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K HCTOPUH OTKPBITUS JTOBAYEBCKHUM
HEEBKJIMIOBON TEOMETPUU

H. A. Yepruxkoe

O6benHHeHHbIH HHCTHTYT sIEPHBIX UcciienoBanui, dybHa

INMokasano, uTo oTkpbeiTHe Jlo6aueBCKOro MpHBENO K CO3NAHHIO TEOPHH OTHOCHTENBHOCTH M 4TO
reometpust JloGadeBckoro Bowna B U3MKY BBICOKMX BHEDIMHA B BUIE €€ TEOPETHYECKOro (hyHaaMeHTa,
a Takxe M B KadecrtBe HeoOxoaumoro paGouero uHcTpyMmenTa, [loceaiaercs 210-11eTHeH roqoBILMHE CO
ans poxaenus H. K. Jlo6auesckoro.

It has been shown that Lobachevsky’s discovery leads to the creation of General Relativity theory
and that the Lobachevsky geometry came into high energy physics as its theoretical fundament, as well as
a necessary working tool. The review is dedicated to the 210th anniversary of Lobachevsky’s birthday.

Beccmepmuoe umsa Jlobaueeckozo cmoum 8 0OHOM pAOY HAPAGHE C UMeHAMU ApXuMeoa u
Holomona. E20 uMenem HA366A€MCA OMKPLUIMAR UM HEEEKAUO0BA 2€0MEMPUA.

1. KPATKASA BUOI'PA®HSA JTIOBAYEBCKOI'O
(no Marepuanam kuur [1] u [2])

Tsopeu HeeBKH10BOH reoMeTpun Hukomail MBaHosuu Jlobauesckuii pogwics 8 HuxuHem
Hogropone 20 nos6ps (1 nekabps) 1792 r. B 1802 r. 61 3aunciien B Kazauckylo rMMHA3MI0.
B 1805 r. na 6a3e sroii rumnasuu 6eu1 oTKpeT MMnepatopekuii Kasanckuii yrusepcurer. Ilo
OKOHYaHWHU ruMHa3uu JloGaueBcknii GbUT 3aunclieH Tyaa cTygeHTOM B despasie 1807 r.

Bca pestensHocTs JlobaueBckoro 6vuta cBazana ¢ Kasanckum ynusepcutetoM. B 1811 r. on
ObL1 MPOM3BEICH B MaruCTphl, Yepe3s TpU rofa — B aTbloHKTHL. B 1816 1. cran npodeccopom.
B 1827 r. 6bu1 u3bpan pexkropoMm Kaszanckoro ynusepcurera. Ha stor noct Jlo6auesckuii
M30upascd UIECTh Pa3 U 3aHUMAT €ro AEBATHANLATL JIET noapsd.

11(23) Hos6ps 1842 r. JloGauebcknii 6bu1 H3bpan no npeacTamneHuio [aycca B WieHsl-
KOppeCTOHAeHTs! [eTTHHIeHCKOoro KoponescKoro obiecTsa Hayk. I'ayce npeacrasul Kanauna-
Typy Jlo6aueBckoro k u3GpaHuio 3a OTKPHITHE HECBKJIMIOBOW TEOMETPHH, HO He cyes Gnaro-
Pa3yMHbIM Ha3bIBaTh 3Ty MPHYHHY.

B 1855 r. MocKkoBCKUIl YHUBEPCHUTET Npa3sgHOBAll CBEPLIUBILCECH CTOJIETHE CBOEro Cy-
IIECTBOBAHUA, H B 3TOT IO COBETOM YHMBEPCHUTETA €AMHOMIACHO ObUT U30paH U MUHHCTPOM
NPOCBEILCHHMS YTBEPXIEH B 3BaHHM NMoueTHOro wiena Mmimeparopckoro MockoBCKOro yHuBep-
CHTeTa AeHCTBUTENBHBIN CTAaTCKHI coBeTHHK Huxonait Usanosuy Jlobauesckuit [2, ¢. 565].

Vmep H.H.Jlo6auesckuii 8 Kazanu 12(24) despans 1856 r. [ToxopoHeH taM xe, Ha Ap-
CKOM KJiaznbuiue.

Ero moruna (cnasa bory!) coxpanunace.
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2. TEHb POXJIEHUS '’EOMETPHH JIOBAYEBCKOI'O

7(19) despaia 1826 r. npocpeccop JlobayeBcKHA npeactaBun B KazaHCKHH yHUBEPCUTET
IS HameyaTaHus 3a Ka3eHHbIH CYET CBOE MEepBOe COYHHEHME MO HEeBKJIMIOBOH I€OMETPHH.

Yepe3 nath AHEH Ha 3acegaHn (PU3HKO-MaTeMaTHYECKOro OTAe/eHHs Ka3zauckoro yHu-
BepcuTera JloGa4eBCKHit caenan noxnan 06 OTKPHITMH HM HEeBKIIMAOBOH reOMETPHH.

CienoparensHo, 12(24) despata 1826 r. sengeTcd aHeM poxnenus reomerpuu Jlobaues-
CKOro. Dra jaTta OTMeyeHa B clieayllleM Ha3BaHui cOopHuka [3]:

Collection des mémoires présentés
a la Société Physico-Mathématique de Kasan
a Poccasion de la célébration du centenaire
de la découverte de la Géométrie Non-Euclidienne
par N.I. Lobatcheffsky
(12/24 Février 1826)

H3pnedenue U3 BhILIEYKa3aHHOIO IOKJaaa Nnod Ha3BaHMeM «O Hauanax reoMetpvu» Jlo-
Gauesckuit onybnukosan B 1829-1830 rr. 8 «Kazanckom Becruuke, usnasaeMom npH Hm-
neparopckoM Ka3zanckoMm Yuusepcutete». Tenepb 3TO coynHeHHe OnyOIHKOBAHO B MOJTHOM
coOpaHuu counHeHHu# [4].

3amepxka nyOJMKaLMHA TeHHATLHOTO COYWHEHHS MPOM30LLUIa H3-3a TOro, yto goknan Jlo-
6aueBCKOro OKa3aicsd HENOHATHBIM €70 KOoJUleraMm, YTO OTHIOIb He MOMELano ero M30paHuio
pektopoM Kasanckoro yHusepcurteTa. [Ipeporariusa Xe pexTopa HarpasisThk B reyaTh paboTsl
coTpyaHHKOB nana JloGaueBCKOMY BO3MOXHOCTs MOCTYNMHTL ¢ «H3BleyeHeM» M3 CBOEro Mo-
KJ1afa no co6CTBEHHOMY YCMOTPEHHIO.

Yyte Gonee wiMTesNbHAd 3aJepxKa Ipusena Opl K notepe Poccued npHopHTeTa BEJIMKOIO
OTKPBITHS.

CBOMM OTKpbITHEM HOBOH reoMeTpuu JIoGaueBCKHH JOCTOHHO 0TO3Bwlcd Ha mpH3bie Jlo-
MOHOcOBa (5] U BceMy Mupy aokasal,

Yro MoxeT cobcTBeHHbIX [L1aToHOB
U 6bicTphix pazymoM HesToHOB
Poccuiickas 3eMiia poXnaars.

3. O PEAKIIHH COBPEMEHHHKOB JIOBAYEBCKOI'O HA EI'O OTKPLITHE

B 1893 r. cosepiunocs npasgHosaHue MmneparopckuM KasaHCKUM YHHBEPCHTETOM CTO-
nerus co aus poxnerus H. M. Jlo6auesckoro. [To npouyTeHHH Bcex aXpecoB H TelerpaMM Npo-
deccop @. M. CyBOpoOB Nnpoyest CAedyILIyI0 peys!

Mum. Te. u Mm. I'-nu!
Yike nonsexa Munyno c mex nop, kak ¢ ayoumopuax Hawezo Yuueepcumema H. H.Jloba-

YyeeCKUll U31azan C80U HOGble HaYana 2eomempuu. Hackorvko H060 Gbio0 3Mo yueHue, MOXKHO
CYOums no MoMy, Ymo HU OOUH U3 CAYWamenei e20, HECMOMPA HA MO, YMO CPeOU HUX HEMANO
6610 NH00eil 0apOGUMBLX, OCMASUGUUX NO Cebe NAMAMb 6 HAYKe, — HU OOUH U3 HUX HE DEUULCA
gsicmynume nocaedogamenem ezo yuenud. OHu GOANUC, MeX Ke HAPEKAHUI YHeHO20 Mupa, ¢
komopvimu besycnewno 6opoiaca Jlobaqesckuil.
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B nepswn paz Hukonai Heanosuu coobuun ceoe nogoe yuenue ¢ 1826 200y, 6 3aceda-
Huu Puiuko-mamemMamuecKkozo omoeneHus Hauezo Yuugepcumema, U ¢ mex nop HEYCMaHHo
cmapanca nponazanouposams e20. Kpome usnoxenus ceoezo yHeHua Ha NeKYUAx, npeod ayou-
mopuen u3BParHbIX CIMYOEHMO8, OH MHO20 pA3 NeHaman C8ou mpyobi.

A onacawcy ymomume gauie enumarue, Mum. I2., nepeuucarenuem ¢cex u30aHHuX COHUHe-
nuu H. H.Jlobaueeckozo no 2eomempuu, Ho 4mobbl He 0OGUHUAU €20, HMO OH HEOOCMAamouHO
o3abomunca 06HAPOOVEAHUEM CEOUX HOBbIX UCCAEO08AHUN, A CKAXY MOALKO, UMO OH CE80U
UCCeO08aHUA, PA3PAOOMAHHbE C DAINUHHBIX MOHEK 3PEeHUA, ONYOAUKO8AN Hembipe pasa Ha
PYCCKOM A3biKe, 064 pA3a HA PPAHYYICKOM U O0UH pA3 Ha HeMeykoM A3vike. Ho HecMompa na
ece smu cmapanus Jlobaueackozo NOIHAKOMUMb C HOGBIMU UCCAEO0EAHUAMU COBPEMEHHBILL eMY
YHEHbLI MU, IMOM NOCAEOHUI HE NPUHATL €20 HO8020 YHeHUA, U 0dXKe €20 mpyosl NOOEep2aiuch
OCMEARUIO; NO NPEeOAHUIo, 0 2e0MeMPUECKUX uccaedosanuix Jlobavesckozo 2060punoce, umo
20pa Mbllb POOUIA, UHAYE 2080DA, MU UCCAEO08AHUA CO8peMerHuKaMu JTobauegckozo cuuma-
JUCE HUUMOXHBIMU NPe0 MeM HAYHHbIM AGMOPUMEMOM, KOMOopsiM noav3oéaica Jlobavesckuil
3a e2o mpyost N0 Opy2uM OMPACIAM MAMEMAMUKU.

Hacmewnussie Kpumuueckiue om3oteel, 04equoHo, Obliu Kpaiine 0OUOHB ONA 8EAUKO20 Mda-
memamukd, 6NOAHE NOHUMABUE20 3HAYEHUE CEOUX UCCLeO0B8AHUI, MO U GUOHO U3 €20 npuMe-
YAHUA K OOHOU U3 cmpanuy e2o 000paxaemou zeomempuu. [lpyeux xe cmameil, 6 Komopuoix 6ot
KPUMUK 8bIKA3A1 NOHUMAHUE HOB020 yuenun, npu xusnu H. H. Jlobaueseckoeo ne noaeaanoce, —
OH YMep @ 21YBOKOM CO3HAHUU, YMO €20 YHEHUEe HECNPABEOAUEO OCMEAHO, U 8 HEUIBECNIHOCMU,
CKOPO U MOXHO OXUOGAMb CNPAGEONUBYIO OUEHKY €20 mPYOos.

Mexoy mem €06a npowno u 0ecrmes Aem no cmepmu Jlobanesckoeo, kak Gppanyyckuil 2eo-
memp 'yane obpamun gHUMAHUE YHEHO20 MUPA, YN0 & NUCLMAX GENUHATUIEZ0 MAMEMAMUKA
XIX eexa I'aycca, cospemennuka Jlobaueeckozo, k LLymaxepy, usoanreix yxe no cmepmu Jlo-
baueecko20, 6CMPEHAIOMCA YKAIAHUA HA HOEYI0 MEOPUID NAPANNENbHIX JUHUM, KAK HA 6€CbMA
8aXHyI0 2eomempureckylo meopuio, u l'aycc pexomenoyem Llymaxepy nO3HAKOMUMbCA € 3mou
meopueil no codunernuio Jlobauegckoeo. Kakoe nacraxoenue noayuun 0w Jlobauesckull, ecau
661 [Tpogudenuto y200Ho0 Obl10 NPOOAUME €20 KU3Hb ewje Ha Oecams aent!

Bma neborvwan 3amemxa I'yana o 3sHauwenuu meopuu J1obauescko2o, nOOKpenieHHAA A§-
mopumemonm Iaycca, bi36a1a yeaviil pad UCCIeO08AHUL U HOGbIX OMKPbIMUL, 0AA€KO DACUIU-
PUBLUUX YMCMBEHH b 20pU3oHm 2eomempos [6, c. 81].

[Tucbma IMaycca, OTHOCAIIMECS K HEEBKJIMIOBOH €OMETPHM, B MEPEBOIE HA PYCCKHH S3bIK
nepsuiM ony6nukosan A.B.JIeTHUKOB B cBOEM 3aMeuaTeNbHOM coobuieHuu [7].

4. NIPUBHAHHUE TEOMETPUHH JIOFAYEBCKOI'O

Ilepsoiit B Poccuu akT npu3HaHng reomerpun JloBaderckoro.
Coobiuenue npodeccopa A. B. JletHHKOBa
«O Teopun napawiensusix auuui H. U. JIobayeBcKoro»

H3gecmHo, umo cmpemAeHUa pasHolx agmopoé ookaszames a priori XI axcuomy Eexauda unu
MAK HA3LLEACMbLE e8KAUOOE NOCMYIAM NOPOOUWIU YEAYH TUMepamypy quasi-mamemMamuieckux
UCCNLeD0B8AHUI, UMEIOWUX NPEOMEMOM YCMAHOEUMb MEOPUIO NAPAANECAbHBIX JUHUU HA CMPO20
2eoMempuieckux Hawarax. borewan nacme paiMyliiaenui, npeocmMasAeHHslx A6MoPAMI, OKa-
3AAUCE BNOHE HECOCIOAMENbHIMU. [py2ue yuensie, npube2as K nOCMOPOHHUM COOODAKEHUAM
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AHANUMUYECKO20 CBOUCMEA, Pewdnd 80NPOC COBCEM HE € MOM 8UOE, 6 KOMOPOM KelAMEeNbHO
ObL10 6UOeMb €20 peuleHue, U Makum o6pa3om He 0OCMU2ANU 2AAGHOU YeaUu YCO8epueHCmeo-
8AHUA HAHA €8KAUOOEOIL 2€0MeEMPUL.

Xoma, ¢ 00HOU CMOPOHbL, BONPOC O NAPANIENIbHOLX NUHUAX, 8CIEOCMEUE C80EU NPOCMOMbL U
0OCMYRHOCMU, 8bi3bIGALT HACMO Y4eHUYECKUE Mpyost, 3amo ¢ Opyzoil, no ceoemy 2ay6oKo puio-
COCKOMY UHmepeCY, OH NPUBAEKAN K Ce0e U NepeoCMeneHHslx MameMamukos, kak Hanp. bep-
mpana (u3 XKenesot), Jlexanopa u B. 4. Bynaxogckozo. TpyOst nepgsix 08yx zeomMempoeé umeiom
meneps 60bue UCMOpULeCKoe 3HAYeHUe, MAK KAK NPeOCMAGNeHHble UMU COOOPAKeHUA JepKa-
JUCL HEKOMOpOe 8PEMA 6 YHeOHUKAX U euje 00 CUX NOP MOXHO §cmpemums npenodasamenei
eeomempuu, oaiowux max Haswieaemyio «bepmpanoey meopemy» gmecmo akcuomsr Eexauda.
Akademuk ByHAKOSCKUL 8 OOHOM U3 CE0UX MEMYADOS O NAPALAENbHbX AuHuAX' npedcmasun
pAOQ 3ameuanud, OBHAPYXKUSAIOWUX HEOOCMAMOo4HOCMb doKa3ameascms, oanHelx Bepmpanom
u Jlexanopom. Iocne mozo, 6 HECKOLKUX MeMYApax U 8 0COOOM 3AMEHAMENbHOM COHUNEHUU
0 NAPANNENBHOIX NUHUAXS MOM Ke 2€0MEMD UINOKWL NOOPOGHO U HPOCAEOWT KPUMUHECKU
nocmeneHroe palsumue U COEPEMEHHOE COCMOAHUE IMOU OCHOBHOU meopuu 2eomempuu. Ha-
KOHeY, 8 HA36AHHOM 6blule COUUHeHUU U 6 Opyaux cmamsax e. Bynakoeckui npedroxun u
cobcmeenHbie UCCe008AHUA NO SMOMY 8AKHOMY U EMeCne J0OONpMHOMY 80NpOCY.

B nacmosaweii cmamee mbi xomeau 6u 06pamumes 6HUMAHUE HQUWUX Yumamenel HA 6€CbMa
3aMeqamensHole, HO MAL0 UIBECMHbIE MPYObl O MOM Ke npeomeme Opy2020 HAulez0 COOme-
yecmeeHHuka, Ovieuezo npogeccopa Kaszanckozo ynusepcumema H. H. Jlobauesckozo. Imom
VUEHbI, — MAMEMAMULECKUE UCCAEO0BAHUA KOMOPO20 HAYUHAIOM YEHUMbCA NO GOCIMOUHCMEY
¢ 3anaonoi Eepone, — odun u3 écex eomempos, RUCASUUX O MEOPUU NAPALAEbHbIX NUHU,
CMAHOGUMCA NPU PAIGUMUU €€ HAYAL HA 8 BbICULEN CMENEHU OPUUHANBHYIO MOUKY 3peHus. H3
Hekomopwuix mecm nepenucku laycca ¢ Lllymaxepom, neoasno usdanmou e. [lemepcom, suoHo,
UMO 3HAMEHUMBbLE 2ePMAHCKUl 2eomemp ewje ¢ 1792 z00a, 8 meuenue ¢ TUUKOM NAMUOECAMU
Jiem, 8038pAYAICA OM 8PEMEHU 00 6DEMEHU K PAIMBIULTCHUAM O MEOPUU NADANEASHBIX TUHUN
u, umo ewje 3ameuamenshee, [aycc OMHOCUACA K IMOMY ONPOCY UMEHHO C MO CAMOR MOUKU
3peHuUs, rRa Komopou ocmarnosuwica Jlobauesckui.

Cyosba uccaedosanuii npogeccopa Jlobanegckozo 0080bHO NOYHUMENLHA OAA HAC, PYC-
ckux. Ez20 nepswil onem 0 Hauwanax ceomempuu hossunca ewje é 1829 200y ¢ Kasanckom
Becmuuke; nomom, é ywennix 3anuckax Kasanckoeo yrugepcumema, 6 xypuaie Kpeana, agmop
newaman yeawti PAC MemMyapoe 0 MOM Ke NpeoMenie, Komopule, No-6UOUMOMY, NPUENEKATU
MAN0 BHUMAHUR €20 COomeyecmeenHukos. [laxe meneps, kozdoa mpyost H. H. Jlo6aueackozo
NOAYHUAU CAHKYUIO NOJAHO20 000OPEHUR CO CMOPOHBI OOHO20 U3 GEAUHARLUUX 2€0MeMPO8 HA-
weeo gpeMeHU U Ko20a 632406l PYCCKO20 YHEH020 HAHUHAIOM NDOHUKAMS € JIYHIUUE HEMEYKUe
YueOHUKI®, — Yy HAC, 6EPOAMHO, HALOCMCA HEMHO2O NPEnodasamencii 2eoMempuu, Komopse
3HAKOMBL C CYWYHOCMbI0 UCCAE008AHUI KAIAHCKO20 NPogeccopa.

B 1840 200y Jlo6auesckui Hanewaman 6powropy noo 3aznasuem: Geometrische Unter-
suchungen zur Theorie der Parallellinien, Berlin. Bpowtopa ama npuenexna énumanue Iaycca,
u3 nucem komopozo & Llymaxepy om 1831 200a, npusodumbix Huxe, MOKHO yguoems, Hmo

'Considérations sur les démonstrations principales de la théoric des paralleles. 1843 (Mémoires de I'Acad. de
St.-Petersburg. VI serie. Tome 1V).

*[lapatieibtpie s, 18353,

*Cu. Rich. Balzer. Elemente rer Mathematik. 2 Aufi.
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GENUKUL 2e0MeMp 8 MO 6PeMA yXe Donee Copoka Jem uMell UCMUHHbE OCHOGAHUA HOGO20
yueHUA, KOMopoe OH HA3bI6AN HEEGKAUOVEOI) 2e0MEMPUeil U KOMOPoe 6 CYWHOCMU CO8Nnaoano
¢ meopuelo Jlobaweéckozo, HA38AHHOI 3MUM YueHblM oobpaxaemor 2eomempuei. Kozoa
Taycc nosuakomunca ¢ mpydamu Jlobaueeckozo, mo oH NOCMYNUA OMHOCUMENbHO HE20 MAaK
Xe, KaKk npexoe omuocumensno Abean u Axobu, Komopsie 0ocmueru & meopu IAIUNMULECKUX
PYHKYULL pe3yasmamos, emy yxe U3ecnHbix, HO UM Heu30aHHbIX: OH OMKA3AICA OM NPUHAOD-
AEKHOCMU €My HOB020 YHEHUA U O02DAHUHUICA MeM, Ymo upasunl ceoe 000bpenue mpyoy
Jlo6auegckozo, HAX00A MONSKO HA3BAHUE «8O0OPAKAEMOU 2eOMEMPUU» HE 00B0AbHO YOAUHO
6blOPAHHBIM.

Hccenedosanua Jlobaueecko20 0 napannesbHulx AUHUAX OMAUHAIOMCA OM DA3bICKAHUL OpYy-
2UX YUEHbIX npexkoe ecez0 C80€i yeauro. Aemop 60ece He umeem & eudy 0okasamoe a priori
XI akcuomy Eexknuda; coseputeHHO HARPOMUS, OH HAYUHAEM C OONYWEHUA 803MOXHOCMU He-
scmpedyu nepneHOUKYIApA U HAKAOHHOU UAU, 4MO OOHO U MO Xe, — NHpednoidzaem, 4mo
uepe3 OAHHYI0 MOYKY 8Ce20a MOXHO NDOGECMU BECHUCIEHHOE MHOXECME0 NPAMbBLIX, ReKAUUX
€ OOHOU NAOCKOCHMU ¢ OAHHOIO NPAMOI0 U ee He scmpeqaiouwux. Takum obpaszom Jlobaues-
CKULl NOKA3bI8AEM, HMO He CYWeCcmayem HUKAKOU NPUYLHbL YMEepXOams a priori, umo cyMMd
Y2A06 NPAMONUHENHO020 MPEYZONbHUKA HE MOXem Obimb MeHee 08YX NPAMbIX Y2A08 U Oaxe
ymeepxoaem, wmo, Kpome aCMpOHOMUHECKUX HAOMIOOeHUd, Mbl He UMeem Opy2020 Cpeocmea
ydocmogepumsca 8 CnpageoNugocmu suiHucaenui 06siknogerHol eeomempuu. Takue cuenvie u
OPUUHANIbHBIE MBICIIU, DA3GUBAEMbIE CIMPO20 U NOCAEO0EAMENbHO, 8 HUCMO 2e0MEMPULECKOM
O0yxe, — OUEBUOHO UMeIOMm Npaso HA SHUMAHUE, YueHblit nepegoouux bpouiopet Jlobaueackozo
2. Hoiiel nonazaem, umo, He npeyeeiutuéans (uaocopckozo 3HAHEHUA IMO20 UCCAEO08AHUA,
MOXKHO CKA3aMb, Mo OHO BpOCaem COGEPULEHHO HOGbIIL C8eM HA OCHOGHbE HAYAAA 2€0MEMPUU
U omKpsieaem HoO8wll, euje He pa3pabomanHstii nyms DA3LICKAHUAM, KOMODble MO2YM NpUge-
CMU K HEOKUOAHHBIM omKpoimuiM. Bo ecakom cayuae mpyowi Jlobaueeckozo 00sxHbt 0kazams
BAUAHUE HA YCOBEPUEHCMEOBUHUE MEMOO0E8 NPENOOASANRUA U YHUUMOKUMb HECOLIMOYHYIO HA-
O0ex0y ookasams akcuomy Eexknuoa a priori, Hadexdy 00HOPOOHYIO ¢ mMOI0, KOMOPYIO NUMAom
U300pemamentt 6eHHO20 OGUXEHUR, K8AOPAMypyl Kpy2a U npoH.

Moi Oymaem, umo wumamenu Mamemamuueckozo Cbopruka, u ¢ ocobeHHocmu 22. npeno-
dasamenu zeomempuu, npoumym He 0e3 unmepeca npednazaemsiii 30ech nepegod 6pPouIOps
Jlobauesckozo.

Manouzeecmunocme 3mozo mpyoa, NeHamasuezoCa NO-pPyCcki 6 6eCeMa PACHAHYMOM GUOE,
CO MHOZUMU NOCMOPOHHUMU DA3GUMUAMU, 6 UBOAHUU, 8Ce20a UMEBUIEM 02DAHUYEHHBII KDY2 HU-
mamenel, a meneps COeNASUEMCA NOUMU DEOKOCNIbIO, — ONpAGObieaem NOAGAeHUe Nepesooa
Opowiopst, ¢ KOMOPOI a8mop u3nazaem 6Kpamye CyWHOCms CEOUX U3bICKAHU, He obpamug-
Wux, no-6UOUMOMY, OONBUWO20 BHUMAHUA HAWeU YUEHOU NYOIUKU 680 6PEMA UX NOAGAEHUA.
IIpumom xe Opowopa Jlobauegcko2o 6 HACMoOAujee SpemMA HUMAEMCA HA 3anaode. HEOAGHO
oHa nepegedena HA PPAHyY3ICKUL U UMANbAHCKUN A3bIKU.

Mo nomewaem crauana useneuexue u3 nobonsimnoi nepenucku Iaycca ¢ lymaxepom
0 NAPALIENbHBIX JUHUAX, KOMOPOe onpedeniem omHowenue uccaedosanui aycca k meopuu
Jlobaueeckozo. Bcred 3a nucemamu mul nevamaem nepegod YNOMAHYMO20 Gblile COHUHEHUA
HAauwie20 YueH020 2eomempa.

3nech HeOOXOLMMBI Cllelylollie KOMMEHTAPHU!
1) Tlpouurnposanbli 0630p NOANKUCAH cOKpauleHHo: A.J/I-6s. Ha 3ToM cooblueHHe He
konvaetcs. MHanbwe Ha cTpanduax 81-88 cienyer «H3sneyeHue w3 nepenucku [aycca k
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LlIymaxepy». 3areM Ha cTpaHuuax 88—120 cneayeT couMHenHe «['eoMeTpHuecKue H3BICKAHUS
0 TEOpHH napanneapHblx Juani» H. H. Jlobauesckoro.

2) Bpouropa BynsixoBckoro «[IlapawnensHsle JHHHM» — oueHb peakas kaura [8]. Ee
BBOJHAN 4acTh NPOLMTHPOBaHa MHOH B 0030pe [9].

B sr1oit yacTu ByHAKOBCKME nuWeT:

Hepeiidem k paccmomperuto pa3iutHex 00KA3AMENLCME 6 MeOpUU NAPALLENbHbIX TUHUIL. .
Ipuemsr, 0 komopsix 6yOeM 2060pUMb, CHUMAAUCH 6 CE0€ EPEMA YOOBAEMEOPUMENbHMU CO
cmoponsl cmpozocmu. Mot yeuoum, 4umo HU 0OUH U3 HUX He MOXem 6bl0epKame OCHOBAMEb-
Hoz0 pasbopa.

Cyas no 3toMy counHenwio, B.S5l. Bynaxoscku (B ominune ot akagemuka M. B.Octpo-
rpalIckoro) He GuLT 3HaKOM ¢ Tpyramu Jlo6adesckoro. JIGonbITHO, 4TO BCAen 3a cooOILEeHHeM
JleTHukoBa [7] TaM ke Ha cTpaHuuax 121-122 narevartaHsl «3agauu, MnpeuioKeHHbIE aKaie-
MuKOM B. 5. ByHAKOBCKHM» BHHMaHHI0 TI06HTEIeH TEOMETPHHU (nocTymwin 5 Mas 1868 r.).

3) Bpouropa Jlo6adesckoro «Geometrische Untersuchungen zur Theorie der Parallellinien»
uznana B Bepnune y G. Finke 8 1840 r.

B paccmatpusaeMoM coobuenny [7] aaH ee OTIMYHBIH 1IEPEBON HAa PYCCKHH A3bIK, OMHAKO
M3-32 OrPaHUYEHHOCTH MECTa Mbl BBIHYXKIEHBI OTKa3aTh ceGe B yIOBOABCTBHUA MPOLMTUPOBAThH
ero. AnbrepHaTHBHBIN MepeBon onyOinKoBaH B kHHUrax [4] u [10].

4) Mo cxondbIM TIPHYHHAM MBI POUMTHpYEM 31ech B nepesone A.B.JleTHHKOBA TOMBKO
aBa OTphIBKaA W3 mHceM [aycca. TTepBrlii — u3Biedenue U3 nuceMa ['aycca x [lymaxepy (1846).

Or3eig T'aycca o reomerpuu Jlobayesckoro

B nocneodrnee 6pema A umen caydan nepeiumams Heboavuioe couunerue Jlobauesckozo noo
saznaeuem: Geomerrische Untersuchungen zur Theorie der Parallellinien. Dmo couunenue
codepxum ¢ cebe OCHOGAHUA 2e0OMEMPUU, KOMOPAL O0JIKHA Gbl Gol1a Cywecmeosams U cmpo-
20e paszsumue Komopou npedcmaeiano 66t HENPepoui6Hyo Yens, ecau bsl e8KAUO08A 2eOMEMPUA
ne 6vna ucmunnow. Hexmo Ilgeiixapm' 0an smoi eeomempuu uma «geometrie ausirale», a
Jobauegckui — 2eomempuu 60006paxaemoi.

But 3naeme, umo yxe namedecam uwemoipe 200a (¢ 1792), kak A pazdenso me xe ybexoe-
HUA, HE 2080PA 30€Ch 0 HEKOMOPLIX PA3BUMUAX, KOMOPbIE NOAYHULU MOU UOeU 06 3MOM npeo-
Meme enocreocmeuu. CaredosamensHo, A COGCMEEHHO He HAWeA ¢ couuHenuu Jlobaiesckozo
HU OOHO20 HOG020 ONA MEHA (PAKmMa; HO U3JIOKEHUE 6ECoMA PA3UHHO OM MO0, KAKOE A Npeo-
nonazan coeaams, U AGMOP MPAKMYEN 0 NPEOMEME KAK 3HAMOK 6 UCMUHHO-2EOMEMPUHECKOM
oyxe. 4 cuuman ceba obazanHsim 0Opamumes Bawe enuManue Ha ymy KHuz2y, umeHue Komopou
He npemunem Bam docmaeums xugeliwee YO0801CMEUE.

TFemmurnzen, 28 noabpa 1846 a.

IlpoexkTHBHax peanuzauud reomMerpuu JloGayesckoro
A.Kann (A.Cayley) (16.8.1821, Puumonn — 26.1.1895, Kembpuix)

B padorax [11] Apryp Kanu yctaHoBiw1, 4yTo B 0051aCTH MPOEKTUBHOTO MpPOCTPAHCTBA,
OTpPaHUYEHHON TPOM3BOJIBHO B3ATOH BbINYKIOH KOHHKOH, T.€. NMOBEPXHOCTHIO BTOPOTrO IMO-

', K. Iiseiixapr (1780-1859) — npotheccop wpHcipyaeHLnk 1ipekile 8 Mapbypre, notor B Kenurcbepre.
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pAIKa, Ha3BaHHOH UM AOCOMOTOM, peanu3yercs reoMerpus JlobaueBckoro, npuyeM paccros-
HHe s(x,y) Mexay TOYKaMH T H Yy mpocTpaHcTsa JIobaueBckoro B 3TOM peav3aluuu 3anaeTcs
AHMAPDMOHHUYECKHM OTHOLICHHEM.

I'ayccoBa mianumerpus
K. ®.T'aycc (C.F. Gauss) (30.4.1777, BpayHuuseir — 23.2.1855, I'errunren)

B 1827 r. lNaycc onybnnkosan paboty [12], B KOTOpO# MOACHYAHO HATOXHI TEOPHIO JIH-
HEIlHOTO 371eMeHTa ds, 3a1aBaeMOoro Ha JIBYMEPHOM MHOrooGpa3snu KBaaparuyHoit ¢opMoii

ds? = E(u,v)du? + 2F(u,v)dudv + G(u, v)dv®

oT muhepeHUNATOB du, dv B KOOPAMHATHOM KapTe U, v, NpUYeM MperonaraeTcs, yto QyHk-
uun E,G u EG — F? npuHuMaIoT TONLKO NOJIOXUTENBHEIC 3HAYCHHS,

ByneM HasbiBaTh »Ty TEOpHIO raycCcoBOil IUIaHHMETpPHEN.

[pon3somHbIMH 06GbEKTaMH OT JIMHEHHOTO BEMEHTa ds ARNFIOTCS 3NEMEHT IUIOUIANH

do = V EG — F2dudv

H cKansproe none K = K (u, v), BelaucnseMoe no ¢opmyie
4(EG — FFY’'K = EX + FY + GZ - 2(EG — FF)(0E — 20,2F + 01,G),

roe

X = 0:E0,G — 20, F0,G + 5,GH, G,
Y =01E0LG — hEJG—
—20,E0;F + 40, F9,F — 28, F6,G,
Z =0,FE0,G —20,EDF 4 0. EQLE,

0 0 H? 2 o2
O = %’82 o %,611 N 8u8u’612 - auav’a22 v’

Ckansaproe none K Ha3bBacTCs TaycCOBOH KPUBH3HOM JIMHEHHOrO ajieMeHTa ds.

TpuBHAIBHEIM NPUMEPOM TayCCOBOM IUIAHUMETPHH sSByIsieTcs IUaHumerpus Esxinna. B
atoM cnydae K = 0. HeTpuBHaIbHBIM NpUMEpOM SBIseTcs rwiaHuMeTpus Jlobavesckoro., B
3TOM CJIy4ae rayccoBa KpuBH3Ha K ToxXe MOCTOSHHA, HO OTpHLATE/TbHA.

B aTux IOByX npumepax JIMHEHHBIA 2/1€MEHT 3alaH Ha NPOCTOM MHoroo6pasud. U B ToM,
H B IPYTOM CJlydae OTHOCHTENbHO JIIOOOro LEHTPa MOXHO BHIOpDATH MOJSPHBIE KOOPAMHATHI
u=r, v=1,BKoTopsix ds? = dr’+p>dy?, do = pdrdy, npuuem dop = 0. CnenoBaTensHo,
JUTHHA OKPYXHOCTH pamuyca r paBHa 2mp(r), ulowans kpyra panquyca r pasha 277 (1), roe

CxamapHoe xe none K = K (r) Beludcngercs no dopmyne

d*p

Kp=-2P
p dr?
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[aycc 3Han, Kak 3aBMCHT p OT 7, O UYeM CBMAETEILCTBYeT (B nepesoge JIeTHWKOBA Ha
pycckuid, [7, ¢.87]) ussneuenue u3 nucema aycca K [llymaxepy (1831):

B Heeaxaudogoi eomempuu ROAYOKPYKHOCMS KPY2a pAOUYCA T UMEem GeutUHY

talh)

1 -
—7k (ex —e™¥),

2

20e k ecmb NOCMOAHHOE, KOMOPOE HAM ONbIM NOKA3bIEAEN YPE3EbiHAUHO BONbUUM NO CPAGHE-
HUK KO 6CeMY, umo Moxem Obimb HAMU UMePAeMO. B eexnudosol 2eomempuu 3mo nocmoan-
HoE Oeaemca GeCKOHEUHOCTBIO.

TFemmuneen, 12 uwas 1831 2.

CrenoBaTteflbHO, BO BTOpPOM MNMpHMEDE

p(r) = ksinh _]E T(r) = kQ(coshg 1), K = —~1/k2.

OTtxsionus naThlit noctynar EBKINAA, TakHe XE PE3yabTaThl HOJIYYWIM He3aBUCHMO Jlo-
Gauesckuit u bBo#a. Ho 310 nuceMo [aycc Hanucan paHblie, 4yem NMO3HAKOMWICS C TPydamu
JlobaueBckoro, ¥ passiue, yeM nonyywsn pabory fAnowa boita «Annesmikc» [13] (em. [10,
c. 103; 107]).

3ameTuM, uto Jlobauyesckuit nonaran k = 1. TTono6Ho 3TOMy, B COBpEMEHHOH TEOPETHYE-
CKOM chH3MKe NMPHHATO NoJlarate ¢ = 1, rae ¢ — CKOPOCTb paclpOCTPaHEHHUA CBETA B BAKyyMe.
Ty xe koHcrauty 5. Boits o6o3naunn uepes ¢ (cM. [10, c.83]) (Teneps aro npencraBiseTcs
Heyno6GHbIM, 10CKOJIBKY B COBPEMEHHOH MaTemaTHKe OyKBOH ¢ NpHHATO 0003HA4YaTh v-1).

3aMeTHM TaKXe, 4TO Ha 3T0 NHCbMO (B nepesofe ['yans Ha dpanuysckuit, Paris, Gauthier-
Villars, 1866) cociancsa 8 pabote [14] Berstpamu (em. [10, c. 192]).

PabGora f. boita «<AnneHauke» (1832)
5. Boita (Johannis Bolyai de Bolya)
(15.1802, Mapowsawapxeit — 27.1.1860, Konoxsap)

[oBops o pabote «Appendix», u3sectHblit reoMetp A.Il. Hopnen B cratee [15] oT™merul,
yTo SIHom Boiist «lpuuien K OTKPHITHIO HEeBKIMAOBOH IeOMeTpHM He3asucuMo ot laycca u
Jlo6ayerckoro B KoHUE 20-X rogos NpoULTOTo (TEMEPh YXe 1o3anpouuioro. — H. 4.) croneTus.
Pa6oTa BBIIAKOLIETOCS BEHIEPCKOIO reoMeTpa HOCHT NeyaTh SpKOro cBoeoOpas3us W Hanucaua
B GrecTsuieM, XOTS M MpelejbHO CXKATOM CTle» M 4TO «OTKphITHA Jlobayerckoro H Boiis
He MOTYyYWIH NpH3HAHUA IPH MX XH3HH» (cM. [10, c.16]). TTonpobree 06 3TOM HalHCaHO B
KkHure [16].

Taycc 6bL1 BrICOKOro MHeHHs 0 paboTe S1. Bofig, 0 yem cBumetenscTeyeT (cM. [10, c. 112])
u3BIeyetine us nuceMa aycca x Tepnunry (1832) — or3wmiB laycca o pabote 5. Bois:

Ha onax a nonyuun uz Benepuu neGobutyto 6pOUIopy 0 HEe8KAUOOBOU 2eOMEMPUU, 6 KO-
MOPOid A HAXOKY 6CE MOU COBCMEEHHblE UOeU U PE3YASMANbl, KOMOPbie UINOKeHb ¢ OONbUUM
U3AUECBOM, XOMA U 6 MAKOI opMe, Komopas, 6Ce0Cmeue Ceoell KOHyenmpayuu, He 6e3
mpyoa 6yoem gOCNPUHAMA BCAKUM, KOMY UYKO npeomem. A6mop — OHeHb IOHb A6CHIPUI-
CKuil oguyep, colH Opyea moei wHocmu, ¢ komopvim A & 1798 200y wacmo 2o¢opun 06 s3mom



K ucmopuu omxpumua Jlobauesckum neeexudosol zeomempuu 13

npedmeme, XOMA 6 MO EPEMA MOU UOeU O6LTU 3HAUUMENBHO OQIblde OM Mo20 PA3GUMUR U 3pe-
A0Cmu, KOMopoe OHU NOAYHUAU 6 pe3ylemame COOCMEEHHBIX PAIMBIULIEHUT IMO20 MOI00020
yenogexa. A cuumai 3mozo Mon00020 zeomempa ¢or Bonvau 2eHUeM nepeot GeUHUHbL.

14 ¢pespana 1832 200a.

Hapamerp npocrpanctsa JlobaueBckoro, wiu nocrosHHas Jlo6auesckoro k

Kaxk MBI BuZenH, uepe3 OoTpHUaHde rocTynata EBknnpga o napamnenbHeix ObUla BBeIeHA
B Hayky (pyHIaMeHTalbHasd KoHcTaHTa, OHa Ha3eiBaeTCa nmapameTpoM npocrpancTsa Jlo6aues-
CKOro Wiy noctosHHoit Jlobaueckoro u o6o3navaercd uepes k. OTMETHM, 4TO B IPOCTPAHCTBE
Jlo6aueBCKOro M3-3a HaMMYMA TaKOro napaMeTpa HeT nonobHuix ¢uryp. 'on BBeaeHHd nocro-
suHo# Jlob6auesckoro — 1826.

Eciv 13 Hayana npgMOTHHERHOrO My4ya Ha MapaUleNsHY0 eMy TIPSIMYI0 OTYCTUTh MeprieH-
muxynsp, To yron 11, obpasosaHHbIH NepHEHOHKYAIPOM H JIYYOM, B IUlaHHMeTpHH JloGaues-
CKOro MeHblUe MPSIMOro yrjia # MOHOTOHHO YObIBA€T B 3aBHCHMMOCTH OT BBICOTHI f, C KOTOpOH
onyieH nepneHaukynsp. Jlobayescknii yctanosun s 3asucumoctu 11 = [(p/k) crnenyouyio
topmyny:

tan %H(x) =e °.

3asucumocts I1 = I1(z) yrna napamnensHoctu II OoT nopeneHHONH Ha KOHCTaHTY K BBICOTbI
nepueHaukynsapa Hassisaercs yHkuned Jlobauesckoro.

IToctoannas Hewrona G

3aKOHBI IBUXEBUd TUiaHeT, BeiBeldenHble KernepoM u3 Habmonenuii Tuxo Bpare 3a nBu-
XeHueM Mapca, HpioToH 3aKoauposal B BHae AU epeHUHATBHOTO YPaBHEHHS

d*r M7
de2 3
rme M — macca Conuua, G — nocrosunad HewoTona.
IMoctosinHag Jlo6auesckoro k CTOJb XK€ BBICOKOIO poia, YTO H (pyHIaMeHTalbHas MocTo-
aHHas Helotona G.

ITocrosnnag Iltauka %
M. ILnauk (M. Planck) (23.4.1858, Kunb — 4.10.1947, I'eTTHHreH)

Takoro xe pona dyHraMEHTATLHYIO OCTOAHHYH BBell B HayKy Makc Ilinauk B 1900 r.
H3yuus pacripenesienie 3HEPIMH B CHEKTpe 37EKTPOMArHUTHOIO H3ydeHHs abCONMITHO
TBepaoro tena, [ImaHk ycTaHOBWI CleyOIlylo opMyly M3TyuyeHHs:

8rv? 7 hv
= kKT ——— = —.
p 3 et —1’ F=hr

Bcexope, B nepBble gecsTHWIETHS MPOLUTOr0 BeKa, nocrosHHas lnanka A Osi1a nmosoxeHa B
OCHOBY KBAHTOBOH MEXaHHKH.
[Mono6Ho TOMY Kak npuBefeHHble Belle ¢opMynsl reomeTpud Jlobauesckoro B mpepene

k — oo nepexoadt B ¢oOpMyIIHI

p(ry=r T(r)= r2/2, K=0
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reomeTpiu EBknuna, B npenene i — 0 dopmyna uinyuenus [lnanka mepexonuT B hopmyny
u3nyyeHus Panes—[Ixunca
8av°

p= = kT,
a dopMyIbl KBaHTOBOW Mexauuku LllpendHrepa mepexogar B OpPMYINBl KIIaCCHUECKOH Mexa-
HUKU [aMUTbTOHA.

CkopocTth cBeTa ¢
0. Pemep (0O.Roemer) (25.9.1644, Opxyc — 19.9.1710, Konenraren)

B 1675 r., nabnwonas 3atMenus cnyrHukos IOnurtepa, Pemep onpegenun ckopocTh ¢ pac-
NpOCTpaHEeHHR cBeTa MexXdy IOnutepoM W 3emieid.

B XIX B. ycraHoBIeHa 3JIeKTpPOMArHUTHas MPHpOda CBETa M JOKA3aHO, YTO CKOPOCTH ¢
€CThb HEe YTO HHOE, KAK CKOPOCTL PACTIPOCTPAHEHUA INIEKTPOMATHUTHBIX BOJIH B BaKyyMce. Oua
BOLLTA B KauecTBe (PYHIAMEHTATBHOIO NnapaMeTpa B ypaBHeHHs Makceeiuia. BTOT napamerp,
€CTEeCTBEHHO, BOLIE W B BbILIEIIPUBEEHHbIE (POPMYIBI 3EKTPOMArHHTHOTO UTYUCHHUS.

B 1923 r. A.I1. KOoTe/IbHUKOB YCTAHOBMI, 4TO B TEOPHH OTHOCUTENIBHOCTH CKOPOCTDb CBETA
¢ oKa3sbIBaeTCs MocToAHHOMN Jlo6ayeBCKOro B NpOCTPAHCTBE CKOPOCTEH.

IIpocTpaHcTBO CKOpOCTEH
A.Tl. Koreasnukos (1862, Kazaub — 1944, Mocksa)

PaccTtosHueM B npocTpaHcTBe cKopocTel JlobaueBckoro cityXkuT OblicTpoTa S, ¢ KOTOpPOU
oOb1aHas CKOPOCTh ¥ MAaTepHalIbHON TOUKU CBSi3aHa NMOACTAHOBKOW v/c = tanh (s/c), BBegen-
Hoil Benbrpamu B pabote [14].

Cre10BaTenbHO, eClii MPIMOJIHHEHHbIH OTPE30K B MPOCTPAHCTBE CKOPOCTEH, /LTMHA KOTO-
POTO paBHa §, pasiesieH OJHOM M3 €ro TOYEK Ha [BAa OTPE3Ka, JUIMHBI KOTOPHIX PABHBI S1 U S,
TO OBICTPOTA $ paBHA S = §] + S2, @ CKOPOCTh ¥ CKJIAbIBAETCA 110 3aKOHY

U+ U2
1+vvp/c?’

NPUHATOMY B TEOPHH OTHOCHTENBHOCTH.

Mbl MOXeM BHMAETH Telepb, YTO KaK B HBIOTOHOBCKOH MEXaHHKe, TaKk U B TEOPHM OT-
HOCHTEIbHOCTH MMNY/JbC YACTHUBI €IMHMYHOM MAaCChl MOKOS, OBHXYLIeics ¢ ObicTpoToi s,
paBeH NOMeJICHHOR Ha 27 JUIMHE OKPYXHOCTH DamHyca s, a MOAeNeHHasd Ha 27 IUTOIAb Kpyra,
OTPaHHYEHHOIO 3TOH OKPY:KHOCTHIO, paBHA KHHETHYECKOM 3HEPIUW 3TOH YacTHLBI.

OrmeTuM, uto AbcomioT Kanu B mpoe€KTHBHOM MpOCTpaHCTBE CKOpoCTel, BBeaeHHOM Ko-
TeNbHHKOBBLIM B paboTe [17], (npu ¢ < oc) npeactarngeT coboil MPOCTPaHCTBO CKOpPOCTEH
YacTHUMI C HyNeBO#d Maccoit nokod (HampuMep, oToHa). B npocTpaHCTRe CKOPOCTEH 4acTHILBI
C HYJIEBOH MACCOH NMOKOS ACHCTBYET KOH(POPMHAS FCOMETPHS, O KOTOPOH cM. Kuury [18].

TlpoekTHBHOE OoTODpakeHHe npocTpaHcTRa JIo0aueBCKOro B nMpocTpaHcreo Esxinaa
3. Beasrpamu (E. Beltrami) (16.11.1835, Kpemona — 18.2.1900, Puwm)

Paboty [14] BenbTpamMn Hauan ¢ 3aMeyaTeNbHOIO BBEACHHUS:

B nocnednee epema mamemamuueckuil MUp Cman 3aHUMAmMbCA HOGLIMU UOEAMU, KOMODbLM,
nO-8UOUMOMY, CYKOEHO 8 CyHdae, eCAU OHU BOCMOPKECMEYIONT, eIYDOKO UIMEHUMSb 6C€ OCHOGb
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Kaaccuieckol eeomempuu. Hoeu smu nosasunrucsy coscem nHeodasno. Beaukuii 'aycc nocmuean
UX C Nepeuix CEOUX WA208 HA HAYHHOM NONpUWe; XOMA HU 6 OOHOM U3 €20 COHUHEHUN He
3AKNIOHACMCA A6HO20 UX U3NOKEHUA, HO U3 NUCEM €20 Mbi GUOUM, HACKONbKO OH OB uM
npedas, 6cez0a Ux pazguean, U Mol MOXeM YOOCMOGEPUMbCA 6 €20 NOAHOM COZAACUU C YHEHUEM
Jlobauegckoeo.

B aroit pabore Benvrpamu noctpown otobpaxenHne mwiockocTd JlobadeBckoro Ha Iuioc-
kocth EBKNHAZ, MpoekTHpyluee NpsMble JIMHUA ILI0CKOCTH Jl06aueBCKOro Ha eBKITHIOBHI
npsMbie. Takoe oToGpaxeHie Ha3blBaeTCs NPOCKTHBHBIM,

B pab6ore [21] BenbprpaMi nocTpous npoeKTHBHOE oTobpaxeHde npoctpancTsa Jlobayes-
CKOro B mpocTpaHcTso EBKjiMia, NpH KOTOPOM BCE IUIOCKOCTH HpocTpaHcTBa JloGayeBcKoro
NPOEKTHBHO OTOOpaxaloTcs Ha eBKJIMIOBbI [LTOCKOCTH.

IIpazaHoBaHHe CTOJNIETHA
HeeBKIIMI0BOH reomerpuH B Kazanu

Kak coo6uun cam KotenbHHKOB, crates [17] «npencrapiasger coboil Qokian, YHTaHHBIHA
29 anp. 1923 r. B Mockee Mat. O€w. u 3arem nosropenHbit 16 cent. 1923 r. B Kuese
Ha nyGIMYHOM COCIMHEHHOM 3acelaHHH HaydHO-HCCNENOBATE/IbCKUX Kadeap, MOCBAILEHHOM
NIPHHLKITY OTHOCHTENBHOCTH, W 25 cheBpana 1926 r. B Kaszaun Ha nyGnuuHOM 3acemaHuu
Kazanckoro ®@us.-mar. O6ui. B IeHb Mpa3siHOBAHUA CTOJIETHS HEEBKJIMIOBOH TeOMETPHH»,

B npasgHoBalnmn cTONETHS HeeBKIUOIOBON reoMeTpruu B Kazanu NpuHsUIH yuyacTHe BeXylIHe
MaTeMaTHKH, MOXHO CKa3ars, Bcero Mupa. B cbopHuk [3] npucnany cTaThi, NOCBALIECHHbIE I€0-
MeTpuH Jlobagesckoro, cnenywowue apropsl: Wilhelm Blachke (Hamburg), Elie Cartan (Paris),
Friedrich Engel (Giessen), Gino Fano (Tyrin), . I'pase (Kues), A.Il. Korensnuxos (Mocksa),
J.Mopayxaii-BonroBckoit  (PocTtos-na-Jlony), Teikichi Nishiuchi (Kyoto), A.Schoenflies
(Frankfurt a. M.), J. A. Schouten (Delft), Friedrich Schur (Breslau), B. Cmupuos (Jleuun-
rpan), I1. lnpokos (Kazans), E. T. Bell (Seatle), C. Bepuurteiin (Xapekos), Maurice Frechet
(Strasbourg), WU.M.Tlonrep (Jlenuurpan), J. Hadamard (Paris), A.Kopff (Berlin-Dahlem),
H.Kpsuios (Kues), S.Lefschetz (Princeton, New lJersey, U.S.A.), Beppo Levi (Parme),
W. Serpinski (Warsovie).

HecoMHeHHO, yTo cooBuuerne B razeTax 06 3TOM COOBITHE MUPOBOIO 3HAYEHHS HE MPOULIO
MHMO BHUMAaHHS NO3TA, XHMBLLETO WHTEpECaMH CTPaHBl, H OTKIIMKOM Ha 3TO COOBITHE MOXHO
CUMTATh CTaThi0 [19], OTPBIBOK M3 KOTOPOH NPUBOJHTCA HHXKE.

M3 crarbu «Kak aenatb cruxu?»
B.B. Maskosckuit (7(19).7.1893, barnanu — 14.4.1930, Mocksa)

Mamemamux — 3mo uenoeex, komopeiil cozoaem, OONOAHAem, pPA3GUeaem Mamemamu-
YecKue npaswida, 4eaogex, KOMOpuii GHOCUM HOE0e & mamemamudeckoe 3Hauue. Henogex,
enepevle opmyaupoeasuuil, umo «Jsaxost 08a Hemvipe», — GENUKUL MaAMeMAMUK, ecau
0aXe OH NOAYHWI 3MY UCMUHY U3 CKAAObIGAHUA O6YX OKYDKOE C 06YMA oKypkamu. Bce oano-
Heuwue N00U, XOmA Obi OHU CKAAOBIBANU HEUIMEPUMO Oojbue ey, Hanpumep, NaApogo3
C Napoeo3oM, — gce 3MuU AOOU He MameMamuku. Imo ymeepxoeHue omHioob He YMaiiem
mpyoa uenosekd, ckaadsieauje2o napogossl. E2o paboma é oHu mpancnopmuod paspyxu Mo-
Kem 6bimb 8 COMHU pa3 yerHee 20700 apupmemuueckoi ucmunst. Ho ne nado omuemnocms
N0 PEMOHMY RAP080306 NOCLAAMS 8 Mamemamuieckoe obwecmeo u mpebosams, ¥mob oHA
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paccMampusanacs Hapady ¢ zeomempueir Jlobaweéckozo. Imo e36ecum HAAHOEYIO KOMUCCUID,
03a0aUUM MamMemMamukog, NOCMagum 6 Mmynux mapugukamopos.

Tak, Gnaromaps TO3Ty, MHOTME LIKOJBHHKM H3 T€X, KTO C HEIONIEJbHBIM HHTEPECOM
Yy4YHICA He TOJIbKO MO33MH, HO M a3aM reoMeTpuH EBKinaa, y3HaBaiu O CyLIeCTBOBAHUM 3ara-
A0YHOH 118 HMX reometpuu JloBaueBckoro.

Beiparomascsa (egregium) reopema Faycca

Ho sepueMcs x 1manuMeTpuu Iaycca.

Onacasch «kpuka OeoTuitueB»' M He Xenas «[IOTPEBOXUTHL OCHHOE THe3o»>, aycc He
cTan coobware 06 OTKPBITMH MM MITOXEHHOH Bblle TUlaHMMeTpud. Ho B pabore [12] on
NpHRTIEK BHUMAHHE CHELMATHCTOB K BHYTPEHHEH reOMETPUH OOBIKHOBEHHOH MOBEPXHOCTH

T = f(u,v), y= g(u7v)1 2z = h(u,v)

B npocTpaHcTBe EBKIIMAA M npHBEN J0Ka3aTesbCTBO YCTAHOBIEHHOH MM TEOPEMBI O TOM, UTO
Mepa KPUBU3HBI NMOBEPXHOCTM paBHa CKalipHoMy nomio K, 3agaBaeMoMy Ha MOBEPXHOCTH
KBagpaTU4HOR (hOpMOH

E(u,v)du? + 2F(u, v)dudv + G(u,v)dv? = dz? + dy* + dz°.

DTa MOJeNTb TUTaHUMETPUH [aycca BNOJIHE YCTPOWIA «EBKIIMIOBCKHE YMbi»~,

B uacTHOCTH, B TOIf Xe Mepe MOJeNbI0 IITaHUMETPUH Jlo6aueBcKOro ABMNACH BHYTPEHHSS
reOMeTpHa BCAKOH MOBEDXHOCTH NOCTOSHHOH OTPHUATEIbHOH KPUBH3HBI.

B cBA3M Cc 3THM HaM NpEACTABIACTCS MHOrO3HaYMTe bHBIM coobiienue HopaeHna o Tom,
yto nocne cMepTu laycca cpenu ero 6ymar oGHapyXeHa 3aMeTKa, B KOTopoii ['aycc npuBoauT
YPaBHEHHE TPaKPHCCHI, FOBOPS, YTO 3TO — «KpHBas, KOTOpas CBOMM BpAllleHUEM IPOU3BOIUT
autunon (Gegenstiick) coepsi».

Hanewie Hopaen npopomxaer: «3T C/IOBa 3aCTABNAIOT CUWTATh, 4TO MNcesgoctepa yxe
6b11a H3BecTHA [ayccy Kak MOBEpXHOCTh MNOCTOSHHOW OTpHUATebHOH KpHBU3HBD» [15, €. 17].

H3 pomana «bpartes Kapama3zosbi»
&®. M. JoctoeBckuit
(30.10(11.11).1821, Mocksa — 28.1(9.2).1881, Caunkr-IletepGypr)

Ecau Boe ecmbv u ecau OH 0eidcmeumebHo CO30GJ 3EMII0, MO, KAK HAM COBEDULEHHO
uszgecmuo, co3oan OH ee No e6KIUOOB0U 2€OMeMPUU, A YM HEN08€HECKUL C NOHAMUEM JUULL
0 mpex usmepeHuax npocmpancmea. Mexoy mem HAXOOUNUCH U HAXOOAMCA Oaxe U meneps
2eomempol U Qurocodul, U oaxe U3 3AMEUAMENbHEUUUX, KOMOPble COMHEEAIOMCA 8 MIOM,
umobsl 6CA GCENEHHAA UNU, euje oOwUpHee — 6ce Ovimue ObL10 CO30AHO AUUE NO €6KAUOOBOU
2eoMempuu, OCMENUSAIOMCA Oaxe Meumams, 4mo 08e NAPAANENbHbIE JUHUU, KOMOpsle no
Eexnudy nu 3a umo He mMozym coumucy Ha 3emie, MOXem Gbimb u COULTUCH Obl 20e-HUGYOb 6

!Boipaxenne [aycca. CM. micbyo Taycca k Tepaunry ot 25 asryera 1818 r. [10, ¢. 103].
*Buipaxennte Taycca, CM. TebMo [avceca k Beccemo ot 29 ansaps 1829 r. [10, ¢. 106].

3Buipaxenne, ynotpe6ieHnoe Meanoy Kapasasossin B Gecele ¢ Gpatost Atekceem. CM. Hinke OTPLIBOK 13 poMaHa
®. M. docroesckoro [20].
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beckoneunocmu. A, 20ny64uK, pewun mak, 4mo ecau A 0axe IMo20 HE MO2Y NOHAMb, MO 20€
x MHe npo boea noname. A cCMUpeHHO CO3HAIOCh, HMO Yy MEHA HemM HUKAKUX CnOCobHOcmel
paspeuants Makue 60npocyl, y MEeHA YM e6KAUOOECKUM, IEMHOIL, G NOMOMY, 20€ HaM peuams
0 MOM, 4MO He oM MUpa cezo...

Tlycme Oaxe napannensHvie AUHUK COUOYMCA U A IMO CAM YGUXY: YGUNXY U CKAXY, HMO
COULTUCY, a4 6Ce-maku He npumy. Bom moa cyme, Anewa.

K cBeseHH10 1100HTe €M OPraHH3oBbIBATh MeXAYHAPOAHBIE KOH(EpEeHIIHH N0 HEeBKJIH-
nosou reomeTpud. Ocnosarens JIaboparopuu Teopetuyeckoit dusuku B JyGHe Hukonait Hu-
Konaesuu Borono6oB ropopis, 4TO MHOXECTBO IE€HHEB HEYTOPSIOYHBACMO.

Ckaxure, HanpuMep, KTo, KpoMe bora, cMor 6bl, He BbI3BaB BO3PAXCHUH, YNOPAOOYHTD
U3BECTHOE HaM MHOXECTBO T€HHMEB, KaXObld M3 KOTOpPBIX MO-CBOEMY OTKpPbUI HEEBKJIMIOBY
reoMeTpHio? CoracuTech, 4TO HUKTO.

A Bor 310 caenan MHOTO JleT TOMY Ha3al: B TEKyLIEM TOly UCIOMHAETCA CO IHA POXICHHS
[aycca 225 nert, Jlobauesckoro — 210 siet, Bois — 200 ner.

YnopsgounBaTb MHOXKECTBO JIIOAEH 10 UX BO3pacTy — 3T0 mpeporatusa ['ocnona bora.

[Mone3yock clydaeM BbIpa3HTh HCKpeHHIOW 6narogapHocts Hatanbe u JIbBy II1aBoXHHBIM
3a MHOroducnenHsle Gecennt no BoripocaM ucropun Kazauu B cBa3u ¢ xu3nsio JIobauyeBckoro
M €r0 OTKPbITHEM HEEBKJIMAOBOH r€OMETPHH.
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KOMILTAHAPHBI PA3JIET YACTHIL B ITEPHOM
B3AAMOJIEMICTBUH ITPH E, > 10'6 5B,
3APETUCTPUPOBAHHOM B CTPATOC®EPE

A. K. Manazaoze >', B. H. Ocedno, B. H. I'ankun®, JI. A. TI'onuaposa ,
B. B. Konenxun ® K. A. Komenwvnukos ® H.T. Hoayxuna® H. B. Pakoboasckan §
T.M. Pozanosga ®, JL. I'. Ceewurnuxkoga *

“ HayuHo-uccnenoBaTenbCKuit HHCTUTYT anepHoit ¢usnku um. . B. Ckobenbubina
MIY um. M. B. Jlomonocosa, Mocksa

? MockoBckHii rocyaapcTsennslii yausepcuter uM. M. B.JlomoHocosa

“ Mun3nveckudt uactutyr uMm. I1. H. Jlebenesa PAH, Mocksa

I'aMMa-alpOHHOE CeMeilCTBO KOCMMYECKHX Tydel ¢ rmonHoi sueprueit > 10'° 3B, 3aperucTpupo-
BaHHOE 3MYJ1bCHOHHON KaMepoit Ha 6opty crpatocdiepHoro GannoHa-aspocrara, SBNSETCH YHHKAIbHBIM
C/TyHaeM S71EPHOro B3aMMOULENCTBHUA CTOJTb BLICOKOH 9HEPIUMH B MUPOBOH 3KCNEPUMEHTATLHON CTaTUCTHKE.
C npuMeHeHHEM OMbiTa aHa1M3a, HAKOIJIEHHOro B COTpyatudecTBe «[lamup» (rOpHBIA 3MYIbCHMOHHBIM
3KCNEPUMEHT), B 9TOM cynepceMeiicTse Obul oOHapyxeH (peHOMEH KOMILTaHapHOro paviera Haubonee
9HEPrMYHBIX BTOPMUHBIX 4aCTMLl W CYWECTBEHHAs NPOCTPAHCTBEHHAs ACHMMETPWA OCT&IbHBIX YacTHU
B UEHTPaIbHOH obnactu 3TOro coOBITHA, NIPUHAIIEXALLEIrO K AMala3oHy SHEPIUH, HENOCTYITHOMY A
COBDEMEHHBIX YCKOpHTeJIeit.

A gamma-hadron superfamily of cosmic rays with total energy > 10°° eV was detected by an
emulsion chamber aboard a stratospheric balloon, the event being the unique example of so high
energy nuclear interaction in the world statistics. Applying the experience accumulated in Pamir
Collaboration (a mountain emulsion experiment) for superfamily analysis, in this family there were found
the phenomenon of coplanar emission of most energetic particles and significant lateral asymmetry of
other particles in the central area of the event. The superfamily belongs to the energy range unattainable
for modern accelerators.

BBEJAEHHUE

B 1975 r. B sMynbCHOHHOM OaLToHHOM 3KcnepumeHnTte Ha Beicote 30 kM Obuto 3aperu-
CTPUPOBAHO YHUKAIBHOE I'aMMa-aIpoOHHOE CeMEMCTBO YacTHUL KOCMHYECKHX Jiyuel «CrpaHa»
¢ aneprueit capiie 1010 3B [1]. D10 coOLITHE ABNSETCA Pe3yabTaTOM NPAKTHYECKH «YHCTOTO»
ANEPHOro B3aHMOACHCTBHA YACTHLBI MEPBHYHOIO KOCMHMYECKOIO HIIydeHHs, T. K. IO YC/IO-
BUAM HabmofieHust B ctpatocdepe OTCYTCTBYIOT BO3MOXHOCTH IS KaCKaIHOrO PasMHOXEHHS
BTOPUYHbBIX YACTHI, POXICHHBIX B aKTE, 4TO PE3KO OTIHYAET 3TO CeMeHcTBO OT COOBITHIA,
PerdcTpUpyeMbIX B 3KCIIEPUMEHTAX 10 KOCMHUYECKHM JlyuaM, IPOBOAMMBIX HHXE B aTMocdepe.

"'mng@dec|.sinp.msu.ru
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XOT4 110 3HEPIUH OHO COMOCTABMMO C HaHOoJIee 3HEPrHYHBIMH COOBITHSIMH, 3apETHCTPHPOBAH-
HBIMH PEHTIEHO3IMY/IECHOHHBIMH KaMepaMH ¢ 6OsbIION IUTOLIANbI0 M 3KCIO3HUHEH B FOPHHIX
3KCIepUMEHTax [2].

B cBow ouepenb, B TOPHBIX DEHTICHO3SMY/IbCHOHHBIX 3KCIEPHMEHTAX NPH BHEPIHIX
> 10'% 3B Guinu Haitnens! Takue dusHyeckne deHOMEHE, Kak rano (1uddy3Hoe HaATHO NoTeM-
HeHHUs OOJbLIOH IUTOLIANX B LEHTpe ceMelcTBa) [3] U BHICTPOEHHOCTb BAOJIb MPAMOH JHHHH
BHEPreTHYECKH BBUICJICHHBIX LIEHTPOB (T.¢. Hanbosee 3HEPIHUHBIX 00GBEKTOB) B CynepceMeii-
crax! [4,5]. Llenbio AaHHOTO UCCNENOBAKMS GbUIO 3aHOBO NPOAHATHIMPOBATHL CTPaTOChepHOE
BbICOKO9HEPIHUHOe cOoObITHE «CTpaHa» ¢ YYETOM NOSBHBUIMXCS B MOCJEJHEE BPEMS HOBBIX
MOZe/IbHBIX PacyeTOB W HaKOIUIEHHOro 3a 25 jietr paboTsl coTpyaHuyectBa «Ilamup» onsita
aHann3a HOBbIX ABJIEHHUH.

1. 9KCIIEPUMEHT

Tonersr 6aUIOHOB-a3pOCTATOB C 3MYILCHOHHOH KaMepoH Ha OOPTY NpOXOMWIN HA BBICOTE
okomo 30 kM no Mapumpyty nonyoctpoB Kamuatka — IToBomxbe. JUTUTEIBHOCTE OHOTO TMO-
neta 6yuta okono 160 4. BbicoTa monmeTta COOTBETCTBYeT aBIEHHIO BOHyxa okono 10 r/em?.

MHorociiofiHas 3MyneCHOHHas KaMepa (puc. 1)
rwrowaneto 40 x 50 cM cocrTosia U3 TpeX OCHOB-
HbIx O/I0KOB: MMlieHHOro 670Ka, croedcepa M
KaopuMeTpa. YcTaHoBKa Obuia NMpefHa3HauyeHa
NpexJe BCEro Uld PerucTpaillid NMepBUYHBIX ya-
CTHU KOCMHYECKHX Jydei. MuIueHHbIH GJIOK co-
crosur 43 90 cnoer MIacTHKa TOMUUHON TO
1,5 MM, NepecoeHHOro IWIaCTHHAMH TOJILLHHOR
200 MkM ¢ gaepHO# amynbcueit P-2T-50, nane-
ceHHOU cnoeM 50 MxM. MuuesHbi# 610K He-
E Muwenr, = 00X0UM JUTS PEerucTpallii TEepBUYHON YaCTHLIEL
ez onpeleseHdd ee 3apaia 1o TPEKy B SIEpHOH
3mysiscuH. Crielicep, npefHa3HAYeHHbI Ul pac-
XOX/IEHHS BTOPHUHBIX YaCTHL [IOCAE B3aUMOfeH-
CTBHU4, cocTosUl U3 10 crnoes wracTuka 1no 5 MM
u ObUl Takxe NepecioeH TUTaCTHHaMHU C daep-
HOW 3Mynbcheil. CyMMapHad TOSIIMHA MHILEH-
Horo Osioka u cneiicepa akBusaneHTHa 0.5 K. e,
mnu 0,3 mpobera snepHOro B3aHMOZEHCTBIS A
npotoHa. Kanopumerp 6bu1 ciioxeH M3 9 crnoer cBuhua no 0,5 MM, mepec/ioeHHOro 1ByMA
TUnamMu aMyiascuil: saepHoit (P-2T-50) u pentrenosckoit (PT-6M). CymmapHas TonmmMHa Ka-
nopuMeTpa cooTBeTcTBYeT 9 k. e. unu 0,26 npobera snepHOro B3aHMOIEHCTBHA. B cBHHIO-
BbIX [UTACTHHAX KaJlOPUMETPA pa3BHBAKTCHA IEKTPOHHO-(OTOHHBIE KacKajbl OT aJpOHOB H
~-KBaHTOB, PETUCTPHPYEMblE HA PEHTICHOBCKOIl IUICHKE B BUIE NMATEH NOTEMHEHHUS, 110 KOTO-
DBIM OMpeleaseTCs 3HEpIHs yNaBlLleld Ha KaMepy 4acTHUBI.
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| Cniercep 53 MM

EKaJopHMfrrp 48 MM

Puc. 1. Konctpykumus amylTbCHOHHOH KaMepbl,
HECOMOH a3DOCTaTOM, H CXeMa PerucTpalHH ce-
MeNCTBa

'CymepceMeiicTBaMit HA3LIBAIOTCH COBLITHS C CyMMapHOil IHEpried raMsa-koMnonenta E- > 1000 TaB.
yniep Y
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B nannoit paﬁoTe U1 aHaJIM3a B OCHOBHOM MCIOJIB3YKOTCA AAHHBIE, MMOJYYEHHbBIE MO PCHT-
T€HOBCKHUM TUIEHKaAM KaJlOpHMETpa.

2. OBIITME XAPAKTEPUCTHKH

IanHoe y-anpoHHOe ceMeHCTBO cOCTOMT H3 107 yacTul, ynasuiux Ha KaMepy H 3aperuCTpH-
POBAHHLIX KATOPUMETPOM: 76 3JEKTPOMArHHMTHBIX YACTHLL (HA3BIBAEMBIX AAllEe Y-KBAHTAMM) C
cyMMapHoii sheprueil L E., = 1400 TeB u 30 aaponos ¢ cymmaproil Habumiomaemoii (T. e.

BBIEJIEHHO B -y-KOMIOHEHT NMPH B3aUMOJIEHCTBUM B CBUHLE) IHEPrUeH ZE,(IV) = 800 Ts=B
(6e3 yyeTa JIMAMPYIOLLEH YacTUIB). 3EHUTHBIH YroJl najieHus ceMelicTBa Ha Kamepy © = 30°,
YTO jenaeT IyGuHy perucrpauuu paBHoil 11,5 r/icm?,

Yurem, yto sddexrusustii (k) (1019 dHEpPruH, nepeaaBaeMoil aqpOHOM B y-KOMHOHEHT
npH B3aMMOICHCTBHH € BELIECTBOM) B CBMHIE cocTaBisieT okono 1/3. Torma mojHas sHeprus
3aPErHCTPHPOBAHHBIX anpoHoB LE) = EE,(,V)/(kA,) == 2500 TaB. VYureM rtakxke, 410 u3-3a
orpaHHueHHOH I1ybuHb! KaMephbl 3eKTHBHOCTE PETHCTPALMH AIPOHOB NaHHOH YCTAHOBKOH
cocrasisieT ~= 40 %. W oxono 30 % 4acTHL NOTepAHO M3-3a TOIO, YTO JAHHOE COOBITHE ynano
HeJaneko OT Kpas Kamepsl. Ilociie BBefleHMS BCEX MOMpPAaBOK DHEPIUS BO3AYLIHOTO CEMEHCTBA
(6e3 ydeTa AuaMpyoLIel yacTHIbl) OymeT coctamiats okono 0,9 - 1016 3B.

BricoKkoaHepruyHas JIHIMpyIoUlad YaCTHLA UCTIBITaNa BTOpOe B3auMoieiHcTBYe B 12-M ciioe
BEPXHETO MAUILLEHHOro 6noka (cM. puc. 1). PesynsraTom 3Toro B3auMoneicTsHs SBHICS y3KWH
NY4OK BTOPHUYHBIX yacTHl (HabsogaeMblil B BUIE TPEKOB B SAEPHBIX 3MYIbCHAX), ObICTPO pa3-
BUBAKILKACA B YIJIEPOAHOM BELIECTBE MHIUEHH M 00pa3zylonMi 6ombllioe NSITHO MOTEMHEHHS
(rano) B ueHTpe ceMeiicTBa Ha PEHTTEHOBCKHX IeHKax B kanopuMerpe. C HUCIONB30BaHHEM
pe3yabTaTOB U3MEPEHHH TPEKOB B SJ€PHOHM 3MYJILCHH MOCTPOEHO pacrpenesieHde 1Mo NceBao-
ObicTpoTe 7 = ~ In (tg (6/2)) Mw1d BTOpHUYHBIX YACTUU BHYTPU 3TOH cTpyd. CpaBHEHHE DTOTO
pacnpejeneHus C pacyeToM, BHIIONMHEHHBIM N0 MoaensM QGS u VENUS (6], nano oueHky
SHEPIUM JIMAUPYIOIUECH CTPYH = 1016 3B. Jlna Bcex OCTATbHBIX YaCTHIL BO3AYLIHOIO CEMEHCTBA
110 nceBnoObICTPOTHOMY paclpe/Ie/ieH|I0 Takke Gblia nosyyena cyMmapHas ouenka = 1016 3B,
4TO XOpOLLO COIJIacyeTcs C NpUBEIEHHOMN BhIllle DHEpPIUel ceMeiicTaa.

TakuM 06pa3oM, MONHAsA 3HEPTMs NEPBUYHOI YaCTHILI OLeHKBaeTcs Kak 2 - 10'C 3B,

3. BBICTPOEHHOCTDb YACTHI]

CotpyaHuuecTBoM «ITamMup» ObLUI0 OTKPBITO M HCCIIENOBAHO SIBJIEHHE BBICTPOEHHOCTH (T. .
pacrnoyioXeHus BOOJb NPSMOH JINHHK B HOPMAJIBHOH IUIOCKOCTH) Haubolee BbICOKOIHEPIHY-
HbIX 00BEKTOB («3HEpPreTHYECKM BbLICHEHHBIX LEHTPOB» Wid DBLl) B y-apoHHBIX cemeii-
ctBax [7,8]. Boictpoennocts DBl Ha renke Baons npAMoi JMHHH COOTBETCTBYET KOM-
[UIAHAPHOMY pavieTy BTOPHYHBIX HYacTHL B aKTe SJePHOIO B3aUMOACHCTBHS Hal KaMepoi.
Mexaru3M 3TOTO 4BIEHUS [0 CHX TOp TOYHO He yctaHomiaeH. OnHoil u3 Haubosee Bepost-
HBIX THIIOTE3 ABISETCH POXKICHUE BTOPHUHBIX YaCTHU BCJIEACTBHE pa3phbiBa KBAPK-IJIHOOHHOMN
CTPYHBI, 3a0a0IIEH IIOCKOCTh paieTa 3TUX yacTHU [9]. [To naHHBIM NaMHPCKOro COTPYIHH-
yecTBa caM (PEHOMEH BO3HMKAET TIPH 3HEPIMAX B3aumoseiicTeus ~ 10'C 3B.
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Y, MM

B ropHeix aKcnepMMeHTax ¢ peHTre-
HO3MYJILCHOHHBIMA KaMepaMH NpsaMoe Ha-

r Onr01eHHe  ABJICHHA 3aTPYAHEHO BIHSHHEM
ANEPHO-2JIEKTPOMArHUTHOTO Kackana, pasBH-
- Bajouteroca B armocdepe Han kamepou. B
crpatocthepHoM cynepcemeiictBe «CTpaHa»
TaKHe TPYAHOCTH OTFCYTCTBYyWT. W oxu-
. naemeiit npu Ey > 10'° 3B acdext BbI-
cTtpoeHHocTH DBLI Habnionaetcs B maHHOM
L ] CeMEHCTBE, UTO ABILETCA BakHeHwuM dak-
g ToM HabmoneHus adgekTa BLICTPOEHHOCTH
B «YYCTOM» B32UMONEHCTBUH, TIONTBEPXAAIO-
MM CYLIECTBOBaHHE (PeHOMEHa KOMILIaHap-
L HOTO pavieTa BTODHYHBIX YacTHLl NIPU B3au-

|
ES
T
L]
m

MOIEHCTBHAX CBEPXBBHICOKHX 3HEPIMH.

Ilng npaBuabHOro BbiedeHus Haubonee
SHEPIUYHbIX YACTHL HEOOXOAHMO YYECTb, YTO
Ul paBHOTNIPABHOTO DPAacCMOTPEHHUS alpOH-
HOTO M ~y-KOMIIOHEHTa B ceMeiicTBe HeoO-

_10 U UNUN SR S S IS T T I S R R

-10-8 6 4 -2 0 2 4 6 38 10

Puc. 2. Muiennas anarpamMma LEHTPaTbHONR 4aCTH

cynepcemeiictsa «Crpanas: ® — wacTuunt ¢ Eo > XOJMMO MEPEHTH OT BbIAEJICHHOH B KaMepi:
100 T>B; M — wactuubl ¢ Eg = 20—100 TaB; & — SHCPIMH KaXIOro anpoHa X ero noj:)HO"
yacTtuusl ¢ Eg = 3—20 T3B; I-5 — naTh Haubo:1ee BH?pm” NyTeM BBENEHUA [OTPABKH Eh =
aHEPruyHblX 06LEKTOB B CyNEPCEMENCTBE El(z’)/<k*r>‘ [Tocne uero sce perucrpupye-

Mble B KaMepe YacCTHIbl HalO CIPOEKTUPO-
BaTb Ha €AUHYK TUIOCKOCThH (ﬂOCTpOHTb MHU-
meHHylo nHarpamMy). Habmromaemas xapTuHa B [UIOCKOCTH, NEPNEHANKYIAPHOW OCH MaleHHUs
[IEPBHYHOI YacTHLbI, NIpeACTaRIeHa HA pUC. 2.
Kpurtepiem BbICTPOCHHOCTY ABISCTCA rEOMETPHUECKHI napameTp A, [10]:

Z##k o8 2,

Am = m(m — 1)(m —2)’

Tje T — UYKCIIO PacCMaTpPHBAEMBIX TOUEK: (1 —— YIOJl MEXMIy BeKTopaM ki M kj.

3HayeHHe A CTPEMHTCs K 1 NpH pacrooXeHUH 1m TodeK BAOIb NpsaMoii suHiu. CobbiTHe
CYMTAETCHA BBICTPOEHHBIM, €CIH A, > 0, 8.

B 1aHHOM ceMeiiCcTBe [T TPeX CaMbiX BHEPIHUHBIX 00BEKTOB Ay = 0,98, mig ueTbipex —
Ay = 0,99, ma naty — A; = 0,90. D10 MOXHO CUMTATb BBICOKOH CTEMEHBI0 BBICTPOCH-
HOCTH, YTO HE YIHBHTEJIBHO B «YHCTOM» cOOpiTHH. CrlenyeT OTMETHTH, YTO lecTs Haubosee
DHEPIUYHBIX YACTHU B CEMEHCTBe sBIsiIoTCA anponamu. Takum obpasoM, 3nech Habniogaercs
BHICTPOEHHOCTh HE Y-KBAHTOB WM 3/IEKTPOMarHUTHBIX Talo, KaK B OONBIIMHCTBE NEPBBIX
ucciaenoBaHuil coTpyaHuyecTBa «[laMup», a ampoHOB, NPH 3TOM CaMblil BbICOKO3HEPIHYHbIH
anpoH B JaHHOM ceMeHcTBe obpasyeT HeGoOJbLIOE rajio B PEHTreHOBCKMX ruieHKax. Ocobas
pOJIh aIpOHOB OTMeYanachk HaMu paHee B [11]. KpoMe Toro, cieayer oTMETHTb, UTO HA pHC. 2
BUIHA BLIPAXEHHAd aCHMMETDHS B PACIONOXCHHH He TONMBKO Haubojee 3HEPrUyHBIX, HO H
BCEX YACTHI B UEHTPAILHOH 06nacTy cemefcTBa. DTO He CBA3aHO ¢ oOpe3aHHueM Kpas MIIEHKH,
T. K. 3TOT Kpail HaxoauTcs nanee, yem B 10 MM OT UeHTpa coOsITHs, a 3meCh paccMaTpuBa-
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eTcs TONMbKO LEeHTpanbHas obnacTh ceMelcTBa, colepxatlas Bce Haubosiee 3HEPrUYHBIE €ro
yacTHubl, Ecnu paccMoTpers Bce ceMeicTBo, To 15 u3 107 vacTvi ceMeHcTBa pacnonOXeHbl
BOJIM3H JIMHWUH BBLICTPOEHHOCTH. DTH 15 wacTu HecyT Goliee MONOBUHBI SHEPTHH EPBUYHON
YaCTHLBI KOCMUYECKHUX Jlyyei.

s oueHkH ¢oHa ciyyaiiHbix coObITHH C BbI-
CTPOEHHOCTBIO ObUIH BBIMOMHEHbl PAacyeThl C MC- N, /N . %
N10J1b30BAHKHEM COBPEMEHHOW MOJENH ANIEPHOTO B3a-
umoneiicteus QGSJET [12}, rne He 3amoxeHo 25
KaKOro-j 160 CreHaTbHOTO MeXaHH3Ma KOMILIaHap-
HoOro pawieTa wyacTuu. Ha puc.3 mpuBenensi nonu
COOBITHI C BBICTPOSHHOCTEIO TPEX, YEThIPEX H T. 1.
HanboJee SHEPrUYHBIX YaCTHL BO B3aUMOJEHCTBHY C
BO3IYXOM TIEPBUYHOIO NIPOTOHA W NIEPBHYHOIO SApa |5
xejesa. BepodaTHOCTh ciiyqaliHOH BBICTPOEHHOCTH
pE3KO NMajlaeT ¢ pOCTOM YHC/a YaCTHL, BKIIIOUYEHHBIX

T T T

T T T T T T T T T C T 1T

8 paccMotpeHHe. CpaBHeHHe NaHHBIX OT B3auMonei- 10
cTBUH ¢ pa3HeiMH Ej mokaspiBaeT HE3aBHCHMOCTb
C/Ty4ailHOH BBICTPOEHHOCTU OT 3SHEPTHH COOBITHS.
KauecTBeHHO Takoe Xe nopeaeHue ObII0 NPOJEMOH- 5
CTpUpOBaHO M B OoJiee paHHHX pacdeTrax, KaK Ha-

WX, TaK 4 APYyr¥X aBTOpPOB, HO 37lech Brepssle Opna Tiom
KCMOIb30BaHa Haubosee cOBpeMEeHHAad MOAENb B3a-
nmogeicteus QGSJET, onuceiBalolag obyacTh ca- obj

MbIX BBICOKMX HEPTUIl U PEKOMEHIYEMas K HCIIONb-

»No
w
N
wh
=
~
oo

30BaHHI0 MEXIYHapOAHBIMM KOJU1a0OpauusMu (Ha-
npumep, KASCADE). Bniepsbie ¢ oyeHb 607bu10M
cratucTukod (no 10000 cobbiTui) OBUIM HaMIpaHsl
B3aHMOAEHCTBUA AJIA CTO/L BHICOKOM YHEPIHH, KaK
Eo = 2 - 10 aB/anpo. Takxe npoaHanu3nposasa
3aBUCUMOCTE (QOHOBOH CITYYAaHHOH BHICTPOEHHOCTH
OT THNA A0pa, 4TO SABJIAETCA BECbMAa AKTyalbHBIM
B CBA3H C TPEMNOJIaraeMbiM B HEKOTOPbIX paborax
POCTOM JOIIH TSXEJIBIX SAep B NEPBUYHOM KOCMH-
yeckoM ntyuennd npu Fo > 101 3B. U3 puc.3
BUAHO, YTO BEPOATHOCTb BBICTPOGHHOCTH B CeMeil-
CTBax OT fIep XeJie3a Bbllle, YeM B CEMEWCTBax oT

Puc. 3. 3aBucuMocTb 100U cOObITHI C BbI-
CTPOEHHOCTBIO OT YMCNa TPUHATHIX K pac-
CMOTpEHHIO Haubosiee 3HeprHuHbIX O6beK-
TOoB B cemeiictBe Ngpj. Pacyer Boinonnen
no moaenu QGSJET, no 10000 uckyccrsen-
HbIX COOBITHI A7 KAXI0ro THHA NePBUYHOMN
YacTHUBI U ee 3Heprun. KpyXku — cobbiThs
OT NepPBUYHOTO NpOTOHa ¢ aHeprueil 10'* 3B
(o) 1 2-10'° 9B (e); KBanpaThi — ceMeiicTBa
OT a4pa Xene3a ¢ IHEPrHen 10! 9B (D) n
2.10% 3B (W)

IpOTOHa, 0COOEHHO 3TO KacaeTcs 60Nee «CHJIbHBIX» KPUTEPHEB BBHICTPOCHHOCTH (T. €. s
natH U Gonee o6bekToB). [Ipk aTOM abCONIOTHOE 3HaYeHHE BEPOSTHOCTH Cy4aifHOH BHICTpPO-
eHHOCTH OCTaeTCs JOCTATOYHO HU3KHUM, FOPa3/lo HIXE 3aperHCTPUPOBAHHBIX COTPYIHHYECTBOM
«[TamMup» 3KCrIEpUMEHTAIbHBIX 3HaYeRU# [4].

Jl19 OUEHKH BEPOSTHOCTH OJMHOYHOIO COOBITHA C MPUBENECHHBIMH BBILIE 3HAYEHUSAMHU Ma-
paMeTpa A JUIS Tpex, 4eThIpeX M miATH Haubosice SHEPrHYHBIX YacTHU ObUT HCTONB30BaH TOT
xe GaHK MCKycCTBeHHbIX coObITHIA. Takast cOBMeCTHas BepOATHOCTh OOHApYXHMTh COOBITHE C
Az = 0,98, Ay = 0,99, A; = 0,90 ang ceMercTB oT nepBu4HOro nportoHa cocrasnser 0,01 %,
a s nepsuynoro aapa xenesa — 0,03 %. YdyeT BO3MOXHBIX OMIMOOK IIpH ONpeleNieHHU
KOODIMHAT YacTHIl B BKCIEPHMEHTE NPAKTHUECKH HEe U3MEHSeT 3TH BeposTHOCTH. OueBUIHO,
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YTO BEPOATHOCTD CJIy4aHHOTrO NOABNEHUS UIA TaKOH BHICTPOCHHONW KOH(HIYPaUMH 4pe3Bblyaii-
HO HH3Ka.

CTOHT Takxe OTMETHTb, YTO, €CIH OTOOpaTh TATH Haubojee BHEPTHYHBIX YACTHL B HC-
KYCCTBEHHBIX <y-APOHHBIX CEMEHCTBAaX, TO U NEPBUYHbIX NPOTOHOB 75 % 3THX 0OBEKTOB
ABIAOTCA AAPOHAMH, & [UIA NEPBHUYHBIX Amep kene3a — 99 % uMerT afpoHHYI0 NPUPOAY (13
Hux 10 % — cparMeHTsl 210pa). DTO U COINlacyeTcs C 3KCIEPUMEHTOM, H ellle pa3 MOATBep-
’KaaeT ocoby pojb agpoOHOB MPH H3YYEHHWH KOMIUIAHApHOTO paieTa HanGoslee 2HEPIrHUHBIX
BTOPHYHbIX 4aCTHIl B SACPHOM B3aHMOJEHCTBHM MPH OYEHb BBICOKHMX DHEPIUSX.

BbIBO/IbI

[IpH aHaIM3e YHHKAIBHOTO CTPaTocthepHOro y-aIpOHHOro ceMeiictpa ¢ Ey > 10'6 3B BrI-
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BBIXOIbI ®PAIMEHTOB SAJIPA !B
&D.I'. Jlenexun

[MerepSyprekuit MHCTUTYT AnepHOit dusukn PAH, Tarunna

IpuBenenbl OTHOCHTEbHbIE BLIXOAB! diparMenToB sapa '°B, paccumTantble MO MOJENH XONOTHON
tparmenraunu 6e3 kakux-mubo cBobOAHBIX TApaMeTpos.

Without any free parameters, yields of boron projectile fragments have been received from calcula-
tions of a model of the cold fragmentation process.

1. OFOCHOBAHHE METOIJA PACYETA

3KcnepMMEHTATbHBIE NAHHBIE, MOyYECHHBIC IPH H3YYEHHH NpoLecca PparMeHTallH peJisi-
THBUCTCKHX €D M Anep MHUIEHEN, COrNacyloTCs C NPEACTABICHHEM O TOM, YTO 9TOT NMPOLECC
ABSeTCS GHICTPHIM, XOJIOJHBIM M YK€ MPH CPABHUTENBHO HEOONIbIIMX IHEPrUSIX HMEET MECTO
npeaensuas ¢parmMenrauns [1,2). Cyre 31010 asieHHs Haubonee SCHO MOXeT ObITh BhIpaXeHa
B NApTOHHON KapTHHe ¢parMeHTauuyu fgep [3]. B cooTBeTCcTBUM C Hel Kax peATHBHCTCKOE
471pO, TaK ¥ AAPO-MHLICHb B CBOEM OCHOBHOM COCTOSHHH, €llie A0 Kakoro-iubo B3auMoneii-
CTBUS, NpeAcTaRIsAIoT coboil 0671aK0 ToueuHkblx, 6e3MaccoBbIX, epMHEBCKHX YacTHL B BBIPO-
XIEHHOM COCTOSIHHH, 3aHHMAIOLIHX HEKOTOPHIi ha3oBeiil 06beM ). DTO U ecTh napToHsl. OHU
HENpPEepPBIBHO, CAMONPON3BOIBHO MEPEXONAT U3 OJHOTO COCTOSHHA B 3TOM (ha30BOM 0OBeMe B
apyroe. MHOXeCTBO npeo6pa30BaHHi 9THX COCTOAHHA 00pa3yeT fHHAMHYeCcKyko cucteMy (HC),
WY ofHonapaMeTpHuecKyto rpynny [4].

9ra [JC TuUna notoka cocTosHMK 06samaeT XOpOLIO W3BECTHBLIMH CBOWCTBaMM, KOTOpbIE
H 3a10XeHbl B 000CHOBaHHE NMPOCTOr0 METOAA pacyeTa BepOATHOCTEH Bbixoma ()parMeHToB.
Tak, B HEl MOXHO BBECTH MNOHATHE MOTEHUMA1A, HPEACTARIAIOMWErO cO60i YHKUMIO COCTO-
SHHUA KAXIOTO M3 MapTOHOB B JaHHBIA MOMEHT BPEMEHH I10 OTHOIIEHHIO KO BCEM OCTANbHBIM
napTtoHaM B 3TO xe BpeMs. Ilpu nepexoie U3 ogHOro coctodHus cucteMsl (1) B Opyroe ee
cocrosinie (2) pa3sHOCTb MOTEHUMANOB 3THX cocTosHHi Us — Uy = AFE; 2 ecTh «3HEprusa»
aToro nepexoaa. B JIC tuna noTtoka, MHBApDHAHTHBIX M0 OTHOIICHHIO K CIBUIY, BCETA2 MOXHO
BBECTH HOPMHPOBAHHYIO MHBapHAHTHYI0 TMOOCOBCKYIO MEpy MHOXECTBA COCTOSHUH CHCTEMBI.
JTa UHBApHAHTHA® HOPMUDOBAHHAA Mepa MO CYTU ABNAETCH BEPOATHOCTBK) Mepexoia U3 of-
HOTO cocTOSHMA B Apyroe. Haula cucreMa napToHOB HHBAPHAHTHA 10 OTHOLLEHHIO K CIBHTY BO
BpEMEHH. DTO 3aKOH COXPAHEHHs 3HEPIUH. A 3T0 3HauuT, 4to 11 JIC naproHOB BepOSTHOCTD
nepexona M3 OfHOTO COCTOSIHMS B JIPYroe MOXeT ObITh 3amucaHa Kak (hYHKIMS pa3sHOCTH MO-
TEHUHAIO0B 3THX COCTOSHHIA B BUIE pacnpedenenus ['n66ca

exp (—AE/T)

—

W = (1
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Kpome paznocts norenunanos AF, KOHKPETHbIH BUA KOTOpoH emie 6yaeT o6cyXaaThes, B
pacnpenenenue [n66ca Bxomar eule ae BemyuHbl. OIHA U3 HUX HA3BIBAETCH CTATHMCTHUYECKOMH
CYMMOH = u onpenengetca Kak cymMa Bcex exp (—AFE/T) no BceM BOIMOXHBIM COCTOAHUAM
cucteMbl. g n HE3aBHCHMBIX 4ACTHL YHCIIO 3TUX KOMOuHauuii 6yner n(n—1)/2. B nawem
ciyvae [S] 3TO ecTb YMCNO BCEX BO3MOXHBIX KOMOWHAUMEA Mepexona sOpa C 3apafaoM Z U
MacCOBBIM YHCIIOM A B CHCTeMy U3 k (parMeHTOB MPH YCJIOBUH, YTO KaXNbIH H3 HparMeHTOB
c Z, u A; ectb cTabuibHBIH WIH paInoaKTHBHBIA u3oTon. Kaxpoe takoe coctostue u3 k
thparmMenToB GyneM HasblBaTh KaHaIOM. BeposTHOCTE HabioneHHs KaHana eCcTb BEPOSTHOCTh
fepexona U3 OCHOBHOIO COCTOSHUS NEPBUYHOIO A71pa B COCTOSHHE U3 3TUX k dparMeHTOB. D1y
BEPOSATHOCTb Mbl U OyIE€M BBLIUHCIIATS.

Bennuuia T nponopLHOHATLHA CPENHEH BeIMUUHE PA3HOCTEH MOTEHUHMATOB BCEX BO3MOX-
HBIX cocTosHuil. EcTecTBeHHO Ha3BaTh ee «TeMmepaTypoii». KoHeuHo, abcontoThas Temnepa-
TYpa BbIPOXJEHHOTO COCTOSHUS PaBHA HYJIO, HO CPEOHAS KHHETHYECKas BHEPrus HYKIIOHOB,
OTCYMTbIBaEMas OT [OHA NOTCHUMAIbHOH aMbl, paBHa 3/2(PZ/5my) U onpejessercs IPaHHY-
HbIM uMnynscom @epmu Pr. A Torna TeMreparypa, KOTOpPyIo Mbl 6yIeM HCMOIb30BaTh, paBHa
T = PE/Sm_\-.

DTa BeNMYHHA MOXET ObITh MOTYYeHAa B 9KCTIEPHMEHTE WM U3 pacnpelescH!s MonepeyHbIX
MMIYJIBCOB NPOTOHOB, IDIOTHOCTHL BEPOATHOCTH KOTOPOIO €CTh pacnpefefeHue Panes,

P
J(PL) = — exp (=P} /20%), 2)
0

rie 03 = P2/5, Wik U3 pacipefesieHus NpoeKinil NONEPeYHbIX HMITYJILCOB HA IIPOM3BOJILHOE
HanpaejleHHe B MMONepeyHON TOCKOCTH

(—=P?y/207). 3)

Onwu 6ymyT pacrnpenesneHbl HOPMaIbHO C OHCNEPCHER oF.
Eciu B 3kcnepuMenTe Habmwonaercs N BenddMH z, To 3(pdeKTUBHAS M COCTOSTENIbHAS
OLEHKa BeJHYMHb 83(z = P, ) Merona MakcuMyMma npasgonoaobus Gymer

=N 9
> P,
2 i=
S P__L = . (4)
B = S
A 11 HOPMAIBEHO pachpefe/ieHHbIX BEIHYMH T OLUEHK2 AUCTIEPCHH METOJa MAKCHMATbHOIro
npasaononobus Gynet

splz) = =

5
N_1 ()

Bo Bcex doroaMynscuonHbix paborax oneHka So( P ) 3aBeiueHa Ha 10-20 % no uucrto
MeTOIHYyecKuM npuumnHam. Ing cdparmMentos ¢ Z > 1 umeeM u3 [6]

2 QAZ(A*AZ)
PO

(6)
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H, CJIEAOBATENIBHO, BKCIIEPUMEHTAIBHO HabJonaeMble BETHUUHBI

.’L‘:Piy

A1st PParMEeHTOB C PAVTHYHBIMY 3apsdaMu OynyT HMETh HOpMaTbHOE pacrpeleiecHue, HCTHHHAY
BEJIMUMHA JIMCTIEPCHH KOTOPOTO €CTb 03. DKCNepHUMeHTalbHbie oueHkH s(P)y) B npexenax
own6OK COBMANAIOT C U3MEPEHHEM O NPH PACCESIHWUH J1IEKTPOHOB Ha aapax [7].

TakuMm 00pa3oM, U3 pacnpeleneHns NPoeKUHH MoNepeyHbIX UMITYJIbCOB Ha MPOU3BONLHOE
HarnpasieHue B NMONEPEYHOH TUIOCKOCTH napaMeTp 1 Ham H3BECTEH.

JInsg HEKOTOpbIX JIETKHX M30TONOB BE/IMYUHA IPAHMYHOrO UMIyasca GepMH He M3MEpeHa.
Torma MOXHO BOCNONBL30BATHCA NAHHBIMU O BeIMuMHe panmyca aapa R = rgA'/3. Bennyuunt

Tg U 0¢ CBA3aHbl NPOCTbIM COOTHOLWIECHHEM
agrg = h/2

Ecnu cuurarte, 4TO B oQHOH A4ejike $a30Boro ofbeMa MOXET HAXOMUTHCH TOMbKO 4 HYKIIOHA,
TO JIeBas YacTb 3TOrO BhIpaxeHHd pasHa ~ 134 MaB/c na depmu [8].

[Mepeiinem Tenepb K onpegeneHuio BeiunHbl AFE B pacripenesienun ['mb6ca. DTo ecthb
paboTa, KOTOpYI0 HamO 3aTpaTHTb, YTOOBI AP0 H3 COCTOSHUA A HYKIIOHOB, M3 KOTODPHIX 7
3apsAKeHbl, MOITIO NIEPEeHTH B COCTOsIHUE U3 kK parMeHTOB O cpeiHeil KHHETHYECK O 3HEpruei
(Ty, xaxporo dparmenta B CUH-cucteme. Cpennssi KuHeTHYECKas 3Heprus (pparMenTa c
AMCTIepCHEi NPOEKIMH UMIY/IbCa Ha NPOM3BOJbHOE Hanpasnenue B CLIM, pasnom ¢%;, Gyner

(T); = 30%,/2M,,

roe M, ecTb Macca nokos ¢parMeHTa ¢ MacCOBBIM YHCIIOM A; U 3apsaaoM Z;.

Ou4eBHAHO, YTO MUIA TOrO, 4TOOL! (pparMeHThl Hayald Obl ABUTATHCH BHE 1IEPBHYHMOIO fpa,
HX W3 HEro Hago M3siedb. A Ha 3TO HAZO 3aTPATHTh JHEPIHIO, PABHYIO PA3HOCTH CYMMbI
MAacc MOKO0s Bcex (pparMeHTOB M Maccel MOKOS NepBHYHOro sapa. OTciofa noayyaeM, uTo ans
JaHHOro KaHana u3 k dparMeHTOB

i=k
AE, =Y (Mi+(T):) — M. ™

i=1

Tak Kak TOYHBIE 3HAYEHHS Macc BCEX H30TOMOB H3BECTHLI, @ BCE BO3MOXHbIE KaHAIMbI
chparMeHTauUWH JIETKMX saep MOXHO nepebpaTb, TO BBIYHCIICHHE BEPOATHOCTEH KaHAIOB M
BEpPOATHOCTEH 0OHAPyXXeHUS ONpeNeNEeHHbIX H30TONOB CTRHOBUTCS A0BOJIBHO POCTOMN 3a1aueH.

Hrak, nHdopMauns o pamuyce sapa onpefeaseT KOHCTAHTY pajleeBCKOTO pacrpelesieHHs
MOTEPEYHBIX HMITYJIBCOB (DPArMEHTOB H, CJICJOBATEIbHO, MAKCBEIUTOBCKOE pacnpelcsieHHe Ku-
HETHYECKUX 3HEpruif chparMeHTOB B CHCTEME MOKOH (DparMeHTHPYIIUErO 1pa 4Yepe3 «TeM-
neparypy» 1, a Oyny4u AONOIHEHHOH JAHHBIMHM O Maccax [10KOd AOep, aTa Xxe HHGopMalus
M03BOJISET PacCYMUTaTh abCONMIOTHBIE W OTHOCHTEJIBHBIE BBIXOAB! (pparMenToB. HeT Heobxonu-
MOCTH BBEJICHHA KaKMX-1160 cBOOOAHBIX MapaMeTpoB, KaK 3TO YacTo [eiacTcs MpH pacyerax
BbIXO/10B (PparMeHTOB. Bce 0CHOBHbIE 3aKOHOMEPHOCTH Tiporecca (pparMeHTaUHH peNsSTUBHCT-
CKHX SiIep W Anep MHILIECHEH CTaHOBATCA ACHBIMM. Teneps OHH MOryT ObITh HCIIOJIB30BaHbl KaK
HHCTPYMEHT HCCIICIOBaHHI CTPYKTYypb! AOpa.
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[Ipexme YeM nmepexomuTh K UATOXKEHHIO PE3yNbTaTOB pacyeTa BepoATHOCTEH Brixoaa dpar-
MeHToB sapa B, yKaxeM Ha Te OXHIAeMble KauecTBEHHbE O0COBEHHOCTH (DparMeHTaLuu
moOBIX sAOep U NMpH JTOOBIX 3Heprusx, KOTOpble NPIMO CIeAyIOT W3 A2HHOM METOOUKH pacuyera
BbIXOAOB (PparMeHToB. SICHO, YTO CpejiHee YHCIIO (PParMEHTOB HE JOMKHO 3aBHCETH OT IHEPIHH
PEJISTUBUCTCKOIO A1pa U Macchl 41pa, ¢ KOTOPBIM OHO B3auMonedcTsyeT. IIpu dparMeHTauuu
MUILEHH CpellHee YHCNO (PpParMEeHTOR U WX BHEePreTM4eCKHe CMEKTPbl He AOJIKHBI 3aBUCETb OT
DHEPIMM MEPBHYHOHN YACTULBI K €e Macchl. DTH [apaMeTphl B IaHHOH cxeMe (pparMeHTalny
HE HCMOMb3YITCH.

DparMeHTaLIHA SBIAETCS «XONONHOK». Bce onpenensercs BHYTPEHHHMH CBOHCTBaMH (hpar-
MEHTHPYIOLETO Aapa. MparMeHTh CYLIECTBYIOT B sSApe MO0 B3aMMOACHCTBUSA B BHIEC MApTOHOB,
BUPTYANTBHO, U CTAHOBATCS pea/lbHbIMHU, HAOII0NAEMBIMH YACTHIIAMH C TEMM UMITY/IbCAMH, KOTO-
pbie OHM B slIpe UMeld 10 B3auMoneicreua. Hanbonee seposTHBIMU OyIyT KAHATIBI C OTPHIBOM
OIHOTO HEATPOHA WM OJHOro NMpOTOHa ¢ 0b6pa3oBaHMeM ABYX (HPArMEHTOB C MACCOBBIMH UH-
ciaMH A; =1 uw A, = A — 1.

Boo6uwe kanansl ¢ 06pa3oBaHHeM ABYX (DParMEHTOB TOJKHBI JOMMHWUDPOBATh, 4 KAHATBI C
obpaszoBaHueM 5—6 u Gonee hparMeHTOB BCeraa OymyT MMETh OUEHb Malble BEPOSATHOCTH. s
3THX KAHAIOB CTAHOBUTCS CMLIKOM GOJBIINM BKJTAN CYMMbl KHHETHUECKUX 3HEPIHil hparMeH-
TOB B ReTuuMHy AE B 3KCnoHeHTe pacrpeneneHus ['m66ca. C apyroit CTOpOHBI, Te KaHabl,
B KOTOPLIX CyMMa Macc dparMeHTOB okaxeTcd Oiuxe K Macce (pparMEHTHPYIOLUETO Sapa,
JOJIXHbl HMETb CPaBHUTENHbHO Honbiune BeposTHOCTH HabmoaeHus. Bee 3TH coobpaxeHnus Ha-
XOIATCA B COMIaCHU C 3KCNepuMeHToM. Ecnu B axcnepuMenTe 6ylyT o6HapyxXeHbl OTKJIOHEHHS
OT HHMX, TO BOT OHH-TO H OydyT NpeACTaBlIsTb HHTEPEC.

2. BbIXOJIbI ®PATMEHTOB SIIPA B

H3noxeHHas MeTonMKa MOXET ObITh HCIIONB30BaHa IS pacyeTa BbIXOOOB (PParMEeHTOB M3
JMOBBIX JIETKHX sAep, e BO3MOXEH NpsMOM nepebop Bcex KaHanos dparMenTaunu. s 6oree
TAXKEJbIX AIep 3TOT MeTOI elle He WCNOJIb3OBAICH, HO €CITH MMETh B BUIY 3aMEyaHue O TOM,
uTo Haubosee BEPOATHBIMM KaHalaMM (pparMeHTaluMu OyIyT KaHafibl ¢ MaIbiM YHCJIOM JIEIKHX
(parMeHTOB, TO BO3MOXHO, YTO W JUIS HHX TaKHE pacueThl OYIyT MOIe3HsI.

Hepsoe npuMeHeHHe 3TOro Metona [5,9] mo3BonHno 06bICHUTL 0COOEHHOCTH a3UMYyTallb-
HBIX KOPpEJIALMil a-yacTul, Hablogasuneca B akcnepumenTax (10, 11] B peakuusx 1°0 — 4o
u 12C — 3a. Otnowenve sepostuocteit W (10 — 12C + *He)/W (0O — 4a) B akcnepu-
MeHTe [12] paBHo (3.2+0,6), B To BpeMs KaK B pacyeTe aTa BeJIMUHHA paBHa 3,4. DKCIIEPUMEH-
TanbHble OTHOMmEHHs W3 paboTw [12] W(7Li)/W(°Li) = (1,14 £ 0,14) n W(°Li)/W(°Li) =
(1,43 = 0,13), a B pacyete T4 BeauuuHbl paBHbl 1,09 u 1,44 coorserctsenHo. [Ipu dpar-
MeHTauMu yrmepoaa B akcnepumente [10] W(2a)/W(3a) = (0,61 + 0,04), a B pacuere
nonyyexo 0,578.

XapakTepHoil 0c06eHHOCTBIO (pparMeHTalHy yIllepoda i Kucnopona, 06HapyKeHHOH B pac-
yeTax, sBIAeTCH CPABHUTENBHO GOUTbILAd 101 H30TOMOB IE/IMS M JIHTHA C MACCOBBIM YMCIIOM 5
u *Be B npoMexyTOuHOM cocTosHuH. KoHeuno, pacmansl aTMx nped)parMenToB HEoBX0aHMO
yautbiBaTh. Ecnu “Be MMeeT TONBKO OIMH KaHal pacmaja Ha jise a-yacTuiel, To °Li u °He
HMEIOT N0 5 BO3MOXHbBIX KaHAIO0B pacraja.

B Tabn. 1 npuBeaeHs! BepoATHOCTH HabMIOAEHUS H30TONOB BOAOPOAA H FENUS MPH paciiale
Liu “He. DTu BeJHUMHBI M OyayT Aanee HCTIONb30BATHCS.
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Tabauya 1

‘ﬂnpo W(p).% | W(d),% | W(t).% | W(*He),% | W(*He), %

| “He | 13.1 425 20,6 8,3 148
| °Li | 450 293 3.8 14,2 71 |
Tabruya 2
| i | AM, MsB | AE., MsB | W, % g _,
I 6,586 20,103 50,0690 P+ °Be
2 8,435 21,935 39,9352 N+ B
3 8,250 35,270 7.7069 N+ P+ %Be
4 23474 50,504 1,1766 2P + BLj
5 27,013 54,009 0,7634 2N + *B
6 25,506 66,037 0,1731 N +2P + "Li
7 27,150 67,664 0,1416 | 2N+ P + "Be
8 32,758 86,786 0,0134 | 2N + 2P + °Lj
9 35,484 89,526 0,0095 | N +3P + SHe
10 37,827 91,836 0,0072 | 3N+ P+ °Be
11 37,349 104,894 0,0014 | 2N + 3P + °He
12 38,421 105,949 0,0013 | 3N +3P + °Li
13 53,629 107,691 10,0010 5D
14 36,455 117,514 0,0003 | 3N 4 3P 4 “He

B Tabn.2 npuBegenbl BEPOATHOCTH HabNiofeHHs KaHanos ¢parMenrtaunu sapa °B. Kax
n oxunanoce, Kanaisl 1B — p+ YBe u "B — n + B umeror Bepostocti S0% u 40 %
cooTBeTcTBEHHO, a kaHat 1'B — 5 2H uabmiogaercs ¢ BepoatHocTsio 0,001 %.

[TonyyeHHas WM 0OXuaaBlaiCsd Malas BEPOATHOCTh KaHAIOB ¢ OOJbLIMM 4MCIIOM dparMeH-
TOB KaYeCTBEHHO COMJIACYETCA C OLEHKOH MX OTHOCHTENIBHBIX BEPOSATHOCTEH, KOTOPbIE MOXHO
MOMY4YUTh U3 OTHOLLEHHS HEPENATUBUCTCKUX (ha30BbIX 06bEMOB kK YaCTHYHOTO cocTosaHus [13].
@a3oBei 00beM k YacThL MMeeT BHI

(27r3)(k—1)/2 (H MZ)I/Q s
P e w2 ®)

Ornomenne 71 = W(B — 5 2H)/W (1B — 2p + 5Li) no stoii ¢opmyne oxassiBaeTcs
nopanka 4 - 1074, uto He o4eHb OTNIMYAETCA OT 3TOil BETHMYHHBI U3 JaHHBIX Tabn.2. Pewaro-
UM 06CTOSTENHCTBOM, 06€CNEeYHBAIOIIMM MATYIO BEIHUHHY OTHOIUEHHS 7) ABMSETCH MAIOCTh
senmuunbl (3 73)%/(5° T3)?. B aKcniepuMeHTe MOTEps NEPBHYHBIM HOHOM OIHOIO TPOTOHA
WIH HEHTPOHA MOXKET OCTAaThCA HE3AMEUEHHOH, a BepoATHOCTB aToro 90 %. C apyroii cTopoHbl,
BEpOSTHOCTh KaHana Be — 2« u3 "Be B 12 pa3 6Gonbiue, yeM 13 sapa “B. Dro ckaxercs B
KOHIIE KOHIIOB HA BEPOATHOCTH HabioneHus a-yactuu u3 VB,

B Ta6n.3 u 4 npuBeeHbl BEPOSTHOCTH KananoB dparmentauuu °B u ‘Be. Teneps oxu-
JaeMas BepOATHOCTb HaOJIIONEHHUs, HAaNpHMep, NPOTOHA OymeT MojiyyeHa criepBa MPIMO CYM-
MHpPOBAHMEM TI0 BCEM KaHanaM, COAEpXallMM MpoToH u3 peakuuu °B — p + all, a 3ateM
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Tabauya 3
i | AM; MaB | AE,,MaB | W.% B —
] 0,185 11,478 91,2597 P+ “Be
2 18,578 30,224 6,0463 N+ °B
3 17,071 40,393 1,3868 2P + "Li
4 18,715 42,023 1,0953 N+ P+ Be
5 24,323 59,290 00899 | N + 2P + °Li
6 27,049 62,029 0,0605 3P + °He
7 29,392 64,343 0,0432 | 2N + P+ %Be
8 28,913 75,542 0,0085 | N +3P + °He
9 29,985 76,601 0,0073 | 2N + 2P + °Li
10 28,020 86,308 00018 | 2N + 3P + “He
1 47,419 94,053 0.0006 P 44D
Tabauya 4
i | AM;, MaB | AE,, MaB W, % 9Be —
1 1,664 10,869 92,9545 N + ®Be
2 16,888 26.101 5,7014 P+ 3Li
3 18,921 37,336 0,7274 N+P+ L
4 20,564 38,969 0,5393 2N + "Be
5 26,172 53,789 0,0357 2N + P + SLi
6 28,899 56,525 0,0216 | N + 2P + ®He
7 31,241 58,846 0,0141 3N + SBe
8 30,763 67.595 0,0028 | 2N + 2P + °He
9 31,836 68,656 0,0023 3N + P+ °Lj
10 29,870 75,912 0.0006 | 3N + 2P + “He
Tabauya 5
Snpo P D T *He “He SHe Li
W, % — | 287 54 5,0 5,0 21,0 | 0,0008 | 0,0007
Slmpo %He L 5Be Li "Be 8Lj *Be
W, % — | 0,0056 | 0,0084 | 0,004 | 0,134 | 0,105 0,4 10,5

HAO Y4ecTh BEPOSTHOCTh Habmwomenus He u °Li B kanaiax dparmentaunn '°B u Bepost-
HOCTb HabmoaeHHs NPOoToHa B HUX. [IpoToHBl MOTYT GhITH IPAMBIMY U KacKalHbIMH. B tabm. 5
npUBeNeHbl BEPOSTHOCTH HabJIIoNeHHs 3apsSKEHHBIX YacTHIL NpH parmenTamvu (°B uepes Bce
IIPOMEXYTOYHblE COCTOSHMA. B Tabnulle He NPUBORMTCS BEPOSTHOCTH HAOIIONECHUS HEHTPO-
HOB. M3 370# TabaHUB MOXHO MOJYYHTb M OTHOCHTENIbHBIE BEPOSTHOCTH YACTHL (MMM rpynn
vactuu). Tak, otHowenue W (p): W(*He + “He) = 0,287 : 0,215, a W(®B) = 0,105.
Hanuuue nyuka nonos B JIBD OHSH nossonser HameaTbCs Ha CpaBHEHHE ITUX PAaCYETOB

C SKCIIEpPHMEHTOM.
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NUCLEAR TELEPORTATION
(PROPOSAL FOR AN EXPERIMENT)
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A. V. Sermyagin® D.V. Kamanin®
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Since its discovery in 1993, quantum teleportation (QT) is a subject for intense theoretical and
experimental efforts. Experimental realizations of QT have so far been limited to teleportation of light.
The present letter gives a new experimental scheme for QT of heavy matter. We show that the standard
experimental technique used in nuclear physics may be successfully applied to teleportation of spin
states of atomic nuclei. It was shown that there are no theoretical prohibitions upon a possibility of a
complete Bell measurement, so that implementation of all four quantum communication channels is at
least theoretically available. A general expression for scattering amplitude of two %—spin particles was

given on the Bell operator basis, and peculiarities of the Bell states registration are briefly discussed.

C mowmenTa OTKpbiTHA B 1993 1. xBaHTOBag Tenenoprauxs (KT) signseTcs mpeimeroM MHTEHCHB-
HbIX TEOPETHYECKHX W 3KCIIEPUMEHTATbHBIX McCleqoBaHMi. DkcnepuMeRtanbHas peatnsauns KT 1o
HACTOSUIero BPEMEHH OCYUIECTRIEHA J1MlWb IS KBaHTOB cBeTa. B Hacrtosiued pabote npusoaMTcs Ho-
Bas 3KCMEPHUMEHTATbHAS CXeMa 419 TEeJenopTauMu Taxenon matepuu. [lokassisaercsa, 4To CTaHmapTHas
IKCNIEPUMEHTATbHAA TEXHUKA, HCIIONb3yeMas B SAepPHOH DU3MKE, C YCNeXoM MPUMEHIETCS JUTH Teenop-
TAUMUH CIIKHOBBIX COCTOSHWHM aTOMHBIX sAep. YCTAHOBIEHO, YTO HET HHUKAKHX TEOPETHYECKHX 3anpeToB
Ha OCYLUECTRIEHHWE NOJHOro OensI0BCKOro MiMepeHHs. BDTO 03HAYaeT, YTO Pealu3auus BCEX YeTbipex
BO3MOXHbIX KBAHTOBbIX KaHaTOB liepesayn MHgopMannm, no KpaiHed Mepe TEOPETHYECKH, BO3MOKHA.
Iano ofiuee BoIpaXeHHE M1 aMILTATYIbl PACCESHUS OBYX 4aCTHLl CO CIIHHOM 5 B OnepaTopHOM 6aznce

Bes1a, a Takxe KPaTko OnMcaHbl oco6eHHOCTH perucTpauny OeTOBCKMX COCTOTHHIA.

INTRODUCTION

Not long ago only science fiction authors ventured to use a term «teleportation». However
in the last few years the situation drastically changed. In a landmark work [1] a procedure for
teleporting an unknown quantum state from one location to another was described. Recent
experiments have proved that this process can actually happen [2,3]. Now invention of
QT is expected to have a great influence on the future computation and communication
hardware comparable with the impact of radio network on modern technique. It may have
important applications in superfast quantum computers (theoretical at present) [4-7] as well
as in utilizing quantum phenomena to ensure a secure data transmission (by means of the so-
called quantum cryptography) [8-10]. Practical realization of quantum information processing
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requires special quantum gates which cannot be performed through unitary operations, but
may be constructed with the use of quantum teleportation for a basis element [11]. Recently
a one-to-one correspondence between quantum teleportation and dense coding schemes was
established as well [12].

Besides a relevancy to such applications as quantum computing, QT is also a new funda-
mental concept in quantum physics. Experimental demonstrations show that QT is an exper-
imentally achievable technique to study the phenomenon of quantum entanglement. Indeed,
the very phenomenon of QT appeared to be possible only due to the Einstein—-Podolsky—Rosen
correlations (see below), which till now are confirmed exactly only for photons. The same is
true for QT, because only entangled optical beams have been so far used to teleport quantum
states of massless matter.

Since quantum information processing involves material particles such as atoms and ions,
teleportation of heavy matter is considered now as the next necessary step for obtaining a
complete set of quantum processing tools [13-16].

We propose here a new experimental scheme for QT of heavy matter based on a standard
experimental nuclear physics technique and expected to be fulfilled in the nearest one or two
years. To the best of our knowledge other methods require at least ten years to be successful.

ACTION-AT-A-DISTANCE (TELEPORTING INFORMATION)

In 1935, Albert Einstein and his colleagues Boris Podolsky and Nathan Rosen (EPR)
developed a gedanken experiment to show as they believed a defect in quantum mechanics
(QM) [17,18]. This experiment has got the name of EPR-paradox. An essence of EPR-
paradox is as follows. There are two particles that have interacted with each other for some
time and have constituted a single system. In the QM that system is described by a certain
wave function. When the interaction is terminated and the particles flew far away from each
other they are as yet described by the same wave function. However individual states of
each separated particle are completely unknown. Moreover, definite individual properties do
not exist in principle as the QM postulates prescribe. It is only after one of the particles
is registered by a detection instrument that the states arise to existence for both of them.
Furthermore, these states are generated simultaneously regardless of the distance between
the particles at the moment. It looks like one particle informs instantly the other of its
state.

The real (not just «gedanken») experiments on teleportation of information of this type,
or «a spooky-action-at-a-distance», as A. Einstein called it, were carried out only 30-35 years
later, in the seventies-eighties [19,20]. Experimenters, however, managed to achieve full and
definite success only for photons, though attempts to perform experiments with atoms [21]
and protons were also undertaken [22]. For the case of two photons the experiments were
carried out for various distances between them at the moment of registration, and the EPR-
correlations were shown to survive up to as large distances as more than ten kilometers [23].
In the case of protons, an experiment was carried out only for much less distances of
about a few centimeters and the condition of causal separation, Ax > cAtf, was not met.
Thus it was not fully persuasive, as have been recognized by the authors of the work [22]
themselves.
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TELEPORTING PHOTON-QUANTUM STATE
(OR THE LIGHT QUANTUM ITSELF?)

The next step in this direction that suggested itself was not merely the «action-at-a-
distance», but transmission of a quantum state from one quantum object to another. Namely,
this process was called QT. In spite of the successful EPR-effect experiments, until recently
even this kind of teleportation was believed to be impossible at all. At first sight it seems
as Heisenberg uncertainty principle would forbid the very first step of the teleportation which
was meant as an extraction of complete information about the inner properties of a quantum
object to be teleported. But it cannot be done because of the impossibility of measuring simul-
taneously exact values for the so-called complementary variables of a quantum microscopic
object (e. g., spatial coordinates and momenta). Nevertheless, in 1993, a group of physicists
(C.Bennet and his colleagues) managed to get round this difficulty [1]. They showed that
measurement of full quantum information is not necessary for quantum states transferring
from one object to another. Instead, it was proposed to create the so-called EPR-channel of
communication on the basis of EPR-pair of two quantum particles. Let it be photons B and
C, shown in Fig.1. After they have interacted in a way to form a single system, decaying
afterward, the photon B is directed to the «point of departure», where it meets A within
a registration system. The system is arranged in a mode (see below) to «catch» only those
events which leave no choice to C but to take a state that A had initially (before its interaction
with B in the detector at the «point of departure»). This experimental technique is very fine
but well known to those skilled in the EPR-art.
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Fig. 1. Tllustration of a general idea how the teleportation can be realized. Here A is a photon we want
to pass to a destination place; B and C, representing an EPR-pair of photons, constitute the so-called
quantum transmission channel. As a result, definite properties of A are destroyed completely at the
zone of scanning, and at another place we have the photon C' with the properties A had just before it
met intermediary object B («vehicle»). Note that the vehicle first contacts the C' photon to which the
«cargo» has to be transported, and only later it calls A to take the cargo from it
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What is important from the principal point of view, it is «disappearing» of A in the place,
notified in Fig.1 as «zone of scanning» (ZS). Indeed, interaction of B and A destroys the A
photon, in a sense that none of the two photons outgoing from ZS has definite properties of
A. They constitute a new pair of photons, which only as a whole has some quantum state,
and the individual components of the pair are deprived of this property. Therefore, in some
sense the photon A really disappears at ZS. Exactly at the same moment the photon C obtains
the properties A had in the beginning. Once it happened, in view of the principle of identity
of elementary particles, we can say that A, disappearing at ZS, reappears at another location.
Thus, the quantum teleportation is accomplished.

This process has several paradoxical features. In spite of the absence of contacts between
objects (particles, photons) A and C, A manages to pass its properties to C. It may be
arranged in such a way that the distance from A to C is large enough to prevent any causal
signals between them! Furthermore, in contrast to the transportation of ordinary material
cargo, when a delivery vehicle first visits the sender to collect a cargo from it, quantum
properties are delivered in a backward fashion. Here the photon B plays a role of the
delivery vehicle, and one can see that B first interacts with the recipient (C photon) and only
after that it travels to the sender (A) for the «cargo».

Finally, to reconstruct initial object completely it is necessary to inform a receiver at the
destination about a result of the measurement in ZS. This allows him to accomplish processing
of quantum signal (incoming with the particle C) in a due manner. Therefore, one more
channel of communication i1s needed for an ordinary or classical information transmission.
Only receiving a message (using the classical communication line) that A and B form a new
EPR-pair with zero total spin, an observer at destination may be sure that the properties
of C are identical to those of A before teleportation. In the case when A + B system has
nonzero total spin, some additional transformation of quantum signal is needed (see below).

The new idea was immediately recognized as an important one and several groups of
experimenters set to implement it concurrently. Nevertheless, it took more than four years to
overcome all technological obstacles on the way [2,3]. That was because such experiments,
being the records, are always a step beyond the limits of experimental state of the art achieved
before.

START WITH PROTONS

The purpose of this paper is to show that experimental set-ups and instruments developed
for conventional nuclear-physics studies allow one to design a new way of performing nonzero
mass matter teleportation, with a prospect to implement the project in a rather short time. For
example, in accordance with our estimates, teleportation of protons could be achieved in one
or two years.

In Fig.2, the layout of an experiment on teleportation of spin states of protons from a
polarized PH, target into the point of destination (target C) is shown. A proton beam pq of
a suitable energy within the range of 20-50 MeV bombards the LHs hydrogen target [24].
According to the known experimental data, the scattering in the LH target onto the direction
of the second target (corresponding the angle ¢ ~ 90° at the ¢. m.) occurs within an acceptable
accuracy through the singlet intermediary state [22]. Thus, the outgoing protons po and p3
form the two-proton entangled system fully analogous to the EPR-correlated photons used in
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{ communication . Classical

Entangled
EPR-pair
PPy .

Space coordinate x

Fig. 2. Layout of experiments on proton teleportation. Here pg is initial proton from the accelerator,
LH-> is a liquid hydrogen target, which may be also replaced by ordinary polyethylene (CH-) foils,
protons p» and p3 constitute an entangled EPR-pair, PH> denotes polarized hydrogen target, C is a
carbon target which operates as an analyzer of the proton polarization using the left-right asymmetry
of scattering, F-1 and F-2 are large-aperture position-sensitive particle detectors (the so-called Fobos-
facilities). Proton spin-state is being teleported from the PHa target placed at z¢ to the point ;. Kis a
point where the spin of p» gets a definite orientation (which is just the same that one of the protons p; in
the PH> target had before the scattering of p3 from it). The proton p; losses its definite quantum state,
as it forms a new EPR-pair together with the scattered proton P3. The role of classical communication
channel including a data-processing centre is explained in the text

the experiments on the teleportation of massless matter, as it was discussed in the preceding
section. At this moment the system is in a state

1
V2

One of the scattered protons, ps, then travels to the point of destination (the target-analyzer
C), while the other, ps, arrives to a point where teleportation is started, i.e., to PHy target.
The last one is used as a source of particles to be teleported. Therefore, protons within this
target play the same role as the photons A in the above section. But there are two features
differentiating the case of protons from the photon one. First, the protons p; are within the
motionless target (and thus they are motionless themselves) with a much more proton density;
besides, the protons within the PH, target have quite definite quantum state, determined by a
direction of polarization,

[Wa3) = —= (| T2)] L3) — [ 12)] T3)).

|61) = al T1) + 0] 1)

which could be oriented accidentally and, thus, unknown to the experimenters.
In the case, when the scattering in the polarized PH, target occurs in the same kinematics
conditions as in the LH5 target (i.e., at the c. m. angle 6 =~ 90°), the total spin of the particles
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p; and ps also must be equal to zero after collision. To detect the events, a removable
circular module F-1 of the facility «Fobos» is supposed to be used [25]. Due to this fact, the
detection efficiency is hoped to be much enhanced. If all the above conditions are provided,
the protons reaching a point K will suddenly receive the same spin projections as the protons
in the polarized [26] PH target. Indeed, using the so-called Bell’s basis,

) = —}2— (1] Ls) % 1)l 1),
@) = L (10 1) £ )] L),

V2
the state of three-particle system before the last scattering may be written in the form
[19557) (@f 12) + Bl 12)) + [W53)(al 12) — bl 12)) +

+ 198 (—al L2) = b] T2)) + [®1F) (~al L2) +b] T2)) ).

N =

(W123) = |@1)|th23) =

The last scattering and measurement with F-1 select from this state the term containing |\Ilgg))
and therefore the state of the particle 2 will be a| T2) + b| |2). Thus, if the coincidence mode
of the detection is provided via any classical channel, then a strong correlation has to take
place between polarization direction in the PH, target and the direction of the deflection of p,
protons scattered in the carbon target C. Here the carbon foil C plays a role of the polarization
analyzer, i.e., one measures the asymmetry of the left-right counting rates to determine a spin
state orientation of p, before the scattering [27].

In particular, if one succeeds to make a distance between the detectors F-1 and F-2 to be
sufficiently large and the difference between the moments of registration in F-1 and F-2 to be
short enough, then it will be possible to meet the important criteria of the causal independence
between the events of the «departure» of the quantum state from PH. target and «arrival»
of this «cargo» to the recipient (proton p-) at the point K. The measurements consist of
recording signals entering two independent but strictly synchronized memory devices with
the aim to select afterward those events alone that for sure appeared to be causal separated.
Thus, experimental set-up shown in Fig. 2 also allows one, at least in principle, to fill the gap
in verification of the EPR-effect for heavy matter.

GENERAL CONSIDERATION

In the experiments that were carried out until now it was managed to use only one quantum
information transmission channel corresponding to registration of Bell’s state |\Il(1§)) Is it

possible to involve other channels utilizing the states [\Il(lg)) [fb(lg)), and [@5;’))7 To answer
this question let us consider a general expression for scattering amplitude of two particles,

not necessarily identical ones, with the spin value 2 [28],

f = A+ B(S1A)(S2A) + C(S1p)(S2p) + D(S1v)(Sav) +
+ E((S1 + So)v) + F((S1 — Sa)v).
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Using a relation

(S1n)(Son) = % ((S1 + S»)n)? — % ,

in the case of the coordinate system to be fixed for a definiteness in the following way

Allx, pwlly, vz,
the expression for f can be represented in the form

. Bl, 1] C[., 1] D[, 1
—A+ o |S2 -+ 2|2 |+ 2 |S?— < | + ES. - Fs.,
i A+2[sz 2}+2[sy 2}+2{52 |+ Es. - e

where
8281+SQ, 5281"'82.

The scattering operator f can be now expressed in terms of the Bell’s state transition operators
making use of the following formulas

Se = [WEN@H)| + @) (W),
Sy = [[¥HN @] — oIy (wH]
8. = [2)BH] + ) (8],
S, = |\I/(+)><\I/(—)| + |\p(*)><\p(+)|

and a decomposition of the unity 1="Py_+ Py, + Py + I5q>+. As a result one obtains

f=aPy_ +bPyy +cPys_ +dPsy + ES, + Fs,, (1)
where
B+C+ D B+C C+D B+ D
a:A———4———, b=a+ 5 c=a-+ ol d=a-+ .

In the case £ = F = 0, expression (1) is a usual spectral decomposition for the operator
f, which can be interpreted then as a quantum observable corresponding to measurement of
one of the Bell’s state. Therefore, to register a definite Bell’s state one has to find such
experimental conditions at which all coefficients but one of a, b, ¢, or d in the expression
(1) turn into zero. For these purposes, the type and energy of colliding particles, as well as
the angle which scattered particles are recorded at, could be altered. Since the number of
necessary conditions formulated above is less than the number of free coefficients in (1), it is
clear that registration of each Bell's state is possible at least theoretically.

Directions which spin projections of the scattered particles should be measured along
for detecting the states | (), [®()), and |®(*)) form three orthogonal spatial vectors. It
follows from the relations

) =ep, @) = ey e3),

L
7
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where e; are orthonormalized states with the definite values of the spin and its projections,
e1:|110>a 62:|1,1>, 63:|17_1>5

which transform in accordance with 3-vector representation of the rotational group. It is clear
. 0 .
that spatial rotations at the angle 5 corresponding to e; — =ej, represent the group of

permutation for the Bell’s states considered (putting aside an unimportant phase factor —1).
Thus the possibility of registration of |¥{*)) state also opens the way to register two other

T
states | (1)), |®(~)) by means of change on 2 of the direction along which the spin projection
is measured. )

For identical §—spin particles the scattering operator (1) has some additional symmetries,

so that in ¢.m.s. one has

a(f) = a(m —0), b(8) = —b(m - 8),
c(8) = —c(n — 6), d(8) = —d(m — 8),
E)= E(r —0), F(0)=F(r—0).

For nucleon-nucleon scattering we have F' = 0 as total spin squared of such a system is
conserved and the last two terms in (1) describe transitions between Bell’s state with different

S2. Thus, e. g., for two identical nucleons at 8 = g— one obtains
f=aPy- + E [N @H] + 10y @]

Experimental identification of Bell's states [¥(~)) and |¥(*)) is rather simple due to the
characterization of these states by the definite values of total spin and its projections (|S| = 0,
S, =0, and |S| = 1, S, = 0, respectively). The result of spin projection measurement for
the particles 1 and 3 is

for any choice of z axis direction, provided their initial state is [¥(~/).

For particles in the |¥(+)) state such correlations take place only if the spin projections
are measured along a definite axis n. If the axis of measuring is deflected at an angle 6 from
this direction, the probability to have 5,1 + 5.3 = 0 will decrease as cos? §. One may expect
that at the energies considered, there is a scattering angle interval corresponding to [ = 1 and,
therefore, to the |\11(+)) final state of two protons.

It seems more difficult to identify states |®(~)) and |®(*)). In this case, it is necessary
first to find out a direction n’ (which is perpendicular to n) for which measurements of spin

1 .
projections give either S, = 2 and S.,3 = 3 or S, = —3 and S,3 = ~3 with the same
probability p = 0.5. Now measurement of the spin projection of the particle 2 allows one

to determine what of two possible states, }@5?) or ]@5?), the scattering has really occurred
into.
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CONCLUSION

Referring to the principle of identity of elementary particles of the same sort with the

same quantum characteristics, 1.e., the protons in our case, we can say that protons from a
polarized target PH, are transmitted to the destination point C (through the point K). Thus, in
the nearest future, teleportation of protons can come from the domain of dreams and fiction
to the reality in the physicists’ laboratories.
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O HEHABJIIIOJAEMOCTH «CKJIEUBAIOIITUX»
BO30HOB B MOJIEJIbHON TEOPUH ITOJIA
M. U. Illupokos

OObenrHEeHHbI HHCTUTYT AIepHbIX ucchenoBanui, Jybna

O6cykaaloTcs BEKTOPHO-B3auMonercTBytolume depMronHoe Y(x) u 6o3oHHOe p(x) nona. [Nokasano,
4TO «OjieTbie» GO30Hbl 3TOH MOHETH HEe B3aUMONEHCTBYWT ¢ thepMHOHaMH u Mexay coboit. Ecnn o(x)
HE B3aUMOIEHCTBYET C APYTMMH NOIIMH PU3MKHN YaCTHL, TO COOTBETCTBYIOLUHE «OAeThie» GO30Hbl UMEIOT
CBONCTBO KOCMOIOIHYECKOH «TEMHOH MaTepHH»: OHH HE MOTYT ObiThb AETEKTHPOBAHBI B 3eMHbIX Jabopa-
Topusix. 19 cpapHenus otMetum, uto B KXJI Hena6:1r01aeMOCTb M301MPOBatHbLIX [TIFOOHOB 00bsicHAETCH
MX HeCyLIeCTBOBAHMEM M3-3a KOHdainMelTa ugera.

Fermionic 1(x) and bosonic ¢(x) fields with vector coupling are discussed. It is shown that
«clothed» bosons of the model do not interact with fermions and between themselves. If p(x) does
not interact with other fields of the particle physics, then the «clothed» bosons have properties of the
cosmological «dark matter»: they cannot be detected in Earth’s laboratories. This cause of the boson
invisibility contrasts with the origin of the unobservability of the isolated gluons in QCD which is
explained by the confinement of colour.

B3aumoneicTBie Mexay (epMHOHAMH B MOJIEBBIX TEOPUSAX OBBIYHO ONHUCHLIBAIOTCH TM0-
CpeAcTBOM obMeHa «CKiieHBalolMMH» 6030oHaMu. Tlpumepst — B3anmopeiicTeue K)xaBsl THna
Yivse, KB, KX, B nepBbix IBYX TEOPHAX «CKJICHBAIOILME» GO30Hb (ME30HEI ¥ (HOTOHBI)
MoryT HabmnogaThed Hapady ¢ depMuonamu. M3sonuposauHsie roonsl KX ve naGniogawrced,
H 370 00BbACHIETCH C NMOMOLUBLIO TOMOMHUTENBHO MMIOTE3BI O KOH(paﬁHMCHTC uBeTa (3&MCTHM,
YTO OHa He ABJISETCH TEOPEMOH, BbIBOAMMON M3 JIaTpaHXHaHa TEOPHH; CM., HanpuMep, [1-3]).
3aecs 00cyxkaaeTcs TEOPETHYECKasd BO3MOXHOCTb TAKOIO «CKJIEHBaHHA» (DepMUOHOB, KOraa
COOTBETCTBYIOIIHE GO30HBI CYIIECTBYIOT, HO He HabnionawTcs (Gosee TOUHYIO HOPMYTUPOBKY
CM. B 3aKIIIOYHTENbHOM T.4). B m. 1-3 u3nararorcs OCHOBHBIE UCXOMHbIC MOJOXEHHS TIpELla-
raeMoro MexaHu3Ma 3TOro SBIeHUA:

1) onucanne HO30HOB ¢ NOMOUIBKD 0OHOGO30HHONOO0GHbX COBCTBEHHBIX BEKTOPOB MOJIHOTO
raMIWIbTOHHAHA, HAa3bIBAEMBIX «ONETHIMHU»BG030HHBIMH COCTOAHHAMH;

2) mpocTasg MojieJlb TEOPHH, B KOTOPOH hepMHOHHOE NOJIE 1) U CKaTSpHOE I0MIe » CBA3AHbI
B3aMMOIEHCTBHEM BUIAa TOK-IpagueHT (cM. nanee (10));

3) yHuTapHoe mnpeobpa3zoBaHHe MMOTHOTO raMIWIBTOHHAHA MOJENH, MO3BOJSIOLICE TOUHO
Ha#lTH «ojaetpie» OO30HHBIE COCTOSHUS.

B n.4 dopMynupyeTcs OCHOBHOE CIIEACTBHE 3THX MONOXEHMH: HeHAOIIIaeMOCTb «OIe-
TeIX» 6030HO0B. O6CcyxalTCa OApyrue OTauuug ot Moaeid Hkassl.

1. Ha6nwopaeMble ogHouactHunble cocTosHua (k) ¢ onpemenendbiM uMmnyabcoM k He
M3MEHSIOTCS BO BpeMeHH. [103TOMy OHM He MOTYT OMHCBHIBATHCH «TOJIBIMH» COCTOSHHAMM (CO6-
CTBEHHBIMH BEKTOpaMH cBoOOMHOH wacTh Hy mojHOro ramMunbToHHawa H), MOCKOJIBKY MO-
cllenHMe He cTauvoHapHsl. Hanmpumep, «rossiit» 6030H MOXET NMEpexoauTh CO BPEMCHEM B
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napy ¢epmuon-antugepmuod U obparno. [IpuanMaeM, yto GO30HHBIE OIHOYACTHUHEIE CO-
crostins (k) HOMXHB!I OMUCHLIBATLCA MOAXOMALHMH 00HOO030HHONOOOGHbMY COOCTBEHHBIMH
BeKTOpaMH H, ABISIOMHAMMCA CTAlMOHAPHBIMH. B Halllelh MOZENH MX MOXHO HaWTH TOYHO C
NOMOILbI0 YHHTapHOro npeobpazosanus H — H' = exp (iS)H exp (—15) (cM. marnee).

2. Mogens onpefendercs ee MONHbLIM raMuibToHuanoM H = Ho+ H, tne Hy ecTs cymma
cBo6ontoro ¢epMuonuoro Hyy u 603onuH0TO0 Hop ramunbsronnanos: Hy = Hoy + Ho,. Onu
ARIAIOTCH OGBIYHBIMU (DYHKIMSMH IIPETHHTEPOBCKAX Tone (x), YT (x) u ¢(x), m(x):

Hy; = /dgsz(x)(ap + Bm)y(x), (D)
1
Ho = 5 [ dalr 0+ Ve(x) - Viplx) + 167 (). @
HOCTyﬂprlOTCH KaHOHHYE€CKHE NEPECTAHOBOYHBIC COOTHOIUNCHHA BUAA
[p(x), m(y)] =18(x —y), {Wva(x),¥a(¥)}+ = dapd(x —y) 3)

(BBIITMCAHB! TOJIBKO HEHYJEBHIE KOMMYTAaTOpPbl H aHTHKOMMYTATODEI; 1) €CThb 3PMHTOBCKHM-
CONnpsXeHHas NUPAKOBCKAad KOMIOHEHTA ¥, ).

K Hy nobasnsercs TpWIMHEHHOEe HeJOKanbHOe B3ammopneictsue H; (cM. manee dop-
myay (10)), Belpaxaloleecs 4epe3 Te Xe WPEAHHTEPOBCKHE T10JI4.

3ameyanusn. He npepnonaraercs, YTO CYUIECTBYET KaKoi-JiMOo JarpaHxkuaH, U3 KOTO-
poro cirexosano 6wl 3TO B3auMopeiicTeie. He Tpebyetcs, uyTobu Mogens Obina pensTHBUCTCKOM
TeopHueil. OHa He ABNAeTCS HHBAPHMAHTHOH OTHOCHTEITBHO JIOKANBHBIX KanuOpOBOYHEIX mpe-
oOpa3zoBaHuii, Kak B Mogenb JOxasel.

3. VumtapHo npeoGpasoBaHublii ramuisTonnad H' = exp (1.S)H exp (—iS) Moxer ObTh
BBIYMCIIEH C NMOMOLIbIO GOPMYIIb

H' = H 4 [iS,H] + 3 [iS,liS, H)) + ..., wnw @)
Hl:H0+H]+[ZS,HQ]+[ZS,H1]+ )

BpMuTos oneparop S npeanonaraeTcs TpwiHHedHbIM. Ha Hero HaknamsiaeTcs clenyoluee
Tpe6oBanue: TPUIIMHEHHbIE WICHBI B NpaBoil Yyactd (5) DONXHBI OTCYTCTBOBATh:

H]-F{’L'S,H()]:O. 6)

YpaBHenue (6) onpenendet S, ecnu 3anano Hy. JIng ynpolueHns HITOXEHUS IPHHUMAEM HHOH
nogxon. Beibupaem S B BHAE HelnoKansHOro o6obiueHus oneparopa, ykasannoro Haiconom
(cM. [4,5)),

s = [ [ @yGx =y, ox) = S vt )
1 HaxoguM H; ¢ noMmousko (6). G(X —y) ecTsb npou3sBoibHas PyHKUUA X — ¥, U3 JalbHeHueH

thopmynst (10) BumHO, uto (G HMeeT CMBIC/ pa3Ma3KH B3aUMOJCHCTBUA. [INA BbIYHCITEHHS
[¢S, Hy] ucnons3syeM cootHowenus (3). Tlonyyaem

S, Hoj] = /d3 /dsycx— v, ix)e(y) /de/d%G(x—y)j(x)-vywm, ®)
i, Hoo) = / 'z / dByC(x — y)jo(x)m(y) . ©)
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B (8) j(x) o6o3HauaeT IMPaKOBCKMI TOK:
ix) = v (xay(x).

H3 (6)—(9) crnemyerT:

Hi = [ &3 [ @G- y)litx) - Tely) + axyr(y)] (10
Hanee BIUMCIIAEM KOMMYTALHIO
[iS,H] = —Hy + [iS, H/]
M3 psaa B npaBoil YacTH (4), HCNONB3Ys COOTHOIIEHHS

{]0(x)7]0(y)] =0, [jo(x)v.l(y)j = 07

seiTekawowmue 13 (3). I[Tonyyaem
[4S,H] = —/dsx/d3:r’jo(x) [/d3y G(x —y)G(X —y)| jo(x). (11)

Ina  cuemyioweit xommyrauuu  1/2[¢S,[iS,H|] wu3 (4) Temepp uMeeM, HCMONb3yd
[S,[S, H/]] = 0:

1 . 1.

5 [iS,[iS, H]] = —3 (¢S, Hy].

OcransHble KOMMyTauMH B (4) obpamaiorcs B HyAb, pil 0OpbIBAETCH, H OKOHYATENBHO IOMY-
qaeM

HIZHOb—i-Hf, Hy = Hop + Vyy, (12)
Vi = —-;—/d%/d3x'jo(x)F(x—x')j0(x’), (13)
Fx—x)= /dsyG(x -y)GEx —y). (14)

Beuny [Hoy, H'] = 0 u3 (12) cieayer, 9T0 XOpOWO H3BECTHblE COGCTBEHHbIE BEKTOPH (naree
CB) cBoGonuoro 6o3oHHOro ramwisTonnada Ho, asngiorca CB onepatopa H’. [lockonbky
H' # H, 10 onu He ssusorcs CB ucxonHoro ramwisToHMana H. Ondako ecnu 9 ects CB
wig H', 1o exp (—iS)y’ ects CB wis H:

He_isw' — e—iSH/eiSe—sz/ — e_isle, ~ e_isd/. (15)

Bce naiinenneie CB onepatopa H MOXHO SBHO BHIITMCATh B [TPHBBIYHOM BHIE, MCIOMb3Ys
HOBble 6030HHbBIE U (PEPMHOHHBIE OTIEPaTOPbI

L,E:e_isapeis, w:e—i5¢eis' (16)



O HenabmodaeMmocmu «ckaeusawuux» 6o3onoe 45

Ina sroro nepenuieM H' = exp (iS)H exp (—iS) B Buge

H=c"H'e"S = H'(¢,9) = Hy(@) + Hy(¥), (17)
HCﬂOHbByH COOTHOILUEHHd BHAA
C—iS‘P? eiS — e—iSLpeiSC—iSlpeLS — @2

¥ NOJIMHOMHANbLHYIO 3aBucumocTs H'(p, 1)) ot ¢ n 1. CooTHowenue (17) o3Havaer, 4To HUC-
XOnHBIA raMuibTonuan H(yp,vy) = Ho + H; npHoGpeTaeT BHA CYMMBbl CBOGOIHOIO G030HHOTO
ramuwibronuasa Hy, (@) 1 uucro depmuonnoro oneparopa H (1), ecmn H(p,v) Bblpasuts
yepes omnepaTopel & U . ToguepkHeM, uto Hos() 1 Hyy($) OMMHAKOBO 3aBHCST OT CBOHX
APryMeHTOB, HO 3TO Pa3HbIE ONEPATOpPbl, MMOCKONbKY ¥ 7# ©.

FaMUIbTOHHAHBI MOXHO BbIPa3WTh HE uyepes MOJl, a 4EPE3 ONepaTopbl POXACHHI-YHUYTO-
Xeuus vactul a, a' (w1a 6osonos) u b, d, bf, d' (w12 depmuonos), cooTsercTByOUIHE
panoxenus noseit (cM., hanpuMep, B [6]). Bce coGeTsentble BekTopsl Ho, (@) (asnawomumecs
onnospeMenno CB jwia H) MOXHO 3amucaTh ¢ TMOMOIBbI 6030HHBIX onepaTopos af (k) =
exp (—iS)al (k) exp (i9) 8 sune Q, al (k)Q, af(k1)at (ko) ..., te 6e36030HHOE cocTOsAHHE
€1 ynosnersopser ypasennam H (£l = 0 n a{k)$) = 0 nna scex k.

Cornacro Motusuposke n. 1 sektopst af (k)2 crenyer HCob30BaTh VTS OMTHCAHMS COCTO-
SHUH HaGnionaeMbix OJHHOUYHBIX 6030HOB. Oneparopsl df (k), a(k) poxmaloT ¥ yHUUTOXAIOT
«ogerbie» G030HHI, Mo TepMHHOMornu o63opa [7]. CoorHomrenne 4 = exp (—iS)acxp (iS)
I103BOJISET HAUTH BHIPAKEHHE G Yepe3 HCXOAHbIE 6030HHBIE H (DEPMHOHHEIC OTNIEPATOPHI POXJIE-
HHUSA-YHHUUTOXEHUS («rOJbIX» YaCTHII).

OtmeTnM, uTo exp (iS) He RIIETCA «OAeBaAIUMM» Pe0Opa3oBaHueM B OTHONIEHHH diep-
MMOHOB, 110CKOJIbKY cocTostHus Bupa b (k)§2 He sBngwoTcs cobcTBenHbIMU BekTOpamu H . Jleit-
CTBHUTEJILHO, B fo(zf)) (cM. (13)) ecTs wieHsl, cogepxatuue, nanpumep, b'd’bTb (onucwisatomwue
nepexof f — f+ f+ f). «Onervie» (hepMHOHHBIE COCTOSHUS MOXKHO HaiWTH C_NOMOIILIO
onucaHHeIX B [7] nocienoBaTenbHLIX YHHTapHbix npeobpasoBanuil onepatopa Hf(vy) (8 uacT-
HOCTH, yOupawiinx 13 ¢epMUOH-hepPMHOHHOTO B3aHMOJCHCTBHA BBILICYNOMSHYTEIC UJIEHBI).
Jns Hac ceHuac BaXHO TOMBKO TO, YTO NPH 3TOM Hpeobpasyercd TOMbKO Hf(u}) U «OHEThIe»
¢hepMHOHHEIE ONEPaTOPEl BHIPAXAKTCH TONBKO YEpe3 (hepMHUOHHBIE Yupu naoboport. Ilo-
3TOMY OTCYTCTBUE B (17) B3auMopeHCTBHA nonei ¢ W J; 03Ha4aeT, YTO «oaeTsie» GO30HBI HE
B3aHMOJEHCTBYIOT TAKXE W C «OETHIMH» (HabM0AaeMbIMH) hepMUOHAMM.

4. TTonoxuM, uto Haule 6030HHOE MOJle ¢ B3AUMOAEHCTBYET TONBKO C OIHUM (hepMUOHHBIM
T1071eEM ) M He B3aUMOIEHCTBYET CO BCEMM IPYruMM MONSMH PHU3MKH YacTull. Beine 6buio mo-
Ka3aHo, YTO «O0feThle» OO30HB He B3aHMOMCHCTBYIOT MEXRY COOOH M C «ONETHIMH» KBAHTaMH
nons 1. I[To 3TUM ABYM NpHYHHAM «oneTbie» GO30HBI HE PACCEMBAIOTCH, HE POXJAIOTCH, HE
YHHUTOXAIOTCS U He MOLYT HaOMIOmaTsCs, MOCKOJIBKY B H3MEPHTENbHBIX NPHOOpax HCIIO/b3Y-
eTCs TO WITH UHOE CYILEeCTBYlolee B3anMoaeiicTBie. CneayeT cenarb OrOBOPKY: €C/Id Y HaluMX
6030HOB Macca HeHysiesas, TO CCAyeT A0MYCTHTh BO3MOXHOCTb HX TPABHTALHOHHOIO B3aUMO-
AeWCTBMS C APYTMMM YaCTHIIaMM HewyneBoi macchl. IIoCpencTBoM Takoro B3auMOAEHCTBMA
MOXHO ObU10 Obl Ha01}0AaTh MAKPOKOIMYECTBA TAaKUX OO30HOB, HO HE OOMHOUYHBIE GO3OHBI.
Takum o06pa3oM, «omerble» GO030HBI Mogenu Morid Obl MMETh CBOICTB2 YacTHI «CKPBITOH»
WM «TEMHOH» MaTepuu, H3BECTHOH B KocMonoruH [8§,9].

OtMmeruM, uto Mozenb FOKaBbl npeackasbiBana BO3MOXHOCTL Habsl0JEHHS ME30HOB —
HEPEeHOCYUKOB B3aUMOICHCTBHS MeXIy HykiToHamu. «OpeTele» 0030HbI HalleH MOIENH HeHa-
GnromaeMbl B yKa3aHHOM Bblle CMbIcie. Bo3oHHOe rone ¢ Momenu npogsiser cebs ToIbKO
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B nopoxneHuu epMHoH-GepMHOHHOTO B3auMmoneiicTeua Vir (cM. (13)). B Monmenu uMmeercs
cobona BoiGopa opMdakTopa G(x — y) B (10) H COOTBETCTBYIOUIMX BO3MOXHBIX B32HMO-
neficteuit Vis. Tlpu G(x — y) ~ §(x —y) B3aumoneiicteue (10) apnserca nokanbubM, a Vi
0Ka3blBaeTCs KOHTAKTHbIM: F(x — X') ~ d(x — x') (cm. (14)). B obuwiem cnydae Vi, 3aBucur
oT napameTpos dopmdakTopa G M He 33BUCHT HEIOCPENCTBEHHO OT Macchl i 6030Ha, B TO
BpeMs KaK B Mofesiu HOKaBhi pandyc HYKJIOH-HYKJIIOHHOTO TIOTEHIMAsa Onpenesercs Maccoi
Me30Ha.

Iis npUMeHeHHs W3TOXEHHOH TEOPETHYECKOH BO3MOXHOCTH B (PH3HKE YaCTHL[ HYXHO
HaiTH o000wenus Moaenu. Ilpocreiiee 0600mieHHe nofiyyaeTcs, KOrma OOHO CKalspHOE
1ofe & B3aHMOMEHCTBYET C HECKOTbKUMH (PEPMHOHHBIMH MONAMHU ; TaK, 4TO

H, = Z/de/dsyGi(x =~ ¥)[§:(x) - Vely) + jo.(x)7(y)] -

Ecnu ¢; ecTh KBapKOBBIE 1O, TO » . O3HAYAET CyMMy no apomataM. Tax xe, Kak B 1. 3,

2
MOXHO TOKa3aTh, 4TO «OJeThle» G030HBl HE B3aUMONEHCTBYIOT MeXAy cOD0Ml H C «OdETHIMH»
KBaHTaMH BCEX MOJIeH 1,.
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PACYUHET JTHOOEPEHITUAJIBHBIX
DOOEKTUBHBIX CEYEHUI HOHU3AIIUMHA
B BbICTPBIX HOHHO-ATOMHDBIX
CTOJKHOBEHHUAX

A. K. Kamuncxuii'

HayuHo-HccneloBaTesIbCKHH MHCTHTYT aaepHoit dusuku uM. [1. B. Ckobenbusiaa
MI'Y nm. M. B.JIomoHocoBa, Mocksa

HanoxeH MeToa pacuera spdexTHBHbIX cevenuit do/dY nonusaunn, auddepeHunansHbix o yry
paccesHWsl HaleTaloWero MoHa, B OBICTPbIX CTOJKHOBEHHSIX JIETKMX MOHOB M atomoB. ITpusenens! pe-
3y/BTaThl YHC/IEHHOIO pacueTa YIJIoBblX pacnpesefenuit voHos Al, Mg (paznHuHbIX 3apsioB U 3HEPIUH)
nocje CroixHoBeHWid ¢ atomMaMu Ne, Mg ¢ vonusaumeit nocnennnx. O6cyxnena 3asucumocts adgek-
THBHBIX CEYEHWH HOHM3aLUMW OT HayaNbHBIX COCTOAHWHA BbIOMBAaEMbIX IEKTPOHOB, 3apsia M 3HEPrHH
HAIETAIoWEro HoHa.

The method of the calculations of the ionization effective cross sections do /d? differential in the
incident ion scattering angle is described in fast collisions of light ions and atoms. The calculated values
of angular distributions of the ions Al, Mg (for the different values of charge and energy of ions) after
their collisions with the Ne, Mg atoms being ionized are reported. The dependence of such angular
distributions on the incident ion charge and energy and the initial state of ejected electron is investigated.

BBEAEHHE

Hccnenosanus 3apsaaoBbIX, BHEPIETHUECKUX H YITIOBBIX paclpefie/IeHHH BCeX 4acTull nocse
MOHHO-aTOMHBIX CTOJIKHOBEHMH SBJISIOTCS OCHOBHBIM HampaBiieHHeM (OU3HKH HOHHO-aTOMHBIX
CTOJKHOBeHMH. BenuduHbl yKa3aHHBIX Bblle pacnpefeieHHH HeoOXOIMMBI Takxe mid Gomb-
ILIOrO KJjlacca HAayyHO-TEXHHYeCKHX mpobsieM [1-3].

B [3] n3noxeH MeTod pacyeTa yrJOBBIX M BHEPreTHYECKHX pacnpesesneHuid do/dS) nonos
10CJIE MOHU3AIMH B GBICTPHIX MOHHO-ATOMHBIX CTONIKHOBEHHAX, KOrHa 00a CTaIKHBaIOIHECH
naptHepsl A u B uMmeor Ny < 10 u N < 10 coBCTBEHHDBIX 371€KTPOHOB COOTBETCTBEHHO.
Huxe npHBeeHBl pacueThl YIVIOBBIX paclpefc/ieHdii MOHOB NOCAe MOHM3aUHU B OBICTPBHIX
MOHHO-ATOMHBIX CTOJIKHOBEHHSX, KOrfa HAIETAOMHAH HOH (Wi aToM) A uMeeT 9ucio aiek-
TpoHoB N4 < 12, a HOHM3YeMbld aTOM (MJIM MOH) MHUIUEHH B UMEET YHMC/IO 3JIEKTPOHOB
Np < 18. Tlonyuedsl HeobxoauMsele (opMdakTophl, OTMedeHa crieludHKa METola pacueTa,
Tpebyiollas YABOCHHONH TOYHOCTH CYeTa Ha KOMIIBIOTEpAX.

'kamin@annal9.npi.msu.su, kamin@he jinr.ru



48 Kamunckui A. K.

1. PACYET

IucddepeHunansuoe no yrny paccesHus 6 Hanerawoumero HoHa (m aroMa) A apdextus-
Hoe cederue do /dS) BLIPbIBAHMS 3JIEKTPOHA M3 COCTOSHHS [nlmn) B aTOMe (HJIM HOHE) MHUIEHH
B B mnockoBonHosoM 6opHoBCckoM mpubnuxennn (PWBA) seipaxaerca B Bune

dop do‘;}l do”‘
9a —da T (1)

dLeBl_ UZAMQ/’: Ny ()JQM )

= 1— ——F4
a2 z5tm? zA vg?

doin 4a2N o M? wum(q, k) dk
95 _ ZG0i¥A /SA U'Wl (q,k) _ 3)

dQ 25tm? vgt

3nech U ganee ucnonb3oBaHsl 0603Havenns: dS) = 27 sin 6 df; M — npusenennas macca
cTankuBawoweroca HoHa A M atoma B; v U v — WX OTHOCHTEJbHblE CKOPOCTH A0 M NOCJE
CTOJIKHOBEHUS; ¢ — HM3MEHEHHE MMIYJIbCA P HATETAIMIEIO HOHA, kK — MMIY/IbC 3MEeKTPOHA
B CHCTEME KOOpIMHAT, CBA3aHHOH C HOHOM B 7,11, (¢, k) — MPOMHTErpHPOBAHHBIA 10 YTy
X BbUIETA BBIOMTOrO 3JeKTPOHA KBAIPAT MOLY/AS MATPHUHOIO IEMEHTA €,1,,(q, k) mepexoma
NEKTPOHA W3 COCTOSHHUA |nlm) B HeNpephIBHLIA CMEKTP; M -— Macca 3MeKTPOHA; ag =
5.29 - 107Y cM — 60poBckHil pannyc; z} — 3eKTHBHBIN 3apil HOHM3YEMOH 060T0YKH
woHa B; BeNuuMHBl ¢ H k JaHbl B enuHuuax zphay

Beipaxenus s Mnim (g, k) w1a 1s-, 2s-, 2p-, 3s-, 3- n 3d-cocToaHUi 3MEKTPOHOB NpHBE-
neHbl B [4-6]. OHM CBA3aHbl BIPAXKEHHEM

dF(¢,AE) AE .
dAE) I (qa0) ™ *Mnim (g, k) @

F(q,AL)

C TaK Ha3LIBAEMOH IUIOTHOCTBIO O6OGIUEHHBIX CHII OCLWUIATOpA WE‘—)——

(smece AE —

nepefaya SHEPrud HOHA MPH CTOJIKHOBEHUM).

®opmynst (1)-(3) npuseneusl B [1-3] nng addeKTHBHOTO cedyenus do/dS) HOHM3ALMM
HOHa A TIpU CTOJIKHOBEHHH C aTOMOM B, TaM Xe OTMedeHa MX CHMMETpHS OTHOCHTENBLHO [ie-
pecTaHoBKH WHeKCOB A U B (pealbHbIM «HapyLIEHHEM CUMMETPHH» 4BISeTCd TOT (akT, YTo
BEJTHYUHBL 7)1, (@, k) uMelOTCE B nuTepaType 10 3d-06010uKkH, a Beanyuxsl HopMbakTopos
TIPHBEICHBl HUXE TOJIBKO JO 35-000J0YKH BKINOYHUTEIBHO).

Ces3b yI71a paccesHus @ ¢ BeMYMHaMM ¢ U k onpegensercd 3aKkoHaMH coxpadeHus. Ho-
HU3ALHOHHbBIe moTeHUManbl Iy aTOMOB H Pala HOHOB NpuBeneHH B [7-9].

B dopmynax (1)—(3) no BceM HayalbHHEIM COCTOSHUAM BIEKTPOHOB U3 HOHA N4 mpose-
NEHO CYMMHpOBaHHe Mo npasiiy cyMM. GopmdakTopsl Fa(g) 1 S4(q) onpenensorcs TONLKO
3/IeKTPOHHOH CTPYKTYpO#l aToMa (WM HOHA) A, ONHUCHIBAEMON ero HayanbHOH dyHKuMei
Ua(ry,...,rn):

Ny
Fal) = N7 / 1042 exp (iqr, /A) dr. s)
-1
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Na
Sa() = N3 |3 [ 1A exp(iale, = r)/m) dr = INAFA@F |- (©)
J#s
Hurterpuposanue B (5) ¥ (6) BeaeTcd MO BCEM palHyCaM-BEKTOPAaM BJIEKTPOHOB I'; BCEX 3JEK-

TpoHoB HoHa N 4. Ins pacyera dopMaktopos Fa(g) u S4(g) ObUTH HCOMBL30BAHBI BOJIHOBBIE
yHKuHH cBOOOIHBIX HOHOB M aTOMOB B BHIE JIHHEHHbIX KoMOunauuit [1-3, 10]:

Na
lIlA(rlar?)"'erA) :Zatij(zj’rj)Xj(mSj) (7
t 1=1

OJIHOBJIEKTPOHHBIX KYJIOHOBCKHX BONHOBBIX (DYHKUHH
wj(z;a r;) = Ru(z},7;)Yim (95, ¢;5) (8)

H CIHHOBBIX PYHKUMI X;(mmg;).
BrluucIIeHHBIE C HCIIONB30BaHHEM BONHOBBIX GyHKIHH (7)—(8) Beipaxenns wit Fu(q) u
Sa(q) mna aromos ¢ 24 < 12 u HoHos ¢ N4 < 12 uMeror npocToii anrebpanyeckuil BUM:

F(q) = N7 [N1sL(1s,1s) + NasL(2s,2s) + NapoL(2po, 2po)+
+Nop1L(2p1,2p1) + N3sL(3s,3s)], (9)

S(g) = N™' [N —a1L?(1s,1s) — a2L*(2s,2s) — a3L*(1s,2s) — asL*(2po, 2po) —
— a5L2(2p1,2p1) — aGLQ(ls, 2po) — a7L2(25, 2py) — asL{2pg, 2po)L(2p1,2p1) —
—aoL?(3s,35) — a10L%(1s,3s) — a1 L%(2s,35) — a12L2(352p0)] . (10)

KoadduuneHtsl Ny B (9) paBHBI YHCJIaM 3NIEKTPOHOB B COOTBETCTBYIOLUHUX COCTOSHHAX
Inlm). Koadduuuentsr «;, B (10) npusenens B Tabmuue (nycrTble KIETKH COOTBETCTBYIOT
HYJIEBHIM 3HAYEHHAM), BEJIMYHHBI OIHOYACTHYHBIX MATPHYHBLIX 3JIEMEHTOB

L(nlm,n'l'm’) = /\p;,m(r)eiq/r/"‘\pn,l,mr(r) dr (11)

wis Ng < 12 naHsl B NPWIOXEHHH (COOTBETCTBYIOLIKE BelMuuHb wid Np < 10 npusene-
HBI B [1]).

Ilpu aHanu3e BIUsHUSA ynpyroro copmdakrtopa F'(q) Ha ceyenus ymoGHo smecto F(gq)
paccMaTpMBaTh BXOAALIYIO B (2) BEJMYHHY

tmm=b—(&)m@r. a2)

2

CaoiictBa opMmdakTopos (8)—(11) nmpowutiocTpupoBaHsl Ha puc. 1, 2 ¢opmbakropamu
uoHoB Mg ¢ 3apsaoMm ot 0 o +11 (rpacduxu popmdakTopos m1s HoHoB Ne H Al npuBeneHs!
B [3,11]). OOwuM cBoiicTBOM Heynpyrux ¢opMmdakTopos S(g) SBISeTcs UX MOHOTOHHBIH
POCT C YBEJIMYEHHEM ¢ M YHUCAA 3/IEKTPOHOB B HOHH3UPYIOIIEM HOHe. Ynipyrue dopMpakTops!
U(q) nonasnsioT mOAbIHTErpaJbHOE BHIpAXEHHE B (2) TeM CHIbHEe, YeM MEHbLIEe BeJMYHHA ¢



50 Kamunckuit A. K.

Beawunnsl Koadduunenros a, 8 hopmyne (10) nis Heynpyroro dopmdaxropa S(g) w1 nona wan
atomac N <€ 12

N | Tepm | a1 | a2 | a3 aq as as a7 as | as | aio | @11 | a2

1| 28, | 1

2 1S, 2

3 %8yt 2 )1 ]2

4 'S, 2 12 4

S UPyo | 2 |2 | 4 0 19 | 49 | 23| 23 |49

6 3P, 2 2 | 4 4/9 | 10/9 | 4/3 | 43 | 4/9

7 Sy | 22| 4 1 2 2 2

8 5P, 2 | 21 4 1009|229 83 | 83 | 4/9

9 | Pyl 2 | 2| 4 | 13/9 | 289 | 103 | 10/3 | 4/9

10| 'Sy 212 | 4 2 4 4 4

11 | 'Sy, | 2 2 | 4 2 4 4 4 1 2 2 2

12 18 24121 4 2 4 4 4 2 4 4 4
Ulg) S(q)

Puc. 1. Beanuunn U(g) nas atoma Mg u ero nonos Mg ™ ¢ zapsnom i ot 0 no +11. 3apsa HoHa TeM
BBILLE, YeM Bbile kpusad U(q)

Puc. 2. Heynpyruii dopmdaktop S(q) m1a aroma Mg u ero nonos Mg™* ¢ 3apsaom i ot 0 mo +12.
3apsa HOHA TeM Bblille, YeM HHXe KpHueas S(q)

W 4YeM MeHbUIC CTEeNeHb HOHW3alHH WoHa (nogpobHee cBoicTBa OpM(AKTOPOB H BETHYHH
Nnim(g, k) obcyxmesn B [3, 4]).

@opmynbl (1)—(3) mpuBeneHbt B HEPEJIATUBHCTCKOM NPHONMXKEHUM, PENSITHBUCTCKHE MO-
npaBku obcyxaawTcs B [6, 12-14], B [14] npusenens! ¢opmyasl and audgepeHUHaTBHBIX
CeyeHUH HOHH3ALMUU B yMEPEHHO-PEIATHBUCTCKONH 0071aCTH 3HEPIHH CTAIKMBAIOIUUXCS HOHOB
npu E/A < 1 I'sB/uykion.
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2. ObCYXKIEHHE PE3YJIbTATOB PACYHETA

CyuiectBeHHOH 0coBeHHOCTbI0 i depeHunanbbIxX athheKTHBHBIX cedeHHil do /dS) B HOH-
HO-aTOMHBIX CTOJIKHOBEHHAX JBNAETCA Maslas lepeaaya sHepIrnd W uMiyibca HoHa (Ap < pu
AFE < E). 9T0 HEOIHOKpAaTHO OTMEYaIOCh paHee H JIEXHT B OCHOBE HCHONb3yEMOTO METoNa
pacuera. B TO Xe BpeMsi COBpEMEHHbIE CTaHAAPTHEIE IPOrpaMMBI IS EPCOHATBHBIX KOMIIBIO-
TEpOB MOIYT OBITH HCMOJB30BaHA ANS MOAOOHBIX PAacyeTOB TOJABKO C ABOHHON TOYHOCTBIO, 3TO
YYTEHO MpH cuere OPHBeAeHHbIX 31ech BenmuuuH do /dS) (HemOCTaTOUHBLH ydyeT TOro cBoicTBa
NpOrpamMm [pHBEIT K 3aHWXEHUIO BeHUHH do /dS) mis woHu3auuu atoMos Ne vonaMH Al npu
¥ — 08 [3]).

XapakTtepHble 0cOGEHHOCTH YDJIOBBIX pacnpefieNieHuii do/dS) HaneTaloUHuX HOHOB Iociie
CTOJIKHOBEHHH C aTOMaMH (WIH MOHAMM) MHLIEHEH C HOHM3AUMEH MOCIENHHX NPOWLIIOCTPH-
pOBaHbl HHX€ KaK U4 WOHM3aUMH aTtoMa Ne MoHaMH Al, xorha BHEIIHMMH SBJIAIOTCA 2s-
u 2p-obonouku (puc.3, a-¢), TaK M And HOHH3AUMHM aToMa Mg uHoHamu Mg c BHelHei

do/dQ) do/dQ
IE-4f 1T T~ a E-dp ] T d
.‘—ﬁ—‘q ﬁ*\\ 1;‘\\
2 —
IE-8f 2» \k\ 1E-8F % f
//—‘“‘7\;\\ 1s \\
i
1E-127 ' 1E-12} \

LE-16T 1E-167 \

1E-20 e 1E-20 . .
1E-6 1E-5 1E—4 1E-3 LE—-6 LE-5 1E-4 1E-3
0, pan 0, pan
daldQ

1E-4 H: p
- 7\7‘\\

1E-8 |

2s Ls \
1E-12 | \ \
1E~16 - \

N
1E-20 . NANEAN .
1E-6 1E-5 1E—4 1E-3

6, pan

Puc. 3. nddepenunanshbie achpeKTHBHbIE ceueHMs HOHHM3auuu atomMa Ne rpH CTOJIKHOBEHHH C HO-
namu: a) AlT9 ¢ sueprueit 300 kaB/HyKioH (B exunuuax CMQ/Cp B cucteme Lentpa Macc); 6) Alt6 ¢
aneprued, pasroit 2 MaB/nykiion; ¢) Al*? ¢ sneprueit, pasnoii 10 MaB/uyknod. Hauanbkble cocTOAH#S

BLIDBIBAEMbLIX IEKTPOHOB yKa3aHbl 1100 KPUBLIMH
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3s-060moukoit (puc.4, 5) Npy paxHYHbIX 3HEPIHAX HATETAKLIMX HOHOB (JUIS HAIMIANHOW WI-
JHCTPaUMH TOYHOCTH METOJa KPHBBlE NPOBENCHBI N0 PaCYETHBIM TOYKaM 6e3 CITIaXHUBAHHA).

OBLuM CBOMCTBOM BCEX MPHBENEHHbIX pacueToB BeuuuH do /dS) dB1seTcd HaTHdKe obna-
cti yoioB O ¢ snuHeifHol (B JorapugMuyeckoM Maciutabe) 3aBucuMmocTbio do/d2 ot O mpu
6 > mupz*(Mv)~1, 4yTo 3KBUBAIEHTHO pe3epdOPIOBCKOMY PACCESHHIO COOTBETCTBYIOIIMX 3a-
panos. Takue Gonmpbiuve yrIbl § COOTBETCTBYIOT OJIM3KHM CTOJIKHOBEHHSM HOHOB C MATBIMH
NIpHLE/BHBIMY NapaMeTpaMH, B 3Toil o6macTu yrios 6 pe3ynpraTsl cnabo 3aBHCAT OT HETalb-
HOTO ONMCAHMS BONHOBBIX (PYHKUMI BbIOUBAEMBIX 3IEKTPOHOB.

doldQ do/dQ
T 1t —7
) 3 \
1E-4} 35\\ a - s 6
‘ L \
——’—T.—.—T—.—\ \\ _‘I_’\
IE-8F 2 25 O ' ( \\\
s 1E-8} —_— \
\ . 2s ;
_ 2p | \
E-12p NS 1E-12} : \\\
Is NN - \\
\ > \
. \,
1E-16} N 1B 16 | AN
\\\ \\_ \ ~
1E-20 . ' LD 1E-20 ' . A
1E-6 1E-5 1E-4 1E-3  1E-6 1E-5 1E-4 1E-3
6, paa 8, pag
doldQ
1
1E-4
1E-8
1E-12
1E-16
1E-20
TE

0, pan

Puc. 4. Iuddepenunanshble 3cheKTHBHbBIE CE4EHHS HOHM3AUMK aToMa Mg DK CTOTKHOBEHHH C aTOMOM
Mg: a) c sneprueit 300 x3B/uykioH; 6) c aneprueit, paBroi 2 M3B/Hyk1ioOH; 6) c 3Hepruei, paBHON
10 MsB/uykion

TTp HOHM3ALMK C PacCesHMEM HOHOB Ha Manble yrisl § < mugz*(Mv)~! ceuenns do/d
CWIBHO 3aBHCAT OT HAYalbHOTO COCTOSHHS |nlm) yIalseMoro 3JeKTPOHa M CPaBHUTENBHO
cnabo 3asucar oT yoia 6. [Mpu Mmanbix yriax 6 sennuusst do/dS) i HOHH3aUMH BHYTpEHHEH
15-060/104KH BCEraa MeHblIe BCeX NPYTHX CEUYEHHH, HO 3TO PaxTHYHE YMEHBLIAETCH C POCTOM
9Heprud F MOHU3MPYOLIETO HOHA. DTO BHOHO Ha Bcex pHc.3-5. B To xe Bpems npu cnaboit
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3aBMCHMOCTU BeJIHUMH HoHM3auMH do/d) 1s-060704KH OT yria ) 3TH BENHYMHBI CTAHOBATCH
npeoGnanaomuMi Ha Gonbluux yriax 6. DTo clelyeT H3 TOro, YTO [1d paccesHHs Ha Gosb-
1iHe yripl TpeGyeTcs CpaBHHTENbHO GOoNblIas nepeada UMIY/IbCa ¢, PaspelleHHas 3aKOHaMH
COXpAHEHHS TOJILKO T CHJIbHO CBS3aHHOTO 1S-3/1€KTpOHa.

dold$2 doldQ
R B 1k ———
1 W . \ a s I“\ 6
\ e — \
1E-4 — IE-4f ——r— 0
! R— B
TS SN
-8[ 25 3, (I N 1E-8F 25 2p — \
Is s \\\
1E-12 1E-12] \\\
1E-16 LE-16F \\\

NN
1E-20 am - AN \15—20L ; :

1E-6 1E-5 1E-4 1E-3 1E-6 1E-5 1E-4 1E-3

0, pan 0, paa

Puc. 5. Beauuunnl do/dS) ang norusaunu atoma Mg HOHOM Mg*? (a) n wonom Mg™® (6) c aneprueii,
paeuo# 2 MaB/nyknon

Ha puc.4, 5 BumHo, yto npu Mambix ymiax € senuuudsl do/dQ) ang BoipbiBaHus 3s-
2JIEKTPOHA 3HAUMTE/ILHO NPEBHIUAKT BCE APYrHe BEMH4HHbl do/dS), pamiuune MexXiy Beiu-
yunamu do/dQ} i 2s—2p-37eKTPOHa CYWIECTBEHHO MeHbllle. B TO Xe BpeMs BETHYHHBI
do/dQ ang 3s-anekTpoHa yObIBAIOT P CaMbiX Manbix yrnax § — 0. DTo 0GBACHACTC TeM,
4YTO BEPOATHOCTH BLIPBIBaHWA CNA60 CBA3aHHOIO 3S-3JIEKTPOHA 9KPAHUPOBAHHBIM APOM HOHA

(onucbiBaeMast opMysioii (2)) 6e3 3aMeTHON nepelayu NonepevyHoro UMIyNbCa (npH «1060B0M
CTONKHOBERHMU») Mana.

[pH aalekux CTONKHOBEHHSX HOHOB C aTOMaMH C Malioi rnepefaueii ¢ HMIy/bCa BETHYHHA
U(q) pacTer c yBelMueHHeM 3apsjia HOHA (CM. pHC. 1). BTo JIPHBOLMT K 3aMETHOMY yBEsHde-
Huio do/dQ npu maneix yrax 0 < 107° ¢ pocTOM 3apsna MOHA, YTO OTHETIHBO BHAHO MpH
cpasnennn do/dQY s wonos Mg™* u atomos Mg (puc. 4, 5).

3aMeTHM, YTO BCIEACTBHE 3aKOHOB COXpaHeHHs B TakHe BeJaMyHHbl do/df} HOHM3aUMH
MpH CTONKHOBEHHAX NBYX aToMOB Mg (cM. puc. 4, a—6) NpH Beex IPUBEACHHBIX IHEPIHAX NPH
mantbix yraax f < 1075 ocHOBHOM BKJIal NAlOT 3JIEKTPOH-3/IEKTPOHHbBIE CTOIKHOBEHHS, OIH-
coiBaeMbie opMytoi (3). OTHOCHTENbHBIH BKJANl 2J€KTPOH-ITIEKTPOHHBIX CTOJKHOBEHHH B
do /dS) B apyrux obnactsx yrjios 6 nMpH BCEX 3HEPrHAX CPAaBHUTENBHO Mall 1axe [y CTOJIKHO-
BEHHS HEHTPAIBHBIX aTOMOB ([U11 HOHHO-aTOMHBIX CTOJIKHOBEHHMH OH BCETa Majl H3-3a Mponop-
HHOHATBBOCTY uKeny N4 anekTpoHos 8 (3) BMecTo Z f\ B (2)). [Ipu aneKTpoH-3MeKTPOHHBIX
CTOJIKHOBEHHAX HANETAIOIINI HOH TEPAET SHEPrHIO W UMIY/IBC Ha BO3OYXIEHHE 060UX CTAIKH-
BAIOIIMXCS 3J1EKTPOHOB, YpasHeHUE (3), ONKUCHIBAIOLIEE BKJIad B CCUYCHHC HOHU3ALMU CTOJIKHO-
BEHMil BJICKTPOHOB HAlETaKLero HoHa (WM aroMa) A ¢ aneKTpOHaMH MUMLIEHH B, COTepXHT
YHKLHIO T (G, k), Bxomdulyio B (2). Ho oTnMyne B KMHEMATHKE 3JIEKTPOH-3IEKTPOHHbIX
CTONKHOBEHHIT OT CTOJIKHOBEHHIL NIEKTPOHOB C SIIPOM NPHBOAMT K CIBHIY MAKCUMYMOB B 9Hep-
reTHYECKUX pacripele/ieHHsaX BHIOUTbIX SJIEKTPOHOB B CTOPOHY MEHBILUX (TPUMEPHO B 2 pasa)
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3HauYeHUH UMIyIbcoB k Mo cpaBHeHHIo ¢ (2). Bxuan aTux obmacteit ¢ M k B ceuenune do/dS2
3aBHCHT OT YMCIIa 3JIEKTPOHOB B CTAIKUBAIIIMXCS uacTHUax A ¥ B W OT 3HEpruM Haertaw-
wero vona A. OcoGeHHOCTH BENUYHH 7),1m (g, k) U (opMbakTopoB HEOBXOMMMO yYHTHIBATH
npu Boibope npoueaypsl UHTErpMpoBaHus B (7), (8) u aHaIN3e pe3y/nbTaTos.

[puBemeHHbIe HAa PUCYHKAX DaHHBIE MOKAa3bIBAKT BO3MOXHOCTH HCIOJIb30BAaHHOrO MeToa
pacyeTa ceyeHUH MOHM3AUMU NIPH OBICTPBIX CTOJIKHOBEHUSX MHOIO3JEKTPOHHBIX HOHOB H aTO-
MOB, TIpefeibl IPUMEHUMOCTH MeToaa obcyxueHsl panee B [1, 2, 10].

IMPIWIOXKEHHE

Beanuunnsl MaTprunbix wieMentoB L{nlm,n'l'm) B dopmyne (10) mis 3s-060104KH.
Beanunnbl MaTpuunbix aneMentoB L(nlm,n'l'm) nna nepseix 8 umeHos B (10) cosnanaiot ¢
ony6nukoBaHHbIMH B {1] mna N < 10.

L(3s,3s) = 1/b% — 2(3 —a?)/b> + 16(1 — a2)/b* —
—4(5—-10a2+at) /b +10(3—10a2+3a3)/(3b%), (M1)
ar = 2q2* /(323,),b = 1 + a?. (T1a)
L(3s,2po) = aa {1/bid* + (—3d + 9daj — 623, + 223,a3)/(3b7d”)+
+223,(d — 6da3 + dag + 424,/9 — 4z3.a2)/(bjd®)—

—823,(1 — 10a3 + 5a3)/(9b3d°) }, (112)
as = qz*[(22p/2 + 235/3), b1 = 1+ a3, aa = (225,23,/27)"/* /as. (T12a)
L(1s,3s) = c13E(1s, 3s), (I13)
ag = qz" /(215 + 235/3), bo =1 + a3, (T13a)
di =z + 23:/3, aay = sqrt (z1,23./3)7, (1136)
E(1s,3s) = aa, [8/(b3d}) — 163,(3 — a3)/(3b3d7)+
+3223,(1 — ad)/(9b3d3)] (038)
c(1s,38) = 8aa; (215 — 235/3) (215 — 235)/ (215 + 235)°, (I3r)
c13 = ¢(1s,3s)/[1 — ¢(1s, 3s)?] /2. ([13n)
L(2s,3s) = co3E(2s, 3s), (I14)
a10 = q2" [(225/2 4 235/3), bz =1+a%,, do = 20,/2+ 23,/3, (MM4a)
aay = sqrt (2z2,235/3)°, (1146)

E(2s,3s) = aaz [1/(b3d3) — (322, + 423,)(3 — a}y)/(6b3d3)+
+4235(1 - a%())(ZQs + 2235/9)/((1%()3)_

—4z22,25,(5 — 10a3, + aj,)/(9d3b3)] , (M48)
c(2s,3s) = aay [2 — (322, + 423,) /d2 + 8z3,(22, + 223,/9) /d5—
—4022,25,/(3d2)%] /2/d3, (M4r)

o3 = ¢(25,3s)/[1 — ¢(2s,3s5)%) /2. ([4n)
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O B3AUMOJAENCTBHUH YILTPAXOJIOJHBIX
HEUTPOHOB BEJIN3H IOBEPXHOCTH
TBEPIbBIX TEJ

B. A. Apmembes

Hayuno-nccrienoBaTes1bCKHilt HHCTUTYT T€XHOMOIMH MaTepHaTos,
140083, Mockosckas 0o6:., r. JIsiTkapnto-3, a/q-14

B yci10BuSX KBaHTOBaHMS MONEPEUYHOrO ABHXEHHS YIBTPAXOJIONHBIX HEATPOHOB BO BHELIHMX MOASX
(rpaBHTallOHHOE W/ITH MaTHHUTHOE O, NOTEHLHAN BELIECTBA), KOrda IBHXEHHE HEHTPOHOB BIONIb HEM-
TPOHOBOAA SIBIFETCH 3(hIEKTHBHO ONHOMEDHDBIM, CEUEHHE MX YTIPYrOrO PacCesHus o< U M 3ABHCHT OT
reOMeTpPHYECKHX XapaKTEPHCTHK TMOTNEPEYHOro CeUeHUs HeHTPOHOBOAa. BbluHCIeHHOE BpEMs XH3HM Ta-
KHWX OHOMEDHBIX HEHTPOHOB B HEHTPOHOBOIE OTHOCHTEIBLHO MOINOWEHHS 06BEMHBIX M MOBEPXHOCTHBIX
(hOHOHOB, 2 TAKKE OTHOCHTETHHO NOFIOUIEHHS BELIECTBOM MOXeT GmTs Gomswe 107 ¢. O6cyxpatorcs
payIMYHs B CEYEHMIX YNIPYTOro paccesHUs TPEXMEpPHbIX, IByMEPHbIX M ONHOMEpPHbIX HeHTpoHOB. [1puBe-
JEHbl YHCIEHHbIE OLEHKH.

When the energy of ultracold neutrons is quantized in external fields (gravitational and/or magnetic
fields, a positive surface potential barrier), their motion becomes one-dimensional along a neutron guide.
The elastic scattering cross section is o v~~ and is a function of the geometric characteristics of the
neutron guide cross section. The lifetime of such one-dimensional neutrons in the neutron guide relative
to the absorption of volume and surface phonons and relative to the absorption by the neutron guide
material was calculated to be > 107 s. The differences among the elastic scattering cross sections of
one-, two- and three-dimensional neutrons are discussed. The results of calculations are presented.

VnpasneHde SACPHBIMH PEAKLHSAMH MOCPEICTBOM Cabbix (M0 CPAaBHEHMIO C SIEPHBIMH
CHJIaMH) BHEIUHHX BO3ACHCTBUHA Ha CUCTEMY PEardpylolUX 9acTHL ABISeTCA BaXHOH npobie-
MOH, MO3TOMY HMCCNEedOBaHHME BO3MOXHBIX IIyTel ee pelleHHs B PayIMYHBIX 3HEPreTHUeCKHX
OMana3oHax NMpeacTaBldeT HAayyHBIH M NpaKTUYECKUH UHTepec. B coBpeMeHHON nuTeparype
ob6CyxXnawTcs paviMyHble noaxonel. Tak, Hanpumep, B Monorpaguu B.T. Bapsuiesckoro [1]
ONMHCAaH LIUPOKHA KPYT (PHU3UYECKHX ABJIEHHI, CONPOBOXIAWIUKUX B3AUMOIEHCTBHAS MOJNAPH-
30BaHHBIX 3JIEMEHTAPHBIX YaCTHL C MNONAPU30BAHHBIM BEIIECTBOM, YKa3aHO Ha pe3koe H3-
MEHEHHe MO0/l IEHCTBUEM CBETA CEUEHHMs PE30HAHCHOIO B3aHMOMEHCTBHA HEHTpOHa C SAPOM.
Hpyro#t mooxon cBs3aH C NOHMXeHHeM 3 (EeKTUBHON pa3MEPHOCTH B3aMMOAEHCTBYIOIUX Ya-
crut, B.H.JIyunkos Bneperie [2,3] ¢akTHYECKH NPETOXWI Coco0 MONnydeHHs IBYMEPHBIX
(2D-) ynerpaxonogusix HeidTpoHoB (YXH), coBepmatomux cBoboanoe achgeKTHBHO IBYMep-
HOe ABHXEHHE BIOMb MOBEDXHOCTH BELIECTBA, Y KOTOPbIX B I'DAaBUTALHOHHOM mnosie 3eMiH
KBaHTOBaHA 3HEpIys BEPTUKATbHOTO ABHXeHHA. O6 skcnepuMeHTanbHOM HaOIONEHUH TaKux
2 D-uefitpoHoB coobwanock B pabore [4]. Hcrnons3oBanne MarHUTHOTO MOAA WIS MOTy4EHHS
2 D-ueittpoHoB obcyxaanocs B [5]. B paborax [6,7] yka3zaHo Ha HIMEHEHHE 3aKOHOMEPHOCTEH
[POTEKaHUS ANEPHBIX PeakuHi ¢ TAKUMHM yIbTPaxOoIOHBIMI HEHTPOHAMH, OOYCITOBNIEHHOE [TO-
HuXeHueM ux 3ddeKTHBHOH pa3MepHOCTH B c1abbIX BHCIIHMX nonsx. BenuuuHa BHewnero
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Bo3eicTBHA (~ 1072 aB) Ha CHCTeMy IpH 3TOM 3HAYMTENHLHO MEHBILE XAPAKTEPHBIX DHEp-
ruii aaepHoro B3aumoaeicTsus (~ 107 9B). Boul npewioxeH crocob nosydeHns adpheKTHBHO
onHoMepHbIX (1)-) ylIbTpaxonoaHbIX HEHTPOHOB, COBEPIIAIILMX CBOGOIHOE OIHOMEPHOE [IBH-
XeHHe B1OJb HEWTPOHOBOMA, Y KOTOPbIX B 'PABUTALMOHHOM Nosie 3eMTH KBAaHTOBAaHA 3HEPrus
nonepeaHoro nBuxeHusd. KauecTBeHHO NoKaszaHo, KakuM 06pa3oM ans 1 D-HeHTpoHOB u3Me-
HAIOTCA BEPOATHOCTH HEYNPYIUX SOCPHbIX peakUui (noAarfseTcs KaHall BbUIETA HEUTPOHA H3
cocTaBrOTO 41pa). Bonnosast dynkuns 1.D-HeliTpoHa MOXeT ObITh «IPHFOTOB/IEHa» BapbUPO-
BAHUEM JIBYX BHELIHWX YCTIOBMH: BEJHYHMHBL NDHXUMAIOWIETO MOMsi (rPaBUTALMOHHOIO W/WIH
MAarHUTHOIO) W TreOMETPHYECKHMX XapaKTePHCTUK MONEPEYHOro ceyeHus HeHTPOHORONA, UTO
BBI3bIBAET 3HAYMTEILHOE H3MEHEHHE BEJIHUMHBI BEPOSTHOCTH SAEPHOH peakUMH Ui JaHHOIO
HaGopa vyacTuu u sHepruii. [IpuuuHamu, o6yciasiuBalOIUMU H3MEHEHHE BEJIHYMH BEpPOATHO-
CTeil SEPHBIX PEAKUM ¢ HERTPOHAMH, ABIISIOTCS CNEHHATPHO «IIPHIOTORIEHHBIE» BONHOBBIE
(YHKUMH HAYanbHOIO U KOHEYHOrO COCTOAHHI 1D-HEeHTPOHOB, KOTOpBIE OT/IMYAIOTCA OT BOJI-
HOBBIX (DYHKLMI 4acTHL, COBEPLIAIOLIAX TPEXMEpPHOe CBOOONHOE OBHXEHHE.

B HacrosueM coobLIEHHH pacCMOTPEHB! OLUECHKH BPEeMEHH XH3HM 1D)-HeHTpoHOB BOMH3M
IIOBEPXHOCTH TBEPAOrO Tella OTHOCHTEJILHO NMOrfoulcHUs (DOHOHOB ¥ IOWIOIUEHHS SApaMH
BelUEeCTBA, a TaKxe oCOBEHHOCTH ynpyroro paccesHus 1)-HeHTpOHOB NO CpaBHEHHUI C [BY-
MEpHBIMH U TpeXMepHbIMH vacTuliami. TlpHuBeneHbl BEIYUCIEHUS IS 1 D-HERTPOHOB B HEHT-
poHoBoae-KeT00Ke KIMHOBHIHOIO ceueHns [7], B HEHTPOHOBOAE — [0JOM LILUTHHIPHUYECKOM
KaHaje ¢ AHaMeTpOM KaHana ~ Ay, — rpaHuyHas anudHa sonusl YXH [8], U B nmoTenuunane
IBYMEPHOTO OCLWLIATOPA.

1. OUEHKA BPEMEHH XXKH3HH 1D-HEATPOHA
BBJIU3U HOBEPXHOCTH TBEPIBIX TEJI

OueHuM BpeMs XH3HH 1D-He#lTpoHa, HaxoIdulerocs Ha NnepBoM (OCHOBHOM) ypoBHe 1,
OTHOCHTEJILHO 11O1TTOLICHUS (POHOHOB C NMEPEX0IOM HEHTPOHA B HENPEPHIBHBIM CIEKTP H OTHO-
CHMTEJIbHO MOITIOEeHH HERTPOHA BELIECTBOM CTEHOK HEHTPOHOBOMA. DTH 1Ba MEXAHH3MaA «yXO-
na» 1 D-1elTpoHOB ABIAI0TCS PyHAAMEHTATBHBIMU, UX HEJTb3 MCKIOUHTE TEXHONOTHYECKHMH
cnocobamu. Paccesnue 1D-HeHTPOHOB Ha ILEPOXOBATOCTAX MOBEPXHOCTH PAaCcCMAaTPHBATHCSA
He GyleT, MOCKOJIbKY Ka4eCTBO NOBEPXHOCTH CYLIECTBEHHO 3aBHCHT OT METOJlA €€ HPHIOTO-
BJIEHHS W, KPOME TOTO, H3BECTHBI TEXHOJOIHH, IT03BOMAIOIIME W3rOTABIUBATL ATOMHO-I/IAAKHE
nosepxHocTH [9].

1.1. Ouenka BpemMeHH XH3HH 1D-HEATPOHA OTHOCHTEIBHO TMOrioLeHUs hoHOHOB. Bo-
HoBas pyHkuus (B®d) HauanbHOro coctogHus 1 D-HelTpoHa, Haxomslerocs Ha yposHe Ej:

U,(r) = ¢1(y, 2) L™/ % exp (ikl), (1)

a B KOHEYHOM COCTOSHHH HCIPEPBIBHOIO CIIEKTpA!
Ue(r) = v/ exp (ipr). (2)
3necy: k = (k;,0,0), 1 = (z,0,0) — onHoMepHsle BEKTOPBI B HAMPABICHHU JIMHUH IBUXCHHS

1D-ueiirpona; L, V — nuHeiHblil pazMep H 0ObeM MPOCTPAHCTBA; OCh  BhIOpaHa B HaNpaBne-
HUM ABUKeHHA; K ¥ p — BOIHOBbBIE BEKTOPHI HEUTPOHA B HAYATLHOM H KOHEUHOM COCTOSHMAX;
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Puc. 1. Heiitponosoa-xenobox kiu- Puc. 2. He#tpoHoBon — npaMoi
HOBUIHOIO CEYEHHUs C YITIOM pacTsopa MOMbIA LIMHIPHYECKHA KaHan pa-
20 na noBepxHOCTH BEILECTBA. YIbTpa- IMYCOM po BHYTPH BeluecTsa. Yiib-
XOJ0OHBIA HEHTPOH COBeplIaeT CBO- TpPaxoAOdHbIA HEATPOH CcOBepLIaeT
6onHoe apheKTHBHO OIHOMEPHOE [IBU- csobonroe 3dekTHBHO OxHOMED-
XKeHue BAOIb OCH Z. B Tmiocko- HOE JIBHXEeHHe BOONs ocH . B mwioc-
CTH Yz NBUXEHWE HEeHTPOHA JIOKaIM- KOCTH Yz ABUXEHHe HeHTpOHa JioKa-
30BAHO: B/I0b OCH Z — IPABUTALMOH- NM30BaHO MoTeHuHanom Ug

HbLIM 10s1eM M noTeHuranom Us Belle-
CTBa, BIOMb OCH Yy — noteHuuanoM Us
BELIEeCTBa

¥1(y, z) — JOKaTM30BaHHAA B NMOMepedHOH IockocTH yz BM xBaHTOBOrO yposHs E, 1D-
HeHTpoHa (cM. puc. 1,2). IoTreHuunan sB3aUMONEACTBUS HEHTPOHOB C BelecTBOM paseH [8, 10]:
V(r) = 27h®m~ %, f,8(r —1,), tie v = (n,j), n — HOMED 3NEMEHTAPHOH AYEHKH, j —
HOMEp aroMa B ajleMeHTapHO# suelike, f, — [IHHA paccesHUA HEHTpOHA Ha V-M sipe, m —
macca HelTpona. Pammyc-sexTop v-ro snpa r, = R, + u,, e u, — cMelledne v-ro sgpa
M3 MOJIOXEHHS paBHOBecHsd R, B KpHCTaUIHYecKo# peureTke. OrpaHUYMMCS paccCMOTpEHHEM
IMaMarHUTHBIX MAaTepHanoB, Toraa nepexon 1.D-He#itpona u3 (1) B (2) npu moObIX HAYAITBEHBIX
IHEPIUAX HEHTpOHa MOXET MPOUCXOOUTH TOJMBKO MPH IOITOIEHHH POHOHOB. BeposTHOCTB
nepexona 1 D-HediTpoHa B HenpepblBHBIHA cnekTp [10]:

v "

W = 2nh amhm 2 2an/2) [ dp(en) [ dexp tist/hm B (1 2 +

+ 0, £ F V0 (Yo, 20 )01 (Yus 2,) exp (ikR, ) exp (—ikR),) x
x (exp {ikl(t, v)] exp [~ika(0, u)]), (3)

snech K = p—k; a(t, v) — onepaTop CMeILEHHS V-TO AApa aTOMa KPHCTUUIHYECKON pellIeTKH B
reisenfeproBckoM npeacrasnenuy. [piuMeM cregyroliie ynpowamiiye npeanonoxenus. Ins
BELECTBA CTCHOK HEWTPOHOBOJA BHIOEPEM TapMOHHYECKYI0 MOJIETb, TOTOA W1 KOppensTopa B
(3) ™oxem 3amucatb [11]:  (exp[iku(t,v)] exp[—ika(0,n)]) =~ exp[{(rl(t,v))x
(k(0, 1)))]: 3mecw npeneGpernu caxkropoM [leGas—Yosutepa npu Hu3Kux TeMneparypax T
BEIUECTBA, PACCMOTPEHHEM KOTOPHIX H orpaHHyumcs. [Ipou3seneM ¢hOHOHHOE pazioxeHue
H yyTeM Juuib ofHOOHOHHBIE Tpouecchl. Bxnan B onHodoHOHHBIH nepexond B (3) naer B
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nepByl0 odepedb HEKOrepeHTHoe Heynpyroe paccesnue [12]. Ilpu HauaneHOH 3Heprun 1D-
HeiiTpona Menblie 1077 3B u renuesbix (M Bhiue) TemnepaTypax T’ BelECTBa CTEHOK Heil-
TpOHOBOAa MMeeM p > k u p = k. C yyeToM BhlllecKazaHHOro AN Koppenaropa B (3)
NOMyYUM TIPHOIHMXKEHHO = P,ps{i, (¢, v) Ua(0, 1)), e cyMMHpOBaHKe BBHIMOIHIETCS MO q,
B = z, y, 2. OGo3naunm ¢ypse-06pas koppensTopa uepes (uq (v)ug(p)), = [ dt exp (iwt) x
(i (t,v)03(0, 1)). JUia BepoaTHOCTH OAHOGOHOHHOTO Nepexona 1D-HefiTpoHa B HeNMpepbis-
HbIH CHEKTpP MOCJe HHTETPHPOBAHUSA M0 KOHEUHBIM YTJIaM BbUIETA HEHTpPOHA MOAy4HM U3 (3):

W™ ~ 4%(3m?L) ! / dpp* S| f 262 s 20) (a(v) u(v)o. (@)

B pesynbraTe 3agava ceenach K onpeneneHuro ¢ypbe-o6pa3a KoppeasTopa CMEIUEHHH aTo-
MOB BellleCTBA CTEHOK HEHTpOHOBoJa. B paccMaTpHBaeMbIX KOHCTPYKIHMAX HEHTPOHOBOJIOB
(puc. 1, 2) uMmeeTcs TBepaoe TeJo0, OrpaHHYeHHOe cBOOOAHON MOBEPXHOCTHIO, BOH3H KOTOPO#H
VYXH B HauanbHOM COCTOSHHH coBepluaeT cBoboanoe achdeKTHBHO OIHOMEPHOE ABHXEHHE
Bonb ocd z. KonebarensHplii crniekTp KpHCTaL1a, OTPAaHHYEHHOTO ITOBEPXHOCTBIO, OTJIHYAETCH
OT cnekTpa OECKOHEUHOro KpUCTALTA TeM, UTO NMOARIAIOTCS JONOJHHUTESBHBIE, JIOKATH30BaH-
Hule BOsM3u ToBepxHOcTH Konebanna [13]. Ilpu Hu3kux temmeparypax Bo30yXJaeHa TONLKO
ITMHHOBOJIHOBAS 4acTb aKyCTHYECKMX BETBEH clieKTpa KoneOaHWH cpelbl, KOTOPYI0 MOXHO
paccMaTpHBaTh B KOHTHHYaJlbHOM npelene. B arom cnyyae nmoBepxHocTHble KoneGaHus Oy-
OyT NpeACTaB/IEHbl TONbKO P3NEEBCKMMH BOJHAMHM, SKCIIOHEHIHATBHO 3aTYXalOUIMMH B IIyOb
BeiectBa [14]. TIpuHMMas BO BHMMaHMe H3BECTHOE COOTHOLIEHHe MeXay ¢ypbe-obpazom
koppensTopa {u,. (V) us(p)), ¥ 3ana3msiBaomnMy GyHKuuamu [pura dononnoro mons [11],
MCIONB3ys BbluMCIeHHd paboThl [7], HanuuwieM pe3ysabTaT i Koppeadropa u3 (4) B ciyvae
nepexoza 1 D-HeWTpOHa B HENIPEPbIBHBIA CMIEKTP C MOITIOLIEHHEM 3HEPTHH fw OIHOIO MOBEpPX-
HOCTHOTO (pOHOHA:

(uu),, = AN _Ew(dpc|F)) (1 — €)Y 4+ (1 - £%c2 /) V7). (5)

3necy N, = [exp(hw/T) — 1]7!; ¢ u ¢ — CKOPOCTH NONEPEYHOTO W MPOIOJIBHOIO
3BYKOB B BEILECTBE; p — IUIOTHOCTb BELIECTBA CTEHOK HEHTPOHOBOAA; cr = £¢t — CKOPOCTH
MOBEPXHOCTHOW pP3NieeBCKON BOMHBI, 3HaueHHe & onpenenserca koadduumentom Ilyaccowna
emectsa, 0,874 < £ < 0,955 [14]; F' = 2(2 — £2) — 2(1 — ¢H)V/2(1 — £2c2 /)Y — (1 —
€2)712(1 ~ €22 /c}) 2 — (1 - )2 (1 - €3]y

IMoncrasnsas (5) B (4) M yuHThIBas, UYTO SHEPIMA HEHTPOHA B KOHEYHOM COCTOSHMH
h?p?/2m = Kw, nocie WHTErPUPOBAHHA OKOHYATESbHO MOJYYHM BHIPAXEHHE JUIS BETHYHHEI
BEPOSTHOCTH nepexofa 1 D-HeliTpoHa U3 JTOKATH30BAHHOTO COCTOSHUS B HENPEPBIBHBIH CHIEKTP
C MONIOLIEHHEM OJHOIO TMOBEPXHOCTHOrO (DOHOHA B PE3Y/IbTATE HEKOTEPEHTHOIO PacCesiHHUs:

i) ~ 3,5m M T, (ph’c}[F[) ™! x
X [(1=€9"2 + (1= €% /c)) IS5 | [ P Bt (yny 20), - (6)

31ech TemmnepaTtypa BellectBa 1 H3MepseTcs B €OWHHMLAX 3HEPTMH; M; — JIHHEHHa1 KOH-
LIEHTpAlUd aTOMOB BELUECTBA BIOJNb HAnpasleHNA OBHXeHHA 1D-HeiiTpoHa (BIOMb OCH I),
CYMMUpPOBAHHE MO j NPOBOJMTCA MO aTOMaM 3JIEMEHTApHOH A4YedKH, a CYMMHDOBaHHE IO 7
MPOBOAMTCS TO 3JIEMEHTAPHBIM d4eiKaM B Iybb BellleCTBAa HEHTPOHOBOAA. YYHTHIBAIOCH, YTO
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[I0BEPXHOCTHAs paJieeBCKasd BOJTHA IIPH XapaKTEPHBIX YacTOTax (resIMeBbie TEMIIEPATYPHI) PO-
HHKAeT B BEIUECTBO CTEHOK HeHTPOHOBOmA Ha rybuHy ~ T(1 — €2)Y2/he, € ~ 107 em, T.e.
Ha nopanok (1 Gonee) rmybxe, yeM BO 1 D-HeliTpoHa, TpPOHMKAOILAS B BEIIECTBO Ha [yOUHY
~ Alim — rpanuyHas wivHa BostHel g YXH. TlostoMy npu nomydenun (6) npeneGpersiu
3aTyXaHHEM PaJieeBCKOH BOJIHBI BIAIH OT NMOBEPXHOCTH CTEHOK HEHTPOHOBOJA B riyOMHe Be-
IEeCTBA.

Anastornyio pabore [7] monyuum 13 (4) BelH4HHY BEpOATHOCTH nepexoga 1 D-uHedTpoHa u3
JIOKAMY30BAHHOIO COCTOSHUS B HEMPEPBIBHBIN CMEKTD B PE3y/IbTaTe HEKOrEPEHTHOTO paccesHus
C NOMIOIUEHHEM DHepruH fuw 0aHOIro o6beMHOro poHoHa:

oy & 2-10°(mOp) Ay (T/Op) /2551 £ P My St} (Yn 2n), (7)

3neck M; — Macca s1pa j-TO aToMa 3JIEMEHTAPHOH TYEHKH.

IMpu nonyyennn (6) u (7) npeanonaranock, uro nebaesckas Temneparypa Op > T (Ha-
npuMep, 18 KpeMHust O p = 645 K [15]). B dopmynst (6) 1 (7) W1d BEIHYMH BEPOATHOCTECIH
nepexona He BXONHT 3IHEPrUS HEHTPOHA B HAYAIBHOM COCTOSIHHH, IO3TOMY 3TH (DOPMYJIBI
CHpaBe/UTHBBl NPH Nj06bIX HAYaTbHBIX 3HEPTHAX 1D-HelTpoHa, MenbHx ~ 1077 3B.

1.2. Ouenka BpeMeHH XHM3HH 1D-HeHTPOHA OTHOCHTENILHO MOIVIOLIEHHA AApAMH Belle-
cTBa. BepoaTHOCTE peakuuu n —-y B EIMHHUIY BpeMeHH g 1. D-HelTpOoHa C BELLECTBOM CTEHOK
HedTpoHOBOna ectb W, = jon,., FI€ j — IUIOTHOCTB N10TOKA BEPOATHOCTH, O, — CEYEHHE
7n — 7y-peaKUMu Ha OJHOM flpe, 7, — KOHILEeHTpauus aTtoMos BeulectBa. Y3 (1) crnemyer
j = (Rk/mL)¥?(y,z). Hocie cyMMHPOBaHHS [0 BCEM aTOMaM BELIECTBA I1OMyYMM OKOHYE-
TENTbHO:

Wa = O—ﬂ(k)(h‘k/m)nlz’llw%(y’lu ZTL)’ (8)

30ech 04(k) — ceueHHe n — y-peaklnH, OTHECEHHOE K O[HO 3TeMEHTapHOMN syeiike.

Bpems xu3uu 1.D-HeHTPOHA B TOKATTH30BAaHHOM COCTOSHUH BOJIM3M I1OBEPXHOCTH BELIECTBA
CTE€HOK HEHTPOHOBOAR OTHOCHTE/IbHO NOMIOLIEHHS TOBEPXHOCTHOTO (POHOHA M I1EPEX0Na B He-
NpepbIBHBIA CReKTp OymeT 75 = I/WI”("S), OTHOCHTEJIbHO MOMIOUEHUS 06beMHOro goHOHa —
Ty = 1/W1“("V), H OTHOCHTENBHO MOMIOLEHHS HEHTPOHA BELLECTBOM CTEHOK HEHTPOHOBO#A —
T, = 1/W,.

1.3. Ouenka BpeMeHM XH3HH 1D-HeHTpOHa B HeHTpOHOBOJe-KenobKe. Helitponosoa B
dopme xenobka KIMHOBHIOHOTO CeYEeHMS C YIJIoM pactsopa 26 mokaszan Ha puc.l. YroGsl
TOYHO BBLIYHCITHTb CYMMY 5,%% (Y, 2n ), HEOBXOAMMO peluTh ypasHenue Lllpenuurepa c yue-
TOM KOHEYHOCTH BEJTHYHHBI NoTenuuana Us BemecTBa CTEHOK HeiiTpoHoBoma. OmHako g
BBIYMCIIEHHS BpeMeHH XHU3HH 1D-HeHTpoHa B HEHTPOHOBONE MOXHO MOJYYHTH YIOBIETBODH-
TEJIbHYIO OLEHKY 3TOH CYMMBI, HCXOIOS M3 YHUCTO TeOMETPUYECKHX COOOpaXeHHH, aHaNoTHY-
HBIX [7].

Bapuanuonnas BO 1D-HefiTpona uis nepsoro yposusa E; 6yner (npu Us — 00):

¥1(p, @) = 26°(2/30)pexp (—Bp) cos (mp/20),
B = [127%m%g0 sin 0/h*(x® + 26°)(x? — 6%)]/3, )
Ey = h*B%/6m + w°h? 5% /12m6? + 2mgn®sin 8/(x? — 6)68,

30€Ch g — BEJIMYHMHA YCKOPCHHA CBOGOJ]HOFO [MaJcHHd B I'PABHTAIHOHHOM TMOJIE.
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C y4eTOM 3KCMNOHEHUHTLHOrO 3aTyXaHus TouHoit B® 1D-Heiitpona ¥ (y, z) B BewecTse
CTEHOK HEATPOHOBOAA HA MIyOHHE ~ Al MOIY4HM

anf(ynazn) ~ (/\]im/al)zn'lp(ll(pna 50 = 0)7 (10)

31€Ch a; — NOCTOAHHAA PELIETKH BELUECTBA; P, ( — MOJSpHbIe KOOPAHHATHI B IUIOCKOCTH 2.
VuuthiBas ABHbIH BuJl BapHaunoHHoH BMD (9), nonyyuM oueHky

Vi, = 0) = (8/36)8"p” exp (—28p) [N/ (o sin 6 + A )]°. (11)

[Monaras 6 < 1, p sin 6 3> A, W Nepexons OT CYMMHPOBaHHMSA M0 N K HHTErPHPOBAHHIO
1o p, noxyuum u3 (10), (11):

Zul”%(.%n%:) ~ (4/3a?)(6)‘1im/6)3~ (12)

[Tpunumas Bo BHHManue (12), u3 (6)-(8) monayuuMm uis BpeMeHH Xu3Hu 1D-HelTpoHa B
KPEMHUEBOM HelTpoHoBoOJEe-XefobKe ¢ ymoM pacrtsopa kiuna 26 = 10° npu T = 10 K:
7¢ =3-10%¢c, v = 6-10% ¢, 7, = 150 c. Ing yma 6 = 10° ykasaHHbIC BPEMEHA YBENTH-
yarcs npubausuTensHo B 2 pasza. TakuM o6pa3oM, npu COOTBETCTBYIOILEM BbIOOpE BeluecTBa
CTEHOK HEHTPOHOBONA H NMpoduiist ceveHUd xenobka BpeMs Ku3Hu 1D-HeATpoHa MOXeT ObiTh
OTPaHHYEHO TONLKO COBCTBEHHBIM BPEMEHEM XHU3HH T ~ 107 c.

1.4. Ouenka BpeMeHH XHU3HH 1D-HeHTPOHA B HeHTPOHOBOAE — LHWIHHAPHYECKOM Ka-
Halne. HeiitpoHoBoa B hopMe nonoro npaMoro LHJIHHAPHYECKOTO KaHana B MacCUBe Matepuana
nokasaH Ha puc.2. DdekTuBHbIR noTeHuUan B3auMopeiicTsus YXH ¢ BeIECTBOM CTEHOK
HelTpoHoBoaa paseH Ug. Ilns onpefcfieHHs HWXHHUX 9HEPreTHYECKHX YPOBHEH JIOKaTH30-
BAHHOTO COCTOSAHMS 1D-HeHTpPOHA B TAKOM HEWTPOHOBOE XOPOLIUM SBRISETCH NPUONHXEHHE,
Korza noreHuuan s3aumonedctsus YXH co ctenkamu Heiitponosoaa veorpaiuueH (Us — o0o).
B s710M cityuae yposiin sHeprupn 1 D-ueiiTpona 6yayr onpenenstbes ypasHenuem Jy (kpo) = 0,
e k = (2me)'/%/h, m — macca HeiiTpona, £ — cobCTBeHHOE 3HaueHue sHepruH, Ji(a) —
cynxums Beccens. Duepreruucckue yposun 1 D-weittpona 6yayT e, = k%ol (2mpg)~,
3nech «y ; — k- Hynb dynkuun Beccens J)(a) B nopsake BospacTaHus oy, ;. Huxnue avepre-
THYeCKHe ypoBHM 1DD-He#TpoHa JIerko HaxoaaTcs W3 JanHbiX Tabiuu [16]: nepsbie TpH ypoBHS
MMEIT 3HAaueHHs aHepruil £o0 = 2,88h%/mpi; eor = 7,33R%/mp3; 02 = 13,21K%/mp?.
[IpuBeneM uydcneHHble 3HayeHUS Wi HelHTpoHosoma w3 rpagmta (Us = 195 naB). Ilpu
pamuyce HEHTpOHOBOmA Py = Alim = 64,8 HM nepBble Tpu ypoBHA 3Hepruu OymyT 29; 74
i 134 usB. Tlpu pagnyce py = 2X;;,, NOMyduM 3Havenus ypoBHeH sHepruu 7,3; 18,6 u
33,5 waB. Takum ofpa3oM, npuustoe nNpubnuxeHue o GeCKOHEYHOH BEJNMYMHE MOTEHIH-
ana Bel(ecTBa CTEHOK HeHTPOHOBOMA SABIAETCA OMPABRAHHBIM 1S HUXHHUX YPOBHEW IHEpPIrUH
1 D-neitrpoHa.

B nanpredinieM Ham noHamobuTca 98HBIH Bul BP 1D-HeilTpoHA B OCHOBHOM COCTOSHHH.
BapuanmoHHbIM McTOIOM Purtua nonydum BO

U(z, p,p) = [2(2y + DI2p5 1= (p/po)?) exp (ikz)/(2m)'/* npu p < po,  (13)

u U(zr,p,p) = 0 npu p > py; snavenue v = (1 + 21/2)/2 ~ 1,207 u [2(27y + 1)]V/? =
2,613. Ins B® (13) sneprus OCHOBHOTO JIOKA/IM30BAHHOTO cocTOAHMA OyaeT Enyi, = y(2v +
1)(2y — 1)7th?/mp3 = 2,91h%/mpf, 4TO XOPOUIO COIIACYETCS C TOYHbIM 3HAYEHHEM BDHEp-
T'MH £(0.
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1 BBIYUCIIEHHS Tg, Ty M T, CHEJTaEM OLIEHKY BEJIHYHHBI CyMMbI Enl/)f(y,,, 2y ), UCTIOJB3YS
CcoOOpaKeHHUs, aHAIOTHUYHbIE NPUBEJeHHBIM B 1. 1.3. YuutsiBas aBHbIH BUO BMD (13), nonyyaeM
OLIEHKY

ani)(yna Zn) ~ /\lim(2p0 + )\lim)(Qa[p());:)[/\lim/(p() + /\lim)]Q- (14)

[Tpunumas Bo BHuManwue (14), n3 (6)-(8) nmonyuyuwM 3HaYEHHS BENUYMH BPEMCHH KH3HH
1D-HeiiTpoHa B MONOM LHJIHHAPHYECKOM HEHTPOHOBONE BHYTPH BellecTBa (KpPEeMHHH) npu
T =10K: 219 pg = Ay =75 = 4-10 ¢, 7v = 8-10% ¢, 7, = 0,02 c; w18 py =
10\, —7s =2-107 ¢, 7v =4-10" ¢, 7, = 10 c. Takum 06pasoM, IIPH COOTBETCTBYIOLIEM
BbI6Ope BellecTBa CTEHOK M pa3Mepa JuaMeTpa HeHTpOHOBONA BpeMs Xu3Hu 1D-HeitTpona
6y1eT OrpaHHYEHO TOIBKO COOCTBEHHBIM BPCMEHEM XH3HH.

2. YOPYTOE PACCEAHHUE 1D-HEUTPOHOB JAPYT HA JIPYTE

PaceMorpuM mnpouecc ynpyroro paccesHms ABYX 1D-HEHTPOHOB ¢ aHTUNapaLIeNbHBIMH
cnunamu (7]). Tlpeanmonaraem, yTto aHepruu HeHTPOHOB JocTaToyno Mansl (~ 107! 3B) u
3HEPIUS WX NOMEPEYHOro ABHXEHUS OCTaeTCd BCE BpeMS KBAHTOBAHHOW. B HauaneHOM (1) co-
CTO4HHUH HaBCTPEUY APYT APYTY BIOIb OCH HeillTpoHoBoda (puc. 1 U 2) cBoboaro asuxytcs 1.D-
HelTpoHsl ¢ 1 D-umnynscamu P,y u Pjo, a nocne paccesnus (B KOHEYHOM COCTOSHUK f) pac-
xoaatca 1 D-ueittponel ¢ 1.D-umnynbcamu Py u Pro. B crcTeMe KoopaMHaT, onuceiBaolLIci
OTHOCHTENbHOE OBHXKEHHE ABYX 1D-HelTpOHOB BIOMbL OCH HCHTPOHOBOAA (OCH I), FAMUIBLTO-
HHaH B3auMoaeicTBus umeeT BUL H = — (k% /m)0%/0x% — (R?/2m) (A1 + Do) + Fi(y1, 21) +
Fo(ya, 22) + V(r1 — r2). 3nece m — wmacca ueiitpona; Ay, = 82/0y} + 0%2/022, k = 1,2;
T = z:~To; V(ry —ry) — noTeHuManT B3auMoueACTBHS HEHTPOHOB (T1); ry = (xk, Y, 25) —
PanHYChI-BEeKTOPbI HEATPOHOB.

Hns 1D-HelTpoHOB B HEHTpOHOBOIe-kenobke (puc. 1) Fi(y1, z1) + Fo(y2, 22) = mg(z1+
z9) + Vs(y1, 21) + Vs(ya, z2), 11e g — yckopedue cBoGORHOIO nageHus, Vs — [OTCHUMAN
BELIECTBA CTEHOK Xkenobka (~ 1077 3B). [Ina 1D-HeHTPOHOB B HEHTPOHOBOAE — LMIMHAPH-
qeckoM KaHate (pHc. 2): Fi(yy, z1) +Fo(yo, 20) = Vs (p1, 1) + Vs(pa, o), 3necs Vs(p, o) =
{Onpu p < py; Us npu p > polUs ~ 1077 3B}. Ins 1 D-HEATPOHOB, ABUKYWHMXCH B HEfi-
TPOHOBOE, 00pa30BaHHOM NOTEHUHANOM ocuuaTopHoro tuna: Fy(y;, zi) + F2(y2, 22) =
mw?(pf + p3)/2.

B® cucrtemsl 10 (i) u nocne (f) pacceauus:

U, = ulyr, 21) ulys, 22)(27h) /2 exp (iPz/h),

. (15)
Vs = ulyr, 21) ulys, 22)(27h) "2 exp (i Prz/h),

31ech: u(yy.21) M u(y2, 22) — noKanusoBanHbie BO nepsoro W Broporo 1D-HedTpoHOB B
[10NepeyHoi I10CKOCTH HelTponosoaa; P, u Py — 1.D-HMIYIbCHl OTHOCHTENBHOTO BUXKEHUS
1D-HeHTPOHOB 1O W 1oc/e B3anMoneicTsud, P, = (P — Po)/2, Py = (Pr1 — Pr2)/2.

IIna onucanus npouecca paccesHuss YXH B NPUCYTCTBHH BHEIHETO MO HEOOXOAHMO
Hcnonp3oBaTh ypaBHeHus ®aameesa. Eciu orpaHuuydTecd ciydaeM, korma 1 D-HelTpoHbl Ha-
XOIATCA HAa NMepBOM KBAaHTOBOM YpPOBHE M HEBO3MOXEH repexold Ha Oollee BHICOKHME YPOBHH
3HEPIHH, TO, KaK ObL10 1oxa3aHo B [7] Ha OCHOBe pelueHHS ypasHeHui Majneesa, /114 Bbl-
UUCTIEHHS CEYEHHS PacCesHHS MOXHO MCIIONb30BaTh OOpHOBCKOe NpHOAMXKEHHe, ONUCHIBas
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3auMoneiictene YXH ncesponotenunaniom @epmu Vi(r; — rp) = 4rah?m=16(r; — ra),
e a« = —185 ¢dM — mmna n — n-paccesnud [17]. OTHocuTeNnbHad MOTPELIHOCTH TAKOIO
perieHust 110 CPaBHEHUIO C TOYHBIM pellleHHeM ypaBHeuit @ammeesa ang 1.-HelTpOHOB B
HeiiTpoHoBoe-xenobke 6yneT ~ aff ~ 1071 e f~! ~ 10™* M — xapakTepHas WLIHHa
WIS JIoKasiv30BaHHOH BM HeliTpoHa B MonepeyHol mjaocKocTH HelTpoHoBoaa (7], v o 1.D-
HEHTPOHOB B HEHTPOHOBOJE — LUWIMHIPHYECKOM KaHallec OTHOCHTE/IbHAS MOrpelHocTs Oyner
~ a/p() < a/)\“,“ ~ 1077,

Beposrhocts paccesitus 1D-neiitponos (T]) ects dwy; = (27/h)|Vy|?6(Ey — E;)dPy,
e Vi, = f \I/}Vp(rl —r2)¥,; de dy dy2 d21 dzy; E; n Ey — 9Heprus CUCTEMBI 10 H 1OCHE
paccesHus.

Ins onpenenenust ceuenus paccedHus do HeoGXOOMMO BEPOSTHOCTb dwjy; MONETHTh Ha
IIOTHOCTH 1oToka J crankusawimuxcs yactuiu. Jing 1D-nsuxenus do ssiserca Gespas-
MEpDHOH BE/TUUMHOH, B OTJIMUME OT ciydaeB 3D- u 2D-IBUXEHHUHA, KOraa CeYeHHs HMEIOT
pa3MepHOCTH IUIOWANH M UTHHBI COOTBETCTBEHHO. IIpH 1D-ABHXEHHH pacnpenesicHHe Heil-
TPOHOB B NMOAEPEYHOI TUIOCKOCTH HENTPOHOBOJA MOJIHOCTBIO ONpee/ieHO JOKaTH30BaHHBIMH
B® u(y1,21) ¥ u(ys,22). B noroke 1D-HEHTPOHOB Ha OJHOM KBAHTOBOM YPOBHE HE MO-
XeT HaxoauTeca 6oslee OQHON 4aCTHUBI C OJMHAKOBBIMM KBAHTOBBIMH unciaMu. [1oaToMy Ko-
nn4ectBO 1D-HeHTpOHOB, MpoILENIMX B eAMHMIly BpeMeHH BHOJb HEHTPOHOBOaa, H Oyder
OlpeAesIATh IIOTHOCTH 0TOKA HEHTPOHOB, T.¢. J = v,/27h, tae v; = 2P,;/m — oTHOCHUTENb-
Has cxopocTb 1D-HeHTpoHOB 1o cTosikHOBeHHs. CedeHHe paccesHus 1D-weiiTpoHoB Oyzmer
do = dwy,/J = 47%v; |V |26(E; — E,) dPy. TIpoBosias MHTErpPHPOBAHUE MO KOHEYHBIM HM-
NyJAbCAM M YYUTHIBAS TOXAEGCTBEHHOCTh YACTHL, MOMYYMM BBIPAKEHHE JUIA CEUYCHHS YIPYroro
paccesaHus 1D-HeilTpoHOB

aip = 167°0 |V, |3, g, - (16)

2.1. ¥Ynpyroe pacceanne 1D-HeHTPOHOB B HEHTPOHOBOAE-Ken00Ke. [T BBIYUCIIEHHA ce-
4yeHHus ynpyroro paccesHus 1)-HeHTpOHOB, HaxomsLIUXCs B HelTpoHoBone-xenobke (puc. 1),
B KauyecTBe JIOKATH30BaHHbIX BM HaualbHOTO M KOHEYHOTO COCTOSHHIT HCNONb3yeM BapHalu-
onnywo B® (9). Torpa, nprHnMas Bo BuuManne BM (15), nonyuum nocne Boiuucnenus Vy;

o1p = (57raﬁﬁ2/4m9)21;*2. (17)

CnenaeM YHCIIEHHbIE OLEHKH, MCMONb3ys Jannsie [7]. Jna § = 5% 871 =34-10"°Mwu
BHEPIHH TNEePBBIX ABYX KBAaHTOBbIX yposHeil: F; = 1,1-107!! aB, B, = 1,7- 107! 3B, [lna
0 = 0,1°: 7! = 4,610~ M 1 2HEpIUHK NEPBBIX ABYX KBaHTOBKIX yposHeii: B = 1,5:10710 3B,
E, = 23-107'Y 3B, Paccmatpusaem 1.D-nBuxenne YXH Bponbs HelTpoOHOBOZA C OTHO-
CHTEJNILHOH KHHETUUYeCKOH 3Heprued £ = 0,5 - 10~ 3B, uTto COOTBETCTBYET OTHOCHTEJIb-
Hoit ckopoctd v = 2(e/m)/? = 4,2 cm/c. Tlocne Beumcnenmii nonydaeM u3 (17) mwia
0=5:0p=11-10"%, agma § =0,1°: oyp =8,5-10"2",

2.2. Yupyroe paccesHue 1D-HeHTPOHOB B HeHTPOHOBOAE — HWIHHAPHYECKOM KaHaie.
[l BRIYMCIIEHHUS CEUEHMS YIIPYroro paccesHus 1 D-HeHTPOHOB, HAXOMALUMXCA Ha NEPBOM 3HEp-
reTHYECKOM YPOBHE B HEHTPOHOBOME — LIWIHHIPHUYECKOM KaHasle (pHc. 2), B KA4YECTBE JTOKAMH-
30BaHHBIX B®M HayalbHOIO M KOHEYHOTO COCTOSHMH MCNOJNb3yeM BapHauMOHHYw Bd u3z (13).
[Tocne suiuucnenus Ve, ¢ B (15), noayunm (y = 1,207):

o1p = [Bah(2y + 1) /mpf(4y + 1)]*v ™" (18)
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CnenaeM YuciieHHble oueHKU. Martepuan HeliTtpoHOBoIa — KpeMHHii. PaccMarpusaeM 1.D-
apuxeHue YXH BOosb HEHATPOHOBOZA € OTHOCHTEJILHOH KHHETHYECKOW 3Heprue
£ =0,5-10""'" 3B. [Ina 3uaueHus P0 = Alim = 79 HM SHEpPrUM TEPBBIX IBYX KBAHTOBBIX
yposueit By = 2,880 /mp} = 19 usB, E> = 7,33h% /mp2 =49 waB u o1p = 5,1-107°. Jina
3HaueHuns pg = 10X}, = 790 HM sHepruM nepBbIX OBYX KBaHTOBHIX ypoBHell Fy = 0,19 n3B,
E, =049 3B v 0;p = 5,1 - 10713,

2.3. Ynpyroe paccesHue 1D-HeliTPOHOB B MOTEHLHANIE OCLHIIWLIATOPA. Buruncaum ceue-
HHE ynpyroro paccesHus 1D-HeHTpOHOB, ABUXYIIMXCH B HEUTPOHOBOIE BAOJIb OCH I, CTEHKH
KOTOpOro NPeACTapnsioT cob0H MOTEHUHAN OCLUIATOPHOrO THIA (B NONEPEYHOM CEYEHHH
HeiiTponopoaa): V = mw?p?/2, p? = y? +2%. Dueprus 0CHOBHOTO (JIOKATM30BaHHOI0) COCTO-
suus 6yaet Eg = hw, a nokanusosannas BO — u(y, 2) = u(p, @) = (A/7)Y 2 exp (= Ap®/2),
e A = mw/h. BopHoBcKoe NpHOIHXEHHE [ACT pelUEHHE C OTHOCHTENbHOM TOYHOCTHIO
~ aAl/? 1m0 cpaBHeHMIO C TOYHBIM pelueHHeM ypaHenuit Mammeesa ans paccesuus 1D-
HEHTPOHOB Ha HHXHEM YDOBHE 3HEPIMM B CJyyde, KOIA OTCYTCTBYKOT TNEPEXONbI HEHTPO-
HOB MEXOY YPOBHAMH IHEPIHH OCUHWUIATOPA, T.€. KOrAa 3HEPIHA OTHOCHTC/IBHOI'O IBHUXKECHHA
1 D-neiitposoB Bons ocu z MeHble fw. C yserom B® (15) meruucngem Vi, u uz (16)
nonyvaeM

o1p = (4afi)\/m)2v72. (19)

2.4. ObcyxkpneHre pe3yapTaToB. [TonydenHsle dopMyabl (16)—(19) ana ceyeHus ynpyroro
paccestus 1D-neHTpoHOB (T]) NO3BOAAIOT CAEIATh ClE/IyHOHIME BbIBOIBI.

Bo-nepsbix, npu sHepruax YXH, xoraa sBigeTcsd CyIIeCTBEHHBIM KBaHTOBaHHE UX IIOINe-
PEeYHOro IBHXEHHS B HEHTPOHOBOZE M JBHXKEHHE HEHTPOHOB CTAHOBUTCA 3(PHEKTUBHO OJIHO-
MEpPHLIM, CEYEHME YNPYIOro pacCesHus BO3PACTaeT o« U™ 2 C YMEHBLICHHEM OTHOCHTENBHOM
CKOPOCTH ¥, B OTJIHYHE OT Ciiyyad Gosice BRICOKOH 3HEPIHH HEHTPOHOB, KOIAA BIIMSHHEM [pa-
BUTALHOHHOIO MOJIS M NOTEHLKAIA BelleCTBA MOXHO npeHebpeds (o = const), WM ciyvas
2D-nBuxeHUs HEUTPOHOB Ha IUIOCKOCTH (00 o v 1).

Bo-BTOpBIX, ceueHHEe YNpYroro paccesHHs 1[D)-HeHTpOHOB 3aBHCHT OT TE€OMETPHYECKHX
XapaKTepUCTHK KEeHTPOHOBOAA: OT IeOMETPHUH e€ro mpoduwitd, OT BeJHUMHBI NMPHXKHUMAILIETO
n0s (TPaBUTAUKOHHOTO W/WIKM MarHuTHOro). Ecnu 0603HaunTts yepes S BennuuHy apdexTHs-
HOH rutowagu nokanusanudy B® 1D-ueHTpoHa B NMOmEpeyHOM CeUEHHMU HEHTPOHOBOAA, TO
o1p x S72. DTy 3aBUCUMOCTb MOXHO OOBACHHTL CleayloluM obpa3oM. BeposTHocTs 06Ha-
DYXHTb OHH HEHTPOH B KaKOW-NTHOO TOYKE MOMepedHOro ceveHHs HelTpoHoBoga o< S™1, u
JUTA IPYTOTO HEHTPOHA BEPOATHOCTL Takke o S~ 1. [103TOMY BEpOATHOCTH JBYM HEHTpOHAM
«BCTPETUTHCA» U MPOB3AMMOIEHCTBOBATb MeXY co60it oc S~ 2. AHaNOrMYHO, eCclH 0603Ha4YHTh
yepe3 L BeIMYHHY XapaKTepHOW MUTHHbI JloKanu3audd BD 2D-HeHTpoHa Hal MOBEPXHOCTHIO
B IPABUTALMOHHOM (M/WJIM MarHHTHOM) NOJE, TO CEYEHHE YIPYroro paccesHus 2D-ueiTpoHos
6ynet gop x L2 [7].

B 3aksoueHHe CyMMHpyeM pe3ysIbTaThl.

CeueHue ynpyroro paccesHus HeUTpoHOB (T [) UMeeT crenyoiuie CPaBHUTENbHbBIE 3aK0OHO-
MEpHOCTH:

1. CroGoaHoe TpexMepHOe ABUXEHWE HEHTPOHOB: g3y = const, [03p]| = M2,

2. CsobonHoe acththeKTHBHO IBYMEPHOE IBUXEHME HEHTPOHOB BHOJb NOBEPXHOCTH Bellie-
ctBa: 09p X v L2, [0ap) = M.

3. CgobonHoe 3hheKTHBHO ONHOMEPHOE IBHXEHHE HEHTPOHOB BIOIb OCH HEHTPOHOBOMA!

o1p x v 2872, [o1p] = 1.
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[MocpeacTsoM Beibopa MaTepuaia CTEHOK H TEOMETPHYECKMX XapaKTepPHCTHK HEHTPOHOBOA

BpeMst xM3HM YXH B HeHTpOHOBOJE MOXET ONpPEAENAThCA TONBKO COOCTBEHHBIM BPEMEHEM
KHU3HH HEHTPOHA.

15.

16.

17.

bnaroaapto B. H. Jlymukosa 3a nonesHsie 06CyKaeHN.
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g FACTORS AS A PROBE FOR HIGH-SPIN STRUCTURE
OF NEUTRON-RICH Dy ISOTOPES
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We have made theoretical investigations on the structure of high spin states of **°~!7°Dy isotopes
to supplement the current experimental progress being made on the production and spectroscopy of
neutron-rich Dy nuclei with mass number A = 166 and 168. The calculations have been carried
out within the framework of cranked Hartree-Fock-Bogoliubov (CHFB) theory employing a pairing +
quadrupole + hexadecapole model interaction. Our results for the g factors show a remarkable variation
as a function of angular momentum while moving from %*Dy to neutron-rich isotopes '°°~17°Dy. This
is explained in terms of relative rate of change in proton and neutron single-particle contributions to the
total aligned angular momentum as the system acquires higher spins. Amongst single-particle orbitals,
the why,,2 and viy3,, states and their respective positions from the proton and neutron Fermi levels
are found to play the most crucial role. A comparison with the available experimental data shows that
our calculated spin dependence of g-factor values for yrast states in the stable isotopes '°0:1021%4Dy
are consistent with the recent measurements of Brandolini et al.

B cTatee npeacrarneHs! pe3ys1bTarbl pacuera g-(hakTOpoB M1 COCTOSHHMIT MPACT-110710Ckl ¢ 60NBILIUMHU
MOMEHTaMH ps1a U30TONOB aucnposus ¢ A = 160+ 170. PacueTsl BBIIIOJIHEHb! B paMKax MOJIESH, Pa3BH-
To#t T1. Punrom u I1. Lllykom ans nechopMUpoBaHHbix saep B npubmuxedun Xaprpu-Poka—Borono6osa ¢
Y4ETOM BpALLUEHHs. Y4YUTHIBAKOTCS OCTATOYHbIE CHIIBI NIAPHOTO W MYJIBTHIONb-MYJBTHIIONBHOTO (A = 2, 4)
s3anmoneiicTeuit. TlokaszaHo, yTo noseaenue g-takropa Bo3OYXKAEHRBIX COCTOSHHHA B 3aBUCHMOCTH OT
YTI0BOrO MOMEHTA AApa PavIH4aeTcs [ANd Jerkux M TAXeNMsiX HeHTPpOoHOU3GbITouHbIX nsoronos Dy. Tlpu-
YHHa 3TOrO CBA3aHA C M3MEHEHUEM BKJIald HEHTPOHHOIO %13/2 M TIPOTOHHOIO 11 /o COCTOAHNMI B MOMHBIH
BBLICTPOEHHBIH YTITOBOH MOMEHT. Pe3ynsTaThl pacueroB s JEerKHX M30TOMOB HAXOOATCA B COOTBETCTBHH
C HeJaBHUMM 3KCIIEPUMEHTATbHBIMU PE3yJbTaTaMH. B CBA3M C 3THM CTaBHMTCH BONPOC O HEOGXOXUMOCTH
NpPOBEPKH HAa 3KCNEPHMEHTE HX NPENCKA3aHuid [U1d Taxensix u3ortonos Dy.

INTRODUCTION

The study of magnetic moment or g factor has been extensively employed in the past as
a sensitive probe for a better understanding of the structure of ground state as well as excited
states up to very high angular momentum in stable nuclei in different mass regions. With
the advent of radioactive beam facilities, now the focus has shifted to the production and
study of spectroscopic properties of neutron-rich nuclei. Such studies in the mass 4 > 160
region have been limited though to the neighbourhood of stable nuclei because of difficulties
in their production and observations. However, recently there have been made successful
experimental attempts to study the properties of neutron-rich Dy isotopes: 6Dy [1] and
163Dy [2]. The change in the moment of inertia as a function of rotational frequency for the
even—even 199-166Dy isotopes as discussed in Ref. 1 reveals variation in the detailed structure
of the excitation spectrum indicating separation in behaviour as a function of neutron number
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N beyond '%*Dy. Similar neutron number dependence has been inferred from the systematics
of measured (2] energy of the first 2¥ state E.f, and the excitation energy ratio Ry = E,/E»
for Dy and other rare-earth nuclei [3].

In yet another recent experiment Brandolini et al. [4] have measured the g-factor values
for the yrast levels in 16V~101Dy isotopes. These measurements comprise the results up to
angular momentum states J = 127 in 1%°Dy and up to J = 107 in !92-164Dy nuclei. Earlier
measurements by the Bonn group (5, 6] for the g factors in these nuclei were restricted up
to the states with spin J = 6. The Bonn group data [5,6] are not compatible with those
of Brandolini et al. [4]. Apart from the overall differences in the g-factor values of the two
measurements for all the three isotopes, one also finds that the values for the 2+, 4, and 67
states in 199Dy in Refs. S5, 6 show oscillatory behaviour whereas those of Ref.4 are marked
by a smooth reduction, albeit slow, right up to J = 12% states. In this connection we should
add that it is gratifying to note that the results of our earlier CHFB calculations [7] using the
pairing-plus-quadrupolc Hamiltonian [8] for the nuclei '°®1%4Dy and °°Er have proved to
be consistent with experimental data [4,9,10] on the g-factor values providing a correct trend
for their angular momentum dependence.

In view of these interesting experimental developments, we have carried out a systematic
study of the structure of ground state as well as high spin states of '°=17°Dy isotopes within
the framework of CHFB using the pairing + quadrupole + hexadecapole model interaction
Hamiltonian. It should be mentioned that guided by the past experience we have not included
at this stage of our investigations the particle number and angular momentum projections as
we believe that such calculations, though desired, would not significantly change the gross
features of the present results for the g factors. Further, since our main interest is in the high
spin structure of neutron rich isotopes, we present here the results for 1%4~17VDy isotopes
in greater detail. It may be emphasized that one of the main aims of the present work is
to show that the low as well as high spin behaviour of g factors in Dy and in heavier
isotopes is strikingly different from that in ¢":152164Dy  Thus a measurement of g factors
even at low spins in “Dy and in heavier isotopes would be extremely valuable to enrich
our understanding of the neutron-rich rare-earth nuclei. For the purpose of our general study
we have chosen the interaction strengths which provide a reasonably good description for
the ground state shape parameters, the first 21 excitation energy, and the spin dependence of
the g factors of !“!Dy. The calculations are then performed with the same set of interaction
parameters for all other isotopes '°¢1%%:17Dy in order to illustrate the general trend for
neutron number dependence of the variation in g factor as a function of increasing spin. The
same set of parameters provides a consistent trend of g factor values for lighter isotopes
160,162y as well. A very small adjustment only of pairing interaction strengths, keeping
other interaction parameters unchanged, even provides almost a quantitative agreement with
experiments.

1. THE MODEL AND CALCULATIONAL DETAILS

The CHFB theory [11] has been successfully applied in the past especially for the study
of high-spin structures and by now it has become a standard tool. We therefore describe here
only the most relevant aspects of this approach. For a deformed nucleus, with z axis as its
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symmetry axis, a cranked Hamiltonian is given by
H,=H-uwl,, (1)

where w is the cranking frequency for rotation about the = axis and H represents the usual
many-body Hamiltonian for the ground state with w = 0. The angular momentum and particle
number are conserved on the average and satisfy the following constraints simultaneously,

<‘I’CHFB | T | ‘I’CHFB> = <Jr> =J(J +1), (2)

<‘I’CHFB | NV | ‘I’CHFB> =N. (3)

Here N denotes the particle number.

For the purpose of our calculations we employ a quadrupole + hexadecapole + pairing
model interaction Hamiltonian H written as,

H:HO_% Z XAZQA;L(—l)llQA—/t_i Z GTPjPT ) (4)

A=2.4 I T=p,n

where Hy stands for the one-body spherical part; x, term represents the quadrupole and
hexadecapole terms with A = 2, 4; and the G, term represents the proton and neutron
monopole pairing interaction. Explicitly we have

- r?
Q/\u - (b_2> Y/\;L(G) d)) ) (5)
Pl = Z cLTcL—T. (6)

In the above ¢’ are the creation operators with a = (n,l.jam,) as the spherical basis-states
quantum numbers with & denoting the conjugate time-reversed orbital. The standard mean
field CHFB equations for which an excellent account is available in Ref. 11, are solved self-
consistently for the quadrupole, hexadecapole and pairing gap parameters. The deformation
parameters are defined in terms of the following expectation values:

Dy, = x2 <Q2,L> , Dy = x4 <Q4,¢> , (7N

hwBcosy = Dag, hwfsiny = V2Da, FwBso = Dap, (8)

A =26, (P) . ©)
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The oscillator frequency hw = 41.0A71/3 (MeV), whereas ,v, and B4 are the usual
deformation parameters, while A, and A, are the pairing gap parameters for protons and
neutrons, respectively. For the g-factor calculations we use the relation

g ={Ycurs | pz | Ycurs) / <JI>, (10)

where the z component of the magnetic moment operator is given by
pe=g Y je(i)+ (gs — ) Y 52(i) (11)

with ¢; = 1 and g, = 5.586 for proton, and g; = 0 and g, = —3.826 for neutrons. From
the form of the expression for g it is evident that the contribution of intrinsic spin s, of
neutron single particle states is negative whereas that from protons is positive. Thus in the
case of predominant neutron alignments the g factor values may become close to zero (or
even negative) as is observed in many rare earth nuclei at relatively higher angular momenta.

Present calculations have been performed within the basis space consisting of N = 4,5
harmonic oscillator major shells +0t,3/, orbitals for protons, and N = 5,6 major shells
+0j,5/2 orbitals for neutrons with the assumption of an inert core Z = 40 and N = 70. For
the model Hamiltonian with multipole separable forces having 72 radial dependence a basis
space constituted of many shells is not required as has been elaborated in Ref. 8. Nevertheless,
we have considered the additional subshells 0,3/, for protons, and 0j;5,o for neutrons in
our calculations. It is observed that these additional orbitals do not play any significant role
even at high spins. The spherical single particle energies are taken as the spherical Nilsson
model single particle energies with A-dependent Nilsson parameters [12]. The upper shell
radial matrix elements are reduced by factors, (Ng + 3/2)/(N + 3/2), as discussed in Ref. 8,
where NV takes the value 4 for protons and 5 for neutrons. Finally the interaction strengths
are chosen such that reasonable values of the ground-state shape parameters, the first 2+
excitation energy (~ 100 keV), and the spin-dependent (up to J = 10) g factors of 4Dy are
obtained. On the basis of this consideration we have taken the following values of interaction
strengths (all in MeV)

X2 = 60/AY, x, =55/A' G, =253/A, G,=21.5/A. (12)
14 .

For our general qualitative study of spin dependence of g-factor values we use only this set
of global interaction strengths for all the isotopes 94~ 17Dy throughout. However, it should
be emphasized that for a quantitative agreement with experimental data one has to slightly
fine tune the pairing interaction strengths, as the proton and neutron contribution to the total
alignment {j,) is very sensitive to the single particle energies and the position of the proton
and neutron Fermi levels as has been demonstrated in the case of 1°*:152Dy isotopes.

2. RESULTS AND DISCUSSIONS

First we make some remarks about the ground state properties of these nuclei summarized
in Table 1. Our results show that in their ground state all these isotopes, excepting %Dy
which shows a tendency to have small prolate deformation <y, are symmetrically deformed
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with almost similar values of 3 ranging from 0.3444 for '"“Dy to 0.3529 for 'Dy. This v
asymmetry of Dy becomes more pronounced at higher spins as compared to that in other
isotopes. For example, it becomes 8° at J = 207 for '“*Dy but remains less than 4° for
others. Further, the systematics of energy of 27 state and the ratio Ry = E4/FE, obtained
in our calculations are found to be consistent with the experimental results [2]. The proton
and neutron pairing gaps A, and A,, for this isotope are found to be largest, though the A,
values for 1Dy and "Dy are similar to that of 6*Dy. These attributes are finally seen to
be responsible for 184Dy to show marked differences in its angular momentum dependence
of the ¢ factors as compared to neutron-rich isotopes studied here.

Table 1. CHFB results for the ground-state intrinsic-shape parameters quadrupole deformation 3,
asymmetric deformation -y, hexa-decapole deformation [;,. The table also shows the proton and
neutron pairing gaps A, and A, and the Fermi energies A\, and X\, for the ground state along with
the excitation energy E- and the ratio Ry = E,/E, for the '*~'"°Dy isotopes

Nucleus 8 v, Bio A, A, Aps Ars EQTF, Ry
deg MeV | MeV MeV MeV KeV

%ipy | 0.3528 | 0.0299 | 0.0293 | 0.854 | 0.816 | —2.095 | —4.386 | 96.5 | 3.219
15py | 03529 | 0.0080 | 0.0160 | 0.811 | 0.801 | —2.147 | —3.994 | 97.3 | 3.258
165Dy | 03524 | 0.0003 | 0.0025 | 0.774 | 0.743 | —2.204 | —3.520 | 91.7 | 3.226
79Dy | 0.3444 | 0.0130 | —0.0109 | 0.756 | 0.815 | —2.257 | —3.013 | 98.1 | 3.233

0 S 10 15 20 25 30

Angular momentum

Fig. 1. The angular momentum dependence of neutron (a) and proton (b) pairing gaps A,, and A, for
the yrast levels in 164‘170Dy isotopes: I, 0 — A =164;2, 0 — A=166; 3, x — A =168, 4, A —
A=170

In order to look into the mass dependence of the high-spin structure of these isotopes, we
have shown in Fig.1 the variation of proton and neutron pairing gaps, A, and A, for the
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states with angular momentum up to J = 26%. While moving towards neutron-rich isotopes
from A = 164 to A = 170, it is found that the proton-pairing gap collapses for these isotopes,
respectively at spin value J = 20%, J = 16%, J = 18%, J = 147, whereas the neutron
pairing collapses at J = 16%, J = 26%, J = 167, and J = 247, respectively. It is seen
from the figure that the rate of decrease of A, with increasing angular momentum is much
slower for '%‘Dy. In contrast to "Dy it is quite fast as compared to other isotopes. An
almost opposite trend is observed for the neutron-pairing gap A,,. It may be emphasized
that in a number projected calculation the finer details of the variations in A, and A,, could
be changed, but guided by our experience we believe that the gross features of the results
discussed above will not be washed out to change our conclusions. The change of angular
frequency w with spin J has been shown in Fig. 2. It is seen that these curves do not exhibit
any backbending feature, though in case of 1®*Dy and !7°Dy the rate of change in w increases
sharply at around J = 14 in contrast to *°*Dy which shows moderate change around J = 20.

30

25

20

Angular momentum
&

0.06 0.14 0.22 0.30 0.38
©, MeV
Fig. 2. Variation of angular frequency w with angular momentum J for the yrast levels in 1**~17Dy:
I, 0 — 1%Dy; 2, & — 1%Dy: 3, x — 1%Dy; 4, A — 17Dy

In Fig.3 we have shown the variation of calculated ¢ factors for the four Dy isotopes.
The experimental data for the '°*Dy isotope taken from the work of Brandolini et al. [4] and
that of Bonn group [5,6] are also displayed. The experimental data of Ref.4 and Refs.5, 6
are not consistent with each other. We have not shown the Canberra data [13] as these are
quite old and have large uncertainty. Our results for the isotope dependence show that the
enhancement in g-factor values starting already at low spin becomes increasingly sharp while
moving from %Dy to higher mass number. In contrast, for the 4Dy isotope the trend is
much different. The g factor continues to decrease slowly until J = 14* and then goes up
suddenly to level off at J = 207, For the isotopes Dy and "Dy a very sharp increase
is followed by a rapid reduction in g factors beyond J = 14" and J = 16, respectively.
This variation with increasing spin for !%®Dy characteristically shows intermediate behaviour
between the two extremes described above for ®*Dy and "Dy and underlines the interplay
between the single particle and collective degrees of freedom. In this respect the positions
of the single-particle levels with respect to the Fermi surface play the most crucial role as
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has been illustrated in Fig.4 which displays the predominant contributions coming from the
single-particle states mhy;,o and vijg,o to the total angular momentum of the system through
alignments due to the coriolis coupling. It may be mentioned that the effect of variation in
Fermi energy with increasing mass number on the spectra and electromagnetic properties of
nuclei has been demonstrated earlier in the context of our studies [14] of coriolis antipairing
and alignment effects in transitional nuclei. From the form of the magnetic moment operator
given by Eq.(11), it is evident that the proton states contribute positively and increase the
g factor whereas in contrast the neutron single particles reduce it as these contribute only
through the anomalous g, term which has a negative value,

g factor
0.6

0.5

0.4

03

0.2 I I I i |
0 S 10 15 20 25 30

Angular momentum

Fig. 3. Angular momentum dependence of g-factor values for the yrast levels in '®*~'""Dy isotopes:

1,0 — Dy, 2. & — *°Dy; 3, x — '%%Dy; 4, A — 17Dy, The full circles and full squares show
the experimental data of Brandolini et al. [4] and that of Bonn group [5, 6], respectively

We first consider the g-factor variation for the yrast states in 1°*Dy. From Fig.5 it is seen
that the contribution of viy3/, single-particle orbital to the total angular momentum of **Dy
is larger than that coming from the alignment of the mwh,,,, state through out for all spins
starting from J = 27. This is due to closer proximity of the vi;3, state to the neutron Fermi
energy A, as compared to that of why, . state to the proton Fermi energy A,. Remembering
that the neutron states have negative contribution, this accounts for a rather small value of
the g factor for '%'Dy as shown in Fig.3. The (j,) for the viy5/, increases linearly up to
spin J = 16™ where the neutron-pairing gap A, becomes zero as is seen from Fig. 2. Similar
increase is observed for the (j,) contribution from the 7h,;, state until spin value J = 20*
where the proton-pairing gap A, almost vanishes. This relative variation of the (j,) values
from the two states with increasing spin is reflected in the variation of the g factor of %Dy
observed experimentally as depicted in Fig.3. Thus one observes that due to relatively large
increase of neutron contribution to (j;) the net result is that g factor continuously decreases
until the total angular momentum of the system attains a value J = 147 and then increases
sharply around J = 167 beyond which the rate of increase for the proton contribution to the
(j-) value is enhanced and that of neutron contribution is diminished due to the collapse of
the neutron pairing. This increase in the g factor for '*Dy is sustained until it acquires the
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Fig. 4. Contribution of single-particle orbitals 7wh,,» (/, small circles), and vi,3,, (2, large circles) to
the total angular momentum J in %Dy (d), '*Dy (c), '**Dy () and '"°Dy (). The contributions
from other proton and neutron single-particle states are rather small and have not been depicted in this
plot

total spin J = 207, when the proton pairing also collapses to zero. Beyond spin J = 20%
the contributions of proton and neutron states to (j,) exhibit almost similar rate of increase
and therefore the g factor remains almost constant. A comparison with the experimental data
in Fig.3 shows that the new measurements of Brandolini et al. {4] carried out up to spin
J = 10" show a similar trend of slowly decreasing ¢ factor value with increasing spin as
obtained in our CHFB calculations. As mentioned earlier, if particle number projection is
performed, a small pairing gap will continue to persist even at very high spins. However, our
experience with such calculations [15] is that the rotation alignment is not much affected to
change the ¢ factor values appreciably.

The variation of g factor for other isotopes shown in Fig. 3 can be understood in a similar
manner. While moving from %Dy to neutron rich isotopes, the proton Fermi energy remains
almost constant while that for the neutron moves up as shown in Table 1. Consequently
contribution of the neutron single-particle state vi;;/, to the (j;) value decreases due to
somewhat reduced coriolis coupling and already for '°*Dy the proton contribution becomes
larger to that from neutron at spin values beyond J = 18*". This take-over in the case of
170Dy occurs at much lower angular momentum J = 107". In case of %Dy it is seen from
Fig. 4 that the rate of enhancement for proton contribution at lower spins is larger as compared
to that of neutrons. Consequently total contribution of proton states becomes larger than that
from neutron states beyond spin J = 10" and remains so until J = 18". This causes the
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Fig. 5. Angular momentum dependence of g-factor values for the yrast levels in '*“Dy (a), °*Dy (b)
and %Dy (c). The experimental data of Brandolini et al. [4] and that of Bonn group [5,6] have been
shown by full circles and full squares, respectively; empty circles and curves — theory

g factor to rise continuously up to J = 187 as seen in Fig.3. The proton-pairing gap for
166Dy tends to become negligible at J = 16™, whereas the neutron pairing collapses only at
higher spin around J = 26™. This is the reason that the rate of rise in the proton alignment
is drastically reduced beyond spin value J = 167 whereas it continues to increase for the
neutron right up to spin value J = 26%. This variation causes the g factor to have much
reduced rate of increase beyond spin J = 187" as is seen from Fig.3. The slope of the curve
for why, /o at lower spins up to J = 147, as seen in Fig. 4, is maximum in the case of "Dy
and thereafter it is reduced. Consequently one observes in Fig.3 that growth in the g factor
for 17Dy within this region of spin values is very sharp. The pairing gap A, for this isotope
collapses around J = 14" whereas A,, becomes zero at J = 24™. This in turn results in the
sharp reduction of g factor after J = 147. The g factor keeps decreasing up to spin value
J = 247 due to neutron contribution to (j.). After both A, and A, become zero, that is
for J > 247, the g factor attains almost a constant value as can be seen in Fig.3. A similar
explanation holds for the case of Dy isotope.

Brandoni et al. [4] have carried out measurements of the ¢ factors also in the yrast band
of 1°°Dy, 92Dy nuclei and the data are understood to be greatly improved over earlier
results obtained by the Bonn group [5,6]. With this in view, we have also studied the spin
dependence of g factor values for these isotopes as well. It is found that using the same
strengths for the quadrupole and hexa-decapole interactions as used for '%4=17°Dy and with
a slight change in the pairing interaction strength, the experimental results are well accounted
for by the theory as shown in Fig.5. The pairing strengths used for °Dy are AG, = 23.02
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and AG, = 21.50, and those for '“?Dy are AG,, = 24.00 and AG,, = 22.00. Such a small
variation in pairing strengths from one nucleus to another is quite expected in order to obtain
a quantitative description of the data.

The experimental g-factor values in '““Dy and %Dy exhibit a slight decrease with
increasing spin values whercas in the case of !®?Dy it tends to increase a bit up to J = 6%
and then decreases again. As discussed above for the !¢4~17'Dy isotopes such a behaviour
reflects the relative increase in contributions to total alignment coming from proton and
neutron single particle orbitals as the system acquires higher and higher spin. This in turn
depends sensitively on the position of the Fermi energy with respect to single particle levels,
especially the 7why /> and vi;3/2 as explained for heavier isotopes above.

CONCLUSIONS

In view of the new experiments being successfully performed for the neutron rich Dy
and '%*Dy nuclei, we have carried out the standard z-axis CHFB calculations using a separable
pairing + quadrupolc + hexadecapole model Hamiltonian for the 1%~ !""Dy isotopes to study
the spin dependence of g-factor values for the yrast states, especially in the neutron rich
isotopes.

The systematics of CHFB results for the ground and excited 27 states, and that of the ratio
Ry = E,/E, for thesc isotopes indicate that in the ground state the maximum deformation
occurs at neutron number N = 102 corresponding to %Dy, instead of the expected N = 104
which signifies the midshell for the magic numbers 82 and 126. Our results also suggest that
164Dy is asymmetrically deformed in the ground state having quadrupole deformation 3 close

to that for '“*Dy. This implies a second maximum deformation occurs at neutron number
N = 98. These findings are consistent with the recent experimental resulits [2,3]. The axial

component of hexadecapole deformation in the ground state of these isotopes varies from
By = 0.029 in Dy to B4y = —0.01 in neutron rich '™Dy. Our By = 0.029 in *'Dy is
slightly larger than the vale 3,y = 0.019 reported by Stuchbery et al. [16].

The spin dependence of the g-factor values in 196:16%179Dy are found to be characteristi-
cally different from that observed in stable '%‘Dy. The g-factor values in neutron rich 17Dy
exhibit a sharp rise with increasing spin attaining a maximum at J = 14%. This sharp increase
in %Dy is found to set in at much higher spin beyond J = 16". This marked separation
of behaviour is explained in terms of the relative rate of increase in contributions to the total
aligned angular momentum coming from proton and neutron single particle orbitals. Our
calculations indicate that for 1°6:155:170py g, > g, for J = 4 to 26 contrary to g; < g for
J values up to 14. At much higher spins J > 24F the g factor values in all these isotopes
are seen to level off. In the Dy nuclei studied here it is found that the 7wh;;,; and viy3,0
single-particle states and their positions with respect to the Fermi levels play important role
in influencing the main trend of spin dependence of the g factors. Finally it is shown that the
recent experimental data [4] for the spin dependence of g factor values for the yrast states in
160,162,164y can be satisfactorily accounted for within the cranking approach with multipole
interactions. In order to verify the new trend in spin dependence of g-factor values for the
neutron rich nuclei it would be of great interest to have measurements of g-factor values even
at low spins for the yrast states in '910%:170Dy,
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INOUCK INEPUOUYHOCTEM
B DKCIIEPUMEHTAJIBHBIX JAHHbBIX
METOJAMHU ABTOPEITPECCHOHHOM MOJEIHA

b. 3. Benawes®, M. K. Cyneiimanog °

“Huctutyr reonorun Kapensckoro nayunoro uevrpa PAH, Ilerposasonck

*O6beurHenHbIi HHCTUTYT sfepHbIx uccnenosanuii, Jybua

O6paboTka flaHHbIX MRTEP(EPEHUMOHHBIX 3KCIIEPUMEHTOB B JM3MKE BLICOKHX 3HEPrui npeanonaraer
NPUBJIEUEHHE METOJ0B CNEKTPaNbHOro aHanusa, ManoxeHsl MeTombl CHEKTPATBHOIO aHaIN3a, UCHOMb3Y-
I0LIME aBTOPEIPECCHOHHYIO MOJIENb 3KCIIEPUMEHTANTbHBIX NAaHHBIX: MaKCHMyMa 3HTponuu, [Tucapenko u
[ponu. BO3MOXHOCTH METOLOB 1IPONEMOHCTPHPOBAHb! HA 1TPUMEPE 3KCIIEPHMEHTANIbHBIX W CHUMYIIHPO-
BAHHBIX 3aLUYMIEHHBIX JAHHbIX.

The treatment of data of the interferentional experiments in high energy physics needs to attract
the spectral analysis methods. The spectral analysis methods are explained: the maximum entropy
technique, the Pisarenko and the Prony based on the autoregressive model data. The possibilities of
these methods have been demonstrated on the examples of experimental and simulation data with the
noise.

AJIbTEPHATHBOH MOBBIIIEHUI0 B3HEPTUM CTATKMBAIOIIMXCA YACTHL NpPH  UCCISI0BAHHU
CBOUCTB BELLECTBA HA MabIX PACCTOAHUAX SBAsercd HabilojeHHe W H3ydyeHHe TOHKHX 3¢-
¢heKTOB CBS3aHHBIX COCTOAHMH AaTOMOB M 3JICMEHTapHbIX YacTHL [1]. OcoOwlit UHTEpEC npen-
CTaBJIAKOT SHEPIHHU H (ba3bl uHTepcbepeHuuu COCTOHHHﬁ, YYBCTBHUTEJIBHBIE K [TOBEOCHHIO NMOTCH-
LHaa Ha ManblX PACCTOSHMAX M BHEUIRWM BO3neicTBuIM [2]. MHgopManuio o cBg3aHHBIX CO-
CTOAHHUAX CUCTEM NOJY4aloT B HHTePhEPEHIIMOHHBIX 3KcrepuMeHTax [3]. JlaHHble Takoro aKc-
NepUMEHTA NPEACTARICHbl OCLHILTHPYIOIMMH 3aBUCUMOCTAMH, N0 CHIEKTPATBHBIM apaMeTpam
KOTOpbIX CymsaT 00 3HepreTH4ecKUX M a3oBbIX XapakTepucTHKax cucteMsl [4]. ocTosep-
HOCTh MOJIydyaeMOil MH(OPMALMH 3aBHCHT OT CIOCOGHOCTH BRIIETSATH U3 IKCHEPHMEHTANBHBIX
IAHHBIX MEPUOIMUHOCTH M ONPEIEATh UX NMapaMeTphl.

Maremartndeckas TeOpHS U AITOPUTMUYECKHH annapar BbISBIEHHS CKDBITHIX NMEPHOAUYHO-
CTeH WMEIOT JUTMTEJBHYIO HCTOPHIO M pa3HO00OpasHbIe MPAaKTHYECKHE MPWIOXEHUS. MeTomsl
BBLISSBJICHUS NEPUOIUYHOCTER MOAPA3NENAIOT HA annupoOKCUMalUHOHHbIE, MO3BOMAIOLIHE aNMpOK-
CHMHPOBATh 3KCTICPUMEHTANIbHbIE JaHHble (YHKIIMeH, COOTBETCTBYIOLIEH anpUOPU 3adaHHOH
MoleaH, U (PUIbTPALHOHHbIE, JAOWKME HHPOPMALMI0 O KOMITOHEHTaX M MX NapaMerpax IpH
MUHHMATbHBIX anpHOpPHBIX cBelcHMAX. [lo cpaBHeHHIO C anMPOKCHMALMOHHBIMH METONAMH
d)HﬂprauMOHHl)lC METOAbI Jal0T MCHb[IJyK)_ TOYHOCTL NpPH ONMPEACIIEHHH CIIEKTPAIbHBIX Xapak-
TEPUCTHK CUrHana [5].

B paboTe peub noHaeT O NMOUCKE CKPBITHIX NMEPHOIMYHOCTEH B JAHHBIX CAMOH PavIHUHOH
[IPUPOJILI C [IOMOILBI0 METOIOB HAa OCHOBE aBTOPETPECCHOHHON Mojenu JanHbX (AMI) [6].

Meronsi Ha ocHOBe AM]Jl 3aHMMAIOT IIPOMEXYTOUHOE MOJIOXEHHE cpeld obcyXIaeMblX
rpynir MetogoB oO6paGoTKM NaHHBIX. AMNMNPOKCHMALUMS B HHUX NPEACTABICHA MOCTYNAaTOM O
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JIOK&TbHOH CBA3H NaHHBIX, a (OWIBTPALNd — ONepalusIMH MO MOJYYEHHIO CHEKTPAa M Bbi-
JeJIeHHI0 KOMNOHEHT. blaronaps npoMexyTOYHOMY nojoxeHHIo Metonsl AMJI ucnonssywor
NpeUMYyLIECTBa KAXI0OH U3 ONMUCAHHBIX IPYNI W XapakTepH3ylTcs osiee BLICOKOH TOUHOCTHIO
ornpeneseHHs CEKTPallbHBIX 1apaMeTPOB U pa3pellleHHEM 110 CPaBHEHHIO C (PUIIbTPALHOHHBIMH
METOIaMH Ha OCHOBe OHCKpeTHoro npeobpasosanus ®ypee (AI1D) [7, 8].

B ornuuymne ot amropur™mos JIII®, B koTOpbix HabiaomaeMblil CHTHaT pacK/IaJbIBAIOT Ha
rapMOHHYeCKHEe KOMIIOHEHThI, HekoTopbie U3 AMJI-MeTonoB (Meton [IpoHu) ucnonb3ywT pas-
JIOXeHWe Ha KOMITOHEHTH B BMIE 3aryxaiowux Kosebanuit. [lpn obpaboTke maHHBIX HHTep-
¢hepeHLIMOHHOTO 3KCITEPMMEHTA TaKOe NpelICTAaBIEHHe OKasbiBaeTcsa 6oree pealliCTHUHBIM MO
CPaBHEHUIO C TPAIMLUHOHHBIM, MOCKOIBKY YUYHTHIBAET BPEMS XU3HH COCTOSHMH. DTa TEHOCH-
LuMs NMpONOKEHA B BEHBJIET-aHAIH3€, Ide pPavIOXEHHE HA COJMTOHOMOAOOHBIE KOMITOHEHTBI
MO3BOJWIO NMPOCAEAUTh U3MEHEHHUS CNEKTPATIbHBIX XaPaKTEPUCTHK CUFHATOB B NMPOCTPAHCTBE
U BpeMeHH [9].

MeTton [IpoHH maeT BO3MOXHOCTb ONpeleuTb ¢a3bl KojaeOaHUi ¢ TOUHOCTHIO GoJlee BHICO-
KOH, 4YeMm npu ucnonb3osaHuH IIIM. Takas BO3MOXHOCTb NMpeICTAaBIAETCS BAXHOH C YYETOM
nHdopmaTtuBHOCTH a3 B HHTepdepPeHLIHOHHBIX IKCIIEPUMEHTAX.

B pabote nposeneno MoaenupoaHie AMJL cneKTpalbHBIX METOAOB MAaKCUMyMa IHTPOITHH
(MMD), Ilucapenko # I1pouu [10-12] Ha npHMepe CUMyNUPOBAHHBIX U 3KCIIEPHMEHTATBHBIX
AaHHbIX.

ABTOperpecCHOHHas MoJeNb AaHHbIX. AMJI cnyyaiiHoro npoiecca MNOCTYJUpPYET NOKaTb-
HYH0 CBsi3b JaHHBIX: TeKylluee 3HaueHHe (yHKUHMH y(l), anmOpOKCUMHPYIOIIEH MCCIeIyeMbli
NpoLIECC, ONpee]eH0 NPeJUeCTBYIOIMMH OTCYeTaMu JaHHbIX x(! — k) B BHje IMHHEHHOH KOM-
6uHaLMK:

y() = a(k)z(l — k) (1)

g
k=1

¢ rybuHoi p u napametpamu a(k). [Mapamerpnt a(k) comepxar BClO MHGOPMAUKMIO O CrEK-
TPalBHBIX XapaKTepHCTHKax npouecca [13].

Boruuras n3 obeux vacteit paBeHctBa (1) 3HauyeHne nepemenHoi x(l), omwnbky Tekyuero
snauenus £([) = y(l) — z(!) BepaxaioT B Buze

P

e(t) =) _a(k)a(l k) @
k=0
¢ napamerpoM a(0) = —1. OuwmbKa TeKywero 3Ha4eHus TaKXKe MpENCTABNEHA JTMHENHOM

KoMOHHalHel NpeaLIeCTBYIOIHX OTCYETOB JaHHbBIX, YTO MO3BONAET PACCMATPHBATD [TAPAMETDbI
a(k) kak x0apdULMEHTH! NHHEHHOro MUILTPa, MPEACKa3bIBAIEro owKniKy.

OwubKy npeackasaHds TEKYyLIETo 3HayeHWs OWKOKH MOXHO MUHUMHM3HPOBATb, MCXOM,
HAIpUMEp, W3 PHHUXNA HAaUMEHBLIHX KBaaparoB. [IpH HE3aBHCHMBIX CHTHATE M aJIMTHBHOM
uIyMe [OCTYMAoUMe Ha BXOI PUIBTPA NpeacKa3anus oHOKH naHHble Hab/MI0eHHH Ha BBIXO/E
npespatuanTcs B Oenblil wyM. Takoi GUIbTP Ha3BIBAIOT «OTOEIHBAIOILIHM>.

YMHoxkas obe 4acTH CooTHOWEHHWs (2) Ha KOMIUIEKCHO-COMpsiKeHHOe 3Havende x™(() u
ycpeaHss Mo BCeM NaHHbIM HabnoneHHH, 1s napamMetpos a(k) monydyaeM CHCTEMY JIMHEHHBIX



Ilouck nepuoduunocmeii ¢ KCNEPUMEHMANbHHX OaHHBX 19

ypasHerui (3)
n
> " R(m - k)a(k) = a%6(m), 3)
k=0

e 02 — nucnepcus wyMa; 6(m) — nenbra-ynkuus; R{m — k) — 3HauyeHHs aBTOKOppes-
UHOHHO# ¢yHkunu R(k), m =0,1,2,...,p.

s naxoxaeHus KoaddutimeHToB Puistpa a(k) 06bYHO NPUMERAIOT PEKYPCHBHEIN alro-
put™ Jlep6y—JlesuHcona [14], cocTosdni B NOCNeRoBaTeIbHOM YTOYHEHHH KO3 PHIMEHTOR
orbenuBaiero GuUIbTpa H OLUECHKE MOLUHOCTH NpeAcKa3aHHOH owHOKH, HaukHas ¢ UIbTpa
AEpBOro MOpsKa W KOH4as (DUIBTPOM pP-TO TMOPSAKA, BHIYMCISIOUIETO MOCEN0BATEbHOCTD:

{a11,03}, {aar,a22,03}, ... ,{ap1,ap0, ... s ap, og} no dopMysam:
a1 = —R(1)/R(0); 0% = (1 - Jay1/?)R(0),
awx = — | R(k) + kfakfl,iR(k — )| /oi 1, 4)
Ay = Q-1 +akkla—£_1,k_z§ op =01~ /aw/*)ok_,.

BrictpoaeiicTBHe M 9KOHOMUYHOCTH anroputMa [lepOy-JleBuHCOHa OOBACHIETCH TEM, YTO
B OT/IMYHME OT aNropuTMa pelleHHsl CUCTeM JIMHEHHBIX ypaBHeHHH [aycca [UIs HaXOXICHHS
pelleHus oH TpebyeT p? onepauMil BMECTO p° OmepanMii M HCTIOB3YeT pe3yldbTaThl Tpelie-
CTByIOLUMX BbluMcneHui. Jlna tex xe uened pazpaboransl 6onee dpeKTHBHBIE ATTOPUTMBI
[15].

Meroa MakcuMyma 3HTponHH (MM3). B kauectBe cnexrpaipHoro mMeroga MM3D Gwut
Briepsble npewioxed Byprom [10]. Mneq cocTodna B MakcHMHU3aLHH SHTPOMHAHOTO (DYHKIH-
OHaIa IUIOTHOCTH CNEKTPANBEHON MoIHOCTH npouecca P([)

(n—1)/2

- > InP(l)-max (5)

l=—(n—1)/2

NpY BBHITOJIHEHHH YCJIOBHH TeopeMb! Bunepa—Xunuuna mng p + 1 U3BECTHHIX 3HAYEHUH aBTO-
KOppenauHoHHOH hyHKUHMH

(N=1)/2
> P(l)exp(—jAwlkAt) = R(k), (6)
[=—(N—=1)/2

rie Aw ¥ Af — YacTOTHbIE W BPEMEHHblE UHTEPBAIBI MEXIY OTCYETAMH CIIEKTPA M [aHHBIX;
j — MuuMas egunnna (52 = —1), k =0,1,2,...,p.

s rayccoBCKOro CIy4alHOro npouecca TpeGoBaHHEe MAaKCUMYyMa SHTPONHAHOTO YHKIIH-
OHAIa SKBUBAIEHTHO MHHHMYyMY GYHKLMOHAIA NpeAcKasbiBaeMoil ownbku. Pemenne Tako#
BapHALMOHHOW 3ana4H ¢ KoadduunenTamu otbenuBaioiero gwistpa a(k) B KauecTse MHO-
xuteneit Jlarpanxa naHo opmysoi

0.2

P(l) = g
/1+ 3 a(k) exp (- jAwlAtk)/*
k=1

; )
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HMeILel MpoCTOH CMBICN: CHEKTP MOLUHOCTH CMTHANA NOJy4YalT JETIEHHEM BbIXOMHOH MOILL-
HOCTH LIyMa Ha KBaapaT MOAyIA CNEeKTPalbHOH XapaKTepUCTHKHM oT6enuBaroliero uistpa.
Koathduuments a(k) Haxozat 8 AMJ] nyTeM pelleHus CHCTEMbl ypaBHeHHH (3).

MMD y4uTBIBAET JIOKTbHYIO CBSA3b JaHHBIX, NAET OLUECHKY CIEKTpa MOLIHOCTH LIyMa, He
NPUBONHT K OTPUUATENIbHBIM 3HAUEHUAM B CIIEKTPE MOUIHOCTH, UMEET Jydllee pa3peLlteHue
no cpasHeHHo ¢ OIIP, Ho ycTynmaer no paspewenuto Metogam Ilucapenko u [fponu. B cuty
SKBHBATEHTHOCTH METOly HAUMEHBIIUX KBaapaToB MMD naeT HECMEIUEHHYIO OUEHKY CNEKTpa.
A Tpe6oBaHMe MaKCUMATBHOM 3HTPONMHU WIH MHHUMAIBHOH NPH 3a1aHHBIX OMPaHHYEHUAX MH-
¢opMauMK aBTOMaTHYECKH HCKITHOYAeT U3 OLEHKH CMEKTpa BCe MOCTOPOHHHE YACTOTHBIE MTHKH.
[To 3T0# npuuMHe cremyeT oXuaaTh, 4yTo B MMD cnexTpanbHbie MHKH, COOTBETCTRYIOIHE aH-
rapMOHHYECKOH MEPHOIHYECKON rHCTOrpaMMe, JOJIXHBI TIPOABIATLCA cnabee, yem B AIID [16].

MMD adbekTHBEH MPU IKCIPECCHOM

I onpelesieHHH YACTOTHOIO CIIEKTpa CJIy-
30 - a YaWHbBIX npoueccos. [Ipumenenne MMD
JHe K BBIABIIEHMIO CKPBITHIX I€PHOAMYHOCTEH
1| MNe pacCMOTPUM Ha INpPUMEpPE 3aBUCUMOCTE
20; Ar Kr NMOTEHLHAIa HOHH3alUW aTOMa B OCHOB-
1 Xe HOM COCTOSTHMM OT aTOMHOTIO HoMepa 3JIe-
107 menta [17] (puc.l,a) u ckopoctu Te-
1 yeaus deped ConomeHcku# nponus [le-
0 TP03aBOACKOH rybsl OHEXkCKOro o3epa or
0 20 40 60 80 100 BpemeHH [18] (puc.2,a). Ing nonydyeHus
4 4aCTOTHBIX CTMEKTPOB B 3THUX IpUMepax

P(m)_ o 6bL1a Hcnonk3oBaHa nporpamma [19].
i 6 YacToTHbIA cnekTp puc.l,6 neMoH-
201 crpupyet nepuoael 8, 10, 18, 32, xa-
137 pakTepHble mns Tabmuusl Mergeneesa.
] JII®-cnekTp TaKoro aHrapMOHHYECKOI'0
101 pacnpenesieHHst IOMUMO OCHOBHBIX NepH-
10 (s opoB Ty 1 cogepxut nepuoawt T}, =
] 10 Ti..—1((1 = 1)/1), i = 2,3,4, cocrasis-
0 _0 1 5 ! , louwe s Hanbosee HHTEHCHBHOIO M y3-
® KOro MuKa MepuoAa 8 COOTBETCTBEHHO

4,0, 2,7, 2,0. B paHHOM cmexTpe cha-

Puc. 1. 3aBUCHMOCTb TIOTEHLNATA HOHU3ALMK aToMOB B OOMHTEHCHBHBIX TMKOB OKa3bIBACTCS 3HA-

OCHOBHOM COCTOSHHH OT aTOMHOIO HoMepa anemenTa (@) IHTEJIBHO Gonblile, a Cpeiu MX MNEpUo-

1 MMDB-oueHka ee cnexktpa MowHocTH (6). Yactorhey 0B 6,0, 47, 4,1, 3.1, 2,8, 2,3, 2.2,

[MKaM CNeKTpa MOLLIHOCTH II0CTaRIeHs! B cooTeercTBne 2,1 TOMBKO 4,1, 2.8 u 2,1 MOXHO cun-

nepuost Tab:Hubl MeHneTeesa TaTh GMIU3KHAMH K yKa3aHHBIM aHTapMOHH-
YEeCKHM IEepHOOaM.

Bo BTOpOM mpHMepe XapakTep HCCAedyeMOro CHrHala BechMa OJIM30K CMECH TapMOHHMK

M LIYMOBOW KOMITIOHEHTHl. B CreKTpe MOLUHOCTH AAHHOIO CHrHana (puc.?2,6) Bce cpelHeva-

CTOTHBIE W BBICOKOYACTOTHBIC MUKH HANUTH 0OBbACHEHHE. DTHM MUKaM B MOPAIKE BO3PACTAHHS

nepHonoB ObUIH COMOCTaBJIEHbI ceiilueBsle KosleOaHus BOINOEMa, COEJUHEHHOTO 4Yepe3 Mpo-

muB ¢ [letpo3aBoxckoii ry6oi, Iletpo3asonckoii rydel v bonsworo Onero. ConocrasieHue ¢

OaHHBIMM HaTypHBIX HabnogeHUi 4 MONETMpOBaHUS A0 corjacyloiuxecs pesynbTaThl [18].
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Puc. 2. BpemeHnHas 3aBUCMMOCTH CKOPOCTH TeueHus uepe3 Conomenckuit nponus IMerpo3aBoackoit ryGel
Onexckoro o3epa (a) ¥ ee MMD-olLenKa cnekTpa MOWHOCTH (6). YacTOTHBIM NHKaM COOTBETCTBYIOT
11epyoabl cefitierbix KojeGanmii: Jlormosepa (Bonoema, coefmHeHHOro uepes CONOMEHCKHH [1POTHB ¢
Merpo3asonuckoii ryboii) — 22-60 mun; Ilerpo3sasoacko# ry6el — 1 u 20 mut —2 4 18 Mun; Onexckoro
o3epa — 3 4 08 mun -4 4 27 mun, npwiusHoro nepuoga — 12 u 24 mun

CnexTpabHbIA aHATH3 BISBWI paHee HEM3BECTHBIH IS 03epHBIX BOJOEMOB NPWIHBHOH mMe-
pHOJ OKOMO 12 yacoB, a Takxe /IPyrHE HH3KOYACTOTHbIE MEPHOJbl, C TPYAOM MOAAAILIHECS
uHTepnpertauuy. g aHanu3za MOJydeHHBIX PE3yIbTaTOB CNEKTpaibHOE paspelneiive MMD
0Ka3a/10Ch BITOJIHE JOCTATOYHBIM,

Metoaei I[Icapenko u Ilponn. Metog Ilncapenko, npuMeHAEMbIiA 11 BbIIEIEHUS rapMo-
HHYECKHX KOMMNOHEHT H3 HX CMECH C OeJIbIM LYMOM, OA€T eIue fosee BBICOKOE CIIEKTPAILHOE
paspelueHue, yeM MMD, B 3T0M MeToe YacTOTbl KOMOOHEHT ONpPENeNsiOT He BU3YallbHO, KaK
B OIIP wnn MMD, no nonoxeHUsM MHUKOB YaCTOTHOIO CNEKTPa, a BhIYUCAAOT. TOYHOCTD
OMNpeNeNICHUs YacTOThl H CNEKTPATILHOE Pa3pelleHHE 3a0aHbl TOYHOCTHIO BHIYHCICHHH.

AJITODHTM BbiUMCTIeHMIi yacToT B Merode [HcapeHKo npogeMoHCTpHpyeM Ha INpUMEpE CH-
nycounmsl () = sin({). TpuroHoMeTpHUIECKOE TOXIECTBO

sin (Q) = 2cos Qsin (U — 1)) —sin (Q(1 — 2)) (8)
IAET CBA3b MeX/Y JaHHBIMHU:

z(l) =2cosQz(l — 1) —z(l - 2). C)]



82 benawee b. 3., Cyseimanoe M. K.

Oypoe-npeobpazopatue COOTHOWEHUS (9) NPHBOAMT K COOTHOWIEHHIO
X(w)(1—2cosQz"' +272) =0, (10)

roe nox z nouuMmamwoT exp (—j§2). KopHyu ypaBHEHHS BTODOH CTEMEHH 2; = 23 ONpeAeNdOT
yacToTh! §2 ® —§) B COOTBETCTBHH C BHIPLKECHHEM

Q = arctg (Im 2, /Re z,). (1)

B obuiem CJiyyae JIOKaJIbHYI CBA3b MEXIY AdHHBIMH B METOAE anapem(o 3aJal0T B BMIE

2p

z(l) = =) _alk)y(l — k) +e(l), (12)

k=1

a g koadduuneHTor a(k) MonyyaloT CUCTEMY JIMHEHHBIX ypaBHeHUR

z": R(m — k)a(k) = oa(m). (13)
k=0

Kosdduumentsl a(k) n aucnepcuio miyMa o2 HaxXofsT, OTpedenss cOBCTBEHHbIE YHCHA

H COOCTBEHHBlE BEKTOPHI MATPULBI ABTOKOPPENAUHOHHBIX (yHKuui R(m, k) [20]. Munu-
MalbHOMY COGCTBEHHOMY 4HCITy MaTpuubl R(m, k) coorseTcTByeT aucnepcus o2. [lpu atom
yI06HO HCIONB30BaTh peKypcHBHOE BoipakeHue Re(l+1) = ¢(l), cnemytowee u3 (13), u onpe-
nenuth BekTop ¢(l + 1) mo BekTopy ¢(l), MONy4eHHOMY Ha NpelblOylleid MTepauuH. Bekrop
c(0) =[1,1,1,...,1] yno6Ho npuHaTs 32 HayaneHoe npubauxenue. Heckonbko urepaumii no-
3IBOJIAIOT MOYYHTh BEKTOP, 61H3KHii K ¢(00). [0 HEMY BHISHCASIOT A, = 02 = (¢! Re/c’¢),
¥ BEKTOP @ HaxXxomiT KaK a = ¢/ Anyin-

CTpyKTypa MarpHLbl aBTOKOppeNsiunonHblX Gykunid R(m, k) TakoBa, 4TO NpH HAIHYHU
B HCCHEyeMOM Tpolecce TapMoHHK koadduuuentol GmibTpa a(k) NelCTBATENBHB W yIO-
BIeTBOpAIOT yonoBuw: a(k) = a(2p — k). Cocrasnss n pewas anreGpauueckoe ypasHeHHe
CTeneHu 2p ¢ OeHCTBHTENbHBIMU Koadduumentamu a(k) 1 a(0) =1

2p
Za(k)zg”“k =0, (14)
k=0
N101Yy4alT KOMIUIEKCHO-CONPAXEHHBIC, PABHLIE 10 MOAYJII0 €OIHHHULE KOPHH, ONpEACIAUINE
YaCTOTbl TAPMOHHUK B COOTBETCTBHH C BBIPAXKEHHEM (ll)
[TonoXxuTenpHble YaCTOTHI rapMOHHK QL', I = 1,2, .+« y D, HCHOJIB3YIOT 1A HAXOXICHUSA
IUIOTHOCTEH CIEKTPaTbHOH MOWHOCTH P(l), pelnas cucteMy ypaBHeHUH

XP:P(Z')COS (QIAL) = R(D). (15)

=1

CaMO0COorIacoOBaHHOCTD MOJYYEHHBIX PE3YIBTATOB [IPOBEPAIOT, ONPEAEIa IHCIIEPCUIO lyMa
2
0, BBIPAa3UB €¢ COOTHOILEHHEM (16)

o? = R(0) = Y _ P(i). (16)

=1



[louck nepuoduunocmeli ¢ IKCnepUMeHMAIbHbIX OaHHbx 83

MeTton ITucapeHKO NO3BOJIACT ONpENE/IMTh AUCHIEPCHIO aiuuTHBHOro Genoro myma. On-
HaKO B MeTO[e OTCYTCTBYIOT TapaHTHM TONYYEHHS HEOTPULATEIBHBIX OLEHOK CHEKTPAaNbHOH
riotHocTy rapMoHuK. Kak v B8 MM3, B MeToge IlucapeHko HadanbHylo ¢aly rapMOHHK He
OTpenaesifIoT.

DTOT HEROCTAaTOK NpeogoseH B MeTone Ilponu, obobusmeM upew IncapeHko Ha ciyuai
HECTALlMOHAPHBIX MEePHOAMYECKHX INPOLECCOB, C HCIOIL30BAHHEM B KadecTBe Oa3uca crek-
TPATBLHOTO PaxIOKEHHA 3aTyxalollHe KonebaHus.

B Merone [lponn dynkums, annpokcumupypowast npouecc, y(l) BolpaxeHa uepe3 KoM-
IUTEKCHbIC YHUCId bt H 2; COOTHOLUCHHEM

2p
y(l) = Zbizi, [=0,1,2,... ,n—1,
=t (17)
bl :A,L-exp(j&;),

exp (a; + jULAL),

i

Zq

e napameTpsl A;, «, §;, 6, — COOTBETCTBEHHO aMIUIUTYAa, KO9(HUHEHT 3aTyXaHus,
YacToTa ¥ HauanbHas ¢asza i-d KOMIIOHEHTHl PauIOXEHHA HCXOQHBIX JIAHHBIX.

JlokanbHylo CBA3b MEXJy NAaHHBIMH MOCTYJIMPYIOT Tak xe, Kak W B Metofe Ilucapenko,
Tak Xe onpegeasor Koadduurentsl a(k) M N0 HUM cocramnaioT noiauHoM (14). Otauuue 3a-
KJTIOUAETCS B TOM, YTO KOPHSIMH IIOJIMHOMA TENepb 0OKa3biBalOTCH KOMIUIEKCHBIE 3KCIIOHEHTHI 2;,

Hcxond w3 MuHuMyMa (hyHKIMOHAIa HAUMEHBILLIMX KBaapaTOB

n—1

> " (2(1) — y(1))® - min (18)
1=0
Haxoaat Bektop B(by,ba, ... ,bap), onpenesnseMblii COOTHOLIEHHEM
B = (d* Q) 'd* X, (19)
rae nog X [OHMMAIOT CTPOKY AaHHbX, mog ® —- Marpuuy Bau-gep-MoOHIa, COCTaRICHHYIO
M3 cTeneneii KopHell z;, nox ®¥ — TpaHCUOHMPOBaHHYI0 MATpUIly. A MO HEMY M KODHSM
NOJTMHOMA z; ONPENENAT NapaMeTpsl KOMIIOHEHT PadNIOKEHHS:
A; = /bi/, Q; = arctg (Im 2, /Re z;), 20
@ = (In/z/)/At, ;= arctg (Im b;/Re bi). )
OxonuarenbHo MeToa [1pouu paeT:
OUEHKY JaHHBIX
2p
s(t) = Y Asexp (ant) exp (j(wit + 02)), 1)
=1
ee ypbe-obpa3
2p 1
S(w) = Aiexp (j6;) ————— (22)
P (w—w;) — Ja;

W CHEKTP SHEPIruH

E(w) = /S(w)/>. (23)
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Kak yxe orTMeyanoch, MpeHMyLIECTBOM Me-
toga [1ponn ssnsercs paclupeHne kiacca yHk-
UMH, HCNONb3yeMblx B KauyecTBe 0Oa3uca crnek-
TPaJIbHOTO pawioxeHus. PopmanuiM Meroga ao-
NyCKaeT BKJIIOYEHHE B 3TOT KJIACC SKCHOHEHLH-
aNIpHO CMAfaMIMX W HAPACTAIOIHX CUTHAIIOB, UTO
TIO3BOJIAET DPACMPOCTPAHUTh METOABI CNEKTPalb-
HOTO aH&lH3d Ha MOHOTOHHO MEHSIOLIMECT U Iie-

PEXOMHbIE CAyyailHbIe MPOLECChl. BO3MOXHOCTb

BBIYHC/IATh aMIVIMTYABl, Ko3h(PULMEHTB! 3aTyxa-

ﬁ \ HMA, YacTOThl M ocobeHHO ¢a3bl KonebaHuii ¢
\ j, BBICOKOW TOYHOCTBIO MOXET OKa3arhcd IOJIE3HOM
\ i \h NpH MHTEPNONIUMH M DKCTPANONSLHUNA CHIHATIOB,
I L . a B HCKOTOPBIX ciy4dyasaX c110cobCcTBOBAThH pewe-
40 80 120 HMIO BECbMa TPYNHOH MpobsieMbl MPOTHO3UPOBaA-

! HUS POLECCOB,

Mogenuposanue Meroga [Ipouu nposeseHo
C TOMOLUBI0 aBTOPCKOH MNpPOrpamMMsbl, HarUcaH-
HoH Ha QoprpaHe. Ha puc.3 npencrasiens
UCXOIHbIE CHMTHATBl B BHAE OAMHOYHOH CHHY-
coulbl (@) M CMECH 4YeThlpex pazTHUYHbIX Tap-
MOHHUK C aUIHTUBHBIM OenbiM wyMoM (6) u
pe3ynbTaThl HX PEKOHCTPYKUHH 10 TIOJYYeH-
HBIM TIDH paxIoXeHUW napaMerpam. Hng cuHy-
Couflbl, 3aiaHHOl opmysoit 1,600 cos (2,021t +
1,0798) ¢ amauTHBHBIM wyMoMm 15 % mosy-
yeHa oleHka 1,594 cos (2,021t + 1,0930), a mwis
cmecu rapMonuk 2,000 cos (0,5054¢ + 0,2670) +
2,000 cos (1,015t + 0,5422) 4+ 1,000 cos (1,844t +
0,9848) + 1,6 cos (2,465t + 1,3167) ¢ wymom 6 % — ouenka 1,932 cos (0,5054¢ + 0,2821) +
1,957 cos (1,015 + 0,5887) + 0,9216 cos (1,844t + 0,9716) + 1,636 cos (2,465t + 1,2530).

[TpuBeaeHnble pe3yabTaThl TEMOHCTPHPYIOT XOPOLLEE COOTBETCTBME MCXOOHBIM CUTHATAM.
B 3THX W OpyrMX BBIYMCIIHTENIBHBIX 3KCIIEPUMEHTAX IMOKAa3aHo, 4To Haubosiee TOYHO MeToA
[Tpouu onpeneNseT 4aCTOTH, HAaMMEHeE TOYHO — a3bl KOMMOHEHT U KO3(D(HLIMEHTHI 3aTyXa-
HUSl KOMITOHEHT, a CHEeKTPalbHEIe MaPaMEeTPHl BLICOKOYACTOTHBIX KOMIOHEHT MMEIOT JYUILYIO
TOYHOCTb MO CPAaBHEHHUIO C HU3KOYACTOTHBIMM,

B Metogax AMII anpuopHas vH(OpPMaLUsg O MPOLEcce, 3aaHHasd B BUJIE JTOKATBHOH CBA3H
JaHHBIX, HOCHT 000OIIEHHBIH XapakTep, N03BoIAeT CHOPMUPOBATE MOIETb OCHHIUTHPYIOLIETO
CHIHana, ONpeNeWTh €r0 COCTaB M CIEKTPAIbHBIE MapaMeTpbl KOMMOHEHT Ge3 Kakux-mnbo
CMEHHANbHBIX ANIPUOPHBIX MPEANOTOXEHHUH. YTOUHEHHUE TOMyYeHHbIX MapamMeTpoB B pamKax
chOPMHPOBAHHOHR MOZIEIH BO3MOXHO, a B Psjie C/Iy4aes M liejecoobpasHo ¢ NpUMEHEHHEM 1py-
I'MX METOIOB, HallPHMeED, TaKHX MOILUHAIX alNpOKCUMALMOHHBIX METOOB, Kak MeToa MonTe-
Kapao [21].

Beisoael. 1. MeToop cnekTpaibHOro aHann3a WH(OpPMATUBHBI HPH 00paboTKe JaHHBIX
MHTEp@EPEHUMOHHBIX 3KCIIEPUMEHTOB, I103BONAIOT MOJYYHTh CBEJCHHS O XapaKTepUCTHKax
CBA3aHHBIX COCTOSHHH CHCTEM: aTOMOB, A1€p, YacTHLL.
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Puc. 3. PesyabtaTbl MomeIMpoBaHus MeTONa
IMpouy Ha Mope1sx: a) IPOCTON TapMOHH-
uyeckuit curnat 1,600 cos (2,021t 4 1,0798)
u ero oueHka 1,594cos (2,021t + 1,0930);
6) cvecp rapvoHHK 2,000 cos (0,5054t +
0,2670) + 2,000cos (1,015t + 0,5422) +
1,000 cos (1,844t+0,9848)+1.6 cos (2,465t +
1,3167) u ee ouenka 1,932cos (0,5054t —+
0,2821) -+ 1,957cos (1,015t + 0,5887) +
0,9216 cos (1,844t -+ 0,9716) +
1,636 cos (2,465t + 1,2530)
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2. Mertonel Ha ocHose AM]I co4eTaloT CHIbHBIE CTOPOHB! AHMPOKCHMMAUMOHHBIX H HIb-

TpallHOHHBIX METOAOB NPH ONPEACJICHHH CNIEKTPANbHLIX XapaKTEPUCTHK CUTHAIOB.

3. MMD-0LEeHKH CNeKTPOB MOUIHOCTH PEalbHBIX CHTHAIOB OTMUYANTCS MH(OPMATHBHO-

CTBIO W TIPMMEHHMBI [UISl aHATH3a TapMOHHUYECKHX CHIHAJIOB H aHIAPMOHMYECKHX pacrpenere-
Hui. CrneKTpaibHble NapaMeTpsl OCUWUIHPYIOWIHX CUIHANOB, onpeaencHHble MeTonoM Ipony,
HUMEIOT BBICOKYK TOYHOCTb H TIO3BOJIAIOT NPEACTABHTH DKCNEPHMEHTATbHbIE NaHHBIE CYNEPMO-
3ULHEH Oa3UCHBIX (PYHKLHM.
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15.

16.
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