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v Mnpupoabl BCeraa €CTb Y€MY NOYUUTHCH.

Jleonapoo da Bunuu

NMPEAUCIIOBUE

IIpoGema HH3KOTEMITEPAaTypHOTO SAEpHOTO CHHTE3a (wiu, Ooiee
KpaTKO, — XOJIOAHOTO SJEPHOTO CHHTE3a) BOILIA B MAaCCOBOE CO3HAHHUE
¢usnyeckoro coodmecTBa B 1989 roay mocie BBI3BAaBIIETO aKUOTAXK
cooOmenus M. ®@neiimmana u C. ITonca [1]. OgHako eme Oosee Breyat-
asfore (haKThl CBSI3aHBI C TAHHBIMH O CHHTE3€ OOJBIIOTO YUCia 3Je-
MEHTOB, BIIOTh JI0 BHCMYTa M CBHHIA, B MPOIECCE MIa3MEHHOTO BJIEK-
TpoNM3a AMCTHUIUTMPOBAHHOM BOJBI, OCYIICCTBICHHOTO Ha YyCTaHOBKE
«QHepronuBa» no Meroay A. B. BauaeBa u H. W. lIBaHoBa. Yka3zannas
paboTa, KaKk M pe3yibTaThl BECbMa COJCPIKATEIbHBIX IKCIICPUMEHTANb-
HBIX I/ICCJICI[OB&HI/II\/'I, YUYUTBIBACMBIX IIPU MMOCTAHOBKE 3aJiaydu, OHy6HI/IKO-
BaHbI B [2].

Cnenyer OTMETUTb, YTO €AMHCTBEHHOW peakUued XOIOAHOTO slep-
HOT'O CHHTe3a, OECCIOpPHO MPHU3HABAEMOH BceM (H3MUYECKHM cOoOIIe-
CTBOM, JIaBHO SIBJIICTCSI MIOOHHBIN KaTaiiu3, OoJiee moapoOHO oOcyxaae-
MBI HIDke Bo BBemennn. Camoe TiIaBHOE B PEakIMM KaTalu3a 3aKiIio-
YyaeTcsi B BBIBOJIC: NPH HATMYMH MAaCCUBHOTO OTPHIATENILHOTO 3apsijia
B MOAM(UIIUPOBAHHOW MOJIEKyJie BOJOPOAa CTAaHOBUTCS BO3MOMXHOU
peakIysi CHHTEe3a T'eJIUsl IPH OOBIYHBIX TEMIIEpaTypax, TOTAa Kak KaHO-
HUYECKUI BapHaHT PEaKIMy MPeIIoyaraeT pa3orpeB 0 JIECATKOB MUII-
JIMOHOB TPaJlyCOB.

[Tocne 3TMX BBOAHBIX 3aMEYaHHH MPHOTKPOEM JBEPH TBOPYECKOU
1abopaTopuy, 4TOOBI COBPEMEHHBII MacCOBBI YHTATENb, HE JIOOSIINI
HE TOJIBKO IJIMHHBIX KJIACCUYCCKUX POMAHOB, HO OaX€C WM KOPOTKHX CTa-
TeH, CMOT OBl YJOBJICTBOPUTH CBOE JIFOOOIBITCTBO, OFPAHUYMBIIUCH YTe-
HUEM IPEIUCIOBUS. A MMEHHO, M3JI0KUM KpPaTKO XOJ pa3MBILUICHHH,
IMMO3BOJIAIOIUX YTBEPKIAATh, YTO CYIIECTBYET KOHICIITYaJIbHOC PCUICHUC
npoOJIeMbl XOJOHOTO SIIEpHOTO cuHTe3a. [Ipy c)kaToM H3JI0KEHHUU MBI
He OyJeM pa3bsCHSITH MCIIOJIb3yeMble TEPMHUHBI U AaBaTh MHOTOYHCIICH-
Hble OMOIMOrpaduuecKue CChIIKH, IoJIaras, 4YTo YATaTellb OPUEHTUPYET-
csi B QU3MYECKUX MOHATHUAX B IIpeJesiaX CTaHJapTHOTO Kypca obmieid dhu-
3uku (Hampumep, kypca M. B. Casensesa [3]). Ho B manpHeiimem coot-
BETCTBYIOILIME MUHUMAJIbHBIC TIOSICHEHHUS M CCBUIKU OyIIyT PUBEICHBI.



Utak, mepeyncaiM OCHOBHBIE MOTHBHPYIOIIKE HPEANIOCHUIKH, BO3-
HUKAIOIIME BOMPOCHI W MpEABapUTEIbHbIC NPUHIUIHNAIBHBIE OTBETHI,
IPUBOAIINE K KAUECTBEHHOMY PEIIECHHUIO TPOOIIEMBI.

I'enepanvnas npeonocwlika — 5SKCIEPUMEHTbl CBUAETEIBCTBYIOT
0 HAINYMU HU3KOTEMIIEPATYPHBIX SIICPHBIX PEaKINH.

[Ipennoceinka 1: cymiecTBOBaHME PEAKUMHM MIOOHHOTO KaTaun3a
MOKAa3bIBACT, YTO NPHU HAJIMYMHU MACCUBHOI'O OTPHLATEILHOIO 3apsia 10-
CTHTacTCsl 3HAYUTENBHOE COMMKeHNE IEHTEePHUS U TPUTHSL.

Bonpoc 1: MOXXHO 71 MIPEATIOKHUTH KaKyl0-IH0O MOJENb, TOIYCKaro-
IIyI0 CYIIECTBOBAaHHE 3HAYMUTENILHOI'O OTPHULATEIBHOrO 3apsima (kenma-
TEJIHO MAacCHBHOTO) B MEXBIEPHOM HPOCTPAHCTBE, HMHUIUHUPYIOIIETO
cOnmxeHue saep?

Otger 1: B KauecTBE MPOTOTUIIA MOKHO MCIOJB30BaTh Mojaelb bopa
JUI MOJIEKYJIBI BOZIOpPOJa, B KOTOPOHM [IBa 3JIEKTPOHA Pa3MELIAlOTCs Ha
opbure (B popme OKPYKHOCTH) MEXKIY ABYMS IPOTOHAMH.

[Mpeamoceuika 2: MpU CHHTE3€ CIOXKHBIX SEP, YTOOBI UCTIOIL30BATh
B KauecTBe MNPOTOTHUNAa Moxaeinb bopa TpeOyercs nomycTuTh MO0
0O0JBIIIOE YUCIIO OPOHUT B MEKBSJICPHONW OOJIACTH C TApOH DIEKTPOHOB
Ha KOKIOW U3 HUX, JTMOO OJHON OpOUTHI ¢ OOJIBIIIMM KOJUYECTBOM 3JICK-
TPOHOB.

Bormpoc 2: kak pa3MecTHTh Ha OJHOW opOuTe OOJIbIIEe IBYX JIEKTPO-
HOB? DTO e 3ampelnieHo ctatuctuko depmu-/lupaka, Tak Kak 0ObIY-
HBIE 3JIEKTPOHBI B aTOMax SBIISIOTCS YaCTUIAMU-«UHIUBUILYATHUCTAMI
(momumHAIOIMMUCS TpaBuiTy 3anpera [laynn).

OtBer 2: B IpUHIIKIIE, KaK JEMOHCTPUPYET, HAPUMED, TCOPUS HH3-
KOTEMIIEpaTypHOW CBEPXIPOBOAMMOCTH, BO3MOXKHO O0Opa3oBaHUE Ky-
NEPOBCKUX MIEKTPOHHBIX IMap. DTH Mapbl YIOBIETBOPAIOT CTATHCTHKE
bo3ze — DiiHmTeiHa U ABISIOTCA YaCTHIAMHU-KKOJIJIEKTUBUCTAMMU.

Bompoc 3: pazmepsl YHOMSHYTBIX KYIIEPOBCKUX Hap BEITHKH (TIOPsi-
Ka COTHHU IapaMeTpOB PELIETKH) U 00YCIIOBIEHBl OTHOCUTEIBHO CIa0bIM
3NIEKTPOH-(DOHOHHBIM B3aUMOAEUCTBHEM; CYILECTBYET JIM B3aUMOZECH-
CTBHE, OOecreuuBamIlee MPEOJ0JIeHUE KYJIOHOBCKOTO OTTAIKHBAHUS
3JIEKTPOHOB M MX 00BbEIMHEHHE B KOMITAKTHBIE MaphI?

OtBer 3: Takoe B3aUMOJCHCTBHE CYLIECTBYET, €r0 OIMCAHUE JTAeTCs
aJpOHHON MeXaHHUKoM [4].

3aMeTHM, YTO O CYIIECTBOBAHHU aJIPOHHON MEXaHUKH aBTOPHI y3Ha-
JIM, BCTaB Iepell AUJIEMMOM: MBITAThCA JIM CaAMOCTOATENILHO 000CHOBATH
BO3MOXHOCTb HMHTEHCHUBHOIO TNPHUTSKECHUS TPH MajbIX PACCTOSHHUAX
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MEXKIY DJIEKTPOHAMH WM MOCTapaThbCcs HAWTH COOTBETCTBYIOIIYIO TEO-
pPHIO B IUTEPATypHBIX UCTOUYHUKAX. B KauecTBe aHAOTHH, MOTHUBHPYIO-
IeH TTOUCK, MOCTYXKuia HHPOpPMaNHi O CHIBHOM (KOHTaKTHOM) B3aUMO-
JEUCTBUM AWCIOKAIMA, BO3HUKAIOIIEM TIPH MEPEKPHITHH WX SIep.
[TosTOMY ¥ TOMCK OPUEHTHPOBAICS Ha TEOPHIO, OMUCHIBAIOIIYIO «KOH-
TaKTHOE B3aMMOJICHCTBHE IIEKTPOHOBY.

Oxkazanoch, 4TO Takas TEOPHS C Ha3BaHHEM «aIpOHHAs MEXaHHKa»
CYLIECTBYET yXe MpaKTHUECKH YeTBepTh Beka. ABTop Teopuu P. M. Can-
TWUIH BEAET MHTEHCUBHYIO U IUIOAOTBOPHYIO HAYYHYIO 1ESTCIBHOCTb.

AnpoHHas MeXaHWKa SBISETCS TIyOOKHMM O00OOIIeHHEM KBaHTOBOW
MEXaHHKH, OTHAKO MIMPOKOTO MPU3HAHMS MTOKa He nomyuuina. [locnennee
HE YJIUBUTEIBHO, €CJIM BCIIOMHUTH BbICKa3biBaHue P. deitHMana o ToM,
YTO HUKTO HE IOHUMAeT KBAaHTOBYIO MexaHUKy [5]. Her cMpicia o6cyx-
JIaTh 37IECh CYTh BBICKA3BIBAHHS BBIJAIOMIETOCS CIICIIHANNCTA B 0OJIACTH
KBaHTOBOW MeXaHWKH (IPEAJIOKHUBIIETO €€ OPUTHHAIBLHYIO TPAKTOBKY H
BHECILIETO TPOMAHBIH BKJIa] B KBAHTOBYIO 3JICKTPOJUHAMUKY), KaK U TOT
(akT, 9TO aZpoHHAS MEXaHWKA O CHUX TOP HE BXOIUT B 00s3aTEIbHBII
nepeveHb KypCOB TEOPETUICCKON QU3UKH.

Jns 1oCTHXEHUsT HAIMX IeJied TOCTAaTOYHO CKas3aTh, YTO HPHUTSDKE-
HUE DJIEKTPOHOB (B CHHIIIETHOM COCTOSIHUM — C TPOTHBOIIOJIOKHBIMU
CrUHaM#) OOYCIIOBICHO KOHTAaKTHBIM (HEMOTECHIIMAIGHBIM) B3aUMOJICH-
CTBHEM, TOMHUHHPYIOIIMM Ha axpoHHOM Macmrtabe (107 m). Bonee mo-
IPOOHO O psiieé BBIBOJOB «aIpPOHHOW MEXaHWUKW» OYyJIeT TOBOPHUTHCS
B r11aBe 4.

CrnenoBaresibHO, TPUHIMIMHUAIBHBIX 3allPETOB Ha CYIIECTBOBAHHE
3HAYUTENHFHOTO OTPHUIATENHLHOTO 3apsa B MEKbSIEPHOM MPOCTPAHCTBE
HeT. Kaxkoif ke mHpOpMammu He XBaTaeT, YTOOBI OKOHYATENFHO CHATH
BOIIPOC O MaJIol BEPOSATHOCTH MPEOJIONCHHUS KYJIOHOBCKOTO Oaphepa?

OcraeTcst TONBKO A00aBUTh, YTO M Macca KOHTaKTHO CBSI3aHHBIX
AJIEKTPOHHBIX Tap JOJDKHA OBITH 0OJbIIoi. Torma craHOBHTCS OYEBU-
HOW aHaJIOTHs MEX]y MPOIECCOM MIOOHHOTO KaTalln3a W KOHIENTYallb-
HBIM peIlIeHHEM MPo0IeMbl HU3KOTEMITEPATYPHOTO SIEPHOTO CHHTE3a He
TOJIBKO JIETKUX, HO U MAaCCUBHBIX SI/IEP.

ABTOpBI NpU3HaTENBHBI WieHy-koppecnionaeHty PAH B. @. banaku-
pEBY 3a IpHUBIICUCHUE BHIMAaHUs K HHTEPECHOU Tpoliieme.

ABtopbl Onaromapuasl ipodeccopy P.M. CaHTwiuin 3a BHHMaHHE
K HaIlUM padoTaM M BO3MOXHOCTb O3HAKOMJICHHS C PE3yJbTaTaMH OJ-
HOW 13 ero padoT A0 O(pUIMATBHOTO OITyOIHMKOBAHUS.



Otnenbhas 6narogapHocTs b. I1. Ky3emuny u B. A. IlanpkoBy 3a pe-
KOMEH/IallUH 110 CO3/IaHUI0 3KCIIEPUMEHTAIBHON YCTaHOBKH.

ABTOpBI TPU3HATENbHBl PELEH3CHTaM MOHOrpaguu 3a KOHCTPYK-
TUBHOE 00CYKICHUE Pe3yIbTaTOB PA0OTHI U MOJIE3HBIE 3aMEUaHUSL.

Oco0as 61arojapHOCTh COaBTOpaM paboT 3a MJIOAOTBOPHOE COTPYI-
HHUYECTBO.
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BBEOEHUE

B mpenucnoBun Mbl KpYHHBIMH OJIOKAMH H3JI0KWIM CYTh KOHLEI-
TyaJbHOTO PELICHHS NPOOJIeMbl HU3KOIHEPTETHUECKOTO SIIEPHOTO CHH-
Te3a, 4TOOBI Cpa3y OOO3HAYHUTH COBOKYNMHOCTH 337ad, K KOHKPETHOMY
PacCMOTPEHUIO KOTOPBIX TETEPh MEPEX0AnM.

OObIuHBIE IPEACTABICHNS O PEAKLUAX AIEPHOI0 CUHTE3a, BOLIEAIINE
BO BCce Y4eOHUKH (pr3uKku (cM., Harmpumep, [3]), OTHOCATCS K TepMOsSaep-
HOMY CHHTe3y. B cimydae momoOHOTO cuHTE3a Jake JJisl pocTeIneit pe-
aKnuy 00pa3oBaHMA Telus TPEOYIOTCS TeMIepaTypsl | B IECATKA MUJI-
moHoB rpaxycoB (T ~ 107 K). Takue Temieparypbl HEOOXOIMMBI IS
TOTO, YTOOBI MCXOAHBIC SiApa NEUTEpUss U TPUTHsI MIPUOOPETH KUHETHYE-
CKYIO SHEPTHIO (Xa0THYECKOTO TEIIOBOr0 MBMKEHUS) Epy ~ KT (K — 1o-
cTossHHas bonbIiMaHa), COMOCTaBUMYIO C MOTEHIIMATbHOW SHEPTHUEH OT-
TAJIKUBaHUS TOJIOKUTEILHO 3apSHKCHHBIX SiIep Ha PACCTOSHHAX MOPSIKa
R. ~ 10 ** M. Paccrosiaie R, cumTaeTcsi MpHEMICMBIM IS IIPEOIOIICHHS
AOpaMU BOAOPOJA KyJIOHOBCKOTO Oaphepa 3a cUeT TYHHEIBHOTO MeXa-
HU3Ma. MimeroTes, 0HaKo, OCHOBaHUS Tojarath (cM. 1. 5.1), uro R, = R,
riae Ry — pagmyc cHIbHOTO B3auMojecTBus. HamomamM, 4TO mpu pac-
CTOSIHUSIX, MEHBIINX R, MeX1y HyKJIOHaMH (IPOTOHAMHU U HEUTpOHAMN)
BO3HHMKAET MNPUTSDKEHHE, HPEBBILIAIONIEE KYJIOHOBCKOE OTTAJIKHBAHUE
MPOTOHOB U, CJIEJOBATEIBHO, CTAHOBHUTCS BO3MOXHBIM CITUSIHHE HCXOJI-
HBIX s7ep, T.€. siuepHblid cuHTe3. 110CKONBKY MOTEeHIManibHAs SHEPrust
OTTAJIKHBAHHS JIBYX SJIEP, HMEIOMIMX 3apsaoBbie uncia Z; u Z, (Zy u Z,
paBHBI YHCITYy MPOTOHOB B COCTaBax sjep), MPOIOPIMOHATIbHA TPOU3-
BelleHUt0 Z; Z,, CUHTE3 sifiep ¢ OONBIIMMHE 3apsI0BBIME YHcCIaMu Z Tpe-
6yer Temmeparyp nopsiaka 10’ Z; Z, K. Hanpumep, 11s1 cuHTe3a sijep
xenesa (Zg = 26) u3 saep amomuaug (Zp = 13) morpeboBanvcy OB
TeMIIepaTypbl MOpsAIKa MUIIHApAA rpaaycoB. TakuM oOpa3oMm, B cTaH-
JapTHOM TEOpUH SACPHOTO CHHTE3a BIOJHE MPABOMEPHO YKa3bIBACTCS
HEOOXOIUMOCTD MPEOIOJICHHSI MOTEHIIMAIBHOrO Oapbepa MEeXIy HUCXOJ-
HBIMU SIIPAMH, CBSI3aHHOTO C UX KYJIOHOBCKHM OTTalkuBaHueM. OJHUM
W3 OYEBWIHBIX IyTEH TAaKOrO MPEOJOJICHUS M SIBISIOTCS THTaHTCKUE
Temreparypsl. Pasymeercs, Ipu BBICOKMX TeMIlEpaTypax siapa sBISIIOTCS
«TOJIBIMIY, JIMIICHHBIMH JIEKTPOHHBIX 000J0YEK.
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Ha cymecTBoBaHWe myTH NMPEeoAosicHHS KYJIOHOBCKOTO Oapbepa mpu
OOBIYHBIX TEMIIEpPATypax yKa3blBaeT peakiys MIOOHHOTO Katanusa [6, 7].
LlenTpanpHy!0 poib NPH MIOOHHOM KaTajM3€ UIPaeT 3aMEHa B MOHU30-
BaHHOM MoJIeKyne Bogopona (¢ msotomamu ;H” u ;H® BMecTo mportonoB
p < HY) snexTpona Ha MIOOH, MMEIOLIHIT MacCy MOKOs m,, Ha JBa HO-
psAKa TPEBBILIAIONIYI0 MAacCy MOKOs 3eKTpoHa M, (M, = 207 m). B Ta-
KO# MOJeKyIe sapa cOMMKAITCS 10 TeX ke 3HaueHmit R, (~ 10 m).
C10BO «KaTanu3) MOIYEPKUBACT, YTO HATUIME MACCUBHOTO OTPHULIATEIIb-
HOT'O 3apsa B 000J0YKE MOJIEKYNIbI 00eCIeYrBaeT TUraHTCKOE HapacTa-
HHE BEPOSITHOCTU CHHTE3a SAEp Telusl, N0 CPAaBHEHUIO C HUYTOXHOMN
BEPOSITHOCTBIO TYHHEIMPOBAHUS HCXOAHBIX SEp INPH PaCCTOSHUIX,
THITHYHBIX [T aTOMHBIX Macmta6oB (~ 107 m). Kpome Toro, mpeamoa-
raercsi MHOTOKpaTHOE ydacTHe MIoOHa B Karaimse. (CienoBaTenbHO,
CTapT AJEPHOTO CHHTE3a BO3MOKEH U IIPH HU3KUX TeMIepaTypax.

B Hacrosimiee BpeMsi MMEETCS MHOXKECTBO (KaK MHHUMYM, COTHH)
9KCIEPUMEHTATIBHBIX PAa0OT, MOATBEPKAAIOLINX CHHTE3 HJIECMEHTOB IPH
HU3KUX CTapTOBBIX TemIlepaTypax. HekoTopble XapakTepHble, Ha Hall
B3TJI1, paOoTHI (B TOM umcie u3 cOopHUKaA [2]) OymyT oOcyKnaTbes Aa-
nee. 31ech xKe OTMETHM, YTO TEPMUH «XOJIOJHBIN SJEPHBIN CHHTE3», pac-
TUPAXUPOBAHHBIM CPeICTBAMU MacCcOBOM MH(OpMAaIMU MOCJIE YCTHOTO
coobOmenus Oneiimmana u [loHca 00 M30BITOYHOM 3HEPTOBBIIEICHUN
B MaJUIaJUEBBIX JJIEKTPOAaX, HACHIINICHHBIX JelTepueM, W MyOJInKa-
uuu [1], 3ateMm ponroe Bpemsi ITUCKpUMUHHpoBaics. [lpuunHamu guc-
KPUMUHAIMM TIOCIYXHIU 3aTPyIHEHHS C BOCIPOWU3BOIUMOCTBIO pe-
3yJIBTaTOB B psJe (3a4acTylO IMOCIEIIHBIX) SKCIEPHUMEHTOB, HE BCET/a
MOATBEPXKOABIINX Pe3yNbTatThl [1], a TakKe HEKOTOpPhIE HECOOTBETCTBUS
C TEOPETHUYECKUMH OXWAaHUSIMHU, OA3UPYIOMIMMUCS HA TEOPHUH, HE Y4H-
TBHIBAIOLICH POJIb AIEKTPOHHOU MOACHUCTEMBI. M35105)KeHne 3TOH UCTOPHH,
KaK M TaHOPaMBbl UCCIIEIOBAHUH 110 XOJIOTHOMY SJIEPHOMY CHHTE3Y, HMe-
ercs B [8].

HecmoTtps Ha odunmanbHy0 TOUKY 3peHHs (K cHacThlO, B HAyKE HE
BCE CBOJUTCS K MPOIEType TOJOCOBAHMS), SKCIIEPUMEHTAIBHBIE HCCIIe-
JIOBaHUS MPOJIOJDKAIINCE, a JUTS SIEPHBIX pEakIMid, HE CBS3aHHBIX C «TO-
PSYMMY» CHHTE30M, CTaJld UCIOJIb30BaTh TEPMHUH «HU3KO3HEPTreTHYECKHE
snepusie peaknun» — «low energy nuclear reactions (LENR)». Crporo
TOBOpSI, OTOT TEPMHUH JIOJDKEH HMCIOJIb30BAThCS ISl PEaKIMidi CHHTE3a HE
TOJIBKO C MaJON CTapTOBOM TEMIEpaTypoOil, HO U C OTHOCUTEIBHO Majiou
BBIJICJIIEMON PHEpruel (Maloi Mo CpaBHEHHIO C TUIUYHBIMU 3HAYECHHUS-
MU niopsizka 1 MaB/aykiion). OHako BoO MHOTHX CiTydasx ab0peBuaTypy
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LENR wucrons3yioT B pacIIMpUTEIFHOM CMBICIIE, HE HaKJaablBas orpa-
HUYEHHUI Ha YpOBEHb BbIJeNseMOl sHepruu. [lo MHEHUIO aBTOpPOB, Tep-
MHH «HU3KOTEMIIEPaTypHBIN SICPHBIN CUHTE3» UM «XOJIOAHBIA CHHTE3»
COOTBETCTBYET PACLIMPECHHOMY CMBICTY TEPMHUHA «HU3KO3HEPreTUIECKUE
aaepHble peakuumy. [loaTomy nanee, eciiv MOHAaJOOHUTCS, UCTIONB3YeETCS,
He LENR, a Gonee xommnaktHas ab0peBuarypa CF, cooTBeTcTByrOIIas
UCXOMHO BBeAeHHOMY TepmuHy «cold fusiony. KowneuHo, peakuuu
LENR, Benymire xk cuHTE3Y si7iep, ECTECTBEHHO BKJIFOUAIOTCS B COBOKYII-
HocTh peaknuii CF. Bosiee KOHKPETHO 3TOT BOMPOC OCBEIeH B 1. 14.2.2
IpH KOMMEHTHpOBaHwMH peakiuii (174) — (179), BKIIOYAIOIMX HE TOIHKO
BapUaHTHI XOJIOAHOTO CUHTE3a, HO M pacnaja siaep. B cBs3u ¢ aTuM nerne-
co00pa3HoO HCHONB30BaTh Oosiee OOLIMI TEPMHH «XOJOIHBIE SITCPHBIE
peakim» — «cold nuclear reactions (CNR)». OaHako 0CHOBHOE BHUMa-
HHE OTBOJIUTCS MMEHHO PEaKIMAM HHU3KOTEMIIEPAaTYypHOrO CHHTE3a A1ep,
YTO U OTPaXCHO B HA3BAaHHH MOHOTpa(HH.

ABTOpBI COMUAAPHBI C MHEHHEM, BBICKAa3aHHBIM B [8], 4TO 1 HBI-
HEILIHETo 3Talra UCCIICA0BaHUH HU3KOTEMIIEPaTypHOIO AJEPHOI0 CHHTE3a
YMECTeH TEPMHH «HAYYHO-TEXHUUECKass peomonusy. OTMETUM, 4YTO
elle COXpaHseTCcS COMpPOTHUBJICHUE, Kacarolleecs NpU3HAHHS HAOIIo-
nmaembix peakmuii CF kak OOBEKTHBHBIX JKCIIEPUMEHTANBHBIX (aKTOB.
OueBUIHO, YTO KOHCTPYKTHUBHBIA BBIXOJl W3 CIIOXKHUBLICHCS CUTyalUU
COCTOUT B JIOTIOJIHEHHH CYIIECTBYIOUIMX TEOPETHUECKHUX MPEICTABICHHM.
ITpu 3TOM KIIOYEBYIO POJib, 110 HAIIEMy MHEHHIO, UTPAET BO3MOXKHOCTh
pacrpocTpaHeHus] HICOIOTUH MIOOHHOTO KaTaju3a Ha peakluH CHHTE3a
JJIEMEHTOB C 3apsAOBBIMH HYHCIIAMH, CYIECTBEHHO MPEBBIIIAONIIMU
He Tonbko Z = 2 (renuii), HO U Z = 26 (kene30). Takoe o6oOIIeHNE OKa-
3bIBAETCSl BIIOJIHE €CTECTBEHHBIM, €CIIM HCIIOJIb30BaTh BBIBOJBI aIPOH-
HOW MeXaHWKHW [4], ABJSIOIICHCS IIyOOKHM O0OOIIEHHMEM KBaHTOBOMH
MEXaHHUKH.

3acmyKMBaeT BHHUMAHUS M NPOCTEUINNI CIy4aid siAEpHOTO CHHTE3a,
CBSI3aHHBII C MOTJIOIEHHEM OJHOTO INPOTOHA UCXOIHBIM SIIPOM C 3aps-
JTIOBBIM 4MCIIOM Z ¥ BOZHUKHOBEHHEM SiIpa C 3apsSA0BBIM umciaoMm Z + 1.
SIcHO, 4YTO S3TOT cilyyail akTyalleH Ajsl Cpel, COAEpXKallhX BOJOPOJ,
B YACTHOCTH, Il YIOMHHABLIMXCSI B MPEAMCIOBHH 3KCIIEPUMEHTOB Ha
YCTaHOBKE «DHEPTOHUBAY.

Urak, nenp 1aHHON MOHOTpadUH — U3TI0KHUTH KOHIIENITYILHYIO CXe-
MY, TO3BOJIAIOLIYIO HA KAYECTBEHHOM YPOBHE OOBSCHUTH OCHOBHBIE OCO-
O6enHoctu HabmoxaembIx peakuuii CF.
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Kak yxe oTMedanock, Mpeanoiaraercs, YT0 YUTATeNNb 3HAKOM C Kyp-
com obreli pusuku. Tem He MeHee, 1S yno0CTBa YTCHUS HEOOX0auMast
uHpOpMAaIUs PUBOAUTCS. BBIOOp TepMHHA «TJlaBa» B Ka4eCTBE OCHOB-
HOW CJIMHUIIBI KOMIIO3MIIMOHHOTO YWICHEHHUS TEKCTa YKa3blBacT Ha ca-
MOCTOSTENIHYI0 3HAYMMOCTh TEMATHUKH, OTPaKaeMOW B OTAEIbHBIX
(mycTh W TpeneabHO KPAaTKUX) TiaBaX. B JeHCTBUTENBHOCTH, COAepkKa-
HUE OOJIBIIMHCTBA TJIAB MOXKET OBITh PACIIMPEHO 10 Pa3MEpOB MOHO-
rpadwuii.
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MnaBa 1. QHaOTEepMUYECKUE N IKIOTepMU4ecKkue
AAepHble peakuumn

HanomuuMm, yTo siaepHOM peakuueld Ha3bIBalOT MPOLIECC B3aUMO-
JIEHCTBHSI aTOMHOTO Si7jpa C APYTHM SIIPOM WIJIM SJIEMEHTapHOH 4YacTH-
11eH, KOTOPBI MOXKET COMPOBOXKAATHCS N3MEHEHHEM COCTaBa M CTPOCHUS
sanpa.

Jnst snepHBIX peaknuii BBITOHSAIOTCS 3aKOHBI COXPaHEHUS SHEPTHUH,
UMITyJIbCa, MOMEHTa UMIYJbCa U DIIEKTPUUECKOTO 3apsana. Mmerorcs u
JIOTIOJTHUTENIBHBIC 3aKOHBI COXPAHCHUS, KOTOPhIE MOTYT YIIOMHHATHCS
pH HEOOXOUMOCTH.

B cayuae peaknnit CF ecTeCTBEHHO CUHMTATh, YTO MPEOAOICHUE KY-
JIOHOBCKOTO Oapbepa He CBS3aHO C BHICOKUMHU KUHETHYSCKUMU SHEPTHS-
MH HCXOJHBIX aTOMOB (MOHOB). JIeHCTBHUTEIBHO, SHEpPruM, TpeOyeMbie
JUTSL CTapTa peakIMi XOJIOAHOTO CHHTe3a, JOJDKHBI CIOCOOCTBOBATH
MePEeCTPOHKE AIIEKTPOHHOU CTPYKTYPHI, TIOSTOMY OHH 3aBEIOMO HE TIpe-
BBIIIAIOT SHEPTHI0 NOHHU3AIMU UCXOIHBIX aTOMOB (MOHOB).

B cBA3M ¢ HU3KMM YPOBHEM HAuyaJbHbIX KHHETHYECKHX JHEPrui
€CTECTBEHHO TI0JIaraTh, YTO PEATU3YIOTCS TOJBKO SAEPHBIC PEAKIIMH JK-
30TEPMUYECKOr0 THMA (C BbIJEIeHUEM 3Hepruu Q), Uit KOTOPBIX CyMMa
MacC MCXOJIHBIX YACTHII ITPEBHIIIAET CYMMY MACC MPOJTYKTOB PEAKIHHU.

[lomaraeM, 94To TUNMYHAS PEAKIUS COJCPNKHUT Mapy HCXOTHBIX dJIe-
MEHTOB X;, X, ¥ Tapy KOHEYHBIX JJIEMEHTOB X3, X4:

A A A A
7,%1 + 7.X2 = 72 X3+ Xy 1)

B (1) Aiu Z; — maccoBsle 1 3apsAa0BbIe Yrcia nemeHToB X;. Hamom-
HUM, YTO XUMUYECKUH 3JIEMEHT MOXET UMETh HECKOJIBKO U30TOIOB, pa3-
JTUYAIONIUXCS YHCIIOM HEUTPOHOB B COCTaBE spa, TaK YTO OJHOMY M
TOMY K€ 3apsAI0BOMY YHCTYy Z MOXKET COTOCTaBIISATHCS HECKOJIBKO 3HA-
YEHHUI MacCOBOTO Yncia A, paBHOTO YUCITYy HYKIIOHOB, T. €. CYMME YHCiIa
MIPOTOHOB P U HEUTPOHOB N.

B kadecTBe 3KBHBaJICHTHBIX BApHWAHTOB 3alVCH H30TOIOB MOXHO
HUCIIOJIL30BaTh ‘%X, ZXA WJTU TIPOCTO XA, X —A, X A, IOCKOJIEKY CHMBOITY
anemMeHTa X COOTBETCTBYET SIUHCTBEHHOE 3HAUCHHE Z.
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Jins (1) BRIMOTHSIOTCS 3aKOHBI COXpaHEHUs] OapHOHHOTO Yucia (Yuc-
Jia HyKJIOHOB) U 3apsA0BOIO YNCIIA

A1+ Ay=Asz+ Ay, 21+ =23+ 2, (2)

O0603Hauas Maccel Mokost M, B cilydae 9K30TepMUYECKOTO XapakTepa
peaxiuu (1) nMeeM HEpaBEHCTBO

AM = (M;+ M) — (M3 + M,) > 0. ©)

Beiiensironnytocst sHepri0 Q HaxoJsT B COOTBETCTBUU C COOTHOIIIE-
HUEM JUIsl SHEPTUH U MacChl

Q=AM ¢, (4)

rae ¢~ 3 - 108 M/C — cKOpOCTB CBETa B BaKyyMe.

ScHO, YTO AJIst PHAOTEPMUYECKUX PEAKINH, HIYIIUX C TOTJIOUICHUEM
SHEepPruM, 3HAaK HepaBeHCTBAa B (3) MEHsETCS Ha MPOTHBOIIOJIIOXKHBIM,
a BenmmunHa Q B (4) CTAHOBUTCS OTPHUIIATEIHHOM.

HamomMHMM Take, 9TO Macchl HM30TOIMOB 3JIEMEHTOB TMPHBOAATCS
B TaOJUIIAX B aTOMHBIX €IUHMIIAX Macchl (a.e.M.). Jlns 3agaHus 4uc-
JIEHHOTO 3HaueHus | a.e.M. MPUHUMAETCs, 9TO Macca aToMa OCHOBHOTO
u3oTona yriepoga '2C , cOlep)Kalllero OJMHAKOBOE YHCIO MPOTOHOB
Y HEUTPOHOB, B TOUHOCTHU paBHa 12 a.e.M.

B cucreme CH 1 a.e.m. = 1,660 539 066 60(50) - 10 kr.

TunuaHaeiM MacIITaboM 3HEPTUH TPH SIIEPHBIX PEAKIHAX SIBISAECTCS
1 M5B (MerasmextporBoist): 1 MaB ~ 1,610 Jix.

CooTHollleHne MEXIy dHEprueil M Maccod MO3BOJISIET JIETKO HAWTH
SHEPTHI0, COOTBETCTBYIONIYIO 1 a.e.M.:

1 a.e.m. — = 931,494 MaB ~ 931,5 MbsB. 5)

[Tone3Ho UMETH B BUJIY, YTO B TaOJIMIIAX yKa3bIBAKOT MACCHI (B a.€.M.)
C JTIOCTATOYHO BBICOKOW TOYHOCTHIO. Hampumep, Macchl MOKosi CBOOO/I-
HBIX IIpoToHa (M,) 1 HeHTpoHa (M;) 3a1al0TCs ¢ yKazaHueM 10 11 3HakoB
JIPOOHOM YacTH:

m,=1,00782503223(9) a.e.m., m,=1,00866491595(49) a.e.m., (6)

B (6) uudpsl B KPYTibIX CKOOKAX YKa3bIBAIOT BEJIMYMHY [TOTPEIIHOCTH.
Macca nokost anektpona M, = 0,000548579909065(16) a.e.m. Orme-
THM TaKxke, 4To M, — M, = 1,53 m.. B sHepreTnyeckux eIuHULIAX

m, = 938,783 M»aB, m, = 939,565 M»B, m, = 0,511 M»B. (7)
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B nanpHeiimeM, B 3aBUCUMOCTH OT KOHTEKCTa, CUMBOJI €, OyIeT uc-
MOJIb30BaThCSl HE TOJIBKO AJIs1 O0O3HAYCHHUS ANIEKTPOHA KaK YaCTHIIBI
(Hapsny ¢ € u ) B sIEPHBIX peakiusiX, HO U A1 0003HAUCHUS BEITUIH-
HBI 2JIEMEHTApHOro 3apsiaa e ~ 1,6 - 10 Kur.

[Ipeamonaraetcs, uro peakuuu (1) IpoTeKaroT, UMes B KadyecTBE Mpo-
MEXKYTOYHOU CTaJMU COCTOSIHUE COCTaBHOTO sifpa. KoHIenmus cocras-
HOTO siapa OblIa nmpemioxena eme H. bopom [9].

BosMoskeH 1 npeenbHbIH BapuaHT peakluy, KOTJa mapa UCXOIHbBIX
ameMeHTOB X;, X, 00pa3yeT npH CIUSIHAN OAMH 3JEMEHT Xs

A A A
Zixl + ZZXZ - Z;Xs (8)
A+ Ay =As, 21+ 272,=17Zs. 9)

SlcHO TakXke, YTO MPU OJHOM U TOH K€ mape HUCXOAHBIX 3JIEMEHTOB,
B cootBeTcTBUU C (1), (2) u (8), (9), MOXKET BO3HHKATH COBOKYITHOCTb
3JIeMEeHTOB. B mpocreiimeM ciydae MOryT cOBmajaTh U WCXOAHBIC 3JIe-
MeHThl. Hampumep, ecnu B KayecTBE MCXOAHOIO 3JEMEHTa BBHIOPAThH
ATIOMUHNN, O0JAJAIOIMM €IUHCTBEHHEIM CTAOMILHBIM HM30TOIIOM, TO
¢dopmanbHo (0e3 mpoBepkyu 3Haka Q) momy4yrM Habop peakuuil (MpPUBO-
JSITCS BapUAHTHI TOJIBKO CO CTa0MIBHBIMU I/I30T01‘IaMI/I)

27A1 + 27A1 > (10)
3A1+ 3A1 > 39Cr + SHe; 55Ca + 12c, 10K+ 19N,
39K + 13N; 35Ar + 180, 38Ar + 150; 35C1 + 13F; 325 + 22Ne, 3iS +

+20Ne; 31P + 23Na; 38Si + 28Mg, 23Si + 33Mg, 39Si+ 23Mg.  (11)

OcraBisisi UL IK30TepMUYecKue peaknuu (pacuer Q uuTarenb
MOJKET JIETKO IPOBECTH), MOTYyUHM

27A1 + 27A1 - (12)
27A1 + 27A1 > 39Cr + 4He; 33Ca + 12(:, 38Ar + 1%0;
35+ 20Ne; 28Si + 26Mg, 23Si + 23Mg, 39Si + 23Mg.  (13)

Kak 6yner obcyxmatecs B rinaBe 9, peakuuu (12), (13) cnemyer oxu-
JlaTh IPU BaKyyMHOW IUIaBKE aJOMUHHS JIEKTPOHHBIM ITy4KOM. SICHO,
YTO 32 CYET BBIACICHHUS TEIJia TeMIlepaTypa pacijiaBIeHHOTO aTFOMUHUS
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MOKET pacTd 6e3 U3MEHEHHsI MOIIIHOCTH ITyYKa, TIPHYEM 0COOEHHO 00JIb-
110#f BKJIQJI B pa30TPEB paciuiaBa JaeT peakins cuuTesa xenesa (12).
OueBunHO, 9TO OHY U3 peaknuii B (13), a mMeHHO

27A1 + 27A1 > 23Si + 23Mg (Q = 40,694 M3B), (14)

MOKHO OTHECTH YCJIOBHO K HHU3KOOHEPI€TUYECKUM SIEPHBIM PEAKLIHAM,
nockosibky Q < 1 MaB u Gim3ka K SHEpruu MOKOsl OJHOTO 3JIEKTPOHA
0,511 M»B.

3aMeTHM, YTO Cpely OIYLICHHBIX HaMH PEaKLHUi 4acTh OblLIa HU3KO-
SHEPreTUUECKUMHU SHAOTEPMUYECKUMH SACPHBIMU  pEeakLusIMH, Ha-
npumep,

27A1 + 37A1 > 31P + 23Na (Q ~ —0,423 M3B). (15)

27A1 + 27A1 - 325 4 22Ne (Q ~ —0,353 MaB). (16)

3ameTuM Taxke, 4To peakuus ciusHus (12) cOOTHOCHTCS ¢ BOCXO-
nameit (mpu A < 56) 9acThio CrITaXeHHOH KpuBOil (puc. 1) 3aBUCHMOCTH
yAeIbHOM (Ha OJIMH HYKJIOH) SHEPTHH CBS3H SJIEpP OT MacCOBOIo umcia A,
TaK YTO JHEPreTHYecKas BBITOJHOCTh PEAaKIMH HMEET CTaHIAPTHBIH
0’XKHJIaeMbIH XapakTep.
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Puc. 1. 3aBucuMOCTb yJeIbHON 3HEPTUH CBSA3H
oT MaccoBoro yncna [10].
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HamomuanM, 4T0, yeM OOJbBIIE 3HEPTUS CBS3H, TEM MCHBIIE YHEPTHS
nokost siapa. OUYeBUIHO TaKKe, YTO Ui MEIJICHHO HHUCXOJAIICH 4acTh
KpuBoil (mpu A > 56) SHEPreTHUCCKH BHITOAHBIMH CTaHOBSTCS pac-
Majapl TSHKETBIX saep (1oJo0HbIe pacaay ypaHa IpH 3aXBaTe HEUTPOHA),
HO He ux cuHTe3. OgHako gajee OyAeT MOKazaHa BO3MOXKHOCTH 3K30-
TEPMUYECKOTO CHHTE3a M MACCHBHBIX SIEP MPH HU3KOTEMIIEPATYPHBIX
peaKIHsX.

OTKJIOHEHUSI OT MOHOTOHHOTO HapacTaHUs YACIbLHOW SHEPTUU CBSI3U
B 00acTu ciieBa oT Makcumyma mipu A = 26 obcyxmatorcs B [10].
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MnaBa 2. dkcnepumMeHTanbHble faHHble
O peakuusiX HU3KOTeMnepaTypHoro
AAepHOro CMHTe3a

B sTOM pasnene Mbl 4YaCTUYHO U3JIOKUM 3KCIICPUMEHTAIbHBIC JTaH-
HBIC, CBS3aHHBIC, TNIABHBIM 00pa3oM, ¢ 00pa30BaHMEM XMMHYECKUX dJIe-
MEHTOB TPHU AJIEKTPOJIM3E BOJABI U IUIABJICHUH METAJUIOB M CIUIABOB, HE
CTaBsl 1IeNbI0 0003pETh BCIO MMEIONIYIOCS B JIMTepaType WHPOPMALUIO.
Ha mamr B3rism, Mozens X0JIOAHOTO SIEPHOTO CHHTE3a, CIIOCOOHAs 00b-
SICHUTD 3TU (HaKThl, OYJET TOCTATOYHO YHUBEPCABLHOMN JNIi HHTEpIpETa-
[IUM U BCEX OCTAIBHBIX HAOIOAaEMBIX BAPUAHTOB XOJIOHOTO CHHTE3A.

2.1. lanHble, NOJy4YeHHbIe HA YCTAHOBKE
«JHEepProHnBa»

O} dexTHBHBIN CHHTE3 3IIEMEHTOB, COMPOBOKIAIOIINNACS U BBIJEIE-
HUEM DHEPTuH, HaOIojalcs B ycTaHOBKe BadaeBa-lBanoBa «OHeproHu-
Ba» (cMm. imaBy 4 B [2]). [Ipu cTarmoHapHOM peXUME B 30HE pPEaKIINH
MEXIy ABYMS TPyOUaThIMU 3JEKTPOAaMHU (CM. CXeMy Ha puc. 2) cyle-
CTBYET «IUIa3MOWI» B BHJIE IUICHKH (C¢ TommuHoN 10 50 mxm). [lnenka
uMeeT (opMy, HAIOMHUHAMOIIYIO THUIEPOOIIONA BpamieHus (C MepeTsiK-
KOH), U SIBHO MPOSIBIISIET ce0s CBEYEHHEM B ONTHYEeCKOM Auarnas3one. Cie-
JIyeT UMETh B BUIY, YTO TUAMETP CYXKEHUs (MEPETSKKHN) Maj (COCTABISAET
Bcero 0,1-0,3 MM), 1 quamMeTp ceueHusl «I1a3MouIa» Ha puc. 2 B o0na-
CTH MEPETSHKKU SBHO 3aBBIIICH.

O6pa3oBaHue IUIa3MOW/IA HWHUIMHPYETCS 3aIyCKAIOUIIM HMITYJIbC-
HBIM DJICKTPUYCCKUM Pa3psaaoM (Mexay SJeKTpojamMu 6 Ha puc. 2).
CraproBasi pa3HOCTh MOTEHIIMAIOB MEXIY JJIEKTpoJaMHu 6 cocTaBisiia
220 B. Ilommepkka Toka cTaOmim3anuu (MEXTy diekTpomamMu 2 u 3
Ha puC. 2) OCYNIECTBISIACH OT CETH MEPEMEHHOIO TOKa C HAMPSHKCHUEM
380 B, nmbo uyepe3 BBIIPSMUTENB C Pa3HOCTBIO MOTeHIMaioB 10 500 B.
Tunmaaslie 3Ha9eHMsI CHITHI ToKa coctaBisuin 20—40 A. Kpome Toro, 30Ha
peaKuu HaXOJUTCS B MarHUTHOM TIOJIE COJICHOH[IA (CEYCHHE OJTHOTO U3
BUTKOB COJICHOMJIA HA PUC. 2 OTMEYEHO mudpoii 5).
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[IpoTekanue BoIBI B 30HE peaKTOpa COMPOBOXKIAAIOCH 00pa3oBaHHEM
TBepaol (a3bl, BeIMaAaBIICH B OCAJ0K B BHIE MOJUMETAIITMYECKOTO MO-
pomrka. BakHO OTMETHTH, YTO TPH CTAMOHAPHOM pPEXHUME PadOTHI
YCTaHOBKHA MaTepHall AJIEKTPOJIOB MPAKTHUECKH HE PaCcXOJ0BANCA, TaK
4T0 00pa3oBaHKe MOJMMETAIIIMYECKOTO MOPOIIKa OJHO3HAYHO 00yCI0B-
JIEHO TMPOIIECCOM €ro CHHTe3a U3 BOJbl. MaKCHMaIbHON CKOPOCTH CHHTE-
3a TIOPOIITKa COOTBETCTBOBAJIA OMPEEIIEHHAs! CKOPOCTh ABM)KEHHUS BOJIBI,
LHUPKYJIUPOBaHUE KOTOPOH MOAEPKUBATIOCH HACOCOM.

TR g =

Puc. 2. Cxema peakropa: 1 — o0macTs pa3psana; 2 — BEpXHHN TpyOUaThIN
3MEKTPOI; 3 — HIDKHUHA TPyOUaThIid 2IIEKTPOT; 4 — KOPIIYC PEaKTopa;
5 — karymka (MHAYKTOP); 6 — AMITYyJTECHBIC SIEKTPOIHI,
CTPEJIKH MTOKA3bIBAIOT HAIIPaBJICHUE T€UYEHUS BOBI [2]

OpauH U3 BapuaHTOB COCTaBa MOPOIIKA, COTVIACHO JaHHBIM Bawaera-
WBaHoBa B [2], NOTY4YEeHHOTO MOCIE BHITApUBaHUS 00pabOTaHHOM BOJBI,
coJep:kaBLIMii HAOOp M3 ABaALATH OOPa30BaBLIMXCS XUMUYECKHX 3JIe-
MEHTOB (YIOpPSAJOYEHHBIX M0 HapacTaHuio Z), IpuBeAeH B Tabm. 1.

XOTs1 M30TOMHBIN COCTaB HE OMpeAeNsuIca, AaHHble Tadm. 1 cBupe-
TEIBCTBYIOT O TOM, YTO MoJIsipHas joiist Tpex u3 20 snemenros (C, Si, Fe)
siBHO TIpeBhIIaet 50 % , mpudaeM 1015 yriaepoa mpeBaTupyer.

OO6pa3oBaHue MHUPOKOTO HAOOpa 3JIEMEHTOB YKAa3hIBA€T Ha CyIIle-
CTBOBAaHHE HECKOJIKUX 3TAalOB JOCTATOYHO YHHBEPCATHHOTO MEXaHU3Ma
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cuHTe3a. llosBieHNE JIETKUX 3JIEMEHTOB, CKOPEE BCErO, SBJISCTCS CIC-
CTBUEM TMApHBIX paclaJioB COCTaBHBIX SJIEP, BO3HUKAKOIIUX, IMOA00-
HO (13), B mporieccax CIMSIHMS MTap MEHEe MAaCCHBHBIX SIIIEP, SBIIIOIIHX-
Csl YaCTUYHO (WJIM TIOJTHOCTBIO) MPOAYKTaMHU TPEANISCTBYIONICTO 3Tara
CHHTE3a.

Tab6mmma 1
ConeprkaHue 3JI€MEHTOB B TBEpI0H (a3e mocite BEIapHBaHHs
00paboTaHHOM TUCTHJUTMPOBAHHOM BOJIBI

OreMeHT Conep:xanue [i] DIeMeHT Coneprxanue [;)

Li, Be 0,006 Mn 0,1
B 11 Fe 6,6
C 6,7 Ni 0,4
Mg 01 Cu 0,4
Al 2,1 Zn 2,0
Si 4.4 Se 0,1
P 0,1 Sn 55
Ti 0.4 Pb 0,8
\Y% 0,7 Bi 0,1
Cr 0,9

B kauectBe 0a30BOTO IS peakmHii CHHTE3a 3JEMEHTOB, KOHEYHO,
BBICTYITAeT KHCIIOPO, KOTOPBIH MOXKET PUCYTCTBOBAT B Bu/e HoHa O,
n00 BXOAUT B COCTAaB HEUTPAILHOW MOJISPHOW MOJIEKYIIBI BOABI, JINOO
B moH OH", mu6o nepexonut B cBOOOIHOE COCTOSTHHE B X0JIe 00paboTKH
Bo/bl. Hanmmume mpoToHOB B MoJiekynax Bojbl, noHax OH ™, m16o B kom-
TJIeKce ¢ MOJIAPHON MOJIEKyINol BoabI (0603Ha4YMM yciioBHO, kak HOH')
MO3BOJISET Pa3HOOOPA3UTh HAOOP IIEMEHTOB U UX W30TOITHBIN COCTaB.

OTMeTHM BasKHBIE YCJIOBHS:

1. O0Opa3oBaHue IIMPOKOrO HaOOpa 3JEMEHTOB IPOMCXOIUT IPH
HAJIMYUH SJIEKTPOHHBIX ITOTOKOB.

2. Pa3pexeHHOCTh Cpe/bl B «IIJIA3MOH/IE» MO3BOJISET, MO-BUAUMOMY,
JJIEKTPOHAM M MOHAM HaOWpaTh 3a BpeMsi CBOOOJHOrO mpodera B 3IieK-
TPUIECKOM I10JIC OTHOCUTEIEHO HEOOJBIITHE SHEPTUU, HEOOXOANMBIC IS
WHUIIMHPOBAHUS HU3KOTEMIIEPATYPHBIX SJIEPHBIX PEAKIIUH.

22



XapakTepHO, UTO ¥ B HE3aBUCUMBIX 3KCIIEPUMEHTAX IO 3IEKTPOIHU3Y
Bonel [11] ¢dukcupoBanmock oOpa3oBaHHE HOBBIX BIIEMEHTOB, MPUYEM
HIIEKTPHYECKAsT CXeMa JIIEKTPOIN3epa, NpUBEJCHHAs Ha puUC. 3, TO3BO-
JSIeT OCYIIECTBIISATh BCTPEUHOE CTOJKHOBEHHE YCKOPEHHBIX OJANHAKOBBIX

HOHOB.
‘ -H
—I

Puc. 3. DnexTpuueckas cxema 3JeKTpoin3a Boasl [11]

bonee kOHKpeTHOE OMMCaHUE peakluil 00pa3oBaHMs HIEMEHTOB Oy-
JIeT IPOJOJDKEHO B MOCIIEAYIOIUX pa3aesnax.

Baxnas mononnutensHas nHpopManus o QyHKIHOHUPOBAHHM YCTa-
HOBKH «DHEpPrOHHBa» COAEPKUTCS B Hauyane myonmukanuu [12]. [Ipuse-
nem mutaty u3 [12]. «O1oT mmasmMouna o6mamgan coBepiieHHO (paHTacTH-
YECKHMHU CBOWCTBaMH. Bo-TiepBbIX, OH BO30YXJal B BOAE CaMOIOIIEP-
KHBAIOIIYIOCS PEAKIUI0 CHHTE3a 3JIEMEHTOB, ... IPOAYKTOM DPEaKIUu
ObUTM cTaOWIIBHBIE M30TONBI AJIEMEHTOB OT Tellus 0 BUCMyTa. Bo-BTO-
PBIX, peaKkysl CONPOBOXKIATIACH 3JEKTPOMArHUTHBIM H3JIy4YEHHEM YacTo-
TOW NIECSATKM Merarepl] M MOLIHOCTBIO JI0 JIECSTKOB KuioBaTT. Kpome
TOTO, B XOJIe CHHTE3a 00Pa30BBIBAINCH «JIMIIHUE» JIEKTPOHBI, KOTOPHIE
HeoO0XoIuMO ObUIO OTBOJAWTH Ha BHEIIHIOK Harpys3ky. Ilocnme 3amycka
M CTaOMJIM3alMK IU1a3Mbl OHa (YCTAHOBKA) OTKJIIOYANIACh OT 3JIEKTpUYe-
CKOH ceTH 1 paboTana CyTKaMm».

2.2. JlaHHBIE, MOJy4YeHHbIE HA YNIPOILIEHHOH yCTaHOBKeE
3J1eKTPOJIM3a BOAbI

ITockonpKy HaHHBIE O CUHTE3€ 3JIEMEHTOB U3 BOJBI BHI3bIBAIM CKEIl-
TUYECKOE OTHOIICHHE, a BOCCTAHOBUTH YCTOWYHMBYIO paboTy «DHepro-
HUBBD) TIOCJIE CMEPTH aBTOPOB METO/a B TIOJTHOM 00BEME HE yAaBajioCh,
B [12] B. A. [lanpkoBeiM 1 b. [1. Ky3sMuHBIM ObLTa TIpEUIOKEHA YIIPO-
HIeHHas («IEMOHCTPAIMOHHAS)) METOHKA.
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OTa MEeTOAMKa TO3BOJISIET OCYIIECTBISTH MMITYJBCHBIE DJIEKTpHUYE-
CKHE pa3psibl B BOJE M BOJHBIX PacTBOpax COJIeH C HCIOIb30BAHHEM
K0JIeOATeIbHOTO KOHTYPa, HAacCTPOEHHOI'O B PE30HAHC C MMTAIOIIUM
HanpsokeaueMm (220 B, 50 I'm). B ympomeHHOM BapuaHTE OTCYTCTBYET
MIEPBBIN 3aIlyCKaIOLINI pa3ps/, BHEIIHEE MarHUTHOE I10JIe, CIIeUallbHas
3aTOYKa TOPLIOB OCHOBHBIX TPYOUaThIX JIEKTPONOB. B pesynbrare, BMe-
CTO (pOPMUPOBAHUS YCTOMUMBOIO IUIA3MOMIa UMEET MECTO Cepusl paspsi-
noB. HanmoMHMM, 4TO B OpUTHHAIBHON yCTaHOBKE « DHEPTOHMBAY SPO3US
9NEKTPOAOB HEBENIWKA, U OCHOBHOM BKIJIaJ B 0Opa3oBaHHE XUMHUYECKHX
3JIEMEHTOB, BBIIAJAIOIINX B OCAIOK, JaeT UX CHHTE3 U3 BELIECTB, BXO-
JSIIMX B COCTaB pacTBopa (BKIIOYas caM pacTBopuTenb). Hamporus,
B YIPOLICHHOW YCTAaHOBKE, NPEUIOKEHHOW Il JEMOHCTpAlMy CUHTE3a
3JIEMEHTOB, 3PO3Ms 3JIEKTPOXOB Benuka. [losTomy cuumtaercs, 4ro u3
3JIEMEHTOB TBEPIOr0 OCagKa CHHTE3UpYIOTCs (0e3 ydacTus MaTepuaia
3JIEKTPO/IOB) TOJIBKO T€, YTO HE BXOJAT B COCTAB JIEKTPOJIOB.

B Tabn. 2 mpuBeneHbl pe3yibTaThl aHaJKM3a MOPOIIKa OJHOTO U3 ca-
MBIX YAa4yHbIX (IO [0JI€ CHHTE3UPOBAHHBIX 3JIEMEHTOB) SKCIEPUMEH-
TOB [12]. McxoaHas MUCTWUIMPOBaHHAsA BOJA JJIS YIyUIIEHHUs] POBOIU-
Moctu cojieprkana 0,5 r/i1 HaTpus TeTpaOOPHOKUCIIOTO.

[TockompKy HCIIONB30BaINCh METHBIE AIIEKTPOLL, B [12] cumTamocsk,
YTO Ha JOJI0 CHHTE3UPOBAHHBIX U3 BOABI 3JI€MEHTOB npuxoautcs 41,8 %
0T Macchl noporika. Cpenyn CHHTETHYECKHUX 3JIEMEHTOB JIOJIS JKene3a Co-
craiser 80 %, nuaka — 7,7 %, xanpuus — 4,1 % u kpemuus — 1,8 %.
CopnepxaHue OCTaJIbHBIX BOCBMH METAJUIOB HE MPEBBIMLAET OJHOIO IPO-
HEHTAa.

Tabmnuua 2
DJIEMEHTHBIN COCTaB MOPOIIKa, % 001el Macchl [12]

CuMBoOI Al Si P S K Ca Ti Cr

AT. Ne 13 14 15 16 19 20 22 24

Conepix. 0,15 0,75 1,6 0,27 0,059 1,72 0,034 | 0,059

CumBon Mn Fe Co Ni Cu Zn Mo

AT. Ne 25 26 27 28 29 30 42

Cozepax. 0,061 | 33,81 | 0,046 | 0,018 58,2 3,22 0,036
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OpHako, MO HalleMy MHEHHIO, B YCIOBHSAX 3PO3HH DJIEKTPOAOB J0JI-
JKeH 00s3aTeNIbHO BO3HMKATh BKIJIAJ B 00pa3oBaHHE AJIEMEHTOB OT peak-
OUid C y4YacTHEM MaTepuaja 3JIEKTPOJIa, B3aUMOJCHCTBYIOLIETO Kak
¢ aneMeHTaMu B cocrase pactBopa (H, OH, H,OH), tak u C cunTe3upye-
MBIMH 3JI€MEHTaMHU.

Tak, HanpuMep, MOSABICHUIO Iap M30TONOB IIMHKA U HUKENS COIIO-
CTaBJISIIOTCS PEAKLUH C YJaCTHEM IPOTOHA

65Cu+p - §8Zn,  Q ~ 8,925 MsB; 17)

S3Cu+p-$kZn, Q~7713MsB;  (18)
65Cu + p — S2Ni + 3He, Q =~ 4,346 M»B; (19)
63Cu + p — SONi + 3He, Q =~ 3,757 M»B. (20)

Mupoxuit Habop PIEMEHTOB MOXKET 00pa30BaThCs C Yy4acTHEM KOM-
mwiekca OH, manmpumep, oOpazoBaHHWe jkene3a M MarHusi, koOambra U
HaTpus, Mapradia ¥ aTlOMUHUSL. ..

83Cu+ (150 + p) - 58Fe + 23Mg, Q=11.5 MaB; (21)

83Cu+ (*§0 + p) — 3¢Fe + 25Mg, Q=37.386 MdB; (22)

83Cu+ (180 +p) — 38Fe + 23Mg, Q=11.377MdB; (23)

$5Cu+ (80 + p) = 39Co + IiNa, (24)

83Cu + (180 + p) — 32Mn + 2ZAl (25)
O6paSOBaHI/IIO MOJ'II/I6,Z[eHa MOXHO COITIOCTAaBUTH PCAKIUIO CIIUAHUA

83Cu + 27A1 - 22Mo, Q =2.348 MB. (26)

Takum oOpa3oM, COMHEBATLCS B TOM, UYTO AJIEMEHTHI, IPUBEIACHHBIC
B TabN. 2, CHHTE3WPOBaHBI, HET OCHOBaHWH. OJHAKO YTBEPX,AATh, YTO
3JIEMEHTHI CUHTE3UPOBAHBI TOJIBKO M3 BOJIBI, HENIBb3sl. BechbmMa BEepoOsITHO,
YTO 3HAYWTEIHHAS JOJS JIEMEHTOB BO3HHUKIIA TPU yYaCTUH MaTepuala
JIEKTPOJIOB.

Ho Torma meroauka anexktponusa (IIpy SKCTPAKIMKE MaTepHala dJeK-
TPOJIOB) UTPaeT BaKHOE CAMOCTOATENHHOE 3HAUYECHHE IS WCCIIEOBAHUA
MEXaHU3MOB HHU3KOTEMIIEPATYPHBIX SAEPHBIX peakuuil. JleicTBUTENbHO,
B ClIyYae, KOrja mMacca IOpOINKa, MOJy4YeHHOTO Mocie 00padOTKH BOABI
paspsiiaMu 3IEKTPUIECKOTO TOKa, OJM3Ka K YOBUIM MacChl AJIEKTPOIOB,
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€CTECTBEHHO CUMTAaTh, YTO CHHTE3 3JICMCHTOB B 3HAUUTEIILHOUN CTEIICHU
(ecnn HEe B OCHOBHOM) CBSI3aH C Y4acTHEM B CHHTE3€ MaTepHaia dJeK-
TPOJIOB.

B cBs3u ¢ oTM, A HapamuBaHUS 0a3bl SKCIIEPUMEHTAIbHBIX JTaH-
HBIX, UX CHUCTEMaTH3allMl U aHaiu3a B YPaIbCKOM JIECOTEXHHYECKOM
yHHBepcuTeTe ObUTa coOpaHa YIpOIIEHHAas yCTaHOBKa mo cxeme [12].
B skcriepuMenTax sl TMOBBIMICHUS SJIEKTPOIPOBOJHOCTH JAHCTHILTUPO-
BaHHOW BOJBI TOOABISUIMCh B HEOONBIINX KOHIICHTPALUSAX MOBapeHHAsS
coJib TMOO a30THAs KUCIOTa. B KauecTBe MaTepHaioB MOJIBIX TPYyOUaThIX
ANIEKTPOJIOB MPUMEHSUINCH JaTyHb, MeOb M IUHK. CTapToBas pa3HOCThH
noTeHIuanoB cocrapisuia (560-600) B. 3azop Mexay anekTpomaMu co-
crarmsut (0,7-0,9) MM. DeKTpoIbl pacojiaraiuch BEPTUKAIBHO. Mexay
BEPXHUM W HW)KHHM COCYJIOM BOJIa JBUTajach camoTokoM. Kaxmas ce-
pUs pa3psA0B COMPOBOXKAATACH MAPOOOPA30BAHUEM U TOSBICHHEM TOP-
IIUYU JKUJKOCTH C TEMHOHN (YEpHOI) OKPACKOHM C MOCICAYIONIUM BBITIaIC-
HHUEM OCaJKa.

B rmaBe 11 moHorpadun nprBOANTCS Y9acTh PE3yNIETATOB O XMMHYE-
CKOM COCTaB€ TBEpJIOro Ocajka IO JaHHBIM JSHEpPro-AuCIepCHOHHOIO
aHajii3a, IOJYYCHHBIM B L[CHTpC KOJUICKTUBHOT'O IIOJIb30BAHUA IIPU
NUOM VpO PAH. IInanupyercss NpOBEACHHE M H30TOMHOTO aHaIM3a
B DU3UKO-TEXHOIOTUYECKOM HHCTUTYTE Y PalbCKOro (heaepaabHOTO
YHHUBEPCUTETA.

2.3. CuHTe3 3J1eMEeHTOB IPH BAKYYMHOH IIaBKe
HHMPKOHHS IEKTPOHHBIM My4YKOM

®DakT 00pa3oBaHMs MIUPOKOTO CIEKTPAa XMMHUYECKUX 3JIEMEHTOB ObLT
YCTaHOBJIEH TaKkXe MpH IJIABICHUU IIUPKOHUS IO NEHCTBHEM ITydyka
IEKTPOHOB, CO3/1aBa€MOr0 3JEKTPOHHOM MYIIKOH C YCKOPSIOIIHAM
HanpspkeaueM 30 kB [13, 14]. Cnenyromuii a63a1 (¢ MUHIMAaIBHOR KOP-
peKIpeii) COOTBETCTBYET hparMeHTy Tekcta u3 pabotsl [ 15].

Snepusiii peakrop M. M. ConnHa COAEpXHUT BaKyyMHYIO Kamepy,
B KOTOpPOH pacrookeHbl EMKOCTh C aKTUBHOW Cpelod B BUAE MeETaa
WIA €ro CIjlaBa B JKHJIKOM COCTOSIHWH, JIBa PEryJHPYIONIUX SJIEMEHTa
B BHJIE METAJUIMYECKUX 3arOTOBOK M3 MaTepHajia aKTWBHOM CpPEIbI, HC-
TOYHUK YCKOPEHHBIX 3JIEKTPOHOB U Y31Ibl IIEPEMEIEHUS PETYIUPYIOLINX
snemMenToB. Croco0 (GopMHUpPOBaHUS aKTUBHOM Cpelbl XapaKTepu3yercs
TE€M, YTO MacCy MeTajjla WIH €ro CIlaBa B JKMIKOM COCTOSHHUH TpH
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00JTy4eHNH YCKOPEHHBIMH 3JCKTPOHAMH YBEIUYMBAIOT M JOBOJAAT IO
KPUTHUYECKON BETMYMHBL. YTpaBICHHUE SACPHBIM PEAKTOPOM OCYIIECTB-
JSIETCS ITyTEeM U3MEPEHUs PACCTOSHUS MEXAY PETYIUPYIOIINMHU JIEMEH-
TaMM W/MIM MEKAY HUMU U IIOBEPXHOCTBIO aKTMBHOU cpelbl. JKunkome-
TAUINYECKUM MPOAYKT TOIy4aeTcs IMyTeM JTOBEIEHHUS MacChl MeTailia
WIN €0 CIIIaBa B )KMIKOM COCTOSIHMHU IIPU HAarpeBEe YCKOPEHHBIMH DJIEK-
TPOHAMHU [0 KPUTHYECKON BETUYMHBI M MPHUOJIMKEHUS] PETYIUPYIOLINX
3JIEMEHTOB JPYT K APYTY W/HMIM K TOBEPXHOCTU PaCIUIaBICHHOTO MeTaj-
Jla WM ero ciuiaBa. TBepaplid MOTy4YeHHBIH MPOAYKT MPEACTABISAET COOOH
CJINTOK 3aTBEPIEBILETO >KUAKOMETAIIMUECKOTO IPOIYKTa, COAEp KLUl
B 00bEeMe XMMHYECKHE DJIEMEHTHI, 00pa3oBaBIIMECS B MpOIECCe OCy-
IIECTBIEHUS s/IEpHOTO cuHTe3a. DYyHKIIMOHUPOBAHNUE SIIEPHOIO PeakTopa
OCYILECTBIISIETCS. HA OCHOBE IPUMEHEHUSI M3BECTHOW 3JICKTPOHHOW MEYu
B KQUE€CTBE OCHOBBI €70 KOHCTPYKLIHH.

IIpuBenem omnucanue ycraHoBku M. M. ComuHa, mpeacTaBieHHOE
B [Tatente Ne 2087951.

«Ha puc. 4. cxeMaTuyHO MOKa3aH ANEpHBIA peakTop. OH CONEPKUT
BaKyyMHYIO Kamepy 1, BAKyyMHYIO CUCTEMY 2 JJisi OTKAYKH OCTaTOUHBIX
ra3oB M3 BaKyyMHOM Kamepsl 1, eMKOCTh 3 i pa3MelleHus B Hel
AaKTHUBHOM cpelibl 4, HICTOYHUK YCKOPEHHBIX 3JIEKTPOHOB 5, ABA PEryiu-
PYIOIIMX 7ieMeHTa 6 B BHAE METAUNIMYECKUX 3arOTOBOK M3 MaTrepualia
UCXOJTHOTO TPOAYKTa st (popMUpOBaHMS aKTUBHOW cpenbl 4, Y3IIbI
HepeMelleHns] 7 PeryJupyoIuX IEMEHTOB 6 10 BEPTUKAIN, Y3JIbl MO-
BOpOoTa 9 Ka&XKIOro pEryJupyrolero sjieMeHTa 6 B BEPTHUKAJIbHOM
TUIOCKOCTH. VICTOYHHMK YCKOPEHHBIX 3JIEKTPOHOB 5 pAacCHOiOXKEH C BO3-
MOJKHOCTBIO OOJyueHHsI (HarpeBa M pACIUIABIICHUS) PETyIUPYIOIINX
3JIEMEHTOB 6 M OOJIyuyeHHs AaKTUBHOHN cpensl 4. Y3ibl mepemerueHus 7,
8, 9 perynupyroImx 3JIeMEHTOB 6 MPEACTaBISAIOT CO00M CHUCTEMY 3JIeK-
TPOMEXaHUYECKUX, TUAPABINYECKUX M IPYTHX MPUBOJIOB, 0OecrednBa-
IOLIYI0 COOTBETCTBEHHO BCTPEUHYIO MOJady WIM COJMKEHHE DPEeryJu-
PYIOIIMX 3JIEMEHTOB 6, UX YCTAaHOBKY Ha ONPEAEICHHOM PAacCCTOSHHUU
JIpyT OT ApyTa, pa3fABUTaHUE BILIOTH J0 YAAJIEHHS W3 30HBI Pa3MEUICHUS
HaJ €MKOCTBIO 3, TIEpEMEIIEHUE B BEPTUKAIBHOM HAIIPABJICHUU U U3Me-
HEHHE yIJa HakKJIOHA 3JEMEHTOB 6 K ropu3oHTanu. B kadectBe mcxon-
HOTO TpOAyKTa Uil (HOPMUPOBAaHUS AaKTHBHOM CpeIbl MOXET OBITh
WCIIONB30BaH pAJ METAUIOB M WX CIUIAaBOB, MMEIOIIUX CPaBHHUTEIHHO
HEBBICOKYIO YIPYrocTh MapoB HCIAPEHHMs INpU TEMIepaType IUIaB-
JeHus. JTO HEoOXOOUMO AJIsl CO3JaHMsl ONpPENENIEHHOTO IeperpeBa Ha
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MOBEPXHOCTH KHIIKOTO METaJlla MpHu ee OOMOapANPOBKE YCKOPEHHBIMU
3NIEKTPOHAMH U 00ECIICUEHUS YCTOWYMBOW PabOThI HCTOYHUKA YCKOPEH-
HBIX 3JIeKTpOoHOB 5. Takumu meTayuiamMu SIBISIOTCS TUTaH, UPKOHUH,
HUOOW, TadHUH, MoIOmeH, Bolb(paM, TaHTall, BaHaawi. B kadecTBe
npuMepa aBTOPOM B ONMCAHUM M300PETCHUI UCIOJIb30BAJICS IUPKOHUN
(ero cmraBel ¢ HHOOMEeM). OCHOBHBIMHU 3TAIlaMH PabOTHI SAESPHOT'O peak-
TOpa SBIAIOTCS (OPMUPOBAHHE AKTUBHOW CpPEObl M YIPABICHHUS WM.
Crioco6 GopMUpoBaHHS aKTUBHOW CPEbl BKIIOYACT CIICAYIONIUE OCHOB-
HBIC omeparuu (TpUMep): — pacIUIaBICHHE TOPIEBBIX YacTel peryiu-
PYIOIINX 3IIEMEHTOB 6 YCKOPEHHBIMH JJIEKTPOHAMHU, — (OPMHUpPOBAHHE
JKUJKOW BaHHBI 4 METa/ula WIM €ro CIUIaBa B €MKOCTH 3 W €¢ Harpes
YCKOPEHHBIMU 3JICKTPOHAMH, — YBEJIIMUYEHUE MACCHI KHAKOW BaHHBI 4
MyTeM JaNbHEUIIEer0 pacIuIaBlIeHUs] TOPIEBBIX YacTel peryIupyIOIIIX
AJIEMEHTOB 6 WJIM MOAAaYu B EMKOCTh 3 HEIOCPEACTBEHHOTO KUAKOTO Me-
Tajyla WIA €ro CIUlaBa M3 MPOMEKYTOYHOH €MKOCTH (IIpH €€ HaINYUH
B DJIEKTPOHHOM TE€UHN), — JTOBEJCHUE MACCHI )KUIKOM BaHHBI 4 10 KPUTHU-
YECKOW BEJIMYMHBI U MOJyYECHUE aKTHUBHOW cpeabl B eMKOocTU 3. Pe3ynb-
TaThbl I/ICCHGI{OBaHI/Iﬁ IMOKa3bIBAKOT, YTO BBIACICHHUC 3HepFI/II/I B HCI>'I HpO-
UCXoauT HpI/I OCYHICCTBJICHI/II/I peaKHI/II/I HZ[epHOI‘O CHUHTE3a».
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Puc. 4. Cxema aaeproro peakropa M. U. Conuna [13]
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He ocranaBnuBasich Ha psiie HHTEPECHBIX 3P PEKTOB MOBEACHUS pac-
IUIaBa, OTMETHM Cpa3y, YTO CpeAM NPOAYKTOB PEaKLUWH YKa3zaHbl Kak
9JIEMEHTHI C 3apsA0BbIMH uYdciIaMu Z Oosblie, 4eM y Zr (Zz = 40),
HaIpuUMep, JTAHTAHOWIBI, TaK U MEHbIIe (3d-3JEMEHTBI U DJIEMEHTHI BTO-
poro mepuona tabmuiel Mennpeneesa: Li, B, Be, C, N, O, Na, Mg,
Al, Si...). Pazymeercs, mepedmcisieMble JJIEMEHTHl HE COJEPXKAINCh
B HCXOJIHOM oOpa3siie.

Takyr 3aKOHOMEPHOCTh MOXHO OBUTO OBl OOBSCHUTH AHAJIOTHYHO
peakuusm cunTes3a (12) u (13) U3 UCXOAHBIX Map sAep aTrOMHHUS, Oeps
B Ka4eCTBE MCXOTHBIX TapHI sIep JIIOOBIX U3 MATH CTAOMIBHBIX H30TOTIOB
uupkonus (Zr — 90, 91, 92, 94, 96), paccmarpuBasi B KaueCTBE MPOITYKTOB
peaknuu Bce MapHble KOMOWHAIMH SIIEP, YAOBICTBOPSIOIINE 3aKOHAM
COXpaHEHUS 3apsI0BBIX U MAacCOBBIX yrced. OMHAKO YCIOBHIO HK30TEP-
MUYHOCTH TaKU€ PEaKINH YJOBIETBOPATh HE OyIyT, TaK Kak JUIA siAep
B 00J1aCTH HUCXOMSIICH BETBH 3aBUCUMOCTH E., oT A Ha puc. 1 momo0-
HBI CUHTE3 OTHOCHUTCS K SHIOTEPMHUYECKOW peakuuu. TeM He MEHee,
B IIPOIIECCE TUIABIICHUS SBHO (PUKCHPOBAIOCH BBIJCICHHE SHEPTHH, YTO
yKa3bIBaJIO Ha 3K30TepMHUYECKHH XapakTep peakuuil. K pemenuro stoi
npo0JeMbl MBI 0OOpaTHMCs B r1aBe 9.

2.4. [lonotHUuTeNbHAs HHGOpMaHs

2.4.1. CuHTE3 3JIEMEHTOB IIPU B3PhIBAX
TUTAHOBOM (p0IbIH B BOJE

OxcniepumenTsl [16, 17] comepxat pesynbratsl rpymmsl JI. Y. Ypyn-
KOEBa, B KOTOPBHIX TOHKAsl TUTAHOBAs (hoJIbra B3pbIBAJIaCh IPH MPOITyCKa-
HUM HMIIyJbca TOKa OT KOHJEHcaTOpHOH OaTtapen. UToObI (parMeHTHI
(bonbpru He pa3neTainuch, Gposbra B3peBalach B IUCTHIUTUPOBAHHON BOJIE,
3aJUTON B MPOYHBIN cTakaH U3 nonudTuieHa. [locne B3phIBOB OBLT 3a-
(UKCHpPOBaH CHHTE3 HOBBIX 3JeMeHTOB. lIpuuem, Kak U B citydae IiaB-
JICHUS] UPKOHUS DJIEKTPOHHBIM ITYYKOM, TOSBMJIMCH 3JIEMEHTH M C 3a-
PSITIOBBIMU unciiaMu Z OOJIbIIie 3apsiioBOro ymcia TuraHa (Zr = 22),
U C 3apsA0BBIMU unciaMu Z < 22.

Kpome Toro, 6bu10 00HapyKEHO «CTPaHHOE M3TyYeHHE», HE MOXO-
JIUBIIIEE HA HA OJIMH U3BECTHBIN BUJI palioakTUBHOCTH. M3nyueHne Guk-
CHPOBAJIOCH KaK MPH B3pbIBE (HOJIBT, TaK M CO 3HAUNTEILHBIM 3aa3/bIBa-
HUEM II0 OTHOLIEHHWIO K MOMEHTY B3pBIBA, OHO NPUBOJMIO K OCOOOH
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¢dopMe TpeKOB B (POTOIMYIBCUAX, IPUIEM MHOTHE TPEKH COOTBETCTBO-
BaIM PAclIpOCTPAHEHUIO HM3IY4YCHUS B IUIOCKOCTH, MapaiieIbHOW MO-
BEPXHOCTH (OTOIMYIbCHHU. boiee MmoapoOHO «CTpaHHOE H3IYydYEHHE)
Oynet obcyxmaThes B ritaBe 14.

2.4.2. CuHTe3 3JIEMEHTOB B METANINYECKOIl MaTpHulle,
HACHILIAEeMOMH BOJAOPOAOM

Brigenenue 3TUX peakiuil B KaueCTBE OTACIHHOIO HANpaBICHUS UC-
CJICJIOBAHMI OOYCIIOBIMBACTCS MHTEPECOM K BOJOPOIHOW JHEPreTHKE.
B yacTtHOCTH, BBICOKHE YpPOBHM HW30BITOYHOTO TeIUia (UKCHPOBAIHCH
B reHeparope Poccu [18, 19], B KOTOpOM OCYIIECTBIISICTCSI HArpeB IO-
pOIIKa HUKENS, HACBIIIIEHHOTO BOAOPOIOM. MHTepec K 3TOMy HampasJe-
HUIO TIOATBEPXKIAIOT U IyOmkarmu [20-22].

2.4.3. CuHTe3 3J1eMEHTOB B )KMBBIX OPraHu3Max

HocraTtouno oOmupHas WHPOpMANHUI O HU3KOTEMIIEpPAaTypHOM CHH-
Te3¢ B OMOJIOTMYECKUX CUCTeMax umeercs B [23]. B OOJbIIMHCTBE CITy-
4yaeB pedyb HIET O CHHTe3e, CBSI3aHHOM C IOTJIONICHHEM TIPOTOHA.
Hanpumep

16K+ 1p - 70Ca, '55Cs + 1p > '5¢Ba. (27)

OTMeTHM, 4YTO y 1Ie3Ms TOJBKO OJMH CTaOMIbHBIH m30TON 13:Cs.
KauecTBeHHOE OOBSICHEHHE MOAOOHBIX PEAKIMH B paMKaxX KOHICIIIIHH
KBa3HMHEHTPOHOB MPOBOUTCS B ri1aBe 7. HabmronaroTes, oqHako, u 6oiee
CIIOYKHBbIC BapHaHThl. Hanmpumep, CHHTE3 jkere3a 1Mo peakiiuu

Z3Na + 31P > 3¢Fe, (28)

KaTaIM3upyeMoi MpuCyTCTBHEM Tie3us (B pactBope 6aszoBast coms KClI
samensuiach Ha CSCl). Tlo-BuauMOMy, caMy peakidi0 B TPHCYTCTBUH
KaJuss MOXHO OOBSCHHUTH OOOTAICHUEM MACCHBHBIMHU 3JICKTPOHHBIMH
napamu aToMoB HaTpus U ¢ochopa Npu ydacTHH 4S-3IEKTPOHOB aTO-
MOB KaJvs, WMEIOIIUX MEHBIIYI0 JHEPTUI0 CBS3H 110 CPABHEHHIO
¢ 3s-anekrpoHamu Hatpus. Torna kartanuzupyromui 3gpdekr uesns 00b-
SCHSIETCSl YIaCTHEM 6S-3JIEKTPOHOB 1I€3Hs, HMEIOLIMX MEHBILYIO SHEPTUIO
CBSI3U TI0 CPaBHEHHUIO C 4S-3JICKTPOHAMH B KalnH. BO3HHKHOBEHHE K€
MaCCHBHBIX 3JICKTPOHHBIX Map CBSA3aHO C UX KOHTAKTHBIM B3aUMOJIEH-
CTBHEM M 00OecreyrBaeT peaau3annio 0oyiee CI0XKHBIX, YEM 3aXBaT MPo-
TOHA, PEaKIMU CHHTE3a.
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2.4.4. lIpeBpamieHue 4acTH BUCMYTA B CBUHEI]
NPH AeiiCTBUU OHOMOISPHBIX 3JIEKTPOMATHUTHBIX
HAHOMMIIYJILCOB Ha pacmiias Bi — Pb

B [24, 25] 3adurcupoBano 3nauumoe (mo 5—10 %) mpempaieHue
BHCMYyTa B CBHHEIl NpU ACHCTBHU Ha pacmiaB Bi — Pb omHomomspHbIX
AIEKTPOMArHUTHBIX HaHOUMITYIbCOB ¢ "dactoroi 1000 I'm B Tedenwme
10-15 munyt. M30TONHBIN cocTaB He MPOBOAWIICS. B KadecTBe MexaHH3-
Ma IMpeBpalIeHNs NPEeAronaraics 3JeKTPOHHbBIN 3aXBaT, IOITOMY AOIYycC-

KaJIOCh, YTO B PAacIUIaBe MMEIOTCS M30TONbl Bi, ¢ MaccoBBIMM YncCIaMu
206, 207, 208.

2.4.5. Mogudukanus cpeabl, COMYTCTBYIONIAS PeaAKIUAM
HU3KOTEMIEPATYPHOI0 CHHTE3a

— M3menenue ckopocteil pacniaza saep.

HomonmanTensHO K pabore [26], yKaxeM TakKe SKCIIePHUMEHTHI
B rpynne ladeea [27, 28] o nazepHOMY BO3IEHCTBHIO, KaK U pabOTHI
Kprimckoro [29, 30] mo Bo3Ae€HCTBUIO OJHOIOSPHBIX HAHOCEKYHJIHBIX
3JIEKTPOMArHUTHBIX UMITYJICOB Ha PacTBOPHI CONEH.

— 3ana3apIBaHUE «CTPAHHOT'O M3IYUYCHUS [0 OTHOIIEHHIO K PEAKLIUU
CHHTE3a.

Kak y>xe oTMeuanoch BbILIE, «CTPAaHHOE M3Iy4YeHHe» (PUKCHpOBaIOCh
HE TOJIBKO B MOMEHT B3pbIBa (DOJIBT, HO U C OOJIBIIMM 3ala3ibIBaHHUEM,
HOCJIE TOTO KaK OCTaTKu (hosbru moMenanuck B yamky [lerpu [16].
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Mnaea 3. NMpeononeHne KynoHOBCKOro 6apbepa —
rnaBHasi npo6nemMa siaepHoOro cUHTe3a

B npeaucnoBun 1 BBEIEHUHU MBI YK€ KacaJlCh BOIIPOCa O CYIIECTBO-
BaHUM KYJIOHOBCKOTO Oapbepa M HEOOXOIMMOCTH €r0 IPEOJOIECHUs AT
peanu3anuu SIIEPHOro CUHTE3a. TeM He MeHee, Ul OCO3HAHUS CTEIeHU
000CHOBaHHOCTH MPOOJIEMBI TOJIE3HO MPHUBECTH KOJIMYECTBEHHBIC OLCH-
KU BEPOSITHOCTH TYHHEJIMPOBAHUS «TOJIBIX» siAEp Yepes3 Oapbep.

3.1. Ouenka ko3¢ puurenTa Npo3pavyHocTu dDapbepa
NP MO/IeJINPOBAHNH BHYTPHUSIAEPHOI0 MOTEHHAJIA
NPAMOYI0/J1bHOM AMOMH

Ha puc. 5 npuBenena npocrast MOA€EIb NPSMOYTOJIBHON NTOTEHIUAIb-
HOU SIMBI (TIPUTSDKEHUE AJ1s1 00J1aCTH SIMBI) C YHCTO KYJIOHOBCKHUM OTTaJ-
kuBanneM Uc () BHe sMbI (Ha4ano oTcyeTa MOTEHIMala BBIOHUpAeTCs
B OECKOHEYHO yJJAIIEHHOUW TOUYKeE):

Uc (r) = Z,Z,e? (29)

4 meggr '
rie g ~ 8.85:10 % d/m — ANIEKTpUIECKast IOCTOSIHHAS, € ~ 1,6:10 K —
AJIEMEHTAPHBIN 3apsfl, Z; — 3apsAA0BOE YHCIO Aapa «MUIIEHNY, Z, — 3aps-
JIOBOE YHCJIO TYHHENHUPYIOUIEeH yacTHlibl (Spa).

U(r) Uiyn
E
0 Iy n '
- U

Puc. 5. MonenbHbIH MOTEHIHA IS OICHKH KO3 QHUIMEHTa IPO3PAYHOCTH
MIpY TYHHEIMPOBAHWU YaCTHUIIBI ¢ dHEpruei E CkBO3b KyJTOHOBCKHIA Oapbep
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I'myOuna noteHnmansHOM SMbl U U1 HAIIUX Lienel He CYIIeCTBEH-
Ha, BaKeH caM (akT TyHHenupoBaHus. [IpeononeHue Gapbepa o3HAUaeT
moragaHie B o01acTh I < [y, TIe JOMHUHHPYIOT KOPOTKOAEWUCTBYIOIINE
CHIJIBI TIPUTSDKEHUS MEXAYy HYKJIOHAMH, T.€. BEIMYHHA TOIYIIHPUHBI
MOTCHITUAIBHOMN SIMBI Iy TOJDKHA OBIThH MOPSJIKA Paauyca CHILHOTO B3au-
MoaencTaus Rs.

TIpocreiimmii BapuaHT peakiluu CBA3aH C 3aXBaTOM MPOTOHA THUIIA
(a7), (18), (27).

OneHuM KO3 QUIMEHT MPO3PaYHOCTH IS JBHXKYIIETOCS MPOTOHA
MIpH TYHHEIMPOBAHUH CKBO3b Oapbep (29) mpu Z,=Z, Z,= 1.

Ecnu ry monaraercs paBHbBIM 10*° m, To BBICOTA SHEPreTUYecKoro Oa-
pbepa Ha Kparo MBI

U(rg) = Upax = Z €% /4megrg ~ Z+ 1,2 MaB. (30)

3uaunt, mansa peakuuit (17), (18) oOpasoBaHus NHHMHKA W3 MeIU
(Z=29) Upax = 34,8 M3B.

Cuutaem, 4TO MPOTOH MPOXOIUT YCKOPSIONIYI0 Pa3HOCTh MOTEHIHA-

JIOB, IpHOOpeTast KHHETHUeCKYo 3Hepruto E, pasayro U (ry), pu r; > ro.
Koaddumment npospaunoctu D, coriacuo [31], BeiOepem B BuIe

D = (exp — %frrol dry/2m(U(r) —E) , E = U(ry). (31)

I[Tonaras, 4To Macca MPOTOHA M, Maja IO CPABHEHHIO C MAacCoH siapa
«MHILIEHN», MOKHO CYMUTATh, 4TO B (31) m=m,= 1,67-10 %" kr. 3amerum,
YTO TPH COMOCTABHUMBIX Maccax sjpa «MHIICHU» W TYHHEIUPYIOIICH
YACTHUI[BI B KAYEeCTBE M CIIeyeT UCMOJIb30BATh UX MPUBEACHHYIO Maccy
(B cucTeMe OTCUETa, CBSI3AHHOM C IIEHTPOM MAcC YACTHIL).

_ 2e mp 1y 1 1
D = exp|[ Zﬂ_sofl‘o dr (— - —)] : (32)

h r rp

WHTerpain B mokasaTesnie SKCIOHEHTH (32) 6epercsi TOUHO

1 1 1 1
Jodr /(- - ;) = -1, /E — - Vrarg([2-1). (33)

dopmainbHO TpH Iy = I, uHTerpan (33) obpamaercs B HOJb, a D = 1,
KaK W JIOJDKHO OBITh. YUUTBIBAs, YTO JIJIsl HU3KOTEMIIEPATYPHBIX PEaKInii
Io <<y, moydaem u3 (33)

frrol dr /G - i) ~ \/ﬁarctg(\/?—;) ~ g\/ﬁ , (34)
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au3 (32) u (34)

D =~ exp (—E Z%‘;rl). (35)
Honyctum, ans wuttoctpanuu, uro E = 100 3B u Z = 29, toraa u3
(29) Haxommm 11~ 4.2 10 M, a u3 (35)

D ~ exp (-4100) ~ 10 7, (36)

Takum obpazom, npu E = 100 3B npo3paunocTs Oapbepa, co3naBae-
MOTO 3apsiioM sifipa MEAH IJIsl MPOTOHA, HUYTOXKHO Mana. OdeBHIHO,
YTO €CIIi BMECTO NPOTOHA paccMaTpUBAaTh TyHHEIMPOBAHHE SiApa C 3a-
psaaoM 22 1 MAaCCOBBIM YUCJIOM Az, TO MOIYJIb NIOKA3aTCJId SKCIIOHCHTLI
B (35) yBenuuutcst nmpumepHO B +/A,Z, pa3. 3HAUUT, C MO3ULUH CTaH-
JAPTHBIX TIPECTABICHUI O CHHTE3€ e KaK MpoIiecce TYHHEINPOBAaHUS
sJep MPpH MaJIOH SHEPTHH UX OTHOCHTEIBHOTO JABKEHUSI TOBOPUTH Oec-
CMBICJICHHO.

OpnHaKo peakIiy CHHTE3a MPOUCXOIST, U 3TO O3HAYAET, YTO HUMEIOTCS
KaHaJibl pCaKHHﬁ, AJI1 KOTOPBIX 3alpe€Thl HAa TYHHCIMPOBAHHUE, HECO-
MHEHHO BEPHBIE B CIy4ae «TOJBIX» AOEP, YIPauUBAIOT aKTyaJIbHOCTD.
JeicTBUTENBHO, JOCTATOYHO HAIIOMHUTh, YTO U1l HEUTPOHOB HET KYJO-
HOBCKOTO Oaphepa. CremoBaTelbHO, €CIH JOMYCTUTh CYIIECTBOBAHUE
KBa3MHEUTPOHHOT'O COCTOSIHUS, TPU KOTOPOM MPOTOH «ICKOPTHUPYETCS
AJIEKTPOHOM JI0 PACCTOSHUH, OMU3KHUX K PalnyCy CHIBLHOTO B3aUMOJIEH-
CTBUS, TO MPOOJIEMa C 3aXBaTOM MPOTOHA SAPaMU CHIMAETCSI.

3.2. Ouenka ko3(p¢puumeHTa NPO3pavyHOCTH Hapbepa
MIOOHHOM MOJIEKYJIbI BOJOPOAA IIPH MOAECTHPOBAHUH
BHYTPHAIEPHOI0 NOTEHMA/IA IPAMOYT0JILHON AMOM

KoneuHo, npu cuHTE3€ JIETKHUX f1ep NpobieMa TYHHEIUPOBaHUS He-
SKPAHUPOBAHHOI'O IPOTOHA WM 00Jie€ MACCHUBHBIX M30TOIIOB BOAOPOJA
cmsryaetcs. Tak, momaras Z; = Z,, HETPYOHO OLEHUTHh IPO3PavyHOCTH
Oapbepa A peakUuy CIMSIHUS ACUTEpUsl U TPUTHSA B HOHU30BAaHHOM MO-
JU(UIMPOBAHHON MOJIEKYJIE BOIOPOAA, COAEprKaIel MIOOH.

Ucnionezyem uist onenku D dopmyny (35), noacrasmsas Z = 1 u BMe-
CTO Macchl My, IPUBEACHHYIO Maccy [

p=(2my) (3my) / (2my + 3my) = 1,2my, (37)
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(mn — Macca HyKIIOHa My = M, = M, = 1837 m). Coxpanss ry = 10 m
W mojaras, coryiacHo [6, 7], rp = 5- 108 m (nuameTp MOHM30BaHHOU
ME30MOJIEKYIIBI BOJIOPOJIA € SIAPAMHU JCUTEPHs] U TPUTHS, COACpIKaIiei
MI0OH), 13 (35), momyqaem D = D, = 1,46 - 10 st mporecca TyHHEIH-
pOBaHUS M30TOINOB Bojoponaa. Takue 3HaueHus D, 3HaUMTENHHO MPEBHI-
maroT BenmauHy (36), HO, CKOpee BCEero, emle HeJOCTaTOYHBI IS CoTa-
COBAHWSI C JAHHBIMH O OBICTPOM mpoTeKaHuu (3a Bpems ~ 10 ¢) peax-
1uu cuHTe3a renus. Ckopee BCEro, 3TO CBHICTEILCTBYET B TOJIb3Y YBE-
mudeHus paauyca ry. Hike (mocie oOCykaeHHs BBIBOAOB aJIpOHHON Me-
XaHWKH) OyIyT MpHUBENEHBI OCHOBAaHUS IS BbIOOpa Iy = 10" m Ha xBa
MOPSIKA MPEBBIMAONIEr0 1 ()M M COOTBETCTBYIOIIETO MaKCUMaIbHOMY
paznycy cuibHOro B3ammoneiictsus Rs. ITpu o= 10" M u ToM e 3Ha-
wenun =510 ¥ M= Sy, HCIIONB3YSl TOYHOE 3HaUeHue uHTerpana (33),
noayJyaeM

" dr (l—l)z1,5812326 o, D,~1054-10*, (38)

I'o r rqy

T. €. Du BO3pacCTacT Ha IATh OPAAKOB.

3.3. Ouenka ko3¢ PpunueHTa NPO3PAYHOCTH Hapbepa
MIOOHHOW MOJIEKYJIbI BOJ0OP0/J1a NPU MOJAeTHPOBAHUM
BHYTPHSIIEPHOT0 MOTEHI[HAJIA MOTeHuaa0M FOkaBbI

MosxHo eme yBenuauth D, MeHsst GopMy NOTEeHIHMANA SJIEPHBIX CHIL,
HanpuMep, Ha noteHnuman KOkasel [32]. PaccMoTpuM Teneps Ais cpaBHe-
Hust noteHnuan H(r), npeacTaBisONUN CYNEpPIO3UIMIO MOTCHIIHANA
HOxagBwt Uy 1 Kysnona Uc. [lorennman nputsokerns FOxaBbl umeet BU

Uy () =—gexp (-r/rg) /r, g >0. (39)

Joompenenum KOHCTaHTY J, TpeOysi, 9TOOBI IPH I = Iy BHIIOJIHSIACH
tourast komrercanust Uy u Ue, u, cregosarensno, H (ry) = 0. Torma mo-
Tydaem

eZ

H(r) =

[1—exp (1 - %)] (40)

U3 (40) oueumHo, uto pu I > 1o H(r) > 0, ampu r < ry H(r) < 0.
Ha puc. 6, B3sitom u3 [33], npusenena ¢opma noreHuuana (40) B 6e3-
pasMepHbBIX IEPEMECHHBIX.

4TEYr
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(1-exp (1-x))/x

E=H(x:)

0 X =r1/m0
Xo X1=5 10

-0.51 -

Puc. 6. ITorentman H (r) B 6e3pasMepHbIX MepEeMEHHBIX

Ha puc. 6 makcumymy ¢yHkimn H (X) COOTBETCTBYET pelieHHE ypaB-
HEHHS

exp (1-x) =1/1+ x, (41)

npH X = Xm~ 2,1462 u H (X)max = H (Xm) = 0,3178.

Crita>xeHHBIH (IO CPaBHEHUIO C TIOTEHIIMAIIOM Ha PHC. 5) MOTEHIIHAT
H (X) mo3BossieT MOBBICHTH MPOHUIIAEMOCTH Oapbepa. Tak, Hampumep,
npu BeIGOpe fo =10 M u ry = 5ry uaTerpan or H(X) B mpememax or
Xo~ 1,293 no X; =5 pasen =~ 0,917 smecro ~ 1,581 B (38), u B pe3ynpTaTe
snavenue D, Bospactaer or 3Hauenms ~ 1,054- 10 1o = 4,938- 10°,
T.e. Oonee yeM Ha mopsgok. Eciu dopmanabHO BeNUUMHY [o YIABOHTS,
He m3Mmensist I; = 5- 10 M, To 3Hauenue X; = 2,5, U, KaK OYEBHIHO W3
puc. 6, Gapbep CTaHOBUTCS MIPAKTUYECKU NMPo3pauyHbiM. OTHAKO JIeMEH-
TapHas oreHka [34] (koTopyro MbI eire o0cyauM naiee B 1. 5.1) cBuje-
TENLCTBYET B TIOR3y BemuuuHBI fp = 10 M. CremoBatensHo (mpu
ro = 10 M), (akT GBICTPOrO TYHHEIMPOBAHMS SAEP BOAOPOAA yKA3bI-
BAET Ha JIOCTATOYHOCTH 3HaueHust D, = 5- 10" anst >dexTHBHOCTH pe-
aKLUK CUHTE3a el

SIcHO, YTO 3HAYUTENBHOE BIMSHHE HAa KOI(D(GUIMEHT MPO3pPavyHOCTH
Npy Tepexojie OT TOTeHIHalla MPUTSDKEHUsT B (opMe TPsSMOYTOIbHOMN
AMBI K noTeHIuany FOkaBbl MMEET MECTO JIMIIb MPH 3HAYEHUSIX o U Iy
OJTHOTO TIOPS/IKA.
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3.4. Heo0X0auMOCTh MOCTPOEHUSI MOIEIH
KBa3UMOJIEKYJIAPHOI0 COCTOSIHUS IJIsl CHHTe3a
MAaCCUBHBIX siiep

Pasymeercst, cMHTE3 MacCHBHBIX sijiep (Hampumep, oioBa Zg, = 50)
B peakIUsaX CIUSIHUS Mapbl MEHEe MacCUBHBIX sep (Hampumep, saep xe-
ne3a Zg, = 26), KaK MOKa3bIBAIOT OLEHKH KOA(PPHUINEHTa MPO3PaYHOCTH
B 1. 3.1, B peakuusix TYHHEIMPOBAHUS IIPU HU3KHUX TEMIIEpaTypax Majo-
BEpOSATEH.

@DaKThl JOCTATOYHO JIETKOTO MPOTEKaHMs peakuuii cuHTe3a (CM. Tia-
By 2) yKa3blBalOT Ha aJbTEPHATUBHYIO TYHHEJINPOBAHHIO BO3MOXKHOCTh
COMKEHHS sIIEp 10 PACCTOSIHWM, PaBHBIX MAaKCHMAIbHOMY 3HAUCHHIO
paaMyca CHJIBLHOTO B3aUMOJCHCTBHS. [IeiCTBUTENBHO, TIPU TAaKOM COJIH-
JKEHUN HavHEeTCs OOMEH HYKJIOHOB SiA€p MHOHAMU (T-ME30HaMHM) IO CXe-
Me FOkaBbl, 0OecrieunBarOmnii IPUTSHKSHHE SAEP.

HomycTtum, umeeTcst 1Ba MOJOKUTENBHBIX SApa C PaBHBIMU 3apsaMU
g1 = gz = ¢, oOpa3yromux B OOBIYHBIX YCJIOBUSX MOJIEKYIYy C PaccTos-
HueM 2dy Mexay sapamMu. HamoMHuM, B cXeMe TpeX TOYEUHBIX 3apsijioB,
JeKalluX Ha ONHOW HPAMOW, NpPU MOMEIIEHUHM B LIEHTP OTpe3Ka AJIH-
Hol 2d oTpuIaTeNnbHOTO 3apsiaa (s = —(/4 3apsAabl HAXOASITCSA B COCTOS-
HUH HEYCTONYMBOTO paBHOBecHs (TpH Jit000it Benmuunne d!). Pasymeercs,
B PEaJbHOCTU PeUb IOJDKHA MITH O HEKOTOPBIX JUHAMHUYECKHX COCTOS-
HUSX JJIEKTPOHOB, 00ECTIEYMBAIOIINX BBICOKYIO BEPOSATHOCTH OOHApyXKe-
HUSI OTPHUILIATENFHOTO 3apsijia B MEXBSIEPHOM MPOCTPAHCTBE U CTAOMIH-
supyromux pasmep 2d < 2do. Tak 4TO TpeOyeTcsi MPEAIOKUTh MOJEIb
MpoMeXXyTouHOro KBazumonekynsapHoro coctosnus (IIKC), B xotopoit
CYIIECTBYET KOHIEHTpAIMsl OTPHUILATENIBHOTO 3apsiia B KOMIIAKTHOM
00J1aCTH MEXBAAECPHOTO NMPOCTPAHCTBA, 00ECICUMBAIOIIETO CONMKECHUE
A1ep 10 3HaYCHUI

2d = (Ro)max= 107 M. (42)

[ocTpoenue Takoi Moaenu (kak OyZeT MOKa3aHo B Iiase 6), B IpUH-
LIUIIe, BO3MOKHO Ha OCHOBE BBIBOJIOB aJPOHHON MEXaHHKH.
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naBa 4. KoHTakTHOE B3anmoaencTeue B aApOHHOMN
MexaHuKe U psaa BbIBOAOB, HEOO6X0AUMbIX
ANl NOCTPOEHUA MoAenun NPOMEXYTOYHOro
KBa3MMOJEKYNAPHOro COCTOSHUSA

[Ipexxae yeM mepexoIuTh K MPEACTABICHUSIM M BBIBOJIAM aJpOHHON
MEXaHHKH, MOJIE3HO KPATKO MEPEUYHCIHTh DSl CBEJACHUI O KBAaHTOBON
MEXaHHKE, XOTS OHU W TPEANONAraroTcs U3BECTHBIMU YHTATEINSM, 3HA-
KOMBIM C KypcoM oOtet (pusuku. OaHaKo Uit yA00CTBa YTCHHS HEKOTO-
PYIO BEIOOPOYHYIO HH(POPMAIIMIO MBI HATIOMHHM.

4.1. BoiOopouHas nHopManus
0 KBAHTOBOMEXaHHYeCKOIl KapTHHE MHPAa

B HacTosmee BpeMsi OCHOBHO# OOIIeNpU3HAHHOW TEOpHEH, mpuMe-
HAEMOW TpHU HMHTEPHpEeTalii MHUKPOCKONMUYECKHX CBOICTB BEIIECTBa,
SBJISIETCSl KBAHTOBasi MexaHuKka. VcTopuuecku co3jaHue KBaHTOBOM Me-
XaHWKU OBUIO HAIIEJIEHO Ha pellleHue MPOOJIeMbl OIMCAHUS CTPOCHUS H
COCTOSTHM CIIOKHBIX aTOMOB. UM 3Ta mens Obuta mocTurHyTa. Pa3zBuThiid
MaTeMaTHYEeCKUIl anmapaT MO3BOJISIET BBIYHUCIATh BEPOSTHOCTH OOHAPY-
JKEHUS DJIEKTPOHOB B JIOKAJIHHBIX 00JIACTSIX aTOMOB B pa3IMYHbIe MOMEH-
ThI BpeMeHH. HaiifieHsl mpocTpaHcTBeHHBIE 00acTu (opOutanu) Hanbo-
Jiee BEPOSITHOTO MPEOBIBAHSI AIEKTPOHOB.

BeposaTHOCTHBIA NOAX0J OTpa’KaeT KOPIMYCKYJISIPHO-BOJIHOBOM aya-
JIU3M, IPUCYIIUN MUPY MUKPOYACTHII.

DNeKTpOHBI 00JIaal0T MONyNENbIM (B equHHIaX fi) cOOCTBEHHBIM
MOMEHTOM HMITyJIbca (CIMHOM) U OTHOCSATCS TIO CBOMM CTAaTUCTHYECKUM
CBOMCTBaM K (JepMHUOHAM — YACTHIIAM «UHAWBHIyaTHCTaM». JTO O3Ha-
YaeT, 4TO MPH UAEHTH(OUKANH KBAHTOBOT'O COCTOSIHUS C MTOMOIBIO 3HA-
YeHUI OTPaHWYCHHOTO Ha0Opa KBAHTOBBIX YHUCEN (HAIPUMEpP, YETHIPEX
JUTST DJIEKTPOHOB B aTOMax) B OJHOM COCTOSHHHM MOXKET HaXOAHUTHCA
ToNbKO onuH (epmuoH. [y (EepMHOHOB CHpaBeIUinBa CTATHCTHUKA
®epmu-upaka. HanpoTu, 4acTUlbl ¢ HYJIEBBIM WM UEIBIM CIIMHOM
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SIBJISIFOTCST YACTUI[AMH «KOJUIEKTHBHUCTAMIY U OTHOCSITCS K 0030HAM, IS
KOTOPBIX CHpaBeinBa cTaTucThka bose-OitHmreiina. B oqHOM 1 TOM ke
KBaHTOBOM COCTOSIHUM MOKET HaXOJUTHCS HEOTPAHUUYECHHOE KOJIUYECTBO
0030H0B. I[Ipu »TOM, YeM OOJbIIe OO30HOB B MAHHOM COCTOSHHH, TEM
0oJTBIIIE BEPOSITHOCTD POKICHUS aHAJIOTHIHOTO 6030Ha. DOTOHBI — KBaH-
ThI AJICKTPOMATrHUTHBIX BOJIH SBJISIFOTCS IPUMEPOM OO30HOB.

B kBaHTOBO# Teopuu MOJsi BCE M3BECTHHIC (PyHIaMEHTAIBHEIC B3au-
MOJICHCTBUS (AJIEKTPOMAarHUTHOE, TPABUTAIIMOHHOE, CUJIBHOE M Ci1aboe)
OCYIIECTBIISIOTCS ITyTeM OOMeHa B3aMMOECHCTBYIOMNX O0OBEKTOB BUPTY-
aJbHBIMH YaCTHIIAMH — HOCUTEJISIMH B3auMoaeicTBHs. OTMETHM, UTO BCE
YaCTHI[BI — HOCUTEIHM B3aUMOACHCTBHUS OTHOCATCSA K O030HAM.

ATOM COCTOWT W3 sJpa M 3JCKTPOHOB, OOpa3yIONIMX BOKPYT sapa
o0oyioukr. Macca aToMa B OCHOBHOM COCPEIOTOYCHA B SIPE, Paguyc
koToporo Ry mopsiaka 1 oM = 10™° M cocTapisier MPUMEPHO CTOTHICSY-
HYIO JIONIIO OT pajamyca atoMa Ra (3amaBaeMoro paanycom 3amoTHEHHBIX
3IIEKTPOHHBIX 000JIOUEK):

Ra~10°Ry~ 10 m.

SInpo COCTOUT U3 CHIIBHO B3aMMOJEHCTBYIOIUX IIPOTOHOB U HEUTPO-
HOB (HYKJIOHOB). HyKJIOHBI HMMEIOT TONYLENbI CIOMH W OTHOCSTCS
K (hepMuoOHaM. Snpa ke MOTYT UMETh Kak LieJible, TaK M TOYIeTbIe CITH-
Hbl. B OCHOBHOM COCTOSIHUM aTOM HEUTpAJIEH, T.€. YUCJIO AJIEKTPOHOB,
MMEIOIINX OTPULATENbHBIN 3J€MEHTApHbIN 3apsijl, COBHNAAAET C YHUCIOM
MPOTOHOB Z, UMEIOIIKX TOJIOKUTENbHBIIN 3JIeMEHTaPHBIH 3aps.

B3auMopaeiicTBiE AIEKTPOHOB ¢ SAPOM (C MPOTOHAMH), KaK M DJICK-
TPOHOB MEXIy CO0O0#, HOCUT IOTCHIMAIBHBIN XapakTep (MOXHO HC-
MOJIb30BaTh KyJNOHOBCKHI moreHIman (29)). Takoit moaxoj ompasiaH,
KOTJIa PacCTOSHUS MEXIy 4YacTHIlaMd BO MHOTO OOJbIle pa3MepoB
YacTHUL, 4YTO IO3BOJISIET MCHOJIb30BaTh MPEACTABICHUE O TOUYECYHBIX
YyacTHLAX. 3aMETUM, 4TO MOHATHE «pa3Mep» NPUMEHUTEIBHO K YaCTHIIE,
UCIIOJIb30BaHHOE B €IMHCTBEHHOM YHCIIE, IOAPA3yMEBAET BMECTO TOUKU
MaJible MIap Wi cdepy, XapaKTepu3yeMble eJMHCTBEHHOW BEIUYMHON —
paanycoM. OHAKO SKCIIEPUMEHTAIBHOE OIPE/IEIeHNEe TaKOW XapaKTepH-
CTHKHM CBS3aHO C aHAJIM30M JAHHBIX 0 PACCESHUIO PA3JIWYHBIX YACTHII,
MO3TOMY E€IMHCTBEHHOTO 3HAUEHUS IS pPallycoB, HapuUMep IMPOTOHA
WM 3JIEKTPOHA, YKa3aTh HENb3s. Y MECTHO TOBOPHUTH JIMIIb O TOPSIKAX
BennuuH. Kpome TOro, KOpmycKyJasipHO-BOJIHOBOM Tyallu3M AOIYCKAaeT,
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B IIPUHIIMIIE, CYIIECTBOBAHHE IOMOJHUTENBHBIX K 3apsIOBBIM «paguy-
COB», OTJIMYAIOIIUXCS 10 MOPSAKY BETUYUHBI, CBA3aHHBIX C BOJTHOBBIMH
MaKeTaMH, COIMOCTaBIsIEMBIMH MHUKpouyacTHLaM. Torzma B ciyyae mepe-
KPBITHS BOJIHOBBIX IIaKETOB B3aMMOJICHCTBYIOIIUX YacTHI[ CIEAYeT
NPUHUMATh BO BHUMAHHE KOHMAKMHOE 83aUMOOeUcmeue MUuKpouacmuy
(6e3 yqacTust 9acTHI] — HOCUTENEH B3aUMOIEHCTBHS).

Kiaccudukarus n3BeCTHBIX MUKPOYACTHI] B HACTOSIIIEE BPEMS 1AeT-
cs CranmapTHON Mojenbr0. YacTHIlpl AETSAT Ha dJIeMEHTapHbIe (HE uMe-
IOI[e BHYTPEHHEW CTPYKTypHI) U cocTaBHEIE. [loHATHE «drieMeHTapHas
YaCTHIIa» OTPAKAeT CETOHIIIHUN YpPOBEHb 3HAHWN M HE HCKIIOYAeT
B JJalIbHEMILIEM BBISBICHHUs BHYTPEHHEH CTpykTypbl. Hanpumep, k 3ie-
MEHTapHBIM YacTHLIaM OTHOCST 3JIEKTPOHBI, HEWTpHUHO, KBapku. Ecmu
3JIeMEHTapHa YacTHIla, TO 3JIEMEHTapHa M COOTBETCTBYIOLIAas aHTH-
YJacTHUIA.

Bce cocTaBHbIE 4acTHUIIBI, yYAaCTBYIOIME B CHIIBHBIX B3aUMOJICHCTBH-
SIX, OTHOCAT K KJIACCy aIpPOHOB. DTOT KJIACC JCTUTCS Ha JIBE KATETOPHH:
OaproHbI (BKITIOYasi HYKIIOHBI) U ME30HBL. bapnoHBI, B OCHOBHOM, OITH-
CBHIBAIOTCS TPEXKBAPKOBHIMH MOJIETSIMH, 2 ME30HBI — JIBYXKBapKOBBIMH.
AJpOHBI yYaCTBYIOT TaKXe B AIIEKTPOMATHUTHBIX M CIa0bIX B3aUMOJIEH-
CTBUSIX.

He yuacTByromue B CHJIBHBIX B3aUMOJIEHCTBHUSX YACTHUIIBI OTHOCST
K KJTacCy JICNTOHOB (QJIEKTPOHBI, MIOOHBI, T-IIENTOHBI, HeUTpuHO). Ho
B DJIEKTPOMarHUTHOM U CJIa0OM B3aMMO/IEWCTBUU OHU YHaCTBYIOT.

BnusHueM rpaBUTallMOHHOTO B3aMMOJAEWCTBUS Ha MHKPOYACTHIIBI,
B CHJIy €r0 OTHOCHUTEIBLHON MaJIOCTH, OOBIYHO MTPEHEOPEratoT.

HeBozMoxxHOCTh HAOMIOAATh KBapKA B CBOOOIHOM COCTOSIHWUH TIPH-
BeJa K Co3laHuio KBaHTOBOM xpomoamHamuku (KX]I), HanmenwBieit
KBapKH IIBETOBBIM 3apsaoM (B KX ]I ucnonb3yroTcst TpH pa3HBIX IBETa U
Tpu aHTHIBeTa). CUnTaeTcs, 4TO I[BETOBOHM 3apsijl CO3JAaeT IOoje BUPTY-
AIBHBIX TJIFOOHOB, 0OMEH KOTOPBIMU 00€CTIeUNBaET «MCTHHHOE CUIHLHOE
B3aMMOJIeHiCTBHE Mexay kBapkamu. [lome rimrooHOB siBisieTcs Hawmboiee
CJIOKHBIM M3 TIO0JeH BUPTYalbHBIX O030HOB, OTBETCTBEHHBIX 32 IEPEHOC
B3auUMOJICHCTBHUA.

TunugaHOMY COCTOSHHIO OapHOHOB COTOCTABIIAETCS OeclBeTHas
KOMOHMHAIMS TPEeX KBAapKOB, TaK YTO MEXOapHOHHOE CHIIBHOE B3aUMO-
JeCTBUE OCYILECTBISETCS HE 3a cUeT OOMEHa TIIIOOHAMH, a 3a CYET
oOMeHa m-mMe30HaMu. VIMEHHO 3TOT MeXaHHM3M, KaK OTMEYaJioCh BBIIIE,
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ObL1 BriepBbIe TpeayiokeH HOkaBoi 11 OOBSICHEHUS MPUTSHKCHUS HYK-
7oHOB B szpe. Takum o6pa3oM, IPUMEHUTEIBHO K CHHTE3Y sep Mexa-
HU3M HOKaBBI coXpaHsSeT CBOIO aKTyalbHOCTb. [loaToMy 6 Oanvhetiuem
10O CUTLHBIM 83AUMOOEICTNEUEM NOOPA3YMEBACMCIL MENCHYKIOHHOE 83a-
umooeticmaue.

3ameTuM Takke, 9To B CTaHAApTHON MOJETH K 3JIeMEHTapHBIM 0030-
HAaM — HOCHTEISIM B3ammozeicTsuit (pororsr; W*, Z% rirooHsr) 106aB-
nsieTcst 6030H Xurrca (MMEIOIINAN 3HEPTUio MoKos ~ 125 I'3B u HyneBor
CITMH), CBSI3BIBAEMEBIH C TojieM Xurrca. bo3on Xurrca — camasi MacCHBHas
M3 3IeMEHTapHBIX 4YacThI (MacmTal suepruit 1 5B = 10° MaB). Ilpu
OMMCaHUU OOBEAMHEHHOTO OSIIEKTPOCIAa00ro B3aWMOJCHCTBUS MMEHHO
note XUrTca OTBEYaeT 3a «HaeeHne» Maccoii mokost (W*, Z°) — 6o3o-
HOB — HOCHTEJICH cJIaboro B3auMojieicTBus (C sHeprusMu nokos ~ 80,4,
=~ 91,2 I'»B), Torna kak ()OTOHBI — HOCHUTENH DIIEKTPOMArHUTHOTO B3a-
MMOJCUCTBUSL MMEIOT HYJIEBYIO Maccy Mokos. [ cpaBHEHMs HaloMm-
HUM, 4YTO DHEPrUM IOKOS IHUOHOB CcOCTaBLItOT: =~ 139,57 MhB nns
T -Me30HOB (Macca mokost ~ 273m,), = 134,96 MaB s n°-me30Ha (Mac-
ca IoKos = 264m,).

WuTepecyromue Hac COCTOSHHSI OTHOCSATCS K oOmacté ¢a3oBor
muarpammbl KXJ[ npun mansix temmepatype T W XHUMHYECKOM TOTEH-
1uajgie OapUOHOB |lg, IJIC AJAPOHBI SIBJISIOTCS O€JbIMU (OSCIIBETHBIMH),
a KBApKH U TJIFOOHBI — (IUICHCHHLBIMHW», HEBBUICTAIOIINMU. B IIPUHLMIIC,
BaXHO, YTO CYIIECTBYET HEKOTOpas KpUTHYECKas KpHUBas B IIOCKO-
ct T, Ug, HA KOTOPOH MMeeT MecTO (Pa3oBbI MEpexXoJi K COCTOSHHIO
KBapK-TJIIOOHHOHM IUIa3MBbl, I/ie TJICHEHHE (KOH(paWHMEHT) KBAPKOB M
TJIFOOHOB OTCYTCTBYET.

B mMarepmanbHOM MHUpE HET ITyCTOTO (PU3NYECKOTO IPOCTPAHCTBA.
OCHOBHBIM COCTOSTHUEM MaTepuH sBisieTcs (hu3ndueckuii Bakyym. He cy-
IIECTBYET MaTepUANBHBIX OOBEKTOB, M30JMPOBAHHBIX OT (PUIUIECKOTO
Bakyyma. CrieZioBaTebHO, 32 TEPMUHOM «H30JIMPOBAHHASI CHCTEMAa) CTO-
UT yZ00HOE, HO HJeaM3MpPOBaHHOE MOHATHE. JHeprus (GpU3nIecKoro
BakyyMa (IaykTyupyer, ¢ QUIyKTyanusMu (pU3HYECKOrO BaKyyMa B3au-
MO)IeI\/lICTBy}OT MHUKPOYACTHUIIBI. B YaCTHOCTH, HMMCHHO OJTH B3aHMO-
HeﬁCTBHH WHUIOWHUPYIOT, TaK HA3bIBACMbIC, CIIOHTAHHBIC IIEPEXOABI JJICK-
TPOHOB B aToOMax M3 BbIIICICKAIIUX IO SHEPrUuu COCTOSIHUH B HIDKE-
nexamue (3amaBasi KOHEYHOE BpeMs J>KU3HH BO30YXKIEHHBIX CO-
CTOSTHHIA).
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4.2. Boioopounasi uHGopMaIus 0 BLIBOJAX
aJ]pOHHONH MeXaHUKH

[IpekpacHoe u3IOKEHHE HEOOXOAMMOCTH OOOOIICHHUS KBaHTOBOMW
MEXaHUKH U UCTOPUS MOCTPOEHUS TAKOW TEOPUH, NMOTYUUBIICH HA3BAHHE
«anpoHHas MexaHuKa», mmeercss B [4]. Jloctatouno mompoOHO B [4]
U3II0KEHBI MOCTYNAThl aApOHHOM MEXaHWKH, €¢ MaTeMaTH4YeCKUl arra-
paT, MarucTpaibHbIE HANPaBICHUS («BETBHW»), MOJYYCHHBIE PE3YIbTATHI
U TEpPCHEKTUBHBbIC NPWIOKEHUS, BKIKOYAs MOJYYCHHE HKOJIOIMYECKHU
qrCcTOl 3Heprun. [103ToMy MBI OrpaHUYMMCS TOJIHLKO MUHHUMAJILHO HEOO-
XOJTUMOM TS TIeJiel TaHHOW MOHOTpapuu MHOOPMAITUCH.

CamO Ha3BaHHME «aJpPOHHAs MEXAHMKA» YKa3bIBA€T HE TOJBKO Ha
YaCTHIIbl, YIACTBYIOIINE B CHJIBHBIX B3aUMOJCHCTBHUIX, HO M Ha Xapak-
TEPHBIN pa3Mep BOJHOBBIX MakeToB 1 M = 10™° M MACCHBHBIX YacTHIL,
BKJIFOYAsI AJIEKTPOHBI. DTO O3HAYAET, YTO MPHU PACCTOSHUSIX MEXIY 3apsi-
JKEHHBIMH YaCTHI[aMH, BO MHOTO pa3 MpeBBIIAarmuX 1¢m, 1ocTatodHo
OTPAaHUYHUTHCS TOYCUHBIM ONMUCAHHUEM YaCTHUIl C JATbHOJCHCTBYIOIIUM,
MOTEHIMAJIBHBIM B3aUMOJICHCTBUEM. TaKoe OMKCaHUe BIIOJHE aJIeKBATHO
JUISL JIEKTPOHOB B aTOMax M YCIELIHO pealu3yeTcsl KBAHTOBOM MeXaHHU-
KO, KOTOPYIO aJpOHHAs MEXaHHUKA BKIIFOUAET B KAYECTBE TIEPBOM BETBH.

Bropas BeTBb — «IIOKpBIBAIOIIAS U30MEXAHUKa» — IMO3BOJISICT HAPSATY
C aJbHOJAEUCTBYIOIIMM NOTEHUUAIBHBIM B3aUMOJCHCTBUEM YUUTHIBATH
KOHTaKTHbIE BHYTPEHHUE HEMOTEHUHUAIbHbIE B3aHUMOJCHCTBUSA, BO3HU-
Karomiue sl MPOTSHKEHHBIX YaCTHUI] TP MEPEKPHITHU MX BOJHOBBIX Ia-
KETOB, T.€. TIPU COMIMKEHUH YacTHUI[ 10 MacmrTaboB mopsaka 1 ¢m wm
MeHee. ClelyeT UMETh B BUY, UTO 3apsi]] YaCTHL], O-PEKHEMY, CUNUTA-
€TCSI TOUCUHBIM.

He kacasce ocTanbHBIX BETBEW aJIpPOHHON MEXAHWKH, OCTAHOBUMCS
Ha TPEX BAXKHBIX PE3YJIbTAaTax, CBA3AHHBIX C YYETOM KOHTAKTHOI'O B3au-
MOJIeHiCTBHS.

4.2.1. llputsizeHue napbl 3J1eKTPOHOB
NPH UX KOHTAKTHOM B3aUMO/elCTBUM

Ha puc. 7, B3arom u3 [4], cxeMaTH4ecku MOKa3aHbl OJIM3KO PacIio-
JIO’)KEHHBIE DIIEKTPOHBI C MEPEKPBHIBAIOIIMMUCA BOJHOBBIMU IaKETaMH.
bnuzocTh pacronokeHusi yka3blBaeT Ha cylnecTBoBaHue 3(dekTus-
HOTO TPUTSHKCHHUS MEXOY JJIeKTPOHAMH B CHHIJIETHOM COCTOSIHUHA —
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C MPOTUBOTOIOKHBIMU OPUCHTALUSMU CITHHOB (CTPEIIKH, HAIIPABICHHBIC
BBepX W BHH3). lIpy mapannenbHbIX CUHAX (TPUIUIETHOE COCTOSHHE)
SIEKTPOHBI OTTATKHBAIOTCHL.

3ameTM, YTO AJISl TOYEYHBIX DIIEKTPOHOB B KBAHTOBOW MEXaHHUKE
MoI00HOE MEPEKPHITHE BOJTHOBBIX MTAKETOB HE YYUTHIBaeTCs. B anpoHHoM
MEXaHHKE TOUeYHas 3apsAA0Basi CTPYKTYypa IEKTPOHOB COXPaHSIETCs. DTO
HEYTUBUTENFHO, TaK KaK JKCIEPUMEHTHI M0 CBEPXTOYHOMY OIpesene-
HUI0O MarHUTHOTO MOMEHTa 3JIeKTpoHa [35] moka3bIBaIOT, YTO pa3Mephl
3JIEKTPOHA HE TMPEBBILIAIOT 10 cm. Ommako B aJpOHHOM MexaHUKe
MOTEHIIHAIBHOE KYJIOHOBCKOE B3aMMOJCHUCTBUE MOTONHIETCS KOHTAKT-
HBIM B3aUMOJICMCTBHEM, BOZHUKAIOIUM MPU MEPEKPHITUU MPOTHKEHHBIX
BOJIHOBBIX ITaKE€TOB. KpOMe TOI'0, KBaHTOBasi MCXaHHWKa OITMCBhIBACT JJICK-
TPOHBI C TIOMOIIBIO JIMHEHHBIX, JIOKATBHBIX M TMOTEHIMAIHHBIX JTHHA-
MUYECKHX YpaBHEHHWH, TOT/a KaK agpoHHas MeXaHWKa, YYWUTHIBAIOIIAS
BOJTHOBOE IIEPEKPHITHE, B OOIIEM cilydae HeJIMHEHHa, HeJoKajlbHa U He-
MOTCHITAJIbHA.

Puc. 7. (cootBerctByeT puc. 1.8 B [4]):
Cxemarnueckoe u300paxeHue riy0oKOro MepeKphITUS MPOTHKEHHBIX
BOJTHOBBIX MTAKETOB BAJICHTHBIX 3JIEKTPOHOB C TOUECUYHBIMH 3apsiIaMu
B CHHIJIETHOM COEIMHEHHH, KakK Tpebyet npuHmmn [laymn
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HenoTteHumansHOCTh KOHTAKTHOTO B3aMMOJICHCTBUS MPUBOAUT K I10-
SBJICHUIO CWJIBl TPUTSDKEHHS MEXAY OJIIEKTPOHAMH, NPEeBBIMIAIONICH
M0 BEJIMYMHE CHITY KYJIOHOBCKOTO OTTaJKWBaHMS. VIMEHHO KOHTaKTHOE
B3aUMOJICHCTBHUE MOJABIAET KyJIOHOBCKOE OTTajKuBaHue. [lo pe3ynbru-
pyromemy 3QQeKxTy naHHOe B3aUMOJIEHCTBHE MOJIO00OHO CHIIBHOMY MEX-
HYKJIOHHOMY TPHUTSKEHHUIO, MTpeoliaagaromemMy HaJ KyJOHOBCKUM OTTaJ-
KHBaHHEM IPOTOHOB B A/pe.

B [4] monmyepkuBaeTcsi BaXHOCTh y4yeTa KOHTaKTHOTO B3aWMOJEH-
CTBHS Ul BBEICHMS «HOBOW KOHIIEIILIMM BAJICHTHBIX CBA3EH U MOJEKY-
JSIPHBIX CTPYKTYP, CIIOCOOHON BECbMa TOYHO BOCIIPOM3BOIUTH HKCIIEPH-
MEHTaIbHbIC JaHHBIE.

s ueneit Hame# paboThl BaKHO 3HATH, YTO MPH PACCTOSHUSIX MEXK-
Iy 3JeKTpoHamMHu ~1 M OHU TEpexXOoIAT B CBSI3aHHOE COCTOSHHUE. JTO
MO3BOJISIET OLCHUTh KMHETHYECKYIO 3HEPTHI0 MX OTHOCHUTENIBHOTO JIBH-
JKEHHS, JOCTATOUYHYIO ISl OCTMDXKEHHUS NMPHEMIEMOro Kod(duuueHrta
MPO3PaYHOCTH TPU TYHHEJIMPOBAHUU CKBO3b KYJIOHOBCKHIA Oapbep.

4.2.2. CTpyKTypHasi MoJIeJlb T -Me30HA
B a[IPOHHOI MeXaHHMKe

Ha puc. 8, B3sitoM u3 [4], cxeMaTHYEeCKH MPECTABICHBI IBa COCTOS-
HUS IEKTPOH-TIO3UTPOHHOU napsl. 1103UTpOHNYM MMEET TUIIMYHBINA JJIs
aTOMOB pa3Mep, TOT/Ia KaK m'-Me30H HMEET pa3Mep, THIIMUHBI IS sep.
Kpome Toro, cormacHO BBIBOAAM aJpPOHHOW MEXaHWKH, AMCKPETHBIN
SHEPreTHYECKUI CIEKTP MO3UTPOHMYMa IMpPH KOHTAaKTHOM B3aMMOZACH-
CTBHH DJIEKTPOHA ¥ IMMO3UTPOHA Ha MaciiTadax 1 M cxumaeTcs 10 euH-
CTBEHHOI'0 SHEPIreTUYECKOT0 YPOBHSI.

3aMeTuM, 4TO Takash MOJeNb HEBO3MOXKHAa B KBAHTOBOW MEXaHHKE.
CaMbIM SIpKUM OTIMYHEM OT NPUBBIYHBIX NPEICTABICHUN O CBA3AHHBIX
COCTOSTHUSIX SIBIISIETCSI MOJIOKUTEIbHAS SHEPTUs CBA3HM JUIsI KBAHTOBOTO
CBSI3aHHOTO COCTOsAHUS. HamoMHUM, 4TO cTaHIapTHast CUTyalus Ipu 00-
pa30BaHUM CBA3aHHOTO COCTOSHUS 4acTHIl (HAampuMmep, siiep U3 HyKIJIO-
HOB) COOTBETCTBYET OTPHIIATEIHHON 3HEPTrHMU CBS3M, TOT/Aa Macca CBS-
3aHHOTO COCTOSIHMSI MEHBIIE, YEM CyMMa MacC HCXOAHBIX HECBS3aHHBIX
wactun. Jlis ciydas 7TO-Me30HA OTO IOAPA3yMEBAIO OBl JHEPrHIO
nokosi MeHee, ueM 1 MdB, B To BpeMs Kak T'-Me30H MMEET JHEprHIO
nokost =~ 135 M»aB.
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Ilone3no nmets B BUAY, YTO SHCPIHUA IMOKOA TEO-MC3OHa Eo 3a1aCTCs
(C TOYHOCTBIO 10 MHOXKUTCIIA MMOPAAKaA GILI/IHI/IIH:»I) BCIMYNHOMN

Eo ~ helr, (43)

e ¢~ 3-10% m/c , h— nocrostnnas [Tnanka, r — paguyc n°-Me30Ha.

OpHako B aIpOHHON MEXaHHUKE BOCIIPOU3BOISATCS HE TOIBKO SHEPTHUS
IIOKOsI, HO BCE HAOJI0JAacMble XapaKTECPHUCTHUKU n°-Me30Ha (MarHUTHBIN
MOMEHT, THII paclaaa, CpeaHee BpeMs >XKU3HH). BakHO, 4YTO Korma
3JIEKTPOHBI HAXOMATCS B KOHTAKTHO CBS3aHHOM COCTOSHUHU C JIPYTHMH
JacTulaMu (WM MEXIy co0Oi), OHU HE JIOJDKHBI OTOXKIECTBISATHCS
¢ OOBIYHBIMH YaCTHIIAMH. B aJipoHHOI MeXaHHKe IS HUX HCIIONB3yeTCsl
TEPMHH «H303JICKTPOHBI.

POSITRONIUM

10_1°cm

10713 em

ENERGY I

+
|
MUTUAL
DISTANCE
LEVELS

Puc. 8. Cxembl CTpYKTYpHBIX MOZEJEH O3UTPOHUYMA U n°’-Me30Ha
1 VX SHEPTETHYCCKUX CIIEKTPOB (COOTBETCTBYET puc. 1.17 B [4])

BBIIHerI/IBeHeHHaSI MOACIb HAMMEHBIICTO M3 BO3MOXXHBIX a/I[pOHOB,
ObL1a pacaoimpeHa Ha BCE ME30HbI, KOTOPBIC MOTYT OBITh CBCJACHBI K aJ-
POHHBIM CBSA3aHHBIM COCTOSHUSAM 3JICKTPOHOB M IMO3UTPOHOB. Hogas
CTPYKTYpHasd MOJCJIb aJpOHOB COBMECTHUMA C COBPEMCHHBIMH KBAapKO-
BbIMH TCOpUAMU NPU MPEAIOIO0KEHUN, YTO KBAPKH MMECIOT COCTAaBHYIO

CTPYKTYpY.
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s yeneii Hawell pabomul 8aAMNCHO, UMO NPEONONCEHHAS. AOPOHHOLUL
MEXAHUKOU MOOeNb T -Me30HA NO360JAEMm OYeHUMb MAKCUMATLHBLIL Pd-
OUyc CunbHO20 83aumooelicmaus, 00yCIOBIEHHOTO OOMEHOM AJIEKTPOH —
MO3UTPOHHON MapoH.

4.2.3. CTpyKTYypHasi Mo/ieJIb HEHTPOHA
B a/IPOHHOI MeXaHUKe

Ha puc. 9 npencraBnena cTpykTypHas MoJienb HEHTPOHA.

Electron | = Proton

Puc. 9. Mnmoctpanust cTpyKTYypHOU MOJIeIN HEUTpOHa
B aIpOHHOU MeXaHHKe (COOTBeTCTBYeT puc. 1.18 B [4])

HeliTpon wuHTEpnpeTHpyeTCcsi, B COOTBETCTBHHM C KadeCTBEHHBIM
yrBepkacHneM Pesepdopia, kak CHIIBHO CKATHIH aTOM BOJIOPOJIA.

Ilosne3H0 HAaIOMHUTB, YTO Macca MOKOS. HEUTPOHA MPEBBIILIAET CYMMY
MACC MOKOS 3JIEKTPOHA M [POTOHA, T. €., KAK M B CIydae T -Me30Ha, Me-
€T MECTO IMOJIOKUTENIbHAS YHEPTHsl CBSA3U, MPaBla, C TOPa3a0 MEHBIINM
3nauenneM (< 0.8 MbB), yem s n'-Me30Ha. JTOro, KaK yxKe oTMeda-
JIOCh, TIPY TMOTEHIMAJILHOM XapaKTepe B3aUMOACHUCTBHA HE MOXKET OBITb.
B agponnHoii MexaHWKe MaHHBIN (DaKT yKa3bIBaeT Ha CYIIECTBEHHBIH
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BKJIaJ] KOHTAKTHOTO B3aUMOJICHCTBUS, MTOCIEAOBATENbHBIN YUE€T KOTOPO-
T'O MO3BOJISIET BBIYMCIUTH OCHOBHBIE XapaKTEPUCTUKH HEUTPOHA.

Kpome Toro, HEUTPOH, HaXOIAMTUHCS B CBOOOTHOM COCTOSTHUH, pac-
nagaercs (Mepuo moxypacnaaa =~ 15 MUHYT), IprYeM MpH pachajie Jier-
KO (DUKCHUPYIOTCA DJEKTPOH M MPOTOH. MIMEHHO C aHamM30M 3aKOHOB
COXpaHEHUs B 3TOM pEeaKUUU UCTOPUUECKHU CBSI3aHO BBEACHHUE MPEACTaB-
JEHUH O CYIICCTBOBAHMH TPYIHO PETUCTpHpyeMou (obiamaromieil ru-
TaHTCKOW TPOHHUKAIOMIEH CIMOCOOHOCTBIO) PIIEMEHTapHOW HEHUTpanbHOU
YaCTHIEI HEHTPHHO OV, MMeIoIIeil Maylo Maccy ToKos. B craHmapTHOit
MOJIENI PeaKkiH C y4acTUEM JIEITOHOB OTHOCST K cJIaObIM B3aUMOJCH-
CTBHSIM, IIPUYEM HaKJIaABIBACTCSl TpPeOOBaHHE COXPAHEHUS JIEHTOHHOTO
gucia (3apsaa) (YCIOBHO BCEM JICTITOHAM COTIOCTABIISICTCS JICTITOHHBIN
3apsan +1, a anTwnentonam -1). Tak 4yTo B CTaHAapTHOM MOJIEIHN CUUTACT-
cd, 4TO B PEaKIMM pacraza HEHTPOHA y4acTBYET U JJIEKTPOH € U 3JIeK-
TPOHHOE aHTHHEHTPHHO 3V, (MM Hpoe Ve ):

n—e+p+v,. (44)

Bce derpipe yactunbl B (44) sBustorcs ¢pepMuoHaMu. DHpHKO Dep-
mu [36] B 1934 romy NOpemIONKHI MEPBYIO (YETHIPEX(HEPMUOHHYIO)
TEOPHIO CJIa0dO0T0 B3aMMOJICHCTBUS, MOJaras, 4To JJIEKTPOH U aHTHHEH-
TPUHO POXKAAIOTCSA B TOUKE PACIIOIOKEHUS HYKJIOHA. TO €CTh 3TO Teopus
KOHTaKTHOT'O (B TOYKE) B3aMMOACHCTBHSA 0€3 ydacTHS KaKHX-THOO Ipo-
MEXYTOUHBIX HOCHUTEJNEH claboro B3aUMOACUCTBHUS. Takue HOCHUTEIH
(W* 1 Z° 6030HEI), KaK yKe OTMEYaIoch BhIIIE B II. 4.1, ObUTH BBEICHSI
B TEOPHIO IIPH ONHMCAaHWU OOBEAMHEHHOTO AIIEKTPOCIaboro B3amMOAeH-
ctBus. Pammyc crmaboro B3ammogmeiicteus ~ 10 ° M Ha Tpu mopsjka
MeHbIIe aApOHHOr0 MaciiTada 1 ¢pm.

4.2.4. Psag 0000IAIOIMX 3aMEeYAHHN I

3ameTM, 4TO B 3KCIepUMEHTax [37] HalOmomanoch oOpa3oBaHUE
HEHTPOHOB TPHU OOJYUCHUH BIIEKTPOHAMH BOAOpoja. I[Tockoybky Bepo-
SATHOCTH 3aXBaTa aHTHHEWTPHUHO KpalHe MaJla, peakius CHHTe3a B (hopme

e+tp+ve,—n (45)
HaBepHSIKa HC peanmyeTcsL O):[HaKO BIIOJIHC ,Z[OHyCTI/IM BapI/IaHT

etp—on+ve. (46)
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https://ru.wikipedia.org/wiki/%D0%A4%D0%B5%D1%80%D0%BC%D0%B8,_%D0%AD%D0%BD%D1%80%D0%B8%D0%BA%D0%BE
https://ru.wikipedia.org/wiki/%D0%A4%D0%B5%D1%80%D0%BC%D0%B8,_%D0%AD%D0%BD%D1%80%D0%B8%D0%BA%D0%BE

V4uThIBas BO3MOKHOCTh B3aUMOJIEHCTBUSI MHUKPOYACTHI[ C (hU3HUeC-
CKHUM BaKyyMOM, MPHEMIIEM M THUIOTETHYECKUH BapuaHT B (opme (45)
IIpY 3aMEHE aHTHHEUTPHUHO Ha «2hupuHo» a [37, 38]

e+p+a—n. 47

[IpennoxxeHHBI TEPMUH, TO-BHUAMMOMY, OTIAET JaHb IPEKHEMY
Ha3BaHHIO (PGUp) Cpedbl, AT KOTOPOH Teneph HCIONb3YeTCs TEPMUH
¢dusnueckuii BakyyM. Ilo cytu, peakuus (47) oTpaxkaeT BO3MOXHOCTBH
3aMMCTBOBAHMS SHEPTHH Yy (HU3HMUECKOro Bakyyma. Toraa mpeacraBiseT-
CSl €CTECTBEHHBIM MHTEPIPETHPOBATH BO3pacTaHHE MAacChl YacTHUIIBI TIPH
KOHTAKTHOM B3aMMOJICHICTBUHM KaK 3aXBaT YacTU SHEPrHU (PU3HYECKOTO
BaKyyMa U3 00beMa IePEeKPHITHS BOJHOBBIX MTAKETOB.

B cBs31 ¢ 3THM ZOCTATOYHO TOKa3aTelbHa HHTEPIPETAIHs Pe3yIbTa-
TOB JKCIIEPHUMEHTAJIBHOTO HCCICIOBAHUS BHYTPEHHEH CTPYKTYpHI
HEWTpOHA IMyTEM HM3YYeHHsI CTOJIKHOBEHHH IMydYKa 3JEKTPOHOB BBICOKHX
sHepruii (2 I'9B) ¢ HeliTpoHaMH, BXOIAIIMMH B cocTaB meiirpona [39].
Cornacho [39], kepH (cepaueBnHa) HeWTpoHa paauycoM =~ 0,25-dm ume-
€T BBICOKYIO IUIOTHOCTH MacChl M 3apsija (¢ oommum 3apsgom =~ + 0,35 e).
KepH OKpy:XKeH OTHOCHTEIIEHO pa3pekKeHHOHW 000J0ukoi. B cTpykType
obostouku cioit ot = 0,25-¢pM no = 1,4:pm ¢ odum 3apsaom =~ —0,50 e
COJICP)KUT B OCHOBHOM BHPTyallbHBIE p M T-Me30HBI. Ha paccTosHHMIX
OT IIEHTpa HEeHUTpoHa > 2,5 ¢M B 000II0UKE MPEOdIaat0T BUPTyalbHBIC
® W T-ME30HBI C CyMMapHbIM 3apsaoMm okono + 0,15 e. Koneuno, npu
WMHTEPIPETAMA AKCIIEPUMEHTOB, HCIOJB3YIONIMX B KauecTBE 30HJA
YaCTHIBl C BBICOKUMH JHEPIUsSMH, BCErJa BO3SHHUKAET BOIPOC, B KaKOH
Mepe 30HAUPYIOUIME YaCTUIBI MCKAXKAIOT «HCTHHHYIO» KapThHy (0e3
BHEIITHETO BO3JeWcTBUs). TeM He MeHee, aKTHBHOE B3aUMOJICHCTBHE
¢ QU3MUECKIM BaKyyMOM SIBHO MMeeT MecTo. Ha ocHOBe Takoil MoJenu
HEWTpOHA BBOAWTCS MOHATHE O 3apsJA0BOM pajnyce HEHTpoHa Kak pac-
CTOSTHMHM OT IEHTpa HEHTpOHAa O MaKCHMMyMa TUIOTHOCTH OTpHIIATENb-
HOT'O AJIEKTpUYecKoro 3apsyia. CpeqHee 3HaYEHUE KBAJIpaTa 3apsiOBOTO
panuyca HEHTpOHA OLIEHUBAETCS B HACTOSIIEE BPEMS BETUYMHOM, OIM3-
koii 0,11 ¢pm* (Hanpumep, 10 TAHHBIM CBEKeil paGoTsl [40], 3Ta BeTHun-
ua cocrasiser 0,1101(89) dm?), 1, clIeI0BATENBHO, BEINUHHA 3apSI0BO-
ro paauyca =~ 0,332 ¢m. Takas MozeNb OTpaXkaeT CIOKHYIO JTUHAMHYEC-
CKYIO CTPYKTYpY HEHTpPOHA, OPraHMYHO BKJIIOYAIOIIYIO B3aHMO/JICHCTBUE
¢ ¢usmueckuM BakyyMoM. OUeBHIIHO, YTO HET MPSIMOTO COOTBETCTBUS
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https://ru.wikipedia.org/wiki/%D0%94%D0%B5%D0%B9%D1%82%D1%80%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D0%B0%D1%80%D0%BD%D1%8B%D0%B9_%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%B7%D0%B0%D1%80%D1%8F%D0%B4
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D0%B0%D1%80%D0%BD%D1%8B%D0%B9_%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%B7%D0%B0%D1%80%D1%8F%D0%B4
https://ru.wikipedia.org/wiki/%D0%A0%D0%BE-%D0%BC%D0%B5%D0%B7%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%9F%D0%B8-%D0%BC%D0%B5%D0%B7%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%9E%D0%BC%D0%B5%D0%B3%D0%B0-%D0%BC%D0%B5%D0%B7%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%9F%D0%B8-%D0%BC%D0%B5%D0%B7%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D0%B0%D1%80%D0%BD%D1%8B%D0%B9_%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%B7%D0%B0%D1%80%D1%8F%D0%B4

MEXIY MOJ00OHON CTPYKTYPOH M CTPYKTYpHOH MOJIENbI0 HEUTPOHA B aj-
POHHOM MEXaHHUKE, KaK U ¢ KBAPKOBOW MOJEIIBIO HEUTPOHA.

HamoMHnM, 9TO B COBpeMEHHOM acTpoPU3NKe 3aMMCTBOBAHUE JHEP-
Uy y GU3NUECKOro BaKkyyMa CUMTAETCs MPOLIECCOM, HEOOXOIUMBIM IS
MOJJIepKaHusl HEU3MEHHBIM CpEIHEro 3HAa4eHHs IUIOTHOCTH SHEPTUu
Bo BcenenHoil, HecMoTps Ha npoliecc ee paciupenus. [Ipapaa, mpeamno-
Jaraercs MOCTYIUIEHUE 3HEPruH OT (U3NUECKOr0 BaKyyMa B BO30YKIeH-
HOM COCTOSTHHH (COCTOSIHUE «JIO’KHOT0» BaKyyMa).

C no3unuii aApoHHON MexaHUKH [4] «peayKuus CTpyKTyphl HEUTpo-
Ha K (PU3MYECKUM YacTHULAM MO3BOJIAET CKOHCTPYHUPOBATh CXOIHYIO MO-
JIeNb T HeCTaOWIIbHBIX OapHOHOB, KOTOPAsi OKa3bIBaETCS COBMECTUMOMN
C KBApKOBBIMH TEOPHUSAMH INPHU MPEITIOI0KEHUH O COCTAaBHOU CTPYKType
KBAapKOB», T. €. X HEIIEMEHTapHOCTH. 3aMETHM, YTO MBICIH O HEJJIe-
MEHTapHOCTH KBapKOB HEOJHOKPATHO BO3HUKAIH (CM., Hanpumep, [41]).

Takum 00pazoM, CyIIECTBYIOIIEEe B HACTOSIIMKA MOMEHT KOHIETTY-
AJBHOE pa3InyUe MEXy aJPOHHON MEXaHUKON U CTAHIAPTHOU MOJEIIBIO
B TPaKTOBKE HEHTPOHA (M HE TOJIEKO) MOXKET OBITh TpeoaosieHo. TeM 6o-
Jee, 4TO MCCIENOBaTeNd HaJCIOTCS HA TOSBICHUE «HOBOM (QH3HUKHY,
BBIXOJSILIEH 3a paMKHM cTaHJapTHONM Mmonenu. [lapagokcalbHOCTBH CllO-
JKUBILEICS CUTyalluu 3aKII0YaeTcs B TOM, YTO CEpPbE3HOE pa3BUTHE (PU-
3MKH, CBSI3aHHOE C CO3JaHHEM aJpOHHOW MEXAaHMKH, NPOUCXOIUT YXKe
YETBEpPTH BEKa.

3acmy’KUBAaeT BHUMaHMs TaK)Ke MCIIOJIB30BAHUE B aJpOHHON MEXaHH-
K€ CTPYKTYPHBIX MOJEIEN MUKPOYACTHUL], TO3BOJISIIOIINX, B CHITy Harjs-
HOCTH, TIOJIKJTIOYaTh 00pa3HOE MBIIIICHUE U HHTYHIIUIO.

B 10 ke BpeMs momysipHa ImparMatuyeckasi Mo3UIHsl, SCHO O3BYYEH-
Has eme JI.JI. Jlangay. CyTh MO3MIMM — HYXHO NPOCTO NPUBBIKHYTH
K TOMY, YTO B MUKPOMHpE LapsT 3aKOHOMEPHOCTH JABHKEHUSI, TNIOXO CO-
MpAraollKecs ¢ OMMCaHUEM KJlaccuuecko MexaHuku. [loatomy ciegyer
UCIIOJIb30BaTh MaTeMaTHUecKuil QopManu3M (Hampumep, OTBICKaHHE
pewennii ypaBHeHusi Llpenunrepa). Torna, ecinu pe3yiabTaThl pacueToB
MOTBEPKIAAIOTCS U3MEPEHUSIMH, JTOMYCTHMO yTBEP)KAaTh, YTO MBI IO-
HUMAEM TO, YETO YK€ HE MOXKEM IPEJICTABUTD.

Opnako HM OiHmTelH, HU LlpeauHrep ¢ BEpOATHOCTHON TPaKTOB-
KO KBaHTOBOM MeXaHUKHU He corjamanuck. He ynosnersopsina u delin-
MaHa cyxas (hopmanu3aiys KBaHTOBOW MexaHMKH. He ciydaliHO OH 10-
cTapajcsl J1aTh M3JI0)KEHHWE KBAHTOBOW MEXaHHWKH, IO3BOJISIOIIEE CIiia-
JIUTh TIEPEX0J OT BEPOATHOCTHOTO ONHUCAHMA K JAETEPMHHHUPOBAHHBIM
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opbutam kiaccuueckoi ¢usuku [42]. HecoMHEHHO, TO3UTHBHYIO POJb
NpY CO31aHNH (M MPU3HAHUN) KBAHTOBOU ANIEKTpoAnHaMUKH [43] chirpa-
Jla HarJsiAHOCTh TpeayioxkeHHoW DeldHMaHOM AuarpaMMHON TEXHUKH,
rpadudgecku oTpakaromed psiIbl TEOPHH BOSMYIICHHH M TTO3BOJISIOIICH
MHTEPIPETUPOBATh AHAJUTUYECKUE BBIPAKEHMS KaK MPOLECCHl B3aUMO-
JIEeHCTBUS BUPTYaJIbHBIX MUKPOUYACTHUII.

ITogoOHas HATrIATHOCTH, C OJHOW CTOPOHBI, CITOCOOCTBOBAajIa CO3/a-
HUIO, 110 aHAJIOTHH C KBAaHTOBOM 3JIEKTPOAMHAMUKOMN, KBAaHTOBON XpOMO-
JUHAMUKU (cM. Hampumep, [44]), a ¢ Apyrol cTOpPOHBI, MOPOJMIA yBeE-
PEHHOCTH (HO HE Y BCEX HCCIIEOBATENe), UTO J0ObIe B3aMMOEHCTBHS
CBOJSITCA TOJBKO K BapHaHTaM OOMEHa B3aUMOACWCTBYIOIIMX YacTHI]
BUPTYaJIbHBIMA 0030HAMHU-HOCUTEIISIMH B3auMOJIeicTBUI. B pesynbrare,
NPUOPUTET TPAKTOBKH CTPOCHHMS AAPOHHBIX YACTHLl OCTAJICS 33 TMIIOTE-
TUYECKUMH KBapkamu. HamomuuM, u3-3a KoH(ailHMEHTa KBapKH HE
HaOIIOAI0TCSI KaK CBOOOMHBIC YACTHIBI B JOCTYIHOM JUI SKCTIEPUMEH-
TaJbHOW TPOBEPKH 00NacTH (Pa3oBoOil AHMAarpaMMbl B MIEpEeMEHHBIX T, Ug.
Bo03MOXHOCT e CTpOEHHUs aApOHOB W3 (U3UUECKU PEaTbHBIX YaCTHIL
ocranach B «TeHn». COOCTBEHHO, BTOPYIO BO3MOXHOCTh M Peain30Baia
aJpOHHAsI MEXaHHKA.

B xoHe4HOM HTOre, PEelIaoNIyl0 POJb UIPAIOT HKCIIEPUMEHTAIbHbIC
uccienoBanus. Ckopee Bcero, NajbHEHIIEe pa3BUTHE NPEICTABICHUI
0 (pu3uueckoM BaKyyMe TMPHUBEJCT K COIJIACHIO BBIBOJIOB 00OOIICHHOMN
CTaHJApTHON MOJENM M aApOHHOW MEXaHWKH, OTTEHSAA T€ WM HHBbIE
CBOICTBA P WHTEPIIPETAIUN €TUHONH, HO MHOTO00pa3HOH (u3NIecKon
peabHOCTH.
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MnaBa 5. OueHKN Benn4uH, BaXHbIX
ANA HU3KoTeMMnepaTypHOro cuHTe3a saaep

Kak orMeuanoch paHee, CHHTE3 siep IPU 3aXBaTe MPOTOHA sApaMu
C 3apsIIOBBIMU YHCJIAMH, Ha TIOPSAOK MPEBBIMIAIONIUME EAMHAILY, U, TEM
Oosee, peakiMM CIHSHUS CIOXKHBIX sfep, NMPU HHU3KUX TeMIIepaTypax
JOJDKHBI MNPOUCXOAUTH HE 3a CUCT TYHHCIMPOBAHUA. Taxoi cuHTe3
TpeOyeT cOMMKEHUs sfep Ha PacCTOSHUS, MPU KOTOPBIX CHIBLHOE B3au-
MOﬂeﬁCTBHC IMMPUTSDKCHUA HAUYMHACT NPCBLIMIATE KYJIOHOBCKOC OTTAJIKU-
BaHue. Bo BBelleHHMM MBI yKe BBeJU 0003HadYeHue Ry i paguyca cuib-
Horo B3aumozelcTBusg. O4eBHIHO, YTO 4eM OOJIbllle BeaudnHa Rg, TeM
ObICTpee MOKET OBITH JOCTUTHYTO TpeOyemoe Uil peakIMd CHUHTe3a
commkenue siaep. [lokaxkeM, mpekae BCEro, 4To Ui BEIWYHUHBI Ry mpu-
MEHHUMa YK€ yIoMuHaBIasics ornenka Ry = 100 ¢wm.

5.1. OneHka MaKCMMAJILHOTO 3HAYEHUS paguyca
CHJIBHOTO (MEKHYKJIOHHOT0) B3aMMO/1eiiCTBHS

YmecTHO MOBTOPUTH (CM. 1. 4.1), 4TO, TOBOPSA O paanyce CHUIBHOTO
B3aMMOJACHCTBHUS, MBI IMEEM B BHJy BApUAHT OMMCAHUS CHIIBHOTO B3au-
MozeicTBUs (Kak MHOH-HYKJIIOHHOTO B3aUMOJICHCTBHS), MPEIIOKCHHBIIH
X. ¥Oxkagoii [32]. Ilpu 3TOM HYKJIOHBI OOMEHHUBAIOTCS BUPTYaJIbHBIMHU
T-ME30HaMH, MI0J00HO TOMY, KaK 3JIEKTPUIECKHE 3apsiIbl OOMEHUBAIOTCS
BUPTYalIbHBIMUA (POTOHAMH.

HamoMHuM Takxke, 4TO U3 TPEX M-, T -, T -ME30HOB HAaMMEHBbIIeH
MAcCOii TTOKOs obmanaeT m-Me30H (= 135 MaB 1o sHepreTnyeckoii mxa-
ne). CrnemoBaTenbHO, MHTEPECYIOIAs HAC OIEHKa MaKCHMAJIbHOTO 3Ha-
uenns pagumyca (Rg)max CBS3aHA C OOMEHOM HYKJIOHOB T°-ME30OHAMI.
CrarnmapTHas OICHKA paaryca B3aUMOJCUCTBUS B KBAHTOBOW MEXaHHKE
3aJaeTcs 3HaYEHUEM

~ ¢ At=hc/ 2AFE, (48)
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rae ¢~ 3-10° m/c m h = h/2n ~ 1,05 -10"** JIx-c u yureHo, uto Heompee-
neHHoctH 3Heprun AE u Bpemenu At cBsi3aHbl cOOTHOIICHHEM [ eif3eH-
Oepra

AE ‘At >h/2. (49)

SIcHO, 4TO TIPU KOHEYHBIX paauycax B3aMMOJACHCTBUS MaKCHUMalbHO-
My 3Ha4YeHHi0O R cooTBeTcTByeT MmHuUManbHOe 3HaueHue AE mopsimka
SHEPTHH [OKOS BHPTYaIbHOH YaCTHIIBI, ECIIH OHA HeHTpaTbHa (T°-Me30H
HelTpanen). Ecnu ke BHPTyalbHBIE YaCTHIBI WMEIOT AIIEKTPUYECKHN
3apsil, TO, B COOTBETCTBHUH C 3aKOHOM COXPaHEHHs JIIEKTPUYECKOro
3apsaja, OHM OOJDKHBI POXIATHCA ITapaMH, TaK 4YTO O6MCH HYKJIOHOB
T'-, T -ME30HAMM CBSI3aH C MEHBIIHMM paguycoM Rs Mo cpaBHeHHIO ¢ R
Tpu OGMEHE T -ME30HAMIL.

Bonee Toro, ecim cuuTath, YTO, COTJIACHO AaJPOHHOW MEXaHWKE,
n°-ME30H SIBISETCS CBA3AHHBIM COCTOSIHHEM 3IEKTPOHA M TIO3MTPOHA, TO
B KayecTBE MAaKCHUMAJIBHOIO 3HauyeHUs R; MOXHO NpPUHATH BEIHMYUHY
R = 10" M. JleiicTBUTENBHO, SHEPreTUYECKUN CHEKTP DJIEKTPOH-
TMO3UTPOHHBIX Map (COMOCTABIAEMBIX T -ME30HY) JEKHT B HHTEpBa-
ae =~ (1-135) M»sB, T.e. orpaHuyYeH CHH3Y 3HAYCHHEM DSHEPTHH IOKOS
IMO3UTPOHUA. CJ'IC}Z[OBaTCHI)HO, B KauyeCcTBE MMHHMMAJIbHOM BEIUYHHBI
npuanmaeM AE = 1,022 M»B. Torma u3 (48) u ciemgyeT OIEHKA
R:~ 100 M =102 m.

3HAYHT, IPU HATHYHMHU JOCTATOYHOTO KOJHYECTBA (E€)-1ap CTAaHOBUT-
Csl peasIbHBIM TIPOIIecC COMMKEHHs siiep 10 paccTosiauii < R, U Borpoc
0 TYHHEJINPOBAHMU SIAEP ISl IPEOA0JICHHSI KYJIOHOBCKOTO Oaphepa yTpa-
YUBAET aKTYaJIbHOCTb.

5.2. OneHKa KHHETHYECKOH JHEPTHH OTHOCUTEJIbLHOI0
JABUKEHHS 3JIEKTPOHOB, HE00XOAUMOIi VIl TYHHEJIMPOBAHUS
CKBO3b KYJOHOBCKHI1 0apbep npu 00pa3oBaHuH
KOHTAKTHO CBSI3aHHOM 3JIEKTPOHHOM Mapbl

CuHTE3 PJIEMEHTOB NPH IUIa3MEHHOM 3JIEKTPOJIN3€ BOJABI U IUIaBJIe-
HUM [UPKOHUS TPOUCXOJUT MPH HAJTMYUKM AJIEKTPOHHBIX MOTOKOB. [lo-
CKOJIbKY JIJIi BO3HMKHOBEHHsSI Iap DIIEKTPOHOB 3a CUYET KOHTaKTHOTO
B3aUMOJICHCTBUSI HEOOXOAMMO COJIMKEHHE 3JIEKTPOHOB JI0 PACCTOSHUI
Re~ 1 ¢m, caenyer npoBecTH oLeHKH K03 (UIIHEHTa TPO3PauHOCTH KY-
JIOHOBCKOT'O Oapbepa, HCIOIb3Ysl CTAaHJAPTHYIO CXeMy TyHHEIHPOBAHUSL.
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Bocrone3yeMcsi  CHOBa MOJIENbIO MOTCHIMANA, MPUBEACHHOW Ha
puc. 5, monaras, 4TO B TOTEHIMalbHOW 3Hepruu (29) Z; = Z, = 1.
Dueprus Kynonosckoro orrankusanus Uc (I) BHE sIMbI (Ha4ajaIo oTcye-
Ta MOTEHIIMaja BeIOUpaeTcs B OECKOHEYHO yajJeHHOU TOUKE) UMe-
eT BUJI;

1
4 megr

Uc (r) = e? (50)

I'myOuna noreruanbHoM siMbl Ug U1 HAIIKMX TEJIeH He CYIIECTBCHHA,
BakeH caM (DaKT TYHHEJIWPOBaHWS, TOCKOJBKY MpeoaosieHHne Oaphepa
mpenojiaraeT o0pa3oBaHUE SJICKTPOHHON Maphl 32 CYET KOHTAKTHOTO
B3aUMOJICHCTBHUA.

OneHnM Kod(hGUITUEHT TPO3PAYHOCTH IS IBUKYIIETOCS AIIEKTPOHA
MIpH TYHHEJIMPOBAHWU CKBO3b Oaphep, CO3/1aBaeMblii OMHOYHBIM MOKOSI-
IEMCS STIEKTPOHOM C JIEMEHTapHEIM 3apsiioM e = 1,6 - 10*° Kun. Pasy-
MEETCs, MPEANOJIOKEHUE O MOKOSIIEMCS 3JEKTPOHE HOCUT YCIOBHBIM
xapaktep. HamoMHUM, THIIMYHBIE CKOPOCTH 3JIEKTPOHOB B aTOME OJM3KH
kv=~10° M/C, |, CJICJIOBATENBHO, JIUIsl KWHETUYCCKOW YHEPTUU DIICKTPOHOB
C Maccoil okost My~ 9,1 - 10 % kr umeem

Epue = MoV?/ 2 = 4,55 - 10 *° Tk ~ 3 5B.

SlcHO, 4TO yCNOBHA M (UKcalys MO3UIUK AJIEKTPOHA JaKe C TOY-
HOCTBIO JIO JIOKaJIM3allMU 3JIEKTpOHa B oO0beme aroma. [leiicTBuTenbHO,
IpY 3apsIOBOM 4uciie Z JOKaJau3auus 3JIeKTPOHA B 00beMe aToMa BO3-
MOJKHA JIMIIb MPU SHEPTHM BHEIIHETO BO3AEHCTBHUS, HE IMPEBBIIIAIONIEH
SHEPruI0 MOoHM3auuu atoma Ej, koTopas npumepHo B Z pa3 Oomblue
SHEPruy MOHM3ALMK aToMa Bojopoa Eiy:

Eu=Z En=Z - 13,69B. (51)

Hamnpumep, s kuciopona (Z = 8) Eio = 109 3B. To ecth st criapu-
BaHUsSI C AJIEKTPOHOM aToMa KHCIOpoJia (IEKTPOH-«MHIICHEY») YMECTHO
paccMaTpuBaTh BHEUIHHE JJIEKTPOHBI C DHEPrUsIMH B MpeJlesiax Jo
100 3B. OueBugHO, YTO HaMOOJIEEe BBHITOJHBIM Ui OOpa30BaHUS 3JCK-
TPOHHBIX Tap SIBISETCS MOMEHT JIOKAJIM3ALHUH DJIEKTPOHOB-«MHIICHEH
B 00JacTH MEXIy CTaJIKWBAIOMIMMHKCS aToMamu (woHamu). B ciydae
CHHTE3a 3JIEMEHTOB NPH IUIa3MEHHOM D3JIEKTPOJIM3E BOJBI 3JIEKTPOHBI-
«MHINEHW» MOTYT TPUHAIIEKATh M aroMaM KUCJIOPOAa, BXOJIs-
MM B MOJIEKYJIbl KJIACTEPH30BAHHON BOJBI, JJISI KOTOPOM XapaKTepHEI
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TeTpasApudecKue Kiactepsl [45, 46] U3 UeTblpex WM JaXke MATH MoJe-
Kyl (B ciiydyae 00bEMHO IIEHTPUPOBAHHOTO TeTpaszapa). Takum oOpaszom,
1ojlaraeM 3JIEKTPOH-«MHUIICHN) HaXOISAIIMMCS B CBSI3aHHOM (aTomap-
HOM) cocTossHMH. Havamo oTcdera moTeHIIMaaa BEIOMpaeTcs B OeCKOHEY-
HO yJaJIEHHOH TOYKe, MOIyIIUpUHA MPSIMOYTOJIBHON SIMBI [y MoJiaraeTcst
pasroii 10° M. Tora BBICOTa SHEPTETHUCCKOrO Oapbepa Ha KPAro SMbI
npur =ry

U(rg) = Upax = €2/4mery = 1,2 M3B. (52)

CunrtaeMm, 4TO DJEKTPOH MPOXOJUT YCKOPSIOUIYIO Pa3HOCTh MOTEH-
[MaIoB, MpuoOpeTas KWHETHYeCKyro sHepruto E, pasuyio U (rp), npu
rL >ro.

Koaddumment npospaunoctu D cHoBa BbiOupaem B Buze (31) u, mis
ynoOCTBa YTEHUsI, BBIIUIIIEM €TO eIle pa3

D = exp[—+ [rdr2mU® -B)], E=Ur). (53

C y4eToM TOro, 4ro paccMaTpUBAETCS B3aUMOJCHCTBHE Maphl dJI€K-
TPOHOB, €CTECTBEHHO HCIOJIB30BATH CHCTEMY OTCYETA, CBA3AHHYIO C HX
reHTpoM Macc. Torma BeamdnHa M COOTBETCTBYET IPHUBEICHHON Macce
m./2u

D= exp[—% ﬁfrrol dr (l — l)] . (54)

gy r r;
beps unterpan B (54) u yuuThIBas, 94TO Iy << I, MOIIy4aeM

e Tmer
D ~ exp(— - S—Zl).

(55)

Homyctum, st miumoctpanuu, 9ro E = 100 3B, torma u3 (50) Haxo-
M r = 1,44-10 " m, a u3 (55) D = 0,1932.

Taxum o6pazom, npu E =100 3B npospaunocts Oapbepa Bemmka ~ 0,2,

PyxoBoacTBysick 3HaueHusiMH Ej, B KauecTBe OpHEHTHpa AJIsl CyIle-
CTBOBaHUsSI CBSI3aHHOTO COCTOSIHUSI JJIGKTPOHA — MHUIIIEHH, Y4YTEM, YTO
B XOJI€ TJTAa3MEHHOTO CHHTE3a 3JIEMEHTOB U3 BOJBI (CM. 1I. 2.1) BO3HHUKAIH
MacCHBHBIE si/ipa BIUIOTh 110 Bi (Z = 83). [Ipn mapHBIX peakiysx CUHTE3a
9TO BO3MOXKHO, KaK OTMEYaIoch B [34], ecim MacCHBHBIE 3JIEMEHTHI 00-
pasyroTcs U3 MPOJYKTOB CHHTE32 NPEANISCTBYIONMETO TMOKOJIEHHS 3Je-
MEHTOB.
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OueBunmHo, uto poct Ej; mo3Bomsier paccmarpuBaTh 3HAYCHHUS
E > 100 3B, Benymue k pocty ko3 dunmenta npo3paynoctu. [ ymo0-
CTBa pe3yNbTaThl pacueTa NMpuBeAcHbl B Ta0n. 3. [ocnemHsst kKoloHKa
NIpYBE/ICHA JIJIsl CPABHEHUSI, ICMOHCTPHPYS, YTO CHIDKCHHUE 1 Ha MOPSIOK
(npu moBkIIIEHUH Ha MOPSIoK E) compoBoxmaeTcs MPakTHYECKU TPEX-
KpPaTHBIM POCTOM MPO3PaYHOCTH Oapbepa.

SIcHO, 4TO 3HAYUTENBHOE BIHMSHUE Ha KO3(D(HIUMEHT MPO3pavyHOCTH
IpH TIepeXojic OT MOTCHIMAIa MPUTSHKCHHUS B (PopMe NpSIMOYTroIbHON
SIMBI K CTJI&XKEHHOMY TIOTEHITHAJTYy THIIA U300paXCHHOTO Ha pHC. 6 UMeeT
MECTO JIUIIb MPH 3HAYCHUSIX Iy U I1 OJJHOTO MOPSIKA.

Tabmuua 3
3nauenus D mis nuanasona suepruii E ot 10% 10 10%5B
E,»B 100 144 200 300 400 500 1000
r, 107 1M 1,44 1 0,72 0,48 0,36 0,288 0,144
D 0,1932 | 0,2541 | 0,3127 | 0,3870 | 0,4395 | 0,4794 | 0,5946

[TosToMy, NOPUMEHHTENIBHO K JJICKTPOHHOMY TYHHEIHUPOBAHHIO
C MEHBIIMM Ha JBa mopsiika (o cpaBHeHmio ¢ Rf = 10" M) 3Hauenuem
rp = 10 ™ M M OTIMYAONIMMCS HA YETHIPE TOPSJIKA 3HAYECHHEM [1 Hepe-
XOJI K MOJICIbHOMY CyIepro3uimonHomy motenimany tama H (r) (40)
3aMETHBIX M3MEHEHHH B Mpo3payHocTu Oapbepa He aacT. CylecTBeHHO,
aro koodduEenTamM Mpo3pauHocTd Ha ypoBHe 10°~107 mst 06pasoBa-
HUS DJIEKTPOHHBIX Tap YAOBIETBOPsIOT SHeprum E mopsimka 10 3B.
Ho »Tum sHeprusiMm (akTHUeCKH COOTBETCTBYET AaTOMHBIH MaciiTad
rn= 1,44 - 107 M u 3nauenme x; = 1,44 - 10°. J{ns ynoGCTBa CpaBHEHHMs
¢ JaHHBIMH TaOn. 3 B Tabi. 4 mpuBoasaTcs oueHkH D mpu CHMKEHHBIX
Ha NOPSAIOK BeanynHax E.

Tabmuna 4
3nauenus D mis nuanazona suepruii E ot 10 10 10°5B

E, »B 10 14,4 20 30 40 50 100

r1, 10710Mm 1,44 1 0,72 0,48 0,36 0,288 0,144

D, 1072 0,552 1,313 2,531 4,970 7,430 9,776 19,317
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[o-Buaumomy, 3nauenuss D ~ 0,01-0,1 npuemnems! 11 3¢ dexTHB-
HOTro (QOpMUPOBAHUS CBS3aHHBIX NEKTPOHHBIX nap. [losTomy mpu Hado-
pe BHEUIHHMH SJICKTPOHAMHU (B COCTAaBE TOKA IIPU DJIEKTPOJIU3E BOJIBI)
sHeprun oT 10 mo 50 3B cregyer oxxuaath MOSBICHUS aTOMOB (M HOHOB)
KHCJIOPOJIa, COAECPXKAIINX DIIEKTPOHHBIE Maphl, MOAYUHSIONINECS CTaTH-
ctuke boze-DitHmTeitHa. DTN Mapsl CIOCOOHBI (POPMHUPOBATH ITPOMEXKY-
TouHbIe KBazuMmoneKysipHble cocTosHus (IIKC) ¢ BRICOKON AIIeKTPOHHOM
TUIOTHOCTBHIO B MEXKbBSIIEPHOM MPOCTPAHCTBE M PACCTOSHUEM MEXIY SA-
pamu R. = R}, obecreunBarommuM MpakTHUSCKH 6e30apbepHOE MOCIeTy-
IOIIee CIUSHUC SIep.

[TockonbKy B KOHAEHCHPOBAHHOHM cpele M3-3a MajbIX JJIMH CBO-
O0omHOrOo mpobera HIeKTpPOHOB Habop »Heprun E mopsiaka necsTkoB
(u coreH) 5B manoBeposiTeH, 3Q(GEeKTUBHBI JTHUIIb Pa3pPEKEHHBIE COCTOS-
HUS THITA «IJ1a3MOUJIa» B yCTaHOBKE «DHEPTOHUBa» (CM. 1. 2.1).

ScHO Takke, YTO AJISi MHTCHCU(HKALMU PEeaklWd CHHTEe3a BaKHA W
BBICOKAs IUIOTHOCTH TOKA, YBCIIMYUBAIOLIAsA BEPOATHOCTh 3aXBaTa BHEII-
HHX JJIEKTPOHOB 3JIEKTPOHAMH MHIICHHU.

5.3. Ouenka 3Heprum (Macchbl) KOHTAKTHO CBSI3AHHOM
3JICKTPOHHOM Mapbl

ITokaxkem, YTO BBIBOA O CYLIECTBOBAHUH TSDKEJIBIX AJICKTPOHHBIX Hap
C HEKOTOpPOM Maccoil M* JIOrM4ecKu cieqyeT, €ClIi MPU3HATh BBIBOA ajl-
POHHON MEXaHWKH O KOHTAaKTHOM (HEMOTEHIIMAIEHOM) B3aHMMOJICHCTBUN
3JIEKTPOHOB Ha aJPOHHOM MaclITade, MMEIOIIEM XapakTep MPHUTKECHUS,
npeo01afganero Hajl KyJOHOBCKMM OTTaJIKUBAaHUEM.

HamomumM, 4TO cTaHAapTHBIE MPEACTABICHUS O NeeKTe MacChl si/-
pa OCHOBBIBAIOTCA Ha BO3MOXKHOCTH JENOKAIM3ALMU YacTH JHEPTHU
B3aUMOJICHCTBYIOIINX HYKJIOHOB B (DM3MYECKOM IIPOCTPAHCTBE IyTEM
WCITyCKaHHsI TaMMa-KBaHTOB, BHOCSIINX Ca0ble BOSMYIIEHHSI B COCTOS-
HHUe (U3NUecKoro Bakyyma. Ecim jke XxapakTep B3aUMOJACHCTBHS TPUBO-
OUT K JIOKQJIM3allUU 3HEPTHH, TO, B COOTBETCTBUHU C 3aKOHOM O CBS3U
Macchl U SHEPTUH, Macca MOKOs JOJKHA Bo3pactaTh. [loaTomMy mpu KoH-
TaKTHOM B3aWMOJCHCTBUH Mapbl MJIEKTPOHOB Ha MacmTade 1 ¢hM ciaemyer
OKWJIaTh BBITIOJIHEHUS] HepaBeHCTBa m* > 2m,. [lokaxkeM, 4TO B Jeii-
CTBHUTEJBHOCTH BBITIOIHACTCS CHIIBHOE HEPABEHCTBO M™* >> 2m.

[IposicHuM BHavane OIIEHKY OJHEpPruu, npuberas K OOBIYHOMY
JUIT KBAHTOBOM MEXaHWKH TOTCHIMAILHOMY Mojxoay. JlomycTum, 4to
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JOKANM3aIKs. SMEKTPOHHOM mapsl ¢ Maccoit mokos = 2 107 kr, coot-
BETCTBYIOIIEH CyMMe Macc CBOOOJHBIX 3JICKTPOHOB, TPOUCXOAUT Ha
aIpOHHOM MacmTade, T. €. B HEKOTOPOHW MOTCHIMAIBLHON SMe C IIHPH-
roit 10 M. Torzma, cornacHo COOTHOLICHUIO HEompeaeaeHnHocTeil I eii-
3eHOepra, MUHUMaIIbHAasi KUHETHYECKast SHEPTUS (E )y TAPHI OKa3bIBa-
ercst opsmka 10° MaB. To ecTs pedsb naet o6 SHEPruH, Ha TPU HOPSIKA
MIPEBBIMIAIONICH DHEPTHIO MMOKOS 3IeKTpOoHHOHN mmaphsl. CoOCTBEHHO, 3Ta
OLIEHKa JIEMOHCTPHPYET, IOYeMy JIEKTPOH C Maccoi, paBHOH Macce Mo-
KOsI, HE MOJKET BXOJUTH B COCTAB 5/Ipa, TaK KaK €ro MHHUMaJIbHas KHHEe-
THUYECKasl SHEPIUs MpeBblilaia Obl IIyOMHY MOTEHIMAIbHOH MBI SICHO,
YTO TOAOOHBIC PHEPTUU NPHU HOTYKIACCHUECKON OLIEHKE MPEAINOoaraiT
PENSTHBUCTCKUI XapakTep ABWKEHHS B CBA3aHHOW mape. CliepoBaTeib-
HO, €IMHCTBEHHBIM CIIOCOOOM OIIEHKH YHEPTuu (M Macchl) B IOIYKJIAC-
CHYECKOM ONHMCaHUH (T. €., KBAHTYSl MOMEHT HUMIIYJIbCa) SIBISICTCA HC-
NoJIb30BaHUE (HOPMYIT CHIEUAITEHON TEOPUU OTHOCUTEFHOCTH.

EcTecTBEeHHBIN XapakTep ABMKEHUS CBSI3aHHOM IIapbl — 3TO Bpalle-
HUE BOKpYT o0mero meHtpa macc. s momydeHus: KadeCcTBEeHHOH (I10
MOPSIKY BEMYMHBI) OIIGHKM m* OyJaeM MojiaraTb, YTO SHEPTUs MOKOS
(etel) — mapwel E* rnaBHBIM 00pa3oM CBsi3aHa ¢ KHHETHYECKOW dHEpPruei
BpALIAaTEIbHOrO ABWKEHHS 3JEKTPOHOB BOKPYr OOIIEro LEHTpa Macc.
Bribepem, mist onpeneneHHOCTH, pa3Mep mapbl d, paBHBIM AHAMETPY
KpYroBoi OpOWTHI, U y4TeM, 4YTO Ha agpoHHOM MacmTabde d ~ 1 ¢pm
YCTOMYMBOCTh Hapbl TapaHTHPYETCS KOHTAaKTHBIM B3aUMOICHCTBHEM.
ScHO, uTO MBUMXKEHHE 1O OpOHTE ¢ MalbiM paguycoMm r = d/2 ~ 0,5 ¢m
NpY CTAaHJAPTHOM KBAaHTOBAHWU MOMEHTa UMITYJIECA BO3MOXKHO JIHIIb
CO CKOPOCTBIO V, OIM3KOH K TpeeqsHOMy 3HadeHmio ¢ ~ 3 - 10% m/c
(ckopocTH cBeTa B BakyyMme). Torza MUHMMalbHOE 3Hau€HHE SHEPTUU
BpaIIaTEIbHOTO ABKEHHS TTaphl

E*pmin = M* ¢?~ 2mc?, (56)

I7Ie M PelTATUBUCTCKAs Macca 3JIeKTpoHa. BenmnumHa m cooTBETCTBYeET
MHHAMATEHOMY MOMEHTy mmiyisca L, 1. e. L = h = 1,054 10 JIx-c
NpY BBIIIOJTHEHUH YCJIOBHSI KBAHTOBAHUSI MOMEHTA UMITYJIbCA, KAK CXeMa-
THUYECKHM OTpakeHo Ha puc. 10.

2mvr = 2mcr = h, (57)

m=m {[(1 - (V/c)]] -1} ~m. [(1 - (V/c)]™.  (58)
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U3 (56) u (57) nHaxoaum
m=h /2cr, E*nin = hclr. (59)

3ameTuM, MbI MOJYYHJIM XapaKTepHy kKomOuHamumio h C/r, 3amaro-
IIyI0 PHEPTUIO PENSTHBUCTCKOTO BPAIIEHHS ITapbl YacTHI] C MaccaMH
TIOKOSI 1M, yXKe Qurypupoasiiyio B Gopmyne (43) 1 Maccel HOKOS
n°-Me30Ha. 3aMETHM TaKKe, YTO IEPEXOA OT MAcchl MOKOS T -ME30HA
K Macce MoKosi Z°-6030Ha TpeOyet cHmkeHus I B (59) mpubIu3nTensHO
Ha TpPHU MOPSJAKA, T.€. KaK pa3 COOTBETCTBYET Iepexoay K Maciutadam
panuyca cnaboro B3auMOACHCTBHAL.

L=h

d=1gum
v=0.9999967¢
E*=400M>B

Puc. 10. CtpykTypHas Mozieib, CONOCTaBisieMast Mape 3JIEKTPOHOB,
CBSI3aHHBIX KOHTAKTHBIM B3aHMO/ICHCTBHEM HA aJJpOHHOM MacIuTaoe,
JUTS OLICHKH SHeprun E* mpu MmoMeHTe uMiynsca mapsl L = h, nuamerpe opOHUTEI
d =1 ¢M, CKOPOCTH DIEKTPOHOB V, GIN3KOM K MPEIETBbHON CKOPOCTH ¢

Moxcrasmsis r = 0,5 dm B (59), nonmyyaem OrieHKH
m=~3,51-10 8 kr~386 M, E*min~ 6,32:10 " Ik ~ 395,2 MaB.  (60)

N3 (60) u (58) cnenyer, uro BenuumHa ckopoctu V = 0,9999967 c.
Kak yxxe orMedanoch, hopMyIbl ClieUalbHONW TEOPUH OTHOCHTEIBHOCTH
MO3BOJIIOT OLEHUTh JHEPTUI0 KOHTAKTHO CBSI3aHHOW JIOKAaJIM30BAHHOM
napsl, XOTS CTPYKTYpa peaibHOI'O COCTOSHUSL, COMOCTABIISIEMOT'0 IPOCTON
MOJIENT PETSTUBUCTCKOTO BPAIICHHUS, MOXKET BBITJISIIETh BECHMa CII0XKHO
M3-3a B3aUMOJACUCTBHs C (QU3MYECKHMM BakyyMoM. IIpumepom Takoro
CJIO)KHOTO COIIOCTaBJICHUS SIBIISIETCS CPaBHEHHE CTPYKTYpHOH MOJENH
HelTpona (puc. 9) ¢ manaeiMu [39]. He mydrie BHITIAIUT U CONIOCTaBIIE-
HUe ¢ [39] KBapKOBOM MOJIEIM HEUTPOHA.
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Takum oOpazom, sHeprus mokos (efel) — mapsl mopsaka 100 MsB
M COMOCTaBUMa C MacCOW MIOOHA. DTOT BBIBOJ HOCUT NPUHIMITHATBHBIN
xapakTep. JlelcTBUTENBHO, OPOUTHI MACCUBHBIX Iap MMEIOT Mallble pa-
auycsl. Tak 49TO mpH CTapTOBBIX MEXbBSNEPHBIX PACCTOSHUIX MOPAIKA
pasMepoB atoma, MOSIBICHHE B MEKbSIEPHOM MPOCTPAHCTBE TAKUX Op-
OUT MOYTH IKBUBAJICHTHO IOJIIO «TOYEYHOI'0» OTPHLATEIBHOIO 3apsia
Ha JIMHAU MEXIY AOpaMH.

KpaiiHe BakeH Takke BOIPOC O BPEMEHHU u3HU (€€)-mapel. [lo-
CKOJIbKY B aJpOHHOW MexaHuke Ha macirade 1 M ITUCKpeTHBIN ceKTp
C)KMMAeTCsl 10 €IMHCTBEHHOTO YPOBHS, MOYKHO OXKHMAATh BBICOKOM CTa-
OWJIBHOCTH KOHTAKTHO CBsI3aHHOI1 (e€)-napbl. Bonpoc o Meroauke u3me-
peHMsI BPEMEHU €€ JKU3HU OyleT 3aTpoHyT B riaBe 13. B nmanbHeliniem
o0o3HaveHne (ee) JIsl KOHTAKTHO CBS3aHHBIX JIEKTPOHOB 0€3 yKazaHuWs
CTPEJIOK, CHMBOJIM3UPYIOIINX CHAPEHHbIE CIIMHBI, OyIeT MCIIOIb30BATHCS
Hapsay ¢ 0003HaYCHUEM, UMEIOIIIM CTPEIKH.
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MnaBsa 6. Mogenb npomeXyTo4yHoro
KBa3UMOJEKYNSIPHOro COCTOSAAHUS U OLleHKa
conuxeHua apep

B sT0ii T1aBE MBI KOHKpPETU3UPYEM MOJO0KEHUS Monenu [34] mpome-
KYyTOUHOTO KBazuMosekyisapHoro coctosuus (I1IKC), meknapupoBanHoi
paHee B MpPEIUCIOBUHU. 3aMETUM, 4YTO NepBoHadanbHO Moxens ITKC
MperHa3HavYaIach ISl OOBSICHEHUSI CHHTE3a YacTH SJIEMEHTOB, BO3HHKA-
IOIIUX TPH TIA3MEHHOM 3JIEKTPOJIU3€ BOJBI. A UMEHHO SJIEMEHTOB, 00-
TATAIOIIUX O-KIaCTePU30BaHHBIMHU spamu [47], cOCTaB KOTOPHIX KpaTeH
anpy 3He. B kauecTe MCXOIHOH paccMaTpuBajiach peakids CHHTE3a
cephl JTHOO KPEMHHUSI C BBUIETOM O-HACTHLIBI, TIPH B3aUMOJICHCTBUU IBYX
HMOHOB KHCIIOPOAa. AHAaIN3 SKCIIEPUMEHTANBHBIX JaHHBIX IS JIEKTPO-
nmu3epoB Bauaepa-lIBanoBa u KanapeBa mokaszas, 4yTO HMOHBI KHCJIOPOAA
umeroT dHeprun < 1k3B. B cBsi3u ¢ 3tum B [47] BhICKa3aHa rumoresa
0 BO3HHKHOBEHHWH B TIPOIlecce CTONKHOBeHMs HoHOB (aToMoB) IIKC, cro-
COOHBIX O0€cCTeYnTh COMMKEeHHE sep OO0 KPUTHYECKOTO PACCTOSTHUS
R, ~ 10713 M, nocraTouHoro s Hayana TyHHEIMPOBAHMS O-YACTHII,
BEJyIIEro, B TEPBYIO Ouepellb, K CHHTE3y D3JIEMEHTOB C O-KJIacTepH-
30BaHHBIMH sIpaMH. 10 €CTh IMEePBOHAYAIBHO IIPEATIONAraioch, YTO
«cOOpKa» HOBOTO O-KJIACTEPU30BAHHOTO A1pa MPOUCXOIUT 3a CUET B3aH-
MOJIEHCTBUS O-4aCTHIl, BCTPEYHO IBWKYIIUXCS IOCIE TYHHETUPOBAHUS
B 00JaCTh OTPUIATENFHOTO 3apsjia, JIOKAJIM30BAHHOTO B MEXBbSACPHOU
obnmactu. OmHAKO Cpa3y K€ CTajo SICHO, YTO HJes O BO3HHKHOBEHUH
INIKC umeer Gonee oOiiee Qu3nueckoe 3HAUYCHUE, TaK Kak COJMKEHUE
SfIep 0 paccTOsSHM R, COOTBETCTBYET BO3MOXKHOCTH MX CHIILHOTO B3a-
UMOJACUCTBUSL.

6.1. BBoaunie 3amMeyanus

ITpu nmoctpoennn moaenu [IKC nenecoobpazno HavaTh ¢ HEKOTOPOTO
MIPOCTEHMIIEro BapHUaHTa, MO3BOJSIOLIETO BBINOJHUTH OLEHKH MOPSIKOB
BEJIMYNH, JTOIyCKAIOUIET0 JIETKYIO MPOBEPKY PACUETOB M CTUMYJIUPYIO-
LIEr0 KOHCTPYKTUBHBINA KPUTHUECKUI aHAIIN3.
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B kauecTBe MCXOOHBIX NMPUMEM CIEAYIOIINE MO3WUIHUH. Bo-TIepBHIX,
OyzeM paccMaTpuBaTh 3a4ady O CTOJIKHOBEHHHM OJMHAKOBBIX aTOMOB
(MOHOB) € paBHBIMHU 3apsaMu siaep 0y = gz = , 0Opa3yoUX B OOBIYHBIX
YCIIOBHSIX MOJIEKyNy ¢ paccrossaueM 2d, Mexnmy simpamu. HamomuuM,
B CXEMe€ TpeX TOYEUHBIX 3apsI0OB, JIS)KAIUX HA OTHOHN MPSMOW, TIPH TO-
MEIICHUH B IICHTP OTpe3Ka JUIMHOM 2d oTpHIaTeNbHOro 3apsina qs = — g/4
3apsiibl HAXOASTCSA B COCTOSHUM HEYCTOMYMBOTO paBHOBECHS (TIPH JIIO-
0ot BenmnuuHe d). Pasymeercs, B pealbHOCTH pedb JOKHA HITH O HEKO-
TOPBIX AMHAMUYECKUX COCTOSIHHSAX 3JIEKTPOHOB, 00ECIeYnBaIONINX BHI-
COKYI0 BEpOSATHOCTh OOHAPYXEHHS OTPHUIATEIFHOTO 3apsi/ia B MeEXb-
SAEpPHOM MPOCTPAHCTBE M cTabunu3upyromux pazmep 2d < 2d,.

Bo-BTOpBIX, HCMONB3yeM HArJSIIHOE KBAa3HKIACCUYECKOE OIMHCAHME
INIKC, nomyckaroiiee opOuTaibHOE (10 OKPYKHOCTH) JBHXKCHHE JJICK-
TPOHOB TIPH YCIIOBHU KBaHTOBaHWS MOMEHTa wuMITyiabca. K Bompocy
0 TPaBOMEPHOCTH WCIOIB30BAHMS TPAEKTOPHl, KOTOPOE, KaK M3BECTHO,
BBIXOJIUT 32 paMK{ OPTOJOKCaJIbHON KBAaHTOBON MEXaHWMKH, Mbl BEPHEM-
s IpH 00CYKICHUH PE3YIbTaTOB.

B-TpeTbux, U3 pa3IM4YHBIX MOETBHBIX KOH(MUTYpanuii opOuT st
JMBIKYIIUXCSL DIIEKTPOHOB OTPAHUYMUMCS OpOWTaMU, PacCIONI0KEHHBIMH
B TUIOCKOCTH, OPTOTOHAILHOW OTPE3KY, COSTUHSIOMIEMY SIIpa C TIOJI0XKe-
HUEM 00IIero MeHTpa OpOUT B CEPEIMHE OTPEe3Ka.

B-ueTBepThIX, OyJeM mojaraTh, YTO MNPOIECC CHHTE3a SAEp HJCT
B MPUCYTCTBHHU DIIEKTPOHHBIX MOTOKOB, CIIOCOOHBIX HMHUIIMAPOBATH BO3-
HUKHOBEHHE JJIEKTPOHHBIX I1ap, CBS3aHHBIX KOHTAKTHHIM (HETIOTEHIIH-
aNbHBIM) B3auMonercTBueM (cm. 1. 5. 2, 5. 3). B pesynbrare, 060m04-
KU «CTaJKHBAIOUIUXCSI» aTOMOB (MOHOB) oOoramarpTcs (ee)-mapamu.
OTMeTHM, 4TO TMOSBICHHE HOBOT'O KaYECTBA Y YaCTHI] B TAKOM COCTOSHUU
B aJpOHHOW MexaHuke [4] oTpakaeTcs BBEICHHUEM TEPMHHA — «H30-
YaCTHIIAY.

B-mATBIX, YETHOCTH OOIIEro YHWCIa 3JIEKTPOHOB IMO3BOJISIET HAYaTh
paccMOTpeHue ¢ MpeAeabHOro (MIeaTu3UPOBAHHOIO) CIIydasi, B KOTOPOM
BCE DJIEKTPOHBI CBSA3aHBI B M303JIEKTPOHHBIE MAPHI (C MPOTUBOMOIOKHBI-
MU CIIMHAMH), MOTYMHAIOTCA cTaThcTuke bosze-DifHmTeitHa M pacmona-
raroTcs Ha €JUHCTBEHHOHN KOJBLEBOH OpOUTE. YMECTHO HAIIOMHUTH €IIe
pas, 4TO MPOTOTHIIOM TaKOW MOJENM HOCIYKWJIa yIIOMSHYTasl B Mpeau-
cinoBuM Mozenb bopa [48] niast mapsl OOBIYHBIX AJIEKTPOHOB, OOecIedn-
BAaIOIIMX CBA3b MPOTOHOB B MOJIEKYJIE BOJOPO/A.
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6.2. Onenka coaukenus sizep B moaeau INKC
HA MpuMepe sijiep KUCJI0poaa
NPH B3aUMO/IeiCTBUN HOHOB 0%

Ha pwuc. 11 npeacrasnena npocrteiimas moaens 1IKC B Buae enuH-
CTBEHHOT'O KOJIBIIEBOTO AJIEKTPOHHOTO TOKA C paanycoM R u miuockocTbio
KOJIbIIa, OPTOTOHAJIbHOM JIMHUM, COSAMHSIONIEH Mapy sJIep ¢ paBHBIMU
sapsagamMu +q = Z;e, (Z; — 3apsaa0Boe YUCIIO IApa dIEMEHTa, €. — dDJIEMEH-
TapHBIA TIOJOXKUTENBHBINA 3apsn). Ha komnblieBoil opOuTe 3JIEKTPOHBI
MPUCYTCTBYIOT B BHJIE CBSI3aHHBIX Map C MPOTHUBOIIOJIOKHBIMU CIIUHAMH.
Ha pucyHke cxemMaTudHO NpPENCTABICHBl IBE Takue Mapbl (3€IeHbIE
KPYXKKH), HAXOISAIIHECS B 3JICKTPUUECKOM IT0JIe sifiep (KpacHbIe KPYKKH),
npuyeM cuMBoiioM E; o0o3HaueHa HaNpsHKEHHOCTh PE3YJIbTUPYIOIIETO
3IEKTPUIECKOTO OIS, TPONOPLUUOHAIBHAS LIEHTPOCTPEMHUTEIBHON CHJIE,
yAep KUBAOIIEH CBS3aHHBIE Tapbl Ha opourte. Ha sapa nmedicTByeT cmia
MPUTSKEHUS B HAIIPaBJICHUM HAIPSKEHHOCTH IEKTPUYECKOro nost B,
CO3/1aBa€MOT0 JIEKTPOHAMH Ha OCH KOJbIla, U CHjla B3aUMHOTO OTTaJIKH-
BaHUA B HampasiieHUU E.. Eciy cTaakuBaroTCs HEUTpalIbHBIE aTOMBI, TO
JIeTKO yOenuThCsl, YTO BeIMYMHA E_ B TOYKax, OTCTOSIIMX Ha PaccTos-
HUEC X OT IJIOCKOCTHU KOJIblid, IPUHUMACT 3HAYCHUA

E_ = — qx/[2meo(R? + x2)3/2]. (61)

VYciaoBre ANIEKTPOCTATHYECKOTO PABHOBECHS Ul MOJNOKEHHS SIIEp
(pu x = +d)

|E_| = qd/[2meo(R? + d%)%/?] =E, = q/[4mep(2d)?]  (62)
JAacT CBA3b MEXKAY Rud:
R=+/3d. (63)

B ciaydyae cTONKHOBEHHS OTPHUIATEIHHO 3aPSKEHHBIX MOHOB COOTHO-
menne (63) monuduupyercs

R=d{[47,/7,0*3 — 1}V/%, Z,=2(Z, +n), (64)

rae Z,— 9uCIIo 3IIEKTPOHOB Ha KOJIBIIEBOH OpOUTE, N — BaICHTHOCTH HOHA
(Hanpumep, amns O°n=2uz,= 20). OueBuaHo, uto npu Z, = 27Z;,
(64) nepexomur B (63).
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HaHpﬂ)KGHHOCTL II0JIs1 Ha KOJ'II:LIGBOI;’I Op6I/ITC, co3aaBacMasd 3apsgaMu
ABYX AACP, AaC€TCA COOTHOIICHUEM

E.+ = 3v3q/(16meoR?), (65)
rae yareHo paBeHcTBO (63). [Ipu Bemonnennu (64)
Ei+ = (Zie /8nZoeoR){[4Z2/24]° — 1332 (66)
Mpu Z,= 20, Z, = 16 u3 (66) cienyer
E ;. ~ 11.119 e/ (4mgyR?). (67)

<= 2R

E. +q E_

. 2e
2d

Puc. 11. Cxema npocreiimieir moaenu [TKC B coctossHumn
ANIEKTPOCTATHYECKOTO PABHOBECHSI
(otHomenune R/d yMeHBIIIEHO 10 CPABHEHHIO C PACYETHBHIM 3HAUEHHEM ),
3eJIeHBIE KPYXKKH COOTBETCTBYIOT (€€)-1mapam, a KpacHbIE — siipaM

Kpome nampspkeHHOCTH (67) CiiegyeT ydecTh BKJIAZ OTTAJIKHBAHUS
aneKTpoHOB. [lojaraeM, 4To Ha KOJIbIIEBOW OpOUTE CHMMETPHYHO PacIio-
naratorcst 10 map CBsS3aHHBIX M303JEKTPOHOB C MaccaMu Mg (B oOiiem
cllydae Mg HE paBHa Macce CBOOOJHOTO AJIEKTPOHA Mg). CunTaem, 4to
Ha K&KAYI M3 JIOKaJM30BAaHHBIX Map C 3apsaoM 2e AEHCTBYET cyrep-
MO3UIMOHHAs KyJOHOBCKAsA CHJjla OT AEBSTH Map (TIOCKUHA YTOJI () MEXKIY
pajiMycaMy BEKTOPaMH COCEIHUX map cocTapiser 36° ). Tora noiydaem

E,_ = (e/4meo R {[sin(p/2)]™" + [sin @] +
+[sin(3¢/2)] 1+[sin 2¢] ! + 0.5} ~ 7.725¢/(4mey R?).  (68)

63



[onaraem m* = Z,m}, = Z,(m5/mg)m, (M, ~ 9,1:10°" kr). Ha
KaxIbIi U3 Z, SMeMEHTapHBIX 3apsiioB — ¢ (e = 1,6 - 10 ° Kur) geiicTByer
cunma F=eE; =e(E,, —|E,_]|), xoTopyto paccmMarpuBaeM B KayecTBE
LIEHTPOCTPEMUTENBHON

eE, = miv?/R, E, =~ 3,394e/(4meyR?), (69)

rjie v — opOuTalmbHas CKOpPOCTh BIEKTpOHOB. Kpome Toro, Hamaraem
YCIIOBHE KBAaHTOBAHUS MOMEHTA MMITYJIbCA

m*vR = hk, (70)

rae h= 1,054 - 1073 JIx - ¢, a k — nenoe auncio.

3amMeTuM, 4YTO B paccMaTpMBaeMOM NpHUMEpe B3aUMOJAEHCTBUS
1oHOB O HMCXOJHBIM OCHOBHBIM COCTOSIHHSM HOHOB COOTBETCTBYIOT
MIOJTHOCTHIO 3aIIOJHEHHBIE DJIEKTPOHHBIE 000JIOYKH (KaK y HEOHa), MMe-
IOMKUEC HYJICBbIC CYMMApPHBIC Op6HTaJIBHI)IC 1 CIIMHOBBIEC MOMCHTHI. OI[Ha-
KO M3-3a MPEIUICCTBYIOMIMX (HHAIGHOMY B3aHMOJCHCTBUIO HEICH-
TPaJbHBIX CTOJIKHOBEHUH HOHBI MOTYT UMETh HEHYJIEBbIE MOMEHTHI UM-
ITyJibCa, TaK 4YTO IMOABJICHUC KOHCYHOI'0O MOMEHTA UMITYJIbCa, CBA3aHHOI'O
C OpOUTAJBHBIM ABMXCHUEM JJIEKTPOHHBIX Tap, HE MPOTHBOPEYHUT 3aKO-
Hy COXpaHEHHS MOMEHTa UMIyJsibca. B cBsi3u ¢ stum Benuuuny k ecte-
CTBEHHO paccMaTpuBaTh Kak (PEHOMEHOJIOTHUECKHH mapameTrp, TpeoOys,
HATpUMep, coBmaneHus R ¢ BemmanHoit RE =~ 1072 M.

U3 (69), (70) Haxoamm

R ~ Rgk?/(3,4(m./m.) Z%), Rg = 4meyh?/(mee?), (71)
v=h k/(ZZmZR) ~ 3'4 ZZh /(meRBk)l (72)

rae Rg — paguyc nepBoit opOuTHI aTOMa BoIopoJia B Mozienu bopa.

XoT, B COOTBETCTBHHM ¢ OICHKOH 1. 5.3 (mg/m,) > 1, paccMoTpum
BHauaie GpopmaibHO BapuaHT (ma/m.) = 1 u moxctasuMm B (71) u (72)
Z,=20, Rg ~ 510" m. Toraa uaTepecyromuM Hac 3HadeHnsM R ~ R% ~
~10™ m coorserctByer k = 2, mpu kotopom R =~ 1,47-10"° M =
~ 3-10° Rs, a ckopocth v = 0,793 10% m/c = 0,264c. ITockonbky V
MOPSIJIKa CKOPOCTH CBETA ¢, TO, CTPOTO TOBOPSI, CIIETyeT YUUTHIBATH Pelisi-
TUBUCTCKHE TIONPaBKH, OJHAKO, NPH OIEHKAX TMOPSJAKOB BEIWYHH
3TO HE HMEeT NPUHIMIMAIBGHOIO 3HAYeHMs, TaK KaKk MHOXHUTEJb

J1—=(v/c)? = 0,964 emme 61u30k K 1.
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3aMeTI/IM, 4YTO [ABWIKCHUIO 3apdaO0B IIO KOHBHCBOﬁ Op6I/ITG COTBCT-
CTBYCT CHJIa TOKa I 1 marauTHas HUHAYKIUA B IEHTPEC Op6I/ITBI B:

I=2Z,evi2nR, B=pyl /2R, (73)

e Mo = 4m- 107 Tu/M — MardHuTHas MOCTOSHHAS. Ipu Z, = 20,
R~ 147-10" M, v = 0,793-10° m/c, e = 1,6-10"° Kn momyuaem
1=275A,B=3,74-10° Tn.

Jns wonoB kucimopoma mpu Z; = 8 m Z; = 20 3HaucHHE
{[47,/7,]** — 1}*/? ~ 1,9083. Torma, cormacro (64), R ~ 1,91d, u
paccrosinue 2d ~ 1,54 - 10 ~13 M ~ R},

Takum o0pa3oM, mpeneibHas KOHIEHTpAIMS 3apsia CIAapSHHBIX
AIIEKTPOHOB B MEXBSACPHON 0OJIACTH AP KUCIOPOa MO3BOISET AApaM
CONM3BUTHCS IO PACCTOSHHN, PaBHBIX MaKCHMaJlbHOMY 3HAYECHHIO pa-
JUyca CHJIBHOTO B3auMOJAEHCTBHsS Ry = 108 M, JJaXe IMpU MOJACTAaHOBKE
BMECTO MacChl Mg MacChl MOKOS 3JEKTPOHA.

Ydrem Tereps OLIEHKY, MPOBEIACHHYIO B 1. 5.3, T. €. moacraBuM B (71)
(m%/m,) ~ 400. Torma maxomum R ~ 0,75-10° Rg ~ 0,4 M, u Mexh-
simepHoe paccrosiaue 2d, cornacHo (63), 2d = 2R/ V3 =046 bm <<Rj.

Pazymeercs, nomnyiieHre MOJHOTO CIIAPUBAHUS 3JICKTPOHOB SBJISICTCS
ujeanu3upoBaHHbIM. HamoMHUM, B 3JIEMEHTapHOM CUCTEME U3 TPEX pas-
HOWMEHHBIX 3aps0B Ha OJHOW MPSMOU (OTPHIATENBHBIA 3apsii MEXKIY
JIByMsI PaBHBIMH IOJIOKUTEIbHBIMY 3apsiiaMu () HEYCTOWYHBOE PaBHO-
BECHE JIOCTHraeTCs MPH BEJIUYMHE OTPHUIIATEIBHOIO 3apsijia, paBHOH (/4.
[Ipu Manprx 3HaYeHHWSX R, 3TOMy yClIOBUIO, HalpuMmep, B CiIydae siaep
KHCIIOpOJa, MPHUONH3UTEIHHO COOTBETCTBYET OOpa3OBaHWE OJHOMN CBS-
3aHHOHU (ee)-mapkwl. [Ipyu HamU4MK OJHOW CBSI3aHHOW Maphl CIEAYET CUHU-
tath E; _ = 0. Torna B (69)

E, = E,|, =~ 11,119 e/(4mgyR2) (74)
u u3 (69), (70) Bmecto (71) nmomygaem
R =~ Rgk?/(11,12 (m}/m,) Z3), (75)
nozacraBisist B (72) k=1, Z,=2 u (mg/m,) = 400, moryqaem
R~562-10°Rg~2,8 M, (76)
U COOTBETCTBEHHO
2d = 2R/ /3 =~ 3,24 pm << R%. (77)
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Posb mocnenHel OLEHKH TakXke HE ClelyeT MpeyBeIHMYUBaThb, IMO-
CKOJIBKY OCTAlOIIMECs] HEeCTIapeHHBIE 3JeKTPOHBI, YACTUYHO BBITECHSIE-
MBIE€ U3 MEXBSIAEPHOTO MMPOCTPAHCTBA, OYAyT HECKOJIBKO OCIA0NISTH MPH-
TsOKEHHE siaep K (ee)-mape, 4To JoIhKHO yBennunTh 2d. OgHaKo mMMero-
HIMHCS «3amacy MOYTH B JIBa MOPsAKA MO3BOJAET CUUTATh, YTO HEPABEH-
ctBo 2d < R§ OyzeT BBIMOIHATHCS JaKe MPU IUHCTBEHHOMN (HO MacCHB-
HOI1!) Iape 3JIEeKTPOHOB.

[TpuBeneM ansl cpaBHEHHUS aHAIOTHYHYIO OleHKY R u 2d mpu Hanu-
yuu AByX (ee)-nap. Haxogum

E,_ =0,5(e/4me,R?), E; = 10,619 e/(4megR?), (78)
R ~ Rgk?/(10,619(m%/m,) Z3). (79)

N3 (79) mpu k=1, Z,=4, (mg/mg) = 400 u (63) nony4aem
R~ 1,47-10° Rg=~ 0,736 v, 2d = 2R/A/3~0,85 pm<<R%:.  (80)

6.3. 3akaounTeabHbIC 3AMEYAHUSA

1. TIpoBeieHHBIC OIIEHKU CBHIETEIHCTBYIOT B MOJB3y TOrO, YTO Ha-
TUYre OMHOW WIIM NIBYX MAcCHUBHBIX (ee)-map oOecreunBaer (MO-BUIH-
MOMY, C «3aracom» 110 NopAJaKy BeJ'II/IT-II/IHBI) BBITIOJITHCHUEC HCPABCHCTBA

2d <R}, (81)

3a/1al0MIETO YCIOBUS JUISl CIUSHUSA siiep 0e3 TYHHeITUPOBaHUS depe3 Ky-
ToHOBCKUi Oapbep. bonee Toro, HepaBeHcTBO (81) ckopee Bcero Oyzer
BBITIOJIHATBCS M MPH (€€)-Tapax, UMEIOIINX Ha MOPSAI0K MEHBIIIYIO SHEP-
ruto, yem 400 M»B, T.e. mpu 40 MaB. Ilogo6Hoe cHMKEHHE 03HAYAJIO
051, cormacHo (59), yBenuueHne paanyca 3JIEeKTPOHHON Taphbl Ha MOPSIOK
(10 5 ¢M), HEe UCKITIOYECHO, YTO KOHTAKTHOE B3aWMOJICHCTBHE €Ille COXpa-
HSIETCS Ha ATOM MaciuTale.

2. llpu cnusHUH siep, KaKk MAHUMYM, OJIHA U3 MAaCCHUBHBIX Iap MO-
KeT OBbITh 3aXBayeHa, YTO JODKHO YUMTHIBATHCS MPHU SICPHON peakiuu
CHHTE3a TPU ONpEACNICHNH 3apsI0BOIO YHCIA CHHTE3UPOBAHHOTO 3JIe-
MeHTa. Hanpumep, cnusiare AByX sep Kuciopojia 6e3 3axBata (ee)-mapsbl
JTOJI’KHO BECTH K 00Pa30BaHUIO CTAOMIBLHOIO M30TOIA CePhl MU KPEMHHUS
C TeTneM

160 4 160 - 325 | 285 4 4He. 82)
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VYuacTue e B peakiuu CHuHTe3a (ee)-maphl BeJeT K 00pa3oBaHUIO ca-
MOTO JIOJTOXKHBYIIIEro (TMepuoj moiypacnana 153 roma) u3 HecTaOWIIb-
HBIX U30TOTIOB KPEMHHUSL:

120 + 180 + (ee) — 33Si. (83)

Wsoton 33Si mocne mByx B-pacnanos mepexonaut B 52S. Hamomuum,
YTO AJIS IUIa3MEHHOTO CHHTE3a JJIEMEHTOB W3 BOZABI 0Opa3oBaHHE He-
cTaOUIIBHBIX M30TOINOB HexapakTepHo. Kak Oymer mokasano B m. 8.2,
3a 00pa30BaHWE KPEMHHS, COCTABIIIONIETO 3aMETHYIO MAaCCOBYIO JIOJIO
NPOAYKTOB cuHTE3a (cM. Tabu. 1), orBewaror, Hapsany c (82), momoiHu-
TeTbHBIC PEaKITuU. 3aXBar ke (ee)-Tap THIHYCH I CHHTe3a 0oJjiee Mac-
CHUBHBIX DJIEMEHTOB.

3. IIpu cHHTEe3e MaCCUBHBIX JIEMEHTOB YUCIIO (€e)-Tap B MEXbsep-
HOW OOJIAaCTH WICXOTHOW Taphl sifiep JOJDKHO yBenmuuBaThes. lIpencras-
JISITCSI JOCTATOYHBIM ISl CIAPUBAHUS MPUMEPHO IIATOW YaCTH JJIEKTPO-
HOB 000JI0UYEK aTOMOB Hapbl 3JIEMEHTOB, SBJSIONIMXCS WCXOIHBIMHU IS
peaKknuu CHHTE3a. DTO O3HAYAET, YTO B DJEKTPOHHONW 000JIOUYKE CHHTE3H-
POBAHHOTO IIEMEHTa MOTYT OKa3aThCs Tspkenble (ee)-mapbl. OHU MOTYT
3aHITH COCTOSHHUS C TOpa3fgo MEHBIIMMHU DPaglycaMH, BHOCS CHIBHOE
SKpaHUPOBaHUE 3apAAa Aapa U U3MEHsS KYJIOHOBCKYIO YacTh IIOTEHIIMAIA
apa. ITO TOMHKHO HEMEJIEHHO OTPa3UThCA Ha M3MEHEHHH XapaKTepH-
CTHUYECKOTO PEHTT€HOBCKOTO CIIEKTpa dJIEMEHTAa, KaK U IMPUBECTH K U3Me-
HEHHUIO CKOPOCTH pacliajia siiep paJroakTHBHBIX AJIeMEHTOB. boree ne-
TaJIHO ATH BOIIPOCHI OyIyT 00CYXaThes B rinase 13.

4. Yyactue (ee)-mapbl B CHHTE3€ DJIEMEHTOB JOJDKHO yUUTHIBATHCS
HE TOJIbKO TyTeM IMOoJCYeTa 3apsJIOBBIX YHCEN, HO W NPH HW3MEHEHUH
9HEpreTUUecKoro Oananca siiepHoil peakuu. OcoOEHHO 3TO aKTyalbHO
MIPH CHHTE3€¢ MACCHUBHBIX 3JIEMEHTOB C 3apsJIOBBIMH YHCIIAMH, CYIIIe-
CTBEHHO NIpPEBBIIAIOIUMU Z = 26, 1 MaCCOBBIMU unciaamu A > 56.

Kakx ormeuanock B TiaBe 1, TakuMm dJlIeMEHTaM Ha 3aBUCHUMOCTH
YAETBbHOW SHEPTUU CBS3M OT MAacCOBOrO 4ducia (cM. puc. 1) oTBedaeT
HUCXOJIAsl 4acTh Trpaduka, U PHEPreTHYECKU BBITOJHBIMHU SIBIISIOTCS
pacmajil MAaCCUBHBIX 2JIEMEHTOB, a He WX cuHTe3. OHaKO 3aXBaT OJHOU
(ee)-maper obOecreunBaeT SK30TEPMHUYHOCTD PEaKIMi CHHTE3a, HAlIpUMep,
0JIOBA IIPY CIIMSIHUY SIIIEP JKene3a

5¢Fe + 38Fe + (ee) — iZsn. (84)
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3ametuM, eciu Obl Macca (ee)-rapbl ObUTa MO (MOpsIKa yIBOCH-
HOW Macchl MOKOS 3JIEKTPOHA), TO peakuusi Obuia Obl SHAOTCPMHUYECKON
(Q=-131,535 MaB).

HamomanM, 1pH TUTa3MEHHOM CHHTE3€ 3JIEMEHTOB M3 BOIBI OJIOBO
(a Tarxoke yriepoa, KpeMHHUIA, 1 Kelle30) COCTABISIET 3aMETHYIO MAacCOBYIO
oo (cM. Tabm. 1).

5. 3axBaTt (ee)-mapbl IPOTOHOM MOXKET MPHUBOIUTH, COTJIACHO aJapOH-
HOW MexaHuke [38], kK 00pa30BaHMIO IICEBONPOTOHOB, KOTOPEIE, 00Ianas
OTPUIIATEIILHBIM 3aPsI/IOM, HE SBJISIFOTCSI aHTUIIPOTOHAMM.

6. XOTs BIOJIHE OYEBUAHAS HJIEs SKPAHUPOBAHUS KYJIOHOBCKOTO OT-
TaJKUBAHUS S/IeP TOJIEM OTPUIATEIILHO 3apsKCHHBIX JICKTPOHOB BhICKA-
3bIBAJIaCh HEOMHOKpATHO [49-51], nmuIb ydeT BO3MOKHOCTH KOHTAKTHO-
0 B3aWMOJEUCTBUS 3JEKTPOHOB TO3BOJIIJI NIaTh NMPOCTOE OOBSICHEHHE
HaAOII0JaeMbIM PEaKIUsIM HU3KOTEMIIEPATyPHOTO CHHTE3a S/Iep C IIHPO-
KHM CIIEKTPOM 3apsI0BBIX M MACCOBBIX YHCEIN.

7. MBI cuuTanu €AVMHCTBEHHOW KOJBIICBYIO TPACKTOPHUIO JIOKAJIU3a-
uu (ee)-map. SICHO, OAHAKO, YTO MOPSIOK BEIWYHHBI MPHU oleHke d co-
XPaHUTCS U B CITy4ae JBYX KOHIICHTPHUYECKUX KOJIBIIEBBIX OPOUT ISl CBSI-
3aHHBIX Map M303JICKTPOHOB. OTMETUM, B YaCTHOCTH, BapHAHT, MPH KO-
TOPOM CyMMapHbIe MOMEHTHI UMITYJIbCOB M303JIEKTPOHOB Ha KKIOW U3
OpOUT WMEIOT PaBHBIE 3HAUEHUS, HO MPOTHUBOIOJIOKHBIC HAIPABICHHS.
EctecTBeHHO mMpennoiaokuTh, 4TOo (POpPMUPOBaHHE BTOPOH KOJBIEBON
opOUTHI C (ee)-apaMyd TPOUCXOAUT TPU JOCTIDKEHHUH MEXbSIIEPHOTO
paccrosuust R = 100 ¢M, Korja MOAKIIOYCHUE CHUIBHOTO B3aMMO/ICH-
CTBHSI CIOCOOHO TPEOJIONETh CHIY KYJIOHOBCKOTO OTTAJIKWBAHHS DJIEK-
TPOHHBIX Tap, HPUHAIISKAIIMX Pa3HBIM OPOUTAM Ha PACCTOSHUSX, MPH
KOTOPBIX HEBO3MOXXHO KOHTAaKTHOE B3aUMO/IEHCTBHE MEX Iy (ee)-lapaMu
pa3HbIx opout. K 310l Mozenu MbI ele oOpaTHMCs TIPU aHAIM3E TPEKOB
B I1aBe 14.
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MnaBa 7. KoHuenuua KBasMHEUTPOHHbIX COCTOSAHUN
M OXXnaaemMbleé COOTHOLUEHUSA U3OTONOB 3JIEMEHTOB,
CUHTE3MpPOBaHHbIX NPU 3axBaTe NPOTOHOB

OreHKH, BBIIIOJIHEHHBIE B IVIaBe 3, MJUTIOCTPUPYIOT 1aBHO M3BECTHBIN
BBIBOJA O (PaKTHUECKON HEMPEOAOJIMMOCTH KYJIOHOBCKOTO Oapbepa Jaxe
IUI HU3KOIHEPreTUUECKUX MIPOTOHOB (HE IOBOPS YK€ O AIpax), €Clid He
YUUTHIBAETCS BO3MOXHOCTb 3KPaHUPOBaHMSA 3TOro Oapbepa. 34ech MbI
KpaTKO OOCYJIMM KOHIIETIHIO KBa3WHEHTPOHHBIX COCTOSHHUM, Mpenso-
JKEHHYTO B [52].

Ilpexne Bcero OTMETHM: IPU HAJUYMHU 3JIEKTPOHOB U IPOTOHOB,
MOJKHO I0JIaraTh, 4To, MO KpaiiHel mepe, JUIsl BUPTYaIbHbBIX 3JIEKTPOH —
MPOTOHHBIX MMap JIOMYCTUM CIEKTP COCTOSHHM, HAUYWHAs OT pUAOEProB-
CKUX aTOMOB BOAOPOJA € paanycami R, CyIeCTBEHHO NMPEBBIIAIOIINMHI
pamnyc Bopa Rg~0,5-10° m, 10 agpommoro npexena R, ~ 10 ° m << Rg.
[Mono6HOe 3akIroueHre MBI YK€ UCTIONB30BANIH B 11. 5.1 IPUMEHUTETHHO
K BUPTYaJIbHBIM IapaM U303JIEKTPOH-U30MO3UTPOH. J{i1st oOpa3oBaHust xe
HEHTpPOHA W3 MPOTOHA M IEKTPOHA MPU CTAaHAAPTHOM Moaxone (peak-
ust (46)) Tpebyercst, YToOBI AIIEKTPOH OBUT OBICTPBIM (C dHEprueH, mpe-
Beimatonieit =~ 0,782 M»sB). HamomauM, 9TO CHHTE3 HEWTPOHOB INpPHU
AIIEKTPUYECKUX paspsalax B ra3000pa3HOM BOJOPOE MOATBEPKIEH dKC-
nepuMeHTanbHO [37]. Bo3moxkeH u BapuaHT (47) ¢ 3aXBaToM 3HEPTUU
¢dusnyeckoro Bakyyma. B pesynbraTe HEHTpOH 00aaeT Maccou MOKOs,
NPEBBIIAIONIEH CYyMMY Macc OKOsI CBOOOJIHBIX TPOTOHA U 3JIEKTPOHA.

YMecTHO oTMeTHTh, 4To CaHTwimu [38] paccmaTpuBaeT M IpoMme-
JKyTOYHOE COCTOSIHUE JJISi M303JI€KTPOH-U30MPOTOHHOM Maphl ¢ MAJIBIMH
R > R,, ncnomnp3ys s HEro TEPMHUH «HEUTpou». CyIIeCTBEHHO, YTO
npu OJIM3KOW C HEMTPOHOM 3HEPIHM CBSI3M HEHTPOWA HUMEET MHBIE Xa-
PaKTEpPUCTUKHU (CIIMH M MarHUTHBIH MOMEHT pPaBHBI HYIIO, & BPEMS JKH3-
HU 3aMETHO MEHBIIE), TaK YTO OOBIYHBIMH HEHTPOHHBIMH AETEKTOpaMHU
HE PErucTpUpYyeTcsi, HO MOTJIOMIEHUE HEHTpouaa sSApOM CHOCOOHO MO-
poXKOaTh crnenuduueckre HeTa0yTupOBaHHBIE W30TONBI, IS KOTO-
PBIX TIpeayaraeTcsi TEPMHH «IICEBJOHYKIHIbBDY BMECTO CTaHIAPTHOTO
CHYKJIAOY.
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OpnnHako Ui ANIEKTPOH-TIPOTOHHOM Maphkl, COTJIACHO BBIBOJAM MMILI-
ca [53], Bo3MOKeH 1 BapHaHT MajbIX panuycoB Rg >> R > R, mpu macce
MIOKOSl B CBSI3aHHOM COCTOSIHUM, 3aMETHO MEHBLIEH CyMMBlI Macc IOKOs
B3aMMOJECHCTBYIOMKX YacTull. Takoe cocTosHre MUJIIC Ha3Ball «TUIPU-
HO». Ilo Mumicy, nepexon OoT 0OOBIYHOIO OCHOBHOI'O COCTOSIHHSI aTOMa
BOJIOPOJa K COCTOSHUIO «THAPUHO» COTIPOBOXKIAETCS BBIJIETICHUEM JHEP-
run (nopsinka 100 k3B). CymiecTBeHHO, YTO 3TU MPEACTABICHUS MO-
TBEPXKAEHBI CO3IaHUEM T'€HEPaTOPOB 3HEPTHH. 3aMeTUM, yTo Mujuic npu
pPaccMOTPEHUH aToMa BOJOPOJia HCHOIb30BaN A DJIEKTPOHA MOJEINb
pacrmipeneneHus 3apsafa B TOHKOM c(epudeckoM cinoe (MCKII0YaroLIylo,
KaK M3BECTHO, PACXOAUMOCTb 3HEPIHH JIEKTPOMArHUTHOTO IOJISI, XapaK-
TEPHYIO IJISl DHEPIUH 3apsOKCHHON TOYEUHOM YAaCTHUIIBI), KPUTHUIECKU
OLICHMBAsI KBAaHTOBO-MEXAHWYECKOE OMHCAHHE, C KOTOPHIM, Ha IEPBBII
B3TJISA, IMEETCs SIBHOE MPOTUBOpeUre. TeM He MeHee, B [54] mokazaHo,
YTO COCTOSIHUE «THIPUHO» MOXXHO OOOCHOBAaTh, MEPEXOJs K PEILICHUAM
ypaBaenusi lllpenunarepa (n [dupaka) ¢ NAIMHIPAYECKON CHMMETpHEH
(B oTniMuMe OT OOBIYHOW chepHyecKOil CHMMETpPHH) U JOMyCKasl MMOHH-
JKCHHbIE 3HAUYEHUsI MOMEHTa HMITyJibca. B KadecTBe «ONTHMAIbHOTO»
B [54] mpennaraercs cocTosHHE ¢ dHeprueu cBs3zu 313 k3B u pazmepom
TUAPUHO 5,5 PMm.

Ha xauecTBeHHOM 3Tarne paccCMOTPEeHHs HET HEOOXOAUMOCTH eTau-
3allMM CBOMCTB CBS3aHHOTO COCTOSIHMSI 3JIEKTPOH-TIPOTOHHOM Mapbl, MO-
3TOMY MBI UCIIOJIb3YeM Jajiee TEPMHUH «KBAa3HHEHTPOH» Ul 3HAaYCHUH
R. > R > R,, ucmons3ys yciaoBHoe o0o3HaueHwue (p + €).

CyTh KOHLIENIMM KBa3MHEHTpPOHA mpocTa. [IoCKOIBKY CYIIECTBYIOT
MpeJIeNbHbIC CBASAHHBIE COCTOAHN AIEKTPOHA H MPOTOHA, ¢ OJIHOH CTO-
POHBI, B BHJe aTOMa BOJ0posa (¢ pasmepoM ~ 1070 M), a ¢ apyroit cTo-
POHBI, B BUJIE HelTpoHa (¢ pa3mepoM ~ 10 ™ M), TO eCTECTBEHHO JIOIy-
CTUTh BO3MOXKHOCTb M TPOMEKYTOUHBIX KBAa3WMHEHTPOHHBIX COCTOSIHHH,
KOTJla 3JIEKTPOH OCYLIECTBISIET «ICKOPT» MPOTOHA, SKPAHUPYs €ro mo-
JIOXKHUTENbHBIA 3apsia. O4YeBHIHO, YTO OTHOCHUTEIBHO MOJIOXKHUTEIHBHOIO
sipa KBa3UHEHUTPOH MOXKET pacCMaTpUBATHCS B Kauye€CTBE HEUTpaNbHOMN
YaCTHIBI, €CIM pa3Mep CamMoro KBa3WHEHUTpOHa Mal 10 CPAaBHEHHUIO
C pacCTOsHHEM OT KBa3HMHEWTpoHa 10 snapa. Kak ycranosieno B m. 5.1,
B Ka4eCTBE Pagryca MEXHYKJIOHHOTO CHJIIBHOTO B3aMMOAEWCTBUS MOKHO
npuHath R = 102¢M = 1073M. D10 03Hauaer, yTO IS COMMKEHHUS
¢ AIpoM Ha paccrosiHue Ry addexTuBHBIN pazMep (paauyc) KBa3WHEH-
TpoHa Ry, 10JKEH yAOBIETBOPSTH HEPABEHCTBY

Rkn < R;'
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[pu cOnmkeHnn KBa3MHEHTPOHA C SpOM Ha paccTosiHue T < R§ mpo-
TOH MOET OBITh 3aXBa4y€H SAPOM 3a CUET CHIILHOTO B3aHMMOJACHCTBHS
(oOMeHa 2JEKTPOH-TIO3UTPOHHBIMM  IapaMH, B KOHEYHOM HTOTE
n°-Me30HaMH), 0BECIICUMB PeaTH3alMIo IPOCTeiiiieil peaKiuy CHHTE3a
C BO3HHKHOBEHHEM CIIEAYIONIEro 2+ Y (3a ncxomusiv snementom zX7)
JJIeMeHTa B IEpHOANYecKor Tabnuie Meneneena:

XA+ (pte)— zaY¥ +e. (85)

3ameTtuM, B [55] mpu paspsgax B BOJE C MCHONB30BAHHMEM MEIHBIX
9NEKTPOAOB OBbLI, B COOTBETCTBUHU ¢ (85), 0oOHapyXeH CHHTE3 LHMHKA.
K sTOMYy npHHIMIUATEHO BaXKHOMY HAOIIOACHUIO JIETKO JTOOaBUTH U
OYEBUJHBIA KOJIMYECTBEHHBIH NpOrHo3. llockonbky mnpupoaHas Meab
COZICPKHT TOJBKO [BA YCTOMYMBBIX H30TOMA 20CU™ (69,15 %) n ,Cu®
(30,85 %), moxHO OXHAaTh, yTO OTHOIIEHHE noieil f (Zn) cuHTE3UPO-
BaHHBIX H30TOIIOB 3oZn64 74 3OZn66 Oyzaer OJM3KMM K OTHOIIEHHWIO JOJEH
f (Cu) cOOTBETCTBYIOIIMX U30TOTIOB MEAH B TIPUPO/IE:

f (302n66)/f (302n64)31<c ~ f(ZQCU65)/ f (29 Cu63)npnp =

= 30,85/69,15 ~ 0,446. (86)
OTtHolIeHHE M0NIeH ITUHKA B MIPUPOJIE 3aMETHO OTINYACTCS:
f (30Zn%) / T (30Z0**)pup = 27,73 1 49,17 = 0,56. (87)

Oo6napyxeHue cooTHomeHus (86) Ipy U30TOMTHOM aHAIIM3e MPOAYK-
TOB CHHTE3a B PaMKaX KOHIICTIIIUU KBa3UHEHTPOHA BIIOJIHE OXKHUTAEMO.

Kakx otmedeno B [55], mpu HCTONB30BAaHUU ITUHKOBBIX JJIEKTPOIOB
cllelyeT 0KUIaTh, coriacHo (85), cuHTe3a rayumd. SICHO, 94TO K YCTOWYH-
BBIM H30TOMaM 3;Ga® u 3,Ga’* MoryT npuBectn peakuuu (85) KBazHHEH-
TPOHOB C U30TONAMHU 302n68 u 3OZn7°. Ho Torpma otHOIIEGHNE HOJICH CHHTE-
3UpOBaHHBIX U30TOMNOB Ga

f (316369) /f (31Ga71)3kc ~ f(soznss) /f (3ozn70)npnp =

=8,45/0,61~ 30,24 (88)
Oyzet paszutenbHO (B 20 pa3) OTIAMYATHCS OT UX COJEPKAaHUS B IPUPOJIC
f (3:Ga™) / T (:Ga™) ypup = 60,108 / 39,892 ~ 1,51. (89)

O4eBHUIHO, YTO CHHUCOK OKHUAAEMBIX OTHOUIEHMH CHHTE3WPOBAHHBIX
M30TOIOB TPU CMEHE MaTepuajia 3JIEKTPOAOB JIETKO MPOAOKUTE. Pa3zy-
MeeTcs, JIS UX MOATBEPXKIeHHs TpeOyeTcss aHaiu3 Ha Macc-CIIeKTPO-
METpe NPOAYKTOB peaKLnil.
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CoOCTBEHHO, OTJIMYKE OT MPUPOJHBIX 3HAYCHUN OTHOIICHUN COJNEp-
JKaHUSI CHHTE3UPOBAHHBIX M30TOINOB, HApsAy C (aKTOM UX TOSBICHHS,
JIOTIOTHATENBHO YKaXXeT Ha MX HCKYCCTBEHHOE Mpoucxoxaenne. OTKIIO-
HEHUS K€ OT OKHJAeMbIX IPH CHHTE3€ HaOII0JaeMbIX OTHOIIEHHWH CO-
JICpKaHUS M30TONOB OYyJET CBUJICTEIBCTBOBAThH 00 y4aCTHH B CHHTE3C
JTOTIOTHUTENBHBIX 0O0JIee CI0KHBIX, YeM 3aXBaT IIPOTOHA, PEaKIINH.

SIcHO TakKe, 4TO TPH JJIUTEIbHOM BO3JEHCTBUM KBa3WMHEHUTPOHOB
CleyeT YYUTHIBATh BO3MOXKHOCTh U3MEHEHHUSI U30TOIMHOIO COCTaBa JaH-
HOTO 3JIEMEHTA 32 CUET peaKIii

XA+ (p+e) = XA (90)

Jns snemMeHToB, 001aaoMMX HECKOJIBKUMH YCTOWYMBBIMH H30TO-
namu, peakiuu (90) AOKHBI MPUBOIUTH K BO3PACTAHUIO JOJM H30TOIA
C HauOONBUIMM 3HaueHHEM MaccoBoro umcia A. YrToObl ympoCTHThH
3ammch peakuii (90), 3aXBaT AApPOM MPOTOHA BMECTE C 3JIEKTPOHOM
(1 BO3MOXHO ¢ (hiIyKTyanuend (pU3NUecKoro BaKkyyma) yCIOBHO Ha30BEM
3aXBaTOM «MSATKOTO» HEHUTpOHa, BBOAS oOo3HaueHue n*. Torma skBuBa-
nerTtHas (90) 3amUCh UIMEET BHI:

XA+ n* — XA (91)

BooOmie roBops, cocTosiHHE sApa IPH 3axBaTe N* COOTBETCTBYET
MEHBIIIEMY YPOBHIO BO30Y)KICHUS, YeM IPU 3axBate N, W, CIeA0BaTEIlb-
HO, MEHBIIICH aKTHBHOCTH 110 OTHOLICHUIO KO BCEM BHJaM H3ITydYCHUI.
3TO MONIE3HO UMETH B BHJLY, HO BBOJIUTH CIICIIUAIbHBIE 0003HAYCHUS JIJIS
TaKOTO COCTOSIHUS siipa MBI He OyneM. K aHalorumyHOMY BBIBOIY HPHBO-
JHUT U 3aKJII0YEHHE O CPaBHHUTEIBHO OONBIIOM paauyce Rs, MOCKOIbKY
pacuipeHre NOTEeHIMAIBLHON SIMbI, KaK U3BECTHO, CHIDKAET KBAHTHI HY-
JIeBBIX KOJIEOaHUI 0OpaTHO MPOMOPIHUOHANBEHO KBAJPATy IIMPHUHBI SMBIL.
3T0, B CBOIO OYEpe.lb, NOJDKHO YBEIMUMBATh BEPOATHOCTH «O€3bI3Iyda-
TEJILHBIX» TEPEX0JI0B 3a cyeT BO30YXKACHHUS BpallaTelIbHBIX M Koyeha-
TEJNIbHBIX CTereHel cBOOOJIBI S/ipa U B3aMMOJICHCTBUS ¢ (DIyKTyalHsiMU
¢u3nueckoro Bakyyma. HanoMHUM, Ipy HU3KOTEMIIEpAaTypHOM CHHTESE,
KaK [PaBUIIO, OTCYTCTBYET Y-H3ITyUeHHE.
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FnaBa 8. Ponb komnnekcoB [p + O]ee 1 [3p + O]ce
B CMHTE3e 3/1eMEHTOB Npu INeKTponuie BoAbl

B skcneprMeHTax ¢ 3JeKTPUIECKUMHE pa3psaamMu B Boje (WJIH B BOJ-
HBIX PacTBOpax COJIEH) clemyeT OKUAATh dPPEKTUBHBIX PEAKIIHA C yda-
CTHEM Hapsy C KBa3MHEHUTpOHAMH U MOHAMHU KHUCIOPOJa KOMILIEKCOB
tuna [p + Olee ¥ [3p + Olee. ITH KOMIUIEKCHI COOTBETCTBYIOT OCHOBA-
auto (OH) ~, Bo3HUKatOMEMy TpY AUCCOIMAIINNA MOJIEKYIBI BOJBI, U CO-
crosuuio (H,O)H', cootsercTByromemy accormanuu H' ¢ monspHoit Mo-
JIEKYJION BOJIbI.

WNupexc «ee» B 0003HaYCHHUSIX KOMIUIEKCOB yKa3bIBaeT Ha oOorare-
HUE IIEKTPOHHBIX 00O0JIOUEK aToMa KHCIOpOJa MacCHBHEIME (efe|)-ma-
pamu, a TaKKe OTpakaeT BO3MOXKHOCTh BapHMaHTOB peajn3alliy KBa3u-
HEUTPOHHBIX COCTOSHUM JUIsl MPOTOHOB. DTO O3HAYaeT, YTO MpHU 3alUCH
SNIEPHBIX PEaKINi KOMITIEKCY [p + O]e. COMOCTAaBISIETCS ABA BO3MOMXKHBIX
BapuaHTa, DKBUBAJICHTHBIX 3axBaTy JHOO NPOTOHA MO THUIY peak-
1uu (85), MO0 «MATKOT0» HEUTPOHA — 1O TUITy peakimu (91).

BaxxHo, 4TO IIpH y4acTHUH TaKOTO KOMIUIEKCA B SACPHON peaKInuy ra-
paHTHpYeTCsl €€ 3K30TePMHYHOCTh, TIOCKOJIBKY B MCXOAHBIX COCTOSHUSX
MIPUCYTCTBYIOT NMPOTOHBI, €IIe HE BXOJAIINE B COCTaB sJIEP, @ B MPOAYK-
Tax peaKIuy OHH YK€ CBS3aHBI.

8.1. Peakuuu o0pa3oBaHusi H30TONOB JKeje3a
€ y4acTHeM MaTepHajia MeJIHbIX JJIeKTPOI0B

PaccMoTpumM B KauecTBe mpuMepa peakiluy, CBsI3aHHBIE ¢ 00pa3zoBa-
HHEM sfiep JKejle3a MpHU B3aUMOIEHWCTBHHM KOMIUIEKCOB [P+ O],
[3p + OJ.. ¢ nzoronamu memu. Haunem ¢ komruiekca [p + Ol u sizep
20CU%. M3 peakimii (92) 1 (93) co cTaGHIBHBIME M30TONAMH BHIHO, YTO
JTIOJDKHBI BO3HUKATH sIpa JKeje3a 26F657, 26F656:

29CU63 + 8016 +n* — 11Na23 + 25F€57, (92)

2CU™ + 40" + (p + &) — 1Mg™ + 56Fe™ +e. (93)
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IIpu 3ammcu peaknuii MOAPa3yMEBaeTCs, YTO HE TOJBKO HW30TOIBI
KHCIIOpOJia, HO WM sapa Medau oOoramieHbl (efel)-mapamu. [lanee npu
3aMHCH PEaKIuil C y4aCTHEeM MPOTOHOB 3JIEKTPOHBI, «ICKOPTUPYIOIIHE)
MIPOTOHBI, UMEIOTCS B BUILY, HO HE YKa3bIBAIOTCA.

[Ipu B3aumonerictBuu komruiekca [p + Ole. ¢ sapaMu ngu65 3axBaTr
«MSTKOTO» HEUTPOHA MOKET COMPOBOXKIATHCS MCITYCKaHHEM AIIEKTPOHA
(¥ IEKTPOHHOT0 AHTHHEWTPUHO, HE YKa3aHHOTO B peakiusix (95)).

20CU% + 50" + p — ,Mg™* + 5Fe™; 1,Mg™ + ,Fe’’;

12Mg*® + Fe56; (94)
29CU% + 50" + n*—’legzs +e + 5Fe”;
wFe” + e+ ,Mg”; Fe®+ e+ ,Mg*. (95)

Homyckas, yto BeposstHocTH peakuuid (85) u (91) omnoro mo-
psiIKa, MOXKHO OKHJaTh, YTO OTHOLICHHE JOJed H30TOINOB JKeye3a
f (26F€”) | T (26F€®),yc, mONydeHHBIX B peaxumsix (92) u (93), Gyzer 3a-
METHO TpEBBIATh Habmomaemoe B mpupone (Fe’) / f (ZGFESG)Hpldp ~
~ 0,023. OGparmaer Ha ce6st BHUMaHHE OTCYTCTBHE H30TONA 25Fe> cpenu
npoaykToB peakuii (92) — (95).

IIpu 3amucu saepHbIX peakiuil komiuiekey [3p + O] comocTaBis-
IOTCS YK€ YeThIpe BO3MOYKHBIX BapHaHTA, CBSA3AHHBIX C 3axBaTamMu: 3p,
2p + n*, p + 2n*, 3n* (Ipu 3aMUCH PEAKINI AIEKTPOHBI, «ICKOPTUPYIO-
mMe» MPOTOHBI, Kak 1 B (94), He yka3siBatotes). [Ipogomkas paccMorpe-
HHUE peakiuii ¢ 00pa30BaHUEM H30TOIOB Kejie3a, MPHBEJCM HECKOIBKO
peakIuii B3auMOAEHCTBUS KOMIUIEKCa ¢ 00oramieHHbM (efe|) — mapamu
H30TOIIOM 29Cu65:

20CU% + 50 + 3p — 1,Si% + ,5Fe®, (96)
20CU% + 50 + 2p + n*— ;AL + gFe™ (97)
2CU® + g0 + p + 2n* — ,Mg® + ,cFe®, (98)
20CU% + g0 + 3n*— 1 Na”" + ,Fe*’ . (99)

Hust (96) — (99) xapakTepHO MPUCYTCTBHE TAPhl PEAaKIUil CHHTE3a
M30TONA 26F€°’, YTO COrNIacyeTcs ¢ BBIBOJOM (Ha OCHOBE COMOCTABIICHHS
(92) u (93)) 00 oxkMIaHWUU HapacTaHUS €ro JOJH MO CPaBHEHUIO C CO-
JepIKaHIeM B IPUPOJIE, M OTCYTCTBUE H30TOMA ke, Peaxiusi ¢ 06paso-
BaHUEM 26Fe54 UMeeTcs Npu B3auMoAeHCTBUU Komiuiekca [3p + Ol
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63
¢ M30TOIOM 29CU°" (MPUBOAATCA TOJBKO PEAKLUHU CO CTAOMIBHBIMU H30-
TOTIAMH)

29CU63 + 8016 + 3p — 14Si28 + 26F654 , (100)

20CU% + g0 + 2n* + p— 12M924+ sFe’; 12Mg25 + 6Fe’’;
12Mg+55Fe®. (101)

Takum 00pa3om, Ha MpuMepe 00pa30BaHUsI U30TOIOB XKelie3a ¢ yJa-
cTHeM saep Meau U KOMIUIEKCOB [p + Ole u [3p + OJec MOXKHO OKHIATH
3HAYUTEIBHBIX OTKJIOHEHUH B paclpeieiiCHHH W30TOIOB JKeje3a OT MX
COJICp)KaHusl B MpuUpoze. B 4acTHOCTH, TOHMKEHHOE COJCP)KaHUE H30-
Toma ,sFe™* u noBbIIIeHHOE collepikaHue sFe®’. Slcuo Taroke, 4TO pac-
CMOTPEHHBIE 3/IeCh peakinuu o0pa3oBaHMs JKele3a MPEANOYTUTEIbHES
o0cyxnaaBuierocs B [56] 3HIOTEPMUUECKOTO BApUAHTA.

8.2. PeaKHI/lI/I le/l B33HMOHeﬁCTBHH KOMIIJIEKCOB
[p + Olee m [3p + OJe

OueBUIHO, YTO TPH B3aUMOJCHCTBUU KOMIUIEKCOB [p + Ole. H
[3p + O].. ¢ MaTepramoM 3IEKTPOIOB UMEETCS TOPa3I0 OOJIbIIE PEAKITHIA
CHHTE32a 3JIEMEHTOB, HO MbI OIPAaHHYHIIUCH TIPUMEPOM CHHTE3a Kee3a,
YTOOBI MPOUJUTIOCTPUPOBATh BO3MOXHOCTh TAKUX PEAKIIUN U 0XKHIAEMOC
OTKJIOHEHHE COJICP)KAHHS CHHTE3UPYEMBIX M30TOMOB OT HAaOII0IaeMOro
B TIPUPO/IE.

Tenepb paccCMOTPUM PEaKIUU CHHTE3a 3JIEMEHTOB TPU B3aUMO/ICH-
ctBuM KomiuiekcoB [p + OJe u [3p + Ol Mexay coboit. TTockombky
3THM KOMIUIEKCAM COOTBETCTBYIOT MPOTHBOIMOJIOKHBIC 3apsIbl, PEAKIINU
[p + Ole. + [3p + OJee MOMWKHBI OBITH OOJICE BEPOSATHBI 10 CPABHEHHIO
clp+Ole+ [p+ Ol win [3p + O + [3p + Olee. [TodTOMY MOXHO
OKHIaTh, YTO UMEHHO peakiuu [p + O], + [3p + O], oTBeuaroT 3a 0b6pa-
30BaHHE DJIEMEHTOB Ha IEPBOM 3Talleé CHHTE3a OTHOCHTEIBHO JIETKHX
3JIEMEHTOB B YCTaHOBKE «DHEProHuBa». J[jIsi MpOCTOTHI IojiaraeM, 4ro
B KOMIUIEKCHI BXOUT TOJNBKO OCHOBHOM m3otom gO'°. Torma cymma mac-
COBBIX YHCEJ BO3ZHHUKAIONIMX AJIEMEHTOB pPaBHA 36, a cCymMMa 3apsioBBIX
qycen JIEKHUT B Auamna3one ot 16 go 20.

HanomHuuM, 4TO B XOJie IUIa3MEHHOTO AJIEKTPOJIM3a BOJBI 00pazy-
eTcs IIUPOKUM HAaOOp XMMHUYECKHX 3JIeMEHTOB (cM. Tabn. 1), mpuuem
CpeI HHUX JaXke 10 MacCOBOMY COJICPIKAHUIO BBIACISETCS YIIEPOI.
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DTO CBUACTEIBCTBYET O HATMYHH BeChbMa IPPEKTUBHOIO MEXaHH3Ma €ro
oOpazoBanus. [lo HameMy MHeHHIO, 32 00pa3oBaHKE yTriIepoa OTBEYAET,
TJIaBHBIM 00pa3oM, BapHaHT ¢ IByMs n*

[0 + p] + [s0%* + p + 2n*] — 3(:C™). (102)

[MpunaanesxHocts n* B (102) TOIBKO OAHOMY M3 KOMITIEKCOB YCJIOBHA.
SlcHO, 4TO Ta XK€ HUCXOAHAsT KOMOMHaUWs saep MOXKET IIPUBOAUTH
K Ha0Opy o-KJIacTepru30BaHHBIX [47] smep:

6C12+12M924; 14Si28+2(2He4); 1657+, He", g0 +1Ne™; 1sAr®, (103)

Ilepexon k BapuaHTy ¢ Tpems n* TMOpOXIaeT HauOOJbIIEE YHCIO
KOMOMHAUUH MPOAYKTOB PEaKUUi, KOTOpbIe MBI pa300beM Ha JBE COBO-
KYITHOCTH, SIBHO BbIeiIMB KoMOuHanuu (105) s51eMEeHTOB, YyXOASIIHX
B Ta30BYI0 (ha3sy:

1S+ 5Li7, 14Si% + 5Li%; AP + 4B,
12|\/|g26 + 5Blo ) 12|\/|§]25 + 5B, 1Na®+ 6C13; (104)
1oNe? + ;N™, ;oNe® + ;NY; oF" + s0'; (105)

Bapuanty ¢ yuactuem ueTbIpex n* cOOTBETCTBYET MpsiMOE 00pa3oBa-
HHE M30TOMA 165 .

IIpn 3anucu NOpPOAYKTOB pEakUMi HE pPACCMATPUBAIUCH CIIyYaH,
BKJIIOYABLINE TOSIBICHHE IPOMEXKYTOUHBIX HECTAOMIIBHBIX H30TOIIOB,
UMEHHO IO3TOMY HE YKa3zaHbl NPOJYKTHI peakuuid npu n* = 0, a mpu
n* =4 ykazaH ¢UHCTBEHHBII U30TOII.

IloguepkHeM, YTO IMOJYYEHHBIH HAa0OP 3JIEMEHTOB COOTBETCTBYET
(B yKa3aHHOM [JHana3oOHE MAacCOBBIX M 3apsIOBBIX 4MCes) HaOmomae-
MBIM 3JIEMEHTaM, MOJYYECHHBIM MpPU IJIa3MEHHOM JJIEKTPOJIM3E BOJBI
(cM. Tabm. 1).

OTMeTHM TaKke, 4TO MOSIBJICHHE YIJepoja cpa3y Ha IEpBOM dTare
CHHTE3a 3JIEMEHTOB MOXXET WHTCHCU(PHUIHPOBATH (HOPMHUPOBAHHE KPEM-
HUS (B JIOTIONHEHHE K PEAKIUSIM, Pe3yJIbTaThl KOTOPBIX OTPaXKECHEI
B (103) u (104)). YMECTHO HAIIOMHHTD, YTO KPEMHUN TaK)KE€ MMEET BHI-
COKOE COJIepKaHHue CPEAM CHHTE3MPOBAHHBIX 3JIEMEHTOB. OYEBHIHBI,
HanpUMep, IK30TEePMHUYECKUE PEaKIH

8016 + 6C12_) 14Si28; [8016+ n*] + 6C12 N 14Si29;

[0+ n*] + C" — 1,Si®. (106)
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Koneuno, ponp peaknuii (106) He ciiegyeT NpeyBEINUNBATh, TAK KaK
yriepos OyJeT B 3HAYUTENLHON CTETIEHH PacXOA0BaThCsl HA CUHTE3 yTJle-
BOJIOPOJIOB.

OO0cyxeHne peaxiiuii, BeIyIuX K CHHTe3y 0oJiee MacCHBHBIX dJIe-
MEHTOB, OYAET pACCMOTPEHO JIOTIOTHUTENBHO.

8.3. 3akioueHue K riiase 8

Ecnu B porecce 371€KTposn3a BOAbI B CHHTE3€ 3JIEMEHTOB y4acTBYET
MaTepHai 3EKTPOIOB, TO MCIIOIb30BAHNE KOHLEHIMN KBa3HHEHTPOHOB
MO3BOJIAET TIPEACKa3aTh PAaBEHCTBO OTHOLICHHS IOJNEH OMpeIeTIeHHBIX
nap CHHTE3UPOBAHHBIX H30TOIIOB C OTHOLICHMEM [UIi HaOJIIOJaeMbIX
B NPHUPOJE JOJEH COOTBETCTBYIOLIMX HMCXOAHBIX HM30TOINOB MaTrepuaia
anekTpoaoB. OTiaWyMe STHX OTHOLICHWH cpa3y yKa3blBaeT Ha MCKYC-
CTBEHHOE TIPOMCXOXKJICHUE SIEMEHTA.

Kak mokassIBaeT aHaIN3, IEPEUCHb OTHOCUTEIBHO JIETKUX 3JIEMEHTOB
(BKITIO9ast cepy), HAOMIOJABIINXCS TPHU TIA3MEHHOM JIIEKTPOJIN3E BOJIBI,
MOYKHO CBSI3aTh C MIEPBBIM 3TAllOM CHHTE3a JIEMEHTOB U3 BOIbL. Pemiaro-
LIYI0 POJb Ha 3TOM 3Tale UIPaeT B3aWMOJICHCTBUE SACPHBIX KOMILIEK-
COB, TCHETHUYECKH CBS3aHHBIX ¢ ocHOBaHMeM OH  u accouumpoBaHHBIM
C MOMNAPHOI MoJieKyoit Boabl mpoTonom HyOH'.

D¢ dexTuBHBIN HAOOP FHEPTUU AIIEKTPOHAMHU B DIEKTPHUUECKOM IT0JIE
MPOMCXOAMT MPH Pa3peKEHHOM COCTOSHUM Cpenbl (B YaCTHOCTH, B 00JIa-
CTH «IJIA3MOUJIa» B YCTAaHOBKE « DHEPrOHUBay [2]).

CrapT sIepHBIX peakiuil MPH HU3KHX TEeMIIEpaTypax YIIpaBIseTcs
MOIU(UIIMPOBAHHONW 3JIEKTPOHHONW CTPYKTYpOH B3aMMOJIEHCTBYIOIIIX
MOHOB, BKJIIOUYAIOIIEH MacCHBHBIC (€€)-TIaphl.
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MnaBa 9. TpakToBKa o6pa3zoBaHUA XMMUYECKNX
3N1eMEeHTOB NpU BaKyyMHOM MNaBfieHUU MmeTannos
3NEeKTPOHHbLIM MYYKOM U B3pbiBax NPOBOAHUKOB
MMnynbcamum Toka

9.1. TpakToBKa 00pa30BaHNs XMMHYECKHX 3JIEMEHTOB
NPH BAKYYMHOM IIaBJICHUM LHPKOHHUSA
3JIeKTPOHHBIM IIY4YKOM

Kak yxe roBopuiioch B II. 2.3, BOSHUKHOBEHHE OOJIBIIOTO YHCIA XH-
MUYECKHX 3JIEMEHTOB HaOJII0AaI0Ch MPH TUTABIICHUH IIUPKOHUS MO Jeii-
CTBUEM IIyYKa AJIEKTPOHOB, CO3/IaBAEMOT0 IEKTPOHHON ITYIIKOM C YCKO-
psroumM HanpspkeHreM 30 kB [13]. BaxxHo, uyTo cpeny MpoayKTOB peak-
MU UMEIMCh KaK 3JIEMEHTHI C 3apsIOBBIMH YHCIIaMHu Z OoIbIie, dem
y Zr (Zz = 40), HanpuMep, JTaHTAaHOWUJBI, TaK B MeHbIe (3d-31eMeHThI
W 3JIEMEHTBI BTOpPOTo neproza taduuiel Menaeneera: Li, B, Be, C, N, O,
Na, Mg, Al, Si...).

Hanuune 31mekTpOHHOTO IMMOTOKA, CO3/1aBaeMOro 3JEKTPOHHOW MyII-
KoM, obecrieunBaeT oborameHus JIEeKTPOHHONH 000JI0OYKH IIUPKOHUS CBS-
3aHHBIMU (e7e])-mapamu. B 3Tux ycioBusax, momobHo peakmusam (12),
(13) crustHUS siAep aMfOMUHHMS, TIPEICTABISAETCS €CTECTBEHHBIM PacCMOT-
peTh 00pa3oBaHUE DIEMEHTOB KaK CJIEJCTBHE MPOCTHIX OWHAPHBIX pPeak-
uil. B kauecTBe MCXOIHBIX MPOIYKTOB OepeTcs mapa sifep JitoObIx H3
MATH CTAOMIBHBIX M30TOINOB LUpkonus (Zr — 90, 91, 92, 94, 96), a B ka-
YEeCTBE IPOJYKTOB PAacCMaTpPUBAIOTCS BCE TapHbIE KOMOWHAIUH SIEP,
YIIOBIICTBOPSIOIINE 3aKOHAM COXPAHEHUS 3apsIOBBIX U MACCOBBIX YUCEI.

Kaxymasics koym3us MexIy (akToM BBIJICIICHUS SHEPTUH, YKa3bl-
BaIOIUM Ha 3K30TEPMHUYECKHN XapaKTep peakiuid, U BEIBOJIOM 00 3H[I0-
TEPMHUYHOCTH PEaKIUi CHHTE3a s/ep ¢ OOJNBIIMMHA MacCOBBIMH YHCIAMH
(na puc. 1 — HECXOASIIMI y4aCTOK 3aBUCHMOCTH YJEIIbHONH YHEPTUH CBSI-
31 (Ha OJUH HYKJIOH) OT MacCOBOTO 4YHCIa sifiep A) eCTECTBEHHO paspe-
IIaeTcs Mpu ydeTe B peakuuu (efel)-maphl, Tak ke, Kak U B IMPUBOJINB-
mmieiics BeIme peaknuu (84) cuHTE3a 0JI0Ba.
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B peanuctuunoit mogenu ITIKC nns Hauana cuHTe3a saep, Kak OTMe-
Janochk B M. 6.3 (3ameuanue 3), 1OCTATOYHO (C HEOOJBIIMM 3aracoM),
YTOOBI B CIIAPEHHOE COCTOSIHUE TEepeluIa IATas 9acTh DJIEKTPOHOB 000-
JIOYKH aToMma, T. €. ipu z = 40 Tpebyercs He Ooinee yeTbipex (efel)-map
Ha aroM. Cienyer UMeTh B BUAY, YTO JUISl BHITIOJHEHUS YCIIOBHUS DK30-
TEPMHUYHOCTH B OONBIIMHCTBE CIy4aeB AOCTATOYHO SHEPTHH OJHOI
MAcCHBHOM mapbl. Jls MpoM3BOIBHOrO siapa X 3TO SKBHBAJIEHTHO
peaxiuu

XA+ (ere]) = YA (107)

Haiinem sneMeHT ¢ HanOOJIBIINMH 3apsTOBBIM 1 MACCOBBIM YHCIIAMH,
BO3HUKHOBEHHE KOTOPOTO OXKHMIAETCS MPU BaKyyMHOM IUIaBICHUH LHP-
KOHHS AJIEKTPOHHBIM ITy4yKoM. JIJisi 3TOTO ClieyeT paccMOTPETh B Kade-
CTBE MCXO/IHOM PEaKIMU CIUSHHUE Maphl SJep CaMOTr0 MaCCHBHOTO M30TO-
na Zr 96. Eciin He yuuTHIBaTH IpoIiecc 3axBara (efe|)-map, To oOpa3oBa-
HHE HecTaOMIBHOro m30TOma gHQG' cooTBeTCTBYET SHIOTEpPMUUECKOI
peaxuun

40nge + 40Zr96 - snglgz, Q:<0, (108)

I/Ie BEIMYMHY TOTJIOIAaEeMON TEIUIOTHI Q; OIIEHWBaeM C TIOMOINBIO JTaH-
HBIX (Hampumep, [57]) mnst HykauaoB: Q; = —139 MbaB. Ilpunumas mis
oIleHKU 3Hepruu (efel)-mapsl nanneie (60), BUIUM, YTO 3aXBaTa OJIHOM
(efel)-mapsl MFOOBIM SAPOM Zr TOCTATOYHO IJISI PEAU3alAN SK30TEPMHU-
YECKOW PEeaKITnH:

wZI"+ Zr™+ (eTel) = 5P, Qo >0, (109)

rae Q; = + 63 MpB. Takum 00pa3oM, MpU BaKyyMHOM IUIABICHUH LIUP-
KOHHS 3JICKTPOHHBIM ITyYKOM B Ka4eCTBE DJIEMEHTA ¢ HANOONBIINM Mac-
COBBIM YHCJIOM CIIEAYET OXKHIATh HOSBICHHUSI 1Pt

INocrne caenaHHOrO MOSICHEHUS MOXKHO HE OSCIIOKOUTHCS 00 IK30Tep-
MUYHOCTH TPEBPAIICHUS, TEPEUUCIIAs PEAKIUH C YyYETOM COXPAHCHUS
0apHOHHOIO M 3apsAOOBhIX uyHucel. HeT He0OXOAMMOCTH IPHBOIUTH I10JI-
HBIH CIMCOK TaKHUX PEAKIMi, OrPAaHUUMMCS PAIOM XapaKTEPHBIX MPUME-
POB, WUIIOCTPUPYIOIIUX IMOSBJICHUE MPOJYKTOB pEaklMd B BHJIEC Iap
CTaOUIBHBIX SAEP C BeMUUMHAMH Zy > Zz U Z; < Zz, «CONPSHKEHHBIXY
3aKOHAMHU COXPaHEHHUS 0APUOHHOIO U 3apsIOBOI0 YHCEI:

4OZI’% + 4ozr96+ (eTel) — 7605188 + 2H64, 7505189 + 2He3;
:Rel185 + 3Li7; ,W+ ,Be% ,Ta®™ + B
2HF® +6C, 7,HF ™+ ¢C; YD + 40" (110)
79



O‘leBI/I)_IHO, YTO aHAJIOTMYHBIC COBOKYITHOCTH pCaKLII/Iﬁ MOXXHO 3aIln-
CaTb JJI KaXA0r'o U3 M30TOIIOB IIUPKOHUA U BCCX HUX KOM6I/IH3HI/II>1 B Ka-
YECTBC UCXOHBIX ITap sAOEp.

9.2. O6pa3oBaHue 3JIEMEHTOB IPHU B3pbIBaX
TUTAHOBBIX (POJIBI HMITYJIHCAMH TOKA

Ha nam 31y, 0OBsICHEHNE, aHAIOTHYHOE CITy4Yalo TUIABJICHUS LIUp-
KOHUS TIOJ] EHCTBHEM 3JICKTPOHHOTO IMy4YKa, IMOJYYalOT U Pe3yIIbTaThl
[16, 17] mo oOpa3oBaHMIO HOBBIX 3JEMEHTOB IPH B3pBIBaX THUTAHOBBIX
Goner B X07€ MpPOIyCKaHHWS HMITYJIbCOB 3JIEKTPUYECKOTO TOKa. THTaH
MoI0OHO MUPKOHUIO UMeeT 5 cTabWiIbHBIX M30TOomnoB. Hanbombmee mpu-
POJIHOE COMEPIKAHHE MMEET JONS H30TONA 2, TI%, YMEHbIIEHHE KOTOPOi
B (pparMeHTax (poybr, OCTaBIIMXCS MOCIE B3PHIBOB, HAAEKHO 3aduKCH-
POBaHO.

OTMeyanoch Takke NPUMEPHOE PAaBEHCTBO MEXKAY KOJINYECTBOM
BHOBb BO3HHUKIIMX JJIEMEHTOB C 3apsIOBBIMH YHCIaMU Z OOJbLIe, YeM
y THTaHa, U MEHbIIE, YeM Yy THUTaHa. DTO COOTBETCTBYET PaCCMOTPEHHO-
MY BBIIIE B 1. 9.1 pOXKICHHIO 3JIEMEHTOB «CONPSKEHHBIMI TTAPaAMH.

CrenmyeTr 0KuaTh, YTO CHHTE3UPOBAHHBIM DJIEMEHTOM C MaKCUMallb-
HO BO3MOKHOW Macco¥ TpH 3axBaTe OJHOM (efe)-Tapsl B 3K30TepMUde-
CKOH peakiuu OyneT cTaOMIbHBIA NU30TOI 42M0lo

2Ti0+ 5, TiY+ (efe]) — M0, (111)

Pasymeercst, meTonnka B3phiBa (QOJILI WIM MPOBOJIOYEK pa3psIaMH
JNIEKTPUYECKOI0 TOKA, B CHJIY KPAaTKOBPEMEHHOCTH B3DbIBa, YMEHBINACT
IIAHCHI HA MOJYYCHHE B XOZIC OJHOTO B3pPhIBA BCEX JOMYCTUMBIX Map CHH-
TE3UPOBAHHBIX JJIEMEHTOB MO CPAaBHEHHIO C TUIABJICHUEM IMYyYKOM 3JICK-
TpoHOB. TeM He MeHee, pU JOCTATOYHO OOJBIIOM KOJIMYECTBE B3PHIBOB
COBOKYITHOCTH CHHTE3MPOBAHHBIX JJIEMEHTOB MOTYT CTaTh COMOCTABHMBI-
MH Juis o0erx Merojuk. Ha Harm B3misf, Uit OOBSCHEHHS MeEXaHH3Ma
cHHTe3a HaOJIoJaeMbBIX 3JIEMEHTOB JOCTaTOYHO ydeTa (efel)-map, ecre-
CTBEHHO MOJU(PHIIMPYIOIIETO OObIYHbIC OMHAPHBIC PEAKIIHH.

JIOTIOTHUTENEHO CIIeyeT UMETh B BUAY, YTO IIPU B3PHIBaX METaJLIH-
YECKUX (1)OHBI‘ B BOAC MOTYT HOABJIATBCA U 3JIEMCHTEIL, O6YCJ'IOB.HCHHBIC
B3aMMOJICUCTBHEM XapaKTEPHBIX VIS BOJBI SACPHBIX KOMIUIEKCOB (00-
CYXKIaBIIUXCS B TJaBe 8) ¢ MaTepuaioM (hOJIBIH, KaKk 3TO UMEET MECTO
MpH B3aMMOJCWCTBAN C MAaTEPHAJIOM JJIEKTPOJIOB TMPH pa3psaax TokKa
B Boje [55, 56] (mannblie [55] mpuBoasTcs B riase 11).
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9.3. [Ipensiaraempbie BAPUAHTHI IVIABJIEHHUS JIEKTPOHHBIM
MY4YKOM METAJJIOB € OITHMM CTA0MJIBHBIM H30TONOM

Haubonee ynmoOHBIMU (711 yNIPOIIEHUS] aHAIM3a PE3yJbTaTOB OXKH-
JaeMoro oOpa3oBaHMs JIEMEHTOB [0 METOAMKE BaKyyMHOTO ILIAaBICHUS
3JIEKTPOHHBIM ITyYKOM) SIBJISIIOTCSI METAJIJIBI C OJHUM CTAOMJIBHBIM H30-
TOmOM. SICHO, YTO AJISl CpaBHEHUS CIEAYEeT pacCMOTPETh BapHUAHTHI, Be-
IOyLIMe K CHHTE3Y JIEMEHTOB C MACCOBBIMU YHMCJIAMH, IPUHAUICKALIUMU
KaK K BOCXOZALIEMY, TaK M K HHUCXOJSAIIEMY ydacTKaM Kpusod E,.(A)
3aBUCHMOCTU yJENbHOH sHeprum cBssu Ey, oT maccoBoro umcma A
(cM. puc. 1). B xauecTBe TakKMX MCXOJHBIX METAJUIOB MOXKHO HCIIOJIB30-
BaTh, Hanpumep, Al, Co, Y wmm Nb.

Peakuuu (12), (13) cuHTe3a 3JIEMEHTOB NPH IUIABJICHUM ATFOMUHUS
(06713/1A0IIEr0 ¢IMHCTBEHHBIM CTAOHIBHBIM H30TOmOM 13AI%") mpuBoM-
nuck yxe B raase 1. [IockonbKy OKuUIaeMblid IPU 3TUX PEAKUUAX CaMbIi
MACCHBHBIN H30TOM 26F€> | kak u m3otom 13AIY, nexuT Ha Bocxoasiem
ydacTtke kpuoil E,,(A) (cm. puc. 1), 3axBar (efe|) — map aus obecre-
YCHHUSA DOK30TCPMUUYHOCTHU pCaKHI/Iﬁ ClIMdaHuA OBYX A4A€p aJTIOMHUHUA
He Tpebyercs. OnHAKO 3TO 0OCTOATENBECTBO HE UCKIIIOYAET MPOTEKAHUS
peaKkuui ¢ 3aXBaTOM TakoW mapel. Toraa ciusHUE ABYX SAEp AFOMUHMS
MPUBEJET K MOSBICHUIO CTAOMIILHOTO H30TOIA XpoMa

27A1 + 27A1+ (e Te 1) - 35Cr. (112)

MosBenue nzotona 34Cr , Hapsmy ¢ 59Cr , BOSHUKAIOMIETO 0€3 3a-
xBaTta (efe)-mapsl (13), caykumno 661 I/Iqu/IKaTopOM HEIOCPEICTBEHHOTO
ydacTus (efe])-mapsl B CHHTe3€ H30TONA 54Cr.

IIpu BEIGOpPE B KauecTBE MCXOAHOTO M30TONA ;C0> M ywacTum on-
HOM TMOTJOIIeHHOI (efe])-mapbl caMbIM MAacCHBHBIM, HO HECTaOWIIb-
HBIM (C NEPHUOJIOM ToNypacmnaga =~ 6 JHel) CHHTE3UPYEeMbIM H30TOIOM
Oyner 52T6118

5%Co+32Co+ (e Tel) > 118Te. (113)

TTocie 27eKTPOHHOrO 3axBara M B pacnana 118Te MEepEeXoIUT B CTa-
OMITBHBINA M30TOT 118Sn

He uckitoueno, oHaKo, 4TO MOTJIOMIAOTCS cpa3y aBe (efel)-maphl,
¥ TorJa obecrednBaeTCs Tepexos K M30TOMy 'ioSn 6e3 3axBara diek-
TPOHA M BBUIETA IIO3UTPOHA:

3%Co+ 32Co+2(eTel) > i8S (114)
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OTMETHM TaKXe, YTO IK30TCPMHUUECKAas PEaKIHs C POKICHUEM CO-
MPSDKEHHBIX TIap JIEMEHTOB, SIBIISIONIMXCS COCEIIMU C KOOAIhTOM B Ta0-
murie MengeneeBa (Fe u Ni), He TpeOyer mormomenus (efe|)-mapsl,
obecrieurBasi CONPSHKCHHOE POXKJCHUE CTAOMIBHBIX M30TOIMOB ATHX dJIe-
MEHTOB

59Co + 39Co — SgNi + 3¢Fe, S2Ni+3¢Fe,
61N;4 57 60nNT:1. 58
5gNit+3¢Fe, 3gNi+3¢Fe. (115)

Ecnu BepositHocTH peakuuit (115) O1m3KkH, TO MOKHO OKUAATH, YTO
JOJHM BCEX CMHTE3MPOBAHHBIX M30TOMOB HHUKEJS U XKeJe3a OyAyT 0JHOTrO
MOpsAAKa. ITO Pe3KO KOHTPACTHPYET C MX COOTHOIICHUEM, HAOITFOJTaeMBIM
B mpupone. OTMETHM, 4TO TOSBIICHHE JKene3a 1 HUKeIs (06e3 H30TOMHOTO
aHajgn3a) PerucTpUpPOBAIOCh B AKCIEpUMEHTax [58] mpu mpomyckaHUH
MMITYJILCOB TOKA Yepe3 paciiiaB Kobanbra.

Jlerko moOKa3aTh TakXKe, YTO TPH BHIOOPE WCXOMHBIX H30TOIOB
85Y wm 3Nb CHHTE3MPOBAHHBIMM 3JIEMEHTAMH C MAKCHMAIbHBIMU
3HAYEHUSAMH 3apsS0BBIX M MAacCOBBIX YHCeNl OyayT, COOTBETCTBEHHO,
17811f 1 1860,
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Nnasa 10. O MmexaHM3max TpaHccopmauum BUCMyTa
B CBMHeL NoA BIMAHUEM OAHOMNOSAPHbLIX
HaHOCEKYHAHbIX 3NeKTPOMarHUTHbIX UMMNYSIbCOB

10.1. Beoaubie 3aMeYaHus

OgarM #3 SIPKUX TPUMEPOB pEeAN3alid HU3KOIHEPTeTHYECKUX
SIEPHBIX PeakLuil sBIsieTcsl TpaHC(HOpPMAIUs YacTH BUCMYTa B CBHHEI]
NpU BO3ICHCTBUM Ha paciuiaB Bi — Pb ogHOmoNspHBbIX HaHOCEKYHIHBIX
ANIEKTPOMAarHUTHBIX UMIynbcoB (HOMMU) [24, 25]. locTaTOYHO THITHYHBI
JAHHBIC: NPH AMIUTHTYJaX HATPSDKCHWH MMITyIbcoB mopsaka 10° B,
SHEPrusax 0 1072 JIx, 9acToTe Vv CiIeOBAHMS HMITYJIBCOB O 103 I'y,
BpeMeHu o0yuenus t, ~ (10—15) MuHyT copepkaHue CBUHIIA B PACILIaBe
Bo3pacTaeT Ha 5—10 % mpu CHUKEHMH COAEp)KaHUS BUCMYTa Ha Ty XKe
BeJMYMHY. B KOaKCHANBHBIX U3IyYaTelsX UMIYJIbCHOE HANpsIKEHHE Te-
HEPUPYETCS MEXIY EHTPAThHBIM CTEP)KHEM U OOKOBOW MOBEPXHOCTHIO
HWIAHAPUYECKOTO THUTJS C pacIulaBOM, KOHTaKTHPYIOIIMM C aTMO-
cepoit.

XUMUYECKU aHaM3 paciuiaBa MPOBOAMICS JIO M TOCie 00pabOTKU
HOMMU, omHako M30TOMHBIA COCTaB HE KOHTpoaupoBaics. Kpome toro,
B KayecTBe eAMHCTBEHHOI'0 MeXaHu3Ma npeBpameHus Bi — Pb npemmno-
Jarascsi 3JeKTPOHHBIN 3aXBaT, MOSTOMY TOAPa3yMEBAIOCh COXpaHEHHUE
Macchl pacriaBa. CrneayeT, 0JJHaKo, UMETh B BUAY, YTO IPUPOIHBIN BHC-
MYT MPaKTHYEeCKH COCTOUT M3 OJHOTO JOJTOKMBYILIEro M30TONa “99Bi
(nepuon momypacnana T = 1,9 - 10% JIET), HO IS TOT'0 M30TOIA JJICK-
TPOHHEBIH 3axBaT Hed(dexTuBeH (M30ToN 239Pb MCHBITHIBaET 06paTHOE
npespanienue B 293Bi). [103ToMy B KauecTBe TMIIOTE3BI JOMYCKANOCh,
YTO HUCXOJHBIM paciuiaB CcoJiepxkaj JOMOJHUTEIbHO H30TOIbI 210mBl
(T = 3 -10° ner), 298Bi (T = 3.7-10° ner), 23%Bi (T =~ 32.9 rona), nepe-
XOJAIIME MPU DIEKTPOHHOM 3aXBaTe, COOTBETCTBEHHO, B 2aoPb
(T = 22.3 rona) u B ycToitunBble u3oTonsl 295Pb, 237Pb. Cornacro [57],

uzomep 21%0Bi Bo3HMKAET OOBIMHO NPH O-PacTiajie O]lHOFO U3 H30MEPOB
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21YAt u 1A Hero HNMEKTPOHHBIN 3axBaT HexapakTepeH. CleI0BaTENbHO,
ecnu uzoton 239Pb u mosBnseTcs, TO, CKOpee BCero, 10 APYroil MpUUHHE.
Snpo 21OPb(O) MMeeT HyJIeBOil CIIMH M ero pacmaj, coriaacHo [57], B oc-
HOBHOM (84 % pacmazoB) CBsA3aH C MEPEXOIOM B BO30YKIECHHOE COCTOSI-
Hue sapa 239Bi(0), Takke MMEIOIIEro HyJIeBOH CIMH

219Pb (0) — 2%9Bi (0) + e + V, (116)

IJle CUMBOJIBI € OTHOCATCS K 3JIEKTPOHY M AHTHHEHTPMHO, MMEIOIIMMH
nosytensie cnuHsl (+1/2) h.

Tocneayromuii mepexo B OCHOBHOE cocTosmue 239Bi (1) co crm-
HOM | CONPOBOKIAETCSA UCIMYCKAHUEM Y-KBAHTA (MMEIOIIETO eIMHUYHbI
CITUH)

219Bi (0) — 289Bi (1) +7, (117)

TaK 4YTO 3aKOH COXPaHEHUs] MOMEHTa UMITyJIbca BhinoHseTcs. [lepexony
cpasy B ocHOBHoe cocTosiHme 239Bi (1) cootBercTByeT 16 % pacmasos.
OueBHIHO, YTO HAJTHYHE M30Toma 239Pb MOXkHO 3a(pHMKCHPOBaTh MO Xa-
pakTepHOMY Y-m3mydeHHIo (46,539 x3B). Hirke mpw 3amuicu peaxiiuii
MBI OTPaHHUYMBAEMCS YIPOIIEHHBIM BAPHAHTOM, OTpAXKAIONIMM 0a-
JIAHC MACCOBBIX M 3apsIOBBIX YHCEN, OMyCKask HHYOPMAIIMIO O CITUHAX W
y-usnydennu. Tak, Hanpumep, ¢ pacnanom sapa 239Bi (1) casana mapa
peakuuii

219Bi — 249Po + ¢ + ¥, 249Po — 235Pb + (118)

rJie CHMBOJI 0, OTHOCHTCS K o-dacThile (aapo 3He).

B (118) uzoron 239Bi cpapuuTensHo kKopotkoskusymmit (T = 5 nueit),

210Po uMeet nepuon nonypacnaga T = 138,4 nus. Hanuuue a-pacnaga

KaueCTBEHHO corjiacyercs ¢ HalOiromaBmumcs B [24, 25] Bo3pacTaHueM
0-paoaKkTUBHOCTU Tocie obpaborku HOMMU, mo kpaiiHeir mepe Juis
00pa3LoB, MPUTOTOBJIEHHBIX ABTOPAMHU CAMOCTOSTENIBHO.

Ilenp 1aHHOM INIaBbl — PACCMOTPETH KPATKO BO3MOXKHBIE MEXAHU3MBI
TPaHCMYTAIMK HCXOHOTO H30TONA 233Bi M MPEIOKUTE IKCTIEPUMEHTHI,
TIO3BOJISIONINE UX UIEHTU(DUITHPOBATD.
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10.2. KBa3uHeldTPOHHBbIE COCTOSIHUSA
U Mepexo/bl 209Bl — 210Bl

SIcHO, UTO BO3HMKHOBEHHMIO, HANpPUMEP, HECTAOMILHOTO H30TONA
219Bi (opManbHO COOTBETCTBYET K30TEPMHUECKAsi PEakilis C Bbljejie-
HueM sHeprun Q > 0

209Bi + n — 219Bi, Q ~4.6 MaB, (119)

rae N — CUMBOJI HelTpoHa. Peanmu3anmsi Takoi peakiiu mpuBesa Obl, Co-
rinacHo (118), K NOSBIEHUIO B KOHEYHOM HTOre M3oTona 295Pb. Ouepu-
HO, YTO B BO3MOYKHOW pEaKUUHU CHUHTE3a H30Mepa 210mB1 BenuuuHa Q
OyZIeT MeHbIIIe.

3ametuM, 9TO B [24, 25] repMEeTUYIHON HU30JAINN pacIuiaBa OT OKPY-
JKarolei cpeipl He MPOBOIWIIOCH. 3HAUUT, B cllydae KOHTaKTa paciuiaBa
C BO3JyXOM MOHO MPEJIOKUTh CIEAYIONIMNA KaYEeCTBEHHBIM CLUEHApUiA
peanmzanuu npeBpamenus (119). B mapooOpa3sHoM cocTosiHEM Haf pac-
TUTaBOM TPOTOHBI MOHW30BAHHOTO BOSIHOTO Tapa YCKOPSIOTCS TOJIEM
HOMU, 3arem, npoxojs yepe3 ISKTPOHHYI0 000JI0UKY aroMa BUCMYTa,
3aXBaTHIBAIOT TI0 OJHOMY JJIEKTPOHY W TOTJIOMIAFOTCS SIPOM BHCMYTa
¢ o6pazoBanueM 23IBi

209Bi + (p + ) — 21IBi, Q*=4.3 MB, (120)

¢ TOCNenyoIeH mapoi pacnazos, yka3zaHHbix B (118). CumBon * mpu
3amucy SHeprun CBs3u Q* COOTBETCTBYET OIEHKE, B KOTOPOU YYHTHIBA-
IOTCS TOJIBKO MacChl TOKOS YAacTHIl, yKa3aHHBIX B peaknuu (sICHO,
4YTO IpHU 3TOM CYWICCTBECHHOC pa3iIM4uc MCXKAY MacCaMH THAPUHO U
HeUTpoua He y4HuThIBaeTcs). Pazymeercsi, BO3BMOXXEH W 3aXBaT MPOTO-
HOM DJIEKTPOHA JI0 B3aUMOJICHCTBUS C AIEKTPOHHON 000I0YKOM.

10.3. IIceB1ONIPOTOHHBbIE COCTOSTHUS
u mepexonsl 293Bi — Z39Pb, 229Bi — 219Po

Mps1 yxe oTMedanu, 4to, coriaacHo Cantwum [38], momycTuMo u 00-
pasoBaHUE «IICEBIONPOTOHOBY», HMEIOIIMX OTPHULATEIbHBIN 3apsia u
NPEACTABISIONINX CBS3aHHOE COCTOSHHE MPOTOHA M JIBYX 3JEKTPOHOB
(p + 2e). 3ameTuMm, 4TO ITOT TEPMHUH UCTOJIB3YyeTCs B [38] Kak anbTepHa-
THBAa «AHTUIIPOTOHAM», MOJYEPKHBAsA, YTO BCTpEYa IICEBIONPOTOHA
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C IPOTOHOM HE MPHUBENCT K PEaKIMH aHHUTHISAIUHN (B OTIIMYHE OT KOH-
TaKTa IPOTOHA C AaHTUIIPOTOHOM).

Ha puc. 12 mpencraBieHa CTpyKTypHas MOJIEINb TICEBOMPOTOHA, B3sI-
Tas u3 [38].

Pseudoproton, q=-e, s=1/2

bs,

I~V Electron

Electron

Proton

Se

Puc. 12. Cxematndyeckoe n300pakeHNE CHHTE3a OTPULIATEIHHO
3apsHKEHHOTO HYKJIOHA, M3BECTHOTO KakK «rceBaonpoToH CanTmmim» [38],
MOCPE/ICTBOM Pe3epPOPIOBCKOTO CKATHS DICKTPOHA,

Ha 3TOT Pa3 BHYTPH CBEPXIUIOTHOTO HEUTPOHA

Jl1s IpOMeEXKyTOTHOTO COCTOSIHUSA, O0JIAfaroero ABYyMs Pa3HOBHUI-
HOCTSIMH, TI0 aHAJOTHU C HEUTPOHUIOM, BBOIAUTCS TEPMHUH «IIPOTOUI
(HeWTpouapl W TPOTOUABI OOBEAUHSIOTCS TEPMUHOM «HYKJICOHBD»).
B ciyuae 3axBaTa nceBnonpoToHa UMEEM:

?83Bi+ (p + 2¢) — %33Pb,, Q*~6 MoB, (121)

¢ mocneayromumu pacnagamu (116) — (118).
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[To-BuarMoMy, BO3MOXKHBI BapHUaHTHI, KOTAA 3JICKTPOHBI, «3CKOPTH-
PYIOLIHE» TIPOTOH /10 aAPOHHOro Maciutaba paccrostauii (~1 v = 107 m)
MEXY SIIPOM U TIPOTOHOM, SIIPOM HE 3aXBaThIBAIOTCS, BHITIOMHSIS (PYHK-
U0 KaTaln3aTopa, a MPOTOH TYHHEIUPYeT CKBO3b Oaprep. Torma

209Bi + (p + 2¢) — 233Po + 2¢, Q* =5 M»B (122)

u peanmsyercs nocienHuil u3 pacnanoB B (118). Pazymeercs, peakmms,
aHanornyHas (121), BO3MOXKHA U € y4acTHEeM KBa3UHEHTPOHA

20%9Bi+ (p +e) — 2L%Po +e, Q*=5Mb1B. (123)

OueBUAHO, YTO €CIM JAOMHUHUPYET peakius B3aMMOICHCTBUS saep
209Bi ¢ mncesgonporonamu (121), a MCTOUHMKOM HPOTOHOB SIBIS-
€TCsl TOJIBKO BOJSTHOMW Map, TO cpa3y MOCie O0JydeHHs JOJDKHO HaOJIo-
JaThCsl YBEJIMYEHHE MAacChl paciuiaBa (3a cueT ero oOoramieHus HU30TO-
nom 239Pb). Tlocnenyromue, cornacuo (116) — (118), pacmas! mpuBeayT
K CHIDKEHHIO MAaccChl, 10 Mepe MpOTeKaHHs o-pacrnana (¢ oOpa3oBaHHEM
HA30TOIIa 206Pb) U yJIETY4YMBaHUs BO3HUKAIOIIETO TENUs U3 CUCTEMBI.

IlpuBeneM A WUIIOCTPALMM OLEHKY HA4aJbHOTO MPHUPALICHUS
MAacChl 3a CUeT yBENMYEHHs N0NM H3oToma 2ioPb mns Bapmanrta (121),
nojarasi, YTO HadayipHas Macca pacmasa 0,5 Kr, coxepaHue CBHHLA
30 mac.%, Bucmyta 70 mac.%. Eciu nocne ob6paborku HOMMU coneprxa-
HUE CBHHIIA BO3POCIIO, Hanpumep, 10 40 mac.%, TO JIerko yOeauThCs, YTO
npupaiieHue Macchl pacruiaBa Am coctasut = 0.24 r. CienoBaTensHO,
B paccMaTpUBaeMoM ciy4dae AM sBIsETCS HAAEKHO M3MEPSEMON BelH-
YMHOM Ja)ke NpPU MCIOJIb30BAaHMM TEXHUYECKHX BecoB. OJHAKO, MO-
CKOJIbKY paHee KpOMe DJIEKTPOHHOTO 3aXBaTa JIPyrMe MEXaHWU3MBbI He
IpEeAoarajiuch, KOHTPOJIb 32 U3MEHEHHEM MAacChl pacIulaBa HE MPOBO-
JTIICSL.

10.4. Bo3MokHOCTH 06pa3oBanus H30Tona 295Pb
(0e3 yuactus (efTe|) — map)

Hanwmune nmmynscoB HOMU mo3BosnsieT paccMaTpuBarh 3HI0TEPMHU-
YECKHE peaklnu. B yacTHOCTH, CHO, YTO MHUIMALUS UCITyCKAaHUS SIPOM
TIPOTOHA BEJET K CTAOMILHOMY H30TOMy Z95Pb:

293Bi — 283Pb + p, (124)
TpeOys nornomienus sueprun (Q* ~—4 M»aB).
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CraHgapTHBIM MEXaHU3MOM pacmaja siep SIBISACTCS TyHHEIbHBIN
3¢ ekt (FHeprus TyHHEIMPYIOIIEH YaCTHIBI HAXOAUTCS B WHTEpBAJIC,
COOTBETCTBYIOIIIEM KYJIOHOBCKOMY Oapbepy). IIpospaunocts Oapnepa
PE3K0 BO3pacTaeT MpH MPUOIMKECHUN dSHEPTHH K BepimruHe 6apbepa Uy,
TaK KakK MPH 3TOM CYIICCTBEHHO CHIDKAcTCs IMMpHHA Oapbepa. Takum
o0pa3oM, TpW HAIAYNH MeXaHW3Ma, 00eCHedrBaromiero MOBHIIICHNE
sHeprun yactunbl E Ha Bemmunuy AE < Up.,, pacmag uHTEHCUDUIHIPY-
ercsa. Hanpumep, B [59] B kauecTBe Takoro MexaHu3Ma OOCYXTaeTcs
BO3HMKHOBEHHE KOTEPEHTHBIX KoppenupoBaHHbIX coctosHuid (KKC),
MPUBOIAINX K OonpmmM QuykTyanusm sHeprud AE u wummynbca.
CornacHo 0000IICHHBIM COOTHOIIEHUSM HEONPEACICHHOCTEH ISl SHEP-
ruu E u Bpemenn t Lpenunrepa — Pobeptcona [60]

AE At > h/(2,/1 = r2), (125)

rae . — koagoumment koppemsauuu. 13 (125) odeBuaHO, 9TO OOBIYHBIC
cooTHomeHus ['efizeHOepra OTHOCATCS K HEKOPPENIHPOBAaHHBIM COCTOS-
HusM (mpu I, = 0). Hanpotus, ans r, —1 npu KoHEYHOM 3HaUYE€HUH He-
OIIpeIeIEHHOCTH BpeMeHU At BeIMUMHA HeonpeneJeHHOCTH 3Heprun AE
MOJXET TPEBBICUTH JI000Ee Hamepen 3aJaHHOe 3HaueHue. Jlomyckas,
B npuHIuIe, cymectsoBanne KKC, cmocoOCTBYONMX TYHHETUPOBAHUIO
B citydae nericteust HOMMU (koHeuHO, 3TO HEOUEBHIHO U TPeOyeT JoKa-
3aTeNnbCTBa), 0OCYAMM B TaHHOM IiiaBe apyrue Bapuantel. OOCyuM BHa-
yajie MEXaHM3M 3axBaTa sIpoM sHepruu AE u3037eKTpoH-H30M03H-
TPOHHOW TMapsl, CHOCOOHOW IMEPEXOJUTh U3 BHUPTYAIbHOTO COCTOSIHHUA
B COCTOSIHHE C OOJBIINM BpPEMEHEM JKU3HH 32 CUET HEOOJIBIION 0N OT
nonHou suepruu E,,, umnynsca HOMU. Ha3zosem, miiga KkpaTKocTH, Ta-
Kylo mapy kBasumosutpoHuem. Hamomuumm, B [34] (cm. m. 5.1) kBasu-
MO3UTPOHUSM COMOCTABIISUICS WHTEpBa sHepruid (1-135) MaB.

Homyctum, st wiumoctpanuu, 9to Ego, = 102 Ik =~ 6.7 10° M>B,
a BenmmunHa AE = 10 MaB obecrieunBaeT BbICOKOE 3HaU€HHE KOAPPHIIH-
€HTa MPO3PavyHOCTH. SICHO, YTO SHEPTHUH OJHOTO MMITYJIbCa JOCTATOYHO
Juist poxjaeHus He Oonee yem E,., / AE = 6,7 108 KBa3UIIO3UTPOHUEB.
Torja npy 4acToTe CiIeA0oBaHUs UMITYIbcoB v = 10° I'ii u BpemeHnu o6pa-
6otk t, = 600 c mosrydaem OIEHKY JUId KOJIMYECTBA aTOMOB Npyoog H30-
tona 238Pb

NPb208 = (Enon / AE) Vto =4 1014- (126)
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[lpu yneryuyuBaHuK BOJOPOAA, YHCIO aTOMOB KOTOPOTO COBHAJacT
¢ (126), yMeHbIIEHHE MACCHI PAacIlIaBa COCTABHIIO 661 AM ~ 6,7 - 101
ITockomeky B [24, 25] E,o, HE TpeBbImaTa 1072 JIx, To oleHKa AM Mo-
KET YBEJIIMYUTHCS JINIIb HAa MOPIA0K. OTHAKO TaKUM M3MEHEHHEM MacChl
pacriuiaBa (IpH MPOCTOH MpoLEAype B3BEHIMBAHM) MOXKHO MPEHEOPEUb.

10.5. JonmoiHUTEIbHBbIE BAPUAHTHI peaKkiuii
¢ YMeHbIIIEHHEeM MAacChl paciuiaBa

Pacmmpenue BapuaHTOB MEXaHM3MOB TpaHcopManuu BUCMYTa
B cBuHen nof neiicterem HOMMU ykaspiBaeT Ha HEOOXOIUMOCTh JIOTIOJN-
HUTENbHBIX UCCIIETOBAHUI.

[ BBIABIEHUS MEXAaHU3MOB MPEBpAlIEHUN SAEpP BUCMYTa LieJie-
CO00pa3HO MPOBECTH 00pPabOTKY pACIUIaBOB 3JIEKTPOMATHUTHBIMH HM-
MyJTCaMH B OTCYTCTBHE BOJSIHOTO Tapa ¥ MPHU Pa3UYHBIX €ro KOHIICH-
Tpauusix, MPOBOAsI KOHTPOJIUPYIOIIE B3BemnBaHusA. CBOM BKJIal MOXKET
BHECTHU M BOJIOPO/I, PACTBOPEHHBIN B ICXOAHOM 00pasIie.

Bo3MmoxkeH u ciayuall, KOrja Ipu HaJIWYUW BOJSHOIO Mapa HaJ pac-
TUTABOM TPAHCMYTAIHsS BUCMYTa HAOIIOIAeTCs TIPU 3aMETHOM CHU)KCHHUU
Macchl paciiaBa. Takoil pe3ynbTaT yMECTHO HMHTEPIPETHPOBATH Kak
CJIEJICTBUE MHTEHCU(PUKAIINH O-paciiaja BUCMYTa mmox neiicteueM HOMU
C TIOCJIEAYIONIUM TOTJIONIEHNEM ITPOTOHA 110 BapuaHTam (121) wm (122)
C y4acTheM KBa3HHEUTpOHa (WJIH IICEBIOIIPOTOHA):

209Bi — 25Tl + 0, Q*~3,4MdB, (127)
205TI+ (p+e) — 235Pb+e, Q*=7,3 MaB. (128)

JlaHHBIT BBIBOJ TIPEACTABIISETCS JIOTUYHBIM, TIOCKOJIBKY ci1abas ecTe-
CTBEHHAS PaTUOAKTUBHOCTH H30TOMA 209B1 OTHOCHUTCA K O-pacrmany.
B omimume oT 3HIOTEpPMHYECKON peaknuyd MPOTOHHOTO pacmana Mph
AK30TEPMUYECKOM 0O-paclajie ONYyCTUMO COMYTCTBYIOLIEE O-YaCTHUIIE
M3ITy9eHUE KBAa3WUIO3UTPOHUS, BBITONHSIONIETO B TaKOM CIydae pOJIb
KaTanu3aropa Ajis CIeAyIoUero pacnana. SICHO, 4YTo MU BPEMEHH KU3HU
KBa3UIIO3UTPOHUS TOPAJKA T U BPEMEHHU KU3HU aKTUBUPOBAHHOIO 3a-
XBaTOM KBa3UIO3UTPOHUS siipa 209B1 1, << 1, K&XABIH U3 BOSHHUKAIOIINX
B oAHOM umnyibce HOMMU KkBa3HIIO3UTPOHHEB MOT OBl aKTUBHUPOBATh
nopsiaka t / t; pacnazoB. OueBUIHO, YTO, HPU YCIOBUHU YJICTyYHUBAHUS
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06pasyIoIIerocs Tenus, BKIa B CHIKEHHE Macchl paciliaBa, COMPOBOK-
naromeecs o6pasoBaHreM 235Pb, MOeT IIpeBBIIATh BKJIA, CBS3AHHKIH C
obpazoBanueM 235Pb, B 41/ t, pas.

Ecmn no o6paborkn HOMU monexymnsl, criocoOHBIe TP MOHU3AIINT
TIOPOIUTH HPOTOHBI, HAJl PACIIABOM OTCYTCTBYIOT, TO IIPOTOHHEIH Aedu-
IIUT, B YCTOBUSAX 0-PACIIafia, MOKET COMPOBOKAATHCS CHIKEHHEM MACChl
pacmiaBa 3a cueT cTabwibHoro msoroma 293Tl. Komeuno, apryment
0 TMPOTOHHOM Je(UIUTe OTHANAET, €ClH O-pacraj CBA3aH C HMCIycKa-
HueM 3He, mockonbKy HectabuibHEI H30Ton 25Tl (T = 4,2 Mun) nepe-
xomuT B 23SPb, mcmyckas aMeKTpoH. AHAJOTMYHO TOsBIeHHE 293Pb
MOKHO CBS3aTh C B—pacnaHOM 29MT1 (T = 3,8 roma), ecmu o-pachaj
209Bi cBszan ¢ ucmyckanneM 3He. XapakTepHo, OJJHAKO, UTO HE CIEyeT
OKUJIATh yBEIUUEHHUs COJlepKaHus u3oTona 29,Pb.

10.6. Bo3aMo:kHOCTH 00pa30BaHNsi CBUHIIA
npu yyacruu (efel)-map

BBenenue B paccMOTpeHHE MAacCUBHBIX (€fel)-lap OTKpHIBAeT MyTh
K MHOH MHTEPHpEeTaluy BIMSIHUS OAHOMIOJAPHBIX HAHOCEKYHIHBIX JJICK-
TpOMarHuTHeIX uMnyiascoB (HOMM) Ha cBoiicTBa BemiecTBa, B 4YacTHO-
CTH, Ha Tiporiecc [24, 25] TpaHCMyTalli BUCMYTa B CBHHEII IIpH O0Iy4e-
aun HOMMU pacmiasa Bi — Ph.

EcTtecTBeHHO cuuTaTh, YTO TaKHE MMITYJIbCHI CTUMYJIUPYIOT HpoIiec-
cbl oOpaszoBanus (efel)-map (1Mo kpaiiHei Mepe, BOJIM3M MOBEPXHOCTHU
paciuiaBa), B pe3yjbTaTe 4ero 3TUMM IapaMH OOOTaIlalOTCs AJIEKTPOH-
Hble 000J704KH MOHOB Bi. Ho Torma craHoBATCS BOSMOXKHBIMH 3K30TEp-
MUYECKHE PeaKIy CIMSHUA Map gJep BUCMyTa ¢ 00pa30BaHUEM H30TO-
MIOB CBUHLIA U T'€JIUSL:

209Bi+ 293Bi — 2227Pb + %He;
298pb + 235Pb + ‘;He 298pb + 297Pb + 3He. (129)

IlepBonavanbaas Moxaenb IIKC co cnapuBaHweM OOJBIIOrO YHCIA
3JeKTpOoHOB [34] mpeAcTaBIsIach MalOBEPOSTHOH, M TPUMEHHUTEIHHO
K TpaHcMmyTanuu Bi — Pb Hamu B [52] He obOcyxaanack. OnHako ydeT
OompIoi Maccel (efe])-map KapaIuHAIBHO MEHSICT CHTYaIHIO, YKa3bIBas
Ha BO3MOXKHOCTh oOoraiieHus cBuHIia uzoronamu 206, 207 u 208 B oT-
CyTCTBHE KOHTAaKTa C OKPYXaloIIel cperoil (Ipexkae BCEero, ¢ BOASHBIM
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napom). bonee Toro, oboramenue u3oronoM 207 BBITISAUT MPEIITOYTH-
TEJBHBIM.

DTOT BBIBOJ IIPOTHBOIIOJIOKEH 3aKIIOYEHHUIO, cAeaanHoMy B 1. 10.5
TP aHAIHM3€ PEeaKIUi TPaHCMYTAaIlMH BHCMyTa 0e3 ydera BO3MOKHOCTH
oborareHus ero 3JMeKTPOHHBIX 00ojouek (efe)-mapamu. Kpome Toro,
SICHO, UTO obOoramenne (efe|)-mapamMu ITOJDKHO MOIU(DHUIMPOBATE KyJO-
HOBCKHUH «XBOCT)» SJIEPHOTO MOTEHIIMATA, YBEINYNBAs BEPOSTHOCTH TyH-
HeMpoBaHUA u30TomoB 3He m 3He. Jlna msotoma 3He, o6mamaromiero
MEHBIIICH MaccoM, MPO3PaYHOCTh Oaphepa BBINIC, TAK YTO TAKOW pacray
JIOJDKEH BECTH K oborateHuto uzoromnom Pb — 206.

ITomuepkHeM, HaKOHEI], 9TO OOOTaIleHHe AIIEKTPOHHBIX 000JI0YeK
BUcMyTa (efe|)-mapaMu, MOTUPHUIUPYIOIIEE KYIOHOBCKUN MOTEHIHANT
Aapa BUCMYTa, OOJDKHO PE3KO YBCIMYHMBATHL BCPOATHOCTH IIPOTOHHOI'O
pacnaga BucmyTa (124). B 3TOM citydae TOMHHHAPOBATh OyIET MpHparie-
HHE CBHHIIA 3a c4yeT m3oToma Pb — 208. ITo-BuamMoMy, BO3MOKHO H
akTHBHOE ydactue (efel)-map B mpolieccax MPOTOHHOTO W (-pacraja
anep, Kak 3To obcyxkaaercs B 1. 14.2.2.

OdyeBumHO, YTO MM TONyYEHHUS MJOMONHUTENbHOW WH(pOpManuu
IMOJIC3CH MOHHUTOPHUHI' KaK pPaJuOaKTUBHOCTH CIlJIaBa BUCMYT — CBHUHCI]
o u mocne obpabotkn HOMU, Tak u KOHTPOJH 3a Ta30BBIM COCTaBOM
Haja pacruiaBoM. [IposICHHTH CHUTyaIio MOMKET aHaJU3 W30TOIHBIX CO-
CTaBoB 70 W mociie oOpaborkn HOMU. Bo BesikoMm ciaydae, HE CTOUT
OXXHJATh U3MEHEHUS Cozepkanus n3otomna Pb-204.
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asa 11. Bo3HUKHOBEHUEe XMMNYECKUX 3NIeMEeHTOB
npuv aNeKTpU4eckux paspsapax B soae
C y4yacTMeM maTtepuana MeaHbIX 3N1eKTpoaoB

11.1. Beoaubie 3aMeYaHus

OpuruHanpHas yCTaHOBKA IUIA3MEHHOTO 3JIEKTPOJIN3a BOABI «DHEP-
roHuBa» (cM. 1. 2.1) neMOHCTpHUPOBaIa HU3KOIHEPI€THUECKHUE SIACPHBIE
peaKknuu CHHTE3a XMMUYECKUX 3JIEMEHTOB IPU MaJIOW 3PO3UH 3JIEKTPO-
0B (cM. Tabm. 1). CuHTE3 CBS3BIBAICS C BO3HMKHOBEHHWEM YCTOWYH-
BOTO «IJIa3MOMJ@» MEXIY O3JEKTPOJaMH, OTCTOAIIMMU Ha paccTos-
Hue (1-1.5) D, rme D — BHYTpeHHHWiIl AMAMETpP TMOJBIX 3JICKTPOIOB
(D < 50 mm). [IpuBeneHHOE BBIIIE PACCMOTPEHHE MMOKA3BIBAET, YTO YUET
BBIBOZIOB aJPOHHONM MEXaHUKHU MO3BOJISIET NPUHLUIHAIBHO PELIUTh IIPO-
OneMy MpeoIoNieHHsT KYJIOHOBCKOTO Oapbepa MmpH CHHTe3e siaep. B To xe
BpeMs Lieecoo0pa3Ho HapamuBaHue 0a3bl SKCIIEPUMEHTAIbHBIX JaHHBIX
Y WX UHTEPIPETaIluy C MOMOIIBIO YIIPOLUIEHHON MeTOauKH [12], ucmonsb-
30BaHHOM B [56] B cilyuae JJaATyHHBIX JIEKTPOJIOB.

31ech MBI OCTaHOBHUMCSI Ha ONU3KOW K [56] cuTyamuu Ijs cirydas
3JIEKTPOJIOB U3 TexHUUeckor meau [55]. B [55], kak u B [56], ocymiecTB-
JSUTECh MMITYJIBCHBIC 3JIEKTpUUECKHe pa3psibl B BogHoM pactBope NaCl
(c xonnentpanueii 0,1 r/i1) ¢ UcMoab30BaHUEM KOJIE0ATEIEHOTO KOHTYPA,
HACTPOCHHOTO B PE30HAHC C muTarmmM HanpspkerneM (220 B, 50 I'm).
CraproBasi pa3HOCTh MOTEHIHAJIOB MEXKAY IMOJBIMU TPYOUaTbIMH BIIEK-
Tpomamu coctasisuia 650 B. 3azop mexay anexktponamu ~ 0.7 MMm. DJek-
TPOJBI pacoiaraliich BEPTHKAILHO. MEXy BEpXHUM U HIDKHHM COCY-
JIOM BOJia IBUTAJIach caMOTOKOM. Kaxxmast cepusi pa3psiioB COMPOBOXKIa-
nack, aHanoruuHo [12, 56], mosBieHHeM MOPIUHU >KUIKOCTU C TEMHOH
(uepHOif) OKpackol c MOCIeqyIOUIMM BhINageHueM ocanka. HapaboTka
OCKICHHOTO IOPOIIKA /IS aHaln3a XUMHYECKOTO COCTaBa IO Macce
Oblma OnmM3Ka K yOBITHM Macchl 3eKTponoB. [loaTomy mpeamosaraiocsk,
YTO B IMPOLIECCE CHHTE3a XUMUYECKHX 3JIEMEHTOB Y4aCTBOBAJl MaTepHal
JIEKTPOJIOB.

92



B rnaBe 7 BBe[eHO MOHATHE KBA3WHEHTPOHA KaK CBSI3aHHOTO COCTOSI-
HUS IPOTOHA U JICKTPOHA, CYIIECTBYIONIETO B IIIMPOKOM UHTEPBAJIE MPO-
CTPaHCTBEHHBIX MAacImITabOB W COOTBETCTBYIOIIMX JHEPruil. SICHO, 4TO
HaJlM4ue KBa3UHEUTPOHOB JOJIKHO MPOSBISTHCS B MPOCTEUIIIEH peakiiuu
CUHTE3a 3JIEMEHTOB C 3aps0BbIM uncioM Z + 1 mpu 3apsiioBoM uucie Z
MaTepuana 3JIeKTPOAOB. B 4acTHOCTH, MOXHO OXHIaTh CHHTE3a IWHKA
MIPH METHBIX dIEKTpoAax. Vcmonp30BaHHbIE B [56] JaTyHHBIE SIIEKTPOIBI
(= 64 ar % Cu, 36 ar % Zn) B omnpeeieHHONW CTEIMEHU MaCKHUpPOBAIIU
OoXuIaeMbIi AP GEKT CHHTE3a IUHKA, KOTOPBIH B [56], Kak U CUHTE3 ApY-
rux 0ojee MaCCHBHBIX AJIEMEHTOB, He o0Ocyxnancs. [loatomy mcnoms3o-
BaHUE B [55] B kauecTBe MaTepHasa MOJBIX TPYOUATHIX ICKTPOJIOB TEX-
Huueckor menu (= 98 at % Cu) mpenmosiarajgo BBISBICHUE B TIEPBYIO
ouepenb IIMHKA, CHHTE3 KOTOPOTO OXKHUJANICS KaK CIEJCTBHE B3aMMOMACH-
CTBUSI KBa3MHEUTPOHOB C MOHAMH MENHU, IKCTPArUPYEMBIMH TIPH 3PO3UU
JNEKTPOAOB.

AHanu3 XMMHYECKOT0 COCTaBa JJICKTPOJIOB, KaK M ()parMEHTOB TBEp-
JIOTO TIOPOIITKA, MOTy9aeMOT0 TOCTIE IEKTPOIN3a, MPOBOAMICS 10 CTaH-
JIapTHOU MeTtoauke [61] B 1eHTpe KOJJIEKTUBHOTO MONIb30BaHus WHCTH-
TyTa Qusuku MetamioB YpO PAH.

11.2. lIpuMepbl XUMHUYECKOT0 COCTABA YaCTHI MOPOIIKA,
BBINIABIIET0 B 0CA/I0K

Hcxonublil XUMUYECKUM COCTaB 3IEKTPOAOB MPOBOJUIICS B HECKOJIb-
KHX TIPOU3BOJIEHO BHIOPAHHBIX MECTaX CTPYKKH MaTepHalia TEXHUIECKON
ME/IM, WCIIOJIb30BAHHOW TPW HM3TOTOBJICHHH 3IEKTPoaoB. OMuH U3 TH-
MAYHBIX PE3yIhTaTOB COOTBETCTBYET, HAMpuUMep, coctaBy (B ar. %):
97,61 Cu, 0,63 Fe, 1,77 O. IloguepkHeM, YTO HHM IUHK, HU HHUKEIb
(¢ Tounocthio He MeHbieh 0,1 %) He GUKCHPOBATKUCH B COCTaBEe Marte-
puaia 3JIeKTPOJIOB.

Ha puc. 13 npuBeneH BHEUTHHI BHJ YaCTH MOPOIIKA, 3aKPETIIEHHOTO
Ha CKOTYE.

JIBe mpoHyMEepOBaHHBIE HAMU YaCTHUIIBl KapIWHAIBHO OTINYAIOTCS
COJIEpIKaHUEM LIMHKA, COCTaB YaCTHI] MPEICTaBICH B Ta0. 5.

XoTs B OOJNBIIMHCTBE YACTHII MTOPOINKA COJAEPIKaHUE IIMHKA HE Ipe-
BOCXOJIUT cojepikaHue Meau (Mogo0HO COCTaBy yacTHIlbI 2 B Tab. 5),
HAOJIIOJAI0TCS M YaCTHUIBI C TOMUHHpPOBaHHEM IMHKA. COCTaB OJHOMN W3
TaKHUX YaCTHI] IPUBEICH B Ta0. 6.
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ONeKTPOHHbIN apxuB YIJITY

Puc. 13. Bun ¢parmenTa nopouka, GMKCHPOBAHHOTO HA CKOTYE,
npu yBenmdeHnd 100 X, HyMepanus AByX KPYITHBIX YaCTHI] HAHECEHA aBTOPaMH

Tabmuna 5
XHUMHUYECKUI COCTAB YaCTHII, OTMEUYCHHBIX HOMepaMu 1 u 2
Ha puc. 13

Yacruna 1 Yacruna 2

DieMeHT (0] Mn Fe Cu Zn (0] Mn Fe Cu Zn

Bec. % 0,00 | 053 | 0,69 | 97,39 | 1,38 | 0,59 | 0,32 | 0,83 | 62,75 | 35,51

AT. % 0,00 | 062 | 0,79 | 97,25 | 1,34 | 2,33 | 0,36 | 0,94 | 62,18 | 34,20

Tabmnuia 6
XUMHUYECKHUI COCTaB YaCTULIbI C JOMUHUPYIOIINM
COZICpKAHUEM ITMHKA
DreMeHT Al Cl Ti Cr Mn Fe Ni Cu Zn
Bec. % 045 | 1,11 | 0,20 | 0,16 | 0,29 | 14,63 | 0,48 | 16,80 | 65,88
AT. % 1,04 | 195 | 0,25 | 0,19 | 0,33 | 16,35 | 0,51 | 16,49 | 62,87

Ha puc. 14 npexacrasieHa «iernodkay (HEeppOMarHUTHBIX YaCTHIL
(IpenBapuTENIbHO CENapUPOBAHHBIX HAMH C TOMOIIBIO TOCTOSHHOTO
MarHura).
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Puc. 14. Bua «uenoykun» peppOMarHUTHBIX YaCTHII,
npu yBennueHuu 5000 X, HyMmepanus 1ByX YacTHUL] HAHECEHA aBTOpaMu

B 3r0ii memnouke mpeobiagaroT YacTHIBI C TIOBBIIICHHBIM COJIEpXKa-
HUEM >KeJie3a, OJHAKO, UMEETCd U YacTUla C JOMHUHHPOBAHUEM HUKEI,
otMmeueHHas mudpoit 1. B pacmonokeHHON psimoM dacTuile 2 JTOMHHH-
pyerT xemne30 (HallOMHUM, YaCTUIIBI 00pa30BaIiCh HE3aBUCUMO B pa3iIny-
HbIC MOMCHTBI BPpEMCHHU U CBCJCHBI BMECTEC B XO/€C MarHUTHOM cerapa-
un). [ cpaBHEHHS! COCTaBbl 3TUX YacTHI] IPEICTABICHBI B Ta0JI. 7.

Tabmuma 7
XUMHYECKUI COCTAB YaCTHIL], OTMEUEHHBIX HOMepamu 1 u 2
Ha puc. 14

Yacrtuma 1 Yacrtuma 2

DJIeMeHT Al Fe Ni Cu Zn Al Fe Ni Cu Zn

Bec. % 4,25 | 2,85 | 8459 | 7,43 | 0,88 | 0,00 | 88,86 | 3,97 | 7,17 | 0,00

Ar. % 8,86 | 2,87 | 80,95 | 657 | 0,75 | 0,00 | 89,81 | 3,82 | 6,37 | 0,00

Jomunuposanue Ni, Kak ¥ JOMHUHUPOBaHUE Zn, 3TO, CKOpee, UCKITIO-
YCHHUE, 4YEM IIpaBuUJIO. JIOCTaTO‘IHO TUIMMYHBI 4aCTUIbI C COJACPIKAHUEM
Zn, COMOCTaBUMBIM C COAEPMKAHUEM MEIU, IPU OTCYTCTBUU WJIH MaJoM
conepkanuu Ni.
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Crenyer UMeTh B BUAY, YTO JaJICKO HE BCe HAOIOAABIINECS DIIEMEH-
THI TIpUBENIEHBI B Tabn. 5—7. @ukcupoBanuce U 0ojee MacCHBHBIC dJie-
MeHTEHI, B yactHocTH, Cd, Sn 1 Ba.

11.3. O0cyskaeHue npocTemmux peaxkuni
CHHTE3a HUHKA

B rnaBe 7 MBI yxe KpaTKO OTMEUaau MPOCTEUIINE SIIEPHBIE PEAKLIUU
CHHTE3a C yJacTHEeM M30TOIOB MEJW M KBasWHEHTpoHA. MHTEepec Kk 3TUM
peaknusM CBsI3aH C TEM, YTO, BO-TIEPBBIX, UX MOKHO CUMTaTh Hambojee
BEPOSITHBIMU MIPY CHHTE3€ U30TOMOB IIMHKA, @ BO-BTOPBIX, MOXKHO OXH-
JIaTh KOJMWYECTBEHHOTO COOTHOIICHUs (86) JUIs comep)caHus WU30TOMOB
Zn 66 u Zn 64, oTaMyaromerocst OT NPUPOAHOTO. 3/1ECh MBI PACCMOTPUM
9TOT BONpOC NMopoOHee, He OTPaHUYUBAsICh TOJIBKO MapOH H30TOMOB.

OTMeTuM, YTO CHHTE3 IUHKA, oOyiamaroniero Ooliee IMUPOKUM Ha-
OGopoM ycToWuMBBIX wm30TOMOB ZN 64 (48,6 %), Zn66 (27,9 %),
Zn 67 (4,1 %), Zn 68 (18,8 %), yem menpb, BrOJIHE OXuaaeM. Mmeercs
u ponrokuBymmii mzoron Zn 70 (0,6 %) ¢ mepwomoM mosypacmanaa
T=~5-10" ner.

[Ipexne Bcero, HAMOMHUM OCHOBHBIE pEaKIMM CHHTE3a IUHKA MpPU
CIIMSHUM SIICP MEIU C MPOTOHOM, 3CKOPTHPYEMBIM 3JIEKTpOHOM. B co-
CTaBe MeJM UMeeTCst 1Ba ycToiunBbix u3orona Cu 63 (69,17 %) u Cu 65
(30,83 %). IloaTomMy cpa3y MOMKET pealn30BaThCsi CHHTE3 H30TOIOB
Zn 64 u Zn 66

Cub3+(p+e)—>2Znb6d+e, Q=8,81 MaB, (130)
Cub5+(p+e)—2Zn66+e, Q=8925M>sB. (131)

O1ieHKH 3HepreTUUecKkoro g dexra Q B 3K30TEPMHUUECKUX PEAKITHIX
(130) u (131) momy4yeHsl ¢ WCIONIB30BaHHEM JaHHBIX [57] 6e3 ydera
SHEPIHHU CBS3M KBa3HHEHTPOHA.

OtMmeTnM, 4TO 3aXBar KBazuHelTpoHa m3otornoM Cu 65 momkeH cormpo-
BOXJIAThCsl TIOSIBIIEHHEM HeyctoitunBoro m3ororna Cu66 (T = 5,1 mun),
UCIIBITHIBAIONIETO, cornacHo [57], B-pacnan ¢ obpasoBanuem Zn 66. 3a-
XBaT ke KBasuHehTpoHa m3oTonamu CU 63 mpHUBOIMT K HEYCTOHYMBBIM
u3otonam Cu 64 (nepuon nonypacrnana T =~ 12,7 gac), KoTopbie B 00JIb-
muHCcTBe ciiyyaeB (61 %) mocie 3JIeKTpOHHOIO 3axBaTa OOpa3yloT CTa-
owrtbHb m30oTonm Ni 64, mu6o (39 % ciydaeB) UCHBITHIBAIOT B-pacman
¢ obpa3oBanuem Zn 64.
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Jlerko yOeauThCs, YTO IMOTJIONIEHHE OJJEKTPOHA SIIPAMH  MEIH
K YCTOWYMBBIM HM30TOINAaM HHUKENIs He mnpuBoAuT. M3otomsr Ni 63
(T = 100 ner) u Ni 65 (T = 2,5 gyac) ucnbITHIBaOT B-pacial, BOCCTaHAB-
TMBast UCXOHBIE H30TOMBI Meau Cu 63 u Cu 65.

3amerum, uto u3oTon Ni 64 MOKET BOSHHUKATh M IPU 3axXBare MCEB-
mporpoToHa (p + 2e), mpeacrasisroniero, cormacuo Canrmmm [38], ces-
3aHHOE COCTOSIHUE MTPOTOHA C IBYMSI AJIEKTPOHAMHU

Cu 63+ (p +2¢) — Ni 64 + v, (132)

T7Ie V — CUMBOJI 3JIEKTPOHHOTO HEWTpuHO. BritoueHne B mpaByro 4acTh
OJIHOTO HEWTPHUHO HPEAINOJaraeT, 4To KBAa3MHEHTPOHHOMY COCTOSHHIO
(p + e), KaK U HEWTPOHY, COMOCTABISCTCS HYJICBOW JICITOHHBINA 3apsi,
TOT/Ia Kak ICEeBAONPOTOHY (p + 2e), moJo0HO 3IEKTPOHY, SAWHUYHBINA
JMENTOHHBIN 3apsiA. B pesymbrare, B peaxiuu (132) BBRIMOTHSAETCS 3aKOH
COXpaHEHUs JenToHHoro 3apsna [62]. [loguepkaeM, 4TO, B OTJIMYHE OT
pCaKknuyn 3axBaTa KBa3I/IHCI\/'ITpOHOB HU30TOIIaMM MC€JU, LUHK IIPpU 3TOM
He oOpasyercsi. Bo3aMokHO, 4TO YacTHIla C JOMHHUPOBAHUEM HHKEJS U
MaJIbIM COJiepXKaHueM Mean u nuHKa (dactuma 1 Ha puc. 14 ¢ cooTBeT-
CTBYIOIIUM COCTaBOM B TaOi. 7) ¢opmupoBaiach, TJIaBHBIM 00pa3oM,
C y4acTHeM TCEBAONPOTOHOB 10 peakuuu (132). YuureiBas, 0IHAKO, YTO
MaTepHaj MEKTPOAOB MOT COACP)KAaTh HUKEJb B KAUeCTBE IPUMECH, Ta-
KO BBIBOJ HOCUT YCJIOBHBIH XapakKTep.

OpHako B3aUMOJICHCTBUE MICEBAOPOTOHOB ¢ u3otonoM Cu 65 Beaer
K 0oOpa3oBanuro Zn 66:

Cu 65 + (p +2e) — Ni 66 (T = 54,6 gac) + v, (133)
Ni 66 — e +V + Cu 66 (T = 5,12 mun), (134)
Cu66 —e+V+2Zn66. (135)

B (134) u (135) cumBon V, Kak u paHee, OTHOCHTCS K JIIEKTPOHHOMY
AHTUHEUTPUHO.

O4eBUIHO, YTO MOCJIE BO3HUKHOBEHHUsS ZN 66 MOrjIonieH s KBa3uHe-
TPOHOB MOTYT BECTH K IIOCIIEIOBAaTEIBHOMY OOpPa30BaHUIO H30TOIOB
[IMHKa C MacCOBBIMH 4uciiaMu 67 1 68, HapamuBas o0liee cojaepikaHue
nuHKa. B TO ke Bpems 3axBaT KBasWHeHTpoHa u3oTornoM Zn 64 mpu-
Bell Obl K HecTabmibHOMY u30Tomy Zn 65 (T =~ 244 nHs), KOTOPBIH HOCIE
3axBara ayiekTpoHa mepexoaut B CuU 65, cHmkas oOiee cojepx aHue
nuHKa. Pasymeercs, B OCHOBHOM OOpa3yIONTUICS ITMHK JOJDKCH COAEp-
XaTh M30TOMBI ZN 64 u Zn 66, obpazoBanmne KOTOPHIX, coriacHo (130)
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u (131), oOycrnoBIEHO CYIIECTBOBAaHHEM JABYX YCTOWYMBBIX H30TOIIOB
menu. Ecnm Obl BO3HMKIIO 3HauYMMOE KOJMYECTBO H30Toma Zn 68, To
B pe3yNbTaTe PeaKkIuy

Zn68+(p+te)—Gab9+e (136)

Mor Obl 00pa3oBaThCsl TaMid. B JaHHOM HCCIEOBaHWM TaJUIMH He
HAO0aIICs, YTO YKa3bIBaeT Ha HU3KOE COJep)KaHUe (MIU OTCYTCTBHE)
n3zotona Zn 68. IlockompKky B NMPUPONHOM IHWHKE IMOYTH IISATas 4acTh
NpUXOANUTCS Ha ZN 68 BIOJHE BEPOSITEH CUHTE3 TAJUIHS B CITyYae UCIONb-
30BaHUs TIPH JIEKTPOJIN3E BOJBI IIMHKOBBIX AJIEKTPOIOB.

B mome3y mpennokeHHOro MeXaHW3Ma CHHTEe3a IIMHKA CBUICTENhb-
CTBYIOT, Ha Hall B3TJISI, M PE3yJbTAaThl BO3ACUCTBHS OJHOIOJSPHBIX
ANEKTPOMArHUTHBIX HAHOCEKYHIHBIX HMITYJIbCOB Ha BOJHBIC PACTBOPHI
coneit CuSO4u ZnSO, (cM. TimaBy 5 B [2]). B ciayyae moHmXeHHOTO 3Ha-
uyennst pH = 3,32 mocne Bo3aeiicTBus B TeueHne 16 MUHYT HAaOIIOAaI0Ch
yMeHblleHUe (TpuOau3nuTeNibHo Ha 0,2 MI/i) comepikaHusi HIOHOB MEIU U
Bo3pacTanue (MpuOIM3UTEIbHO Ha 0,2 MI/J1) KOHIEHTPAI[MH HOHOB I[HH-
ka. Harmomuum, uto pH cBs3aH ¢ KoHIEHTpaluel noHoB Bojgopoaa [H']
cootnomenunem pH = —lg [H'], a HeiiTpansHO#l cpeme COOTBETCTBYeT
pH=7 (Boma, mpu 25 °C). CnenoBareibHO, NpH H3MeHEeHUH PH oT
7 nmo 3,32 KOHIEHTpalMs HWOHOB BOJOPOJA BO3pacTaeT IPHUMEPHO
B 4800 pa3. Torna moHATHO, YTO CHMXkeHHE PH CIIOCOOCTBYET CHUHTE3Y
[MHKA 32 CYET MOBBIIICHUS BEPOSTHOCTU 3axBaTa MPOTOHOB SIpaMu
meu B mporieccax (130) u (131).

Bo3Bparasice kK HalreMy 3KCIepUMEHTY, HAIOMHUM, YTO CILIaBHI Me-
I, conepxaiue 10 39 % IMHKa, TPEACTaBIsAIOT co0Oi pacTBOPHI Ha
OocHOBe Meau (Tak Has3bpiBaeMble ojaHO(da3Hble o-maTyHu). [loaTomy
KpaiiHe MaJIOBEpOSITHO, YTO BO3MOXHOE HAIW4YHe HEOONBIINX KOHIICH-
Tpauuil paCTBOPEHHOI'O LIMHKA B HCXOJHON TEXHUYECKOW MEIH IPUBEAET
K MHOTOKPAaTHOMY pOCTY (ZECATKH MPOILEHTOB) IMHKA B YACTHIIAX OCa-
ka. HanportuB, mosiBieHHe IMHKa 3a cueT mporeccoB cuutesa (130)
u (131) sBisieTcs BIIOJIHE €CTECTBEHHBIM.

EcrecTBEHHO 0XKUIATh TAKKE, YTO B3aUMOJIEHCTBUE KBA3UHEHTPOHOB
C MapaMH PTYTU NPUBEAET K CHHTE3y 30JI0Ta, aHAJIOTHYHO TOMY, Kak
3TO OBUIO MPOJAEMOHCTPHUPOBAHO NpU OOMOAPIUPOBKE PTYTH HEHTPOHA-
mu [63]. B cumiy manoro coxepxanus (0,15 %) B mpupomHOW pTYTH
n3orona Hg 196 B koMMepUIecKOM OTHOIIEHUHN PEaKIus C TOTJIOMEHUEM
MPOTOHA

Hg'°+ (p+e) > Au¥ +e (137)
98



(c morsorIeHHeM KBa3WHEHTPOHA WM TOCICAYIOIUM HCITyCKAHUEM DJICK-
TpOHa) HEMepCHeKTHBHA (IOAPOOHO MCTOPHS CHHTE3a 30JI0Ta U3 PTYTH
n3noxkeHa B [64]). OmHako Kak BapuaHT, IEMOHCTPUPYIOMNH 3 HeKTrB-
HOCTb y4acTHi KBa3sMHEHTPOHOB B CHHTE3€ DJIEMEHTOB, peakius (137),
0e3yclloBHO, MoKa3aTeibHa. [Ipy mocTaHOBKE MOJOOHOTO SKCIIEpPUMEHTa
ClIeTyeT UMETh B BUAY, YTO, IOMHMO TOKCHYHOCTH PTYTH, TOTJIOIIEHUE
KBasMHEWTpoHa wm3oTomoM HQ 202 (mMerommeM BBICOKOE COAepIKa-
Hue = 30 % B mpupoAHO#l pTyTH) AaeT HectabunbHeId m3oTOonm HQ 203
(T = 46,6 nH.), npeBpalIarOIIUNACA MPH [P-pacrajge B TOKCUYHBIN H30-
tom T1203.

YMECTHO OTMETHTBh, YTO y KBa3HHEHTPOHOB B PEAKLUSIX CHUHTE3a
MpH MPOTOHHOM TIOTJIOIIEHUM HMMEIOTCS SIBHBIC MPEUMYIIECTBA IEPe
HEHUTpOHAMH — OTHOCHUTENbHAs JelIeBU3HA, MEHBIIAs MPOHHUKAFOIIAS
CIOCOOHOCTH ¥ MEHBIIINE YPOBHU BO30YKIEHUS JOUEPHUX S/IEP, YTO TO-
HWKAeT BEPOSITHOCTH Y-M3JIyueHus. HamoMHuM, 4TO B aJApOHHON Mexa-
HUKE [4] HEHTPOHBI SBISAIOTCS KOHTAKTHO CBS3aHHBIMH H30TPOTOHAMHU
U HM303JEKTPOHAMH, W (PaKT TaKOrO CHHTE3a SKCIIEPUMEHTAIBHO TOJ-
TBEepxAcH [37].

11.4. Ilpumepsl peakumii 00pa3oBaHusl XMMHYECKHX
3JIEMEHTOB C y4YacTueM (ee)-nap, BKJIYasi H CHHTE3
MAaCCUBHBIX siiep

Peaxmuu (94) — (101) ¢ obpa3oBanueM xene3a MPU YIACTHH MEIU
U KOMIUIEKCOB [p + O]e 1 [3p + O], yrke npuBoauincs B 1. 8.1. D1r pe-
aKIIMW COIPOBOXKJIAIOTCS TOSABJIEHHEM OTHOCHUTENBHO JIETKHX 3JIEMEHTOB
Al, Si, Mg, Na, KoTopbsle MOTYT CHHTE3HUpPOBATHCS W HEMOCPEICTBEHHO
Y3 BOJBI IpPU B3aUMOACHUCTBUU KOMIUIEKCOB [p + Ol U [3p + Ol
(cm. 1. 8.2). bomee Toro, MMeeTCss HECKOJILKO pEaKIMii CHHTE3a Kee3a,
Kak W JIpyruX, yKa3aHHbIX B TaOn. 1-3, oOpasyrommxcsi 3J1eMEeHTOB
(Ti, Cr...), u3 Oonee nerkux snementoB. Hanpumep, peakuus (12) cun-
Te3a nzorona Fe 54 u3 anmromunansa nnu nzorona Fe 56 n3 kpemuus:

28Si + 28Si + (ee) — 3%Fe. (138)

HamomuanMm, ipu 3axBate (ee)-mapsl CIUSHIE SIep aTIOMUHUS ITPUBO-
1T, cornacHo (112), k cuaresy n3oroma Cr 54.

Koneuno, peaknus cuHTe3a kenes3a, Kak U JIPYrHx 3JEMEHTOB, MO-
JK€T WATH IO BapHaHTy MApHOTO0 B3aUMOJEHCTBHS SAEp MaTepuaia
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3IEKTPOJIOB, TI0 TUMY OOCYXIABIIUXCS BBINIC Peakiuii (popMupoBaHUS
3JIEMEHTOB MPY BaKYYMHOM ILJIABJICHUH.
Hanpuwmep,

83Cu+ 53Cu + (ee) - 38Fe + $87n,

58Fe + 397Zn, 11tsn + 12c, 11%cd + 180, . (139)
83Cu + $3Cu + (ee) —» 13%Ba, 126Xe + 3He,
®Be + 125Te, 1i8Sn+ 1ZC. (140)

3HauuT, CUHTE3 Oapus MOXKHO paccMaTpUBaTh KaK MHAMKATOP CyIIe-
ctBoBanus peakuuii (139), (140). HamomuuMm, cunTe3y m3oroma Sn 112
COTIOCTaBIIACTCS peakius (84) CIUIHUS N30TOTIOB XKele3a.

Takum 00pa3om, cHHTE3 HaONIOZAEMBIX DJIEMEHTOB C MAacCCOBBIMH
yucnamu < 130 gocTuraercst B pe3yjbTaTe TpeX OCHOBHBIX THUIIOB peak-
W 32 CYET HECKOJBKHUX JTAallOB CHHTE3a JJIEMEHTOB M3 BOJBI; 32 CUET
B3aMMOAEHUCTBUS KOMITIEKCOB [p + Ol u [3p + OJe. C dKCTparupoBaH-
HBIM MaTEPHAJIOM BJIEKTPOJIOB U 32 CUET B3aUMOICHUCTBHSI SIIEP IEKTPO-
OB ¢ ydactheM (ee)-map. [IpUMEHHUTENBHO K JKene3y AOTOIHUTEIBHO
OTMETHUM, YTO OHO HE PACTBOPSETCS B MEIH, M TIPH HUCIIOJIH30BAaHUH B Ka-
YeCTBE 3JIEKTPOJOB TEXHHYECKOH MEAM YacTHUYKH JKeje3a MOTYT H3Ha-
YalbHO MPUCYTCTBOBATh (3TO U TOATBEPKAACTCS TMPU aHAJM3E XUMHUYE-
CKOT'O COCTaBa 3JIEKTPOJIOB).

OTMeTuM, HakOHEl, 4yTO 00pa3oBaHHE TAKWUX JJIEMEHTOB, KaK Kal-
MU, TEJUTYp, OJIOBO TI03BOJISIET CHHTE3UPOBATh BCE CTAOMIIBHBIC H30TOTIBI
CBHHIIA, HAIPUMEP, B PEAKIHAX C 3aXBATOM JIBYX (ee)—r[ap

122Te + 118Sn + 2(ee) » 233Pb + 3

20%Pb + 3¢S, 237Pb + 335, 238Pb + igs. (141)
119¢d + 11gCd + 2(ee) — 233Pb + 2 (142)
122Ccd + 134Ccd + 2(ee) —» 235Pb + 2 (143)
13cd + 133Cd + 2(ee) — 237Pb + 2 (144)
1icd + 133Cd + 2(ee) - 238Pb + 2 (145)

NmeroTcss 1 KOMOWHAITMN C 3aXBaTOM OJIHOHM (ee)-Tapbl, HampuMmep,
122 122 122 118 120
npu 3amene B (141) “g5Te na “£5Sn wim “£5Te + “55Sn Ha 2 “£,Sn.
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Pasymeemcs, npusedennvle npuMepsl He UCUEPNbIBAIOM 6CeX 8apu-
AHMOB8 CUHME3a CEUHYA, a NPOCMO OEMOHCHPUPYION eCMeCMEeHHYIO
B03MOJICHOCb 00PA306AHUSL CEUHYA NPU UCNONB30BAHUL 6 KAYeCmee
UCXOOHBIX 510ep NPOOYKMOE PeaKyutl npeouecmsyioue2o mana CUHme3a
XUMUHECKUX DNEMEHMO8.

B kauecmse npodykmos peaxyuii (141) — (145) mut oepanuuunuce
3aNUCHIO NAPbL INEMEHMO8 (C8UHeY U HeOH), XOms UMEIOMCA U Opyaue
napul, 8 YACMHOCMU, BUCMYM U hmop

11scd + 133cd + 2(ee) — 239Bi + 3F. (146)

Acho makoice, Uuno nocjie cunmesd Ce6UHYya Curmes sucmyma — Imo
JIECKO peanusyemas peakyus 3axeanma npomona scieocmeue 83aumooeti-
cmeus ¢ K6&3uH€ﬁmpOHOM

298%Pb + (p + €) — 233Bi + e. (147)

Xoms anemenmvl ¢ 3apsaoogvimu uuciamu eviuie 82 (ceumey) u
83 (sucmym) Hu 6 sxcnepumenmax Ha «IHepeoOHUBE», HU 8 HAUUX pAbO-
max [55], [56] noka ne ¢uxcuposanuceo, noresno ommemums, umo gop-
MAIbHBIX 02PAHUYEHUL, Hanpumep, 01 CUHmMe3d YPaHa uau NiymoHus
Hem. B wacmnocmu, ucnoawvsysa 01060, obraoarouee 0ecamvio Cmaduib-
HbLMU U30MORAMU, MOJICHO 3ANUCAMb PeaKyuu

123Sn + 113Sn + 4(ee) — 235U « 119Sn + 112Sn + 4(ee), (148)
12261 + 116Sn + 4(ee) — 238U « 123Sn + 118Sn + 4(ee), (149)
1200n + 113Sn + 4(ee) - 233U « 117Sn + 118Sn + 4(ee), (150)
1196n + 118Sn + 4(ee) - 233U « 123Sn + 112Sn + 4(ee), (151)
1196n + 113Sn + 4(ee) - 233U « 118sn + 113Sn + 4(ee), (152)
1176n + 116Sn + 4(ee) —» 233U, (153)

12450 + 112Sn + 3(ee) — 237Pu « 1228n + 117Sn + 3(ee), (154)
1200n + 119Sn + 3(ee) - 237Pu, (155)

12890 + 118Sn + 3(ee) - 2&2Pu « 122Sn + 125Sn + 3(ee), (156)
1200n + 112Sn + 5(ee) - 232Th « 118Sn + 1iSn + 5(ee), (157)
117Sn + 112Sn + 5(ee) - 232Th « 118Sn + 118Sn + 5(ee). (158)
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[lo-BuarMOMY, IPENATCTBUEM [UISl ATUX PEAKLUUH CHHTE3a U3BECTHBIX
pPalMOaKTUBHBIX JJIEMEHTOB SBISICTCS Maias BEpOSTHOCTh 3axBara
OompIoro uncia (ee)-map: Tpex — (Ipu CHHTE3€ IUTyTOHHSA); YETHIPEeX —
(TIpu cuHTE3e U30TOIOB ypaHa) U MATH — (IIPH CHHTE3€ TOPHS). 3aMETHM,
4to Bce peakuuu (148) — (158) cOOTBETCTBYIOT UACOJIOTHH BOSHUKHOBE-
HUS U30TOMA ¢ MAaKCHMAIBHBIM MacCOBBIM YHCIIOM TP TUIABICHUH JJIEK-
TPOHHBIM ITYYKOM, PACCMOTPEHHOW paHee B Ii1aBe 9 [uid cirydasi BaKyyM-
HOT'O TIABJICHUSI HUPKOHMA. PasymeeTcs, CyIIecTBYIOT peakii CHHTE3a
9THX 3JIEMEHTOB C yJacTHEM MeHbIIero yucia (ee)-nap. Hampumep,

207Pb + 38Si + 2(ee) —» 233U . (159)

HetpynHo moHATB, 9TO BKIIIOUYEHHE B PEaKIUH CHHTE3a S/IEp 3aXBaTa
(ee)-map cymecTBeHHO pacmupsieT Bo3moxxaocTr CF. B wacTtHOCTH, CHH-
TE3y 30J10Ta COOTBETCTBYET PEaKIUs

1225n + 72As + 2(ee) — 97Au . (160)

Peaxmust (160), ckopee Bcero, kak u peakuus (137), He uMeeT KOM-
MEpYEeCKOT0 3HaueHWs M NpuBeneHa A WUlocTpauuu. Pasymeercs,
€CTb U JIpyTue BapHaHThl 00pa30BaHus 01aropoAHBIX METAJLIOB.

Ha wam B3ryising, MoOje€3HO MPHUBECTH HAIVIAJHYIO CXEMy 3axBara
(ee)-mapbl, gomodHSA CTpyKTypHyto Mojens [IKC, wu3noxeHHyo
B rJaBe 6.
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MaBa 12. Mogenb opO6UTbLI U303NIEKTPOHUYMa
aApOHHOW MeXaHUKU U 3axBarT (ee)-napbl
npu cuHTe3e saapa

IIpexxne Bcero, HamoMmHuM, yto B Mozaenu IIKC, mpencraBnenHON
B IaBe 0, OKa3bIBAaeTCs BO3MOXHBIM COJMIDKEHHE Sep N0 PacCTOSHUH,
MeHpmux R~ 100 ¢pM. DTO MO3BONSET CHITH C PACCMOTPEHUS BOIIPOC
0 MPEONOJICHUN KYJIOHOBCKOTO Oaprepa ciauBaroLIMMucs sapamu. Ode-
BUJHO, 4TO Tpu noctpoennu mozaenu I[IKC nentpanbHyo posib BBINOJI-
HSeT JOMYyIIEHHUE O BO3MOKHOCTH CIIApUBaHUS 3JIEKTPOHOB 33 CUET KOH-
TaKTHOTO B3aumoeiictus. [Ipuuem ¢popmupoBaHme equHON OPOUTHI IS
nap M303JIEKTPOHOB MOXKHO paccMaTpuBaTh Kak 003e-KOHIEHCALUIO
B OOIIIEM COCTOSHUM Map HU303JIEKTPOHOB, JJOCTATOYHO JIETKO BO3HUKAIO-
VX IIPH HAJIUYWH SJIEKTPOHHBIX TIOTOKOB B pa3peKeHHOU cpene. Xapak-
TEPHO, YTO MAacca CBS3aHHBIX M30YacCTHUI] M3-32 HEMOTCHIMAIBHOW MpH-
pPOIBl KOHTAaKTHOTO B3aWMOJCWCTBHsI MPEBHIIAET MAacCy CBOOOIHBIX
YaCTHII.

OO6cynum Temepb BONPOC O NMPaBOMEPHOCTH HCIIOJIb30BAHUSI TPAEK-
TOPHUI TPUMEHUTENHHO K JBWKEHUIO MHUKPOOOBeKTOB. [Ipexie Bcero,
HAIlOMHHUM, YTO OTKa3 OT JKECTKOT0 JI€TEPMHUHU3Ma B KBAHTOBOW MEXaHHU-
K€ ONHpacTcs Ha COOTHOIIEHHS HEONPEAESICHHOCTEH Uil KOOpAHMHAT
Y MMITYJIBCOB, a TaK)Ke Ha MHTEPIPETAIMIO BOJHOBBIX CBOWCTB YaCTHIL.
Tem He MeHee, IS YacTHIl C IOCTATOYHO BBICOKUMH IHEPTUAMU U UM-
MyJbcaMU (a 3HaYMT, MaJIbIMH JUIMHAMH BOJIH Jie bpoiiist A) nomyckaercs
WCIIOJIb30BaHUE TPACKTOPUI (HAaIpUMep, IEKTPOHHBIX OpOUT B puadep-
TOBCKUX aToMax). [Ipu Takoif mHTEeprpeTanuu paguychl opouT R J0IKHBI
6BITH 3aBeioMO Oonbine A. B maTepecyromem Hac ciydae R ~ 10 m
3TO BO3MOKHO IpH y4eTe OOJBIION MaccHl (ee)-map.

3amMeTuM, U TIOJTHOTHI OOCY)KIIEHUS, YTO UMEETCS M albTepHATHUB-
Has BO3MOXKHOCTh. Kak mokazam bom [65], mpomecc audpakiuy diek-
TPOHOB Ha JIBYyX IIENSAX, CYATAIOUINICS OJHUM W3 TPaAMLIMOHHBIX MOJ-
TBEPXKICHUI BEPOSTHOCTHONM MHTEPIPETALIMM KBAaHTOBOW MEXAHUKHU,
JIOTTYCKAaeT OMHCAaHUE C MCIOJIH30BAHMEM HHIUBUAYAIbHBIX TPACKTOPHMA
JIEKTPOHOB, HO MPHU BBEJCHUM HEJIOKAJIBHOIO KBaHTOBOI'O MOTEHLHMANA.
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HenokanpHocTh TOTEHIMANa MOApa3yMEBacT HapyLICHHE OrpaHUYCH-
HOCTH CKOPOCTH paclpoCTpaHEHUs] B3aUMOJICHCTBUS BEIMYHHON C.
HamoMunM Takxke o mapamokce DitamreiHa-Ilogomsckoro-Posena [66],
KOTOPBIA TIPY aHaJN3€ MBICIIEHHOTO SKCIEpUMEHTa Ui 3aITyTaHHBIX
COCTOSIHUM TMapbl MHKpPOYACTUI] TPUBOAWT K BHIBOAY O HAapyLICHUH
MpUHITIA OJIM3KOACHCTBUSA B KBAHTOBOW MeXaHWKe. Ha Hammgme Heno-
KaJTbHOCTH YKa3bIBaeT, MMO-BUIUMOMY, SKCIIEPUMEHT C 3aITyTAHHBIMH CO-
CTOSIHUSIMA MHKPOYACTHII, TIOCTaBJICHHBIH AJs1 TPOBEPKU BBIBOJOB [65]
(cM. obcyxaenue B [67]). He uckimtoueHo, 4TO BBIXOJ U3 3TOM KOJUTU3UU
KpOETCs B Pa3BUTHU MPEACTABICHHIA O MPHUPOJIE MPOCTPAHCTBA — BpeMe-
HU (cM., HaripuMmep, [68, 69]).

HanmoMHuM, 4TO, KaK OTMEYajoCh B KOHIIC II. 6.3, BO3MOXHO BO3HHK-
HOBEHHME W JIBYX KOHIIEHTPHYECKHX KOJBIIEBBIX OPOUT MMl CBS3aHHBIX
Map U303JICKTPOHOB, MPUYEM CYMMapHBIE MOMEHTHI UMITYJIbCOB N303JIEK-
TPOHOB Ha KaKIOH M3 OPOMT MMEIOT PaBHBIC 3HAYCHHUS, HO MPOTHBOIO-
JIOKHBIC HAITPpaBJICHUA.

Kacasce nmoctpoenus ppyrux mozenei IIKC, ormerum, utro mpen-
CTaBJISICT MHTEPEC MCClleIoBaHue o — opouT (B hopMe BOCHMEPKHU, OXBa-
THIBAIOLICH Apa) KaK B POJIM CAMOCTOSTEIFHOIO BapuaHTa, TaK U B KOM-
OMHAIIMY C KPYTOBOM OpOUTOH (OpOMTaMM) THIIA paCCMOTPEHHOM BHIIIIE.
3ameTnM, 9TO 00 — OpOUTA, B KAYECTBE CBAZYIOMICH TSI MOJIEKYJIIBI BOJO-
pona, aHamm3upoBanach CaHTWUIM (MOJIENh «U30JICKTPOHUYMAY),
H OBLIO YCTAHOBJICHO HNPHUTAKCHUC JIA ITapbl U303JICKTPOHOB C IPOTUBO-
MOJIO)KHBIMH CIIMHAMHU TIPH CHHXPOHHOM TPOXOXKICHUU MEXbsIepHON
obnactu. Ilpu KOMOMHMPOBAaHHOM BapHaHTE U COXPAHEHUH CUMMETPHY-
HOW KpYroBOHW OpOMTHI TIOCKOCTh 00 — OpPOUTHI €CTECTBEHHO CUUTATh
OpPTOTOHANILHOW TUIOCKOCTH KPYTOBOHM OpOUTHL. DTOT BHIOOP OTpaXKeH Ha
puc. 15, rae npencraBiIeHo COCTOSHUE, KOT/Ia Mapa CBS3aHHBIX M303JICK-
TPOHOB Y)K€ HAXOJWUTCSA B OOIIEM IIEHTPE OPOWT, sijipa CONMMKAIOTCS 3a
cueT mpeobaagaHus npuTsHKeHust Han orrankuBanuem (|[E_| > E,), HO
paccrosiaue d eme >> Rf.

Homyctum Temeppb, 4To, Grarofgaps MpeaniecTBYIONINM 3TaraM CHH-
Te3a JJIEMEHTOB, KaXKJI0€ M3 COIMKArOIIUXCS sjep obiamaer OnM3KOH
K sApy opOUTON C MacCHBHOH (ee)-napoii.

Tornma Ha Ka)XI0# U3 aTOMHBIX OpPOHT, CMBIKAIOIINXCS B 00 — OpOUTY,
HaxXOJIUTCS HE TI0 OJHOMY JJIEKTPOHY, a 1Mo oxHoM (ee)-mape. [losBaeHune
OIHOW M3 IBYX (ee)-map B LEHTPE KOJIBLEBOH OPOUTHI ¢ MacCHBHBIMH
(ee)-mapamu, KOTOpast MOXKET OBITH MOTJIOLIEHA COTM3UBLIMMUCS SIIPAMH,
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MPEJICTABIISICTCS. OPIMHAPHBIM TIPOIIECCOM, TOT/Ia KaK CHHXPOHHOE TI03H-
[IMOHUPOBaHUE JBYX (€€)-Tap B MEXbAJACPHOM IMPOCTPAHCTBE YIKE MCHEE
BeposaTHO. [loaToMy B pamkax momoOHOTO CIieHapHs 3axBaTa (ee)-map
(hopmanbabie peakiuu THna (148) — (158), ckopee Bcero, 3HAUUMON POTH
B TIPOLIECCE CMHTE3a MACCUBHBIX SIIEP HE UIPAIOT.

.Ze

2R

Puc. 15. Cxema B3aIMHOT'O pacrojioXeHHs OpoOuT
B KOMOMHHMpOBaHHOU Mozienu GopmupoBanus [1IKC, 3eneHbie KpyXKu
COOTBETCTBYIOT (€€)-TlapaM, a KpacHbIe — siApam

HanomuuM nononHutensHO, yTo B peanuctuyHo mogenu ITKC uen-
TpaJibHasi KOJIbIIEBAs OpOUTa COJNEPIKUT HE CIMIIKOM OOJBIIOE YHCIIO
3JICKTPOHOB, TaK YTO COJMKAMOIIUECS sApa UMEIOT 3JIEKTPOHHBIE 000-
JIOYKH, XOTS U CHIILHO TIOJISIPU30BaHHBIC. B MOMEHT ciusiHUA siiep ofHa
wiH Be (ee)-mapsl B IEHTPE KOJBIIEBOW OPOUTHI MOTJIOMIAIOTCS CIIHBA-
IOMAMHUCS SIApaMUA ¢ OOpa30BaHWEM HOBOTO SApa BHYTPH KOJIBIICBOM
OpOUTEHI.

[IpencraBisiercss €CTECTBEHHBIM, YTO COPMHPOBABIIEECS SAPO IIO-
KHMJIAeT IICHTPAJIbHOE 3JICKTPOHHOE KOJbIIO, 3a0Mpast 3JIeKTPOHHbBIE 000-
JIOYKA HMCXOJIHBIX MOHOB U (DOPMHPYS CBOIO 3JIEKTPOHHYIO OO0OJIOUKY.
IIpu 3TomM BakHO, YTO pacmmpuBiieecs (B mporecce (GpopMUpOBaHHS
AJIEKTPOHHOHN O0OJIOUKU CHHTE3WPOBAHHOTO sIpa) 3JEKTPOHHOE KOJIBIIO,
OCBOOOIMBIINCH OT POXKIACHHOTO SIIPa, CTAHOBHUTCS KaTAJIM3aTOPOM Clie-
JIYIOUIETO CIMSIHUS Hapbl SAep, JOKAIHU3YSICh B UX MEXBSAECPHOM IPO-
CTpaHCTBE.
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B ciydae mapsl KoJbLEBHIX OpOHT C (ee)-mapaMu (cM. KoHell 1. 6.3)
CHHTE3 aToMa OylleT COMPOBOXKAATHCS TOSBICHUEM JBYX KaTalH3HPYIO-
ITUX CHHTE3 AP KOJIBIEBBIX OpOuT C (ee)-mapamu. CkazaHHOE CXEMaTH-
YeCcKH WILTFOCTPUPYIOT puc. 16-18.

Puc. 16. Cxema 3axBaTa (ee)-Tiapbl CIMBAIOIIUMUCS SpaMu (PO30BBIH IIBET),
CEepbIM 1IBETOM YCIIOBHO IIOKa3aHbl CUIIBHO MOJIAPU30BaHHbBIE 00JIaKa
HECBS3aHHBIX KOHTAKTHO 3JICKTPOHOB

® 2

Puc. 17. Cxema 3aBepuieHust (JOpMUPOBAHUSI aTOMA CHHTE3UPOBAaHHOTO
3JIEMEHTA: AP0 aTOMa PAcIOI0KEHO B IEHTPE KOJIBLEBOH OPOUTHI ¢ KOHTAKTHO
CBSI3aHHBIMH JIeKTpoHaMH. OpOHTa ¢ MaJIbIM PaJIyCOM COOTBETCTBYET
SIUHCTBEHHOH (€€)-mIape B JIEKTPOHHOIT 00010uKe atomMa. OCTallbHBIM
HECBSI3aHHBIM KOHTAKTHO 2JIEKTPOHAM COOTBETCTBYET CEPBI Cl10i
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Puc. 18. CxeMbl, WIUTIOCTPHUPYIONIHE OKOHYaHNE CHHTE3a aTOMa
Y pOXKJICHNE CBOOOIHBIX KaTAIM3UPYIOIIUX OPOUT C (ee)-apamu:
1 — spo aroma, 2 — opbuta c MaccUBHOM (ee)-napoi, 3 — 000109Ka 13 OOBIYHBIX
JIEKTPOHOB, 4 — KaTAIM3UPYIOLINE CUHTE3 siiep OpOUTHI C (ee)-Tiapamu;
a — B Cily4ae OJHOW KaTaln3upyrouei opOuThL; 6 — B cilydae JAByX
KaTaJM3UPYIOIMX OpOUT (HarpaBieHUs BpalleHus (ee)-map
Ha OpOUTAX MPOTHUBOIOJIOKHBI)
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[MoguepkHeM, OoJbIIME MAcCHI (€€)-TIap MO3BOJISIOT CONOCTABIISATh UM
JUTMHBI BOJH Jie bpoiins (Manble MO CpaBHEHHIO C PaJnyCcOM OpPOUTBHI).
CrnenoBarelbHO, KATAIU3UPYIOIIUE KOIBIIEBBIC OPOUTHI MOXKHO paccMmart-
pHBaTh KaK peajbHO CYIICCTBYIONINE OOBEKTHI, K KOTOPHIM MPHUMEHUMO
HarJSITHOE TTOTYKJIACCHYECKOE OMICAHME.

Ecnn, xak oxunaercs, (ee)-mapbl cTabUIBHBI (K ’TOMY BOIIPOCY MBI
emre BepHemcsi), TO Mozaenb [IKC mpUBOAMT K Ka4eCTBEHHOMY BBIBOJY
0 (OpPMHPOBaHHHU B YCIOBHAX DJIEKTPOHHBIX MOTOKOB aHCaMOIsl yCTOM-
YHMBBIX KaTaIM3aTOPOB HU3KOTEMIIEPATYpHBIX sIEpHBIX peakuuid. [Ipu-
YeM CHHTE3y aTOMOB C BO3PACTAIONIMMHU 3HAYCHUSMU 3apsIOBBIX M Mac-
COBBIX YHCEJI COOTBETCTBYIOT KaTaJlU3UPYIOIINE KOJbIEBbIE OPOUTHI
¢ Bo3pactammuM 4uciioMm (ee)-map. KOCBEHHO B MOJb3y 0Opa3oBaHUs
aHcamOmsl TTOJOOHBIX OPOUT CBUAETENBCTBYET MH(OpPMAIHS O MPOAOI-
JKCHUN (YHKIIMOHUPOBAHUS YCTAHOBKU «DHEPTrOHUBA» TMOCIE OTKITIOYE-
HUSI OT BHEIIHEH deKTpudyeckoi menu (cM. okoHuanue 1. 2.1). O6cyx-
JeHue OyneT MpoI0JHKeHO B Tase 17.

BaxxHO, 4TO KaTaJU3UPYIONIHE KOIBIIEBBIC OPOUTHI CIOCOOHBI CHITBHO
MOJISIPU30BATh AJIEKTPOHHBIE OOOJIOUKH aTOMOB (MOHOB), MEXIY KOTO-
PBIMH OHU JIOKAJIM3YIOTCS, CHIKAs SKpaHUpYloliee AeHCTBHE 000JI0ueK
aTOMOB Ha KyJIOHOBCKHE TIOJIA siyiep. B pesynbraTe, paanyc KaTaausupy-
Io1Iel OpPOUTHI OBICTPO YMEHBINIAETCS, YTO COOTBETCTBYET POCTY BEIHUH-
HBI 9 (HEKTUBHOTO OTPHULATEIBHOTO 3apsija B TOUKE Ha JIMHUH, COCIHHS-
IONICH TIEHTPHI A7EP.
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MnaBa 13. NepcneKkTuBHbIE HanpaBreHUs
OnuXXanwmnx aKCnepuMeHTanbHbIX UCCneaoBaHUN

[Ipexne Bcero, OTMETHM, YTO (aKThl CPAaBHUTEJIBHO MPOCTON peanu-
3aLUU HU3KOTEMIIEPAaTypHOr'0 CTapTa AJEPHOI0 CUHTE3a ¢ yJacTUeM si1ep
CJIOJKHBIX aTOMOB, TI0 MHEHHUIO aBTOPOB, YOSAUTENBHO (XOTS U KOCBEHHO)
CBUJIETENBCTBYIOT B TOJIb3Y PAa3BUTON MOJEIHM MPOMEXYTOUHOTO KBa3H-
MOJIEKYJISIPHOTO COCTOSIHHSL, B KOTOPOM MPHUTSHKEHUE siiep 0OyCIOBICHO
HaJIMYHEeM MAaCCUBHBIX 3JIEKTPOHHBIX Map B MEKbsIE€PHOM IPOCTPAHCTRE.
YyurteiBas NPUHIMIIHAIBHYIO POJIb PAa3BUTHIX NMPEACTABICHUNA M Ijia-
HUPOBAaHUSI 3KCHEPUMEHTAIBHBIX HCCIEIOBAHUM, BaKHO NPENJIOXKHUTH,
B IIEPBYIO OYepe/b, MPOCThIE SKCHEPUMEHTHI, HAllEJICHHbIC Ha MPsMOe
MOJITBEPKICHNE KOHIIENITYaIbHBIX BBIBO/IOB.

SIcHO, YTO BO3HMKHOBEHHE MACCHBHBIX 3JIEKTPOHHBIX Map M UX
BKJIIOUEHHE B JIEKTPOHHYIO O0OJIOUKY aTOMOB CHHTE3MPOBAHHBIX 3JIE-
MEHTOB JIOJKHO CYIIECTBEHHO OTPA3UTHCS Ha XapaKTEPUCTHKaX aTOMOB.
H3meHeHus: CBOHCTB aTOMOB JOJDKHBI JIETKO (DPUKCHPOBATBHCS XOPOIIO
0TpabOTaHHBIMH SKCHEPUMEHTATBHBIMI MeToAaukamMu. Kak oTMedanoch
BbIllIe (B KOHIE M. 5.3), MOXHO mojaraTb, 4to (€€)-mapsl COXPaHSIIOT
YCTOMYHMBOCTb, €CIIM SHEPTHs KBAaHTA BO3/IEHCTBHS MaJjia 110 CPAaBHEHHUIO C
sHeprueil napsl nopsaka 100 MeV. Oto o3HavaeT, YTO HU TEIJIOBBIE KO-
ne0aHus peeTKH, HU (POTOHBI ONTUYECKOT0 U OOBIYHOTO PEHTTEHOBCKO-
rO JMana3oHOB, HU BHEIIHWE DJIEKTPOHHBIE MYy4YKH, NPUMEHSIEMblE MpU
SHEPrOJIMCIIEPCUOHHOM aHalln3e (IHEPruu — JeciITKH K3B), u maxe Tu-
NUYHBIE QIIyKTyauruu GU3HYECKOro BaKyyMa, COOTBETCTBYIOLINE YPOBHIO
Hy/eBbIX KoneOanuii Eg (mpu 2m* = 4 - 10 *® kr, Ey ~ 10 M3B), e 10mx-
HBI pa3pyliaTh Takue mapbl. B criy 6oibIol BeTHYUHBI 2M*, cOXpaHsi-
eTCsl U OTHOCHUTEJbHAsl YCTOMYMBOCTE K 3aXBary (ee)-mapbl siAPOM, XOTS
B TIpoliecce 00pa30BaHUsl HOBOTO Apa 3axBaT (ee)-mapbl, Kak MOKa3bIBa-
€T aHaJIu3 PeaKIuii CHHTE3a MAaCCUBHBIX (M HE TOJIBKO) siiep, SIBHO HEOO0-
XOJMM M BO3MOKEH (CM. ri1aBy 12 u cxemy Ha puc.16). Koneuno, cuena-
puii 3axBarta SApoM (ee)-map, y’Ke BXOASIINX B DJIEKTPOHHBIE 000JI0UKU
aTOMOB, sIpa KOTOPBIX CIMBAIOTCS, HE WCKIIOYAeT 3axBara (ee)-map
M3 COCTaBa KaTaIM3MPYIOIIEro KOJbla WJIM W3 BHOBBH OOPa3yIOIIMXCS
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(ee)-map B yCIOBHSX CYIIECTBOBAHHUS DJIEKTPOHHBIX MOTOKOB. [loaTomy
oOHapyxeHue (ee)-map B MOAU(UIUPOBAHHBIX SJIEKTPOHHBIX 000JI0YKaxX
aTOMOB TIPE/ICTaBJISICT HECOMHEHHBIN HHTEPEC.

OueBngHO, YTO OOJBITAsS Macca (€e)-map MOXKET HEMOCPEICTBEHHO
(hUKCHUPOBATHCS TPU MACC-CIICKTPOMETPHUH, TaK KaK JOJDKHA TPOSIBIIATh-
Cs B YBEJMYCHHH YK€ JICCATHIX JOJIEH Macc H30TOIOB, BBIPAXKEHHBIX
B aTOMHBIX €IMHUIIAX MACCHI.

Kpome Toro, maccuBHbIe (€€)-TIapbl UMEKOT, KaK MUHHMYM, Ha JBa
MOpsIKa MEHBIIME 3HA4YCHUS paauycoB oOpOUT (3HaueHWH paaualb-
HBIX KOMIIOHEHT BOJHOBBIX (DYHKITHIT) ITO CPaBHEHHUIO C OOBIYHBIMH JJIEK-
TpoHaMu B aToMmax. [lo3ToMy mpH JIOKaIM3aiy TakKuX Map B 000J0YKax
aTOMOB CHUHTC3UPOBAHHBIX 3JIEMCHTOB OCTAJIBHBIC (KOHTaKTHO HECIa-
pPEHHBIE) 3JEKTPOHBI OOOJNOYKH JOJDKHBI OKa3bIBaThCS B OCHaOIeH-
HOM (PKPaHHUPOBAHHOM) KYJOHOBCKOM MOJiE siipa. OTO Cpa3zy MPUBEICT
K MPOCTON MOJM(HUKALUK TTOCTOSHHON KpaHUPOBaHHS B 3aKoHe Moz,
T.€. K PE3KOMY HW3MEHEHHUIO XapaKTePUCTHYECKOTO PEHTICHOBCKOTO
CIIEKTpa.

SIcHO TakKe, YTO MOSBJICHUE MACCUBHBIX Map OTPA3UTCS Ha CIIEKTPax
SIIEPHOTO MarHuTHOro pe3onanca (SIMP) u samepHoro vy-pe3oHaHca
(SIT'P). 3ameTtum, gto B [16] ¢ momomipio SII'P Hammdme MarHUTHOTO MO-
MEHTa Yy MPEIIoNaraeéMbIX HOCHUTENICH «CTPAaHHOTO HW3IYYCHUS» OBLIO
noaTrBepkaeHo. OHAKO 3TH SKCIEPUMEHTBI HE TO3BOJISIIOT YTBEPIKAATh,
YTO MAarHUTHBIA MOMEHT CBfI3aH MMEHHO C MarHUTHBIMH MOHOTIOJSIMU
(a He gumONSIMK), KaK M yTBEPXK/aTh, uTo HocuTenu CH He UMEOT 3JeK-
TPUYECKOTO 3apsiia.

13.1. 3aBHCHMOCTb XapaKTePHCTHYECKOI0
PEHTTeHOBCKOI'0 CIIEKTPa aTOMOB OT 4HcJIa (ee)-nmap
B 2JICKTPOHHBIX 000/7109KaX

3mech MBI OCTAaHOBHMCS Ha BechbMa HH(QOPMATHBHOM U TPEJENb-
HO HArJSHOM BapHaHTE PErHCTpallid MAacCHBHBIX (€e)-Tiap, CBS3aH-
HOM C M3MEHEHHEM XapaKTEPUCTHYECKOTO (PEHTI'€HOBCKOIO) CIEKTpa
aTOMOB.

HanomHuM, 4To npu 3HEProJUCIEepCUOHHOM aHajau3e oOpaszel] HoJ-
Bepraercsi BO3ACHCTBHIO 3JIEKTPOHHOTO Myuyka. Ecnu BeiOMBaeTcs anek-
TPOH U3 O0OJIOUKH C TJIABHBIM KBAaHTOBBIM YUCIOM Nj, TO 3JIEKTPOHHBIE
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Mepexo/Ibl 13 000JI0UEK C TTIABHBIMU YUCIIAMU N, > N; MOPOXKIAIOT CEPUU
JIUHUHN C 4acTOTaMU, HOJUUHSIONIMMUCS 3akoHy Mo3znu [70, 71]

v=(z—0)%v, ( L ni%), Vo = CR, (161)

n}
rae vo— vactora Punbepra, R =~ 1,097 - 10" m ! — nocrosiuas Punbepra.
Hns muanu K, COOTBETCTBYIOIIEH Mepexoay U3 COCTOSHUN BTOPOM
o6oouku (N, = 2) B BAKAHTHOE COCTOSHME NEpBOi oOosouku (N = 1),
npu 6 = 1 u3 (161) nonxy4aem

Via = (2 — 1)%vo 3/4. (162)

3amerumM, uro guHus K, o0nanaeT HauMeHbIeld 4acToToi B cepun K,
HO MMEeT HauOOJBIIYI0 MHTEHCHBHOCTh. COOTBETCTBEHHO ISl SHEPTHUU

¢doToHa MMeeM
hvi, = hvg (z — 1)*3/4. (163)

Jnst ynobcTBa oreHoK nojctaBuM B (163) mocrostaabie h U vo U Ipo-
BEJIEM IIepecyeT SHEPTUH B SJIEKTPOH-BOJIBTHI

hvie = 10,22 (z - 1)?5B. (164)

Torna, BeIOMpas, HarpuMep, Meab (Z = 29) kak Marepual, 4acTo Uc-
MOJIb3YEMBIH TIPH U3TOTOBICHUU 3JIEKTPOIOB, M XkKeie30 (Z = 26) — Hau-
Ooyiee YacTO CHHTE3UPYEMbI MaTepuall, HOJydaeM CTaHAapTHbHIE 3Ha-
YEeHHUs

hviecy ~ 8,012 10° 5B = 8,012 k9B,  hviyre~ 6,387 k3B.  (165)

Hannyue KOMIMaKTHBIX MACCHBHBIX Tap 3JIEKTPOHOB, KAK OTMEUYAIOCh
BBIIIIE, 0053aTEIbHO MIPHUBEICT K U3MEHEHUIO MapaMeTpa SKpaHUPOBAHMS.
[Tycts umcno cBsi3aHHBIX map paBHO K, W, kpome Toro, B K-oOomouke
UMeeTcsl TOJIBKO onHa BakaHcus. Torma B (164) Bmecto 1 cnemyer moa-
craButh 6 = 1 + 2k,

hvie (K) = 10,22 (z— 1 — 2k)*3B. (166)

OueBuaHO, 4TO NpU HanmMunK B K-000J04Ke IBYX BakaHCHiA, BMECTO
(166) nmeem

hvi, (k) = 10,22 (z — 2k)?3B. (167)

Criextpsl hvy, (166) u (167) muckpeTHbI, MO3TOMY, 0OHAPYKHB CIABHUT
sHepruu hvy, (K) OTHOCHTENBHO MPUBBIYHBIX CTAHAAPTHBIX 3HAYCHUUN
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npu K = 0 B (166) wmu (167), mo Bemuuune hvy, (K) nerko naeHTrdunm-
poBath BeauyuHy K.

B tabn. 8, 9 mis ymoOctBa naeHTH(UKANINN TPUBEIEHBI 3HAYCHHS
hvi, (K) mpu mapacranmu K ot 0 mo 7.

Tabnuua 8
3aBucumocTs sHepruit K,-gpotonos (B k3B) ans atomoB Mean
U Kene3a oT Koiuuecta (ee)-nap k npu 6 = 1+2k

k 0 1 2 3 4 5 6 7
hviecy 8,01 6,909 | 5,887 | 4946 | 4,088 | 3,311 | 2,616 | 2,003
hviere | 6,387 | 5,406 | 4,507 | 3,689 | 2,954 | 2,299 | 1,727 | 1,237

Tabnuua 9
3aBucumocTs dHepruit K,-hoToHoB (B k3B) ams aToMoB Menu 1 xenesa
ot konu4ectsa (ee)-map K npu o = 2k

k 0 1 2 3 4 5 6 7

hviecy | 8,595 | 7,450 | 6,387 | 5,406 | 4,507 | 3,689 | 2,954 | 2,300

hvgere | 6,909 | 5,887 | 4946 | 4,088 | 3,331 | 2,616 | 2,003 | 1,472

Paszymeercsi, coBepiieHHO Npo3pauHas (U3NUEcKas MHTEpIpeTaus
TpeOyeT LeNeHanpaBIeHHbIX U3MEPEHUH Ha Cepusix 0oOpasLoB M3 pas-
JUYHBIX METAJJIOB, aTOMBl KOTOPBIX TPEIBAPUTEIBLHO 00OTaIlEeHBI
(ee)-mapamu.

Crenyer UMeTh B BUAY, YTO KOHCTaHTBI SKPAaHUPOBAaHUSI OOBIYHO MOJ-
Ouparorcst onbITHEIM myTeM. Popmyibl (161) — (164) npubau3uTesHO
cripaBeuUBbI [uist JnHUiA K, nipu otHOcuTenbHO Manbix z (20 < z < 30).
IIpu onMcaHuM OpYrux JUHUNA CIEIyeT YYUTHIBATh U3MEHEHHE KOHCTAHT
SKpaHUPOBAHMS, a TAKKE TOHKYIO CTPYKTYpY 000JI09€YHOTO CIEKTpa st
TJIaBHOTO KBAaHTOBOTO uncia n > 2. B pesynbrare gaxke nmunus K, npen-
CTaBJIsieT cOOOM yOneT, a sHeprus, cooTBeTCTBYIoIas TuHuu Kp, Oyner
CYIIIECTBEHHO MEHBIIIE YIIPOIICHHOW OIICHKH, TToirydaemMoi u3 (161)

hviep (K) = 32127 hvia (K). (168)

Kpome Toro, B obmactu suepruit B marepBane (0,1-1) k3B Bo3-
MoxHO Hanoxenue yuauid K, (mpu k = 9-12) nHa nunaum L-Cepum.
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[Ipu ncnonp3oBaHUM MpeIoKeHHOro Mo3nu 3HadeHus 6 = 7,4 U MHO-
xutens (ny2 —n32?) = 5/36u3 (161) ans munuu L, Haxoaum

hvi, = hvo (z—7,4)? 5/36 — 1,72554 (z — 7,4)° 3B, (169)

hvigcu= 0,805 kB, hviyr = 0,597 x3B. (170)

OdeBHuIHO, YTO yBENHMYECHHE HA €IWHUIYYy BakaHcwii B L-oOomouke
JIOJKHO COIPOBOXKIATHCS YMEHBIIIEHHEM G A0 3HaueHud ¢ = 6.4. Torna
BMecTo (170) momyunm

hvigcu= 0,881 k3B, hvi,re= 0,663 k3B. (171)

Tak 4ro yuHUU L, MOTYT BBITJIAZETh KaK pa3MbIThie AyOsieThl. Ecin
JIOIYCTHTh TAK)KE U 3HAYCHHE G = 5,4, TO BOBHUKHET Pa3MbIThIA TPUILIET
C HanOOJBIIIMMH 3HAYCHUAMU

hvigcu= 0,961 k3B, hvi,re=~ 0,805 x3B. 172)

Koneuno, 6omnpmioro uucia (€€)-map Ha TIIYOOKHX OpOHTax dIeK-
TPOHHBIX 000JIOYEK CUHTEC3UPOBAHHBIX aTOMOB MOXKET U HE OBITh B CHIIY
TOTO, YTO OCHOBHOE KOJHYECTBO (€€)-map COCPEAOTOUNBACTCS B KATAJH-
3UPYIOIIMX KOJIBLEBBIX OpOUTAX, a HeUIHNTA JIEKTPOHOB HE BOZHHKAET
W3-332 MPUTOKA BHEIIHUX 3JEKTPOHOB. [10 3TOM NMpUuYWMHE OrpaHUYCHUC
BTabm. 8 m 9 cempro (ee)-mapaMu B 00OJIOYKAX MEIM M HKelle3a MOXKET
OKa3aThCS IOCTATOYHBIM.

OKCIepUMEHTAILHEIE TaHHBIE [72] 0 PEHTTEHOBCKOM CIEKTPE MEJH,
y4acTBOBABIIEH B IMpOIECCe IUIA3MEHHOTO JIIEKTPOJH3a BOIBI, MPHUBE-
JleHbI Ha puc. 19.

x 0.001 cps eV

0
=1
<

-
<
I=3

[NSTRNNNNA NI

600—

5
keV

Puc. 19. DHepreTHuecKkuii CIEKTP UCCIETYEMOTO OCaIKa
(puc. 19 B [72])
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W3 pucyHKa SICHO, YTO Hapsly CO CTaHIAPTHBIM JJIS MEIU CIICKTPOM
(BBIIETIEH KPACHBIM IIBETOM) HAOMIOMACTCS M CMEIICHHBIA CTICKTp (BBIIE-
JICH CUHUM IBeTOM). Ha Hai B3riisij, 3TO CBHICTEILCTBYET O HAIUYHU
aTOMOB MEJIH, 3JICKTPOHHBIC OOOJOYKH KOTOPBIX COJEepKaT (ee)-maphbl.
Uto0bl MACHTU(DUIIMPOBATh JIMHUW CMEHICHHOTO CIEKTpa, CPAaBHUM HX
C JaHHBIMU TabJ1. 8 u 9.

Obpabomxa dannvix ons aunui K,, Kgcnexmpa meou

[Ipexne Bcero OTMETHM, YTO JIMHUS C LIEHTPOM, ONM3KHM K 8 k3B,
COOTBETCTBYET COrjacHo Tabi. 8 crammaprtHoit mosuimu K, (K = 0) npu
o6 = 1. Jlunus ¢ uentpom BOMU3M 8,9 K3B COOTBETCTBYET CTaHIapTHOMN
nosumu Ky (K = 0), 9To 3aMeTHO HIKE YIPOLIEHHOH OLIEHKH, KOTOpasi,
coriacHo (168), maet 3naueHue =~ 9,5x3B. [loaTomy mipu oreHKe YHEPTHN
anst nuann Kg BMecto MHOkuTens 32/27 = 1,1852 cneyet UCHob30BaTh
orHowmenue 8,9/8,01 =~ 1,111.

CMemeHHyI0 JIMHUIO CIIeKTpa BOMM3H »Hepruu 6,4 k3B ectecTBeHHO
CONOCTaBUTh ¢ AaHHbIMH Tabm. 8 — 6,387 B mia K, (K=2) npu
o = 2k = 4. Torma CMeIIEHHYIO JIUHUAIO MCHBIICH WHTCHCUBHOCTH TPH
sHepruy, Ommskoi 7 k3B, MoxkHO MHTepnperupoBath kKak Kg (K = 2).
B monb3y 3TOr0 CBUIETENBCTBYET COMOCTABICHUE SHEPTHH C TIOMOIIBIO
YTOUYHEHHOTO PaHee MHOKUTEIIS

hvig (k = 2) = 1,111hvy, (k=2) =1,111- 6,387 = 7,1 k3B.

MeHee MHTEHCHBHBIM JIMHUSAM BOJW3M sHepruit 3,7 xdB u 3,3 k9B
conocraistores K, (K = 5) mpu 6 = 2k = 10 (3Heprus 3,689 k3B) u
Ko (k=5)mpu 6 =1+ 2k = 11 (sueprus 3,311 k3B). CooTrBeTcTBYyIOIIHE
Kp 1uHMN ¢ MeHbIIell HHTEHCHBHOCTBIO HE pa3peliaoTcs Ha (oHe Top-
MO3HOI0 M3JIydeHusi. He MCKIIF0UEHO, UTO MOBBINICHHAS WHTEHCUBHOCTh
TOPMO3HOTO W3JIYYCHHUS, 110 CPABHEHHIO CO CTAHJAPTHOW, B 3HAYHTEIb-
HOM CTETIEHH CBsI3aHa C JONONHUTENbHBIMU BKIagamMu oT K, u Kg muHuii.
A MMEHHO OT JUHHUH, CBI3aHHBIX C OTHOCHTEILHO HEOOIBIITUMHA TOJISIMU
aTOMOB, UMeroUX uncio (ee)-map K, ornmuyaromieecs or K =2 u k = 5.
Jlerko, HanpuMep, MPOMHTEPIPETUPOBATH MUYKH MTPU SHEPTHSIX, OTU3KHX
K 2,6, 3, 5,4, 4,5 k3B, kak BapuaHThl, COOTBETCTByIOMME K = 6, 6, 3, 4,
HO JIOCTOBEPHOCTh TAKOW UHTEPIIPETAIMH HEJIb3s1 TapaHTHPOBATh.

114



Obpabomxa danuwix 0 aunull L, cnexmpa meou

Haun6onee untencusHble tuanu K, (K = 2) u Kg (k = 2), cmemennsie
0 OTHOIIEHHUIO K cTaHmapTHeIM nosunusam K, (K = 0) u K (k = 0) mna
aTOMOB MeJIH, He COJICPXKaIHX (ee)-maphbl, CBUIETEIBCTBYIOT O HAJTUYUH
JOCTaTOYHOTO KOJIMYECTBA aTOMOB, colepkaiux ase (ee)-napsl. [1oaro-
MY ©CTECTBEHHO I0JIaraTh, YTO HanOojee WHTEHCHBHAs COCTaBIISIOIIAS
CMEMIeHHOTO y0iera criekTpa B obmactu suepruit mexay 0 u 1 kB cBs-
3aHa ¢ L,-uHHAME aToMOB, conepkaliux JBe (ee)-mapbl. Torma mpu
UCTIOJIb30BaHuU GopMyibl (169) Benu4nHy G ClIeAyeT YBEIUYUTh OT 3Ha-
uenns 7,4 no 11,4. B pesynerate, npu Z = 29 u 01HOI BaKaHCHH BO BTO-
poii oboouke u3 (169) Haxoaum

hvigcu = 0,5438 ~ 0,544 3B,

YTO yJOBJIETBOPUTEIHHO COTIACYeTCS ¢ HAOII0JaeMbIMH JaHHBIMU. J{Is
JYYIIEero BOCHPUSTHS MPOBEACHHONW 00pabOTKU JaHHBIX Ha puc. 20 mpu-
BeJleHa MpenoxeHHas uaeHtudukamus (puc. 19 yBenmmueH m pa3out
Ha JBE YaCTH).

Po30BBIME OTpe3KamMKM HamMH OTMeEUYEHBI IIEHTPHI CMeIeHHbIX K-mu-
HUU CIEKTpa.

Takum 0Opa3om, 1Mo KpaiiHel Mepe OAMH IKCIIEPHMEHT yKa3bIBaeT Ha
HaJIM4Me CMEUICHHBIX JIMHUHA PEHTTEHOBCKOTO CIEKTpa M JJEMOHCTPHPYET
BO3MOJKHOCTBH OIpEJENICHNs] KOJIMYecTBa (ee)-map B JIEKTPOHHBIX 000-
noykax atoMoB. OOpamaer Ha ce0si BHUMaHHE TOT (PakT, YTO CMEIIEH-
HBbIE JIMHUA B OCHOBHOM COOTBETCTBYIOT ()aKTOPY DKPaHHPOBAaHHS G =
2K, npemonararleMy HaTH4IKue ABYyX BaKaHCHI B MEPBOM AJICKTPOHHOM
000J104YKe. DTO €CTECTBEHHO OOBACHSETCS, TaK KaK NPH HAIWYMK Mac-
CUBHBIX (€e)-Tlap, pAacloJIOKEHHBIX Tropa3io OJiMke K SApYy aroma,
SIIEKTPOHBI MEPBOH OOOJIOUKH CBS3aHBI C SIpOM ciabee, 4eM B OTCYT-
cTBHE (€e)-map.

Pazymeercst, TpeOyIOTCSl JIOTOIHUTEIBHBIE HCCIEIOBAHUS CIEKTPOB
KaK MeIIH, TaK U APYTHMX METAJUIOB, IIOCKOJIbKY CMEIIEHHE JIMHUHA MOXKET
OBITH CBSI3aHO M C U3MEHEHHEM 3apsAJ0BOT0 YHCIa, T.€. C MOSIBICHUEM
HOBBIX 3JIEMEHTOB, HANpUMeEp, NPU HWHUIMAIMH TPOTOHHBIX PACIaJIOB
(ee)-mapamu.
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Puc. 20. Utorosas uneHTH(GUKALNS JIMHAN XapaKTEPUCTUIEKOTO

PEHTTEHOBCKOTO CIIEKTpa MEIH, COJIEpKallei (ee)-mapsl



13.2. U30TONHBIN aHAJIU3 POXYKTOB
HU3KOTEMIIEPATYPHOIO S1/IEPHOI0 CHHTE3a

N3oTONHBINA aHaTU3 OTKPBIBAET IHUPOKHUE JTOMOIHUTEIHHBIE BO3MOXK-
HOCTH IS IPOSICHEHHUS ITyTe CHHTE3a 3JIeMEHTOB. MBI OTMETUM TOJIBKO
JIBa TIOYTH OYEBHUIHBIX HAIIPABIICHUS aHATIN3A.

Ilepsoe camoe npocmoe nanpagnernue — 370 U3MEPEHUE OTHOIIEHUHN
COZlepKaHus U30TOMOB B MPOAYKTAX peaKIHui CHHTe3a U CPaBHEHUE ITHX
OTHOIIIEHWH C OTHOIICHWAMH, HaOmogaeMbIMu B Tpupoae. OdeHp Ha-
TJISIHYI0 KapTUHY JOJDKHBI IaTh Pe3yJIbTaThl H30TOMTHOTO aHanu3a Mpu-
MEHHUTENIBHO K JaHHBIM O COCTaB€ CHMHTE3MPOBAHHOIO IMOPOIIKA, MOJY-
YEHHOTO TIPH pa3psiiaX AIEKTPUIECKOTO TOKA B BOJIE B CIIydae aKTHBHOTO
yuacTHsi B CHHTE3€¢ MaTepHaja SJIeKTpoaoB. JlelcTBUTeNbHO, Hanboee
BEPOSATHBIM IMPOLIECCOM CHHTE3a SIBJIAETCS 3aXBaT MPOTOHA NMPH B3aUMO-
JIEUCTBUHU sIEP AIEKTPOJOB ¢ KBasuHeTpoHamu. Ho Toraa mpu 3apsgo-
BOM 4uclie Z MaTepuaia 3JeKTPo/a CIeAyeT OXKHUAaTh, BO-TIEPBBIX, CHH-
Te3a dJIEeMEHTa C 3apAJ0BBIM 4ucioM Z + 1, a BO-BTOPBIX, OTHOIICHHUS
CTaOMIIbHBIX HM30TONOB CHHTE3MPOBAHHOTO JJIEMEHTA JOJDKHO OBITH
OJIM3KUM K HaOIII0JTaeMOMY B TIPHPOJIE COOTHOIICHHUIO H30TOTIOB MaTEPH-
aya 3JIeKTPoJAa, TeHETHYECKH CBS3aHHBIX C 00pa30BaBLIMMUCS U30TOMA-
Mu. B naeanbHOM ciydae Moriio Obl HAOMIOAATHCS PABEHCTBO YKA3aHHBIX
COOTHOIIIEHHIA, HO HE CIIeAyeT 3a0bIBaTh U O JIOTIOJIHUTENbHBIX BapHaHTaX
CHUHTE3a, CBS3aHHBIX C y4yacTHeM KOMIUIEKCOB [p + Ole u [3p + Ol
(cM. m. 8.1). [ToaToOMy HAWIYYIIIEr0 COOTBETCTBHSI CIEAYET OKHUAATH IIPH
CPaBHHUTEIHHO HEJIOJTOM BPEMEHH CHHTE3a, KOT/Ia BIHSHAE MEHEe BEepO-
SATHBIX TIPOIECCOB €IIe He CTall0 3HAYMMBIM. KITFOYeBHIM MOMEHTOM SIB-
JISIeTCSI COMOCTABJIEHUE OTHOIIEHUH COJEpXaHHs H30TOIOB CHHTE3UPO-
BaHHOTO 3JIEMEHTA C UX COOTHOIIEHHEM B MTPHUPO/IE.

B Ta61.10 mpuBeneHa cOOTBETCTBYIOIAs WHGOPMAIHS JIT HECKOJIb-
KHMX MaTepHajoB AJIEKTPOJOB, YACTh KOTOPOH (11 MEAHBIX M LIMHKOBBIX
3JIEKTPO/IOB) YK€ yKa3bIBaJlach B IJaBe 7.

3amMeTuM, CHHTE3MPOBAHHBIC JJIEMEHTHI (3apsioBble uucina Z + 1),
yKa3aHHbIE B TaOJIMIE, UMEIOT TOJIBKO 10 JBa CTAOMJIBHBIX H30TOIA
¢ MaccoBbiMu umciiamu Aj, A%. McxopmHbie ke 3JIeMEHTHI (3apsIoBbie
gucna Z), 3a UCKIIIOYCHUEM MEIH, UMEIOT OOJIbINEe YMCIIO CTaOMIHHBIX
n30TONOB. B Tabnuie e mpuBOIMTCA TOJNBKO Ta Mapa UCXOTHBIX CTa-
OWIBHBIX M30TOMOB C MAaCCOBBEIMU YHciiaMu A;, A, , KOTOpas ydacTBYeT
B CHHTE3€¢ M30TOIMOB C MAacCOBbIMU unciamu A] = A; + 1, A, = A, + 1.
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Ornomenue f (A3)/ f (A])exp COOTBETCTBYET 0KUIAEMOMY B IKCIIEPUMEH-
T€ 3HAYCHUIO U HAXOAUTCS U3 (POPMYJIBI

f (A T (A )ep =T (A T (Anar, (173)

B koTopoit T (A1) u f (A) COOTBETCTBYIOT MPHUPOIHOMY COICPIKAHHUIO
M30TOIOB, yKa3blBaeMOMy OOBIYHO B TporieHTax. [IporeHTHoe comepka-
HUE U30TOTIOB MBI Opaiu, Kak U paHee, u3 [57].

Tabmuma 10
OTnuune 0KUIaEMBIX COOTHOIIEHHIA H30TOIOB (EXP),
CHUHTE3UPYEMBIX IIPU 3aXBaTe MPOTOHOB MaTepHAJIOM 3JIEKTPOIOB
C 3apsIIOBBIM YHCIIOM Z, OT COOTHOLICHHI B pupoe (nat)

z Z+1 ZALA, | ZHL A Ay | (A ee | F(AD)A(AD)
22(Ti) | 23(v) | Ti 49,50 | V,50,51 0,95749 399
29(Cu) | 30(Zn) | Cu,63,65 | Zn, 64,66 0,446 0,56
30(zn) | 31(Ga) | Zn, 68,70 | Ga, 69,71 0,03306 0,66367
74 (W) | 75(Re) | W, 184,186 | Re, 185, 187 0,92787 1,6738

[ToguepkHeM, BO BCeX CIydasx OKHIAEMBIH B SKCIIEPUMEHTE PE3yIh-
TaT OyNeT OTINYAaThCA OT W3BECTHOTO MPHUPOJHOTO COOTHOIIEHHUS.
Hawnbonee sipkue OTIMYHMSA MOXXHO OXHUAATh I BaHAAws (IIPUMEPHO
B 400 pa3) u rayutus (mpumepHo B 20 pasz).

PazymeeTtcs, aHaNOrM4HbIE COOTHOIIEHUS MOXXHO YKa3aTh Uil JIIO-
OBIX MaTepHajOB AIEKTPOJIOB.

3aMeTHM, YTO OTKJIOHCHHUS HAOJFOAaEeMbIX OTHOIICHUH COACpIKaHUS
M30TOIOB OT MPHBEICHHBIX B YE€TBEPTOM cToJONE Tabs.10 okumaeMbix
3HAYEHWH I CHHTE3MPOBAHHBIX H30TOINOB OYAYT CBHUIIETEIHCTBOBATH
00 ydJacTHHM B CHHTE3€ OIOJIHUTEIHHBIX OOJiee CIOXKHBIX, YeM 3aXBaT
MPOTOHA, PEAKIIUMN.

BTopoe HampaB/ieHHe CBA3aHO C W3MEPEHUSAMH MAacC CHUHTE3HUPO-
BaHHBIX C y4acTueM (ee)-Tlap U30TONOB XUMHYECKHUX 3JIEMEHTOB. Tod-
HOCTh WU3MEPEHHUS COBPEMEHHBIX MAacC-CIIEKTPOMETPOB HE XYK€ OJIHOM
COTOM aTOMHOM €IMHHUILI MacChl. Tak 4TO HAJIMYMUE JaKE OJHOM MacCHUB-
HOU (ee)-maphl, JAOMICH 3aMETHOEC W3MEHECHHE B JICCATHIX JOJIX a.¢. M.,
MOKHO 3apeTUCTPHUPOBATh.
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PazymeeTtcs, ciieqyeT BHUMATEIBHO aHAIM3UPOBATH CIICKTPHI, HIICH-
TAQUIUPYS JOMOJHUTEILHBIC HETUIWYHBIC MUYKA B paclpeacicHUH
criekTpa Macc. IlogoOHBIE 0COOCHHOCTH MOTJIM HaOONaThCS W paHee,
OJTHAKO B Ka4yeCTBE BO3MOXKHBIX II€JIeH HCCIEeNOBaHMS HE Ipenaroiara-
JIUCh, U, CKOPEE BCETO, IPUITUCHIBATINCH CIIyYaiiHBIM (aKTOpam.

OTtmeTnM, YTO [UIsI CHHTE3a SAEp OCHOBHBIM (DaKTOPOM SIBIIS-
ercsi (opMHpoBaHWE KaTaTM3UPYIOMIEH NpoIlecC KPYroBOM OpOUTHI
¢ (ee)-mapamu. EcTecTBEHHO JOMYCTUTh, YTO OOoOraimieHue (ee)-mapaMu
000J109eK BO3HHMKAIOIIMX aTOMOB MPOMCXOAUT B OCHOBHOM B MpoIlecce
CIMSTHASA UCXOAHBIX sifep. Torma, yauteiBas 3cTadeTHBIN XapaKTep CHH-
T€3a MaCCHUBHBIX SJICP, MOXHO OXHJIaTh, YTO UMEHHO 3JICKTPOHHBIE 000-
JIOUYKHU CUHTC3UPOBAHHBIX 3JICMCHTOB C 6OHBHH/IMI/I 3apAa10BBIMU U MacCCO-
BBEIMH YHCIIaMU O0oraimeHsl (ee)-apaMu, «HAKaIUTHBAIOIUMUCS TpU
YBEJIMYEHUH YMCJIa ITAllOB CHHTe3a. Pasymeercs, Takoe MOMyIICHHE HE
YUIUTHIBA€T YMEHBIICHUS dncia (ee)-map M3-3a MpOoILecCOB UX paspyliie-
HUA Y-KBAHTAMH, U3JTYy4Ya€MbIMU CUHTC3UPOBAHHBLIMU AApaMH, HaAXOIsd-
MIFMHCS TIOCIIE CITUSHUS UCXOMIHBIX SIep B BO3OYKISHHBIX COCTOSHUSIX.
Ymecmno nanomuums, umo omcymcmeue y-uznyienus npu HUIKomemne-
PAmypHOM cunmese s0ep — 3mo caedyiouas (8cied 3a npeoodoneHuem
KYIOHO8CK020 bapbepa) npodiema, Ha KOMOpoU aKkyeHmupyem eHUMAanue
meopust A0epHbIX peakyull, He BKIIOYAOIIAs B PACCMOTPEHUE CYIIECTBO-
BaHue (ee)-map. Takum oOpa3om, OTCYTCTBHE (€€)-Tlap B COCTAaBE IJIEK-
TPOHHBIX 000JIOYEK aTOMOB CHHTE3WPOBAaHHBIX SJIEMEHTOB BITOJHE O00B-
ssCHUMO. J|aHHBII BBIBOZ HE MMPOTUBOPEUHT HAIIEMY MPEANIECTBYIOMIEMY
YTBEPXKICHUI0 00 OKMaaeMoit ctabuibHOCTH (ee)-map. Paspymienue nap
BO3MOKHO IIpH HeﬁCTBHH A0CTAaTOYHO DHEPTUYHBIX Y-KBAHTOB, YTO S3KBH-
BaJICHTHO IIPEOJIOJICHUIO YHEPTETHUECKON e MEXIY €IUHCTBEHHBIM
JHEPreTHYECKUM YPOBHEM 3JICKTPOHHOMN Maphl B COCTOSHUU KOHTAKTHOM
CBSI3U M CIEKTPOM DHEPTUH Ui «CBOOOJHBIX» COCTOSIHHH DJIEKTPOHOB
Ha aTOMHBIX MacmTabax. DTO TO3BOJSET «CBOOOJHBIMY JIIEKTPOHAM,
coriacHO (epMHEBCKON CTAaTUCTHKE, BOWTH B AJIEKTPOHHYIO OOOIIOUKY
aToma.

VYCIIOBUIO CYIIECTBOBAaHUS HECKOJIBKUX ITAIOB CHHTE3a YJIOBIETBO-
pseT, HampuUMep, CHHTE3 3JEMEHTOB W3 BOJBI 10 METOJUKE «IJHEpro-
HUBAY, UAYIIUH MPaKTHYECKH O3 pacxoJ0BaHMsI MaTepHala dJIeKTPOI0B.
Opnrako BO3MOXKHOCTH pa3pylIeHHs (ee)-map y-KBaHTaMH HE IO3BOJIAET
paccuMThIBaTh HAa MPOCTOE HAKOIUIEHWE Yuclia (ee)-map, MpOIOpIHO-
HAJIBHOE YHCIIy OJTaloB CHUHTe3a. PesynprHpyromee ducio (ee)-map
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B 000J0YKE MAaCCUBHBIX AACP MOXKCET OKa3aThbCA HC6OJ'IBH_II/IM, 4yTO CONH-
JKacT MIaHCHBI 06Hapy)KI/ITI> 3(1)(1)CKT HETHUIINYHOI'O BO3paCTaHUs MAaCChl KaK
Y SJIEMEHTOB C HEeOOIBIITUMHA MaccaMi, TaKk U B ClIyda€ CUHTE3a MAaCCHB-
HBIX 3JIEMEHTOB C YUYaCTUEM MaTEpuajia 3JICKTPOOOB.

13.3. UckyccTBeHHOE co31aHMe (ee)-map
B JJIEKTPOHHBIX 000JI0YKAaX ATOMOB C I1eJIbI0
MO PUKALUHN CBOMCTB aTOMOB

Y4auThIBasi, YTO BOSHUKHOBEHHE KOHTAKTHO CBSA3aHHBIX AJIEKTPOHHBIX
nap sIBJIIETCS HEOOXOAMMEIM YCIOBHEM I 3(h(DEKTHBHOTO HU3KOTEMITE-
paTypHOro SZCPHOrO CHHTE3a, MPEICTABISIET UHTEPEC CO3JaHHE TaKHX
nap He3aBHCUMO OT 3aJIa4d CHHTE3a.

HeiictBurensHo, Hamnmuue ee-(map) B 000JI0YKaxX aTOMOB COOTBET-
CTBOBAJIO OBl HOBOMY COCTOSIHUIO BelecTBa. Hampumep, B ciydae ver-
HOTO 3apsia sapa (B €IUHMIAX DJIEMEHTApHOro 3apsijia) MpeelbHbIH
BapHUAHT KOHTAKTHOI'0 CIIapUBAaHUA BCCX OJJICKTPOHOB IIPUBOANII 61)1
K KOMIIAKTHOMY HEHTpabHOMY aTOMy, HHEPTHOMY B XHMHUYECKOM OT-
HOIIICHUH, T.€. B Ta3000pa3HOM COCTOSIHUW KOJUICKTHB TaKHX aTOMOB
OBLIT OBl MHEPTHBIM ra30M. SICHO, YUTO IPU HEYCTHOM 3apsilie apa MaKCH-
MaJIbHOE CIIAPUBAHUE IIEKTPOHOB MPUBEIIO ObI K ATOMY C €TUHCTBEHHBIM
CBOOOJHBIM 3JIEKTPOHOM. (DPOpPMATBLHO TaKWE ATOMBI CIIEAYET OTHECTH
K TPYIIIE BOJAOPOJIONOIOOHBIX aTOMOB.

Kak moxa3pIBaroT OIEHKH B 11.5.2, IPH HAIWYHH AJIEKTPOHHBIX MOTO-
KOB (€€)-mapbl JIOJDKHBI CPABHHUTENILHO JIETKO BO3HUKATh BO BHEIIHHX
000J10YKaxX aTOMOB, MHOTOKPAaTHO YBEIMYMBAs CBOI Maccy IpH KOH-
TakTHOM B3ammojeicTBuu. Jlanueie [72] (cM. obcyxknenue B m. 13.1)
CBUJICTENILCTBYIOT B TOJIB3Y CYIIECTBOBaHHS (e€)-map B AJICKTPOHHBIX
000J104YKax MOCIe MMEKTPOIIa3MeHHON 00paboTku. [IpecTaBiseT uHTe-
pec BBISICHHUTB, CIOCOOHBI JiM (€€)-Tlapbl, BO3HHKIIWE TPU B3aUMO/ICH-
CTBHM C BHELIHMMH 3JIEKTPOHAMH, «IIOTPY3UTHCS» B 3NEKTPOHHYIO 000-
JIOYKY, MPEeojoJieBasi OTTAIKMBAHME CO CTOPOHBI 3JIEKTPOHOB 3aHSTHIX
COCTOSIHUI W (QOpMHUpYsl HOBOE COCTOsIHWE BOJIM3W sijpa. Ecim takoe
KIIOTPYKECHHUE» BO3MOXKHO, TO BBITCCHCHHUEC OOBIYHBIX OJICKTPOHOB M3
000JI0YKH aTOMOB OyJeT AOCTHraThCsl IOCTATOYHO JIeTKO. B mpoTus-
HOM CITydae IpejCTaBIsIeT HHTEPEC CO3/IaHHe CBS3aHHBIX Map C 3JIEKTPO-
HaMH caMO# TIy0OKO# S-000JI0UKH, UTO, MO-BHANMOMY, IOTPEOYET BO3-
JEHCTBUS IMy4yKa 3JCKTPOHOB C SHEPrHAMHU MOPSAAKA SHEPTUM TOJHOU
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WOHM3AIMK aToMa. Pa3ymeercsi, mpoOIeMBbl «IOTPYKECHUS» HE CYIIECT-
BYET IIPH CO37aHUU (€€)-T1ap B 000JI0YKaX JISTKMX aTOMOB.

[lepcrieKTUBHBI W BO3JCUCTBHSI DICKTPOMATHUTHBIX HMITYJIBECOB
B TIPUCYTCTBUU DJIEKTPOHHBIX TOTOKOB. MOHUW3aIHMs aToOMOB 3JIEKTPO-
MarHUTHBIMHA MMITYJIbCAMH TIO3BOJISICT TOJIBIM sIIpaM 3aXBaTUTh 00pa3o-
BaBIITHecs (ee)-mapbl, pOpMUPYST HOBBIE COCTOSHUS aTOMOB.

13.4. DxkcniepuMeHTHI J1JIs1 OLleHKH BpeMeHH
CyliecTBOBaHMA (€€)-map

PazpaboTrka TexHOMOTMU OOOTaIIEeHUs JIEKTPOHHBIX 000JIOYEK aTo-
MOB (€ee)-T1apamMu IO3BOJIUT CYTUTh O BPEMEHH HX CYIIECTBOBAHUS IIyTEM
W3MEpPEHHs] HHTEPBAIOB BPEMEHU COXpPAHEHUS TE€X WM WHBIX aHOMAaJIUH
CBOMCTB aroMoB. Hampumep, aHOMaluWil XapakTEPUCTHUECKOIO PEHT-
TE€HOBCKOTO CIIeKTpa. BoOCCTaHOBIEHHWE CTaHAAPTHOTO il JTAHHOTO
JJeMeHTa CIeKTpa OYyJeT CHUTHAIM3UPOBaTh O MpoLecce pa3pylIeHUs
(ee)-map. Ckopee Bcero, OAHAKO, COOTBETCTBYIOIIEE BpeMs T; OyaeT oT-
HOCHUTBHCS HE K COOCTBEHHOMY BPEMEHHM JKU3HU (€€)-Tlaphl, HE CKIOHHOU
K CaMOTIPOM3BOJIBFHOMY paciajy, a yKa3blBaTh Ha (hakT HEKOTOPOTO B3a-
UMOJICHCTBUSI (BEpOSITHEE BCETO, C Y-KBaHTaMH), IPUBOJISIIIIETO K pacmaay
(ee)-mapsi.

INockonmpKy TOYHas KaaTMOpPOBKAa Macc CO3/IaBaeMBbIX (ee)-Tap B aTOM-
HOM aHcaMOJie MPEJICTABRISICTCA 3aTPYJHUTEIbHOW, HaBepHsAKa Oynaer
HaOJIroIaThCs HE €TMHCTBEHHOE (DMKCHPOBAHHOE BPEMS Tj, @ HEKOTOPBIN
uHTepBan At;, BKIIOYAIOUMI T;. YCIOBHO, BpeMsl nopsanka At; MOXHO
CUHMTATh BPEMEHEM JKHU3HH (ee)-Tap.

B kadecTBe qpyroro npuMmepa 0XKuaaeMbIX aHOMAIMH MOKHO yKa3aTh
Ha WCCJEIOBaHME TIPOIIECCOB OOOTAMIEHUs AJIEKTPOHHBIX O000JOYEK
paJIMOaKTUBHBIX H30TOMOB MacCUBHBIMU (ele])-mapamu. llpm sTom
B ciydae [} -pacmajioB MOXKHO OXKHJATh CHW)KEHHSI aKTHBHOCTH H3-3a
BO3PACTAHUS SJIEKTPUUECKOT0 MOJISl CO CTOPOHBI AJIEKTPOHHOM 000JI0UKH,
cTpeMsmierocst ocnabuts 3hHEeKTHBHOCT B -pacmajia, KoTopasi, Kak W3-
BeCTHO [73], pe3Kko (1o MOpsIAKY BEIMYHUHBI) HapacTaeT B HOHU30BAHHBIX
aToMax (BaXKHO W HAJMYME BAaKAHCHI B SJICKTPOHHOM 000JI0UKE).

B npunnune, 3T0T 3G¢GEKT MOKHO HCIIONB30BATH U M3MEPEHHS
creneHn oOorameHus (efel)-mapaMu 3IEKTPOHHBIX 000JIOUYEK TaKUX
atomoB. [lomyepkHeM, yMEHBIICHHE aKTHUBHOCTH [} -pacmaJioB CBSI3aHO
HE CO CHIDKCHHEM KOJIMYECTBa HEPACHABILHUXCS SAEP, a C 3aMeAJICHUEM
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TEMIIa pacmaja, T.€. C YMECHBIICHHUEM TOCTOSIHHOM pacraja U COOTBET-
CTBEHHO C YBEJIMYEHUEM TEpUO/a Moypacnaia.

Ecnn, mo ncreuennn mHTEpBana BpeMeHH Aty, HCTOYHHKH [ -M3Iy-
YeHHs yBENIWYaT aKTUBHOCTbH, TO BpeMsl mopsaka At, MOXKHO paccMmaTpu-
BaTh KaK ellIe 0JJHO YCIOBHOE BpeMs KH3HH (e1e])-Tapsl.

HampoTus, oboramienmne dIIEKTPOHHBIX O0OJIOYEK aTOMOB O-PajiHo-
aKTUBHBIX HM30TONOB MAacCHUBHBIMHU (€7e|)-TrapaMu OKHO COIIPOBOXK-
JaTbCsl yBEJIMYCHHEM HWHTEHCHBHOCTH JEJCHHUS, TaK KaK Iepepacrpe-
JieNieHHe SJIeKTPOHHOHM IUIOTHOCTH, mpHuOmmkaromee (ee)-napy K sapy,
OyIeT CHIWXaTh BBICOTY W IIMPUHY KYJIOHOBCKOW YacTH SANEPHOTO TIO-
TEHIMaNa, YBEJIMYMBas MPO3PAvyHOCTh Oapbepa Ui TYHHEITHPYIOLIMX
o-4acTHil. B 3TOM ciydae mueT peajbHOE COKpallleHHE MepHojaa MOry-
pacmana, HeOXKHIaHHOE 3aMe JIeHNe JAeTICHNs YKa3bIBaJo ObI Ha ecTalu-
muzamuio (efel)-map. Torma ecTecTBEHHO BBECTH elle OJUH WHTEPBAT
BpeMeHH Ats. 3ameTnM, 4TO mapajieNbHO C 0-PaclajoM MOXKET aKTHBH-
pOBaThCS M MPOTOHHBIA pacIaj U Jaxe BbUICT 00Jiee MAaCCUBHBIX, YeM
O.-4aCTHIIBI, STEP.

KOHC‘IHO, B ClIy4da€, €CJIM UHTCPBaJibl BPCMCHHU, UBMEPCHHBIC IJId CYy-
IECTBOBaAHU aHoMaJui Ppa3JINYHbIX CBOﬁCTB, HpI/I6J]I/I3I/ITCJ]BHO PpaBHBI
Aty = At, = Atz =..., yMECTHO TOBOPUTH O HEKOTOPOM YCJIOBHOM BPEMEHU
JKU3HU, CBSI3aHHOM, HaIllpUMep, ¢ YHUBEPCAIbHBIM MEXaHU3MOM B3aWMO-
JICHCTBYS ¢ MHTCHCUBHBIMH (@ 3HAYUT, IOCTATOYHO PeAKUMH) (IIyKTya-
USMHU (PU3UIECKOTO BaKyyMa.

BaxxHO OTMETHTB, YTO HE TOJBKO MPHUCYTCTBHE (€e)-Tap B 000JI0UKe
aToMma, HO U 00pa30BaHKe KaTaIM3HPYIONIMX KOJIEI B MEKaTOMHOM IPO-
CTpaHCTBE JIOJDKHO YCKOPSATH MPOILECC O-Paciiajia.

[lomyepkHeM, HaKOHEI, YTO KOCBEHHO O CTa0MIbHOCTH (ee)-Tiap
CBHUJICTEIIBCTBYIOT SKCIIEPUMEHTHI [72] O CMEIIEHWU XapaKTepucThye-
CKOTO PCHTTC€HOBCKOI'O CIEKTpa MEIu, y‘IaCTBOBaBIHeﬁ B IINIa3BMCHHOM
AJIEKTPOJIN3E BOJBI, MPOBEJEHHBIE CO 3HAYMTENHHBIM 3alla3/[bIBAHUEM
OTHOCHUTENIFHO TpoIlecca IEKTPOoiIr3a. AHAIOTHYHOE YTBEPXKICHHE OT-
HOCHUTCA U K IOABJICHUIO TPEKOB «CTPAHHOTO» U3JTYYCHUSA OT MPOAYKTOB
peaxiuu.
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MnaBa 14. O BO3MOXHOM Npupoae
«CTPaHHOro U3Ny4YeHUA»

3ameTum, 9To B 0030pe [15], HA HamI B3TJIAM, JacTCS PACIIUPEHHOE
TOJIKOBaHWE «cTpaHHOTO m3nmydeHus» (CH). He mepeumcnas npuBeneH-
HbIe B [15] BapuaHTHI, Cpa3y yTOYHHM, YTO MBI OyJleM OpPHEHTUPOBATHCS
Ha npusHaku CH, ycrtaHoBneHHele aBTopoMm TepmuHa JI. WM. Ypyuko-
eBeIM [16, 17].

14.1. O6Hapy:keHHe CTPAHHOTO H3JIyYeHHUs
U HEKOTOPbIE ero cBoiicTBa

IIpoBoast B3pBIBEI THTAHOBBIX (hosIbr, M OOHAPYXKHUB CHHTE3 3JI€-
MEHTOB, aBTOPHI pabOTHI [16] €CTECTBEHHO IBITAIHICH 3aPETUCTPUPOBATH
U3JTy4YeHHUE Y-KBAaHTOB U HEUTpOHOB. COOCTBEHHO, CpabaThIBaHUE JETEK-
TOPOB, KOTOPHIMU HPEATONAranoch 3aperucTpUpoBaTh HEUTPOHHOE H3-
Jy4eHHue, MMO3BOJIMIO U3MEPUTH CKOPOCTh PACIPOCTPAHEHUS M3IyUCHUSI.
Ona okazanmach ~20-40 m/cek. Takas mamnas CKOpPOCTh HE ITO3BOJIHIIA
UACHTH(QHUIIMPOBATh U3NyUeHHE KaKk HEHTPOHHOE, MOCKOJIBKY ObI yKa3bl-
BaJla Ha YJIbTPAXOJIOIHBIE HEUTPOHBI, KOTOPBIE HE TOJBKO HE CMOTJIH OBl
NPEOJIONIETh CBETO3AIIUTHBIA KOXYX NETEKTOpa, HO Ja)Xe U JI0JEeTETh
J0 Hero B 0ObIYHOM aTMocdepe. st perucTpainuy U3My4eHUs] UCTIONb-
30BaJIM METOJIMKY, OCHOBaHHYIO Ha ()OTOIMYJIIbCHSIX.

[IpuBenem onucanue METOAUKH, COIIACHO [16].

«DOTOIIEHKH B (OTOIUIACTHHKY pa3MelalluCh Ha Pa3iIM4YHBIX pac-
CTOSIHUSAX OT LIEHTpa 3MIeKTpoB3pbIBa (0T 20 cM 110 4 M) U pacrojaraiuch
B paJualbHON 1 HOPMAJIBHOHM ITUIOCKOCTSIX B MPEATONIOKEHUN IITUHIIPH-
YeCKOW CUMMETpPHUH dKcTiepuMeHTa (puc. 21).

Bce doromaTtepuansl TIaTEIbHO 3aBOPAYMBAIIKICE B JIBA CJIOSI YEPHOU
Oymaru, KoTopasi IpeABapUTEIbHO NOABEPratachk KOHTPOJIIO Ha MpeAMET
HapymeHnus: nesnoctHocTH. [locne oOmyyeHHs HAa yCTaHOBKE M IIPOSIBIIE-
HUs QOTOETEKTOPOB OyMara mojiBepraiack IIOBTOPHOMY KOHTPOJIEOY.

OtMeTuM, 4TO Ha cxeMme pasmerieHus (oronerekTopoB (puc. 21)
TONBKO (OTOIUIACTHHKA 3 pacronarajach B IJIOCKOCTH, OPTOTOHAIBHON
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K MpeAanojaraeMoil OCH CHUMMETpUM JKcrepuMmeHTa. I[linockoctu Beex
(hOTOIUICHOYHBIX JCTEKTOPOB OBLIU MapaUICIbHBI MPEANOoIaracMoil OCH
CUMMETPHH IKCIIEPUMEHTA.

Puc. 21 (puc. 13 B [16]). Cxema pacmosioxkeHus (OTOICTCKTOPOB:
1 — MecTO 3JeKTPUYECKOro B3phIBa (OJIBT; 2 — MOCTOSHHBIC MAarHUTHI,
3 — IUIaCTUHKA C AepHOIt aMyIibcueil; 4 — poTomieHky; 5 — karyka
MarHuTHOTO MOJIs; 6 — POTOTIEHKN BOJIM3HM MOCTOSTHHOTO MarHUTa

OKCHEepUMEHTHI ToKa3ald, 4T0 (opMa TPEKOB B IMYIBCHAX OUYEHBb
pasjuMuHa: 3TO U HEMPEPBIBHBIC NPSIMbIC TPEKH, TaHTEIC00pa3Hbie («Iy-
CCHUYHBIC») TPEKU U JUIMHHBIC TPEKU CIOXKHOU (OPMBI, HAITOMUHAOIIINE
CIIMpAITd U PEIICTKH.

[TpuMepsl TPEKOB, MOJIYUYCHHBIX Ha (POTOTICHOYHOM JCTEKTOPE, MPH-
BEJICHBI Ha pHC. 22.

OTMeTHM, 4YTO HaJ [EHTPaJbHOW YaCThIO CaMOTO IPOTSHKEHHOTO
B TOPWU30HTAJILHOM HAIPABIICHUU TpeKa BHUJCH IOYTH MapauIeIbHBIN
TPEK, HO MEHbIIICH HHTEHCHUBHOCTH.

uprHa Tpeka MOXXET ObITh MOPSAIKA JECATH MHUKPOMETPOB, Kak,
B YaCTHOCTH, BUJIHO W3 pUC. 22, 0.

Tort xe puc. 22, 6 sBHO yKa3bIBaeT Ha MEPUOJAUYHOCTh CTPOCHHUS TPE-
Ka, KOTOPOW, CKOpee BCEro, COOTBETCTBYET IBIKCHHE HOCHTEJICH I10
BUHTOBOH TPaeKTOPHUHU, OCh KOTOPOW JISXKHT B TIOCKOCTH (OTOAECTEKTOpA
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ONeKTpoHHbIN apxuB YIJITY

(poromnenkn wiau (HOTOMIACTUHKH). DTOT BBIBOJ XOPOLIO COTJIACyeTcs
¢ 6osee mo3nHUMH HaOmoAeHUsIMU TpekoB CU[74].

Puc. 22. Ilpumeps! ITMHABIX TPEKOB Ha (POTOIIICHKE,
AMEIOIINX IEPUOTUIECKYIO CTPYKTYpY (puc. 14 B [16])

Kpome Toro, Ha puc. 22 BUAHBI 1 MHOKECTBCHHBIEC TOUCUHBIE CIIC/IBL,
Ha KOTOPBIX aBTOpHI [16] HE aKUEHTHPYIOT BHMMaHue. B ynmomsHyTOM
o030pe [15] npuBonsTCS Ccienpl, KOTOpPbIE NPU OOJIBIIEM YBEIHMUYCHMHU,
4eM B [16], yMEeCTHO MIMEHOBATh HE TOYKaMH, a kpatepamu (puc. 23).

141272616 tilt=30

106MKM

17  19088x

Puc. 23. Cnenst CU B popme kparepor (puc. 16 B [15])
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CymecTBeHHO, uTo (oromieHka co ciegamu CH Ha puc. 22 pacmona-
rajach B HOPMaJbHOW IJIOCKOCTH IO OTHOIIEHHUIO K HANpaBICHHUIO Ha
UCTOYHUK u3nydeHus. [lo3ToMy IUJIMHHBIE TPEKH C HEPUOAMYECKOM
CTPYKTYpOH OBUIM PEIKU IO CPAaBHEHHIO C TOUKaMH-KpaTepaMH, yKa3bl-
Bas Ha TO, YTO BBI3BABIINE MX HOCUTENN U3IYYEHHS HUMETH COCTABIIAIO-
LIYI0 CKOPOCTH B/0JIb INIOCKOCTU (hOTOILICHKH.

K coxanennto, B [16] me npuBenensl Tpeku CU mis meTeKTopos,
IUIOCKOCTH KOTOPBIX JIEKaT B PaAUAIbHBIX IJIOCKOCTIX, W JUIS €IUH-
CTBEHHOW (DOTOIIACTUHKU C TJIOCKOCTHIO, OPTOTOHAJIBHOM Mpennona-
raeMou ocy HUIWHJIPUYECKON CUMMETPHH.

WHTepecHo, 4TO aHaNOTM4YHas KapTHHA TPEKOB HaOmronanach He
TOJIBKO BO BpeMs B3pbIBa, HO U MMO3Xke, Korja B yamky [letpu nomectmnu
ocTaTKH (OJIBTU U BOABI U3 B3PHIBHON KaMephl, pa3MeCTHIN (OTOAETEK-
TOpsl B 10 CM OT YallKy W BEJNH 3KCIO3HLMIO B TeueHue 18 vacos. Jlan-
HBIH pe3ynbTaT yKas3blBal Ha TO, YTO «MEXaHU3M HU3Iy4YEHHS UMeEeT He
YCKOPUTENIBHOE, a SIEPHOE MPOUCXOXKIEHHE». SICHO, YTO B ciay4ae JJINH-
HBIX TPEKOB «HCTOYHMK, BBI3BIBAIOIIMN IOYEPHEHHE, JIETUT CTPOTO
B TIOCKOCTH (POTOIMYIILCHH, TaK KaK Ha4ajo TpeKa OTIMYaeTcs Mo TIy-
OMHE SMYJILCUH OT KOHIIa Tpeka He Oosiee yem Ha 10-15 mxm». 3ameTnmM,
YTO TOJILKHA 3MYJbcUU cocTaBisuia 100 MKkM.

Bricokas mponukaromas criocooHocts CH yka3biBalia Ha €ro 3JeK-
TPOHEHUTpaJIbHOCTh (TI0 KpaiiHeil Mepe, 10 MOMEHTa JOCTHXeHUs! (oTo-
nerextopa). Ilpemmomaraemoe aBTopamm [16] coxpaHeHHE SIEKTPO-
HelrpanbHocTh CH mpu pacnpocTpaHEHHH B CJIO€  (OTOIMYIIBCUH
B COBOKYITHOCTH C peaKIieil Ha BHEIIHee MarHUTHOE TI0JIe, BHI3bIBAIOIIEE
MOJIU(UKALIHIO TPEKOB, MPUBEIIA aBTOPOB [16] K rUIOTE3e 0 MarHUTHOMH
npupoae Hocurenid CU (npeanonoxurensHo, MoHononu Jlomraka Menee
MaccuBHBIE, YeM MoHomnoyu [lupaka). Tem He MeHee, aBTOPBI CUUTAIOT,
YTO «OJVH WM JIBa TUIA YAaCTHIl BPSJI I MOTYT OOBSCHHTH BCE TPEKH,
BO3HHKarolue Bo BpeMst CH».

14.2. O cBoiicTBaX BO3MO:KHBIX HocuTeaeii CH,
BKJIIOYAIOIIUX B CBOM cOCTaB (ee)-nmapbl

B pamkax pa3BuBaeMON HaMM KOHLEMNIMH KIIFOUEBYIO POJIb B IIPOLIEC-
cax HU3KOTEMIEPATYpHOI'O CHHTE3a UIPAlOT KOHTAKTHO CBSI3aHHBIE Mac-
cuBHbIe (€e)-mapbl. [103TOMY €CTECTBEHHO PAacCMOTPETh BO3MOXKHOCTh
WX y4acTUsl B COCTaBe MPEANOIOKHTENbHBIX Hocutenei CH. YmecTHO
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pasnuyaTh JBa peXuMa: yCKopHUTenbHbIH (u3nydenue CH mpu B3phiBe
(oSBT ¥ TIPOBOJIOYEK UMITYJIBCAMHU TOKA) U BHEYCKOPUTEIBHBIN, CBSI3aH-
HBIN ¢ pacnajaMu siiep.

14.2.1. Hocutesn CHU u 6a3ucHble KOHQUTypPallii TPEKOB
Ha (oToaeTeKTOPaX IPH YCKOPUTEJIHbHOM (B3PbIB) peskuMe
uHunuupoanusi CU

[Ipu yCKOpUTENBHOM PEKUME I10JIaraeM, YTO U3Iy4aeTcs JIEKTpUde-
CKM HEUTPAIBHBII KOMIUIEKC, BKJIIOYAIOIUN KaTaJIU3UPYIOLIEE KOJbLO
u3 (ee)-map U «MOHHYIO» COCTAaBJISIONIYIO M3 Mapbl COMM3UBIINXCS SAEP
(MM y)Ke CIUBILUXCS SIIEP) C MCKaKEHHBIMH M HE TIOJHOCTBIO 3aIloi-
HEHHBIMHU DJICKTPOHHBIMU 00OJIOuYKaMu. B nmanmpHeineM ais KaTtaiusu-
pYIOIIEro Koibla OyJeT UCmoib30BaThes Moo abopeBuatypa KK, nmmubo
tepmuH KK-aktuBaTtop. B mporecce CTOJIKHOBEHUS ¢ AETEKTOPOM KOMII-
JIEKC pacragaeTcs Ha TMOJOXKHUTEIbHO 3apsSKEHHYI0 MOHHYIO COCTaBIISIO-
IIyI0, OCTAIOIIYIOCS B MaTepuayie JeTeKkTopa, U cBoOomHbii KK-akTu-
BaTOp, KOTOPBIA OBICTPO pacIIMpsieTCs 32 CYET pacTaIKUBaHUS (ee)-Tiap.
KK conmepxxut Bpariaromuecs (ee)-mapsl 1 00agaeT MEXaHHIeCKHM MO-
MeHTOM L ¥ MarHuTHBIM MOMeHTOM M, anTHnapamiensHeM L. 3a dop-
MHPOBaHUE TPEKOB OTBeyaeT pacnpoctpaneHue nmeHHo KK-akruato-
poB. lIMeHHO UM (32 UCKJIIOYEHHEM CBOMICTBA 3JIEKTPOHEHTPAILHOCTH)
npucym Habmonaemeie ocobenHoctu CU. [lostoMy, oTnaBast naHb Hc-
MOJIb30BaBIIIelics paHee TepmMuHojoruu, TepmuH CHU Oyzner ycimoBHO
MCIIOJIb30BaThCsA U Jainee, Hapsiay ¢ TepMuHoM «KK-aktuBatopy.

Hcronb3ysl JaHHYI0 Ka4eCTBEHHYIO KapTHHY, MOXHO PaccMOTPETh
HECKOJIbKO 0a30BbIX CIIEHAPHEB.

Cuyenapun 1. Ilnockocts KK napamiensHa IUIOCKOCTH IETEKTOpa,
a ckopocTh V- moctymarensHoro mBmkenus nentpa uaepumn KK mep-
MEHUKYJISIPHA TIOCKOCTH JIeTeKTopa U kojuinHeapHa L. Torga oxumnae-
MBIM BapHaHTOM SBiIsieTCs KpaTepHblid cinen CU (cM. puc. 23).

Cuyenapun 2. Ilnockocts KK opToronansHa miIockocTH IETEKTOpa,
CKOPOCTb vl MOCTYTATEIbHOTO JBIKEHHS IieHTpa mHepuun KK mapain-
JIeNbHA TJIOCKOCTH JAeTeKTopa M KojummHeapHa L. Torma momydaem mu-
POKHI1 cien npsMoIuHEHHOro Tpeka. Ilpuyem cien ¢ AUCKpeTHON nepu-
OJIMYECKON TOYEUHOH «3aCBETKOW» MOBEPXHOCTU JETEKTOpPA CTPOUTCS Ha
OCHOBE COTJIACOBaHMS IOCTYNATENbHOTO W BPAIIaTeIbHOTO JBM)KEHUS
(ee)-map Mo BUHTOBBIM TpaeKTOpHAM. [losCHMM cka3aHHOE Ha MPOCTHIX
npruMepax KoJiell, CoAepKalliuX OHY, IBE WU TpH (ee)-Taphbl.
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VYauTeIBas «cUIbl U300paxeHus», aectpyrone Ha 3apsag KK-aktu-
BaTOpa, MOYKHO ToJararb, 4o uneHTp nHepuuu KK aBmxercs mo mosepx-
Hocth (hoToruractuHKU. Torma, o0o3Hauast Ry paamyc akTHBaTopa, IIu-
pUHY TpeKka NpUHUMaeM paBHOW AmaMmeTpy 2Ry Koiblla aKTHBaTOpa.
Kaxnas u3 (ee)-map ABMKETCS IO BUHTOBOM JIMHUH. SICHO, YTO IIar BHH-
toBoit muHnu | = V! T, rme T — nepuox Bpamienus (ee)-map. Kaxmas 3a-
CBETKa IMOBEPXHOCTH JETEKTOPA CBS3aHA C MEPECcCeUeHHEM IOBEPXHOCTH
aMynbcud (ee)-mapamu. Toraa B KauecTBE YIPOILICHHBIX PACYETHBIX Tpe-
KOB (B MPHUOIMKEHUU TOCTOSHCTBA MOIYJSI HEHTPOCTPEMUTEILHON CH-
JIBI) TIOYYHM H300pakeHusi, mpuBeneHHbIe Ha puc. 24. COBOKYIMHOCTH
TOYEK, MPHUHAAJICKAIIUX OAHON JMHUM, COOTBETCTBYIOT IpoleccaM Iie-
pexoja u3 BO3yXa B OMYJIbCHUIO, a TOYKAM MapajielbHON JIMHAK OTBEYa-
€T TepeXo/1 U3 SMYJIBCUH B BO3AYIITHYIO CPEIY.

® L L L 3
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2R 1

—__ o 0 (:T;T_.JL
o

— 8 — 9 —& — & — 00— 0 —0-
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—.—.—?—.—.—?—l
< | |
8

Puc. 24. PacueTHOe n300pakeHne TpeKa B MOJIENIH KaTaTU3UPYIOLIETO
KOJIbIIA, IEHTP MHEPLIMHU KOTOPOTO JIBMXKETCS 110 MOBEPXHOCTH JIETEKTOPa
CO CKOPOCTBIO vl , INIOCKOCTH KOJIbI[a OPTOTOHAJIbHA TNIOCKOCTH JIETEKTOPA,
KOJIBIIO COJICPIKUT: a — OJHY (ee)-Tapy; 6 — 11Be (ee)-mapsl; 6 — TpU (€e)-Tapsl
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W3 puc. 24 o4eBUIHO, BO-TIEPBBIX, UTO TPEKH MMEET JUCKPETHBIN
U TEpUOAWYECKUI BHJ: BE COBOKYMHOCTH TOYEK pacIojlaratoTcs Ha
napajienbHbIX NpsMbIX. CpaBHEHHE BapHaHTOB IIOKAa3bIBAET, YTO IPHU
HeuetHoM uucie (ee)-map B KK (puc. 24, a, ) ©MeeT MECTO CMEIICHHE
TOYEK 3aCBETKH MOBEPXHOCTU JAETEKTOpa, JEKAIMX Ha OJHOW MPAMOI,
[0 OTHOLICHUIO K TOYKaM, JEXKAIIUM Ha BTOpoH mpsmMoil. B ciydae xe
yetHoro yucia (ee)-nap B KK-akTuBarope B3aMMHOIO CMEIEHHS TOUYEK
Ha JIByX MapajieibHBIX JIMHHUSAX TPeKa HeT (puc. 24, 6).

[MoguepkueM, 4To MOAOOHBIE POPMBI TPEKOB CIENYeT OXKUAATH IS
(GOTONETEKTOPOB C IUIOCKOCTSAMH, MNapajjiebHBIMKU IIPEAIIOIaracMbIM
HanpaBJICHUSIM pa3jieTa IPOJYKTOB B3pbIBa, a TaKKe IUIsl TPEKOB Ha (o-
torutactuake 3 Ha puc. 21. Ha puc. 25, B3stom u3 [17], mpuBeaeHb
ClelbI TPEKOB C JIBYXTOYEYHOHN (TaHTEJICBHIHON) BHYTpPEHHEH NepHo-
JUYHOCTBIO.

Puc. 25. Bust TpekoB «CTpaHHOTO W3ITYYSHHUSD) TAHTEIe00pa3HOTo
(«rycennyHOrO») THIA Ha (POTOIUIACTUHKE NeTekTopa (puc. 6 B [17])
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Bun TpekoB HaloMUHAaeT BapHaHT ¢ HEYCTHBIM YHCJIOM (ee)-Tap Ha
puc. 24. OTMeTuM elie 0HO 00CTOSTEIBCTBO — JIBA PACXOISIIUXCS TPEKa
CTapTyIOT B 00mICH «Touke». B pamkax pa3BuBaeMoil Monenu B 3TOH
«TOYKE» CJEAYEeT OKMJIATh MOSBICHUE M30TOMA CHHTE3UPOBAHHOIO 3Jie-
MeHTa (BO3HHKIIIECTO U3 MOHHOW COCTABJISAIONIEH HEHTPAIILHOTO KOMILICK-
ca) WM ero uoHa. /[Ba jke pacXomsimuXxcs TpeKa MOXXKHO OTHECTH K pac-
npoctpaneHuo 1Byx KK-aktuBaropos (cM. puc. 18, 6), kotopsie ObICTPO
PaCIIMPIIUCH B OTCYTCTBHE MOHHOW COCTABIIIONIEH M K TOMY K€ OTTall-
KHBAIOTCS IPYT OT JApyra (M 3a CYET ANEeKTPOCTATHYEeCKOTO, M 3a CUEeT
MAarHUTHOTO B3aWMOJCHCTBHI).

OueBuaHO Takxke, uto ecnu 1eHTp naepuuu KK nemwxkercs Han mioc-
KOCTBIO JIETEKTOpa HJIA TOJ IIOCKOCTBIO JETEKTOpa, TO IIMPUHA TpeKa
OyJeT MEHbIIIEe JUaMeTpa KoJjblia ¢ (€€)-mapamu.

Cuyenapun 3. Ilnockocts KK opToronanpHa miocKOCTH ACTEKTOPA,
CKOpocTh V' mocTymaTtenbHOTo ABWKEeHHs meHTtpa uHepuuu KK mapan-
JeNbHA TUIOCKOCTH JIeTEKTOopa W TepreHaukyiaspHa L. 3amerum, dro
Takoe W3MEHeHWe opueHTanuu L mocTuraercs mpw BKIFOYEHHWH OJHO-
OCHOTO MarHUTHOTO TOJIS B HANpPaBICHUH, MEPICHINKYIIPHOM V", n3-
MEHSIoIeM opreHTaruo M.

B sToM ciydae BMECTO MPSMOIUMHEHHOTO TpeKa C ABYMS MHOXe-
CTBaMHM TOYEK, JIXKAIINX HA MapaJUICbHBIX MPSMBIX, TOJydaeM TPEK U3
MHO’KECTBA TOYEK, JEKaluMxX Ha oAHOW mpsimoi. Ilpumep Takoil coBoO-
KYIHOCTH TOYEK MPHUBEAEH Ha puc. 26, B3aTom u3 [74]. IlpaBaa, nuamer-
pBl «TOYEK» BETWKH. He MCKIIOUEHO, YTO STH «TOYKW» YKAa3bIBAIOT Ha
Ooiiee MaccuBHBIE, YyeM (ee)-Tapbl, OOBEKTHl B KOJIBIEBBIX CTPYKTYypax,
reomerpruecku nogo0HbIx KK-aktuBaropam (cm. m. 17.3).

AP
7100 Mim
T e |
Puc. 26. Onun u3 tpekoB CU, 3aperiucTpupoBaHHbIi IPU UCTIBITAHUAX

MPOMBIIIICHHOTO 3JIEKTPOTEXHUUECKOTO 000PYI0BAHUS
(puc. 4, a, 6 [74])
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Cuyenapun 4. Ilnockocts KK mnapannensHa IUIOCKOCTH IETEKTOpa,
CKOpOCTh V | MOCTyNaTeIbHOro ABKeHHs 1eHTpa uHepuun KK mapan-
JieNIbHA IUIOCKOCTH AETEKTOPa U MEepIeHANKYIIsIpHa L.

B stom cimyuae Tpek OyaeT MMeTh BUA 3aCBEYEHHOH I10JIOCHI LIMPH-
HOM 2Rkk-

3aMeTHM, YTO MOSBICHHE KOMIOHEHTHI CKOpOCTH V-1, mpuBosimeit
K MOTPY’KEHHIO KOJIbLA B 00BEM 3MYJIbCHUH, WIM BBIXOJ KOJbLIA K IIO-
BEPXHOCTH 3MYJBCHH JOJDKHBI MEHATh HHTCHCUBHOCTD «3aCBEUHBAHUSI,
a MOHUW3alMs MaTepHalia SMYJbCHH CIHOCOOHA MOPOXKAATh HuIeid, mo-
noOHBIH cnemy KoMmeThl. Kak BuaHO U3 puc. 27, B3saroro us [16], Ha kpato
3aCBEYEHHON MOJIOCH! SIBHO BBIJENISIETCS 0071aCTh, OTpaHUYCHHAS 3JUTUII-
COM C HEOOJBIINM SKCICHTPUCUTETOM (BO3MOXKHO, KPYT, CJIETKa OTKJIO-
HEHHBIN OT TUIOCKOCTH IETEKTOPA) C PACXOIAIIMMCS IUTEHPOM.

| | L

S500MKM 100 MM

Puc. 27. Bun ogHoro u3 TpekoB CU B marauTHOM T071€ (puc. 16 B [16])
14.2.2. Uctounuku CHU, cBA3aHHBIE C pacnaaoM sijiep

Kak ormeuasnoch B koHrie 11. 13.4, Hannuue (€e)-map B 000JI09Ke aTo-
Ma MOXET YBEIMYUTH BEPOSTHOCTh O-paclana. AHaJOTHYHBIH BBIBOJ
MOJKHO CZeNlaTh W O BIMSHUU KaTaJU3upylomlero kompna. B cuy
BO3MOXKHOTO 3CTa)eTHOrO CHHTE3a sijiep B 0Opasle, MCIBITaBIIEM BO3-
JefCTBUE HMMITYJIbCOB DJIEKTPUYECKOr0 TOKa, NOJDKEH (POpMUpPOBATHCS
aHcaMOJIb KaTaM3UPYIONTUX KOJIEI ¢ pa3InIHBIM YHCIIOM (e€)-Tlap B Co-
crase KK. fIcHo, 4TO mpu o-pacnajue yciaoBUIO AIEKTPOHEHTPAIBHOCTH
YIOBJIETBOPSET KOMIUIEKC M3 O-4aCTHIBI M OIHOM (ee)-mapsl. Pazymeer-
csl, ISl OYEHb MACCHBHBIX (MCKYCCTBEHHO CHHTE3MPOBAHHBIX) siZEp W3-
BECTHA W PAJMOAKTUBHOCTH, CBS3aHHAS C UCITyCKaHHEM OoJiee TSKENbIX
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snep, 4eM sanpa renus. Ho ans saep Tutana 3To MalnoBepoATHO. Toraa
KaK WHUIMUPOBAHHUE O-paclajia MPeACTaBIACTCS BIOJIHE BO3MOXKHBIM.
Bo3MoykHa MHUIIMALMS W YMCTO MPOTOHHOW PaJiMOAKTUBHOCTHU. B cBs3U
C 3THM THIIOTETHYECKUMH HeHTpanbHbIMU HocuTenssMu CU moryT crath
KOMILJIEKCHI, CXEMaTUYECKHU MpeACTaBICHHbIE Ha puc. 28. 3ameTum, Ba-
puanT, 6Iu3KHii K puc. 28, 8, o0cyxmaics B [75].

@O e

Puc. 28. Cxemsl runorernueckux Hocutenet CH ¢ ydactuem (ee)-nmapsl:
BapHaHTHI a U 6 TIPH O-pacmaje sjep; 6 — Ipu NPOTOHHOM pacraze

a

3aMeTHM, 4TO JUIs BAPUAHTOB 6 U 6, B KOTOPBIX (ee)-mapbl BHICTYIA-
I0OT B Ka4yeCTBE CHIJIOBBIX IICHTPOB, BBI3BIBACT 3aTPyIHCHUE MEPEXOJ]
K IIUPOKUM TpeKaM, HallpuMep, TPEKy, NpeACTaBIeHHOMY Ha pHc. 22, 0.
BeinageHne U3 KOMIUIEKCOB (€€)-Taphl IPH CTOJKHOBEHHUH C JIETEKTOPOM
KaXeTCsl MaJIOBepOSATHBIM. KoHeuHOo, BO3MOXKHO paspylicHue (ee)-maphbl
3a CUEeT CIy4aifHOTO 3aXBaTa y-KBaHTa, YTO TAKKe MaJlOBEPOsITHO. B aTOM
OTHOIIIEHUU MOXET OBITh OoJiee MpUBIEKaTeNIeH BapuaHT [75], mpu Ko-
TOPOM 3JICKTPOHHAs Tapa B CHHIJICTHOM COCTOSIHUM CBsi3aHAa MArHHUT-
HBIM B3aMMOJICHCTBHEM (PACCTOSIHUE MEXAY SJICKTPOHAMH COCTABJISCT
0KoJ10 8 Pm).

OpHako, Ha Haml B3MJIAJ, NPEANOYTHTENIEH BapHaHT CHHTE3a sIep
U3 0-4acTUL ¥ IPOTOHOB B LEHTPAIHLHON O0JIACTH MOAXOMISILIETO KaTain-
3upyroniero koislia. Hampumep, cuntes sapa 12C w3 Tpex o-4acTHIl
B KK-akTuBartope, comepxalieM TpH (ee)-Tapbl, Wi aapal§0 u3 yersi-
pex a-uactun B KK, conmepxamiem uetsipe (ee)-mapbl. Hamomuum, s
KPUTHYECKOTO COMIKEHUSI sIIIEp, 3apsi]] KOTOPBIX YUCICHHO PaBeH 3apsiiy
KOJIbLIA, TAKOHM 3apsiJl KOJbLA ABJSIETCS U30BITOYHBIM, TAaK YTO BO3MOXKEH
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3axBaT OJHOH (ee)-maphl, JAIOMINK SHEPTHIO AJISl BBUIETA CUHTE3WPOBaH-
HOTO sjipa (HAaIpUMep, BMECTO CTaOWILHOrO 150 MOSABUTCSA HeCTaOMIIb-
ueiii 18C, ucmyckaembiit Bmecte ¢ KK, comepskarmm Tpu (€€)-maphbi).
Takum oOpaszom, 3aada CBOJUTCS K paHee PacCMOTPEHHOM, T. €., Tocie
OCBOOOXKICHHUSI KaTaIM3UPYIOIIETO KOJbIda OT MOHHOH COCTaBISIOLICH,
(hopMHpOBaHUE TPEKOB, TJIABHBIM 00pPa3oM, OCYILECTBIISIET ATO KOJIBLIO.

CkazaHHOE XOpOIIO coriacyercs ¢ JaHHbIMH O Tpekax CU, 3aduk-
CHUPOBAaHHBIX B [76] BOJNM3M YCTaHOBKH DIIEKTPOILIA3MEHHOTO CHHTE3a
B Boze. Ha puc. 29 (puc. 18 a B [76]) npeacraenens! Tpeku Ha DVD nuc-
Ke (CO CTOPOHBI, TOKPHITON KapOOHATOM).

3ameuarenpHO, 9YTO HAOIIOAaeTCs TOUKA CTapTa, 00BEICHHAS HAMH Ha
pHc. 29 OKpYKHOCTBIO, U3 KOTOPOH BBIXOJST ABa TPEKa.

Puc. 29. Bua tpexka CH oT peakTopa 3/1eKTpOIIa3MEHHOTO CUHTE3a B BOJIE
Ha DVD. (Okpy>XHOCTb M IpsiMasi IMHUS, Pa3IessIonas pacxXosIIuecs
KOMITOHEHTHI TpeKa, 100aBJIeHbI aBTOpaMKi MOHOTpaduy, 4ToOB! BBIICIUTD
o0JacTh 3apOXKICHHUS TPEKa U Y4acTOK HApaCTAIOIIETO YIIUPEHUS TPeKa)
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HeBonbHo HampammBaeTcsi aHanorus ¢ puc. 25. OqHako BHyTpeHHEe
MIEPUOJAMYECKOE CTPOCHHE TPEKOB («TaHTEIBKM», OPHCHTUPOBAHHBIC
BJIOJIb TPEKOB, WJIM MPOCTO PETYISPHO PACIOJIOKEHHBIE TOYKH, KaK Ha
puc. 26) COBMECTHMO C ABYMS CIIEHAPHUSIMH, B KOTOPHIX YI9aCTBYIOT JIN0OO
onun KK-akrusatop, mu6o nea KK-akrusaropa.

Jlonycmum enauane, 9To 00a Tpeka CBA3aHBI C BHHTOBBIM JIBIDKEHHUEM
OJTHOTO KaTaJM3UPYIOMIETO0 KOJbIa (COMEpIKaIlero, mo-BUANMOMY, YeT-
HOe yKcIo (ee)-map).

Toraa 3Ty mapy MOKHO paccMaTpUBaTh Kak OJUH TpEK, XOTS B [76]
3TH TPEKW HASHTH(GHUIMPYIOT Kak JBa TpeKa-OMu3Hena (4ro Takke BO3-
MOXHO). MTak, cuuTaeM, 4To B TOYKE CTApPTa MPUOBIBIICE KaTATU3UPYIO-
1iee KOJIbIO, OCBOOOX/IEHHOE OT MOHHON COCTaBJISIOIIEH, pacIIupsIeTCs
(3a cuet orramkuBaHus (€€)-map) B XO[€ PaclpOCTPaHEHHs 10 pa3Mepa,
YCIIOBHO COBIAJAOIIETO C PACCTOSHHUEM MEXIy JIMHUSAMHU MEPEeCceUeHHS
C HaHECEHHOW OKPYXHOCTHIO. Jlanee cienyeT y4acToK ¢ MpHOIH3UTENb-
HO TocTOosSHHBIM pa3MepoM KK, momoOHbIN Tpeky Ha puc. 24, 6. 3ateMm
cnenyer pacmupenne KK, 9ro wmmocTpupyeT mprONMH3UTEIHHO paBHOE
OTKJIOHEHHE TIaphl CJIEIOB TPEKA OT IIPOBEIECHHON HaMu IPSIMOU JIMHUU
(«OuccexTpuch» yria). Pacimpenue Koibla Ha MOCIeIHEM dTare MOXKET
OBITE OOYCIIOBIEHO HECKOIBKHMH NPUYHMHAMHU: OOOTAIl[EHHEeM KOJIbIa
OTPHUIATENFHBIMU 3apsaMH; U3MEHeHHeM MoMeHTa mMmmynsca KK mpu
HEKOTOpOM coObiTHH (B3aumMoaekicTBun KK ¢ HeyCTaHOBICHHBIM O0BEK-
TOM); U3MEHEHHEM IIOJIOKEHHUS [IEHTPa MHEPIMH KOJbI[a OTHOCUTEIHHO
MMOBEPXHOCTH UCKa. SICHO, YTO COOBITHE MPOU3OIIIIO B BO3YITHOW OO0
KapOOHATHOM cpenie, He OCTaBUB «METKW» Ha MOBEPXHOCTU JAHUCKA. Bax-
HBIM ciefcTBUeM sBmioch pacimupenne KK, aumamerp xotoporo, cyzis
Mo puc. 28, craj mopsijakKa IeCAThIX AOJEH MUILIUMETpa. JTO O3HAYAET,
YTO TPACKTOPUS BUHTOBOU JTUHUHU MOXKET JOCTHUTHYTH U CJIOS ATFOMUHUS
MO CJI0OeM KapOoHaTa.

Hempyono ycmompems u dpyeoii cyenapuii. B Todke crapra BBICBO-
00X TArOTCA JIBa PABHOIEHHBIX KOJIBIIA, HO HOPMAJH K TUIOCKOCTSIM KaX-
JI0i 13 opOuT (e€)-map OpTOrOHAIBHBI K CKOPOCTH IIEHTPa WHEPIIUU CBO-
ero KK-aktuBaropa. Takum oOpazom, OTIHYME OT BapHaHTa Ha pHC. 25
3aKJIIOYACTCS. B CYIIECTBEHHOM pPa3BOPOTE OpPHEHTAUUNA HOpMaen
K TuiockocTssM opOut (ee)-map B KK-akTmBaTtopax OTHOCHTENBHO CKO-
pOCTe IEHTPOB MHEPIIUY aKTUBATOPOB, HAMMPABICHHBIX B0 TPEKOB.

BaxHo, uto B [76] ¢ukcupoBasocs CU Ttarke u ot Ni-H peakro-
pa [19] — ananora reneparopa Poccu [18]. [IpumeuatenbHo, 4TO TpU

134



ONEeKTPOHHbIN apxuB YITITY

skcnonupoBannd CU Ha miacTHHKAxX CIIOABI (BBIMOMHSIOMUX (YHKIUU
nerekropa CH), pacronoXeHHBIX B 5CM OT peakTopa, ObUIH 3aUKCH-
pPOBaHBI TPEKH M KpPYIJIbIC MATHA, MPHYEM YacTh ITHUX IIATEH JIeXKala
B Ha4aJIe/KOHIIE TPEKOB, IIMPHHA KOTOPHIX COBMAJANa C JHAMETPOM
nsTeH (= 5 mxMm). CkazanHoe oTpaxkeHo Ha puc. 30.

Puc. 30. KorrpactHrle yepHBIe TITHA Ha cirone (puc. 14 ¢ u3 [76])

3aMeTHM, U4TO CUTyalHusi CUJIbHO HAIIOMHMHAET cueHapuii 4 B 1. 14.2.1.
C moMOImbI0 aTOMHO-CHJIOBOM MHUKPOCKOIUHU YAAJIOCh TOKa3aTh, YTO
MSATHAM COOTBETCTBYIOT HE KpAaTepbl, a BBIMYKIOCTH (BBICOTON IOPSIKA
COTEH HAaHOMETPOB), KaK WILTIOCTPHUpYeET puc. 31.

Becoma unmepecen u paxm obocawenus obnacmu nsimua yeaepooom
u Hampuem. DTOT PaKT HE MPOTUBOPEUUT BHICKA3aHHOMW BBIIIEC THUIIOTE3E
0 GOpPMHUPOBAHHH IEMEHTOB C OTHOCHUTEIHFHO HEOOIBIIUMH 3aPSIOBBIMA
YHCIIAMH U3 HECKOJIbKUX 0-4acTHI] (M MMPOTOHOB) B IIEHTPAIBLHON 00JIaCTH
KK, Beuter kotopeix BMecte ¢ KK u mopoxmaer CU. B cBsizu ¢ aTuM
MOXHO OBUIO OBl JIOITyCTUTh, YTO YEPHOE IMATHO — HAYall0 TPEKa, a ero
IEHTP — 3TO O0JIACTh, TJI€ HEUTpalbHBINM KOMIUIeKC uctuHHOro CU pas-
nemsuicss Ha KK-akTuBaTOp M MOHHYIO COCTABIISIONIYIO, BHEIAPUBIIYIOCS
B IICHTP MSTHA W JOCTPOUBIIYIO CBOK JJIEKTPOHHYIO 000104Ky. llpm
stom KK-aktuBaTop pacmmpsuics, a Bpamiaromuecs (ee)-mapsl «3aMeTa-
n» 00JacTh MATHA. 3aMeTHOE O0OoTallleHue MPEANoiaraeT MHOKECTBEH-

135



Hoe oOpa3zoBaHMe aToMOB. Takoe oOorameHue MO0 Obl MPOU30UTH
B npornecce pacmupenus KK-aktuparopa 3a cuer TpancopManuu 4actu
Marepuana CIIOAbI MpH ydacTuu (ee)-map. JleWcTBHTENBHO, B XUMUYe-
CKOM COCTaBE€ CIIOJBI OOBIYHO JOMHUHHPYIOT KHCIOPOJ, YTJIEpOJ, alko-
MUHHH ¥ KpeMHUH. O0oraiieHue HaTpueM NPy KaTaJTUTHIECKOM y4acTHH
(ee)-mapel MOXET OBITH CBSI3aHO, HANPUMEP, C PEAKIUAMH (TIPUBOIAM
PEaKIuy TOJIBKO C YIaCTHEM CTAOMIIBHBIX H30TOIIOB)

20 + 170 + (ee)* — 23Na + 2B + (ee), (Q=~-8.07M>dB) (174)
27A1 + (ee)” — 23Na + 3He + (ee). (Q=-10.09 MaB) (175)

g

Zum BEEE 11 41 SEI X9, BBR Zum B0E6. 11 .48 BET

a 9]

Puc. 31. YBenuueHHbIe H300paskeHHsI TEMHBIX IISITEH Ha CIIOJE!
a — DIIEKTPOHHOE N300paKeHHE POBHOT'O KPYIJIOTO MATHA AUAMETPOM 5 MKM,
6 — penbedHass KapTHHKA (COOTBETCTBYET BBINYKJIOCTH) (puc. 14 B [76])

SlcHo, uTO BO3MOXXHa W aHaioruuyHas (174) peakmus ¢ 3aMeHaMH
O-178a0-18uB-101a B-11. Ho cogepxanus nzotoros O—17, 18
MaJibl, T03TOMY BapHuaHT (175) miist oOpazoBanusa Na mpeanodruTeseH.

B cBoro ouepenp, K 00OTAlIEHUIO YTIEPOJOM MOTIH ObI MPUBECTH
CIIEAYIOIINE PEaKIHu:

180 + (ee)* — 2C + a + (ee), (Q=-17.16 M3B) (176)
28Gi + (ee)* — 180 + 12C + (ee), (Q=-16.76 MaB)  (177)
3180 + (ee)* — 4-1ZC + (ee), (Q=-142M3B)  (178)

28Gi+ 2120 + (ee)* — 5-12C+ (ee). (Q=-31M>B) (179)
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OK30THUECKHI XapakTep 3THUX THIOTETUYECKUX PEaKIHHd COCTOHT
B TOM, 4TO SHeprus (ee)*-mapbl B HCXOJAHOM COCTOSHHM CUUTAETCS Mpe-
BOCXOJSIEl 3HEpruro (ee)-mapbl B KOHEUHOM COCTOSIHUM Ha BEIHYHHY
HE MEHBUIYI0, Y€M BEJIMYMHA |Q | IUIA SHAOTEPMHUYECKOH pPEaKIuu
B oTcyTcTBHE (ee)-map. Bemmunner Q mis peakuuit (174) — (179) 6e3 yua-
ctus (ee)-map ykazaHbl B KPYTIBIX CKOOKaX. DTH SHEPTUU OTHOCUTEIHHO
HEBEJIMKH, 110 CPaBHEHHUIO C Maccoil (ee)-mappl, 00yCIOBIEHHONW CBS3BIO
¢ ¢usnveckuM BakyymoM. [loaToMy TpHUBIIEKAaTENTFHON BBITJISIAUT BO3-
MOYKHOCTH CYIIIECTBOBaHHUS (€e)-Mapbl Kak MeTacTaOWIbHO yCTOMYHBOM
TUHAMHYECKON JHCCHUTIATHBHON CTPYKTYpBI, CIIOCOOHOW pacxo/IoBaTh
YacTh SHEPrHU (Macchl), BOCIIONHSS 3aTPayeHHYIO DHEPTUI0 3a CHUET
SHEepruu (pU3MYecKoro Bakyyma. TakoMy IMOTOHEHHIO COOTBETCTBOBAIIA
OBI peakmus

(ee) +a — (ee)*, (180)

rJic 8 — CUMBOJIMYECKOe 0003HaueHue 3QUPUHO, HCIIONB30BaHHOE B (47).

HHTEpecHO OTMETUTD, YTO CIIEKTPHI SHEPrOAUCIIEPCHOHHOTO aHaH-
3a, PUBEICHHBIE B [76], U1 0OMacTeil BHE MSTHA W BHYTPH IATHA TIOKa-
3BIBAIOT O0OTAIICHUE YIIIEPOAOM (B OCHOBHOM) M HATPHEM U OOCIHEHHUE
KHCJIOPOJIOM, aJFOMUHHMEM M KpPEMHHEM B 00JacTH MATHA. DTO COTJIACy-
eTcsl C NPHUBEIEHHBIMHM peakuusMu. Beimykias dopma oGnactu msTHa
CBHUJIETENILCTBYET B IIOJIb3Y TOTO, YTO 00JIACTh ISITHA CKOpPEE HA4ajIo Tpe-
Ka, YeM KOHell, TaK KaK KOHIIEHTpalus (ee)-map B XOJi¢ PacCHIUpEeHUs
KK-akTuBaropa cHUKaeTcsl IpY yAaJICHUH OT LeHTpa nsaTHa. EcrecTBeH-
HO JONIYCTHUTh, YTO yBelIMYEHHE Oo0beMa Marepualia CBA3aHO C Hapy-
HIGHUEM YIIOPSIOUYEHHON CTPYKTYyphl MaTepuana 3a CYeT peakiui
¢ yuactuem (ee)-nap. Torna Beimykias ¢popma MpsiMo COOTBETCTBYET HH-
TeHCUBHOCTU peakuuid npu pacmupenun KK-aktuatopa. Koneuno, 3to
JUIIb KAYEeCTBEHHBIE PACCYXKIECHHS W OJTHO3HAYHOTO BHIBOJA O TOM, OT-
HOCHUTCSl YEpHOE IATHO K Hayally WIM KOHIy TpeKa, cAelaTh OTClola
Henb3a. Ho Bompoc, HECOMHEHHO, NMPOSCHUTCS NPH JOMOJHHUTEIBHBIX
UCCIIEIOBAHUSX.

Scuo, uro peakmuu (174) — (179) urparoT NpoMeXyTOYHYIO PO
MEXIy JIBYMSI TpEJCTbHBIMH BapHaHTamH. [lepBblii BapwaHT: peakius
sBisieTcs dk3oTepmuyeckor (Q > 0). [IpuMepoM Takux peakiuil SBIiseT-
Csl CHHTE3 OTHOCHTENBHO JIETKHX sifiep (BOCXoJsiiasi yacTh rpaduka Ha
puc. 1). B atom ciyuae (ee)-maps! (B cocrae KK-aktuBaropoB) obecrie-
YUBAIOT COJIMKEHUE UCXOIHBIX siIep 10 paccTOSTHUM < R*; U1l Ha4yaja
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CHHTE3a, NMpUYeM H3MEHEHHE DHEpPruM (Macchl) (ee)-lap OTCYTCTBYET.
Bropoii BapuanT: peakuus siisiercst sunorepmuueckoit (Q < 0). INpume-
POM TaKWX pEaKIWid SBISETCS CHHTE3 MAcCCHUBHBIX fAnep (HUCXomsamas
gacTh Tpaduka Ha puc. 1). [Ipu 3TOM dHeprus (Macca) OgHOW WM He-
CKOJIBKUX (ee)-ap MOXKeT OBITh 3aXBaueHa TMOJHOCTBIO (C YU4ETOM H3Me-
HEHUS 3apsIOBBIX HHCEN). [IpomedcymouHslii dce 6aApUAHM MOXNCEm
obecneuums npomeKauue dK30MepMUdeckux peakyud, umerowux (bes
yuacmus (ee)-nap) sHOOMePMUeCKULl Xapakxmep , HO NPOMEKAUUX KAK
nuskosnepeemuueckue peakyuu (LENR) ¢ yuacmuem (ee)-nap.

B cBsm3u ¢ peaknumamm o-pacnama sgep (175), (176) mpemcraBis-
€TCsl BeChbMa BEPOSTHBIM M MPOLECC NMPOTOHHOI'O pachaja C y4acTUEM
(ee)-map, Harmpumep, peakums (124) npuHUMaeT BUJ

209Bi + (ee)* — 238Pb + p + (ee)l.

[TockonpKy y4gacTue (e€)-map MOXKET KaTaIu3upOBaTh HE TOJBKO Ba-
PHAHTBl XOJOAHOTO CHHTE3a, HO W paclajaa suep, LelecooOpa3Ho HC-
MOJIb30BaTh OoJyiee OOLIMI TEPMUH «XOJIOIHBIC SIACPHBIC PEAKLHUN») —
«cold nuclear reactions (CNR)». OnHako OCHOBHOE€ BHHUMaHHE B MOHO-
rpadu OTBOJUTCS MMEHHO PEaKIUSAM HU3KOTEMIIEpaTypHOTO CHHTE3a
anep, modtomy abopesuarypa CNR manee He ucnomnn3yercs.

Spkoe Mopdonornieckoe paziuyre Mexay Kparepom B [15] u BbI-
MyKJIOCTBIO B [76], MOXET OTpakaTh M pa3iHuue 3HaYeHHH HadalbHbIX
SHEpruil HEWTpalbHBIX KoMIulekcoB CU, poknarommuxcs Ipu B3pbIBE
U sanepHoM pacnage. Kpome Toro, mpuHUMNMANGHO HaJUuue 3HAYM-
TEJIbHOW KOMITOHEHTBI CKOPOCTH B TUIOCKOCTH JETEKTOpa, 0e3 KOTOopoi
HEBO3MOXXHO (pOpMUpOBaHME BBITSHYTOrO Tpeka. Pazymeercs, okoHYa-
TEJIBHOTO BBIBOAA O CPaBHEHUM SHEPrMH MalJarolinX OOBEKTOB BHIHECTH
HeNb3sl, TIOTOMY YTO 3HAYUTENBHO Pa3IHYalOTCs MaTepPHaJIbl JETEKTOPOB
B [15] u [76]. OnHako OJU30CTh K OKPYXHOCTH (MK SJUTUICY ¢ HEOO0JIb-
IIMM D3KCIEHTPUCUTETOM) [UIs JIMHUH, orpaHuuuBaromux cienslt CU
Ha TOBEPXHOCTH NETEKTOPOB, O3HA4YaeT, YTO M KpaTep M BBIMYKIOCTh
CBSA3aHBI C aKTOM MaJIeHust CXOAHbIX HocuTeneil CH 1 BRICBOOOXKIeHHEM
pacmmpsromuxcst KK-aktusatopos.

B [76] Takxe ycTaHOBJIEHO, YTO INIyOMHA TPEKOB Maja IO CpaBHe-
HUIO C IMUPUHOW Tpeka (COCTaBISIET COThIE JIOJIM OT IMUPUHBI). UTOOBI
HE CJIeNaTh JIOKHBIX BBIBOJAOB IPHUMEHHUTEIBHO K TpEKaM C IMEpPHOAM-
YECKOW CTPYKTYpO# (THIIa TpHBEIEHHOW Ha puc. 29), HAIOMHUM, YTO
B 9TOM CJIy4ae TPEK — 3TO AUCKPETHAsI COBOKYITHOCTh TOUYEK MEepecedeHus
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TpaeKTOpHUil (ee)-map ¢ MOBEPXHOCTBHIO NeTekTopa. B wactHocTH, 1is
TPEKOB Ha pucC. 29 — 3TO ABMKEHHUE MO0 BUHTOBOH JIMHUU C yBETUYHUBAIO-
muMcst paguycoM. EctecTBeHHO, B 00J1IaCTH TaKMX TOYEK HAOIIOAAIOTCS
OIJIABJICHUS IIOJIMKApOOHATa, BU3YaJM3HPYIOLIME AaKThl IEPECEUCHHUSI.
Mexay IByMs COCEIHUMH TOYKAMH BO3HUKAeT OO0JIACTH CMBIKAHHS
«TOYeuHBIX» paciuiaBoB. [lomoGHBIN cien HEOAHOPOIEH MO IIyOuHE,
He TIOJ00eH «IaparnvHe», a U3MEPEeHHYI0 B [76] TIyOMHY Tpeka He ciie-
JyeT OTOXAECTBIISATh C HIDKHEW TOYKOW TpaeKTopuH (ee)-rlap B o0beMe
JIeTeKTOopAa.

Onnako B [76] moka3aHO, 4TO TPEKH C MEPUOIMYECKON CTPYKTYpOi
COCTaBJIIOT CPaBHUTEIbHO HeOObInyt0 nomo (5-10) %. bonbmrHCTBO
ke TpekoB Ha DVD mpencraBisiorT co0oi riiagkue JIUHUYU, HIyIIUE Ta-
pajuIenbHO APYT IPYry B MpeAenax rpymisl JuHUA. Tak 4To BBIBOJ O CO-
OTHOILIEHWU TJIyOWHBI M INUPUHBI TPEKa B IOJHOM Mepe OTHOCHUTCS
MMEHHO K TaKUM Inaakum nuHusM. B pycne KK-konnenumu sty rinagkue
JUHUM JOJDKHBI OIMUCHIBATHCS MEpPEMEIEHHEM KOJblla C IUIOCKOCTHIO,
«ckomp3samei» mo moBepxHoctm DVD. Torma mmpuHa Tpeka paBHa
quaMetpy Konbla. CoOCTBEHHO, TaKOW BapUaHT COOTBETCTBYET CICHA-
puto 4 B . 14.2.1.

Bceraer Bompoc, kakasi ke NpUYMHA NPUBOANUT K MPEUMYILECTBEHHON
OpPHEHTAlMH TJIOCKOCTH KaTaJU3UPYIOIIETO KOJbLA MapauIeibHO IIO-
BepxHoctu DVD? Otser oueBuieH. Jleticteutensno, KK npencrarmiser
KPYroBylo opbuty c Bpamarommmucs (ee)-napamu. 3Hauut, KK umeer
OTpHLIATENBHBIN 3apsi, KOTOPBII MOIApU3yeT Marepua (IoJIuKapOoHaT
u amoMuHMEBBIH cioif) DVD. SIcHo, uTo sHEprus B3anMOAEHUCTBUS MEX-
Iy OTPHUIATEIBHBIM 3apsiIOM KOJIbIa U AUIMONBHBIM 3JIEKTPUIECKHUM MO-
MEHTOM MUHHMM3HUPYETCS NpPU PACHOJIOKEHUH IIOCKOCTH KOJbIAa Ha
noBepxHocTd DVD — netektopa. Ctano ObITh, BBISBICHHAs CTAaTHCTHKA
Buga TpekoB Ha moBepxHocTu DVD Taxxe cormacyerca ¢ KK-kxos-
LEMLUEH.

Jlerko MOHATH TaKKe NMPUUUHY OTKIOHEHUH (GOPMBI IMAJAKUX JTUHUN
oT mpsiMonuHelHoW. Hampumep, B [76] mMOCTaTOYHO THUIHMYHBI CIEIBI,
(dopMa KOTOpBIX YCIOBHO COMOCTaBjieHa ¢ «OymepaHramm». [leiicTBu-
TEJIbHO, BHEIPEHHBIE B MaTepuall AETEKTOpa MOJOKHUTEIbHBIE HOHBI
€031a10T criIbl mpuTshKeHns a1 KK-akTHBaTopoB, HCKPUBIISS WX TpaeK-
TOPHIO.

Henw3s He ynomsHyTh emie ofwH ¢akT, oTMedeHHbIH B [76]. Kak
nokasaHo Ha pwuc.32 (puc.23 B [76]), riagKkue TPEKH MOTYT
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ONEeKTPOHHbIN apxuB YITITY

TpaHC(HOPMHUPOBATHCS B TIEPUOANICCKHIE, HO OTIUYAIONIUECS OT BapUaH-
TOB C OpTOoroHaibHOW opueHTanued miockoctu KK mo orHomenuto
k moBepxHoct DV D-getexTopa.

100 MKM

a o

Puc. 32. JIuHelHbIl TpEeK, MEPEXO AU B IEPUOTUICSCKUN (MK HA000POT).
Onrtudeckuit Mukpockon (puc. 23 B [76])

Cyns 1o u300pakeHHIo, B pe3ysbTaTe COOBITHSA, SBHO 3a(hUKCHPO-
BAaHHOT'O YEPHOH «METKOI» (B 00JaCTH CMBIKAaHHUS TPEKOB), U3MEHHJICS
XapakTep JABWXCHUS [ICHTPpa WHEPIHH Koublia ¢ (ee)-mapamu. K mocrymna-
TEJBHOMY JIBM)KEHHUIO J00aBMIIOCH, MO-BHIMMOMY, BpallaTelbHOE JBU-
JKEHHME KOJIblla Kak 11ej0ro. Bo3moxHa U mpeneccrs KoJableBOH OpOUTHI
¢ (ee)-mapamu pH BBIXOJIE IIOCKOCTH Kojblla u3 miuockoct DVD. Ta-
KM 00pa3oM, MpeJCTaBiIseTcs BO3MOXKHBIM OIHCAaHWE U JOCTATOYHO
3alyTaHHBIX HAOJIOJaeMbIX TPEKOB, €CIM YHUCIO 0a30BBIX CIICHAPHEB
X (HOpMUPOBaHUS JIOTIONHUTH, 3a/laBas HOBBIE BapHaHTHI JBMKECHUS
IUIOCKOTO KoJjiblia ¢ (ee)-iapamu. [loatomy, na naw 632150, (6 omauvue
om [16]) ons onucanus gopmul nabriooaemvix mpexkos He mpebyemcs
Habopa pasHbiX yacmuy, a OOCMAMOYHO MOILKO PACCMOMPEHUs O08U-
JHCEHUSL KAMATUSUPYIOUUX KOAeY 8 PeaibHOM HEeOOHOPOOHOM (U3-3a 6He-
OPEHHBIX UOHO8 U HANPSHCEHULl, BbI36AHHBIX PACHPEOENeHUAMU BO3HUK-
wux oeghexmos) mamepuaie Oemexkmopa.

Pesynbratel [76] gononustoT AaHHble [16] npu aHanmuze tpeko CU.
Crnemyer OTMETUTB, YTO aBTOPHI [ 16] ynoMsiHYI M, 4TO HAOIIOAIH U TPe-
KM, TTOXOXKME€ Ha «LapanuHbl WM YepHWIbHBIE MATHA», HO HE CTAIH HX
NPUBOJIUTH B cTaThe. VI3 MPOBEIEHHOTO PACCMOTPEHHS SCHO, YTO YIIOMSI-
HyTBIC B [16] ciienbl B BUAE «IlapanuH» B «UEePHWIBHBIX ISTEH» — 3TO,
COOTBETCTBEHHO, «TJIaJIKN€ JHUHUM» U « UYEPHbIE IISTHA» B TEPMHHAX
pabotsi [76].
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14. 3. lonoaHuTebHbIe 3aMedanus o CU

TpakToBka ocobeHHOCTeH HabOmomaeMbIXx TpekoB CU (o kpaiiHei
Mepe, JUIS IPOCThIX 0a30BBIX clieHapueB) B pyciie KK-koHuenuun Hu3Ko-
TEMIIEPaTypHBIX SACPHBIX PEAKIUH MPHUBOAUT K YIOBJIETBOPUTEIHHOMY
COTJIACHIO C DKCIIEPUMEHTOM. DTO TO3BOJSET pacCMaTpUBaTh KaTaIn3H-
PYIOIIHE KOJbIIa B KAUECTBE PealbHbIX (PU3HMYECKUX OOBEKTOB.

SAcHo, uto (akT cymecTBoBaHMs UIMHHBIX TpekoB CH o3HauaeT
nBkerne meHtpa uHepiwpm KK mapannenbHO TUTOCKOCTH JIETEKTOopa.
Konewno, s ABMKEHHUS BIOJIb TUIOCKOCTH pasfeNia pa3iudHbBIX Cpej
uMeeTcs IpuunHa (B3aumopeiicteue 3apsaa KK-aktuBaropa ¢ momsipusy-
e€MBIM MaTepHaJioM JIeTeKTopa). Brickas3pIiBanmach Jaxke MBICIb O BO3ZMOXK-
HOCTH 3amuThl 0T CU myTeM opranus3anuu TaKUX CEMEUCTB IUIOCKOCTEH,
KOTOpbIe 3axBaThiBa)IM Ob1 CU, mOJCTpaxoBbIBas TEM CaMbIM HCCIIEIOBA-
TeJIel OT MOTEHIMATBHOW Yrpo3bl Ul X 370poBbsi. Hanbomnee BeposT-
HBIMH TUTOCKOCTSMH it pactipoctpaneHus: KK-akTuBaTopoB SBISIOTCS
TPaHUIBI MEXKIY METAUIOM M IUAJIEKTPUKOM (Ooiee moapoOHO 3To 00-
cyxnaerca B m. 17.4.3). Ho BeimeneHHash poiib TaKUX BapHaHTOB, Kak
BO3MOXHBIX «CTOKOB» Juisi CY, BBITTIAAUT npeyBenndeHHo. B neiictBu-
TEIHHOCTH, OOJBIIMHCTBO TPEKOB MPHU OPUEHTALMH TUTOCKOCTEH NeTeK-
TOPOB HOPMAaJIbHO K IpeJroiaraeMoMy HamnpaBieHuro ucmyckanus CHU
HOCUT «TOYECHYHBIH» XapakTep, MpHUBOJS K (OPMHUPOBAHUIO KPaTepoB
OO0 BBITYKIOCTEMH.

14.3.1. O MmexaHu3Me 00pa30BaHUsI OCHOBHOIO M CATEJJIMTHOTO
TPEKOB ¢ BHYTPeHHell Nepuoanyeckoil CTpyKTypoil

3ameTuM, 9TO HEHTpaltbHBIN KomIuleke ¢ aByMsi KK-aktuBaTopamu,
MMEIOIIUMH MIPOTHUBOIOJIOKHO OPUEHTUPOBAHHBIE U PABHBIE 110 MOIYJIIO
MOMEHTBI HUMITYJIECa, MOT OBl BOCIIPUHUMATHCS B TIEPBOM MPUOIMKEHUN
KaK MarHUTHBIH MOHOIIOJIb, OOJAMArONINi IMIIHHAPUIECKOH CUMMET-
pueii. CyIiecTBeHHO, YTO MAarHUTHBI MOHOIIOJIb B OJHOPOIHOM DJIEK-
TPUUYECKOM I10JIC ABUTAICS OBl TIOJOOHO BIIEKTPUYECKOMY 3apsily B Mar-
HATHOM TIOJIe, T.€. B OOIIeM cCiydae IO BHHTOBOHW juHHH. OHAKO,
nockojibKy Bropoit KK-aktusatop, ckopee Bcero, GopMHpPYETCs C 3aras-
JIBIBAHWEM 110 OTHOIIEHWIO K IMEepPBOMY (OCHOBHOMY), BO3HHUKHOBECHHE
napbl aKTUBATOPOB, SBISIOIMXCS 3€PKAIbHBIMU KOMUSAMU, MPEICTaBIsA-
€TCS BO3MOXKHBIM, HO PEIKUM COObITHEM. VHauye aBTOPHI THIIOTE3bI
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0 MarHUTHBIX MOHOMNOJAX kak Hocutensx CH [16], [17] morau ObI 1ie-
MOYKY DKCIEPUMEHTAIbHBIX (akToB MO uiaeHTHuKanun Hocureneid CU
MPsIMO HAYMHATH C AEMOHCTPAIIMM BHHTOBBIX TPAGKTOPUH B AJIEKTpUUe-
CKOM TIOJIE.

Cyns 1o UHTepmpeTanuu OcoOCHHOCTEH HaONI0JaeMbIX TPEKOB,
OCHOBHYIO POJIb B CHHTE3€ SJIEp WIPAIOT BAPUAHTHI C y4acCTHEM OJHOTO
KK-akTuBaropa. B cmydae dhopMupoBaHusi JUCKPETHBIX TPEKOB C BHYT-
pEeHHEl eprHoANYECKO CTPYKTYpO HaOII0IAI0TCsI MEHEe UHTEHCHBHBIC
U MEHee NMPOTKEHHBIE CATEIIIUTHBIE TPEKH MapajuleiIbHble OCHOBHOMY
Tpeky (kak Ha puc. 22, a). CaTeJNTUTHBIC TPEKH, TO-BUIUMOMY, CBS3aHBI
¢ BbIcBOOOXKAeHHEM BTOporo (catesumutHoro) KK-akrusatopa. Cyas mo
cienaMm Tpekos, caTeunTHeIH KK-akTuBaTOop HekoTopoe BpeMs yaep-
JKUBAJICS MOHHOM KOMIIOHEHTOW HCXOJHOIO HEUTPanbHOrO KOMIUIEKCA,
nocrne otaenenust nepsoro (ocHosroro) KK-akrtusaropa. fIcHo, 4to mo-
noOHas KapTHHA IMpeIroiaraeT He CTOJKHOBEHHE MOHHON KOMITOHEHTHI
HEUTpanbHOr0 KOMILIEKCA C MOBEPXHOCTHIO JIETEKTOpa, a ABM)KEHHUE Ta-
paIEIBbHO 3TOM NOBEPXHOCTH.

14.3.2. O MmexaHu3Me yckopeHHoro pacnana U-238

I'mmoTesa, BeickazanHas B [16], o cymectBoBanmu CU kak aktopa,
VHUIMHUPYIONIETO SAepHBIE PEeaKlii, COXPAHSIET CBOI0 KOHCTPYKTUBHYIO
POJIb, yTpauuBasl aKTyaJbHOCTb TOJIBKO B OTOXKIECTBICHHWH HOCHUTEJIEH
CH ¢ MarHUTHBIMH MOHONIOJISIMU. TeM He MeHee, TPOOJIeMbl, TPUBEIINE
K (GOPMYJIMPOBKE THIOTE3bl, 3aciyXuBaioT BHUMaHHsA. COOCTBEHHO,
0OJBbIIYyI0 PONb JUIA BBIABIDKEHHS 3TOW THIIOTE3Bl ChIrpajia IMOIMBITKA
PEKOHCTPYHPOBaTh CLEHApU COOBITHH, CBA3aHHBIX C aBapuell B UepHo-
ObUTe, M yCTAaHOBUTh WCTUHHBIC MPUUYUHBI aBapuu [8, 77]. B wactHOCTH,
OCTaeTcsl aKTyallbHBIM BOMNPOC 00 HMCYE3HOBEHUH JIByXCOT TOHH 00Ora-
mennoro U-238 u3 peakropa. [Ipencrasmsiercss mpaktudecku Oe3abTep-
HaTHBHBIM BBIBOJ aBTOPOB [77] O pa3BUTHU HEKOTOPOTO MPOLIECCa YCKO-
pennoro pacmanga U-238. B [77] Takoit portecc CBSA3BIBAIICA C ACHCTBHEM
CHJIFHOTO MAarHUTHOTO TOJsI, BEAYIEro K YCKOPEHHIO [3-pacmaios,
a TUIOTETUYECKUM HCTOYHMKOM MArHWTHOTO TOJISI CYUTAJIMCh MarHuT-
Hble MOHomomu — Hocutenn CU. YMECTHO OTMETHTh, YTO WHHUIIMHPO-
BaHME pacliaja ypaHa dKCIIEpUMEHTaILHO Habromanock [78] mpu amex-
TPOB3PBIBE TUTAHOBBIX (DOJIBI' B PacTBOpAx cojel ypaHa. 3Hasi O «CTpaH-
HOM» M3JIy4€HHH NpU B3pbiBe (OJbr, aBTOpHI [78] paccunThIBaIM Ha
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MHHULMALINIO o-pacniaga ¢ nomomsio CH, m 3TOT mporHo3 ompasaasncs.
B xauectBe o0bsicHenus apdekra B [78] pazBuBaeTcs uaes 0 MEXaHU3MeE
COBMECTHOTO 0f-pacmajga Hpu ACHCTBHUM CBEPXCHJIBHOIO MAarHUTHOIO
nois. HanoMHMM, 9T0 mpouecc yCKOpeHMs efeHHus ypaHa Obll peayu-
30BaH M B HE3aBHCHUMBIX JKCIEPUMEHTaX MO JIa3epHOMY BO3ICHCTBHIO
Ha BOJIHBIC PacTBOPHI coiielt ypana (cum. [28, 29], a Taxxke [79, 80]).

Baxxno, uyTo HabmogaBIIeecs] yCKOPeHHe o-pacmaaa B [78] mo3BossieT
paccuUuTHIBaTh Ha TOATBEPKACHUE 3TOrO 3P (eKTa B HE3ABUCUMBIX H3Me-
PEHUSAX aKTUBHOCTHU ypaHa, cojepkamiero KK-akTuBaTopsl, kKak mpeasa-
ranock B KoHIe 1. 13.4.

B kauecTBe AOMOIHEHMS K MEXaHU3MY paciiajia ¢ y4acTHeM 3ama3ibl-
BAaIOMIMX HEWTPOHOB, HA HAIII B3TJISII, LeIeCO00pa3HO 00CYIUTh BO3ZMOXK-
HOCTh YCKOpEHHMs pacmajga ypaHa 3a cuer ero mHuumanuu KK-akrusa-
TOpamMH. ABapUU Ha PEaKTOpE MPEALIECTBOBAA aBapusl HA 3JIEKTPOIreHe-
patope [77], u uznoxeHHas B [78] Bepcusi COOBITHI BBITTSIUT JOCTATOY-
HO JIorn4HO. Ha Ham B3risij, ocraercsi TOIBKO B 3TOW BEPCHH 3aMEHUTD
MarHuTHbele MoHONonM Ha KK-aktuBaTopsl. Ilpy monagaHuu 3TUX aKTU-
BaTOPOB B TemuioBbLaeIstomue aeMeHTsl (TBOJIbI) yckopenue pacmanga
ypana B TB3Jlax (B 4acTHOCTHM, O-pacmaja), CTano Obl BO3MOKHBIM.
SIcHO, 9TO OBICTPOMY «HCUE3HOBEHHIO» YpaHa CIIOCOOCTBOBAIU OBI peak-
UM pacrafa ¢ oOpa3oBaHMEM B MPOAYKTAaX pacmaiga rasa. Bo3moxHO
HECKOJIBKO TaKWX BapUaHTOB. MBI KpaTKO OCTaHOBHMCSI HA HEKOTOPBIX
npumepax.

brnxalimuii mo Macce K ypaHy ra3 — paaoH. Ilpu 3HaunTEIHLHOM
CHIDKEHHH KYJIOHOBCKOro Oapwepa (3a cuer KK-aktmBanmm) naxe 0e3
y4acTHsi HEUTpOHA pacmaj ¢ 00pa30BaHUEM PaJioHa, B IPUHIIHUIIE, MOT ObI
cpasy peaju30BaThCsl MPU MCITYCKAHHU SAPOM OCHOBHOTO (0-KJIacTepH-
30BaHHOT0) H30TOMNa yrieposa 12C:

238U - 12C + 226Rn, Q=+ 18,56 MaB, (181)

¢ oOpazoBaHueM H30TOMa pajoHa 226 (mepuon momypacmaga 7,4 MUH).
AmHajornuHas peakuus pacnazaa st U-235

235U - 12C + 223Rn, Q ~+20,53 MaB (182)

MIPUBOJINT K M30TOIY pagoHa 223 ¢ mepruoaoM moiypaciana 24,3 MuH.
YMECTHO MOAYEPKHYTh, YTO YYET 3aXBaTa HEHTPOHOB (0e3 mcmycka-
HUSl HOBBIX HEUTPOHOB) PE3KO YBEIHYUBAET dK30TepMUUYecKue 3)deKTh
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peakuuii (Kak MUHHUMYM, Ha BEIUYMHY OJHEPIHMH TIOKOS HEUTpPO-
Ha =~ 940 M»B). [Ipu 3TOM MeHsieTcst MO0 U30TON Yriaepoaa, JIMOo U30-
TOT pajioHa. 3aMeTHUM, YTO BapPHAHT:

2330 - 13C + 25¢Rn (183)

[uis OBICTPOH 3BaKyallM paJoHa U3 PEeaKkTopa MPEAIOYTUTENICH, TaK KaK
uzoton 237Rn MMeeT CyIIeCTBEHHO MeHbIIMil MepUOJ MHOIypacma-
na ~ 21s 10 CpaBHEHHIO ¢ BpeMeHeM KU3HH u30TonaZ3eRn.

JIMTeNbHOCTH K€ MEpHOOB Toypachana Ais H30TomoB 228Rn,
223Rn BrosHE XBAaTHIO OBl VIS yJNETYYMBaHUs PaJOHA M3 Pa30rpeToro
peaxTopa.

Pagymeercst, mpocToro cHIKeHUsT Oapbepa HEJOCTATOYHO, HEOOXO M-
MO, YTOOBI ellle BHYTPH s/ipa ypaHa ObUI0 c(hOPMHUPOBAHO SIPO YIIIEPOAa.
BepositHoCcTh (hopMupoBaHuUs siaep Tenusl BhIILE, TOITOMY (IIPU CHIXKEHUN
Ooaprepa KK-akTuBaTopamMu) W TpHU YCKOPEHHBIX IOCIIEIOBATEIBHBIX
a-pacrana (BMmecro 3abnokupoBaHHbIX KK-aktmBaropamu [ -pacmamoB
Th u Ra), mpuBean Obl K AHAIOTMYHOMY pe3yJbrary (IpPH yJaCTHH
HeliTpoHa MepBHIi pactal MPOMCXOIHI Ol C HCITycKaHHeM SHe).

[TpuBenem Temneps MpUMEPHI MOTEHIIMAIBHO BO3MOXHBIX [3-pacmiagos
(orryckasi TIpW 3amvcu HEUTpUHHBIC, MO0 3()HUPUHHBIE KOMIIOHEHTHI)
C MPOAYKTaMH pacrajia B BUAE CTaOWIbHBIX HM30TONOB. B wWacTHOCTH,
SCHO, YTO peaKkiyu, oOpaTHbIe peakiusam cunrtesa (148) u (149), npuse-
OyT K U30TONaM OJIOBa IIPH UCIyCKaHWHU § eKTpoHOoB. Ho Hac uHTEpe-
CYIOT BapHaHThl NPOAYKTOB B BHJE CTAOMJIBHBIX M30TOINOB Ta3oB. Tak,
BO3MOXXHBI paciajibl ¢ 00pa3oBaHUEM SITIEp cpa3y TPeX Ta30B

238U — 137Xe + 88Kr + 180 + 6e, (184)
235U - 13%Xe + 8¢Kr + 120 + 6e . (185)

Oro 3K30TepMuUeckue peakiuu (0e3 ydera JENTOHHBIX BKIIAJIOB
Q > +200 M»sB).
VYuacTHe HEUTPOHA COXpPaHAET ra30BbIi «TPHYMBHpPATy», HAIIPUMED

n + 238U - 13%Xe + 8%Kr + 170 + 6e, (186)
235U - 13%Xe + 82Kr + 150 + 6e . (187)
Bo3morkna p€aknu € pacriagoM Ha U30TOIIbI KPUIITOHA

238U - 28Kr + 2 §2Kr + 16e. (188)
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C yuactuem HeiiTpoHa BMecTo (188) momyunm
238U > 2 I8Kr + §3Kr + 16e. (189)

Ecnu uHMIMupyroTcs pacmajbl ¢ MOSBICHUEM JOCTATOYHO MAaCCHUB-
HBIX O-KJIACTEPU30BAHHBIX fAJIEP, TO CTOJIKHOBEHUE ATHUX siiep C simpamMu
ypaHa OyIeT MPUBOIUTH K PEaKIUsIM C MEHBIIUM YHCIOM HCITyCKAEMBIX
AJIEKTPOHOB:

2380 + 2C > 8%Kr + 8¢Kr +85Kr +10e, (190)
238U + 180 — 82Kr + §2Kr +58Kr + 8e, (191)
238U + 20Ne — 3 §8Kr +6e, (192)
2380 + 23Mg - 135Xe + SSKr + 19Ar +4e, (193)

BIUIOTH 10 OTCYTCTBHA 3JICKTPOHOB B pCaKIINN
238U + 325 13%Xe + 131Xe . (194)

Pa3zymeercsi, npuBeneHHbIC IPUMEPHI TOJIBKO AKLUEHTUPYIOT BHUMA-
HHUE Ha MOTEHIMAJIbHYI0 BO3MOXHOCTh PEaKLUil, Ta3000pa3Hble MPOAYK-
THI KOTOPBIX obOecreumn Obl OBICTPOE «HCUYE3HOBEHHE» ypaHa. MBI co-
BEPLICHHO HE KacajWCh OCHOBHBIX Ui Pa0OTBl PEaKTopa pachajioBn
C pa3sMHOXKEHHEM HEUTpOHOB. IloaTOMY aHan3 BapHaHTOB YCKOPEHHOTO
JIeJIeHUsI ypaHa U UX KOMOMHUPOBAHHOTO MPOTEKAaHUsI yMECTHO MPOA0JI-
’KaTh, KaK W BBISICHEHHE poiu Hocuteneit CU B 3TuX mporeccax.

14.3.3. O B1usinnu CH Ha OMoJIOrHYecKHii MaTepHaJl

C Touku 3peHHs U3NI0KEHHBIX MpeacTaBieHnii o Hocuresix CU sicHo,
YTO HauboJiee OMacHBIM SBJIAETCS NPOHUKHOBEHHE B OpPraHH3M HeEW-
TPaJbHOTO KOMILIEKCA C MOCIEIYIOUIUM paciagoM Ha HOHHYIO MOJIOXKH-
TEJIBHO 3apsDKEHHYI0 4YacTh W OTpuuarensHo 3apsbkeHHbld KK-aktu-
Batop. beictpoe pacmmpenne KK-aktuBatopa Oyaer cOMPOBOXIAATHCS
noHu3anuel kietok. [1o3TroMy NpUHIMIIMAIEHO BaKHO 00ECTICUHTH pac-
naj KoMIUIeKca BHe opranu3ma. Camplil )Ke IpocToi BapHaHT cOopa oT-
punarensHo 3apspkeHHbIX KK — 3TO MX NPUTSDKEHHE K IOJIOKHUTEIBHO
3apsHKEHHBIM JioByIiKaM. Ho mpu 3tom He cTout 3a0biBath, uro KK siB-
JISIOTCSI MHULIMATOPaMHU HU3KOTEMIIEPATYPHBIX SACPHBIX PEaKLUil.

OxcnepuMeHTHl [81] moka3anu, YTo YyCTOWYMBOCTh MBIIIEH K Y-H3TTy-
YEHUIO BO3pACTaeT IOCIE MPEABAPUTEIBHON HKCIO3ULUU CTPaHHBIM
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m3nydernneM. OmHAKO 3TOT (akT JIMIIb KOCBEHHO MOATBEPKIAET, UTO
Y-M3IyYCHUE MOXKET IeMI(pUpPOBaThCH (€€)-mapamMu, BXOASIIUMH B CO-
craB KK-aktuBaropoB (cM. oOcyxaeHue B riaBe 16). Ecim ke akcmo3u-
[IUS1 CTPAHHBIM M3IyYEHHEM CIIeJIOBajia MOCIe yY-U3TyIeHHs, TO HeraTHB-
HBIN PEe3yJIbTaT yCUIUBAJICS.

ITockonbky mas peakiuii CF Hamuume TpagulMOHHBIX H3IydYCHHM
(a, B, v, N) HEXapakTepHO, TO HMEHHO 3ammuTa oT CH BBRICTYymIaeT Ha Iep-
BbIl TutaH. OmHako npu B3aumojeicTBur CU ¢ 3alMTHBIME 3KpaHaMu
BO3MOXXHO BO3HHMKHOBEHHWE W3nydeHus, nauiuupoBannoro CU. Tak, co-
rnacHo [82], meratmBHOe neiictBue CH Bo3pacTaeT TpH YBEITHUCHHH
TUIOTHOCTU BEIIECTBa dKpaHa (BILIOTH IO CBHHIA). BromHEe BO3MOXHO
3TO CJICJICTBHE MOSBICHUS YIbTPA(QHOIETOBOIO U PSHTTCHOBCKOTO HM3ITY-
YeHUH TIPH B3aMMOJICHCTBUHN (€e)-map ¢ BemecTBOM dKpaHa. KoHedHo,
3TOT BOIPOC OYIET MPOSCHEH M3MEPEHUSMHU CIIEKTPOB M3ITyUEHUS U HC-
MOJIb30BAHUEM JOIOJHUTEIBHBIX SKPAaHOB.

Kpome Toro, otmeTum, 9to B 3KkcniepuMenTax [81], [82] uctounnkom
CH sBISUIMCH B3pbIBa€MbIE UMITYJILCAMHU TOKa MPOBOAHUKHU. I[Ipu 3TOM
Hocurenu CU 005anaroT N30BITOYHON SHEPTUEH 10 CPABHEHHIO ¢ HOCH-
tensmu CH, BO3HMKAOIIMMHU TIpU pacnagax saep. [lostoMy MoxHO
OKHJaTh, YTO HeratuBHOe BiusHUE CU, MCXOAAIIETO OT MPOAYKTOB TIpe-
BparmieHus (kak u ot peakropoB CF, He HCIOIB3YIONNX B3PBIBHOM TEX-
HOJIOTHHM), OyJeT ocnalbnarhes SkpaHaMu 3PQeKTHBHEE MO0 CPaBHEHHIO
¢ BapuanToM CU, M"HUIIMMPOBAHHOTO B3PHIBOM IPOBOAHHKOB WMITYJIhCa-
MM 3JIEKTPUYECKOT0 TOKa. DTOT BBIBOJI IMOJITBEPKIAETCS JJaHHBIMU [83].

B mo0oM ciydae, SKCIIEPUMEHTBI ¢ OHOJIOTHYECKUM MAaTEPUATIOM
1IEJIeCO00Pa3HO MPOJO/DKATh, UMEsl B BHJY KaK BBIICHCHHE YCJIOBUH
Oe3omacHOW paboOThI, TaK M HCIOIL30BaHUE OHMOJOTHYECKHUX OOBEKTOB
B KadecTBe nHIUKatopoB CU.
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MaBa 15. O peakuusax AAepPHOro CMHTe3a
C yyacTtuem BoaopoAaa, HaxoaswWerocsi BHyTpu
KpUCTanM4yecKomn peLueTku MetannoB

[TockonbKy MpH CHUHTE3€ JIETKMX DJIEMEHTOB JOCTHTAaeTCsl BBICOKHIN
SHEPreTHUECKUI BBIXOJl, K PEaKIHUsIM CHHTE3a M30TONOB TeJHs U3 BOJO-
poJia TPOSIBIIIETCS OCOOBI MHTEpEC. A TOCIe TOT0, KaK JUIsl TeHepaTopa
Poccu [18] (cM. Takke [19]) BEIIBHIIACH BO3MOYKHOCTD ITOTYUSHUS DHEP-
THH, B pa3bl MPEBHIILAIONICH 3aTpaueHHYIO SHEPTHUIO, 3a c4YeT 3cTadeTHo-
TO CHHTE3a M30TOIOB HUKEIS B KPUCTATHIECKOM HUKEJIE, HACHIIIICHHOM
BOJIOPOZIOM, CHHTE3 DIIEMEHTOB B KPUCTAJUIMYECKOW PEIIETKE METaIOB
(aKTHUECKH BBIACIWIICS B OT/ICIIbHOE HAIIPABIICHUE HCCIICAOBAHHH.

Ha nam B3I 1, HM3JI0KEHHBIA BBIIIIE MEXaHU3M HU3KOTEMIICPATYP-
HOTO siiepHOro cuHTe3a ¢ ydactueM KK- akTmBaTopa MOXHO CUHTATh
yHHUBepCaNbHBIM. J[s1 ero peanm3anuu HEOOXOJUMO B3aMMOJEHCTBHE
UCXOJIHBIX aTOMOB CO CpeJlloid, B KOTOPOH MUMEIOTCS JOCTATOYHO aKTHUB-
HBIE DIIEKTPOHEI. B 9acTHOCTH, CrO1a OTHOCSTCS SKCIIEPUMEHTHI C HACHI-
IEHHEeM METaJNIOB BOAOPOAOM. HamomHWM, JUisi CBOOOIHBIX BJIEKTPO-
HOB MCETalllla THUIHWYHBI CKOPOCTH XAaOTHYCCKOr'o TCIIJIOBOTO OBHIKEC-
HUs IIOpsIIKA 10° m/c, uro COOTBETCTBYET JHEPIUU KMHETUYECKOIO JBHU-
xkeHUs okoyio 3 3B. Ilpm Takux SHEprusx, Kak HETPYIOHO OICHHUTH
(cm. 1. 5.2 u [33]), koaduiuent npospaunoctu D KynoHOBCKOro 0aph-
epa cocrasmsier D < 107, Jlaxke IIpH HATHYHE TOJBKO JIETKOrO BOIOPOA
yKkazaHHOro 3HaueHus D, B mpuHIIMTIE, NOCTATOYHO MJISi TOTO, YTOOBI
C TeYCHHEM BpEMEHU Hadvajcsl CUHTE3 sifep (B dKCIepUMeHTax [6] Bpems
OKHUJAHHS COCTaBMWIIO 66 CyTOK). JleHCTBUTENBHO, MPEICTaBISIETCS BO3-
MOXXHBIM CIEeIYIOIIUK cleHapuii. BHauane o0pa3yroTcs KOMIAKTHBIE
MOJIEKYJIbI BOAOPO/a, COAEpIKAIIMe IO OAHOW MaccuBHOH (e€)-mape. [1pu
HAKOIUICHUN TaKUX MOJICKYJ B KOJIMYECTBE, O6eCHe‘-H/IBaI-OIlIeM 3Ha4Yu-
MYIO BEpPOSITHOCTh MX BCTPEYH, OYJET CHHTE3UPOBATHCS TEIUH, aTOM
KOTOPOTO COJEPKUT IBe (€€)-mapbl (0e3 BbUIETa HEUTPOHOB W Y-H3IYy-
4yeHus). MeHee BepOsSTHBI (HO BIIOJHE PeaTnu3yeMbl) MIPOIECCHI, IPEIO-
Jlararoliue MnpeBapUTENIbHbIA CUHTE3 JIEUTEpUsI U TPUTHUS C TMOCIEAYI0-
IIMM CHHTE30M TeJHsl, COMPOBOXKIAIOIIEIOCs BBIIIETOM HEHTPOHOB. SICHO
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TaKXe, YTO B KadecTBE METAJUIMYECKOM MaTpHIbl, CIIOCOOCTBYIOLIECH
MPOTEKAHUIO MOJOOHOTO CHHTE3a, B HAWOOJbBIICH CTENeHH IMOIXOMASAT
HepexoAHble METauibl (WM MX CIUIaBbl), Y KOTOPBIX B OKPECTHOCTH
sHeprun depMy HUMEIOTCA COCTOSHHS € JOCTAaTOYHOM IUIOTHOCTBIO H
TPYIIOBOI CKOpPOCTBIO 311eKTpoHOB. He cmywaiiHO, KOHEYHO, B Kaue-
CTBE TaKUX METAJUIOB MCHOJB3YIOT Malafuil, TUTAH, HUKEIb WM, KaK
B pabore [21, 22], a3p6uii. OctansHble GaKkTOphl: HEMMHEHHOCTE KOJIeOa-
HUH pemieTkd (cM., Hampumep [84]), nedekTbl pemeTkd, pazIuyHbIe
TPUITEPHBIC BO3JCHCTBUS (CM., Hampumep, [21]) Takxke BaXHBI B Kaue-
CTBE JONOJHUTENIBHBIX YCIOBUIL, CHOCOOCTBYIOIUX CHHTE3Y.

CrnenyeT uMeTh B BHIYy M BO3MOXKHOCTH TPaHC(QOPMAIMH sIIEp aTo-
MOB, COZCpKalIuX (ee)-mapel, 38 CUET MHUIMALUK [IPOTOHHOHN paanoak-
TUBHOCTH. JIeHCTBUTENBHO, PAcIionarasicb OTHOCHTENBHO OJM3KO K SApY,
(ee)-mapa yMeHbINIAET BBHICOTY M HIMPUHY KYJIIOHOBCKOTO Oaphepa, co3ma-
BaeMOro IMPOTOHAaMH sfpa. JTO JOHKHO HHUIMHPOBATh pacmai saep,
MpeXkJe BCero, 3a CuUeT BbUIETAa NPOTOHOB (B MEHBIIECH CTENeHH U
o-4acThil). Ecu MCHyIIEHHBIA SApOM MPOTOH 3aXBaThIBaeT (ee)-mapy,
TO BO3HHMKAeT OOBEKT, KOTOPBIH, 10 aHAJOTUU C TepMHHONOTHEH [38],
MOJKHO Ha3BaTh MAacCHBHBIM IICEBAONPOTOHOM. B cBoro ouepens, Takoi
MICEBIONIPOTOH MOXET 3aXBATUThH €LIE OAWH INPOTOH (HAIIpUMEp, U3 BOIA-
HOTO TIapa B BO3IyXe), 00paszys CBOEOOPa3HYI0 MOJEKYTy BOJOpOIa
¢ (ee)-mapoil B KauecTBE CHJIOBOTO LEHTpa. TaKkyro MOJIEKYIY YMECTHO
Ha3BaTh MoaudumpoBanHoi Monekynoit bopa (MMB). Kak ormedanock
B 1. 14.2.2, 6amu3kas k MMBb cTpykTypa (Ha3BaHHasi TEMHBIM BOZIOPOJIOM)
6nuta pemiokena B [75]. He ucxmroueno, uto MMb sBaistores momod-
HUTEIBHBIMU (K OCHOBHBIM HEWTPaJIbHBIM KOMIUIEKCaM) KaHAWAaTaMH Ha
POJIb HOCUTENSI «CTPAHHOI'O U3IIyYeHUs» (CM., 00CyXaeHue B riiase 14).

OueBUIHO, YTO MPOCTEUIINM TPOIIECCOM CHHTE3a siep, He TpeOyro-
MM y4yacTud (ee)-map, ABJAETCs 3aXBaT MPOTOHA U3 KBA3WHEHTPOHHOTO
COCTOSIHUSI, HAaJIeKHO IOJITBEP)KICHHBIH (Kak oOcyxaaiock B riase 11)
CHHTE30M LIMHKA B XOJI€ Pa3psiioB B BOJE MPH HCHOIb30BAHUHU MEIHBIX
JIEKTPOIOB.

[Ipencrasisiercss BeCbMa BEPOSTHBIM, YTO MMEHHO KBAa3UHEUTPOHHBIE
COCTOSIHUS UTPAIOT PEIIAIOIIYIO POJIb M B AJIEMEHTAPHBIX PEAKLUUAX CHH-
T€3a C TMOTJIONEHHEM KBa3WHEUTPOHA, MPOUCXOAIMINX B MaTpHIE KpH-
CTAJINTMYECKUX TBEPABIX TEJ, HACHIIEHHBIX BOAOPOJAOM. Takue peaxium,
B 4acCTHOCTH, oOecreunBaioT (GyHKIMOHUpPOBaHUE peakTopa Poccu [18].
HanomHuM, B peakTope B XOJ€ HarpeBa HACBILIEHHOI'O BOJOPOJOM
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MOPOIIIKA KPUCTAUTHICCKOTO HHKEJIS, BBIACISCTCS 3HAYUTEIbHAs MU30bI-
TOYHAs PHEPTHs 32 CUST «TOPSHHs» MU30TONOB HUKeNs. Kak rmokasbiBacT
M30TOIHBIA aHAIN3 «30JIbI», IIOCJIE JOCTATOYHO JOJIroi padoThl peakTopa
W3 M30TOIIOB HHKEISA ocTaercs, B ocHOBHOM, Ni-62. JIerko ImpoBepHTs,
4TO peaKiuu

58Ni + n* — 32Ni, 3aNi + n* — S9Ni, (195)
89Ni+ n* — S$INi, SiNi + n* — $ZNi (196)

SABJIAIOTCA 3K30TEPMHUYCCKHUMU, KaK U PEAKITUA
82Ni+ (p+e) - S3Cu+e, (197)

KoTopasi Toxxke mpoucxoaut. B (195), 4ro0bl oTpa3nuTh 3aXBaT KBa3HHEH-
TPOHA Kak Ieoro, BMecTo (P + €) ucnosip3oBaHo obo3naueHue (91) n*,
KOTOPOMY YCJIOBHO COMNOCTaBJICH TEPMHUH «MSTKUH HEUTpOH». 3ame-
THM, 4TO H30TON 5gNi HecTaGWIeH, HO €CTECTBEHHO IIONaraTh, 4TO
BPEMEHH ero »)H3HM (epros mosiypaciaga ~ 10° ger) Gonee yeM 10cTa-
TOYHO JUIS 3axBaTa MSATKOTO HEHUTpOHA ¢ 00pa30BaHUEM CTaOMIIBHOTO
uzotomna SINi.

To-BunuMOMYy, ecTh U BapuaHT nepepadotku $aNi B SgNi, momgo6HO
peaxiuam (195) yepe3 HPOMEXYTOUHBIH HecTaOMIBLHBIA H30TON S3NI,
MepHo/I Torypactaa Kotoporo =~ 100 meT Takxe BIOJIHE JOCTATOYCH IS
3axBaTa MATKOro HedWTpoHa. OIHAKO KOHKYPUPYET C TaKUM BapHaHTOM
peaKkIuu 3aXBaT MPOTOHA U3 KBa3MHEHTPOHA, TTOpokaas, coraacHo (197),
BMecTo HecTabuibHOro S3Ni msoron $3Cu. Eme onun xanman o6pasosa-
Hus SeNi CBA3aH C BO3HMKHOBEHHMEM HECTaGMIBLHOTO H30TOma SeCu
(mepnon momypacmnana =~ 12,7 yaca) mpu 3axBaTe MSTKOTO HEHTpOHA,
KpoMe Toro, mpu cuHTese SeCu k obpasosanmio SgNi Bener = 61,5 %
B*-pacmanos, a ocrtapmasica gons B -pacnanos (< 38,5 %) npuxomuTcs
Ha obpasoBanue SaZn. OTMETHM TaKyKe, YTO 3aXBAThl IIPOTOHOB H30TO-
namu 59Ni, SINi u SENi, cynst o BOCCTAHOBJIEHHBIM C TIOMOIIBIO [57]
peakiusM, B KadecTBe alibTepHATHBBI K peakmusMm (195) u (196) pac-
CMaTpHUBATHCS HE MOTYT.

Cumrnromatnyao, uyto aHanmmu3 [19] «3ome», HapaboTaHHOW B reHe-
parope — TNpPENNoOJOKHUTEIILHOM aHanore reHepatopa Poccu, croib
3HAUUTENBHBIX, Kak B [18], U3MEHEHNH B M30TOMHOM COCTAaBE HMKEIS
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He 3aduxcupoBan. ABTopsl [19] B KauecTBe BO3MOXKHOM HMPUYHMHEI pac-
XOXIeHHs ¢ naHHbIMHU [18] ykaspiBaroT Ha MeHbllee (B 60 pa3) konuye-
CTBO BBIPaOOTaHHOMN DHEPTHH.

KoneuHo, aHanu3 COBOKYIHOCTH peaKkLUil B TeHepaTopax 3TOro TUMIa
3acioyxuBaeT Oosiee moApoOHOro 00cyxaeHus. OcCoOCHHO B ciiydyae, Ko-
r1a UICTOYHHKOM BOZOPOJa SBISIETCA XUMHUYECKOe cOoenrHeHHue (Harpu-
Mep, aJIOMOTHApAT JUTH), Pa3jiararolieecss NMpU TOBBIIICHUN TeMIIe-
patypel W TOCTaBISIONIEE BOJOPOJ, MOINIOIMIAEMBI HaHOIIOPOLIKOM
Hukess. Toraa, Hapsay ¢ M3MeHeHHeM M30TonHoro cocrtaBa Ni (ocHOB-
Hble peakruu (195) u (196)) MOXKHO OXHAATh W3MEHEHHUS HW30TOITHOTO
COCTaBa U JIPYTHX 3JIEMEHTOB, KaK U TMOSBJICHUS HOBBIX AJICMEHTOB.
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MmaBa 16. KoHuenTyanbHble OTBETbI
Ha NpobnemMHble BONPOCHI

MBI mocTaTOYHO MOAPOOHO TIOKa3aah, KakKuM oOpa3oM permacTcs
271a8HblU NPOOAEMHBLIL 80NPOC O NPeodoeHUU KYTIOHOBCKO20 bapbepa npu
HU3KOMEMNEePamypHuIX sI0ePHbIX peaxyusx, eCTECTBEHHO BO3HUKAIOMINN
B Cily4ac TPaJHMIMOHHOTO PAaCCMOTPCHHS SIIEPHBIX peakiuii 0e3 ydera
BO3MOYKHOCTEH AJIEKTPOHHOM MOJICUCTEMBI aTOMOB. B ciyuae mpoctei-
HIero CHHTE3a siAep, MpobjieMa CHUMAETCsl SKpaHWPOBAHHEM 3apsia
MMPOTOHA ACKOPTUPYIOIIUM 3JICKTPOHOM (KOHIIETIHS KBa3WHEUTPOHHBIX
COCTOSTHWIA), a B CIIy4ae CIUSHUS CIOXHBIX S7ep — B pe3yibTare KaTa-
muzupyroniero gerictBus KK-aktuBatopoB. IlpuueM BO3HUKHOBEHHIO
TaKUX aKTUBATOPOB CYIIECTBEHHO CIIOCOOCTBYET HAJIMYKME MOTOKOB JJICK-
TPOHOB.

16.1. Hena6o1aeMoCTh Y-M3JIy4YeHUS

Credyrowuii ORPOC C8:A3aH ¢ OMCYMCMEUEM Y-USTYUEeHUsI NPU HU3-
KomemnepamypHom cunmese sioep. ONATH e COBEPIICHHO €CTECTBEHHO
3TOT BOMPOC BO3HMKACT MPH HUCMOJIb30BAaHWM KOHIeNuu bopa o co-
CTaBHOM sIJIpe, MOCKOJIbKY TAaKoe SAPO 00pa3yercs, MPernoNoKUTeIbHO,
B BO30YKJICHHOM COCTOSHHU W JIOJDKHO MEPEXOAUTH B OCHOBHOE COCTOS-
HHUE, W3Jydas Y-KBaHTBL. MBI YK€ YaCTHYHO KAaCAIUCh OTBETA HA JTOT
BOMPOC B TOCJICAHEM ab3aIie riaBbl 7 B CBSI3M C BO3MOXKHOCTBIO 0€3bI3-
Jy4aTeNbHBIX MEPEeX0/IoB, a Takxke B M. 13.2 B CBsI3U ¢ BOIPOCOM O pas-
pyuieHun (ee)-nap JIOCTATOUHO JKECTKHUMHU p-K8AHMAMU, UCTLYCKAEMbLMU
BOZHUKAIOWUMU 8 8030YIAHCOEHHOM COCMOSIHUU SOPAMU.

Mooenwv IIKC 0aem npocmoe u Ha2nsionoe npeocmasieHue 0 CUHmese
s0ep, 00YCNOBIEHHOM KAManusupyrowum oelicmeuem (ee)-nap. mo
O3Hauaem, Ymo 03HUKHOBEHUE B030YIHCOCHHO20 COCMOSAHUS A0PA CUHME-
3UPOBAHHO2O JNIEMEHMA NPOUCXO0Um, KaK MUHUMYM, 8 HPUCYMCMEUU
(ee)-nap, wacmv KOMOPHIX MOACEM 6XOOUMb 6 INEKMPOHHYIO 0OONOUKY
s0pa. Ho mozoa, no uawemy MHeHUIO, HA BONPOC O NPUYUHAX OM-
cymemeust y-usnydenus oaem omeenm cieoyroujee KauecmeeHHoe 00bsic-
HeHue.
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Kaxnas (ee)-napa monsipusyer Qusnyeckuii BakyyMm. B mpocTteiimem
Cllydae 3TO MPEAIOoJiaraeT CyIECTBOBAaHHE HECKOJBKMX KOOPIUHALIMOH-
HBIX c(hep U3 PIEKTPOH-TIOZUTPOHHBIX AP B OKPECTHOCTSIX OpOWTaiei,
COTIOCTABIIIEMBIX (ee)-mapaM. Takas MmoJspu3anroHHAsA «Iry0ay JOJhKHA
3¢ $EKTHUBHO MOTJIOMIATH Y-M3IIyYeHHE, pACCenBasi €ro0 YHEPTUI0 B QU3H-
4eCcKOM BakyyMme. To ecTh BO3HHMKAaeT KapTHHA, KAYeCTBEHHO IOAO00HAS
0e3bI3ITydaTeNbHBIM ITepexo/iaM Bo30YKIEHHBIX aTOMOB B TBEPBIX TeJIax
NPY 3HAYUTENFHON CBSI3U DJICKTPOHOB C JIOTMOJIHUTEIBHBIMU (TI0 OTHOIIIE-
HUIO K DJICKTPOMArHUTHBIM) B3aMMOJACHCTBHAMH (HampuMep, ¢ Koseba-
HUSIMHU pelIeTKH). B ciydae, ecnu sHeprusi y-KBaHTa IMPEBHIIIAET dHEP-
ruto cBsa3u (ee)-mapel, TO (ee)-mapa pacmagaercs (C MOTJIONIEHUEM
Y-KBaHTa), ¥ AJICKTPOHBI JIOKAIM3YIOTCS Ha aTOMHBIX MaciuTadax, 3amoJ-
HsIsl BAKaHTHBIC COCTOSHEISI B JIEKTPOHHOM 00OJIOYKE aToMa CHHTE3HPO-
BaHHOTO XMMHYECKOTO JJIEMEHTa.

OueBnaHO, YTO YeM Oomblie (ee)-map HacledyeT CHHTE3UpOBAHHBIN
H30TOII, TEM MCHLIIC BCPOATHOCTH PETHUCTPALNU Y-HU3TYyUCHHS. Ho JJIsL
TYIIEHUS» Y-M3ITy4eHHS, TI0-BUINMOMY, TOCTATOYHO U OJHOM (ee)-Tlaphbl.

16.2. llpunnun Luriaepa v foMuHApPOBaHUE
CTAa0MJIBLHBIX H30TONOB

Tpemuii 6onpoc xacaemcs npuyun puxcayuu cpedu npoOyKmos
HU3KOIHEP2EMUUECKO20 CUHME3d NPEUMyWeCm8eHHO CMaOUIbHBIX U30-
monos. [lpexne Bcero, OTMETUM, YTO SIEPHBIE PEaKlUH, Kak U 0O0Jb-
HIMHCTBO XUMHUYECKUX peakiuii, HeoOpaTuMel. Kak n3BecTHO, KpUTepreM
9BOJIIOLMMU TSl 3aMKHYTBIX CHUCTEM SIBIISIETCSI BTOPOE Hayallo TEPMOAM-
HaMHKH B BUJIE

das
=>0, (198)

rJie S — DHTPONHUS, JOCTUTAIONIAS MAKCHMyMa B COCTOSIHUH TEIUIOBOTO
paBHOBecHs. [IpUMEHUTEIBHO K OTKPBITHIM CUCTEMaM, OOMEHUBAKOIUM-
Cs C OKPYXKAIOLIEH Cpeloil BEIIECTBOM M HEPIHel, U3BMEHEHHE SHTPO-
UM MOXKHO IPEACTaBUTh CyMMOM JIBYX wieHOB. OHO cllaraeMoe cBsiza-
HO C BHEIIHHUMH OOMeHamu (TTOTOKaMu), ero oObIYHO 0003Ha4YaroT dS.
Jpyroe ciaraeMoe OTpa)KaeT MPOIECChl, MPOUCXOISIINE BHYTPH CHUCTE-
MbI, ero 0003HauaroT d;S ¥ Ha3BIBAIOT MPOU3BOJCTBOM SHTPOIHHU. JTH
BHYTPEHHHE NPOLIECCH O0YCIIOBIUBAIOT BHINOJHEHNE HEPABEHCTBA

da;S
5o, (199)
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[puyem, kak u B (198), 3HaK HepaBeHCTBA OTHOCUTCA K HEOOpaTHMBIM
MPOLIECCaM.

Jns KaKIoro U3 TaKuX MPOLECCOB MOXKHO, TI0 ONPEICIICHHIO, 33/1aTh
COOTBETCTBYIOIINI BHYTPEHHUH MOTOK Jy, @ TAKXKE IBIDKYILYIO CHITY X
[85, 86]. Toraa, B mpocteiiiiieM ciiydae, CKOPOCTh MPOU3BOACTBA SHTPO-
WY TIPEJCTABIISACTCS B BUJIE!

% = Zk]k X (200)

BaxxHO, 4TO JJIsI CKOPOCTH TMPOW3BOJCTBA SHTPOMHH TPEANOYTHTEICH
npuaIun Lurnepa [87, 88] 0 MakcuMyMe MPOM3BOACTBA SHTPOIIHH.

Ucnonb3yem s SAEpPHBIX peaklMil aHAJIOTHI0 ¢ XUMUYECKUMU pe-
akusiMi. Torja B poJid MOTOKA BBICTYIAET CKOPOCTh PEAKIIUH P, & JBH-
JKYIIast CHIIa MPONOPIIMOHATBHA CPOJICTBY PEaKIMU

A==XjVjp lj (201)

IJ€ CTEXMOMETPUYECKUE KOO DUIMEHTHI V;, AT YKCIa saep, oopasy-
romuxcs (v > 0) mwin ucuesaromux (v < 0) B peakuum, [lj — XUMAYECKUN
MOTEHIMAT KOMIIOHEHTA . B cilydae THITUYHOTO BapHaHTa SASPHOM pe-
aknuu (1) ¢ ygyactueM napbl HCXOAHBIX saaep (vi, = v, = —1) 1 mapsl saep
HPOJYKTOB peakuuu (vs,= va, = 1) mna A, u3 (201) nomydaem

A=+ 1) — (us + pia). (202)

Momaras g = M; ¢, Bumum m3 (3), (4) u (202), uro Bemmumna A,
coBmazaeT ¢ TerioBbM dddexTom peakimu Q. CremoBaTensHO, BO-TIEp-
BBIX, 9k30TepMuueckue peakuu (Q > 0) yn1oBIeTBOpsAIOT BTOPOMY Hada-
ny tepmoanHamuke (180) 1isi HEM30JIMPOBAaHHBIX CHCTEM W HEOOpaTH-
MBIX TIPOIIECCOB, a BO-BTOPBIX, MPOHM3BOACTBO SHTPONUHU TeM OOJbIIE,
yem Oounpine BenmnunHa Q (Kak u ciemoBaio oxuaath). [lockonbky npu
CIIMSHUM OJMHAKOBBIX TAp AP MUMEETCs TOCTATOYHO MHOTO BapHAaHTOB
MPOJYKTOB CO CTAOMJIBHBIMU W30TONAMH, a BApPUAHTHI MPOJYKTOB C HE-
CTaOMIIBHBIMU W30TOIaMH XapaKTEPHU3YIOTCSI MEHBLIMMHU 3HaYeHUsIMH Q,
TO NPUHLUIY MaKCUMyMa IIPOM3BOJCTBA JHTPONHMU YIOBIETBOPSET
UMEHHO CUHTE3 CO CTA0MILHBIMH U30TOTIAMH.

HanomuavM, sHTponus — 370 QYHKIHS COCTOSTHHUSI MAKPOCKOITUIECKON
CHCTEMBI, 00JIaiaoias CBOMCTBOM aJJUTHBHOCTH, IO3TOMY BBIIIOIHE-
Hue ycnous (199) mis makpocucTemsl JOIMTyCKaeT W HAIWYHE SHAOTEP-
MHUYecKuX peakiuit. OgHaKo pe3yibTupyronui 3GdekT mokeH cooT-
BETCTBOBATh INPEOOJIaIaHUI0 CYMMapHOTO BKJIaJa SK30TEPMHUYECKHX
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peakuuil. Makcumym odice 6knaoa s0epHbIX peakyuti 8 Npou3600Cmeo
SHMPONUU 8 Makpocucmeme O0OCMUSAEMCS, eClU NPOUCXO00AM MObKO
9K30mepMuiecKue peakyuu c obpaszosanuem CmMabUulbHblX U30MONO8.
Ilo cywecmey, npu 5mom peanu3yiomcs npoyeccsl, mpeoyiowue mensb-
wee gpems 0 c80e20 ocyujecmenenus. B pe3ynbrare MUHUMH3UPYETCS
U BpeMsl peslaKkCcalyy.

JlONONTHUTEIPHO OTMETUM, YTO aKTHBHOE ydacTHe (ee)-lap B peak-
OUsIX O0pa30BaHUSl XUMHYECKHX O3JIEMEHTOB CIIOCOOHO, MO-BHIMMOMY,
M3MEHATh SHIOTEPMHUUYECKHH XapakTep peakIMH Ha 3K30TEepPMUYECKHM.
[losToMy HU3KOTEMIIEpaTYpHbIM CHUHTE3 (M pacman) saep, OpraHuYHO
CBSI3aHHBIN C yyacTueM (ee)-map, MPaKTUYEeCKH HCKITI0YaeT SHAOTEPMH-
YecKHe peakuuu. TakuM o0pa3oMm, UMEETCs JTOCTATOYHO IMPO3PayHbIi
OTBET W Ha TPEeTUi MpoOIEMHBII BOIIPOC.
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MnhaBa 17. O6cyxaeHue pe3ynbTaToB
M NepcneKkTUBbI UCCnegoBaHUN

17.1. KoHuenuusi KBa3MHEHTPOHOB

O} PeKTUBHOCTh ITOH KOHIICTIIMU MPUMEHUTEIHLHO K CHHTE3Y JJie-
MEHTOB C 3apsIIOBBIM YHCIOM Z + 1, COCETHUX C UCXOJHBIM 3JIECMEHTOM,
MMCIOIIAM 3apsAmoBoe 4dncio Z B Tabimuie MeHpaeneeBa, yKe 00CYyXK-
Janach B ThaBe 7 W TOATBEpXKICHA IPH CHUHTE3€ LWHKA W3 MeEau
(cM. 1. 11.3). HanGompImmii HHTEpeC MpencTaBisIeT CIydai, Koraa CHHTe-
3UPYEMBIil IEMEHT MMEET JIBa CTAOWMIBHBIX U30TOMNA, a MCXOMHBIA de-
MEHT — He MeHee BYX. B 9TOM ciydae oxuaeMoe COOTHOIIIEHHE CHHTE-
SUPOBAHHBIX U30TOIIOB JOJDKHO COBIIAJAaTh C MIPHUPOAHBIM COOTHOIICHUCM
HCXOTHBIX H30TOIOB. B pesynsrare, BeposaTHHI (CM. mpuMephl B Tab. 10)
3HAYUTENFHBIE OTKIIOHEHHS COOTHOIICHWH CHHTE3MPOBAHHBIX M30TOIOB
OT UX COOTHOIIICHUH B IPUPOJIE.

CrnenyeT Takke UMETh B BHY, YTO IPH IUIABJICHUUA METAIIOB 0e3
M30JIAIAN OT BOJOPOJIa MOXKHO OXHJIaTh BOSHUKHOBEHHS CHHTE3a U30TO-
IIOB 3JIEMCHTOB C 3apAA0BbBIMU YUCIIaMHU, IMPEBBIITAIOIIMMHA Ha CAUHUITY
3apsA10BbIC YHUCJIa BBIIIABIICMbBIX METAJLJIOB.

Kak moka3piBaeT aHanmM3 peaknuWii CHHTE3a DJIEMEHTOB M3 BOJBI
(em. . 8.2) u «ropeHus» HUKens B peakrope Poccu (cm. 1. 8.3), umeer
MECTO H 3aXBaT «MAT'KOT'O» HeﬁTpOHa, XOTd 3TOT Mpouecc, rnmo-BUAUMOMy,
MeHee BEpOsATEH II0 CPABHEHUIO C 3aXBAaTOM IPOTOHA, ICKOPTHPYEMOTO
AJIEKTPOHOM JI0 MOMEHTA 3aXBaTa.

B >XMBBIX cHCTEMaxX MPEBATUPYIOT UMEHHO PEAKIMH C 3aXBAaTOM IPO-
TOHA, B YaCTHOCTH, OTMEUEHHBIE B [23] peakuuu

39K+ p—>4%Ca, 2D+ 32Mn - 37Fe. (203)

3amMeTM, TakOoW CHHTE3 HHTEPHPETUPOBANIHM C B3aWMHO JIOTIOIHH-
TEJIbHBIX MO3UIMI. BO-TIEpBbIX, KaK CJIeICTBUE KOHCTPYKTUBHON MHTEp-
¢depentmu [23, 59], mpu KOTOpOil MOXET BPEMEHHO HcYe3aTb KyJio-
HOBckui Oapbep. U, BO-BTOPBIX, B MOJEIH YacTUIIBI KaK BOJHOBOTO Ia-
KeTa, crocoOHOM MPOHMKATh dYepe3 Oapbep B MOMEHT BPEMEHHM, KOrna
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GIYyKTYHpYIOIMA 3apsa yacTulpl oOpamaetcs B Hylb [89]. He uckimio-
qasi 3TH WHTEPIIPEeTaliy, CIMTAeM, YTO BHUMAaHMs HCCIIEJOBaTeNel, 1Mo
KpalilHEel Mepe HE B MEHbIIEH CTENEHU, 3aCIyKUBAOT U PEAKINU C KBa-
3UHEUTPOHAMHU

3K+ (p+e)—>3%Cate, (3D+e)+3Mn- 32Fe+e. (204)

JleficTBUTEIBHO, TOCTABIIMKOM IPOTOHOB SIBJIICTCS BOJIa, UMEIOIIAs-
Csl B JKMBBIX OpPraHM3MaXx, a HeOOXOJUMBIN 3JIEKTPOHHBIN «3CKOPT» BO3-
HUKAeT MPU MPOXOXKICHUM MMPOTOHOM BIIEKTPOHHOM 00o0nouku. Tak 4To
HUKaKHX SK30THYCCKHUX YCIIOBUH I pealu3alli PEeakiuil ¢ 3aXBaTOM
MPOTOHA SAPOM HE TpeOyeTCs.

17.2. Konnenuus KK-akTtuBaropon

HamomanM, ogHMM M3 apryMEHTOB MPOTUB 3JEKTPHUYECKOTO 3apsjia
y Hocuteneii CH Oblta oleHKA dHEPruu, TpeOyemou Il 3aCBeunBa-
HUS (OTOIETEKTOpa (M TeM Oojiee «IpOIUIaBICHHI» KapOoHaTa). ABTO-
peI [16] Mo »TOMY MOBOIy cuWTaloT, uTo He camo CU, a mHmyIMpoBaH-
HbIE MATHUTHBIM MOHOIIOJIEM TOKH JIAIOT 3aCBETKY (DOTOJIETEKTOPA.

Hame (moka 10 HEKOTOPOH CTENEHW THIOTETHYECKOE) OOBICHEHHE
COCTOMT B CJEIYIOIIEM:

— HEUTpaNbHBIM HOCHUTEJIEM, O0ECIEUYMBAIOIINM JIOCTATOYHO BBICO-
KYIO TPOHUKAIOIIYIO CIOCOOHOCTh «CTPAHHOTO» W3JITYYEHHUsl, SIBISETCS
KoMIUTeKC, BKitoyarommii KK- akTiBaTOp ¥ HOHHYIO COCTaBIISIONIYIO;

— pa3HooOpa3Hble TI0 (hopMe TPEKH OOYCIIOBJICHBI B3aUMOJICHCTBHEM
C BEIIECTBOM (OTOJETEKTOPA JIBHKYIIUXCS OTPHLATEIBHO 3apsSKEHHBIX
KK-aktuBaropos;

— KK-akTuBaTOpBI SBJISIOTCS 0OO3€BCKUMH COCTOSIHUsIME  (€€)-Tiap,
TECHO CBSI3aHHBIX C (PU3UUECKUM BaKYyMOM;

—Ipu JIBMXKCHMM B MaTepuaibHoil cpere KK-aktuBaropsl MOryr,
MO-BUIUMOMY, HaXOJUThCSI B KBa3WCTAIMOHAPHBIX COCTOSHUSX, B KOTO-
pBIX pacxomyemasi (ee)-apamMH 3JIEKTPOMAarHUTHAs HSHEPTrHsl KOMIICH-
CUpyeTCsl TIPUTOKOM H3 (U3UYECKOr0 BaKyymMa. OTO O03HA4YaeT, 4To
KK-akTuBaTophl MpeAcTaBiIsiOT cOO0N pPa3HOBUIHOCTH METACTAOWIBLHO
YCTOHYHBBIX JUCCHUIIATUBHBIX CTPYKTYDP.

B pesynbrare, Ha nepegHUIl IUIaH BBIIBUTAETCS BOIPOC O COCTOSI-
HAW (U3HYECKOTO BaKyyma, CIIOCOOHOM TMOMICPKHUBATh DHEPIHIO
KK-akTuBaropa.
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[lo-BuarMoMy, camblii MPOCTOM BapUaHT OTBeTa (UCIIOJIB3YEMBbIH
B acTpo(u3rKe B Ka4eCTBE OAHOM U3 THIIOTE3) COCTOUT B TOM, UTO CYyIIIe-
CTBYET BO30YXICHHOE («JIOKHOE») COCTOSHHE (DH3NIECKOTO BaKyyMma,
OT KOTOpPOTO B Hally BceleHHyI0 MOCTYMaeT SHEprHs, ITO3BOJIIONIAS
COXPaHATh IUIOTHOCTh 3HEPTUM B YCIOBMSX pacuIMpeHus BceneHHOIL.
Torma 3amaya CBOIUTCS K CO3JAHHUIO YCTPOWCTB, CIIOCOOHBIX M3BIEKATh
4acTh MOTOKa SHEPTHH OT BO30YKIEHHOTO COCTOSIHAS K OZHOMY U3
HIDKENEXKalIUX COCTOSTHUN. B mo0oM ciryuae peus uaer 00 ycTpoicTBax,
CHJILHO CBSI3aHHBIX C (DU3MUYECKHUM BaKyyMOM, aKTUBHO YYacCTBYIOLIMX
B TepepacrpeeieHnu dHeprun (QIIyKTyalnid BaKyymMa M OOJIaIarorIux
HaOOpOM KBa3HCTAIlHOHAPHBIX METACTAOMIIBHO YCTOMYHMBBIX COCTOSIHUH,
MO3BOJISIOLINX BOCIHOJHATh YAaCTHYHO pacxoayemyro sHepruto. Ckopee
BCETO, K TAKUM ycTpoiicTBaM U oTHOCATCSI KK-akTuaTopsl.

MoskeT BO3HHKHYTh CKENTHYEeCKas OIleHKa IOJO0OHON TPaKTOBKH:
HE BBOJATCSA JH elle Ooiee BIK30TUYECKHEe, YeM MAarHUTHBIE MOHO-
noiu, Hocutenu CHU? Koneuno, KK-akTuBaTopbl — JOCTaTOYHO 3K30-
THYeckue 00bekThl. OJHAKO, B OTIMYHE OT MOHOIOJNEH, OOHapyKeHHUe
KOTOpBIX IOKa YTO HE MOATBEPXAAeTCs, MPAaBOMEPHOCTh KOHIEMIMU
KK-aktuBaTtopoB (1100 €€ HEecoCTOATENbHOCTh) CPAaBHUTENBHO JIETKO
YCTaHOBUTb.

Ha nam B3risia, UMeroTCs BECKHE apryMEHTHl B TIOJIB3Yy Mpeiuiarae-
MOU KOHIIEIIIHAH.

Bo-nepsrix, konmemus KK-akTHBaTOpoB TO3BOJISET OOBSCHUTH
MIPaKTHYECKU Bce HaOmomaemMble ocooeHHOCTH peaknuii CF, 9To KocBeH-
HO CBHUJIETEIHCTBYET B €€ MOJIb3Y.

Bo-BTOpBIX, KOHIENIINA MO3BOJISET MPEMIOKUTh MepedeHb OTHOCH-
TEIHHO MPOCTHIX SKCIIEPUMEHTOB ISl IPOBEPKU KaYECTBEHHBIX BHIBOJIOB,
YTO Ja€T BO3MOKHOCTh BHECTH KOPPEKTHUBHI (€CIM TTOTPEOyeTCs) B IIpe-
JIOKEHHYI0O MOJIeNIb JIMOO OTKa3aTbes OT Mojenu. HamomHuM, dYTO
SKCMIEPUMEHT ¢ Moau(duKanueld CHeKTpa PEHTTCHOBCKOTO H3ITyYeHUS
(cM. obcyxnaenue B . 13.1) CBUIETENBCTBYET B MOJIB3Y CYIIECTBOBAHUS
(ee)-map, sBistroIIIXCst ocHOBOM KK-akTHBaTOpOB.

B-tperbux, muTepnperanus TpekoB CHU cormacyercs ¢ yka3aHHOU
KoHIenuuen. bonee Toro, MoKHO yTBEpKIaTh, UTO PE3yJbTaT Mpolecca
pacmmpenns KK-aktrBaropa yxe MpakTHUECKH BU3yaJM3WPOBaH Ha IO-
JIOCOBBIX TPEKaX, COJIEpKAIINX 00IacTH, 6inM3Kkue K popme Kpyra.

B-uerBeptrix, KK-aktuBaropsl, npuHsBmue GopMy Koiel c aua-
MeTpaMu nopsiika 10 MKM, JOMYCKarOT KBa3MKJIACCMUECKOE ONMCAHUE
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Y MCKITFOYUTEILHO YIOOHBI JIJIsl IOCTAHOBKU MPSMBIX HATJISJTHBIX TPOBE-
POYHBIX 3KCIIEPUMEHTOB.

B cBs3u ¢ mpoBeneHHBIM aHATN30M YK€ MMEIOIINXCS IKCIepUMEH-
TaJdbHBIX (DAaKTOB €CTECTBEHHO OXKHAATh, UTO, BCJIEI 3a IMapOil ILUIOCKO-
creit Kasumupa [90], mosiBuiics emie oquH o0bekT — KK-aktuBarop, cro-
COOHBIN UCTIOJTE30BATh SHEPTHIO (PU3NUECKOTO BaKyyMa.

TakoMy 00BekTy (TIpr 0Opa3HOM CpaBHEHHH) MOYKHO OBLITIO OBI COTIO-
CTaBUTh OTKPBITYIO «JIBEPh» B MUP (PH3UUECKOrO BaKyyMma IO CpaBHE-
HUIO, C OJTHOW CTOPOHBI, CO IIEIBIOY», MPUOTKPBITON 3 PpexTom Kazumu-
pa, a ¢ Ipyrod CTOPOHBI, C TUTAHTCKUMH «BOPOTAMM», PACIaXHYTHIMH
JUTSI TIOTOKA SHEPIHH M3 BaKyyMa BO BceneHHyI0, TUIIOTETHYECKHU JIOITYy C-
KaeMOT0 B CYIIECTBYIOIIEH acTpodH3HKe.

17.3. O «3apsaoBbIx koMmiuiekcax» Llloynaepca
U «KOH/ICHCHPOBAHHBIX IIa3Mouaax» SiiTHepa

YMECTHO OTMETHTh, YTO WACI0 3aMMCTBOBAHHS SHEPTUHU H3 (QH3HUe-
cKkoro Bakyyma panee BbickaszbiBan K. Illoymaepc, HaOaOgaBIINN MIpH
CBEPXKOPOTKUX HMITYJIbCaX BBICOKOTO HANPSIKCHUS BO3HUKHOBEHHUE
HEOOBIYHBIX JIOKAIN30BaHHBIX 3apsnoB (cepuyeckoii (HOpMBI U MOIBIX
TOPOMIOB, AUAMETPOM OOBIYHO OT 5 10 15 MKM), COCTOSIIIUX U3 CKOILIe-
aust 10°-10" snexrponos [91]. K. Illoyaaepc HasBam 5TH 3apsjioBbie
ckoruteHust «Electrum Validum» (EV). CoBpemenHoe HazBanme EV —
«3apanoBble KmacTepbl». OH H3y4yal HMX TIOBEJAEHHE, BpeMs >KHU3HH,
B3aUMOJICHCTBUE C PA3MUYHBIMH METaUlaMH U AudneKkTpukamu. C yda-
ctueM EV loynaepc cBs3bIBaI M peakUM HU3KO3HEPreTHYECKOTO
SAJIEPHOTO CHUHTE3a, Tpeaiaras OOBSCHEHHs OCOOEHHOCTEH peakIuid.
Nm xe mpennmoxkeHo ucmois3oBanue EV it nesakTuBanuud paamo-
AKTUBHBIX OTXO0J0B. /locTaTrouHO MOAPOOHO O MHOTOTPaHHOW Hay4YHOH,
WH)XKCHEPHOW M M300peraTenbckoit nestenbHoctu Illoynnepca paccka-
3aHO B [92].

WuTepecno, uto Hloynnepc mpennaran KoJbLEBBIE CTPYKTYPHI M3
EV, reomerpuuecku monobHsie KK-akTuBaTropam, ecim BMECTO KOM-
MAKTHBIX (€e)-Tlap UCTHoibh30BaTh rurantckue EV. EctectBenHo, ogHaKo,
yTo 0€3 HCIIONB30BAHUS TNPEICTABICHUH aJpOHHOW MEXaHHKH O KOH-
TAKTHOM B3aHMOJEHCTBHU 3JEKTPOHOB OBUIO HEBO3MOXHO OOBSCHHTH
Ha0JF0/TaeMyI0 CPaBHUTEIBHYIO JIETKOCTh MPOTEKAaHUS HU3KOTEMITEpaTyp-
HBIX SAIEpPHBIX peakuuil U, TeM OoJjee, BO3MOXKHOCTh 3aIa3/bIBaIOIIero
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CTapTa CTPAHHOTO W3IYYCHHS, YKA3bIBAIOIIETO HA €ro SICPHOE MPOUC-
XOXKIICHHUE.

OTH ke 3aTpydHEHHUS OCTAOTCS W B ciiydae OoJjiee COBPEeMEHHOU
TpaktoBkH JI. SlittHepoM [93] 3apsmoBeix komiuiekcoB Llloymmepca kak
«KOHJICHCHPOBaHHBIX IuTasMonoB» — «condensed plasmoids» (CP).
JI. SlifTHEp TpeUIOKUI KBAaHTOBO-MEXAHMUYECKYIO MOJICNIb aKTUBHOM
smepHOU cpenbl i nporekanns LENR. Ota cpena mpencrasiser coboit
CBEPXIUIOTHBINA TUIA3MOUJ C LWIMHIPHYSCKOW CHUMMETpUEH. DJIEKTpo-
Hbl CP TIOTHOCTBIO JEOKaIM30BaHBI U OTACICHBI OT saep. OleHKH
cBoiicte CP mocrarouno 3k30TW4HBI. CKOPOCTH AJIEKTPOHOB OTHOCH-
TenpHO snep coctaBisitoT oT 10 go 80 % ckopoctu cBeTa. DTO MPUBO-
JIUT K cOOCTBEeHHOMY TOKY 0Kkoyio 9 KA B CP, co cpenHel MIOTHOCTBIO
TOKa IpuMepHO 2,5-10% A/M%. MarsuTHOE IoJe 0T 3TOro TOKa JOCTHIaeT
5-10"Tn u cosmaer orpaHmumBaromee nasieHne comee 10°! [Ta. B pe-
3yJIbTaTe, KOHLEHTPALMs JJIEKTPOHOB JIOCTUraeT ~ 10¥ M. Togo6HbIe
xapakTepucTukd CP mo3BossiioT, Mo MHEHHIO SliiTHepa, KBaIH(PHUIHUPO-
BaTh CP kak paHee HEM3BECTHOE arperatHoe COCTOSHWE BemiecTBa. [{o-
CTaTOYHO MHOTO BHMMaHHUSA B [93] ynensercs W MHTEpIpETAllUl TPEKOB
CTPAHHOI'O U3JIy4YEHHU.

Tem He MeHee, Ha Ham B3ra, koHnenmus KK-aktusaropoB Oonee
YHHUBEpCalbHa, IPOCTa U HArIsIIHA. Pazymeercs, mocieqHee ClioBO OcTa-
€TCs 3a IKCIIEPUMECHTOM.

17.4. Ee pa3 006 mHTepnpeTanun TPeKoB
CTPAHHOI'0 U3JTy4YeHus!

Hecmotpst Ha poctaTo4Ho moapoOHOE 0OCyxJeHHE B riaBe 14 Ha-
omoaaeMbix TpekoB CU, ykaxeM eiiie Ha Tpu (akra.

17.4.1. Tpexu Ha ca101€e ¢ NEPUOANYECKUM
pacnoJiokeHHeM pa3pylIeHHOT0 MaTepuaJia

Ilepeuviii ¢paxm cBS3aH € TOTOJHUTEIBHON 0COOEHHOCTBIO TPEKOB Ha
MOBEPXHOCTH Ciro/ibl. COrTacHO ONMMCaHUIO B [76], BOSHUKAIOIINE TPEKU
Ha TIOBEPXHOCTU CIIOJIBI «IIPEACTABISIOT COOOW MPOTSKEHHBIE CIIEIBI
paspyLleHns] OBEPXHOCTH, KaK OyITO TBEPABIA MpeAMET MpoLaparnbiBa-
€T MOBEPXHOCTb, IEPHOANYECKU crpedast U 3aTeM OCTaBIIsIs AUCTICPCHBIN
MaTepuan o0pasma Ha myTh». Takoe MeprHoaUYecKOoe «CKIIaJUpOBAHHE)
JIICTIEPCHOTO MaTepuaia OTpaXXeHo Ha puc. 33.
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ONeKTPoHHbIN apxuB YITITY

»

KU %15 808  10mm 0800 11 41 SEI

Puc. 33. OnHO U3 NIEKTPOHHO-MHUKPOCKOIIMIECKUX H300pa’keHNH TPEKOB
Ha TIoBepxHOCTH cro 6! (puc. 10d B [76])

Kapruna Ha puc. 33 XOpoIo cornacyercsi ¢ MOJEIbiO IBUKYIIErocs
KK-aktuBaropa, HeHTp HHEPLUH KOTOPOT0 U INIOCKOCTb OPOUTHI (ee)-riap
nepeMeInarTcs BIOJb INIOCKOCTH AeTekTopa. [Ipu 3Tom Bpamarommecs
(ee)-mapsbl, paspymas HOBEPXHOCTb U AIEKTPU3YsT OOJIOMKH, UMUTHPYIOT
«MHUKpPOTOPHA/I0», 3aXBATBIBAIOIIEE MOJOKUTENBHO 3apshKeHHbIE 00-
noMkd. OJHAaKO TNEPHOIMYECKH, MO Mepe HAKOIUICHHS M YaCTHYHON
HEeWTpann3aluy HaKONMBHIMXCS OOJOMKOB WMHIYIIMPOBAaHHBIMH OTpUIIA-
TEIBHBIMU 3apsilaMH, BO3HUKAIOIUMU B HEMOBPEKACHHOM 00J1acTH 1oj
IBKymMucs oomomkamu, KK-aktuBaTop ocraBisieT co3gaHHBIA U CO-
OpaHHBII UM «MYCODPY.

17.4.2. Cy:xeHue TPeKOB NPU yIaJeHHH 1eTeKTOPOB
OT MCTOYHHKA U3/TyYeHUs]

Bmopoti ¢paxm otHOCUTCS K Habmonasmemycs B [17] cyxeHuro Tpe-
KOB IIPU YAAJICHUH JIETEKTOPOB OT MCTOYHUKA M3JTy4eHHs (B3PBIBBI THTA-
HOBBIX IPOBOJIOYEK HMITYJILCAMH JJIEKTpHUYECKOro Toka). Eciu nmomy-
CTUTB, YTO HPH B3PbIBE PA3IMYHBIC [0 MACCE HEHTPAIbHBIE KOMILICKCHI

160



MOJTy4arOT TPUOJIM3UTENBPHO PAaBHBIC KHHETUYECKHE HSHEPTHH, TO 3TO
03HaYyaeT, 4TO 10 YAAJEHHBIX AETEKTOPOB CMOTYT JOJIETETh TOJIBKO KOM-
TUIEKCHI C MEHBIIIEH MacCcoH, Tak KaK OHH ITOJIydaT OONbIINe HadallbHbIC
ckopoctr. Ho MeHbIIe Macchl KOMIUIEKCOB JOJDKHBI CTaTUCTHYECKH
COOTBETCTBOBATh MCHBIIIUM 3aPsIOBBIM YHCJIAM MOHHOW COCTaBJISIOIICH
KOMILJIEKCOB, & 3TO, B CBOK ouepenb, coorBercTByeT KK-akTtuaropam
C MEHBIIINM KoJmdecTBOM (ee)-mrap. Torma u pacmmpenne opoOUTHI OCBO-
oomusmierocs KK-akTuBaropa (a 3HaYUT U MIMPHHA TPEKa) TOJKHO OBITh
Mmenbiie, yeM y KK-aktuBaropoB Ha Onu3kux jaerektopax. ['oBops
TOYHEee, B HAOOpe MIMPWH TPEKOB Ha YNAJICHHBIX IETEKTOpPax OTCYT-
CTBYIOT IIMPOKHE TPEKH, MPUCYTCTBYIONIHMEC HAa OJNMKHHUX JIETEKTOpax,
Hapsay ¢ 6osee y3kumH. [1oATBEepKACHNUEM MTPEIOKEHHOTO 00BSICHEHHUS
OBLT0 OBI OOHApYXKEHHE U30TONIOB PA3INYAIOIINXCS TI0 Macce AIIEMEHTOB
B 00NACTSIX JETEKTOpa, COOTBETCTBYIOUIMX CTAPTOBBIM TOYKAM Y3KHX
U IIUPOKUX TPeKoB. OTMETHM, YTO JUIsl TPEKOB C IIEPUOIUYECKON CTPYK-
TypOﬁ, HMCIOIINX CATCJUIMTHBIEC MCHCC HMHTCHCHUBHLIC TPCKH, HOIOJIHHU-
TeNBbHBIX (K MaTepHally AETEKTOpa) M30TOMOB B TOYKE Hadaja TpeKa Mo-
JKET ¥ He ObITh (MOHHAS YacTh HEHUTPaATBLHOTO KOMILIEKCA MPOJIeTaeT Hal
MMOBEPXHOCTHIO JIETEKTOPA).

17.4.3. O6pa3oBaHHe TPEKOB ¢ HAPYKHOI CTOPOHBI
yamku Ilerpu

Tpemuii, Ha TIEPBBIN B3N, TapafoKCaIbHBIA ¢haxkm, CBSI3aHHBIN
¢ tpekamu CU, ormedaercs B [72]. Ilomoxxennsie B vamky Ilerpu mpo-
JTYKTBI CHHTE3a MPH IIA3MEHHOM 3JIEKTPOJIU3€ BOJIBI BBI3BAIN MOSBIECHUE
TPEeKOB («IapamuHy) Ha CTEKJie Yallkd, HO HE BHYTPH, a C HapyxK-
HOU CTOPOHBI Yaliku. Ha Hal B3risi)], oOBbsICHEHUE CBS3aHO C PA3IUUUEM
CHJI «M300paKeHUs», NEHCTBYIOIIUX Ha 3apsj BOJHM3M T'paHUIl pasjiea
cpen [94]. Otu cunbl 00ycnoBIEHB! MOJSIPU3ALUel Cpel, UMEIOT Xapak-
Tep TPUTSHKEHHUS ¥ TPONOPIMOHAIBHEI OTHOIIEHUIO Pa3HOCTEH AMAJICK-
TPUUECKUX MMPOHUIIAEMOCTEN K MX CyMMe. BriosiHe BO3MOXHO, YTO YaIiKa
ObUTa MocTaBlieHa Ha MOJICTaBKY, MaTepral KOTOPOH UMeN AUdJIeKTprude-
CKYIO TIPOHHIIAEMOCTb €, CYHIECTBEHHO OOJBIIYIO, YeM y CTEKJIa YalllKu.
CorylacHO M3BECTHBIM TAaOJUYHBIM JaHHBIM [95], s Bo3ayxa € = 1, mjs
crekon € = 4-7 , a qus Bogwl € = 80. Torga juis 94alky, MOCTAaBICHHOM
Ha BJIQXHYIO MOBEPXHOCTb, PA3NIHYUE MEXKAY IAUIIEKTPUUECKUMH IIPO-
HUIIAEMOCTSIMH ITOBEPXHOCTEH (BO3IyX — CTEKJIO) U (CTEKIIO — BOJIA) SIBHO
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BBIIIIE 711 BTOPOM TpaHullbl. B kauecTBe mpeeabHOro ciiydasi BBICTYIaeT
BapUaHT METAJUIMYECKOTO (€ = 00) CTOJIMKA B KAyeCTBE IMOJCTABKU JJIS
yamku. [IpoHnkHOBeHHE HeWTpambHOro Komiuiekca CH Ha rpaHuUIly
MEXIY YAIIKOW U MOJACTABKOM 3aTPYJHEHUIN HE BBI3BIBAET, KAK U MOIJIO-
LIEHWE MOHHOW 4YacTu KomIuiekca. lanee, ecnu HEUTpaJIbHBIN KOMIUIEKC
MMeJl KOMIIOHEHTY UMIYJIbCa, MapaJUICIbHYI IUIOCKOCTH CPAHMLBI, TO
B MOMEHT OTAEJICHHSI MOHHOM KOMIIOHEHTBI, COIVIACHO 3aKOHY COXpaHe-
HUS UMITYJIbCa, OOJIBIIAst YacTh ATOH KOMIIOHEHTHI IIPUAETCS Ha CKOPOCTh
KK-aktuBatropa, UMEIOIIEr0o Maccy, ropasio MEHBIUIYI0 MacChl MOHHOM
cocraBisitonieil. fIcHo, uro Ha 3apsa KK-aktuBaropa, ABMKyLIMiCS
BJIOJIb TpaHULbl YallKd C BIAXHOM WIH METAJUIMYECKOH MOACTaB-
KOH, OyIeT AeiCTBOBaTH CHJIA «H300paKCHHS», IPEBOCXOAMdNIAs Ha
(20-25 %) cuny «n300pa)keHHs» Ha TPAHHIE MEKIY BO3AYXOM U CTEK-
oM BHYTpH damiku. B pesynbrare, KK-akTuBaTop okaspiBaeTCs CBSI3aH-
HBIM UMEHHO C HApPY>KHOW I'DaHMIIEH, JBUKEHUE BIOJIb KOTOPOH COIPO-
BOXKIAETCsI pa3pylieHreM 0oJiee XpymKoro MaTepuarna.

17.5. O paGoTre ycTaHOBKH «JHEProHUBA) IMOCJIe
OTKJIIOYEeHHS MOJ/IeP:KUBAIOIIET0 HANPSIZKEHUS MEeXKIY
TPYOUYaTHIMH 3JIEKTPOAAMH

B konme m. 2.1 otmeuanocs, cornacHo nHpopMmarmu [12], uto mocie
CTaOMIIM3aIK TIa3MOU/Ia YCTaHOBKA «QHEPrOHUBA» MpooInKaia pabdo-
TaTh M TOCJE OTKIIOYEHHS OT JJIEKTPHUUECKOl ceTH. 3aMeTuM, 4To,
MIPEXKIE BCEr0, MMEETCSl B BUY OTKIIOYEHHE MOJIEPKHUBAIOIIEH pa3HO-
CTH IMOTEHIUAJIOB MEXy TPyOUaThIMH 3JIEKTPOJIaMH, TOT/1a KaK HacoCHI,
BBI3BIBAIOIINE IIUPKYJIALNIO BOJHBIX PACTBOPOB, MPOIOJIKAIOT paboTaTh.
ITostomy KK-akTuBaTtopel, HNOKHMHYBIIME 00JacTh pPEaKTOpa BHYTPH
IUIa3MONJA, MOTYT BEPHYTHCSI B BEPXHIOKO YacTh PEaKTOpa B XOJ€ LUp-
KyJsiuuu pactBopa. Kpome Toro, y3kas meperskka B IUIa3MOUE SBISAET-
Cs Cepbe3HbIM TmpemsTcTBUeM s pacmmpuBiinxcs KK-aktuBatopos
B BEpXHEH IIOJIOBUHE DPEAKTOpa C JUaMETpaMH, NMPEBBIIIAIOINMHU IHa-
METp MEPETHKKHU TIIa3MOH/IA.

Ilo-Bunumomy, u3-3a yenudeHus yucna KK-akTuBatopoB U MosiBIs-
JIUCh <JIMIIHUE» 3JEKTPOHBI, YHNOMSAHYThIE B KOHLE M. 2.1, KOTOphIe
NPUXOAWIOCH OTBOAMTH B cilydae (YHKIHMOHMPOBAaHHUsS peakTopa
C TOJACpKHUBAIOIIEH pPAa3HOCThIO TOTEHIManoB. [lpm mHpKymAIMN
BOJIHBIX PAacTBOPOB HAcOCHl OOECIEUMBAIOT CYLIECTBOBAHUE TPaJUECHTA
koHueHTpauuii KK-aktuBaTopoB B peakTope (B BepXHEW yacTu peakropa

162



ux Oonbiie, yeM B HWkKHeH). B pesynprate, wacte KK-aktuBaTopos
C JAMaMeTpaMH, MPEBBILIAIIIMMH JUAMETP TMEPETSHKKH, BBIHYKICHHO
pacmaiaroTcsi Ha OT/AeNbHbIE (ee)-maphl (3aMellalole B 3HAUUTEIbHON
CTENEHH), OOBIYHYIO 3JIEKTPOHHYI0 KOMIIOHEHTY TOKa B ILIa3MOHJE.
Yacte xe KK-akTuBaTOpOB MOXET HBHUraThCs, OXBATbIBas IUIa3MOWJ,
HaxolsiCh, Kak U (ee)-maphl, IOJ ICHCTBUEM 3UIEKTPUIECKOTO IO,
C03/1aBaeMOr0 OOBEMHBIM OTPULATEIBHBIM 3apsIOM MPUOBIBAIOLINX
KK-aktuBaropoB. B camoopranuzanuio (GpyHKIMOHHPOBAHHSA ILIa3MOMIA
BHOCHUT BKJAJl TAaKK€ W MPOLECC OPUEHTALMU MAarHUTHBIX MOMEHTOB
KK-aktuBaTopoB. JleHCTBUTENBHO, Ja)Ke€ IMPH OTKJIIOYEHHWU BHEIIHETO
MUTaHUS KaTyIIKH (BUTKH KaTYIIKH — MO3HMLMS 5 Ha pHUC. 2) OpueHTa-
1M MarHuTHBEIX MOMEHTOB KK-akTHBaTOpoOB BHOJL OCH peakTopa Jo-
CTUraeTcsl 3a CUeT MarHUTHOro Ioyisi Toka B masmouzae. Ho Torma
KK-akTuBaTops! (KOTOPBIM MOXHO COIIOCTaBUTh KOJBLIEBBIE JIEKTpUUE-
CKHE TOKH), OXBATHIBAIOIIHE TUIa3MOH, OyJyT TOXKE CO3JaBaTh MarHUT-
HOE€ T10JI€ C OPUEHTALMI BJIOJIb OCU peakTopa. ToJbpKO Iocie ucuepnaHus
BEILIECTBA, HEOOXOIMMOI0 IJIsl PEaKLUU XOJIOMHOIO CHHTE3a, U BBIKIIIO-
YeHUs Hacoca, O00ECHEeUUBAIOMIETO IHUPKYJSIIUIO >KUAKOCTH, PEaKTOp
JTOJI’KEH OCTaHOBUTHCS.

YMECTHO OTMETHTH, YTO B CiIy4ae Malbix paamycoB opout KK-akrtu-
BaTOPOB, KOT/IA PACCTOSHHE MEXIY COCEAHUMH (ee)-apaMH OTHOCH-
TEJIEHO HEOOJIBIIIOE, SHEPreTHUECKH BBITOIHBIM MOKET OKa3aThCsl OpPUECH-
TUPOBAHNWE MAarHUTHBIX MOMEHTOB (ee)-Tiap MapajuleIbHO CKOPOCTSAM HMX
JOBIDKEHHUSI 110 KPYroBOoil OpOHMTE, MOCKOJBKY IPH 3TOM HMEET MECTO
MIPUTSHKEHHE PAa3HOMMEHHBIX MAarHUTHBIX IIOJIFOCOB COCETHHUX (ee)-Tap.
He uckitodyeHo, yuutbiBas 003€BCKUI XapakTep (ee)-map, uTo Mpu pac-
mupeHnd opoutsl KK-akTuBaTopoB KoIMUecTBO (€€)-map Ha KOJIbLEBON
opOuTE HapacTaerT.

17.6. O B03MOXHOI1 MpUpoO/e 3JIeKTPOMATHUTHOIO
u3jay4deHusi, HaboaaBmerocst npu peakuusax CF

CornacHo [12], mpu moucke BO3MOKHBIX H3JTyueHHH BOIM3M pabo-
TAIOMIEH paspsiAHON SUEHKH JEeMOHCTPAIOHHOW YCTAaHOBKH OOHapy-
KEHO JJIEKTPOMAarHUTHOE TIOJie B BHJE MAKETOB «CO CIIEKTPOM YacCTOT
30-800 MI'y m IMTENBHOCTBIO 10 HECKOJIBKUX MUJUIMCEKYH». IlakeTs
HAOJIIOJAJIUCh MKy HMMITYJbCaMH TOKA C JIIMTEIbHOCThIO 40—60 MKC.
Ilo muenmio aBTOpoB [12], 3T MakeThl BOJIH «COIMPOBOXKAAIOT IPO-
LIECC CHHTE3a DJIEMEHTOB». B pamkax mpeiacTaBieHUil 0 Beayllel poiu
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B cuHre3e sjaep KK-akTuBaTOpoB, TOSIBICHHE IMAKETOB BOJIH COOTBET-
CTBYET YCKOpeHHOMY JBWkeHuto KK-akTHBaTopoB mpu pa3aeicHHU
HEHTPaNbHBIX KOMIUICKCOB HA MACCHBHYIO TOJIOKUTEIHHO 3apsDKCHHYFO
MOHHYIO COCTaBILIONTYIO (C (hopMUPYIOIIEHCs TIEKTPOHHON 000JI0UKOM)
U oTpuuaTeNnbHo 3apshkeHHbl KK-aktuarop. Torma sicHO, 4TO TOPSIIOK
BEJIMYMHBI BPEMEHH ., BOSHUKHOBEHUS W3IYYaONIMX SIEKTPOMArHHUT-
HBIC BOJIHBI JTUMOJBHBIX 3JICKTPHUSCKIX MOMEHTOB OOPATHO MPOIIOPIIUO-
HaJICH HAOJI0aeMOH YaCTOTE M MPUHAJICIKUT HHTEPBAITY

c. (205)

1
c~11—1c<T3M<3OHc~3_107

8-108

BrionHe BO3MOKHO, YTO IMpOIECC JIeNeHUsI HEHTPaIbHBIX KOMIUIEKCOB
UMeeT KOJUIEKTUBHBIN XapakTep, 6Jaroaps MHIyNUPYIOIIEMY IEHCTBUIO
BO3HMKAIOLIETO JIEKTPOMArHUTHOT'O M3TyYECHUSI.

Ecnmn n BO3HMKHOBEHHE HEWTpalbHBIX KoMIuiekcoB (n3 KK-akrtmBa-
TOPOB M HMOHHOW COCTAaBJISIONIECH) MMEEeT 4YepThl KOJUIEKTHMBHOTO IMpO-
mecca, TO MOXXHO OXHIATh CKAauKOOOpPa3HOIO H3BATUSI DJIEKTPOHOB
IPOBOAMMOCTU M3 OOILIEr0 3NMEKTPOHHOIO IMOTOKA. Takoe IOmyIieHHe
HE TMPOTHBOPEYHT HAOMIOJACMOHM IHCKPETHU3allM B HMMITyJIbCax TOKa
(cM. puc. 34).

T2=30ns

T1=20ms

Puc. 34. ®opma Toka, cornacHo ganHeM b. I1. Ky3smuna
u B. A. TlanbkoBa, npuBeeHHbIM B [96]
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OnHako cieayeT UMeTh B BHIY, YTO, B OTJIHYHE OT «IHEPTOHHUBHIY,
B JIEMOHCTPAIMOHHON YCTaHOBKE HMEETCSl 3HAYUTEIbHAS 3PO3HS DIIEK-
Tpo10B. [103TOMY GOJIBIIOH BKJIA B U3BSTHE HIEKTPOHOB MPOBOIUMOCTH
MOYKET JIaBaTh HEHTpAIM3alisg HOHOB MEHM, a HE TOIBKO (JOPMHUpPOBAHHUE
HeHTpambHBIX KoMITiekcoB ¢ KK-akTuBaTtopamu.

DKCIIEPUMEHT TTOKA3BIBAET, YTO MATEPHAI DIIEKTPOIOB (B YaCTHOCTH,
ME[lb) YY4acTBYET B CHHTE3€ JJIEMEHTOB, TaK YTO 4acTh 3KCTPArupOBaH-
HBIX (ParMEHTOB MEIW CIIOCOOHA CIYKUTh HCTOYHUKOM OCBOOOXK-
naroruxcss KK-akTHBaTOpoB, W, CeJ0BATEIBHO, UCTOYHMKOM IMAKETOB
BBICOKOYACTOTHBIX DJIEKTPOMATHUTHBIX BONH. HO TOrma ecTecTBEHHO
MPEMOIOKUTh, YTO J00ABIECHHE MENKOAUCICPCHOTO METATHYECKOTO
MOPOIIIKa B BOAY IPH IUIA3MEHHOM 3JIEKTPOJIH3E TAKXKe JOHKHO COMPO-
BOYKJIAThCS MOSIBJIICHHEM MAKETOB BBICOKOYACTOTHBIX 3JIEKTPOMATHUTHBIX
BOJIH, aKTHBUPYsI CTApT PEaKIMii CHHTE3a MPH MEHBIINX YPOBHIX BHEIII-
HUX HanpspbKeHui. Jto u Habmonaercs [97].

17.7. O6 ycaoBusix peanusanuu peakuuii CF u runorese
BO3HUKHOBEHHSI ’KeJie30 — MapraHIeBbIX KOHKPenid

YMECTHO HallOMHHUTH €IIe pa3, YTO HaJM4YHhe 3JIEKTPOHHBIX NMOTOKOB
Y BOJSHOTO Tapa, KaK IMOKa3alH AKCIEPUMEHTHl Ha YCTaHOBKE «DHEpro-
HUBA», a TAKXKe HKCIIEPUMEHTHI C AJIEKTPOHHBIM TUIABIICHHEM U AJIEKTPO-
B3phIBAMH METAJUIOB, MO3BOJIAIOT JAOCTATOYHO MPOCTO ONHCATh BO3HHUK-
HOBEHUE MPAKTHYECKH BCEX CTAOMIBHBIX H30TONIOB XUMHUYECKUX DIIEMEH-
TOB. DTO OOCTOSATENBCTBO JENAeT YMECTHBIM IOCTAHOBKY 3aj[add HJICH-
TUPUKAIMK YCIOBUI 00pa3oBaHUsi, KaK OTACIBHBIX DIIEMEHTOB, TaK
U UX crienupuuecKux KoHrimomeparos. [1o cyTu, peds uaeT o nepedunciie-
HUU CIIEHAPUEB, MPOSICHAIONINX, OTKY/Ia MOTJIA TIOSBUTHCS 3JIEKTPOHHBIE
MTOTOKH.

OnvH W3 TaKuX KOHTJIOMEPAaTOB — MHUHEpAIbHBIE MHKpPOChHEpYIIbL,
MIPEIONIOKUTENLHO CBsi3bIBaeMble M. HOBropoioBoii ¢ kKaBUTAIIMOHHON
MPHUPOJION X 00pa3oBaHus, oTMevaics B [8]. CyliecTBeHHO, YTO pa3BH-
THE KaBUTAIMOHHON HEYCTOWYMBOCTH MPUBOANT K YCIOBHUSAM, ITOTOOHBIM
YCIIOBHSIM B3PbIBa POBOIHUKOB UMITYJIbCAMH 3JIEKTPHYECKOTO TOKA.

371ech MbI JOMOJHUTENBHO OTMETHM, YTO UMEIOTCS U JPYTHE U3BECT-
Hble KOHIJIOMEPATHI, JOCTHTAIOLIME MaKpOpa3MepoB. OTO KOHKPEIWH,
BCTpEYArompiecs Kak Ha MOBEpXHOCTH 3emid [98], Tak U Ha JAHE MHUPO-
BOTO OKeaHa. J[0CTaTOYHO THUIHMYHBIA COCTAB OKEAHCKOW KOHKPELHH
IpHUBeEJIeH Ha pHc. 35, B3sToM 13 Buxkunenuu [99].
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3aMeTHM, 4TO OKOJIO IOJIOBUHEI ITPUBEICHHBIX HA PUC. 35 3JIEMEHTOB
conepkatrcs B Ta0m. 1, U 11 MHOTUX 3JIEMEHTOB B JJAHHON MOHOTpaduu
MPUBOJIWIINCH BO3MOXKHBIC PEAKIMU WX HU3KOTEMIIEPATYPHOTO CHHTE3a.
B cBs13u ¢ 9TUM TIpecTaBISETCS] KOHCTPYKTHBHOM TOYKA 3pPEHUSI aBTO-
poB [98], cBaA3bIBaOIIMX O0pa30OBaHWE KOHKPEUUW C JCHCTBHEM MIapo-
BbIX MOJIHUH. [IpudeM cuuTaeTcs, 4To MIapOBbIC MOJHUHM BO3HHKAIOT HA
rpaHUIaX JMHEHHBIX MOJHUH, Pa3BHBAIOLIMXCS MPH TOJ3EMHBIX TPO3ax.
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Puc. 35. CooTHOIIEHHE CPETHHX COACPKAHIA XUMUIECKUX SJIEMEHTOB
B XKEJIE30MapTraHICBbIX KOHKPECIUAX U FJ'Iy6OKOBO}IHI)IX ocaagkax OKE€aHa,
coriacHO AaHHBIM Bukunennu [99]

He wuckimoyeHo, 4To 4acTh KOHKpeNHii (HE TOJIHKO Ha JIHE OKEaHOB,
HO TaKXe peK, 03ep W 00J0T) 00pazoBajiach NMPH AKTHBHOM YYACTHH
MHUKPOOpPraHu3MoB. Jlomyckas, 4To CHHTE3 3JEMEHTOB, BXOISMIIUX B CO-
ctaB KoHKpenuid, otHocutcss K LENR — peaknusm, B [100] npuBoautcs
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JIOCTaTOYHO OONIMPHBIN MEepeueHb MOTCHIMATBHO BO3MOXKHBIX 3K30TEp-
MUYECKHUX peakiuii 00pa3oBaHUs AJIEMEHTOB. Brpouem, MexaHU3M CHH-
T€3a aBTOp MPEANOYHUTAET HE KOHKPETHU3WPOBaTh, HCIIONB3YysA 00pa3
«UEpHOTO SIIMKa», Ha BXOJE KOTOPOTO MPHCYTCTBYIOT OTHOCHTEIHHO
JISTKHE AJIEMEHTHI, a Ha BhIX0/Ie 00Jiee MACCHBHBIC ITPOYKTHI PEaKIIUU.

17.8. O nepcneKTHBHBIX HANIPABJIEHUSAX
NPUKJIATHBIX HCCIIeT0BAHUI

Pazymeercs, normueckas (akageMudeckas) MOCIEAOBATEIbHOCTD
JeHCcTBUIl mpenmnojiaraeT BHadaue MpoBeleHHe (POHTAIbHBIX IKCIEPH-
MEHTAIbHBIX M TEOPETHUECKHX MCCICAOBAHHMHA. 3aTeM, B Cilydae IOI-
TBEPKICHUS M3JI0KEHHOH KauecTBeHHOW KapTuHbl Mexanu3ma CF, mene-
c000pa3Ho MepexoUTh K TeXHOJIOrmYecKuM petieHusm. [lonoOHast ctpa-
TErys BIIOJIHE ONPaBAaHHa.

OpHako HaJMYUEe MHOKECTBEHHBIX TOCTOBEPHBIX IPUMEPOB PEaKUi
CF u peanbHO ACHCTBYIOIINX YCTPOICTB, HAPSLY C aKaAEeMHUYECKOH CTpa-
Terueil Mccie0BaHui, BIIOJIHE OIMPABBIBAIOT JIIOOBIE BapHaHTHI HOBBIX
WH)XCHEPHBIX DPEIICHUM, MOACKAa3bIBAEMBIX H3JI0XKEHHON HIEOIOTHEN.
CoBepIICHHO SICHO, YTO WHXXEHEPHBIH KOPIYC M KOPIOpamus u3oopera-
TeJeH K1aTh OKOHYAHMSI aKaJIeMUYECKON ITPOrpaMMbl HE CTaHYT.

IlonHOTa KOHLENTYAJIBHOTO ONWCAHMS HAONIONAeMbIX SIBICHUH U
OTCYTCTBHE BHYTPEHHUX IPOTHBOPEUYMH MO3BOJISIOT PACCUUTHIBATH,
M0 MHEHHUIO aBTOPOB, HA MOJTBEP)KICHHE OCHOBHBIX Pa3BUTHIX MpPE-
CTaBJICHUH U MOJIyYEHHBIX BbIBOAOB. [lo3TOMY, HE OrpaHuunBas TBOpUe-
CKYIO HHUIMATHUBY 3KCIIEPUMEHTATOPOB, KaK U TEOPETHKOB, B pa3paboTKe
pa3HoO0Opa3HbIX MPUIIOKEHHUH, OTpaHUYUMCS YIIOMUHAHUEM (C Mpeaesb-
HO KPaTKMMH KOMMEHTAPHUIMH) HECKOJIbKUX MEePCIEKTUBHBIX HalpaBiie-
HUU TPUKIAJAHBIX UCCIEIOBAHUM.

1. Texnonoruu o0oTaIIeHUs BEMIECTBA (€€)-Tlapamu.

Takue TEXHOIOTHH HEU30EKHO MOSBATCS NMPU KOMILIEKCHOM HCCe-
JoBaHUM TpoxaykToB peakuuid CF, HaueneHHBIX Ha WACHTH(PHKALUIO
(ee)-map B cocTaBe ANEKTPOHHBIX 000JIOUEK aTOMOB.

2. Jle3akTuBaIMs PaIHOAKTHBHBIX OTXOJIOB.

Kak oOcyxnanock paHnee, mosiBlIeHHE (€€)-Iap B COCTaBE AJIEKTPOH-
HBIX 000JIOYEK JOJKHO CONPOBOXKIATHCS PE3KUM YCKOPEHHEM pacmaja
0-paInOaKTUBHBIX 3JIEMEHTOB. SICHO, UTO YHUBEPCAJIBHBIN CIIOCO0 Ae3aK-
THUBAllMM COCTOWT B WHHUIMALMHK (C ydacTHeM (ee)-Tiap) MOIXOMAIIeH
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SJIEPHON peakiuu, TpaHCHOPMHUPYIOMIEH HEeXeIaTeIbHBIH pPaluOoaKTHB-
HBII U30TOII.

3. PasBuTHE TEXHOIOTHI CHHTE3a DIIEMEHTOB.

IIpexnae Bcero, MeeTCS B BHIY HU3KOTEMIIEPATYPHBIA CHHTE3 3JIe-
MEHTOB, MOTPEOHOCTh B KOTOPHIX BEJIHMKA, a MPHUPOIHOE COJACPIKAHUC
CHJIBHO OTPaHUYICHO.

4. ITpon3BOICTBO PHEPTHUH.

OmHO W3 HampaBJICHUW MPOM3BOJICTBA SHEPIMH OTHOCUTCS K TeHe-
patopam Tuma reHepaTopoB Poccu, Mumica m CaHTHIIIM, B KOTOPBIX
BBICBOOOYKIACTCS YacTh SHEPTHH MOTCHIIMAILHO JTUOO KOHTAKTHO B3au-
MOJACUCTBYIOIIMX MHUKpoUacTull. [Ipyroe xe HampaBICHUE OTHOCHUTCS
K BapuaHTy Bo3HMKHOBeHMs DJ[C mHAYKIMHU, 00YCIOBICHHOMY JIBUXE-
HueM KK-aktuBatopos.

168



3AKITIOYEHUE

[IpoBeneHHOE KaueCTBEHHOE PACCMOTPEHUE MOKA3bIBACT, YTO HJICO-
JIOTUSI MEOOHHOTO KaTajau3a JJIs PEeaklMu XOJIOJHOTO CUHTE3a Teus MO-
JKeT OBITh 0000IIeHa W pacpoCcTpaHeHa Ha HU3KOTEMIepaTypHBIA CHH-
T€3 MAaCCUBHBIX sIZIEP.

Ponp kaTanmzaropa B peakIUsIX HU3KOTEMIIEPATypHOTO CHHTE3a XH-
MUYECKHX JJIEMEHTOB C IIHPOKHUM CIIEKTPOM 3apSIOBBIX H MaCCOBBIX UH-
cen urpator KK-aktuBaTOpHhI, MpeacTapisionue codoil pacmoaoKeHHbIC
Ha KOJIBIIEBBIX OPOMTaX KOMIIAKTHBIC 3JICKTPOHHBIC (€€)-Taphbl C MPOTH-
BOIIOJIOXKHBIMU CIIMHAMHU. KOMITAKTHOCTh W YCTOWYHMBOCTH (ee)-map o0y-
CJIOBJIEHa KOHTAKTHBIM B3aUMO/ICHCTBIEM AJIEKTPOHOB.

BakHBIM 00CTOSTEITECTBOM SBIISICTCS HU3KUI SHEPreTHICCKUI ITOPOT
Juisi obpa3zoBanus (ee)-map (mopsinka 10 3B), nerko MOCTHXKUMBIA MPH
HAJIMYUH SJIEKTPOHHBIX TTIOTOKOB B Pa3pe:KEHHBIX Cpelax.

Bonwmme maccrl (ee)-map (mopsaka 100 MaB) u oxxumaemast BEICOKas
CTaOMIILHOCTH MO3BOJISIOT PACCYMTHIBATH HA PEAM3AIIMI0 HOBOTO COCTO-
SIHUSL BEILECTBA, 3JICKTPOHHBIC OOOJIOYKH aTOMOB KOTOPOrO O0OTallleHbI
(a B Ipenesie — HACKIIIEHBI) (€€)-TTapaMH.

BBenenne MaccuBHBIX (€1€]) 2NMIEKTPOHHBIX IMap B YHUCIO0 OOBHEKTOB,
MPUHIMITHAIEHO 3HAYUMBIX JUIsi OOBSICHEHHS JaBHO HAOJIOJaeMbIX (-
(heKTUBHBIX pPeaKIUii HU3KOTEMIIEPaTYPHOTO SAEPHOTO CHHTE3a, CHUMAET
TEOpETHYECKHE MPOOIEMBbI, MPEACTABISBIINECS TPYIHOMPEOIOTUMBIMH
JI0 TIOSIBJICHUS PE3YJIbTaTOB a[POHHON MEXaHUKH.

Peaknuu ¢ ygactreM KBa3WHEHTPOHOB OTHOCATCS K MPOCTEUIIINM Ba-
puantam peakruii CF, obecreunBas BOSHHKHOBECHHE COCEIHHX IO Ta0-
quiie MeHzeneeBa 3J€MEHTOB U TO3BOJISISL Pa3HOOOPa3UTh M30TOITHBIM
COCTaB.

ITo cymectBy, peakuuu CF ¢ yuactrem kBazuneiTpoHoB u KK-akTu-
BAaTOPOB YKa3bIBAIOT IPOCTHIC MEXaHM3Mbl BO3HHKHOBEHHS XHMHYEC-
KHMX 3JIEMEHTOB B YCJOBMSIX 3€MIIM, YTO W30aBJISIET OT HEOOXOIUMOCTH
paccMarpuBaTh Ha0Op XMMHUYECKHX JJIEMEHTOB KaK HacjeIue JPEBHUX
KOCMHUYECKHX KaTaKIM3MOB, YJJAJICHHBIX OT HallleHd IJIaHEeThl BO BPEMEHU
1 TIPOCTPAHCTRE.
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[NomuepkHeM, MPOBEACHHBIN KOHIETITYAIBHBINH aHANN3 HE 3aKPHIBACT
tematuky CF, a HanpoTHB, OTKPHIBAET IIUPOKHE MEPCIEKTUBHI JJIsl BCE-
CTOPOHHHMX HCCJIEJOBAHUI M TEXHOJIOTHYECKUX pPa3pabOTOK, MO3BOJISA
YCTPAaHHUTh KaKYIIHECS] HECOOTBETCTBHS MEXKIY TEOPETHYECKUMHU Ipea-
CTaBICHUAMH (CIPaBEATMBBIMH I «TOJBIX» sIEp) ¥ HaOII0AaeMbIMU
pe3yiIbTaTaMu.

ABTOpBI HAICIOTCSA, YTO M3JI0KEHHOE KOHIENTYaJIbHOE pelIeHUe
npoOJaeMbl HU3KOTEMIIEPAaTYPHBIX SIACPHBIX PEaKIHUid WHULUUPYET TeX-
HOJIOTHYeCKHEe Pa3pabOTKU, BeAylIHe K OJaroTBOPHBIM M3MEHEHHSIM CO-
CTOSIHUSL OKpPY>KaroIel cpenbl 1 0Mocepsl B IETIOM.

ABTOpPBI BBIPAXAIOT MPU3HATEIBHOCTh MHUHUCTEPCTBY HAYKH M BBIC-
nrero obpaszoBaHus Poccun 3a momfep)kKy NpU WCIONHEHHH TOCyaap-
ctBeHHOrO 3amanus Ne 075-00243-20-01 ot 26.08.2020 B paMkax TeMbl
FEUG-2020-0013 «3Okomoruyeckue acmeKThl PalMOHATBLHOTO MPUPOIO-
MIOJI30BaAHUSY.
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