21.07.2024

U30TOIlbI:

packpusimue npupoost 00pazoeaHun,
cmpoeHue

T'eopeuu I1. IlInenvkos

g.shpenkov@gmail.com
https://shpenkov.com/pdf/IsotopesRus.pdf



mailto:g.shpenkov@gmail.com

1. BBenenue

OpHuM U3 cneACTBUM 000JI0YEUHO-Y3JI0BOTO CTPOCHUSI AaTOMOB (OTKPBITHSI HOBOM
oOmelr teopun ¢Gusuku — BonHoBoit Mopenu) SBUIOCH PACKPBITHE TPUPOIBI
oOpa3oBaHus M30TONOB M HX CTPOEHHUA. IJTO CJIEACTBUE — camMoe YOeIUTeIbHOE
JIOKA3aTENIbCTBO aJIEKBATHOCTH PEAIBHOCTHU GOJHOB0U TIPUPOIBI aTOMOB, ITOCKOJIBKY
WX MOJICKYISIPHO-TIOAOOHOE CTPOEHHE, U3 KOTOPOrO0 €CTECTBEHHBIM 00pazoM
PACKpBIBAETCS MPUPOAA U30TOIOB, CIEAYET U3 PELUIEHUN 601HO8020 YPABHEHUS,

M3oTOnamMu Ha3bIBalOT Pa3HOBUIHOCTH aTOMOB JAHHOTO XMMHYECKOTO AJIEMEHTA
C OJTHUM M TEM XK€ MOPSIKOBBIM HOMEPOM Z, pa3inyaroiuecs no Mmacce. OTin4asch
YUCJIOM HEUTPOHOB M30TOIBI JAHHOTO 3JIEMEHTAa MMEIOT MPAKTHUYECKH OJMHAKOBBIC
XUMHUYECKHE CBOMCTBA U 3aHUMAIOT OJHO M TO € MECTO B MEPUOJUYECKON CHUCTEME
Menpaeneena.

Ha 2017 roxm Obpu1o m3BecTHO 3437 HM30TOIOB BCEX JJIIEMEHTOB, M3 HUX 252
u3orona crabwibHbl. He 3Has mpenenoB uucia W30TONOB JJIS KaXKIOTO AJIEMEHTa
(mpobnema CrangaptHoi Mojenu), GU3MKU MPOAOIKAIOT MOUCK, MBITAsICh HAWUTH
ATOT MpPEAEN SKCIIEPUMEHTAIIBHO .



CoBpeMeHHOW (Qu3MKe OO0 CUX TMOp HEU3BECTHA T€OMETPHUs BHYTPEHHETO
MPOCTPAHCTBEHHOTO PACIOJNOKEHUSI W MEXaHHU3M CBSI3U HYKJIOHOB B Pa3lIMYHBIX
M30TOMaxX aTOMOB.

ITouemy B H30TOMAax MAAHHOIO DJJIEMEHTA, OTIMYAIOIIUXCS YHWCIOM HEWTPOHOB,
COXPAHSIOTCS MWHIWBUIYAJIbHbIE XUMHYECKHE CBOMCTBA, XAPAKTEPUCTUYECKUE IS
OCHOBHOI'O CTa0MJIBLHOTO M30TOMa 3jeMeHTa. [IpeacTaBieHre o TOM, 4TO BCE U30TOIMbI
OJTHOTO DJIEMEHTAa UMEIOT 0OUHAKOBbILL «3apsi0 sA0pa», IPU TOM, YTO (PU3UKE IO CUX TOP
HEU3BECTHO, umo owce makoe 3apso [l], ecTecTBEeHHO, HE pACKphIBACT HCTHHHYIO
NpUPOY HAOIIOAAEMON 00UHAKOBOCU XUMUYECKUX CBOMCTB, KOTOPHIMU 00J1aJ1al0T BCE
M30TOIBI JAHHOTO DJIEMEHTA.

HeusBecTHO 6@3aumHOe pACIIONOKEHUE NPOTOHOB W HEUTPOHOB B Pa3IUYHBIX
M30TONAX aTOMa, HUJNICHAA W 6epXHAsA 2paHuya MacCbl aTroMa OIHOTO U TOrO IKE
XUMHUYECKOTO AJIEMEHTA.

To ecTh HepasramaHHoi TaltHON ocTaéTcs mpoliemMa: vem ocpanuyeHo TPEneIbHOEe,
MUHUMATbBHOE W MAKCUMAIbHOE, BO3MOXHOE YUCIO HEUMpPOHO8 B aTOME JIAHHOTO
AIIEMEHTA.



BcnenctBue He3HaHMs MOCIEIHETO0 B TEYaTH MOSIBISIIOTCS HWHOIZA COOOIeHUs 00
UCCJIC/IOBAHUSX, HANpPaBICHHBIX HA TIOUCK HW30TOMOB, KOTOpble (KakK CleIyeT Wu3
pE3yJIBTaTOB HAIIMX MCCJIEIOBaHMI) B MPUHIUMIIE HE MOTYT 00pa3oBarhCs. ITO UMEIIO
MECTO, HampuMep, B Cilydae C STMOHCKUMH YYEHBIMH, OINMYOJMKOBAaBIIMMHU B >KypHaye
Nature (B 2023 romy) crarbio, B KOTOpPOH COOOIIAIOCh O HAOIIONEHUM UMH SIKOOBI
TsDKEIOro m3oroma kuciopona 280 [2] (u3oTOmbBI KHCIOpOAA pAacCMAaTpHBAIOTCS HAMM
Jajiee B JaHHOM BHJIEO).

HewusBecTHa nmpuynHa CynieCTBOBaHUSI CTAOMIIBHBIX «SJIEP», UMEIOIMNX «MAaruyecKoe
YUCJI0» NPOTOHOB M HEUTPOHOB B HHX. OAHUM U3 HAIPaBICHUN KCCIEAOBAHUM
COBPEMEHHON <«SIICPHOW» (PU3HKU, TPU OTCYTCTBUU aJCKBATHBIX TEOPETUUYECKUX
KOHIEMINUM, SBIAETCS  DKCIEPUMEHTAIBHOE  OMPEACIICHUE TpaHULbl  KOONUHbL
cmabuIbHOCMU» N30TOTIOB, U T. 1.

OCHOBHOW TPUYMHON TPYAHOCTEH COBPEMEHHON aTOMHOM (DU3UKH B pa3pelieHuu
YIOMSIHYTBIX BBIIIE U JPYTUX MHOTOYHMCIICHHBIX MPOOJEM, KaK CIEAyeT U3 PEe3yJbTaToB
NPOBEACHHBIX ~ HAaMHM  WCIENOBAaHUM,  ABJISETCA  OMMOOYHOCTH  COBPEMEHHBIX
npeacrasienuid CrangaptHod Mogenun (CM) o CTpOCHHMM 3JIE€MEHTAapHBIX YacTUIl U
AIEPHOM CTPOCHUU aTOMA.

Ananmuzy HeanekBaTHocTu CM, a Takke peIICHHUIO MPOOJieM, HEPEHIEHHBIX B €€
pamkax (umnm HepemaeMbix CM B mOpuHOHMIE), TOCBSIIEHA CEPUS BHUICOPOJIMKOB,
OMEIEHHBIX Ha MOEM KaHaie B YOUuTube. JlaHHBIH BHICOPOIIMK JIOTIONHSIET 3TY CEPHIO.



B KOHIIE HACTOSIIEro BUICOPOJMKA IMOMEIEHa TaOJHuIla M30TOMOB, MOCTPOCHHAS
HaMH, CIEAYyIoas, KaKk ObLUIO YIIOMSIHYTO BBIIIE, U3 PEIICHUN BOJTHOBOTO YPAaBHEHHUH.

Ot1o nepBas B (pusuke meopemuueckas mabdauya usomonos. B Hell mpeacTaBieH
MOJHBIA JWAamna3oH BCEX H30TONOB, 3HAYEHUs KX OTHOCHUTEIBHBIX MacC, Kak
OOHApY)XEHHBIX, cywecmsyrowux B TPUPOAEC CTAaOMIBbHBIX M  HECTAOMJIBHBIX
(paZnoOM30TONOB), TaK M CO3JAHHBIX UCKYCCMBEHHO PAJUOU30TONOB, a TaKKe
PaIMON30TOIIOB €IIIE He CO30aHHbIX U HE OOHAPYKEHHBIX IKCIIEPUMEHTAIBHO.

W3 Tabmuibl CIEAYeT HUMCHAS U 8ePXHAA cpaHuya 3HAYCHUNW OTHOCUTEIBHBIX MacC
M30TOTIOB JIJIsI BCEX 3JIEMEHTOB, OOYCIIOBJIEHHBIX UX O0O0JIOYEUHO-Y3JI0BBIM CTPOCHUEM,
TO €CTh JOIYCKAEMBbIX PEIIEHUEM BOJIHOBOTO YPABHEHMUS.

[Tono6HO Kak mpenyiokeHHas U noctpoeHHas Jl. M. MenzaeneeBbIM nepuoanyeckas
CHUCTEMA 3JIEMEHTOB, NpedcKa3aguias CylleCTBOBAHUE B MPUPOJEC HEU3ZBECTHBIX K TOMY
BPEMEHHM DJJIEMEHTOB, HOBasi TalOiuIa H30TONOB npedckasviéaem (yKa3blBaeT Ha)
HEU3BECTHBIE K HACTOSIIEMY BpPEMEHHM pPaJUOU30TOINbI, KOTOPHIE MOTYT OBIThH
MCKYCCTBEHHO CO3/IaHbI U, CIIE0BATEIIbHO, 0OHAPYKEHBI SKCIIEPUMEHTAIIBHO.



2. O00/109€4HO0-Y3J10BO€ MOJIEKYJISIPHO-TI000HO€E CTPOEHHEe AaTOMOB

B cooTBeTCTBUM C OCHOBHOM aKCMOMOMW AHANEKTUYECKOM (uiaocopuu, KOTOpOou
npuaepxkuBatorcsi Teopur BomHoBoit Mopenu (BM), o 6onnosou npupode Bcero
cyliero Bo BceneHHOW, aToMbl UMEIOT 60 HOG0e NpOoUcXoxaeHue. CaeqoBaTeabHoO,
X 60/H06as CTPYKTYpa, XAPAKTEPUCTHUUYECKUE BOIHOGble TAPAMETPBl U GOJHOB0E
MOBEJICHNE JIOJDKHBI OMUCHIBATHCA PA3BUTBHIMU METOAAMU @u3uku 601H W, B
YaCTHOCTH, TOJYUHATHCS  YHHUBEPCAIBHOMY  («KJIACCUUECKOMY»)  BOJIHOBOMY

YPaBHEHHIO, 1 2%

AY -5 =7 =0 (1)

JleficTBUTEIHbHO, U3 MPOBEACHHOTO HAMU aHAJN3a OHOTO M3 YACMHbIX peuleHull
BOJIHOBOTO YpaBHEHHUS CJIEAYyeT, YTO 3TO peIIeHHWE COMASPKHUT HH(OpPMAIUIO O
ctpoeHun aromMoB. O TOM, YTO aTOMBI SBISIOTCS MONLEKYIAPHO-NOOOOHBIMU
(Oe3bsiAepHBIMK ) 0Opa30BaHUSIMHU.

WmeeTcs B BUIYy uacmHoe peuienue BoaHOBOTO ypaBHeHHS (1) B cdeprueckux
MOJISIPHBIX KOOPANHATaX, KOTOPOE UMEET CIAEAYIONTUN OOIIHi BU/T:

¥(p,0,0) = AR (0)®, ,(O),, (0) ()



Pemenue (2) naér pacriogoXeHHUE Y3108 CMOAYUX 60H B TPEXMEPHOM C(HEPUIECKOM
MPOCTPAHCTBE, e R (p), ©,,(6) U @ _(¢), COOTBETCTBEHHO, paduaivHsle, NONAPHbIE U
A3UMYMaibHble COCTABIISAIONIME JAHHOTO PEIICHUS.

Paouanvnas xomronenta R (p) (rae p=Kr) pemenus ¥ (p,6,¢) (2) onpeaenser paanycsl
I XapakTepUCTUYCCKUX COHEPUYCCKUX BOJHOBBIX OO0OJOYEK, HNOMEHYUATbHLIX W
KUHemuyecKkux, Ha KOTOPBIX PACIIONIOKEHBI Y31bl U NYYHOCHU, COOTBETCTBEHHO.

PanguanbHOE pelleHrne UMeeT CASAYIOITUNA BU/T

R(p) = AV 2p(3,,, (P) £V, (P)) (3)

PemienusivMu R, (p) ABNAIOTCA KOPHU Z,,, (HyJM M SKCTpeMasbHble 3HAYCHHUs) yHKIMH
beccens JH}/2 (p) K YH}/2 (p)»rae v =1+ 12 — nopsanox dyHKIMiA, (| — HOMEp HYIS UK
OKCTpeMyMa, p, =27, = krqu , k=ow,/c, ® — ¢dynoamenmanvuas wacmoma ooOMeHa
(B3aMMOJICHCTBUSI) HAa AaTOMHOM M CyOAaTOMHOM YpOBHSIX (3TO OIUH W3 BANCHEUUUUX
Qusuueckux napamempos llpuponbl, HEU3BECTHBIM paHee B (U3UKE, OTKPHITHIA B

BomHoBoit Mogenn).



[TonsipHO-a3uMyTanbHbIE HOMEHYUAIbHbIEe (PYHKITUH,

Y,(6,9), =[O, ,(6) Cosmg] (4)
rie |,,(0)|=C,, P, (cos6) , C,, — HOPMHUPOBOUYHEIl MHOXHTENb 1
o I+m
F’I,m(cose):Sln 6 d (cos;ze—l)I — npucoenuHEHHbIe GyHKUUM Jlexanmpa,

2'11 d(cos@)"*™
ONPENEISAIOT  MPOCTPAHCTBEHHBIE  YINIOBBIE  KOOPAMHATHI  (IOISPHBIE M
a3UMYTAaIIbHEBIC) V3106 CTOSYHX CPEPUYCCKHUX BOIH (M TOPOMOAIBHBIX BHUXPEBBIX

KOJICI_I) Ha COOTBCTCTBYIOIIUX paJANaJIbHBIX BOJIHOBBIX O6OHO‘IKaX
(cm. https://shpenkov.com/pdf/talk2017Berlin.pdf).

IIpunncaB mociaemoBaTeIbHO KaXJIOMY W3 [IABHBIX MOTCHUMAJIbHBIX HOIAPHO-
A3UMYMANIbHLIX V3106, TIOIYYCHHBIX M3 perieHus (2), kak moka3aHo Ha Puc. 1,
COOTBETCTBYIOIIUN NOPsOKOSbIlL HOMep, Mbl OOHAPYXKUIU Koppeniyuro ITaHHBIX
MOPSAIKOBBIX HOMEPOB C AMOMHbIMU HOMepamu Z DIEMEHTOB MNEPUOAUYECKOMN
cuctemsl 351eMeHToB /1. 1. Menpaeneena.
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Puc. 1. O60104€4HO-y3]I0BasI CTPYKTypa CTOSYUX C(HEepUUECKUX BOJIH, & TAKKE JIEMEHTAPHBIX
MOJIEKYJI BOJOPOJIHBIX aTOMOB, CIIEIyIOIIasl U3 perieHuit (2) BOIHOBOro ypaBHeHus (1).



Ha Puc. 1 npuBeneHo epaghuueckoe mpencraBicHue peuseruii (2) BOTHOBOTO
ypaBHEHHUs (OrpaHUYCeHHOE apaMmerpamMu | =5 u m = 15), énepsvie cnenannoe HaMu
[3]. [loka3zana cxeMaTHYECKH V3106dsi CTPYKTypa CHMOAYUX 601H B CHEPUICCKOM
MIPOCTPAHCTBE, KOTOPas, KaK 0Ka3ajoCh, TOXKIECCTBEHHA V371080l CMPYKMype amomos,
UMEIONTUX 000JI0YCYHO-Y3I0BOE CTPOCHHE (cume0abl aTOMOB IOMEIIeHb Ha Puc. 1
MIPU nOCleOHeM HyMEPOBAHHOM )37e¢ UX BHEIIHEH chepruyecKkoi 000JI0UKH).

[lepuonuueckoe xg8azunodobue Yy3JI0BOW CTPYKTYpbl C(HEPUUECKUX BOJHOBBIX
000JI0YEK, ClIeAyIollee M3 pEIICHUs, KOppEIupyeT ¢ NEPUOJUYHOCTHIO CBOWCTB
COOTBETCTBYIOIIUX 2JIEMCHTOB Ta0OnuIbl Menzeneena [4].

B mpormecce mryOokoro aHaiaumza M Ha OCHOBAaHUU APYTHUX IOJTYUYEHHBIX HaMU
JAHHBIX MMOATBEPAUIOCH, YTO PEUICHUS MPOCTPAHCTBEHHOW COCTABIISIIOIIEN BOJIHOBOTO
YpPaBHEHMUSI JIEUCTBUTEIBHO JAOT TEOMETPUID  PACIONIOKEHUS HYKIOHOB B
MOTEHIUAIBHBIX y3JIaX BHYTPEHHETO MPOCTPAHCTBA ATOMOB.
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To ectb uT0 amomel, Oynyuu anpuopu (Kak U BCE MaTepualibHble OOBEKTHI BO
BceneHHoil B COOTBETCTBUM C aKCMOMOW JUAJIEKTUKHU) BOJIHOBbIMU OOPa30BaHUSIMHU,
MOYUHSIOTCA BOJHO80M) YPABHEHUIO, W3 OJIHOTO M3 YACTHBIX PEIICHUN KOTOPOTO
CJICIYET, YTO OHU UMEIOT MONEKYIAPHO-NO00OH0e OE3bIEPHOE CTPOCHUE.

BrIsICHWIIOCH MPH 3TOM, YTO B MOTEHIMAIBHBIX y3J1aX aTOMOB (MAECHTHYHBIX y3J1aM
CTOSIUUX BOJIH B C(PEpUUECKOM MOJIC-MPOCTPAHCTBE) pacrojaraeTcs, Kak mpaBuio, 18a
CIIAPEHHBIX HYKJIOHA.

DTO0 03HAYaEeT, YTo s0epHble MoAeIHn atToMoB — Pesepdopa-bopoBckas nnanerapHas
U Tocieayrolas 3a Hel, JOMUHHUPYIOIIasi B HACTOAIEEe BpeMsl B (PU3HMKE, KBAHTOBO-
MEXaHHYECKAsl — HegepHbl.

W3 pemieHuit cieayer, 4To UCMUHHLIMU AMOMAMU SIBIISIIOTCS JTUIIb 8000POOHbLE
aTOMbI, K KOTOPBIM OTHOCHUTCA IMPOCTEUIIMH aTOM BOIOPOAA HPOMuUYM, €r0 HOH
(npomon) W nelimpon — €€ OJHO IHEPTCTHUYCCKOE COCTOSHUE amoma 6000pood, B
KOTOPOM OH IIPEOBIBACT HAXOASICH B C643AHHOM COCTOSIHUU B TIape ¢ MPOTOHOM B y3JIax
OCTQJIbHBIX «aTOMOB» MEPUOAUYECKOM CHUCTEMBI AIEMEHTOB. llocnenHue ABISAIOTCA
INeMEHMAPHLIMU ~ MOAEKYIAMU  B8000POOHLIX AMOMO8 WIA, JPYTHMHU CJIOBaMH,
NeMEHMAaAPHLIMU HYKIOHHBIMU MOIEKYIAMU.
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B 1ieHTpe HYKJIOHHBIX MOJEKYJI («aTOMOB») Hem HHUKaKuX s0ep, TeMm Oomee
HEBOOOPA3MMO TMTaHTCKOU IIOTHOCTH, mopsiaka 104 o/cyd, npunmcaHHbIX «atoMam» B
buzuke.

HYKJ'IOHHBIC V37bl, B KOKIOM U3 KOTOPLIX PACIIOIaracTtcia 1mapa BOJOPOJHLIX aTOMOB,
CeA3aHbl MCIKIY COOOM  CUNbHbIM — B83AUMOOCUCHEUEM. BTI/IM, B 4YaCTHOCTH,
QJICMCHTAPHBIC HYKJ/IIOHHble MOJICKYJIbI OTIMYAar0TCA OT 00bIYHBIX MOIJICKYJI, aTOMBbI
KOTOPBIX CBA3dHbBI MCKAY cOOOM 3HAYHUTEIIHHO CJ'Ia6BIM, IO CPaBHCHHIO C CHUJIbHBIM,
ANEKMPOMACHUMHbIM BBaHMOHeﬁCTBHeM.

OnemeHmapmuvle HYKIOHHblE MONEeKYIbl («aTOMbl») 00pa3ylOTCsl MPU CBSI3bIBAHUU
(CUJIIBHOM B3aMMOJEHUCTBUH) HYKIIOHOB CTPOrO COITIACHO MEeNHCNpOCmpPaHCHEeHHbIM
MUKpopewémkam  sgupa,  ceomempus  KOTOPBIX  ONPENEISAETCS  pelueHusimu
MIPOCTPAHCTBEHHOW COCTABJISIOLIEH 80IHOB020 YPAGHEHUSL.
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BnepBHe IS0 O TOM, YTO aTOMBI JF000T0 BCIICCTBA HAIIOMHUHAIOT 3JICMCHTAPHLIC

MOJICKYJIbI, CTPOECHHE KOTOPBIX ompenenser (opMy KpUCTaJLIOB, Bbickazanm René Just
Haly (1743-1822) [5].

OH ycTaHOBWJ OOIIMI MPUHIIMI, COITIACHO KOTOPOMY BCE PAa3HOBUIHOCTH OJHOTO
KPUCTAUTMYECKOTO BEIIECTBA 3aKJIIOUalOT B cebe, KaK SJIEMEHTAaHYI0 sS4YelKy, 4acTh
KpUcTajia, 00JaaoNIYI0 KNPUMUMUBHOU U NEPBOHAUAILHOU (DOPMOU C80€20 pPooa».
OH Ha3BaJI 3T JIEMEHTAPHBIC STUYEUKU KUHMESPUPYIOUUMU MOTIEKYIAMU.

B kaorcoom w3 mpoHYMEpOBaHHBIX MOJSPHO-A3UMYTAIBHBIX Y3J10B (0003HAYEHHBIX
Ha Puc. 1 TéMHBIMU KpYy>KKamMu) pacrojaralorcs 08a cnapeHHulx HYKJIOHa (MPOTOH U
HEUTPOH).

Ha Puc. 2 cxemarnuecku MpelCTaBICHa, B KaueCTBE IMpPUMEpa, TEOMETPUS
pacnonodicenusi BceX (MOTEHUUANBHBIX W KHUHETHUUYECKHUX) HYKIOHHLIX Y3108 B
3IeMEHTapHOU HYKJIOHHON MOJEeKy/e («aToMe») CTaOHIbHOTO H30TOoma yanepooa :C .

13
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Puc. 2. IllectuysoBas dJIeMEHTapHAs MOJIEKYJIA BOIOPOIHBIX aroMOB 2C («arom»
yIJIEPOIA).

Tonsipuvie y311bl (PacioIOKEHHBIC BIOJIb OCH Z) — NOMEHYUATbHO-KUHEMUYecKue,
TO €CTh OHHU SIBJISIOTCS Y3JIaMH HOKOsS W O08udiceHusi OAHOBpeMeHHO. [loaTomy
MOMABIINE B HUX HYKIOHBI, YTO MMEET MECTO B OCHOBHOM B PaJUOW30TONAX, HE
3aIEP>KUBAIOTCA TaM JIONTO (32 UCKJIIOYEHUEM ILEHTPAIBHOIO y3Ja, KaKk HalpUMEp, B
cTabmiIsHOM u3oToIe yriaepoaa 13C) u co BpeMeHeM MOKMIAOT 3TH Y3JIbI (IIPOMCXOIUT
«PAOUOAKMUBHBIU PACNAO).

Ha Puc. 3 mnokazanbl OCOOEHHOCTH CTPOCHHMS BHYTPEHHHX HYKJIOHHBIX
chepruueckux MoA0O0JIOYEK M BHEIIHEW OOOJOYKH «aromay yIiepojaa, MPUBEIACHBI
M300pakeHUsl CEUCHUI paJuabHbIX pelieHuid B miaockocTsax X = 0 u z = 0, a takke
YCJIIOBHOE 0003HAYEHUE «aTOMa.
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Puc. 3. CtpoeHue mecTruy310BOH AIEMEHTAPHON MOJIEKYIIbI BOJOPOIHBIX aTOMOB ¢C —
«aromay yriaepoja.
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3. CTpyKTypa Bcex aTOMHBIX H30TOIOB, B TOM YHCJIe ellé He 00HAPYKEeHHbIX

W ckiounTeNbHO BayKHBIM CJICICTBUEM PEIICHUI BOJHOBOIO YPABHEHUSI U OTKPBITUSA
000JI0YEUHO-y37I0BOTO CTPOCHUSI AaTOMOB SIBJIAETCS PACKPBITUE CMPYKMYPbl B8CexX
BO3MOXKHBIX AMOMHbIX U30MONO8 — T€OMETPUU PACIIOJIOKEHHUSI HYKJIOHOB B HUX — Kak
CYILIECTBYIOIIUX B MPUPOJIE, CTAOMIIBHBIX U KOPOTKOXKUBYILIUX, U3BECTHBIX, TaK U €LIE HE
OOHapy>XEHHBIX AKCIIEPUMEHTAIBLHO KOPOTKOXKUBYIINX (MOAPOOHOCTH B IiaBe 12 KHUTHU
“Quantum Frontievers of Atoms and Molecules” [6]).

Marpuna TONAPHO-a3UMYTAIBHOM  JUCKPETHOM  CTPYKTYPbl  DJIEMEHTAPHBIX
HYKJIOHHBIX MOJIEKYJ] («aTOMOB)») UMEET BHU/I:

1 0 0 O© 0 .]
2 2 0 0 0
2 4 4 0 0
A=|2 402 8 & 0
2 4(4) 8(4) 12 8
2 46) 8(8) 12(6) 16

Ilepeoiti cTOA0CI MAaTPUIIBI TTOKA3BIBACT YHCIIO NOISAPHLIX Y3JI0B, PACIIOI0KESHHBIX Ha
ocH Z, COOTBETCTBYIOIIMX KBaHTOBbIM unciam | =0, 1, 2, 3, 4,5, ... u m = 0, HaunHas ¢
enuHcTBeHHOTO y37a mpu | = 0 (cm. Puc. 1).
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Bmopoii, mpemuti u 1. 1. CTOAOIBI MOKA3bIBAIOT YHWCIO HNOMEHYUANbHBIX NONAPHO-
A3UMYMAIbHBIX Y3JI0B, COOTBETCTBYIOIIMX KBaHTOBBIM unciaam | =0, 1,2, 3,4,5,...u m=
+1, m=+2uT 1 B ckoOkax yka3aHO KOJUYECTBO HECHYMEPOBAHHBIX NOOOYHBIX TIOJSPHO-
a3MMYyTaJbHBIX y3JI0B (IIepBbIC ABa MOOOYHBIX y3j1a COOTBETCTBYIOT | =3 m m==+1).

Yucno y3n06 (pakTUUECKH 3aMOTHEHHBIX YaCTUIIAMHU (HYKJIOHAMH) U KPAMHOCMb UX
sanonHenus 1M = {0, 1, 2} onpenensitor omuocumenvuyro maccy «atoman A. To ecthb 6cé
MHOXMCEeCme0 Kak YK€ M3BECTHBIX, TaK U €l HEe OOHAPYKEHHBIX «aMOMHbBIXY U30MON08
onpexaensiercss yuciaom H-aroMoB (HYKJIOHOB), 3allOJHUBIINX HOMEHYUATbHBIE Y3IIbI
(T1aBHBIE U TOOOYHBIE) A3UMYMANbHLIX 000J0YEK U NOMEHYUAIbHO-KUHEemUYecKue y3Ibl
NONAPHBIX 000JI0UEK KOHKPETHOTO «aToMay, B COOTBETCTBUU CO CJIEIYIONIEH (hOpMYyIION:

A= Zk: Zpkn ok T z (Zgingi +Z,My)

rae K u 1 — Homepa mossipHbIx (P, M = 0) u asumyrtanbHbx (I, m # 0) o6onouek (cM. Puc. 1),
COOTBETCTBEHHO; Z, — KOJIMYECTBO NOAAPHbIX Y37IOB K- noasproiu obonouku; Zy; n Z,; —
KOJIMYECTBO HOMEHYUANbHBIX NONAPHO-AZUMYMANbHBIX Y3II0B, 2nasHuix (J) u nobounsix (v)
COOTBETCTBEHHO, I-H a3uMymanbroti 00OTOUKH; My, Mgy U My — IUCITA KPAMHOCM, T. €.
CTEIECHHU 3aIl0JIHEHUs y3710B. JJI1 aTOMOB IpocTpaHcTBa U Marepuu 1 pasHo 0, 1 nim 2.
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H3omonwt y2aepoda. Ha Puc. 4 nokazaHna cxeMa 3aroJIHEHHsT HYKJIOHHBIX Y3JI0B
B 3-X M30TOIAX «aToMa» yIiepoaa: cmabunsrhom 2 C, U IByX €IMHCTBEHHO BO3MOXHbIX
npeoeilbHblX KOPOMKONHCUY WX, CAMOM JIETKOM C U caMoM TshkEmoM %C.

Hydrogen
atom

2 Hydrogen
atoms

Empty polar nodes

Puc. 4. CrabunbHblii 2C ¥ JBa NpeAebHbIX KOPOTKOKMBYLIMX H30TONA YIIEPOaA —
caMblil IErkni }C ¥ caMblil TDOKENBIH 2C.

18



MarTpuIIbl 3aM0THEHUS Y308 BOJIOPOIHBIMU aTOMaMH B CTaOMIBHOM 2 C, caMoM
nerkoM SC ¥ caMOM TsDKeJIoM “.C HM30TOIaX yIIepoja HMEIOT CIICAYIOMNH B

000 000 2 0 0
C|=[0 4 0 ’c|=|0 4 0 %cl=|4 4 0
0 40 080 4 8 0

BeposTHOCTh 00pa30BaHuUs caMoro JIETKOro u30Tona .C odyeHb Hu3Kas. Mcxoms
13 000JI0YEYHO-Y3JI0BOTO CTPOCHHUS «aToMay YIIepo/ia, IPUPOIbI Y3JIOB U CTPYKTYPhI
MEKY3EIIbHBIX CBSi3eH, MaJOBEPOSTHOE KPaTKOBPEMEHHOE BO3HUKHOBEHHE ,C
BO3MOXKHO JIMIIL HA MTHOBeHHE. [103TOMY €ro MOXHO OOHAPYKUTh JIUIIb CIy4aiHoO,
€ClId TOBE3ET, MPH BHEIIHEM BO3JCHCTBUM HA BEIIECTBA B JKCIEPUMEHTAX Ha
YCKOPUTEIIAX.

KOpOTKOKHBYIIIHE H30TOILI YIIEpoga AEHCTBUTENLHO ObUIM OOHAPYKEHBI IIPH
OOMOApAMPOBKE COOTBETCTBYIONIMX MHUIIECHEH 3apsOKCHHBIMH  YaCTHUI[AMH  Ha
yckoputelsax. Ilepron momypaciana caMoro JIEFKOro M30TOIa YINIEPOAa COCTABISET
2:1021's, camoro Tsaxkénoro — 6.2:1073 s.
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BuemHsiss HykJIOHHasi 00OOJIOUKA «aromMay» YIIepojia, B y3Jlax KOTOPOM BMECTO
CIIAPEHHBIX HYKJIOHOB OCTETCS JIMIIb II0 OJHOMY HYKJIOHY, YpPE3BBIYAWHO
HecTaOuIbHa. [T03TOMy Takol, caMblif IETKHUI U3 BCEX BO3MOXKHBIX, H30TON C, HMEET
DKCTPEMAIBHO KOPOTKOE BpPEMS KU3HU CPEAU BCEX OCTAIBHBIX HM30TOIOB «aTOMay
yriepoaa.

0O0071049eUHO-y3]I0Bass CTPYKTypa BO3MOXKHBIX H30TOIIOB aroMma yriepoaa (OT
CaMOT0 JIETKOTO JI0 CAMOT0 TSDKEJIOI0), CIICAYOIIas U3 PEIICHUI BOJHOBOIO YpaBHEHUS
(1), mpencrapieHa Ha puc. 5.
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Puc. 5. Y3n0Bas cTpyKTypa U30TONOB yIiiepoaa (peuieHust BOIHOBOTO ypaBHeHus (1)).
21



H3omonuvt kucaopoda. IlpocrpaHcTBeHHas 000JI0Y4EYHO-Y3II0Bas CTPYKTypa
atoma Kuciopoda ‘3O | €ro NojspHO-a3uMyTalbHble QYHKIMK n300paskeHsl Ha Puc. 6.

4 |
I
|
|
|

A A ® 0.0
0 o~ I O
+ D +ere >+ [ < of= o @9® °
=0 1 [
m=0 [=1 I= © o
m=0 m==1 |
I=m=(%)s; s=2 50
|
|
d
.l+ I f—
ok
|
b) | c)
[=m=(Y)s; s=2

Puc. 6. I'paduky NOTCHIMATBHBIX MOJNSPHO-a3UMYTANBHBIX QyHKIUN O,  (0)Cosme

(1=0,1,2,m=0,%1) u C, Sin%GCOS%(p (s =2), aTakke Yy3JI0BbIE TOUKH Ha
pamuaneHbIX obomoukax R|(r) m  R((r) aroma xucmopoma. HauanpnHas asa
asuMyTaibHOTO cocTosHuA o = 0 (a) u o=n/2 (D) I BHENTHEH MOTYIEIION 000I0UYKH
npu S = 2; (¢) cumBomdYeckoe o00o3HaueHne aroma kuciioponaa (s a=0).
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ATOM KHCIIOpOZa HUMEET KpOME BCEX TeX 000J0YeK, KOTOphle HMEET aroMOM
ynrepoaa (cMm. Puc. 3 m 4), emé omHy noayyeryro BHEIIHIOW OOOJIOUKY C JBYMS
MOTEHIUAIHBIMU TIOJISIPHO-a3UMYTaJIbHBIMU Y3J1aMU, JICKAUIUMU B 3K6AMOPUATILHOU
MJIOCKOCTH, OMUCHIBAEMYI0 (PyHKIMEH

.S
A A il*(p
v =AR;(p)O,(0)e ?
e l=m=(3)s n s=2.
CTtpykTypa BCeX BO3MOXHBIX HM30TONOB aToMa KHUCJIOpPOJa OIHO3HAYHO
OTIPEICISIETCS] KPATHOCTBIO 3aIlOTHEHUSI KaK BCEX €ro 8 nomeHyudanvbHwvix NOaspHO-
A3UMYMAIbHBIX Y3JI0B, TaK U O NOJIAPHLIX NOMEHYUANbHO-KUHEMUYeCKUX Y3J0B, TO

€CTb y3JI0OB METacTaOWJIBHBIX COCTOSSHUUA (COCTOSHMH TOKOS H  JBHUXKCHHUS
OJTHOBPEMEHHO).

Marpunpl 3amonHeHusl y3710B H-atoMamu B CTaOMIBHOM 120 , Jeryamniem 120 u
CaMOM TSDKEJIOM Zgo M30TOIAaX aToMa KHCJIOPOIa UMEIOT CIICIYIOIINN BUI:

000 000 000
50/=[0 4 o, [%0/=[0 4 0 W [50[=|0 4 o, %50|=
08 4 06 2 04 4

A~ BN
o ~ O
~ © O
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Pacuurannbeie 110 Marpune 3allOJIHCHUA Y3JIOB OTHOCHTCIBbHBIC MACChlI H30TOIIOB
COBIIAAAKOT C OKCIICPUMCHTAJIbHBIMH TdHHBIMU.

W3 mnpuBeNeHHBIX BBIINIE PEHICHUN CIeAyeT, 4To oOIllee YMCIO BCEX Y3J0B aroma
KHCJIOPOJIa, KOTOPBIE MOTYT OBITh 3allOJHEHbI (MCKIII0Yasi, KOHEYHO, KHHETUYECKHUE) PABHO
13, makcuManbHas KpaTHOCTh HX 3alOJHEHUS M=2, CJeI0BaTeJbHO, MaKCUMAaJIbHOE
MacCOBO€ YUCJIO U30TOIa KUCIOpoaa paBHO 26.

JecTBUTENBHO, 2O SBISCTCS CaMbIM  TSDKCIBIM HaOII0MaEMBIM  MCKYCCTBEHHO
MOJyYEHHBIM KOPOTKOXKHBYIIMM H30TOIoM kuciopoza [7]. [TonyyaeTcs mpu 3amoaHeHuUs
BCEX 5 MyCThIX MOTEHIINAIPHO-KUHETHYECKUX MOJISPHBIX y3JI0B B CTAOMILHOM U30TOIIE 120
CITapeHHbIMU H-aroMamu, Kak WM B Clly4ya€ C PACCMOTPEHHBIM BBIIIE CAMBIM TSHXKEIBIM
M30TONOM yriepoaa *2C.
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[Toatomy cooOmieHHe SAMOHCKUX y4€HbIX B mpecce (B 2023 romy) o ToM, 4TO OHH
CHUHTEC3MPOBAIN SKOOBI camblii TsDKEMbIM m3oTom kuciopona-28 [2] («First observation
of 20 ») ommbounsl. Takoil u30TON B IPUHLMIE HE MOKET oOpasoBarhbea. O60NOUEUHO-
y37I0Basi CTPYKTypa aromMa KUCI0poja He JIO0MYyCKaeT TaKOW BO3MOXKHOCTH.

['unorerndeckuii «u30tom» *Q , BOSHUKHOBEHHE KOTOPOTO aBTOPHI CTAaThu [2] AKOOHI
HaOJI0a)IH, Ha YAUBJICHUE UCCIIEIOBATENIeH cpa3y e pacmalics, XOTs, KaK Mpe/oiaraim,
OH JOJDKEH ObLI OBITh YpE3BbIYANHO CTAOUIIBHBIM, KaK «08adCObl MA2UYeCKUL».
[TockonmbKy, MO WX MHEHHIO, COJCPKUT «Marudeckoe» uuciao HeutpoHoB 20 wu
«Maru4ecKoey Yucio MpoTOHOB 8.

MrHOBEHHBIN paciiaj] MPOTUBOPEUMT, KaK 3aKIIOYAOT aBTOPBI CTaThbu [2], Teopusm
CrangapTHOM MOJEIM O CHJIBHOM SJIEPHOM B3aUMOJIECHCTBUHU, MOJPHIBAET OCHOBBI
COBPEMEHHBIX MPEACTABIECHUM O CTPOCHHMM MATEPUM HAa AaTOMHOM YPOBHE, KOTOPBIX
MPUAEPKUBAIOTCS 10 CUX TTOP B PUBHKE.
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CornacHo 000JI04€YHO-Y3JI0BOMY CTPOCHHUIO «aTOMa» KHCJIOpPOAa BO3MOXKHO
Ha0/ozIeHKe ewé Gonee JIErkoro ero u3orona ,O B ciyyae, Koraa (IpH COXpaHEHHH
y3JI0BOM CTPYKTYphl C 8 MOJSPHO-a3UMYTaJIbHBIMU Y3JIaMH, XapaKTePUCTHYECKOM
UCKJTIOYMTEIBHO JUISl aTOMa KUCJIOPO/Aa) B y3JIiax 000X ero BHemHUX obosouek (1=2,
m =41 um =42, cMm. Puc. 1) okakeTcs 10 OTHOMY HYKJIOHY.

Ho 5T0 upe3BBIYaliHO PEAKOE COOBITHE, BPEMS MM3HHM TAKOTO HM30TONA Oyner
HUYTOKHO MaJio, 3HAYUTEJIHLHO MEHBIIE, YeM 1§O , IEPUOJ TOJIypaciaga KOTOpOro
pasen 5,8:107%2 cekyny.

Tabauua usomonoe. Hamu 1OCTpOEHBI MaTpUllbl 3AlOIHCHMS IS
M30TOIIOB BCEX JJIEMEHTOB MNepuoandeckor cucrtembl Menneneea. [lonmydeHHbie
JAaHHBIC CBEJCHBI BMECTE M MPEACTaBICHBI rpaUUIECKu B BUE MaAOAUYbl U30MONO8

(cMm. Tabmurer 1 [8] u 2 [9]).

Oto mepBoe B (PU3MKE meopemuueckoe npeocmasienue 8cex U30monos, MxX
OMHOCUMENbHBIX Macc, CIEIYIONUX W3 PelIeHWH BOJHOBOTO  YpPaBHCHHUS:
€CTECTBEHHBIX M MCKYCCTBEHHBIX, KaK YK€ OTKPBITHIX U HAOTIOMAEMBIX, TaK U el He
OOHapy>KEHHBIX.
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3aK/JII0ueHue

PackpbiT€ TpPUPOJLI H30TOMOB — OYEPENHOE YOEAUTEIbHOE J10Ka3aTEIbCTBO
aJICKBaTHOCTH PEATbHOCTH OTKPBITUSI 000JI0U€YHO-Y3JI0BOTO CTPOEHUS «aroMoBy. O0a
OTKPBITHS: OCHOBHOE (000104euH0-Y3106020 CMPOEHUsi amMoMO8) W BBITEKAOIIEE W3
HETO — MPOU3BOHOE (MpuUpoodsbl U30MONo8), BHOCAT CYIICCTBCHHBIN BKIIAJ B NO3HAHUE
[Ipuponsl. HWmeroT nOpuHIUIUAIBHOE 3HaueHWe Uil (GU3UKH  KaK  HAYKU,
NpeAHa3HAYEHOH, 10 onpedeneHuro, sl AaHHON MUCCHUHU.

B coorBeTcTBUM C mochenHed, (U3MKaM CIEAyeT HE TOJBKO «BbIUUCAAMb 6CE
pesynomamer» [10], yeM OHM 3aHMMAIOTCS B paMKaX CO3JaHHBIX MMM aOCTpPaKTHO-
MAaT€MaTU4YE€CKUX TEOPUM, B YACTHOCTHM, B PAMKAX KAaHTOBOM MEXAaHWKH, HO H
PacCKpbIBaTh «2eHemuyeckuti Koo» CTPYKTypHOTO MHorooOpasusi B Ilpupome -
nocturateh [Ipupony. Ine AOMUHUPYIOT 8000poOHble amombl 1 00pa30BaHHBIE HA UX
OCHOBE BCE€ OCTaJIbHBIE AaTOMbI, B TOM 4YHCJE, aTOMbI YIJTIEpOAA M KHUCIOPOAA,
pPacCCMOTpPEHHBIE HAMU B JIaHHOU cTarbe. CIeayeT pacKpblBaTh UX CTPYKTYpPY, KaK 3TH
aTOMBI B JIECTBUTEIIBHOCTH YCTPOCHBI.
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bynyuun abcmpaxmmuo-mamemamuueckoli KBAHTOBO-MEXaHUUECKasi MOJIETb aTOMa HE
oTBeuaeT Kpurepusim no3Hanus [Ipupoxasl. [losToMy co3ganue gusuueckux mopeneit
aroMa Hen30EXKHBINM MPOIEeCC B PA3BUTUU HAYKU (DU3UKHU.

Pa3zpabarbiBaemble pU3HMUECKHE MOJIENIM aTOMa HE JIOJDKHBI OMUpaThes Ha (haHTa3uu
UX aBTOpoB  (TOCTyJnarbl), JAOKHBI  OBITh  HEMPOTUBOPEYMBHIMHU,  XOPOIIO
CO2NACYIOUWUMUCS CO 3APABBIM CMBICIIOM M aJ€KBaTHOU PEAIbHOCTU OUAIEKMUUECKOU
Jlo2uKoU, OBITh SICHO MPEJCTABIIEMBIMU KaK B HaIllleM BOOOPaXKEHUH, TaK U HA KpaHax
MOHHUTOPOB.

O06004eYHO-Y3JI0Basi MOJIETb aTOMa OTBEYAET ATUM TpeboBaHusM. M3 He€ crenyer,
YTO aTOMHBIA HOMEp Z — 3TO KOJIMYECTBO DIABHBIX HOMEHYUANbHLIX TOISPHO-
a3UMYTaJbHBIX J37106 B ATOME 3JIEMEHTA C TAKUM aTOMHBIM HOMEPOM.

B coBpemenHoi#l ¢uszuke Z — 3TO KOJUYECTBO KHOAOHCUMENbHBIX INIEMEHMAPHBIX
3aps006» B «s0pe», B TO BPEMS KaK HUYErO0 HEU3BECTHO O MPUPOJE K3aPsi008» . YTO ITO
Takoe, KOObI Haxojsmieecs B «suape»? [1]. ComHuTensHa W TpHUHATAS B (U3HKE,
BbIIBUHYTasg Peszepdopaom, rumnoreza o «gdeprom» crpoeHun aromoB. [locnegHemy
TIOCBSIIICHA CTaThs M CIICIIUAIBHBINA BUIcOpouK aBTopa [13].

30



HoBas teopus 000J104€4HO-Y37I0BOTO CTPOCHUSI aTOMOB U JUHAMHYECKasl TEOPHUs
CTpOC€HHUsI dyeMeHTapHbiX uyactull (unamuueckas Mopenb) OOBACHSIOT —BCe
(du3ndecKue SBJICHUS, CBI3aHHBIE CO CTPOCHHEM aTOMa, KOTOPhIE aBTOP K HACTOSIIIIEMY
BPEMEHHU YCIIENl PACCMOTPETb.

Pewena, Takum o0paszom, easrcHetiuias npodiema aTOMHOW (PU3HMKHU, Kacarolascs
MO3HAHUS MPHUPOJIBI U30TOMOB. BBIICHEHBI OTHOCHUTEIIBHBIE MAacChl BCEX BO3MOXKHBIX
n3zoronoB B Ilpupose, B TOM uuciie MpeAebHbIX — CAMBIX JIETKMX U CaMBbIX TSXKEJIBIX.
PackppiTa BHYTpEHHSISI CTPYKTypa H30TONOB — TE€OMETpPUS MPOCTPAHCTBEHHOTO
PacCIOIOKEHUSI HYKJIOHOB B HUX.

Kak nocnenyromiee BaxKHOE CIEACTBUE YIOMSHYTBIX OTKPbITUM BonHoBOM Monenun
PACKpPBIT MEXaHM3M XHMHUYECKUX CBSI3€M aTOMOB, MMEIOIIUX 000J0UE€YHO-Y3JIOBYIO
CTPYKTYpPY, B YaCTHOCTH, aTOMOB YIIIEPOJa WU KHCIOpPOAA, BBIACHEHA HEW3BECTHAas
paHee UCTUHHAS POJIb AISKTPOHOB MPH 00pa30BaHUN XUMHUYECKHX CBsizel [6, 11].
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EnuHCTBEHHBIM HEU3BECTHBIM B 000JIOYEUHO-Y3JIOBOM CTPYKTYpE aTOMOB OCTaETCs
JUI HAC POJIb TOPOUJAIBHBIX BUXPEBBIX KOJIEI] BHYTPHATOMHOIO TOHKO-MATEPUAIBHOTO
MOJISI-TPOCTPAHCTBA, CYUIECTBYIOIIMX BOKPYr OCHM Z BpallareJbHOH CHUMMETPUH
aTOMOB, COOTBETCTBYIOIINX PEIICHUIO BOJHOBOro ypaBHeHus mpu | =2, 3,4,... u m=
O (maumnast ¢ aroma yriepoaa, cM. Puc. 1).

Ntak, oTKpBITHE MPUPOALI 00pa30BaHUS U CTPOCHUS M30TOMOB 3aKPhIBACT BaXKHBIN
mpo0OesT B HAIUX 3HAHUAX, CYMICCTBYIOIIMN HM3-3a HECOCTOATEIBHOCTH aOCTPaKTHO-
MAaTEMATUYE€CKOW KBAHTOBO-MEXaHUYECKOW TE€OPUU CTPOECHHUSI aTOMOB, JOMUHUPYIOIIEH
B HACTOSIIIEE BpeMs B COBPEMEHHOU (pH3HKE.

Nudopmanust 060 BceX OTKPBITHSIX HOBOM 001miei Teopun ¢usuku — BomHoBoOM
Moenu — conepKuTcs B KHUTE-0030pe [12].
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