKIaM. [loydeHHBIE pe3yNbTaThl
OyIyT OTpaXCHBI BO BTOPOM W3JaHWE JAHHOW KHHTH, KOTOpas
BKJIFOYAET B HACTOAIIEE BPEMS JECATh PEaKIUil paguariioHHOTO
3axBaTa Ha JIETKUX aTOMHBIX S/Ipax, T.e. sapax p - 000JIOUKH, 3a-
KaH4YHBaroIeiics sapom 0.

Bcero mMeercs 16 OCHOBHBIX TIPOIIECCOB PaIHAIMOHHOTO
3axBaTa, KOTOPBIE MPUBOIAT B KOHEYHOM COCTOSIHHHU K SIIpaMm p -
000JIOUKH H, MO-BUANMOMY, 0€3 0COOBIX MPOOJIIeM MOTYT OBITh
paccmotpenbl B pamkax I[IKM. K HuM oTHOcUTCS paccMOTpeH-
HBIA BBIIIE PaTUAIlIOHHBIA 3aXBaT B TPEX TEPMOSACPHBIX IIHK-
JaX, peakiuy NePBUYHOTO HYKICOCHHTE3a U MPOLIECCHI THIIA

p®'Li — "*Bey
nin
p9Be - wBy,

paccMOTpEHHEIE majee B TS, 6 u 7 u
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plO,llB N II’IZC'Y'

3aTeM OyIyT pacCMOTPEHBI BCE OCTANBHBIC TEPMOSIICPHBIC
MIPOIIECCHI TTPOTOH - MPOoTOHHOTO B CNO - IIUKIIOB, KOTOPEIE MTPO-
TEKAIOT C MEPEeCTPONKON KaHAIOB (BCEro CYIIECTBYET 5 TaKHX
peakiiyii), HalpuMep

*He + *He — ‘He + 2p .

IIpudyem aHamM3 BceX ITHX MPOIECCOB M Aaliee IpeImoiara-
€TCS BBIIIOJHHUTE HAa €IMHONM OCHOBE C MCIIOJIb30BaHUEM ITOTCHIIH-
AITBHOHN KJTACTEPHON MOJEIH JISTKUX sAep M KIacCU(DUKAIUU Op-
OMTANBHBIX COCTOSHUH 10 cxemam FOHTa, MPU HATMYUK B HEKO-
TOPBIX KJIACTEPHBIX CHCTEMax 3alperieHHBIX npuHImIoM [laymm
COCTOSIHUH.
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SHORT CONTENTS

The progress in studies about the Universe
is substantially  associated with the
achievements in the nuclear and elementary
particle physics. It turned out that the laws
of microcosm allow understanding what is
going on in the Universe. This unity of mi-
cro- and macrocosm is a remarkable and
edifying example of the unity of Nature [2].

Before proceeding to the main results we would like to pre-
sent a summary of the book. In the first chapter we will consider
briefly and simply all the major thermonuclear reactions which
may take place in the stars at different stages of their formation
and evolution. Then we will expand on the analysis of the main
thermonuclear processes involving radiative capture — processes
in which two colliding particles fuse together to form one particle
and emit y - quantum. They are mediated by electromagnetic in-
teractions which somewhat simplifies their consideration from the
theoretical point of view. Further on, in addition to the properties
of bound states of light atomic nuclei participating in thermonu-
clear reactions, we will consider the principal characteristics, in
particular S - factors, of radiative capture of protons and other
particles by such nuclei at astrophysical energies.

Now we are going to give an overview of possible reactions
in three major thermonuclear cycles for stable stars of the Main
Sequence and then indicate which processes will be considered in
this book and which ones will be analyzed in the nearest future.

The first cycle is the proton - proton chain, which includes
five two - particle processes (according to the input channel) me-
diated by strong or electromagnetic interactions, three of which
belong to radiative capture processes. Two such processes will be
considered in the present book and the results will be given in
chapters 3 and 9. The other five reactions of this cycle (in total
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there are 10 of them as it is shown in fig. 1.4) are mediated by
weak interactions and we will not consider them either in this
book or in the nearest future.

The stellar CNO - cycle consists of 9 similar reactions (13 in
total, see table 1.2 = 1.4, four of which are mediated by weak
forces), six of which involve radiative capture. The first of these
reactions (p'’C — "Ny) is considered in chapter 8 and the two last
reactions (see table 1.2 + 1.4) lead to a formation of 8 nuclei
which are not p - shell nuclei and the applicability of the potential
cluster model (PCM), which was used for all further calculations,
has never been tested for such cases. Therefore, only three of re-
maining CNO - cycle reactions will be considered in future.

The triple alpha process represents two reactions, one of
which involves a two - particle radiative capture, which is ana-
lyzed on the basis of the potential cluster model in chapter 10.

As a result, we have 15 basic thermonuclear reactions with two
- particle input channels mediated by strong and electromagnetic
forces, 10 of which are the radiative capture processes, with 4 being
considered in this book, the next 4 to be considered in future and
two, seemingly, out of consideration within PCM.

In addition to the abovementioned processes there are some
other radiative capture reactions which supposedly took place at
the prestellar stage of evolution of the Universe, i.e. within the
first seconds of its existence. They include, for instance [1,2]:

p+°H—‘He+7y

or

*H +*He — Li+v,

'H+*He — 'Li+v,

which could take place during the primordial nucleosynthesis
[3,4] and the astrophysical S - factors of which are considered in

chapters 4 and 9.
In conclusion we would like to note that the general title of
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the book “Thermonuclear processes in the Universe” is chosen so
as to account for the future expansion of the book. In the nearest
future we are planning to finish the consideration of all possible
thermonuclear reactions of radiative capture type on light nuclei,
and first of all the four reactions directly associated with the
thermonuclear cycles. The results obtained will be published in
the second edition of the book which presently deals with nine
capture reactions.

In total there are 16 basic radiative capture processes, which
lead to p - shell nuclei and can be considered within PCM, includ-
ing the primordial nucleosynthesis reactions and reactions of the

type

p6'7Li — 7’8Be'y,

or

p’Be — "By

considered in chapters 5, 6 and 7, and
p'*"B — "y,

They are all out of the standard thermonuclear cycles of pp -
or CNO - chains.

Then we will consider the remaining thermonuclear proc-
esses of proton - proton and CNO cycles which are associated
with the rearrangement of channels (in total there are 5 such reac-
tions), for example

*He + *He — *He + 2p .

And it is supposed to carry out the analysis of all these proc-
esses on the basis of the potential cluster model for light nuclei
and classification of orbital states according to Young schemes in
case of states forbidden by Pauli principle in some cluster sys-
tems.
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BBEAEHUNE

Introduction

Tlpumenenue Oocmudicenutl co8pemeHHou
A0epHOl PuU3UKU K U3YHEHUIO KOCMUYECKUX
SAGNEHUTI U MEPMOSIOEPHBIX Pearyuli no360-
JULO NOCMPOUMb KAYECMBEHHO CO2NACYI0-
wuecs ¢ HabMOOeHUsMU Meopur oopaso-
8AHUS, CMPOEHUs. U IBOTOYUU 368€30, Mmeo-
pUioO  83pblBA  CBEPXHOBLIX, 0OPA30BAHUSL
nyIbcapos U 00bACHUMb PACIPOCMPAHEH-
HOCHb XUMUYECKUX dlieMenmos 6o Bcenen-
nott [2].

[Ipexxae Bcero, paccCMOTPUM IPEANIOCHUTKHA B YCIOBUS HE00-
XOJTUMBIC JJII BOSHUKHOBCHHS TEPMOSJICPHBIX PEaKIMi B acTpoO-
HOMHYECKUX OOBEKTaX, a UMEHHO, 3BE3/aX DPa3IMYHONH MAacChl.
ITockonbKy B M3BECTHOM HaM 00JacTH BcelleHHOH 3HaUYHMTENbHAS
yacTh HaOJIOAAeMOTO BEIIECTBA COACPKHUTCI MMEHHO B 3BE37aX
Ha pa3HBIX dTalax WX Pa3BUTHS WM B 00BEKTaX, YK€ MPOIIEH-
IIUX CTAJHUIO 3BE37bI, OOBSICHEHHE IPOIECCOB OOpa3oBaHUSI U
SBOJIIONIAN 3Be37] SABJSETCS OMHOW M3 Hamboyiee BaKHBIX 3a7ad
COBpPEMEHHOH acTpOU3UKH B LIEIOM H SICPHON acTpOPHU3NKH B
YacTHOCTH.

CormacHo Hamboyiee pacIpOCTPAHCHHONH TOYKE 3PCHHS,
3BE3/1bl, HA HAYaJFHOM 3Tare CBOETr0 00pa3oBaHMs, KOHACHCHPY-
I0TCS TIO/] JCWCTBUEM TPABUTAIMOHHBIX CHJI U3 TUTAHTCKHUX Ta30-
BBIX MOJICKYJISIPHBIX 00J1akoB [3]. DTH razoBble 00Jlaka COCTOST
MPEUMYIIECTBEHHO M3 MOJIEKYJISPHOTO BOIOpPOJAa C HEOONBIIONH
NPUMECHIO ICUTEPUs U TeJHs, KOTOPBIE 00pa3yloTcs B pe3yibTaTe
TIEPBUYHOTO HYKJIEOCHHTE3a Ha JJO03BE3/HOM CTaJWd Ppa3BHUTHUS
Bcenennoii. 3Be371bl OPMUPYIOTCS B 3TOM THTAHTCKOM MOJIEKY-
JSIpHOM OO0JIaKke W3 OTAENBHBIX HEOJHOPOIHOCTEH MM 30H 3BE3-
noobpaszoBanus [S], mpumep Takoro obsaka mpuBeeH Ha puc.Bl
[6].

C:kaTHe TakoM 30HBI HAUMHACTCS C KOJUIaIca ee BHyTpCHHef’I
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9acTH, T.e. CO CBOOOJHOTO MaJCHMS BEIIECTBAa IOJ JAeHCTBHEM
rpaBuTanyy B ee HeHTtp. IlocTeneHHO 007acTh CxKAaTHs IepeMe-
mjaeTcss OT LEHTpa K mepu(epuu, OXBaTbiBas HMOJIHOCTHIO BCIO
30HY — HaUMHAETCs Mpoliecc 3Be31000pazoBanus. Crycrok, oopa-
3YIOIIMHCS B IIEHTPE KOJUIAIICUPYIOIIEro 00J1aKa, Ha3bIBAIOT MPO-
TO3BE3/I0 WM 3BE3/I0W Ha paHHEH CTaguu CBOETO (hOpMHPOBa-
Hus [2].

Puc.B1. 3Be3nooOpasyromnias TyMaHHOCTE B ['amakTuke
TpeyronpHuKa.
(ITo mannHBIM: http://ru.wikipedia.org/wiki/OmMuccnonnas
_TYMaHHOCTb_C_PAaCCEsIHHBIM_CKOIUICHHUEM )
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B o0mux ueprax 5BOJIOLMIO IPOTO3BE3IbI MOXHO pasje-
JUThL Ha HECKOJIbKO 3TamoB. [lepBbIii ATam — 3TO0 000COOICHME
(parmenTa obnaka 1 ero yIioTHeHHE, KOTOPOe MOXKET POH30ii-
TH, HampuMmep, B pe3yJbTaTe caydalHOW (UIyKTyalHd WIH TOX
JICCTBUEM BHEIIIHEW I'paBUTALlMOHHOW Ccwiibl. biaromaps yBenu-
YEHUIO MacChl U POCTY CHJIBI IPABUTALIMOHHOIO MPUTSDKEHUS K
LEHTPY NPOTO3BE3bI NPUTITUBACTCS BCE OONbIIE MaTEPUH. DTOT
IpoIIecC, NaJeHUs BELIECTBA Ha IIPOTO3BE3Y U3 OKPYXKAIOLIETO
ee BHEIIHEro 00JaKa, Ha3bIBaeTCs aKKpeLuei.

Hanee Hactymaer 3tam ObicTporo cxatus. [IpoTosBesna
NPaKTUYECKH HETpo3padHa Al BUAMMOTO CBETa, HO MPO3payHa
Ul MH(PaAKPaCHOTO M3JIy4eHUs, KOTOPOE YHOCUT WM3JIHUILKU Tell-
Ja, BBIIEISIONIETOCs IPH CXKATUH, TaK YTO TEMIIEpaTypa BHYTPH
Hee CYIECTBEHHO HE MOBBIIIACTCS U JaBJICHHE ra3a He MPernsTCT-
ByeT JajibHeileMy kojutancy. OJHaKo IO Mepe CxKaTus, U3-3a
yBEJIMUYEHHUs IJIOTHOCTH BELIECTBAa, NPOTO3BE3/a IEIacTcsl BCe
MEHee MPO3pPavyHO, YTO 3aTPYAHSET BBIXOJ U3IYUYCHUS U MPHBO-
JUT K POCTY TeMIepaTyphl rasa. B omnpeneneHHbII MOMEHT Npo-
TO3BE3/1a CTAHOBUTCS IPAKTUYECKU HENpO3payHOM Al colOcT-
BEHHOTO TEIIOBOTO M3MydeHus. TemmepaTypa, a BMecTe ¢ HEel u
JaBJIeHHE Ta3a OBICTPO BO3PACTAIOT U YK€ MOTYT YaCTHYHO KOM-
IEHCUPOBAaTh I'PAaBUTALMOHHYIO CUIIYy IPUTSKEHMSA, CKaTHE IIPO-
TO3BE3/IbI 3aMEIISIETCS.

Hactymaer stan memneHHoro cxkatus. JlanbHeilee MOBBI-
IIEHUE TEeMIIEPaTypbl BbI3BIBACT 3HAUUTEIbHbIE H3MEHEHUS
CBOMCTB BelecTBa. [Ipu TemmnepaType HECKOJIBKO THICSY Ipaiy-
COB MOJIEKYJIbI PAacMaaloTCs Ha OTACIbHBIE aTOMBI, a IPU TeMIIe-
patype okoso 10 Teic. rpanycoB KensBuna (KenbBHHOB, KOTOpBIE
o0603HavarTCs OykBoi K) aToMbI HOHU3YIOTCS, T.€. Pa3pyIIalOTCs
UX 3JEKTPOHHBIE 000JOYKHA. DTH 3HEPrOEMKHE IPOLECCH, B pe-
3yJIbTaTe KOTOPHIX BEIIECTBO MEPEXOAUT B COCTOSHUE ITa3Mbl, Ha
HEKOTOpOE BpeMs 3aJCplKUBAIOT POCT TEMIIEpaTypbl, HO 3aTeM,
II0CJIe IIepexo0/la BCEro BelLecTBa B IJIa3My, OH BO30OHOBIISETCS.
[locreneHnHo mpoOTO3BE3la AOCTUTAET COCTOSHHS, KOrAa CHia
IPAaBUTALMOHHOIO TPUTSKEHUS IPAKTUUECKH YpaBHOBEIIEHA
BHYTPEHHUM JaBiieHHMeM ra3a. Ho mockonbky Temno Bce ele
YXOIUT HApyXy, & HHBIX UCTOUHUKOB YHEPTUH, KPOME CXKATHA, Y
NPOTO3BE3/IbI CIle HET, OHA MPOAOIDKAET MOCTETIEHHO CKUMATHCS,
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1 TEMIIepaTypa B €€ Hepax MPoI0/KaeT PacTH.

Kornma TemmepaTypa mpOTO3BE3bl AOXOAMT A0 OIPEICICH-
HOTO TIpejieNia, MajdbHEHIee pa3BUTHE COOBITUN 3aBHCHUT OT pa3-
MEpOB U Macchl popMupyeMoro HebecHoro Tena. Eciu ero macca
Hebonpmas U cocrapnsgeT Mmenee 8% ot maccel Comnma M, TO

HET YCJIOBUH IJIs Hayajla MPOTEKAHHUs CTaOMIIbHBIX TEPMOSIIEp-
HBIX PEaKIUi, TOUICP)KUBAIIINX €€ PaBHOBECHE, U TakKas Mpo-
TO3BE3/1a HE CMOXKET MPEBPATUTHCS B HACTOSIIIYIO 3BE31Y, a TIepe-
XOJIUT B COCTOSIHUE, Ha3bIBAEMOE, KOPUYHEBBIN KapJIUK, KOTOPBI
CO BPEMEHEM OCTHIBACT M MOXKET MPEBPATUTHCS B TUIAHETOIIOA00-
HBIA 00BEKT [6].

Ecnn macca cxxumaromerocs semectsa 0onbiie 8% or 9,

TO ATOTO JIOCTATOYHO JJISl TOTO, YTOOBI B MPOIIECCE CHKATUS BHYT-
pY TIPOTO3BE3/bI HAYAIU MPOUCXOANTH YCTOWYHMBBIC TEPMOSACP-
HBIC PEAKIUH M M3 TAKOTO 00JIaKa MOTyYUTCs CTaOWIIbHAS 3BE3/1a,
Haxozsmasaca Ha I'maBHOUM mocienoBaTenbHOCTH (cM. Ilpunoxe-
Hue 4).

Kornma mMacca Hanbonee IIOTHOW IEHTPATbHOW YacTh 00Ja-
Ka, Omaromaps akkperuu, gocturaeT npuMmepro 0.1 maccer ConH-
11a, TEMIepaTypa B IIEHTPE 3Be3/bl COCTABIISIET MPUMEPHO 1 MITH.
K u B U3HU TIPOTO3BE3/BI MOXKET HAYaThCs HOBBIN 3TaIl — IEp-
Bble peaklny TepMosiiepHOro cuHTe3a. OIHAKO 3TH TepMosiiep-
HBIE PEaKIMH CYIIECTBEHHO OTJIMYAIOTCS OT peakuuil, MmpoTe-
KaImuX B 3Be31ax, Tuna CONHIA, HAXOJSAIIMXCS B CTAI[MOHAP-
HOM cocTosiHuu [2]. deno B ToMm, uto mporekaromue Ha ColHie
peaxIuy CUHTE3a, epBasi U3 KOTOPHIX ATO TOPEHUE BOJOPOIa

p+p—H+e +v,

TpeOytoT Oonee Bbicokoi Temneparypsl ~ 10 muH. K, a Temmnepa-
Typa B IleHTpe npoTo3Be3abl Bcero 1 muH. K. Ilpu Takoit temme-
paTtype MokeT 3(QEeKTHBHO NPOTEKATh TOJIBKO PEaKIMsl CIUSHUS
neuTepust

‘H+’H— *He +n.

Jleiitepuit, Takke Kak "He, oGpasyeTcst Ha J0O3BE3IHOI CTa-
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UK SBOJIONMK BeeneHHo [7] u ero coaepikaHue B BEIIECTBE
MPOTO3BE3/bI COCTABISIET OKOJIO 107 or conep>KaHus MPOTOHOB.
OnHaKo Ja)ke 3TOro HEOONBIIOr0 KOJWYECTBA JOCTATOUHO IS
MOSIBJICHUSL B IICHTPE MPOTO3BE31bI 3(PPEKTUBHOIO HCTOUYHHKA
SHEPTHH, KOTOPHIN MPUBOANT K JATHHEHIIIEMY TIOBBIIICHHIO TEM-
neparypsl [2].

Henpo3padHocTs MPOTO3BE3MHOTO BEIIECTBA MNPUBOIUT K
TOMY, YTO B 3Be3/l¢, KaK MPEIANONOKMI Xasdmu [5], HaYWHAIOT
BO3HUKATh KOHBEKTHUBHBIC MOTOKH ra3a. Harperbie oOmactu rasa
YCTPEMIISIFOTCSL OT LIEHTPa 3BE3/IbI K Mepudepru, a X0JI0JHOS Be-
IIIECTBO C TIOBEPXHOCTH CIYCKAeTCs K MEHTPY MPOTO3BE3bI, I10-
CTaBJISIS JOIOJTHUTEIFHOE KOJWYeCTBO aeitepms. OmgHako Ha-
YaBIIUECS TEPMOSIACPHBIC PEAKIINU CIUSHUS SACp NEHTEpUs BbI-
JICJISIFOT CPABHUTEIBLHO Majlo SHEPTUU U €Ille He CIOCOOHBI Ipo-
THBOCTOSITh TPABUTAIIMOHHOMY CKaTHIO, KOTOPOE MPOIOIIKACTCS
U Ha DTOH CTaguH.

MPOTO3BE3TA

T'opeime BOTOPOTA e
Copenme reana

Tpasnra-
HONHOE
cEaTHE
3BE 3B
N~ —

r
B3PBIB CBEPXHOBOIA SEUNE, MIAOPORE

Cranna mpemcRepXHOBOR

Puc.B2. OcHOBHBIE 3TANbI 3BOJIIOIIMA MAaCCUBHOM 3BE3bI C MAacCOM
M>25 M, (M, —macca Conrna) [2].

37



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

JanpHelee cxatre 3B€30HOTO BELIECTBA 3a CUET I'PAaBHUTA-
IIMOHHBIX CHJI NPHUBOJUT K €lIe OOJIbIIEMY MOBBIIICHUIO TeMIIe-
paTypsl B LIEHTPE 3BE3/bI, UTO CO3JAacT YCIOBHA AJIA Havaia Tep-
MOSIIEPHON peaki TOPEHUS BOAOPOAA. B 3TOT MOMEHT mpoTo3-
Be3J[a CTAHOBHTCS CTAOWIILHOW 3BE3JIOM, IMOCKOIBKY TEpMOSIep-
HOC DHEPTOBBIACICHHE YK€ CIIOCOOHO ypaBHOBECHUTH CKHMAIO-
miee JeicTBHE I'paBUTAlMK M, B 3aBUCHMOCTH OT CBOEH Macchl,
3Be3/la 3aHUMAeT OIpEAEICHHOe MEeCTO Ha auarpamme ['epiim-
npyHra - Paccena [5] (cm. [lpunoxenne 4).

Brime Ha puc.B2, B kauecTBe mpumepa, NpeacTaBieHa yc-
JIOBHAs CXeMa MeXaHu3Ma 00pa30BaHus, pa3BUTHS U THOETH Mac-
CHUBHOH 3B€37bl, KOTOpasi B XOJ€ CBOEH ABOJIFOLMU MOXKET IIpe-
BpaTUTHCA B CBEPXHOBYIO [2].

Hanee na puc.B3 mokazan nporecc 3BOIIONUH, T.€. 00pa3o-
BaHMS, KU3HU U TPEBPALICHUS B OCIIBbIil KapJIMK 3BE3/bI ¢ Maccon
ommskoi k macce Hamero Comuma (http://ru.wikipedia.org/wiki/
3Be3Hasi_dBoionus) [6]. Takas 3Be3/1a MOCTENIEHHO EPEXOIUT B
KpacHBIN TMTaHT, a 3aTeM, Tocje cOpoca TUTaHEeTapHON TyMaHHO-
CTH, OCTaBIIIeecs PO MpeBparraercs B Oemnplit kapmuk (cM. [Ipu-
JI0XKeHue 4).

YaeTs MONERYAAPHOT OBAAKA TIABHETAEMAR TYRAHHOETH.

NpoToieens KpacHui rarant BenwA KApINK

HAUAN0 TEPMOAREEHOH PEaKLMM HacTomuee (4,57 mapn net)

HuzHeHHsIA ukn ConHua

Puc.B3. Orans! pa3BuTHs 3Be3bI moo0HON Hamemy CoHITy
M~ MM,).

[udps! moka3sIBatOT BpeMs CYIICCTBOBAHUS B MHJLIAAPIaX JICT.
(ITo manubIM: http://ru.wikipedia.org/wiki/3Be3aHas_3BOJIOLKA)

Takum 00pa3oM, MBI KPaTKO PacCMOTPENH TPOIECC IBOIIO-
UM TPOTO3BE3/BI B OOBIYHYIO 3BE3]ly, CTAOMIBHOE COCTOSHUE
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KOTOPOH TOACpKUBAETCs O1aromapsi MpoTeKaHUIO B HEH TepMo-
siIepHbIX peakiuii. KoHeuHo, Takoe pacCMOTpPEHHUE HE SIBISETCS
CTPOTMM M HOCHT Ka4eCTBEHHBIH Xxapaktep. CTporoe pericHue
npobieMbl 00pa3oBaHUsl 3BE3 U3 MEXK3BE3AHON cpensl, T.e. MO-
JIEKYJIAPHOTO ra3a, U 3BE€3JIHOM SBOJIOIMHU B IIEJIOM, celdac Bpsi
T BO3MOXXHO. MOYKHO TOJIBKO CTPOUTH OTAEIHHBIC YaCTH TEOPHH
3Be371000pa30BaHusl, MOCTOSHHO KOHTPOJMPYS HX HOBBIMHU ac-
TPOHOMHUYECKUMH HAOTIOACHIAMHU [5].

Takum 00pa3oM, MbI IIOKa3aJid, YTO acTPOPU3NUCCKUI 00b-
€KT CTaHOBUTCS 3BE3/I0HM, KOTJIa B HEM 32)KUTAIOTCS CTAOWIHHO
MPOTEKAIONINE TEPMOSICPHBIC PEaKIUK, Oyarogaps KOTOPBIM
3Be37la, B 3aBUCHMOCTH OT CBOEH Macchl, 3aHIMAaET OTPeIeJICHHOE
Mecto Ha ['maBHOM mocnenoBarenbHOCTH. [lepeiinem nanee K He-
MOCPEACTBEHHOMY 0030py Pa3INYHBIX THIIOB TEPMOSICPHBIX pe-
aKIWd, KOTOPbIE BXOAST B TPH OCHOBHBIX LIMKJIA: MPOTOH - MPO-
ToHHBIH, CNO ¥ TeIHeBBIA ITUKI W PACCMOTPUM INPHUYHHBI HX
MIPOTEKaHUs MPHU B3aMMOCHCTBUN aTOMHBIX sJIep B 3BE3/1aX pas-
JIMYHOM Macchl HA Pa3HOU CTAJIUU UX PA3BUTHA.
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1. TEPMOSQEPHBIE
rMMPOLECChHI

Thermonuclear processes

BeedeHue

Heckombko Bo3Bpamasch Hazaa IO XOay OOCYXKICHIHS
3BE3HOM ABOJIIOINY, HATIOMHUM, YTO KOTJa B pe3yJIbTaTe TPaBu-
TaI[MOHHOTO CKATHS TEMIIEpaTypa B IICHTPE 3BE3/IbI MOBBIIIACTCS
no 10 = 15 muH. K, KUHETHUECKOW SHEPrUM CTaTKUBAIOIINXCS
sIep BOJIOpOJa OKa3bIBACTCS JOCTATOYHO IS MPEOAOJICHUS KY-
JIOHOBCKOTO OTTAJKWBAHWS — HAYMHACTCS SIACpHAs PEaKIusl To-
peHus BOJIOpPO/AA, KOTOpas SBISICTCS MEPBOM pEaKIUei MPOTOH -
npotoHHOTrOo THKiIa [2]. CTporo roBops, Takoe 0OBICHEHUE TIPO-
1ecca MPOTEKAHUSI PEaKIMA HE SBISETCS TOYHBIM, OJHAKO IS
MIPUBEPIKCHIICB KIIACCUYCCKOM, a HE KBAHTOBON (hM3UKHU, SBISICTCS
HauOosnee MOHATHBIM. OJHAKO, C TOYKH 3PCHUS COBPEMCHHBIX
MIPEICTaBIICHUH, 00JIee TPaBHIILHO CKa3aTh, YTO YBEIMUCHUC KH-
HETUYECKON JHEPTUM TMPHUBOJUT K TOBBIIICHUIO BEPOSTHOCTH
MIPOHUKHOBEHHS YaCTHI[ CKBO3b MOTCHIIUALHBIN Oapbep U B OII-
pEICIeHHBIE MOMEHT 3TOTO OKA3bIBACTCS OCTATOYHO IS BO3-
HUKHOBEHHSI CTaOWMJILHO IPOTEKAIOIIECH TEPMOSICPHON peakinu
BOJIOPOAHOTO chusiHUsA. Takas peakiusi HaYMHACTCS B OTPaHU-
YEHHOW IIEHTPaJbHOW YacCTH 3BE3/bI, HO BBLICISIONIASCS B pe-
3yJAbTATE DHEPTHUS Cpa3y OCTaHABIMBAET €€ NajabHEHIee TrpaBH-
TallMOHHOE CHKATHE.

Ha at1oii craguu cBoero pa3BUTHS MPOUCXOIUT KAuECTBEH-
HOE W3MCHECHHME MEXaHHM3Ma BBHIJICIICHUS SHEPTHH B 3Be3fe. Ecim
0 Hadaja SACpHOW peaKkuu TOPEHUsS BOAOpOaa HarpeBaHHE
3BE3/IbI POUCXOIMIO TOJBKO 33 CUET TPABUTAIMOHHOTO CXKATHS,
TO TETIEPb OTKPBIBACTCS IPYTON MEXAHU3M — DHEPTHUS BBIICIACTCS
3a CUET SICPHBIX PEAKIMil CHHTE3a W €€ XBaTaeT IS IMPOTHBO-
JICHCTBYSI CUJIaM TpaBUTAlMU. B pesynbrare 3Be3na mpuodpeTact
cTaOUIbHBIE Pa3MEPhl U CBETUMOCTh, KOTOPBIE JJIS 3BE3/IBI C Mac-
COMi, OJTM3KOM K COJTHEYHOH, HE MEHSIOTCS B TEUCHHE MILTHAPIOB
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JIET, T.€. BCE TO BpeMsl, ITOKa B €€ LIEHTPE MPOUCXOIUT CTOpaHHUEe
BOJIOpOAA.

Masast BeITMYMHA CEUCHHUSI 3TOW pEakiuu OOBSACHSET, IMove-
My CTaJus TOPEHUSI BOJOPOAa — caMasi MPOAODKUTENbHAS CTaIus
B 3Be31HOI 2BoJfonmu. [1oj] cedeHreM B KBaHTOBOH (H3HKE I10-
HUMAaeTCs BEJIMYWHA MPOIOPIIMOHATIBHAS BEPOATHOCTH IPOTEKa-
HUS HEKOTOPOro Ipoliecca B3aUMOJCHUCTBUSA SACPHBIX YaCTHUIL
MexIy co0oil, Ipy 3TOM Manas BeIMYMHA CEYECHHUS O3HAYaeT Ma-
JyI0 BEPOSTHOCTH JAHHOTO Mpoliecca. B 3Be3gax pa3zHOW MaccChl
TEPMOSIICPHBIC PEaKUUU TPOTEKAIOT MO-Pa3HOMY, C Pa3IUYHOU
CKOPOCTBIO U MPOJOIIKAIOTCA MPUMEPHO OT JECATKOB MUJIIMOHOB
JIO TeCATKOB MIULIHAPIOB JIeT [2].

1.1 TepmosiOepHbie peakyuu
e 3e8e30ax

TepMmosinepHast peakius (peakiys CHHTE3a, HyKJIEOCHHTE3a
WIN CIMSHUS aTOMHBIX AJIep) — 9TO Pa3HOBUAHOCTH SIEPHON pe-
aKLUK, KOTOpas, Kak OObIYHO CUMTAETCs, MPOTEKaeT B 3BE3lax
mpu sHeprusax mopsinka 0.1 + 100 k3B (1 k3B cormacHo cooTHO-
menmo E = kT npumepHo cootBeTcTByeT Temmepatype 10’ K), u
OPUBOIUT K OOBEAMHEHHIO, CIUSHHUIO JIETKUX aTOMHBIX SIEp B
Oosee TsoKenIe [6].

Teneps, npexae 4eM NEPEeXOOUTh K ONMHCAHMIO MPOTEKaro-
IIUX B 3BE€3Jle TEPMOSIEPHBIX MPOLECCOB, KPATKO OCTAHOBHMCSA
Ha CaMOM MEXaHU3Me TEPMOSIEPHON peakluy, T.e. IPUYHHE, 10
KOTOpPO OHa MPOUCXOIUT B IUIA3ME — Pa3peKEHHOM, HOHU30BaH-
HOM Trase, COCTOSIIEM, B OCHOBHOM, M3 siI€p aTOMOB, KOTOpHIE
UMEIOT IOJIOKUTENIbHBIN IEKTPUYECKUN 3apsiil U 3JIEKTPOHOB C
OTpULIATENbHBIM 3apsiioM. [l TOro 4To0bl MPOU30ILIO CIUSIHUE
Sep WIM TEepMOsiAepHasl peakiys, SApa aTOMOB, UMEIOIIUE I10-
JIOKHUTENBHBIA 3apsif, JOJDKHBI CONM3UTHCA Ha PACCTOSIHUE, Ha
KOTOPOM JIEHCTBYET CHJIBHOE B3aUMOJIEHCTBHE, UMEIOLIEe NIPUTS-
TUBAIONINNA XapakTep. DTO paccTOSHUE MMEET MOPSIOK pa3Mepa
caMuX sziep u npuMepHo pasHo 107" eM w1 OM (Depmu) u Bo
MHOI'O pa3 MEHbIIE pa3Mepa aToMa B OOBIYHOM, HE MOHHU3UPO-
BAHHOM COCTOSIHHH, KOTOpoe mMeeT mopsimok 10° oM mmm 1 A
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(AnrcTpem).

[Ipu ManpIx TeMreparypax M MajbIX SHEPTUSIX, KOT/Ia CyIe-
CTBYIOT HE MOHMU30BAHHBIC aTOMBI, 3apsiabl spa U SJICKTPOHOB
KOMIICHCUPYIOT Apyr apyra. Ho Ha paccrosHusax nopsaaka 1 dm
3IEKTPOHHBIE 00OJIOYKM aTOMOB YK€ HE CYIIECTBYIOT M HE MO-
TYyT DKPAHHMPOBATH 3apsAAbl SAEp, MOITOMY OHHU HCIBITHIBAIOT
CHJIBHOE 3JIEKTPOCTaTUYECKOE OTTalKUBaHue. Cuila 3TOro oTTai-
KHBaHUA, B COOTBETCTBHH C 3aKoHOM Kyrnona, oOpatHO mporop-
[IMOHAJbHA KBaJpaTy PacCTOSHUSA MEXIy 3apanamu. Ha paccros-
HUSX MOpsiIKa pa3Mepa saep BEIUYMHA CHIBHOTO B3aUMOJACHUCT-
BUSI, KOTOPOE CTPEMHUTCS UX CBA3aTh, HAYMHAET OBICTPO BO3pac-
TaTh U CTAHOBUTCS OOJIBINIE BETUYUHBI KyJTOHOBCKOTO OTTAIKHBA-
HUSL.

Takum 00pa3oM, 4TOOBI BCTYITUTh B PEAKIIUIO, ATOMHBIE SIJI-
pa JOJDKHBI MPEOIOJIeTh MOTEHIMATBHBIN KYJIOHOBCKUH Oapbep
WA, TOYHEE TOBOPS, UMETh JOCTATOYHYIO BEPOSTHOCTH IS TIPO-
XOXKICHUS Takoro Oapwepa. Hampumep, Ans peakiuu paauaiu-
OHHOro0 3axBaTta aeiirepus TputueM “H + °H — He + Y Bemuun-
Ha 9Toro Oapbepa coctasnser npumepHo 0,1 MaB = 100 k3B =
10° 5B (91eKTpoHOBONBT). JIIsi CpaBHEHHS, IPHBEIEM SHEPTHIO,
HEOOXOAMMYIO [UIsI MOHU3AllMM aTOMa BOAOPOAA, KOTOpas cCo-
craBisieT Bcero 13 sB. Eciu nepesectu snepruto 0,1 MaB B TeM-
neparypy, To moryuantcst npumepro 10° K. Takast TemmepaTypa
HE MOXKET CYIIECTBOBaTh B OONBIIMHCTBE 3BE37], HAIpUMEp, Ha
HameM CoJIHIE W, Ka3aJoch Obl, TEPMOSIEPHBIC MPOLECCHl TaM
HEBO3MOJKHBI.

OpmHako B MPUPOJIE CYIICCTBYIOT, TI0 KpallHEeH Mepe, IBa 13-
BECTHBIX HaM 3¢ dekTa, KOTOpBIE CHIDKAIOT TeMIepaTypy, HeoO-
XOJUMYIO JJI1 BO3HUKHOBEHHUS TepMosiepHOH peakiuu. OcTaHo-
BHUMCsSI Ha HUX O0JIee moapoOHO:

1. Bo-nepBbIX, TEMIepaTypa XapaKTepu3yeT JIUILb CPEIHIOI0
KHHETHYCCKYI0 SHEPTHIO YACTHI[ TUTa3MbI BHYTpH 3Be3nbl. MMe-
FOTCSI YaCTHITBI, KaK C MEHBIIICH, Tak U ¢ OOJBITNICH dHEPTHEH, T10-
CKOJIbKY NJIsl Ta3a WM TUIa3Mbl OHA OMpPENEIISETCS MaKCBEJIOB-
CKHUM pacnpenencHueM. PeanbHo, B TepMOsIEpHON peakIuu y4a-
CTBYET TOJIBKO HEOOBINIOE KOTMIECTBO SIAEP, UMCIOIIHUX YHEPTHIO
HAMHOT'O OOJIBIIIE CPEHEH — TaK HAa3bIBAEMBIN «XBOCT» MaKCBEJ-
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JIOBCKOTO pactpeeseHus [6].

3TO pacmpesielicHHe MOXKHO 3allicaTh B BHJE pacrpejelie-
Husg 1mo ckopoctsiM (Ilo manueM: http://fn.bmstu.ru/phys/bib/
physbook/tom2/ch5/texthtml/chS5_4.htm)

m 3/2 mvz
F(v)=4m?| —— exp| —
2nkT 2kT

WJIN 11O SHCPIrusm

172
E E
=2 -—.
He [n(kTﬁ) eXp( ij

Bun ¢yHKIMM pachpeneieHus IO CKOPOCTSIM, KOTOPBIH
MOJTHOCTHIO aHAJIOTHYEH PACHpENeNIeHHIO M0 JHEePruH, MOKa3aH
Ha puc.1.1.

F(v) 4

—t—b =
0 TJ: ‘:'U:’R'UKB U

Puc.1.1. Pacnpenenenne MakcBenaa Mo CKOPOCTSIM.
(PucyHok mpuBeieH MO JaHHBIM:
http://fn.bmstu.ru/phys/bib/physbook/tom2/ch5/texthtml/ch5_4.htm)

3T0 pacmpelelieHe UMEeT Hauboyiee BEPOSTHYIO CKOPOCTh
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W SHEPTUIO
B ZkT 172
m m 4
WlV2
E, =—m"=kT,
2

0 KOT0p0f/’1 MBI YK€ YINOMHUHAJIMW WU CPCAHCKBAJAPATHUYHYIO CKO-
POCTD Vi, BBIPpAKACMYIO YCPEC3 CPCAHIOIO CKOPOCTH <V> , U Cpea-

HIOI0 DOHEPIrrUI0 4YacCTHUIl

2

1/2
V2 (3kT
V. ={V =| —
(7)==
2
E =M 3.0
2 2

K6

[To mepe cxkatus 3Be3/1bl, BHaYaJIe OYCHb HEOOJNBINAS YacTh
siIEp BOJOPOJAA C MaKCUMAaJbHOM KMHETUYECKON PHEpruci BCTY-
MaeT B TEPMOSACPHYIO PEaKIuio, Omaromapst KOTOPOH BBIAETSAET-
Csl 3HAYMTENIbHOE KOJHMYECTBO JOTOJHUTENBbHON »Heprun. Yactp
9TOM SHEPTUM yXOAWT HA YBEIWYCHUU KUHETUYECKON sHepruu
HEKOTOPOH APYroil 4acTu siiep BOJOpPOJia, MOATOTaBIMBas UX K
YYacTHIO B TOCIEAYIONINX SIEPHBIX Tporeccax. [eM cambiMm,
HU3KOPHEpPreTUUecKasi 4acTh SJIepP, COCTABISIOIINX OCHOBHYIO
MAaccCy 3BE3/Ibl, CIYKHUT KaK Obl HCTOYHUKOM TOTUTUBA TSI TEPMO-
SIIEPHBIX PEaKIUii.

2. Bo-Bropeix, Omaromapsi >¢dekram kBaHTOBOW (Pu3MKH,
A7pa aTOMOB HE 00S3aTENFHO JOJDKHBI UMETh DHEPTHIO, TPEBbI-
MAIONTYI0 BEJIMYHMHY KYJIOHOBCKOTO Oaphepa, Kak 3TO ObUIO B
KJIACCUYECKOW MexaHHKe. J{axe eclii MX SHEprus MEHBIIE 3TOTO
Oapbepa, OHH C OIPEIEICHHONW CTENEHBIO BEPOSITHOCTH MOTYT
IPOHUKATh CKBO3b HETO — 3TO SIBJIICHUE HA3bIBACTCS KBAHTOBBIN
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TyHHEJIbHBIA 3()(EKT U rpad@uyecKu MoKa3aHo HIKe Ha puc.l.2
[8].

W3 puc.1.2 BumHO, YTO KBAaHTOBas 4acTUIA, KOTOPas MMEET
OCHWUTAPYIOLTY0 BOJIHOBYIO GyHKImI0 (BD) W BHe Oapbepa (r >
¥1), ONPEACIISIONLYIO BEPOATHOCTD €€ HaXOXKICHHS B ONpEesICH-
HOM TOYKE MPOCTPAHCTBA, C SHEPTUEH MEHBIIIE €r0 BBICOTHI, MO-
JKET TIPOHUKaTh uepe3 O0apbep. BO wactuust W BHYTpHU Hero (r <
1) HE paBHA HYJIIO U TIPEICTABIISIET COO0M (PYHKITUIO KOOPIUHAT C
JKCIIOHEHIIMAILHO CIIaJarolie 3aBUCUMOCTEIO [8]. IHBIMM clTo-
BaMH, CYIICCTBYET OIPE/ICICHHAS, U COBCEM HE HyJIeBasl, BEPOST-
HOCTb TIPOXOXKJICHHUSI YaCTHIIBI Yepe3 MOTECHIMAIbHBIA KYJIOHOB-
CKHil Oaphep W €e MPOHUKHOBEHHS B 00JaCTh CHIIBHOTO B3aHMMO-
JICHUCTBYSI, YTO TPUBOJUT K BO3HUKHOBEHHIO SJIEPHBIX WU TEp-
MOSIICPHBIX PEAKITHIA.

HacTvua OTpaxasTCcH

|
|
Enm: KNaccu4e ckas
| OT Dapeepa
|

EHEGTMLI,I::I

|

|

I, r
KEaHTOEAR — |
I'IEDX T |
nog Dapeep |

|

|

Puc.1.2. TIpoHUKHOBEHHE KBAaHTOBOM YaCTHUIIHI Yepe3 MOTCHIIMATbHBIN
Gapeep [8].
(Pucynok npuBezeH o AaHHBIM: http://astronet.ru/db/msg/
1169513/node36.html)

PaccmoTtpum Temeph Oojee MmoIpoOHO MPOLIECCHI CHHTE3a
JIETKUX aTOMHBIX SiZIep, KOTOpPBIE BO3MOXKHBI OJaromapst mpoTeKa-
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HUIO0 TEPMOSIICPHBIX PEAKITHi B IIEHTPE 3BE3/bl. bOJBITyI0 YacTh
CBOETO CYIECTBOBAHUS 3B€3/1a HAXOIUTCS B CTATUU PAaBHOBECHS,
a 9TO O3HAYaEeT, YTO, C OJHOU CTOPOHBI, CHJIa TPaBUTAIUU CTpE-
MUTCSl CKaThb U YMEHBUIUTH €€ B pa3Mepax, C APYroil CTOPOHBI,
SHEPTHsl, BRICBOOOXKIaeMass B pe3ybTaTe TEPMOSICPHBIX peak-
IIAH, BEIHYXKIAET 3BE3y PACIIUPATHCS, YBEITHINBATLCS B pa3Me-
pax. Iloka »Tu nBe CWibl, NEUCTBYIOLIUE HA 3BE31Yy, PAaBHBI IO
BEITMYMHE W IPOTHBOIIOJIOKHEI TI0 HAIPaBJICHUIO, TOIICPKUBA-
ercst OaylaHc, ¥ OHAa HAXOIUTCS B CTAIlIOHAPHOM COCTOSIHHHM Ha
I'maBHOM mocnenoBaTenbHOCTH (cM. nanee u [lpunoxenue 4 B
KOHIIC KHHUTH).

1.2 [IpOMOH - MIPOMOHHbLIU YUK

IIpoTOH - NPOTOHHBINA WU PP - LIUKI — 3TO COBOKYIHOCTD
TEPMOSJIEPHBIX peakuuid s 3Be3n [J1aBHOM mocienoBaTelbHO-
CTH, B XOJI€ KOTOPBIX BOJOPOX (BepHEe, SapO aToMa BOAOPO.aA,
npotoH "p") mpeBpaimaercst B remmii (sapo atoma remust He).
OTOT UUKIT MOXKET MPOTEKaTh MPH HAanOOJee HU3KUX DHEPTUSAX U
SIBJIIETCSL OCHOBHOM anbTepHaTuBoii CNO - mUKITy, KOTOPBIN OY-
ner paccmotpeH ganee. [lo-BuaMMOMY, UMEHHO HPOTOH - TMPO-
TOHHBIN IIMKJI TOMHHHUPYET B 3BE3[]aX C MacCOM MOpsIKa MacChl
ConHnla Ha CTaOWIBHON CcTaAWM WX pa3BUTUA. B Toxe Bpems,
CNO - mukn npeoOiagaet B 0ojiee MACCHBHBIX U TOPSYUX 3BE3-
Jax.

CyMMapHBIM HTOTOM PP - PEAKIIHH SBISIETCS CIMSHUE YETHI-
pex MpOTOHOB ¢ 06pa3oBaHMEM siapa aToma ‘He M BbImeNeHHEM
SHepruu, 3KBUBaNIeHTHON 0,7 % Macchl 3TUX NPOTOHOB. Takas
[ENOoYKa peakiruil B YIPOIIEHHOM BHAE MPOXOANT B TPH CTAJHH.
Bnauane aBa npoToHa, UMEIOIIUE JOCTATOYHO YHEPTUU IS MPO-
XOXKICHUS KYJIOHOBCKOTO Oapbepa, CIMBArOTCS, 0Opasys Jei-
TPOH, TO3UTPOH M DJICKTPOHHOE HEUTPHUHO. 3aTeM NEHTPOH CIIH-
BAETCS C MPOTOHOM, 00pasyst spo “He u Y - KBaHT M, HAKOHEIL,
nBa sgpa atoma “He cimBarotcs, oGpasys siapo atoma “He — mpu
3TOM BBICBOOOXKIAFOTCS J[Ba MPOTOHA.

CxeMaTH4HO 3TO MPUHATO 0003HAYATH CIICAYIONIUM 00pa3oM

[6]:
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l.p+p—"H+e " +v., Q= 0.42M>3B,
2.°H+p—"He+7y , Q= 5.49 MsB,
3.°He + °He — “He + 2p , Q= 12.86 MaB .

\ v

\F ‘ Proton
Y Gamma Ray

O Neutran
V  Heutrin '

'C.l Positran
Puc.1.3. YnpomieHHas cxeMa IpOTOH - IPOTOHHOTO IUKIa [6].

(Pucynok npusezneH no aaHHeIM: http://ru.wikipedia.org/wiki/nmpoTon-
MIPOTOHHBIN ITUKJT)
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¥ P f # &7 + v ({142 M3B)

+peeE +vil4d
rrp Wﬂ\i Mﬂ#

d # p————t——s 'He + 7 [5.45 MaB)

*He + *He—————— "Ba + (1,59 MaB)

6.5 10° ner

0.3%

£ & 10 per
3200 ner
!
G9%
¥
He + H ‘He » 2p (1266 MaB)| |31
I e YT pl i | 31%
(2= 24.7 MaB)
ppl
15@.?%
BE #0441 (085 MaB)
0.2rona §
Li+p W‘HE"‘HE“?JﬁM!EI
Q=257 MaB)
pell

TBE* ey 8 + 7 (0114 M2B)
Tiroq

8- BBp" + 2" + v 14.08 MaB)
210 net

‘He + *He (3.0 MaB)

!'BI'!"
10 ner
(=247 MaB)
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Puc.1.4. Bce peaknyuu mpoTOH - MPOTOHHOTO KA [2].

3nech BenmmuuHa Q — 3TO SHEPTUs, BBIAEIAEMAs B IMPoOIEcce
MPOTEKaHUsl PEAKLUH, BHIpaKEHHAsI B €AMHUIIAX DHEPrHH, Ha3bl-
BaeMbIX MeradneKTpoHBOJIbT (MaB). I'paduyecku Takas nenovka
peaxiuii ipeacTasineHa Ha puc.1.3 [6]. Ho 3To Tonbko oCHOBHEIE
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peaKIMu NPOTOH - MPOTOHHOTO LIMKJIA, @ BCE OCTAJbHBIE, C YKa3a-
HHEM OTHOCHTEJIBHOI'O BKJIaJa Pa3iMuYHBIX KAaHAJIOB M CKOPOCTH
NpOTeKaHus, mpeacTaBieHs! Ha puc.1.4 [2] u B Tabn.1.1 [8].

Ta6m.1.1. Peakiiuu npoTOH - MPOTOHHOIO IIUKJIA C YKa3aHHEM
BBIXOJ1a 3HEpruH Q U T — XapaKTEPHOr0 BPEMEHHU ITPOTCKAHUS
JUTSL KX I0T0 Tporiecca [8].

(Tabnuua npuBeaeHa o JaHHBIM: http://astronet.ru/db/msg/
1190731)

Peakmus ”Q, MaBH T, 1eT ” €,, MaB; X
p(p.e™v)’H 0.42 | 8.210° | €,=0.26; €, yaee=0.42
Ll HeyHe | 549 |[4410°|  XCH)=2710"

| *He('He,2p)*He || 12.86 || 2.410° ||  X(*He) = 1.610°

| *He(*He,p'Be || 159 |[9.510°  X(Be)=1.210"

g, = 0.86 (90%); 0.38
(10%); €,=0.8

| "Li(p,'He)'He | 17.35 |[3.810°|| X(L)=1510"
T [ Bea’B | 004 [1010°  X(B)y=410" |
II| ®B(e*v)®Be” | 14.06 || 3.010%| €,=7.3; &, yaee = 14.06
| B¢’ >2'He || 30 | - | — |

No

I|| "Be(e,yv)'Li | 0.86 | 0.30

Kaxk Bugno 3 1a6m.1.1, JaHHBIA UK MOXKET 3aKaHIMBATLCS
TpeMs pa3Nu4HbBIMU MyTsMu. Jlyig 3aBepiieHust BeTBU I, koTopas
ObLIa TIPUBEJICHA BBIIIC M TaeT MAaKCUMAIBHBIN 3HEPTeTUYCCKHMA
BKJIJI, TIEPBBIC JIBE PEAKIIUH IOJIKHBI OCYIIECTBUTHCS IBaXKIBI,
MTOCKOJIBKY JIJISL TPEThEH peakiuu TpedyeTcs JBa sapa *He. 3xechb
MOJKHO, [I0-BHINMOMY, IIpeHebpeds peakiueii p + p + ¢ — “H +
v, (cM. puc.1.4) KoTopas, Kak ¥ OCHOBHOI mporecc p + p — “H +
€ + V, IPOXOIUT 3a CUET CJIA0BIX B3aMMOACUCTBUMN, HO C BEPOST-
HOCTBIO MTOYTH Ha TPHU MOPSIIKA MEHbIIIE.

CKOpOCTH WM BEPOSITHOCTH IPOMEKYTOUHBIX PEaKIHid B
MPOTOH - MPOTOHHOM LIMKJIE OYEHb BEITUKH, & XapaKTEPHOE BpeMs
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MaJio MO0 CPaBHEHHUIO CO CKOPOCTBHIO MEPBOM peakiivu BeTBH I, Ko-
TOpasi MPOTEKAET OYEHb MEJJIEHHO, O3TOMY siApa 2H, 3He, 7Be,
"Li u ®B He HAKamIMBAIOTCSA HA 3BE3/aX B 3aMETHBIX KOIMYECT-
Bax.

B Betsu III nipu pacmaze sgpa atoma Gopa °B ¢ 06pasoBaHu-
€M HEeYCTOWYHMBOTO sifipa Oepuuiig B BO30Y>KIEHHOM COCTOSIHUU
(*Be"), KoTOpOE MOYTH MrHOBEHHO paciajaeTcs Ha aBa sapa “He,
HCITyCKAIOTCSI HEHTPHHO ¢ OCOOCHHO BBICOKOH ISl pp - IIHKIIA
SHEPTHEH. ITH HEUTPHUHO OT TEPMOSICPHBIX peakiuii Ha CoHIe
PETUCTPUPYIOTCS PA3NIUYHBIMHU cueTuynkamu Ha 3emuie [8]. Ilpu-
MepHO B 70% Bcex cllydaeB LMKI 3aKaHUMBAaeTCA BETBbIO I, B
30% - BetBbio II, a Ha momo BeTBH Il mpHXOAWTCS HECKOIBKO
JIECATBIX OJIel MpoLeHTa [2], Kak mpeacTaBieHo Ha puc.1.4.

B Tta6mn.1.1 mpuBeneHBI HEKOTOPHIE OCHOBHBIC MapaMETpPhI
peakiuii IpoTOH - MPOTOHHOrO HMKiIa. B dactHOCTH, €, - 3TO
SHEPrHs MCIYCKaeMbIX HEHUTPHUHO, €€ cpelHee €, U MaKCUMallb-

HOC €, yuxc 3HAUCHUS B Clydae, KOTJa HEUTPUHO UCITYCKAIOTCS B
uHTepBajie 3Heprudl 0 < €, < €, yaxe, @ TAKKE KOHIICHTPAIIUHU TIO
Macce (X) ydacTBYIOIIMX MPOMEXKYTOUHBIX aTOMHBIX snep. Be-
JUYMHBL T U X PACCUUTAHBI IS (PU3NIECKHUX YCIOBHMA, OJU3KHUX K
oxuzaeMbiM B rientpe Conmnna, T.e. mpu Temmeparype 1.5107 K,
mrotHocTH 100 r/cM’ M PaBHBIX KOHI[GHTPALHSX BOAOPOIA H re-
nus mo macce Xy = Xge = 0.5. 3ameTuM, 4TO JaHHBIE MO Xapak-
TEPHOMY BpPEMEHH T, IpUBEICHHOMY Ha puc.l.4 [2] u B Tabm.1.1
[8], HECKONBKO OTINYAIOTCS, TOCKOIBKY B3SAThI U3 Pa3HBIX UCTOY-
HUKOB.

3ameTuM, 4TO 3armacoB Bojgopoaa Ha CoJHIE IPH COBPEMEH-
HOM TEMIIE€ €T0 TOPEHUS 10 MIPOTOH - MPOTOHHOH IENOYKE MOTIIO
0wt xBatuTh Ha 100 Mpx. tet. OHAKO HEKOTOPOE 0OCTOSATENBCT-
BO CYIIIECTBEHHO COKpAIlaeT CTaTuI0 ropeHus Bojopozaa. Jlemo B
TOM, 4TO BOJIOPOJI, (PaKTHUECKU, CTOPACT TOJIHKO B IICHTPAILHOM
gactu CoJIHITa, a TaM €ro 3aIacoB XBAaTHT NMPUMEPHO Ha 5 + 6
MJIpI. JIET, T.c. uyepe3 5 + 6 mupa. jget CoiHIle, Kak 3TO CIEayeT
U3 COBPEMECHHOIN MOJICIH Pa3BUTHUS 3BE3/, JOKHO MPEBPATUTHCS
B KpacHbIi ruranT. Ha stoM stame pagmyc CoiHIIAa BO3pacTeT
npumepHo B 200 pas, a BHemmHss 00oodka CoTHIla cCHavaia J0C-
TUrHeT MepKypusi, moToM BeHepbl U npubau3uTcs Kk 3emie, Ho,
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MO-BUIMMOMY, HE 3aXBAaTHT €€ OpOUTHI [2].

[To Mepe BeITOpaHMs BOAOPOA, AP0 OOJIee MACCHBHOM, YeM
Comniie 3Be3/1bl HAUMHACT MOCTEIEHHO CXKUMATHCS MO TeUCTBU-
€M TpaBUTAINH, IPUBO/IS K YBEIUUCHUIO JABJICHUS U TEMIIEPaTy-
pBI BHYTPH HEE W HApALY C IPOTOH - MPOTOHHBIM IHUKIIOM BCTY-
MaeT B JAEHCTBUE CIEIYIONIUA TEPMOSIEPHBIN Mpolecc, Ha3biBae-
MbI, CNO - IUKIOM.

1.3 38e30Hbit CNO - yukn

CNO - IUKI — 3TO COBOKYIHOCTb TPEX CLEMIECHHBIX APYT C
JpyroM WM, TOYHEE, YaCTUYHO MEPEKPHIBAIOIIUXCS LUKIOB.
Ilepsriit u camsiif mpoctoit U3 HUX CN - nukn (uukn bere wnu
YIJIepOAHbIA IMKI) ObT npeanoxer X. bere u, HezaBuCUMO OT
Hero, K. Baiimzekkepom eme B 1939r. OCHOBHOMU IMyTh peakInu
CN - nukia nmokasas B Ta0i1.1.2 u Ha puc.1.5 [6].

:’sé;

@“' * ﬁ.a_&ﬂr&f@

Puc.1.5. Peaknuu CN - nukia [6].
(Pucynok npusezneH no aaHHbeIM: http://ru.wikipedia.org/wiki/CNO-
IIAKJT)
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B mepBoif KOJIOHKE ATOM M APYTHX MPUBEICHHBIX Jajiee Tao-
JUI] TIOKa3aHbl HaYaJbHBIE sIpa, yJacTBYIOIIWE B peakiuu. B
TpPEThel KOJIOHKE — Apa, NOTyJYaloluecs B pe3ylbTaTe peakiuy,
B CIICIYIONIEH — BBIJEIsIEMAas IPU STOM SHEPIUs U B MOCICAHEH —
BpeMs MTPOTEKaHUs peakiuu [6].

Ta6mn.1.2. Peakiuu CN - 1ukia ¢ yka3aHUEM BBIXOJ/1a SHEPTHH
1 XapaKTePHOTO BPEMEHH MPOTEKAHMSI peaKiuH [6].

‘CJ‘II/IHHI/I6|‘ PesynpTat HQ, M3BH T, JET |
["C+p | °N+y | 1,95 [1.3107]
[ "N JEPc+et +v] 137 |7 mun]
[Pc+p ][ "N+y [ 754 ]2.7 107
["N+p = "o+, | 729 [32107
[ "0 |[SPN+e +v] 2,76 |82 cex]
[°N+p =] "C+'He | 496 [1.110°]

B peakuum 3axBaTta TpOTOHA SAPOM N Bo3moxeH ere
OJIVH, AJbTCPHATUBHBIN BBIXOMHON KaHam — 0OpazoBaHHE spa
%O ¢ WCIyCKaHHUEM 7Y - KBaHTa. JTa peaklus ABIAEeTCS HadyalbHOU
11t HoBoro NO [ - riukiia, KOTOPEIN UMEET B TOYHOCTH TaKYIO JKe
CTPYKTYpy, Kak CN - ITMKJI, a €ro peakilid IPEACTaBICHH B
ta6i.1.3 [6]. NO I - nukn noBslimnaet temn 3HeproBoieneHns CN
- TWKJIa, YBEIMYHUBAS YUCIIO SIIEp MN - KaTaJIn3aTOPOB ISl TIPO-
XOKJICHHUS 9TOr0 IIHUKJIA.

Ta6mn.1.3. Peakuu NO I - nukna ¢ ykazaHuem SHEpTUR
BBIXOJ1a [6].

|CJII/I5IHI/IC‘| Pesynbrar HQ, MaB‘

[°N+p = ™o+, [12.13]
[Po+p |l "F+y ][ 0,60 ]
[ "F |0 +e +v] 276 |
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["0+p =] "N+"He || 1,19 ]

[Mocnennsisi mpuBeACHHAS 3[eCh PEaKIUs B3aMMOACUCTBUS
MPOTOHA C SAPOM 0 takxke MOXET UMETH JPYTO# BBIXOIHOM
KaHaJI, IOpoXaas eme oauH, Tak Ha3zsiBaeMblid, NO II - 1iuki, Ko-
TOPBIH MMoKa3aH B Ta0m.1.4 [6].

Takum o6pazom, Bce 3t CN, NO I u NO II - riukiasl BMecTe
o6pazytor TpoitHoH CNO - UK, KOTOPBIA MOANCPKUBACT TOPE-
HUE 3Be3]] Ha CIICIYIOIICH, IoCIe IMKIIa TOPEHHs BOJAOPOIa, CTa-
M.

Tab6um.1.4. Peakimu NO II - 1ukia ¢ ykazaHHueM dHEPTHH
BBIXOJa [6].

|CJ'II/I}IHI/IC‘| PesynbTar ”Q, MaB‘
["o+p = "F+y | 561 ]
[ "F JSfo+e +v] 166 |

O+p|—| °N+"He || 3,98
18 RN

3aMeTHUM, YTO MMEETCSA €Ille OJWH OYEeHb MEJJICHHBIM YeT-
BEepTHIM 1UKA, Ha3piBaeMbli OF - 1IUKIOM, HO €ro posib B BbIpa-
00TKE DHEPIMHU HUYTOXKHO Maya. OTHAKO ATOT LUKI SBISETCA
BEChbMa BaXXHBIM TNPHU OOBICHEHUU IMPOUCXOXKICHUS sIep YF g
3Be3nax. OH creayeT U3 MoCieaHe peakiuu MPeabIAYIIEro MHK-
J1a, KOTOpasi MPOXOIUT TI0 APYroMy KaHally W Imoka3aH B Ta0m.1.5

[6].

Ta6um.1.5. Peaknmm OF - miukiia ¢ ykazaHueM dHEPTUN
BBIXOJ A [6].

‘CJ‘II/IHHI/I6|| Pesynbrar HQ, M3B|

[Po+p = "F+y ][ 799 ]
[®F+p =] ®0+"He || 8.11 ]
[“o+p = "F+y | 060 ]
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| "F |>ffo+e v 276 ]

Bce ocnoBubie peakiuu TpoiHOro CNO - HHMKIa MOXHO
MPEACTaBUTh U B BUE pUc.1.6, KOTOPBIN B3AT U3 IPYroro UCTOY-
HUKA [2] ¥ HAa KOTOPOM HECKOJBKO OTIMYAIOTCS 3HAYCHUS DHEP-
TUU U BPEMEHHM NPOTEKAaHMs PEAKUUU — MEepuoja Moiypacrnaaa
Tp.

B 3Be3nax, IMErOMuX Maccy, CpaBHUMYIO ¢ Maccoi CoHila,
¥ MEHBIIIE, MTO-BUANMOMY, TOMHHHPYET IMPOTOH - MPOTOHHAS IIe-
MOYKa TEPMOSJICPHBIX peakiuid. B 0Ooliee MacCHBHBIX 3Be3fax,
UMEIOMHMX O0Jiee BBICOKYIO TEMIIEPATypy SApa, OCHOBHBIM HC-
TOYHHKOM 3Heprud sBisieTcst CNO - mukI.

Lienouka peakum# |

2C+p 5N +y (Q = 1.94 MaB)

BN SBC+et + v, (Q = 1.20 M3B, T;,=10 MuH)
BC+p "N +y (Q = 7.55 M3B)

“N+p -0 +y (Q =7.30 M3B)

PO 5PN +e + ve (Q =1.73 MaB, T1,=124 c)

"N +p ="C + *He (Q = 4.97 MaB).
Llenouka peakuun Il

“N+p "0 +y (Q =12.13 MaB),

%0 +p ="F +7y (Q = 0.60 MaB),

TF SO +et+ v (Q =1.74 MaB, T1,=66 c),

70 +p "N + o (Q = 1.19 MaB).

Llenouka peakuu# lll

70 +p =1F + (Q = 6.38 MaB),

18F _>180 + e+ + Ve (Q = 064 MSB’ T1/2=110 MMH),
80 +p =N+« (Q =3.97 MaB).

Puc.1.6. Peakiiuu CNO - nukina [2].

Takum 00pa3oM, HaAYAIBHBIN dTall TEPMOSIACPHBIX pPEaKITHi
CHHTE3a COCTOUT B 00Opa30BaHUU SiACp TEIUS M3 YEThIPEX sIep
BOJIOpOZa, Kak moka3aHo B Tabn.1.1 . Kpome toro, siapa remwms,
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Hapany ¢ sapamu °C, N u N, sBIAI0TCS KOHEUHBIM MPOIYK-
ToM Bcex Tpex CNO - IMKIOB, KaK TMPOJEMOHCTPHPOBAHO B
T1abn.12 + 1.4. Ilo Mepe TOro, KaK B IIEHTPAIBLHON YacTH 3BE3IBI
MIPOUCXOANT BBITOPAHUE BOJOPOJIA, Oiaromapst KOTOPOMY H IIPO-
TekatoT pp - 1 CNO - nuKIiIbl, ero 3amacsl Bce 00jee HCTOMA0TCS,
HO TIPOMCXOAMT HAKOIUIeHHE Trenus. B menTpe 3Be3abl Gpopmupy-
eTCsl, TaK Ha3bIBaeMOE, TEINEBOE SIIPO.

Korma Bomopox B 1eHTpe 3Be3Abl BHITOPEN, BBIACICHHUE
9HEPTUH 3a CUET PACCMOTPEHHBIX BBIIIE TEPMOSIIEPHBIX peaKkuit
YMEHBIIIAETCS, M B ACWCTBHE BHOBH BCTYNAIOT CHJIBI TPABUTAIHH.
OO0pasoBaBiiieecsi TelIUeBOE SAPO 3BE3[bI HAUMHAET CKUMATHCS,
Ipu 3TOM, ele Oojiee HarpeBasich. KnuHeTndeckas HEprus cTaj-
KHMBAIOIIUXCS AIEp T'elIs yBETUINBAETCS U IOCTHTaeT BETMINHBI,
JIOCTaTOYHOW IS YBEIMYEHHUS BEPOATHOCTU MPEOJOJICHUS KYIO-
HOBCKOTO Oaprepa. HaumHaercss cnemyrommid Tam TepMmosaep-
HBIX PEaKUU{ — TOPEHHE TeNusl.

1.4 TpoliHasi 2ennuesas peakyusi

Korzma Bofopos B LEHTpe 3BE3/bl 3aKaHYMBAETCS, 3BE3JbBI C
Maccoit Mmeree 40% COTHEYHON yMHUPAIOT, TIPEBPAIIasch B TYCK-
JBIe, ¥ KOMITAKTHBIC O€JbIe KapiIMKH, COCTOSAIIUE W3 Tremus [8].
Cun IpaBUTAI[MOHHOIO C)KATHS, a, 3HAYUT W TEMIICPATyphl, B
3Be37aX C TAKOH MAacCOM OKa3bIBAETCA HE IOCTATOYHO IS 3aro-
paHUs TeTMeBBIX PEAKIIHIA.

Y Gojee MacCHUBHBIX 3BE3J1 IO JSHCTBUEM IPaBUTAIUH IICH-
TpajibHasi 00JIaCTh CHKMMAETCS HACTOJIbKO, UTO TEMIIEpaTypa TaM
nmocturaer coteH MuwumoHoB K. [lpu takoili Temmnepartype BoO3-
MOXKHO B3aWMOJICWCTBUE SIJIEp TeNus, a BBICOKAs ILIOTHOCTh
3BE3JHBIX HEJP JeIacT BIOJHE BEPOSATHON BCTPEUY TPEX U JIaxe
YETBIPEX TAKUX SACP C PEaKIHel POXKACHUS yriiepoja HId KH-
ciopona [8]

1.*He + 'He + ‘He —» "“C+vy ,
2.*He+""C > "0 +7 .

[lepBas W3 3THX peaknMii HOCUT Ha3BaHWE 'TPOWHAS TeiIue-
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Bas peakiusa” (TpoHHOU ajbda - mpolecc) U IpeaCTaBIseT co0oM
SIEPHYIO PEaKINI0 CIVSHUS B HEAPAxX 3BE3M TPEX aTOMHBIX sIEp
*He. Ona HaunHaeTcs pu Temmeparype okono 1.5-10° K u miot-
HOCTH NOPSIIKA 5-107 kr/n’. Bo3moxkHO, 3Ta peakius npoxXoauT B
nBa dTamna [8]:

1. O6pa3soBaHHe HecTaGMIBHOTO sypa 'Be (IepHoj IONy-
pacmaga 107'% ¢.)

“He + ‘He— *Be + 7 .

12
2. ObpasoBanue sapa ~C B 0IHOM M3 BO30YXIEHHBIX CO-
CTOSHUHI

‘He + *Be— "C'+7 .

Ora peaknys CXEMaTUYHO IMMOKa3aHa Ha puc.l.7 u mpuBOIUT
K BBIJICJICHHIO dHEepruu 7.28 M»aB [6].

Puc.1.7. Tpoiinas renueBas peaxius [6].
(Pucynok nmpuBeneH no ganaeM: http://ru.wikipedia.org/wiki/Tpoiinas
reJneBasi peakuus)
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[paxtryeckn oxHoBpemeHHo ¢ 3'He - mpomeccoM B 3Be3max
MOXET MATH U BTOpasl U3 IEPEUUCIICHHBIX BBIIIE peakiui — 3a-
XBat anb(a - YacTHLHI ApoM yriepoaa. OHa MPUBOAUT K BBIXOLY
suepruu 7.16 MaB [8] u, mapsany ¢ asyxuactuunsiv ‘He'’C 3a-
XBaTOM, MOXET, IO-BUJUMOMY, IPOXOAUTh, KaK peaklus Iocie-
JIOBAaTEJIbHOTO CIHUSHUS 4YETBIpEX sjep Ieius ¢ oO0pa3oBaHUEM
saapa '°0.

V 3Be3q ¢ Maccoil menee 6 <+ 8 macc ConHIa 3Tan reaueBon
BCIIBIIIKH WJIM TOPEHUS renus (IISAIMUNCA BCETO HECKOJBKO Mpo-
IICHTOB OT BPEMEHH TOpEHHs BOAOpOja) (haKTHUECKH SBISETCS
MOCIEAHUM B X XU3HU. OnpenencHHas 4acTh TS M a30Ta,
KoTOpbIii obpasyercs B CNO - numkie, yriepoga M KUCIOpOAa
BBIHOCHUTCSI TIpY 3TOM Ha IIOBEPXHOCTH 3Be3[bl. SIPKOCTH 3BE37bI
YBEJIMUUBAETCs, OHA pa3lyBaeTcsi U cOpachiBaeT 000I0UKY B BUJE
TUTAaHETapHON TYMaHHOCTH, MOTIOJIHAA MEK3BE3AHYIO CpERY ITH-
MU 3JIEMEHTaMH. SIIpo TakoW 3BE3AbI COXpaHSAETCS B BUAE yIJe-
POMHO - KHCIIOPOIHOTO Oenoro kapiauka [8].

Taxum 06pa3oM, U3 IPUBEIECHHBIX PEaKUUi BUIHO, YTO MPO-
TYyKTaMH SJI€PHOTO TOPEHUS TeNus B LEHTPE 3BE3[bl SBIAIOTCA
yIJIepoJ, U KHUCIOPOA, KOTOpble 00pa3yroTCsl MPUOIU3UTEIBHO B
PaBHBIX KOJIMUECTBAX.

1.5 [lpy2ue mepmosiOepHbie npoyecchl
e 38e30ax

B MaccuBHBIX 3Be3zax, ¢ Maccoii oonee 6 +~ 8 macc CounnHia,
MOCJIE TOTO KaK MCTOINAETCs (BBITOPAET) BECh I'eJIUW, IEHTPATb-
Has 9acThb 3BE3/bl, COCTOSINAS B OCHOBHOM U3 YIJIEPOAa M KUCIIO-
pojia, BHOBb TEPSET YCTOMYMBOCTh M HAYMHAET CIKUMATHCS, YTO
MIPUBOJUT K TOBKIIICHUIO TeMIepaTypsl. TemrepaTypa MmoBbIIIa-
€TCS ¥ B TPWJICTAIONIEM K Py 3BE3JIbI CJIOC, COCTOSIIEM U3 Te-
nus. TToBEINIIaeTCsS OHA M BO BHEIIHUX CIIOSX 3BE3IBI, COCTOSIINX
u3 Bogopoja. [1o3ToMy BO3MOXKEH CIIGHAPHIA, B KOTOPOM MOXKET
HAYaThCs TOPEHUE TeNUs M BOAOPOJA B JOBOJBHO TOHKOW 000-
JIOYKE BOKPYT YK€ HEAKTHBHOI'O YIJIEPOJHO - KHUCIOPOIHOTO SII-
pa. B aT0 BpeMs B caMoM sijipe TeMIiepaTypa €Iie He T0CTaTOUYHO
BBICOKA M, BO3MOXHO, S/ICPHBIX PeakIuii ¢ oOpa3oBaHueM Oolee
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TSDKETIBIX DJIEMEHTOB €I1Ie He TTPOUCXO0IuT [9].

OpHako TMPOJOJDKAIONIEECS CXKATHE siapa 3BE3Nbl C TaKOH
Maccoid M pOCT TEeMIEpPaTypsl B HEM CTHMYJIMPYET JaJbHEHIINE
SIIEpHBIE PEAKIMH, POXKAAIOLIUE MHUPOKYI0 raMMy HOBBIX XHMHU-
yecKkuxX 3nmeMeHToB. CHauala CropaeTr yriiepoj, /laBas B OCHOB-
HOM HEOH W HAaTPHii. 3aTeM CropaeT HEOH, ITOPOXKIasi, CpeIH Ipo-
YUX 3JIEMEHTOB, MarHuil U aJIOMMHUN. 3aT€EM TOPUT KUCIOPOZ,
JlaBasi KpeMHUI u cepy. HakoHel, ropuT KpeMHUM, TpeBpaliasich
B JKEJIe30 M OJMM3KHE K HEMY DJIEMEHTHI. DTH PEaKkIuu MPOHUCXO-
naT pu Temmepatype okono 10°, T.e. 1 mapa. K u masarcs Bcero
HECKOJIBKO THICAY JIET, U3 Oojiee yeM, MIJITHOHA JIET XKHU3HH Mac-
CHBHOM 3Be31HI [8].

I'pasrTapoHMEI
KOJNANC

—
=
)

Topenye kpemmma
1 cymm

—
=]
=

T'operme xncaopona
6 Mecaues

T'openme yraepoga
600 mer

—
(=]
]
T

Tl'openme renma
500 Trc. 3eT

—
I

T'openme BOmoOpoaa
7 Man. et

ILIOTHOCTh B IEHTpe 3Be3abl, I/cM3
=
-9
1

1 1
108 107 108 10? 1010 1011
TEMIIEPATYPA B HEHTpPe 3Be3mbl, K

Puc.1.8. OBomtonys MaccuBHOM 3Be3/1bI [2].
(Pucynok mpusezeH no gaHHeIM: http://nuclphys.sinp.msu.ru/lect/
index.html)

ITo Mepe ropeHus 3JIEMEHTOB C OOJIBITUAM 3apsiioM spa Z,
TeMIIepaTypa U JaBICHHE B LEHTPE 3BE3Ibl YBEIUYUBAIOTCS C
BO3pACTAIOLIEH CKOPOCTBIO, UTO B CBOIO OUEpE/Ib YBEIMYUBACT
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CKOPOCTH MPOTEKAHUS SIAEPHBIX PEAKIMA. JTa 3aBUCHMOCTH CXe-
MaTU4IHO TpeicTaBieHa Ha puc.1.8 [2]. Ecam mns MaccuBHOU
3Be31bI (Macca 3Be3fbl ~ 25 macc CoNHIA) peakiusl TOPEHUs BO-
JIOpOJia TPOJIOJDKACTCS HECKOJIBKO MUJLTHOHOB JIET, TO TOPEHUE
reNrs IPONCXOIUT B JeciTh pa3 ObicTpee. lIpomecc ropenns xu-
CJIOpOJa ATUTCS OKOJIO 6 MECSIeB, a TOPEHNE KPEMHUS TIPOUCXO-
JTUT 32 CYTKH.

SnepHble peaKiuu CHHTe3a Oolee THKeIbIX, deM ~C min
'°0 571eMEHTOB MOTYT MPOOIIKATECS 10 TeX TOp, TOKA BO3MOXK-
HO BBIJICNICHUE dHeprur. Ha 3aBepimaroniem 3tarne TepMOsISPHBIX
peakuuii B pe3yibTaTe TOPCHUS KPEeMHHS O0pa3yroTcs sjpa B
paiioHe jxene3a. DTO KOHEUHBIN 3Tall BCEX MPOIECCOB 3BE3THOTO
TEPMOSJICPHOTO CHHTE3a, TaK KaK spa B paiioHE jKele3a MMEKOT
MaKCUMAIBHYIO YACIBEHYIO SHEPTHUIO CBS3U, rpauK KOTOPOH To-
Ka3aH Ha puc.1.9 [2].

10 T T T T T T T T T T

3tFe g9
L SSTI L LU R |
e b 180
12n |,.0"... TTTee e .""0"000.0 i e
.
o [ | * lﬂDM ...'.Oo. b
0o . — 10 = 0 sgees ,
= 4 4 —14 1261-8 160 | LI
o |CHe N Dy 197 |
F* ellg Y 358
9 ’ v
**Be
+bLj
5 L .
le 25 i
1 1 1 1 1 1 1 1 1 1
100 200

MaccoBoe HKcno A
Puc.1.9. 3aBUCUMOCTb y€NbHOM 9HEPTUHU CBSI3U € OT MAaCCOBOTO
gucina siapa A [2].
(Pucynok nmpuBeneH o ganHbeIM: http://nuclphys.sinp.msu.ru/lect/
index.html)
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Tepmosinepubie peaknuu ¢ 00pa3oBaHHEM 00JIee TSKEIBIX,
YeM sizipa B 00JIaCTH JKeje3a, HIEMEHTOB HE MOTYT IPOUCXOIUTE C
BhIJIeTICHHEM 3Hepruu. [Ipu cuHTE3e TaKuX 3JEMEHTOB B MPOIIEC-
CE€ PEeaKIMii SHEPTHUs JAO0JDKHA TMOTJIONIATHECS, TO3TOMY TOI00HBIC
MIPOIECCH HE JAal0T BKJIaJa B OOIIMI SHEPTEeTHYECKUH BBIXO.
TEPMOSZAEPHBIX peaklnii Ha 3Be3/Iax.

ITocre wncyepnanus B MAacCHUBHBIX 3Be37aX Marepuaia s
TEPMOSZEPHBIX MPOIECCOB, T.€. MPOTEKAHUS BCEX BO3MOXKHBIX
peakiuii CUHTE3a, OHU TEPSIIOT CBOIO YCTOMYHUBOCTh M HAUMHAIOT
C YBEJIMYUBAIOUICHCS CKOPOCTHIO CIKUMATBCS K CBOEMY IICHTPY.
Ecnu pacryiee BHyTpeHHEe NaBJIICHHWE OCTaHABIMBACT I'PaBUTa-
[IMOHHOE CXXaTHe, TO IEHTpalbHas 00JacTh 3BE3/bl CTAHOBHUTCA
CBEPXIIOTHOM HEHTPOHHOH 3BE3/10H, UTO MOXKET COMPOBOXKAATh-
cs1 cOpocoM 00OJOYKM M HAOIONATHCS, KaK BCIBIIIKA "'CBEPXHO-
1:10)7 4

Opmnako ecim Macca HEUTPOHHOM 3Be3/1bI, 00pa30BaBIICHCS B
MPEIBITYIEM TPOIECCe, MOCIE B3phIBA CBEPXHOBOMW, MPEBBICHUT
ompenencHHbIA npenen (mpenen OmnmeHreiimepa - Bomkosa, ko-

TOpBIN OOBIYHO cuuTaercsa paBHbIM 2 + 3 9 [5,6,7]), TO TpaBu-

TAllMOHHBIM KOJIIAIIC MPOJOJKAETCSA 10 €€ IOJIHOIO IpeBpalle-
HUs B 4epHyIo JbIpy [6]. Takoi mpouecc ¢ pUHATBHBIM KOJLIAII-
coM 3Be3Ibl IpH Temnepatypax 6onee 10'° K 1 mI0THOCTAX BbilIe
10® r/cm’ mokasan Ha prc.1.8.

1.6 3asucumocmb mepmMosiOepHbIX peaKuul
om macchbl 38e30bl

SnepHble peakuuu, NPOUCXOASIINE B 3BE3aX B YCIOBUAX
TEPMOJIMHAMHYCCKOTO PAaBHOBECHS, KaK MBI YK€ BHUICIH, CYIIE-
CTBEHHO 3aBHCAT OT MAacChl 3Be3bl. [IpOMCXOMWT 3TO MOTOMY,
YTO Macca 3Be3/bl ONPEICISIeT BEIUYUHY I'PAaBUTALIMOHHBIX CHII
CXKaTusl, 9TO, B KOHEYHOM HTOTE, ONPEIEIIeT MaKCHMAJIbHYIO
TEeMITepaTypy, JOCTHKUMYIO B IIEHTPE 3BE3MbI, T.C. €¢ sape, TAe
MPOXOJISIT BCE OCHOBHBIC TEPMOSIICPHBIC PEAKLIUU.

B 1a611.1.6 puBecHBI pe3yNbTaThl TCOPETHUSCKOTO paciera
BO3MOXHBIX SIICPHBIX PEAKITMH CHHTE3a IS 3BE3M Pa3IuIHON
Maccsol [2]. Y3 Tabnuibl BUIHO, YTO IOJIHAS ITOCIEA0BaTEILHOCTh
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SJICPHBIX peaKIMii CHHTE3a BO3MOXKHA JIUIIL B MAaCCHBHBIX 3BE3-
nax. B 3eesmax ¢ maccoit npumepro M < 0.08 9t rpaBuTanmon-

HOH SHEPruM HEIOCTATOYHO ISl CXKATUSL U HarpeBa 3BE3JHOTO
BEIIECTBA JI0 TEMIEPATyp, HEOOXOUMBIX ISl MPOTEKAHUS peaK-
LU TOPEHUS BOJOPOJIA.

EﬂﬂKTpaﬂbelE Knatcchbl

B A F G K M
Ay ) ¥ /// £ A LS
A Caeﬁ/;lq’;aﬁTu -,-/, ved

L
e

[urauTsi

i ’;/////////Dyﬁruranm

+10 /,// Beneie
// Kapnuku

Puc.1.10 duarpamma sBosmronuu 38e31 [8].
(Pucynok npuBeseH no AaHHbBIM: http://www.astronet.ru/db/msg/
eid/FK86/stars).

ABconoTHble 3Be3AHLIE BEAWYHHLI

Tab6m.1.6. TeopeTndeckuii pacdeT BO3MOXKHBIX SIICPHBIX PEAKITHH
B 3BE3/1aX Pa3IMIHON MacChI [2].

Macca 3Be3nnl

B €IMHHIIAX 971@ BosmoxxHEIe AACPHBIC pCAKIINU.

| <008 | Her.

| 0.3 H I'openne Bomoposa.

| 0.7 H I'openue Bomopoaa u reus.
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| 5.0 H I'openne Bomopoaa, reaus, yriaepoa. ‘

| 25.0 H Bce peakmiu cuHTE3a ¢ BRIICICHUEM SHEPTHH. ‘

B Oomee MacCWBHBIX 3Be3[aX, C MacCOd IOpSIKa MacCChI
ConHna, moka MPOTEKaeT sACpHAas peaklus FOPEHUs BOAOPOAaA,
3Be3/1a, KaK MbI y>K€ TOBOPUJIU, HAXoauTcs Ha ['maBHOM mocneno-
BaTeIHLHOCTH, TMOoKa3zaHHoW Ha puc.1.10 (cMm. taxke [Ipunoxenue
4). C TeyeHHMeM BpPEMEHH, TI0 MEpE HAKOIUICHUS BHYTPHU TaKOU
3BE3/IbI SIIEp Teus, ee UEHTpalbHas YacTh HAYMHACT CKUMATHCSA
W TeMIiepaTtypa MOBBIIIaeTcsA. B mporecc TepMosaepHOro rope-
HUS MOTYT BOBJIEKAThCA Bce Oojiee OTAajeHHbIE OT IIEHTpa CIOU
3Be31bl. CleACTBUEM CBS3aHHOIO C 3TUM HarpeBa SIBISIETCS pac-
IIMPEHUE U OXJIKICHUE BHEITHEH 000J109kH 3Be3Nbl. Ee pa3mep
YBEJIMYMBACTCA, a B CIEKTPE MIITYUCHUS HaYMHAET MpeoOranaTh
KpacHBIH 1BeT. 3Be3/a cXoauT ¢ [ maBHOM MOCeI0BaTENbHOCTU U
niepeMeniaeTcs mpaBee B 00JacTh KPACHBIX TUTAHTOB M CBEPXTH-
TaHTOB.

Kaxxgas u3 omucaHHbIX 0 CHX TMOP SIAEPHBIX PEaKIUid MoJ-
e KUBACT M3IYYCHHE 3BE3/bl HA PA3HBIX ATamax €€ pa3BUTHUA.
Ho Ha mocnemnem sTame sigpa jkenes3a CBA3aHBI CHIIbHEE BCEX
MPOYMX ATOMHBIX fZiep, IOITOMY WX JallbHEHIIHNEe MpeBpaIleHUS
y>Ke€ HEe MOTYT JaTh BhIxoja 3Hepruu. OJTHAKO, U B ’TH MOMEHTHI
SKU3HM 3BE3/Ibl, PHEPTUS MPOIOJKAET YXOIUTh C €€ MOBEPXHOCTH,
TaK 49TO MOKET BOHUKHYTHh CUTYyaIlHs, KOTJa B pe3ylbTare rope-
HUSI KpeMHUS cpopMHpyeTcs JKeIe3HOe SIAPO 3BE3JIbI, CIUIIKOM
MAacCHUBHOE, YTOOBI COMPOTUBIATHCS JCUCTBUIO CBOEH COOCTBEH-
HOM I'paBUTAIIMH.

Ero npenenpHas macca BrepBbie paccuntana C. Yanmpace-
KapoM, JeXUT B auamnaszone ot 1,38 mo 1,44 macc Connua [6,8] u
omnpeNesieT BEpXHUM mpeiea Macchl, IpU KOTOPOM 3Be37a MOXKET
CYIIIECTBOBATh, Kak Oenblii kapnuk. Ecin mMacca 3BE31bI TPEBBI-
IaeT 3TOT MpEeAes, OHA MOXKET NPEeBPATUTHCA B HEUTPOHHYIO
3BE31Y.

Korga macca 3Be3nsl mpuOmmkaeTcs K npeneny Yanmpace-
Kapa, MOYTH OJHOBPEMEHHO HAYHMHAETCS HECKOJIBKO Pa3TUIHBIX
MPOLIECCOB. DTH MPOLECCHl OXJAXKIAIOT AP0 3BE3IbI JO TaKOU
CTETICHH, YTO €€ BHYTPEHHEE JaBJIEHHE OONbIIE HE MOXKET COPO-
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THUBJISITHCS TPABUTAIMU, U OHA HAYWHAET KaTaCTPO(YUUECKH CHKH-
MaTbcs. Takoll Koyutalnc [UIMTCS B T€YEHUE CUMTAHHBIX CEKYHI,
HO TIpY 3TOM BBIIEISIETCS SHEPTHUS, OONbIIe, YeM 3Be3[a W3JIy4du-
Ja 3a Bce BpEMs CBOEro cyllecTBoBaHMsA. [logaBisromas 4acTb
9TOM SHEPruM YXOOUT B (opMe HEHTPHHO WM TI'PaBHTALMOHHBIX
BOJIH, HO NIPUMEPHO 1% uJeT Ha HarpeB BHELIHUX CJIOEB 3BE3JbI
u ux copoc. Ha kopoTkoe Bpems 3Be37a CTAHOBUTCS CpaBHUMA IO
SPKOCTH C TIeJION raIakKTUKOHN U €€ Ha3bIBaroT "'"cBepxHOBOH " [8], a
ee sIpo, KaK Mbl YK€ TOBOPHUJIM, MOXET IPEBPATUThCS B HEH-
TPOHHYIO 3BE31Y.

Ecnu macca octaBiierocs sipa Takoi 3Be3Zbl IPEBBILIAET
npenen OnmnenreiimMepa - BoiakoBa, KOTOPEIi OIIEHHBaeTCs HA CO-
BPEMEHHOM dTare Pa3BUTUS HAIIUX acTPOPU3MUECKUX MPEACTaB-
nennii B 2 + 3 maccel CounHIIa, TO OHA TPEBpAIIaeTCsl B YEPHYIO
JbIpy [6] ¥ Ha ATOM 3aKaHYMBAETCS IPOLECC €€ IBOMIOLUM, KaK
aCTPOHOMUYECKOrO MJIM acTpO(U3MUECKOro 00bEKTa IO Ha3Ba-
HUEM 3Be3J1a.

Puc.1.11. Kpyrosopor BemectBa B [Ipupoze.
(Pucynok npuBeseH no gaHHeIM: http://www.gomulina.orc.ru/
reterats/nebul_5.html).

B 3axirodyeHue Hailero NomyJIsIpHOTO U3JI0XKEHHs MaTepuasa
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M0 TEPMOAJIEPHBIM peakiusM TpeacTtaBuM Ha puc.l.11 cxemy
KpyroBoporta Bemiecta B [Ipupone. OHa moka3sIBaeT, Kak B TPO-
Iecce CKaThsg TYMAaHHOCTH W3 MEX3BE3[HOTO Ta3a obOpasyercs
MPOTO3BE3/1a, 3aTeM, 00bIUHAS 3Be3/1a, KOTOpasi B 3aBUCUMOCTH OT
CBOEHM Macchl, UCIBITBIBAET Psf MPEBPAIICHUN, MPHUBOIAIINX B
pe3ynpTaTe K 00pa30BaHUIO M B3PBIBY CBEPXHOBOW M CO3TAHUIO
HOBOW TyMmMaHHOCTH. M3 Hee, B CBOIO odepelb, MOXKET 00pa3o-
BaThCSl HOBas MPOTO3BE3/1a, M BECh MPOIECC TOBTOPHUTCSI CHOBA U
CHOBA.

B npuBeneHHOM BEIIIIe 0030pe MBI HE CTPEMUIIUCH JICTATBHO
omnucaTh IPOLECC Pa3BUTUA 3BE3]1 pa3iInyHOi Macchl. Llenbio aTo-
ro TOIMYNSAPHOTO OMHCAaHWS 3BE3IHOW HSBOJIONMK OBLIO Tpo/ie-
MOHCTPHUPOBATh, YTO BCE 3TAIbl PA3BUTH 3BE3/l, HE 3aBUCHUMO OT
UX MAacChl, ONPEICISIOTCS PA3IUYHBIMU TEPMOSICPHBIMU, 4, MO
CyTH, SAEPHBIMH DPEAaKIHAMH, KOTOpPBIE MPOTEKAIOT TPU CBEPX-
HU3KHUX WJIM, KaK €Ile TOBOPST, acTPO(PH3MUECKHUX IHEPTHIAX U
YCIIOBHO OOBEIUHCHBI B pa3IMYHBIC IUKILL. B0O3MOXHOCTH TPO-
TEKaHUS TOTO WJIM HHOTO TEPMOSAEPHOTO IHUKJIA 3aBHCHUT OT Mac-
CBI 3BE€3[IBI, IIEJTMKOM M TIOJHOCTBHIO OMPEIEIsis MPOLECC €€ HBO-
JIOLIUH.

1.7 Ycnexu u npobnembl si0epHoU
acmpoghu3uku

OO0BsicHEeHHE TTyTelH 00pa30BaHUSI XUMUYECKHUX DJIEMECHTOB B
3Be37ax SBISIETCS OJHUM W3 BaXXHBIX BBIBOJIOB COBPEMEHHOM
simepHON acTpom3uku. SnepHas Teopus MPOUCXOXKIACHHS dIie-
MEHTOB ONKCHIBAET PACIPOCTPAHCHHOCTh PA3THYHBIX 3JICMEHTOB
BO BcenieHHOM, MCX0Ms1 M3 CBOMCTB ATHUX 3JIEMEHTOB C y4E€TOM
(hU3MUYECKUX YCIIOBHUH, B KOTOPHIX OHH MOTYT OOpa30BBIBATHCA.
Kpome Toro, COBOKYIMHOCTH SIICPHBIX IMPOIECCOB, KOTOPHIC pac-
CMaTpHUBaeT sAepHas acTpodusnka, MO3BOISCT OOBSICHUTH, Ha-
MIpUMEp, CBETUMOCTD 3B€3]l Ha Pa3HBIX CTAIUSIX UX HBOJIOLHUH H,
B O0IMX YepTax, OIMUCATh CaM MPOIIECC IBOIIOIUY 3Be3/1. TakuM
00pa3oM, BOTIPOCHl HYKJIEOCHHTE3a TECHO CBA3aHBI, C OAHOHN CTO-
POHBI, C BOIIPOCaMU CTPOEHUS U IBOJIIOIMY 3Be3/1 U BeeneHHol, ¢
JIPYTOf CTOPOHBI, CO CBOWCTBAMH B3aUMOJICHCTBHUH SIICPHBIX Yac-
v [2,8].
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OpnHaKo CymIecTBYeT psij CIOXKHBIX U JI0 CHX ITOp HepelleH-
HBIX TIPOOJIEM, KOTOpBIE HE TO3BOISIOT MOKa C(hOpPMYJIHPOBATH
TIOJTHYI0 TEOPHIO 00pa30BaHUs U HBOJIONMU O0BEKTOB BO Bce-
nenHoil. IlpuBenemM HEKOTOpBIE M3 ATUX, HE PEIICHHBIX IO Ha-
CTOAIIETO BPEMEHH BOIPOCOB, HETIOCPEACTBEHHO CBSI3aHHBIX C
SIICPHOIN acTpOH3UKON U AACPHBIMU B3aMMOICHCTBUIMHU, KOTO-
pble caMu CIEAYIOT M3 CYIIECTBYIOLIUX HAa CETOAHSIIHUMA IE€Hb
mpo0seM saepHoi Gusuky [2]:

1. HedocmamouHocmy 3KCNepUMeHmMAIbHbIX C8e0eHUll O ce-
YEHUAX SIOEPHBIX Pearkyuti npu CEEpXHU3KUX, ACMPOPUIULECKUX
9HepUsX.

2. Tpyonocmu Koppexmmuo2o yuema peaxyuti, NPOUCXoosauux
3a cyem caabvIX 63AUMOOCUCMEUL, NPU ONUCAHUU 8CEll COBOKYN-
HOCMU A0epHbiX pearkyull, OmeemcmeeHHbIX 3a (opmMuposanue
NEMEHNO8 8 PALOHE HCENe3H020 MAKCUMYMA U DOJlee MAHCENbIX
9NeMEHMO8.

3. Omcymcmaue moyHvix ceedeHull 00 IKCNePUMEHMATbHbIX
CeHeHUsIX S0epHLIX peaKyuli noo Oelcmseuem HelmpoHos HA pa-
OUOAKMUBHBIX A0pax. dma npodrema 803HUKAem NpU KOPPeKm-
HOM ORUCAHUU PACTIPOCTNPAHEHHOCMU DJIEMEHMO8, 00paA3YIOULX-
ca 8 1 - npoyecce, KOMOpblll AB1AeMCA NOCIe008AMeNbHbIM 3d-
X8amMoM HeUmpoHO8 & (R, ) peaKyusx.

Hanee B maHHOW KHHTE MBI OyAE€M paccMaTpHUBaTh TOJBKO
BONPOCHI, OTHOCALIWECS K NMEPBOMY M3 IEPEUMCICHHBIX BHIIIE
NyHKTOB. JlaHHas npoOiemMa 3aKi04aeTcsi B HEBO3MOKHOCTH, Ha
CETONHSIIHEM JTalle Pa3BUTHS IKCIEPUMEHTAJIBbHBIX METOJIVK,
OPSMBIX U3MEPEHUH CEeUeHUH TePMOSICPHBIX PEaKUii B 3eMHBIX
YCIOBUSIX TPHU TE€X SHEPrUsiX, IPU KOTOPHIX OHM INPOTEKAIOT B
3Be3nmax. Jlajgee MBI OCTaHOBHMCS Ha ATOH mpobieme Oojee moa-
poOHO, a celdac TMOSICHUM HEKOTOpPBbIE OCHOBHBIC MOHSATHS M
IPEICTaBIEHUs, OOBIYHO HCIOIb3yEeMblE U1 ONMCAHUS TEPMO-
SIIEPHBIX PEaKIUii.

OCHOBHOH XapaKTEepUCTUKOW JI000H TEpPMOsIEpPHON, Ha-
npumep, GOTOANEPHON peaKuu ABJSEeTCs acTpopuzndeckuit S -
(axTOp, KOTOPHIi ONpeAeNsIeT MOBEICHNE CCUCHUS PEaKIHH, T.C.
BEPOSITHOCTH €€ MPOTEKAHUS, IPH YHEPTHUSIX, CTPEMSIIUXCS K Hy-
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mo. Ero MOXHO omnpenenuTts 3KCIepUMEHTAIBHO, HO ISl OOJb-
IIMHCTBA B3aUMOJICHCTBYIONIUX S/I€P, KOTOpBIE YYacTBYIOT B
TEPMOSJICPHBIX MPOIIECCaX, TO OKa3hIBACTCS BO3MOXKHBIM TOJIBKO
mpu 2Heprusx B oomactu 100 k3B + 1 M»aB, a mist peanbHBIX acT-
pOPU3NIECKUX PACUYETOB, HAPUMED, PA3BUTHS MOJICITU 3BOJIO-
IIUU 3BE3]l, €r0 3HAYECHHs TPEOYIOTCS MPH SHEPTUAX IPUMEPHO OT
0.1 mo 10 k3B, 9TO COOTBETCTBYET TEMIIEpaTypaM B SIIPE 3BE3IbI
okono 10°K + 10°K.

OnuH 13 METOJOB MOY4YEeHUS aCTPOPU3NIECKOro S - hakTo-
pa Tpy HyJICBOW SHEPTHH, T.€. JHepTruu nopsiaka 1 k3B u MeHsbIe,
9TO SKCTPANOJISIHS €T0 3HAUYeHUI M3 00JacTh, TIe OH JIKCIEePH-
MEHTaJIBHO OMpEIETNM, B 00JacTh 0oJiee HU3KMX DHEPrUi. DTO
OOBIYHBIN ITyTh, KOTOPBIA UCIOIB3YETCS B MEPBYIO OYEPEib, IMO-
clie U3MEPEHNUH CEeYCHU HEKOTOPOH peakUuy B 00NacTH HU3KUX
SHEpruu.

Bropoii, u, no-suagumMomy, HauboJIee NMpPeANOYTUTENbHBIH
METOJ1, 3aKIIF0YaeTCsS B TCOPETHUECKUX pacuerax S - akTopa He-
KOTOpPOH TEpMOSJEPHON pEaKIMi Ha OCHOBE OIPEAEICHHBIX
smepHBIX Mozenel [1; Ti1.8]. OmHako aHaIu3 BCeX TEPMOSICPHBIX
peakiuii ¢ HEKOTOPOM €IWHON TEOPETHUYECKOM TOYKH 3PECHHS
MIPEJICTABISIET COOOW JOBOJBHO TPYAOEMKYIO 3a]lady, MO3TOMY
Jianee Mbl OyieM paccMaTpuBaTh TOJIBKO (DOTOSIIEPHBIE TPOIECCHI
C Y - KBaHTaMH, a IMEHHO, PaJMallMOHHbII 3aXBaT HA HEKOTOPHIX
JIETKUX SiApax.

Urto kacaeTcsi BBIOOpa MOJAETH, TO OJ{HA M3 TaKUX MOJEICH,
WCTIOJb3yeMasi HAMH B HACTOSIIMX pacueTax, 3TO MOTCHIIMAIbHAS
KJIacTepHasi MOJICNb JIETKMX aTOMHBIX sifiep C Kiaccuukanuei
coctosHU 10 cxemaMm KOHra. B HEKOTOPBIX CIydasix MOJEIb CO-
JICPKUT 3allpellicHHBIC B MEKKIACTCPHBIX B3aUMOJIECHCTBUSIX CO-
crosaus (3C) m B Hamboyiee TpocTOM (opMe mpemocTaBIsieT
MHOKECTBO BO3MOXKHOCTEU IJIs BBHITIOJTHEHHUS MOJOOHBIX pacye-
TOB.

B nmanpHeimem mMbr 60j1¢e TOAPOOHO PaCCMOTPUM 3TH BO3-
MOJKHOCTH, a TOKa 0003HAYMM OOIINH ITyTh, KOTOPBIA MPHUBOAUT
K peabHBIM pe3ylbTaTaM NpU pacdyerax acTpoPU3N4ecKoro S -
(hakTOpa OIpEeIEeNCHHON TEPMOSIICPHON PEaKIUM C Y - KBAHTAMH,
B JIAaHHOM CITy4yae, peakluy paJualluoOHHOro 3axBara. [y mpose-
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JACHU TaKUX paCd€TOB HYXHO MMETH OIPEACICHHBIC NAaHHBIC U
BBITIOJIHUTH CICAYIOUINE MIaru:

1. Hmemsv 6 ceoem pacnopadicenuu sKcnepumMeHmanbHbie
Oannble N0 OUphepeHyuarvoHbiM CeueHUsIM U QYHKYUIM 603-
OyorcOeHUs O, YNPY2020 PACCESHUSL PACCMAMPUBACMBIX SOEPHIX
wacmuy (nanpumep, p°H) npu camvix HUSKUX, U36eCIMHbIX 6 OaH-
HbLU MOMEHM, IHEPISUSX.

2. Buinoanumuv @azoeviii anaiu3 smux OAHHbIX ULU UMENb
pe3yibmamol NPOBeOeHH020 panee Paz08020 AHANU3A NOOOOHBIX
oannvix, m.e. snamo ¢azel O (E) ynpyeo2o paccesnus, 3asucsiuue
om suepeuu E. Omo oona uz eadxcuetiviux wacmeii eceti npoyeoy-
pol pacuemos acmpogpusuveckux S - ¢paxmopos 6 [IKM ¢ 3C, no-
CKOJIbKY HA CIe0yrouemM uiaze OHa no3607sem noayuums nomeH-
YUATIbL MENHCBAOEPHO2O 83AUMOOCICINBUSL.

3. Ilo nauidennvim hazam paccesHus nocmpoums NOMeEH-
yuanvl ezaumoodevicmsusi V(r) (nanpumep, Ons pZH cucmembl).
Oma npoyeoypa 6 IIKM ¢ 3C nasvieaemcs nomeHyuaibHoimM onu-
canuem haz ynpyeoeo paccesnus, U 6blNOJIHUMb €€ mpedyemcs.
NnpU Camolx HU3KUX IHEPIUSX.

4. Hmesn, nonyuenHvie maxum 00OpA30M, MENCKIACHMEPHbLE
HOMEHYUAIbl 83aUMOOCUCMBUS, MONCHO HPOBOOUMb pDACYembl
nonvix ceuenuii npoyecca omopaseana (nanpumep, “He + y—
p + °H) u, c6s3an1020 ¢ HUM NPUHYUNOM OEMmaNbHO20 PABHOGe-
cusl, ceweHusl paouayuonHo2o 3axeama (p + ’H —He + Y, m.e.
NOAYYUMb NOJHbIE MeopemuiecKue cedeHuss Qomosoepuvix pe-
akyuil o(E) .

5. U monvko umes nonmvie ceyeHus peaxyuu paouayuonHo-
20 3aX6amMa, MOANCHO paccyumams acmpogusuveckuii S - paxmop
mepmosidepnoii peaxyuu, nanpumep, p + “H — "He + ¥ m.e. se-
auyuny S(E), xax ¢pynxyuio snepeuu E, npu 1100b1x, camuix HU3Kux
SHepaUsX.

3amMeTHM, 9TO Ha CETOMHSIIHUA IEeHb TOJBKO I acTpodu-
3MYECKOro S - (haKTOpa paJualOHHOro p°H 3aXxBaTa BHIMOTHEHE
JKCIICPUMEHTANBbHEIE M3MepeHust 10 2.5 k3B, T.e. B obnactu
SHEPTHUi, KOTOPYIO MOXKHO CUMTATh acTpodu3udeckoil. s Bcex
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OCTJIBHBIX SJIEPHBIX CUCTEM, KOTOpBIE YUacCTBYIOT B TEpMOsAIEp-
HBIX IIpolieccax, NMOJ00HBIC U3MEPEHUS HAJEKHO BBINIOJIHEHBI, B
nyumem ciydae, 10 50 k3B, Hanpumep, kKak 3To OBUIO CAETaHO
s p°H cuctemsL.

CxeMaTH4YHO BCE 3TH LIard MOXKHO IIPEJCTAaBUTH B CIEAYIO-
1IeM BUJE:

Oex — O1(E) = V(r) > o(E) — S(E).

OnucaHHBIN BhIIIE MTyTh OJUHAKOB JJIS BCEX (DOTOSAEPHBIX
peakuuii, He 3aBUCHT, HAIIPUMED, OT SHEPTUH UX MPOTCKAHUS HITH
KaKUX-TO APYTruX (DaKTOPOB U SABJISICTCS OOLIUM MPHU PacCMOTpPE-
HUM JTIFOO0H TEpMOSICPHON pPEeakIuu C Y - KBAHTaMH, €CIIU OHa
AHAIM3UPYETCS B paMKax MOTCHIMATBHON KIIACTEPHON MOJEIH C
3C.

OO CMBICT W TENTh MCTIOJIB30BaHUS SJIEPHBIX MOCICH
U TEOPETUYCCKUX METOJOB pacyeTa XapaKTEePHUCTUK TePMOsSIIEp-
HBIX peakIui 3aKiroyaeTcsd B cieayromieMmM. Eciu Hekotopas
SfIepHas MOJENb TPAaBUIBHO ONHCHIBAET DSKCIIEPHMEHTANbHEIC
JaHHBIE 0 acTpodm3mueckomy S - ¢akTopy, B TOH oOIacTu
SHEpruii, rae oHu umerorcs, Hampumep, 100 kaB + 1 M»B, To
BITOJIHE Pa3yMHO IMPEIOJI0KUTh, YTO OHA Oy/IeT MPaBHUILHO BOC-
MPOU3BOANUTE GopMy S - akTopa U Tpu O60JIee HU3KUX SHEPTHSIX,
nopsiaka 1 k3B.

HMeHHO B 3TOM 3aKJII0YAETCs ONPEACICHHOE PEUMYIIIECTBO
OTIMCAaHHOTO BHIIIE TIOX0Aa HaJ OOBIYHON IKCTPAIONIAIUEH dKC-
TIEPUMEHTAIBHBIX JaHHBIX K HYJIEBOH IHEPIUH, MOCKOJBKY HC-
MoJIb3yeMasi MOJICIb UMEET, KaK MPaBUIIO, OTPEACICHHOS MUKPO-
CKOITMYECKOe OOOCHOBAaHWE C TOYKH 3PCHHS OOIIMX MPUHIUIIOB
sIepHOU (PU3UKHM U KBAHTOBON MEXaHHUKH.

Jlasiee MBI TIEpEeXOJUM K HEMOCPEACTBEHHOMY H3JI0KEHUIO
KOHKPETHBIX PE3yJIbTATOB, MOIYYCHHBIX IS acTPO(U3NIECKUX S
- (aKTOpOB peaknuil paauaIOHHOTO 3aXBaTa MPH CBEPXHHU3KUX
SHEPTUsX B paMKax MOTEHIIMAIBHON KIACTEPHONW MOJENHN JIETKUX
ATOMHBIX siep ¢ Kiaccuukanueld KIacTEPHBIX COCTOSIHMN TIO
opOuTansHBIM cxemaM FOHTa, 0 KOTOphIX Oojee moapobHo Oymer
CKa3aHO B CJIEAYIOIIEH TaBe, U B HEKOTOPHIX ciaydasx ¢ 3C. by-
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JOyT paccCMOTPEHbI MPOLECCH PaJUallMOHHOIO 3axBaTa IJIs CHUC-
TEM sz, p3H, péLi, p7Li, pre " plzC, a taxke “H'He, *H'He,
‘He*He u 4HelzC, A TOKa3aHO, YTO TaKOW ITOOXOJ IO3BOJISIET
CPAaBHHUTEIBHO XOPOIIO ONUCATh MMEIOIIHMECS SKCIEPHUMEHTANb-
HbIE JaHHBIE B OOJIACTH CBEPXHM3KHX DHEPrHi, KOTAa OIINOKH
U3BJICKAEMBIX M3 JKCIIEpHMEHTa (a3 yImpyroro paccesHus CooT-
BETCTBYIOIIMX YaCTUI[ UMEIOT MHHUMAJBHYIO BennMuuHy. Kpome
TOro, OyAeT MOKa3aHo, YTO B HEKOTOPBIX CIy4asX, Ui HEKOTO-
PBIX SIEPHBIX CHCTEM, yIaeTcs Aaxe IpelcKa3aTb IIOBEICHUE
actpodusndeckux S - ¢akTopoB npu sHeprusix Hwke 100 + 200
KoB.

Ho Bnauane, B cnenyromeli rnase, OyayT Oojee OeTajibHO
ONMCaHBI, HCIOJIb30BAaHHBIE 37€Ch, MOJCIBHBIE NPEACTABICHUA,
T.e. (pU3MYecKre MOJEIN aTOMHOTO S/Ipa M MaTeMaTHYECKUEe Me-
TOJIbl PAaCUETOB, BKJIFOYasl YMCIICHHbIE METO/IbI U aJrOPUTMEL. by-
JeT TIPUBEJCHO OIpeelIeHHOe 000CHOBaHNE KIACTEPHON MOIEITH
C TOUYKHU 3PEHHsI MOJEIH SAEPHBIX 000JI0OUEK, KOTOPas 03BOJISIET
[OJIy4aTh XOPOIIKE pe3ysbTaThl IPH ONUCAHUU CBOICTB HEKOTO-
PBIX JIETKUX $AEp, W MPEeNOCTaBIIseT MaTeMaTHUECKUH ammapar,
YyacTUYHO ucnoib3yemMslil nanee B [IIKM c 3C.
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2. MOAQEJIb N METOA4bI
PACYETA

Model and calculation methods

BeedeHue

OKCIepUMEHTANbHBIC JaHHBIC 110 CEUYSHUSM SIICPHBIX peak-
IUH SIBJISFOTCS OCHOBHBIM MCTOYHHKOM WH(GOPMAIUHN O KiIacTep-
HOW CTPYKTYpE sA1pa, CBOHCTBaX M MEXaHU3MaX B3aUMOCHCTBUS
MEXIY siapamMu U uX (parmMeHTamu. SIaepHO - acTpOPHU3NIECKUE
SKCIICPUMEHTAIBHBIC HCCICIOBAHUS PEaKIUH OCIOXKHEHBI TEM,
YTO SHEPTHUs B3aUMOJICHCTBYS BEIECTBA B 3BE3/1aX OYCHD MaJia U
COCTaBIISIET BEJIMYMHY OT JECATHIX J0JeH KAB /0 JmecarkoB k3B.
3a peaKuMHU HCKIIOYCHHUSIMH, B JaOOPaTOPHBIX YCIOBHSIX IPH
TaKUX DHEPTUSAX, MPAKTUYCCKA OTCYTCTBYET BO3MOXHOCThH HETIO-
CPEICTBEHHOTO M3MEPCHHS CEUCHHUM SIIEPHBIX Peakiinii, HeoOxo-
JUMBIX JIJIs1 aCTPO(PHU3HUECKUX PacUeTOB M MPUIOKEeHUH. OOBIYHO
CEUCHUS U3MEPSIOTCS B SKCIIEPUMEHTE TIpU 00Jice BBICOKUX JHEP-
TUSX, & 3aTeM TOJYYCHHBIC PE3YJIbTAaThl JKCTPAIOIUPYIOTCS B
SHEPTETHUYECKYIO0 00JIaCTh, MPEACTABIISIIONIYI0O HHTEPEC IS SIaep-
HOH acTpodusuki [1].

OpHako, Kak MPaBWIIO, PECATHHO BHIMOJHICMbIC H3MEPEHUS
OTHOCATCS K JOBOJBHO BbicOkoi 3Hepruu (0.2 + 1 M»sB) no
CPaBHEHHUIO C DHEPrHed B 3BE3/1axX, MMO3TOMY OOBIUHAS IKCTPAIo-
JISIUST OKCIIEPUMEHTANIBHBIX JaHHBIX B acTPOPHU3UYECKYI0 00-
JacTh PHEPruil He Bcerna omnpaBiaaHa. Kpome toro, kopuaop skc-
TIEPUMEHTAIBHBIX OIMTHOOK B M3MEPSEMBIX TIOJHBIX CECUYCHUSIX pa-
MAAITMOHHOTO 3aXBaTa WM acTpOopu3nIecKoro S - ¢dakTopa mpH
sHeprusix 3 + 300 k3B B paszsbix cuctemax poxomuT no 100%,
YTO CYIIECTBEHHO O0ECIIEHUBACT PE3yJIbTAaThl TAKOW 3KCTPAIIOJSI-
IIUU SKCIIEPUMEHTAIBHBIX JaHHBIX.

[TosTOMY, BO MHOTHX CIIy4asiX TOJIBKO TEOPETUUECKHUE MPea-
CKa3aHWsS MOTYT BOCIIOJIHATH HEIOCTAIONIYI0 DKCIICPUMEHTATb-
HYI WHGOPMAIUIO O XapaKTEPUCTUKAX acTPOPUINUCCKUX Tep-
MosiIepHBIX peakuuit [1]. B mocnenHue HECKONBKO JIET, BBUAY

70



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

3HAYUTEIILHOTO Iporpecca B KHUPaIbHOW 3(PGEKTUBHON TEOPHH
aIpPOHHBIX B3aMMOJEHCTBUN CTald BO3MOXKHBI CTPOTHE MHKPO-
CKOIUYECKUE PACUETHl C PEATUCTUUECCKUMH IMOTCHIIMATIAMHU HY-
KIIOHHOTO B3auMOACHCTBUS. [Ipu HU3KHUX JHEpPrusix KupalbHas
TEOPHH BO3MYIIECHU IO3BOJISCT HA CIMHONW OCHOBE YUYHTHIBATH
KaK IBYXHYKJIOHHBIC, TAK 1 MHOTOHYKJIOHHBIC B3aHUMOJICHCTBHS C
KOHTpoJieM TouHOcTH [10], yTO JaeT BO3MOXKHOCTH TPOBOJUTH
UCTUHHO MUKPOCKOITMYSCKUE PACUEThI XapaKTCPUCTHUK MAJIOHY-
KJIOHHBIX CHUCTEM.

OnHako, B CHJIy YHCTO TEXHUYECKHUX CIOKHOCTEH TaKuX
pacueToB, 3aJadya paccesHus OrpaHWYeHa B OCHOBHOM TPEXHY-
KIIOHHBIMH CHCTEMaMH, KOTOPBIC pacCMaTPHBAIOTCS HAa OCHOBE
pemenus ypaBHeHuil @anneena [11]. UeTbpexHyKIOHHBIE pacue-
THI B HETIPEPHIBHOM CHEKTPE MPHU HU3KUX DHEPTUSIX, OCHOBAHHBIC
Ha ypaBHeHusx Dagneesa - SAxyborckoro [12] B popme AGS [13]
¢ peamuctraeckuMu NN - IMOTEHITHATAMH U YI€TOM KYJIOHOBCKO-
ro B3aUMOJCUCTBUS, MOSBUIUCH B JHUTEpaAType JIUIIb B TOCIE-
Hue roasl [14,15]. B atux paboTax TOUHOCTH PacueTOB OXKHUIACT-
Cs TaKOH K€ BBICOKOW, KaK W IJISl TPEXHYKJIIOHHBIX CHCTEM, TaK
YTO OTKJIOHEHHUE TEOPUH OT IKCIICPUMEHTa MOXKHO paccMaTpu-
BaTh, KaK KPUTUYCCKHU TECT IJIS JBYXHYKJIOHHBIX U MHOTOHY-
KJIOHHBIX CHJI.

Cucrembl ¢ OONBIIMM YHCIOM HYKJIOHOB B HEMPEPHIBHOM
CIIEKTPE HAa MPAaKTHUKE PAcCMaTPUBAIOTCS HA OCHOBE PA3IHUHBIX
MHKPOCKOITMIECKAX METOOB, TAKHX KaK METOJl PE30HHUPYIOIIIX
rpymm (MPT) [16], no-core shell-model [17] u ux xomMOuHAIIH
[18], a Takxke BapuarmoHHBIX MeTon0B (BM) ¢ paznmuynbimu Oa-
3pcaMu [19]. BonbIIMHCTBO M3 STHX METOJOB CBOJATCSA K OYCHB
TPOMO3JIKMM MHOTOKaHAIBHBIM pacdeTaM, TOUHOCTh KOTOPBIX HE
BCETJ]a MOXKHO HAJIEKHO OMPECTUTh.

B sT0li curyanmm, 0cOOCHHO MPH UCCIENOBaHUU acTpodu-
3UYECKUX aCIIEKTOB SIEPHON (DM3HMKH, HCIIOIH30BAHUE PEaTUCTH-
YECKHX U CPABHUTEIIBHO MPOCTHIX B MPAKTUIECKOM IMPUMCHCHHUH
saepHbIX Mopenel, Hampumep, [TKM, npenacraBnsieTcsi BIOJHE
onpaaaHHbIM. OOBIYHO, pacyeThl, IPOBOAMMBIC HA OCHOBE MO-
JIETBHBIX TPEACTABICHUNA, CPABHUBAIOTCS ¢ MMEIOITUMHUCS HA3KO-
SHEPTreTUYECKUMHU SKCIIEPUMECHTAIBHBIMU JaHHBIMU, U B PE3YJib-
TaTe OTOMPAIOTCS MOAXOJIbI, MPUBOASIIINE K HAMITYUYIIEMYy COTJIa-
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CHIO C 9KCTIEPIMEHTOM.

Jlanee, Ha OCHOBE BHIOPAHHBIX ITOIXOMOB U MPEICTABICHUH,
BEITIONHSFOTCSL  pacyeThl B 00JIaCTH acTPO(QU3MUYSCKUX IHEPTHUH.
[ToydeHHbIe TPU 3TOM PE3YNBTATHI, HAPUMED, IO ACTPOPU3H-
geckuM S - (hakTopaM peakmuii paauaMoOHHOTO 3aXBaTa, MOTYT
paccMaTpuBaThCs, KaK OIIeHKa COOTBETCTBYIOIINX 3HAYEHHM, KO-
TOpasi, HAMHOTO 0oJiee pealrCTUYHA, YeM MPOCTas 3KCTPAIois-
U] OKCIIEPUMEHTAIBHBIX JAHHBIX K MallbIM SHEPTHsIM, TTOCKOIb-
Ky HCTOJNb3yeMasi TEOpeTHUecKas MOJENb, KaK MpPaBUIIO, MMEET
BIIOJIHE Pa3yMHOE MHUKPOCKOIUYECKOE OOOCHOBAaHHUE C TOYKH
3peHus SAepHON (UUKH.

J1a mpoBeieHnsl TAKUX pacueToB TpeOyeTCsl 3HAHUE BOJIHO-
BOH (D)YHKIIMHM OTHOCHUTEIIEHOTO JBYDKEHUS SIACPHBIX YaCTHI], KO-
TOPBIE YYaCTBYIOT B CTOJKHOBEHHUSX (MPOILIECCHI PACCESHUS, pe-
aKIMK) WK ompenensior cBs3anHoe cocrosaue (CC) sapa B Ta-
KOM JIBYXYaCTUYHOM KaHalle. JTH (QYHKIMM MOXHO HAWTH W3
pewenuii ypaBHenus Lllpenunrepa mist Kaxaod KOHKpeTHOH (u-
3WYECKOH 3a/1a4¥ B IUCKPETHOM FUTH HETIPEPHIBHOM CIIEKTpE, ec-
JIM U3BECTEH MOTEHITHAN B3aUMOIEHCTBHS 3TUX YACTHII.

SnepHbIil MOTEHIMAN B3aWMOJCHCTBUS 4YacTUll (B 3aJayax
paccesHusl, T.€. HEMPEPHIBHOTO CIEKTPa WM CBSI3AHHBIX COCTOS-
HUSIX — JIUCKPETHBIM CIIEKTP) 3aBEJIOMO HE M3BECTEH, U OIpeje-
JUTH €ro HaMpPsIMYI0 U3BECTHBIMU HA CETOJHSLIHUN JACHb CIOCO-
0aMy B TIPUHIUIIE HE MPEICTABISICTCS BO3MOXHEIM. [loatomy
BbIOMpaeTcs omnpeseneHHas (popma ero 3aBUCUMOCTH OT PacCTosI-
HUS (HampyMep, rayccoBa WM AKCIOHEHITHAbHAs), U M0 HEKO-
TOPBIM SIIEPHBIM XapaKTepUCTHKAM (0OBIYHO, 3TO (pa3bl AAepHOTO
paccesHYsI WM YHEPTHs CBSA3U M 3apAIOBBIN paanuyc IJis CBS3aH-
HBIX COCTOSIHUH) (DUKCHUPYIOTCS €ro MapaMeTphl, Tak 4TOObI OH
OTIHMCHIBAM 3T XapPaKTCPUCTHUKU. B NanpbHEWUIIEM TaKOi MOTEHITH-
al MOXXHO TPHUMEHSTH JUISI PACUETOB JIFOOBIX JIPYTHX SIEPHBIX
CBOMCTB, Hampumep, GopM(paKTOPOB CBI3aHHBIX COCTOSHHUH HIIH
CeUCHUI pa3mMuHbIX peakiuit [20].

Takum 00pa3oM, MPaKTUYECKU BECh KPYr 3alad SICpHOM
¢busnkn Tpebyer ymeHus pemniath ypaBaenue lllpenunrepa c 3a-
JAHHBIM TIOTEHIAJIOM W ONpEAeNICHHBIMU HAYaIbHBIMH U aCHM-
NTOTUYECKUMH YCIOBHSIMH. B mpuHIHIIE, 3TO YHCTO MaTeMaTH-
yeckas 3ajadya M3 00JacTH MaTeMaTHYeCKOTO MOJCITHPOBAHUS
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(bU3NYeCKUX MPOIEeCCOB U (PU3NIECKUX CUCTEM.

Pemats ypaBuenust lIpeaunrepa aig cBA3aHHBIX COCTOSHUMN
U paccesHus MOXKHO, Hampumep, MetojgoMm Pynre - Kyrra wim
KOHEYHO - Pa3HOCTHBIM MeToJoM [21,22]. Takue MEeTO b BIIOJIHE
MO3BOJISIIOT HAWTH COOCTBEHHBIE BOJHOBBIE (YHKIIMHM M COOCT-
BEHHbIE PHEPruM KBaHTOBOU cucTeMbl. [Ipudem momydenune BD
3aMETHO YHIPOINASTCs, €CIM UCTIOIb30BaTh MPEIJIOKCHHYIO HAMH
KOMOWHAIIMIO YMCIICHHBIX W BapHUAIllMOHHBIX METOJOB C KOHTPO-
JIeM TOYHOCTH PEIICHUS YPaBHEHUS C IOMOINBIO HEBS30K [23]
WIH TIPUMEHSTHh ANbTEPHATUBHBIA METOJ PEHICHHUS 00O0OIICHHOM
MaTpUYHOHN 3a7a4d Ha COOCTBEHHBIC 3HAYCHUS. DTU METOIHI Oy-
IIyT KpaTKO M3JIOKEHBI Jajnee, a 6ojee moapoOHOE WX OIHMCAHHE
MOJKHO HAaWTH B KHHTE [24].

B pesynbrare, Ha OCHOBE MOJYYCHHBIX PEIICHUM, T.€. BOJ-
HOBBIX ()YHKIUH sIIpa, KOTOPBIC SIBISIFOTCS PEHICHUSIMU HCXO]I-
HBIX ypaBHEHHH, BBIYMCIAIOTCS MHOTOYMCIICHHBIE SIEpHBIE Xa-
PaKTEepPUCTUKH, B TOM YHCIE, a3kl pacCeSHUS U JHEPTUS CBI3U
ATOMHBIX f[ep B KJIACTEPHBIX KaHAaxX, Pa3IUYHBIE XapaKTepH-
CTHKH SICPHBIX U TEPMOSIICPHBIX PEaKIid, Hapumep, acTpodu-
3uueckue S - (HaKToOpHI | T.II.

Hcnonk3yemas 31ech sipaepHas MOJIEb CTPOUTCS HA OCHOBE
MIPEITONIOKEHHs, YTO paccMaTpHBaeMble sipa MMEIOT ABYXKia-
CTEPHYIO CTPYKTYpy. BBIOOp 3TO# MOmenu oOyCIIOBICH TEM, UTO
BO MHOTHX JICTKHX aTOMHBIX SIpaX BEPOSTHOCTh 00pa3oBaHUS
HYKJIOHHBIX aCCOIMAIAK (KJIACTEPOB) M CTEIICHh MX 000COOJICHNS
Ipyr OT JIpyra CpaBHHUTEIHHO BBICOKH. JTO MOATBEP)KIAETCA
MHOTOYUCIICHHBIMU JKCIIEPUMEHTAIILHBIMHA JTAHHBIMH B TEOPETH-
YECKUMU pacyeTaMu, MOJTYICHHBIMH 32 MTOCIIEIHHE MAThACCAT JICT
[25].

st moctpoeHust (PeHOMEHOJIOTHYECKHUX MMOTCHIINATIOB B3au-
MOJICHCTBUS MEXKY KJIACTepaMH HCIIOJIB3YIOTCS Pe3yabTaThl (a-
30BOT0 aHAIM3a 3KCIIEPUMEHTANBHBIX JaHHBIX TO TU(PepeHI-
AITBHBIM CEUEHUSIM YIPYTOTrO PacCesHUs COOTBETCTBYIOIIMX CBO-
OoxnbIx siaep [26,27]. Ilpu sHeprusx Hmwke 1| MaB B paznoxenun
Mo OpOWTaNbHBIM MOMEHTaM OOBIYHO OCHOBHOM BKJIAJ JaeT
TONIBKO S - BOJHA, TIO3TOMY JIaHHBIC TI0 U PEepeHINATLHBIM ce-
YeHHSIM, U3MepeHHbIe pH 8 + 10 yriax paccestHus, T.€. yIIOBbIE
pacnpeselieHus], MO3BOJISFOT BBITIOTHUTH JOCTATOYHO TOTHBIA U
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TOYHBIN (Ha30BBIA aHAIH3.

Coo0TBeTCTBYIOIINE TOTEHITNABI B3AUMOJICHCTBHS, B paMKax
(hopManbHO MBYXYaCTUYHOH 3aJlayMl pacCesTHUs, TIOJOUPAIOTCS U3
YCIIOBHUS HAWITYYIIETO OMUCaHUs MOJTYYSHHBIX (a3 yrnpyroro pac-
cessaus. Ilpm sToM g paccMarpuBaeMoil cHCTEMBI HYKIIOHOB
MHOTOYACTHYHBIA XapakTep MpoOIeMbl YUUTHIBACTCS pa3zeiieHu-
€M OJTHOYACTHYHBIX YPOBHEH 3TOT0 MOTEHIIMAIA HA pa3peIICHHBIC
(PC) u 3ampemennsie npuHiunoM llaymu cocrosaus. s mer-
Jalmmx aTOMHBIX sigep (A<4) wucnomsizyercs [IKM, B koTopoii
MIPOBOJIUTCSL pa3fielicHHe OPOUTAIBHBIX COCTOSHHUM IO CXeMaM
IOnra. Bonee mompoOHOE W3IOXKEHHE 3TOrO MOIXOAAa MOMKHO
HaiTH B pabotax [28,29] u mamee B JaHHOW TjIaBe HACTOSIICH
KHHTH.

B wucrmone3yemoii Moienu, B CHIy €€ JBYXYaCTUYHOTO Xa-
pakTepa M MOTEHIMAIOB, IMOJIy4aeMbIX Ha OCHOBE (a3 yrmpyroro
paccesiHUS, YAAeTCs CPaBHUTEIHHO JIETKO MPOBOJIUTH JIOOBIE
pacdeTbl TpeOyeMBIX SIACPHBIX XapaKTEPUCTHK, HAIPUMED, MOJI-
HBIX CEUCHMH (hOTOSACPHBIX PEAKIMA U acTpOPU3NIECKUX S -
(hakTOpPOB MPAKTUYECKH TMPH JIOOBIX, Ja)Ke caMbIX HU3KUX SHEp-
THUSX.

2.1 KnacmepHas modersb

PaccmatpuBaemast knactepHasi MOJAENIb OYEHb MPOCTA B HC-
MOJTE30BAaHUH, TTOCKOJIBKY CBOJIUTCS K PEIICHUIO TMPOOIEeMBbI IBYX
TEJ, WIH, 9TO SKBHBAJEHTHO, K MpOOJIeMe OHOTO Tesia B TOJe
CUJIOBOrO 1eHTpa. [103TOMy MOKET BOBHUKHYTh BO3PKEHUE, YTO
3Ta MOJEIh COBEPIICHHO HEaJeKBaTHA MPOOJIeME MHOTHX Tel,
KaKkOBOM W SIBIIIETCSl 3a7adya OINMCAHUS CBOMCTB CHUCTEMBI, CO-
cTosei u3 4 HyKJIOHOB.

B aT10il CcBs3U crenyeTr 3aMeTHTh, UTO OJHOW W3 OYEHBb YC-
TIENIHBIX MOJeJIe B TEOPHH aTOMHOTO fApa SIBISIETCS MOJEINb
snepHBIX 00oodek (MO), KoTopass MaTeMaTHIECKH TIPEICTaBIs-
€T co00l MMEHHO TPOOJIEMY OJTHOTO TeJia B IMOJIC CHUIIOBOTO IICH-
Tpa. ®u3nyueckue OCHOBAHMS paccMaTpUBAEMOW 371€Ch MOTEHIIHU-
aJTBLHOW KIIACTEPHON MOJIETH BOCXOIAT K OOOJIOYCHHON MOICIH,
WM TOYHEE, K YAUBUTEIHLHON CBA3H MEXIY MOJICIBI0 000JI0UEK U
KJIACTEPHOU MOJIETIBIO, KOTOpasl B JIUTEpaType HE PEAKO BCTpeUa-
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eTCs TIOJT Ha3BaHWEM MOIETH HYKJIOHHBIX accormarmii (MHA)
[25].

B monenu nyknonnsix accouuanuii u [IKM BomHOBast GyHK-
LU Sapa, COCTOSILIETO U3 IBYX KJIACTEPOB C UHCIOM HYKJIOHOB A
uA; (A=A + A,;), UMeeT BUJl aHTUCUMMETPU30BAHHOT'O MPOHU3-
BEJICHUS TTOJTHOCTHI0 aHTHCHMMETPHIHBIX BHYTPEHHUX BOJIHOBBIX
dhynakuit knacrepoB P(1,...41) = Y(R) u Y(A+1,...,4) = P(Ry),
YMHOXCHHBIX Ha BOJIHOBYIO (DYHKIIMIO MX OTHOCHTEIBHOI'O JBH-
xeansa ®(R =R, - R,),

Y=A {PY(R)¥(R)D(RR)} , 2.1

re A — onepaTop aHTHCHMMETpPH3ALMK, KOTOPbIi IeHCTBYET T10
OTHOLIEHUIO K MEPECTAaHOBKAM HYKJIOHOB M3 Pa3HBIX KJIACTEPOB
sapa, R — MeXKIacTepHOe paccTosiHue, Ry u R, — painyc - BEKTO-
PBI TIOJIO’KEHUS IIEHTPa MacC KJIacTEPOB.

OOBIYHO, KJIaCTEpPHBIC BOJHOBBIE (DYHKIIUM BBIOUPAIOT Tak,
YTOOBI OHM COOTBETCTBOBAJIM OCHOBHBIM COCTOSIHHUSIM sIEp, CO-
CTOSIIUX U3 A| U Ay HYKIOHOB. DTH BOJHOBbIC ()YHKIIMU Xapak-
TEPU3YIOTCS CHEIM(PUUSCKUMU KBAHTOBBIMH UYHUCIIAMH, BKITFOYAS
cxemsl FOHra {f}, koTopble OnpeAensoT NepecTaHOBOYHYIO CHM-
METpPHIO0 OPOUTANBHOI YacTH BOJIHOBOW (DYHKIIMH OTHOCHUTEIIBHO-
TO JBUYKCHUS KIIACTEPOB.

B paccmatpuBaemoii 31ech Moienu HanOoJiee BaYKHBIM SIBJISI-
eTCsl TIPaBUJIO TMojcYeTa yucia y3moB B oTHOCHTENbHOTO IBH-
JKEHUS KJIacTepOB B OCHOBHOM COCTOSIHHH siipa. B ocummistop-
HOU 000J104eyHON MOAENH IS sifaep 1p - 000m0uKH, T.€. B CHCTe-
Me u3 A < 16 HyKJIOHOB UMeeTcs A - 4 OCHMIUIATOPHBIX KBAaHTOB
BO30OyknmeHus [25]. B monHOW BOTHOBOW (YHKIIMU sipa, UMEIO-
mpecs OCHWUISTOPHBIE KBaHTBI, MOTYT TepEpacIpeeisThCs
NPOU3BOJIBHEIM 00pa3oM MEXIy COCTOSHUSIMH BHYTPEHHETO
JBIKCHHS KJIacTepoB (00pa3ys BO30YXKIAEHHBIE KJIACTEpPhl) U CO-
CTOSIHHEM MX OTHOCHUTEIHHOTO JBIKEHUS.

JIJIs OCHOBHBIX COCTOSTHHM KJIACTEPOB BHYTPH SIpa, UMEIO-
X MUHUMAJIBHOE YMCJIO KBAaHTOB BO30Y)KIIEHUS, COBMECTUMOE
¢ npuHiunoM Ilaynu, npu 3a1aHHOM YHUCIIE HYKJIOHOB A| WIH A,,
YHUCIIO KBAHTOB BO30YXJICHUS N, MPUXOASIINXCS HA UX OTHOCH-
TEIBHOE JIBIKEHHE, MAKCUMAJIbHO M MOXET OINpPEACNAThCA Cle-
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AYHOIMUM COOTHOHICHHUEM, HAa3bIBAECMBIM OCHUJUIATOPHBIM IIpaBU-
JIOM:

N=(A-4)-N,-N, . (2.2)

3nece Ny=A,-4,eciii A; >4, u N, =0, eciit A; <4 1 aHaio-
ruaHo N, = A, -4, ecnu A, > 4, u N, = 0, eciiu A, < 4. UucnenHnoe
3Ha4YeHUe N CBS3aHO C YHCIIOM Yy3IIOB BOJIHOBOH (DyHKIMH OTHO-
CUTEIIHOTO JBIDKEHHS KJIacTEPOB M 3aBHUCHUT OT OPOHTaIBHOTO
MOMEHTA OTHOCHUTEJILHOTrO ABMKeHUs L [25].

Crnenyromuii mar COCTOWT B TOM, YTO 3TO OCHHJUIATOPHOS
MIPAaBHJIO MTEPEHOCUTCS Ha PEATUCTUYECKYI0 KIIACTEPHYIO MOEINb
siipa, B KOTOPOUM KJIacTepbl 000COOJIEHBI, T.€. OCIIUISITOPHEIC
napaMeTphbl KJI1acTepoB /1 ®; U /i @, HE COBMAAAIOT ¢ OCIULIATOP-
HBIM MTApPaMETPOM BOJHOBOH (PYHKIIMM OTHOCHUTENHHOTO JIBHXKE-
U /i ©3. O00CcOOIeHNE KITACTEPOB, MMEIOIIEE MECTO B PEATBHBIX
KJIACTCPU30BAHHBIX S/IpaX, MO3BOJIACT B TEPBOM NPUOIMKCHUH
npeHeOpeyb JISHCTBHEM OIlepaTopa aHTUCHMMETpH3auu B (hop-
Myie (2.1), He OTMEHSS OCIMIIIATOPHOTO TpaBuia (2.2) mis oc-
HOBHBIX COCTOSIHUH KJIACTEPOB.

[MpuHMMas 3TO MPABUIIO IS HE OCHULISTOPHBIX BOJHOBBIX
(OYHKIUH, HAXOAMM, YTO PCANMCTHUYCCKUN (HEOCIMIUITOPHBIHN)
MOTCHIIUAJT B3aNMOJICHCTBUS MEXKIy KJIACTEpaMHU B COOTBETCT-
BYIOIICH MapIHabHOW BOJTHE L JTOMKEH OBITh JOCTATOYHO TITy-
0okuM. DTO TpeOyeTcsl I TOTO, YTOOBI B HEM, NPHU PEIICHUU
ypaBHenus [IpeauHrepa, MIOMUMO «OCHOBHOTO» (HMKAKMIIETO 1O
SHepruM) 0e3y370BOTO COCTOSHHS M 33JJaHHOTO COCTOSIHHS C YHUC-
JIOM Y3JI0B V «IOMECTHIIUCh» BCE YPOBHU C MCHBIIUM YHCIIOM
y31n0B BO, T.e. orv -1 5o 1.

DTOT BBHIBOJI B KJIACTEPHON MOJIENIN MIPUBOIUT K TIOHSATHUIO 3a-
MPEICHHBIX TpUHIUIOM [laymu coCTOSHUI: BCe YPOBHH C YHC-
JIOM y3JI0B MEHBIIIE V, TIOABIISIONINECS B 33/1a4€ IBYX TEJ, OHCHI-
BaIOIEll OTHOCUTENHHOE BMKEHHE KJIACTEPOB, COOTBETCTBYIOT
YHUCITy OCHWJUIATOPHBIX KBaHTOB, KOTOPOE MCHbBIIIE MUHUMAIBLHO
nomyctuMoro npuHuunom Ilaynu yucna N. IloaTomy, mosiHbie
BoTHOBBIE (pyHKIHH (2.1) ¢ TakKUMH HYHKIIUSIMHA OTHOCUTEIIEHOTO
JIBUKCHHST OOpalIaroTCsl B HOJNb TPU aHTUCUMMETPH3AIUK IO
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BceM A HykioHaM. OCHOBHOE, T.€. PEabHO CYIIICCTBYIONIEE CBSI-
3aHHOE B JIAHHOM IOTEHIIMAJIE COCTOSIHUE, 3TOM KIACTEpHOH CcHC-
TEMBI OMTUCHIBACTCS BOJIHOBOW (DYHKITUEH C HEHYJICBBIM, B OOIIEM
cilyyae, YMCIIOM Y3JIOB, ONpENETsieMbIM M3 COOTHOIICHMS (2.2).
OpmHako B JAHHOW KHUTE, IJIS TOH IeH, MBI OyZeM HCITOJIb30-
BaTh TeXHUKY cxeM HOHTa, KOTOPYIO HU3JIOKHUM Jajee, U KOTopas
OyJeT MPUMEHSTHLCS MPU PACCMOTPEHUU Pa3IIUYHBIX KIaCTEPHBIX
cucTeM, Kak OoJiee OOIIWiA, MO cpaBHEHHIO C (2.2), METOJ KJac-
cu(UKaIUU KIaCTEPHBIX COCTOSIHUM.

B kadecTBe mnpenBapUTENBHOIO MPUMEPA HCIONIH30BAHUS
9TOT0 METOAa, PACCMOTPUM KIIACCHUYECKYIO JABYXKIACTEPHYIO
cucremy siapa °Li, B kotopom ‘He u *H kiacTepbl HAXOIATCS B
coctosiHusx co cxemamu IOnra {4} um {2}, COOTBETCTBEHHO.
Bremnee mpowusBeneHue STHX opOHMTanbHBIX cxeM FOHra maer
{4} x {2} = {6} + {51} + {42}. CxewmspI FOnra {6} u {51} coot-
BETCTBYIOT 00O0JIOUEYHBIM KOH(PUTYpALIUIM sSusp'c opouTaIh-
HbIMH MoMeHTaMu O u 1, KOoTophle 3ampernieHsl TpuHIHUImoM [lay-
JIM, TIOCKOJIBKY B § - 000JIOUKE HE MOXET HaXOJIUThCs Ooee 4 - X
HyKJI0HOB [25]. Cxema FOnra {42} ¢ L = 0,2 coOTBETCTBYET OC-
HOBHOMY COCTOSIHHIO SIPa U Pa3pelICHHON KOHGUrypamuu s'p>.
OHO COEeP>KUT OJHO 3aIPEIICHHOE B S - BOJHE COCTOSHUE, a 3HA-
YUT, OJIMH y3€] B BOJHOBOW ()YHKIIMM OTHOCHTEIHHOTO JIBHIKE-
HUs Kiactepos mpu L = 0.

Takum oOpa3oMm, IpencTaBiIeHHE O 3alPEIICHHBIX TPHHITH-
oM Ilaynu coCTOSIHUSIX TTO3BOJISIET yU4ECTh MHOTOYACTUYHBINA Xa-
pakTep 3aJayd B TEPMHUHAX JIBYXUAaCTUYHOTO MOTEHIMANa B3au-
MOJACHCTBHUS MEXIy KiactepaMu. [Ipu »ToM Ha TIPaKTHKE TTOTCH-
[[UaJI B3aUMOJICUCTBUSI BBIOMPASTCS TakK, YTOOBI OMHCATH DKCIIC-
pUMEHTaNbHBIC TaHHBIC ((Pa3bl paccesHus) Mo YIpyroMmy pacces-
HUIO KJIACTEPOB B COOTBETCTBYIOIIEH L - oM mapiuaibHON BOJIHE
Y, MPENOYTUTEILHO, B COCTOSHUM C OJHOM ONpeeIeHHON cXxe-
Mot FOnra {f} ans mpocTpaHCTBEHHOI YacTH BOJTHOBON (YHKIUH
A HYKJIOHOB.

[TockonbKy pe3ynpTaThl (Ga30BOTO aHANHM3a B OTPAHUICHHON
o0nacTH PHEpruid, Kak IMPaBHIIO, HE MO3BOJSIOT BOCCTAHOBHTH
MOTEHIIMAJI B3aUMOJACHCTBUS OJHO3HAYHO, TO JOMOJHUTEIbLHBIM
OTpaHUYCHUEM Ha IMOTEHITHA SBJISCTCS TPEOOBAHUE BOCTIPOU3BE-
JICHUSI DHEPTUU CBSI3U S/Ipa B COOTBETCTBYIOLIEM KJIACTEPHOM Ka-
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HaJle ¥ ONMHCaHWe HEKOTOPBIX APYTHUX CTATHUECKUX SIEPHBIX Xa-
pPaKTEpUCTHK, HAMPUMEp, 3apAJ0BOTO Paguyca, MPUYEM MAacChI
KJIACTEPOB OTOXKICCTBIISIOTCS C MACCaMHU COOTBETCTBYIOIIMX CBO-
OOJHBIX siyiep. DTO JOMONHUTEILHOE TPeOOBaHHUE, OYCBUIHO, SB-
TSeTCs uaeann3anrei, T.K. TMPEeAronaraeT, YTo B OCHOBHOM CO-
crossaun umeetcs 100% - as knmacrepusanus siapa. [lostomy ye-
MeX JaHHOHM MOTEHITMAIILHOW MOJICIIH TIPY OMUCAHUH CHCTEMBI U3
A HYKJIOHOB B CBS3aHHOM COCTOSHHM OIpPEIENsAeTCs TeM, Ha-
CKOJIBKO BeJIMKa peajibHas KJIaCTepH3anns OCHOBHOT'O COCTOSIHHSA
szpa.

[IpumeuaTenbHO, YTO MOJENb HE TPeOyeT 3HAHUS JeTalei
NN B3aumogeicteus. B atoil mosienu NN B3aumoneicTBUE Mpo-
SIBJIIET ce0s TeM, 4TO, KaKk U B 00OJIOUEYHON MOJICNH, CO3MIaeT
CpenHee sJIEpHOE T0JIe, W, KPOME TOTO, 00ECIIeYnBaeT KIacTepH-
3aruio snapa. OCcTalbHYIO0 «paboTy» 10 (GOPMHUPOBAHUIO HEOOXO-
JUMOTO 4Hciia y3710B BD OTHOCHUTENHEHOrO NBMXKEHUS KIIACTEPOB
npousBoaut npuHimn [laymu. [lostomy, ciaemyer oXumarh, 4TO
00JacTh MPUMEHUMOCTH pacCMaTpPHBAEMON MOJEIH OTpaHUYeHa
TOJIBKO SIIPAaMH C SIPKO BBIPAKEHHBIMU KJIACTEPHBIMH CBOWCTBA-
MHU.

OnHaKO HEKOTOPBIC SNICPHBIC XAPAKTEPUCTUKU OTICIBHBIX,
Jlake He KIACTEPHBIX, AAep MOTYT OBITh MPEUMYIIIECTBEHHO 00Y-
CJIOBJICHBI OJHHMM OTMpEICICHHBIM KJIACTEPHBIM KaHAJIOM, MpH
MaJIOM BKJIQJIe APYTUX BO3MOXKHBIX KIACTEPHBIX KOH(UTYpAIIHIA.
B stom cnywae mcmonb3yeMasi OHOKaHAJIbHAs KJacTepHas MO-
JIeNb TI03BOJISIET MIEHTHU(HUIMPOBATH JTOMHUHHUPYIOIINN KiacTep-
HBIH KaHAJ U BBIACITUTH T€ CBOWCTBA SJICPHOI CHCTEMBI, KOTOPHIC
uM o0ycnoBneHsl [30].

2.2 Acmpodgpusudeckue S - pakmopsbi

Actpodusnueckne S - HakTOphl XapaKTEPHU3YIOT MOBEICHUE
MIOJTHOTO CEYEHHUS AJIEPHON peaKklMy MPU SHEPIUuH, CTpeMsiieics
K HYJIIO, ¥ ONPEACIISIIOTCS cleayromuM obpasom [31]

31.335Z,Z,:Ju

VEw )

S(NJ,J;)=0(NJ,J)E,, exp (2.3)
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rie ¢ — MOJHOE CEYEHHE Mpoliecca PagualliOHHOrO 3aXBaTa B
OapH, E.,, — dHEprus 4YacTHIl, OOBIYHO H3MepsieMasi B k3B, B cuc-
TeMe IEHTpa Macc, |[I — NPUBEJCHHAs Macca YacCTHI[ BXOJHOTO
KaHaja B a.e.M., Z;, — 3apsA/Ibl YaCTHI] B SUHUIIAX AICMCHTapHO-
ro 3apsina u N — ato E unu M nepexosl J — i MyJbTUIOIbHOCTH
Ha KOHEYHOE J; COCTOSIHUE siipa. 3HAUCHUE YHUCICHHOTO KO3 du-
nuenta 31.335 moiayyeHO Ha OCHOBE COBPEMEHHBIX 3HAYCHUU
(hyHIaMEHTaIbHBIX KOHCTAHT [32].

B npuBeeHHOM BhIpakeHUH Jiis S - (akTopa peakiuu siBHO
BBIJICTICH OBICTPO MEHSIONIMIACS 3KCTIOHEHITMATBHBI MHOXKUTEIb,
00YyCIIOBIICHHBIN KYJTOHOBCKHM OapbepoM. IloaTomy miis He pes3o-
HAHCHBIX PEaKIWi, MPYU U3MEHEHHU SHEPTHH, BeIHMUnHa S - dak-
TOpa MEHSCTCS HAMHOTO MeJJICHHee M3MEHEHUH ceueHus. Takoe
pasaeNneHre CeueHUs Ha JBE YaCTH

O(NJ,J;)=S(NJ,J;)P(E)

3aMETHO YIpOIIaeT aHalu3 MOBEIeHUs actpodusuueckoro S -
(akTopa B 3aBUCHMOCTH OT SHEPTUU JlaXke B 00JIACTH pe30HAHCA
1 0OBIYHO HCIIONIB3YETCS B O0IACTH HU3KHUX M CBEPXHHU3KUX dHEP-
THH.

TlonHble cedyeHUs peakluid paJuallMOHHOTO 3axBaTa B Kia-
CTEPHOU MOJIEIH IPUBEACHBI, Harpumep, B [33] wiu [20] u 3amm-
CBIBAIOTCSA

o(E)= Y G6(NJ.J,) , (2.4)

I,

8nKe’ w 4l
g’ (2S,+1)(2S,+1) J[(2J +DIJ

. (NJ.J,)=

XAj(NJ,K)Y P}(NJ,J,,J)I;(J,;.J,)

L.J,

TAe Ul DIEKTPUIECKNX OpOuTanbHbIX £J(L) Mepexoa0oB MyIbTH-
MTOJIBHOCTH J M3BECTHBI CICAYIONMINE MPOCThIE BEIpaykeHus [20,33]
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(Si=Si=S5)

AJELK) =KW (D a1y 22 2.5)
m

1 m-,
IJ(Jf7Ji)=<Xf‘RJ |Xz>
PHET,J;,J)=8 [ Q7 +DQL+1D)Q2J, +1)(2T , +1) |x

2

2 Li S ‘]i
X(L,0J01L,0)
J,JL

.

31ech ¢ — BOJIHOBOE YMCJIO YACTHIl BXOJHOTO KaHama, Ly, L,
Jt, Ji — MOMEHTHI 9acTHI] BXOJHOTO (i) ¥ BRIXOIHOTO (f) KaHAJIOB,
S1, S» — COUHBL YacTUll, my, My, Z1, Z, — MaccChl U 3apsiAbl YaCTHUII
BXOJIHOTO KaHana, K, J — BOTHOBOE YHUCIO U MOMEHT 7Y - KBaHTa B
BBIXOJIHOM KaHaye, Iy — MHTerpanx OT BOJHOBBIX (DYHKIIMA OTHO-
CUTEIBHOTO JBMKEHUS KIACTEPOB HAYAIBHOIO ; U KOHEUHOT'O Xt
COCTOSIHUSI 10 MEXKKJIACTEPHOUM KoopauHate R.

B mpuBeneHHBIX BBHIIIC BBIPAKCHHSX IS IMOJHBIX CEUCHHM
WHOT/Ia BKJIFOYAIOT CIEKTPOCKOMUYECKH (PakTop Sjr KOHEUHOTO
COCTOSIHMSI sI/Ipa, HO B UCIOJB3yEeMON HaMM MOTEHIIMAIBHOMN Kia-
CTEPHOU MOJICIIM OH PaBeH €IUHHUIIC, TAK YK€ KaK MPHUHSITO B pado-
te [33].

s paccmotpenus marautHoro M1(S) mepexona, o0ycioB-
JIEHHOTO CITMHOBOM YACTHI0O MATrHUTHOTO OIIEpaTopa, MCIONb3YS
BBIpakeHHS [34], MOKHO TOMy4uTh (S, =S;=S, Li= L= L)

PX(M1,J,,J0) =8y 8, [ S(S+D2S+D2J,+D(2J, +1) |x

2

S LJ,
X
J18
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A M1, K)—i—K\/_ ——uzﬂ : (2.6)
m

LU= R )y T=1

rie m — macca saapa, |, ¥ [, — MarHUTHbIE MOMEHTHI KJIaCTEPOB,
3HAYEHUS KOTOPBIX B3STHI U3 paboThl [35] U, HanpumMep, Ui Up =
0.857uo 1 np = 2.793 U, a Lo — SIIEPHBII MaTHETOH.

Bripaxkenue B kBazpaTHbIX ckoOkax (2.6) ans A,(M1,K) no-
Jy4eHO B MPEIOJIOKEHUH, YTO B OOIIEM BBIPAXEHHH IJISI CITH-
HOBOM 4acTH MarHUTHOTO oreparopa [36]

Jm(S) . KJ ZH S’ V (I" lm(Ql))

0

MPOBOJMTCS CYMMHPOBAHHUE MO 7;, T.€. TI0 KOOPAWHATAM ICHTPA
Macc KIacTepOB, OTHOCHTENLHO OOIEro IEHTpa Macc sjpa, JIo

JeCTBHS Ha BHIPAKEHHE B KPYTJIoH ckobke (r'Y,, (Q,)) omepa-

Topa V - Habja, KOTOPOE MPUBOAUT K IMOHIKCHHUIO CTCIICHHU 7
[34]

V.Y, 9) =TT+ i Y @)

B nganHOM citydae KOOpAWHATHI #; 3TO R; = mo/mR u R, = -
mi/mR, rie R — OTHOCUTEIhHOE MEXKKIIACTEPHOE paccTosHue, R;
U R, — paccTosiHHS OT OOIIEro IEHTPa Macc J0 IEHTPa MAcC Kax-
JIOTO KJlacTepa.

B snekTpoMarHUTHEIX Tpolieccax, THIIA PaJHaliMOHHOTO 3a-
xBaTa Wik (OTOpa3Balia, ONEPATOP AIEKTPOMATHUTHEIX TEPEXO0-
JIOB U1 B3aUMOJICHCTBHSI M3TYUECHUS C BEIIECTBOM XOPOIIO H3-
BecTeH [36]. IToaToMy mMmeeTcst IpeKpacHasi BO3MOKHOCTh BBISIC-
HeHUS (OPMBI CHIIBHOTO B3aUMOJICHCTBHS JABYX YaCTHUI[ BO BXOJ-
HOM KaHajle, KOTJa OHU HaXOJISATCS B HEMPEPHIBHOM CIEKTpPE, H
CBSI3aHHBIX COCTOSHUII TE€X jK€ YacCTHIl B BBIXOJITHOM KaHale, T.€. B
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COCTOSAHUAX UX NUCKPETHOI'O CIICKTpPA.

2.3 [NlomeHyuansbi u 80J/IHOBbIE
¢yHKYuUu

MesxknacTepHble TOTEHIIMAbI B3aUMOAEHCTBUS JJIsl KOXKI0U
MapiyaIbHON BOJHBL, T.€. IS 3JaHHOTO OPOUTAIIEHOTO MOMEHTA
L, ¥ TOYECYHBIM KYJIOHOBCKHM WJICHOM MOTYT OBITh BBIOpaHBI B
BHJIE (JlaJiee MIpUBE/IeHa TOJIBKO sIIEpHas 4acTh MOTEHIIMAA)

V(R) = Voexp(-0R?) + Viexp(-YR) (2.7)
U
V(R) = Voexp(-oR?) (2.8)

3necs mapamerpsl V| u Vj BeIpaxkeHsl B MdB, O 1 Y IMEIOT
pasmepHocTs OM ™ i DM, U ABISIOTCSA MapaMeTpaMu MOTEHIHA-
J1a, KOTOPBIE HAXOJATCS W3 YCIOBHS HAWIYYINEro onucaHus (as
YIIPYTOTO PaccesiHusl, N3BJIEKAeMBIX B Iporiecce (pa3oBOro aHaIH-
3a U3 IKCIEPUMEHTAIILHBIX JaHHEIX 10 auddepeHImaibHbpIM ce-
YCHUSIM, T.€. YIJIOBBIM pacrpeesicHUsIM WiH (QyHKIUSIM BO30YXK-
JICHUSL.

B HEKOTOpHIX ciydasx B KYJIOHOBCKHH IOTEHIIMATI BBOJIST
KYJIOHOBCKHUH panuyc R., U TOrJa KyJOHOBCKasl 4YacTh MPUHUMAET
BUJ

YAV

172

r>R

c

2u r

¢

2
zZ, 3—% 2R, r<R

B BapuannonHOM MeTOJE HCHOIB30BaIOCh pasnoxenue BD
OTHOCHUTEIHLHOTO JBI)KCHHS KJIACTEPOB IO HEOPTOTOHATHLHOMY
rayccoBy 0aswcy W TPOBOAMIOCH HE3aBUCHMOE BaphHPOBAHIHE
napameTpoB, a cama BO umeet Buna [20]
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R
CDL(R) :%

=R"D C exp(-B,R*) . 2.9)

rae B — Bapuaronubie mapamerpbl B C — KO3 UIMEHTHI pa3-
JIoXeHus [24].

[ToBeneHne BOJIHOBOW (YHKLIHK CBS3aHHBIX COCTOSHHUI
(CC), B Tom uucne, ocHoBHBIX cocTossHuM (OC) simep B KiacTep-
HBIX KaHaJax Ha OOJBIIUX PACCTOSHUSIX XapaKTEPU3YeTCs acHM-
NTOTUYECKOW KoHcTaHTOW C, KOTOpas oOmpenensercs uepes
dyskuo Yurrekepa [37]

XL(R) =4/2k, CyWqri1n(2koR) (2.10)

rae XL(R) — umcieHHas BOJNHOBAs (PyHKIMS CBS3aHHOTO COCTOS-
HUS, TIOJlydaeMasi M3 pelleHrus paauanbHoro ypasHenus Llpe-
JMHrepa U HOPMUPOBaHHas Ha eaAuHULy, Woi,p — OyHKIHS
YuTTekepa CBA3aHHOTO COCTOSHUS, OTpEAeNsioniasi aCuMITOTH-
yeckoe nopegeHue BD u sBndromascs peneHueM Toro xe ypas-
HeHUs 0e3 SIepHOro MOTEHIMANA, T.€. Ha OOJBIINX PACCTOSHUSIX
R, xoropas nmeet Bun [24] (cm. Ilpunoxkenue 3), ky — BOJTHOBOE
YHUCII0, OOYCIOBJICHHOE KAaHAJILHOW SHEPTUeil CBS3W, 1| — KYJIO-
HOBCKHI MmapamMeTp, L — OpOUTAIBHBEIN MOMEHT CBSI3aHHOTO CO-
CTOSTHUSL.

AcumnToTuyeckas KOHCTaHTa (WM, KaK €€ ellle Ha3bIBaloT,
ACUMIITOTHYCCKUA HOPMHUPOBOYHBIA KOA(PGHUIIUEHT) SBISIETCS
BXKHOW sJIepHON XapakTepucTUKoW. Bo MHOTHX ciydasx ee 3Ha-
HUE IS ]ipa a B KJIACTEPHOM KaHaie b+c onpenesseT 3HauCHue
actpodusndeckoro S - QakrTopa s mporecca paguarmoHHOTO
3axBata b(c,y)a [38]. AcuMmnToTHdeckas KOHCTaHTa IPOIOPIIHO-
HaJIbHA SICPHON BEPUIMHHON KOHCTAHTE JJISl BUPTYAIBHOTO IPO-
uecca a—b+c, KOTopas SBISIETCS MAaTPUYHBIM 3JIEMEHTOM 3TOTO
mporiecca Ha MacCOBOW MOBEPXHOCTH [39].

CpenHekBaipaTHIHBI MaCcCOBBIM pagnyc sSapa B KiacTep-
HOI MOJenu JUIsi CUCTEMBbI JBYX KJIACTEPOB 3aJaHHOrO pa3Mmepa
OTIpEEIISIICS CIETYIOINM 00pa3oM
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m m. mm

RZ 1 2 2 2 1"

m <r;n>1 <rm>2 2 12 ?
m m

m

rac <r,§ >1 , KBaJpaTbl MAaCCOBLIX PAAWYCOB KJIACTCPOB, B Kauc-

CTBE KOTOPBIX MPUHUMAIOTCS PAIUYChl COOTBETCTBYIOIIUX SAJEP B
CBOOOJTHOM COCTOSTHUH, [, — MHTETpaJ BUAA

L =(x,(R)|R*|x,(R))

10 MEXKJIACTEPHOMY PACCTOSHHIO R OT pajinaibHBIX BOJHOBBIX
¢dyHknui ¥ (R) OTHOCUTEIBHOTO JBIKCHHS KIACTEPOB, HOPMHU-
POBAHHBIX HA CIUHHUILY, B OCHOBHOM COCTOSHHHU s/ipa C OpOH-
TaJbHBIM MOMECHTOM L.

CpeaHeKBaIpaTHUHBIA 3apAMAOBBIA PAJUyC 3alKCHIBAICS B
dhopme

=D () + D), ¢ I

rac <r2 >1 , KBaJpaThbl 3apAA0BLIX paJuyCOB KJIIACTCPOB, B Kauc-

z

CTBE KOTOPBIX TaK K€ MPUHUMAIOTCS paiyChl COOTBETCTBYIOLINX
siep B CBOOOJHOM COCTOSIHUM, Z = Z; + Z,, I, — IpuBEACHHBII
BBIIIIE UHTETPA.

BonnoBas ¢ynkuus ) (R) OTHOCHTEIBHOTO IBIKEHHS Kila-
CTEPOB SIBIIACTCSA PEUICHHEM pagualbHOro ypasHeHus Illpenun-
repa Buaa

X"L(R) + [k - V(R) - Veou(R) - LIL+D/R*T(R) =0 .

rae V(R) — mexkiacTepHblil noteHuuan (2.7) wiu (2.8) pasmep-
Hoctn OM?2, Veoul(R) — KyJOHOBCKHMM MOTEHIMAN, kK — BOJHOBOE
YUCIIO, ONpejensieMoe 3Heprue FE B3auMOJEHCTBUS YaCTHI]
_2UE

=

kZ
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2.4 YucneHHbIe Mamemamu4ecKue
Memoosl

Koneuno - paznoctaeie MeToasl (KPM), koTOpEIE ABISAIOTCA
monupukanuein MetomoB [40], u comepkaT ydeT KYJIOHOBCKHX
B3aMMO/ICHCTBUH, BapHAaIlMOHHBIE METOIBI PEIICHHS YpaBHEHUS
[llpenuHrepa U Apyrue BBIYHCIUTEIBHBIC METOMBI, UCIOIb3ye-
MBI€ B JaHHBIX pacyeTax SIEPHBIX XapaKTePUCTHK, MOAPOOHO
omnmcansl B [24]. [1o3TOMy TOJBKO BKpaTIe NMEPEUNUCTHM 3]1€Ch
OCHOBHBIC MOMEHTHI, CBSI3aHHBIC C OOIIMMU M YHCICHHBIMH ME-
TOJIaMU BBIYUCIICHUH.

Bo Bcex pacderax, MOSy4eHHBIX KOHEYHO - Pa3HOCTHBIM U
BapHalMOHHBIM MeTonoM [20], B KOHIle 00JIacTH CTaOWIH3aIiu
ACHMITTOTHYECKOW KOHCTAHTHI, T.e. mpuMepHo Ha 10 + 20 Dm,
YUCIICHHAs WJIM BapHallMOHHAsl BOJTHOBas (DYHKIMS 3aMEHSIIACh
¢ynkuueit Yurrekepa (2.10) ¢ yyerom HallieHHON paHee acuM-
NTOTUYECKOW KOHCTAHTHI. UHCIeHHOe HHTErPUPOBAaHUE B JTIOOBIX
MaTPUYHBIX JJIEMEHTaX MPOBOIUIOCH Ha uHTEpBajie ot 0 mgo 25 +
30 @M. IIpum sToMm ObLT Hcmonb30BaH MeTon CumrcoHa [41], ko-
TOPBIA JaeT XOPOIINE PE3yNIbTAThI I TUIABHBIX U C1a00 OCIIHII-
TUpYONMX QYHKIMHA TPU 3aJaHIUH HECKOJIBKHX COTEH IIaroB Ha
nepuon [24].

JJ1s BEIIOJTHEHHS HACTOSIINX PAacyeTOB OBUTH MEPETUCAHbI U
MOIU(UITUPOBAHBI HAIIK KOMITBIOTEPHBIE MPOTPaMMbl, OCHOBaH-
HbIC Ha KOHEYHO - pa3HOCTHOM Metoze [20,24], mis pacdera mos-
HBIX CCUCHUH PaJUaIlIOHHOIO 3aXBaTa U XapaKTEPUCTUK CBS3aH-
HBIX COCTOSIHUH siep ¢ si3bika TurboBasic Ha cOBpeMEHHYIO Bep-
cuto si3eika Fortran - 90, koTtopas uMeeT 3aMeTHO OOJbIIIE BO3-
MOKHOCTEW. DTO TIO3BOJHJIO CYIIECTBEHHO IOAHATH TOYHOCTH
BCEX BBIUMCIICHUH, B TOM YHCIIE, SHEPTHH CBSI3U siipa B JIByXYac-
TUYHOM KaHale.

Tenepp, HampuMep, TOYHOCTH BBIYMCICHHUS KYJIOHOBCKHX
BOJTHOBBIX (DYHKIIMI JJTsI IPOIIECCOB PACCESHUS, KOHTPOJINpyeMast
o BennunHe BpoHckuana (cM. [lpunoxenue 3), 1 TOYHOCTH IO-
ucka KopHsa nerepmuHanta B KPM [24], ompenpenstomas TOY-
HOCTB IOMCKA YHEPrHH CBSI3H, HAX0AATCa Ha yposHe 107 + 107,
PeanpHas abcomoTHAs TOYHOCTh ONPEIENICHUSI SHEPTHH CBSI3U B

85



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

KOHEYHO - pa3HOCTHOM METOJIE IS PA3HBIX JIBYXYACTHUHBIX CHC-
tem cocrasmia 10° + 10 MsB.

JI1st BBIYMCTICHUST CaMUX KYJIOHOBCKHX (DYHKIHHA pacCesHHs
HCITOJIB30BANIOCH, omucanHoe B I[Ipmnoxenun 3, OBICTPO CXOJSI-
meecs MpeACTaBICHUE B BUJC IEMHBIX aApoOeit [42], mo3Boisto-
Imee TOMyIUTh UX 3HAYCHHS C BHICOKOHM CTETICHBIO TOYHOCTH U B
IITUPOKOM JHara3oHe MePEMEHHBIX C MAIBIMHU 3aTPaTaMHi KOMITb-
I0TepHOTO BpemeHu [43].

Bruta nepenucana Ha Fortran u HECKOJIbKO MOTUDUITUPOBA-
Ha BapHAIlMOHHAS TpOrpaMMa I HaXOXKICHHS BapHAIIMOHHBIX
B® u sHepruii cBs3M Aaep B KIACTEPHBIX KaHalaX, YTO MMO3BOJIU-
JI0 CYHIECTBEHHO MOAHITH CKOPOCTh MOMCKA MUHMUMYyMa MHOTO-
mapaMeTpUIECKOro (PyHKITMOHAJA, KOTOPHIH OmpenesieT dHep-
TUIO CBSI3U JIBYXYACTUYHBIX CHUCTEM BO BCEX pacCMaTpUBACMBIX
sapax [24]. laHHas mporpamma o NpeXHeMy HCIONB3YET MHO-
ronapaMeTpUyYecKuil BapHallMOHHBIN MeToJ| ¢ pasnoxeHuem B
M0 HEOPTOTOHAJILHOMY BapHAIIMOHHOMY 0a3uCy rayCcCcouj ¢ Hes3a-
BHUCHUMBIM BaphbUPOBAaHUEM MapaMeTpoB. MoauduIupoBaHbl Tak-
K€ aHAJIOTMYHBIC MPOrPpaMMbl, OCHOBAaHHBIC Ha MHOTOIIApaMET-
pUYECKOM BapHallMOHHOM METOJC, IUIsl BBITIOJHEHHs (Ha30BOTO
aHanm3a 1o naupGepeHInaIbHBIM CCUYCHUSAM YIIPYTOTO PaCcCesTHUS
SITEPHBIX JaCTHII.

Bo Bcex pacuerax, eciii 3TO HE OrOBOPEHO 0c000, 3ajaBa-
JIUCHh TOYHBIE 3HAUYEHUS Macc yacTul [35], a koHcTaHTa #’ /my,
npUHEManach paBHoit 41.4686 M»>B-Om’. KynoHockuii mapa-
METp M = uzlzzez/(qh2 ) mpecTaBIsUICs B BUAE 1) = 3.44476 107
Z\Z, Wq, TIe g — BOIHOBOE YFHCIIO, BEIPAYKEHHOE B Ov! u ompe-
JIeJsieMoe DHEpruei B3auMOACUCTBYIOIIUX YACTHUI] BO BXOJAHOM
ka"aie. KymoHoBckuii moreHnuan npu R, = 0 3amucwiBayics B
dhopme V. (MsB) = 1.439975 Z,Z,/R, e oTHOCHUTENBHOE R — OT-
HOCHUTEIIBHOE PAaCCTOSHUE MEXKYy YaCTUIAMU BXOJHOTO KaHala B
Dwm.

2.5 Knaccughukayusi KnacmepHbIx
cocmosiHuuU

CoCTOsSIHMSI ¢ MUHHMAaJIbHBIM CIIMHOM B mponeccax pacces-
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HUS HEKOTOPBIX JIETYalIINX aTOMHBIX SIAEp OKa3bIBAIOTCS CMe-
MaHHBIMHA 110 OpOWTANBEHEIM cxemaM HOHTra, Hampumep, ayOsIeT-
HOE€ COCTOSIHUE pZH [28] cmemano mo cxemam {3} u {21}. B To-
JKe BpeMs, TaKue COCTOSIHUS B CB3aHHOM BHJE, Hampumep, 1yo-
netusiii p°H xanan siapa *He, siBIsieTcst 4ncThiM co cxemoit FOHra
{3} [28].

IpuseneM KnaccuDUKALMIO COCTOSHHE, Hampumep, p-H
CHCTEMBI 110 OpOUTATBHBIM M CIHH - U30CIIHHOBBIM cxeMaMm OH-
ra W MOKakeM, Kak MOJy4JaloTcsl MOAO0HBIE pe3ynbTaThl. B 06-
mieM ciiydae, BO3MoxKHasi opoutansHast cxema FOura {f} Hekoto-
poro sampa A({f}), cocrosmero u3 aByx uyacted A({fi}) +
A>({f>}), sBIsieTcsl TPSAMBIM BHEITHUM IPOHU3BEIACHUEM OpOHU-
TanbHBIX cxeM FOHra atHx wacteh {f}. = {fi}L X {f>}L u ompene-
nstercst o Teopeme Jluttisyaa [28]. IloaToMy BO3MOXXHBIMH Op-
outanpHbIME cxeMamu FOnra p”H cucremsl, koraa s sapa “H
ucronb3yercss cxema {2}, okaspBaloTca cuUMMeTpuu {3}. u
{21}

ChuH - M30CIUHOBBIE CXEMBI SIBJISIETCS NPSIMBIM BHYTpCH-
HUM NPOM3BEICHUEM CITMHOBBIX U M30CIHMHOBBIX cxeM FOHra si-
pa u3 A HykioHoB {f}sr= {f}s ® {f}ru m1sa cucremsl, ¢ ynucIOM
JacTHUIl He 60JIee BOCBMH, PUBEIEHBI B padote [44]. Jlns mro6oro
M3 3THX MOMEHTOB (CITMH MM U30CTIHH) COOTBETCTBYIOIIAs CXeMa
sIIpa, COCTOSILETO M3 A HYKIIOHOB, KXKIBIH M3 KOTOPBIX UMEET
MOMEHT paBHBIN 1/2, cTpouTcs cinenyromum odpazoM. B kmerkax
MEPBON CTPOKH YKa3bIBAETCS YHCIO HYKJIOHOB, KOTOPBIE MMEIOT
MOMEHTBHI, HalpaBJICHHBIE B OIHY CTOPOHY, HalpuMep, BBepx. B
KJIETKax BTOPOW CTPOKH, €CIIM OHa TpeOyeTcs, YKa3bIBaeTCsl YHC-
JI0 HYKJIOHOB C MOMEHTaMH HalpaBJIeHHBIMHU B JAPYTYIO CTOPOHY,
HampuMmep, BHH3. CyMMapHOE YHCIO KIETOK B OOEMX CTpOKax
PaBHO 4YHMCIIy HYKJIOHOB B siipe. MOMEHTHI HYKIJIOHOB IE€PBOM
CTPOKH, KOTOPbIE UMEIOT Mapy BO BTOPOMl CTPOKE C MPOTHUBOIIO-
JIO’)KHO HAINIPaBJIEHHBIM MOMEHTOM, KOMIIEHCHPYIOTCA U UMEIOT, B
pe3yabTate, HyneBoil moiHbli MoMmeHT. CyMMa MOMEHTOB HY-
KJIOHOB IIE€PBOIl CTPOKH, KOTOPbIE HE CKOMIIEHCHPOBAHbI MOMEH-
TaMU HYKJIOHOB M3 BTOPOH CTPOKH, AA€T 3HAUCHHE IMOIHOTO MO-
MEHTa BCEU CHCTEMBI.

B naHHOM ciyuae, ams mpocteiimeit p’H kmactepHoii cuc-
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TeMbl ipu u3ocnuHe I = 1/2 umeem {21}y, IS COIUHOBOTO CO-
crosHUA ¢ S = 1/2 Takxe momydaercs {21}, a mpu S wm T = 3/2
cxema umeet BUA {3}sr. [Ipu mocTpoeHny CrvH - M30CITMHOBOM
cxeMbl FOHTa U1 KBapTETHOro CIIMHOBOTO cocTostHus p H crc-
TeMbl ¢ 7= 1/2 umeem {3}s ® {21}r = {21}st, @ Ay gyOeTHOTO
crmuHOBOTro cocTostHus {21} ® {21}y = {111}gr + {21}st + {3}sT
[44].

[Tomras cxema FOHra simpa ompenensieTcsl aHAJIOTHYHO, Kak
MpsSMOE BHYTPEHHEE MPOM3BEICHNE OPOUTATHLHOW M CITUH - M30-
criuHOoBO# cxembl {f} = {f}L ® {f}st. [lonHas BoIHOBas PyHKIIUSA
CUCTEMBI NPU aHTUCUMMETPH3AINH HE 00paIiaeTcs: TOXISCTBCH-
HO B HOJIb, TOJILKO €CJIH COACPKUT aHTHCHUMMETPHYHYIO KOMIIO-
renty {1V}, 4TO peanu3yeTcs IpH MepeMHOKEHHH COMPSKEHHBIX
{f1L 1 {f}st. [loaTomMy cxemsl {f};, conpskeHHbIE K {f}sT, SABIIA-
I0TCSl pa3pelICHHBIME B JAHHOM KaHaJIe, a BCE OCTAJIbHBIC OpOU-
TaTbHBIC CUMMETPHH 3alpeIIeHbl, TaK KaK MPUBOMAT K HYJICBOU
MOJIHOW BOJIHOBOM (PYHKIIMM CHUCTEMbI YaCTHI[ TOCJIE €¢ aHTH-
CUMMETpHU3aIUH.

OTcroa BUIHO, 9To 11st p°H CHCTEeMBI B KBapTETHOM KaHajIe
paspeliieHa TOJIbKO OpOUTaabHash BOJHOBas (DYHKIUS C CHMMET-
pueit {21}, a dynkius ¢ {3}, oka3pIBaeTCS 3aNpelieHHON, TaK
Kak mpousBenenne {21}sr ® {3}, He IPUBOIUT K aHTHCHUMMET-
PUYHON KOMITOHEHTE BOJIHOBOW (yHKImU. B TO ke BpeMs B 1y0-
meTHOM KaHaje mMmeeM {111}sr ® {3} = {111} m {21}sr ®
{21}~ {111} [44], u B oboux ciay4asx MOTydaeM aHTHCHUMMET-
puaHyto cxemy. OTCIoza femaeTcs BBIBOI, UTO AyOJIETHOE CITUHO-
BOC COCTOSIHUE OKa3bIBACTCS CMCIIAHHBIM 10 OPOUTAIBEHBIM CXE-
Mam FOHra.

B paGote [28] mpemnokeH METOA pas3nelieHUs TaKUX CO-
crosHui 1Mo cxemaMm OHra u mokaszaHo, 4TO cMmelaHHas (asa
paccesHUsI MOXeET OBITh MPEACTABICHA B BHJIC ITOJYCYMMBI YHC-

TeIX pas c {f1} u {f2}

SUIHAY =17 28 + 8121y (2.11)

B nannom ciydae cumraercs, uro {fi} = {21} u {f} = {3} n
ny6neTHbie (as3bl, U3BJICKACMbIC M3 3KCICPUMEHTA, CMEILIAHBI 110
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3TUM JIBYM cxemawm. Jlaiiee mpesmosaraeTcs, 9To KBapTeTHas ¢a-
3a paccessHusI, YUCTas 1Mo opouransHoit cxeme Onra {21}, moxer
OBITH OTOXKIECTBICHA YMCTON ybieTHoit dase p’H paccesnmus,
COOTBETCTBYIOIEH TOM ke cxeme FOura. Torga u3 (2.11) MoxxHO
HAilTH U 9HCTYIO co cxeMoit {3} mybuernyio p°H ¢a3sy, a 1o Hei
MMOCTPOUTEL YHUCTHIM 10 cxemaMm HOHTa moTeHIMa B3aUMOACHCT-
BUsI, KOTOPBIH YK€ MOXHO MPUMEHSITh JIJIsl OTIMCAHUS XapaKTePH-
CTHK CBSI3aHHOTO COCTOSHHUSI.

AHaJIOTUYHBIE COOTHOIICHHUS CYIIECTBYIOT W JUISL APYTHX
Jeryailimx sSAEepHBIX CUCTEM, Hampumep, pSH, 2H2H, ’H°He u
T.1., KOTOpBIE TakXKe cMellaHbl mo cxemam OHra um (wim) u3o-
criuay [20], ¥ HEKOTOpBIE W3 HUX OYIyT PacCMOTPEHBI Jaiee B
HACTOSIICH KHUTE.

2.6 MemoOsbI ¢ha3zoeo20 aHasnu3a

3Hasi IKCHEpPUMEHTANbHbIC au(QepeHIaTbHbIe CCUCHUS
YIOPYTOTO PACCESTHUS BCETa MOXHO HAWTH HEKOTOPBIA HabOp

MapaMeTpoOB, HA3hIBACMBIX (a3aMU pacCesHUS 5{ . » TO3BOJIAIO-
L[N, C ONpPEIeICHHOM TOYHOCThIO, ONUCATh MOBEACHUE ITHX CE-
yeHnit. KauecTBO ommcaHus SKCIIEPUMEHTAIBHBIX JTaHHBIX Ha OC-
HOBE HEKOTOpPOW TeopeTndeckoil (yHKuuH ((QyHKIHOHANA He-
CKOJIKHUX MEPEMEHHBIX) MOKHO OIICHUTH IO METOY xz, KOTOPBIH
TpeacTaBisieTcs B Buae [45]

2
IZN ¢ (0)—0c°(0) 1ZN
2: _ = — 2 212
LN Ac‘(8) Nk 12

i=1

rac c‘u Gt— SKCICPUMCHTAJIBHOC U TCOPCTUUCCKOC, T.C. paCCUU-
TAaHHOC IIPHU HCKOTOPLIX 3aJaHHBIX 3HAYCHUAX (1)8.3 5;L paccesaHusd,

CEYCHHE YIPYTOoro pacCcesHus AAEPHBIX YacTHIl JJA [ — o yIia
paccesiHusi, AG° — ommnOKa SKCIEPUMEHTATbHBIX CEYCHHN JUIs
3TOro yriia u N — 4uciio u3MepeHui.

Bripakenus, onuceiBamonie 1uddepeHInanbHble ceueHus,
SIBIISTIOTCSI PA3JIOKEHUEM HEKOTOpOro QyHKIHOHaNa do(0)/dQ B
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YHUCIIOBOU Psifl, U HY’)KHO HAWTH TaKve BapHAllMOHHBIE TTapaMeTPhI
Pa3IOKEHHs J;, , KOTOPbIe HAMIYYIINM 00Pa30M OMHUCHIBAIOT €ro

noBejicHne. [lOCKOJBKY BBIpaXEHHS Ui TUQQPepeHIIHATBEHBIX
ceueHHi OOBIYHO SIBJISIFOTCS TOYHBIMH [45], TO MpH yBeTUYECHUH
4ICHOB PA3NOXKEHHs L 10 GECKOHEUHOCTH BEIMUMHA ¥ JOJIKHA
CTPEMUTHCS K HYI0. IMEHHO 3TOT KpUTEpUi UCTIOIH30BAIICS IS
BbIOOpa OMpeeIeHHOro Habopa (a3, MPUBOASAIIET0 K MUHUMYMY
%, KOTOPBIH MOT GBI IPETEHI0BATh HA POJIb IT00ATFHOr0 MUHH-
MyMa JaHHOW MHOTronapaMeTpHyecKol BapHallMOHHON 3a/lauu
[46].

Taxum oGpazom, HarpumMep, B p°Li cucTeme s morcka a3
paccessHHS TIO DJKCIEPUMEHTaJIbHBIM CEUCHHSM BBITIOJIHAJIACH
TpoIelypa MUHUMH3ALHH (ByHKIMOHANA ), KaK QYHKIHH 2L+2
MEPEMEHHBIX, KaKaas U3 KOTOPbIX sBisiercst (as3oit O, ompere-
JIEHHOW MapIiiabHOW BOJHBI 0€3 CTIHH - OpOUTAIBLHOTO pacIen-
nenus. Jlist pelIeHus 9TOi 3a1a4y HIIETCS MHHHMYM ) B HEKO-
TOPOH OTpaHWYCHHOW O0JIACTH 3HAYCHHWH ITHUX NepeMeHHBIX. Ho
U B 3TOH 007aCTH MOXKHO HAaWTH MHOXXECTBO JIOKAJIbHBIX MHUHH-
MYMOB %’ C BEIMYMHOM TOPSAIKA CIMHUIBI HIIM MeHbIIe. BrGop
HaMMEHBILETO W3 HUX MO3BOJIAET HAAEATHCS, YTO OH OYAET COOT-
BETCTBOBATH IJI100AIbHOMY MUHUMYMY, KOTODPBIH SIBISETCS pele-
HUEM TaKOH BapWaIlMOHHOW 3a7]aud TP 33JaHHOM OpOUTAIHEHOM
MomeHTe L. Kpome Toro, HalmOoMHHM, YTO BEJIMYMHA 3TOTO MUHU-
MyMa JOJDKHA CPaBHHUTENIBHO IUIABHO YMEHBIIATHCS C yBeINde-
HUEM YHCJIa TApIHATbHBIX BOJH L.

WznokeHHBIE KPUTEPHH M METOJBI MCIIOJIB30BAUCH HAMHU
JUIS BBITIONHEHHs (azoBoro anamusa B p°Li, p'°C u *He'’C cuc-
TeMax MPHU HU3KUX DHEPTHUAX, KOTOPbIE BaXKHBI IS acTpodusmye-
CKUX pacueToB. BelparkeHHs Ui HaXOXIeHUs TUQQepeHIInalb-
HBIX CEYCHUI YIPYroro paccesHus, TpeOyeMbIe ISl BEITIOTHCHUS
(azoBoro aHajM3a B YKa3aHHBIX BBIIIE CHUCTEMAax, MPHUBEICHEI
Jlanee, B COOTBETCTBYIOIINX pa3zesiaX KHUTH.

2.7 O606uweHHas1 MampuyYHasi 3adaya
Ha co6cmeeHHbIe 3Ha4YeHUs!

OcTaHoBuUMCS BHayaje Ha CTaHAAPTHOM MCTOAC PCHICHUA
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0000mIeHHON MaTpu9YHON 3amadu sl ypaBHeHus lllpenuHrepa,
KOTOpasi BO3HMKAET MPHU HCIOIB30BAaHUN HEOPTOTOHAIBHOTO Ba-
PHUAIIMOHHOTO METO/A B SAJEPHON (hH3HKe WK SAePHON acTpodu-
3WKE, a 3aTEeM PacCMOTPHUM €€ MOAH(HKAINI0, KOTOPYIO yI00HO
MPUMEHSATH TSl PEIICHHS 3TON 3a/1a4¥l TIPY YUCIEHHBIX pacderax
Ha COBPEMEHHOM KoMITbroTepe [24,47].

Jyia ornipeneneHus CIEKTpa COOCTBEHHBIX 3HAYCHUHN SHEPTUHU
M COOCTBEHHBIX BOJHOBBIX (DYHKITMI B BapHallMOHHOM METOE,
mpu pasnokeHnn B® 1o HEOPTOTOHAIBHOMY TayCCOBY OasmCy
[48], pemaeTcst 0000IICHHAs: MaTpUYHAs 33aJlaya Ha COOCTBCHHEIC
3HaucHus [49]

(H-EL)C=0 , (2.13)

rae H — cuMMeTrpuyHas MaTpuia raMuiIbTOHHaHa, L — Marpuia
WHTETPAJIOB NMEPEKPHIBAHMSA, KOTOpasi MPH HCIIONH30BAHUU OpPTO-
TOHAJILHOTO 0a3uca mpeBpalaeTcs B eAMHUYHYI0 MaTpuny [, E —
cobcTBeHHBIC 3Ha4YeHMs dHEprud U C — COOCTBEHHBIC BEKTOPHI
3a/1aqm.

[Ipencrasusist matpuily L B BuAe Mpou3BeACHUS HIDKHEH N 1
BepxHel V TpeyronbHbeIX MaTpull [49], mocie HeCIOXKHBIX Mpeo0-
pa3oBaHMN MMEePEeXoauM K OOBIYHOM 3a7ade Ha COOCTBEHHBIC 3HA-
YEeHHUs

H'C =EIC' , (2.14)
rae

H=N'HV' ,

C'=VC ,

rae V'u N ob6parrbie mo oTHOImEHHIO K V 1 N MaTpHIIBL.

Hanee Haxoaum Matpuilsl N U V, BBITIOJHSS TPUAHTYIISIPH3a-
A0 CUMMETpUIHON Matpuiel L [50], mHampumep, MeTomoM Xa-
nenkoro [49]. 3arem ompenensem oGpatHsie Matpumsl N u V7,
HampuMmep, MeToaoM ['aycca ¥ BBIYUCISIEM 3JIEMEHTHI MaTPHIIBI
H = N'HV'. Jlanee HaxoauM IONHYIO HATOHATBHYIO 10 £ Mart-
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purty (H' - EI) n Beraucisiem ee aerepmuHant det(H' - EI) nipu
HekoTopol sHepruu E. Ta 3Heprus, Koropas IPUBOAUT K HYJIIO
JISTEPMUHAHTA, SBISETCS COOCTBEHHOW SHEPTUEH 3a7auu, a COOT-
BeTCcTBYyIOIIME el BekTopa C' — 3T0 COOCTBEHHBIE BEKTOpA ypaB-
Henus (2.14). 3uas C', He TPyAHO HAWTH M COOCTBEHHBIC BEKTOpA
rcxoHoit 3agaun C (2.13), mOCKoIbKy Matpuia V' yixe usBect-
Ha. OMUCaHHBIN METO] CBEIIEHUS 0000IIEHHON MaTPUYHOM 3a1a-
YU K OOBIYHON MaTpHYHOW 3ajjade Ha3bIBAE€TCS METOJOM OPTOTO-
Haju3anuu 1o Imuary [51].

B nByxXTenbHBIX 3aa4ax sl JETKUX aTOMHBIX SJIeP C OJHUM
BapHAIIMOHHBIM TIapamMeTpoM [3; B BapuaronHoit B (2.9) takoit
METOJ] IOCTATOYHO YCTOWYUB WM TMO3BOJISCT MOJY4aTh pa3yMHbBIC
pe3ynbTarhl. HO B TpeXTelbHOM sIIEpHON CHUCTEME, KOT/la Bapua-
mnoHHas BO nipencrasmnsercs B Buge [20]

@, (r,R)=r"R"Y C exp(-8;r* -B,R*) =D C®, (2.15)

IPU HEKOTOPHIX 3HAYCHUAX JBYX BapHAIMOHHBIX MapaMETPOB O;
U [;, METOJI HaXOKIECHHsT OOPATHBIX MATPHIl HHOT/IA MPUBOIHUT K
HEYCTOWYMBOCTH M TICPETIONTHCHHUIO TIPH paboTe KOMITBIOTCPHOU
mporpaMmbl [52], 9TO MPEACTABISICT OMPEICICHHYIO IPoOIeMy
JUTSI PEIIICHUS 3a/1a4 TaKOro THIIA.

[ToaTOMy MOXKHO TIPEAJIOKHUTH ATbTCPHATHUBHBIA METOM YHUC-
JIEHHOTO pereHusT 00O0OIMEeHHOW MAaTPUYHON 3a7add Ha COOCT-
BEHHbIC 3HAYCHHS, CBOOONHBIH OT YyKa3aHHBIX TPYAHOCTEH H
MMEIOIIUH OONBLIYI0 CKOPOCTh CUYeTa Ha KOMITBIOTEpe. A IMEHHO,
HCXOJTHOE MaTpUIHOE ypaBHeHHUE (2.13) ecTh OMHOPOIHAS CHCTE-
Ma JIMHEHWHBIX YpPaBHEHHH W MIMEET HETPUBUAIBHBIE PEIICHHS,
TOJIBKO eciu ee fAeTepMuHaHT det(H - EL) paBeH Hymto. [{nd uuc-
JICHHBIX METOJIOB, PEANN3yEeMbIX Ha KOMIbIOTEpEe, He 00s3aTelb-
HO pasyiaratb MaTpuily L Ha TpeyroyibHble MaTPUIBl M HAXOAWTH
HOBYI0 MaTpully H' u HoBble BekTopa C', ompexaensis oOpaTHbBIE
MaTpHUIIbl, KaK 3TO OBUIO OMUCAHO BHINIE NPU HCIOIH30BAHHH
CTaHIapPTHOTO METO/A.

MosHO cpasy paziaratb HeJUaroHAJbHYI0, CHMMETPUYIHYIO
Mmatpunty (H - EL) Ha TpeyroibHbIe U YHCICHHBIMU METOJAMU B
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3aJaHHON O0JIaCTH 3HAYCHWM WCKATh DHEPTHH, KOTOPBIC MPHUBO-
IAT K HYJTI0 ee JeTepPMHHAHTa, T.€. SBISIOTCS COOCTBEHHBIMH
sHeprusiMu. B peanbHOl Quznyeckoit 3agade 0ObIYHO HE TpeOy-
eTcs MCKaTh Bce COOCTBEHHBIC 3HAYCHUSI U COOCTBEHHBIE (PYHK-
UM — HY>KHO HalTH TONBKO 1 + 2 cOOCTBEHHbIC 3HAUCHMS VIS
SHEPTUH CHCTEMBI I COOTBETCTBYIOILINE UM COOCTBEHHBIE BOJIHO-
BbIC (DYHKIIHH.

[ToaTromy Meronmom, Hampumep, XaJelKoro HCXOJHas MaT-
puua (H - EL) pa3naraeTcsi Ha IBe TpEyroyibHbIe, IPUYEM B IJIaB-
HOM JMaroHalii BEpXHEW TpeyrojbHOW MaTpullbl V CTOST €IUHU-
IIBI

A=H-EL=NV

U BBIYHMCIIETCS €€ JeTepMHUHAHT Npu ycnosuu det(V) =1 [49]
D(E) = det(A) = det(N)-det(V) = det(N) = Hnii
i=1

[0 HY/II0, KOTOPOIO HINETCS HYKHO€ COOCTBEHHOE 3HAu€HHUE
SHEPruM. 37ech m — Pa3MEPHOCTh MATpHIl, a JETEPMUHAHT Tpe-
YroJibHOM MaTpuibl N paBeH NPOU3BEIECHUIO €€ UarOHaJIbHBIX
JJIEMEHTOB.

Takum 0Opa3oM, MMeeM JOBOJBHO MPOCTYIO 3afady MOUCKa
HYJ1sI QyHKIMOHAIA OJTHON MepeMEeHHOMN

D(E)=0,

perieHne KOTOPO HE MPEACTABISICT OOJIBIION CIIOKHOCTH U MO-
JKET OBITH BBITIOJHEHO C 000N TOYHOCTHIO, HAIPUMEDP, METOIOM
TIOJIOBUHHOTO JICTICHHSL.

B pesynbrare, MbI n30aBisieMcsi OT HEOOXOAMMOCTH HCKaTh
nBe obpaTHble K V M N MaTpHIbl ¥ BBHIIIONHATH HECKOJIBKO Mart-
PUYHBIX YMHOXXEHUH, YTOOBI BHAYAJIE IMOJIYYUTh HOBYIO MaTpPHUILY
H', a 3aTem, KOHEUHYIO MaTpuIly coOCTBeHHBIX BekTOpoB C. OT-
CYTCTBHE TaKHX OIEpaIiiii, 0COOCHHO MOVCKA 0OPAaTHRIX MaTpHII,
3aMETHO YBEJIMYMBAET CKOPOCTh CYETa Ha KOMIBIOTEpE HE3aBH-
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CHMO OT sI3bIKa MporpaMMupoBanus [53].

J71s1 OLEHKH TOYHOCTH PEIICHUS, T.€. TOYHOCTU PA3NOKECHUS
HCXOJTHOM MaTpHUIIbl HA ABE TPEYrOJbHBIC, MOKHO HCIOIb30BaTh
HEBS3KM [54] mius MaTpUYHBIX dneMeHToB. [locie pasiokeHus
Matpuilbl A Ha ABE TpeyroabHbie NV, BBIYUCISETCS MaTpUlla He-
BSI30K

T=A-§,

T.€. Pa3HOCTh MO BCEM 3JIEMEHTaM UCXOJHON MaTpuIbl 4 U Mpu-
OMIKEHHOM MaTPHIIBI

S=NV ,

rae V u N npeaBaputesibHO HalIeHHbIE YUCJIEHHBIE TPEYTOJIbHbIE
MaTpPHIIBI.

B pesynbrate, marpuna HeBs30K 7 JaeT OTKJIOHCHHE IPH-
OJIM>KEHHOM BEJIMYUHEI S, HAliIECHHON YHMCIEHHBIMHA METOLAMU, OT
WUCTUHHOTO 3HAYCHUS KAXKIOTO AJIEMEHTA MCXOJHOW MAaTpPHUIILI A.
[IpakTudeckn BO BCEX MPHUBEACHHBIX B JAHHOW KHUTE BapUalld-
OHHBIX pPacyeTax HCIIOJIb30BAJICS OMHMCAHHBIA 37€Ch METOM, U
MaKCUMaJIPHOE 3HAYCHUE JI000TO0 dJIeMeHTa MaTpHIlbl 7 0OBITHO
He npeBbiano seuunay 1077,

Taxoit MeTo1, KOTOPbIX MPECTABIISIETCS BIOJIHE OYEBUIHBIM
B UYHCJIICHHOM WCIIOJTHEHNH, MO3BOJWI TOIYYHTh XOPOIIYIO yC-
TOMYMBOCTD QJITOPUTMA PEIICHUS JIFOOBIX PacCMaTPHBACMBIX 3a-
Jla4 U HE TPUBOJUT K MEPETOTHCHHUIO MPH PadOTe KOMITBIOTEp-
HBIX IPOTPaMM, ITOCKOJIBKY OH HE TpeOyeT omnpeaelicHus oopat-
HbIX K V 1 N Matpuisi [55].

Takum 00pa3oM, MPEIUIOKECHHBIN 31eCh albTePHATHBHEIN
METOJI HaXxOXKJIEHHsI COOCTBEHHBIX 3HA4YCHHMI OOOOIEHHON MaT-
pUYHOM 3aJaud, paccMaTpUBa€MOW Ha OCHOBE BapHUaIlMOHHBIX
METOJIOB penieHus ypaBHeHus [llpenuHrepa ¢ mcnonb3oBaHHEM
HEOPTOTOHAIBHOTO BapHAIIMOHHOTO 0Oa3nca, W30aBIIIET HAC OT
HEYCTOMYMBOCTEH, BOZHUKAIOIMINX C MPUMEHEHNEM OOBIYHBIX Me-
TOJIOB PEIICHUS TaKOW MaTeMaTWYECKOW 3ajadu, T.€. OOBIYHOTO
MeToJ1a opToroHanu3anuu o [Imuary.
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3. ACTPO®PUSUNYECKUNN S -
®AKTOP PAAIUALIUOHHOIO
p’H 3AXBATA

Astrophysical S-factor of the p®H radiative capture

BeedeHue

HenocpenctBeHHOE pacCMOTPEHUE TEPMOSICPHBIX PEAKIIUMA
MBI HAUHEM C IIpoLecca PaIuallMOHHOr0 3aXBaTa

p+°H-> He+y,

KOTOPBIH SIBJISIETCA TIEPBOM SIAEPHOUM peakiueld MpoTOH - MPOTOH-
HOT'O WJIH PP - I[UKJIA, MPOTEKAOIIEH 32 CUET AIEKTPOMATrHUTHBIX
B3aMMO/JICWCTBUH, TIOCKOJIBKY B HEHl y4JacTByeT 7Y - KBaHT [56].
OTOT TpOIeCC JaeT 3aMETHBIA BKJIAJ B DHEPIETUUYCCKHUIA BBIXOJ
TEPMOSICPHBIX peaknuii [57], KOTopble, KaKk OOBIYHO CUMTACTCS,
obycnasnmuBaioT roperre CoiHIla U OOJBIMMHCTBA 3BE3] HAIICH
Bcenennoi.

[Tockonmbky B3aMMONEHCTBYIONIUE SACPHBIC YACTHIBI TIPO-
TOHHOTO LMKJIa UMEIOT MUHIMAJIBHYIO BEIMYNHY ITOTEHINATHHO-
ro Oapbepa, TO TPOTOHHBIA IMKJ SIBISETCS IMEPBOU ICTIOYKOM
SIIEPHBIX PEAKIIMHA, KOTOPhIE MOTYT MPOTEKAaTh MPU CaMbBIX HU3-
KHX DHEPTHAX, 4, 3HAYUT, U 3BE3HBIX TEMIIEpaTypax U MPHUCYTCT-
ByeT BO BCEX CTAOWIBHBIX 3Be3/ax [ TaBHOW mMociemnoBaTeNbHO-
CTH.

B pp - mukIe mporece paauamronHoro p-H 3axpara, Kak Mbl
y’K€ TOBOPHIIM B TIEPBOM TJIaBE, SIBISETCS OCHOBHBIM JUTSI TIEPEXO-
Jla OT IEPBUYHOTO CIUSHUS MPOTOHOB

p+p—>H+e +v. ,

KOTOPBIH TPOUCXOIUT 3a CUYET CIIa0BIX B3aMMOJICHUCTBUI C yda-
CTHE DJICKTPOHHOTO HEUTPUHO V., 10 OJHOU U3 (PMHATLHBIX B PP
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- [IeMOYKe PeaKIny 3axBara AByx sizep “He [58]
He + *He — “He + 2p ,

KOTOPBIN MPOTEKAET 3a CUET CHIILHBIX, SICPHBIX B3aUMOICHCTBHIA
[56].

JleTanbHOE M3ydCHHE PEaKIHH pagrauoHHoro p°H 3axBata
C TEOPETHMUYECKOM M 3KCIIEPUMEHTAIbHONM TOUYKU 3pEHUs Mpen-
CTaBJISIET CYIIECTBEHHBIH MHTEpPEC HE TOJIBKO JUIS ANEPHOM acT-
podU3KKH, HO M BOOOIIIE ISt BCeH sAepHOI QU3NKH CBEPXHU3KHX
SHEPruil u Jeryaiimmx aToMHeIx suep [59]. TlosTomy npomomka-
I0TCS SKCIIEPUMEHTAJIBHBIE HCCIIEIOBAHMS 3TOTO MPOLIEcca, U YKe
B Hagase 2000-x romoB, Omaromapsi €BpPONCHCKOMY IIPOEKTY
LUNA, nosiBUJIMCh HOBBIE 3KCIIEpUMEHTAIbHBIE JIaHHBIE IO pa-
muammonHoMy p H 3axsaty mpu sHeprusx go 2.5 x3B. Takue
SHEPTUM OJU3KH K CPSTHUM JHEPTUSM B TCPMOSICPHBIX PEaKIU-
sx Ha COJIHIIE ¥ MHOTHX CTaOWIBHBIX 3Be3dax [5]. Otu sKcrepu-
MEHTAIILHBIC PE3YyJbTAThI, HAPSILY C OoJiee paHHUMU TPU OOIb-
IINX YHEPTUSAX, OYIYT HCIONB30BAThCSI HAMH B JallbHEHINIEM, H
OoJee MOAPOOHO PAaCCMOTPEHBI B CIICAYIONIMX Taparpadax gaH-
HOI1 r71aBBl.

Cnenyer OTMETUTh, UTO Jieryaimmue siapa ¢ A < 4, ctporo
TOBODSI, HE SBIAIOTCS HA 000J0YEUHBIMH, HU KJIACTEPHBIMU. JTO
CIIeTyeT U3 MUKPOCKOITMYECKHX PACUETOB 3TUX SAEP C PEAUCTH-
weckumu NN noternuanamu [60]. Hanpumep, B siape *He, Hapsity
¢ p’H kimactepHoii koHpurypauueii, npeacrasinena p H* crpyk-
Typa, rae “H* — CHHIIIETHBIH 110 CIIHHY ASHTPOH (np - mapa B 'Sy -
cocrossiHun). Ilpu 3TOM cmeKkTpockomuueckue (akTopsl Ui
OOBIYHOTO ¥ CHHIJICTHOTO JIEHTPOHA MPUOIU3UTENHHO paBHbI 1.5
[61,62]. Kanaxi ¢ CHHTICTHBIM IEHTPOHOM OTUCTIHBO MPOSBIISACT-
cs B ynpyroM p He paccesHHM Ha3aj, KaK B MCTO HyKJIOHHOM
MexaHu3Me paccesiHus [61], Tak u B mpoieccax ¢ pOXKICHUEM
BUPTYaJILHOTO T - Me€30Ha [62].

Tem He MeHee, IPU HU3KUX DHEPTHUAX U MAJBIX Tepeaavax
UMITYJIbCa IMEET CMBICT IPUMEHUTHh PACCMATPUBAEMBIN ABYXKIa-
CTEPHBIA TOIXOM M K MaJOHYKJIOHHBIM cucTeMaM ¢ A = 3 u 4,
X0Ts1 ObI JJI1 TOTO, YTOOBI COMOCTABUTH, MOJy9aeMbIe B paMKax
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TIKM pe3ynbpTathbl, ¢ MHOTOTEJIbHBIM pacue€TaMH U pPe3ysibTaTaMu
ITIKM ms simep ¢ A > 4. B 3TOM CMEBICITE, HCTIOIB30BaHNE TAHHO-
ro MOAX0JIa K TAKUM CHUCTeMaM, OCOOCHHO INPH aHaIu3e HHU3KO-
SHEPTreTUYECKUX IMPOILIECCOB, MPEACTABISICTCS BIIOJHE ONpaBIaH-
HBIM.

3.1 NomeHyuansi u ¢hasbi
paccesiHusi

Panee monnble ceueHUs (DOTOMPOIECCOB IS JIETYANIIIIX
aTOMHBIX SJEp *He u *H B moTeHUHAIBHOI KJIACTEPHOU MOJIENH C
3C paccMaTpuBaHCh B Hariel padote [29]. B atux pacuerax ajis
mporeccoB poTopasBana *He u °H B p2H v n°H kaHassI YUUTHIBA-
muchk E1 mepexofsl, 00yCIIOBICHHBIE OpOUTATBLHON YacThIO JJICK-
Tpudeckoro omeparopa Q,(L) [20]. Ceuenus E2 mpomeccoB H
CEUCHUS, 3aBUCSIINE OT CITMHOBOM YacCTH JICKTPUUCSCKOTO Olepa-
TOpa, OKa3aJIUCh HA HECKOJBKO MOPSAIKOB MeHblle. Jlanee mpen-
ToJIaranock, 4to sekrpuueckne E1 mepexomst 8 N°H cucreme
BO3MOYKHBI MEXKJy OCHOBHBIM YHCTBIM 110 cxeme FOnra {3} my06-
JIETHBIM S - COCTOSHUEM sAep *H u *He u JTyOIeTHBIM 2P - co-
CTOSTHUEM pacCesHus, CMelIaHHbIM 1o cxeMaMm {3} + {21}. Ta-
KOU Tepexo] BIIOJHE BO3MOXKEH, MOCKOJIBKY KBAaHTOBOE YHCIIO,
cBsi3aHHOE co cxemMamu HOHra, mo-BUIUMOMY, HE COXpaHsETCS B
3IEKTPOMAarHUTHBIX Mporueccax [28].

s BBITIOTHEHUST pacdeToB (OTOAISPHBIX PEAKITHil B CHC-
Temax sz i n°H smepHas 4acTh MEXKKIACTEPHOrO MOTEHIMATA
B3aMMOJAEHUCTBUHN TNpencTaBusercs B BUAE (2.7) ¢ TOYEUHBIM Ky-
JIOHOBCKUM MOTEHILKUAJIOM, TayCCOBOM MpUTSTHUBaromie Vy u sKkc-
MOHEHIINaNbHON oTTankuBaromniein V| dactero. IloTeHmman kax-
JIOW TaplHaIbHON BOJHBI CTPOMJICS TaK, YTOOBI MPABUIIBHO OITH-
CBIBaTh COOTBETCTBYIOIIYIO MapIHAIBLHYIO (Da3y yHpyroro pac-
cesHus [63].

Hcmonn3ys 3TH peACTaBICHHSI, OBLIN MOJYICHBI IOTEHITHA-
bl p°H B3aMMOIEHCTBHS 1Sl IPOLIECCOB PACCESHHS, TApAMETPhI
KOTOPBIX TpHUBEACHBI B padorax [29,20,64] u T1ab6mn.3.1. 3arem B
JTyOJIETHOM KaHaze, cMemaHHoOM 1o cxemam Ownra {3} u {21}
[28], ObuH BBIAENEHBI YUCTHIC a3kl (2.11) 1 Ha WX OCHOBE TO-
CTPOCH YUCTHIM co cxemoit {3} 2§ - HOTEHIMAI CBSI3AHHOTO CO-
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crostuusi “He B sz kaHaie [29,20,64].

IIpoBenennsie pacuersl E1 mepexoma mokasamu [29], 49To
BIIOJIHE YJIACTCsI OIMHUCATh IMOJIHBIC CeYeHHs (DOoTopa3Bayia sapa
He B 0o6mactu SHEpruil Y - kBauToB 6 + 28 M»B, BKITIO4as BenH-

ynHy MakcumyMa npu EY = 10 + 13 MbB, ecnu ucnons3oBaTh
noteHuan “P - BonHsl p°H paccesHns ¢ mepudepudeckuM oT-
TaJKUBAaHUEM, MTPHUBEICHHBINA B Tabn. 3.1 u ’s - B3aMMOJCHCTBHE
CBSI3aHHOTO COCTOSIHHS, 4yucToe 1o cxeme HOnra {3}, xoropoe
UMeeT rayccoBy GopMy ¢ HyJIeBbIM OoTTankuBanuem V; = 0 u ma-
pameTpamu npuTsATuBaromei gactu Vy = -34.75 MaB u a0 = 0.15
®M, MONyYEHHBIMH Ha OCHOBE MPABHILHOTO OIMCAHHS SHEPIUH
CBsI3U (C TOYHOCTBIO 10 HECKOJBKUX K3B) U 3apsanoBoro paguyca
sapa “He. C 5THMH NIOTEHIMANAMH OBUIH BBITIOTHEHBI U PACUETHI
TOJHBIX CedeHnil paxuarmonHoro p-H 3axBara, u actpodusnde-
ckoro S - ¢akropa mpu 3Heprusax a0 10 k3B [29,20], xoTs Ha TOT
MOMEHT HaM OBLUIM U3BECTHBI SKCIIEPUMEHTAIBHEIC TAHHBIE TI0 S -
daxropy p’H 3axBaTa ToNbKO B 06IAcTH 3HEpruii Beme 150 +
200 k3B [65].

Ta6n.3.1. IToTeHIMamb p2H [29] B3ammopeticTBus Ayt S = 1/2.

LA Vo,MaB | a,dm> | V,,MaB | vy, dm’

°S, {3} -34.76170133| 0.15 — —
°S, {3}+{21} -55.0 0.2 — —
°P, {3}+{21} -10.0 0.16 +0.6 0.1

CpaBHUTENBFHO HEMABHO TMOSBWINCH HOBBIE JKCIIEPUMEH-
TaJIbHbIC JaHHBIC 1O S - (akTopy p H 3axBaTa mpy SHEPTHSX 10
2.5 x3B [66,67,68]. [loaTomMy mpencTaBisieTcs UHTEPECHBIM BbI-
SICHUTH, CIIOCOOHA JTM MOTEHIIHAbHAS KJIacTepHAss MOZEb Ha OC-
HoBe E1 u M1 nepexo10B onucath HOBbIE JIaHHBIE C UCIIOIb30Ba-
HHUEM IIOJIYYEHHBIX paHee P - u °S - B3auMozeiicTBHI I po-
1eccoB paccesiHus U3 Taba.3.1 ¥ yTOYHEHHOTO 3/1eCh YHCTOTO IO
cxemaMm fOura %S - moTeHIMana CBI3aHHOTO sz COCTOSIHHS, TaK-
e MpHUBEJCHHOTO B Ta0.3.1.

Hamm npeaBaputenbHbple pe3ynbTaThl [69] mokasanu, 4To
IUIS pacdeToB S - ¢akTopa Mmpu dHEPrusx mopsaka 1 k3B Tpedy-
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eTCsl CYIIECTBEHHO IOBBICUTh TOYHOCTH BBIYHCICHHS JHEPTUU
csi3u p°H cuctemst B siape “He, KOTOpast HAXOAMIACH HA yPOBHE

1 + 2 x3B [29]. TpebyeTcs Goyiee CTPOro KOHTPOIHPOBATE TIOBE-
JICHNE «XBOCTa» BOJHOBOW (DYHKITMM CBA3aHHOTO COCTOSHHS Ha
Oompmmx paccTosiHUAX. Kpome Toro, HeEoOXOOUMO MOBBICHUTD
TOYHOCTb BBIYHMCJICHHUS KYJIOHOBCKMX BOJHOBBIX (DyHKUUH [24],
OIIpE/ICIIAIONINX TTOBEACHNHe acuMITOTHKN B® paccesrus B “P -
BOJTHE.

Hcnonp3yst BO3MOXHOCTH HAIIMX HOBBIX, YCOBEPILIEHCTBO-
BAaHHBIX KOMIIBIOTEPHBIX MpOrpaMM, i Oojiee MPaBHIBLHOTO
ONMCAHMUs DKCIIEPHMEHTATIBHON SHeprun cesisu sapa “He B p°H
KaHasle, ObLIM YTOYHEHBI MapaMeTpbl YUCTOro, co cxemoil KOHra
(3}, mybmernoro °S - morenrmama. Takoil moTeHIHMAT (CM.
Ta6:1.3.1) cTan HECKONMBKO TIIyOKe, YeM HCIOIL30BaJICs B HAIICH
pabote [29], 1 IPUBOAUT K MOJTHOMY COBIAJCHHUIO SKCIIEPUMEH-
TanbHOM -5.4934230 M»3B u pacueTHOM DSHEpruM CBS3U -
5.4934230 M»B, koTopas MmoixydaeTcsi ¢ TOYHBIMH 3HAYCHUSIMU
Macc yactuil [35].

PasHuIa HapaMeTpoB MOTeHIHana cBs3anHoro p-H coctos-
HUS, IPUBEIIEHHOTO B padote [29] u B Tabn.3.1 oOycioBieHa, B
TIEPBYIO OYEPE.Ib, ICIIOIB30BAHNEM 31€Ch TOUYHBIX 3HAUEHUI Macc
yacTHI ¥ 0OJIee TOUHBIM OMMCAHHEM SHEPrHH CBsi3H siapa “He B
p°H xanane. J{11s BHIIOJNHEHHUS BCEX 3THX PACUETOB abCOMIOTHAs
TOYHOCTH BBIYUCIICHUSI SHEPTUH CBSA3HM B HaIlell KOMIBIOTEPHOM
nporpaMMe, UCIOJIB3YIOIIEH KOHEYHO - pa3HOCTHBIA METO, 3a-
naBanach Ha yposHe 10° MaB [24].

BennunHa 3apsigoBoro pagmyca “He ¢ TAKMM MOTEHIIHATIOM
OKa3pIBaeTcs paBHA 2.28 DM, 4TO HECKOIBKO OOJBIIE 3KCIEPH-
MEHTAIILHBIX JaHHBIX, MPUBEACHHBIX B Ta0m.3.2 [35,70,71]. U3
STUX JTAaHHBIX CIENYEeT, YTO Paanuyc NEeHTPOHHOTO KiacTepa OKa-
3pIBaeTCs Oonblie pagnyca supa “He. TTostomy, ecin AeHTpoH 1
HAXOIHUTCA BHYTpH “He B KadecTBe KIACTepa, TO IS MPABHIBHO-
ro OMHUCaHHs paauyca "He OH JOMKEH ObITh CHKAT MPUMEPHO Ha
20 + 30% OTHOCHUTEIBHO CBOETO pa3Mepa B CBOOOJHOM COCTOSI-
uuu [20,48,72].

Jns xouTpona mnoBeneHuss BD CBsA3aHHBIX COCTOAHMA Ha
OONBIIUX PACCTOSHUSAX BBIYUCISIACH ACHMITOTUYECKAs KOH-
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cranta C,, C aCHMITOTHKOW BOJTHOBOW (DYHKITUH B BHAC (QYHKITHN
VYurrekepa (2.10), BennunHa KoTOpoi B MHTEpBane 5 + 20 Om
okasajgack paBHa Cw = 2.333(3). [IpuBeneHHas 31ech OIIMOKa
OTIpesieTIsieTCsl yCPEAHEHHEM KOHCTAHTHI MO0 yYKa3aHHOMY BEIIIIE
UHTEpBaIy.

Tab6:m.3.2. OKCepUMEHTATBLHBIC MACCHI M 3aPSI0BBIE PATHYCHI
JIETKUX SIZIEP, UCIIOJIb30BaHHBIC B HACTOSIIIMX pacdeTax

[35,70,71].

Anpo Pamuyc , dm Macca , a.e.M.
'H 0.8768(69) 1.00727646677
’H 2.1402(28) 2.013553212724
H 1.63(3); 1.76(4); 1.81(5) 3.0155007134

Cpennee 1.73
1.976(15); 1.93(3); 1.877(19); 3.0149322473
*He 1.935(30)
Cpennee 1.93
“He 1.671(14) 4.001506179127

OnpeneneHue HSTOW KOHCTAHTHI M3 3KCIECPUMEHTAIBHBIX
JIAaHHBIX JaeT 3HaueHus B uHtepBane 1.76 + 1.97 [73,74,75], uto
HECKOJIbKO MEHbILIEC TOMYyUYEeHHOU 3/1ech BeauuuHbl. Cleayer oT-
METUTh TaK)Ke WHTEPECHBIC PE3yJIbTaThl TPEXTEIBHBIX PacieTOB
[76], B KOTOPBIX MOIYYIEHO XOPOIIEE COTIIACHE C DKCIICPUMEHTOM
[77] nns OTHOIICHHMS ACHMIITOTHYCCKMX KOHCTAaHT $-u’D -
BOJIH, a JJI9 CaMOM KOHCTAHTEI %S - BOJIHBI HANIEHO 3HAYEHUE C,
= 1.878.

Opnako B Oonee mosmgHew, yeM [73-75], pabore [37] mns
KoHCTaHThl Cy, IPUBOIUTCS BeauuuHa 2.26(9), KoTOpas BIOJIHE
COTJIacyeTcsl ¢ HaIllMMH pacdeTamu. V3 TpHBENEHHBIX, B ITHX
paboTax, MaHHBIX BUIHO, YTO MMEETCS JOBOJBHO OOJNBIIOE pas-
JUYUE 3KCIEPUMEHTANBHBIX PE3yJIbTaTOB MO ACUMOTOTUYECKUM
KOHCTaHTaM, TTOJIYICHHBIX B Pa3HOE BPEMS U Pa3HBIMH aBTOPAMHU.
OTH NaHHBIE UMEIOT pa3dpoc B mHTEpBane oT 1.76 mo 2.35 co
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cpenanM 3HadeHHEM 2.00.

B noTeHnuanbHOM ABYXKIACTEPHON MOJIENIU BEJIMYMHA KOH-
ctanThl Cy, W 3apsA0BOTO pajiiyca CHWJIBHO 3aBHCAT OT IITUPUHBI
MOTCHITUAIBHOM MBI ¥ BCET/Ia MOXKHO HAWTH JPYTHE MapamMeTphl
*S - norennuana OC, HampuMmep

Vj = -48.04680730 MaB 1 o = 0.25 dm | (3.1)
Vo =-41.55562462 MoB u o = 0.2 Om” | (3.2)
Vo =-31.20426327 MaB 1 o= 0.125 &M, (3.3)

KOTOPBIE JJAIOT TOYHO TAKYIO Xke dHepruio cBs3u “He B p°H kama-
ne. [lepBorit m3 HEX Ha WHTEpBajie 5 + 20 OM IPHUBOIUT K ACHM-
nrotuueckoi koHcraute Cy, = 1.945(3) u 3apsgoBoMy paauycy
R, = 2.18 dwm, BTOpoit maer koHcTaHTy Cy, = 2.095(5) u Ry, =
2.22 ®wMm, a tpetuit — Cy, = 2.519(3) u Ry, = 2.33 Om. Ipm pac-
YeTax pajnyCoB HCIOJIB30BAINCH PATUYChl KIACTEPOB U3
Tabm.3.2.

W3 3TuX pe3ynpTaToB BUAHO, 4TO moTeHIman (3.1) mo3Boss-
€T TOJyYuTh Hauboliee OJIM3KHE K DKCIICPUMEHTY 3HAYCHUS IS
3apsaoBOro pamuyca. JlampHeiliee yMEHBIICHHE MIUPUHBI T10-
TEHIalla MOTJI0 OBl MPWUBECTH K TPABWJIBHOMY OIHCAHUIO €Tro
BEJIMYWHBI, HO, KaKk OyJeT BHIIHO Jajiee, He MO3BOJIUT BOCIIPOU3-
BecTH S - (pakTop paxmarmonnoro p°H 3axsara. B 3ToM cMbIcie
noTeHIHa (3.2), XapaKTepu3yIOIIHICS HECKOJIBKO OONBIICH IIH-
PUHON, UMEET MHHUMAJIHHO JOMYCTHUMYIO IIMPUHY MTOTEHIHAIb-
HOW SIMBI, TIPU KOTOPOH YAAaeTCS TMOMYYUTh ACUMITOTHYCCKYIO
KOHCTAHTY, MPAKTUYCCKH PaBHYIO €€ AKCIIEPUMCHTAILHON Cpel-
Hell BenmuuuHe 2.06, M, Kak OyIeT BUIHO jJajiee, BIIOJHE IPHEM-
JIEMO OmMHUcaTh MOBeAeHHUE acTpoduzmueckoro S - pakropa B Hau-
0oJee IIMPOKOH YHEPTETUICCKON 00IaCTH.

[ OTIONHWUTENBHOTO KOHTPOJISI ONpEIENIeHUs] SHEPTHUU
CBSI3M B JBYXYaCTUYHOM KaHAJIE MCIOJIB30BAJICA BapHUAIlIOHHBINA
MeToA ¢ pasnoxenneM B® mo HeopToroHanbHOMY rayccoBy Oa-
3HCY C HE3aBUCHMBIM BapbUPOBAaHUEM MapaMeTpoB [24], KOTOpBIH
y’K€ Ha CEeTKE ¢ pa3MepHOCThIO 10 MO3BONHI MONYYHUTH IS YHC-
Toro mo cxemam IOnra S - motenmmama u3 Tadn.3.1 SHEPIHUIO
cBs3U -5.4934228 M»sB. AcumnroTrnueckas koHcTaHTa C,, BapHua-
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unoHHoi B® Ha paccrosuusax 5 + 20 @M Haxoauiach Ha ypOBHE
2.34(1), a BenuuMHA HeBs30K He mpesbimana 1077 [24]. TTapamer-
pbl 1 K03(DGUIMEHTH PA3NIOKEHUS PATUATBHON MEXKIACTEPHOM
BOJTHOBOW (DYHKITHH JUIsI TOTO TOTCHIMANA, uMetomeit Bua (2.9),
npuBeAeHBI B Ta01.3.3.

Ta61.3.3. Bapuannonsslie mapamMeTpsl U K03QpHUIreHTHI
pasokeHus paguanbHoit BO cBsisanHOro coctosiams p H
CHCTEMBI JJI MOTeHIHana u3 tadi.3.1.
HopmupoBka ¢hyHKIHU ¢ STUMU KO3 PUIIIEHTaAMU Ha HHTEPBAe

0+ 25 ®m para N = 0.999999997.

i Bi &
1 2.682914012452794E-001 -1.139939646617903E-001
2 1.506898472480031E-002 -3.928173077162038E-003
3 8.150892061325998E-003 -2.596386495718163E-004
4 4.699184204753572E-002 -5.359449556198755E-002
5 2.664477374725231E-002 -1.863994304088623E-002
6 | 4.4687619986542310E+001 1.098799639286601E-003
7 8.482112461789261E-002 -1.172712856304303E-001
8 1.541789664414691E-001 -1.925839668633162E-001
9 1.527248552219977E-000 3.969648696293301E-003
10 | 6.691341326208045E-000 2.097266548250023E-003

Ta6:n.3.4. Bapuanmonusle napaMeTpsl 1 K03 umenTst
paslokeHus paguanbHoit BO cBsisanHOro coctosaus p H

CHUCTEMBI VIS BapHaHTa MmoTeHmana (3.2).
Hopmuposka ¢yHkImu ¢ sTumu kosdhUiueHTaMu Ha UHTEpBaJie
0 + 25 ®m paBHa N = 0.999999998.

Bi

G

3.485070088054969E-001

-1.178894628072507E-001

1.739943603152822E-002

-6.168137382276252E-003

8.973931554450264E-003

-4.319325351926516E-004

5.977571392609325E-002

-7.078243409099880E-002

3.245586616581442E-002

-2.743665993408441E-002

NN || W] ~.

5.8379917320454490E+001

1.102401456221556E-003
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7 1.100441373510820E-001 -1.384847981550261E-001
8 2.005318455817479E-001 -2.114723533577409E-001
9 1.995655373133832E-000 3.955231655325594E-003
10 | 8.741651544040529E-000 2.101576342365150E-003

B pamkax BapuammoHHOTO MeTO/a OBLT paCCMOTPEH U BapH-
aHT nmoteHnmana (3.2), 1uig KOTOpOro MoJydeHa TaKas K€ DHepTus
cBsi3u -5.4934228 M»sB. Bapuanmonnsie napamerpsl 1 K03hdu-
LUEHTH! Pa3JIOKEHUs paJuaibHON BOJTHOBOW (DYHKIMH TpHUBEe-
HBI B Ta0n.3.4. AcuMnToTHYeCKasi KOHCTaHTa B obmactu 5 + 20
O™ okazamach paBHa 2.09(1), a BenmnumHa HEBA30K UMEET IMOPSI-
ok 1077,

[Tockonbky BapualMOHHas SHEPrHUs MpPH YBEIUYEHUU pas-
MEpPHOCTH 0a3uca yMEHbIIAeTCs M JaeT BEPXHIOI I'PaHHILy HC-
THHHOHN DHEPruu CBs3M [78], a KOHEUHO - Pa3HOCTHAs DHEPTHUS
Py YMEHBIICHUN BEJIWYMHBI I1ara U YBEJIWYCHUHU YHUCIA IIaroB
yBenuuuBaeTca [24], To B KayecTBEe pealbHOW OLIEHKH SHEPTHH
CBSI3M B TAKOM MOTEHITHAJIE MOXKHO MPUHATH CPEIHIOI0 BEITMUUHY
-5.4934229(1) MaB.

Takum 00pa3oM, MOXKHO CUHTaTh, YTO B 3aJaHHOM IIOTEH-
1uane omubKa ONpe/IeNeHNs SHEPTUU CBsi3H p-H CHCTeMBI B spe
*He 1ByMs METOJAMH, Ha OCHOBE JBYX PA3IHUHBIX KOMIIBIOTED-
HBIX TIporpamm, coctasiseT 0.1 3B.

3.2 Acmpocgpusudeckuli S - pakmop

B nammx HOBBIX pacderax actpodusmyeckoro S - ¢akropa
paccMaTpHBaiack o0nacTh SHepruil paauarmonHoro p°H 3axpara
ot 1 k3B 10 10 M3B u El nepexon u3 °P - BOJHBI PacCesHUs Ha
OCHOBHOE S - COCTOSHME C {3} M HapaMeTpaMy MOTECHIMAIIOB
MpUBEACHHBIME B Ta01.3.1.

Jns Bemmumast S(E1) - dakropa npu 1 k3B momydeHo 3Ha-
genue 0.165 3B-0, KoTOpoe BIIOJIHE COTJIACYETCS C M3BECTHBIMHU
JTAHHBIMU, B TOM 4HUCIe, pu pasaeneHun moHoro S(0) - hakropa
Ha S, u S, yactu, o6ycnosnennsie M1 u E1 nepexonamu. Takoe
pasmeneHue ObUIO CeNlaHo, HarpuMmep, B pabore [67], rae moiy-
geHo Sy(0) = 0.109(10) »B-6 u S,(0) = 0.073(7) 2B-06, uto npuso-
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quT K nonHoMy 3HadeHuro (.182(17) 3B-0. OgHako, B BhIpaxke-
HUW JUIS TUHEWHON MHTEPIIONISIIAN TIOJTHOTO S - pakTopa

S(Ec.m.) = SO + Ec.m'Sl > (34)

aBTOPHI [67] mpuBoasT Sy = 0.166(5) 3B-6 u S; = 0.0071(4) >B-6
B! 1wt S(0) maror Benuuuny 0.166(14) »B-0, onpeneneHHyro
C YUETOM BCEX BO3MOIKHBIX OIIHOOK.

Pesynbratel, monydeHHbIe ¢ pasieneHueM S - (dakTopa Ha
M1 u E1 yactu, npuBEACHB U B OAHOM U3 CaMbIX MEPBBIX padoOT
[65], nocesmienHo# acTpoduznueckuM S - dakTopam, riae moiy-
geHo S4(0) = 0.12(3) 2B-6 u S,(0) = 0.127(13) >B-6 npu nonxom §
- tbaktope 0.25(4) 3B-6. [{ns 3nauenus S;(0) 3TM maHHBIC, B Mpe-
JleJax OIINOOK, BIIOJTHE COTJIACYIOTCS C TMIPUBEIACHHBIMU B paboTe
[67].

DKCHepUMEHTANbHBIE JaHHBIC OJHOW W3 TIOCIEIHUX paboT
[68] maroT Bemmumay moHOTO S(0) = 0.216(10) 3B 6, a 3TO O3HA-
yaet, 4To BKIaasl M1 u El oTnnyaroTcs OT NpUBEJECHHBIX BBIIIE
3HaueHu [67]. B aToif paboTe npuBeaeHBI CIEMYIOINE TapaMeT-
pel nuHelHO# skcTpamomsmun (3.4): Sy = 0.216(6) aB-6 u S; =
0.0059(4) 3B-6 k3B, KOTOPBIE 3aMETHO OTIMYAIOTCS OT JaHHBIX
paboTsr [67].

Jpyrue u3BecTHBIC pe3yabTaThl s S - ¢akTopa, MOITy4eH-
HbIC W3 JKCICPUMEHTAILHBIX JaHHBIX 03 pasgencHus Ha M1 u
E1 gactu, marot ipu HyneBoit sHeprun 0.165(14) 3B-6 [79]. IIpe-
IBITYIAE PE3yNbTaThl TEX K€ aBTOPOB MPHUBOIAT K BEITUIHHE
0.121(12) »B-6 [80], a B TeopeTndyecknx pacuerax padoTsl [81]
IUIS pa3HBIX Mojeneit momydeHbl 3HadeHus Sg(0) = 0.105 2B-6 u
Sp,(0) = 0.08 + 0.0865 5B-6, uto M moaHoro S - Gakropa raeT
0.185 +0.192 3B-6.

W3 npuBEeNEHHBIX PE3yIbTATOB CIEAYET, YTO UMECTCS O0Ihb-
masi HeOTHO3HAYHOCTh Pa3IMIHBIX JaHHBIX, TOMYyYEHHBIX 3a I10-
ciemane 10 + 15 meT. DT pe3yabTaThl MO3BOJISIOT 3aKIIFOYHTD,
YTO BEJIMYHMHA ITOJTHOTO S - (pakTOpa mpu HYJIEBOW SHEPTUU HAXO-
mutcss B obmactu 0.109 + 0.226 »B-6. CpemHee MeXIy STHMH
3HaYeHUSIMH JaeT S - ¢akTtop, npumepHo paBHbId 0.167(59)
5B-0, KOTOPHBIH BIOITHE COTIIACYETCS C MOJYICHHBIM 371€Ch, TOIh-
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KO Ha ocHOBe E1 mepexona, pe3yabTaToM.

AL | LR | LLELLELALL] | LA LL |
E1 1
2 3 .
| “HipHe ;
10° ]
O L J
o
e ]
U)n = -
10° 5 7]
10-4 sl s 1l AT | s 1 aaunl
10° 107 10" 10°
EHM, MaB

Puc.3.1. Actpodusudeckuii S - pakrTop pagrannoOHHOTO sz 3axBaTa B
obmactu 1 k3B + 1 MaB mis E1 nepexona.
JIluHMM — pacyeTsl ¢ MPUBEACHHBIME B TEKCTE MOTEHIMATaMHU. TPeyrob-
HUKH — SKCTIEPUMEHT U3 paboThI [65], OTKPBIThIE pOMOBI — [66], OTKPHI-
ThI€ TPEYTOIBHUKH — [67], OTKPBITHIE KBaApaThl — [68].
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10"

S, kaB 6

10-2 Il I Il Il Il Il Il Il Il Il I
0 1
10 E  MoB 10

um’
Puc.3.2. Actpodusudeckuii S - pakrop paguannoOHHOTO sz 3axBara B
obnmactu 1 =+ 10 MaB s E'1 nepexona.

JIunuu — pacueTsl ¢ IpUBEJCHHBIMU B TEKCTE MOTEHIIMAIAMHU.
BepxHuii TpeyroJbHUK — SKCIEPUMEHT U3 paboThl [65], KBaapatsl U3
pabotsl [82], Touku — [83], kpecTuku — [84], HIDKHUE TPEYTONEHUKY —

[85], xpyxku — [86].
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Ham pacuerst S(E1) - hakropa paamaruonsoro p H 3axsa-
Ta I MOTEHIHAIOB 13 Tabm.3.1 mpu sreprusx ot 1 k3B mo 10
M>5B npusenens! Ha puc.3.1 u puc.3.2 TOYEUHBIMU JTUHUAMH. -
[ony4ennsiit S - GpakTop AOBOIBHO XOPOIIO BOCIIPOU3BOIHUT HO-
Bble JKCIEpUMEHTANbHBIE JaHHbIE NpH 3Heprusax 10 + 50 k3B
[67], a ipu OoJiee HUBKMX DHEPTUAX pacuyeTHAs KpHUBas HAXOIUT-
Cs B TTOJIOCE DKCIIEPUMEHTAIBHBIX OIMHOOK paboThI [68].

HenpepriBHoil nmuHuel Ha puc.3.1 u puc.3.2 npuBeaeHHI pe-
3ylbTaThl pacyera Uil moreHnuana (3.2), KOTOpBIM 3aMETHO
JydIIe TepefacT MOBEeICHHE HKCIIEPUMEHTAIBHOTO S - (hakTopa
mpu dHeprusx ot 50 <+ 100 k3B mo 10 MaB u nipu sueprun 1 k3B
naet BenuuuHy S, = 0.135 3B-0. [Ina suepruii 20 + 50 k3B pac-
YeTHasl KpWBasl WJAET 10 HWKHEH TpaHuIle ommboK padoThl [67].
Hmxe 10 k3B pe3ynbraTel pacueTa MomagaroT B MOJOCY JKCIIE-
PUMEHTANBHBIX OMIMOOK JaHHBIX mpoekTa LUNA, u3MepeHHBIX B
camoe rocieHee Bpems [68], a BenuuuHa S - dhakropa, HoaydeH-
HOT'O NPU HYJIEBOH 3HEPruM C 3TUM IMOTEHIMAJIOM, XOpPOIIO CO-
riacyeTcst ¢ JaHHBIMU paboThl [65] mist snekrpudeckoro E1 me-
pexona S,,.

IlITpuxoBoii nuHMEH Ha puc.3.1 u puc.3.2 moKa3aHbl Pe3yIib-
TaThl A1 noTeHnuana (3.3) U ITPUX - MYHKTUPHON JIMHUEN i
noteHnuana (3.1). Ha ocHoBe 3THX pacueTOB MOXHO CUMTATh,
YTO JIYUIIHE PEe3yabTaThl MmoirydaroTcs s nmoteHmana CC (3.2),
KOTOpBIM ONMCHIBAET JKCIEPUMEHTAJIbHBIE JaHHBIC B HauOoiee
IIMPOKOM DPHEpreTndeckoM HHTepBasie. OH JaeT ONpeaeieHHBIH
KOMIIPOMUCC IIPH ONHMCAaHHM ACUMITOTUYECKOM KOHCTaHTHI, 3a-
psimoBOro pammyca u actpodusmueckoro S - dakropa paxuanu-
onHoro p~H 3axBara.

W3 puc.3.1 BuaHO, 4TO S, - (AKTOP NMPU HU3KUX DHEPIHsX,
npumepHo | + 3 k3B, cnabo 3aBUCUT OT SHEpruu, oNpeaesss, TeM
CaMbIM, €r0 BEIMYMHY IIPU HYJEBOW 3HEPIHH, KOTOpas OKa3blBa-
€TCsl IPUMEPHO TaKOH ke, Kak ero 3HaueHue npu 1 kaB. [Toatomy
pasmuuume S - pakropa npu 0 u 1 k3B, MO-BUAMMOMY, COCTaBUT HE
o6omee 0.005 »B-0 W 3Ty BEeNWYHWHY, BIOJHE, MOXXHO CUHUTATh
omnOKo#l ompeneneHus pacyeTHoro S - Qakropa AN HyIeBOH
sHeprun u npuHATh 0.135(5) 3B-06.
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E1
*H(p,)’He /|

S, kaB 6

10° 10° 10"
E . MsB

um’

Puc.3.3. Actpodusudeckuii S - pakTop pagrannoHHOTO sz 3axBaTa B
obnactu 1 k3B + 0.3 MaB mis E1 u M1 nepexonos.
JIunuu — pacueTsl ¢ NpUBEIEHHBIMU B TEKCTE OTEHIMANaMU. Tpeyrob-
HHUKH — DKCTIEPUMEHT U3 paboTHI [65], OTKpBITEIE pOMOBI — [66], OTKPHI-
ThI€ TPEYTOIBHUKH — [67], OTKPBITHIE KBaApaThl — [68].
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[Ipu HU3KUX SHEPTUAX B MONHBIN acTpoduznueckuii S - pak-
TOp MOJKET AaBaTh BKIag u M1 mepexon u3 °S - COCTOSHHS pac-
CesHHUs cMelaHHoro no cxemMaM HOHra Ha CBA3aHHOE YUCTOE IO
op6uTANBHOI cUMMeTpHH S - cocTosHue aapa “He B p°H xanare.
Jns 2THX pacdeToB MBI HCIONIB30Bald BEIpakeHus (2.4,2.6),
NyOIeTHBII *S - MOTEHIHAT COCTOSHUN PACCESHHUS C TTOMyYCHHBI-
MU paHee mapamerpamu u3 Tadn.3.1 [20,64,87] u °S - notenmuman
OC ¢ mapamerpamu (3.2).

Pesynbrater pacueroB M1 npouecca npu 3Hepruax 1 + 100
k3B mokazaHel Ha puc.3.3 TOUYCUHOH JIMHHWEHW BHHM3Y PHCYHKa, a
pe3ynbratel E1 nepexoga mns noreHuuana OC ¢ mapameTrpamu
(3.2) mpencrasieHsl IWTpUXoBOM KpuBoil. LlITpuxoBas nuHUSA Ha
puc.3.3 moka3sIBacT pe3yibTaThl pacdeta E1 mepexoma mis 1mo-
ternuana OC (3.2), nokazaHHble Ha puc.3.]1 HEempepsIBHOW KpH-
Boil. CymmapHbIii S - ¢akTop moKa3aH HENpepbIBHOW JTUHHEH,
KOTOpasi XOpOILIO AEMOHCTpUpYeT Manblid Bkinag M1 S, - ¢pakTopa
npu sHeprusax Beimie 100 k3B u ero cymecTBeHHOE BIHSHHE Ha
obmacts sHEepruu nopsiaka 1 + 10 k»B [88].

DHepreTudeckas 3aBHCUMOCTb IOJHOro S - (akrTopa B 00-
macta 2.5 + 50 k3B MOTHOCTRIO corjacyeTcs ¢ JaHHBIMH padoT
[67,68], a mpu 1 k3B mns S - dakropa M1 nepexona moryueHo
0.077 3B-0, uro mis monHoro S - dakrtopa maet 0.212(5) 3B-6 u
MOJIHOCTBIO COOTBETCTBYET HOBBIM M3MepeHusiM npoekta LUNA,
MpuBEACHHBIM B pabote [68]. IlpuueM, kak BumHO U3 puc.3.3, B
obnactu 3Hepruii 1 + 3 k3B BenmunHa monHOTO S - pakTopa O0-
Jee cTabMiIbHa, YeM Nodydanoch st £1 mepexoaa u 3amuch BUaa
0.212 3B-6 ¢ omm6koit 0.005 3B-0 MOXKHO CUMTATh BIIOJHE OII-
paBIaHHOM.

Hapmo orMeTuts, 4TO M3-32 CPaBHUTEIBHO OONBLIMX OMIMOOK
dasoBoro amanusa p’H paccesHMs He yHaeTcsi OJHO3HAYHO IIO-
cTpouTh S - moTeHIman. Hampumep, Apyroif BapuaHT MOTEHIHA-
nma ¢ mapamerpamu Vo = -35.0 MaB m a0 = 0.1 dwm?> [20,64,87],
KOTOPBIH HE Xy)K€ ONMHCHIBAaeT AyOseTHYIO S - a3y paccesHus,
NPUBOJUT NP TeX ke 3Heprusix kK S - dhakropy M1 mpouecca Ha
MOPSIIOK MEHBIIE, YeM B MPEIBIAYIIEM clydae.

Tem caMbIM, GOJIBIIASE HEOAHO3HAYHOCT B MApaMeTpax S -
NOTCHIMANA PACCEsIHUsS, CBS3aHHAs C OIIMOKaMHM, M3BJIEKaEMBIX
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M3 DKCIEPUMEHTAIBHBIX JaHHBIX (a3 paccesHusi, U, BO3MOXKHO,
HEY4YeTOM B TaKOM aHAJIM3€ CIHH - OPOUTAIBHOTO PaCIICTICHHS
a3, KOTOpoe MOXKET TMOBIMATH HA BeMMUMHY S - (asbl, HE T1O-
3BOJISIET CJIENIaTh OKOHYATEIbHBIE BRIBOBI O BKiIage M1 mporecca
B pamHarMoHHbIi p H 3axBat, XOTs [epBbIil H3 OMMCAHHBIX BapH-
aHTOB pacdeTa XOpOIIO COTJACYIOTCS C CaMBIMU ITOCIICIHHMHU
u3MepeHusaMu [67,68].

Ecmu morentmanst OC onpenestoTes BIIOJIHE OJXHO3HAYHO
M0 PHEPTHH CBSI3M, aCHMITOTHYECKONH KOHCTAaHTE M 3apSI0BOMY
paauycy sapa, a TakKe IO JOMOJHUTEIIEHOMY KPUTEPHIO - UC-
MOJIb30BAHUIO YHCTHIX 1O cxeMaM FOHra B3auMOJICHCTBUH, TO
MIPU TIOCTPOEHUH IOTCHIIMAJIOB PACCESHUS CHTyallus HE CTOIb
onHO3HaYHA. B ciydae paccesHus TpeOyetcs Ooiiee TOYHBIN (a-
30BBIif AHATH3, B JAHHOM CIIydac Ul -S - BOJHBI, H y4eT CIHH -
OpOUTAIBHOTO paciieruieHus ~P - (a3 MpH HU3KHX SHEPrHsX, KaK
3T0 GBLIO CICNAHO, HAIPUMEP, st yIpyroro p'>C paccesHus Ipr
sueprusix 0.2 + 1.2 M»aB [89]. [IpoBeaeHue 3TOTO TOMOIHATETh-
HOT'O aHAJIM3a TO3BOJUT YTOYHUTH MMapaMeTPhbl OTECHIMAIOB, UC-
TOJB3yeMbIX JUIS PAacueToB paguanroHHoro p H 3axpara B mo-
TEHIIMAIbHON KJIACTePHON MOJENH, U TEM CaMbIM MOBBICUTH TOY-
HOCTB TTOJTy4aeMBIX PacueTOB.

3.3 AlbmepHamueHbIl MemMo0d 8bIYUCIIEHUS
3Hepauu ces3u

KoHeuHo - pa3HOCTHBIE W BapHallMOHHBIE METOIBI ONpese-
JICHWSI SHEPTHH CBS3H, XapaKTEPUCTUK CBA3aHHBIX COCTOSHUHN H
pacueta S - QaKTOpoB, MBI PACCMOTPUM Jajiee, a TOKa OCTaHO-
BUMCSI Ha aJlbTEPHAaTUBHOM METOJIC OTPENEIICHUs] SHEPTUHU CBS3H
JByXYACTHYHOM CHCTEMBI, B JAaHHOM ciydae, cucTemsl p°H 6e3
TEH30PHBIX CHJI, XOTS MPUBOJUMBIA METOJ TPUMEHUM U B CIydae
WX HAJTHYUSL.

MHOXECTBO 3aa4 TCOPETUUYECCKOU SAepHON (PU3UKH, OCO-
OCHHO B 00JIaCTH SACPHON (U3MKHM HU3KUX DHEPIHH M SAACPHOM
actpodusuku [24], TpedyroT pemenust ypaBHenus lllpeaunrepa
WIN CBSI3aHHOHM CHCTEMBbI YpaBHEHHMH Takoro tuma. PesympTatom
pellicHHsT SIBJISICTCSI BONHOBAask (YHKIWS, KOTOpas OIHCHIBACT
KBaHTOBOE COCTOSTHHE CHCTEMBI SIICPHBIX YaCTHIl U, B IPUHIIUIIE,

110



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

COZAEPIKHUT BCIO MH(OPMAIHIO O TAKOM COCTOSIHUH.

CymiecTByeT AOBOJIBHO MHOTO Pa3iIMYHBIX METOJOB pelle-
HUS MU QepeHINANIbHBIX YPAaBHEHUH BTOPOTO MOPSAAKA WIH UX
cucteM. OHAKO B TUTEpaType NPUBOIATCA, B OCHOBHOM, O0IIHE
METOJIbI PEIICHUH TaKUX YpaBHEHHH, KOTOpBIE ObIBAacT JOCTATOU-
HO CIJIOKHO NPHUMEHUTDH ISl PEIICHHS KOHKPETHOTO ypaBHEHUS
penunrepa. [Ipobremy oOBIYHO cocTaBisieT BBIOOp Hamboiee
ONITHMAJIBHOTO MAaTeMaTHYECKOT0 MEeTO/a, HMPUMEHHMOTO JUIs
PAacCMOTPEHUSI OIIPEAEICHHBIX 33a7a4, OCHOBAHHBIX Ha PEIICHUSIX
ypaBHenus Llpenunrepa.

Pemrenuto HEKOTOPBIX U3 3TUX MPOOJIEM MOCBAIICH AaHHBIN
METO/], HEIIOCPEICTBEHHO MPUMEHNUMBIH U HaXOXJICHUS BOJHO-
BbIX (yHKUMH u3 ypaBHeHus lllpeawHrepa wim cucTeM TakuX
ypaBHEHUH B 3a/1a4ax sAepHON (U3MKU HU3KHUX DHEPruil U saep-
HOI acTpo(U3MKH Ha CBA3aHHBIE COCTOSIHUSI BYX KBaHTOBBIX
gactull. I[lpuBeneM Temepp KpaTKoe OMMCAaHHE CaMOTO METOAa
pacueTa M TEKCT KOMITBIOTEPHOH MpOrpaMMbl AJIsi BBIYHCICHUS
SHEPTHH CBSI3U B ABYyXYacTHUHOH cucteme [90].

Jnst HaXOXKICHNS SHEPTUH U BOJTHOBBIX (DYHKIIMH CBS3aHHBIX
COCTOSIHUM JABYXYaCTUYHOW SIIEPHONW CHCTEMBI C TEH30PHBIMH
NOTEHIUANaMu OyAeM HMCXOAWUTh W3 OOBIYHOW CHUCTEMBI ypaBHe-
auit [peguarepa suga [91]

u'(r) + [ = V() - Vou(Du(r) = N8 V,(Dw(r) (3.5)
W'(r) + [k - VA(r) - 6177 - V(1) + 2V(r) Tw(r) = 8 V(Pu(r) ,

rae Veu(r) = 2u/h’ Z,Z,/r — KyJIOHOBCKMI moTeHuuan, Z, Z, —
3apsiibl YACTHUIL, L — IPUBEAECHHAS Macca ABYX YacTHIL], KOHCTAHTa
n°lmy = 41.4686 (unu 41.47 B HYKIOH - HyKJIOHHOI 3anaue)
M3B-®M2, My — macca HykioHa, k° =2uE/#h> — BOIHOBOE YHCIIO
OTHOCUTEIBLHOTO JBUXKEHUS YacTUll, £ — SHEpPrus OTHOCUTEIBHO-
ro ABWKeHHs vactui, V. = 2u/#*V,(r) — UeHTpalbHas 4acTb
norenuyana. V, = 2u/#’ V,(r) — TeH30pHas 4acTh IOTEHIHAIA,

Veu(r), VeAr) — panuanbHas 4acTh LEHTPAJIBLHOTO U TEH30PHOTO
MOTCHITMAJIA, KOTOPBIE MOTYT OBITH IIPEICTaBIICHBI B BHIE Tayc-
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coii Wi SKCHOHEHT Buaa V.,(r) = Vexp(-or), 3mech V.o — riay-
OmHa TOTEHIIAaja | Ol — €T0 MHUPUHA.

Pemiennem 3TOM cHUCTEMBI ypaBHEHHM SIBISIOTCS YETHIPE
BOJIHOBBIC (DYHKIIMH, TIOMYYAIOIINECS ¢ Pa3TUYHBIMA HAaYaJIbHBI-
MU yCIIOBUSMH

D w@©=0, uO)=1, w(0)=0, wi0)=0,
2) w(0)=0, u>50)=0, wy(0)=0 , wh(0)=1,

KOTOpBIE 00pa3yroT JTUHEWHO HE3aBUCHMBIE KOMOWHAIINH, TIpea-
cTaBisieMble B Buze (st S - 1 D - OpOUTANBHBIX COCTOSTHUHN TPH
L=0u?)

u=1%,=Cu;+ Cyu, =exp(-kr) ,

w=x,= Ciw; + Cowy = [1 + 3/kr + 3/(kr)*lexp(-kr)
NN C YUETOM KYJIOHOBCKHX CHII

Xo = C1M1 + C2 U, = W—n¢0+l/2(2kr) ,
Xz = C1W1 + C2W2 = W_n$2+1/2(2k}’) ,

rne W, .,(2kr)— bynkuus Yurrekepa [91] mis cBsa3saHHbIX

COCTOSIHUM, KOTOpas SBJSIETCS PELICHUEM HCXOAHBIX ypaBHEHHUM
2 _ MzZ,z,
(3.5) mpu k™ < 0 6€3 ssAepHBIX MOTEHITHANOB, Z = 2kR, 1= o
KYJIOHOBCKHI ITapameTp.
Jlns HaXoxKaeHHs SHepruil (k%) M BONHOBBIX (DYHKIMII CBS-

3aHHBIX COCTOSIHHH SIIEPHOM CHCTEMBI ), C TCH30PHOHW KOMIIO-
HEHTOH MOTEHIMANa MOXXHO HWCIOJIh30BaTh KOMOWHAITMIO YFHC-
JICHHBIX W BapUAIlMOHHBIX METOJOB. A UMEHHO, MPU HEKOTOPOU
3alaHHOW PHEPTUHU CBSI3aHHOTO COCTOSHUSA (KOTOpasi HE SBISETCA
COOCTBEHHBIM 3HAYCHUEM 3aJlauyM) YMCICHHBIM METOJOM Haxo-
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nutcst BO cucremsr (3.5). s 5TOro MOXXHO HMCIOJIB30BaTh, Ha-
npuMep, oObaHEI MeTox Pynre - Kyrra. 3atem cucrema ypas-
HeHu# (3.5) mpencTaBiseTcss B KOHEYHO - Pa3HOCTHOM BHIE, C
BEIPaXCHHEM BTOPO MPOU3BOJIHON B IIEHTPATBHBIX PA3HOCTSIX
u= (ui+l - 2M,‘+ M;,])/hz .

Toraa nyg UCXOAHON CUCTEMBI TTOJTYYUM

2712 2
Uiyl - 214,‘ + Ui + h [k - VC - ch/]u; =h \/g V,«Wi ,
212 2 2

Wiel - 2W; + Wiy + B - Ve - 617 = Vo + 2 V, Twi = B2 /8 Vo,
HJIH
Uit + W[-2IR + K - V- Vo lui + upy - B8 Vow; =0,
Wist + B2 [-2I0 + K - Vo= 6117 = Vi + 2V + wig - B8 V= 0

Haitnennas, merogom Pynre - Kyrra, uncnennas B® mnoa-
CTaBJISICTCS B 3Ty CUCTEMYy ypaBHeHwWid. JIeBas 4acTh 3TUX ypaB-
HEHWH OyIeT paBHA HYIIO TOJIBKO B CiIydae, Korma sHeprus u BO
SIBJISTFOTCSI COOCTBEHHBIMH PEIICHUSAMHU TakoW 3amaqu. [Ipu mpo-
W3BOJIBHOM DHEPTUH UM HalJeHHOH 1Mo Heil BD neBas yacth Oyzaer
OTJINYHA OT HYJIA, U MOKHO FOBOPUTH O HEBsi3Kax [54], koTopsie
MO3BOJIAIOT OLIEHUTH CTCIEHb TOYHOCTH HAXOXKICHHS COOCTBEH-

HBIX (QYHKIMH ¥ COOCTBEHHBIX 3HAUCHHH.
W3 uncnenHsIX ypaBHEHUH BUia

Ny =iy + ]12[-2/}12 +k - Ve - Vewlu; + ujy - n* 8 Viwi
Nyi=wiy + 200+ K- V- 6117 - Vo + 2Vw; + wiy - B8 Vi,

BBIYUCJIAIACh CyMMa HEBA30K

N =N, ,
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N, ZZNti

Jlanee, BapbHpPYs dHEpruio cBs3u (k7), MPOBOAMIACH MHHH-
MU3aIMs 3HAYCHUI BCEX HEBSI30K

8[|, (k)| + [N, e ]=0 .

Oneprus (kz), JIaroIasi MUHAMYM HEBS30K, CUHTANACh COO-
CTBEHHOI dHeprueit ko>, a QyHKIHHI X, ¥ X,, IPpHBOIAIINE K

3TOMY MUHUMYMY — COOCTBEHHBIMH (YHKIMSIMH 33124y, T.e. BO
CBSI3aHHOI'O COCTOSIHUS SIIEPHOM CHUCTEMBI.

Ta6mn.3.5. CpaBHEHNE XapaKTEPUCTHUK JCHTPOHA U Np pacCesHUA.
3nech E4 — dHEpTHUS CBS3M AeUTpoHA B MB, Ry — cpemHekBaapa-
TUYHBINA paguyc aeiitpona B ®m, Q4 — KBaAPYNOIbHBII MOMEHT
neiitpona B OM°, Py — BEpOATHOCTH D — COCTOSHUS B AeHTPOHE B
%, As— acUMITOTHYECKasi KOHCTAHTA S — BOJHBI, T| — OTHOIIEHUE
ACUMITOTUYECKUX KOHCTAHT D U S BOJH, a; — TPUIUIETHAS JJIMHA
HYKJIOH — HYKJIOHHOTO paccesiHust B OM, a; — CHHTIIETHAs JIJIHHA
HYKJIOH - HYKJIOHHOTO paccesHusi B M, r, — TpUIIETHBINH 3P Qek-
TUBHBIHA pasinyc HyKJIOH - HYKJIOHHOTO paccesiHus B DM, r —
CHHIJICTHBIHN 3 (EKTHBHBIN pajlyc HYKIOH - HYKIIOHHOTO pac-
cesiHus B OM.

XapakrepucTuku aentpona | Pacuer Peiina Ham Pacuer
Es, MaB 2.22464 2.22458
Q4, DM’ 0.2762 0.2757
Py, % 6.217 6.217

As 0.87758 0.875(2)
N=Ap/As 0.02596 0.0260(2)
a,, dPm 5.390 5.390
re, Om 1.720 1.723
a;, dPm -17.1 -17.12

re, DM 2.80 2.810
Ry, O™ 1.956 1.951
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Ha ocHOBe niprBeeHHBIX BBIPAKEHHUN, HA aITOPUTMUIECKOM
s3pike Fortran - 90, Obuta HamucaHa KOMITBIOTEpHAS MpOTrpaMMa
[92], xoTOpas ucnonb30BaNIach A BRIUMCICHUS AICPHBIX XapaK-
TEPUCTUK ACUTpOHA U CBSA3aHHBIX COCTOSHUI B *He’H KJIacTep-
HOM cucTeMe siapa °Li mpM HANMYMM TEH30PHBIX cHIl. M3I0MKeH-
HBI METO]I TIO3BOJIWII TMONyYUTh HOBBIE PE3yNbTaThl MO OMHCA-
HUIO KBaJpYIOJBHOTO MOMEHTa 3Toro sapa [24]. Ilporpamma
TECTHPOBAIACH Ha HYKJIOH - HYKJIOHHOM ToTeHIraie Peiima [93],
a CpaBHEHHE Pe3yJIbTAaTOB, MOJNYyYEHHBIX B €ro paboTe IpyruMHU
METOJIaMH, C HaWJICHHBIMU 110 pa3pabOTaHHON HaMU MPOTrpamme,
NpUBeACHBI B Ta0.3.5.

W3 3THX pe3ynpTaToB BHUIHO, YTO OTIMYWE HAIINX U M3BECT-
HBIX PacyeTOB IO HSHEPTrUU CBA3AHHOTO COCTOSIHUSA JEUTpOHA
UMEET BEJIMYMHY TMOPSIIKA HECKOJIBKHUX THICSYHBIX MpolieHTa. Ta-
KO BapHAIlMOHHBIA METOJ CXOIUTCS JOCTAaTOYHO OBICTPO, IIO-
3BOJISIET MOTYYaTh MPAKTHYECKH JIOOYIO peaTbHyI0 TOYHOCTD MPH
WCTIOJb30BaHUH B MPOTPAMME JIBOHHOW TOYHOCTH, M MOXKET IPH-
MEHSTHCS PU PEUICHUH JI00BIX 3a/1a4 Ha COOCTBEHHBIE 3HAYCHUS
JUISL CUCTEeMBI IBYX auddepeHnanbHpIX ypaBHEHUN THITA ypaB-
Henus [llpeaunrepa.

B nannoMm ciywae mporpamma MCHONIB30BaNIach AJIs ONpese-
neHust sHepruu cBsi3u B p°H cucreme. [TapaMeTpsl EHTPaTbHOTO
MOTCHI[MAIa MpUBeAcHb B Ta0m.3.1. TeH30pHas 4acTh B3aUMO-
nerictBust VT1 mpocTo nmonaranack paBHoO# Hymro. Kpatkue nosic-
HEHUSI K HEKOTOPHIM BXOIHBIM IapaMeTpaM IpOrpaMMbl MPHUBE-
JICHBI B TEKCTE€ CaMOW MPOTrpamMMbl, 2 OCHOBHBIEC TIOSCHEHUS TPH-
BeJleHbI HUXKe. Bo Bcex Apyrux, cieayoomux aajaee nporpammax,
OCHOBHBIC TIapaMETPhl U TMEPEMEHHBIC, OOBIYHO, 0003HAYAIOTCS
TaKUMH K€ CHMBOJIAMHU.

31ech U Janee, BCe paclevyaTky MporpaMmM MpPOBOIAATCS Tak,
KaK OHU 3alHChIBaOTCS B DOPTpaHOBCKUX (aiiyiaX, cO BCEMH HC-
MOJIb3YEMBIMU B HHUX Tofanporpammamu. OmHako, ¢hopmMaTHpoBa-
Hue pemakropa Word mHOTAa HCKakaeT (GopMy 3aIlHMCH KOJOB
nporpamMM. B 4acTHOCTH, CTPOKH KOMMEHTApUEB, KOTOPHIC HAYH-
HAITCsI ¢ cuMBoya "!", MEepeHOCATCS PENaKTOPOM Ha JAPYTYIO
CTPOKY, HO y>Ke 0e3 3TOr0 CHMBOJIA.

HAYAJIBHBIE YCJIOBHU! — 3aganne BXOOHBIX HAYaILHBIX
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YCIIOBHI HEOOXOIUMBIX JJISl PEIIEHUs CHCTEMBI YpaBHEHUH U (u-
3WYECKUX TTapaMeTPOB:

AMI1 — macca nepBoit 4acTUIIbI,

AM?2 — Macca BTOpO# 9acTHIIHI,

7.1 — 3apsia nepBOM YacTHLIBI,

72 — 3aps BTOPOM 4acTHULIBI,

PM = AM1*AM2/AM - npuBeneHHas Macca [,

Al = 41.4686/(2.0D-000*PM) — xoncTanTa h*/(2),

AKK = 1.439975.0D-000*%Z1*Z2 — xoHCTaHTa IS KyJIOHOB-
CKOTO ITOTEeHIIHANA,

GK = 0.0344476.0D-000*Z1*Z2*PM — KyJOHOBCKHH mapa-
METp,

PI — uucno 7,

A5 = DSQR(8.0D-000) — koHCTaHTa 8 ,

VCO0 - rmyOuHa eHTpabHON YacTH MOTeHITHaa B MaB,

RNC — napamMeTp mupHHbI HEHTPAJIbHOM YacTH MOTEHIMAA B
(DM'Z,

VTO — riryOuHa TeH30pHOM YacTy oTeHnHana B MaB,

RNT - mapameTp mupuHbl TEH30PHOM YAacTH MOTEHIMANa B
(DM'Z,

EPS5 — aGcoiroTHast TOYHOCTH BEIYHMCIICHUS YHEPTHUH,

PHS5 — mar mo »Hepruu, ¢ KOTOPBIM BEIETCS TMOWUCK IHEPTUU
CBSI3H,

ALQ — HayanpHOe 3HaueHHEe PHEpruH B MaB, ¢ xoToporo Ha-
YMHAIOTCS BHIYUCIICHUS,

MIN = 1E30 — ycioBHOE 4HCIO Il TOMCKA MUHUMYMa HEBS-
30K,

N = 1000 — mavampHOE YHCIIO IAroB JJISI WHTETPHUPOBAHHS
CHUCTEMBbI YpaBHEHUH,

HO — HauanbHBII Iar HUHTETPUPOBAHUA cUCTEMBI B DM, ompe-
JensieMblil ucxoass u3 mpuasatoro paccrosHus 30 dm — HO =
30.0D-000/N.

PROGRAM SOB
! PROGRAM FOR VAWE FANCTIONS OF
! INTERACTION WITH TENSOR FORSE
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! RUNGE-KUTTE METHOD FOR GROUND STATES
IMPLICIT REAL(S) (A-Z)

INTEGER LJ,L,N,KK,NF,N1,NO

DIMENSION V1(0:10240000), W1(0:10240000),
V(0:10240000), W(0:10240000)

COMMON /A/ H,X

COMMON /B/ SK,HH,RM,A1,A5,AOB,VCO,RNC,VTO,RNT,
AKK,VCI,RNC1,VT1,RNTI1,VTLS,RNLS

COMMON /AA/ SKS,L,GK,R,SS,AA,CC

N=1000 ! HauansHo€ 4uCII0 1I1aroB

KK=4

HO0=30.0D-000/N ! Benmuwnaa mara mist pacctossamst 30 dm
NO=KK*N

HO0=HO0/KK

AM1=1.00727646577D-000; ! Macca P
AM?2=2.013553212724D-000; ! Macca D

AM=AMI1+AM2

Z1=1.0D-000 ! 3apsin P

72=1.0D-000 ! 3apsix D

7=71+72

RK11=0.877D-000; ! Paguyc xynoHoBcKui P
RM11=0.877D-000; ! Pagmyc MmarHuTHBIN P
RK?22=1.96D-000; ! Paguyc xynoHoBckuii D
RM22=2.14D-000; ! Panuyc marautusiit D
PM=AM1*AM2/AM ! IlpuBenenHas mMacca

R KOHCTAHTBI - ----------------
A1=41.46860D-000/(2.0D-000*PM)
AKK=1.4399750D-000*Z1*Z22
GK=0.03444760D-000*Z21*Z2*PM

AKK=AKK/A1

P1=4.0D-000*DATAN(1.0D-000)

A5=DSQRT(8.0D-000)

EMIN=1.0D+010

EMAX=1.0D-000

Al11: DO IE=1.0D-000, EMAX

VC0=-34.76170133D-000

RNC=0.15D-000
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VT1=0.0D-000
VT0=-VT1
RNT=1.0D-000
RNT1=1.0D-000
AOB=RNC

VTLS=0.0D-000*0.

RNLS=1.0D-000
H=HO00
NI1=NO

NITER=1 ! Yucno urepanuit

EP5=1.0D-015 ! ToyHOCTh MOMCKA SHEPTUN
PH5=-0.001D-000 ! HaganbsHbIi1 I1ar moucka SHEPTHH
AL0=-5.50D-000 ! HmxHs4 rpaHuIia MOMCKa SHEPTUU

MIN=1.0D+030
ALO0O=ALO*PHS5
YSCH=0.0D-000

60 ALO=ALO+ALOO

SK=AL(0/A1

S=DSQRT(ABS(SK))

SSV=S
SQ=SSV

5 VA1=0.0D-000
WA1=0.0D-000
PA1=1.0D-001
QA1=0.0D-000
VA2=0.0D-000
WA2=0.0D-000
PA2=0.0D-000
QA2=1.0D-001
KKK=1

DO J=0,N1

IF (J>0) GOTO 3
X0=1.0E-10
GOTO 4

3 X0=0.0D-000
4 X=H*(J)+X0
CALL
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RRRUN(VB1,WB1,VB2,WB2,PB1,QB1,PB2,QB2,VA1,WA1,V
A2,WA2,PA1,QA1,PA2,QA2)
VAI=VBI
WAI=WBI
VA2=VB2
WA2=WB2
PA1=PBI
QA1=QB1
PA2=PB2
QA2=QB2
IF (HO*KKK /= H*J) GOTO 777
V(KKK)=VA2
W(KKK)=WA2
V1(KKK)=VAl
WI1(KKK)=WA1
KKK=KKK+1
777 ENDDO
H=H/2.0D-000
N1=2*N1
IF (N1<=N0) GOTO 5
HF=H0
NF=N
X=H0*(NF)
AA=EXP(-SSV*X)
BB=AA*(1.0D-000+3.0D-000/SSV/X+3.0D-000/SSV**2/X*%2)
C2=(BB-AA*W 1(NF)/V 1(NF))/(W(NF)-
V(NF)*W 1(NF)/V1(NF))
Cl1=(AA-C2*V(NF))/V1(NF)
DO 1=0,NF
X=HO*I
V(D)=C1*V1(D+C2*V(I)
W(D=C1*W1(D)+C2*W(I)
ENDDO
DO 1=0,NF
VIM=W(I)**2+V(I)**2
ENDDO
CALL SIMP(V 1,NF,HF,SIM)
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NOR=1.0D-000/DSQRT(SIM)
DO 1=0,NF
X=HF*I
V(D=V(I)*NOR
W(D)=W(I)*NOR
ENDDO
VVLS=0.0D-000
HFK=HF**2
$S=0.0D-000
SD=0.0D-000
DO KK=1,NF
X=HF*KK
X1=X*RM
X2=X**2
FFF=1-DEXP(-AOB*X)
VC=0.0D-000
IF (RNC*X2>100.0D-000) GOTO 520
VC=VCO0*DEXP(-RNC*X2)
VVCC=VC+VCI1*DEXP(-RNC1%X2)
520 VVTT=0.0D-000
VVTT=VTO*DEXP(-RNT*X2)
VVTT=VVTT+VT1*DEXP(-RNT1%X2)
VVLS=VTLS*DEXP(-RNLS*X2)
521 VVCC=VVCC/Al
VVTT=VVTT/Al
VVLS=VVLS/A1
A=(SK-VVCC-AKK/X)
C=A-6.0D-000/X**2+(2.0D-000*VVTT+3.0D-000*VVLS)
B=DSQRT(8.0D-000)*VVTT
SS=SS+ABS(V(KK+1)-B*HFK*W(KK)+(HFK*A-2.0D-
000)*V(KK)+V(KK-1))
SD=SD+ABS(W(KK+1)-B*HFK*V (KK)+(HFK*C-2.0D-
000)*W(KK)+W(KK-1))
ENDDO
H=H00
N1=NO
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F00=ABS(SS)+ABS(SD)
IF (FO0<=MIN) GOTO 61
YSCH=YSCH+1
ALO=AL0-AL00
AL00=-AL00/2.0D-000
GOTO 60
61 MIN=F00
PRINT * ' MIN='MIN
ALOM=ALO
IF (MIN>EMIN) GOTO 270
EMIN=MIN
ENDDO All1
270 CONTINUE
IF (EMAX>1) THEN
GOTO 371
ELSE
GOTO 372
ENDIF
371 STOP
372 TF (ABS(ALO-FFFFF)<ABS(EPS)) GOTO 71
FFFFF=AL0
IF (PH5==0.0D-000) GOTO 899
GOTO 60
71 CONTINUE
PRINT *,"E = ",ALOM,MIN
ALOO=ALOM*PH5
ALO=ALOM
899 CONTINUE
| #wkesis BRIUUCIEHUE BECA D BOJTHBIH kot sk
NE=N
DO I=0,NF
VIM=W()**2+V(I)**2
ENDDO
CALL SIMP(V1,NF,HF,VV)
NOR=1.0D-000/DSQRT(VV)
DO 1=0,NF
X=HF*I
V(D=V(I)*NOR
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W(D)=W(I)*NOR
ENDDO
987 DO I=0,NF
V1(D=V(D)**2
ENDDO
CALL SIMP(V I,NF,HF,UU)
DO I=0,NF
VI1D=W(I)**2
ENDDO
CALL SIMP(V1,NF,HF,WW)
PRINT *'VAWE D = \ZWW*100, VAWE S =", UU*100
777=0
DO I=0,NF
X=HF*I
VI1D=X+42#(V(D)**2+ W(I)*+2)
IF (ZZZ==0) GOTO 951
951 ENDDO
CALL SIMP(V I,NF,HF,RKV)
RK=DSQRT(RKV)
PRINT #/RK = ; RKV = RK,RKV
RM=AMI/AM*RMI11%%¥2  +  AM2/AM*RM22*%2  +
((AM1*AM2)/AM##2)*RKV
RZ=Z1/Z*RK11%%2 + 72/7Z+RK22%%2 +
(Z1*AM2%%2+72% AM1#%2)/ AM*%2)/Z)*RKV
RCH=DSQRT(RCH)
PRINT #/RM = ; RZ = ,DSQRT(RM),DSQRT(RZ)
| swkirst ACUMIITTOTUUECKASI KOHCTAHTA # ki
MM=NF/5
MMM=NF/20
KK=0
DO J=MM,NF,MMM
KK=KK+1
X=HF*IJ
AA=DSQRT(2.0D-000*SQ)*DEXP(-SQ*X)
CO=V(IJ)/AA
BB=AA*(1.0D-000+3.0D-000/X/SQ+3.0D-000/X**2/SQ**2)
C2=W(IJ)/BB
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L=0
CALL WH(X,L,SK,GK,WHO)
AA=DSQRT(2.0D-000*SQ)*WHO
CWO=V(IJYAA
L=2
CALL WH(X,L,SK,GK,WH2)
BB=DSQRT(2.0D-000%*SQ)*WH?2
CW2=W(IJ)/BB
PRINT *,X,C0,CW0
ENDDO
END
SUBROUTINE RRRUN(VB1,WB1,VB2,WB2,PB1,QB1,PB2,
QB2,VAL,WAL,VA2,WA2,PA1,QA1,PA2,QA2)
| ##5% [IOJITTIPOTPAMMA BBIUUCJIEHUS ®YHKIIUM ###5*
IMPLICIT REAL(8) (A-Z)
COMMON /A/ H,X
X0=X
CALL F(X0,VAI,WA1,FK1)
CALL F(X0,VA2,WA2,SK1)
CALL GG(X0,VA1,WA1,FM1)
CALL GG(X0,VA2,WA2,SM1)
FK1=FK1*H
SK1=SK1*H
FM1=FM1*H
SM1=SM1*H
X0=X0+H/2.0D-000
V1=VA1+PA1#H/2.0D-000
W1=WA1+QA1%H/2.0D-000
V2=V A2+PA2%H/2.0D-000
W2=WA2+QA2%H/2.0D-000
CALL F(X0,V1,W1,FK2)
CALL F(X0,V2,W2,SK2)
CALL GG(X0,V1,W1,FM2)
CALL GG(X0,V2,W2,SM2)
FK2=FK2*H
SK2=SK2*H
FM2=FM2+H
SM2=SM2+H
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V1=VA1+PA1¥H/2.0D-000+FK 1 *H/4.0D-000
W1=WA 1+QA 1¥H/2.0D-000+FM 1 *H/4.0D-000
V2=V A2+PA2*H/2.0D-000+SK 1¥H/4.0D-000
W2=WA2+QA2+H/2.0D-000+SM 1 *H/4.0D-000
CALL F(X0,V1,W1,FK3)

CALL F(X0,V2,W2,SK3)

CALL GG(X0,V1,W1,FM3)

CALL GG(X0,V2,W2,SM3)

FK3=FK3*H

SK3=SK3*H

FM3=FM3*H

SM3=SM3*H

X0=X0+H/2.0D-000
V1=VA1+PA1*H+FK2*H/2.0D-000

W1=WA 1+QA 1*H+FM2+H/2.0D-000

V2=V A2+PA2+H+SK2*H/2.0D-000
W2=WA2+QA2*H+SM2*H/2.0D-000

CALL F(X0,V1,W1,FK4)

CALL F(X0,V2,W2,SK4)

CALL GG(X0,V1,W1,FM4)

CALL GG(X0,V2,W2,SM4)

FK4=FK4*H

SK4=SK4*H

FM4=FM4*H

SM4=SM4*H

VB1=VAI1+PA1*H+(FK |+FK2+FK3)*H/6.0D-000
VB2=VA2+PA2*H+(SK 1+SK2+SK3)*H/6.0D-000
PB1=PA 1+(FK 1+2.*FK2+2*FK3+FK4)/6.0D-000
PB2=PA2+(SK1+2.*SK2+2*SK3+SK4)/6.0D-000
WB1=WA 1+QA | *H+(FM 1+FM2+FM3)*H/6.0D-000
WB2=WA2+QA2*H+(SM1+SM2+SM3)*H/6.0D-000
QB 1=QA | +(FM 1+2.*FM2+2*FM3+FM4)/6.0D-000
QB2=QA2+(SM1+2.£SM2+2*SM3+SM4)/6.0D-000
END

SUBROUTINE F(X,Y,Z,FF)

| #+ TIOJITTPOTPAMMA BBIUMCJIEHUS BBIPAXXEHUN **
IMPLICIT REAL(8) (A-Z)

COMMON /B/
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SK,HH,RM,A1,A5,AOB,VCO,RNC,VTO,RNT,AKK,VCI,RNCI1,
VT1,RNT1,VTLS,RNLS
X1=X*RM
X2=X**2
FFF=1-DEXP(-AOB*X)
VC=0.0D-000
IF (RNC*X2>100.0D-000) GOTO 515
VC=VCO*DEXP(-RNC*X2)
VC=VC+VCI1*DEXP(-RNC1*X2)
515 VT=0.0D-000
VT=VTO*DEXP(-RNT*X2)
VT=VT+VT1*DEXP(-RNT1*X2)
516 UC=VC/Al
UT=VT/Al
FF=UT*A5*Z-(SK-AKK/X-UC)*Y
END
SUBROUTINE GG(X,Y,Z,GGG)
! #% TIOJITPOIPAMMA BBIUUCJIEHUS BBIPAXKEHUIA **
IMPLICIT REAL(8) (A-Z)
COMMON /B/
SK,HH,RM,A1,A5,AOB,VCO,RNC,VTO,RNT,AKK,VC1,RNCI,
VT1,RNT1,VTLS,RNLS
X1=X*RM
VLS=0.0D-000
X2=X**2
FFF=1-DEXP(-AOB*X)
VC=0.0D-000
IF (RNC*X2>100.0D-000) GOTO 517
VC=VCO*DEXP(-RNC*X2)
VC=VC+VCI1*DEXP(-RNC1*X2)
517 VT=0.0D-000
VT1=0.0D-000
VTLS=0.0D-000
RNLS=1.0D-000
VT=VTO0*DEXP(-RNT*X2)
VT=VT+VT1*DEXP(-RNT1*X2)
VLS=VTLS*DEXP(-RNLS*X?2)
518 UC=VC/Al
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UT=VT/Al
ULS=VLS/Al
GGG=UT*A5*Y-(SK-6.0D-000/X**2-AKK/X-UC+2.0D-
000*UT+3.0D-000*ULS)*Z
END
SUBROUTINE WH(X,L,SK,GK,WHI)
| s BRIYUCIIEHUE GYHKIIAM YUTTEKEPA ## ks
USE MSIMSL
IMPLICIT REAL(8) (A-Z)
INTEGER LL,N
DIMENSION V(0:10000)
S=DSQRT(ABS(SK))
A=GK/S
C=X*$%2.0D-000
H=0.025D-000
N=1000
7=1.0D-000+A+L
GAM=DGAMMA(Z)
DO 1=0,N
T=H*I
V(D=T**(A+L)*(1.0D-000+T/C)**(L-A)*DEXP(-T)
ENDDO
CALL SIMP(V,N,H,SIM)
WHI=SIM*DEXP(-C/2.0D-000)/(C**A*GAM)
END
SUBROUTINE SIMP(V,N,H,SIM)
| ##+ BRIUUCJIEHUE MHTETPAJIA TIO CUMIICOHY #3#55
IMPLICIT REAL(8) (A-Z)
INTEGER LJ,N
DIMENSION V/(0:10240000)
A=0.0D-000
B=0.0D-000
DO I=1,N-1,2
B=B+V(I)
ENDDO
DO J=2,N-2,2
A=A+V(J)
ENDDO
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SIM=H*(V(0)+V(N)+2.0D-000*A+4.0D-000*B)/3.0D-000

END

IIpuBeneM Tenepb pe3ynbTaThl KOHTPOJIBHOTO CUETa M0 3TOU

TIporpamMe JUIs SHepruu cesisu p H kanana B siape “He.

RM =; RZ =2.309639187164775

R
6.000000000000000
7.500000000000000
9.000000000000000
10.500000000000000
12.000000000000000
13.500000000000000
15.000000000000000
16.500000000000000
18.000000000000000
19.500000000000000
21.000000000000000
22.500000000000000
24.000000000000000
25.500000000000000
27.000000000000000
28.500000000000000
30.000000000000000

=-5.493422997763330
2.199175742923810
Co Cy

2.108829540672415 2.341793386940938
2.088396465514913 2.343607004907760
2.070023546354534 2.343511848975147
2.054295704663911 2.343370842937528
2.040588780079856 2.343245659338593
2.028449199266205 2.343133025615703
2.017557913053552 2.343027677018625
2.007677126625683 2.342918357760091
1.998606552298930 2.342770340839004
1.990113589166608 2.342463674110082
1.981737079100303 2.341573198901537
1.972122497030794 2.338583993214560
1.956679914053907 2.328093521748313
1.919272678924071 2.290836890210508

1.802684922433878
1.403669940997609

2.158135768878121
1.685224742879147

5.063721166260660E-6 6.095868931628088E-6

Bunno, uro B obnactu 3HaueHui 6 +~ 21 dm acuMmrornye-
ckas koHctaHTa C,, UMeeT cTa0mibHy Bennuuny 2.33(1), korto-
pas mpakThuecku He oTimdaercs oT KPM pesynsraToB. OmHako
nocine 25 ®m BO CC HaunHaeT pe3ko cranaTh M0 CPaBHEHHIO CO
CBOEH aCUMITOTHUKOM, U BEIMUYMHA 3apsS0BOr0 pajuyca Moiyda-
ercst HeckoJibko MeHbIle KPM pe3ynbTaToB.

3HaYeHHUE PHEPTUH CBS3H IOJIHOCTRHIO coBmamaer ¢ KPM pe-
3ynbTatamu -5.4934230 M»aB u tonsko Ha 0.2 5B Gonbiie Bapua-
IMMOHHOTO 3HadeHUs -5.4934228 M»1B. Kak BuUmHO U3 3THX pe-
3yJIbTaTOB OTMIMCAHHBIM METOJ MOUCKA YHEPTHH CBSI3U MTOJIHOCTHIO
pabotocniocobeH, a cueTHOe Bpemsi Ha Komnbiotepe P4D na 2.8
I'T cocraBmnsier oxono 10 c.
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3aknroyeHue

Taxum oGpa3soM, pacuetsl S - dakropa p°H pagmarmonHOro
3axBata ans E1 nepexona npu sHepruu 10 10 k3B, BeImonHEHHBIE
HaMu OKoJjio 15 meT Hazan [29], korma mis S - pakTopoB HaM OBI-
JIM M3BECTHBI TOJILKO SKCIEPUMEHTANbHBIC AaHHBIE Bhie 150 +
200 k3B, xopomio corimacyroTcs ¢ HOBBIMH NAaHHBIMH U3 padoT

[66,67] B obmactu ot 10 + 20 mo 150 + 200 x3B. Ilpuyem 310
otHocuTcesa M K moteHImanry OC u3 1ab6n.3.1, 1 K B3aUMOJACHCT-
BHIO ¢ mapamerpamu (3.2). Pesynbratel S, - dakTopoB Uit 3THX
MOTEHIMAJIOB, NonydyeHHele Hke 10 k3B (puc.3.1), yknanpiBa-
FOTCSI B TIOJIOCY OITHUOOK paboThl [68] M TEeMOHCTPHUPYIOT OIpee-

JIEHHYIO TEHICHITUIO K TTOCTOSHCTBY S - dakTopa B obmactu 1 =+ 3
K3B.

HecMoTtps Ha MMeEHOIIYIOCS HEONpPEIeICHHOCTh BKiaga M1
mporiecca, KOTopasl CyIeCTBYET M3-3a OMIMOOK M HEOTHO3HAYHO-
et S - (a3 paccesHus, IPeaIoKeHHbIH B Tabm.3.1 cMemaHHbIi
1o cxemam FOHra noTennman paccesnus B °S - BOJIHE BIIOJIHE MO-
3BOJISICT TIOJYYHUTh Pa3yMHYIO BEIIMYMHY acTpoundeckoro S -
(hakTOpa MarHUTHOI'O Iepexoaa B 00JacTU Majbix dHepruit. [Tpu
9TOM BEJUYMHA MOJHOTO S - (hakTopa XOPOIIO COTIIACyeTcsl CO
BCEMH M3BECTHBIMU 3KCIICPUMEHTAITBHBIMH H3MEPEHUSIMHE TIPH 2.5
k3B + 10 M»sB.

B pesynbrare, IIKM ocHOBaHHas Ha MEXKKIJIACTEPHBIX IIO-
TEHIHalIaX, COTJIACOBAHHBIX B IEJIOM C (ha3zaMu yIpyroro pacces-
Hus u xapaktepuctukamu OC, misg KoTopeix cTpykTypa 3C ompe-
nensiercss Ha ocHoBe knaccuukarnmu CC 1mo opOUTabHBIM CXe-
MaMm FOHra, u mapamerpamu, npeaioxeHHbIME 15 et Hazaz [29],
MO3BOJISICT MPABUIIBHO OMKCATh acTpodu3uueckuii S - dhakTop BO
BCEH PaCCMOTPEHHOM 00JIaCTH PHEPTHUH.
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4. NMPOLECC p°’H 3AXBATA

Process of the p*H capture

BeedeHue

[Iponomxkasa u3yueHne TepMOsSIEpHbIX peakuui [59] Ha oc-
HOBE MOTECHIUAILHON KJIACTEPHOW MOJEIH C pa3lieleHreM opOu-
TaTbHBIX COCTOSHUU 1Mo cxeMam lOnra [94] paccMoTpuM BO3-
MOYKHOCTh OIMCaHUsl acTpodu3myeckoro S - (akropa paguaru-
onHoro p’H 3axBara npu 3ueprusx 10 1 k3B. Dra peaxius npes-
CTaBJISIET OMpPEJICTIEHHBIA UHTEPEC, KAK C TEOPETUUECKOH, TaK U C
9KCIIEPUMEHTAIBHON TOYKH 3PEHUS IJIS TIOHUMAaHUS B HEIOM TH-
HaMHKH (QOTOSICPHBIX MPOLECCOB C JETYalIINMKI aTOMHBIMU S]1-
pamu npu HU3KUX 3Heprusx. [loatromy nmpopomkaroTcs 3KCHepu-
MEHTAJIbHBIE WCCIIEZIOBAHUS 3TOM peakluy W CPaBHHUTEIHHO He-
JaBHO OBUIM MOJTyYeHbI HOBBIC JIAaHHbIE JJIS TOJHBIX CEYEHUH pa-
muammonHoro p H 3axBata U acTpodusmueckoro S - daxropa B
obmactu snHepruii or 50 k3B 10 5 MaB u npu 12 u 39 k3B
(c.m.m.).

Ota peakiusi, BO3MOXKHO, Urpajla ONpEAeNICHHYI0 pOJIb Ha
JI03BE3AHOU cTanuu pa3BuTus Becenennoit [2], koraa, npu Temie-
patype mopsiaka 10° K, cTAHOBHIIHCH BOBMOYKHBI CIEIYIOIINE Pe-
aKkIWu (MepBUYHBIN HYKIEOCHHTES)

p+n—’H+7,
“H+p— " He+7,
’H+’H > He +n ,
‘H+’H—’H+p ,
3H+p—>3He+n ,
He+n—"H+p ,
CH+p—‘He+7 ,
.3He+n—>4He+y,
’H+°H— “He +n ,
10.°’H+*H — ‘He +7 .
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JlaHHas cuTyalusi MOTJIa pPeaan30BaThCs MPU BPEMEHH JKU3-
Hi Beenennoii mopsiaka 107 ¢., KOrja 9uCiIo IPOTOHOB M HEHTPO-
HOB OBUIO COIMOCTaBMMO — mpuMepHO (.2 HEHTPOHOB OT YHUCIA
npotoHoB [2,3,7,8]. Ilocnennss peakuus NelO mpoTexaeT ¢ OTHO-
CUTEJIbHO MaJioil BEpOATHOCTHIO, MOCKOJIbKY E1 mpolecc 3ampe-
IIeH TpaBUIaMH OTOOpa MO HM30CIHHY, KOTOPBIE MPHUBOIAT K

MHO>KHUTEIIIO Z—;+(—1)J Z—i npu J = 1, KOTOpBIH ompenemser
my n;

BeIpaskeHHs (2.5), a BeposATHOCTH £2 mepexoqoB 0OBIYHO HA TOJI-

TOpA - IBa MOPSAKA MEHBITE [36].

[Ipumepro x 200 c. [3] snoxa NepBUYHOrO HYKJIECOCHHTE3A
3aKaHYMBAETCS — MPAKTUYECKH BCE HEUTPOHBI OKa3bIBAIOTCA CBS-
3amEl B Anapa ‘He, KOTOpEIX oTHOCHTENbHO simep 'H okaspiBaeTcs
npuMepHo 25%. OtHOcHTenbHOE copeprkanne “H 1 “He HaxomsT-
cst mpuMepHo Ha yposHe 107 ot 'H [3].

Ilepeitnem Tenepb K HEMOCPEICTBEHHOMY PACCMOTPEHHUIO
actpodusmaeckoro S - dakropa pagmammonHoro p H 3axBata B
MOTEHIUAIBHON KIaCTepHON MOJENU NPH CBEPXHU3KHUX SHEPIH-
sx. IToctpouM BHavanme MOTEHIMANbl MEKKIACTEPHOIO B3anMMO-
JEeHCTBUS 7Sl IIPOLIECCOB PACCESIHUSA U CBSA3aHHBIX COCTOSIHUI M
HpUBEEeM UX Kiaccudukarmio mo cxemam FOHra.

4.1 NlomeHyuanbi u ¢hasbi
paccesiHusi

Cucrema p3H SIBJISIETCSI CMEILIAHHOM MO M30CHHUHY, TaK Kak
uMeeT npoeknuto 7, = 0, a 3HAYUT BO3MOKHBI 3HAYCHHSI TTOJTHOTO
u3zocnuHa 7 = 0 u 1. B 3T0i1 cucteMe TPUIUIETHBIE U CUHIJICTHBIC
(a3pl, a 3HAYMUT, U MOTEHIMAIBI d(H(OEKTHBHO 3aBUCAT OT JBYX
3HaYeHMH u3ocnuHA. CMEmMBaHUE 110 HW30CIHUHY IMPUBOAHUT K
CMCITUBAHUIO OPOWTAIBHBIX MEXKKIACTEPHBIX COCTOSHUU I10
cxemaM IOnra. B wacTHOCTH, M3BECTHO, YTO B CHHIJICTHOM CIIH-
HOBOM COCTOSIHUH paspelicHbl IBe opOuTambHble cxeMbl FOHTa
{31} u {4} [94]. B pabotax [94,96] OblIO TOKa3aHO, YTO CMeE-
IIAHHBIC TI0 M30CIUHY CHHIJICTHBIC (a3bl p3H paccesiHusL MOTYT
OBITH TPEJCTABIIECHBI B BUJC MOJYCYMMBI YHCTBIX MO H30CIUHY
CHHTJICTHBIX (ha3
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SIT=IHT=0 - 28Tl 4 172810 | 4.1)

YTO SKBUBAJICHTHO CIICAYIOIICH 3anucu i (a3 paccessHUs ¢ yKa-
3agueM cxeM FOnra:

B = 1728P1 4+ 128 .

UYucteie dazbl co cxemoit FOnra {31} coorBerctByror 7 = 1,
a dassl ¢ {4} mocmuny T = 0. [Tockomnbky cucrema p He mpu 7T, =
1 sBRsieTCss YUCTOM 10 M3octuHy ¢ 7 = 1, To u3 BeipakeHus (4.1),
Ha OCHOBE M3BECTHBIX YHCTHIX (pa3 paccesnus ¢ T = 1 B p°He cuc-
teme [97-99] u cmemannpix p’H da3 ¢ msocmmom 7 = 0 u 1
[103-105] BBILACIAIOTCS YHCTHIE MO M30cmuHy (as3sl p°H pacces-
Hus ¢ T =0 ¥ Ha UX OCHOBE CTPOATCSI COOTBETCTBYIOIIUE YUCTHIC
MOTECHIIUAIEI p3H B3aumozercTBus [96]. B TakoM moaxoze mpen-
ToJTaraeTcsi, 4to urcThie passl ¢ m3ocmuaoM T = 1 B p°H cucreme
MOJKHO corocTaBuTh (azam ¢ T = 1 B p’He kanae.

JIJis BBITIOTHEHUS PacyeToB (DOTOSIEPHBIX MPOIIECCOB B pac-
CMaTpPUBAaEMOM CHCTEME AJIEpHAsl YacTh MEXKJIACTEPHOTO MOTEH-
nuana p°H u p’He B3anmozeiicTuii npeactapnsercs B Buue (2.7)
C TOYCYHBIM KYJIOHOBCKUM WieHOM. [loTeHIMAaN KaXIoi mapiiu-
aNbHON BOJHBI, KaK [UIsl Mpemblaymieil cucteMsl p H, cTpomcs
TakK, 4TOOBI MPaBWJIBHO OMHMCHIBATH COOTBETCTBYIOIIYIO MapIH-
anbHy1o (hazy ynpyroro paccesHus [95].

B pesysbTate OBUIM MONyYeHbI MOTEHIHANbI p°He B3amMo-
JICUCTBUN JIsl POILECCOB YIPYTOTO PacCesHUsl YHUCThIE MO M30-
ciuay ¢ 7 = 1, mapaMmeTpsl KOTOPBIX TPHUBEIEHBI B TaOm.4.1
[94,96]. Cunraetnas umcTas Mo M30cmuHy S - ¢aza ympyroro
p’He paccesHus, NCIIOIB30BAHHAs B AANbHEHIIEM [UTS IOTyYEHUs
currnetHsix p°H ¢a3 ¢ usocrmuom T = 0, moKa3aHa HEMpepbIB-
HOH nuHuel Ha puc.4.la BMecTe ¢ SKCHEPUMEHTAIbHBIMHU J1aH-
HBIMH U3 padot [97,98,99].

Tabi.4.1. CunrieTHble MOTeHIMANBI Buaa (2.7) nis p3 He
paccesHus, YucThle o u3ocnuny ¢ 7' =1 [94,96].

Cucrema | L | Vo,MoB | o, dm> | Vi, MaB | v, dm’
pHe | 'S | -110.0 0.37 +45.0 0.67
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Puc.4.1a. Cunrnernas 'S - dasa ynpyroro p°He paccestHus.

DKcriepuMeHTAIbHBIC NaHHbIe: [97] — Toukn, [98] — kBaapaTsr , [99] —
TPEYTOILHUKU

[MockoybKy MMeeTCsl HECKOJIbKO Pa3lIMYHBIX BapHaHTOB (ha-
30BBIX AHATH30B yIOpyroro p'He paccesHus, HampuMep,
[97,98,99], TO I CHHIJIETHOM 1P1 - U TPUIUICTHOU 3P1 - BOJIH,
rmapaMeTphl MIOTEHITHaNa, IPUBEACHABIC B Ta01.4.1, momoupamichk
TaK, YTOObI MOJYYHTH ONPEACICHHBIA KOMIPOMHUCC MEXIY pas-
HBIMH pe3ynbraTamu. Ha puc.4.10 HempepwsIBHOW JIMHHEH mpen-
cTaBieHa TpHILIeTHas 'P; - dasa ynpyroro p He paccestaus ¢ T =
1, ucronp3oBaHHas Jajee B Hamux pacuerax E1 mepexoga Ha
ocHOBHOE cocrostHue aapa ‘He B p’H xanane ¢ T = 0, u skcnepu-
MEHTalIbHBIC JaHHbBIe padoT [97,98,99,100,101,102].

CuHrieTHas cMemIaHHas 1Mo M30CIuHy U cxemam lOnra § -
dasa ynpyroro p’H paccesnus, ompenenseMas U3 SKCIEPUMEH-
TanbHBIX AU QepeHIMATHHBIX CEUSHUH U UCTIOIb30BaHHAS J1ajiee
Ut omydeHust 9ucTeix p°H das, mis morenmuana Buma (2.8) ¢
napamerpamu Vo= -50 MaB u o = 0.2 ®M moKa3aHa HermpephiB-
HOW JHHHEH Ha puc.4.2 BMECTE C IKCIEPUMEHTAIFHBIMU TaHHBI-
mu pabor [103,104,105].
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DKcnepuMeHTaNIbHbIC NanHbIe: [97] — Toukw, [98] — kBaapatsr , [100] —
TpeyroabHukd, [101] — kpyxku, [99] — oTkpbITHIE KBagpathl, [102] — oT-
KPBITBIC TPEYTOJIHHHUKH.
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Puc.4.2. Cunriernas 'S - hasa ynpyroro p°H paccesrus.
DkcnepuMenTanbhble ganueie: [103] — Touku, [104] — kBagpatsr, [105] —
TPEYrOJbHUKH.
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Puc.4.3. Cunrnersas unctas no cxemam FOwura 'S - dasa ynpyroro p’H
paccesiHusL.

Hanee, ucronb3ys Beipakenue (4.1), mrst auctoro ¢ 7 = 0
p3H norenuuana (2.8) B IS - Bonne GbuIM HaWJCHBI CICAYIOIINE
napameTpsI [96]:

Vo=-63.1 MoBuo=0.17 dm?> . 4.2)

Ha puc.4.3 Toukamu noka3zaHa uuctas no cxeme IOHra
cuHrneTHas 'S - dasa ynpyroro p H paccesiHus, a HEIpepbIBHOI
JTUHUEH TIPUBEACHBI PE3yNIbTaThl pacueTa 3TOH (a3wl ¢ MOTCH-
ruanioM (4.2). Tlony4eHHble, TakuM 00pa3oM, YUCTHIE MO CXEME
Onra BzaumMoneicTBHSI MOXKHO UCIOJB30BATh ISl PACUETOB pas-
JTUIHBIX XapaKTePUCTHUK CBI3aHHOTO OCHOBHOTO COCTOSTHHSI ‘He B
p3H kaHayne. CTENeHb COrjlacusl MOJIYyYaeMbIX MPU 3TOM PE3yiib-
tatoB juist CC ¢ AKCIIEPUMEHTOM OYJET TeNeph 3aBHCETh TOJIBKO
OT CTETCHHW KJIacTepU3allK ITaHHOTO sapa B paccMaTpUBaeMOM
KaHaje.

[Mony4yennsiii B [96] noTeHman Bzaumozaeiictaus (4.2) B 11e-
JIOM TIPaBHJIFHO OIHMCHIBACT KAaHAIBHYIO DHEPTHIO CBS3H p3H CHC-
TeMbl (C TOYHOCTBIO JIO HECKOJbKUX K3B) M cpenHekBagpaThy-
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HbIi paguyc sapa “He [96]. C 9THMH MOTSHIHATOM OBLIN BBITION-
HEHBI pacyeThl quddepeHInanbHbIX [94] U MONHBIX CEUCHHUI pa-
muamuonHoro p°H 3axBata, u actpodusmueckux S - (GakTopos
npu sHeprusx ao 10 k3B [96]. CnenyeT oTMeTUTH, YTO Ha TOT
MOMEHT HaM OBLIH W3BECTHBI SKCIIEPHMEHTAIbHbIE TAaHHBIE TI0 S -
(akTopy Tosbko B obact sHepruit Beime 700 <+ 800 k3B [106].

CpaBHUTENBFHO HENABHO TMOSBUIINCH HOBBIE OJKCIIEPHMEH-
TaJlbHbIE AaHHbIE TpU dHeprusax oT 50 k3B mo 5 M»aB [107] n 12
u 36 k3B [108]. IloaTOMy, npencTaBiseTcss HHTEPECHBIM BBIsSC-
HUTBH — criocoOHa i [IKM, ¢ mory4eHHBIMA paHee CHHTIICTHBIM
'P - NOTEHIMATIOM M YTOUHEHHBIM B3aHMOJCHCTBHEM OCHOBHOIO
'S - cocrosmus smpa ‘He, ommcaTs 5TH HOBBIE, Golee TOUHBIE,
JAaHHBIE.

Hamu mpenBapurtensabie pe3ynbTaTsl [109] mokazamu, 9To
Ut pacueToB S - ¢akTopa mpu SHEPrusx nopsaka 1 kaB HyxkHO
BBITIOJIHUTH TE€ )K€ YCJIOBHS, KaK B sz cucreMe [69], koTopsie
00CyXIalIMCh B TIPEABIAYIIEM pa3/ielie U, B TIEPBYIO OYepeib, Mo-
BBICUTH TOUHOCTb HAXOXKIECHHS SHepruu cBsasu 'He B p’H xaHare.
Hcnonp3ys HOBBIE, U3MEHEHHBIE MPOrPaMMBbl, OBLIH yTOYHEHBI
mapaMeTphl MOTEHIMANA OCHOBHOTO COCTOSIHMSA p H cHCTEeMbl B
sape *He (cM. Ta6m.4.2), KOTOPbIE OTIHYAIOTCS OT MPHBEICHHBIX
B pabote [96] npumepHo Ha 0.2 MaB.

Tab6m.4.2. Ynctsie mo mzocnuny ¢ 7 = 0 morennuansl Buaa (2.8)
JUIsS p3H [96] B3amMoOaEeHCTBYM B CHHIJICTHOM KaHalIe.
3neck E.. — BEIYUCIICHHAS SHEPTUS CBA3aHHOTO COCTOSHUSL, Foyep,
— €€ dKCIIEpUMEeHTalIbHOE 3HaYeHue [71].

Cue- |} V,, MaB % 1 E.,MdB | Eye , MaB

TeMa dm

SH s | -62.906841138 | 0.17 |-19.81381000 | -19.813810
'p +8.0 0.03 — —

B ocHOBHOM, 3TO OTIIMYKE CBS3aHO C UCIOJIB30BAaHUEM B HO-
BBIX pacdeTax 6ojee TOYHBIX 3Ha4YeHMH Macc dactui p u “H [35]
1 Goslee TOYHOM ONMUCAHHH SHepruu cBssu sapa ‘He B p°H kaHa-
ne. JIns 5Tol 3HEpPruM Ha OCHOBE YTOYHEHHBIX 3HAYEHUH Macc
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gactu1l [35] momydeno 3Hauenue -19.813810 M»B, a pacuer ¢
paccMaTpuBaeMbIM 37€Ch TOTEHIMAIIOM [aeT BeIHYUHY -
19.81381000 M»>B. To4yHOCTH OmpeAeneH!s] YUCIEHHOIO 3Haye-
HUS SHEPTrUU B TaKOM IMOTEHIMAJE MO Halled MporpaMMme, OCHO-
BaHHOH Ha KOHEYHO - pa3HOCTHOM MeTone [24], cocTaBiseT 10°®
M>sB.

[ToBeneHne «XBOCTa» BONHOBOHM (DYHKIIMHM CBSI3aHHOTO CO-
crostuust p°H cHCTeMbl Ha GONBIINX PAcCTOSHUAX MPOBEPSIIACK
mo acuMmnrorTndeckoi korcranre (2.10) [37,110], koTopas Ha WH-
tepBaie 5 + 10 ®m okazamace paBHa C,, = 4.52(1). [IpuBeneHHas
OIMOKa aCUMNTOTUYECKON KOHCTAHTHI, KaK M paHee, OMpeens-
€TCsl ee YCPETHEHUEM IO YKa3aHHOMY BBIILLIE HHTEpBaly. M3Bect-
HBIE PE3YJIbTAThI MO W3BJIEUYEHUIO ACHMIITOTHYECKOW KOHCTAHTHI
3 SKCTIEPHMEHTANbHBIX JAHHBIX JAKOT I p°H KaHana 3HaueHue
5.16(13) [37]. JIns aCHMITOTHYECKON KOHCTAHTEI n’He cucremsl
B pabote [37] nonyueHa ennumnna S5.1(4), KoTopast oueHb OIK3Ka
K KoHcTaHTe p H KaHalIa.

B Toxe Bpewms, B pabotax [110] m1s koucTanTsl n°He cucre-
MBI IPUBOJIUTCSA 3HaUeHue 4.1, a s p3H BenuunHa 4.0. Cpennee
Me)K/1y HIMH BITOJIHE COTJIACYeTCs C HalTUMHU pe3yiapTaTamu. Kak
BUJHO, CYIIECTBYET TOBOJBHO OOJIBIIOE pPa3iu4HMe MAHHBIX IO
aCHMIITOTHYCCKAM KOHcTaHTaM. JIisi cuctembl n°He BennumHa
KOHCTaHThl HaxonutTcs B unTepBane 4.1 + 5.5, a qis p3H KaHania
MOKET, O-BUAUMOMY, NPUHUMATh 3HAYCHUS, MPUMEPHO, OT 4.0
Io 5.3.

st 3apsimoBoro pagmyca siapa “He momydeno 1.73 ®wm, mpu
paauycax tputug 1.63 ®dwm [70] u nporona 0.877 ®dm. [35], n
3KCHEpHMEHTAFHOM 3HaueHuH paauyca ‘He 1.671(14) Om [71]
(cM. Ta011.3.2).

A MOmOMHUTENBHOTO KOHTPOJST TOYHOCTHU OMPEACICHUS
sHepruu cBsi3u B § - noreHnmane CC u3 tabn.4.2, UCrnoab30Bayics
BapHAIMOHHBI METOJ[ C Pa3j0XEHHEM BOJHOBOH (YHKIMH IIO
HEOPTOTOHATBHOMY TayCcCOBY 0a3ncCy, KOTOPBIHA MPH Pa3MEPHOCTH
Oaszuca 10, 1 He3aBHCHMOM BapbHUPOBAaHUH MapamMeTpoB [24], mo-
3BOJIMJI TTOJTYIUTH dHEPTHIO CBs3u -19.81380998 M»aB. Acumrmro-
tryeckast koucranta Cy, (2.10) BapuaninoOHHOW BOJTHOBOH (DyHK-
MU Ha paccTosHUAX 5 + 10 @M coxpansiack Ha ypoBHE 4.52(2),
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a BENMYMHA HEBS30K He mpesbimana 107 [24]. BapuamnonHbie
mapaMeTpbl ¥ KO3(hQHUIIMEHTHI Pa3IoKeHUS MEKKIACTEPHON pa-
JIMATEHOM BOTHOBOM (pyHKIIMU, nMetomeit Bun (2.9), mpuBeaeHbI
B TabOum. 4.3.

Ta61.4.3. Bapuannonssie mapamMeTpsl U K03QpHUIreHTHI
pasnoxenus paguanbHoi BO cBsi3aHHOTO COCTOSHUS p3H
cucTeMbl s 'S - noreHunuana u3 tadn.4.2.
HopmupoBka pyHKIHMU ¢ 3TUMH KO3 UITUCHTaMU
Ha uaTepBaie 0 + 25 ®wm paBHa N = 0. 9999999998.

i Bi G
1 3.775399682294165E-002 -3.553662130779118E-003
2 7.390030511120065E-002 -4.689092850709087E-002
3 1.377393687979590E-001 -1.893147614352133E-001
4 2.427238748079469E-001 -3.619752356073335E-001
5 4.021993911220914E-001 -1.988757841748206E-001
6 1.780153251456691E+000 5.556224701527299E-003
7 5.459871888661887E+000 3.092889292994009E-003
8 1.921317723809205E+001 1.819890982631486E-003
9 8.416117121198026E+001 1.040709526875803E-003
10 5.603939880318445E+002 5.559240350868498E-004

Kax yxe roBopusiock B MpeAbIAYIIEM pasfelie, BapHallloH-
Hasl DHEPTUS NPH YBEITNYCHNN Pa3MEpHOCTH 0a3rca yMEHbIIaeTCs
U JJaeT BEPXHUM Mpeaen UCTUHHOM PHEPTHU CBSI3H, a KOHEUHO -
pa3HOCTHAs PHEPrusl MPU YMEHBIICHUN BEJIMYUHBI 11ara U yBEJIu-
YeHWH YHCIIa aroB ypenunuuBaercs [24]. [loaTomy i peanbHOU
SHEPTUH CBSA3HM B TAKOM MOTEHIMAJIEé MOKHO IMPUHATH CPEIHION0
MEXIy 3TUMHU 3Ha4YeHUsAMH BennuuHy -19.81380999(1) MbsB.
[Ipu sToM ommbKa omnpeaeneHus] SHEPTUHU CBSA3U B 3aJaHHOM II0-
TEHIHalIe TBYMsI MCIIOIb30BAHHBIMH BBIIIIE METOJaMH M Ha OCHO-
BE€ JIBYX Pa3HBIX KOMIIBIOTEPHBIX MporpamMM coctarisiet £0.01 »B.

W3 mpuBeneHHBIX pe3yNbTaTOB BUIHO, YTO MPOCTas IBYX-
k1acTepHas p°H Mogenb ¢ KIaccH(HKALUel OpOUTAIBHBIX CO-
cTosgHUN 1o cxemaMm FOHTa MO3BOJISET MOMYYHUTH BIIOJHE Pa3yM-
HBIC 3HAYEHHA JJIS TAKUX XapaKTEPUCTHK CBSI3aHHOTO COCTOSIHHSA
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sapa ‘He, kaK 3aps0BbIe Paguychl X aCHMITOTHYECKUE KOHCTAH-
TBI. OTH pe3yJabTaThl MOTYT CBHIETEIHCTBOBATH B IOJIB3Y CPaB-
HHUTENBHO GONBIION CTEMEHH KIACTEPH3AIMU 3TOro sapa B p H
ka"an. [losTomy, Takas MoOJenb BIOJHE MOXKET MPUBECTU K pa-
3YMHBIM pPe3yJbTaTaM MPH BBIYUCIEHUH acTpopu3ndeckux S -
(akTOpoB B 00JIACTH HU3KUX DHEPTHUH, K PACCMOTPEHUIO KOTOPBIX
MBI ceifluac mepexoaunm.

4.2 Acmpogpusudeckuli S - hakmop

Panee B pabote [96] Ha OCHOBe MOTEHIMATBHOMN KIACTEPHON
MOJIENT BBIMOHSIIMCH PACUETHI MOJMHBIX CEYCHUH U acTpodu3u-
deckoro S - (akTopa mpomecca paguanpoHHOro p°H 3axBara u
CYMTAJIOCh, YTO OCHOBHOWM BKJIaJ B ceucHUs E£1 poTopa3Bana sapa
“He B p’H kaHa1 WK paauaruoHHoro p H 3axBaTa JaloT mepexo-
Ibl ¢ u3mMeHeHrneM usocnimHa A7 = 1 [111]. IToatomy B pacderax
HY)KHO MCIIONB30BaTh P, - moTeHIman mis p He paccesHus B
YUCTOM MO U30cnuHy (T = 1) CUHITIETHOM COCTOSIHUM 3TOW CHC-
TeMBI 1 'S - MOTEHIHA 15t OCHOBHOTO YHCTOTO 110 H30CIHHY ¢ T
= () cBA3aHHOrO cocrostHus sapa ‘He B p°H kanane [96].

Hcrnone3ys 3T TpeNCTaBieHUs, OBUTH 3aHOBO BBITIOTHEHBI
pacuetsl E1 mepexona ¢ yTOYHEHHBIM MOTEHIIMAIOM OCHOBHOIO
cocrosirus ‘He (cm. Tabm.4.2) [112]. Pe3ynabTarhl 3TUX pacuyeToB
acTpodusndeckoro S - ¢akropa mpu dHeprusx 10 1 k3B mpuse-
neHbl Ha puc.4.4a u puc.4.40 HenpephIBHOW ymHKMEH. [Ipu sHEP-
rusx 10 10 k3B mosrydeHHbIe pe3ynbTaThl MPAKTUICCKH HE OTIIH-
YalOTCs OT HAIIMX MPEXHUX Pe3yJIbTaTOB, MPUBEACHHBIX B pado-
Te [96].

HoBele »KkcnepuMeHTaNbHBIC MJaHHBIE B3SATHI W3 padoT
[107,108] u, xpome TOro, JOMOTHUTEIHHO HCIOJIB30BAHBI HEU3-
BECTHBIC HaM paHee NaHHble U3 paboTsl [113]. 13 pucyHKOB BHI-
HO, YTO pacyeThl, CACTaHHbIe HAMU OKOJIO 15 JeT Ha3zan, XOpOoIIo
BOCTIPOM3BOJIAT HOBBIC JAaHHBIC IO S - (aKTOpy, MOITYYCHHBIC B
pab6ore [107] ipu sureprusx oT 50 k3B 10 5 MaB (c.m.m.).

OTH JaHHBIE UMEIOT 3aMETHO MEHBINYI0 HEOJHO3HAYHOCTh
mpu sHeprusx Boiiie 1 M»aB no cpaBHEHHUIO ¢ IPEXKHUMH PE3YIIb-
tatamu pabdot [106,114,115,116], u OGomee TOYHO OMPEHEIISIIOT
obrree noBesieHne S - (akTopa MpPH HU3KUX YHEPTUsX, MpaKTH4e-
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CKH COBMajasi ¢ paHHUMHU naHHBIMU [113] B obmactu 80 + 600
K3B.

*H(p,y)'He

102 10" 10°
E ,MaB

um’

Puc.4.4a. Actpodusuaeckuii S - pakTop paguammoHHOTO p3H 3axBara B

obnactu 1 k3B + 1 MaB.
JInaMS — pacyer ¢ IPUBEICHHBIM B TEKCTE MOTECHIHAIIOM.

Touku — mepecdeT MOJMHBIX ceueHui 3axaTa u3 [107], mpuBeIeHHBIX B
pab6ote [108], BepxHHE OTKPHITBIC TpeyToNbHUKH — [113], pomObI — [108],
HUKHHUH OTKPBITHIA TpeyrodbHuK — [106].
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100 L L | T T L B B A |

S, koB 6

10"

10° E . Ma3B 10"

um’

Puc.4.46. Actpodusmuueckuii S - pakTop paguanuoOHHOTO p3H 3axBara B
ob6mactu 1 + 10 M»aB.
JIunus — pacuer ¢ NPUBEACHHBIM B TEKCTE MOTEHIIMAIOM.

Touku — nepecyder NOMHBIX ceueHui 3axpata u3 [107], mpuBeIeHHBIX B
pabore [108], BepxHHii OTKPHITHIN TpeyroiabHUK — [113], kpyxku — [114],
OTKpBIThIC KBaapaThl — [115], kpectuku (X) — [116], HIWKHHE OTKPHITHIC
TpeyroabHuku — [106].
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Onepruu Boime 1 <+ 2 MaB uccnegoBanack Bo MHOTHX pabo-
Tax, MO3TOMY JJIsl CpaBHEHHS Ha puc.4.40 MBI IPUBOAUM 3TH pe-
3yJIBTaThl, KOTOPbIE IIOKa3bIBAIOT OOJBIIYIO HEOJHO3HAUYHOCTb
JKCIEPUMEHTAIBHBIX U3MEPEHUHl, BHIIIOJIHEHHBIX B PA3HOE BPEMs
U B pa3nuyHbIXx pabortax: [114] — kpyxku, [115] — oTkpbITEIE
kBaapatel, [116] — kpectuku (X), [106] — HIWKHHE OTKPBITHIC
TPEyTOJIbHUKH.

[Ipu sneprun 1 k3B BenuumHa S - dakTopa okaszagach paBHa
0.96 5B-0, a pe3ynbraTel pacyera mpu SHeprusix Meneie 50 k3B
JeXaT HeCKOJBKO HIDKE HOBBIX JAaHHBIX pabotel [108], rme s
S(0) momygeno 2.0(2) »B-6. 3ameTrM, 9TO TpoOCTast KCTPAIIOISI-
IIUs] UMEIOLIUXCS SKCIIEPUMEHTAIBHBIX IaHHBIX 110 TPEM IOCIeN-
HUM ToukaM pabot [107,113] x 1 k3B npuBOIUT K €ro 3HaUYCHHIO
npumepHo 0.6(3) 3B-0, T.e. B TpH pa3a MEHbIIIC BEIIMIUHBI, TIOTY-
yennoil B [108]. danusie pabotsl [108] comepxkarb cpaBHUTEINb-
HO OOJIBIIIYI0 OLIMOKY U, IO-BUAUMOMY, IOJJIEKAT YTOUHEHUIO B
JAJIbHEHIIIEM.

U3 puc.4.4a BugHO, 4TO S - PaKTOp NpPU CaMBIX HU3KHX
SHEPTHSIX, MPpUMEPHO B obmactu 1 + 3 k3B, MoYTH HE 3aBUCHUT OT
9HEPTuu. ITO AAaeT OCHOBAaHHE NPEATONIOKHUTD, YTO €r0 BEIMYNHA
IpU HYJIEBOH 3HEPIUM MPAKTHUUECKU HE OTIMYAETCS OT 3HAUYEHUS
mpu 1 ¥3B. IlosTomy pazmmane S - dpakxropa mpu 0 u 1 k3B, mo-
BHINMOMY, cocTaBuT He 6osree 0.05 2B-0 1 3Ty BEenHMUNHY MOKHO
CUMTaTh OMIMOKOW OmpeneNeHusl pacueTHoro S - Qaxropa mpu
HYJIEBOI SHEpPIHU.

4.3 BblyucneHue acmpoghu3u4ecKo20
S - gpakmopa

[IpuBeneM TeKCT KOMIBIOTEPHON MPOTPAMMBI TSI BEIYUCIIE-
HUs acTpodusndeckoro S - ¢akropa, CCUCHUU pPaTUAIIMOHHOTO
3axBata i ortopassana sapa ‘He B p’H KaHam U SHEPIUHU CBS3U B
JIByX4acTU4yHOM cucteme. IIporpamma ocHOBaHa Ha KOHEUYHO -
Pa3HOCTHOM METOJIe, MOAPOOHO OMUCAHHOM B [24]. 31ech JUIIb
KpaTKO MPUBEAEM KOHEYHO - Pa3HOCTHBIE METOJBI MOUCKA JHEP-
vy cBs3U U BO 15 CBSI3aHHBIX COCTOSHUM U MTPOIIECCOB paccesi-
HUSL.
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VYpasuenne lpeaunarepa [40] a1 1eHTPATBHBIX MTOTCHITHA-
JIOB

W'+ [K- V() Tu =0

C TeM WIM MHBIM TPAHHYHBIM yCIOBHeM mpH k° < 0 obGpasyer
KpaeByro 3aaauy tuna llltypma - JImyBuiis U npu repexoie BTo-
pO¥ MPOM3BOAHON K KOHEUHBIM pa3HoOCTsM [21,22,23]

W' = [tner - 2ttty /A

npeBpanaeTcss B 3aMKHYTYIO CHCTEMY JIMHEHHBIX anreOpande-

CKUX YpaBHCHUU. YCIIOBUE PaBEHCTBA HYNIO €€ JCTCPMHUHAHTa
Dy, ocTuraeMoe mpu HEKOTOPOM kg

6, 1 0 0
o, 6, 0 0
0 o, 6, 1 0 0
D, = =0,
0 . 0 0 ay,, 6,, 1
o . 00 0 a 6,

II03BOJIIET OIPEAEIUTh SHEPIHIO CBSA3U CUCTEMBI IBYX YacTHI k.
3nece N — 4ucno ypaBHEHUH, h = Ar/N — mar KOHEYHO -

Pa3HOCTHOU CeTKU, Ar — UHTEpBaJI PEUICHUSI CUCTEMBI, 1

o,=1, on=2, 0.= K°h* -2 - V.h*
On = Kh* - 2 - Voh* + 2hfM,L.Z,) , Z, = 2kr, ,
ro=nh n=12....N, k = ‘kz‘ ,

fM.L,Z,) = - k - 2kn/Z, - 2k(L - n)/Z,* ,
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rae V, = V(r,) — noTeHuuan B3auMOIEUCTBUS KIACTEPOB B TOUKE
P

Takast popma 3amucu TpaHUYHBIX ycioBuit f(n,L,Z,) mo3Bo-
JSIeT MPUONMKEHHO YYHTHIBATH KYJIOHOBCKOE B3aUMOJICHCTBHE,
T.¢. 3 (eKThI, KOTOpHIC JaeT ydeT B acuMnToTuke BD ¢dyHKImn
Yurrekepa (cM. [Ipunoxenue 3).

Bun norapudmmdeckoii nponsBogHoir BD Bo BHemHEH 00-
JAaCTH MOXKHO TIOJIYYUTh W3 WMHTETPAIBHOTO TPEICTaBICHUS
¢bynkuuu Yutrekepa [51]

fin.L,Z) =~k

_2§n_2k(L—n)S , \

22

rae

j M (Lt ) e d
0

S =
j A+t 7) e dt
0

Pacuetsl moka3bIBaloT, 4TO BenuuuHa S He npesbimaet 1.05,
U €¢ BIUSHUE Ha SHEPIUIO CBA3U JABYXYACTUYHOM CHUCTEMBI Ipe-
HEOPEKUMO MaJIo.

Boruncnenue Dy IpOBOIUTCS MO PEKYPPEHTHBIM (hopMyiamMm
BHA

D=0, Dyg=1,
Dn=enDn—l -0, Dy
n=1...N.

Jns HaxokaeHust (DOPMbI BOJTHOBBIX (DYHKITHI CBSI3aHHBIX
COCTOSIHUM MCTIOJIB3YETCSl APYTOil peKypPPEHTHBIN Mpoliecc

up=0 , uy =const ,
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U, = en—lun—l + Ol 1Un2
n=2...N ,

rJie const — MPOU3BOJIBHOE YMCII0, OOBIYHO 33J]JaBacMOE B 00JIaCTH
0.001 +0.1.

TeM cambiM, IIpH 3aJaHHON PHEPTUU CUCTEMBI YJAeTCs Haii-
TH JIETCPMHUHAHT U BOJHOBYIO (DYHKIIHIO CBSI3aHHOTO COCTOSIHUSI.
DHeprus, NpUBOAAIIAs K HYNIO IETepMUHAHTA

Dn(ko) =0

cunTaeTcsi COOCTBEHHOW PHEPrHel CHCTEMBbI, a BOJHOBas (yHK-
LUl TIPU 3TOM PHEPTUH — COOCTBEHHOW (QYHKLMEH 3a1aui.

[locnenHee pexkyppeHTHOE COOTHOLICHHME MCIHOJb3YyeTcs U
Ui iorucka B® B ciaydae HempephIBHOTO CHEKTPa COOCTBEHHBIX
3HAYCHHIl, T.e. IPU 3apaHee 3anaHHOI sHepruu (k> > 0) pacces-
HMS yacTul [24].

IlpuBeneM nanee TEKCT camMOll KOMIbIOTEPHOW MPOrpaMMBbl,
HanucanHo# Ha s3bike Fortran - 90. [losicHeHust mapaMeTpos, 3a-
JaBa€MbIX BEJIMYUH, HalpUMep, MOTEHIHAIOB U HAaUMEHOBAaHUE
BBIYMCIIUTEIBHBIX OJI0KOB IIPUBEIEHBI HEIIOCPEACTBEHHO B TEKCTE
MIPOrPaMMBI.

PROGRAM p3T_S

! IPOTPAMMA BBIYUCJIEHUS ACTPOOU3INYECKOTI'O S-
I®AKTOPA P°H 3BAXBATA

USE MSIMSL

IMPLICIT REAL(8) (A-Z)

INTEGER IILL,N,N3,ILNN,NV,NH,L1,L.2,N1,N2,IFUN,NS5,
MINI, IFAZ

DIMENSION EEE(0:1000)

COMMON /M/ V(0:10240000),U1(0:10240000),U(0:10240000)
COMMON /BB/ A2,R0,AK1,RCU

COMMON /AA/ SKS,L,GK,R,SSS,AKK,CC

COMMON /CC/ HK,IFUN,MINLIFAZ

COMMON /DD/ SS,AAK,GAM
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PR ox ok x k% [TJAPAMETPBI PACUETOB * * * % % & * % & % %

WFUN=0

RAD=1

FOTO=1

IFUN=0; ! Ecnmu = 0 Torma KRM, ecimn = 1 Torma RK

IFAZ=1;! Ecnu = 0 ¢a3a npocro = 0, eciixt = 1 - ¢pa3za BEIYHCIIA-

eTcs

MINI=0; ! Ecu = 0 ¢aza cuuraeTcs Ha TpaHuIle 00JacTH, €CIId =

1 mpoBoaMTCSI TOUCK (Pa3hI IO 3aJaHHOW TOYHOCTH

IF IFAZ==0)THEN

MINI=0

PRINT *,'ASSIMPTOTIC AT R ONLY !

END IF

Z1=1.0D-000

72=1.0D-000

7=71+72

AM1=1.00727646677D-000; ! MACCA P

AM?2=3.0155007134D-000; ! MACCA T

AM=AMI1+AM2

RK11=0.877D-000; ! P

RM11=0.877D-000; ! P

RK?22=1.63D-000; ! T

RM22=1.72D-000; ! T

PI=4.0D-000*DATAN(1.0D-000)

PM=AMI1*AM2/AM

A1=41.4686D-000

B1=2.0D-000*PM/A1

AK1=1.439975D-000*Z1*722*B1

GK=3.44476D-002*Z1*72*PM

N=1000; N3=N

RR=30.0D-000 ! Paccrostare B @M 11 onpeneacHuss BO

H=RR/N; H1=H; HK=H*H

SKN=-22.0D-000; HC=0.1D-000; SKV=1.0D-000

SKN=SKN*B1; SKV=SKV*B1; HC=HC*B1

NN=0; NH=1

NV=100 ! Yucno maros mo SHEpTUy NP BBHIYUCICHUU S - (dak-
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TOpa

EH=1.0D-003 ! Illar mo sHepruu npu BEIYUCICHUH S - GakTopa
EN=1.0D-003 ! HauanbHast SHeprus Npu BBIYHACICHUH S - (dak-
TOpa

EP=1.0D-015; ! AGcomoTHast TOYHOCTH TIOWCKA HYJIS
JeTepMUHAHTA U KyJTOHOBCKUX (PyHKITHI

EP1=1.D-008; ! AGcomoTHas TOYHOCTD MMOUCKA SHEPTHH CBS3H
EP2=1.0D-003; ! To4HOCTb ITOMCKA aCUMIITOTHYECKOM
KOHCTAHTBI B OTHOCHUTENBHBIX €IMHUIAX

EP3=1.0D-003; ! TouHOoCTh MOMCKa (a3 paccesHus B
OTHOCUTEIHHBIN ¢IUHUIIAX

V0=62.906841138D-000; ! P3H FOR RCU=0. R=1.73 C=4.51(1)
R0=0.17D-000

V1=0.0D-000

R1=1.0D-000

L=0

A2=-V0*B1

A33=V1*B1

VP=15.0D-000

RP=0.1D-000

Li=1

VD=V0

RD=R0

L2=2

AP=-VP*Bl1

AD=-VD*B1

RCU=0.0D-000

=1

CALL

MIN(EP,B1,SKN,SKV ,HC,H,N,L,A2,R0,AK1,RCU,GK,ESS,SK
S,A33,R1)

PRINT */ E N DEL-E'
EEE(IIT)=ESS

111 N=2*N

H=H/2.0D-000

T=I11+1
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CALL
MIN(EP,B1,SKN,SKV,HC,H,N,L,A2,R0,AK ,RCU,GK,ESS1,S
KS,A33,R1)
EEE(IIN=ESS1
EEPP=ABS(EEE(IIT))-ABS(EEE(III-1))
PRINT * EEE(IIT),N,EEPP
IF (ABS(EEPP)>EP1) GOTO 111
ESS=ESS1
PRINT * EEE(IIT),N,EEPP
12 FORMAT(1X,E19.12,2X,110,2X,3(E10.3,2X))
OPEN (25,FILE=E.DAT')
WRITE(25,*) ESS,SKS,N,H
CLOSE(25)
SK=SKS
SSS=DSQRT(ABS(SKS))
SS=SSS
AKK=GK/SSS
AAK=AKK
HK=H*H
77=1.0D-000+AAK+L
GAM=DGAMMA (ZZ)
333 CONTINUE
IF (IFUN==0) THEN
N1=N/4
ELSE
N1=N/8
END IF
NI1=N
IF (IFUN==0) THEN
CALL FUN(U,H,N1,A2,R0,A33,R1,L,RCU,AK1,SK)
ELSE
CALL FUNRK(U,N1,H,L,SK,A2,R0)
END IF
N2=1
N5=N1
Ni=1
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CALL ASSIM(U,H,N5,C0,CW0,CW,N1,EP2)
DO 1=0,N1
V(D=UD)*U(T)
ENDDO
CALL SIMP(V,H,N1,SII)
HN=1.0D-000/DSQRT(SII)
OPEN (24,FILE=FUN-WWW.DAT')
DO 1=0,N1
X=I*H
UD=U(D)*HN
ENDDO
CLOSE(24)
| # % % % ACUMITTOTUYECKUE KOHCTAHTBI * * * * * *
CALL ASSIM(U,H,N1,C0,CW0,CW,N1,EP2)
1 FORMAT(1X,4(E13.6,2X))
| # %% %% JJEPEHOPMHUPOBKA XBOCTA BD * * * # % # %
SQQ=DSQRT(2.0D-000*SS)
DO I=N1+1,N,N2
R=I*H
CC=2.0D-000*R*SS
CALL WHI(R,WWW)
UD=CW*WWW*SQQ
ENDDO
1122 CONTINUE
| %% %% %% JJOBTOPHASI HOPMHUPOBKA Bd * * * * *
DO I=1,N1
V(D=UD)*U(T)
ENDDO
DO I=N1+1,N,N2
V(D=UD)*U(T)
ENDDO
CALL SIMP(V,H,N,SIM)
HN=SIM
HN=1.0D-000/DSQRT(HN)
DO I=1,N
UD=U)*HN
ENDDO
DO I=N1+1,N,N2
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UD=U)*HN

ENDDO

| # % % ACUMIITTOTUUECKUE KOHCTAHTBI * #* # # * % *
CALL ASSIM(U,H,N,C0,CW0,CW,N,EP2)

IF (WFUN==0) GOTO 2233

OPEN (24,FILE=FUN.DAT')

WRITE(24,%) ' R U

PRINT *; R U

DO 1=0,N

X=H*]

PRINT 2,X,U(I)

WRITE(24,2) X,U(I)

ENDDO

CLOSE(24)

2233 CONTINUE

666 IF (RAD==0) GOTO 7733

OPEN (23,FILE=RAD.DAT')

WRITE(23,%)' E  SQRT(RM#**2)  SQRT(RZ**2)'
DO 1=0,N

X=I*H

V(D)=X*X*U1)*U(I)

ENDDO

CALL SIMP(V,H,N,RKV)

RM=AMI/AM*RM11%%¥2  +  AM2/AM*RM22*%2  +
((AM1*AM2)/AM##2)*RKV

RZ=Z1/Z*RK11%%2 + 72/7Z+RK22%%2 +
(Z1*AM2#%2+72% AM1#%2)/ AM*%2)/Z)*RKV

PRINT *,(RMA2)*1/2= ", DSQRT(RM)

PRINT *,(RZA2)*1/2="DSQRT(RZ)

PRINT */(RKVA2)*1/2 = . DSQRT(RKV)

WRITE(23,2) DSQRT(RM),DSQRT(RZ)

2 FORMAT(1X,2(E16.8,2X))

CLOSE(23)

7733 CONTINUE

PRINT *,/'CALCULATE CROSS SECTION ?'
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READ *

IF (FOTO==0) GOTO 9988

CALL

SFAC(EN,EH,NN,NV ,NH,B1,ESS,H,N,L.1,L.2, RCU,AD,AK1,A
P,P1,Z1,72,AM1,AM2,PM,RD,RP,GK,EP,EP3,N2)

9988 CONTINUE

END

SUBROUTINE ASSIM(U,H,N,C0,CW0,CW,LEP)

! IlogmporpamMma BBIYMCIIEHUS] ACHUMITTOTHYECKON KOHCTAHTBI
IMPLICIT REAL(S8) (A-Z)

INTEGER LL,N,J,N2

DIMENSION U(0:10240000)

COMMON /AA/ SKS,L,GK,R,SS,GGG,CC

N2=10

OPEN (22,FILE='ASIMP.DAT')

WRITE(22,*) ' R Co CWO0
CW'

SQQ=DSQRT(2.0D-000*SS)

PRINT * R Co CWO cwW'

IF (I==N) THEN
DO J=N/16,N,N/16
R=J*H
CC=2.0D-000*R*SS
CO=U(J)/DEXP(-SS*R)/SQQ
CW0=C0*CC**GGG
CALL WHI(R,WWW)
CW=UJ)WWW/SQQ
PRINT 1,R,CO,CWO0,CW,I
WRITE(22,1) R,C0,CW0,CW
ENDDO
ELSE
=N
R=I*H
CC=2.0D-000*R*SS
CALL WHI(R,WWW)
CW1=U(I)/WWW/SQQ
12 I=I-N2
IF (I<=0) THEN
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PRINT *,NO STABLE ASSIMPTOTIC FW'

STOP

END IF

R=I*H

CC=2.0D-000*R*SS

CALL WHI(R,WWW)

CW=U()/WWW/SQQ

IF  (ABS(CWI1-CW)/ABS(CW)>EP .OR. CW==0.0D-000)
THEN

CW1=CW

GOTO 12

END IF

PRINT *,' R Co CWo cw'
PRINT 1,R,C0O,CWO0,CW.I

WRITE(22,1) R,C0,CWO0,CW

END IF

CLOSE(22)

1 FORMAT(1X,4(E13.6,2X),3X,I8)

END

FUNCTION F(X)

! TlogmporpaMma BBIYHUCICHHS MOJIBIHTCIPATBHBIX 3HAYCHHM
GbyHKIMY UIS QYHKIUU YUTTEKEpa

IMPLICIT REAL(S8) (A-Z)

INTEGER L

COMMON /AA/ SKS,L,GK,R,SS,AA,CC
F=X**(AA+L)*(1.0D-000+X/CC)**(L-AA)*DEXP(-X)
END

SUBROUTINE WHI(R,WH)

! TlogmporpamMma BEIYUCICHHS (DYHKITUH YUTTEKEpa
USE MSIMSL

IMPLICIT REAL(S8) (A-Z)

REAL(8) F

EXTERNAL F

COMMON /DD/ SS,AAK,GAM

CC=2.0D-000*R*SS

Z=CC**AAK

CALL DQDAG (F,0.0D-000,25.0D-000,0.0010D-000,0.0010D-
000,1,RES,ER)
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WH=RES*DEXP(-CC/2.0D-000)/(Z*GAM)

END

SUBROUTINE
MIN(EP,B1,PN,PV,HC,HH,N3,.,A22,R0,AK1,RCU,GK,EN,
COR,A33,R1)

! TlogmporpamMma BEIYUCICHIS 3HAUCHHUH SHEPTHH CBSI3U
IMPLICIT REAL(8) (A-Z)

INTEGER I,N3,L,LL

HK=HH**2; LL=L*(L+1)

IF(PN>PV) THEN

PNN=PV; PV=PN; PN=PNN

ENDIF

A=PN; H=HC

1 CONTINUE

CALL

DET(A,GK,N3,A22 R0O,L,LL,AK1,RCU,HH,HK,D1,A33,R1)
B=A+H

2 CONTINUE

CALL
DET(B,GK,N3,A22,R0,L,LL,AK1,RCU,HH,HK,D2,A33,R1)
IF (D1*D2>0.0D-000) THEN

B=B+H; D1=D2

IF (B<=PV .AND. B>=PN) GOTO 2

1=0; RETURN; ELSE

A=B-H; H=H*1.0D-001

IF(ABS(D2)<EP .OR. ABS(H)<EP) GOTO 3

B=A+H; GOTO 1

ENDIF

3 I=1; COR=B; D=D2; EN=COR/B1;

END

SUBROUTINE
DET(DK,GK,N,A2,R0,L,LL,AK,RCU,H,HK,DD,A3,R1)
! IlogmporpamMma BBIYMCIIEHUS BEIHYNHBI I€TEPMHUHAHTA
IMPLICIT REAL(8) (A-Z)

INTEGER(4) L,N,ILLL

S1=DSQRT(ABS(DK))

G2=GK/S1

D1=0.0D-000
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D=1.0D-000

DO II=1,N

X=II*H

XX=X*X
F=A2*DEXP(-XX*R0)+A3*DEXP(-XX*R1)+LL/XX
IF (X>RCU) GOTO 67
F=F+(AK/(2.0D-000*RCU))*(3.0D-000-(X/RCU)**2)
GOTO 66

67 F=F+AK/X

66 IF (II==N) GOTO 111
D2=D1

D1=D
OM=DK*HK-F*HK-2.0D-000
D=0OM*D1-D2

ENDDO

111 Z=2.0D-000¥X*S1
OM=DK*HK-F*HK-2.0D-000
W=-S1-2.0D-000%S 1*G2/Z-2.0D-000*S 1 *(L-G2)/(Z*Z)
OM=0M+2.0D-000*H*W
DD=0M*D-2.0D-000*D1
END
SUBROUTINE FUN(U,H,N,A2,R0,A3,R1,L,RCU,AK,SK)
! Hoz[nporpaMMa BBIYHUCJICHUS 3Ha‘-IeHI/Iﬁ IIOTCHIHAJIOB
IMPLICIT REAL(8) (A-Z)
DIMENSION U(0:10240000)
INTEGER N,L.K,IFUN,MIN,IFAZ
COMMON /CC/ HK,IFUN,MIN,IFAZ
U(0)=0.0D-000
U(1)=0.1D-000
DO K=1,N-1
X=K*H
XX=X*X
Q1=A2*DEXP(-RO*XX)+A3*DEXP(-R 1 *XX)+L*(L+1)/XX
IF (X>RCU) GOTO 1571
Q1=Q1+(3.0D-000-(X/RCU)**2)*AK/(2.0D-000*RCU)
GOTO 1581
1571 Q1=Q1+AK/X
1581 Q2=-Q1*HK-2.0D-000+SK*HK
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U(K+1)=-Q2*U(K)-U(K-1)
ENDDO
END
SUBROUTINE SIMP(V,H,N,S)
! TlogmporpamMma BEIYHCICHHS HHTETpaia MeTogoM CHMIICOHA
IMPLICIT REAL(S) (A-Z)
DIMENSION V/(0:10240000)
INTEGER N,ILJJ
A=0.0D-000; B=0.0D-000
Al11: DO TI=1,N-1,2
B=B+V(I)
ENDDO Al11
B111: DO JJ=2,N-2,2
A=A+V(J)
END DO B111
S=H*(V(0)+V (N)+2.0D-000* A+4.0D-000*B)/3.0D-000
END
SUBROUTINE CULFUN(LM,R,Q,F,G,W,EP)
! TlogmporpamMma BEIYUCICHIS KyJTOHOBCKUX (YHKITHI
IMPLICIT REAL(S) (A-Z)
INTEGER L,K,LL.LM
EP=1.0D-020
L=0
F0=1.0D-000
GK=Q*Q
GR=Q*R
RK=R*R
BOI=(L+1)/R+Q/(L+1)
K=1
BK=(2*L+3)*((L+1)*(L+2)+GR)
AK=-R*((L+1)*¥2+GK)/(L+1)*(L+2)
DK=1.0D-000/BK
DEHK=AK*DK
S=B01+DEHK
15 K=K+1
AK=-RK*((L+K)**2-1)*((L+K)**2+GK)
BK=(2*L+2#K+1)*((L+K)*(L+K+1)+GR)
DK=1.D-000/(DK*AK+BK)
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IF (DK>0.0D-000) GOTO 35

25 FO=-F0

35 DEHK=(BK*DK-1.0D-000)*DEHK

S=S+DEHK

IF (ABS(DEHK)>EP) GOTO 15

FL=S

K=1

RMG=R-Q

LL=L*(L+1)

CK=-GK-LL

DK=Q

GKK=2.0D-000*RMG

HK=2.0D-000

AA1=GKK*GKK+HK*HK

PBK=GKK/AA1

RBK=-HK/AAI

AOMEK=CK*PBK-DK*RBK

EPSK=CK*RBK+DK*PBK

PB=RMG+AOMEK

QB=EPSK

52 K=K+1

CK=-GK-LL+K*(K-1)

DK=Q*(2*K-1)

HK=2.0D-000*K

FI=CK*PBK-DK*RBK+GKK

PSI=PBK*DK+RBK*CK+HK

AA2=FI*FI+PSI*PSI

PBK=FI/AA2

RBK=-PSI/AA2

VK=GKK*PBK-HK*RBK

WK=GKK*RBK+HK*PBK

OM=AOMEK

EPK=EPSK

AOMEK=VK*OM-WK*EPK-OM

EPSK=VK*EPK+WK*OM-EPK

PB=PB+AOMEK

QB=QB+EPSK

IF ((ABS(AOMEK)+ABS(EPSK))>EP) GOTO 52
155



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

PL=-QB/R

QL=PB/R

GO=(FL-PL)*F0/QL

GOP=(PL*(FL-PL)/QL-QL)*FO0

FOP=FL*F0

ALFA=1.0D-000/DSQRT(ABS(FOP*GO0-FO*GOP))

G=ALFA*GO

GP=ALFA*GOP

F=ALFA*F0

FP=ALFA*FQP

W=1.0D-000-FP*G+F*GP

IF (LM==0) GOTO 123

AA=DSQRT(1.0D-000+Q**2)

BB=1.0D-000/R+Q

F1=(BB*F-FP)/AA

G1=(BB*G-GP)/AA

WWI1=F*G1-F1*G-1.0D-000/DSQRT(Q**2+1.0D-000)

IF (LM==1) GOTO 234

DO L=1,LM-1

AA=DSQRT((L+1)**2+Q**2)

BB=(L+1)**2/R+Q

CC=(2*L+1)*(Q+L*(L+1)/R)

DD=(L+1)*DSQRT(L**2+Q**2)

F2=(CC*F1-DD*F)/L/AA

G2=(CC*G1-DD*G)/L/AA

WW2=F1*G2-F2*G1-(L+1)/DSQRT(Q**2+(L+1)**2)

F=F1; G=G1; F1=F2; G1=G2

ENDDO

234 F=F1; G=Gl1

123 END

SUBROUTINE

SFAC(EN,EH,NN,NV,NH,B1,ES,H,N4,.1,L.2,RCU,AD,AK1,

AP,PL,71,72,AM1,AM2,PM,RD,RP,GK,EP,EP2,N2)

! TlogmporpaMma BEIYUCIICHUS aCTPOPU3UIECKOTO S-PakTopa

! u cedeHunit pa3Baja 3axBaTa

IMPLICIT REAL(8) (A-Z)

INTEGER(4)

L1,L2,N3,NN,NV,NH,ILKK.,ID,IP,N2,N4,IFUN,MIN,LIFAZ
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COMMON /M/ V(0:10240000),U1(0:10240000),U(0:10240000)
DIMENSION FA1(0:1000),EG(0:1000),ECM(0:1000),
FA2(0:1000), S$72(0:1000),SR2(0:1000),SZ1(0:1000),
SR1(0:1000),SR(0:1000),SZ(0:1000),EL(0:1000),SF(0:1000)
COMMON /CC/ HK,IFUN,MIN,IFAZ

! BRBIYMCJIEHUE ®YHKIINN PACCESHUS ®A3

! 1 MATPUYHBIX O9JIEMEHTOB S-®AKTOPOB

N3=N4; N2=4

A33=0.0D-000

R1=0.0D-000

OPEN (1,FILE='SFAC.DAT')

WRITE (1,%) ' ECM(I) EG(I) SR1(I)
SR2(I) SR(I) SZ1(I) SZ2(I) SZ(I)
SF(I) F

PRINT *, ' EG ECM SR1 SR2
SR SZ1 S72 SZ SF F

Al: DO I=NN,NV,NH
ECM(I)=EN+I*EH
EG(I)=ECMI)+ABS(ES)
SK=ECM(I)*B1
SS1=SK**0.5
G=GK/SS1
! BBIYMCIIEHUE KYJIOHOBCKUX D-OYHKIUHI
X1=H*SS1*(N3-4)
X2=H*SS1*(N3)
CALL CULFUN(L2,X1,G,F11,G11,WO0,EP)
CALL CULFUN(L2,X2,G,F22,G22,W0,EP)
t# %% BBIUUCJIEHUE D ®YHKLIUNA PACCESHUS * * * *
IF (IFUN==0) THEN
CALL FUN(U1,H,N3,AD,RD,A33,R1,L2,RCU,AK1,SK)
ELSE
CALL FUNRK(U1,N3,H,L2,SK,AD,RD)
END IF
| skt BRIUMCIIEHUE D A3 sk skstksksstostosesiotsesko
F1=F11
G1=Gl11
F2=F22
G2=G22
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CALL FAZ(N3,F1,F2,G1,G2,Ul,FA1,LXH2)
IF (MIN==0) GOTO 543

IF ((FA1(I) == 0.D-000)) GOTO 543

1=N3

135 II=I1-N2

IF (Il<=4) THEN

PRINT */NO DEFINITION D-FAZA'

GOTO 555

END IF

X1=H*SS1*(I1-4)

X2=H*SS 1*(II)

CALL CULFUN(L2,X1,G,F11,G11,W0,EP)
CALL CULFUN(L2,X2,G,F22,G22,W0,EP)
F1=F11

G1=Gl1

F2=F22

G2=G22

CALL FAZ(ILF1,F2,G1,G2,U1,FA2,I XH2)

IF ( ABS (FAI1(I) - FA2(I)) > ABS(EP2*FA2(I)) ) THEN
FA1(D)=FA2(])

GOTO 135

END IF

ID=II

DO J=ID,N4

X=H*SS1#J

CALL CULFUN(L2,X,G,F1,G1,W0,EP)
U1(J)=(DCOS(FA2(I))*F1+DSIN(FA2(I))*G1)
ENDDO

| #+ BRIYMCJIEHUE MATPUYHBIX DJIEMEHTOB E2 ###:
543 CONTINUE

D1: DO J=0,N4

X=H*J

V(@)=U1J)*X*X*U(J)

ENDDO D1

CALL SIMP(V,H,N4,AID1)

AID=AID1

| # % % * BRIUUCJIEHUE ®YHKLNAN P-PACCESTHUST * * * *
555 IF (IFUN==0) THEN
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CALL FUN(U1,H,N3,AP,RP,A33,R1,L1,RCU,AK1,SK)
ELSE
CALL FUNRK(U1,N3,H,L1,SK,AP,RP)
END IF
| #+#* BRAUCJIEHUE KYJIOHOBCKUX P-OVHKITUI ***
X1=H*SS1*(N3-4)
X2=H*SS1*(N3)
CALL CULFUN(L1,X1,G,F11,G11,W0,EP)
CALL CULFUN(L1,X2,G,F22,G22,W0,EP)
F1=F11
G1=Gl1
F2=F22
G2=G22
CALL FAZ(N3,F1,F2,G1,G2,Ul,FA1,LXH2)
IF (MIN==0) GOTO 545
IF ( (FA1(I) == 0.D-000)) GOTO 545
KK=N3
134 KK=KK-N2
IF (KK<=4) THEN
PRINT */NO DEFINITION P-FAZA'
GOTO 1122
END IF
X1=H*SS1*(KK-4)
X2=H*SS1*(KK)
CALL CULFUN(L1,X1,G,F11,G11,W0,EP)
CALL CULFUN(L1,X2,G,F22,G22,W0,EP)
F1=F11
G1=Gl11
F2=F22
G2=G22
CALL FAZ(KK,F1,F2,G1,G2,U1,FA2,1,XH)
IF (ABS ( FAI(I) - FA2(I)) > ABS(EP2*FA2(I)) ) THEN
FA1(D)=FA2(])
GOTO 134
END IF
IP=KK
DO J=IP,N4
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X=H*SS 1]
CALL CULFUN(L2,X,G,F1,G1,W0,EP)
U1(J)=(DCOS(FA2(I))*F2+DSIN(FA2(I))*G2)
ENDDO
| #++ BRIUUCJIEHUE E1 MATPUUHBIX DJIEMEHTOB  *#:#+
545 CONTINUE
CC1:DO J=0,N4
X=H*J
V(@)=U1J)*X*U()
ENDDO CC1
CALL SIMP(V,H,N4,BIP)
AIP=BIP
AMEP=3.0D-000*AIP**2
AMED=5.0D-000* AID**2
AKP=SS1
AKG=(EG(I))/197.331D-000
BBBB=344.46D-000%8.0D-000*PI*3.0D-000/2.0D-000/9.0D-
000/25.0D-000/2.0D-000/2.0D-
000*PM**5%(Z1/AM 1 #¥2+Z2/ AM2#%2)%%2
SZ2(I)=BBBB*(AKG/AKP)**5* AMED*AKP**2
SR2(I)=SZ2(I)*2.0D-000%2.0D-000/2.0D-000*(AKP/AKG)**2
BBB=344.46D-000%+8.0D-000*PI+2.0D-000/9.0D-000/2.0D-
000/2.0D-000%PM**3*(Z1/AM1-Z2/AM2)**2
SZ1(I)=BBB*(AKG/AKP)**3.* AMEP
SR1(I)=SZ1(I)*2.0D-000%2.0D-000/2.0D-000*(AKP/AKG)**2
SR(I)=SR1(D)+SR2(I)
SZ(1)=SZ1(D)+SZ2(T)
EL()=ECM(I)*AM1/PM
SSS=DEXP(Z1*Z72*31.335D-
000*DSQRT(PM)/DSQRT(ECM(I)*1.0D+003))
SF()=SZ(I)*1.0D-006*ECM(I)*1.0D+003*SSS
PRINT 2,
ECM(I),EG(I),SR1(I),SR2(I),SR(I),SZ1(T),SZ2(1),SZ(I),SF(1),FA
1(1)*180./PI
WRITE (1,2)
ECM(I),EG(I),SR1(I),SR2(I),SR(I),SZ1(1),SZ2(1),SZ(I),SF(1),FA
1(1)*180./PI
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1122 ENDDO Al
CLOSE (1)
2 FORMAT(1X,11(E13.6,1X))
END
SUBROUTINE FAZ(N,F1,F2,G1,G2,V,F,LH2)
! TOAMMPOT'PAMMA BBIYUCJIIEHUA ®A3 PACCESHUA
IMPLICIT REAL(S8) (A-Z)
INTEGER LJ,N,MIN,IFUN,IFAZ
DIMENSION V(0:10240000),F(0:1000)
COMMON /CC/ HK,IFUN,MIN,IFAZ
Ul=V(N-4)
U2=V(N)
IF (IFAZ==0) THEN
FA=0.0D-000
ELSE
AF=-(F1*(1-(F2/F1)*(U1/U2)))/(G1*(1-(G2/G1)*(U1/U2)))
FA=DATAN(AF)
END IF
IF (FA<1.0D-008) THEN
FA=0.0D-000
ENDIF
H2=(DCOS(FA)*F2+DSIN(FA)*G2)/U2
F(D=FA
DO J=0,N
V(J)=V{J)*H2
ENDDO
END
SUBROUTINE FUNRK(V,N,H,L,SK,A22,R00)
| #xkkk PEIIIEHUE YPABHEHUW S IPEAMHIEPA
! METOJIOM PYHIE - KYTTA BO BCEI OBJIACTU
| TIEPEMEHHBIX ###s%#3%
IMPLICIT REAL(8) (A-Z)
INTEGER LN,L
DIMENSION V(0:10240000)
VA1=0.0D-000; ! VA1 - 3nadenue GyHKIHUU B HyJIE
PA1=1.0D-003 ! PA1 - 3nadeHnue mpou3BOIHON B HYJIC
DO I=0,N-1
X=H*I+1.0D-015
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CALL RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A22,R00)
VAI=VBI

PA1=PBI

V(I+1)=VAl

ENDDO

END

SUBROUTINE RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A,R)
| #+#+ PEIIEHUE YPABHEHUS ILIPEJIMHTEPA METO/IOM
| PYHTE - KYTTA HA OJTHOM ILIATE #3*#:

IMPLICIT REAL(8) (A-Z)

INTEGER L

X0=X

Y1=VAl

CALL FA(X0,Y1,FK1,L,SK,A,R)

FK1=FK1*H

FM1=H*PAl1

X0=X+H/2.0D-000

Y2=VA1+FM1/2.0D-000

CALL FA(X0,Y2,FK2,L.SK,A,R)

FK2=FK2*H

FM2=H*(PA 1+FK1/2.0D-000)

Y3=VA1+FM2/2.0D-000

CALL FA(X0,Y3,FK3,L,SK,A,R)

FK3=FK3*H

FM3=H*(PA 1+FK2/2.0D-000)

X0=X+H

Y4=VA1+FM3

CALL FA(XO0,Y4,FK4,L.SK,A,R)

FK4=FK4*H

FM4=H*(PA1+FK3)

PB1=PA 1+(FK1+2.0D-000*FK2+2.0D-000*FK3+FK4)/6.0D-
000

VB1=VA I+(FM1+2.0D-000*FM2+2.0D-000*FM3+FM4)/6.0D-
000

END

SUBROUTINE FA(X,Y,FF,L,SK,A,R)

| * BBIYMCJIEHUE ®YHKIIMU F(X,Y) B METOJIE PYHTE -
I KYTTA *
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IMPLICIT REAL(8) (A-Z)

INTEGER L

COMMON /BB/ A2,R0,AK,RCU

VC=A*DEXP(-R*X*X)

IF (X>RCU) GOTO 1

VK=(3.0D-000-(X/RCU)**2)*AK/(2.0D-000*RCU)

GOTO 2
1 VK=AK/X

2 FF=-(SK-VK-VC-L*(L+1)/(X*X))*Y

END

Janee npuBeneHbl pe3yJibTaThl KOHTPOJBHOI'O CYETa MO 3TOU
nporpamme. [lepBasi pacredarka MOKa3bIBACT MPOILECC CXOIUMO-
cTi oHeprun cBssu E it p°’H CHCTEMBI C TNPHBEICHHBIM B
Ta61.4.2 nmorennuaiom CC B 3aBUCUMOCTH OT TEKYIICH TOUHOCTH
OF v 3a/1aBaeMOro Yucia maros N, KOTOpoe 00eCIeuMBaeT TaKyko

TOYHOCTB.

E
-19.814143936616980
-19.813893481090760
-19.813830868619080
-19.813815215615060
-19.813811302282760
-19.813810324242950
-19.813810079038370
-19.813810018177860
-19.813810005390660
-19.813810000116750

Janee uner pacueT aCUMNTOTHYECKON KOHCTAHTHI Cy, (TaKkxe
kak Cy 1 Cyo [24]) B 3aBUCHUMOCTH OT MEXKKJIACTEPHOTO PACCTOSI-
HUS R ¥ OTIpeNesiFoTCsT 00JIacTh TAKUX PAacCTOSHUHN, Ha KOTOPHIX

N OE

2000 -1.001912862701460E-003
4000 -2.504555262170527E-004
8000 -6.261247168382056E-005
16000 -1.565300401296099E-005
32000 -3.913332307092787E-006
64000 -9.780398002590118E-007
128000 -2.452045890777299E-007
256000 -6.086050419185085E-008
512000 -1.278720418440571E-008
1024000 -5.273907532910016E-009

KOHCTaHTa IMPAaKTUYCCKU HC MCHACTCA.

R

S595547E+00  .553644E+00 .553842E4+00 .5641
119109E+01 .143211E+01 .146335E+01 .147985E+01
.178664E+01 .240107E+01 .248411E+01 .250441E+01

Co Cwo C
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.238219E+01
297773E+01
.357328E+01
416883E+01
476438E+01
.535992E+01
.595547E+01
.655102E+01
.714656E+01
J174211E4+01
.833766E+01
.893320E+01
.952875E+01

.320668E+01
373762E+01
.402419E+01
415189E+01
419640E+01
420445E+01
419907E+01
418981E+01
418003E+01
417082E+01
416264E+01
415628E+01
415383E+01

.334693E+01
.392783E+01
425267E+01
440837E+01
447389E+01
449867E+01
450743E+01
451063E+01
A451211E+01
451321E+01
451460E+01
A451723E+01
452350E+01

.336846E+01
.394870E+01
427192E+01
442577E+01
448954E+01
A451280E+01
452029E+01
452241E+01
452298E+01
452330E+01
452401E+01
452605E+01
453180E+01

Brimaga Ha skpaH 3akaHdmBaeTcs Ha paccrosHuu 9.5287
®M, a 3TO 03HAYAET, YTO HA CIEAYIOIIEM Iare, mpuMepHo npu 10
®wm, pa3HUIIa KOHCTAHT cocTaBUT EP2, T.e. Hali/ieHa 00JIacTh CTa-
ownn3anuu KouctadnTsl AK.

CnemoM TpUBOIATCS pe3yiabTaThl pacdera 3apsgoBOTO
<R.>>"u maccoBoro <R,’>" pamuycos [24] spa *He B p’H kaua-
ne B Om.

<R,>"=1.784, <R>"=1.731

W, HakoHeTl, TaHBI pe3yNIbTaThl PACYE€TOB aCTPOPUIUIECKOTO

S - pakTopa B k3B-0, Tak, Kak OHU PUBOASTCS B BBIXOAHOM (haii-

ne npu 3Heprusax 1 + 10 kaB. 3gecy nokazaHbl TOJIBKO pe3ybTa-
THI a5 cedeHuit 3axBata £1 u E2 ux cymma Sx(I) u nonusIit S -
dhakrop SF(I).

Ecu(D)
.100000E-02

.200000E-02
.300000E-02
.400000E-02
.500000E-02
.600000E-02
.700000E-02
.800000E-02

Szi(D)
.144176E-08

.211076E-05
495617E-04
.316038E-03
.110298E-02
.275390E-02
.558004E-02
.982865E-02

Sz2(0)
AT1624E-14

.812620E-11
.219483E-09
.158231E-08
.615998E-08
.169655E-07
.375959E-07
.718952E-07

SAD
.144177E-08

.211077E-05
495619E-04
.316040E-03
.110298E-02
275392E-02
.558008E-02
.982872E-02

SE)
963835E-03
970699E-03
998845E-03
.103361E-02
.107124E-02
111092E-02
115135E-02
.119232E-02

164



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

.900000E-02 .156780E-01 .123729E-06 .156781E-01 .123378E-02
.100000E-01 .232458E-01 .196850E-06 .232460E-01 .127578E-02

Orcronma BugHO, TIpH dHeprun 1 k3B (B pacmedaTke dHEPTUs
mokazaHa B MaB) st S - dakTopa momydaercs BenmuuuHa 0.964
107 k9B-6 i 0.964 5B-6.

JlaHHBIA BapuaHT MPOTpaMMbI paboTaeT MpH 3HAYCHUHU Ta-
pametpa MINI = 0, KOTOpBIH OnpeAessieT peKUM MOUCKa (a3bl
paccestHUS Ha TpaHulle 00JacTH MHTETPUPOBAHUS, B JAHHOM CITy-
yae 310 RR = 30 ®m. Ecau 3amate MINI = 1, 1o daza mpu kax-
JOi 3Heprud OyAeT BBIYMCIATHCS, HaunHas ¢ 30 Om, B cTOpoHY
MEHBIINX paccTosHuil. B pesynbrare ompenensercs o0nacTb ee
crabuimsanuu Tpu 3amaHHOM TouHocTH EP3 = 107, kortopas

00braH0 coctasisieT 10 + 20 Owm.

[IpuBeneHHBIC BbIIIE PE3yNbTATHI MOTYyYEHBI IPU UCIIOIH30-
BaHUU KOHEYHO - pa3HOCTHOTO MeTona [24] ans noucka BD pac-
CesHUA. DTO NOCTUTaeTCs MpHU 3HAUYCHUHU, B Hadaje MPOrpamMMbl,
napametpa IFUN = 0, a Teneps npuBeneM pe3ynbtat npu [FUN =
1, korga juis moucka 3tux B ucnonsizyercs meron Pynre - Kyt-
ta (PK) — 3zecs mapametp MINI = 0.

Ecyu(D) Sz Sz2(D) Sz SF(I)
.100000E-02 .144159E-08 .471344E-14 .144159E-08 .963717E-03
.200000E-02 .211039E-05 .812107E-11 .211040E-05 .970529E-03
.300000E-02 .495546E-04 .219350E-09 .495549E-04 .998703E-03
400000E-02 .315976E-03 .158129E-08 .315978E-03 .103340E-02
.500000E-02 .110280E-02 .615615E-08 .110280E-02 .107107E-02
.600000E-02 .275358E-02 .169553E-07 .275360E-02 .111079E-02
.700000E-02 .557894E-02 .375720E-07 .557898E-02 .115113E-02
.800000E-02 .982720E-02 .718512E-07 .982728E-02 .119215E-02
.900000E-02 .156765E-01 .123657E-06 .156766E-01 .123366E-02
.100000E-01 .232417E-01 .196727E-06 .232419E-01 .127555E-02

Otcrona BUIHO, YTO pa3HuLa ;i S - pakTopa npu 1 k3B co-
craBisier BennmuuHy mpumepHo 107 5B-6 mwmu 0.01%, xortopyio
MOJKHO paccMaTpuBaTh, KaK OMIMOKY, KOTOPYIO BHOCHUT METOJ
BbIuKCIeHU BO.
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3aknroyeHue

Takum 00pa3oMm, B paMKax pacCMaTpHBAaeMOU KIacTepHON
MOJICIM Ha OCHOBE TOJIBKO E1 mepexoa yaanock, Mo CyTH, MPej-
cKasaTh obmiee rosegeHue S - paxtopa p H 3axBata mpu SHepru-
sx ot 50 go 700 k»B. JleficTBUTEILHO, HA OCHOBE aHAIU3a dKCIIe-
puMeHTanbHbIX JaHHBIX Bhime 700 k3B oxono 15 net Hazax Hamu
OBUIH C/IeTIaHbl pacdeThl MoBeaeHHs S - (akTopa JJIsl SHEPTHI JI0
10 3B [96].

Kak Ttemepp BHIHO, Pe3yibTaThl 3THUX PAaCUETOB XOPOIIO
BOCTIPOM3BOJIAT HOBBIC JaHHBIC O S - (akTOpy, MOITYYCHHBIC B
pabote [107] (Touku Ha puc.4.4a,0) pu SHEPTHUIX B 00JIACTH OT
50 k3B 1o 5 M»B.

Wrak, ucnonbp3oBaHHAs AByX4YacTH4YHAas MOJIENb, KOTOpas
OCHOBaHA Ha MEKKJIACTEPHBIX MOTEHIMANIAX, OMUCHIBAIOMINX (a-
3Bl YIPYTOTO PACCESHUS W XapaKTEPUCTUKU CBSI3aHHOTO COCTOS-
HUS C apaMeTpaMy, NMpeAoKeHHBIMU oKoso 15 et Hazax [87],
MO3BOJISIET MPABWIILHO OMHUCATh acTpodu3mdeckuii S - (hakTop Ha
ocHoBe E1 mepexoma BO BCEeil pacCCMOTPEHHOHN 001aCTH DHEPTHUH.
Crpykrypa 3C Takux TOTEHIIMAIOB OMPEACISETCS HAa OCHOBE
KJIACCU(UKAIIMH KIACTEPHBIX COCTOSHUU MO OpPOUTAIBHBIM CXE-
Mmam FOHnra.
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5. MPOLECC
PAAUALIMOHHOIO p°Li
3AXBATA

Process of the p°Li radiative capture

BeedeHue

Jns yTOUYHeHHS MMEIOIINXCA SKCIIEPUMEHTANBHBIX TaHHBIX,
B pabotax [26,117] OBLIO BHIMOJIHEHO HOBOE M3MepeHHe audde-
PEHIHATBHBIX CeYeHHH yrpyroro p°Li paccesHus IpH SHEPrHsX
oT 350 k3B 10 1.15 M»aB (11.c.) ¢ 10% ommbkamu. Jlanasie [26],
KOTOpBIE MBI Oy/IeM pacCMaTpPHUBATh B TOH TJIaBe, OIYYECHBI IPU
sty sHeprusix: 593.0 keB ana 13 yrnoB paccesHus B Iuana3oHe
57° =+ 172°, 746.7 n 866.8 k3B mns 11 yrios B unTepsane 45° -
170° u pu sneprusix 976.5 u 1136.6 k3B ang 15 yrinos B obnac-
T 30° - 170°.

Ha ocHoBe m3MepeHnii, BRIMOTHEHHBIX B paboTtax [26,117], u
MG hepeHIIMANTBHBIX CEUSHUI YIIPYTOro pacCesHUs MPU dHEPTHH
500 k3B u3 6osee pannei padoTel [118], MbI npoBenu (Ga3oBbIi
aHaJIN3 U TONMyqHin =S - 1 “P - (assl paccestaus. 1o HafiieHHbIM
dasam moctpoeHs! motenmansl A1 L = 0 B p°Li B3aumozeiict-
BUSX TIPU HU3KHX JHEPrusx Oe3 ydera CIUH - OpOUTAIHLHOTO
pacIeruIeHns1, a 3aTeM BBIITOJHEHBI PacdyeThl acTPO(YU3UIECKOTO
S - daxropa pagmamronHoro p°Li 3aXxBaTa mpu SHEPIUHU, HAYHHAS
¢ 10 x3B.

Xots peakius péLi paJUallMOHHOTO 3axBaTa MOXKET, IO-
BUINMOMY, TIPEACTABIATH OINPENEICHHBIN HHTEpeC I SAepHOU
actpodusuku [119], skcriepuMeHTaNBHO OHA M3y4YeHa HE J0CTa-
TOYHO Xopoiro. MiMeeTcs cpaBHUTENBHO Malio padoT Mo HU3Mepe-
HUIO TIOJHBIX CEUCHHUH W OIpPEAENICHUI0 acTPOPHU3MUECKOTO S -
¢axropa [33], u Bce OHUM OTHOCSTCA K OOJMacTd HEprui ot 35
k3B 10 1.2 MsB. Tem He MeHee, NPEACTaBISACTCS UHTEPECHBIM,
Ha OCHOBE TOTCHIIMATLHOW KJIACTEPHON MOIENH C Kiaccuduka-
el cocTosiHui o opOuTanbHbIM cxemaM FOnra [120,121], pac-
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CMOTPETh BO3MOXKHOCThH omucanus S - (pakTopa B TOW 00JacTH
SHEPTHH, T/Ie UMEIOTCS DKCIIEPUMEHTAIbHbIE TaHHbIE.

5.1 QugphepeHyuanbHbie cevyeHust

[Ipu paccMOTpeHHH IPOLIECCOB PACCESHUS B CUCTEME YacTHUI]
co cniuHamu 1/2 u 1 Ge3 yueTa cniuH - OpOMTaIBHOTO paciieruie-
HUA (a3 ceUeHUe YIPyroro paccessHus MpeaCcTaBiIseTCs B HanOo-
Jiee IpocToM Buae [45]

do(0) _ 2 ds,(0) N 4 doc, (0)
dQ 6 dQ 6 dQ

) (5.1

rae WHACKCH d B k OTHOCATCA K mybmeTHoMy (co crimHoM 1/2) m
KBAapTETHOMY (CO crimHOM 3/2) cocTosumo p°Li cucTeMsl, a camu
CEUEHMsI BEIPAKAOTCS Yepe3 aMILIUTYAbl paccessHUs

dcd ©)

=|f,0 .

d"k O _ir@f . (52)

KOTOPBIC 3alIMCBhIBAIOTCA B BUJC

fa(8) =£(0) +1*44(8) , 5.3)

rue

I | : . .
f.(0)= (st_ 2(G/Z)Jf:xp{z’qln[&n (0/2)]+2ic,} ,

£y (e)_ Z(2L+l)exp(21(5 S) —1]P, (Cos9) , (5.4)

TROE 2—7(2(2L +1)exp(2ic,)[S; —1]P,(Cos8) ,
1

L
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u S,‘f‘k :T]‘Z‘k exp[ZiS‘Z’k (k)] - matpuna paccesHUS B IyOJICTHOM
WJIN KBAPTETHOM CITMHOBOM COCTOSTHHH [45].

Bo03MO0XHOCTh MCIIONB30BaHMS MPOCTHIX BhIpakeHUH (5.1 +
5.4) mus pacdeToB CEUEHWH YIPYTroro paccesHusi 00yCIOBIICHA
TEM, YTO B O0JIACTH HU3KUX SHEPTUil CIIMH - opOUTAIEHOE paciie-
TieHne (a3 OKa3bIBACTCsl CPABHUTEIBHO MaJlo, YTO MOATBEPK/Aa-
eTcsl pe3ynbTaTamMu (a30BOTO aHAJIN3a, BEITIOJHEHHOTO B padoTe
[122], B KOTOpOI yYUTHIBAJIOCH CIHMH - OPOUTAIbHOE pacuierJie-
Hue (a3 paccesHus.

5.2 ®azoesbiltl aHanus

Panee (azoBbiii aHanu3 audGepeHIHalbHbIX CEYCHUH U
dynxumit Bo36ykaeHMs A ynpyroro p°Li paccesHus, 6e3 BHO-
ro y4yera qyOneTHON *P - BOJHBI, OBUT BHIMOJHEH B pabote [122].
Hamr ¢azoBelii aHanu3 mpoBOAUTCS TIpU 0oJiee HU3KHUX DHEPTHsX,
UMEIONINX 3HAYCHUE JJIS SICPHOU acTpO(PU3UKH, YIUTHIBACT BCE
HU3IIHE MapIHaTbHBIC BOJIHBI, B TOM YHclIe AyOeTHyio “P - BOI-
HYy 1 OCHOBaH Ha nuddepeHnnaibHbIX CEYCHUIX, PUBEACHHBIX B
paborax [26,117] u [118].

Ta61.5.1. Pe3ynbraThl pa3oBoro anammsa ynpyroro p°Li

paccestHusL.

Ne | E,xoB | °S,rpan. | *S,rpan. | *P,rpan. | *P, rpan. ¥
1 500 176.2 178.7 - - 0.15
2 593.0 174.2 178.8 - - 0.15

3-1 | 746.4 170.1 180.0 - - 0.23

3-2 | 746.4 172.5 179.9 1.7 - 0.16

4-1 | 866.8 157.8 180.0 - - 0.39

4-2 | 866.8 170.2 174.9 39 - 0.22

4-3 | 866.8 169.6 175.0 3.5 0.1 0.23

5-1 | 976.5 160.0 178.5 - - 0.12

5-2 | 976.5 167.0 174.5 1.1 - 0.12

6-1 | 1136.3 144.9 180.0 - - 0.58

6-2 | 1136.3 164.7 171.1 5.8 - 0.32

6-3 | 1136.3 166.4 169.9 5.5 0.1 0.32
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IIpu sueprun 500 k3B, Ha ocHOBe maHHBIX paboTer [118],
HaxomuM S - u 'S - (a3l paccesHus, KOTOpbIC NaHBI B TabI.5.1
mon HomepoM 1. [lomyueHHBIE pe3ynbTaThl pacueTa CEUCHUM
BIIOJIHE COTJIACYIOTCS C OSKCIICPUMCHTAIBHBIMU JTaHHBIMU TIPH
cpeaHeM 1o BceM Toukam ¥ = 0.15. Ommbka auddepeHnuas-
HBIX CEUYCHHWH JTHX NaHHBIX NMpUHUMAanach paBHOU 10%. Yder
ny6iaetHOl “P - 1 KBapTeTHOH 'P - (a3 mokasai, 4To MX YHCICH-
Hble 3HaUeHUs MeHbIe 0.1°.

Crnenyromiye miTh HEPTU OTHOCATCS K HOBBIM PE3yJIbTaTam
nuzMepenni auddepeHmanbHbIX CeueHH, BBITIOHEHHBIX B pa-
borax [26,117] B camoe mocneanee Bpems. [lepsast u3 Hux, 593.0
k5B, maeT BO3MOKHOCTh HAaWTH 24g . (haspl, KOTOpPBIE MaJIO OTJIH-
4aroTCs OT (a3 U IPeabIAYIIeH SHEPTHH, HMEIOT TaKoi xe X 1
nmokasanel B Ta0m.5.1 mom Ne2, a ¢asbr mus 24P _ BoNH TaKKke
CTPEMSTCS K HYJIO.

Ipu sueprun 746.7 k3B Mbl Haxomum >*S - hassr (Tabm.5.1
No3-1), koTopbie MO3BOJSAIOT OMUCATH CEYCHUS] C TOUHOCTHIO X2 =
0.23. HecMOTpsl Ha MaJOCTh BEIHUHHBI -, ObLIA MPEAIPHHSTA
TOMBITKA yuecTh ~ P - (hassl. BHauane monaranock, 4to KBapTeT-
Hast ‘P - dasa npeHeGpeKUMO Maja, YTO CIELYET U3 Pe3yIbTaToB
pabotsl [122], B KOTOpO# HX y4yeT HauuHajiIcA Toubko ¢ 1.0 + 1.5
M>B. Pe3ynpTarsl HAIIEro aHAIN3a C Y4ETOM TOIBKO P - (hasbl
MpeacTaBlIeHBl Ha puc.5.1a u B Tabm.5.1 mox Ne3-2. Buano, 41O
ydeT HeGombIIoH MyOneTHOH P - (a3l HECKOIBKO M3MEHSCT Be-
NUYKHY S - BOJNHBI, yBETHYMBAS €€ 3HAUCHHE, H YMEHbIIACT ) =
0.16. Yder kBapTeTHOU ‘p- (ha3bl gan IS €€ YUCICHHOTO 3HAYe-
HUS TPEHEOPS)KHUMO Mayito BenudnHy, MeHbIne (0.1°, 9To cooT-
BETCTBYET pe3ysibTaraM padoTsl [122] 1 HammM pe3yabTaTam Mpu
cienytoieit sHepruu 866.8 koB.

Pesymbrar moncka (a3 mis sHepruu 866.8 k3B ¢ yueTom
Tonbko >*S - BomH mpuBeseH B Ta61.5.1 mox Ned-1 mpu * = 0.39.
Kax BuHO, BeanduHa S - (hasbl Pe3KO CIAIAeT 10 CPABHEHHUIO C
MnpeabIayIel dJHepruei. YueT xe 2P _ BOJNHBI 3aMETHO YBEJINYH-
BaeT ee 3HaueHue (puc.5.10 u Ta6m.5.1 Ne4-2) v mouTH B /iBa pasza
YMEHbIIAeT BeMnduHy X°. I1ombITKa yaecTh KBapTeTHyo ‘P - (a-
3y mpuBena kK 3HadeHnto okoiro 0.1° (tabm.5.1 Ne4-3). Jlro6oe u3-
MeHeHHe ‘P - BOJNHBI B GOJBIIYIO CTOPOHY, B TOM YHCIIE, TIPH
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JIPYTHX 3HAYEHHUAX OCTANBHBIX (Da3, MPUBOIMIO K YBEIUYCHUIO

. TIpu 5TOii SHEprHH, KaK ¥ BCeX APYTUX PACCMOTPEHHBIX SHEP-
rusx u3 pabdot [26,117], He ymaeTcss HAUTH KaKOW-IIMOO BapHaHT

N o 2
JUTSL HCHYJICBOH KBapTETHOU (ha3bl PU CTPEMIICHUU BEITUYUHBI )
K MUHUMYMY.

T T T T

T T
E, = 0.8668 MeV °Lip,p)°Li

T T T T

T T
E, = 0.7467 MeV °Li(p,p)°Li ok
10 F E
x=0.16 $°=0.22
?5-172.5% 's=179.9° ?8-170.2% s=174.9°

#P=3.9" *P=0.0"

#P=1.7"; *P=0.0"

do/dQ, mM6/cT.
do/dQ, mM6/cT.

60 80 100 120 140 160
8., PaA.

40 60 80 100 120 140 160 40
8., PaA.

Puc.5.1a. Ceuennst ynpyroro p’Li  Puc.5.16. Ceuenns ynpyroro p°Li
paccestHus pu 746.7 k3B. paccestHus mpu 866.8 k3B.

Jlns cnenyromeii sueprun, 976.5 k3B, Ge3 yuera >*P Bonn
HaiiIeHb! 3HaYeHus -S - u 'S - (a3, mpuBeaeHHbIe B TAbL.5.1 ¢
HomepoM 5-1. Tlocaenyroumii yaer “P - BOJIHBI 3aMETHO yBeIIH-
upBaeT 3HAueHHUs S - (askl, eciiu mpeHebpeus ‘P - BOIHOM, KaK
3T0 BHAHO Ha puc.5.1B u Tabm.5.1 Ne5-2 mpu y* = 0.12. Ecin
BKJTIOUMTD B aHATH3 KBAPTETHYIO ‘P - BOJHY, TO OHA CTPEMHTCS K
HYJIIO TIPH YMEHBILICHUH BEIMUHHBI ) .

T T T T T T T

T T T T T T T

E,=0.9765 MeV °Li(p,p)°Li E,=1.1363 MeV °Li(p,p)°Li

%’=0.12 ok %°=0.32 ]
’5-164.7% 's=171.1°

*p=5.8"; *P=0.0"

?5-167.0%; 's=174.5°
#P=1.1% *P=0.0"

do/dQ, mM6/cT.
do/dQ, mM6/cT.

60 80 100 120 140 160 180
8., PaA.

20 40 60 80 100 120 140 160 180 20 40
8., PaA.

Puc.5.1. Ceuenus ynpyroro p’Li  Puc.5.1r. Ceuenns ynpyroro p°Li
paccestaus ipu 976.5 x3B. paccesHus npu 1136.3 kaB.
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ITocnennsis U3 paccMOTpeHHBIX dHepruit 1.1363 MaB u3 pa-
6ot [26,117] maxke mpH ydere TONBKO ~S - BOJNH HPUBOIUT K
CPaBHHTENBHO Manomy Y, paBHomy 0.58, Kak 5TO BHIHO B
1a671.5.1 Ne6-1. U B 3TOM Ciydae, yuer “P - BOJNHBI MPUBOIUT K
3aMETHOMY YBE/IMUCHHIO 3HAUCHHS S - (pa3bl. COOTBETCTBYIOIINE
pe3yNbTaThl pacyeTa CeUeHUH Moka3aHbel Ha puc.S.1r u T1abn.5.1
o Ne6-2. Vet kBapTeTHOH ‘P - BONHBI U IIPH 3TOI SHEPruu
NPUBOIUT K ee 3HaueHuto nopsaka 0.1°, kak mokasano B Tadin.5.1
ot Ne6-3.

180

g T
170 |- -+

o ~ 1420.15°s,,

«© N 2
I ~i\\126 0.15%,, |

N
1/2 \\\\

160 - ° .
° 1240.15°3,,

2
1100.15°S,,

150 I TR N U NS U R RS S
0 200 400 600 800 1000 1200 1400  160C

Ep, kaB

Puc.5.2a. Jly6neTHble H KBapTeTHEIE S - (a3l ynpyroro p°Li paccesHus
IPY HU3KUX 2HEprusx. [IpuBenens! nyOieTHbIe 1 KBapTETHBIE S - (ha3bl
npy HatuauH “P - BOJNHBL, Koraa ‘P - (a3a mpHHMMaach paBHOM HYJIIO.
Touxu %S - ¥ TpeyroabHUKH *S - haskl, NOTydEHHBIE IO JAHHBIM PaGoT

[26,117,118]. Jlyist cpaBHEHHS OTKPHITBIMH TPEYTOJILHUKAMU

1 KpY>KKaMH MIPUBEICHBI pe3yJIbTaThl pazoBoro anammsa [122].
JluHnYM — pe3ynbTaThl pacueTOB C Pa3HBIMHU ITOTCHITHATIAMH.

Takum 00pa3oM, TpU OMHMCAHUH BCEX SKCIEPUMEHTAIBHBIX
JaHHBIX U3 paboT [26,117] He TpeGyeTcs ydera KBapTETHBIX P -
BOJH B JTOH O0JacTW DHEPrHH, T.€. WX BEIMYMHA paBHA WIH
menbie 0.1°. DTo coriacyercs ¢ pesynbratamu pabotsl [122],
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OJTHaKo, TyOieTHas ’p - (haza moxomut 1o 5.5° + 6° u ee 3HaUe-
HHEM Helb3s IpeHeOpeyb.

O6mmit Bug S - u *S - pa3 paccesiHus mokasaH Ha puc.5.2a,
a my6rnernsie P - hasbl mpuBeaeHbl Ha prc.5.26. HecMoTps Ha
JIOBOJIHO GONBIION pa3bpoc pe3ynsTaToB s 'S - das, ayérner-
Has S - (haza MMeeT onpe/IeIeHHYIO0 TEHIEHINIO K yOBIBAHIIO, HO
IPOMCXOAUT 3TO 3aMETHO MEIUIEHHEE, YeM CIIEAyeT U3 pe3yJibTa-
TOB aHanm3a [122], B KOTOPOM SBHO HE YUHTHIBAIACH P - BOJIHA.
Eclu B HALIEM aHa/IM3¢ HE Y4UTHIBATH AyONeTHYIO “P - BOIHY, TO
U1 *S - a3kl TOJTYHaroTCs PE3yIbTAThl OUeHb OIIM3KHE K Pe3ylh-
TaTaM (a30Boro aHanusa padotsr [122].

8 T T T T T T T T T T T T T T T T T
6y - 6y -
- Li(p,p) Li P 1
6 - -
g T ]
®©
o
So4r .
o
=]
2 .
0 - -
1 " 1 " 1 " 1
500 600 700 800 900 1000 1100 1200 1300
Ep, kaB
Puc.5.26. Jly6nerusie *P - hass yrpyroro p6Li paccestHus TIPU HU3KHUX
SHEPTHUAX.

KBajpaThl — pe3y/IbTaThl HalIero (azoBoro aHatusa mpu ‘P = 0. JInuus
— pe3ynbTaT pacyera ¢ HaliIeHHbIM OTEHIUAIOM.

Ommbky a3 ynpyroro paccessHusi ONpeAeITIOTCS HEOTHO-
3HAYHOCTHI0 (Ha30BOTO aHaNKM3a, & WMEHHO, MPU MPAKTUICCKU
OJTHOM H TOM 7K€ 3HAYEHHH ), KOTOPOE MOXET OTIHIAThCS HA 5 +
10%, oka3pIBaeTCS BO3MOXKHBIM MOJYYUTh HECKOJLKO pa3HbIC
3HaYeHUS caMuX (a3 paccesHus. JTa HEOIHO3HAYHOCTH OICHU-
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BaeTCs HAMM Ha ypoBHe 1° + 1.5° 1 nokasana s S - u °P - pa3
Ha puc.5.2a,0.

5.3. Knaccudgukayusi knacmepHbIx
cocmosiHuu

Bo3moxubIe opOuTanbHBIe cXxemMbl FOHTa péLi CHUCTEMEI, €C-
ma s sapa °Li memomb3yercst 3anpemienHas B ~H'He kanane
cxema {6}, Takxke OKa3bIBaIOTCS 3ampeleHHbIMH. OHU COOTBET-
CTBYIOT 3allpeIICHHBIM COCTOSHUSAM ¢ KoHpurypammsmu {7} u
{61} m MmoMmeHnTOM OTHOCUTEIBbHOIO ABMKEHUSI L = 0 u 1, KOTO-
PpHIi omnipenensiercd o npasmity Dminota [123]. 3amper Ha Takue
cumMeTpuu it BO crnemyer u3 oOmiero TpeOOBaHUS TEOPEMBI
JluTTiByna o TOM, 9TO IS siAEp p - OOOJIOUKH B OJHOW CTPOUKE
cxem KOHra He MoxeT ObITh O0JIee YeThIpeX KieTok [123].

Korma mis smpa °Li mpunumaercs paspemennas B “H'He
KJIacTepHOM KaHajie cxema {42}, TO IJIs TMOTHOW CHUCTEMBI péLi
npu cnuHe S = 1/2 nMeeTcs 3ampelieHHBI YPOBEHb CO CXEMOM
{52} 1 MOMEHTaMu HOJNb M JABa, U PA3PCLICHHBIC COCTOSHUS C
koHpuryparmsamu {43} u {421} ans L = 1. Taxum o6pazom, p°Li
MOTCHITMAIBI TOJDKHBI MMETh 3ampelnieHHoe cBs3anHoe {52} co-
CTOSIHHE B S - BOJHE M pa3pelIeHHbII CBSI3aHHBIA YPOBEHb B P -
BoiHe ¢ nBymsi cxemamu FOnra {43} m {421}. B kBapTeTHOM
CITUHOBOM COCTOSIHUM 3TOHM CHCTEMBI pa3pelleHa TOJIBKO OfHa
cxema {421}, xak mpeacTaBieHo B Tabm.5.2.

Bo3moxHO, Ooiee MpaBUIILHO paccMaTpUBaTh IS CBSA3aH-
HBIX cocTosiHmil smpa °Li 06e momycTuMble cxembl {6} u {42},
MOCKOJBLKY 00e oHu mpucyTcTBYIOT B ynciie 3C u PC 3toro sapa
B “H*'He xon¢urypauuu. Toraa xnaccudukarus ypoBHeii Oyaer
HECKOJIbKO MHOM, YHCJIIO 3allpeIeHHBIX COCTOSHUI BO3PACTET, U B
KaKIo# maprmanpHoi BosHe ¢ L = 0 1 1 mo6aBUTCS TUITHAM 3a-
MIPELCHHBIN CBSI3aHHBINA YPOBEHb.

Taxkast, 6os1ee ToTHAsT cXeMa COCTOSHHH, TaKXKe MPUBEACHA B
Tab1.5.2 ¥, MO CyTH, ABJISAETCS CYMMOW IIEPBOTO M BTOPOTO pac-
CMOTPEHHOTO BHIIIE ciiydas. B Ta0m.5.2 moka3aHbl NOJHBIE CITH-
HOBBIE {f}s M m30cIHHOBBIC {f}r cxembl FOHra sapa 'Be B p°Li
KaHaJle, uX mpomusBeneHue {f}st, a Tak’Ke BCE BO3MOXKHBIC OpOH-
TanbHble cuMMeTpuH {f} p°Li cHCTeMbI, KOTOpBIE pa3/ieleHbl Ha
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paspemieHnbie {f}pc ¥ 3amnpemnieHHbe {f}zc CXeMBI C yKa3aHHEM
opOuTaIFHOTO MOMEHTA L.

B p°Li 1 n°Li cucremax.

3necw: T, S 1 L — U30CTIMH, CITUH ¥ OPOUTAIBLHBII MOMEHT
67 -

cucteMsl yactunl p Li, {f}s, {f}1, {f}st 1 {f}L — cniuHOBas,

Tabn.5.2. Knaccudukauust opOUTaIbHBIX COCTOSIHUN

HM30CIMHOBAs, CITMH - H30CIIMHOBas [44] 1 BO3MOKHAs
opbutanpHas cxeMbl FOHTa, {f}pc, {f}3c— cxembr FOnTa

pa3pelleHHBIX U 3aMPEIIEHHBIX OPOUTATEHBIX COCTOSTHUH.
JKupHBIM KypCUBOM BEIJICTICHBI COMPSDKEHHBIC APYT APYTY
{f}stu {f}L cxemsl FOHra.

Cuc-
TEMA

Uir

i

w

{fisr={f}s®{f}r

{f}

L

Utec

U}3C

n’Li
p°Li

172

172

{43}

{43}

{7} + {61} +{52}
+ {511} + {43}
+ {421} + {4111} +
+{322} +{3211} +
+ {2221} +
+{331}

{7}
{61}
{52}
{43}
{421}

0
1
0,2
1,3
1,2

{4_3}
{421}

{7}
{61}
{52}

372

{43}

{52}

(61} + {52} +

(511} + {43} +

2421} +{331} +
(322} +
+3211)

{7}
{61}
{52}
{43}
{421}

0
1
0,2
1.3
1,2

{451}

{7}
{61}
{52}
{43}

Kak BumHO U3 3TO# TaOMUIBI, B AyOJICTHOM CIIMHOBOM CO-
crostHuy P°Li CHCTEMBI MMEIOTCS [IBE pa3pelleHHbIe cxeMbl {43}
u {421}, a 3HAYUT, COCTOSTHUSI PACCESHUS OKA3bIBAIOTCA CMEIIaH-
HBIMH II0 OPOWUTANBHBIM CHMMETpHsM. B Toxke Bpemsi, 0OBIYHO
cumtaercs, uro aybnerHomy OC sapa 'Be B p°Li kanane ¢ J =
3/2” m L = 1 COOTBETCTBYET TOJIEKO OJHA pa3pelleHHas cXeMa

{43} [120].

PaccmartpuBacMasi B JaHHOM clydae cucreMa pCLi moiHo-
cTbio ananorndHa p°H xanany B siape “He, Qy6IeTHOE COCTOSHIE
KOTOpOro Takxke cMmemano nmo cxemam lOnra {3} u {21}. ITosto-
My TIOTEHIMAJIbI, KOTOPHIE CTPOSTCS HAa OCHOBE omucaHus ¢as
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ynpyroro paccesaus B p°Li cucTeMe, He MOTYT HCIIONIB30BAThCS
ns onucanust xapaktepuctuk OC sgpa 'Be B p°Li kaHarte.

B namHOM ciyuae, $assl ynpyroro p°Li paccesHus, Tak xe
kak p’H cuctemsr (2.11), HpeACTAaBISIOTCS B BHAE IOTYCYMMbI
qucThiX (a3 [20,25]

8, = 1708, 14 4 1725, 1421

CwMmemandble (a3l ONPEACIIOTCS B pe3yibTare (ha3oBOTO
aHaju3a SKCIEPUMEHTANIBHBIX JAHHBIX, KOTOPHIMH OOBIYHO SB-
nsr0TCa TuddepeHnInanbHble CeUeHNH YIPYroro paccesHus Wiu
¢ynkuuu Bo3Oyxaenus. [lamee mpennonaraercst [20,25], uto B
KadecTBe YUCTHIX ¢ {421} a3 gybneTHOrOo KaHasa MOXKHO HC-
0JIb30BaTh (pa3bl TOH e CUMMETPUH M3 KBapTETHOTO KaHajaa. B
pesyNbTaTe MOKHO HAlTH umcThie ¢ {43} myOnernsie daspl p°Li
paccesiHUs U [0 HUM ITOCTPOUTH YHCTOE B3aHMMOEMCTBUE, KOTO-
poe I0JDKHO COOTBETCTBOBATH IIOTEHIMATY CBS3aHHOI'O COCTOSI-
mus p°Li cucremst B sape 'Be [20,25].

5.4 NMomeHyuanbHoe onucaHue ¢ha3
paccesiHusi

JIist TIOMydeHHs MapUHalbHEIX MexKmactepusix p’Li B3an-
MOJEHCTBUI MO HMMemUMcs (a3aM pacCesHUs HCIONIb3yeM
OOBIYHBII TayCCOBBI MOTEHHUAN C TOYEYHBIM KYJIOHOBCKUM
YJIEHOM, KOTOpPBIA MOET ObITh mpenctasicH B Buuxe (2.8). Ilpu
OIMCaHMUU PE3YJIbTATOB (ha30BOIr0 aHaJM3a, IPUBEJEHHOTO B pa-
6ote [122], Hamu ObUTH MOJY4YEHBI CIEIYIOLINE MapaMeTphl Mo-
TEHINAJIOB:

28— Vo=-110 MB, ot = 0.15 Om? |
*S — Vy=-190 MB, a0 = 0.2 dm™ .

Takwe MOTCHIMAIBI COAEpPXKAT MO JBA 3AIPEIICHHBIX CBS-
3aHHBIX COCTOSIHUSA, KOTOPBIE COOTBETCTBYIOT cxeMaM FOura {52}
u {7} [20,120]. Pe3ynbratsl pacuera a3 sl STUX MOTCHITHAIOB
MMOKa3aHbl Ha pHC.5.2a HENPEPHIBHBIMH JIMHUSIMH BMECTE C pe-
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3yapTaTaMu (a3oBoro aHammza [122], mpencTaBIeHHOTO KpPyX-
KaMU M OTKPBITHIMH TPEYTrOJIbHUKAMH.

Jlns ommcaHus TOMYYCHHBIX Hamu (a3 paccesHus Oolee
MPEIOYTUTEIHHBI TOTEHIMAJIBI C TApaMeTpaMu

2§ — Voy=-126 MB, ot = 0.15 Om? |
*S — Vy=-142 MbB, .= 0.15 dm™> .

OTH TOTEHITHANBI TaKXKe CONIepykKaT IO JBa 3allpelIeHHBIX
CBSI3aHHBIX cOCTOsSIHUA co cxemamu IOnra {52} u {7}. ®a3wl,
paccYMTaHHBIC C MCIIOIH30BAHUEM ITHX MOTCHIIMAJIOB, IIOKA3aHBI
Ha puc.5.2a MyHKTAPHOW W INTPUX - IMyHKTUPHOW JUHUSAMHU B
CPaBHCHUU C pe3ysibTaTaMH Hamiero ()a3oBOrO aHau3a, MPHUBE-
JICHHOT'O TOYKaMH U TPEYTOJIbHUKAMH.

[otenuuan 1s ay6nerHoit “P - Bomusl yrpyroro p°Li pac-
CeSTHUS MOXET OBITh TPEJCTABIICH, HAIIPUMEP, CICIYIOIIUMH T1a-
pameTpamu:

2P — Vy=-68.0 MaB, 0. = 0.1 dm? .

Ha puc.5.20 HenmpepbIBHOW JHMHHEH MOKa3aHBI PE3yJbTaThI
pacuera ¢a3 yrnpyroro paccessHusi C 3TUM IMOTSHIIHATIOM, KOTOPBIi
MMEET OJTHO 3alpelIeHHOe CBsI3aHHOE COCTOsIHUE co cxemoi HOH-
ra {61} u pazpemenHoe coctossHHe co cxemamu HOnra {43} m
{421}.

Takoil moTeHIMaa HEBEPHO MEPEAET PHEPTHIO CBSI3U s/pa
Be B péLi KaHaje, TOTOMY YTO pa3pellleHHOE COCTOSIHUE OKa3bl-
BaeTCsl CMEIIAHHBIM I10 JIBYM yKa3aHHBIM BBINIC CUMMETPUSM, B
TO BpeMsl KaKk OCHOBHOMY CBSI3aHHOMY COCTOSIHUIO COOTBETCTBYET
Toapko cxema {43} [120,121]. Ho maxke eclim MCIOJIb30BaTh Me-
TOJMBI MOJIYYCHUSI YUCTHIX (pa3, MPUBEACHHBIC BHIIIC U B paboTax
[120,121], ve ymaeTcst moy4uTh YUCTHIN MO cxeMaM FOHra mo-
TEHIMa] OCHOBHOTO COCTOSHUS 'Be. Bo3moxHO, 3T0 00ycoBe-
HO MAJIOi BEPOSTHOCTBIO KIACTEPH3ALHH spa 'Be B péLi KaHal,
BEIIMYMHA KOTOPOM WUrpacT CYIIECTBEHHYIO POJIb MPH HCIOJB30-
BaHUU OIMUCAHHBIX BBIIIE METO/IOB.

IToaTOMY YHCTBIA IO OPOUTATEHBEIM CUMMETPHSIM CO CXEMOM
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IOnra {43} P, - BOJHOBOM MOTEHIIMAT OCHOBHOTO COCTOSHUS
"Be cTpomiics Tak, 4To0bI B TIEPBYIO OUEpe/h OMICATh KAHATBHYIO
SHEPTHIO — PHEPIUIO CBSI3U OCHOBHOT'O COCTOSIHUSA sifjpa ¢ J = 3/2,
kak cuctemsl p°Li, u ero cpeaHexBampaTHuHbli pamuyc. [lomy-
YEHHBIC TAKMM 00pa30M MapaMeTpbl 9HCTOro ° Pt - moTeHnuana

HUMCHOT CJ'ICIIYIOH_[I/IC 3HAYCHUS:
2Py — Vo= -252.914744 MdB, 0ip= 0,25 dm™> . (5.5)

OTOT NOTEHLMaN, HA OCHOBE KOHEYHO - Pa3HOCTHOT'O METO-
Jla, TaeT SHEPTHI0 CBSA3HM Pa3pEIIEHHOI0 COCTOSHUS CO CXEMOM
IOnra{43} pasayro -5.605800 M53B mnpu skcneprMeHTaIbHOH
BenmmauHe -5.6058 MbdB [124] u uMeeT OJHO 3alperieHHOe CO-
CTOSTHUE, coOTBeTCTByIomee cxeme IOura {61}. CpennexBampa-
TUYHBIN 3apsIOBBIA pajnyc OKa3bIBaeTcs paBeH 2.63 dm, 4To B
IIeJIoM corjiacyercsi ¢ qanusiMu [124], a xorcranTa Cy, u3 (2.10)
Ha uHTepBaie 5 + 13 Om pasHa 2.66(1).

Jlnst mapametpoB P!} - moTeHImana nepBoro Bo30yXIeH-
HOTO COCTOSHHMA A7pa 'Be ¢ MoMeHTOM J = 1/2° mIomydensl 3Hade-
HUS

2P — Vo= -251.029127 MoB, op = 0,25 Om™> . (5.6)

Takoil moTeHUMan NPUBOAUT K 3HEpruu cBsizu -5.176700
M>»sB npu skcnepuMenTtansHOM BenuuuHe -5.1767 MaB [124] u
COJIEPKUT 3aIpeIIeHHOe COCTOSHUE co cxemou {61}. AcummTo-
Tnyeckas koHctaHTa (2.10) Ha mHTepBanme 5 + 13 @M paBHa
2.53(1), a 3apsmoBeiii pagmyc 2.64 M. AGCOMOTHAS TOYHOCTH
MOMCKA SHEPTUU CBSI3AHHBIX COCTOSIHUN p6Li CHCTEMBI B sipe 'Be
JUTSL HAIIUX HOBBIX KOMIBIOTEPHBIX MPOrpaMM 3ajaBajach Ha
yposre 10° MaB.

3aMeTuM, 4TO TOJIYYCHHBIC 37€Ch IMapaMeTphl MOTCHIIUAIOB
CBSI3aHHBIX COCTOSHUH HECKOJBKO OTIMYAIOTCS OT HAIIUX Mpe-
IBITyIIX pe3ynbTatoB [120]. DT0 CBA3aHO C MCIOIL30BAHUEM B
HACTOAIINX pacueTax TOYHBIX 3HAYEHHH Macc 4YacTHil u Ooee
TOYHBIM ONKCAHUEM 3KCIICPUMCHTATbHBIX 3HAYCHWA HSHEPTHMA
ypoBHei [124].
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J1s KOHTPOJSI TOYHOCTH OTpEIENICHUs] YHEPTUU CBSA3H HC-
TIOJTF30BAJICSI BAPHALIMOHHBI METO[, KOTOPBIM JIJIsl SHEPTHH OC-
HOBHOT'O COCTOSIHUS MOJy4YeHO -5.605797 M»aB, a 3HauuT, Kak Mbl
y>Ke TOBOPHWIIM B TPEThEH riaBe, Uil TAKOTO MOTEHIMANA CPEAHEE
3HaY€HHUE SHEPTUH CBA3H, MOTydYeHHON ABYMS METOaMH, PaBHO -
5.6057985(15) Mb»B. CnenoBaTeinbHO, TOYHOCTH BBIYHMCIICHHS
SHEPTUH CBSI3U JIBYMSI METOJIaMH, 110 JIBYM Pa3INYHBIM KOMITbIO-
TEpHBIM Iporpammam cocrtaBiseT t1.5 sB. Acumnroruyeckas
KOHCTaHTa Ha WHTepBajie 5 + 13 dM okazajmach CpaBHUTEIHHO
YCTOHYMBOM U paBHOU 2.67(2), a 3apsiIOBBI pailyC COBMAJAET C
pe3yapTaTaMi KOHEYHO - Pa3HOCTHBIX PacUEeTOB.

[TapameTpsl BapHallMOHHOW BOJIHOBOM (yHKIMH Buaa (2.9)
JUISL OCHOBHOTO COCTOSIHMS 'Be B p'Li kaHaje ¢ TOTEHIMAIOM
(5.5) mpuBeneHs! B Ta01.5.3, a BenMUrMHA HEBs30K BD He mpeBbI-
maer 1072,

Ta6:n.5.3. Bapuanmonusle napameTpsl 1 K03 QUmeHTs!
paznoxenus paarnaibHO B 0CHOBHOIO CBA3aHHOTO COCTOSTHUSA
p6Li CHCTEMBI B SApe "Be ms 2P3,2 - moTeHnuana (5.5).
HopMmupoBka QyHKIUH ¢ 3THMH TTapaMeTpaMH Ha HHTEPBAJIS
0+ 25 ®m paBHa N = 0.9999999999999895.

i Bi G

1 2.477181344627947E-002 1.315463702527344E-003
2 5.874061769072439E-002 1.819913407984276E-002
3 1.277190608958812E-001 9.837541674753882E-002
4 2.556552559403827E-001 3.090018297080802E-001
5 6.962545656024610E-001 -1.195304944694753

6 87.215179556255360 3.237908749007494E-003
7 20.660304078047520 5.006096657700867E-003
8 1.037788131786810 -6.280751485496025E-001
9 2.768782138965186 1.282309968994793E-002
10 6.753591325944827 8.152343478073063E-003

BapuanuoHHsiM MeTOZOM [UISI TIEPBOTO  BO30YKIEHHOTO
YpOBHS MoOdyueHa sHeprus -5.176697 M»sB, Tak uto cpenHss
sHeprus paBHa -5.1766985(15) M»aB ¢ Toif ke TOYHOCTBIO €€ OTl-
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peneneHnss 00OMMH METOJIaMHU, KaK ISl OCHOBHOTO COCTOSIHHS.
AcuMnToTuyecKas KOHCTaHTa Ha uHTepBane 5 + 13 dm umeer
3HaueHue 2.53(2), BennuMHA HEBS30K He Oosee 10" a 3apsIo-
BBIH paguyc IMOYTH HE OTINYACTCS OT COOTBETCTBYIOIICH BEIIH-
YUHEBI JJI1 OCHOBHOT'O COCTOSIHHSI.

[Tapamerpsr BD (2.9) nepBoro Bo30y:kI€HHOIO YPOBHS sApa
"Be B p°Li kaHae 115 MOTEHIMANA ¢ mapaMeTpamu (5.6) mpuBe-
neHsl B Ta01.5.4.

Ta61.5.4. BapuannonHsie mapamMeTpsl U K03QpHUIreHTHI
pasnoxkeHus paguanbHoii BO nepBoro Bo30yx)aeHHOTO
CBS3aHHOT'O COCTOSIHUS p6Li CHCTEMBI B SApE "Be st 2P -
noreniuana (5.6).

Hopmuposka B® ¢ 3TumMu napameTpaMu Ha HHTEpBae
0 + 25 @M paBHa N = 0.9999999999999462.

i Bi G

1 2.337027900191992E-002 1.218101547601343E-003
2 5.560733180673633E-002 1.653319276756672E-002
3 1.214721917930904E-001 9.009619752334307E-002
4 2.474544878067495E-001 3.003291466882630E-001
5 7.132725465249825E-001 -1.332325501226168

6 84.896023494945160 3.273725679869025E-003
7 1.162854732120233 -5.340018423135894E-001
8 1.574203000936825 9.367648737801053E-002
9 5.779896847077723 1.033713941440747E-002
10 19.422905786572090 5.314592946045428E-003

[MpuBenem nanee mapaMeTpbl MOTEHIMAIOB, KOTOpPhIE OIHU-
CHIBAIOT KBAPTETHBIC 'P - (hasbl yIPYroro paccesHus u3 paboThI
[122]

4Pn— Vo =-802.0 MoB, o=0.5dum>

*Pyp— Vo = -4476.0 MaB, o =2.65 dm?
*Pop— Vo =-1959.0 MaB, o =1.15dm> .
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Toukwu, KPyKKH U KpECTHKH — (pa3oBbIit anamu3 padoTsl [122]. JInausa —
pEe3yJIbTAT pacyera ¢ HailICHHBIM MOTCHI[HATIOM.

. 1 . 1 . 1 . 1 . 1 . 1 .
0 1000 2000 3000 4000 5000 6000 7000

E, kB
Puc.5.36. Kapretnsie *P - passi ynpyroro p°Li paccesHus.
Toukwn, KPYKKH U KpecTUKH — (pa3oBblif aHain3 padbots [122]. Jluanm —
Pe3yNBTaThl pacueTa ¢ NpeAIoKEHHBIMHU TOTEHINAIAMH.
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KauectBo omucanus a3 paccessHUsI C STHMHU MOTEHIMAIAMH
mokaszaHo Ha puc.5.3a u 5.36. [loTeHIMABI comep KaT 10 J1Ba 3a-
MIPEICHHBIX CBS3aHHBIX COCTOSIHHS, KOTOPBIE COOTBETCTBYIOT
3ampenieHHbIM B KBApPTETHOM CIIMHOBOM KaHane mpu L = 1, cxe-
Mam FOnra {61} u {43}.

OTMeTHM, YTO Ha OCHOBE IMOJyYCHHBIX B JJAHHOM (a30BOM
aHaM3e Pe3yNbTATOB U AyOneTHOH P - dhasbl paccesHus, mo-
Ka3aHHOH Ha puc.5.26, HEBO3MOXKHO OCTPOHTH OXHO3HAUHEI ~P
- moteHnuas. Jlyisi 3TOro TpeOYIOTCsl pe3yNbTaThl aHAIH3a TPH
0oJee BBICOKMX JHEPTUAX, IMOJYYUTh KOTOPBIE HEOOXOIUMO C
SBHBIM y4eTOM P - BOJHBI M CIIUH - OPOUTAILHOTO PACIICILICHUS

(has.
5.5 Acmpogpusudeckuli S - hakmop

[Ipu Hamewm paccmoTpeHnH actpoduzndeckoro S - daxkropa
yunThiBanuck E1 mepexomst u3 S - u °D - COCTOSHHIT paccesHus
Ha OCHOBHOE 2P3,2 - ¥ TIepBOE BO30YXKICHHOE 2P1,2 - CBSI3aHHBIE
coctosiaie aapa 'Be B p°Li kanane. PacueT BoiHOBOH (yHKIHMH
’D - COCTOSIHHS paccesiHus 0e3 yueTa CIIMH - OpOMTAIbHOTO pac-
IIETIEHHs TIPOBOIMICS HA OCHOBE S - TOTEHIHAA C OpOUTAIIb-
HBIM MOMEHTOM L = 2.

Pe3ynbraTel pacueToB MokasaiH, 4TO, MPUBEACHHBIA BHIIIE
°S - TOTEHIHMAT pacCesHHs, OCHOBAHHBI HAa (DAa30BOM aHAIM3E
[122] ¢ rmyounoit 110 M»aB, cuibHO 3aHMKaeT acTpOU3HICCKUI
S - axtop. B ToxKe Bpemst ay6ieTHbI S - MOTEHIHAN C TIy6ou-
Hoii 126 M5B, cnemyrommii U3 HamuX pe3yabTaToOB (a3zoBOTrO
aHalu3a, MPaBUIbHO IepellaeT oOliee MOBEICHHE IKCIEPUMEH-
TanbHOrO S - (hakTopa, Kak mokazaHo Ha puc.5.4. IlyHKTHpHOMH
JNIMHHUEH Ha PUC.5.4 IPUBEJIEH Pe3yIbTAT IS MEPEXOI0B U3 S - U
D - BOJNH paccesHHsS Ha OCHOBHOE COCTOSIHHE siipa 'Be, Toded-
HOW — Ul NEpexo/l0B Ha IEpBOE BO30YXKIEHHOE COCTOSIHUE, a
HeTpepbIBHAS JIUHUS — 3TO CyMMapHbIi S - dakrop. Touku, Tpe-
VIONBHUKH U KPYXKKH — O3KCIIEPUMEHTAIbHBIE IaHHBIE DPaboOT
[125], xkoTopsie mpuBeacHSBI B [126].

Pacuernsiii S - ¢pakTop s 10 k3B umeer 3nauenus S(3/2°) =
76 3B-6 u S(1/2°) = 38 »B-6 npu cymmapHoi Benmmuuse 114 3B-6.
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IMonydennsiii S(1/2°) - ¢akTop BIOJHE OMHUCHIBAET IKCICPUMEH-
TaJIbHBIC JJAHHBIC JUIS INEpeXojia Ha TepBOe BO30YXKIECHHOE CO-
CTOSIHME siipa 'Be NpH MalbIX SHEPrHsX (KPYXKKH clieBa BHH3Y
puc.5.4).

160 T T T T T T T T T T T T
140 | ®Li(p,y)'Be E1

120

1/2+3/2

0,0 0,2 0,4 0,6 0,8 1,0 1,2
E, M2B
Puc.5.4. Actpodusmueckuii S - pakrop paauanuonsoro p°Li 3axsara.
Touku, TPEyroIBHUKH U KPYKKH — SKCIIEpUMEHTAIbHbBIC TAHHBIC U3
pabot [125], kotopeie mpuBeacHs! B [126]. [IlyHkTupHO# JIMHNEH TIOKA-
3aH pe3yJbTaT ISl IEPEXOA0B U3 S -u’D - Bonmu paccesHus Ha OCHOB-
HOE COCTOSIHHME siIpa 'Be, TOYedHO#t — TS IepeXoI0B Ha IepBoe BO30Y-

JKICHHOE cocTostHUe. HenmpephIBHAS IMHUSA — CYMMapHBIi S - pakTop.

s cpaBHEeHHS pacyeTHOTO S - hakTopa IpH HyJIEBOH SHEP-
rud (3a HOJNb, B JAHHOM CiIydae, mpuHsTa 3Heprus 10 kaB) mpu-
BEllEM H3BECTHBIC pe3ynabTaThl 1M monHoro S(0) - daxropa:
79(18) »B-6 [127], 105 3B-6 (mpu 10 x°B) [126] u 106 3B-0
[128]. Ins S - hakTopa mpu mepexoax Ha OCHOBHOE COCTOSIHHE B
pabote [129] mpusemeno 39 5B-6, a mig mepexoma Ha TMEpPBOE
BO30YKIIEHHOE cocTostHHE 26 3B-0, Tak 9T0 cCyMMapHBIi S - ¢ak-
Top paBeH 65 5B-6. Kak BuaHO, nMeeTcs 0BOIBHO OOIBIIOE pa3-
JUYYe B CYIIECTBYIOIIMX JAHHBIX W HAIM PEe3yJbTaThl, B IEJIOM,
COIJIACYIOTCS C HAMH.
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Kpome Toro, HeGOMIbIIOE H3MEHEHHE TIYOUHBI °S - MOTEH-
[[Majia paccesHusl, KOTOpPOe MPAaKTHYECKH He CKa3bIBaeTCs Ha TO-
BEJCHUH pacueTHbIX (a3, TOBOJIBHO CHJIIBHO BIUSET Ha S - (ak-
Top. Hanpumep, ecnu npuHATE r1yOrWHY NOTeHLIMaNa paBHOH 124
M>5B npu ol ke mmpuHe ((as3bl mokazaHel Ha pUC.5.2a KOPOT-
KUMH IITpUXaMu), To mpu dHeprun 10 k3B ms momHoTO S - dhak-
topa moxyduM 105 3B-6, 9T0 XOpoIo corjacyercs ¢ OJMHUMH U3
CaMbIX NOCIEAHUX IKCIEPUMEHTANbHBIX JaHHBIX [126,127]. OToT
S - dakTop mokazaH Ha puc.5.4 IUTPUX - MYHKTUPHOW JIMHHEH,
KOTOpasi B Tpefesiax OmHOOK COTjlacyeTcsi ¢ JKCIIEPHUMEHTab-
HBIMH JAHHBIMH IIPH dHEPrusx Hike 1 M»aB.

CrnenyeT OTMETUTh, YTO €CIM HCIOJIB30BaTh B S - mwiH P -
BOJTHAX MOTEHIHAJIBI O€3 3alpeIIeHHBIX COCTOSHUHA WK C JPYyTUM
WX YHCJIOM, TO BEJTMYMHA PacueTHOro S - ¢akTopa OKa3bIBaeTCA
3HAYUTENILHO MEHBIIIE, TOJyYeHHBIX BhIlIE 3HaYeHnH. Hanpumep,
>S - HOTEHIMAI C OHUM 3aIPELICHHEIM COCTOSHHEM M IapaMeT-
pamu 25 MaB u 0.15 OM?, KOTOpPBIii HEIIOXO OMUCHIBACT (hasbl
paccesiHUsI, W TNPUBEACHHBIN BBIIE MOTEHIMA OCHOBHOTO CO-
crosiHus, natoT npu 10 k9B Benmuuny S - ¢akropa, paBHyIO,
npumepHo, 1 3B-6.

3aknroyeHue

Takum oOpa3oM, JJisi TOMYYCHHUS MEXKKIACTEPHBIX ITOTCH-
UaJioB TI0 (a3aM paccesiHUs BHIMOJHEH (ha30BbIH aHATN3 HOBBIX
SKCTIEPUMEHTAIBHBIX JaHHBIX 110 ympyromy p°Li paccesuuto. [Jla-
Jiee, HA OCHOBE MOJYYCHHBIX (Da3 paccesHUs KIacTepoB ObLIH
MOCTPOEHBI TOTEHITAIIBI MEKKIACTEPHOTO B3aWMOJCHCTBUS IS
HENPEPBIBHOTO CIIEKTpa CMelIaHHble Mo cxemaMm FOHra u comep-
xkarmme 3C, mpuyeM Kakaas napiuajibHas BOJHA OIMUCHIBANIACH
CBOMM TIOTEHIMAJIOM TrayccoBa BUA C ONPEICICHHBIME TapaMeT-
pamu. J{Jist ONMCAHMS CBA3aHHBIX COCTOSIHUM siipa 'Be HCIIonb30-
BaHBI YUCTHIC IO cxeMaM HOHra MOTeHIMANBI, OTIMCHIBAIOIINE €T0
OCHOBHBIC XapaKTEPUCTUKHU H, B TICPBYIO OYepPE/b, YHEPTHIO CBS-
3M.

JlyGnetHsie S - (asbl, HONydYeHHbIC B HameM (a30BOM aHa-
JH3e, KOTOPBIH SIBHO YYHTHIBAET AyOeTHYI0 P - a3y, mpUBOIAT
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K TOTEHIHANy, KOTOPBIH, B OTIIMYHE OT B3aUMOJEIHCTBHA, TO-
CTPOCHHOTO HAa OCHOBE pe3yibTaToB aHanm3a [122], BmomHe 10-
3BOJISICT OMHCAThH IKCIICPUMEHTANBHBIN S - (haKTOp MpHU SHEPTHUIX
Hmwke 1 MaB. Tem cambiM, Kak U B ciiydae, Ooiee JISTKUX sep
[112], ucions3yemast 3/ech MOTEHIMATBHAS KIIacTepHAs MOJIEIh C
TIPUBEIEHHBIMU BBIIIE TIOTEHIIMAJIAMH, TIO3BOJISIET B IIEJIOM ITOJTY-
YUTH BIIOJIHE TIPUEMIIEMEIC PE3yJbTAThl MPU OMUCAHHH TIpoIlecca
panuarmonsoro p°Li 3axBata B acTpoU3MUECKOil 061aCTH dHEp-
ruit [130,131].
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6. S - PAKTOP
PAANALMNOHHOIO p’Li
3AXBATA

S-factor of the p’Li radiative capture

BeedeHue
P €aKIus paI[I/IaI_II/IOHHOFO 3axBaTa
p+Li—*Be+y

MIPHU CBEPXHU3KHUX DHEPTHUSIX ¢ 00pa3oBaHWEM HECTAOWILHOTO Sif-
pa *Be, KoTOpoe pacmagaeTcst Ha IBE O - YACTHIIBI, MOXKET MPOXO-
JIUTH, HAPSILy CO cIaObIM MPOLIECCOM

Be+e — Li+y+Ve ,

KaK OJlHA W3 (PUHAIBHBIX PEAKIMA MPOTOH - MPOTOHHOTO ITMKJIA
[2]. TlosTOMY, AeTanbHOE U3yYEHUE ITOM PEeaKluu, B YACTHOCTH,
(hOpMBI ¥ 3aBUCHMOCTH OT 3HEPIHU acTpodusndeckoro S - dhak-
TOpa, 0E3yCIOBHO, MPEACTABISACT OMPEICICHHBIH HHTEPEC IS
SIIEPHON acTpOU3UKH.

[Ipu BBIMONHEHUH pacyeToB acTpodu3nUUecKoro S - daxropa
paraliOHHOTO p7Li 3axBaTa B MOTEHIMAIBHOW KJIacTEPHOU Mo-
nemu [20,25], xoTopast OOBIYHO MUCHONB3YEeTCS HaMU JUIsl TI0J00-
HBIX pacueToB [112,132], TpeOyeTcsa 3HaHWE MapUUANBHBIX IO-
TEHIMAJIOB P’ Li B3aHMMOJIEHCTBHS B HEIPEPHIBHOM H JIUCKPETHOM
cnekrpe. [lo-mpexxHemy OyaeM cuuTaTh, YTO TaKUE TMOTCHIIHAIIBI
JIOJI’KHBI COOTBETCTBOBATH KJIACCU()MKAIINU KIIACTEPHBIX COCTOSI-
HUW TI0 OpOUTANIBHBIM CUMMETPHSIM [25], Kak 3TO OBIIIO TIPHHSITO
paHee B Hammwx padorax [47,59,131] u npeaplAyIMX TIaBax gaH-
HOW KHHTH JUIS IPYTHX SACPHBIX CUCTEM.

HanmomHnM, 9TO B HCMONB3yeMOM HAMHU MOAXO/E TOTEHIIHA-
JIBI TIPOLIECCOB PACCESTHHSI OOBIYHO CTPOSTCS HA OCHOBE ONMMCAHUSA
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(a3 ynpyroro paccesiHus, H3BICKAeMbIX M3 SKCIIEPUMEHTATBLHBIX
JIAHHBIX, a B3aMMOACWCTBUS CBSI3aHHBIX COCTOSHHM OIIPENesIoT-
cs U3 TpeOOBaHMS BOCIPOU3BEICHHS OCHOBHBIX XapaKTEPUCTUK
CBSI3aHHOTO COCTOSIHUSA S/Ipa, B MPEATNOJIOKEHUH, YTO OHO 00Y-
CJIOBJICHO, B OCHOBHOM, KJIaCTEPHBIM KaHAJIOM, COCTOSIIEM U3
HaYaJbHBIX YaCTHIl PACCMaTPHUBAEMOU PEaKITHH.

Hampumep, cTamkuBaromuecs Mpu MajblX YHEPTHSIX YaCTH-
usl “H*'He B mporecce pagualiioHHOTO 3aXxBaTa 00pasyioT SIpo
°Li B OCHOBHOM COCTOSIHHH, a JIHIIHAS SHEPTHs BBICISETCS B
BUJE Y - KBaHTa. [I0CKONBKY B TAaKMX PEAKIIHSIX HET MEPECTPOUKH,
MBI MOXEM pPacCMaTpUBaTh MOTCHIIUABI OJTHOW M TOH K€ siep-
HO# cucteMbl yactuiy, T.e. “H'He, B HempepbIBHOM 1 IHCKPETHOM
crieKkTpax. B mocnegHeMm cirydae cdmTaercs, 9To ¢ OOJBIION 10-
neif BEPOSTHOCTH OCHOBHOE CBSI3aHHOE COCTOsHHE siapa ‘Li 06y-
ciosneno knacteproit “H'He xon¢urypauueit. Takoit moaxon
MIPUBOJIUT K BITOJTHE Pa3yMHBIM pe3yJbTaTaM HpU OMUCAHUH acT-
poduzuueckux S - HaKTOPOB 3TOH U HEKOTOPBIX APYTHX PEaKIUi
panuanmonHoro 3axsara [133].

B naHHOM clydae, spo "Be, HO-BHIMMOMY, HE COCTOMT M3
KJIACTEpHOU p7Li CHUCTEMBI, a OIpeJesieTca, CKOpee BCEro,
‘He'He xondurypammeii, pacmamasch B 5TOT KaHant. OIHAKO
MOKHO TPENOI0KHUTh, YTO Cpa3y MOCIE PEaKIUU PaJuallMOHHO-
ro p'Li 3axBaTa sapo *Be Gy/er, Kakoe-To BpeMsi, HAXOAUThCS B
CBA3aHHOM COCTOSIHMHM p'Li KaHala M TOJNBKO MOTOM TepeiiyieT B
COCTOSIHHME, OMPENEIIEMOE HECBI3aHHOM *He'He cucremoit. Ta-
KO JIOMyIIEHHE HO3BOJISIET PACCMATPHBATh AP0 *Be, Mo KpaiiHeit
Mepe, Ha HaYalbHOM STalle ero 06pa3oBaHMs B peaKiuy p+ Li—
8Beﬂ(, Kak KJIACTEPHYIO p7Li CHUCTEMY W NPUMEHATh METOJIbI
IIKM [134].

6.1 Knaccudhukauyust opbumarnbHbIx
cocmosiHul

Bnauaje 3ametum, 4to p7Li cHUCTeMa UMEET MPOEKIIUI0 U30-
cimHa T, = 0, a 3TO BO3MOXHO IPH JIBYX 3HAYCHHSIX TOJIHOTO
m3ocrimaa T =1 u 0 [135], mosTomy p7Li KaHaJ, TaK K€ Kak p3H
cucreMa [112], oka3pIBaeTcs CMEIIaHHBIM 10 H30CTIHHY, XOTS 00a
n30CcMHOBEIX coctoguus (1 = 1,0), B oTimuue oT p3H CUCTEMEI, B
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TPHUILIETHOM CIIMHOBOM COCTOSTHHMHM COOTBETCTBYIOT, Kak OyzeT
MOoKa3aHo najee, omHOM paspemenHoi cxeme IOura {431} [20].
UnCcThIME TIO U30CTIMHY, B JAHHOM CITy4Yae B MOJHOW aHAJIOTHUU C
p’He u n’H cucremamu [112], SBNSIOTCS KIACTEPHBIC KAaHAIBI
pBeun'LinpuT,=+1uT=1.

CIHH - H30CIIMHOBBIE CXeMBI sapa *Be s p'Li kanana npu-
BEJICHBI B Ta0J.6.1 U ABJISIFOTCS] IPOU3BEACHUEM CITUHOBOM M U30-
cnuHOoBOM 4Yacteir BD. B wactHocTH, It 11000r0 M3 DTHX MO-
MEHTOB, B OCHOBHOM COCTOSIHHHM S/Ipa "Be ¢ MOMEHTOM, PaBHBIM
HYJI0, Oy/eM uMeTh cxemy {44}, s HEKOTOPOro COCTOSHUS C
MOMEHTOM eAuHuIa cxemy {53} u UIsl COCTOSIHUA C MOMEHTOM 2
cuMMeTpuio Buma {62}. B mepBoMm ciiydae MOMEHTBI YETBIpEX
HYKJIOHOB HAITPaBJICHBI B MPOTHBOIOJIOXKHYK CTOPOHY IO OTHO-
IICHHUIO K JIPYTOf YeTBEpKE M MOJHBIH MOMEHT CHCTEMBI BOCBMH
HYKJIOHOB paBeH HyJ0. Bo BTOpoM cirydae MOMEHTHI TSTH HY-
KJIOHOB HaIpaBJieHBl B OJHY CTOPOHY, a TPEX B JAPYTYIO U B pe-
3yJlbTaTe HE CKOMIICHCHPOBAHHBIMH OCTAIOTCS JIBA HYKJIOHA, a UX
MOJTHBI MOMEHT paBeH enunuile. [locneqHuii BapuaHT NpeCcTaB-
JIIET MOMEHTHI IIECTH HYKJIOHOB HAIpPaBJIeHHBIE B OJHY CTOPOHY
U JIBYX B JIPYTYIO — HE CKOMIICHCHPOBAHBI YCTHIPE HYKIIOHA H
MIOJTHBIA MOMEHT PaBEH JIBYM.

Bo3moxnbie opOuTanbpHbIe cxembl FOHTa p7Li CHUCTEMEI, €C-
mu s aapa 'Li memombsyercs cxema {7}, OKa3hIBAIOTCS 3arIpe-
IIICHHBIMY, TIOCKOJIBKY B OJIHOH CTPOYKE HE MOXET OBITh 0oJjee
geThIpex KiIeTok [121,123], 1 COOTBETCTBYIOT 3ampernieHHBIM CO-
crosHUAM ¢ KoHpuryparusmu {8} u {71} © MOMEHTOM OTHOCH-
TenbHO ABMKEHUS L = 0 u 1, KOTOpEIi, HATOMHKUM, OTIPECIICTCS
o mpasmty dmanorTa [123]. Korna mns sapa 'Li npurnMaercs
cxema {43}, cuctema p’Li CONEpPKHUT 3ampelieHHbIE YPOBHH CO
cxemoit {53} B P, - BonHe u {44} B S| - BOiHE, U pa3pelICHHOE
cocrosiHue ¢ KoHpurypanuet {431} npu L = 1.

Taxum oGpa3oM, p'Li OTEHIMANE B PAa3HBIX MAPIHATBHBIX
BOJTHAX JTOJDKHBI UMETh 3alperieHHoe cBs3annoe {44} cocrosHue
B S| - BOJHE W 3aIpPEIICHHOE U Pa3pEIICHHOE CBSA3aHHBIC YPOBHH
B P; - BomHe co cxemamu FOura {53} m {431} cOOTBETCTBEHHO.
Paccmotpennas ximaccudukanys MpaBWIIbHA I JIFOOOTO H30-
CIIMHOBOTO cocTosHUs p'Li cuctemsl (7 = 0 mwiu 1) B TpHILIETHOM
CriUHOBOM KaHaje. [Ipu cnuae S = 2 pa3pelieHHbIe CUMMETPUN
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BOOOIIIE OTCYTCTBYIOT, a BCE NIEPEUMCIICHHBIC BhIlIe cXeMbl FOHra
COOTBETCTBYIOT 3alpEIICHHBIM COCTOSHHUSIM, KaK ITOKa3aHO B
Ta01.6.1.

Ta6m.6.1. Knaccudukauus opouTanbHEIX COCTOSHUH B p'Li
(n'Be) cucreme ¢ nzocmmaom T=0wu 1.
3neck: T, S u L — u30CuH, CIIUH ¥ OpOUTATLHBIA MOMEHT
CHCTeMBI IBYX yacThll p+ Li, {f}s, {f}1, {f}st ¥ {f}L — ciuHOBas,
HM30CIMHOBAs, CITMH - H30CIUHOBas [44] 1 BO3MOKHAs
opouTanpHas cxemsl FOHTa., {f}pc, {f}3c — cxemsr FOHTa
Pa3pelleHHBIX U 3aMPEIIEHHBIX OPOUTATEHBIX COCTOSTHUH.
JKupHBIM KypCHBOM TTOKA3aHBI COTIPSHKEHHBIE CXEMEI.

Cuc- | T | S| {fir | /s Bsr={f1s®{f}r {fi L {flec | {ac
TEMa

pLi | 0] 1| {44} | {53} {(TI+{61}+H33+ | {8} 0 - (8}
n'Be H{521)+ {431+ | {71} | 1 - | {71
HA2113+(332)+ | {53} | 1,3 - | {53)
{3221} {44y | 024 | — | {44}
{431} | 123 | {431} -
2 | {44} [{62}) | {62}+({521}+ {8} 0 - (8)
+{44)+ {4313+ | {71} | 1 - | {71
+{422}+{3311} | {53} | 1,3 - | {53)
{44y | 024 | — | {44}
{431} 123 | - |{431}
pBe | 1| 1]{53}|{53}| (812f62}+{71}+ | {8} 0 - {8}
n'Li HOI)+3)+dd+ | {71} | 1 - | {71
L2111+ | {53} | 1,3 - | {53)
p'Li +{44)+{332}+ | {44} | 024 | - | {44)
n'Be RBI2A0)+ | 431} | 123 | {431} -

+H{A211}+{3311}+

{3221}

2 [ {53} [{62} | {(THE2H611}+ | (8) 0 - (8)
R{531+2{521}+ | {71} | 1 - | {71
RABIHA2+ | (53} ] 1.3 - | {53)
HA211}1+{332} {44y | 024 | - | {44)
{431} | 123 | - |{431}

B03MOXKHO, KaK B MPEeIbIAYIIEM caydae mast p°Li cHCTeMsl,
OoJee mpaBUIBLHO paccMaTpuBaTh 00€ JOMYCTHMEBIE CXeMEI {7} u
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{43} I CBS3AHHBIX COCTOSIHMIA siapa 'Li, MOCKOIBKY 06¢ OHH
nprcyrcrByior B uncie 3C u PC sroro sigpa 8 “H'He xondury-
paumu [133]. Torga xnaccudukanus ypoBHE# OyneT HECKOIBKO
WHOMW, YHCJIO 3allpPelISHHBIX COCTOSHUIN BO3pPACTET, U B KaXKOH
MapIuaIbHON BOJIHE TOOABUTCS JHUIITHUNA 3aIllpPEICHHBINA CBSI3aH-
HBIN ypoBeHb. Takas, Oonee momnaas cxema 3C u PC cocrosHuid,
npuBesieHa B Ta0.6.1 U, O CyTH, SBISETCS CyMMOH MEPBOTO H
BTOPOTO PACCMOTPEHHOTO BHIIIIE CITyYasl.

6.2 [NlomeHyuanbHoe onucaHue ¢a3s
paccesiHusi

®da3pl ynpyroro p7Li paccestHusl, MOCKOJBKY 3Ta CHUCTEMa
CMEIIaHHA 0 HM30CIHHY, MPEACTABISIOTCS B BHIE MOTYyCYMMBI
YUCTHIX 10 u3ocnuHy ¢as (4.1) [20,25]

O(T=1,00=1120(T=0)+ 1/28(T= 1)

B MOJHO# aHanmoruu ¢ p°H cuctemoif. CMeIIaHHbIe 110 H30CIIHHY
dasel ¢ T = 1,0 onpenensiroTcst B pe3yibTare (pa3oBoro aHajiuza
JKCIICPUMEHTAIBHBIX JIAHHBIX, KOTOPBIMU OOBIYHO SIBIISFOTCS
mud dhepeHInaNbHBIC CEUSHHSI YIIPYTOTO pacCesHUs WIH (yHKIHH
B0o30OykneHns. Yucteie ¢ m3ocnuHoM 1 = 1 (a3sl onpenemnsorces
u3 (aszoBoro aHammsa ynpyroro p’'Be miu n’Li paccesnus. B pe-
3ysbTaTe MOXKHO Haiiti umctsie ¢ T = 0 dassl p'Li paccesHus u
M0 HUM TIOCTPOWTH B3aMMOJEHCTBHE, KOTOPOE MOJKHO COOTBET-
CTBOBATh TOTCHIMANY CBA3AHHOIO COCTOSHMS P Li CHCTEMbI B
sape ’Be [20]. UmenHO Takol MeToxa pa3nencHus (a3 UCIOIb30-
Basics it p°H cucremsr [25], U MPOAEMOHCTPHPOBAT CBOIO TIOJI-
Hy10 paboTtocmocobHocTh [112].

OpHako HaM HE YJIAJNOCh HAWTH SKCIICPUMEHTAIBHBIC JIaH-
Hele 10 audepeHIMaTbHBIM CEYCHUAM Wi (a3aMm ynpyroro
n’Li nmu p'Be paccesHust mpu acTpodu3nueckux sueprusx [136],
MO3TOMY 3[€Ch OyaeM paccMaTpuBaTh TOJNBKO CMEMIaHHBIE MO
W30CIHHY MOTEHIHANIBI TIPOIIECCOB PACCesHHs B p'Li cucreMe
yuctele ¢ I = 0 MOTeHIMabl CBA3aHHOTO COCTOSHUS, KOTOpBIE
CTpoATCS Ha ocHOBe omucanus xapakTepucTuk CC u BEIOMpAIOT-
Csl B TIPOCTOM TayCCOBOM BHJI€ C TOUYEYHBIM KYJIOHOBCKHM 4YJIe-
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HoM (2.8).

®a3pl ynpyroro p7Li paccesiHus, MOJIydYeHHbIe U3 (ha30BOr0O
aHaJM3a SKCIEPUMEHTAIBHBIX JaHHBIX MO (YHKIHSIM BO30YKIe-
Hus [137], ¢ ydeToM ChUH - OpOWUTANBHOTO PACIICIUICHHS IPH
sHeprusx 110 2.5 MaB nmetorcs B pabote [138]. Dtu dazbl, moka-
3aHHBIC TOYKaMHU M KBagparamu Ha puc.6.1 u 6.2, MpI Oynem uc-
MOJIb30BaTh Aajiee MPH MOCTPOSHHH MEKKIIACTEPHBIX MOTEHIINA-
JIOB JJIsl yIPYTroro p7Li paccestHus B S| - U P - BOJTHax.

W3 puc.6.1 Bumgno, uto B ob6xactu ot 0 1o 800 k3B S - daza
NPaKTUYECKH paBHA HYNIO, a 3aTeM JOBOJBHO PE3KO CHagacT W
mpu 1500 k3B umeeT BenmauHy npuMepHO -25°. [T0CKONMBKY MBI
OyzeM paccMmaTpuBaTh TOJBKO OONAaCTh HU3KUX, acTpou3nye-
CKHX 3Heprui, To orpannunMcs natepsaioM 0 + 800 k3B. Ilpak-
THUYECKHU HyJieBasl (ha3a MpH 3TUX SHEPTHSIX MMOTy4yaeTcs ¢ MOTEH-
1rajgoM Buna (2.8) u mapameTpamMu

Vo=-147 MoBu o= 0.15 dm™>.
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Puc.6.1. 7S, - u S, - passl ynpyroro p’Li paccesHus npy HU3KHX
sHeprusx. Touku 1 KBaapatsl — (a3bl paccessHus, MOJTyICHHbIE U3 IKC-
NIepUMEHTAIBHBIX JaHHBIX B pabote [138]. JIunns — pacyersl ¢ raycco-

BBIM MTOTEHIMAJIOM, TAPAMETPbI KOTOPOTrO IPUBEAEHBI B TEKCTE.
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Takoii morenmman comaepkut asa 3C, Kak 3TO CIEIyeT U3
KJIAaCCU(PHUKAIIMK COCTOSHUM, MPUBEICHHON B Ta0.6.1, a pe3ynb-
TaThl pacuera S; - (a3pl mokazansl Ha puc.6.1 HEMpephIBHOW JIU-
Huei. Koneuno, S - ¢a3y, ONMM3KyI0 K HYJI0, MOXKHO TOIYYUTH U
C TIOMOIIBIO PYTHX BapUAHTOB MapaMeTPOB MMOTEHIIMANA C ABYMS
3C. B aTOM CcMBICIIE, HE YIAeTCsS OJHO3HAYHO (PMKCHPOBATH €0
nmapameTpbl, © BO3MOXKHBI Ipyrue KomomHammu Vo 1 o. Tem He
MeHee, TaKOW MOTEHIHWal, TaK e, KaKk MPHUBEICHHBIH BEIIIE,
JOJDKEH MMETh CPAaBHHUTEIBHO OOJBINYI0 IIUPUHY, KOTOpas AaeT
Maioe u3MeHeHHne (as3pl paccesHus NMPH M3MEHEHWH 3HEPTUU B
obmactu 0 + 800 x3B.

B P, - BosiHE paccesiHud UMEETCsl HaJIIOPOTOBbIN YPOBEHb C
sueprueit 17.640 MsB u J'T = 1"1 uwu 0.441 M»dB (11.c.) Bblme
nopora K1acTepHoro p’Li kanana B sape “Be, Ipy SHEpruu CBS3H
aroro kaHama -17.2551 MaB [135]. Yposens 0.441 MaB umeer
OYEeHb Majylo IIMPUHY, KOTOpas JJis peakiuu p7Li — 8Bey 3a-
XBaTa M ymnpyroro p'Li paccesnus coctasiser Bcero 12.2(5) k3B
[135]. Takoit y3kuii ypoBEHb MPUBOJIUT K OUEHBb PE3KOMY ITOIBE-
My P; - ¢a3sl ynpyroro paccesiHus, KOTopas AJsl TOJTHOTO MO-
MeHTa J = 1 OKa3pIBaeTCsl CMeEIIaHa 0 CIIMHOBBIM COCTOSIHHSM
SPl U 3P1 [138]. da3a, mokazaHHas ToukamMu Ha puc.6.2 [138],
MOXeT OBITh OmNHcaHa MOTEHLHAIOM rayccosa Buja (2.8) ¢ mapa-
MeTpaMu

Vo =-5862.43 MoB u o = 3.5 dm?> .

OTOT MOTEHIMAJ, CMEIIaHHbIN 1o uzocnuny ¢ 7'=0u 1, co-
riacHo Ta6:1.6.1, umeer nBa 3C, a pe3yabTaThl pacueTa P - Gassl
paccessHUs TOKa3aHbl Ha puc.6.2 HenmpepblBHOM nuHued. Ilpu
CTOJIb PE3KOM BO3pacTaHUM, U3BJICUCHHOU W3 IKCIICPUMEHTAIIb-
HBIX JAHHBIX, P| - (a3el mapameTpbl MOTEHIMANBI, KOTOPhIA ee
OIMCHIBAET, (PUKCUPYIOTCS BIIOJIHE OJHO3HAYHO, a caM MOTEHIIU-
a1 TOJDKCH UMETh OYCHb MAITyI0 IIUPHUHY.

ITockonmeky manee OyneT paccMaTpUBATBCS acTpOpU3NUe-
ckuii S - axkTop TOJABKO MpH 3Heprusax oT Hyius g0 800 k3B, To
BITOJIHE MOYKHO CUUTATh, YTO 00a IMOJYYCHHBIC BHIIIC TOTCHIIMAA
MIPUEMJIEMO OTIMCHIBAIOT PE3YJIbTAThI (PAa30BOTO aHAIIM3a JUIS JIBYX
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PAacCMOTPEHHBIX TMAPITUANBHBIX BOJIH B JTOW OO0NACTH SHEPTHMA
[138].

160 |- 1

§ 100 I V,=5862.43 MaB |

= 3 2

S 80l 0=3.5 ®dm ]
60 - —
40 | -
20 - .
0 -

1 L 1 L 1 L 1 L 1 L 1 L 1
300 350 400 450 500 550 600

Ep, kaB

Puc.6.2. °P, - baza, cvemannas ¢ °P; dasoif, ypyroro p’Li paccesnus
TIPY HU3KUX DHEPTHSAX.
Touxu — ¢a3sl paccessHUS, NOTYUYCHHBIEC U3 SKCIIEPUMEHTAIIBHBIX JIaH-
HBIX B pabore [138]. JIuaus — pacyeTs! ¢ raycCOBBIM IOTEHIHAIOM,
napaMeTpsl KOTOPOTo MPUBEIEHBI B TEKCTE.

Jis moteHnpana cBI3aHHOTO Py - COCTOSHUS p7Li CHUCTEMEI,
KOTOPBII COOTBETCTBYET OCHOBHOMY COCTOSIHHIO siipa "Be B pac-
CMaTpUBaEMOM KJIACTEPHOM KaHalle, HAIeHbI CIeAYIoIne mapa-
METPHI:

Vo =-433.937674 MoB u o = 0.2 dm™> .

C TakuM NOTEHLIMATIOM IOJyyeHa 3Heprus cBsasu -17.255100
M>B npr Tounoctn 10° MaB, cpeaHeKkBaapaTHIHbIT paguyc 2.5
®wMm, a acCUMIITOTHYECKAs] KOHCTAHTA, BRIYUCIISIEMAs IO (QYHKITUSIM
Yurrekepa (2.10), okazanace paBHa C,, = 12.4(1). Omubka KoH-
CTaHTHI OTIPEACIIACTCS €€ YCPeTHCHHEeM Ha nHTepBaje 6 + 10 OwM,
I7Ie OHAa OCTaeTCs OTHOCUTEIBHO cTabmibHOU. Kpome pasperien-
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roro CC, cootercTytomemy OC siapa *Be, Takoii P - IOTeHIH-
an umeeT aBa 3C B MOJIHOM COOTBETCTBHUHU C KiacCH(HUKAIUCH
OpOUTANIBHBIX COCTOSIHUM, MPUBEICHHOH B Ta0I.6.1.

Io-BuaMMOMYy, B KJIacTepHOM p’'Li KaHale cpemHeKBajpa-
THYHBIH panuyc aapa "Be He JTOKEH CHIBHO OTJIMYATHCS OT pa-
nuyca 'Li, kotopsiii paser 2.35(10) ®um [124], MOCKONBKY SAPO
HaXOJUTCA B CHJILHO CBSI3aHHOM ~ -17 MDbB, T.e. KOMIIaKTHOM
coctossHMM. Kpome Toro, mpu Takoil SJHEprHH CBsI3U, CaMoO SAPO
"Li MoxeT HaxoauThcA B Ae)OPMHPOBAHHOM, CXKATOM BHJIE, KaK
neitrpon B siape “He [112]. TTosToMy, HONydYeHHOE BBIIIE, 3HAtUE-
HME CpeIHEKBAAPAaTHUHOro pamyca ams p'Li kanana B OC *Be
MUMEET BIIOJIHE Pa3yMHYIO BEJIMUHHY.

Jl1s. TONOIHUTENIEHOTO KOHTPOJIS BBIYMCIICHUS S3HEPIHU CBS-
3M KCIOJIB30BAJICA BapHALMOHHBII METOJl C Pa3IOXKEHUEM Kila-
crepHoit B® p’Li cuCTeMBI 0 HEOPTOTOHATLHOMY IaycCoBy Oa-
sucy [20], koTopeiM, yke Ha pasmepHocTH Oaszuca N = 10, mis
JTOTO MOTEHITHANA MoJIydeHa sHeprus -17.255098 M»aB, Tonbko
Ha 2 3B oTnnuaromiasics, oT NpUBEACHHON BbIIlIe, KOHEYHO - pa3-
HOCTHOU BenuuuHbl. HeBsizku [24] UMEOT mOpsIOK 10", acum-
NTOTHYECKass KOHCTaHTa, Ha wuHTepBane 5 <+ 10 dm, paBHa
12.3(2), a 3apsaaoBBId paguyc HE OTIMYACTCS OT IPEIbIAYIITHX
pe3ynbTaroB. [lapaMeTphl pa3ioxeHHsd MOJy4YEeHHOH BapHUallioH-
HOII paauanbHOil BoHOBOM (yHKImH (2.9) OC *Be B KIacTepHOM
p’Li kaHane npuBeaeHsI B Ta611.6.2.

Ta6:m1.6.2. KoahduumeHnTs! 1 napaMeTpsl pa3ioKeHus
pannaisHON BapHallMOHHOW BOJTHOBOW (GyHKINH Buaa (2.9)
OCHOBHOTO COCTOSIHIS "Be B p7Li KaHaJjle TI0 HEOPTOTOHAIbHOMY
rayccoBomy Oazwucy [20].

HopmupoBounsrii k03¢ UIMEHT BOIHOBOH QyHKIMN
Ha uaTepBaie 0 + 25 @M pasen N = 1.000000000000001.

Bi G

1.140370098659333E-001 -9.035361688615057E-002

5.441057961629589E-002 | -5.552214961281388E-003

2.200385338662954E-001 -4.776382639167991E-001

BR[| ~.

5.657244883872561E-001 3.790054587274382
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5 9.613849915820404E-001 -2.409004172680931
6 1.216602174819119 -3.280156202364487
7 4.797601726001004 2.475815245412750E-002
8 14.137444509612200 1.070215776034501E-002
9 45.160915627598030 6.119172187062497E-003
10 191.081716320368200 3.950399055271339E-003

HanomHuM, 4YTO HOCKOJIBKY BapHallMOHHAs SHEPrusi IMpH
YBEITMUEHUH Pa3MEPHOCTH 0a3rca yMEHbLIACTCS U JaeT BEpXHUI
Ipeziesl UCTUHHOM SHEPTUM CBSI3H, a KOHEUHO - Pa3HOCTHAs dHEp-
I'Usl IpY yMEHbIICHUY BEJIMYMHBI I1ara U yBEJIMUEHUH YHcia Iia-
roB yBelIMuuBaeTcs [24], To UIs peanbHON 3HEPTHU CBA3M B Ta-
KOM MOTEHIMaJIe MOKHO NPUHATH BeMH4unHy -17.255099(1) M»sB.
TakuM 06pa3oM, TOYHOCTb OIPEICICHNS SHEPIUU CBS3H siapa *Be
B KJIAaCTEPHOM p'Li KaHale IByMs METOJIaMH HAXOIUTCS Ha YPOB-
He *1 »B.

Ji1s BBINOJIHEHUS HACTOSILUX PAcueToB, TaK )K€, KaKk U B OC-
TaJIBHBIX CIIydasiX, I APYTHX, YK€ PaCCMOTPEHHBIX paHee Kila-
CTEpHBIX CHCTEM, ObUIa M3MEHEHa Hallla KOMIBIOTEpHAas Mpo-
rpaMma, OCHOBaHHAs Ha KOHEYHO - Pa3HOCTHOM MeToje [24].
IIporpamMma nepeBeneHa Ha 361K Fortran - 90, KoTOpBIi O3BOJIS-
€T 3aMETHO MOJHATh CKOPOCTb U TOYHOCTH BCEX BBIYMCICHHUN H,
HalpHuMep, [oIy4aTh 0oJiee TOUHBIE 3HAYEHHUS AJ1s1 SHEPTUU CBSI3H
A1pa B IByX4aCTUYHOM KaHaJe.

Tenepp aOcoyoTHasE TOYHOCTh TMOHMCKA SHEPTUU CBSI3AHHBIX
ypoBHeit 11 p'Li cucrems! B sape ‘Be cocraBmser 10° MbB.
TouHOCTh TOMCKA HyJs metepmuHanta 107, a Benmumua BpoH-
CKHMaHa KYJIOHOBCKMX BOJHOBBIX (YHKUMH Ui HENPEPHIBHOTO
CIIEKTpa, ONPEACIAIOUIMX TOYHOCTh MOUCKa (a3 paccesHus, He
xyxe 1077

6.3 Acmpodgpusu4eckuli S - gpakmop

[Ipu paccMOTpeHHH >JEKTPOMArHUTHBIX MEPeX0n0B Oynem
yanteiBath E1 mepexon u3 °S; - BoIHBI paccesiHus (cMm. puc.6.1)
HAa OCHOBHOE CBSI3aHHOE COCTOSIHHE SiApa "Be B KIACTCPHOM p7Li
kanase ¢ J'T = 0°0 u M1 nepexon u3 *P; - BONHbI PacCesHus (CM.
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puc.6.2) take Ha Py OC atoro siapa. Ceuenus E1 nepexona u3
3D1 - BOJIHBI paccesiHusl (C MOTEHIUAJIOM JJIst 3S1 - BOJIHBI Ipu L =
2) na OC *Be 0Ka3bIBAlOTCA, B 3aBUCHMOCTH OT JHEpPruy Ha WH-
tepsaie 0 + 800 k3B, Ha 2 + 4 mopsaKa MEHBIIE, YeM TS TTepe-
Xo#a u3 °S; - BONHBL B nanmpHeiimem GymeM paccMaTpHBarTh
TONbKO S - (akTop A Tepexo/ia Ha OCHOBHOE COCTOSIHHE sijipa
8Be, T.€. peakLMIO BUJA 7Li(p,\(o)gBe. OnHO U3 HNOCIEIHUX DKCIIe-
PUMEHTATBHBIX U3MEPEHUH S - (hakTOpa ITOM peaKIuu B 00JIacTH
suepruii oT 100 k3B 10 1.5 MaB BemonseHo B padote [139].
[Ipu BermciaeHnsx S - hakTopa UCHOIH30BAIUCH CTAHIAPT-
Hble BeIpaxeHus (2.4) + (2.6). J{ns MarHUTHBIX MOMEHTOB MPOTO-
Ha | sipa Li NPUHATHI BEIMYHUHBL: W, = 2.792847 [35] n ].L(7Li) =
3.256427 [140]. BolpaxkeHue B KBaJpaTHBIX CKOOKax (2.6) mis
A(M1,K) mony4eHo B MPEATIONOKESHUN, 9TO B 00IIeH dopme s
CITMHOBOM YacTH MAarHUTHOTO omeparopa [36] mpoBOAUTCS CyM-
MUPOBaHUE TI0 F;, T.€. I0 KOOPAMHATAM IICHTpPAa MAacC KJIacTepoB,

0 JCHCTBUS Ha BBIPAKCHHE B KPYTJIOW CKOOKE (ri’ Y, (2)))

omneparopa V - Hab1a, KOTOPOE MPUBOIUT K IIOHWKEHHUIO CTCTICHN
r;[34]. Ecriu BHauase BEITIONHUATH JACHCTBUE OllepaTopa Habma Haj
BBEIPOKCHHEM B JTHX CKOOKax, To B kadectBe A;(M1,K) mius M1
MOJTYJaeTCs

A(K):ﬂkﬁ[u1 +1, ] - (6.1)

myc

ITockonbky acTpodusudeckuii S - pakTop paccMaTpuBaecMoi
peaxuy Ipy Pe30HAHCHOW SHEPTUHU MOJHOCTHIO 3aBHCHT OT Be-
muarHel M1 mepexona, TO JaHHAs peakius MOXKET CIIYKUTh He-
KOTOPBIM TE€CTOM JIJISl IPOBEPKHU MPABUILHOCTH BEIpaKeHUH (2.6)
i (6.1).

Pesynbrater pacuera actpodusuueckoro S - dakropa ¢ mpu-
BEJICHHBIMHU BBINIC MOTCHIHMAIaMu TNpH dHepruu 5 + 800 k3B
(71.c.) moka3zanel Ha puc.6.3. IlyHkTHpHONW KpuBOH mokazaH El
nepexoj1, ToueuHor — M1 mporiecc ¥ HEMPEPHIBHOM — UX CyMMa.
IlokazaHHbIE pe3yJbTATHI, MONyYEHB HAa OCHOBE BBIPAKCHUSA
(2.6), 4TO CBUIETEIHCTBYIOT B €O IMOJIb3Y, XOTS CICIAHHBIC BbI-
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BOIBI OYIyT MOJHOCTBIO BEPHBIMH TOJBKO B ciydae 100% xna-
cTepu3aIiy siapa "Be B KIACTEpPHbII p7Li kaHai. B paccmatpu-
Baemol peakuuu M1 mepexon, Tak ke kak E1 B cucteme p3H
[112], nmpoucxomut ¢ m3meHeHHEM u3ocnuHa AT = 1, TOCKOIBKY
OCHOBHOE cocTosiHHE s1pa *Be umeer T = 0, a M30CIIHH Pe30HAH-
ca B P, - BoJIHE paccesiHud paBeH 1.

F T T T T T T T T
o - - --E1-S,-1470.15
10°F Li(p.v,)Be P M1-P -5862.43 3.53
- —— - E1+M1 ]
. P,(BS) - 433.937674 0.2
© 10 F 3
o
o [
X L
SERT 3
10" g E
102 ' . 1 . 1 . 1 . 1
0 200 400 600 800
Ep, kaB
Puc.6.3. Actpodusmuaeckuii S - pakTop peaKiuy paaHalMoHHOro p’Li
3axBara.

Toukn — sxcriepuMeHTaNbHbIe TaHHbIe U3 padoThl [139]. Kpussle — pe-
3yNbTaTHl pacueTa Ui Pa3HbIX JIEKTPOMAarHUTHBIX IEPEXO0B C IPUBE-
JICHHBIMH B TEKCTE MOTECHIIUATAMH.

Hns actpodusmueckoro S - ¢akropa mpu dHEprud 5 K3B
(c.M.) mrst mepexona B OC ®Be maitzeno 0.50 k9B-6, mpudem
0.48 k3B 6 maet E1 mporecc, 4TO XOPOIIO COTIAacyeTcs C JaHHbI-
MU [139]. YucneHHble 3HaUEHUS pACUETHOTO U 3KCIIEPUMEHTANb-
Horo [139] S - dakTopa mpu sueprusx 5 + 300 k3B (i1.c.) mpuse-
neHbl B Ta01.6.3. Kak BumHOo Ha puc.6.3 u 1a6:1.6.3 BeamumHa
TeopeTuueckoro S - gakropa B obmactu snepruit 30 + 200 k3B
OCTaeTCsl MOYTU MOCTOSIHHOM W paBHOUM mpumepnHo 0.41 + 0.43

197



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

k3B-0, 4TO, MPaKTUYECKU B MpEIEnax dKCICPUMEHTAIBHBIX OIIH-
00K, coriacyercs ¢ JaHHBIMH paboTsl [139] mis sHeprum 100 +

200 x3B.

Tab6:m.6.3. PacueTHsiit acTpodu3udeckuii S - pakTop
paauauoOHHOTO p7Li 3axBara MPU HU3KUX DHEPTHUAX
U €ro CpaBHEHUE C PKCIECPUMEHTAIBHBIMU NaHHbIMU [139].

Em6- KB Sexp K3B-0 SEl K3B-6 SMI SE1+M1
[139] k3B -0 K3B-0

5,7 — 0,48 0,02 0,50
29,7 — 0,41 0,02 0,43
60,6 - 0,39 0,02 0,41
98,3 0,41(3) 0,39 0,03 0,42
198,3 0.40(2) 0,37 0,06 0,43
298.,6 0.49(2) 0,36 0,16 0,52

Jns cpaBHEHHS TIpUBEIEM HEKOTOPHIE Pe3ybTaThl dKCTpa-
MOJISIIIAA  Pa3IMIHBIX DKCIICPUMEHTAIBHBIX JAHHBIX K HYJICBOU
sHeprun. Tak B padore [129] 6buto monydyeno 3nauenue 0.25(5)
k3B-6, B pabdote [141] Ha ocHoBe manHbIX [139] Haiineno 0.40(3)
k3B-6. Jlaree B pabote [142] Ha OCHOBE HOBBIX M3MEPECHHMA ITOJI-
HBIX CCUCHHM 7Li(p,'y())gBe peakmum B obmactu 40 + 100 x3B
npemioxero 3Hadenue 0.50(7) k3B-0, koTopoe xopoio cornacy-
€TCsI C TIOTYICHHOH 371eCh TIPH DHEPTUH 5 KOB BETUIHMHOM.

WHTEepecHo 00paTUTh BHUMaHUE Ha XPOHOJIOTHIO Pa3TUIHbIX
paboT 1O ONPEICNICHUIO aCTPOPU3UIECKOTO0 S - (haKTOpa peakiuu
7Li(p,\(o)gBe. B 1992r. ero 3nauenue cuutanock paBHbIM 0.25(5)
k3B-6 [129], B 1997r. Ha ocHOBe M3mepenuii 1995r. [139] nony-
geno 0.40(3) xk3B-6 [141], a B 1999r. u3mepenust mipu 6ojiee HU3-
Kux SHeprusx npuBenm K 3HadeHuio 0.50(7) xoB-6 [142]. Ora
XPOHOJIOTHS XOPOIIIO AEMOHCTPUPYET IMMOCTOSIHHOE YBEIMUCHUE, a
HMMEHHO, B JIBa pa3a, 3HaUCHH S - akTopa peaKiuu 7Li(p,'y())gBe
M0 Mepe MOHMKCHHUSI FJHSPTUU IKCIICPUMEHTATLHBIX U3MEPCHUN U
CO3IaeTCs BIICUATIICHHUE, UTO B OJIMDKANIIIEM OYyIyIIeM 3TO 3Hade-
HHE MOXKET MPETePIIeTh 3aMETHBIE N3MCHCHHS.

Takum 00pa3oM, B TOTCHIMATBHOW KIACTEPHOW MOIEIH
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pacemotpenst E1 u M1 mepexomsl u3 °S; i >~ P) - BOJNH PacCesHUs
Ha OCHOBHOE CBSI3aHHOE B p7Li KaHaze cocTosiHue sapa "Be. Ilpu
HaJIMYUK OTIPENEIECHHBIX IMPEAINOJIOKEHNNH OTHOCUTEIBHO METO-
JIOB pacyeTa MarHUTHOTO Iepexofa M MEPEecTPOMKM KaHalIOB B
sape *Be, OKa3bIBAETCA BO3MOKHBIM MOJTHOCTBIO OIHMCATH HMEIO-
ecs IKCIepUMEHTAbHBIE TaHHBIe TI0 acTpodu3mueckomy S -
¢dakropy mpu sHeprusix 10 800 k3B M MONMYyYUTH €ro BEIUYHMHY
IUIs HyseBor (5 k3B) sHeprum, KOTopas XOpOIIO COTJIACYeTCs C
MOCTIEAHUMH IKCTIEPUMEHTATFHBIMU U3MEPEHUSIMHU.

6.4 lMpoepamma pac4ema ¢ha3 ynpy2020
paccesiHus1

[IpuBeaeM TEKCT KOMIBIOTEPHON MPOTPaMMBI ISl PacYETOB
(a3 ynpyroro paccesiHus, B JAaHHOM cllydae, IPOTOHOB Ha sijipe
"Li, na s3pike Fortran - 90 B cucteme PS - 4. TIporpamma BbITION-
HSIeT pacueT (a3 ynpyroro paccesHusl AByX 4acTHI] 10 BOJTHOBOM
(yHKIIMU paccesiHus, METOJIaMH, TIOAPOOHO OMMUCAHHBIMU B pado-
Te [24], mpu 3amaHHOW TOYHOCTH pe3yibTaTa. B manHOM cirydae,
aBCOMIOTHAS TOYHOCTH cocTaBiseT 107 panumana. [anee mpuBe-
JIeM TOJIBKO OCHOBBI METOJa, MCIIOJIb30BAHHOTO B JaHHOW Mpo-
rpamme [24].

Urak, ypasuenue Ulpenunrepa oOpasyer 3amady Komm c
HayYaJIbHBIMU YCJIOBHSMH, KOTOPBIE BBHIOUPAIOTCS U3 (PU3NUECKUX
coobpaxkernii. IlepBoe HauaapbHOE yCIIOBHE TpeOyeT paBEHCTBA
Hymo B® mpu r = 0. [Tockonpky BD oTpakacT BeposSTHOCTH Ka-
KHUX-TO TPOLECCOB WJIM COCTOSHUI KBAaHTOBBIX YaCTHI, TO 3TO
yCIIOBHWE O3HA4yaeT, 4TO JBE YaCTHUIBI HE MOTYT IOJHOCTHIO
CIIMTHCA ¥ 3aHUMATb OJIWH H TOT K€ 00beM IMPOCTPAHCTBA.

BropriM ycioBuem 3anaun Komu gommkHO OBITH 3a1aHKe Be-
JMYUHBI TIEpBON MpPOM3BOAHOHN 3Tol (yHkumu. Ho u3 ¢usnue-
CKHX COOOpaXeHUH HEJB35 ONPEeNIUTh BETNUNHY TPOU3BOTHOM,
MO3TOMY OHa OepeTcs paBHOW HEKOTOPOH KOHCTAHTE, KOTOpas
npu pemwieHny ypaBHenus LlpenuHrepa ompenenser TONBKO aM-
TUTUTYy BOJMHOBON (GyHKIMH. B 4YHCIEHHBIX pacyeTax OOBIYHO
npuanMaiot u' = 0.001 <+ 0.1. PeanpHas ammnutyaa (yHKUUH,
KOTOpasi MCIONB3YETCs JUII MHOTOYUCIICHHBIX (PH3MYECKHUX pac-
YETOB, ONPEACNIACTCS M3 aCUMITOTHYECKUX YCIOBUH, HAKJIaIbl-

199



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

BaEeMbIX Ha ATy (PYHKIUIO NP OONBIIUX PACCTOSHUSIX I — R, KO-
raa sACpHBIN MOTEHIMAN NPAKTUYECKU PaBEH HYJIIO.

ACHUMNTOTHKA BOJHOBOH ()YHKIIMH Ha OOJBLINX PACCTOSIHH-
sx, korga Vy(r — R) = 0, MOKeT ObITh MIPEICTaBICHA CIEAYIOITIM
obpazom

u (r—=R) — Fy(kr) + tg(SL)GL(kr)
WIN
ur (r—R) — cos(Op)Fr(kr) + sin(d,)Gyr(kr)

rae FL u G — KyJOHOBCKHE (PYHKIIMU paccessHHus, KOTOPHIE SB-
JSIOTCS. YaCTHBIMM penieHusMu ypaBHenus Illpenunrepa 6e3
SIIEPHON YacTH MOTeHIMana, T.e. korma V, = 0. ComBas yucieH-
Hoe pemenue u(r) ypaBHeHus lllpemunrepa Ha OOJBIIMX pac-
crosHUAX (R opsiaka 10 + 20 dm) ¢ 3TOH aCUMITOTHKOW, MOKHO
HaWTH aMIUTATYAy QYHKIHH U (ha3sl paccessHus O T Kaskaoro L
NP 3aIaHHOU HEPTUU B3aUMOJICUCTBYIOUIUX YACTHII.

a3kl paccesiHUS B KOHKPETHON CUCTEME SJICPHBIX YacTHI] MO-
TyT OBITH OmpejesieHbl u3 (a30BOTO aHAIHM3a IKCICPUMEHTAIh-
HBIX JIaHHBIX TI0 UX YOPyromy paccesHuto. Jlanee, BRIIOTHIETCS
BaphbUPOBAHHE MMAPAMETPOB SACPHOTO MOTEHIIMANA, 3apaHee Oll-
penenenHol Gpopmsbl, Hanpumep, (2.8), B ypaBHenuu Llpenunrepa
U ONPEJCISAIOTCS T€ MapaMeTphl, KOTOPHIE MO3BOJISIOT OMHUCATh
pe3ynbpTaThl (pasoBoro anammza. Takum oOpa3oM, 3amada omuca-
HUS TPOIIECCOB PACCESHUS SACPHBIX YaCTHUI[ COCTOUT UMEHHO B
MOKCKE TTapaMeTPOB SIICPHOTO MOTCHIUAIIA, KOTOPHIE OMUCHIBAIOT
pe3ynpTaThl (pa30BOrO aHaNW3a, a, 3HAYWT, SKCIIEPHMEHTAIbHEIC
JTAaHHBIE TI0 CEUYEHUSIM PaCCESTHHUS.

PaccmoTpum Gosee moapoOHO MpoLeaypy CIIMBKHA BOTHOBBIX
(yHKIME ¢ uX acuMOTOTHKOM. [Ipu r = R MOKHO 3amucaTh JBa
paBeHcTBa s camux BD 1 ux nmpou3BogHbIx [143]

Nuy(r) = FL(kR) + tg(8)GL(KR) ,

Nu't(r) = FL(kR) + tg(8)G'L(kR) ,
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rae N — HOpMHUPOBOYHBIN MHOXHUTENb. MOXHO paccMaTpuBaTh
1o/100HBIE BRIpaKEHUS HE U (YHKIIMY U TIPOU3BOTHOM, a TONb-
KO JiUIsl ()YHKIIMHY, HO B JIBYX Pa3HBIX TOYKaX

Nuy(R,) = F(kR)) + tg(8.)GL(kR)) ,

Nuy(Ry) = Fi(kR,) + tg(8)GL(kR,)

BBenem 00o03HaueHNA

Fi=F.(kR)) , Fy=FL(kR>) ,
Gi1=GL(kR)) , G>= GL(kR>) ,
u=u(Ry) , = u (Ry)

U HaiijieM Benu4uHy N, Harpumep, U3 MepBOro ypaBHEHHs
N= [F1+tg(6L)Gl]/Lt1 .

HOI[CTaBJBI}I OTO BBIPAKCHUC BO BTOPOC YpPABHCHUC, IOJIY-
YUM

tg(8) = (1 F; - o)/ (urGy - u1Go) = Ap .

Torma
dL=arctg(Ar) .

HopMmupoBka GyHKIMH, IJ1s HAIIKMX LIejIeH moucka ¢as, 3Ha-
yeHuss He umeeT. Ho ecnmu Hy)kHa W HopMmupoBaHHas B®, T.e.
nojHas (QYHKIUSA PACCESHUs, TO Jy4IIe pacCMaTPUBATh BTOPOEC
ACHMIITOTHYECKOE YCIIOBHE, 3aIKCaB €r0 B aHAIIOTHYHOM BHJIE U

BBITIOJTHUB aHAJIOTMYHBIC HeﬁCTBHH. I[J'ISI (1)33 paccedHus noJryda-
CTCA TaKOC K€ BBIPAXKCHUC, A HOPMUPOBKA 3alIMIICTCA B BUAC

N=[cos(&,)F+sin(8;)G,1/u;
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WIH
N = [cos(8) Fo+sin(8) G, 1/u, .

TeM caMbIM, MBI IOJTHOCTBIO ONPEEISIEM TOBEICHUE BOTHO-
BO# (DyHKIIMHU, €€ aMIUTUTY 1y U (Da30BbIil CIBHT, BO BCEl 00J1acTH
pemiennit ypaBHenusi [lpeaunrepa oT HyJisg 10 HEKOTOporo R,
KOTOPOE OTPECSIeT aCUMITOTHYSCKYIO 00nacTs BO.

Ilepexons HEMOCPEACTBEHHO K KOMITBIOTEPHOU Mporpamme,
3aMeTHM, YTO OIMCAHHE MapaMeTpoOB pacyeTa, MepPeMEeHHBIX, IO-
TEHIMaIa B3aUMO/JICHCTBHS, OJOKOB MPOTrpaMMbI U TOAPOTPaMM
JIaHO B pacleyaTKe caMOi MporpaMMBl.

PROGRAM FAZ _p7Li

! IPOTPAMMA BBIUMCJIEHUSA ®A3 PACCESAHUA 110 3A-

JIAHHOI TOYHOCTU

IMPLICIT REAL(8) (A-Z)

INTEGER(4) LL,N

REAL(8) FA1(0:1000),ECM(0:1000),EL(0:1000)

DIMENSION U1(0:1024000)

! kst sk sk ste sfe sk sk sfeoske sk skeoskeok skokok HZ[CpHBIe JTAaHHBIE sk skeoste sk skeoste st skeoste sk skt skeskeostke skeskokesk

AM1=1.00727646577D-000; ! Macca P

AM?2=7.01600455D-000 ! Macca 7Li

Z1=1.0D-000 ! 3apszn P

72=3.0D-000 ! 3apsn 7Li

P1=4.0D-000*DATAN(1.0D-000) ! Yucno Pi

PM=AMI1*AM2/(AM1+AM?2) ! IIpuBeneHHast Macca

| stestestestesheskeskoskoskosk kol ki skokok KOHCTaHTBI sk skt st sheosie sk skt st sk skt skoko sk skok skoekok

A1=41.4686D+00

B1=2.0D-000*PM/A1

AK1=1.439975D+00*Z1*Z2*B1

GK=3.44476D-02*Z1*Z2*PM

! kst sk skeoste steskeoske skeoske stttk skokok HayaigpHble 3HAUEHUS sk sk sk skeosieoste sk stttk sk keskokok

NN=0 ! HauanbHoe 3HaueHue 1ara

NV=30 ! Yucno mwaroB npu BeIYUCICHAN (a3

NH=1 ! Benuuuna mara

EH=0.01D-000 ! Illar 8 MaB a5t BeruncieHus das

EN=0.3D-000 ! HwxHnee 3HaueHne HEprur BIYUCIEHUS (a3
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EPF=1.0D-003 ! TouHocTb BbIuUCICHUS (a3
! kst sk skeoste sk skeoste skeskeske sk sk sk HOTCHHHaHBI sk sk sk sk she st st sheoste sk she st sk sk sk sk skeoskeoske stk keskokok
V0=1685.783D-000 ! I'ny6una norennumana 8 MaB npursarupaouieil yactu
R0=1.D-000 ! Panuyc noTeHuuana nputaruparoiei yactu B Gm
V1=0.0D-000 ! I'mybuna morennuasa B M»dB oTTaaKkuBaromiei
JacTH
R1=1.0D-000 ! Paguyc moTeHmana orrajkusaroiei yactu B Om
AO:Z-VO*BI; A1=V1*B1 ! Ilepecuer TiIyOMHBI IMOTCHITHAIOB B
(O)Vg
RCU=0.0D-000 ! Kynonosckwuii paguyc B ®M
L=1 ! OpOutanbHbIii MOMEHT
! kst sk skeoste sk skeoste sk skt sk skeosko sk HapaMeTpI)I UL HAXOXKICHUE (ba3 skosteskeoskeoskeskeskok
DO I=NN,NV,NH
N=1000 ! HauansHoe uncio maros BeraucicHus BD
RR=10.0D-000 ! HauanpHOE paccTossHHE 1S BRIUUCICHIS BD
H=RR/N ! HauanpusIii mar Berauciicaus BO
EL(I)=EN+I*EH ! Dueprus B na6. Cucreme
ECM(I)=EL(I)*PM/AMI1 ! Ilepecuer sueprum B cucTeMy HEHTpa Macc
SK=ECM(D)*B1 ! KBagpat BOJTHOBOTO YHCIIa
SS1=DSQRT(SK) ! BoaHoBoe umcio
G=GK/SS1 ! Kynonosckwuii mapamerp
| skl k [JoqmporpaMma pacueta (a3 pacCestHps %4+ %
CALL
FAZ(G,SS1,LRR,EPF,N,PILH,L,U1,FA1,A0,A1,RO,R1,RCU,AK
1,SK)
PRINT * EL(I)*1000,FA1(I)
ENDDO
! skoste st sheosie sk sk seoskeoskeoskoskok skokokoskok 33HI/ICB pe?)yJ'IBTaTOB B (baﬁﬂ skt skoskok skok ok
OPEN (1,FILE='FAZ-P-7Li.DAT")
DO I=NN,NV,NH
WRITE(1,*) ELI)*1000,FA1(I)
ENDDO
CLOSE(1)
END
SUBROUTINE FUN(N,H,A0,A1,R0,R1,L,RCU,AK,SK,U)
| *#* [JoqmporpaMma pacueTa BOJTHOBOM (DYHKITUH ¥ #3% sk ok ket
IMPLICIT REAL(8) (A-Z)
INTEGER(®4) K,L,N
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DIMENSION U(0:1024000)
U(0)=0.0D-000
U(1)=0.010D-000
HK=H*H
DO K=1,N-1
X=K*H
Q1=A0*DEXP(-RO*X*X)+L*(L+1)/(X*X)+A 1 *DEXP(-
RI*X*X)
IF (X>RCU) GOTO 1157
Q1=Q1+(3.0D-000-(X/RCU)**2)*AK/(2.0D-000*RCU)
GOTO 1158
1157 Q1=Q1+AK/X
1158 Q2=-Q1*HK-2.0D-000+SK*HK
U(K+1)=-Q2*U(K)-U(K-1)
ENDDO
END
SUBROUTINE FAZ(G,SS,LLRR,EPF,N,PLH,L,U,FA,A0,A1,
RO,R1,RCU,AK,SK)
! skeskoskoskskoskoskoskoskoskeske sk sk sk skskesk HOHHpOFpaMMa pacqua (ba3 skskoskskskskskek
IMPLICIT REAL(8) (A-Z)
INTEGER(4) N,L,I
DIMENSION U(0:1024000),FA(0:1000)
FN=1000.0; FR=1000.0
125 X1=H*SS*(N-4)
X2=H*SS*N
CALL CULFUN(L,X1,G,F1,G1,W0,EP)
CALL CULFUN(L,X2,G,F2,G2,W0,EP)
CALL FUN(N,H,A0,A1,RO,R1,L.RCU,AK,SK,U)
U10=U(N-4); U20=U(N)
AF=-(F1-F2*U10/U20)/(G1-G2*U10/U20)
F=DATAN(AF)
IF(F<0.0D-000) THEN
F=F+PI
ENDIF
IF(ABS(F)<1.0D-10) THEN
F=0.0D-000
ENDIF
IF (ABS(FN-F)>EPF) THEN
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FN=F
N=N+100
H=RR/N
GOTO 125
ENDIF
IF (ABS(FR-F)>EPF) THEN
FR=F
RR=RR+1
N=N+0.2*N
H=RR/N
GOTO 125
ENDIF
FA(I)=F*180.0D-000/P1
END
SUBROUTINE CULFUN(LM,R,Q,F,G,W.EP)
| *#**T[oamporpaMma pacueTa KyJOHOBCKHM (DYHKITU ** % # % #k %
IMPLICIT REAL(S8) (A-Z)
INTEGER L,K,LL,LM
EP=1.0D-015
L=0
F0=1.0D-000
GK=Q*Q
GR=Q*R
RK=R*R
BO1=(L+1)/R+Q/(L+1)
K=1
BK=2*L+3)*((L+1)*(L+2)+GR)
AK=-R*((L+1)**2+GK)/(L+1)*(L+2)
DK=1.0D-000/BK
DEHK=AK*DK
S=BO1+DEHK
15 K=K+1
AK=-RK*((L+K)**2-1.D-000)*((L+K)**2+GK)
BK=2*L+2*K+1)*((L+K)*(L+K+1)+GR)
DK=1.D-000/(DK*AK+BK)
IF (DK>0.0D-000) GOTO 35
25 FO=-F0
35 DEHK=(BK*DK-1.0D-000)*DEHK
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S=S+DEHK
IF (ABS(DEHK)>EP) GOTO 15
FL=S
K=1
RMG=R-Q
LL=L*(L+1)
CK=-GK-LL
DK=Q
GKK=2.0D-000*RMG
HK=2.0D-000
AA1=GKK*GKK+HK*HK
PBK=GKK/AAI
RBK=-HK/AAI
AOMEK=CK*PBK-DK*RBK
EPSK=CK*RBK+DK*PBK
PB=RMG+AOMEK
QB=EPSK
52 K=K+1
CK=-GK-LL+K*(K-1.)
DK=Q*(2.*K-1.)
HK=2.*K
FI=CK*PBK-DK*RBK+GKK
PSI=PBK*DK+RBK*CK+HK
AA2=FI*FI+PSI*PSI
PBK=FI/AA2
RBK=-PSI/AA2
VK=GKK*PBK-HK*RBK
WK=GKK*RBK+HK*PBK
OM=AOMEK
EPK=EPSK
AOMEK=VK*OM-WK*EPK-OM
EPSK=VK*EPK+WK*OM-EPK
PB=PB+AOMEK
QB=QB+EPSK
IF (( ABS(AOMEK)+ABS(EPSK) )>EP) GOTO 52
PL=-QB/R
QL=PB/R
GO=(FL-PL)*F0/QL
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GOP=(PL*(FL-PL)/QL-QL)*F0

FOP=FL*F0

ALFA=1.0D-000/( (ABS(FOP*GO-FO*GOP))**0.5 )
G=ALFA*GO

GP=ALFA*GOP

F=ALFA*F(

FP=ALFA*FOP

W=1.0D-000-FP*G+F*GP

IF (LM==0) GOTO 123
AA=(1.0D-000+Q**2)**0.5

BB=1.0D-000/R+Q

F1=(BB*F-FP)/AA

G1=(BB*G-GP)/AA
WW1=F*G1-F1*G-1.0D-000/(Q**2+1.0D-000)**0.5
IF (LM==1) GOTO 234

DO L=1,LM-1

AA=((L+1)**2+Q**2)**0.5

BB=(L+1)**2/R+Q

CC=(2*L+1)*(Q+L*(L+1)/R)
DD=(LA+1)*(L**2+Q**2)**0.5
F2=(CC*F1-DD*F)/L/AA
G2=(CC*G1-DD*G)/L/AA
WW2=F1*G2-F2*G1-(L+1)/(Q**2+(L+1)**2)**0.5
F=F1; G=G1; F1=F2; G1=G2

ENDDO

234 F=F1; G=Gl1

123 CONTINUE

END

[IpuBenem Teneps pe3ynbTaThl KOHTPOIBHOTO CUETa M0 ATOU
TIporpamMMe JUisl YIPYTroro paccesiHus IPOTOHOB Ha sape 'Li B P -
BOJIHE, T.€. pu L = 1, ¢ MOTEHUMAIOM, NPUBEJECHHBIM B IPO-
rpaMMe U MpeApIAyIIrX maparpadax 3Toi riiaBbl.

3neck E — oneprust yactun B k3B, & — (hasa paccesHus B rpa-
nycax. Hagmucen s otux Benumuud (E u 8) B mporpamMme He mipe-
JyCMOTPEHBI.
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E ., xB o, rpan
300.000000000000000 1.463012825309583
310.000000000000000 1.741580427189647
320.000000000000000 2.045211169193295
329.999999999999900 2.453917192921778
339.999999999999900 2.942034339443802
350.000000000000000 3.523983257335034
360.000000000000000 4.304066622497790
370.000000000000000 5.290031443719053
380.000000000000000 6.616684565601776
390.000000000000000 8.497854783693313
400.000000000000000 11.283887289718910
410.000000000000000 15.871292305763380
420.000000000000000  24.460811168704080
430.000000000000000  44.290494570708410
440.000000000000000  90.056769406018120
449.999999999999900  131.858294233151700
459.999999999999900  149.289857654389200
470.000000000000000  157.183982976260500
480.000000000000000  161.471562673128100
490.000000000000000  164.171993502029300
500.000000000000000  165.996407865298600
510.000000000000000  167.276268596475400
520.000000000000000  168.211429040413200
530.000000000000000  168.940799322204100
540.000000000000000  169.548066545885000
550.000000000000000  170.004755252677600
560.000000000000000  170.371698377092600
570.000000000000100  170.660104736125200
580.000000000000100  170.910851757862900
590.000000000000000  171.148334224319700
600.000000000000000  171.325330286482400

W3 atux pesynbraroB BHIHO, uTo npu 440 k3B P; - daza
JIOCTHTAeT CBOETO PE30HAHCHOTO 3Ha4YeHus B 90 , KOTOpoe pealib-
HO HaXOAWTCS MpH dHepruu 441 k3B.
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6.5 lpoepamma ebivyucneHus S - hakmopa
p’Li 3axeama

[IpuBenem Temeps nmporpamMMmy BBIYUCIEHUS S - (hakTopa npu
p’Li 3axBare Ha s3pike Fortran - 90. OHa 1oXo0a Ha aHAIOTHY-
HyIO TIporpamMMy Tipu p H 3axBate, HO TIPOBOIMT PacueT MarHHT-
Horo M1 mepexona W Ui yAyYIIEHHUS YUTAEMOCTH TEKCTa He-
CKOJIBKO M3MEHEHa MOAIIporpamMmMa pacyera S - hakropa.

Omnmcanne HEKOTOPBHIX IapaMeTPOB JAaHO B pacledaTke —
OHH COBIIAJAIOT C ONKMCAHMEM B Iporpamme s S - haxropa p°H
3axBara, IPUBEICHHON B YeTBEPTOH I1aBe.

PROGRAM P7LIL_S

USE MSIMSL

IMPLICIT REAL(S) (A - Z)

INTEGER(4)
IILL,N,N3,LNN,NV,NH,N1,N2,[FUN,N5,MIN,IFAZ,LS,LP
DIMENSION EEE(0:1000)

COMMON /M/ V(0:10240000),U1(0: 10240000),U(0: 10240000)
COMMON /BB/ A2,R0,AK1,RCU

COMMON /AA/ SKS,L,GK,R,SSS,AKK,CC

COMMON /CC/ HK,IFUN,MIN,IFAZ

COMMON /DD/ SS,AAK,GAM

COMMON /FF/ AS,RS,AS1,RS1,LS,LP,APP,APP1,RPP,RPP1
COMMON /EE/ P1

|k ok kR kR kR ok TTAPAMETPBI PACUETOB * * % * % % % *
WFUN=0

RAD=1

FOTO=1

IFUN=0; ! =0 - Torma KRM, =1 - Torga RK

IFAZ=1;! =0 - ®a3a npocto = 0, = 1 - ®a3a BeIUUCIACTCA
MIN=1; ! = 0 - ®a3a cuuraercs Ha rpanuie odnacty, = 1 -

ITIpoBOAUTCS MOUCK (ha3bl MO 3aaHHOM TOYHOCTH
Z1=1.0D-000

72=3.0D-000

7=71+72

AM1=1.00727646677D-000; ! P
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AM2=7.01600455D-000; ! 7LI
AM=AM1+AM2
RK11=0.877D-000; ! P
RM11=0.877D-000; ! P
RK22=2.35D-000; ! 7LI
RM22=2.35D-000; ! 7LI1
PI=4.0D-000*DATAN(1.0D-000)
PM=AM1*AM2/AM
A1=41.4686D-000
B1=2.0D-000*PM/A1
AK1=1.439975D-000*Z1*Z2*B1
GK=3.44476D-002*Z1*Z2*PM

| skt [TAPAMETPBI PACYHETOB
N=1000

N3=N

RR=25.0D-000

H=RR/N

H1=H

HK=H*H

SKN=-20.0D-000

HC=0.1D-000

SKV=1.0D-000

SKN=SKN*B1

SKV=SKV*B1

HC=HC*B1

NN=0

NV=120

NH=1

EH=5.0D-003

EN=5.0D-003

shskesoseoskoskoskoke ket

EP=1.0D-015; ! TouHOCTh MIOMCKA HYJIS IETCPMHUHAHTA

M KyJIOHOBCKUX (DYHKITUH

EP1=1.D-006; ! TouHOCTh IOMCKA SHEPTUH CBA3H B a0OCOITIOTHBIX

lequHAUIIAX

EP2=1.0D-006; ! To4HOCTb ITOMCKA aCUMIITOTHYECKOM

|KOHCTAaHTBI B OTHOCHTCIbLHBIX CAnHUIax

EP3=1.0D-003; ! TounocTts moucka (a3 paccessHus B

|OTHOCUTENBHBIN €TUHULIAX
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V01=0.0D-000
RO1=1.0D-000
V0=433.937674D-000;! P7LI FOR RCU=0. R0=0.2
CW=12.4(1)(6-12 ®M) RZ=2.52 RM=2.45 E=-117.255100 MEV
E(3C)=-225.4; -100.7
R0=0.2D-000; ! P7LI FOR RCU=0. PO-VAWE
A2=-VO*B1
A01=VOI1*B1
L=1
VS=147.0D-000 ! S1
RS=0.15D-000 ! S1
V$1=0.0D-000
RS1=1.0D-000
AS=-VS*B1
AS1=VS1#B1
LS=0
VPP=5862.43D-000 ! P1
RPP=3.5D-000 ! Pl
VPP1=0.0D-000
RPP1=1.0D-000
APP=-VPP*B1
APP1=VPP1*B1
LP=1
RCU=0.0D-000
Mi=1
CALL
MINIMUM(EP,B1,SKN,SKV,HC,H,N,L,A2,R0,AK1,RCU,GK,
ESS,SKS,A01,RO01)
PRINT *, E N DEL-E'
EEE(IIN=ESS
111 N=2#N
H=H/2.0D-000
I=111+1
CALL
MINIMUM(EP,B1,SKN,SKV,HC,H,N,L,A2,R0,AK1,RCU,GK,
ESS1,SKS,A01,R01)
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EEE(IIN=ESS1
EEPP=ABS(EEE(IIT))-ABS(EEE(III-1))
PRINT * EEE(IIT),N,EEPP
IF (ABS(EEPP)>EP1) GOTO 111
ESS=ESS1
PRINT * EEE(III),N,EEPP
12 FORMAT(1X,E19.12,2X,110,2X,3(E10.3,2X))
OPEN (25,FILE=E.DAT')
WRITE(25,%) ESS,SKS,N,H
CLOSE(25)
SK=SKS
SSS=DSQRT(ABS(SKS))
SS=SSS
AKK=GK/SSS
AAK=AKK
HK=H*H
77=1.0D-000+AAK+L
GAM=DGAMMA (ZZ)
333 CONTINUE
IF (IFUN==0) THEN
N1=N/4
ELSE
N1=N/8
END IF
NI1=N
IF (IFUN==0) THEN
CALL FUN(U,H,N1,A2,R0,A01,R01,L.RCU,AK1,SK)
ELSE
CALL FUNRK(U,N1,H,L,SK,A2,R0,A01,R01)
END IF
N2=1
N5=N1
Nl=1
CALL ASSIM(U,H,N5,C0,CW0,CW,N1,EP2)
DO 1=0,N1
V(D=UD)*U(T)
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ENDDO

CALL SIMP(V,H,N1,SII)

HN=1.0D-000/DSQRT(SII)

OPEN (24,FILE=FUN-WWW.DAT')

DO 1=0,N1

X=I*H

UD=UI)*HN

ENDDO

CLOSE(24)

| % % % ACUMITTOTUUECKUE KOHCTAHTBI * * * * * *
CALL ASSIM(U,H,N1,C0,CW0,CW,N1,EP2)

1 FORMAT(1X,4(E13.6,2X))

| * *% %% J[EPEHOPMUPOBKA XBOCTA B® * * * * * %
SQQ=DSQRT(2.0D-000%SS)

DO I=N1+1,N,N2

R=I*H

CC=2.0D-000*R*SS

CALL WHI(R,WWW)

UD=CW*WWW*SQQ

ENDDO

1122 CONTINUE

| %% %% %+ [JOBTOPHAS HOPMUPOBKA BD * * * * * * *
DO I=1,N1

V(DH=UD)*U(I)

ENDDO

DO I=N1+1,N,N2

V(DH=UD)*U(])

ENDDO

CALL SIMP(V,H,N,SIM)

HN=SIM

HN=1.0D-000/DSQRT(HN)

DO I=1,N

U(=U(D)*HN

ENDDO

DO I=N1+1,N,N2

U(=U(D)*HN

ENDDO

| %% % % % ACUMIITTOTUUECKUE KOHCTAHTBI * * * * *
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CALL ASSIM(U,H,N,C0,CW0,CW,N,EP2)

IF (WFUN==0) GOTO 2233

OPEN (24,FILE=FUN.DAT')

WRITE(24,%) ' R U

PRINT * R U

DO 1=0,N

X=H*I

PRINT 2,X,U(I)

WRITE(24,2) X,U(I)

ENDDO

CLOSE(24)

2233 CONTINUE

666 IF (RAD==0) GOTO 7733

OPEN (23,FILE=RAD.DAT')

WRITE(23,%)' E  SQRT(RM#**2)  SQRT(RZ**2)'
DO 1=0,N

X=I*H

V(D=X*X*U)*U()

ENDDO

CALL SIMP(V,H,N,RKV)

RM=AMI/AM*RMI1%%2  +  AM2/AM*RM22%*2
((AM1*AM2)/AM##2)*RKV

RZ=Z1/Z*RK11%*%2 + 72/Z*RK22%%2
(Z1*AM2%%2+72% AM1#%2)/ AM*%2)/Z)*RKV
PRINT *,(RM/2)*1/2= "', DSQRT(RM)

PRINT *,(RZA2)*1/2="DSQRT(RZ)

WRITE(23,2) DSQRT(RM),DSQRT(RZ)

2 FORMAT(1X,2(E16.8,2X))

CLOSE(23)

7733 CONTINUE

2121 CONTINUE

READ *

IF (FOTO==0) GOTO 9988
CALL

SFAC(EN,EH,NN,NV,NH,B1,ESS,H,N,RCU,AK1,P1,Z1,7Z2,AM
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1,AM2,PM,GK,EP,EP3,N2)

9988 CONTINUE

END

SUBROUTINE ASSIM(U,H,N,C0,CW0,CW,LEP)
IMPLICIT REAL(8) (A-Z)

INTEGER LL,N,J,N2

DIMENSION U(0:10240000)

COMMON /AA/ SKS,L,GK,R,SS,GGG,CC

1 * BBIUMCIIEHUE ACUMIITOTUYECKHNX KOHCTAHT *
N2=10

OPEN (22,FILE="ASIMPTOT.DAT")

WRITE(22,*) ' R o CWO0
CW'

SQQ=DSQRT(2.0D-000*SS)

PRINT */ R Co CWO CW'

IF (I==N) THEN
DO J=N/16,N,N/16
R=J*H
CC=2.0D-000*R*SS
CO=U(J)/DEXP(-SS*R)/SQQ
CW0=C0*CC**GGG
CALL WHI(R,WWW)
CW=U(J)/WWW/SQQ
PRINT 1,R,CO,CWO0,CW,I
WRITE(22,1) R,C0,CW0,CW
ENDDO
ELSE
=N
R=I*H
CC=2.0D-000*R*SS
CALL WHI(R,WWW)
CW1=U(I)/WWW/SQQ
12 I=I-N2
IF (I<=0) THEN
PRINT */'NO STABLE ASSIMPTOTIC FW'
STOP
END IF
R=I*H
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CC=2.0D-000*R*SS
CALL WHI(R,WWW)

CW=U(I)/WWW/SQQ

IF  (ABS(CWI-CW)/ABS(CW)>EP .OR. CW==0.0D-000)
THEN

CW1=CW

GOTO 12

END IF

PRINT *; R Co CWO0 CW'

PRINT 1,R,CO,CWO0,CW.I

WRITE(22,1) R,C0,CW0,CW

END IF

CLOSE(22)

1 FORMAT(1X,4(E13.6,2X),3X,I8)

END

FUNCTION F(X)

IMPLICIT REAL(8) (A-Z)

INTEGER L

COMMON /AA/ SKS,L.GK,R,SS,AA,CC
F=X**(AA+L)*(1.0D-000+X/CC)**(L-AA)*DEXP(-X)
END

SUBROUTINE WHI(R,WH)

USE MSIMSL

IMPLICIT REAL(8) (A-Z)

REAL(8) F

EXTERNAL F

COMMON /DD/ SS,AAK,GAM

| ##5x% BRIYUCJEHWUE ®YHKIIUU YUTTEKEPA %
CC=2.0D-000*R*SS

Z=CC**AAK

CALL DQDAG (F,0.0D-000,25.0D-000,0.0010D-000,0.0010D-
000,1,RES,ER)
WH=RES*DEXP(-CC/2.0D-000)/(Z*GAM)

END

SUBROUTINE MINIMUM(EP,B1,PN,PV,HC,HH,N3,L,A22,
R0, AK1,RCU,GK,EN,COR,A33,R1)

IMPLICIT REAL(8) (A-Z)

INTEGER I,N3,L,LL
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| etk BRIQYICJIEHE MUHNUMYMA DHEPIN ok kekskestsk
HK=HH**2

LL=L*(L+1)

IF(PN>PV) THEN

PNN=PV; PV=PN; PN=PNN

ENDIF

H=HC; A=PN ; EP=1.0D-015

1 CONTINUE

CALL
DET(A,GK,N3,A22,R0,L,LL,AK1,RCUHH,HK,D1,A33,R1)
B=A+H

2 CONTINUE

CALL
DET(B,GK,N3,A22,R0O,L,LL,AK1,RCU,HH,HK,D2,A33,R1)
IF (D1*D2>0.0D-000) THEN

B=B+H; D1=D2

IF (B<=PV .AND. B>=PN) GOTO 2

1=0; RETURN; ELSE

A=B-H; H=H*1.0D-001

IF(ABS(D2)<EP .OR. ABS(H)<EP) GOTO 3

B=A+H; GOTO 1

ENDIF

3 I=1; COR=B; D=D2; EN=COR/B1;

END

SUBROUTINE DET(DK,GK,N,A2,R0,L,LL,AK,RCU,H,
HK,DD,A3,R1)

IMPLICIT REAL(R) (A-Z)

INTEGER(4) L,N,ILLLL

| #wkseiat BRIUMCIEHUE JETEPMUHAHTA ki
S1=DSQRT(ABS(DK))
G2=GK/S1
D1=0.0D-000
D=1.0D-000
DO II=1,N
X=IT*H
XX=X*X
F=A2*DEXP(-XX*R0)+A3*DEXP(-XX*R )+LL/XX
IF (X>RCU) GOTO 67
217



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

F=F+(AK/(2.0D-000*RCU))*(3.0D-000-(X/RCU)**2)
GOTO 66

67 F=F+AK/X

66 IF (II==N) GOTO 111
D2=D1

D1=D
OM=DK*HK-F*HK-2.0D-000
D=OM*D1-D2

ENDDO

111 Z=2.0D-000¥X*S1
OM=DK*HK-F+*HK-2.0D-000

W=-S1-2.0D-000%S 1*G2/Z-2.0D-000*S 1 *(L-G2)/(Z*Z)
OM=0M+2.0D-000*H*W

DD=0OM3*D-2.0D-000*D1

END

SUBROUTINE FUN(U,H,N,A2,R0,AP1,RP1,L,RCU,AK,SK)
IMPLICIT REAL(8) (A-Z)

DIMENSION U(0:10240000)

INTEGER N,L.K,IFUN,MIN,IFAZ

COMMON /CC/ HK,IFUN,MIN,IFAZ

U(0)=0.0D-000

U(1)=0.1D-000

IIF (L==2) PRINT */RP1',RCU

DO K=1,N-1

X=K*H

XX=X*X
Q1=A2*DEXP(-RO*XX)+AP1*DEXP(-RP1*XX)+L*(L+1)/XX
IF (X>RCU) GOTO 1571
Q1=Q1+(3.0D-000-(X/RCU)**2)*AK/(2.0D-000*RCU)
GOTO 1581

1571 Q1=Q1+AK/X

1581 Q2=-Q1*HK-2.0D-000+SK*HK
U(K+1)=-Q2*U(K)-U(K-1)

ENDDO

END

SUBROUTINE SIMP(V,H,N,S)

IMPLICIT REAL(8) (A-Z)
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DIMENSION V(0:10240000)
INTEGER N,ILJJ
A=0.0D-000; B=0.0D-000
Al11: DO I=1,N-1,2
B=B+V(II)
ENDDO All1
B111: DO JJ=2,N-2,2
A=A+V(J)
END DO B111
S=H*(V(0)+V(N)+2.0D-000*A+4.0D-000%B)/3.0D-000
END
SUBROUTINE CULFUN(LM,R,Q,F,G,W,EP)
IMPLICIT REAL(8) (A-Z)
INTEGER L,K,LL,.LM
| ##k% BRIYUCIIEHUE KYJIOHOBCKUX GVHKITUI #*##
EP=1.0D-015
L=0
F0=1.0D-000
GK=Q*Q
GR=Q*R
RK=R*R
BO1=(L+1)/R+Q/(L+1)
K=1
BK=(2*L+3)*((L+1)*(L+2)+GR)
AK=-R*((L+1)**2+GK)/(L+1)*(L+2)
DK=1.0D-000/BK
DEHK=AK*DK
S=B01+DEHK
15 K=K+1
AK=-RK*((L+K)**2-1.D-000)*((L+K)**2+GK)
BK=(2*L+2*K+1)*((L+K)*(L+K+1)+GR)
DK=1.D-000/(DK*AK+BK)
IF (DK>0.0D-000) GOTO 35
25 FO=-F0
35 DEHK=(BK*DK-1.0D-000)*DEHK
S=S+DEHK
IF (ABS(DEHK)>EP) GOTO 15
FL=S
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K=1

RMG=R-Q

LL=L*(L+1)

CK=-GK-LL

DK=Q

GKK=2.0D-000*RMG

HK=2.0D-000

AA1=GKK*GKK+HK*HK

PBK=GKK/AAI

RBK=-HK/AAI

AOMEK=CK*PBK-DK*RBK

EPSK=CK*RBK+DK*PBK

PB=RMG+AOMEK

QB=EPSK

52 K=K+1

CK=-GK-LL+K*(K-1.)

DK=Q*(2.*K-1.)

HK=2.*K

FI=CK*PBK-DK*RBK+GKK

PSI=PBK*DK+RBK*CK+HK

AA2=FI*FI+PSI*PSI

PBK=FI/AA2

RBK=-PSI/AA2

VK=GKK*PBK-HK*RBK

WK=GKK*RBK+HK*PBK

OM=AOMEK

EPK=EPSK

AOMEK=VK*OM-WK*EPK-OM

EPSK=VK*EPK+WK*OM-EPK

PB=PB+AOMEK

QB=QB+EPSK

IF (( ABS(AOMEK)+ABS(EPSK) )>EP) GOTO 52

PL=-QB/R

QL=PB/R

GO=(FL-PL)*F0/QL

GOP=(PL*(FL-PL)/QL-QL)*F0

FOP=FL*F0

ALFA=1.0D-000/( (ABS(FOP*GO0-FO*GOP))**0.5 )
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G=ALFA*G0
GP=ALFA*GOP

F=ALFA*F(

FP=ALFA*FOP

W=1.0D-000-FP*G+F*GP

IF (LM==0) GOTO 123

AA=(1.0D-000+Q**2)**0.5

BB=1.0D-000/R+Q

F1=(BB*F-FP)/AA

G1=(BB*G-GP)/AA

WW 1=F*G1-F1#G-1.0D-000/(Q**2+1.0D-000)**0.5

IF (LM==1) GOTO 234

DO L=1,LM-1

AA=((L+1)*¥2+Q**2)%*0.5

BB=(L+1)**2/R+Q

CC=(2*L+1)*(Q+L*(L+1)/R)

DD=(L+1)*(L##2+Q*#2)¥*(.5

F2=(CC*F1-DD*F)/L/AA

G2=(CC*G1-DD*G)/L/AA

WW2=F1*G2-F2#G 1-(L+1)/(Q**2+(L+1)¥¥2)**0.5

F=F1; G=G1; F1=F2; G1=G2

ENDDO

234 F=F1; G=G1

123 CONTINUE

END

SUBROUTINE SFAC(EN,EH,NN,NV,NH,B1,ES,H,N4,RCU,
AK1,PL,Z1,72,AM1,AM2,PM,GK,EP,EP3,N2)

IMPLICIT REAL(S) (A-Z)

INTEGER(4)
N3,NN,NV,NH,N2,N4,IFUN,MIN,LIFAZ,LS,JJ,LP
DIMENSION
EG(0:1000),ECM(0:1000),SZM(0: 1000),SFM(0: 1000),SZ(0: 100
0),EL(0:1000),SF(0:1000),FS(0: 1000),SFT(0: 1000),FM(0: 1000)
COMMON /M/ V(0:10240000),U1(0: 10240000),U(0: 10240000)
COMMON /CC/ HK,IFUN,MIN,IFAZ

COMMON  /FF/  AI2,R12,A121,R121,LS,LP,APP,APPI,
RPP,RPP1

| # * * BRIUUCJIEHUE ®YHKIMI PACCESHUSA ®A3 U
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IMATPUYHBIX DJIEMEHTOB S-FACTOROYV * * * * #
N3=N4

N2=4

AP11=0.0D-000

RP11=0.0D-000

OPEN (1,FILE='SFAC-1.DAT")

WRITE (1,*) ' EL SF SFM SFT FS
FP'
PRINT *,' EL SF SFM SFT FS
FP'

Al: DO I=NN,NV,NH
ECM(I)=EN+I*EH
EG(I)=ECM(I)+ABS(ES)
SK=ECM(I)*B1
SS1=DSQRT(SK)
G=GK/SS1
| * BBIYMCJIEHUE MATPUYHBIX DJIEMEHTOB El - S1 *
JI=1
CALL
ME(J,1,G,LS,N3,MIN,IFUN,EP,EP3,A12,R12,A121,R121,AK],
RCU,H,SS1,FS,AIS)
| * BBIYMCJIEHUE MATPUYHBIX DJIEMEHTOB M1 - P1 *
1I=0
CALL
ME(JJ,1,G,LP,N3,MIN,IFUN,EP,EP3,APP,RPP,APP1,RPP1,AK
1,RCU,H,SS1,FM,AIM)
| wesssisss BRIYUCJIEHUE CEUEHUM E1,E2,M1 ki
EL()=ECM(I)*AM1/PM
AKP=SS1
AKG=(EG(I))/197.331D-000
AMU1=2.792847D-000! P
AMU2=3.256427D-000! 7LI
BBB=344.447D-000%*8.0D-000*PI*PM*2.0D-000/9.0D-
000/4.0D-000/2.0D-000
AMS=PM*AKG*(Z1/AM1-Z2/AM2)*AIS
SZ(I)=BBB*AKG/AKP**3* AMS**2
SSS=DEXP(Z1%Z2%31.335D-
000*DSQRT(PM)/DSQRT(ECM(I)*1.0D+003))
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SF()=SZ(I)*1.0D-006*ECM(I)*1.0D+003*SSS
AMM=0.21184D-000*(AMU 1 * AM2/(AM1+AM?2)-
AMU2*AM1/(AM1+AM2))*DSQRT(3.0D-

000)* AKG*DSQRT(2.0D-000)* AIM
SZM(I)=BBB*AKG/AKP**3* AMM**2
SSS=DEXP(Z1%Z72%31.335D-
000*DSQRT(PM)/DSQRT(ECM(I)*1.0D+003))
SFM(D)=SZM(I)*1.0D-006*ECM(I)*1.0D+003*SSS
SFT(I)=SF(I)+SFM(I)

PRINT 2,
EL(I)*1000,SF(I),SFM(I),SFT(I),FS(1)*180.0/PL,EM(I)*180.0/PI
WRITE (1,2)

EL(I)*1000,SF(I),SFM(I),SFT(I),FS(1)*180.0/PLFM(I)*180.0/PI
ENDDO Al

CLOSE (1)

2 FORMAT(1X,11(E13.6,1X))

END

SUBROUTINE ME(JJ,LG,L,N,MIN,IFUN,EP,EP1,A R,
A1,RL,AK,RC,H,SS,FA,AMAT)

IMPLICIT REAL(S) (A-Z)

INTEGER(4) L,N,L,MIN,IFUN,ILJ,ID,N2.JJ

DIMENSION FA1(0:1000),FA2(0:1000),FA(0:1000)

COMMON /M/ V(0:10240000),U1(0: 10240000),U(0: 10240000)

| #xwix BRIYUCIIEHUE FUNCTION IJUUISI M stttk
N2=4

SK=SS**2

IF (IFUN==0) THEN

CALL FUN(U1,H,N,A,R,A1,R1,L,RC,AK,SK)

ELSE

CALL FUNRK(UI,N,H,L,SK,A,R,A1,R1)

END IF

| #++BBIUUCIIEHUE KYJIOHOBCKHUX P- GYHKIIAMN
X1=H*SS*(N-N2)

X2=H*SS*N

CALL CULFUN(L,X1,G,F11,G11,W0,EP)

CALL CULFUN(L,X2,G,F22,G22,W0,EP)
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F1=F11
G1=Gl1
F2=F22
G2=G22
CALL FAZ(N,F1,F2,G1,G2,U1,FA1,LXH2)
FA()=FA1(I)
IF (MIN==0) GOTO 556
=N
138 [=I1-N2
IF (Il<=4) THEN
PRINT */NO DEFINITION S12-FAZA'
FA(I)=0.0D-000
GOTO 556
END IF
X 1=H*SS*(II-N2)
X2=H*SS*II
CALL CULFUN(L,X1,G,F11,G11,W0,EP)
CALL CULFUN(L,X2,G,F22,G22,W0,EP)
F1=F11
G1=Gl1
F2=F22
G2=G22
CALL FAZ(ILF1,F2,G1,G2,U1,FA2,I XH2)
IF ( ABS (FAI(I) - FA2(I) ) == 0.D-000 .OR. ABS ( FAI(I) -
FA2(I)) > ABS(EP1*FA2(I)) ) THEN
FA1(D)=FA2()
GOTO 138
END IF
ID=I1
DO J=ID,N
X=H*SS*J
CALL CULFUN(L,X,G,F1,G1,W0,EP)
U1(J)=(DCOS(FA2(I))*F1+DSIN(FA2(I))*G1)
ENDDO
FA()=FA2(I)
556 CONTINUE
| * BBIYMCJIEHUE MATPUYHBIX DJIEMEHTOB M1 - P1 *
DO J=0,N
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X=H*J
V(@)=U1J)*X++JJ¥U(J)
ENDDO
CALL SIMP(V,H,N,AM)
AMAT=AM
END
SUBROUTINE FAZ(N,F1,F2,G1,G2,V,F,I,H2)
IMPLICIT REAL(8) (A-Z)
INTEGER LJ,N,MIN,IFUN,IFAZ
DIMENSION V(0:10240000),F(0:1000)
COMMON /CC/ HK,IFUN,MIN,IFAZ
COMMON /EE/ PI
Ul=V(N-4)
U2=V(N)
AF=-(F1*(1-(F2/F1)*(U1/U2)(G1*(1-(G2/G1)*(U1/U2)))
FA=DATAN(AF)
IF (ABS(FA)<10.0D-008) THEN
FA=0.0D-000
ENDIF
IF (FA<0.0D-000) THEN
FA=FA+PI
ENDIF
F(I)=FA
H2=(DCOS(FA)*F2+DSIN(FA)*G2)/U2
DO J=0,N
V(3)=V(J)*H2
ENDDO
END
SUBROUTINE FUNRK(V,N,H,L,SK,A22,R00,A1,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER ILN,L
DIMENSION V(0:10240000)
| ###4% PEIIEHUE YPABHEHUS LLIPEJMHIEPA
IMETOJIOM PYHIE - KYTTA BO BCEI1 OBJIACTH
TIEPEMEHHBIX 5
VA1=0.0D-000; ! VA1 - 3HAUYEHUE ®YHKI[MU B HYJIE
PA1=1.0D-003 ! PA1 - 3HAUEHUE ITPOM3BOJIHO B HYJIE
DO 1=0,N-1
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X=H*1+1.0D-015
CALL RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A22,R00,A1,R1)
VAI=VBI
PA1=PBI
V(I+1)=VAl
ENDDO
END
SUBROUTINE
RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A,R,A1,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER L
| ##5% PEIIEHUE YPABHEHUS LIPEMHIEPA
IMETOJIOM PYHIE - KYTTA HA OJIHOM IIIATE #3##:
X0=X
Y1=VAl
CALL FA(X0,Y1,FK1,L.SK,A,R,A1,R1)
FK1=FK1*H
FM1=H*PA1
X0=X+H/2.0D-000
Y2=VA1+FM1/2.0D-000
CALL FA(X0,Y2,FK2,L.SK,A,R, A1,R1)
FK2=FK2*H
FM2=H*(PA 1+FK 1/2.0D-000)
Y3=VA1+FM2/2.0D-000
CALL FA(X0,Y3,FK3,L.SK,A,R,A1,R1)
FK3=FK3*H
FM3=H*(PA 1+FK2/2.0D-000)
X0=X+H
Y4=VA1+FM3
CALL FA(XO0,Y4,FK4,L.SK,A,R, A1,R1)
FK4=FK4*H
FM4=H*(PA1+FK3)
PB1=PA [+(FK1+2.0D-000*FK2+2.0D-000*FK3+FK4)/6.0D-
000
VB1=VA I+(FM1+2.0D-000*FM2+2.0D-000*FM3+FM4)/6.0D-
000
END
SUBROUTINE FA(X,Y,FF,L,SK,A,R,A1R1)
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IMPLICIT REAL(8) (A-Z)

INTEGER L

COMMON /BB/ A2,R0,AK,RCU

! * BBIUMCJIEHUE ®YHKIIUN F(X,Y) B METO/ZIE PYHI'E -
IKVTTA *
VC=A*DEXP(-R*X*X)+A1*DEXP(-R1*X*X)

IF (X>RCU) GOTO 1
VK=(3.0D-000-(X/RCU)**2)*AK/(2.0D-000*RCU)
GOTO 2

1 VK=AK/X

2 FF=-(SK-VK-VC-L*(L+1)/(X*X))*Y

END

KoHTponbHBIH cueT 1o 3Tod mporpamme miast S - ¢akropa
p’Li 3axBarta npuseneH nanee. 3neck: E — dHeprus cBsasu, N —
4Hcyo maroB, AE — ommn0Kka npy MOUCKe COOCTBEHHOTO 3HAYCHUS
sHeprum, R — paccrosnue, Cy, — acCUMOTOTHYECKAss KOHCTaHTa,
Ry — MaccoBeIf paamyc, Rz — 3apsaoBeIid paguyc, Ep — mabopa-
TopHas >Heprus, Sg — S - dakrop mis E1 mepexona, Spm — S -
¢daxrop ma M1 nepexona, Sgr — cyMMapHBbId S - hakTop.

E N AE
-17.264113956469590 2000 -2.706188747090010E-002
-17.257353306373480 4000 -6.760650096104826E-003
-17.255663444994790 8000 -1.689861378689983E-003
-17.255240998469200 16000 -4.224465255937560E-004
-17.255135388040380 32000 -1.056104288181814E-004
-17.255108985324190 64000 -2.640271619469559E-005
-17.255102385178680 128000 -6.600145503909971E-006
-17.255100735378090 256000 -1.649800594805129E-006
-17.255100329795080 512000 -4.055830054028320E-007

R Co Cwo Cy,
.660254E+00 .630194E+00 .638471E+00 .251556E+00
.132051E+01 -.680960E+00 -.742666E+00 -.414348E+00
.198076E+01 -.106175E+01 -.120897E+01 -.787506E+00
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.264102E+01
.330127E+01
.396152E+01
462178E+01
.528203E+01
.594229E+01
.660254E+01
726279E+01
.792305E+01
.858330E+01
.924355E+01
.990381E+01
.105641E+02

.398212E+01
.909426E+01
.114190E+02
.119242E+02
.117709E+02
.114744E+02
.111860E+02
.109340E+02
.107166E+02
.105272E+02
.103600E+02
.102096E+02
.100692E+02

467510E+01
.109332E+02
.139968E+02
.148574E+02
.148762E+02
.146841E+02
.144763E+02
.142944E+02
.141403E+02
.140092E+02
.138957E+02
.137949E+02
.136988E+02

.332890E+01
.825084E+01
.110050E+02
.120438E+02
.123472E+02
.124194E+02
.124332E+02
.124347E+02
.124342E+02
.124331E+02
.124315E+02
.124278E+02
.124176E+02

(Ru*#2)**1/2 = 2.454296358267376
(Rz**2)**1/2 =2.522706895481515

193
571784E+01
.400249E+02
.800498E+02
.102921E+03
.120075E+03
.160100E+03
.200124E+03
.303046E+03
.400249E+03
.405967E+03
411685E+03
417402E+03
423120E+03
428838E+03
.434556E+03
440274E+03
445992E+03
451710E+03
457427E+03
.463145E+03

Sk
.484036E+00
.402104E+00
.388985E+00
.384248E+00
.381251E+00
.375416E+00
.370683E+00
.361534E+00
.354858E+00
.354489E+00
.354119E+00
.353751E+00
.353382E+00
.353015E+00
.352648E+00
.352281E+00
.351913E+00
.351545E+00
.351177E+00
.350808E+00

228

S M

.163824E-01
.176056E-01
.228347E-01
.267210E-01
.301729E-01
406839E-01
.565546E-01
.175125E+00
.194288E+01
.261567E+01
.370898E+01
.565778E+01
962717E+01
.195337E+02
.528878E+02
.137913E+03
.607471E+02
.213640E+02
.101454E+02
.581247E+01

Srr

.500418E+00
419710E+00
411820E+00
410969E+00
411424E+00
416100E+00
A427237E+00

.536658E+00
229774E+01
.297016E+01
406310E+01
.601153E+01
.998055E+01
.198867E+02
.532404E+02
.138266E+03
.610990E+02
217156E+02
.104966E+02
.616327E+01



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

468863E+03
A4T74581E+03
.480299E+03
.486017E+03
491734E+03
497452E+03
.503170E+03
.600373E+03

.350440E+00
.350068E+00
.349698E+00
.349326E+00
.348953E+00
.348579E+00
.348203E+00
.341573E+00

.373727E+01
.259420E+01
.190061E+01
.144940E+01
.113989E+01
.918597E+00
.755085E+00
.103705E+00

408771E+01
.294427E+01
.225030E+01
.179873E+01
.148884E+01
.126718E+01
.110329E+01
445278E+00

W3 sTux pe3ynbTaTtoB BUAHO, UTO UMEHHO M1 mepexon moi-
HOCTBIO OIpEAeNieT BEIMUYMHY MakKcUMyMma Tpu »Hepruu 441
k3B, a E1 nporecc NpUBOIUT K MPAaBUILHBIM 3HAYCHUAM S - dak-
TOpA MPU HUZKUX SHEPTUSX.
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7. PAQUALMNOHHbBIN
3AXBAT B p°Be CUCTEME

Radiative capture in the p°Be system

BeedeHue

B mnoTeHIMansHONM KIIACTEPHOM MOJCNIU ¢ KiaccuuKaiueit
OpOUTANTEHBIX COCTOSIHUHN KiacTepoB Mo cxemam HOHra um 3arpe-
IICHHBIMH, B HEKOTOPBIX CIYy4yasiX, COCTOSHHUSMH, PACCMOTPUM
peakimio p’Be — "By B 06nacTi acTpoH3MUECKHX SHEPIHiL.
Cpa3zy oTMeTHM, 9TO HaM yIajJoch HAWTH TOJHKO OAHY padoTy,
MOCBSIIEHHYIO TOAPOOHOMY 3KCIEPUMEHTAIFHOMY H3MEPEHHUIO
cedeHni U actpopuznueckoro S - dakropa 3Toil peakuuu [144]
MIPU HU3KUX JHEPrusix. Pe3ynbraTsl 3TOH pabOTHI MBI OyAeM Hc-
MOJTb30BATh fajiee JJIsi CPAaBHEHHUS C HAIIMMH MOJEIBHBIMU pac-
YETAMH.

[Ipu paccmoTpenuu acrpodusudeckoro S - pakropa panua-
LIUOHHOTO p9Be 3axBara B IIKM [20,25], kotopast 0OBIYHO HC-
MOJIL3YETCS HAMH JUIsl aHaIM3a MoMOOHBIX peakiuit [112,132],
TpebGyeTcs 3HaHHE MOTEHIHANOB P Be B3anMoieiicTBUs B Hempe-
PBIBHOM U AHMCKpeTHOM criekTpe. [lo-mpexxHemy Oyaem cuuTaTh,
YTO TaKue MOTEHIIMANBI JIOJDKHBI COOTBETCTBOBATH KilaccH(UKa-
UM KJIACTEPHBIX COCTOSHUA 10 OPOUTAIBHBIM CHMMETPHSIM
[20,25], kak 3TO OBUIO CHENaHO HAMH paHee Ui JPYTHX JISTKUX
SJIEPHBIX CUCTEM.

7.1 Knaccughukayusi op6umanbHbIx
cocmosiHull

OnpenenuM BHaYajie BO3MOXHbBIE OpOUTanbHBIC cXeMbl FOH-
ra s sgpa  Be, HampuMep, paccMaTpHBas €ro B ngi i n*Be
kaHaie. Ecian cumrarh, 4YTO B cucTeMe 8+1 9acTHIl MOXKHO HC-
nmoyib30BaTh cxeMbl {44}+{1}, To ois TakoW CUCTEMBI TOTYyUUM
JIBe BO3MOXKHbIe cuMmmeTpun {54}+{441}. IlepBas u3 Hux 3a-
MIPEIIeHa, MOCKOJIBKY COAEPXKUT ILITh KJIETOK B OJHOH CTpPOKE
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[123]. Cpa3y oTMeTHM, 4YTO IPHUBEACHHAS 37€Ch KIACCH(PHUKAIUI
OpOUTANBHBIX COCTOAHUHN 10 cxemaM HKOHra HOCHT Ka4eCTBEHHBIH
XapakTep, MOCKOIbKY 1uid cucteMbl 4 = 9,10 yactur He yganoch
HalTH TaOnuIel npousBeneHuil cxeM FOHra, KOTOpBIE MMENHUCH
panee misg Bcex A < 9 [44], 1 HCTIOMB30BANUCH TS aHATN3a YUCiIa
paspenieHHBIX cocTossHUA M 3C B BOJIHOBBIX (DYHKIHSX pasidd-
HBIX KJIACTEPHBIX cUcTeM [87].

Jlanee, ecnu st sgpa Be ucmonb3yercs cxema {54}, To
BO3MOXHbIC OpOUTANIbHEIE cxeMbl FOHra p’Be chCTeMBI OKa3bl-
BaIOTCS 3allpPeICHHBIMU, IOCKOJILKY B OJHOH CTPOYKE HE MOXKET
OBITH OoJiee ueThipex KieTok [123,145]. OHU COOTBETCTBYIOT 3a-
MPELICHHBIM COCTOSTHUAM ¢ KoHurypanusamu {64} u {55} u mo-
MEHTOM OTHOCHUTENbHO JBrxkeHust L = 0 u 1, KOTOpHIi onpeaens-
ercs no npaBuwiy Onuota [123]. Eme oana 3ampelieHHas cxema
{541} npucyTcTBYeT B 3TOM IPOU3BEACHUN M B PACCMOTPCHHOM
Jlajiee cirydae U cooTBeTcTByeT L = 1.

Korga nns sopa ’Be npuHumaeTcs cxema {441}, cucrema
p’Be ComepKUT 3alpeleHHbIe yPOBHE co cxeMoit {541} B P -
BoJiHE U {442} B S - BosHe u PC ¢ xondurypanueit {4411} npu L
= 1,3. Takum oGpasom, p’Be MOTEHIMAIB B Pa3HBIX MapIHATb-
HBIX BOJHaX JOJDKHBI UMETh 3alpellleHHoe cBa3aHHoe {442} co-
CTOSIHUE B S - BOJHE U 3alpEIICHHOE U Pa3pelIeHHOe CBS3aHHBIC
ypoBHHU B P - BosHe co cxeMamu FOura {541} u {4411} cootBeT-
CTBEHHO.

MOXHO paccMOTpeTh W Ciydaif, Koraa st sapa ~Be wmc-
MOJIB3YIOTCST 00€ JOIMyCTUMBIE opOuTanbHbie cxeMbl FOHTa {54} 1
{441}. IlogoOHBIN TOIXO BIIOJHE YCIICITHO UCTOIH30BAJICS Ha-
Mu pasee mpu paccMotpermu p°Li [117] u p’Li [134] cucrem.
Torma xnaccudukamus ypoBHEH OyIET HECKOJIBKO WHOM, YHCIIO
3aMpeNIeHHbIX COCTOSHUI BO3PACTET, M B KaXKJOW MapIHabHOM
BonHe ¢ L = 0 u 1 goGaBuTCs MUITHUHN 3anpeIeHHbIN CBsI3aHHbIH
YpOBEHB.

Takas, Oosee TojTHAsT CXeMa COCTOSIHHA, KOTOopast OyIeT HC-
MOJIL30BAThHCS HAMHU JlaJiee, TI0 CYTH, SBISETCS CYMMOU TIEPBOTO H
BTOPOTO PAaCCMOTPEHHBIX BBIIIE ClIy4aeB, U B S - © P - BOJIHaX
coxepxutcs mo aBa 3C ¢ pa3pemieHHBIME CBS3aHHBIMH COCTOSI-
HUAMU B P - BoaHe. OHO W3 HHUX, a UMEHHO, 5P3 - COCTOSIHHE
MOYET COOTBETCTBOBATH OCHOBHOMY COCTOSIHHIO simpa ''B B p’Be
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KaHalic.

7.2 [lomeHyuanbHoe onucaHue
¢has paccesiHusi

PaccmarpuBaemsiii p’Be kanan B siape '’B HMeeT MpoeKIHio
n3ocnuHa T, = 0, 9YTO BO3MOXKHO MPH JIBYX 3HAYEHHSIX MOJIHOTO
m3octimaa 7 = 1 m 0 [135], moatomy p9Be CHCTEMA, TaK K€ KakK
p3H [112], oka3epiBaeTCS cMemiaHa MO W30CHUHY. UHCTBIMH TI0
M30CIIHHY, B JAHHOM CIydae u B TIOJHO#M aHamoruu ¢ p He u n°H
cuctemamu [112], sBsroTcs KnacTepHble KaHaisl p’B i n’Be mpu
T,==+1 u T = 1. ®assl ynpyroro p’Be paccesHus, MOCKOIbKY 3Ta
CHUCTEMa CMEIIaHHA 110 U30CIHHY, MPEACTABISIOTCS B BHJIE MOITY-
CYMMBI YHCTBIX 0 n3ocnuHy ¢a3 [20,25], kak ObUIO MPHUBEICHO
panee B maparpade 4.1 (4.1).

Cwmemannpie 0 m3ocnuHy ¢asel ¢ 7' = 1,0 mo-npexxaeMy
OTIPENIENIAIOTCS. B pe3ysibTare (a3zoBOro aHajan3a SKCIEPUMEH-
TaTbHBIX JTAHHBIX, KOTOPBIMH OOBIYHO SBJSIOTCS auddepeHITH-
anbHBIE CEUCHHUs yIpyroro p Be paccestns. YHCTbIe ¢ M30CHH-
HOoM T = 1 da3sl onpenensitoTces u3 (pazoBOro aHaiusa ynpyroro
p’B umn n’Be paccesus. B pesy/ibraTe MOKHO HANTH YHCTBIE C
T =0 ¢assl p’Be paccesiHus U 10 HUM TTOCTPOUTH B3aHMOICHCT-
BUE, KOTOPOE JOJDKHO COOTBETCTBOBATH IMOTCHIMATY CBSI3aHHOTO
COCTOSIHUS pre CHUCTEMBI B SApe B [135]. UMeHHO TakoOM METOA
pasnenenns (a3 ¥ MOTEHIHATIOB HCHONb30BaNcs s p°H cucre-
MBI [94,112] 1 TIpOAEMOHCTPHUPOBAII CBOIO TONHYIO pabOTOCIIO-
COOHOCTb.

OpHako, HaM HE YJAJIOCh HAUTH JaHHBIE IO (ha3aM yIpyroro
n’Be, p’B mu p’Be paccesiHust mpu acTpoGH3HUECKIX SHEPTHSIX
[136], mosTomy 3aech OyaeM paccMaTpUBaTh TOJBKO CMELIaHHBIC
10 M30CIHHY TIOTEHIAIBI IPOLIECCOB PACCesHNUs B P Be cucreme
u gucTeie ¢ 7 = () MOTEeHIIMANBI CBSI3aHHBIX COCTOSIHHA, KOTOPHIE,
KakK OOBIYHO, CTPOSTCS HAa OCHOBE omnucaHus xapaktepuctuk CC —
SHEPTUS CBS3M, 3aPsIOBBIA PaJNyC, ACUMITOTHYCCKAs KOHCTaH-
Ta. VIMEHHO TaKO# TOJX0J HCIOJIb30BANCS HaMU paHee s plLi
¥ p'Li cucTeM, a caM TOTEHIMA BEIGHPAETCS B TIPOCTOM TayCcco-
BOM BUJIE C TOYCUHBIM KYJIOHOBCKUM WICHOM (2.8).

TIoCKOJIBKY OTCYTCTBYIOT (hasel ympyroro p’Be paccesHus,
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MOJy4YeHHbIE B pe3ynbTare (Hha30BOr0 aHAIN3a YKCIEPUMEHTAIb-
HBIX JAHHBIX, Janee OyJaeM OCHOBBIBATHCS Ha YUCTO KadeCTBEH-
HBIX TPECTABICHUSIX 00 MX TOBEJCHUH KaK (YHKIIUU 3HEepTrun. B
YaCTHOCTH, H3BECTHO, YTO B CIIEKTpE spa ''B HMeeTcs Hamopo-
roBeId ypoBeHb ¢ J = 1" ipu T = 0+1 u sueprum 0.319(5) MaB
(1.c.) ¢ mmpuHOH 133 ®9B [135,146]. B pre KaHaJe smpa B 510
PE30HAHCHOE COCTOSIHHE MOXET OBITh 00pa30BaHO KOH(UTypau-
e °S,, TTOCKOJIBKY JCBe) = 3/2° u J(p) = 1/2". Hanuuue takoro
YpOBHS IPUBOANT K pe30HAHCY (ha3bl, KOTOpas MPH 3TOW SHEPTHH
npuHUMaeT 3HadeHue 90°.

Opnako pe3oHaHc S - ¢akrTopa, u3MepeHHoro B [144], Ha-
Osronaetcs npu dHEprun 299 k3B (J1.c.), 9TO TOKa3aHo B Ta0I.1 1
puc.4 pabotsr [144]. B Toxxe Bpems, B Tabn.2 pabotsr [144], ms
sHeprum pezoHanca npusoxutcs BenmanHa 0.380(30) MaB (i1.c.)
¢ mmpuHo# 330(30) k3B. Oba 3TUX 3HAYCHUS HE COOTBETCTBYET
JTaBHO M3BECTHBIM JaHHBIM [135,146]. [ToaTromy B Gonee mo3qHuX
paborax [147,148] ObuT TIpOBE/ICH MOMOJHUATEIHHBIA aHATHN3 DKC-
MIEPUMEHTAIBHBIX PE3YJIBTATOB U IS SHEPTHUH TOT0 YPOBHS TO-
mydeno 328 + 329 »B (i1.c.) ¢ mupunHoit 155 + 161 3B (i1.c.),
YTO TaK)Ke€ HECKOJILKO OTJIIMYAeTCs OT JaHHBIX [135,146].

[Tockonpky HMeeTCsl CTONb OOJBIIOE pa3NuyNe Pa3HBIX JaH-
HBIX, MBI HECKOJIBKO BapBUPOBAIH MTApaMEeTpPhI 3TOTO MOTEHIINANA,
JUTSI TIOJTyYEHUS] HAWTYYIIIETO ONMUCAHUS TOJ0KECHUS PE30HAHCA B
S - ¢akrope, mpuseneHHoro B padote [144]. B pesynbrare ams
3S| - BOJHBI paccesHUs GbLT TMOTYYeH MOTEHIMAN, KOTOPBIH TpH-
BOAUT K pe3oHaHcy (as3el B 90° nipu 333 k3B (71.c.) U uMeeT cie-
IyIOIIHe TTapaMeTphI

Vo=-69.5 MoB u o = 0.058 dwm™>.

Tpurmietrast °S; - dasa 9TOro MOTEHIMANA IOKA3aHA Ha
puc.7.1 HenmpepbIBHOM JIMHKEN U HOCUT PE30HAHCHBIN XapakTep, a
caM noteHuuan conepxut asa 3C B COOTBETCTBUU C IPUBEACH-
HOW BEIIIIE Kiaccu(ukamme.

Ecnu anst pacyera mmMpuHBI YPOBHS M0 (hase paccestHust O
HCITOJIB30BaTh BRIpAXKEHHE [78]
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Fn.c. = 2(d6/dEnc)_l s

TO HIMPWHA TAaKOTO PE30HAHCAa OKa3bIBAETCs, NMPHUMEPHO, pPaBHA
150(3) k3B (i1.c.), 9TO BIOJHE COOTBETCTBYET pe3ybTaraM padoT
[147,148].

Jlanee cunraeM, 4to S, - (asa MPAKTHUIECKH PaBHA HYIIO B
obmacty sHepruii 7o 600 k3B, KoTOpHIE OYAYT 37€Ch pacCMaTpPH-
BaTHCS, MTOCKOJIBKY B CIIEKTPaX ''B OTCYTCTBYIOT PE30HAHCHI, CO-
MOCTaBUMBIC 3TOW MapIHaIbHONW BOJHE TPU TaKUX SHEPTHUIX
[135,146]. IIpakTuyecku Hy/aeBas (asza MOaydaeTcs ¢ IrayCCOBBIM
MOTCHITUAJIOM M MapaMeTpaMu

Vo=-283.5MoBua =03 dm>.

“w -

120 -

100 -

80 -

9, rpag

100 150 200 250 300 350 400 450 500

Puc.7.1. S - pa3wr ynpyroro pre paccestHUs IPU HU3KUX SHEPTHX.
JIuHauu — pacyeTsl ¢ TayCCOBBIMU MOTEHIIMAIAMH, TApaMeTPbl KOTOPBIX
MIPUBEICHBI B TEKCTE.

On comepxkut aBa 3C, Kak 3TO ClemyeT W3 IMPHUBSACHHOU
KJIaCCU(PHUKAIIMK OpOUTAIBHBIX COCTOSHUH, a (a3a paccesHus
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nokasana Ha puc.7.l mrprxoBoii kpuBoii. Koneuro, °S, - ¢asy,
OJIM3KYIO K HYIIIO, MOKHO MOTYYUTH U C MIOMOIIBIO IPYTUX BapH-
aHTOB MapaMeTpoB noTeHuuana ¢ nsyms 3C.

B atom cwmpbiciie, He yaaeTcs OAHO3HAYHO (DMKCHPOBAThH €ro
mapaMeTphl, © BO3MOXKHEKI JIpyrue koMOuHanuu Vy u o. OmHako,
nanbHelmue pacuerst £l mepexona u3 °S, - BOTHBI PAaCCESHAS HA
CBs3aHHOE ~P; - COCTOSIHHE MOKA3alli JOBOJNBHO CIa0yio 3aBHCH-
MOCTB S - (pakTOpa pagHanoHHoro p’Be 3axBaTta OT MapaMeTpoB
3TOr0 NOTEHLKANA.

Js moteHnmana CBSI3aHHOTO 5P3 - COCTOSTHUS p9Be CHUCTe-
MbI, KOTOPBIH COOTBETCTBYET OCHOBHOMY COCTOSIHHIO spa '°B B
paccMaTpuBaeMOM KJIACTEpPHOM KaHalle, HaWIEHBI CIeayIoIIe
napaMeTphbl:

Vo =-719.565645 MoB u o = 0.4 dm> .

C TakuM NOTEHLMAIOM MOJy4deHa SHeprus cBs3u -6.585900
M5B mpu Tounoctn 10° MbdB, cpemHeKBaapaTHUHBIH pagHyc
2.58 @™ npu skcriepuMeHTabHON Benmauae 2.58(10) dwm [135],
a acHMIITOTHYECKas KOHCTAaHTAa, BBIUMCIsIEMas MO (QYHKIUIM
Yurrekepa, okazanack paBHa Cy,, = 2.94(1). J{nsa pagmycoB kia-
CTEpOB OBIIM HCIIOJIL30BaHbI BeIHM4YHHBI R, = 0.8768(69) ®Mm [35]
U Rp. = 2.519(12) ®m [135]. Ommbka AK ompenensiercs ee yc-
peaHeHueM Ha uHTepBaie 5 <+ 15 ®wm, rae acuMnToTHdecKas KOH-
CTaHTa OCTAeTCs MPaKTUYECKU cTabuinbHON. Kpome paspenieHHo-
ro CC, COOTBETCTBYIOLIETr0 OCHOBHOMY COCTOSIHUIO sipa '°B, Ta-
ko P - morennman mMeer apa 3C B ITOJIHOM COOTBETCTBHH C
MIPOBEJICHHON BHIIlIE KiIaccu(UKamed OpOUTATBLHBIX KIaCTEPHBIX
COCTOSIHUM.

Js cpaBuenust AK mpuBenmeM pesymbTaThl paboThl [149],
rie ans ee 3HadeHWi momydeHa BenuuuHa Cy, = 2.37(2) om '
HyxHO OTMETHTB, YTO B 3TOH paboTe JJIs ONPEACICHHUS achM-
NTOTHYECKONW KOHCTAHTHI UCTIOIH30BAIOCH BEIPAKECHHE

XL(R) =CuWaqri1n(2koR)

KOTOpOE OTAuYaeTcs OT Haiero onpenencuus (2.10) Ha Beanuu-
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HY /2k, . [logenus npuBeE€HHOE BBILIE 3HAUYEHHUE Ha /2k, , TOE

ms p’Be cucremst ko = 0.536 @M, monyuum a1 AK B Hamem
ompeneNicHNH 3HadeHne 2.29, KOTopoe 3aMETHO OTIMYaeTCs OT
MIPHUBEIEHHOTO BhIIIE pe3ynbrara. OmHako, eciau npuHsTh 11 AK
3Ha4YeHue, NMoJy4eHHoe B pabote [149], 3apsaoBeiii paauyc siapa
9B, u3-3a Goxee GbICTPOro craga "XBOCTA" BONHOBOH (YHKIIHH,
OyIleT HECKOIBKO 3aHMKCH.

i moTeHMaIoB MepBhIX TPEX BO30YKICHHBIX, HO CBS3aH-
HBIX B p’Be kanane coctosumii ¢ J'T = 170, 0°1 u 1*0 npn snep-
rusax 0.71835, 1.74015 u 2.1543 M»B [135] moxydeHsl cleayro-
II¥e TTapaMeTphl:

Vo(0.718350) = -715.162918 MaB n o = 0.4 dm?,
Vo(1.740150) = -708.661430 MoB u oL = 0.4 Om?
Vo(2.154300) = -705.935443 MoB u o = 0.4 O,

OHU TOYHO OMUCHIBAIOT MPHUBE/ICHHBIC BBINIC W MTOKa3aHHBIC
B CKOOKax 3HA4YeHMs DHEPTUH YPOBHEH, KOTOPBIE OTHOCHUTEIHHO
nopora p’Be kauama paBHsI -5.867550, -4.845700 u - 4.431600
M>»B. Takue mnoTeHIMAlbl MPUBOAAT K 3apsSAOBBIM paanycaM
2.59, 2.60 u 2.61 dM, acuMOTOTHYSCKUM KoHcTaHTaM 2.74(1),
2.46(1) m 2.35(1) cooTBeTCTBEHHO B 001acTH OT 4 + 5 g0 11 + 13
O™ u umeroT 1o 18a 3C u ogHO PC. MOXXHO, MTO-BHIUMOMY, CUH-
TaTh, YTO OTH MOTEHIMANbI COOTBETCTBYIOT TPUILICTHBIM P CBS-
3aHHBIM B P Be KaHaje ypOBHSIM.

Jns MOmOTHUTETHHOTO KOHTPOJSI TOYHOCTH BBIYMCIIECHUS
sueprun cBsa3u CC UCIONIB30BANICS BapHAIIMOHHBIN METOJ C pa3-
JNOXKEHHEM KIaCTEpHOH BOTHOBOH (YHKIHH p Be CHCTEMBI IO
HEOPTOTOHATLHOMY TayccoBy Oazucy (2.9) [24]. IIpu pazmepHo-
ct Oazuca N = 10 mia morennuana OC moirydeHa DHEPTHS -
6.585896 M»B, kortopas Tonbko Ha 4 3B oTnuvaercs, OT npuBe-
JIGHHOU BBIIlIe, KOHEYHO - pa3HOCTHOM BenuuuHbl [24]. HeBsaszku
umeroT nopsitok 107!, acumnroTHUeCKas KOHCTaHTa, HA MHTEPBa-
ne 5+ 10 @M, pasHa 2.95(3), a 3apsAI0BBIA paaRyC HE OTINIACTCS
OT TIPEIbIIYIINX pe3ynpTartoB. [lapameTpsl pa3noKeHds MOIy-
YEHHOM BapHAllMOHHOM PAagUalIbHOM MEKKIAaCTepHOW BOJHOBOM
dysxkmun OC "B B kmactepuoM p’Be Kamage NpHBEICHBI B
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Tabn.7.1.

ITockonbKy, Kak MBI YK€ HE pa3 YIIOMHHAJH, BapHalluOHHAS
SHEPTHUs MPH YBEIUYCHUU Pa3MEPHOCTH 0a3rca YMEHBIACTCS H
JlaeT BEPXHUU Tpened UCTUHHOM SHEpPruM CBS3U, a KOHEYHO -
pa3HOCTHAs SHEPTHs MPY YMEHBIICHUH BEIMYMHEI II1ara 1 yBeJH-
YEHUHW YUCJIA IIaroB yBEIMUUBACTCS [24], TO IS peanbHON dHEp-
TUU CBSI3U B TAKOM MOTEHIMAIEC MOKHO MPUHATH CPEIHIOI0 BEJIH-
quHy -6.585898(2) M»aB. Takum 06pazoM, TOYHOCTH OIpenese-
HESL SHEPIUU CBSI3U spa B B KIIaCTEpHOM p Be KaHaie B mpej-
JIO’KCHHOM BBIIIIE€ OTCHIIMAJIE ABYMS Pa3IUYHBIMUA METOJIAMHU IO
JIBYM pa3HBIM KOMIBIOTEPHBIM MPOTpaMMaM HaXOJIUTCs Ha ypOB-
He £2 7B.

Ta6:n.7.1. Koo pumenTs! 1 mapaMeTpsl pazioKeHus
paanaabHON BapUalldOHHOM BOJIHOBOM (DYHKIIHH OCHOBHOI'O
cocrosiems '°B B p’Be kaHasIe 10 HEOPTOrOHATFHOMY I'ayCCOBOMY
Oazucy [24].

HopMmupoBouHbIit K03(h(GUITUSHT BOJIHOBON ()YHKIUH
Ha uHTepBae 0 < 25 ®m pasen N = 1.000000000000002.

[ o C;

1 | 7.715930101739352E-002 | -2.802002694398972E-002
2 | 3.224286905853033E-002 | -2.092599791641983E-003
3 | 1.677117157858407E-001 | -1.481060223206524E-001
4 | 3.388993785610822E-001 | -5.049291144131660E-001
5| 9.389553670123860E-001 4.713342588832875

6 1.999427899506135 -7.632712971301209

7 2.988529100669578 -5.267741895838846E-001
8 6.878703971128334 6.022748751134505E-002
9 23.149662023260950 2.252725100117285E-002
10 100.917699526293000 1.285655220977827E-002

B pamkax BM 1 moTeHmana BToporo Bo3oyskaenroro 01
YpOBHS Toy4deHa dHeprus -4.845692 M»aB, 3apsmoBerii pagnyc
2.61 ®m, a AC oxazanach paBHa 2.48(2) Ha uHTepBasie 5 + 12
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O®wm. [TapameTpsl ee pas3noKeHus 0 HEOPTOTOHATTLHOMY IayCCOBY
Oasucy mpuBeneHBl B Tabn.7.2. Jlns cpemHed SHEPTrHU 3TOTO
YpOBHS, HaMJIECHHOW BYMS METOJaMH 1O JBYM KOMIIbIOTCPHBIM
mporpammam, noiydeHa sennuuHa -4.845696(4) M»B, a HeBs3ku
uMeroT mopsiok 1077,

Ta6:1.7.2. Koo pumeHTs! 1 mapaMeTpsl pa3iokeHus
paaraabHON BapHAallMOHHOM BOJHOBOM (DYHKIIUH BO30YKICHHOIO
0*1 cocrosirmst '°B mpu sneprun 1.74015 MsB 1o
HEOPTOTOHATBHOMY raycCOBOMY Oaszucy [24].
HopmupoBounsiii k03¢ ULMEHT BOIHOBOH QyHKIMN
Ha uHTepBane 0 + 25 Om paBeH N = 9.999999999999970E-001.

[ o C;

1 | 6.669876139241313E-002 | -2.347210794847986E-002
2 | 2.667656102033708E-002 | -1.775040363036249E-003
3| 1.517176918481825E-001 | -1.283117981223353E-001
4 | 3.212149403864399E-001 | -4.601647158129205E-001
5| 9.260148198737874E-001 4.396116518097601

6 1.968143319382518 -7.091171845894630

7 2.891825315028276 -6.237051439471658E-001
8 6.205147839342107 6.217503950196968E-002
9 20.141061492467640 2.305215376077275E-002
10 86.640072856521640 1.321899076244325E-002

7.3 Acmpodgpusudeckul S - hakmop

IIpu paccMOTPEHHH DIIEKTPOMATHUTHEIX MEpPEeXooB B p Be
3axBate Oyaem yuuthiBath E1 mpomecc, o6o3HaunB ero E1(CC),
3 PE30HAHCHOI °S| - BOJIHBI PACCESHUS HA TPU CBSI3AHHBIC B KJIa-
creprOoM p’Be kaHane coctosaus supa ''B ¢ J'T = 170, 071 u 170
[135] cumTas ux 3P - cocrostHusamE. A Takxke E1 Mepexoa u3 552 -
BOJIHBI PACCESHIS C HYJIEBOH (a3oif Ha OCHOBHOE CBSI3aHHOE *P; -
COCTOSHHE 3TOr0 s/ipa, WCIIONIb30BaB JUIsi HETO OOO3HAYCHHE
E1(0C).
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Pesynbratel pacuera S - ¢axropa mpu saeprusx 50 + 600
k3B (J1.c.) n sKcnepuMeHTanbHbIe JaHHbIe U3 padoThl [144] npu-
BEJICHBI Ha puc.7.2 HenpephIBHOW KpnBOH. Kak BHIHO, BeTMYMHA
MOJHOTO pacueTHoro S - ¢akrtopa B obxactu sneprui 50 + 100
k3B ocraercs mouytu mocrossHHOW W paBHO# 1.15(2) k3B-0, uTO
BIIOJTHE COTJIacyeTcs C JaHHBIMU paboThl [144], roe cpemnee 1o
TPEM TEPBBIM AKCIECPUMEHTAIBLHBIM TOYKaM Ipu dHeprum 70 =+
100 k3B paBHo 1.27(4) k3B-6.

Tlepexon Ha OCHOBHOE 5P3 - cocrosiaue B u3 552 - BOJIHBI
paccesiHUs MPUBOIUT K pacueTHOW BenmunHe S - pakTopa mpu 50
k3B paBHoit 0.81 k»B-6 (tuTpuxoBas kpuBas Ha puc.7.2). JImHEH-
Hasl SKCTPANOJSIIUs TONYYEHHOTO pe3yibTaTa K HYJIEBOH SHep-
run gaet npumepHo 0.90 k9B-6. Cymma mepexomoB u3 °S; - BOI-
HbI PACCEsHUS HA TPH CBSI3AHHBIC P yPOBHM MPEICTABICH HAa
puc.7.2 TOYeIHON KPUBOIA.

E1(OC)+E1(CC)

I TR S T I B R | M N R R
50 100, °150 200 250 300 350 400 450 500 550 600 650
: Ep, kaB

Puc.7.2. Actpodusmueckuii S - pakTop peakiuu paaualuoHHOro P Be
3axBara.
Touku — 5KCTIepUMEHTANTbHBIE TaHHBIC U3 padoTh! [144]. KpuBsle — pe-
3yNBTATHl pacyeTa JUIsl pa3HbIX 3JIEKTPOMArHUTHBIX NIEPEXO0I0B C IIPUBE-
JICHHBIMH B TEKCTE MOTCHIIUATAMH.
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Jns cpaBHEHHS TPUBENEM HEKOTOpBIE PE3YIbTaThl IKCTpPa-
TOJISAIUI Pa3NTUYHBIX AKCHEPUMEHTANBHBIX JAaHHBIX K HYJIEBOU
s”epruu. s S - paxTopa ¢ nepexogom Ha OC, Hanpumep, B pa-
6ote [129] momydeno 0.92 k3B-0, 9To BIOJHE COTIACYETCS C HAM-
JEHHOW 31ech BennyuHOW. OAHAKO IJIsl MEPeXoJ0B Ha TPH pac-
CMOTpeHHBIX BbIme ypoBus ¢ J'T = 170, 01 u 170 npuBomuTcs
1.4 x3B-0, 1.4 k3B-6 u 0.47 x3B-06 cooTBeTcTBeHHO [129], cCymMa
KOTOPBIX SIBHO TIPEBBIMIAET HAIl pe3yslbTaT W JaHHbIE pPaOOTHI
[144].

Hanee, B Oonee mosmueidt pabore [147], ans momHOTO S -
¢akropa momyyeno 0.96(2) k3B-0, a B onHON M3 MOCIETHHUX pa-
oot [148], mocBsIeHHON 3TOM peakiuy, HaliicHa BEJIMYMHA OT
0.96(6) mo 1.00(6) k3B-6. O6a 3TUX 3HAYCHHS BIOJHE COTJIACY-
FOTCS C TTOJTY9€HHBIMH BBIIIE 3HAYEHUSIMHU.

Takum o00pa3oM, B TOTCHIIMATLHOW KIACTEPHONW MOIEIH
paccmotpenst E1 mepexosl u3 °S, i S - BOJH paccesHus Ha oc-
HOBHOE “P3 cBsI3aHHOE B p’Be KaHane cocTosHue sapa '°B u Tpu
ero Bo30OyxaeHHbIe coctosHus 170, 071 u 170, koTopble Takxke
CBsI3aHBI B 3TOM KaHaie. [Ipy HalM4yuu ONpeNeNeHHbIX MPEaIo-
JIOKEHUH OO0IIero xapakTepa OTHOCHUTEIBHO MOTEHIHMAIOB B3au-
MozeiicTBus B p’ Be kaHaie sapa '’B, OKa3bIBaeTCS BO3MOMKHBIM
MIPUEMJIEMO OTMFCAaTh HWMEIOIINECS JKCIIEPHUMEHTAIbHbIE NTaHHBIC
no actpogusuueckoMy S - paxtopy npu sHeprusax a0 600 k3B u
MOJIYYHTH €T0 BEIMUNHY 11 HyneBol (50 kaB) sHepruu, koTopas
BITOJIHE COTJIACYETCS C TOCIETHUMHE 3KCIIEPUMEHTAIBHBIMHU JaH-
HbIMU [144]. ITIpaBunbsao nonydaercs U S(0) - pakTop TOTBKO IS
nepexona na OC sygpa '°B.

OmHako, TOCKOJBKY OTCYTCTBYIOT NaHHBIE TI0 (a3oBOMy
aHanmu3y p’Be ympyroro paccesHus, NOTCHIHANbI PACCESHHS
CTpPOATCSl HA OCHOBE HEKOTOPBIX KaueCTBEHHBIX MPEICTaBICHUH,
a moteHIansl Tpex CC MomydeHsl JINITh MPUOIIKEHHO, T.K. HET
naHHbIX 10 paguycam i AK spa '°B B 5THX BO36YXKICHHBIX CO-
cTosiHUsIX. [loaToMy naHHBIE pe3ynbTaThl CIEAyeT paccMaTpu-
BaTh, JIIIb KaK MPEIBAPUTEIHHYIO OLIEHKY BO3MOXKHOCTU OIMHUCA-
Hust S - (axTopa peaximu p Be 3axsara Ha ocxose IIKM ¢ 3C.
Ho HecmoTps Ha mpuONMKEHHBIH XapakTep PacCMOTPEHHS TPO-
necca p’Be — wBy paauanFoOHHOTO 3axBaTa I acTpodu3nde-
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cKoro S - (hakTopa ATOH peaKkny yAaeTCs OMYUUTh BIIOJHE MIPH-
eMJIEMEbIe Pe3yIbTaThl.

B 3akimoueHre MOKHO OTMETHTb, UTO UMECIOIIUECS B HAIIEM
pacnopsDKeHUM SKCIICPUMEHTANBHBIE JaHHbIE 1O S - (akTopy
9TOW peakuu 3aMETHO OTJIMYAIOTCS MEXITy Cco0oi H, TIo-
BHIINMOMY, TpeOyeTcs manpHelIee, 6osee TImaTeaIbHoe HCCIIeI0-
BaHME paMalMOHHOr0 p Be — loBy 3axBara Mpu acTpodusnde-
CKHX DHEPIHSX, a TAK)KE YTOUHCHHS TOJIOKCHHS PE30HAHCA U €T0
UIUPUHBI B 3| - BonHE paccesnus [150].

7.4 lpoepamma pacyema
acmpoghusuyeckozo S - ghakmopa

IlpuBeneM Tenepb TEKCT KOMIIBIOTEPHON MPOTpaMMbl s
pacueta S - daktopa pagmanmmoHHOro p Be 3axpata. OHa He-
CKOJIBKO OTJIMYAeTCsS OT MPEABIAYIIUX MPOrpaMM, MOCKOIBKY Iie-
peXoAbl M3 COCTOSHHUM pacCesHHs MPOUCXOJAT Ha YEThIPE CBS-
3aHHBIX YPOBHSI.

PROGRAM PYBE_BS_S
USE MSIMSL
IMPLICIT REAL(S) (A - Z)
INTEGER(4) L.N,NN,NV,NH,IFUN,MIN,IFAZ,L5S,L3S
CHARACTER*8
RAOD,RA1D,RA2D,RA3D,FUOD,FU1D,FU2D,FU3D,SFACT
CHARACTER*12 ASOD,AS1D,AS2D,AS3D
CHARACTER*6 ENOD,EN1D,EN2D,EN3D
DIMENSION
V(0:10240000),U(0: 10240000),U0(0: 10240000),U1(0: 10240000)
,U2(0:10240000),U3(0: 10240000),EE(0:10)
COMMON /BB/ A2,R0,AK1,RCU
COMMON /AA/ SKS,L,GK,R,SSS,AKK,CC
COMMON /CC/ HK,IFUN,MIN,IFAZ
COMMON /DD/ SS,AAK,GAM
COMMON /FF/
A5S,R55,A5S1,R551,L55,1.3S,A3S,R3S,A351,R3S1
COMMON /EE/ PI

| % %% % TIAPAMETPBI PACUETOB * * * # % # % # % # % *
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RAOD="RADO.TXT"
RAI1D="RADI.TXT"
RA2D="RAD2.TXT"
RA3D="RAD3.TXT"
FUOD="FUNO.TXT"
FUID="FUN1.TXT"
FU2D="FUN2.TXT"
FU3D="FUN3.TXT"
ASOD="ASIMPTOO0.TXT"
AS1D="ASIMPTO1.TXT"
AS2D="ASIMPTO2.TXT"
AS3D="ASIMPTO3.TXT"
ENOD="E0.TXT"
EN1D="E1.TXT"
EN2D="E2.TXT"
EN3D="E3.TXT"
SFACT="SFAC.TXT"
WFUN=0; ! = 0 - ®YHKLIMS HE 3AIIMCBIBAECSL, = 1 - 3A-
[MMCBHIBAETCS B ®ANJI
IFUN=0; ! = 0 TOTJTIA KRM, = 1 TOTJIA RK
IFAZ=1:! =0 ®A3A [TPOCTO =0, = 1 - ®A3A BbIUMCJIS-
ETCS
MIN=0; ! = 0 ®A3A CUUTAETCS HA TPAHULIE OBJIACTH,
= 1 IIPOBOJAUTCS [TOUCK ®A3BI I10 3AJJAHHOM TOU-
HOCTHU
Z1=1.0D-000
72=4.0D-000
7=71+72
AM1=1.00727646677D-000; ! P
AM?2=9.0121829D-000; ! 9BE
AM=AMI1+AM?2
RK1=0.877D-000; ! P
RM1=0.877D-000; ! P
RK2=2.52D-000; ! 9BE
RM?2=2.52D-000; ! 9BE
PI=4.0D-000*DATAN(1.0D-000)
PM=AM1*AM2/AM
242



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

A1=41.4686D-000
B1=2.0D-000*PM/A1
AK1=1.439975D-000*Z1*7Z2*B1
GK=3.44476D-002*Z1*7Z2*PM
N=64000
RR=30.0D-000
H=RR/N
HK=H*H
SKN=-10.0D-000
HC=0.1D-000
SKV=1.0D-000
SKN=SKN*B1
SKV=SKV*B1
HC=HC*B1
NN=0
NV=90
NH=1
EH=5.0D-003
EN=5.0D-002
EP=1.0D-015; ! TOYHOCTH ITONUCKA HYJIA AETEPMU-
HAHTA 1 KYJIOHOBCKHUX <DYHKI_[I/H71
EP1=2.D-006; ! TOUHOCTDb ITOMCKA SHEPI'MU CBI3U B
ABCOJIFOTHBIX EAUHUIIAX
EP2=1.0D-006; ! TOYHOCTbB ITOUCKA ACUMIITOTHUYE-
CKOM KOHCTAHTBI B OTHOCUTEJIbHBIX EJVMHULAX
EP3=1.0D-003; ! TOUHOCTB IIOUCKA ®A3 PACCESHNU B
OTHOCUTEJIbHBIN EJUHUIIAX
V0=719.565645D-000; ! P9BE FOR RCU=0. R0=0.4
CW=2.94(1)(4-15 ®M) RZ=2.58 RM=2.56 E=-6.585900 MEV
E3C)=23C -348.5;-134.4
R0=0.4D-000; ! P9BE FOR RCU=0. L=1 S=2 5P3
V01=0.0D-000
R01=1.0D-000
A2=-VO0*B1
A01=V01*B1
L=1
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RCU=0.0D-000
CALL
ENERGY(0,EP,EP1,EP2,B1,SKN,SKV HC H,N,L, A2, R0O,AK1,R
CU,GK,ESS,SKS,A01,R01,U0,V,ASOD)
EE(0)=ESS
I ® %k ACUMIITOTUYECKHME KOHCTAHTDBI * * * * * * *
CALL ASSIM(UO,H,N,C0,CW0,CW ,N,EP2,ASOD)
CALL
RAD(V,UO,N,H, AM1,AM2,AM,71,72,7Z,RM1,RM2 RK1,RK2,
RAOD,RM,RZ)
OPEN (25,FILE=ENOD)
WRITE(25,*) ESS,SKS,N,H
CLOSE(25)
V0=715.162918D-000;! P9BE FOR RCU=0. R0=0.4
CW=2.74(1)(5-13 ®M) RZ=2.59 RM=2.56 E=-5.867550 MEV
E@BC)=2 3C -268.8;-105.7
R0=0.4D-000; ! P9BE FOR RCU=0. L=1 S=1 3Pl
V01=0.0D-000
R01=1.0D-000
A2=-V0*B1
A01=V01*B1
L=1
RCU=0.0D-000
CALL
ENERGY(1,EP,EP1,EP2,B1,SKN,SKV HC H,N,L, A2, R0O,AK1,R
CU,GK,ESS,SKS,A01,R01,U1,V,AS1D)
EE(1)=ESS
| #% %k ACUMIITOTUYECKHWE KOHCTAHTDBI * * * * * * *
CALL ASSIM(U,H,N,C0,CW0,CW,N,EP2,AS1D)
CALL
RAD(V,U1,N,H AM1,AM2,AM,71,72,7Z,RM1,RM2 RK1,RK2,
RA1D,RM,RZ)

244



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

OPEN (25,FILE=EN1D)
WRITE(25,%) ESS,SKS,N,H
CLOSE(25)
V0=708.661430D-000;! P9BE FOR RCU=0. R0=0.4
CW=2.46(1)(5-13 ®M) RZ=2.60 RM=2.57 E=-4.845700 MEV
E(3C)= 2 3C -268.8:-105.7
R0=0.4D-000; ! POBE FOR RCU=0. L=1 S=1 3P0
V01=0.0D-000
RO1=1.0D-000
A2=-VO*B1
A01=VOI1*B1
L=1
RCU=0.0D-000
CALL
ENERGY(1,EP,EP1,EP2,B1,SKN,SKV,HC,H,N,L,A2,R0,AK1,R
CU,GK,ESS,SKS,A01,R01,U2,V,AS2D)
EE(2)=ESS
| %% % % % ACUMIITOTUYECKUE KOHCTAHTBI * * * * *
CALL ASSIM(U,H,N,C0,CW0,CW,N,EP2,AS2D)
CALL
RAD(V,U2,N,H,AM1,AM2,AM,Z1,72,Z.RM1,RM2,RK1,RK2,
RA2D,RM,RZ)
OPEN (25,FILE=EN2D)
WRITE(25,*) ESS,SKS,N,H
CLOSE(25)
V0=705.935443D-000;! P9BE FOR RCU=0. R0=0.4
CW=2.35(1)(5-13 ®M) RZ=2.61 RM=2.58 E=-4.431600 MEV
E(3C)= 2 3C -268.8:-105.7
R0=0.4D-000; ! POBE FOR RCU=0. L=1 S=1 3Pl
V01=0.0D-000
RO1=1.0D-000
A2=-VO*B1
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A01=VO01*B1
L=1
RCU=0.0D-000
CALL
ENERGY(1,EP,EP1,EP2,B1,SKN,SKV HC,HN,L,A2,R0,AK1,R
CU,GK,ESS,SKS,A01,R01,U3,V,AS3D)
EE(3)=ESS
I #xk ok ACUMIITOTUYECKHME KOHCTAHTDBI * * * * * * 3
CALL ASSIM(U,H,N,C0,CW0,CW,N,EP2,AS3D)
IF (WFUN==0) GOTO 2235
CALL WAVE(UO,N,H,FUOD)
CALL WAVE(U1,N,H,FU1D)
CALL WAVE(U2,N,H,FU2D)
CALL WAVE(U3,N,H,FU3D)
CALL
RAD(V,U3,N,H,AM1,AM2,AM,Z1,72,7Z,RM1,RM2,RK1,RK2,
RA3D,RM,RZ)
OPEN (25,FILE=EN3D)
WRITE(25,*) ESS,SKS,N,H
CLOSE(25)
12345 V5S=283.5D-000
R5S5=0.3D-000
V5S1=0.0D-000
R5S1=1.0D-000
A5S5=-V5S5*B1
A5S1=V5S1*B1
L5S=0
V3S=69.5D-000
R3S=0.058D-000
V3S1=0.0D-000
R3S1=1.0D-000
A3S=-V3S*B1
A3S1=V3S1*B1
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L3S=0
READ *

CALL
SFAC(EN,EH,NN,NV,NH,B1,EE,H,N,RCU,AK1,Z1,72,AM1,A
M2,PM,GK,EP,EP3,U,V,U0,U1,U2,U3,SFACT)

END

SUBROUTINE
ENERGY(YS,EP,EP1,EP2,B1,SKN,SKV,HC,H,N,L,A2,R0,A
K1,RCU,GK,ESS,SKS,A01,R01,U,V,ASS)

USE MSIMSL

IMPLICIT REAL(S) (A - Z)

INTEGER(4) LL,N,IFUN,N1,MIN,IFAZ,LL,YS
CHARACTER*12 ASS

DIMENSION EEE(0:1000)

DIMENSION U(0:10240000),V(0: 10240000)

COMMON /CC/ HK,IFUN,MIN,IFAZ

COMMON /DD/ SS,AAK,GAM

COMMON /AA/ SKSS,LL,GKK,RR,SSS,AKK,CC

=1

LL=L

CALL
MINIMUM(EP,B1,SKN,SKV,HC,H,N,L,A2,R0,AK 1,RCU,GK,
ESS,SKS,A01,RO01)

PRINT*, E N DEL-E'

EEE(I)=ESS

IF(YS==1) GOTO 11221

111 N=2*N

H=H/2.0D-000

=1+1

CALL
MINIMUM(EP,B1,SKN,SKV,HC,H,N,L,A2,R0,AK1,RCU,GK,
ESS,SKS,A01,R01)

EEE(I)=ESS

EEPP=ABS(EEE(I))-ABS(EEE(I-1))

PRINT *,EEE(I),N,EEPP

IF (ABS(EEPP)>EP1) GOTO 111

11221 PRINT *,EEE(I),N,EEPP
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SSS=DSQRT(ABS(SKS))
SS=SSS
AKK=GK/SSS
AAK=AKK
HK=H*H
77=1.0D-000+AAK+L
GAM=DGAMMA (ZZ)
IF (IFUN==0) THEN
CALL FUN(U,H,N,A2,R0,A01,R01,L.RCU,AK1,SKS)
ELSE
CALL FUNRK(U,N1,H,L,SKS,A2,R0,A01,R01)
END IF
Nl=1
CALL ASSIM(U,H,N,C0,CW0,CW,N1,EP2,ASS)
DO 1=0,N1
V(D=UD*U()
ENDDO
CALL SIMP(V,H,N1,SII)
HN=1.0D-000/DSQRT(SII)
DO 1=0,N1
X=I*H
U(=U(D)*HN
ENDDO
| * %% ACCUMITTOTUYECKUE KOHCTAHTBI * * * * % *
CALL ASSIM(U,H,N1,C0,CWO0,CW,N1,EP2,ASS)
| # %% % [JEPEHOPMHUPOBKA XBOCTA BM * # * # % # % *
SQQ=DSQRT(2.0D-000*SS)
DO I=N1+1,N
R=I*H
CC=2.0D-000*R*SS
CALL WHI(R,WWW)
U(D)=CW*WWW*SQQ
ENDDO
1122 CONTINUE
| #% %% [JOBTOPHAS HOPMUPOBKA B * # * # % # % * x
DO I=1,N
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V(D=UD*U()
ENDDO
CALL SIMP(V,H,N,SIM)
HN=1.0D-000/DSQRT(SIM)
DO I=1,N
UD=U)*HN
ENDDO
END
SUBROUTINE ASSIM(U,H,N,C0,CW0,CW,LEP,ASS)
IMPLICIT REAL(8) (A-Z)
INTEGER LL,N,J,N2,N1,N3
CHARACTER*12 ASS
DIMENSION U(0:10240000)
COMMON /AA/ SKS,L,GK,R,SS,GGG,CC
N2=10
OPEN (22,FILE=ASS)
WRITE(22,%) ' R Co CWO0
CW'
SQQ=DSQRT(2.0D-000%SS)
IF (I==N) THEN
PRINT *; R Co CWO0 cW'
N1=3.0D-000/H
N3=1.0D-000/H+1
DO J=N1,N,N3
R=J*H
CC=2.0D-000*R*SS
CO=U(J)/DEXP(-SS*R)/SQQ
CW0=C0*CC**GGG
CALL WHI(R,WWW)
CW=UJ)WWW/SQQ
PRINT 1,R,CO,CWO0,CW,I
WRITE(22,1) R,C0,CW0,CW
ENDDO
ELSE
=N
R=I*H
CC=2.0D-000*R*SS
CALL WHI(R,WWW)
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CW1=U(I)/WWW/SQQ
12 I=I-N2

IF (I<=0) THEN

PRINT */'NO STABLE ASSIMPTOTIC FW'

STOP

END IF

R=I*H

CC=2.0D-000*R*SS

CALL WHI(R,WWW)

CW=UI)/WWW/SQQ

IF (ABS(CW1-CW)/ABS(CW)>EP .OR. CW==0.0D-000)
THEN

CW1=CW

GOTO 12

END IF

END IF

CLOSE(22)

1 FORMAT(1X,4(E13.6,2X),3X,I8)

END

FUNCTION F(X)

IMPLICIT REAL(8) (A-Z)

INTEGER L

COMMON /AA/ SKS,L,GK,R,SS,AA,CC
F=X**(AA+L)*(1.0D-000+X/CC)**(L-AA)*DEXP(-X)
END

SUBROUTINE WHI(R,WH)

USE MSIMSL

IMPLICIT REAL(8) (A-Z)

REAL(8) F

EXTERNAL F

COMMON /DD/ SS,AAK,GAM

CC=2.0D-000*R*SS

7Z=CC**AAK

CALL DQDAG (F,0.0D-000,25.0D-000,0.0010D-000,0.0010D-
000,1,RES,ER)
WH=RES*DEXP(-CC/2.0D-000)/(Z*GAM)

END
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SUBROUTINE
MINIMUM(EP,B1,PN,PV,HC,HH,N3,L.,A22,R0,AK1,RCU,G
K,EN,COR,A33,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER IN3,LLL
HK=HH**2
LL=L*(L+1)
IF(PN>PV) THEN
PNN=PV; PV=PN; PN=PNN
ENDIF
H=HC; A=PN ; EP=1.0D-015
1 CONTINUE
CALL
DET(A,GK,N3,A22,R0,L,LL,AK1,RCUHH,HK,D1,A33,R1)
B=A+H
2 CONTINUE
CALL
DET(B,GK,N3,A22,R0O,L,LL,AK1,RCU,HH,HK,D2,A33,R1)
IF (D1*D2>0.0D-000) THEN
B=B+H; D1=D2
IF (B<=PV .AND. B>=PN) GOTO 2
1=0; RETURN; ELSE
A=B-H; H=H*1.0D-001
IF(ABS(D2)<EP .OR. ABS(H)<EP) GOTO 3
B=A+H; GOTO 1
ENDIF
3 I=1; COR=B; D=D2; EN=COR/B1;
END
SUBROUTINE
DET(DK,GK,N,A2,R0,L,LL,AK,RCU,H,HK,DD,A3,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER(4) LN, II,LL
S1=DSQRT(ABS(DK))
G2=GK/S1
D1=0.0D-000
D=1.0D-000
DO II=1,N
X=II*H
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XX=X*X
F=A2*DEXP(-XX*R0)+A3*DEXP(-XX*R1)+LL/XX
IF (X>RCU) GOTO 67
F=F+(AK/(2.0D-000*RCU))*(3.0D-000-(X/RCU)**2)
GOTO 66

67 F=F+AK/X

66 IF (II==N) GOTO 111
D2=D1

D1=D
OM=DK*HK-F*HK-2.0D-000
D=0OM*D1-D2

ENDDO

111 Z=2.0D-000*X*S1
OM=DK*HK-F*HK-2.0D-000
W=-S1-2.0D-000%S 1*G2/Z-2.0D-000*S 1 *(L-G2)/(Z*Z)
OM=0M+2.0D-000*H*W
DD=0M*D-2.0D-000%D1
END
SUBROUTINE
FUN(U,H,N,A2,R0,AP1,RP1,L,RCU,AK,SKS)
IMPLICIT REAL(8) (A-Z)
DIMENSION U(0:10240000)
INTEGER N,L.K,IFUN,MIN,IFAZ
COMMON /CC/ HK,IFUN,MIN,IFAZ
U(0)=0.0D-000
U(1)=0.1D-000
DO K=1,N-1
X=K*H
XX=X*X
Q1=A2*DEXP(-RO*XX)+AP1*DEXP(-RP1*XX)+L*(L+1)/XX
IF (X>RCU) GOTO 1571
Q1=Q1+(3.0D-000-(X/RCU)**2)* AK/(2.0D-000*RCU)
GOTO 1581
1571 Q1=Q1+AK/X
1581 Q2=-Q1*HK-2.0D-000+SKS*HK
U(K+1)=-Q2*U(K)-U(K-1)
ENDDO
END
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SUBROUTINE SIMP(V,H,N,S)
IMPLICIT REAL(8) (A-Z)
DIMENSION V/(0:10240000)
INTEGER N, ILJJ
A=0.0D-000; B=0.0D-000
Al11: DO II=1,N-1,2
B=B+V(II)
ENDDO Al11
B111: DO JJ=2,N-2,2
A=A+V(JJ)
END DO B111
S=H*(V(0)+V(N)+2.0D-000%*A+4.0D-000%B)/3.0D-000
END
SUBROUTINE CULFUN(LM,R,Q,F,G,W,EP)
IMPLICIT REAL(8) (A-Z)
INTEGER L,K,LL,.LM
EP=1.0D-015
L=0
F0=1.0D-000
GK=Q*Q
GR=Q*R
RK=R*R
BO1=(L+1)/R+Q/(L+1)
K=1
BK=(2*L+3)*((L+1)*(L+2)+GR)
AK=-R*((L+1)**¥2+GK)/(L+1)*(L+2)
DK=1.0D-000/BK
DEHK=AK*DK
S=B01+DEHK
15 K=K+1
AK=-RK*((L+K)**2-1.D-000)*((L+K)**2+GK)
BK=(2*L+2*K+1)*((L+K)*(L+K+1)+GR)
DK=1.D-000/(DK*AK+BK)
IF (DK>0.0D-000) GOTO 35
25 FO=-F0
35 DEHK=(BK*DK-1.0D-000)*DEHK
S=S+DEHK
IF (ABS(DEHK)>EP) GOTO 15
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FL=S
K=1
RMG=R-Q
LL=L*(L+1)
CK=-GK-LL
DK=Q
GKK=2.0D-000*RMG
HK=2.0D-000
AA1=GKK*GKK+HK*HK
PBK=GKK/AAI
RBK=-HK/AAI
AOMEK=CK*PBK-DK*RBK
EPSK=CK*RBK+DK*PBK
PB=RMG+AOMEK
QB=EPSK
52 K=K+1
CK=-GK-LL+K*(K-1.)
DK=Q*(2.*K-1.)
HK=2.*K
FI=CK*PBK-DK*RBK+GKK
PSI=PBK*DK+RBK*CK+HK
AA2=FT*FI+PST*PSI
PBK=FI/AA2
RBK=-PS/AA2
VK=GKK*PBK-HK*RBK
WK=GKK*RBK+HK*PBK
OM=AOMEK
EPK=EPSK
AOMEK=VK*OM-WK*EPK-OM
EPSK=VK*EPK+WK*OM-EPK
PB=PB+AOMEK
QB=QB+EPSK
IF (( ABS(AOMEK)+ABS(EPSK) )>EP) GOTO 52
PL=-QB/R
QL=PB/R
GO=(FL-PL)*F0/QL
GOP=(PL*(FL-PL)/QL-QL)*F0
FOP=FL*F(
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ALFA=1.0D-000/( (ABS(FOP*GO0-FO*GOP))**0.5 )
G=ALFA*G0

GP=ALFA*GOP

F=ALFA*F0

FP=ALFA*FOP

W=1.0D-000-FP*G+F*GP

IF (LM==0) GOTO 123

AA=(1.0D-000+Q**2)**0.5

BB=1.0D-000/R+Q

F1=(BB*F-FP)/AA

G1=(BB*G-GP)/AA

WW 1=F*G1-F1*G-1.0D-000/(Q**2+1.0D-000)**0.5

IF (LM==1) GOTO 234

DO L=1,LM-1

AA=((L+1)#42+Q**2)#*0.5

BB=(L+1)**2/R+Q

CC=(2*L+1)*(Q+L*(L+1)/R)

DD=(L+1)*(L*¥2+Q**2)%*0.5

F2=(CC*F1-DD*F)/L/AA

G2=(CC*G1-DD*G)/L/AA
WW2=F1*G2-F2*G1-(L+1)/(Q**2+(L+1)¥*2)¥%0.5

F=Fl; G=G1; F1=F2; G1=G2

ENDDO

234 F=F1; G=G1

123 CONTINUE

END

SUBROUTINE
SFAC(EN,EH,NN,NV,NH,B1,EE,H,N,RCU,AK1,Z1,Z2,AM]1,
AM2,PM,GK,EP,EP3,U,V,U0,U1,U2,U3,SFACT)

IMPLICIT REAL(8) (A-Z)

INTEGER(4) NN,NV,NH,N,IFUN,MIN,LIFAZ,JJ,L5S,L.3S
CHARACTER*8 SFACT

DIMENSION

EG0(0:1000),EG1(0:1000),EG2(0: 1000),EG3(0:1000),ECM(0: 10
00),SR5S(0:1000),SR3S1(0:1000),SR3S2(0:1000),SR3S3(0: 1000
),83Z(0:1000),S5Z(0:1000),EL(0:1000),SF(0: 1000),F3S(0:1000),
F55(0:1000),ST(0:1000)
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DIMENSION

V(0:10240000),U1(0: 10240000),U(0: 10240000),U0(0: 10240000)
,EE(0:10),U2(0:10240000),U3(0:10240000)

COMMON /CC/ HK,IFUN,MIN,IFAZ

COMMON /FF/
A5S,R5S,A551,R5S1,L55,L3S,A3S,R3S,A3S1,R3S1
COMMON /EE/ PI

| * * * BRIYUCJIEHUE OYHKLN PACCESTHAS ®A3 U
MATPUYHBIX DJIEMEHTOB S-FACTOROV * * * * * *
OPEN (1,FILE=SFACT)

WRITE (1,¥)" EL SF5  SF31  SF32  SF33
ST SF F5S F3'

PRINT *,' EL SF5  SF31  SF32  SF33

ST SF F5 F3'

Al: DO I=NN,NV,NH

EL(I)=EN+I*EH

ECM(I)=EL(I)/AM1*PM

SK=ECM(I)*B1

SS=DSQRT(SK)

G=GK/SS

| wkssskssokist BRIUMCIIEHUE MATPUYHBIX DJIE-
MEHTOB El _ 581__>5P skoskoskoskoskoskoskoskosk skoskskoskskskesk sk skosksk

AI5S=0.

JI=1

CALL
ME(JJ,1,G,L5S,N,MIN,IFUN,EP,EP3,A5S,R5S,A5S 1,R5S ,AK |
,RCU,H,SS,F5S,AI5S,AI5S,AI5S,U0,U0,U0,U,V)

| wkssskssokist BRIUMCIIEHUE MATPUYHBIX DJIE-
MEHTOB El _ 3Sl__>3P skoskoskoskoskoskoskoskosk sk skskoskskskesk sk skoskosk

AI3S1=0.; AI3S2=0.; AI3S3=0.

JI=1

CALL
ME(JJ,1,G,L3S,N,MIN,IFUN,EP,EP3,A3S,R3S,A3S 1,R3S ,AK |
,RCU,H,SS,F3S,AI3S1,AI352,AI353,U1,U2,U3,U,V)

b b

AKP=SS
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BBB=344.447D-000*8.0D-000*PT*PM*2.0D-000/4.0D-
000/2.0D-000/3.0D-000%%2
SSS=1.0D-006¥*ECM(I)*1.0D+003*DEXP(Z1*Z72%31.335D-
000*DSQRT(PM)/DSQRT(ECM(D)*1.0D+003))
EGO(I)=ECM(I)+ABS(EE(0))
AKGO=(EGO0(I))/197.331D-000
AME5S=DSQRT(7.0D-000)*PM*AKGO*(Z1/AMI-
72/AM2)*AI5S ! HA OC El
S5Z(I)=BBB*AKGO/AKP**3* AMESS**2
SR5S(I)=S5Z(I)*SSS

EG1(I)=ECM(I)+ABS(EE(1))
AKGI1=(EG1(I))/197.331D-000

AME3S 1=DSQRT(3.0D-000)*PM*AKG1*(Z1/AM]1-
Z2/AM2)*AI3S1

S3Z(I)=BBB*AKG I/AKP**3* AME3S 1#+2
SR3S1(I)=S3Z(I)*SSS

EG2(1)=ECM(I)+ABS(EE(2))
AKG2=(EG2(I))/197.331D-000
AME3S2=DSQRT(1.0D-000)*PM*AKG2*(Z1/AMI-
72/AM2)*AI3S2

S3Z(I)=BBB*AKG2/AKP**3* AME3S2#+2
SR3S2(I)=S3Z(I)*SSS

EG3(1)=ECM(I)+ABS(EE(3))
AKG3=(EG3(I))/197.331D-000
AME3S$3=DSQRT(3.0D-000)*PM*AKG3*(Z1/AMI-
72/AM2)*AI3S3

S3Z(I)=BBB*AKG3/AKP**3* AME3S3**2
SR3S3(1)=S3Z(I)*SSS

ST(I)=SR3S1(I)+SR3S2(I)+SR3S3(I)

SF(I)=SR5S(I)+SR3S 1(I)+SR3S2(1)+SR3S3(I)

PRINT 2,

EL(I)*1000,SR5S(I),SR3S 1(I),SR3S2(I),SR3S3(1),ST(1),SF(I),F5
S),F3S(0)

WRITE (1,2)

EL(I)*1000,SR5S(I),SR3S 1(I),SR3S2(I),SR3S3(1),ST(I),SF(I),F5
S),F3S(1)

ENDDO Al
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CLOSE (1)
2 FORMAT(1X,11(E13.6,1X))
END
SUBROUTINE
ME(JJ,LG,L,N,MIN,IFUN,EP,EP1,A,R,A1,R1,AK,RC,H,SS,
FA,AMAT1,AMAT2,AMAT3,U1,U2,U3,UR,V)
IMPLICIT REAL(8) (A-Z)
INTEGER(4) L,N,L,MIN,IFUN,ILJ,ID,N2.JJ
DIMENSION FA1(0:1000),FA2(0:1000),FA(0:1000)
DIMENSION
V(0:10240000),UR(0: 10240000),U1(0:10240000),U2(0: 1024000
0),U3(0:10240000)
COMMON /EE/ PI
| #wssss BRIYUCIIEHUE P1-FUNCTION JUISI M1 s
N2=4
SK=SS*#2
IF (IFUN==0) THEN
CALL FUN(UR,H,N,A,R,A1,R1,L,RC,AK,SK)
ELSE
CALL FUNRK(UR,N,H,L,SK,A,R,Al,R1)
END IF
| #+ BBIYUCJIEHUE KYJIOHOBCKUX P-OVHKIIUI *#*
X 1=H*SS*(N-N2)
X2=H*SS*N
CALL CULFUN(L,X1,G,F1,G1,WO0,EP)
CALL CULFUN(L,X2.,G,F2,G2,W0,EP)
CALL FAZ(N,F1,F2,G1,G2,UR,FA1,LXH2)
FA(I)=FA1(1)*180.0D-000/PI
IF (MIN==0) GOTO 556
=N
138 TI=I1-N2
IF (Il<=4) THEN
PRINT */NO DEFINITION S-FAZA'
FA(1)=0.0D-000
GOTO 556
END IF
X1=H*SS*(II-N2)
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X2=H*SS*II
CALL CULFUN(L,X1,G,F1,G1,W0,EP)
CALL CULFUN(L,X2,G,F2,G2,W0,EP)
CALL FAZ(ILF1,F2,G1,G2,UR,FA2,1 XH2)
IF ( ABS (FAI(I) - FA2(I) ) == 0.D-000 .OR. ABS ( FAI(]) -
FA2(I)) > ABS(EP1*FA2(I)) ) THEN
FA1(D)=FA2(])
GOTO 138
END IF
ID=II
DO J=ID,N
X=H*SS*J
CALL CULFUN(L,X,G,F1,G1,W0,EP)
UR())=(F1*DCOS(FA2(I))+G 1*DSIN(FA2(I)))
ENDDO
FA(D)=FA2(1)*180.0D-000/PI
556 CONTINUE
| ekrsskesonkis BRIYUCIIEHUE MATPUYHBIX DJIE-
DO J=0,N
X=H*J
V(@)=URQ)*X**JT*U1(J)
ENDDO
CALL SIMP(V,H,N,AM)
AMATI1=AM
DO J=0,N
X=H*J
V(@)=URQ)*X**JJ*U2(J)
ENDDO
CALL SIMP(V,H,N,AM)
AMAT2=AM
DO J=0,N
X=H*J
V(@)=URQ)*X**JJ*U3(J)
ENDDO
CALL SIMP(V,H,N,AM)
AMAT3=AM
END
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SUBROUTINE FAZ(N,F1,F2,G1,G2,V,F,I,H2)
IMPLICIT REAL(8) (A-Z)
INTEGER LJ,N,MIN,IFUN,IFAZ
DIMENSION V(0:10240000),F(0:1000)
COMMON /CC/ HK,IFUN,MIN,IFAZ
COMMON /EE/ PI
Ul=V(N-4)
U2=V(N)
AF=-(F1*(1-(F2/F1)*(U1/U2)/(G1*(1-(G2/G1)*(U1/U2)))
FA=DATAN(AF)
IF (ABS(FA)<1.0D-008) THEN
FA=0.0D-000
ENDIF
IF (FA<0.0D-000) THEN
FA=FA+PI
ENDIF
F(I)=FA
H2=(DCOS(FA)*F2+DSIN(FA)*G2)/U2
DO J=0,N
V(I)=V(J)*H2
ENDDO
END
SUBROUTINE FUNRK(V,N,H,L,SK,A22,R00,A1,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER LN,L
DIMENSION V/(0:10240000)
| ###4% PEITEHUE YPABHEHUS LUIPEJMHIEPA METO-
JIOM PYHTE - KYTTA BO BCEI OBJIACTU ITEPEMEH-
VA1=0.0D-000; ! VA1 - 3HAUYEHUE ®YHKI[MU B HYJIE
PA1=1.0D-003 ! PA1 - 3HAYEHUE ITPOM3BOJIHOI B HYJIE
DO I1=0,N-1
X=H*1+1.0D-015
CALL RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A22,R00,A1,R1)
VAI=VBI
PA1=PBI
V(I+1)=VAl
ENDDO
260



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

END
SUBROUTINE
RRUN(VB1,PB1,VA1,PA1,H,X,L,SK,A,R,A1,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER L
| #+5% PEIIEHUE YPABHEHUSI IPEJUHTEPA METO-
JIOM PYHTE - KYTTA HA OJJHOM IIIATE ###5#5
X0=X
Y1=VAl
CALL FA(X0,Y1,FK1,L.SK,A,R,A1,R1)
FK1=FK1*H
FM1=H*PAl1
X0=X+H/2.0D-000
Y2=VA1+FM1/2.0D-000
CALL FA(X0,Y2,FK2,L.SK,A,R,A1,R1)
FK2=FK2*H
FM2=H*(PA 1+FK1/2.0D-000)
Y3=VA1+FM2/2.0D-000
CALL FA(X0,Y3,FK3,L.SK,A,R,A1,R1)
FK3=FK3*H
FM3=H*(PA 1+FK2/2.0D-000)
X0=X+H
Y4=VA1+FM3
CALL FA(XO0,Y4,FK4,L.SK,A,R, A1,R1)
FK4=FK4*H
FM4=H*(PA1+FK3)
PB1=PA [+(FK1+2.0D-000*FK2+2.0D-000*FK3+FK4)/6.0D-
000
VB1=VA I+(FM1+2.0D-000*FM2+2.0D-000*FM3+FM4)/6.0D-
000
END
SUBROUTINE FA(X,Y,FF,L,SK,A,R,A1,R1)
IMPLICIT REAL(8) (A-Z)
INTEGER L
COMMON /BB/ A2,R0,AK,RCU
| * BRIUUCJIEHUE OYHKLN F(X,Y) B METOJIE PYHTE -
KYTTA *
VC=A*DEXP(-R*X*X)+A 1 *DEXP(-R 1 *X*X)
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IF (X>RCU) GOTO 1
VK=(3.0D-000-(X/RCU)**2)* AK/(2.0D-000*RCU)
GOTO 2
1 VK=AK/X
2 FF=-(SK-VK-VC-L*(L+1)/(X*X))*Y
END
SUBROUTINE
RAD(V,U,N,H,AM1,AM2,AM,Z1,72,7Z,RM1,RM2,RK1,RK2,
RADD,RM,RZ)
IMPLICIT REAL(8) (A-Z)
INTEGER LN
CHARACTER*8 RADD
DIMENSION U(0:10240000),V(0: 10240000)
OPEN (23,FILE=RADD)
WRITE(23,%)' SQRT(RM**2)  SQRT(RZ**2)
DO 1=0,N
X=I*H
V(D=X*X*UD)*U()
ENDDO
CALL SIMP(V,H,N,RKV)
RM=AM I/AM*RM 1 ##2+AM2/AM*RM2**2+((AM1*AM2)/A
M##2)*RKV
RZ=Z1/Z*RK1#¥2+72/Z*RK2*¥2+(((Z1* AM2#*2+72% AM | #*
2)/AM#*#2)/Z)*RKV
PRINT *,(RM/2)*1/2=".DSQRT(RM)
PRINT *,(RZA2)*1/2="DSQRT(RZ)
WRITE(23,2) DSQRT(RM),DSQRT(RZ)
2 FORMAT(1X,2(E16.8,2X))
CLOSE(23)
END
SUBROUTINE WAVE(U,N,H,FUN)
INTEGER LN
REAL(8) U,H
CHARACTER*8 FUN
DIMENSION U(0:10240000)
OPEN (24,FILE=FUN)
WRITE(24,%) ' R U
PRINT * R U
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DO I=0,N
X=H*I

PRINT 2,X,U(I)
WRITE(24,2) X,U(I)

ENDDO
CLOSE(24)

2 FORMAT(1X,2(E16.8,2X))

END

HpI/IBCZ[CM PE3yJabTaThl KOHTPOJIBHOT'O CUCTa IO JTOH npo-
TrpaMM€C, €CJIN OTKIKOYWUTH BbIAaYy Ha 3KpPaH aCUMIITOTHYCCKUX
KOHCTAHT, T.C. IIOCTaBUTh KOMMCHTApHUH Yy BbI3OBa IIOAIIpOrpamM-

MbI

CALL ASSIM(UO,H,N,C0,CW0,CW,N,EP2,AS0D)

B Takom ciywae mis maTepBana sHepruid 50 + 500 3B ¢
maroM 5 k3B U TouHOCTH moucka sHepruu cBsizu 1 k3B Bbgaua

OyJeT UMETh CIEAYIOUINIA BUT;

E

-6.585906003925907
-6.585901436295207
-6.585900294335506
-6.585900003296109
-6.585900003296109

R
.300000E+01
.400002E+01
.500004E+01
.600006E+01
.700008E+01
.800010E+01
.900012E+01
.100001E+02
.110002E+02
.120002E+02
.130002E+02
.140002E+02
.150002E+02

Go

.309294E+01
.287237E+01
.259269E+01
.239230E+01
.224319E+01
212693E+01
.203308E+01
.195527E+01
.188941E+01
.183276E+01
.178349E+01
.174062E+01
.170436E+01

N DEL-E

CWO
405990E+01
403144E+01
.383286E+01
.368991E+01
.358628E+01
.350775E+01
.344615E+01
.339653E+01
.335573E+01
.332169E+01
.329317E+01
.326993E+01
.325363E+01
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Cw

272652E+01
.293601E+01
.294416E+01
.294356E+01
.294287E+01
.294226E+01
.294172E+01
.294124E+01
.294083E+01
.294058E+01
.294071E+01
.294198E+01
.294663E+01

128000 -1.826657319980996E-005
256000 -4.567630700336167E-006
512000 -1.141959701023154E-006
1024000 -2.910393970267933E-007
1024000 -2.910393970267933E-007

518890
518890
518890
518890
518890
518890
518890
518890
518890
518890
518890
518890
518890
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RM"2)M /2= 2.558827994744726
RZM2)M /2= 2.580476249980481
E N DEL-E
-5.867550099637504 1024000 -2.910393970267933E-007
R Co Cwo C,,
.300000E+01 .291632E+01 .383549E+01 .254477E+01 402510
A400002E+01 .269432E+01 .380397E+01 .274138E+01 402510
.500004E+01 .242143E+01 .361205E+01 .274900E+01 402510
.600006E+01 .222640E+01 .347383E+01 .274841E+01 402510
J700008E+01 .208149E+01 .337354E+01 .274778E+01 402510
.800010E+01 .196871E+01 .329754E+01 .274727E+01 402510
.900012E+01 .187790E+01 .323812E+01 .274702E+01 402510
.100001E+02 .180309E+01 .319093E+01 .274739E+01 402510
.110002E+02 .174091E+01 .315416E+01 .274949E+01 402510
RM"2)M /2= 2.564050898140670
RZM2)M 2= 2.590198493346619
E N DEL-E
-4.845700076375899 1024000 -2.910393970267933E-007
R CO CWO Cw
.300000E+01 .266831E+01 .351475E+01 .228788E+01 447790
A400002E+01  .244357E+01 .348001E+01 .246616E+01 447790
.500004E+01 .217989E+01 .329824E+01 .247302E+01 447790
.600006E+01 .199222E+01 .316713E+01 .247243E+01 447790
.700008E+01 .185307E+01 .307174E+01 .247178E+01 447790
.800010E+01 .174495E+01 .299922E+01 .247117E+01 447790
900012E+01 .165790E+01 .294213E+01 .247056E+01 447790
.100001E+02 .158584E+01 .289586E+01 .246985E+01 447790
.110002E+02 .152473E+01 .285720E+01 .246879E+01 447790
.120002E+02 .147156E+01 .282344E+01 .246668E+01 447790
.130002E+02 .142352E+01 .279122E+01 .246175E+01 447790
RM"2)M /2= 2.572982607735848
RZM2)M /2= 2.606786079456679
E N DEL-E
-4.431600201068203 1024000 -2.910393970267933E-007
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R
.300000E+01
4400002E+01
.500004E+01
.600006E+01
.700008E+01
.800010E+01
.900012E+01
.100001E+02
.110002E+02
.120002E+02
.130002E+02

(RMA2)M /2=
(RZA2)M 2=

EL
SF

+00 .113732E+01

+00 .113735E+01

+00 .113832E+01

+00 .114013E+01

+00 .114259E+01

+00 .114592E+01

+00

+00 .115475E+01

+00 .116024E+01

+00 .116649E+01

+00 .117335E+01

+00 .118118E+01

+00 .118988E+01

+00 .119951E+01

+00 .121013E+01

CO CWO Cw
256885E+01 .338345E+01 .218410E+01
234266E+01 .334792E+01 .235494E+01
208251E+01 .317063E+01 .236148E+01
.189770E+01 .304263E+01 .236091E+01
.176084E+01 .294941E+01 .236028E+01
.165463E+01 .287851E+01 .235973E+01
A56927E+01  .282278E+01  .235928E+01
.149883E+01 .277788E+01 .235896E+01
.143957E+01 .274117E+01 .235894E+01
J138910E+01  .271117E+01  .235961E+01
.134616E+01 .268771E+01 .236199E+01

2.577274333966371
2.614739448355708
SF5 SF31 SF32 SF33
F5 F3

.500000E+02 .814829E+00 .634629E-01 .545323E-01 .204498E+00
.180000E+03 .343011E-03

.550000E+02 .810406E+00 .641682E-01 .552977E-01 .207474E+00
.180000E+03 .792144E-03

.600000E+02 .806459E+00 .649604E-01 .561433E-01 .210753E+00
.180000E+03 .164702E-02

.650000E+02 .802892E+00 .658371E-01 .570673E-01 .214331E+00
.180000E+03 .314751E-02

.700000E+02 .799541E+00 .667916E-01 .580649E-01 .218189E+00
.179999E+03 .560980E-02

.750000E+02 .796533E+00 .678418E-01 .591521E-01 .222389E+00
179999E+03 .945095E-02

.800000E+02 .793737E+00 .689844E-01 .603274E-01 .226924E+00
.179998E+03 .151762E-01

.850000E+02 .791117E+00 .702233E-01 .615947E-01 .231811E+00
.179998E+03 .233962E-01

.900000E+02 .788649E+00 .715633E-01 .629589E-01 .237068E+00
179997E+03 .348296E-01

.950000E+02 .786310E+00 .730136E-01 .644294E-01 .242732E+00
.179996E+03 .503086E-01

.100000E+03 .783988E+00 .745701E-01 .660033E-01 .248792E+00
.179994E+03 .707318E-01

.105000E+03 .781859E+00 .762624E-01 .677080E-01 .255352E+00
179992E+03 .972484E-01

.110000E+03 .779818E+00 .780931E-01 .695471E-01 .262426E+00
.179990E+03 .131020E+00

.115000E+03 .777854E+00 .800726E-01 .715312E-01 .270056E+00
179987E+03 .173373E+00

.120000E+03 .775960E+00 .822124E-01 .736718E-01 .278285E+00
179984E+03 .225769E+00

.125000E+03 .774026E+00 .845165E-01 .759741E-01 .287136E+00

.114997E+01
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468460
468460
468460
468460
468460
468460
468460
468460
468460
468460
468460

ST
.322494E
.326939E
331857E
.337235E
.343045E
.349383E
.356236E
.363629E
371591E
.380175E
.389365E
.399322E
410067E
421660E
434170E

447626E
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+00 .122165E+01 .179980E+03 .289659E+00
.130000E+03 .772251E+00 .870257E-01 .784767E-01
+00 .123451E+01 .179976E+03 .367115E+00
.135000E+03 .770529E+00 .897490E-01 .811896E-01
+00 .124865E+01 .179971E+03 .459962E+00
.140000E+03 .768857E+00 .927058E-01 .841325E-01
+00 .126418E+01 .179966E+03 .570336E+00
.145000E+03 .767230E+00 .959175E-01 .873269E-01
+00 .128123E+01 .179960E+03 .700578E+00
.150000E+03 .765539E+00 .993964E-01 .907871E-01
+00 .129977E+01 .179953E+03 .852864E+00
.I55000E+03 .763997E+00 .103208E+00 .945754E-01
+00 .132038E+01 .179946E+03 .103085E+01
.160000E+03 .762493E+00 .107366E+00 .987076E-01
+00 .134304E+01 .179939E+03 .123728E+01
.165000E+03 .761028E+00 .111915E+00 .103229E+00
+00 .136802E+01 .179931E+03 .147572E+01
.170000E+03 .759600E+00 .116894E+00 .108179E+00
+00 .139554E+01 .179922E+03 .174999E+01
.175000E+03 .758207E+00 .122362E+00 .113617E+00
+00 .142594E+01 .179913E+03 .206450E+01
.180000E+03 .756733E+00 .128343E+00 .119571E+00
+00 .145929E+01 .179903E+03 .242300E+01
.185000E+03 .755408E+00 .134958E+00 .126159E+00
+00 .149648E+01 .179892E+03 .283287E+01
.190000E+03 .754116E+00 .142265E+00 .133442E+00
+00 .153777E+01 .179882E+03 .329944E+01
.195000E+03 .752856E+00 .150349E+00 .141507E+00
+00 .158366E+01 .179871E+03 .382958E+01
.200000E+03 .751628E+00 .159306E+00 .150452E+00
+00 .163474E+01 .179859E+03 .443104E+01
.205000E+03 .750310E+00 .169220E+00 .160369E+00
+00 .169139E+01 .179846E+03 .511094E+01
.210000E+03 .749144E+00 .180304E+00 .171470E+00
+01 .175511E+01 .179834E+03 .588321E+01
.215000E+03 .748007E+00 .192663E+00 .183867E+00
+01 .182643E+01 .179821E+03 .675746E+01
.220000E+03 .746901E+00 .206488E+00 .197756E+00
+01 .190650E+01 .179808E+03 .774742E+01
.225000E+03 .745817E+00 .221952E+00 .213322E+00
+01 .199637E+01 .179795E+03 .886767E+01
.230000E+03 .744766E+00 .239298E+00 .230817E+00
+01 .209754E+01 .179781E+03 .101366E+02
.235000E+03 .743641E+00 .258677E+00 .250408E+00
+01 .221086E+01 .179767E+03 .115703E+02
.240000E+03 .742637E+00 .280447E+00 .272466E+00
+01 .233870E+01 .179752E+03 .131969E+02
.245000E+03 .741672E+00 .304822E+00 .297228E+00
+01 .248235E+01 .179738E+03 .150409E+02
.250000E+03 .740733E+00 .331988E+00 .324906E+00
+01 .264302E+01 .179724E+03 .171298E+02
.255000E+03 .739803E+00 .362043E+00 .355630E+00

266

.296753E+00

.307177E+00

.318484E+00

.330756E+00

.344049E+00

.358602E+00

.374476E+00

.391846E+00

410864E+00

431756E+00

454638E+00

A479954E+00

.507947E+00

.538952E+00

.573349E+00

.611491E+00

.654194E+00

.701893E+00

7155352E+00

.815281E+00

.882656E+00

.958137E+00

.104315E+01

.113863E+01

.124540E+01

.136398E+01

462255E

478116E

495322E

.514000E

.534232E

.556385E

.580549E

.606990E

.635938E

.667735E

.702553E

741071E

[7183654E

.830808E

.883107E

.941080E

.100597E

.107842E

.115960E

.125056E

.135277E

.146722E

.159606E

.174068E

.190229E

.208165E
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+01 .282145E+01 .179709E+03 .194930E+02
.260000E+03 .738829E+00 .394931E+00 .389379E+00
+01 .301745E+01 .179694E+03 .221616E+02
.265000E+03 .737948E+00 .430530E+00 .426067E+00
+01 .323064E+01 .179679E+03 .251751E+02
.270000E+03 .737111E+00 .468205E+00 .465099E+00
+01 .345747E+01 .179665E+03 .285645E+02
.275000E+03 .736298E+00 .506790E+00 .505341E+00
+01 .369129E+01 .179650E+03 .323528E+02
.280000E+03 .735484E+00 .544470E+00 .544987E+00
+01 .392150E+01 .179635E+03 .365492E+02
.285000E+03 .734716E+00 .578893E+00 .581674E+00
+01 .413435E+01 .179621E+03 .411555E+02
.290000E+03 .733900E+00 .606905E+00 .612184E+00
+01 .431095E+01 .179606E+03 .461284E+02
.295000E+03 .733151E+00 .625548E+00 .633449E+00
+01 .443352E+01 .179591E+03 .514172E+02
.300000E+03 .732449E+00 .632119E+00 .642618E+00
+01 .448544E+01 .179578E+03 .569297E+02
.305000E+03 .731767E+00 .625111E+00 .638008E+00
+01 .445689E+01 .179564E+03 .625418E+02
.310000E+03 .731076E+00 .604745E+00 .619677E+00
+01 .434827E+01 .179550E+03 .681164E+02
315000E+03 .730371E+00 .572939E+00 .589440E+00
+01 .417020E+01 .179536E+03 .735275E+02
.320000E+03 .729718E+00 .532811E+00 .550368E+00
+01 .394073E+01 .179522E+03 .786750E+02
.325000E+03 .729110E+00 .487813E+00 .505937E+00
+01 .368015E+01 .179509E+03 .834811E+02
.330000E+03 .728519E+00 .441180E+00 .459445E+00
+01 .340771E+01 .179496E+03 .878939E+02
.335000E+03 .727915E+00 .395467E+00 .413536E+00
+01 .313879E+01 .179483E+03 .918911E+02
.340000E+03 .727304E+00 .352359E+00 .369988E+00
+01 .288376E+01 .179471E+03 .954800E+02
.345000E+03 .726760E+00 .312792E+00 .329815E+00
+01 .264859E+01 .179459E+03 .986884E+02
.350000E+03 .726201E+00 .277220E+00 .293537E+00
+01 .243621E+01 .179447E+03 .101535E+03
.355000E+03 .725685E+00 .245623E+00 .261184E+00
+01 .224684E+01 .179436E+03 .104059E+03
.360000E+03 .725152E+00 .217834E+00 .232624E+00
+01 .207963E+01 .179424E+03 .106288E+03
.365000E+03 .724661E+00 .193493E+00 .207519E+00
+01 .193267E+01 .179414E+03 .108259E+03
.370000E+03 .724138E+00 .172260E+00 .185548E+00
+01 .180398E+01 .179403E+03 .109996E+03
.375000E+03 .723641E+00 .153741E+00 .166322E+00
+00 .169135E+01 .179392E+03 .111531E+03
.380000E+03 .723184E+00 .137577E+00 .149490E+00
+00 .159275E+01 .179383E+03 .112889E+03
.385000E+03 .722736E+00 .123461E+00 .134746E+00
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.149431E+01

.163609E+01

.178706E+01

.194286E+01

.209656E+01

.223907E+01

.235796E+01

244137E+01

247825E+01

.246201E+01

239277E+01

227745E+01

212783E+01

.195729E+01

177857E+01

.160187E+01

.143411E+01

.127922E+01

.113925E+01

.101435E+01

.904023E+00

.806993E+00

.722031E+00

.647648E+00

.582494E+00

.525397E+00

227862E

.249269E

.272036E

.295499E

.318602E

.339963E

.357705E

.370037E

.375299E

372513E

.361719E

.343983E

321101E

.295104E

.267919E

.241088E

.215646E

.192183E

.171001E

.152116E

.135448E

.120801E

.107984E

967711E

.869561E

.783605E
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+00 .150634E+01 .179375E+03 .114088E+03

.390000E+03 .722270E+00 .111119E+00 .121816E+00 .475301E+00 .708236E
+00 .143051E+01 .179365E+03 .115145E+03

.395000E+03 .721801E+00 .100296E+00 .110445E+00 .431227E+00 .641968E
+00 .136377E+01 .179356E+03 .116078E+03

400000E+03 .721380E+00 .907741E-01 .100413E+00 .392323E+00 .583510E
+00 .130489E+01 .179349E+03 .116904E+03

405000E+03 .720940E+00 .823852E-01 .915485E-01 .357934E+00 .531868E
+00 .125281E+01 .179340E+03 .117630E+03

410000E+03 .720533E+00 .749647E-01 .836855E-01 .327416E+00 .486066E
+00 .120660E+01 .179333E+03 .118271E+03

415000E+03 .720107E+00 .683895E-01 .766985E-01 .300287E+00 .445375E
+00 .116548E+01 .179325E+03 .118833E+03

420000E+03 .719713E+00 .625399E-01 .704655E-01 .276076E+00 .409081E
+00 .112879E+01 .179319E+03 .119327E+03

425000E+03 .719291E+00 .573273E-01 .648959E-01 .254432E+00 .376655E
+00 .109595E+01 .179313E+03 .119758E+03

430000E+03 .718883E+00 .526661E-01 .599014E-01 .235015E+00 .347583E
+00 .106647E+01 .179307E+03 .120133E+03

435000E+03 .718504E+00 .484849E-01 .554089E-01 .217543E+00 .321436E
+00 .103994E+01 .179302E+03 .120458E+03

440000E+03 .718129E+00 .447264E-01 .513595E-01 .201787E+00 .297873E
+00 .101600E+01 .179297E+03 .120738E+03

445000E+03 .717735E+00 .413411E-01 .477019E-01 .187550E+00 .276593E
+00 .994328E+00 .179291E+03 .120976E+03

450000E+03 .717337E+00 .382825E-01 .443884E-01 .174647E+00 .257318E
+00 .974655E+00 .179287E+03 .121176E+03

A55000E+03 . 716951E+00 .355127E-01 .413793E-01 .162925E+00 .239817E
+00 .956767E+00 .179282E+03 .121342E+03

460000E+03 .716589E+00 .329975E-01 .386392E-01 .152246E+00 .223883E
+00 .940471E+00 .179279E+03 .121478E+03

465000E+03 .716228E+00 .307095E-01 .361398E-01 .142501E+00 .209351E
+00 .925579E+00 .179277E+03 .121586E+03

470000E+03 .715849E+00 .286251E-01 .338563E-01 .133595E+00 .196076E
+00 911925E+00 .179273E+03 .121666E+03

A75000E+03 .715492E+00 .267201E-01 .317636E-01 .125429E+00 .183913E
+00 .899404E+00 .179271E+03 .121724E+03

480000E+03 .715109E+00 .249773E-01 .298438E-01 .117935E+00 .172756E
+00 .887865E+00 .179269E+03 .121760E+03

A85000E+03 .714735E+00 .233795E-01 .280786E-01 .111041E+00 .162499E
+00 .877235E+00 .179265E+03 .121775E+03

490000E+03 .714380E+00 .219110E-01 .264518E-01 .104686E+00 .153049E
+00 .867429E+00 .179265E+03 .121773E+03

495000E+03 .714025E+00 .205598E-01 .249507E-01 .988186E-01 .144329E
+00 .858354E+00 .179264E+03 .121754E+03

.500000E+03 .713653E+00 .193151E-01 .235638E-01 .933960E-01 .136275E
+00 .849928E+00 .179262E+03 .121717E+03

Bnauane npuBogutcs 3Heprus ypoHs, 3ateM, AK u 3apsamgo-
BBIH paguyc Ui Kaxzaoro yposHs. Ilocie 3toro gaercst BbIBOA
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5
acTpodusndyeckux S - GaxkTopoB I Mepexona u3 S, - BOJHBI
paccestaus Ha OC u u3 3S, - BonHBI 1-i, 2- 1 3-if BO30Y KICHHBIC
YPOBHH, a 3aTEM MPUBOIATCS UX CYMMBI.
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8. PAIMALUNOHHBIN p*3C
3AXBAT

Radiative p'’C capture

BeedeHue

B sT0i1 rmaBe paccmarpuBaeTcsi cuctemMa plzC U mpolecc pa-
JMALMOHHOTO 3aXBaTa MPOTOHA AApoM '“C IIpH acTPOpH3NIECKHX
sHeprusix. HemaBHo B pabotax [27] ObUIO BBIIOIHEHO HOBOE U3-
MepeHne audQepeHIuaIbHbIX ceueHnil ynpyroro p'°C pacces-
Hus npu sHeprusax ot 200 k3B 1o 1.1 M»3B (c.u.Mm.) B 1uanasone
yrios paccestamst 10° + 170" ¢ 10% omm6Gkamu. Ha ocHoBe 9THX
U3MepeHni HaMH ObLI MPOBEACH CTaHAAPTHBIM (Da3oBBINA aHAIH3
¥ IIOCTPOCH MOTEeHIMan S - cocTosHus 11st p'-C cucreMmsr [89], a
3aTeéM B IOTEHLUAJIbHON KJIACTEPHOM MOJENIN BBIUUCIEH acTpo-
¢dusnueckuii S - paxtop npu sHeprusax 1o 20 k3B.

[lepexond kK HEMOCPEICTBEHHOMY H3JIO)KEHUIO MOTYYEHHBIX
Pe3y/bTaTOB, 3aMETUM, YTO JAHHBII IIpoliecc SBISETCs MEpBOil
tepmosiiepHoit peakieit CNO - 1ukna, KOTOPBIA NPUCYTCTBYET
Ha OoJiee MO3AHEH CTaAMU Pa3BUTHSI 3Be3/, KOTJa MPOUCXOIUT
YacTUYHOE BbIropaHue Bogopoza. Ilo Mepe ero Beiropanus, aapo
3BE3/lbl HAUMHAET 3aMETHO CXKUMAThCS, IPUBOAS B PE3yNbTaTe K
YBEITMUEHHIO ABJICHUS M TEMIEpaTyphbl BHYTPH 3BE3AbI U HAPSLY
C MPOTOH - NPOTOHHBIM LIMKJIOM BCTYNAeT B JICHCTBUE CIEHYIO-
mas Mernoyka TEePMOSISPHBIX MporieccoB, HaszpiBaemas, CNO -
LIUKJIOM.

8.1 luepghepeHyuanbHble ce4YeHust

[Ipu paccMOTpeHHH yNPYroro paccesHus B CUCTEME YaCTHII
co crmaamu 0 m 1/2 yarem cnH - opOHMTaIbHOE pacIICTUICHHE
da3, KOTOpoe MMeeT MecTo B sIepHbIX cucTemax Tuma N'He,
*H'He, p'*C. B 5TOM cilyuae ympyroe paccesHue saepHbIX YaCTHII
MOJHOCTBIO OIMCHIBACTCS [IByMS HE3aBUCHUMBIMH CIIHHOBBIMH
amrouTyaMu (A 1 B), a cedeHne npeacTaBisieTcs B CIACAYIOMEM
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Buze [45]:

do(0)
dQ

=|a®)| +|B®)|" . 8.1)
rae

AB®)=f.(0)+ ﬁi{@ +1S; + LS, —(2L+1)}exp(2ic, )P, (CosH) ,

IK 1=0

B(®) = ﬁi(sg — 57 )exp(2i5, )P (Cos®) . (8.2)

1K L=0

. +
3mech S; =nexp(2id; ) — Marpuua paccesHus, M| — ma-
paMeTpsl HEYNpPYrocTd, a 3HaKU “t* COOTBETCTBYIOT IMOJHOMY

MOMeHTy cucteMbl J = L + 1/2, f. — KyJTOHOBCKasi aMILIUTY/Ia,
MpeJICTaBIsieMasi B BUIC.

|l . . .
f.(0)= (2kSin2(e/z)jexp{mln[Sm (0/2)]+2ic,} ,

P (x) — mpucoeiuHEHHbIE NOJMHOMBI JlexaHapa, 1 — KyJIOHOB-
CKH TapameTp, L — IpUBEJEHHAs Macca YacTHILl, k — BOJHOBOE
YHCIIO0 OTHOCHTENBHOTO JBIKCHUS YaCTHIl kK = 2uE/h2 BO BXO/I-
HOM KaHaje, £ — dHeprus CTaJKUBAIOLINXCS YacTHUI] B CHUCTEME
LIEHTpa Macc.

Yepes npuBeIcHHbIE aMIUIUTYIbl A U B MOXXHO BBIPa3uTh U

BEKTOPHYIO TIOJSIPU3ALMI0 B YIIPYTOM PacCesSHUM TAaKUX YaCTHII
[45]

p@)=2m(AB) (8.3)
|4 +|B]

PacrmcriBast onpenenenne ammutyasl B(O) (8.2) momydnm
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BBIPAXCHHE

ReB = ﬁZ[aSin(ZGL) +bCos(26,)1P (x) ,

L=0

ImB = ;—ki[bsm(zoL) —aCos(26,)1P (x) ,

10
rae
a=m,Cos(28;)—n,Cos(25,) ,
b=m"Sin(28) — 1 Sin(28;) .

AHaJOTHYHBIM CTIOCOOOM, I aMIuUTynbl A(®) MOXHO
HaWTH ClIenyIontyro ¢popmy 3amucu [151]

ReA=Ref. +i2[csm(2og +dCos(26,)IP, (x) .

L=0
ImA=Imf. +2—1kZ[dSin(20L) —cCos(26)1P, (x) ,
L=0

rae
¢ =(L+1)n}Cos(28!)+ LN, Cos(28,)— (2L +1) ,
d = (L+1)!Sin(28!) + LN, Sin(28,) .

JIJis TIOJTHOTO CEYEeHMS YNMPYToro PacCEstHUS MOXKHO IOJTY-
YUTH BhIpaxkeHue [45]

T

c,=—
s k2 =

[(L+1)‘1—S;

“eifi-si[ | (8:4)
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I

4r o ot Car o
D) {(L+DM;Sind; T + Ln, Sind T’} .
OTH BBIPOKCHUS HCIONB30BAIUCH Aaiee IS BBIMOJHCHUS
(hazoBoro aHajiu3a npu sHepruu 10 1.1 MaB [152].

8.2 KoHmposb KoMnbromepHou
npoepammbi

TekcT Hailed KOMIIBIOTEPHOM mporpaMmbl I pacdeTa
NOJHBIX W Au(depeHInaNbHbIX CEYEHUH YIPYroro paccesHHs
YaCTHII C TIOIYIENbIM CITMHOM, KOTOpasi UCTIOIh30BaIach AJIS BBI-
MOJTHEHUSI COOTBETCTBYIOMIETo (ha30BOTO aHANIN3a, IMOIHOCTHIO
NpUBEACH B NOCIEeHEM naparpade JaHHOMH TJIaBbl U IPOTECTHPO-
BaH Ha yIPyroM paccesuue B p'He cucreme.

31ech MBI IPUBEEM TOJIBKO OJUH BAPHUAHT KOHTPOIBHOTO
cueta Mo 3TOH mporpamme s p'He paccesHus, B CPaBHEHUH C
JTAHHBIMU U3 paOoThI [153], rae BeIMOTHEH (ha30BbIM aHAIN3 IS
sHeprud 9.89 M»B, mnojydeHbl MOJIOKHTENbHBIE D - (a3l u
cpejiHee 1o BceM ToukaM 3HaueHue ) = 0.60.

B ananuze [153] mucnonp3oBaHbl 22 TOYKU MO CEYECHHUSIM U3
pabotsl [154] mpu sneprun 9.954 MsB (B [153] He ykazaHoO, Ka-
KM€ UMEHHO 22 TOYKH ObUIM B3STHI U3 24-X, IPUBEACHHBIX B pa-
o6ore [154]) ¥ HECKONBKO TOYEK TO TOJAPH3AUIM H3 padoT
[153,155]. B mocaennem cirydae, MO-BUAUMOMY, HCITOJIB30BAHO
10 maHHBIX TIpU 8-MU yTiIax 46.50, 55.90, 56.20, 73.50, 89.70, 99.80,
114.3°, 128.3" i smeprusix 9.89, 9.84, 9.82 M»B.

®asbl u3 pabotsl [153] mpuseneus! B Tab6:1.8.1, a cpeHee Yo
TONBKO JiIsl MU PepeHIInaTBHBIX CCUCHHUH 10 HaIllel mporpaMme
¢ yuetoM 24 touek u3 [154] (oHeprus 3agaBanace paBHOUN 9.954
M>5B) u ¢ atumu dazamu nonydaercs paBabiM 0.586. Pesynbrath
JTUX PacyeTOB MMOKa3aHbI B Ta01.8.2.

st 10-TH SKCTIEpUMEHTANTBHBIX JaHHBIX U3 padot [153,155]
0 TIOJIAPU3ANKSIM TIpH dHEprusax 9.82 <+ 9.89 M»aB mpu BoceMu
yriaax paccesHus ¢ (asamu u3 [153], MOXKHO MOJNYyYHUTH sz =
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0.589 (sHeprus, mo-mpekHEMY, 3amaeTcs paBHOW 9.954 M»1B).
OTH pe3yNbTaThl IPUBEICHEI B Ta0J1.8.3.

Ta6:1.8.1. da3sl ynpyroro p*He paccesnus u3 pa6oTsi [153].

E, MaB| So,tpan | Psp,rpan | Pip,rpan| Dsp, tpan | Dsp , Tpan
+2.0 +3.5 +2.7 +1.6 +1.6
954 | 119, 112,4 Vi , S
9:95 23 -1.8 5.2 65 -3.2 >3 2.5 3 2.8

Ta6:.8.2. Juddepenuuanshbie cedenns p He paccesHus.
3aech O —yron paccesiHUS B Tpagycax, O, —
9KCTICPUMEHTAIILHBIC CEUCHUS, O — PACUCTHBIC CCUCHUS B OapH.

) 6.6 | 6.6 | % 0’ 6.6 | 6,6 | %4
25.10 | 371.00 | 366.85 | 0.31 | 109.90 | 21.00 | 20.70 | 0.51
30.89 |339.00 | 331.54 | 1.21 | 120.60 | 23.00 | 22.59 | 0.79
35.07 | 305.00 | 308.40 | 0.31 | 122.80 | 24.50 | 24.19 | 0.40
49.03 | 232.00 | 230.61 | 0.09 | 130.13 | 31.90 | 31.91 | 0.00
54.70 | 205.00 | 199.10 | 2.07 | 130.90 | 33.20 | 32.90 | 0.21
60.00 | 176.00 | 170.56 | 2.39 | 134.87 | 37.80 | 38.44 | 0.71
70.10 | 124.00 | 120.59 | 1.89 | 140.80 | 47.30 | 47.69 | 0.17
80.00 | 82.00 | 79.77 | 1.85 | 145.00 | 54.00 | 54.62 | 0.33
90.00 | 49.20 | 48.82 | 0.15 | 149.40 | 61.60 | 61.88 | 0.05
94.07 | 39.10 | 39.44 | 0.19 | 154.90 | 70.60 | 70.54 | 0.00
102.17 | 2620 | 26.39 | 0.13 | 160.00 | 78.40 | 77.71 | 0.19
106.90 | 22.00 | 22.15 [ 0.12 | 164.40 | 83.00 | 82.94 | 0.00

Ta6:1.8.3. Tonstipusammn B p*He paccesHum.
3neck O —yron paccesiHUs B Ipajgycax, P, — SKCIePUMEHTATb-

HbIC MOJIApHU3ALMU, AP, — SKCIIEPUMEHTAIbHbIC OIINOKU
JUISL IOJIsipu3aluid U Py — pacueTHbIe MOISpU3aIUu.

0’ P.,% | AP, | P,% 1
46.50 -32.30 | 2.10 | -33.11 | 0.15
55.90 -41.30 | 2.20 | -42.50 | 0.30
56.20 -44.40 | 090 | -42.81 | 3.11
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73.50 | -62.60 | 3.00 | -62.84 | 0.01
73.50 | -64.80 | 1.90 | -62.84 | 1.06
89.70 | -76.10 | 3.60 | -76.33 | 0.01
89.70 | -75.50 | 2.40 | -76.33 | 0.12
99.80 | -59.30 | 2.50 | -58.55 | 0.09
11430 | 48.20 | 3.20 | 51.03 | 0.78
128.30 | 9940 | 330 | 97.66 | 0.28

Ecnu yepennuts * mo BceM ToukaMm (24+10=34), T.e. mc-
TI0JIb30BATh GOJIee 0OMIee BRIPAKEHHUE IS )

1 NIt oge | X[p—p
X2: Z i el +Z i el —
(Nc +NP) i=1 AGi i=1 AR

{Xe+%2}

(8.5)
(N, +N,)

TO monydaercs BenmunHa Y = 0.5875 =~ 0.59 B X0polIeM Coria-
cuU c pesyibTaTamMu padotsl [153]. 3aech Ns 1 Np — 9UCIIO JaH-
HBIX 110 ceueHusM (24 Toukn) u nmossipusanusam (10 Touek), 6°, P°,
o', P' — 5KcliepUMEHTalbHbIE U TEOPETUYECKHE 3HAUCHHUS CEUCHMIA
U nonsipusanuii, AG u AP — ux OIMOKH.

EcliM BBIMOJHUTb JIOTIOMHHTEIBHYI0 MHHHMH3ALMIO ) 1O
HAIIEH mporpamMe, To [ X g 10 cedeHmsM monydum 0.576, s
TTOJISIPU3ATIHIA xzp = 0.561 u cpexnee x* =0.572 = 0.57 npu cie-
IYIOIIUX 3HaYCHUX (a3

SO = 119010 N P3/2 = 112250 s P1/2 = 65390 s
D5/2 = 5.240 N D3/2 = 3.630 N

KOTOPBIC IMOJHOCTBHIO JIOKATCS B IOJIOCY OLIMOOK, IPUBEICHHBIX
B pabore [153] 1 moka3ans! B Tab611.8.1.

Takum 00pa3om, HamMCaHHAS MPOTPaMMa TMO3BOJSET MOJY-
YUTh PE3YJIETAThI, XOPOIIO COBIAIAIOIINE C PAHEES BHITIOJTHEHHBIM
aHanu3oM. Jlajee Hallla mporpaMMa TeCTHpOBaach 1o (azoBoMy
aHaJIK3Y, MPOBEJICHHOMY B JPYTUX paboTax MpU HU3KUX SHEPTrH-
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SIX, HO yIKe HeroCpeICTBEHHO st p'°C CHCTEMBL.

Panee da3oBbiil aHamn3 QyHKUUNA BO3OYKIACHHS IS YIPY-
roro p'’C paccestHus, u3MepeHHbIX B [156] mpu sHEpPrusx B 06-
nactu 400 + 1300 k5B (11.c.) u yraax 106° + 169°, GbL1 BBIIONIHEH
B pabote [157], rae momyueHo, 4ro, Hampumep, npu Ep, = 900
3B S - dasza gomkua nexats B oonactu 153° + 154°. C Temu xe
SKCIIEPUMEHTANBHBIMI JAaHHBIMH HaMH TIOJYY€HO 3HAa4YeHHE
152.7°. Jlns monydeHust 9TOrO pe3ysibTaTa CEYeHHs DPacCEsHUs
Opanuch u3 GYyHKIMA BO30YxaeHUs paboThl [157] nmpu sHEprusx
866 + 900 k3B.

Pe3ynbrarel Hammx pacyeToB G, B CPaBHEHMH C JKCIEpH-
MEHTAIILHBIMH JJAHHBIMU G, MPUBEACHHI B Ta011.8.4. B mocneanem
cTonbIe TaGMUIBl AaHBI MAPIHAIBHBIC 3HAYCHHS ¥ HA KaXKIYIO
Touky npu 10% ommOKkax B DKCIEPHUMEHTAJIBHBIX CEUYEHHSX, a
JUIS CPEIHEr0 MO BCEM JKCIEPHMEHTAIBHBIM TOUKAM ¥~ ObLIa
nosryaeHa enmuuHa 0.11.

Tab61n.8.4. CpaBHEHHE TEOPETHYECKUX U IKCTIEPUMEHTAITLHBIX
ceuennii p'°C ympyroro paccestus mpu sueprun 900 k3B.

) C., 6 i, 6 X
106 341 3415 1.90E-04
127 280 282.1 5.76E-03
148 241 251.2 1.80E-01
169 250 2375 2.50E-01

Tabmuua 8.5. CpaBHEHHE TEOPETUUECKUX U SKCIIEPUMEHTAIBHBIX
L 12
ceueHull p “C ynpyroro paccestHus pu sHepruu 750 k3B.

0° G.,6 G, 6 1

106 428 428.3 3.44E-05
127 334 342.8 6.91E-02
148 282 299.1 3.66E-01
169 307 279.9 7.82E-01

[Ipu sueprum 751 x3B (i1.c.) B padore [157] mnsa S - dazsr
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ObUTH HaliIeHbl 3HaueHus B uHTepBasie 155° + 157°. Pesynbratsl,
NOJy4YEeHHBIC HAMH JUIsI 3TOW SHEPrHH, MpHUBEACHHI B Ta01.8.5.
JlaHHBIE TIO CEUCHUSAM Opanuch U3 QYHKITNH BO30YKICHUS B AHa-
na3one sHepruit 749 + 754 k9B u ana S - dasel Haiigeno 156.8°
npu cpenuem ) = 0.30.

Takum 00pazoM, IO HaIIEH IporpaMme, TIPH ABYX DHEPTHUIX
ynpyroro p'’C paccesHus momyueHs! (asbl, COBIAMAOIINE C Pe-
3yJlbTaTaMy aHaju3a, BHIMOJHEHHOTO HAa OCHOBE (YHKLHUH BO3-
OyxneHus B padote [157].

8.3 ®a3zoenlii aHanu3 ynpy2020
p'2C paccesiHus

[IpuBeneHHBIC BBINIE KOHTPOJBHEIC PE3YIIETATHI XOPOIIO CO-
TJIACYIOTCS MEXKIy COOOM, IMO3TOMY, MO HAIHMCAHHOW HaMH TPO-
rpaMMe, ObLI BBINOJHEH (a3oBblii aHanu3 [89] HOBBIX 3KCIEpH-
MEHTaNbHBIX JaHHBIX M0 muddepeHnransabM cedeHnsM p' C
paccesiHus B nuama3one 3Hepruit 230 + 1200 k3B (71.c.) [27]. Pe-
3yJIBTATHI ATOTO aHAJK3a MPHUBEICHBI B TA0J.8.6 U MPEICTaBICHBI
TOYKaMHU Ha puc.8.1 B CpaBHEHUH C ITaHHBIMHU paboTH [157], Ko-
TOpBIE MOKa3aHbl ITPUXOBOM JIMHUEH.

Tab61n.8.6. PesynbraTs! ha3oBOrO aHaNM3a p12C YIIPYTOro
paccesHusI TPY HU3KUX SHEPTHSX C yYETOM TOJBKO S - hasbl.

E.m, k3B | Sy, Tpan. e
213 2.0 1.35
317 2.5 0.31
371 7.2 0.51
409 36.2 0.98
422 58.2 3.69
434 107.8 0.78
478 153.3 2.56
689 156.3 2.79
900 153.6 2.55
1110 149.9 1.77
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180 T T T T T T T T T T T T
160
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5, rpag.

20 . 1 . 1 . 1 . 1 . 1 . 1
00 o1 02 03 04 05 06 07 08 09 10 11 12 13

E __, MaB

a6’

Puc.8.1. %S - aza p'°C paccesHus mpy HU3KHX YHEPTHX.
Touku — pe3ynbraThl pazoBoro aHanmza aist S - (hasel ¢ yueTom B ¢azo-
BOM aHaJIN3€ TONBKO S - BOJIHBL, OTKPBITBIE KBAAPAThl — PE3yIbTAThI
(azoBoro ananmm3za i S - ¢as3sl ¢ ydeToM S U P - BOJH, ITPUXOBAS
KpHBasi — pe3ynbTarsl U3 padotsl [157]. Ipyrue KpuBble — pacueTsl ¢
pa3sHBIMU NMOTEHIUATIAMH.

Ha puc.8.2a,6,B ToUKkaMu MPEACTABICHBI DKCIICPUMEHTATb-
Hble MU (hepeHIInaNbHBIC CCUeHUS B 00IacTH pe3oHaHca rpu 457
k3B (J1.c.), pe3ynpTaThl pacyeTa 3TUX CEYEHUH Ha OCHOBE (OpMY-
nel Pesepdopna (Touednas kpupas), a TakKe CCUCHHSI, ITOTYICH-
HbIC U3 Hamero ¢a3oBOTo aHanm3a (HeIpephIBHAS JIMHUA), KOTO-
pBlil YIUTBIBACT TOJBKO S - (a3y. M3 pucyHKOB BUIHO, YTO B 00-
JIACTH PE30HAHCa HE YAAETCS XOPOILO OMMCATh CEYEHHE TOJIBKO
Ha OCHOBE OHOH S - (ha3bl.

3aMeTHYIO pOJIb HAYWHACT UTPaTh P - BONHA, TPECTABIICH-
Has Ha puc.8.3, yueT KOTOpOH 3aMETHO YJIydllaeT OMUCaHHUE DKC-
MepUMEHTANBHBIX HaHHBIX. LIITprxoBoii muHueH Ha puc.8.2 moka-
3aHbBI CEUEHUs Ipu yuete B (ha3oBoM aHanuse S - u P - onH. [Ipu
pe3oHaHcHOM sHepruu 457 k9B (71.c.), ceueHust KOTOpoH Mmokasa-
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HbI Ha prC.8.26, yueT P - BOJHBI yMEHbIIACT BEIMUHHY - C 3.69
1o 0.79.

T T T T T T T T T T 1E7 T T T T T T T T T T
—— S- ®a3oBbIi aHanus x°=0.98 % —— S- dasosbit aHanus °=3.69  ©
1000000 £ ---- SP- dasosbiit aHanua x =0.31 E 1000000 |- -- -~ SP- ®asoBblit aHanua x°=0.79
E, = 443 k3B (409 kaB c.L.M.) E = 457 KoB (422 kB c.um.)
100000 g = 100000
5 &
é “C(p.p)°C é “Cpp)*C
o 10000 o 10000
3 3
IS} 1)
S s
1000 | 1000 |
100 | 100 b
o T w0 w s w0 0 o 160 10 o Tm w0 w s o 0 o 10 w0
6, rpaq. 6, rpaq.
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B
—— S- dagoBbiil aHanm3 x°=0.78 0F k|
1000000 £ - --- SP- ®a3osblit aHanus 1°=0.15 E s 00pO0D e o B O 1
) Ep = 470 kaB (434 k3B c.u.Mm.) 01k 3
5 100000 ¢ - . o
© o0t 4
H S—— >
% 10000 £ ©esg 1
L] 1Ea L 4
1000 | 1ESE E
ol L ‘
01 02 03 04 05 06 07 08 09 10 1,1 12 13 14 15
B S S S S P S ' E,, MoB
0 20 40 60 80 100 120 140 160 180 4
6, rpaq.
Puc.8.2a,0,B. luddepennnaabHbe Puc.8.4. TlonHble cedueHus
12 12
ceueHus p ~C paccesHus. ynpyroro p “C paccesHusl.
HenpepsiBHast kpuBast — pa3oBbIi Touku — nonHele ceueHusl, Hail-
aHaJIU3 C YU4ETOM TONBKO § - BOJI- JIeHHBIE 13 (a3 paccestHus padoT
HBI, TOYEYHAas1 KpUBasl — pe3ep- [27], xBampaThl — TOXKE AT pabOT
(oproBckoe paccesHUE, TyHKTUP [156,157].

— (ha3oBbIi aHaTU3 ¢ ydeToM S u P
BOJIH, TOYKH — dKcTiepuMenTa [27].

Ha puc.8.3 BumHO, 4TO NpW HM3KHUX JHEprusix P, - dasa
UJET BBILIE, 4eM P35, HO NIpU 3HEpruu nopaaka 1,2 MaB onu ne-
pecekaroTcs U ganee Pi, WOET BEHINIE B OTPUIIATEIHLHOW 00JIacTH
yrioB [158,159]. Benuuuna S - dassl npu yuere P - BOJHBI ITpakK-
THUYECKH HE MeHseTcs u ee (popma mokazaHa Ha puc.8.1 OTKpHI-
TBIMU KBajipataMH. YueT D - BoiHbI B ()a30BOM aHaJIN3€ NPHUBO-
JUT K €€ BEJIMYUHE MOPsiIKa OHOTO Ipajyca B 00JacTU pe30HaH-
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ca M MPaKTUYEeCKH He BIMSAET Ha TMOBEJEHHE pacueTHBIX audde-
PEHIMAIBHBIX CEUCHUI.

[lonHble ceueHHs ympyroro paccesiHusi, MoJy4YeHHbIE Ha OC-
HOBe BbIpaxkeHH (8.4), mpeacTaBieHbl ToukaMu Ha puc.8.4. Ouu
paccunTaHbl Ha OCHOBE M3BJIEYEHHBIX W3 JKCIIEPUMEHTATBHBIX
muddepeHnnanbHbIX ceueHuit [27] S - a3 paccesauss. OTKPBITHIC
KBaJpaThl MPEACTABIAIOT MOJHBIE CEUCHHMs, MOJTy4YeHHbIE U3 (a-
30BOT0 aHaM3a paboTsl [157].

T T T T T T T T T T T T
30 | - -
20 | -
s | P1/2 1
@ r - 1
2 1w}l -
w L u m u |
0 "9 i
L . ' 4
10 ® = 4
L e '32 @ 1
L oo |
-20 L 1 L 1 L 1 L 1 L 1 L 1

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
E kaB

nab6.’
Puc.8.3.2P - ass1 p'*C paccesHus IPH HU3KHUX SHEPIUAX.
Touku — P, v kBazpatsl — Py, - Ga3el, moydeHHBIC B pe3yabTaTe (a-
30BOT'0 aHAJIM3a C y4eToM S u P - BOJIH.

Ha puc.8.4 B o6mactu suepruii 200 + 300 k3B (i1.c.) HabIIO-
JIaeTCsl HEKOTOPOE IIIATO B TIOJNHBIX CEUCHHSX, a, CIeJIOBATENHHO,
u B S - (haze paccesHus. B maHHBIN MOMEHT HE MOHSATHO, BBI3BAHO
OHO J3KCIICPUMCHTAIBHBIMH HETOYHOCTSAMU, HENPEIBUICHHBIMH
omubOkaMu (Pa30BOro aHANM3a WM JICHCTBUTEIBHO CYIECTBYET
MIPH 3TUX 3HEPTUsX. JIJsS BBISICHEHUS 3TOrO BOIpPOca TpeOyroTcs
HOBBIC M3MEPEHHs YIIOBBIX pacrmpeacinennii p'°C paccesHus B
obnactu 3uepruit ot 100 + 150 g0 300 + 350 3B ¢ marom mo
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sHepruu nopsiaka 50 k9B win GyHKIME BO30YKICHHS MPH pa3-
HBIX yTJax.

B 3akmtouenne sToro maparpada 3aMeTHM, YTO B JIAaHHOM
aHaJIM3€ HMCIOJIB30BaJIOCh HECKOIBKO JIPYroe, 4eM OOBIYHO, 3Ha-

2
uenne i’ /m, =41.80159 MsB-®m°, K0TOpOE GBUIO MOTYYEHO €
0oJee COBpeMEHHBIMU 3HAYEHUSIMH KOHCTAHT.

8.4 Acmpocgpusudeckuli S - pakmop

Paauarmonuslit p'>C 3aXBaT NPH HU3KUX SHEPIUAX BXOJUT B
CNO TepMosiiepHBIN UK U AaeT 3aMETHBIM BKJIaJ B SHEPIeTH-
YECKUH BBIXOJ] TEPMOSIEPHBIX PEaKIii BO MHOTHX 3Be3/IaX Ha
OoJee TO3AHEH, YeM pp - IUKI, CTaAuH UX pasBuTus [57,119], o
YeM JIOBOJILHO IMOJPOOHO TOBOPWIOCH BO BBeneHuu. [loatomy
neperaemM ceiigac Kk Oonee MOAPOOHOMY PAacCMOTPEHHIO OCHOB-
HBIX XapaKTePUCTUK ITOW PEeaKInu MpH acTpoPU3HMIECKUX dHEp-
THUSX.

Nmeronuecst sKCnepUMEHTANBHBIC JTaHHBIC O acTpodu3u-
geckoMy S - akTopy [33] moka3pIBalOT HAIWYINE Y3KOTO, C IITH-
puHO# okoyio 32 k3B, pesonanca mpu sHeprum 0.422 M»dB
(c.I.M.), KOTOPBIH MIPUBOAUT K OABEMY S - paKTOpa Ha J1Ba - TpU
nopsaka. [IpeacraBisieTcss HHTEPECHBIM BBISICHUTH BO3MOXKHOCTD
OTMCaHMUs PE30HAHCHOTO MOBEACHUS S - (hakTOopa ITOM peakiuu
Ha OCHOBE MOTCHIMAIBHON KJIACTEPHONW MOJAENHU C 3alpelICHHBI-
MU cocTossHUSIMU. [IpoBeneHHE TakuX PacueTOB OKa3bIBACTCSA
BO3MOXHBIM, T.K. B TIpeIbIyIIeM maparpade ObUT BbITIONHEH (a-
30BBIA aHANIM3 HOBBIX HKCIEPUMEHTANBHBIX MaHHBIX [27] 1o
nudepeHIHaNTbHBIM CEUCHHIM yIpyroro p'>C paccesHus mpu
acTpodu3nyecKux sSHeprusx [89], KOTOphIi MO3BOJIIET TEHEPh
TOCTPOUTH MOTEHIHANbl p'°C B3aMMOMCHCTBUS 1O HAMJICHHBIM
(hazam ympyroro paccesHusl.

B mHacrosmmx wccnenoBaHUSAX TIpoIiecca paHaiOHHOTO
p"°C 3axBata yuntsiBancs E1(L) mepexox, KOTOpbIil 00yCIOBICH
opOUTANILHOW YacThIO 3JeKTpHueckoro omeparopa QL) [20,
24]. Ceuenus E2(L) u MJ(L) nepexoioB M CEUCHUs, 3aBUCAILNE
ot cnuHOBOoM 4dactu EJ(S), MJ(S), okazamnchk Ha HECKOJBKO II0-
PAIKOB MeHble. DnekTpuueckuil £1 mepexon B mporiecce p12C
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- YBN 3axBaTa BO3MOXEH MEXIY NTyOICTHBIMHU 2S\p 1 *Dsp, - co-
CTOSTHUSIMU PACCESHUSA U OCHOBHBIM *P\)» - CBSI3AHHBIM COCTOSIHI-
em sapa PN B p'°C kanane. [TosToMy Ham moTpeGyIOTCS MOTEH-
ATl IS TapIHaIbHBIX BOJH, KOTOPBIE COOTBETCTBYIOT ITHM
COCTOSIHMSIM.

[lepen mocTpoeHHEM MOTCHIIMAIOB B3aMMOACHCTBUSA 1O (a-
3aM YIPYTOro paccesHus, BHaYaje pacCMOTPUM KiTacCH(PHUKAITIIo
OpOUTANBHBIX COCTOSHUM To cxemaM OHra mis p12C CHUCTEMBI.
HamomuanM, 9T0 BO3MOXHBEIE OpOUTaNbHEIE cxeMbl IOHra B cuc-
TeME YaCTHII MOXKHO OIPENEIUTh, KaK MpsMOE BHEITHEE MPOU3-
BEJICHUE OPOUTAILHBIX CXeM KaKIOW MOJICUCTEMBI, YTO B IAHHOM
ciayuae maet {1} x {444} = {544} u {4441} [123,145]. IlepBas u3
HUX COBMECTHUMA TOJILKO C OpOHUTaIHHBIM MOMEHTOM L = 0 U sB-
JISIETCSI 3aNPEIICHHOMN, TIOCKOJIBKY B S - 000JI0OYKEe HE MOXKET Ha-
XOIWUTHCS TISAITH HYKJIOHOB. BTopas cxema coBMmecTmMa ¢ opOu-
TanbHIMU MOMeHTaMu 1 u 3 [123], nepBblif U3 KOTOPHIX COOT-
BETCTBYET OCHOBHOMY CBA3aHHOMY COCTOSIHHIO sIIpa "NecJ=
1/2". Takum 06pa3oM, B HOTEHIMAIE S - BOIHBI TOJDKHO IIPUCYT-
CTBOBATH 3AMPEIICHHOE CBSI3aHHOE COCTOSIHUE, a “P - BOJHA HMe-
€T TOJIBKO pa3pelieHHOE COCTOsIHME Ipu 3Hepruu -1.9435 M»HB
[160].

Janee, s BBITOTHEHHS PAacUCTOB CEUCHUU (HOTOSIIEPHBIX
MPOLIECCOB SICPHAs YacTh MEXKKJIACTEPHOrO IMOTEHIMAaIa plzC
B3aMMOJICHCTBUS TPEICTaBIICTCS B 00bI9HOM BHje (2.8) ¢ To-
YEUHBIM KYJIOHOBCKHM WieHOM. IloTeHmman Sy, - BOJNHBI CTPO-
WJICS TaK, YTOOBI MPABIIILHO OMUCATh COOTBETCTBYIOIIYIO MTAPITH-
aNBbHYIO (pa3y YIPYroro paccesHus, KOTOpas UMEET SPKO BbIpa-
JKeHHBIN pe3onaHc mipu sHepruu 0.457 M»aB (i1.c.). IIpu ucmomns-
30BaHUM PE3yIbTaTOB (ha3oBOr0o aHamms3a [89], mMpuBEACHHOTO
BEIIIIE, OBLT ITOJTyYCH ) 12 - TIOTEHIIMAI plzC B3aMMOJICHCTBHS C
3aNpEeILEHHBIM COCTOSTHUEM NpH dHepruu Ep, = -25.5 M»aB.

DTOT NOTECHIMATT UMEET TapaMeTPhI

Vs=-67.75 MaoB , o5 =0.125 dm>

a pe3y/IbTaThl pacueTa Sy, - Gasbl ¢ TAKAM MOTEHIHATIOM TIOKa-
3aHBI HA puc.8.1 HEeMPEepHIBHOM INHUCH.
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TloTeHman cBsI3aHHOTO 2P1,2 - COCTOSIHUS JOJIPKEH MPaBUIILHO
BOCIIPOM3BOIHTH SHEPrHIo cBsi3u smpa N B p'°C kaHaie -1.9435
M5B [160] 1 pasyMHO ONHKCHIBATh €r0 CPENHEKBAIPATUYHBIN pa-
muyc. B pesynbrate ObUIM MONTy4YeHBI CIEAYIOLIME HapameTphl
MOTEHIHAA:

Voo =-81.698725 MoB , oL, =0.22 Dum” . (8.6)

C HuM noxydeHa 3Heprus cBssu -1.943500 MaB u cpenne-
KBaJAPAaTUIHBIA 3apsI0oBhIi pannyc R = 2.54 Owm. Jlnsa pagmycoB
MPOTOHA W fapa 2C ucnonb3oBansl Bemmunuss: 0.8768(69) dm
[35] u 2.472(15) ©m [161]. KonTpoas nosenenuss BO cps3zanHo-
TO COCTOSIHUSI Ha OOJNBIIUX PACCTOSHUSIX MPOBOAMIICS IO aCHUM-
nrotudyeckoii koHcrante Cy (2.10) ¢ acUMOTOTHKOM B BHIE
dbyHkimu Yurrekepa [24], a ee BeauudHa Ha uHTEpBaie 5 + 20
®mM oxazanack paBHa 1.96(1).

PesynbraThl pacuera S - axtopa paguammonHoro p'’C 3a-
XBaTa C TOTyYCHHBIMH BbIIIE P/, - U °Sy; - NOTEHIMANAMH TIPH
sueprusix oT 20 k3B g0 1.0 M»B npuBenensl Ha puc.8.5 Hemnpe-
PBHIBHOH JIMHWEH B CPaBHEHUM C AKCIIEPUMCHTAILHBIMH JaHHBIMHU
u3 o030pa [33] u padotsl [162]. IIpu 25 k3B mns S - dakropa mo-
nydeHo 3HaueHue 3.0 k3B-0, a sKCTpanmoyAnus 3KCIePUMEHTAITb-
HBIX 3HauYeHU# S - ¢akropa K sHeprum 25 k3B maer 1.45(20)
©B-6 u 1.54"}) ¥»B-6 [160].

[IpHBeICHHBI 37€Ch BAPUAHT S - MOTCHIHATA NATCKO He
€JMHCTBECHHBI M3 BO3MOXXHBIX BAapPUAHTOB, CIIOCOOHBIX OMHUCATh
pe30HaHCHOE ToBeacHUE S - (as3el Mpu dHEPrusx Hmwke 1 MoB.
Bcernma MoxxHO HalTh apyrue koMmOmHarmu noteHImanoB CC u
paccesiHus, KOTOpbIe MPHBOAAT K OTH3KHM Pe3yiIbTaTaM s -Si
- (ba3pl ¥ XOpOIIO OMHUCHIBAIOT BEIMYWHY M IOJIOKCHUE MaKCH-
MyMa S - pakTopa, HaIpuMep

Voo =-65.8814815MdB , 0y, =0.17 ®M™° , Ry=2.58 Dwm,
Cy=230(1) , E,, =-1.943500 M>B,
Vs=-55.15MoB , as5=0.1 dm~ .

CymiecTByeT OmpezieieHHOE COOTBETCTBHE MEXIY IapameT-
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pamu noteHrania CC u paccessHUs, KOTOPO€ BO3HHMKACT M3 Tpe-
0OOBaHHUs OMHCAHHUS PE30OHAHCHOM S - (a3bl, SHEPTUU CBSI3U U BE-
JMYUHBI pe3oHaHca B S - ¢akTope. YBenudeHue MHUPHUHBI TOTCH-
ranoB paccessaus U CC npuBOAUT K OoJiee TUITABHOMY CIiamy S -
(hakTopa B 00€ CTOPOHBI OT pe3oHaHca. Hanpumep, BeauunHa S -
(hakTopa MpUBEICHHOTO BHILIE MMOTEHIMANa pu 25 k3B pasna 3.8
k3B-0.

10° ————T ——————ry
12C(P,Y)13N E1(S,,—>P,,)
107 F
O
m 10%F E
™
=
“ [
10°F
10* F
10° 10" 10°

E , MaB

um’
Puc.8.5. Actpodusmueckuii S - pakrop paauanuonsoro p'°C 3axsara
TIPY HU3KUX DHEPTHSAX.
DKCTiepUMEHTAIbHBIE TaHHbIe, 0003HAYCHHEIE X, ®, € + 1 A, B3STHI U3
0630pa [33] ], TpeyromnsHuku u3 [162]. KpuBbie — pacueTsl ¢ pa3HBIMU
MOTEHIUATIAMH.

MOKHO HPEUIOKUTE Apyrue KOMOMHAIMN TTOTEHIMAIOB, HO
¢ 6onee y3kuM, ueM B (8.6) morennmanom CC, Harpumep, co ciie-
OYIOUIMMH TTapaMeTpaMHu:

Voo =-121.788933 MaB , 0, = 0.35 dM™° , Ry=2.49 Dwm,
Cy=1.50(1) , Eg, =-1.943500 M>B,
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Vs=-102.05 MsB , o5=0.195 dm? . (8.7)

OTH TOTEHIUAJIBI IPUBOIAT K OoJiee pe3komy crany S - dak-
TOpa TIpH dHEPTUAX BOMM3M pe3oHanca. daza moreHnmana (8.7) u
MOBEJICHUE COOTBETCTBYIONIETO eMy S - ¢akTopa IMOKa3aHbl Ha
puc.8.1 u 8.5 mTpux - MyHKTUPHBIMH JTUHUAMU. Benmumnaa S -
(hakTopa 11 3TOH KOMOMHAIIMK TIOTSHIMAIOB Ipu 25 k3B paBHa
1.85 k3B-0, 9TO B IEJIOM COTJIACYETCS C TAHHBIMH, IPUBEICHHBI-
Mu B 0030pe [160].

IIpuBeneHnbiii Hroke Oonee y3kui, dem (8.7), MOTEHIHANT
CBSI3aHHOTO COCTOSIHUS

Vo =-144.492278 MoB |, @, = 0425 du?> | Ry=2.47 Om,
Cy=136(1) , E,, =-1.943500 M>2B, (8.8)

¢ TeM ke ToTeHnuamoM Vs paccesans (8.7) mpuBOIUT K HEOOIb-
IIIOMY YMEHBITICHHIO S - (hakTopa IMpU Pe30HAHCHOM SHEPTHH, KaK
MOKa3aHOo Ha pHc.8.5 KOPOTKHMHU IITpHUXaMH, U fgaeT S(25 k3B) =
1.52 k3B-6, 94TO TOJHOCTBIO COTJIACYETCS C JMaHHBIMH 0030pa
[160].

OpnnHako, Kak BHJIHO W3 MPHBEICHHBIX BBIIIE PE3yJIbTAaTOB, C
yMEHbIIIEeHHEeM MHUPUHBI ToTeHnrnanoB CC yMeHbIIaeTcsl U acuM-
NTOTHYECKAas KOHCTaHTa, W 3apsAAoBBIl pamuyc sapa. [lo-
BUANMOMY, TMoTeHmuai (8.8) JaeT MHHUMAIbHO JOIMYCTHUMBIE
3HAYEHUS ATHX MapaMeTpPOB, COBMECTHMBIE C IKCIEPUMEHTAIb-
HBIMH JTAHHBIMH, HaIIPUMeEp, 10 3apsI0BOMY pajauycy. M3BecTHas
BEJIMYHHA 3apsI0BOro pagmyca sigpa ~C cocrapmsier 2.46 dm
[160], 4TO AOMKHO HE OYEHb OTJIMYATHCA OT paguyca BN, koto-
palit B - mepexonom npespaaercs B °C. Takum 06pa3om, Bapu-
aT (8.8) norenunana CC u notennuan (8.7) Ajist COCTOSTHUM pac-
CesTHHSI TIPUBOJIAT K HAWIyYIlIeMy OIMUCaHuIo S - (hakTtopa B pac-
CMaTpUBaeMOil 00JIaCTH DHEPTUi, OMHUCHIBAS, TIPH ITOM, H PE30-
HAHCHYIO S - a3y ynpyroro paccesiHusl.

Jst HOTOTHUTETHHOTO KOHTPOJIS BRIYUCICHHUS DHEPTUN CBS-
3U MCIOJIB30BAJICA BapHallMOHHBIA METOJ] ¢ pa3ioxeHnrneM B no
HEOPTOTOHAIBHOMY BapHallMOHHOMY TayccoBy Oasucy [24], ko-
TOPBIN Ha CeTKE ¢ pa3MepHOCThIO 10 mpu HE3aBUCUMOM BapbUPO-

285



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

BaHHWH TIapaMeTPOB I MepBoro BapuanTta (8.6) moreHmmama CC
MO3BOJIMII TIONYYIUTh 3HEpruto -1.943498 MbsB. AcuMrroTude-
ckas koHctaHta C,, BapuanuoHHodt B®, mapameTpbl KoTOpou
MIpUBEICHBI B Ta0J1.8.7, Ha paccTosHUAX 5 + 20 OM HaxOIUTCS HA
ypoBHe 1.97(2), a BenuumHa HeBs30K He mpesbimaer 1077 [24].
3apsAnoBEIl paguyc HE OTVIMYAeTCA OT BEIMYWHBI, MOTydYeHHOU
BBIIIIE B KOHEYHO - Pa3HOCTHBIX pacyeTax.

Ta6:1.8.7. Bapuanmonusle napameTpsl 1 KO3 QUITHEHTHI
paznoxeHus paguanbHoit BO B p'*C crcteMe st epBoro

BapuanTa (8.6) motenmuana CC.

Bi

G

4.310731038130567E-001

-2.059674967002619E-001

1.110252143696502E-002

-1.539976053334172E-004

4.617318488940146E-003

-2.292772895754105E-006

5.244199809745243E-002

-1.240687319547592E-002

2.431248255158095E-002

-1.909626327101099E-003

8.481652230536312 E-000

5.823965673819461E-003

1.121588023402944E-001

-5.725546189065398E-002

2.309223399000618E-001

-1.886468874357471E-001

O (0| N[ [N~

2.297327380843046 E-000

1.244238759439573E-002

—_
o

3.756772149743554 E+001

3.435757447077250E-003

Ta6:1.8.8. Bapuanmonusle napameTpsl 1 KO3 QUITHEHTHI
pasnoxenus paguanbHoit BO B p'°C cucreme as BToporo

BapuanTa (8.7) moternuana CC.

Bi

G

1.393662782203888E-002

3.536427343510346E-004

1.041704259743847E-001

3.075071412877344E-002

4.068236340341411E-001

3.364496084003433E-001

3.517787678267637E-002

4.039427231852849E-003

2.074448420678197E-001

1.284484754736406E-001

7.360025091178769E-001

2.785322894825304E-001

3.551046173695889E-000

-1.636661944722212E-002

0NN N[ ||| ~.

1.5131407009411240E+001

-9.289494991217288E-003
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9

9.726024028584802E-001

-1.594107798542716E-002

10

6.634603967502104E-002

8.648073851532037E-003

[ns BapuanTta (8.7) moreHumana CC BapHallMOHHBIM METO-
JIOM TIOJTydeHa Takasl Jke dHeprus cBs3u -1.943498 M»B ¢ Benu-
unHo#t HeBs30k 3-10™", cpeHexBaapaTHuHBIM pamuycom 2.49 Om
U aCHMIITOTHYeCcKo# koHcTaHTOoH 1.50(2) B obmactu 5 + 17 Owm.
Bapunannonnsie mapaMeTpsl U KO3()QUIMEHTH pa3IoKeHNs Ui
panuanbHON BOJHOBOM (DYHKIIMM 3TOrO IIOTEHIMANa MPUBEICHEBI
B Ta0.8.8.

Tperuit Bapuant (8.8) norennmana CC B BapHalmOHHOM Me-
TOZAC MPUBOAUT K dHEPruw CBs3u -1.943499 Mb>B ¢ BenmnmumHOM
HeBs30K 6-10™', Takum xe, kak B KPM pacuerax, cpeaHeKBagpa-
THYHBIM PaANyCOM WM aCHUMIITOTHYECKOW KoHcTaHTOoW 1.36(2) B
obmactn 5 + 17 ®Om. BapuanuoHHBIC MapaMeTphl pagdaIbHOU

BOJIHOBOW (PYHKIIMK JUISL DTOTO MOTCHIIMAIa IMPUBEICHBI HUXKE B
Ta011.8.9.

Ta6:.8.9. Bapuarnonsasie mapaMmeTpsl 1 Kod)QHUITHEHTHI
pasnoxenus paguanbHoii BO B p'°C cucreme s TpeThero
BapuanTa (8.8) morenuuana CC.

I Bi G
1 1.271482702554672E-002 | 2.219877609724907E-004
2 | 9.284155511162226E-002 | 2.240043561912315E-002
3 | 3.485413978134982E-001 2.407314126671507E-001
4 | 3.088717918378341E-002 | 2.494885124596691E-003
5 1.815363020074388E-001 8.792233462610707E-002
6 | 5.918532693855678E-001 3.652121068403727E-001
7 | 3.909887088341156E+000 | -1.906081640167417E-002
8 | 1.635608081209650 E+001 | -1.111922033874987E-002
9 | 9.358886757095011E-001 2.314583156796476E-001
10 | 5.673177540516311E-002 | 5.956470542991426E-003

Kak MBI yke HE OIHOKpPaTHO TOBOPWJIHM, BapHallMOHHAS
SHEPTHUs MPH yBEITUYCHUH PAa3MEPHOCTH Oa3uca yMEHBIIaeTcs U
JlaeT BEPXHUM mpenen UCTUHHON SHEPTUU CBSI3U, a DHEPrUs U3
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KOHEYHO Pa3HOCTHOI'O METO0/Ia IIpY YMEHBILICHUU BEJIMUMHBI Il1ara
U YBEJIMYEHUM 4Mcia LIaroB yeeiauuusaercs. Ilostomy amns pe-
aNbHOM PHEPIMM CBSI3UM B TaKHWX MOTEHIMAIaX MOXXHO NMPHHATH
CPEIIHIOI, MEXAY IMOJIyYaeMbIMH 3TUMH METOJaMH, BEIUYUHY -
1.943499(1) Mb»>B. Takum 00pa3oM, TOYHOCTH BEIYHCICHUS
9HEPIUM CBSA3M HAXOIHUTCS HA ypoBHE He Oonee +1 3B. 3ameTnm,
YTO BO BCEX ITHX pacuerax, noiaydeHHbix KPM u BM, macca
POTOHA TOJIAranach PaBHOM eauHHuE, sapa -C pasHOi 12, a
n* /' my =41.4686 MaB ®m’.

Crenyer OTMETHTh, YTO BO BCEX pacueTax CE€4eHHE, COOTBET-
CcTByIOIIee dIeKTprdeckoMy E1 mepexony u3 mybiaetHoro “Ds, -
COCTOSIHHS PACCESHMs HA OCHOBHOE P/, - CBSI3AHHOE COCTOSIHHE
saapa N, okaseIBaeTCs Ha 4 + 5 MOPSIKOB MEHBIIE, YeM CCUCHHE
nepexoja u3 S), COCTOSIHHMS paccesHHs. Tak 4TO OCHOBHOIX
BKJIa B pacueTHbli S - (paxrop mpomecca p'’C —""Ny naer El
TIepexo/ U3 °S - BOJHBI PACCESHHS HA OCHOBHOE COCTOSHHE S/Ipa
BN

B 3akmirouenue sToro naparpada Hy>KHO OOpaTHTh BHUMaHUE
Ha TOT MHTEPECHBIH (DaKT, YTO €CIU IJIsl ONHCAaHHs MPOLECCOB
paccesHus HCIOTb30BaTh MENKHE TIOTEHIHANE ~Sy/, - BOJIHBI, 6e3
3aIpELIEHHOr0 COCTOSHUS, HAIpuUMep, CO CICAYIOIUMH Mapa-
MeTpaMu

Ve=-15.87 MaB , ag =0.1 dm™>
Ve=-18.95 MsB , og =0.125 dm? (8.9)
Ve=-21.91 MaB , ag =0.15 dm™

TO BOOOIIE HE YyAaeTcsl MPaBUIBHO IMEpeAaTh BEIUYNHY MAaKCH-
Myma S - akTopa paguaIioHHOTo 3axBata. T.e. He yJAaeTcs OmH-
caTh aOCONIOTHYIO BenU4uHYy S - akTopa, KOTOpas s JHOBIX
BapHaHTOB MoTeHIMaioB paccesaus (8.9) m CC oxaspiBaeTcs
BBIIIIC SKCIIEPUMEHTAITLHOTO MakcuMyMa B 2 + 3 pasa. Ilpuyem,
JUTS BCeX TIPUBEICHHBIX MENKHUX MOTEHIMANIOB BUa (8.9) BrionHe
yIaeTcsi BOCIPOM3BECTH PE3OHAHCHOE MOBEACHHE -Sin - (asbl
paccesirmst. [IpH yMEHBIICHAN MIHUPHHBI S, - MOTEHIHANA, T.C.
YBEJIMYCHUH (L, BETMYMHA MakcuMyma S - (hakTopa pacTeT U, Ha-
TpUMep, VTS TOCTIEIHET0 BAPHAHTA -S|, - TOTEHIMANA PACCESHHS
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u3 (8.9) mpeBhIIaeT dKCIEPUMEHTATLHOE 3HAYCHUE TIPUMEPHO B
TpH pasa.

Takum oGpazoMm, Ha ocHOBe [IKM u rimyGokoro 251/2 - TI0-
tennuana ¢ 3C ymaercss COBMECTHTh OIUCaHHUE acTPO(PU3NIECKO-
ro S - gaxropa u Sy - hasbl paccesHHS B PE30HAHCHOM 06IaCTH
suepruii 0.457 MaB (J1.c.) ¥ TOMYyYUTh pa3yMHBIC 3HAUCHUS IS
3apsA0BOTO paguyca M aCHUMITOTUYECKOW KOHCTAaHTHL. B To xke
BpeMsI, MEIKHE MOTCHIHMANBl paccesHus 0e3 3C HEe IMO3BOJISIOT
OJJHOBPEMEHHO OMHcaTh S - haktop u S - a3y paccesHus mpu
JMIOOBIX PACCMOTPEHHBIX KoMOMHarmsx p'°C  B3amMomeiicTBHit
[132].

8.5 NMpozapamma dns p'*C ¢pazogozo
aHanusa

[IpuBeneM TEKCT KOMIIBIOTEPHOM MPOrpaMMBbI AJiS BIIOJIHE-
HEif (a3oBoro amanmsa ympyroro p'’C paccesHHs Ha SI3BIKE
Fortran - 90 B cucteme PS - 4. [Iporpamma uiet $has3pl ynpyroro
paccesHUs ABYX YaCTHI[ 1O KCIIEPUMEHTAIBHBIM TU(dEpEHIHU-
aJbHBIM CEUCHUSM PacCEsHUs, METOJaMH, ONKUCAHHBIMU B [24] u
BeIpaxkeHHAMHU (7.1+7.2). OmnucaHue nmapaMeTpoB, IEPEMEHHBIX,
MOTEHITHAIOB B3aMMOJICUCTBUS, OJIOKOB MPOTPaMMBI M TIOATIPO-
rpaMM JaHO B pacredaTKe MporpaMMme.

PROGRAM FAZ_ANAL_p12C

! * [Iporpamma (a30Boro axamsa ynpyroro p' °C paccesHus *

IMPLICIT REAL(S8) (A-Z)

INTEGER LL,LMA NILNV,LMLLH,LMILLMAA,LHHNTTT,

NTT,NPP,NT,NTP

CHARACTER(34) AA

CHARACTER(33) BB

CHARACTER(25) AC

CHARACTER(24) BC

CHARACTER(3) NOM

CHARACTER(6) EX,EX1

COMMON /A1/

SE(0:50),DS(0:50),DE(0:50),NT,POLE(0:50),POLED(0:50),DS1
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(0:50),NTP, XIS, XIP,XI1
COMMON /A2/ NTTT,GG,SS,LMI,LLMAA,LHH,NP
COMMON /A3/ POL(0:50),TT(0:100),REZ(0:50)
COMMON /A4/ LH,LMLNTT,NPP
COMMON/A5/ PI
DIMENSION ST(0:50),FP(0:50),FM(0:50),XP(0:50)
! skoste st sheoste st sk sk skt skokok Haan'IBHBIe 3HAYCHUS sk s sk sk sk sk skt sk sk skokok skokok
PI=4.0D-000*DATAN(1.0D-000)
Z1=1.0D-000 ! 3apsin P
72=6.0D-000 ! 3apsix '*C
AM1=1.00727646577D-000; ! Macca P
AM2=12.0D-000; ! Macca '*C
AM=AMI1+AM2
A1=41.80159D-000
PM=AMI1*AM2/AM
B1=2.0D-000*PM/A1
LMI=0; LH=1; LMA=0
! Mubnnmaneabiii LMI 1 makcumansablii LMA opOuTanbHBIN
IMOMEHT
EP=1.0D-05; LMII=LMI; LHH=LH; LMAA=LMA
! EP - TouHOCTH IOMICKa MMHUMYMa X1 KBajpaT
NV=I; ! 1 - IIpoBoauTs MUHUMHU3ANHNIO, ) - 0€3 MUHUMH3AITUN
FH=0.0123D-000 ! HayanbHslit miar
NI=10 ! Yucno nurepanuit
NP=2*LMA; NPP=NP
! kst sk skeoste sk skeoste skeskeske sk skeosko sk 3aHaHI/Ie 3HeprI/II/I B II.M. sk sk sk sk skeoste sk steoskosk stk koskok sk
ECM=0.422D-000 ! DHeprus B 1.M.
NT=17; NTT=NT; NTTT=NT ! Yucno Touex no yriam
NOM='422'
EX="-1.TXT"; EX1="-R.DAT'
AC='G:\\BASICA\FAZ-ANAL\p12C\¢'
BC='G:\BASICA\FAZ-ANAL\p12C\'
AA=AC//NOM//EX
BB=BC//NOM//EX1
OPEN (1,FILE=AA)
DO L=1,NT
READ(1,*) TT(L),SE(L),DE(L)
SE(L)=SE(L)*1000.0D-000
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DE(L)=SE(L)*0.10D-000
ENDDO
CLOSE(1)
OPEN (1,FILE="G:\BASICA\FAZ-ANAL\p12C\FAZ.DAT")
DO L=LMI,LMA,LH
READ(1,*) FP(L),FM(L)
ENDDO
CLOSE(1)
| #k*EERE [TepeBO HAYATBHBIX (Da3 B paiHaHp] * % ¥k sk ks kokokx
DO L=LMLLMA,LH
FM(L)=FM(L)*PI/180.0D-000
FP(L)=FP(L)*P1/180.0D-000
ENDDO
FH=FH*PI1/180.0D-000
DO I=LMILLMA,LH
XP(=FP()
IF (I==LMA) GOTO 112
XP(I+LMA+LH)=FM(I+1)
112 ENDDO
! kst sk sk skok skeskok HOI/ICK MI/IHI/IMyMa XU KBaZ[paT s skt skoskok skoskok skokokeskok
EL=ECM*AM1/PM
SK=ECM*B1
SS=DSQRT(SK)
GG=3.4495312D-002*Z1*7Z2*PM/SS
CALL VAR(ST,FH,NLXP,EP,XI,NV)
FM(0)=XP(0)
DO I=LMI,LMA,LH
FP(D=XP()
IF (I==LMA) GOTO 111
FMI+1)=XP(+LMA+LH)
111 ENDDO
! skeste sk skeoste skeskeoskeskesk HeanL pe3yHbTaTOB skeoste sk she st sk skeoske sk sheoste sk sheoske sk skeosioke stk koskok sk
PRINT *," EL, ECM, SK, SS=",EL,ECM,SK,SS
PRINT *
PRINT *," T SE ST
X1
DO I=1,NT
PRINT *,TT(I),SE(D),ST(I),DS(I)
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ENDDO
PRINT *
PRINT #," XI=(XIS+XIP),XIS XIP=",XI,XIS,XIP
PRINT *
PRINT *," L FP FM"
DO L=LMILMA,LH
FM(L)=FM(L)*180.0D-000/PI
FP(L)=FP(L)*180.0D-000/PI
PRINT *,L,FP(L),FM(L)
ENDDO
OPEN (1,FILE=BB)
WRITE(1,*) " EL,ECM=",EL,ECM
WRITE(1,*) "XI=(XIS+XIP), XIS XIP=",XI,XIS,XIP
WRITE(1,*) " T SE ST
XI"
DO I=1,NT
WRITE(1,*) TT(I),SE(I),ST(I),DS(I)
ENDDO
WRITE(1,%) "
WRITE(1,*) " L FP FM"
DO I=LMLLMA,LH
WRITE(1,*) LFP(I),FM(T)
ENDDO
OPEN (1,FILE="G:\BASICA\FAZ-ANAL\p12C\FAZ.DAT")
DO I=LMLLMA,LH
WRITE(1,*) FP(I),FM(I)
ENDDO
CLOSE(1)
END
SUBROUTINE VAR(ST,PHN,NIL,XP,EP,AMIN,NV)
! BapI/IaI_[I/IOHHaH no;lnporpaMMa JId MUHUMHU3AallUU XU KBaZ{paT
IMPLICIT REAL(8) (A-Z)
INTEGER LNLNT,NV,NP,LML,LH,NN,IN,NTT,NTP
COMMON A1/
SE(0:50),DS(0:50),DE(0:50),NT,POLE(0:50),POLED(0:50),DS 1
(0:50),NTP,XIS,XIP,XI1
COMMON /A3/ POL(0:50),TT(0:100),REZ(0:50)
COMMON /A4/ LH,LMILNTT,NP
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COMMON/AS5/ PI
DIMENSION XPN(0:50),XP(0:50),ST(0:50)
DO I=LMLNP,LH
XPN(D=XP(I)
ENDDO
NN=LMI
PH=PHN
CALL DET(XPN,ST,ALA)
B=ALA
IF (NV==0) GOTO 3012
DO IIN=1,NI
NN=-LH
PRINT *,FF=",ALA.IIN
1119 NN=NN+LH
IN=0
2229 A=B
XPN(NN)=XPN(NN)+PH*XP(NN)
IN=IN+1
CALL DET(XPN,ST,ALA)
B=ALA
IF (B<A) GOTO 2229
C=A
XPN(NN)=XPN(NN)-PH*XP(NN)
IF (IN>1) GOTO 3339
PH=-PH
GOTO 5559
3339 IF (ABS((C-B)/(B))<EP) GOTO 4449
PH=PH/2.0D-000
5559 B=C
GOTO 2229
4449 PH=PHN
B=C
IF (NN<NP) GOTO 1119
AMIN=B
PH=PHN
ENDDO
3012 AMIN=B
DO I=LMLNP,LH
293



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

XP(=XPN(I)
ENDDO
END
SUBROUTINE DET(XP,ST,XI)
| #k*EER* [TonmporpaMMa BEIYACICHUS XU KBApAT *#H¥F 4%k
IMPLICIT REAL(8) (A-Z)
INTEGER ILNT,NTP
COMMON /A1l/ SE(0:50),DS(0:50),DE(0:50),NT,POLE(0:50),
POLED(0:50),DS1(0:50),NTP,XIS,XIP,XI1
COMMON /A3/ POL(0:50),TT(0:100),REZ(0:50)
DIMENSION XP(0:50),ST(0:50)
S=0.0D-000
CALL SEC(XP,ST)
S1=0.0D-000
DO I=1,NT
DS(=((ST)-SE(I))/DE(I))**2
S=S+DS()
ENDDO
XI=S/NT
END
SUBROUTINE SEC(XP,S)
| #%* TTogmporpaMMa BEIYUCIICHUAS CCUCHUS PACCESTHELS *H* % #*%*
IMPLICIT REAL(S) (A-Z)
INTEGER ILNT.LMILLMA,LH,L
COMMON /A2/ NT,GG,SS,LMI,LMA,LH,NP
COMMON /A3/ POL(0:50),TT(0:100),REZ(0:50)
COMMON/AS5/ PI
DIMENSION
S0(0:50),P(0:50),PP(0:50),FP(0:50),FM(0:50),XP(0:50),S(0:50)
DO I=LMI,LMA,LH
FP(D=XP()
IF (I==LMA) GOTO 111
FMI+1)=XP(I+LMA+LH)
111 ENDDO
FM(0)=FP(0)
CALL CULFAZ(GG,S0)
DO I=1,NT
T=TT1)*P1/180.0D-000
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X=DCOS(T)
A=2.0D-000/(1.0D-000-X)
S00=2.0D-000*S0(0)
BB=-GG*A
ALO=GG*DLOG(A)+S00
REC=BB*DCOS(ALO)
AMC=BB*DSIN(ALO)
REZ1=REC**2+AMC**2
REA=0.0D-000
AMA=0.0D-000
REB=0.0D-000
AMB=0.0D-000
DO L=LMILMA,LH
FPP=2.0D-000*FP(L)
FMP=2.0D-000*FM(L)
AA=DCOS(FPP)-DCOS(FMP)
BB=DSIN(FPP)-DSIN(FMP)
SL=2.0D-000*SO(L)
CALL FUNLEG(X,L,PP)
REB=REB+(BB*DCOS(SL)+AA*DSIN(SL))*PP(L)
AMB=AMB+(BB*DSIN(SL)-AA*DCOS(SL))*PP(L)
LL=2*L+1
JJ=L+1
AA=]JJ*DCOS(FPP)+L*DCOS(FMP)-LL
BB=JJ*DSIN(FPP)+L*DSIN(FMP)
CALL POLLEG(X,L,P)
REA=REA+(BB*DCOS(SL)+AA*DSIN(SL))*P(L)
AMA=AMA+(BB*DSIN(SL)-AA*DCOS(SL))*P(L)
ENDDO
REA=REC+REA
AMA=AMC+AMA
RE=REA**2+AMA**2
AM=REB**2+AMB**2
S(I)=10.0D-000*(RE+AM)/4.0D-000/SS**2
REZ(I)=REZ1%*10.0D-000/4.0D-000/SS**2
POL(I)=2.0D-000*(REB*AMA-REA*AMB)/(RE+AM)
ENDDO
END
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SUBROUTINE POLLEG(X,L,P)
| #%*%% TJommporpaMma BEIYUCIICHHSI IIOJTMHOMOB JIekaHpa ***
IMPLICIT REAL(S8) (A-Z)
INTEGER LL
DIMENSION P(0:50)
P(0)=1.0D-000; P(1)=X
DO =2,
P(D=2*1-1)*X/T*P(1-1)-(I-1)/T*P(-2)
ENDDO
END
SUBROUTINE FUNLEG(X,L,P)
| *#* [JomnporpamMma BerauciacHus QyHKIUI JIexangpa *% %% %% *
IMPLICIT REAL(S8) (A-Z)
INTEGER LL
DIMENSION P(0:50)
P(0)=0.0D-000;  P(1)=DSQRT(ABS(1.-X*#*2));  P(2)=3.0D-
000*X*P(1)
IF (L>=3) THEN
DO I=2,L
P(I+D)=2*[+1)*X/T*P(D)-(I+1)/T*P(I-1)
ENDDO
ENDIF
END
SUBROUTINE CULFAZ(G,F)
| #%* [TogmporpaMMa BBIYHCIICHUS KYJTOHOBCKHUX (pa3 *7*## % ¥ k%%
IMPLICIT REAL(8) (A-Z)
INTEGER LN
DIMENSION F(0:50)
C=0.5772156650D-000; S=0.0D-000; N=50
A1=1.202056903D-000/3.0D-000; A2=1.036927755D-000/5.0D-
000
DO I=1,N
A=G/I-DATAN(G/D)-(G/T)**3/3.0D-000+(G/I)**5/5.0D-000
S=S+A
ENDDO
FAZ=-C*G+A1*G**3-A2*G**5+S
F(0)=FAZ
DO I=1,20
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F(D)=FI-1)+DATAN(G/)
ENDDO
END

Crenyromuii KOHTPOJIBHBIA CYET IO ITOW MPOTpaMMe BBI-
TOJIHEH TPH PE30HAHCHOI sHepruu 422 k3B (1.m.) B p'°C ympy-
TOM PacCessHUU C y4eToM B ()a30BOM aHaJIHM3e OJHOW TOJBKO S -
BOJTHBI

EL, ECM, SK, SS = 4.574E-1 4.22E-1 1.87E-2 1.37E-1

T SE ST XI
10.83 409561  3256822.3428083 4.194371298676935
21.63 266969  227766.5412064077  2.156278956304461
32.39 58583.1 50674.784355610 1.8223143351212
43.07 17267.6 15925.09271621951  6.044624704055184E-1
53.66 5839.94 5640.62956376928 1.164778401875084E-1
64.14 2414.18 2060.5610732571380 2.145515754644307
745 96524  740.3435278409627  5.428685268597148
84.71 422.29 265.4550687576415  13.793167214162040
94.79 217.01 120.1919175449456  19.9046247867550
104.7 147.11 103.6791667064438  8.715893867706498
114.5 140.23 133.5569838776437  2.264448667637590E-1
124.15 204.09  175.8612452117759  1.913110216888019
133.67 243.52  216.8648984979974  1.198095428652019
143.08 253.77  251.4932553653157  8.049114108914179E-3
152.39 267.64  278.2186995788807  1.562293138659170E-1
161.64 288.94  296.9745596276764  7.732302205565983E-2
170.84 292.72  308.0225110939944  2.732880319244108E-1

XI= (XIS + XIP), XIS, XIP= 3.69 0.0E+0 0.0E+0

L FP FM
0 5815 58.15

B pesyasrare momydaeM 3HadeHume S - (assl 58.15 mpu
CPaBHHUTENBHO GONBIIOM 3HaueHMH ) = 3.69. Bemmunusl a3 u
HEKOTOpBIE JIPYTUe XapaKTEPUCTUKU IOKa3aHbl B OKPYIJIEHHOM,
JI0 BTOPOTO 3HaKa I0CIIE 3aMATOH, BUAE.
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Ecnu B paccmaTpuBaeMOM paccessHUM YYWUTHIBAThH elie U P -
BOIIHY, TO Jisi (ha3 paccesHusl MOJyYUM CIICAYIOIIUH KOHTPOIIb-
HBIH cuer:

EL, ECM, SK, SS = 4.57E-1 4.22E-1 1.87E-2 1.37E-1

T SE ST XI

10.83 4095610 3264781.541334357  4.115148756111661
21.63 266969 223190.0387772885  2.689114135211925
32.39 58583.1 49592.26685532391 2.355348513821907
43.07 17267.6 16111.41279780082  4.483243796400418E-1
53.66  5839.94 6059.579098437353 1.414498640631696E-1
64.14 2414.18 2415.589085838059  3.406713446204295E-5
74.5  965.24 982.7590318182862  3.294197102373393E-2
84.71 42229 414.5062045985828  3.397513798561286E-2
94.79 217.01 205.28584114367 2.918797023030877E-1
104.71 147.11 149.1168415589131  1.860980323212324E-2
1145 14023 155.8558179281346  1.241662746301032
124.15 204.09 185.2840079884762  8.490808445689716E-1
133.67 243.52 219.3107960699812  9.883067178217969E-1
143.08 253.77 250.1596154521572  2.024073897229597E-2
152.39 267.64 274.7849530022851  7.126835104038670E-2
161.64 288.94 292.3439981186766  1.387916330759821E-2
170.84 29272 302.7569167687375  1.175698198093965E-1

XI = (XIS + XIP), XIS, XIP = 7.90E-1 0.0E+0 0.0E+0

L FP FM
0 5213 5213
1 -8.97 12.82

W3 aTtux pe3ynbTaToB BHIHO, UYTO MPH y4yeTe B (ha30BOM aHa-

nu3e P - BOTHBI paccesiHus, BEINYHHA > yMEHbIACTCS ¢ 3.69 10
0.79.
Ecmu  ucmonb3oBath KOHCTAHTBI

n* /' my, =41.80159 MaB-®wm’, 41.4686
M>5B-®M%, TO, KaK BHIHO W3 MIPUBEICHHOM HUXKE pacreyaTK,
BCJIIMYMHA x2 n3MeHsiercs: npuMepHo Ha 10% a HekoTopble (ha3bl
Ha 0.5, 4T0 MPaKTUYECKU HE CKA3bIBACTCS Ha pe3yibTaTaxX Jaxe

JJIs BCJIIMYHHBI

00BIYHOE 3HA4YCHHUC
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MIPY PE30HAHCHOU dHEPTrUn
XI = (XIS + XIP), XIS, XIP = 8.85E-1 0.0E+0 0.0E+0

L FP M
0 5163 51.63
1 -9.40 12.87

W3 mpuBeneHHBIX pPE3yJbTaTOB BHUIHO, 4TO Tpm 422 3B
(u.M.) ¢aza mouTH HOCTUTAET CBOEr0 PE30HAHCHOIO 3HAYCHUS B
90".

[Ipu sHeprusx B 001acTH pe3oHaHCa HAOMIOJAeTCsl HACTOIb-
KO pe3Kuii moaseM (asbl, 9TO U3MEHEHHE SHEPTUH IMPHUMEPHO Ha
1 k3B MOKeT NpUBECTH K M3MeHeHHIo (asbl Ha 40 + 50, 3ame-
THM, 4YTO TOYHOCTb OINpPEENICHUs SHEPTUU B UCIIOJIB3YEMOM 3KC-
MEPUMEHTE COCTaBIIAET OKOMIO 1 KaB.
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9. S - PAKTOPBbI
PAZIMALNOHHOIO 3AXBATA
B 3He’He, 2 H*He U ’H*He
CUCTEMAX

Astrophysical S-factors of the radiative capture in the
*He’He, *H*He and ?H"He systems

BeedeHue

B »T0if rmaBe B paMkax MNOTEHIIMAIBHON KIIaCTEpPHOW MOJie-
T ¢ Kaccu(puKanueil opOUTaNbHBIX COCTOSHUMA 1Mo cxemaM HOH-
ra [163] u yrouHEeHHBIMH NapaMeTpaMH MOTEHIMAJIOB AJA OC-
HOBHBIX COCTOSTHHUH siIep "Be, 'Li u °Li B *He*He, *H*He u *H*He
KJacTepHbeIx Mozensx ¢ 3C paccmoTpeHsl actpoduszndeckue S -
(haKTOpEI MpoIECCOB panUalMOHHOro 3axBara “He'He 10 15 k3B,
*H*He n *H'He z10 5 x3B.

Pannanuonnsrit 3axsat “He'He mpu CBEpXHU3KHX SHEPIHAX
NpeACTaBIsieT HECOMHEHHBIH MHTepec AJsl sAepHOi acTpodusu-
K{, TIOCKOJIbKY BXOAMT B IPOTOH - NPOTOHHBIN TEPMOSAEPHBIH
IUKJI, U B caMo€ IOCJIe/lHEe BpeMsl IOSBIWINCh HOBBIE SKCIIEpPU-
MEHTalbHBIE JaHHbIE MO acTpoduznveckuM S - GakTopam 3TOro
nporuecca npu sHeprusax 10 90 k3B, a paguarmonnoro “H'He 3a-
xBara 10 50 x3B.

IIpOTOHHBIN LMK MOXET 3aBEPIIATHCS C BEPOSTHOCTHIO
69% mponieccom [119] (o manabpM paboTel [164] sTa BeposT-
HOCTh COCTaBisIeT 86%)

He + *He — ‘He + 2p

WIN pacCMaTpUBAeMOM 3/1eCh peaKIlell ¢ ydyacTHeM JO3BE3IHOI0
*He (cM., Hamipumep, [7])

*He + 'He — 'Be + v ,
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uMerome BeposaTHOCTh 31% [119] (o mamapiM [164] BeposT-
HOCTh 3TOTO KaHajla cocTaBiisieT mpuMmepHo 14%). Kpome Toro,
peakiuu paauanuonHoro “He'He u *H*He 3axBata MOryT Hrparth
OTIpEICIEHHYIO POJIb MPH I03BE3IHOM HYKJICOCHHTE3€E, KOraa Io-
cne bounbiioro B3peiBa Temiiepatrypa BceeneHHOM moHu3WiIach A0
0.3 To[165] (Ty = 10’ K).

9.1 lMomeHyuanei u hasbli
paccesiHusi

Kak 6put0 MOKazano B padore [163], opOuTambHbBIe COCTOS-
Hust B KiactepHsix cucremax “He'He, *H'He u *H'He mst simep
"Be, 'Li n 6Li, B OTJIMYHE OT O0Jiee JETKUX KIACTEPHBIX CHUCTEM
TUNAa pZH 150101 p3H [59,94,121], SBIsIOTCS YUCTBIMH IO CXEMaM
Omnra. [TosTOoMy simepHBIe TOTEHIMANTE BUAA (2.8) ¢ mapaMerpa-
MU, TIOJIyYCHHBIMH Ha OCHOBE (ha3 yIpyroro paccesHus u chepu-
YECKUM HJIM TOYEUHBIM KYJIOHOBCKUM WiICHOM [45], MOXKHO HEro-
CPEICTBEHHO HCITOJIB30BATh MJIS PACCMOTPEHHUS XapaKTEPHUCTHUK
CBSI3aHHBIX COCTOSIHUM 3THX siIep B NMOTEHIIMAJIbHOM KJIACTEpPHOMU
mogemd ¢ 3C.

Cornacue moily4yaeMbIX IIPHU 3TOM Pe3yJIbTaTOB C JaHHBIMU
JKCTIIEpUMEHTa OyIeT 3aBUCETh, TJIABHBIM 00pa3oM, OT CTEIICHH
KJIaCTepU3allMd TaKUX SACp B pPaccMaTpUBAEMbBIX KIACTEPHBIX
kaHanax. [lockoJbKy BEpOSTHOCTh KJIACTEPU3ALUU ITUX SIIEP
CpaBHUTEIIHHO BBICOKA [163], TO ciaeayeT OXUAATh, YTO PE3yIIb-
TaThl PAcUETOB JOJDKHBI B IIEJIOM COOTBETCTBOBATH MMEIOIINMCS
SKCHEPUMEHTAIbHBIM NaHHBIM [20,25].

[TapameTpsl rayccoBbIX MOTEHIIMATIOB B3aUMOJCHCTBUS IS
YUCTHIX IO cxemaMm HOHra KjacTepHBIX COCTOSHUU B siIpax Li,
"Be u °Li, nomyuennsle paHee B Hamux paborax [166,167], mpu-
BeJeHbl B Ta01.9.1, a B3anMoaelicTBUS B ’H*He u *He*He cucre-
Max OTJIMYAJIUCh TOJBKO KYJIOHOBCKMM WieHOM. B Ta6i.9.1 npu-
BEJICHBI TaK)XE€ DHEPTrUW CBS3AHHBIX 3aIPEIICHHBIX COCTOSHUN
s ’H*He xanana B sape °Li u *H*He CHCTEMBI, KOTOPBIE MaJo
OTJIMYAIOTCS OT COOTBETCTBYIOIIMX 3HaueHuit mwst “He'He B3au-
MOJCHCTBHUH.

B S - Bonue mis “H*He u *He*He cucrem ou cBsi3anubie CO-
CTOSIHUSL COOTBETCTBYIOT 3ampeileHHbIM cxemMaM lOura {7} u
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{52}, aB P - BomHE cxeMme {61} mpu pa3penieHHOM CBSI3aHHOM
cocrossHum co cxemoit FOnra {43}, a D - BoxHa mmeer 3C co
cxemoit {52} [25,163]. Jina “H*He cucteMs! B S - BOIHE IIPUCYT-
CTBYET 3allpElICHHOE CBSI3aHHOE COCTOSIHHUE CO cxeMoil {6} u
pasperieHHoe cBs3aHHoe cocrosHue ¢ {42}, a B P - BonHE 3a-
MIPEIIeHO cocTossHuE co cxemoit {51} [25,163].

Ta6:.9.1. [Tapamerpsr notenmuanos ynpyroro “H*He, *He'He
u “He'He paccestHust 1 SHEPriH 3alpPEIICHHBIX CBS3aHHBIX
cocrostHui [166,167]. IlapameTp mMpHHBI MOTEHIHATA
s “H*He u *He*He cucrem paBen o = 0.15747 dm2,
KyJIOHOBCKHIT pajuyc R, = 3.095 ®m. s norennuanos “He'He
paccesiHUs 1 CBSI3aHHBIX COCTOSHUHN puHATO R, = 0.

Snpa 'Liu ‘Be Snpo °Li
L Vo, | E(Li), | Ly | Vo, MaB | o, dm?> | E.c, MdB
/| MbB M5B
S| -67.5 |-36.0,-7.4] S, | -76.12 0.2 332
Pyl -81.92 | 275 Py | -68.0 0.22 7.0
Py, | -83.83 | 284 | P, | -79.0 0.22 -11.7
’Dsp| -66.0 2.9 P, | -85.0 0.22 -14.5

4.1 D -63.0 0.19 -
Dsa| -69.0 1 (-45.0) | (0.15)
3

Fon | 759 > (-2328) (8:}2)
Fop | -84.8 - Dy | -80.88 0.19 -

KauecTtBo omumcanus a3 ynpyroro paccessHus AEMOHCTPH-
pyercs Ha puc.9.1,9.2 n 9.3a,0,B , Ha KOTOPHIX MIPUBEACHBI TAKKE
JKCTICpUMEHTAIbHBIC JaHHBIC U3 pador [168,169] mist ‘He*He,
[169,170] mns “H*He u [171,172,173,174] nns *H*He ynpyroro
paccesiHus. [lokazaHHbIE OIMIMOKH OOYCIIOBJICHBI HETOYHOCTSMU
onpezaeneHus (a3, MPOCKAHUPOBAHHBIX C PUCYHKOB padoT [168,
169].
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180 SH(4He,4He)3H

160

140

S,,,rpaa.

120

100....I....I....I....I....

E .. MaB

Puc.9.1. %Sy, - dpaza ynpyroro *H*He paccesiHust ipi HU3KHX SHEPTHSIX.
DKcIepUMEHTANBHEIC TaHHbBIC U3 paboThl [169] — Toukw u [170] — kBagpa-

THI.
L . e e B e S e B e e e e e LI
180 4 3 3 4
He("He, He) He
160 |- 2 1
S1/2
o
@©
Q 140 |- -
a
(92]
120 B
L]
100 P S S SR [ S S T S EN S S S SR EN R SR SO SR AT ST S S
0 2 4 6 8 10

E.,,MaB

Puc.9.2. %Sy, - dasa ynpyroro *He*He paccestHust py HU3KHX SHEPTHSIX.
DKcTepuMeHTAIbHBIC TaHHBIe U3 padoT [168] — Touku u [169] — kBampa-
THIL.

He’
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Jlas *He'He u “H'He cucreM mpuBescHbI TOIBKO S - dasbl
paccestHHSA, TOCKOJbKY, Kak OyJeT MOKa3aHo B JajbHeHIeMm,
MMEHHO TIepexoibl U3 S - BOJH Ha OCHOBHOE M IIEPBOE BO30OYXK-
JIeHHOE CBSI3AHHBIE COCTOSHMSA sjgep Be m 'Li maroT mpeobma-
Jaromuii BKaax B S - QakTop paaudalMoHHOro 3axpara. U3
puc.9.1, 9.2, 9.3a BuaHO, 4To pacueTHbie S - (Ha3bl I yIPYroro
H'He, *He'He n *H*He paccesHus BIIONHE OMUCHIBAIOT H3BECT-
HBIE Pe3yJbTaThl (Pa30BHIX aHAIM30B MPU HU3KUX dHeprusx < 10
M>sB.

Puc.9.36 nokaseiBaeT, 4To AaHHbIC 110 P - hazam *H'He pac-
CesSHUS B Pa3HBIX PabOTax CHIIBHO OTIIMYAIOTCS, TaK YTO IMOCTPO-
UTh P - TOTeHIaNbl yIaeTcsl TOMbKO MPUOIN3UTENBHO, HO B Ie-
JIOM OHH OIMCHIBAIOT (Pa3bl MPHU HU3KUX DHEPTHUSX, MPEICTABIISS
OTIpE/ICTICHHBI KOMIIPOMHCC MEXKIy pe3ylbTaTaMH pa3HbIX (a-
30BBIX aHAMM30B. [Ipruem npu sHeprum HIwke 1 MoB, 1.e. B 00-
Jactu, TJe OOBIYHO paccMaTpuBaercss S - (akTop, pe3ynbTaThl
pacueta Bcex P - a3 Mano pa3nuygaroTcst MexLy coOoi u OMu3Ku
K HYJTIO.

180 2' '4' I4' '2'

H('He, He)H |
160
140 |-

120 -

100

S, rpag.

80 |-

60 |-

40 PR R N TR I S SR SN R AT SR SR S R AN SR SR S SR [ ST S R

E., MaB
Puc.9.3a. °S, - paza ynpyroro “H*He paccesHus IpH HU3KHX YHEPIHSX.
DKCTiepUMEHTAIBHBIC TaHHbIe U3 paboThI [171] — Toukw, [172] — kBagpa-
TH1, [173] — Tpeyromsuuku u [174] — poMOBI.
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-30 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L

E., MaB
Puc.9.36. °P - dassr ynpyroro “H*He paccestust Ipy HM3KHX SHEPIHSAX.
OKcnepuMeHTaNbHbIE JaHHBIC U3 Pa0boThl [172] — OTKPBITEIE KPYXKKH Py,
OTKPBIThIE TPEYTOJIBHUKU P| U OTKPBITHIE KBaapatTel Py, [174] — Touku P,,
TPEeYroJbHUKYU P 1 KBaapatsl P,

Ha puc.9.3B MyHKTHPHBIMY JTHUHUSIMH TTOKA3aHBI PE3yIbTATHI
pacuera *D, u °D, - ba3 “"H*He paccesiHust, momydeHHbIE C H3Me-
HCHHBIMU TOTCHIIMAJIAMK, TapaMeTpbl KOTOPBIX IPHBEICHBI B
CcKoOKax B Ta0:1.9.1. DTH MOTEHIINATBI HECKOIBKO JTyUIIle OMUCHI-
BAalOT TIOBEACHUE HWMEIOIMNXCS DKCICPUMCHTAIBHBIX TaHHBIX,
0coOeHHO MpH SHEpTuUsX Beilie S MaB.

CrnenyeT 3aMETHTh, 4TO BCe S - (a3bl paccestHusl MIPH HyJIe-
BOH DHEPruM Mmoka3ansl Ha puc.9.1, 9.2, 9.3a, HaunHAas CO 3HAYE-
Hust 1807, XOTSA HpH HATHYMHE IBYX CBS3aHHBIX (Pa3pElICHHBIX
WIH 3alpelieHHBIX) COCTOSHUM BO BCEX CHUCTEMaX, COTJIACHO
0000menHol Teopeme JleBuHcoHa [163], OHM IOIKHBI HAYM-
natbest ¢ 360°. Prc.9.36 mokassiBaer P - ¢assr “H'He paccestaus
TIpU HyJ1eBOi SHeprun ot 0, XOTS MPH HAIMYHH CBSI3AHHOTO 3a-
MIPEIIEHHOTO COCTOSIHUSA CO cXeMO# {51} OHM JOJIKHBI OTCUUTHI-
BaThCs OT 3HaueHns 180 .

Jlamee MeXKiacTepHble€ B3aUMOJIEUCTBHUSA, COTJIACOBAHHBIE
TakuM 00pa3oM ¢ ¢a3zaMu PacCesHUs, HCIIOJIb30BAINCh JIIS BbI-
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YHCIICHHS PA3INYHBIX XaPaKTEPHCTHK OCHOBHBIX COCTOSIHMI 'Li,
"Be u °Li, 1 2JIeKTPOMArHUTHBIX MPOLIECCOB B ATHX SAPAX, a KIla-
CTepaM COIIOCTABIISUIHCH COOTBETCTBYIOIINE CBOMCTBA CBOOOIHBIX
saep [20,166].

W77 T T T T T T T T
180 |- ’H(*He,'He)’H ]

160 - B

140

E., MaB

Puc.9.38. °D - dassr ynpyroro “H*He paccestHust py HH3KHX SHEPTHSIX.

DKcTiepuMeHTIbHBIE TaHHbIe U3 padoTh [172] — kBaapatsr, [173] — Tpe-
YTOIBHUKY | [174] — poMOBL.

TTapameTpsl NOTEHIIMATIOB OCHOBHBIX COCTOSIHUN B P - BOJIHE
nis “He'He, *H'He u S - Bomue mis “H'He (hMKCUPOBAIUCH, B
MEPBYI0 OYepe/ib, HA OCHOBE MPaBUJIBHOTO OIKCAHUS SHEPTUU
ces3u [20]. B mocinennem ciaydae ymaeTcs HE TOJIBKO IEpenaTth
SHEPTHUIO CBS3W, HO M MPABIJIFHO BOCIPOM3BECTH MOBEIAEHHE S -
(ha3pl ynpyroro paccesiHHs TpPU HU3KUX 3Heprusx (puc.9.3a).
Cre/tyeT OTMETHTb, UTO BCe 3TH pe3ynbTatsl s “H'He cuctemsl
TTOJTIY9ICHBI O€3 yueTa TeH30pHbBIX cuil [175].

9.2 Hoeble sapuaHmbI MomeHyuasoe

B paMKax OIMMUCAHHOI'O BBIIIC MOAXOAA MOJYYCHO HCIUIOXOC
CoryIaCuc MPOBCACHHBIX PACUCTOB C PA3TIMYHBIMH JKCICPUMCH-
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TQJIBHBIMU JIAHHBIMM, KaK JJI 3JICKTPOMAarHUTHBIX IIPOLIECCOB,
TaK ¥ JUIsl OCHOBHBIX XapakTepucTHK CC HEeKOTOPBIX JIETKUX SAEP
B KJAacTepHbIX KaHamax [25,163]. OxHako, HampuMep, 3HEprus
ces3u siapa 'Li B "H'He kanane ¢ J = 3/2°, Kak U ApyruxX paccMoT-
PEHHBIX BBILIE CUCTEM, PEAJBHO OIPEAEsUIach C TOYHOCTHIO J10
HECKOJIBKUX K3B, 1Mo3TOMy TOYHOCTH BBIUHCIEHHS S - (akTopa
paavanMoHHOrO 3axBara, Aaxe npu 10 k3B, okazanachk cpaBHU-
TEIBHO HU3KOM.

[TosTomMy B pabote [133] mpoBeaeHO yTOYHEHHE OCHOBHBIX
PacUeTHBIX XapaKTEPUCTHK CBA3aHHBIX COCTOSHMIA simep 'Li, 'Be
u °Li B *H'He, *He*He u *H*He xananax. [{is 5T0ro Gblim yTou-
HEHbI [TapaMeTphI [IOTEHIIMAJIOB CBA3aHHBIX COCTOSIHUH, U TEIepb
pacyeTHbIe S3HEPTUN YPOBHEH MOJHOCTHIO COBMAJAIOT C IKCIEPHU-
MEHTAJIBHBIMA BenuuuHamu [124]. MHaue rosops, mapameTpsl
HNOTCHLIHMAIOB MOAOUPAINCH TaK, 4TOOBI ONMCATh IKCIEPUMEH-
TaJIbHbI€ PHEPTUU YPOBHEH C MAKCUMaJbHO BO3MOXKHOW TOYHO-
cteio. Ecnu sxcnepuMenTanbHas sHeprus cBszu [124] Obua us-
BECTHA C TOYHOCTBIO O YETBEPTOr'O 3HAaKa IOCJE 3aIlsiToM, Ha-
npumep, -1.4743 M»B, To cunTanoch, 9YTO €€ MOXKHO IpeicCTa-
BUTH C IIecThbio 3HaKamu -1.474300 M»sB. DHeprun cBs3aHHBIX
YpOBHEHN paccMaTpUBaeMBIX SAEp B 3aJlaHHBIX MOTEHIMAJIaX BbI-
YHCIBUIUCh KOHEYHO - Pa3HOCTHBIM METOIOM [24] ¢ TOYHOCTBIO
He xyxe 10° MaB. Jlanee Gyjer MOKa3aHO, YTO peajbHAs TOU-
HOCTb ONPEJENICHUS YHEPTUN CBA3M BO BCEX YIMOMSHYTBHIX BBIIIE
CUCTEMax JABYMsS Pa3sHBIMH METOJaMM OKa3ajach Ha ypoBHe *1
3B, npuueM HanOONBIIYI0 OMMOKY BHOCHT, HO-BHIWMOMY, Ba-
pHALIMOHHBIN MeToA ¢ pasnoxeHnueM BD nmo HEopTOroHaabHOMY
rayccoBy 0a3ucy M HE3aBUCHMBIM BapbUpPOBaHHEM BCEX Iapa-
MeTpoB [24].

Heobxonumoe m3menenne mapamerpos ~H'He, *He'He wu
‘H*He mnorenmmanos, kotopoe Tpebyercst M OOlee TOYHOrO
OTMCaHMs KaHaJbHBIX SHEPIUi, mpeacTaBieHo B Ta61.9.2. Ctoib
HEeOOJIbIIOE U3MEHEHHE IIapaMeTPOB 3TUX IIOTEHIMAJIOB OTHOCH-
TEeTHLHO pe3ynbTaToB padot [20,87] n 1ab6m.9.1, mpakTHYECKH HE
CKasbIBaeTCs Ha moBeneHnH (a3 paccesnus. OqHAKO TaKoe H3Me-
HEHHE I03BOJIIET MAKCUMAJIBbHO TOYHO BOCIIPOU3BECTU 3HEPTUHU
YPOBHEH B KJIACTEpPHBIX KaHaJaX, 4TO HIPaeT CYIIECTBEHHYIO
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poib Tpu pacueTax S - ¢akTopoB A dHEpruil mopsaka 1 + 10
K3B.

[upunbl moTeHIMATOB B Ta01.9.1, 9.2 ObulM BBIOpaHBI HC-
X0l W3 OMHCAHMA 3apAJOBBIX PAINYCOB M ACHMITOTHYECKUX
KoHcTaHT [87]. 3nech B Tab1.9.2 mpuBeEHBI Pe3yNIbTaThl pacueTa
3apsAIOBBIX PaIiyCOB PacCMATPUBAEMBIX SIIEP B KIACTEPHBIX Ka-
Hamax. [lia HaXoIeHHs 3apsAI0BOTO pajnyca sapa UCTIOIh30Ba-
JUCHh PaJNyChl KJIACTEPOB, MPUBEACHHEIC B pabdortax [35,71,124],
3HAUEHUS KOTOPBIX BMECTE C SHEPTUSMH CBSI3aHHBIX COCTOSIHUH B
KJIACTePHBIX KaHAJIaX W MaccaMH KJIACTEpOB, JaHBI B Ta6m.3.2 u
Ta61.9.3. [Ipy HanMYMM HECKOJBKHX DA3IHYHBIX SKCHEPUMEH-
TaJbHBIX PE3yJIbTATOB MCIIOJIB30BAJIOCh UX CpEAHEE 3HAuCHUE,
nokazaHHoe B Ta01.3.2.

Ta6:1.9.2. YrouneHHsie mapamerpsl notenmuanos “H'He, *He'He
u “He*He B3anmoieiicTBIS, BHIYMCIICHHBIE C HUMH SHEPTHH
ypoBHeii i 3apsnoBkIe paguycsl aaep 'Li, 'Be u °Li.
Hapamerp o s “H*He, *He'He cucrem pasen 0.15747 dm™
u R.=3.095 &m. s ’H*He noteHiuana npuHiITo R.= 0 Owm.

Li Be
2172 2172

<r>", <r>",
Dm Vy, MaB E, MhB D

Ly | Vo.,MdB | E,M>sB

2Py | -83.616808 | -2.467000 | 2.46 |- 83.589554 | -1.586600 2.64

Py | -81.708413 | -1.990390 | 2.50 |-81.815179| -1.160820 2.69

°Li
L V,, MaB o ,Ddm2 E, M>B <> oM
38, | -75.8469155 0.2 -1.474300 2.65

Ta6:1.9.3. DkcnepuMeHTaNbHBIE JaHHBIE IO 3apsIIOBBIM
panuycam u SHeprusm cBsizu [35,71,124].

Pamuyc, OHeprus cBsa3u, MaB
slapo dm
°Li | 2.51(10) E(‘*He’H) = -1.4743

Li | 2.35(10) | E(*He’H) = -2.467 (3/2); -1.99039 (1/2)

'Be - E(*He’He) = -1.5866 (3/2); -1.16082 (1/2)
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N3 T1261.9.2 BHIHO, 9TO CPEeNHEKBAAPATHUHBIA 3apsIOBBIH
pamuyc smpa 'Li OKa3bIBAeTCS HECKOIBKO OOJNBIIE KCIIEPUMEH-
TalbHON BeMUYHHBI (cM. Ta0:1.9.3). D10 MOkeT ObITh 00yCIIOBIIE-
HO HMEIOIICHCS AKCIEPUMEHTATBHOM HEONMPEACICHHOCTRIO pa-
IuycoB kiactepoB (Tab0n.3.2), koropas moxoautr mo 15% ot
CPE/IHEro 3HAYEHHS M MOXKET M3MEHMTh pajuyc sapa 'Li mpu-
MepHO Ha (.05 Owm.

N3 tpextenvubix [48] u MPI' pacueTtoB cienyet, 4To aeit-
TPOHHBI Kiactep B sape °Li cxar npumepso B 1.2 + 1.4 pasa, a
Tpy HameM paccMoTpenu sipa °Li B kimacteproii “H*'He monenn
ata nedopmarysa HE yIUThIBAIACcCh. IMEHHO 3TO TO3BOJISIET 00B-
SICHUTBh HECKOJIBKO 3aBBIIICHHBIH pagnyc ‘Li, MoTydeHHbI B Ha-
mmx pacuetax [20,87]. Takum o00pazoM, MpH HCHOIB30BAHUH
YTOYHCHHBIX TOTCHIIUAIOB, HE TOJIKO MJI SHEPTHid YPOBHEH,
KOTOpBIE TIEPEJAIOTCs TeTeph TOYHO, HO U JJIS 3apSAOBBIX pany-
COB MOJYYCHO BIIOJHE MPUEMJIEMOE COTJIACHE C JKCIEPHUMEH-
TaJIbHBIMU TAHHBIMU.

J1J11 KOHTPOJIS YCTOMYHUBOCTH «XBOCTa» BOJHOBOM ()yHKIIUH
OCHOBHBIX ¥ TIEPBBIX BO30Y)KIIEHHBIX CBSI3aHHBIX COCTOSHHUI Ha
OOJBIIUX PACCTOSHUSX HCHOIH30BAJIACH ACHMIITOTHYECKAs KOH-
cranta C,, ipencrapisemas B uze (2.10). B pesymnprare, st OC
sgep 'Be, 'Li u °Li B paccMaTpHBaeMbIX KaHAnax OBUTH MOJTyde-
HbI crnenyromue 3Hadenus: 5.03(1), 3.92(1) u 3.22(1) coorBeTcT-
BeHHO. J{111 MepBBIX BO30YKIEHHBIX COCTOAHMIL smep 'Be u 'Li B
Takoi Momenu HaineHo 4.64(1) u 3.43(1). IIpuBenennas omudOKka
OTIpEICIISACTCS] YCPSAHCHUEM TOyYeHHONW B pe3yJbTaTre pacyera
KOHCTaHTBI 1tst simep ¢ A = 7 Ha unTepBane 6 + 16 ®wm, a wst °Li
B oOmactu 5 <+ 19 Owm.

B paGote [48] Ha ocHoBe TpexTenpHoit np*He Moxemn s
ACHMIITOTHYECKOIl KOHCTAHTHI OCHOBHOTO S - coctostHus °Li B
*H*He kanane momyuero 2.71. U3 anammsa ¢as ynpyroro “H'He
paccestus B [176] naiinena Benwmanna 2.93(15). B pabore [177]
s pa3nuyHbiX TUNIOB NN u NOU B3aMMOJIEMCTBUNA TOJYYEHBI,
npy mepecueTe K Ge3pasMepHoil Benuuune mpu ko = 0.308 dm’,
3Havyenus ot 2.09 1o 3.54. B Toii >xe paboTe JaroTcs CCHIIKM Ha
9KCIIEPUMEHTAbHbIE TaHHBIE, KOTOPHIE, TIPU TAKOM e Iepepac-
geTe, MeHSIIoTes oT 2.92(25) mo 2.96(14) [177]. B Gomee panHeit
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pabore [39] nmpuBeaenHo 3uadeHne 3.04, KOTOPOE TAKXKE MOTYICHO
rocJie mepecuera K 0e3pa3MepHoOil BeTUIHHE.

Eciu acumnrotndeckyio “H'He KOHCTaHTY ompenensTh, Hc-
X0Jl1 W3 OOBIYHOW D3KCIIOHCHIIMATHHOW aCHUMOTOTHKH, T.e. 0e3
ydera KyJIOHOBCKUX 3(PQeKTOB, TO JUIA €€ BEIHYUHBI B HCIIONb-
3yeMoM 371ech MOZIETN Ha uHTepBase 4 + 12 OM HaMHU MOJIy4EHO
1.9(2). dnst aToro ciydas W3BECTHHI CICIYIONTHE 3HAYCHHUS OT
1.5 no 2.8 [178] u 2.15(5) [37,73].

B pabote [39] mpuBeneH 0030p acMMNITOTHYECKHUX U BEp-
IIMHHBIX KOHCTAaHT, B TOM YHCIIE JJII ’H*He xaunana sapa °Li u
3aMEUEHO, YTO WX BEJIMYWHBI, B 3aBHCUMOCTH OT HAJUYUS WIH
OTCYTCTBHS KYJIOHOBCKHX 3()(EKTOB, MOTYT pa3nuyaThCsl B He-
CKOJBKO pa3. Kak MbI BUaeNH BHIIE, B MPUBEACHHBIX Pe3yJIbTa-
Tax peajsbHOE U3MEHEHHE aCHMITOTHYECKOW KOHCTAHTHI COCTaB-
nstet npuMepHo 1.5 + 2.0.

JI715 OCHOBHOT'O COCTOSIHHS ’H*He cucremsl B sape "Li, Ha-
npumep, B padore [179] ¢ yuTTekepoBCKO aCUMITOTHKOH, yUH-
THIBatoIel KyiaoHoBckue 3¢ dekTts (2.10), momydeHo, nmpu nepe-
cyeTe K Oe3pasmepHor BenmmumHe ¢ k) = 0.453 ®dwm', 3Hauenue
acuMmnrotTuuecko koHctantel OC B unTepBane 3.87(16), a mep-
Boro Bo30yxaenHoro 3.22(15). B pa6ore [180] mis OC, mocie
mepecdera K Oe3pa3MepHO BenwuuHe, puBeneHo 3.73(26), 4to
BITOJIHE COTJIACYETCS C HAIIMMHU Pe3yIbTaTaMU.

Jlnst ocHOBHOTrO cocTosius aapa 'Be B “He'He kanane B pa-
6ore [181] Ha ocHOBe aHaNM3a PA3IUIHBIX DKCIECPUMEHTAIBHBIX
JTAHHBIX MPEIOKECHO, €CIIH MPUBECTH WX K Oe3pa3MEepPHBIM BEIH-
yyuHaM 1pu ko = 0.363 O™, 3HaueHue 5.66(16), 4TO HECKOJIBKO
OoJpIlie HamIeH PAacueTHOW BETWYMHBI. A IJIS TIEPBOTO BO30YXK-
JIEHHOTO COCTOSTHHS TipuBeaeHo 4.66(15), 9T0 XOpoIo CoBHaaacT
C TIOJIyYEHHOW 3/eCh BeMW4MHOW. OTMETUM, 4YTO, HANpUMeEp, B
pabote [182] ayiss KOHCTAHTBI OCHOBHOTO COCTOSIHUS sIpa Be B
"He'He kaname mosydeHbI 3HAYCHHS, NPU IEPEBOAC K Oe3pas-
MEpHBIM BEIMYMHAM, B o0mactu 3.5 + 4.6.

9.3 Pe3ynbmambl eapuayUoHHbIX pacyemos

J1a KOHTPOJST TOYHOCTH ONpeAeNICHHUs] DHEPTHH CBSI3H B
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paccMaTpuBaeMbIX KJIACTEPHBIX CHCTEMax MCIOJIB30BAJICS Bapua-
ITMOHHBIA MeTo [24], KOTOPHIH B ‘H*He kanane maxe Ha HEBbI-
COKOH pPa3MEpHOCTH HEOPTOrOHAJIBHOTO TayccoBa 0Oas3uca IpH
HE3aBUCUMOM BapbUPOBAaHUHM TApaMETPOB MO3BOJWI IOIYYUTh
SHEprHIo CBs3M -2.466998 M»aB. IlosToMy, Kak yke TOBOPHUIIOCH
paHee, Ui peabHOM SHEPTHH CBA3H B TAKOM MOTEHITHAIIE MOYKHO
MPHUHATH CPETHIOI0 BENHUUHY -2.466999(1) M»3B.

ITapameTpsl pa3noxkeHUs: pagdalibHOW MEXKKIACTEpHOM Ba-
pHALHOHHO# BonHOBO#H dynkimu Buzaa (2.9) wiss "H*He cuctemsr
npuBeneHsl B Ta01.9.4. AcUMITOTHYECKash KOHCTaHTa Ha pac-
cTOAHUAX 6 + 16 @M coxpansanachk Ha ypoBHe 3.93(3), a Bennuu-
Ha HEBSA30K He mpesbimana 3-1077 [24]. ins mepBoro Bo3Gyk-
JIEHHOT'O COCTOSIHMSI B 3TOM KaHajle IMoiy4eHa sHeprus -1.990374
M>5B. IlapameTpsl COOTBETCTBYIOIICH BOJHOBOW (DYHKIIMH TaKkKe
mpuBeAeHBI B Ta01.9.4. AcuMnToTHdeckass KOHCTAaHTa Ha WHTEP-
Bajie 6 + 20 O™ okazanack paBHa 3.40(5), a HEBSZKU 4.107°.

Ta6:m1.9.4. [lapameTpsl 1 K03 HUIHEHTH Pa3I0KEHUS
BapHAIIMOHHBIX BOJTHOBBIX PYHKIUH sapa "Li B *H*He MOJIEIIN.

"Li CH'He) J = 3/2°
HopmupoBounstit kosppuunent BO na unrepsane 0 + 25 Om
paseH N = 9.99999999992E-001

Bi Ci

i

1| 6.567905679421632E-001 4.270672892119584E-001

2 | 1.849427298619411E-002 | -6.326508826973404E-004
3| 1.729324040753008E-001 -2.047665503330138E-001
4 | 4.173925751998056E-002 | -1.032337189461229E-002
5| 8.818471551829664E-002 | -6.301223045259621E-002
6 | 4.503350223878621E-001 6.962475101962766E-001

7| 9.210585557350788E-001 2.076348167318741E-002
8 2.000570770210328 1.488688664230068E-003

9 2.925234985697186 -1.124699482527892E-003

10

3.981951253509630

3.797289741762020E-004
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'Li CH'He) J = 1/2°
HopmupoBounstit kosppuunent BO na unrepane 0 + 25 Om
paBed N = 9.999999994E-001

Bi

G

i

1| 3.767783843541890E-001 4.630588198830661E-001

2| 3.862289845123266E-002 | -1.122717538276013E-002
3| 1.902467043551489E-001 -2.185424962074149E-001
4 | 1.465702154047247E-002 | -4.355239784992325E-004
5| 9.174545622012323E-002 | -7.860947071320935E-002
6 | 8.478055592043516E-001 -5.602419628674884E-001
7| 6.512974681188465E-001 1.017849119474616

8 1.401572634787409 57.704730892399640

9 1.405534176137368 -58.402969632676760

10 1.569682720436807

9.151457061882704E-001

Jlast suepruu cesisu B *He'He xanane mpu Toii xe pasMepHo-
ctu Oaszmca noiyueHo -1.586598 Mb»B, a ko3¢ dunuenTs! pasio-
sxernss B maus! B Ta011.9.5.

Ta6:m1.9.5. [NapameTpsl 1 K03 HUIHEHTH Pa3I0KEHUS
BapUALMOHHBIX BOIHOBBIX (GyHKImiA siapa 'Be B “He'He mMomenn.

"Be (‘He'He) J = 3/2°
Hopmuposounsiit koaduiment BO Ha unteppaie 0 + 25 Om
paBer N = 9.9999999995E-001

Bi

G

7.592678086347688E-001

4.226683168050651E-001

1.764646518442939E-002

-9.297447488403448E-004

1.713620418679277E-001

-1.913577297864284E-001

4.166190335743666E-002

-1.157464906616252E-002

8.829356096205253E-002

-6.210954724479718E-002

4.566882349965201E-001

7.725352747968277E-001

N QNN [ R|W|N |~

1.263871984172901

-7.575809619184885E-001
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8 1.358053110884124

7.836457309371079E-001

9 1.741955980844547

-1.277551712466414E-001

10 2.379459759640717

1.446300395173141E-002

"Be (He'He) J = 1/2°
HopmupoBounstit kosppuuuent BO na unrepsane 0 + 25 Om
paseH N = 9.99999998E-001

B

G

3.857719633413334E-001

4.891511738383773E-001

3.862289845123266E-002

-1.229249560611409E-002

1.881845128735454E-001

-2.002401467853206E-001

1.465702154047247E-002

-7.752125472489987E-004

9.174545622012323E-002

-7.680363457361430E-002

8.478055592043516E-001

-3.264723437643782E-001

6.512974681188465E-001

8.230628856230295E-001

1.401572634787409

21.258288548024340

O |0 Q|| N | |W[(N| =~

1.405534176137368

-21.437482795337960

10 1.569682720436807

2.883954334066227E-001

W3 31X pe3ynpTaToB CIenyeT, YTO 33 CPEIHION BEJINYHUHY
SHEPrUM CBSI3M B TakoOM TMOTEHNIMAJIEe MOXHO TPUHATH -
1.586699(1) M»sB. AcuMmnToTHueckas KOHCTaHTa B o0jgacTv 6 +
15 ®m coxpansercs Ha ypoBHe 5.01(4), a BenMuMHa HEBA30K HE
npesbimaet 5-1077. s nepBoro Bo36yKIEHHOIO COCTOSHHS MO-
my4yeHa 3Heprus -1.160801 M»sB, napamerpsl B® Taxxe npuse-
JeHbl B Ta0:1.9.5. [lpn 3ToM acHMITOTHYECKAas KOHCTaHTa HA MH-
TepBaige 6 + 14 dm momyunnack paBHOU 4.64(4), a HEBSI3KH
menpe 5-107%

B *H"He kanane BapHaIlHOHHBINA METO IPUBOIUT K SHEPTHH
-1.474298 M5B, Tak 4To CpefHss BEIMYMHA SHEPTHH CBSI3U B Ta-
KOM ToTeHIuane coctaiseT -1.474299(1) M»B. Acumnrorude-
CKas KOHCTaHTa Ha uHTepsaiue 6 + 20 dm pasHa 3.23(3), Bennun-
Ha HEeBsI30K He Gomee 7-107"°, a mapaMeTpb! pa3nokeHns BapHALH-
OHHOI BOJTHOBOW ()yHKUUH JaHbl B Ta01.9.6.
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Ta651.9.6. [TapameTpbl 1 KO3PDHUIIMESHTHI Pa3I0KCHUS

BapHAIIMOHHBIX BOJTHOBBIX PYHKIUH sapa °Li B *H*He MOJIEIIN.

Li *H'He) J = 1*
HopmupoBounstit kosppuunent BO na unrepsane 0 + 25 Om
paBeH N = 9.99999865E-001

[ Bi Ci

1 | 9.437818606389059E-003 | 5.095342831090755E-003
2 | 2.339033265895747E-002 | 3.991949900002217E-002
3 | 5.360473343158653E-002 | 1.164934149242748E-001
4 | 1.140512295822141E-001 | 2.165501771045687E-001
5 | 2.076705835662333E-001 | 1.831336962855912E-001
6 | 3.702254820081791E-001 | -6.350857624465279E-001
7 2.848601430685521 2.165544802826948E-002
8 | 5.859924777191484E-001 | -7.358532868463539E-001
9 82.336677993239830 5.086893578426774E-003
10 12.344385769445580 1.002621348014230E-002

Tem caMbIM, pa3HHIIa B SHEPTHH CBS3M OCHOBHBIX COCTOS-
HUW BCEX CHCTEM, HallicHHas ABYMS METOJIAMU U 1O JIBYM pa3-
HbIM KOMIIBIOTEPHBIM IporpaMmam, He mpeBblmaeT +1 3B, a
ACUMNTOTHYECKHE KOHCTAHTHI B YKa3aHHBIX 00JACTAX pPaccTos-
HUH ¥ TIpeneiax MPUBEICHHBIX OIIMOOK MOJHOCTHIO COBIAJIAIOT.
HabmromaeTcst Takke COBMaJieHHE JI0 BTOPOTO 3HAKa IOCIIE 3aris-
TOM 3HAYEHHUH 3aPSIOBBIX PAINyCOB, MTOIYUYEHHBIX JBYMS Pa3HbI-
MU METOJIaMH.

DT pe3ynbTaThl MOKa3bIBAIOT XOPOIIEe COBMAIEHNUE BOIHO-
BBIX (DYHKIIMI CBSI3aHHBIX COCTOSIHMI BCEX PACCMOTPEHHBIX SIIEP,
KOTOPBIE MOJIYYECHBI JBYMS pPa3HbIMU METOJIaMH, HA UHTEPBAJE OT
5+6 DM o 16 + 20 Owm.

9.4 Acmpodgpusudeckuli S - hakmop

Panee pacueTpl MOMHBIX cedeHUil (OTOMPOIIECCOB U acTpo-
dusmaeckue S - paxropsr ais “H'He, *H'He u “He'He cucrem
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BBITIOJTHSJTUCh B KJIacTepHOH Mozenu [183], aHamoruvyHoi wuc-
MOJTE3YEMON 371ECh, @ TaKXKe M0 METOAY PE3OHUPYIOMIUX TPYIII
(MPI') [184]. dns moTeHLMANOB B3aMMOJCHCTBUS C 3alpeILCH-
HBIMH COCTOSIHUSIMU OBUIH IMPOBENICHBI PACYETHI MOJTHBIX CCUCHHM
dotopassana B “H'He xiactreprom kamaine simpa °Li Ha ocHOBe
TPEXTENIBHBIX BOJHOBBIX (D)YHKIIMH OCHOBHOIO cocTostHus [185].
PacueThl HONHBIX ceueHuii (oTomporeccos ans sep ‘Li u 'Li B
JIBYXKIIACTEPHBIX MOJIENSX C 3alpelIeHHBIMA COCTOSHUSIMH ObLTH
BEBITIOJTHCHBI B Hamux paborax [166] Ha OCHOBE TayCCOBBIX IIO-
TEHIMAJIOB, COTJIACOBaHHBIX C (ha3aMU YIPYroro paccesHus Co-
OTBETCTBYIOIIMX YACTHII.

B cBs3u ¢ myOnmkaiueil HOBBIX AKCIEPUMEHTATBHBIX JaH-
HBIX PacCMOTPUM acTpodusuueckue S - daxropsl "H'He, *He'He
u “H'He paguMamuoHHOTO 3axBaTa MPH MAKCHMATbHO HH3KHX
SHEPrusiX Ha OCHOBE TMOTEHIHMAIBHOW KJIACTEPHOM MOAEIH
[166,167] ¢ 3C m yTOYHEHHBIX 37E€Ch IOTEHITMAIOB OCHOBHBIX
cocTostuuit smep 'Li, 'Be u °Li (1a6m.9.2). B pacuerax s *H'He
1 *He'He crcteM y4uTHIBAIOTCS TONMBKO E1 MEpexombl, TOCKOIb-
Ky BkIagel £E2 u M1 nepexooB OKa3bIBalOTCS HA 2 + 3 mopsiaka
MeHbIe [87]. B atux cmcremax Bo3MokeH E1 mepexom Mexmy
OCHOBHBIM P3;; - COCTOSIHUEM STIEp 7Li, Be u Sin -, D3p -, Dy -
COCTOSTHUSIMH PACCESIHUS, a TaKKe MEXIy THEepBBIM BO30YKICH-
HBIM CBSI3aHHBIM P - cocTossHHEM U S)p, Dip - COCTOSHHSIMA
paccestHusL.

Js pagualiioHHOTO 3axBaTa B ’H*He xanane sapa °Li Bo3-
MoxkHbI E1 mepexosibl 13 P - BOJNH paccesHns Ha OCHOBHOE CBSI-
3aHHOE °S - cocrosHue siapa ‘Li u E2 mepexomsl u3 °D - BOIH
paccesHUsI TaK)Ke Ha OCHOBHOE cocTostHie. OCHOBHOM BKJa B E2
Tepexol P HU3KHUX SHEPrHsX AaeT “Ds - BOIHA, MMEIOIIas pe-
3onanc mpu 0.71 M»aB, a E1 mepexon oka3sIBacTCS CHILHO II0-
JIaBJICH 3a CUET KJIacTepHOro MHOXUTeNs Aj(K), TpUBEIEHHOIO B
(2.5), mosTOoMy ceueHHE Ipolecca paguallMOHHOIO 3axBaTa, B
OCHOBHOM, ompenensercs £2 nepexomom. Ho, kak ObLIO TTOKa3a-
HO paHee [87], mpu camMbIX HU3KUX 3HEPruAx, nopsaka 100 + 150
k3B, Bkiag £1 nepexoia CTaHOBUTCS TPE0OIIaaoONTiM, TIOPTOMY,
Kak OyneT BHUAHO Janee, MMEHHO E1 mpoliecc moYTH MOTHOCTHIO
OTIpesIeNIAeT MOBeACHUE acTpodu3mueckoro S - ¢akropa B 3ToH
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o0macTy PHEPTrUit.

Pesynbratel pacuera actpodusnyeckoro S - dakropa pa-
nuanponnoro "H*He 3axBata MIpU PHEPTrUsx A0 5 K3B mokazaHbl
Ha puc.9.4 HenmpeprIBHON JTWHUEN. DKCIIEpUMEHTAIBHBIE TaHHBIC
B3ATHI U3 pador [186,187], B mepBoii W3 KOTOPHIX IPHBOIATCS
PEe3yNBTATHI IPH SHEPTHSIX 10 55 k3B. Bennunna S - hakropa mpu
10 k3B oka3zanace paBHas 111.0 3B-0, npu U3BICYCHHOM U3 dKC-
MepUMEHTa 3HaUYCHNH NI HyseBo sueprun 106.7(4) 3B-6 [186].
Bonee pannme pesynsrarsl [187] mpuBogst k 64 3B-0, ogHako
9TH JaHHBIE COAEP)KAT CTONIb OONBIINE OMMOKH, YTO SKCTPAro-
JUPYIOTCS NPSMON JTMHUEH.

0,14 4He(3H,y)7Li -1
| b

0.12 E 1/2°4+3/2

o

-

o
T

0,06 -

0,04 -

" " " " il " " MR |
107 E MsB 107 10°

um’

Puc.9.4. Actpodusmueckuii S - paxrop *H*He 3axBara.
Touku — sKkcriepuMeHTaIbHbIE naHHbIe [186], kpyxku — [187], kBagpaTs! —
[188]. Jluaum — pe3ynbTaThl pacdera ¢ mapamerpamu noternuanos OC u3
T1a61.9.2.

WmeroTes u apyrue qaHHbIe, KOTOPBIE P HYJIEBOH HEPTHH
npuBoaaT k 3HaueHUsM 140(20) 3B-6 [188] u 100(20) »B-6 [33].
OtmMeTtnMm, 4TO pe3yibTaThl padboTsl [188], moka3zanubie Ha puc.9.4
KBaJpaTaMH, HE COTJIacyloTcs ¢ Ooyiee MO3IHUMH H3MEPEHUSIMH
[186] 1 mMeroT CpaBHUTEIIEHO OOJIBIIIE OITHOKH.

Cpenn TEOpPETHYECKUX pacueTOB MOYKHO OTMETHTH PE3Yb-
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TaThl KJacTepHor mozaenu [183], B KOTOpoi Mpu HYyJIEBOH dHEP-
rum ObUTO MoNy4yeHo 3HayeHue S - ¢akropa 100 3B-0, u pesyinb-
TaThl METOAA pe3oHupyromux rpynmn 98(6) 5B-6 [184], a takxe
HepaBHeW paboter [179], B xoropoit Haiineno S(0) = 97.4(10)
3B.0.

Ecnu yauTeIBaTh TOJNBKO MEPEXO/BI U3 S - BOIHBI PACCESTHUS
Ha OCHOBHOE W TEePBOE BO30Y>KICHHOE CBSI3aHHBIE P - COCTOSIHHA,
to ipu 10 x3B nomydaem Benmmuuny 110.8 3B-0, KoTOpas mpakTH-
YECKHU HE OTJIMYAeTCs OT NMPUBEACHHOM BhITIe. Pe3ynbraThl pacue-
Ta camoro S - (pakropa B 3TOM cllyyae IpeAcTaBlIeHbl Ha puc.9.4
MYHKTHPHOU JIMHUEH, KOTOpas OTIMYAETCS OT MPEABIAYIINX pe-
3yJIBTATOB TOJIBKO IIpH dHEpTHsx Beimre 0.3 MaB.

Takum 00pa3om, pe3ylnbTaThl HAIIETo pacdera S - ¢axTopa
panuarmonsoro “H'He 3axBaTa BIIOJNHE OMMCHIBAIOT SKCIICPH-
MEHTaJIbHBIC TaHHbIE paboThI [186] mpu sHeprusx ke 0.5 MaB
U TpUBOIAT K BenuuuHe S - ¢axtopa mpu 10 k3B, xotopas pa-
3YMHO COIJIACYETCSl € 3KCTPANOJSALMEH 3TOro 3KCIEpUMEHTa K
HyneBoil sHeprun. CreayeT OTMETHTh, YTO HAIlM MPEABIAYIIHe
pacueTsl A 3Toro S - paxkropa mpuBoAWIH K BennuuHe 87 5B 6
[87]. Takoe oTaM4YHMe MOXKHO CBSI3aTh CO CBOMCTBAMM HCIOJIb30-
BAaHHOTO TOTEHITMAJIa JJISl CBSI3aHHOTO COCTOSIHUS, KOTOPBIM TO-
3BOJISUT OTPEIEIUTh DHEPTUIO CBSA3HM TOJIBKO C TOYHOCTHIO IO He-
CKOJIBKMX K3B [87].

Pesynbrarel pacuera actpodusnyeckoro S - dakropa pa-
nuarmonsoro "He'He 3axBata mpu sneprusix 10 15 k9B mokasa-
HBI Ha puc.9.5 HenpepbIBHOM JIMHUEH. DKCIIEpUMEHTANbHEIE aH-
HBIC B3ITH M3 paboT [189,190,191,192,193]. PacuerHnas xpuBas
mpu dHeprun Hwke 200 k3B gyurie Bcero coriacyercs ¢ pe3yiib-
tatamu [190,191], nonyyeHHBIMH B camoe MOCIEIHEE BpeMsl, U
YacTUYHO, ¢ AaHHBIMH paboTsl [193] mpu sHeprusx Hiwke 0.5
M>bB. st sueprun 20 k3B Hain pacder naeT BeIUYMHY S - (ak-
Topa 0.593 k3B-06.

J1a cpaBHEHUS MIPUBEAEM PE3yNbTaThl IKCTPATIOISIINA IKC-
MePUMEHTANBHBIX JaHHBIX K HyneBoi sHeprum: 0.54(9) xoB-0
[33], 0.550(12) x»B:0 [194], 0.595(18) x»B-6 [189], 0.560(17)
k3B-6 [190], 0.550(17) k3B-6 [191] u 0.567(18) x3B-6 [195]. B
kiacTepHon Monenu [183] ams storo S - pakropa OblIa HOIyUYCHA
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BennunHa (.56 x3B-0, a B MeTone pezoHupyromux rpynm [184]
Haiaeno 3uauenue 0.5(3) k3B-0.

0,65 ———— —————

*He(*He,y)'Be

0,60 |-

0,55 -

os0 | 1/2+3/2

0,45 -

0,40 -

S, kaB 6

0,35 |-
0,30 -
0,25 |-
0,20 - N\ B

0,15 |- B

10% E .MaB 10" 10°

um’

Puc.9.5. Actpodusuueckii S - haxrop “He'He 3axpara.
Touku — 3xcniepuMeHTaNIbHBIE nanHbIe [ 189], kBampatsl — [190], kpyxku —
[191], oTkpbIThIe KBampatsl — [192] u Tpeyronsaukn — [193]. Jluaum —
pe3yNIbTaThI pacuera ¢ nmapamerpamu noreHuaioB OC u3 ta6.9.2.

HenaBHo B pabote [181] Ha ocHOBe aHanm3a Pa3TUYHBIX
IKCTIEPUMEHTANLHBIX NaHHBIX moiaydeHo S(0) = 0.610(37) k»B-6
1 S(23 x3B) = 0.599(36) xk3B-0, 4TO XOPOIIO COTIIACYETCS C HaM-
JICHHOMH 371¢Ch BETUYNHOM.

Ecnu y4uThIBaTh TONBKO MEpPeXoiabl U3 S - BOJIH pacCesHUS
Ha OCHOBHOE U TIepBO€ BO30YKJEHHOE CBS3aHHBIE COCTOSHHS, TaK
K€ Kak B Ipenplayle saepHoi cucteme, To npu 20 k3B momy-
gaeM BenmunHy 0.587 k3B-0, KoTOpas Majgo OTIMYAETCS OT MPH-
BEJICHHOTO BbITIE 3HaUeHus. Pacuer S - ¢akropa, B 3TOM ciiydae,
MPEACTaBIICH Ha PHUC.9.5 MyHKTUPHOW JWUHUEH, KOTOpas OYCHb
MaJI0 OTJIMYAETCS OT MPEIBIAYIINX PE3yTbTaTOB, MONYYEHHBIX C
Y4eTOM IMepexoIoB u3 S - u D - BOJH.

Kak BumHO W3 pe3ynbTaToB, MOJYYSHHBIX B TIOCICIHEE Bpe-
Ms, 3HaueHHE S - (akTopa MPH HYJICBOW HEPTUHU MOXKET Haxo-
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mutbes B oonactu 0.54 + 0.61 x»B-0 1 Hala pacueTHas BeIMYMHA
nomnazaaeT B 3ToT nuamna3oH. @opma S - ¢dakTopa HpU SHEPTULX
amke 0.5 MaB BronHe coriacyercs ¢ TaHHBIMA paboTh [193], a
npu Oonee HU3KUX DJHEPrUsiX ONKCBHIBACT HOBBIC JIaHHbIE
[190,191]. OT™MeTuM, UTO HaLIU MPEABITYIINE PACUCTHI ‘He*He S
- ¢axrtopa npuBogunu k BenuuuHe 0.47 k9B-6 [87]. Otnmuue
9TON BEIMYUHBI OT HOBBIX PE3YJIBTATOB TAKXKE MOXKET OBITH CBS-
3aHO C HEJOCTaTKaMu IIOTEHIMajla OCHOBHOI'O COCTOSIHUS, HC-
MOJIb30BaHHOTO B padore [87].

*He(*H,y)’Li

Puc.9.6. Actpodusnuaeckuii S - paxrop “H*He 3axsara.
Touku — sKcTIepUMeHTANTbHBIE NaHHbIe [196], kpecTuku — [197] u KpyKKu
— [198]. UlTpuxoBas nuHMS — BKIaa £1 mporecca Ajis epexoia Ha oc-
HOBHOE COCTOsIHHE U3 P — BOJH paccesiHusi. HenpepbiBHas TUHUS — CYyM-
MapHbiid E1+E2 S — dakrop.

PesynbTatel pacuera S - dakropa “H'He 3axsaTa npusese-
HBI Ha prc.9.6 HEMpepHIBHOW JMHUCH, a BKIag £1 mepexona Iio-
Ka3aH LITPUXOBOM KpUBOH. DKCIIEPUMEHTAIbHBIE JAHHBIEC B3SIThI
u3 padot [196,197,198], npuuem, pe3ynbTaTsl ocieaneil padboTe
OTIPENIEIISUINCH U3 PUCYHKOB, MPUBEACHHBIX B 0030pe [33]. B 00-
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nactu 5 <+ 10 k3B mns momHOTO pacuerHoro S - gakropa, onpee-
msiemoro E1 u E2 mepexoamu, monydeHo 3nauenue 1.67(1) -107
9B:6 niu 1.67(1) 3B-MO0.

Brman ot E1 mepexona B 3TOH 001acTH 3HEPTUl OKazajcs
onpenenstonuM u paBHbIM 1.39(1) 3B-M06. O4ueBHIHO, UTO UMECH-
HO E1 mepexoa maeT OCHOBHOUM BKJIAN B acTpOPU3MUECKHid S -
(hakTop mpu HU3KHX PHeprusx. [IpuBeneHHple omuoOku S - (hak-
TOpa OMPEAENSAIOTCS yCPEAHEHHWEM M0 YKa3aHHOMY HWHTEpPBaly
sHepruil. B oTnuyme oT pacCMOTPEHHBIX BBIIIE CUCTEM, JaHHBIN
S - ¢akTop ocTaeTcs MPaKTHYSCKU IMOCTOSHHBIM B 3TOM MHTEPBa-
JIe SHEPrui.

Pe3ynprarel SKCTpamoisinuy SKCHEPUMEHTATBHBIX JTaHHBIX,
npuBeaeHHBIX B pabote [33], mpu 10 k3B mator Benmuuny 1.6(1)
3B-M0, KOTOpasi XOpOIIIO COTIACYeTCs C MOJIyYeHHBIM HAMH 3Ha-
yeHreMm. OTHAKO, €CIIH 3KCTPATIOIUPOBATH TOJIBKO JTaHHBIE pabo-
THI [198], KOTOpBIC BIIOJIHE AOIYCKAIOT JTMHEHHYIO 3KCTpPAITOJs-
A0, TO MOXKHO TOJIYYHTh CpeIHIO BeauumHy 13 3B-M0, 9TO
MOYTH Ha MOPSAOK BEIIIIE.

OTMmeTuM, 4TO HAIlIK MPEbIIyIUe pacyeTsl S - hakTopa pa-
nuarmonsoro “H*He 3axBata mpusoamu k Benmduue 1.5 3B-M6
[20]. HeOombmioe oTauYmMe OT TMONYYCHHOTO 31ECh 3HAYCHUS
1.67(1) 3B-M0 Taxke 00yCIOBICHO MPHOIMKEHHBIM XapaKTEpOM
HCIIOJIb30BAHHOTO paHee TMOTCHLHMANa CBSI3aHHOTO COCTOSHUA,
KOTOPBIH OBIT CITOCOOCH OIPEAeNATh DHEPTHIO CBSI3U TOIBKO C
TOYHOCTBEIO JIO HECKONBEKNX K3B [87].

B teopernueckux pacuerax pabotsl [177] mng S - pakropa
npu HyJeBOH 3Hepruu nonydeHo 1.2(1) 3B-m0, yTo cooTBeTCTBY-
€T acUMNTOTHYeCcKOM koHcTaHTe 3.06, a KOHCTAaHTa, U3BJICKaeMas
U3 DKCIICPUMEHTANBHBIX MaHHBIX [176,199] paBHa 2.96(14). On-
HAaKoO, MoJyyaeMas B 3THX pacueTax BETUUYMHA aCUMITOTHYECKOU
KOHCTAHTHI, Yepe3 KOTOPYIO BEIYHCISACTCS S - (haKTOp, HAXOAUTCS
B obnactu 2.1 + 3.5, B 3Ha4MT U S - PaKTOp MOKET UMETH 3HAUE-
HUS, OTJINYAIOIINECs TIOYTH B 2 pasa.

B pesynbprate, nMeromascss HEOJHO3HAYHOCTh AKCIIEPUMEH-
TaJbHBIX JAHHBIX U TEOPETUYECKUX PE3YyIbTAaTOB, HE MO3BOJISET
ceNaTh OKOHYATENBHBIC BBHIBOJABI O BenmuuHe S - (hakTopa pa-
nuarmonsoro “H*He 3axBara mpy HyIeBOii SHEpPrUH M €ro ImoBe-
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JICHUH B 00JIaCTH HU)KE PE30HAHCA.

TakuM 00pa3oM, Ha OCHOBE KJIACCU(PHUKAIIMK OPOUTATBHBIX
cocTosHUIM 10 cxemaMm FOHTa yhaercs MOCTPOUTHh HOTSHIIHAIIBI
B3aMMOJICHCTBHUS KJIACTEPOB, KOTOPBIC HEMOCPEICTBEHHO OIHCHI-
BAaIOT, KaK (ha3bl yIPyroro paccesiHus, TaK 1 OCHOBHBIE XapaKTe-
PUCTHKH CBS3aHHBIX COCTOSIHWH A7€p B COOTBETCTBYIOIIHUX KIIa-
CTEpHBIX KaHalaX. B otmuuume ot Oonee nerkux cuctem [59,109],
9TO OKa3bIBaeTCA BO3MOXKHBIM OJIarogapsi OTCYTCTBHIO CMEIINBa-
Hus cxeM FOHTa B CBS3aHHBIX COCTOSIHUSAX W OOJBINOI CTETIeHH
KIacTepH3allMi Takux saep B kmactepusie ~“He'He, *H'He wu
*H*He xanansi [20,163].

B pesynprare paccmaTprBaeMasi MOTEHIMAIbHAs KiacTep-
Hasi MOJICTIb TTO3BOJIICT OMKUCATh MOCIIEIHUE IKCIIEPUMEHTALHBIC
JlaHHBIE MO acTpodusmdyeckuM S - QakTopaM paauariOHHOTO
*He'He 1 *H'He 3axBaTa npy HU3KHX SHEPTHSX M JaeT HX 3Hade-
HUS TIPHU HYJIEBOW SHEPTUH, BIIOJHE COTIIACYIOIINECS, B Mpeaeiax
SKCIICPUMEHTAIBHBIX HEOJHO3HAYHOCTEH, C WUMECIOIIUMUCS 3KC-
MEPUMEHTAIBHBIMH JaHHBIMH.

Yro kacaercs “H*'He cucremb B siape 6Li, TO B HacTOSIIEe
BpeMms Juis actpodusmueckoro S - (akTopa paguanmoOHHOTO
’H'He 3axBaTa HET AOCTATOYHO TOYHBIX DKCIECPUMEHTATHHBIX
JMAaHHBIX TIPU HU3KHUX dHEprusix. OHU HYXHBI XOTS OBl B 00JIACTH
70 + 500 x3B, HO ¢ MeHBITUMH, YeM B pabote [198] ommdOramu.
[Tommydenue Takux JaHHBIX ITO3BOJIMT CAENATh OOJiee OmpereIeH-
HBIC BBIBOJIBI O (hopMe U BenmuuHe S - (pakTopa Nmpu Majnou u Hy-
neBoit suepruu [133].

9.5. BapuayuoHHasi 0eyxmeJsibHasi
npozpamma

Tenepb KpaTKO OCTAaHOBUMCS Ha ONMCAaHUU BapUal[MOHHOTO
METOJa M KOMIIBIOTEPHON MpOrpamMMmbl, MOCKOJIBKY MBI BCEr/a
NPUBOJMIN PE3YNbTaThl, IOIy4Y€HHbIE 3TUM crocoboM. boiee
JIETAIbHOE M3JI0KEHHE 3TOr0 METOAA MOYKHO HAaWTH B HAlEH pa-
6ote [24].

BonHoBble QyHKIMKM B MaTpUYHBIX 3JIEMEHTaX AJsi OCHOB-
HBIX U PE30HAHCHBIX COCTOSIHUI NpeCTaBUMBl B BUJE pa3JloiKe-
HUSI [I0 HEOPTOTOHATILHOMY TayccoBy Oasucy Buaa (2.9), koTopele
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HAXOZSTCS BapHUAIlMOHHBIM METOAOM JUIS CBSI3AHHBIX COCTOSHHHA
WIM ammpoKCHUMalluell TaycCOMaaMy YHCICHHBIX BOJHOBBIX
¢yHKuui pezoHaHcHBIX ypoBHeH [200].

s onpenencHust criekTpa COOCTBEHHBIX SHEPTHM U BOJHO-
BbIX (DYHKIIMH B CTaHJAPTHOM BapHAIIMOHHOM METOJIEe TIPU pas-
noxkeanr BO mo opToroHaasHOMY 0a3nCy pemiaeTcss MaTpHIHas
3a7a4a Ha cOOCTBeHHEIE 3HaueHus1 [201]

Z(Hij -EI; )C, =0 .

rae H — ciMMeTprudIHas MaTpHIla TaMIIIbTOHUAHA, | — ¢ IMHIIHAS
Matpuia, £ — coocTBenHble 3HaueHUS U C — COOCTBEHHBIE BEKTO-
pa 3amauu.

B nmanHom ciydae, mpu HEOPTOTOHAIBHOM 0a3uce rayccou,
MBI TIPUXOIUM K OO0OOIIEHHOW MaTpwdHOH 3amade tuma (2.13)
[202]. IIpu ucnons3oBanuu B® Buna (2.9) MOXKHO JIerK0 HaHTH
BEIPQXCHHS IS BCEX JBYXYACTUYHBIX MATPUUYHBIX JJIEMCHTOB
[202]

Hi=Ti+ Vi +<ilZZ/rj>+<il th(L+1)/2ur2Ij >,
No=[X GG LT,

2 —-nn o.o.2L+1D)(2L+3
T‘:_h_\/E(zL NI Loy - i( X ) ’

ij L+l L+1/2 2
2u 2 o o

Vi = I V(r) rP*exp(-our)dr

AL+
i 2L+2aiLj+3/2
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Z,Z, L

L+1
i

<ilZiZyrlj>=

>

200

2
<R LAY | > = JrQRL-1D)! L(L+ 1)k ’
2L+1 'L.+l/2

oy 2u

O =04+ 0 -

B cimyuae rayccoBa moTeHIMalia MEXKJIACTEPHOTO B3aUMO-
JercTBus BHAA (2.8) MaTpUYHBIN dJIEMEHT NoTeHIMana Vi onpe-
JIeNsIeTCS B aHAJTUTUIECKOM BUJIC

_ Jr@L+1!

.. 0
g 2L+2(a,‘j +B)L+3/2

rae B — mapamerp riiyOuHbI HOTEHIUATA.

IlpuBeneM Tenepb TEKCT KOMIIBIOTEPHON MPOTpaMMbl s
peanu3alyy 3TOro METOAa C HE3aBUCUMBIM BapbUPOBaHHUEM IIa-
pametpoB Ha si3bike Fortran - 90. Omucanue OonpIIMHCTBA OC-
HOBHBIX [1apaMETPOB M IOTEHLUAJIOB IPUBEAECHO B TEKCTE CaMOM
IPOTPaMMBI.

PROGRAM AL 3H__SOB

| BAPMALIMOHHAS TTIPOTPAMMA ITOMCKA DHEPTMU
ICBSI3U

USE MSIMSL

IMPLICIT REAL(S) (A-Z)

INTEGER LJ,K,LO,NV,NLNP,NF,LK

DIMENSION XP(0:100)

1, XPN(0:100)

IDIMENSION E2(0:100)

IDIMENSION FU(0:10240000)

DIMENSION C0(0:100),CWO0(0:100),CW(0:100)

I,ALA(0:100)

COMMON IA/
B44,B23,B11,B33,A11,PM,B55,522,544,C22,L0,S11,LK,RC,PL
C11,C33,B22
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COMMON /B/
T(0:100,0:100),VC(0:100,0:100),VN(0:100,0:100),VK(0:100,0:1
00),RN,RN1,F1(0:10240000)

COMMON /C/ EP,PNC,PVC,HC,EPP

COMMON /D/ AA(0:100,0:100)

COMMON /E/
AL1(0:100,0:100),C(0:100,0:100),B(0:100,0:100),AD(0:100,0:10
0),AL(0:100,0:100),Y(0:100),AN(0:100),D(0:100),X(0:100),SV(
0:100),H(0:100,0:100)

COMMON /G/ FF(0:10240000)

7.1=2.0D-000 ; | Macchl U 3aps/ipl KIacTepoB

Z2=1.0D-000

7=71+72

AM1=4.001506179127D-000; ! AL

AM?2=3.0155007134D-000; ! 3H

1AM2=3.0149322473D-000; ! 3HE

RO1=1.67D-000 ; | Pannycel knactepoB
R02=1.73D-000

RK11=1.67D-000 ; | Pammychl KimacTepoB
RK22=1.73D-000

AM=AMI1+AM?2 ; | BXxoaHbIe KOHCTAHTEI

PM=AMI1*AM2/AM
GK=3.44476D-002*Z1*Z2*PM
A11=20.7343D-000
A22=1.4399750D-000*Z1*72
P1=4.0D-000*ATAN(1.0D-000)

NF=1000 ;! Ywucmo miarop Bel4rciacHus pyHKIIAN
R00=25.0D-000

HFF=ROO0/NF ;! lar BerauciaeHus: QyHKIHH

NFF=NF/100

NP=10 ; | PasmepHOCTS Oa3uca

NI=1 ; | Uucno urepauuid

NV=0 ;! =0 - 6e3 MuauMH3aLMH, = | - ¢ MUHUMHU3ALHEHN I10
I3HEpTUN

EP=1.0D-015 ;! TouHOCTbH IOMCKa SHEPTUHN

EPP=1.0D-015 ;! TouHOCTb IOMCKA HYJISI IETEPMHUHAHTA
HC=0.001230D-000 ;! lar moucka HyJd AeTEepMHHAHTa
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PNC=-2.7D-000 ; | HiokHee 3Ha4YeHHWE SHEPTHH IS TOWCKA
'HyJIs1 AeTepMHUHAHTA
PVC=-0.0001D-000 ; ! BepxHee 3HaucHUE SHEPTUU ISl IOUCKA
'HyJIs AeTepMHUHAHTA
PHN=0.000123450D-000 ; | lllar w3MeHEHHUs TMapamMeTpoOB
lanbda
V0=-83.616808D-000;! RCU=3.095 R0=0.15747 E=-2.467000 -
ICW=3.92(2) RCH=2.46(1.67,1.73) RMAS=2.50
RN=0.15747D-000
LO=1
RC=3.095D-000
V1=0.0D-000
RN1=1.0D-000
| sseicisiiok HAYA JIBHBIE IIAPAMETPDBI AJIBMDA etk kestsokek
NPP=NP
OPEN (1,FILE='ALFA.DAT")
DO I=1,NPP
READ(1,*) LXP()
PRINT *,I,XP(I)
ENDDO
CLOSE(1)
PRINT *
C11=LO+1.50D-000
C22=L0+0.50D-000
PI=DSQRT(P1)
C33=L0O+1.0D-000
N11=2*LO+3
S44=1.0D-000
DO K=1,N11,2
S44=S44*K
ENDDO
LK=LO*LO
S11=S44/(2.0D-000*LO+3.0D-000)
S22=S11/(2.0D-000*LO+1.0D-000)
R1=1.0D-000
DO K=1,LO
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R1=RI1*K

ENDDO

B11=PI*S11/(2.0D-000**(L0O+2.0D-000))

B22=B11*V0

B23=B11*V1
B33=1.0D-000*LO*(LO+1.0D-000)*PI*S22/(2.0D-
000**(LO+1.0D-000))

B44=A22*R1/2.0D-000
B55=P1/(2.0D-000**(LO+1.0D-000))

| ##% [JOUCK ITAPAMETPOB B® 1 DHEPI'MI1 CBA3U ***
CALL VARMIN(PHN,NP,NLXP,EP,BIND,NV)

| ks JITEPHBIE XAPAKTEPUCTUKH *ktitssiokstioksx
PRINT *,' -- ENERGIES —M--'

PRINT */' E ="BIND

PRINT *,- - = - - e e mm e o - ALPHA --------------
DO I=1,NP

PRINT *,I,XP(I)

ENDDO

| ssksssksokskok sk COBCTBEHHBIE BEKTOPA stk sskokstesestotes
CALL SVV(BIND,NP,XP)

| skl HOPMUPOBKA BEKTOPOR stk sksskssksk
All11: DO I=1,NP

DO J=1,NP
AL(1,J)=P1*S11/(2.0D-000**(LO+2)*(XP(D)+XP(J))**C11)
ENDDO

ENDDO A111

S$=0.0D-000

B111: DO I=1,NP

DO J=1,NP

S=S+SVD)*SVI)*AL(LJ)

ENDDO

ENDDO B111

ANOR=1.0D-000/SQRT(S)

PRINT */' VECTORS '

DO I=1,NP

SV(I)=ANOR*SV(I)

PRINT *,I,SV(I)

ENDDO
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FFFF=0.0D-000

DO I=0,NF

R=HFF*I

$=0.0D-000

DO J=1,NP
RRR=R**2.0D-000*XP(J)
IF (RRR>50) GOTO 9182
S=S+SV(J)*EXP(-RRR)
9182 ENDDO
FR(I)=R**(LO+1)*S
ENDDO

IF (FFFF==0.0D-000) GOTO 246
PRINT 'R F(R)
DO 1=0,NF,NFF
R=I*HFF

PRINT *R

PRINT * FF(I)

ENDDO

246 CONTINUE

DO 1=0,NF

R=I*HFF

F1()=FF(I)**2

ENDDO

CALL SIM(F1,NF,HFF,SII)

PRINT *,' NOR =",SII

| skt ACHMITTOTUYECKUE KOHCTAHTBI ###k kst
SKS=(ABS(BIND)*PM/A11)
SS=SQRT(ABS(SKS))
SQQ=SQRT(2.*SS)
GGG=GK/SS
M 1=NF/4
M3=NF/20
M2=NF
PRINT*' R CO CWO0 CW
K=0
DO [=M1,M2,M3
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K=K+1
R=I*HFF

CALL ASIMP(R,SKS,GK,LO,L,CO1,CWO01,CW1)
CO(K)=C01

CWO(K)=CWO01

CW(K)=CW1

WRITE(*,1) R,C01,CWO01,CW1

ENDDO

1 FORMAT(3X,4(F10.5))

$S=0.0D-000

DO I=1,NP

DO J=1,NP
SS=SS+SV(D)*SV(I)/(XP(I)+XP(J))**(LO+2.5)
ENDDO

ENDDO

RR=PI*S44*SS/2.0D-000%*(LO+3)
RRR=SQRT(RR)
RCH=AM*R01#%2.0D-000/AM+AM2*R02%%2.0D-
000/AM+AM 1 *AM2*RR/AM**2
RZ=Z1/Z*RK11%%2 + 72/7Z+RK22%%2
(Z1*AM2#%2+72% AM1#%2)/ AM*+2)/Z)*RR
PRINT *;  RM =, RZ ="SQRT(RCH),SQRT(RZ)
PRINT *,' — ENERGIES — '

PRINT *, E ='BIND

PRINT */SAVE???

READ *

OPEN (1,FILE='ALFA DAT')

DO I=1,NP

WRITE(1,*) LXP(I)

ENDDO

CLOSE(1)

OPEN (1,FILE='SV.DAT)

DO I=1,NP

WRITE(1,*) LSV(I)

ENDDO

WRITE(1,*)
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WRITE(1,*) E =, BIND

CLOSE(1)

END

SUBROUTINE VARMIN(PHN,NP,NLXP,EP,AMIN,NV)
IMPLICIT REAL(8) (A-Z)
INTEGER LNV, NLNP,NN
DIMENSION XPN(0:100),XP(0:100)
DO I=1,NP

XPN(D)=XP(I)

ENDDO

NN=1

PH=PHN

CALL DETNUL(XPN,NP,ALAA)
BB=ALAA

IF (NV==0) GOTO 3012

Al111: DO IIN=1,NI

NN=0

GOTO 1119

1159 XPN(NN)=XPN(NN)-PH*XP(NN)
1119 NN=NN+1

IN=0

2229 A=BB
XPN(NN)=XPN(NN)+PH*XP(NN)
IF (XP(NN)<0.0D-000) GOTO 1159
IN=IN+1

CALL DETNUL(XPN,NP,ALAA)
BB=ALAA

PRINT * NN,XPN(NN),ALAA

IF (BB<A) GOTO 2229

C=A
XPN(NN)=XPN(NN)-PH*XP(NN)
IF (IN>1) GOTO 3339

PH=-PH

GOTO 5559

3339 IF (ABS(C-BB)<EP) GOTO 4449
PH=PH*0.50D-000

5559 BB=C
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GOTO 2229

4449 PH=PHN

IF (NN<NP) GOTO 1119

PH=PHN*1.0D-000

AMIN=BB

ENDDO Al11

3012 AMIN=BB

DO I=1,NP

XP(I)=XPN(I)

ENDDO

END

SUBROUTINE MAT(XP,NP)

IMPLICIT REAL(8) (A-Z)

INTEGER I,NP,NFF,LO,LK

DIMENSION XP(0:100)

COMMON IA/
B44,B23,B11,B33,A11,PM,B55,522,544,C22,L0,S11,LK,RCC,
PLC11,C33,B22

COMMON /B/
T(0:100,0:100),VC(0:100,0: 100), VN(0:100,0: 100), VK(0: 100,0: 1
00),RN,RN1,F1(0:10240000)

COMMON /F/
AL1(0:100,0:100),C(0:100,0:100),B(0:100,0:100),AD(0: 100,0: 10
0),AL(0:100,0:100),Y(0:100), AN(0:100),D(0: 100),X(0:100),SV(
0:100),H(0:100,0:100)

Al11: DO KK=1,NP

B111: DO JJ=1,NP

ALL=XP(KK)+XP(JJ)

T(KK,JT)=-B55%(LO*S11-LK*S22-
XP(KK)*XP(JT)*S44/ALL**2)/ALL**C22

SF=1.0D-000

SS1=1.0D-000

IF (RCC==0.0D-000) GOTO 7654

PF=RCC*DSQRT(ALL)

NFF=200

HF=PF/NFF

IF (PF>3.0D-000) GOTO 9765
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DO I=0,NFF

XX=HF*I

F1(I)=DEXP(-XX**2)

ENDDO

CALL SIM(F1,NFF,HF,SI)

SF=SI*#2.0D-000/PI

9765 ALR=DSQRT(ALL)*RCC

ALR2=ALR**2

EX=DEXP(-ALR2)

SS=PI*(9.0D-000* ALR-15.0D-000/(2.0D-000*ALR))*SF
SS1=(15.0D-000*EX+SS)/(8.0D-000*ALR?)

7654 VK(KK,JJ)=B44/ALL**C33*SS1
VN(KK,JJ)=B22/(ALL+RN)**C11
VN(KK,JJ)=VN(KK,JJ)+B23/(ALL+RN1)**C11
VC(KK.,JJ)=B33/ALL**C22

H(KK.JT)=(A11/PM)*(T(KK JD+VC(KK,JT)+VNEKK,JT)+VK(
KK.JT)

AL1(KK,JJ)=B11/ALL**C11

H(JJ,KK)=H(KK.J7)

AL1(JJ,KK)=AL1(KK.JJ)

ENDDO B111

ENDDO Al11

END

SUBROUTINE DETNUL(XP,NP,ALA)

IMPLICIT REAL(8) (A-Z)

INTEGER NP

COMMON /C/ EP,PNC,PVC,HC,EPP

DIMENSION XP(0:100)

| #sx TTOVCK HYJIST IETEPMUHAHTA 5 skttt
| — ®OPMUPOBAHUE MATPUIIbI
CALL MAT(XP,NP)

| — - TIOWCK HYJISI IETEPMUHAHTA
A2=PNC

B2=PNC+HC

CALL DETER(A2,D12,NP)

51 CALL DETER(B2,D11,NP)

IF (D12#D1150.0D-000) GOTO 4

44 A3=A2
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B3=B2

11 C3=(A3+B3)/2.0D-000

IF (ABS(A3-B3)<EPP) GOTO 151

CALL DETER(C3,F2,NP)

IF (D12%F2>0.0D-000) GOTO 14

B3=C3

D11=F2

GOTO 15

14 A3=C3

D12=F2

15 IF (ABS(F2)>EPP) GOTO 11

151 ALA=C3

GOTO 7

4 TF (ABS(D11*D12)<EPP) GOTO 44

A2=A2+HC

B2=B2+HC

D12=D11

IF (B2-PVC<0.010D-000) GOTO 51

7 END

SUBROUTINE DETER(ALL,DET,NP)

IMPLICIT REAL(8) (A-Z)

INTEGER NP,LJ

COMMON  /F/  ALI1(0:100,0:100),  C(0:100,0:100),
B(0:100,0:100),AD(0:100,0:100), AL(0: 100,0: 100),Y(0:100),
AN(0:100),D(0:100),X(0:100),SV(0:100),H(0: 100,0:100)
| ##xxx+BLIYUCIIEHUE JETEPMUHAHTA MATPHIIBI
skskoskokokok

DO I=1,NP

DO J=1,NP

AL(LJ)=(H(LJ)-ALL*AL1(LJ))

B(1,])=0.0D-000

C(1,J)=0.0D-000

ENDDO

ENDDO

CALL TRIAN(AL,B,C,DET,NP)

END

SUBROUTINE SVV(ALL,NP,XP)

IMPLICIT REAL(8) (A-Z)
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INTEGER NP,LJ.K
COMMON /F/
AL1(0:100,0:100),C(0:100,0:100),B(0:100,0:100),AD(0: 100,0: 10
0),AL(0:100,0:100),Y(0:100), AN(0:100),D(0: 100),X(0:100),SV(
0:100),H(0:100,0:100)

DIMENSION XP(0:100)

| ®OPMHUPOBAHUE MATPUIILI
CALL MAT(XP,NP)

| — - TIOJATOTOBKA MATPHUIII — -

DO I=1, NP

DO J=1, NP

AL(L))=(H(LJ)-ALL*AL1(LJ))

B(1,])=0.0D-000

C(1,J)=0.0D-000

ENDDO

ENDDO

DO I=1, NP-1

DO J=1, NP-1

AD(LJ)=AL(LJ)

ENDDO

ENDDO

DO I=1,NP-1

D(I)=-AL(LNP)

ENDDO

NP=NP-1

CALL TRIAN(AD,B,C,DET,NP)

[ BBIYMCJIEHUE BEKTOPOB - - - - - - - - - - - oo oo -
Y(1)=D(1)/B(1,1)

DO =2, NP

$=0.0D-000

DO K=1, I-1

S=S+B(LK)*Y(K)

ENDDO

Y(D=(D)-S)/B(L])

ENDDO

X(NP)=Y(NP)

DO I=NP-1,1,-1
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$=0.0D-000
DO K=I+1,NP

S=S+C(LK)*X(K)

ENDDO

X(D=Y(D-S

ENDDO

DO I=1, NP

SV(D=X(I)

ENDDO

NP=NP+1

SV(NP)=1

$=0.0D-000

DO I=1, NP

S=S+SV(I)**2

ENDDO

DO I=1, NP

SV(D=SV(I)/SQRT(S)

ENDDO

| — BBIYMCJIEHUE HEBSI30K

DO I=1, NP

$=0.0D-000

$S=0.0D-000

DO J=1, NP

S=S+H(L])*SV(J)
SS=SS+ALL*ALI(LJ)*SV(J)

ENDDO

AN(D=S-SS

ENDDO

PRINT *, H*SV-LA*L*SV=0'
DO I=1, NP

PRINT *LAN(I)

ENDDO

END

SUBROUTINE TRIAN(AD,B,C,DET,NP)
IMPLICIT REAL(S) (A-Z)

INTEGER NP,LJ

COMMON /D/ AA(0:100,0:100)
DIMENSION B(0:100,0:100),C(0:100,0: 100),AD(0:100,0:100)
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| PA3JIO)KEHUE MATPULIBI HA TPEYTOJILHBIE AD=B*C
DO I=1,NP
C(L,I)=1.0D-000
B(I,1)=AD(I,1)
C(1,D=AD(1,I)/B(1,1)
ENDDO
DO I=2, NP
DO J=2, NP
$=0.0D-000
IF (J>I) GOTO 551
DO K=1,I-1
S=S+B(LK)*C(K,J)
ENDDO
B(L1)=AD(LJ)-S
GOTO 552
551 S=0.0D-000
DO K=1, I-1
S=S+B(LK)*C(K,J)
ENDDO
C(LY)=(AD(J)-S)/B(LI)
552 ENDDO
ENDDO
S=1.0D-000
DO K=1, NP
S=S*B(K,K)
ENDDO
DET=S
[ BBIUYMCJIEHUE HEBSI3OK - - -« < -~ == c oo oo -
GOTO 578
$S=0.0D-000
DO I=1, NP
DO J=1, NP
$=0.0D-000
DO K=1, NP
S=S+B(LK)*C(K.J)
ENDDO
AA(LY)=S-AD(LJ)
SS=SS+AA(LJ)
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ENDDO

ENDDO

PRINT *,' N=AD-B*C=0
DO I=1, NP

DO J=1, NP

PRINT * AD(LJ),AA(LJ)

ENDDO

ENDDO

578 END

SUBROUTINE WW(SK,L,GK,R,WH)
IMPLICIT REAL(8) (A-Z)

INTEGER LL,NN

DIMENSION F(0:1000000)
SS=DSQRT(ABS(SK))

AA=GK/SS

BB=L

77=1.0D-000+AA+BB
GAM=DGAMMA (ZZ)

RR=R

CC=2.0D-000*RR*SS

NN=30000

HH=0.001D-000

DO 1=0, NN

TT=HH*I
F()=TT**(AA+BB)*(1.0D-000+TT/CC)**(BB-AA)*DEXP(-
TT)

ENDDO

CALL SIM(F,NN,HH,SI)
WH=SI*DEXP(-CC/2.0D-000)/(CC**AA*GAM)
END

SUBROUTINE SIM(V,N,H,SI)
IMPLICIT REAL(8) (A-Z)

INTEGER LJ,N

DIMENSION V(0:10240000)
A=0.0D-000

B=0.0D-000

336



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

DO I=1,N-1,2

B=B+V(I)

ENDDO

DO J=2,N-2,2

A=A+V({)

ENDDO

SI=H*(V(0)+V(N)+2.0D-000* A+4.0D-000*B)/3.0D-000
END

SUBROUTINE ASIMP(R,SK,GK,L,N,C0,CW0,CW)
IMPLICIT REAL(8) (A-Z)

INTEGER L,N

COMMON /G/ FF(0:10240000)

| kgt ACUMIITOTUYECKAS KOHCTAHTA #kkskstsdosk
SS=SQRT(ABS(SK))

SQ=SQRT(2.0D-000*SS)

GG=GK/SS

CALL WW(SK,L,GK,R,WWW)
CW=FF(N)/WWW/SQ

CO=FF(N)/(EXP(-SS*R)*SQ)
CW0=C0*(R*SS*2.0D-000)**GG

END

Tenepb AaavM KOHTPOJIBHBIM CYET MO ATOW mporpamme s
“He’H cHCTEMBI ¢ TEMH e 3HAYCHHS BAPHAIIMOHHBIX 1aPaMETPOB
[3, KoTOpbIe pUBECHBI BBIIIE B Ta0II. 9.4 .

BETTA
6.567905679421632E-001
1.849427298619411E-002
1.729324040753008E-001
4.173925751998056E-002
8.818471551829664E-002
4.503350223878621E-001
9.210585557350788E-001
2.000570770210328
2.925234985697186
10 3.981951253509630

O 0O W Wi =
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H*SV-LA*L*SV=0
1.443289932012704E-015
2.842170943040401E-014
3.019806626980426E-014
4.973799150320701E-014
2.486899575160351E-014
2.831068712794149E-015
1.887379141862766E-015
4.718447854656915E-016
2.775557561562891E-016
10 3.122793690302217E-012

O 01NN B~ W~

VECTORS

1 4.270672897023774E-001
2 -6.326508827916876E-004
3 -2.047665503209801E-001
4 -1.032337189382823E-002
5 -6.301223045637849E-002
6 6.962475100484991E-001
7 2.076348108196292E-002
8 1.488689730498523E-003
9 -1.124701190142763E-003
10 3.797299221855067E-004
N = 9.999999999917769E-001

R Co Cwo Cy
6.25000 -3.17695 -5.00114 -3.91393
7.50000 -2.92688 -4.83283 -3.91798
8.75000 -2.73971 -4.71016 -3.92041
10.00000 -2.59384 -4.61811 -3.92311
11.25000 -2.46513 -4.52645 -3.90849
12.50000 -2.36455 -4.46326 -3.90566
13.75000 -2.30063 -4.45237 -3.93964
15.00000 -2.24363 -4.44216 -3.96770
16.25000 -2.14262 -4.33204 -3.90062
17.50000 -1.96194 -4.04448 -3.66720
18.75000 -1.70026 -3.56895 -3.25584
20.00000 -1.38590 -2.95868 -2.71369
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21.25000 -1.06010 -2.29936 -2.11909
22.50000 -.76060 -1.67464 -1.54998
23.75000 -.51202 -1.14341 -1.06238
25.00000 -.32355 -.73229 -.68278

RM=, RZ = 250, 246

ENERGY
E =-2.466997950

31ech TPUBOIATCS HECKOJIBKO APYTHE 3HAYCHHUS COOCTBEH-
HBIX BEKTOPOB, YeM OBUIO NaHO B Ta0y.9.4, 4TO CBS3aHO C WC-
MOJIb30BaHUEM JPYTOH TOYHOCTH PACUYETOB U PEabHO HE CKa3bl-
BaeTcsa Ha Gopme BD, 4TO BHIHO U3 BENUYMHBI €€ HOPMHUPOBKH
N.
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10. PEAKLNS
PAOUALIMOHHOIO “He'?C
3AXBATA

Reaction of the “He'’C radiative capture

BeedeHue

Ilepeiinem Teneps K pacCCMOTPEHHIO MIPOIecca paAHaiOHHO-
ro 3axsata "“C(*He,y)'°0, koTopblif, Hapsiay C TPOHHBIM Telie-
BBIM 3aXBaTOM, IPUCYTCTBYET B ILIEMIOYKE TEPMOSICPHBIX pEak-
Ui Ha TOpsSYeH CTaauM pa3BUTHS 3BE3l, KOTJa TeMIieparypa
BHYTPH 3BE3JIbI COCTaBISAET COTHU MUJLTHOHOB TpaaycoB Kenbpu-
Ha [203]. Ilpu Takoi BBICOKOW TeMIIepaType B3aUMOJCHCTBYIO-
M€ YaCTUIBI UMCIOT JOCTATOYHYIO SHEPTHUIO JJIs CYIICCTBEHHO-
T0 YBEIMYCHUS BEPOSATHOCTHU IMPOXOXKIACHUS Uepe3 KyJIOHOBCKHMA
Oappep B 00JIaCTh CHJIBHOTO B3aWMMOJIICHCTBUSA, a, 3HAYUT, IS
YBEJIMYEHUS BKJIaJla TAKOW PEakIMu B MOJHBIA IHEPTETUUECKUN
OaJiaHC 3BE3/IBI.

PaccmatpuBaemasi peakiusi MpUBOAUT K OOpa3oOBaHUIO CTa-
6uIBHOTO sIpa '°O, KOTOPOE ABIACTCSA MPOMEKYTOUHEIM 3BEHOM
B mporiecce 00pa3oBaHus 00JIEe TSHKENBIX 3JIEMEHTOB, HAIPUMED,
C TIOMOIIBIO PEAKITHIA 16O(“He,y)zoNe u 20Ne(“He,q()z“Mg A T.J.
[2,119]. [loaToMy 3HaHHE CEYEHMS TOM peakLMu U €ro 3aBHUCH-
MOCTHU OT SHEPTHUH SBISIETCS BAXXHBIM IS IACPHON acTPOPUUKH.
OpHako ATUTENbHOE BpeMs CYIIECTBOBAJIHM OOJBINNE HEOMpere-
JNIEHHOCTH B TOYHOM ompejeneHun ckopoct peakimu ~C(‘He,
7)'°0, ¥ TONBKO CPABHUTEIBHO HEJABHO MOSBHIIUCH HOBBIE KC-
MIepUMEHTAIBHBIC JTaHHBIE B oOmactu »Hepruit 1.9 + 4.9 Mb»aB
[204], koTOpble HMEIOT BBICOKYI0 TOYHOCTH M, IO-BUIUMOMY,
YCTPaAHSIOT OOJBIIYIO YacTh 3THX HEOMPEISICHHOCTEH.

Brauane, B naHHO# ri1aBe, OyAyT NpHBENEHBI PE3yJIbTATHI,
BBIOJTHEHHOTO Hamu (asoBoro aHanmsa ympyroro ‘He'’C pac-
CeSHUS TIPU HU3KUX DHEPTUAX. 37€Ch MOXHO OTMETHUTh, YTO B
PasHBIX SAEPHBIX CHCTEMax, B 3aBUCHMOCTH OT DHEPTHHU CTaJKH-
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BAIOIIUXCA YaCTHII, YHCIIO MMapaMeTPOB BO3HUKAIOIIEH TP 3TOM
MHOTOIIapaMEeTPUUISCKON BapUAITMOHHOW 3aJa4yu I MMOoucKa das
YIOPYTOTO paccestHusI MOXKeT KoyredaTsest oT 1 + 2 mo 20 + 40 [89,
205].

Hanee, mo HaliJeHHBIM (a3aM YOpPyroro paccesHusi, OymyT
noctpoens! notenmmansl “He'’C B3amMozeiicTBHs B HeHpepbiB-
HOM CIIEKTpE, TMTO3BOJIAIONINE PABUIHHO ONMHCHIBATH MOTyYEHHBIC
¢azel paccesnus. Taxoke OyAyT ompeneneHbl MOTEHIHANbBI, Mpa-
BUJIBHO BOCTIPOM3BOJSIINE YHEPTUH CBA3aHHBIX COCTOSHUI sipa
%0 B mpeanonoxennn, uro onn odycmosnenst ‘He'’C kmactep-
HOU KoH(urypanuu. M B uTore, B MOTEHUUAIBHON KIACTEPHOU
MoJenu OyaeT uccieoBaHa BO3MOKHOCTh ONMCAaHUs acTpodu3u-
deckoro S - (aKTopa peaKiuu pagualHoHHOro 3axBara ‘He'’C
MIPU MaJIBIX SHEPTHIX.

10.1 QugbhepeHyuanbHble ceYeHus!
B CJIydac ynpyroro pacCeaHus HCTOXACCTBCHHBIX YaCTUILI C
HYJICBBIM CITMHOM BBIPAXXCHHUC IJI CCUCHU IIPUHUMACT HaI/I60J'Iee

npocTtoit Bu [45]

do(0)
dQ

=|f(9)|2, (10.1)

I7ie TIOJHAas aMIUIMTyAa paccesHus f(0) mpexacrtaBnseTrcs B BUAC
CYMMBI KyJIOHOBCKOH f,(0) 1 ssnepHO# f(0) ammuty

f(8) =/8) + fu(6) ,
KOTOPBIC BBIPXKAIOTCS yepes simepHbie (O — O+ iAL) U Kyio-
HOBcKHE (Gp) (a3bl paccesHus, a BUA STHX aMIUIATY IPUBEICH B

1. 5. JIJIsS TIOJTHOTO CeYeHHUs yIpyroro paccesaus mpH f. = 0 Oy-
JIeM UMETh

G =k—n22[(2L+1)(|1—SL|2)J =%Z(2L+1)nismzq
L L
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CyMMHpOBaHHE B 3TOM BBIPQKCHHH BBITIONHACTCS IO BCEM
BO3MOXXHBIM L U MPOBOAUTCS 10 HEKOTOPOTO Lp.x, KOTOPOE B 3a-
BHCHMOCTH OT SHEPTHH O YACTHUI] MOXKET IIPHHUMATH 3HAYCHHS OT
1+3105+6.

10.2 ®aszoebill aHanus

[IpuBenem pe3ynbraThl (Ha30BOro aHaIn3a, MOIyUYEHHbIE IS
*He'*C ympyroro paccesust B o6macte ot 1.5 MaB 10 6.5 M»B.
Panee ¢a3zoBblit ananu3 auddepeHnanbHbIX cedeHuil Ipy SHep-
rusx 2.5 + 5 M»sB 6bu1 npoBeneH B pabote [206]. IloTeHnmans-
HOE ONMCaHHe TakuxX (a3 paccessHUsS HA OCHOBE MOTCHLHUAJIOB C
3alpeLIeHHBIMU COCTOSHUSIMU OBUIO BBIIIOJHEHO HaMH B paboTe
[207]. 3meck, UCTIONB3YS SKCIIEPUMEHTANbHBIE TaHHbIE MO (YHK-
oUsIM BO30YXKICHMsI NpU ceMH yriax u3 [206], MBI MOBTOpWIH
¢azoBbrit ananu3 [206] B obxactu suepruii 2.5 + 4.5 MbsB, koTto-
PBIi MOKHO paccMaTpUBaTh, KaK KOHTPOJBHBIM TECT JUIs Hamei
KOMITBIOTEPHOW HPOrpaMMbl M MCIOJIb30BAHHBIX HAMU METOJIOB
pacuera.

3aMeTnM, 4TO U3MepeHHe (QYHKIUH BO30YKICHUS NPH Ta-
KOM HEOOJBIIOM KOJMYECTBE TOUYEK IO YIJaM HEAOCTaTO4HO,
9TO0BI C XOpOIIEH TOYHOCTHIO BOCHPOM3BECTH (HOpMY YTIIOBBIX
pacnpeneneHuil [axe Mpu HU3KUX 3HEpruax. Bo3moxHo, mosTo-
My, (ha30BBIi aHANIN3 HE TO3BOJISET MOIYYHUTh ITOJHOCTHIO OJIHO-
3HaYHbBIC 3HAUYCHMSI (ha3 paccestHus, 0COOCHHO I S - BOJHEI, He-
CMOTpSI Ha TO, YTO B KayecTBE HAYalbHBIX (a3 MpHU BapbHPOBa-
HUH [24] ObUIM UCTIONB30BAaHBl M3BECTHBIE PE3YIbTATHl (Pa30BOT0
a”anuza [206].

PesynpraTer Hamiero ananmsa mpuBeneHbl Ha puc.10.1 +
puc.10.5, a Ha puc.10.1 MOKA3aHBI 3HAYCHHS CPETHETO ) , KOTO-
pble IONy4YeHbl I Pa3INyHbIX dHEprui paccesHus. Kak BuaHO
U3 9THX PUCYHKOB, S - (pa3a HECKONBKO OTJIMYAETCS OT AaHHBIX
pab6otsr [206], a }a3bl BO BCeX OCTAIBHBIX MapIHATBLHBIX BOJHAX
BIIOJIHE COIVIACYIOTCSI C 3TUMHM pesyipTatamu. Ilockonbky, maH-
HbIE MO (QYHKITHSIM BO30YKIECHHUA Opaauch HaAMHU W3 PHUCYHKOB
pabotsl [206], Bo3MOkHasE omMOKa B HamieMm (a3oBOM aHAIIU3E,
3aBUCSIAs OT TOYHOCTH JAHHBIX MO CEUEHHUSIM, MOXKET COCTaB-
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JSTH IpUMEPHO 2° + 3°, 4TO BMOJIHE CIIOCOOHO OOBSACHUTH pac-
XOXJIEHHE B pe3yabTaTax ajs S - gassl.

5, rpan.

251

30 ! ! ! L L

P - haza

3§, rpaa.

2,0 25 3,0 35 40 45 50

Puc.10.1. S - ¢paza ynpyroro
*He'’C paccesnms.
KpuBbie — mannbie paboTsr [206].
Touku — HaIK PE3yITBTATHI, TONY-
YyeHHbIE HAa OCHOBE MaHHBIX [206].

Puc.10.2. P - daza ynpyroro
*He'’C paccesnmus.
O6o3Hauenus, kak Ha puc.10.1.

200 T T T T T
180 g
160 D - chaza 4
140 - -
120 - ]
o 100 | -
@
2 s B
< sl B
40 4
20 -
of . 4
20 L L L L L

20 F - hasa 1

Enaﬁ’
Puc.10.3. D - ¢a3a ynpyroro
*He'’C paccesnmus.
O6o03nauenus, kak Ha puc.10.1.

Puc.10.4. F - daza ynpyroro
*He'’C paccesnmus.
O6o3nauenus, kak Ha puc.10.1.

Haiee, B pabote [208], ObLI BBIMOIHEH OYEHb aKKypaTHBII
(ha30BEIN aHAIN3 PKCIEPUMEHTANLHBIX JAaHHBIX TpU 49 sHEeprusix
B obmactu ot 1.5 1o 6.5 M»B. Hcnonb3ys 3Tu AaHHEIE, MBI TIPO-
BeJIM CBOM (ha30BbIi aHamM3 mpH sHeprusx 1.466, 1.973, 2.073,
2.870, 3.371, 4.851, 5.799 u 6.458 M»aB. Pe3ynbrarsl, moydeH-

343



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

HBIE B HalleM aHaju3e, npenctasieHsl B Ta0m.10.1 + 1a6m.10.8
BMeCTE CO CPETHHMM 3HAYCHHUSAMHE )~ B CPABHEHHH C TAGTHIHBIMU
JaHHbIMU paboTel [208]. B Ta61.10.9 nokazan criekTp pe3oHaHC-
HBIX YpOBHeH, HabmomaeMbix B ynpyroM 'He'’C paccesnun

[209].

200

180 -
160 |- G- dasa

140 |
120 -
o 100
& wf
< el
40
20
ot .

20 L L L L L
2,0 25 3,0 35 40 45 50

E . MoB

Ta6:m.10.1. Pesynbrats! azoBoro
anammsa ‘He'>C ympyroro paccesi-
HHS M UX CPaBHEHHE C JAHHBIMHU
pab6oTtsr [208] mpu sHepruu 1.466

Puc.10.5. G - daza ynpyroro
*He'’C paccesmus.
O6o03Hnauenus, kak Ha puc.10.1.

Ta6:1.10.2. PesynbTats! GazoBoro
anammsa ‘He'“C ympyroro pac-
CesIHUSI U MX CPaBHEHHUE C IAaHHBI-
mu padoTsl [208] mpu sHEpTUN

MbsB. 1.973 M»sB.
E,.6 = 1.466 MoB (3* = 0.055) E,.6 = 1.973 MoB (3% = 0.077)
L | & (Haw) 8" [208] L | & (Haw) 8" [208]
0 0.2 0.5%1.0 0 2.6 -0.5%1.0
1 0.4 -0.1£1.0 1 0.0 0.9%1.7
2 1.1 -0.8+1.0 2 1.2 0.1£1.3

Ta6:m.10.3. Pe3ynbrats! azoBoro
anammsa ‘He'’C YIIPYroro pacces-
HUS U UX CpaBHEHHE C TaHHBIMHI
pab6oTtsr [208] mipu sHeprum 2.073

Ta6:1.10.4. PesynbTats! a3zoBoro
anammsa ‘He'’C YIPYroro pac-
CEesTHHA U MX CPaBHECHHE C JAHHBI-
Mu padoTsl [208] mpu sHEPTHN

MbsB. 2.870 MaB.
E,6 = 2.073 MaB (3° = 0.029) E,.6=2.87 MaB (x* = 0.038)
L | & (Haw) 8" [208] L | & (Haw) 5" [208]
0 1.2 040.8 0 3.1 2.1%1.1
1 0.1 0.1£1.2 1 21.3 22.042.1
2 1.1 -0.610.9 2 0.0 0.440.9
3 0.5 1.0£0.5
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U3 npuBeseHHBIX TabmuI BHAHO, yTo sHeprus “He'’C pac-
cessaus 3.371 MaB npuxoautcs Ha ypoBeHb 3.324 M»aB ¢ mupu-
Hoit 480120 xk3B. XoTs B Tabiumax padotsl [208] He mpUBOAUTCS
(daza g S - BonHbl (mpouepku B Ta0/1.10.5) mpu 3TOM SHEPIrHH,
Hamr (a30BbI aHAJM3 Ha OCHOBE JNEHWCTBUTENLHBIX (pa3 pacces-
HUSI TIO3BOJISICT OMPENENUTh 3Ty a3y, KOTopas IMpHBEJCHA B
1261.10.5 ¢ %> = 0.31 pu 10% ommOKkax ompeeneHns SKCIepH-
MEHTAJIbHBIX TaHHBIX M3 pUCYHKa paboThl [208].

Ta6:m.10.5. Pesynprate! pasoBoro  Tab.10.6. Pesynbrats! dazoBoro

anammsa “He'>C ympyroro paccesi- anammsa “He'°C ynpyroro pac-
HUS ¥ UX CpaBHEHUE C TAaHHBIMHU CESIHUSI U X CPaBHEHHUE C JIaHHBI-
pab6oTsr [208] ipu sHEeprun 3.371 mu padoTsl [208] mpu sHEPTHN

MbB. 4.851 M»>B.

E,6=3.371 MaB (x> =0.31) E,6=4.851 MaB (3> = 0.26)

L | & (Ham) 8" [208] L | & (Ham) 8" [208]

0 169.4 - 0 164.2 164+1.1
1 103.4 103.71.7 1 128.4 129.5+0.9
2 -1.7 0.0£0.7 2 177.1 178.840.9
3 0.2 0.840.6 3 15.5 16.4140.8
4 176.9 177.240.8

5 0.3 0.5+0.5

Ta6:.10.7. Pesynbratel pazoBoro  Ta6im.10.8. Pesynbratsl dpazoBoro

anammsa “He'>C ympyroro paccesi- anammsa “He'°C ynpyroro pac-
HUS U UX CPaBHEHHE C JaHHBIMU CesIHMA U UX CPaBHEHUE C JaHHBI-
pa6ots! [208] npu sreprum 5.799 MU paboTs! [208] mpu sHeprun

M>sB. 6.458 MaB.

E,6 = 5.799 MaB (3> = 0.37) E,.c = 6.458 MoB (x> = 0.41)
L | Red’(Hau) | Red’[208] L | & (Ham) 8" [208]
0 162.2 - 0 151.2 153+2.5

1 128.2 - 1 115.8 119.442.1

2 83.2 82.340.6 2 172.2 172.241.9

3 86.0 - 3 120.8 122.0£2.4

4 173.8 175.340.7 4 176.4 179.1+1.2
5 -1.0 0.2+0.4 5 0.8 2.240.8
6 0.1 0.4+0.4
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Ta6:m.10.9. Criextp yposHeii siapa '°O B ynpyrom ‘He'*C
paccessann ¢ uzoctuHoM 1 = 0 [209].
3nech J* — MOJIHBIA MOMEHT M YE€THOCTD, E,,5 — SHEPrus
HaJIeTaIoNIeH O - yacTuIlel, [, — MmMpuHa ypoBHSL.

E,.c. MoB J* I, KB
3.324 I 480120
3.5770x0.5 2" 0.625%0.1
4.259 4* 2713
5.24518 4" 0.28%0.05
5.47 0" 2500
5.809£18 2" 7315
5.92+20 3 800+100
6.518%10 0" 1.510.5
7.04314 I 99+7

T
140 “He'’e

P - cbasa

8., rpag.

-40 TP PO U R U TP S PO S SO S T S T TP TP TP S TP SV
10 15 20 25 30 85 40 45 50 55 60 65 70 75 10 15 20 25 30 35 40 45 50 55 60 65 7.0

E s MaB E_ MaB
Puc.10.6. S - dpaza ynpyroro Puc.10.7. P - ¢aza ynpyroro
*He'’C paccesmus. *He"’C paccestus.
KBanpats! — qaHHbIC PaOOTHI 0O6o3HaueHus, kak Ha puc.10.6.

[206]. Touku — HamK pe3yabTaThI
[210], mosrydeHHbIe HA OCHOBE
nauHbIX [208]. Kpubie — pe3yib-
TaThl PACYETOB C HAWICHHBIMH
MOTEHIIUAIAMH.

Oueprus 5.799 MbB npuxomutrcs Ha ypoBeHb 5.809%18
M>5B u B Tabauuax paboter [208] He npuBoaSTCA 3HAUYECHUS (a3
paccesHusl Ui HEKOTOPBIX MNapUUalbHBIX BOJH (IPOYEPKH B
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1a011.10.7). B Hamem (pa30BOM aHaiinM3e BIOJHE yIaceTCs ONMUCATh
T depeHInaNbHbIe CEUCHHS PACCEeSHUS CO CPETHUM 3HAYCHUEM
x* = 0.37 u HaifTi BCe MapUHatbHbIe (asbl.

Hpyrue, uepeszonancHsle sHeprum (2.870, 4.851 m 6.458
Mb5B), omuckiBatoTcs (pazamu, KOTOPBIE COBMAJIAIOT C JAHHBIMH
paboTtsl [208] B mpenenax NpUBEACHHBIX B HEH OMIMOOK ompe/ie-
neHust (a3, ¥ ¢ y4eToM BO3MOKHBIX 10% oOIIMOOK HaIero ompe-
JICTICHUST JKCICPUMCHTAIBHBIX JaHHBIX M3 PUCYHKOB pPa0OTHI
[208]. Tlocnennue Tpu sHepruun 1.466, 1.973 u 2.073 M5B, no
CYTH, COBMECTUMBI C HYJICBBIMU 3HAYCHUSIMH SIICPHBIX (a3 u co-
OTBETCTBYIOT YHCTO KYJIOHOBCKOMY, T.€. pe3eppopaoBckoMy pac-
CESTHHIO.

‘He'"“C

102 b F - dasa i

3, rpag.

ol v e B S S S T S S S ST S R S
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 00 05 10 15 20 25 30 35 40 45 50 55 60 65 70

E.. MoB E.. MoB
Puc.10.8. D - da3a ynpyroro Puc.10.9. F - ¢aza ynpyroro
*He'?C paccestms. *He'’C paccestms.
O6o3Hauenus, kak Ha puc.10.6. O6o3Hauenus, kak Ha puc.10.6.

00 [

180 - p
160 |- G- dasa 4
140 [ -

ok ] Pnc.10.10. G - ¢aza ynpyroro
o 1ol ] *He'’C paccesnmus.

g o 1 O6o3Hauenus, kak Ha puc.10.6.
“ 60
40 - -
20 - -

of i

) HEP T SO TP SO TAPU SO TPU ST S AP S P
00 05 10 1.5 20 25 30 35 40 45 50 55 60 65 7.0

E . MoB

Hebonpmme otnuuns B pazax paccesHUsI MOTYT OBITH 00Y-
CJIOBJICHBI Pa3TUYHBIMU 3HAUCHUSAMH KOHCTAHT WJIM MacC YacTHIl,
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KOTOpBIE HMCIOJB3YIOTCS B TaKOM aHammie. Hampumep, MOXHO
HCIIOJB30BaTh TOYHBIC 3HAYEHHS Macc dacTull [35] uim ke ux

IeIIbIe BETMYMHBI, & KOHCTAaHTA 7i° /M MOXeT ObITh NpPHHSTA
paBHO#i, Hampumep, 41.47 mwmm Gonee Touno 41.4686 MaB-dm’.
Kpome toro, Tounocts onpeaenenust ¢gas, B mpoBeAEHHOM (a3o0-
BOM aHaju3e, Ha OocHOBe JaHHBIX [208] olleHMBaeTCs HaMHM Ha
ypoBHE 1°+2°.

Ha puc.10.6 + puc.10.10 mpuBeneHo cCpaBHEHUE pe3yJbTa-
TOB Hamero ¢aszoBoro aHanuza [210], mogy4eHHOr0 Ha OCHOBE
IKCTIICPUMEHTAIBHBIX JaHHBIX PaboThl [208] (Toukm) 1 (ha3zoBoro
aHanmu3a pabotel [206] (xBazpatel). Kak BUAHO U3 MpUBEAECHHBIX
B Ta61.10.1 + 1a6:1.10.8 m puc.10.6 + puc.10.10 pe3ynbraros,
MOJTyYeHHbIE HaMU (pa3bl MPAKTUYECKHU COBIAJAIOT C pe3yJibTaTa-
MU paboThl [208], HO HECKOIBKO OTIWYAIOTCS OT AaHHBIX [206],
0COOCHHO B S - BOJTHE PACCESHHUS.

10.3 OnucaHue ¢ha3 paccesiHusi
8 nomeHyuanbHoll Mmodesnu

[Ipexxge, dem MepexoauTh K IOCTPOCHHIO MOTEHITHAIIOB
B3aMMOJICWCTBHUS, PACCMOTPUM KiIacCU(UKANNI0 OpOUTATBHBIX
cocrosumii *He'’C cucremsr, KOTOpas MO3BOJISIET ONPENEIIUTH
obmee xomuyectBo 3C B S - BomHOBOM moTeHuuaine. [lomxyden-
HBIE B pe3yJibTaTe MOTEHIHAIbI MOYKHO HCIOIB30BAaTh B Jajb-
HEHIIeM ISl pacyeToB acTpoPu3nveckux S - GakTopoB, HAIMPH-
Mep, peaKIiy 3aXBaTa 12C(“He,’y)léo [33].

Bo3moxxnbie opOuTanbHbie cXeMbl HOHTa CHUCTEMBI *He"*C
omnpenensatores no reopeme JIurtasyaa [123], 9To B TaHHOM CIIy-
yae nmaet {444} x {4} = {844} + {754} + {7441} + {664} +
{655} + {6442} + {6541} + {5551} + {5542} + {5443} +
{4444} [207]. B momenu ob6omouek cxeMbl HOnra {4} u {444}
cootBeTcTBYIOT simpaM ‘He u '>C B 0CHOBHOM cocTostHHH. B co-
OTBETCTBHUH C TpaBwiaMu [123] MOKHO cAemaTh BBIBOI, UYTO pas3-
petennoit npuHImnom Iaymu cxemoit F0nra s OC siapa '°O
Oyzet tonbko {4444}, a Bce ocTanbHbIe OpOUTaIbHBIE KOHDUTY-
pamuu 3ampenieHbl. B 4acTHOCTH, BCe BO3MOXHBIE KOH(UTypa-
[IUH, TAE B MEPBOW CTPOKE HAXOAWUTCS YHUCIO OOJbIIE YeThIpeX
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KJIETOK, HE MOTYT CYIIIECTBOBATh, TaK KakK B § - 000JI0OYKE HE MO-
JKET OBITH OOJIBITIC YETHIPEX HYKIIOHOB.

Ucnons3ys mpaBuwino OmnuoTa [123], MOXKHO ONpEeAeIUTh
opOUTaIbHBIE MOMEHTHI, COOTBETCTBYIOIINE PA3IUYHBIM CXEMaM
[Onra. B pesyinbraTe HaXOQWM, YTO COCTOSHHS sapa 'O ¢ Mo-
mertom L = 0 B *He'’C cucreMe COOTBETCTBYIOT CIIEIyIOIINM
opOuTanbHBIM cxeMaM {4444}, {5551}, {664}, {844} u {6442}.
OTOT pe3ynpTaT MOKHO HCIOJB30BATh IJISl OMPEIENICHUS] YuCIia
CBSI3aHHBIX 3aIPEIIEHHBIX COCTOSHHUI B MOTEHIIHAIE OCHOBHOTO
coctosiHU. [I0CKONBKY B OCHOBHOM COCTOSIHMM pa3pelieHa TOIb-
Ko cummetpus {4444}, a octanbHbele yeTblpe cxembl FOHra 3a-
npemiensl, To notennuan “He'’C B3anMozeiicTBHS TOMKEH HMETh
YeThIpe CBA3aHHBIX 3aIPEIICHHBIX COCTOSHUS U OOHO pa3pelIeH-
Hoe CC [207].

Panee B pabore [207] misi OCHOBHOTO COCTOSTHUS *He'’C
cucteMsl B aape '°0 HaMM OBUIH TIOTyYeHbI TapaMeTphl MOTEH-
nuana Buja (2.8), Ho co cepruuecKUM KYJTOHOBCKUM B3aUMOACH-
crBueM [45] npu R, = 3.55 @M. DTOT MOTEHIIUAT CTPOMIICS UCXO-
Il 13 TpeOOBaHM OMMCAHNA TaKMX XapaKTEPUCTHK, KaK dHEPTHS
CBsI3M, 3aps/IOBBIA PaauycC, KyJOHOBCKUN (opMbakTop Mpu ma-
JIBIX TIEPEaHHBIX UMITYJIBCaX U BEPOSITHOCTH IEKTPOMATHUTHBIX
TIEPEXO0I0B MEX/TY CBSI3aHHBIMHU YPOBHSIMHU.

. T o Hanee, B pabore [211]
0 p 2 2.69 HaMU OBUIM YTOYHEHHI Tapa-
P 1 2.46 METpPBI MTOTEHITHAIA OCHOBHOTO
‘Hec S 1S - cocrosaus [209] (cm.
H% puc.10.11) '°O B *He'’C kama-
3 10w Jie¢ ¥ TpU TAKOM XK€ KYJIOHOB-

S CKOM paJnyce TOJTyICHO

Vis =-256. 845472 MaB

oo e a=0.189 dm~ . (10.2)
Puc.10.11. CHelIéTp ypOBHEH KOHEYHO - pasHOCTHBIM
anpa 0. MeTonoM [24] miIs 3TOro Io-

TEHIMalla MoJIydeHa dHeprus cBsa3u -7.161950 M»sB npu skcrme-

puMeHTanpHOW BenmuuHe -7.16195 M»aB [209] u 3apsaoBbIii pa-

mayc 2.705 ®m npu pagmycax ‘He: 1.671(14) ®dwm [71] u “C:
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2.4829(19) ®wM [161], a skcnepUMEHTaILHOE 3HAUCHHE pajuyca
smpa %0 paBHO 2.710(15) ®m [209]. Takoit moTeHITHAN, B COOT-
BETCTBUH C TIPOBeACHHOH Bhime knaccudukarmeii 3C u PC, ume-
€T 3amnpelieHHBIC COCTOSHUS TPU YeThIpeX sHeprusx: -37.6; -
80.8; -134.5; -197.2 M»aB.

Jlns moTeHmmMana TMepBOTO BO30YXKIECHHOTO 2S - YPOBHS C
JKcIepUMeHTaNnbHOI sHeprueil -1.113 MaB [209], koTtopyto oH
MTOJTHOCTBHIO BOCIIPOU3BOJINT, TAK)KE TIOyUEHBI OOJiee TOYHBIE TTa-
pamMeTpsl

Vos=-143.1092 MoB , o0 =0.111 dm? .

On npuBoaut k 3C st sHepruit -16.9, -40.5, -70.6 u -106.1
MbdB.

IIpn yTouHEHMHM mapaMeTpOB MOTEHIMala CBS3aHHOIO CO-
ctosHus B 1P - Bonne (puc.10.11) momydeHs! cieayrolme 3Hade-
Hus [211]:

Vip=-161.2665 MoB , o0=0.16 dm? .

OH TOYHO TepemacT SHEPTHI0 CBA3aHHOTO COCTOSIHHS -
0.045 MaB u umeer tpu 3C npum sHeprusax: -20.4, -52.0, -92.5
MbB.

Jyis mapamMeTpoB MOTEHIMAIA CBI3aHHOTO COCTOSIHUA B 1D -
BOJIHE, TaKKe Mmoka3anHoro Ha puc.10.11, moxydueHo

Vip =-90.3803 ,00=0.1 dm> .

OH NpUBOJIUT K SHEPTHM CBA3aHHOro ypoBH: -0.245 M»>B B
MTOJTHOM COOTBETCTBUU C MaHHBIMH [209] U COmepKHUT ABa 3ampe-
IIIEHHBIX CBA3aHHBIX cOocTosHUA NpH -14.0 n -34.3 M>»B.

Jlnst 1F - coctosmus siapa '°0 B *He'’C kamane momydeHs:
CJIEyIOIINE 3HAUCHUS IIapaMeTpOB:

Vig=-191.4447 MoB , o0 =0.277 dm> .

[ToTeHnman maer >HEPrUIO CBSI3aHHOTO cocTostHUS -1.032
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M>bB, moHOCTRIO cormacyronryiocs ¢ qanasiMu [209], u comep-
JKUT OJIHO 3aIlpellieHHOE CBSI3aHHOE COCTOSHWE IMPH DHEPTHH -
38.3 MaB.

BapuanimoHHBIM METOJIOM C Pa3IOKEHUEM BOJHOBOH (PyHK-
[IUU 110 HEOPTOTOHAJIBFHOMY TayCCOBY Oaswcy MpH Pa3MEpHOCTH
6asuca N = 8 s ocHoBHOTO 1S - cocrosHus siapa '°O ¢ mapa-
MeTpaMu noteHnuana (10.2) momydena sneprus -7.16194 M»sB,
T.¢. mpuMepHo Ha 10 3B MeHbIe SKCIEpUMEHTATBLHON BEIIMUHHBI.
ITapameTpsi BapuaninoHHOW B®D 0THOCUTEIHLHOTO JBUYKEHMS Kila-
ctrepos B OC sapa '°0 Buna (2.9) npusenenst B Ta6n.10.10.

Ta651.10.10. BapuanuonHsie napameTpsl U K03 OUITUSHTHI
pasnoxenus paguanbHoil Bd ceszannoro coctosuus ‘He'*C
CHCTeMBI Jj1s1 nmoteHnuana (10.2).

HopmupoBka pyHKIHU ¢ 3TUMH KO3 QUITUCHTaMU
Ha uaTepBae 0 + 25 ®wm pasua N = 1.000000000000735.

I Bi G

1 8.763690790288099E-002 -1.911450719348557E-001
2 1.866025286442256E-001 -2.207934474863762

3 4.827753981321283E-001 28.389690447396200

4 8.199789461942612E-001 -96.796133806414110

5 1.201089178851195 117.191836404848400
6 1.811929119752430 -48.033080106666700

7 2.549438805955688 -8.312967983049469E-001
8 6.019066491886866 2.748007062675085E-003

Jia 3apsmoBoro paguyca MoiydeHo 3HaueHue 2.697 Ow,
KOTOpoe nuilb HeMHOro mensiie KPM pesynbrata. OnHako
HY)KHO OTMETHTB, YTO TIOKa HE YIaeTcCs MOCTpouTh BD ¢ 6ob-
IITUMU 3HAYCHUSMH Pa3MEpPHOCTH Oa3uca N, Kak 3TO OOBIYHO Jie-
Jayoch B 0OJiee JISTKUX KJIACTEPHBIX CHCTeMaX (CM., HAampuMep,
[59]), moatomy 3Hauenus 3toit BO yxe mpu R> 7.5 OM ymeHb-
[Iaf0TCSI HAMHOTO OBICTpee, YeM 3TO CIeAyeT U3 aCHUMIITOTHKH
(2.10). Ilpu ucnons3zoBanun Takod B®D ee HyKHO CIIMBaTh C
ACUMNTOTHYECKUM BBIpaKEHHEM Ha PacCTOSHUAX mopsaka 7.0 +
7.5 ®©m. Tonbko yBenudeHue pasmMepHoctu 6azuca 10 10 u Oonee
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MOJKET TO3BOJINTH TOJYYHUTH MPABHIBHYIO aCHMOTOTHKY BapHa-
unonHoit BO nHa paccrosausx nopsaaka 10 + 15 dwm [59].

ITorennman ocHoBHOro 1S cocTosiHMs HE MPUBOJUT K Ipa-
BWIbHON S - (pase paccesHus, kak rmokazaHo Ha puc.10.6 myHk-
TUPHOH KpuBOW. [IJis TOro 4T0o0OkI onrcaTh (ha3bl, MOTYICHHBIC U3
(hazoBoro aHanM3a, MPUXOAUTCS U3MEHHUTH €ro TMIIyOWHY WU TpH-
HATh

Vo=-155MsB , ou=0.189 dm>

C Tak”WM XK€ KYJIOHOBCKHM paauycoMm. Pe3ynbTarel pacuera S -
($a3pl ¢ TaKUM IOTCHIIMAIOM IOKa3aHbl Ha puc.10.6 HempephiB-
HoW JiHWel. [loTeHIMan Takke COICPKHUT YEThIPE CBS3aHHBIX
3aMpelieHHbIX COCTOSAHUS IpH 3Heprusax -1.3, -25.1, -61.5 u -
107.7 M»aB u, xak BugHo Ha puc.10.6, BIOTHE IPHEMIIEMO OTIH-
ceiBaeT S - ¢asy, momydeHHnymo B padore [206].

Hnss P -, D -, F - u G - BOJH paccestHUs MOJy4YeHbI TOTCHILIUA-
JBI B3aUMOJEHCTBHA, TAK)KE OTIMYHBIE OT TOTEHIMAJIOB CBS3aH-
HBIX cocTostHUU. lIprBenemM ux mapaMeTpbl BMECTE C YHEPTHAMHU
3C B MaB (R.=3.55 ®m)

Ve =-145.0 M3B , 0p = 0.160 ®m> , 3C:-13.6, -42.1,-79.7;
Vp = -435.25 MaB , op = 0.592 dm? , 3C: -61.9; -167.0;
Ve=-734M3B , ap=0.125dm> , 3C:-7.5;
Vg=-55.55M3B , 0g=0.1 dDm* , 3C: Her.

PesynpTatel pacyera ¢a3 Ui TUX OTEHIMAJIOB IOKa3aHbI
Ha puc.10.7 + 10.10 HEnpepbIBHBIMU KPUBBIMH U, KaK BUJHO, OHH
IPaBWIBHO IepelaloT oOlee MOBEJCHHE SKCIEPUMEHTAIbHBIX
(a3 paccesHusI.

TaxkuM o0pa3oM, monmydeHsl moTeHnuansl ‘He'’C B3ammo-
JICUCTBUA I COCTOSIHUM paccesHusi U JUCKPETHBIX YpPOBHEM,
IPaBWIBHO ONUCHIBaIOIIKE (ha3bl yIPYroro paccesiHus U KaHallb-
HBIE€ HEPTUHU TUX COCTOAHUI. OTINYMe NOTEHINAJIOB, IPaBUIIb-
HO mepeaaommx (aspl paccesHusl, OT TOTEHLIUANIOB, OMUCHIBAIO-
IIMX XapaKTEPUCTUKU CBA3aHHBIX COCTOSIHUN, MOXKET ObITh 00B-
SICHEHO MaJIOCTBIO BKJIa/la paCCMOTPEHHOTO KaHalla B CBSI3aHHBIX
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cocTosHUX spa '°O. KpoMe TOro, BHONHE BO3MOXHO, YTO IPO-
cras aByxkmactepras ‘He'’C mozens siapa '°0, B otimume ot 6o-
nee nerkux sigep [87], yke He crmocoOHa TOTHOCTHIO OMUCATH
pasnuuHble XapakTepucTHkd sapa O B ‘He'’C kamaze u mpo-
IIECCHI paccessHUsl Ha 06a3e eIMHBIX MOTEHITHAIIOB.

10.4 Acmpogbusudeckul S - hakmop

PaccmoTpum Teneps, Ha OCHOBE MOTEHIIMAIBLHON KIIACTEPHOM
MOJICTM C 3allpelICHHBIMU COCTOSIHUSIMH, acTpOGU3NISCKU S -
daktop peakumu pammanmonHoro “C(*He,y)'°O 3axpara mpn
sHeprusx ot 0.3 mo 4.0 MaB u cpaBHUM €ro ¢ pe3yiabTaTaMy HO-
BBIX OKCIICPUMEHTAIBHBIX JaHHBIX paboThI [204].

Cunraercs, 4TO 3KCIEPUMEHTAIBHBIE JaHHbIE, MOJyYCHHBIC
Hwke 2.5 MaB, obycnosnensl E1 nepexogom [204]. Omnako, B
paccMaTpuBacMOl MOJIEIHM TaKOH IMepexoJ BO3MOXKEH TOJIBKO
Onaromapsi OTIIMYMIO MacC YacTHIl OT COOTBETCTBYIONIUX LIEIOYHC-
JICHHBIX 3Ha4YeHW. Pe3ynmbrarel pacuera S - akTopa 3Toro nepexo-
Jla OKa3aJIMCh Ha JIBA - TPH TOPS/IKA MEHBIIE 3KCIICPUMEHTATBHBIX
JIAHHBIX, XOTS MOTYyYCHHBIH S - ()akTOp U UMEET MPaBUILHYIO (hopMYy,
0OYCITOBJICHHYIO PE30HAHCHBIM TiOoBeneHne P - ¢a3bl paccesHus
[207].

Tem campIM, HCTIONB3yeMast KITacTepHAsT MOJIETb HE MOXKET TIpa-
BIJIBHO OIFCAaTh 3TH JKCIIEPHIMEHTAIbHBIE JaHHBIE Ha OCHOBe F1
nporuecca. Onnaxo, B pamkax [1IKM c 3C, Takue naHHbIE BIOIHE OIHU-
CBIBAIOTCS, €CIT PacCMaTpuBarh £2 Mepexo/ibl U3 pa3IMyHbIX MapIy-
AITBHBIX BOJIH PacCesHUs Ha OCHOBHOE CBS3aHHOE COCTOSIHHE M HEKO-
TOpbIe BO3OYIK/ICHHBIC CBS3aHHBIC YPOBHH syipa '°O, MOKa3aHHbIC HA
puc.10.11. DT pe3ynpTaThl BIOJIHE MOTYT IPEACTABIATH HEKOTO-
PBIil HHTEPEC C TOYKH 3PSHUS JIEMOHCTPAIUN OOIIMX BO3MOYKHOCTEH
TIOTCHITMAIBHONW KJIACTEPHON MOJIETH, CITH JOMYCTUTh Hammdane F2
TPOIIECCOB B pacCMaTPHBACMOM PaJIMAIIMOHHOM 3aXBaTe TPH HU3KHX
SHEPTUsIX.

ITosToMy nanee Mbl OymeM paccMaTpHWBaTh TOJMBKO E2 mepe-
XOJIbI Y TIEPBBIA U3 HUX — 3TO MepexoJl u3 D - BOJHEI pacCesiHUS
Ha OCHOBHOE CBsi3aHHOE 1S - coctosmue sapa '°O. Takoii mporece
IpUBOAUT K S - ¢akropy, mokazaHHomy Ha puc.10.12 mrpux -
nyHKTUpHOU nuHuel. [lomydenusiit S - gakrop BmomHe 00BsC-
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HSCT DKCIICPUMEHT TIpH dHeprusx mpumepHo oT 0.9 mo 3.0 M»B,
HO HE OMHCHIBAaeT pe3oHaHc npu 2.46 MbsB, MOCKOIBKY 3TOT pe-
30HaHC 00yCJOBJIEH TMoBeAeHHWeM P - Qas3bl paccesHus, B ITOH
o0acT SHEpPruil.

10b:""l""l""l""l""l""l""l""l"'

o0

10 F

10»3.....I....I....I.. 1 1 ..I....I....I....

00 05 10 15 20 25 30 35 40
E,. MoB

Puc.10.12. Actpodusudeckuii S - dakrop paguaruonsoro ‘He'C 3axsa-
Ta.

KBaznpats! — sKcriepuMeHTaIbHBIC TaHHBIE, B3AThIE U3 0030pa [33], Hik-
HHE TPeyroJbHUKU U3 [212] u BepxHME TpeyroiabHUKH n3 [213], poMOBI U3
pabortst [204]. Kpusble — pe3yabraThl pacuera S - hakropa Aist pasHbeIx £2

MEePEXOa0B.

IIpu sueprusx ot 2.5 mo 3.0 MaB pacdetHsriit S - gakrop B
LEeJIOM TPaBWIBHO TI€pelacT MOJOKEHHE M BBICOTY NHUKa 00Y-
CIIOBJICHHOTO PE30HAHCOM B D - BOJIHE paccesHUs MpH dHEPTHH
2.69 M»hB, HO mmpuHA YpOBHS OKa3bIBACTCS HECKOJIBKO OOJNbBIIe
9KCIIEPUMEHTANBHOM. JTO YKa3bIBaeT Ha HEJOCTATOYHO OBICTPBIN
nogbeM pacuetHoil D - daspl paccesHust B obiactu 2.69 MaB
pe3oHaHca.

Ecnmu momycTuTth, 9TO SKCIEPUMEHT BKIIOYAET IEPEXO0JIbl Ha
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1P ypoBeHB, TO MOXXHO paccMOTpeTh E2 mporecc u3 P - BOJHBI
paccesHus Ha CBs3aHHOE 1P - cocTosiHue siapa '°O MpH SHEPrHH -
0.045 M5B (puc.10.11). PeaynpTaTsl 3TOrO0 pacdera, oka3aHHbIE
Ha puc.10.12 myHKTHpPHOH NWHHEH, BIOJIHE TEpenaroT (Qopmy
pe3onanca mpu 2.46 MaB.

JIBOMHOM MITPUX - MYHKTUPHOM JIMHKUEHN MOKa3aHbl PE3yJIbTa-
THI pacyera BO3MOXHoro E2 nepexona u3 G - BOJIHBI pacCcesiHUA
Ha 1D - cBsA3aHHOE COCTOSIHME, KOTOpPbIE MPABUIBLHO TEPEAAIOT
TOJIOKEHHE M IIMPHHY MakcuMmyma 4 pe3oHaHca, HO €ro BelM-
YMHA OKa3bIBAETCS MPUMEPHO B JIBAa pa3a MEHbIIE HKCIEPUMEHTA.
CrnenyeT OTMETHUTb, UTO HE YAAJIOCh HAWNTU TaKWe MapaMeTpsl Mo-
TeHIMana s G - BOJHBI, 9TOOBI MPABMIIBHO OMHCATH BEIHMYHHY
S - (akropa mpu sHepruu 4 pesonanca. Eciu ucnons3osath 1o-
TeHIabl ¢ ApyruM yucioMm 3C, To a1 noreHuuana G - BOJHBI
mpu ogHOM 3C

Vo =-110.7 M5B , o =0.127 dm> , 3C: -13.6

win 1Byx 3C

Vo=-222.4MsdB , ag=0.127 dm™ |, 3C: -42,8; -14.6

pacucTHad BCJIMYMHA ITUKaA 4+ pC30HaHCa 3aMCTHO YMCHBIIIACTCA,

a ymenblieHue yucia 3C B cBI3aHHOM 1D - COCTOSSHUM J0 OJHO-
ro

Vp =-254.8 MaB , op = 0.592 dm™> , 3C: -57.0
nnu Boodb1e 6e3 3C
Vp=-57.7833 MaB , op= 0.1 Om™>

HE MPUBOJAUT K CYIIECTBEHHOMY YBEIMYEHHUIO S - (akTopa B 00-
nactu 4" pesoHanca.

HenpeprsiBroii nmuauel Ha puc.10.12 npuBemeHa cymMma Beex
Tpex E2 mepexonoB, KOTOpas B LIEJIOM OIMHUCHIBACT SKCIEPUMEH-
TaJIbHOE MOBEJCHHUE acCTPOPU3NIECKOro S - paKTopa Mpu SHEPIU-

355



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

ax ot 0.9 mo 4.0 MaB.

Harr pacuernsiii S - dakrop npu 300 k3B, 00yciioBiIeHHBI#H
E2 nporieccom ¢ mepexogom u3 D - Boabl Ha OC siapa, okas3bIBa-
ercs paBeH 16.0 k9B-0, a mpu 100 k3B ero BenmnumHa OKa3bIBACT-
cs1 HeCKOJIbKO Oompire: 17.5 k3B-6. OmxHako, 3TH pe3yabTaThl 3a-

METHO MEHbIIE M3BeCTHBIX NaHHbIX Aisi 300 k3B, npuBoasmmX,

Hampumep, K BemmuuHaMm Sg; = 101(17) x9B-6 m Sgy = 42( 32)

k3B-0 [180], Sg; = 79(21) x3B-6 unu 82(26) x3B-0 [214] u Sk, =
120(60) x3B-6 [33]. B MeTone reHepatopHbIX koopauHat [215],
YUUTBIBAIOIINX Pa3InYHbIC KiIacTepHble KoH(Uryparmu, npu 300
k3B momryaeno Sg; = 160 x3B-6 u Sg; = 70 x9B-0. Kak BunHO, Bce
9TH pe3yNabTaThl M HAIIM PACUYEThl CHIBHO PAa3TUYalOTCA MEXITY
cO0OH.

OpfHaKO U3 UMEHOIIUXCS SKCIIEPUMEHTAIBHBIX TaHHBIX, MPH-
BeJleHHBIX Ha puc.10.12, sBHO He ciemyeT, YTO MPH SHEPrHsX
Hike 1 MbB S - gakTop ucnbIThiBaeT peskuit noaseM u npu 300
k3B mmeer 3nauenue mopsaka 100 k3B-6. B obmactu 1.1 + 1.8
M>5B BenuuunHa S - hakTopa HaxoAuTCs B MHTEpBaie 16 + 25 kaB
0 ¢ ommbOkamu ot 3 o 7 k3B-0, a pu 0.9 M»B oH nmeer 3Hade-
uue 29+23 xoB-6 [33].

Takum 00pa3oM, IPOBEICHHBIN KAUSCTBCHHBIM aHAIN3 YHCIIa
3C u PC B MeKKIacTepHbIX B3auMozeiictausax ‘He'’C cucTems! u
MOJTyYEHHBIE HAa €r0 OCHOBE MapIlHabHBIC MEXKIACTEPHBIC ITO-
TEHIIMANbI, COTJIACOBaHHbIE C (hazaMH YIPYroro paccesHHus |
SHEPTHSAMH CBA3aHHBIX COCTOSIHMIT siipa '°0, BIONHE TI03BOJISIOT,
TIPH ONPEJICIICHHBIX JOMYIICHHUSIX, TOJYYUTh MPUEMIEMOE OITH-
CaHMe UMEIOIIUXCS IKCIIEPUMECHTAILHBIX JIAHHBIX 110 acTpo(U3u-
geckomy S - (axTopy paznarmonsoro ‘He'*C 3axsara mpu sHep-
rusx ot 0.9 no 4.0 MaB Tonpko Ha ocHOBe E2 nepexoioB.
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KOPbITbIHAbI

Keubip sdponvix moodendep 6ap 6orzan
IKCNEPUMEeHmmIK Manimemmepoi Jcapam-
Obl  MAsMYHOQUObl, MbICATbL  MEPMOAO0-
PONLIK PeaKyusiHbly, acmpo@usuxanvly S —
gaxkmopnapwel 6otbIHULG, AEHU ONAD IHEP2USL
atimagvinoa 6ap 6012aH0A JHCIHE ACA MOMEH
onepeusiiapoa S — pakmopovly Oypbic
bo4cayovl MOJIbI2bIMEH arcapamovl
YMmBLIObL, Ka3ipeli KyHOe IKCHepUMEHMMIK
enuwemoepiniy [30] socoxkmoiewl.

CoHbIMEH TIOTCHIMAJABIK KJIACTEPNIIK MOJEN HeTi3iHIe
TOFBI3 KJIACTEPIIK >KYHEIeri pZH, p3H, p6Li, p7Li, p12C, ’H*He,
3H4He, ‘He*He wen “*He"C palvanusaiIblK  KapMaybIHbIH
peakuusAChIHIA acTpOPU3UKAITBIK S - (hakTopnapsl
KapacTeIpbuInbl.  KapacTeIpplFaH — KyHenepingeri — Keitbip
KJIacTepJIep apachIHIAFBl ©3apa OPEKETiHIH MOTEHITHAIIAPhI YIIiH
acTpo(M3UKaNbIK dSHEeprus OOWBIHINA  ONapIblH  CepmiMai
mampIpaybiIMeH 6ap OOJaThlH IKCIIEPUMEHTTIK MOJIIMETTEPIiH
(hazanelk Tammaysl Kkyprizingl. ComaH KediH ekl Killi jKyHeciHeH
KYpPBUIFaH  KOIMHYKIIOHIbI  KYWE[eri  THIUBIM  CaJbIHFaH
JKaFIainapapiyg KOHIIETIIUSACHIH A AJBIHFaH HEMece
onebuerTeriae 0oJaTEIH (hazabIk BIFBICYJIAPBIHBIH
Ma3MYH/IaybIHBIH HETI3IHJE COUKECTUICHICH KJIacTep apaibIK
MOTCHIIUAIBI  KYPBUIABI ~ KOHE  OWIaraHmaid  oJapIIbIH
apanbIFBIHAAFBl  ©3apa  OpPEeKeTi  JIOKAIABIK  TOTEHITHAIIBI
MasmyHzanaael. CoHbIMEH Oacka MapIiuaiAblK TOJKBIH YIIiH
MOTCHIIUAIAPBIHBIH  alBIPMAIIBUIBIFBIH  CUIIATTAY YIOIH Op
MaPITHAIIBIK TOIKBIH YIITiH I'ayc TYpiHiH TOTCHIIMAIB aJTbIHIEL.

IOuTr oOpOuTtanelk Kydenep OoWBIHIIA Taza KyiiepiHme
OpHajlaCKaH KJIACTEepNiK JKYyHenep VIIiH, cepmiMAl MIambIpay
(hazacel Ma3MYHJAyblHAH  aJblHFaH  SIPOJIBIK  MOTEHIUAI
SITPOJIAPBIHBIH HET13T1 OalTaHBICTRIpFaH KYWJIepiHmeri

357



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

KaCHETTEepIiH Ma3MyHIayhl YIIiH KojamaaHeutaabl. COHBIMEH sIpO
€Ki (hparMeHTTepACH KYPhIIaabl, OJIApABIH IMIKI KaCHETTepl epKiH
KYHIET! JTalbIKTBl SPOIAPBIHBIH KACHETTEPIMEH COMKec Keieli
nen Gomxayra Gomanmsl.. bymnaii sxarmaii p'°C xyiiecinae xoHe
xorapsl pikTuMangeiisiknes “H'He, *H*He, *He' sxyitenepinme
Goapl, col cebenTi KapacThIPbUIFaH KaHaaaapaa 'Li, 'Li xoHe
"Be saponapeIHbIH KIaCTEPU3ALMANAHYbI AlIBIK KOPiHEIi.

p°H, p’H, p°Li xone p’Li xyitenepinzeri saraaifbl H30CIHH
Hemece MOHT cynbanapel OOWBIHIIA OPOWTANBIK KYHIEpiHIH
apanacyblHaH OipuramMa Kypaedi cuskTtel p'Li - geH Gacka
KOPCETKEH JKYHelep YIIiH Y3IIKCi3 CIEKTPiHAeri MUHUMAIIbI
CIIMHI MeH KyHnepiHme op Typiai FOHr cynbachlHIarsl €Ki
OpOUTANIBIK CUMETPHS PYKCaT €TUITeH, COJl Ke3/Ie OCHI JKYHenepin
OaiijaHBICKAaH HETI3r1 Kyiyiepi YIIiH eki cyiOanapsiHal [28] Tek
KaHa Oipeyine pykcar etinmeni. Conmsiktan HOHT cynbamaps
OofibiHIIa  (haszajgapiplH  ajlfallkbl  OediHyci3  cepmimii
HIANIBIPAY/TbIH (hazamapet OOMBIHIITA SKCHEPUMEHTTIK
MOJIIMETTEPIiH Ma3MYH/Iaybl HeTi31H/1e KJIacTepJICpaiH
OalimaHpICKaH KYHJIEepl YINiH MOTCHIHAIAAPIbI KYPYbIHA MYMKIH
Oonmaiiapl. FOHT cynbanapbl GolbiHIIA OpOWTANBIK KYHIepAiH
JKOHE IAIIblpay MpoLecTepAiH NOTCHUUAIAAPBIHBIH —O6JiHy
omicrepi p°H sxome p°H kyifecimgeri Mbicanmapbl MeH
KepceTineni.

IOur opOutanblk  cyrbanmapel  OoMbIHIIA — KYWJIEpAiH
kiaccuukarusachl [1aysn mpUHIMIT THIMBIM CaJIbIHFAH KYHJIEPIiH
Oap OONyBIH IKOHE CaHBIH AaHBIKTAWABI, CaJIBICTHIPMAIIBI
KIJIACTEPJICPAIH KO3FAIBICHI TOJKBIHIBIK (DYHKIUSIIAPBIHBIH TYHiH
CaHbIH Oenrijen Kora MYMKIHIIK Oepesi jkoHe e3apa 9peKeTTiH
MOTEHIIHAJAPBIHBIH TOJBIK AHBIKTAJIFaH TEPEHIITIH YCHIHAIBI.
CoHBIMEH KaTap ONTUKAJBIK MOJENiHEe [45] ToH MOTEHIMAIBIK
TEpeHAiri Y3HiKTi OipMarbIHaJ bl EMECTITiHEeH KYTKapbLIaibl.
OHeprusHelH  (QYHKOESACHI  peTiHAE  IMambIpayaslH — opoip
MapIuaIIblK (Ga3aHblH TIIIiHI THIABIM CAJBIHFAH KYHIepiMEH
MOTCHIIUAJIBIH CHIHE ©T€ CE3Tilll, OJ MOTCHIUANIBIH Y3HIKCi3
OipMarbIHAIBI EMECTITIH KYTKapy VIIIH IaimagaHbsiiafgsl, Ol
JKaIbl ONTUKAIBIK Mojeine [45] ToH.

CoHBIMEH KaJllbl ONTHKAIBIK MOJIEIIMEH CAIBICTBIpFaH/Ia
KapacThIPBUIFaH KJIACTEPITiK MOJICTIIH IS HIansIpay
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MOTCHIIMANJAPBIHBIH, ~ OapibIK  MapaMeTpiepi  TOJBIFBIMEH
Oipmonmi Tipkenenmi. byman Oacka OONaTBHIH THIMBIM CaJIBIHFAH
KYHJIEpiHIH HeMece M30CIHH JKOHE aIMACTBHIPBUIFAH CHUMMETPHS
OOWBbIHINIA  aNBIHFAH Ta3a  KJjacTep  apachlHAarbl  e3apa
OpPEKeTTEPAiH TOTEHIMAIAAPhl SAPOHBIH KJacTepiep - €Ki
(dhparMeHT Kyieci peTiHae OalaHBICKAH KYWJIEPIHIH HETi3ri
cuUnaTTaMaiapbiH AYPHIC Ma3MYHIAIAIbI.

Kiractep apaceramarsl moteHImanmapasl [20,25] amy yimia
Jkacairal (GopMann3M Oy JKepie KapacThIpbUIFaH JKyienepaeri
(dhoToKapMay  SAOPONBIK  peaKIUsUIapAbl  Ma3MYHJay — YIIiH
Kosimaneiaasl. KymTi e3apa opekeTiMeH sKypeTiH 6acka SapOoJIbIK
peaxmusIapra KaparaHaa paauausuiblK KapMay nporecTepi Y
9JIEKTPOMArHUTTIK ©TY OINEpaTophl JKakchl Oenrinmi. bynan Oacka
(dhoTokapmay peakIUsUTapbIHAA COHFBI KYHIHAE e3apa opeKeTi
KOK, anm Oacramkpl KyHiHAZE ©3apa OpeKeT JaMbIFaH
MOTCHIMANABIK ~ BIHFAM  HETi3iHAE IKETKUTIKTI  eCKepiiemi.
CoOH/IBIKTaH  KapaCTBIPBUIFAaH  PEaKIHsUIAPJbIH  TCOPHUSIIBIK
Ma3MyHJaybIHAA OKCIEPUMEHTIIEH CaHABIK KeJiCylH KyTyre
0omansl.

CoHabIKTaH TaHFaJIATBIHIAW emec Tek K1 aywicy eceOiMeH
KapacTBIPBUIFaH KJIacTepiik MoaeiniHiy aitmareiaaa S50 - nen 700
k9B - ke Heitin sHeprusver p H pagparusiblk KapMaybIHBIH S -
(haKTOPBIHBIH PHEPTUSIIBIK TOYEIAUIITiH COTTI OOJBIN YCHIHBUIABI.
700 k3B - TeH KOoFapbl HKCIIEPUMEHTTIK MATiMETTEpiHe CYHeHim
15 xbin OyperH 613 10 x9B [96] neiiin sHeprusutapMeH OCHl S -
(haKTOpIBIH ecenTeyepi alblHFaH. 4-11i TapayblHIa KOFapbiaa
KepCeTIreHAeH ochl ecenteyaiH Hotmxkenepi 50 k3B - Ten 5 MaB
- K€ JHEPTUSHBIH KCH aliMarbIHIarel S - (akTop OOWBIHINIA jKaHA
MOJIIMETTED JKaKChI skaHamaH eHmipinemi [107].

Bynan ©Oacka oOCBIHAAZ KapacTBIPbUIFAH MOTCHITHAIIBIK
KJIACTep MOJICIIHIH aiiMaFbIH/a aJIbIH aja skacanraH 10 k3B - ke
nerin [29] sHeprUsSHBIH sz paguanusuIbIK KapMaybIHBIH S -
(akropeiablH Oomkaymapsl 150 + 200 k3B - meH xorapsl Oisre
Oenrini skcniepuMeHTTiK ManiMeTTep 50 k3B - Ten 150 + 200 k3B
- Ke JIeliH aWMarblHOarbl KeHiHHeH Tmaiaa  OonFaH
HOTHXeNepiMeH [66,67] xakcel kemicemi. Kiactepnepmin e3apa
OPEKETiHIH OCHIHJa KENTIPUIreH MOTCHIUANIAPEl TEOPHUSIIBIK
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Ma3MYHJay JKOHE OChl OOJNIIEKTEepIiH KAThICYbIMCH TOMEH
SHEPTHSUIAPBIHBIH 0acKa sIIPOJIBIK MPOIIECTEPl VINiH Maiigaianyra
Oonanbl. JlereHMeH KOFaphila KOPCETUITCHIEH KIIacTep apaibIK
MOTCHITUANIAP KOHE OJIAPBIH HETI3iHAC SIPONBIK MPOIECTePIiH
€CEeNTeITeH CHIaTTaMajapbl VIOIH CEepHiMIi  IMambIpayablH
(hazanblK BIFBICYJIAPBIHBIH AKCTICPUMEHTIHEH IOIIK aHBIKTay/a
CEHIMII HOTWKeEJepiH alyFa MyKiH Oomaipl. OKIHILIKE opai
Ka3ipri ke3ze KeoOiHece aca MKEHUT SAPOJNBIK JKyHenep YIIiH
ceprimai mambipay ¢aszanapel ken KatecimeH, 20 + 30% - re
JeHiH, Ta0bUTa gk

Ocpiran OalIaHBICTHI acTPO(U3UKAIBIK HEPTUSIMCH KCHLIT
aTOM  SAPONIAPBIHBIH  CEpPHiMIi  INambIpaybl  OOMBIHIIA
OKCTIICPUMEHTTIK  MONIMETTEPAiH  ONIIEMICPiHIH  JOJIIriH
JKOFapBUIATYBIHBIH MOCEJIECi JKOHE MONIIK (Da3ayblK TalIaybIH
OpPBIHJIATYBI ©T€ aKTyasjabl. bomamakra OHBIH JIONIITIH YIIFAObI
TEPMOSIPONIBIK ~ PEaKIMACHl OTYiHIH MEXaHM3MJIEPIH IKOHE
JKaFTaiJlapelH CANIBICTRIPFaHa OETiIi KOPBITHIHIBI JKacaiMbI3
JKOHE OJIAp/IbIH Ta0UFATHIH TONBIFEIMEH [30] TyCciHeTiH O0IaMBbI3.
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3AKJ/TFOYEHUE

Hexomopas sdepnas mooenv, cnocodouas
ONUCAMb IKCNEPUMEHMATbHBLE OAHHbIE, HA-
npumep, no acmpogusuyeckum S - paxmo-
pam mepmosiOepHol peakyuu 8 mot obnac-
mu dSHepeutl, 20e OHU UMEIOMCcs, GNOJHe
CnocobHa npemendosams U Ha NPAGUILHOE
npeockazanue nogedenuss maxozo S - gax-
mopa npu CEePXHUKUX IHEPIUsIX, 20e IKC-
NepUMEHmMalbHble USMEPEeHUs Ha  ce2o-
OHAWHUL Oelb He 803modicHbl [30].

Hrak, Ha OCHOBE MOTEHITMAILHON KJIACTEPHON MOJIENH, OBLIH
paccMOTpeHbl acTpodusudeckue S - GakToOphl peakldil paaual-
OHHOTO 3aXBaTa B KJIAacTepHEIX cuctemax p H, p’H, p°Li, p'Li,
pre, pIZC, 2H4He, 3H4He, ‘He*He u “He'*C. Hns moctpoeHus
MOTEHITHAIOB B3aUMOJEHCTBHS MEX Ty KJIaCTepaMu B HEKOTOPBIX
W3 pacCMaTpPUBAEMBIX CHCTEMaX OBLI MPoBencH (Da30BBINA aHATH3
UMEIOIINXCS SKCIIEPUMEHTAIBHBIX TaHHBIX M0 UX YIPYroMy pac-
CESIHMIO TP acTPOPU3UUECKUX SHEPrUsix. 3aTeM Ha OCHOBE OITHU-
CaHMs TONYYCHHBIX MM HMEIONIMXCSl B JIMTeparype (a3oBbIX
CIBUTOB B paMKaxX KOHIICTIIUYU 3aNPEHICHHBIX COCTOSHHI B MHO-
TOHYKJIOHHOW CHCTEME, COCTOSIIEH U3 IBYX MOACHCTEM, B3aMO-
JIEHCTBHE MEXIYy KOTOPBIMH, KaK MPEIIoIaracTcs, OMHChIBACTCS
JIOKAJIbHBIM TIOTEHINAJIOM, OB TOCTPOEHBI COOTBETCTBYIOIIHE
MEXKJIACTEPHBIC MOTCHIUANLI B3auMojaercTBus. [Ipu 3tom s
Ka)X10M mapluaibHON BOJIHBI MOJYYE€H CBOM MOTEHIIMA TayccoBa
BUJa, OTIIMYAIOMIMICA OT MOTEHIHAIOB Ui IPYTHX Mapliuaib-
HBIX BOJTH.

JIJI KITacTepHBIX CUCTEM, KOTOPbIE HAXOAATCSA B YHCTHIX IO
opbutansHbIM cxemaMm FOHra coCcTOSHUSIX, SACPHBIA MOTEHIIHA,
MOJTy4aeMblid U3 OmucaHusl a3 yOpyroro paccesHus, UCIONb3y-
eTcsl fajee JUIsl HEMOCPEACTBEHHOTO ONMCAHMSA CBOMCTB OCHOB-
HBIX CBSI3aHHBIX COCTOSTHMU TakuXx sinep. [lpu atom mpeamonara-
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€TCsl, 9TO SAPO COCTOWT M3 ABYX (hparMeHTOB, BHYTPEHHUE CBOM-
CTBa KOTOPBIX COBMANAIOT CO CBOMCTBAMH COOTBETCTBYIOIIMX
siIep B CBOOOJHOM COCTOSHUM. Takas CUTyallus UMEET MECTO B
cucTeme p12C U, ¢ OOJBIION BEPOSTHOCTHIO, B CHCTEMAax 2H4He,
‘H*'He, *He'He BciiencTBHE SIPKO BBIPAKCHHOH KIaCTEpPU3AIUN
simep °Li, 'Li, u 'Be B paccMaTpHBacMbIX KaHAIaXx.

B cucremax p°H, p’H, p°Li u p’Li, p’Be cuTyarus okasbiBa-
ercst 0oJiee CIIOKHOM M3-3a CMEIIMBAHHUS OPOWTAIBHBIX COCTOS-
HUM 10 mM30ocmMHYy Wi cxemaM FOHra. /[ ykazaHHBIX CHUCTEM,
kpome p’Li, B HempepsIBHOM CIIEKTPE B COCTOSHHSX C MHHH-
MaJIBbHBIM CIIMHOM pa3pellieHbl JBE OpOUTAIbHBIE CUMMETPHH C
pasHeiMu cxemamu OHra, B TO Bpems, Kak Ui CBSI3aHHBIX OC-
HOBHBIX COCTOSIHMI 3THX CHUCTEM paspelieHa TOJbKO OJHa U3
nByx cxem [28]. [ToaToMy, OKa3bIBaeTCSd HEBO3MOKHBIM MOCTPO-
UTh MTOTEHIIUANBI I CBS3aHHBIX COCTOSHHM KTaCTEPOB HAa OCHO-
BE ONMCAHUsI DKCIIEPHUMEHTAIBHBIX JAHHBIX MO (hazaMm YIpyroro
paccesHUs 0€3 TpEABApUTEIILHOTO pasieieHus (a3 mo cxemam
IOnra. Merton paszaeneHus OpOUTATBHBIX COCTOSHUN W ITOTCH-
[IHAJIOB TIPOIIECCOB paccestHus Mo cxemaM FOHTa mpomeMoHCTpH-
poBan Ha npumepax p°H u p°H cucrem.

Knaccudukarnus coctossHui 1o opouTansHbiM cxemaMm HOHra,
MO3BOJISIET OMPEAETUTh HATMYHE W KOJUYECTBO 3alPEHICHHBIX
npuHiunoM Ilaynu cocTosiHUH, JaeT BO3MOXHOCTh (DMKCHPOBATh
YHUCIIO Y3JI0B BOJHOBOW (DYHKIIMM OTHOCUTEIBHOTO BUKCHHUS
KJIACTEPOB W JUKTYET BIIOJHE OINPEAETCHHYIO TIyOHHY ITOTEH-
[aja B3auUMOJAEHUCTBUS. TeM caMbIM yaaeTcs M30aBHTHCA OT
JIUCKPETHOM HEOJHO3HAYHOCTH TITyOWHBI MOTCHIIUANA, TPUCYIIICH
onrtuueckoir monenu [45]. @opma Kaxmoi mapuuanbHOU a3kl
paccestHus, Kak (QYHKIMK SHEPTUH, OYeHb YyBCTBUTEIbHA K IIH-
pYHE MOTEHIMaNa C 3alpelIeHHBIMA COCTOSHUSIMHU, YTO HUCIOJb-
3yeTcs JUIsl YCTpaHEHUS! HEMPEPhIBHON HEOJIHO3HAYHOCTU MOTEH-
1yanga, KoTopasl TakkKe MPHUCYIa OOBIYHON ONMTHYECKOW MOMICITH
[45].

Takum o0pa3zom, Bce mapaMeTphl MOTCHIIUAIOB PAcCEsHUS B
paccMaTprUBaEcMOM KIIACTEPHON MOJENH, 10 CPAaBHECHUIO C OOBIU-
HOM ONTHYECKOH MOJEINbI0, (GUKCUPYIOTCS BIIOJIHE OJHO3HAYHO.
Kpome Toro, nony4eHHble YUCTHIE MO MEPECTAHOBOYHOU CUMMET-
PYHY ¥ U30CTIMHY WX COJEPKAIlUE 3aMPEICHHBIC COCTOSIHUS T10-

362



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

TEHIAIBI MEXKIACTEpHOTO B3aMMOJECHCTBHIA IO3BOJIAIOT IIpa-
BUJIBHO OIUCATh OCHOBHBIE XapaKTEPUCTUKH CBS3aHHOTO COCTOSI-
HUS S7Ipa, KaK CHCTEMBI ABYX (parMeHTOB — KJIacTEPOB.

dopmanmsm, pa3pabOTaHHBIN I TOTYYCHHS MEXKKIIACTEP-
HBIX ToTeHHaoB [20,25], mpuMeHeH 3/1eCh I OIMMCAHUS SIEP-
HBIX peakiuii (hoTo3axBaTa B paccMaTpuBaeMbIX cucteMax. Orre-
paTop AJIEKTPOMArHUTHOTO TepeXxoja JJIs MPOIECCOB paaHaliu-
OHHOTO 3aXBaTa, B OTVIMYHE OT APYTHX SACPHBIX PEaKIHid, HITy-
IMX 33 CYET CHJIBHOTO B3aUMOJEHCTBHS, XOPOIIO H3BECTEH.
Kpome Toro, B peakiusax (oro3axBara OTCYTCTBYET B3aUMOJICH-
CTBUE B KOHEYHOM COCTOSHHM, 2 B3aUMOJICHCTBHEC B HAYAJILHOM
COCTOSTHUH YYWTBIBAETCS JIOCTATOYHO KOPPEKTHO HAa OCHOBE pas-
BUTOTO MOTEHIMALHOTO MoAXxo0aa. [loaTomMy mpu TeopeTudecKkoM
OIHMCaHWUU PACCMATPUBACMBIX PEAKIIUH MOXXHO OXKHUIATh KOIHUYe-
CTBEHHOT'O COTJIACHS C OKCIIEPIMEHTOM.

ITosToMy HE yAUBUTENBHO, YTO B paMKax paccMaTpUBaeMoun
KJIACTEPHOW MOJIENIM TPHU ydeTe ToNbKo K1 mepexona ymanoch
npezcKa3aTh SHEPTETHUECKYI0 3aBUCHUMOCTD S - (hakropa pajaua-
nponHoro p°H 3axBata mpu sHeprusix o 50 1o 700 ksB. Ommpa-
SICh Ha JKCIEpUMEHTalbHbIe NaHHble Bbime 700 k3B, okomo 15
JIET Ha3aJ] HaMU OBUTH CJIETaHbl pacdeThl ATOro S - (hakTopa mpu
sueprusix A0 10 k9B [96]. Kak O6b110 1MokazaHo BeIIE B T4, pe-
3yJIBTATHI 3TUX PACYETOB XOPOIIIO BOCIIPOU3BOISAT HOBHIC JaHHKIC
no S - ¢akropy [107] B mmpokoii obaactu suepruii ot 50 k3B 1o
5 MsB.

Kpowme Toro, cienanHble paHee B paMKax paccMaTpUBaeMoun
3/1eCh MOTCHIMAIBHON KIACTEPHON MOJICNH MPEICKa3aHUs MTOBE-
neHust S - (akTopa pamuanponHoro p°H 3axBaTa mpH SHEPrHX
1o 10 k3B [29], xorma Ham OBUTH M3BECTHBI TOJIBKO DKCIIEPUMEH-
TanpHbIe MaHHbIe Bhime 150 + 200 k3B, xopomro cormacyroTes ¢
MOSIBUBIIUMHUCS MHOTO TIO3HEE pe3ynbraramu [66,67] B oOmactu
ot 50 x3B g0 150 + 200 x3B.

[IpuBeneHHBIC 3/1€Ch MOTEHIMAIBI B3aUMOJICHCTBHS KiIacTe-
POB MOHO UCTIOJIB30BATh JIJIsi TCOPESTHUECKOTO OIMHMCAHUS U JPY-
TUX SIIEPHBIX TPOIECCOB NP HU3KHUX JHEPTHSAX C YIACTHEM ITHX
yactun. OnHaKo, Kak ObUTO MMOKa3aHO BBIMIE, TOJTYYUTH HAJEXK-
HBIC PE3YJIBTATHI I MEKKIACTEPHBIX MOTCHIIUAIIOB, 4, CICI0BA-
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TEJIBHO, M JJISl PACCUUTHIBAEMBIX HAa HUX OCHOBE XapaKTEPUCTHK
SICPHBIX TPOIIECCOB MOXHO TOJBKO IPU JOCTATOYHO TOYHOM
OTIpE/ICTICHUH W3 DKCIIEPUMEHTA (Pa30BBIX CIBUTOB YIIPYTOTro pac-
cesHus. K coxanenuto, B Hactosiiee Bpems s OOJBITUHCTBA
JIeTYaluX SAepHBIX cucTeM (Da3bl YIPYroro paccesiHus Haiie-
HEBI C JOBOJILHO OOJBIIMMM OHNIMOKAMH, HHOIIA JTOXOISIIMMU 1O
20 +30%.

B »T0Mi cBSI3M 337a4Ya MOBBIMICHUS TOYHOCTH U3MEPEHUS IKC-
MEPUMCHTAIBHBIX JAaHHBIX [0 YIPYrOMY PacCEesHHIO JICTKUX
ATOMHBIX SiIEp MPH aCTPOPHU3IUUECKUX DSHEPTUSX U BBIIOIHCHHS
Oonee TOYHOTO (Pa30BOTO aHAM3a SBISETCS OYEHb AKTyalbHOM.
YBenuueHue 3To TOYHOCTH TIO3BOJUT B OyIyIieM clienarh Oomee
omnpeze/icHHbIC BBIBOJBI OTHOCUTEIBHO MEXAaHH3MOB H YCJIOBHH
MIPOTEKAHUS TEPMOSIICPHBIX PEAKIIUI U JIyUIlle MOHATh UX IIPHPO-
Iy B menom [30].
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CONCLUSION

A certain nuclear model, which can de-
scribe the available experimental data, for
example astrophysical S-factors of a ther-
monuclear reaction within the energy range
for which they are obtained, may also claim
to predict correctly the behavior of the S-
factor at ultralow energies - the range for
which the experimental measurements are
absent now [30].

Thus, on the basis of the potential cluster model there have
been considered astrophysical S - factors of radiative capture re-
actions in nine cluster systems p’H, p’H, p°Li, p'Li, p’Be, p"°C,
’H*He, *H*He, *He*He and *He'*C. For the construction of poten-
tials of interactions between the clusters in some of the systems
under consideration a phase shift analysis of the available ex-
perimental data on elastic scattering at astrophysical energies was
performed. Then on the basis of the descriptions of obtained or
available in literature phase shifts corresponding intercluster in-
teraction potentials were constructed within the framework of
forbidden states concept in multinucleon system consisting of two
subsystems the interaction between which is described, as it is
supposed, by a local potential. And for each partial wave an indi-
vidual Gaussian-type potential differing from the potentials for
other partial waves was obtained.

For the cluster systems pure in Young schemes the nuclear
potential, which is obtained from the description of elastic scatter-
ing phase shifts, is then used for description of the properties of
the ground bound states of nuclei. And it is assumed that the nu-
cleus consists of two fragments the internal properties of which
coincide with the properties of corresponding nuclei in a free
state. Such a situation takes place in p'°C system and with a high
likelihood in *H*He, *H'He, *He'He systems due to a strongly
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pronounced clusterization of ®Li, "Li, and "Be nuclei in the chan-
nels under consideration.

In p’H, p°H, p°Li and p’Li systems the situation is more dif-
ficult due to mixing of orbital states in isospin or Young schemes.
For the above systems, except p'Li, two orbital symmetries with
different Young schemes are allowed in the continuous spectrum
in states with the minimum spin, while for the bound ground
states of these systems only one of the two systems is allowed
[28]. Thus, it is impossible to construct the potential for the bound
states of clusters on the basis of experimental data description
according to elastic scattering phases without the preliminary
separation of phases in accordance with the Young schemes. The
method of separation of orbital states and potentials of the scatter-
ing processes according to Young schemes is demonstrated on the
example of p°H and p’H systems.

Classification of states according to Young schemes allows
determining the presence and the number of Pauli forbidden
states, allows fixing the number of wave function nodes of rela-
tive cluster motion and establishes a definite depth of the interac-
tion potential. Thus the discrete ambiguity of the potential depth,
characteristic of optical model, is avoided [45]. The form of each
partial scattering phase as a function of energy is very sensitive to
the width of the potential with the forbidden states, which is used
to get rid of the continuous ambiguity of the potential, which is
also characteristic of the usual optical model [45].

Therefore, all the parameters of scattering potentials in the
cluster model under consideration are fixed quite unambiguously
as compared to the common optical model. Furthermore, the ob-
tained potentials of intercluster interactions pure in permutation
symmetry and isospin or containing forbidden states allow de-
scribing correctly the main characteristics of the bound state of
the nucleus as a system of two clusters.

The formalism worked out for obtaining intercluster poten-
tials [20,25] is used here for the description of nuclear reactions
of photocapture in the systems under consideration. The operator
of electromagnetic transition for the processes of radiative cap-
ture, as opposed to other nuclear reactions mediated by strong
interactions, is well known. Moreover, in photocapture reaction
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there is no interaction in the final state, while the interaction in
the initial state is described quite correctly on the basis of the
well-developed potential approach. Therefore, one can expect the
quantitative agreement between the theoretical description and
experimental data.

And it is not surprising that within the considered cluster
model it was possible to predict the energy dependence of the S -
factor of radiative p’H capture in the energy range from 50 to 700
keV by taking into account only El transition. On the basis of
experimental data for energies beyond 700 keV we managed to
calculate about 15 years ago the S - factor for the energies down
to 10 keV [96]. As it was shown in chapter 4, the results of those
calculations reproduce the new data on S - factor [107] in the
wide energy range from 50 keV to 5 MeV.

In addition, the predictions as to the behavior of S - factor of
radiative p’H capture at energies down to 10 keV [29] made
within the potential cluster model under consideration at the times
when we knew the experimental data for the energies beyond 150
+ 200 keV were in a good agreement with the results [66,67]
which appeared much later for the energy range from 50 keV to
150 +200keV.

The cluster interaction potentials given here may also be used
for theoretical description of other nuclear processes at low ener-
gies involving the same particles. However, as it has been shown
above, the reliable results for the intercluster potentials and, con-
sequently, for the characteristics of nuclear processes calculated
on their basis can be obtained only if the phase shifts of elastic
scattering are accurately determined in the experiment. Unfortu-
nately, at present time for the majority of lightest nuclear systems
the elastic scattering phase shifts are found with significant errors
reaching sometimes 20 + 30%.

In this connection it is very urgent to raise the accuracy of
experimental measurements of elastic scattering of light nuclei at
astrophysical energies and to perform a more accurate phase shift
analysis. The increase in the accuracy will allow making more
definite conclusions regarding the mechanisms and conditions of
thermonuclear reactions, as well as understanding better their na-
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ture in general [30].
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AJIFbIC B1714IPY

Astop Heymaunn B.I'. mpodeccopre (M.B. Jlomonocos
ateimarel MMY SIOF3U, Mackey, Peceit), booc 3.I'. KP ¥tA
akagemurine (Du3Wka - TEXHUKANBIK HMHCTUTYT, AJMAaTHI
Kazakcran) Takmbaee H.OK. KP ¥FA akanemurine (AOai
ateiHAarkl  Kazak  ¥ITTBIK  TENarorHKaNblK — YHUBEPCHUTET,
Anmarsl, Kazakcran), Ueunn JI.M. npodeccopre (B.I'. decenkos
aThIHJAFBl ACTpO(M3HUKAIBIK HHCTUTYT, Anmatel, Ka3zakcran),
Hyticebaes  A.JI. mpodeccopre xome byprebace H.T.
npodeccopre (KP, ¥ATTBIK SOpOJBIK OPTaIBIFBIHBIH S IpOIIBIK
(hu3MKaHbIH MHCTUTYTHI, Asmatbl, Kaszakcran), Jlanaes H.T.
npodeccopre, Ilmpiranesa T.A  mpodeccopre  kitanTa
KapacThIPBUTFaH KeHOip Moceneep/IiH oTe KYHIB TAIKbIIAyIaphl
VIIIiH YIKEH alFBICBIH OLTIipesi.

Conbiven karap MHmxanoB b.C. mpodeccopre (M.B.
JlomonocoB arbiHpgarel MMY  AOF3U, Mackey, Peceit),
TEPMOSIAPOIIBIK CHHTE3 OoMbIHIIa MMY CTyIneHTTepiHe apHaIFaH
neknusutapelH koHe "HykneocunTe3 Bo BceenmenHon" KiTaObIH
MHTEPHETTEH  MYMKIHAICIHIIE  MaijanaHy  XoOHE  COI
MatepuangapapiH Oemikrepin: Aunrel ce3re, Kipicmere xoHe
KiTanTeIH OIpiHIII TapayblHa Kipridy VIIOiH, XEKE aFbICHIH
alTanbl.

ConbiMeH KaTap aBTOp Tarel JkazampoB - KaxapamaHoBKe
A.B. (an-®apabu atemHmarsl Kazak ¥JITTHIK YHUBEPCHUTET,
Anmatel, Kazakcran) xoHe 3asynunre .M. (KP ¥nrreik
SIIPOJIBIK  OPTAJBIFBIHBIH  SIIPONBIK (DU3UKACHIHBIH WHCTHTYTHI,
AmMartsl, Kazakcran) SKCIIEpUMEHTTIK MaTepraapas! i31eHyiHe
JKOHE TaHJIAI ATybIHA aJIFBICBIH OUTIIpe/Ii.

Bynan Oacka, aBrop CrpokoBara M.B. sxone [[xazaiipoB —
KaxpamanoBke A.B. KiTanThIH jXeKe OOJIIKTEPIH aFbUIIIBIH TUTIHE
aymapranbiHa, an CamapranumeBara JI.M. koHe baxTHspKBI3BIHA
XK. (B.I. decenkoB aTbiHAarbl AcTpopHU3UKAIBIK WHCTUTYT,
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Amvatel, Kazakcran) Kazak TimiHE  yKcac — OeiKTepiH
aynapraHblHA aJFBICEIH OlLTIipesi.

V3ukoBka HO.H. a.¢.-m.r.mokt. x%oHe bypkoBa H.A.
npodeccopre (an-Papabu areiHmarsl Kazak  YATTHIK
yHuBepcuTeT, Aunmathel, Ka3zakcTaH) FbUIBIMH  pelaKTop
KITanThl pemakIsuIaraHga OipHelne maimansl  ecKepTiesep,
TY3eTyJiep, KOChIMINAIAP >KacallFaHbIHA JKOHE epEeKIlle KOChUIFaH
yJieciHe KypMeT KOpceTesi.

Kopeireiagpiceinna brnoxunnes JILJ. mpodeccopre (M.B.
Jlomonocos arerHmarst MMY SI®F3U, Mockey, Peceii) epeke
anreic aiiTanel. ON TeK KaHa FRUIBIMU KOHCYJBTAHTTHIH MiHICTiH
aTKapMajbl, KiTanThlH Ma3MYyHBIHIa OipHeIle HeTi3[i YCBHIHBIC
s)Kacagpl, KOJDKa30aHel 90€H Tasajiall OKBIALI, 031HE TEXHUKAJBIK
penakTop PYHKIUACHIH aJiblll, dyeJri TeKCTKE MOH/II ©3repicTep/i
Kiprizmi.

B.I'. ®ecenkoB actpodusukanblk HHCTUTYT AK «¥F3TOK»
KP ¥YFA apxeumer KP  BEFM  iprem  3eprreymep
OarmapiaManapblHBIH —~ TpaTTapbl MEH OCpUIreH  KYMBICHI
JKapThUIal KONy KepCeTUIIi.
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BbJ/IArO4APHOCTH

ABTOp BBIpakaeT OOJBIIYH) TPU3HATEIBHOCTH Tpod. He-
ynauuny B.I'. (HUUA® MI'Y um. M.B. JlomoHnocoBa, Mockaga,
Poccus), akanemuky HAH PK Booc 3.I'. (®u3uko - TeXHUYECKU
uHCTUTYT, Anmatel, Kazaxcran), akanemuky HAH PK TakuGaeBy
H.K. (Kazaxckuit Hanmonanbnsiii [legarornueckuii YHuBepcu-
teT uM. Abas, Anmatel, Kazaxcran), npod. Yeunny JL.M. (Acr-
podusudecknii unctutyt uM. B.I'. decenkoBa, Anmatsl, Kazax-
ctaH), npod. [yiicebaery A.J. u npod. bBypredaesy H.T. (Un-
CTUTYT siepHOit pm3uknu HarmonansHOTO simepHOro neHTpa PK, ,
Anmatsl, Kazaxcran), npod. Janaey H.T, npod. [lmeiraneBoit
T.A. 3a 04eHB IICHHOE 00CYXXKJIEHUE HEKOTOPBIX, PACCMOTPEHHBIX
B KHHT€ BOIIPOCOB.

Kpome Toro, xoueTcst BRIpa3UTh OT/ENBHYIO OJIaroAapHOCTh
npo¢. Mmxanory b.C. (HUUAD MI'Y um. M.B. JlomoHocoBa,
MockBa, Poccus) 3a BO3MOXKHOCTb T0JIb30BaThcsi B MIHTEepHETE
€ro JIEKIUsAMHU JJIs1 CTyIeHTOB MI'Y 1o TepMOsAIepHOMY CUHTE3Y
u kHuro "Hyxneocunres Bo BeenenHoil", yacTe Marepuana Ko-
TOpHIX ObUTH HcoNb30BaHO B [IpenucnoBuun, Beenenun u Ilep-
BOH I'JIaBE JAHHOU KHUTH.

Astop 6narogapen takxe /[xazaupoBy - Kaxpamanosy A.B.
(Kazaxckuit Hanmonanbublii YHHBepcuTeT uM. anp - ®Dapadw,
Ammartsel, Kazaxcran) n 3a3ynuny .M. (MaCcTHTYT sSaepHO#t ¢u-
3ukn HammonamsHoro simepaoro meHtpa PK, Amnmarter, Kazax-
CTaH) 3a MOWCK W TMOAOOp OMPEHCICHHON YacTH 3KCICPUMEH-
TaJbHOTO MaTepHana.

Kpome Toro, aBTOp BBIpa)kaeT OOJBIIYIO OJIArOMAPHOCTH
Crpokosoii U.B. u JIxa3aupoBy - KaxpamanoBy A.B. 3a nepeson
YaCTU TEKCTa KHUTH HA aHMIMMCKUN s3Ik, a CamapraineBon
JILM. u Baxtuspkeisl XK. (Actpodusndeckuit HHCTUTYT uM. B.T.
®eceHkoBa, AIMAaThl) 32 aHAJIOTHMYHBIN MEPEBOJ Ha Ka3axCKUU
SI3BIK.
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He mory He OTMETHTH OCOOBINM BKJIaJ HAYYHBIX PEIAKTOPOB
n.¢.-m.H. Y3ukopa F0.H. (OUSU 1yona, Poccus) u npod. Byp-
koot H.A. (Kazaxckuii HanmoHanbHBIM YHUBEPCUTET UM. allb-
®dapabdu, Anmmatsl, Kazaxcran), KOTOpBIE CIIENATH TEINbIA PsiJ] TO0-
JIE3HBIX 3aMEUaHUH, MTPABOK U JIOTIOJHEHUH MIPU PETaKTHPOBAHUU
KHHUTH.

B 3akiroueHne BhIpakar0 UCKIIOYHTEIBHYIO OJIar0AapHOCTh
npod. broxunnery JI.JI. (HUUAD MI'Y um. M.B. JlomoHOCOBa,
Mockga, Poccust). OH HEe TOJIBKO BBITIONHUI 00S3aHHOCTH HAY-
HOT'O KOHCYJIbTaHTa, CACJIaB HECKOJIBKO MPUHIIUIHAIBHBIX TPE-
JIOKEHUH M0 CONEPKAaHUI0 KHUTH, HO U JCTAIhbHO OTYHTAB PYKO-
MACh, B3sJ1 Ha ce0s (PYHKIIMU TEXHUYECKOTO pPEIaKTopa, BHECS
CYIIIECTBCHHBIC MPABKU B TICPBOHAYATBHBIN TEKCT.

Jlannast paboTa YacTHYHO MOAJEPKUBANAch rpantamu [Ipo-
rpamMMbl pyHIaMEeHTAIBHBIX ucchenoBanuiit MOH PK dgepes Act-
podusuueckuii uHctuTyT uM. B.I'. ®ecenkopa HIl KUT HKA
PK.
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rNPUJIO)XKEHWUE 1

Application 1
®dazoB.bIii aHanu3 ynpyroro *He*He paccesnus
Phase shifts analysis of the *He"He scattering

BBepeHune

Bo MHOTHX 3amadax saepHON (H3MKU HHU3KHX DHEPTHH H
sIIEpHOMN acTpou3UKU TpeOyeTCs 3HATH SEPHBIC (ha3bl yIIPYroro
paccesiHusI, KOTOPhIe MOTYT OBITh ONpPENCICHBI U3 TUuddepeHI-
AIBHBIX CEUYEHUH YIPYroro paccesHus pa3luYHbIX SACPHBIX dac-
TUI. 3ajada ompeieNieHus] AAepHbIX (a3 M3 YIPYTHX CEeUeHHH
0OBIYHO Ha3bIBaeTCA (a30BBIM aHATH30M, KOTOPHIM, B MaTeMaTH-
YECKOM IIJIaHe, CBOJUTCS K MHOTOIIApaMeTPHIECKON BapHaIHOH-
HoM 3amade. Korja u3BeCTHBI 3KCIIEpUMEHTAIBLHBIE CEUEHUS pac-
CesSHUS SJCPHBIX YaCTHI[ M MAaTeMaTUYCCKHE BBIPAXKCHUS, TOJY-
YCHHBIC B KBAHTOBON MEXaHHKE, KOTOPBIC ONMUCHIBAIOT ATH CeUe-
HHS B 3aBUCHMOCTH OT HEKOTOPBIX MapaMeTpOB O;, Ha3bIBAEMBIX
aIepHbIME (pasamMm paccesHus, BOZHHKAEeT MHOTONapaMeTpHye-
CKasg BapHallMOHHAs 3a/laya HaXOXKJIEHHUS JTHUX MapaMeTpoB. B
Pa3HBIX SIIEPHBIX CHCTEMaX M B 3aBHCHMOCTH OT SHEPTHH CTall-
KHBAIOIIUXCS YaCTHUI[, YUCIO ITHX MmapameTpoB (¢ha3 ympyroro
paccesHusI) MokeT MeHAThes oT 1 + 3 mo 30 + 40. Hampumep, B
*He'He paccestHun MBI Bconb30Bany 10 40 mapuuanbHbIX BOIH,
a B p'°C cucTeMe NpH HU3KHX SHEPrusAX BCEro 1 mapuuanbHyio
tazy.

PaccmoTpum nannbie uaMepenus auddepeHIaibHbIX cede-
HUH yIPYyroro paccesHus U pe3yibTaThl (a30BOro aHain3a, IMo-
JIY4EHHOTO 3 dTHX ceveHuit, s “He'He cHCTeMBI MpH pasHBIX
sHeprusx. OCHOBHBIC JaHHBIC TAaKUX HCCIICIOBAHUNA OTHOCSTCS K
obmactu sHepruid 1o 120 M»B, HO He BO Bceit 310 06s1acTu ObLT
BBITIOJTHEH TIOCJICJOBATENbHBIN (ha30BBIA aHAIHM3 3KCICPUMEH-
TalbHO W3MEPEHHBIX TU(GEPCHIIMANBHBIX CEUEHUH YIPyroro
paccestaus [46].
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M1.1 O630p aKkcnepuMeHTanbHbIX
AaHHbIX

[MpuBeneM kpaTkuii 0030p PKCHEPUMEHTAILHBIX JTAHHBIX H
pesynbTatoB (asoBoro amammsa ympyroro ‘He'He paccestrus,
BBITIOJIHCHHBIX B pPa3HBIX paboTax i dHepruid MmeHwine 120
M>»B:

1. M3mepenue nuddepeHnranbHpIX CEUEHUH YIIPYroro pac-
cestHus M (pa3oBbIll aHanu3 B obnactu »Hepruit 0.6 + 3.0 MaB
(J1.c.) BEIMONTHEHBI B padote [216], e ceuenus u (ha3wl IpuBeIe-
HBl B Ta0JIMIaX, YTO OYEeHb yIOOHO IS MX HCIIOJIb30BaHUS U B
7100011 MOMEHT TO3BOJISIET TIOBTOPHUTH BCE PE3YbTAThl IO HAXO-
KIeHuto (a3 paccesHus.

2. O6nactp sHepruii 3.0 + 5.0 MaB Obina paccMoTpena B pa-
6ote [217], HO (ha3wl U ceueHUS pacCcesTHUS IPUBEICHBI TOJHKO Ha
PHUCYHKaX.

3. Dueprun 3.8 + 11.9 M»B ananmusupoBanuch B pabote
[218], roe pe3ynbraThl (ha30BOrO aHATU3a NPUBEACHBI B TaOJIHIIE,
a nmuddepeHnranbHbIe CeUCHNS pacCcesHNs TOKa3aHbl TOJIBKO Ha
PHUCYHKaXx.

4. OdeHb akKypaTHble U3MepeHHs AuddepeHInanbHbIX ce-
YEHUH YNPYroro paccesiHus W (a3oBblii aHAIW3 BBIIIOJIHEHBI B
paborax [219,220], rne ans obnactu sHepruit 12.3 + 22.9 MaB
9KCTIEPUMEHTAIbHBIE CeYeHHs M (a3bl pacCestHUS MPUBEICHBI B
TabIULAX.

5. O6macte 12.9 + 21.6 MaB paccmarpuBanace u B padbote
[221], HO cedyenus u (a3pl paccesHUs IPUBEICHBI B HEH TOJBKO
Ha PUCYHKaXx.

6. Ouens xopourre AaHHble a7 sHepruit 18.0 + 29.5 M»B
npuBeAeHBI B padboTe [222], rae cedeHus: ynpyroro paccesHus u
pe3ynbTaThl ()a30BOr0 aHAIHM3a MPUBEICHBI B MOAPOOHBIX TabIH-
nax.

7. Ilpu sHeprumsx 23.1 + 38.4 M»B BBITOTHEHBI SKCTICPUMEH-
TaJIbHBIE U3MEPEHUs CEYeHUH U TpOBeAcH (a30BbIi aHANU3 B pa-
oote [223], omHaKo B TaOJIMIAX MPUBEACHBI TOIBKO CCUCHISI pac-
CESIHMA.
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8. N3mepenue ceuenuit u (azoBbiii aHamM3 B obOmact 53 +
120 M»>B 06butn BeIOTHEHBI B paboTe [224], HO TaM NPHUBEICHEI
TONILKO TaONMYHBIC (a3bl, a CEUCHUS pacCcesHUs JaHbl HA PHCYH-
Kax.

9. DkcnepUMEHTAIbHBIE HCCIIEOBAHUSA CEYEHHH YTIPYroro
paccesHust s 3Hepruit 36.8 + 47.3 M»bB Obutu TpOBEICHBI B
pabote [225], rue B moApoOHBIX TaONMIAX JaHBI PE3yNbTaThl U3-
MepeHud audQepeHIIHalbHbIX CeYeHUH, HO (a30BbI aHaIu3
STHX JAAHHBIX BOOOIIE He MPOBOAMICS. TeopeTHuecKnue Hccieno-
BaHMsI HEKOTOPBIX DHEPIHi U3 3TOH 00JacTH MMEIOTCS TOJIBKO B
pabote [226], Te BBHINOIHEH IMOWCK IMapaMETPOB ONTHYECKOTO
MOTEHIHAIa, a 3aTeM, PACUETHBIM ITyTeM, ObUIH TOIYYEeHBI (a3bl
ynpyroro ‘He'He paccesnus. KauecTBO ONTHYECKON MOITOHKH,
CIETaHHOW B 3TOW OOJIaCTH DHEPrHid, OCTABISET JKeJIaTh MHOTO
JYYIIEero, YTO HEMOCPEACTBEHHO BUIHO W3 PHUCYHKOB DPAaOOTHI
[226]. Kpome ToTrO, IipH M3BICYCHUH (a3 paccesHHs U3 ONTUYe-
CKUX MOTEHIMAIOB BBIYMCIIIACH TONBKO HX JEHCTBUTENbHAS
9acTh, @ MHAMAs 4acTh (Da3 CUMTAIach Majlo, HaXOMAIIEHCs Ha
ypoBue 1~ + 2°, uTo mpejcTaBiseTCs HE BIOIHE OIPABIAHHBIM
IU1s sHEeprui B oomactu 40 MaB u BhIIIIE.

10. DOneprun 38.5, 49.9 u 51.1 MsB Obn paccMOTpPEeHHI B
paborax [227,228,229] cOOTBETCTBEHHO, Tae M3MepeHbl nudde-
peHIMaTbHBIE CeueHUs, HO (ha30BBIA aHANW3 ATHX JAHHBIX He
npoBoawicsa. Bmecto atoro B paborax [227,229] mony4eHs ma-
paMeTphl ONTUYECKUX MOTEHIMANOB, U B [229], Ha UX OCHOBE,
BBIUMCIICHBI (Pa3bl yIPyroro paccesHusl.

W3 mpuseaenHoro 0030pa BHIHO, YTO CTaHAAPTHHIN (hazo-
BBI aHAJIN3 KCIICPUMEHTAILHBIX JTAHHBIX, T.€. MU depeHIraIh-
HBIX CedeHwmil ympyroro paccesaust B "He'He cucteme mpu sHep-
ruax 36.85 + 51.1 M»dB, mo cux mop He BBIMOIHEH. KadecTBo
MOJITOHKH TIAPAMETPOB ONTHYECKUX MOTEHIMAJIOB JJsl objacTtu
sHepruii 23 + 47 M»aB [226] Bpsia i MOXXHO CUHATATh yIOBICTBO-
PHUTEIBHBIM, YTO HEYAUBUTEIHHO, TOCKOJIBKY BCE 3TU PE3YJIbTATHI
ObuTH TTONTy4YeHs! B 60-€ TOAbI.

[ToaTomMy mpencTaBiseTcss HHTEPECHBIM BBITTOIHUTH TOYHBII
U MaKCUMallbHO IMOJHBIN (ha30BBIN aHAN3 SKCIEPUMEHTATLHBIX
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i hepeHInaIbHBIX CEUCHUI yNpyroro paccesiHusi B oOmactu
s”epruii 37 + 51 MbaB. IlpoBectn Takoil aHanu3 mo3BoJsieT Tad-
JIMYHOE IPEICTaBICHUE YKCIEPUMEHTAIBHBIX CEUEHUH YIIPYTroro
*He'He paccestHust B 9TOi 06IaCTH SHEPruii, IPHBEICHHOE B pa-
Oorax [46,225,227,228].

M1.2 MeTtoakl hazoBoro aHanusa

Paccmotpum 3a1ady ¢a3zoBoro aHaim3a U METOIBI OTIpeeIic-
Hus (a3 U3 IKCHEPUMEHTAIBHBIX TaHHBIX, T.C. ONPEACIUM CIIO-
cOOBI U MOJIXOJbI, KOTOPBIC HMCIIOJIb30BATNCh B HalleM (ha30BOM
aHaJu3e.

JuddepeHiinalbHOe CEUSHUE YIPYroro paccesHus ompee-
JsieTcst yepe3 (asbl paccesHUs TOXKIACCTBEHHBIX YACTHII CICIYO-
M obpazom [45]:

do(9)

o @+ fa-of (ITL.1)

rJe aMIUTUTYy1a PACCESIHUS MPEACTABISICTCS B BUIE CYMMBI KYJIO-
HOBCKOH U SI/IEPHOM aMILITUTY 1

f(8)=1(6) + fn(6) (I11.2)
U BBIPAXKAECTCS Yepes sfepHbIe O; U KYJIOHOBCKHE G; (hasbl pacces-

Hus [45]:

__ n ; in2 ; 1.3
£.(8) (stinz(e/2)Jexp{mln[sm (0/2)]+2ic,}, ( )

S (©) =ﬁ2(21+1)exp(2i0,)[51 —1]P (cosBO) ,
K

rie k — BOJIHOBOE YHCIIO OTHOCHTENBHOTO JBHKEHHS YacTull k° =
2UE/ 7%, E — oHeprus CTANKUBAIOIIMXCS YacTHI] B IIEHTPe Macce, L
— IpUBEICHHAs Macca, T| — KYJIOHOBCKHI mapameTp, 6 — yron
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paccesnusi, Py(cosB) — monunomsl Jlexxanapa.
SnepHsie da3bl paccesiHUS IPEICTABISIOTCS B BHIIE

81 = ReSZ + zImSZ ,

TOT/AA [T MaTPHULBI paccessHUs U MapaMeTpa HEeYIpyrocTy Moiy-
YUM

Sik) = ni(k)exp[2iRed(k)]
(k) = exp[-2ImJ,(k)] .

CymmupoBanue B BolpakeHuH (I11.3) BBIMONHAETCSA TOJBKO
10 YETHBIM /, IOCKOJIbKY HEYETHbIC MaplUaIbHbIE BOJHBI HE Ja-
I0T BKJaJa B IOJIHOE CEYEHHUE, U IPOBOAUTCS 10 HEKOTOPOro L,
BEJIMUYNHA KOTOPOTO 3aBUCHUT OT SHEPTHUH.

Kynonosckyro ammutyny paccesHus (I11.3), ucmonesys
BBIpaKCHHE

D =sin(6/2) = 2/[1 - cos(0)] ,
MOHO 3aIliucaThb B BUJC
fe=-mD/I2k [cos(C) + isin(C)] ,
rae

C=206p+mlnA .

SlnepHasi aMIUTUTY1a MOXET OBITh NPE/CTABICHA B CICIYIO-
et popme

| < | [BCos(26,)+ASin(26,)]+
=—>SL P , I11.4
i 2k ; +i[BSin(26,)—~ ACos(25,)] | " ) s

rue
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x=cos®) , L=21+1, A=mcos28)-1, B=nsin28)

3aBUCST TOJBKO OT SJCPHBIX (a3, mapamerpa HEYNPYrocTH U Op-
OUTaTLHOIO MOMEHTA.

KynonoBckue ¢asbl paccessHus BeIpakatoTcs dyepe3 ['amma -
dysKIHIo [45]

o, =arg{l'(( +1+in)}

U yJIOBJICTBOPAIOT PEKYPPEHTHOMY IPOLIECCY

o, =0, — Arctg (lnjj

OTkyna cpa3dy MOXHO TIONYYHTH CIIEAYIOIIee BBIPaKEHUE
JUTSL KYJIOHOBCKUX (ha3

!
06,=G,—60=2Arctg(%J ; 0=0 .

n=1

Benmuunna o ucnons3yercs B mpeoOpa30BaHHBIX BHIPAKCHH-
sx (I11.3), ecu BeIHECTH OOIIMIA MHOXKHTENH eXp(2iGy). Torma o,
— O ¢ O = 0, uTo M30aBIgET HAC OT HEOOXOAUMOCTH BBIUHUCIIATE
KYJIOHOBCKHE (Da3pl B SBHOM BHIE, U KYJOHOBCKAas aMILTUTYIa
MIPUHUMAET CIICTYIOITYI0 Ghopmy

_ n . . 2
f.0)= (—2kSin2(e/Z)Jexp{mln[&n oe/2)]} .

B ‘He'He 3amaue ¢ HysneBbIM crimHOM HaGop a3 85, , 3aBH-

CALMIA OT MOJHOro MoMeHTa J M cnmHa S, nmepexoaut B O, Ilo-
ckoJbKyY S = 0, TO MOJHEIN MOMEHT paBeH OpOUTATHPHOMY MOMCH-
TyJ=1
Jlyis moMcka SASpHBIX (ha3 pacCesHUS MO IKCIEPUMEHTAIb-
HBIM CCUCHUSIM BBITIOJTHACTCS MPOIeAypa MUHUMH3AIMNHN (DYyHK-
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IIMOHANa ¥, KaK (QYHKIHH 2L+2 MepeMeHHBIX, Kakaas U3 KOTO-
phIX sBjIseTCs (ha3oi O, onpeneaeHHON apuUalbHOM BOIHEI pac-
CesTHUS M HEYTIPYTOCTHIO 1); B 3TOH BoJHE [46].

B »THX pacderax 3amaBaiuCh IIeNbIe 3HAYCHUS MacC YacTHII,

KOHCTaHTa % npUHEMANach paBHoii 41.4686 MaB-OM’, a ky-
0

JIOHOBCKHI napamMeTp OIpeACICH BO BTOpOI>’I TJ1aBC.

M1.3 NpoBepka KOMMNbLIOTEPHON
nporpaMmmbl

Jl1s1 BBITIOJTHEHHSI JaHHOTO (Da30BOTO aHaM3a OblIa HaImca-
Ha KOMIIbIOTEpHAs IporpaMMa Ha sA3blke "Basic" ams KOMIWIATO-
pa "Turbo Basic" ¢upmsr “Borland International Inc.” [230], uc-
MOJIB3YIOIIAsl PEKUM JIBOMHOW TOYHOCTH, KOTOpasi 3aTeM IepeBe-
neHa Ha Fortran - 90 cuctemst PS - 4. IIporpamma TectupoBaiach
M0 BBHIMOJIHEHHOMY paHee ()a30BOMY aHAJIU3y W3 Pa3IMYHBIX pa-
00T mpu pa3HbIX dHEprusx. [IpuBeaeM 31ech HEKOTOPBIE U3 ATHX
TECTOB.

Hanpumep, npu saeprun 6.47 MsB (1.c.) B pabote [218]
npuBOAATCs cinexyrommue gassl: 0, = 79.5° £ 2°, §, = 80.8° + 2°.
B HamieMm (a30BOM aHam3e ISk HUX MOJNY9aloTcsl 3HaAYE€HHs Oy =
80.43°, §, = 80.73° mpu %> = 0.18. OmmbKa OnpeneneHus cede-
HUH U3 pucyHKoB pabotsl [218] mpunumanace paBHor 10%, uro
1 0OBSCHSIET CTONb Manyro Benuanny ) . [Ipu suepruu 12.3 MaB
B padote [220] momnyyeno 8, = 29° +4°, 3, = 103° £ 8°, 6, =3° *
1.5°, a Ham ananus paer &) = 28.37°, 8, = 105.03°, &, = 2.62° npu
x> = 3.43. B a10ii e pabote wis 17.8 MaB naiineno 8 = 7° + 2°,
0, = 104° £ 4°, 9, = 16.2° £ 2°, a B HAIUX BBIYUCIECHUSAX MBI
HPUXOJMM K 3HaYeHUsM Oy = 7.25°, &, = 103.93°, &, = 17.0° npu
x* = 0.46. B pa6ore [220] paccmorpena u sueprus 22.9 MoB, s
KOTOPOM MOJy4YeHbl cieayromme ¢assl: 8y = 169.7° + 2°, 8, =
94.0° £ 2°, 8, = 59.2° + 2°, §s = 1.09°. Ham a3oBblii aHanmus
3TUX JAHHBIX AAeT BEJIMUYUHBEL Oy = 169.30°, &, = 94.49°, §, =
59.55°, 8¢ = 1.0° mpu x> = 1.46.

Ipu sueprusax 12.3, 17.8 u 22.9 MaB auddepeHinaibHbie
CeueHHMs, UX OMMOKH, (a3bl PACCESHUS M BEITMUHHA )  MPHUBE/IE-
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HBI B TaOymmax [220], Ho cpaBHUBATh MOYKHO TOJBKO caMu (ha3bl
paccesinus. CpaBHMBATh ) JOCTATOUHO CJIOXKHO, MOTOMY UTO B
paborax [218,220] paccmaTpuBaeTCs HE BEIHYMHA ), OIpEJC-
JIEHHasl BBIIIE BO BTOpPOM rnaee (2.12), a ee mpousBoaHas, 3aBU-
cAMIasi OT HEKOTOPBIX KOHCTAHT, CBA3AHHBIX C DKCIIEPHMEHTAb-
HOH METOIUKOH.

[IpuBenem Oomnee mMoApoOOHO BapHaHT KOHTPOJIEHOTO CUETa,
KOTOpBIi BbiosHeH 11t yrpyroro ‘He'He paccesnust mpu sHep-
run 29.5 MbaB. B pabote [222], Tne maHbl SKCIEPUMEHTAIBHEIC
CEUCHHUs M pe3yabTarhl (pa3zoBoro aHammsa (cMm. Tabn.Il1.1), mis
cpeaero % GbLTa momydeHa BenuuuHa 0.68, HO METOMIBI €¢ pac-
YeTa HECKOJBKO OTJIMYAIOTCS OT H3JIOKECHHBIX BBILIE, MOITOMY
3HaueHne (.68 TakKe HENb3s HAMPSAMYIO CPaBHHBATH C HAIIIMHU
pe3yabTaTamMH.

Tab6mn.I11.1. CpaBHEeHHE pe3ynbTaTOB (Ha30BOTO aHATN3A
13 paboThl [222] 1 Hammx pe3yabTaToB mpu 29.5 M»aB.

d;, rpa. Pesynbrater [222] Hamu pesynpraTh
&y 150,88 £0.17 150.76
0, 86.9010.13 86.61
Oy 121.19+0.17 120.00
O 2.20+0.11 2.16
O 0.11+0.08 0.09

B pesynprare Hammx pacuetoB c ¢azamu U3 paboThl [222]
JUIA CpeaHero X’ 1o BceM ToukaM momyueno 1.086. Eciu yuects
BECOBBIC MHOXHUTENU U3 [222] MOXXHO moday4yuTh Benuuuny 0.6,
BIIOJIHE COIVIACYIOIIYIOCS C pe3yJIbTaTaMU 3TOM padoTHI.

Jlanee HaMH BBITIOJTHEHBI MOAPOOHBIE pacyeTbl ¢ MUHUMH3A-
1peit ° Mo HaIIe IporpaMMe, MPUBEACHHOI Jaiee, i CPaBHEHNUE
pe3yNbTaTOB € DJKCIEPUMEHTAIbHBIMU JaHHBIMU [222]. [lns
cpemrero x> 6buto moxydero 0.600 (Bmecto 1.086), T.c. HabIO-
JIaeTCsl yIy4IIEHUE KauyecTBa ONUCAHUS IKCIEPUMEHTA TIOYTH B 2
pas3a mpH O4YeHb HEOOJIBIIOM HM3MEHEHHM 3HA4YeHUH caMux ¢as,
KOTOpBIe TIoKa3ansl B Ta01.I11.1.

B paborte [222] mony4yeHbl JaHHBIE U IPH SHEPTUH 25.5 Mb3B,
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JUTsL KOTOpO# HaiaeHsl dasel & = 160,36° £ 1.01°, 8, = 89.37°
1.54°, 8, = 88.64° £ 1.77°, 8¢ = 1.61° £ 0.39°, &s = 0.36° £ 0.19°.
Ha pacder ¢ stumu dhasamu mpuBoauT K )~ = 2.127. Beimommsis
JIOTIOJTHUTENILHOE BapbUpoBaHue (a3 paccesHus, TMONYyYdUM 3a-
METHOE YITydlICHHEe OIHCAHNS MMEIOIINXCS TaHHbIX ¢ )~ = 0.886.
Ins da3 moaydeHsl cleayromue 3HavyeHus: Oy = 160.49°, &, =
89.00°, 8, = 88.60°, 8s= 1.41°, 3= 0.18°, KOTOpHIE COBMANAIOT C
pesynbTatamu [222] B mpepaenax, MPUBEICHHBIX B 3TOH paboTe,
omnOoK (a3 paccessHUs.

Hebonpmme otnuuus B ¢aszax paccestHus MOTYT OBITH 00y-
CJIOBJICHBI PA3ITUYHBIMU 3HAUCHUSIMU KOHCTAHT WJIH MacC YacTHII,
KOTOpBIC HCIONB3YIOTCS B TaKMX pacueTax. Hampumep, MOXHO
HCTIONIb30BaTh TOYHBIC 3HAUCHHUS MAcC YaCTHIl MU )K€ MX IICNbIC

BEJIMYUHBI, @ KOHCTaHTa #> / m, MOXeET ObITh paBHa 41.47 wiwy,

Hanpumep, 41.4886 MaB-®dm’. [103TOMy, B LEIOM MOKHO CUH-
TaTh, YTO BO BCEX PAaCCMOTPEHHBIX BBIIIE CIIydasX, KOTOpbIE
MOXKHO CUMTaTh KOHTPOJBHBIMHU, HAallll Pe3yJIbTaThl, B IpeAeiax,
NPUBEACHHBIX B Pa3MUUHBIX paboTax omuOOK (a3, COBMAAAIOT C
JaHHBIMH, NIOJIyYCHHBIMU paHee U pa3HbIMU aBTOPAMU.

M1.4 PesynbTatbl thazoBoro
aHanusa

[MpuBeneM Tenepsb pe3yabTaThl HANIETO (a30BOTO aHAIN3A B
obmactu sHepruit 30 + 40 M»aB, koTopas uccieaoBaiach B pabo-
Te [223], rae B TabnMIax MPUBEACHBI IKCIICPUMEHTAIIBHBIC CeUe-
HUS YIIPYTOro paccesHus, a pe3yabTaThl (ha30BOT0 aHAN3a JTaHbI
Ha PUCYHKaX.

B paGote [223] paccmartpuBanack 3neprus 30.3 MbB, mis
KOTOPOH MoJtydeHsl (a3sl paccestHust 135+ 5,75+ 5,110 5, -2
+ 1 (3mech u ganee (as3pl NPUBEACHBI B rpaaycax), B EJIOM OITH-
CBHIBAIOIIME JKCIICPUMEHTAIbHBIC JaHHbIC. [IpuBencHHBIC 371€Ch
OWMOKK OMPENeNIOT TOYHOCTh OINpeleNeHus 3THX (a3 u3 pu-
CYHKOB paboTsI [223]. Mcnons3ys uX B KaueCTBE HAYAJIBHBIX U
BBITIONTHSSL BApHUPOBaHUE (a3 C MIECThIO MapIUabHBIMKA BOJIHA-
MU, TIOJTYIUM x2 =2.11 ¢ dazamm 135.89, 76.51, 116.29, 0.0, xo-
TOpBIE BIOJHE COTJIACYIOTCA ¢ pe3yiabratamu [223]. Buano, dro
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JIOCTAaTOYHO YeTHIpeX MapruaibHbIXx BoJH (I = 0,2,4), 9TOOBI
CPaBHHUTEIHHO XOPOIIIO OMKCATh Takue cedeHus. [ momydeHus
x>= 0.177 tpebyercs yxe L = 16 u yaer MHEMOI gacTu (a3, HO
napUHaTbHEI X IpH 85 rpagycax BCe %Ke ocTaeTcs mopsiaka 1.6.
U tonpko yBenuuenue L 10 20 MO3BOJAET MOTYYUTH X2 = 0.108
CO BCEMH TIAPIHAbHBIME )’; MEHBIIIE SAHHHIBI U (a3aMu

Ore = 134.4998; 69.7085; 116.0319; 0.0; 0.0476; 2.5423; 0.8548;
4.4579; 0.1409; 0.0; 1.0187,;
O = 1.8530; 3.1955; 0.4002; 3.6621; 0.0; 4.0655; 1.5142;
3.7219; 2.1339; 0.0; 0.1611,

JIeCTBUTEbHAS YacTh KOTOPBIX B MpeJiesiaX ONIMOOK BIIOIHE CO-
TJIacyeTcs ¢ pe3yabTaTaMu padoTs [223].

1000:-|'|-|-|'|-|-|
30.3 MeV

100 |

do/dQ, mb/cT.

10 PR (U RS RNTN TR R SR RN R
20 30 40 50 60 70 80 90 100

8, rpaa.
Puc.IT1.1. Inddepenmanbapie cedeHUs YIPYToro paccesiHust anbda -
4yacTull Ha sapax renus npu 31eprun 30.3 M»aB [223].
Touku — 3xcriepUMeHTaNIbHEBIE JaHHbIe [223], cIulomHas KpuBas —
pacyeT cedeHui ¢ HalIeHHBIMH (ha3aMH.

IIpuBenennass ToUHOCTh (a3 OOYCIOBIIEHA TeM, UTO MX OK-
pyTieHuE Jake A0 COTHIX MoJiel mpu L mopsinka 20 MOXKeT u3Me-
HUTB %" B 2 + 3 pasa. Ha puc.IT1.] mokasaHblI pe3y/IbTaThl pacde-
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TOB CEUCHHM C STUMH (ha3aMH.

B pa6ote [223] 6pu1a paccMoTpeHa Takke sHeprus 31.8 MaB
Y Ha pUCyHKax mpuBeAcHBI Pa3bl paccesaus 144 5,79 £ 5, 126
S5 mpul =0, 2.4 Mcnons3ys UX B KayecTBE HaYalbHBIX (a3, T.e.
BXOJHBIX TApaMeTpOB IS HAmIeld MPOrpaMMBbl, W BBITOJHSASA
BapbHpoBaHue, monydum X = 1.99. Jlnst a3 paccesHus, IpHBo-
JSIMX K TAKOMY MHHEMYMY %, HailICHbI BEIMUHHBI Ope =
143.78, 78.39, 125.71, xoTOphIC MOTHOCTHIO COBIIANAIOT C pe-
3ynbTaTaMu paboTsl [223].

JanpHeliiee yBenWYeHHWE 4YHcla MapUUAIBHBIX BOIH 0e3
ydeTa MHUMOW 9YacTH HE NMPHUBOIUT K 3aMETHOMY YIIyUIICHHIO
OTHMCaHUs JKCIIEPUMEHTAIBHBIX MaHHBIX. M TONBKO €CiH y4ecTh
MHHUMYIO 4acTh ()a3 U BBINOJIHUTH BApbUPOBAHUE C ACCATHIO Map-
[IUATBHBIMHA BOJIHAMH, MOXKHO TOJYYUTh YIIYYIICHHUE BEIHYUHBI
x* 10 1.10 co cnemyromumu dazamu

Ore = 142.89; 78.09; 125.80; 0.0; 0.14; 0.41;
dim = 0.0; 0.0; 0.0; 0.0; 1.26; 0.59.

Opnako npu TakoM 3HaueHuH L = 10 HeKoTophle NmapLuaib-
HbIe (*; 3AMETHO MpPEBbIIIA0T exuuuiy. W Tompko mpu L = 16
MOJKHO TOJIYYHUTh XOPOIIEE ONHUCAHUE IKCIIEPUMEHTANBHBIX JaH-
HBIX CO cpeasuM ¥ = 0.088, BceMH IapLuaIbHBIMK X *; EKAIIH-
mu B obmactu 0.003 + 0.5, u pazamu

Ore = 152.5263; 69.4016; 126.8901; 0.0; 1.3442; 4.5831; 0.0918;
2.1935; 0.1769;
Om = 0.0; 2.0620; 5.3600; 1.4498; 0.2164; 5.6597; 2.2074;
2.8611; 0.4500.

U3 3TuX pe3yapTaToB BHIHO, YTO YBEIHMUCHHUE YUCIIA TapIH-
aJIbHBIX BOJIH 3aMETHO CKa3bIBaeTCsS Ha BeauuuHe S - u D - ¢a3
paccestHHs, NMPaKTHYecKd He MeHsAs G - BOJIHY, a MHAMAas 4acTb
a3 mpu 30.3 u 31.8 M»aB yxke oka3biBacT CyIIECTBEHHOE BIIHSI-
HUE Ha Ka4yecTBO omucaHus Mu(depeHnaIbHbIX CEUSHHH, XOTS
MHHUMBIE 9acTH (a3 CPaBHUTEIHHO MaJIbl.

Ouneprus 34.2 MbB Taxke Oblia paccMoTpeHa B pabore
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[223], Toe Ha pucyHKax mpuBeAeHbl ¢as3bl paccesHusa 145 £ 5, 65
+5,145+£5,5+2npul=0,2,4,6, c KOTOPEIMHA MOKHO TTOJTY9IHUTb
x* = 6.4. Beimonmsis ganee BapbupoBanue (a3, H BKIIOUAs BOCh-
MY MapIUabHYI0 BOJHY, HAXOJUM 3aMETHOE YIIYUIICHUE OTIH-
CaHMs PKCIIEPHUMEHTANBHBIX JaHHEIX ¢ ¥ = 0.976. Jlnst da3 pac-
cestHUsl OBUIM TOJYYEHBI CIEAYIOIIUE BEIUUUHBL O, = 145.18,
69.10, 143.52, 4.20, 0.65, KoTOpbIE MPAKTUYECKH COBHAAAIOT C
JaHHBIMU [223] B m1eCTH NapIHabHBIX BOJTHAX.

JanpHeiiee yBenn4YeHne Yrciia NapuuaibHbIX BOMH 10 20
y4eT MHHMOH 4acT (a3 MPUBOIUT K YMEHBIIICHHIO > TOTBKO 0
0.56 u yxe He OKa3bIBaeT CYIICCTBEHHOTO BJIMSHES HAa Ka4eCTBO
OTHMCaHUs 3KCIICPUMEHTAIBHBIX JAHHBIX, MIOCKOJIEKY HEKOTOPHIC
napLUManbHbIe ); MMEIOT BEIMUYMHY HopsiaKka Tpex. Y ToIbko yBe-
JUYCHUE YKCIa TTAPIUATBHBIX BOJH J0 26 MPUBOJIUT K JOCTATOY-
HO THOKOMY BapHAIMOHHOMY Ga3HCy, KOTOpBI J1aeT cpemHee )
= 0.065 co BceMH MapUHaTbHEIME ) ; MeHbIne 0.4 i dazavu

Ore = 140.8989; 54.4378; 133.2759; 0.9489; 0.3164; 0.7580;
5.3713; 0.1052; 0.0; 0.3722; 2.6026; 0.1765; 0.9466; 3.0101;
Oim = 1.2698; 3.0833; 3.3667; 2.9079; 1.4433; 0.0; 3.2185;
0.0400; 1.8923; 0.3312; 1.6748; 0.6881; 0.0; 0.8276.

31ech MBI HabJII01aeM 3aMETHOE U3MEHEHHEe 3HaueHu D - u
G - Qa3 paccessHUS, TIO CPAaBHEHUIO C pe3ynbTaTaMu npu L = 8.

Crenyromiast sHeprusi, KoTopas Oblia paccMOTpeHa B paboTte
[223] - 310 35.1 M5B 1 ans Hee Obutn mony4eHs! ¢asel 147 + 5,
80+ 5,150%5,7%2npul=0,2,4,6. Ucrionb3yst uX B KaYeCTBE
HayalbHBIX, HaMHU BBIIIOJHEHO BapbHpoBaHue mpu L = 8 0e3
MHHMO# uacTH. B pesyasrare monyueno x° = 2.2 ¢ dasamu
142.29, 76.95, 147.46, 5.42, 1.67, KOTOpbIE BIOJHE COTJIACYIOTCS
¢ pe3yabrataMu [223] 1u1st IepBhIX 3HAYCHUH /.

[Tpu yBenuuennn L 1o 16 1 yuete MHUMOM yacTu (a3 moiy-
YaeTcsl OUeHb XOpOollee OMHCAaHUE IKCIIEPUMEHTATBHBIX JaHHBIX
npu %> = 0.015 ¢ maprmansabiMu *; Menbe 0.06 u hasamu

Ore = 155.1029; 70.2311; 137.7721; 0.0; 1.0646; 3.1268; 1.9988;
0.4711; 1.7829;
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Om = 3.3855; 0.4609; 4.6500; 0.8327; 1.1338; 1.5133; 5.1306;
0.0; 3.3445.

[Ipu yBenmudeHnM dYHcia MapHHUaIbHBIX BOJH HAOIOJAETCS
3aMETHOEC W3MEHEHHE (a3 pacCcesHUs YKe IS TpeX NepBBIX [.
Pesynbrathl pacuyeroB audQepeHIMaIbHBIX CEUCHUH IS 3TOM
SHEPTHH TIPeACTaBIICHB Ha puc.I11.2.

1000 ——F——F——F——7——7——T——7——

35.1 MeV
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T T T T
|

do/dQ, mb/cT.

20 30 40 50 60 70 80 9 100
0, rPan.
Puc.I11.2. Iuddepenmanbapie cedeHUs YIPYroro paccesiHust anbda -
4acTUIl Ha siApax renus npu 3Heprun 35.1 MaB [223].

Touku — 3xcriepUMeHTanbHbIe JaHHbIe [223], crulomHas KpuBas — pac-
YeT CeYeHUH ¢ HalIeHHBIMU (hazaMH.

Hanee B [223] Oputa paccmotrpera sHeprus 37.0 MaB, mus
KOTOPO Ha pUCYHKaX MpPUBEACHHI cieaytomue ¢assl: 137 £ 5, 72
+ 5,145+ 5, -2 + 2. Bemonusas BapsupoBanue (a3 ¢ STUMHU Ha-
YANLHEIMU YCIIOBHAME TIpu L = 6, umeeM Y = 5.95 u dassl
135.07, 73.23, 147.97, 0.95, koTOpble XOPOIIO COTIACYIOTCS C
JTaHHBIMH paboTHI [223].

Ipu L = 20 ygaercs mony4uts ¥ = 0.20, HO HEKOTOPHIE Tap-
IMATBHBIE )’; OCTAKOTCS GONbIIE CMHHIbI, 3 HMEHHO, PABHBIMH
1.5 mpu 85 rpamycax. M tonpko yBenuuenue L 10 24 1mMO3BOJISIET
TIOIy9HTh PAKTHIECKH Hynesoe ¥ = 0.003 mpu Bcex mapiuaib-
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upIX > MeHpme 0.01 1 dassr

Ore = 111.5375; 55.9449; 138.4665; 8.1425; 0.0; 10.6324; 3.1546;
7.1735;2.6095; 1.8621; 3.6626; 0.0; 0.7932;
O = 3.5728; 1.5788; 10.0754; 6.7187; 0.0515; 7.7003; 7.8696;
9.2205; 1.9690; 0.0; 1.2802; 0.0562; 0.2180,

KOTOpbIE 3aMETHO OTJIMYAIOTCSI OT pe3yibTaToB pabotsl [223] u
HaITMX BBIYUCIICHUH TIpH L = 6 6e3 yaeTa MHUMOH YacTH.

B pa6ote [223] 6puta paccmotpeHna u sHeprus 38.4 MaB, ms
KOTOPOH Ha PUCYHKaxX MpUBEIEHBI cleayiouire Qas3pl paccesHus:
135+5,75+5,170£ 5,5 + 2. C takumu pazamu 6e3 BapbUpO-
BaHUA UX 3HaYEHWMH MO HaIled KOMIBIOTEPHON MporpaMMe IMoJTy-
waetcst > = 19.5. Bapbupys 3HaueHns (a3, HAXOIUM CYIIECTBEH-
HO€ YJTy4IlIeHHE ONHCAHUS SKCIIEPUMEHTA NP MIECTH Mapluuaib-
HBIX BOJMHAX ¢ ¥ = 1.39. Jlns a3 paccesHus ObUIH MOTyYEHBI
cienyromue 3HadeHus: 137.65, 89.62, 175.80, 6.35. 3neck TOIBKO
D - BOJIHAa 3aMETHO OTJIMYAETCS OT PE3YNBTaTOB paboThl [223].
YBenmnuum Tenepb L 1o 10 u yurem mMHHMYIO 4YacTh ¢a3. Bemu-
YHHA Xz ymenbiiaercs 10 0.91 ¢ dasamu Og. = 134.09, 86.30,
170.78, 5.39, 1.25, 0.78 u &y, = 0.0, 0.0, 1.00, 0.49, 0.39, 0.62, HO
HEKOTOphIE MapIHAIbHBIE Y ; BCE XKe OCTAIOTCA HAMHOTO GOJIbIIe
€VHHULIBL.

B crexTpax szpa “Be B o6mactu 19 MaB nMeeTcs: HECKONBKO
y3KUX YpPOBHEH, KOTOpBIE JOJDKHBI OKa3bIBaTh OIPENCIICHHOE
BIIUSHAE Ha SKCICPUMEHTAJIbHBIC CCUEHUS Tpu dHepruu 38.4
M>5B. Bo3mokHO o3ToMy yBennueHue L faxe 10 28 NpuBOANT K
X2 = (0.207 ¢ mouyTH BceMH NaplUHUalIbHBIMU Xzi MEHBIIIC €IUHUIILL,
3a HCKIIIOYEHHEM OJHOIO yriia mpu 66 rpamycax, Npu KOTOPOM
JKCIIEpUMEHTaNbHOE cedeHue paBHo 2.7 + 0.5 M0, a pacueTHOE He
nogHuMaeTcs Gonpime 2.0 MG, UTO MPUBOIUT K BETHUHMHE ) ; OKO-
70 2 u pazam

Ore = 129.8968; 76.4875; 167.6839; 1.7278; 0.0; 2.0189; 0.1684;
0.0051; 0.6075; 0.5257; 0.0056; 0.0211; 0.3073; 0.3494; 0.0575;
O = 4.2386; 2.3498; 0.5185; 0.3036; 1.6971; 0.0; 1.4852;
1.7773; 0.0747; 0.1783; 0.6247; 2.1599; 0.0; 1.0262; 0.5343.
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JanpHeillllee yBeJIMYEHWE 4YMCIIA MaplUalbHBIX BOJIH HE
MPUBOANT K YIYUIICHUIO ONMHCAHUA SKCIEPUMEHTAIFHOW TOYKH
npu 66 rpagycax u NPaKTHYECKH HE MEHseT Beamuuny ) . ITomy-
YeHHbIC TAaKUM 00pa3oM (a3bl HECKOIBKO OTIIMYAIOTCS OT HAIIHX
pe3ynbTatoB 1pu L = 6 + 10, HO BIIOJHE COTIIACYIOTCS C PE3YIhb-
TaTaMu padboTsl [223] 1y1st nepBhIX .

B pa6Gorte [227] B Tabnuie npuBeneHsl qudhepeHIInaIbHbIC
ceueHus npu sHepruu 38.5 MbsB, HO (a30BBIN aHAIU3 ITUX JaH-
HBIX HE BBIMONHsUICS. Mcmonb3yeM B KauecTBe HaYalbHBIX (asbl,
TOTy4eHHBIC B MPEABIAYLIEM ciydae npu L = 16, Haxomum )~ =
0.55. Ins L = 24 nomygaem %° = 0.50, u ToapKo mpu 26 maprim-
aNbHBIX BOJHAX )~ HAYMHACT YMEHBIIATHCS, M OKA3BIBACTCS PABEH
0.265, a qma L = 30 Xz JIOCTUTACT CBOETO Mpenena, papuoro 0.207
¢ dazamu

Ore = 129.9036; 77.1998; 165.6615; 1.5187; 0.5671; 2.1129;
0.0601; 0.0; 0.6059; 0.4907; 0.0005; 0.0896; 0.3055; 0.4272;
0.1328; 0.0;

Om = 3.8528; 2.4699; 1.1513; 0.9460; 1.4118; 0.0; 1.7083;
2.0442; 0.0; 0.2196; 0.8160; 2.4573; 0.0; 0.9449; 0.4563; 0.0.

U 31ech, KaK U B IPeIbIAyIIEM clydae, Bce MapIHalbHEIE ) ;
MEHbIIIE eIUHUIIB], 32 UCKIIIOYEHUEM TOrO e yria npu 66 rpany-
cax, MpU KOTOPOM pa3HHUIA SKCIEPUMEHTAIBHOTO U PacuyeTHOrO
CEUEHMIl IPUBOIUT K BEIMUHMHE )’; OKOJIO 2.

Hanee, B mepBoil u3 paboT [231] Ha puCyHKax NMpPUBEACHBI
nanueie s dHepruit 39, 40 u 41 MbsB — ucnonas3yeM OgHy HX
HUX, a ©MeHHO 40 M»aB, st ¢azoBoro ananuza. [Ipunumas B xa-
YyecTBE HayalbHBIX (ha3 pe3yNbTaThl MPEIbIAYIIEro aHanu3a, A
L = 12 nomyuum > = 0.22 co creayromumu dasamu

Ore = 09.4967; 49.5392; 81.4271; 1.3593; 0.0; 0.9287; 0.0255;
Om = 0.8975; 0.0; 4.5934; 7.1150; 1.2930; 0.0; 0.1762.

JlanpHeillllee yBeJNMYEHUE 4YKCIIA MaplUalbHBIX BOJIH HE
NPUBOJUT K 3aMETHOMY yMEHBIICHHIO X . IloaydeHHbIe (a3bl
paccestHAS 3aMETHO OTJIMYAIOTCSI OT HAWJEHHBIX paHee Ui dHEep-
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run 38.4 MaB u nanee paccmorpennoit sueprun 40.77 MaB. OT-
MeTHM, 9TO B pabote [226] mis sueprum 40 MaB u3 ontrdeckux
NOTCHIMANOB ObUTM TONydYeHbl cienytomue ¢assl: 75.4, 22.3,
84.6, 5.1, 0.35, KOTOpBIE CYIIECTBEHHO OTIMYAIOTCS OT HAIIUX
pe3yabTaTOB TOJIBKO B D - BOJHE.

W3 npuBeaeHHOTO aHaliW3a BUIHO, YTO B PacCMOTPEHHOM
00JacTH SHEPTUH MPAKTUYESCKH BO BCEX CIIydasx Halllu pPe3yiibTa-
THl TP MAJIOM YHCJIE MapIHaJbHBIX BOJH, B Tpeienax MpHuBe-
JICHHBIX OMIMOOK, COBIAAAIOT C JaHHBIMHU, TOJYYCHHBIMH paHee.
[TockonbKky MBI YYUTHIBAIH OOJBINEE YMCIIO HMApPIHATBLHBIX BOJH,
MOXKHO CUUTATh TaKHE Pe3yIbTaThl YTOYHCHUEM H3BECTHBIX JaH-
HpIX 110 hasam ynpyroro ‘He'He paccesmus B o6mactu 30 + 40
M>sB.

[epeiimem Teneps K pacCMOTPEHHUIO MaHHBIX 1O AuddepeH-
IMAAIBHBIM CeUeHUsM B oOnactu sHepruit 40 + 50 MaB, st xo-
TOPBIX TIPOBOJIMIIACH TOJIBKO ONTHYECKAs MOJTOHKA TTOTEHITNAJIOB,
a (a30BBIN aHAITN3 HE BBHITTOTHSIICS.

B pab6ore [225] Oputa paccmorpena sueprus 40.77 MaB u B
TabnuIax MpUBEACHB! AU(hEepeHITHATBHIE CEYCHHUS YIPYTOro
paccessHus. Ha ocHoBe 3TuX nmaHHBIX B [226] ObUTa mpoBeneHa
MOJITOHKA TTapaMeTPOB ONTHYECKUX TOTEHIMANOB, a (has3sl pac-
CesHUS] PACCUMTHIBAJINCh HA WX OCHOBE, NPHUYEM IPUBEICHA
TOJIEKO WX JICHCTBUTENBHAS YacTh. B pe3ynpTaTe ObLIH MONTYYCHBI
¢dazer 94.4, 21.8, 86.0, 5.4, 0.38 g [ = 0,2,4,6,8.

Hcnone3ys ux B KauecTBe HAYAIBHBIX M BBIIOIHSS BapHUPO-
BaHue npu L = 8 W ydere MHMMOH 4act (a3, MmonyduMm Og. =
146.46, 44.09, 92.40, 9.48, 0.0 u &, = 28.32, 0.02, 0.0, 1.78, 0.0
npu * = 5.0. Yeenuuenne L 10 34 npusomut Hac k ¥ = 1.34, a
npu L = 40 k x> = 1.21 ¢ pazamu paccesnus (HEKOTOpPbIE TapIH-
aNbHbIE (’; 3AMETHO GOIBIIE IMHUIIBI)

Ore = 124.9455; 37.3915; 86.8874; 1.8977; 0.0; 1.1045; 1.9122;
0.0897; 4.1335; 2.7145; 4.0382; 0.3077; 0.0; 0.1285; 0.7936;
1.1646; 0.4322; 0.0; 0.1584; 0.0; 0.1347;

Om = 18.7685; 4.3167; 0.0011; 1.5199; 0.0001; 1.4317; 1.9380;
0.9304; 0.0; 0.3225; 0.4839; 2.2038; 1.0627; 0.6151; 0.0822; 0.0;
0.5439; 0.4801; 0.1615; 0.1930; 0.0.
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Pesynbratel pacuetoB auddepeHIMATBHBIX CEUCHUH IPH
9TO¥ SHEepruM 1moka3ansl Ha puc.I11.3.

3 40.77 MeV
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Puc.I11.3. Inddepenmanbabie cedeHUs YIPYTroro paccesiHust anbda -
yacTuUll Ha siApax renus npu >Hepruu 40.77 M»aB [225].
Touku — 3KcniepUMeHTaNIbHEIE JaHHbIE [225], cIulomHas KpuBas —
pacyer cedeHui ¢ HalIeHHBIMH (hazaMH.

Jlanee B pabote [225] 6n11a paccmoTtpeHa sueprus 41.9 MaB,
U3MEpPEHHbIE CEUYEHMs IPUBEACHBI B Ta0Julle, a TEOPETHUCCKU
aHanu3 BooOuie He mpoBoamics. C ¢a3aMu paccesiHUs A5 Tpe-
JplTymen sHepruu u L = 8, Ho nipu 41.9 M»B, nosnydaeM oueHb
0OJIBIIIOE 3HAUCHUE xz, pasuoe 1300. BapsupoBanue a3 ¢ Boce-
MbIO IapIHaJbHBIMU BOJIHAMHU U y4ETOM MHHUMOM 4acTH NPHUBO-
JUT K CHeAyromeMy pesynbTaty: Ore = 108.91, 56.36, 110.12,
12.53, 2.44 u &y, = 22.74 npu L = 0, a ocTanbHble MHUMBIC (ha3bl
paBHBI Hymo, ¥ BeauunHe X = 10.3. YBemuuenue L 10 14 mpu-
BOIHT K HECKOJIBKO JIydIlleMy pe3yabTary ¥ = 5.66, mpu L = 30
HaxoauM ) = 4.10, 1 Tonbko yBenndenne L 10 40 mo3Bossier mo-
JNIY4UTH 3aMeTHO MeHbinee X- = 0.857 co ciuegyrommmu hazaMu
paccesHus

Ore = 105.8962; 53.0717; 103.3716; 16.0950; 0.0; 0.0710; 3.9094;
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1.5391; 0.0; 0.5518; 1.4615; 0.0091; 0.4501; 0.0; 1.1544; 0.0631;
0.1885; 0.8750; 0.0000; 0.4869; 0.0;
O = 19.0395; 0.0005; 0.0; 0.2844; 0.0; 0.1207; 0.4153; 0.0;
0.2214; 0.1117; 0.0968; 0.0069; 0.5820; 0.2484; 0.2132; 0.3826;
0.3416; 0.3118; 0.0642; 0.1986; 0.1950.

W npu atoii saeprun 41.9 MaB, HecMOTpst Ha CPaBHUTEIIHHO
Manoe cpenHee X, HEKOTOpHE MapIHANbHBIE ) ; OKAa3BIBAKOTCS
OOJIBIIIE €QMHUILIEL.

Crenyromiast sHEpTHUs, paccMOTpeHHas B pabore [225] — 310
44.41 M»aB. Hcmonb3yeM B KauecTBe HadaldbHBIX (ha3 pe3yIbTaThl
TpeBIIYIIEro aHaIk3a, TOra IpH L = 8 IOTydnM BeIMUHHY X =
10.85 ¢ dazamu O, = 98.46, 73.53, 128.64, 17.86, 3.93 u oy, =
12.31, 3.97, 4.85, 0.0, 0.88. IIpu L = 20 moiryqaeM HEKOTOpOE
yiIydIleHHe onucanus AudQepeHmanbHbIX ceuennii ¢ X = 4.97,
a, ysenuuuBasa L no 30, Haxoqum X2 = 0.97. lna L = 34 MOXHO
TMOJTY4HTh ele HeKoTopoe yimyumenue ¥ = 0.68, H TONBKO yBe-
nuaeHue L 1o 40 npuBOIUT K 3aMETHOMY YIYUIIEHUIO ONUCAHUA
3KCHEPHMEHTANBHBIX JaHHBIX Ipu - = 0.48 u pazam

Ore = 117.3916; 72.1036; 115.9565; 16.7765; 3.3375; 0.3926;
0.0756; 0.0270; 0.0; 2.6021; 2.2519; 0.2051; 0.1094; 0.0091; 0.0;
0.2321; 0.3424; 0.0896; 0.0557; 0.0609; 0.0279;

O = 30.1833; 9.4258; 3.4545; 0.1919; 1.4489; 2.9905; 1.8006;
1.2168; 0.0054; 0.1728; 0.3725; 0.0587; 0.3169; 0.1322; 0.0572;
0.0; 0.0583; 0.0817; 0.0583; 0.0316; 0.0383.

Ho u 371ech HEKOTOphIE TApPLUATBHBIE ) ; HMEIOT BETHUNHY
HECKOJIbKO OO0JIBIIIE €IMHULIBL.

B pabote [225] npuBenensl 1 gaHHble 0 AudepeHInaib-
HBIM ceueHMsM Uit sHepruu 47.1 M»aB. HM3mepeHHble cedeHHs
JaHbl B TaOywmIax, a u3BiaedeHue (a3 [226] U3 ONTHIECKUX II0-
TEHIHANOB MPUBOIUT K CICAYIOUIMM JIEHCTBUTENBHBIM (azam
paccesnusi: 99, 51.8, 145.5, 18.7, 2.8. Hamwu BblumcieHus ¢ Ta-
kuMu dasamu gaot X° = 156, a yuer MHMMOI yactH (a3 u uX
BapbUPOBaHUE MO3BOJIIET YIIYUIINUTh COIVIACHE C 3KCIIEPUMEHTOM
nouTy Ha 1.5 mopsaka u monyduth X = 2.63. Da3sl paccesHus

392



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

JUTS 9TOM SHEprur U L = 8 oKa3aauch CIeayronumMu: og. = 105.34,
55.05, 140.60, 18.85, 2.84 u &y, = 5.48, 0.52, 0.78, 0.85, 0.03,
JICHCTBUTENbHAS YaCTh KOTOPHIX NMPAKTHYECKH COBMAJTAET C pe-
3yapTaTamu [226].

VYBenuuuMm Teneps L ¥ IOCMOTPUM, CKOJIBKO IaplHaibHbIX
BOITH HY)KHO yUHTHIBATH IS TIOJY4EHHS )~ TIOPSIKA €IHHHIIBL
Ipu 14 napumanbHBIX BoTHAX momydaem ¥ = 1.33, mma L = 20
HaxomuM ) = 1.02, u Tonbko npu 30 NapUuaTbHBIX BOTHAX HMe-
emy’ =0.70 ¢ hasamu

Ore = 106.1704; 51.6346; 134.1084; 17.2203; 2.3269; 0.3964;
0.6347; 0.0; 0.4220; 0.2338; 0.4530; 0.0; 0.0020; 0.0; 0.1307;
0.3588;

O = 11.9789; 3.4758; 1.2031; 0.0; 0.0544; 1.0305; 1.1103;
0.5890; 0.2763; 0.1363; 0.4951; 0.2665; 0.2795; 0.0; 0.0; 0.1021.

U npy 5TO SHEPrHHM HEKOTOpPbIE MApIMAIbHBIE )i HMEIOT
BEJIMYNHY HECKOJIKO OOJIbIIE €TNHUIIBI.

Paccmorpum temeps suepruto 51.1 MaB. Ceuenus O6but u3-
MepeHbl B pabdote [229] u npuBeneHBl HAa PUCYHKaX, a (a30BbIi
aHanu3 BooO1Ie He nmpoBoamics. [loaToMy ncnonb3yem B KauecT-
B€ HayaJlbHBIX (pa3 pe3ynbTaThl padoThl [224] npu 53.4 M»sB, rue
IUIsL peallbHoM yacTu (a3 momydeno 8y = 104,8 + 2.4, 6, =479
1.7,8,=137.9+ 1.3, 8 =27.5 £ 0.6, 83 = 2.0 £ 0.5. J{y1st MHEMO#
YacTU COOTBETCTBEHHO Hanpeno 12.1+3.1, 22.1+1.7, 16.3%+1.1,
3.240.5, 0+£0.4.

BeImosmsist BapsupoBanue 3Tux (a3 mpu L = 10, momxyunm x°
=1.12, a nus camux (a3 paccestHus HaxoauM Og. = 111.30, 54.76,
152.85, 24.97, 3.34, 0.03 u Jy,, = 14.03, 19.98, 23.36, 1.91, 0.27,
0.12. B xadgecTBe 3KCHEPUMEHTAIBHBIX OMMOOK MCIOIB30BaAINChH
omnOKN ONpeAesICHUs] CEYeHU U3 puUcyHKa pabotsl [229], koTo-
pBie MPUHUMATUCH paBHBIMU 10%.

VYBenmuenne L 10 20 mMO3BONSET MOIYYNUTh HECKONIBKO Jyd-
uree x> = 0.97 u dasbl paccesHus

Ore = 110.8739; 55.0885; 151.8536; 24.9089; 3.2213; 0.0379; 0.0;
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0.2313; 0.1331; 0.2534; 0.2644;
O = 14.9625; 20.3880; 23.6627; 1.8434; 0.3412; 0.1910; 0.0009;
0.0; 0.0; 0.0; 0.1214.

Otu Pa3sl M0 OTIAMYAIOTCS OT HAIIUX Pe3yabTaToB mpu 10
MapIUATBHBIX BOJIHAX, 4 YBEIMYCHHUE YMCIIa TapIHabHBIX BOJH
1o 30 npuBOIUT K Xz = 0.56, 4TO MPUHIUIIHATBHO HE MEHSET Ka-
YECTBO OINMCAHUS DKCIICPUMEHTAIBHBIX TAHHBIX.

OtMmeruM, 4TO B pabore [229] Obuia BEITIONHEHA IMOATOHKA
ONTUYECKOTO MOTCHIIMANA, & 3aTeM BBIYMCIICHEI CIEAYIONe ¢a-
3bI paccesiHust O; ¥ HEYIPYTOCTH 1,

Ore = 11134; 65+4; 16314; 28+3; 4.210.6;
N = 0.51+0.07; 0.51£0.07; 0.53£0.07; 0.855£0.03; 0.985+0.004;
0.998%0.001.

Kax BumHO, WX nMedCTBUTENbHAs 4acTh JOBOJBHO ONM3KA K
pe3yibTaTaM Hamero (ha3oBoro aHaH3a.

U B 3axmoyenue mposeneM (a3oBBI aHATU3 IKCIIEPUMEH-
TaJbHBIX JaHHBIX Npu dHepruu 49.9 M»sB [228,232], npuHuMas B
KayecTBE HaYalbHBIX (a3 pe3yiabTaThl MPEAbIIYNIero aHalu3a.
Ipu L = 20 mony4uM TOBOIBHO GOIBIIYIO Betmanny - = 20.2, u
ToNbKO yBenmmuuBas L 10 30, HaXoauM 3aMETHOE yIyd4IlIeHHe CO-
[JIaCHs PacueTa ¢ SKCIePHMEHTAIBHBIME TaHHBIME ¢ X = 0.019,
BCEMH MapIHaIbHBIME ¥ ; MeHbine 0.2 u pazamu

Ore = 127.5003; 34.3877; 141.3168; 8.0940; 0.0092; 0.3824;
1.8194; 0.7321; 4.4653; 2.4917; 0.0005; 0.9836; 0.1437; 0.0018;
0.5503; 0.3922;

Om = 31.2338; 17.9109; 6.1097; 0.2166; 3.4990; 5.1733; 4.1288;
0.0; 1.8539; 1.1013; 0.0491; 0.9386; 0.3148; 0.0746; 0.2505;
0.1446.

PesynpTatel pacuera aupdepeHIHanbHbIX CEUCHUN C 3TUMU
(hazamu mokaszausl Ha puc.I11.4.

B cBoanpix Tabn.I11.2 u I11.3 npuBenensr ¢assl paccesHus
(ot 360 rpagycoB IpHu HyJIEBOW 3HEPTUHU, TOCKOJBKY B S - BOJHE
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UMEEeTCs JBa 3alpeIIeHHBIX COCTOSHHUSA [25], KOTOphIe Ha pHC.
I11.5 = I11.8 mpuBenensl B Oosiee mpuBbluHONH Gopme - oT 180
rpaxycoB), TOMyYEeHHbIE B HAIIMX pacyeTax NMpU PacCMOTPEHHBIX
371eCh SHEePTUsX.
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Puc.I11.4. Tuddepennmanbabie cedeHUs YIPYToro paccesiHust anbda -
YaCTHII Ha siApax renvst npu sueprun 49.9 MaB.
Touku — 9KCTIepUMEHTANTbHBIE TaHHBIe [228,232], crutoniHas KpuBas —
pacdeT ceueHuil ¢ HalIeHHBIMU (hazaMu.

B ta6n.111.2 nans! pe3ynbratsl 11 L< 12 6e3 ydeta MHUMON
YacTH, TPU KOTOPHIX TPOBOMWICS (Ha30BBIM aHAIM3, a B
ta0m.I11.3, mpu L > 12 ¢ yuyeToM MHUMOW KOMIIOHEHTHI. [loutn
JUTSL BCEX DHEPIHil MMEETCS 3aMETHOE pa3linyue 3TUX (Pa3oBhIX
aHAJIM30B XOTs Obl B OJHOW HapluaibHOHN (a3e — mpu aHaIM3e ¢
HEOOJIBITUM YHCIIOM MMapIUAIILHBIX BOJH, T.¢. korna L =4 + 10 u
MIPU MaKCUMAJIbHOM y4eTe BBICIINX MapIHabHBIX BOJH, Koraa L
nmocturaet 20 + 40.

Ha puc.JIl.5 + II1.8 kpectukamu mpuBeAcHBI (as3bl U3
tabn.I11.2, a TpeyronpaukamMu u3 tadm.I11.3. [IpuBeneHsr Taxke
W3BECTHBIC HA CETOAHSIIHUN JCHb Pe3yabTaThl APYTruX (Pa3oBbIX
aHaJIN30B IpH dHEpTusix B obmactu 20 + 60 MaB.
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Ta6m.I11.2. da3sl paccesnns (B rpai.) u BeuunHa X ans L < 12.
(ITpu E = 49.9 M5B npuseznens! pezynsraTsl An1s L = 20).

E labs M5B 60 82 84 66 88 XZ

29.5 150.7 | 86.4 120.7 2.0 0.01 0.6

30.3 1359 | 76.5 116.3 0.0 0.0 2.1

31.8 1429 | 78.1 125.8 0.0 0.1 1.1

34.2 1452 | 69.1 143.5 4.2 0.7 1.0

35.1 1423 | 77.0 147.5 54 1.7 2.2

37.0 135.1 | 732 148.0 1.0 0.0 6.0

38,4 137.7 | 89.6 175.8 6.4 0.0 1.4

40.77 146.5 | 44.1 92.4 9.5 0.0 5.0

41.9 1089 | 564 110.1 12.5 24 10.3

44.41 98.5 73.5 128.6 17.9 3.9 10.9

47.1 1053 | 55.1 140.6 18.9 2.8 2.6

49.9 128.5 | 26.1 138.5 6.9 0.0 20.2

51.1 111.3 | 54.8 152.8 25.0 33 1.1

Ta6m.I11.3. ®a3pl paccesHus (B rpaj.) ¥ BeaHumHa - aas L > 12.
(ITpm E = 49.9 M»aB npusenens! pe3yiabTaTsl s L = 30).

E\a, M2B S 3, S, S | & x
03 s 1e 33|04 37 o0 !
el - A
il - P W
5.1 e |34 |05 |46 [os |11 00
79 s 56 e ot e o] °
Y N A
40.0 | Re o, | 69.5 49.5 81.4 14 | 0.0 | 022
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Paccmotpum Temepn, Kak moiydeHHbIe (a3bl pacCestHUS CO-
TJIACYIOTCS C SHEPTEeTHYECKUMH YPOBHIMH, MPUCYTCTBYIOIINMH B
cocTaBHOM szpe "Be [233]. B cIeKTpax 3TOro spa mpH SHEprusx
19.86, 20.1 u 20.2 M»3B Haxonmsarcs ypoBHU ¢ mupuHamu 0.7,
npumepro 1.1 u okono 1.0 MoB u momentamu 47, 2° u 0" npu
HYJIEBOM H30CIHHE, KOTOPhlE MOTYT MPUCYTCTBOBaTh KaK pe3o-
nancsl B ‘“He'He cucteme. B maGopaTopHOiil cuCTeMe OHHM IoIa-
JaroT B oOmacte dHepruit 39.7 + 40.4 M»bB u BiusifoT Ha ToBe/Ie-
Hue ¢a3 paccesuus mpu 40.0 u 40.77 M»>B, npuBOIs K UX CKa4Ky
B MapIuainbHBIX BoiHAX ¢ 0, 2 1 4 opOUTaATFHBIMA MOMEHTAMHU.

JTOT cKauoK (a3 oueHb XOpouIo BUACH B S - 1 G - BOJHAX, a
B G - BOJIHE MOXHO BUJACTH Jaxke MOJbeM (has3bl, KOTOPHIA Ha-
omomaercs mo 47 MsB. B Hammx pacderax HET CTOJIb SIBHOTO
npoBana ¢assl B D - BonHe paccestHus npu 40 MoB, kakoii nme-
eTcs B pe3yabTarax padoThl [226], HO, TeM HE MEHee, OH TaKXKe
mpUCyTCTBYeT M BuueH Ha puc.Il1.6. Ilpu saeprum 22.2 M»>B
[233] B cniekTpe ypOBHEN MMEETCS COCTOSIHUE C MOMEHTOM 2' M
mupuHoi 0.8 MaB npu HyneBom uzocnune. JlelicTBuTtensHo, D -
(daza npu sHepruu 44.41 M»sB ucHBITBIBa€T 3aMETHBIH CKAYOK
BBepx. K cokaneHuto, B 3TOM 00J1acTH PHEPTUH UMEETCS TOIBKO
oHO M3Mepenue anpepeHInaNbHbIX CeUeHHH U HENb3sl TOUYHO
BOCIIPOM3BECTH NoBeAeHue D - ¢a3bl paccesiHusl.
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Puc.I11.5. ®assr ynpyroro *He*He paccesmus npu L = 0.
Toukn: © — nannsie pador [226,229] mpu 51.1 MaB u [224] npu sHep-
run Oosbie 53 MaB; @ — pe3ynbrarsl padoTsr [223] mpu 23+38 MaB,
KOTOpBIC OTIPEIeNSUTUCh U3 PUCYHKOB; O — TaHHBIE [222] B 00mactu
snepruu 20+30 MaB; + u A — Hamm pe3yabTaThl.

120 T T T T T T T T T
100- g . ‘He'He L=2 7
L + p
. Dﬁm%
8o ° o®POQ ]
. AA “‘. 'S
g 60
e AL 4 G A
N A o
o + (@]
40 | A .
A
I +
20 | <o) _
0 1 1 1 1 1 1 1 1 1

15 20 25 30 35 40 45 50 55 60 65
E__, MaB

Puc.I11.6. ®assr ynpyroro “He*He paccestrms mpu L = 2.
Touku: o — garnbIe paboT [226,229] pu 51.1 MaB u [224] nipu sHEp-
run Oonbiie 53 MaB; @ — pesynbrarsl padoTs! [223] npu 23+38 M»B,

KOTOpBIEC ONPEEISUTNCH U3 PUCYHKOB; O — JaHHbIE [222] B 006MacTH
snepruu 20+30 MaB; + u A — Hamm pe3yabTaThl.

na6’
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Puc.I11.7. ®assr ynpyroro *He*He paccesmus npu L = 4.
Toukn: © — nannsie pador [226,229] mpu 51.1 MaB u [224] npu sHEp-
run Ooibie 53 MaB; @ — pe3ynbrarsl padoTsr [223] mpu 23+38 MaB,
KOTOpBIC OTIPEIeNSUTUCh U3 PUCYHKOB; O — TaHHBIE [222] B 00mactu
snepruu 20+-30 MaB; + u A — Hamm pe3yabTaThl.
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Puc.I11.8. ®assr ynpyroro “He*He paccestrms mpu L = 6.
Touku: o — garnbIe padoT [226,229] pu 51.1 MaB u [224] nipu sHEp-
run Oonbiie 53 MaB; @ — pesynbrarsl padoTst [223] npu 23+38 M»B,

KOTOpBIE ONPEIEISUTUCH U3 PUCYHKOB; O — JaHHbIE [222] B 00MacTH
sHepruu 20+-30 M»3B. + 1 A — HamM pe3ynbTaThl.
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B crextpax sgpa *Be mpu 25.2 u 25.5 MaB npucyTcTBYIOT
YPOBHHU ¢ MOMeHTOM 2" M 47 M M30CIHMHOM, paBHBIM HYIO. Pac-
cMmarpuBaeMasi Hamu sHeprus 49.9 MbsB momagaer B oGnacTb
NEepBOro W3 HUX U B D - BOJIHE paccesHusl HaOIIoAaeTcs pe3Kuid
cnana (hasbl.

TaxoM ke ckauoK UMeeTCsS U B S - BOJIHE, OJTHAKO, €r0 HEJIb3s
COMOCTABUTH KAKOMY-HO0 ypoBHIO ajapa ‘Be. To xe camoe o1-
HOCHUTCS K TapIHaibHO# BoHE ¢ L = 6, e da3a paccestHus Tak-
JKe TIpeTeprieBaeT pe3kuii ckadok. JuHeprus S1.1 MaB monamaer
Ha pe3oHaHc mpu 25.5 MaB B G - BosiHE, HO €€ BIHMSIHHE SIBHO HE
NPOCMAaTPUBAETCS - BO3MOXKHO, 5TO OYEHb Y3KHUH YpOBEHB sIpa
*Be.

Takum 06paszoM, Mpu pas3HBIX dHEprusx B oomactu 30 + 40
M>5B BEITIONTHEHO YTOYHEHHE U3BECTHBIX 3HaUeHUH (pa3 ympyroro
*He'He paccesnns. ®a30Bblit aHanu3 npu sHeprusx 40.77, 41.9,
44.41,47.1,49.9 u 51.1 M>B npuBoIuT Hac K BIIOJHE Pa3yMHBIM
pe3yapTaTaM M, B IIEJIOM, COTJIACYETCS C JaHHBIMH APYTHUX paboT
¥ crieKTpamu sapa ‘Be [46,205].

st Gojee eTaabHOTO M3Yy4YEeHHUs MOBeneHHs (a3 paccestHus
B Pa3NUYHBIX TMapIUANbHBIX BOJHAX JKEJIaTelbHO MMETh Oolee
noJjpoOHBIE IKCIIEPUMEHTANBHBIC M3MEpeHUsl TUdQepeHInab-
HBIX ceUeHHH B oOyactu »Hepruit 39 + 41 M»aB, 43 + 45 MaB u
49 + 52 M»1B ¢ marom mopsizaka 0.1 <+ 0.3 M»aB [46].

M1.5 Nporpamma “He’He n *He'C ¢hasosoro
aHanusa

[IpuBeneM pacnedaTky KOMIIBIOTEPHOM NpOTPaMMBbI, Mpen-
nasHauennoi mia ‘He'He u *He'’C ¢asoBoro amammsa. Kaxoit
MMEHHO aHajiu3 OyJeT BBINOJHATHCS 3aBUCUT OT 3HAUYEHHs Hapa-
metpa NYS u LH. B ciyuae “He*He onu 10/mKHBI GBITH paBHEI 1
¥ 2 COOTBETCTBEHHO, s BhinoHenus 'He'’C dasosoro anammsa
ux 3HadeHus paBHbl 0 u 1. Kpome Toro, mis 601pIAX SHEPTHH
napameTp NP momxken OviTh paBeH 2*LMA+LH, gto mo3Bosser
YUUTHIBaTh KOMIUIEKCHYIO 4acTh (a3 paccesHus. OO0O3HAUECHUS
apaMeTpoOB IPOTrPaMMBbl B OOJIBIIMHCTBE CXOXKU C OINHCAHHBIMU
paHee B IpYruxX KOMIIBIOTEPHBIX MPOrpaMMax, peJHa3HauYeHHBIX
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JUTSL paCUeTOB JPYTUX SIIEPHBIX XapaKTEPHUCTHUK.

PROGRAM FAZ_AL_AL

! TIPOTPAMMA ®A30BOI'O AHAJIU3A AJISA AL-AL AND
1AL-12C

IMPLICIT REAL(8) (A - Z)

INTEGER

L LNT,LMLLMA,LHNYS,NP,NTT,NV,NLLMI1,LH1,NPP
DIMENSION ST(0:50),FR(0:50),FM(0:50),ET(0:50),
XP(0:50),ETA(0:50)

COMMON /A/ PLNT,TT(0:50),GG,SS,LMLLMA,LH,NYS,NP

COMMON /B/ SE(0:50),DS(0:50),DE(0:50),NTT

COMMON /C/ LH1,LMI1,P1,NPP

PI=4.0D-000*DATAN(1.0D-000)

P1=PI

71=2.0D-000; Z2=2.0D-000

AM1=4.0D-000; AM2=4.0D-000

AM=AMI+AM2

Al1=41.46860D-000

PM=AM1*AM2/(AM1+AM2)

B1=2.0D-000*PM/A

LMI=0; LMI1=LMI; LH=2; LH1=LH

LMA=4; LMA1=LMA

NYS=1; ! IF =1 THEN 4HE4HE, IF = 0 THEN 4HE12C

EP=1.0D-010; NV=1

FH=0.010D-000; NI=10

INP=2*LMA+LH

NP=LMA; NPP=NP

SE(1)=1357.0D-000; SE(2)=1203.0D-000; SE(3)=1074.0D-000;

SE(4)=870.0D-000; SE(5)=759.0D-000

SE(6)=688.0D-000; SE(7)=467.0D-000; SE(8)=271.0D-000;

SE(9)=196.0D-000; SE(10)=130.0D-000

SE(11)=93.90D-000;SE(12)=57.0D-000; SE(13)=32.50D-000;

SE(14)=12.30D-000; SE(15)=2.280D-000

SE(16)=24.7; SE(17)=86.5; SE(18)=157; SE(19)=270

SE(20)=337.0D-000; SE(21)=408.0D-000; SE(22)=418.0D-000
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DE(1)=39.0D-000; DE(2)=40.0D-000; DE(3)=24.0D-000;
DE(4)=20.0D-000; DE(5)=16.0D-000;
DE(6)=17.0D-000
DE(7)=12.0D-000; DE(8)=7.0D-000; DE(9)=4.10D-000;
DE(10)=3.60D-000; DE(11)=2.20D-000;
DE(12)=1.50D-000
DE(13)=1.1; DE(14)=1.0; DE(15)=0.4; DE(16)=0.7;
DE(17)=2.0; DE(18)=3.6
DE(19)=6.50D-000; DE(20)=7.40D-000; DE(21)=8.20D-000;
DE(22)=8.30D-000
TT(1)=22.0D-000; TT(2)=24.0D-000; TT(3)=26.0D-000;
TT(4)=28.0D-000; TT(5)=30.0D-000
TT(6)=32.0D-000; TT(7)=35.0D-000; TT(8)=40.0D-000;
TT(9)=42.0D-000
TT(10)=45.0D-000; TT(11)=46.0D-000; TT(12)=48.0D-000;
TT(13)=50.0D-000
TT(14)=52.0D-000; TT(15)=55.0D-000; TT(16)=60.0D-000;
TT(17)=65.0D-000
TT(18)=70.0D-000; TT(19)=75.0D-000; TT(20)=80.0D-000;
TT(21)=85.0D-000; TT(22)=90.0D-000
NT=22; NTT=NT; EL=12.30D-000
FR(0)=29.0D-000; FR(2)=103.0D-000; FR(4)=3.0D-000
FM(0)= 0.0D-000; FM(2)= 0.0D-000; FM(4)=0.0D-000
OPEN (4,FILE=FAZ.DAT
DO L=LMILMA,LH
READ(4,*) L,FR(L),FM(L)
ENDDO
CLOSE(4)
DO L=LMLLMA,LH
FM(L)=FM(L)*P1/180.0D-000
FR(L)=FR(L)*P1/180.0D-000
ET(L)=DEXP(-2.0D-000*FM(L))
ENDDO
FH=FH*P1/180.0D-000
DO I=LMLLMA,LH
XP(I)=FR(I)

402



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

XP(I+LMA+LH)=FM(I)

ENDDO

EC=EL*PM/AM1

SK=EC*B1

SS=DSQRT(SK)
GG=3.44476D-002*Z1*Z2+PM/SS

| #4544 DIFFERENTIAL CROSSS SECTION #k skt otk
CALL VAR(ST,FH,NI,XP,EP,XI,NV)

PRINT*, "XI-KV=; NI=; EL=",XINLEL
SIGMAR=0.0D-000; SIGMAS=0.0D-000

DO L=LMLLMA,LH

FR(L)=XP(L)

FM(L)=XP(L+LMA+LH)

A=FR(L)

ETA(L)=1

IETA(L)=DEXP(-2.0D-000*FM(L))
SIGMAR=SIGMAR+(2*L+1)*(1-(ETA(L))**2)
SIGMAS=SIGMAS+(2*L+1)*(ETA(L))**2*(DSIN(A))**2
ENDDO
SIGMAR=10.0D-000*4.0D-000*PT*SIGMAR/SK
SIGMAS=10.0D-000*4.0D-000*PI*SIGMAS/SK
PRINT*, "SIGMR-TOT=",SIGMAR

PRINT*, "SIGMS-TOT=",SIGMAS

PRINT*," T SE ST XI"

DO I=1,NT

WRITE(*,2) TT(I),SE(I),ST(I),DS()

ENDDO

PRINT*

PRINT*," L FR(L) FM(L)"

DO L=LMILLMA,LH
FM(L)=FM(L)*180.0D-000/PT
FR(L)=FR(L)*180.0D-000/PI

WRITE(*,1) L,FR(L),FM(L)

ENDDO
OPEN (4,FILE='SEC-AL-AL.DAT')
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WRITE(4,%) " AL-AL LAB E=; XI=",EL,XI
WRITE@4,*)" T SE ST XI"
DO I=1,NT

WRITE(4,2) TT(I),SE(I),ST(I),DS(I)

ENDDO

WRITE(4,*%)

WRITE4,*)" L FR(L) FM(L)"
DO L=LMILMA,LH
WRITE(4,1) L,FR(L),FM(L)
ENDDO
CLOSE(4)
OPEN (4,FILE=FAZ.DAT
DO L=LMILMA,LH
WRITE(4,1) L,FR(L),FM(L)
ENDDO
CLOSE(4)

1 FORMAT(1X,I5,E15.6,2X,E15.6)
2 FORMAT(1X,4(E10.3,2X))
3 FORMAT(1X,E15.5,2X,15)

END

SUBROUTINE VAR(ST,PHN,NL,XP,EP,AMIN,NV)
IMPLICIT REAL(8) (A - Z)

INTEGER LNP,LMLLH,NT,NV NLIIN,NN,IN
DIMENSION XPN(0:50),XP(0:50),ST(0:50)
COMMON /C/ LH,LMLPLNP

COMMON /B/ SE(0:50),DS(0:50),DE(0:50),NT
ISHARED LH,LMINT,PLDS(),NP

DO I=LMI,NP,LH

XPN(D)=XP(I)

ENDDO

NN=LMI

PH=PHN

CALL DET(XPN,ST,ALA)

B=ALA

IF (NV==0) GOTO 3012

DO IIN=1,NI

NN=-LH
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GOTO 1119
1159 XPN(NN)=XPN(NN)-PH*XP(NN)
1119 NN=NN+LH
IF (NN>NP) GOTO 3012
IN=0
2229 A=B
XPN(NN)=XPN(NN)+PH*XP(NN)
IF (XPN(NN)<0.0D-000) GOTO 1159
IN=IN+1
CALL DET(XPN,ST,ALA)
B=ALA
IF (B<A) GOTO 2229
C=A
XPN(NN)=XPN(NN)-PH*XP(NN)
IF (IN>1) GOTO 3339
PH=-PH
GOTO 5559
3339 IF (ABS((C-B)/(B))<EP) GOTO 4449
PH=PH/2.0D-000
5559 B=C
GOTO 2229
4449 PH=PHN
B=C
IF (NN<NP) GOTO 1119
AMIN=B
PH=PH/NI
ENDDO
3012 AMIN=B
DO I=LMI,NP,LH
XP(I)=XPN(I)
ENDDO
END
SUBROUTINE DET(XP,ST,XI)
IMPLICIT REAL(S) (A - Z)
INTEGER LN
DIMENSION XP(0:50),ST(0:50)
COMMON /B/ SE(0:50),DS(0:50),DE(0:50),N
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S=0.0D-000

CALL SEC(XP,ST)

DO I=1,N

S=S+((ST(I)-SE(I))/DE(I))**2
DSD)=((ST(I)-SE(I))/DE(I))**2

ENDDO

XI=S/N

END

SUBROUTINE SEC(XP,S)

IMPLICIT REAL(S) (A - Z)

INTEGER ILNP,LH,LML,LMA,NT,NYS,L
DIMENSION S0(0:50),P(0:50),FR(0:50),ET(0:50),
S(0:50),XP(0:50)

COMMON /A/ PLNT,TT(0:50),GG,SS,LML,LMA,LH,NYS,NP
DO I=LMLLMA,LH

FR(D=XP(I)

ET(I)=1.0D-000

| IF NP=LMA GOTO 1234

| ET(I)=EXP(2*XP(I+LMA+LH))
ENDDO

RECUL1=0.0D-000; AIMCUL1=0.0D-000
CALL CULFAZ(GG,S0)

DO I=1,NT

T=TT(I)*PI/180.0D-000

X=DCOS(T)

A=2.0D-000/(1-X)

S00=2.0D-000%S0(0)

BB=-GG*A

ALO=GG*DLOG(A)+S00
RECUL=BB*DCOS(ALO)
AIMCUL=BB*DSIN(ALO)

IF (NYS==0) GOTO 555

X1=DCOS(T)
A1=2.0D-000/(1.0D-000+X1)
BB1=-GG*Al
ALO1=GG*DLOG(A1)+S00
RECULI=BB1*COS(ALO1)
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AIMCUL1=BB1*SIN(ALO1)
555 RENUC=0.0D-000; AIMNUC=0.0D-000
DO L=LMLLMA,LH
AL=ET(L)*DCOS(2.0D-000*FR(L))-1.0D-000
BE=ET(L)*DSIN(2.0D-000*FR(L))
LL=2.0D-000*L+1.0D-000
SL=2.0D-000+S0(L)
CALL POLLEG(X,L,P)
RENUC=RENUC+LL*(BE*DCOS(SL)+AL*DSIN(SL))*P(L)
AIMNUC=AIMNUC+LL*(BE*DSIN(SL)-
AL*DCOS(SL))*P(L)
ENDDO
IF (NYS==0) GOTO 556
AIMNUC=2.0D-000* AIMNUC
RENUC=2.0D-000*RENUC
556 RE=RECUL+RECUL1+RENUC
AIM=AIMCUL+AIMCUL1+AIMNUC
S(I)=10.0D-000*(RE**2+ AIM**2)/4.0D-000/SS**2
ENDDO
END
SUBROUTINE POLLEG(X,L,P)
IMPLICIT REAL(S) (A - Z)
INTEGER LL
DIMENSION P(0:50)
P(0)=1.0D-000
P(1)=X
DO I=2,L
A=I*1.0D-000
P(1)=(2.0D-000%A-1)*X/A*P(I-1)-(A-1.0D-000)/A*P(I-2)
ENDDO
END
SUBROUTINE CULFAZ(G,F)
IMPLICIT REAL(8) (A - Z)
INTEGER I
DIMENSION F(0:50)
C=0.577215665D-000
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$=0.0D-000; N=50
A1=1.202056903D-000/3.0D-000
A2=1.0369277550D-000/5.0D-000
DO I=1,N

AA=T*1.0D-000
A=G/AA-DATAN(G/AA)-(G/AA)**3/3.0D-
000+(G/AA)**5/5.0D-000

S=S+A

ENDDO
FAZ=-C*G+A1*G**3-A2*G**5+S
F(0)=FAZ

DO 1=1,20

A=T*1.0D-000
F(I)=F(I-1)+DATAN(G/A)
ENDDO

END

Jlasiee mMpuBEACH KOHTPOJBHBIA CUeT MOMcKa (a3 ympyroro
paccestHus 11 3HEprun 12.3 M»bB npu kotopoit B padote [220]
OBLIO TONTy4YeHo Oy = 29° +4°, 8, =103°%£8°, 8, =3°+ 1.5°. Dtn
(ha3pl IPUHUMAIOTCS B KQUECTBE HAYAIBHBIX, & TIPU JTATbHEHIIeM
WX BapbUPOBAaHWU W M0 TPEABIAYIICH NpOorpaMMe Ha SI3BIKES
TurboBasic [24] 1 Ha OCHOBE MPUBEICHHON BBIIIIE, HAXOIUM Oy =
28.37°, &, = 105.03°, §, = 2.62° mpu x> = 3.43, 4TO BHAHO W3
MIPUBEICHHON Jajiee pacleyaTKu paOOThI TPOrPaMMBbI.

3aech IS TOMCKa MUHUMYMa, Kak B B padoTe [24], ucImob-
syercsa 10 ureparuii NI. Tonbko B TaHHOM ciIydae TOYHOCTh EP
3ajaBanack paseoii 107, a B mpexpaymem Bapuante cuera 107
[24]. Mepesie cron6us XI 1 NI MOKa3bIBAIOT CXOXMMOCTB X OT
Yyyciaa UTepalui.

XI NI
3.943880354539536 1
3.437578175376997 2
3.432394633290976 3
3.432107724455588 4
3.432044190539325 5
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3.432020692528544 6

3.432007556422437 7
3.432005733725609 8
3.432004938728721 9
3.432004743298262 10
XI-KV =; NI =; EL = 3.43200 10 12.300
T SE ST XI
22000E4+02  .13570E+04  .12796E+04  .39401E+01
24000E+02  .12030E+04  .11346E+04  .29238E+01
26000E+02  .10740E+04  .10008E+04  .93096E+01
.28000E+02  .87000E+03 .87464E+03 53776E-01
.30000E+02  .75900E+03 J715523E+03 .55540E-01
.32000E+02  .68800E+03 .64266E+03 J1117E401
.35000E+02  .46700E+03 48793E+03 .30429E+01
40000E+02  .27100E+03 .27340E+03 .11779E+00
42000E+02  .19600E+03 .20443E+03 42244E+01
45000E+02  .13000E+03 .12007E+03 76028E+01
46000E+02  .93900E+02  .97112E+02  .21321E+01
48000E+02  .57000E+02  .58891E+02  .15896E+01
S0000E+02  .32500E+02  .30767E+02  .24826E+01
S52000E+02  .12300E+02  .12398E+02  .95282E-02
.55000E+02  .22800E+01 .20301E+01 .39027E+00
.60000E+02  .24700E+02  .24774E+02  .11250E-01
.65000E+02  .86500E+02  .85514E+02  .24313E+00
.70000E+02  .15700E+03 .16800E+03 93323E401
J75000E+02  .27000E+03 .25509E+03 .52640E+01
.80000E+02  .33700E+03 .33073E+03 J1799E+00
.85000E+02  .40800E+03 .38184E+03 .10177E+02
.90000E+02  .41800E+03 .39987E+03 A7720E401
L FR(L) FM(L)
0 .283717E+02  .000000E+00
2 .105030E+03  .000000E+00
4 261561E+01  .000000E+00

[anee npuBeneH KOHTPONBHBIN cueT 1ist sHepruu 29.5 M»aB,
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st kKotopoit B [24] Geutn monmydens! ¢assl &y = 150.76, o, =
86.61, 85 = 121.00, 8 = 2.16, 85 = 0.09 mpu % = 0.602. C TakuMu
dazamMu 1O HPHBEIEHHOH BBIIE MPOrpaMMe MOTydaeTcs ) =
0.600, xak 3TO BUIHO M3 MPHUBEACHHON HIDKE pacnedarku. OTim-
ape x> B 0.02 CBA3aHO C OMHOKAMH OKPYIJIeHHs (a3 mpu 3armcy
UX 3HAYCHHUM B (paii ¢ JaTbHEHIINM HMCIIOJIb30BAHUEM B IPYroi
mporpaMmme.

410

XI-KV=; NI=; EL= 6.00328 10 29.50
T SE ST XI
22040E+02  .15230E+04  .15134E+04  .64891E+00
24050E4+02  .11640E+04  .11664E+04  .55570E-01
26050E+02  .88590E+03 .86843E+03 38892E401
28050E+02  .61610E+03 .61957E+03 .23236E+00
30060E+02  .42260E+03 41922E+03 .35643E+00
.32060E+02  .27000E+03 .26762E+03 .34211E+400
.34060E+02  .16020E+03 .16006E+03 .24306E-02
36070E4+02  .91500E+02  91163E+02  .44395E-01
38070E+02  .55530E+02  .55230E+02  .16734E+00
40070E+02  .44680E+02  .44765E+02  .12421E+00
42080E+02  .52960E+02  .52530E+02  .76193E+00
44080E+02  .71740E+02  .71346E+02  .28489E+00
46080E+02  .95440E+02  .94808E+02  .57926E+00
48080E+02  .11846E+03 .11754E+03 .12657E+01
S0090E+02  .13558E+03 .13552E+03 12584E-02
S52090E4+02  .14562E+03 .14590E+03 .26152E+00
S54090E+02  .14760E+03 .14758E+03 .53350E-03
S6090E+02  .13986E+03 .14072E+03 .14564E+01
S8100E+02  .12710E+03 .12655E+03 43671E+00
.60100E+02  .10783E+03 .10745E+03 .23062E+00
.62100E+02  .86660E+02  .86114E+02  .46841E+00
.64100E+02  .66120E+02  .65522E+02  .75651E+00
.66100E+02  .48430E+02  .48481E+02  .10080E-01
.68110E+02  .37430E+02  .37301E+02  .17753E+00
JO110E4+02  .33770E+02  .33732E+02  .43056E-01
J2110E4+02  .38340E+02  .38461E+02  .13210E+00
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J4110E+02  .50740E+02  .51308E+02  .10928E+01
J6110E+02  .70820E+02  .71187E+02  .24362E+00
J8110E+02  .95550E+02  .96239E+02  .60125E+00
80110E+02  .12420E+03  .12403E+03  .27579E-01
82110E+02  .15340E+03  .15182E+03  .22344E+01
84110E+02  .17750E+03  .17683E+03  .42129E+00
86110E+02  .19700E+03  .19657E+03  .17685E+00
88110E+02  .20974E+03  .20905E+03  .51222E+00
90110E+02  21120E+03  .21302E+03  .29660E+01

L FR(L) FM(L)

0 .150760E+03  .000000E+00

2 .866100E+02  .000000E+00

4 .121000E+03  .000000E+00

6 .216000E+01  .000000E+00

8 .900000E-01  .000000E-+00

3neck u nanee MuuMas yacth (asel FM(L) paBHa Hymo. Hc-
1O0Jb3ysl 3TU (a3l B BUIE HAYaIbHBIX, IIPU JOIOJIHUTEIHHOM
BapbUPOBaHUM 110 HOBOM Iporpamme, NMpUBEAECHHON BbImIe, ¢ 10
UTepanrsIMy, NoJdy4aeM MPHUBEICHHBINH Aajee pe3ynpTar s ¢as
PACCESHNS C HAUMEHBIIHM )~
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XI-KV =; NI =; EL = 5.71434E-001 10 29.500
T SE ST XI
22040E+02  .15230E+04  .15144E+04  .52763E+00
24050E+02  .11640E+04  .11671E+04  .90939E-01
26050E+02  .88590E+03 .86891E+03 36792E401
28050E+02  .61610E+03 .61990E+03 27763E+00
30060E+02  .42260E+03 41943E+03 .31337E+00
32060E+02  .27000E+03 .26775E+03 .30469E+00
34060E+02  .16020E+03 .16015E+03 .33034E-03
36070E4+02  .91500E+02  .91219E+02  .30734E-01
38070E+02  .55530E+02  .55273E+02  .12333E+00
40070E+02  .44680E+02  .44803E+02  .25848E+00
42080E+02  .52960E+02  .52569E+02  .62951E+00
44080E+02  .71740E+02  .71391E+02  .22342E+00
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46080E+02  .95440E+02  .94863E+02  .48325E+00
48080E+02  .11846E+03 .11761E+03 .10869E+01
S50090E+02  .13558E+03 .13560E+03 13302E-02
S52090E4+02  .14562E+03 .14600E+03 47518E+00
S54090E+02  .14760E+03 .14770E+03 .17885E-01
S6090E+02  .13986E+03 .14085E+03 .19094E+01
S58100E+02  .12710E+03 .12668E+03 .25354E+00
.60100E+02  .10783E+03 .10757E+03 .10341E+00
.62100E+02  .86660E+02  .86228E+02  .29377E+00
.64100E4+02  .66120E+02  .65613E+02  .54400E+00
.66100E+02  .48430E+02  .48542E+02  .48101E-01
.68110E+02  .37430E+02  .37326E+02  .11519E+00
J0110E4+02  .33770E4+02  .33722E+02  .70632E-01
J2110E402  .38340E+02  .38419E+02  .55430E-01
J4110E4+02  .50740E+02  .51240E+02  .84900E+00
J6110E+02  .70820E+02  .71105E+02  .14712E+00
J8110E4+02  .95550E+02  .96154E+02  .46141E+00
.SO110E+02  .12420E+03 .12395E+03 .59440E-01
82110E4+02  .15340E+03 .15175E+03 .24240E+01
.84110E+02  .17750E+03 .17678E+03 48540E+00
.86110E+02  .19700E+03 .19654E+03 .20525E+00
.88110E+02  .20974E+03 .20903E+03 .54586E+00
90110E+02  .21120E+03 .21300E+03 .29054E+01

L FR(L) FM(L)

0 .150729E+03  .000000E+00

2 .865625E+02  .000000E+00

4 .120914E+03  .000000E+00

6 .211725E+01  .000000E+00

8 .662343E-01 .000000E+00

Kak BuaHO, yaaercs yayumuts Y- g0 0.571, 4To oKka3biBaeT-
Cs1 BO3MOXKHBIM OJ1arofiapsi IOBBIIEHHONW HA IATh HOPSAIKOB, IO
cpaBHEHHUIO ¢ [24], TOYHOCTHIO MOMCKa MHUHUMYyMa. Pamee [24],
MIPUBEJICHHBIC B TPEABIAYIIEH pacredaTke pe3yjbTaThl, CUHTa-
JIMCH JTyYIIAMHU.
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rMMPUJIO)XKEHWUE 2

Application 2
TpexTensHas Mmoaens sapa °Be
Three - body model of the °Be nucleus

BBepeHune

B sToM npunoxeHun paccMOTpPEHbl MaTEMAaTUUECKUE METO-
Jbl PEIIEHUs] TPEXUYaCTUYHOM BapHallMOHHOM 3a/aud JAUCKPETHO-
ro CHEKTpa C pa3iIoKeHHEM BOJIHOBOH (YHKIHH 1O HEOPTOrO-
HaJILHOMY I'aycCOBOMY 0a3uCy IpU HE3aBUCHMMOM BapbUPOBAHUU
napameTpoB. KpaTko npuBezieHbl MaTeMaTHIECKUE METObI C HUC-
MOJIb30BaHUEM, U3JI0KEHHOTO BO BTOPOH IiaBe, ajJbTepPHATHBHO-
ro cnoco0a, KOTOPbIA MPUBOAUT K yCTOWYMBOMY aJITOPUTMY pe-
meHusT 0000IeHHOW MaTPUIHOHN 3a7a9 Ha COOCTBEHHBIC 3HAYE-
HUSI U QYHKIIH.

OnwucaHHbIE METOIBI MIPUMEHSIIOTCS K PACCMOTPEHHUIO HEKO-
TOPBIX XapaKTEPHCTHK CBA3aHHOTO COCTOSHHS Ajpa “Be B Tpex-
YaCTUYHOW MOJENM U OIKCaHMI0 ero (horopasBana B JIByXdac-
tiunblii "H°Li kanan. B o6nacti sHepruii ¥ - KBautos 10 35 MaB
yIaeTcs XOpOIIO OMUCAaTh MMEIOMKECs SKCIEpUMEHTaIbHbBIC
JaHHBIE.

PaccmarpuBaemble 31ech TEOPETUUECKUE PE3YIIbTATHI, MOy~
yaeMble Ha OCHOBE TPEXTEIbHOIO M0JX0/1a, MOIYT IPEACTaBIATh
OTIpeJICJICHHBI MHTEpeC AJIsi HEKOTOPBIX 3ajad sIepHOU acTpo-
(GU3HUKH, TTOCKOJIBKY OCHOBAHBI HA MHUKPOCKOITMYECKOM MOAXOJE,
OOBSCHAIONIEM NPUPOIY HEKOTOPBIX TEPMOSAJEPHBIX MPOLECCOB,
a uMeHHO, (oTopaspana supa ‘Be B “HLi kamanm mpu HH3KHX
SHEPTUSX.

TpextenbHas MOZAEIb II03BOJISIET IPOBECTH OIPEICICHHYIO
NPOBEPKY, MOIYYEHHBIX MO (a3aM paccesiHUs MapHBIX MEXKIa-
CTEpHBIX TMOTCHIHMAJIOB M YOemuTbhcs B LENECOOOPa3sHOCTH HUX
JaJbHEHIIEero MCIOJIb30BaHUS Ul PAacdyeToB, CBS3aHHBIX C pac-
CMOTpPEHHEM JAPYI'HX acTpO(YU3NUYECKUX XAPAKTEPUCTHK AIEPHBIX
CHCTEM NPH HU3KUX U CBEPXHHU3KUX SHEPTHSIX.
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M2.1 NMocTaHoOBKa 3a4a4u B TpexTesibHOMN
Mmoaenu

B paborax [234,235,236,237] 6buti ogpoOHO PacCMOTPEHEI
BO3MOKHOCTH TPEXTEIbHOI MozenH sipa ‘Li 1 mokasaHa ee crio-
COOHOCTH TPAaBHJIBHO OMHUCHIBATH MOYTH BCE HAONMIOAEMBbIE Xa-
PaKTEepPUCTUKHA 3TOTO sApa, BKIIOYAs TMPOJOJBHBIEC JJIEKTPOMAr-
HUTHBIE (opMmbakTopsl. [IpoBe/icHHAsS B JAbHEHIIEM aHTHCHM-
Metpuzanus BO [238] mo3Bosmia CymecTBEHHO YIy4IIUTh Ka-
YECTBO OMUCAHMS M MOMEPEYHBIX (popM(aKTOpOB, MOYTH HE H3-
MeEHSIS IPYTHE XapaKTePUCTUKH 3TOTO SAApa.

OTH pe3ynbTaThl MOTYT OOBSCHUTH OIPEIETICHHBIE YCTIEXU
MPOCTHIX JABYXKIACTEPHBIX MOJENCH JETKUX siAep C 3allpelicH-
HBIMH COCTOSIHUSIMM, B YaCTHOCTH, ’H*He u *H*He MoeneH siiep
°Li u 'Li, B KOTOPBIX MOJY4aeTCs XOPOIIEe OMHCAHHE MHOTHX
9KCIIEPUMEHTANBHBIX XapaKTEPUCTHK, HO TIOXO BOCIIPOU3BOIAT-
cs mornepeynbie (GopM(paKTOphl MPH OOJBIINX TMEPEAAHHBIX HM-
mynbeax [239,240].

AntncnmmMerpusanusi BO, BemonHenHas B padote [238], 3a-
TparuBaeT, B OCHOBHOM, BHYTPECHHIOK 00JacTh s/ipa U 3aMETHO
W3MECHSET BOJIHOBYIO (DYHKIIMIO TOJBKO HA MaJbIX PACCTOSHUSIX.
MmMenno 3Ta 067aCTh PACCTOSHUHN OMpeIesIeT OBEICHUE BBICO-
KOUMIYJILCHONH KOMIIOHEHTHI MorepedHbix (opmpakropon. O0-
JacTh OONBIIUX PACCTOSIHUN MEHSETCS Majlo, YTO HE MPHUBOIUT K
CYIIIECTBEHHBIM M3MEHEHHSIM APYTUX PACUETHBIX XapaKTEPHCTHUK,
3aBHUCAIINX B OCHOBHOM OT TIOBEJICHUSI BOJIHOBOU (DYHKIIMH Iie-
pudepuitHoil o0macTu sapa.

ITosTOMy, BOOJIHE MOXHO MPEAMNOIOXKUTH, YTO MPOBEACHUE
AHTUCUMMETpPHU3AIUA BOJHOBOW (YHKIMM B JBYXKIACTEPHOM
*H*He mozenu ¢ TEH30PHBIMU CUJIaMU s1Ipa oLi, KOTOpas IMO3BO-
JSET ONUCaTh €ro KBaApYMOJIbHBIM MoMeHT [175,241], moxer
3aMETHO YIyYIIUTh ONHUCAHHWE W TONEepPeUHBIX (HOpMPAKTOPOB
Mpy OOJBIINX TEPENaHHBIX UMITYJIbCaX.

Snpo 'Li, HecMOTpSsI Ha BIIOJIHE YCIIEIIHOE ONMCAHNE MHOTHX
€ro XapakTEepUCTUK Ha OCHOBE MPOCTOM JBYXKIACTEPHON MOJIENN
[87], MOXHO paccMaTpuBaTh Kak TpexTensHyio n"H'He cucremy,
KOTOpasi, B MPHUHIIUIIE, UMEET OOJIbIIIE BO3MOXHOCTEH U JaKe I0-
3BOJISET BBIACISTH Pa3IMYHbIC JBYXUYaCTUUHbIC KaHambl [20].
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TpexTenbHas MOAENs MOXET MCIOIB30BAThCS W sl Ooee
TSOKEITBIX siep, HampuMep, 'Be. OGBIYHO HPH PacCMOTPEHHH *Be,
MICXOJIHAs BOMHOBAs (hYHKIIHS 9TOTO sipa Beibupanack B n*He'He
MYJIBTHKJIACTEPHON quHamMuueckoil Mmoaenu ¢ [laynu npoektupo-
BaaneMm [242]. [lomydeHHbIe pammanbHble (QYHKIIMM B KaHaJe
‘Be(n*He'He) — 6Li(“Henp)+3H COOTBETCTBYIOT 3P (hyHKIUSIM
TPaHCJIAUUOHHO - MHBAPHAaHTHOM MOJAEIH 000JI0YEK, T.C. UMEIOT
y3JI0BO€ TTOBEICHNE.

Kpowme Toro, nMeer cMBICI pacCMOTPETh U BO3MOXHOCTH TI0-
CTPOEHUS MOJCIH sapa ’Be B ‘He’H’H npejactasieHud. B nenom
TOHATHO, 4TO B CHIy MAIOCTH dHepruu ces3u B n'He'He xanane
(Q = -1.573 MbB), xoudurypamms n'He'He siBusercs Gomee
“mupdy3Hoii” 1o cpasHenmo ¢ ‘He’H’H cucreMoii, kotopast cBsi-
3aHa Ha mopsAoK cuibHee (Q = -19.16 M»B).

Takum oOpa3zoM, HE OYEBHIHO, YTO B paMKax *He’H*H mo-
nenu sanpa “Be BO3BMOXKHO XOpolIee ONMHUCAHHE KAHAJIOB C H3JTyde-
HUEM HEWTpOHA WK ¢l - YaCTHIEI. B TO ke Bpems, mpeacTaBisieT-
Cs1 UHTEPECHBIM HCCIIE0BATh, B €AUHOM MOCIEA0BATENBHOM MOA-
xone Ha ocHoBe ‘He’H’H Momenn, CHIBHO CBSI3AHHBIC KaHAIBI
’Be — °Li+’H n "Be — 'Li+’H.

Jlanee MBI Ooyiee MOAPOOHO OCTAHOBMUMCS HA JBYXYaCTH-
HoM kaHane °Li+’H sapa *Be M mpeacTaBuM pe3ysibTaThl pacue-
ToB BoHOBOH (ymkimu ‘Be B ‘He’H’H oqHOKAaHATBHOM IIPH-
OMIDKEeHUH, TIPEAJIOKCHHOM paHee B padote [243]. [lomydueHHbIC
B® GyayT cipoeKTHpOBaHbI HA KIacTepHblil kanan °Li+H u an-
poOMpOBaHKI B pacyeTax XapaKTePUCTUK (HOTOSACPHOU pEaKIuu
’Be(y,’H)°Li [244] B cpaBuenuu ¢ pacueramu mis n'He'He mo-
JIEJIHA 3TOTO SApa.

Ho BHavane xpaTko 00CcyIuM 31eMeHThl (hOpMallbHBIX METO-
noB pacuera ‘He’H’H (yHKumii B OJHOKAHANLHOM MPHOIIKE-
Huu. B pacderax TpexknacrepHbeix BD B olHOKaHAILHOM IMpH-
OJIMKeHWH 3a7IeiCTBOBAH TOJIBKO OIMH MOTEHITHAN JJIsl Oomlpere-
JICHHOH MapIMadbHON BOJHBI B KAKIOM IUICYE TTAPHOTO MEKKIIA-
CTEPHOTO B3aUMOJCHCTBHS. A JI1 HAXOXKJIEHUS DHEPIUU CBA3H
TaKOW CUCTEMBI UCIIOJIL3YIOTCS pajualbHble (QYHKIWHW, TMpel-
CTaBJICHHBIE PA3JI0KEHHEM TI0 TayCCOBOMY Oa3mcy.
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N2.2 O6obLweHHasa 3agavya Ha COOCTBEHHbIe
3HayYeHuA

Paccmotpum pagmanvHoe ypaBHenue lllpemunrepa ¢ 1eH-
TpaJIbHBIMH SCPHBIMH CHUJIAMHU IS BOJTHOBOM (DYHKIIUH CHCTEMBI
Tpex yacTuil [242]

(H-E)®(r,R) =0 . (I12.1)
rae
2 2
H=T+V, T:]}+7;:'h_Ar'h R
2u 2y,
V=Vi+ Vyi+ Vi, (H22)
m,m m.
LU T Ho:m] B
My, m
My, =m,+m, , m=m +m,+m,

31ech m U [L — MacChl U MPUBEJICHHBIE MAcChl yacTuil, A —
omneparop Jlamaca, /° — nocrosiaHas [lnanka, T u V — oneparo-
pbl KUHETUYECKON U MOTEHIIMAILHON dHEpTruu, H — raMuiIbTOHU-
aH u E — pHeprus CUCTEMBI.

Benuuuna r B Takoil 3anucu OmpenensieT pacCTOSHUE MEX-
Iy dJacTHIaMU 2 M 3, KOTOpble HaxOISITCS B OCHOBAaHUHM Tpe-
YroJbHUKA U3 TPEX TeJ ¢ OPOMTAILHBIM MOMEHTOM A, a R — 310
paccTosIHUE MEXIy MEePBOM ydacTUIlEl, KOTOpas pacloyioXkeHa B
BEpIINHE TPEYTOJbHUKA U LIEHTPOM MAacC MEPBBIX JBYX YACTHIL C
OpOUTATLHBIM MOMEHTOM /.

[lomHas TpexTenbHas BOJMHOBAas (PyHKIWS B TaKOM CITydae
UMEET BHT

Y(r,R) =) ®,(r,RY (r.R)
/NS
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Tac €€ yriioBas 4aCThb 3allMCBIBACTCA

YU (R = Y (LM, SM|IM)Y ,, (rR)%g,, ©) -

MM,

3neck L =1+ A — opOMTaIbHBIA MOMEHT, S — CIHH, J — TI0JI-
HBIIf MOMEHT CHCTeMBI yacThll, M — ux npoekuuu, Y, — crmn -
yrioBas GyHknws, P, — paguanbHasi BOJTHOBAS QYHKIWS, ¥ M R —

A A

CKaJISIPHBIC PACCTOSHHS MEXKIY YaCTHIIAMH, ' U R — yIJbl Mex-
Jly HampaBJICHUSIMH BEKTOPOB I U R 1 ockio z, Y7y — chepuueckas
GbyHKIUA, Xsp — COUHOBasS (YHKIUSA CHCTEMBI, 3aBHCAIIAs OT
CIIMHA G, YIJI0Bble CKOOKU 0003Ha4aroT ko3¢ duiueHTs Kiebia
- T'opnona.

HanomuuMm nanee, 4to pajuaibHas BOJHOBas (YHKIUS 3a-
MHUCBIBacTCS B (hOpMe Pa3IOKEHHsI 110 TayCCOUaM U MOXKET OBITh
Npe/ICTaBlIeHa B CICAYIOIIEM BHIE:

@, (r,R)=Nr"R"> C exp(-o,r* =BR*)=NY . C®,. (112.3)

Brlpaxxenue

®, =r"R' exp(-a,r* —B,R*)

1

Ha3bIBaeTca 0a3UCHON YHKIHEH.

IToncrasnss pasnoxkenue (I12.3) B ypaBuenne (I12.1), mowm-
Hoxas (I12.1) cneBa Ha GasucHyl0 QYHKIUIO D U MHTETPUPYS 110
BCEM IepeMeHHbIM, TpuBoauM (I12.1) kK MaTpuIHOMY BHITY

Z(Hlii -EL;) G =0

i
HJIn

KE)C=0 , (T12.4)
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rae Matpunia K(E) onpeaensercs Kak
K(E)=H-EL .

B sTux Belpaxenusix H — maTpulia raMuibTOHHaHa, L — Mat-
pHIla UHTETPAIOB TEePEKPBIBAHUS, KOTOPAs MPH HCIOIB30BAHUH
OpPTOTOHANBLHOTO 0a3uca MEPeXOJUT B CAUHUYHYI Marpuiy I.
OtmetnM, uTo MaTpuiia K HeTMaroHallbHA 110 SHEPTUU U BMECTO
0OBIYHOM 3a7adu Ha COOCTBEHHBIE 3HAYEHHUS MBI MMeeM 0000-
IIICHHBIN BapHaHT 3TOW 3aJa4, METOJIbI PEIICHUS KOTOPOU ObLIH
PaccMOTpPEHBI BO BTOPO#i T1aBe. 31eCh HAIIOMHUM TOJIHKO OCHOB-
HBIE TPUHIIUIIBI TOTO METOA.

[lockonbky ypaBuenue (I12.4) omnHopomnoe, oHO Oyner
UMETh HETPUBUAIIBHBIC PEIICHUS TOJHKO TOTJIA, KOTJa JACTCPMH-
HaHT MaTpullsl K paBeH HyJIO. YCJIOBUE PaBEHCTBA HYJIIO €€ Jie-
TEpPMHHAHTA TI03BOJISIET HAWTH BCce COOCTBEHHBIE 3HaUEHU £ cuc-
TeMBbl (TP 3apaHee 3alaHHbBIX TTapameTpax o; u f3;), a Mo HUM Bce
coOcTBeHHbIe BekTopa C, a 3HAYUT U caMy PaJUaIbHYIO (YHK-
o @, B BeIpakeHuu (112.3).

B peanbHBIX pacyerax Mpu KaXOM 3HAYCHHH BapHAaIllMOH-
HBIX [TAPaMETPOB O; M [3; HAXOMM HEKOTOPYIO SHEPTHIO CHCTEMBI
(KoTOpasi JaeT HOJb JICTCPMUHAHTA), a 3aTEM, BapbUpPys OTH Ma-
pameTpsl, IPOBOIMM MOWCK MUHHUMYyMa ITOH DHEPTUH, KOTOpas
SBIISIETCS COOCTBEHHOM DJHeprueil 3amaun. 3aTeM YBEIUYHBAEM
pasMepHOCTh 0a3uca N M TOBTOpPSEM BCE BBIYHUCICHHS, IO TEX
TOp, TIOKa BEIMYMHA COOCTBEHHOTO 3HAYEHUS, T.€. SHEPTHs CBSI3U
Ey, Ha oduepenHOM miare N HE CTaHET OTINYATHCS OT MPeIbIIyIie-
ro 3HadeHus Ey, Ha BENWYHMHY €, KOTOpas OOBIYHO 3aJaeTcs Ha
ypoBae 0.1 + 1.0%. B cooTBercTBUM ¢ TeopeMoit Xwiepaaca -
YHuareitma [78] 3Ta MUHUMAIbHAS JHEPTUS W OyIeT peabHOM
SHEPTUEH CBSI3U TPEXYACTHYHOW CHUCTEMBI, T.C. DHEPTHEH CBS3H
ATOMHOTO sIJIpa B pacCMaTPUBAEMOM MOJICIH.

M2.3 BapmaunoHHble MeToabl TPEXTESNIbHOMN
moaenu

ManI/I‘lHI:Ie 3JICMCHTBI raMWJIbTOHHMaHa CUCTCMblI WM HHTC-
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IPajioB MEPEKPhIBAHMS, BBIUMUCICHHBIC MO 0A3MCHBIM (YHKIIMSIM
@, umeroT Bug [243,245]

e B QLEDICA+ D!
ij 16 mN 2l+7»

—A-1/2-1-1/2
o BTG

o _Bi@h B@D |

’ uBij HO(X’I'j
B wvy=—Y + 25 0y 13
(3,v)= —~L2v+3)-v ,
v +1 5
T QEADNCRA+D!! 5 0 s
z:;:EN S i B,-,- ’

-2
N =[ZC,.CJ.LU} :
i

C IOTCHIIMAJIaMH

noah QL=DUCA+D!
[(Vo)el; = 16 N? _HO [(I+1) S ; 3/230_1 v

noa R A=DURI+DY e
(V)] = 16N2u—7»(7»+1)( )2”(" ) U_x 1/2131_}_1 2

i 2 @2r+nnt A
[{V.(23)},1; =ZZZ3EN2\/E 2 I ’

i Fi

T 2 2A+DH! I
{V (A2}, = Z1Z2_N2_( ) T
y

16 Jn 28 Bl

)
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T 2 A+ 1!
V. A3)}:]; =2,Z, EN2 ﬁ o 1 302

i

LU QI+DNCRA+D!! IS
(V23)ij :ENZV23 S (aij +7,3) A-3/2 ijz v
o= 04+ 0 Byi=PBi+ P -

Hanee, Hanpumep, npu 3HadeHusx [ = 1 u A = 0 umeem cie-
JIyIOIME BBIPAXKEHUS NJIsI MAaTPUUHBIX 3JEMEHTOB OT SIECPHBIX
HOTCHIIUAJIOB

T 3V a
(Vlz)ijz_6N22 T Y +1

1 ATBy )| A
rue

2
Aij = aszij + 'le(aij +a [3,:,') , a = m3/m23

B ciygae [ =0 u A = 0 111 5TOM YacTH MOTEHIIHATA HAXOIUM
BBEIPKCHHE

T V
Vi) =1 N 5
ij

31ech BEJIMUKHA Y, SBIISETCA TapaMeTpOM IIUPUHBI Faycco-
BOT'O MMOTEHIIMANA, a Vi, — ero riayOonHa MeXIy COOTBETCTBYIOLICH
Mapoii YyacTull, B JaHHOM citydae, 12 wm 13.

JUitst citydasi mpOU3BOJIbHBIX [, Korma A = 0 MOXHO MOTYYHTh
BBIpa)KCHHE

1

QI+ d;
l 1+3/2 °

2 Ar

T
Vi, )ij = Eszlz
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Tae
2
d=o,;+v,a" .

CpenHekBaipaTUUHBIA MacCOBBIM pajinycC sipa B TaKOH MO-
TN TIpeAICTaBiIseTCs B BuAe [243,246]

<r’> =m/im<r’> +m, Im<r’>  +m /m<r’>  +Alm

ml

20+3
p+
Cm o, QLEDNRA D | O
A—EN e ZCI.CJ.OCU i 2l +3
& + 1,
i
_ Inmyny _ Iy,
my o om

m23=m2+m3, m=m1+m2+m3

KBanpynonbHbIi MOMEHT si/ipa C y4€TOM MOMEHTA JIEUTpOoHa
3anuceiBaeTes [20]

2
Q = Qd _gB s
21+3C+
By QLEDUAEDUS o o g P .
16 2 o 7 ’ 2A+3
+ D
&
A+DI+1)!
+N2EZ Cicj 2ax+2B1+2 >
ivj i Pi
C= Zmy, + Zm} D= Z,m; +Zym,
2 ’ 2 ?
m m,
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g=_""

(Zym, —Z,my), Z,,=Z,+Z,

mm,,

CpemHeKkBapaTUIHBIN 3apsIIOBEIN paguyc sSapa B TPEXTEIb-
HOHM MOJIETTH UMEET BUJL

<r’>=Z1Z<r*>,+Z,1Z<r’>,+Z,/Z<r’*>,+B/Z

3nech BenuuuHa B ompeneneHa B ONMKUCAaHUU KBaAPYHOIbHO-
ro MOMCHTA.

B kadecTBe 3apsAmOBBIX W MAacCOBBIX PaTdyCOB KIIACTEPOB
MPUHUMAIKCH BEIMUUHBI <1>,q = <r>4 = 1.96, <r>,, = <r>, =
1.70 DM, <r>, 0= <r>,,= 1.67 O™ [247,248,249]. 3ameTnM, 9TO
HEKOTOPBIE U3 HUX HECKOJBKO OTIUYAIOTCS OT BEIUYUH, UCIIOINb-
30BaHHBIX HaMH B Ta0J1.3.2.

Ilpu moucke sHEpruu CBS3U SApa B TPEXTEIHLHONH MOJENH
HavyaJbHbIC 3HAYCHUS BapHAIlMOHHBIX MApaMeTpoB O U [3;, HaX0-
JVINCH U3 TWHESHHON CETKH BUIA

(X,=l/30 N B,‘= 2&,‘ .

3areM IPOBOAMIOCH HE3aBUCUMOE BapbUPOBAaHHE KaXKAOTO
U3 HUX TaK, YTOObI MUHUMHU3UPOBATh 3HEPIHI0 CUCTEMBI C TOYHO-
cteio 10 0.1 + 1.0%, T.e. mapamMeTpbl U3MEHSIOTCS 0 TEX IIOp,
[IOKa M3MEHEHHE SHEPIMU HEe CTaHeT MEHbIIE 3TOH, 3apaHee 3a-
JTAHHOW BEJINYMHEI.

Jlsist IpOBEPKH NPEUIOKEHHOTO METOJa pacdeTa U KOMIIbIO-
TEpHOW MporpamMMbl paccMaTpHUBalach MOJEJIbHAs 3ajada Ajs
TpeX dYacTHll, B3aMMOJCHCTBYIOIIMX B mNoTeHuuane Adnana -
Tanra [250] ¢ ycpeaHeHHeM TPUILIETHBIX U CHHIJIETHBIX COCTOS-
Hui. [ sHEpruu cBsI3u Takou cuctemsl B [250] momyueno -7.74
M5B, a B pabotax [251], Tae UCIMONB30BANCS HEOPTOTOHABHBIH
BAapUALMOHHBIA METOJ C W3MEHEHHEM MapaMeTpoB Ol U [} BOIHO-
BOH ()YHKLIMU HA OCHOBE TAHTEHIMAJIbHOW CETKH, HaiaeHo -7.76
M>5B. Hamu, Ha OCHOBE M3JI0)KEHHBIX METOAOB, IIPH HE3aBHCH-
MOM BapbHUpOBaHUU BCEX MapaMETPOB U pazMepHocTH Oasuca N =
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5, moxy4eHo -7.83 M»aB, T.e. SHEepPrus CBS3H TaKOW CHCTEMBI H3-
MEHUJIACh TPUMEPHO Ha 1% OTHOCUTENBHO PE3yNbTaTOB padoT
[250,251].

B aTHX pacderax 3amaBanuCh IeNbIe 3HAYCHUS MacC 4acTHII,
a KoHcTaHTa %’ /m, npunumanach pasHoi 41.4686 M5B-Om’.

KynoHoBckuid mapamMeTp U KyJOHOBCKHUI MOTEHIIUAI ONPEEICHBI
BO BTOpPOI#i I'1aBe.

M2.4 TpexTenbHas KnactepHas mogenb
appa °Be

[lepeiinem Teneps k 6ojee TOAPOOHOMY PACCMOTPEHHUIO SIII-
pa *Be B TpextenbHoii knacreproit ‘He’H*H mozemn. Bynem cun-
TaTh, 9YTO B OCHOBAaHWHU TPEYTOJIbHUKA U3 TPEX YACTHUI[ HAXOAITCA
*H’H xnacTeps! (YacTuIbl 23) ¢ pagmyc - BEKTOPOM OTHOCHTEIIb-
HOTO DPACCTOSIHUA I' = Iy; U OPOUTaIHHBIM MOMEHTOM OTHOCH-
TEILHOTO JBUKEHHS A.

Snpo *He (uactuia 1) HAXOXUTCS B BEPIIMHE TPEYTrOIbHHKA
M €ro TOJIO)KEHHE OTHOCUTENHHO IIEHTpPa MAacC JIBYXKJIACTEPHOU
CHCTEMBI ompenensercs paauyc - BeKTopoM R = Ry 1 opou-
TaTbHBEIM MOMEHTOM [. [TonHBIH OpOUTaTBHBI MOMEHT CHCTEMBI
L =1+ )\, paBublii 1, MOKeT OBITh MMOJTyYCH U3 KOMOMHanuu [ = 1
u A = 0. IIpeamonaraercsi, 4T0 UMEHHO 3Ta OpOUTATbHAS KOH(H-
rypamusi JOMHHHPYeT B paccMarpuBaemoii "He’H*H momenn, T.e
paccMmaTpuBaeTcs OIHOKAaHAIbHASs TPEXTEIbHAs MOJENb 3TOTO
szpa.

B pacderax ucmnonp30oBaHbl OMHAPHBIE MEKKIIACTEPHBIC I10-
TeHIMaIbI ¢ oTTankuBaomuM kopoM ats ‘He H u *“He’H cucrem
U nepu(epUIecKUM OTTAIKUBAHUEM W 3alpEIISHHBIM COCTOSHU-
em st "H?H CHCTeMBI CIIeyIoIero Biia

V(r) = Vlexp(—er) + Vzexp(—SrZ) .

[MapameTpsl MEKKIACTEPHBIX MAPHBIX MOTEHIMAJIOB MPHUBE-
neHsl Hwke B Ta0Om.I12.1. 3aech BO BTOpOM CTOJIOIE TMPHUBEACH
OpOWTaTBHBIM MOMEHT IS KXKI0M maphl KiactepoB. [lapaMeTpsr
MOTCHITMAJIOB TTOJ00paHbl TAKUM 00pa30M, YTOOBI MaKCHMAITHHO
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TOYHO BOCIPOU3BECTU COOTBETCTBYIOIIHUE OKCIICPUMCEHTAJILHBIC

(haspl ympyroro paccesHus, KOTOpBIC MMOKazaHel Ha puc.l12.1 =+
I12.3.

Ta6n.I12.1. ITapameTpbl MOTEHIIMATOB B OMHAPHBIX KIaCTEPHBIX
cUCTEeMaX U OCHOBHbIE XapaKTEPUCTUKU UX CBA3aHHBIX
COCTOSTHHM.

Cuc- | L, | V, Y| Ve | 8 | E ISP Cy
Tema M5B |dm? | MdB |dum? |[MdB | &M

1 2 3 4 5 6 7 8 9

‘He’H |°P1, | -85,82 (0,13 90 | 0,2 |-1.989(2,6(2) [3.865(5)

‘He’H | °S; | -71,9 |0,15| 70 | 02 |-1.47212.61(5)[3.275(5)

SHH |°S,,, +44,5887(0,15| 4,5 [0,015| - - -

240 T T T T T T T T T T
g *H°H L=0 .
200 ;;“o V,=44.5,a,=0.15, V,=4.5, a,=0.015

3, rpag.

E, MaB

Puc.I12.1. Yuctele dasel ynpyroro “H*H paccestHust s S - BOJHBL
[TynkTHpOM NpHBeeHa MOJI0ca OUIMOOK ONpeesieHHs YUCTHIX (a3 [87],
KOTOpas MOJTy4aeTcsl U3 JaHHBIX 3KCIIEPUMEHTAIBHBIX paboT [253].
Touky 1 KBafpaThl — U3BJICUCHHBIE U3 SKCIIEPUMEHTANIBHBIX TaHHBIX
(a3bl paccesaus [253]. KpyXkKku U OTKpBITEIE KBaapaThl — MPI™ BbIumC-
neHus a3 paccesaus [252].
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B ceapmom cronmbme Tabm.Il2.1 mpuBemeHB KaHAILHBIC
SHEPTHUH CBS3HU, B BOCBMOM — CPEIHEKBAAPATHYHBIEC PAINyCHI CBSI-
3aHHOTO COCTOSTHHS Tapbl YacTHUI] U B JICBITOM — aCHMIITOTHYEC-
CKHE KOHCTAHTBI CBS3aHHBIX COCTOSIHUW B JIByXYaCTHYHBIX KaHa-
JaX, HaWaeHHbBIE ¢ PyHKIMeH YuTTekepa. B kauecTBe moreHIua-
noB “H’H cHcTeMbl HCIIONB30BAaHbI YHMCThbIe MO cxemaM FOmra
B3auMmoeicTBus [87], a pe3ynabpraTel pacuera (a3 ¢ TakuM HO-
TEHIIMAJIOM TI0Ka3aHbl Ha puc.l12.1 HenpepbBHOM muHMUEH. [TyHK-
tupoM Ha puc.I12.1 mpuBeneHa mosioca OMMOOK OIPEACIICHUS
arcTeix "H°H a3, koTopast MonydaeTcs U3 SKCIePUMEHTAbHBIX
JIAHHBIX Pa3IUYHBIX UCCIEAOBAHUM, OTUCAaHHBIX B [253].

Takoil MOTeHIMaNT COJAEPKUT CBS3aHHOE 3aIpeleHHOE CO-
cTosgHue mpu sHeprud -11.49 MhsB. OTtmeruM, 4To He yaaercs
HAWTH Jpyrue mapaMmeTpbl MOTEHIMana, 0e3 CBSI3aHHOTO 3aIpe-
IIEHHOTO YPOBHS, C KOTOPHIMU MOKHO OBLITO OBI OMTUCATh YUCTYIO
nyoneTHyro S - dasy paccesHusl.

180 . ; . ; . ; . ; . ;

3 *He’H L=1
160 L * " V,=85.82, a,=0.13, V,=90, a,=0.2

! 2

140

80 [ AA E

60 s 1 s 1 s 1 s 1 s 1 s
0 2 4 6 8 10 12 14 16 18 20 22 24

E, MaB
Puc.[12.2. ®aspr ynpyroro *“He’H paccesnus st P - BOJHEL
TpeyronpHUKY U KBaAPATHl — U3BICUCHHBIE U3 YKCIIEPHUMEHTAIbHBIX
JaHHBIX (a3sl paccesaus [170].

Jlas “He’H cucTeMbl HCMONTB30BaH TTOTEHIHAT [IEPBOTO BO3-
OyxneHHOTO Pj/) COCTOSHHA (HETpephIBHAS JIMHUS Ha puc.l12.2)
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0e3 3C, xoTOphIii XOpoIno omuckiBacT (asy paccesuus [170] u
MPUBOANT, KaK HaM Ka)KeTCs, K HAMIy4IlIeMy OIHCAaHUIO XapaK-
TEPHCTHK siapa *Be B Tpex4acTU4HON MomenH. TeM caMbIM, OKa-
3piBaeTcst, 4To KiactepHas ‘He’H crcTeMa HAXOAMTCS BHYTPH
siapa Be B BHPTyaJIbHOM BO30Y)KIEHHOM Pj, COCTOSHUHU, a HE
OCHOBHOM P;; ypoBHE. Bo3MOXHO, B OyayIIeM STOT pe3ysIbTatr
MOXHO OyJIeT MPOBEPUTH NPYTHMMH, HE3aBUCUMBIMH METOIaMH
WM TTOIXOJaMH.

Hoterupan B ‘He’H crcTeMe HaWTydmuM oOpa3soM OIUCHI-
BAeT XapaKTEPHCTUKH CBS3aHHOTO COCTOSHHMA siapa CLi, mpuBe-
nennsle B Ta0Ou.I12.1, u He umeer 3C, a KayecTBO OmUcaHud S -
(asbl paccesaust [171,172] nokazano Ha puc.I12.3 HenpepbIBHOM
JIMHHECH.

160 — — — — :

140 |- *He’H L=0 b

r V,=71.9, a,=0.15, V,=70, a,=0.2 1
120 |
100

80 -

&, rpaq.

E, MaB

Puc.I12.3. ®aspr ynpyroro “He’H paccesteust 1uist S - BOJIHBL
Touku 1 KBagpaTHl — U3BJICUCHHBIC U3 YKCIICPUMEHTANBHBIX TaHHBIX
(a3l paccestans [171,172].

C omMcaHHBIMU BBIILE MAPHBIMU MOTECHIMAIaMU HaiiieHa
SHEPrHsl CBSI3H sIpa “Be U ero 3apsigosblii paguyc R,. Hekotopsie
XapPaKTEPUCTHKHA TPEXYACTUIHOTO CBSI3aHHOTO COCTOSTHHSI ’Be
JnaHel B TaOm.I12.2, BMecTe ¢ mapaMeTpaMu paslIOKCHUs TPeX-
TeJIbHON BOJHOBOM (yHKIMU. Kak BHIHO MX 3TOW TaOJIHIIBI, TO-
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Jy4eHHBIE BEJIMYHNHBI XOPOIIO COTMIACYIOTCA C MMEIOIIUMHUCS JKC-
MepUMEHTAIbHBIMU JIaHHBIMH, @ HOPMHUpPOBKa TpexTesibHou Bd
MPaKTUYECKU paBHA CAUHHUIIC.

Ha puc.Il2.4a, 112.46 moka3aHO CpaBHEHHE PAAHATBHBIX
dynxiumit "H+°Li OTHOCHTEIBHOTO IBIKCHHS MOCTPOCHHBIX B
n*He*He n *“He’H’H momensax cooTBercTBeHHO. Mcnonb3oBaHue
TOTCHIIMANIOB C OTTAIKHBAHHeM B ojHOKaHambHo# “H H'He mo-
nenu “Be NPHBOIHUT HAC K Oe3 y31oBoii 1P B® 0THOCHTEIBHOrO
JIBIOKEHUA. B TO Bpems Kak, n*He*He MOJIENb, MOCTPOEHHAsA C
MOTCHI[UAIAMU TJIYOOKOTO MPUTSIKEHUS, AaeT Y37I0BYK 3P BOJ-
HOBYIO (QYHKUMIO (CIUTOIIHAsl KpuBas Ha puc.l12.4a cooTBeTCTBY-
€T pe3yibTHpYIoLIeH BOMHOBOH (yHKIMH). [oMydeHHBIC BOJIHO-
Bble (DYHKIIMM WCIOJB30BAHBI Jlajiee B pacueTax CEYCHHU (OTo-
pasBana siapa “Be(y,’H)’Li [254], koTopble mpeacTaBleHbl Ha
puc.J12.5.

4t .
04 08

/ "\
0’0 N s }\~
T r, dm 04

\ G
\ <
04t N < 211]
’ N

00

Puc.I12.4. PaguanbHble QyHKINH OTHOCUTEIBEHOTO JIBIKEHHUS KJIACTEPOB
B kanane ‘Li+"H sapa Be. a — n*He*He MOJEND; b — ‘He’H*H MOJIENb.

Tao6n.I12.2. TTapameTpsl TPEXTEIbHOM BOJIHOBOW ()YHKIIHH,
ee HOPMHUPOBKA U XapaKTEPUCTHKH spa *Be.

o B
3.273095667111755E-001 | 8.983828859473847E-002
3.172872902170442 1.207723068311927E-001
1.844963898289113E-001 | 5.507018219497912E-002
9.153345511558431E-002 | 1.025123206313353E-001
2.213721392830491E-001 | 3.620573882275837E-001

N[N~
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6 2.269904002428514E-001 | 4.017242168731691E-001
7 1.985961231123472E-001 | 1.634388187790707E-001
8 5.073985961415315E-001 | 4.769549654021469E-001
9 | 5.124708157837092E-001 | 4.828596792375761E-001
10 | 3.843254062764651E-001 | 2.094550079909185E-001

i G

1 2.564677848067949E-002

2 -2.825587985872606E-003

3 3.379570860934880E-003

4 1.204452338550613E-002

5 -6.029327933110736E-001

6 4.606318693160417E-001

7 1.677085370227155E-001

8 -3.310475484431805

9 3.189208283959322

10 1.415768198190696E-001
Hopnmu- 9.999999999999867E-001
poBka N

Pacuer OxcnepumenT [135]

E,M»>B -19.1632 -19.1633

Ry, DM 2.56 2.519(12)

Crnenyer cpa3y OTMETUTh, YTO PACCUHUTAHHBIE B OTHUX ABYX
MOJIX0J]aX CEYEHUs MPAKTUIECKH HE OTIMYAIOTCS, XOTS M UMEIOT
HEKOTOpBIE KOJIWYECTBEHHBIE PACXOKACHUSI. JTO MOXKHO O0OBAC-
HUTH CXOXKECThIO «XBOCTa» JIBYX Pa3IHYHBIX BOJHOBBIX (DYHKIIUN
(cm. puc.I12.4) Ha 60IBIIMX PACCTOSHUAX, T.€. IPH CPABHUTEIHEHO
MaJIBIX SHEPrusx mpomuecca potopaspana *Be(y,”H)’Li.

JanpHeillliee pa3BUTHE TEOPETUUYECKUX HCCIAEAOBAHUNA B
9TOM HaNpaBICHUH TpeOyeT pelleHHs] TPeXTEeNbHOW 3aladd co
CBSI3BI0 KaHAJIOB, T.€. Y4eTa Pa3IMUHBIX BO3MOXKHBIX MapLHUallb-
HBIX BOJH B Ka)XXJIOM ABYXTEIHFHOM IUI€YE TPEXUYACTUIHOUN CUCTE-
MBbI. [10CKONBKY pacCMOTPEHHBIH MOAXOA MO3BOJSET MPAaBHIBLHO
NOoJy4aTh ce4eHue mpouecca (GoropasBaia B U3MEpEHHOI olnac-
TH DHEPTHUil, BIIOJHE €CTECTBEHHO MPOBOAUTE BBIYHCIICHHS U MPH
9HEPTHUsX 7Y - KBAHTA CTPEMSIINXCA K HYIIO.

428



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

15

do/dQ, MKG/CT.

Ey, MaB

Puc.12.5a. Jluddepenumansubie cedenns npouecca *Be(y,”H) Li.
DxcnepuMeHT paboThl [244]. Teopetudeckwnii pacuet ais n"He He mo-
nenu. [Tynktup — nunonsHel £1 epexo, cruioniHas KpuBasi —
CyMMAapHOE CEUEHHE.

15

do/dQ, MKG/CT.
©
T

16

Puc.I12.56. luddepennuansabie ceUeHUs Mpoliecca 9Be(\(,*%H)GLi.

DkcrepuMeHT padotsl [244]. Teopetnueckuit pacuer i "He H H

Mmojenu. [lyHkTup — nunonsHelil £1 nepexon, ciioniHas KpuBas —
CYMMapHOE CEUECHHE.
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Takum o0pa3oM, B paMKax paccMaTpUBAaE€MbIX BapUallUOH-
HBIX METOJIOB, IOJIy4€Hbl HOBBIE PE3YJbTaThl ISl TPEXTEIbHOI
*H’H*He monenu smpa Be. [IIs 3TOrO MCIONB30BAaH HEOPTOTO-
HAJILHBIA BapHallMOHHBIA 0a3uc, HE3aBHCUMOE BapbHPOBAaHHUE
apaMeTpoB, MEXKJIACTEPHbIE MOTEHLMAIbI, YUCThIE IO CXeMaM
IOnra u cormacoBanubie ¢ GazaMu yIpyroro paccessHus B IBYX-
YaCTUYHBIX cHcTeMax. Bce 3TH pe3ynbTaThl MO3BOJSIOT NPaBUIIb-
HO BOCIIPOM3BECTU PACCMOTPEHHBIE XapaKTEPUCTUKU CBSI3aHHOTO
COCTOSIHHSA silpa “Be M CeueHHs HEKOTOPHIX (OTOSIEPHEIX IIPO-
LIECCOB.

M2.5 TpextenbHas BapuauuoHHas
nporpamma

[IpuBeneM TeKCT KOMIBIOTEPHON MPOTPAMMBI TSI BEIYUCIIE-
HUSL SHEPIUM CBsi3u supa “Be B Tpextenshom ‘He HH kamae.
IIporpaMma ocHOBaHa Ha BapUALIMOHHOM METOJIE C Pa3I0KEHUEM
B® mo HEOpTOrOHAIEHOMY BapHallMOHHOMY 0a3uCy W HE3aBHCH-
MBIM BapbHpPOBAHHEM IapaMETPOB, MOJPOOHO OMMCAHHOM B pa-
oote [24].

JUis HamMcaHWs TEKCTa MPOrPaMMBI HUCIIOIB30BAJICS allro-
putmMudeckuit s3Ik Fortran - 90 B cucreme PS - 4. Bce ocHoBHBIC
napamMeTphbl U IEPEeMEHHBIC TTOSICHEHBI B pacrevyaTke MporpaMmbl
WIM aHaJOTHYHBI, OTIMCAHHBIM paHee Mmapamerpam, IUIS JAPYTuX
KOMIBIOTEPHBIX TPOTPAMM.

PROGRAM THREE_BODY_9Be

| stk TporpaMMa pacdeTa TPEXTEIIbHON DHEPIUN *H#HHsk43k
IMPLICIT REAL(8) (A-Z)

INTEGER LJ,K,NF,NFF,NS,NLNNP,NV ,NSM,NP,NITER,NP2,
K,JITER

DIMENSION FF(0:500000),FU(0:500000),L(0:50,0:50),
PH5(0:50)
COMMON M/

T(0:50,0:50),L.1(0:50,0:50),XP(0:50),VN12(0:50,0:50),

VN13(0:50,0:50),VN23(0:50,0:50),VN231(0:50,0:50),

VN232(0:50,0:50),H(0:50,0:50),SV(0:50)

COMMON /A/ PMO,R122,PM23,A11,V122,M23,R121,V121,
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R132,M3 M2,M1

COMMON /B/ RI131,V131,HC,R232,V232,R231,V231,PI,
A23,A13,A12

COMMON /C/ PVC,EPP,ZYS ,NSM,NS,V132,PNC,NEV
CHARACTER(9) FILL,FILO

! sheskoskoskskskskskskskosksk BXOI[HI)IC HapaMeTpH skoskoskoskoskeoske sk sk sk sk skeskeske sk sk sk sk sk sk sk sk
Z1=2.0D-000

Z2=1.0D-000

Z3=1.0D-000

M1=4.0D-000

M2=3.0D-000

M3=2.0D-000

RK1=1.670D-000

RK?2=1.70D-000

RK3=1.960D-000

7=71+72+73

M23=M3+M?2

PM23=M3*M2/M23

AMO=M1+M2+M3

PM0=M1*M23/AMO

NF=6000; NFF=4; NS=1

HF=0.005D-000

PN=.50D-000

PH=.050D-000

NI=0; NNP=1; NV=0; NSM=0

BB=1.0D+030

HC=.010D-000

PNC=-20.0D-000

PVC=-10.0D-000

A11=41.46860D-000

A12=1.4399750D-000*Z1*Z2
A13=1.4399750D-000*Z1*Z3
A23=1.4399750D-000*Z3*Z2
P1=4.0D-000*DATAN(1.0D-000)

PI=DSQRT(P1)

! sheskoskoskskskoskoskoskosk sk sk sk skskskok HOTCHI_[I/IaJII:I skskoskoskoskoskosk skoskoskoskskoskoskosk sksksksk sk
11-AL; 2-T; 3-D; L - AL-T-1,AL-D-0,D-T-0
! D-T
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V231=-44.5887D-000 ;!J=1 ;L=0
R231=.15D-000
V232=4.5D-000 ;1J=1;1L=0
R232=0.015D-000
' AL-D
V131=-71.9D-000 ;!J=1/2;L=0
R131=.15D-000
V132=70.0D-000 ;!J=1/2;L=0
R132=0.2D-000
I AI-T
V121=-85.820D-000 ;!J=1/2;L=1
R121=.13D-000
V122=90.0D-000 ;!J=1/2;L=1
R122=0.2D-000
| ksl TlapaMeTphl JUIS BAPUPOBAHMS ¥ ¥ ki koidodok
NP=10
FILI='ALFA9.DAT'
FILO='ALFA9.DAT'
OPEN (1,FILE=FILI)
READ(1,%)
DO I=1,NP
READ(1,*) J,.XP(I),XP(I+NP)
ENDDO
CLOSE(1)
EP=1.0D-015; ! To4HOCTE HEPTHUH
EPP=2.0D-015; ! TouHOCTh AETEpMHUHAHTA
NITER=1 ! Uucno urepanuit
PH=0.00001D-000
NP2=2*NP
! sheskeske sk sk sk skoskoskoskeske sk skosksk HOI/ICK MI/IHI/IMyMa sheske sk sk sk sk sk sk sk sk sk sk sk sk sk sk skesk sk
AAA1: DO ITER=1,NITER
PHS55=PH/ITER
50 FMIN=BB
DO IIK=1,NP2
PHS5(IJK)=XP(JK)*PHS55
60 XP(JK)=XP(IJK)+PH5(IJK)
IF (XP(1JK)<0.0D-000) THEN
XP(JK)=XP(IJK)-PH5(1JK)
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GOTO 61
ENDIF

CALL MINIM(NP,F)

CC=BB; BB=F

IF(F<CC)THEN

PRINT*, ITER, IUK,F,ABS(F-CC)

IF (ABS(F-CC)>=EP) GOTO 60

ELSE

XP(IJK)=XP(IJK)-PH5(IUK)

F=CC

ENDIF

61 ENDDO

PH55=-PH55/2.0D-000

IF (ABS(CC-F)>=EP/2.0D-000) GOTO 50
ENDDO AAAI

PRINT*, 1o sk s sk sk ke sk sk s sk sk sk skeoske sk sk sk sk sk sk sk skeske sk sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk sk k!
PRINT*, "E =" F

PRINT*

PRINT*," N ALFA BET"
DO I=1,NP

PRINT*,I,XP(I),XP(I+NP)

ENDDO

PRINT*

ZYS=1.0D-000

AA=F

CALL MINIM(NP,AA)

! skeskeoske sk sk sk skoskoskeosk sk sk sksk HOpMHpOBKa (byHKI_[I/II/I sk sk sk sk sk sk sk sk sk sk skeske sk sk
CN=-1.5D-000

BN=-2.5D-000

$=0.0D-000

DO I=1,NP

DO J=1,NP

AL=XP(D)+XP(J)
BT=XP(I+NP)+XP(J+NP)
L(L))=(AL**CN)*(BT**BN)
S=S+SV(D)*SV(I)*L(LJ)

ENDDO

ENDDO
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ANOR=DSQRT(32.0D-000/3.0D-000/S)/PI

PRINT*

PRINT*,' N SV’
DO I=1,NP
SV(I)=ANOR*SV(I)
PRINT*,L,SV(I)

ENDDO

| stk stesfesfesteste st e sk sfesfesfe ek HpOBepKa HOPMHPOBKH seske skeoskeoske seoskeoskesteoste sk skoske sk

$=0.0D-000
DO I=1,NP
DO J=1,NP
AL=XP(D)+XP(J)
BT=XP(I+NP)+XP(J+NP)
DO K=0,NF
R=HF*K
RR=(R**2)*AL
AB=(R**2)*DEXP(-RR)
FF(K)=AB
ENDDO
CALL SIMPS(NF,HF,FF,S1)
DO K=0,NF
R=HF*K
RR=(R**2)*BT
AC=(R**4)*DEXP(-RR)
FU(K)=AC
ENDDO
CALL SIMPS(NF,HF,FU,S2)
S=S+SV()*SV(I)*S1%S2
ENDDO
ENDDO
PRINT*
PRINT*, "NORM IZ INTEGRALA="S
PRINT */NEV-DET = ',NEV
OPEN (1,FILE=FILO)
WRITE(1,¥)' N ALFA BETTA'
DO I=1,NP
WRITE(1,*) LXP(I),XP(I+NP)
ENDDO
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WRITE(1,*)

WRITE(1,*) E = "F

WRITE(1,*)SUM(H*SV-E*L*SV) FROM SV =',AA

WRITE(1,*)

WRITE(1,¥)' N SV’

DO I=1,NP

WRITE(1,*) LSV(I)

ENDDO

WRITE(1,*)

WRITE(1,*) 'NOR =S

WRITE(1,*)NEV-DET = '"NEV

CLOSE(1)

! sheskeske sk sk sk sk sk sk sk sk sk sk skeskeskoskoskosk HOpMI/IpOBKa sk sk sk sk sk sk sk sk sk sk ks sk sk sk sk skeskoskok

CN=-1.5.0D-000

BN=-2.5.0D-000

$S=0. .0D-000

DO I=1,NP

DO J=1,NP

AL=XP(D)+XP(J)

BT=XP(I+NP)+XP(J+NP)

L(LJ)=AL**CN*BT**BN

SS=SS+SV(D)*SV(I)*L(LJ)

ENDDO

ENDDO

SSS=DSQRT(3.0D-000%P1/2.0D-000%*5*SS)

PRINT*, "N IZ VIRAZHENIYA= ", SSS

! skeskeoske sk sk sk skoskoskeosk sk sk sksk MaCCOBBIﬁ pa,Z[I/IyC sheske sk skeske sk sk sk sk sk sk sk skeoske sk sk sk sk sk skeosk

$=0.0D-000

DO I=1,NP

DO J=1,NP

AL=XP(I)+XP(J)

BT=XP(I+NP)+XP(J+NP)

S=S+SV(D)*SV(I)*BT**BN* AL**CN*(3*PM23/AL+5*PM0/B

T)

ENDDO

ENDDO

RM=P1%3.0D-000%S/2. 0D-000%*6

RRR=M I/AMO*RK 1##2+M2/AMO*RK2*%2+M3/AMO*RK3**
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2+RM/AMO
RS=DSQRT(RRR)

PRINT*, "RM = ", RS

SS11=0. 0D-000

CN=-1.50D-000

BN=-2.50D-000

S=0. 0D-000

$S=0. 0D-000

$SS=0. 0D-000

SSDD=0. 0D-000

S$123=0. 0D-000

S1=0. 0D-000

$3=0. 0D-000

$2=0. 0D-000

DO I=1,NP

DO J=1,NP

AL=XP(D)+XP(J)

BT=XP(I+NP)+XP(J+NP)

VK 12A=2.0D-000*A 12/PI/AL**(3.0D-000/2.0D-000)/BT**2
“P1/16.0D-000

VK 13A=2.0D-000*A 13/PI/AL**(3.0D-000/2.0D-000)/BT*%*2
+P1/16.0D-000

VK23A=3.0D-000* A23/PI/AL/BT**(5.0D-000/2.0D-000)
*P1/16.0D-000

VKA=(VK12A+VK13A+VK23A)

S=S+SV()*SV(J)*VKA

S1=S1+SV(D)*SV({J)*VK12A

$2=82+SV(I)*SV(J)*VK13A

S3=S3+SV(D*SV(J)*VK23A
VCB=A11*(AL*BT)**(-1.5)/PMO0*P1/16.0D-000
SS=SS+SV(I)*SV(J)*VCB

AL1=XP(I)*XP(J)

BT1= XP(I+NP)*XP(J+NP)
H1=3.0D-000/2.0D-000%3.*A11*AL1/PM23*(AL*BT)**BN
H2=3.0D-000/2.0D-000%A 1 1/PMO/(AL*BT)**(1.50D-000)*
(5.0D-000*BT1/BT**2-2.0D-000/3.0D-000)
TTT=(H1+H2)*P1/16.0D-000
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SSS=SSS+SVD)*SVI)*TTT

ALB=3.0D-000/2.0D-000/BT*(AL*BT)**CN*P1/16.0D-000

SSDD=SSDD+SV(1)*SV(J)*ALB

AB=AL*BT+R121*(AL+(M3/M23)**2*BT)

BA=(M3/M23)**2%R121%*2

VN12A=3.0D-000/2.0D-000*V121*(AB**CN)*(BA/AB+1.0D-

000)/(BT+R121)

AB=AL*BT+R122*(AL+(M3/M23)**2*BT)

BA=(M3/M23)**2%R122%*2

VNI12A=VNI12A+3.0D-000/2.0D-

000*V122*(AB**CN)*(BA/AB+1.0D-000)/(BT+R122)

AB=AL*BT+RI131*(AL+(M2/M23)**2*BT)

BA=(M2/M23)**2*R131%*2

VN13A=3.0D-000/2.0D-000*V131*(AB**CN)

*(BA/AB+1)/(BT+R131)

AB=AL*BT+R132*(AL+(M2/M23)**2*BT)

BA=(M2/M23)**2*R132%%2

VN13A=VNI13A+3.0D-000/2.0D-000%¥V 132

*(AB**CN)*(BA/AB+1.0D-000)/(BT+R132)

VN231T=3.0D-000/2.0D-000*V231*BT**BN*(AL+R231)**CN

VN232T=3.0D-000/2.0D-000*V232*BT**BN*(AL+R232)**CN

VN23T=VN231T+VN232T

S123=S123+SV1)*SV(J)*(VN12A+VNI13A+VN23T)*P1/16.0D

-000

ENDDO

ENDDO

SS11=SSS+S+SS+5123

PRINT*

PRINT*," COULOMB ENERGY = ","VK",S, "12",S1, "13",S2,

"23",S3

PRINT#*, " CENTRIFUGAL ENERGY= ",SS

PRINT*, "KINETIC ENERGY= ",SSS

PRINT*, "M.E. E* L1= ",SSDD

PRINT*, "POTENTIAL ENERGY= ",S123

PRINT*, "TOTAL ENERGY= ",SS11

END

SUBROUTINE SIMPS(N,H,F,S)

| Fxdcdck TlopgmporpaMMa HHTETpUPOBaHUSA IO CHMIICOHY **%#%
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IMPLICIT REAL(8) (A-Z)

INTEGER LN

DIMENSION F(0:500000)

A=0.0D-000;B=0.0D-000

DO I=1,N-1,2

B=B+F()

ENDDO

DO I=2,N-2,2

A=A+F()

ENDDO
S=H*(F(0)+F(N)+2.0D-000*A+4.0D-000*B)/3.0D-000

END

SUBROUTINE MINIM(NP,ALA)

| ek TlogmporpaMMa MaTPUUHBIX DJIEMEHTORB ¥ ¥ H sk sk ok
IMPLICIT REAL(8) (A-Z)

INTEGER NSM,NS,NP,KK,JJ

COMMON M/ T(0:50,0:50),L.1(0:50,0:50),XP(0:50),
VN12(0:50,0:50),VN13(0:50,0:50),VN23(0:50,0:50),
VN231(0:50,0:50),VN232(0:50,0:50),H(0:50,0:50),SV(0:50)

COMMON 1A/
PMO,R122,PM23,A11,V122,M23,R121,V121,R132,M3,M2,M1
COMMON /B/

R131,VI31,HC,R232,V232,R231,V231,PLLA23,A13,A12
COMMON /C/ PVC,EPP,ZYS,NSM,NS,V132,PNC,NEV
CN=-1.5D-000
BN=-2.5D-000
Al: DO KK=1,NP
A5: DO JJ=KK,NP
AL=XP(KK)+XP(JJ)
AL1=XP(KK)*XP(JJ)
BT=(XP(KK+NP)+XP(JJ+NP))
BT1=XP(KK+NP)*XP(JJ+NP)
H1=3.0D-000/2.0D-000%3.0D-
000*A11*AL1/PM23*(AL*BT)**BN
H2=3.0D-000/2.0D-000%A 1 1/PMO/(AL*BT)**(1.5)*(5.0D-
000*BT1/BT*%2-2.0D-000/3.0D-000)
T(KK,JJ)=H1+H2
L1(KK.,JJ)=3.0D-000/2.0D-000/BT*(AL*BT)**CN
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AA=AL*BT+R121*(AL+BT*(M3/M23)**2)
BB=((M3/M23)**2)%(R121%+2)
VNI12(KK,JJ)=3.0D-000/2.0D-
000%V121*(AA**CN)*(BB/AA+1.0D-000)/(BT+R121)
AA=AL*BT+R122%(AL+BT*(M3/M23)**2)
BB=((M3/M23)#*2)%(R122%+2)
VNI2(KK,JT)=VN12(KK.,JJ)+3.0D-000/2.0D-
000*V122%(AA**CN)*(BB/AA+1.0D-000)/(BT+R122)
AA=AL*BT+R131#(AL+BT*(M2/M23)**2)
BB=((M2/M23)**2)*(R131%%2)
VN13(KK,JJ)=3.0D-000/2.0D-
000*V131*(AA**CN)*(BB/AA+1.0D-000)/(BT+R131)
AA=AL*BT+R132%(AL+BT*(M2/M23)**2)
BB=((M2/M23)**2)*(R132%*2)
VNI13(KK,JJ)=VN13(KK,JJ)+3.0D-000/2.0D-
000*V132%(AA**CN)*(BB/AA+1.0D-000)/(BT+R132)
VN231(KK,JJ)=3.0D-000/2.0D-
000%V231#(BT**BN)*((AL+R231)**CN); ! L=1, LAM=0
VN232(KK,JJ)=3.0D-000/2.0D-
000%V232*(BT**BN)*((AL+R232)**CN); ! L=1, LAM=0
VN23(KK,J1)=VN231(KK,J)+VN232(KK,JJ)
VK 12=2.0D-000%A 12/PI/AL**(3.0D-000/2.0D-000)/BT**2
VK 13=2.0D-000%A 13/PI/AL**(3.0D-000/2.0D-000)/BT**2
VK23=3.0D-000%A23/PI/AL/BT**(5.0D-000/2.0D-000)
VCB=A11*(AL*BT)**CN/PMO
H(KK,J7)=T(KK.J7)+VN23(KK,JJ)+VN12(KK,JJ)+ VN13(KK,JJ
)+VCB+VK12+VK13+VK23
H(QJ,KK)=H(KK.JJ)
L1(JJ,KK)=L1(KK.JT)
ENDDO A5
ENDDO Al
IF (ZYS==1.0D-000) THEN
CALL VEC(NP,ALA)
RETURN
ENDIF
CALL MINI(NP,ALA,DETER)
END
SUBROUTINE MINI(NP,COR,D)

439



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

! shoskeoskoskeoskesiesteseoskoskesk HOHHpOFpaMMa MUHUMA3AIUN seske skeoskeoskesteste ke st seskoskosk
IMPLICIT REAL(8) (A-Z)

INTEGER C,NSM,NS,NP

COMMON /A/ PMO,R122,PM23,A11,V122,M23,R121,V121,
R132,M3 M2,M1

COMMON /B/ R131,VI131,HC,R232,V232,R231,V231,PI,
A23,A13,A12

COMMON /C/ PVC,EPP,ZYS,NSM,NS,V132,PNC,NEV
PN=PNC; PV=PVC; H=HC; E=EPP

IF(PN>PV) THEN

PNN=PV; PV=PN; PN=PNN

ENDIF

A=PN

1 CALL DET(NP,A,D1); B=A+H

2 CALL DET(NP,B,D2)

IF (D1*D2>0.0D-000) THEN

B=B+H; D1=D2

IF (B<=PV .AND. B>=PN) GOTO 2

C=0; RETURN; ELSE

A=B-H; H=H*1.0D-001

IF(ABS(D2)<E .OR. ABS(H)<E) GOTO 3

B=A+H; GOTO 1

ENDIF

3 C=1; COR=B; D=D2

END

SUBROUTINE DET(NP,LLA,S)

| dddcRdck TlogmporpaMMa MOMCKA IETEPMUHAHTA *HHH sk wskwsieaok
IMPLICIT REAL(S8) (A-Z)

INTEGER LJ,K,NP,NSM,NS
DIMENSION LLL(0:50,0:50),B(0:50,0:50),C(0:50,0:50),
AAA(0:50,0:50)

COMMON M/ T(0:50,0:50),L.1(0:50,0:50),XP(0:50),
VN12(0:50,0:50),VN13(0:50,0:50),VN23(0:50,0:50),
VN231(0:50,0:50),VN232(0:50,0:50),H(0:50,0:50),SV(0:50)
COMMON /A/ PMO,R122,PM23,A11,V122,M23,R121,V121,
R132,M3 M2,M1

COMMON /B/ R131,V131,HC,R232,V232 R231,V231,
P1,A23,A13,A12
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COMMON /C/ PVC,EPP,ZYS,NSM,NS,V132,PNC,NEV
DO I=1,NP
DO J=1,NP
LLL(LJ)=(H(LJ)-LLA*L1(LJ))
B(1,J)=0.0D-000
C(1,J)=0.0D-000
ENDDO
ENDDO
GOTO 234
PRINT*, " Marpuna LLL=H-E*L1"
PRINT*
DO II=1,NP
DO KK=1,NP
PRINT*, LLL(IIKK)
ENDDO
PRINT*
ENDDO
234 CONTINUE
| kgt [ LLL - Pa3noeHue Ha TPEYTONIBHBIE *# % ¥k # sk ks kx
DO I=1,NP
C(I,)=1.0D-000
B(I,1)=LLL(,1)
C(1,)=LLL(1,)/B(1,1)
ENDDO
DO I=2,NP
DO J=2,NP
S=0.0D-000
IF (J>I) GOTO 1
DO K=1,I-1
S=S+B(LK)*C(K,J)
ENDDO
B(LJ)=LLL,J)-S
GOTO 2
1 S=0.0D-000
DO K=1,I-1
S=S+B(LK)*C(K,J)
ENDDO
C(LI)=(LLL(LJ)-S)/B(L]I)
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2 CONTINUE

ENDDO

ENDDO

| stk TIpoBepka pasiosKeHU MaTpULbl LLL ##skskaskskx

SS=0.0D-000

DO I=1,NP

DO J=1,NP

S=0.0D-000

DO K=1,NP

S=S+B(LK)*C(K.,J)

ENDDO

AAALJ)=S-LLL(LJ)

SS=SS+AAA(LJ)

ENDDO

ENDDO

NEV=SS

GOTO 678

PRINT*, " Js merepmunanta N=LLL-B*C =0"

DO I=1,NP

PRINT*

DO J=1,NP

PRINT*,AAA(LJ)

ENDDO

ENDDO

PRINT*

678 CONTINUE

S=1.0D-000

DO K=1,NP

S=S*B(K,K)

ENDDO

goto 991

991 CONTINUE

22 FORMAT(3E15.5)

END

SUBROUTINE VEC(NP,LLA)

| #%*%% TJommporpamMma i1t COOCTBEHHBIX BEKTOPOB *#H %4k %

IMPLICIT REAL(8) (A-Z)

INTEGER LJ,K,J1,I1,NP,NSM,NS
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DIMENSION  LLL(0:50,0:50),D(0:50),Y(0:50),B(0:50,0:50),
AD(0:50,0:50),X(0:50),C(0:50,0:50),E2(50)

COMMON M/ T(0:50,0:50),L.1(0:50,0:50),XP(0:50),
VN12(0:50,0:50),VN13(0:50,0:50), VN23(0:50,0:50),
VN231(0:50,0:50), VN232(0:50,0:50),H(0:50,0:50),SV(0:50)
COMMON /A/ PMO,R122,PM23,A11,V122,M23,R121,V121,
R132,M3,M2M1

COMMON /B/ RI31,V131,HC,R232,V232,R231,V231,PI,
A23,A13,A12

COMMON /C/ PVC,EPP,ZYS,NSM,NS,V132,PNC,NEV

DO I=1,NP

DO J=1,NP

LLL(L))=(H(L))-LLA*L1(LJ))

B(1,])=0.0D-000

C(1,J)=0.0D-000

ENDDO

ENDDO

DO I=1,NP-1

DO J=1,NP-1

T1=I

J1=J

AD(LJ)=LLL(I1,J1)

ENDDO

ENDDO

I1=1

12=NP-1

J=NP

DO I=11,12

D(I)=-LLL(LJ)

ENDDO

NP=NP-1

CALL TRI(NP,AD,B,C,SOB)

Y(1)=D(1)/B(1,1)

DO 1=2,NP

$=0.0D-000

DO K=1,I-1

S=S+B(LK)*Y(K)

ENDDO
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Y(D=(D)-S)/B(L])
ENDDO
X(NP)=Y(NP)
DO I=NP-1,1,-1
$=0.0D-000
DO K=I+1,NP
S=S+C(LK)*X(K)
ENDDO
X(D=Y()-S
ENDDO
DO I=1,NP
SVD=X(I)
ENDDO
NP=NP+1
SV(NP)=1
$=0.0D-000
DO I=1,NP
S=S+SV(I)**2
ENDDO
$S=0.0D-000
DO I=1,NP
SV(I)=SV(I)/DSQRT(ABS(S))
ENDDO
$SS=0.0D-000
DO I=1,NP
$=0.0D-000
$S=0.0D-000
DO J=1,NP
S=S+H(LJ)*SV(J)
SS=SS+LLA*L1(LJ)*SV(J)
ENDDO
E2(I)=S-SS
SSS=SSS+E2(I)
ENDDO
LLA=SSS
PRINT*
PRINT*,'SUM(H*SV-E*L*SV) FROM SV =',LLA
END
444



HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

SUBROUTINE TRI(NP,AD,B,C,S)
| kREERRRE TToqmporpaMMa TPUAHTYIISIPUZALIIIE * % % #k ks ke
IMPLICIT REAL(S8) (A-Z)
INTEGER LJ,K,NP
DIMENSION AD(0:50,0:50),B(0:50,0:50),C(0:50,0:50),
AAA(0:50,0:50)

DO I=1,NP
C(I,D)=1.0D-000
B(I,1)=AD(,1)
C(1,D=AD(1,D)/B(1,1)
ENDDO

DO I=2,NP

DO J=2,NP

S=0.0D-000

IF (J>I) GOTO 551

DO K=1,I-1
S=S+B(LK)*C(K,J)
ENDDO

B(LI)H)=AD(LJ)-S

GOTO 552

551 S=0.0D-000

DO K=1,I-1
S=S+B(LK)*C(K,J)
ENDDO
C(LH=(AD(])-S)/B(LI)
552 CONTINUE

ENDDO

ENDDO

SS=0.0D-000

DO I=1,NP

DO J=1,NP

S=0.0D-000

DO K=1,NP
S=S+B(LK)*C(K,J)
ENDDO
AAA(LI)=S-AD(LJ)
SS=SS+AAA(,J)

ENDDO
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ENDDO

GOTO 578

PRINT#*, "NEV = AD - B*C =0"

DO I=1,NP

DO J=1,NP

PRINT*,AAA(LJ)

ENDDO

ENDDO

578 S=1.0D-000

DO K=1,NP

S=S*B(K,K)

ENDDO

PRINT*, "NEV-TRI=",SS

9753 PRINT*

END

SUBROUTINE WW(SK,L,GK,R,N,H,WH)
| ##%%% [Jogmporpamma BbIYUCICHNS QYHKIUN YUTTEKepa **%*%
IMPLICIT REAL(8) (A-Z)

INTEGER LL,N,NN

DIMENSION V(50000)

H=H; N=N

SS=DSQRT(ABS(SK))

AA=GK/SS; BB=L; NN=500

HH=.02D-000; ZZ=1+AA+BB
AAA=1.0D-000/ZZ; NNN=2000

DO I2=1,NNN

AAA=AAA*2/(ZZ+]12)

ENDDO

GAM=AAA*NNN**ZZ

RR=R; CC=RR*SS*2

DO I=0,NN

TT=HH*I
V(D=TT**(AA+BB)*(1+TT/CC)**(BB-AA)*DEXP(-TT)
ENDDO

CALL SIMPS(NN,HH,V,S)
WH=S*DEXP(-CC/2.0D-000)/(CC**AA*GAM)
END
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IIpuBegeM KOHTPOJIBHBINA CUET MO 3TOH MIporpaMme, s
HalICHHBIX IPEIBapUTEIHHO BapHAIIMOHHBIX MapaMeTpOB, C Ta-
paMeTpaMu MOTEHIMAJIOB, 3HA4YE€HUS KOTOPBIX IPHUBEICHBI B
Tabn.I12.1 u camoit mporpamme.

E =-19.163240724229320 (OHEeprus CBSI3M)

(Bapuarmmonnsie mapametpbl ALFA - oo u BET - B)
N ALFA BET

3.273095667111755E-001 8.983828859473847E-002
3.172872902170442 1.207723068311927E-001
1.844963898289113E-001 5.507018219497912E-002
9.153345511558431E-002 1.025123206313353E-001
2.213721392830491E-001 3.620573882275837E-001
2.269904002428514E-001 4.017242168731691E-001
1.985961231123472E-001 1.634388187790707E-001
5.073985961415315E-001 4.769549654021469E-001
5.124708157837092E-001 4.828596792375761E-001
10 3.843254062764651E-001 2.094550079909185E-001

O 01NN B W —

NEV-TRI =-2.131628207280301E-014
SUMH*SV-E*L*SV) FROM SV = -3.552713678800501E-014
N SV

(CobcTBeHHBIE BEKTOPA)
2.564677848067949E-002
-2.825587985872606E-003
3.379570860934880E-003
1.204452338550613E-002
-6.029327933110736E-001
4.606318693160417E-001
1.677085370227155E-001
-3.310475484431805
3.189208283959322
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10 1.415768198190696E-001

NORM = 9.999999999999867E-001
NEV-DET = -1.136868377216160E-013
N=9.999999999999991E-001
RM =2.493621910682143

COULOMB ENERGY = 3.08664111481399512 (KynoHoBckast
SHEprus)
CENTRIFUGAL ENERGY = 2.554040566190509 (LlenTpo-
OeKHast PHEPTHUST)
KINETIC ENERGY = 13.889679234226240 (Kuneruueckas
SHEPrus)
POTENTIAL ENERGY =-38.693601715576360 (I[loteHiuans-
Hasi HEPTHUS)
TOTAL ENERGY = -19.163240800345610 (ITonHast sHeprHst
CHCTEMBI)

ITapameTpst NEV-TRI, NEV-DET — BenuuuHbl HEBA30K,

nosrydyeHHsle pa3HeIMH MeTonamMu, N u NORM — HopMupOBKH
B®, BorunciieHHbIE Pa3TUYHBIMU CIIOCOOAMH.
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Application 3
MeToabl pacyeTa KyJIOHOBCKUX BONMTHOBbIX
dyHKUM 1 byHKUMN YuTTeKepa
Calculation methods for Coulomb and Whittaker
functions

KynoHnoeckue ¢hyHkyuu

Oco00 ocTaHOBHUMCSI Ha METOJaX pacueTa KYJIOHOBCKHX
BOJTHOBBIX (DYHKIMH paccestHus, peryisipHas F(M,p) u Hepery-
nsapHasg G(N,p) 4acTH KOTOPBIX SABIAIOTCSA JUHEWHO HE3aBUCH-
MBIMH peIIeHHAMHU paauanbHoro ypasHeHus lllpeaunrepa c xy-
JIOHOBCKMM IIOTEHIIMAJIOM JUISI COCTOSHUM paccesHus, KOTOpoe
nmeet Buy [78]

xlm)+@—%?—l(ﬁjDJXAp)=0,

“ZIZZ
Wk
ckuii mapameTp. BpOHCKHMAHBI TakWX KYJIOHOBCKHX (DYHKIIUN
AMEIOT BHJ [255]

rae ¥ = Fr(M.p) wm G (M.p), p = kr, a n= — KyJIOHOB-

W, =F,G, -F,G, =1,
L

PekyppeHTHBIE COOTHOIICHHUS MEX/Ty HUMH 3alUCBIBAIOTCS B
thopme

W,=F_G -FG,_ =

L(L+1)

LI(L+1)*+n°1"u,,, = (2L+1)[n+ }uL —(L+D[C+* ) u,,
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(L+1)

(L+1yu, :[ +n}uL —[(LA+D*+0 10y,

72 29172 _ 15
Lu, =[L+M" 1"y, _, F-H] u, .,

rae u, = Fi(n,p) wm G (n,p).
AcuMNTOTHKA TakuX (YHKIUN TMpU P — oo MOXKET OBITh
MpeacTaBicHa B BUJE [256]

F, =Sin(p—-nln2p-=nL/2+0,),
G, =Cos(p—nIn2p-nL/2+0,).

NwmeeTcs 10CTATOYHO MHOTO METOJOB W MPUOIIDKESHUH st
BBIUMCJICHUS KYJIOHOBCKMX BOJHOBBIX (DYHKIME paccestHus [257,
258,259,260,261,262,263]. OmHako, TOIBKO CpPaBHUTEIHHO He-
JIABHO TIOSIBUJIOCH OBICTPO CXOJAIICECS MPEACTABICHHUE, MO3BO-
JISIOIIee MOMYyYUTh WX 3HAUYEHUS C BHICOKON CTENEHBI0 TOYHOCTH
U B IIUPOKOM JAHAala3oHe MEePEMEHHBIX C MalbIMH 3aTpaTaMu
KOMIIBIOTEPHOTO BpeMeHH [42,43].

KynoHoBckue QyHKIMU B TAKOM METOJE MPEACTABISIOTCS B
BHJIe OCCKOHEYHBIX IEIHBIX podeii [264]

fL:FIL/FL:bO—'_— 4

rae
bo=(L+D/p+n/AL+1) ,
b,=2L+n)+ 1][(L+n)(L+n+1)+np] ,

ar=-pl(L+ D>+ JL+2DIL+1) ,
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a,=- p’[(L +n)’ + N[(L + n)*- 1]

nu
G, +iF,
B+iQ, =t b=Llp 4 :
GL+ZFL p b1+ aZ
b, + %
b, +...
rae
bo=p -M, by=2(bo+ in) ,

ap=-n"+n(n-1)-LL+1)+m@2n-1) .

Wcrnone3yss TpUBEIEHHBIE BBIPAKEHHS MOXKHO TIOIYYUTH
CBsI3b MEXKAY KYJIOHOBCKMMHU (DYHKITUSMH M HX TPOU3BOHBIMU
[265]

FL':fLFL’

GL=(FL_PLFL)/QL:(fL_PL)FL/QLa
GLZPLGL_QLFLZ[PL(fL_PL)/QL_QL]FL-

Takoif MeTon pacuera OKa3bIBAETCS NMPUMEHHM B 00JIaCTH

pH p 21]"'1/7]2 +L(L+1),T.e L =0 numeem p > 21, U JIETKO
MO3BOJISICT TOJYYUTh BBICOKYIO TOYHOCTH Omaromapst OBICTpOW
CXOIIMMOCTH TIEMHBIX Apobeil. [IocKombKy KYJIOHOBCKHI Tapa-
METp T| OOBIYHO WIMEET BEIUYHMHY TOPSAKA CIUHHIILI, a OpOu-
TaJbHBI MOMEHT L BCErJa MOKHO TOJIOXKHTh PaBHBIM HYIIO, TO
METOJ] TaeT XOPOIINE Pe3yNbTaThl yXKe MpHu P > 2. 3HaUEHUS Ky-
JIOHOBCKUX (pyHKIMH mpu robom p u s L > 0 Bceraa MOKHO
MOTYYUTh U3 PEKYPPEHTHBIX COOTHOIICHUH.
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Takum oOpa3oM, 3a7aBasi HEKOTOpOE 3HaUYEHUE F1 B TOUKE P,
HAXOJWM BCE OCTaJbHBbIC (DYHKIIUM M UX TPOU3BOJHBIC C TOYHO-
CTBIO JI0 TIOCTOSTHHOTO MHOXHUTEISI, KOTOPBIA OMpenensercs u3
BPOHCKHAHOB. BprumcieHns KyTOHOBCKHMX (DYHKIWH IO IpHBe-
JICHHBIM (DOpMYyJIaM U CPaBHEHHE WX C TaOJUYHBIM MaTCPHAJIOM
[255] moka3bIBaeT, 4TO MOKHO JIETKO TOJIYIUTHh BOCEMbB - JICBATH
MPABWJILHBIX 3HAKOB, €CIIH P YJOBICTBOPSCT MPUBEICHHOMY BBI-
II1€ YCIIOBHIO.

Hwmxe mpuBeneH TeKCT KOMITBIOTEPHON MPOTPAMMBI IJIs BBI-
YHUCIICHUS KYJOHOBCKUX BOJHOBBIX (DYHKIMI paccesHus. [lanHas
IporpaMma HalicaHa Ha ajJropuTMHYecKoM s3bike Fortran - 90
must cucteMsl PS - 4. 3aecs Q — KynmoHOBCkuM mapamerp, LM —
OopOUTANIbHBI MOMEHT JAHHOW MapuuanbHOW BOMHBL, R — pac-
CTOSIHAE OT IIEHTPA, HA KOTOPOM BBIUYUCISIOTCS KYJOHOBCKHC
¢ysakun, F u G — xynoHoBckue QyHkuuu, a W — BpoHckuaH,
OTIPEACISAIONINA TOYHOCTh BBIYUCIICHUS KYJIOHOBCKUX (DYHKIIUN
HAa 33IaHHOM PacCTOSHUH.

SUBROUTINE CULFUN(LM,R,Q,F,G,W)

| #***[JoqmporpaMma pacdera KyJTOHOBCKUIN (DYHKIIMI **% ¥ %%
IMPLICIT REAL(8) (A-Z)

INTEGER L,K,LL,LM

EP=1.0D-015; L=0; FO=1.0D-000

GK=Q*Q

GR=Q*R

RK=R*R

BO1=(L+1)/R+Q/(L+1)

K=1

BK=(2*L+3)*((L+1)*(L+2)+GR)
AK=-R*((L+1)**2+GK)/(L+1)*(L+2)
DK=1.0D-000/BK

DEHK=AK*DK

S=BO1+DEHK

15 K=K+1
AK=-RK*((L+K)**2-1.D-000)*((L+K)**2+GK)
BK=(2*L+2*K+1)*((L+K)*(L+K+1)+GR)
DK=1.D-000/(DK*AK+BK)
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IF (DK>0.0D-000) GOTO 35

25 FO=-F0

35 DEHK=(BK*DK-1.0D-000)*DEHK

S=S+DEHK

IF (ABS(DEHK)>EP) GOTO 15

FL=S

K=1

RMG=R-Q

LL=L*(L+1)

CK=-GK-LL

DK=Q

GKK=2.0D-000*RMG

HK=2.0D-000

AA1=GKK*GKK+HK*HK

PBK=GKK/AA1

RBK=-HK/AAI

AOMEK=CK*PBK-DK*RBK

EPSK=CK*RBK+DK*PBK

PB=RMG+AOMEK

QB=EPSK

52 K=K+1

CK=-GK-LL+K*(K-1.)

DK=Q*(2.*K-1.)

HK=2.*K

FI=CK*PBK-DK*RBK+GKK

PSI=PBK*DK+RBK*CK+HK

AA2=FI*FI+PSI*PSI

PBK=FI/AA2

RBK=-PSI/AA2

VK=GKK*PBK-HK*RBK

WK=GKK*RBK+HK*PBK

OM=AOMEK

EPK=EPSK

AOMEK=VK*OM-WK*EPK-OM

EPSK=VK*EPK+WK*OM-EPK

PB=PB+AOMEK

QB=QB+EPSK

IF (( ABS(AOMEK)+ABS(EPSK) )>EP) GOTO 52
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PL=-QB/R
QL=PB/R

GO=(FL-PL)*F0/QL
GOP=(PL*(FL-PL)/QL-QL)*F0
FOP=FL*F0

ALFA=1.0D-000/( (ABS(FOP*GO0-FO*GOP))**0.5 )
G=ALFA*G0

GP=ALFA*GOP

F=ALFA*F0

FP=ALFA*FOP
W=1.0D-000-FP*G+F*GP

IF (LM==0) GOTO 123
AA=(1.0D-000+Q**2)**(.5
BB=1.0D-000/R+Q
F1=(BB*F-FP)/AA
G1=(BB*G-GP)/AA

WW 1=F*G1-F1*G-1.0D-000/(Q**2+1.0D-000)**0.5
IF (LM==1) GOTO 234

DO L=1,LM-1
AA=((L+1)*#2+Q*¥2)#%0.5
BB=(L+1)**2/R+Q
CC=(2*L+1)*(Q+L*(L+1)/R)
DD=(L+1)*(L#*¥2+Q*#2)%*0.5
F2=(CC*F1-DD*F)/L/AA
G2=(CC*G1-DD*G)/L/AA
WW2=F1*G2-F2*G1-(L+1)/(Q**2+(L+1)*¥2)¥%0.5
F=F1; G=G1; F1=F2; G1=G2
ENDDO

234 F=F1; G=G1

123 CONTINUE

END

Pe3ynbTaThl KOHTPOJIEHOTO cYeTa KYJIOHOBCKUX (YHKITUIA
ot =1 wu L =0, u cpaBHEeHHE UX ¢ TaOJMYHBIMU JTaHHBIMH
[255] npuBenens! B Taba.113.1. BuaHo, 4To npaBuiIbHBIE PE3yIib-
TaThl TOJTYYaloTCs yxke it p = kr = 1. Bennunna BpoHCKHaHa
npencraBieHHoro B Bune W, - 1, mpu mo0s1x p > 1 He mpeBbIia-
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er 105+ 1071,

Ta6n.I13.1. KynoHoBckue (yHKIUH.

Fy Fy Gy Gy

P (Hamr pacuer) [255] (Hamr pacuer) [255]

1 [2.275262105105590E-001 | 0.22753 2.043097162103547 2.0431
5 6.849374120059441E-001 | 0.68494 |-8.98414359092021E-001 | -0.89841
10 |4.775608158625742E-001 | 0.47756 |9.428742426537808E-001| 0.94287
15 |-9.787895837822600E-001| -0.97879 |3.404637385301291E-001| 0.34046
20 [-3.292255362657541E-001| -0.32923 |-9.72428398697120E-001 | -0.97243

®dyHKyuu Yummekepa
OyHkIUs YUTTeKepa sBisieTcs pemieHue ypaBHenus Llpe-

nuHTepa 0e3 SACpHOTO IMOTEHIHMANA IS CBS3aHHBIX COCTOSHHN
[255]

dWuv,z) (1 v 1/4-u
& 2

KOTOpPO€ MOKHO MPUBECTH K CTAaHIAPTHOMY BHIY YpaBHEHUS
[Ipenunrepa

2
M_(ku%@jmm:o ,

dr’
rae g =% =2kn, n= % — KYJOHOBCKHI mapamerp, z
8
=2kr,v=—"r=—npupn=L+1/2.
% nup

JIns HaXOXKJICHUS YUCIICHHBIX 3HAYCHHUI (QYHKIMH YHUTTEKE-
pa OOBIYHO UCTIOIB3YIOT €€ MHTErPaIbHOE TIPEACTABIICHHUC

v _—z/2
z e —v-1/2 +v-1/2 -t
wWwyv,;)=——— | t* 1+1/2)* e'dt
(u ) F(1/2—v+;1)j ( )
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KOTOPOE MOKHO MIPHUBECTHU K BUIY

-n _—z/2
e

—It”” (I+t/2)""edt
T(L+n+1)

W 1(Z)=W(L+%,—77,z)=

—nL+—
g 2

Jlerko BuneTs, uto npu L = 1 u N = 1 npuBeneHHbIN HHTE-
rpas npeBparmiaetcst B /(3), KOTOPBIM COKpaImaeTcs co 3HaMeHa-
TEJIEM U OCTAeTCsl MPOCTOE BBIPAXKEHNE

-2/2

W(1+l,—1,z)=
2 Z

Ero MoxHO WCITONIB30BaTh majee IJisT KOHTPOJIS MPaBHIBLHO-
CTH BBIYHCIICHHN (YHKIIMH YHUTTEKepa MpH JIFOOBIX 3HAYCHUSX Z,
noMmus, uto L=1,M =1 u z = 2kr.

Hwuxe npuBenena mporpamma aiist pacuera GyHKiuil Yurre-
Kepa, KOTOpas WCIIONB3yeT, ONMHCAHHOE BBINIC HWHTETPATBHOE
npeacTaBieHue [255].

PROGRAM UIT
IMPLICIT REAL(S) (A - Z)
INTEGER L

L=1

SK=1.0D-000

GK=1.0D-000

DO X=1,20

CALL WW(SK,L,GK,X,WH)
W=DEXP(-X*SK)/2.0D-000/X/SK
PRINT*, X, WH,W

ENDDO

END

SUBROUTINE WW(SK,L,GK,RR,WH)
IMPLICIT REAL(8) (A-Z)
DIMENSION V'V(0:100000)
INTEGER NN,L,NNN,I
SS=(ABS(SK))**0.5
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AA=GK/SS
BB=L

77=1.0D-000+AA+BB
AAA=1.0D-000/ZZ
NNN=1000000

DO I=1,NNN
AAA=AAA*T/(ZZ+])

ENDDO
GAM=AAA*NNN#**ZZ
CC=2.0D-000*RR*SS
NN=10000

HH=0.0050D-000

DO 1=0,NN

TT=HH*I
VV(D=TT**(AA+BB)*(1.0D-000+TT/CC)**(BB-AA)*EXP(-
TT)

ENDDO

CALL SIMP(VV,HH,NN,SI)
WH=SI*EXP(-CC/2.0D-000)/(CC**AA*GAM)
END

SUBROUTINE SIMP(V,H,N,S)
IMPLICIT REAL(8) (A-Z)
DIMENSION V(0:10240000)
INTEGER N, ILJJ

A=0.0D-000; B=0.0D-000

Al11: DO II=1,N-1,2
B=B+V(II)

ENDDO All1

B111: DO JJ=2,N-2,2
A=A+V(J))

END DO B111
S=H*(V(0)+V(N)+2.0D-000*A+4.0D-000%B)/3.0D-000
END

3mecs A:&IZZZZG/]( — KyJIOHOBCKHH TIapamerp,
h
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G=;LZIZ2 2 =2,11_E= 2UE
no n 41.4686

ecnu E — sHeprug BeipakeHa B MaB, X — paccrosiHue OT 1IeHTpa,
paBHOe r B ®M, Z = 2kr — Ge3pa3MepHas iepeMenHasi, L — opou-
TaJbHBII MOMEHT.

Hwxe mpuBeneHbl pe3ynbTaThl pacuera GYHKIUH YHTTeKepa
npu M= 1 u k = 1 11 pasHbIX OpOUTAIEHBIX MOMEHTOB L U ee
TouHble 3HaueHust Wy mpu L=1umn=1.

— BONHOBOE umciio B DM

R
1.000000000000000
2.000000000000000
3.000000000000000
4.000000000000000
5.000000000000000
6.000000000000000
7.000000000000000
8.000000000000000
9.000000000000000
10.000000000000000
11.000000000000000
12.000000000000000
13.000000000000000
14.000000000000000
15.000000000000000
16.000000000000000
17.000000000000000
18.000000000000000
19.000000000000000
20.000000000000000

WL =0)
1.020290079327840E-001
2.363196623576423E-002
6.392391215042637E-003
1.863857863268692E-003
5.684597929937536E-004
1.786848627416934E-004
5.739835037958716E-005
1.874246806441706E-005
6.199016558901119E-006

2.071563699444139E-006
6.981628624614050E-007
2.369723360890071E-007
8.092018511054453E-008
2.777589770610260E-008
9.577168790058733E-009
3.315309238772864E-009
1.151676608740117E-009
4.013201009814541E-010
1.402378280368625E-010
4.912856187198094E-011
R

WoL=1) We(L=1)

1.000000000000000
2.000000000000000
3.000000000000000
4.000000000000000
5.000000000000000
6.000000000000000

1.839408242280025E-001
3.383402381280602E-002
8.297894515224235E-003
2.289468597870201E-003
6.737987426912442E-004
2.065639207693961E-004
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2.065626813888632E-004
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7.000000000000000 6.513481691899502E-005 6.513442611103688E-005
8.000000000000000 2.096654004284359E-005 2.096641424390699E-005
9.000000000000000 6.856141363786637E-006 6.856100227037754E-006

10.000000000000000
11.000000000000000
12.000000000000000
13.000000000000000
14.000000000000000
15.000000000000000
16.000000000000000
17.000000000000000
18.000000000000000
19.000000000000000
20.000000000000000

2.270010108152015E-006
7.591727727640804E-007
2.560103841139389E-007
8.693626803869737E-008
2.969763243906337E-008
1.019680519741103E-008
3.516745310397776E-009
1.217636046617811E-009
4.230575312477445E-010
1.474428961693802E-010
5.152914973511605E-011

2.269996488124243E-006
7.591682177384391E-007
2.560088480553421E-007
8.693574642234824E-008
2.969745425369885E-008
1.019674401672753E-008
3.516724209976847E-009
1.217628740819167E-009
4.230549929086842E-010
1.474420115141386E-010
5.152884056096395E-011

W3 atoit Tabnuis! BUAHO, ipu L = 1 = 1 HaOmromaeTcs coBma-
JCHHE C TOYHbIMU 3HAUCHUSAMH (PYHKIMH C OTHOCUTEIHHOM
omm6Koit mopsaka 107, Tpu ucnonssosaruu NNN = 1000 u NN

= 1000 ¢ HH = 0.015 monyuaem, uro 3Ta ommubka pasHa 6107

nnu 0.6%.
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Application 4
OcHOBHbIe acTpocuanyeckme TepMUHbI
M NMOHATHA
Basic astrophysical terms and concepts

Snepuas actpodusuka
Hogrrit pa3gen coBpeMeHHOW acTpOPU3UKH, KOTOPBIA H3Y-
YaeT pPONb TPOIECCOB MUKPOMHPA B KOCMHYECKHX SBIICHHUSX.
[Ipenmerom simepHON acTPOU3UKH SBISIFOTCS SACPHBIC MPOIIEC-
ChI (TEpMOSJIEpHBIE PEAKIIMK) B 3BE3/1aX, MPOTO3BE3/IaX U IPYTHUX
KOCMHYECKHX O0BEKTaX, MPHUBOJSAIINE K BBIJCICHHIO SHEPTHH H
00pa30BaHMIO Pa3IMYHBIX XUMHUECKHUX 3JIEMEHTOB [8].

TepmosinepHasi peaklus CHHTe3a

SnepHas peakuusi Ipu CBEPXBBICOKHUX TemmepaTypax. s
TOTO YTOOBI MPOM30IILIA TEPMOsACpPHAs peakuus (peakuus CUHTe-
3a), 3apsHKCHHbIE AaTOMHBIE SApa IPH CBOEM CTOJKHOBEHHH
JIOJKHBI TIPEOJIONIETh CIUTY JJEKTPOCTaTUYECKOTO OTTAIKUBAHMUS,
a JyIs 3TOT0 OHH JOJKHBI UMETh OOJBIIYI0 KHHETHYECKYIO SHEp-
ruro. Ecny npeAnonoxkurh, 4To KHHETHYECKasi SHEPIUs siiep Ofl-
penenseTcss X TEIUIOBBIM IBMKCHHEM, TO MOXHO CKa3aTb, YTO
JUTS HavyaJla peakiuy CHHTe3a Hy)KHa OoJbliasi TeMIepaTypa.

o 8
\

o e 4+ 3.5 Mew
n+ 14.° Mo
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HAy6osuuerHko C.5. TepmosiOepHbie npouyeccsbl BceneHHol

[MosTOoMy Takas siiepHasi peakiys Ha3BaHa «TEPMOSIIEPHOM»
— 3aBuUcAIIe or Temrepatypsl [6]. Cxema Takod peakiuu ist
*H’H cusHus OKa3aHa Ha PHCYHKE BBIIIE.

IIporo3Be3na
3Be3ma Ha 3aBepIIaroleM JTame CBOETo (popMHUPOBaHUSA,
BIUIOTh JI0 MOMEHTA 3aropaHusi TEPMOSICPHBIX PeaKIuid (IPOTOH
- IPOTOHHOTO LIMKJIA) B €€ AJIpe, MOCe KOTOPOTO CKAaThe MPOTO3-
BE3MIbl MPEKPAIacTCs M OHAa CTAHOBUTCS CTAOMIIbHOW 3BE370H
I'maBHO# TocneoBaTeNLHOCTH [8].

3Be3na
l'opsiaas cdepa MOHM3UPOBAHHOTO ra3za WM TUIa3MBI, Pa3o-
rpeBaemasi 3a CUET AJIEpHOM SHEPTUuH (TEPMOSAIECPHBIX PEAKIIUN) U
yAepKHBaeMasi B OTHOCHTEIIPHO CTa0MIEHOM COCTOSHUM CHUJIaMH
TATOTEeHUs. TUMTUYHBIM MPUMEPOB 3Be3/IbI sBisieTcs Hamie ColH-
1ie. bosbime rpymmnsl 3e31 00pa3yroT rajaktuku [119].

Couanne
l"a3oBbIi, TOYHEE IIa3MEHHBIH, map — chepa. Paguyc ConH-
na R, = 6,9610" ¢cm, T.e. B 109 pa3 0oJIbIlle 3KBATOPHAILHOIO

pamuyca 3emnn; macca Connua M = 1,99'1033 r., T.€. B 333 000

pa3 Oonbire maccel 3eman. B Connne cocpenoroueHo 99,9%
Maccel ComHewHo#t cuctembl. CpefHsisl MIIOTHOCTh COJHEYHOTO
semectsa 1,41 r/em’, uto cocrasiser 0,256 CpeTHEH IIOTHOCTH
3emnu. COoNHEYHOE BEIIECTBO COJEPKUT MO Macce cBbime 70%
Bozopona, cBeie 20% renus u okojao 2% IpyTruX DIIEMEHTOB.
MommnocTs n3mydenus CoHIA — €ro CBETUMOCTh £ = 3,86'10%
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spr/c nmn 3,8610%° Br, s3bdexTnBHas TeMepaTypa MOBEPXHOCTH
T, = 5780 K. ComHIle OTHOCHUTCS K 3BE€37laM — KapJIUKaM CIICK-
TpanbHOTo Kiacca G2. Ha auarpamMMe CHeKTp - CBETUMOCTh WIIH
muarpamme ['eprimmpynra - Paccena ComnHile HaXoauTcs B Cpel-
HEW YacTW TJIABHOW MOCIEJ0BATEILHOCTH, Ha KOTOPOH Jiexar
CTaITMOHAPHBIC 3BE37bI, MPAKTUYECKH HE W3MEHSIOMNE CBOCH
CBETUMOCTH B T€UCHHE MHOTMX MUJUIMAPAOB JeT [8].

I'naBHasi mocj1e10BaTEIBLHOCTD

I'maBHas mOCNENOBATENBHOCTh MEPECEKaeT auarpamMmy
T'epummpysra - Paccena no guaroHajiv U3 BEpXHEro JIEBOTO yrija
(BBICOKHE CBETUMOCTH, PAHHUE CIIEKTpadbHBIC KJIACCHI) B HUXK-
HUM OpaBblil yroi (HU3KHUE CBETUMOCTH, MO3JHUE CIIEKTpaIbHbIC
kiaccel). [Tonoxxenue 3Be3a Ha auarpamme [epimmnpysra - Pac-
cejia 3aBUCUT OT MacChl, XUMUYECKOIO COCTaBa U MPOLIECCOB BBI-
JIeJICHUS] SHEPTrUU B UX HeApax. 3Be3/bl HAa TTIaBHOM MoclenoBa-
TETHHOCTH MMEIOT OJMHAKOBBIM MCTOYHUK JSHEPTHH (TEpMOSAEp-
HBIE PEaKIIH TOPEHHS BOJOPO/a MITH, TaK Ha3bIBAEMBIH, IIPOTOH -
MPOTOHHBIM TEPMOSIICPHBIM UK ), TAK YTO UX CBETUMOCTb U
Temneparypa (a cienoBaTellbHO, MOJIOKEHHWE Ha TJIaBHOW mocie-
JIOBATEIIFHOCTH) OMPEICIIFOTCS TJIAaBHBIM 0bOpa3zoM maccoit. Ca-
MBIC MAaCCHBHBIE 3BE31bl ¢ I = 5000 pacnonararoTcs B BEpXHEH

(JieBOM) 4acTH IIIaBHOM MOCJIEN0BATEIBLHOCTH, a C IPOABUKECHUEM
BHH3 TI0 TJIaBHOM MOCIIEI0BATEILHOCTH MAacChl 3B€3]T YOBIBAIOT 0
M =~ 0.08M, [8].
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Jduarpamma I'epuunpynra - Paccena

[Moka3piBaeT 3aBHCUMOCTh MEXJy aOCONIOTHOW 3BE3THOMN
BEJIMYHMHOM, CBETUMOCTBIO, CIIEKTPAJIbHBIM KJIACCOM MU TeMIIepa-
TYpOH MOBEPXHOCTH 3Be3Abl. HeoxknaaHHBIM sIBIIsIETCA TOT (PaKT,
YTO 3BE3/Ibl HA ATOW JuarpaMMe pacloJliararoTcsi He CiydaiiHo, a
00pa3yloT XOpOLIO pa3IUuYMMble Y4acTKu. J(narpaMma UCIONb3Y-
eTcs Ui KiacCU(pHUKAIKUU 3B€3]] 1 COOTBETCTBYET COBPEMEHHBIM
MIPEACTABICHUAM O 3BE3JHOW 3BoNtonMu. J[Marpamma naer BO3-
MOYHOCTH (XOTSl U HE OYEHb TOYHO) HAWTH aOCONIOTHYIO BEIH-
YUHY IO CIIEKTpaJIbHOMY Kjaccy (PUCYHOK MpHBOAMTCS NO JaH-
HbIM: http://zvezdi-galakt.narod.ru/diagrl.htm).
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CyllecTBOBaHHE TIABHOM IOCIEIOBATEIBHOCTH CBS3aHO C
TEM, YTO CTaAus TOpeHus Bojopoaa coctapisieT ~90 % BpeMeHU
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SBOJIIONIMY OOJBIIMHCTBA 3Be37: BBITOPAHWE BOAOPOAa B IIEH-
TPaJbHBIX OONACTSAX 3BE3]bI MPUBOJUT K OOPA30BAHUIO M30TEP-
MHYECKOTO TEIIUEBOTO S/Ipa, MePEX0ay K CTaJIMHA KPACHOTO TUTaH-
Ta M yXOIy 3B€3/bl C TJaBHOM MocienoBaTenbHOCTH. OTHOCH-
TETHHO KpaTKas dBOJIOLMS KPACHBIX TUTAHTOB MIPUBOJNT, B 3aBH-
CUMOCTH OT MX MAacChl, K 00pa30BaHHIO OEJbIX KapiHKOB, HEW-
TPOHHBIX 3BE3]1 WJIU YEPHBIX ABIP [6].

TI'anakTuka
['uranTckas 3Be3gHast CUCTEMaA, COCTOSAIIAs U3 MHUJUIMAPIOB
3Be3l, MogoOHeIX HameMy ConHny. B Hell comepkuTcs 3Ha4u-
TENIbHOE KOJIMYECTBO BEIECTBA B BHJE Ta30MbUICBBIX 00JIAKOB U
pa3IuyYHble BUIBI U3Iy4YeHUs. J(naMeTp Hallel ralakTHKH OKOJIO
40 KIIK = 40 000 nx [8].

CBeTOBOI roj
Enunanna paccrosHus, HCIoNb3yeMast B acTpoHOMUH. CBETO-
BOW TOJI PaBeH JUIMHE IyTH, KOTOPBIH CBET MPOXOJIUT B BaKyyMe
3a | Tpormueckmii Tox: 1 cB.T. = 9.46 10" M = 9.46 10" kM =
0.307 mapcek (1K) [8].

IMapcek
Eme onHa exnHMIIA aCTPOHOMHUYECKUX pacCTOSTHUNA: 1 map-
cek (1K) = 3.26 cB.r. = 206 265 a.e. = 3.086 10" m [8].
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ACTpOHOMMYeCKAsl eINHULIA
Cpemnee paccrostHHe Mexmy mneHtpamua 3emiu u ConHIa,
MPUMEPHO paBHOE OOJBIION MoixyocH 3eMHON opOuthl. OnHa U3
Hau0oJIee TOYHO ONPEACICHHBIX aCTPOHOMHYECKUX MOCTOSIHHBIX.
Hcnonp3yeTcs B Ka4ecTBE CAMHUIIBI M3MEPCHUST PACCTOSIHUN Me-
x1y Tenamu B CONHEUHOW cucTeMe. ACTPOHOMHYECKas €MHUTA
1 (a.e.) =149 597 870 £ 2 xm [8].

KpacHblii ruranr
Xononneie ¢ T ~ 3000 + 5000 K, 6onbmue 38e3161 R = (10 +
200) R, u BBIicOKOit cBeTHMOCTBIO L ~. 10°+ 10* £ . Vimerot Ma-

JIEHbKOE MHEPTHOE SAPO, COCTOSIEE U3 I'eJIUs U CI0EBOM MCTOU-
HUK BOKpYT 5pa, B KOTOPOM TOPHUT BOJOPOJ, NPHUYEM TakKas
3Be3/1a UIMEET OUeHb NPOTSHKEHHYI0 KOHBEKTHBHYIO 30HY [8].

Beaslii kapimnk

OTO NMPO3BONIOIMOHUPOBABIINE 3BE3ABI C Maccoi, HE Ipe-
BhIIIAONIEH mpenen Yanapacekapa (MakcumalabHas macca, Ipu
KOTOPOM 3Be€37]a MOXET CYIIECTBOBATh, KaK OCIbI KapJHK), JTH-
IIICHHBIE COOCTBEHHBIX HCTOYHUKOB TEPMOSIICPHOI SHEPTUU.

benpie kapnuku MpencTaBiIsIiOT cO00i KOMITAKTHBIE 3BE3/IBI C
Maccamu, CpaBHUMBIMU ¢ Maccod CoNHIIA, HO C pajiycamH B ~
100 u, cooTBeTCTBEHHO, CBeTUMOCTSIMU B ~ 10 000 pa3 MeHbIIU-
MH COJHEYHOI. IITOTHOCTh GeNbIX KapiamkoB cocTaBimsieT 10° +
10° r/cm3, 4TO MOYTH B MHILTHOH pa3 BBIIIE TUIOTHOCTH OOBIYHBIX
3Be3]] TJIaBHOW mocienoBare’dbHOCTH. llo uymcienHocTtn OGernble
KapJIMKKM COCTaBIISIIOT MO pa3HbIM oneHkaMm 3 + 10 % 3Be3gHOTO
HaceneHus Hamre ["amakTuky [8]. benble Kapiaukd MPOUCXOMST
U3 CXKABIIUXCS OCTBHIBAIOIIUX SICp HOPMAJBHBIX 3BE37, Ha 3a-
KIIIOUHTENFHOM 3Tare 3BOJIIOLUH, COPOCUBIINX C ce0sl 000JI0UKY.
B ornmame ot 0OBIYHBIX 3BE3], B O€TOM Kapiuke HE UAYT TepPMO-
SJIEpPHbIE PEaKINH U OH CBETUTCS MCKIIOYUTEIHHO 33 CUET OCTHI-
BaHus [6]. Ecnu macca 6enoro kapiuka npeBbiaeT npenen Yan-
Ipacekapa, OH MPEBPAIIAeTCs B HEUTPOHHYIO 3BE3Y.

HeiliTponnas 3Be3na
OTO acCTpOHOMHUYECKOE TEJO0, OANH U3 KOHEUHBIX MPOAYKTOB
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9BOJIIOIUH 3BE€3/], COCTOUT U3 HEUTPOHHOM CEP/IIIEBUHBI U TOHKOM
KOPBI BRIPOXKICHHOTO BEIIECTBA C MPEO0IafaHueM sJIep Kee3a u
HHUKEJISL.

HeiiTpoHHanA 2Be3fla
1,5 macen CanHua
~ 20 kM B guameTpe

‘Teeppan obonoqka
~ 2 KM

Kupkan cepeguHa
CocToswas B ocHoOBHEM W

HeATRoNER, & Taoke n3
APYrAx uaCTML

HeliTponHsle 3Be31bl UMEIOT OYEHb Manblil pasmep — 20 +
30 kM B [UaMeTpe, CpelHsIs IUIOTHOCTh BEIIECTBA TAKOW 3BE3/bI B
HECKOJIBKO pa3 MPEBBIIAET INIOTHOCTh aTOMHOTO siipa, KOTOpas
JUIS TSKEJIBIX SIAEP COCTaBIISIET B CPEAHEM 2,8><1017 KIr/M3,

Macchl OOJIBITUHCTBA U3BECTHBIX HEHTPOHHBIX 3BE3]| OJIM3KU
K 1,44 maccel ConHila, 4TO paBHO 3Ha4eHUIO Tpenena Yanmapace-
kapa [6]. Ecan macca HEMTPOHHON 3BE31bI MPEBBIIIAET MpPEE
Ommenreitmepa - BonkoBa, oHa IpeBpamaeTcs B YEPHYIO IBIPY.

Yepuast abipa
DT0 00JaCTh B MPOCTPAHCTBE - BPEMCHH, TPABUTAIIMOHHOE
MIPUTSHKEHNE KOTOPOH HACTOJNBKO BENHMKO, YTO TIOKWHYTH €€ He
MOTYT JJa)kKe OOBEKTHI, JABIKYIIUECS CO CKOPOCTHIO cBeTa. I'pa-
HUIA 3TOW OOJIACTH HA3bIBACTCS TOPHU30HTOM COOBITHIA, a ¢ Xa-
pPaKTEpHBIM pa3Mep — IpaBUTALMOHHBIM pajuycoM. B mpocreii-
meM cirydae chepruiecki CHMMETPUYHOW YepHOU IBIPHI OH paBEH

paguycy HIBapummnbia r, = 26M

e rJie ¢ — CKOpOCTh cBeTa, M —
macca Tena, G — TpaBUTAIIMOHHAS MOCTOSIHHAs. TeopeTUYecKu
BO3MOXKHOCTh CYIIIECTBOBaHHS TaKuX 00JacTell MPOCTPaHCTBA -
BPEMEHHU CIIEAYeT W3 HEKOTOPHIX TOYHBIX PEIICHWHA YpaBHEHWIH

Orinmreiina [6].
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IIpenen Yanapacexapa
[IpenenpHast macca Oenoro kKapjiuka, B KOTOPOM I'paBUTAllU-
OHHOE PABHOBECHE MOJACPKUBAETCA TABICHUEM BBIPOKIEHHOIO
JJIEKTPOHHOIO Tra3a. 3Ha4eHUE 3TOM MAacChl CIETKA 3aBUCUT OT
XMMHYECKOT0 COCTaBa 0eyoro Kapimka U JIeKHUT B HHTepBane M =
1.38 + 1.4490 [8].

IIpenesa Onmenreiivepa - BoiikoBa

Bepxuuii mpenen Maccsl HEHTPOHHOM 3BE3/bl, IPU KOTOPOH
JaBJICHHE BBIPOKACHHOIO HEUTPOHHOTO rasza YK€ HE MOXKEeT
CKOMIIEHCHPOBATh CHJIBI I'PAaBUTAIMM, YTO NMPHUBOJUT K €€ KOJ-
Jancy B 4epHyro Jbplpy. OnHOBpeMeHHO Npenen Onnenreimepa -
BonkoBa sBiISeTCS HIDKHMM IIPENIENIOM Macchl YEPHBIX JIBIP, 00-
pasyromuxcst B xone spomonnu 3BE3a. CoBpemennsie (2008r.)
ouneHku npenena OmnmeHreliMepa - BonkoBa nexaT B mpeaenax
2,5 + 3 conHeuHbIx Macc N [6].

Ilnanera
(oT rpeueckoro aster planets — Oiryxmarorast 3e3za)

Hebecnoe Tteno, nemwkymieecs Bokpyr ComHia (wiu mro00i
3Be37Ibl) B €T0 IPAaBUTAI[IOHHOM TIOJIE M CBETSAIIEECS OTPAKEHHBIM
COJTHEYHBIM CBETOM. Macca IMIaHeThl CIWIIKOM Maja Ui TOro,
4TOOBI BHYTPH €€ MOTJIH MPOTEKATh XapaKTEPHBIC JUIS 3BE3IHBIX
HeJp SAEpHBIE peakluu. SIaepHble peakiiui He MOTYT "3a)KHUraTh-
cs" B HeIpax Tel, UMEIOINX Maccy MeHble, mpumepHo, 0.1 mac-
cel Comnna M [8].

ConHue
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CnyTHHUK
(MaJjIble TUTAaHETHI)

HeGecnoe Teno, oOpamaromieecss Mo ONpeacaéHHON Tpaek-
Topuu (OpOUTE) BOKPYT Ipyroro o0beKTa (HarpruMmep, MIaHeThl) B
KOCMHMYECKOM IPOCTPAHCTBE, NOJ ACHCTBUMEM IpaBUTanuu. Pas-
JMYAIOT HMCKYCCTBEHHbBIE U €CTECTBEHHbIE CIyTHUKHU. [loutn y
Bcex muiaTeH Hamed CONMHEYHOM CHCTEMBI HUMEIOTCS €CTECTBEH-
HbIE CITyTHUKH [6]

Luna

1 pixel = S0km

Hcrtopus Beenennoii, ComHna n 3emiu
Cuuraercsd, 4To CHHTYJSIpHOCTh Beenennoit Opima 20 mupa. net
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Hazax [266] (XOTs 10 HOBBIM JAaHHBIM 3TO MPUMEPHO 14 MIIpI.
net). JlaHHble, MpUBEICHHBIC 3/1€Ch U B CICAyIONIeH TabuIle,
HECKOJIKO OTIIMYAIOTCS — OHU B3AThI U3 Pa3HBIX HCTOYHUKOB.

Bpems

0

10%%¢

10°%¢

lc

1 Mun

1 Henens

10000 et

300000 ner

1-2 mupg.
JeT

3 Mipa.
ner

4 mupg.
JIeT

4.1 map.
JIET

5 mupa.
JIET

9moxa

CHHTYIIpHOCTB

IInankoBCKuM
MOMEHT

AnponHas 3pa

JlenronHas spa

Pannanmnonnas
apa

Opa BerecTBa

Bpems ot
cero-
CoObITHE JHSAIIHEro
MOMEHTa,
Jer
Bonbmoit B3psis 20 mupa.
Poxnenne gactuig 20 map.
AHHUTHIISINS TIPOTOH-
1 p 20 map.
AHTUTIPOTOHHBIX TIap
AHHUTHIISIAS JIEKTPOH-
- P 20 map.
MIO3UTPOHHBIX TIap
SInepHBIA CUHTE3 TeIUs
Acp . ’ 20 map.
NeRTepus
WUsnydenue x 3Toi d11oxe
yd 20 map.
TEPMAIIN3YETCS
Bo Bcenennoii HaunHaeT
20 map.

JAOMHWHHPOBATH BCHICCTBO

Bceenennas cranoBuTCA
npo3padHoi as usnyde- | 19.7 mupa.

HUS
Hauamno o6pa3oBanwus ra- 18-19
JIAKTHUK MUIPI.
O0pa3oBaHUe CKOIUICHUS
17 mupa.
raJlakKTHK
Cikatue Hareil mpoTora-
16 map.
JTAKTUKH
OO0pa3oBaHue TEPBBIX
p p 15.9 mupa.
3BE3]T
Poxxnenue xBa3apos, 00-
A P 15 map.

Pa3s0BaHUC 3BC30
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HepBLIe MIJICKOITMTAOIIUC

Yenorek (Homo sapiens)
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Xapaxkrepuctuku BeesieHnoit
OcHoBHbIE, O0JIee COBPEMEHHBIE, YeM B Mpe bl AyIei Tabmuie,
XapaKTEepPUCTUKU BceaeHHON U HEKOTOpBIE TAIIBI €€ SBOTIOLUN

[2].

t=0 Bonuwon B3pLIB.
Poxpenue BoceneHHoOR

5.10° 10"
—_— TIK) =z —
tz{l::]- [ ] J“T]

t=10"c¢ Jpa KBaHTOBOW rpasuTaummn. CTpyHbI
p=10"rlcm®, T =102 K

plriem®) =

t=10* ¢ Keapk-rniooHHas cpega
p=10"riem®, T =10 K

t=1 MmKc Keapku 06beOMHAKTCA B HEATPOHLI
W NPOTOHLI
p=10"rlem®, T =6-10" K

t=100 ¢ O6pasosanme gossesgHoro ‘He
p=50rlcw®, T=10"K

t = 380 TwIC. NeT OGpazoBaHWe HEATPanbHbLIX aTOMOB
£=0,510"rlem®, T=3-10°K
Fopexwe BoAOpoaa B 3BE34aX
p=10%rlem®, T =2-10°K
Fopenne renwa B 3Be30aN
p=10"rlcm?*, T=2-10°K
FopeHwe yrnepoga B 3Be3aax
p=10%rlcm®, T=8-10° K
Fopexnne KMCNOPOOA B 3BE30aX
p=10%+10ricm®, T=2-10°K
FopexHue KPeMHWA B 3BE3AaX
p=10"rlem®, T =(3+5)-10"K

t=10" ner

NMEPBbIE 3BE3bl

t=13,7 mnpg. ner CoepemeHHan BceneHnan
p=10""rlem®, T=2,73K
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