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O B0O3MO:KHOM MATHUTHOM MeXaHU3Me YMEHbIIIEHUsI BpeMeHHU
pasrona peakropa PBMK-1000 na YADC.

Pyxaxse A.A.%, Ypyukoes JLU.**, ®uaumnos I.B.”
AHHOTAIUA

B pabome nokasanvl cywecmeeHnHvle NpoOMuUBOpeyUs MexHco0y OQUUUATLHBIM 3aAKTIOYEHUEM O
npuyuHax e3pwvlea peaxkmopa Ha Yepuobwinvckou ADC u  uzgecmuviMu IKCHEPUMEHMATLHBIMU
Gaxmamu. Ilepuoo asaputinozo paseona peakmopa He y0aémcs 00bACHUMb 8 PAMKAX CYUWeCmB8YIouux
npeocmasieHull o guszuke pabomwsl peakmopa. Bvlosucaemcs cunomeza 0 803MONCHOM MASHUMHOM
Mmexauuzme, npuseowiem K pocmy Kodghguyuenma peaxmusHOCMU peakmopa 6 Xooe NpoB8eOdeHUs.

ucnvimanuti no evibe2y mypoocenepamopa na |V énoke Y4A9C.
Beenenne

Hacrosimiasi cTathsi HampaBiieHa Ha BBIICHEHHE (PH3UYECKOTO0 MEXaHHM3Ma B3pbIBA pPEaKTopa.
Odunmanbapie 0OBSICHEHHS CIOXKHO TPH3HATH YIOBJICTBOPUTEIBHBIMH. BO-TIEPBBIX, KaK OyIeT HUXKE
MOKa3aHo, PsJ BOMPOCOB OCTajics 0e3 OTBETa, a BO-BTOPBIX, O(PHUITHATHHBIC BBHIBOJBI, OCHOBAaHHBIC Ha
YUCJICHHOM MOJICIIMPOBAHUH, MPOTUBOPEUAT IKCIIEPUMEHTATBHBIM (DAKTaM M aHAJTUTHYCCKUM OIICHKAM.
B nmannO# paboTe BBIIBUTAETCS TUIIOTE3a, YTO MPUIMHON aBapHH SABJISETCS U3MEHEHHE CBOMCTB paciiajia
sep-u3ydarenel 3ama3/IbIBaloluX HEUTPOHOB B XOJ€ «BbIOera» typoOoreHepartopa. Hecmorps Ha
KOKYIIYIOCS MaJIyH BEPOSTHOCTh TAKOTO TPEIOJIOKEHUS, PSII paHee HEOOBSICHUMBIX HAOIIOAaEMBbIX
AKCIIEPUMEHTATIBHBIX (PAKTOB HAXOJUT B 3TOM CIIydae CBOE MPOCTOE U JOTUYHOE OOBSICHEHHE.

Ha ceroansimiamii 1eHb, IO MHEHHIO aBTOPOB, HE UMEET yOCIUTENbHBIX OOBSICHEHUN CIEIYIOIINI
psan HaOmoaaBmMXcs mpu YepHOOBUIBLCKON KatacTpode (HhaKkToB:

e [lenocTHOCTh KOHCTPYKIIMI B IIaXTE PEaKkTopa,
e HeB03MOXXHOCTh yKa3aTh MECTO PaCIOJIOKEHUS 3HAYUTENIBHOTO KOJIMYECTBA TOIUINBA;

JlBa B3phIBa ¢ MHTEpBaJIOM B 1+2 cek.;

CrpaHHOe sipKO€e CBEYEHHE HaJl IIaxTON peaKTopa Mociie B3phIBa,

° HapymeHHe HN30TOIMHOTO COCTaBa B UCCIICAOBAHHBIX 06pa3uax TOIJIMBA, B TOM YHUCJIC CABUI'A B

CTOPOHY 25y [1, 2];

o @axT NPUTHKEHUS ICKTPHUCCKUX KaOeJIel K mapormpoBOIaM.

e 11 rimaBHOE, MEXaHHW3M pa3rOHAa PEAKTOpa: KaKuM O0pa3oM pPEaKTOp C BBICOKOH CTEMEHBIO
Beiropanust TorwkBa (10 20 MBT-cyT/KT) ¥ OTpaBlieHHbIH KCEHOHOM pa3zorHaics 3a 10 cek. ¢ ypoBHs
200 MBT (6% HOMHHAILHON MOIIHOCTH) J0 MOIIHOCTH, IMPEBBIIIAIONICH HOMUHAIBHYIO B AECATKH pas.
[Toyemy cTep)KHU aBapUIHON 3aIUTHI HE YCIIEIM OCTAHOBUTH pa3roH peakropa? [1o mpoekTy, CKOpoCcTh
ONyCKaHUsl CTEepXHEHl MoikHA Oblia OBITh OCTATOYHOM MAJIsi KOMIIEHCALIMU JI000T0 BO3MOXKHOTO
ABApUITHOTO pa3roHa peakTopa Ha 3amna3/bIBAIONIMX HEWTPOHAX, KOTOPBIA MOI MPOU30UTH C
XapakTepHbiM BpeMeHeM ~10 cek. (BpeMEeHEeM XH3HHU siIep-u3iydaresieil 3amna3/pIBaroniX HEHTPOHOB).

* Unctutyt obumieit ¢pusuku PAH
“POKOM, PHI] «KypuaToBCKHil MHCTHTYT>
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Opnaako (akTHUeCcKH pa3roH peakTopa MPOUCXOAWI B Tpu pasa Obictpee. MomHocte 530 MBT
3adukcupoBana npubopamMu Ha 3-eii cekyHae [3], Ha 6-0if cekyHAe 3adUKCHPOBAH CHTHAJ
cpabareiBaHusi A3, KOTOpasi ObUTa yCTaHOBJICHAa BO BpeMs HcmblTaHuii Ha ypoBHe 1600 MBT, manee
pa3roH MPOUCXOJMJ MO-BHIUMOMY 3HAYUTEIBHO OBICTpee M TOYHAs HWH(OpMAIMs O MOIIHOCTH

OTCYTCTBYCT. To ecThb IICPBLIC 6 cek. MOIITHOCTB YBCIIMYUBAJIACh KAXK/bIC 3cCeKk. B Epa3.

[prBeneHHbIe (AKThI HE YKIAIBIBAIOTCS B MPUHATYI0 O(HULIKAIBHYIO BepcHio [3 — 6], B koTopoii
IIPOBEEH AaHAJIN3 CLEHAapusi BO3HUKHOBEHUS M Pa3BUTUSA aBapUM, OCHOBAHHBIM Ha YHCICHHOM
MojienupoBaHuu. CoriacHo 3TOM BepCUH OCHOBHBIMHU MPUYMHAMH aBapUMHONW CUTYaIMH SBUIHCH!

e lI3-3a oTpaBieHHUsI peakTopa Mepe] aBapueil ObUI 3HAYMUTEIHHO CHUIKEH OIEpPAaTUBHBIN 3arac
pEeaKTUBHOCTHU 710 6+-8 cTepikHel, mpu MUHUMAIBHOM pa3peiieHHoM 3amace B 30 cTepkHel; cam 1o cede
(bakT yMEHBIICHUS ONEPATHBHOIO 3araca PeakTUBHOCTH, KOHEYHO, HE MPUBOJUT K Pa3roOHy peakTopa,
HO CO3J]a€T ONMAaCHOCTh HEYCTONUMBOTO COCTOSTHHUS.

o [losiBIeHHE CHJIBHOW HEOIHOPOJHOCTH JHEProBbinesicHus (MJIOTHOCTH HEHTPOHOB) MO BBICOTE
peakTopa BCIEICTBHE ABUXKCHUS BHU3 CTEP)KHEHW aBapUMHONM 3alUTHI B YCIIOBUSAX YMEHBIICHHOI'O
OMEPAaTUBHOIO 3aMaca PEaKTUBHOCTHU MPUBEJIO K pa3rOHy peaKkTopa.

e Hanuuwe BbicOKOro (MO OTHOIICHHIO K MPOCKTHOMY) IOJOXHTEIBHOTO  IapOBOIO
Kod(uUIMeHTa PEeaKTUBHOCTH TPHUBENIO K 3HAYUTEIHHOMY YMEHBIICHHIO BPEMEHHM Pa3BUTHUSA TaKOU
HEeyCTOHMUnBOCTU. [lapoBbIM KOA()PUIUEHTOM PEAaKTHBHOCTH Ha3bIBAIOT (L, — OTHOLICHHE W3MEHEHHS
PEaKTUBHOCTH K M3MEHEHHIO 00bEMHOT0 COZICp>KaHUS Mapa.

O1eHuM BO3MOXKHOCTh M3MECHEHUSI BPEMEHH pa3roHa peakTopa B paMKax O(UIIMaIbHOW MOICTH
aBapuu. HTEHCHBHOCTh pa3MHOXKEHHS HEHTPOHOB B aKTHBHOH 30HE pEaKTopa XapaKTepU3yeTcs
KO3 QUIIEHTOM pa3sMHOXEHHS HEHTpOHOB K, — 3TO OTHOIIEHHE KOJIMYecTBAa HEHTPOHOB B OJHOM
MOKOJICHMU K MX KOJHMYECTBY B HpeAblaylieM. M30bITOYHON peakTHBHOCTBIO P Ha3bIBACTCS BEIWYHMHA
(Ky—1)/K,. IIpn p=0 peakTop HaxoAWTCsA B CTAlIMOHAPHOM pexume, npu p<O peakunus 3amemisercs, a
npu p>0 — UHTEHCUBHOCTH peakuuu HapactaeT. [Ipu pacnane siipa HeOoIbImIast OIS [3 3ama3/AbIBAIOIINX
HEUTPOHOB HCITyCKaeTCs SAPaMU-OCKOIKAaMHU 4epe3 JOCTATOYHO OOJBIIOI MpoMexyToK Bpemenu (~ 10
cek.). Jlms pasnuuHBIX THUIOB peakTopoB BenumumHa [ komebnercs ot 0.2 mo 0.7%, mis
paccmarpuBaemoro peaktopa PBMK Ha Moment mepen aBapueit 3=0.45%. Xopoiio H3BECTHO, 4YTO
COCTOSIHHE PEaKTOpa OIMKMChIBACTCS yPABHEHUSIMU KUHETUKH [ 7]:

dn p-pB dC. B.n
——="—"n+Y ,C;, —L =G 1
d T +Z l dad T @)

rae Ci, Ai U i COOTBETCTBEHHO — IUIOTHOCTh, TMOCTOSHHAs pacmajga W JOJs saep-u3lydaTenen
3arma3IbIBAIONIMX HEHTPOHOB i-0i rpymmbl (B — cpexnee 3uauenne moneii Bi); T = 10° cex. — Bpems
KH3HH OJHOTO TIOKOJICHHWSI MTHOBCHHBIX HEHTpOHOB. JIIsI OIEHOK MOXKHO TIOJBh30BaThCS
PacrpOCTPaHCHHBIM TMPHOIMKEHHEM OIHOW AS(PQPEKTHBHON TpyMIbl 3ama3ibIBaOIIUX HEHUTPOHOB C
A=0.1cex™ [7] u, cnemoBatensHO, ycmoBueM A-T<<P. J{isi MOCTOSHHOM PEAKTHBHOCTH P HECIOXKHO
HaTH COOCTBEHHBIE PEIICHHUS JIMHEHHON cucTeMbl nuddepeHranbHbIX ypaBueHui (1).

AHanu3upysi COOCTBEHHbIC 3HAYCHHsSI WHKpeMEHTa K COOTBETCTBYIOIIETO XapaKTePHCTHICCKOTO
ypaBHEHHUS, JIETKO 3aMETHTh, YTO HWMEHHO HAIM4KMe 3ama3/blBAIOIINX HEHTPOHOB TMO3BOJISIET
OCYIIECTBIIATh PErynpoBaHue peakropa. JewcTBurenbho, npu Maibix p (a umenHo 0<(B—p)~P) u3 (1)

noiyuyaeM: K=A-p/(B—p), TO ecTh peakTop pa3roHseTcs ¢ XapakTepHbiM BpemeHeM ~10 cek. — BpeMeHeM



Kpamxue coobwenus no ¢usuxe ®HUAH, 2004, Nel 3

KU3HH siZIep-U3JIydaTeNeil 3ama3qpIBaloNuX HEeWTPOHOB. [Ipy OONBIINX 3HAYCHUSIX PEAKTHBHOCTH P>f
nonyyaeMm: k=(p—P)/T, To ecThb pasroH MPOMUCXOAUT HAa MIHOBEHHBIX HEHTPOHAX C XapaKTEPHBIM
Bpemenem, meHbiieM 0.1 cex. Koneuno, Gpyukuus K(p) HenpepbIBHA MPH BCEX 3HAUCHUAX PEAKTUBHOCTH
M MOXKET [IPH HEKOTOPOM p MpHHsTh 3HaueHue k~3-A~(3 cex.)™, omnako, B 3T0il mepexoaHoil 06IacTH
p<pB ¢ynkuus K(p) pacrer oueHb OBICTPO, TO ecTh (ha30Bbli 00BEM HAYAIBHBIX YCIOBUI TaKOTO
petenus mai. Jlpyrumu cioBami, pemienne ¢ K~3-A HeyCTOHYUBO B TOM CMBICJIE, YTO TIPH HEOOIBIINX
M3MEHCHUSIX PEAKTUBHOCTH B IPOIECCE BhIOEra, TAKOC PEIICHHE JO/DKHO MEPeHTH Ha IPYTYIO
9KCIIOHCHTY C 3HAYMTEIBHO OTIMYAIOMIMMCS MOKAa3aTesieM, HO BO BPEMsSI aBapud POCT MOIIHOCTH
HPOUCXOAMIT C TOCTOSHHBIM HHKPEMEHTOM B TEYEHHH IBYX IMeproaoB (6 CeK.), YTO MO-BUAUMOMY

TOBOPUT 00 YCTOWMYMBOCTH HAOIIOABIIETOCS pPa3roHa.

W30bITOUHAasT pEaKTUBHOCTh 3aBUCHT OT IApaMeTPOB CpeIbl, B TOM YHCIE M OT IUIOTHOCTH
TeruioHocutens y. I1o BOmpocy o mpuuYMHAaxX pa3roHa MOIIHOCTH B [3 — 6] yTBepxkmaercs, 4To HpH
YMEHBIICHUN IUIOTHOCTH TEIUIOHOCHUTENS MJOJDKEH HaOMIoNaThesi CHIBHBIM pPOCT HM30BITOUHOMN
pEeaKkTUBHOCTHU peaktopa 10 5B, (rme B — mosst 3ama3apIBaroInX HEHTPOHOB) — KpUBasl «a» Ha puc.l [4].
Tam e mpeacTaBlieHa 3aBUCHMOCTB, IOJyYCHHas Ha CTAaJUHM MPOCKTUPOBAHUS, COINIACYIOLIASCS C
HKCHEPUMEHTAIBHBIMA pe3yJIbTaTaMH, MOJYYEHHbBIMH B Xojae wucnbiTanuii peaktopa PBMK-1000
(kpuBast «0»).

13 cpaBHEHHS PUCYHKOB BHUIHO, YTO XOJ KPHBBIX 3HAYUTEIHHO PA3IMYAETCs B O0IACTH MAJIbIX 7.
Pacuernast kpuBas «0» puc.l moaTBepkaeHa pe3ybTaTaMi 3KCIEPUMEHTAIBHBIX OMBITOB, B TO BpeMs
KaK B DKCIEPUMEHTAIbHOE OOOCHOBAHME PACUETHOW KPUBOM «a» IOJIOKEHO EIUHHYHOE COOBITHE,
npousowenuiee B 1986 roxgy nHa |V 61oke YepnoObuisckoit ADC. C Hay4HOM TOUKH 3peHUs KpuBas «0»
Ha puc.l Ham mpexacraBisgercs Oojiee 0OOCHOBaHHOM. 3aMETUM, YTO MPHU M30BITOUYHON PEAKTUBHOCTHU
p>f MPOUCXOAMUT Pa3rOH PEaKTOpa Ha MTHOBEHHBIX HeHTpoHax. CiesoBaTeNbHO, €CIU MPUBEICHHAs B
[4] 3aBucuMocTh p(y) «a» SBISETCS MCTHHHOW, TO PEaKTOP MOXKHO pa30rHaTh, NPOCTO BBUIMB BECh
TEIUIOHOCHUTENb. Torna OGaHanmbHast aBapus B I0jad€ BOJBI JOJDKHA MPHUBOAUTH K HEYNPaBIIEMOMY
pa3roHy peakTopa Ha MTHOBEHHBIX HeEHTpoHax c¢ mepuomoM MeHbme 0.1 cek. (T.e. peakrop
IpeBpaIlacTcss B «aTOMHYI O00oMOy»). Ecnm 3TO necTBUTENBHO Tak, TO MalbHEWIIas HKCILTyaTalHst
PEAaKTOPOB ATOTO THIA MPOCTO HepomycTuma. OJHAKO MBI HaJeeMcs, YTO UCTUHHOU BCe XKe SIBISETCS
Oosiee pazymHas 3aBUCHUMOCTb «0» puc.l, momyueHHas KOHCTPYKTOpaMH peakTopa, KOTopble, OyIydu
JIOABMU aKKYpaTHBIMM M OTBETCTBEHHBIMH HE TOJBKO pAcCCUUTHIBAIM, HO U  IPOBEPSIIH

SKCIICPUMCHTAJILHO BCE€ OCHOBHBLIC MAPaMETPhI CUCTEMbBI Ha PA3JIMYHBIX CTAAUAX BBITOPAHUS TOIIJIMBA.

ITo odunmansHoit Bepcuu [3 — 6] aBapusi pa3BHBaiach CIEAYIOUIAM 00pa3oM: H3-3a JIOKAJIBHOTO
YBEJIMUYCHUSI MOIIIHOCTH B YCJIOBHUSIX 3aHH)KEHHOTO OMEPATUBHOIO 3araca peakTUBHOCTH (6+8 crepxHei
npu MUHHManbHOM 3amace 30 CTep)KHEH) MpOW30LIeT MeperpeB TeruioHocutelns. [leperpeB BbI3Bal
YMEHBIICHHE IUIOTHOCTH TEIUIOHOCHTENsSl, YTO B CBOIO OYEpelb MPUBEIO K POCTY H3OBITOYHOMN
PEaKTUBHOCTU — KpuBas «a» (puc.l). PocT peakTHBHOCTH MpHBEN K POCTY MHTCHCUBHOCTU PEAKIMH U
YBEJIMYCHUIO MOIIHOCTH (BBIJEIsieMasi MOIIHOCTh MPONOPIMOHANFHA IJIOTHOCTH HEWTpoHOB). To ecTh
9TO MPUBEJIO K Pa3BUTUIO HEYCTOWYMBOCTH TUIOTHOCTH HEHTPOHOB BO BpeMeHH. Huke mokasbiBaercs,
YTO BpeMs Pa3BUTHs TaKOW HEYCTOWYMBOCTU CYIIECTBEHHO IMPEBBIIIAET (PAKTHUYECKOE BpEMsi pa3roHa
peakTopa, HaOIIONaBIIEeCs MPU aBAPHH, JAXKe €CIU NPUHATh B Ka4eCTBE MCXOTHBIX JTaHHBIX BEChbMa
COMHUTEIILHYIO PAcueTHYI 3aBUCUMOCTh «a» (puc.l) ko3¢ duimenta M30BITOYHON PEaKTUBHOCTH OT
IUIOTHOCTH TETJIOHOCHUTEINS. 3aMETHM, 4TO KpOME MapoBOro KO3 PHIMeHTa peaKTUBHOCTU Ha TUHAMUKY
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pPa3BUTHS HEYCTOWYMBOCTH OKAa3bIBAIOT BIIMSHUE TEMIIEPATYPHBIA M MOITHOCTHOM KOA((HUIMEHTH,

KOTOpBIE MPUBOIAT K YMEHBIIIEHHIO CKOPOCTH POCTa PEaKTUBHOCTH [8].

p.p

3
|- 200 400 600 Y kg/m

Puc 1. 3aBUCUMOCTh N30BITOYHON PEAKTUBHOCTH OT IJIOTHOCTH TEIJIOHOCUTENIS B €IUHUTIAX .
a —pacueT mocie aBapuu; O — MPOEKTHBIN pacyeT 0 aBapuH.

B pabote [9] moka3zano, uto npu aBapuu pasron peakropa PEMK-1000 uerBeproro sHeproOioka
YepuoObutbekoit ADC MPOMCXOAMI Ha 3ama3ablBalONuX HEWTpoHax. Aprymenranus astopa [9]
OCHOBaHa Ha IMOKAa3aHMIX TPUOOPOB, U3 KOTOPHIX CIEIAYET, YTO TMEpBbIE 6 CEK. pa3roH MOIIHOCTH
NPOMCXOIMII TIPH HEM3MEHHOM H30BITKE peakTHBHOCTH peaktopa p ~ 0.58, mpuyem mepswie 6 cek.
MOIITHOCTh U3MEHSUTACh CO BPEMEHEM MPHUOJIMIKEHHO 0 SKCTIOHCHIIMAIIBHOMY 3akoHy N = 200-€” Msr,
C XapaKTepHBIM BpeMeHeM 3 cek. Jlaree pa3roH MpoucXoani MO-BUAMMOMY OBICTpee, yepes CIeIyoIue
4 cek. ObUT 3apeTMCTPUPOBAH CHTHAJ PE3KOTO TOBBIIICHHUS [ABJICHUS ra3a B TIpadUTOBOM KiIaake
peaktopa. Takum 00pazoMm, o MUMEOMUMCS (HAKTUIECKAM IaHHBIM pa3roH MOIIMHOCTH PEaKTopa B
nenom npogoinkancs t~10 cex. M3 atoro ¢akra B padore [9] ObuT clenmaH BBIBOI O TOM, YTO pasroH
peakTopa TMPOUCXOAWI C YYacTHEM 3ala3/blBalOIIUX HEHTPOHOB, IIOCKOJIBKY Ha MTHOBEHHBIX
HelTpoHax OH mpowmsomen Obl npuMepHo B 100 pa3 OwicTpee, M MPOCICAWTH €r0 BO BPEMEHHU IIO
npubopaM Ha MmyJbTe yIpaBieHUs ObUI0 ObI a0COIIOTHO HEBO3MOXKHO.

OtcyTcTBHE pas3roHa peakTopa Ha «MIHOBEHHBIX» HEMTPOHAX KOCBEHHO ITOATBEPKIAACTCS
OTCYTCTBHUEM BHJIMMBIX MMOBPEKIACHUI CTEHOK peakTopa, Tak HazbiBaeMoi cxeMbl «KXK» (koxyx). DTOT
¢akr Obur ycranoBieH B 1990 romy corpymaukamu «KomruiekcHod skcremuimn» MAD, korma c
NOMOIIBI0 OypeHUs CKBOKMH YAAJIOCh Yepe3 MEPUCKON BHU3YAIIbHO OCMOTPETh BHYTPEHHIOKO
IIOBEPXHOCTh peakTopa. Bech BHYTpeHHHIl 00BEM peakTopa OKa3ajicsi IyCT, T.e. IOJIHOCTHIO
OTCYTCTBOBAJIO COJCPKMMOE peakTopa. Bumumeix nedopmanuii 1 NOBPEKICHUN BHYTPEHHEH CTEHKH
peakTopa OTMEYeHO He ObLIO, Ooyiee TOro, coxpaHwjach Jake Kpacka Ha cxeme «KJK». BusyambHO
OBUIO YCTAHOBIIEHO, YTO JIMIIb B IOTO-BOCTOYHOM KBAaJpaHTE Ha BHYTPEHHEW INOBEPXHOCTH CTEHKH
HaOJIOAaHCh CIe/bl KOMOTH. JTOT (DaKT CTAaBUT IOJ COMHEHHE BEPCHUIO O BOSHHKHOBEHHH IOXapa B
CaMOM PEaKTope ¢ MOCIEAYIONINM IJIaBJIeHueM TOoIuMBa. K TakoMy ke BBIBOY MPHIILTH CIICIIUAIIUCTHI,
uccienosasiiue Gpparments Torursa [10].

[IpuHuMast BO BHUMaHHE BCE BBIIIE MEPEUYUCICHHBIE apTyMEHThI, MOKHO IMPUMTHU K BBIBOAY O TOM,
YTO OOIIEHPUHATHIN Ha CETOAHAINIHNAN I€Hb CleHapHii aBapuu [3, 4] He ToabKO He 00BICHIET (haKThl, HO
Y HAaXOJIUTCSA C HUMHU B MPSMOM MPOTHUBOPEUUH.
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AHaJIu3 00IENPUHATOr0 MEXaHU3Ma.

B pamkax odunmanbHONl BepCcHM MPUYMHOW POCTa PEAKTUBHOCTH CUUTAETCS OOJBLIONW MapoBOU
kodpduurent. Ho B 3ToM ciydae CKOpOCTb POCTa PEAKTHUBHOCTH IPOMOPIHMOHAIBHA TUIOTHOCTH
HEHTPOHOB U MMO3TOMY HEHTPOHHBINM MOTOK PACTET 3HAUYUTENILHO MEJUICHHEE, YeM MPH CKauKOOOpa3HOM
W3MEHCHHH PEaKTUBHOCTH, paccMOTpeHHOM B [7]. ITokakeMm, 4TO Jake MPH 3aBBIIMICHHOW pacueTHOMN
3aBUCHMOCTH P(Y) — KpuBas «a» Ha puc.l, poct MomHocTH peakropa B € pa3 ¢ 200 MBt 10 530 MBT He

MOT Mpou30iTH ObIcTpee, yeM 3a 20 cek., Torjaa Kak pakTHYECKH TaKOH pocT MPOU30IIET 3a 3 CEK.

[MpeamnonoxuM, 4TO BBHITIONHAETCS 3aBBIIICHHAsT 3aBUCUMOCTH P(y) — KpuBas «a» Ha puc.l, B 3ToM
cllyyae apoBoi K03()(OULMEHT PEaKTHBHOCTH Oly HE ITPEBBIIACT:
dp _ 6B

0, =—<—" =36.10%",
° T dy  75%

Tak Kak w3 gaHHbiX [8] (c.34) cimemyer, 4TO IS peakTopa, BBIIIEAIIETO HA CTAl[MOHAPHBIA PEKUM
neperpy3ku torra $=0.0045. 3amerum, 4to gaxe B oduimanbHoil mHpopMmanmu [3] ykasbBaeTcs

MEHbUINN KO3(GGHULUECHT Ol = 210" %",

[MTo maHHBIM KOHCTPYKTOPOB [8] mapornpon3BOAUTEILHOCT PEAKTOPa MPU HOMHUHAIBHOW MOIIHOCTH
paBHa 1.5 T/c, a cpeaHee copepkaHue TMapa B TEIUIOHOCUTENE Ha Bbixoae 15%, mpu 3TOM B peakTope
Haxo4quTCsa OJHOBPCMCHHO HC MCHCC 30 1. TCIIJIOHOCUTCIIA, a CKOPOCTb HU3MCHCHUSA IINIOTHOCTH

TETUTOHOCHTES (TapOCOAEePIKaHUs) TPOIOPIIMOHATBFHA MOITHOCTH (IUIOTHOCTH HEHTPOHOB).

TennoHocUTENb MPOKAYMBACTCS UYepe3 peakTop BoceMblo [naBHbIME [{UpKyIAIMOHHBIMU
Hacocamu (I'IIH). B cootBeTcTBHU ¢ mporpammoii ucnbiTaHuid Ha 4-oMm Gioke YADC dethipe U3 HUX
ObUIM 3aMuTaHbl OT 3NIeKTpuueckoil cetu 3-ro sHeprodsoka YADC. Otu versipe I'IIH nomxHbl OblIN
o0ecrneunTh HOpMaJIbHOE OXJIAKICHHUE PEaKTOpa AaXke MPHU OTKIOYEHUH 3HEpromnoaayu ot 4-oro 6oka,
1o KpaifHell Mepe, 10 MOMeHTa ocTxkeHnss 50% HOMUHAIBLHON MOIIHOCTH, a pa3roH peakTopa HadaJcs

¢ 6% HOMUHAJIBHON MOIIHOCTH.

Ecnu Bce ke MpennoyioxkuTh, 4TO JBMKEHUE TEIJIOHOCUTEINS 4epe3 peakTop ObUIO MO KaKUM-TO
NPUYMHAM MTOJHOCTHIO OCTAHOBIICHO (4Eero OBITH HE MOTJIO), TO AaXKE B 3TOM KpalHEM Cliydae CKOPOCTh
M3MEHEHHUS PEaKTUBHOCTU HE MPEBBICUT:

do_dp dy 6B 157c? W,
dt dy dt 075 30r W,

rne Wo = 200 MBT — HavaiibHasi MOUTHOCTh PEaKTopa, ¢ KOTOpoi Hauancs pasrod, W, = 3200 Mar -
HOMHUHAaJbHAs MOIIHOCTh. CIeloBaTeNbHO, Ui MAaKCUMalbHO BO3MOXXKHOW (yHKimu p(t) momydaem
ypaBHEHHE:
dp n
Lot @
dt n,
rae .<0.025 cex™, N — IIOTHOCTB, a N — HAYaIbHAs IIOTHOCTH HeHTPOHOB. OGPATHM BHUMAHHE Ha TO,

4YTO YPABHCHUC (2) BBIITOJIHACTCS JIOKAJIBHO, TaK KaK MbI BOCIIOJIB30BAJIMCh JIUIIb TEM MPCAIIOJIOKCHUCM,
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qTo HaXOI[HHII/If/'ICH B 3aMKHYTOM 00BbEME TEIIIOHOCUTEINh BBIITAPUBACTCA 3a CUCT BI)II[GJ'IHGMOI\/JI TEIJIOBOI

SHEpPruH.

Pemass cucremy ypaBHenuii (1 — 2) B npubmmkeHnun oaHON 3(QeKTUBHOI TpynIbl

3ala3/bIBAlOIINX  HEHTpPOHOB, yuuThiBasg HavyaneHble ycnoBus p(0)=0, pi(O)=a-fp u

py (0)=a-B-n}(0) =0, Tak KaKk pa3roH Ha4YaJICs U3 CTALIHOHAPHOT'O COCTOSIHUS, TI0JIy4aeM ypaBHEHHUE:

2 2
T\d l23+ T’”Jr]_ %_B.%—}\’L:(TX—}—B)'Q. ©)
B )dt B d p dt 28

B paccmatpuBaemom npubmmkennu (T-A << 3 u T-o. << f3) 3T0 ypaBHEHHE UMEET TOUYHOE PEIICHHE!

ﬁarctg LB _E.|n 1+L E =qo-t. (4)
» 2.0 B) 2.alp

ITpu BpemeHax t<<a'=40 cek. HecnokHO 3ammcaTh OpUOITKEHHE!
n(t) = n, - 1+a~t+(ga2+%aj-t2+o((a-t)2) . (5)

Takum 00pa3oM, B paMKax MPUHSATHIX HAYAIBHBIX YCIOBUH pocT MOITHOCTH 3a niepBbie 10 ¢. He Mor
ObITh Oonbmic yeMm B 1.5 pasa. DToT pesysbTar coriacyercs ¢ [7], Tak Kak B HAIeM cjydae IepBOe
BpeMs U30BITOYHAS PEAKTUBHOCTh PACTET JIMHEHHO CO CKOPOCTHIO O.. II0CKONBKY TpH aBapuul peaxkTop
pasToOHsUICS KaXIple 3 CeK. B € pa3, TO MOKHO CHAENaTh BBIBOJ, YTO /A€ CTOJb BBICOKHN MapOBOM

K03 PHIMEHT PEaKTUBHOCTH, KOTOPBIN B3AT 3a OCHOBY B [3, 4] — kpuBas «a» Ha puc.l — He MOT OBITh
NPUYMHON pa3roHa peakTopa npu NeperpeBe TeIIOHOCUTEIIS .

Yuyer BceX TIpYMI 3ama3ablBAlONIMX HEHTPOHOB HE H3MEHHUT IOJyYEHHOIO pe3yJjbTara. pOCT
MOIIHOCTH peakTopa B € pa3 ¢ 200 MBt 1o 530 MBT He Mor npousoiitu OwicTpee, yem 3a 20 cek., Toraa
Kak (paKTHUECKH TaKOW pocT mpousoirnen 3a 3 cek. IIpemmaraempie B [3 — 6] YMCICHHBIC MOJCIH HE
OOBSICHAIOT CKOPOCTh Pa3rOHa MOIIHOCTH PEAKTOpa. DTO MOPOKIACT COMHECHHS M B IMPABHIBLHOCTH
pacyeToB 3aBHCUMOCTH HM30BITOYHON PEAKTHBHOCTH OT IUIOTHOCTH TEIUIOHOCHTENS — KpHBas «a» Ha
puc.l, KOTopas SBJIAETCS 3aBBIIICHHOH MO0 OTHOIICHHUIO K TPOSKTHOW KPpUBOW «0» [8].

Paccmotpum  nmanee  yrBepxknenume [3] o pasroHe peakTopa W3-3a IPOCTPAHCTBEHHON
HEO/IHOPOJIHOCTH DHEPrOBbIJeNICHHsT (IUIOTHOCTH HEHTPOHOB). Bo-TIepBBIX, 3aMETHM, 4YTO XapakTep
B3pPBIBHOW Pa3repMETH3alMH PEaKkTopa M pa3jieTa €ro KOHCTPYKTHUBHBIX 3JEMEHTOB CBUIETEILCTBYET,
CKOpee BCEro, 0 JOCTaTOYHO OJJHOPOTHOM MO 00BEMY YBEIMYCHUIO TNIOTHOCTH HelTpoHOB [11]. Kpome
TOrO, yXe B Kiaccuueckux paborax depmu [12] ObuO TOKa3aHO, YTO Y4YET MPOCTPAHCTBEHHOMN
HEOJHOPOJAHOCTHU MPU HEOOJIBIION TOI0KUTEIbHON U30BITOUHON PEAKTUBHOCTU MIPUBOAUT K 3aTyXaHHIO
BBICOKMX CHJIbHO HEOJHOPOAHBIX IPOCTPAHCTBEHHBIX TapMOHHUK Bo3MyIueHuil. Ilpu Oosnbinoit
PEaKTUBHOCTH BBICOKHE INPOCTPAHCTBEHHBIE TapMOHUKHU pacTyT, IO KpalHeHd Mepe, MeIJIeHHee
OCHOBHOU. JleHcTBUTENBHO, TIepBOe ypaBHeHHE (1) mpu ydeTe MPOCTPAHCTBEHHOW HEOTHOPOIHOCTH
NpUHUMACT clieayrouuii Bua [12]:
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dn p—P
—=D-An+—-n+> AC,, 6
dt T — (©)

rie D = L2/ T — xospduuuent mupdysun Heiitporos, T — Kak M paHblIe BPeMs KH3HH OJHOTO
MIOKOJICHUSI MTHOBEHHBIX HEUTpOoHOB, L — myuna auddyzuu. Inuna nuddysun ans rpadura L ~ 50 cm.,
s Boapl ~ 3 cM. Ilpu mowmcke coOcTBeHHBIX pemieHuii ypaBHenuil (6) B Buae N(t) = ¢(x,y,2)-f(t),
YUHUTHIBAsA, YTO HA TPAHUIIE PeaKkTopa MOXHO cuuTarh N = 0, momyvaem:

Ap=-0’p,

(7)

dn_p—(qL)*-p
—=E 7 Tnid)ac,
dt T +Z l

rae ¢ — BOJIHOBOW BEKTOP.

BuiHO, 4YTO ydYeT HEOJHOPOAHOCTH MHPUBOAUT K YMEHBIICHHUIO PEAKTHBHOCTH HAa BEIMYHMHY

2 .
(2nL/a)%, rne a — ayMHA BOJIHBI MPOCTPAHCTBEHHOW T'apMOHHMKHM BO3MYyIIeHUs. J[pyruMu cioBamu, B
YPaBHEHUSX KHHETHKHM pEaKTopa u3-3a HEOAHOPOJHOCTH IPOCTPAHCTBEHHOTO pacIpeiecHuUs
HEUTPOHOB MOsBiseTcs «auddy3noHHbIi wieH». OH 00YCIIaBIMBACT CrIIA)KUBaHHE («pa3MbIBAHUE)

IIPOCTPAHCTBEHHBIX HEPOBHOCTEHN IIJIOTHOCTU HEUTPOHOB.
IToaBITOKMM BbIIIECKA3AHHOE!

1. OpunmanpHple BEpCHMM MOJIETM aBapuU MPOTHBOpEYAT 3a(PUKCUPOBAHHBIM (akTaM U
COBPEMEHHBIM (DU3NYCCKUM MPECTABICHUSM B CIICAYIONIMX ITyHKTaX:

® 33aBHCHUMOCTb PEAKTUBHOCTH OT IUIOTHOCTH TEIUIOHOCHUTENS 3aBbILIEHA II0O CPaBHEHUIO C
MIPOEKTHO;

® BpEMs pa3BUTHs HEYCTOMUMBOCTH, MOITYYEHHOE aHAIUTHUYECKU W3 aHAJINM3a ypaBHEHHH, Jaxke C
Y4E€TOM  3aBBIIICHHOM  PEAKTHBHOCTU  CYIIECTBEHHO  IPEBBINIAET  PE3yJIbTaThl  YUCIEHHOI'O
MOJIETTUPOBAHUS;

® VTBEPXKACHHE O CHIBHON IPOCTPAaHCTBEHHONM HEOAHOPOJHOCTU IPOTUBOPEUUT XapaKTEPy
B3pbIBa, HO AK€ HAJIMYUE HEOJHOPOAHOCTH NMPHUBOJIUT K yBEJIMUYEHUIO BPEMEHHU pa3roHa, a HE K €ro

YMCHBIICHUIO.

2. lo cux mop Her yOeaurTenbHOro oObscHeHHMs npuyuH aBapun Ha YADC, mo-BuauMomy, B

paMKax COBpCMCHHOI'O HAYYHOI'O IPCACTABJICHUA 3TO CACIIATh BECbMa Hp06HeMaTI/I‘-IHO.

3. st 0OBsACHEHUI CTOJIb BBICOKOH CKOPOCTH pa3roHa peakTopa, MO HaIleMy MHEHHIO, CIICTyeT
MPEANOI0KHUTE, YTO TIPU aBapUU MOTJIO TPOSBUTHCS HOBOE (pHU3MYECKOE sBJICHHE (MM TaKe KOMILICKC
SIBIICHMIA).

[TonpoOyemM npeIIOKUTb BO3MOMKHBIM MEXaHU3M pasroOHa peakTopa, HE IPOTUBOpEUAIlIUi

MIPUBEJICHHBIM BBIIIE (haKTaM.
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B -pacnman B cBsi3aHHOE COCTOSIHHE.

HecmoTpss Ha mpHUBBIYHOE TMpPEACTABIEHUE O TOM, YTO SJIEPHbIE MPOLECCHl 3HAYUTEIHHO
OTJIMYAIOTCS OT aTOMHBIX IO BPEMEHHOMY, MPOCTPAHCTBEHHOMY M SHEPreTM4ecKkoMy Mmacitady, B
(bu3KKe U3BECTHO MHOTO MPUMEPOB TECHOW B3aMMOCBS3H SIIEPHBIX U AaTOMHBIX SIBICHUH.

B paborax [13 — 16] crtpoutcs Teopus [-pacmaza B CBSI3aHHOE COCTOSHHE AJIEKTpOoHA (TpH
KOTOPOM [3-3JICKTPOH HE MOKHAET aTOM, a 3aHMMaeT cBOOOIHYI0 opOuTy). ObOpamaercsi Buumanue [17]
Ha TO, YTO pachaj B CBSI3aHHOE COCTOSHUE JOTOJHHUTEILHO yBEIUUMBaeT (pa3oBblii 00bEM KOHEUYHBIX
COCTOSIHMH M, CJIEIOBaTEeIbHO YBEIHUYUBACT BEPOATHOCTh [ -pacmama. B [15, 16] BbIuUCICHBI
OTHOIIICHHS MTOCTOSIHHBIX pacmaja (BeposaTHOCTEW [3-pacmaja) B CBI3aHHOE Ap U B CBOOOHOE COCTOSIHUEC
Ac. JIIS TIOMHOCTBIO HMOHM30BAHHBIX TSDKENBIX aTOMOB TpH [3-pacmaiax C MajbIMH SHEPrUsSMH,
OTHOIICHHUE Ap/Ac MOXKET JOCTHraTh OIPOMHOM BEIMYHHBI 10°+10*. To ectp Hanuume CBOOOIHBIX

AJIEKTPOHHBIX OPOUT MOXKET YBEIIMUUTH BEPOSITHOCTHU [3 -pacnajia siiep B ThICSIUYH pas.

Teopust B-pacnaga B CBSI3aHHOE COCTOSHHE ObLIa HKCIEPUMEHTAIBHO MOATBEPXKICHA B paboTax
[18, 19]. Tpuuem mis 8'Re [19] nonnas moHH3ALWS YMEHBIIMIA meprox monypacmaza B 10° pas

10 . .
(4.3-10" et ayis HelTpanbHOTO atoMa; 33 roja AJIs MOJHOCTHIO HOHH30BAHHOTO S/Pa).

Pacuer OoTHOIIEHHST BEPOIATHOCTEH [3-pacnaga B CBI3aHHOE M B CBOOOJHOE COCTOSIHUE aHAIIOTMYEH

v +

KJIACCHYECKOMY pacdeTy OTHOINEHHs BeposTHOcTed K-3axBara K BEPOATHOCTH ITO3UTPOHHOIO [3'-
pacmaza [20]. [Tosab3yschk pesyibratamu [15, 16, 20] 3anuinem cieayrolee BaKHOE YTBEPIKICHHE:

® noseieHue c60000HOU INeKMPOHHOU OpOUMbL y8eauuusaem noCmMosaHHy [-pacnada A

1106020 pazpeueHHo20 nepexooda Ha eenuyuny oA (B aToMHbIX equuunax i=c=m,=1):

o _n [¥(RIE-D° 2 (w2)(E-1)’
A2 f(Z,E) N3.f(Z,E)

: (8)

rae V. (R) — moTHOCTB JIEKTPOHHBIX BOJTHOBBIX (DYHKIUI B o0nacTu siapa, E —sneprus nepexona, Z —

3apsn spa, f(Z,E) —unterpanbhas Gpynkuus Oepmu:
E
f(Z,E) :J.F(Z,s)-e\/sz—l-(E—s)zds, 9)
1

0=1/137 — nocTosiHHasi TOHKOH CTPYKTYphl, N — IJIaBHOE KBAHTOBOE YKCIIO CBOOOAHON 0pOuTHI. BTOpoe
paBeHCTBO B (8) mosydeHO B HPUOIMKCHHUH BOIOPOAONOA00HON OpOHTHL. [10JB3ysCh H3BECTHBIM
npuGmmwkernem [20], uto dyukuus f(Z,E) (9) pacrer ¢ sHeprueii Goictpee, yem EZ (wis E>>1 MoxHO
BOCIOJIB30BaThCs ipubOmmKennem f~E°/30), monyuaem u3 (8) ouerky (mms N=1):

3
% ~ 601{%) , (10)

Buaum, uto usmeHenne OA/A OymeT Ooublie IS MEPEXO0B ¢ MEHBINUMHU dHEprusiMu E, To ecth st
nepexo0B Ha 0ojiee BhICOKHE (BO30YKIEHHBIE) YPOBHH JOUYCPHETO SIpA.
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B paborax [13 — 19] paccmarpuBaercs [-pacmaq B CBSI3aHHBIE COCTOSHHMSI Ha OpOWTHI,
0CBOOOIMBIIKMECS B pe3yJsibTaTe HOHU3aImu atoma. OIHAKO 3TO HE €AMHCTBEHHBIH CrIOCO0 0CBOOOIUTH
3NIEKTPOHHBIE OpOHTHL. B paborax [21, 22] b.b.KamoMmiieB 00paTui BHUMaHKHE Ha MIEPECTPOMKY aTOMHBIX
9JIEKTPOHOB B CHJIBHOM MarHutTHOM Tmone. B [21] moka3aHo, 9TO y TSDKEIBIX aTOMOB B CHIIBHOM
MarHUTHOM II0JI€ DJIEKTPOHBI HE CTPEMSTCS 3aHUMaTh HW)KHUE dHEPreTHYECKUe ypoBHH. TO ecTh aTom
BO30yXmaeTcs, a OmmKalime K SApYy 53JEeKTPOHHBIE OpOUTHI OCBOOOXIAKOTCS sl [-pacmana B
CBSI3aHHBIC COCTOSIHHSI. TakuM 00pa3oM MOXKHO MPEANOIOXKHUTH, YTO €CIHH Obl MOSBUIOCH CHUIBHOE
MarHuTHOE IMOJIe, TO OHO MOTIJIO OBl OTKPBITH JIOMOJIHUTEIbHBIE KaHAIBI [-pacmaia B CBsI3aHHbBIC
cocTosiHus. Ha Hanu4ue CHIIBHOTO MarHUTHOTO TOJISi BO3MOXKHO YKa3bIBaeT (DaKT BBIPBaHHBIX M3 CTEH
AJIEKTPHUYECKUX MPOBOIOB. Bo3MOKHasI MpUYHMHA MMOSBICHUS TAKOTO CHIBHOTO MAarHUTHOTO TMOJIs OyeT
paccMOTpeHa To3kKe, a ceifyac pacCMOTPUM, Kak -pacnan B CBS3aHHBIC COCTOSHUS MOBIIUSET HA JTOITIO
3arra3IbIBAIoNUX HEHTPOHOB B PEAKTOpE.

Bausinne u3MeHeHUs CBOMCTB pacnaja sjiep-usjaydaresei 3ana3bIBA0IUX HEHTPOHOB HA
PEeaKTHBHOCTD.

235

B pesynbrare nenenus “°U oOpasyercs OONBIIOE KOJTHMYECTBO OCKOJIKOB C ATOMHBIMH BECaMH OT
A=72 no A=160. MaccoBbie U 3apsIOBbIE PACHPEACICHHUS OCKOJIKOB XOPOIIO M3y4YeHbI. BOJIBIIMHCTBO
OCKOJIKOB SIBIISIFOTCSL HECTAOMIBHBIMH HEHTPOHHO-U30BITOYHBIME siapamu [23, 24]. YacTte 3TuX szaep

(~50 smep), ABIAIOMIMXCS MCTOYHUKAMH 3alla3ibIBAIONIMX HEWTPOHOB, PACMaialoTCs MO CIICAYOIIeH
cxeme (puc.2) [24].

Qp :
. Qn
: E KOHCYHOC ﬂ[[po
: - Z+1, N-2
MaTepI/IHCKOQ H,Z[pO HpOMe)KyTO‘IHoe SIIIPO
Z,N Z+1, N-1

Puc.2 Cxema pacnazia sapa-usiryyaress 3ana3/(bIBatoiero Helrpona. Qg - MakcUMasbHas SHEPrUs

B-pacnana, Qn —9HEeprus cBsA3M HEUTPOHA B IPOMEKYTOUHOM SIIIPE.

[lpn PB-pacmage MaTepuHCKOro simpa (M3Iydarelsl 3ala3[bIBAlOLICrO HEWTPOHA) MO KaHaly C
MEHBIIUMH SHEPrUsiMH [-Tiepexoaa o0pa3yercsi MPOMEXYTOYHOE SAPO B BO30YXKIAEHHOM COCTOSIHUU.
[Ipu sHepruun Bo30yxaeHus 6omnbleit Qn —3HEepruu CBA3M HEUTPOHA — IPOMEKYTOUHOE SAPO UCITYCKAET
HeiTpoH. McnyckaHue HEeHTpoHa M3 MPOMEKYTOUHOrO siApa MPOUCXOIUT MPAKTUYECKH MTHOBEHHO, a
BpeMsl «3ama3fbIBaHUsI» OIPENeNsIeTCsl BPEMEHEM JKHU3HU MaTepHUHCKOIo sapa. 3aMeTuM, 4YTO JOJIs
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3ala3abIBaromnx HGP’ITpOHOB OIPCACIIACTCA B-pacnanaMH C MAJIBIMU SHCPTUAMU, UX UHTCHCUBHOCTD JJI1

BCEX sZICp-M3ITydaTelieH 3ama3abIBaoIuX HeHTpoHOB He npeBbimaet 10% [24].

JIyist GOJTBITMHCTBA TIPOMEKYTOUHBIX SIZICP SHEPTHUS OTICIICHUS HeUTpoHa cocTaBisieT Qn~ 5+7 M»B.
CnenoBaTenbHO, Tak Kak »JHeprus [-pacnaja, HOPUBOJSLIETO K pokaeHUro HedTpoHa Qp—Qh
cymecTBeHHO MeHbine Qg, To u3 oueHku (10) BuaHO, 4TO NpH BO3HMKHOBEHMH KaHAJIOB paclajga B
CBSI3aHHOE COCTOSIHUE OTHOIICHUE OAn/An IUIS1 HEUTPOHHOTO KaHala, UAYIIEro ¢ MaIbIMU SHEprusiMu E

OyJIeT CyIIeCTBEHHO IPEBHIIATh OAg/Ag OE3HEHTPOHHOTO pacnaaa Ha HU3KHE yPOBHU:

n

M A

)
Ohy Oy (11)

Z[OJ'IH 3ara3JbIBarOinx HeﬁTPOHOB B IIpONOpHIHMOHATIbHA OTHOIICHHIO:

Bock—”.
I

Hecnoxuo MOJIYUNUTh, YTO OTHOCUTCIIbHOC U3MCHCHHUC NOJIHU 3alla31bIBarOIINX Hef/'ITpOHOB COCTAaBJIACT.

A 8,
%:_ﬁ. Oy Mo,

R

riae A=AntAg +0Ant+0Ag. CiienoBarenbHO:

® nossieHue Cc80000HOU INEKMPOHHOU OpOUMbL AMOMA-UZIYHaAmens 3ana3zobléaoujux
HeUmpoOHO8 NPUEOOUM K y8eaudusaem 00au 3anazoblearoujux HeumpoHos!

B ypaBHeHusix (6) y4uTHIBAJIMCh KOHLEHTPAILMU TOJIBKO TEX sACP-H3IydaTesell 3ara3ibIBaroIinX
HEHTPOHOB, KOTOPBIE MCIBITAIM PACIaj] 10 HEHTPOHHOMY KaHally, a OCKOJIKH, MCIIBITaBIINE [3-pacrai
0e3 U3JIy4YeHUs HEHTPOHA, CUMTAIUCH MOTEPSHHBIMH JJIS Ipoliecca LEenHON peakuuu. PakTHUECKH Te
HEUTPOHBI, KOTOpbIE MNpPHUBEIM K OOPa30BaHUIO OCKOJKOB, HMCIBITABIIMX O€3HEHTpOHHBINH [3-pacmaj

YUUTBIBAJINCH B YBCJIIMYCHUU IIOTEPH, TO €CTh B YMCHBIICHUHU PCAKTUBHOCTH P.

W3BecTHO [24], 4TO KOJHUYECTBO PaCIagoB ¢ POKIACHHEM HEHTPOHOB COCTaBisACT He Oosee v~10%
of1ero yucna PB-pacnagoB spa-u3aydarens 3ana3fblBalolIUuX HEHTPOHOB. B crammoHapHOM pexume
paboThl peakTopa, TaK Kak JOJs 3ala3/JblBaloIINX HEHTPOHOB B~5-10'3, MOCTOSIHHAST pacraja siaep-
msnyuareneii A~0.1 cex', Bpems XM3HM MTHOBEHHBIX HelTpoHoB T~107 cex, m3 (1) momydaem
KOHIICHTPALIMIO BCEX sAep-M3Iydaresicii 3ama3/pIBaoMX HEUTPOHOB (BKJIIOYAs M TE sIpa, KOTOPHIC
UCIIBITAIOT pacnaj 0e3 poKACHUs HEHTpoHa):

C:v;}-%-n~vﬁ-50-n~500-n,

TO €CTb KOJIHMYCCTBO ﬂ;[ep-mnyaneneﬁ 3a11a3JbIBarOIIuX HeﬁTpOHOB Ooee yeM Ha ABa IIOpsiAKa
MMPCBLIMIACT KOJIUYCCTBO MI'HOBCHHBIX H€I>'ITpOHOB.
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B peakTope MOCTOSHHO HAaXOIUTCSI OTPOMHOE KOJMYECTBO SJI€P-OCKOJIKOB, CIIOCOOHBIX H3IY4YHUTh
Heiitponsl. CrnemoBaTenbHO, HapylleHHe B (M3MKE pacraja sjep-u3jiydaresell 3ara3/bIBalonx
HEHUTPOHOB MOXKET MPUBECTH K 3HAUUTEIbHBIM U3MEHEHUSM IUIOTHOCTU HEUTPOHOB.

Z[J'I}I aHaJIn3a IMOBCACHUA pCaKTOpPa IIpU UBMCHCHHUHA ITOCTOAHHBIX B-pacnaﬂa 7\. 3aIIuIIncM ypaBHCHI/Iﬂ
KUHETUKH (1) B MPpUOIMKSHUN OJJHOM IPYIIIbI 3aMa3/IbIBAIONIMX HEHTPOHOB C YYETOM BCETrO KOJTMYECTBA
SACp-M3IydaTeNiell 3ama3pIBaloONIMX HEHTPOHOB (BKIIOYAas M Te, pacmaj] KOTOPBIX HE TMPHUBEIT K
00pa30BaHUIO HEUTPOHA):

dn

o _pPh.c
dt T

d_C_Bt'n
dt T

—(A,+2)-C, (12)

r7ie N — IUIOTHOCTh HEUTPOHOB, P - PEAKTHBHOCTh PEAKTOPa, [ — OIS 3arma3abIBAIONINX HEUTPOHOB, T =
10° cek. — BpEMsl JKHM3HHM OJIHOTO IIOKOJICHHSI MTHOBEHHBIX HEUTpoHOB, C — IUIOTHOCTH Ssiep-
u3JIydareiell 3ama3/bIBalolMX HEHTPOHOB, BKIIIOYAs M T€ sApa M3JIydyaTeH, KOTOpPbIe MCHBITAIN [3-
pacnan 0e3 pokAeHHMs HEHUTpOHA;, An — IOCTOsHHAas [-pacmaja ¢ pPOXKAEHUEM HEWTPOHOB, Ag —
nocrosiHHas B-pacrnaza 6e3 poxaeHust HeHTpoHOB, Bi=f-(AntAp)/An — JONISA BCeX POXKIAIOIIMXCS SIEp-
u3JIydarerne 3ana3bpIBalonX HeUTPOHOB.

PaccMoTprM TOBeIeHHE peakTopa, pabOoTaroIIero B CTAlHOHAPHOM pEXKHME, TO €CTh C
peakTUBHOCTBIO p=0, mpuYeM pPEaKTUBHOCTh I10 MIHOBCHHBIM HEHUTPOHAM Pyry=—Pp OCTaeTCs
nocrossHHOW (B, — HauvanbHas [0S  3ala3/bIBAIONIMX HEHTPOHOB). PaccMoTpuM H3MEHEHHE
Ag—>(Ap+OAp) U An—>(AntdAn), yrosierBopsiomee ycnouto (11). Cunrast, 4T0 U3MEHEHHE HPOUCXOJUT
MTHOBEHHO (32 Bpems << T), u3 (12) nosyyaem ypaBHEHHE:

2 A
an By 90 Popy 8, L —81, | =0, (13)

dt T da T A,
rie A = (AntAg+dAn+OAg), KOTOpOE B IEPBOM IOPSIAKE MO OA ONHCHIBACT HEYCTOWYMBOCTH C

HHKPEMEHTOM:
A T
k=2, Ohy O | [q 2T (14)
Ay Ay By

W3 [24] wu3BecTHO, 4TO OCHOBHOW BKJAJ B POXKICHUE 3ala3/bIBAIOIIMX HEHTPOHOB IalOT OCKOJKHU
Z~35:37. Jlnsa Oe3HedTpOHHOrO KaHanma sHeprus mepexoxa Ep>>E,~1 (B eamHuumax sHeprum mokos

anekTpoHa). [Top3ysck oueHb rpy0oii konmdyectBeHHOM otieHKoi (10), yuntsiBas T-A << f,, moiydaem:

Sk, a-35

K~

3
~ A\ 6011( j ~mA~03s™, (15)

n

TO €CTh NPHU HAJUYHMH PACIa/ia B CBA3AHHOE COCTOSHUE BPEMs YBEIMYEHMSI MOIIHOCTH B € pa3 MOXKET
ObITh ~ 3 cex. KoHeuHo, 3T0 Tpy0Oasi olleHKa, HO €€ COBIAJCHUE C TEPHOJOM pa3roHa peakTopa IMpH
aBapuu Ha YADC Bpsia M SBASETCS TPOCTHIM COBIAJACHUEM.
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Hmak, paccmampugaemulii Mexanusm pazeumus agapuu c600Umca K ciedyrouiemy.

® BO3JCHCTBUEC CHUIIBHOTO MAarHUTHOTO TOJIS Ha aKTUBHYIO 30HY pEakTopa MPUBOJUT K MCKAKCHHUIO
ANIEKTPOHHBIX O0OJIOUEK siiep-u3NIydareieil 3ama3fbplBalOIIUX HEUTPOHOB ¢ 00pazoBaHUEM
CBOOOIHBIX AIEKTPOHHBIX OPOUT BOJIM3H AIpa;

® DOTO JieJaeT BO3MOXKHBIM [}-pacmaj B CBSI3aHHOE COCTOSHHE, 4YTO MPHUBOAUT K YBEIHYCHHIO
MOCTOSTHHOM pacmana A—>A+0A;

® MPU 3TOM OTHOCHUTEIBHOE YBEIUYCHHE BEPOSTHOCTH PACIaOB Ha BO30YXKICHHBIC YPOBHH,
NPUBOIAIINX K H3JIyYCHUIO HEHTpoHa OAn/An CyIIECTBEHHO HpeBbImaeT OAp/Ag OE3HEHTPOHHBIX
KaHAJIOB pacrasa,

®  CIJIEJIOBATEIILHO BO3PACTACT [3 — JI0JIs1 3aMa3bIBAIOIINX HEUTPOHOB,

® YTO B aKTUBHOH CpeJI€ MPUBEIET K pa3roHy peakTopa.

To ectb B oTmMune OT odpuuuaibHON Bepcuu [3] He peakTHBHOCTH yBenuuuBaercs 10 SB («a» Ha

puc.l), a yBeIUIMBACTCS caMa JIOJIs 3ama3bIBaroIIuX HEHTPOHOB, TO €CTh BEJIUYMHA [3.
3aKJIo4eHue.

Bo3HukaeT pe3oHHBIH BOIIPOC, YTO MOTJIO SIBUThCS MPUYUHON U3MEHEHHUsI CBOMCTB B-pacnana saep-
W3TydaTelield 3ama3pIBafolnX HEUTpoHOB B peakTope YADC? Ilpm ucneitanwsx 26.04.86r. 8-oi
TypOoreHepaTop ObUI OTKIIOYEH OT MOACTAHINH U CIY)KWI UCTOYHUKOM TOKA JJIsi COOCTBEHHBIX HYXK[
4-ro sHeprobnmoka YADC. Crnemyer OTMETUTh, YTO TE€pBOHAYaJbHAs MOUIHOCTh BBIOETAOIIErO
TypOoreneparopa cocrarisuia 30 MBT, a cam BeiOer mpoxoamn ~40cek ¥ MpH CITyYaiiHOM KOPOTKOM
3aMBIKAHUW OJHOTO M3 3JEMEHTOB JJICKTPHUYECKOW IENH MOTJIA BO3HHKHYTH YCIIOBHS, CXOXHE C
IKCIIEPUMEHTAIBHBIMU YCIOBUSAMH B padoTax [25, 26]. Habmonaromieecst B skcriepumenrtax [25, 26]
«CTPaHHOE W3JIYYCHHE», TO-BUAMMOMY, BBI3BAHO JJIEKTPOB3PHIBOM METAJUIMYECKOH (OIbru B

SKHIKOCTH.

B pabortax [25, 26] mis 0OBSCHEHHS SKCIEPUMEHTAIBHO HAOJIIOIACMbIX SIBJICHHI B KaueCTBE
pabodeii runoTe3bl OBUIO BEICKA3aHO MPEANookeHne 00 00pa3oBaHNKM MarHUTHBIX MOHoMoNel Jlomaka
[27] (ormuunbIX OT MOHOMOJNEW J[upaka) B MOMEHT IMay3bl TOKA, BOSHHMKAIOIICH NPH AJICKTPOB3PHIBE
METaTMYECKOi (Qosbru B skuAKOCTU. C TOYKHM 3peHHsl aBTOPOB paboThl [25] Ha OCHOBE BBIIBHHYTOM
TUIIOTE3bl BO3MOXKHO OOBSICHUTH PETUCTPUPYEMBIE C MOMOIIBIO SCPHBIX 3MYJIbCUI aHOMAJIbHBIE TPEKH,
HAOJTIOAIONLYIOCH TPaHC(OPMALIMIO SAEP M CHBHT MeccOaydpOBCKHX CIIEKTPOB - Fe. OCHOBAHHS IS
NPUIHCHIBAHKS «CTPAHHOMY H3JIyYCHUIO» MAHUTHOM MPHUPOJbI 3aKIHOYAIOTCS B TOM, YTO BO-TICPBBIX
dopmMa TpPEeKOB MEHSAETCS B 3aBUCUMOCTH OT MPUIIOKEHHOTO BHEIIHErO IOJIs; BO-BTOPBIX TPEKH
HaOJI0IAal0TCS. HA PACCTOSHUU ~2-X METPOB OT YCTAHOBKH, a 3JIEKTPUUECKU-3aPsDKEHHBIC YAaCTHUIIBI HE
MOTJIM TIPOJIETETh TAKOE PACCTOSIHUE B BO3/yXE.

OOpatiM BHMMaHHE Ha TO, YTO B KauyecTBE TUIOTE3bl B padortax [25, 26] paccmarpuBaercs
MarHuTHeId MoHonoub JK. Jlomaka [27] cymiecTBEHHO OTIMYAIOIIMICS OT W3BECTHOTO MAarHHUTHOTO
moHomonst [lupaka. MarHuTHbI MoHOMONE Jlomaka BO3HHMKAET KakK CJIECACTBHUE PEIICHHS ypaBHEHUS
Jupaka. YpaBHenue /[upaka — ypaBHEHHE, ONUCHIBAIONIEE PEISTHBUCTCKYIO YAaCTHILy CO CIIMHOM Y2 B
AIIEKTPOMAarHUTHOM Toje. Jlomak mokasai, 4To CYIIECTBYIOT JIB€ M TOJBKO JABE (ha30BbIe KaTHMOPOBKH
pemieHuii ypaBHeHus [[upaka, Tak Kak JIB€ W TOJBbKO JBE MaTpuIlel U3 16 Marpui 6a3el Kimmddopna
OJJMHAaKOBO KOMMYTHPYIOT CO BCEMH OCTaJIbHBIMH. 3TO EIUHWYHAS MaTpUIla W IICEBIOCKAJSpHAs
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0 |
MaTPULA Vg =7Y,Y,Y3V4 = | 0 (I — enuHuyHas JByMepHas Marpuua). EQUHUYHAS MaTpula

OIpeNieNIAeT CTaHJIAPTHYI0 KaluOpOBKY, NPHUBOJAILYI0 K YPaBHEHHUIO OJJIEKTpoHA. Marpuua vs
OIpeJieNIAeT IPYTYI0 KaTuOpOBKY:

¥ exp(ihEYS(pj‘P ., B,—>B,+d,0,
C

(B — ceBIONOTEHIMAT 3IEKTPOMArHUTHOTO T0JIAT), KOTOpasi HIPUBOJUT K yPaBHEHHIO JuIsi 6€3MacCOBOM

YaCTUIIbI.
V¥Y=y, |0 8 B, [¥=0
Yp H _Yp u IhCYS 1l .

Jlomak mokasai, 4yTO peleHHe yKa3aHHOIO ypaBHEHHUs yaoBieTBopseT npaswiam CPT-cuMmMerpun
KIOpI/I JJIA MarHuTHOT'O MOHOIIOJIA. 3aMeTI/IM, YTO MOHOIIOJIb ,Z[I/IpaKa OTUM IIpaBUJIaM CUMMETPUH HC
yIoBIeTBOpAET. [IceBAOCKaIIPHOCTh MAarHUTHOTO TIOJSI COJEPKUTCS B BBIPAKCHUU 3apslia HE 4epes
NOCTOSTHHYTO J, a 4yepe3 3apsaoBbiii oneparop G=gys [27]. [Ipencrasnenue Beins ypaBuenus [upaka
IMaroHaNIu3upyeT mMarpuiy 3apsna G ¢ cOOCTBEHHBIMU 3HAYEHUSAMHU J U —J, KOTOpPbIe COOTBETCTBYIOT
JIBYM COOCTBEHHBIM pELICHUSM, IpPUYEM NPOCTPAHCTBEHHas cUMMeETpusi P oOMeHuBaeT 3TH JBa
COOCTBEHHBIX pelleHus (AHTHMOHOIIOJb — 3TO 00pa3 MOHOIIOJS B «3EpKaJie»).

MarHuTHBIN 3apsijl, BBeICHHBIN JlomakoM SBISETCS JIEMTOHOM, T.€. YYACTHHKOM AJIEKTPO-CIa0bIX
B3auMOJIeCTBUH. Tak Kak yKa3aHHOE ypaBHEHHUE MOHOIIOJIS TPH HYJIEBOM MarHUTHOM 3apsjae J
COBIAJAET C ypaBHEHHWEM HEWTPHUHO, MAarHUTHBIM MOHOIONb Jlomaka MoOKeT OBbITh TPAKTOBaH Kak
MarHUTHO-BO30YK/I€HHOE COCTOSIHUE HEUTPUHO.

Takoit MOHOMOJNB sBIIsETCS Oe3MacCOBBIM (MM TOYTH O€3MaccoBBIM), T.€. OYEHb JIETKHM (C
SHEPreTHYEeCKON TOYKH 3PEHUs) U MOXET OBbITh POXKICH NPH DICKTPOMArHUTHBIX SIBICHUSX [25, 26].
Bo3M0OXHO (XOTSI 3TO JIMIIB THIIOTE3a), YTO MMEHHO OOpa30BAaBIIMECS B PE3yJbTAaTe 3JICKTPOB3PHIBA
(oNBrY MarHUTHBIE 3apsiAbl CBOMM MAarHUTHBIM TIOJIEM MPUBOJAAT K M3MEHEHHUIO (DU3MKU pacmana sijaep
4yepe3 MCKaKEHHE DJICKTPOHHBIX 000JIOYeK. DTa TUIOTE3a MOXKET OOBSICHUTH HaOiromacmoe B [26]
HapyIIeHHE BEKOBOTO PaBHOBECHS TOpHsI-234.

Ecnu npearnonoxuThk, 9TO MarHUTHBIE MOHOIIOJIM MOTJIA MO KaKMM-TO MPHYMHAM 00pa3oBaThCs B
MOMEHT BbIOera TypOoreHeparopa mpu ucnbiTanusx Ha YADC, TO Torga OHM MOTJIHM TONACTh B
MapoNpoBOAbI, TPOXOAsAINe Yepe3 Typoorenepatop. IlockonbKky KHUCIOpPO SABISETCA MapaMarHeTUKOM,
TO MAarHUTHBIE YACTHIIBI MOTJIM 00pa30BaTh ¢ KUCIOPOJIOM TaK HAa3bIBAEMbIC «CBSI3aHHBIC COCTOSIHUS» U
JBUTAThCSI 1O MApONpOBOAAM BMECTE C NapoM, KaK IO BOJIHOBOZAaM. PacnojoXeHHbIE psSaoM
AJIEKTPUUYECKUE Kalenu JOIDKHBI ObUTM Obl MPHUTATHBATHCS K «MarHUTHOMY TOKY», 0Opa3oBaHHOMY
MOHOTIOJISIMH, JABIKYIIUMHCS 1O mapomnpoBojam. [lomaB B peakTop, MarHWTHBIE MOHOIIOJIM MOTJIN
MOBIUATh CBOMM CHJIBHBIM MAarHUTHBIM TIOJIEM Ha DJJIEKTPOHHBIE OOOJOYKH saep-U3TydaTeseit
3ara3/pIBAIONINX HEHTPOHOB. DTO MOIJIO MPUBECTH, KaK 0O0CYXKIAJIOCh BBIIIE, K YBEIWYCHHUIO JTOJU
3ama3pIBAIONINX HEHTPOHOB U, CIIEAOBATENBHO, K POCTY PEAKTUBHOCTH. BO3HHMKHOBEHHE ABYX
MOCJIEIOBATENBHBIX B3PHIBOB B PallOHE pEaKTOpa B MOMEHT aBapHH, B PaMKaX pPaccMaTpHUBAEMOTO
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MeXaHU3Ma, HAaXOOUT JIOTUYHOE OOBSCHEHHWE, €CIIM YYeCTh CYIIECTBYIOIIEE pa3iduue B JUIMHE
TpyOOIIPOBOJIOB OT Mall3aia K CEBEPHBIM M F0KHBIM OapabaH-cemapaTopam.

KoHeuHo, Ha CETOMHSAIIHHIA JIEHb 3TO TOJBKO TUIIOTE3a, OJHAKO JF00asi TUIIOTe3a UMEET MPaBo Ha
CYIIECTBOBAHHE, €CIIH OHAa OOBACHAECT HEKOTOphle (DaKThl, HE YKIAJbIBAIONIMECS B paMKU
CYLIECTBYIOLIMX MTPEACTABICHUIA.

ABTOpPBI XOTAT OTMETHUTH 3aciyry wieH-koppecnonaenta PAH Kpyxununa I'.H., ubs nuonepckas
pabota [9] mociyxuina oTHpaBHOM TOYKOW pa3MBIIIICHUI Ha/l MEXaHU3MOM pa3roHa peakTopa.

Jlureparypa:

1. Kysemuna U.E., Jlo6au FO.H. SAnepHoe TommmBo u ocoOeHHOCTH (HOPMHUPOBAHHS a’pO30Jici B
o0bekTe «YKpbITHE». ATOMHas sHeprus, 1997. 1.82. Nel. c. 39.

2. Co6orouu 2.B., Yebanenko C.U. M3oTomHbIN cocTaB ypaHa B nmo4yBax OmmkHer 3061 HADC.
JIAH, 1990. c. 885.

3. Hudopmamus 06 aBapuu Ha UYepHOoObUTbCKOM ADC M €€ MOCIeACTBUAX, MOATOTOBICHHAS IS
MAT'ATD. Atomuas sueprust 1986. T.61. No5. c. 302.

4. ApamoB E.O., Basunrep B.B., Bacunesckuii B.Il. u ap. Onenka kadecTBeHHBIX 3((HEKTOB
BO3MOKHBIX BO3MYyIlleHHH BO BpeMms aBapuu Ha YADC. — B c06.: IlepBas mexmyHapomHas pabouas
rpyTIa 1o TSHKETBIM aBapysiM 1 uX nociencteusM. M.: Hayka, 1990.

5. ApamoB E.O., Bacunesckuii B.Il.,, MonoB A.M. u nap. Ananm3 mepBoil (as3pl pa3BUTHSA
aBapHITHOTO TIpolecca Ha yeTBepToM Ooke UepHoObuTbcKOM ADC. ATomHast 3ueprus, 1988. 1. 64. Nel.
c. 24.

6. AdanaceeBa A.A., ®enocoB A.M., Honnepep P. u np. Ananus aBapunm Ha YepHOOBUIbCKOM
ADC ¢ yueTrom paspylieHusi akTUBHOM 30HBI. AToMHas sHeprus, 1994. 1. 77. Ne2. c. 87.

7. Wlynern. M PerynupoBanue 3HEPreTHUECKUX sAepHBIX peakTopoB. M.: MJI, 1957. c. 29 —70.

8. Homnexans H.A., EmenssnoB W.S. KananeHbIH sSAEpHBIA DHEpreTHUECKUil peaktop. M.:
Artomumsaar, 1980. ¢.22 — 23, 34, 50, 96 — 97.

9. Kpyxwmmua I''H. O xapakrtepe B3psiBa peakropa PEMK-1000 YepuoOsutibckoit ADC. JIAH,
1997. 1. 354. Ne 3. c. 331.

10. Aanepcon E.b., BypakoB B.E., Ilazyxun 3.M. IlmaBunoce im TommBOo 4-ro OJoKa
YepuoOsutbckoit ADC. Pagunoxumust, 1992. No5, ¢. 155.

11. KuceneB A.H., Cypun A.W., YeuepoB K.II. [TocneaBapuitHoe oOcnemoBaHue peakTopa 4-ro
sHeprobioka YepHoObutbckoit ADC. Atomuast sueprus, 1996. 1. 80. Ne4. ¢. 240.

12. ®epmu O. Hayunsie Tpyasl T.2. M.: Hayka, 1972. c. 316 — 326.

13. Bahcall J.N. Theory of bound-state beta decay. Phys. Rev., 1961. v. 124. No2. p. 495.

14. Takahashi K., Yokoi K. Nuclear (3-decays of highly ionized heavy atoms in stellar interiors.
Nucl. Phys., 1983. v. A404. p. 578.

15. Takahashi K., Boyd R.N., Mathews G.J., Yokoi K. Bound-state beta decay of highly ionized
atoms. Phys. Rev., 1987. v. C36. Ne4. p.1522.

16. batkun U.C. K Bompocy o B-pacnane B cBsazanubie coctosinus. U3sectus AH CCCP, cep. ®us.,
1976. 1. 40. Ne6. c. 1279.

17. I'apeeB @.A., Patuc FO.JI. 3axBaT BUpTyalbHbIX O3UTPOHOB sIpaMU CUIIBHOMOHU3UPOBAHHBIX
aTOMOB, KaK HOBBIM BHUJ E€CTECTBEHHOW paJMOaKTHBHOCTH. — B c0. EcrecTBO3HaHWE, SKOHOMUKA,
ynpasienue. Camapa, 2002. Ne3. ¢.103.



Kpamxue coobwenus no ¢usuxe ®HUAH, 2004, Nel 15

18. Jung M., Bosch F., Beckert K, et al. First observation of bound-state 3~ decay. Phys. Rev. Lett.,
1992. v. 69. Nel5. p.2164.

19. Bosch F., Faestermann T., Friese J., et al. Observation of bound-state 3° decay of fully ionized
18Re: *¥"Re — ¥"0s cosmochronometry. Phys. Rev. Lett., 1996. v. 77. Ne26. p. 5190,

20. Ilpecton M. ®usuka sapa. M.: Mup, 1964. c. 388 — 403.

21. Kagommer b.b. Tskensiii atoM B cBepXcmiibHOM MarHuTHOM mosie. JKOT®, 1970. 1.58. Ne5.
c. 1765.

22. Kanomues b.b., Kyapssues B.C. BemecTBo B CBEepXCHIIBHOM MarHUTHOM moje. XKOT®, 1972.
T. 62. Nel. c. 144.

23. Ousnueckue BenmmunHbl. CrpaBounuk mox pexn. ['puropseBa U.C., Meitmmxosa E. 3. M.:
Dueproaromusnat, 1991,

24. T'anrpckuii FO.I1., danxcypen b, MapkoB b.H. Ockonku genenus snep. M.: DHeproatoMusaar,
1986.

25. Ypyukoe JL.U., JlukconoB B.W., IlunoeB B.I'. DkcnepumeHTanbHOe OOHApYKEHUE
«CTPaHHOTO» M3IYyYeHHS U TpaHCHOpMAIMH XUMUYECKUX d1eMeHToB. [IpuknamHas ¢usuka, 2000. Ne4.
c. 83.

26. Bonkosuu A.I'., 'oBopyn A.IL, I'ymseB A.A., Kyko C.B., Ky3nenos B.JI., Pyxamse A.A.,
CrebneBckuii A.B., Ypyukoes JI.U. HabGnronenue >pQeKToB MCKaKEHHS H30TOITHOTO COOTHOIICHHS
VYpaHa u HapylIeHus: BeKOBOro paBHoBecusi Topusa-234 mpu snexTpoB3pbiBe. KpaTkue cooOmeHus mo
¢usuke ®UAH, 2002. Ne8. c. 45.

27. Jlomak. XK. O BO3BMOKHOCTH JIETKOTO, JIENITOHHOTO MarHUTHOTO MOHOTIOJIS, CIIOCOOHOTO BIIUSATH
Ha cinabbie B3anmoneictusd. [lpuknannas ¢pusuka, 2003. Ne3. c. 10.



ISSN:2754-4753
Journal of Physics & Optics

Sciences

v

Review Article Open @ Access

Low-Energy Nuclear Transmutations and a Process that Ensures the
Conservation of Angular Momentum

Liudmila Borisovna Boldyreva

State University of Management (Retired), Moscow, Russian Federation

ABSTRACT

The aim of the article is to prove that Low-Energy Nuclear Transmutations may be performed by a process that
emerges due to change in spin orientation of virtual photons created by quantum objects taking part in low-energy
nuclear transmutations. According to Feynman’s theory, virtual photon has the properties of spin vortex (precessing
spin and electric dipole moment) and is produced in physical vacuum characterized by inner angular momentum.
Interaction of virtual photons by means of interaction of their electric dipoles can result in inversion of one of the
electric dipole moments and, consequently, in inversion of spin related to it.

The reorientation of spin of virtual photon means the reorientation of angular momentum in physical vacuum
and, in accordance with the law of conservation of angular momentum, the processes compensating the changes
in angular momentum emerge. The moment related to the inertial properties of the physical vacuum may be a
characteristic of this process. This moment while acting on electric dipole moments of virtual photons of quantum
objects can cause, firstly, the energy generation, and, secondly, the reorientation of these electric dipole moments in
physical vacuum. The changes in orientations of electric dipole moments of virtual photons act on characteristics of
quantum objects creating these virtual photons and in such a way on the structure of chemical elements containing
these quantum objects. In such a way the transmutations of chemical elements can take place.
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3) the process compensating the change in angular
momentum; the latter is a result of spin inversion.

The moment related to the inertial properties of

Introduction the physical vacuum is the main characteristic of

The processes that determine the execution of
low-energy nuclear reactions are analyzed in this
work. Such physical processes are:

1) the creation of virtual photons by quantum
objects which are features in electric and/or
magnetic fields [1-2];

2) the inversion of electric dipole moment of one
of the wvirtual photons and simultaneously
inversion of its spin; the inversions are accompanied

process that ensures the conservation of angular
momentum. (This is the process similar to that
which defines Newton’s first law (law of inertia)
[4]). This moment while acting on electric dipole
moments of virtual photons of quantum objects
can cause: firstly, the reorientation of these dipole
moments in physical vacuum and, secondly, the
energy generation. The changes in orientations of
electric dipole moments of virtual photons act on
characteristics of quantum objects creating these
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B3aumoaeicTBue siiep B HU3KOIHEPreTUHYECKHUX AACPHBIX PeaKkIUAX
bonneipesa JI. b., K.T.H, 1OLEHT

AHHOTALUSA
VYcnoBueM npoBeIeHUs] HU3KOIHEPTreTUYECKON SACPHON PEAKIUU SBISETCS BO3MOYKHOCTh CIIUSHUS
sJIep ¢ TOCTaTOYHO HU3KUMHU SHEprusiMu. lIpensaTcTBueM K 3ToMy IpoLeccy sBISETCS KyJIOHOBCKOE
OTTAJIKUBAHUE SAJIEP, CYLIECTBYIOIIEE BCIAEACTBUE OJJMHAKOBOTO 3HAKA X 3JIEKTPUUYECKUX 3apsAI0B.

B nannoii paboTe mokazaHo, YTO KOMIIEHCAIIUS KyJIOHOBCKOTO OTTAIKUBAHUS siiep (Harpumep,
MEXIy COOCHBIMH TPOTOHAMU B HHKEIb-BOJAOPOJHONW pEaKIMU) MOXKET OBITh pPe3yJbTaTOM
B3aUMOJICHCTBUSL BUPTYaJbHBIX (POTOHOB, CO3J@HHBIX MPOTOHAMM, COCTABJIAIOIIMMHU fJIpa,
y4acTBYyIOIIME B siAepHOM peakuuu. Konuenuus BupTyanbHbIX (OTOHOB Obuta pa3paboTaHa
naypearom HoOGenesckoii nmpemun P. ®eitimanom B 1949 u onHMM W3 TJIaBHBIX CBOMCTB ITUX
(hOTOHOB SBISETCS UX CIIOCOOHOCTH TUMOJIBHOTO AJIEKTPUIECKOTO B3aUMOJICHCTBUS JPYT C IPYTOM.
Kpome xommeHcanuu KyJOHOBCKOIO B3aUMOJEWCTBUS  sI€p JAMIIOJNBHOE AJIEKTPUUYECKOE
B3aMMOJICICTBHE BUPTYATbHBIX (JOTOHOB MOKET OOBSCHUTH M 00pa3oBaHue “SACPHBIX MOJEKYI .
Konnenmust BUpPTyadbHBIX ()OTOHOB MOXKET OOBSCHHTH TaKKe Takue (HU3MUYECKue SBICHHS,
COTMPOBOXKAAIOIINE HHU3KOIHEPreTHUECKUE SACPHBbIC peakiMu, Kak: “AedexT macc”, H3IydeHue
INEKTPOMArHUTHBIX KOJIEOaHUI U OOBEKTOB THMA “IIapoBas MOJIHUA , TEHEPAIUIO CBEPXTEKYUEro
CIIMHOBOTO TOKa.

KuroueBble cj10Ba: HU3KO-dHEPIeTHUECKUE SIACPHBIC PEAKIMH;, BUPTyalbHbIE (DOTOHBI; ‘‘Macc

29, &k

,Z[e(l)eKT 5 SACPHBIC MOJ'IeKyJ'IBI”; mapoBas MOJIHUA, KYJIOHOBCKOC B3aMMOJICHCTBHE.

BBenenue

YcnoBreM NpoBeNEeHUsT HU3KO SHEPTETUYECKON SIIEPHON pEaKLUu SIBIISETCS BOZMOKHOCTD CIIMSHUS
sJIep ¢ TOCTaTOYHO HU3KUMHU SHEprusiMu. lIpensarcTBueM K 3ToMy IpoLeccy SBISETCS KyJIOHOBCKOE
OTTaJIKUBaHUE AJ€EP, BCIEACTBHE OJUHAKOBOTO 3HAKA UX MIEKTPUUYECKOTO 3apsiia. MHOro4nciIeHHbIE
9KCIIEPUMEHTHI MOKa3ajdu, 4YTO KommeHcanus 3Toro KyJoHOBCKOro B3aMMOJEHCTBUS MOXKET
IIPOUCXOJUTH, HAIIPUMEDP, B HUKEIb - BOJAOPOAHOM PEAKTOPE MEXAY COOCHBIMHU PACIOJIOKEHHBIMU
MPOTOHAMHU TpH UX “chaaBnuBaHuun” [1]. Bo3HHKaeT BOMpPOC 0 MPUPOJE CUJI, OCYIIECTBISIONINX 3Ty
KoMIeHcanuio. [loka 3TOT BoOIpoc HE pemi€éH CJI0XKHO IPOBOAMTH ONTHMH3ALMIO Ipoliecca
KOMIIEHCAI1H.

B nanHoil pabote paccMaTpuBaeTcs pelieHue 3Toi mpoOieMbl, 0a3upyschb Ha MOJENIU CHIIOBBIX
noneit nmaypeara HoOemeBckoit mpemun P. ®eitamana (1949), B KOTOpoil snekTpudeckue u
MarHuTHBIE B3aUMOJICHCTBUS OCYILECTBIIAIOTCS TaK HAa3bIBAEMBbIMU BUPTYaJIbHBIMHU (OTOHAMU [2].
CpoiictBa BupTyanmpHOro ()OTOHa TMOMOOHBI CBOWMCTBAM (OTOHA, TAaKXKE COBEPIIAIOIIETO
pacrnpocTpaHeHHe  3JIEKTPOMAarHUTHBIX ~ B3aUMOJEMCTBUH, B  YaCTHOCTH, o00a  HMEIOT

TIpelecCupyIomuii CliuH Sy ,T0 eCTh ABJIAIOTCSA CIMHOBBLIMU BUXPAMHU B (hu3HMUecKkoM Bakyyme [3].

B 2020 kutaiickue yuénbie JIu Xao u ap. [4] skcrepUMEHTAIbHO MOATBEPAUIN MPABOMEPHOCTD
runore3bl PeitHmana. B cpene, obOnagaromiell CBEpXTEKyUYMMH CBOMCTBAMHM U BHYTPEHHUM
MOMEHTOM KOJHMYECTBA ABMXKCHUS, OHH OOHApPY KU BO3MOKHOCTH 00pa30BaHUs ‘‘KBAaHTOBAHHBIX
CBEPXTEKy4YMX BHXPEBBIX JIMHUI 10 JACUCTBUEM aKCUAIbHBIX NOTOKOB.” Takum oOpa3om,
BUPTyaibHbIE (POTOHBI MOXKHO paccMaTpUBaTh KaK CIMHOBHIE BHXPH, MOPOXKIAEMbIE ABHKEHHUEM
KBaHTOBBIX OOBEKTOB B (PM3MUECKOM BaKkyyme, 00ja/iarolieM BHYTPEHHUM MOMEHTOM KOJUYECTBa
IBHKEHUS, TO ecTh nmeeM: U Ll ®,, rae U — CKopocTh KBAaHTOBOTO OOBEKTA, (), YacTOTa MPELECCUH

CIIMHAa CIIMHOBOT'O BUXPH, 06pa3OBaHHOI‘O KBAHTOBBIM O0OBEKTOM.

Ha BuptyanbHple (OTOHBI HE pacHpoOCTpaHSETCs NPHHIIMI Heomnpeaea¢éHHocTH [ elizenoOepra.
HeonpenenéHHOCTh OTHOCUTCS TOJBKO K SHEPTUU A& U KOITMYECTBY ABMKEHHUS AP, U HE OTHOCHUTCS

K MOMEHTY KOJINYECTBA ABUKECHHUS, TO €CTh K XapaKTEPUCTUKE CITMHOBBIX BUXPEH.

CBoiicTBa 9STUX CHHHOBBIX BHUXpEH TMOAOOHBI CBOWCTBAM (POTOHA, TaKKe COBEPIIAIOIIETO
pacnpoCcTpaHEHUE AIEKTPOMArHUTHBIX B3aUMOJEUCTBUM, MO3TOMY DEHHMAaH HAa3BAJI 3TH CIIMHOBBIE
BUXPU BUPTYaIbHBIMU ()OTOHAMHU.



JlaHHast paboTa COIEPIKUT CIIEeIYIOIIUE Pa3/IeIbl:

1. CBoiicTBa BUPTyaTbHBIX (DOTOHOB.

2. OmnpeneneHue 3MEKTPUUECKOTO TUMOIBHOTO MOMEHTa BUPTYalbHOTO ()OTOHA, CO3/1aBaEMOI0
KBaHTOBBIM OOBEKTOM.

2.1. DneKTpuYecKuii AUMOIBHBIA MOMEHT BUPTYaJIbHOTO (DOTOHA, CO3/1aBAEMOT0 SJIEKTPOHOM.

2.2. DNEeKTpUYECKHUI TUTIOIBHBIA MOMEHT BUPTYaIbHOTO (POTOHA, CO3/]aBAEMOT0 POTOHOM.

3. BzaumopelicTBUe KBaHTOBBIX OOBEKTOB 3a CYET B3aMMOJCHUCTBUS BHUPTYAIbHBIX (DOTOHOB,
CO3/1aBa€MbIX STUMHU KBAaHTOBBIMU OOBEKTAMHU.

4. CpoiicTBa sifiep MpHU MPOCTPAHCTBEHHOM NEPEKPHITUHN CO3/JaBaeMbIX UMH BUPTYaJIbHBIX (DOTOHOB.
4.1. Cuna mOPUTSDKEHUS MEXIY BUPTYyaIbHBIMH (OTOHAMU B Cly4ae HPOCTPAHCTBEHHOTO
MIEPEKPBITUS CO3/1aBAEMbIX UMHU BUPTYAIbHBIX (DOTOHOB.

4.2. “Jledext maccol”.

4.3. MarauTHas aHOMaJIHs.

5. OOpazoBanue “sIEPHBIX MOJEKYT .

6. HM3nydeHus, CONPOBOXKIAIOIIME pa3pylIeHHE BHUPTYAIbHBIX (OTOHOB: 3JIEKTPOMArHUTHOE
W3JIy4eHUE, FeHepals BUPTyalbHbIX YaCTHII.

7. uckyccusi. CBepXTEKy4YHMi CIMHOBBIN TOK B HU3KO3HEPI€TUUYECKUX SJIEPHBIX PEAKLUAX.

8. 3axioueHue.

1. CeoiictBa BupryanbHoro ®orona, CosnaBaemoro KantoBsiMm O0bekTOM

CormocTaBuM CBOHCTBa BUPTYaJIbHOTO ()OTOHA CO CBOMCTBaMH (pOTOHA, Oa3MpysICh HA aHAJIOTUH UX
(GYHKIMINA: pacTipoCTpaHeHHE 3JIEKTPOMAarHUTHBIX B3aUMOCHCTBUN. XapaKTEpUCTHUKH BUPTYaTbHOTO
(dbotona u porona npuseaeHsl Ha Puc. 1a u Puc. 16, cOoTBETCTBEHHO.

CxemaTnuecKoe H300paKeHNE XapaKTePUCTHK BUPTYyaTbHOTO (poToHA
(Puc.1a) u porona (Puc. 16).

@y 9YacToTa mpereccHu cimHa Sy ; @ ph YACTOTA NPEIECCHH CIIMHA
Sph; Eph m By -smexrpuueckue cocrapnsiomme, Bpn n By

MarHUTHBIE COCTABISIONIUE; U — CKOPOCTH; [ - yIIIbI AeIieKiuu; dv

SNICKTPUUCCKUIM TUMONBHBIA MOMEHT. « -yIJbl mperieccuu; r.l.-
JVMHUM OTCUETA. Kq - pa3Mep BUPTyaJIbHOTO (OTOHA.

1) Yron f BupTyanpHOro (pOTOHA OMpEEsIeTCs ero CKOPOCThIO U M CKOPOCTHIO CBETA C:
sing=ulc. (D
Cornacno skcnepumentam Bebepa [5] yron S ¢oroHa onpenensercss BoIpaXeHUEM: sinff=1. us

ypaBHeHus (1) cienyert, 4To npu U=C BUPTYaJIbHBIH (POTOH MPEBPAIIACTCS B “peabHbII (OTOH, YTO
n Habmomaetcs B apdexre I1. A. Uepenkona.

2) BupryanbHeiii poToH, Kak ¥ (OTOH, HMeET 3IeKTPUUECKYIO COCTaBIsIomyIo Ey , cBasannyio ¢ eé
crmHOM Ey N Sy u, cormaco momenmu MeifHMaHa, ¢ IEKTPHUYECKAM JUIIONEHBIM MOMEHTOM

BUPTYAJIBHOI'O (DOTOHA. E T\J/d . CJICAOBATCIIbHO:
pTy v v



d, T1s,, (2)
Hanmwuame storo cBoiicTBa y ()OTOHOB MOATBEPIKIACTCS SKCICPUMEHTAIBHO CYIIECTBOBAHHEM

MOTIepEYHON ONTHYECKOH CHITbI (POTOHA: B MapauIeIbHbIX ITyYKax CBETa ITyYKU CBETa C OJMHAKOBBIMU
(azaMu — NPUTIATUBAIOTCSI, C IPOTUBOIOJIOKHBIMU (ha3aMu OTTAJIKUBAIOTCS [6].

Puc. 2. B3auMmoneicTByIOImME ITyYKH CBETA. (d ph )1 u (d ph )2 -

3IEKTPUYECKHE JUIOIbHbIE MOMEHTBI (JOTOHOB, (E ph )1 u (E ph )2 -
DIEKTPUYECKHE KOMIIOHEHThI (POTOHOB, C — CKOPOCTb cBeTa, Fgof —

nmonepeyHasa OITHYCCKasd Cujia.

3) Pasamep O BupTryanmpHOro ()OTOHA paBeH UIMHE BOJHBI 7Lq BOJIHOBOH (DYHKLIMM KBAaHTOBOTO

00BEKTa, CO3ABIIET0 3TOT (HOTOH.

S=Xq. 3)

[HoctynupoBanHoe ®deliHMaHOM COBIAJACHHUE CBOWCTB (OTOHA CO CBOMCTBAMH BHUPTYaJbHOTO
($oToHa, BKIIIOYAIOT B ce0sl U COBMAJIeHHE UX BOJIHOBBIX cBOMCTB. CoryacHo rumotese ae bpoitns
BOJIHOBbIE CBOICTBa (DOTOHOB COBNAJAIOT C BOJIHOBBIMH CBOMCTBAMM KBAHTOBBIX OOBEKTOB.
CrenoBatenbHO, BOJIHOBBIE CBOMCTBAa KBAHTOBBIX OOBEKTOB COBIAJAIOT C BOJIHOBBIMU CBOMCTBAMHU
CO3/1aBa€MbIX UMH BHPTYAJIBHBIX ()OTOHOB.

4) BuptyanpHbelii (OTOH € NPELECCUPYIOLUM CIHMHOM oOO0JlajaeT CBOWCTBAMH TOpPOCKOIA.
CrnenoBaTenbHO, CIIPaBEIMBO COOTHOIICHUE [7]:

My = oy xSy, 4)

raie My MoMeHT, BBI3BIBAIOIINI IIPELIECCHIO CIIMHA SV C 4YaCTOTOH @ .

5) Tak kak 3JIEKTPUYECKOE TMOJIE INEKTPUUECKU 3apsHDKEHHOTO KBAaHTOBOTO OOBEKTa JEHCTBYET Ha
AIIEKTPUYECKUH TUIOJIBHBII MOMEHT BHPTYaIbHOTO (POTOHA, CO3AaBA€MOTO 3TUM OOBEKTOM H
CJIEZIyeMOTO 32 HHM, TO OPHEHTAIHS 3TOTO 3JEKTPUYECKOTO AMIIOJIEHOTO MOMEHTa ONpEAeseTCs
JIEKTPUUYECKUM 3HAKOM KBAaHTOBOTO OOBEKTa M HalpaBlIeHHuEM ero ckopoctu U. CiieoBaTenbHO, ¢
y4étom ypaBHeHus (2) u (4) cootHomenue ULl @, MoxeT OBITH KOHKPETH3UPOBAHO CIIEAYIOLINM

obpa3zom:
o, T, )
rae
1, Ona nonoscumenvHo 3apAsCEHHBIX K8AHMOBLIX 00LEKMO8

n= : (6)

—1, onsl ompuyamenbHo 3apANCEHHbIX K6ARMOBbLX 06bexkmos

N3 3akoHa coxpaHeHHs] MOMEHTA KOJIMYECTBA JBUKEHUS cheayer [3]:
oy T8, (7)
e Sq - CIIMH KBAaHTOBOTO 00BEKTA, CO3/AIOIICTO BUPTYAIbHBIN ()OTOH.

6) Tak kak cBOWCTBa BUPTyaJIbHOTO (DOTOHA aHAJOTUYHBI CBOMCTBaM (DOTOHA Macca BUPTYaIbHOTO

doroHa My, ompenenseTcs aHAJIOTMYHO KMHETHYECKOH Macce (oToHa: Mph =U ph /02, rne U ph



sHeprus (QotoHa. CremoBarenbHO, Macca BHUPTYalbHOTO (DOTOHA, CO3JAaBAEMOTO KBAaHTOBBIM
00BEKTOM, OIPEAEIAETCS BEIPAXKEHUEM:

mV:Uq/CZ, (8)

rac Uq 9HEPTHA KBAHTOBOTO O6’[>CKTa, CO31aBIICTO BI/IpTyaJ'IBHHﬁ (1)OTOH.

2. Omnpeaenenue JiexkTpuueckoro JlumonsHoro Momenta BuptyaiabHoro @otoHa,
Co3naBaemoro KsantoBbiMm O0beKkTOM

CornacHo runorese OeiiHMana BUPTYalbHbIN (POTOH COCTOUT M3 JABYX HIEKTPHIECKH Pa3HOMMEHHO
3apsAKCHHBIX BUPTYAJIbHBIX YaCTHII. 0603Ha‘{a51 3apsan BHpTyaHLHOfI YaCTHUIbI UCPEC3 qV " UCIIOJIb3YyA
ypaBHeHHe (3), OmNpenenseM SIeKTPHUECKHil IUIONBHBIA MOMEHT BHpTyanbHoro dotona dy
BBIPAXKCHUCM!

dy =aviq, ©
B kBaHTOBON MexaHHKe JJIMHA BOJIHBI 7Lq BOJIHOBOM q)yHK]_H/H/I KBAaHTOBOT'O O6'BeKTa, OIPCACIIACTCA

KOJIMYIECTBOM JIBIKCHHs Pg 3TOr0 KBaHTOBOIO oObekTa [8]:

e U n mq COOTBCTCTBCHHO CKOPOCTb M MacCCa KBAaHTOBOI'O 06’BeKTa, CcO3aBLICTO BHpTyaJ’IBHBIfI
dhoToH.

2.1. DnaexkTpuYecKHMii AUNOJbHBIA MOMEHT BHPTYaJbHOro ¢(oTOHAa, CO31aBaeMOro
3JIEKTPOHOM.

Pe3ynbraThl 3KCIIEPUMEHTOB, PoBeIEHHBIX KaypMaHOM 10 OTKIOHEHHIO OeTa-lTyuel, n3aydaeMbIX
pagueM, IOKa3ajd, YTO Macca DJJIEKTPOHA Mg HMEET YHUCTO OBIEKTPOMATHHTHYIO IIPUPOY.

HpeanonaraeM, YTO TOXKEC caMoC CHpaBGI[J'II/IBO JUJIA BI/IpTyaJ'ILHI)IX qacTull, COCTaBJJIAKIINX
BI/IpTyaJ'IBHLII\/'I (I)OTOH, COS,Z[aHHLII\/'I 9JICKTPOHOM, TO €CTh CJICAYIOIICC CIIPABCIIINBO:
20y /M, =e/m,, (11)

where e — sieKkTpuYecKuil 3apsa 3NeKTpoHa; My, - Macca BUPTYyaJIbHOrO (OTOHA, CO3aBAEMOIO
3JIEKTPOHOM, M DPaBHas CyMME€ JIByX BUPTyaJlbHbIX 4acTul (C 3apagoM 0y, ), COCTaBIIAIOLIHAX
BUPTYyalbHbIH (oToH. Onpenensst maccy My, U3 BeIpaxeHus (8), IpUHUMaeM BO BHHUMaHHE, YTO B
OTOM CJIydya€ KBAaHTOBBIM O6’beKTOM ABIACTCA OJJICKTPOH, 3aMCHSICM O603Ha‘IeHI/Ie OHEPIrun
KBAaHTOBOI'O OOBEKTa Uq Ha Ue: TO €CTh IIOJIy4aeM mVeZUe/CZ. Torma, pemasg COBMECTHO

seipakerns (9)-(11) u, ucmoms3yst ¢popmyny mis marHeToH Bopa ug =eh/(2mgC), momydaem
CJIEyIONIEe BHIPAXKEHWE I 3JIEKTPUYECKOTO JMIIONBHOTO MOMEHTAa BHMPTYalIbHOTO (DOTOHA,
CO31aBAEMOT0 IEKTPOHOM: Oy, = 13U, /(poC). Ecmn oueprus U, papHsiercs knueTmdeckoit

SHEPTHH, TOT/A, UCHIONbL3Ys BhIpakenus mis U, = meu2 /2 w nns xonuuecTBa ABHKEHUS HIEKTPOHA
Pe =MU, dbopmyny mis dy, MOXKHO IPEACTABUTH B BHIE:
Pemasi coBmecTHO BhIpaxkeHue mist P, u ypaBHerus (9)-(10) u (12) MOXHO MONYYHUTH JUIS ITOTO

ciydasi BBIpaKEHHE JUIsI DJIEKTPUUECKOTO 3apsiia BHUPTYaJbHOW YaCTHIIBI, COCTaBIISAIOIIEH
BHPTYaJIbHBII (DOTOH, CO3AaBAEMBIi AEKTPOHOM: Oy, = tigM,,C/ .
Jloka3aTenbCTBOM  IPAaBOMEPHOCTH  OIpPENEICHHsS]  3JIEKTPUYECKOTO JMIOJIBHOIO MOMEHTa

BUPTyaIbHOTO oToHA (hopMyoii (12) sBnseTcss BOSMOKHOCTh OOBSICHEHHUS C UCTIOJIb30BAaHUEM ITON
(hopMyJTBI CITMH-OPOUTATEHOTO B3aUMOJICHCTBHUS MJICKTPOHA B aTOME BOJIOPO/IA.



C aT0ii menmpro paccMoTpuM MoMeHT Mg, nelicTByrommii B snektpudeckom nose En sapa aroma
BOZIOPOJIa Ha 3IEKTPUYSCKUN JUIONb, Oy, , CO31aBacMblil SICKTPOHOM aTOMa:

M, =d,, xE,. (13)
Tak kak /it CKOPOCTH U 3JIEKTPOHA B aTOME BOIOPO/Ia CripaBeiinBo U<<C, u3 ycioBui (1)-(2) u (4)-
(6) crenyer: dye ™ u. Ucnoms3ys nocnennee ycnoeue u ypasaenue (12) B ypasHenuu (13), Mbl

momyyaeM Juis diekTpona: |M e|=| Up (UXEn)/(ZC)|. Beipaxenne juis Mg comamaer c
MaKCHMaJIbHBIM 3HAYEHUEM SHEPTUH CIMH-OpOMTanbHOTrO B3aumoneiicteus Ug_g 3reKkTpoHa B

aToMme BojopoJa, BeiBeaeHHoe JI. Tomacom, 6a3upysch Ha IIaBHBIX TPEOOBAHHUAX PENSATHBUCTCKOM
uHBapuantHoctH [9]: (U S—O)max = |ﬂB (uxEp)/ (ZC)| :

2.2. DJIeKTpUYeCKMii TUNOJIbHBIH MOMEHT BUPTYaJbHOI0 (POTOHA, CO3AAHHOT0 MPOTOHOM.
[IpoToH, MOIOOHO AJIEKTPOHY, MMEET NIEKTPUUYECKUI 3apsii U MOKET BO3HUKATh IPHU pacrnaje
¢dorona [10], To ecth MOJOOHO (OTOHY OH MMEET 3JICTPOMATHUTHYIO mpupoay. CiemoBaTenbHo,
MOXHO MIPUHSATH, YTO JUIS IPOTOHA MOKHO BBECTH ypaBHEHHE, aHAJIOTWYHOE BhIpaxkeHHIO (11) must
3JIEKTPOHA:

20yp I Myp =e/my, (14)

rae Qyp SIEKTPUYECKHI 3apsjl BUPTYaTbHOW YACTHII, COCTABIAIONICH BHPTYAllbHBIA ¢dotoH ¢
maccoii Myp; Mp Macca npotoHa. basmpysck Ha ypaBHEHHH (8), BBIpaXkeHWE UISI MACCHI Myp
BUPTYaJIbHOTO (DOTOHA, CO31aBAEMOT0 ITPOTOHOM, MOKET OBITh 3aIIMCAHO KaK:

Myp =Up /c2, (15)
rae Up SHEprus MPOTOHA, CO3JAIOILIETO BUPTYalbHbIH (OTOH C Maccoi Myp . Pemas coBmecTHO

ypasuenus (1)-(2) and (14)-(15), u BelpaskeHue uist siiepHOTO MarHeTona bopa upy =€/ (Zm pc),
noiyyaeM (GOpMyIy JUI  BJIEKTPUYECKOTO JMIOIBLHOTO MOMEHTa BHPTYalbHOTO (DOTOHA,

co31aBaeMoro npoToHoM: dyy = uNU p /( ppc) .

Ecnu sneprus U p MPOTOHA (c maccoit Mp 1 CKOPOCTEHIO U) paBHa KMHETUYECKOW APHEPIUH, TOTAA,

— .yl _
UCHOJb3Yys B YpPaBHEHUHU JJIS dvp BbIpakenne U p =MpU” st sHeprum u BhIpaxkeHne Pp =Myl

IUISL KOJIMYECTBA IBIDKCHUS, MOJYYaeM CIEIYIOUIyI0 (OpMYIy JUIS SJIEKTPUYECKOTO THUITOIBHOTO
MOMEHTa BHPTYAJIFHOTO ()OTOHA, CO3/1aBAEMOT0 IIPOTOHOM:

dyp = unu/(2c). (16)
Vcnonesys seipaxenne Pp =MpU u ypasuenns (9) - (10) B ypasHennu (16), cienyromee

BBIPAXKCHUC IJIA qu MOXET :0OBITh BBIBCICHO:
2

3. Bzaumoneiictue IIporonos [locpencTBom DiiekTpudeckoro Jlunojinuoro Bzaumoaeiicreus
Bupryanbubix ®oToHoB, Co3naBaeMmbix Itumu [Iporonamu.

Hcnone3yst ypaBHenue (16) paccMOTpUM DIIEKTPUYECKOE IHUIIONb-AUTIONBHOE B3aHMMOJICHCTBUC
BUPTYaIbHBIX (DOTOHOB, CO3/ABAa€MbIX IPOTOHAMH, JBHTAIOIIAMHCA CO CKOPOCTBIO  U.
CxeMaTHYeCKOe M300pakeHHE BHPTYaIbHBIX (POTOHOB, CO3AaBACMbIX MPOTOHAMH, MPUBEACHO Ha
Puc. 3.



IIpOTOH IpoToH
+
+{C:} "-”11 {L} !,,'}2
u I
|dyy |
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EMpTVaIbHBIE HOTOHEI
Puc. 3. Cxemarmueckoe u300pakeHHE BUPTYaJIbHBIX (OTOHOB,
CO371aBaEMbIX IIPOTOHAMH. (dvp )1 u (dvp ) 5 ™ YVICKTPHUCCKHE JHTIONbHBIE
MOMEHTBI BUPTYaJbHBIX (POTOHOB; (mv )1 u (cov )2 YaCTOTHl MPEIECCUH

CITHHOB Oy ; U - CKOPOCTh IPOTOHOB; I PACCTOSIHIE MEX/Ty IPOTOHAMH; [

-yIIbl A€ QIIEKINH.

Cuna mnpurspkenuss Fy, jgeificTByromiass Mexay BHPTYaIbHBIMH (DOTOHAMH, CO3/aBa€MBIMH

IIPOTOHAMH, ONpezeseTcs Belpaxenuem [11]:
2 4
rae (dvp )l COSf u (dvp ) 9 COS B spnsoTCA MPOEKIMUSAMHA B3aWMOJICHCTBYIOIIMX IPOTOHOB Ha

HampaBJieHHE U; I' — pacCTOSIHUE MEX]Ty TPOTOHAMHU.

Kpome cunbt Fy, cuna Ry neiicrByer mesxny nporonamu. 3nece My = B(de )1 (de )2 sin’ pl rt , T

(dvp )1 Sinﬂ and (dvp )2 Sinﬂ SBJISIFOTCS TMPOSKIUAMHU DJICKTPUYECKUX JIHUITOJBHBIX MOMEHTOB Of

B3aUMOJICHCTBYIOIUX IMPOTOHOB HA HAIMPABICHHE, IEPIEHAUKYIApHOE U. Tak Kak NpOoeKIuu
JJEKTPUYECKUX IUIIOJIBHBIX MOMEHTOB COBEPIIAIOT IPELECCUOHHOE IBHKEHHE, TO B Clly4ae

(oy )1 # (@y )2 cpenHee 3HaueHue Fy paBHsiercs Hyoto.

Ucnions3yst ypaBHenust (1), (10) u (16) m mpu ycnoBum r:Kq, BeIpakeHue (18) MoxHO
MPEJCTaBUTH B CIEAYIOIIEM BUJIE:
Fa:6u,%]mgu6(1—u2/cz)/(4czh4). (19)
MOXHO OMpEIeNUTh CKOPOCTh, NMPU KOTOpoil Fy MMeer makcumanbHoe 3HaueHwe. J[isi 3TOTO

HAaXOJIUM 3HaueHHUE U, TIPH KOTOPOi 82Fa /6% =0. Pesysprar:

U~0.6-c=18-10%m/s. (20)

JlnmuHa BOJHBI TPOTOHA Kq B 3TOM CJIy4ae omnpeesieTcs coriacHo ypaBHeHuUto (10):
R =h/(mpu)=10"7 /(1.672-10‘24 10.6:310°)=0.33-10"°m. @1

UcnonwszoBanue ypaBaenus (20) B ypaBHeHUU (19) npuBOIUT K CIEAyIOMIEMY 3HAYCHUIO JIJIsI CHIIBI

Fa :3.3-101H . Cuna KyJnoHOBCKOTO OTTaJIKUBaHUS Fq MEXIy JIBYMS IIPOTOHAMH C 3apsiiaMu €
onpeaeNnseTcs Kak: Fq =ez / 7&%. [Mpu wcmons3oBaHuK ypaBHeHus (21) ©W 3HaYeHHWE Bcex

HCTIONB3YEMBIX KOHCTAaHT monydaem Fg zezm%u2 /7 =2.3-103H . Taxum 00pa3oM. OTHOILCHUEC



Fa/Fq onpenensietes kak: Fg /Ry ~8.8109/23.108 238102, us MOJIYYEHHOTO 3HAYEHUS
Fa/Fy crenyer, uro B pacemotpenronm ciyuae cuma Fy e spistercst cuioit, kommencupyioniei

KyioHOBCKOE B3aMMOACHCTBHE MEX/Ty TPOTOHAMH (CHITOM Fq ).

4. CpoiicTtBa fnep npu IIpocrpancrBennoM IlepexpoiTnu Co3naBaembix uMH BupryanbHbIX
DOTOHOB.

PaccmoTpum Temepp ciydail, Korja IOCIEIOBAaTEIbHOCTh KOAKCHAJIBHBIX IPOTOHOB IOMJIEKHUT
CKaThio (Kak B HUKEIb-BOJAOPOJHOM peakTope). Pe3ynbraToM 3TOro cxxaTHs SIBISETCS W3MEHEHHE
pa3MepoB U CTPYKTYpbl BUPTYyaJIbHBIX (JOTOHOB, CO3/JaBa€MbIX B3aUMOJICHCTBYIOIIUMHU TPOTOHAMH.
Ha Puc. 4 mpencraBieHbl BapHaHThl CXEMaTHUYECKOTO W300payeHHsl MPOCTPAHCTBEHHOTO
MEPEKPHITUS BUPTYAJIBHBIX (DOTOHOB, CO3JJaHHBIX Mapoil MPOTOHOB. BapuaHT (a) - XapakTepucTUKH

B3aUMOJCHCTBYIOIINX BHPTYAJIbHBIX (POTOHOB: () -94aCTOTHI NPELECCHUArE CIHHOB SV; dV -
AIIEKTPUYECKUE IMIIONIbHBIE MOMEHTHL. Bapuant (D) — rpaduueckoe m3o0OpakeHHE aHHUTWIISLUH
BUPTYaJIbHBIX YaCTHII, COCTABIISIFOIIMX MPOCTPAHCTBEHHO MEPEKPHIBAIOIINECS BUPTyalIbHbIE (DOTOHBI

EMPTYanbHbIE (OTOHEI

Puc. 4. Bapuantr (a) - XapakTEpUCTHKH B3aUMOJICHCTBYIOIINX

BUPTYAJIbHBIX (I)OTOHOBI ®y, -49aCTOTHI npeneccurare CrimHOB SV,

dvp - DJICKTPUYECKUE JMIOJbHBIE MOMEHTh. Bapuant (D) —
pe3yapTaT aHHUTWISILUN: S u @ JIEKTPUUECKU 3apsDKEHHbIE
“BUpTyaJIbHbIE YACTHUIIbI B BUPTYyaJIbHbIX (POTOHAX.

Nwmeercs TpU CICACTBUA NPOCTPAHCTBCHHOTO IEPCKPBITUA BHPTYAJIbHBIX (bOTOHOBI YBCIIMUCHUC
CHUJIBI IIPUTSKCHUA MEKIY KBAHTOBBIMU O6”I)GKTaMI/I, CO3aaBIIMMH 3TN BUPTYaJIbHBIC (1)OTOHI>I, “macc
,Z[e(l)eKT” U MarouTHas aHOMaJIus. PaCCMOTpI/IM OTH CICOCTBHA.

4.1. Cunja npuTSKeHMs] MeKAYy BHPTYaJbHbIMH (OTOHAMH B cjy4dae NPOCTPAHCTBEHHOIO
NepPeKPbITHS CO31aBaeMbIX HMHU BHPTYAJIbHBIX (JOTOHOB.

Kak nokasano Ha Puc. 3 B 3TOM cily4ae cuiia IpuTshkeHust F5 Mexy BUPTyaabHBIMU POTOHAMMU -

3TO cUjla HE MEXIy JIEKTPUUYECKHUMH JIUIOJIbHBIMH MOMEHTaMU dvp (Beipakenue (19)) a mexay

sapsgamu - Gyp (R :q\?p/ r2 rae I — pacCTOsSHUE MEXIY DJIEKTPUUYECKH 3apsHKCHHBIMU

BUPTYaIbHBIMH YacTHIIAMH). TakuM 00pa3oM, B 3TOM clTydae C UCIIOIb30BaHueM ypaBHeHUs (17) mist
Qup cnma Fy ompenensieres kak:

2
F =(ﬂN mpu? /(2ch)) /r2=3.1103%2 1, 22)

[Ipn omnpeneneHuu cuiIbl Fq MEXJ1y MPOTOHAMH HEOOXOJUMO NPUHATH BO BHUMAHHUE, 4YTO

BCJICACTBUEC AHHUTHIIIOHUKW BUPTYAJIbHBIX 4YaCTHL B BHUPTYAJIbHBIX (1)OTOH3X, CO31aBacMbIX
BSaHMOI[CfICTByIOMHMH IpoTOHAMH, paCCTOAHUC MCKAY 3THUMHU MNPOTOHAMH MOKCT YMCHBIINTLCH



IOYTU B JBa pa3a€ (40 BEJUYUHBI 7Lq 2). Torma, cuma oTTanKuBaHUS Fq omnpenensercs Kak:

2
Ry :4e2/7L%JI —4.(48-10719/10712) =921

Paccrosinue I B ypaBHenuu (22) ompesenseM U3 paBeHcTBa: Fg= Fq: torma: '=5.8 10'19m, WY,

cornacHo ypasaenuio (21), I'lJ 10_47lq , TO €CTh!
r<Riq (23)

Ipumeuanus:

1) VYpaBHenue (22) mnpaBOMEPHO TOJIBKO TPH YCIOBHUM, YTO PACCTOSHHE  MEXIY
B3aMMOJICHCTBYIOIIMMH BUPTYaJbHBIMH YaCTUIIAMA MHOTO OOJbIIE pa3MepoB STHX dacTuil. He
UCKJIFOYEHO, YTO 3TO YCJIOBHE HE BBINOJHSACTCA IJI HAWJECHHOTO 3HAYeHMs I U TOrJa WCTHHHAs

semuunHa F, MHOrO Gosblue BenmuuHbL, paccunTanHolM Mo Gopmyie (22).

4.2. “NlepexT Macebl”
Yactuunas AHHUTWUIIAOUA BHUPTYAJIbHBIX YaCTHL B BHUPTYAJIbHBIX (bOTOHaX, CO31aBacMbIX
B3aMMO/ICHCTBYIOIIMMH POTOHAMH, PUBOJAMUT K YMEHBIICHHUIO TTOJHOW MacChl pacCMaTpUBAEMON

napel BHUPTYalbHBIX ()OTOHOB, TO €CTb: (mvp )t < (mvp )1 + (mvp )2 , TIe (mvp )1 " (mvp )2

0003HAYalOT Macchl BHUPTYaJIbHBIX (POTOHOB 10 AHHUTUIIALMU; (mvp )t - CyMMapHas Macca

BUPTYAIbHBIX ()OTOHOB TMOCJIC aHHUTWISIUMU. TakuM o0Opa3oM, HEPaBEHCTBO (23) COMpOBOXKIACTCS
MoTepel Macchl B3aUMOICHCTBYIONINX BUPTYaIbHBIX YACTHIl. 3HAUCHUE

Amy, = (mvp )t —(mvp )1 —(mvp )2 (24)

HasbBaeTcs “medexToM maccel”. Ecnu kaxaoe W3 B3aWMOJCHCTBYIONINX BUPTYaIbHBIX (POTOHOB
“TepsieT” OQHY SJCKTPUUYECKU 3apaXKCHHYIO BUPTyaibHyI0 uactully (Puc. 4), To macca xaxmoro
BUPTyaIbHOTO ()OTOHA YMEHbIIaeTcsa B JBa pa3a. CienoBaTelbHO, B COOTBETCTBHH C YPAaBHEHHEM

(24) mpu (mvp )1 :(mvp )2 =Myp “medexr maccel” OyACT paBeH HAYANBHOH Macce BUPTYaIbHOIO
¢doroHa, TO ecTh: Amvp =Myp . CormacHo ypaBHEHHIO (15), sueprus, cBs3aHHas ¢ “nedexkrom

” 2
maccpl”: MypC™, paBHa SHEPruK MPOTOHA: U p-

4.3. MarHuTHasi aHOMaJIMA

BrlmepaccMOTpeHHBIH c1TOCOO KOMITEHCAIIMHM KYJIOHOBCKOT'O B3aMMOACHUCTBUS MEXIy MPOTOHAMU
(yacTMYHasi aHHUTWIALUS BUPTyaJlbHBIX (OTOHOB, CO3AaBAEMBIX B3aUMOJEHCTBYIOUIMMHU
00BEKTaMH1) UMEET MECTO U IIPU 00pa30BaHUU KYTIEPOBCKOM Naphl 3JIEKTPOHOB B CBEPXIIPOBOJHUKAX
[12]. B cBepXmpoBOIHUKAX JTO SBJICHHE COMPOBOXKAAETCS WU TIOJHBIM BBITAJIKHBAHHEM
MarHUTHOTO TOJISL TIPH CBEPXMPOBOJMMOCTH B MONTHOM 00BEME, (3ddexT MbpiicHepa) unm ero
IIPOHUKHOBEHUEM TOJIKO B BHJI€ BUXPEBBIX JIMHUN (“HUTH AOpHKOCOBa”) MpU CYIIECTBOBAHUU B
BEIIIECTBE CBEPXIIPOBOJALIMX M HE CBEpXIpoBoIAmMX obnacteid. CiieoBaTelbHO, MarHUTHas
aHOMaJIUSl JIOJDKHA COIPOBOXKJIATh U “‘ClIaBIMBaHUE’” IEMOYKU NMPOTOHOB B HUKEIb-BOIOPOAHOM
SJIEPHOM PEAKTOpE.

5. OopazoBanue “Snepunix MoJsiexya”

JIMI0J1b-IUTIONIBHOE  B3aUMOJICMCTBUE MOXKET TNPHUBOAMTH K CO3JaHMIO MOJIEKYNT M3 sAnep (Tak
Ha3bIBAEMBIX “‘SIIEPHBIX MOJIEKYJT" ). PaccMOTpUM HECKOIBKO PUMEPOB “‘SIAEPHBIX MOJIEKYJT .

1) W3BectHblil “3axBaT’ S3JEKTPOHA MPOTOHOM MOXKET BBINOJHATHCS JUIOIb JUMNOJIBHBIM
B3aMMO/JICHCTBIUEM BUPTYaIbHBIX (DOTOHOB, CO3/IaBaAEMBIX 3JIEKTPOHOM U MpoToHOM (cM. Puc. 5). B
TOM Cllydae CHJIa KyJIOHOBCKOTO B3aWMOJICHCTBHS (3apsioB) NMPOTOHA U 3JIEKTPOHA paBHA!



Fl=e%/r1? KOMIIGHCUPYETCSl CHUJIOW OTTalnkuBaHus F2, BO3HUKamIIEeW BCIEACTBHE TUIOIb-
JTUTIONFHOTO B3aUMOJICHCTBUS BUPTYAIBbHBIX (DOTOHOB, CO3[IaBA€MBIX JJIEKTPOHOM M IMPOTOHOM:

F2= 6(dVp )1 -(dv)2 cos? B/ rt

5.
MpOTOH IMEKTPOH my,

d,,

Sy
I r]-' T
Puc. 5. Cxemartnueckoe I/1306pa>KeHI/Ie BUPTYAJIbHBIX q)OTOHOB,
CO31aBaACMbIX IHPOTOHOM H DJJICKTPOHOM. (DV - 4aCTOThl HpCLCCCUr

+o.
a ._‘1:{5 I-I‘_X

CITMHOB Sv, de u dve - OJICKTPUYCCKHUEC OUIIOJIBHBIC MOMCHTBI

BUPTyalbHBIX (DOTOHOB, CO3/aBaeMBIX IPOTOHOM H DIIEKTPOHOM,
COOTBETCTBEHHO; U - ckopocTH; f - yrisl mediekiuu.

Ipumeuanue. Kpome IUMONb-AUIIONBHOTO B3aUMOJACHCTBUS BUPTYAJIbHBIX (POTOHOB, CO3/1aBAEMBIX
JIEKTPOHOM M TPOTOHOM, BO3MOXKHO B3aMMOJEHCTBHE BHUPTYyaJIbHOro (hoTOHa (CO3/1aBaeMOro
AJICKTPOHOM) KaK 3JIEKTPUUYECKOTO U0, C JIEKTPUUECKUM I10JIEM ITPOTOHA.

2) IlepcieKTUBHBIM C TOYKU 3PEHHS BBITIOJHEHUSI XOJIOIHOTO SIEPHOTO CUHTE3A SIBJISETCS “‘3axBat’
9JIEKTpOHA JByMsI MpoToHamH, cM. Pue. 6. B 3Toil koH(uUrypaumu KyJOHOBCKas CHJIa MEXIY
A00BIMH  ByMS MPOTOHAM  KOMIIEHCHPYETCS HE TOJBKO CHJIOM  JAMUIONb-TUIOIBLHOTO
B3aUMOJICHCTBHS MEXKIY BUPTYAIbHBIMU (POTOHAMH, CO3/JaBAEMBIMH 3TUMHU KBAHTOBBIMHU O0BEKTAMHU
Y 3JIEKTPOHAMU, HO U CUJION 3JIEKTPUUECKOT0 B3aUMOJICHCTBUS AIEKTPOHOB M IPOTOHOB KaK 3apsI0B.

MEETPOH
5.,
Hp+DTDH . ﬂu‘—; Hp+DTDH
[ ]
2 ] —r— / & g':- o ]
- ‘—'-:gq\ ¥ - / - - ‘—'-:::\ ¥
d‘pp (l,bp
S, S,
. rl . rl |

Puc. 6. Cxemarnueckoe wu300paxeHHE BHPTyaIbHBIX (DOTOHOB,
CO3[IaHHBIX MPOTOHAMH M 3JEKTPOHOM. @y - YaCTOThl NPELECCHU

CIIHHOB Oy ; de u Oyg - DJEKTpHYECKUE NHUIONBHBIE MOMEHTHI
BUPTyaJIbHBIX (POTOHOB, CO3[aBACMbIX MPOTOHAMH U DIIEKTPOHOM,
COOTBETCTBEHHO, U - CKOPOCTH IIPOTOHOB U 3JIeKTpoHa; [ - yrisl
nedIeKIum.

Ha Pwuc. 7 mpencraBieHa MOCIEIOBATEIBHOCTh BHPTYaIbHBIX (DOTOHOB, CO3JaBAEMBIX COOCHO

PAaCIOJIOKCHHBIMU ITPOTOHAMMU. OTMGTI/IM, YTO B DTOU MOoCJICA0BATCIIBHOCTHU, COTJIACHO YPAaBHCHUAM
(5)-(7), opuenTarusi CKOpOCTEH MPOTOHOB M AJEKTPOHOB B OJTHOM HAMPABIICHUH O3HAYAET TaKKE

OPHICHTALIMIO B OJHOM HAIPABICHHH YaCTOT MPELECCHH Oy U CIHMHOB Oy BHPTYAIbHBIX (POTOHOB,

CO3aBaCMbIX 3TUMU MMPOTOHAMH U SJICKTPOHAMMU.



Hp+DTDH oV d [IPOTOH [IpOTOH
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Puc. 7. IlocnenoBaTenbHOCTh COOCHBIX MPOTOHOB C CO37aBAEMBIMU

VMU BUPTYaIbHBIMI GOTOHAMH. Oy - YACTOTHI IPELECCHH CIIHHOB Oy
; de - DJIEKTPUUECKHUE TUTIOJIbHBIE MOMEHTHI; £ YTkl Aeduexuuu; U

— CKOPOCTBb IIPOTOHOB.

IlocnenoBaTeabHOCTh MPOTOHOB, MPEACTABICHHAas Ha pHUC. 7, MOXKET ObITh INpeoOpa3oBaHa B
LHUKIMYECKYI0 KoHpurypamuioo. I[Ipumep Takoil KoHGUrypanuu, COCTOALIEH W3 HPOTOHOB U
CO3/1aBa€MbIX IMU BUPTYAJIbHBIX ()OTOHOB, puBeA¢H Ha Puc. 8. CtpenkaMu rmoka3aHbl HANPaBICHUS
IEKTPUUYECKUX JUIMOJIbHBIX MOMEHTOB BUPTYaJIbHBIX (DOTOHOB, CO37aBAEMbIX pacCMaTPUBAEMBbIMU
poToHaMH. KpacHOM CTpeNIKOM OTMEUYEHBI 2JIEKTPOHBI.

ﬁE 46

MPOTOHE], NIEKTPOHEL |
H BHPTYAIBHEIE QOTOHE

Vi

Puc. 8. Iluknuueckass KoHUrypauus IOCIEI0BATEIbHOCTH
MPOTOHOB U DJIEKTPOHOB, U CO3JaHHBIX HMHU BUPTYaJbHBIX
¢oronoB. CTpenkaMu TNOKa3aHbl HAIMPABJICHUS SJIEKTPUUECKUX
JTUTIONBHBIX MOMEHTOB BHUPTyallbHBIX (OTOHOB. KBaHTOBBIE
OOBEKThl, OTMEYEHHbIE KpPACHbIMU CTpEJIKAMH, SIBIISIFOTCS
anekTpoHaMmu. OcTalbHbIE SBISIOTCS MPOTOHAMM.

3) Ha puc. 9 npuBeeHa cxema MUKINYECKOW KOH(PUTYpAITUH ITOCIIEA0BATEIbHOCTH OJHUX IIPOTOHOB,
0e3 BcTpauBaHUs B 3Ty LEMOYKY IEKTPOHOB (cM. puc.9).

Puc. 9. Ctpenkamu mokazaHbl

E E| E| ‘\ HAIIPABJIICHUS SJICKTPUICCKUX
JUIIOJIBbHBIX MOMCHTOB

BUPTYaJIbHBIX (DOTOHOB,
,(_! CO3/1aBaeMbIX MPOTOHAMH,
4) Ha Puc. 10 npuBenén npumep “siiepHON MOJIEKYJIBI’, COCTABJICHHOMN U3 OJTHOMMEHHO 3apsKCHHBIX
KBaHTOBBIX OOBEKTOB (M3 YETHIPEX MPOTOHOB), B KOTOPOH MEXIY JIOOBIMU JIBYMS COCEIHHMH
(ctporo mo BepTHKAIM M CTPOrO MO TOPU3OHTAIH) MPOTOHAMH JEHCTBYET CHJIa MPUTSHKCHHS,
00yCIIOBIICHHAS DJIEKTPUYECKUM JHIIOb-TUNOIBHBIM B3aUMOJICHCTBUEM BHUPTYAIbHBIX (OTOHOB,
CO3/1aBa€MbIX STUMHU MPOTOHAMHU.

MIpOTOHB]

<) [
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Puc. 10. Cxemaruueckoe u300pakeHHE BHUPTYaJIbHBIX (OTOHOB,
CO371aBa€MBIX YETBIPHMs IPOTOHAMHU. U] M Uy CKOPOCTH IPOTOHOB;

®y - YACTOTHI NPENECCHH CIIHHOB Oy ; dvp IIEKTPUYECKUE

JAUITOJIBbHBIC MOMCHTHI, ,B YTJIbL IlC(l)HGKL[I/II/I.

6. U3nyuenusi, ConpoBoskaamomue Pazpymenne BupryanbHpix @®0TOHOB: JJIEKTPOMATHHTHOE
H3ayuyenne, I'enepanusa Bupryanbusix Yactuu.

NmeeTcst HECKOIBKO CIIOCOO0B Pa3pyIICHHUS BUPTYATBHBIX (JOTOHOB.

1) Cornacuo ypaBuenuto (1) mpu ckopocTH U BUPTyaldbHOTO (POTOHA, paBHOW CKOPOCTH CBETa C,
CBOWCTBa BUPTyaJIbHOTO ()OTOHA OyIyT MISHTHYHBI CBOMCTBaM (POTOHA M STOT (POTOH HM3ITydaeTCsl.
To ectp, Bo3HHKaeT 3¢dekt BaBuioBa-UepenkoBa. bonbmias yacte YepeHKOBCKOTO H3MTyYEHUS

JEKUT B  yIbTpadHOJIETOBOM YACTH CIEKTpa (7.5-1014 HZ—3.-1016HZ); BUIMMYIO YacTh

14 14
YepeHKOBCKOTO H3JIydYeHHsi COCTaBisieT sipko cuHee usnydenue (4.5-107"Hz-5.1-107"Hz). Dtn
JaHHBIC HE TMPOTHBOPEYAT CIEKTPY SJIECKTPOMATHUTHOTO H3IyYeHHs, HaOII0IaeMOro B MpoIecce
XOJIOJTHOTO siiepHoro cuHTe3a [13].

2) AmnanornyHo pacmnaay (GoToHa B AJIEKTPHUUECKUX TOJIAX TOKENBIX siACp HA MPOTHUBOIIOIOKHO
3apsDKCHHBIE 00BEKTHI (HAIpUMeEp, Ha DIICKTPOH M MO3UTPOH) [8] pacman BupryansHOro (oToHa B
AJIEKTPUUYECKUX TOJISIX HAa MPOTUBOIOJIOKHO 3aPSKEHHBIC “‘BUPTYaJIbHBIE YACTHUIBI TaKKE MOXKET
uMeTh MecTo. CxemaTuyeckoe n300paskeHue pacmaa BUpTyansHoro Ggorona qaHo Ha Pue. 11.

? am EEAHTOERII
u obBeKT

E

mapoBEIc
MOJIHHII

EMPTYATEHEBIE.
HACTHITEI

Og

Puc. 11. PesynbraTel pacmaga BUPTyaJbHOTO ()OTOHA B AIIEKTPHUECKOM
1ojie, Ha BUPTYyaJlbHbl€ YACTHILIbl, MOJOOHBIC HIAPOBBIM MOJHUAM. E -
HaNPSHKEHHOCTD AIEKTPUIECKOTO TOJIST; U - CKOPOCTh KBAHTOBOTO O0BEKTA;

My - 4acToTa IPENECCUU CIIMHA SV; dy - ameKkTpHYecKuil IHUIOIbHBIN

MOMEHT BHPTYyaqbHOro (JOTOHA, CO3JAHHOTO KBAaHTOBBLIM 00BEKTOM; [}
yrodt AeIeKIUH.



WznyyeHue sAepHBIM pPEAKTOPOM ‘“‘BUPTyalIbHBIX YacTHULl” HaOJIOAAIOCh B JKCIEPUMEHTaX U
KJIaCCH(UITUPOBAIIOCH B psijic pabOT Kak u3aydeHue “mrapoBbix MosHui [ 14]. CHUMOK U37Ty4aeMoro
SIIEPHBIM PEAKTOPOM 00BEKTa, IMEIOIIETO BH/I IIIAPOBOW MOJIHUY, puBeaEH Ha Puc. 12.

Puc. 12. CauMoK 00BEKTa, U3Ty4aeMOro
B TEUEHUE aKTUBHPOBAHUS  HU3KO-
SHEPreTUYECKON  SJIEpHOW  peakiuu
(pa3mep HECKOJIBKO CM).

Ilpumeuanue. B npouecce npoBeeHust AAEPHOIN peakiMy MEXIy NMPOTOHAMH BO3MOXKEH pacmal
OJIHOT'O MPOTOHA B 3JIEKTPUUYECKOM T0JIE IPYTOoro MpOTOHA C BOSHUKHOBEHHEM HOBBIX JIEMEHTOB.

7. Muckyccusi. CBepxrexyunii CnmHoBblil Tok B Huskosneprernueckux Snepunix Peakuusix

Tak kak kKoMmmeHcalus KyJIOHOBCKOTO B3aUMOACHCTBHS MEXIy NPOTOHAMM B SIIEPHOM DPEAKTOPE
OCYILECTBIISIETCA B PE3YyJIbTAT€  DJIEKTPHUYECKOrO0  AUMOJb-AUIOIBHOIO  B3aMMOJEHCTBHS
BUPTYaJIbHBIX (JOTOHOB, CO3/]aBA€MbIX 3TUMU MPOTOHAMH, ISl CTAOMIIBHOTO (PYHKIIMOHUPOBAHUS
SJIEPHOrO PeakTopa HEOOXOAMMO CYILECTBOBAHUE IMPOLECCOB, MOJACPKUBAIOLINX OINPEIECICHHOE
B3aMMHOE HAIIPaBJICHUE 3TUX IEKTPUUYECKUX JUIIOJIIBHBIX MOMEHTOB. Takoil mpoLecc CyIecTByEeT
— 3TO CBEPXTEKYYUI CIIMHOBBIN TOK.

CBepXTeKyuHil CIMHOBBIN TOK BOSHUKAET MEKIY 00 BEKTAMH, UMEIOIIUMH NPEIECCUPYIOTHE CITUHBI,
U CTPEMUTCS BBIPOBHSTH COOTBETCTBYIOIIME XapAKTEPUCTHKH 3THUX CIHUHOB (YIJIbl MPEIECCHHA U
nedaexnun). Takum 00pa3oM CBEPXTEKYyYHH CIHMHOBBIH TOK OCYIIECTBISET MEpeaady YIIOBBIX
MomeHTOB [15], cBsi3anHbIX co ciuHamu (Puc. 13).

3HaYEeHHE CBEPXTEKYYero CIIMHOBOTO TOKa |, , BO3HHMKAOIIEr0 MEXIy BHPTYaIbHBIMH (HOTOHAMH
BIoab och z. (Pue. 13), ompenensercs kak: |, =-b (al—az)—bz (ﬂl—ﬂz), rie by u by -

koddduumentsl, 3aBucsamme ot f; u Po; by >0, br>0. PesynpraTrom neiicTBUst 3TOrO TOKa
BB

Takke S| U fp — 3HAYCHUs COOTBETCTBEHHO YIJIOB MPELECCHU U YIJIOB JAe(IEKLUH CIIUHOB

,THE a1 U ap,a

ABJISIOTCS CIIETYIONIME HEPABEHCTBA! |a1 —a2| > ‘0‘1 —az‘ U | B - ,6’2| >

B3aUMOJCHCTBYIOIIUX CIIMHOBBIX CTPYKTYP IOCIE ACUCTBUSA CBEPXTEKYYETrO CIMHOBOI'O TOKA.

,-1\ z Puc. 13.

rl oy XapakTepuCTHKH
CIIMHOBBIX CTPYKTYD.
®] ¥ ©®) 4aCTOTHI

MIPEIECCUU CITUHOB S,
] M 09 - yIibl

L, npeueccun. B u fo -
YIIIBI 1eQIICKITIN
(otknonenwus); 1, -

r.l.
iyl

CBEPXTEKYyUYHH
S 2 CIIMHOBEBIN TOK, BJOJb
OoCH Z.

Puc. 13. XapakTepuCTHKH BUPTyalbHBIX (OTOHOB, OIPEACISIOIINE
CBEPXTEKY4YHH CIMHOBBIH TOK BIONb OcH Z, l,: o m ap - yriml

npeleccuy, onpenensemple ot tuHuK otcuéra r.l.; f; and fo - yrisl

nedaexnnu (OTKIOHEHHUS); (] U ®2 - YaCTOTHI IIPEIECCHH; S — CITUHBI.



Takum o0pa3oM, B IEMOYKE NPOTOHOB B HHUKENb —BOJOPOAHOM peakTope OyIeT COXpaHSTbCS
OpPHEHTALUs] 4YacTOT (), IPEIECCHHM CHHHOB BHUPTYAIBHBIX (POTOHOB, CO3JaBAEMBIX OSTHMHU

MPOTOHAMH, BIOJb OfHON mpsimoii. CornacHo ypaBHeHUsM (2), (4) u (7) Oyaer coxpaHSATbCS U
ONpeNeIéHHOE B3aMHOE HANPABICHHE KaK OJJIEKTPHYECKHX JUIONBHBIX MOMEHTOB dy

BUPTYaJbHBIX (POTOHOB, TaK U CIIUHOB Sq, CO3/AI0IIUX 3T (POTOHBI, MPOTOHOB, TO €CTh MPOTOHBI

OyIlyT COOCHBIMH.

CBepXTeKyuuil CIIMHOBBIM TOK HE JKPAHUPYETCS JJIEKTPUUECKMMU M MArHUTHBIMM SKpaHamHu U
MOXKET HaOMoJaThCs BHE peakTopa. Hapsiiy ¢ 37IeKTpOMarHUTHBIM HM3Iy4YeHHEM U HIapOBBIMU
MOJHUAMU CBerTeKy‘II/II\/JI CIIMHOBBIM TOK SBJISIETCA COCTAaBHOM YacThIO HU3JIy4YCHUA SAOCPHOTO
pEeaKTopHl.

HNmenno H3JIYYCHUCM 3TOT'O BHJa MOXKXHO OGL}ICHI/ITI: BO3HHUKHOBCHHEC Ha MOBCPXHOCTAX PA3JIMIHBIX
MaTepHuaIoB TPEKOB, UMEIOIIUX BUXPEBYIO (OPMY U TPEKOB OJIM3HELIOB (BOSHUKAIOT, €CIIU CKOPOCTh
CBEPXTEKYYEro CIIMHOBOTO TOKa OOJIBIIE CKOPOCTH CXKATHUSl CPEIbl, TJI€ PACHpPOCTPAHSETCS TOK).
[Ipumepsr TpekoB npuBeneHsl Ha Puc. 14 [14].

() ©)
Puc. 14. ®ororpadum TpeKkoB, BO3HUKAOIMX Ha
MOBEPXHOCTAX PAa3IMYHBIX MaTEepHaoB IMOJ JAECHCTBUEM
U3Jy4EHUS SJIEpHBIX peakTopoB. BapuaHr (a) - “Buxpenbie”
Tpeku; BapuaHTt (0) Tpeku — ‘OIu3Henbl” .

Habmromaemoe mocneneiictue siaepHoro peakropa [14] MokeT OOBACHATHCS THPOCKOMUYCCKUMU
CBOMCTBaMH BUPTYalbHBIX (OTOHOB (BCIEACTBHE HAJIUYUS CIHUHOB), CO3[JAaBAEMBIX SIpPAMH,
YYaCTBYIOIIMMHU B pCAKIIUAX.

8. 3akaouenue

1. Komnencamusi KyJOHOBCKOTO B3aMMOJACHCTBUS MEXKIY SApaMU B IENSAX TOCJIETYIOIIEro
SJCPHOTO CIUsiHKS (HampuMep, MEKIY COOCHBIMU MPOTOHAMH B HHKEIb-BOJIOPOIHOM PEAKTOPE)
MOXKET OCYIIECTBIATHCS B PE3YJbTATE AJIEKTPUUECKOTO B3aWMOJACUCTBUSA BHPTYaIbHBIX (DOTOHOB,
CO3/1aBa€MbIX B3aUMO/ICHCTBYIOIIUMH MPOTOHAMH.

2. ITpu B3auMOENCTBIM KBAaHTOBBIX OOBEKTOB IPOCTPAHCTBEHHOE NEPEKPBITHE CO3ABAEMBIX UMU
BUPTYaJIbHBIX (DOTOHOB C MPOTHBOIOJIOXKHO OPUEHTHPOBAHHBIMU 3JIEKTPUUYECKUMHU JTUIOIbHBIMU
MOMEHTaMH MOKET MMETh MECTO. JTOT MPOIECC COMPOBOXKAACTCS YMEHBIICHHEM CYMMAapHOM
Macchl 3THX BHPTyalbHbIX (hoTOHOB (“medexToM Macchl”), ¥ BO3MOMKHOCTBIO BO3HMKHOBEHHS
MarHMTHOH aHOMAJIMU B OKPECTHOCTH STHUX BUPTYaJTbHBIX (DOTOHOB.

3. Bo3mM0oxHO 00pa3oBaHie KOMIUICKCOB W3 MHOTHX sijiep (Tak Ha3bIBAEMBIX “SIEPHBIX MOJIEKYT”),
32 CYET AIEKTPHUYECKOTO JUIOJIb-TUMOIBHOTO B3aUMOJCHCTBUS BUPTYyaJIbHBIX (OTOHOB,
CO3/1aBaEMbIX ITUMHU SAPAMH.

4. Eciu CKOpOCTh BUPTY&JIbHBIX (DOTOHOB MNPUOOpETaeT 3HAYCHHE, PABHOE CKOPOCTH CBETa,
MPOUCXOIUT TpaHchopMalrs BUPTyalbHOTO (hoToHa B poToH. Takum oOpa3zom Bo3HUKaET 3 (exT
BaguioBa-UepeHKkoBa, TO €CTh AJIEKTPOMArHUTHOE H3ITyUeHHE.

5. B anekTpuuyeckoM IMojie BO3MOXKEH paclaj BUPTYalbHbIX ()OTOHOB Ha COCTABISIOLIME €ro
MOJIOXKUTEIIBHO U OTPHULIATEIBHO 3apsKEHHbIE, TaK HAa3bIBAEMbIE ‘BUPTyalbHbIE YacTHULIBI . ODTH
KOMIUIEKChl M3JIy4aloTCsl B IPOLECC SJAEPHBIX pPEAKUUH W MOTYT KIacCU(PUIMPOBATHCS Kak
“I1apoBbIE MOJTHUM .

6. CoxpaHeHue OMNpeAeIeHHOT0 B3aWMHOIO HAIPABICHMS AUIOIBHBIX MOMEHTOB BHPTYalbHbIX
(hOTOHOB, CO3/1aBaEMBIX B3aUMO/ICHCTBYIOIIMMHU MPOTOHAMH, MOYKET OCYIIECTBIISBCS CBEPXTEKYUNM



CIMHOBLIM TOKOM. JTOT TOK MOXKET OnpeaciIsiTb U HCKOTOPLIC CBOICTBa HU3JIy4CHUA SACPHOTrO
peakTopa.
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virtual photons and in such a way on the structure
of chemical elements containing these quantum
objects. Thus, the transmutations of chemical
elements can take place.

In the next sections, the above physical processes
determining the execution of low-energy nuclear
reactions will be considered in detail.

1. Creation of Virtual Photons by Quantum
Object

1.2. The properties of virtual photon

In 1965, R. F. Feynman won the Nobel Prize for
his hypothesis about creation by quantum objects,
that are features in electric and magnetic fields, of
objects having properties of photon [1]: spin S,
and electric dipole moment d,, (as follows from
experiments with so-called Transverse Optical
Force, photon has an electric dipole moment [5]):

d, TTS,. (1)

Feynman called the object proposed by him
“virtual photon”.

Some properties of virtual photon are similar to
properties of spin vortex [2]. Similar to properties
of spin vortex, spin S, performs precession

motion with frequency @, defined according to
property of gyroscopes [6] as:
My =y xSy, 2
where M,, is a moment causing precession; and:
oy TT8q, (3)

where Sq is a spin of quantum object that creates

virtual photon.

As the charge of quantum object acts on electric
dipole moment d, of virtual photon created by
this quantum object and following it, the
following is valid with taking into account Eqs (1)
and (2):

oy 71 7u, (4)

| 1, for positively charged of quantumobjects
| =1, for negatively charged of quantumobjects’

(5)

where u is velocity of quantum object.

Figure 1 contains schemas of virtual photons
created by both negatively and positively charged
quantum objects with taking into account that the
size of virtual photon is equal to wavelength xq

of quantum object creating the virtual photon [1].

P, 7g~2]

(a) (b)

Figure 1. Schemas of virtual photons created by
both negatively (variant (a)) and positively
(variant (b)) charged quantum objects. d, are

electric dipole moments; «,, are frequencies of
precession of spins S,; p are angles of
deflection; u and Sy are velocities and spins of

quantum objects; Xq are sizes of virtual photons.

The angle of deflection S is determined by speed
u of quantum object and by speed of light ¢ [2]:

sing=ulc. (6)

1.2. Definition of expressions for electric dipole
moments of virtual photons created by electron
and proton, respectively d, and dvp

Based on the results of experiments conducted by
Kaufmann [7] on the deflection of beta-rays
emitted by radium, which showed that the mass of
electron mg is purely of an electromagnetic
nature, we assume that the same is valid for the
virtual particle (with mass m,,/2 and charge qy,)
that, according to hypothesis of Feynman, makes
up the virtual photon with mass m, : that is, the
following holds: e/ mg =20, /my, (e is the electric

charge of electron). From the latter expression we
obtain the expression for g, :

gy =emy, /(2mg). (7)
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As, according to Feynman’s hypothesis, the
properties of virtual photon are similar to the
properties of photon, the mass of virtual photon
will be defined similar to kinetic mass of photon

mph:mphzuph/cz, where U is photon

energy, c is the speed of light. Consequently, the
mass of virtual photon m,, may be defined as:

my =Uq/c?, 8)
where Uq is the energy of quantum object
creating the virtual photon.

In general, electric dipole moment d,, of virtual
photon is defined by the electric charge q, of

virtual particle that constitutes virtual photon
(according to Feynman hypothesis [1]) and size of
virtual photon Zg :

dV:qV'Xq. (9)

Note. Essentially, the formula (9) unites classical
mechanics (electric dipole moment and electric
charge) with quantum concept (wavelength of
wave function of quantum object defined by its
moment pq [8]):

Solving together Eqgs (7)-(10) and using the
formula for Bohr magneton xg =€/ /(2mgc), we
obtain the following expression for electric dipole
moment d,, of virtual photon created by quantum
object:

dy = 1pUq /(cpq). (11)

If the energy of the quantum object (with mass
Mg and velocity u) is equal to its kinetic energy

(Uq =mqu2 /2) and taking into account
Pg =Mgqu, the equation (11) can be rewritten in
the form:

dy = ugu/(2c). (12)

The equation (12) can be extended to electric
dipole moment of electron dy, if speed u is equal

to the speed of electron ug:

dye = U, /(2¢). (13)

The equation (12) can be extended as well to
electric dipole moment of proton dVp if the speed

u is equal to the speed of proton Up and the

magneton of Bohr ug :eh/(Zmec) is replaced
by nuclear magneton zy :

dyp = U, /(2¢). (14)

1.3. Energy characteristic of virtual photon

The interaction of virtual photons is characterized
by energy W,,, moment M,,, force K,. These

characteristics in the CGS system can be
determined by the following expressions [9]:

W, =((dv1dV2)r2 —3(d\/lr)(d\,2r))/ 5,
(15)

M, = [dvz,((?)r(dvlr)—dvlrz)/ r5ﬂ ,
(16)

where r is the distance (r is vector of distance)
between virtual photon.

If mutual orientation of electric dipole moments of virtual photons is parallel or antiparallel, force K,

between them is determined as:

kdydy/r*— attractive if dyq TN dy,(k=3) or dy;—>—>dy,(k=6).

V:

17

kdy1dyo /4~ repulsive if dq Tdyp (k=—3) or dyq<—>dyo (k=—6).
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Equations (15)-(17) are valid if distance r between interacting virtual photons is much greater than their
size 7Lq , that is:
R <<r. (18)

Let us analyze energy characteristics of virtual particle in more detail using as an example the energy
property of molecule of hydrogen, see Figure 2.

Classification of hydrogen molecules

. | T -
|parahydrogen|  |orthohydrogen |

| .
atom atom atom ‘ atom
of hydrogen| |of hydrogen of hydrogen| |of hydrogen
| | | [ |
nuclear of atom| | |nuclear of atom| | |nuclear of atom nuclear of atom
of hvdrogen of hydrogen R of hydrogen R of hydrogen
(proton) Sgp + (proton) Sgp (proton) Sep (proton) 5@"\
. | [ ' | 1
virtual photon virtual photon virtual photon virtual photon
created by created by created by created by

proton dyp N

proton dmp L

proton dw -

proton d"fP <+

electron in atom| |electron in atom
-

(hydrogen)Sge || |(hydrogen)Sgew
[ : —

virtual photon virtual photon

created by created by

electron dTe“"' electron d'\'e

electron in atm}\l electron in atom
(hydrogen)Sge || |(hydrogen)Sge v
| |
virtual photon virtual photon
created by created by

electron dTe”"' electron dTeA

o —_— . e
—_——_—_ixsmglet-systems of electrons

Figure 2. The schematic image of hydrogen structure. The hydrogen consists of molecules of two types:
parahydrogen and orthohydrogen. Sqp - spins of protons (nuclei of atoms of hydrogen molecules);

dvp - electric dipole moments of virtual photons created by protons; Sqe - spins of electrons; dy, -

electric dipole moments of virtual photons created by electrons.

Let us consider the features [10] of the diagram in
Figure 2.

1) There exist two spin forms of molecular
hydrogen: parahydrogen (p-H ) containing two
protons with the opposite orientations of their
spins; and orthohydrogen (0-H o) containing two
protons with the same spin orientation. According
to Egs (1)-(3), the spin of proton Sqp is related to
electric dipole moment dVp of virtual photon

created by proton by condition:

dyp TN Sqp. (19)

2) Protons that make up the molecule of
parahydrogen (have antiparallel spins Sqp ) create

virtual photons that, according to Eq. (19), have
oppositely oriented electric dipole moments dVp :

The schematic representation of virtual
photons created by nuclei of parahydrogen
(protons) with antiparallel spins Sqp is shown in

Figure 3. According to definition of
parahydrogen and Eqgs. (17) and (19), attractive
force Fyp+ acts between virtual photons created

by protons of parahydrogen and consequently
between these protons. According to Eq. (17) and
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(14), if condition (18) is fulfilled, Fyp+ is

2
determined as Fp4 :3(,uNup /(Zcrvzp)) . With

taking into account the data of parahydrogen [3,
11]:

Up = 1.85 10°cm/s, Ky, =0.74 10%cm.

va+ =3 10'25dyne. (20)
Let us check in this case the feasibility of

. _ B B 8

condition (18): Aq _h/(mp -up)_0.32 10°cm ,
where Mp is mass of proton. Thus 7Lq<r\,IO
=0.74 10%cm. Consequently, the condition (18) is
fulfilled approximately.

Note to Eq.20. As follows from Fig.3, the expression
(20) must contain  multiplier cos? £, Wwhere,
according to Eq. (6), cosZ,B=1—sin2(u/c).

Since in the considered case cos? p= 1-10710 % 1,
we can ignore this multiplier.

According to Eg. (15), the interaction energy in
this case, Wyp+, will be negative:

va+ <0. (21)
S "-p,———-—)
thp
proton
‘ﬁ proton
B N dy o,
Svp 5
= :
virtual photons

Figure 3. The schematic image of virtual photons
created by nuclei (protons) that constitute
parahydrogen. Sqp are spins of protons constituting

parahydrogen. The characteristics of virtual
photons: Syp are spins; dyp are electric dipole

moments; e, are frequencies of precession; £ are
angles of the deflection; u are velocities.

3) Protons constituting orthohydrogen (have
parallel spins qu) create virtual photons that,

according to Eq. (19), have uniformly oriented
electric dipole moments dy. The schematic

image of virtual photons created by nuclei
(protons) that constitute orthohydrogen is shown
in Figure 4.

S L | J—

virtual photons u

Figure 4. The schematic image of virtual photons
created by protons with parallel spins (qu)

constituting orthohydrogen. Characteristics of the
virtual photons: Sy are spins; dyp are electric

dipole moments; e, are frequencies of precession;
£ are angles of deflection; u are velocities.

According to definition of orthohydrogen and
Egs. (17) and (18), repulsive force Fyp- acts

between virtual photons created by protons of
orthohydrogen and consequently between these
protons. Force K. is determined by the same

formula as Fyp+ (Eq. (14)); and let us assume as
well that force K, has the same order of
magnitude as F\,p+(Eq. (20)):

Note to Eq.(20) is valid in this case as well.

According to Eg. (15), the interaction energy of
virtual photons created by protons of
orthohydrogen Wyp- will be positive:

Wyp. > 0. (23)

4) Every atom of hydrogen contains an electron
with spin S, . According to Egs (1)-(3), the spin

of electron is related to electric dipole moment
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dye of virtual photon created by electron by

condition:
dye TN S (24)

Let us consider the variant where electrons created
by atoms of the same molecule (parahydrogen or
orthohydrogen) have opposite orientations of their
spins Sy, (Fig. 5), that is they are in the singlet

state.

electron

electron

T -

Figure 5. The schematic image of virtual photons
created by electrons with antiparallel spins (Sqe ).
Characteristics of the virtual photons: d,, are
electric dipole moments; «,, are frequencies of
precession of spins S,,; B are angles of
deflection; u are velocities.

According to Egs. (17) and (24), attractive force
Fe+ acts between virtual photons created by

electrons and consequently between these
electrons. According to Egs (13) and (17) (if
condition (18) is fulfilled), Ko is determined as:

2
Fes = 3( LigUe /(2ch%)) . With taking into
account electron data: Up= 2.2 10%cm/s, K, =0.37
108cm [3, 11], we obtain:
Fes =310 4
ve+ =9° yne (25)

Let us check in this case the feasibility of the
condition (18): &y =A/(m, -u,)=0.510%cm.

Thus Kq > fyp =0.37 108cm. Consequently, the
condition (18) is hardly fulfilled in this case.

We assume that Note to Eq.(20) is valid in this
case as well.

According to Eg. (15), the interaction energy in
this case W4 will be negative:

Wp+ <O0. (26)

From comparison of forces Fp- (Eq. (22)) and

Fe+ (Eq. (25)) it follows that repulsive force
Fp- between virtual photons created by protons

of orthohydrogen is less than attractive force
Fe+ acting between virtual photons created by

electrons in the singlet state. It follows also
from comparison (in parahydrogen) of force
Fyp+ (Eq. (20)) and repulsive force Fe_which

could act between virtual photons created by
electrons in the triplet state (Egs (13) and (17)) that
attractive force K, between virtual photons

created by protons of parahydrogen is less than
repulsive force K,_which could act between

virtual photons created by electrons in the triplet
state. Thus, the following conclusion can be
drawn: the absolute value of force (denote it va)

acting between virtual photons created by protons
in the above considered cases is less than the
absolute value of force (denote it K, ) acting

between virtual photons created by electrons in
the above considered cases, that is:

Fyp<Fe. 27)

It follows from inequality (27) that a hydrogen
molecule (both parahydrogen and orthohydrogen)
is formed if electrons of this molecule are in the
singlet state that is with antiparallel spins (an
attractive force acts between them) and is not
formed if electrons of this molecule are in the
triplet state, that is with parallel spins (a repulsive
force acts between them in this case). This
conclusion is in accordance with experimental data.

2. The Inversion of Electric Dipole Moment
and Spin of Virtual Photon Created by Nucleus
of Orthohydrogen

As follows from Figure 2, the four of pairs of
virtual photons exist in a hydrogen molecule:

1) a pair of virtual photons created by the nuclei
(protons) of parahydrogen (Figure 3);
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2) a pair of virtual photons created by the nuclei
(protons) of orthohydrogen (Figure 4);

3) a pair of virtual photons created by the electrons
related to nuclei (protons) of orthohydrogen
(Figure 5);

4) a pair of virtual photons created by the electrons
related to nuclei (protons) of parahydrogen
(Figure 5).

According to Eqg. (16), in every pair the
moment M,, can cause the inversion of electric

dipole moment of one of the virtual photons of
the pair; the inversion is accompanied by a
change in the energy of these virtual photons.
According to Egs (21), (23) and (26), the
inversion is produced with energy emission
only in orthohydrogen pair (Figure 4). In this
case the inversion of electric dipole moment
dyp of virtual photon created by proton

constituting one of the atoms of a hydrogen
molecule occurs; according to Egs (23) and
(15)), the value of energy changes from
positive to negative. According to Egs. (1)-(3),
the inversion of electric dipole moment d,, of

virtual photon means the inversion of both
virtual photon spin Svp and spin Sqp of proton

creating this virtual photon. This process is
observed in experiments [3] and is called
“ortho-para  conversion”  (orthohydrogen
transforms into parahydrogen).

3. The Physical Processes Generated by
Inversion of Virtual Photon Spin

The schema illustrating inversion of spin Sy,
spin Sqp and electric dipole moment dyp of

virtual photon created by nucleus of
orthohydrogen (by proton) is shown in Figure 6.

initial state

inverse
state

Figure 6. The schema illustrating the process of
inversion of spin Svp and electric dipole moment

dyp of virtual photon created by nucleus (proton)

of orthohydrogen and also inversion of spin of
nucleus (proton) Sqp in orthohydrogen.

As a result of inversion of virtual photon spin
Svp. the projection of this spin on axis OO’

changes by an amount ZSVp cos S ; the angle of

rotation of spin equals 7 . Due to action of the law
of conservation of angular momentum, a process
that ensures the conservation occurs in physical
vacuum [4]. The following theory exists: the time
derivative of the angular momentum of the system
relative to chosen area of physical vacuum equals
the vector sum of moments (M;,) of external

forces in this area. In general, the following
formula is valid:

Mjn =08, / &t (28)
where y is a proportionality coefficient.

The moment Mj, can act on spins of virtual
photons created by surrounding quantum objects;
thus, a chain reaction of spin inversions may
occur. The action of moment M, can result in the

following processes.
1) The generation of energy at inversion of spins

of virtual photons created, for example, by protons
of orthohydrogen.

2) The possibility of change in the elemental
composition of the surrounding objects. For example,
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the inversion of electric dipole moment (spin as
well) of one of the two virtual photons created by
electrons can transform the states of these
electrons: from triplet into singlet and back.

3) The action of moment M, can lead to change
in energy levels of atoms. Let us consider the case
where atomic electrons are in p-state, that is
electric dipole moments (respectively dq and d»)

of virtual photons created by these electrons are
oriented as d; >—d» [9, 10]. If moment M;,

changes the orientation of d1 and dy by 7 /2, the

following takes place: dy TTd,. The next

variants are possible: (1) the emerging triplet state
of considered electrons is transformed into singlet
state d; TN do with emission of energy; (2) the

repulsive force arises between electrons in triplet
state and they can leave atom.

4) According to (1)-(3), uniform spin inversion of
virtual photons can lead to magnetization of
guantum objects creating these virtual photons.
This theoretical conclusion is confirmed by
experimental data [12].

5) In accordance with determination M;, (Eq. (28))
the effectivity of influence M;,, increased at using

catalysts increasing the velocity of process [3]. It
is in accordance with the successful use of Ni and
Cu in low-energy nuclear reactions [3, 12].

Note. The fundamental role of law of conservation
of angular momentum in low-energy nuclear
reactions does not exclude the possibility of
description of some characteristics of nuclear
transmutation in low-temperature plasma from
the viewpoint of other laws of conservation: laws
of conservation of energy, momentum, charges
(lepton, baryon, electric [13]).

4. Discussion

Every virtual photon has precessing spin S,, which
is characterized by frequency of precession w,,,
angle of precession « and angle of deflection S
(Figure 7).

Figure 7. Schematic image of characteristics of
virtual photons. @, are frequencies of

precession of spins S, ; £ are angles of deflection;
a are angles of precession; r.l. are reference lines; z
is axis; (Iss), are spin supercurrent; d, are
electric dipole moments.

Spin supercurrent (ISS)Z can emerge between the
virtual photons and its value is determined as:

(Iss), =—910a/dz—~gp0p 1z, (29)
where g1 and go are coefficients depending on S
[14-16]. Thus, spin supercurrent equalizes

orientations of spins, that is it performs a function
similar to that of a moment M;,.

It is shown in [17] that some properties of so-
called “strange radiation” characterizing the Low-
Energy Nuclear Transmutations are explained by
action of spin supercurrent.

1) A spin supercurrent does not arise between
quantum objects creating virtual photons having
total zero spin. The most probable is the
emergence of a spin supercurrent in substances
that have “free” quantum objects, such as in
metals containing “free” electrons.

2) The spin supercurrent is not an electric and is
not a magnetic process.

3) Spin supercurrent is capable to magnetize the
substance.

4) By definition spin supercurrent transforms
angles of precession and deflection, consequently,
the emerging tracks on the surface of various
materials may have a vortex form [18].
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Figure 8. The tracks emerging on the surface of
various materials and having vortex form.

5) If spin supercurrent causes the contraction of
the medium where it spreads and the speed of spin
supercurrent is greater than the speed of spreading
this contraction, then the action of spin
supercurrents can result in appearance of
periodically repeating jumps in density.

Figure 9. The possible structure of twin-tracks in
experiments with low-energy nuclear reactions.

6) The “strange radiation” can exist after the end
of nuclear reaction. That is, afteraction takes
place. It may be related to gyroscopic properties
of spins.

7) Some effects related to the nuclear reaction can
occur not only in the nuclear reactor but in the
region surrounding the reactor. These phenomena
can exist due to long-range character of spin
supercurrent.

Conclusion

The following physical processes can determine
Low-Energy Nuclear Transmutations.

1) The creation by quantum objects (which are
features in electric and magnetic fields) of virtual
photons having spin and electric dipole moment.

2) Inversion of one of the parallel oriented electric
dipole moments of virtual photons with
generation  of  energy. (For example,
transformation of hydrogen molecule from
orthohydrogen form into parahydrogen form.)
Simultaneously with inversion of electric dipole
moment created by virtual photon, the inversion
of spin of this virtual photon also takes place.

Note. These processes may exist as well without
hydrogen atoms.

3) The inversion of spin of the virtual photon
means the change in orientation of angular
momentum in physical vacuum. In this case, due
to existence of law of conservation of angular
momentum, the process of compensation of this
change occurs. Such a process can be a moment
M;j, related to the inertial properties of the

physical vacuum. Mj, can act on the orientation

of electric dipole moments of virtual photons
created by quantum objects that make up the
experimental setup, and by such way influence
the structure of molecules containing those quantum
objects. That is, the action of moment M;, can

lead to the transmutation of chemical elements.

Note. The considered process can begin not only
from ortho-para conversion of hydrogen atom. It
may exist without a hydrogen atom at all.

4) One particle cannot be a result of nuclear
reaction, otherwise it is impossible to comply with
the law of conservation of angular momentum
[13].

5) The nuclear reactions are a result of interaction
of a large number of particles and consequently
they must be investigated by laws of
thermodynamics. This conclusion is consistent
with many theoretical works [19, 20].
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