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BBEJAEHUE

[{enr HAcTOsMIEH pabOTHl — 3HAKOMCTBO C alib(ha-pauoaKTUBHOCTHIO: OCHOB-
HBIMH 3aKOHOMEPHOCTSIMHU U Teopueil anb(ha-pacnaza. [IpakTuyeckas 4actb paboThl
BKJIIOYAET 3HAKOMCTBO C TEXHUKOW M METOJIMKOM CIIEKTPOCKONMH aib(a-yacTuil Ha
npUMepe perucTpaiuu anbda-crekrpa npenapara ***Cm BaKyyMHUPYEMBIM CHEKTPO-
METPOM ¢ TIOJYNPOBOJHUKOBBIM JIETEKTOPOM, MOCIEAYIONIYK) KaIMOPOBKY IIKAJIbI
sHepruii. ITocse 3TOro, Ha KalMOPOBAHHOM CIEKTPOMETPE IPEMIATAETCs BBINOJI-
HHTh PETHCTPALMIO CIIEKTPA HEU3BECTHOIO alb(pa-MCTOYHMKA W WIEHTU(PHKALIUIO

anb(a-paMoOaKTUBHOIO U30TOIA MO MOJYYEHHOMY CIIEKTPY.

1. Anbda-paaMoaKTUBHOCTH
1.1. 3akoHoMepHOCTH anb(a-pacnaga

Annda-pacnag — 3To caMONpon3BOIBHOE TIpeBparteHue sapa (A, Z) B sapo (A-
4, 7-2) ¢ ucnyckanueM anbpa-uacTisl, Hanpumep: >°Pu — 2°U + ‘He. Anbda-
pPaAMOAaKTUBHBIE S/pa BCTPEYAIOTCS B MPUPOE TIABHBIM 00pa3oM Cpeau TSKEIbIX
AJIEMEHTOB, MHOTHUE siipa ¢ Z > 82 anbda-paanoakTuBHbl. Hebonbioe KoJIMYeCTBO
anb(a-palMOaKTUBHBIX SIIEP UMEETCS CPEU PEIKO3EMENIbHbIX 3JeMEHTOB, Z =~ 60.
Anbda-pacnaZ; COBMECTHO C OeTa-pacmagoM 33Jar0T «IIPaBUIO CMEUICHUs» ISl pa-
JTMOAKTUBHBIX PS/IOB, T.€. MOYTH BECh HA0OP PAJIMOAKTUBHBIX JIEMEHTOB, BCTpeya-
IOLUXCsl B Mpupoje. Anb(a-pacnagoM TakKe MHOTAA HA3bIBAIOT OAHY M3 BO3MOXK-
HBIX 3aBEPIIAIONIUX CTaTUN SIEPHBIX peakluuil ¢ oO0pa30BaHMEM COCTABHOTO sIpa,
noApa3yMeBasi pacnaj COCTaBHOIO fAIpa.

OTnuyuTensHOM YepToil anb(a-pacnana SBISETCS CPaBHUTEIBHO Y3KUN JHa-
Ma30H JSHEPIruil UCImycKaeMbiX anbda-dactuil (2-4 MaB st penko3eMenbHbIX dJie-
MEHTOB, 4-9 MaB u1s1 TpaHCCBHHIIOBBIX ), TpH4eM sHeprust 1 anbda-yacTuil cBA3aHa

C TIOCTOSIHHOM pacnana saep A 3akonom I'eiirepa-Herosna (1911):

lgA=AlgT +B. (1.1.1)



DTOT SMIIMPUYECKUN B CBOEM MEPBOHAYAIIBHOM BHU/I€ 3aKOH MO3BOJISIET CBSI3ATh
jutaHy Tipodera anbha-yactuil B Bosayxe R ¢ mepuonom nonypacnazga 1, = In 2/ A

COOTBETCTBYIOLUX sijiep. yimHa npobera anbga-yacTull B BO3LyXe, B CBOIO OYEPEb,

CBs3aHa C 3Hepmeﬁ T aﬂb(i)a-‘laCTI/IH D113 OAHHUM OMIIMPUYCCKHUM COOTHOIICHUCM:

R[cm]=0.3187"*[M>1B]. (1.1.2)

[lepnon nonypacnaga 7;,, MOXKET NPHHUMATh 3HA4YEHHUs B auamna3oxe ot 107

cekynn s 21?Po no 10' ner ana '“Nd. VkasanHbIe TpaHHIBI YCIOBHBI, OHU CKOPEE
XapaKTEPU3YIOT BO3MOXHOCTH LIMPOKO PACIPOCTPAHEHHBIX METOIOB PETUCTPALUM
anba-yactui. Tak, HanpuMep, eJMHCTBEHHBIN CTAOMIBbHBIN U30TOI BUCMYTa B JCH-
CTBUTELHOCTH YCIOBHO cTabuieH. OH pacnajgaercs 1o cxeMe ainb(a-pacraja, Ie-
puon nomypacnana ~1.9-10" et HacTONBKO BENMK, YTO AJIS MPAKTUYECKUX IIPHME-
HEHUI MOXXHO CUUTATh 3TOT U30TOI CTAOMILHLIM. JIJ1s cpaBHEHMs, Bo3pacT Beenen-
HOM B CTaHJAPTHON KOCMOJIOTUYECKOM Moaenu cocrasiuser ~101° yer.

3nauenne BenuuuHel B B 3akone I'eiirepa-HeToiia HEMHOTO OTIHYAETCS IS
Pa3HBIX PAaAMOAKTUBHEIX pANOB (puc. 1), XOTS Ha PUCYHKE TO IMOKA3aHO CXEMATUY-
HO, B aHAJOTMYHOM JKCIIEPUMEHTAILHOM 3aBUCHMOCTU MOXKHO BBIIEIHNTH OOJBLIEE

KOJIMICCTBO IMMPAMBIX JIMHUH.

ALn)\+20

232
204 238 ) Th

235
U

>
0,4 0,7 INRs

Puc. 1. 3akon I'elirepa-HeTtomnna ajist pa3inyuHbIX palOaKTUBHBIX PSAOB

[Tpocreitmue npeacrapneHus 06 anbda-pacnaae moIydyaoTcs U3 3alucu dHep-

reTUYECKOr0 BhIXOJa pEeaKluu U MpuMeHeHus Gopmyiibl Bailizekkepa ais sHepruu
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CBA3U AOpa Eb. 3anuiieM Macchl YUYACTBYIOIIUX B PCAKIHU AACP 4YECPE3 MACChI CO-

CTaBJAIOINNX UX HYKJIOHOB M DQHCPTHUIO CBA3U:

M(A,Z)=(A-Z)m +Zm —E,(4,Z),
M(A4-4,Z-2)=(A-Z-2)m,+(Z-2)m —E,(4-4,Z-2),
M(4,2)=2m, +2m, —E,(4,2). (1.1.3)

DHeprouiJielieHUE B ab(a-pacnajie (B YHEPreTHYECKOM IIKaie Macc):
E =M(A,Z)-M(A-4,Z-2)-M(4,2)=
=E(A4-4,Z-2)+E (42)-E (4,7) (1.1.4)

®opmyna Bainzekkepa, oaydyeHHas Ha OCHOBE MPEACTABICHUN O sIAPE Kak O
KaruJie 3apsHyKeHHON HEC)KMMAEMOM JKUJIKOCTH, B 00JIaCTH JIETKUX siiep AaeT OObIIYIO
omnOKy. ITo sT0l mpuuune mis sapa ‘He BO3bMEM KOJIMYECTBEHHBLIE IAHHBIE 00
SHEPrUU CBSA3U, TOJYYEHHbIE M3 MAaCC-CHEKTPOCKONMUYECKUX HKCIEPUMEHTOB:
Ep(4,2) =28 MsB. Crenyer OTMETHTD, 4TO “He — sT0 MIEPBOE JIBAXK]IbI MAarM4eCKOe
SAPO C YACIbHOW 3HEPrueu CBA3U OKOJIO 7 M3B, 4TO CHIBHO BBIAEIAET 3TO SIAPO
cpeau ApYrux Jerkux siaep. Tak, Hanmpumep, yJaelabHasl SHEPrusl CBsI3U JAEHTOHA CO-
craBnser okoso 1.1 MaB, a *He — 2.6 MsB. Bnarogaps 5ToMy MCIYCKaeTCsI HMEHHO
anb(a-yacTuiia, a He Apyras KOMOMWHAIMS HYKJIOHOB, MOSBIEHHE KOTOPOH, CKOpee
BCET0, Oy/IET 3aNpeIIeHO 3aKOHOM COXPaHEHUS YHEPTUH.

[TocTpoeHHBII YUCIEHHO HA OCHOBE ATUX MPEANOCHUIOK rpaduK 3aBUCUMOCTHU
E, or Z nokazan Ha puc. 2.

[Tpu mocTpoeHnu »Toro rpaduka TakKe MPEAnoIaraiochk, YTo AP0 HAXOIUTCS
Ha JIOPOKKE CTAaOMIBHOCTH, T.€. OHO OeTa-cTabuiabHO, a Z U A CBSI3aHBI COOTHOIIIE-

HHUECM!

VA 4 .
1.98+0.0154*"

(1.1.5)
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Puc. 2. Pesynbrathel pacuera SHEPTOBBIACIICHUS B peakinu aibda-pacmasa mo ¢op-

mysie Balilzekkepa a), ¥ aHaJOTUYHbIE 3HAYSHUS, TTOJTyUYeHHbIe U3 JAedekTa Mace 0)

Kak MoxHO BuAeTh U3 pucC. 2a, KamelbHas MOJENb sipa Mpe/ICKa3bIBaeT pa-
JTMOAKTUBHOCTD BCEX SIZIEP, Y KOTOPBIX Z > 73, a KAYEeCTBEHHBIM OOBSICHEHUEM allb-
da-pacnama OyneT OajaHC MEXIy MOBEPXHOCTHOUM SHEPTHEH W dHEPrUel KyJTOHOB-
CKOIO pacTaJKMBaHUS MPOTOHOB siapa. B nelicTBuTenbHOCTH ke  alib(da-
paauoaKTUBHEI siapa ¢ Z > 82, a Takke HECKOJIbKO PeIKo3eMeNIbHBIX siep (Z =~ 60).
[IpuurHa TakOro pacxoKJIEHUs 3aKII0YaeTCsl B HEYyU€Te KarejlbHONH MOJIENbI0 Maru-
YECKUX YHCENl JAOYEPHUX SJep, MPU KOTOPHIX HAOIIOJAAETCS TOBBIICHHAS Ha He-
ckoJbKO M3B no cpaBHeHHIO ¢ TPpOrHO30M (popmyiibl Bailizekkepa sHeprus cBszu, a
TaK)ke KOHEYHasi TOYHOCTh OIEHKH dHEPTuu CBs3u mo dopmyne Baizekkepa, abco-
JIFOTHAsI TOTPEIIHOCTh TAKOM OLIEHKHA MOXET JOCTUTaTh HECKOJIIBKUX M»aB.

Pacnan Buna:

MNd — 9Ce + “He (1.1.6)

CTAaHOBUTCSI BO3MOXKHBIM OJIarojiapsi MarndeCKoOMy 4HCIIy HEUTPOHOB 82 B I0YEpHEM

sape '*%Ce, 4T0 COOTBETCTBYET NMOHWKEHHOW CPENM COCEIHMX HEMATUYECKHUX SIEP

Macce, a 3HauuT TMOBBIIIIEHHOMY, coriacHo Gopmyre (1.1.4), sHEeproBuiaeaeHUO. 3a-

BHCHMOCTh SHEPTOBBIICIICHHS B alib(a-pacnajie, MoaydeHHass U3 dKCIIEPUMEHTAIBEHO
U3MEpPEHHOT o JedeKTa Macc, oka3aHa Ha puc. 20.

Anb(a-pacnag — 3TO JBYXUAaCTUYHBIM MpollecC, B KOTOPOM BBIOJIHSIOTCS

KJIACCHUYCCKHUC 3aKOHbI COXPAHCHUS — OHCPIHUHM WU HUMITYJIbCA. HOBerHOCTHOC pac-
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CMOTPEHHE ITHX 3aKOHOB COXPAaHEHHUs MPUBOAMT K BBIBOJY, YTO SAPO MOJTYyYaET UM-
IyJIbC U SHEPTUIO OTAAYM, [IPU 3TOM SHEPIUs OTAAYH COCTABIISET OKOJIO 2% OT 3HEp-

T'OBBIICJIICHUS B anb(ba-pacnane:

mv’  Mu’
+ - o

2 2 ‘
mv+Mu =0. (1.1.7)
OHeprus anb(a-4acTULbl B TAKOM JBYXYaCTUYHOM Ipoliecce JODKHA MPUHU-
MaTh €AMHCTBEHHOE 3HAYEHHUE, IPUMEPHO paBHOE 98% OT IHEPreTUYECKOro BhIXOJa
peakuuu. Jta 3Heprusi 00yCIOBIEHA pa3HULIEH B SHEPTUU MOKOSI (MacC) KOHKPETHBIX
sanep. Ha mepBbIil B3, cnekTp anbga-4acTHIl JOHKEH COCTOSATh U3 OJHOW €TUH-
CTBEHHOW CHEKTPaJbHOU JIMHUU. B NeHCTBUTENBHOCTH, YaCTO HAOJIIOJAIOTCS JIMHUU-
CaTeJUIMThl MEHbLIEH NHTEHCUBHOCTH, PACIIOIOKEHHBIE CJIEBA OT OCHOBHOM (puc. 3).
OTU JTUHUU COCTABIAIOT TOHKYIO CTPYKTYPY» alib(ha-CrIeKTPOB, a UX HAJIUYHE CBS-
3aHO C TE€M, YTO SAPO — ATO HE TOYEUHBII OOBEKT, @ MHOIOYaCTUYHAsi KBAHTOBAsI CH-
cTeMa C AUCKPETHBIM CIEKTPOM SHEpreTuueckux coctosHuid. [logpoOHee mosiBiaeHue
TOHKOM CTPYKTYphI anb(]a-CreKTpoB OYyIET pacCMOTPEHO HHUXKeE, B TEOpUHU aib(a-

paciaga.

NA

L

5,1 5,2 E MaB

Puc. 3. ToHkas cTpyKTypa anbpa-crekrpa *>Pu

B HCKOTOPBIX ClIydasX CICKTPAJbHBIC JIMHUN MEHBIIIEH MHTEHCUBHOCTH IOSIB-
JIOTCA TaKXE CIIpaBa OT OCHOBHOI'O IIMKA. COOTB@TCTBYI-OHII/IG aﬂb(i)a-‘{aCTI/IHBI
Ha3bIBArOTCs ,Z[J'II/IHHOHpO6C)KHBIMI/I. Bo03MOXHBI HECKOJIBKO MEXaHU3MOB MOSBIICHUS

JUTMHHOTIPOOEKHBIX YacTHUIl. Bo-niepBbIX, SHEPTUs OTJAa4Yu JOUYEPHETO sIpa, BEIUYU-
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Ha nopsiaka 100 k3B, MOKeT IpeBbINIaTh SHEPIHIO, HEOOXOAUMYIO JUIs TIEPEBOIA SJI-
pa B mepBoe BO30YKIAEHHOE COCTOSHHUE, TIPH 3TOM JOYEPHEE PO C BHICOKOM BEPO-
ATHOCTBIO 00pasyeTcs UMEHHO B BO3OYKIEHHOM COCTOsSHMM. Takoil ciiydaii peasm-
3yeTcs, HampuMmep, npu anbda-pacnajge sapa 2'?Bi. Bo-BTOPbIX, KOPOTKOKHUBYIIUE
anb(ha-pajMoakTHBHbIE spa MOTYT TOSBIATHCS KaK pe3yjbTaT Oera-pacraja, Ipu
5TOM OHHM YacTo 00pas3yloTcs B BO30YKIAEHHOM cocrosHuM (cM. pabdory «bera-
pacnan»). B pe3ynbrare, HHTEHCUBHOCTh CHEKTPAJIbHBIX JIMHUNA TOHKOW CTPYKTYPbI
ONPEENACTCS 3aCEIEHHOCTBIO YPOBHEW DHEPIUM MATEPHHCKOTO sA/pa, T.€. 3aKOHO-
MEPHOCTSMH OeTa-pacmana. Takoil ciaydaii BO3MOXKEH AJis TOro ke sapa 22Bi, mus
KOTOPOTO BO3MOMKEH TaKXKe M OeTa-pacraj ¢ MOCIEAYIONMM aibha-pacriagioM JIo-
uepHero sapa 2'*Po. B-TpeTbux, Ha BEPOATHOCTH Pachaja sapa BAMAET BETMYUHA Op-
OUTAILHOTO MOMEHTA allb(ha-pagroakTHBHOIO S/APa, IS Yero HeoOXOAUMO MOAPO6-

HO pPacCMOTPETh TEOPHIO alb(a-pacnaja.

1.2. Teopusi 'amoBa

[lepBble TOMBITKM TEOPETHMUYECKOTO PAacCMOTpeHusi anb(a-pacmana CTOJIKHY-
JUCh CO cleAyrolel TpyaHocTh0. PaccMoTpuM npouecce, 00paTHbIN anbga-pacnamy,
B KOTOPOM MBI IIBITaeMCsl OOBEMHUTD JI0UEpHEE SAPO U anb(a-yacTuily. B3sB onen-
Ky paguyca R tsoxenoro sapa Z > 82, pasayto 10 @M, noigydaem, yTo ajbga-dyacTuile
U1 TIoNaJaHusl B 00JacTh JEHCTBUS SAEPHBIX CHII HEOOXOIMMO IPEOAOJETh KYJIO-
HOBCKHUH MOTEHIMAIBHBIN O0aphep BbICOTOM 0Kk0J10 30 MaB (puc. 4).

[Tpuuem s anbga-yacTubl C XapakTepHOM i anb(a-pacnana >Heprueu
5 M»B B nyuniem ciaydae ynactcs NpUOIU3UTHCS K 1Py HA MUHUMAJIbHOE PaccTos-
Hue B 6 pa3 Oousbliee paauyca siapa, 60 ¢m. ToT ke caMblil TOTeHIUATbHBIN Oapbep,
00yCJIOBJIIEHHBII KYJIOHOBCKUM M CHJIBHBIM B3aUMOJICHCTBUEM, JOJDKEH MEIATh ajlb-
¢da-dacturie MOKMHYTH SAApo. B pamkax kimaccuueckod (Qu3ukd mporecc anbda-
pacnaga HeBo3MoOxkeH. IlocnenoBaTenbHyl0, XOTh U YINPOILIEHHYIO TEOpHIO aib(a-
pacnajzia yajaoch NOCTpOUTh Juiib B 20-e ronpl XX Beka, Ojarogapsi pa3BUTHIO UIEH

KBAaHTOBOW MeXaHWKH. KadecTBEeHHO MOXHO OOBSICHHUTH BO3MOXKHOCTH ajbda-



pacriaza, ONnMpasch Ha COOTHOLIEHUE HEOINPENEIEHHOCTEW 3Heprus-spems. MHrep-
IPEeTUPYS HEONPEEIEHHOCTh SHEPTUHU alb(a-uyacTHIIbl KaK CIydallHyI0 100aBKy K €€
KWHETUYECKON HEPrUH, MOKHO IPEACTaBUTh ce0e mpoliecc, B KOTOPOM BO3HHUKILIAS
Ha KOPOTKOE BpeMs (PIIyKTyalus KUHETUYECKOW SHEPTUH ajib(a-4acTUIBl 0Ka3aaach
JOCTATOYHOW JJIsl MPEO0JIEHUS 3a 9TO BpeMsl NOTEHIMaIbHOro Oapsepa. Takoe mnpe-
OJI0JICHUE YaCTHUILEW NOTEHUMANIbHOIO Oapbepa HOCUT Ha3BaHHE TYHHEJIBHOIO 3(-

dekra.

Puc. 4. 3aBrucuUMOCTb MOTEHIIMATBHOM SHEPTUH AlTb(ha-yaCTHUIIBI OT PACCTOSHUS J10
neHTpa sapa. [lyHKTupHON TMHUEN ToKa3aHa KUHETHYECKask YHEPrus aib(ha-qyacTHUIIbI

Ha OECKOHEYHOM yJIaJI€HUH OT JOUEPHETO sapa

PaccmoTpuM KBaHTOBOMEXAaHMUYECKOE OMUCAHWE TyHHENIBHOTO 3(dexra ms
MPOCTEUIIEr0 OJJHOMEPHOTO ciayyas (puc. 5).

PaccmarpuBas cranmonapHoe ypaBHenue llIpenuHrepa mis 4yacTHIIBI, ABHKY-
IIEHCs CIIeBa HANPaBO M MPOXOSALIEN uepe3 Gapbep TOMMMHON d , MOXKHO 3aIMCaTh

(nns o6nacreii 1,2,3):

h* 0’
1,3: —— =Fy,
2m 6x21// v
h’ 0’
- +V =Fy. 1.2.1
2 O 4 v ( )
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Pemenuem st obnacreit 1,3 GyneT oJHOMEpHBIN aHAIOT MJIOCKOW BOJIHBI BUA:

v, = A expliax)+ B, exp(—icx),
®=~2mE /h. (1.2.2)

/| 2 [V

0 d X

Puc. 5. TynnenupoBaHue 4acTHIIBI Yepe3 OHOMEPHBII MOTEHIIMATBHBIN Oapbep.
KommuiekcHast BoHOBast PyHKIMS [MOKa3aHa CXEMATUYHO C IEJIbI0 OTPA3UTh BOJIHO-
BbI€ CBOMCTBA YacTUILlbl. Tak OyAeT BBIMIIAAETh, HAPUMED, BEIIECTBEHHAs 4acTb

BOJIHOBOM (pyHKIIMU

HevictByst Ha pemenue (1.2.2) omepaTopoM HMIyJbCa, BUIUM, YTO MEPBOE
CJIaraéMo€ COOTBETCTBYET YACTHULIE, IBUTAOIIEHCS CIEBa HAIPaBO, a BTOPOE — OTpa-
KEHHOM 0T Oaprepa yactuie. CienoBaTeabHO, B paMKax MOCTABICHHOW 3a7a4u pe-

meHueM B obsactu 3 Oyner:
w, = A, explicx),
w=~2mE/h, (1.2.3)

MOCKOJIbKY OTpaKEHHOW YaCTHIIbI B 00J1aCTH 3 HET.

Jlnst o6nacTu 2 pelieHre NpuMeT KaueCTBEHHO APYToi BU/L:

v, = 4, exp(Ax) + B, exp(— Ax),

A=2m(V -E)/h. (1.2.4)

[Ipu 3TOM 3KCHOHEHIMAIBHO YOBIBAIOILIEE CIEBA HAIIPABO CJIAraeMoe, TAK K€, KaK U B
ciyyae 1, OyaeT coOTBETCTBOBAaTh YaCTULE, ABMKYIIEHCS clieBa HalpaBo, a KCIO-

HCHIMAJIBHO BO3pacCTaromee — OTpa}I(éHHOﬁ oT npaBoﬁ IpaHUuObl MOTCHIOUAJIILHOI'O
11



Oapbepa vactuie. [logoOHas naTEepnperanus, kpome ananoruit ¢ (1.2.2), onupaercs
Ha SKCIIEPUMEHTAJIbHBIE 3aKOHOMEPHOCTH TYHHEIBHOTO 3(QeKTa, COTJIacHO KOTO-
PBIM aMIUTUTY/Ia BOJTHOBOW ()YHKIIMHU, a 3HAYUT U BEPOSITHOCTh OOHAPYKUTh YACTUILY
NpU JBHKEHUH BIIyOb Oapbepa, JoKHA yObIBATh.

B namewm citygae oTpak€HHOM OT MpaBOM rpaHUIIbl Oapbepa YaCTUIIEH MOXKHO
npeHeodpedb, HIKE OyJIeT MTOHATHO MOYeMY.

[TonHOE pelleHne OJHOMEPHOW 3a/ayd TYHHEJIMPOBAHMS 4Yepe3 MPsIMOYIOJib-
HBIM MOTEHLUAJILHBIN Oapbep MOXHO HalTH B JI00OM yueOHUKE MO0 KBAHTOBOM MeXa-
Huke. Kpome 3amucu Buaa pelieHUNd HAJ0 3alucaTh YCJIOBUSI CIIMBKU BOJIHOBBIX
dbyHKIMIA Ha TpaHuIax obdnacteit 1,2,3, KOTOpoe 3aKI0YaeTCS B PABEHCTBE 3HAUCHHIMA
BOJIHOBBIX (DYHKIIMI M MX MEPBBIX MPOU3BOJHBIX, YTO MO3BOJUT OMPEAEIUTH COOT-
HOIICHHSI MEXIy aMIUTUTy/IaMH BOJHOBBIX (pyHKIMi. B mpeneOpexeHnn oTpakeH-
HOM OT MpaBoii TpaHuUllbl Oapbepa YaCTULIEH ITOTO JIeJaTh HE HY>KHO, MOCKOJIbKY BUJ

BOJTHOBOM (DYHKITMHU B 001aCTH 2,
v, = B, exp(— Ax), (1.2.5)

YK€ COJIEPKUT COOTHOIIIEHWE BEPOSTHOCTEW OOHAPYKEHWS YacCTHUIBI HA JIEBOW W

npaBoii rpaHuile 6aprepa, .. BeposiTHOCTh D yacTuiie npeoosietb 6apbep:

\z//(d)\z ~exp _2y2m(V -E)

w(0) h

Takum o6pa30M, BEPOATHOCTD HO,Z[6apB€pHOFO, TYHHCJIBHOI'O IMTPOXOXKACHUA YaCTHUIIbI

D=

d |. (1.2.6)

yOBIBa€T HKCIIOHEHITMATIBHO C TOJIIMHON Oaphepa, 4TO Ka4eCTBEHHO OOBSCHSET 3a-
koH ['erirepa-Herona.

Jlnst Oosiee neTanbHOTO PACCMOTPEHUS] HEOOXOAUMO YCIOXKHUTH 3ajady u
y4€CTh, BO-TIEPBBIX, UYTO SAPO MPEACTABISIET CO00M 3-MEpHBIN OOBEKT, BO-BTOPBIX,
41O (hopMa MOTEHIHAILHOTO Oapbepa, MPeo0JIeBaeMOro anb(ha-yacTuilei, oTinya-
eTcs oT mpsMoyroJipHOTOo. Torna, B o0miem ciydae, ypaBaenue lllpenunrepa, anano-

ruanoe (1.2.1), Oyner:

Hy = —h—A+V(17) v=FEuw, (1.2.7)
2m
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o° o0 0
+——+
ox* oy’ oz’

rne A= . 3HAUUTEJIPHO YNMPOCTUTH 3aJ1ady W JIOBECTH €€ J10 aHa-

JINTHYCCKN pemaeMoﬁ MOXHO OTI'paHUYHUBHINCH C(i)epI/I‘leCKI/I CUMMCTPUYHBIM ClIy4a-

em, T.e. mojaras V(7)) =V (r). Paccmorpum Mozmens I'amoBa mis anb(ha-pacmaa.

CornacHo 3TOW MoJenH, anb(a-yacTUIla CyIIECTBYET KaK CaMOCTOSITENIbHBIM 0OBEKT
BHYTPH MPOTHKEHHOTO sipa. [Ipu 3TOM e€ KuHeTHdecKas sHeprusi 1 BHYTPH sifpa,
T.€. OTCUMTAHHAs OT JHA MOTEHLNAJIbHOMN SIMBI S1pa, MOXKET ObITh pa3jioKeHa Ha pa-

JTUAJIbHYIO U YIVIOBYIO YaCTH:

:mTVZZ%(Vf-I-V;):Tr-I-Tw. (1.2.8)

OpOurtansHOE ABMKEHUE KBAHTOBOW YACTHUIIBI HE MOXET OBITh TPOU3BOJILHBIM,
3HaYeHHE OpPOMTANIBLHOrO MOMeHTa [ TpHUHHMAaeT AMCKPETHBIM psij 3HaueHui. [Ipu

9TOM:

T =—*= = . (1.2.9)

ypaBHCHI/IG Ha COOCTBEHHBIC 3HAUCHUS AJI1 OoII€paTopa KBaaparta MOMCHTA KO-
NTMYECTBA ABIKEHHUS TAST CIeYIOINIA PA BO3MOKHEIX 3HaueHui L’
Ly =rl([+1)y, (1.2.10)
rie [ — op6uTansHOE KBAaHTOBOE YHCIIO.

To ectb COOTBCTCTBYIOH_II/Iﬁ Op6I/ITaJ'H:HOMy ABMOKCHHWIO 4aCTHUIbI BKJIaJ B ra-

MHJIbTOHHMAH MOXXHO IIPEACTABUTDb KaK:

_ (1 +1)

2

T

4

(1.2.11)
2mr

st chepudeckd CUMMETPUYHOM CTallMOHAPHOM 3a/1auyn COOCTBEHHAsi BOJHO-

Bast PyHKITUS UMEET BU/I;

v =U(r)Y, (0,9). (1.2.12)

To ecth pemienne Bceraa MOXKET ObITh (PAKTOPU30BAHO, A YTIIOBAs YAaCTh — 3TO BCET/AA
chepuueckue QyHKIUMU, HEBAXKHO, pelraeM Mbl ypaBHeHue Llpegunrepa nnst Bojo-

POJIOTIOTOOHOTO aTOMa MJIM paccMaTpuBaeM aib(da-pacmnay sapa-chepsl.
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Taxkum 00pazom, pernieHue CHEPUICCKU-CUMMETPUYHON 3a/add CBOAMTCS K

oteickanuto U (7). Beenem ob6o3nauenne u(7):

wsz (6,0). (1.2.13)

Im
r

VYpasuenue lllpennnrepa npumer Bua:

[—h—A L l(ltl)+kze }”(r)xm(a,(p)zEa@Km(e,go), (1.2.14)
12 12

2m 2mr r
1 o(,0
rac Ar = _Za_ v a_ — paguajibHasa 4acCTb JIaIllIaCHdaHa B C(I)epI/IIICCKI/IX KOOpau-
r® or r

HaTax.
Kak M0>XHO BHJIETh, OIEPATOP B JIeBOW yacTH ypaBHeHus (1.2.14) He coaepKut
HUKAKUX ACHUCTBUU Haa chepruuecKuMU (PYHKIUSMHU, T.€. UX MOXKHO COKPATUTh B
o0eux vacTsax ypaBHeHus. Kpome Toro, Haquuue y 4yacTHUIIbI OpOUTAIbHOTO MOMEHTA
MO>KHO TPaKTOBaTh Kak 3(h(PekTUBHYIO 100aBKy K MOTEHIIMAILHON 3HEPTUN YaCTHULIBI,
HEMHOT'0 M3MEHSIOIIYIO0 BBICOTY U (hOopMy MOTEeHIMaIbpHOTro 0apeepa (puc. 6). Hanu-
gue 3Toi 3PHEeKTUBHOM J0OABKM KAYECTBEHHO OOBSCHSET TOSIBICHUE JTMHUN TOHKOM
CTPYKTYpHl. B nanbHeimemM Mbl OyieM paccMaTpuBaTh TOJIbKO ciayyaid [ = 0, T.e.

{_h_ArJrkZL}M:Ea@, (1.2.15)
2m r r r

Bnusinue s¢dpdextuBHOM n106aBku k nmoTeHuuany (1.2.11) MOXHO ydecTb moce

pemenns ypasuenus (1.2.15) B Bune oTHOCHTENbHOI npoHnnaeMocts 6apbepa D),

SaBI/IC}IH_ICﬁ OT BCJIMYHMHBI YHOCHMOT'O 0p6I/ITaJ'II>HOI‘O MOMCHTAa l .

Tabnuya
OTHOCHTENIbHAS IPOHULIAEMOCTh LIEHTPOOEKHOrO Gaprepa mius Z = 90,
T =4.5M5B
[, xBauToBoe uncio | 0 1 2 3 4 5 6
D, 1.00 {0.84 |0.60 |0.36 |0.18 |0.078 |0.028
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JlelicTBue paauanbHOM 4aCcTH JIAIUIACUAHA:

Af(@) 1o, , (1.2.16)

r ror’ r

OTKyna mnoiy4daeM auddepeHnasbHoe ypaBHEHUE, aHAJIOTHYHOE OJHOMEPHOMY

ypaBHeHnuto Ilpenunrepa (1.2.1):

h’ Ze’
——u" +k—u—E u. (1.2.17)
2m r
OTnryne 3aKI04aeTcs B CI0KHOU (popMe MOTEHIMATBFHOTO 0apbepa U B PU3NIECKOM

CMBICJIC (bYHKI_II/II/I u . Du3nyecKuil CMBICI U MOXKHO YCTaHOBUTDL, pacCMaTpuUBas BC-

POATHOCTDb HAXOXKACHUSA aﬂb(i)a-‘{aCTI/IHLI B IIApOBOM CJI0€ (7", r+ dl")l

dp = drjdgojd@

u(r) Y (6, (p){ r’sinf =

oML

r’

jdgpjde\ (6,0) sin@=u(r[dr. (1218

31ech Mbl BOCIIOJIb30BAJIMCh CBOMCTBOM CPepUUIECKUX (PYHKIIUMA:
2 V4 ) .
[dp[do)y, (0,p) sind=1. (1.2.19)
0 0

To ectp PyHKLINIO U MOXHO HHTEPIPETUPOBATH KaK aMIUIUTYly BEPOATHOCTH OOHa-

pYXXeHUS anb(a-4yacTULIbI HA PACCTOSHUU 7' OT LIEHTpA sJIpa.
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30 T ueHTpoBexHast
> nobaBka

Puc. 6. K pemiennto 3a1aun 0 BEpOSTHOCTU BbIXO/a ajib(ha-4yacTHUIIbI U3 sIpa

CBeneM 3aady O TYHHEIUPOBAHUU depe3 Oapbep CI0KHON (OPMBI K pEIIeH-
HOMW 3aJjaue C NMPSMOYTOJbHBIM NOTEHUUAIBHBIM 0apbepoM, KaK MMOKa3aHo Ha pucC. 6.
[IpencraBum Gapbep ClIOXKHOU (POPMBI KaK MOCIEAOBATEIBLHOCTh OOJIBLIOrO YHCIA
TOHKHX TIPSIMOYTOJIbHBIX 0aphepoB TosuHol d . TIpu 3ToM MexOGapbepHble rpaHu-
bl OYJyT TOJBKO B HallleM BOOOPA)KEHUH, UYTO ONPABIbIBAECT NIPEHEOPEKEHNE OTpa-
KEHHOUW OT TpaBoil rpanmibl Oapsepa yacturieit B (1.2.1). [IpoHymepoBaB KakIbIii

Oapnep cieBa HanpaBo kK = 1,2,..., MOIy4nM I BEPOSATHOCTHU IIPOXOXKIEHHUS YaCTH-

1IbI:
D=IID, =exp| -3 sz(Vh(r" )-T) d (1.2.20)
OtKyna, ocylmecTBIasa npeaenbnbii nepexon d —> 0, momyugaem:
D =exp| — Rj sz(g(")_ ) dr |. (1.2.21)
I[HH OLICHKHN MHTCI'paJia ] B ITIOKA3aTCJIC OSKCIIOHCHTHI BBIITUIIICM
()= k22
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T=V(R)=k . (1.2.22)

Torma

(1.2.23)

Beenem 6e3pa3mepHyto nepeMeHnyio 7 =7/ R, u Bbipasum R yepes T :

[ = Hmkze R, I dz-\/l 1:%1@2 Jdr1-(Vz) =

h R/R, T R/R,

&\ 2m 1
=——kZe® |dBJ1- 5. 1.2.24
- e [dpy1-p (1.2.24)

JR/R,

3ameuyaeM, YTO MHTErpaj OT Oe3pa3MepHON MEePEMEHHOW HMEET TeOMETPHUYECKHIA

CMBICJT IJIOIIAAN MO (PYHKIIHMEH, OMUCHIBAIOIIEH OKPYKHOCTh €IMHHYHOTO PaIyca.
[omnarast, uro R << R, nony4aem oueHky [uis 3toro unterpana 77 /4. B pesynbra-

TC IJIs1 BEPOATHOCTH D Imojrydyacm:

2rkZe’2m 1
h JT

Kpome koadduiinenTa, onucpiBaroero NpoxoxaeHue yepe3 oapbep, Heo0Xo-

D =exp| — (1.2.25)

JTUMO 3HATh TaK)K€ 4acCTOTY B3aUMOJICUCTBUI ¢ ATUM OapbepoM. E€ MOXKHO OLIEHUTH
CHU3Y CIIeIyromuM oOpa3om. Jlokanm3oBaHHass KBAaHTOBAs YaCTHIIA, COBEPIIAOIIAS
(UHUTHOE JIBI)KEHHUE, HE MOXKET TTOKOUThCS. B mpocTeiiieM ciydae npsMoyrobHO-
ro IMOTEHIMAIBLHOTO SIMKAa ¢ OECKOHEUYHO BBICOKMMH CTEHKAaMH OHa oOsi3aHa JIBH-
raThCsl TAKUM 00pa3oM, 9YTOObI HA PACCTOSTHUM MEXIYy CTEHKaMU SIUKA YKIIaIbIBa-
JIOCh LIEJI0€ YUCIIO €€ BOJIH Je-bpoiiist. MHade roBops, yactuia, ¢ yueToM €€ BOJIHO-
BBIX CBOMCTB, JOJKHA 00pa30BBIBATH CTOSYYIO BOHY. B ciydae ¢ anbda-gactureit
POJIb MOTEHIMAIBHOTO SIUKA UTPaeT aapo paguyca R . Xopouio u3BeCTHO U3 KBaH-

TOBOM MCXAaHHMKH, YTO 4YaCTulla B IIOTCHIHNAJIBHOM SITUKEC MMCECT I[HCKpGTHBIfI Ha60p
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3HaYeHU UMIyJbca. JTO 3HAYUT, YTO CKOPOCTh TOKE HMMEET JUCKPETHBbIN Habop

3H3‘-I€HHI>1, oNpcACIIEICMbIX COOTHOIICHHUCM

nh
2R=nk="—, (1.2.26)

P
rame n — pHI[ IOCJIBIX ITOJOKUTCIIBHBIX YHCCII. MI/IHI/IMaHBHOC BO3MOXHOC 3HAUCHUC

CKOPOCTH:
h
v o= (1227)
2mR

Jlnst pacueta BepoOSITHOCTU ajib(a-pacnaza B €IMHMUILY BPEMEHH, T.e. IS
HaXOXKJIEHHs TOCTOSHHOM pacnana A, HEOOXOJUMMO BEPOSTHOCTH IPOXOKICHUS B

CIVMHHUYHOM aKTC BSaHMOHCﬁCTBHH YMHOXHUTDb HA YUCJIO B3aI/IMOI[€I\/iCTBI/II\/i B CAMHUIY

BPEMEHH:
A=pY o M| e N2m ] (12.28)
2R 4mR’ h JT
Jlorapu(MHpPys 3TO BBIPAKEHHUE, TTOTYYAEM:
ng—_me~N2m 1 h VA4 g (1229

n JR—
o T \4mR*) T

Oto pesynbraT Teopuu ['amoBa mis anbga-pacnaga, aHaJIOr SMIUPHUECKOTO
3akoHa ['elirepa-Heromna. XoTsa TeopeTnuecku moiaydyeHHoe Beipakenue (1.2.29) ne
ceoautcs k (1.1.1), pe3ynbTar pacueToB Mo ABYM 3TUM (opMyjiaM MOJydaeTcs Mpu-
MEpHO OJIMHAKOBBIM OJ1aroapsi y30CTd auanasona 3Hadenuii 1 . Kpome toro, Teope-
TUYECKOE BBIPAKEHHWE JAaeT KOCBEHHBIM crocod OleHKU paauyca aibda-
PaAMOAKTUBHOTO fAJ]Ipa, YTO, HApsAy C MacC-CHEKTPOCKOMMYECKUMHU H3MEPEHUSIMU,
MTO3BOJISIIO OLIEHUBATH Pa3MepHI siIep A0 MOSBIEHUS YCKOPUTENIEH YaCTHLI.

Crnenyer OTMETUTD JIBA OCHOBHBIX MPUONMKEHHs] Teopun ['aMoBa, KOTOpbIe HE
MI03BOJISIFOT €ii OMKCHIBATh PA3IMYHOE 3HAUYCHHE Kod(hduuuenta B st pa3mudHbIX
PaAMOAaKTUBHBIX PsAIOB. Bo-miepBbIX, 3T0 MpUOIMKeHre chepruuecKoro sapa, KOTopoe
OyZeT BEpHBIM TOJBKO JIJISl YETHO-YETHBIX SIIEP, UMEIOIIUX HYJIEBOU KBAAPYHOIbHBIN

MOMEHT, T.€. JJI1 YPaHOBOTO psifia. AKTMHOYPAHOBBIA U TOPUEBBIN Psibl OYIyT CO-
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AepxaTh S7pa CO 3HAUUTEIbHBIM OTKJIOHEHUEM (DOPMBI A1ipa OT cPeprudecKoid, KBaj-
PYNOJBHBIE MOMEHTBI HEKOTOPBIX TSDKENBIX SIAEP MOLYT JOCTUIaTh 3Ha4yeHUs 23
O0apH. Bo-BTophiX, Monenb ['amoBa mpennosnaraer anb(a-dyacTuily Kak yxe Cyllle-
CTBYIOLIYIO BHYTPH s1/Ipa, B JCHCTBUTEIBHOCTH XK€ CIEAYET pacCMAaTpUBATh KOHEY-

HYI0 BEPOSITHOCTh 00pa30BaHus anb(a-4acTULIbI.

1.3. 3akoHbI coxpaHeHHs B ajJb(pa-pacnajae

Kak yxe oTmeudanoch BbIlIe, anb(a-pacmag MPOUCXOAUT C BBIMOIHEHHEM
KJIACCUUECKUX 3aKOHOB COXpaHEHMs 3HEepruu U umiysbca. Kpome storo, cnemyer
paccMOTpeETh €II€ OAMH 3aKOH COXPaHEHMsI — MOMEHTA KOJIMYECTBA JBUKEHUSI, KOTO-
PBIii, B CBOIO 0YEPE/Ib, CBSA3AH C 3aKOHOM COXPAaHEHHsI YETHOCTH, UMEIOIIUM KBAHTO-
BOMEXaHUYECKOE MTPOUCXOKACHHUE.

PaccmoTrpuM peakiuio ¢ 00pa3oBaHIEM COCTABHOIO SPa:
19 20 * 18 *
I+ p—> Ne - 0. (1.3.1)
31ech 3Be37109Ka 03HAYAET AP0 B BO3OYKAEHHOM cocTosiHMU. Kak MOKHO BHIIETh, B
) 18
pesyJbTaTe 9TON peakuuu Beerga noiydaercs sapo O B BO3OYKISHHOM COCTOSI-

Hun. CxeMa ypoBHEW SHEPIUH YYacTBYIOIIMX B PEAKLIMHU SIIEp U NIOKa3aHa Ha puc. 7.

T 11amsB
p a
o 6.13 |4
9 +
"12.8MaB o 6.05 |,
2Ne 1
4.7M3B
Y O+
*O+a

Puc. 7. ITpumep COBMECTHOTO JIEUCTBUS 3aKOHOB COXPAHEHHSI MOMEHTA KOJIMYECTBA

JABUKCHHUA 1 YCTHOCTH
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20 * 18
O6o3nauns cruusl siaep ,Ne n O xak J, u J,, a takke cnuH anbgha-

. o 18
qacTunbl J = 0 ueé OpOUTANBHBIN MOMEHT OTHOCHUTEIHHO JIOYEPHETO spa 80
Kak L , MOJKHO 3aIliMCaTh 3aKOH COXPaHCHUA MOMCHTA KOJIMYCCTBA ABUIKCHHA:
J,=J,+J +L, (1.3.2)
1 3aKOH COXpPAaHCHUA YCTHOCTHU:
L
P, =P P (-1)". (1.3.3)
HamomauM, 4TO omepatop 4eTHOCTH P ONMUCHIBAEeT MpeoOpa3oBaHue 7 — —7 ,

pHU KOTOPOM ceprudeckue GyHKIIMN MEHSAIOT 3HAK 10 MPaBUILY:

PY, (0,)=(-1)Y,(6,9). (1.3.4)
To ecTh ueTHOCTH BOIHOBOM PYHKIIMU aib(a-uyacTHIIbL:
P=(-1). (1.3.5)

Hcnonb3yst mpaBWiIO CIOKEHUSI KBAHTOBOMEXAHUYECKUX BEKTOPOB, MOIy4YaeM
eIMHCTBEHHOE BO3MOKHOE 3HadeHne L =1 npu anbha-pacraje B OCHOBHOE COCTOSI-

HUC 1;3 0. Ho B aToM ClIy4dac HC BBIIOJIHACTCA 3aKOH COXpPaHCHUA YCTHOCTHU!
1
+1=FD(H1D)(-1) . (1.3.6)
o 18
Io Toit ke mpUYNHE HEBO3MOXKEH pacmaj B mepBoe Bo30yxaeHHOe coctostaue 0.

Pacnan BO BTOpPOC B036Y)KI[CHHOC COCTOAHHE C BBIIMOJHCHHUCM 3aKOHa COXPAaHCHHA
YETHOCTHU IMPOUCXOAUT IIPpU CAWMHCTBCHHOM 3HAYCHHU L=3 us TPEX BO3MOKHBIX

L =2,3,4. DkcniepuMeHTaIBHO YCTAHOBIEHO, YTO COOTHOLIEHHE BEPOSTHOCTEH Tie-

pexomoB 1" —> 0" u 1" — 3™ ne npesbimaer 107, uto cBUgETENLCTBYET O BBHINOII-

HCHHH 3aKOHA COXPaHCHHUA YCTHOCTH B CHIIbHBIX BSaHMOHeﬁCTBHHX.
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2. MOJIYITPOBOJHUKOBBIE JETEKTOPBI

Anbda-dactuipl 001a1at0T HEOOIBIION MPOHUKAIOIIEH CTIOCOOHOCTHIO, B BO3-
JyXe MpU HOPMaJbHBIX YCIOBUSX MX JAJIMHA npodera He npesbimaeTr 10 cMm, B TBep-
IBIX TeJaX — COTEH MHUKPOH. DTO CBOWMCTBO JejaeT Haubosee yIoOHbIMU IS UX pe-
TUCTPALMK NOJIyIPOBOAHUKOBBIE 1eTeKTOpsI (I1I11/1), mOCKOIBbKY B HUX MPOLIE BCETO
o0ecneunTh JOCTYIHOCTh paboyero BElecTBa JETEKTopa s ajlb(ha-4acTHll.

[To mpunnumy padotsr IIIIJ] mpencraBistoT coboii TBEpAOTEIbHbIE HOHU3A-
UOHHBIE KaMepbl, B KOTOPBIX aHAJIOTOM 3apsAJ0BBIX NP 3JIEKTPOH-UOH BBICTYNAOT
3apsA0BbIE Maphl JJIEKTPOH-IbIpKa. ONUINEeM BKpaTLie OCHOBHBIC IIOJIOXKEHUS U pe-
3yJbTaThl 30HHOW TEOPHH TBEPJIOTO TEJa, BAXKHBIE JJIs1 HOHUMAaHUS TPUHIMIIOB paldo-
oI TIT1/].

B otnuune oT 0AMHOYHBIX aTOMOB C IMUCKPETHBIM HA0OPOM YpOBHEH SHEPTHUH,
JUIl CBSI3aHHBIX AJIEKTPOHOB M KOHTUHYYMa COCTOSIHUM JIJIsl CBOOOJHBIX 3JIEKTPOHOB,
aTOMbI, OOBbEIMHEHHBIE B KPUCTAJUIMYECKOM pEIIETKE, MOJy4aroT 30HHBIE aHAJIOTU
JUISl TAUCKPETHBIX YPOBHEW M 3aIIPELIEHHBIE COCTOSHMS I HEKOTOPBIX 3HAYEHUH
UMITyJIbCa JEKTPOHOB. CBs3aHHBIE 3JIEKTPOHBI ATOMOB (POPMUPYIOT BAJIEHTHYIO 30-
HY, BHEIIIHUE 3JIEKTPOHBI aTOMOB MOTYT NE€pecTaTh ObITh JIOKAJN30BaHHBIMU U HAUU-
HAIOT CBOOOJHO TMepeMeniaThes no Kpucramuty. KauecTBeHHO MOsBIICHUE 3ampeiéH-
HOW 30HBI ISl «CBOOOJHBIX» AJIEKTPOHOB OOBACHIETCS MHTEP(EPEHIIMOHHBIMU (-
dexkTamMu Ui BOJTHOBOM (DYHKIIMHM 3JEKTPOHA MPU €ro JBMKEHHHM B KpHUCTaJUIdde-
cKoM 1oJie. KpucTain no OTHOIIEHHUIO K 3JEKTPOHAM BeJeT cedst mo100HO 3-MepHOU
IUPPaKIUOHHON pemieTke. Hanuuue 30H BMECTO IUCKPETHBIX YPOBHEW DHEPIUM B
BaJICHTHOM 30HE OOBIICHIETCSI BO3SMOYKHOCTBIO 3JIEKTPOHAM 3aHUMATh 00pa3yIOIIHecs
BAaKaHCUHU B COCEAHMX aTOMax, T.€. KOHEUYHBIM BPEMEHEM KU3HHU COOTBETCTBYIOLIUX
ANEKTPOHHBIX COCTOSIHMM. brarogaps ’ToMy BaKaHCUHM B BaJICHTHOW 30HE ITOJYy4YarOT
CTaTyC IOJIOKUTEIIBHO 3apSKEHHBIX KBAa3UYACTHULl — JBIPOK, U UMEKOT BO3MOXKHOCTb
epeMeIarbes o Kpuctaury. Koneynoe BpeMst KU3HA BaKaHCUHM B BAJICHTHOM 30HE
KOHKPETHOTO aTOMa NPHUBOJUT K Pa3MBITHIO YHEPreTHYECKOrO0 YPOBHS M3-3a COOT-

HOIIIEHUs HeorpeaeneHHocTel ['eiizenoepra u GopMUPOBAHHUIO BAJICHTHOM 30HBI.
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[[luprHa 3anpeleHHoN 30HbI KPEMHHS IPU KOMHATHOM TEMIEpaType paBHa
1.15 3B. Hanuuue npumeceid B NOTYNPOBOAHUKAX OTPAKAETCA HA UX 30HHOM CTPYK-
Typ€ B BUJE YPOBHs, OTCTOSILETO HA IECITKU MUJUIMAJIEKTPOHBOJIBT OT HUXKHETO WIIU
BEPXHETO Kpas 3alpeIieHHON 30HBI.

ITpu nonananum anbda-yacTULB! B MOIYIPOBOAHUKOBBIA KPUCTAILT 00pa3yeT-
cs1 0OJIBIIOE KOJIMYECTBO AJIEKTPOH-IBIPOUYHBIX AP, NPUYEM UX KOJIUYECTBO MOXKET
OBITh OLICHEHO U3 YCJIOBHUA, YTO Ha 0O0pa3oBaHHE OJHOM Mapbl BHE 3aBUCHUMOCTH OT
DHEPIrUM PErUCTPUPYEMOM YaCTHULBI PACXOAYETCS B CPEIHEM IHep2usi UOHU3AYUU
3.66 3B. Ora BenuuMHA MEHBIIE AHAIOTMYHBIX 3HAYEHUN M7 ra3opas3psaHbIX H
CIMHTUJUIAIMOHHEIX JeTeKTopoB ~30 3B 1 ~300 3B cooTBeTCTBEHHO, YeM 00YCIIOB-
JIEHO BbICOKOE€ nHepretuueckoe paspewmenue IIITJI. IIpenenbHoe sHEpreTmueckoe

paspCuIcHnuc 77 (OTHOHIGHI/IG IIUPUHBI JIMHUKW HA ITIOJIOBUHC €€ BBICOTHI K MOJIOKCHHUIO

JUHUY, MO0 B €IMHUIIAX DHEPTUH, TUOO B HOMEPAX KaHAJIOB) OMPEACISACTCS CTAaTH-

CTUYECKUMHU (IIYKTyallUssMH 4Yuclia N POKIEHHBIX 3apsOBbIX MHap, MPONOPLHUO-

HajbpHOE ~/ IV . JIeCTBHUTENBHO, MoJiaras MOHU3AIMIO OT PETHUCTPAIMH YaCTHIBI C
SHEPruer E paBHOM SKBUBAJICHTHOM CYMMAapHOM MOHU3ALMU OT OJJHOBPEMEHHOM pe-

TUCTpAlUK JIBYX YacTHL ¢ dHepruei £ /2 (4ucno poKIEHHBIX 3apSIOBBIX MHap

N /2), nonyaaem, 9To CpesHEKBaAPATHIHbIC OTKIOHEHHS O, U O ,,, TOJDKHBI ObITh

E/2

CBsA3aHBI COOTHOIIICHHUECM:

2
E/2

c,=0,,+0,, =20,,. (2.1)
PaccMoTpeHHBI TIpUMEP MOXKHO PaclpOCTPaHUTh HA MBICIICHHBINH JKCIICPHU-

MEHT C pPa30MEHUEM DHEPTUU PETUCTPUPYEMON YaCTHIIBI HA CKOJb YTOJAHO OOJIBIIOE

gyucio yacted. Takol mpuéM mo3BOJISIET IPUMEHUTH IIEHTPAIBHYIO TIPEACIbHYIO TE€O-

pEMy TECOpHUHU BEPOSTHOCTEH M TOKa3bIBAET, YTO JAMCIICPCHS YHCIIa 00pa30BaHHBIX 3a-

PSIOBBIX TIap mponopuuoHaibHa /N, a GopMa HMIcaabHON CIEKTPAIbHON JIMHHA

OIMKMCBIBACTCSI HOPMaJIBHBIM pacipeaeiienneM uin ¢pyHknuei ["aycca.
DHEepPreTHuecKoe pa3perieHue MOKET ObITh BBIPAKEHO:

_AE AN _FJN _F

" E N N JIN'

n 2.2)
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3nece - dakrop Pano, KOAPGHUIUMEHT MOPSAKA €IMHHUIIBI, BIIEPBBIC BBEIEHHBIN
®aHo mpH IETaTbHOM PACCMOTPEHUU CTATUCTUYECKUX (IIYKTyallil 4yucia poKIeH-
HbIX MOHU3HUPYIOIIUM HU3JIyYEHUEM 3apAJIOBBIX MAp B Ta30pa3psaHbIX AETEKTOpaXx.
Jli1st KpeMHust TeopeTndeckoe 3Hadenue = 0.115. ®akrop Pano BMecTe ¢ SHEpPruei
MOHU3AIMU ONPEEIET NPEACIbHO JOCTH)KUMOE Ha JAHHOM THUIIE IETEKTOPOB SHEP-
TFETUYECKOE paspelieHue. [[ns ra3zopa3psOHbIX JETEKTOPOB THUIWUYHOE 3HAUYEHUE
F'=0.2. Yucro myacCOHOBCKOMY IPOIECCY COOTBETCTBYET I = 1.

JleficTBUTENBHOE pa3pellieHne MOXKET ObITh YXYAIIEHO MHOTUMH (haKTOopamu, B
OCHOBHOM Kay€CTBOM MCIOJHEHUS JAETEKTOpa, €ro MCTOYHHMKA MUTAHUS U LIyMaMH
npenycunutens. B ciydae ¢ nmerektupoBaHueM anb(a-4acTUI] BAXXHYIO POJIb TAKXKe
UrpaeT KOHEYHAas TOJIMHA BXOJHOI'O OKHA, TaK Ha3blBaeMasi MepTBasi 00JacTh Je-
TEKTOpPa, B KOTOPOM ajlb(a-uyacTHIIbI CIIy4aiiHBIM 00pa30M TEPSIIOT CBOIO SHEPTHIO.

Jns obecneyenuss »dpdexTuBHOr0 cbopa 00pa30BaBIIETOCS B Ppe3ysbTaTe
MOHM3ALIMHU 3apsiia HE00X0AUMO, YTOOBI BpeMs cOopa ObIJI0 MHOTO MEHbIIIE BPEMEHH
KHU3HU CBOOOIHBIX HocuTenei. KoneuHnoe BpeMs KnU3HH CBOOOIHBIX HOCUTENEH 00y-
CJIOBJIEHO CTPEMIIEHUEM K TEPMOJIMHAMUYECKOMY PABHOBECHIO, B IIPOLIECCE KOTOPOTO
M30BITOYHAS] SHEPTHUS 3apAJOBBIX Map MEPEXOAUT B TEIJIOBYIO SHEPTUIO0 KPUCTAJLIU-
yeckol pemétku. Kpome Toro, Heo6X0auMo, YTOOBI IO BO3MOXKHOCTH HE OBLIO JpY-
TUX HOCUTEJIEH 3apsAJia, HE CBSA3aHHBIX C PETMCTPALUEN MOHU3UPYIOLIETO U3IIYYEHUS.
[Io »>tum nmpuumnam B paboueit obmactu I/l momxHa OBITH co3maHa BBICOKAS
HAMPsHKEHHOCTD AJIEKTPUYECKOTO MOl M KPUCTAT JOJKEH OBbITh OeCIPUMECHBIM.
KpemHuli cBEpXBBICOKOW YHUCTOTHI, IPUMEHSAEMBIN I CO3MAHUS YCTPOUCTB MUKPO-
SIEKTPOHUKM, XapakTepusyercs KomudecTBoM mpumecein 107..108 ar.%, 4ro coot-
BETCTBYET MOSBJICHUIO IAPAa3UTHBIX HOCHTENEN 3apsaaa nopsaaka 10'1..10'% B nerexro-
pe ¢ pabouum ob6wveMoM 10x10x1 mm. Peructpamnus anbda-dyacTuiiel ¢ dHepruei
5 MoB npuBoauT K mosBiIeHuio nopsaka 10° 3apsnoBeix map. Takoe COOTHOIIEHUE
JIeaeT PErUCTPALMIO YAaCTUL C TIOMOLIBI0 MOHOKPHUCTAIIA OJYIPOBOJHUKA TEXHU-
YECKHU TPYAHOU 3amaueid. [1o 3Toi npuYnHE SKBUBAJIEHT CBEPXBBICOKOUHUCTOIO IMOTY-

MPOBOJTHUKA CO3MAETCS C TIOMOIIBIO P-N EPeXoa.
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B mpuBenEHHBIX B CONMPUKOCHOBEHUE OOMACTAX P U N MOJTYIPOBOAHUKA HAYH-
HAETCs MepepacnpeesieHue 3apsaaa, JIEKTPOHBI CTPEMSITCSI CKOMIIEHCUPOBATD 3apsij
JLIPOK B P-00J1aCTH M HA000POT, ABIPKH TuDPyHAUPYIOT B n-o0sacth. B pesynbTarte
p-00J1acTh OKa3bIBAETCSl OTPHUIATENILHO 3apsDKEHHOM, N-0071acTh MOJOXKHUTEIBHO, a B
00JIaCTH Tepexo/ia BO3HUKAET AJIEKTPUUECKOE IMoJie, MpensiTcTBYyolee Auddy3uu
HocuTenen 3apsana. [Ipouecc 3akaHuMBaeTcs BbIpaBHMBaHHEM ypoBHell depMu nBYX
«SIIUKOB» C AJIEKTPOHHBIM Ta3oM, T.€. BO3HHKAET KOHTaKTHAs Pa3HOCTb MOTEHIUA-
70B nopszika 1 B, mpu koTopo#t p-n nepexoj; HaXOAUTCS B TEPMOJUHAMUYECKOM PaB-
HOBecuH. B MecTe koHTakTa 0Opa3yeTcs TOHKUN CIIoi, 00eTHEHHBIM HOCUTENIAMH 3a-
psiaa, MOCKOJIbKY OHHM CeMapupyIOTCs KOHTAaKTHBIM mnojeM. [Ipunoxenue kK n-ooaactu
MOJIOKHUTENIBHOTO, a K p-00JIaCTH OTPHUIATEIbHOIO MOTEHIIMANIA MPUBOJIUT K YBEJIH-
YEHHIO KOHTAKTHOTO MOJISl U K POCTY O0eAHEHHON HocuTensaMu obnactu. Haunnas ¢
HEKOTOPOTO MPENeTbHOTO OOpaTHOrO0 CMELIEHHUs HACTYIMaeT JaBMHOOOpa3HOEe pas-
MHOXKEHHE pOXKAEHHBIX B pe3yJibTaTe TEIJIOBBIX (PIIyKTyaluid HocuTesel 3apsaa (a-
BUHHBIN MPOOOI), 9TO MIPUBOJUT K JABUHOOOPA3HOMY POCTY TOKa 4epe3 p-n Mepexos
U, B CJIy4ae HEMPUHATUS MEP IO €ro OrpaHuUYEHUI0, TEIJIOBOE pa3pyllIeHUe p-n nepe-
xo1a. Pabota oOpaTHOCMEMIEHHOTO P-n NMEpexo/ia MPH HAMPSHKEHUSIX 10 TPOOOHHOTO
(OOBIYHO HECKOIBKO JIECATKOB WJIM COTEH BOJIBT) MO3BOJIAET JOCTUYb TOJIIUH 00€-
HEHHOW 00J1acTH TIopsiiKa 1 MM.

Haubonee mpocTo neTeKTophl, MpUMEHSEMBbIE IJIsl ACTEKTHPOBAHHS anbda-
YacTHI], MOTYT OBbITh BBIIIOJTHEHBI Ha 0a3e KPEMHUS CO3aHHUEM TOHKOTO CJIOSl N-TUMa
Ha MOBEPXHOCTH MOJYIPOBOJAHUKOBOIO KPUCTANIA P-TUIA MPOBOAUMOCTH. J{Jist 3TO-
ro au¢¢Gy3uoHHBIM CIOCOOOM BBOJUTCS TOHOpHAs MpUMeECh, Hampumep, dpocdop, B
KOJIMYECTBE C U30BITKOM, KOMIIEHCUPYIOIIUM BKJIAJ JABIPOYHON MPOBOAUMOCTH KpH-

CTaJly1a-I10 JJI0XKKH.
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3. BOITPOCHI JIsA CAMOIIOATOTOBKHA

10.

11.

12.

13.

14.

[Touemy anba-pacmaj BCTpedaeTcs B IPUPOAE TOJIBKO AJIS TSKENbIX saep?
[Touemy ucmnyckaercs anb(ha-yacTuua, a He aJIpo JeUTepus, Hanpumep?
MaxkcruManbHBIM SHEPTUsAM alb(a-4acTUIl COOTBETCTBYIOT JOJITOKUBYILIUE WIIH
KOPOTKOXKHUBYIIIUE siipa’?

Yem 0O0BsICHSIETCS CYIIECTBOBAaHME HEOOJBIIOTO yMcia anb(a-paJuoaKTUBHBIX
AJIep CPEU PEAKO3EMETBHBIX AIEMEHTOB?

Kaxoii kBanToBOMexaHu4eckuit 3(h(PpexT JeKUuT B OCHOBE anbda-pacraaa’?
Ouenure pasmep o01acTH, B KOTOPOM aib(a-dyacTuiia HaXOAUTCS B Moadapbep-
HOM COCTOSIHWH, U CPABHUTE €T0 C pa3MEPOM sapa.

OueHuTe 070 SHEPIUH CBSI3U si/ipa, MPUXOIAILYIOCS Ha aib(pa-4acTHIlbl, €Clid
CUUTATH SAPO COCTOSIIUM IEIMKOM U3 ajb(a-4yacTHIl.

Beinenure knroueBble, Ha Bam B3risin, sneMeHThl Teopuu ['amoBa M yKaxKHTe,
4yeM Teopus IpeHeOperaer.

CBoauTtcst 1 pe3ynbTaT mojaeiu ['amoBa K smnupuyeckoMmy 3akoHy [ 'eitrepa-
Heronna?

Brimonusitores au B anbga-pacnane KIacCUYECKHUe 3aKOHbI COXPAaHEHUS U 3aKOH
COXpaHEHUSI YETHOCTHU?

[ToyueMy MOTYIPOBOJIHUKOBBIE JNETEKTOPBI BBITOJHBI JJI1 UCIOIb30BAHUS B AJIb-
(ba-crekTpockonuu?

UTo Takoe PHEPreTUYECKOe pa3peuieHrue CIEKTPOMETPA U YEM OHO OIpEIeTsieT-
ca?

Onuimure nporecchl, MPOUCXOAIINE B MOIYIPOBOIHUKOBOM JAETEKTOpE Ha 0ase
p-h mepexoaa Npu perucTpani HOHU3UPYIOIIEH YaCTHULIbI.

Jlnis gero TpebOBaIOCh BaKyyMHUPOBAaHUE KaMephl CIIEKTpoMeTpa?
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CNPABOYHbIE U AONOJNIHUTEJIbHBIE MATEPUAIbI

233
U

o,=48242 B &
o2=4783,5 xaB
o3=4729,2 x3B

229Th

238
Pu

g 29% 2+
a,=5499,0 B ™ 0+

a2= 5456,5 k3B

234
U

239
Pu

12%

- 5/2+
7%  3/2+
a,=5156,6 x3B UN_71% 1/2+
az2=5143,8 x»B

o= 5105,8 xaB

235
U

o, = 5762,7 x3B
oz2= 5804,8 x3B

Puc. 8. Cxembl pacniazia HEKOTOPBIX HYKJIHIOB
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TopueBbIv pag HenTyHneBbIN psg
(A=4n) (A=4n+1)
NS
N=A-Z T A-2 T 'o
e Pa 233
228 | | Y
140 Ra 228 — 140 1+ 220
8C 226 Th
Th =" 225
224 Ro 4 225
Ra /AC S
mz& /z_‘grza .
216
) At
372 bt a3y |
130 (— Pb o p22 130 Bi &1 213
‘ : 212 T 209 pPo 1
1208 Po Tl }
£, 208 | o290 B.izm
T2
| 1
80 84 88 92 Z 80 84 88 92 Z
YpaHoBbIn pag AKTUHOYpaHOBbIN paL
(A=4n+2) 238 (A=4n+3)
N=A-Z 2 N=A-2Z
- " 234 | |
Th o 5,24 235
234 v
v 23
230 h 3
140 T™h 140 t b
228 P
Ra e
MW a2 234 ATh
R " NZ 223
218 Ra
24 /10 o2
Pb 214 /[Rn
B Y (o
130 F—_ 2
R 1'% I Pb "(Bizul
0] Bi Tk B 20
P 210 LTU < Po
/o6, o
[Pb

80 84 88 92 Z

80 84 88 92 Z

Puc. 9. PannoakTuBHbBIE LETIOYKH (PSJIbI).

HenryHuesblii psa HE BCTpedaeTcst B IPUPOIE

27



Tabnuya

9H€pFI/II/I 0-4aCTHULl HCKOTOPBIX HYKIINIO0B

E., M>B Hyxkann E.,, MsB Hykaun E.,, MsB Hyxaun
1.83 Nd-144 5.276 Am-243 6.126 Fr-221
2.14 Gd-152 5.305 Po-210 6.225 Th-226
2.23 Sm-147 5.307 Cm-245 6.278 Bi-211
2.46 Sm-146 5.321 U-232 6.28 At-219
2.50 Hf-174 5.343 Cm-246 6.288 Rn-220
2.73 Gd-150 5.343 Th-228 6.34 Th-226
3.18 Gd-148 5.360 Cm-245 6.340 Fr-221
3.18 Pt-190 5.386 Cm-246 6.424 Rn-219
3.957 Th-232 5.42 Bk-249 6.439 Es-254
4.016 Th-232 5.423 Th-228 6.551 Rn-219
4.15 U-238 5.443 Am-241 6.56 Ra-222
4.196 U-238 5.447 Ra-224 6.622 Bi-211
4.367 U-235 5.448 Bi-214 6.63 Es-253
4.397 U-235 5.454 Pu-238 6.65 At-218
4.416 U-235 5.486 Am-241 6.70 At-218
4.445 U-236 5.490 Rn-222 6.777 Po-216
4.494 U-236 5.499 Pu-238 6.818 Rn-219
4.557 U-235 5.512 Bi-214 7.022 Fm-255
4.568 Bi-210m 5.53 Bk-247 7.07 At-217
4.598 U-235 5.540 Ra-223 7.14 Rn-218
4.602 Ra-226 5.608 Ra-223 7.145 Fm-254
4.621 Th-230 5.677 Cf-251 7.200 Fm-254
4.688 Th-230 5.688 Bk-247 7.28 Po-211m
4.723 U-234 5.686 Ra-224 7.384 Po-215
4.737 Pa-231 5.709 Th-227 7.448 Po-211
4.765 Np-237 5.717 Ra-223 7.687 Po-214
4.770 Np-237 5.732 Ac-225 8.377 Po-213
4.774 U-234 5.741 Cm-243 8.785 Po-212
4.783 U-233 5.748 Ra-223 8.88 Po-211m
4.785 Ra-226 5.757 Th-227 11.65 Po-212m
4.787 Np-237 5.762 Cm-244

4.811 Th-229 5.785 Cm-243 IIpumeyanue: 6yKBOﬁ “m”s
4.824 U-233 5.794 Ac-225 HA3BAHMH  PaJMO0AKTHBHOIO
4.845 Th-229 5.806 Cm-244 u3oTona, Hanpumep, Bi-210m,
4.856 Pu-242 5.812 Cf-249 0003HAYEHBI siApa-u3oMephbl.
4.896 Pu-241 5.818 U-230

4.901 Th-229 5.830 Ac-225

4.901 Pu-242 5.852 Cf-251

4.91 Bi-210m 5.868 At-211

4.95 Ac-227 5.889 U-230

4.951 Pa-231 5.978 Th-227

4.946 Bi-210m 5.989 Cf-250

4.967 Th-229 5.992 Cm-243

5.012 Pa-231 6.002 Po-218

5.053 Th-229 6.031 Cf-250

5.058 Pa-231 6.038 Th-227

5.105 Pu-239 6.051 Bi-212

5.123 Pu-240 6.056 Cm-243

5.143 Pu-239 6.069 Cm-242

5.156 Pu-239 6.076 Cf-252

5.159 Pu-240 6.090 Bi-212

5.234 Am-243 6.113 Cm-242

5.264 U-232 6.118 Cf-252
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