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llamamu
Hcaaka fkosresuua Ilomepanuyra

[MTPEJVCJ/IOBHUE

Dra KHUra nocBsimieHa (U3HKe 3JeMeHTapHbIX
YyacCTHIl, CHJaM, JeHCTBYIOLIUM MeXAY HHMH.

[Ipexnae Bcero — HECKOJbKO CJIOB O Ha3BaHHH KHHIH.

Hauano coBpeMeHHbIM Hcc/eOBaHUAM (DyHIAMEHTATbHBIX
CHJT MEXK]JY YaCTHLAMH MOJI0XKUJIO B 1896 r. OTKpbITHE PafHOaK-
THBHOCTH M .JIOCJIEJIOBABLICE 3aTeM H3y4YeHHe -, - U y-Jayued.
3aBepuieHreM GOJBIIOrO NMepHOAA MCCAENOBaHUH ObLIO J0J-
rOXKJIaHHPE U T€M He MEHee CEeHCAllMOHHOe OTKpbiTHe B 1983 r.
W- u Z-6030H0B. Orciona sariiaBue KHuru: afy. . .Z. Ho kuura
31a He 00 UCTOPHH (PU3HMKH, a O €e COBPEMEHHOM COCTOSIHUH H
nepcriektuBax. Beab ortkpeite W- n Z-6030HOB — 3TO- OIHO-
BpPeMEHHO M HayaJo HOBOr0 MHorooGellarouiero arana. @usu-
Ka — He andaBuT, U Ha Z ee pa3BUTHe He KoHuaercsi. B Heko-
TOPOM CMbIc/Ie Ha3BaHue afy. . .Z yKasblBaer Ha TO, 4YTO KHHTa
sBJsieTcsl, TaK CKa3aTb, OyKBapeM, BBeIEHHEM B asbl COBpe-
MeHHOH (pyHIaMeHTaJbHOH (H3UKH.

B ocHOBy KHHIU Jleryd HayYHO-NOMYJISpHbIE JIEKUHH, KO-
TOpHle MHE HPUXOJUJIOCH BPeMs OT BPeMeHH YHTAThb JIOMsM,
JaJIeKuM OT (PU3HKH 3JIEMEHTAPHbIX YACTHIl, 4 MHOTAA Ja/IeKUM
H or ¢pu3uKH BooOwWe. [TocnenHsass U3 3THX JNEeKUUH COCTOSIACh
geroM 1983 r., cpasy mnocae€ otkpbitHsi Z-6030Ha. OGayMmbiBas
3ajlaHHble BO BpeMs JIEKIUH BONPOCH, S U HAMETHJI IJIaH 3TOH
KHHTH. .

1 crapasicst HanKHCaTh KHUTY TaK, YTOObI €€ MOT MOHATH Ye-
AOBEK, OKOHYHMBIUMH HJHM OKAHYMBAIOUWUHA CPENHION LIKOJIY H
aKTHBHO HHTepecylomuiica ¢usukoh. § paccuurtbiBag Ha TO,
uto Mo# 6y iyl Uil yutatesab GoJiee U MeHee peryJisipHo 3aris-
LbIBAET B OYepeAHble BEIYCKH XypHana «KBaum u yxe npouu-
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TaJl Mo KpaiHell Mepe HEKOTOPhIe U3 KHHUT cepuH «bubanoreuka
«KBaHT». (3amerbTe, YTO PHCYHOK Ha OOJIOKKE 3TOH KHHIH
BKJIIOYaeT B ce0si CUMBOJIMUECKOe H300paxkeHue a-, PB- H y-
Jdyuyefi ¢ OOJIOKKH NepBOA KHHIH, OTKDHIBILIEH 3Ty cepHio,—
kHurn M. I1. Bponwrefina «ATOMBI H 3JIEKFPOHBI».)

OcHoOBHasi onacHOCTb, KOTOpasi MeHsl NOJcTeperania Ha Kax-
JOH CTpaHHIle,— 5TO HENPOH3BOIBHOE KeJaHHe COOOLIUTH YH-
TaTeJII0 He TOJNILKO CaMoe IJIaBHOe, HO M Pas3/IHYHble BTOPOCTE-
NeHHble JeTalH, KOTOphle IOCTAaBJSIOT TaKoe YIOBOJLCTBHE
CrelMalucTaM H Tak MeUaloT HauWHaiowuM. DBotock, 4to B
HEKOTODHIX CJyuasiX s HEeJOCTATOYHO «IIPONOJIOJ» TEKCT, a B
HEeKOTOPHIX — IepeycepACTBOBAI.

Mue camomy GbIO HHTEPECHO OTOGpPaTh HanGosee BaxKHBIE
éBelleHHsI, 0e3)KaJOCTHO OTOGPOCHB BCE MeHee CYIIECTBEHHOE.
Cyayana s XOTeJl OIDaHHYHTHCS MHHHMYMOM TEPMHHOB H
noHatu#A. Ho mo Mepe HanHcaHHs KHHTH OGHApyKHBaJIOCh, Y4TO
6e3 HEKOTOPBIX TEDMHHOB, 6€3 KOTOPHIX 5 BHayaje HaJesJics
OOOHTHCH, HeJb3sl OOBSICHUTL CYTh TeX HJH HHBIX SIBJIEHHH;
TI03TOMY K KOHILy KHHTa yCJQXKHsAeTcs. Beib 01Ha H3 OCHOBHBIX
TPYAHOCTeH NMPH 3HAKOMCTBE C HOBOH 06JIaCTHIO HAyKH — 3TO
oGHJIHe HOBBIX TEPMHHOB. B moMoub yuTaTtesio mocse Ipeauc-
JIOBHSI TPHBELEHA «LINAprajlka» — CBOJKAa OCHOBHBIX NMOHSTHH
(U3UKH 3/1eMEHTapHBIX YJCTHII.

®u3KNKy 3JeMEeHTapHBIX YAaCTHI YacTO HAasbIBAIOT (PU3UKOM
BBICOKHX 3Heprufl. Ilpomecch!, KoTophle H3yyaer (HH3HKa BBHICO-
KHX 5HEPTHi Ha NepBBbIH B3IVISAJ OueHb HEOOBIYHBI, HX 3K30TH-
yeCKHe CBOHACTBa MOpaxaioT BooGpaxkenue. Bmecrte ¢ TeM, eciu
BAYMAaTbCs, TO OKAXKETCS1, YTO B PSZie OTHOLIEHHH 3TH HPOIECCHI
OTJIMYAIOTCS OT TAKOro OOBIAEHHOTO SIBJIEHHS, KaK, CKaxeM,
ropeHue IpOB, He KayecTBEHHO, & TOJbKO KOJHYECTBEHHO —
BEJIMUHHOH 3HEproBbljesieHHsl. [1oaTOMy 51 HauHHalO KHHTY C
9JIeMeHTapHBIX BellleH U, B YaCTHOCTH, C KPAaTKOro OOCY2KJeHHSsI
TaKHX, Ka3aJ0Ch Obl, XOPOIIO U3BECTHHIX MOHATHH, KakK Macca
sHeprus u umnyJnc. [lpaBunbHoe o6palieHHe ¢ HIMH TIOMOKET
YUTATEJNI0 MOHATH IOCJENYIOHE CTPAHHIBI KHHTH.

Y310BBIM NOHSITHEM Bcell GyHAAMEHTaNbHOH GU3HKH SIBJISI-
eTcsl NOHATHe moJis. 1 HauHHAalo ero 06CcyXkAeHHe C XOPOILO U3-
BeCTHBIX IIKOJbHBIX IPUMEPOB H NOCTENEHHO 3HaAKOMJIIO UUTA-
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TeJsi ¢ TeM OOraTcTBOM YIUBHTEJBHBIX CBOHCTB, KOTOPBHIMH
06/1aJa10T KBAaHTOBaHHbIe MosIsl. Sl crapancs oGbSCHHTD IONPO-
e TO, YTO MOXKHO OOBSICHUTL 6GoJsiee HJIH MeHee npocro. Ho
JIO/DKEH MOUEPKHYTh, YTO JaJIeKO He Bce B COBPEMEHHOM (DH3HKe
MOXHO OGBACHHTbL TMPOCTO H YTO JUIS TIOHHMAHHS LEJNOro psiaa
BOIPOCOB HeOOXOAHMa JanbHellas yriaybJeHHas pabota yura-
TeJsl yXKe Haj APYTHMH, Gosiee CJIOXKHBIMH KHHIaMH.

[IpensapuTe/bHblll TEKCT KHHIH Obl1 3aKOHYEH B OKTSIOpe
1983 r. Ero npouurtanu JI. I'. Acnamasos, . B. 3enbaosuy,
B. U. Kucun, A. B. Koran, B. H. Koran, A.B. Murpan,
B.JI. Okyup u §I. A. Cmopoaunckuil.- OHH ciesald OyeHb
noJie3Hble 3aMeyaHusi, KOTOpble IO3BOJIUJIH MHE YIPOCTHTb
NePBOHAYATBHEI TEKCT, ONYCTHB PAL CPABHHTEIBHO CJIOKHBIX
MecT U 6Golee MOAPOGHO Pa3bACHHTb PAA Apyr#x. S rayGoko
6aaronapeH MM 3a 3to. §I Guaarogaped . I'. T'yaseBoi u
U. A. TepexoBoii 3a mOMOLLb IPH NOATOTOBKE PyKonucH. 1 npu-
3HaTeneH Kapmo Py66ua 3a paspellieHHe BOCIPOH3BECTH B
KHHTe PHCYHKH YCTAHOBKH, Ha KOTOPOH OLIIH OTKDBLITHI IIpOMe-
JKYyTOYHble GO30HHI.

C ocoboii TeryIOTOA H 6J1arofapHOCTbIO 1 XOTeJ 6bl CKa3aTh
3lecb O MOeM YuHuTele — akaleMuke lcaake $IkoBieBuue
[Tomepanuyke, KOTOpbifi BBel MeHS B MHD 3J€MEHTapPHBIX
YacTHL, H Hay4yus1 MeHst Moed npodeccuu. M. §1. Ilomepanuyk
HIPOXKUJI KOPOTKYIO XkH3Hb (1913—1966), Ho cnenan Heo6bluaiino
MHoro. Ero pa6othl chirpaiy ¢yHAaMeHTalbHYIO PO.Tb B LEJOM
psilie pa3fesoB (PU3HKH: B TEOPHH IUIJEKTPHKOB H M2TAJJOB, B
TEOPDHH KBAHTOBBIX XKHAKOCTeH, B TEOPHH YCKOpHTeJeH, B
TEOPHH sJIePHBIX PEAaKTOPOB, B TEODHH 3JIEMEHTAPHbIX YaCTHIL.

Ero o6pas — o6pa3 yenoBeka ¢aHaTHUECKH 1 GECKOPLICTHO
NpeJaHHoro Hayke, 4desloBeka, paboraBwiero 6es ycrai, c
OCTpeHIIHM HHTePecoM KO BCeMy HOBOMY, GeC(OafHO KPHTHY-
HOTO H CAMOKPHTHYHOTO, OT BCeH AyLIH PajyBaBLIEroCs Yy oMy
ycrexy — 3TOT 00pa3 >KMB B HaMsATH BCeX, KTO 3HaJa ero.
Caeryoii namstu Mcaaka flkosnesnua [ToMmcpaHuyka s nocesi-
130 3TY KHHUTY.

Mockea. Cenmsabpe 1984 e.



HWINAPTAJIKA: YACTHLLbI U B3AUMOAENACTBU A

ATOMBI COCTOST U3 3JEKTPOHOB €, 06pasyiClinX oGONOUKH,
¥ ajep. Slapa cocTosT U3 MPOTOHOB P U HEHTPOHOB ri. [IPOTOHBI ¥ HEHTPOHBI
COCTOSIT U3 KBAPKOB JIBYX THNOB, u U d: p=uud, n=ddu. CBo60aHbI /i HEHTPOH
HCILITHIBAET GeTa-pacnaj: n—»pev,, Tle V, — 3J1eKTPOHHOe aHTHHEATPHHO.
B ochoBe pacnana HefiTpOHa JIeXHT pacnaj d-kKBapKa: d—uev,.

IlpuTsiKenune 3/1eKTpPOHA K SAPY — TPHUMED IEKTPOMArHHTHOTO B3aH-
mojeicTBHA. B3auMHOe NpuUTsKEHHE KBapKOB — LpHMED CHJIbHOTO B3aH-
moneicTBus. Bera-pacnag — npuMep nposiBjeHus c1aGoro B3auMoReiicTBHS.
Kpome sTux Tpex ¢yHaaMeHTaNbHbIX B3AUMOAEHCTBUH BarKliyl0 POsib B MpPH-
polle urpaer yetBeproe ¢yyHIaMeHTaJbHOE B3aHMOJIeHCTBHE — rpaBHTALH-
OHHOe, NMPUTATHBAlOLlee BCE YaCTHUbl APYT K APYTY.

dynaMeHTaNbHble B3aUMOJEHCTBHSI ONHCHIBAIOTCS COOTBETCTBYIOLIHMH
CHJIOBbIMH NOJSIMH. B0o36yXAeHus 3THX noJeii NpeNCTaBsoT COOOH YacTHILb,
KOTOpble Ha3blBalOT ()YHAAMEHTAIbHbIMU GO30HAMH. DJIEKTPOMarHHTHOMY
noJio oTseyaeT ¢OTOH 7y, CHILHOMY — BOCEMb IVIOOHOB, cj1aCoMy — TpH
npomexyrounpix 6osona W+, W—, Z, 1paBHTaLlHOHHOMY — FPaBHTOH.

Y GOJbLIMHCTBA 4YacTHIL €CThb JBOHHHKH — AHTHYACTHUbI, HMEICLIKE
Te e MacChl, HO TPOTHBONOJIOXKHble 1O 3HAKY 3apsiiibl (HalPHUMEp, 3JeKTPH-
YecKHi, caabeiil). YacTuubl, COBNajaioHe CO CBOUMH AHTHYACTHLLAMH, T. €.
He HMelollMe HHKAKHX 3apsifioB, KaK, Hanpumep, QOTOH, Ha3bIBAalOT HCTHHHO
HEHTPaJbHbIMH.,

Hapsiny ¢ e n v, u3BeCTHBI elLie JBe Mapbl MOXOXHX Ha HHX YaCTHLL:
T8 VH u T, v_. Bce onn naswipaiorcs nentonamu. Hapsny c u- u d-KBapKaMu

H3BECTHDLI €ellle ABe napbi GoJiee MACCHBHBIX KRAPKOB: ¢, s W £, b. JIenTOHH u
KBapKH HasbiBalOT (PyHAAMEHTAJbHbIMH (HEPMHOHAMM.

YacTuup!, cocTosiiue H3 TpeX KBapKOB, Ha3blBalQT GapuoHamu, u3
KBapKa ¥ aHTHKBapKa — Me30HamM#. BapHOHbI 1 Me30HbI 06pa3yloT ceMeHCT-
BO CHJIbHOB3aMMOZEeHCTBYICIMX YaCTHL — aJPOHOB.



OCHOBHBIE YACTHLUbI: 3JIEKTPOH, NMPOTOH,
HEATPOH, ®OTOH

®usuka 3/1eMeHTapHBIX YacTHI[ H3yuyaeT MeJb-
yalilliie YacTHUIlbl, M3 KOTOPBIX TOCTPOEH OKPYKAIOUWIMH Hac
MHp U Mbl camH. Llesb 3TOro usyueHus — onpeLesuTh BHYTPEH-
HIOIO CTPYKTYPY 3THX YacCTHI[, HCCJEJOBaTh NPOLECCHl, B KOTO-
PBIX OHH YYacTBYIOT, U YCTAHOBHTb 3aKOHBI, KOTOpble yHpaB-
JISIIOT TEYEHHeM STHX IPOLECCOB.

OCHOBHBIM (HO He eJHHCTBEHHBIM!) 3KCIepHMEHTANbHBIM
MeTOIOM (PU3HKU 3JEeMEHTAPHBIX YaCTHI[ SABJASETCS NPOBEAEHHE
ONBITOB, B KOTOPBIX NMYYKH YaCTHIl BBICOKHX 3HEPTHH CTaJKH-
BAlOTCS1 C HENOABMKHBIMM MHUIIEHSAMH MJH JIPYr C JAPYrom.
UeM BbIllle 3HEPTHS CTOJKHOBEHHS, TeM GOraue MpoLEcChl
B3aUMOJEHCTBUS MEXIY YacTHUAMH U TeM OOJblie Mbl MOXKeM
y3HaTh O HHX. FIMeHHO mosToMy cerofHsl (H3HUKa 3JeMeHTap-
HBIX 4acTHI M (PM3HKA BBICOKHX SHEPTHH — 3TO INOYTH CHHO-
HuMbl. Ho MBI HayHeM Hamle 3HaKOMCTBO C YacTHIAMH He ¢
BBICOKOSHEPTHUYHBIX CTOJKHOBEHHH, a C QOBIYHBIX aTOMOB.

XopolIo H3BECTHO, YTO BELIECTBO COCTOHT H3 aTOMOB H YTO
aToMbl uMeloT pasmepbl nopsaka 107® cm. Pasmepnl atomos
onpeje/soTCa pasMepaMt HX 060J104eK, COCTOAMX U3 3JIEKTPO-
HoB. OpHako NPaKTHYECKH BCSl MAcca aTtoMa cOCpejOToYeHa B
ero sjape. Slapo seryafiero BOJOPOAHOTO aTOMa COAEPIKHUT
OJIMH TIPOTOH, a 000/104Ka — OJMH 3JeKTPOoH. (B oxHOM rpamme
BoJopoAa cofepxurca 6-10% atomoB. CaefoBatesbHO, Macca
nportoHa cocrapaser npuMepHo 1,7-10724 r. Macca ssekTpona
npumepHo B 2000 pa3 meHblue.) apa Gosee TSKENBIX aTOMOB
colepKaT He TONbKO IPOTOHbI, HO M HEHTPOHBI. DJIEKTPOH
o6o3Hauaercsi OYKBOH e, NPOTOH — OYKBOH p, a HEHTPOH —
OYKBOH 11.

B mo6oM aToMe YHC/I0 NPOTOHOB PABHO YHCJHY 3JEKTPOHOB.
[Tporon o6nafaer NOJOXKHTEIbHBIM 3JE€KTPHUECKHM 3apsiioM,
3JIeKTPOH — OTPHLIATE/IbHBIM, & aTOM B LEJIOM 3JIEKTPHUYECKH
HeliTpajeH. ATOMBI, $Ipa KOTOPHIX HMEIOT OJHO H TO XKe
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YMCJI0 MPOTOHOB, HO PA3/IHYAIOTCS YHCJIOM_HEHTPOHOB, HA3bi-
BalOTCSl HM30TONAMH JAHHOTO XHMHYECKOro 3JemeHTa. Tak,
Hanpumep, ,Hapsiay ¢ OObIYHRIM BOAOPOJOM, CYLIECTBYIOT Tsi2Ke-
Jible H30T0Nbl BOAOPOAa — JeHTepuil 11 TPUTHI, SApa KOTOPHIX
COEPKAT OAHH Il JBa HEHTPOHA COOTBETCTBEHHO. ITH H30-
Tonkl obosHayaorcsi coorsercrenHo 'H, *H, *H, smech Bepx-
HHIl HHJEKC yKas3blBaeT CyMMapHOe YHCJIO NPOTOHOB U HEHTPO-
HOB B siape. (3aMeTHM, 4TO a4pO Jefirepusi HA3bIBAIOT AeHTpO-
HOM, a IJpO TPHTHS — TPUTOHOM. Mrl OyjeM o6o3HauaTh jeit-
TpoH GykBOH D; uHOrza ero ofosHauaior d.)

O6blunblil BogopoA *H siBasiercs caMblM pacrnpoCTpaHeHHbIM
ajeMeHTOM BO BceneHHoii. Bropoe Mecro 3aHumaer H30TOn
reausn *He, sjexTpoHHass 0060/104Ka KOTOPOTO COJEPKHT JBa
3JIeKTpPOHa, a siApo — JABa NPOTOHA M ABa HelitpoHa. Eme co
BPeMeHH OTKPBHITHSI PaJHOAaKTHBHOCTH AApO H3otona *‘He nomy-
YMJIO CNEUMaJbHOE Has3BaHMe: o-yactula. MeHee pacrpocrpa-
HeH H3oton renust *He, B siipe KOTOPOro JBa NpOTOHA U TOMBKO
OJIMH HEHTPOH.

Panuychl npoToHa v HeTpOHA NPUMEPHO PaBHBL APYT APYTY,
onu nopsigka 10713 cMm. [IpuMepHO paBHBI APYT APYTY U Macchl
STUX YacTHI: HEHTPOH BCEro Ha JecATYI0 NPOLEHTa TsKesee
nporoHa. HelTpoHBI H NPOTOHB! ZOBOJILHO NJIOTHO YNAKOBAHHI B
aTOMHBIX SIApax, Tak 4To o6beM siipa MPUMEPHO PaBeH CymMme
00bEMOB COCTAB/IALMHX €ro HYKJOHOB. (TepMHH «HYKJIOH»
B PaBHOU CTeneHH 0603HAuaeT W MPOTOH, U HEHTPOH M HCHOJb-
3yercd B TeX C/lydasX, KOTAA Pasyiduusl MeXAY ISTHMH YacTH-
namu HecyuiectBeHHbl. C/IOBO «HYKJIOH» IPOUCXOMHUT OT JIaTHH-
cKoro nucleus — s1po.)

Yro Kacaercsi pasMepOB 3JEKTPOHA, TO OHH JIO CHX IIOP He
NOJJIAI0TCS H3MepeHHIo. M3BecTHO TONBKO, YTO paguyc aJexT-
poHa 3aBenomo MeHbiie 107! cM. IlosToMy OGbIUHO 06 3J€K-
TPOHAX TOBOPSAT KaK O TOYEYHBIX YacTHLAX.

MHorza a/1eKTpoHBl B aTOMax CPAaBHUBAIOT C nnaHeTaMu Con-
HEUHOH CHCTeMbl. IJTO CPABHEHHE — OYEHb HETOUHOE B LEIOM
psize orHowenuH. IIpexna€ Bcero, IBHKEeHHe 3JEKTPOHA Kaue-
CTBEHHO OTJIMYAETCs OT ABMKEHHS IVIAHETHI B TOM OTHOLUEHHH,
4TO JUIS 3JIEKTPOHA ONpefeJsOHMH SABJIAIOTCS HE 3aKOHHI
KJIaCCUYeCKOH MEeXaHHKH, a 3aKOHbl KBAHTOBOH MEXaHHKH, O
KOTOpbIX Mbl OyZem roBoputb Huxke. [Ioka Xe 3amerum, 4To
B pe3yJIbTaTe KBAHTOBOCTH 3JIEKTPOHA «IPH MIHOBEHHOH (oTo-
ChEMKe» aTOMa 3JEKTPOH ¢ HeMasloH BepOSATHOCTBIO MOXKET «ObITh
cororpaupoBad» B JM0O0H NaHHBIA MOMEHT B J0GOH TOYKe
BHYTPH CBOell OpOHTBI U JaKe BHe €e, B TO BpeMs KakK NOJIOKe-
HHe IJaHeThl Ha ee opOuTe, COIVIACHO 3aKOHaM KJIaCCHYECKOH
MeXaHHKH, NPEABBIUUC/ASETCS OAHO3HAYHO M C OTPOMHOH TOU-
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Hoctbio. EcaM mjaHeTy cpaBHUTb € MAYLUIHM 10 peJibcam
TpamMBaeM, TO 3JeKTPOH OYyJeT MOXO0XK Ha TaKCH.

YMeCTHO OTMETHTb 31eChb H PfJ. YHCTO KOJHYECTBEHHBLIX
pas/auyuil, paspylaloUHX NOOOHE MEXIY ATOMHBIMH 3JIEKT-
poHamd H mJaHeramH. Tak, HanpuMep, OTHOLIeHHE pajuyca
3/IGKTPOHHOH OpPGHUTHL atoMa K pPajdycy 3J/EKTPOHA ropasio
Gosbllle, YeM OTHOILEHHe pajauyca 3eMHO!l OPGHTbI K COGCTBEH-
HOMY pajauycy 3emiH. DJIeKTPOH B aTOMe BOJOPOJA JIBUKETCST CO
CKOPOCTBIO MOPSIAKA OXHOH COTOH CKOPOCTH CBeTa *) H 3a OJHY
CeKyHJy yCneBaer coBepuidtb oKoso 10' 060poToB. 10 NpH-
MepPHO B MHJIIHOH pa3 GoJIblile, YeM YHCJI0 0GOPOTOB, KOTOPOE'
ycrnena copepiuiutb 3eMs Bokpyr CoJlHIA 3a BCe BPeMsi CBOEro
CyIIeCTBOBaHHS. DNeKTPOHbI HAa BHYTPEHHHX 00O0JIOUKAX TsKe
JIBIX aTOMOB JABHXKYTCSl elile GhIcTpee: HX CKOPOCTH JOCTHTaloT
JBYX TpeTed CKODOCTH CBeTa.

CKopoCTb CBeTa B IyCTOTe 0003HayaeTcss 0ObIYHO GYKBOH C.
dra ¢yHaameHTanbHas (U3HUeCKas KOHCTAHTa H3MepeHa C
OYeHb BBICOKOH TOYHOCTbIO:

c=2,99792458 (1,2)- 10° m/c **).

[Ipu6mkenno: ¢ &~ 300 000 km/c.

* 3areBOpPHB O CKOPOCTH CBETa, €CTECTBEHHO CKas3aTb H O ya-
cTHiax cBera — ¢oroHax. QDOTOH He sABJsgeTcsl TAKOH XKe
COCTABHOH 4YacCThIO ATOMOB, KaK 3JIEKTPOHBI U HYKJOHBI. Ilo-
3TOMY OGBIYHO O ()OTOHAX FOBOPAT He KaK O YaCTHULAX BellecTBa,
a Kak o yactuuax usayuyendss. Ho ponb ¢poTOHOB B MexaHu3ame
BeesmeHHON He MeHee 3HAYHTEJNbHA, YeM POJIb JEKTPOHOB H
HYKJIOHOB.

B 3aBucuMocTH OT TOro, KAKOBa 3Heprusd (GoToHa, OH BHICTY-
naer B Pas3/qUYHBIX BHJAAX: PaAHOBOJH, HH(PAKPACHOTO U3JY-
YyeHHs!, BHIUMOTO CBeTa, YJAbTPadHONETOBOrO U3/JYUYEeHHs, PEHT-
FeHOBCKOIG H3JIyYeHHs, TaK Ha3blBAaeMbIX sIAePHBIX Y-KBaHTOB.
UeM BbllIe 3HEPrHsl KBAHTOB, TeM 6oJiee MPOHUKAIOUIUMH, HJIH,
KaK TOBOPST, <}KeCTKHUMH» OHH SIBJSIIOTCS, NMPOXOJS Jaxe yepes
JOBOJILHO TOJICTHIE MeTasJuYecKue 3KpaHol. B ¢usuke 3ie-
MeHTapHBIX YyacTHI (OTOHBI 0603Ha4aroTCs 6YKBOH Y He3aBHCHMO
OT HX 3HEPTHUH.

OCHOBHBIM OTJIHYHEM CBETOBHIX (DOTOHOB OT BCEX APYTHX ua-
CTHIl SIBJISIETCS TO, YTO OHM OYeHb JIETKO POXKAAIOTCH M JIETKO

*) Boslee TOYHO, OTHOLIEHHE CKOPOCTH 3JIEKTPOHA B aTOMe BOAOPOAa
K CKOPOCTM CBeTa COCTaBJisieT npumepro 1/137. 3anomuute 3710 umcio.
C nuM BH eme He pas BCTpeTHTECh HA CTPAHMIAX ITOH KHHTH.

**) 3xech u Jajce BCIOAY B aHAJOTHUYHBIX CJOydasX UYHCJIO B CKOOKax
YKa3LIBaeT KCNEPHMEHTAJbIYIO HETOYHOCTh B NOCJEAHHX 3HAYAWKUX Luppax
OCHOBHOTO YHCJIA.
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yHuyTOXKaoTcsi. JIOCTAaTOYHO YHPKHYTb CHHYKOH, 4TOGHI
pOIMTh MHJIHApAbI (DOTOHOB, MOCTABHTb HA NyTH BHAHMOIO
CBeTa JIMCTOK 4epHOH GyMaru — H (POTOHBI MOIJIOTSTCS B HEM.
SddheKTHBHOCTb, C KOTOPOH TOT WJIM MHOH 3KpaH NOr/IOLLaer,
TpaHCOPMUPYET U MEPeusIyyaeT Majaioline Ha Hero (pOTOHHI,
KOHeUHO, 3aBHCHT OT KOHKPETHBIX CBOHCTB 3KpaHa W OT 3Hep-
ruu HOTOHOB. 3alIUTUTBCS OT PEHTTeHOBCKHX JIyueHd H KeCTKHX
'y-KBAaHTOB He TaK MpPOCTO, KaK OT BHAMUMOro cBera. IIpu oueHb
BBbICOKHX 3HEPTHSX pasiuyde MexXAy QOTOHAMH M APYTHMH Ya-
CTHUAMH, NOXKany#, He Go/blle, 4eM DasjHUHe 3THX YaCTHIL
Mexay co6oi. Bo BCsikoM ciydae, H POIHTb M TOTVIOTATD (OTO-
HBI BBICOKHX 3Hepruil coBceM He npocrto. Ho uem MeHbluei sHep-
rueil o6safaer GOTOH, YeM OH «MsTrye», TeM Jierye ero poauTb H
YHHYTOXKHTD.

O[HOH H3 3amedarejbHLIX OcoGeHHOocTeH (OTOHOB, ONpeje-
JIsOllel B 3HAYUTEJNbHOH CTENEeHH HX YAMBHTEJbHbIe CBOHCTBA,
SIBISeTCA TO, 4TO MX Macca paBHa HyJwo. s MacCHBHOH 4a-
CTHLIbI U3BECTHO: YeM MeHbllle ee SHeprHus, TeM MeJJeHHee OHa
JIBHXKeTcs. MaccuBHasi yacTHIia MOXeT BOOOLle He JIBUrarTbCs,
HaXofuTbCcs B nokoe. POTOH Ke, Kak Obl HU Oblla_Maja ero
3HEprHUsi, BCe PAaBHO JBHIKETCH CO CKOPOCTHIO C.

MACCA, 3HEPTH S, UMIYJIbC, YIVIOBOH MOMEHT
B MEXAHHUKE HBIOTOHA

Mbl yKe HECKOJIbKO pa3 HCHO/Mb30Ba/M TEPMHHBI
«Heprusi» U «vaccar. IIpuuwia nopa Gosee NMOAPOGHO pasbsc-
HUTb MX CMBIC/I. 3a0JHO Mbl [IOTOBOPHM O TOM, YTO TaKOe HM-
NyJbC U MOMEHT HMINyJbca. Bee 3Tu pusuyeckre BeTHYHHBI —
Macca, 3Heprusi, HMIYJ/1bC H MOMEHT HMIYJ/Ibca (HHaye HasblBae-
MBIl YIVIOBBIM MOMEHTOM) — HIPaiOT (pyHAaMeHTaIbHYI0 POJb
B ¢usuke. OyHJaMeHTalbHAasl POJIb 3THX (PU3HYECKHX BEIHYHH
06yCJIOB/IeHa TeM, 4TO JJIsi H30JHPOBAHHOH CHCTeMbl YacTHIL,
CKOJb Obl CJAOXKHBIMH HH OBLTH HX B3auMOJAeHCTBHS ApPYyr C
Jpy oM, CyMMapHas 3HePTHsl W MMIYJbC CHCTEMBI, €€ MOJTHBIH
VIJIOBOH MOMEHT H ee Macca SABJSITCA COXPaHSIOMHMHCSH
BEJUYHHAMH, T. €. HEe M3MEHSIOTCS CO BpEMEeHeM.

Haunem Hawme o6CcyxjeHHe ¢ MexaHuKH HbiotoHa, XOpoILO
3HakoMoH Bam no 1KoJbHEIM yueGHuKaM. PaccmotpuMm Te€I0
Macchl m, ABHXKYLIeecs: co CKopocThbio ©*). CornacHO MeXaHUKe
HolotoHa Takoe TeJO HUMeeT HMIYJbC

p=mo

*) JKupueiMu OyKBaMH 3jeCb M B JajbHeduieM Mbi GyaeM 0603HavaTh
BEKTOPHI, T. €. TaKHe BEJHUYHHbI, KOTOPHIE XapaKTePH3YIOTCS HE TOJIbKO UHC-
JIOBbIM 3Hau€eHHeM, HO H HallpaBJ/IeHHEM B IIPOCTPaAHCTBe.

10




M KHHETHUECKYIO SHEPTHIO
mo? p_2

2 2m "’

3pecy v*=vi+vi+v;, rae vy, v,, U, — NPOEKUHH BEKTOpd ¥
COOTBETCTBEHHO Ha OCH KOOpPAHHAT X, Y, 2 (puc. 1).

CucreMy KOOpJAMHAT MBI MOXEM OPHEHTHPOBATb B INPOCT-
paHcTBe NPOH3BOJNbHBIM O6pAa3oM; BEJHYHHA ¥® NPH 3TOM He
H3MEHHTCH.

B 10 Xe BpeMs U HampaB/eHHSl, © 3HaUeHHs BEKTOPOB ¥ H
P 3aBUCAT OT 3HAUeHHS M HANpAaBJEHHS CKOPOCTH JBHXKEHHSI
CHCTEMbl KOODJAHHAT, B KOTOPOH
Bel onuceiBaete ABHKEHHE TeNa,
WM, KaKk TOBOPSAT, OT CHCTEMBI
orcuera. Hanpumep, B cucreme
oTcuera, CBSI3aHHOH ¢ 3emuief,
Bam goM nokoutcsi. B cucreme
oTtcuera, cBsi3aHHod ¢ CoJIHIEM,
OH JBHXETCH CO CKOpOCTBIO
30 km/c.

Ipu omucammu Bpaiuarens- Puc. 1. Tlpoekuus BekrTopa
HOTO  JBHXKEHHSI Tl BAaXHYIO cxopoctn © Ha OcH KOOPAH-
ponb HUrpaer BeJHYHHA, KOTO- HaT
pasl HasblBaeTcs MOMEHTOM HM-
nyJbca MM YIJIOBEIM MOMEHTOM. PaccMOTpHuM B KauecTBe MpH-
Mepa NpOCTEHIIHH ciydail ABHXKEHHS YacTHIBI — MaTepHallb-
HOH TOYKHM — O KPYTOBOH opGHTe pajgHyca r=/|f| ¢ I0CTOsSH-
HOH CKopocThlo v=|®|, ‘The 7 u
V — a6COIOTHbIE BEeJHUHHBL BEKTO- z
POB r H © COOTBETCTBeHHO. B 3toM A
cayyae YIJIOBOH MOMEHT OpGHTaJb-
HOro JBHXKeHHs L 1o omnpeleseHHIo L p
paBeH BEKTODHOMY  IIPOH3BEJEHHIO
paguyc-BeKTOpa ¥ M HMOyJbca ya- Yy
cruupl p: L=rXp. Y1 xors1 ¢ Teue-
HMEM BpEMEHH HanpaBJeHHs Kak
BeKTOpa F, TaK M BEKTOpa P Me- S g;% %P:';;a;};ggjﬂ mo-
HlOTCA, BeKTOp L ocraercs MOpH  rupy e HMIYIECOM P 1O
3TOM HeH3MeHHBIM. B 3ToM Jerko KpYroBsoii op6ute pazuy-
y6enuTbCcsl, €caH TOCMOTPeTh Ha car
puc. 2.

Io onpenenenuio BeKTOPHOe NPOH3BefieHHe @X b IBYX BeKTOPOB @ u b
gaBHo BEKTOPY ¢, abCO/IIOTHAasA BeJHYHHa Koroporo |c|=la]| |b] sin 0, rac

— YTOJI MeX]ly BeKTOPaMH @ H b; BeKTOp ¢ NPU 3TOM HalpaBJeH NepIleH-
JMKYJISIPHO IVIOCKOCTH, B KOTOPOH JIeXXaT BEeKTOPH @ H B, IpHYeM TaK, uTO
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a, b u ¢ o6pas3ytoT TaK HasHBaeMylo MPaBYyi0 TPOHKY (B COOTBETCTBHH C
H3BECTHBHIM OpaBHJIOM GypaBuHKa (puc. 3))e
B kommonenTax BEKTOPHOE NpOH3BEAEHHE 3aNMHCbIBACTCA B BHAE-

cx=dayb;—azb,,
cy=azby—axbh;,
Cz=aby—ayb,.
Pa3 yX MBI 3arOBOPHJH O BEKTOPHOM IPOH3BENeHHH, YIIOMSIHEM 3Jech
M CKaJsipHOe NPOM3BeJieHHe JBYX BEKTOPOB @ H b, KOTOpoe 0603HaualoT ab
uia a-b. Tlo onpexenenuio
ab=a;b.+ayb,{azb,.

Jlerko nposeputhb (cM. puc. 3), uto ab=|al|b| cos O u uTo cKaAspHOE MpoO-
H3BeJleHHe he MeHsieTCs NPH NPOH3BOJLHBIX IIOBOPOTax B3aHMHO OPTOro-
HaJbHBIX (TaK Ha3bIBaeMbIX JeKAPTOBBIX) Oceill X, y, 2.

Puc. 3. Bektop ¢ — BeKTOpHOE Puc. 4. Tpu opra
npou3BeJleHHe BEKTOPOR @ H b

3aMeTHM, 4TO TPH €IMHHYHBIX B3aUMHO OPTOTOHAJBHBIX BEKTOPa Ha-
3bLIBAIOT OPTaMH H 0603HAYAIOT OGHIYHO My, My, N, (Puc. 4). U3 onpenenenus
CKaJIIPHOTO MPOM3BENEHHS BHJHO, UYTO G,=afl,.

Jns cnyyasi, H306paXKEHHOTO HA pPHC. 2, KaK HETPYAHO
NPOBEPHUTB,
L,=L,=0, L,=|r||p|=const.

ITnanerst CosTHEUHOH CHCTEMBI ABHXYTCS He IO KPYTOBEHIM,
a 10 /VIUNITHYECKHM OpOHTaM, TaK YTO PAaCCTOSTHHE OT IJIAHEThl
Jo ConHla NepHOAUYECKH MeHseTcsl ¢o BpeMeHeM. Ilepuonu-
YeCKH MEHSIEeTCS CO BpeMeHeM M aGCOoMIoTHAas BEJHUYHHA CKOPO-
cti. Ho op6HTa/bHblil MOMEHT IJIaHeThl OCTAeTCs] HEH3MEHHbIM.
(B. kauecTBe ynpaxkKHeHHs MOJYUYHTE OTCI0OAA BTOPOH 3aKOH
Kennepa, cornacHo KOTOpoMY pagHyc-BeKTOp MJaHETH <OMe-
TaeT» paBHble IIOIIAAH 3a PaBHBHE POMEXKYTKH BPEMEHH).

Hapsiny ¢ op6utajbHbBIM yIJIOBHIM MOMEHTOM, XapaKTepH-
syloliuM JaBwkeHue BOKpyr CosHua, 3eMasi, Kak H JpyrHe
MJIaHeTH, 06JajaeT M COGCTBEHHBIM YIVIOBHIM MOMEHTOM, Xa-
pakTepH3ylOllUM ee cyToyHoe BpaileHHe. CoxpaHeHHe
COGCTBEHHOTO YIVIOBOTO MOMEHTA JIEXKHT B OCHOBE HCIIOMb-
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30BaHuA rHpockona. CoGCTBEHHEIA YIVIOBOH MOMEHT 3/eMeH
TapHBIX YaCTHI[ HOCHT Ha3BaHHe CHOHH (OT AaHIVIHACKOro
spin — BpallaThCs).

MACCA, 3HEPTHA U MUMIYJIbC
B MEXAHHMKE 3AHIWITEAHA

Mexannka HrploToHa 1npekpacHo OmMHCHIBAeT
JiBr>KeHHe TeJl, KOrja HX CKOPOCTH ropas3jo MeHbllle CKOPOCTH
cBera: v <€ ¢. Ho sta Teopusi rpy6o HenpaBH/IbHA, KOTAA CKO-
pocThb ABHKEHHA TeJla v MOPsiKa CKOPOCTH CBeTa ¢ H TeM GoJee
Koria v=c. Eciu BBl XoTHTE yMeTh ONMHUCHIBATH ABHKEHHS TeJ C
JIIOOBIMH CKOPOCTSIMH, BIIOTb IO CKOPOCTH CBera, BaMm ciexyer
00paTHTLCA K ClIeLHaIbHOH TEODHH OTHOCHTEJIbHOCTH, K MeXa-
HUKe DHHIITEAHA, UM, KAK ee ellle HAa3bIBaIOT, PEISITHBHCTCKOH
mexanuke. HepensituBucrckas mexanuka Helotona sBiasiercs
JIMLIb YaCTHBIM (XOTS1 NMPAKTHYECKH OYeHb BaXKHbIM!) mpenenb-
HBIM CJIy4YaeM pPeJsiTHBUCTCKOH MeXaHUKH ODHHIITeHHa.

TepMHHBI «OTHOCHTEJIBHOCTEY H (YTO TO Ke CaMoe) «pessi-
THBH3M» BOCXOJAT K NPHHIHIY OTHOCHTeJdbHOCTH [ammses.
B oxmnoii u3 cBoux KHHT [annsell oyeHb KpPacoyHO OGBSICHSET,
YTO HHKaKHMH MEXaHWYeCKHMH OMNbITaMH BHYTPH Kopa6as
HeJIb351 YCTAaHO3UTD, IOKOUTCS OH HJH JBHKETCS OTHOCHTEIBHO
Gepera. PasyMmeercs, 310 HeTpyAHO clesartb, €CJH B3NJSAHYThb
Ha Geper. Ho, Haxopsch B KaioTe U He TNVIAS B HVIIOMHHATOP,
OOHapYyXHTb PaBHOMEDHOe H MpPSAMOJHHeHHOe ABHXKEeHHEe KO-
pabsisi HEBO3MOXKHO. _

MaremaTHuecKH NPHHIMI OTHOCUTETbHOCTH [anujess BHI-
paxaercs B TOM, YTO ypaBHeHHS JBHXKeHHs Tel — ypaBHeHHS
MeXaHUKH OJHHAKOBO BHITISAAT B TaK Ha3blBaeMbIX HHEPLHAJb-
HBIX CUCTEMaX KOOpPAMHAT, T. €. B CHCTeMaX KOOPAHHAT, CBA-
3aHHBIX C TeJlaMH, KOTOpble ABHXKYTCS DaBHOMEDHO M NpPSMO-
JIHHE 10 OTHOCUTEJILHO OUeHb JaJeKHX OT Hac 3Be3l. (B cayuae
Kopaduia [anuges, pasymeercsl, He NPUHUMAIOTCS BO BHHMaHHe
HH CyTOYHOe BpallleHHe 3eMJH, HU ee BpauleHHe BOKpyT Co/HIa,
HH BpameHuss CoJHUA BOKpYr LeHTpa Hamed [amaktuku.)

BakHefimeft 3acayrofl DiHiurefiHa BUJIOCh TO, YTO OH pac-
MPOCTPAHUJ NPHHLUMI OTHOCHTeNbHOCTH ["anmuies Ha Bce ¢usu-
Y2CKHe SIBJIEHHs1, B TOM YHCJIe H Ha 3/JIeKTPHYECKHE H ONTHUECKHE,
B KOTOPHIX Y4YacTBYIOT (OTOHH. 31O NOTPeGOBaJO CYLIECTBEH-
HBIX H3MeHeHHH BO B3IJIsAAaX Ha Takue (yHJaMeHTajbHbIE
NOHATHS, KaK NPOCTPAHCTBO, BpeMs, Macca, HMIYJbC, 3Hep-
rus. B yactHocTH, HapsaAy C NMOHATHEM KHHETHYECKOH 3HEpPTHH
T Obl10 BBENEHO MOHSATHE MOJTHOH 3Heprud E:

E=E,+T,
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rae E, — 3Heprusi nokosi, CBA3aHHAsI C Maccoil M Tena  3HaMe-
HHUTOH (OpMYJIOH:
E,=mc*.

st poToHa, Macca KOTOPOro paBHA HYJIIO, PABHA HYJIIO H HEP-
rusi nokosi E,. @OTOHY «IOKOH JIUIIb TONBKO CHUTCSI»: OH BCErJa
JBHKETCSI CO CKODOCTBIO ¢. ¥ JAPYTHX 4YacTHI, TaKHX, Kak
3JIEKTPOHBl M HYKJIOHBI, Y KOTOPbIX Macca OTJIHYHa OT HYJIs,
OTJIMYHA OT HYJsl M 3HEPTHs MOKOS.

Hast gactuu ¢ m 5= 0 COOTHOLIEHHSI MeXAy 3Heprued H
CKOPOCTbIO H HMIYJILCOM H CKOPOCTBIO B MeXaHHKe DHHIITeHHA
HMEIOT BHJ

_ mc? _Ev
“Viome PTE

Tak 4TO BBIIOJHSIETCS COOTHOLLIEHHE
m2ct = E2— p*c?

Kaknpiit u3 IBYX 4/JI€HOB B MPaBOH YacTH 3TOTO PABEHCTBA TEM
Gosblie, yeM ObiCTpee JABHAKETCS TeJN0, HO HX Pa3HOCTb OCTa-
eTcsl HeM3MeHHOH, W/IHM, KaK TrOBOPAT OObIYHO (U3UKU, HHBA-
puaHTHOH. Macca Tena sBasieTcsl peNSITHBUCTCKUM HHBapHaH-
TOM, OHa He 3aBHCHT OT CHCTeMbl KOOpJAHHAT, B KOTOPOH pac-
CMaTpHBAaeTCsl JBHKEHHE TeJa.

Jlerko npoBepuTb, 4TO SHHIITEHHOBCKHE, PENSTHBHCTCKHE
BbIPAXKEHHS JJIsl HMIYJbCA U SHEPTHH NEPeXOIAT B COOTBETCT-
BYIOLle HBIOTOHOBCKHE HepPeIsITHBUCTCKHE BbIpaKeHHsl, KOrja
vlel. JefictBUTENBHO, B 5TOM CJy4ae, pasfiaras npasyio

me
YacTb COOTHOLUEHHSA E=71—._2—/2 B pdAX no MajeMy napa-
—04/C
MeTpy v%/c?, HEeTPYAHO TNOJNYYHTb BbIPpAKEHHE

E=mc“(l+%§;—|——§-(2—z>2+.. ).

/
3nech TOYKH O3HAYAIOT YseHbl GoJiee BBICOKOTO MOPSAKA IO
napamerpy v?/ce.

Hpr x<1 ¢pynKuHIO f(X) MOKHO PA3JIOXKHUTb B PSJ IO MaJOMy napamer-
py x. Hduddepenuupys JeByo u NpaByl0 4acTH COOTHOLUEHHS

T =1 O+ O+ O+5 O+ ...

U paccMatpuBasf KaXabii pa3 peayabTar npu x=0, HerpyaHo Yy6e-
JUTbCA B €ro crnpaBeaguBocTH (npH x<1 OT6GpoLIEHHKHE YIEHH MaJikl).
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B uHTepecyiomeM Hac cayuae:
T=(—n=te  fO=1,
=g =00, )=

] o o] —

F@=g30—nn  PO=

3ameruM, 4TO AJIs1 3eMJM, ABHKYLIeHCS MO CpGUTE CO CKO-
poctbio 30 KM/c, mapamerp v?/c* cocrasisier 1078, s camo-
Jiera, JieTsiero co ckopoctoio 1000 KM/4, 3TOT mapamerp elie
MeHblle, v?/ct &~ 1072, Tak 4To /s caMojleTd, C TOUHOCTHIO
nopsiaka 107!2) BRINOMHAIOTCA HEPeISTHBHCTCKHE COOTHOLLe-
HHUS

T =mv*2, p=mo,

1 PeJISITHBUCTCKUMHU TTONPABKaMH MOXKHO CITIOKOHHO NTpeHe6peyb.
BepHemcsi K ¢QopmyJie, cBs3blBalolledl KBajpaT Macchl ¢
KBaJpaTOM 3HEPTHH M HMMOyJbca, H 3amulieM ee B BHAE

L \2 ;
nﬁﬁ=<;)-—p}—m—ﬂﬁ

To o6cTosTeNbCTBO, UTO JIeBASl YACTh 3TOIO PABEHCTBA HE MeHs-
eTcsl IPU NepeXxojie OT OAHOH UHEPUHATbHOH CHCTEMBl K APYTOH,
aHaJOTMYHO TOMY, YTO KBajpar HMIYJbCa

pP*=pi+pi+p:
KAk U KBaJpar Mo60oro TpeXMepHOro BeKTopa, He MeHsieTcsl NPH
BpaLleHUAX CHCTEMbl KOOPJAMHAT (CM. Bhllle pHUC. 1) B OGBIYHOM
€BKJIMIOBOM mpoctpaHctBe. OnHpasice Ha 3Ty aHAIOTHIO,
rOBOPAT, 4YTO BeJHYMHA - m*? npejcrabaseT coboH KBajapar

YETBIPEXMEPHOI0 BEKTOPA — YEThIPEXMEPHOrO HMIYJbca P,
(dHZeKC | NpHHUMaer yetblpe 3HaueHus: u=0, 1, 2, 3):

po=Elc, pr=p. Pe=Ppy Ps=Pp,-

O npoctpaHCTBe, B .KOTOPOM OIpefesNeH BeKTop p,= (Po, P),
rOBOpSAT, 4TO OHO IICEBIOEBKJAWAOBO. [IpHcraBKa «IceBpo»
03HayaeT B JAHHOM CJly4yae, 4TO HHBApDHAHTOM SIBJISETCS He
CyMMa KBaJpaTOB BCEX YeTbIPeX KOMIOHEHT, a BHIpAXKeHHe

2 2 2

pi— pi—p3— Ps.
[IpeoGpa3oBanusi, CBs3BIBAIOLINE MEXKIY COGOH BpeMeHHEBIE
M IIPOCTPAHCTBEHHbIE KOOPAUHATHI IBYX Pa3/HUHBIX HHEPIHATb-
HBIX CHCTEM, HasbiBalOTCH NpeoGpas3oBaHusiMH JlopeHua. Mul

He OYJleM HX 3JecChb IPUBOAHTb, OTMETHM JIHLLIb, YTO €CJIH MEXKIY
JABYMs COOLITHSIMH Obl/1a JHCTAHIHS BO BPEMEHH £ M B IPOCTPaH-
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cTBE 7, TO TOJIbKO BeJIHYHHA S, HasbiBaeMas HHTEPBAJIOM:
s=(ct)?—r?,

He H3MeHseTcsl TpH NpeoGpasoBanuax JlopeHua, T. e. ABJseTcs
JIopeHLeBbIM HHBapHaHTOM. [lofuepkHeM, 4TO HH f, HU r caMH
no ce6e HHBapHaHTaMH He siBasiiotes. Ecau s>0, To nuHTEpBan
Ha3bIBAIOT BPEMEHHNIOAOOHBIM, ecan s<<0, TO — MpoCTPaHCT-
BEHHOMOZOGHBIM, eciH s=0, T0o — cBetronoo6HbM. Ecan s<<0,
TO JBa NMPOCTPAHCTBEHHO pa3leleHHbIX COOBITHS MOTYT OBbITh
OHOBPEMEHHBIMH B OJIHOH CHCTeMe KOODAHHAT H HeOJHOBpe-
MEHHbIMH B APYTOH. ) ‘

PaccMoTpUM Tenepb CHCTeMY 71 CBOOOAHBIX, He B3aHMOJeH-
CTBYIOIMX MeXAy co6ofi yactuu. Ilycrtb E; — sHeprus i-i
yacTHIBl, f; — HMIYJbC, a m; — ee macca. CymMMapHas sHep-
I'Hfi H HMIIYJIbC CHCTEMbl COOTBETCTBEHHO DaBHEI

E=i§ Ei’ p=t§lpl

3 onpeneneHuss macebl CHCTEMBI,
E2 p2
2= _ P
M2= T3

’

cJlejlyeT, YTO Macca CHCTEMbI, BOOOILEe roBOps, He paBHa cymme

MacC COCTaBJSIOIHX €ee YacTHIL.
B Haweli Hepe/NsITHBUCTCKOH MOBCEJHEBHON XHU3HH MbI NIPH-
n

BBIKJH K TOMY, 4To M = X} m,. Ho aas GLICTPEIX uacTHL 3TO

i=1
PaBeHCTBO, KaK NpPaBWJIO, He BHINOJHAETCH. Tak,cyMMapHas
Macca JBYyX 3JEKTPOHOB, JIETSHIMX HaBCTpeuy IAPYyr ApYyry ¢
paBHBIMH 1O aGCOMIOTHOH BeJMYMHE HMIYJbCaMH, paBHa
2E/c?, rne E — 3Heprusi Kaxaoro H3 HHX, H B 3KCIIEPHMEHTaX
Ha 3JeKTPOHHBIX YCKOPHTEIAX Ha MHOTO IOPSIKOB NPEBbILLIAET
BEJIHUMHY 2m,, TAe m, — Macca 3JIEeKTPOHA.

YMecTHO 3aBepUIHTb 3TOT pasfiesl HEeKOTOPLIMH 3aMeyaHHsi-
MH, OTHOCSIIMMHCSI K TePMHHOJIOTHH.

B HeKOTOPHIX KHHraX H HAayYHO-TIONMYJIAPHBIX CTaThsiX
MOXHO BCTPETHTh TEPMHHBI «Macca MOKOs» M1y H «Macca JBH-
JeHHsl», HJH, 4TO TO XKe CaMoe, «PelsITUBHCTCKasi Maccar 1,
KOTOpasi pacTeT ¢ POCTOM cKopocTH Tena. Ilog maccoil mOKost
m, oApasyMeBaercsl IPH 3TOM Ta (H3HYecKasi BeJIHYHHa, KOTO-
PYIO MBI Bbillie Ha3BaJH NPOCTO Maccoli H oGo3Haunn m. I1ox
PEJISITHBHCTCKO Maccoil m MNOApasyMeBaeTcsl SHeprus Teia,
JeJieHHas Ha KBajgpar cKopocTu cBera: m==Elc? (pasymeercs,
5Ta BeJMYHHA PAacTeT C POCTOM CKopocTH Tena). Takas ycra-
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peBlliasi H M0 CYLLECTBY HeajeKBaTHasi TE€PMHHOJOTHs Oblsla
pacnpocrpaHeHa B Hayaje XX Beka, KOIAa N0 KAKHUM-TO YHCTO
TNICHXOJIOTHYECKHM NPHYHHAM Kasasloch rKesatelbHbIM COXpa-
HHTh HBIOTOHOBCKOE COOTHOLIEHHE MeXAY HMITYJIbCOM, Mac-
Coll M CKOPOCTBIO: p=m9. B Hacrosee Bpems, B KoHue XX Be-
Ka, 3Ta TEPMHHOJIOTHS SIBJISIETCS] apXaH3MOM, KOTOPBHIH TOJbKO
3aTEeMHSIET CMBICJT PEJNSTHBHCTCKOH MEXaHHUKH ISl TeX, KTO
HEJIOCTATOYHO OBJIaJle)l €e OCHOBAMH.

Crenyer moguyepkHyTh, YTO B PeJISITHBHCTCKOH MeXaHHKe
Macca m He HIpPaeT HH POJH Ko3(ppHuHeHTa MeXLy CHJIOH H
yCKOpeHHeM (MHepTHasti Macca), HH poJd Ko3(pdHuHeHTa,
Onpeessiowero AeficTBHEe Ha TeJNO IPaBHTALHOHHOIO I0Js
(rpaBuTanonHas Macca). CBsisb Mexay cunoil F u yckope-
HueM do/di MOXKHO HAHTH U3 NPHBEJEHHOTO Bbllle BbIPaXKEHHsI

U

JJIS1 UMITYJIbCa: p='171——i—v—,‘70; , eciH  yyecTh, uto F=dp/dt.
HsBectHast H3 LIKOJbHBIX yueOGHMKOB ¢opMmyna F=ma nony-
yaercsl OTCIOJia JIMIIb B HEPeSITHBUCTCKOM npenene. Yrto Ka-
caercsl TPAaBHTALMOHHOTO MPUTAXKEHHS, TO H 3eCh Macca HH
npu ueM. Tak, SKCIepHMEHTaNbHO YCTaHOBJIEHO, 4TO 06J13Aai0-
IMH HyJieBoii Maccoil GOTOH OTKJOHSIeTCs B IPAaBHTalMOHHOM
nose,

Jpyro#i npuMep HeyJauyHOH TePMHHOJOTHH — 3TO YacTo
BCTPEYaloleécsl yTBepxKAeHHe O TOM, YTO B (PH3HKE BHICOKHX
SHepru#i U B silepHOH (PH3HKe OCYLIECTBJSAIOTCS AKOOBI mepe-
XoJbl 3HEPTHH B Maccy M Maccel B 3Hepruio. Kak yxe
GblIO CKA3aHO BbILIE, SHEPTHS CTPOrO COXPaHSeTCs. DHEPTHS
HH BO YTO He mnepexoiut. [IpoucXoasiT JulUb B3aUMHble NpeBpa-
IeHHs] Pa3HYHBIX YacTHl. MHoOroyuc/eHHele NMpHMePhl Npo-
LeCCOB, B KOTOPBIX INPOMUCXOJAT 35TH INpeBpalleHus, OyIyT .
paccMOTpeHBl Ha Moc/efyIomuX crpanuuax KHuru. Cytb gena
MOXKHO NOHSITh Ha NMpPHMepe XHMHYeCKOH peaKLHH COeIHHEeHHs
yraepofia M KHCJIOPOJA, TNpPOSABIeHHE KOTOPOH MOXHO Ha-
6JaofaTh, TVISAs HA TJelOlHe YIVIH KocTpa:

C+4- O, — CO, + ¢doTOHHI.

Kunernueckas sueprusi ¢oroHoB # Monekysn CO, BOZHHKaeT B
3TOH peaklHH 3a CYeT TOro, Yto cyMma mMace atoma C u MoJieky-
abl O, HeckolbKO TipeBbiliaer Maccy Mousekyanl CO,. Takum
00pasoM, €c/ii Y HCXOJHBIX KOMIOHEHTOB PeaKkLUHH BCs 3SHep-
rUsi HaXOJUTCS B hopMe SHePTHH MOKOSI, TO Y KOHEUHBIX MPOAYK-
TOB OHa MpEJACTaBJsieT COGOH CyMMY SHEPTHH MOKOS H KHHeTH-
YecKOH 3SHepruu.

Hraxk, sHepris coxpaHsieTcsl, MeHsIIOTCS JIHILb ee HOCHTEJH,
MeHsierca (opMa, B KOTOPOH OHa HPOSIBJISETCS.
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CHJ1bl U T0JIA

DHeprusi H HMIYJbC CBOGOZHO ABHXKYIIErocs
TesJla He MeHsiorcsi co BpemeHeM. Ho npu B3aumogeficTBuH
ABYX HJM GOVIBILErO YHCJA TeJl UMINYJbC (H, BOOOLLE FOBOPS, H
SHEprus) KaxJOoro M3 HHUX NperepneBaeT H3MeHeHue. [lyis Toro
uyTo6bl NPOH3OLIIO TAaKOe H3MEeHeHHe, COBEpIIEHHO He 06si3a-
TEJNbHO, YTOGBI Teja NPHUIUIIH B HEMOCPEINCTBEHHOE CONPHKOC-
HOBEHHe, CTOJNKHY/IHCb. OHH MOT'YT HeficTBOBATh APYT Ha Apyra
U Ha pacCTOSIHHHU. .

Tak, Hanpumep, 3eMJl U COYTHHK B3aHMHO NPUTSTHBAIOT
IpyT Apyra, B pe3yJbraTe 4ero HX HMIYJIbChl BCE Bpemst Me-
Hstotcsi. MI3MeHeHHS UMNYJbCOB Y HHUX PaBHBI H MPOTHBOINO-
JIOXKHBI, TaK 4TO MOJIHBbIF HMIYJbC CHCTEMbI He MeHsiercsi, (Mbl
3aMeyaeM H3MEeHEHHe HMIyJbCca CIOYTHHKA H HE 3aMeYaeM M3-
MEHEeHHs HMIyJbca 3eMJH, NMOTOMY YTO Macca 3eMJIH OYeHb
BeJHKAa MO CPAaBHEHHIO C MaccOH CNYTHHKA, a H3MeHEeHHe
CKODOCTH TeJla NPH NAHHOM H3MEHEHHH HMIYyJbca 0OpPAaTHO
NPONOPIIHOHANBHO Macce.)

[TpumepHO Tak ke AeHCTBYIOT APYr Ha Apyra HPOTOH H
3JIEKTPOH B atoMe Bogopona. Mexay 3emiel H CNYTHHKOM
JeHCTByeT TakK HasblBaeMOe TPaBHUTALHOHHOE, HBIOTOHOBCKOE,
NPUTS2KEHHE, MeXAY NPOTOHOM H 3JEKTPOHOM — 3JeKTpuye-
CKOe, KYJOHOBCcKOe. B 0GOMX cayuasix cHJIa NPHUTSKEHHS 06-
paTHO NpONOPUHOHAJbHA KBajpary paccrosinusi. Tena peil-
CTBYIOT APyl Ha Jpyra Ha pacCTOSHHH, CO3]aBas BOKPYT
ce6s1 CHJIOBble NOJs. JIPYyTrHM XOpOLIO H3BECTHBIM NPHMEPOM
CHJIOBOTO TOJISI SIBJISIETCSI MarHUTHOE I0Jle, HapUMepP MarHuT-
Hoe moJie 3eMJiH, JeHCTBYIoIlee Ha CTPEJNKY KoMIaca.

Haxogsicb B cusioBOM nosie, yactdlla Hapsily C SHepruel
nokosi Ey 1 KuHeTHUecKOH sHeprueil T o6/afaer elie H NOTeH-
uuanbHoll sHepruest U. Tak yTo NoNHAasi SHEPTHsI B 3TOM CJydae
SIBJSIETCS] CYMMOH He IBYX, a Tpex caaraembix: E=E+T+U.
[ToreHuuanbHas sHeprust paBHa CO 3HAKOM MHHYC pa6ore, KOTO-
pyIO HaJlo 3aTPaTHTb, YTOGbI Pa3BeCTH JBA NIOKOAIUXCH B3aHMO-
JIEeHCTBYIOLUX Tejla Ha Takue OOJbluHe PacCTOSIHHS, The HX
BO3JeHCTBHE IPYT Ha APyra CTAHOBUTCS NPEHEGPEKUMO MaJIbiM.
W3 sToro onpeseneHus caeayer, 4TO NOTEHLUHAJNbHAsT SHEPTHSA
B CJyyYae NPHTSAKEHHS OTPHIlaTe/bHA.

3}1er YMECTHO CcheJsaThb OTCTYINJIEHHE W CKa3aTb O €JHHHLAX SHEPTHHU H

macchl. Exunulielt sHepruu B (DH3HKe HaCTHIL CJYXKHT 3JEKTPOH-BOJLT (3B)
M €ro NPOU3BOAHbLIE:

1 k3B=10%3B, [ MsB=10%3B, 1TsB=1093B, I T3B=10123B.

OnuH 3JeKTPOH-BOJILT PaBeH SHEPTHH, KOTOPYIO NPHOGPETAeT 3JEKTPOH,
OPOXOAsl pa3HOCTb MOTEHUHAJOB B OJHH BOJbT. Ecaum y4yecTb, 4TO
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1 k=1 Kn-1 B u uTo OfAMH KyJOH paBeH CYMMapHOMy 3apsily NPHMepno
6108 3/1€KTPOHOB, TO HETPYAHO NOJYUHTb:

15B =~ 1,6-10-19 [Ix.

DNeKTPOH-BOJILT CAYHUT B (PU3HKE IJIEMEHTaPHBIX YACTHIL H eAnHHUEil
Macchl. BoJiee TouHO GbIIO Gbl CKa3aTh, YTO eQHHHIEH MaCChl CJIYMHKUT BeJH-
uuna 1 3B/c?, rre ¢ — ckopocrb esera:

15B/c? ~ 1,8-10-33r,

Ho ¢u3uku, umelomue Ieo C 3jeMeHTaDHBIMH YacTHILAMH, KaK NPaBHJIO,
HCIIOJIb3YIOT € B KauecTBe eIHHUIbI CKOPOCTH U TNPEJNOUYHTAIOT BEJIHUHHY C
OllyCKaTbh, HHaue roBops,— pabotaTh B cucreMe enuHul, rae c=1. Taxk,
Macca 3JeKkTpoHa m,~0,511 MsB, mMacca nporoHa m,,z938,28 MsB, macca
Heifitpona m,~939,57 MasB.

BepHeMcsl Tenepb K JBHXKEHHIO TeJl B MOJE LEHTPaJbHBIX
cuJs, oOpaTHO NPOMOPLHOHAJBHBIX KBAaAPaTy pAacCTOSTHHS JO
neHTpa cucteMbl. Mcrnonb3ysi ypaBHeHHe HepeNsITHBHCTCKOH
MeXaHHKH, HETPYAHO Yy6eauThesd, :
UTO NMPH CTALIOHAPHOM JBHXKEHHH [
CIyTHHKa IO KpPYroBOH OpOHTE

”
BOKPYI 3eMJIl HJH 3jeKTpoHa 0 >
BOKPYI' aTOMHOI'O Siipa MOTEHIH- Eillv

ajbHasi SHEPrHs MO aGCOMIOTHOH ; U

BeJIHUMHE B JiBa pasa GoJjblie
kuHetnueckoii: U=-—2T. [leii-
CTBUTEJBHO, HBIOTOHOBCKASA I10-
TeHIHaJbHAS SHEPTHS

U=—GN,Mm'

b
Puc. 5. CootHoleHne MeXay
3JleCb 7 — pPacCTOsiHUE OT CHNYT-  KuHeTHYeCKOH 3Heprueii T u
HHKa J0 IeHTpa 3eMJ'[I/[’ m —  NOTeHNHaNbHOH 3Hepruedi U
macca CHyTHHKa, M — Mac- CNIyTHHKA, & — 3HEPTHS CBA3H
ca 3emsu, a Gy — KOHCTaHTa
Hrtorona (Gy=6,7-10"* M?- kr~1.¢~2, HO ]ISl HALLHX PacCyX-
JEeHHH uHcaoBoe 3HaueHHe (- HECYLIECTBEHHO).

CHJsla rpaBUTalMOHHOTO NPUTSKEHHS CIYTHHKA 3emun F=
=GyMmlr?, a ero UEHTPOCTPEMHTEJbHOE YCKODEHHE PAaBHO
v¥/r. YuuTbiBasi, 4TO KHHETHYECKAash SHEPTHsl CHyTHHKA T=
=mu*2, mosy4yaeMm

G
T= "grwm H, CJef0BaTeNbHO, T =—%U )

3asucumoctb U ot r u cootrowenue mexay U u T npuseneHbl
Ha puc. 5. Ha pucyHke nzobpakeHa Tak:kKe BelHUHHA €, Ha3bl-
BaeMasi HepryueH CBs3H.
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Mo onpenenenuio sHeprust cBSI3H € paBHA

1
JInsi HbIOTOHOBCKOrD MOTEHLUANA & = — 5 U =T. Mn BUAHM,

YTO Macca CHCTeMbl «CIYTHHK - 3eMJ/sl» MeHbllle, YeM cyMMa
MacC COYTHHKa H 3eMJsid Ha ¢/c®. 3HaueHHe 3HEPTHH CBSI3U
TeM GoJblle, yem O/HXKe K 3eM/ie CIYTHHK.

AHnasnoruyHsiM o6pa3oM Macca atoMa BOZOpPOJia MeHbllle, YEM
CyMMa MacC 3JIeKTPOHA H IIPOTOHA, U TOXKe 3aBHCHT OT TOTO, Ha:
KakoM CpefHeM PacCTOSIHHH r OT siipa ABHXKETCs SJEKTPOH.
CootBeTcTBYIOLIAasE Pa3HOCTb MacCc HOCHT Ha3BaHHe  Jie-
(ekTa Maccel (YMHOXKEHHass Ha ¢* OHa paBHAa 3HEpPrHH CBf-
34 3JIEKTPOHA).

KBAHTOBBIE SABJIEHUS

B cnyyae aToMa MBI TOBODHM O CPelHEM PaccTos-
HHUH MeXIY 3JEeKTPOHOM H siIpOM, a He O pajauyce OpOHTHI,
HOTOMY YTO, KaK YK€ yIOMHHANOCh Bhillle, B CHJY 3aKOHOB
KBaHTOBOH MeXaHHKH, SJIEKTPOH B aToMme, B OTJIMYHE OT CNyT-
HHKa, He HMeeT onpefeseHHOH OpOUTHI.

B orminyne ot SHepruM CHYTHHKA, 3HEPrusi 3JeKTPOHA B
aToMe, a cJeJOBaTeAbHO, M Macca aToMa MOTYT IIPHHHUMATh
JIMIIb JTUCKPETHBIH (He HempephIBHELIH) HaGop 3HaueHHH. drToro
TakxKe TpeOyeT KBaHTOBasi MeXaHHKA, 3aKOHaM KOTOPOH MOX-
YHHsIeTCS] JABHKEHHEe MeJbYaHlIuX YacTHl[ MaTepPHH.

Baxknylo ponb B KBaHTOBOH MeXaHHKe Hrpaer (puanueckas
BeqmunHa S, HasbiBdemasi AefictBHeM. PasmepHocTb JefCTBHS
paBHa NPOM3BeJeHHI0 Pa3MePHOCTH 3HepPTHH H BpPEMeHH:

[S1=[E1I];
3fiech cKOOKM [ ] 03HaualoT pasMepHOCTb 3aK/IOYEHHOH B HHX
BeHYuHbL. [IoCKOMBKY

[E]=[m][2][12],
rie ! — naMHa, a m — Macca, TO JIeTKO yGeauTbesi, Y4TO
[S1=[m][2][¢7*].

Ilono6HO TOMY KakK B TEOpHHM OTHOCHTEJNBHOCTH -(pyHIaMmeH-
TaJbHOH KOHCTaHTOH SIBJISIETCS1 CKOPOCTb CBeTa ¢, TaK B KBaH-
TOBOH MeXaHHKEe (yHIaMeHTaJbHOH KOHCTaHTOH sIBJIsIeTCs
KBauT JeficTus K (ero Ha3bIBAIOT TaKXe MOCTOsIHHOM [TnaHka):

fi = 1,0545887 (57) - 10~%4 T - c.
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Insaps Ha 5T0 YMCI0, HETPYAHO OCO3HATH, YTO JJIsST BCEX MaKpO-
CKONHYECKHX IPOIECCOB 3HaueHHe S KOJOCCANBHO 1O CPaBHE-
HIIO ¢ /. MIMeHHO 103TOMy MAaKpOCKONHYecKlie mpomecchl TaK
XOPOLIO ONHUCHIBAIOTCH KJIACCHYECKOH MEeXaHIKOI U KBaHTOBbIE
3(pekThl B HHX MPEHEOPEXKHMO MaJbl. ~~

OnHako JJ151 3JIeKTPOHOB B aTtoMax JeHcTBHe S — IMopsiiKa

, H KBaHTOBBIe 3(peKThl cTaHOBsiTCS onpeensiomumu. OnHHM
H3 SIDKHX MPOSIBNIEHHH KBAHTOBOH MEXaHHKH SIBJISETCS TaK
HasbIBaeMoOe KBAaHTOBAHHE YIJIOBOro MoMmeHTa. HerpyznHo npo-
BEPHTb, UTO YIJIOBOH MOMEHT HMEET TY.XKe Pa3MepHOCTb, 4TO
u nocrosinHas Ilnanka. Tak BOT, cOrJiacHO KBaHTOBOH MeXa-
HHKe, YIVIOBOH MOMEHT OPGHUTANIbHOTO JBHXKEHH S YACTHI[ MOXKET
NPHHUMATh JHIIb 3HaUeHHst, KpaTHbIe . B Haweii oGblIeHHOM
JKH3HH Mbl HE MOXKEM 3aMETUTh 3TOH JHCKPETHOCTH YIVIOBOTO
MOMeEHTa, IIOTOMY YTO YIVIOBBIE MOMEHTHI MaKpOCKOIHYeCKHX
TeJl BHIPAXKAIOTCS B eIMHHMLAX /i TOMCTHHE acTPOHOMHYECKHMH
YHCJIAMH, H TOYHOCTb MAKPOCKOITHYECKHX H3MepPEeHHH HejocTa-
TOYHA, YTOOBI MOXKHO ORIJIO, CKaXeM, y OGBIYHOrO AETCKOro
BOJ/IYKA (FOJIBI) OOHAPYKHUTH JUCKPETHOCTH YIVIOBOTO MOMEHTA.
Ho p1s1 31eKTPOHOB B aTOMax BeJIMYHHA Ji SIBJISleTCS eCTeCTBEH-
HOH eIMHHIEH H3MepeHHs YIVIOBOro MoMeHTa. HamHmuasliee
OpGHTANILHOE COCTOSIHHE JIEKTPOHA HMeeT HYJIeBOH YIVIOBOH
opburanbubifi MomedT, L=0, Gosiee BBICOKHM COCTOSIHHSM
cooTtBercTBYloT L=, % u 1. 1

Kak HH napafokcalbHO 3TO 3BYUYHT, HO «KBAHTOBAHHBIMU
BeJMUHHAMH» SIBJISIOTCS HE TOJBKO caM YIJIOBOH MoMeHT [N,
HO H ero NpOeKIHH Ha OCH KOOPJMHAT, KOTOPEbIE MOTYT NPHHH-
MaTh JIHUIb HeJble 3HaueHus or —Ih po +1h.

Hapsiny ¢ op6uTanbHBEIM yIJIOBHIM MOMEHTOM 3JIeMEHTapHEIE
YacTHIBl "MMEIOT H ONpefieieHHble 3HaueHHs COOCTBEHHOTO
YIVIOBOTO MOMeHTa — CNHHA. 3HAueHWsi CIMHA KPAaTHBI hi/2.
Tak, y s/eKTpOHa M HYKJOHOB CNHMH paseH 1/2 (B enuuu-
nax ), y dorona on paen’l. UacTHubl ¢ mOMYUENBIME (B e/IH-
HHIAX /) 3HAYeHHSMH CIIMHA HA3LIBAIOTCS (PePMHOHAMH, a C Iie-
JBIMH — GO30HaMH (B 4ecTb HTaJbsiHCKOro ¢usuka d. Pepmu u
unpuickoro ¢usuka II. Bosze).

®DepMHOHBI — «HHIUBHIYAJHCTHIY, GO30HB — (KOJJIEKTHBH-
CThI»: HAa JIAHHOM SHEPreTHYECKOM YDOBHE MOXKET HAXOMHThCS
He GoJiee oHOrO (hepMHOHA ¢ JaHHOH npoefuuedl cnuHa. MiMenHo
3THM OOBSICHSIETCS TO, YTO 3JEKTPOHbI B aTOMAaX HE CHASAT BCE
Ha caMOM HH2KHeM 3HepreTHuecKOM YPOBHe, a IO Mepe pocTa
3apsja fi[pa 3anoJHsT Bce Gosee AaJieKHe OT sjpa 0G0JMOUKH,
topmupyss TakuM obpasom Ttabuuily Menpneneesa. DBosomml,
HaoGOpOT, BCe CTPEMSATCS MONAcTh B OAHO H TO XK€ COCTOSTHHE.
3aMeruM NOMYTHO, YTO 3TO CBOHCTBO GO30HOB CJIYXKHT NPHYH-
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HOM CBepXTeKyuecTH resius (CIMH aToMa rejist PaBeH HYJIO);
3TO JKe CBOHCTBQ O030HOB JIEKHT B OCHOBe JeHCTBHsI Jia-
3epa.

Ksanrtosanue ymosoro MOMEHTa" SIBJSIETCH JIHLUb OJAHMM M3
MHOrOYHEJIEHHbIX INPOSIBIEHUH KBAHTOBOH NpPHUPOIbl MHKPO-
YaCTHIL.

31ech caeyer NOAYEPKHYTh, UTO, BHECS KECTKYIO JHCKPET-
HOCTb B ONHH KJacCHUeCKHE BeAHUYMHBl (OMCKPETHBIE YPOBHH
SHepruH, KBaHTOBaHHE YIJIOBOrO MOMEHTa), KBaHTOBAas MeXa-
HHMKa, BMecTe C TeM, norpefoBasa OTKa3a OT KJacCHYeCKOH
JeTepMHHHPOBAHHOCTH LEJIOrO Psiia APYTHX BEJHYHH, KOTOPHIE
npHoGpesid B Hell BepOSITHOCTHBIH XxapakTep. B wacrHoctH,
BEPOSITHOCTHBIH XapaKrep HPUHOOPENO TOHATHE TPAeKTOPHH
4yacTHUbl. MeCcTo TpaeKTOpHH — BeNHUYHHBI OJHO3HAYHOH B
KJacCHYeCKOH MeXaHHKe — 3aHAJa CyMMa To nytsaM. Beposit-
HOCTHBIH, CTATHCTHYECKHH XapakTep HMeIOT TaKke H TakKue
NOHATHS, KaK BpPeMsl KH3HH BO30Yy2KJEHHOIO YPOBHSI aroMa H
ceueHHe — BeJTHYHHA, UMeloLast pa3MepHOCTD IIVIOMIAIH H XapaK-
TepH3ylollasi BEPOSTHOCTb TOrO HJIH HHOTO Ipolecca, KOTOPbIH
MOXKeT NPOH30HTH B pe3yJ/bTaTe CTOJNKHOBEHHS yacTul. B kBaH-
TOBOH MeXaHHKe YaCTHIBI ONUCHIBAIOTCS TAK HA3BIBAEMBLIMH BOJI-
HOBBIMH (DYHKIHSIMH.

Boo6lie, MHKpOYacTHIBI ABISAIOTCA CBOEOGPA3HBIMH «KEHTaB-
paMH», COeIHHSIOMIMMH B cefe M CBOHCTBA KOPHYCKYJ, T. €.
4acTull, H cBoHcTBa BoJH. [1poiile Bcero HaGmoAaTh 3Ty Kopnyc-
KYJIIPHO-BOJIHOBYIO JBOHCTBEHHOCTb (HJIM KakK IOBOpPSIT, KO-
NyCKYJISIPHO-BOJTHOBOH Jyasiu3m) y ¢oroHoB. C OZHOH cTOpO-
Hbl, OPU CTOJAKHOBeHHH (POTOHA C 3/eKTPOHOM (POTOH He B
MeHbIIeH CTeleHH, UeM 3JeKTPOH, BeJeT ce(sl KaK 4YacTHIa,
OTCKaKHBasl B ONpeJeJIeHHOM HanpaBJieHHH, C OnpejeleHHOH
SHepruell B COOTBETCTBHH C T€M, KAKOB HMITYJIbC OTAAYH HJIEKT-
poHa. C japyro# CTOPOHBI,: (‘bOTOH C HMIIyJbCOM P BeJeT celsl U
KaK BOMHA C JJMMHOH BoMHb A=F/|p|. BoJaHOBHE CBOHcTBa
(oTOHOB 0COGEHHO SIPKO NPOSIBASIIOTCS B TaKHX AIBJICHHAX KaK
Jubpakuus ¥ HHTepdepeHIHs CcBeTta.

To xe camoe cooTHOIWEHHE MEXKAY AJTHHOM BOTHBL H HMITYJIb-
coM, A= ft/lpl XapakTepHu3yeT He TOJBKO (I)OTOHI:I HO U BCe
JpyTHe YacTHLBI: 3JeKTPOHbl, NPOTOHbI, HEHTPOHBI, a TaKkKe
KOHIVIOMepaThl 4YaCTHL: aTOMbl, MOJEKYJbl, ABTOMOGHJIH...
Ho uem TsiKesiee Tes1o, TeM, GoJIblile €F0 UMIYJILC, TEM MEHbILE
€ro JJIMHA BOJIHHL H, C/IEf0BATEJNbHO, TEM TPYAHee OGHAPYKHTD
ero BOJIHOBblE CBOHCTBA.

SIpKUM BBIpaXK€HHEM KOPHYCKYJSIPHO-BOJIHOBOH IPHPOZBI
YACTHI| SIBJSIETCS COOTHOILEHHE HeoNpeleseHHOCTH, CBS3bIBalo-
Iiee Mex 1y co0oii HeonpeJe/IeHHOCTH B KOOPAHHATE H HMITYJIbCE
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YaCTHIIbI:
ArAp=h.

UeM MeHblUe 06J1aCTb, B KOTOPOH JBHKETCS YacTHUA, TeM GOJb-
e HeonpeaeJeHHOCTb B ee uMmnyJbce. [lo cymecTBy, HMeHHO
3TO OGCTOSITENBCTBO U NMPHUBOAUT K TOMY, UTO B KaXKJOM atoMe
CYLIECTBYET HaWHHU3llee SHepreTHYeCKOe COCTOSIHHE C HeHyJe-
BOH KHHETHYECKOH 3Heprued: OHO HA3bIBAETCS OCHOBHBIM.
JleficTBUTENbHO, NPH 3aJaHHBIX pa3Mepax aTroMa HMIYJbC, a
C/1eJJOBATENbHO, U KUHETHYECKAasl SHeprusl JeKTPOHA He MOTyT
ObITb CKOJMIb YTOAHO MAaJIbIMH.

I/ICHOJleYH COOTHOLUEHHE Heonpeae/IeHHOCTH, MOXKHO OLUEHHTb NOPAL0K
3HAYEHH S JHEPTruM CBSA3HM € 3JIEKTPOHA, HAXOAALWEroCd Ha OCHOBHOM ypOBHE

aToOMa BOJOpPOJAa 3amnHlieM BblpaKeHue /I8 MOTeHIua bHOR U H KuHeTHue-
ckoit T 3Hepruu 3JIeKTPOHa:
o2 2
U=-—%, T1=2_,
r 2m,
Tlostarasi B COOTBETCTBHH C COOTHOMICHHEM HEONPeAe]eHHOCTH p=~ K/r 1 yuu-
TbiBast (cM. puc. 5), uro 2T=—U, nosy4um
fi2 2 %2
X —; OTKyjad I X ——
Pm, ~ 7 TR

o

H JJs 3leprud CBA3H € HMEEM CJAEAYIOIYIO OLEHKY:
etm,
2h?

ITo cuacTnBOIi ca1yyaliHOCTH Halu rpyOble OLEHKH 7 ¥ £ COBIAJH C TOY-
HbIMH 3HAYEHHSIMH PaJHyca aToMa BOAOPOAa (TaK Ha3bIBAEMOro GOPOBCKOroO
pajuyca ry) U 311epr'uu CBSI3H aToMa BOZOPOAA £

e=T

2
ro= 2ﬁ—:—_-o,52917706(44). 10-10 y,
e?m,

4
g =7 = 13,605804(30) B.

Ecan BBecTu Gespasmepuylo Beduunny a=e?/hc, To nomyunm

1 &

1
€ ;:—2—(L2mec2, ro= g
e

(OtHowenue f/myc=3,8615905(64)-10~13 M NpPHHATO HA3LIBATH KOMITO-
HCBCKOH [JIMHOH BOJIIBI 3JIEKTPOHA.) Beauunua o moayuuwsna B aTOMHOH
(u3HKe Ha3dBaHWe (IIOCTOSIHHOH TOHKOfl CTPYKTYpbl» H HMeeT 3HaueHue

o= 1/137,03604(11).

Tenepb HeTPYAHO OLEHMTb M CKOPOCTb JIEKTPOHA B aToMe BOLOPOJA.
Ona, KaK yxe Obl10 cKazaHo (cM. . 9), JefCTBHTENbHO COCTaBJsieT NpPH-
mepHo 1/137 ckopoctu cBera.

[Ipu cTolKHOBEHHAX aroMa C APYTUMH arovMamy HJId INPH
00/IydeHHH aroMa YJbTPapuO/IEeTOBbIM H3/My4eHHeM 3JIeKTPOH
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JIH60 MOKeT GbITh BHIGHT H3 aTOMa (3TO Ha3bIBAETCS HOHH3alUeR
aroma), IHGO MOXKET NepedTH Ha KakoH-Iu60 U3 6oJiee BHICOKO-
PacroyioXKeHHBIX YypOBHeH (3TO HasblBaeTcsi BO36YKJEeHHEM
atoMa). DHeprus CBA3H n-ro BO3GYKAEHHOTO YPOBHS €, BhIpa-
JKaeTcs yepe3 HepPruio CBSI3H OCHOBHOTO YPOBHS €y CJIEAYIOLHM
obpasom:

e,=¢&((n+ND7% rren=1,2,3, ...

JlucKpeTHble YPOBHH XapaKTepHbl, Pa3yMEETCs, HE TOJBLKO
LJIS1 3IEKTPOHOB B aTOMe, HO H JUIsl aTOMOB B MOJIEKYJIaX (34€Ch
pPacCTOSIHHSI MEXIY YPOBHSIMH CYIIECTBEHHO MeHbIlie, YeM B
aTtoMax), ¥ 1J1s HYKJIOHOB B aTOMHBIX SIAPax (3Jechb pacCTOsSTHUA
MeXJy YPOBHSIMH ropasjo Gosiblie, 4eM B ATOMaX).

Hrak, Kaknasi MoJieKyJia, KaXIblfl aToM, KaXJ0€ aTOMHOe
SAPO (32 HCKJIOYEHHEM CaMbIX MPOCTEHLIMX — MPOTOHa H

NeHTPOHA), HMEIOT, HapsALy C OCHOBHBLIM COCTOSIHHEM, HaGop
JAHEKPETHBIX BO3GYXIEHHBIX COCTOSHHH. M3 cKasaHHOro Bhlie
SICHO, YTO MacChl MOJIEKYJI, aTOMOB, siiep B BO3GY>KIEHHBIX
COCTOSTHHSIX TMPEBBILIAIOT HX MaCCHl B OCHOBHOM COCTOSHHH.

ATOMHBIE U AJEPHBIE PEAKLUHH

Bl y2ke 3Haere, YTO KOTJa FOPHT KOCTEP, ATOMBI
yryepojia u BOJAOPOJA, BXOASIIHE B COCTaB JPEBECHHBI, COENH-
HSIOTCSI C aTOMaMH KHCJIO0pOja M3 BO3AyXa, H o6pasyiorcs
COOTBETCTBEHHO YTIJIeKHCJBIH ra3 u Boja. CyMMa Macc MoJIeKY.JI,
BCTYNAIOLUX B peakLUHUIO IOpeHHsl, GoJibllie, YeM CyMMa Macc
06pa3oBaBLIMXCST MOJeEKYJ. B cHily coxpaHeHHSI 3Heprud,
KHHeTHYeCKasl 3HepTHsi NPOAYKTOB TOpPeHHSl JO/KHA ObiTh
GoJsibllle, YeM KHHETHYeCKas SHepPrua MOJIeKyJ, BCTYHAOLHX
B PeakuHI0. ITOT U3OLITOK KHHETHYECKOHR SHEPTHH Mbl BOCIPH-
HHMaeM Kak Bblie/leHHe Telsa NpH TropeHMH. HenpaBHJbHO
6blI0 GBI TOBOPHTb, YTO NMPH 3TOM NPOHUCXOIMT -NPeBpaLieHHe
Macchl B 3Hepruio. [lpaBusbHee GbLI0 Obl €Ka3atb, UTO YacTb
Maccel NpeBpalllaeTcsi B KHHETHUECKYIO sHepruio. UM coscem
NpPaBUJIbLHO OBLIO GBI CKa3aTh, YTO SHEPTHS NEPEeXONUT U3 OXHOMH
(opMbl (3HEPTHS MOKOs1) B APYTYIO GopMy (KHHETHUECKYIO SHEp -
ru0). 3ameTbTe, UTO IOJHAs Macca CHCTEMbl He MeHsiercs.

Korna B JIHCTbAX pacTeHHH NOJ NeACTBHEM COJHEYHBIX JIy-
uyefl yIJeKHCJBI ra3 M BOAA INPeBPAlAOTCS B OPraHHYECKH e
COeJIMHEHUs H KHCJIOpPOA, TO Macca Bospacraer. Heo6xoanumasn
JJ1s1 3TOro 3Heprus mocraepJasiercsi COMHIEM — 3TO KHHETHUYE-
CKasi DHeprusl COJTHEeYHbIX (DOTOHOB. -

B Teuenne Bceil npepuIecTBYIOWIEH HCTOPHH yesoBeuecTBa
nMeHHO COJIHIIE B KOHEYHOM cyere SIBJSIIOCh MOCTABLU[HKOM
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5HepruH, HCHONB30BABILeHCS JAIOABMH. A UTO #BAdETCH HCTOU-
HHKOM 3Hepruu camoro Connna? Kak MBI yBHIHM HuXKe,—
3TO siiepHBIe PeakLHH, B KOTOPbIX CyMMapHas macca BO3HHK-
IUMX B peakLUHH siiep MeHblle, 4yeM CyMMapHas macca suep,
BCTYNHBIIHX B peakuHio. PasHoctb Macc (pasHOCTb 3Hepruii
MI0OKOSI) paBHA U30bITOYHON KMHETHYECKOH 3HepPTHH 06pa3oBaB-
mwuxcs npu stom yacthi. CoJHIE H3/TY4aeT 3Ty SHEPTHIO B IIPO-
CTPAaHCTBO, B OCHOBHOM — B BHJe (DOTOHOB.

Korza arombl craskuBalTCa APYr C APYTOM C JOCTaTOYHO
BBICOKHMH CKODOCTSIMH, OHH BO30YXKJAIOTCS; 3JEKTPOHH B
HHX TIepexolsiT Ha BO30YXKIeHHble YPOBHH H MacChl aTOMOB
BO3pacTaioT. ATOM He MOXKeT J0JIF0 HaXOAHTbCS B BO3GYXK/IEH-
HOM COCTOSIHHH: yepe3 HEKOTOpOe BpeMs OH HCITycKaeT (HOTOH H
TNIepeXOJHUT B OCHOBHOe coctosiHHe. POTOHBI M3JYYaloTCs aToM-
HbIMH 3JIEKTPOHAMH, NEePeXOAsIIUMH C OZHOH OpOUTHI Ha JApPY-
ryio. OueHb BaXXHO OCO3HATh, UTO ()OTOH, H3JIyUaeMbIHl aTOMOM,
He XpaHHJICS B HeM JIO 5TOT0, a POXKAAeTCS B MOMEHT H3JTyUeHHS.
VameneHne IBHXKEHHSI 3JeKTPHUECKHX 3apALOB (3JIEKTPOHOB)
BBI3bIBAET BO30YKAeHHE 3JIEKTPOMarHHTHOTO NOJSI KBaHTaMH,
«ITOPLIHSIMH» KOTOPOTO ABJSIOTCS (DOTOHBI: TOUHO TaK XKe He
XpaHsATCS (POTOHBI H B PAaCKaNeHHOH HHTH SJIEKTPUUYECKOH JaM-
noukd. OHH POXJAIOTCS M M3JYYdIOTCS «Pa30TPEThIMU» 3JIEKT-
pOHaMH.

Ouneprusi E ¢oroHa cBsI3aHa ¢ ero 4acToTod ® COOTHOLLe-
nnem E=lo. Eciu yuectb, uTo AJMHA BOJIHBI CBETA H €ro
yacToTa CBSI3aHbl COOTHOLIEHHEM X=@C, TO Mbl YBHIHM, YTO
KBaHT CBETa ONpeJieJIeHHOH JJIMHEI BOJIHBL HMEET CTPOTO Onpeje-
JIeHHYI0 3Hepruio. [loJjie mokosierocsi 3JeKTPHUYECKOro 3apsi-
Jla — 4YHCTO CTaTHYeCKoe, 5TO — TaK Ha3bIBaeMOe KYJIOHOBCKOE
nosie. Ho nose ABuKyIerocst 3apsijia ColepKHT BO30YKAEHHUS C
HeHyJ1eBOH yactoToH. IIpH H3MeHeHHM CKOPOCTH 3apsia 5TH
BO30YK/JeHHS KaK Obl «CTPSIXHBAIOTCS» U BHLIETAIOT B BHJIE CBO-
6OJHBIX (POTOHOB.

Bo36yxaeHHble aTOMBI H3JY4alOT He TOJNBbKO BHAHMBIH
cBer. Ecin arom TskesBblft M BO36GYyXKJIeHbl B HeM BHYTPEHHHe
OBICTPO JIBHXKYILLHECS] 3JI€KTPOHBI, TO TNPH €ro BHICBEUHBAHHH
HCOYCKAIOTC PEHTTeHOBCKHE JIYYH.

AHajloru4HO aroMaM H3Jy4aloT-(OTOHBI U BO3GYXKJeHHbIE
sifipa. TosbKo pOTOHBI, HCNyCKaeMble SIAPaMHU (siiepHble Y-KBaH-
TBHI), ropas3jo dHepruyHee aroMHbIX (oToHoB. (Ecau sneprus
CBA3H 3JIEKTPOHA B arome Bojopoja cocrasiser 13,6 3B, to
SHeprus CB3H HYKJIOHA B siJpe B CpefiHeM paBHa IIPHUMEPHO
8 MsB.)

IIpu mocrarouHo GOJIBILIOH 3SHEPrHH BO3GYXKIEHHS siApa
MOPYT H3Jy4YaTb M APYrHe YacTHIbl, a He TOJbKO (POTOHHI.
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_ PasnooGpasue Takux anepm:rx peakuuit odenb Bemuro. Ho
BCE UX MOXKHO pas3GuThb Ha JABa GosbliHX KJjacca. K oxHoMmy
KJ1acCy NMPHHAJJIEXKAT TaKHe PEaKIHH, KOr/a U3 siipa BbIIeTaoT
OJIHHOUHbIE HYKJIOHBl HJIH Jax<e 1ie/lble CTYCTKH HYKJIOHOB —
AJlepHBlE OCKOJIKH. DTO MPOUCXOAUT, HanpuMep, npu a-pac-
nage (HanOMHHM, 4YTO C-4aCTHLA — 3TO_AAPO aToMa TeJHs)
WJIH NPH JesleHHH ypaHa. K jApyromy Kjaaccy npHHamjexar
TaKHe PeaklHH, B KOTOPbIX H3GBITOYHAS SHEPrHsl HecTaOHJ/bHO-
ro sifipa YHOCHTCSl YacCTHLAMH, KOTOPHIX JO MOMEHTa M3Jyde-
HUS B sjape He Obwio. [Ipocrefiwnii npuMep 3TOro, BTOPOrO,
KJlacca peakiuil — ucnyckaHue ¢portoHoB. Celluac Mbl 03HAKO-
MHMCS C JIPYTHM SIBJIeHHEM — HCINyCKaHHeM fipaMH naphbl ya-
CTHIL 3JIEKTPOHA M HeHTPHHO. ITO siBJeHHEe OLIO OTKPHLITO B
KOHIle NpOIJIOro Beka H GhIJIO Ha3BaHO P-pacnaioM.

CJIABOE U CHWJIbHOE B3AHUMOJENCTBU A

[Ipuposna uactuu, ucnyckaembiX npu f-pacnane,

Gbuia ycraHoBleHa janeko He cpady. OnHa M3 3THX YacTHIL

3JIEKTPHUECKH 3apsiKeHa, BTOPAs — 3JEKTPHYECKH HeHTpa/b-

b Ha. [lo Tex nop, moka He YyCTaHOBH-

JIH, UTO 3aps’KeHHash YacTHia — 3TO

n 3JIEKTPOH, €€ Has3blBa/lH [-yacTHIled.

(Cam 3/1eKTPOH Gbl OTKDBIT  He3a-

" jomro mo OTKpbITHS P-pacnaza.)

~ Boo6ie, nocje OTKPHITHS pafHoak-

Y THBHOCTH JOBOJIbHO GHICTPO YCTaHO-

Puc. 6. P-pacman Hefitpona BHJIH, UTO €CTh TPH THMA pagHOaK-

THBHOrO pacnazga: «, B, y. Mol 3Ha-

€M Temepb, YTO O-IyYH — 3TO sApa Trejus, P-Jy4ydH — 3TO
3JIEKTPOHBI, a Y-JYUH — siiepHble Y-KBaHTHI.

B nauane 30-x rozos crano sicHo, yto nNpu P-pacnazge uc-
MyCKaeTcs1 He TOJBKO 3JEKTPOH, HO M ellle KaKasi-TO YacTHua,
He HMewolas 3apsja. Ee HasBaiu HEATPUHO (MO-UTAJNbSHCKH
3TO 03HAYaeT «HEeHTPOHUYHK»).

‘I'IpOCTeHmnM npuMepoM P-pacnaja SBJASETCS pachajn CBo-
G6onHoro HefiTpoHa (puc. 6), IpH KOTOPOM HEHTPOH INpeBpalia-
eTcst B IPOTOH, HCNYCKas 3JeKTPOH U HEATPHHO (60J1ee TOYHO —
aHTHHEHTPHHO *), CMBICJI MPHUCTABKH «aHTH» Mbl MOSICHUM Yepe3
HEKOTOpOe BpeMsl):

n —-»p—[—e‘—l—;z.

*) HeliTpuno o603HaualoT OOBIYHO rpeveckofi G6ykBoit v (ui0) s
0603HaueHHs] aHTHHEHTPHHO Haf GYKBOH v CTaBAT 3HAK THJbAA: V.
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Pacnag HeHTpOHAa BO3MOXEH MOTOMY, 4YTO Macca HeHTPOHa
IpeBbIIaeT CYMMY MacC NPOTOHA, 3JeKTPOHA H aHTHHEHTPHHO.
Kak u B ciyyae HCyCKaHHs y-KBaHTa BO3GYKAEHHBIM SIIPOM,
YaCTHIIbl, BO3HHKaIOLIHe NPH P-pacnafe HEHTPOHA, He «CHIETH
B HEM» 3apaHee, OHH POXJAIOTCSI B MOMEHT pacnaja, «CTPSiXH-
BaloTcs» ¢ Hero. Ho eciin npu M3MeHEHHH COCTOSTHHSI aTOMHOTO
3JIEKTPOHA H3Jyyaercsi OfHa vactuua — (OTOH, TO HPH Ipe-
BpallleHHH HeHTPOHA B IPOTOH H3Jy4yaeTcsl cpasy napa YacTHIU:
3JIEKTPOH IJIIOC AHTHHEHTPUHO.

C TOYKH 3DEHHS SHEePreTHKH mpouecc P-pacnaza He OTJIH-
yaercss OT APYTHX NPOLECCOB, KOTOpble MblI paccMaTpHBaJIH
Bhile. M TeM He MeHee B HeM Mbl HMeeM J1eJI0 ¢ (QyHaMeHTaNlb-
HBIMH CHJIaMH, C KOTOPBIMH MBI JIO CHX [Op Ha CTPaHMIaX ITOH
KHHTH He BCTPeYauch. Bhille Mbl FOBOPHJIH O rPaBHTALHOHHOM
B3aHMOJEHCTBUH. l“onoplum O Pa3AUYHBIX NPOSBJAEHHSAX IJIEKT-
POMarHMUTHOrO B3aUMOJEHCTBHS, B YaCTHOCTH O NPHTSKEHUH
DA3HOMMEHHO 3apPSIKEHHBIX YaCTHL H 06 HCIYCKaHHH H TMO-
ryiomeHud (oroHoB. HesiBHO Kacanuch Mbl H TaK Ha3blBaeMOro
CHJIBHOTO B3aUMOJIEHCTBUSI, NPHUTATUBAIOILErO JAPYr K JAPYry
HYKJIOHB! B sifipe. CHJIBHBIM 3TO B3aHMOJEHCTBHE Ha3Baslu IIO-
TOMY, YTO SIIEPHBIE CHJIBI rOPasfo HHTEHCHBHEE 3JeKTpoMar-
HUTHBIX, O Ye€M CBHUJETeNbCTBYeT OGOJIbLIas SHEPrHsl CBA3H
HYKJIOHOB B fiZpe.

B P-pacnaze mbl cTaJIKUBaeMcsl C NPOSIBJIEHHEM YETBEPTOro
THIAa (YHAAMEHTaJNbHBIX CHJI — C NPOSIBIEHHEM TaK Ha3blBae-
Moro ciaboro B3auMofelicTBusi. CniaGbIM OHO Ha3bIBAETCS MOTO-
My, YTO B KaXKHOJHEBHOH >XM3HH €ro MNPOSBJEHUS KaKyTcs
HpeHeGpeKUMO c1abbIMH, H [IOTOMY, UTO B aTOMax H spax OHO
JedcTByeT ropasjo cjabee, 4eM CHJIBHOE U 3JIEKTPOMAarHUTHOE
B3aUMOJIEHCTBUS; a2 OOYCJOBJEHHBIE UM TIPOILECCHl HMEIOT MEHb-
Iide BEPOSITHOCTH M, CJAeNOBATeNbHO, MPOTEKAIOT MeJJIeHHee,

Kak n3BecTHO, B MarHUTHOM I10JI€ Y-1yUH BOOGLIE HE OTKJIO-
HSIOTCS, @ O- U P-1yYd OTKJOHSIOTCS B MPOTHBOMOJNOMKHBEIE
CTOPOHBI, KaK 3TO H300pa:kKeHO Ha PHCYHKe Ha OOGJIOXKKE 3TOH
KHUTH. MHe BeroMHHaercsi OJHO U3 JOJNTHX BEUEPHHX OGCYXK-
JleHH# 0 cyap6ax (pU3UKH, KOTOPBIE MHOTO JIeT Ha3all BpeMsi OT
BPEMEHH YCTpauBa/j CO CBOMMH yYeHHKaMH H COTPYIHHKaMH
PYKOBOZHTENb TeOopeTHYeckoro otaesna MHcrutyTa Teoperuue-
CKOH H 3KcrepuMeHTalbHOH (usnku axafiemuk U. §. Tlome-
panuyk. Bo Bpems 3T0r0 OGCYXXAEHHS ILMPOKO H3BECT-
HBI CTIEHAIUCT MO KBAHTOBOH 3sekTponuHamuke B. B. Be-
pECTElKUI 3aMeTHJ, YTO YIOMSAHYTHIH PUCYHOK, BOMIENUIUH BO
BCE UIKOJIbHBIE YYeGHUKH, MOXKET CJYKHTh CHMBOJIOM TpEX
(yHIaMEHTAJbHBIX B3aUMOAEHCTBHH: Beib O-pachaj — 3TO
NposiBJIEHHE CHJILHOTO B3aHMOJeHCTBHA, P-pacnaj — caa6oro,
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a y-pacmajJ, — 3JeKTpoMarHuTHoro. B mnepBble recsituierus
Haiero Beka (pM3uKa KaXIOro U3 STHX B3aHMOJAEHCTBHI odop-
MHJIach B OTJEJNBbHYIO HayKy. B Hacrosinee BpeMsi NPOHCXOIUT
CHHTE3 3THX HayK, 00 3TOM peub MOHJET B KOHIle KHUTH. A moka
IpPOJOMIKHUM pasropop o P-pacmage.

Ha nepBrifi B3rIsi MOXKET [I0Ka3aThCsl, YTO MHUP BOOQIIEe H
YeJIOBEUECTBO B YACTHOCTH BIIOJHE MOIMH Obl OGOHTHCH Ge3
cna6oro B3auMofieHctBHA. Benb f-pacnmag — 310 IOBOJBHO
3K30THYecKOe siBieHHe. Ho Takoe 3ak/oueHne 0 HecyllecTBeH-
HOCTH CJIa60ro B3auMOAeHCTBUS OblJI0 OBl TJTy6GOKO OMIHGOYHBIM.
IocraToyno ckasatb, 4TO eCJH Obl YAANOCh «BbIKJIIOYHTbY
cna6oe B3auMojeicTBHe, TO noracio 6bl Haue CogHie.

JleJs10 B TOM, YTO Y3JI0BBIM IIPOLIECCOM, OTKPBIBAIOLIUM ITyTh K
JanbHeHIIUM slepHbIM peakuusm Ha CoJaHue, fBASeTcs INpo-
Iecc, B KOTOPOM JBa IIpOTOHa ® 3JIEKTPOH NpeBpalaloTcs B
neiitpoH D u HefitpuHO W,

3ameTuM, UTO OfHOCTYIEHYATOE MpeBpauieHue (puc. 7)
p+p+e—D+v

npoucxoaut Juub B 0,25% Bcex cayuaes. B 99,75% cayuaeB peakuus uaer

Puc. 7. CnaGas peakuus Puc. 8. Cnabast peakuus
ptpte-—D+v p+p—>Dtvtet

B ziBe ctynenu. Ha nepsom atane poxpaercst nosutpoy et B peakuuu (puc. 8)
p+p— D4+vfer.
Ha BTOpOM 3Tane mpoMCXOAMT peakLHsi aHHUTHAALMH B (GOTOIB MO3UTPOHA
H ORROTO H3 COJIHEUHBIX 3JIEKTPOHOB:
et 4e~ — 2y umm 3y.
Bosee nojpo6rO 0 MO3HTPOHAX M AHHUTMAALMH GYAET CKA3aHO HUXKe (cM.
pasfiel «AHTHUACTHIbIY).

Hanomuum, yto sefitpos D — 3710 s11po feiiTepus, T5KCIGro
H30TONAa BOAOPOJAA, NpeAcTaBJsiollee cOGOi CBSI3aHHOe COCTOS-
HHe NMpoToHa M HedTpona. Ha puc. 7 u 8 BoJHHCTHIE JHHHH
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YCJIOBHO H300paXKaloT CUJIbHOE siiepHOe B3aHMOJeHCTBHe,
CBsI3bIBalOLllee NTPOTOH M HEHTPOH B AeHTPOHE. DHEpPrusi CBsI3H
JedTpoHa cocrapisier npumepHo 2,2 MsB. Eciu yuects, yto
Macca HefitpoHa Ha 1,3 MaB Gosblue Macchl NpoToHa, Macca
nosuTpoHa cocrasisier 0,5 MsB, a Macca HeHTpHHO npeHeGpe-
JKHMO MaJia (2 MOXKeT ObiTh, IPOCTO PaBHA HYJIO), TO HETPYIHO
OLIEHUTb SHEProBhIieNIEHHE B Mpolecce, H306paKeHHOM Ha
puc. 8. Ono cocraiasier Bcero 0,4 MsB.

OnucaHHBIH Bbillle c1a6bIH Npolecc, KOTOPbI B HEKOTOPOM
CMBIC/IE MOXKHO CYMTaTh IIpoleccoM, OOpaTHBIM f-pacnagy
HEUTPOHA, SBJSETCS OCHOBHBIM ITOCTABIIHKOM COJIHEYHBIX
HefirpuHOo. OXHAKO MBI TOJBKO YTO YGEIUJIHCh, YTO KHHETHYEC-
Kasi 3HEprus, BbIeJeHHAss B 3TOM Mpolecce, CPaBHUTENBHO
HeBellHKa. OCHOBHOe BblJie/IeHHE Telia INPOHCXOAUT 33 CYeT
JaNbHEAIero npeBpalleHus JBYX sAep JLeHTepusi B SLPO
reJiusi, cojiep:alilee IBa IPOTOH3 U JiBa HeHTpoHa. B ocHOBHOM
3TO NpeBpallleHHe NPOMCXOAMT 3a CyeT JBYX peakuui:

D+ p — 3He+9+ 5,5 M3s,
3He +3He — *He 4 2p + 12,9 MaB.

B nepBo#i H3 HUX pa6oTaeT KaK CUJIbHOE, TaK U 3/1€KTPOMAarHuT-
HOe B3aHUMOJeHCTBHE (B Hell HCITyCKaeTcs P-KBaHT), BO BTOPOH —
TOJMIbKO CHJIbHOE B3auMojeHcTBHe. Bosbliioe sHeproBuifeneH1e
BO BTOPOH PeaKlUH CBS3aHO C T€M, YTO HYKJIOHBl B Ot-YaCTHIE
IVIOTHO YNAaKoOBaHbl M 006J1aJaloT Gosblueld HepTHeH CBS3H.

ITonoGHble peaknuu CAMSIHUSA s[iep Ha3bIBAIOTCS TEPMOSIED-.
HBIMH, TOCKOJIbKY OHH MAYT TOJIbKO IIPH BBICOKOH TeMIlepatype.
Bricokasi Temmeparypa Heo6XoAuma Jjsi TOro, 4toGbl siapa
MOIJIH BIIOTHYIO MONOUTH APYT K Apyry. Bean, Kak H3BecTHO,
OJIHOUMEHHBIE 3JIEKTPUUECKHE 3apsiiibl OTTaNKHUBaOTCA. UTOGHI
s/ipa MOTJIM NIPEONOJIETb 3TO 3JEKTPUYECKOEe OTTAIKHBaHHE H
cOM3UThCA Ha paccrossHHe mopsigka 1072 cM, UM Hago coob-
IIUTh JAOCTaTOYHO OOMBIIYIO KHHETHYECKYIO SHEPTHIO.

OcHOBHAsl HajexXJa YeJOBe4eCTBA M OCHOBHAas yrposa
CaMOMY €ro CYLIeCTBOBAaHHIO CBSI3aHbI C TEPMOSIIEPHBIMH peak-
nuamu. Ecan 6Bl yjanoch OCyIIECTBHTb YIpaB/isieMble TEPMO-
siflepHble peaklUMH B NPOMBILIIEHHBIX YCJIOBHSIX, TO 3TO AaJ0 Gbl
JOCTYIl K OTPOMHBIM 3arfacaM HePIHH W HaBcerja (B COBpEMeH-
HBIX MaciTa6ax) H36aBHJ/I0 Gbl YeJIOBEUECTBO OT YIPO3bl SHEPTre-
THYecKOro kpusuca. C Ipyroii CTOpPOHHI, eCJIH B30OPBYTCS Te
OrpOMHBIE 3anachkl BOAOPOAHBIX GOMG, KOTOpPBiE HAKOMJIEHB!
1 Bce GoJiee GbICTPBIMH TeMIaMH MPOJOJIKAT HaKaIJHBaThCs
B silepPHBIX apceHajaXx Bce GOJBIIETO YHCJAA CTPaH, TO 4esoBe-
yectBO OyJer YHHYTOXKEHO,
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®HU3UKA BbICOKMX 3HEPTMA

Jlo cux mop Mbl 6bIIM TOJNBKO Ha MOACTyHaXx K
OCHOBHOH TeMe 3TOH KHHMrH. IIpeaMer Haimero HsyueHuss —
¢u3MKa yacTUl BLICOKHX SHePrHH — He MMeeT HHKAKOro OTHO-
HIEeHHsS] HHU K aTOMHBIM 3JIEKTPOCTAHIMSIM, HH K aTOMHBIM 6OM-
6am. Llenb ¢du3HMKH BBICOKUX 3HePrHH — BbISICHEHHE NPHPOJIHI
(YHIAMEHTANbHBIX CHJI M CTPYKTYPHI 3JIEMEHTAPHBIX YaCTHII.
Takoe nozpo6HOe BBeleHHe HaM NOHAZOOHJIOCH [OTOMY, 4YTO
«HEJIb351 TOJNYYUTb BbICIIETO OGpPa30OBaHHs, He HMes JO 3TOro
Hu3iero». Kpome Toro, B mpoleccax NpH BLICOKHMX IHEPTHSX
HMeeTcs] MHOTO OOllero ¢ MpoueccaMH NPH HU3KUX 3HEPTHsX.
(DHepruu TepMoOsiiepHBIX peakiiHi, eclii CPaBHHTb HX C TEM,
YTO CErOfHs Ha3blBAIOT BHICOKMMH SHEPTHSIMH, CTOJMb XK€ HH3KH,
CKOJIb HH3Ka 3HeprHsi BUAHMMOTO CBeTa 110 CPABHEHHIO C 3Hep-
ruell siiepHbIX y-KBaHTOB.)'B uactHocTH, BCe peakuuH NpPH Bbl-
COKHX 3HEpPTUSiX, CKOJIbKO Gbl YaCTHI B HHX HH POXKIaIOCh,
NOJYUHSIOTCS 3aKOHY COXpaHeHHs 3Hepruu. [losTomy uTo6bi
POIUTH HOBYIO TSKEJYIO YacTHLY, HeOGXOJHMO OCYLIECTBHTh
CTOJIKHOBEHHE JOCTATOYHO SHEPTHYHBIX HCXONHBIX YaCTHII.
HMeHHO nO3TOMY Ha NpejbIyliMX CTPAHHULAX MBI 2aTPaTHJIH
TaK MHOT'O BpeMeHH Ha pPacCMOTPeHHe NPOLECcCOB, NMPH KOTOPBIX
6oslee JIerKHe YacTHLBl NpeBpaulaloTcsl B GoJiee TsKeJble H
HaoGopor. B 3TOM OTHOLIEHMH B mpoLeccax, NMPOUCXOAALIHX
NpPU BHICOKHX 3HEpPrusiX, HUYero NPHUHIUIHAILHO HOBOTO HET.
Ho B uesom psige Apyrux oTHOUIeHH#H (U3HKaA BBICOKHX dHEPTHH
FIOpPa3uTe/bHA: OHA OTKpBbLJIA HaM LeNblH MHP (pyHJaMeHTasb-
HbIX, IVIYyOUHHBIX M BMecCTe C TeM YAUBUTEJIbHBIX SIBJEHHH H
3aKOHOMepHOCTeH.

IlepBuiit 3Tan pa3BuTHS (PM3UKH BHICCKHX 3HEPTHH, HayaJo
30-x — koHen 40-x ronos, Obl CBsI3aH C H3yuYeHHEM KOCMHUYe-
cKuX Jyyell. [TepBHUHBIe KOCMHYECKHE JIYyUYH — 3TO TNOTOK Gbi-
CTPBIX NMPOTOHOB, NAJAOUIHX Ha 3eMJI0 H3 KOCMHYECKOro Ipo-
ctpaHctBa. CrajKuBasCh C sApaMH- aTOMOB aTMocdepsl, Iep-
BHYHBIE MPOTOHBl POKJAOT MHOTOYMCJIEHHbIE BTOPHYHBIE Ya-
cruupl. [Iplt H3ydeHHH 3STHX BTOPHYHBIX YacTHLl YJasloch
O0GHAPYKHTh, YTO CPEeJH HUX, HAPsAY C OObIYHBIMH YaCTHIAMH—
(OTOHAMH, 3JI€KTPOHAMH, HYKJOHaMH, POXAAIOTCA H APYrHe,

" COBEpILIEHHO HOBble YacTHUBI. JIJIs BBISICHEHHS NPHPOXBI 3THX
yacTull ¢ KOHa 40-X roJoB Haya/lu CTPOUTb Bce 60see MOLIHbIE
YCKOPUTENH 3apsi?KeHHbIX YacTHL.
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YCKOPHUTE/IH

B 3aBuCHMOCTH OT THNAa YCKOpSieMbIX HYacTiiil
pasjuyaloT NMPOTOHHblE H 3JEKTPOHHble YCKOpHTeau. Kpome
TOTO, YCKOpPHUTe/IH OBIBAIOT KOJIbLeBble H JHHeHHble. Koiblie-
BBIX YCKOpHTeJell B Hacrosilllee BpeMsi HaMHOro GoJiblile, 4eM
JINHEHHbIX.

OnuH U3 caMblX GOABUIMX KOJIBILEBBIX NPOTOHHBIX YCKODH-
TeJeldl HaxoauTtcsi B EBponefckofi opraHM3auMu siliepHBIX HC-
cnefoBaHuM#, BOMH3H KeHeBbl, apyroll — B PepmueBckoi
HapHoHa/MbHOH JiaGopatopud B DBarapuu, BGausH UYukaro.
MakcumanbHas 5Heprusi MPOTOHOB B 3THX YCKOPHTEIAX COCTAB-
asier 400 1 800 I'sB cooTBercTBEHHO. ¥ CKOPHTENH 3TH pdcIo-
JIOXKEHBl B KOJIbIIEBBIX TOHHEJSX JJIMHONH OKOJIO CeMH KHJIOMET-
poB. Ilo nycka B Hauajie 70-X rofioB GOJIBIIOTO YCKOPHTEJS
B6/13HM YKeHeBbl pekopiHOH sHeprueil (76 I'sB) obnapan mpo-
TOHHBIH yckopHTenb B MHCTHTYTe (U3HKH BBICOKHX SHEPTHH B
I1porBuHo, B6M3H CepnyxoBa, paboratowuil ¢ 1968 r. danHa
KOJIBLIEBOTO TOHHE/S] 3TOT0 YCKOPHTENS — OKOJO IoJayTopa
KHJIOMETPOB.

B ToHHesle KOJ/IBLIEBOTO YCKOPHUTENS, BLOJb BCETrO KOJbIA,
CTOSIT 3/1eKTPOMArHUTH!, KOTOpbIe, OTKJIOHSS YacCTHIbI, 3aCTaB-
JSIIOT UX JBUrarbCsl MO KOABLYY BHYTPH TPYObl, H3 KOTOpPOH
OTKauaH BO3AyX. Dra KoJblieBasi TpyOa Ha3bIBAeTCsl BAKYYMHOH
kamepofi. UeM cH/bHee MarHuTHOe MNoJie B MaruuTax, TeM Gosee
SHepPTHUHble YacCTHIbI MOT'YT ObITb yJepKaHbl BHYTPH Kamephl.
B 1983 r. nHa yckopurese B baraBuu 6blin ycTaHoBJ/IEHBI CBEpX-
NPOBOASIIHE MAarHUThl, KOTOPble MO3BOJSIOT YIEpPKUBATh NPO-
TOHBl BIJIOTE A0 3Hepruu 1000 I'sB.

Hrak, MaruuThl y1ep2kKMBaIOT YacTHIBI Ha KIIUPKOBOM TPEKe».
Pounb yckopsiolero 6uya npy 3ToM UrpaeT aJeKTPUYeCKoe MoJe.
Heckonpko yCKOpPSIOMIHX TNPOMEXKYTKOB C 3JEKTPHUECKUM
nojieM, YCKOPSIOLIHUM YacTHIbI, PAcCNoOJIOXeHO BJOJb KOJbLA.
B Ko/buE€BOM yCKOpHTeJe 4acTHI, MHOIO pa3 NMPOAETHT IO
KOJIbLLY, TpexJie ueM HabepeT HYXKHYIO SHEPTHIO, MO03TOMY
3JIeKTPHUECKOe IOJie 3[eChb MOXKeT ObiTh HEe OueHb CHJIBHBIM.
B /nMHeliHOM ycKopHTe/le, HaNPOTUB, YCKOPSIOUIHE 3JEKTpHUE-
CKHe MOTeHIHaJbl JO/KHBI GbIThb NPeeNbHO BHICOKHMH, TIOTOMY
YTO YacTHLA JO/DKHAa HabpaTb BCIO CBOIO 3HEPTHIO 3a OJHH
npoJieT.

PekopaHble 3HAueHHsT T€PeMEHHBIX 3JIEKTPHUECKHX MoJel
JOCTHIHYTH B HacTosilllee BpeMs B IHCTHTYTE sinepHOHDH3HKH
B HOBOCHGHPCKOM AKajeMropofke: OHH NPHGIHKAIOTCA K
MEras/JeKTpOH-BOIbTY Ha CaHTHMETP. DTH NOMAs CO3JaA0TCS
A5 6y 1yLero JIMHEHHOTO 3JIeKTPOHHOTO yCKOpHTeJIsl, B KOTO-
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pOM TeMI ycKopeHHst coctaBut npumepHo 100 MaB/m. AxkTiBHO
00CYKAaI0TCA TaKke H BO3MOXXHOCTH HCIOJIb30BaHHs JIa3ePOB
IJIs1 CO3/laHus ellie GOMBLINX TeMnoB yckopeHHsi. Ho 310 yxke —
texHuka XXI Beka.

Cawmblfi 60JbILOH H3 JeHCTBYIOIHX JHHEeHbIX ycKopuTeeh
pacnojioxeH B Crangopae, B6iH3d Can-Ppannucko. Ero gnnna
HECKOJIbKO IpeBbliiaeT 3 KM. B HeM yCKOPSIOTCS 3/IEKTPOHBI 0
sneprun 20 I'sB. [IpumepHo TakoBa xke npefie/ibHask SHEPTHS H
JIBYX caMbIX GO/IBIINX KOJBLEBBIX 3JIEKTPOHHBIX YCKOpHTeNeH,
OJIMH U3 KOTOPHIX pacnoyoxeH B ToM e CtaHdopJe, a Apyroi—
B6sn3n [amGypra. [uua KoJel 3THX YCKOpUTeael HeCKONbKO
NpeBHILIAeT 2 KM. -

BuumarenbHblH 4YHTaTENb, MO-BHAUMOMY, 3aMeTHJ, YTO
3(ppeKTHBHOCTb Ha €AYHHIY JJIUHBI Y NPOTOHHBIX KOJbIIEBBIX-
yckopuTeed OoJblle, YeM Yy 3JEeKTPOHHBIX. ITO CBSI3aHO C
TEM, YTO JIEKTPOHBI, OYAyuu GoJsiee JIETKHMH, IPU JBHKEHHH
O HM30THYTOH TPaeKTOPHH OoJiee MHTEHCHBHO H3JIYYalOT TaK
Ha3LIBAEMOE CHHXPOTPOHHOe H3JydeHHe. UTOOBl YMEHBIIHTD
IoTEPH 3HEPTHH Ha CHHXPOTPOHHOE H3JyueHHe, NPHXOJUTCSA
YMeHbLIATh LEHTPOCTPEMHTENbHOE YCKOPEHHE H, CJIef0BaTeNb-
HO, YBEJIHYHBATb PaiaHychl 3JMEKTPOHHBIX YCKOpHTeNeH.

[Tocsie TOro Kak 4acTHIBI Pa30rHaJIHCh 0 HYKHOH SHepTHH,
NyYOK YacTHI| BBINYCKAlOT H3 YCKOPHUTEJsl H HampasJAOT Ha
MHIIIEHB, B KOTOPOH, CTAaJIKHBAsICh C SIIPAMH BellleCTBA MHILEHH,
yacTHIBl TyYKa POKAAIOT HOBBIE YacTHIpl. Hekotopble u3 3THX
HOBBIX 4acCTHI[ 06/1a/jal0T GOJIBIIMME BPeMEHaMH XKH3HH U BblIe-
TAlOT U3 MHILEHH, APYTHe XKUBYT TaK Majo, UTO pacnafarrcs
NpsSIMO B MHLIEHH (MHOTHE M3 HHX He YCNeBalOT Jaxe BhblIeTeTb
3a Opefesbl TOrO aToMa, Ha sfipe KOTOPOIO OHH POXKAEHHI).
B mocsenHeM ciydae U3 MHIIEHH BBLIETAIOT YaCTHIbI — INPO-
IyKThl pacnafa. C MoMOLIBIO clellHaJbHbIX MarHHTOB YaCTHIIBL,
BbUIETAIOLIHE H3 MHIIeHH, GOPMHDPYIOTCSA BO BTODHYHBIE NYYKH,
KOTOpBle HaNpPaBJAIOTCA B 3KCIePHMeHTaJbHble 3a/bl, TJe pac-
MOJIOXKEHK YCTAHOBKH, JeTeKTHPYIOLIHe 3TH YacTHObl H HX
B3aHMOJIeHCTBHUS.

B nocsennue rojil Bce Gosbliee 3HaUeHHe NPHOOPETAIOT Ta-
KHe KOJIbLIEBbIe YCKOPHTEIH, B KOTOPHIX YCKOpDEHHBble YacTHIbI
CTAJKHMBAIOTCSI HE C HENOABHXKHOH MHLIEHbIO, a C Iy4YKOM
YaCTHI, YCKOPEHHBIX B [POTHBONOJOXHOM HAanpaBJ/IeHHH.
[IpeuMyIecTBOM CTAJKHBAIOUHUXCA MYYKOB SIBJSETCS TO, 4TO
OHH JAlOT GOJIBILIOH BBIMTPHIL IOJE3HOH 3HEPTHH, KOTOPYIO
MOXXHO HCIIO/Ib30BATh IJISl DPOXKJEHHS HOBBIX YaCTHIL.

PaccMoTpHuM IBa BCTPEYHBIX MyYKa YaCTHIL MACCHl M1, HMeo-
KX 3HEPrHio £ U NPOTHBONOJIOXKHO HalpaBJIeHHbIe HMITYJIbChI:
+p u —p. Tlonnas sHeprusi TakMX CTaJIKHBAIOWIUXCS YACTHI
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paBHa 2E, a MX cyMMapHBIil UMNyJIbC paBeH Hy 0. CucreMa Ko-
‘OpPAMHAT, B KOTOPOHl CYMMAapHBIl HMIYJIbC JIBYX YacTHL paBeH
HyJIIO, HasbIBaeTcsi CHCTEMOH LieHTpa Macc. B naHHOM ciyuae
cHucTeMa LieHTpa Macc CoBNajaer ¢ 1abopaTopHo# cHCTeMOi KOOp-
nuHar. duepruu 2E orBeuaer macca M, pasHas 2E/c®. Besi sta
sHeprus 2E, BooGllie roBopsi, MOXKeT HATH Ha CO3JaHUe HOBBIX
YaCTHL.

PaccMoTpuM Tenepb CTONKHOBEHHE NyyKa TeX e YacTHI C
HEMOJBHKHOH BOJOPORHOH MHLIEHBIO (MHILEHBIO, COAepKallei
atombl Bojopozaa). Ilycrb sHeprusi Kaxmo# W3 YacTHI[ NMy4yKa
no-npexHeMy paBHa E, Macca 4acTHIUBI m, a MMIYJbC pPaBeH
p, Tak uro pc?=E?*—m?* OGo3HayuM Maccy NpoTOHa (B
BOJIOPOHON MUILIeHH) Yepe3 w. Toria mo ompenesieHHIO Macca
CHCTEMH «4acTHLA -+ NMPOTOH» HJIH, YTO TO XKe caMoe, MOJHAs
SHEprHs] B CHCTEME LEHTPA MAacC YaCTHIIBl U NPOTOHA ONpeNessi-
€TCsi COOTHOLIEHHEM

Mzct = (E 4 pc?)2—pict = 2F uc? 4 plct 4 mict.

Tenepp yxKe cHCTeMa LEHTPA Macc IBHXKETCS OTHOCHTENTHHO
Jla6opaTtopHoii ciuereMbl KoopauHar. Eciin E Bo MHOro pas 60J1b-
me puc® H mc?, TO MoJiydyaeresi, YTO SHEPTHs B CHCTEMe LEHTpa

MacC CTAJKHBAOIIUXCA YaCTHII B MEpBOM CJyuae B V2E/pc2
pa3 GoJbllle, 4eM BO BTOPOM. A MO CYIIECTBY TOJNBKO 3Hep-
THsl B CHCTeMe HeHTpa Macc U sBasercsl 3hdeKTHBHOH 3Hep-
THel CTOJIKHOBEHHS] M OnpefiefifieT XapakTep 3TOr0 CTOJKHO-
BEeHHS.

$lcHo 1 6e3 BcsikuX opmy.1, 4To JJOGOBOE CTOJNIKHOBEHHE JBY X
BCTPEYHBIX aBTOMOOMJIeH ropasio 3HeprHyHee, YeM CTOJKHOBe-
HHe OJIHOrO M3 HHX cO crosulell MammuHo#. OaHaKo B ciyyae
PEJNATHBHCTCKHX YacTHI BHUTPHII B 3HEPrHH Tropasjfo Gojb-
M.

[lepBhle YCKOPHTEIH €0 BETPEUHBIMH NMyYKaMH, HX Ha3BaIH
KOJIIafiiepaMu, MOSIBUJINCH ele B 50-e roipl, HO HanboJee HH-
TepecHbIEe Pe3yJ/IbTAaTH NMOJMYy4YeHH Ha HUX B TeUeHHe M0C/IeJHero
JecaTuierdsi. B panbHelilieM MH ellle TO3HAKOMHMCSI C HEKO-
TOPBIMH 3KCIEPHMEHTaMH, NMPOBeNeHHLIMH Ha KoJulakijepax, a
MOKa TNOMBITaeMcsi KpaTko €popMyJIHPOBaTh TO OCHOBHOe, 4TO
BOOOLIE MNPHHECHH SKCIEPHMEHThl IIPH BBICOKHX 3SHEPrHsX.
HaunGonee sipkue aoctuxeHHss (PH3UKH BRHICOKMX 3HEprHH —
5TO aHTHYACTHUbI, aJPOHBEI U KBAapKH, TMOKOJEHHS JIENTOHOB H
KBapKOB, HapylLIeHHble CHMMeTpHH, (yHAaMeHTa/bHble BeK-
TOpHBIEe 6030HEI. Pa3bsicHUM 1o MOPSAAKY, YTO KPOeTCs 38 3THMH
TePMHHAMH.
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AHTHYACTHLbI

[lepBasi aHTHUacTHL@ — MO3UTPOH — OblIa TeO-
PeTHUYECKH NpeJCKa3aHa i S5KCepHMeHTANbHO OTKPhITa B Hauasle
30-x rojoB. [To3uTpPOH sIBJsiETCS aHTHYACTHLEH IO OTHOILEHHIO
K 3/ekTpony. OH HMeeT TOYHO TaKylo Xe Maccy H aGCoumoT-
HYIO BeJHUMHY 3apsiia, YTO M SJEKTPOH, HO 3HaK 3apsna
[O3MTPOHA IPOTHBOMOJIOXKEH 3HAKY 3apsja 3JEKTPOHA: 3apsif
N0o3UTPOHA MosioxkHTeseH. [103ToMY 3/1eKTPOH H NO3HTPOH 0603-
HayaloT COOTBETCTBEHHO e~ H e™.

B nycrore no3uTPOH Tak xe crabuJ/eH, KakK H 3JekTpoH. On-
HAKO BCTPEYA 3JEKTPOHA C MO3UTPOHOM KOHYAETCs IIIOXO ISt
HHX OGOHMX: OHH «HCY€3AI0T» — AHHUTHJIHPYIOT, H3Jyuas MpH
3ToM (oTOHBl (y-KBaHThbl). IIpH aHHHMIHJALHH 3JeKTPOHA H
HO3HTPOHA HCMYCKaeTcs, KaK NPaBuio, 1Ba WIH TPH Y-KBaHTa:

et+e” —vy+y, erte  —y+y+y.

Huuero MHCTHYECKOTO B «HCUE3HOBEHHH» 3JIEKTPOHA H IMO3HT-
pona Her. [Ipocto, B OTIMYHe OT peakUHH, PacCMOTPEHHBIX
Bbllle, B PeaKUHWH AHHUTHJASALMH SHepPrusi NOKOS 3JIEKTPOHA
H TO3HTPOHA MOJHOCTBIO TNEPEXOAHT B 3JHEPrHIO JBUXKEHHS
Y-KBaHTOB.

B naGopaTopHBIX YC/IOBHSIX, HA YCKOPUTESAX, HAOMIOLAeTCs
‘TaKXXe peakuus, o6paTHas PeaklMH aHHHTHJIAUHH 3JI€KTPOHA H
nosuTpoHa. [IpH CTONKHOBEHHH ABYX Y-KBaHTOB POXAAeTcs
napa «JEKTPOH -+ MOSHTPOH»:

Y+7v—et4e.

Bcren 3a no3uTpoHOM ObIJIM OTKPBITHI H JPYTHE aHTHUACTH-
usl. B yactHOCcTH, B cepennHe 50-X rOLOB Ha YCKOPUTENSIX ObLIH
cO3JiaHbl aHTHIIPOTOH H aHTHHEHATPOH, a 3aTeM — JAaxe JIeTKHe
antusigpa. Kak npaeuso, aHTHYacTHUB 0603HAYAIOTCS TOH XkKe
OYKBOH, YTO H COOTBETCTBYIOLIME YacTHIbI, HO Hak "GyKBOM
craBuTcs TUAbAa. Hanpumep, p — aHTHOPOTOH, # — aHTH- -
HeHTPOH, Vv — aHTHHEHTPHHO.

Macca Kaxaof aHTHYaCTHIB! CTPOrO paBHa Macce CCOTBET-
CTBYIOILEH YacTHIbI, a 3HAKH WX 3apsLOB NPOTHBONOJOXKHHI,
MricsienHas onepauMsi 3aMeHbl «4acTHIA — AHTHYACTHIIA» Ha-
3blpaeTcsl 3apsiloBbIM conpsikenueM. [lpu stoil onepauuu ¢o-
TOH, KOTODHIH He HeCeT HM 3JeKTPHYECKOro, HH KaKoro-au6o
JpYroro 3apsiaa, nepexolut caMm B ce6si. DOTOH NpUHALIEKHUT K
CPaBHHTENbHO PEeLKOMY THNY — HCTHHHO HeHTpa/bHBIX 4a-
CTHL, He HMEOUX 3apSHOBBIX JABCHHHKOB.

EcrectBeHHO 3anarb Bompoc: «Ecin B OTOHBI aHHHUTMJIH-
PYIOT 3JEeKTPOH W TO3HTPOH, TO MOYeMY He AHHHUTHIHPYIOT
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3JIEKTPOH U NPOTOH, NMOYeMy cTabuJieH atoM BOAOPOAA, MOUYeMY
He ujer peakuusi e”+p — 2y?». Jlerko noHsitb, 4TO €cau Gbl
Takas peakuusi Oblja BO3MOXHA, TO B MHPe B KOHLE KOHIOB
OCTa/HCh Obl JHIIb (HOTOHL! H e TPHHO (HEHTPHHO — KaK Ipo-
JYKTHl pacnana HefitpoHoB). He rpapna Jin, JOBOIBHO yHbIIAsS
nepcreKTHBa?

Crabu/ibHOCTh BOZOPOJA HABOAMT Ha MBICJb, YTO Mapsiay C
3JIEKTPHUYECKHM-3aPAICM CYLLIeCTBYIOT H APYTHe COXDaHsIoLUIHe-
csl 3apsifibl, WM, KaK TOBOPAT, APYTHe COXpaHSIoLHeCs] KBaH-
ToBble uHcsa. [nisi oGbsicHeHHsl CcTaGHJIBHOCTH BOZOpOJAa H
GoJiee TsKeJIBIX aTOMOB, a TakXke JJifl OObSICHEHHSI OTCYTCTBHS
pgaa ApYrHX MNpoueccos OblIH cGOPMYNHPOBAHbI THIOTE3bl O
CYIeCTBOBAHHH . H COXPaHEHHH TaK Ha3biBaeMbiX GapHOHHOTO
H JIENTOHHOTO 3apsiJO0B.

Hauynem ¢ Gapuonnoro sapsiza. CymectByer GoJbliuoe ce-
MeHCTBO YacCTHL, Ha3biBaeMbIX 6apHOHAMH (OT IpeuecKoro «6a-
procy — Tskelfibiit). Corsaco runorese KaAabidi GapuoH 06-
JajaeT eAMHUYHBIM GapHOHHbIM 3apsfoMm. [IpoToH cambiil Jer-
Kuli u3 6apHoHoB. Kpome nporoHa H HEHTPOHA H3BECTHO MHOIO
JIECAITKOB JPYrHX, Gosee Ts:KeNbiX GapHOHOB. ¥ KaxAOro M3
GapHOHOB HMeeTcsi aHTHYacTHIa — COOTBETCTBYIOLIHH aHTH-
GapuoH, o6/afaloluii eAHHHYHLIM OTPHLATENbHBIM Gap HOHHBIM
3apsiioM. M3 ckasaHHOrQ Bbillle B YaCTHOCTH CJIELYET, YTO XOTS
HeHTPOH 3/IEKTPHYECKH HeHlTpajeH, OH He SBJSETCS HCTHHHO
HeHATpaJbHOH YacTHLeH.

CeMeHCTBO YacTHL, Ha3blBaeMbIX JIENTOHAMH (OT IPeYecKoro
«JIENTOCY — MeJKHH; 6oJiee NOAPOGHO O HHUX GYyJeT paccKkasaHo
Ha IMOCTelYIONHX CTPAHHUAX KHHIH), COCTOHT M3 TrOpasjio
MeHBILIEro YHC/Ia YacTHL, YeM ceMeCTBO 6apHOHOB. DJIEKTPOH—
caMblil JIeTKHH N3 3apsiKEeHHBIX JIENTOHOB — 00/1aaeT MONOXKH-
TEJIbHBIM €IHHHYHBIM JIENTOHHBIM 3apsioM. TeM e JIeNTOHHKMM
3apsiioM, YTO M 3JEKTPOH, 06/1afaeT, COIJIACHO THIIOTE3€ O
JIENTOHHOM 3apsfe, H HeAtpHHO. Ilo3UTPOH H aHTHHEHATPHHO
MMEIOT OTPHIATENIbHbIH eIMHHYHBIN JeNTOHHBIN 3apsif. Jlerko
NpoBepHTh, YTO B pacnaje HeHATpoHa

n—p4e - +4v

COXpaHsOTCST Kak OGapHOHHBIH, TaK M JIENTOHHBIA 3apsiiibl.

K Bompocy o TOM, HaCKO/IbKO CTPOTHMH 3aKOHAaMH SIBJISIIOTCS
3aKOHbl COXPaHeHHsi GADHOHHOTO H JIENTOHHOrO 3apsiioB, MBI
elle BepHeMcsl B KOHLE 3TOH KHHTH. A cefiuac o6patmmesi K
BOIPOCY O TOM, CYIIECTBYIOT JIH AHTHYAaCTHLBL B OKPYXKaIOLIEM
Hac MHpe.
& MHs-sa peakuuifi aHHUTHJAALMH CKOJBKO-HHOYJIb TeCHOe
COCYIIECTBOBAHHE YAaCTHI M AHTHYacTHL HeBOo3MOXHO. [loato-
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My, TONaB B CONPHKOCHOBEHHE C «BPaxAeGHOH cpelol», Te
HEMHOTHe aHTHYaCTHIIbI, KOTOPHIE YaeTcsl IPOM3BECTH B 1abopa-
TOPHBEIX YCJOBHSIX, PaHO HJM mo3fHo ruGHyT. Ho B o6Guactsix
BcenenHoii, majeKux OT Haliero OObLIYHOTO BelllecTBa, BIIOJHE
MorJii Obl CyILecTBOBaTb aHTHMHPHI, HOCTPOEHHBIE U3 AHTHATO-
MOB. DHepreruyeckue ypOBHM aHTHATOMOB H aTOMOB OJHMHa-
KOBbI, HX XHMHUecKHe CBOHCTBa HeoTMYuMH. (OueHb HeGOMb-
IIMe OTJIHMYHS MEX]Iy BellecTBOM H AHTHBEIIEeCTBOM IPOsBJIs-
I0TCS JIMLIb B cJa6blX B3auMogeficTBHAX.) [ToaTomy B npuHUMIIE
MOTJIH Obl CYLIECTBOBATb U «AHTUXKUBHDY, H «aHTHJIIOAU», H «aH-
TUMUPEIY. POTOHBI, MPUXOAALHE H HAM OT aHTH3BE3M, He JOJIK-~
Hbl HHYEM OT/MYathcsi OT (OTOHOB OGMYHMX 3Be3l. TaK 4TO
ONTHYECKHE PaUOHA6MOAeHHs] He MOIIH OBl YJIOBUTH DPAasHHIY
MeXJY 3Be3NIoH M aHTH3Be3JIoH. 3TO MOXKHO ObJIO 6bl B NPHH-
Lune cienarb NPH AajbHefllleM PasBHTHH HEHTPUHHQH acTpo-
HoMHH. Beztb o6bIuHbIE 3Be3H, KaK H Hale CosHIle, HCITYCKAIOT
HEHTPUHO, pPOXJalluecs B TEPMOSIEPHHX peaKkUHAX, a aHTH-
3Be3fbl JOJ/IKHBI HCNyCKaThb aHTHHEATPHHO.

B Hacrosiujee Bpemsi acTpodU8UKH €KENTHYECKH OTHOCATCS
K BO3MOXHOCTH CYIL€CTBOBaHUS aHTUMHPOB. OHH HCXOZAT NpPU
3TOM H3 TOTO, YTO B NEPBUYHHX KOCMHYECKUX JIy4ax, NPHUXOAS-
IIHX K HaM U3 OTHaJieHHHX o6jacreél BcesenHol, He HaiieHO
3aMeTHOH NMPHUMECH aHTHNPOTOHOB. JIPyruM aprymMeHToM fiBJsi-
ercd TO, YTO He HabG/aI0faloTesl Te XapaKTepHHe y-KBaHTHI C
3HEprHeil, PaBHOH 3HEPTHH MOKOsI 3JEKTPOHA, KOTOphIE HOJIK-
Hbl OblIM GBI BO3HHKATb NPH aHHUTHJSLUH MeIJIEHHBIX 3JIeKT-
POHOB M HNO3UTPOHOB Ha TrpaHHIe pas3fiesia MeXAy BelleCTBOM H
aHTHBeLECTBOM (e*te~™ — 2y).

" Bonpoc o TOM, mouemy Haill MHP COCTOMT M3 BelLIECTBa, a
He U3 aHTHBeLeCTBA HJIM He U3 PABHBIX KOJHYECTB TOTO U APY-
roro, B NOCJefHHe ToAbl NpHBJeKaeT Bce GoJblliee BHHMaHHe
(PU3HKOB-TEOPETHKOB. A TeM BpeMeHeM (PMSHKH-3KCIIePUMEHTa-
TOPHI y2K€ ITHPOKO HCIOJB3YIOT NYYKH MO3HTPOHOB U aHTHIPO-
TOHOB B CBOHX 3KclepuMeHTaXx. B uacTHocTH, B nopaBJsio-
meM GOJBIIMHCTBE CYIECTBYIOIIUX B HacTosilee BPeMs KOJI-
JafiepoB, CTaJKUBAIOTCH IYyYKH YaCTHL[ H COOTBETCTBYIO-
IMX aHTHYACTHI — HPOTOHOB H AHTHIIPOTOHOB, 3JIEKTPO-
HOB U NO3HTPOHOB.

AJIPOHbl H KBAPKH

Henmbii nyact SKCIEPHMEHTANBHBIX H TEOPETH-
YeCKUX OTKPHITHH OB BCKPHIT NPH HCCIEAOBAHHM CHJIBHBIX
B3auMogeficteuit. Eme B 40-x rogax crano sicCHO, YTO HYKJIOHBI
OTHIOAb He SBJISIOTCA EAMHCTBEHHBIMH YacTHHAMH, obJajaio-
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IMMH CHJIbHBIMH B3aHMOJEHCTBHSMH; OHH NPHHAJIeXaT K
OOLIMPHOMY KJlacCy 4YacTHL, BIIOCJEICTBHH Ha3BaHHBIX aapo-
HamH. [To-rpeueckH «xaapoc» — MacCHBHBIH, cuAbHBIHA. Kcrary,
OT 3TOrO Ke IPeveckKoro CJ0Ba OYeHb NABHO OBbLIO OGPasoBaHO
pyccKoe cJI0BO «Apo». C MyCKOM MOIIHBIX YCKOpHTeJeH HOBBIE
aJIpoOHbI MOCHIMAJMHCh, KaK H3 pora H30GHJHS, U B HacTrosiilee
BpeMsl H3BECTHO CBHILIE TPEXCOT PasJHYHBIX aJPOHOB.

B cepenune 60-x ronoe 6buia BHIABHHYTa I'HIOTE3a, YTO BCE
aJipoHBl MOCTPOeHHl M3 GoJiee (pyHIaMeHTAJbHBIX YaCTHI, Has-
BaHHBIX KBapkami. [Tocnenyioliie HecieJOBaHHS NOATBEPIHIN
HNPaBHJIbHOCTD 3TOH T'HIIOTE3HI.

Bce kBapkH umelot cnuH, pasHblil 1/2. B Hacrosiuiee Bpems
YCTaHOBJIEHO CYLIeCTBOBaHHE NATH Pa3HOBHJHOCTEH KBapKOB:
u, d, s, c, b. (3necr KBapKkH INepeuHC/eHbl B HOPSKE BO3pa-
cTaHMs MX Macc: m, &~ 5 MaB, mya 7 MaB, m; &~ 150 M3B,
m, =~ 1,3 I'3B, my, =~ 5 I'3B.) Oxunaor, uro JO/KEH cylle-
CTBOBATb H IIECTOH, elile Gosee TsKeNblil KBapK, f. Besycnein-
Hble TIOMCKH aJIpOHOB, COJepXallHX [-KBapKH, YKashlBalOT Ha
10, uTO0 My > 20 I'sB *).

Kpapku u, ¢ W { uMelOT 3J1eKTpHUECKUH 3apsiji, PaBHBIH
+2/3, a kBapku d, s u b — 3apsn, pasHblii —I1/3. Ksapku
c sapsiaoMm +2/3 npuHATO HasbBaTh BEPXHHMH, a C 3apsiOM
—1/3 — Huxuumu. O6O3HaueHHs] KBapKOB MPOHCXOUSAT OT
aHrJauicKuX cJoB up, down, strange, charm, bottom, top.

Keapkopasi mojenb Obl1a npeliokeHa B TO BpeMsi, Koria
ObLJIM M3BECTHHI JIMIIb TaK HAa3biBaeMble JIETKHE aJIpOHHI, T. €.
aJpoHbl,- COCTOSIIME TONbKO H3 JIETKHX KBapKoB, 4, d H s.
dra MoJesb cpa3y HpHBesia B MOPSJOK BCIO CHCTEMATHKY 3THX
anpoHoB. Ha ee ocHOBe He TOJIBKO Gbl1a HOHSITA CTPYKTYPa yxKe
H3BECTHBIX K TOMY BpeMeHH YacTHL, HO WM NpeACKasaH psii
HEH3BECTHHIX B TO BpeMs aJpOHOB.

Bce azpoHbl MOXHO pasGuTb Ha JBa OOJBILHX KJacca.
Opnuu, HasbiBaeMble GapHOHAMH, COCTOSIT H3 TPeX KBapKOB.
BapuoHbl — (hepMUOHEI, Y HUX — NOJYLeNbd ciuH. [Ipyrue —
HasblBaeMble ME30HAMH, COCTOSIT U3 KBapKa M aHTHKBapka. Me-
30HBI — GO30HbI, y HUX — ueablii cnuH. (O 6030Hax, (epMHO-
HaX H GapHOHax yxe TOBOPHJIOCH BbILIE.)

HykJ/oHb! SIBASAIOTCS caMbIMH JierkKUMH GapuoHamu. ITporon
COCTOMT M3 [JBYX U-KBAapKOB M ojHoro d-kBapka (p=uud),
HeHTPOH M3 JBYX d-KBapKOB M OJHOTO u-KBapka (n=ddu).

*) Jlerom 1984 r. mosBHJMCH NpeaBapuTeNbHBe COOGUIEHHST O Ha6JIO-
JIeHHH HEeCKOJIbKHX CJIyuaeB DPOXKJEHHS H pacnajga f-KBapkos, m;~40 I'aB.
OnHako NnoMHOH yBEPEHHOCTH B TOM, UTO /-KBapKH AEHCTBHTENbHO OTKPHITH,
1OKa HeT.
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HefiTpoH TsXkeslee NpoOTOHa, MNOCKOJABKY d-KBapK TsKesee

u-xBapka. Ho BooGlie-10, KaK JIErKO BHAETb, Macchl HyKJIOHOB
HOYTH HA JBA MOPSJKA MPEBHILAIOT CYMMY MacC TPEX COOTBET-
CTBYIOIIMX KBapKOB. 310 OOBSICHSETCS TEM, YTO HYKJIOHHI CO-
CTOSIT He W3 «TOJIbIX» KBapKOB, a U3 KBapKOB, yKyTaHHBIX» B
cBoeoOpasHble TsXKeNble «IJIOOHHBIE LIYyGbl» (O IMIIOOHAX pedYb
nofiileT B CJEAYIOLEM pasfiee).

Bapuonbl, cocrosilye He TONBKO U3 U- ¥ d-KBAapPKOB, Hasbl-
Balorcsl runeponamu. Hanpumep, cambiit jerku#f u3 rumepo-
HOB — A-THIEPOH COCTOHT H3 TPE€X pasHbIX KBapKoB: A=uds.

Camble Jierkue H3 ME30HOB — JU-ME30HBI, HJIH NHOHBL: Tt
n~, n°. KBapkoBasi CTPYKTypa 3apsiKeHHBIX MHOHOB MPOCTa:

= u&, "= d;t.

Yro Kacaercsi HeHTPaJbHOTO MHOHA, TO _OH MpEJCTaBIsieT co6oH
JIMHEHHYIO KOMGMHALMIO COCTOSTHHH uu v dd: wactb _BpeMeHH

OH NPOBOJIHT B COCTOSIHHH uu, yacTb — B cocTostuuu dd. C pas-
HOH BepOSITHOCTBIO N-Me30H MOXKHO 3acTaTh B KaXJIOM H3
3THX COCTOSTHUHA. Macchl- 7+~ U T ~-Me30HOB (3TH ME30HbI B3AHMHO
SIBJISIOTCS aHTHYACTHIaMH) paBHbI npumepHo 140 M3sB; macca
n®-me30Ha (1°-Me30H NOZOGHO (HOTOHY MCTHHHO HeHTpaJieH)
paBHa npumepHo 135 MsB.

Crenyioniye B NOpsiiKe BO3PACTaHHS MAacC Me30HBI — 3TO
K-me30nbl, uX Macca paBHa npuMepHo 500 MsB. K-me30Hb!
colepxaT S-KBapKH:

K*=us, K'=ds, K°=sd, K-=su

K*- u K~-Me30HB SIBJSIOTCSI aHTHYACTHUIIAMH MO OTHOLLEHHIO
apyr k apyry. To xe otHocutcst U K K°- u K°-Me30Ham, KOTO-
pble, TaKUM 0GpPasOM, He SIBJASIOTCS MCTHHHO HEHTPaJbHbIMH
YaCTHLAMH.

3ameruM, UTO YaCTHIB!, COJepXKallHe S-KBAapPKH, HA3bIBAIOT
CTPaHHBIMHM YaCTHI[aMH, 4 CaM S-KBapK — CTPaHHBIM KBapKOM.
10 Ha3BaHHE BO3HHKJO B 50-¢ rofibl, KOTia HEKOTOpbie CBOH-
CTBa CTPAHHBIX YAaCTHI KAa3aJHCh YJUBUTEJbHBIMH.

OueBnnHo, 4TO H3 TPeX KBapKoB (i, d, S) ¥ Tpex aHTHKBap-

KOB (u d S) MO2KHO IOCTPOUTDH AEBATb pAa3JIMUHbIX COCTOSTHHH:

uu ud us
du dd ds
su sd ss

CeMb U3 3THX J€BSATH COCTOSIHMH (TPU JJIsl T-ME30HOB H YETh-
pe pasi K-Me30HOB) MBI y2Ke 0OCYAUJIH; JiBa OCTaBIUHECS Ipel-
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CTaBASIOT COOOH CyNepnosvuuH — JIHHeHdHble KOMOMHAIHH CO-

crosiuuit uu, dd u ss. Macca ofHOl M3 JBYX YacTHL — Macca
1-Me3oHa — paBHa 550 MsB, Macca apyro#i — Macca n '-me-
3oHa — paBHa 960 MsB. HozlodHo n°-Me30HYy, M- H 1’-Me-
30HBI SIBJISIIOTCSI HCTHHHO HefTpaJbHbIMH -yactHnamu. (Bosee
NoApo6HO O KBAHTOBOMEXAaHHYECKHX CYyNeprno3HIHSX CKasa-
HO Ha c. 45.)

JleBsTb Me30HOB, KOTOpble Mbl TOJNBKO YTO PacCMOTpeJH,
umetor HyseBoll ¢nuH: J=0. Kaxapii H3 3THX ME30HOB CO-
CTOMT M3 KBapka H aHTHKBapKa, HMEIOIHX HYJeBOH OpOH-
tasibHbll MOMeHT: L =0. CnuHbl KBapKa H aHTHKBapka CMOTPAT
HaBCTpeuy ApYr APYrY, TaK YTO HX CYMMapHbIH CIHH TaKXe
paBeH HyJio: S=0. CnuH Me30Ha J sBJIsleTCS] TeOMETPHUYECKOMH
CYMMO#i OpGHTa/bHOTO MOMEHTa KBapKoB L H MX CyMMapHOro
cnuHa §:

J=L+S.

B naHHOM ciyyae cyMMa JBYX HyJieH, eCTECTBEHHO, JaeT HyJb.

Kaxnaplit U3 o6cyXKZaeMblX AeBATH ME30HOB — caMblif Jer-
KHI B cBoeM poje. PaccMorpuM, HampHMep, Me3OHHI, Yy KOTO-
pbIX OpOHTANIbHBIA MOMEHT KBapKa H aHTHKBapKa Mo-TpeXHeMYy
paBeH HyJio, L=0, HO cnHHB KBapKa M aHTHKBapKa napaJ-
JeJbHH, Tak 4to S=1 u, caegoBarenbho, J =1. Takue Me30HbBI
00pa3yloT 6osiee TSXKeNYI0 AEBATKY:

p*, p7, p°  K**, K®, K*~, K*

770 MaB 892 M5B
®° (p°
783 MaB 1020 MaB

H3BecTHB! MHOTOYHC/IEHHBIE ME30HbI, Y KOTOphiX L0 u J >1.
OtmeruM, uto B 1983 r. Ha CepryXxOBCKOM ycKopHTesie GbL1 OT-
KPbIT Me30H C PEeKOPAHO GosbLIHM cHHHOM: J=6.

OGpartuMmcst Tenepb K GapHOHaM, NMOCTPOEHHBIM M3 U-, d-
i s-kBapKoB. COr/1acCHO KBapKOBOH MOJeJH OpGHTaJIbHblE MO-
MEHTHI TpeX KBapKOB B HYKJIOHE PaBHbI HYJIO, H CIHH HYKJO-
Ha J paBeH reOMeTpPHYECKOH cyMMe CHHHOB KBapkoB. Tak, Ha-
NpHMep, CHOHHBI ABYX 4-KBapKOB B INPOTOHE MNapaJiJesbHbl,
a cnuH d-KBapKa CMOTPHT B IPOTHBOMNOJIOXKHYIO cTOpoHy. Tak
yro y nporona J=1/2.

CorJyiacHO KBapKOBOH MOJieJIH MPOTOH, HEATPOH, A-THITepOH
H ellle NATb JPYTHX THIEPOHOB 06pa3yro'r OKTeT (BOCbMEpKY)
GapuoHoB ¢ J =1/2; a Gapuonbl ¢ J=3/2 06pasyloT JeKyIJeT
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(mecaTKy):

ddd udd wud wuu A~ A% At Attt {232 MaB
dds uds uus - ozt ozt 1385 M3b
dss uss -~ == =0 1530 Mob

ss5 Q- 1672 M3b

€~ -runmepoH — BeplIHHAa 3TOH NeEpeBEepPHYTOH IHpPaMHJbI
6bls1 HaliieH 3KcnepuMeHTanbHO B 1964 r. Macca ero okasaJach
HMEHHO TaKoH, KakKoi ee mnpejackasa/ia KBapKeBasl MOJEJb.

Ho HacrosiuuMm TpuyMdoM KBapKOBOH MOJENH SIBHJIOCH
OTKPLITHE OYaPOBAHHLIX YaCTHI[, COAEpXKALIHX C-KBapKH (pyc-
CKOe CJIOBO «0YaPOBAHHE» COOTBETCTBYET aHIJIMACKOMY charm).
Ilepras (OuapoBaHHas YaCTHIA — TaK Ha3blBaeMblil Jp-me3on
¢ maccoit 3,1 I'sB — 6uiia orkpuita B 1974 r. (MHorza mnpo
9Ty YacTHLY TOBOPST, YTO OHA 00A3JaeT CKPHITHIM 0YapoBa-

HHEM, IIOCKOJIbKY OHA COCTOHT M3 maphl ¢c.) J/(-Me30H Gbln oT-
KpBIT NPAKTHYECKH OIHOBPEMEHHO HA IBYX Da3/HUHBIX YCKO-
purensix. Ha 3sektponHO- nosmpormom Koslsiafijiepe ero
Haﬁmo,uann B peakuuu ete” — J/ P, Ha nporonnom yckopurese
JIp-meson HaGmopancs cpean  NPOLYKTOB CTOJKHOBEHHS
IPOTOHHOIO NyuYKa ¢ OCPHJIINEBOH MHIUEHBLIO MO €ro pacnany
JIp — e*e~. TlepBast rpynna ¢U3HKOB Ha3Basia 3TOT ME3OH J,
BTOpast —1]), TaK J/P-ME30H TNOJyuHJ CEOE ABOHHOE M.

Jp-vesoH siBasieTcss OLHEM U3 YPOBHeli CHCTEMBI cc, Koto-
pasi HasbIBaeTcsl «4apMOHHH» (OT aHrJyHICKOrO charm). B Heko-

TOPOM CMBICJIE CHCTEMA ¢C HanmoMHHaeT atoM Bojopoia. OnHako
B KaKoM Obl COCTOSTHHH HHM HaXOJHJICAl aTOM BOJOPOJa (113 KaKoM
Obl YpOBHE HH HAXOJIHJICS €r0 3JIEKTPOH), €ro BCe PaBlio Ha3bi-
BalOT aTOMOM BOAOpOAA. B oTiyyue OT 3TOro pasHble ypOBHH
YapMOHHS (M He TOJbKO 4apMOHHs, HO H IDYTHX KBapKOBBIX
CHCTEM) paccMaTpPHBAIOTCS KaK OTAeJbHbIC Me3oHBl. B Hacrosi-
mee BpeMsi oOHapy»KeHO M HCC/IEJOBAHO OKOJIO JecfiTKa Me30-
HOB — YPOBHell 4apMOHHSI. YPOBHH 3TH OTJIHYAIOTCH JAPYT OT
Ipyra B3aUMHOH OpHeHTaluHeH CIHHOB KBapka H aHTHKBapKa,
3HAYEHUSIMH HX OpPOHTA/IbHBIX YIJIOBBIX MOMENTOB, PA3/HYHAMH
B pajHaJblibiX CBOHCTEAX HX BOJIHOBBIX (DYHKIIH.

Beusien 3a yapMoHHeM OblJI OTKPBITH H ME30HbI C SIBHBIM 044 -
poBalHeM:

Dt=cd, D'=cu, F*=cs,

D-=dc, D'=uc, F-=sc

1869 M3B " 1855 MsB 2020 M3B
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(3zech yKasaHbl npHOJHKEHHble 3HAYEHHS MacC OYapOBaHHBEX
Me30HOB). BblM OTKpBITH TaKke M OuyapoBaHHble GapHOHHI.

OTKpbiTHE OYapOBaHHBIX YaCTHI[, a 3aTeM H elle GoJiee Ts-
KeJIbIX aflpOHOB, COJepXKallluX b-KBapKH, H HCC/IE[lOBaHHE HX
CBOHCTB NpHHec 10 OJecTsilliee MOATBEPK/IeHHe KBapKOBOH Teo-
puH afpoHOB. BniepBble Garonaps 6o.blLIoR Macce ¢- H b-KBap-
KOB IpeJicTasia BO BCeM CBOeM 6OraTcTBe H Har/IsIIHOCTH KapTH-
Ha YypoBHeH CHCTeMbl KBapK — aHTHKBapK. [lcuxomoruuec-
Kul 3(eKT 3Toro OTKphITHSA Obl1 OYeHb BesHK. B KBapku no-
BEPHJIH Jaxke Te, KTO paHbllle OTHOCHJICA K HHM Gosee uyeM
CKENTHYEeCKH.

HEBBIJIETAHHE KBAPKOB

Eciu Bce aJpoHbl COCTOAT H3 KBapKoB, TO,
Kaszasnochb Obl, JOJKHBI CylIecTBOBaTb H CBOGOAHble KBapKH.
OG6HapyxuTb CBOGOJHbBIE KBapKH Oblio Gbl sierko. Benb oHn
06/1alaloT  IPOGHBIMH  3JIEKTPHUECKHMH 3apsiiaMu. A Heil-
TPaJIN30BaTh APOOHbIA 3apsifi HHKAKHM YHCJOM 3JIEKTPOHOB H
IIPOTOHOB HeJb3sl: Bcera OyleT HJIH KHENOJIeT» HJH «IIepEesIeT».
Ecnn, ckaxeM, B KamesbKe MacJjia COAEPXKHTCS OfHH KBapK,
TO 3apsj Bcell Kanesabku OyneT ApoGHbIM. OmbITHl C Kamesb-
KaMH TIPOBOJHJIHCH ellle B HayaJ/le BeKa, Korfa U3MepsJiH 3apsj
3/1eKTpoHa. B moHcKax KBapKOB HX NMOBTOPHJ/IM B Hallle BpeMs
¢ ropasfio GoJiee BbICOKOH TouHOCcTblo. Ho npoGHbIX 3apsnioB
TaK H He OOHapyxHJH. K oTpHLaTeIbHOMY pe3y./bTaTy NpHBE
1 OYeHb TOYHBIH Macc-CHEKTPOCKOMUYECKHH aHa/IH3 BOAbI, KOTO-
pblfl faJ BepXHHH .IIpefes IJ/1s1 OTHOLUEHHS YHCJA CBOGOJHBLIX
KBapKOB K YHCJy NMpPOTOHOB nopsinka 10727,

IlpaBaa, skcnepuMeHTaTopsl B 1aGopatopuu CraHdopACKoro
YHHUBEPCHTeTa, MOJBElINBas MaJ/leHbKHe HHOOHEBble ILAPHKH
B MarHUTHOM H 3JIEKTPHUECKOM IMOJIAX, OGHAPYXKHIH Y HHX
"ApoOHble 3apsjbl. Ho 5TH pe3y.ibTaThl He NOATBEpHJIHCh B ApY-
rux Ja6oparopusix. CeropHsi GOJIbLIMHCTBO CIELHAJIHCTOB B
CBOHX BbIBOJAX CKJ/IOHsSIETCs K TOMY, YTO B CBOGOJZHOM COCTOSI-
HHH KBapKH B IPHPOJiEe HE CYLIECTBYIOT.

Ciioxuioch nmapajiokcanbHoe MoJIOXKeHHe. BHyTpH aipoHoB
KBapKH HECOMHEHHO cymecTByioT. O6 3TOM CBHJETE/NbCTBYET
HE TOJIbKO OIMCaHHas Bblllle KBapKOBasl CHCTeMaTHKa aJpOHOB,
HO H NpSIMOE «NPOCBEYHBAHHE» HYKJOHOB BbICOKOIHEPTHUHBIMH
3JIeKTpoHaMH. TeopeTHueckHil aHanu3 3TOro mpouecca (OH
HOCHT Ha3BaHHe I'TyOOKO-HEYNPYroro paccesiHusi) moKasbiBaer,
YTO BHYTDH a/IpOHOB 3JIEKTPOHbI PACCEHBAIOTCH HAa TOYEYHKIX
YaCTHUAX C 3apsiiaMH, paBHbIMH +2/3 u —1/3, u ciiHOM, paB-
HbIM 1/2. B mpouecce ryGOKO-HEYNPYIoro paccesiHHs sJeK-

41



TPOH PE3KO MEHsSIeT CBOH HMITYJIbC H SHEPTHIO, OTIaBasi 3HAYHU-~
TeJbHYI0O HX 4YacTb KBapKy (puc. 9). B nmpuHuune 310 oueHb
[OXOXe Ha TO, KaK pPEe3KO MeHseT CBOH HMIyJIbC O.-4aCTHLA,
HaTa/jKuBasicb Ha sjpo atoma (puc. 10). iMeHHo Tak B Hayaje
Beka B Jlabopatopun Pesepdopza GblIO yCTaHOBJIEHO CYLIECTBO-
BaHHE aTOMHBIX sifep.

JpoGHele 3apsapl KBapKOB MPOSIBJASIIOTCS H B APYroM
ryy6oKO-HeyNpyroM MpoLecce: POXAEHHH CTPYH aJpOHOB B aH-
HHTHJSAUHK ete™ HpH BBLICOKHX 3Heprusix (Ha OGosbUIMX KOJ-
aaiiaepax). Bonee noapoGHO 06 afpoHHbIX cTPysix B ete™ -aH-
HUTHJAIHMH OyZAeT paccKasaHo B KOHLE KHMTH.

Hrak, KBapkH BHYTPH aApPOHOB HECOMHEHHO ecTb. A BOT
BbIPBaTh HX U3 aipPOHOB HEBO3MOXKHO. DTO SIBJIEHHE Ha3blBaeTcs

e
x
e
o

Puc. 9. Paccesinue 3jekTpona Ha Puc. 10. Paccesnue a-yacTuIlbl Ha
OJHOM H3 TPeX KBAaPKOB IIPOTOHA. saape aromMa. AToM — GOsblIOH
Tporon — Gosbioit KPYOK, KPYKOK, siiPO — YepHasi ToukKa

KBapKH — uepHble TOYKH B lEHTpe

aHTIHACKHM CJIOBOM «KOH(aHHMEHT», YTO 03HAYaeT IJIEHEHHe,
TIOpEMHOEe 3aKJloyeHue. KBapk, NpHOOpETLIHH 3HEPTHIO B pe-
3yJibTaTe CTOJIKHOBEHH S C 3JIEKTPOHOM (CM. pHC. 9), He BLIJICTHT
U3 HYKJIOHAa KaK cBO0OJHAas yacTHLA, a PAaCTPATHT CBOIO 3Hep-
ruio Ha obpa3oBaHHe KBapK-aHTHKBApKOBLIX map, T.e€. Ha
o6pa3oBaHHe HOBBIX aJpPOHOB, B OCHOBHOM — ME3OHOB.

B HekoTOpOM cMbIC/Ie MONBITKA pa3buTh KaKoH-HHOYAb Me-
30H Ha COCTaBJISIIOIIHE €ro KBapK H aHTHKBAapK [0X0xkKa Ha
HONBITKY Pa3/IOMUTb CTPE/IKY KoMIlaca Ha I0XHBbIH H ceBepHbIH
[OJIIOCHI: CJIOMAaB CTPEJKY, Mbl IOJYYHM BMECTO OLHOTO Mar-
HHUTHOTO JHIOJST — ABa. PasjloMHB Me30H, Mbl MOJYYHM JBa
Me30Ha. DHeprHs, KOTOPYIO Mbl 3aTpaTHM Ha To, uToObl pac-
TalUTh HCXOJAHblE KBapK M AaHTHKBapK, MOHIET Ha CO3JaHHe
HOBOH MNapbl aHTHKBapK ILIIOC KBapK, KOTOpble 00pasyioT c
HCXOJHbIMH JIBA ME30HA.

Ho anantorusi ¢ MarnutHo#i cTpesikoit HemosiHa 0 cOMaHYHBa.
Benp Mbl 3HaeM, u4TO B KeJiese He TOJIBKO Ha MaKpOYypOBHE,
HO MU Ha MHKPOYDOBHE HHKAKHX MAarHHMTHbIX IIOJIIOCOB HET,
€CTb TOJIbKO MarHHTHBIE JHIIO/NbHBIE MOMEHTHI, 00YCJIOBJEHHbIE
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CMIHHAMH H OpOHTaJIbHHIM JIBHXKEHHEM 3JieKTpoHoB. Hanpotus,
ryy60KO BHYTPH aJipOHOB OTJEJIbHbi€ KBapKH CYLIECTBYIOT —
yeM IVIyGxke MBI IPOHHKaeM BHYTpb, TEeM OTYET/IHBEE Mbl HX
BHIHM.

B rpaBuTanuu u B 3/1€KTPOAMHAMHKE Mbl IPUBLIKJIH K TOMY,
YTO CHJIBI MeXJY YacTHLAMH PacTyT, KOIJla 4acTHILI COJHKa-
10TCSl, H 0C/1a0€BalOT, KOr/la YacTHIbl PacxXoAsiTcsi (IOTEHIHAbI
tuna 1/r). B cayuae KBapka M aHTHKBapKa — CHTyalusi ApY-
rasg. Mmeerca kpuTHueckMi pajuyc ryz10713 cM: mpu r<kro
TIIOTEHIHA/ MEXJy KBapKOM H aHTHKBapKoM GoJiee HJH MeHee
[IOXO0XX Ha KYJIOHOBCKHH HJIH HBIOTO-
HOBCKHII, HO NpH r2r, ero nosexe- U4
HHE pPe3KO MeHsleTCs] — OH HauHHaeT U
pacTH.

Moxno jpyMarb, 4TO ecau Obl B

Mupe He OblLIO JIETKHX KBapKoB (4,
d, s), a ObL1H Obl TOJNIBKO TSIKEJbIE
(c, b, ), To B 3TOM Cayuae HayHHas
C r=r, TIOTeHUHaJ Bo3pacTaj Obl
JIMHEHHO C pOCTOM 7, M MBI HMeJH
Obl KOHpAAHMEHT, ONHCHIBAEMBIA MO-  pyc 1. Tlorenuman THna
TEHIlHAJIOM THIIa BOPOHKH (CM. PHC. BOpPOHKH, ONHCHIBAIOMIUMH
11 u pns cpaBHeHHs puC. 5). JIM-  nieHeHHe KBapKa B aipoHe
HefHO pacTylleMy HOTeHIHaNdy COOT-
BETCTBYET CHJIa, He MeHswolasics ¢ paccrosiHueM. HanomHuwm,
YTO NPH PACTSKEHHH OObIYHOH KECTKOH NpYXKHHBI ee IOTeH-
LManbHasl 3Heprus KBaJpaTHUYHO pacreT ¢ ee yanuHeHHeM. Ilo-
ITOMY KOH(GAHHMEHT, ONMHChIBaeMbIH JIHHEHHO PpacTyUHM IIO-
TEHIHAJIOM, €CTeCTBEHHO Ha3BaTb MSATKHM.

K coxaleHHi0O B peaJlbHOM MHpe pOXKJAEHHe Nap JeTKHX
KBapKOB He JlaeT BO3MOXKHOCTH DPa3BeCTH HCXOIHble KBapK H
aHTHKBapK Ha paccTosinusl, 66abiue 10718 cM, Ge3 Toro, 4ToObl
HCXOJHble KBaPK H aHTHKBApK BHOBb He OKa3aJHCh CBSI3aHHHI-
MH, Ha 3TOT pa3 — B JBYX Pa3JIMYHBIX Me30HaX. TaK YTO HCIIbI-
TaThb MATKYIO NpYyXHHY KOoH(aHHMeHTa Ha GOJBIIMX paccTos-
HHUSIX He yJaercs.

Kakne xe cuJ/IOBble NOJISI 3aCTaBJSIIOT KBapKH BecTH cebs
CTOJIb CTPAHHBIM 06pa3oM?

Uro 3a HeOOBIYHBIH KJIEH HX CKJIECHBAeT?

s} r

I'JIIOOHbL. L{BET

CusibHOE CHJIOBOE MOJIe, CO3ZaBaeMoe KBapKaMH
H aHTHKBapkKaMH H neﬁc'mylomee Ha HHX, IIOJY4YHJIO Ha3BaHHE
TJIIOOHHOT'O IIOJIsSI, & YaCTHIH g, ABJSOILHEeCd KBaHTaMH BO3-
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GyXKIeHUs 5TOro MOJsA, Ha3BaJH IVIOOHAMH (OT aHIJIHACKOTO
glue — kueit). I'MOOHBI HAaXO[SITCA B TaKOM K€ COOTBETCTBHH
C IVIIOOHHBIM MOJIeM, KaK (DOTOHBI C 3JIEKTPOMAarHUTHLIM IIOJIEM.
YcraHoB/eHO, 4TO MONOOHO (OTOHAM IVIIOOHBI HMEIOT CIIHH,
paBHuil enunuue: J=1 (kak Bceria — B emxunuuax 4). Uer-
HOCTb TIJVIIOOHOB, KaK H (POTOHOB, oTpuuarenbHa: P=—I1.
(O uetHOCTH OyZeT paccKasaHO HHJKE, B CIIELLHAJIbHOM pasjene
«C-, P-, T-caMMeTpHH>.)

YacTHipl CO CIHHOM, DaBHBIM €IHHHLE, H OTPHIATEJ]bHOH
ueTHOCTbIO (J/P=1") Ha3bIBAlOTCA BEKTOPHBIMH, IOCKOJBKY
MpH BpallleHHSAX H OTPakeHHSIX KOOPAHHAT HX BONHOBbiE QYHK-
IIHH 1peo0pa3syloTcsi Kak OOblYHbIE TPOCTPAHCTBEHHBIE BEKTOPHI.
Taxk urto ruooH, noao6HO (GoOTOHY, NPHHAMJIEKHT K Kaaccy
YacTHI, Ha3blBaeMbIX (yHAaMeHTa/JbHBIMH BeKTOPHBIMH 6030-
HaMH.

Teopus B3anMoaeHCTBHA (OTOHOB € 3JIeKTPOHAMH Ha3blBaeT-
¢ KBaHTOBOH 3JieKTpoAHHaMHKoH. Teopuio B3aHMOAEHCTBHS
IVIIOOHOB C KBapKaMH Ha3BaJH KBaHTOBOH XpPOMOAMHAMHKOH
(OT rpeueckoro «xpomMoc» — nBet). TepMHH «LBET» 10 CHX HOp
He MOABJIAJICS HA CTPaHHIax 3ToH KHUTH. Cefyac s MONBITAIOCh
pacckasaTtb, YTO 3@ HMM KpOeTcs. ‘

Brl yxke 3HaeTe, YyTO Ha onbiTe Hab/MIOAMH AT Pa3IHYHBIX
THIOB (HJIH, KaK roBOpAT, apoMaroB) KBapkoB (4, d, s, ¢, b)
H cobupaloTca OTKpHITh 1ecTol (£). Tak BoT, coryiacHO KBaHTO-
BOH XpOMOAHHAMHKe, KaxXJblH H3 3THX KBapKOB — 3TO He
OJlHa, a TPH PAa3/NHYHBIX 4acTHUbI. Tak YTO BCero KBapKoB —
He 6, a 18, a ¢ yuerom anTHKBapkoB — ux 36. [IpuHsATO roBo-
PHTb, YTO KBapK KaKIOro apoMara CyLIecTBYyeT B’ BHJIE Tpex
Pa3HOBHAHOCTEH, OTJIHYAIOIHKXCA JpPYyT OT Jpyra LBETOM.
B kauecrBe 1BeTOB KBapKoB BbIGHPAIOT QOBIYHO 2KEJTHIH (wc)
cunuil (¢) 1 Kpacublii (k). LlBera aHTHKBapKOB — aHTHMKeNTbIi

(%), auTHCHHHEI (C), aHTHKpacHblii (k). Pasymeercs, Bce 3T
Ha3BaHHUS YHCTO YCJIOBHbIE H HHKAKOTO OTHOLIEHHS K OObIYHBIM
ONTHYECKHM IBeTaM He HMetoT. MMu ¢u3ukH o6o3HaualoT cie-
uu¢pHYecKHe 3apsaibl, KOTOPHIMH 006/13fal0T KBapKH, H KOTOpble
SIBJISIIOTCS HCTOYHHKAMH TJIIOOHHBIX IOJeH, NOoJ0GHO TOMY,
KaK 3/eKTPHUECKHH 3apsj SB/AETCS HCTOYHHKOM (HOTOHHOTO
noss.

1 He oroBopuJICsl, KOTAA YIOTPeOH/ MHOXKECTBEHHOE YHCJIO,
roBOpS O IVIIOOHHBIX IOJISX, H €IHHCTBEHHOE YHCJIO, FOBOPSA O
¢oronnpM none. [leso B TOM, YTO CyLIECTBYET BOCEMb LIBETOBBIX
paSHOBHJLHOCTeH TVIIOOHOB. Kaxmbm IJIIOOH HeceT mapy 3apsi-
JOB: LIBETOBOH 3apfil (¥ HJH C, HIH K) H <aHTHIBETOBOH»

(o uam ¢, uam k). Bcero us Tpex LBETOB H TPEX (AHTHIIBETOBY
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MOKHO IIOCTPOHTD IEBSITh NMAPHBIX KOMGHHALHI:

HH  HC KK

cH cc ck

Kd KC KK.
DTH 7IeBATh NapHbIX KOMOHMHAUMH €CTEeCTBEHHBIM 06PasoM pas-
GMBAIOTCA HA WIECTb HEIHATOHAJbHBIX «ABHO OKPALICHHBIX»:

aee, cHe, CK, KC, K, MWK

H Ha TPH AHAroHaJbHbIX (CTOﬂH.U/IX Ha JyaroHaJu Hamel Tab-
JIHIJ;bI), o61afalolHX KaK Obl «CKPBITbIM I[BETOM»:

HHE, CC, KK.
LiBeroBble 3apsnpli, MOXOGHO 3JEKTPHYECKOMY 3apsily, COXpa-
HswoTcA. [TosTOMY IIecTh HeflHaroHa bHBIX «IBHO OKPALIEHHbIX»
IIBETOBBIX ITap HE MOTYT IlepeMelIHBaTbCcs Mexny coboil. Uto

K€ KacaeTcsi TpeX AHaroHaJIbHbIX Iap CO «CKPBITBIM ILBETOM»,
TO COXpaHEHHE IBETOBBIX 3apsiIOB He IPENATCTBYET NI€pEXOAaMm:

R > CC > KK
B pesyJbTaTe 3THX Nepexol0B BO3HHKAIOT TPH JIMHEHHBIX KOM-
OHHAUMH (JMHEHHBIX CYyNeplo3HLUMH), OAHA H3 KOTOPBIX

1 -~ -~ ~
% (orcoHe +- cc + xx)

MOMHOCTBIO CHMMETPHUHA OTHOCHTEIbHO 1BeToB. OHa He o6Jia-
JaeT AaxKe CKPBITBHIM LIBETOBBIM 3apSJ0M, SBJSSACH IOJHOCTBIO
GeclIBeTHO!, HJIH, KaK TOBOpSAT, 6enoil. [IBe fpyrue qHaroHajb-
HbIE KOM6HHaIJ;HH MOXHO BbI6paTb HalpHMep, TakK:

—— (M —cC) B —= (oo + cC— 2KK).

V 2 V‘
Winu xe nBymst ApyruMu crioco6amu (IyTeM LHKJIHYECKOH 3aMme-
HbI %€ — ¢ — K — 2&). KoadpuuyeHTsl B 3THX JHHEAHBIX Cynep-
MO3ULHAX MH 3[iech 00CyKAaTh He Oy/eM, TaK KaK 3TO BbIXOAHUT
3a paMKH JaHHOH KHHTH. To ke OTHOCHTCS U K (pH3HUECKOH 3K-
BHBAJICHTHOCTH TPEX Pa3JIHYHbIX BEIOOPOB AHArOHAJIbHBIX CYIIep-
MO3HIHH. 3/ech BaXKHO, UYTO KaxkJAOH H3 BOCbMH KOMOGHHALHH
(lIecTH SBHO OKpAaleHHBIX M JBYX CKPHITO OKpallE€HHBIX) OT-
BeuaeT IVIIOOH. MTaK, TAIOOHOB — BOCeMb: 8=3.3—1.
OvyeHb CylIECTBEHHO, YTO B LIBETOBOM NPOCTPAHCTBE HET BhI-
JIeJIHHOT'O HanpaBJIeHHS: TPH LBETHHIX KBapKa paBHOIPAaBHbI,
TPH LBETHhIX aHTHKBapKa PaBHOMNpPABHH H BOCEMb I[BETHHIX
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IVIIOOHOB paBHONpPaBHHI. LIBeToBasi cUMMeETpHS SABJSIETCA CTPO-
roi.

Hcnyckas M morjoumasi IJIIOOHbI, KBapKH OCYIIECTBJSIIOT
CHJIbHOE B3aMMOJEHCTBHE MeXAy COoOOH.

PaccMoTpuM JJist ONpeleseHHOCTH KpacHblili KBapk. Hcmy-

CKas FAKOH THIA K, OH, B CHJIY COXPaHE€HHs LBeTa, nepeﬁ,&e'r
B XEATH I KBapK, Be/lb, COIIaCHO ITpaBHJiaM HIDHI, ncnycxaﬂﬂe
aHTHIlBeTa paBHOCHJIbHO l'IOl'JIOH.lehP[iO BeTa. I/Icnycxaﬂ TJIIOOH

KC KpaCHbIH KBapkK r'epeuner B CHHHUH. HCHO 4YTO K TE€M XKe
pesyanaTaM HpHBOlIHT M TIOTJIolEeHHe KpaCHbIM KBapKOM IJIIO-

OHa K% W TJII0OHA Kc. B mepBoM ciydae KBapk HOKe/aTeeT, BO
BTOPOM — IOCHHEeT. DTH NPOLECChl HCNyCKaHHS M IOIVIolle-
HHSl TJIIOOHOB KpacHbIM KXBAapKOM MOXKHO 3amucaTb B BHJE:
Grx — Qo+ 8z bx + 8o ™ G,
q"'_—’qc+g,(é'» qK'{' B — e
THE §,, Gy, §c OO03HAYAIOT COOTBETCTBCHHO KPACHBIA, XKEJThIH
U eMHHMH KBapKH J060r0 apoMmara, a g«u, &voc r8né U % —
KPACHO-aHTHXKENTbIH, aHTHKPACHO-XKE/ThIH, KPAaCHO-aHTHCHHUH
M aHTHKPAaCHO-CHHHH TJIIOOHBI.

ApasorduHbIM 06pa3oM MOXHO paccMOTpeTb HCIyCKalHe
U TOIVICIIEHHE HEeIUaroHaJbHbIX TIVIIOOHOB EJNThIM H CHHHM
KBapKaMH.

OueBH/IHO, YTO HCIYCKaHHE H IOIJIOLUIeHHE AHaroHaJbHbIX
[VIIOOHOB He MeHsieT IBeT KBapKa.

To 06cTOATENILCTBO, YTO TVIIOOHB! HECYT LIBETOBBIE 3apsifibl,
NPHUBONUT K KapAWHAIbHOMY OT/IHUHIO STHX YaCTHIL OT HOTOHOB.
@oton"He 006s1ajiaeT 3aeKTpUYecKuM 3apsnoM. Ilostomy doTton
HEe HCIyCKaeT, He CTpaAxuBaer ¢ cebs ¢oronoB. [oonbl ke
06.1a7al0T IBETOBLIMH 3apsiiaMu. [losToMy riiooH ucnyckaer
rmooHbl. UeM MeHble Macca 3apsiKeHHOH 4acTHIBL, TeM Jierye
yacTuiia H3ayyaeT. [J1I0OHb! Ge3MaccoBbl, MO3TOMY H3JyYeHHe
- [JIIOOHOB TJIIOOHaMH, €cd Gbl OHH MOIJIH ObiTb CBOOOAHBIMH,
6bL10 Obl KaTacTpoduueckH cH/bHbIM. Ho 1o KaTtactpods! Aeno
He goxonuT. CHIbHbIe B3aHMOAEHACTBHA MEXKIY IVIIOOHAMH TIPH-
BOAAT K KOHpaHHMEHTY KaK HX CaMHX, TaK H KBapkoB. CHJib-
HOE B3aHMOJEACTBHE IIBETOBBIX 3apsiOB Ha PacCTOSTHHAX
nopsizka 1071 cM CTaHOBHTCA HACTOJNLKO CUJBHBLIM, 4TO Ha
GoJiblLIie PACCTOSIHHSI M30JHPOBAHHbIE LBETOBble 3apsiibl Bbl-
pBaTbcsi He MoryT. B pesysbrate, B CBOGOZHOM BHJE MOTYT CY-
IIeCTBOBaTb TOJNbKO TaKHe KOMOMHAIMH IBETOBbIX 3apsJ0B,
KOTOphble B II€JIOM IIBETOBOI'O 3apsja- He HMeIOT.

DneKTpoAMHAMHKa [ONYCKaeT CYIIecTBOBaHHE KaK H30JH-
pOBaHHBIX 3JIEKTPOHEHTpaJIbHbIX aTOMOB, TaK H H30JHMPOBaH-
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HbIX 3AEKTPOHOB H HOHOB. XpOMOJMHAMUKA K€ JIONYCKaer cy-
IleCTBOBAHHE B H30JIHPOBAHHOM COCTOSIHHH TOJIbKO OeclBeT-
HBbIX, «O€esblX», aJJpOHOB, B KOTOPHIX MOPOBHY HaMellaHO BCeX
uBeroB. Tak HampuMep, T*-Me30H paBHO€ BpEMsi HPOBOAHT
B KaXJIOM H3 TpeX BO3MOXHBIX IIBETOBBIX COCTOSTHHH u,,j;c,
u.d; u uds; OH npeacrabiasier co60H CyMMY 3THX COCTOSMHIA.

[Nocnennee yTBepKaeHHe, KAK H YTBEPKIEHHE O FAIOONAX
CO CKDBITHIM L[BETOM, JIOJ2KHO ObITh HE OUE€Hb MOHSATHO HEROATO-
TOBJIEeHHOMY uuTaTe/mo. Ho, Kak y:Ke roBopu/ioch BHIE, He
BCé B (hM3MKe 3/IeMEHTaPHBIX YaCTHIL MOXKHO OOBSCHUTH NMPOCTO
H HarJsJHO, «Ha MaJjbliax». B cBSI3H ¢ 3THM MHe Kaxkercs, YTo
3/lecb YMECTHO CI&/iaTh pPsJli 3aMeyaHHi, KOTOphle UMEIOT OTHO-
IleHHe He TOJIbKO K 3TOMY pasieny, HO H K ADYTHM pasjeaam
KHHTH, Jla H BooOUle K Hay4HO-nomy./sipHo# Jurteparype. [Tos-
BOJIAISl YUTATEJNIO KaK-TO OPHEHTHPOBATbCA B MHOT'OMEPHOM,
OPOMHOM H 3alyTaHHOM JIaGHPUHTE HAYKH, HAYYHO-HOMYJIsAp-
Hbl€ KHHTH M CTaTbH IIPUHOCAT HECOMHEHHYIO U GOJBIIYIO MOJIb-
3y. Bmecre ¢ TemM oHuM mnpHHOCAT H3BecTHbI Bpej. [laBas
CJIOBECHOe, KpafiHe NpHO/N3UTeNIbHOE H KapHKaTypHO YIpo-
IL[EHHOE OMUCAHHE HAYyYHLIX TEOPHH M IKCIIEPUMEHTOB (a WMOe
OMHCAHHE B MONYJSAPHBIX KHHTaX 3a4acTyl0 HEBO3MOXKHO),
OHH MOTYT CO3/|aBaTh Yy UHTATE/S JIOKHOE OLLYIlleHHe IIPOCTOTHI
H TOJIHOTO NOHHUMaHHsi. ¥ MHOTHX CO3JaeTcsl BIeyaT/IeHHe, 4yTo
ONHChIBaeMble Hay4Hble TEOPHH B 3HAYHTENbHOH CTENEHH, a TO
H TOJHOCTBIO Heo6si3aTenbHbI, MPOWU3BOJIbHBI. MOXHO, Jec-
Karb, H He TaKoe HacouHHUThb. MIMeHHO HayuHo-monyJsipHast
JIUTEpaTypa OTBETCTBEHHA 32 TOT HEHCCSKAEeMBbIH NOTOK ITHCEM,
COZlEpIKAIMX MaJjIorpaMOTHbIE «ONPOBEPIKEHHSA» H  «KapJH-
HaJIbHBIE YJIYUILIEHHS» TEOPHH OTHOCHTENBHOCTH, KBAHTOBOH
MEXaHHKH H TEOPHH 3JIeMEHTApHbIX YacTHl], KOTOpBIH 06py-
IIMBAeTCs] HA OCHOBHBbIE (M3HUECKHe HHCTHTYTHl cTpaHbl. Mue
KaXeTcs, YTO aBTOpP HAYYHO-TIONMYJSIPHOH KHHUTH JOJIKEH He
TOJIbKO [POCTO OGBACHUTH IMPOCTOE, HO U MPEAYNPEAUTh YHTA-
TeJs] O HaJUMYHH CJIOXKHOrO, JNOCTYNMHOTO JIHIIb CIIENHAIHCTaM.

lipeTHble KBapKH .M TJIIOOHBl — HE H3MBIIJIEHHE JOCYXKEro
yma. KBaHTOBasg XxpoMmMoiavHaMHKa HaBfi3aHa HaM IIpHpPOJO,
OHA NOATBEpIKAeHa M NpPOAOMKaeT MOATBEPKAAThbCH Or'POMHBIM
KOJINYECTBOM 3KCIEPHMEHTA/IbHBIX (DAaKTOB. DTO OJHA H3 CaMbIX
CJIOXKHBIX (PU3HUECKUX TeOpHil (a MOXeT OblTb, U caMasi CJIOX-
Has) C OYeHb HETPHBHA/ILHBIM H HE A0 KOHIA pa3pabo TAHHBIM
MaTeMaTH4eCKHM annapaToM.

B Hacrosiiee BpeMsi HeT HH OfHOTO (haKTa, KOTOpHIH Obl HPO-
- THBOPEUHJ KBAHTOBOH xpomoiuHaMmuke. OnHako wuesbli psj
sIBJIEHHR HAXOJMT B HEH JIMIIb KayecTBeHHOe oObsCHEHHE, a He
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KOJIMUECTBEHHOE OnHcaHHe. B wacTHOCTH, 1O CHX MOP OTCYTCT-
ByeT NOJIHOE TOHHMaHHE MeXaHH3Ma TOro, Kak pa3BHBAlOTCS
aZipoHHbIE CTPYH M3 POAMBLIMXCS HAa MaJbiX PacCTOSHHUAX Map
«KBapK -+ aHTHKBapk». He mnocrpoeHa 10 CHX HOp TeOpHs
KoHdaiiumenta. Han stumu Bompocamu pa6oTaloT cefigac CHJIb-
Hefine (QU3HKH-TEODETHKH Bo BceM Mupe. PaGora uuer He
TOJILKO C TIOMOLIbI0 TpPaAMIHOHHBIX CPEICTB — KapaHjalia
H GyMmars, HO H IyTeM MHOTOYacCOBbIX PAacyeToB HAa MOLIHBIX CO-
BpPEMEHHBIX KOMIbloTepax. B 3THX «yHC/IEHHBIX 3KCIEpHMEH -
Tax» HeNpepbiBHbIE MPOCTPAHCTBO H BPEMsi 3aMEHSIIOTCS JIHCK-
PeTHbIMH YeThipEXMEPHBIMH pelleTKaMH, CONEpKallMMH II0-
psnka 10 y3n0B, H TVIIOOHHBIE IMOJSI paccMaTPHBAIOTCA Ha
3THX pelleTKax.

JIENTOHDI

B HeckoJIbKHX MOCJEIHHX pasfenax Mbl 06CyX-
Jaqd CBOHCTBA H CTPYKTYPY aJpPOHOB — MHOI'OYHCJIEHHBIX
pOICTBEHHHKOB nporoHa. O6paTuMmcsl Tenepb K poACTBEHHHKaM
ajeKTpoHa. VX HasbIBalOT JIeNTOHaMH (MO-TPeYecKH «IeNToC» —
MEJKHH, MaJieHbKHil, a wienta» — Meqkasi MoHera). IlonoGHo
3JIEKTPOHY, BCe JIENTOHBl HE Y4aCTBYIOT B CHJ/IbHBIX B3aHMoOJEH-
CTBHSIX M MMEIOT CNHH, paBHbifi 1/2, [Tono6HO 3JeKTpoHY, Bce
JIETITOHBl Ha COBPEMEHHOM YDOBHE 3HaHHH MOXHO Ha3BaTh HC-
THHHO 3J/IEMEHTapHBIMH YacTHIAaMH, IOCKOJNBbKY HH Y OIHOIO
U3 JIENITOHOB He OOHapyKeHa CTPYKTYypa, NojoGHasi TOH, KOTO-
poii HajesleHbl aZpOHEl. B 3TOM cMbic/ie JIeNnTOHBl HasbIBAIOT
TOYEUHBIMH YaCTHLAMH.

B Hacrosiliee BpeMsi YCTaHOBJIEHO CyleCTBOBaHHE TpexX
3apsKEeHHBIX JIENTOHOB: €™, W™, T~, H TpeX HeHTPaJbHBIX:
Ve, Vu, Vi (OCJAEIHHE Ha3BaHBI COOTBETCTBEHHO: JEKTPOHHOE
HeHTPHHO, MIOOHHOE HEeHTPHHO H Tay-HeHATPUHO). ¥ KaXKJOro U3
3apsKEeHHBIX JIEITOHOB eCTb, pasyMeercsi, CBOS aHTHYaCTHHA:
e*, ut, v+, Uro kacaercsi Tpex HeHTPHHO, TO OGBHIYHO MoJIaTa-
0T, YTO y KaXJOr0 H3 HHX TOXe €CTb CBOSI AHTHYACTHUA:
Ve, Vu, V. HO IOKa HeNb3s HCKJIOYHTb H TOTO, YTO V,, Vy H
Vv — HCTHHHO HeHTpaJIbHble YaCTHIIBI H KaXKJasi U3 HHX TaK Xe
OJIMHOKA, Kak U (oToH. IloroBopum Tenepp 0 KaXJOM H3 Jem-
TOHOB B OTHEJIBHOCTH. '

OG6 s/1eKTpOHe MBI y2Ke MOAPOGHO FOBOPHJIH HA MPEXbINYIHX
CTPAHHIIAX KHHTH.

Mioon Gbla1 OTKPBHIT B KOCMHYeCKHX Jyyax. IIpomece oTkphI-
THS MIOOHa (OT HepBOTro ero HabJIIOJeHHs1 NO OCO3HAHHUA TOTO
¢akTa, 4TO 3TAa YacTHIA SIBJAAETCH NPOLYKTOM pacmaja 3apsi-

XKEHHOr0 MHOoHa: T+ — p¥vy, n~ — P~v,) pacTaHyJCcs Ha Je-
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catunerie — ot KoHuna 30-x xo koHua 40-x romoB. 3aMeTHM-
4TO HaJH4YHe Y MIOOHA CBOEro COOCTBEHHOro, MIOOHHOTO HEHT,
pHHO GbLIO YCTaHOBJIEHO ellle Mo3Xke — B Havase 60-x ronos.

Uto kacaercsi Tay-/entoHa, TO OH GbLl OTKpPHIT B 1975 T.
B peakuuu ete” —T1*T” Ha 3JIEKTPOHHO-NIO3UTPOHHOM KOJI-
Jaarnjgepe. i

JMaccbl MiooHa U T-entoHa paBHel 106 Ma3B u 1784 MaB
COOTBETCTBEHHO. B oT/MuMe OT 3JIeKTPOHA, MIOOH- H T-JIENTOH
HectaGu/bHbl. BpeMsi kusHu MiooHa cocrasjisier 2-107€ ¢,
BpeMsl KH3HH T-JIeNTOHa — npumepHo 5-1071 ¢,

Pacnaz mioona njer no ogHomy kanany. Tak, npoxykramu

pacnajga W~ SIBISIOTCS €™Vvyu, a NPOAYKTamH pacnajga p*
SIBNISIOTCS €+V vy, Y T-JIeNTOHA CYLIeCTBYeT MHOTO KaHAaJIOB Pac-
naja:

T- — €7V,Vg, T~ — UW"VuVg, T~ — Vg 4 ME30HH,
T —etv,vy, TF—ptvyvy, 1Y — vy - Me30HHI.

Takoe o6unne KaHa/JOB pacmajga OOBSICHSETCS T€M, YTO HM3-34
6OJIbILION Macchl T-JIENITOH MOXKET pacnajaThCsl Ha TAKHE YacTH-
1bl, Ha KOTOpBIE Pacmaj MIOOHA 3ampellleH 3aKOHOM COXPaHEeHHsI
SHEepTHH.

Haim cBenennss 6 HeHTPHHO OYeHb HenoJHble. MeHblliie Bee-
ro Mbl 3HaeM O v,. B yactHOCTH, PO Maccy vy Mbl He 3HaeM
JaXke, paBHa JIM OHa HYJIO HJIM JOBOJILHO BeslHKA. BepxHui
SKCNepHMeHTaIbHBIA npefen: m, <150 MaB. Ananornuseri

BEpPXHHH mnpejes [Jis MIOOHHOTO HEHTPHHO: m,,<<0,5 MsB.
Jlnsi 371eKTPOHHOrO HEHTPHHO TOYHOCTb H3MEPEHHH Hecpas-
HeHHO Bbilie. Ha npejene 310 TOYHOCTH OfHA M3 3KCIEPHMEH-
TalbHBIX Tpynmn coobmuna, yro m,,~30 3B. Iro coobuenne
OXKHJaeT B HACTOslILee BpeMs He3aBHCHMOH NPOBEPKH B APYTHX
J1abopaTopHX.

DKcnepHMEHTaNbHO YCTaHOBJIEHO, YTO KaXIblH H3 3apsi-
KEHHBIX JICNITOHOB NPHHUMAET y4acTHe B C/Ia0bIX B3aHMOLEHCT-
BHSIX BMECTE CO CBOHM HEHTPHHO: € C Vo, b C Vy, T € Vg
Hanpuwmep,.

n—pev,, at—utv,, TF— vetv,.

NOKOJIEHHSA JIENTOHOB U KBAPKOB

Pasnuunsi Mexay KBapkaMH H JieNmTOHaMH Gpo-
CaloTCs B IJia3a: nepBble — LBETHBIE H ,upo6H03apﬂ,quxe, BTO-
prie — GecLBeTHbe H Leso3apsjnele. Ho ecth y HUX H ofuine
YepTHL: H Te, H APYTHE HMEIOT CIIMH, paBHbIi 1/2; 1 Te, n Apyrue
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Ha COBPEMEHHOM YyDOBHe 3HaHHS BbIMVIAAAT KaK TOUEUHbIE yac-
Tuubl. [lo3TOMY JIenTOHBI U KBapKH Ha3blBalOT (pyHIaMeHTa/lb-
HbIMH  (bepMHOHaMH.

®dyHnameHTaNbHble (ePMHOHBI ecTeCTBEHHbM 00pa3oM pas-
6MBAIOTCS HAa TPU TPYHIbI, KOTOPble NMPUHSATO HA3bIBATh IOKO-
JIEHHSIMHU:

u c t?
d b
v, Vy Vg
e” wo T

BonpocurenbHblil 3HaK HanoMHHaeT, YTO /~KBapK NOKa YTO
He otkpbiT. Ho TOT hakT, 4yTO B ABYX NOKONEHHSX 3alOJHEHbI
BCe BAKaHCHH, HABOAHT HAa MEICJb, YTO H TPeTbe NOKOJEHHe
HMEeT TY Xe CTPYKTYpY.

Yactuupl nepBOro NMOKOJIEHUS — CaMble JIeTKHe, YacTHIbI
TpeTbero — camble TsIXKeJble.

W3 3apsKeHHBIX yYacTHL NepPBOrO IOKOJEHHS IOCTPOEHB
aToMBbl, a 3JIeKTPOHHOe HEHTPHHO, XOTA U MpsAYercs OT IJa3, HO
TaKXKe UrpaeT BAXKHYIO PoJib,— He Gyab ero, noraciu Gbl Couti-
e u 3Be3fpl. [lo cyuectBy, Bcst Bcenennasi OKOUTCS Ha Nite-
Yax 4YacTHIl NepBOrO MOKOJEHHS.

3aueM HYXHBI YacTHUb ABYX APYTHX MOKOJIEHHi, MBI 10Ka
He 3HAeM M TOJIbKO_HauWHaeM JoraibiBatbesi. Camasi JONTOXKH-
ByIlas M3 HHX — MIOOH — JKHBET MHKpPOCeKyHAbl (2-107¢ c).
Crpansble yactuus! KUyt 1078—1071° ¢, ocrajlbHble — MeHb-
mwe 10712 ¢c. C GonbUIUM TPYAOM pOXKJEeHHble Ha cHenHalbHO
HOCTPOEHHBIX YCKOPHUTENs1X, 3TH YaCTHUbI NPAKTHYECKH MTHO%
BeHHO T'HOHYT. Mcki/ouenne cocraBis#oT JMLIb Vi H, BO3MOX-
HO, V. B TOM CJIyYae, eclii v, 6e3MaccoBO HJIH OYeHb JIerKoe.

HeBonbHO - BO3HHKAIOT BOnpockl: 3auyeM HYXKHO H3ydarb
atH 3deMepHbIe H 3K30THUECKHE CO3AAHHS, ec/lM HUKAKOH poJu
B Haulell XKU3HH OHU He urpator? OnpaBiaHbl Ju 3aTpPaThl Ha
JOporHe YCKOpHTesNbHEle JabopaTopuH? B KoHle KHHrH
s1 MONBITAIOCh cOGPaTh BOEJHHO pasjiM4YHbie OTBEThl Ha IepBbIH
BONPOC U 0GOCHOBATh IOJNIOXKHTENbHBIA OTBET Ha BTOPOH. 31ech
e XoTesioch Obl CHeNaTh JIULIb [BA YTBEPXKAEHHS.

Bo-nepBrix, H3yueHHe CTPAaHHBIX, OYAPOBAHHEIX M APYTHX
YacTHl, BTOPOTO H TPeThero IOKOJNeHHH MO3BOJIUJIO BCKPHITh
KBApKOBYIO CTPYKTYPY OOBIYHBIX HYKJIOHOB. Beiap Ha uzelo o
KBapKaX (U3HKOB HATONKHYJO 3KCNePHMEHTAIbHOe HCCeRO0-
BaHHe CTPAHHBIX YaCTHI, -4 OKOHYATeJIbHOEe MOJTBEpKIeHHEe CY-
IeCTBOBaHH Sl KBapKoOB Jas uapMoHHi. He HckioyeHO nosTomy,
yTO JajbHeHIIHe dKCIePHUMeHTHl Ha ellie 6ojiee MOIUHBIX YCKO-
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pUTENsX MO3BOJNAT OGHAPYKHTb H MOHATH BHYTPEHHIOIO CTPYK-
TYpPy CaMHX JIENTOHOB M KBapKOB.

Bo-BTOpHIX, H3yuYeHHe NpPOLECCOB C ydYyacTHeM (epMHOHOB
BTOPOr'O H TPEThero MOKOJIeHH MO3BOJIMJIO NOHATh (PyHIaMeH-
TaJbHbIE CUJbI, AeHCTBYIOLlHE He TOJIbKO MEXAYy HHMH, HO M
MeX]y pyHNAMeNTaAbHLIMH (pepMHOHAMH MEPBOrO MOKOJIEHHS.
Bes MHOroukeAeHMbIX 3KCMEDUMEHTOB IIOCJEJHEro JecsiTHJe-
TH, B 6cefeNHecTH 6e3 SKCIepHMEeHTOB Ha OOJBLIMX KoJJafi-
Jiepax, Mbl He CMOTJIH Gbl YOeUThCS B CYIIeCTBOBAHHH IVIIOOHOB,
CKJIEHBAIOIUX KBapKH B OOBIYHBIX s1ApaX OOBIYHBIX AaTOMOB.
Jpyro# npumep, K pacCMOTPEHHIO KOTOPOI'O Mbl cefiuac mepeii-
ZieM, 3TO YCTPOHCTBO (pyHAaMeHTaJbHbIX €/1abblX CHJ, O NPH-
polie KOTOPHX MBI TaK MHOFO Y3HaJH, H3yyasi cjabble B3aHMO-
JeACTBHUSA JIENTOHOB U KBapKOB BceX TpeX mokosieHu#. KysabMu-
HAaIlHOHHBIM MOMEHTOM 3THX HCCJIeJOBaHHH ObLIO OTKpHITHE
B 1983 r. Tak HasEIBaeMBEIX HPOMEXYTOYHHLIX BEKTOPHBIX 6030-
HoB: W+, W~ u_Z° — ¢pyHaaMeHTaNbHBIX MEPEHOCYHKOB CJia-
6oro B3aHMoOJeHCTBHS.

PACMAJlbl JIENTOHOB U KBAPKOB

B CHJBHBIX H 3JIEKTPOMarHHUTHBIX B3aUMOJEHCT-
BHUSIX KBAapKH H AaHTHKBapKH JAaHHOI'O apoMaTa DOXJAloTcs H
YHHUTOXKAIOTCA TOJIbKO mapamu. Ilostomy, eciu Gbl He 6bLIO
cnaboro B3aHMOREHCTBHSI, TO apoOMaThl KBAPKOB H JIENTOHOB
COXpaHSIAUCh Obl U Bce JBEeHaAUaTh (yHAaMEHTaNbHBIX (hepMH-
OHOB ObIIH Obl CTaGHJ/IbHBI. .

Mbl yxe MO3HAKOMHJIMCH BhIlEe C f-pacmagoM HeHTpoHA H
POACTBEHHOH eMy c/1abo# TepMoseplioH peaknuei, B KOTOPOH
CropaloT RPOTOHBI H 3jeKTpoHb!l CosHua. [TocMorpuM Teneps,
KaK BBIVISIAAT 3TH H JApYyrHe cjalble Mpoiecchl Ha KBAPKOBOM
sisbike. Haunem ¢ B-pacnaza nefirpona. Hanomuio, uro p=uud,
a n=ddu. Tak uro P-pacnaj HefirpoHa

n— pe‘(y_,
cBofuTeA K P-pacnamy d-keapka (puc. 12)
d— ue‘@e.
AHanoruyHeIM 0GpasoM COJIHEUHAsl peakuus
pe~p—Dv,

(HanomHIO, uto D 0603HayYaeT sIAPO TSXKEJIOro BoJopoaa — jeii-
TPOH) CBOJHUTCS, KaK HETPYAHO [IPOBEPHThb, K PeaKUHH

ue~ — dv,.
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AroT nocJaeAHH I NPOIecC MOXKeT GhITh (MBICJIEHHO, KOHEYHO)
TMoJTyueH U3 Npolecca pacnaja d-kBapka myTeM ABYX onepauui:
1) sameHB! OJHOH W3 aHTHYacTHL (B JAHHOM CJly4ae v,) B KO-
HEYHOM COCTOSIHMH Ha COOTBETCTBYIOLLYIO YacTHLY (B JaHHOM
cayyae v,) B HauaJbHOM; ?2) moBopora cTpenkH Ha 180°, T. e.
3aMeHbl HaYajJbHOI'O COCTOSIHHS KOHEYHBIM, @ KOHEYHOro —
HayaJIbHbIM.

Cwmbics1 BTopoii onepanuu siceH. Ee MoxkHO Ha3BaTth ofpaiie-
HMeM BpEMEHH, NOCKOJIbKY INPH 3TOM, Kak B OOpallleHHOM BO
BpeMeHH KHHO(DHJIbMe, Ipolecc HAeT B OOpaTHYIO CTOPOHY.

3aKOHHOCTb NEPBOH omepauud MeHee oueBHJHA. MHl ocTa-

HOBUMCSH, YTOOBI TOAPOGHO pac-

d > 0 | CMOTpETb €e 3JieCh, MOCKOABKY
H{U 5}p9Ta omnepainMsi Mrpaer BaX-
i = \e_ HYIO, MOXHO CKasaTb, Y3J0-

N BYI0O POJb B TEOPETHUECKOM

Ve aHaju3e BCeX MPOLECCOB, B

KOTOPHIX YYacTBYIOT 3JIEMEH-
TapHble YaCTHIBI.

Kako#i 6bl CJIOXKHBIH TpO-
Hecc, HAYIIHHA B TNPHPOAE, MbI
HHM PacCMATPHBAJIH, BCErja MOXHO ObITb YBEDEHHBIM B TOM, UTO
3aKOHAMH COXPaHEHH$ 3JIEKTPHUECKOro, 6apHOHHOIO U APYrHX
BO3MOXHEIX 3apsiioB OYAyT paspelileHbl M IpOLEcCH, B KOTO-
pHIX HCIyCKaHHe (NOTJIoLLeHHe) M0G0 U3 YacTHL, 3aMeHeHO Mo-
PJIOLIEHHEM (MCIyCKAHHEM) COOTBETCTBYIOIIEH aHTHUYACTHIHI.
dra «anrebpa aHTHYACTHII» (IIEPEHOC YACTHIBI U3 OJHOH YacTH
«paBeHCTBA», OMHCHIBAIOLIEIO peaKLHio, B JAPYTyI0 C ORHOBpe-
MEHHbHIM H3MEHEeHHeM 3HaKa 3apsiioB) OCHOBaHAa Ha TOM, 4YTO
BCe 3apsAlbl Y YacTHILI H AHTHYACTHIBI HMEIOT MPOTHBOMOJIOXK-
Hble 3HaKH. Dta «a/jarebpa» JIEXKHT B OCHOBE BCeH COBpeMeHHOH
TEOPHH 3JIEMEHTApHBIX YacTHI, — KBAHTOBOH TEOPHH MOJS.
Jlerko, Hanmpumep, NPOBEPHTb, YTO BCE€ 3JEKTPOMarHHTHbIE
OPOLECCH, PABHO Kak M Bce IVIIOOHHO-KBAPKOBBIE IIPOLECCHI,
paccMOTpeHHbIE HaMHM Ha NpelblylMX CTpaHHuax, MOAYH-
HSIOTCSL 3TOH aJjrebpe.

OpHako coXpaHeHHs BceX 3aps/oB ellle HeJJOCTaTOYHO, YTO-
6bl TOT MJIH MHOH Npolecc JeHCTBHTEJbHO MMeJ MECTO B IPH-
poxe. s 3TOro elle HeOGXOAUMO (H AOCTATOYHO) *), 4TOGBI

Puc. 12, KpapkoBasi jauarpamma
B-pacnaja HeHTpoHa

*) B ¢usnKe Bce, 4TO He 3ampeleHo, 06513aTeJbHO JAOJIKHO MPOHCXO-
aurh. Iloc/enoBaTeIbHOE IPHMEHEHHEe 3TOTO NMPHHIMINA NO3BOJHT BaM MHO-
roe MOHATh H YNOPSAOYHTH B KaJeHJOCKONMHYECKOM MHpe peaKuHil H pac-
NajioB 3JeMeHTapHRIX 4yacTHL. MIMeHHO B CHJIy 9TOrO NpPHHIHNA aTOM Hepe-
XOIHUT H3 BO3OYMKAEHHOTO COCTOSIHHS B OCHOBHOeE.
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B 3TOM IIpolecce BHIMONHANHCH (pyHAAMEHTaIbHbIE 3aKOHHI CO-
XpaHeHHSl, B 4YaCTHOCTH, HEOOXOAHMO COXpaHeHHe 3SHepruH
H uMnyJabca. A 3nech Bce OnpeessioT KOHKPETHHIE YCJIOBHS,
B KOTOPBHIX HaXOASTCS B3aHMOJeHCTBYIOLIMe yacTHubl. Tak, Ha-
NpUMep, peaklHus e~ p — NV, 3anpelleHa (4 Mbl JOMKHbI GHITH
6JarogapHbl NPHPOJE, YTO OHA 3anpeliieHa) LIS JEKTPOHA
U NPOTOHA, 06pasyIolIUX aroM BOAOPOJA, MOCKOABKY HEHTPOH
TsXKeJsee, 4eM NPOTOH M 3JEeKTPOH, BMecTe B3sithie. [lomymaiite
TOJIbKO, KaK BBHILVIsiZeN GBI MHP, B KOTOPOM BpeMs XKH3HH BO-
J0poJa H3MepsIoch Obl ceKyHAamH!

C Apyroi CTOpOHBI, peaklus e~p — nv, B HEKOTOPHIX aTo-
Mmax uzer. [Ipumepom sBasiercs HectaGHMIBHBIA H30TON Ge-
punausa (;Be). SIapo atoro aTromMa 3axBaTHBaeT OJHH H3 aToOM-
HBIX JIEKTPOHOB, B pe3yJ/bTaTe Uéro BO3HMKAaeT HBOTOR JHTHS
((Li). Hdeno 3necs B TOM, YTO aTOM C SAPOM ,Li Jierue, yeM atom
¢ sapoM ;Be. AHaJOrHYHO OGCTOMT HEJO U € TePMOSiIEPHOH pe-
akuuell pep — Dv,: mMacca JefiTpoHA MeHbIlle, YeM eyMMa Macc
JIBYX NPOTOHOB U 3JIEKTPOHA.

N3 ckasaHHOro ciefyer, YTO €cJH Ha BOJOPOJHYIO MHIIEHB
najaer NMy4oK 3/EKTPOHOB, SHEPrHsl KOTOPHIX HPEBHIIAET IO-
por peaxiiuy

e~p— nv,,

TO 3Ta peakuua 6y}leT uatd. TouHO Tak ke JOJKHA HJITH H pe-
akKnunsd

v.p— etn,

€CJIH 3HEPTHsi v, MPEBbIAET BeNHUHHY (M,—m,+m,)c?. Ira
peakuus JeHCTBUTENbHO Habmojanach B TyYKaX aHTHHEHTPHHO
HU3KUX SHEPruil OT SJepHbIX PeaKTOPOB H B MYUYKaX aHTHHeH-
TPUHO BHICOKHX HeprHil Ha yckopureasix. Urto kaeaercs peak-
LHU

Velt —e€7p,

TO OHa HabJofanach He Ha CBOOOAHBIX HEHTPOHAX (LOCTAaTOYHO
IJIOTHBIX MHILIEHEHky COCTOSLINX H3 CBOOOJHBIX HEHTPOHOB, He
CyllecTByeT), a Ha HeATPOHaX, CBSI3aHHHX B sj]pe JefiTepus
Hau B 6GoJiee TAXKeNBIX SApax.

«Opynys» obpallleHHeM BpeMeHH H anreO6pol aHTHYacTHI,
JIETKO BBIMHCAaThb MHOTOYHCJIEHHble KBapKOBHIE NPOLECCH], POJ-
CTBeHHBIE Ipoueccy pacnaaa d-kpapka,d— ue~v,. Hanpumep,
npeBpalleHde napbl KBapK — aHTHKBapK B Napy JenToH —
AHTHJIENITOH:

du—e~v, unma ud — e*v, u T. 1.



ITepBuIii M3 STHX MPOIECCOB OTBETCTBEH 33 PacHaj it~ —- €™ Ve,

BTOpOil — 32 pacnax n*— e*v, (puc. 13 u 14).
Wtak, Mbl BHIHM, YTO C/aGoe B3aHMOJIeHiCTBHE KBapKOBOH
naphl ud ¢ JeNTOHHOM Napoii v £ JIEXUT B OCHOBE LeIoro KJ1acca

- e o
A T e
Ve d —= >
Puc. 13. Ksapkopass muarpamma Puc. 14 Ksapkosas au arpamma
pacmajga m-—>e~v, pacmaga mt—etw,

MpPOLECCOB. TouHo Tak e B3aHMOIEHCTBYIOT C KBapKOBOH na-
poit ud W ABe LPYTrHe JIENTOHHbIE Napbl: vup U v.7. B kayectse
npuMepa mpuBeleM 3J1ech pacnaiwl (puc. 15, 16)
nt — p,+’Vu, Tt — TC+'V-|;
U peaklyi0 3axBara MIOOHa B Bojopone (puc. 17)
p_p — 1V

3aMmerbTe, UTO KaXKIblil 3apsKeHHbIH JIENTOH «BePEH» CBOEMY
HEHTPHHO.

T'+
Vr

Puc. 15. KsapkoBas auarpamma Puc. 16. KpapkoBast nHarpa Ma
pacmasa mt—-pitvy pacnaxa T+ tvg

Puc. 17. KBapkoBas guarpamMma pe-
aKIHH 3aXBaTa MIOOHAa U~ p—>nvp

Ilepexona K ApPyruyM KBapKOBBIM NapaM, GbLIO GBI ecTecT-
BEeHHO OXHJaTb, YTO KBapKH, NOJOGHO JIENTOHAM, OCYLIECTB-
JAI0T caabble Mepexoibl TOJbKO BHYTPH CBOMX ITOKOJIEHHH.
Ecnn Gel 310 6BIIO TAK, TO B C1a60M B3aHMOAEHCTBUH Y4acTBO-
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Baqu Gbl TOJLKO TPH KBapKkoBble napel: ud, cs, th. Ilpu atcm
S-KBapK M b-kBapK Oblid Gbl CTaOMJIbHBI, MOCKOJbKY S-KBapK
MHOTO JIerue C-KBapka, a b-KBapK MHOTO Jierye f-KBapka. A 310
3HauHJa0 ObI, YTO ObIAM OBbI CTa-

OUJIbHBL H CTPAHHBlE YacTHUBl, H U ¢ _t
aJpoHbI, cojepiKaiiue b-KBapKH. N =27
Mpbl 3HaeM, 4TO B JeHCTBHTENbHO- ><>i<\):>\=
CTH 3TO He TaK M UYTO CYIIeCT- z= RSN
BYIOT MHOTOUHCJEeHHble cjabble s b
npoleccsl, .B KOTOPBbIX KBapKH ,
OJIHOTO IIOKOJIEHHSI Tepexoidar B Ve Yu vr

KBapKH JpYroro NMokKoJeHHs, Kak
310 H306GpaxeHo Ha puc. 18. Ha
5TOM DHCYHKe CILIOIIHbe JHHHH ¢ i T
yKaselBaloT Ha6ofaBILKecs | Ha -
ONbITE JIENTOHHbe H KBapKopble LHC: 18. Tpu noxonenus aen-
, TOHOB H KBapKOB. Jlunuamu
«cjiable Mapel», @ IUTPHXOBBIMH  yyasaup «cuabble NApH» Jen-
JJUHHSIMH OTMEUEHbl Mapbl OXH- TOHOB M JEBSATb «cjaabblXx map»
JaeMble, HO MOKa 4To He HabJilo- KBapKOB
JaBILHecs .

Urak, Bcero B c/1a6oM B3aUMOJEHCTBHH JAO/KHBI y4acTBO-
BaTh TPH JIENTOHHBIX M JIeBATb KBapKOBLIX Nap. Bsaumoseficr-
BHS JIENTOHHBIX Nap C KBapKaMH AalOT MHOrOYHCJEHHbIE Jiell-
TOH-aJIpOHHble peaKLHu H pacnafbl. [Ipuseny monosnuTenbHbe
npHMepbl pacrnajfoB, B KOTOPBIX Y4acCTBYIOT KaK JeNTOHbI, TakK
M aJipOHbl (MX Ha3bIBAIOT MHOTJA IOJYJENTOHHLIMH):

K*—p*vy,, A — pe~v,, F* — ttv;, 7°*— K*a"v; uT. I

Hapsiny ¢ sienToH-aipOHHBIMH IPOLECCAMH JAOJIKHHI Cyllle-
CTBOBaTh H CYLIECTBYIOT KaK YHCTO JIENTOHHBIE (IIPHMEPhI KOTO-

u e v .
Or ve Gy
Y e Y
a “ 2 €

Puc. 19. [ipa npuMepa YHCTO JIENTOHHBIX CJabblX MPOLECCOB: pacnajg MIOo-

Ha (a@); paccesiHHe 3JIEKTPOHHOrO HeHTPHHO HA 3JeKTpoHe (6). B xaxaom

U3 3THX NIPOLECCOB Y44CTBYIOT YeThbipe ()epMHOHA, B3aHMOAEHCTBHE MEXKIY
KOTOphIMH Xapakiepuayercss KoHcraHToii Pepmu Gp

pBHIX MpHBeAesbl Ha pHc. 19), TaK W 4KCTO aApCHHblE TaK Ha3sbl-
BaeMble HeJeNTOHHble Tnpouecchl. Ilocaeanue c6ycJ0B/IEHbBI
cn1a6biMH “B3aMMOJCHCTBUSIMH MeXKJAy KBapKOBHIMH IapaMu,
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Hanpumep:
(ud) (du) wnan (ud) (cs), wuam  (cs) (bc).

[IpuMepoM HeJIenTOHHBIX pacnajoB, OOYyC/IOBJEHHbIX B3aH-
mozeicTBueM (du)(us), siBasoress pacnaiabl (puc. 20)

K+ —ntn®, A — pn~.
Kak HetpyzaHO noxacuurath, 12 «cs1abbix nap» JOJKHBI B 00-
o 1
Iieil CJIOXKHOCTH JaBaTh = 12(12+4 1)=78 pasauyHbIX B3a-

UMOJIEHCTBUH, KaKJ0e U3 KOTOpbIX, HOJOOHO B3aHMOAEHCTBUIO
(ud)(ev,), BbI3BIBaET MHOXECTBO DAa3J/IHYHBIX [POLECCOB.

Ma== a

u u d Sp

K+{5 ' d }”{ § @ ¢
Gr F

U \ @

iz P
Puc. 20. [IBa npuMepa KBapKOBBIX AHAarpaMM, ONHCBHIBAIOLINX YHCTO aJpOH-
Hble cabble mpolecch: pacnag K+—n+mn® (a); pacnag A—pn— (6). Cna-

6oe ueThipexepMHOHHOE B3aUMOJEHCTBHE, XapaKTepH3yeMoe KOHCTaHTOH
@epmu Gp NPOMCXOAUT MeXAY KBapKaMu

BosblinHeTBO M3 78 «3aTpaBOYHbIX» B3aUMOJCHCTBHA MOKA
yro He Ha6.0Aa/0Ch: B 33 U3 HUX YYacTBYIOT HE OTKpbITble TOKA
{-KBAapKH; B psijie CyyaeB, KakK, HaIpHUMep, B cayydae (v,T)(Tvy),
HET NOAXOAAWMX MullieHelt H nyuykoB. OLHAKO BO BCeX TeX CJy-
yasx, Korja npeackasaHHOe B3auMojeHcTBHe OblIO AOCTYHHO
HaOJMIONEHHIO, OHO Bcerja Ha0JI0Ja/n0Ch.

Bce pasHooGpasue ciiabblx HPOLECCOB «yNPaBJ/IseTCa» OLHOH
(hyHIaMeHTaNbHOH MNOCTOSIHHOH — TaK Has3biBaeMOH KOHCTaH-
TOli YeTHpex()epMHOHHOTO B3aMMOJEHCTBHS, HJHM KOHCTaHTOH
®epmu Gp. B exununax CH Gp=1,4-10"¢ JIxx-M?, HO GoJiee
MOYYHTENbHO BbIpa3uTh Gy B 3/1eKTPOH-BOJILTAX, B SIBHOM BHJE
BbIJIEJIHB MHOXHTENH [ U C:

Grr1,2-1073 3¢ TaB 2,
BepositHoctu Bcex cs1abblx peakuMil M cjalblX pacnajios

nponopuuoHanbeel Gi. Tak, Hanpumep, BpeMsl XKH3HH MIOOHA
T, CJeAyolHM 00pa3oM Bhlpaxaerca uepes Gy M Maccy
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MIOOHAa mu:
1 Grmpict
Tu, 1921123’1-/7 )

UeM Gosbllie 3HEprusi, BbljessieMasi B pacnaje, TeM ObicTpee
9TOT pacnaj npoucxonur. Tak, BpeMsi XKH3HH 4acTul, GoJee
TSIKEJNbIX, UeM MIOOH: T-JIENTOHA, C-KBapKa M b-KBapka,— Ha
11eCTh-CeMb TOPSAKOB MeHbllle BpeMeHH XH3HH MiooHa. C apy-
roil CTOPOHbI, HEATPOH XKHUBET B MHJLIMapA pas JoJblie, 4yeM
MIOOH. s rpy6oii OLEHKH MOXKHO HCXOAHTb H3 TOTO, YTO Be-
pOSITHOCTb CJIaBOro pacmaja pacrer, Kak NsATas CTeNeHb HEp-
roeeijiesieHnsi. B pacmagax t-jentoHa, c-kBapkKa M b-KBapka
MpaKTHYeCKH BCS Macca NepexOAMT B KHHETHUYECKYIO PHEPIHIO
NPOAYKTOB pacnaga. Tak uto 3HeproBbifeseHHe GOJblIOE.
B pacnazne e HeHTpOHa BbiJe/IsieMasi SHePrHsl COCTaBJIsIeT BCETO
0,8 M3B, nostroMy HEHTPOH M KHBET TaK JOJIO.

BUPTYAJIbHBIE YACTHLbI

Ho nouemy Kaxnjas U3 «cjabblx nap» B3auMoaei-
cTByeT ¢ Kaxoi? OTBeT Ha 3TOT BONPOC HaM ONSATb (B KOTOPHIA
yxe pas!) moMOXKeT HaHTH aHAJNOTUsi C SAEKTPOAHHAMMKOH.

[Touemy ssekTpoH paccenBaercsi Ha nporome? Iloromy uto
KaXkJash M3 3THX YacTHIl B3aUMOJACHCTBYET € 3JE€KTPOMAarHHT-
HBIM [0JIEM, B3auMoJeHcTByeT ¢ ¢oToHamMu. Paccesinne cBo6ox-
HOT'O 3JIEKTPOHAa Ha CBOGOJHOM NpPOTOHe C Mepejayell PHepruH
H HMIYyJbCa MOXHO OMHCaTb caelylomuM obpasom. OnHa H3
ITHX YaCTHII, CKaXKeM 3JIeKTPOH, HClycKaeT (oToH; a Apyrasi —
norsiouaer ero. Ho ¢oTon, KoTophiM 06MEHHBAKOTEA 3JEKTPOH
H MPOTOH,— 3TO He OObIYHbIH CBOGOAHBIH doToH. [leficTBHTEb-
HO, PacCMOTPHM HcHycKaHHe GOTOHA 3/1eKTPOHOM, KOTOPMH KakK
JI0, TaK H MocJse HCnyckaHHus Obl1 U ocTaercsl ¢cBOOOAHMM. [Ipu-
MEHsIs K 3TOMY 3JIEMEHTapHOMY «MOANpoLeccy» 3aKOM COXpa-
HEHHSl HEPTHH — HMIYJbcd, JETKO yGeAUTbCs, YTO Y HCIy-
IIieHHOr'0 ()OTOHA 3HEeprusi He paBHA UMNYJbCY (YMHOXEHHOMY
Ha CKOPOCTb CBeTa €), KaK 3T0 JO/KHO ObITb /151 CBOOOAHHIX pe-
anbHbIX ¢otoHOB. HamoMuum, uro I/ cBOGOJHOH YacTHIbI
C Maccoii m JOJKHO BBINOJIHSITHCS COOTHOILeHHe E?—p?c?=
=m??*, a y ¢orona m=0. B cayuae xe ¢porona, KoTopbM 00-
MEHHBAIOTCSI 3JIEKTPOH U NPOTOH, £*—p2c2<C0. OcobeHHO J1eTKO
5TO YBHJETDb, €C/JIH PAaCCMOTPETh ep-paccesiHie B CHCTeMe LeHTpa
Macc ajeKTpoHa u npotoHa. B 3Tofi cucreme sHeprus 3/eKTpoHa
B pe3yJbTaTe paccesiHHs He MeHseTcsl, a MeHSeTCs JIMLIb Ha-
npasJjieHue ero umnyJbca. B pesysbrare, ¢oTOH, KOTOPHIM 06-
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MEHHBAIOTCS 3JIEKTPOH U NPOTOH, MEPEHOCHT HMNYJbC P, HO €ro
sHeprua E paBHa Hymo, Tak uto E2—pic?=—p22<0.
@DOTOHBI, AJNA KOTOPBIX CIPAaBeJIHBO HEPaBEHCTBO

E2 __pzcz 5& O,

Has3bIBAIOTCA BHPTyasbHbIMH. C/I0OBO «BHPTYaJbHBIH® B 3TOM
KOHTEKCTe HMEeT CMBICJ, POTHBOMOJIOXKHBIA CMBICAY CJOBa
«peaJsibHbIfY. BupryanbHbll OTOH MOXKeT YHTH OT HCIYCTHB-
LIEr0 €ro UCTOYHHKA JIMIIb Ha MaJjioe paccTosHHe, KOTOpoe TeM

e e
Ve

4 p
Puc. 21. ®elinManoBcKas jauar- Puc. 22. QeiiumanoBckas auar-
pamMa, ONMCHIBalOlast yOpyroe paMMa, ONMCHBAIOIas HeyNnpyroe
paccestHHe 3JIEKTPOHAa Ha MPOTO- paccestHHe 3JIeKTPOHAa Ha MPOTO-
He. BosHucTas JauHusA, M306paxa- He, INpH KOTOPOM HCOYyCKaercs
eT BUPTyaJbHBIH (QOTOH «TopMo3HOi» ¢oroH. Ha sroit

JarpaMme - HMelOTCsl JBe BHPTY-

aJbHBble YaCTHUB: He TOJbKO BHD-

TyaJbHBIH (OTOH, HO H BHPTY-
aJIbHBIA 3JIEKTPOH

MeHblle, yeM GoJiblie BHPTyaJbHOCTb ¢ortoHa. Ecau mobauso-
CTH OT 3JIEKTPOHA TNPOJIETHT MPOTOH, KOTOPBIH CMOMKET MOrJOo-
THTb BHPTYaJbHbIA (OTOH, TO NMPOH30HJIET paccesHHE; H 3JeK-
TPOH H NPOTOH M3MEHAT CBOM HMMyJbchl. [Ipouecca ke, mnpu
KOTOPOM BHPTYyaJsbHbIH (DOTOH HCILyCTHJICS M HE MOTJIOTHJCH,
MO ONpefieeHHI0 ObITh He MOXKET.

[TonsTHE BUPTYAIbHBIX YaCTHI{ — YaCTHIL, A1 KOTOPbIX BbI-
TNO/THSAETCS HEePaBEHCTBO

m2ct #Ez_p202’
MIpaeT BaXKHYIO POJIb B KBaHTOBO#H Teopuu 1oas. [To cymecrsy,
BCe, JlaxKe CaMble CJIOXKHBIE TIPOLECCh CBOAATCS K HCMYCKAHHUIO,
pacmpocTpaHeHHIO M TOIJIOIEHHIO peasbHbIX H BHPTYaJbHbIX
YacTHIL.

IIpn TeopernyeckoM aHaJH3e Pa3/MYHBIX MPOLECCOB OYEHD
yR0OeH A3blK TAK Ha3blBaeMbiX (peHHMaHOBCKHX Juarpamm, Ha
KOTOPBbIX peaJibHble 4aCTHLbLI H300paKaloTCsl «IydaMuy — JiH-
HHSIMH, NPUXOASUIHMH U3 OGECKOHEUHOCTH HJIH YXOMASIUIHMH Ha
GECKOHEUHOCTb, a pAaClpOCTPAHEHHIO BHPTYaJbHbIX YaCTHIL
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OTBEYAIOT «OTPE3KH» — JIMHHH, COeAHHSIOLIHe ApYrue JIMHHH.
OGbluHO (XOTs U He 06s13aTesbHO) hepMHOHBI H306paxKaloT npsi-
MBIMH JIMHHSIMH, a G030HBI — BOJIHHCTBIMU. Tak, Ha puc. 21
H306paxKeHo paccestHHe 3JIeKTPOHA Ha HPOTOHe NMyTeM oOMeHa
BUpTyaJbHbIM ¢oTtoHoM. Ha puc. 22 — paccesinue 3neKktTpoHa
Ha NpOTOHe, NMPH KOTOPOM 3JEKTPOH, KPOME TOro, H3Jjyyaer
peaJsbHBIH, TaK HasblBaeMblil TOPMO3HOH (OTOH (MMITYJIbC 2J1€K-
TPOHa MPH 3TOM YMeHbLIaeTcst, 3JMeKTPOH «TopMo3uTcsy). Ha

\

e B N }’

g ——!

4

Puc. 23. ®eiiHMaHOBCKHE /HATPAMMBI, ONUCLIBAIOUHE AHHHTUJIALUIO 3J1€KT-
pOHa H NO3MTPOHa B jABa (oToHa (¢) u B TPH ¢otona (0)

3TOM PHCYHKe 3JIEKTPOHHAsl JIMHHSA, COeAHHSIOAsAs TOYKH HC-
NyCKaHHsl BHPTYaJbHOrO U peajbHOro (DOTOHOB, H300paxKaer
BHpTYaJbHBIH 3JekTpoH. (Kak Bbl yxe 3Haere, cBoGOAMBIH
3JIEKTPOH He MOXKET HCIYCTHTb CBO-

GoxHblil (hOTOH, Bce Bpemsi ocraBa- et n#r
scb CBOOOJHBIM.)
defidMaHOBCKHE AHATPaMMbl pHC. /4
23 u 24 wuszobpakaloT HeKoTOpble
npouecchl aHHHUTHISILHH 3/1€KTPOHOB. 2

Ha puc. 23, a u 6 nokasansl mnpo- ¢ A
LIecChl allHUTUJISINIIH JIEKTPOHA H MO-  Puc. 24  ®efinmanoncKast
3UTPOHA B JBa H TPH (OTOHA CO-  AHArpaMMa, OINHCHIBAIOLLAs
OTBETCTBEHNO. 3J€ech BHPTyaJbHbiMy ~ HHHTHJUILHIO SJEKTpOHA U
MO3UTPOHA B Mapy MIOOHOB
ABJAIOTCST 3JeKkTponbl. Ha puc. 24
H300pakeH Mpouecc AaHHHUTHJAALHH
3/MIeKTpoOHA W mosuTpoua B napy u*u~. B 3ToM mpouecce, ec-
JIH pacCMaTpHBATb €ro B CHCTEME LEHTPAa MAacC CTaJKHBaIOLWHX-
Cs YyacTHil, TAe€ CYyMMa HMIYJIbCOB 3JIEKTPOHA H MO3MTpOHA
paBHa HyJIO, BHPFyanbHbI (OTOH He NMEPEeHOCHT HMIIyJbCa,
OH TEePeHOCHT TOJbKO 3ZHEpTHIO.

Mecra coeinHeHuil MUK Ha (eflHMAaHOBCKUX AHarpammMax
HAa3blBAIOTCSL- BEpIIMHAMU. BepLiMHbl ¢ NpUJIETaloMUM K HHM
JIMHUSIMM Ha3blBAalOTCSl BEPIIMHHBIMH 4acTsIMH. BepuinHHble ya-
CTH ONMCHIBAIOT HCNYcKalHde H AOIJIOUEeHHe YacTHIl, JHHHH —
X pacnpoctpaHeHde. Kaknasi BepliMHA XapaKTepH3yercs
HEKOTOpPOH BeJHYHHOH (BooOle roBopsi, He O6e3pasMepHOH),
KOTOpYIO Ha3blBalOT KOHCTAHTOH B3aMMOJAEHCTBUS HJIH KOHCTaH-
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To# cBsizu. UeM MeHbllle 3Ta KOHCTaHTa, TeM cJjalee COOTBETCT-
ByloOLlee B3aUMOJEHCTBHE.

B cayyae csabbix pacnaJioB H peakiui KOHCTaHTOH B3aH-
MOJIEHCTBHS, KaK MBI yXKe 3HaeM, siBJsiercst KoHcraHTa Pepmu
(cM., Hampuwmep, puc. 19).

B ciyuae 3/ieKTpOMarHUTHBIX MpPOLECCOB KOHCTAHTOH B3a-
HUMOJIEACTBHS SIBJIsIeTCS 3/eKTpuuecKuil 3apsj e. O6blYHO B Ka-
yecTBE XapaKTEPUCTHKH 3apslia HCNoJb3yIOT 6e3pasMepHyIio
BesIMUMHY a=e?/lcx1/137, Koropasi (KaK yKe yIOMHHAJOCh
BbillE) € TeX JaBHMX BpeMeH, Korja co3jaBaJjach TEOpHs
aTOMHMX CNEKTPOB, MOJYyYMJia Ha3BaHHe IIOCTOSIHHOH TOH-
Ko ctpykryps. (ToHKOH CTPYKTypOH HasblBalOT pacilenJe-
HHUE aTOMHMIX YPOBHell, BO3HHKaoLlee H3-3a B3aHMOJCHCTBHS
coGCTBENNOro (CIIHHOBOrO) MAarHUTHOIO MOMEHTa 3JeKTPOHa
C MarHMTHMM MOMEHTOM ero opGuTasbHoro aBHxkeHus.) Ilo-
TeHIHaAbHAsl SHEPTUsi KYJOHOBCKOrO NPHUTSKEHHS 3JIEKTPOHA
K NPOTOHY, OTBeyaiomasi o6MeHy BHPTYaJbHbIM (JOTOHOM, 110Ka-
3aHHOMY Ha puc. 21, umeer BHJ

U(r)=—~$=—9-fj'—c .

MenJiennoe (nponopuuoHasbHoe 1/r) cnajanne noTeHUHaNbHOMN
SHEPTHH € POCTOM 7 CBSI3aHO C TeM, 4TO (POTOH He HMeeT MacChl
nokosi. MoxkHO TokasaTb, uyTo ecsiH Obl y (oToHa Obla Macca
m, TO TOTeHIHaJ, OTBeYawUHH oOMeHy TaKHM «MacCHBHBIM
toToHoM», uMes Obl BHJ

r

U(r)=_ﬂf£e_m

¥ SKCIIOHEHIHaAbHO cafasn Gbl npu r>fi/mc. TNotenuuan Tako-
ro BHZa HOCHUT UM sinoHckoro ¢usnka X. IOxaBbl. (Hanomuuwm,
yro h/mc — 5To KOMITOHOBCKAs AJIMHA BOJHBE YaCTHI(bI C Mac-
coll m.)

OGparute BHHMaHHe Ha TO, 4TO 3peKTHBHOCTb ITOI'O MOTEH-
1Hajia pe3Ko NajaeT C POCTOM Macchi «MacCHBHOTO (HOTOHA.
Ato BnoaHe ecrecTBenHo. Uem Goubiue mMacca (OTCHA, TeM Ha
MeHblllee pPacCTOSIHHE €ro «OTIHYCTHT» KBaHTOBOMeXaHHYecKoe
COOTHOILEHHE HEONpPENeeHHOCTH, TEM MeHbllee BJIHSHHE Ol
OKakeT Ha 3JeKTPoHHoe 06/1aKo atoMa. B HayuHO-nonysipubix
KHMrax BHPTYyaJ/ibHble YaCTHIbI HHOTAA CPaBHHBAIOTCS C BoJeli-
GOJIbHBIM MSUOM, OOMEHHBAsICh KOTOPBIM, HTPOKH yIep2KHBAIOT
IpPyr Ipyra Ha nJjollajke. 310, pa3yMeeTcsi, oueHb MOBEpX-
HOCTHOE CpaBHeHHe: Bellb (PH3HYECKOro NPHUTSIKEHHSI MsY He
ocyigectiasier. Ho ecin 310 cpaBHeHHe NMpPONO/IXKHTB, TO Gy-
JIET AICHO, UTO YeM TsKesee MAY, TeM MeHblie 6y1yT 3(peKTHB-
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Hble pa3Mephl BoJieiiGobHOM nioaaky. [Ty1oByio rupio naneko
He OTOObellb.

DeliHMaHOBCKHE AHarpaMMbl COiepKaT B cefe peLient pac-
yeTa BepOSITHOCTEl COOTBETCTBYWOLUIMX HpeleccoB. CoryacHo
KBaHTOBOH MeXaHHKe BEepOSITHOCTh Ipoliecca OmpeiessieTcs
KBaJlpaToM MOJYJsi HEKOTOpO#i, BooGlle roBopsi, KOMIJEKCHOH
BEJIMUHHBI, KOTOpasi HasblBaeTcsi aMIVIMTYA0H npouecca. PefiH-
MaHOBCKAasi AHarpaMMa 3ajjaeT aJrOPUTM BBIYHCJEHHS aMIJIH-
Tyapl. KaxkaoMy a/ieMeHTy AHarpaMMbl OTBEYAIOT ON peie/IeHHbIe
MHOXHTeNH. Tak, MUHHSIM peasibHbIX YAacTHIl OTBEYaloT BOJIHO-
Bble QYHKIHH 3THX YaCTHIl, BEPIIHHAM CTaBSITCA B COOTBETCTBHE
KOHCTAHTHI CBSI3H. JIMHHSIM BHPTYaJbHBIX YacTHI B (eHHMa-
HOBCKHX JAHarpaMmax CONMQCTaBJsIoTcsl (GYHKIHH pacnpocTpa-
HEHH sl 3THX BHPTYyaJbHbIX YACTHIl, HasblBaeMble [1PONAraTopaMH
(or auramiickoro propagate — pacnpocTpaHsaThb(cs)).

[Iponaratop BHpTyasnbHOro (OoTOHA, NEPEHOCAINErO YeThbl-
pexMepHbIi HMIYJIbC §, HMEET BHJ

_l/qzv

3neck ¢*=gs—q* q,=E/c, rae E — 3Heprusi, nepeHocuHMas
¢oTroHOM, @ — NMepeHOCHMBIH HM HMMYJbC. Y UHTHIBAasi, YTO Be-
pPOATHOCTb NIpolecca NPONOPLHOHAJNbHA KBaApaTy aMIJIHTYAHI,
MBI MOXeM OTCIOZa Clle/1aTh BbIBOK, YTO BEPOSITHOCTh INepelayH
HMIIYJIbCa ¢ IPH PaccesiHHH, CKaXKeM, 3JIEKTPOHA Ha 3J1eKTPOHe
cnaznaet Kak 1/g°.

IIponararop BHPTyaJbHOIO BEKTOPHOTO 6030HA C Maccol m
(«Tsizkesioro oTOHAY), MEPEHOCSLIETO YeThIpEXMEPHBIH HMIYJIbC
q, HMeeT BHJ

1/(m?— g?).

3ameruM, 4yTo Korpa m*>>|q%|, nponaratop (akTHYeCKH He 3a-
BHCHT OT HMIY/IbCA H CBOJAMTCSl K NOCTOSIHHOH BenuuuHe 1/m2.

Mer paccmorpenu ciyuyalt ob6MeHa «OdYeHb TSIXKEJbIM (OTO-
HOM», TIOTOMY YTO B JlajIbHeHLleM OH HaM NOHafoOUTCSl B CBSA3H
co caabbiM B3auMogedctBHeM. Ciaboe B3auMoJielicTBHE, KakK
OKOHYaTesIbHO OBLIO 3KCIEepPHMEHTaJbHO JoKasaHo B 1983 r.,
MIMEeT MeCTO HMeHHO 6s1arofapsi oO6MeHaM OYeHb TSXKeJbIMUH BeK-
TOPHBIMH uacTuuaMH. [Tono6HO TOMYy KaK Bce 3JeKTPOMAarHHT-
Hble B3aHMOJEHCTBHSA JIENTOHOB H KBapKOB O0YCJIOBJIEHbl BHp-
TyalbHbIMH (DOTOHAMH, Bce cJyiabble NpPOLECChl JIENTOHOB H
KBapKOB OOYCJ/IOBJIEHbl OOMEHOM TSI2KEJIbIMH I1POMEXKYTOYHBIMH
6o3onamu W+, W~ u Z°. Mbl paccMoTpesnd B KayecTBe yIpo-
IIIEHHOTO NpHMepa HeCyIeCTBYIOHA B NPHPONE MAacCHBHBIH
¢oToH, HMEHHO 3arteM, YToObl BCIOMHHTb O HeM NIpH o6CyKie-
HHH MAacCHBHBIX IIPOMEKYTOYHBIX GO30HOB.
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TOKH

Jlnst Toro yTo6bl GoJsiee UM MeHee BPa3yMHTE/NbHO
pacckas3aTb 06 HCNYCKaHHH H MOIVIOWIEHHH IPOMEXYTOUHbIX
6030HOB, HEOOXOAMMO BBECTH ellle OJHH HOBbI T@PMHH — TOK.
HestBHO MBI y2Ke KMesH JeJo C TOKAaMH Ha INPOTSIXKEHHH BCeH
KHHTH, HauuMHasg C TOro Mecra, IJe BlepBble 3ailljla peyb 00

N

7
[ [ e~ et et
0 ij
et et
% y
2 e” e- a

Puc. 25. Yactu (eliHMaHOBCKMX AHarpaMM, ONHCHIBAIOUHE HCITycKaliue H

noryoueHue (hoToHa 3JeKTPOHOM (@), TOSHTPOHOM (8), POXKAeHHe (HOTOHOM

napel ete~ (e) U aHHUrUAALMIO napel ete~ B porton (0). YacTe puc a, oty
Bevyamiasi 3JeKTPOMarHUTHOMY TOKYy, H300pa)KeHa Ha pHc. 6

M3JIyUeHUH H TOIVIOWEHHH (POTOHOB, O B3aHMOAEHCTBHU 3JeK-
TPOHA C 3JIEKTPOMArHUTHBIM 1mosieM. C IBETHBIMH TOKAMH MBI
HMeJIH Jiesio, Korja obcyxJasi u3/ydyeHue U NOIJIOLeHHe TJIo-
OHOB, CO cJa0bIMM TOKaMH — KOTAa OOCYXZAaJd NpOsiBlIeHHe
«a/are6pbl aHTHYACTHL» B cJaalbblX B3aHMONEHCTBHSX.

[lo cywectBy, Bechb npouecc pasBuUTHA (PU3UKH — 3TO
npouecc BbIpaGOTKH Bce Gosiee abCTpaKTHBIX — Bce Oosiee yaa-
JIEHHBIX OT HAlLEro HeroCPelCTBSHHOTO >KHTEACKOro ombita —
[OHATHH, KOTOpble Bce GoJliee aJleKBaTHO OMHCHIBAIOT [PHPORY .
[TonsiTus 3apsna (e 00sA3aTeJbHO 3/1€KTPHYECKOr0) H TOKA siB-
JSIIOTCSL OAHHMH M3 Haubosee QyHIaMeHTa/bHbIX, NEPBHYHBIX
noHATHH coBpeMeliHOH (u3uku. HeBo3MOXKHO B NMOJMHOH Mepe
OOBSACHUTb CMBIC/T 3THX HOHSTHH He Npuberas K MaTeMaruye-
CKOMY $3bIKy KBaHTOBOH Teopuu mnoss. Ho uurartenp Moxer
HONbITATbCSl HAYYHTbCA B KAKOH-TO CTENEHH NOJIb30BAThCA HMH
Jnaxe 6e3 MOJHOrO MOHHUMAaHHS.

Haunem ¢ snekTpomariuTHoro Toka. i nepBoro sHakom-
CTBAa MOXKHO CKa3arb, YTO 3JEKTPOMAarHUTHBIH TOK — 3TO JBH-
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XKyIUicsA 3/eKTPpHUecKHH 3apsj, T. €. IOYTH TO XKe caMoe, 4YTO
U OOLKHOBEHHBIH 3JieKTpHueckuil Tok. Ho mia Hac BaxkHO TO,
YTO 3JIEKTPOMArHUTHBIH TOK — 3TO HCTOYHHK (potroHOB. Ha
(beiHMAHOBCKHX AHArpaMMax 3/eKTPOMarHHTHOMY TOKY 3JeK-
TPOHA OTBEYaeT Ta 4acTb 3JIEKTPOH-(QOTOHHOH BepLUMHHOH yYa-
ctH  (pue. 25, a), Kotopas COJNEPXKHT JIHIIb 3JEKTPOHHBIE
JIHHHH, a HMeHHO puc. 25, 6.

DNeKTPOHHBH 3JeKTPOMArHHUTHBIA TOK OTBeYaeT 3a H3Jyye-
HHE U TorJiolleHHe (OTOHOB He TOJIBKO 3JeKTPOHOM, HO H IIO-
3UTpOHOM (pHc. 25, 8). Kpome Toro, oH ke OTBETCTBEH 3a pOXK-
JeHHe W aHHHTHJISLHIO 3JIEKTPOHHO-NO3HTPOHHBIX Iap B Bep-
muHax puc. 25, e, 0. Ilo cymecTBy, B 3JIeKTPOMarHHTHOM TOKe
3a/I02KeHbl BCe 3JIEKTPOHHO-TIO3HTPOHHbIE NepexXofibl, BCce B3aH-
MOJEHCTBHS 3JIEKTPOHOB H MO3HTPOHOB C peaJibHBIMH H BHPTY-
ajbHBIMH (oTOHaMH. To ke OTHOCHTCS H K 3/IEKTPOMarHHTHBIM
TOKaM MIOOHA, Tay-JeNTOHa, KBAPKOB H COOTBETCTBYIOLHX aH-
THYacTHL. Bce 3/ieKTpOMarHHTHblE B3aHMOJEHCTBHS JIENITOHOB
H KBapKOB MOXKHO YCJIOBHO 3anucaTh Kak B3aumojelictBue ¢o-
TOHA C CYMMapHEIM 3JIEKTPOMAarHUTHBIM TOKOM j¢”. KoHcraHTra
3TOrO B3aHMOJEHCTBHS — 3apsil 3/1eKTPOHA €. DJIeKTPOMarHHuT-
HBIH TOK HMeeT BHA

jem =ee + ML-I—‘IIT—{— dd+ ss +3 bb —uu—%cc § it
JpoGHble unc/ia — 3TO OTHOLIEHHS 3apsJ0B KBapKOB K 3apsiiy
3JeKTPOHA.

Takas 3anuch 3JIEKTPOMAarHUTHOTO TOKA OY€Hb YMNPOILEHA. B JNIeHCTBH-

TEJIbBHOCTH TOK SIBJAAETCA YETbIPEXMEPHBLIM BEKTOPOM H HMEET 4YeTbipe KOM-
TOHEHTRI:

jm o (u=0,1,2,3).

Jis noxosiuerocss 3JeKTPOHa OTJIMYHA OT HYJI TOJNBKO OJHA, BpeMeHHast
KOMIIOHEHTa TOKa, fo, /ISl JBHXKYILErocss — BC€ YeThipe KOMIIOHEHTHI.

K coxasennio, 3T0 3aMeuyaHue Majo UTO MOSCHHT YHTaTeNio, He 3Ha-
KOMOMY XOTs1 6B HEMHOrO € KBaHTOBOI 3JeKTpoiHHaMHKoH. Ho To o6cros-
TEJILCTBO, YTO JIEKTPOMArHHTHBIl TOK SIBJASIETCS YeThiPeXMEPHbIM BEKTOPOM,
CJIMLIKOM CYLIECTBEMHO, YTOGH! €r0 MOXKHO OblJIO 060fiTH MoNyaHneM BenoM-
HHTe, 4TO (OTOH SIBJIsiETCS] BEKTOPHON 4acTHIeil. A BeKTOpHasl yacTHlla HC-
NyCKaeTcs H MOTJIOLLAETC BEKTOPHBIM TOKOM. Bonee noapo6HO peub 06 ITOM
eule MOALET HHXKe.

BaMeTHM, 4qTo Ka}Kﬂ,bIﬁ H3 KBapKOBbIX TOKOB NpeJCTaBJsIeT
co60ii CyMMy MO TpeM L[BeTaM KBapKOB:
UL = Upgllye + Ut - Uglly,
CC= Cyelore ~+ C,Co + CrCx
H T A
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Benb ¢oToH — «#aJbTOHHK» M LIBeTOB He pasnuyaer. Hrak,
¢ TOYHOCTBIO 10 MHOXKHTedsell 1/3 u —2/3 Bce ciaraeMble 3J1€K-
TPOMAarHUTHOTO TQKAa BBLIIVIAAAT OfHHAKOBO. [lostomy ¢usnue-
CKYIO CyTb TOKa Mbl OOGCYJIHM Ha HpHUMepe OAHOrO0 H3 HHUX —
nepBOro CJaraemoro, ee.

Kakoit cMblc/1 HeCyT B 3TOM BBIpaXKEHHH CHMBOJIBL € H ¢ ?
OTHMH CHMBOJIaMH OGO3HaueHbl TaK Ha3bIBAEMbIE ONEPATOPHI,
OINMUCHIBAIOIIME B KBAHTOBOI TEOPUH I10OJISi TPOLECCH POXKAEHHS
H YHHYTOXKEHMS YacTHI[ H aHTHYacTHL. Tak, onepaTtop e yHHU-

TO2KaeT 3JIeKTPOH, ONepaTop € poxJaer 3JeKTpoH. Takum oG-
pasoM, oreparop TOKa e¢ yHHUTOXKAaeT CTapbiil 3/71eKTPOH H TYT
e Ha CMeHy ylleJueMy poxJaeT, BooOlLle rOBOpsi, B JPYroM
cocTosiHMH, HOBHIH («Koposb ymep, na 3apaBcTByeT KOposib!y)
Ho xaxnpiii H3 onepaTopoB e H e HMeeT He N0 OJHOM, a 1o JBe
ob6s3anHocTH. Oneparop e, KpoMe_TOro, 4TO OH YHHYTOXaer

3JIEKTPOHBI, €llle H POXKJAaeT MO3UTPOHKI, a ONeparop e, Kpome
TOTO, YTO POXKJAET 3/EKTPOHHI, ellle H YHHYTOXKAeT NO3UTPOHBI.
Orciofia H BO3HHKaeT BCs ONHCaHHasl Bhlle «ajrefpa aHTHYac-
tHi». OTclona ke BO3HHKaeT H BO3MOXKHOCTb Ha si3blKe (peliH-
MaHOBCKHX JHarpaMM paccMarpHBaTb NMO3HTPOH KaK 3JIEKTPOH,
IBHXYIIHHACA «BCHATb BO BpeMeHH» (Ha pHC. 23, @ U 6 Ha
KaXXJI0H U3 JIHHHH BHPTYyaJsbHBIX 3/EKTPOHOB MOXKHO 3aMEHHTb

e~ Ha et W OOpaTHTb CTpPEJIKY).
Mbl roBOpHJ/IH BbIlle 00 3/€KTPOMAarHHTHOM TOKE JIENTOHOB
H KBapKOB. AHaJIOTHYHO YCTPOEHHl I[BETHHIE H CJaGhle TOKH.
IIBeTHblE KBapKOBbIE TOKH, OTBETCTBEHHBIE 3a HCIYCKaHHe
KBapKaMH TJIIOOHOB, HMEIOT OIpe/ie/ieHHblE 1{BETOBblE HHAEKCHI,
3HaueHHE KOTOpPbIX ONpelessieTcsi TeM, KaKoil U3 BOCHMH TIJII00-
HOB HCITyCKaeTcsi HJH Torsoulaercsi. Tak, Hampumep, TOK

Uycll, TIPEBPALlaeT KPacHHIH.u-KBapK B XKe/TbIH 4-KBapK, HC-
IycKasi KpacHO-aHTHXKEeNTHIH (Ko) IJIIOOH HJIM TOIVIOLIAst XKeJl-

TO-aHTHKPACHBIH (JK) TJIIOOH. DTOT Ke TOK OMHChIBAeT MpeBpa-
IEHHe aHTHXKEJNTOr0 aHTHKBapKa B aHTHKpAacHbIH aHTHKBapK,
pOKAEHHe Napbl «KEeJTHIH KBapK -+ aHTHKPacHbIH aHTHKBapK»
H aHHUTHJAIMIO Mapbl «aHTHXKEITbIH aHTHKBapK -+ KpacHbIH
KBapK».

Cnalble TOKH, TNOAOOHO 3JIEKTPOMAarHHUTHEIM TOKaM, Oec-
LIBEeTHH, T. €. NPEACTaBJISAIOT COOOH CYMMbI IO TPeM IIBETOBBbIM
uHjekcaM. [Jo cymectBy, Mbl yxe BBeJqH csabble TOKH B pas-
Jese «Pacriagpl eNTOHOB H KBapKOB», KOIa FOBOPHJIH O «CJia-
6bIX napax» JIENTOHOB H «c/1abblx napax» KBapkoB. Kaxjo#
TaKOH Iape OTBEYAIOT [Ba B3aHMHO COINpSKEHHbIX TOKa, Ha-
30BEM HX ITOJIOXKHTEJbHBIM H OTPHIATeJbHbIM ToKaMH. Hampu-
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Mep, Mape ev, OTBEYaloT TOKH V.2 H ev,. [lepBulil H3 HHX v.e
OMHCHIBaeT MpeBpallleHHe 3/1eKTPOHA B HEHTPHHO (M aHTHHEH-
TPHHO — B MO3HTPOH) NpH norJomenny W+-603oHa uau uemy-
ckanHH W~-6030Ha, a Takxe npeBpaiieHue W+ B mapy e*v,
d npespalienue nape e~v, B W~ (puc. 26). Bropoit Tok omH-
CHBaer 3apsI0BO-CONp sXKeHHble mpouecchl (pHc. 27).

w- w* )\
g Ve & ve Ve et
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Puc. 26. BepmmnHEle yacTH ¢efilHMaHOBCKMX JIHarpaMM, ONHCHBAIOIUE
#gcnyckanue W—-6o3oHa u norJjomenue W +-6030Ha c/1abbIM IT0JIOKHUTEb-

HBIM TOKOM] Ve,
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Puc. 27. Bepmunnbie yactd GpeAHMAHOBCKUX AHArpaMM, OMHCHIBAIONHE HC-
myckanne W +-6osoHa u moryoumerne W —-6030Ha CTaGRIM OTPUILATENbHEIM

TOKOM eV,
3(0,6) 3ax. 394 65



CyMMapHBIHi TIOJIOXKHTEJNbHEIA TOK, OTBeTCTBEHHH# 3a Mo-
IVIOLIEHHE TOJOXKHTENbHEIX W-6030HOB, COCTOUT U3 JBEHaALATH
cjlaraeMbIX: TPeX JIENTOHHBIX H AeBATH KBapKOBbIX. To xke OT-
HOCHTCS! H K OTpHIlaTesibHOMY TOKY. HasBaHus nosoxurenbHbif
TOK H OTPHLATEJbHBIH TOK OOGBIYHO B JIMTEpaType He HCIOJb-
3yIOTCS; MBl MX BBeJH 3JieChb, YTOOH cZiesiaTh GoJiee SICHBIM H3-
Joxenue. B smteparype 06 3THX TOKax roBOPST KaK O 3ap siXKeH-
HOM TOKE H COINpPS)KEHHOM €My TOKe, NoJpa3yMeBasi OObIYHO

M Yu
e Ve
a 0

Puc. 28. OpThl, COOTBETCTBYIOMIHE TPEM 3aPSKEHHLIM JIENTOHaM (@) H TpeM
HeiTpuHO (6). Cnabnle JeNTOHHBIE TOKH OTBEYAlOT CKaJspHHIM IPOH3Beje-
HusiM opToB (a) # (6). IlockoabKy COOTBeTCTBYIOUIKE JIENTOHHHE OPTH (@)
H (6) napanne/bHBl APYT APYTY, HMEETCH BCEFO TPH OTPHIATEAbHBIX Jel-

TOHHBIX TOKa {eV,, WVp, TVg) ¥ TPH IOJOKHUTENbHBIX

b 2

Puc. 29. Opthl, COOTBETCTBYIONIHE TPeM KBapkaM c 3apsfamu —1/3 (a)
H TPeM KBapKaM c sapsifiamu -+2/3 (6). C1aGnle KBapKOBLIE TOKH OTBEYalOT
CKaJIsIPHBIM TpoH3BefileHHsIM opToB (a) H (6). ITocKoAbKY KBapKOBHIE OPTH
(a) u (6) nOBepHYTH APYr OTHOCHTEJNbHO APYra, MMeeTcs NEBATh OTpHIA-

TeJIbHHIX C/1aGLIX KBapKOBHIX TOKOB (du, su, bu, dc, sc, be, dt, st, bt) u neBsite
HOJIORKTe/IbHRIX

NoJ, MepBbIM Hall OTPHUATEJNbHBIHA TOK, a NOJ, BTOPHIM — MOJIO-
xkutenbHblf. Mrak, Bce coalble mpouecchl, OGCYKEaBLIHECS
BHIILIE, OOYCJIOBJIEHBl TEM, UTO 3apsiKeHHbIH cyabblii TOK B3aH-
MOJEACTBYET CO CBOHM CONDSXKEHHBIM TOKOM, OOGMEHHBAfCh
BupTyasnbHBIMH W *-6030HaMH.

Paznnuua Mexay JeNTOHHBIMH H KBapKOBBIMH TOKaMH,
IpPOHJIIIOCTPUPOBaHHbE cXeMoi puc. 18, MoxHO Jsyune Imo-
HATb, €CJIH B3TJISHYTh Ha pHC. 28 u 29.

JlenTOHHBIA TOK MOXHO IpPEICTaBHTb KaK CYMMY CKaJjsip-
HBIX NPOHM3BEieHHH OpTOB, H300pa:KeHHBIX Ha pHc. 28, a u 6.

66



Kak BHAHO U3 pHC. 28, OPT KaXKAOro H3 HEATPHNO Mapaimcresm
OpTY COOTBETCTBYIOLIETO 3apAXEHHOrO JIENTOHA H NepueHANKY-
JSipeH [IByM OCTasbHbIM OpTaM. [1o3TOMY /IeNTOHHBIR TOK coO-
CTOHT TOJBKO H3 Tpex CJardeMbiX.

KBapKOBbIH TOK MOXHO NPEACTABHTb KaK CyMMY CKRARD-~
HBIX TpOM3BeJieHH 1 OPTOB, H300paXkeHHbIX Ha puc. 29, @ B 6.
Kak Bujno u3 puc. 29, Tpofika OpTOB «BepXHHX» KBapkKos (&,
¢, !) NOBEpPHYTa OTHOCHTENLHO TPOHKH ©PTOB «HHXXHHX» KBap-
kOB (d, s, b). B pesy/ibTate KBAPKOBbIH TOK COCTOHT M3 JEBATH
caaraeMbix. Ho Kosh(dHLHEHTH NMpPH KaXKAOM H3 STHX JAEBATH
cslaraeMbiX MeHblle, YeM Yy JIENTOHHLIX TOK6B (COOTBETCTBYIO-
1IHe KOCHHYChl MeHbILe eMHHUIbI). DTH KOXPOHLHEHTH ONpese-
JISIIOT OTHOCHTE/IbHYIO CHJY Da3/IHUHbIX KBAapK-KBAPKOBHX H
KBapK-JENTOHHbIX c/J1abblX B3aHMOAEHCTBHH.

CpaBHHBasi MEXIY COOOH BEPOATHOCTH Pas/HUHBIX CAaGHX
TPOLECCOB, MOXKHO HAaHTH K3 ONbiTa 3HauYCHHsI YIN0B, XapaKTe-
DH3YIOUIHX B3aHMHYIO OPHEHTALMIO TPOEK OpTOB, H30Opaxe:-
HbIX Ha pHc. 29, a 1 6. OnbIT yKasbiBaer Ha 1@, 4T 9T OPHEHTa-
IHsi DPHMEPHO TaKoBa, KaK 3T0 H300paxeHo Ha pPHCYEKe,
T. €. U-KBapK «I1pelNOYHTaeT» NEePEXOiHTs B d-KBapK, a He B
S- U b-KB4pKH; C-KBapK NpPEeNlIOYHTAET NEPEeXOAHTh B S-KBapK,
T. €. C-OpT NouTH napajnesed s-opry. OTcioga cpasy xe cie-
LyeT, 4TO IOKa ellle He OTKPLITbi /-KBapK NOJIXKER OTAaBaTo
NpeANoyTEHHEe B CBOMX CJalbiX NepexoAax b-kBapky: ¢~ u
b-opThl AO/KHB! OBITb NPAKTHYECKH Mapaji/Ie/IbHEL.

C-, P-, T-CHMMETPUH

BooGuie cnaboe Bsammopedcrsue ropasgo Mory-

HieCTBEHHEe, UeM ero GoJiee CHJbHbIE COBPaTbA —— SACKTPOMAr-
HHTHOEe U CHJIbHOE B3auMofedcTBHf. TosbKe c1abo2 B3aHMO-
Je#icTBHE MOXET MeHATb apoMaTthl KBapKeB H JielrToHoB. Tosb-
KO OHO MOKET HapyluaThb TPH TaK HashbiBaeMble AMCKPETHHS
CHMMETpHHU

3apAJ0BYI0O — OTHOCHTEJIbHO 3P fAOBGTO CONPAKEHHE, T. ©.
OTHOCHTEJIbHO 3aMeHbl BCeX YaCTHL B HEKOTOPOM IIDOHEcce Ha
COOTBETCTBYIOLIHE aHTHYACTHI{bl, 3TY CHMMETpPHIO ofoaHagaior
{or aHramickoro charge — 3apsn),

3epKaJIbHYI0 — OTHOCHTEJIbHO ~ 3€PKaTbHOTO OTpaMeH:®,
T. €. OTHOCHTE/JIbHO 3aMeHbl HEKUTOPero NPOHECcca 3epKaldbas
OTpaXKeHHbIM, 3Ty CHMMETPHIO 0603HauawT P (oT aBraHfCKOrn
parity — YEeTHOCTD),

BPEMEHHYIO — OTHOCHTeJIbHG ~O6pallleHHs BpeMesH, T. 8.
OTHOCHTEJIbHO 3aMEHbl HEKOTOPOro Iipelecca Ha oSparTand, sTy
CHMMETPHIO 0603HayailoT T' (OT aHIVIRHCKOro fime — Bpems),

3*(0,5) 3ak, 394 &7



Jlo 1956 r. GU3MKHK CYUMTANH 3TH TPH CUMMETPHI TAKHMH JKe
He3HI6EMbIMHM, KaK H OJHOPOJHOCTb M M3OTPOIHIO MpPOCTpaH-
€TBa H OXHOPOAHOCTb BpeMeHH. ONHAKO HEKOTOpble CTPAHHOCTH
B pacnajax CTPaHHBIX MeE30HOB HaBeJll Ha MOJAO3PEHHEe, YTO
8TO He TakK, a CIeLHaJIbHO [1OCTABJEHHblE OMbIThI BCKOpe o6Ha-
DYXHJH, 4TO BO Bcex c/abbiXx mpoueccax P- u C-cHMMerpum
"apyiualoTcs MaKCHMAaJbHO BO3MOXKHBIM 0O6GPa3oM.

Yro6el OGHapyXKHTb 3TO, NPHILIOCH OCYIIECTBHTH CEpHIO
8KCIIEPHMEHTOB, B KOTOPbIX H3MepsJiach MOMSIPU3AIHS YACTHIL.
CroBo nossipusanHs UMeeT B (PH3MKe HECKOJBKO PasMYHbIX
EMBICIOBHIX 3HayeHH#. ONHO H3 HUX — TO, KOTOpOe HaM 37eCh
NOHaNoOUTCS,— STO OPHEHTHPOBAHHOCTb CIIHHOB HEKOTOPOro
afcamOJia gacTul. Ec/H CIHHBI OPHEHTHPOBAHbI POH3BOJbHO,
TO TOBOPSAT, YTO MOJISIpH3alisl paBHA Hymo. Eciam Bce onu Ha-
EpaBJieHbl ONMHAKOBbHIM 00GpasoM, TO I'OBOPSAT, YTO MOJISIPH3a-
HUS paBHA eJHHHLE.

SKkcnepHMeHTHl, npoBefieHHBle B 1956—1957 rr. nmokasanu,
%TC JaCTHIH B CJIa6bIX [1POLECCcaX POKAAIOTCH MPOROJALHO MOJIsI-
pH30BaHHBIMEH. CJIOBO «IIPOJIOJIbHO® B 3TOM KOHTEKCTE O3HAuaer,
ITO YACTHIBI MOJISIPU30BAHBl BAOJIb CBOUX HMMYJ1bCOB. COryIacHO
JCTAHOBHBLIEHCA TePMHHOJIOTHH YaCTHLA Ha3bIBaeTcsl MpaBo-
AOJISIDH30BAHHOH, €CJIH ee CIIHH HalpaB/eH IO ee HMIYJbCY,
H JIeBONOJIIPH3OBAHHOH, €CJIM ee CIIHH HalpaBJeH IPOTHB ee
HMIYJIbCa.

DKCrepHMeHTabHO OblJIo OOHapyXKeHO, YTO 4YacTHUBI (e~
Ve, P, Vu) B CIA6BIX NpOLECCAX POXKIAIOTCS JIEBOMOJSPH30BAH-

~

HEIMH, a aHTHYacTHUdl (e*, v,, u*, v,) — NpaBoOMO/ISIPU3OBAH-
#b5IMH *), NMpHYeM CTeneHb MOJSPH3aUUH B OGOHX CJaydasx
paBHa v/c, Tlie v — CKOPOCTb YaCTHIBI, @ C — CKOPOCTb CBETa.
{To ofcTosITENBCTBO, YTO NPH CKOPOCTH, CTPeMsLIeHCs K HYJIIO,
NIpOJOJIbHASK MOJSIPU3ALHUs TaKXKe CTPEMHTCS K HYJIIO, BIOJIHE
ecTecTBeHHO. Belb B mpenesbHOM ciydae HYJIEBOrO HMIYJbCa,
TPONOJbHON NOJNSAPH3ALUH 10 ONpEeleNeHHI0 ObiThb He MOIKET.)

O6HapyXKeHHe NPONOJbHON NMOJSPH3ALMH YACTHIL 03HAYAJIO
EpylleHHe 3epKajibHOH cummerpuH. OGHapyiKeHHe TOrO, YTO
AAA 9YaCTHI, H AHTMYACTHIL NMOJSIPH3allMs pa3/HyHa, O3Hayasa
KpylueHHe 3apsgeBofi cuMMeTpuH. CHpaBelJHBOCTb I10CJEN-
HEro yTBepXKIeHHs caMooueBHIHA. UTo :Ke Kacaercs mepBoro,
£0 OHO HYXJaeTcs B NMOSICHEHHH.

BBeznem moHsiTHE MONSIPHOrO H aKCHAJBHOTO BeKTOPOB. Pac-
€MOTPHM JEKapTOBY CHCTEMY KOODAMHAT M B Hell pajnyc-BeK-
TOp r C KOOpAHHATaMH X, y, Z (puc. 30, a). 3ateM paccCMOTpUM

*) O HeKOTOPRIX HCKJ/IOUEHHSIX H3 3TON 3aKOHOMEPHOCTH, 06YCJIOBJIeH-
Bof coxpaHeHHeM yIJIOBOIO MOMPHTa, OyIeT CKa3aHO HHXKeE.
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3epKaJ/IbHO OTpaxeHHyIo cucteMy Koopauhar (puc. 30, 6). He-
Bbie KOODJHHATBl TOTO K€ PaJHyC-BEKTOPA PaBHLI TENePb —X,
—Y, —2z. B Takux cayuyasx roBopAT, 4TO PaAHyC-BEKTOp 7 Me-
HSIET 3HAaK IIPH 3ePKaJbHOM OTPaXKeHHH KOOPAHWHATHHIX ocek.
Tak ke BexyT ce0Gsi IpH 3epKa/jibHOM OTPaXKEHHH BeKTOp HM-
nyJbca p U BEeKTOD HampsKEHHOCTH sjeKTpuueckoro noss E.
Bce Takue BeKTOpHI HasbIBAlOTCS NOJISAPHBIMH BEKTOPaM&.

\
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Puc. 30. KomnoHenTsl pajguyc-BeKTOpa NpH MEDEXOHE OT JIeBOH CHCTEME
KOOpJAHHAT K INpaBOH MEHSIOT 3HaK

PaccmorpuM Tenepb BeKTOpPHOE NpPOH3BeAEHHE ABYX MHOJSIp-
HbIX BEKTODOB, HampuMmep yrjoBoi MoMmeHT L=r Xp. Ilpe
3epKaJbHOM OTpaXKEHHH KaXIbli H3 COMHOXHTeNTell MeHser
3HAaK, a HX NpoOH3BeleHHe 3HAK He MeHseT (cM. puc. 3). Axa-
JIOTHYHBIM 06pa3oM He MEHSIIOT 3HAaK BeKTOP, XapaKTepH3Yis-
iy coOCTBEHHBIH YIJIOBOH MOMEHT YacTHIbl — CHHH J, U BeK-
TOp HaNpsIXKEHHOCTH MarHutHoro noJsi H. Bce Takne BeKTOpH
Ha3bIBAIOTCSI aKCHAJIbHBIMH BEKTOpAMH HJIH, II0-HHOMY, IICEBLC-
BEKTOPaMH. '

CkansipHOe NpoHu3BelieHHe ABYX IIOJISIPHBIX BEKTOPOB (MJIE
IBYX aKCHaJIbHBIX BEKTOPOB) He MeHSeT 3HaK IIPH 3epKaJbHOM
orpaxeHnu. D10 — cKanaap. CkajisipHOe NpOU3BelleHHe aKCH-
aJIbHOTO U IMOJISIPHOTO BEKTOPOB MEHSeT 3HaK IIPU 3epKabHOM
oTpaxeHuu. 10 — nceBfockaasp. [Ipo ckanap roeopsr, ure
OH P-ueTeH, mpO NceBIOCKaNsp, YTO OH P-HeuereH.

Cka3aHHOTO BHIIIE JOCTaTOYHO, UTOOB MOHATDb, UTO HCIYCKa-
HHe NPOJOJIBbHO NOJISPH30BaHHBIX YacTUIl 03HAYaeT HapylleHua
P-cummerpuu, HapyueHne coxpaHeHusi P-uetHoctd. Hampu-
Mep, NIpH OTpaxKeHHH B 3epKaJje f-pacnaja HeATpOHA MBI YBH-
Jeau Obl P-pacmai, B KOTOPOM BhbLJETaeT IIPaBONOJSIPH3OBaH-
HBIF 3/IEKTPOH. A TaKoro B mpupoje OblTb HE MOXKeT.

OtpakeHue B 3epKaJie NPOJOJIbHO NOJSAPH30BAHHOH YacTHIE
HallOMHHaeT OTPaXKeHHe B 3epKaJje JeTcKod loanl (pHc. 31, a)
HJu BuHTa (puc. 31, 6). 3ech posib MOJNSIPHOTO BEeKTOpa Hrpa-
IOT OcH H I0JIbl, ¥ BHHTA. M 10412, 1 BUHT He COBIAJAIOT CO CBOUMH
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gepKadbHEIMM oTpaxkeHusiMH. Ho B npuHuune «3epkasbHyio»
20/TY H3TOTOBHTb MOXHO. BHHTHI ¢ HecraHJapTHBIM HanpabJie-
sHeM pe3bOhl TOXe JesaloT. A BOT NPaBOMNOJAPH30BAHHLIX
f§-35ieKTPOHOB HAHTH Hesb3sl: B NMPHPOJE OHH BCE JIEBOMOJS-
pH30BaHH.

Peub Hjer 31ecb HMEHHO 00 3/EKTPOHAX, HCIYCKaeMbiX B
P-pacnage, a He BooGwe 06 sjekTpoHax. [lponmyckas mydok

Pse. 31, Bpamaiomasics 1osa (a) # BHHT (0) OT/IMUAIOTCS OT CBOHX 3ep-
KaJIbHBIX OTpPaKeHHH

SACKTPOHOB Yepe3 HaMarHMYeHHYIO BJOJIb OCH My4YKa »Kejes-
Y0 NJACTHHY, MOXHO, MeHsIl 3HaK MarHHTHOTO IOJf, MOJY-
YaTh H JIeBONOJISIPH30BAaHHbIC, H IIPaBOIOJISPH30BAHHBIE 3JIEK-
¥posH. B 3TOM Ciyyae nosnsipu3anus 3/1eKTPOHA CO3LAeTCsl UC-
XYCCTBeHHO, MOJ00HO Hapeske BuHTa. B cayuae ke f-pacnana
H APYTrHX cJ1abbiX MPOLECCOB NPOAO/IbHAS MOIAPH3ALHUA YACTULL
¥ CBA3aHHasA C HeH 3epKasbHas acCHMMETPHS He IIPHBHOCATCA
H@3EHE, 4 ABJAIOTCS HEOTHEMJIEMBIMH CBOHCTBAMH CaMHX 3THX
HPOHECCOoB.

OTKpHITHE HECOXPAHEHHSI YETHOCTH OblIO HEOXHJAHHBIM,
3K I'POM CpPeiH AcHoOro He6a. §I BcrmomMHHalO B CBA3H C 3THM,
®aK B Konue 1954 r., Korga s mOCTYNHJ B aCHHPaHTypy, MO#
@ayunnift pyrosogutesb M. §1. [ToMepanuyk nocraBua 3agayy —
PacCYUTaTh YIJVIOBOE paclpefiesieHHe 3/1eKTPOHOB IIPH pachaje
TOJIAPH3OBAHHOIO MIOOHA H INpPHAYyMarb crnocol, ¢ MOMOLIbIO
EOTOPOro MOXKHO 6biJIO Obl IONYYHTH MOJSIPH30BAHHbIE MIOOHHI.

Pacuer pacmana okasajés oYeHb T'DOMO3JLKHM, ITOCKOJIbKY
B Ty mopy Obla HeH3BeCTHa NpPOCTasi PeJAATHBHCTCKH-HHBApH-
@HATHAA TEXHHKA PacyeToB IPOLECCOB C yYaCTHEM MOJNSAPH30BAH-
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ubix uactun. CerofHs Bce BHIKJAJKH YMECTHJHCH OHl Ha ABYX
CTpaHHLAX, TOTJa Xe pacyeT 3aHA 20 yyeHHUECKHX TeTpajeH.
Ho B KoHIIe KOHIIOB s MOJMYYHJ (M KaK BIOCJEACTBHH IOATBEP-
IUJIOCh,— MPaBHJbHBIA) KOMIAKTHHIH pe3yJibTar.

[eiTancs s ©306peCTH H METOJ OJIAPH3ALHH MIOOHA B XOJIOA-
HOM HaMarHHYeHHOM BelnecTBe. (MIOOH KHMBET BCEro B MHK-
POCEKYH/IBI, H Haflo yCreTh NMOJIAPH30BaTh €ro mocse Toro, Kak
-OH 3aTOPMO3HTCSI B BEIIECTBE, HO O TOTO, KaK pacrnajiercs.)
OnHako HHYEero pasyMHOro TaK M He NMPHAYMaJ, a yepes MoJi-
TOpa rofa BBISICHHJIOCh, YTO MIOOHBI IIPH pacmaje J-Me30HOB
(a 3T0O OCHOBHOH MCTOYHHK MIOOHOB) POXKIAIOTCS MOJHOCTbIO
NIPOJIO/BHO 110/ PH30BaHHBIMH !

ITonsipusanus MIOOHOB B pacnagax

at—ptvy H T —pTvy,

paBHa cooTBeTcTBeHHO —1 H —+1 (a He +ovlc u —vlc, Kak B
GOJIbWIHHCTBE PACclajoB APYTHX YacTHI), ITOCKOJbKY MOJSpH-
3auKsi MIOOHOB B 3THX pacnajax BblHyxaeHHas. OHa ompese-
JISIETCS. TEM, YTO CIIHH TT-Me30HA PaBeH HYJIO, a HEHTPHHO H aH-
THHEATPHHO CTONPOLEHTHO MOJISIPH30BaHBl, TaK KaK IBHXKYTCS
CO CKOPOCTBIO CBeTa. B KeCTKMX YC/NOBHSX NoGexnaeT GbICT-
pefiluMi, M, BONPEKH CBoeMy OOblYaw0, W+ BBIHYXJAEH HMETb
JIEBYIO MOJISIPH3alMIO, a b~ — ITpaBylo (cM. pHC. 32, TAe XKHp-
HBIMH CTPeJIKaMH TI0Ka3aHbl HMIYJIbCHl 9acTHI, a CBETJIbIMH —
HX CIIHHBI).

PP =y, pre= o =575,
a J

Puc. 32. OpHeHTauusi HMIYJBbCOB H COHHOB W+ W vy IIpH pacnage 7+-

Me30Ha (@) H W~ M vy NPH pacnafe 7~ -Me30Ha (6). CnuHH H306paxKeHbl
CBETJILIMH CTpeJKaMH

B Hacrosiilee BpeMs NOJISAPH30BaHHBIE MIOOHBI LITHPOKO HC-
HOoJb3YIOTCA B XHMHH H (H3MKe TBepioro Tesia. Hab6mionas 3a
BpallleHHeM CIIHHA MIOOHOB B PasJ/IHYHBLIX BellecTBaX, 0JyyaloT
TaKHe CBEeJICHHs O CBOHCTBAX 3THX BELIECTB, KOTOPHIE HUKaKHMH
LPYTHMH CTOCO6aMH MOJIYYHTh HEBO3MOXKHO.

3epkanbHas M 3apfAfoBasd acHMMETPHA csabblX pacnajoB
3aJi0keHa B caMOM BHJIe 3ap 2KEHHOr 0 cJ1aboro ToKa, B KOTOPHIH
BXOJST TOJIbKO JIeBble (JI€BOCIIHPaJibHbIE) KOMIIOHEHTHI JIENTO-
HOB M KBapKOB M IpaBble (IIpaBOCMHpPAJbHBIE) KOMIOHEHTHI aH-
THJIENTOHOB H AHTHKBApKOB. JTHM cJsa0bli 3apsiKeHHBIH TOK
OTJIU4aeTcsl OT 3JIEKTPOMAarHHTHOI'O H I[BETOBOTO TOKOB, B KO-
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TOpBI€ JICBBIC H ITpaBbl€ KOMIIOHEHTbI YaCTHL BXOAAT CHMMETPHUY~
HBIM 00pa3soM.

DneKTPOMarHUTHLIA U LIBETOBOH TOKH SIBJSAIOTCS YeThIpeX-
MepHBIMH BeKTOpaMH. 3TO 03HayaeT, YTo NPH NpeoGpa3oBaHHAX
JlopeHnla M 3epKaJbHBIX OTPaXKeHHSIX OHH N peolpasyloTcs
NONOGHO UYETHIPEXMEPHOMY BEKTOPY  SHEPTHH — HMIYJbCa
pu(Elc,p) unn yetbipexMepHOMY NPOCTPAHCTBEHHO-BPEMEHHOMY
BeKTOpYy Xu(Ct, r).

Y deTeipexMepHOro BekTOpa V) yeThipe Kommonenwtn (u=0, 1, 2,3,
rae uHpekc 0 — BpeMeHHOM, a MHIeKCH 1, 2, 3 — mpocTpaHCTBeHHHIE:
Vu=Vs, V). llpu P-orpaxenuu

Vo—>+Vo, V——V.
TaxuM o6pasoM, V, npencrasisier coGoil CKaJasip B TPEXMepPHOM IPOCTPaH-
cTBe, a V — TpexMepHHIH MOJSPHHIH BeKTOp.

B orminuHe OT 3/IEKTPOMarHHTHOTO H IBETOBHX TOKOB, cJabble TOKH
SIBJISIOTCST JIMHeHHBIMH KOMOHHALMSIMH YeTHIpeXMepHOro BekTopa Vi B
YeTHIPeXMePHOro aKCHAJBHOrO BeKTopa Ay .

YeThpexMepHBI# aKCHAJIBHBIA BeKTOp Ay BefieT ce6s NpH JIOPEHIEBHX
npeo6pa3oBaHHsAX TaK Xe, Kak Vyu, HO npu P-orpaxeHnu — Haobopor:

AO __'—AM .| _~’+:4°
Takum oGpasoM, A, npeAcTaBJser Co6Ol NCEBROCKAAP B TPEXMEPHOM npo-

cTpaHcTBe, A — TpexMepHBIii akcHaabHEIH Bekrop. Caalulii JieBoCIHpasib-
HBIH 3apsKeHHBIN TOK ABJIAETCS Pa3HOCTbIO TOKOB Vi u Ay :

1
Lu=7 (Vu—A4y)-

Jlerko BHIeTb, YTO NPH 3ePKaJbHOM OTPaXKeHHH KOMIOHeHTH L, He mepe-
XonAT camH B celsi, a nepexOfsT B KOMIIOHEHTH! NIPaBOCHHPAJbHOIO TOKa:

1
Ru='2‘ (Vu‘l‘Au)'

D10 moxoxe Ha TO, KaK NPH OTPaX{€HHH B 3epKaJje IpaBas H JeBass PyKu
meHsiiorcsi Mectamu. OueBHaHO, 4TO npu P-OTpaxkeHHH

Lo(—)Roy L < —R.

Jo 1964 r. cymecrBoBa/ja Hajexn1a, YTO XOTS H 3epKajb-
Hasi, 4 3aps/loBasg CHMMETPHH IOJHOCTbIO HAPYILAIOTCH B cJa-
Gbix mpoueccax, WX KoMm6uHauus — CP-cUMMeTpust — He Ha-
pyuena. Tak uro, raisis B 3epkasno Ha B-pacmax HefiTpoHa,
MBI JIOJI2KHBI OblH Obl BuAeTh f-pacnaj antuneditpoHa. OnHako
B 1964 r. 6bi1 O6GHAapyXKeH pacnal Tak Ha3blBaeMOTO JOJITOXKH-
Byllero HefitpaibHoro K-Me3oHa *) Ha JBa 7i-Me30OHa:

K} —ntm~,

*) CyuiecTBYyIOT fiBa THIAa HeHTPaJbHEIX K-ME30HOB: KOpPOTKOXKHBYILIHDR
HeiTpatbHblil K-Me30H K% xuper npuMepHo 10~10 ¢, 1OArOXUBYIH i KZ—
npumepHo 5-10~8 c. OcHOBHBIME pacnafamu K%-Me30Ha SBASIOTCS pacHafss
Ha utn~ ¥ 7101, OcHoBHHMH pacmafamu K7 MesoHa— pacnajsl Ha inon®,
n+a-n0, n¥eTv, atpTv,




Sror pacraj sanpelleH, eclH HMEET MeCTo CP-cuMMeTpHR,
B nanbueiimemM 6bla HaitfieH u gpyro# CP-3anpelueHHbIA pacnaj.

)

a Takxe Oblia OOHapyKeHa HefoJibllas 3apsjoBas aCHMMeET-
pus B pacnagax

K} —ntetv u K} — nipFy.
1)

B mnocienHeM ciyyae BepOSITHOCTb pacnafoB C HCIyCKaHHEM
MIOJIOXKHUTENbHBIX JIENTOHOB (¢*, p*) oKa3asachb NPHMEPHO Ha
0,3% Goublue, yeM pacnajoB ¢ HCIYCKaHHEM OTPHLATENbHHIX
JIENTOHOB (6™, B™).

B pacnagax Bce Tex ke K} -Me30HOB GblJIO YCTaHOBJIEHO, YTG
Hapymaercss H T-cummerpusi. Hu B Kakux Jpyrux npouneccax,
Kpome Kak B pacnajax K}-me3oHoB, HapyueHHe CP-cuMMer-
pun u T-cUMMeTpHH IOKa yTO He o6HapyxxeHo. IIpupoza sroro
HapylueHHs, ero MeXaHH3M OCTaloTCsl NOKAa HEesICHBIMH, XOTSF
NpelJIOXKeH Pl TeOpPeTHYeCKHX MoJeseH, ¢ IOMOIMIbIO KOTOPHIX
OBITAIOTC OOBSCHHUTb 3TO SiBJIEHHE.

EnuHCTBEeHHOH He HapyllueHHOH JIHCKpDeTHOH CHMMeTpHel
octajach B Hacrosimiee BpemMss CPT-CHMMETpHS — CHMMETPHS
OTHOCHTEJIbHO IIPOM3BEieHHs] BCeX Tpex IpeoOpa3oBaHHIi:
C, P u T. dra cuMMeTpHS HacTOJIbKO Iyy6OKO 3a/10KeHa B OC—
HOBaX COBpPEMEHHOH TEOpHH MOJIS, YTO (PH3UKH-TEOPETHKH B
GosIbILIEHCTBE CBOeM YyO6exKIeHbl B ee abCOJIIOTHOH He3bl6JeMo-
CTH. 3aMeTHM, uTO OfXHOH ToJbKO CPT-CUMMETPHH JAOCTaTOYHC:
JUIS1 TOTO, YTOOL! OblJIM PaBHbI APYT APYry Macchl YacTHHbBI H aH-
THYAaCTHIIbl, a TAKXe HX BpeMeHa XKH3HH.

HEATPAJIBHBIE TOKH

Jo cux mop, roBopsi o c1abblX HpoLECCax, Mbd
BCE BpeMsl HMeJIH B BULy B3aUMOJEHCTBUSA 3apsiKeHHbIX CJ1a0Bx
TOKOB. B 1973 r. 6bly1 OTKPHIT HOBHIH THN cJabbIX NpPOLECCOB, &
HMEHHO — HpoLecchl, 00YCJIOBJIEHHbE B3aHMOAEHCTBHEM HeH~
TpaJsIbHbIX TOKOB.

HeliTpa/ibHBIMH Ha3bIBAIOT TOKH, He MeHSAIOLHE 3JeKTpHye~
CKHe 3apsifibl y4acTBYIOUHX B HHX JIENTOHOB H KBapKOB, HaNpH-
Mep vuv,, ee, uu, dd u T. 1. Ho HabmonaeMble Ha OnbiTe Hefi-
TpaJibHble TOKH HCTHHHO HeATpaJ/IbHbl: OHH He MEHSIOT He TOJib-
KO 3apsifibl, HO H Jpyrue KBaHTOBbIE YHCJA YAaCTHL, OHH, KaK
TOBOPST, AHArOHAJbHbI, T. €. NEPEBOIAT JIENTOH WJH KBapK B
caMHX Ce0sl. HelIHaFOHaJIbeIX HeHTpaJIbHBIX TOKOB THII&

ds WM ep, U UC B TIPHPOJE HET.
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JHaronabHOCTb HEATPAJIbHBIX TOKOB JIETKO MOHATH, IS
:ga puc. 28 H 29. B cHay coxpaHeHHs 3JIEKTpHUYECKOrQ 3apsia
gefATpasibHble TOKH He MOTYT NepPeBOAUTh APYT B ApYyra YacTHIbI
¥3 pasHHIX TPOeK. A B mpejenax KaxJIoH OTAEJbHOH TPOHKH
-OPTBI-43CTHIIBI OPTOTOHAJIBHBI APYT APYry. Tak uto Kaxpas us
.ABEHAJLAaTH YacTHLl MOXKET IepelTH JIHIIbL caMa B cebs (C yue-
‘TOM LBeTa HX yXKe, pasyMmeercs, He 12, a 24).

¥iMeHHO noToMy, YTO HeHTpaJibHble TOKH He MEHSIOT apoMa-
TOB 4YacTHI, HX HAILIH TaK MO3JHO — JIHIIb Yepe3 TPH Yer-
BEpTH BeKa Iocsie OTKpHiTHA B-pacnaga. He ymes npespamathb
<yHAaMeHTaJbHble (GEPMHOHB JAPYr B Jpyra, HeHTpaJjibHbE
TOKH He MOTYT IPOfIBHTbCA B TAKHX pacnafax YacTHll, TAe Me-
HAETCA apoMarT JIENTOHOB HJIH KBapKoB. A B pacmajax ¢ coxpa-
HeHHeM apoMaTa cJjiaboe B3aHMOJEHCTBHE HEHTPasbHBHIX TOKOB
He MOXeT KOHKYDPHPOBAaTb C 3JIEKTPOMarHHTHBIM B3aHMOHEHCT-
BHEM, OCKOJILKY IOCJ/IefiHee CYIeCTBEeHHO GoJiee HHTEHCHBHOR.

BnepBble HefiTpajibHBle TOKH HaO/OnaNd B HEHTPHHHBIX
IKCHepHMEHTaX Ha OOJIbIIMX YCKODHTENAX, I'ile SHepruuHble
fIy4KH HeHTPHHO, NPOXOAs Yepe3 MHLIEHb, AaBajH DEaKIMH
“THIA

Vp+p—vutp+at4aT.

flonoGHble peaKkuHH fBJSIOTCS Pe3yJIbTaTOM BCTPSCKH HYKJIOHA
TIPH B3aHMOJIECTBHH HEATPHHO C OAHHM H3 KBapKOB: (V,v,)(uu)
#aH (v,v,)(dd). BepoATHOCTH 3THX peaKIHil OKa3aJHChb NpH-
MEpHO TaKHMH XKe, KaK H BEPOSITHOCTH aHAJIOTHYHBIX peaKuHH,

WAYIHAX NMOX JAHCTBHEM 3apsKEHHBIX TOKOB, HallpHMep peak-
IHH .

vpt+n—pT+ptat+nT,

Tax e Kak M 3apskeHHble TOKH, HeHTpasibHble TOKH 006-
HapyXH/IH HapylleHHe 3epKasJbHOH cumMerpuu.. lMeHHO mo
HapyILIEHHIO 3TOH CHMMETPHH Gblyl OTKPHIT B 1978 r. HefiTpasb-
HBIf 3/1eKTPOHHBIH TOK ee. Hafit TOK ee 6b110 ropasno ciioxHee,
geM HalTy HeATpaJbHbIH HeHTPHHHBIH TOK. Benb agdexTsl cia-
60ro 3/1eKTPOHHOrO TOKa Halo ObIO HCKaTb Ha (OHE ropasiao
6oJiee CHIBHOTO — 3JIEKTPOMarHHTHOI'O B3aHMOJAECHCTBHA 3J1€K-
TpoHa.

CHayaJia GbIO HafJEHO HCKJIIOUHTETbHO cjiaboe BpallleHHe
T17I0CKOCTH NOJIIPH3alHH J1a3epHOro Jyya B apax aToOMapHOro
BHCMyTa. BpameHne 3To — sBHO P-HeyeTHOe, NTOCKOJIBKY INPH
FOJHOH 3€pKaJibHOH CHMMETPHH aroMOB BHCMYTa HH IIpaBoe,
HH JieBOe HamnpasJsieHHsl BpAllleHHs HHYeM He BhIIe/IeHbl H MJoc-
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KOCTb IIOJISIPH3aLMHU Jiyya COXpaHsa Okl CBOe MOJIOXKEHHEe I0-
ROOHO «6YypHIAHOBY OCJIY>.

BpaileHne nJIOCKOCTH NHO/MApH3allHH CBeTa B pacTBOpax,
COlepXallluX 3epKaJbHO acHMMETPHUHble MOJEKYJbi, 3TO —
XOpOLIO H3BecTHOe siBJeHHe. IIoBOpOT IJIOCKOCTH HOJSPH3a-
UMM MOXKHO Ha6J/ojaTh, HallpHMep, NPONycKas NOJspU30BaH-
HBIA CBeT yepes cTakaH c/aajkoro 4as. Hu o KakoM HapymeHHH
YETHOCTH HAa ypOBHE (pyHIaMeHTaJbHBIX B3aHMOJEHCTBHH 3TOT
LIKOJIbHLIA OMNBIT, pasyMeeTcsi He cBuAerTesnbcTByerT. OH CBHJE-
TeJbCTBYET TOJbKO O TOM, YTO MOJIEKYJBl caxapa 3epKaJbHO
ACHMMETPHYHBI.

3epKaJibHble IBOHHHKM MOJIEKYJ caxapa MOryT ObiThb CO3-
JlaHbl HCKYCCTBEHHO, HO caxapHas CBeKJla OTKa3biBaeTcfi HX
CHHTE3HPOBaTb. 3Jech Mbl CT2JKHBAEMCS C YaCTHBIM CJIyYaeM
3aMeyaTeNbHOr0 SIBJIEHHS] — BCE XKHBOE 3ePKaJbHO acCHMMeET-
puyHo. O6CyKIeHHe 5TOro SBJEHUS — OYeHb HHTEPECHas TeMa.
Ho ona yBesna Gbl Hac oueHb JaJieko.

Bepremcst Kk aToMapHOMY BHCMYTY. 37eCh «BCSI COJIb» B TOM,
4TO peyb HIeT 06 aToMe, a He O MoJsiekyJe. Eciu 661 P-4eTHOCTDb
COXpaHsJachb, aToOM BHCMYyTa JOJKeH Gbln Obl OBITh 3€PKaJIbHO
cuMmMerpuyeH. HeGosblasi «3aKpyYeHHOCTb» aToMa BHCMYTa
Bbl3BaHa C/1a0biM P-HeueTHbIM B32aHMOJEHCTBHEM aTOMAapHBIX
3/1eKTpoHOB ¢ sAApoM. ([Ipu HapyueHuu P-4eTHOCTH H ¢ Toff
TOYHOCTBIO, C KaKoi umeeT Mecto CP-CHMMETpHsI, 3epKaJbHEIM
JIBOAHHKOM aToMa BHCMYTa fIBJIS€TCSI aHTHATOM aHTHBHCMYTa.
Jlenath Takue TAXKeJble aHTHATOMBI Mbl I0Ka HE yMeeM, Aa H He
BHJHO, 3a4eM 3TO MOIJVIO GHl GHITh IIOJIE3HO.)

Bckope nociie coofieHHs! 0 pe3yJbTartax 3KCIEpPHMEHTa Ha
BUCMYTe CTaJu M3BECTHBl De3yJbTaThl APYroro 3KCIEepPUMeHTa,
Ha 3TOT pa3 BBINOJIHEHHOI'O Ha 3JIEKTPOHHOM yCKopHTeJle. B aTom
3KCIepHMeHTe HabJlofla/li B3aHMOZEHCTBHE NMyYKa HPOAOJBHO
[I07IIPH30B2HHbIX 3JIEKTPOHOB C JefitepHeBod MuiueHbio. OKa-
3aJl0Ch, YTO JIE€BONOJSPH30BaHHLIE 3JIEKTPOHHl PaCCEHBAIOTCS
Ha JefiTepud NPHMEDHO Ha OZHY COTYIO mpoleHTa GoJee 3d-
¢eKkTHBHO, YeM NPaBONOJISPH30BaHHbE. ITO SIBJIEHHE, KaK JIeT-
KO IIOHATb, TOXE CBUJETEJbCTBYET O HapYIUEHHH 3epKaJsbHOH
CHMMETDHH BO B3aHMOJEHCTBHH 3JIEKTPOHOB € KBapKaMH.
SpdekT, KaK NMOKasbIBAIOT pacyerbi, COrJiacyercs C TeM Npel-
[IOJIOXKEHHEM, YTO OTBETCTBEHHO 3a Hero HMeHHo cJa6oe
B3aHMoJelcTBHE HEHTDAJIbHBIX TOKOB.

B 1982 r. nposiBnenus HeHTpaJIbeIX TOKOB Ha6.mol1a.nn TaK-
e U B peakUHsAX ete” — putp~ H ete” — 1717, HAYIIUX Ha
BCTPEYHBIX 3/IEKTPOH-MO3UTPOHHBIX NMYUYKax.

B corntacuu ¢ Teopueil HeATpaJibHble TOKH HMEIOTCS Y BCeX
JIENTOHOB U KBAapKOB. Y BCeX HeHTPHHO HeHTpaJsibHble TOKH Ta-
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KHe JKe JIEBOCHHpaJbHble, KaK H 3apsiKeHHble TOKH. ¥ APYTHX
qacTHIl HeATpaJibHEIE TOKH COIEepXKaT Kak JIeBOCIHPAIbHYIO
(Ly), TaK u npaBocnHpanbHyO (R,) KOMIOHEHTH.

NPEACKA3SAHHBIE W- n Z-BO30HDI

Teopusi B3auMozeHCTBHS BEKTOPHBIX GO30HOB C
HefiTpaNbHBIMH H 3apsKeHHBIMH TOKaMH, KOTOpYIO cefiyac Ha-
SBIBAIOT CTAaHJApPTHOH TeopHeH 3JeKTPocjaboro B3aHMOAEHCT-
BHS (0O CMBICJIe 9TOrO TepMHHa OyjeT CKas3aHO HHxe), Oblia
cosfiana B 60-erozel. B 1979r. ocHOBHBIE ee co3farenn — pu3H-
ku-TeopetukH II. I'nsmwoy, A. Canam u C. BaiinGepr OGbuin
yIOCTOEHbl BhICINEH MEXIyHaponHOH HayuyHOH Harpaibi — Ho-
6esIeBCKO! TPeMHH. 3aMETHM, UTO IPHCYXKEHHE NPEMHH IIPOH30-
L]0 32 4eThipe roja 10 TOro, Kak OblIH OTKpHTH W- M Z-6o-
80HBI, T. €. JI0 TOrO, KaK CpaBelJIHBOCTb TEOPHH Obljla OKOHYA-
TeJbHO NMOATBEpKJeHa onbIToM. Jles0 B TOM, YTO OYeHb BHYIIH-
TEJIbHBIM TOATBEPXKIEHHEM INPAaBHJbHOCTH TEODHH SIBHJIOCH
OTKpHITHE B 1973 r. HeATpaJbHEIX TOKOB H 3KcIIepHMeHTaJIbHbIe
JaHHble 06 HX CTPYKType, NOJIyUeHHbIe B I1OCJIENYIOIHE TOMHI.

CorJiacHO CTaHJAapTHOH TEOPHH Bce B3aHMOJEHCTBHS MEXAY
sapsiKeHHBIMH TOKAaMH OCYIIECTBJSIOTCSL MyTeM obmeHa W-Go-
80HAMH, a MeX1y HeHTpaJbHBIMH — NyTeM oOMeHa Z-0030Ha-
Mmu. [TonoGHO GOTOHY M riooHaM, 5TH GO30HBI ABJISIOTCH BeK-
TOPHBIMH: HX CIIHH DaBeH €IHHHLE.

Koncranra B3anMopeficTBusi W-6030HOB ¢ 3apsiKEeHHBIM TO-
KOM, gy, HIPaeT POJib, aHAJIOTHYHYIO TOH, KOTOPYIO B 3JIEKTPO-
JHHaMHKe Hrpaer sJjieKTpuueckuil 3apsajn e. [loxo6Ho nmocrosiH-
HOM TOHKO# CTPYKTYPbl & =¢2/fic, MOXHO BBECTH BETTHUHHY Oy, =
=g¥/hc. OtHoleHue a/ay, MONYYHIO CleuHasbHOe 0603Haue-
Hue:

a/olw = sin? Oy,

rie Oy — Tak HasbiBaeMbIH cs1abblii yroJi, uiu yrosn BaiiHGep-
ra. dKcnepHMeHTaJbHOe H3yuyeHHe HeHTpasbHbIX c1abblX TOKOB
MO3BOJIHJIO ONpeleNuTb (CM. Huxke), uto sin?0y,=0,20 = 0,23.
Takum 06pasoM, aw=1/30. 3ameTbTe, 4TO CJabblil 3aps gy,
okasaJsicsi GoJibllle, ueM 3JeKTpudueckuii 3apsn e. To obcros-
TEJIbCTBO, YTO CJabble B3aHMONEHCTBHS, KaK NPaBHJIO, TOPasfo
cnabee 3JIEKTPOMarHHTHBIX, CB3aHO HE C MaJsOCTbio cJ1aboro
3apsjia, a ¢ TeM, uto W-6030HBI OUeHb TSKeJble.

3Had ay,, MOXKHO cpa3y e Bblpa3utb Maccy W-Go3oHa ye-
pe3 ay H kKoHctanty Pepmu G(p (BcnoMHHM, uT0 Gpe
21,2-1075 I'sB~2/i3¢%). PaccMoTpuM, HanpuMep, paciaj MioOHa
(puc. 33). UMnyabc ¢ (mesieHHBIH Ha CKOpOCTb CBeTa ), nepe-
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HOCHMBIA BHPTYaJbHbIM W-G030HOM B 3TOM Ipomecce, He 60J1b-
e Macchl MIOOHA H IIOTOMY Ha MHOTO NOPSIAKOB MeHblle, 4em
macca W-603ona. [Ipomaratop, OMHCHIBAaOIMHA pacnpocTpa-

s

Ve

Puc. 33. ®efinmaHOBCKas fuarpaMMa, ONHCHBAIOMasi paclaf MIOOHA, PO-

HCXOASMUA NyTeM pOXJAeHMs W pacnafa BupTyajabHoro W-Gosona (a).

Ta xe guarpaMma — B NpPHOJHIKEHHH YeTHPeX()ePMHOHHOTO BSaHMOJeH-
ctBus (6). gy — caabuifi 3apsn, Gr— KoHcranta Pepmu

HEeHHe BHPTYa/JbHOTO BEKTOpPHOro 6630Ha, HMEeT BHA TaKoM iKe,
Kak y «MaccuBHoro ¢oroHa» (0 KOTOPOM peub IIJia BBILIE);

1
o

IIpu l¢*|<<miy MoxHO npeHeOpeyb 3HayeHHeM g MO CpaBHe-
HHIO C M U 3amHCcaTh:
1 1

m,— ¢ ~ -

Hna supryansHoro W-6o3oHa B pacmaje MIOOHa 3TO HMpHOJH-
JKEHHOE PaBEHCTBO CIPABENJIHMBO C TOYHOCTHIO, IPEBHILAIOIEH
0,001 % . kimMenHO ¢ TaKOH TOYHOCTBIO MOXKHOZ3aMEHHTb CHCTHH-
HylO» EHarpamMmy puc. 33, @ Ha NMPUOJHKEHHYIO AHArpaMMy
puc. 33, 6, u3obpaxkaiomyio yeTblpexpepMHOHHOE B3aMMOeH-
CTBHE. A

Bosmoxno, 3nech Bam moMoxer crepyromee cpaBHeHHe.
BupTya/bHYIO 9acTHIly MOKHO YIMOAOOHTb MpYyxKHuHe. PaceMor-
puM, HanpuMep, BUPTyasbHbH GoToH. OH onmHchIBaeTcs mpona-
raropom —1/¢?. Eciu ¢* Benuko, To «pOTOHRAs NPYIKHHA»
KOPOTKasi, ec/Id g% MaJo, TO OHa JJIMHHASI: B CUJIY COOTHOLICHH I
HEONPE/Ie/IEHHOCTH ee JUIMH al~Nfg. ¥ TaXenoro BUPTYaabHOro
W-6o30Ha «pyKHHa» Beeraa Kopotkas (I<hi/myc~2-10-10 cm)
u kecTkas. [loka uMnyJibc, nepenaBaeMblil IpyXKUHE, MaJl, OHA
NPaKTHUECKH HE CXKHMMaercs (He 4yBCTBYeT ero) ¥ JefcTByer,
Kak TBepAoe Teso. MMeHHO 3TOMy mpelesbHOMY C/y4alo OTBEH-
yaeT npeHeOpeKeHHe 3HayeHueM g2 B mponaratope. [IpuBenen-
Hble 3X¢Cb COOGpaXKeHHs COTJIaCyIOTCS C COOTHOIIGHHEM Heompe-

4



HeNIeHHOCTH H ¢ ¢opMyJiofk Il noTeHLnHa a, 00yCJIOBJIEHHOrO
OGMEHOM TSKeJ/bIM BHPTYaJbHbIM (bo'ronom (cMm. maparpad «Bup-
TyaJibHREIE WYaCTHIIBIY).

Wrak, nonpoGyem onpenenutb Maccy W-Goszona. I'nsiasa na
nnarpaMMﬁx puc. 33, MOXHO YCTaHOBHTb, YTO

213G (g‘V/V"’)z.

ByxkBennoe coorHowenue Mexay Gp, gy U My, SCHO H3 CONO-
cTaBJeHHs auarpamm 33, a u 6. Uro Kacaercs YHCJOBBIX KO3(-
¢unuenToB, To ux Bbl serko BocnmpousBeneTe, Koria H ec/in
CTaHeTe $H3HKOM-TEOPETHKOM.

IMpenrinymee paBeHCTBO MOXKHO TepemHcaTh B BHJE

[ V2Gr \7'* _31,3TsB
—\ nawﬁscs ~ sin eW )
(IlpoBepbTe mocsennee paBencTBo.) Orciofa npu sin%6y =0,21
gonydaeM: my=81,4 I'3B.

TaxuM o6pasoM, 3Hast 3KCIepHMEHTaIbHOE 3HAaUeHHe Sin*0y,,
MOXHO Oblio mpenckasatb Maccy W-Gosoral

CeeieHHs1 0 3HaueHHH sSin%0y, OBLIM TOJYYeHBl MyTeM H3Y--
ueHHS HeHTpaJbHLIX TOKOB. JleJo B TOM, 4TO COrJIaCHO CTaH-
JapTHOH TeopHH yros Oy XapaKTepH3yeT B3aHMOJeHCTBHe He
Tonbko W-6030HOB, HO M Z-6030HOB. B mocsiiepneM cayuyae on
BXOIHT B BBIpaXK€HHS 1/ TpeX (PH3HUECKHX BeIMYHH:

1) maccer Z-6o3oHa

Mz = Mmy,/cos By,
(apm my,=81,4 I'sB orciona cuenyer, uro mz=91,6 I'sB);

2) KOHCTaHTH B3auMOJAEHCTBHSI Z-6030Ha C HeHTpasIbHBIM
TOKOM

gz = Gy /cosBy;

3) camor6 HefiTpaJbHOrO TOK2, KOTOpbIH [IJ1s1 QacTHUB C
PJEKTPHYECKHM 3apsfioM ( HMeeT BHJA

+ —;— Ly—(Ly+R,) Qsin® 6y,

3pech Ly u R, — J1eBo- M NpaBOCHHpPaJbHble TOKH; 3HAK IJIOC
B IIEPBOM CJIaraeMOM OTBEYaeT «BEPXHHUM» JIENTOHAM H KBapKaM
(Ver Vi, Vy, U, C, £), @ 3HAK MHHYC — GHHXHHM» (6™, =, T~
d, s, b). .

U3 BrlpakeHuil Ansi M, U g, CPasy ke cJenyer, uro gy/my=
=gl/m{ B 4TO KOHCTaHTa YeThlpex()epMHOHHOrO B3aHMOAEHCT-

b { ]
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BHS AJisl HEHTPAJIbHBIX TOKOB TaKas ke, KaK JJIs 3apsiKEHHBIX ..
TakuM 06pa3oM, BCs 3aBHCHMOCTb OT sin20y, BeposiTHocred
TIpOLECCOB ¢ HeHTPaJIbHBIMH TOKaMH ONpEAEJSIETCS! TOJIbKO TG
TpHBEAEHHBIM BBIpaXKeHHeM AJIs HefTpasibHOro ToKa. M3 srero
Bblpa)KeHHs BHJHO, UTO MJIsI Ya- »

CTHII C Ppa3JHYHbIMH 3apsiiaMH Y Lod
cTeneHb INPOMAOJbHOH MOJSAPH3a-

KU, T. €. COOTHOLIEHHE MEeXIy

JeBOH B NpaBoil KOMIIOHEHTaMH z

TOKa, Pa3JMyHa H OJHO3HAYHO OIl-
penessiercss  3HaueHHeM  sin®By,.
OnbiT MoKa3sas, 4To HeHTpaJibHble
ToKH HefitpuHo (Q,=0), 37eKT-
POHOB H MIOOHOB (QezQu=_l) Puc. 34. deifiumaHOBCKasA AE-~
M KBapKOB (Qu=+2/3, Q.= arpamMma, ONHCHIBAIOmasl Pac-

——1/3 . cesiHHE MIOOHHOTO HeHRTPHHC:
=-—1/3) ONHCHIBAIOTCS DNPHBE-  5pekrpomoM nyTem — OOMena:

JEHHBIM BBIIIE€ Bbipa*k€HHEM JJs1  MeXJQy HHMH BHPTYalbROTG:
HeATPaJIbHOTO TOKa NPH 3HAYEHHH Z-6osona
sin?0y,~0,21.

B kauectBe mpuMepa Ha puc. 34 usoOpakeHa AHarpamma,.
onHebBaIONas paccestHie MIOOHHOTO HEATDHHO Ha 3JIEKTpeHe..
M3smepssi ceueHHe 3TOrO IpOLECCa, MOXHO HaHWTH 3HaYCHHE

g e”

Yu Yu o Yu Yu Ve Ve
u u d a u(d) ud)
a ) il

Puc. 35. Paccesnne Ha u- u d-xBapKaXx MIOOHHOT'O HeATPHHO (@ U 6) H SAeKT
POHHOTO HEATPHHO ()

sin?6y. Kak y»xe roBopHJIOCh, BCECTODOHHeH NpPOBEpPKE CTaH-
NapTHas#A TeOpHsl MOABepryach B 3KCIePHMEHTe MO H3YUYEHHIG
3TOrO M APYTHX cJabblX NPOLECCOB_(HEKOTOPbie H3 HHX H300--
paxeHbl Ha puc. 35). )

CranpapTHasi TeOpHSl 3JeKTpocsaboro B3auMOAeHCTBHS OC-
HOBaHa Ha TaK HasbiBaeMOH 3J1eKTpocaofi CHMMETPHH, KOTO-
poil oTBevaloT yerbipe 6e3MacCOBHIX BEKTOPHBIX 6030Ha: ABa
3apsKEHHBIX M JBa HeHTpasbHBIX. B omiMuHe, cKaxeM, OF
UBETOBOH CHMMeTPHH, 3JIeKTpoc/abasi CHMMETpHSI B NpPHpOAE
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HmapymeHa. B pesyJbTate 5T0ro HapyleHHs] OCTAeTCsl JIHUIb
OAHUH Ge3MaccoBhIi BeKTOPHBI 6030H — ¢oroH. TpH ocTaJb-
abix Gosona: W+, W+ u Z° — npuoGperaloT Macchl.

Teopus mnoayuusa Ha3BaHHE 3JIEKTPOCTAGOH NOTOMY, YTO
OHAa ONHCHIBaeT HE TOJNbKO cJjaboe, HO H 3JEKTPOMarHHTHOE
s3aumozeiicteue. (Hanomuum, uro sin Oy =e/gy,.) K coxane-
HHIO, CYIIECTBYIOIIAs /IeKTpocaabast Teopus He N0 KOHIA 0Gb-
eAMHWJIAa 3JIEKTPOMAarHHTHOe M cjaaboe B3aUMOJEHACTBHS, IIO-
CKOAbKY 3HaueHue sin Oy Gepercs M3 ombiTa, a He IpeicKa-
3SHIBaeTCs] B paMKax 3TOf TEOPDHH Ha OCHOBe KaKHX-TO 00-
SIMX NPHHIHIIOB.

OTKPBITUE W- H Z-BO30HOB

Jas1 poXzeHHS TaKHX TSKEJBIX YacTHI[, KakK
W- u Z-6o3oHbl, HeO6XOUMa CTOJIb BbICOKas SHEPTHsi CTaJKH-
BalOIMHXCS YaCTHIL, KaKoil 1o Hayasa 80-x rogoB He obJajmaJjia
#K ofiHa Jaboparopust B Mupe. M 310 HecMorpsi Ha TO, YTO B
AByX Jabopatopusx — PepMHeBCKO#l yCKOpUTeJNbHOH Ja6opa-
vopuu (PHAJI) u B EBponeiickoM LieHTpe SIAEpHBIX HCCJIENO-
Banuit (UEPH) — uMesuce nyukn wactun ¢ 3Hepruedl, B
$—6 pa3 npeBbllIAOLENd MacCy TPOMEKYTOUHBIX G6o30HOB. [eso
8 TOM, 4TO 3TH MYYKH HANPABJAIHCh Ha HEMOABHKHbIE MHIIIEHH,
a NpH 3TOM 5HEPrusi, KOTOpas MOXET UATH Ha pOXKIEHHe HOBBIX
gacTHi, cocTaBJseT Jumb Maiyio xoao (V 2mc*/E, rae m —
mMacca HYKJIOHA) oT sHepruu E wacTuu B nyuke. Buuio sicHo,
qTO AJSA POXKIEHHS IPOMEXKYTOYHBIX GO30HOB HYKHBI CTOJKHO-
BEHHS BCTPEYHBIX NYYKOB.

B 1976 r. H. Kunaiin, I1. MakHWnuraiip u K. Py66ua npen-
JIOXKHJIM MOCTPOMTh Ha Gase mpoToHHLIX yckopurteseid @PHAJI
#u IHEPH npoton-antunporonssie KoJnaiinepsl. B 1978 r. B
IIEPH 6bl1o mpuHATO penleHHe O TaKOM CTPOHMTEJbCTBE, a B
1981 r. xomnafinep, B KOTOpOM NMPOTOHEI ¢ 3Hepruei 270 I's3B
CTaJIKUBAIOTCH C AHTHIIPOTOHAMH TOH JKe SHEPTHH, HadaJ pa-
Gorarh. BHauaJsie MHTEHCHBHOCTH KoJllafijepa 6bl1a HemOCTa-
TOYHOH A/ POXKAEHHS NPOMEXKYTOUHBIX GO30HOB (IIPOTOHBI H
AHTHIIPOTOHBI CTAJKHUBAJIHCh OUeHb peako). Ho ocenbio 1982 r.
OHa JIOCTHTJVIa Heo6XOIHMMOro Iopora, 4 B sHBape 1983 r. pykoBo-
JHUTEeJIb OJHOrO M3 3KCIEPUMEHTOB Ha KoJafifiepe (3TOT 3KcIie-
pHMeHT Hu3BecTeH mop HasBaHueM UAI) — K. Py66ua coo6-
{0uA 0 HaGJIIOfeHHHU TiepBbIX W-6030HOB.

Kak mnpouncxonut poxIeHHE NPOMEKYTOYHBIX GO30HOB?
BricTphIil TPOTOH MOXHO NPEACTaBHTh ceGe KaK NYYOK COCTaB-
JIFIOMHX ero YacTHI — KBapKOB M IVIIOOHOB. [IpuMepHo mo-
JIOBHHY HMITyJibca OBICTPOrO HNPOTOHA HECYT KBAapKH, MOJIOBH-
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HY — IVIIOOHEBI. AHaJIOTHYHBIM 06pa30M GLICTPHIH aHTHIIPOTOH —
3TO MYYOK aHTHKBApKOB H TJIIOOHOB. IIpH CTOJIKHOBEHHH IIpPO-
TOHA M GHTHIPOTOHA OJHH M3 KBAPKOB ¢ H OIHH H3 aHTHKBap-

KOB § MOT'YT IIpeBPaTHTbCA B NPOMEXYTOUHBIH 6030H_ (pHc.,36).
Bcero B0sMOXKHO deThIpe TaKMX KBapk-
AHTHKBAapKOBHIX peaKkluH; OHH H300paxe-

Hul Ha puc. 37.1Ipu 3TOM ocTasibHBIE KBap- w@)
KH, aHTHKBapKH H IVIIOOHH B DOXJAEHHH

IPOMEKYTOYHEIX 6O30HOB AKTHBHOIO Y4a-

CTHSI He HPHHHMAIOT — OHH HIpalT poJab
nabuoziateseii. OHAKO, JIMIIMBIIHCH CBO- . 7

HX CIOYTHHKOB, MpeTeplneBUIMX JoGoBoe Puc. 36. Poxnenne
CTOJIKHOBEHHE, 5TH HaG/IONaTeJIH HCIbITHI- gg:;"e’;w?'gg;‘]’(gg:
BaloT rnyéoxoe MOTPSICEHHE» H PACCBINAIOT-  peyyn K‘;apxa U aH-
Csl MJIM, KaK TOBOpSAT, (parMeHTHPYIOT B THKBapKa
anponsl. IIpu stom obpasyrorcs Be afpoH-

HBIE CTPYH, OfiHa H3 KOTOPHIX NIPOJOJKAeT IYTh HCXOJHOrO
IIPOTOHA, a Jpyras — aHTHNpPOTOHa. TaKoe CTOJIKHOBEHHE

u a u a
A i z &

a ") i} e

Puc. 37. Poxzaenne W *-Gosona (a), W—-6030Ha (6) u Z-Go3oua (6, 2) npH
CTOJIKHOBEHHSAX KBapka M aHTHKBapka

u3006pakeHo Ha puC. 38, rae npsimMble JHHHHE H 300paXkaloT KBap-
KH H aHTHKBapKH, a BOJIHHCTasl JuHHA — 310 W- (1iam Z-)60-
30H; IVIIOOHBHI Ha PHCYHKE He II0Ka3aHbl.

7 — q /1p0moHRas
—> [jpomoxs  p g 7 cmpys
Aumunpomornag | G W) - qa .~
-~ copyg { 7 g; P Anmunpomon <—

Puc. 38. Poxpaenne npomexytounorv 60sona (W uiau Z)“npu CToAKHOBe-
HHHM TPOTOHAa M aHTHNpoToHa. OcTapmmecss KBapKH M AHTHKBapKH JaiOT
JiBe ajpOHHBIE CTPYH

O6parute BHHMaHMe, 4TO Ha pHC. 38 JHMHHA, H306paxkalo-
IIas MPOMEXKYTOUHbIH 6030H, oueHb KOpOTKas. Tak s monmwtaj-
csl OTpasHTb TO OOGCTOATEJbCTBO, YTO, COTJIaCHO CTaHAAPTHOM
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TEOpHHU, NMPOMEKYTOUHbIH Go30H xuser Bcero 3-1072°c u He
yCIeBaeT 3a 3TO BpeMs Jaxke BBIGPAThCSl H3 TOJIIBI KBapKOB H
aHTHKBAapKOB —- CBHJeTesiell ero poxaeHHs. Ho kak xe B Ta-
KOM CJiyuae MOXXHO Y3HAaTh, YTO IPOMEXYTOUHBIH 6030H BOOG-
we poxkianacsa? O1Ber la 3TOT BOIPOC 3aKJKOYaeTcsi B TOM, UTO,
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Puc. 39. Cxemaruueckuit Bug ycranoskn UAl c6oKy, BAOJb myuKa
TIPOTOHOB}

N

noru6as, NMPOMEXYTOUHbIH GO30H HHOTJA NOCHLIAET OYeHb fIp-
KHH cHrHads.

B GosblInHCTBE C/y4aeB NPOMEXKYTOYHBIE GO30HBI JOJIKHEI
pacmajaTbcs Ha KBapK M aHTHKBapK, KOTOphle 3aTeM INpeBpa-
IAIOTCA B JBe CTPYH afpoHOB. K coxkaJ/ieHWIO, OTVIHYHTL 3TH
CTPYH OT aJApPOHOB, POIMBIIMXCSA B CTOJTKHOBEHHUH 3a CYET CHJIb-
HBIX B3aNMOJeHCTBHH, oOdYeHb TPYAHO. 3aro pacmauel W- u
Z-6030HOB Ha JIENITOHBl NpPAKTHUECKH He 3ar/yIlaloTcs HHMKa-

82



KuM ¢oHOM. Peub uzer, B uaCTHOCTH, O pacrmajgax
W+ —etv,, W-—e v, Z°—ete”

B TeX C/ly4asix, KOrjja 3J1eKTPOHbl H MO3HTPOHBI BBHLNETAIOT IOJ
GOJIBIIMMH YTJIaMH 110 OTHOLUEHHIO K CTAaJIKHBAIOIUMCS NMYyYKaM
p up.

DKcnepUMeHTabHbIE YCTAHOBKH, B KOTODBIX HaGJIOfa/IHCh
W- u Z-6030HbI, yHHKaNbHbl. OHH COYETalOT THTaHTCKHE pas-
MepHl ¢ 10BeTHpHOH TouHocThio. Ha puc. 39, 40 u 41 cxemartu-
‘'yeckH u3oGpakeHa ycraHoBka UAI. Ha puc. 39 nokasaH Bua

=
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Puc. 40. CxemaTtuueckuii Bux ycragoBku UAI crmepenu

c6OKy, BIOJb Ny4YKa MPOTOHOB, Ha puc. 40 — BHJ crnepenu:
MPOTOHB! BJIETAIOT 1O OCH YCTAHOBKH CJIeBa, AHTHIIPOTOHBI —
cripaBa. Ha puc. 41 ycraHoBKa yacTHYHO pasoOpaHa, TakK 4To
BHJEH UHJHHADHYECKHII LEHTPaJ/bHbIA JETEKTOp, MOMelleHHBbIH
B MarHuTHoe noJie 0,7 Tu, co3paBaeMoe MarHUTOM, Macca KOTO-
poro 8 Thic. ToHH. BHyTpeHHuii o6beM MarHuTa paBeH 80 m3,
U3 KOTOphIX 25 M? 3aHHMaeT UeHTpaJbHHIA JeTeKTOp AJMHHOMN
5,8 M u auamerpom 2,3 M.

IlenTpanbHBIll meTeKTOp NIpeACTaBJsieT coOOH TaK HasbiBge-
Myl Aped¢oByI0 Kamepy, 3anoJIHEHHYIO Ia30BOH CMechi0 ap-
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roHa M 3TaHa, B Kortopol uMeercs 6Q00 ToHuafimx mpoBoJio-
YeK, PErHCTPHPYIOMUX JEKTPOHBI, .BbIOHBaEMble H3 aTOMOB Ta-
3r30H CMECH MOHM3YIOUIMMH YacTHLAMH. DTH IPOBOJOYKH 00-
Na3ylOT IJIOCKOCTH, PAacCTOSHHE MEXJy KOTOPBIMH COCTaBJISIeT
18 cM. -Eme 17 000 pOBOJIOYEK CO3JAl0T 3JIEKTPHYECKoe IoJie,
B KOTODOM 3JIEKTPOHBI JIpeH(yIOT CO CKOPOCThIO 5,3 CM/MKC. .

; 3
; _[ysj
gl
e

Puc. 41. AxconomeTpnuecKkoe uso6paxenne ycranoBku UAl B HepaGoueMm
COCTOSIHHH, KOTJa MepefHsisi W 3aJHss YaCTH MarHUTa PasiBHHYTHI

Tak utro MakcuMmanbHoe BpeMsi Jpefia 3JIeKTpOHa paBHO
3,6 MKc. dt0 BpeMsi MeHblue, yeM HHTepBaJ (3,8 MKC) Mexny
IOCJ/Ie0BaTeJbHBIMH CTOIKHOBEHHUSIMH CI'yCTKOB IIPOTOHOB H aH-
THIPOTOHOB B BaKyyMHOH TpyOKe KoJsafijiepa, Nnpoxoisimed
BIOJb OCH IMJAHHApa. CHTHA/Bl PErHCTPUPYIOMIUX [POBOJOUEK
CUMTBHIBAIOTCH OBICTPOH 3JIEKTPOHHKOH, H KOMIIBIOTEpP, BOCCTa-
HaBJIMBasi TPAGKTODHHM YAaCTHII, ONpEAEJNsieT HX HMIIYJbCHI,

LlenTpasnbHbIE JETEKTOP OKPY?KEH 3JIEKTPOMArHUTHBIM KaJlo-
pPHMETPOM, B KOTOPOM IIOTJIOIAOTCS 3J1€KTPOHBI, NO3UTPOHE! H
(OTOHBI M KOTODHIH H3MepsieT SHepTHIO 3THX YacTul. (DJIeKTpo-
MarHHTHBIH KaJOpHMeTp COCTOHT H3 4YepelyIOLIHXCS CJIoeB
CIHHTHJAsITOPA U cBHHIA. O TOM, YTO KaJOpDHMETp H3MepsieT
NOJHYIO SHePIHUI0 YacTHI, MOXKHO JOrafarbcsi 10 CaMOMY CJIOBY
«KaJIOpHMETP».)

DHepruuHble aJpOHbl MPOXOASAT Yepe3 3JEKTPOMAarHUTHBHIH
KaJIOpHMETD, IPAKTHYECKH He Tepsid B HeM sHepruH. OHu ocra-
HABJIHBAIOTCsl B aJIPOHHOM KaJIODHMETpe, KOTOPHIM CJyKHT Sp-
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MO MarHHTa, NPOCJOEHHOE CLHHTHJVIATOpAaMH. AJNpDOHHBEIA Ka-
JIODHMETD H3MepsieT SHEPTHIO aJpOHOB.

Haxkonel, cHapyXH BCIO YCTaHOBKY OKpyatoT 50 niacTun
apefidoBhix Kamep (pasmepoM 4 X6 M Kaxnas) npeaHasHagaroo-
IHXCS JJI51 PETHCTPALHH MIOOHOB.

Jas ycranoBka UA1 oGopynoBaHbl fiBe BePTHKAJbHbIE MIaX-
Thl auamerpoM 20 M-Kaxzuas. Uepes oaHy H3 HHX OPH30HTaJb-
HO IIPOXOAAT MYyYKH KoJsJaijaepa, a Apyras CJAYXKHT «rapakom»
IJIl yCTAaHOBKH, KOTJa KoJiafiziep He paGoraer. Besl ycTaHOBKa
UAIl umeer Maccy 2 Thic. TOHH H IepeBUTaeTcsi H3 OXHOH
maxThl B APYT'yIO IO pesbcaM.

Hpyras ycranoBka UA2, npepHasHaueHHast AJ1s1 JETEKTH-
pOBaHHSA IPOMEXYTOUHBIX GO30HOB, He HMeeT GOJBIIOTO Mar-
HHTA: OHa MeHblIe H Jerue, yeM UA1, u nepensuraercs Ha BO3-
IyUIHOM MOAYyLIKE B SKCIEPHMEHTAJbHOM 3ajle, PacloJIOXeH-
HOM Ha ray6uHe 50 M mox moBepxHocTbio 3eMin. (Byksor UA
osnauawt Underground Area. Beero B 1981—1983 rr. mpose-

JeHO IIeCTb 3KCIepHMEHTOB Ha pp—Konnannepe LIEPH, or
UA1 no UAS6.)

O wMacumrabax OINHCHIBAEMBIX 3SKCIIEpHMEHTOB CBHJIeTe/Ib-
CTByeT M TO, uTd y crarelt, myGmukyembix rpynnoi UAl,
137 aBTopo.

OcHOBHast TPYJIHOCTb B TOHCKaX IPOMEXYTOYHBIX GO30HOB
CBfI3aHA C TeM, UYTO BEPOSTHOCTH HX POXKJAEHHS OuYeHb MaJbl.
Tak, poss npouecca

pp — W 4 anponsl
_, ety

cocrasJsieT npumepHo 1078, a nosas mpouecca

pp — Z -+ afpOoHbI
|l ete”
coctaBJisieT npuMepHo 107° mosHOro yHc/aa NpoLEccoB, HAY-
_ LI¥X. NPH CTOJKHOBEHHH NPOTOHA € AHTHNPOTOHOM. Tak uTO
HIOJIKYy NpOMeXyTouHoro 6030Ha HaJo OTHICKAaThb B CTOre, CO-
JlepKaleM MUJJIHAPAbl COOBITHH CHJBHOTO B3aUMOAEHCTBHUS, -
B Ka)JIOM H3 KOTODbIX POXKIAIOTCS JECATKH 4YacTul. ITH GOJb-
IIHe YHCJA HaTaJKHBAlOT M Ha JPYroe CpaBHEHHE: OTHICKAaTb
HY3KHOTO YeJIOBeKa Cpel NSTH MHJIHAapIOB .KHuTeJell 3eMJH.

M3 Muannapia pp-cTONKHOBEHHH, NMPOHCIIENIIMX B yCTa-
HoBke UA1 B Teuenne 30-IHeBHOro ceaHca B HosiGpe-aekaGpe
1982 r., 6bicTpas 3/1eKTPOHHKA OTOGpOCHJIA KaK HeHHTepecHble
999 MHJTHOHOB M OTNpPaBH/Ia B KOMIbIOTEp JIHLIb MHJIUIHOH
COOBLITHH,— TeX, B KOTOPBIX ObIJIH YacTHIB! ¢ GOMBILIOH ITonepey-
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HOM 3Hepruei, T. €. 4aCTHUHI C GOJIBLIOH SHEprHeH, JeTsuue
Ha Gouibline yribl. Cpefin 3THX COOLITHH 3JIEKTPOHHKA OTMETHJIa
OKOJIO THICSIYH COOBITHH, COJAEPKaLIMX 3/1eKTPOH C IONepevHoi
sHeprueit, npepbimatoueft 15 I'sB. M3 sroit Thicsun co6wITHI,
($H3HKH, MyTeM BCECTOPOHHETO aHaJH3a OTOOpaJiH ILeCTh KaH-
AM1ATOB B W-6030HbI.

Kak yxe GblIO CKa3aHO, XapaKTepPHBIM NPH3HAKOM W-60-
30Ha fIBJISIETCS 3JIEKTPOH C GOJIBIION nonepeyHoit SHeprued.
Ilpu pacnane nokosimerocsi W-6030Ha ¢ Maccoit okosio 80 I'sB
3JIEKTPOH H HeATpHHO Zenar W-HacsencTBo NonosiaM, Tak 4TO
KaXJblfl U3 HUX HMeeT KMHeTHUecKylo 3Hepruio okoso 40 I'sB.
Ecan anektpoH ¢ sHeprueit nopsaka 40 I'sB Beltetur mop yr-
JioM (90+30)° Mo OTHOILIEHHIO K OCH YCTaHOBKH, TO €r0 IoMnepey-
Has sHeprus Oyger npesbiiath 30 I'sB. UYerbipe u3 mectu
W-kaHAHaTOB yIOBJETBOPS/IH 3TOMY KDHTEDHIO.

JpyruM xapakTepHbIM NpH3HakoM pacnaga W — ev, siB-
JsieTcss HeATPHHO. B cHJIy 3aKOHa COXpaHEHHS HMIyJbCa I0-
nepeyHbl HMIYJIbC HEHTPHHO JOJ/KEH ObITh PaBEH 10 BeJHYHHE
H IPOTHBOIOJIOKEH N0 HAMNpABJEHHIO NONEPEYHOMY HMIYJIbCY
3/IEKTPOHA (TIOCKOMBbKY MaJIbiM MONEPEeYHBIM HMIYJIbCOM pacra-
Jatowerocsi W-603oHa MOxHO npeHe6Gpeub). HelitpuHo siBisier-
csl OyeHb NpoHHKatouell yactuuedi. Jns HefATpHHO ¢ 3Hepruei
40 I'sB nsuHa mpoGera B kesie3e NpPEBLIIAET MHJVIHOH KHJIO-
MeTpoB, TakK yro W3 ycraHoBKH UAI HeliTpHHO Hcyesaer Gec-
cnenHo. dra GeccJefHOCTh M SIBJ/isleTCS TVIaBHOHM YJIMKOH, TIO
KOTOpOH omnpeJe/isiioT HPUCYTCTBHE HeATpHHO. Benb Bce ocTasb-
Hble YacTHIB! JIHG0 OCTAHABJMBAIOTCS B YCTAHOBKE (3JIEKTPOHHI,
(oToHbI, anpoHbl), JHGO, MO KpalHell Mepe, OCTaBJSIOT B Hei
cren (mMiooH). Mtak, cBHAETE/IbCTBOM BbLIETa HEHTPHHO C GOJIb-
MM NOHEPEYHbIM HMITYJIbCOM SBJSETCA KaxKyllleecss Hapylle-
HHe COXPaHEeHHs MONepeyHOro HMIyJbca KaK pa3 Ha BeJHYHHY
NONepeyHOoro HMIyJbca HEATPHHO. ¥ YeThipex YMOMSHYTBIX
Bbimie W-KaHIHJaTOB 3HAyeHHE HENOCTAIOWIEro MNONepeyHoro
HMIyJibca HaxoAuJoch B HHTepBaje or 30 po 40 I'sB!

Bckope nociie coo6imenus rpynnsl UAL coobuiusia o Ha6o-
JeHuH nepBbix W-G030HHBIX cobbiTHit M rpynna UA2.

B amnpese-utone 1983 r. cocrosisica elle OAHH ceaHC paGoThI
KoJslaifiepa, BO BpeMsl KOTOpPOro cyMMapHasi cratuctika W-6o-
30HHBIX COObITHH NMpuGmau3uiach K cCoTHe, H GblJIO OGHApyXKeHO
OKOJIO JIeCATH CJy4aeB 3JIEKTPOHHO-IO3HTPOHHBIX pacnajoB
Z-6030H0B. Macchl W- 1 Z-6030HOB OKa3a/qHChb Ha OmbiTe He-
ckosbko G6abmnmMa 80 u 90 3B coorBercrBenno. Ceuenus
pOXKZeHHS G030HOB H YIVIOBble paclpeleNeHHs! MPOLYKTOB pac-
naja, HaliJleHHbIe Ha OIBITE, TaKXe HaXONATCH B COIVIACHH C
NpeNcKa3aHUsIMH CTaHAAPTHOH TEOPHH.
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Orkpbitne W- u 2-6030HOB — 310 TpHYMd TeopHH, CTab-
IIHH BO3MOXKHBIM TOJIbKO 6Jlarofapsi BbiICOYaHLIEMY HCKYCCTBY
(H3HKOB-YCKODHTEIBIIHKOB H  (DH3HKOB-IKCIIEPHMEHTAaTOPOB.
B HayuHo-nonynspHo# 6pourope, n3fganHoi B 1981 r. nHpopMa-
unoHHbIM oTAeqoM LIEPH u osarsaBneHHON «AHTHNpPOTOHHBIH
npoekt LIEPH», ncTopHs 3TOro npoekTa oTKphIBaeTcs caenyo-
IIHMH CTPOKaMH:

«1967 r. B UucturyTe snepHoit ¢ousuku B HoBocu6upcke, CCCP, uzobperen
METOA SJIEKTPOHHOTO OXJaXKIeHHuf, npenuaaﬁaqeﬂnblﬁ A5
TNOJNyYE€HHSI HHTEHCHBHBIX AHTHIPOTOHHBIX NIYYKOB B LeJAX HC-
CJIel0BaHu A C])H3H'-ICCKHX SIBJIEHH I TNpH CTOJIKHOBEHHSX MPOTOH-
AHTHTIPOTOHHBIX NYYKOB npu 3Hepruu 25 I'3B.

1968 r. B LIEPH wuso6peren merox CTOXaCTHYeCKOTO OXJaXKAEHHUS...».

«OTI0M» 3/7IEKTPOHHOI'O OXJIaXKJAEeHHsI GblJ COBETCKHE aKa-
Jemuk I'. H. Bynkep (1918—1977). CroxacTtHueckoe oxJaxje-
HHe OblJI0 H300peTeHo ro/uanickuM ¢usnkom C. Ban nep Mee-
poM. He pasbscHss 31ech CyTH 3THX METOJOB, OTMETHM TO/BKO,

uto Ge3 oXJsaKIeHHs] AHTHIPOTOHOB pp-KoJJaiiep cAenathb
Hesb3s. He yauBHTesnbHO nmoatoMy, uyto HoGenesckasi mpemus
3a OTKpbITHE MNPOMEXYTOYHBIX O6030HOB Obla MNpHCYXKJEHa
oceHbto 1984 r. ¢usuky-skcnepumentaropy K. Py66ua u du-
3uKy-yckoputenbiiuky C. Ban nep Meepy. Kak Bel momumure,
¢usuKH-TeopeTHKH nonyuynan HoGeneBckyio mpemuio 3a mpo-
MexXyTo4yHble 6030HHI ellle B 1979 r., Tak cKasaTb, aBaHcoM. I]o-
JKaJay#, HH B OJHOM JpyroM (yHIaMeHTaJTbHOM (PH3HUECKOM
OTKPBHITHH He CJHBaMHCb CTO/Ib TapMOHHYHO YCHJIHMSI TAKOro
6OJIbLIOrO YHMCJ/A YYEHBIX H HHXKEHEPOB Pas3/iHUHBIX ClelHa/lb-
HOCTeH. )

[ToyuuTesbHO CpaBHHTb OTKpbITHE Z-6030Ha C O’I‘KpblTPIeM
B HayaJle 3TOTO BeKa ero GuHxaiiiero poiCTBEHHHKa — oto-
Ha. Mbl KymaeMcst B OKeaHe cBeTa, (JOTOHBI GYKBaJbHO «6po-
caroTcst B v1asa». OCHOBHasi TPYAHOCTb B OTKPBITHH (POTOHOB
3aKJIioyasach He B TOM, 4TOGBI CO31aTh HX, a B TOM, YToGbl pas-
JINUHTh B 3TOM CbOTOHHOM OKeaHe OTJe/bHble YaCTHLB — KBaH-
- Tol. Jlns Z-6030HOB cYeT ¢ caMOro Hauasla HJAET Ha LITYKH.
3zech OCHOBHAsi TPYAHOCTb CBSI3aHA C CO3JaHHEM 3THX YacCTHIL.
A B OCHOBe 3TOro pas/HYHs JIEXHT TO, 4TO (OTOH Ge3Maccos,
a Z-6030H oyeHb TsixeJbiH. Ecin Gbl Z-6030H OblLT TOXE 6€3-
MaccoB, ero Oblo Obl Jsierdye HabuiofaTh, ueM (OTOH: Belb
3apsal g, Oousblile, yeM 3JEKTPUUECKHH 3apsii e.

B 6Jm>xanmne rofbl ueesenosanne W- v Z-6030HOB npofodi-

JKUTCS Ha pp—Kon.nannepe LIEPH. B 1987 r. k HeMy npHcoenn-

Hutca  T3BaTpoH — pp-kosnakinep PepMueBcKoil JsabopaTo-
PHH, B KOTODOM 3HEDTHH NPOTOHOB H AHTHIPOTOHOB JOJIKHbI
pasuatbess 1 TaB=1000 I'3B.
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3ateM NOMKHE HauaTh pabory «Z-6030HHBIE (aBpPHKH» —
3JeKTpoHHble Kosaigepst CJIK (1986 r.) u JIDIT (1988 T.).
IepBblit U3 HHX cTPOUTCS Ha OcHOBe Cran(OpACKOro JHHEHHOro
yCKOpHTeJs1. DJIEKTPOHBI U MO3HUTPOHBI GYAYT YCKOPSATHCS B HEM
CHHXDOHHO M BCTpeyaTbCsl B Bep-
IHHe «paketku» (puc. 42). Bro-

e-et poii Kosjaiiep — KOJbLUEBOH C
OKPYKHOCTBIO KoOJiblia 27 KM —
crpourcs B LIEPH. On 6yaer

s npousBofuTh [Ha cBer 20—30
Z-6030HOB B MuHyTy. B ofoux
Puc. 42. CxeMa cranopicko-  goJjiiaiiepax sHEpTHs SJEKTPOHOB

TO IMHEHHOTO KOMIAHACPA gy oguTpOHOB GYHeT MOAGHpPAThCs

TaKHM 00pasoM (FpHMepHO II0
46 I'B y kaxao# wactuipl), 4toGHl et M e~, CTaJKHBasCh,
poxjanu Z-6030H pEe30HAHCHBIM 06pasoM.

[Ton crare rurantckum pasmepam JIDII — u maciuraGel
MIOATOTaBJHBAEMbIX JJIsi HEr0 4YeTHIpeX SKCIepHMEHTaNbHBIX
YCTaHOBOK. YTIOMSIHEM 3JieCb TOJIbKO 06 ORHOH M3 HHX — YycTa-
HoBKe JI3 (KcTaTH, B ee CO3JaHHH NPHHHMMAIOT yYacTHe H MO-
ckoBckHe ¢u3nkH). Bes sta ycraHoBka 6yneT nomematbcsi B
60JIbILIOM 3KeJIE3HOM 3JIeKTPOMaruure Maccod 6 Thic. TOHH C
BHEIIHHUMH pasmepaMH 16X 16X16 M ¥ BHYTpeHHHM 0GBEMOM
12X12X 12 M. B stom o6beme Gyzser ycraHoB/eH 300-TOHHBIHA
aJIpOHHLIA KaJIOpHUMETpP M3 ypaHa, BHYTPHKOTOpOro GyjeT Io-
MeilleH 10-TOHHBIH 3/1eKTPOMarHHUTHBIA KasopuMerp u3 12 Thicsiy
CLMHTHJUIMPYIOIHX MoHOKpHcTawioB BGO (Bi,GesO,y).

o

$®HU3UKA HA KOJUIAHAEPAX MOCJE Z

Ilocsie oTKpLITHS Z-6030HOB 3a1adyeli HOMep OIHH
17151 GU3HKH BLICOKHX 3HEPTHH SIBJSIIOTCS NOMCKH, OTKPHITHE H
HCCJIeJloOBaHHE CKaJlsAPHBIX G030HOB — (pyHAaMeHTaJbHBIX Yac-
THI{ CO CIHHOM, PaBHBIM HYJIIO. DTH YacTHIb Ha3BaHBl XHITCO-
BEIMH GO30HAMH IO HMEHH aHIVIMACKOro (H3HKa-TeOpeTHKa
IT1. Xwurrca. '

B coBpemenHO# TeoperHyeckol pH3MKe XUITCOBE G030HB —
HJIH,-KaK HX ellle Ha3blBalOT, XUITCHl — HUIPAIOT OYeHb BAXKHYIO
posib, BepHee CKa3aTb,— HECKOJBKO posieli. Bo-nepBeX, oHH
JAIoT Macchl JIENTOHAaM, KBapKaM H IPOMEXYTOYHbIM GO30HaM.
Bo-BTOpEIX, OHH OTBETCTBEHHH! 33 «IepeKOCc» BEpXHHX KBAapKOB
OTHOCHTE/IbHO HHXKHHX H CYIeCTBOBaHHe NEBATH (2 He Ppex)
3apsXKeHHBIX KBapPKOBHIX TOKOB. B-TpeTbHX, ¢ HMMH, NO-BHAH-
MOMY, CBfi3aHO HapymeHHe CP-CHMMeTpHH M, BO3MOXHO,
P-cummerpur B caa6bix npoueccax. K coxaneHHIo, OGbSICHHTD
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«Ha maJjbllax», KaK XHITCOBbI GO30HBl YMYJIpSIOTCS BCE 3TO
clenatb, oueHb TpyAHO. JIJfl 3TOrO HyXKHa OTAeJNbHAs KHHTa,
KOTOPYIO, HECOMHEHHO, HANHLIYT ITOC/e TOro, KaK 3TH YacCTHIbI
GyLyT OTKPBITHI.

Teopusi XurrcoBblX GO30HOB HAaXOJUTCH [OKa He B TaKOM
XOpOLUEM MOJIOXKEHHH, B KAaKOM HaXO[HJ/aCh TEOPHs IPOMEXY-
ToyHbix W- U Z-6030HOB NATHaAUATb JeT Hasajl. B Heit emme
MHOr'0 MpOH3BOJIa (CBOGOAHBIX MapaMeTpoB) H, YTO caMoe IJiaB-
HOe, HET YeTKHX MpeACKa3aHHH OTHOCHTEJNbHO TOro, KakoBa
macca (/1M Macchl) 3THX yactl. Huxxuuil npesen jexut BOJIH-
su 10 I'sB, Bepxumii — okomo 1000 I'sB.

Ecau XHrrcoBbl 6030HHI JIErKHE, TO HX, MOXeT ObiTh, OT-
KpOIOT Ha CYIIeCTBYIOIIHX KoJuaiinepax uau Ha JIDII. Ecau
OHH Tsl:KeJible, TO HpuIeTcs oxuiaatb 90-x rojoB, Korja A0JK-
Hbl OyIYT BCTYNHUTDb B CTPOi cynmepkoutaiaepbl: YHK — ycko-
pHTeNIbHO-HAKONMHUTENbHbIH KoMiieke B IIporBuHO (BO/MH3H
CepnyxoBa) C . 3HEeprHsIMH CTaJKHBAIOUUXCS IIPOTOHOB IO
3 TsB, u CCK B CIIIA. ITapamerpbl 3TOr0 MOCIENHEro MPO-
eKTa Mmoka He ¢uKcupoBaHbl. [lnaHupyeTcs 1OCTpPOHKa B TOH-
Hesie JIDIT Kossaiizepa ¢ SHeprusIMH IPOTOHOB H aHTHIIPO-
ToHOB, paBHbeiME 10 T3B. B HoBocubupcke nsaanupyior
BJISIIT — BeTpeuHble JMHeHHble NYYKH et H_e” C SHEprus-
mu 500 I'sB.

C 3THMH MallHHAaMH CBf3bIBAIOTCH TaKXKe HaJexXIbl Ha OT-
KpbITHE TaK Ha3blBaeMblX NPEOHOB — THIIOTETHYECKHX YAaCTHIL,
H3 KOTOPbIX, COIVIACHO HEKOTOPbIM TEOPETHYECKHM HOCTPOe-
HHUSIM, COCTOSIT JIENTOHbI H KBapKH. A MoxeT ObITb, He TOJIbKO
JIENITOHB! H KBapKH, HO M HEKOTOphble MJIM jJaxe Bce BEKTOPHbIE
6osonbl: W, Z, riooHbl, (OTOH, a TaKKe XHITCOBBI GO30HbI.

Ha pasmblyiennst o npeoHax (H3HKOB HaTaJKHBaeT Cylie-
CTBOBaHHe GOJIBILIOro KosnyecTBa ()epMHOHOB H GO3OHOB, KO-
TOpble B HacTosilliee BpeMsi YHCJAATCA (yHIAMeHTaJbHbIMH, H
GoJbinioe pasHooGpasue X cBOHCTB. OfHAKO K CKOJBbKO-HHOY b
y6equTeNIbHOA TPEOHHOH TEOpHH 3TH pa3MbIUIEHHS MOKa He
npusesH. [lo-BupuMoMy, 3lech He XBaTaeT KaKOro-TO HOBOTO
NpHHIHNA.

Kosnnafinepsl BbICOKHX 3Hepruil MOHafo6ATCS W JAJISL TOHC-
KOB-IIPOBEPKH ellle OIHOrO H300peTeH 1 PH3HKOB-TEOPETHKOB —
cyoepcumMeTpuu. CymepcHMMETPHsSi — 3TO CHMMETPHSI MeX-
Iy ¢epmuHoHaMH H GoszoHamu. Tak, corJacHo mpocrefuemy
BapHaHTy CYNepPCHMMETPHH, Y KaXKIOH M3 y2Ke M3BECTHBIX yac-
THI| €CTb CBOH «CyIepmapTHep», CIIHH KOTOPOro OTJIHYaercst Ha
1/2: y porona — doruro (qactuua co cnuHoM 1/2), y nentoHoB
H KBapKoB — JIENTHHO M KBapKHHO (4aCTHLB! co ciHHOM O,
HHOTJIa 3TH CKaJsIpHble YacTHIbl Ha3bIBAIOT HHAaye: CJENTOHHI
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M CKBapKH), y XHUIrrcoBa G6030HA -— XHITCHHO (YacTHIA CO
cnusoM 1/2) u 1. x. Ecau cynepcHMMeTpHsi OCYIIECTB/IAETCS B
npuUpoje, To, pasymeercsl,— JIHLIb B CHJILHO HapyLIEHHOM BHJE.
Ipennonaraior, 4yTo Bce Mepeuync/IeHHbIE BbILIE «HHO» JOCTATOY-
HO TsiXKeJible, 1 HMEHHO II03TOMY OHH He ObLIH OTKPBITHI [0 CHX
nop. OnHo3HayHBIX NpeicKa3aHHi O Maccax «HHO», K CoXKaJje-
Huto, Her. Ho ecTb cepbesHble coofpaKeHHs, COTJacHO KOTO-
pPHIM OHH He MOryT ObITb cyliecTBeHHO Tsixkesnee 100 ['3B.

Hapsany c piuckoBaHHOI 0X0TO 32 JHKOBHHHBIMU IOPOXK/€-
HHUSIMH TeOpeTHYeCKHX (aHTa3ui (PUCKOBAaHHOH, TaK Kak IIaH-
Cbl Ha yclex He rapaHTHPOBaHBI) y (pM3HKOB, paboTaloUX Ha
Kosjiafiiepax, ecTb, eC/IH MOXKHO TaK BbIPAa3HTbCA H «BePHBLIH
Kycok xneba». §I uMel0 B BHIY KOJHYECTBEHHOE H3yueHHe
CHJIbHBIX B3aHMOJIEHICTBHH MeXAY IlooHaMH H KBapkaMH. Oco-
Oblii HHTEpeC NpeACTaBJsIET HKCHEPHUMEHTAbHOE HCC/IeOBaHHE
CTpY# alpOHOB, KOTOPbIe yKe HeCKOJIbKO pa3 yNOMHHAJIHCh Ha
CTPAHHLIAX 3TOH KHHTH.

e+

Puc. 43. O6pasoBanue AByX alpPOHHbIX CTPYil NP pasJieTe KBapKa M aHTH-
KBapKa, POXJEHHbIX B 3JIEKTPOH-NMO3HTPOHHOM CTOJKHOBEHHH BBICOKOH
IHEpTHUH

Ha s/1eKTpOH-NO3HTPOHHBIX KoJaliiepax poMkKAaloTcs B OC-
HOBHOM TaK HasblBaeMble KBapKOBble afipOHHBIE CTPYH, Y HCTO-
KOB KOTODHIX CTOMT DOXJEHHE I1apbl KBapK — aHTHKBApK
(puc. 43, a,). Passerasic, KBapK M aHTHKBapK BBICOKOii 3Hep-
THA TeHePUPYIOT GOJBIIOE YHCIO KBAaPK-aHTHKBApPKOBBLIX IMap
(puc. 43, a,, a3, . . .), TaK YTO LBETHble YaCTHIBl YXOAAT Ha
GoJIbIINE PACCTOSHHSI YK€ B BHIAE OeCUBETHBIX KOMIJIeKCOB,
BMOC/IEACTBHH 3BOJIIOUMOHHUDPYIOMMX B ajApoHbl. B pesynb-
Tare BIOJb HAaNpaB/leHHsI KaXAOTO M3 HCXONHBIX KBapKOB
BbIJIETAET CPAaBHUTENBHO OCTPO HampaBJeHHBIH MYYOK aJPOHOB
(puc. 43, 6). YrioBoe pacmpefie/leHHe OCH My4Ka COBHAJaeT
C yIVIOBBIM pacrpeieieHHeM TPapONHUTeNbCKOl Mapbl KBapK —
aHTHKBapK.

HMuoraa, Haxofisich elle Ha GJM3KOM PAacCTOSIHHH APYT OT
Apyra, ONMH H3 NPAPOJUTENLCKHX KBAapDKOB MOXKET H3JYUYHThb
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11ox GOJIBLIKM YIJIoM 3HEeprHUHBIf IMIooH (puc. 44, a), KoTophIf
HHHLIHHPYET ellle OfHY, IVIIOOHHYIO, CTPYIO (pHC. 44, 6). OueHb
GOJIbIIOH HHTEpeC NMpPEACTaBJSAET H3yUeHHE PAasIHYHH MeXny
KBapKOBbHIMH H IVIIOOHHBIMH CTPYfIMH aJpDOHOB.

et 7 e*
9’ \
Yo
>l_< = )—-—%
g™ g i
a a
Puc. 44. Hcnyckanue KBapKOM IJiloOHa (@) M 06pa3oBaHue B pesyJbTare

STOTO TpeX aJPOHHHIX CTPYH (IPOMCXOASIMHX OT KBapKa, aHTHKBapKa H
" rmoona) (6)

Ha nporon-aHTHIPOTOHHBIX H IPOTOH-IPOTOHHKIX KoJIalze-
pax TIVIIOOHHBIE CTPYHM AO/IKHBI POXKIATbCA Jaxe yalle, YeM
KBapkoBble. JIBe KBapKOBhle CTPYH POXKIAIOTCSH NPH paccesi-

q q q g T T
g g
"Ta‘f 7517 ’7.0’7
g g g g g g g g
g
g g g g g g 7 q
e a € %

Puc. 45. Paccesinne kBapka Ha kBapke (a), KBapKa Ha aHTHKBapke (6, 6),
IJIIOOHA Ha IVIOOHe (2, 0, €) H IJIIOOHA Ha KBapKe (i)

HHH Ha GoJblHe YIVIB KBapKa Ha KBapKe WJIH KBapKa Ha aH-
THKBapKe. [lBe IVIIOOHHEIE CTPYH POMKIAIOTCS NPH pPaccesiHUH
IJIIOOHA Ha IviooHe. KsapKoBasi H IVIIOOHHAs CTPYH POXKIAAIOTCS
COBMECTHO NPH DaccessHHH KBapKa Ha IVIIOOHe (pHC. 45).

)8



Kak yxe ynoMuHanoch, NPHMEPHO INOJOBHHY HMIYJbCa
SHEPrHYHOrO NMPOTOHA HECyT TJIIOOHHI. ['JIIOOHHBbIE CTPYH pPOXK-
JaloTcsl yalle, MMOTOMY YTO BEPOSITHOCTh CTOJIKHOBEHHSI [JIIOOHA
C IJII0OOHOM GoJiblile, YeM BEpPOSTHOCTH OCTaJbHBIX NPOIECCOB, .
H306pakeHHbIX Ha pHc. 45. ATO CBSA3aHO C TEM, YTO IJIIOOHHI,
rpy6o roBopsi, HMEIOT ABOHHbIE 11BETOBble 3apsiibl (OHH KPacHO-
aHTHXXeJThie, CHHe-aHTHKpacHble i T. A.). Msyuas o6pasoBanue
[VIIOOHHBIX CTPYH, MOXKHO JeTajIbHO HCCJENOBaTh B3aHMOAEHCT-
BHE IJVIIOOHA C IJIIOOHOM. JTO OueHb HHTEpecHas H BaXKHas
3aaua. OueHb MHTEPECHO, B, UaCTHOCTH, NMPOBEPHTb HaJHYHE
creuH(pHYeCKoro YeTbIPeXTJIIOOHHOTO B3aHMoJeHCTBHS (PHC.
45, e), cyllecTBOBaHHE KOTOPOrO IIPENCKasbiBaeT KBAHTOBAs
XpOMOJMHAMHKa. :

I'oBopsi 0 pu3HKe Ha Koasafifiepax, 1 HE YIOMSIHYJ NOHCKH
t-kBapka. Ho 310, KOHEUHO, TONILKO NMOTOMY, uTO 51 YOEXKMEH,
4TO yHuTaTeNb H Ge3 H3JIMIIHErO HAallOMHHAHHS caM XKJET He
JNOXKIETCS OTKPbITHA 3TOH dYacTHUBI *).

«THXASl ®HU3UKA» U BEJIUKOE OBbEAWHEHHUE

Bbio Gbl HempaBHJIBHO  AyMaTh, YTO BCE HHTeE-
pecHble 3KcliepHMeHTHl B OyAyiieM OyAyT 065i3aTeIbHO CBSI3aHbI
C THFaHTCKHMH ycKopHTensiMu. Boubiioilt HHTepec B mocsenHee
BpeMs NpHBJEKAeT K cebe H «Tuxas HH3UKa» — SKCIEPHMEHTHI,
KOTOpble NPOBOASATCSA B TAK Ha3blBaeMblX HH3KO(OHOBBIX INOJ-
3eMHBIX JiaGoparopusax. Ilpexnie Bcero, 3fiecb HMeIOTCA B BUIY
ONBITHl N0 TPOBepKe CTaOHJBHOCTH INPOTOHA.

Kak H3BecTHO, IPOTOHBI OUEHb CTAGMJIbHBI; HX BpEMS JKH3-
HH TIpeBbllIaeT Bo3pacT 3eMau no KpafHel Mepe Ha 20 mopsg-
KOB. YCTaHOBHTb TaKOH BbICOKHH HH:KHHH IpeJlies1 1/ BpeMe-
HHM XKM3HH IPOTOHA yJAaJoCh MOTOMY, YTO IPOTOHOB BOKPYT
Hac OYeHb MHOFO: B OJHOM TIpaMMe BOJAOPOJA COIEPKUTCS
6- 102 nporonoB. Tak uTo ecau B3fiTh, CKaxeM, 9 TOHH BOJBI
(t. e. 1 TOHHY CBOGOAHBIX NPOTOHOB) M YHAOCTOBEPHTHCS, UTO
B TeYeHHe rolla B HHX He NIPOHM30LIIO HH OXHOTO pacmajga Hpo-
"TOHA, TO MOXHO 6yJeT cieJiaTh BHIBOJ, YTO BPeMsl XKH3HH CBO-
GoxHoro nporoHa npesbimaer 6-10% ger. B nocsenneM, Hau-
GoJiee TOYHOM 3KCIepHMeHTe TaKOro pofa OblJ HCIIOJIb30BaH
JETeKTOp, COflepKallui, 8 ThIC. TOHH BOABI. DTOT OPOMHBIH fe-
TeKTOp Obll noMellleH B IyyOOKylo IIAaXTy, YTOGbl YMEHBLIMTH
¢oH, KOTOpBIH cO31aeTcsi KOCMHYECKHMH JyyaMH. DKCriepUMeH=
TaToOpel HCKaJH pacnaj p — e*n®. OHH YCTaHOBHJIH, UTO BpeMsi
JKH3HH CBOOOJIHBIX ITPOTOHOB IIO OTHOLIEHHIO K 3TOMY pacrmany

*) CM. cHOCKY Ha c. 37.
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npesblaer 1,9-10% jer, a ¢ yueToM IPOTOHOB B fpe KHCJIO-
pora — 6,5-10% ujer.

Bosbuiod uHTEpeC K IOHCKaM pacnaja NPOTOHA BO3HHK
IpPHUMEPHO JeCsITh JIET TOMY Ha3aJ, B CBSI3H C I10sIBJIEHHEM TEOpHi
BEJIHKOTO OOBEeIHHEHHsI. DTH TEOPHH HJIH, BepHee, TeOpeTHye-
CKHe: MOJIEJIH, IBITAIOTCS PEIUTh 33adyy O TAKOM OOBefHHEHHH
CHJIBHOrO, cJaboro M 3JeKTPOMarHUTHOTO B3aUMOJEHCTBHH,
IpH KOTOPOM BCE 3TH B3aMMOJEHCTBHSI ONUCHIBAIOTCH €IHHBIM
3apsiiom g. Kakum ob6pasom B NpHHIUIE MOXKeT ObiTh CO3JaHa
TaKasi TeOpHSl, €CJIH Ha ONbITe gg=>gy~>e?

Kimou K pemeHuio 3toil nmpobJseMbl JjaeT siBJeHHE, KOTOpoe
HOCHT Ha3BaHHe nossipusauuu Bakyyma. [lonsipusauusi Baky-
yMa nopo6Ha NOJSIpH3aLUM JM3JIeKTPHKA, B KOTOPHIH BHeECEH
anektpuueckuii 3apsif. Ilon zeficrBueM noJsipu3auuyu Bakyyma
3JIEKTPHYECKHH 3aps] 3JIeKTPOHA B HEKOTOPOH Mepe HeHrtpaJsiu-
3yercsl MM, KaK rOBOPAT, SKpaHHUPYeTCs BHPTYaJabHBEIMH 3J1eK-~
TPOH-TIO3UTPOHHLIMH MApPaMH M NapaMH JAPYTHMX YacTHI[ H aH-
THYaCTHL, KOTOPbIe HMEIOTCS B (PU3NUECKOM BaKyyMe. JTO 3Kpa-
HHpOBaHUe 3apsja 5JeKTPOHA NPOHCXOAUT H3-3a TOTO, YTO OH
NpPUTSTHBAET NOJIOKHTE/bHBIE YaCTHIB! U OTTaJIKUBAET OTpHIIA-
TesibHBle. B pesysbrare, Hab/mofaeMblil ¢ GOJBLIMX PaCCTOSTHUE
3aps]] 3/MeKTPOHA OKasblBaeTCsl MEHbIIE €ro «roJioro» 3apsijia.
ITo mMepe NMPOHMKHOBEHHsI B IyyOb o6G/aKa nap, OKpyxKaiolux
3JIEKTPOH, Ha6/0aeMbll 3JeKTpHUeCKUH 3apsi] 3M1eKTPOHA BO3-
pacraer. DneKTpHUecKHe 3apsiibl BceX YacTHI[ PACTYT C YMeHb-
LIEHHEeM PacCTOSIHHS JO0 YACTHLBI HJIM (YTO B CHJIY COOTHOILE-
HUS HEONpeleNeHHOCTH — TO e CaMOe) C POCTOM IIepefaHHOro
yaCcTHLE HMIyJbca ¢. Tak 4TO 3JMeKTPUUECKUH 3apsil € ecTb
GyHKUuSA OT ¢: e = e(g), npuyeM (QyHKUHS pacTylas.

AnasioruuHeiM 00pasoM QYHKLUHSIMH OT ¢ SIBJSIIOTCSI CHJIb-
HbIH M caalbblil 3apsifbl:

gs=¢gs(q), &w=28w(q).

Ho B orimuue oT sjeKkTpHueckoro 3apsifa, gs(q) u gy(g) He
BO3pACTalOT, @ YMEHBIIAITC C POCTOM ¢. DTO 3ameyaTesbHOe
CBOHACTBO CHJIBHOTO H c/1a0oro 3aps0B Ha3blBaeTCsl aCHMIITOTH-
yecKo# cBOGOLOH (IIPH aCHMNTOTHYECKH GOJIBLIHX HMIYJbCax
3apsiib gg U gy CTPEMSATCS K HYJIIO, CHIIbHOE H cJaboe B3anMo-
JIEHCTBHUS «BBIKJIIOYAIOTCSI» U YacTHIBI BeAYT ce6s1 Kak HeB3auMo-
JeficTByIOlINe, KaK CBOGOIHLIE).

Oco6eHHO CH/IBHO CBOACTBO aCHMIITOTHYECKOH CBOGObI MPO-
SIBJISIETCSL Y CHJIBHOTrO 3apsifa gg. (3/iech OHO 06YCJIOBJIEHO clie-
HUGHKOH B3aUMOJEHACTBHH Mexay. IVIIOOHAMM M sBJsieTcsl, TaK
cKasarb, 00paTHOH cropoHoHl KoHpafinmenra.) Tak, Hanpu-
mep, npu g=1TI3B agx0,3, a npu ¢=100 3B . asx0,1
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M NIPONOJIKAET Majath ¢ poctoM ¢. (Bemomuum, uto & g=g/fic,
ay=gylhc.)

Ecnu  sKkcTpamosupoBaTh H3MeHEHHE <KOHCTAHT» ®g(g) H
0y (g), TO OKaXKeTCsl, YTO OHH JOJIKHBI BCTPETHTHCS TIPH HMITYJTh-
cax g~ 10" = 10 I'sB, rae Kaxznasi U3 HHX IPHMEPHO paBHA
1/40. 3ameuare/ bHBIM (AKTOM SBJISETCS TO, YTO HA 3TO MECTO

&;
0,100
0,075

0,050

0,025+

0 ! 1 !
109 107 w0 i

1
1020 g,re8/c

Puc. 46. VaMeHenne a)peKTHBHBIX 3apsOB CHABHOTO (gs), caaboro (gw)
H 3JIeKTPOMarHUTHOTO (¢) B3aMMOJENCTBHS C M3MEHEeHHeM HMIyJibca ¢, Iie
PEeNaHHOTrO YagTHIE; )

ag=gdlhc, aw=gPlhc, a=elhc, agy=gsl/he,

The ggy — 3apsi €IHHOrO YHHBEPCAJbHOTO B3aHMOLEHCTBHS

BEJIHKOro OObeNHHEeHHS] NPUXONUT H 3IJEKTPOMAarHUTHAasi «KOH-
CTaHTa» & (g), BepHee — BeJHUHHA G.m(g)=(8/3)a(g), rae
koa(pduupeHT 8/3 BHIUHC/SETCS] HAa OCHOBE TEOPETHYECKHX
MozeJsieH BeJIHKOro oObeHHEHHS (B TOYKe BEJHKOro oObefiiHe-
HHs sin20y,=3/8). Urak, B TOUKe BEJHKOro obbefUHEHHs (PH
g~ 10 I'3B)

Qpp=0y=0s=0gy =~ 1/40

(aameke GU mpOHCXORMT OT aHrJHHCKoro grand unification).

Berpeua «Geryuux KOHCTaHT» TpeX (yHIaMEeHTaJbHBIX B3a-
uMojeHcTBHE H306paxkeHa Ha puc. 46. BsriiinyB Ha 3ToT
PHUCYHOK (KapTy TpeXx (hyHAaMeHTaJ/bHbIX CHJI), HEBOJIbHO MEIC-
JIEHHO BO3Bpalllaellibcsl K PHCYHKY Ha OOJIOKKe KHHIH, CHMBO-
JIM3HPYIOLIEMY TepBoe 3HAKOMCTBO (DH3HKOB C 3THMH CHJIAMH,
1 CO3Haelllb, KaKo# NyTb NpOHLeH GPH3HKAMH MEXIY STHMH JIBY-
Msl PHCYHKaMH. \

Cor.tacHo npocTedliedl MOJENH BEJTHKOrO OObefMHEHHs I1Be-
TOBasi H 3JEKTPOC/abasi CHMMETPHH OOBENUHSIOTCS NPH ¢ IO
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panka 10 I'sB B exuHyi CUMMETpHIO, cofepxailyilo 24 Bek-
TOPHBIX G030Ha. [TosloBUHA M3 HHUX — HalIH CTapble 3HaKOMBbIE:
TJIIOOHBI, MpOMEXyTouHble G030HBI M (oToH. BTopasi mosioBH-
Ha — 3TO CBepX-CBEPXTSKeJble YaCTHLbl, TAK HasbiBaeMble
X- 1 Y-6o30onbl ¢ Maccamt nopsaka 10' I'sB. Kaxneiit us arux
6030HOB, MOJAOGHO KBapKy, UMeET TPH L[BeTa, YTO C yYeToM CO-
OTBETCTBYIOLIMX aHTHYacTul, X H Y, naer uucio 12. 3apsansi
X-6o3oHoB paBHbI 4/3, a 3apsjbl Y-6030HOB 1/3.
3ameuaresnbHBIM cBOHCTBOM X- M Y-6030HOB fABJfAETCS TO,
94TO 06a OHH B3aUMOJAEHCTBYIOT C ABYMs Da3/IMUHBIMH THUIIAMH

b o~
u e u ve

u i d d
a J
Puc. 47. TIpouecch ¢ yyactueM X- u Y-6030HOB, BeyLiHe K NpeBpalleHHIO
NPOTOHA B NO3UTPOH (@) U HEHTPOHA B 3JIEKTPOHHOE AHTHHEHTPUHO (6)

TOKOB: JIBYyXKBAPKOBBIMH H KBapK-JIeNTOHHbIMH (puc. 47). ['nsa-
I Ha puc. 47, a ¥ 6 ¥ MBICJIEHHO 3aMeHfAS1 B HUX BbIJIETAIOMIUI

d-KBapK Ha BJjleTaloluli d-KBapK, HETPYJIHO MOHATb, YTO Hep
BblH M3 HHX ONHCBIBaeT NpeBpallleHHe NPOTOHa B MO3HUTPOH, a
BTOpOH — HeHTpOHa B aHTHHEHTpUHO. B peasnbHBIX pacmagax
3TO IpeBpallleH’e AOJ/KHO CONPOBOXKAATbCH HCIYCKaHHEM JO-
NOJIHUTEJIbHOT'O Me30Ha (T°) MJIM HECKOJbKHUX ME3OHOB, YTOOHI
yIOBJIETBOPUTH 3aKOHAM COXpaHEeHUs 3IHEpPruu H HMIYJbca.
OuenuBasi Ha OCHOBe IuarpaMM puc. 47 BpeMsl KH3HH NPO-

TOHA T,, MOXHO MOJy4YHTb
1 agymyc?

T mxh

rie agy ~ 1/40 — KoHcTaHTa BeluKOro OGbENUHEHHS, My —
macca X-6030Ha, M, — Macca NpOToHa (cpaBHHTe 3Ty Popmyny
¢ dopMyJIoOH 17151 BpeMeHH KU3HU MIOOHA). Ilepexossi ‘K oOblu-
HBIM eJMHHIAaM, HeTPyAHO YOGeIUTbCH, YTO OXKHUAAEMOe BpeMs
JKU3HU TIPOTOHA cocTasJseT npuMepHo 10% jer. Bosee Tounblie
pacyeThl IOATBEPXKAAIOT 3Ty OLEHKY, OHH MOKasblBalOT, UYTO
npoctefimas Mofefb BeJHKOro OGBENUHEHUS [eHCTBHUTENBLHO
JlaeT BpeMs KHM3HH IIPOTOHA, He mnpesblmatoee 103 jer, U no-
TOMY He BBIIEDXKHBA€T COINOCTABJEHHS C JKCIEPHMEHTOM, KO-
TOpPBIH JlaeT HHUKHIOKO rpanuuy, 6auskyio K 102 ser. Ho cyme-
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CTBYIOT GoOJiee CJIOXKHBIE BapHaHThl BEJHKOTO OOBELHHEHHS,
KOTOpble He mpoTHBopeyart onbiTy. K coxaJsenHio, B Hacrosiiee
BpeMsI HEeT NOCTATOYHBIX OCHOBaHMH JJji TOro, 4ToObl OTAATh
npennouyTeHye KaKOMy-TO OJHOMY H3 HHX.

Byner oueHb 06HIHO, €C/IH IPOTOH KHBET, ckaxeM, 10% jer.
Benb mpofinyT necsTusieTHsi, NpexXAe 4eM yJacTcsl Co3jaThb Ta-
KHe GOJIbIlIHe M TaKHe H3OUIPEHHbIe IETEKTOPDI, KOTOPhIE MOTJIH
Ghl 3aperHCTPHPOBATh CTOJIb MeJJIeHHBIH pacnax. Hamm ycko-
pHTeNH, faxe ecJH Obl HX JHAMETP B HECKOJIbKO a3 IPEBLICHJI
IMaMeTp 3eMHOro mapa, Bce paBHO He CMOrJIH Obl JOCTHYB
9HEPTHH BEJMKOro OOGbeNUHEeHHs, HNOCTHYb IOpora pOXIEHHUs
X-¥u Y-6030H0B. B 310M HETpYyAHO y6eAUThCS, €C/IH B3ATh SHEp-
ruto TaBatpona (1 TaB) u YMHOXKHTE ee Ha OTHOLIEHHE OKPYXK-
HOCTH 3eMHoro 3kBaropa (okoso 40 000 kM) K OKpYyXXHOCTH
TasBarpona (okosio 7 kM). [TosToMy HaM NpHUXOAHMTCA HAAEATHCA
Ha MHJIOCTb NpHpOAb. Belb Kpome pacrmaja nmportoHa, B HOpHH-"
IIMIIE €CTh BCETO JIMLIb HECKOJIBKO SIBIEHHH, KOTOpbIe MOTJIH Ol
NPOJIMTbL CBET Ha TO, KAKHM 00pa3oM B IPHPOJE [POHCXOAHUT
BeJIHKOe OOBeIHHEeHHe.

OTMeTHM TIIpEK]IEe BCETO Nepexojibl HeHTPOHAa B aHTHHEHTPOH
B BAKyyMe, C OXHJaeMBIM IepHOIOM Iepexofia Mopsifika He-
CKOJIBKHX JIeT H GoJsiee. 1O siBJIeHHEe HEHTPOH-aHTHHEeHTPOHHBIX
BaKyyMHBIX OCHHJIISIIHH HIYT cefiyac HECKOJbKO SKCIIepUMEH-
TaJIbHBIX IPYNI B NyYKaX HEeHTPOHOB, IIPOH3BOLHMBIX fJEPHBI-
MH peaKTOpaMmH.

Oco6bifi MHTEpec HpuBJeEKalOT K ce6e B IIOCJCLHHE TOMNbI
(1 B 3HauuTesLHOH crerieHH Osarofiapsi mpobGJseMe BENTHKOTo
oOBbeIMHEeHH 1) BOIPOCHl O MaccaX HEHTPHHO H O B3aHMOIIpeBpa-
IIEeHHsIX B BaKyyMe HEATDHHO pasjHYHBIX apOMAaTOB:

Ve —>Vuy, Va; Vu—>Vey Vi3 Vo=V, Vp.
Ilo cymecTBy peub HIeT o TOM, He NOBepHyTa JIH TpPOHKa HeH-
TPHHO (V., V5 V¢) OTHOCHTEJIbHO TPOHKH 3ap sKEHHBIX JIETITOHOB
(e, u, 7) Ha puc. 28, NoKo6HO TOMY KaK [OBEPHYTHI APYT OTHO-
CHTEJIBHO Jpyra TPOHKHM «BEPXHHX» M HHKHHX» KBapKOB Ha
puc. 29. ToHKOCTbL 3[€eCh 3aKJIOYaeTcsi B TOM, YTO €CJIH MaccChl
HEHTPDHHO paBHbl HYJIO, TO TaKOH MOBOPOT MpPHHUHIHAJILHO
HeHaOaopqaeM. 3aMEeTHM, UTO €CJIH Obl MacCHl, U-, C-, - (HJIH
d-, s-, b-) KBapKOB PaBHSJHCb HYJIO HJH Ja¥Ke IIPOCTO paB-
HSJIHCh APYT APYrY, To Gbun 6Bl HeHa6JogaeM H B3aHMHBIH

UToO6H MOSCHHTE, B YeM TYT JieJ10, paCCMOTPHM pHC. 48 1
49. U3 Toro, 4uTo MBI FOBOPHUJIH O caaboOM 3apsi:KEHHOM TOKE,
cJielyeT, YTO 3TOT TOK MOXKeT OBITh 3alHCaH B BHIE
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rjie IITPHXOBaHHbIE COCTOSIHHSA INPEJCTaBASIOT COGOfi JIHHEHHbIe
KOMOMHALMH HEIUTPHXOBAHHBIX (CM. puc. 48, 6 u 49, 6). Ecan
Gbl MaCCHl TPEX HELITPHXOBAHHBIX COCTOSIHME ObLIH DPaBHBI HYJIIO
(unu naxe He paBHBI HYJIIO, 4 TOJIBKO PaBHBI APYT APYTY), TO
BO Bce usHyecKHe Hab/ofaeMble siBJEHHS BXOAMJH Obl TOJMBKO

j_—‘ v‘v ﬂ-—‘

K /< Vit
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e v £y

a J “ -8

Puc. 48. OpTh, COOTBETCTBYIONHE TPEM 3apsiXKEHHBIM JenToHaM {a) H TpeM

HefitpuHo (6). LlTpuxoBaHHBle HeATPHHHBIE OPTH () MOJy4YeHH IOBOpO-
HewTpuxoBaBubix opToB (6). IlITpuxoBaHHBIe HEHTPHHHLIE OPTHI Na-
pajVieIbHEl  OPTaM COOTBETCTBYIOIIHX 3apsiKEeHHLIX JIENTOHOB

IUTPYXOBAHHbIE CQCTOSIHHS, H Mbl HUKOTZa He y3HaJH Obl O cy-
IeCTBOBAHHH HELITPHXOBAHHBIX COCTOSTHHH.

HenyaneBrle u He paBHble ApPYT APYr'y Macchl HELITPHXOBaH-
HbIX COCTOSTHHH NPHBOAAT K TOMY, YTO B BaKyyMme BOJIHOBas

b ¢ t!
S /A / ¢
d u c u’
a) 0

g

Puc. 49. Oprthl, COOTBETCTBYIOIIHE TPEM «HHXHHM» KBapKaM (@) H TpeM

BepxXHUM KBapkam (6). IIITpuxoBaHHbIe OPTHI BEePXHHX KBAapKOB () moiy-

YeHEl IIOBOPOTOM OPTOB (6) M MapaJiieJbHBl OPTaM COOTBETCTBYIOMUX HHX-
o HHX KBapKOB

.byHKUHMS KaXIOrO M3 HHX MeHsSieT CBOIO (asy e‘®’ co cBoei
4acToToH ®:

o=Effi=V m*+pilh,

TaK, YTO B BaKyyMe BO3HHKAlOT B3aHMHble IpeBpalleHHs
IITPHXOBAHHHIX CocTosiHui. M Tak, AnA cyulecTBOBaHHUsSI Ba-
KYYMHBIX HEATPHHHBIX OCUHJ/JISALHHA HEOOXOLHMO HE TOMABKO,
4TOGH HEHTPHHHAs TPO¥Ka Oblia MOBEPHYTA, KaK 3TO ‘H300-
paxeHo Ha pHuc. 48'HO 4TOGH W Macchl O KpailiHeH Mepe
ABYX THIIOB HEUTPHHO He ObIIM PaBHBI APYT APYTY.
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[Toucks HEHTPHHHBIX OCUMJJISUUEA HA MydyKaxX HEHTPHHO OT
SIEPHBIX PEaKTOPOB H Ha YCKOPHUTEJSIX MOKA YTO He OGHAPYKHU-
JIH 3TOro siBJieHHsi. Bo3aMoXHO, 3TO CBSI3aHO C TeM, YTO OYeHb
MaJibl YIJbl [OBOpOTAa, BO3MOXKHO,— C T€M, YTO- O4eHb MaJibl
pa3HOCTH Macc. A BO3MOXHO, MaJibl U Te U apyrue. Ecau npex-
TIOJIOXKHTB, YTO YIJIbl TIOBOPOTA Ha PHC. 48 He MaJlbl, TO OMBITHI
YKa3blBalOT Ha TO, YTO Pa3HOCTb KBAJparoB Macc HeHTPHHO
cyllecTBeHHO MeHblue 1 3B2. Mojesnn BesquKOro oOBEIUHEHHS
He J]aloT OJIHO3HAYHOI'O OTBETa Ha BOIPOC O TOM, 4eMY NOJIXKHBI
paBHATbLCA Macchl HefitpuHo. Ho B GosblUMHCTBE MOfeJsiel 3TH
. Macchl Masibl (MeHblue Hisu nopsaka 1078 3B).

OueHb HHTEpECHHIMH OGBEKTaMu, CYLIECTBYIOLIUMH B MoJe-
JIfIX BeJHKoro obbefHHeHHs (Mo KpaiiHe#l Mepe Ha Gymare, Ha
" KOHYHKe nepa (H3HKa-TEOPETHKA) SIBJSIOTCS MAarHHTHbIE MOHO-
NOMY — H30JIHPOBaHHbIE MarHuTHble 3apsabl. CorsacHo Teo-
PHH Macchl 3THX 0GBEKTOB JOJIKHBI GbITh TPHMEpHO ellle Ha JIBa
nopsiika GoJblie, yeM Macchl X- U Y-6o30HOB. $IcHO, uToO c03-
JaTh TaKHe TsKesble OOBbeKTHl B J1a60PaTOPHH HEBO3MOXKHO.
MoxkHo JHIIB HaAeATbCs, YTO TAKOH MQHOMOJDb BADYT 3aJIETHT
B KIYULYIO €ro 3KCIEePUMEHTaJbHYI0 YCTAaHOBKY H3 TJyOHH
BcenenHoli B KayecTBe XKHMBOI'O CBHJETeNst TOH Ja/leKOH MOpHI,
Korga BcenenHasi Gblna HacToJbKO ropsiuefl, YTo MoOrsia pox-
JaTh NMApbl MOHONOJIEH, W HACTOJNBKO OBICTPO paciuupsiiach H
OXJ/IaXKJaJsiach, YTO 3TH NApHI He yCleBaJH I1POaHHUTHIHPOBATD.
O ropsueii BcenenHol peub MofileT yepe3 HeCKOJIBKO CTpa-
HH1. A noka o6paTiMcsi K BOIIPOCY O TOM, KaKOBBI IEPCIIEKTHBbI
cynepoGbeluHEHHS, T. €. €[HHOH TEOPHUH CHJIBHOTO, 3JIEKTPO-
MarHuTHoro, cjaboro U rpaBHTalHOHHOrO B3aHMOJEHCTBHH.

CYNEPOBBEAUHEHHE?

[ToroBopHB HEMHOro B HayaJle KHHI'H O BpalleHHH
CIYTHHKA BOKPYT 3eMJIH, H, HCIIOJIb30BaB €r0 B KauecTBe TpaM-
NJMHA JAJs OOCY2KJEeHHSI SHeprHH CBS3H 3JIEKTPOHA B aToMe,
MBI 3aTeM yXKe He BO3BpallajHCh K MDaBHTAallHOHHOMY B3aHMO-
IedcTBHIO. MI3BeCTHBIM onpaBAaHHeM /Il 3TOrO MOXKET CJIYKHTb
TO 06CTOATENLCTBO, YTO B J1aGOPATOPHLIX YCJAOBHSIX I'PaBHTAIH-
OHHOE B3aUMOJICHCTBHE HCKIIOUHTENBbHO cs1aboe. Tak, Hapumep,
NOTeHIHA/IbHAS SHePTHS IPaBHTALHOHHOIO IPUTSXKEHU ST MEX]Y.
IBYMsi MeJJIeHHBIMH I1POTOHAMH

U(ry=—Gympr,
Tlie 7 — pacCTOSiHHE MeXAy NpOTOHaMH, m, — HX Macca, a
G, — KoHcraHta Hbloorona. B emunnnax CU
Gy=6,7-10"" 0m?.kr~1.¢72,
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GN, HO €eCJIH nepeﬁ’m K 3JIEKTPOH-BOJIbTAM, BbIIE/JIHB, KaK BCeEr-
Jla, MHOXKHTEJIH v U ¢, TO Ccpasy 2Ke BHIHO, YTO KOHCTaHTa
HeloToHa HCK/IOYHMTENBHO MaJa: -

Gy=6,7-10"Fc* [3B-2,

B ecrecrBenHbiX emMHHUAX h=c=1 Konctanta Gy NpHMEpHO
Ha 33 nopsjKa MeHbllle KOHCTaHTHI c/1a60ro yetbipexdepMHOH-
HOTO B3aHMOJEHCTBHSA:

Gr=1,2-10"%%3c2 T5B"2,

I'paBHTanMOHHOE NpUTSAKEHHE ABYX MEMJIEHHBIX IIPOTOHOB
npuMepHO Ha 36 mopsAAKOB c/abee, 4eM HX KYJOHOBCKOE OT-
TaNKuBaHUe. B ciyuae ke IBYX 3JIEKTPOHOB pas3/HYHe IPEeBbI-
maer 42 nopsaaka. OnHako NO Mepe yBeJHYeHHS SHepTHH E
CTa/IKMBAIOIHXCS 3JEKTPOHOB I'DaBHTallHOHHOE B3aHMOJEHCT-
BHe MeXJ]y HHMH HauMHaeT Ha6upartb cuJy. [leso B ToM, uTO
IIOTEHIHAJ/l TaKOro B3aHMOJEHACTBHS pacteT Kak E2, H TOJNbKO
IJ1s MeJlIEeHHbIX HePeNATHBHCTCKHX YaCTHIl OH I1PONOPLHOHAJIEH
m?. Jlerko npoBepUTh, YTO npH 3Heprusix E~10' I's3B rpasu-
TallHOHHOe TNIPHUTSXKEeHHe [BYX CTaJKHBAIOIHXCH 3JEKTPOHOB
JOJ/DKHO MPEB30HTH HX KYJIOHOBCKOE OTTasNKHBaHHe. Ecuu
Ke nepeiTH K sHeprun £~ 10 T3B u K npHueNbHBIM paccTos- -
nusM rahc/10® I'3BA~107%% cM, TO FpaBHTAUMOHHAS IOTEH-
UHasbHasi 3SHEPTHsl CpaBHSETCS C KHHETHYeCKOH sHeprueit
3JEKTPOHOB: T'DaBHTAallHOHHOE B3aHMONEHCTBHE CTaHeT IIo-
HACTOSAIIEMY CHJIbHBIM,

Benuuuny

Mpy = (fw/GN)l/2 ~ 1,2.10®T'3B/c2 ~ 105

HasbiBaloT Maccoil Ilnanka. [Ipu 3Hepruax H nepenaHHBIX HM-
nyJbcax NOPAAKA Mp; FPaBHTALlHOHHOE B3aHMOJIEHCTBHE CTaHO-
Butcsl onpefensiomuM. O6paTuTe BHHUMaHUE Ha TO, UTO Macca
IlnaHka oT/IHYaeTCA OT 3HEPI'HH BEJHKOrO0 OOBeIUHEHHS BCEro
‘Ha 4—5 NOPSAJKOB, a OT Macc MOHOIOJEH U TOro MeHblie, D10
JlaeT OCHOBAaHHeE - IyMaTb, YTO HMeHHO BGJH3u Macchl [lnaHka
HaXONWTCHl Ta KY3HHIA, T'le BbIKOBLIBAIOTCS OCHOBHBIE 3aKOHO-
MEpPHOCTH (PU3HYECKOT0 MHpa.

CorsiacHO COBpeMEeHHbIM TEOPeTHUECKHM I PeNCTABJEHHSIM
KBaHTaMH- T'PABHTALLHOHHOTO MO/ SIBJASIIOTCS TPABHTOHBI —
GeamaccoBhle (pyHIAMeHTa/bHble GO030HBI CO CIHMHOM, paBHBIM
aByM. To 06CTOATENLCTBO, YTO Macca 'DaBHTOHA (TaK ke, Kak
H Macca GOTOHa) paBHA HYJIIO, HaXOAUTCS BCOOTBETTBHH C TeM,
yTO HBIOTOHOBCKHH NOTEHLHAJ (10J00HO KYJIOHOBCCKOMY IIO-
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TeHIHaNy) cnafaer Ha OGOJbIIHX PAaCCTOSIHHAX MENJIEHHO:
creneHHHIM o6pasoM, Kak 1/r.

To obcTosiTeNILCTBO, YTO CIHH FPaBHTOHA paBeH ABYM, 00yc-
JIOBJIUBAET BaXKHble PA3/IHYHS MEXKAY TPABHTALMOHHEIM H 3JI€K-
TPOMarHUTHbIM B3aHMOJIEHCTBHEM (HalOMHHM, YTO CNHH ¢oTo-
Ha paBeH efinHHIEe). OIHO H3 OCHOBHBIX Pa3JIMYUH 3aKJI0YaeTcs
B TOM, 4TO OOMEH I'DABHTOHAMH MEXAY ABYMSI KaKHMH-JH60
YacTHLAMH BCerja NPHBOAMT K NPHTSXKEHUIO MEKIY 3THMH yac-
THOAMH, B TO BpeMsl KaK oOMeH (POTOHAaMH LaeT NpPHUTSKEHHE
MeXJAYy YaCTHIAMH C DPasHOMMEHHBIMH 3JIeKTPHUYECKHMH 3apsi-
JIaMH ¥ OTTaJKHBaHHe MEXJY YacTHIaMH C OJHOMMEHHbIMH 3a-
psinamu. Tak Kak oGbIYHOE BEIECTBO 3JIEKTPHUECKH HeHTpaJib-
HO (3apsilibl 3JIEKTPOHOB 3KPaHHPYIOT 3apsiibl silep), TO Ha
GOJIbIINX PacCTOSHHSIX, HAMHONO MpPEeBBILAIONIHX pasMephl
aTOMOB, 3JIEKTPHYECKHE CHJIBl MEXIYy aToMaMH MaJibl. B ciyuae
K€ T'PaBHTallHOHHOTO NPHTSXKEHHsl TAKOro B3aHMHOTrO 3KpaHH-
pOBaHHSI «TPAaBHTALMOHHBIX 3apsNOB» HET, OHH BCE OIHOro
3Haka. II03TOMy HMEHHO TIpaBHTalUsi ONpPENeNsieT OCHOBHbIE
3aKOHOMEDHOCTH JIBHKeHHsi HebecHbIX Ten. KM Bce 310 H3-3a
TOro, YTO I'PaBHTOHHI, SIBJIASACH HE BEKTOPHBIMH, a8 TEH3OPHBLIMU
YyaCTHIIAMK (TaK Has3blBalOT G030HBI CO CIIHHOM, PaBHBIM JBYM),
HCIIYCKAIOTCSI M MOIVIOWIAIOTCS He BEeKTOPHBIM, a TEH30pHBIM
TOKOM: TEH30POM SHEPrHH — HMIYJbca. 3JeCb He MECTO I10J-
pOGHO OOBSICHATb, YTO TaKoe TeH30p 3HEPrHH — HMITyJbca
U moyeMy oGMeH TeH30pHbIMH 6030HaMH NPHBOINHUT K B3aHMO-
JieficTBHIO, KOTOpPOe KBaJpaTHYHO pacTeT ¢ poctoM E — sHep-
TMH CTAJKHBAIOMIKXCS YacTHI. 3aMeTHM JIHIIb, YTO (hefiHMaHOB-
CKasi BepLUIHHA HCIYCKAaHHUS H MOIVIOLICHHS TEH30PHOH YaCTHIbI
JOJXKHA COJlep:KaTh JONMOJHHTeJNbHBIH MHOXHTeab E mo cpas-
HEHHIO C aHAJIQIMYHOH BEpIIHHOH MJISl HCIYCKAaHHS H IOIVIOLIe-
HHsI BEKTOPHOH 4YacTHIHI.

M3-3a MaJloCTH IpaBHTAIHOHHOH .KOHCTaHTH H CJ1a6oCTH
rPaBUTAllHOHHOIO B3aHMOJEHCTBHS TIDH HH3KHX 3HEPTHsiX
Ha6J/IofleHHe OTJIEeNbHBIX T'PaBHTOHOB SIBJISIETCS SKCIEpPHMEH-
TaJIbHOH 3ajjauelt, ¢ KOTOpOH, GbITb MOXKET, YAACTCsl CIPaBUTLCSH
JIMIIB B TOM CJIydae, ecliH «He6o MOoLIeT» B IO0J3eMHYIo Jabopa-
TOpHIO paHTaCTHYECKH HHTEHCHBHBIH [IOTOK TPABHTOHOB C. haH-
TacTHYECKH BBICOKOH 3Heprueil. JleTeKTHpOBaThb e KBaHTHI
rpaBUTALlHOHHOTO NOJIS, CO3/laHHble B 3EMHbIX YC/IOBHSX, NpaK-
THYECKH HEBO3MOXKHO.

B uncTO TeoperHueckoM NJiaHe aHaJIM3 TPaBHTALHOHHOrO
B3aMMOJICACTBHS NpPU 3Hepruu mopsiika Macchl Ilnanka — sto
camasi CJIoKHasi npo6JsieMa, ¢ KOTOpoil Koraa-iu60 BCTpedaduch
¢usuku. DBonbiie Hamexapl 3liechb BO03JAraloT Ha CYIEpPCHM-
METPHIO H ‘ee JeTHINE — cyneprpaBuTauuio. OnHaKo HIeH cy-
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NeprpaBHTALUH CJIHIIKOM CJOXHBI H CIenuasbHbl, YToOb roBO-
PHTb O HHX Ha 5THX CTpaHHLAX.

B 3KcrmepHMeHTaJbHOM XKe IJ1aHe TOJIOKEHHe BhITISAUT
coBceM 6e3HalleXXHbIM, IOCKO/IbKY OYeBHIHO, YTO HHKaKHe YCKO-
puTesu HHKorja Ao Macchl [Inanka He no6Gepyrtcsi. Ho kak 6Ges
na6opaTOpHOH NpPOBEPKH MOXHO OyZeT BBISICHHTb, KakKas H3
KOHKYDHpYIOLIMX TeOpHH NpaBuJbHa, a Kakas Her? OTBer Ha
5TOT BONPOC 3aKJIOYaeTcsi B TOM, 4TO XOTs [1naHKOBCKHX ycKoO-
pHureneil Her H He Gyzer, IlnankoBckas JaGopaTopHs cyliecT-
ByeT. dr0 Jaboparopusi — paHHAs BcenenHnas.

KOCMOJIOTHSA U ACTPOPH3HKA

AcrpoHomuueckne Hab/OAeHHS IPUBOASAT K PsiAy
GbyHIAaMeHTaJbHBIX 3aKJloueHHH. Bor HauGosee BaxkHble H3
HHX.

1. Jlanekue raslakTHKH YZaJSIIOTCS OT HAC H APYT OT Apyra,
NpHYeM CKOPOCTDb ¥ pa3Jiera JIIo6bIX ABYX raJlakTHK TeM GoJblue,
yeM GoJibllle paccTosiHHe R Mexxay HUMH. KoadxpuiuenT nponop-
IHOHANbHOCTH [ Mexay v u R HasblBaeTcs NOCTOSIHHOH Xa6-
6na. dror Ko3dppULHEHT MeHsIeTCs O Mepe cTapeHHs Bcesen-
Hoi. B Hacrosiiee Bpems

H =~ 60 kM/c Ha Meranapcek,
HJIH
H ~ 18 xM/c na 10% cBeTOBHIX JeT.

Kak HeTpyaHO BHAeTh, BenuunHa 1/H uMeeT pasMepHOCTb Bpe-
MeHH; MOXHO IIOKa3aTb, YTO OHa XapaKTepH3yeT Bo3pact f
Bcesnennoii. Bosee Touno, ¢=1/2H~10% ner.

[Tpumepro 10%.jet Hasax Bcenennas Gblia ‘oueHb MOJIOAOM,
OYeHb IJIOTHOH. H OYeHb ropsiueil, BOSHHKHYB B pe3yJibTaTe Tak
HaseiBaeMoro Bousbimoro BspriBa. Teopusi Boabiuoro] Bapeisa
YCTaHABJHBAeT CBS3b MEXKAY BO3pacToM ! H TeMIeparypoi
T Bcenennoii: .

t mp,cth/(ET)?;

k — KoHcraHTa BosblMaHa; mo cylectBy kR — 3TO nepecuer-
HBIH MHOXKHTEJbY 0T KesbBHHOB (K) K 3HeprerHueckHM equHH-
aM, a Temreparypa HamepsieTcsi B egMHHIax sHepruu: 1K=
~10~43B. CooTHOlIeHHe MeXKAY Bo3pacToM BcenenHoit u ee
TeMNepaTypoil MOXHO 3amhcaTh TakK:

t (B cekyHmax) ~ 1/T? (8 MaB?).
2. B mnepsule cekynan Bosbmoro BspeiBa Bo Bceenennoit
6bIJIO O4eHb MHOTO KECTKHX y-KBaHTOB. [lo Mepe paciuupeHHs
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M OcThiBaHHs BcesieHHO! AJIHHBI BOJIH 5THX Y-KBAHTOB yBeJIHYH-
JIECh, a MX 3HEepPrusi yMeHbluuJach. B Hacrosiuee Bpemsi OHH
Hal/I0A3I0TCS KaK paJHOBOJIHOBOE M3JyUeHHe C TeMrepaTypoH
okono 3 K. 3ro pequKTOBOE DPaAHOBOJNHOBOE H3JydyeHHe, OT-
KpbiToe B 1965 r., u3oTponHo H opHOpoxHo. B oaHom KyGo-
MeTpe MeX3Be3JHOro IPOCTPAHCTBA CONEPIKHTCA NPHMEPHO
4-10® TakHX peNUKTOBbIX PaJHOBOMHOBHIX (hoTOHOB. PesnKro-
BbIX (JOTOHOB B MHJIIHAPJ pas 6oJiblie, 4eM aTOMOB BOAOPOAd —
HauboJslee pacnpocTpaHeHHOro sJjeMeHTa Bo Beesennoit. (Ecau
MBIC/IEHHO paBHOMEPHO pasmeliath 1o BcesnenHO# Bce 3Be3aHOe
BEIIECTBO, TO B ONHOM KyOOMeTpe OKaXKeTcs BCEro OJHH aTOM
BOZOpOJaA.)

3. Hapszy c BelecTBOM CBeTSILIUXCS 3Be3J] H PeJTHKTOBBIMU
¢oronamu Bo BceneHHoli HMeeTcst TaK HasbiBaeMOe HEBHIMMOE
BEILIECTBO, CyMMapHasi Macca KOTOPOTO NPHMEPHO Ha NOPSAAOK
NpeBbllllaeT Maccy BHAMMOro BellectBa. [IpHcyTcTBHE HEBHIHM-
Moro BeillecTBa OGHapyKHBaeTcsi IO €ro IpaBHTAallHOHHOMY
BO3JICHCTBHIO Ha JBHXKEHHE 3Be3Jl H TaslaKTHK.

®usnyeckas npupoja HEBHAUMOro BellleCTBa IOKa HE ycTa-
HoJjieHa. CyllecTByeT THMIOTE3a, YTO HEBHAHMOE BELIECTBO —
3TO penuKToBble HeATpUHO. CoryiacHO TeopuH ropsiuei Beesen-
HOH KOHLEHTPAILUS PEJHKTOBbIX HEHTPHHO NOJKHA ObITb MpPH-
MepHO TakKoH ke, KaK M KOHIEHTpalHsl PeTHKTOBbBIX (POTOHOB.
3Has 3To, JIETKO JaTh CJENYIOMYI0 OLEeHKY: 4ToGbl Macca Bcex
HeATPHHO Ha NOPSAJOK NpeBblllana Maccy BCeX aTOMOB BOJO-
pona, Heo6xoauMO, 4TOObl Macca OJHOI'O HEHTPHHO COCTaBJsIa
npumepHo 20—30 3B.

Ecan yx peub 3amia o HeliTpuHO Bo BceneHHO#, To Hesb3sl
He YNOMSIHYTb MU O HEeKOTOPHIX APYIMX acleKTax 3TOH TeMHI.
Tak, nHanmpumep, pacmpocTpaHeHHOCTE resiisi Bo BceseHHo#
OYEeHb YYBCTBHTeJNbHA K TOMY, YeMy PaBHO HHCJIO COPTOB HeH-
tTpuHo. Habumonaemass pacnpocTpaHEHHOCTb Jyyllle BCETO CO-
rJiacyercsi ¢ IpEeNoJIOKEHHEM O TOM, YTO KPOME V., v, H Vi
JAPYTHX THIIOB HEHTPHHO B NPHPOJE HE CYLIECTBYET.

Kak yxe GblJIo CKa3aHO B Haya/jle KHHI'H, HEHTPHHO HCIIY-
CKaeTcsl NPH TEPMOsAEPHBIX peakuusax B 3Besfiax. Crmeumasnb-
Hasl NoJi3eMHasl YCTaHOBKa MJIsi [J€TeKTHPOBaHHS HEHTpHHO,
HIYLIIMX U3 LeHTpaJbHbIX obsacrefi CoJsHIa, OGHApYXKHJIA, YTO
IOTOK COJIHEUHBIX HEHTPHHO ¢ 3Hepruel, mpesbllIalolel
10 MaB, npuMepHO B TpH pasa MeHblIe, Ye [peNcKasbiBalH
TeopeTHKH-acTpodu3uKki. Bo3MoxkHO, 3TO yKasbiBaeT Ha Heol-
XOIUMOCTb yTouHeHHs MojesH CoJHLa, [TOJOXKEHHOH B OCHOBY
pacueroB. Jlpyrasi BO3MOXHOCTb 3aKJIOYaeTrcss B TOM, YTO IO
Jopore K 3emsie 3JeKTPOHHble HEHTPHHO, BbLJIETEBIIHE H3
CosHua, H3-3a HEHTPHHHGLIX OCLMJIJIALMEH INpeBpallalorcs B
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CMecb pPAaBHBIX KOJIHYECTB V., Vy M V. A HeHATPHHO v, H v,
C 3HeprusiMH HMKe MOpora pOXKJEHHS MIOOHAa H T-JIeNTOHa
JETEKTOpPOM He pPEerHcTPHPYIOTCS.

Ho Bepuemcsi or CosHlla K NepBbIM MTHOBEHHSM KH3HH
BcenenHoil, korja ee temnepatypa Oblia 6/H3Ka K NJIaHKOB-
ckolt (Tamp,c?l k10" ['3B/k~10% K) unu K Temmepatype
Besnkoro oobenunenusi (T~10% K). MvenHo B 3T mnepshie
MruoBenusi (#~1074 = 1073% ¢) ObIN «3alPOrPaMMMPOBAHbI»
OCHOBHBblE XapaKTEPHCTHKH COBPEMEHHOro cocTosiHHs Bcenen-
HOH M, B YaCTHOCTH, TEMII ee pacIlHpeHHs, ee IJOTHOCTb H OT-
HOILIEHHE YHCJsa POTOHOB K yHCay (oToHOB. B sToM «nporpam-
MHPOBaHHH» y4acTBOBAJH He TOJBKO JierkHe ()epMHOHBEI H 60-
30HBI, KOTOPLIE MBI CO3/1a€M H HCCJelyeM Ha YCKOpHTeJsiX, HO
M CBEPXTsKeJble THTraHThl THna X- U Y-6030HOB.

Kaxkercst Bce GoJsiee npaBaonofo6HEIM, 4TO (U3HKa Ha MJiaH-
KOBCKHX Macurrabax OlpejesisieT He TOJbKO BCio (usnky Gosee
HH3KHX 3HEprui, HO H Bce ycrpoicTBo Bceenennoi.

MOXBAJIbHOE CJIOBO ®U3HKE BbICOKHX
3HEPTUHA

Ha ¢usuky snemMeHTapHBEIX YaCTHIL €2KeTOLHO Tpa-
TATCS JeCATKH M COTHH MMJITHOHOB pyOsel, nosnapos, ¢paH-
KOB, MapoOK, JIeCATKH H COTHH MHJIIHAapAOB JHpP H HeH.Onpas-
Janbl Ju 3TH. 3aTparel? OnHa M3 3a3jay KHHTH — NOKas3aTh,
YTO 3TH 3aTpaThl Gosiee YeM ONpaBjaHHI.

B HekoropoM cMeIc/ie 3aTpaThl Ha GH3HKY BBHICOKHX 3HEpPruH
HaMOMMHAIOT 3aTpaThl Ha Jgerell. bBes gmereli nembiciuMo Oyny-
Ilee yejoBeuecTBa, Ge3 GHU3UKH 3JEeMEHTapHBIX YaCTHI, HeMbIC-
auMo Gynymee HayKdH. K 3TOH MblcjM MBI ellle BepHeMcs, a
nmoka o6paTUMCsi K pSIAy NPHMEPOB TOrO, KaKHe IJIONBI yxkKe
CerofiHs MpHHOCHT (pU3HKa BHICOKHX 3HEpPTHil pa3BHBAIOLIUM ee
CTpaHaM.

HauneM ¢ Toro, 4To My4yKH YacTHL, NOJNyYeHHbIE Ha YCKOPH-
TeJs1X, HaxoxsT cebe pasHooGpasHble U Bce 6oJiee MHOTOYHCIIEH -
Hble TpHMeHeHHs. Tak, MPOTOHHbIE NYYKH HCIOJIb3YIOTCS B Me-
JULUHE IS paspyiieHHs onmyxoJsel. B oTiiHyHe OT peHTreHOB-
CKUX JyueH M y-AyuyeH, NPOTOHHBIE MYYKH MOT'YT HMeTb O4eHb
MaJIeHbKHe MOMepeyHble pa3Mephl, HO I'IaBHOe — NPOTOHHI BhI-
IeSIoT GOMBLIYIO YacTh CBOEH SHEpPrHHM B KOHIE CBOEro Ipo-
Gera, Ha 3alaHHOH TJIyOHHe, TaK YTO MMOpaXKeHHe OKPYKAaIOHX
ONyXOJb 3JOPOBBIX TKaHeH OKa3bIBaeTC MHHHMAJIbHBIM.

MIOOHBI LIMPOKO HCIIOJIB3YIOTCS AJSI UCCJIeNOBAHHUS TOHYaf-
KX GU3HKO-XMMHYECKHX CBOHACTB pas3/IHyYHBIX BellecTB. B cuny
HECOXPaHEHHs] YETHOCTH 3JeKTPOH, BOSHHKIUHH NpH pacrnaje
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MIOOHA, BBIJIETaeT BIOJb HaNPaBJIEHHs CIIHHA moc/enHero. A no
CIIHHY MIOOHA HallpaBJieH ero MarHUTHBIH MoMeHT. B pesysbra-
Te BBUIETAIOWHH JEKTPOH «COOOIIAET» 3KCIIEpUMEHTaTopy 00
OPHEHTAIlH¥ MarHUTHOTO MOMEHTa MIOOHAa. MIOOH mpencTaBiaser
coGoii Kak OBl «<MHHHATIOPHYIO FOBODSILYI0 MarHHTHYIO CTpeJ-
Ky», H3MepSIOULYI0 pachpejiesieHHe MarHHTHEIX TOJIEH B Belle-
CTBe, HampuMep BHYTPH KpucTajna. [Io CBOHM XHMHYECKUM
CBOHCTBaM aToM MIOOHHS (u*e~) moxox Ha atoM Bogopozxa. Ho
ero cyapby ropasmo Jerde mpoc/enHTh.

Jpyroe nepcrneKTHBHOe HanpaB/eHHE IPAaKTHYECKOrO HC-
NIOJIb30BAHH S MIOOHOB — 3TO MIOOHHBIH KaTaslH3 peaKIHi suep-
Horo cHHre3a. PasMephl aTOMOB MIOOHHOrO BoJopoja (aTOMOB
p~p, und p~D; rne D— pefitpon, umu u~T, rpe T — tpu-
TOH, B KOTOPHIX MIOOH HrpaeT pOJIb 3JIEKTPOHAa) IPHMEPHO
B 200 pas (B oTHoweHuu m,/m, MeHblle pa3MepOB aTOMOB
0GbIYHOrO, 3JEKTPOHHOrO, Bojopoaa: e~p, e~D unu e~T. Dto-
M03BOJISIET HEHTpPaJIbHOMY aToOMYy MIOOHHOI'O BOXOPOAA OYeHb
6/IM3KO TMONOHTH K fAAPY COCEAHEro OOLIYHOI'O 3JEKTPOHHOIO
atoMa. Tak uyro IBa siapa TsiXKeJioro Bojopoxa (Hampumep, D
u T) MOXXHO COMU3UTH, IPEOOJIEB HX KYJIOHOBCKOE OTTaJKHBa-
HHE HE 3a CUeT BBICOKOH TeMIepaTyphbl, a 3a CUET «MIOOHHOTO
ob6MaHa». MIOOH UrpaeT posib «TPOSTHCKOTO KOHSI»: €ro OTpHLa-
TeJIbHBIA 3apsil S5KPaHUPYET MOJIOKUTENbHBIA 3apsil TAKENOro
BOJOPOJA H JeNaeT BO3MOXKHOH peaKIHIO CIHSHHS IIPH HHU3-
Kofi Temmeparype B kHAKOM Bogopoxe: T+D — Het+n.

MiooHBI, poxaeHHble KOCMHYECKHMH Jy4aMH B atMocoepe,
GBbLIM HCIIOJIB30BAHBI JIET NECATb TOMY Hasaj JJisl pocBeYHBa-
HHS eTHNeTCKHX nmupamui. Mwmelorcst MpoeKThl HCIIO/IBb30BaHHS
MIOOHHBIX ITyYKOB O4YeHb BHICOKOH 3HEpPruH JJisi IPOCBEUHBAHHU S
3eMHOH KOpBl H HCCJENOBaHHS DYAHHX MeCTOPOXIEHHH.

[Iupokoe ucnosb3oBaHHe HAXONHUT B HayKe, MEJUIIMHE, TeX-
HUKe U HapoJHOM XO03sHCTBE CHHXPOTPOHHOE H3JyuYeHHe, HC-
MyCKaeMoe 3JIEKTPOHAMH BBICOKMX IHEPrHH MpPH UX JBHXKEHHH
10 opOHTe KOJBLEBOTO YCKOPHTeNSl. 31eCh IPUMEHEHHs Ipo-
CTHPAIOTCS OT CTPYKTYPHOTrO aHa/M3a XXUBOH KJETKH H KHHO-
CbeMKH paboThl 3a60JeBIIEro CepAua N0 YHHUTOXEHHS ceJib-
CKOXO35IHCTBEHHBIX BpefuTesell B GosblIMX oObeMax 3epHa.

JleTeKTHpysl aHTHHEHTPHHO, HCIYCKaeMble fJilepHBIMH peak-
TOpPAMH aTOMHBIX 3JIEKTPOCTAHIHH, MOXKHO 6oJiee HaleXXHO, YeM
II0 IPYTHM NOKa3aTeJIsiM, CyHUTh 06 HHTEHCHBHOCTH I1POIIECCOB
DeJIeHHs1 H, CJeoBaTe]bHO, O pPacxoie fNepHOro ropioyero.
Takoli HEeHTPHHHBIH pacXofomep yxKe paboraeT Ha OfHOH H3
aTOMHBIX 3JIEKTPOCTAHIHMH.

HenaBHO mosiBHJIHCH NIPOEKTH! HCIIOJNB30BaHHS HEHTPHHHBIX
IIYYKOB BBHICOKOH SHEPrHH JJ1s TeOJIOTHYECKHX HCCJIelOBaHHR
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(mouckoB HedTH), AJs TOUHbIX HM3MEpEHHH CKOpPOCTH Apefida
KOHTHHEHTOB. HeHATpHHHAsf acTPOHOMHS JaeT YHHKAaJbHYIO
BO3MOXKHOCTb! , JIETeKTHPOBaTb KOJJIafc] 3Be3l H 3arJsHYTb
BHYTpb CosHuia. Benb poton nuddysaupyer us nenrpa ConHua
K €ro NMOBepXHOCTH NMPHMEPHO cTO Thicsy Jer. HelrpuHo ke
BBLTETaeT NMPAKTHUECKH MrHoBeHHO. C IIOMOLIBIO JOCTaTOYHO
MOLIHBIX HEATPHHHBIX TEJIECKONOB MOXKHO OyZeT HOCTOSHHO
C/lefuTh 3a mpoueccaMH BHYTpH CoJIHIA H COCTaBJATb JOJTO-
CPOYHble IPOTHO3HI.

Bosbiine Hagex bl Bo3/ararorcs Ha My4YKH TAXKeJIbIX HOHOB,
KOTOpble IIPEAIoJaraloT HCIO0Jb30BaTh AJS MONXKHIAHHA Tep-
MOSIJIEPHBIX peaKiuii- nyTeM o0JyYeHHs CIelHaJbHbIX TabJe-
TOK, COJ€PIKalliX H30TOIbI JIETKHX 3J1eMeHTOB. TakHe TsKeso-
HOHHblE TepMOsiilepHble PEaKTOphl MOT'YT CTaTh OCHOBOH 3HEp-
retukn X XI Beka.

I'oBops 0 GH3HKe BHICOKHX 3HEPTHH, HeJb3sl He YIOMSAHYTb
O MHOTOYHCJIEHHBIX HayYHbIX H TEXHHYeCKHX HOBHHKax, KOTO-
pble OblJIM CO3JaHbl JJIsl pellleHHsI ee 3ajay, a 3areM HallIH
IIHPOKOe NMpHMeHeHHe H B APYTHX obsactax ¢usuku. Pusnka
BBICOKHX 3HEprHil C ee mpelesbHO BBICOKHMH TOYHOCTSIMH, CKO-
POCTSIMH, SHEPTHAMH, HHTEHCHBHOCTSIMH I peNbAB/sSeT 3KCTpe-
MaJibHble TPeOOBAaHHS K LEJIOMY Py (H3HYeCKHX IapamMerpoB
npu6opoB H ycTaHOBoK. OHa sIBHJIACh TOH "«KOJIbIGE/bIO», THe
6blTH CO3JaHbl HCKJIOUHTENbHO 3(xpeKTHBHbIE BaKyyMHble Ha-
COCBI, TJie GblIO HAJIaXeHO MacCOBOe HMPOH3BOACTBO GOJIbLIHX
CBEpPXIPOBOAAIIHX MarHHTOB, I'ie OblJIM CO3JaHbl Pa3HOOGpa3-
Hble, OYeHb UYBCTBHTEJbHbIE AETEKTOPhl HOHU3HPYIOMIHX Yac-
THIL,, TAe Oblia co3fiaHa ObICTPOAEHCTBYIOILAS 3JEKTPOHHKA. '

Ho, koHeuHOo, He B 3THX MHOTOYHCJEHHBIX HPHKJAJHBIX
acneKTax OCHOBHAsl LIEHHOCTb (DH3HKH 3JIeMEHTapHBIX HYacCTHII.
HckmounrtenbHass poJb 3TOH HayKH ONpelessieTcss TeM, 4TO
OHa fABJsETC (YHAAMEHTOM BCErO €CTECTBO3HaHHSA. YpPOBeHb
3TOH HayKH OIpejiesisieT ypOBeHb IIOHHMaHHSA BCETO OKPYXKalo-
Iero HaC MHpa, ONpejessieT ypOBeHb HHTEJJIEKTyaslbHOH 3pe-
JIOCTH UYEJOBEUeCTBa. De3 (H3UKH 3jeMeHTapHbIX YaCTHI
HEBO3MOXKHO IIOHATH MPOLILJIOE HALIero MHpPa, HEBO3MOXKHO MO-
HATb OCHOBHbIE IIPOLECCHI, HAYIHE B HEM, HEBO3MOXKHO NPOTHO-
3uUpoBaTh Oynyluiee.

Hcropus ¢uM3HKH yuHT, 4TO Kax/blf HOBBIH YyCHEUIHbIH
IIar Ha IyTH NO3HaHHA (yHJaMeHTaNbHBIX 3aKOHOMEPHOCTeH

HpHPOAbl HEH30eXKHO NPHBOAUJ K OTPOMHBIM (M NOYTH BCeraa
" HeOXHJAaHHbIM) H3MeHEHHSIM B TeXHHKe H PaJHKaJbHbIM o6pa-
30M CKasblBaJICl Ha XH3HH Bcero uyesoBeuecTBa. JlocTaTouHO
BCIIOMHHTb O T€X IIJIOAAX, KOTOpble IPHHEC/HH JIIOASM TaKHe
abCcTpaKTHble TEOPHH, KaK 3/1eKTPOAHHAMHKA, TeOPHS OTHOCH-
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TeJIbHOCTH M KBaHTOBas MeXxaHuKa.. Her aBcomorno mukakitk
OCHOBaHHH OXHIATb, YTO TEOPHH, KOTOpble CO3JAIOTCS Ce-
TOIHf, OKaXyTCsi MeHee IJIOROTBOpHbIMH. HaoGopor, Mbl
3HaeM, YTO OHH MMeEIOT IIeJI0 C CaMbIMH OCHOBHBIMH IIOHSTH-
SIMH (PM3HYECKOro Mupa, TaKUMH, KaK BpeMs, NpOCTpaH-
CTBO, BaKyyM, Macca, 3apsii, ciuH. Bynylie HccienoBaHus
OTKDOIOT COBEPLIEHHO HEOXHJaHHble acleKThl 3THX (yHAaMeH-
TaNbHHIX cyuHocTed. M XoTsl ceroaHs MOXHO JIMIUb TrajiaTh
O TOM, KaKOBbI 3TH aClieKThl, BPSX JIH MOXKHO COMHEBATbCS, YTO
NpaKTHYeCKHe CJIe[CTBUS 3THX OTKPHITHH 6yAyT (yHIaMeHTasb-
HBIMH. :

Korza-ro HbloToH cpaBHHBas ce6s1 ¢ MaJ/JIbYHKOM, Ha-
IIENIIMM HECKOJIbKO KaMelIKOB Ha Oepery OoKeaHa HeH3BEAaH-
Horo. KoHeyHo, o6JsiacTh H3BeJaHHOTO  HEH3MEPHMO BHIPOC/A C
TeX Mop, HO 6bl10 Gbl HaUBHBLIM BBICOKOMEDHEM CYHTaTh, YTO B
OCHOBHOM MbI y2Ke Bce 3HaeM M OCTaJIUChb HeU3YUeHHBIMH JIHLIb
HeKOTopble MeJsikHe Jeranu. [lonpoGyfite mpeacraBHTb ceGe,
KaK MHOTO Mbl He 3HaJiH Obl CErOfiH#, ec/IH Obl pa3BUTHE (DU3HKH
3/IeMEHTapHBIX YaCTHL OCTAaHOBHJIOCh, CKaxkeM, B 1950 r. Huu
gaxe B 1970 r. ‘Benp BoceMb H3 IIeCTHaILATH OCHOBHBIX ¢ep-
MHOHOB H G030HOB (C-, b-, {-KBapKH, T-IEITOH H €ro HeATPHHO,
TJIIOOHBI, TPOMEXKYTOYHble GO30HBI) OBbLIH OTKpBITHL IIOCJIE
1970 r.

OxeaH HeH3BEJaHHOI'O IPOCTHPAETCS IepeJ JIIOAbMH H ce-
rofHs. PU3HKOB OXKHJAIOT OTKPBITHA HOBBIX YacTHI[, HOBBIX
CHJI, HOBBIX (h)yHIaMeHTa/bHbIX NPHHIMIIOB.
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COIEP)KAHHE

[MPEJHCJIOBHE

IIIAPTAJIKA: YACTHLBI U B3AMMOJEMCTBHS

OCHOBHBIE YACTHILBI: 3JIEKTPOH, INTPOTOH,
HEUTPOH, ®OTOH

MACCA, 3HEPIUS, HMITYJIbC, VYIVIOBOH MOMEHT
B MEXAHHMKE HbIOTOHA

MACCA, HEPTHS{ Y UMITYJIbC
B MEXAHHUKE 3HHIITEMHA

CHJIbl U TTIOJIA

KBAHTOBBIE SIBJIEHHS

ATOMHBIE ¥ SAIEPHBIE PEAKIHH

CJIABOE U CWJIbHOE B3AHMMOJENCTBHS

®U3HWKA BBICOKUX 3HEPTHH

YCKOPHTEJIH ’

AHTHUYACTHULbI

AIIPOHBI 1 KBAPKH

. HEBBIJIETAHHE KBAPKOB

TJIIOOHDI. IIBET

JIENITOHBI

TIOKOJIEHUY JIE[ITOHOB U KBAPKOB

PACIIALBI JIE[ITOHOB H KBAPKOB

BUPTYAJIbHBIE YACTHUILbI

TOKH

C-, P-, T-CHMMETPHH

HENTPAJIbHBIE TOKH

IMPEJICKA3AHHBIE W- U Z-BO30OHbI

OTKPBLITHE W- U Z-BO3OHOB

®U3UKA HA KOJIJIAUIEPAX TIOCJIE Z

«TUXASl ®H3UKA» U BEJIMKOE OBBbEIVHEHHE

-CYTIEPOB'BEJHWHEHHE?

KOCMOJIOTHUS 1 ACTPOPH3HKA

MOXBAJIBHOE CJIOBO ®U3UKE BBICOKUX 3HEPTUU

PEKOMEHIOYEMAS JIMTEPATYPA
AJI®ABUTHBIN YKA3ATEJIb
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