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YTO-TO CTpaHHOeE
rpAngeT




K BAHT. DTO CJIOBO OJJHOBPEMEHHO B3BIBAET K UyBCTBAM, COUBAECT
C TOJIKY U 3aBOPAKUBAET. B 3aBUCMMOCTH OT TOYKH 3PEHUA ITO
JIMOO CBHUJIETEIBCTBO OOIIMPHBIX YCIEXOB HAYKH, TMOO CUMBOJI OTpa-
HUYEHHOCTH Y€JIOBEYECKON MHTYUIINU, KOTOPASA BBIHYXK/IEHA OOPOTh-
Csl C HEOTBPATUMOI CTPAHHOCTBIO CyOATOMHOI c(peprl. 11 (pru3uka
KBAaHTOBASI MEXAHHKA — OJHA M3 TPEX BEJIHUKUX OIOP, HA KOTOPBIX
ITOKOMTCSA ITIOHUMAHHNE IIPUPOABI (ABE APYTHE — 3TO OOIIASA U CIIEIH-
aJIbHAS TEOPUH OTHOCUTEIBHOCTH DUHIITENHA). Teopun DHHIITENHA
UMEIOT JIEJI0 C IPUPOJOU IIPOCTPAHCTBA U BPEMEHU U CUJION IIPUTH-
JKeHHA. KBAHTOBAA MEXAHUKA 3aHHUMAETCSA BCEM OCTATIbHBIM, U MOXK-
HO CK43aTh, YTO, KAK ObI OHA HU B3bIBAJIA K YYBCTBAM, COMBAJIA C TOJIKY
WIN 3aBOPAKUBAJIA, 3TO BCETO JIMIb (PU3NYECKAA TEOPUS, ONHCHI-
BAIONIAs TO, KAK IPUPOJA BEJET CeOsl B IEUCTBUTENBHOCTU. HO naske
€CJIM MEPUTD €€ TI0 3TOMY BECbMA NPArMATUYHOMY KPHUTEPHIO, OHA
MOPAKAET CBOEU TOUYHOCTBIO U OO'BSICHUTEIBHON CHJION. ECTh OfvH
SKCIEPUMEHT M3 OOJACTH KBAHTOBOHM 3JEKTPOAUHAMMUKU, CTAPEH-
HIEN M JIYIIE BCETO OCMBICTIEHHOM U3 COBPEMEHHBIX KBAHTOBBIX T€O-
pun. B HEM n3MepaeTCs, KAK JEKTPOH BeJIeT ceOsA BOIU3M MATHUTA.
DUBUKHU-TEOPETUKH MHOI'O JIET YIIOPHO PAOOTANHN C PYUYKOU U OyMa-
I'OH, 4 TIO3KE C KOMIIBIOTEPAMH, YTOOBI IPEACKA3ATD, YTO UMEHHO MO~
KKYT TAKHE UCCIIENOBAHUA. [IDAKTUKU IIPHUYMBIBAJIU M CTABHJIN 3KC-
[IEPUMEHTBI, YTOOBI BBIBEJATH OOOJIBIIC TTOJPOOHOCTEN Y IPUPO/IBL.
O6a narepst HE3aBUCUMO JPYT OT APYTra BbIJABAIN PE3YABbTATHI C TOY-
HOCTBIO, ITIOJOOHON M3MEPEHUIO PACCTOAHMA MEXIYy MaHdecTepoM



YTO-TO CTPAHHOE TPAQET

1 Hpr0-MIOPKOM C MOrpEmHOCThIO B HECKOJIBKO CAHTUMETPOB. [Tprme-
YaTEJIbHO, YTO IIM(PBHI, MOJYYABIINECS Y SKCIIEPUMEHTATOPOB, IO~
HOCTBIO COOTBETCTBOBAJIM PE3Y/IBTATAM BBIYHCJICHUI TEOPETHUKOB;
U3MEPEHUS U BBIYHCJIEHU S TTOJTHOCTBIO COTTIACOBBIBAJIHCD.

OTO HE TOJBKO BIICUYATIIAIONIE, HO U YJUBUTEIbHO, U, €CJIN OBl I10-
CTPOEHME MOJICJIEH OBLIIIO €AUMHCTBEHHON 3200TOM KBAHTOBOH TEOPHH,
BBI MOIVIU OBl C IOJTHBIM IIPABOM CIIPOCHUTD, B YEM K€ BOOOIIE TPOOIIe-
Ma. Hayka, pasymeeTcs, He 0053aHa ObITh ITOJIE3HOI, HO MHOTHE TEXHO-
JIOTUYECKUE U OOIIECTBEHHBIE U3MEHEHHS, COBEPIIUBIINE PEBOJIIO-
IIUIO B HAIIEH KU3HU, BBIIUIN U3 (DYHAAMEHTAIBHBIX UCCICOBAHNM,
IIPOBOJIMMBIX COBPEMEHHBIMH YUYEHBIMH, KOTOPBIE PYKOBOJCTBYIOTCS
JIMIIIB JKEJIAHUEM JIYYIIE IIOHATH OKPYKAIOWMI MUD. Biiarogaps atum,
BBI3BAHHBIM TOJIBKO JIIOOOIBITCTBOM, OTKPBITUAM BO BCEX OTPACIAX
HAYKU MBI UMEEM YBEJIMYCHHYIO TPOJOIKUTEIBHOCTD XKU3HU, MEXY-
HapPO/IHBIC ABUATICPEBO3KH, CBOOO/Y OT HECOOXOJUMOCTH 3aHUMATHCS
CEJNBCKUM XO3SIICTBOM PaZd COOCTBEHHOI'O BBIKMBAHUS, 4 TAKXKE IIU-
POKYIO, BJOXHOBJISIONIYIO ¥ OTKPBIBAIOIMIYIO V1a32 KaPTHUHY HAIIETO
MeCTa B 6ECKOHEYHOM 3BE3JHOM MOpe. HO BCe 9TO B KAKOM-TO CMBICJIE
IIOOOYHBIE PE3YIBTATHL. MBI UCCIETYEM U3 JIIOOOIIBITCTBA, 4 HE IIOTOMY,
YTO XOTHUM JIOOUTHCS JIVUIIETO IOHUMAHUS PCATTBHOCTH WUJIH Pa3pado-
TaTb 6051 3I(PHEKTUBHBIE OE3ACTYIIKH.

KBaHTOBAasl TEOPUSI — BO3MOKHO, HAUJIYUYIIUN IIPUMED, KaK 6ec-
KOHEYHO CJIOKHOE I MOHHUMAaHHA OOJBIIMHCTBA JIIOAECH CTAHO-
BUTCS KparHe Nonae3HbIM. OHA CJI0XKHA JIJIs1 IOHUMAaHUs, IIOCKOJBKY
ONHUCBHIBAET MUP, B KOTOPOM YACTHI[A MOXKET PEAIBHO HAXOJUTBHCA
B HECKOJIBKUX MECTAX OJJHOBPEMEHHO U NEPEMEMIAECTCS U3 OJTHOTO
MECTA B JJPYroe, UCCIEAYsI TEM CAMBIM BCIO Bcenennyro. OHa nones-
Ha, IOTOMY 4YTO NMOHUMAHHE MOBEJCHUSA MAJCUIINX KHUPIHUYHKOB
MHPO3JAHUS YKPENJIIET ITIOHUMAaHNUE BCETO OCTANbHOI0. OHA KJIAJIET
IIPEJEN HAEMY BBICOKOMEPHIO, IIOTOMY YTO MUP HAMHOTO CJIOXKHEE
U Pa3HOOOpA3HEE, YEM Ka3aJI0Ch, HECMOTPS HA BCIO 3TY CJIOXKHOCTD,
MBI OOHAPYKWJIH, YTO BCE COCTOUT N3 MHOKCCTBA MEIBYANIINX Ya-
CTULL, KOTOPBIE ABUTAIOTCSI B COOTBETCTBHUU C 3aKOHAMU KBAHTOBOU
TEOPUH. 3aKOHBI 3TH HACTOJBKO MPOCTBHI, YTO UX MOKHO 3aITHCATh
Ha OOPATHOU CTOPOHE KOHBEPTA. A TO, UTO JIJIs1 OObACHEHUA ITTyOHUH-
HOI IIPUPOJBI BEIIECH HE TPeOyeTCs 1eas OUOINOTEKA, YKE CAMO

110 cebe O/IHA U3 BEJIMYANIINX TAHH MUPA.



KBAHTOBAS BCENEHHAA

HTak, yeM OOJbIIE MBI Y3HAEM OO 3JIEMEHTAPHOU IIPHUPOJAE MU-
PO3/IaHMs, TEM IIPOIIE OHO HAM KaXKeTCA. ITOCTENEeHHO MBI IPUJEM
K HIOHMMAaHUIO BCEX 3AKOHOB U TOI'O, KAK 3TU MAJIEHbKUE KUPITUUYUKHU
B3aMMOJICUCTBYIOT, (pOpMUPYsT MUP. HO Kak 6Bl Mbl HU YBJIEKAJIHCh
IIPOCTOTOM, JIEKAIEH B OCHOBE BCEJIEHHON, HYXXHO OO0SA34TEJIBHO
IIOMHHTB: XOTS OCHOBHBIE IPABHUJIA UI'PBI IPOCTDL, UX MOCJIEICTBUSA
HE BCEI/A JIETKO BBIYUCIUTH. Haml MOBCEHEBHBIN OMNBIT MO3HAHUSA
MHPa ONPEJENAETC OTHOMEHUAMU MHOTMX MHJIMAPJOB ATOMOB,
U IBITATHCS BBIBECTU IIPUHIIMIIBI IOBEICHUS JTIOJIEH, >)KUBOTHBIX U pa-
CTEHUH U3 HIOAHCOB ITOBEJICHUS 9TUX ATOMOB OBLIIO OB IIPOCTO ITIYIIO.
ITpu3HAaB 3TO, MBI HE TPUHMKAEM €TI0 BA>KHOCTH: 34 BCEMU SIBJIECHUSMU
B U'TOT'€ CKPBIBAECTCA KBAHTOBAS (PU3UKA MUKPOCKOIIMYECKUX YACTHII,

IIpencTaBbTe MUP BOKPYT HAC. BBI JIEPIKUTE B PYKAX KHUTY, CJI€E-
JIAHHYIO M3 6yMaru — NepeMOIOTON JPEBECHON MACCHI*. JlepeBbs —
3TO MAMIUHBI, CIIOCOOHBIE IOy YaTh ATOMBI M MOJIEKYJIBI, PACHIETIATD
UX M PEOPTraHU30BLIBATH B KOJIOHNUH, COCTOSIIIINUE U3 MUJLIUAPJIOB OT-
JIeJIbHBIX yacTer. OHU JE/1aI0T 3TO 0J1arojapst MOJIEKYJIE, U3BECTHOU
IIOJT HA3BAHUEM XJIOPO(MUILIT M COCTOSAIIEN U3 CTA C JIMIITHHUM ATOMOB
yIJIEPO/A, BOAOPO/A 1 KUCJIOPOAA, KOTOPbIE HMEIOT U30THYTYIO OCO-
ObIM 00pa30M POPMY U CKPEIICHBI €III€ C HEKOTOPBIM KOJIUYECTBOM
4TOMOB MAT'HUSI U BOJIOPOAA. TaKOE COCAUHEHUE YACTUI] CITOCOOHO
YAABIUBATD CBET, TpojeTeBmuii 150000000 kM OT HAIIEN 3BE3/II —
AJIEPHOTO O4ara O6p€MOM B MUJUIMOH TAKUX IJIAHET, KAK €M, —
U MEPENPABIATh 3TY SHEPIUIO BIVIYOb KJIETOK, I7IE C €€ MOMOIIBIO
CO3/IAIOTCSI HOBBIE MOJIEKYJIBI U3 IBYOKHUCH YIJIEPOAA M BOJABI U BbIJIE-
JISIETCS JAIOIMIHUI HAM SKU3Hb KUCJIOPOJ,.

MMEHHO 3THU MOJIEKYIAPHBIE LIENH (DOPMUPYIOT CYHEPCTPYKTY-
Py, OOBEAUHSAIONTYIO M IEPEBbA, U OyMary B 3TOU KHHUT'E, U BCE JKUBOE.
Bbl cIOCOGHBI UUTATH KHUT'Y U [IOHUMATh CJIOBA, IIOTOMY YTO Y BaC
€CTb I71a34 ¥ OHU MOT'YT IPEBPAMATb PACCEAHHBIN CBET OT CTPAHUL]
B 3JIEKTPUUECKUE UMITYIbCHL, UHTEPIPETUPYEMBIEC MO3I'OM — CaAMOI
CJIOKHOM CTPYKTYpPO¥ BceleHHOM, O KOTOPOM MBI BOOOIIE 3HACM.
Mpbl OOHAPYXKWJIH, YTO BCE BEIIM B MHUPE — HE OOJEE YEM CKOIH-

Ira aromMoB, a HalO‘IHfILHGﬁ MHOFOO6p33HC 4ATOMOB COCTOHMT BCEI'O

* EC/IN, KOHEUHO, Bbl UMTEETE HE SMEKTPOHHYHO KHUTY, MHaUe MPUAETCS NOAHaMPsUb BOOOPa-
xeHne. 30eck U 0asiee NPUM. GBM., eCc/iu He YKa3aHo UHOe
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U3 TPEX YACTUL] — NEKTPOHOB, IPOTOHOB U HEUTPOHOB. MBI 3HAEM
TAKXKE, YTO CAMU IPOTOHBI U HEUTPOHBI COCTOAT M3 60JIEE MEJIKUX
CYIIHOCTEN, UMEHYEMBIX KBAPKAMH, U HA HUX YK€ BCEC 3aKAHUYMBA-
€TCsl — IO KPAUHEN MEPE, TAK MBI IyMmaeM ceruac. OCHOBAHUEM JIJId
BCET'O 9TOI'O CJIYKUT KBAHTOBAS TEOPUSL.

TaxkuM 00pa3oM, KapTUHY BceneHHOH, B KOTOPOH OOUTAEM MBI,
coBpeMeHHas (PU3UKA PUCYET C UCKIIOYUTENBHON IIPOCTOTOM; dJI€e-
T'AHTHBIE ABJIEHUA IPOUCXOAAT IJIE-TO TAM, I'7ZI€ UX HEJIL3 YBU/IETD,
HOPOXK/AAsi PA3HOOOPA3ZUE MAKPOMHUPA. BO3MOXKHO, 3TO CAMOE BbI-
JIAIoNIeeCs JOCTUKEHUE COBPEMEHHON HAYKU — CBEJCHUE HEBEPO-
SITHOM CJIOKHOCTH MHUP4, BKJIIOYAA U CAMUX JIOACH, K ONHUCAHUIO
ITOBEACHU A FOpCTKI/I MEJIbYANIITUX Cy63TOMHbIX qacTuly u ‘-ICTprCX
CHUJI, AEUCTBYIONNUX MEX/Y HUMU. JIydlne ONUCaHus TPEX U3 YETHI-
PEX 3TUX CHUJI — CHJIBHOTO U CJIA0OTO S/IEPHBIX B3aUMOJICHCTBUII,
CYHIECTBYIOUIMX BHYTPHU 4ATOMHOIO S/Ipd, U SJICKTPOMATHUTHOI'O
B3AMMOJENCTBU A, KOTOPOE CKJIEUBAET ATOMBI U MOJIEKYJIbL, — IIPEAO-
CTABJISIET KBAHTOBAS TCOPUs. JIMIIb CUJIA TSXKECTU — CaMas cy1adas,
HO, BO3MOKHO, CaMasl 3HAKOMAsI HAM CHUJIA U3 BCEX — B HACTOAIIUH
MOMEHT HE UMEET yAOBJIETBOPUTEIBHOI'O KBAHTOBOI'O OIIUCAHUS.

CTOUT NPU3HATH, YTO KBAHTOBAS TEOPHUSI HMEET HECKOJIBKO
CTPAHHYIO PEIIYTALIUIO, U €€ UMECHEM IIPUKPBIBACTCS MHOMXKECTBO
HacToamed axuHeu. KOTbl MOI'yT OBbITh OJJHOBPEMEHHO >KMBBIMU
W MEPTBBIMU; YACTUILBI HAXOAATCA B JBYyX MECTAX OJJHOBPEMEHHO;
lerizeHO6EPr yTBEPKIACT, UTO BCE HEOIIPEACICHHO. BCe 3TO 1eiCcTBuU-
TEJILHO BEPHO, HO BBIBO/IBI, KOTOPBIE YACTO U3 3TOI'O CIEAYVIOT — PA3
B MUKPOMHUPE IIPOUCXOAUT HEYTO CTPAHHOE, TO Mbl OKYTAHBIL IbIM-
KOHW TyMaH4, — TOYHO HEBEPHBI. DKCTPACEHCOPHOE BOCIPUATHE,
MHUCTHUYECKUE HUCLEIEHHUS, BUOPUPYIOMIUE OPACIETHI, KOTOPBIE 3a-
MUIIAIOT OT PAJAHUALIUH, U YEPT 3HAECT YTO EIIE PEryJIsPHO IPOKPa-
JBIBAETCA B IAHTEOH BO3ZMOKHOI'O IO/, TIMYMHOM CJI0BA «KBAHT», DTY
YEMyXYy MOPOXKAAI0T HEYMEHHUE SICHO MBICJIUTDH, CAMOOOMAH, MOJ-
JIMHHOE UJIN IPUTBOPHOE HEJIOIIOHUMAHUE JTUOO KAKasI-TO OCOOEH-
HO HEYJa4Has KOMOHMHAIIUS BCET'O BBIIIENIEPEYUCIECHHOrO. KBaHTO-
Basl TEOPHUS TOYHO OIMCHIBAET MUP C IIOMOIIBIO MATEMATUYECCKUX
34KOHOB, HACTOJIBKO K€ KOHKPETHBIX, KAK U TE€, YTO HUCIIOJIb30Ba-
au HeroroH niu Fanunen. BOT noyeMy Mbl MOXEM C HEBEPOSITHOM

TOYHOCTBIO PACCUYUTATH MATHUTHOC IIOJIC JICKTPOHA. KBanTOBas

[11]
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TEOPHUA MPEMIATAECT TAKOE OIMCAHUE IIPUPO/bI, KOTOPOE, KAK MBI
Y3HA€M, UMEECT OIPOMHYIO NIPEICKA3ATEIBHYIO U OOBICHUTEIBHYIO
CHJIY U PACIIPOCTPAHAETCA HA MHOXKECTBO AABJIEHUN — OT KPEMHHUE-
BBIX MUKPOCXEM [JI0 3BE3/I.

Llenp 9TOM KHUTU — COPBATH IOKPOBBI TAMHCTBEHHOCTU C KBAH-
TOBOU TEOPHUHU — TEOPETUYECKOU KOHCTPYKIIUH, B KOTOPOU I1yTAIOT-
Cs1 CJIMIIIKOM MHOI'ME, BKJIIOYAS 1AKE CAMUX IIEPBOIPOXO/LIEB B 9TOU
oTpacau. Mpl HAMEPEHBI UCIIOIb30BATh COBPEMEHHYIO IIEPCIIEKTUBY,
MOJIB3YSICh HAPAOOTAHHBIMHU 34 BEK YPOKAMH HENPENYCMOTPHUTEIIb-
HOCTH U PA3BUTUA TEOPUHU. OHAKO HA CTAPTE MYTEIECTBUSA MBI I1€-
peHeceMcsl B HAa4aI0 XX BEKA U UCCIENYEM HEKOTOPBIE TPOOIEMBL,
3aCTABUBIINE (PU3UKOB PAJUKAIBHO OTKJIOHUTBHCA OT TOI'O, YTO pPa-
HEE CYMTAIOCh MATUCTPAJIbHBIM HAIIPABJICHHUEM HAYKU.

Kak 4acro ObIBAET, IIOABJICHHUE KBAHTOBOU TEOPHUH CIIPOBOLIMPO-
BAJIM OTKPBITHUSA IIPUPOAHBIX SABJIECHUH, KOTOPBIE HEJb3d OBLIO OITH-
CATb HAYYHBIMHU [APAJUIMAMU TOI'O BDEMEHU. []J11 KBAHTOBOU TEOPUU
TAKUX OTKPBITHUI ObLJIO MHOI'O, IIPUTOM PA3HOOOPA3HOI'O XAPAKTEPA.
Pl HEOOBACHUMBIX PE3YABTATOB MOPOXKAAT AKUOTAXK U CMATEHHUE
U B UTOI'€ BBI3BAJI IIEPUO/L SKCIIEPUMEHTAJIbHBIX U TEOPETUYECCKUX UH-
HOBAIINI, KOTOPBIN JEHMCTBUTEIBHO 3ACAYKHUBAET PACXOXKETO OIIpeie-
JICHH S «30JI0TOU BEK». IMEHA IVIABHBIX I'€POEB HABCEIId YKOPEHUIINCH
B CO3HAHMMU JIIOOOI'O CTYAEHTA-(PU3HKA U YALIE APYyIUX YIIOMUHAIOTCS
B YHUBEPCUTETCKUX KypCaxX U MO Ceh JieHk: Pesepdopxa, bop, TLiaHk,
Onnirreny, ITaynu, lezen6epr, HIpéqunrep, Iupak. Bo3aMoxXHO, B 1C-
TOPUHU OOJBIIE HE CIIYYUTCS EPUOAA, KOTAA CTONBKO UMEH OYAYT aC-
COLIMMPOBATHCS C BEJIMYUEM HAYKU IIPU JABUXKEHUU K €IUHOU LIEIU —
CO3JJAHUIO HOBOM TEOPUH ATOMOB U CHJI, YIIPABJIAIOMMNX (PU3NIECKHUM
MUPOM. B 1924 rony, O1/144b1BasACh HA IPEALUICCTBYIOINE IECATUICTUS
KBAHTOBOM Teopuu, DpHeCT Pezepdopn, Pu3HK HOBO3EIAHICKOIO
MIPOUCXOKICHUSI, OTKPBIBIITHIT ATOMHOE SIPO, ITHUCATT: «1896 rofL... 03Ha-
MEHOBAJI HA4YaJIO TOI'O, YTO 6BIIO JIOBOJILHO TOYHO HA3BAHO I'€pOUYe-
CKHM BEKOM (PU3MUYECKON HayKu. HUKOTJa 1O 9TOro B UCTOpUn (pu-
3HUKM HE HAOJIONATIOCh TAKOIO MEPUO/IA JTUXOPAJOUYHON aKTUBHOCTH,
B TEUECHUE KOTOPOI'O OJHU (PYHJAAMEHTAJIBHO 3HAYMMBIC OTKPBITUS
C 6EIICHON CKOPOCTBIO CMEHSIIN JIPYTHC».

Ho mpexjae yem nepemectuTbcs B Ilapux XIX Beka, K pOxJe-

HHIO KBAHTOBOH TEOPHUH, 1ABANTE PACCMOTPHUM CAMO CJIOBO «KBAHT».
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DTOT TEPMUH HOSABUIICA B pu3HKE B 1900 rogy o6marogapst padboram
Maxkca ITnmanka. OH IBITAICS TEOPETHUYECKU OIHCATh HU3JIy4YECHUE,
HUCIYCKAEMOE HATPETBIMHU TEJIAMHU, — TAK HA3BIBAEMOE «U3JTyUYECHUE
46COIOTHO YEPHOTrO Tena». KcTaTH, ydeHOro HaHs1Ia JIJIs1 9TOU 11eIU
KOMITAHM A, 3AHUMABIIAACA JIEKTPUIECKUM OCBEIIEHUEM: TAK IBEPH
Bceesnennon nopom OTKPBIBAIOTCA IIO CAMBIM IIPO3aUYECKUM IIPU-
4uHaM. [eHuaIpHbIe TPO3peHUus [ITaHKa MBI O6CY/IUM B 3TOM KHUT'E
MIO3:KeE, 4 AJ1 BBEIEHHUA JOCTATOYHO CKA34aTh: OH BBIACHUJI, YTO CBOU-
CTBA U3JTy4E€HUS A6COIOTHO YEPHOI'O TEJIA MOKHO OO'BICHUTD, TOJIb-
KO €CJIM MPEAIIONOKHUTD, YTO CBET UCITYCKAETCA HEOOBIIUMU ITOP-
LUSMU SHEPTUU, KOTOPBIE OH U HA3BAJI KBAHTAMU. CaMO 3TO CJIOBO
O3HAYACT «I1AKEThI», UJIN «JUCKPETHBIE». FI3HAYAJIBHO OH CYUTAJL, UTO
3TO JIMIIb MATEMATHUYECKAS VJIOBKA, HO BhIIeAIIas B 1905 rony pado-
Ta Anp6epra DMHITENHA O POTOINEKTPUUECCKOM 3P peKTe noaaep-
JKaJ1a KBAHTOBYIO TMIIOTE3Y. PE3ybTaThl ObLIN yOEIUTENIBHBIMH, T10O-
TOMY 4TO HEOOJIBIINE TTOPIIUU SHEPTUU MOIVIH OBITh CHHOHHUMUYHBI
YACTHUILLAM.

M 1es1 TOro, YTO CBET COCTOUT U3 MOTOKA MAJIEHBKUX ITYJIEK, UMEET
JIOJII'YIO U CJIABHYIO UCTOPUIO, HA4YaBILIYIOCA ¢ Mcaaka HploTOHA U pO-
JKJIEHUST COBPEMEHHOM (prsnku. OmHAKO B 1864 roiy MOTIAH/ICKUI
pusuk xernMmc Kinapk MakcBeI, Ka3aJIOCb, OKOHYATEJIbHO pPaC-
CeslJI BCE CYIIECTBOBABIIME COMHEHMA B PAJie padOT, KOTOPBIE AJlb-
OepT DUHIITENH MO3[JHEE OXAPAKTEPU3OBAJI KAK «CAMBIE TTIYOOKHE
U IJIOJOTBOPHBIC U3 BCEX, YTO 3HAJIA (PU3HKA CO BpeMeH HpIoTOH».
MaKcBeJI IOKA3aJ1, YTO CBET — 3TO AJICKTPOMATHUTHAA BOJIHA, PAC-
HIPOCTPAHAIOAACS B IPOCTPAHCTBE, TAK YTO M€ CBETA KAK BOJIHBI
nMena 0€3yKOPU3HEHHOE U, KA3aJIOCh Obl, HEOCTIOPUMOE IIPOUCXO-
xaeHre. ONHAKO B CEPUU AKCIIEPUMEHTOB, KOTOPbIE ApTYp KOMIITOH
U €I'0 KOJUJIET'Y IIPOBEIU B YHUBepcUuTeTe Bamuurrona B Cenr-Jlyuce,
UM y1AJIOCh OTAEIUTD CBETOBBIE KBAHTBI OT AJIEKTPOHOB. Te U Ipyrue
BEU cebsI CKOPEE KAK OUIbSIP/HBIC MIAPBL, YTO SIBHO HOATBEPUIIO:
TEOPETUUECKHUE NPEAINONOKeHUsA [IaHKa UMEIU IPOYHOE OCHO-
BAHHE B PEAJILHOM MHUpPE. B 1926 ro/iy CBETOBbIEC KBAHTHI ITOTYIHIIH
Ha3BaHUE (POTOHOB. CBUJETEIBCTBO OBLJIO HEOIIPOBEPKUMBIM: CBET
BeJIET ce0A OAHOBPEMEHHO KAK BOJHA M KaK YACTHUIIA. DTO O3HAYAJIO
KOHEII KJIACCUYECKON (PUBUKH — U 3ABEPUICHUE IIEPHO/LA CTAHOBIIE-

HUA KBAHTOBOU TEOPUH.
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3 pHecT Pesepdop/ Ha3pIBaJ HAYAJIOM KBAHTOBOM PEBOJIOLIUHN
1896 rop, MOTOMY YTO UMEHHO TOTA AHpU Bekkepenb B CBOEH
MAPHKCKON J1AOOPATOPHUH OTKPBLI PAaJHOAKTHBHOCTb. BEKKEpEIb
IIBITAJICA C IIOMOIIBIO COEJMHEHUA YPAHA IIOJIYYUTh PEHTIEHOBCKUE
JIY4H, KOTOPBIE OYKBAJIBHO 34 HECKOJIBKO MECAIIEB JJO 3TOI'O OTKPBLI
B Bropu6ypre Bunbreabm PeHTreH. BMECTO 3TOro 0Kas3ajocCh, YTO
COEeMHEHNSA yPaHa UCITyCKAIOT les rayons uraniques*, KOTOpbIE CITO-
COOHBI 32CBEYNBATH (POTOrpAPHUIECKUE IIJIACTUHBDL, AK€ €CJIN TE 3d-
BEPHYTBI B TOJICTBI CJIOU OyMaru, 4€pe3 KOTOPBIM HE IIPOHUKAET
CBET. BaskHOCTB yuyer Bekkepesisa BeJIMKUM ydeH bl AHpu [Tyankape
IOAYEPKHYJI B CBOEH cTaThE ele B 1897 rony. OH IpO30pIHUBO ITHUCAI
00 OTKPBITHM: «.y’KE€ CETOJHA MOKHO CYUTATD, YTO OHO JAET AOCTYI
B COBEPILIEHHO HOBBIM MUP, O CYIMIECTBOBAHUHN KOTOPOTO MBI JJAKE
HE IOAO3PEBAIN». B palMOAKTUBHOM pacraje, OObSICHABIIEM OT-
KPBITBIA 3(P(PEKT, CAMBIM 3aI'a/IOYHBIM OBLIIO TO, YTO JIYYH, KA3aJI0Ch,
HUCIYCKAIOTCSI CAMOIIPOU3BOJIBHO M HEIMPE/JCKA3YEMO, 6€3 KaAKOI'O-
160 BHEITHETO BO3ACCTBHS.

B 1900 roay Pesepdopa nucan o6 3rToM: «Bce aromel, cpopmMu-
POBABIIHECA B OAHO U TO K€ BPEMS, JOKHBI CYIECTBOBATH B TE-
YEHMUE OIPEAETIECHHOTO MHTEPBAIA. DTO, OJHAKO, MPOTUBOPEUYHUT
HaOJI0AEMBIM 3dKOHAM TPaHCHOPMAIIHUH, COIJIACHO KOTOPBIM

JKM3Hb 4TOMA MOKET UMETBD JTIOGYIO TPOJIOJIKUTENBHOCTD — OT HYJLS

* Yparossle nyun (pp.). Mpum. nepes
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JIO 6ECKOHEYHOCTH>. TaKOE XaOTUYECKOE NIOBEIEHUE JIEMEHTOB MH-
KPOMHUpPA CTAJIO IIOKOM, IOTOMY YTO /IO TOT'O HayKa OblJ1a TOJTHOCTBIO
JETEPMUHUCTCKONU. EC/IM B ONpefesIeHHbI MOMEHT Bbl 3HAJU BCE,
4TO BO3MOXKHO 3HATb O KAKOM-TUOO MPEAMETE, TO CUUTAIOCH, YTO
BBl CMOKETE C YBEPEHHOCTBIO MPEACKA34ATh OyAyIIee 3TOTO IPEL-
MeTa. OTMEHA 3TOTO BHU/IA NIPEICKA3ATENBHOCTH — KJIIOUEBAS YEPTA
KBAHTOBOH TEOPHUH, UMCIOIIEH /IEJIO C BO3MOXKXHOCTBIO, 4 HE C yBE-
PEHHOCTBIO, M HE IOTOMY, YTO HAM HE XBATAET A6COMIOTHOI'O 3HAHUSA,
HO IOTOMY, YTO HEKOTOPBIE ACHEKTBI IPUPOABI, IO CYTH, YIIPABJII-
IOTCA 3aKOHAMHU Cnydad. [IoaTOMy CETOJHA MBI IOHUMAEM, YTO IIPO-
CTO HEBO3MOXKHO NPENCKA3ATh, KOI/IA XKE UMEHHO KOHKPETHBII 4ATOM
IIOCTUTHET PaCcna/l. PaJMOAKTUBHBIN PACIIA]] — 3TO IIEPBAs BCTPEUA
HAyKU C UTPOU NPHUPOJBI B KOCTH, IIOITOMY OH MHOTO JIET CMYyIIaJI
YMBI (PU3HUKOB.

KoHedyHO, MHOT'O MHTEPECHOT'O MPOUCXOAUIO U B CAMUX ATOMAX,
XOTsI UX BHYTPEHHSS CTPYKTYypa ObLIA B TO BPEMsI COBEPIIEHHO HeE-
n3BeCcTHOM. Kimouesoe oTkpbITHE coBepinl Pezepdopa B 1911 roay.
OH C NOMOIIBIO PAJUOAKTUBHOI'O UCTOYHUKA 6GOMOAPAUPOBAI TOH-
YNNI 30/I0TOM JIUCT TAK HA3bIBAEMBIMU AJ1b(PA-4ACTHULIAMU (CENUAC
MBI 3HAEM, UTO ITO AAPa ATOMOB renus). Pesepdop BMECTe € IOMOII-
Hukamu 'ancom lerirepom u OpHECTOM MapcaeHOM, K CBOEMY HEMA-
JIOMY YJIMBJIEHUIO, OOHAPYKUJI, YTO IIPUMEPHO OaHa 13 8000 anbda-
YACTULL HE NPOJETAET YEPES 30JI0TOM JIUCT, KAK OXKHUJIAIOCH, 4 OT-
CKAaKHMBAET MPSAMO Ha33/1. BriocneacTsuu Pesepdopsa ONHUCHIBal 3TOT
MOMEHT C X4PAKTEPHOH OOPA3ZHOCTBIO: «DTO OBLIO, MOXKANIYM, Ca-
MOE€ HEBEPOSITHOE COOBITHE, KOTOPOE CJIYYaJOCh B MOEU JKHU3HU.
OHO ObLIO HACTOJIBKO K€ HEBEPOSITHO, KAK €CJIM Obl Bbl BBICTPEJIN-
JIM M3 NATHAOUATUAIONMOBOM MYIIKA B KYCOK TYaJIETHOH OyMar,
4 gJJpO OTCKOYMJIO Obl U IIOPA3UJIO BaC» Pesepdoppaa Bce cunuTanu
XAPU3MATUYHBIM U INPAMOIUHENHBIM YE€JIOBEKOM: OJHAXK/bI OH Ha-
3BaJI CAMO/IOBOJIBHOI'O YUHOBHMKA €BKJIMJOBOI TOYKOIL: <Y HETO €CTh
MOJIOKEHUE, HO HET BETUYUHBI.

Peszepdops mocunuTan, 94TO €ro 3KCHEPHUMEHTAIbHBIE PE3YIbTa-
TBI MOJKHO OO'BSICHUTH TOJIBKO TEM, UTO ATOM COCTOUT U3 OUYEHb Ma-
JIEHBKOTO f/Ipa U BPAIIAIOMIUXCS BOKPYT HETO O OPOUTAM IJIEKTPO-
HOB. B TO BpeMs OH, BO3MOXXHO, UM€EJI B BUJIy IPUMEPHO TY KE CXEMY,

1O KOTOPOM IJIAHETHI BPAIAI0TCS IO OPpOUTAM BOKPYT ConHIA. A1po
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UMEET MOYTH BCIO MACCY ATOM4, IOYEMY U CLIOCOOHO OCTAHABIUBATD
CBOU «15-I0MMOBBIE» A1b(PA-YACTULIBI U OTPAXKATh UX. Y BOJLOPOAA,
IIPOCTEUIIETO ITEMEHTA, AAPO COCTOUT U3 EJUHCTBEHHOTO IIPOTOHA
paanycoM okosto 1,75 x 1071 M. EcJ11 BBl HE 3HAKOMBI C 3TOI 3AMTHCHIO,
nepesegeM: 0,00000000000000175 M, MM OPUMEPHO 2 THICAYE-
MUJIJTUOHMHUJUIMOHHBIX METPA.

HaCKOIBKO MBI MOXKEM CYAUTH CEHYAC, OJUHOYHBIH 3JIEKTPOH IO-
XOK H4 TOTO CAMOJIOBOJIbHOTO YMHOBHHKA ITO Peszepdopay, TO eCThb
Ha TOYKY, U BPAIIAETCS IO OPOUTE BOKPYTI A]pa aTOMa BOJOPO/A
110 paauycy npuMmepHo B 100000 pa3 60osblIe AUaMETPA AAPA.

Anpo nMeeT IOJOXKUTEIbHBIN JJICKTPUYCCKUI 3apsajl, 4 3JICK-
TpOH — OTpHL[H_TCJIbeIﬁ, M1 9TO 3HAYUT, 9YTO MCXKAY HUMU €CTh CHUJIa
MPUTAXKEHU A, KOTOPAsA AHAJIOTMYHA CHJIE I'PABUTALUHU, YIEPKUBAIO-
er 3eMIII0 Ha COJTHEYHOM OpouTe. DTO, B CBOIO OYEPE/b, O3HAYACT,
YTO ATOMBI — 3TO B OCHOBHOM ITYCTOE IIPOCTPAHCTBO. Eciim nmpeacra-
BUTB C€6€ ATOMHOE /PO PA3MEPOM C TEHHUCHBIN MsIY, TO 3JIEKTPOH
OyJleT MEHBIIIE BUIMHKY, JICTALICH 32 KUWJIOMETP OT 9TOro Msa4a. Ta-
KHe IU@PBI BECbMA YIUBJIAIOT, IOTOMY YTO TBEPJAs MATEPHUS ABHO
HE KAXKETCSI HAM TAKOU YK IIyCTOM.

PeszepdoproBCKHE aTOMHBIE A/Jpa TTOCTABUIIN ITepe] (PU3UKAMU
TOrO BPEMEHU pPsAJ IpobseM. Hanmpumep, ObIIO XOPOIIO MU3BECTHO,
4TO 3JIEKTPOH JIOJIKEH TEPATH SHEPIUIO MPU JIBHIKEHHU 110 OpOUTE
BOKPVT S/]pa, ITOCKOJIBKY BCE OOBEKTHI C IJIEKTPUUYECKHM 33PSAJIOM OT-
JIAI0T SHEPTHIO, IBUTASICH TTO UCKPUBJIEHHBIM TPACKTOPUAM. DTA UJIEs
JIEXKUT B OCHOBE PAOOTHI PAAUONEPENATUUKOB: JIEKTPOHBI KOJIEH-
JIIOTCSI, B PE3YABTATE YEr'O CO3/AAI0TCS SJIEKTPOMATrHUTHBIE PA/THOBOJI-
Hbl. 'enpux I'epr n3obpen pajuonepesardyuk B 1887 rogy, 1 KO Bpe-
MEHHU OTKPBITUA Pe3epdopaomM aTOMHOIO sapa yKE CYIIECTBOBAIA
KOMMEpPYECKAs PAAUOCTAHITNSA, OTIIPABJABIIAS COOOIEHUS Yepes
ArnanTuyeckuil okeaH — u3 Mpnanauu B Kanagy. Takum o6pasom,
YK€ HUKTO HE YAUBJISAJICS TEOPUH BPAIAIONINXCS IO OPOUTE 3aPsA/I0B
U M3JIYYEHUA PAJHUOBOJH, HO 3TO CMYIIAJIO TEX, KTO MBITAICA OObAC-
HUTD, KAK XK€ JIEKTPOHBI OCTAIOTCA HA OPOUTE BOKPYT SA/IPA.

CTOBb K€ HEOOBSICHUMBIA (DEHOMEH MPEACTABIISI COOOM CBET, KO-
TOPBIA UCITYCKAJIN PA30TPEBAEMBIE ATOMEL Elie B 1853 roy mBeIcKumn
yYeHbIN AHJIEPC AHI'CTPEM IPOIYCTUI UCKPY Yepe3 TPYOKY, HATIOI-

HEHHYIO BOJOPOJIOM, M IPOAHATU3UPOBAJI TTOJTYYEHHDBIN CBET. MOXKHO
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OBLIIO TIPEATIONIOKUATD, UTO T'a3 OYyJET CBETUTHCA BCEMU IIBETAMU PaJly-
I'; B KOHIIE KOHIIOB, 4TO Takoe COJIHIIE, KAK HE CBETSNUICS IA30BBIH
map? BMeCcTo 3TOro AHIrCTpEM OOHAPYIKHJI, YTO BOAOPOJ CBETUTCS [19]
TPEMS OTUETIUBBIMHU IIBETAMU: KPACHBIM, CUHE-3€JICHBIM U (proIe-
TOBBIM, /IABAsl TPHU YHUCTBIE Y3KHUE JYTH, KAK Y paayru. Bckope 6b110
BBISIBJIEHO, YTO TAK BEAYT CEOA BCE XMMUYECKUE TIEMEHTBL. Y KAXK/I0-
I'0O U3 HUX €CTh YHUKAJIbHBIHM IIBETOBOM MTPUXKO/. K TOMY BpeMeHHU
Kak Pezepdop/ BBICTYIIHII IO TOBOAY ATOMHOI'O S1IpA, YYEHBbIN ['eH-
pux Karizep 3asepmina paboTy HaJ MECTUTOMHBIM CIIPABOYHHUKOM
n3 5000 crpanun, ozarnasiaeHHbIM Handbuch der Spectroscopie
(«CrIpaBOYHHUK I1O CIEKTPOCKOITHMH»): OH OITMCHIBAJI BCE IBETHBIE CBE-
TAIIUECS JIMHUM HU3BECTHBIX 3JIEMEHTOB. BOIIPOC, KOHEYHO, 3a4eM?
W He ToNBKO «3aueM, npodeccop Kaizep?» (HaBepHOE, 32 06€IOM HAJL
€ro (paMmIMen HEPEJKO NIyTUIN), HO U «[I0UeMy TaK MHOT'O IIBETHBIX
JUHUHI?», Bostee 60 sieT HayKa, MOy YUBIINAS HA3BAHUE CIIEKTPOCKOITHH,

ObLIa SMIUPUUECKUM TPUYM(POM U TEOPETUIECKUM IIPOBAJIOM.

Puc. 21 Mogaens atoma bopa, MNNtCTprpytoLLas McnyckaHue hoToHa
(BOMHMCTas NMHWS) B pesy/bTate NepexoAa 3NeKTpoHa C OfHOV OpouTbl

Ha Apyryto (0bo3HaueH cTpenkom)

B mapre 1912 ropa garckuil ¢pusuk Hunbc Bop, ouapoOBaHHBIN
IPOO6JIEMOM CTPOECHUS ATOMA, OTIIPABUJICS B MaHYECTED /111 BCTPEYU
¢ Peszepdopaom. ITozxe OH OTMEYAJI, YTO MONBITKH PACHIU(PPOBATD
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BHYTPEHHEE CTPOEHHUE ATOMA IO AAHHBIM CHEKTPOCKONHUHN OBLIH
YEM-TO CPOJIHU BBIBEJICHUIO 0A30BBIX ITOCTYJIATOB OHOJIOTUH U3 PAC-
KpaCKU KpbLi1a 6a00uku. AroMm Pesepdoppa c ero mojenpio B 1yxe CoJ-
HEYHON CUCTEMBI /1271 Bopy HEO6XOAMMYIO NOACKA3KY, U B 1913 rogy
OH YJK€ OIIyOJIMKOBAJI IIEPBYIO KBAHTOBYIO TEOPUIO CTPOEHUSA ATOMA.
V 3TO¥ runoTe3bl, KOHEYHO, OBIJIN CBOU IIPOOJIEMBL, HO OHA COJICPKA-
JIa HECKOJIBKO BA’KHEHUIINX HJIEH, IIOACTEIHYBIIUX PA3BUTHE COBPE-
MEHHOM KBAHTOBOM TECOPUHU. BOP 3aKII0YMII, YTO 3JIEKTPOHBI MOI'YT
3aHUMATh JIUIIb OIPEAEIEHHbIE OPOUTBI BOKPYT A7pa, 4 OPOUTON
C CaMOI HH3KOH aHepruen oyzaer onukanmas. OH yTIBEPXK/IAI TaK-
K€, YTO 3JIEKTPOHBI CIIOCOOHBI NEPENPBITUBATL C OPOUTHI HA OPOU-
Ty. OHU IEpexXoAT HA 60JI€€ OTHANICHHYIO OPOUTY, KOIZIA IIOAY4aloT
SHEPIUIO (HAIIPHUMEDP, OT UCKPHI B TPYOKE), 4 3aTEM IPOJABUTAIOTCA
OIMXKE K LIEHTPY, OJHOBPEMEHHO M3/1y4dds CBET. LIBET 3TOro M3iy-
YEHHA HEMTOCPENCTBEHHO OIPENENAETCA PA3HOCTBIO SHEPIUIT JJIEK-
TPOHA HA ITUX ABYX opburtax. Puc. 2.1 MIIIOCTPUPYET OCHOBHYIO
UJIEIO; CTPEJIKA TTOKA3BIBAET, KAK 3JIEKTPOH IIEPENPBITUBAET C TPETh-
€I'0 3HEPIeTUYECKOI'O YPOBHS HA BTOPOH, UCIIYCKasd CBET (IIPEx-
CTABJIEHHBIA BOJIHUCTOM JIMHUEN). B Moziesin Bopa 371EKTPOH MOXKET
JIBUT'ATHCA BOKPYT IIPOTOHA (AAPA ATOMA BOJOPO/A) JIMIIb 11O OJHOMN
U3 OCOOBIX, «KBAHTOBAHHBIX» OPOUT; IBUKEHUE 10 CIIMPAJIN IIPOCTO
3anpenieHo. TakuM 00pa3oM, Moziesib bopa nmo3BOINIA €EMY BBIUUC-
JIUTB JUIUHBI BOJIH (TO €CTb IIBETA) CBETA, KOTOPBIN HAOIIONAICA AHT-
CTPEMOM: OHU COOTBETCTBOBAJIN IIPBIKKY JICKTPOHA C IITOU OpOU-
TBI HA BTOPYIO ((PUONETOBBIN IIBET), C YETBEPTON OPOUTHI HA BTOPYIO
(cuHe-3€JIEHBIA IBET) U C TPEThEN HA BTOPYIO (KPACHBIN LIBET). Mo-
Jenb bopa K TOMy K€ KOPPEKTHO IPEICKA3bIBAIA CYyIMECTBOBAHUE
CBETA, KOTOPBIM JOJIKEH HCIIYCKATBbCA IIPU IMEPEXOAE JIEKTPOHA
Ha IIEPBYIO OPOUTY. DTOT CBET — YJILTPAPUOIETOBAA YACTDh CIIEKTPA,
HEBUJUMAs YEJIOBEYECCKOMY I71a3y. ITo3TOMY HE BU€/I €€ U AHI'CTPEM.
Opnaxko B 1906 roay ee 3apuKCUPOBAT rapBapaAcKuil ¢pusuk Teogop
Jla¥iMaH, ¥ 3TH JAHHbBIE 3AME€YATEIBHO OITMCBIBAINCHE MOJEBIO bopa.

XoTg bop He cyMes pacCupOCTPAHUTD CBOIO MOJE/Ib JAJIbIIE ATO-
Ma BOAOPO/A, BEIABUHYTBIE UJIEU MOKHO OBbLJIO IPUMEHUTD U K JIPY-
ruM aromaM. Hampumep, eciau npearonoXuTb, 4YTO Y ATOMOB KaxK-
JIOTO 3JIEMEHTA HA0Op OPOUT YHUKAJIEH, OHHU OYyAYyT HCIIYCKaTb

CBETOBBIC JIYYH JIUIIb OIIPEJEIECHHOIO 1IBETA. TakuM 06pa3oM, 3Tu
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[IBETA CYKAT CBOCTO POJA «OTIECYATKAMMU IAJIBIEB> ATOMA, U ACTPO-
HOMBI, Pa3yMeETCA, HEMEJIEHHO BOCIIOIb30BAIUCh YHUKATIBHOCTBIO
CIIEKTPANBHBIX IMHUM 4TOMOB JJId ONPEJEIEHUSA (PUBUUECKOTO CO-
CTaBa 3BE3/I.

Mojgenb bopa — HEIIOXO€E HA4YaJI0, HO BCEM OblIa SICHA €€ HEJO-
CTATOYHOCTD: HAIIPHUMED, IIOYEMY IEKTPOHBI HE MOI'YT ABUIATbCA
IO CIHUPAJIH, KOIJld U3BECTHO, YTO OHM JOJIKHBI TEPSATH JHEPIUIO,
HUCIYCKasA JIEKTPOMATHUTHBIE BOJIHBI (M€, IOy YUBIIIAs PEATBHOE
HOATBEPIK/ACHHUE C NOSABIECHUEM PAU0)? M mouemMy OpOUTHL 3JIEKTPO-
H4 M3HAYAJIBHO KBAHTYIOTCS? M KaK HACUET 60JICE TAKEIbIX, YEM BO-
JOPOJ, 3JIEMEHTOB: YTO JEJIATh I IIOHUMAHUA UX CTPOCHUA?

Ho kakoi 6bl HECOBEPIIEHHOI HU Ka3ajaach Teopus bopa, aTo
OBLJI KPUTUYECKH BAKHBIIN MIAT U IIPUMEP TOT'O, KAK MOPOM yUEHDI-
MU JOCTHUIAETCS mnporpecc. Her HMKAaKONM NPUYMHBL CKJIAJbIBATDH
OPY’KHE NEPE] JIMIIOM 032JAYNBAIOMUX U TOPOM CTABAIIUX B TYITUK
(pakTOB. B MOJOOHBIX C/IydasAX YUEHBIE YACTO JENAIOT TAK HA3bIBA-
€MBIA an3aly, — NPUKUJIKY, UJIH, ECIIA YTOJHO, IPABJONOAOOHOE [0-
HYLIEHHUE, 4 32ATEM IEPEXOAAT K BBIYUCJIEHUIO €I'0 ITOCIeACTBUM. Ecan
IIPEAIIONIOKEHNE PA6OTAET, TO €CTD ITOJIYYAIONAACA TEOPUS COTTIACY-
€TCA C IKCIIEPUMEHTAIBHBIMU JAHHBIMH, TO MOXXHO C OOJIBIIEN YBE-
PEHHOCTDBIO BEPHYTHCS K U3HAYAJIBHOI THIIOTE3€E U BITATLCS O0Iee
JIETAJIBHO B HEN pa3obparbcs. AH3al bopa 13 jeT 0CTaBaics yClell-
HBIM, HO HE /IO KOHIIAd OO'bACHEHHBIM.

MpBI BEpHEMCS K UICTOPUU ATUX PAHHUX KBAHTOBBIX M/JICH HA ITOCIE-
AYIOIUX CTPAHMIAX KHUI'M, HO CEHMYac IIepel HAMU JIUIIb MHOXECTBO
CTPAHHBIX PE3Y/IBTATOB U BOIIPOCHI C HEIIOJHBIMU OTBETAMU — KAK
U TIIepes;; OCHOBONONIOKHUKAMHU KBAHTOBOI TeOpUn. Eciin pe3aroMupo-
BATb, TO DUHINTENUH, CJIeays 3a ITIIaHKOM, IPEAIIONIOXKUIL, YTO CBET CO-
CTOUT U3 Y4ACTHULL, HO MAKCBEJLI Y K€ IIOKA34JI, YTO CBET BEJET Ce6s KAK
BOJIHA. Pesepdopa 1 Bop npokaagbIBaIN NyTh K IOHUMAHHIO CTPOE-
HUA ATOMA, HO TIOBEJICHUE 3JIEKTPOHA BHYTPH 4TOMA HE COIVIACOBBIBA-
JIOCh HU C OJJHOY U3 U3BECTHBIX B TO BPEMS TCOPUH. A pA3HOOOPA3HbBIC
SIBJICHU I, HOCSIIIUE OOIIEE HA3BAHUE PAAUOAKTUBHOCTH, IIPU KOTOPOU
ATOMBI CIIOHTAHHO JICIATCA HAd YACTHU 1O HCBBIACHCHHBIM ITPUYNHAM,
OCTABAJIUCH 3aTaJJKOM — BO MHOTOM IIOTOMY, YTO BHOCHUJIH B (PU3U-
Ky BOJIHYIOIUHA 3JIEMEHT CIy4anHOCTH. COMHEHUI HE OCTABAJIOC:

B CYGATOMHOM MHPE I'PIJET YTO-TO CTPAHHOE.
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CoBepHieHHUe NEPBOTO MIarda K OOIIEMY, COIVIACOBAHHOMY OTBETY
Ha 3TH BOIIPOCHI OOJIBIINHCTBO IPUIIUCHIBAIOT HEMEIIKOMY (DU3UKY
Bepuepy I'etizen6epry. To, 4TO OH ¢/1es1a71, CTaJI0 COBEPIIEHHO HOBBIM
MO/IXO/IOM K TEOPUU MATEPUHU U (PU3UUECKUX CUJL. B ntosie 1925 roga
I'eiizeH6epr Ony6IMKOBAJI CTATHIO, B KOTOPOU PACCMATPUBAJ CTAPbIC
JIOO6PBIE UJIEU U TUIIOTESBL, B TOM YUCJIE MOJIENb aTOMA bopa, HO o,
YIJIOM 3PDEHU S COBEPIIEHHO HOBOT'O OAXOAA K (prsrke. OH HAYaJI TAK:
«B 3aTO0I paboTe JemaeTcsa MONBITKA MOJIYYUTh OCHOBBI KBAHTOBOI
TEOPETUUECKON MEXAHUKHU, KOTOPbIE OA3UPYIOTCI UCKIIOYUTEIBHO
Ha COOTHOMIEHUAX MEXAY NPUHIIUIIMATIBHO HAOTIOLAEMBIMH BEIU-
YUHAMM», DTO BAXKHBIN IIAT, HOTOMY YTO ['efi3eH6epT TAKUM OO6pPa30M
IIOJYEPKHUBAET: JIEKAIAA B OCHOBE KBAHTOBOW TEOPHUH MATEMATUKA
HEe 00653aHA COIVIACOBBIBATBCSA C YEM-TO YK€ HM3BECTHBIM. 3aJa4ei
KBAHTOBOM TEOPUHU JOJIKHO CTATb HEIIOCPEACTBEHHOE IIPEACKA3a-
HUE NOBEJICHUS HAOIIOAEMBIX OOBEKTOB — HAIIPUMED, 1IBETA CBE-
TOBBIX JIy4€H, UCIIYCKAEMBIX ATOMAMH BOAOPOAA. HEnb3da OXUIATh
OT HEE CKOIb-TUOO YJIOBIETBOPUTEBHOI'O MBICJIEHHOI'O IIPEACTAB-
JIEHHS BHYTPEHHETO MEXAHHU3MA MTOBEJICHHUA 4TOMA, IOTOMY 4TO 3TO
U HE HYXXHO, U, MOXET OBITb, JJa’K€ HepeanbHO. OHUM yaapoM l'er-
3€HOEPr PA3BESN HUJEIO0 O TOM, YTO JENUCTBUA NMPUPOABLI HEIIPEMEH-
HO COIVIACYIOTCS CO 34PABBIM CMBICJIOM. OTO HE 3HAYUT, YTO TECOPUSL
MHUKPOMUPA HE MOXKET COIVIACOBBIBATHCA C HAIIUM ITOBCEJTHEBHBIM
ONBITOM OINHCAHUA JBHKEHHS KPYIHBIX OOBEKTOB — HAIIPUMED,
CaMOJIETOB MJIM TEHHUCHBIX MsA4ell. HO HYKHO OBITh TOTOBBIM OT-
OpOCHUTBD 3a06JIyKIEHHE O TOM, YTO MEJIKHE TIPEIMETHI OKA3bIBAIOTCSA
BCErO JIMIIb MAJICHbKUMU PA3HOBUJHOCTIMHU KPYIIHBIX, 4 UMEHHO
OAOGHOE 3a0/1yK/ICHUE U MOXKET BbIPAOOTATHCS B XOJE SKCIIEPU-
MEHTAIbHBIX HAOMIOIEHU.

HeT HUKAKUX COMHEHU, YTO KBAHTOBAA TEOPUA — BEIb XUTPa,
U YK TEM 60JIE€E HECOMHEHHO, YTO YPE3BBIYANHO XUTEP MU CAM ITO[-
xoj Tertzen6epra. Hobenesckuil naypear CtuseH Baitn6epr, oqun
U3 BEJINYANIINX COBPEMEHHBIX (PU3UKOB, TAK IIHMCAJ O CcTaThe 'eli-
3eH6epra 1925 roaa:

«Ecnn gna ymTatens octaeTcd TamMHOWM TO, uTo Aenan len3en-
bepr, OH B 3TOM He OAMHOK. 9 HECKOBbKO pa3 MbITancs npoum-

TaTb CTATbtO, KOTOPYHO OH Hammncan no BO3BpaLLeHI C OCTPOBa
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lenbronaHf, W, XoTs 8 nonarato, 4To pas3durparoch B KBAHTOBOW
MexaHuiKe, Tak [0 KOHLA M He ynoBun ob0CHOBaHMS MaTema-
TUYECKMX [1eMCTBMIA aBTOpa B 3TOM paboTte. DU3MKN-TEOPETUKM
B CBOMX CaMblIX YCNELLUHbIX TPYAAX YaCTO UrPatoT OAHY 13 ABYX
poneit: oHM nnbo myapelbl, 1160 BonwebHUKM... ObbIUHO
He Tak CNIOXHO NOHATb paboTbl HU3NKOB-MyAPeLOB, HO pabo-
Tbl (PU3MKOB-BONLLIEOHNKOB MOPOM COBEPLLUEHHO HEMOCTUKM-
Mbl. B 3TOM cmMbicne cTaTbs lel13eHbepra 1925 roga — HacTos-

Lee BoNLLEeOCTBOY.

dunocodus I'erizenbepra, BHPOYEM, HUUETO MATHYECKOTO COO0M
He npeacTasasgeT. OHAa IPOCTA, U UMEHHO OHA JIEKUT B OCHOBE TOTO
O XO/1A, KOTOPBIM MBI ITIOJI3YEMCSI B KHUTE: 32/1a4d OO'bICHSIONIECH
IPUPOAY TEOPUU — [I€/1aTh KOJIUYECTBEHHBIC INPEICKA3aHUA, KO-
TOpBIE OYyyT CONOCTABUMBI C 3KCIEPUMEHTAIBHBIMUA PE3YJIbTATA-
MH. MBI HE UIMEEM BO3MOKHOCTHU Pa3padOoTaATh TEOPUIO, UMEIOUIYIO
K4KO€e-TO OTHONIEHHE K HAIIEMY BOCIIPUATHIO MUPA B 1esIoM. K cua-
CTBIO, XOTsI MBI M1 6€PEM Ha BOOPYXeHUe (purocoduio I'eitzenodepra,
OyJIeM C/1eloBaTh H60JIEE MOHATHOMY IMMO/IXO/NY K KBAHTOBOMY MUY,
paszpaboranHoMy Puuapiom @erHMaHOM.

Ha nocneHuxX HECKONbKUX CTPAHHUIAX 3TOU KHUTU MBI HEO/HO-
KPATHO CJIMIIKOM BOJIBHO HUCIOJB30BAJIN CIOBO «TE€OPHUS», TAK YTO,
IPEX/E YEM MPOAOJIKUTL Pa3padbaThIBATh KBAHTOBYIO TEOPUIO, OY-
JIET TIOJIE3HO MOJPOOHEE B3IVIIHYTh HA 60JIE€€ MPOCTYIO. XOpOoHIas
HAy4YHas TEOPUA COIAEPKUT HAOOP MPABUJ, ONPEAEIAIONINX, YTO
MOXET U YErO HE MOXKET CIAYUYUTBHCS B OMPEAEICHHON YaCTU MUPO-
3paHud. Teopus JOJIKHA MO3BOJIATD JIEIATh IPEACKA3AHUA, KOTOPbIE
BIOCJIEJCTBUU MPOUAYT NPOBEPKY HAOMIOAEHUAMU. ECu npeacka-
33aHUS OKAXKYTCS JIO)KHBIMH, TO 3T4 TEOPHS HEBEPHA U TOJJICKUT 3a-
MeHe. EC/IM NIpeICKa3aHus COIIACYIOTCS C HAOMIOAEHUAMU, TEOPUS
JKU3HECIIOCO6HA. H1 o1HA TEOPHA HE MOKET CUUTATHCS «<UCTUHHOL»,
B TOM CMBICJIE YTO BCEI7IA JOJKHA OBbITh BO3MOXXHOCTD €€ (panbcudu-
IIUPOBATH, TO €CTh JJOKA34Th €€ JIOKHOCTb. Kak nmucan 6uosnor Tomac
l'excnn, «<HayKa — 9TO YIIOPAJOYEHHDBINA 3/JPABbI CMBICJI, B KOTOPOM
MHOXKECTBO NPEKPACHBIX TEOPHUIT OBLIO YOUTO YPOAIUBLIMU (PAKTA-
Mu». JI06as1 TeopuUs, KOTOPAst HE MOXKET ObITh (PAJIbCUPUIIMPOBAHA,

HE CYUTAETCS HAYYHOIT; 60JIee TOro, MOKHO JJAKE CKA3aTh, YTO OHA
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KBAHTOBAS BCENEHHAA

BOOOIIIE HE COAEPKUT HUKAKOU TOCTOBEPHOU nHpOpManuu. Kpure-
pur GanbCuUIMPYEMOCTU OTIMYAET HAYYHBIE TEOPUU OT OOBIY-
HBIX MHEHUM. TaKOE€ HAYYHOE TOHUMAHUE TEPMUHA «T€OPUA», KCTA-
TH, OTIIMYAETCSI OT OOUXOAHOTO YHOTPEOIEHUS, IPU KOTOPOM O[]
3TUM CJIOBOM Y4CTO IOAPA3YMEBAIOTCA YMO3PUTEIBHBIE PACCYKE-
HUsA. HaydHble TEOPHUH MOI'YT OBITh YMO3PHUTEIBHBIMH, ITOKA OHHU
HE CTOJIKHYJMCh C AMIIMPUYECKHUMU CBHJIETEIbCTBAMHU, HO YTBEP-
JUBIIAACA B HAYKE TEOPUA BCEIA MOJKPEIJIEHA OOJBIINM KOJIHJe-
CTBOM [IOK43aTEIbCTB. YUEHBIE CTAPAIOTCSA PA3PadbaAThIBATD TEOPHUH,
IIPU3BAHHBIE OOBSICHUTH KAK MOXXHO OOJBbIIE SIBJICHUH, 4 (PU3HKY,
B YACTHOCTU, IPUXOJAT B BOCTOPT OT NEPCHEKTUBBI ONTUCATD BCE, YTO
BOOOIIE MOXKET CIYYUTHCSI B MATEPUATIBHOM MUPE, C IOMOIIBIO HE-
OOJIBIIOTO KOJTUYECTBA TIPABAJL.

OJIUH U3 IPUMEPOB XOPOUIEH TEOPUH, IPUMEHUMOI BO MHOXE-
CTBE C/Iy4deB, — 3TO Teopus Mcaaka HpIOTOHA O BCEMUPHOM TAT'O-
TCHUH, ONTYOIUKOBAHHAS 5 IO/ 1687 rofia B ero «MareMaTuIeCKux
HA4aJIaX HATYPaAbHOU PHUiI0CcOPUU». DTO ObLIA IEPBAST COBPEMECH-
Hag HAy4YHAasd TEOPUA, U, XOTH BHOCJIEJCTBUN OBUIO JOKA3AHO, YTO
B HEKOTOPBIX CIy4asiX OHA HETOYHA, B II€JIOM 3Ta TEOPHUS OKA321ACh
HACTOJIBKO XOPOII4, YTO MCIOJIb3YETCA U CerofHsA. bojee TOYHyIO
TEOPHIO TATOTEHUS — OOLIYIO TEOPHUIO OTHOCUTENBHOCTU — pa3pa-
6oTan YUHMTENH B 1915 rofay.

HBIOTOHOBO OIMCAHME I'PABUTAIIMUA MOXKXHO YIOKHUTb B OHO Ma-
TEMATUYECKOE YPABHEHUE:

A

F =G

r

DTa PopMyId MOKET NMOKA3ATHCSA MIPOCTON MJIN CIOKHOU — B 3a-
BHUCHUMOCTH OT BAIIUX MATEMATUYECKUX [TIO3HAHUN. B 3TOM KHHUTI'€ MBI
IOpOU OyJiIeM NPUOEraTh K MATEMATUKE. TEM 4UTATEISIM, KOTOPBIM
OHAa JIA€TCSI HENIPOCTO, COBETYEM MPOIYCKATh YPABHEHUS U HE OCO-
OEHHO OECIOKOUTHCA. MBI BCErd OyJIEM CTAPAThCA U3JIOKUTD KJTIO-
4eBBbIC MJICH, HE IPUOETast K MaTeMaTHKE. JJo6aBUIN €€ B OCHOBHOM
13-32 TOI'O, YTO OHA IO3BONAET OOBACHUTD, IIOYEMY BEIIM TAKOBDI,
KaKHE€ OHU €CTb. BE3 3TOTO MBI BBIIJIAJIEAN OBl KAKUMU-TO I'YPY (PHU3U-
KH, U3BJICKAIOITNMH FJIY6OKI/IC NCTHUHBI HpHMO 13 BO3yXd,d HU OJINUH

MIPUIMYHBIN ABTOP 3TOT'O HE XOYET.
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Ho BepHeMmcs K ypaBHeHUIO HploTOHA. [IpeacTaspTe, 94TO A6I0KO
HEHA/IC’KHO JICPKUTCA HA BETKE. MBIC/IM O CUJIE IIPUTSKEHUS, KOTO-
pBIE JIETHUM JHEM 34CTABUJIM KOHKPETHOE CIEJIOE AO6IOKO CBAIUTD-
¢s1 HpIOTOHY HA I'OJIOBY, COIVIACHO HAYYHOMY (DOJIBKJIOPY, CTAIU HUC-
TOYHHUKOM €I'0 TEOPUU. HBIOTOH IOBOPHJI, UTO HA 0JIOKO JCHCTBYET
IrpaBUTALU, KOTOPAA TAHET €I'0 K 3€MJIE, U 9TA CHUJIA B YPDABHEHUU
IIpeACTaBaeHa OYKBOH F. Tak UTO B IEPBYIO OYEPE/Ib YPABHEHHUE IO~
3BOJISIET BBICUHUTATD CHITY, AEUCTBYIONYIO HA I6JIOKO, ECJIU BBl 3HAETE,
4TO 3HAYAT CUMBOJIBI B IPABOH 4aCTHU (POPMYJIBL.

BykBa 7 OO03HAYAECT PACCTOSHUE MEXKJY LICHTPOM s10JI0KA U 1I€H-
TpoM 3emnn. OHO BO3BEJIEHO B KBA[PAT, IOTOMY 4TO HBIOTOH O6HApY-
JKWJL, 4YTO CHJIA 3ABHUCHUT OT KBAJPaTa PACCTOSIHUSA MEXK/Y OObCKTAMI.
Ecin 060MTHCH 6€3 MATEMATUKH, TO 9TO 3HAYUT, YTO IPU YBEJTUUYEHUU
PACCTOAHUA MEXAY SI0JIOKOM U LIEHTPOM 3€MJIM BIBOEC I'DABUTALINA
YMEHBIINUTCA B 4 pasa. Ecim paccToaHue yrponuThb, CHIA IPUTAKEHUA
yrazer B 9 pas. M tak gasee. PU3UKU HA3BIBAIOT TAKOE I[IOBEICHUE 3AKO-
HOM OOPATHBIX KBA/IPATOB. ByKBbI 772, U1 172, 0603HAYAIOT MACCY s10/I0KA
U MACCY 3€MJIU, U UX ITOABJICHUE CBUCTEILCTBYET O IOHMMAaHUU Hbio-
TOHOM 334KOHOMEPHOCTH: CUJIA I'PABUTALIMOHHOI'O IIPUTSIKECHU S MEXKY
JIByMs OOBEKTAMU 3a4BUCHUT OT IIPOM3BEJEHUA UX MacC. HO BO3HUKaeT
BOIIPOC: YTO TAKOE MACCA? DTOT BOIIPOC MHTEPECEH CaM IO CeO€, U, YTO-
OBI ITOJIyYUTh HANOOJIEE UCUYEPITBIBAIONUI OTBET, HIPUAECTCA ITOJOXK AT,
IIOKA MBI HE 3aBEJIEM PA3TOBOP O KBAHTOBOM YACTHULIE, U3BECTHOM KaK
6030H Xurrca. 'py6o rosops, Macca — 3TO M€pPad KOJUYECTBA «MaTE-
pHaa» B Y4EM-TO; 3EMJISI MACCUBHEE A0JIOKA. BripoueM, Takoe onpejene-
HHE HEJJOCTATOYHO y/1a4HO. K cuacTbio, HRIOTOH IPUBEII U CITIOCOO U3-
MEPEHHA MACCBHI OOBEKTA HE3ABUCHUMO OT 3dKOHA I'DABUTALIMU, U STOT
CIOCOO BBIBOJIUTCS C IOMOMIBIO BTOPOI'O U3 TPEX 3d4KOHOB JIBUXKEHUS,

CTOJIBb TIOOUMBIX KA5KbIM COBPEMEHHBIM CTY/ICHTOM-(DU3UKOM:

1. KaxJpiii npeaMeT IIPeObIBAET B COCTOAHUU IIOKOs WU
PaBHOMEPHOT'O ITPAMOJIMHEHOTO JIBUKEHUS, €CJIM HA HET'O
HE BO3JCUCTBYET CUJIA.

2. IlpegmeT Macco 72 NOABEPTAETCA YCKOPEHUIO ¢ IIPU BO3-
JIENICTBUM HA HETO CUJIBL F. B (popMe ypaBHEHUS 3TO 3aMU-
CBIBAETCA KaK F =ma.

3. Cuna 1erCTBUSA PABHA CUJIE IIPOTHUBOACHUCTBHSL.
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KBAHTOBAS BCENEHHAA

Tpwu 3axoHa HBIOTOHA — OCHOBA JUJIST OMUCAHUSA JBUXKEHHUS IPET-
METOB IIOJ] BO3JIECTBUEM CHJIBL IIepBBI 3aKOH OMHUCHIBAET TO, YTO
IIPOUCXOAUT C IIPEAMETOM 6€3 BO3/ICUCTBUS CUJL: IPEIMET JIMOO 1Ipe-
OBIBAET B OKOE, IMOO ABUrACTCS MO MNPAMON JTMHUU C HOCTOSHHOM
CKOPOCTBIO. MBI ITIOUIIEM 9KBUBAJIEHTHOE YTBEPXKAECHUE /I KBAHTO-
BBIX YACTHUIL] YyTh MTO3KE U HE CIUIIKOM 340€KHUM BIEPE]], €CJIN CKa-
JKEM, YTO KBAHTOBBIC YACTHUIIBI HUKOI/IA HE HAXOSATCS B IOKOE — OHU
MIPBITAI0T HOBCIONY, AK€ €CIM HUKAKUE CUJIBI HA HUX HE JEUCTBYIOT.
CO6CTBEHHO, CAMO MOHSTUE CUJIBI B KBAHTOBOH TEOPUU OTCYTCTBY-
€T, IO9TOMY B HEM B KOP3HHY 11 OymMar OTIIPABJIECH U BTOPOU 3a-
KOH HproToHAa. /la-1a, UMEHHO T4aK: 3aKOHbl HbIOTOHA BBIOPOIICHBI
B MYCOPHOE B€/IPO, IOTOMY YTO OKa3aJIMCh JIMIIb IIPUOIHU3UTEIBHO
BEPHBIMU. OHH XOPOHIO PabOTAIOT BO MHOTHX CJIYy4asaX, HO ITOJHO-
CTBIO HEIPUMEHUMBI, KOI/IA JIEJIO JOXOAUT /10 ONTUCAHUS KBAHTOBBIX
(pEHOMEHOB. 3AKOHBI KBAHTOBOI TECOPHUH 3AMEHSIOT 3aKOHBI HbIOTO-
Ha, obecreunBas 60jee TOUHOe onucanue Mupa. dusnka HpioToHa
CTAHOBHUTCSI IPOU3BOJHOM KBAHTOBOTO OIHCAHMS, TAK YTO BAKHO
IIOHATD: JIEJIO OOCTOUT HE TAK, UTO «HbIOTOHOBCKASI MEXAHUKA JIJIA
KPYIIHBIX IIPEJMETOB, 4 KBAHTOBAsl — I MEJIKUX», — KBAHTOBAs
TEOPUSA AEHUCTBYET BCET/A.

XOTs HAC HE OYEHDL-TO OYJET UHTEPECOBATDh TPETUH 3a4KOH Hblo-
TOHA4, OH 34CJYXUBAET HEKOTOPBIX KOMMEHTAPHUEB JJId JIIOOUTE-
Jiert. TpeTui 3aKOH COOOMIAET, YTO CUJIBI OABJIAIOTCA NAPAMU: €CJIN
s1 CTOIO Ha 3eMJIE€ U OKAa3bIBAIO HA HEE JIABJICHUE HOTAMHU, 3eMJIS IIPO-
THUBOJEHUCTBYET B OTBET. TaKUM 0OOpPA30OM, JJId «3aAKPBITOU» CHUCTE-
MBI CYMM4 CHJI pABHA HYJIIO, U3 YET'O, B CBOIO OYEPEAD, CIECIYET, YTO
OOIIMIT UMITYJIbC CUCTEMBI COXPAHAETCA. MBI 6y/leM MCIOIb30BATD
MOHSATUE UMITYIbCA HA TIPOTIKEHNUU BCEN KHUTU. J[JIs1 4aCTULIBI M-
ITYJIBC OIPEJEAETCA KAK IIPOU3BEAECHUE MACCHI YACTHULLBI HA €€ CKO-
POCTB, YTO 3AMUCHIBAETCA KAK P = 70. UHTEPECHO, YTO COXPAHEHUE
UMIIYJIbCA JEUCTBUTEIBHO MMEET HEKOTOPBIN CMBICI B KBAHTOBOI
TEOPUH, JA’KE HECMOTPSA HA OTCYTCTBHE B HEM ITIOHATHA CUJIBI.

Ho certuac Hac UHTEPECYET BTOPOH 3aKOH HbIOTOHA.

F = ma 03HA4a€eT, 4TO €CJIM BBl IIPUJIOKUTE U3BECTHYIO CHUITY
K OPEAMETY M BBIYMCIHUTE €0 YCKOPEHUE, TO OTHOIIEHHUE CHJIBI
K YCKOPEHHUIO U OyJieT Maccoi nnpegmeTa. TyT, B CBOIO Ouepe/ib, IPE/I-
IIOJIATAETCS, YTO MBI 3HAEM, KAK OIPEAETIUTD CUJTY, HO 3TO HE TAK YK
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CJIOXHO. [IpOCTOM, XOTA HE OYE€HDb TOYHBIN U HE OYEHDb IIPAKTUYHbIN
CIIOCOO U3MEPEHUS CUJIBL, — IOTAHYTb IIPEIMET YEM-TO CTAHJAPT-
HBIM: [IOITYCTUM, CPEAHSAA YEPENAXd ABUKETCA IO NIPSAMOU JTUHUHU
U C TIOMOIIBIO PEMHS TSHET 324 COOOM KAKOM-TO npeameT. HazoBem
ce «Hepenaxa CH», 3aneyaracM B KOPOOKY M OTHPABUM B MexJy-
HapOAHOE OIOPO MEP M BECOB, HaxojAleecsa B ropoje Cesp, Ppan-
UL JIBE TAHYIIHE YEPENaxu OyyT NPUKIIAABIBATS JBOHHYIO CHUITY,
TPU — TPOUHYIO U TAK Aajiee. TaKuM 06pa3oMm, JIOObIE TOTKAIOMHE
WA TSHYIUE YCUJINS MBI MOKEM OLICHUTD B KOJUYECTBE CPEIHUX
Jepernax, KOTOPbIE TPEOYIOTCA /I UX TTPHUIIOKEH .

ITonb3ysACh 3TOU CUCTEMOI, KOTOPAs JOCTATOYHO CMEXOTBOPHA,
4TOOBI €€ NPUHSI JIOO0N MEXIYHAPOAHBIM KOMUTET II0 CTAHAAD-
TaM*, MBI MOXXEM IPOCTO 3ACTABUTD YEPENAXY TAHYTb IIPEJMET U BbI-
YHCJIUTb €I'0 YCKOPEHUE, YTO IIO3BOIUT Y3HATH €I'0 MACCY I10 BTOPOMY
3axkoHy HproToHa. ITocie 3TOro MOKHO ITOBTOPUTD ITPOLECC LIS BTO-
pOro npeaMeTa, BBIYUCIUTD €I0 MACCY, 4 3ATEM 00€ MACCHI HOACTA-
BUTb B YPABHEHUE I'PABUTALMH, YTOOBI OIIPEAECINUTD CYIIECTBYIONIYIO
MEX/Y MACCAMH CUJITY NPUTSKEHUA. HO YTOOBI C MOMOIIBIO KOJTHUYE-
CTBA «4€PENANTBUX SKBUBAJICHTOB» Y3HATh CUJTY IPUTSIKECHUS MEXK/TY
JBYMSI MACCAMH, HY’KHO OTKAJIUOPOBATH BCIO CUCTEMY IO/ CAMY CHITY
IPaBUTAIIUU, JIJIS1 YETO U TPEOYETCS HOBBIN CUMBOJ — .

G — 3TO OYEHDb BAKHOE YHCJIO, KOTOPOE HA3BIBAETCA I'PABUTALIN-
OHHOM NOCTOAHHOHU HBIOTOHA U CJIYKHUT IIAPAMETPOM I'DABUTALIU-
OHHOM cuJbl. Ecii MBI yaBausaeM G, TO MBI YABAUBAEM U 3Ty CHILY,
TAK 4TO A6JIOKO, HAIIPABJIAACh K 3€EMJIE, YCKOPAETCA B JBa pa3a. Ta-
KHM O6pPa30M, 3TO YUCJIO OIIMCBHIBACT OJHO U3 (PYHIAAMEHTAIBHBIX
CBOYICTB Haulewn BceseHHOH, U Oy/lb OHO MHBIM, MBI )KUJIN OBl B CO-
BEPLICHHO APyrou Beenennor. Ceryac 1onaraior, 4To G UMEET O4HO
U TO K€ 3HAYCHHE BO BCEH BCEIEHHOM U NMEJIO 3TO 3HAYEHUE BO BCE
BpeMeHa (3TO YMCJIO €CTb M B TEOPUHU I'PABUTALUMN DUHIITECHHA,
I'ZIE€ TOXKE BBICTYIIACT B POJIM KOHCTAHTBHI). B 9TON KHUIC MBI BCTPE-
THUM U JIPYTHUE YHUBEPCAJIbHBIE KOHCTAHTBI BceneHnnon. B kBanTo-
BOM MEXAaHHUKE HAMOOJIEE BAKHOW CUUTAETCS MOCTOSTHHAA [T1aHKa,

HA3BAHHAA B YECTb NMHOHEPA KBAHTOBOMU (PpM3uKU Makca Ilnanka

*

[1paBaa, OHa He MOKAXETCS TaKOW YK CMEXOTBOPHOW, ECAM BCMOMHMTb, YTO A0 CYX NOp
NCMONB3YETCA Takad eAnHMLUa M3MEPEHIMY, KaK /ToLafdHas cria
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1 0603HaYaeMast OyKBOM A. Ham moHaoOUTCS U CKOPOCTH CBETA (C),
BEJIb 3TO HE TOJBKO CKOPOCTh, C KOTOPOU CBET PACHPOCTPAHACTCS
B BAKyyM€, HO M YHUBEPCAJIBHBIN IIPEJE CKOPOCTU. Byau Annen of-
HAXKAbI CKa3aJ: «/IBUTaThCSl OBICTPEE CKOPOCTU CBETA HEBO3MOXKHO,
J1a U HEXKEJIATEIBHO, BEJIb BCE BpeMA Oy/I€T CAETATD IIJIATIA>.

Tpwu 3axoH2 HBIOTOHA M 3aKOH MPUTAXKEHUA — ITO BCE, UTO HYXK-
HO JUJIS TIOHUMAaHUS JIBUKCHHUS B IPUCYTCTBUU I'PaBUTALIUHN. HeT HU-
KaKHX JPYIUX CKPBITBIX 3aKOHOB, KOTOPBIE MbI HE YIIOMHUHAIN: 3TUX
YETBIPEX BIIOJHE JOCTATOYHO, U OHHU IMO3BOJISAIOT HAM, HAIIPHUMED,
IIOHATH OPOUTHI IIaHET COMHEYHOU CUCTEMBL. BMECTE 3TH 3aKOHBI
CEPBE3HO OIPAHUYMBAIOT TUIIBI TPAEKTOPHI, IO KOTOPBIM MPE-
METBI MOT'yT IEPEMEIATHCS O] BO3/ICHCTBHUEM NPUTSIKEHU. C 110-
MOMIBIO OJJHUX TOJIBKO 3dKOHOB HBIOTOHA MOXKHO JJOKA34Thb, YTO BCE
IUIAHETBI, KOMETBI, ACTEPOUBI U METEOPHI B Hate COTHEYHOH CU-
CTEME MOTI'YT JABUT'ATHCS JIMIIb 110 TPAEKTOPUAM, U3BECTHBIM K4K KO-
HUYECKUE ceueHUs. CaMasi IPOCTAsd U3 HUX — T4, IO KOTOPOI C O4€Hb
XOPOULIEH TOYHOCTBIO JIBUI'ACTCs 3EMJISI B CBOEM IIEPEMELICHUN BO-
Kpyr COJIHIIA: 3TO OKPYKHOCTB. HO yaie nmaaHeTsl U UX CIIYTHUKHU
JIBUTAIOTCS MO AJUIUIITUYECKUM OPOUTAM (AJUIUIICHI — 3TO BBITSHY-
TBIE OKPYKHOCTH). [IBa APYI'UX U3BECTHBIX KOHUYECKUX CEUYEHUA —
napabona u runepoosna. I[lapadona — 3TO TPACKTOPUS JABUKCHUSI
IIYIIEYHOI'O AAPa IPU BeICTpee. [TocaeiHee KOHMYECKOE CEYEHME,
runepooIa, — 3TO TPAEKTOPHU A, IO KOTOPOM CEMYAC OT HAC YAAIAET-
Cs1 IO HATIPABJICHUIO K 3BE3/]aM CAMBIN JAJIEKUIT OT 3€MIU PYKOTBOP-
HBIA OOBEKT B UCTOpUU. KOorja mucanach ata KHUTA, «Bosajxep-1»
HAXO/IUJICSI HA PACCTOSTHUHU OKOJI0 17610000000 kM OT 3eMIH U y/a-
ssicst oT COTHEYHOM CUCTEMBI CO CKOPOCTBIO 538000000 KM B TO/I.
DTO mpeKpaCcHEUIIee JOCTUXKEHUE WUHKEHEPHOM MBICIU OBLIO 3a-
IyHmeHo B 1977 roay v NpoAoJIKACT IIOAJLEPKUBATD CBA3b C 3EMIIEH,
3AIUCHIBAA PE3YIBTATHI U3MEPEHNI COJITHEYHOI'O BETPA HA MATHUTO-
($oH u nepegasast uxX Ha 3€MIIIO ¢ MOITHOCTBIO 20 BaTT. «Bosxep-1»
U ero nobparum «Bosxep-2» — BIOXHOBJIAIOIINE IIPUMEPHI YEJI0-
BEUYECKOI MEUTHI OO0 HcceJoBaHNU BeceneHHOM. 062 KOCMUYECKUX
Kopabia nocetunu fOnurep u Caryph, a «Bosamxep-2» — emie 1 Ypan
u Henrryn. Ilo BeenenHoM OHU NEPEABUTIaIUCh C TOYHBIM pacye-
TOM, UCHOJIB3YS TPABUTAIIHIO JIJIST PE3KUX YCKOPEHUI IIPU NIPOXO/IE

MEK/ly TIJIAHETAMH M BBUIETE B MEK3BE3/JHOE IIPOCTPAHCTBO. IIpu
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pacyere Kypca Ha 3eMJI€ UCIOIb30BAJINUCh TOJIbKO 3aKOHbI HbIOTOHA,
KOTOPBIX OK432JI0Ch JOCTATOYHO, YTOOBI ITPOJIOKUTH OIITUMAJIBHBIHN
IIyTh MEX/y BHYTPEHHHUMU U BHENTHUMHU IIAHETAMU U JJAJIEE K 3BE3-
JaM. «Bosgpxep-2» OTIpaBUTCa B CTOPOHY CUPUYCA, CAMOU APKOU
3BE3/1bl HA HEOE, U OKAXKETCS TAM BCEro yepes3 Kakux-1o 300000 ner.
Bce 210 MBI Cienany, BCE 3TO MBI Y3HAIN O1aT0/1aps TEOPUH TATOTE-
HUs HBIOTOHA U €r0 3aKOHAM JIBHKCHUS.

3akoHbI HpIOTOHA 00€CNEUYMBAIOT UHTYUTUBHO MHOHSITHYIO Kap-
TUHY MUpa. Kak MBI y3k€ MOIVIM 3AaMETHUTDb, OHU IIPUHUMAIOT (POPMY
YPaBHEHUN (MATEMATUYECKUX COOTHOIIEHUN MEXJY MH3MEPUMBI-
MU BEJIMYMHAMU), KOTOPBIE TTO3BOJISIIOT C JOCTATOYHOM TOYHOCTBIO
IIPEICKA3bIBATD, KAK IIEPEMEIAIOTCA OOBEKTDL BCa 3Ta cCuCcTEMA ITPEI-
IIOJIATAET, YTO OOBEKTHI B JIIOOOM MUT I7IE-TO HAXOAATCA U CO BPEME-
HEM IIaBHO (6€3 CKAYKOB) MEPEMEMAIOTCS C MECTA HA MECTO. DTO
Ka’KETCAd HACTOJIbKO CAMOOYEBUJHOU UCTHUHOM, YTO MOXHO OBI €€
U HE KOMMEHTHPOBATH, HO HA CAMOM JI€JIE€ HYy>KHO HMOHATH, YTO 3TO
JIMIIL OPEAPACCYJOK. MOXKHO JIM ObITh YBEPEHHBLIMH, YTO TNPE[-
METBI AEUCTBUTEIBHO HAXOAATCA TYT WJIW TAM W HE NPEOBIBAIOT
B JIBYX PA3HBIX MECTAX OJHOBPEMEHHO? KOHEUYHO, C4/J0BbIN capaii
HUKAK HE MOXKET HAXOJUTHCA B JIBYX COBEPIIEHHO PA3HBIX MECTAX,
3TO OYEBUJHO — HO KAK HACYET 3JICKTPOHA B aTOoMe? He MoxeT 11
OH OBITh OJJHOBPEMEHHO <«3/1ECh» U «TaM»? [IpsAMO ceryac 1nopoob-
HOE IIPEATIONOKEHNUE 3BYyUYUT O€3YMHO, BO MHOI'OM IIOTOMY, YTO MBI
HE MOJKEM HPEJICTABUTH TAKYIO KAPTUHY CBOEMY MBICICHHOMY B30-
DY, HO CO BDEMEHEM BBI YBUJIUTE, UTO TAK OHO HA CAMOM JIEJIE U €CTh.
Ha 37107 Ke cTaIMU NOBECTBOBAHMUS, JI€J1as HACTOJIBKO CTPAHHOE 3a-
MEYaHHE, Mbl OTPAHUYUMCA YKA3aHHUEM HA TO, YTO 3aKOHBI HBIOTO-
HAa OCHOBAHBI HA UHTYUIIUH, IO3TOMY, KOI/IA IEJI0 JOXOAUT O (PYyH-
JAMEHTAJIbHON (PU3MKH, OHM HAIIOMHHAIOT JIOM, IIOCTPOEHHBINA
Ha IICCKE.

M3BeCTEH NPOCTEUIINIT SKCIIEPUMEHT, KOTOPHBII BIIEPBLIC TPOBE-
JI1 B aMepuKaHcKoi Bell Laboratories KnunToH I3BHUCCOH U JlecTep
JI>KepMep U pe3yIbTaThl KOTOPOT'O OBLIN ONYOJIUKOBAHEBL B 1927 roay.
OH JOKA3bIBAET, YTO MHTYUTHUBHAA KAPTUHA MUPA HbIOTOHA HEBEPHA.
XoT4 A6JI0KH, IIJIAHETDL U JIIOAU AEUCTBUTENBHO BEAYT CEOS «ITIO-HBIO-
TOHOBCKM», IEPEMEIAACH C MECTA HA MECTO PA3MEPEHHBIM U MpPEJ-

CKa3yeMbIM OOpa30M C TEYEHUEM BPEMEHH, ITOT IKCIIEPHUMEHT
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IIOKA3aJI, YTO BCE (PYHAAMEHTAIBHBIE CTPOUTENbHBIE KUPIMHUYUKU
MAaTEPUU AEUCTBYIOT COBEPIIECHHO HE TAK.

Pa6ora [JaBrccoHa 1 [IXkepMepa HAUMHACTCS TaK: <M IHTEHCUBHOCTD
paccenBaHms OJJTHOPOJHOIO IIYYKa JICKTPOHOB C PETYIHMPYEMOU CKO-
POCTBIO IIPU IIPOXOXKACHUU YEPE3 MOHOKPUCTAJI HHUKEJSA HU3MEPA-
€TCs KaK (PyHKIUsI HATIPABJIEHUsI». K C4aCTBIO, €CTh CIIOCOO OLIEHUTD
OCHOBHOE COJIEP’KAHUE UX BBIBOJIOB 6J1ATO/IAPs VIIPOIEHHOH BEPCUU
TOI'O 7K€ IKCIEPUMEHTA — TAK HA3bIBAEMOMY [ABYXIEJIEBOMY SKCIIEPU-
MEHTY. B HEM UCTOYHUK UCIYCKAET JICKTPOHBI B HAIIPABJICHUU IIPE-
IISITCTBUS C JBYMSI MAJICHBKUMMU IIEIAMU (JAbIpKaMu). C Jpyrou Cro-
POHBL HPENATCTBUA PACIIONOKEH 3KPAH, KOTOPBII 3ar0OpaeTcs, KOraa
JIO HET'O JOXO/AUT 3JIEKTPOH. KAKOB UCTOYHUK JIEKTPOHOB, HE TAK BAXK-
HO, HO C IIPAKTUYECKON TOYKH 3PEHUA MOXKHO IIPEACTABUTD BBITAHY-
TBII BJIOJIb IPEMIATCTBHS IIPOBOJ] IO/ HAIPSKEHUEM . MBI H3006pa3nIn

JIBYXIIEJIEBOM SKCIIEPUMEHT HA PUC. 2.2.

PUIC. 2.2, DNEKTPOHHAS NYLLIKa BLICTPENVBAET SMEKTPOHAMM B CTOPOHY /BYX
Lienei, 1 ecnv Obl NeKTPOHbI BeNY cedst Kak «0ObIUHbIE» UACTULbI, TO MOXHO
061110 Obl OX1/aTh, UTO Ha 3KPaHe NOFBUTCS Mapa NoJOCOK, Kak MoKa3aHo

Ha pUCyHKe. YLLMBMTEJ'HDHO, YTO 3TOTO He MponcxoanTt

[IpeacTaBbTe, KAK HA SKPAH HAIPABIAETCSA KaMepPa, 3aTBOP KOTO-
pOI71 OCTAaBJIACTCA OTKPBITBIM, 9TOOBI OOECIICYUTDH DOJITYIO BbIJICPXK-
Ky JIJIsI KODOTKUX BCIIBIIIIEK CBETA, OJHA 34 APYTOM BO3HUKAIOIHUX
IIPU NONAJAHUU IEKTPOHOB HA 9KPaH. O6513aTEIbHO (POPMUPYETCS

* Korpa-To 37a maes MCcnonb3osanack B pabote TeneBr3opos. [10TOK 1eKTPOHOB, MCMyCKa
eMbIX MPOBOAOM MOf HampsbkeHnem, cobrpancs, MOKYCMpOBancs B Ay4 U HanpaBnacs
MarHUTHBIM NONEM Ha 3KPaH, KOTOPbIN CBETWACS NPY NOMaAaHMKN 1EeKTPOHOB



B ABYX MECTAX OAHOBPEMEHHO

HEKAs CUCTEMA, U YMECTHO IOUHTEPECOBATHCSH, YTO KE ATO 34 CUCTE-
Ma. JJomyCTUM, 3JIEKTPOHBI — 3TO MPOCTO YaCTHUIIBI, KOTOPBIE BEAYT
cebs TaK JKe, KaK I0J0KHU WU IJTAHETHL. Toraa MOXKHO OXXHAATD, UYTO
cucTemMa OYJET BBIIISAJETh IPUMEPHO TAK, KaK HA puc. 2.2. Hexkoro-
pBIE IEKTPOHBI MPOUIYT CKBO3b IEJIH, OOJIBITUHCTBY 3TO HE YAACT-
cs1. Te, KOTOpBIE IPOHUKHYT B I1€JIb, HEMHOI'O OTTOJIKHYTCS OT €€
KPOMKH, UTO BBI3OBET HUX PACCESIHHUE, HO OOJIbIIAS YaCTh HPOIIE/-
HIMX 3JIEKTPOHOB, PA3YMEETCS, ITIOSIBUTCS CPA3Y 34 ABYMS HICISIMU —
CJIEZIOBATENIBHO, 3TO U OYJIET caMas IPKas 4acTb (poTOrpaduu.

PycC. 2.3. B peanbHOCTV yaapbl 3NEKTPOHOB M0 KPaHy He CBA3aHbl CO LLeNsmy
BmecTo 310ro opmumpyeTcs CTPYKTYpa K3 NOMOCOK, KOTOpas BbICTPanBaeTCs

MOCTEMNEHHO, 3/1EKTPOH 3a 3/1EKTPOHOM

DTOro He NpoucxoauT. HarmpoTus, HOAy4aeTCA KAPTHUHA, I1I0XO-
JKag Ha pucC. 2.3. [TonydeHHasa CTPYKTyPa UMEHHO TaKas, KaK O6bLia
npeacrasiaena J3BuUccoOHOM M IxepMmepom B crarbe 1927 ropa.
B 1937 rogy IaBuccoH nony4yusa Ho6eneBCKYIO MPEMHUIO 34 «dKCIIEPH-
MEHTAJIBHOE OTKPBITHE 3JIEKTPOHHOM JUMPPAKIIUUA HA KPHUCTATIIAX>.
IIpemMuIO OH pas3jieaunil He ¢ Jxxepmepom, a ¢ JxopaxeMm ToOMCOHOM,
KOTOPBIN TAKIKE HAOIOAAJ 3Ty CTPYKTYPY, IIPOBO/ISI 9KCIIEPUMEHTHI
B AOEPAUHCKOM YHUBEPCUTETE. YepenyIomuecs CBETIbIE U TEMHBIE
IIOJIOCBl U3BECTHBI KAK MHTEP(PEPEHIMOHHAA KAPTHUHA, 4 HHTEP-
depeHIIMS Yallle CBA3aHa C BOJIHAMU. YTOOBI NOHATH 3TO, JABAUTE
MBICJIEHHO IIPOBEJAEM JBYXIIEICBON IKCIIEPUMEHT HE C 3JIEKTPOHA-
MH, 4 C BOJTHAMHU BOJIBL

IIpeacraBpre LUCTEPHY C BOAOU, Y KOTOPOU HAIIOJOBUHY OIly-
LIEHA CTEHKA C BBIPE3aHHBIMU B HEHU ABYMS LIC/IAMH. DKPAH U Ka-

MCPY MOXHO 3dAMCHHUTDH ACTCKTOPOM BBICOTBI BOJIH, 4 IIPOBO/J IO
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HAIIPSPKECHUEM — YEM-TO, CO3/AI0IIUM BOJIHBI, HAIIPUMED, ICPEBSIH-
HOU JJOCKOH, IIOJIOKEHHOU BJOJIb IUCTEPHBI U CHAOXKEHHOM MOTO-
POM, KOTOPBII 34CTABJISIET €€ IOI'PYKATHCS B BOAY WU BBIHBIPUBATD.
Co3gaHHBIE TAKMM OOPA30M BOJIHBI OYAYT ABUTATHCA MO MOBEPXHO-
CTH BOJIBL, IIOKA HE JJOCTUT'HYT CTEHKHU. KOrjja BOIHA yIapuTCs O CTEH-
Ky, OOJBIIASI €€ YACTh OTKATHUTCS, HO JIBA HEOONBIIUX (PPATMEHTA
IIPOUJYT CKBO3b LIEIH. DTH JBE OOPA30OBABIINECS BOJIHBI PACXOIATCS
OT IIEJIEN 1O HATIPABJICHUIO K JIETEKTOPY BBICOTHI BOJIH. 3AMETHTE, Mbl
T'OBOPUM 3/IECH «PACXOISATCS», IOTOMY YTO BOJIHBI OTXOZSAT OT IIeJIeH
He 110 NpsaMom. IIlean CTaHOBATCS ABYMsI UICTOYHUKAMH HOBBIX BOJIH,
KaX/1as U3 KOTOPBIX PACXOJMUTCS YBEINYUBAIOUIMMHCS TTOJTYKPyTra-

MU. Puc. 2.4 IOKa3bIBAET, YTO JKE IPOUCXOAUT.

Puc. 2.4. Bua ceepxy Ha BOMHbI, BO3HMKAIOLLVE 113 [1BYX TOUEK B LINCTEPHE
(B BEPXHEW YacTu pyCyHKa). [1Be pacxoasLUMecs Kpyrami BONHbI Nepekpb-
BatoTCst U MHTepdepupytoT. «CnnLibl» — 370 Te 061acTK, rae ABe BOMHbI

noracunvi Apyr Apyra, v BoAa OCTanach CroKoMHOw

DTOT PUCYHOK — OTIMYHAA BU3YaJbHAA JEMOHCTPALIUA IOBEIEC-
HUS BOJIH BOJBL. ECTh 0671aCTH, T/I€ BOJIHBI HE BO3HUKAIOT BOBCE, 1 Ka-
JKETCA, YTO OHHM OTXOJAT OT IIEJIEN, KAK CIIUIbI OT LEHTPA KOJIECA,
B TO BPpEMS KaK JPYTUe OOJACTU MOKPBITHI B3JIETAMU U HAJCHUAMU
BOJIH. [Tapajuienun Co CTPYKTYypOH, KOTOPYIO HAOMIOAAIN [I3BHUCCOH,
Ixepmep U TOMCOH, TTOPA3UTENBHBL BEPHYBIINCH K 3JEKTPOHAM,
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YAAPAIONIUM B 3KPaH, MBI BUIUM, YTO T€ OOJIACTH, TJI€ OOHAPYKUBA-
€TCA MAJIO JIEKTPOHOB, COOTBETCTBYIOT MECTAM B LIMCTEPHE, I/I€ MO~
BEPXHOCTD BOJIBI OCTAETCA CIIOKOMHOM, TO €CTh TEM CAMBIM CIIHIIAM,
KOTOPBIC OTXOAAT OT LIeJICH HAd PUCYHKE.

JIOBOJIBHO JIETKO OOBACHHUTD, IIOYEMY TAKHE CITUIILI TTOABIISAIOTCSA
B [JUCTEPHE: JIEJIO B CMEIMEHUH U CIMSTHUU BOJIH, PACIIPOCTPAHAIONI X~
Cs1 U3 1esen. ITT0CKOJIbKY BOJIHBI UMEIOT CBOU B3JICThI U IA/ICHU S, TO JIBE
BOJIHBI IPA BCTPEYE MOTYT «CKIAJbIBATHCA> UIH «BBIYUTATBCA». ECan
BCTPEYA JBYX BOJIH IIPOMUCXOANT Ha B3JIETE OAHOM BOJIHBL U ITAJJCHUU
JPYTOH, IPOUCXOANUT B3aUMHOE TOT'allleHUe, U BOJIHBI B 3TOH TOUKE
He OyJIeT. B MHBIX CJIy4asX BOJTHBI MOT'YT COEIUHATHCS JPYT C APYTrOM
H4 B3JIETE — B 3TOM CJIy4d€ OHU OOPaA3YyIOT O0JEE KPYIIHYIO BOJIHY.
B Ka>X 1011 TOUKE LHUCTEPHBI PACCTOSIHUE MEXK/Y HEN U IBYMSI LIEIAMU
HEMHOI'O PA3HUTCS, A CIEJOBATEIBHO, B KAKMX-TO MECTAX JIBE BOJIHBI
OyyT COEIMHATHCSA HA CBOUX ITHUKAX, B IPYTUX OJ1HA OYJIET HA B3JIETE,
a Apyras Ha COaje, a B OOJIBIIMHCTBE TOYEK COEAUHEHUE OYAET IIPO-
HUCXOAUTDH B KAKUX-TO COYCTAHUAX MCKIY 9TUMU NBYMA KpaleI/IMI/I
TOYKAMHU. B PE3YIBTATE NONTYYUTCHA YEPEAOBAHUE — UHTEP(PEPEHIIU-
OHHAas KAPTHUHA, UJIN (PUTYPa.

IIpu BCEW HATIAJHOCTH KAPTHUHEBI ITIOHATD, YTO 3JEKTPOHBI TOXE
06pa3yIoT MHTEPMEPEHIIMOHHYIO (PUTYPY — a4 3TO IKCIEPUMEH-
TAJIbHO HAOIIOAAEMBIN (PAKT, — OYE€Hb TPYLHO. CoracHO HpIOTORY,
4 TAKIKE 3PABOMY CMBICJTY, 9JIEKTPOHBI UCITYCKAIOTCA U3 UICTOYHHKA,
HANPABJIAIOTCS O TMPSIMBIM JIMHUSAM B CTOPOHY IIeJIEN (TIOCKOIBKY
Ha HUX HE JCUCTBYIOT HUKAKHE CHUJIbl — BCIIOMHMTE IIEPBbIM 3AKOH
HbIOTOHA), TPOXOAAT CKBO3b IIEIU C HEOOIBIIUMU HUCKPUBJICHUSI-
MU (EC/IN LEIIAIOT KPOMKY) U IIPOAOJIKAIOT ABUT'ATHCA I10 TIPAMOM
BILJIOTB JIO 3KpaHa. HO B TAaKOM cirydae MHTEPMEPEHITUOHHA (pUTrypa
HE MOABUTCA — IOJYYUTCA I1aPa IMOJIOCOK, KAK ITOKA34HO HA PUC. 2.2.

MOKHO IIPEAIIONOKUTD, UTO CYLIECTBYET KAKOM-TO XUTPBINA MeXa-
HU3M, IIOCPEACTBOM KOTOPOT'O 3JIEKTPOHBI OKA3bIBAIOT APYT HA JIPY-
I'a HEKOE BO3/JICHICTBUE, B PE3YIBTATE YETO OTKJIOHAIOTCA OT IIPSAMBIX
JIMHUM, IPOMAA yepes meau. HO 3TO JIErKoO IPOBEPHUTh: MOXKHO I10-
CTAaBUTDb OKCIIEPUMEHT, IOChIAA U3 UCTOYHHUKA HA 9KPAH BCEr'O OJJUH
3JICKTPOH 3apa3s. Ilpujerca mojoXxaarb — U MEJJICHHO, HO BEPHO,
KOI/Ia AJIEKTPOHBI OJIUH 34 APYTUM OY/IYT BPE3aThCA B AKPAaH, BbIPA-

6O0TAETCA CUCTEMA IOJIOCOK. DTO KPAMHE YAUBUTEIBHO, IOTOMY YTO
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CTPYKTypa IIOJIOCOK BECbMA XAPAKTEPHA I MHTEPHEPUPYIOMUX
JIPYT C IPYT'OM BOJIH, HO BE/Ib HAIII UICTOYHHMK UCITYCKAET 3apa3 110 OfI-
HOMY 9JIEKTPOHY — TOYKY 34 TOYKOU. XOpOIIEE YIIPAKHEHUE JIJIA yMa:
HOMNBITATHCS NPEACTABUTD, KAK TAKOE MOXKET OBITh U IOYEMY YACTHUI[A
32 yactuued GopMHUPYIOT UHTEPPEPEHIITUOHHYIO (PUTYPY IIPU BbI-
CTpesie B CTOPOHY [BYX INEJENH B 3KpaHe. YIIPAKHEHHE TEM JIYYIIIE,
YTO OHO COBEPLIEHHO OGECIIJIOAHO: HECKOJIBKO YaCOB JIOMAHHS I'OJI0-
BBI JIOJDKHBI YOEIUTD BAC, YTO NPENCTABUTD MOSABIEHUE CTPYKTYPHI
IIOJIOCOK COBEPHIEHHO HEBO3MOXKHO. Kakumu Obl HU OBUIM MCIY-
CKAEMBIE YACTUILLLI, OHU TOYHO HE «OOBIYHBIE» YACTUIBI. DJIEKTPOHBI
CJIOBHO OBl «MHTEP(MEPUPYIOT CAMH C COH6OM», Hama 3ajaya — co-
3/1aTh TEOPHIO, KOTOPAS MOXKET OO'bICHUTD IIPOUCXOJSIIIEE.

V 3TOHA UCTOPUHU €CTh UHTEPECHENUIIEE NCTOPUYIECKOE 3aBEPIIE-
HHE, KOTOPOE IOKA3BbIBACT, KAKME MPOOJEMBI UHTEJIEKTYAIbHOTO
IJIAaHA CTABUT JBYXUIIEJIECBON 3KCIIEPUMEHT. [Ixxo3ed ToMCOH, momy-
4uBIINI HOGEIEBCKYIO IPEMHUIO 32 OTKPBITHE JIEKTPOHA B 1899 ropy,
IIOKA3aJI, YTO JIEKTPOH — ITO YACTHUI[A C ONPE/ICICHHBIM 3JIEKTPU-
YECKUM 3aPAJAOM M OIIPENEIEHHON MACCOM, MAJIEHDbKAA ITECYMHKA
marepuu. Ero coin Jxxopax Tomcon 40 net crycrs nonydnsi Hobe-
JIEBCKYIO NPEMHUIO 32 JJOKA3ATEIbCTBO TOTO, UTO INEKTPOH BEJET
cebs HE TaK, KaK OXKM/IaJl €ro orel. TOMCOH-CTApIIUK HE ObLI HE-
IIPAB: Y 2JIEKTPOHA JENUCTBUTEIBHO €CTh YETKO ONPEAEIEHHAA MAC-
Ca W JIEKTPUYECKUH 3aPAM, U KAXK/bIA Pa3, KOI/IA MBI €T'O BUJIUM, OH
KaKEeTCA HAM KPYIIMHKON MaTepuu. OTHAKO OH HE BEJET CeOs 8 1mou-
HOCMU KAK KPYITMHKA MATEPUH, YTO OOHAPYKHUIIH [I3BUCCOH, [Kep-
Mep U TOMCOH-MIaAMMH. BaKHO 3aMETUTD, YTO HE BEJAET OH Cebs
U 8 MOuHOCMU KAK BOJIHA, IOTOMY YTO UHTEPHEPEHIIUOHHAA (PU-
rypa He (POPMUPYETCA KAKHUM-TO IIABHBIM JJOOABIEHUEM SHEPIUH;
CKOpEE, OHA COCTOUT U3 MHOKECTBA MEJIbYANIINX TOYEK. MBI BCET/A
MOXKEM OOHAPYKHUTb TOYEYHBIE IJIEKTPOHDBI, KAKMMU MPEACTABIIAII
nx TOMCOH-CTapIINA.

B0O3MOXXHO, BBI YK€ BUIUTE HECOOXOJUMOCTD IIPUOETHYTH K IIPEJ-
JIOKEHHOMY 'efizeH6eproM cnocody MpIIIEHUA. TO, YTO MbI HAOTIO-
Jl1aeM, — 3TO YACTHUIIbI, TO3TOMY HYKHO CO3/1aBATh TCOPUIO YACTHII.
Hama Teopus AOMKHA K TOMY K€ YMETDb IIPEJCKA3BIBATD MOABICHUE
UHTEP(HEPEHITUOHHBIX (PUTYP, MHOMYUAIOMNXCS, KOIJIAd 3JIEKTPO-

HBI OJIUH 32 JIPYI'UM IIPOXOJAT CKBO3b IEJIHU U BPE3AIOTCHA B AKPAH.
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ITogpOBGHOCTEN TOTO, KAK AJIEKTPOHDI ABUXKYTCSA OT UCTOYHUKA K IIIE-
JISIM U 3ATEM K 9KPAHY, Mbl HA0II0/1ATh HE MOXKEM, IIOITOMY UM HEOOSI-
34TEJIBHO COIVIACOBBIBATBCS C TEM, C YEM MBI HIMEEM JIEJIO B IIOBCE/IHEB-
HOM »KU3HU. M 1EMICTBUTE/IBHO, O «IIyTELIECTBUN» JJICKTPOHA MOXHO
JIaKe BOOOIE HE BECTH peub. Bce, 4TO HAM HY>KHO, — BBIPA0OTATh
TEOPUIO, CHOCOOHYIO NPEJNCKA3ATh, YTO JIEKTPOHBI IIPU KOHTAK-
T€ C AKPAHOM 06PaA3YIOT (PUI'YPY, KOTOPAS MOJIYUAETCS B XO/IE JIBYX-
LIEJIEBOI'O AKCIEPHUMEHTA. DTO MBI U CIEC/IAEM B CIICAYIOIIEH ITIABE.

YTOO6B!I BBl HE JYMAJIU, YTO ITO IPOCTO YBJIEKATEJIbHBIN OOpa3-
YUK PU3UKH MUKPOMHPA, KOTOPBIN UIMEET MAJIO OTHOIIEHUS K MUPY
B LIEJIOM, HYKHO CKa34Tb, YTO KBAHTOBAA TEOPUS YACTHUL, KOTOPYIO
MBI PA3Pa0aTbIBAEM JI51 OO'bSICHEHUS JBYXIIEIEBOI'O 9KCIIEPUMEHTA,
OKaKETCS CIIOCOOHOM OO'BSICHUTH U CTAOUIBHOCTH ATOMOB, U 1IBET
JIyde, UCIYCKAEMBIX XUMHUYECKUMU DJIEMEHTAMHU, U PATHOAKTUB-
HBIM pacnaj, 1d, COOCTBEHHO, U BCE BEJIUKUE TANHBI, BOJTHOBABIINE
Y4YEHBIX B Hadale XX BeKa. To, 4TO HAIIa CUCTEMA OITUCHIBAET CIIOCOO
IIOBE/JICHUS JICKTPOHOB, 3aK/IIOUYECHHBIX BHYTPb MATEPUHU, [IO3BOJIUT
IIOHATD U TO, KAK PA0OTAET €/IBA JIU HE CAMOE BA’XKHOE U30O6pETEHUE
XX BEKA — TPAH3UCTOP.

B camort mocnennei rnase 3TON KHUTHU MBI YBUJUM ITOPA3UTENb-
HO€ IIPUMEHEHUE KBAHTOBON TEOPUH, JEMOHCTPUPYIOLICE CUIY Ha-
YYHOU apryMmeHTanuu. CaMple HEOOBIUHBIE IIPEJICKA3AHUS KBAHTO-
BOI1 TEOPUU OOBIYHO NPOSABIIAIOTCA B ITIOBEJEHUU MAJIBIX OO'BEKTOB.
HO nOCKOJIbKY O01bIINE OOBEKTBI COCTOST U3 MAJIBIX, IIPU OIIpEJe-
JIEHHBIX OOCTOSITENBCTBAX KBAHTOBAsA (PU3HKA TpebyeTcs sl 00b-
SICHEHMS CBOMCTB OJJHUX M3 CAMBIX KPYIIHBIX OOBEKTOB BO Bcenen-
HOoU — 3Be3z. Hame CosHIle BEAeT MOCTOSHHYIO OOpPbOY C CHIION
NPUTAKEHUA. DTOT T'A30BBII AP, B TPU MHUJUIMOHA pa3 00Jiee MaC-
CHUBHBIH, YE€M HAIlld IVIAHETA, O0JIaJaeT CUJION INPUTSKECHHUS [IOYTH
B 28 pa3 60J1blIIE, YEM 3EMJISL, YTO CTABUT €I'O IO/, IOCTOSIHHYIO yI'PO-
3y KoJutanca. Curyanus NpejoTBPALAETCA HAIIPABJICHHBIM BOBHE
JIABJICHUEM, KOTOPOE CO3/1AI0T PEAKIIMHU SIIEPHOI'O CHUHTE34 B CAMOM
COTHEYHOM sifIpe, e eskecekyHaHo 600000000 1 Bomopoaa mpe-
BpamaTcs B resinid. Ho Kak Obl HY Obl/IA BEJIMKA HAIIA 3B€3/1d, CTOJIb
UHTEHCUBHOE CXKUTAHUE TOIUIUBA JOJKHO HMETb CBOM IOCIE[-
CTBUS, U B OJJUH IIPEKPACHBIN JJEHb UCTOYHUK TOILUINBA Ha COIHIIE

IIPEKPATUT CBOE CYIECTBOBAHUE. JJaBIIEHNE, HAIIPABJIEHHOE BOBHE,
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MIPEKPATUTCH, U XKEJIEZHOM XBATKE I'PABUTALIUH HEYETO OYJIET MPO-
THUBOIIOCTABUTBD. M TOI/1a, KAXKETCS, HUYTO BO BCEIEHHOI HE CMOXKET
NIPEAOTBPATUTD KATACTPODY.

Ha camoMm xe jiejie B UIPy BCTYIIUT KBAHTOBASI (DU3NUKA U PEMIUT
npobisieMy. 3Be3/1aM MPUAYT HA [IOMOIIb KBAHTOBBIE 9(PPEKTHL: OHU
CTAHYT TAK HA3BIBAEMBIMH OEJIBIMH KAPJIHUKAMH — TAKOB U OyJET
¢dpunHan Hamero ConHIla. B KOHIIE 3TOM KHUTHU MBI IPUMEHUM ITOHU-
MaHHE KBAHTOBOU MEXAHUKHU JJId pPacyeTa MAKCHUMAJIbHOU MACChI
3BE3/1bI — O€JI0ro Kapauka. Briepsole ee paccuurTan B 1930 rogy uH-
JUHCKUN acTpodusuk CybpaMaHbsaH YaHIpaceKap, U BBIACHUIIOCH,
YTO T4 MACCA COCTABIAET NPpUMEPHO 1,4 maccel ConHua. Kak Hu yau-
BUTEJIBHO, 3TO YUCJIO MOKXHO MOJTYYUTH, 3HAS JIUIIHh MACCY IIPOTOHA
U 3HAYEHUS TPEX YIKE U3BECTHBIX HAM KOHCTAHT HPUPOABLI — I'PABU-
TAIJMOHHOU MOCTOSIHHON HBIOTOHA, CKOPOCTH CBETA U NTOCTOSTHHOM
[Tnanka.

PazBuTHE CAMOU KBAHTOBOU TEOPHUH U U3MEPEHUE STUX YETBIPEX
BEJIMYMH, PA3yMEETCS, HUKAK HE 3aBUCUT OT HAOJIIOJICHUI 34 3BE€3/1a-
MH. MOXHO NPENCTABUTL CEOE IIUBUIU3ALUIO ArOPaPOOOB, KUBY-
IUX B ITTyOOKUX MEMIEPAX O] IOBEPXHOCTBIO CBOCH IJIaHeTh. OHU
HE UMEIOT HUKAKOT'O MPEJICTABIEHNA O HEOE, HO MOT'YT Pa3paboTaThb
KBAHTOBYIO Teopuio. [IpoCTO A1 COOCTBEHHOTO YJOBOJIbCTBUS
B OZJMH INPEKPACHBIN J€Hb OHHU MOTYT PENIUTb BBIYUCIUTH MAKCH-
MaJIbHYIO MaCCy TUT'AHTCKOT'O T'a30BOro mapa. [Ipeacraspre, KaK Oj1-
HaK/IbI OTBAKHBIH HCCJIE/IOBATENb PEIIAET B IEPBBIN Pa3 BEIOPATHCS
HA IIOBEPXHOCTBb U B BOCTOPTE€ CMOTPUT HA HEOO, MOMHOE OI'HEL; I'a-
JIAKTUKM M3 COTEH MUJIJIMAP/IOB 3BE3/], IPOTAHYBIINXCS OT TOPU3OH-
T4 JJO TOPU30HTA. DTOT UCCIEJOBATEIb OOHAPYKUT, KAK OOHAPYKUJIN
MBI C HAIIErO HAOIIOAATENIBHOTO IYHKTA HA 3EMJIE, YTO CPEJIU MHO-
JKECTBA 3aTYXAIONIUX OCTAHKOB YMHUPAIOMINX 3BE3/] HET HU O/IHOH,

4bs MACCA IIPEBBIIIAIA OBl IIpeea Yanapacekapa.
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H MOHEPOM HAIIIETO MOAXOAA K KBAHTOBOU TEOPUU CUUTAETCA
Puuapy ®erinMman, naypear HOOENIEBCKON NPEMUU U HBIO-
MOPKCKUI 0apabaHIIUK, KOTOPOro €ro JApyr u coasrop dprumeH
JaricCOH OXapaKTepHu30BaJl KAK «HAIIOJOBUHY I'€HUM, HAIIOJOBUHY
uryT». Biocnencrsum J1aicOH U3MEHHJI CBOE MHEHHE: O0OJIEE TOYHO
OBLIIO ObI Ha3BaTh PEMHMAHA «IIOJHBIM T€HHUEM U MOJTHBIM HIyTOM>.
Mgl 6y1eM IPUJEPKUBATHCS B KHUT'€ UMEHHO €0 MO/IX0/4, IOTOMY
4TO, BO-TIEPBBIX, 3TO BECEJIO, 4 BO-BTOPBIX, 3TO €/B4 JIM HE IIPOCTEM-
TN CITIOCOO MOHATD HAIY KBAHTOBYIO BCeeHHYIO.

ITOMHMO aBTOPCTBA CAMOU IIPOCTON (POPMYIUPOBKU KBAHTOBOH
MEXAHUKH, Pruuapn @efiHMaH ObLI TAKXKE NMPEKPACHBIM IIEAATOTOM,
CHOCOOHBIM IEPEHECTH CBOE INTYOOKOE MOHUMAaHHUE (DU3UKU HA CTPa-
HULIBI WX B JIEKITMOHHYIO AYUTOPUIO C HECPABHEHHOU ACHOCTBIO
U MUHHUMYMOM CYETBL EI'O CTHUI/Ib U3JIOKEHUA COBEPIIEHHO HE I10XO-
JIMJI HA CTHUJIb TEX, KTO XOTeJI Obl ¢/1€/1aTh (PU3UKY CIIOKHEE, YEM OHA
JIOJIKHA OBITD. M BCE 7K€ B CAMOM HA4Y4JIE€ CBOEU KJIACCUYECKOU CEPUN
BY30BCKUX yUEOHUKOB «DPEMHMAHOBCKUE JIEKIIUN 11O (PU3UKE» OH
IIOCYUTAJ BAKHBIM CPA3Y K€ UECTHO NPEAYIIPEAUTD, YTO KBAHTOBASA
TEOPHS IIPOTUBOPECUYUT YEJIOBEUECKOM UHTYULINU. PEHHMAH IIHUCAI,
4TO CyOATOMHBIE YACTUIIBI «<HE BEAYT C€64 KAK BOJIHBI, KAK YACTUILBL,
KaK OUJIbSIPHBIE MIAPDL, KAK IPYKUHHBIE BECHL, KAK TO, YTO Bbl MOIJIH
BUJIETB>. YTO XK, IIOIIBITAEMCA IIOCTPOUTH MOJEJIL TOT'O, KAK OHU BCE-

TAKH CeOA BEAYT.



UTO TAKOE YACTULA?

[ng Hadama OPenonoXUM, YTO 3IJNEMEHTAPHBIE CTPOUTENb-
HBIE KMPIUYUKH HPUPOJALI — 3TO YACTUIIBL. DTO MOJTBEPK/IAECTCS
HE TOJBKO JBYXIIEIEBBIM 3KCIIEPUMEHTOM, B KOTOPOM 3JIEKTPOHBI
BCEI/Ia NPUOBIBAIOT B KOHKPETHBIE MECTA 9KPAHA, HO U MHOXECTBOM
JPYIUX UCCaeNoBaHUN. W 1eACTBUTENBHO, «(PU3NUKA YACTUL> HE 3PS
TAK HAa3bIBAETCA. Hy’KHO PEMMUTH CAEAYIONIUNA BOIPOC: KAK IEpe-
MEMIAIOTCS 9aCTUIbI? KOHEYHO, IPOIIE BCETO MPEATIONOXKUTD, YTO
OHH JIBUT'AIOTCA I10 HUJIEAJIBHO IIPSMBIM JIMHUAM HJIH K€ 10 KPUBBIM,
€CJIM Ha HUX JIEHCTBYIOT CUJIBI COIVIACHO 3aKOHAM HploToHA. OTHAKO
3TO HE MOKET OBbITh BEPHBIM, [IOTOMY YTO JI0060€ OO'BbICHEHUE JIBYX-
I[EJIEBOTO AKCIIEPUMEHTA NIPEJANONATAET, YTO AIEKTPOHBI <MHTEP(E-
PHUPYIOT APYT C APYIrOM», IPOXO/ISl Yepe3 MU, A JIJIS STOIO OHU JJOT-
JKHBI KAKUM-TO O6PA30M PACCEUBATHCA. UTAK, MPO6IEMA — CO3/1aTh
TAKYIO TEOPUIO TOYEUHBIX YACTHI], YTOOBI 3T YACTHUIIBI €IIE U PaAC-
cenBannch. Ho 3a71aua He TaK HEPEAJIbHA, KAK KAXKETCA: 9TO MOXKHO
CJIENATh, €CJIN «IIO3BOJIUTh> KAXKJION YACTHUIE HAXOAUTBCS 00HOBpe-
MEHHO 6 HeCKONbKUX Mecmax. KOHEUHO, 3TO ONATb-TAKU KaKETCs
HEBO3MOKHBIM, HO MIPEATIOIOKEHHE O TOM, YTO YACTULLA MOXKET Ha-
XOJIMUTBHCSI B HECKOJIBKUX MECTAX OJJHOBPEMEHHO, IIO KpPaHHEN Mepe,
JIOBOJIBHO SICHOE, IA7KE €CJIU 3BYYHUT BECbMA IIIyNHO. C 3TOrO MOMEHTA
MBI Oy/IEM Ha3bIBATb TAKHUE YACTULBI — MPOTUBOPEYAIINUE UHTYHU-
LU, PACCEAHHDBIE, HO IIPH 3TOM TOYEUYHBIE — KBAHMOBLIMIU.

BbICKA3aB NPEATIONOKEHUE, UTO «4ACTULA MOKET OJJTHOBPEMEHHO
HAaXO/IUTBHCS 6OJIEE YEM B OJJHOM MECTE», MBI OTPBIBAEMCSI OT MOBCE-
JITHEBHOTO OIIBITA W BCTYITAEM HA HEU3BEAAHHYIO TEPPUTOPHIO. OFHO
U3 TJIABHBIX IPEMNSTCTBUH JJIs PA3BUTHS IOHUMAHHUS KBAHTOBOM
(PU3HUKN — CMATEHHE, IIOPOXK/IAEMOE TAKUM CIIOCOOOM MBIIIJICHUS.
YTOOBI €r0 N306€XKATh, HY>KHO CJIEA0BATD 34 [€1136HOEPTOM U YIUTHCS
CIIOKOMHO MUPHUTHCA C B3IVIAJAMH HA MUD, UAYIIUMU BPA3PE3 C XKU-
TEUCKUM ONBITOM. «HeygoO6CTBO» TEOPHUH YACTO OMMHUOOYHO MPUHU-
MAaeTCs 32 CMATEHUE, U HEPEJIKO MU3Yy4daloNUe KBAHTOBYIO (PUBHKY
IIPOJOJIKAIOT HBITATHCA MOHATD IIPOUCXOAAIEE C TOUKH 3PEHHUS 110~
BCEJJHEBHOT'O ONBITA. HO K CMATEHUIO BEJET COIIPOTUBIEHUE HOBBIM
nacaMm, a4 He BHYTpCHHHH CJIOKHOCTDH CaMUX I/Iﬂefl, IIOTOMY 9T0O pC-
AJIBHBIA MUP MIONIPOCTY YCTPOEH HE TAK, KAK MOJCKA3bIBAET HAM IO-
BCE/THEBHBII OIBIT. M MO3TOMY HYKHO IOJXOJUTD K JICJIy C HENPE/-

yOEKAEHHBIM YMOM U HE CMYIIATHCS KAXKYIIEHCS CTPAHHOCTBIO. DTO
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nnoHumai aaxe Illekcrnup — ero 'amineT ropopuT: «<Kak K ayzjecam, Bbl
K HUM U OTHECUTECh. [Opanuii, MHOIO B MUPE €CTh TOI'O, YTO BaIICH
punocodpuu He CHUIOCH>*,

Xopolunii Crocob HAYATh — THIATEIbHO MOPA3MBICIUTh HAJ| BEP-
CHEN JIBYXIENIEBOIO IKCIIEPUMEHTA /I BOJH BOABL Hama nenb —
BBISICHUTB, YTO K€ B BOJIHAX BBI3BIBACT IMOABJIEHUE UHTEP(EPEHIIU-
OHHOM (PUT'YPBL. MBI JTOJKHBI YOEIUTHCS, YTO TECOPHUS KBAHTOBBIX
YACTHUILL BKJIIOYAET TAKOE K€ MOBEJEHUE U MBI CMOXKEM MOIBITATbCSA
OO'BSCHUTD IBYXIIEIEBON SKCIIEPUMEHT U JIJI51 JIEKTPOHOB.

Bonnbl, npoxoasmue 4yepes ABe miejIrd, MOI'yT HHTEPPEPHUPOBATD
JPYT C JPYrOM IO JBYM NIpUYUHAM. [TepBast: BOIHA IPOXOAUT YePE3
obe wienu 00Ho8pemerHo, CO37JaBasi IB€ HOBBIEC BOJIHBI, KOTOPBIE OT-
KJIOHAIOTCSI U CMENMINBAIOTCA. OUEBUAHO, YTO BOJIHA MOXKET CE€6S TaK
BECTU. V HAC HET HU MAJEHUIIUX NPOOJIEM C TEM, YTOOBI IPEACTA-
BUTH c€6€ OAHY JUIMHHYIO OKEAHCKYIO BOJIHY, KOTOPAsl HAKATBIBAET
Ha Oeper u pasdUBAETCA O IUISK. DTO CTEHA BOALI — PACIPOCTEP-
Tasl, HE CTOALIAs HA MecTe. TaKuM 0O6pa3oM, Ha/lO IIOHATDh, KK CJie-
JIATh TAKOM K€ «PACIIPOCTEPTON, HE CTOAIIEN HA MECTE» HAIIY 4Ya-
cTuny. Bropas npuyuHa B TOM, YTO JIBE€ HOBBIE BOJIHBI, OTXOAIINE
OT IIENENA, MOTYT IIPU CMEMIUBAHNU JIUOO TOO6ABIATHCA JPYT K IPYTY,
60 OCNIA6IATh JEUCTBUE APYT APYTrd. DTA CIIOCOOHOCTS IBYX BOJIH
UHTEPPEPHUPOBATD, OUEBUJHO, U OYJIET KIIOUEBOH JIJ1s1 OO'bSICHEHUSI
MOSABIEHUS UHTEPHEPEHITUOHHON (PUTYPHBL. KpatitHun ciy4dail — co-
BMA/ICHHUE MAKCUMyMa O/IHOI BOJIHBI C MUHUMYMOM JIPyrou. B aTom
CJIy4ae OHHU ITOJIHOCTBIO MOTracCAT APYr Apyra. ITo3TOMy MBI CTAJIKHU-
BAEMCSI C HEOOXOMMOCTDBIO 3aCTABUTH HAITY KBAHTOBYIO YACTHUILY
KaKHUM-TO O6Pa30M HHTEP(EPUPOBATH CAMY C COOOM.

JByXIIEIEBON 9KCIIEPUMEHT CBA3BIBAET MOBEACHUE IEKTPOHOB
C TIOBEJICHUEM BOJIH, [IO3TOMY JABAHTE IIOCMOTPUM, HACKOJIBKO J1a-
JIEKO MOJKET 3aAUTU 9TO COOTBETCTBHE. [TocMOoTpuM HA puc. 3.1, cHa-
Yajia IPOUTHOPUPOBAB JIUMHUH, COCIUHAIONNE TOUYKU A C £ 1 B C F,
U COCPENOTOYMMCA HA BOJTHAX.

Ham puCyHOK MOKET ONMCBIBATH IIUCTEPHY C BOJOU. Toraa Bos-
HUCTBIC IMHUU OPEJCTABISIOT — CJIEBA HATIPABO — TO, KAK BO/ISTHAS

BOJIHA KATUTCS YEPE3 IIUCTEPHY. JJOITYCTUM, MBI CHOTOTrpaprupOBaIU

* [Mepesop b. MNactepHaka. [pum. ped.



UTO TAKOE YACTULA?

LUCTEPHY CPa3y MOCJIE TOT'O, KAK JAEPEBAHHAA JOCKA CJIEBA YAAPUIIA
110 BOJIE, BBI3BAB BOIHY. Ha (poTorpadun 6yeT BUHA HOBOOOPA30-
BaHHAs BOJIHA, IPOCTUPAIOMIASACI CBEPXY BHU3. BCs ocTanmpHAA BOAA
B IIUCTEPHE OCTAETCSI CHOKOMHOM. Ha BTOpON ororpacduu, cje-
JIAHHOM 4yTb MO3’KE, BUHO, KAK BO/ISTHAS BOJIHA JIBUTACTCS K IICTISAM,
OCTABJISASA 34 COOOI POBHYIO NOBEPXHOCTS. Ee 1O3k€e BOMHA IIPOXO-
JIUT 4epE3 NMapy MIeIeH U CO3/A€T MOJI0CATYIO HHTEPPEPEHITMOHHYIO
durypy, KOTOPyIo HJIUTIIOCTPUPYIOT BOTHUCTHIE JUHHUH B [IPABOM YTJIY.

BonHa B HavanbHbii  BonHa BonHa npu ctonkHOBeHUN
MOMEHT BPeMeHU UyTb NO3Xe C 3KpaHOM
F
’ ts
D
C E
B
. ts

Puc. 3.1. Kak BONHa, ONMCHIBALOLLA% NOBEAEHME SNEKTPOHA, ABMXKETCS OT UC-
TOUHVIKA K 3KPaHY U Kak €€ HY>XHO MHTEPNPeTPOBaTh B KAaUECTBE MPeACTaB-
NEHUSA BCEX BAPUAHTOB TPaeKTOpuiA anekTpoHa. [yt ot Ago Cu En ot B
A0 D v F unntocTpupytoT BCero NniLb fse 13 BECKOHEUHOTO MHOXECTBA

TDaGKTODMM, MO KOTOPbIM MOXXET BMIATHCA OLLMHOHHbW\ S1EKTPOH

A ceffyac faBaiTe MEPEUYUTAEM MOCJIEAHUN a03all, TOJIBKO BME-
CTO <«BOJITHOM BOJIHBI» IOJICTABUM «3JIEKTPOHHYIO BOJIHY», 4YTO OBI
3TO HU 3HAYUJIO. DJIEKTPOHHAA BOJIHA, ECIA €€ UHTEPIPETUPOBATD
JOJKHBIM O6PA30M, MOXKET OOBACHUTD Ty IOJIOCATYIO (PUTYDY, KO-
TOPYIO MBI XOTHM IOHATH, IOTOMY 4YTO B 3KCIIEPUMEHTE OHA BEJET
cebs TaK K€, KaK BOJIHA BOABL HO OCTan0Ch OOBACHUTD, TIOYEMY XKE
3JIEKTPOHHAA (PUI'yPa TOAYYAETCA U3 TOYEK, KO 3JIEKTPOHBDI I10-
HaJaioT HA 9KPaH OJMH 32 APYIUM. Ha IepBbld B3IVIA[, 3TO IIPOTHU-
BOPEUYUT HUJEE IVIAJKOM BOJIHBL, HO HA CAMOM [i€JjI€ 3TO He TaK. Hy>KHO
JIOTAIATBCA, YTO Mbl MOXKEM IIPEJJIOKUTD CIEAYIONEE OObICHEHHUE:
3JIEKTPOHHYIO BOJIHY CIEAYET UHTEPIPETUPOBATD HE KAK PEAIBHOE
MaTEPUAIIBHOE BO3MYIIEHUE (KAK B CIy4yde C BOJIHOM BOJbI), 4 KAK He-

KHH c10Cc06 HH(MOPMUPOBAHUSA HAC O TOM, IJI€, BEPOATHO, SJIEKTPOH
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OyzneT OOHAPYKEH. 3AMETHTE, Mbl TOBOPUM <«3JIEKTPOH», 4 HE «3JICK-
TPOHBI», TOTOMY YTO BOJIHA JJOJIKHA OITUCATD MOBE/ICHUE OJJTUHOYHO-
IO 3JIEKTPOHA — TAKUM OO6PA30M MBI ITOJIYYHM BO3MOXHOCTbH OO'b-
SICHUTB, OTKY/Id K€ OEPYTCS 3TU TOYKHU. DTO IJEKTPOHHASI BOJIHA,
4 HE BOJIHA 3JIEKTPOHOB, U TYT HEJIb35 OMMUOATHCA. ECJIM MBI TpEJCTA-
BUM CEO€ CHHUMOK BOJHBI B KAKOU-TO MOMEHT BPEMEHHU, TO BO3ZHHUK-
HET MBICJIb UHTEPIIPETUPOBATH €I'0 CJAEAYIONUM OOPA30M: TaM, IJIE
BOJIHA HAUOONBIIAs, CYIIECTBYET HAUOOJIBIIAA BEPOATHOCTD HANTH
3JIEKTPOH, 4 TaM, IJI€ BOJIHA MEHBIIE BCETO, BEPOATHOCTDL BCTPETUTD
HAIII 3JIEKTPOH HamMeHbInaA. Korjga BOJIHA HAKOHEL JOCTUTAET K-
paHa, TaM MOABJISAECTCS MAJIEHbKASI TOUKA, KOTOPAsl U COOOIIAET O €T0
MECTOHAXOX/JEHUU. EJMHCTBEHHAA 33/1a49a JICKTPOHHOM BOJIHBI —
JaTb HAM BO3MOXXHOCTb BBIYMCJIHTB HIAHCBEI HA TO, YTO 3JIEKTPOH
MONAJET B ONPEJEICHHYIO TOUKY 9KpaHa. EC/IN ke HE 6ECIIOKOUTb-
Cs1, YEM B JIEMICTBUTEIBHOCTHU «ABJIAETCS» JIEKTPOHHAA BOJIHA, TO BCE
Cpa3y CTAHOBUTCS SICHBIM, IOTOMY YTO K4aK TOJIBKO Mbl PACCUYUTAEM
BOJIHY, TO CPa3y CMOXEM CKa34Th, I'7I€, CKOPEE BCEI'O, PACIIOIAIACTCS
3JIEKTPOH. CaMOE MHTEPECHOE HAYUHAETCS TTO3KE, KOT/IA MBI IIbITA-
€MCSI TIOHSATH, KAK CBSI3AHO HAIIIE ITPEAIOIOKEHUE IO ITOBOJY 3JIEK-
TPOHHOI BOJIHBI C TyTEMECTBUEM JIEKTPOHA OT IIEIN K SKPAHY.

Ho mpex/je 4eM MBI IPUCTYIUM, TIOJIE3HO OYAET €Ile pa3 Inepe-
YUTATh NPEABIAYIINI 263411, IIOTOMY YTO OH O4YEHb BAXKEH. TO, 4TO
B HEM M3JIATA€TCs, COBEPIIEHHO HE OYEBHU/IHO U YK TOYHO HE COOTBET-
CTBYET UHTYUITUH. Y TIPEATIONOXKEHHUS 00 «JIEKTPOHHOM BOJIHE» €CTh
BCE HEOOXOAHNMBIE CBOHCTBA, YTOOBI OOBSICHUTD ITOSIBICHHE HAOIIOA-
€MOI1 IIPU IKCIIEPUMEHTE UHTEPMEPEHIITMOHHON (PUTYPBI, HO B 11€JIOM
3TO TUIIUYHAA JJOTA/IKA O TOM, KAK 3TO MOXET IIPOUCXOJUTD HA CAMOM
neine. Kak xopomue (pU3HKU, MBI JIOJIKHBL PACCMOTPETD NOCIEACTBUSA
U BBIICHUTD, HACKOJIBKO 3T4 JIOT'a/IKA COITIACYETCS C ITPUPOOT.

Bepnemcs k puc. 3.1. MBI IPEAIIONOXKHUIIN, YTO B KAXKJBII1 MOMEHT
BPEMEHU JIEKTPOH OMHUCHIBACTCS BOJTHOM — TAKOM K€, KAK BO/ISTHASL.
B nepBbIit MOMEHT 3IEKTPOHHAA BOJIHA HAXOJWUTCA CJIEBA OT IIEJIEN.
DTO 3HAYUT, YTO HAII JIEKTPOH B KAKOM-TO CMBICJIE I/IE-TO BHYTPHU
BOJIHBL. [TO3/1HEE BOJHA HMPOABUIACTCH K IIEJAM, TAK K€ KAK BOJS-
Has, U 3JIEKTPOH OKA3BIBAETCA IJIE-TO B COCTABE HOBOI BOJIHBL. MBI
I'OBOPUM, YTO 3JIEKTPOH «MOJKET ObITH CHAYAJId BA, 4 TOTOM B C», UJIN

«CHAa4yaJia B B, a4 TOTOM B D», WJIU K€ «CHA4YaJa BA, 4 TIOTOM B D» U T. [I.
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3apUKCUPYNTE HEHAJONTO 3Ty MBICIb U MTOAYMANUTE TENEPD O E€IIE
00J1€€ TO3/THEM BPEMEHH ITOCJIE TOT'O, KAK BOJITHA IPOIILJIA YEPES MIEIN
U OCTHUIJIA 3KpaHA. Cefyac 3JIEKTPOH MOKHO OOHAPYXXKUTH B E 1IN,
BO3MOKHO, B F. KpuBbI€, KOTOPBIE MBI U300PA3MUIN HA JUATPAMME,
OTOOPAXKAIOT JIBE BO3MOKHBIE TPAEKTOPUH, TIO KOTOPBIM 3JIEKTPOH
MOT JIBUT'ATHCA OT CBOEI'O UCTOYHMKA YEPE3 1IN B CTOPOHY IKPAHA.
On mor oTnpaBuTbca oT A yepes C B E unu o1 B yepe3 D B F. Y1 31O
BCETO [IBE TPAEKTOPHUU M3 GECKOHEYHOI'O YHCIAd BO3MOXKHBIX IS
3TOT'O 3JIEKTPOHA.

BakHO, 4TO HET HUKAKOI'O CMBIC/IA TOBOPUTD: «DIEKTPOH MOT IIPO-
CJIEJOBATD JIIOOBIM U3 3TUX MAPLIIPYTOB, HO HA CAMOM JIEJIE OH JIBUTAJI-
Cs1 TOJIBKO OJTHUM M3 HUX». EC/IU pEeInuTh, YTO JIEKTPOH JIEHCTBUTEIb-
HO IIEJI ITO OAHOM KOHKPETHOU TPAEKTOPUH, TO Y HAC OYJIET HE OOJIbIIIE
IIAaHCOB Ha OOBSICHEHUE TOSIBJICHUS MHTEP(MEPEHIIMOHHON (PUTYPBI,
4eM €CJIU Obl MBI 3AKPBIIA OJJHY M3 IIEJIEH B 9KCIIEPUMEHTE C BOJOM.
Ham HYKHO, 9TOOBI BOJIHA MOIJIA IIPONTH 4epe3 06€ MEIN — TOIBKO
TAK MBI ITIOJIYYUM UHTEPPEPEHIIMOHHYIO (PUI'YPY. SHAUUT, HYKHO Pa3-
PEMUTD BCE BO3MOKHBIE TPDAEKTOPHUH JBUKEHUA SJIEKTPOHA OT UCTOY-
HHUKA K 3KpaHy. UHBIMH CJIOBAMHU, I10]] BBIPA’KEHUEM «3JIEKTPOH I7IE-TO
B BOJIHE» MBI UMEJIN B BUZTY, YTO OH OJJHOBPEMEHHO HAXOAWUTCS BO BCEH
BOJIHE! IMEHHO TaK MBI U JIOJIKHBI IYMaTh, IOTOMY YTO, €CJIU MBI CUH-
TAEM, YTO 3JIEKTPOH JEUCTBUTEIBHO HAXOAUTCA B KAKOM-TO KOHKPET-
HOM MECTE, BOJHA YTPAYUBAET PACIPENEIEHHOCTb B IPOCTPAHCTBE,
U MBL TEPSIEM AHAJIOTHIO C BOASHOU BOJHOU. B pesyibrare nnrepge-
PEHIIMOHHA (PUTYPA OCTACTCS 6€3 OOBICHEHUS.

3/1€Ch, BO3MOXKHO, CHOBA IMEET CMBICJI IEPEUYNTATD IPHUBEECHHDBIC
BBIIIIE PACCYXKJAEHUA, IOTOMY YTO U3 HUX CJIEAYET MHOT'OE U3 TOTO,
4TO I'OBOPUTCS HUXKE. M 3TO HE KAKas-TO JIOBKOCTb PYK: MBI YTBEP-
JKJAEM, YTO HAM HYKHO OIIMCATbh PACIPOCTPAHAIONYIOCA BOJI-
HY, KOTOPAad MPHU 3TOM CUYHUTAETCA TAKXKE TOYEYHBIM 3JIEKTPOHOM,
U €JUHCTBEHHBIN CIOCOO CAENATh 3TO — 3aABUTD, UTO SJIEKTPOH
IEPEMEMIAETCA OT UICTOYHUKA K 3KPAHY BCEMH BO3MOKHBIMH TPAEK-
TOPHUAMU CPAIY.

COOTBETCTBEHHO, MBI JOJKHBI OMNHUCHIBATL OJWHOYHBIN 3JIEK-
TPOH, JABUXYIIHUICA OT HCTOYHHMKA K 3KPAHY IO OECKOHEYHOMY
Pa3HOO6PA3NIO MAPUIPYTOB, KAK 3JIEKTPOHHYIO BOJIHY. MHBIMU CJIO-

BAMHU, IPABMJIBHBII OTBET HA BOIPOC «KaK 3TOT 3JIEKTPOH JOOPAJICH
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710 9KpAaHA?» 3BYYUT TaK: «OH IONAJ Ty/1a 6ECKOHEYHO BO3MOKHBIMU
CIIOCOOAMHU, HEKOTOPBIE U3 HUX ITPEATIONATAIOT IPOXOXK/ICHUE Yepes
BEPXHIOIO IIENb, 4 HEKOTOPBIE — Y€PE3 HUXKHIOW». OIIPENEIEHHO,
3TOT JIEKTPOH — HE OOBIYHAA YACTHUIIA. DTO K8AMINOBAA HACIULA.

OnpeeTUBIIUCH C TEM, YTO OIMUCAHUE JIEKTPOHA BO MHOI'UX OT-
HOIIEHUAX IOJPAXKAET HOBEAECHUIO BOIH, MBI JIOJKHBI BBIPA6OTATh
00Jie€e TOYHBIE TTIOHATHSA O CAMHUX BOJTHAX. HAUHEM C ONMHUCAHUS TOTO,
4TO IIPOUCXOAUT B IIUCTEPHE C BOJOU, KOTJA JABE BOJHBI BCTPEYA-
IOTCs, CMELMINBAIOTCA U UHTEPPEPUPYIOT APYI C APYTIOM. [ 31010
HEOOXOIMMO HANUTH YyIOOHBIN CIIOCOO NPEACTABICHUS TOJOKECHUNI
B3JIETOB U MAJEHUN KAKJIOM BOJHBI. Ha TEXHUYECKOM JKAPTrOHE 3TH
MOJIOKEHUST HA3BIBAIOTCS (pazamMu. OOBIYHO TI'OBOPSIT, YTO BOJIHBI
«B (paze», €ECIM OHU YCUJIUBAIOT JPYT APYTd, UIHA «B IPOTHUBOMAZE»,
€CJIM OHU OTMEHAIOT JIPYT Jpyra. To ke CJI0BO NPUMEHSETCS IO OT-
HOIIEHUIO K JIyHe: B TedeHnue npumepHo 28 gHen JlyHa IpoxoauT
IIYTh OT HOBOJIYHUS JO IOJHOJYHHUS U OOPATHO B HENPEPBIBHOM
LIUKJIE BO3PACTAHUA MU YOBIBAHUA. DTUMOJOIUA CJIOBA «(pa3za» BOC-
XOJIUT K 'PEUYECKOMY phHaAsis, KOTOPOE O3HAYAET MOABIEHUE U UCUYE3-
HOBEHHE ACTPOHOMUYECKOTI'O (DEHOMEHA, 4 PETYISIPHOE MOABICHUE
1 UCYE3HOBEHUE APKOU JIYHHON MOBEPXHOCTH 32 20 BEKOB IPUBEJIO
K TOMY, UTO CJIOBO «(Pa3a» CTAJIO UCIIOIb30BATHCA NIPHU OOO3HAYEHUH
BCETO IIUKJINYECKOTO.

W 3TO NOJCKA3BIBAET HAM BO3MOXKHOCTD I'PDA(PUUECKOTO OTOOpA-
JKEHU S IOJIOKEHUS B3JIETOB U A/ICHUH BOJSHBIX BOJIH.

Barmsaaute Ha puc. 3.2. OJUH U3 CIIOCOOOB OTOOPA3UTh (Pazy —
NPEICTABUTh €€ B BUJE LMUPEPOIATa C €AUHCTBEHHOU CTPEJIKOM.
DTO MO3BOACT HAM BHU3YAJIBHO MPEACTABUTE 360-TPayCHBIN KPYT
BO3MOKHOCTEH: CTPEJIKA YaCOB MOXKET YKa3blBaThb Ha 12 4acos,
H4 3 4aca, Ha 9 4aCoOB M HA BCE IIPOMEXYTOUYHBIE CTAAHUU. B cirygae
¢ JIyHOI1 MOXHO HNPEACTABUTB, UTO HOBOJIYHHIO COOTBETCTBYET
cTpenka Ha 12 gyacax, HeomeHuHu — Ha 1:30, IepBO YETBEPTU — HA 3,
pactymeit Jlyne — Ha 4:30, mosnHo JIyHe — Ha 6 U T. /1. 3/16Ch MBI UC-
IIOJIB3YEM HEYTO A6CTPAKTHOE A1 ONHUCAHUS YETO-TO KOHKPETHOTO,
TO eCTb Ludepoaar gt ¢asz JlyHsl. Takum 06pa3om, IpU U300paxe-
HUU [THU(EPOHIATA CO CTPENKONM HA 12 9yacax BBl CPa3y IOUMETE, YTO
Ha PUCYHKE NPEJCTABIEHO HOBOJYyHHE. M IaKe €C/IN 3TO CHELNATb-

HO HE OI'OBOPEHO, YBU/IEB CTPEJIKY HA 5 9aCaX, BBl JOTA/IAETECH, 9YTO
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MIPUOINKAETCA TTOJTHOJYHUE. [IpUMEHEHNE A0CTPAKTHBIX PUCYHKOB,
WU CUMBOJIOB, /111 OTPAKEHUS PEAJIBHBIX BEIICH OYEHb XapaKTep-
HO 7151 PU3UKU: COOCTBEHHO, JIJIs1 TOI'O (PU3UKH U UCIIONb3YIOT MaTe-
MaTHuKy. CHJIa TAKOTI'O IO XO/1d B TOM, YTO, OIEPUPYS A0CTPAKTHBIMU
PHUCYHKAMH C IIOMOIIBIO MPOCTBIX IPABUJI, MOXKHO JI€JATh YBEPEH-
HbI€ IIPEACKA3AHUA O peaJIbHOM MUpe. Kak Mbl cernyac yBULUM, LI-
¢depOiarTpl KaK pa3 Jal0T TAKYIO BO3MOXHOCTD, IIOTOMY 4YTO MOI'YT
(PUKCHUPOBATH OTHOCHUTEJIBHBIE IIOJIOKEHHUA B3JIETOB U IAJEHUM
BOJIH. DTO, B CBOIO OY€PE/1b, TO3BOJIUT BEIUUCINUTD, OY/1yT BOJIHBI YCU-

JINBATh UJIU OTMEHSTD JIPYT IPYTr'a IIPU HAJIOKECHHUU.

/ / / / /
/ / / / /
/ / / / / /

K ConHuy

HoBas JlyHa
HeomeHUA cTapan
(monopasn JlyHa) . . (ywep6Hasn) JlyHa
nepsas nocnegHaAsa
© yeTBEpPTb L 4 yeTBEPTb ©
npubbiBatoLLan y6biBaloLLas
JlyHa . JlyHa
nonHas JlyHa

Puc. 3.2. ®azbl JlyHbl

Ha puc. 3.3 n306pa’k€HbI JBE BOJAHBIE BOJIHBI B ONPEJEICHHBIN
MOMEHT BPEMEHHU. [IpeCTaBUM MAKCUMYMBI BOJIH B BHJE LHDEP-
OJ1aTOB CO CTPENKOU HA 12 9acOB, 4 MUHUMYMBI — B BU/I€ ipepOa-
TOB CO CTPEJIKOHM Ha 6. MBI MOKEM OTOOPA3ZUTH U IIPOMEIKYTOUHBIC

MCXKAy MUHHUMYMOM W MAKCHUMYMOM ITIOJIOKCHHSA BOJIH, HAPWUCOBAB
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nupepOIaThl C IPOMEKYTOUYHBIM BPEMEHEM, KAK U B Caydae ¢ da-
3aMH MEX/ly HOBOM U IOJHOM JIyHOU. PaccTossHue MEX1y IOCIen0-
[46] BATEJIbHBIMU B3JIETAMU U IMAJCHUSIMU — BAKHAS BEJIUUYNHA; OHA H3-

BECTHA KAK 01141 BOJIHbL.

‘ OLORCLONOLONILCROLONCLONOLORILCROLO,

Puc. 3.3 [LB@ BO/THbI PaCMONIOXKEHbI TaK, YTO MOTHOCTbIO He?\TDaﬂM%ﬁOT apyr
apyra. BGDXHSS! N HWXHAA BONTHA HAXOAATCA B ﬂpowaod)ase, TO €CTb MaKCKn-
MYMblI OLLHOM COOTBETCTBYHOT MUHUMYMaM LLDyFOM. Koma 2T BO/MHbI CK/1a-
AbIBAOTCA, OHW FacaT APYr APyra, YTO W MOKa3bIBAET «BO/THA» BHM3Y B BUAE

NPAMOVI NINHNY

JB€ BOJHBI HA PUC. 3.3 HAXOAATCA B IPOTUBO(A3E, TO €CTh MAK-
CMMYMaM BEPXHEIN BOJIHBI COOTBETCTBYIOT MHHHUMYMBI HHKHEN
BOJIHBI, U HA0OOPOT. B pesynbrare, pasyMeeTcCs, OHU IIPU CJIOXKE-
HHUM IIOJTHOCTBIO MOTACAT APYT APyTd. DTO ITOKA3aHO B HMJKHEN 4Ya-
CTH PUCYHK4, T7I€ BOJIHA CTAHOBUTCS COBEPIIEHHO NPAMOJIHNHENHOI.
Ecnu rosopurb 0 nudepbiarax, To Bce 12-yacosble 1U(EpOIATHI
BEPXHEN BOJHBI, OTOOPAXKAIONHIE €€ ITUKH, COOTBETCTBYIOT G-4aco-
BBIM IU@EPOIATAM HUKHEN BOJIHBI, OTOOPAXKAIOIMMM €€ MUHUMY-

MbI. COOCTBEHHO, BE3JIE CTPEIKU Ha NUAPEPOIATAX BEPXHEN BOIHEI
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YKa3bIBAIOT B CTOPOHY, IPOTHUBOMIOJIOKHYIO U(pepOIaTaM HUXKHEN
BOJIHBI.

Ha aToM 3Tare KaxeTcs, 4TO BBOA UGEPOIATOB /11 OIIUCAHUSA
BOJIH — U3JIUIIHEE YCIOKHEHHUE.,

KoHe4YHO, eCJIM MBI XOTUM CJIOKUTD JIBE BOJIHBI BOJBI, TO BCE, YTO
HY>KHO, — CJIO’KATD BBICOTBI KA3K/J0M U3 BOJIH, JIJIS1 Y4ETO HUKAKUX I[U-
depbinaros He TpebyeTcd. /1, 11 OOBIYHBIX BOASHBIX BOJIH 3TO BEP-
HO, HO MBI HE CyMACHIEIINE U BBEJIN TU(EPOIATEL, UMESA HA TO CBOU
OCHOBaHUs. O4YEHb CKOPO OOHAPYKMUTCS, YTO 'HOKOCTD, JOCTUTHY-
Tasg C UX MOMOIIBIO, COBEPIIEHHO HEOOXOAMMA, KOTZA €0 JONUIET
JIO KBAHTOBBIX YACTHII,

Jep:xa 3TO B yM€, HEHAI0/II'O OCTAHOBUMCS U IIOIIPodyeM chop-
MYJHPOBATh TOYHOE MPABUJIO CJIOXKEHUA IUMEPOIATOB. B ciaydae
Ha pUC. 3.3 IPaBUIO JOJKHO BBIVIAAETD TAK, YTO BCE UM EPOIATHI
«B3AUMHO OTMEHSAIOTCA», TAK YTO HUYETO HE OCTAETCA: 12 94acoB OT-
MeHseT 6 9acoB, 3 yaca OTMEHSIET 9 9acoB U T. /1. Takast COBepIIeHHAs
B3AMMHAsI HEUTPAIUZALINS, PA3YMECTCS, OTPAXKACT TOT OCOOBIH C1y-
4aH, KOTJJd BOJIHBI HAXO/SITCS B U/I€aIbHON npoTuBO(daze. ITonpobdy-
€M HalTH O0lIIee MPABUIIO, PA6OTAIOIIEE /IS CJIOKEHU S BOIH JII060-
I'O PACHOJIOKEHU S U JIIOOOH (POPMBI.

Puc. 3.4. [1Be BO/IHbBI CMELLEHbBI OTHOCUTENBHO APYT ApYra. BepxHsa 1 CpeaHas

BO/THbLI CK/1adblBaOTCH, O6D83y9l HVOKHIOKO BOJTHY
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Ha puc. 3.4 nokasaHel €mie JBE BOJHBIL, HA 3TOT Pa3 COEJUHSAIO-
IUECS TTO-/IPYTOMY: OFJHA HEMHOI'O CMEIIEHA OTHOCUTEBHO JPYTOI.
MpbI BHOBb OTMETHJIM MAKCUMYMBbI, MUHHUMYMbI U IIPOMEXYTOUYHBIE
TOUKM 1TUpepoaaramu. Certuac 12-yacoBort udepo1aT BEpXHEHN BOJI-
HBI COOTBETCTBYET TPEXYACOBOMY LMGEPOHIATY HUXKHEN. MBI IIOIIBI-
TAEMCSL C(POPMYIUPOBATH MPABUJIO, KOTOPOE MO3BOJIUT CKJIA/IBIBATD
31U uu@eponaaTel. OHO COCTOUT B TOM, YTO HY>KHO B3STb JBE CTPEII-
KU 1 COEIUHUTD UX T'OJIOBKOM M XBOCTOM. ITocie 3T1oro JocrpansBaem
TPEYTOJIBHUK, PUCYSI HOBYIO CTPEJIKY, KOTOPAsI CBOJIUT BMECTE JIBE IIpE-
apigymuye. [IpuMep puseseH Ha puc. 3.5. HoBas CTPEIKA OTIMYAETCA
10 JUIMHE OT JIBYX JPYI'UX U YKA3bIBAET B APYTOM HAMPABICHUH; ITO
HOBBIH IUPePOJIAT, OTOOPAKAIOIIUI CYMMY JABYX IIPEABIIYIIHX.

1

lo

. _ %

Pvic. 3.5. Mpasuno cnoxenrus undepbnatos

Tenepp MOXKHO JOOUTBCS OONBIIEN TOYHOCTH U C IIOMOUIBIO IIPO-
CTOW TPUTOHOMETPUU BBIYUCIUTDH PE3YIBTATH CIOXKEHUS JTI0O60U
KOHKPETHOM aphl UM epoaaTos. Ha prc. 3.5 MbI CKJIaJbIBAEM 12-4a-
COBOM U 3-4aCcOBOU LU(PePOAATHL JOMYyCTHUM, JIUHA CTPEJIOK ABYX
HNEPBBIX UAPEPOHAATOB — 1 CM (4TO COOTBETCTBYET MAKCUMAJIBHOM
BBICOTE BOJHBI — 1 ¢m). KOr/1a MBI CBOZIMM CTPEJIKU I'OJIOBKOU K XBO-
CTY, IOJIYYAETCS NIPSIMOYTOJIBHBIN TPEYT'OJIBHUK, JIBE CTOPOHBI KOTO-
poro uMmeroT JJIuHy 1 cm Kaxzgasa. Crpenka HoBoro nudgepodsara oy-
JIET UMETD JUIMHY TPETHEU CTOPOHBI TPEYTOJIBHUKA — TMIIOTEHY3bL
Teopema ITudaropa 11acut, 4TO KBa/IPaT TUIOTEHY3bl PABEH CYMME
KB3/IPATOB KATETOB: h? = x? + 2. [lopcTasnasgem gucia: h? = 12 + 12 = 2,
WTak, JI1MHA HOBOM CTpeaku nudepbdaara b 6y1eT paBHATHCSI KBa-
JIPATHOMY KOPHIO U3 2, TO €CTh NpUMEPHO 1,414 cMm. B kakom HaI1pas-
JIEHHH OYZIET YKA3bIBATb 3T HOBAsA CTPEJIKA? /11 TOrO HY>KHO y3HATh
BEJIMYHMHY VIJIA TPEYIOJbHUKA, OTMEYEHHOI'O HA PUCYHKE OYKBOM 6.

B mamem npumepe, KOrja IBE CTPESKH OJUHAKOBOU JIMHBL, OFHA
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U3 KOTOPBIX YKa3bIBA€T HA 12, a Apyrad Ha 3, MOXHO HANUTU OTBET
U 0€3 BCAKOH TPUTOHOMETPUH. OUEBU/IHO, YTO THIOTEHY3a O6pa-
3yeT yroJj 45° TaK 4TO HOBOE «BpEMsI» OyJIET HAXOAUTHCS MEXAY 12
U 3 4acaMH — 3TO MHOJIOBMHA BTOPOro. KoHeuyHo, Takon npumep —
OCOOEHHBIN Cay4dai. Mpl BeIOpanu Takue Ludepo6aaTsl, 4TOOB UX
CTPEIKMU PACIOJIATAJIUCH IO IIPAMBIMU YIVIAMH U UMEIU OAUHAKO-
BYIO JUIMHY, 4 3TO YIIPOIIAET MATEMATUKY. HO O4EBU/IHO, UTO MOXKHO
BBIYMCJIUTD JJIMHY CTPEJIKU U IOJIYYaIOLIEeCsd BPEMS IIPU CJIOKECHUU
J1I0601 napsl HUQEPO6IATOB.

Tenepp BEpHEMCSI BHOBb K pHUC. 3.4. [1j1s1 11000 TOYKH HAa Mapli-
PyTE€ HOBOU BOJIHBI MBI MOKEM BBIYUCIUTD BBICOTY BOJIHBI, CJIOXKUB
nudepoIaThl IO MPUBEAEHHOMY BBIIIE NIPABUIY U 34/ABIIMCH BO-
IIPOCOM, HACKOIBKO CTPEJIKA HOBOI'O ITHudepbraTa 61mu3Ka K 12-9aco-
BOMY HanpasyieHnIO. Korja crpenka ykaspiBaeT Ha 12, BCe OYEBU/IHO
BBICOTA BOJIHBI IIOIIPOCTY PABHA JJIMHE CTPEJIKU. TOUHO TAK JKe, KOT[a
CTPEJIKA HAMIPABJICHA HA 6, BCE OYEBU/THO: BOJTHA HAXOAUTCSI HA MUHU-
MYME, 1 €€ IJIyOMHA PABHA JIJIMHE CTPEJIKU. BCe€ MOHATHO U B TOM CIIy-
4ae, KOrga Ha 4acax 3 uian 9, IOTOMY 4YTO BbICOTA BOJIHBI PABHA HYJIIO,
BE/Jlb CTPEJIKA YACOB HAXOJUTCA IIOJ] IIPSIMBIM YIVIOM K 12-4acoBOMYy
HANPABJIEHUIO. YTOOBI BBIYUCIUTD BBICOTY BOJIHBI, KOTOPYIO OMUCHI-
BAE€T TOT WM MHOU U@PEPOIAT, HY’KHO YMHOXUTD JJIUHY CTPEJIKU
bh HA KOCHUHYC yIJId, KOTOPBIN T4 CTPEJIKA OO6PA3YET C HAIPABJICHU-
em Ha 12 gacos. Hanpumep, yroj, KOTOPbIX 0Opa3yIoT HANIPABICHUA
Ha 3 1 HA 12 9acos, paseH 90°, a cos 90° paBEH HYJIIO, TAK YTO BbICOTA
BOJIHBI TOKE PaBHA HYJIO. [I0JI0BMHA BTOPOrO COOTBETCTBYET YIJIY
B 45° a cos 45° — npumMepHO 0,707, TAK 4TO BBICOTA BOJIHBL COCTABIIAECT
0,707 OoT JAUHBI CTPEJIKU (3aMeThTe, uTo 0,707 — 310 1/V2!). Ecnu
BAIIUX IO3HAHUI B TPUTOHOMETPHUH HEJOCTATOUHO, YTOOBI TOHATD
HECKOJIBKO ITOCJIEHUX ITPEJIJIOKEHNI, MOKHO CMEJIO UTHOPHUPOBATD
3THU NOJAPOOHOCTU. BAXKEH NPUHIIUIL 3HAA JAJIUHY CTPEJIKH 4YaCOB
U €€ HAIIPABJIEHUE, BBl MOXKETE BBIUYUCIUTD BBICOTY BOJIHBL — U J1AKE
€CJIM HE IIOHUMAETE TPUTOHOMETPHIO, JIETKO CIIPABUTECH, TINATE/Ib-
HO HAPHCOBAB CTPEJIKU Y4ACOB M CIPOCIMPOBAB UX Ha 12-yacoBoe
HAIIPaBJICHUE C IIOMOUIBIO YEPTEKHON JMHEHUKU. (3€Ch MBI XOTeE-
JIN OBl YTOYHUTD, YTO BCEM UHUTAIOMUM 3Ty KHUTY CTYJIEHTAM TAKOH
CIIOCOO AEUCTBUM HE PEKOMEHJYETCS: CUHYChl U KOCHUHYCHI 3HATb

I10JIE3HO.)
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TaKOBO NPABUJIO CHOKEHUS TUPEPOIATOB, U OHO IIPEKPACHO pPa-
6OT21€T, KaK ITOKA3bIBACT HUKHAA U3 TPCX KAPTUHOK HA PUC. 34, rmae
MBI CUCTCMATHUYCCKH IIPUMCHAIN 3TO IIPABUJIO JIS1 PAZTUYIHBIX TO-
YeK Ha BOJIHAX. B aTOM onucaHnuu BOJSAHBIX BOJIH BCE, YTO MMCCT 3HA-
4eHUE, — IIPOCEKIIHS «BPEMEHU» HA 12-4acoBOE HANPABJICHUE, CBSI-

3aHHAaA C CAJUHCTBCHHBIM ITAPAMECTPOM — BbICOTOM BOJIHBI.

Puic. 3.6. Tpu pastbix Lndepbnata ¢ OHOM U TOW xe npoekUyiei

Ha 12-4aCOBOE HarpasneHe

Bot nouemy ncnosb3oBanue qudepoaaToB HE TAK YK HECOOXOAU-
MO P ONMHCAHUU BOASHBIX BOJH. B3msgHuTe HA Tpu 1udpepodaaTa
Ha pUC. 3.6: BCE OHU COOTBETCTBYIOT OJTHOM U TOH KE BHICOTE BOJIHBI
U JJAIOT 3KBUBAJICHTHBIEC CIIOCOOBI IPEJICTABICHUS OJHON U TOU KE
BBICOTHI BOZbL. HO Iuep61aThl 3TH, PA3YMEETCS, PA3JIMYHBI, U, KAK
MBI YBUIUM, 9TU PA3IUYNUA UMEIOT 3HAYEHUE, €CJIH UCTIOIb30BATb UX
JUISL OMUCAHU A KBAHTOBBIX YACTHIL, TOTOMY YTO B 3TOM CJIy4ae AJINHA
crpenku nudepobnara (Mau pazmep nudeposara, YTO OJHO U TO HKE)
UMEIOT OYEHB BA’KHOE UCTOJIKOBAHUE.

B HEKOTOPBIX MECTAX 3TOH KHUTH, U OCOOEHHO B 3TOM, MBI OYIEM
HUMETD N0 C A6CTPAKIUAMH. YTOOBI HE NOAAATHCA TOJIOBOKPYKUTEb-
HOMY 6ECHOPSIKY, Hy>KHO IIOMHHUTB 06 OOIIEN KAPTHHE. DKCIIEPUMEH-
TAJIbHBIE PE3YILTATHI [I3BHCCOHA, JIxkepmepa U TOMCOHA U CXOJICTBO
ITOJIYYEHHBIX JJAHHBIX C [IOBEJICHUEM BOSHBIX BOJIH BJIOXHOBHUJIU HAC
Ha CJIEIVIONINH aH3alI[; YACTUILY CJIEJIYET IIPE/ICTABUTD B BH/IC BOJHBI,
4 CaMa BOJIHA MOXKET ObITh U300PAKEHA B BH/IC MHOXKECTBA U epbiia-
TOB. MBI IPEACTABIIAEM, KAK JIEKTPOH PACIPOCTPAHAETCS «TIOJOOHO
BOJISTHOM BOJIHE», HO IIOK4 HE JIAJIU ITOJAPOOHOI'O OO'BSICHEHMUSI, YTO JKE
npoucxoaunT. IToka HaM Ba’KH4A TOJIBKO CAMa AaHAJIOTUs C BOASHBIMH BOJI-
HaMH ¥ TOHUMaHHE TOTI'O, YTO IEKTPOH BIIOO0H MOMEHT MOXET ObITh

OIMCAH KaK BOJIHA, KOTOPAas PACIPOCTPAHAETCA U UHTEP(HEPUPYET



UTO TAKOE YACTULA?

OOOHO BOJSIHBIM BOJIHAM. B CI€IyIONIEH I71aBE TTOCTAPAEMCS C 6OJIb-
€ TOYHOCTBIO OMUCATh, KAK IIEPEMEITACTCS AJIEKTPOH C TCUECHUEM
BpemeHH. [ToMorare HaM B 3TOM Oy/1yT PAa3IUYIHbIC OCCIICHHBIC H/ICH,
BKJIIOYAs 3HAMEHUTHIN IPUHIINI HEONIPEAEIEHHOCTH [erizeHnbepra.

Ho mpex/je nNoTparuM HEMHOI'O BPEMEHHU Ha OOCYXKJCHUE IIH-
dep61aTOB, C HOMOIIBIO KOTOPBIX MBI IPEJCTABIIAEM ITIEKTPOHHYIO
BoMHY. [ToffuepKkuBaeM, 4TO 3TU IUEMEPOIATEI HU B KOEM CMBICTIC
HEJIb35I CYUTATD PEATBHBIMH, 4 YACOBAA CTPEJIKA HE UMEET HUKAKOTO
OTHOIIEHUS KO BDEMEHU CYTOK. MJiess UCTIONIb30BATh MHOKECTBO MU-
KPOCKOIUYECKUX HUPEPOIATOB /11 OIIUCAHUS PEATBHOIO (prU3HYE-
CKOro (pEHOMEHA HE TAK YK HEJIENA, KAK 3TO MOXKET MOKa3aThbCA. [1o-
HO6HbIC TEXHHNYCCKHC HpI/ICMbI AJIA OITMCAHU A HpI/IpO,Z[HbIX SIBJIEHUMN
UCHONB3YIOT MHOTUE (PUBUKHU, U MBI YK€ BUJEIH, KAK 3TO paboTaeT
IIPYU ONUCAHUU BOJSHBIX BOJIH.

E1ie oinH nNpuMep NojJO6HOT0 Aa6CTPAruPOBAHUS — OITUCAHUE TEM-
IIEPATYPbL B KOMHATE, KOTOPOE MOXKET OBITH IPE/ICTABIEHO B BUJIE YUC-
JIOBOI'O MHOXKECTBA. YHCJIa HE CYIIECTBYIOT KaK (PU3UUECKUE OO'BECK-
TBI, U 3TO POJHUT UX C HAMUMU UM epOaaTaMu. MHOXKECTBO YHUCET
U UX CBA3b C TOYKAMH B KOMHATE — IIPOCTO yIOOHBIIN CrIOCO6 Ipe-
CTaBJICHUS TeMneparypsl. PU3NKN HA3BIBAIOT TAKYIO MaTEMaTH4C-
CKYIO CTPYKTYPY HoneM. Temnepamyproe 1nose — IPOCTO YUCIOBOE
MHOKECTBO, OTHO YUCJIO JIJIsI OJJHOIM TOUYKU. B cilydyae ¢ KBaHTOBBIMU
YACTUIAMU T10JI€ 061a/1a€T OONBIIEH CIOKHOCTBIO, HOTOMY YTO I/
KaK/JIOM TOYKU TPEOYETCsA HE MPOCTO YMCJIO, A LEJIbIH 1IHU(epOoar.
Takoe mosie OO6BIYHO HA3BIBAETCSA BOJHOBOW (DYHKIIMEN YACTUIIBL
To, 4TO HaM JUJIS1 CO3/JaHHUS BOJHOBOU (DYHKIIMU TpebyeTcs ps/| 11H1-
¢depO1aTOB, XOTS JJIS1 TEMIIEPATYPHOT'O IOJISI UK BOJIH BOJBI JIOCTA-
TOYHO YUCJIA, JEMOHCTPUPYET CYIIECTBEHHYIO pa3Huny. Ha ¢pusu-
YECKOM JKAPproHe nudepo6IaThl MOABIAIOTCA IOTOMY, YTO BOJTHOBASA
(PYHKIIUA — ITO «KOMILIEKCHOE» TIOJIE, 4 TEMIIEPATYPA UJIN BBICOTA
BO/ISTHOM BOJIHBI — «[IECTBUTEIbHOE» TTOJIE. HO HaM NTOJJOOHBIH SA3BIK

HE IIPUTOJIUTCS, IIOTOMY YTO MBI MOXKEM padbOTATh C HUdepOIaTaMu*,

* Tem, KTO 3HaKOM C MaTemaTnKOM, JOCTaTOYHO MPOCTO CMEHWTL TEPMUHONOMMIO: «Lndep-
ONaT» 328MEHSETCS «KOMMMEKCHBIM UMCTIOMY, «pa3mep Lndepbnatas — Moaynem Kom
NNEKCHOMO YMCAa, @ «HanpaBneHye YacoBow cTpenkiny — ason. [1paBrno CNOXKeHNUs Un-
d)ep@woa — 3TO BCErO IMLb NPaBnIO CNOXEHNA KOMINEKCHbBIX YNCeN
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He cTouT 6€CITOKOUTDHCA MO MOBOAY OTCYTCTBHA HEMOCPEACTBEH-
HBIX CIIOCOOOB INOYYBCTBOBATH BOJHOBYIO (DYHKIIHIO, B OTINYUE
OT TEMIIEPATYPHOIO MOJIA. TO, 4TO MBI HE MOXXEM €€ OCA3ATh, HIOXATh
WUJIU BUJIETh HENOCPEACTBEHHO, HUKAKOI'O 3HAYEHU S HE UMeeT. YecT-
HO I'OBOPSI, MbI Obl HEMHOI'OI'O JOOMJIUCH B (PU3UKE, €CJIN ObI PEIINIIN
OTPAHUYMTDH CEOS1 ONHUCAHHUEM TEX BEIIEH BO BCeneHHOM, KOTOpBIE
MOXKEM BOCITPUHUMATh HEMTOCPE/ICTBEHHO.

[Ipn O6CYXIOEHNHM ABYXIIEIEBOTO IKCIIEPUMEHTA C 3JIEKTPOHA-
MH MBI TOBOPHJIH, YTO 3JIEKTPOHHAS BOJIHA Oy/IE€T CAMOH OOJIBbIION
TaM, TJE 3JIEKTPOH HAXOAUTCA C HAMOOJBIIEN BEPOATHOCTDBIO. DTA
MHTEPNPETALMA TO3BOINIA OCO3HATD, KAK ITOJIOCATAsI HHTEP(PEPEH-
LUOHHAs (PUT'YPA MOXKET CO3/1dBATHCS IIOCTEIIEHHO, TOYKA 34 TOYKOH,
110 MEPE MPUOBITUA SJIEKTPOHOB. HO ceruac 31O yTBEPXKECHUE /1A
HAIIHUX IIEJIEN YK€ HEJOCTATOUYHO TOYHOE. MBI XOTHM 3HATh, KAKO-
B4 BEPOATHOCTb OOHAPYKHUTDH IJEKTPOH B KOHKPETHOM TOYKE; MBI
XOTUM HU3MEPUTH 3TY BEPOATHOCTH KAKUM-TUOO YHUCIOM. 3[J€Ch-TO
U BO3HUKAET HOTPEOHOCTD B U epOIaTaX, IOTOMY UTO Td BEPOAT-
HOCTb, KOTOPYIO Mbl XOTUM HAUTH, HE IPOCTO BBICOTA BOJHLL [Ipa-
BUJIBHO OYET UHTEPHPETUPOBATD K6AOPAN JJIMHBI CTPEIKU KaK
BEPOATHOCTb HAUTH YACTUILY B KOHKPETHOM MecTe nudepbiara.
Bort nodyemy HEO6XOAUMA TA JONOJHUTEIbHASA THOKOCTb, KOTOPYIO
U Ja10T U(epO1aThl IO CPABHEHUIO C OOBIYHBIMH YUCIAMU. DTA UH-
TEPHPETALNA, PA3YMEETCS, HE COBCEM OYEBU/IHA, U Y HAC HET XOPO-
IIETO OO'bSCHEHU S €€ IPABHUJIbHOCTU. MBI 3HAE€M, YTO OHA IIPABUJIbHA,
IIOTOMY YTO BEJET K NPEJCKA3AHUAM, COIVIACYIOMUMCSA C KCIIEPH-
MEHTAJIbHBIMU JAHHBIMU. Takas MHTEPIpPETAIUsI BOTHOBOH (PyHK-
IUH — OAWH U3 CAMBIX TPYJHBIX BOIIPOCOB, C KOTOPBIMHU CTAJKHBA-
JIMCh IEPBOIPOXOALIBI B OOTACTU KBAHTOBOU TEOPUH.

BosiHoBaa (yHKIMA (TO €CTbh HAll HA60p nudep6aTOB) ObLIA
BBEZICHA B KBAHTOBYIO TEOPHIO CEPHEN PAOOT, ONYOIMKOBAHHBIX
B 1926 ropy ascTpuiickuM pusnkom dpsuHoMm HIpénuarepom. Ero
CTAThd, BbIIEAMAA 21 MIOHA, COAEPKUT yPaBHEHUE, KOTOPOE /10JI-
JKHO HAKPEIKO 3aCECTDb B I'OJIOBE y KAXK/JIOIO CTyAeHTa-pusnka. Co-
BEPHICHHO JIOTMYHO, YTO OHO MOJIYYUJIO Ha3BaHUE ypaBHeHUs IIIpé-
JHUHTrepa:

ﬁaT—HT
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UTO TAKOE YACTULA?

I'peueckas 6yKBa ¥ (IIPOU3HOCUTCA «IICU») OOO3HAYAET BOJTHOBYIO
dyHKIIUIO, U ypaBHeHUe IIpénuHrepa MOKa3bIBACT, KaK 3TA (PYHK-
WA U3MEHAETCA C TEUEHUEM BPEMEHHU. [IeTaIN YPABHEHUA HE HYXK-
HBI JIJIs1 HATUX LEJIEH, HOTOMY YTO MBI HE COOMPAEMCS HCIIOIb30BATh
B KHUre noaxoy lIpénunrepa. UurepecHo, yto, xota UIpénunrep
U 3aMHCAJI IPABUJIBHOE YPABHEHHE BOJTHOBOU (DYHKIIUH, BHAYAJIE OH
JlaJl eMy HEBEepHOE TOJKOBaHue. Jlumb Makc BopH, onuH 13 crapeii-
mux Ha 1926 roj GU3UKOB, PAGOTABIINX B 06IACTH KBAHTOBOH TCO-
pyu (OH HAXO/HJICA B IIOYTEHHOM BO3pACTE 43 JIET), aJI BEPHYIO UH-
TEPIIPETALNIO YPABHEHUSA B CTATHE, BBIIIEAIIEN CITYCTS BCEI'O YETBIPE
IHA rnocae paboTel lpénunrepa. O BO3pacTe MbI 3arOBOPUIIN ITOTO-
MY, 4TO B cepepuHe 1920-X To/10B KBAHTOBAA TEOPU UMEJIA IIPO3BU-
me Knabenphysik — «Manpunmeckas (pU3NUKa», IOTOMY YTO MHOTHE
U3 €€ KJIIOUEBBIX JIeATENICH ObLIN MOIOABL B 1925 rony I'etizen6epry
6bL10 23, Bonbdranry Ilaynn, cO 3HAMEHUTBIM IPHUHIIUIIOM KOTO-
POTr'O MBI BCTPETUMCS ITO3XKE, UCIIOIHUIIOCH 22, Kak u [Tomo Iupaky,
OPUTAHCKOMY (PU3UKY, KOTOPBIHA IIEPBBIM BBIBEJI YPABHEHUE, BEPHO
OIHCBIBAIONIEE NEKTPOH. YaCTO TOBOPAT, YTO MOJOAOCTH OCBOOO-
JIUJIA UX OT CTAPBIX CIIOCOOOB MBIIIJIEHUS U ITIO3BOJIMJIA TOJHOCTbBIO
OTAATBbCA PAJAUKATBHO HOBOU KAPTUHE MHUPA, KOTOPYIO IIPEJOCTAB-
JIs1a KBAHTOBAA TeOpHs. B aTor komnanuu 38-neruunt HIpénuurep
OBLJI CTAPUKOM, U OH JIEHCTBUTEIBHO TAK JO KOHIIA U HE OCBOMJICA
C TOU TEOPHUEH, B PA3PAO6OTKE KOTOPOI CHII'PAJI KJIIOUEBYIO POJIb.

PapykanbHAs UHTEPIPETAIIUS BOJTHOBOU (PYHKIINH, 32 KOTOPYIO
Bopx nonryunsi Ho6eneBCKyIo NpeMHUIO IO (pU3uKe B 1954 1oay, BbI-
€1 TAK: KBAJPaT JUIMHBI CTPEIKU YACOB B OIIPEIETIEHHON TOUKE
COOTBETCTBYET BEPOATHOCTHU HAXOXK/IEHUA B HEM 4aCTHUIIBL Harnpu-
MED, ECJIN JJIMHA YACOBOM CTPEIKH, HAXOIAMEINCA B OIPEIEIEHHOM
Mmecre, pasHa 0,1, TO ee kBajapar 6yaer pasHATbCA 0,01. DTO 3HAUUT,
4TO BEPOATHOCTb HAUTH B 3TOM MECTE YACTHUILY OYAET COCTABIATH
0,01, TO ecTb Oy COTYIO. BBl MOXKETE CIIPOCUTD, TOYeMY BOpH 1Tpo-
CTO HE BO3BEJ B KBA/J|PAT pa3dMepbl [UGPEPOIATOB, UTOOBI B IIOCIE]-
HEM [IpUMEpPE UIMHA CTPEJIKK 4aCOB CaMa IIpUHsia 3HadeHue 0,017
Ho 310 HE cpaboTano Obl M3-32 HEOOXOAHUMOCTU PACYETa UHTED-
depeHIH: €CIIN CJIOKUTDh 3HaYeHU s i epoaaTos, To 0,01 rtroc 0,01
pact 0,02, B TO BpeMms Kak cioxenue 0,1 u 0,1 u nocuenyoniee Bo3Be-
JIEHUE CYMMBI B KBaapart aact 0,04.
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DTy KJIIOYEBYIO JJI1 KBAHTOBOU TEOPHUU UJCIO MOKHO IIPOUJLIIO-
CTPUPOBATH €II€ OJAHUM IIPUMEPOM. [JOITyCTHUM, MBI I€JIA€M C YACTU-
LIEX HEYTO, U3-34 YETO OHA MOXKET ObITh OIMHMCAHA C IIOMOIIBIO KOH-
KPETHOT'O MHOXKECTBA IIN(PEPOHIATOB. JOTYCTUM TAKXKE, y HAC €CTh
npubop, CIOCOOHBIA HU3MEPATh MECTOIOJOXKEHUE 4acTull. Takoe
JIETKO BOOOPA3UMOE, HO HE TAK YK JIETKO KOHCTPYHPYEMOE YCTPOU-
CTBO MOXET IIPEACTABIATh COOOM, HATTIPUMED, HEOOJIBIION SAIMNYCK,
KOTOPBIN JIETKO BOAPY3UTH B JIIOOOU OOJIACTH NIPOCTPAHCTBA. Eciun
TEOPHSA I'OBOPUT, UTO MIAHCHI HAUTU YACTULLY B OIIPEAEICHHON TOYKE
pasHbl 0,01 (ITOTOMY YTO JUIMHA CTPEJIKH YACOB B 3TOM TOUKE COCTAB-
sgsiet 0,1), TO, YCTAHABAMBASL HAII ANMYEK BOIU3U 3TOU TOUYKHU, MBI
nmeeM 0,01 BEpOATHOCTH HAUTH B ALUKE HYXKHYIO YACTHILY. DTO 3HA-
YT, YTO HA CAMOM J€JI€ BPAJ JIM B ALIMKE YTO-TO OKaKeTCa. OJHAKO
€CJIN BOCCO3/JATh 9KCIIEPUMEHT TaK, YTOOBI YACTUILA CHOBA OITHCHIBA-
JIACh TEM K€ CAMBIM HA00POM IUPEpOIATOB, IOBTOPATH €I'0 MOXKHO
CKOJIBKO yI'OgHO pa3. M Tenepb U3 KaxablX 100 HAIIMX 3a1IA4b6IBA-
HUH B SIUYEK MBI B CPEJTHEM O/INH pa3 6yJeM OOHAPYKHUBATD B HEM
YACTUIY — OCTAJIbHbIC 99 pa3 AunyeK OyeT nyCT.

HWurepnperanus KBagpara AJINUHBL YACOBON CTPEJIKU KAK BEPO-
ATHOCTH HAUTHU YACTHUILY B ONPEAEIEHHOM MECTE HA BUJ, HE TAK YK
CJIOKHA, HO JEHUCTBUTEIBHO KAKETCA, YTO Mbl (MJIH, TOYHEE I'OBOPS,
Maxkc bopHn) B34 ee ¢ norosnka. Ha camom pesie B uCTOPUYECKOMN
HEPCIEKTUBE OKA3AJIOCH, YTO JAAKE TAKUM BEJIUYANIIUM YYEHBIM, KAK
DunmTeH u HIpéquHrep, 6p1JI0 TPYJHO NPUHATH HOJJOOHOE TOJIKO-
BaHue. Yepes 50 set nocie mera 1926 roaa [Monb JIupak BCIOMUHAI:
«[IpobneMa NPaBUABHOIO HUCTOJKOBAHUS OKA3aJIACh I'OPA3A0 CIOXK-
HEE, YEM IIPOCTO BBIBECTH YPABHEHUsA>. HECMOTPSA HA BCIO ITY CJIOK-
HOCTb, CTOUT OTMECTUTb, UTO K KOHITY 1926 rofia CliecKTp CBETa, UCITY-
CKaEMOI'0 ATOMOM BOJIOPO/A, KOTOPBIM CTAJ OJHOU U3 BEJIUYANIINX
3araiok ¢pusnku XIX Beka, y’Ke BBIYHCIHIN C IIOMOIIBIO YPABHEHUI
Kak l'erizendepra, Tak u Hlpégunrepa (Jupak cO BpEMEHEM JJOKA3aJI,
4TO 064 ITUX MOAXO/A BO BCEX CIIyUYaAsAX COBEPIIEHHO 9KBUBAJICHTHDL).

W3BeCTHBI BO3PAKECHUA DUHIITEUHA IIPOTUB BEPOATHOCTHOM IIPU-
OBl KBAHTOBOM MEXAaHUKH, KOTOPBIE OH B JicKabpe 1926 roaa Bbi-
CKa3aJ1 B TUCbME K bopHy: <I€eopusi TOBOPUT OYEHB MHOT'O, HO HA IEJe
HE NPHUOIMKAET HAC K TaiHe Crapuka. B mo6oM ciiyyae g yoexeH,

4TO OH HE UT'PAET B KOCTH». [Ipo6aemMa B TOM, YTO /IO TOI'O BPEMEHU
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CYUTANOCh, OYATO (PU3UKA HMMEET IOJHOCTBIO JETEPMHUHUCTCKUNA
xapakrep. KoHeuHo, niest BEpOITHOCTH XaPAKTEPHA HE TOJIBKO JJIs
KBAaHTOBOM Teopuu. OHA PETryIApPHO MPUMEHAETCA BO MHOXKECTBE
CUTYyaLIUI — OT CTABOK HA 6€rax 1o TEPMOJUHAMUKU, KOTOPOH 3aHU-
MaJIUCh JIYYIIUE YMBI €ll€ B BUKTOPUAHCKYIO 3110Xy. HO TprYnHOIM
UCHONB30BAHUSA ITUX BEPOATHOCTEN OBLIU HE (PYyHAAMEHTAIBHBIC
33aKOHBI, 4 KAK Pa3 HEJOCTATOK 3HAHUH O COOTBETCTBYIOIIECH cepe.

BospmeM nopbpachiBAHUE MOHETKU — APXETHUIIMYECKYIO UIPY
ciyyast. Bce Mbl 3HAKOMBL C BEPOSITHOCTBIO B 3TOM KOHTEKCTE. Ecaiu
MBI IOJOPOCUM MOHETKY 100 pa3, MOXXHO OXHUJATh, YTO B CPE/THEM
50 pa3 BeinazieT opea u 50 pas pemnika. JJo KBAaHTOBOM TEOPUU MBI OO5I-
3aHBI OBLJIU ObI CKA3aTh, YTO, 00J1a/1as BCEMU HEOOXOIUMBIMHU TAHHBI-
MU O MOHETE — O TOYHOM CIIOCOOE €€ NOJOPAChIBAHM S B BO3/IYX, CHJIE
IPUTSAKEHUS, O BO3AYIIHBIX TOTOKAX, IPOXO/ASAIINX YEPE3 KOMHATY,
TEMIIEPATYPE BO3AYXA U T. /I, — MBI MOIVIH OBl 8 NpuHyLne IPECKa-
34Th, YTO BBINAJIET — OPEJI UIU PEMKaA. [ToABIeHNE BEPOATHOCTEN
B 3TOM KOHTEKCTE, TAKUM O6PA30M, MOKHO CUUTATHh OTPAKECHUEM
HEJJOCTATKA 3HAHUH O CUCTEME, 4 HE YEM-TO BHYTPEHHE MIPUCYITUM
CAMOM 9TOU CUCTEME.

BepoAaTHOCTH B KBAHTOBOM TEOPUU UMEIOT COBEPIMIEHHO UHYIO
IpUPOAY; OHU (DYHAAMEHTAIbHBL MBI MOXKEM IPEACKA34Th JIMIIb
BEPOATHOCTD NOABJIEHUSA YACTUIIBL B OIIPEJIETIEHHOM MECTE, U HE I10-
TOMY, YTO MBI HEBEKECTBEHHBL. MBI 0ddice 6 npuniyune HE MOXKEM
IIPEACKA3aTh, KAKOBO OYAET IMOJIOKEHHUE YACTUIIBL. YTO MBI MOXXEM
MIPEACKA3ATh, 1 €ME U C AOCOMIOTHOM TOYHOCTBIO, TAK 3TO BEPOAT-
HOCTB TOT'O, YTO YACTUIIA OKAXKETCS B OIPEJEICHHOM MECTE, €CIU
MBI OYZIEM €€ TaAM UCKATh. Bosiee TOro, Mel ¢ 46COIIOTHOU TOYHOCTBIO
MOXKEM MPEJCKA3ATh, KAK 3TA BEPOATHOCTb U3MEHUTCA CO BpEME-
HeM. BOpH IpeKpacHO BBICKA3aJCs 06 3ToM ere B 1926 roay: «Ya-
CTHUIBI JJBHKYTCS IO 3dKOHAM BEPOSATHOCTH, HO CAMa BEPOATHOCTD
PACIIPOCTPAHAECTCS MO 3aKOHY MNPUYHUHHOCTU». VIMEHHO 06 3TOM
UJET peub U B ypaBHeHnu HIpEauHrepa: OHO NO3BOJIAET TOYHO BbI-
YHCIUTH, KK OYET BBIIVIALETh BOTHOBAA (DYHKIUA B OyIYIIIEM, €CJIU
3HATH €€ BU/JI B IPOILJIOM. B 3TOM CMBIC/IE OHO aHATTOTUYHO 3aKOHAM
HpioToHa. PazaHuia B TOM, 4TO €CIU 3aKOHBI HBIOTOHA MTO3BOJIAIOT
BBIYUCJIUTD MOJOXKEHUE U CKOPOCTh YACTHUIL B TI0O0€ KOHKPETHOE

BpCMS B 6YJIYHICM, TO KBAHTOBAA MCXAHHKA ITO3BOJIACT BBIYUCIUTDH
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JIMIIb BEPOSATHOCTH TOT'O, YTO OHHU OYAYT HAXOAUTHCA B ONIPEIETIEH-
HOM MECTE.

HMMEHHO TAKOE MaJIEHUE NPEACKA3ATETBHONU CUIIBI U 6ECTTIOKOUIIO
DUHIITENHA U MHOTUX €ro KOJuIeT. Cerdac, C BBICOTHI BOCBMUCCATH
IPOLIEAIIUX JIET U IIOCJIE OIPOMHOIO OObEMA MPOJAETAHHON pabo-
TBI CHOPUTD IO TOMY ITOBOJY KAKETCSI HECKOIBKO 6ECCMBICIIEHHBIM:
JIEI'KO 3a51BUTB, 4TO BopH, 'eitzenbepr, [Taynu, JUpak U €11e KOe-KTO
OBLIIM MPAaBbI, 4 DUHINTENH, [IIpEAUHTED U APYTHE NIPENCTABUTEIN
CTApO I'BAPAUHN OMNOAIUCE. HO B TO BpEMs Ka3aJ0Ch BIIOJHE Pa-
3YMHBIM I10JIAI'aTh, YTO KBAHTOBASA TEOPHS IIPOCTO €IIe HE 3aBeplie-
H4 U YTO BEPOATHOCTHU BO3ZHUKAIOT, KAK B TEPMOJAMHAMUKE HJIH IIPU
OAOPACBIBAHUU MOHETBI, [IOTOMY YTO MBI YIIYCKAEM KaKYIO-TO HH-
dopmanmio 0 yactTunax. CEroHs y 3TOH UJIEHU MaJIO CTOPOHHUKOB:
TEOPETUYECKUE U IKCIICPUMEHTAIbHBIE JAHHBIC CBUICTE/IbCTBYIOT,
4TO NPUPOJAA ACHCTBUTEIBHO UMEET JI€JIO CO CAYYAdMHBIMU YUCIAMU
U OTCYTCTBHUE BO3MOXHOCTHU IIPEJCKA3BIBATD IIOJIOXKEHUE YACTHULIBI
KaK HECOMHEHHBIHN (PAKT — 3TO BHYTPEHHEE CBOMCTBO (PU3NUECKOT'O

MHPA: BEPOATHOCTHU — ITO JIYUIIICC, HA YTO MbI MOXCM PACCUYUTBIBATD.
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Bce, yTo MoXeT
CIIY4YUTHCH,
NEeNCTBUTEJIBHO
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M TaK, TENEPb MOKHO 3aHATHCS I€TAIbHBIM HCCJIEJOBAHUEM KBaH-
TOBOHM TEOPHUH. TEXHUUECKOE COMNECPKAHHUE OCHOBHBIX U/JICH
JIOBOJIBHO IIPOCTOE — CJIOKHO JIMIIb IPUMHPHUTBCA C TEM, YTO OHU
OpOCAIOT BBI30OB HALIUM NPEAYOEKACHUIM IO IIOBOJLY yCTPOHUCTBA
MHpa. MBI yX€ TOBOPHJIM, HANIPUMEDP, YTO YACTHUILY MOKHO NpPEJ-
CTaBUTh B BUJIC MHOXKECTBA MAJICHBKUX LH(PEPOIATOB, PACCTAB-
JIEHHBIX 3[IECh M TaM, M YTO JJIMHA CTPENKH TAKOro nudeponaara
(BO3BEAEHHAA B KBAJPAT) COOTBETCTBYET BEPOATHOCTH, C KOTOPOI
YACTUIY MOKHO OOHAPYKUTh B KOHKPETHOM MecTe. Ludepbnarel —
3TO HE CyTh CUCTEMBI, 4 MATEMATHYECKHUIT HHCTPYMEHT, KOTOPBIM MBI
MOJIB3YEMCSI, YTOOBI BBIYUCIUTD IIAHCHI HANUTH I7I€-TO HAITY YACTHILY.
MBI IPUBEJIN IPABUJIO CIOXKEHUA TUPEPOIATOB, HEOOXOAUMOE JIJIA
onucanug penoMena nurepdepennuu. Cernyac HaM HY>KHO OKOHYA-
TEJIBHO CBECTU KOHIIBI C KOHIIAMH U C(POPMYJIHUPOBATH IIPABUIIO, KO-
TOPOE OO'BACHSAO OBI, KaK MUQPEPOIATH U3MEHSIOTCS OT OJJHOI'O MO-
MEHTA K IPYTOMY. DTO IIPABUJIO OCTYKUAT 3AMEHON IEPBOMY 3aKOHY
HBIOTOHA B TOM CMBICJIE, YTO MO3BOJINT CIPOTHO3UPOBATD JEUCTBUSA
YACTUILBI, OCTABJIEHHON B IOKOE. CHAYaIa IPEJCTABUM OJUHOUYHYIO
YACTHUILY B HEKOTOPOH TOYKE.

MpbI 3HA€M, KaK IPEACTABIATD YACTUILLY B TOUYKE (puc. 4.1). Urak,
U300paKEH OAMHOYHBIN Ludepbnar ¢ JIMHOU CTpesnku 1 (o-
TOMY 4YTO 1 B KBaZpaTe€ — 3TO U €CTh 1, CTAJIO OBITb, BEPOATHOCTD
HAWTH YACTUILYy B 3TOH TOYKE pasHa 1, TO ecTb 100%). ITpeamono-
JKHM, 4TO Ha nudepbiare 12 4acoB, XOTA 3TOT BEIOOP COBEPHIEHHO
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Ipou3BoJIcH. C TOYKU 3PCHUSA BEPOATHOCTH CTPEJIKA YdCOB MOXKET
YKa3BbIBATH BJII0OOOM HAIIPABJIEHUU, HO HAJIO JKE C YETO-TO HAYATD, TAK
4TO YCIAOBUMCS Ha 12 9aCcOB. MBI XOTHUM JOOUTHCS OTBETA HA CIEYIO-
U BOIIPOC: KAKOBBI MIAHCHI TOI'O, YTO YACTHIIA MO3KE OyJET HAXO-
JUTHCA I7le-TO euje? MHBIMU CJI0BAMHU, CKOJIBKO ele udepo/1aToB
HY>KHO HAPHUCOBATH U IJI¢ UX IIOMECTUTD B CJIC/IYIONee MI'HOBEHME?
Hcaaky HpIOTOHY HA TAaKOH OYEBUAHBIN BOIIPOC OTBEYATh OBLIO Obl
JlayKe CKYYHO: €CJIM Mbl PA3MEIIAEM IZIe-TO YACTHUILY MU HUYCTO C HEM
He JiesiaeM, OHa HUKY/Jd U He ABuKeTca. Ho nmpupoja BecbMa Kare-
FOPUYHO YTBEPXKJACT, YTO ITO IOIPOCTY HeBepHO. Ha camom zese
HBIOTOH HE MOT OIIMOUTbLCS €IIE CUIbHEE.

Puc. 4.1 OpnHouHbIV Lndepbnat, NpeacTaBng oM YacTyLy, KOTOpas YeTko

JIOKaIM3yeTca B KOHKDETHO% TOYKE MPOCTPaHCTBa

A BOT U IPABUIBHBIA OTBET: YACTULLA 8 CAEOVIOULULL MOMENHIN MO-
acem oxa3amuca 6 11000t mouxe Becenernrori. DTO 3HAYUT, IYTO HAM
IPUJETCS HAPUCOBATh OCCKOHEYHOE MHOXKECTBO LHUPEpOIATOB —
IO OJHOMY JJIsL KAXKJOM MBICJIMMOMN TOYKHU B IIPOCTPAHCTBE. DTO
MIPEAJIOKEHNE CTOUT IIEPEYNTATh MHOTO pa3. HasepHoe, ty4ine pac-
KPBITH 3Ty MBICJIb.

JlonyieHue, 4TO YaCTUILA MOXKET OBITH I7I€ YTOJAHO, S3KBUBAJICHT-
HO IIOJIHOMY OTCYTCTBHUIO IIPEAIIONOKEHHNI 110 TTIOBOJLY €€ JIBUIKECHMUS.
DTO caMoe 6ECHPUCTPACTHOE JONYIIEHUE, KOTOPOE MBI MOXKEM CJIE-
JIATh, U TAKOE€ PEIICHUE OOIANAET OIPEACICHHON 4ACKETUYECKOM*
PUBJIEKATEIBHOCTBIO, XOTS, IO OOIEMY IIPU3HAHHIO, ICCTBUTECIb-
HO Ka’KE€TCs, YTO OHO HAPYIIAET BCE 3AKOHBI 3/IpABOT'O CMBICJIA, A 3a-
OJTHO, BO3MOKHO, U 3AKOHbI (PU3UKHU.

Hudpepbaar OpeaCcTaBasSeT HEYTO OMIPEJICICHHOEC — BEPOSIT-
HOCTB TOI'O, UTO 4YaCcTUla OyAeT OOHAPYKEHA HAa MECTE 3TOIO I1U-
depbaara. Ecau Mbl 3HAEM, YTO YACTUIA HAXOAUTCS B KOHKPETHOM

*

VInn acteTmueckomn B 3aBMCMMOCTW OT BaLLEN TOUKM 3peHus.
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MECTE B KOHKPETHOE BPEM, TO IPEACTABIIAEM 3TO B BUAE OAUHOYHOI'O
nudepbaTa B 3TOH TOUKE. HO €C/ii Mbl HAUHEM C YaCTUIIBI, HAXO -
IIENCA B HYJIEBOM MOMEHT BPEMEHU B OIIPEAEIEHHOM MECTE, TO [JIA
«HYJIEBOI'O MOMCHTA IUIIOC €HIE CKOJIbBKO-TO BPEMECHMW» MPUAETCA Ha-
PHCOBATHL OI'POMHOE — H4 CAMOM JIeJIe OECKOHEUYHOE — KOJIUYECTBO
JPYrux nUu@epoIaToB, 3aNONHAIOIUX BCIO Bceenennylo. Tak mop-
TBEPKAAETCA BOZMOKHOCTD TOI'O, YTO YACTULLA IIEPENPLITUBAET 8 JI70-
boe Opyzoe mecmo B OFHO MIHOBeHHE. Hama gactuiia 6y/eT ofHO-
BPEMEHHO M B HAHOMETPE OT UCXOAHOTO ITOJIOKEHUS, U B MAJIMAP/IE
CBETOBBIX JIET OTCIOAA, B A/IPE 3BE€3/IbI OTAAJICHHON I'dJIAKTUKN. 3BYYHT,
rOBOPA IMO-TIPOCTOMY, CTPAHHO. HO HY>KHO CO BCEH ACHOCTBIO CKA3ATh:
TEOPUS JOJIKHA ObITh CIIOCOOHA OOBSICHUTD JBYXIIEIECBOM KCIIEPU-
MEHT, U KAK BOJHA HAYUHAET PACIPOCTPAHATHCA, €CIU OOMAKHYTH
B CTOAYYIO BOJY IAJIEL] HOI'M, TAK M 3JICKTPOH, M3HAYAJIbHO PACIOIO-
JKEHHBIN B HEKOH TOYKE, JJOJIKEH PACIIPOCTPAHATHCA C TEYEHHUEM BPE-
MeHU. Hy>KHO TOJIBKO YCTAHOBUTD, KAK UMEHHO OH PACIIPOCTPAHACTCAL.

MpI npeAnonaraeM, 4ro, B OTJUYHE OT BOJAHOM BOJIHBI, 3JIEK-
TPOHHAs BOJIHA PACIIPOCTPAHAETCSA 11O BCEX BcesleHHON MI'HOBEHHO.
B TeXHUYECKOM CMBICJIE MOKHO CKA34Th, YTO IPABUJIO PACIIPOCTPA-
HEHUSA YACTHUI] OTIMYAETCA OT IPABHJIA PACIIPOCTPAHEHUA BOASHOM
BOJIHBI, XOT B OOOHX CJIy4YasiX PACHPOCTPAHEHHE COOTBETCTBYET
«BOJIHOBOMY YPABHEHMIO». YPABHEHHUE I BOAAHBIX BOJH OTIHMYA-
€TCA OT YPABHEHUS BOIH-YACTULL (3TO TO CAMOE 3HAMCHHUTOC ypPaAB-
Henue HIpéaunrepa, KOTOPOE MBI YIOMSHYJINW B IIPOIIJION IJIABE),
HO 002 OHU CBSI3aHBI C PU3UKON BOJIH. Pa3zinuusa — B I€TANIAX TOTO,
KaK OO'BEKTHI JIBHIKYTCS C MECTA Ha MeCTO. KcTaTy, ec/ii BBl HEMHO-
I'O B KypC€ TEOPUU OTHOCHUTEIBHOCTU DMHIITEHHA, TO JOJKHBI ObI
3aHEPBHUYATD, YC/BIIIAB, YTO Mbl BEIEM PE€Yb O MI'HOBCHHBIX II€pPE-
MEIMICHUAX YaCTHULIBI 110 BCEJIEHHOM, TAK KaK IIOJy4daeTCs, CJIOB-
HO 4YTO-TO NEPEABUTAETCA OBICTPEE CKOPOCTH CBeTa. Ha camom xe
JI€JI€ UJIESl TOTO, UTO YACTULLA MOKET OBITD 3/IECh 1 YEPE3 MTHOBEHUE
OYEHDb JIAJIEKO OTCIOZA, CAMa II0 CEO€ BOBCE HE NMPOTUBOPEYUT TEO-
puAM DUHIITENHA, IOTOMY YTO CYTh UX B TOM, UYTO OBICTPEE CKOPO-
CTU CBETA HE MOXKET NEPEMEIATLCA UHPOPMALUL, A ITOMY OI' DAHHU-
YEHUIO KBAHTOBAA TEOPUA YAOBIETBOPsAET. KaK Mbl BCKOPE YBUIUM,
JUHAMMKA IIPBDKKOB YACTULL Yepe3 BeeleHHyIO COBEPIIEHHO HE Ta-

Kas, KaK I[P Ilepegade MHPOPMAIIUH, TOTOMY YTO MBI HE MOXKEM
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CKa3aTb 3apaHee, KyAd K€ MPBITHET yacTuna. Kaxercs, 4To Hama
TEOPUSI CTPOUTCS HA IIOJTHOUW aHAPXUH, U Oy/IET BIIOJIHE €CTECTBEHHO,
€CJIU BBl HE MOBEPUTE, YTO MPUPOAA TAK CeOs MOXKET BeCcTU. HO fa-
JIEE B 3TOM KHUTE MBI YOEJUMCS, YTO TTOPSJIOK HAIIEN TOBCEJHEBHOM
JKU3HU JEUCTBUTEIBHO OEPET CBOE HAYAJIO B 3TOM (DAHTACTUYECKUA
46CYypAHOM IOBE/ICHUH.

Ecnu BaM HEIIPOCTO MEPEBAPUTD MOTOOHYIO AHAPXUIO — HATIPHU-
MeEpP, HEOOXOJUMOCTb HAIOJIHUTbL BCIO BCEJIIEHHYIO MaJIEHBKUMH
nugepbaaTaMu, 4TOOBl OMUCATH JIBHXKEHUE €JUHCTBEHHOU Cy6-
ATOMHOI YaCTULIBI OT OJJHOTO MOMEHTA K JJPYTOMY, — TO BBl B XOPO-
me KoMnaHnuu. CHATUE IOKPOBOB C KBAHTOBOM TEOPHUU U IIOIBIT-
KU UCTOJIKOBATH €€ BHYTPEHHIOIO JICATEIbHOCTDb ITOCTABAT B TYITHK
KOro yrogHo. Hunbc Bop, Hanpumep, U3BECTEH TAKOI (ppas3oit: «Te,
KTO HE IIPUIIEI B yKAC IPU 3HAKOMCTBE C KBAHTOBOI MEXAHUKOI,
IIPOCTO HE MOI'YT €€ IOHATb». Puuapa PernHmMaH npeaBapuil Tpe-
TUHA TOM «PEHHMAHOBCKHUX JIEKIIUI IO (PU3UKE» CIOBAMU: «/lyMalo,
MOTI'Y C YBEPEHHOCTBIO CKA34Th, YTO HUKTO HE [IOHUMAET KBAHTOBYIO
MEXAaHUKY». K c4acTbIO, CJIEJOBATH €€ 3AKOHAM I'Opa30 IPOIIE, YEM
IIBITATBCA PAa300paThcs B €€ CyTU. CIOCOOHOCTD THIATEJIBHO PaC-
CMATPUBATH NOCIEJCTBUSA ONPEAEIEHHOIO HA60pa NPENNOIOKE-
HUM, HE CIIUIIKOM 3aTPYAHSSA CEOS1 UX (PUITOCOMPCKUM CMBICIOM, —
OJIHO M3 CAMBIX BA’KHBIX YMEHHII COBPEMEHHOI'O (PU3UKA. DTO KAK
pa3 B ayxe lensenbepra: 3aJaUM MNEPBUYHBIE IPEAIIONOKEHUSA
U BBIYUCIUM UX NOCIEACTBUSA. EC/IM MBI TOJIydaeM HA00Pp Ipe/cKa-
3aHU, COITIACYIONIHUXCS C IOBCETHEBHBIMU HAOIIOACHUAMHU, TCOPUSL
IIPU3HAETCS )KU3HECIIOCOOHOM.

Muorue npo6aeMBbl CIMIITKOM CJIOKHBI, YTOOBI PEITUTDL UX OJHUM
MBICJIMTEJIBHBIM YCUJIUEM, 4 ITTyOOKOE MOHUMAHHUE PEJKO TPUXOAUT
B MOMEHTBDI, KOI'/1d YYEHBIN KPUYIUT «3BPUKA>. Hy’KHO yOeUThCH, 4TO
BbI JICUCTBUTEIBHO IOHHUMACTE KAKABIM MEJIbYAHIIINUHI 1IAT, U TIOCJIE
JIOCTATOYHOT'O KOJIMYECTBA IIATOB JIOJKHO MOSBUTHCS TIOHUMAHHE
ob6HIeH KAPTUHBL B NPOTHBHOM Cjy4yde MBI IIOMMEM, YTO IIOUIIUN
10 JIO(KHOMY IIYTHU U HYKHO HAYUHATD BCE C HA4YaJId. DTU MEJIbYali-
ImMye mIaru, KOTOprC MBI YIIOMAHYJIN, HC TAK CJIOXXHBbI, HO U/I€A B34AThb
oauH 1n@ePOIAT U IPEBPATUTD ETO B OECKOHEYHOE MHOMXKECTBO I11-
depbaToB, 6€3YCIOBHO, CJIOKHA, OCOOEHHO €CJINU IPEJICTABUTD CebE,

YTO MX BCE HAJO HAPHUCOBATH. BEYHOCTH, eciiu nepedpasupoBaTh
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Byau Ansiena, — 2TO O4YEHb JJOJITO, OCOOEHHO OauKe K KOHILy. Co-
BETYEM HE NTAHUKOBATH U HE C/1ABATHCA. B IIO60M CiTyyae MBI UMEEM
JIEJIO JIMIIIBb C KYCOYKOM BEYHOCTH. Hama cienyromas 3ajgadga — yCcra-
HOBUTB IPABUJIO, KOTOPOE OYAET OMHCHIBATH MOBEJCHUE ITUX IU-
($ep6J1aTOB B OIIPEAEICHHOE BPEMS ITOCIIE 3AIYCKA YACTULLBL.

DTO IPABUJIO — OCHOBHOM 3aKOH KBAHTOBOU TEOPUH, XOTS BIIOCJIE/I-
CTBHUM HaM INOHAJIOOMTCS U BTOPOY 3aKOH, KOIZIA MBI IIEPEHEM K pac-
CMOTPEHUIO BO3MOKHOCTH HAJIMYMS BO BCElIEHHON OOJbIIE OHOU
4acTUIbL. HO HaYHEM 11O TOPA/IKY U CHAYA/IA COCPEAOTOYNMCS HA €/IUH-
CTBEHHOM Ha BCIO BCEIEHHYIO 4aCTULIE: HUKTO HE OOBUHUT HAC B TOM,
YTO MBI XBATAEMCH 33 BCE CPasy. UTak, OHA CYHMIECTBYET B OJJUH MUT Bpe-
MCHU — HpCﬂHO}IO)KI/IM, MBI TOYHO 3HAEM, B KaKoOn HMMCHHO, — 1 HpC,Z[-
CTaBJIEHA €AUHCTBEHHBIM ITU(pepOmaToM. Hamma KOHKpeTHad 3244494 —
HaMTH IPABUJIO, OIIHUCBIBAIONIEE, KAK OY/IyT BBIIVISJIETD B JIIOOOI MOMEHT
BCE HOBBIE NU(PEPOIATHL, PACCESTHHBIC IO BCEIIEHHOM.

CHauasa Mbl COOPMYJIMPYEM ITO IIPABUIIO, HE IIOABOS IO HEI'O
HUKAKUX OCHOBAHMI. K TOMY, moyeMy MpaBUIO 3BYYUT UMEHHO
TAK, 4 HE MHAYE, BEDHEMCS YEPE3 HECKOIBKO a034lI€B, HO CEHYac
JIOJIKHBL IPOCTO NPUHATH €ro Ha BEpy. UTAaK, BOT OHO: BO BpeMs
B OyayiuieM crpenka qudep61aTa, HAXOAAMEIOCsI HA PACCTOIHUH X
OT UCXOAHOIO 11HU(pepOaaTa, IPOABUHETCI IPOTUB YACOBOM CTPEII-
KU Ha BEJIMYHHY, IPONOPIIMOHAIBHYIO X% BEJIMUYNHA IPOJBIKCHUS
TAKXXE MNPOHOPIUOHATIBHA MACCE YACTULIBI 72 U OO6PATHO MPOHOP-
ITMOHAJIbPHA BPEMEHU /. B 3aII1CH C MOMOIIBIO CUMBOJIOB 3TO 3HAYUT,
4TO HAM HYXHO MOBEPHYTH CTPENKY NPOTUB XOJd YACOB HA BEJIH-
YHHY, IPOIOPIIMOHAIBHYIO 72Xx2/t. A €ClI OOBACHATD 3TO CJIOBAMHU,
TO OBICTPEE ABUT'AIOTCA 11O U@ epb1aTy 60J1€€ MACCUBHBIE YACTHILBI,
foJiee JaJIEKUE OT UCXOAHOU TOYKH, 4 C TEUEHUEM BPDEMEHHU XO/I CTa-
HOBHUTCA MeajeHHee. CymeCTBYeT aJIrOPUTM — HJIH, €CJIU YTOJHO,
pELENT, — KOTOPBIM TOYHO OIMHUCHIBAET, KAK ONPEAECTUTD [IOBEJCHUE
ONpeJie/IEHHOI0 Habopa U@Ep6/1aTOB B KAKOU-TO MOMEHT OV/y-
mero. B kaxkaon Touke BcesieHHOM MBI pUCyeM HOBBIN udepoiar,
CTpEJIKAa KOTOPOI'O CABHHYTA HA 33JJaHHYIO IIPABUJIOM BEJIUYHHY.
DTO NOAKPEIUIAET HAIIE MNPEAIONOXKEHUE O TOM, YTO YACTUILLA MO-
JKET (U TAK OHO U €CTb) NEPENPBITUBATD U3 HAYAJIBHOT'O MOJTOXKEHU A
B JIIOOYIO JPYI'YIO TOUKY BCeseHHOM, NOPOX/asl B IIPOLIECCE JABHXKE-
HUS HOBBIE IU(PEePOIATHL
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Puc. 4.2. Mpbiratowve Lndepbnatbl. OKPY>KHOCTW COOTBETCTBYHOT MECTO-
HAXOXEHMIO YACTULbI B ONPeaeNeHHbIM MOMEHT BpEMEHU; Ham HEOBXOAM-
MO KaX/10W TaKOW TOUKe NOCTaBWTb B COOTBETCTBME MO Lndepodnaty. Utobel

BbIUMCINTE BEPOSTHOCTH OOHAPYKEHNS YACTULb! B TOUKE X, Mbl JOMKHbI
NO3BOMNTL UaCTULE MPbITHYTH TYAa U3 BCEX MCXOAHbBIX MECT ee npedbiBaHus.

HeckonbKo Takmx NpbikKoB 0603HaueHo cTpenkamm. Gopma NMHUIA He nveeT
HIMKAKOrO 3HAUEHMS 1 YK TOUHO HE O3HAYaET, UTO YacTMLa ABMXKETCS C MECTa

HaxoxaeHns umndepbnata B Touky X Mo Kakoi-To onpeaeneHHov TpaeKkTopum

[ IPOCTOTHI MBI IIPEJCTABIIANN TONBKO OJWH HUCXOMHBIN 11H1-
depbiaT, HO, KOHEYHO, B KAKOU-TO MOMEHT BPEMEHHU yXKE MOXKET CY-
HIECTBOBATH HECKOJIBbKO LMU(PEPOIATOB, U ITO OTPAXKAECT IOCTYJIAT,
YTO YACTHIA HE HAXOAHUTCA B KAKOM-TO ONPENEIEHHOM MecTe. Kak
Pa3obparbCsa C Lo Kyder nudep6satos? OTBET TAKOB: HYKHO
JIENATh TO, YTO MBI JEJIAJIN IS OAHOro 1udepbiaara, U IOBTOPSATh
NIPOLECC A/ BCEX HMMEIOMMUXCA HUQPEPOIATOB. DTy HICIO HJLIIO-
crpupyeT puc. 4.2. [lepBruuHbIil HA60p 1U(EpOIATOB IPEICTABICH
MaJIEHBKUMHU KPYKKAMU, 4 CTPEJIKU TOKA3BIBAIOT, KAK YACTULA IIEpe-
IPBITUBAET C MECTA KAXKJOI'O MNEPBUYHOIO nudepodiara B TOUKy X,
«OCTAaBJAS» TAM HOBBIA LU(PepOnaT. KOHEUHO, IPHU 3TOM KaXKAbIN
NEPBUYHBINA TUMEPOIAT HOPOKAAET B TOUKE X HOBBIN LIM(EPOIaT,
U MBI JOJKHBI CJIOXHUTH MX BCE BMECTE, YTOOBI CO3JAaTh OKOHYA-
TENbHBIN HU@EpOaaT 111 TOYKU X. PazMep 3TOro OKOHYATEIbHO-
ro nudepobaaTa JACT BEPOSATHOCTD BIOCJICACTBUH HANUTU YACTHUILY
B TOYKe X.

Heo6X0qUMOCTb CJIOXKEHHUSI BCEX IMOSBISIONIUXCSI B TOYKE IIH-

¢depO1aTOB HE TAK YK CTpaHHA. Kaxapii nudep61aT COOTBETCTBYET
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CHeU(PUUIECKOA TPAEKTOPUH, IO KOTOPOI 4aCTUIA MOIIA OBl IIPU-
OBITH B TOUKY X. CrroxeHue 1udepo61aTOB JIETKO IIOHATD, ECIH BEP-
HYTbCA K JBYXHIEJIEBOMY 3KCIEPHUMEHTY: MBI IIPOCTO MBITAEMCA
nepedpasupoBaTb OMMCAHUE BOJHBI I 1TUEPEpO6IaATOB. MOXEM
IPEACTABUTD 1BA UCXOJHBIX UPepO1aTd — IO OJHOMY Y KAXK/IOU
menn. Kakapiil 13 HUX TOPOXK/IAET HOBBIM HU(PEPOIAT HA KOHKPET-
HOM TOYKE 3KPaHa B OJTHO M3 MOCJIEAYIONNUX MITHOBEHUH, U MBI JJOJI-
JKHBI CJOXKUTBb 3TH ABA IUdepoaaTa, 9TOOBI MOJYYMUIACh UHTEP-
depennionHas purypa*. tak, NpaBuIo NPEJCKaA3aHUS BHENTHETO
BU/1a H(depb1aTa B IIOOOH TOYKE COCTOUT B TOM, YTOOBI IIEPEHECTU
B 3Ty TOYKY BCE UCXOJHBIE TN(HEPOIATEL, OAUH 32 JPYTUM, 4 IOTOM
CJIOKUTD UX BCE MO ITPABUITY CIIOKEHUSI, OITMCAHHOMY B ITPEABIAYIICH
IJIABE.

Tak KaK MBI PEIIHJIN OMHUCHIBATH MOJJOOHBIM SI3BIKOM PACIPOCTPA-
HEHUE BOJIH, MOKHO UCMOJIb30BATDb €O U IIPU PA3MBIIIJIEHUAX O 60-
Jiee 3HAKOMBIX HaM BoyiHaX. CaMOM Ujiee yKe MHOTO JIeT. U3BeCcTHO,
4TO IOJUIAHACKUHA (PU3NK XPUCTHUAH [TOUI€HC ONMMUCBIBAJ TAK CBE-
TOBBIC BOJIHEI e1rie B 1690 roay. OH, KOHEUHO, HE YITOMUHAJ BOOGPa-
JKAEMBIX ITH(PEPOIATOB, CKOPEE MOAYEPKUBAJI, YTO KAKAYIO TOUKY
CBETOBOW BOJHBI HY?’KHO PACCMATPHUBATD B KAYECTBE UCTOYHUKA BTO-
PHYHBIX BOJIH (KaK KaX/bIF IH(MEPOHIAT TOPOKAAET MHOKECTBO HO-
BBIX). DTU BTOPUYHBIE BOJIHBI 34TEM COEJAHUHAIOTCSA, YTO JAET HOBYIO
BOIHY. [IpO11€CC NOBTOPAETCH, TAK YTO KA/ TOUYKA HOBOU BOJIHEI
CJIY’KHAT UCTOYHUKOM PE3YJIBTUPYIONIUX BOJIH, KOTOPbIE BHOBb CO-
E€IUHAIOTCA APYT C IPYTOM, U TAKHUM CITOCOOOM BOJIHA IPOJABUTAETCA
JAJIbLIE.

Terepb MOXXHO BEPHYTHBCA K TOMY MOMEHTY, KOTOPBIH MOMKET
BBI3BIBATD BAIIE CIPABEINBOE OECHOKONCTBO. [IoueMy MBI BBIOpA-
JIM BEJIUYUHY mX2/! A OUPEJEICHUS CIBUTA YaCOBOW CTPEIKU?
V 3TOM BEJITMYUHBI €CTh UMS — 3TO 0eLiCMmaBue — Y1 OIS ITIOYTECHHAS
UCTOPUS B Pa3BUTUU (PU3NKU. Ha caMOM [iejie HUKTO ITOKA HE IO-
HUMAET, TIOYEMY 3TA BEJMYHMHA HACTOJIBKO IIPOYHO YKOPEHWUIACH
B IIPUPOJIE, 4 CTAJIO OBITH, HUKTO HE MOXKET PAIIMOHAIBHO OO'bCHUTD,

[IOYEMY CTPEJIKH JIBHXKYTCA TAK, KAK ABHIKYTCS. BO3ZHHUKAET BOIIPOC:

* ECAv Bam HENPOCTO MOHSTL MOCeAHEe NpeaoxeHme, NonpobyiiTe BMECTO Co8a «Lmdep-
6/\8\» NoACTaBNTL CNOBO «BOJ/THa»
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K4K BOOOIIIE KTO-TO MOHSAJ, YTO 3TO TAK BAKHO? [IoOHATHE NEUCTBUA
BIIEPBLIEC NPENJIOKMII HEMENKUNA purocod U mareMatuk rordpus
JIeri6HUT] B HATTUCAHHOM B 1669 rojy, HO HEONMyOIUKOBAHHOM Pa6o-
T€, OJJHAKO OH HE CYMEJI HAUTH CHOCOO MPOU3BOJUTH BBIUYUCICHUS
C €70 TOMONIbIO. BHOBB BBEJI €10 B 1744 rogy (OpaHIy3CKHUI YYEHDBIA
ITeep Jlyn ge MonepTion, a 3aTEM €TI0 UCIOIb30BAJI ISt (POPMYJIHU-
POBKU HOBOI'O U OYE€Hb MOLIHOI'O IIPUHIINIIA IIPUPOJBL APYT Motep-
TIOU, MaTeMaTuK JleoHapy Dinep. [IpeacraBpre cebe My, JIETIIINUN
110 BO3/IYXY. DHJIEP OOHAPYKUL: MY JIBHXKETCS 11O TAKOM TPAEKTO-
PHH, 4TO AEUCTBUE MEKAY IBYMS TOUKAMU MApUIPYTA OYJET KAXK/IbIA
Pa3 HAMMEHBIIMM. B ciiy4dae ¢ MA4OM JAEUCTBUE COOTHOCHUMO C Pa3-
HOCTBIO MEXJY KUHETUYECKON U MOTEHIIUAJIbHON SHEPTUEH MAYaA*,
DTa 3aKOHOMEPHOCTD IOJYy4YMId HA3BAHUE «IIPUHIUIA HAMMEHb-
LIETO JEHUCTBUSA», U OH MOXET ObITbh HMCIIOJIb30BAH KAK AJIbTEPHATU-
B4 HBIOTOHOBBIM 3aKOHAM [IBMJKEHUA. Ha NepBbINA B3IVIAM, IPUHIUAIL
JIOBOJIBHO CTPAHEH, IOTOMY YTO KaXKETCS, OYJTO JJId MOJETA C HAU-
MEHBUIUM JECUCTBHUEM LIAD JOJIKECH 3dPAHEE 3HATD, KyJad OH cCOOupa-
€TCS JIETETD EMIE JIO TOT'O, KAK OH TYyZA NONETUT. Kak HHAa4€e OH MOT OBl
JIETETH 1O BO3AYXY TAK, YTOOBI BEJIHMYMNHA, UMEHYyeMas JICHCTBUEM,
KAKJBIM PA3 MONYy4YaJIaCh MUHUMAJIBHOM, KOTJJA OH YXKE IPOJIETEI?
Ecnn nepedpas3upoBaTh, TO NPUHIIUIT HAUMEHBIIETO JTEUCTBUS Ka-
JKETCA TEJEOJIOTUYECKUM (TAK I'OBOPAT, KOT/AA MPEAIONATAIOT, YTO
COOBITHSA NPOUCXOIAT C LEJIBIO JOCTUYb 3APAHEE NPEAOIPE/IEIIEH-
HOI'0 UCXO0712). TeIe0NI0TndecKue Ueu BOOOIIE MTOIB3YIOTCS B HAYKE
JYPHOM PENyTALUEN, U HECJIOXKHO JOraflaTbCd NoYeMy. B 6momno-
I'UH TEJIEOJOINYECKOE OO'BICHEHUE MOSABICHUS CIOXKHBIX CYIIECTB
MOAKPENIAIO OBl TEOPHIO CYHIECTBOBAHUA TBOPIIA, B TO BPEMA KAK
TEOPUsL 3IBOJIOLUHM NYTEM ECTECTBEHHOIO OTOOPA, BBIABUHYTASA
JapBUHOM, IIPEJJIATAET TOPA3A0 6OJIEE IIPOCTOE OOBACHEHUE, KOTO-
poO€ K TOMY K€ IPEKPACHO COIVIACYETCSA C UMEIOIIMMUCS JAHHBIMU.
B reopun lapBrHa HET TEJIEOJIOIMYCCKOIO KOMIIOHEHTA: C/Iy4aHHbBIE

MYTaIlNU BEAYT K MOSIBJICHUIO BAPUAIUI B OPraHU3MAaX, 4 BHCITHEC

* KnHetnueckas SHEPrA paBHa mv*/ 2, a NoTeRUManbHas SHEPIrNAa — mgh KOrfa twap Haxo-
ONTCA Ha BbICOTE h Haf 3emnen, g — 3T0 yCcKkopeHue CBO60ﬂHOFO nafaeHns angd Bcex npea-
MeToB B 00nacTn ,D‘GQCTBMS 3EMHOIO MPUTAXKEHINA Q‘EMCTBMG — 3TO Pa3HOCTb EHGDFM%,
NPOVHTENPMPOBaHHAA MO BPEMEHWN MEXAY MOMEHTAMMK, CBA3AHHBIMW C MPOXOXAEHNEM
ABYX TOUEK Ha NyTn
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JIaBJIEHHE CO CTOPOHBI CPEJIBI U IPYTUX JKUBBIX CYIIECTB OIPEAETAET,
KAKHUE BAPUALMU [IEPEAAIOTCA CAECAYIOMIUM IIOKOJIEHUAM. DTOT IIPO-
ECC — €JUHCTBEHHBIN, CIIOCOOHBIN OOBSICHUTD TO MHOI'OOOpa3ue
U CJIOKHOCTD KU3HEHHBIX (DOPM, KOTOPBIE MBI HAOIIOJAEM CEMYAC
Ha 3emiie. MHBIMU CJIOBAMH, YCTPAHICTCS HEOOXOAHUMOCTb OOXe-
CTBEHHOI'O IIPOMBIC/IA U ITIOCTEIIEHHOI'O BOCXOX/AEHUA OPIraHU3MOB
K KAKOMY-TO COBEPILICHCTBY. BMECTO 3TOI'0 OKA3bIBACTCs, YTO IBOJIIO-
LU KU3HU — CJIY4aHHBINA IIyTh, KOTOPBIM ONPEAE/IACTCA HECOBED-
IIEHHBIM KOIIUPOBAHUEM I'€HOB B [IOCTOSIHHO MEHSIONUXCS YCIOBU-
sIX BHEIIHEN cpejbl. Jlaypear HobeneBCcKkoi npeMun (ppaHIly3CKUHI
ounonor Kak MOHO J1a)e Ha3BaJI KPA€YTOJIbHBIM KAMHEM COBPEMEH-
HOH OHOJIOIUU «CUCTEMATHUYECKOE HUJIU AKCUOMATHUYECKOE OTPULIA-
HUE BO3MOXHOCTHU TOT'O, YTO HAYYHOE 3HAHHUE MOXKET OBITH ITOJIY-
YEHO Ha OCHOBE TEOPHH, KOTOPBIE SIBHBIM HJIH HESIBHBIM O6PA30M
BKJIIOYAIOT B CEOS TEJIEOTOTNYECKUNA TPUHITUTD.

VYV (PU3UKOB, OHAKO, CIIOPHI O TOM, PAO6OTAET JIU NPUHIIUI HAU-
MEHBUIET'O JEHUCTBUS, HE BEAYTCS, IIOTOMY UTO OH IIO3BOJISIET IIPO-
U3BOJUTH BBIYUCJIEHHUS, BEDHO OMUCBIBAIOIIUE IPUPOAY, U ABIACTCSA
KpaeyroJabHbIM KaMHEM (PU3UKU. MOKXHO BO3PA3UTh, YTO IPUHITUII
HAMMEHBIIETO JEHCTBUA BOBCE HE TEJIEOJOTMYECKUN, HO BCE CIIOPEI
B JIIOOOM CJIY4a€ 3aKOHYATCS, KOTZA MBI BO3bMEM HA BOOPYKCHUE
noaxon PerHMaHa K KBAHTOBOM MEXaHUKE. Msi4, JIETSIIIUN 110 BO3-
JIYXY, «3HAET», KAKYIO TPAEKTOPHIO U306PATh, HIOTOMY YTO HA CAMOM
JleJI€ BTAMHE UCCIIEAYET KAXKIYIO BO3MOXHYIO TPACKTOPHIO.

Kak ’ke BBISICHHUJIOCH, UTO IIPABHJIO XOZA CTPEJIOK YACOB UMEET HE-
4TO OOlIee C BEJIMYUHON, UMEHYEMOM JeCTBUEM? B HCTOpUYECKOU
IIEPCIIEKTUBE IEPBBIM TAKYIO (DOPMYIUPOBKY KBAHTOBOHM TEOPHUH,
BKJIIOYAIONIEN MMOHATHE AEHUCTBUS, NPENIOKNUA JUPAK, HO CO CBOU-
CTBEHHOI €MY 9KCLHEHTPHUYHOCTBIO OIIYOJHKOBAJ CBOE UCCIIEIOBA-
HUE B COBETCKOM JXKYPHAJIE — B 3HAK IOAJECPKKU COBETCKOM HAYKHU.
CraTbs IO/ HA3BaHUEM «JIArPAHKUAH B KBAHTOBOH MEXAHUKE» OBbLIA
onyoJMKOBaHA B 1933 rojy u npebniBajia B 3a6BEHUH MHOI'O JIET. Bec-
HOM 1941 roga mononor Puuapa @eifHMaH pa3MBbIIIAI, KaK pa3pa-
00TAaTh HOBBIA IO X0/, K KBAHTOBOU TEOPHUH, UCIIOJIb3YSI JIAT DAHIKEBY
(POPMYIHPOBKY KIACCUYECKON MEXAHUKHU (3TA (POPMYIUPOBKA BBI-
TEKACT U3 IIPUHIUIIA HAMMEHBIIETO ACUCTBU). OTHAXK/IBl BEUEPOM

Ha MMUBHOI BeuepuHKe B IIpuHCTOHE OH BCTpeTua lepbepra Hene,
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€BPOIEUCKOTO (PU3UKA, U, KAK 3TO BOJUTCH Y (PU3HUKOB, IOCJIC HE-
CKOJIBKHX KPY>KEK OHM HA4YaJIHU OOCYXK/IATh UJIEU JIJISI UCCIICTOBAHU.
Mene BCOOMHHJI JABHIOIO CTATBIO Jupaka, n Ha CAEAYIONUI JEHD
OHH HalLIU ¢€ B [IpUHCTOHCKOM 6ubanoTeke. PerfHMaH HEME/JICH-
HO HAa4aJI BBIYUCJICHUS 10 METOJaM JJupaKa, U B TCUCHUE JH HA IJ1a-
3ax y Mene 06HAPYKIII, YTO MOXKET BBIBECTH ypaBHeHue IIpénnn-
repa U3 MPUHITUIA HAUMEHBIIIETO JIEHCTBUA. DTO 6BbLJI OOJIBIION HIar
Briepes, Xxota PeMHMaH N3HAYAJIbHO IPEAIOaIaral, 4To JJnupak mor
y2KE CIEIATD TO XKE CAMOE, IOTOMY YTO 3TO BE/Ib ObLJIO JIEMEHTAPHO;
J14, 2JIEMEHTAPHO, €C/IU Bac 30ByT Puuapgom deiinmanom. Co Bpe-
meHeM PerdHMaHyY yAAJIOCh BbIACHUTD Y [IMpaKa, 3HAJI JIM TOT, KAK
MOKHO HCIIOJIB30BATh €ro paboTty 1933 roja, eciu ¢1e1aTh HECKOIb-
KO JIOTIOJTHUTENABHBIX MATEMATUYECKUX Iaros. [To3aHee deritHMaH
BCIIOMMHAJIL, 4TO JJHPAK, Jieska HA IPUHCTOHCKOH TPaBe MOCJIE HE Ca-
MOMW BBIJAIOMIEIICA JIEKIIUH, OTBETHJI IIPOCTO: «HeT, 1 He 3ua1 D10
UHTEPECHO». JJUpaK ObLI OJHUM U3 BEJIUYANIIHNX (PU3HUKOB B UCTO-
Py, HO r'OBOPUJI O4YeHb MaJIO. IOKuH Burnep, caM nmpuHaIeKaB-
UM K COHMY BEJIUKHUX, 3aMETUIL: «PEMHMAaH — 3TO BTOPOU Jupak,
HO H4 3TOT Pa3 C YEJIOBEUYECKUM JIUITOM»,

WTaK, HAMOMHUM: Mbl C(POPMYIUPOBAJIN IIPABUJIO, KOTOPOE IO-
3BOJISIET 3d4PUCOBATH MHOXKECTBO HUMPEPOIATOB, MPEACTABISAIONINX
COCTOAHHME YACTUIBI B HEKUU MOMEHT BpeMEHU. [IpaBuio 10BOJIb-
HO CTPAHHOE: MBI HAIIOJHSEM BceneHHYI0 OECKOHEUYHBIM KOJIHMYE-
CTBOM ITU(PEpPOIATOB, KOTOPBIE BCE OKA3BIBAIOTCS CBI3AHHBIMU JIPYT
C JPYT'OM OTHOUICHHSIMH, 3ABUCSAIIUMU OT TOXKE JJOBOJIBHO CTPAH-
HOM, HO UMEIOMIEN OOJIBIIOE UCTOPUUECKOE 3HAYECHUE BETUYUHBI —
pericrsus. Ecim 1Ba min 6osiee nudepo1aTa OKA3bIBAIOTCSI B OHOM
MOJIOXKEHUH B OJTHO U TO K€ BPEMsS, OHU CYMMHUPYIOTCs. [IpaBuio
OCHOBAQHO HA TOM, YTO MBI JJOJIDKHBI IIPEAOCTABUTh YACTHUIIE CBOOO-
Jly IEPENPBIrHYTh U3 JTIOO0r0 KOHKPETHOI'O MECTA BO BceneHHOI
B JIIO60E JPYrO€ MECTO 324 GECKOHEYHO MaJIoe€ BPEMs. MBI CpPa3y Ke
CKa3aJIM: TAKUE a0CYPAHBIC HA BUJ, UJICHU JOJIKHBI IIOABEPIHYTHCS
IIPOBEPKE IIYTEM CTOJKHOBEHUS C MPUPOJOU, YTOOBI YOEAUTHCH,
YTO TIOJIYYAETCS YTO-TO Pa3yMHOe. [y Hadaja pacCMOTPHM, KaK
U3 3TOU KAXKYIICHCS AHAPXUU BOZHUKAECT HEYTO OYEHb KOHKPETHOE.
DTO OJIMH U3 KPACyTrOJbHBIX KAMHEN KBAHTOBOUW TECOPHUHU — IPHH-

LUII HEOIIPEJCJIEHHOCTHU ['erizenbepra.
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[IpuHLUT HeonpeneleHHOCTU
TenizeHbepra

[IpuUHIUI HEONPEAEICHHOCTH [efizeHbepra — OfHaA U3 CAMBIX HE-
IIPABUJIBHO IMOHHMMAEMBIX YaCTE€N KBAHTOBOU TEOPHUHU, TPOIMHKA,
10 KOTOPOU BCAKUE MIAPJIATAHBI U HOCTABIIUKU B310Pa IIPOTAJIKH-
BAIOT CBOIO (pUI0COPCKYIO epyHAY. [ern3eHbepr npeacTaBuil 3Ty KOH-
nenmuio B 1927 roay B pa6oTre nojHazganuem Uber den anschaulichen
Inhalt der quantentheoretischen Kinematik und Mechanik*, koTopoe
C TPYZOM IOJAaeTCs nepeBoay. Camoe TpyaHoe ci10BO — anschaulich,
KOTOPOE 3HAYUT TO JIU «(DPUBNUYECKUI», TO JIN <MHTYUTUBHBII>,

IeiizeH6EepPIroM, BOZMOXKHO, JBUI'AJIO BHYTPEHHEE PA3/JAPAXKCHUE
10 TTOBOJY TOT'O, YTO UHTYUTUBHO O0O/EE TTIOHATHASA BEPCUA KBAHTO-
BOI1 TeOpuH, NpeiokeHHasa Ipéauurepom, Obl1a NPUHATA IIHPE,
4eM €T0 COOCTBEHHAA, HECMOTPA HA TO UTO 064 METO/A BENU K O/IH-
HAKOBBIM pe3yibraram. BecHort 1926 roga UIpénunrep ObLT yBEPEH,
4TO €r0 YPABHEHHUE /JI BOJTHOBOM (DYHKIIUU JAeT (PUBUUECKYIO KaAP-
TUHY IIPOUCXOMAIIEIO BHYTPU aTOMOB. OH CUUTAJI, YTO BOJHOBYIO
(PYHKIIUIO MOXXHO BU3YAJIU3UPOBATE U UTO OHA CBA3aHA C PACIIPO-
CTPAHEHUEM IJIEKTPUUECKOIO 3apsa1d BHYTPHU ATOMA. DTO BCE OKA34-
JIOCh HEBEPHBIM, HO, IO KpAaHEN MEPE, MO3BOJINIIO (PU3UKAM YBEPEH-
HO Y4yYBCTBOBATH CEOS BCIO TIEPBYIO MOJOBUHY 1926 rosa, moka bopH
HE IIPEAJIOKUIL BEPOATHOCTHYIO UHTEPIIPETALUIO.

I'etizeH6€EPT, C JPYTroit CTOPOHBL, IOCTPOUT CBOIO TEOPHUIO HA 46-
CTPAKTHOM MATEMATHKE, KOTOPAA YPE3BBIYANHO YCIICIIHO IIPEACKA-
3bIBAJIA PE3YJIBTATBL AKCIIEPUMEHTOB, HO HE IIOJJIEXKA/IA YETKON (Pu-
3UYECKOI MHTEpHpeTanuy. OH U3JI0KUI CBOE pasjpakeHue ITaynn
B IMCbMeE OT 8 M1oHs 1926 rojja — 32 HECKOIBKO HEAE/Ib JJO TOT'O, KaK
BopH METHYJI CBON META(POPUUIECKUI I'A€UHBIN KJIIOY B CTOPOHY HH-
TYUTUBHOTO nojaxojaa HIpénunrepa: «dem 6obiie g [yMaio o (PpU3u-
4EeCKOM cToOpoHe Teopuu HIpénuHrepa, TeM 60j1ee OTBPATUTEIBHOM
OHa MHE Kaxercs. Tam, rae Hlpénunrep numet o6 Anschaulichkeit
(HaIAAHOCTH) CBOEU TEOPUMU... 1 UM TaI0 Mist>. HeMernkoe c10BO mist

TIEPEBOUTCS KAK «B3/IOP», <TIEPHMO»... UJIU «CPYH/IA».

*

/130aHa Ha pycckom g3bike. O HarnaLHOM COAEPXKAHNM KBAHTOBO-TEOPETUYECKON KMHEMA-
TNKW 1 Mexarnkm. M. YOH, 1977. T.122. Bein. 4. C. 651-671
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lerizeHOEPr PEMINIT BBIACHUTD, YTO K€ JOJIKHO NOHUMATBHCS MOZ,
«<AHTYUTUBHOM KapTHUHOM», uianu Anschaulichkeit, ¢pusnyeckoi Teo-
pun. YTO, ClIpOCHJI OH C€6s, KBAHTOBAS TEOPUSA JIOJKHA 'OBOPUTH
O TAKUX YK€ H3BECTHBIX CBOMCTBAX YACTHL, KAK UX IIOJIOXCHUE?
B nyxe cBO€r OpUIrnHaJIbHONU I'UIIOTES3BI OH ITPEAIION0XKMIL, YTO UMECT
CMBICJI BECTH PEYb O IIOJIOKEHUH YACTHULIBI, TOJIbKO €CJIM YKA3aTh IIPU
3TOM, KAK €I'0 U3MEPATD. [I03TOMY HEJIb3s 34/1aBATh BOIIPOC, JCHUCTBU-
TEJIBHO JIX 3JIEKTPOH HAXOAUTCA BHYTPH ATOMA BOAOPO/A, HE OIMCAB,
KaKHM, COOCTBEHHO, O6PA30M Bbl COOUPAETECH NOMYIYUTh HH(POPMA-
U0 00 9TOM. KaxkeTcs, 9TO IOXOXKE HA CEMAHTHKY, HO HeT. I'efi3eH-
O€epr 3aMETUJI, YTO CAM MPOLECC UBMEPEHUS NOPOH BHOCUT BO3MY-
LHICHUE, PE3YIABTATOM KOTOPOI'O CTAHOBSATCS OI'DAHUYCHUS HA IIYTU
TOI'O, YTO MBI MOXKEM «3HATBH>» 00 JIIEKTPOHE. B CBOEI OPUTMHAJIBHOM
pabore TeitzeH6epr CyMesn OIEHUTh OTHOIIEHHUS MEX/Iy TOYHOCTBIO
U3MEPEHUSA MOJOKEHNA U UMITYJIbCA YACTHUIIBL. B 3HAMEHUTOM IIPUH-
LUIIE HEOIPEACJIEHHOCTU OH YTBEPXKIAET, YTO €C/IU AX — 3TO HE-
OIIPEJICICHHOCTDb HAIUX 3HAHUM O IIOJIOKCHUH YaCTHUIIBI (TpedeCcKas
OYKBa A IPOU3HOCHUTCA «IENBTA», TAK UTO AX IPOU3HOCHUTCH <«IEBTA

HKC»), A AD — COOTBETCTBYIOIAS HCOIIPECACICHHOCTDb UMITYJIbCA, TO
K )
AxAp~ b,

rje h — nocrosinHas [UIaHKa, 4 CUMBOJL ~ 3HAYUT <IIPUMEPHO PABEH».
HMHBIMH CJIOBAMH, IPOU3BEJECHUE HEOIIPE/CICHHOCTU IIOJIOKEHUS Ya-
CTHUIIBI HA HEONIPEAECTIEHHOCTD €€ UMITY/IbCA OyJEeT NPUOIHU3UTEIBHO
PaBHO NOCTOSAHHOM ITMaHKa. DTO 3HAYUT, YTO YEM OOJIEE TOYHO MBI
OIPEICIISIEM TTOJIOKEHUE YACTHUITBL, TEM MEHBIIIEC MOKEM 3HATH O €€ M-
IY/IbCE, U HA060POT. [er3eH6ePr IPHUIIE]I K 3TOMY BBIBOAY, PACCMATPU-
Bas OTPBIB (POTOHOB OT NEKTPOHOB. POTOHBI — 3TO CPEJCTBO, OIArO-
J1apst KOTOPOMY MBI «BUJIUM» JIEKTPOH, KAK 1 BCE OCTAJIbHBIE OOBEKTHIL:
(POTOHBI OTPBHIBAIOTCS OT HUX U COOUPAIOTCS NEPE]] HAMTUMU IVIA3AMHU.
OG6BIYHO CBET, UCITYCKAEMBII OOBEKTOM, BBI3BIBAET B CAMOM OOBEK-
TE JIUIIb HE3HAYUTE/IbHBIE BO3MYIIECHH S, HO 3TO HE OTMEHSET HAIIECH
(PYyHIAMEHTAJIBHON HECIIOCOOHOCTH HOJHOCTBIO OTJEIUTH IIPOIECC
U3MEPEHUA OT H3MEPSAEMOrO IpeaMeTa. JIOTMYHO HNPEIONIOXKUTD,
4TO MOKHO MUHOBATh OIPDAHUYCHUS IIPUHIINIIA HEOIPE/ICICHHOCTH,

€CIU IPUAYMATb JOCTATOYHO XMTPOYMHBIN 3KCIIepUMeHT. Cervac
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MBI ITOKAKCM, YTO 9TO HEC TAK, U IPUHITHUIT HCOITPCACTICHHOCTHU HOCUT
CI)YHILH_MCHTQUII)HI)II;I XdPaAKTEP: Mbl BBIBCJICM €CI'O HCK/IIOYUTCIBHO

U3 Haulen Teoprun nudepo1aTos.

BrIBOZ MpuMHLIMIIA HEOIPEeZEeJIeHHOCTY
T'erizeH6epra u3 Teopuu nuudepbIaTOB

BMecTO TOTO YTOOBI HAYATH C YACTULIBI B ONIPE/ICIEHHOM TOYKE, TIOZY-
MAaEeM JIYYIIE O CUTYAIIUH, KOIJId MBI JIUIIb IIPUMEPHO 3HAEM, T7€ Ha-
XOJIUTCS YaCTHUI[A, HO TOYHOE €€ MECTOIIOJIOKEHUE HEU3BECTHO. Ecin
OHA4 TIJIC-TO B HEOOJIBIION OOJIACTU HPOCTPAHCTBA, HYKHO IIPE/ICTA-
BUTB €€ B BUJi€ psajia NHU(PEpOHIATOB, 3aHUMAIONIUX BCIO 3Ty OOJIACTb.
B kaxxJ01 €ro Touke OyJeT HAXOAUThCS 110 1udepoaary, U 3TU 1-
(depbaTh OTPABAT BEPOATHOCTD, C KOTOPOH YaACTUILLY MOXKHO HAUTHU
B 9TOM TOYKE. EC/IM MBI BO3BE/IEM B KBA/IPAT JJIMHDI BCEX CTPEIOK ITUX
HUMEPOIATOB B KAXKION TOUKE U CJIOKUM, TO MOJIYUYHUM 1, TO €CTDb BE-
POSITHOCTDb HANTU YACTHUILY 20e-110 B 3TOM 06s1acTU pasHA 100%.

Yepe3 HEKOTOPOE BPEMA MBI BOCHOJIb3YEMCA COOCTBEHHBIMHU
KBAHTOBBIMU IIPABUJIAMHU JIJIs1 CEPbE3HBIX BBIYUCIEHUM, HO CHA4YasI4d
BBIHYK/ICHBI IPU3HATHCS, YTO 320bIN YIOMSAHYTD BAKHOE JOMIOITHE-
HUE K IPABUJY TIOBOPOTA CTPEJIOK. MBI HE XOTEIU BBOAUTD €O PAHb-
I1I€, IOTOMY YTO 3TO YUCTO TEXHUYECKAS JIeTaJb, HO, €CJIU UTHOPU-
POBATh €€ IIPU BBIYHUCIEHUH PEAIBHBIX BEPOATHOCTEN, MIPABUIBHBIX
OTBETOB HE NOAYYUM. OTHOCUTCS 3TA JJETAJIb K TOMY, YTO HAMTHCAHO
B KOHIIE IIPEABIAYIIEIO 4034114,

Ecnu Hayarh C OJMHOYHOrO nudepbiara, CTPEiKa JIOKHA
UMETD JJIUHY 1, IOTOMY YTO YaCTHUIIA JOKHA HAXOUTHCSI B MECTE
pacnionoxkeHust nugepobiara co 100%-HOU BEpOATHOCTHIO. Hare
KBAHTOBOE MPABUJIO IVIACUT: YTOOBI ONMMUCATH MOJOKECHUE YACTUILBI
B K4KOM-TO MOMEHT OYJYIIEIO, MbI JOJIKHBI IIEPEMECTUTD IIHU(pED-
OJ1aT BO BCE TOYKM BCEIEHHON, COOTBETCTBEHHO TOMY, KAK YaCTHUILA
MOKET IPBITHYTD U3 CBOETO TEKYIIETrO MECTONONOKEHM . EcTeCTBEH-
HO, MBI HE B CHUJIAX CJICIATh TAK, YTOOBI BCE CTPEIKU UPEPOIATOB
UMEIU JAUHY 1, HOTOMY 4TO TOIJ]A BCS MHTEPIPETAINSA BEPOSITHO-

CTH PYHOINTCA. HpeﬂCTaBbTC, HAIIPpUMEP, 9TO 9ACTHUIIA OIIHNCBHIBACTCA



BCE, UTO MOXET CNYUYUTbCH, OENCTBUTENBHO CNYUAETCSH

4ETBIPbMA HUAPEPOIATAMHU, TAK KAK HAXOAUTCS B YETBIPEX PA3HBIX
MecTax. Ecam cTpenka Kax/oro nudepbiara UMeeT JJIMHY 1, TO Be-
POATHOCTD TOTO, YTO Y4ACTHUIId HAXOJUTCA B JIIOOOM U3 YETBIPEX I10-
3ULIUH, 6yaeT paBHATbHCA 400% — OYEBHUAHO, YTO 3TO HOHCEHC. YTO-
Obl pEHIUTDH 3TY NPOOIEMY, MBIl JOJIKHBL YMEHBIIATh UQEPOIATHI,
4 HE TOJBKO JBUT'ATh UX INPOTHUB YACOBOI CTPEJIKH. DTO «IIPABHUIIO
YMEHBIICHUSI» TJIACUT, YTO MOCJIE TOT'O, KAK BCE HOBBIE ITU(PEPOIATHI
OyyT NOPOXKJIEHBI, KAXK/IbIH U3 HUX JOJKEH ObITh PA3JEJIEH HA KBa-
JIPATHBIN KOPEHD U3 OOIIETO KOJIUYECTBA YACOB*, [IJI1 YeThIPEX YACOB
3TO 3HAYUT, YTO KAXK/IYIO CTPEJIKY HYXKHO pa3/ieIuTh Ha V4, TO €CTh
CTpEJIKA KaXJoro nudepodnara 6y1eT UMETh AIUHY %. OTCIo[a Clie-
JIyeT: BEPOSITHOCTD TOI'O, YTO YACTUIIA Oy/IeT HAM/IeHA Ha MECTE JIIO-
©60T0 U3 J4eThIpex nUdepOaaToB, pasHa (2)? = 25%. TakuM OPOCTHIM
CIIOCOOOM MBI MOXKEM YOEIUTHCS, YTO BEPOATHOCTD HAXOXK/ICHUS Ya-
CTHILBI I71€-1U00 BCerga oyaeTr 100%-Hom.

KOHEYHO, KOJHYECTBO BO3MOKHBIX IIOJIOKEHUM MOMKET OBITh
OECKOHEYHBIM, TAK 4TO LIUMEPOIATHI MOI'YT OKA34ThCSI U HYJIEBOI'O
pasMepa. DTO BBI3BIBAET TPEBOIY, HO MATEMATHKA CIIPAaBUTCA. [l
HAIIMX I1eJIEH MBI BCEr/1a Oy/IEM CUYUTATh, YTO YUCJIO 1TU(PepOaaTOB
KOHEYHO M HAM HHKOIZA HE OYAET HYKHO 3HATH, HACKOJIBKO YMEHb-
MIAETC KAXKAbIN 1TUepOIaT.

BepHeMcs K IPEAIIONIOKEHNIO, YTO BcCeneHHas CONEPKUT €UH-
CTBEHHYIO YACTHUILY, MOJIOKEHUE KOTOPOH TOYHO HE HU3BECTHO. Clle-
JIVIOIINH PA3/iesl MOXETE BOCIIPUHUMATD KAK HEOOJIBIIYIO MATEMATH-
YECKYIO 33/1a9y — CJIEJUTD 34 XOJJOM MBICJIU CHAYAJId OKAXKETCA CIIOKHO
(Torga monpoo6yHTe NEPEUUTATD), HO €CJIU BBl CMOXKETE MOHSTD, YTO
MIPOUCXOAUT, TO MOMMETE M TO, KAK BO3HHUKAET IIPHUHIIUAII HEOIIPETE-
JIEHHOCTH. [IJ11 IPOCTOTHI IOITYCTUM, YTO YAaCTULIA JIBHXKETCA B OJJHO-
MEPHOM IIPOCTPAHCTBE, TO €CTh HAXOAUTCA IJIE-TO HA IIPAMOU JIMHUU.
bosnee peamnCTUYHbBIA IIPUMED I TPEX U3MEPEHHH HE OTINYAET-
¢s1 PYHAAMEHTAIBHO, 3aTO €rO CJIOXKHEE N306pas3nuThb. Ha puc. 4.3 Mbl

CAETAJIN 3APHUCOBKY CHUTYAITUH OJHOMEPHOI'O JIBIDKEHHS, N300DA31B

* [lenexve scex UMMepONaToB Ha OAHO U TO e UMCNO BEPHO TONbKO B TOM C/y4ae, ecv
Mbl MTHODVIDYeM SMMEKTI CMIELMANBHOV TEOPUM OTHOCUTENLHOCTH DHLLTENHE. VHaue
HekoTopble Undepbnatsl OyayT ymeHbLIaTCS DoMbLIE OCTanbHbIX. HO Ham HET Hyx bl bec-
MOKOWTHCA Ha 3TOT CHET
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YACTULY JTUHUEN 13 TPeX Upep61aTOB. OJHAKO HYKHO IPEJICTABUTD,
YTO UX HAMHOT'O G6OJIBIIE — 10 OAHOMY B KaXKJJOM TOUKE, I7I€ MOXKET Ha-
XOAUTDBCA 9aCTULLA. [TPOCTO HAPHUCOBATD TAKOE KOJIUYECTBO OBLIO ObI
OYEHb TPYAHO. B aT0M rpynne nugep61aToB, COOTBETCTBYIOMIECH HUC-
XOJIHOMY ITOJIOKCHHIO YACTULBL, THU(PEPOIAT 3 HAXOAUTCA CIEBA, A [JU-
depbnar 1 — crpasa. UTaxk, B 3TOM CUTYALIUH MBI 3HAEM, UTO YACTHUIA
B HAYAJIBHBIH MOMEHT HAXO/IUTCS I7Ie-TO MEX/y tudepobaaramu 1 u 3.
HBIOTOH CKa3aJ1 6bl, UTO OHA OCTAHETCA MEXAy Lndeponaramu 1 u 3,
€CJIM C HEHM HUYEI'O HE JIe/IATh, HO KAK HACYET KBAHTOBOI'O I1PABUJIA?
31€Ch-TO U HAYMHAETCS CAMOE UHTEPECHOE: MBI [IOUT'PAEM C TIPABUIIA-

MU HU(EPOIATOB, YTOOBI OTBETUTH HA 3TOT BOIPOC.

MpeHebpexnmo
L 01 1 01 Manbin yndepbnar
! 123
OO ?
X
3 2

1
| 10

Puc. 4.3. Tpu umdepbnara, nokasbiBatoLLe OAMHAKOBOE BPEMS 1 pacno-
JIOXEHHbBIE HA OLHOM IMHWUW, ONUCBIBAIOT YACTULLY, B HAUANbHbI MOMEHT
HaxXoAFLLYHOCS re-TO 8 06/1acTy 3TVx LhepbnaTos. Hac nHTepecyeT, KakoBbl
LLGHCbI Ha TO, UTOOBI HANTW YaCTULY B TOUKe X B HEKOTOPbIM NMOCAEAYOLLNI

MOMEHT BPEMEH N

ITo3BOIMM BPEMEHU H/ITU BIEPE/ U BBIACHHUM, YTO IIPOUBOHICT
C 3THUM psiIoM LU epOnaaToB. [IpeacTaBum cebe cHaYaIa OJIHY KOHKPET-
HYIO TOYKY Ha OOJIBIIIOM PACCTOSSHUM OT UCXO/IHOM I'PYIIIBI I epbiia-
TOB. Ha prcyHke oHa oT™MedeHa 6yKBOM X. O TOUHBIX HAPAMETPAX «OOJIb-
IIIOT'O PACCTOSHUS» ITIOTOBOPHUM UYTh [O3XKE, 4 CEHYAC ITO IIPOCTO 3HAUUT,
YTO CTPEJIKU JJOJKHBI CYIIECTBEHHO NU3MEHUTD CBOE TOJIOKEHUE.

[IpUMEHUB NPABUIA HIPBL, MBI JOJIKHBI MEPEHECTU KaAXKIbIA
upepOaaT U3 UCXOAHOM I'PYIIIIEI B TOUKY X, IIEPE/IBUTAs CTPEIKU
U YMEHBINIAA UX COOTBETCTBYIOIIUM O6pa3zoM. PUZUUYECKU ITO CO-
OTBETCTBYET TOMY, YTO YACTHI[A NIPBITAET U3 TOYKHU IOJISI B TOUKY X.
B Touky X npu0yieT HECKOABbKO HUEPEPOIATOB — IO OJJHOMY M3 KAXK-
JIOW UCXOAHOM TOYKHU, U CIAENYET CIOKUTh UX BCE. B ntTore Kkpajgpar
JUITHHBI PE3YIBTUPYIOMEN CTPEIKH TUdepOaaTa B TOUKE X 1ACT HAM
BEPOATHOCTb HAXOXKJAEHHUS YACTULLLI B X.
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Tenepp NOHAGIIONAEM 34 IPOLIECCOM B PA3BUTUU U JOOABUM D]
nudp. JonycTuM, 4TO TOUKA X HAXOUTCS HA pacCTOSIHUHN 10 eIuHHUIL
oT nudepobaara 1, a mUpUHA 0O0IACTH, 3AaHUMAEMON UCXOJHOM I'PYII-
ot nudepobaaros, — 0,2 eAUHUILBL [IpyU OTBETE HA OYEBU/IHBIN BO-
pOC «4YTO 3TO 34 paccTossHUE — 10 €JUHUIL?> B HAIIIE IIOBECTBOBAHUE
BXOJIUT MOCTOSIHHASA [T/1aHKA, HO CEMYAC MBI JIOBKO OTIIMXUBAEM €€
B CTOPOHY U IIPOCTO OTMEYAEM, YTO 1 €JTUHUIIA PACCTOSHUS COOTBET-
cTByeT 1 monmuomy (12-4acoBoMy) OOOPOTY CTPENKHU Ha ITudeporare.
DTO 3HAYUT, 4TO TOUKA X NpUMepHO B 10% = 100 NOJHBIX 060POTAX
OT M3HAYAJIbHOI'O 11014 (TIOMHUTE O MPABUJIE XO/1A 9aCOB). [TonoXum
TAKXKE, YTO HUMPEPOIATEI B UCXOJHOM I'PYIIIE ObIIN OJHOTO pa3Mepa
U BCE yKa3bIBaau Ha 12 gacos. ITpeanonoxkeHue 06 UX OJ[HHAKOBOM
pasMepe — 3TO NPEATIONOKEHNUE O TOM, YTO YACTULLY MOKHO C OJJUHA-
KOBBIMH IIAHCAMHU HAUTU B TOYKAX, COOTBETCTBYIOMUX ITUMepOIa-
TaM 1, 2 ¥ 3 Ha HAIIIEM PUCYHKE, 4 3HAYEHUE TOT'O, YTO BCE nudepoiia-
TBI IOKA3BIBAIOT OJWMHAKOBOE BPEMS, BBISIBUTCS TTO3/JHEE.

YTO6bI IIEpeMeCcTUuTb HUdep6IaT U3 TOYKU 1 B TOUKY X, HY’KHO
B COOTBETCTBHUH C IIPABUJIOM CEJIATD IIOJHBII OOOPOT CTPEJIKU IPO-
TUB X024 4acoB 100 pas. Ceryac EepeHECEMCs B TOUKY 3, KOTOPas
HaxoanTCA B 0,2 EIUHUIIBI OT TOYKH 1, M IepeMECTUM B X U 9TOT IU-
depbaar. Tak Kak 3TOT nudepobaaT JOKEH nporTu 10,2 €AUHULTHI,
OTKPYTHUTD €r0 CTPEJIKY HA34/] HYKHO 9y Th Aasnbiie — 10,22 paza, uTo
OYEHbD OJIM3KO K 104.

Tenepb y Hac /ABa nu@epbdaaTa B TOYKE X, COOTBETCTBYIOIINE
4aCTUIIE, TIPUOBIBIICH TyAd U3 TOYKH 1, U 4aCcTUIlE, TPUOBIBIICH
U3 TOYKU 3. IX HYKHO CJIOKUTb, YTOOBI HAYATh BBIUYHC/IATH UTOTO-
BBl u@epoO1aT. [TOCKONbKY 06€ CTPENKN ObLIN OTKPYYEHBI HA34/]
IIPUMEPHO OJUHAKOBOE KOJMUUYECTBO Pa3, TO OHU 004 MOKA3bIBAIOT
HIpubIN3UTENBHO 12 yacos. [Ipy CJIOKEHUU OHU JIAI0T YaChl C Oosee
JUIMHHOU CTPEJIKOM, TOXKE YKA3bIBAIOWIEH HA 12. 3ameTpre, pOJIb UI-
PaeT TOMBKO KOHEYHOE IMOJIOKEHHE YaCOBOM cTpenKu. Het cMmbIca
(PUKCHUPOBATH YUCJIO €€ 0OOPOTOB. ITOKa BCE XOPOIIO, HO MBI €IIe
HE 3aKOHYMJIM, IOTOMY UYTO MEX/y IIPABbIM U JIEBBIM KPASIMHU UCXO/-
HOW I'PYIIIBI €III€ €CTh MHOXXECTBO MaJIEHbKUX LIU(PEPOIATOB.

W MBI IEPEBOJUM BHUMAHHE HA ITU(PEPOIAT, JIEKAMUNA TTOCPEU-
HE UCXOHOM I'PYMHIIBL, TO €CTh B TOUKE 2. DTOT HUdepo1aT HAXOAUT-

cs B 10,1 eqHULIBL OT X, TO €CTh HY>KHO coBepmnTh 10,12 o6opoTa
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CTPEJIKU. DTO OYEHD OJIM3KO K 102 MOJIHBIM O60POTAM, TO €ECTb CHO-
Ba MOJIYYAETCA 11eJI0€ YUCa0. Hy:)KHO IpUOaBUThL 3TOT IUdepOaaT
K OCTAJbHBIM M3 TOYKU X, U, KAK U B MNPEABIAYIINN Pa3, CTPEIKA
craner JuHHee. [Ipogo/KUM: €CTh TOUKA MEXAY TOYKaMu 1 u 2,
U IIpU nepeMenieHuu nugepoaara B TOUKy X HyKHO OYJET CAEIaTh
101 nosHBIA O60POT, YTO CHOBA YAJUHUT CTPEJIKY HOJIYYAIOMIEIOCI
nugepodbaara. M TyT HACTYHAET BAKHBIM MOMEHT. EC/I 06paTHUThCA
K 1H@peEPOAATY MEXKAY ITUMHU JBYMS, TO €TO HYKHO OYJET MOJKPY-
TUTb 100,5 pa3a A0 JOCTHAKEHUS TOYKU X. TAKUM 06pa30M IOJIyUHT-
cst nudeponat, CTPENKa KOTOPOro YKAKET Ha G YaCOB, U MPH CJIO-
JKEHUM MBI YMeHbWUM JIIUHY CTPEIKH B X. HEMHOrO IOAyMaB, BbI
yOEeINUTECH, YTO, XOTS TOYKH, OTMEUYEHHBIE KaK 1, 2 1 3, gaioT B X 11U-
(epbiaTel, YKa3blBAOMKUE HA 12, KAK U TOYKH, JICKAIHUE MEXKTY 1-2
U 2—3, HO TOYKHY, JICKAIINE HA % U % IIyTU MEXAy 1-3 u 2-3, naor
g ep6aaTh, yKaseiBaonpe Ha 6. Bcero monyuaercs 5 mudepoiia-
TOB CO CTPENKON BBEpPX U 4 nudepbdiara co CTpeakon BHU3. Ipu
CJIOKEHHUH BCEX 3TUX NUPEPOIATOB MBI IIOJYUYHUM B TOUKE X TAKOU
nupepoIaT, CTPENIKA KOTOPOTO OYAET MUKPOCKOITUYECKON, TIOTOMY
4TO MOYTHU BCE UPEPOIATHI OyIYyT OTMEHATD IPYT JPyra.

Taxkoe «aHHYJIUPOBAHHUE LTU(PEPOIATOB», PA3YMEECTCS, OTHOCHUTCS
U K O0JIEE PEATHNCTUYECKOMY CIIYUAIO, KOTI/JA Mbl IPUHHMAEM BO BHUMA-
HuUe a6COJIIOTHO BCE TOYKY, JICKAIUE B OOJIACTH MEKAY TOUKAMU 1 U 3.
K mpumepy, TOUKa, 1examas Ha % IIyTH OT TOYKU 1, 1aeT nudeponar
CO CTPEJIKOM Ha 9 4aCoB, B TO BpEMs KaK TOYKA, JIe)KAIasd HA % IYTH,
YKa3blBA€T HA 3 4aca — U CHOBA OHU OTMEHAIOT APy Apyra. B cym-
MapHOM MTOI€ OKa3bIBACTCS, YTO IIU(PEPOHIATH, COOTBETCTBYIONINE
BCEM BO3MOKHBIM JIJI YACTHIIBI MAPIIPYTAM U3 JIIOOOM TOYKH ITOJIA
B TOYKY X, OTMEHAIOT APYT APYrd. AHHYJIMPOBAHHE TTOKA3aHO B IIPa-
BOM yITIy PUCYHKA. CTPEJIKH COOTBETCTBYIOT YACOBBIM CTPEJIKAM,
IIPUOBIBAIOIIUM B X U3 PA3IMYHBIX TOYEK UCXOJHOU OOIACTH.

B pesynbraTe CI0KEHHUS BCEX ATUX CTPEIOK OHU OTMEHSIOT APYT
APyra. TO OCHOBHON MOMEHT, KOTOPBIN HYKHO YCBOUTD.

HTak, HOBTOPUM: MBI CEMYAC MOKA3aJIU, YTO, €CJIU HUCXOAHAA
rpynna nudepo6aaTos JOCTATOYHO BEIUKA U TOYKA X JJOCTATOYHO
JIAJIEKA, TO AJIS1 KAXKA0TO I epOiaTa, IPUOBIBAIONIETO B X CO CTPEII-
KoM Ha 12 yacos, HaljeTcs APYyroil nudeporaaTr co CTPEIKOH
Ha 6 9aCOB, OTMEHSIIONUI TPEbIAYIHEL. [IJ1s1 KaxKJ0T0 1rd epbaaTa
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CO CTPENKOM HA 3 4aca HAUJETCA APYIOH CO CTPEIKON HA 9 4aCoB,
OTMEHAIOIIWI IIEPBBIH, U T.[|. DTd MACCOBASA OTMEHA IIOAPA3yMEBA-
€T, 4YTO HA CAMOM JI€JI€ HET NPAKTUYECKH HUKAKUX IMAHCOB HANUTH
YACTHUILY B TOYKE X. 3BYUHUT 3TO OYEHb UHTEPECHO U BJIOXHOBIIAIO-
1€, TAK KAK KAXXETCHA, YTO OIIUCAHHUE COOTBETCTBYET HETIOBHUKHOI
vacrule. HagaB coO CMEXOTBOPHOTO HA BUJ, HPEATIONOKEHUSI O TOM,
YTO YACTUIA MOXKET NIEPEMEIATHCS U3 JII0O0I TOYKHU TPOCTPAHCTBA
B JIIO60€ IPyroe MeCTO BeeeHHOoI 32 O4EHb KOPOTKUHA CPOK, MBI 06-
HAPYKUBAEM, O/IHAKO, YTO ITO HE TAK, €CJIM HAYATh C IPYIIIBEI HHU(pEP-
6s1aTOoB. B cuTyanuu, Korjga sce nudepo6aaTsel UHTEPPEPUPYIOT JPYT
C IPYTOM, Y4aCTHUI[A IPAKTUYECKHU HE UMEET BO3MOKHOCTU CABUHYTh-
Cs1 TAJIEKO OT UCXO/THOTO TTOJIOKEHU .

DTOT BBIBOZ, NO CaoBaM Ipodeccopa OKCPOpACKOro yHUBEP-
curera JxkernMca brariHu, CcTajl pe3yslibraTOM <«HEKOHTPOJIHPYEMON
KBAHTOBOM MHTEP(MEPECHIINM». [IJ11 9TOTO SIBJIEHUS U COOTBETCTBYIO-
€N €My B3aUMHOM OTMEHBI INU(EPOIATOB TOUKA X JIO/IKHA OBbITh
JIOCTATOYHO JIaJIeKa OT UCXOHOU 0061ACTU, — HACTOJIBKO, YTOOBI ITH-
¢depbaaTBl MOIVIM COBEPUIUTD JIOCTATOYHOE KOJIHMYECTBO OOOPOTOB.
ITouemy? ITOTOMY 4TO €CIU TOYKA X PACIIOJIOKEHA CIIUIITKOM OJIH3KO,
TO CTPEJIKU YACOB, BO3MOKHO, HE YCIEIOT CENATD JAXKE OJUH OO0POT,
4 CJIEJIOBATEJILHO, He 6)0)Ym OTMEHSATD JIPYT Jpyra CTOIb 3(PHEKTUB-
Ho. ITpeacTaBuM, HAIPUMED, YTO PACCTOSTHUE MEXAY Ldepoiarom
B Touke 1 u Toukor X He 10 enunuil, a 0,3 equHUllbL Tenepb CcTpe-
Ka nudepbiara Ha NEPEAHEN CTOPOHE OOIACTU IIOBEPHETCS MEHb-
1€, 4YEM B IPEJBIIYIEM Ciaydae, copepiias scero 0,3* = 0,09 o6opo-
T4, U YKAJKET HA HAYAJIO BTOPOT'O. AHAJIOTHUYHO CTPEJIKA IudepoaaTa
U3 TOYKU 3 HA 33/THEH CTOPOHE 061acTu coBeprnuT 0,5*= 0,25 o60poTa
U YKaKET Ha 3 9aca. COOTBETCTBEHHO, BCE HUMEPOIATHI B X YKAKYT
Ha YTO-TO MEXK/Y 94COM M TPEMS, TO €CTb OOBIIE HE OTMEHAIOT JJPYT
JIPYyTa, 4 CKIA/IBIBAIOTCS B OAUH OOIBIION 1TU(EpOIAT, YKA3BIBAIOI U
IIPUOINU3UTEIBHO Ha 2 9aca. Bce 3ToO roBOPUT O TOM, YTO CYLIECTBYET
JIOBOJIBHO BECOMBIX MIAHC HAXOXKJAEHUA YACTULIBI B MECTAX, PACIIONO-
JKEHHBIX BOJIM3U OT UCXOMTHOIM 006/1aCTH, HO BCE XK€ BHE ee. ITox «BOJIM-
31> MBI IOHUMAEM PACCTOSTHUE, HEJOCTATOYHOE A1 TOI'O, YTOOBI I10-
JIYYUTB IO MEHBIIEH MEPE OJIUH OOOPOT CTPEJIKHM YaACOB. Bce 3TO yke
HaMCKaeT Ha HpI/IHL[I/IH HCOHpC,E[CIICHHOCTI/I, HO HO-HpC)KHCMy BBITJIA-

JIAT IOBOJIBHO TYMAHHO, TIO3TOMY JIABANTE PA3GEPEMCSI, UTO UMEHHO
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MBI TIOHHMA4EM IIOJ «IOCTATOYHO OOJBIIOH» HCXOTHOM OO6JACTBIO
U IOCTATOYHO YAAJIEHHON» OT HEI'O TOYKOI.

Benepn 3a Inpakom n PENHMAHOM MBI CAENAIN IIPEJIIOIOXKEHUE,
4TO, €CJIM YACTUIA MACCOU 72 IPOXOJUT PACCTOAHUE X 34 BpEMH [,
BEJIMYMHA [IOBOPOTA CTPEJIOK OyJI€T IPOHOPIIMOHAIBHA JECHCTBUIO,
TO €CThb mx? /. OJJTHAKO CJIOBA «IIPOIOPIUOHATIBHA» HEJOCTATOUYHO,
€CJIM HY>KHO PACCYUTATD PEAJIBHBIC BEJIMYUHBL HyXKHO TOUHO 3HATb,
YEMY PABEH NOBOPOT CTPEOK. B rymase 2 MbI TOBOPUJIN O 3aKOHE
BCEMHPHOI'O TArOTeHUsA HpIOTOHA U 1/1 TOYHBIX KOJIUYECTBEHHBIX
IIPOTHO30B BBEJIU ITIOHATUE I'PABUTAIIMOHHON IMOCTOAHHON HBIOTO-
Ha, KOTOPAas ONIPEAE/ACT BEJUYNHY CUJIBL I'PABUTALINH.

C noMoIbpo JOOABICHUS B YPABHEHUE IIOCTOAHHON HpIOTOHA
MOJKHO TIO/ICTABIATD YUCAA B YPABHEHUE W BBIYUCIATD XAPAKTEPH-
CTUKU PEANBHBIX (PU3NYECKUX ABJICHUN, HAIPUMEP MEPUO]] 06pa-
meHus1 JIyHbI 110 OpOUTE WU MAPUIPYT ABUKEHU ST KOCMHUYECKOT'O KO-
pabna «Bospxep-2» no ConmHevyHoU cucreMe. Ho HaM HY>KHO 4TO-TO
OAOOGHOE U JUISL KBAHTOBOM MEXAHUKH — TAKasl IIPUPOJHAS KOH-
CTAHTA, KOTOPAS «33/JA€T MACHITA0» 1 TO3BOJISIET HAM B3Th BEJIMYU-
HY JEHUCTBUA U BbIIATh TOYHOE IIPEACKA3aHUE TOI'O, CKOJIBKO O00PO-
TOB JJOJIZKHBI CJIEJIATh YACOBBIE CTPEJIKU IIPU NEPEMENCHUHN YACTUIbI
H4 KOHKPETHOE PACCTOAHHNE U3 UCXOTHOT'O MOJOKEHU A 34 33[JAHHOE

BpEMSL. DTa KOHCTAHTA HA3BIBAETCS IOCTOSAHHOM [TnaHkKa.

KpaTkas ucrtopus nocrossHHo [InaHka

BeuepoM 7 okTs16ps 1900 roga B osieTe BIOXHOBEHUA Makcy ILmaHKy
YAAJIOCH IIOHATD, KAKMUM OOPA30M HATPETBIE TEJIA U3JTy4aIOT SHEPTUIO.
Bcro Bropyro nonosuny XIX BEKa TOYHBIE OTHOLIEHUSA MEXIY pac-
IIPOCTPAHEHHUEM CBETOBBIX BOJIH, UCITYCKAEMBIX HATPETBIMU TEJIAMHU,
U UX TEMIIEPATYPOI OBLIN OJJHON U3 ITIABHBIX 3aT'aJJOK (PU3UKU. Kaxk-
JIO€ HAIPETOE TEJIO UCITYCKACT CBET, IPUYEM C YBEJIMYEHUEM TEMIIC-
PaTyphI IPHUPO/IA ITOI'O CBETA U3MEHAETCA. MBI 3HAKOMBI C BUJIMUMBIM
JIMAIId30HOM CBET4, COOTBETCTBYIOIUM IBETAM PAJyrU, HO CBCT
MOXET UMETb M TAKYIO JUIMHY BOJIHBI, KOTOPAfA OKAXKETCSA CJIMII-

KOM KOpOTKOfI W CJAHIIKOM JIJIMHHOM 10 CPAaBHCHUIO C BUJVMBIM
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YEJIOBEYECKHM IVIA30M CHEKTPOM. CBET C OOJBIIEHN JUIMHOU BOJHBI
HA3bIBAETCA «MHPPAKPACHBIM», €I'0O MOXXHO HAOIIOAATH C IOMOIIBIO
IpUO6OPOB HOUYHOTI'O BUAEHUA. Eme 6osee JIMHHbIE — PAaJHOBOIHBL
Boisiee KOpOTKHE, 4EM BUIUMBIA CIIEKTD, CBETOBBIE BOJIHBI HA3bIBA-
IOTCS YABTPA(PUOJIETOBBIMHU, 4 BOJIHBI CAMON KOPOTKOM! JIJIMHBI OTHO-
CATCA K I'aMMa-U3J1y4eHUI0. HeOCBEmEHHbII KYCOK YIJISA IIPU KOMHAT-
HOM TeMIIEPATYPE MUCITYCKAeT MHPpPAKpacHoe usnydenue. Ho eciaun
OPOCHUTB €TO B KOCTEP, OH HAYHET CBETUTBHCA KPACHBIM IIBETOM. Jle10
B TOM, YTO IIPU HOBBIIIEHUU TEMIIEPATYPLL YIJIA CPEAHSAA JJIMHA BOJI-
HbI U3Ty4YEHUSA YMEHBIIAETCA, IOCTENEHHO JOXOAA 10 3HAYEH U, BOC-
IIPUHUMAEMOI'O YEJIOBEYECKUM IVIA30M. YEM CHUJIbHEE HAI'PETO TEJIO,
TEM KOPOYe€ JJIMHA BOJIHBL, KOTOPYIO OHO usiydaeT. B XIX Beke, Korjga
TOYHOCTDb IKCIIEPUMEHTAIbHBIX U3MEPEHUI CYyIIECTBEHHO BBIPOCJIA,
CTAJIO ICHO, YTO BEPHOM MATEMATUYECKOM (DOPMYJIBI JIJIA OTIUCAHUA
3TOrO HAOGIIOAEHHUA HE CYIIECTBYET. DTY CUTYALUIO YACTO HA3BIBAIOT
<[IPOONIEMON U3TydEHH A YEPHOT'O TENA», IOTOMY YTO (PU3UKH HA3bIBA-
10T UAEATTM3UPOBAHHBIE OO'BEKTHI, KOTOPBIE MTOJTHOCTDIO ITOITIOMIAIOT
M3JIYYEHUE U 3ATEM IIEPENUINYUAIOT €TI0 (OCYIIECTBIAIOT PEIMUCCHUIO),
«4EPHBIMU TEJIAMM>. DTA IIPOHGIEMA ObLIIA OUEHb CEPbE3HOMH, IOTOMY
4TO MOKA3bIBAJIA HECTIOCOOHOCTD (PU3UKOB IMMOHATH XAPAKTEDP CBETA,
HU3y4a€EMOTO BCEMHU HA CBETE OOBEKTAMHU.

ITnank 06 yMBIBAJI 3TOT U COINPEAENbHBIE BOIIPOCH! TEPMOJANHA-
MHUKH U 3JIEKTPOMATHETU3MA MHOT'O JIET, IIPEXKE YEM ObLII HA3HAYEH
po@deccopoM TeopeTnudeckorn (pusuku B bepinuue. M3HauanbHO
IOCT npearaacsa bonsnmany u I'epiyy, HO 0632 OTKJIOHHWJIN IIPEJIIO-
JKeHHE. DTO OKA3aJIOCh HEOKMJIAHHOM yAd4eH, ITIOTOMY 4TO Bepaun
OBLJI LIEHTPOM 3KCIIEPUMEHTAIBHBIX UCCJIEJOBAHNI U3JIYYEHUS YEP-
HOI'O TeJId, a orpyxenue [ranka B ceplie 9KCIEePUMEHTAIbHON pa-
©0TBI OKA34JI0Ch KJIIOYEBBIM JIJI €T'O ITOCIEAYIONUX TEOPETUYECKNUX
cBepmeHnit. PU3UKHU 9aCTO PAOOTAIOT JIYYIIE, KOTAAd UMEIOT BO3MOXK-
HOCTB BECTH HE3AIJIAHUPOBAHHBIE OECENBI C KOJJIETAMHU IO CAMOMY
HIMPOKOMY CIIEKTPY BOIIPOCOB.

MBI 3HaeM ATy U BpeMA OTKPOBEHUS, ABUBIIETOCH [IIaHKYy, 11O-
TOMY 4YTO OH C CEMbEH IIPOBOAUJI BOCKPECHBIN [JCHb 7 OKTAOPS
1900 roma BmecTe ¢ Kosierou I'enpuxom Pybencom. 3a obenom
OHHU OOCYXJAJIM HEIPUIOAHOCTb COBPEMEHHBIX MM TEOPETHUYEC-

CKUX MOJIEJIEH A7 IETATBHOTO OOBSICHEHHS H3IYYCHUS UEPHOT'O
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Tena. K Bedepy ITnank Hanapanaa (opMysny Ha HOYTOBOH OTKPBIT-
Ke 1 oTnpasui Pybency. @opmysa oKa3aaacb BEPHOI, HO BBIIVIA/IE/IA
U BIIPSIMb OYE€Hb CTPAHHO. [NIAaHK NO37HEE OXAPAKTEPU3OBAT CBOU
JIEHCTBUS KAK XKECT OTUYASHUS: OH NEPEIPOOOBAII BCE, YTO MPHUIILIO
B Ir'OJIOBY. Y€CTHO roBOPs, COBEPHIEHHO HEMOHATHO, KAK OH ITPUIIEI
K cBOen (popmyJie. B Benmkonennon 6uorpapun «HayuHas 1esareiib-
HOCTDb Y KM3Hb AibOepTa DUHIITENHA», COCTABIEHHON AGpAXaMOM
[TaricoM, HanMCcaHO: «Ero aprymenrtanusa 6buia 6€3yMHOM, HO O€3-
YMHE 3TO OBLIO TOI'O OOKECTBEHHOI'O COPTA, KOTOPBIN IPUBHOCAT
B HAYKYy TOJIBKO BEJIMYAMIINE €€ TIPEACTABUTENN>. lIpennoxenue
[TnaHkKa ObLJIO OJHOBPEMEHHO PEBOJIOIMOHHBIM M HEOOBICHUMBIM.
OH IOHSJL, YTO MOXKET UCTOJIKOBATD U3JIyUYEHHUE YEPHOT'O TENA, TOJIb-
KO €CJIU MPEAIIONOXKHUTD, YTO IHEPIUA HUCITYCKAEMOTO H3JIYYEHUA
COCTOMUT U3 OOJIBIIOTO KOJIMYECTBA OOJIEE MEJIKHUX «ITAKETOB» SHEP-
ruy. MHBIMU CJIOBAMH, OOIIAsA SHEPTUA KBAHTYETCHA B €JUHUILIAX
HOBOI (PyHAAMEHTAIBHON KOHCTAHTBI IPHUPOJBI, KOTOPYIO ITnaHk
Ha3BAJI K6aHmMOoMm oeiicmeus. CETOHA Mbl HA3bIBAEM €€ IMOCTOAHHOIM
ITmanka.

Popmyina [TnaHKa IPEeANIONaraeT (XOTs OH HE UME 00 3TOM IIPEJ-
CTABJIEHUA), YTO CBET 6Ce20d WU3NYYAETCS U IOIJTIOMAETCA MAKETA-
MU, WIW KBAHTAMHU. B COBPEMEHHON 3aIUCH 3TU MAKETHI 0O0IAAI0T
aHepruen £ = hc / A, rje A — JJJIMHA CBETOBOM BOJIHBI (IIPOU3HOCUTCS
«1IM6/12»), ¢ — CKOPOCTDb CBETA, 4 hH — MOCTOSTHHAA [T1aHKA.

Posb nocToanHoi ITanka B 3TOM YPaBHEHUM — ObITh KO3I(P(dU-
LUEHTOM IIPEOOPA3OBAHUA JJIMHBI CBETOBOM BOJIHBI B SHEPIUIO COOT-
BETCTBYIOIIETO KBaHTA. [IpEIIONOXKEHNE, YTO ONpeAeaeHHOe [1man-
KOM KBAHTOBAHHE SHEPI'UH UCITYCKAEMOI'O CBETA BOZHUKAET, IOTOMY
YTO CAM CBET TOXKE COCTOUT M3 YACTHIL, OBUIO OYEHb OCTOPOKHO
BBIIBUHYTO ANbOEPTOM DHMHINTEHHOM. OH CIENal 3TO MPEAIIOIO-
kenue B 1905 roay, B 4yJI€CHBIN I'OJ] BCIIBIIIKHA CBOET'O TBOPYECKOTO
IE€HUs, KOI/Ia OH C(POPMYIUPOBAJ TAKXKE CIELHUAIBHYIO TEOPUIO OT-
HOCHTEJIBHOCTU U CAMOE 3HAMEHHUTOE YPABHEHUE B UICTOPUH HAYKH:
E = mc? Tlpasga, Hobenesckyio npeMuio 1921 roga no pusuke (ko-
TOpAd HM3-32 KAKUX-TO XHUTPBIX OIOPOKPATHYECKHX YJIOBOK OBbLIa
BPY4Y€HA TONBKO B 1922-M) DUHIMITENH NTOJIY4YWJI 32 Pa60Ty HAZ (POTO-
addexroMm, a HEe 32 O60J€€ U3BECTHBIE TEOPUU OTHOCHUTEIBHOCTH.

YyeHbit MIPEATIONIOXKNII, YTO CBCT MOKHO PACCMATPUBATDH KAK ITOTOK
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4aCTHUILL (B TO BPDEMS OH HE UCMIONB30BAJ TEPMHUH «(POTOHBI»), U BEPHO
OCO3HAJI, YTO SHEPI'Us KAXKJOI0 POTOHA OOPATHO IIPOIIOPLUOHAIb-
Ha JIJIMHE BOJIHBL. DTa Ui DUHIITEHHA CTA/1a UICTOYHUKOM OJITHOT'O
U3 CAMBIX 3HAMEHUTBIX I1APAJOKCOB KBAHTOBOM TEOPUHU, B KOTOPOU
YACTUIBI BEAYT C€OSI KAK BOJIHBI, © HAIOOOPOT.

[Inmank paspymua mepBble KAMHHM B OCHOBAHMM MAaKCBEJIJIOBA
IPEACTABIECHUS O CBETE, IIOKA34B, YTO JHEPIUs CBETA, U3J1y4dEMO-
I'O HATPETBIM TEJIOM, MOXKET OBITb OIMCAHA, TOJBKO €CJIM OHA UC-
IIYCKAETCA KBAaHTAMHU. OKOHUYATEJIBHO Pa3METa] BECh (DYHJAMEHT
KJIACCUYECKON (PUBNKU DUHIITEHH. Ero mHTepnperanus (poTosnek-
TPUUECKOTO 3(PPEKTA 3AKII0UATACh HE TOIBKO B TOM, UTO CBET UCITY-
CKAC€TCA MAJIBIMU TTOPITHUAMHA, HO U B TOM, 9YTO OH BSZlI/IMOIICIZCTByCT
C marepuen B (pOpME JIOKAJIUZOBAHHBIX TAKETOB. THBIMU CJIOBAMH,
CBET JEUCTBUTEBHO BEET C€HS1 KAK ITOTOK YACTHII,

Hjesa O TOM, 9YTO CBET COCTOUT U3 YACTUL, (MOKHO CKA34Thb, YTO
«39JIEKTPOMATHUTHOE IIOJIE KBAHTOBAHO») 3By4ayja INyOOKO HPO-
TUBOPEYUBO, U NIPABOTA DUHINTENHA OblId IIPU3HAHA JIMIIbL YEPE3
HECKOJIBKO JIECATUNETUN. TaK K€ HEOXOTHO, KAK OHU COIJIAIIAINCh
Cc upeer POTOHA, OAHUM U3 COABTOPOB KOTOPOM CTaa caM IlIaHK,
B 1913 ropy KoJuieru OUHIITENHA NPEACTABIANINA €TO K YJIEHCTBY
B IIPECTUXKHOI [IPyCCKOM aKaZIeMUU (3TO OBLIO CIIYCTS LEJIBIX BO-

CEMB JICT IOCJIE BBEJCHUS OHITHUS (POTOHA):

«B Lenom MOXKHO CKa3aTb, YTO, KKETCH, HET H OAHOM KPYMHOM
npobnembl, Ha KOTOpble Tak borata coBpemeHHas u3nka, rae
DIAHLWITENH HE OTMETUCA Dbl 3HAUMUTENbHBIM BKIaAoM. TO, UTO
MOPOW €ro paccy>kAeHusi MOryT OKa3blBaTbCs HECKOMbKO Oec-
LeNbHbIMK, Kak, HanpyMep, rMnoTe3a CBETOBbIX KBAHTOB, He/b34
paccmaTpuBaTh B KaUeCTBe aprymeHTa NpPOTM1B Hero, MOTOMy YTo
HEeBO3MOXHO Mpeanaratb AeUCTBUTENbHO HOBblE MAen Oaxe

B CaMbIX TOUHbIX HayKaX, MO/THOCTbHO NCK/THOYad nrobom PUCK».

WHBIMU CJIOBAMH, HA CAMOM JIEJIE€ B PEATBHOCTb (POTOHOB HUKTO
He BepuiL. LIIMPOKO pacIpOCTPAHEHO GbLJIO MHEHHE O TOM, YTO IIPEJI-
nonokeHue [MIaHKa OTHOCHJIOCHh GOJIBIINE K CBOMCTBAM MATEPUH —
MEJIBYAMIIUM OCIIUJLIATOPAM, UCIYCKAIOIUM CBET, — YEM K COO-

CTBCHHO CBCTY. Beuio TIOMIPOCTY CIUIMKOM CTPAHHO CYUTATb, YTO
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3aMEYATEIBHBIE BOTHOBBIE YPABHEHHM A MAKCBEIA TOJIEXKAT 3AMEHE
TEOPHECH YACTHULI,

MBI pacCKa3bIBAEM 3TY UCTOPUIO BO MHOI'OM [JIs TOT'O, YTOOBI
HOATBEPAUTE: OCO3HATh KBAHTOBYIO TEOPHUIO CJIOXKHO BCEM U BCE-
I71a. BU3yasn3npoBaTh TAKHUE OOBEKTHI, KAK JIEKTPOH UJIH (POTOH,
HEPEATBHO: OHU BEJYT CE€OS TO KAK YACTUILA, TO KAK BOJIHA, 4 UTHOT[A
K4K HUA TO HH Jpyroe. DUHIITENHA 3TOT BOIIPOC 6ECIIOKOMJI JJO KOH-
na xu3nu. B 1951 ropay, 32 9eTeIpe rojga 10 CMEPTH, OH NUCaI: «Bce
50 s1eT Tpy/ia HEe NPUOIU3UIN MEHS K OTBETY HA BOIIPOC: YTO JKE TAKOE
CBETOBbBIE KBAHTBI?»

Ceituac, crycTs ere 60 JIeT, He BOSHHKACT COMHCHUS, 4TO TCOPHSI,
KOTOPYIO MBI IPOJOJIKAEM PA3PaA0ATHIBATD C IIOMOIIBIO MHOMXKECTBA
MENbYANIINX HUMEPOIATOB, 6E30MUOOYHO ONTUCBIBAET PE3YJIBTATEI

Ka>XJ0r'0 9KCIICPUMCHTA, TOCTABJICHHOTI'O JIAA €€ IIPOBCPKU.

O6paTHO, K NPUHLUITY
HeomnpepeneHHocTy ['erizeHb6epra

TaxkoBa BKpATI€ UCTOPHUS BBEAECHUS TOCTOSIHHON [limanka. Ho jjis Ha-
IITHX 11€JICH BAXKHEE BCEI'O OTMETUTD, YTO IIOCTOSIHHAS [lIIaHKa — 3TO
€/IMHUIIA «ICHCTBHUSI», TO ECTh T4 JKE BEJIMUHNHA, KOTOPAsi TOBOPUT HAM,
HACKOJIBKO HY>KHO IIOBEPHYTH 4achl. COBPEMEHHOE 3HAYCHUE ITOCTO-
stHHOM [lmaHKa paBHO 6,626 x 10734 K-M?/C, UTO SIBJISICTCST KPOIICYHOM
BEJTUYHUHOM IO MEPKAM TTOBCEHEBHOCTH. DTO U CIYKUT IPUYUHOMN
TOT'O, IOYEMY MBI HE 3AMCYAEM B [TOBCC/JHEBHO KU3HHU €€ BCCIIPOHU-
KaIOIIETro JEHUCTBUSI.

BcromHuHTE, YTO MBI IHUCAIA O JICUCTBHU, COOTBETCTBYIONIEM
MIPBIKKY YACTHITBI U3 OJJHOIM TOYKH B /IPYI'YIO: OHO PABHO MACCE YACTH-
1B, YMHOXXEHHOI HAa KBA/IPAT PACCTOSHU S, HA KOTOPOE COBEPIICH ITPbI-
JKOK, 1 JICJICHHOM Ha BDEMEHHOM NHTEPBAJI, B TECYCHHUE KOTOPOI'O 3TOT
IIPBIKOK TPOUCXOAUT. U3MepsieTCsl OHO B KI*M?2/C, KAK U IOCTOSIHHAS
[T1aHKa, TaK YTO €CJIM MBI IPOCTO PA3ZCINM JCHCTBUE HA IIOCTOSIH-
HyI0 [ITaHKa, TO BCE €AUHUITBI COKPATITCS U ITOTYYUTCS YUCTOE YUC-
J10. CorytacHO PEeNHMAHY, 9TO YUCTOE YHUCJIO U €CTh T4 CAMAs BEJIUYU-

H4, HA KOTOPYIO MBI TOJIKHBI IICPEBCCTHU CTPCIIKY, COOTBCTCTBYIOUTYIO
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4aACTHULIE, KOTOPAs MPBITAET C OAHOIO MECTA Ha JApyroe. Hampumep,
€CJIX YUCJIO PABHO 1, 3TO 3HAYUT O/IUH IIOJHBINA O60POT, 4 €CIIH %,
TO MOJI-O60pPOTA, U T./1. B cuMBOIIMYECKON (pOPME TOUYHAS BEIUUYU-
Ha, HAd KOTOPYIO MBI JOJDKHBI IEPEBECTU CTPEJIKY YdACOB JJISI PaAC-
4eTa BEPOATHOCTH MPBIKKA YACTHUIIBI HA PACCTOAHUE X 34 BPEMHA 1,
pasHa mx? / (2hi).

3ameTsTe: B (popMyIie HOABISIETCS APOOD %. Bel MoxeTe 1M60 NpHU-
HATb HA BEPY, YTO OHA HEOOXOAUMA IS JOCTUKEHUA COOTBETCTBUA
3KCIIEPUMEHTAJIBHBIM JIAHHBIM, TUOO 3AMETUTDb, YTO OHA BO3HHKA-
€T U3 CAMOI'O OIpPEJENIEHNS IeHUCTBUA*. O0a BApUAHTA MPEKPACHO
nopgouayT. Cenyac, Korga Mbl 3HAEM 3HAYEHME MNOCTOSAHHOU IlnaH-
K4, MOXXHO TOYHO BBIYMCJIHUTH BEJIUYHHY [IOBOPOTA CTPEJIKH YACOB
U KOCHYTBCS BOIIPOCA, KOTOPBIA YyTh PAHBIIE OCTABUIN 6€3 OTBETA.
A MMEHHO: 4TO TAKOE MPLIKOK HA pacCTOAHUE «105?

I[TocMOTPHM, YTO HAIIA TEOPHUSA TOBOPUT O MAJIEHBKOM IO TTOBCE-
JITHEBHBIM HOPMaM OOBEKTE — O MECUYMHKE. Teopusa KBAHTOBOM Me-
XAHUKU, KOTOPYIO MBI pa3paboTaIn, IPEAIONATAET, YTO, €C/IN ITOMe-
CTUTD IECYUHKY B KAKYIO-TO TOUKY, IIO3/JHEE OHA MOXNCEM OKA3ATbCS
B JII0OOM JIpyroM Mecte BeenenHoit. Ho 04eBH/IHO, UTO C HACTOSIIU-
MH NECYUHKAMU TAK HE MPOUCXOAUT. MBI yKE BHUJEIN CIIOCOO BbI-
XO/1d U3 3TOU MOTEHIIMATIBHOU NIPOOGJIEMBL, IOTOMY YTO €CJIH UHTEP-
depeHuua Mexay nudepoaaraMmy, COOTBETCTBYIOIMUMU IIECUNHKE,
HEPENPHIrUBAIONMIECH U3 MHOXECTBA U3HAYAIBHBIX TOYEK, JOCTATOY-
Ha, TO NIPU CIOXKEHUHU ITUPEPOIATOB OHU BCE OTMEHSIOT JPYT JPyra,
U [IECYUHKA OCTAETCA HA MECTE.

IlepBbIF BOIIPOC, HA KOTOPBIM HYXHO OTBETUTb, 3ByYUT TaK:
CKOJIBKO pa3 Oy1yT IOBEPHYTHI CTPEJIKU YACOB, ECJIU MBI IIEPEMECTUM

YACTULY C MACCOH IIECYMHKU HA paccrosaHue, HanpuMmep, 0,001 mm

* [In% 4aCTMUbI MacCcom m, KOTOpas MOKPbIBAET PACCTOSHME X 33 BpPeMa f, AEWCTBME CO
cTasnset 1/2m(x/t)2t, ecnn yacTmua ABWKETCS MO MPAMOIA C MOCTOSAHHOWM CKOPOCTBIO.
HO 3TO He 3HauMT, YTO KBAHTOBAA YaCTMLA [ENCTBMTENBHO NEPEMELLIAETCS C MECTA Ha Me-
CTO M0 NPAMBIM NVHWSIM. [1paBUIO X0Aa YaCOB BbIBOAMTCS V3 COOTHECEHWs LindepbnaTos
CO BCEMM BO3MOXHbBIMU MAPLLIPYTamy, KOTOPbIMYM YACTULA MOXET CNE[0BATb MEX/Y [ABYMS
TOUKaMM, W WL CYYatHO NOCAE CYMMMPOBAHMS BCEX OCTANbHbIX TPAEKTOPUIA Pe3y/bTat
OKa3bIBaETCH HACTOMLKO MPOCT. Hanpvmep, NpaBmnio xoaa 4acos OByAeT He HaCTOMbKO Mpo
CTbIM, ECV Mbl MPUMEM NOMPABKM ANA LOCTMXKEHNS COOTBETCTBUS CNELMANbHOM TeOpum
OTHOCUTENBHOCTU DNHLITENHA.
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32 OJHY CEKYHAY? MBI HE CMOXEM YBUAETH TAKOE€ HEOONBIIOE PAC-
CTOSIHUE HEBOOPYKEHHBIM IVIA30M, HO [JJIsI QaTOMHOI'O MHUPa OHO BCE
€IIl€ BEJUKO. BBIUMCINUTD 3TO JOBOJBHO IPOCTO CAMOCTOATENBHO,
3aMEHUB YUCJIA B IIPABUJIE XO/a 4acoB PeifHMmaHa*. OTBETOM OyAET
I71e-TO TPUJJIMOH IIOJIHBIX OOOPOTOB CTPEIKU. TOIBKO IIPENCTABBTE
cebe MacIITabbl CONYTCTBYIOMEN HHTEP(PEPEHIINH.

B pesynbrare NeCYUHKA OCTAECTCA HA CBOEM MECTE, U IIPpaKTUYe-
CKM HET NIAHCOB, YTO OHA IIEPENPHITHET HA CYIIECTBEHHOE PACCTOA-
HUE, XOTS /ISl TIOJIYYEHHUS 3TOT'O BBIBOJA MBI PEAJIBHO YUYUTBIBAIN
BO3MOKHOCTB TOI'O, YTO OH4 MOJKET TAWHO BBIIPBITHYTH KyJa-TO
B JIPYT'YIO TOUKY BcesieHHOI.

W sroT pesynbraT O4eHb BasKeH. EC/iu Bbl CaMU IIOCTABUIIN YUCIIA
B (POPMYILY, TO y2KE IIOHUMAETE, [IOUYEMY ITO TAK: IEJIO B HUYTOXKHOI
BCJIMYMHE NOCTOSHHOM [Tmanka. ECM 3a1mucaTh €€ NOJHOCTBIO, MO~
syauntcst 0,000000000000000000000000000000000662 6 kr-m2/c.

Ecnm pasgenuTb NOYTH JI060€ IMPUBBIYHOE HAM YHCJIO HA 3TO,
IIOJIYYUTCSI MHOMKECTBO OOOPOTOB CTPEJIOK U OI'POMHAA HHTEP-
depeHnus, Tak 4TO BCE 3K30TUYECKHUE NEPEMENIEHUA HAIIEH IIeC-
YHHKH 10 BCeeHHOM OTMEHAT APYT APYTd, U 3TY IYTEIIECTBEHHUITY
4epe3 NPOCTPAHCTBO MBI OyJIEM BOCIPUHUMATD JIMIIb KAK CKYYHYIO
IIBUIMHKY, HEMO/IBHKHO JICSKAIYIO HA TIISIKE.

Mpl, pagyMmeeTcs, OCOGEHHO MHTEPECYEMCS TEMH CIYYasaIMHU, KO-
raa qudepOIaThl HE OTMEHAIOT APYT ApyTrd. Kak MBI YK€ BUJIE/IH, 3TO
MPOUCXOAUT, €CJIU CTPEIKA IPOXOAUT HE OOJIEE OAHOI'O OOOPOTA.
B aTOM Cilydae HEKOHTPOIUPYEMON nHTEpdepeHUn He OyeT. [To-
CMOTPUM, YTO TO 3HAYUT C KOJIMYECTBEHHON TOUKH 3PCHUS.

OO0

XUUA 4

i Az i
Puc. 4.4. OH 13006paxaeT T e CaMoe, UTO U PUC. 4.3, C TEM UCKTIOUYEHEM,
UTO HET OrpaHVUeH st KOHKPETHOM BENMUMHOM pa3mepa rpynisl Lvidepbna-

TOB W DACCTOAHMEM O TOUKM X

* ObblyHas Macca NecyMHKM OKO/10 1 MKT, TO €CTb OfiHa MUIINapAHas KM10rpamma
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Bosspamaemcsa k rpynmne nudepoaaToB, 3dHOBO HAPUCOBAB €€
Ha puc. 4.4, HO HA 3TOT Pa3 BMECTO PAOOTHI C TOYHBIMHU YUCIAMU OY-
JIEM PACCYXK/IaTh 60Jiee a6CTPAKTHO. [IpEeAIIoNOXKUM, 4TO OOIACTD,
B KOTOPOH PACHOJIOKEHA I'PyNna IUQPEPOIATOB, UMEET PA3MED AX,
4 PACCTOSIHUE /10 OIMKAUIICH TOYKH OOJIACTH OT TOYKU X PABHO X.
B aTom ciydae pazmep 001aCTH AX COOTBETCTBYET HEOIIPEIEIEHHO-
CTH HAIIIETO 3HAHUS O HAYaIbHOM IOJIOKEHUU YACTUIIbl; OHA CTAPTY-
€T OTKY/J14-TO U3 06J1ACTH pazMmepa Ax. HaunHasg ¢ Touku 1, KoTopas
HAXOAUTCS B UCXOJHOU OOACTH U OJIHUXKE BCETO K TOUKE X, MBI JIOJI-
SKHBI IOBOPAYMBATH YAChl COOTBETCTBEHHO MPBIKKY U3 3TOU TOYKU

B TOYKY X HA BEJIMYUHY
MXZ

W= o
2hr -

Tenepp nneperieM K CAMOU y1aJICHHOM TOUYKE — TOYKeE 3. Korja Mmbl
IEPEHOCUM UM EPOIAT U3 ITOH TOUKU B TOUKY X, CTPEJIKA TIOBOPA-
YHBAETCA HA OOJIBITYIO BEJIMYUHY, A UMEHHO

m(xt+Ax)?
T om

Tenepb MBI MOKEM TOYHO C(POPMYJIHPOBATH YCIOBUE, IPU KOTO-
poMm 1rdep6aaThI, IPUOBIBAIOIINUE B TOUKY X U3 BCEX TOYECK UCXO/I-
HOI'O MOJIsl, HE AHHYJIHPOBAIN OBl APYT JAPyra: Pa3HULA MEXY I[U-
depbaaraMu, NPUOBIBIIMMHU U3 TOYEK 1 U 3, JOJKHA ObITh MEHBIIIE

OJIHOT'O ITIOJTHOI'O 060POTA, TO ECTh
W, =W, <oaut 060poT.

Eciu 3anucate 31O TIOTHOCTBIO, MBI ITOJIYIHMM

m(x+Ax)? mx?

2ht 2ht

PaccMOTpHUM KOHKPETHBIH CIy4an, B KOTOPOM pa3Mep OOIACTH AX
OyleT MHOI'O MEHBIIE PACCTOAHUS X. DTO 3HAYUT, YTO MBI UCCJIIEY-
€M YCJIOBHs, IPU KOTOPBIX YACTHUIA COBEPIIUT CKAYOK 3HAYUTEJIb-
HO OOJIBIINUM, YEM JTHAMETP €€ UCXOAHOM 06yacTu. B aTOM Cityuae

YCJIOBHE, MPU KOTOPOM HHU@PEPOMATEI HE OTMEHAIOT JAPYT JPyra,
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BBIBOJIUTCSI HEITOCPEACTBECHHO U3 MPEbIAYIIETO HEPABEHCTBA U BbI-

TIIAJUT KaK

mx A\ x
bt

Eciy BBl HEMHOI'O 3HA€TE€ MATEMATHKY, TO IIOMMETE, KAK 3TO I1O-
JIYYAETCSl — C IMOMOIIBIO IEPEMHOKEHHUS YJICHOB B CKOOKAX U NPEHE-
OPEKEHMS TOM YACTBIO, KOTOPAST BKIIOYACT B CEOS (4X)?. DTO MOKHO
CII€/IATh, [IOTOMY YTO I10 YCJIOBUAM AX I10 CPABHEHHUIO C X — BEJIUYNHA
OYEHDb MAJIas, 4 MAJIad BEIMYNHA B KB4/IPATE — 3TO OYEHDb MaJIasd BE-
JIMYMHA.

DTO YPABHEHHE 3AKJIIOYAECT B CEOE YCJIOBUE, IIPU KOTOPOM IIU-
(depbmaTeL B TOYKE X HE OTMEHSAIOT JPYT APYTd. MBI 3HAEM, UTO €CIIU
nudepO1aThl HE AHHYJIHUPYIOTCS B3AMMHO B OIIPEACIICHHON TOYKE,
TO CYIIECTBYIOT XOPOIIHNE MAHCHI OOHAPYXKUTH B 3TOU TOYKE YACTHU-
ny. MTax, Mbl BBIACHUWJIM, YTO €CJIU YACTULA U3HAYAJIbHO PACIIOIO-
JKEHA BHYTPH OOIACTU PA3ZMEPOM AX, TO YEPE3 BPEMS [ CYIIECTBYIOT
XOPOLIME MIAHCHI HANTHU €€ Hd 3HAYNUTEIbHOM PACCTOAHUM X OT I10JIA,
€CJIM HEPABEHCTBO BBIIIE OYZET BBINIOJHEHO. Bosee Toro, aTo pac-
CTOAHHUE YBETUYUBAETCA CO BDEMEHEM, IIOTOMY YTO B (DOPMYJIE MBI
Ha BpeMs £ IeTM. MHBIMHY CJIOBAMH, YEM OOJIBIIE BDEMEHU IPOXOAUT,
TEM BBIIIE BEPOATHOCTb HAXOXKJIEHHUA YACTHUIBI JOBOJBHO AAJIEKO
OT €€ UCXOJHOTO HOJOXKEHUS. TyT MBI HAUMHAEM IOJO3PEBATD, YTO
YACTUIA BCE-TAKU JIBUI'ACTCs. 3AMETHTE TAKXKE, YTO MIAHCHI HAXOX /-
HU 9ACTULBI BAAJIEKE OT UCXOJHOMN TOYKHU YBEIUYNBAIOTCS, €CJIN AX
YMEHBIIIACTCA — TO €CTh €CJIN HEOIIPEAEICHHOCTD UCXOAHOI'O I10JIO-
JKEHHS YACTULIBI CTAHOBUTCA MEHbIIE. THBIMU CJIOBAMHU, 4EM OOJIEE
TOYHO MBI YJIABJIUBAEM YACTULLY, TEM OBICTPEE OHA YAAJISAETCS OT UC-
XOJITHOT'O TTOJIOKEHUS. Ternepp 3TO YK€ OYEHb HATTOMUHAET IIPUHITUIT
HeonpeeeHHOCTU ['erizenbepra.

Hanocneok AaBaiTe HEMHOI'O epedOpMyIUupyeM HAIIEC HEpa-
BEHCTBO. 3AMETHTE: YTOOBI YACTHILA ITPOAEIANA ITyTh U3 JIIOOON TOYKH
UCXOJHOU OBJIACTHU 10 TOYKU X 32 BpeEMH 7, OHA JJOJIKHA IPOUTH PaC-
CTOAHME X. ECJIN BBI IEUCTBUTEILHO 3APETUCTPUPOBAIN YACTULTY B TOY-
Ke X, TO, pa3yMEETCs, [IPUIIJIN K BBIBOAY, YTO YACTHULLA IIEPEIBUTAIACDH
CO CKOPOCTBIO X /. KpoMe TOro, HaIIOMHUM, YTO MACCA, YMHOKEHHASL

Ha CKOPOCTB YACTHIIB], ECTh €€ UMITYJIbC, IOITOMY BETUYNHA MX /1 —
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3TO U3MEPEHHBIN HAMU UMITYJIbC YACTHUIIBL Tenepb MOXKHO IIPOJIBU-
HYTBCA €IIC AAIbIIC U BHOBDb YIIPOCTUTDb HCPABCHCTBO, 34ITMCAB
PAx

<1

>

IJIE ) — UMIIYIIbC. MOKHO IEPEeOPMYINPOBATH YPABHEHUE TAK, ITO
OHO TIPUMET BH/T

DpAx < b,

U 3TO JEUCTBUTEBHO 3ACAYKUBAET JAANbHENIIETO OOCYXKIEHUS, ITO-
TOMY YTO JJAHHOE YPABHEHUE YK€ OYEHDb CUJIbHO HAIIOMUHAECT IIPUH-
UM HEOIIpEJICJIEHHOCTHU ['erizenbepra.

WTak, HAII¥ MATEMATUYCCKUE PACYETHI IIOKA OKOHYECHBDI, U, €CJIU
Bbl HE OYEHb IIPUCTAJIBHO CJIEJUJIN 34 HUMU, BAM CJIEIYET YXBATUTH
HUTDb PACCYXKICHUI C 9TOI'O MOMEHTA.

Eciy HayaTh C 4aCTHUILBL, HAXOISIIECHCS BHYTPU CBA3HON OOJIACTU
Pa3MepPOM AX, TO, KAK MBI YCTAHOBUJIH, C TEYEHUEM BPEMEHU OHA MOYKET

OKa32ThC I7IC YI'OJJHO BHYTPHU GOJIEE KPYITHOM OGJIACTH PA3MEPOM X.

Puc. 4.5 Hebonblias 06nacTb CO BpeMeHem pacTeT, B TO BpEMA Kak M3HauanbHo

NNOKaNM30BdHHAA TaM YaCTKLa C TEUEHWEM BPEMEHW AENOKANNIYETCA

Ora cuTyanus IoKazaHa Ha puc. 4.5. TouHee roBopsi, 3TO 3HAYMUT,
4TO, €CJIU Obl MBI UCKAJIM YACTUIY B HAYAJIbHBIII MOMEHT, ObIJIN OBI
IIAHCHI HAMTU €€ I'ZIe-TO BO BHYTPEHHEN 001aCTH. ECi1 6B MBI HE CTA-

JIM IPOBOJUTH U3MEPEHUS, 4 PEIMUIIN MOJOXKAATh, BBICOKH ObLIN Obl
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IIAHCBHI HANTH €€ IJIe-TO BO BHEIIHEH, 60JI€€ KPYITHOM CBI3HOM 06J1a-
CTH. DTO 3HAYUT, YTO YACTUIIA MOIJIA IEPEUTH U3 TOYKU BHYTPU Ma-
JIOM HA4aJIbHOM OOJIACTH B TOUYKY BHYTPHU O0Jie€ KPYITHOHN. OJHAKO OHA
He 00s13aHa 6bLIA ABUTATHCS, TAK YTO JIO CUX IIOP €CTb BEPOSITHOCTD
HAXOXK/ICHHUST €€ B MEHBIIICH 00/1acTH AXx. HO BIIOJIHE BO3MOXKHO, UTO
U3MEPEHMSA MTOKAXKYT, UTO YACTUILA JJOILIA KAK Pa3 10 Kpas OOIBIION
obmactu*. Eciu 6Bl 3TOT NPEJEIbHBIN CJIydal ObLI PEATU30BaH IIPU
U3MEPEHUHN, TO MBI 3AKJIIOYUIN Obl, YTO YACTULA JBUXKETCSA C UMITYJIb-
COM, KOTOPBIN 32JJA€TCSI TOJIBKO YTO BBIBEICHHBIM HAMU YPABHEHHUEM
(ecyy BBl HE CJIEIOBAJIN 32 HAIIMMH MATEMATHYECKUMHU PACCYKIEHUA-
MH, IPOCTO NPUMUTE TO HA BEPY), TO ECTbH =h / AX.

Ternepb MOXKEM OIATh HAYATh CHAYAJIA K BEPHYTH BCE B UCXO/THOE
MOJIOKEHHUE. YACTUIA OMIATH OKAXKETCS B MAJIOU OOJIACTH PA3MeEPA AX.
ITocne U3MEPEHNUS MBI, BEPOATHO, HAM/IEM YACTUILY B KAKOM-TO JIpy-
I'OM TOYKE BHYTPH 00JIE€ KPYIIHOM OGIACTH, JO I'PAHUILBL, U TAKUM
06pa30M IIPUJIEM K BBIBOAY, UYTO €€ UMITYJIbC MEHBIIE IIPEJIETBHOIO
SHAYCHMU .

Eciy MBI IPEICTABUM, UTO BHOBb U BHOBb [IOBTOPAEM 3TOT JKCIIE-
PHUMEHT, U3MEPSIS UMITYJIBC YACTUIIBI, KOTOPAs IEPBOHAYAIBHO HAXO-
JIATCSL BHYTPH HEOOJIBIION OOJIACTH PA3MEPOM AX, MBIl OOBIYHO Oy/JIEM
MOJIYYaTh MIPU U3MEPEHNH MHOXKECTBO 3HAYCHUHN P IIe-TO MEXKY HY-
JIEM U IIPEJE/IbHBIM 3HaU€HUEM b / Ax. Ppa3a «€C/IU IPOAEIATh ITOT
SKCHEPHUMEHT HECKOIBKO Pa3, TO MOXKHO IIPEJCKA34Tb, YTO H3ME-
PEHHBIN UMITYJIBC OKAXKETCS B IPEJEIaX MEKAY HYJIEM U b / Ax» 3HA-
YUT, YTO «MMIYJIbC YACTHUIBI UMEET HEONPEAEIEHHOCTD b / Ax». Kak
U B CJIY4a€ C HEOIPEIEIEHHOCTBIO MOJNOXEHUS, (DU3UKU BBEJIH /I
HEONPEAEIEHHOCTHA 3TOT'O POJId CUMBOJI AP W IIUAIIYT, YTO APAX ~ b.
3HAYOK ~ OOO3HAYAET, YTO NIPOU3BEAECHUE HEOIPEIECIEHHOCTEN IO~
JIOKEHU I U UMITYJIbCA IIPUMEPHO PABHO NOCTOAHHOM [T1ankKa — oHO
MOJKET OBbITh MJIU HEMHOT'O OOJIBIIIE, UJTM HEMHOT'O MeHbIle. HeMHO-
I'O YITTyOUBIINCH B MATEMATHKY, MOKHO C/IEJIATh 3TO YPABHEHUE €I
6osiee TOYHBIM. Pe3ynprar OyJET 3aBUCETH OT IOAPOOHOCTEH pac-
MOJIOXKEHUS TIEPBOHAYAIBHON I'PyNIIbl HHU(MEPOIATOB, HO HE CTOUT

* ECTb BEPOSTHOCTb, UTO YaCTMLA MPOABMHETCS ellje AanblUe, YUeM B «MpefenbHOMY Cyuae,
OrpaHnyeHHoM BONbLLOM OKPYXXHOCTLIO HA PUCYHKE, HO, KaK Mbl y>Ke MoKasanu, CokeHne
Undepbnatos NpUBOAMT K OTMEHE TaKMX CLIEHAPHEB.
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TPATUTh HA HET'O CJAUIIKOM MHOT'O CHJI U BDEMEHH, IIOTOMY UTO Y3KE
C/I€IAHHOTO JIOCTATOYHO, YTOOBI IOHATH OCHOBHBIE H/ICH.

VTBEPKAECHUE, UTO HEOIPEAECJCHHOCTDb IIOJOKEHUS YaACTHUILBI,
YMHOXEHHAsI HA HEONPEAEIEHHOCTh €€ UMIYIbCa (TIPUOIHU3UTENb-
HO), paBHA NOCTOAHHOMN IlJIaHKa — BO3MOXKHO, CaMas HU3BECTHAA
GOPMYIUPOBKA MPUHIUIIA HEONPEJICACHHOCTH [ei3enbepra. Dra
(POPMYIUPOBKA IVIACUT: €CJIHM MBI 3HAEM, YTO YACTHULIA HAXOLUTCSI
B KAKOU-TO UCXO/HBIF MOMEHT BDEMEHHU B KAKON-TO OOJACTH, TO U3-
MEPEHUE MOJOKEHUS YACTUIIBI B KAKOH-TO 60JIe€ TTO3THUN MOMEHT
BPEMEHU IOKAXKET, YTO YACTUIA JIBUXKETCS C UMIIYIbCOM, 3HAYCHUE
KOTOPOTI'O HENb3s NPEACKA3ATh TOYHEE, YEM «HEYTO MEXKJY HYIEM
u b/ Ax». UHBIMU CJIOBAMH, €CJIM MBI OyJIEM BCE OOJIbIIE U OOJIbILIE
CY’KaTh HAYAJIBHYIO O0J1ACTh HAXOXK/ICHUS YACTULbI, OHA Oy/IET CTPE-
MHUTBCS OTHPBITHYTH OT 3TOM O6JIACTH BCE JabIIC. DTO HACTOIBKO
BAKHO, UTO 34CJYKHUBAECT TPETHEI'O BAPHUAHTA (POPMYIUPOBKU: YEM
TOYHEE BBl 3HAETE ITOJIOKEHHUE YACTHIIBI B KAKOM-TO MOMEHT, TEM
XyXe OyJeTe 3HATh CKOPOCTb €€ JABHXKEHUS U, COOTBETCTBCHHO,
TY TOYKY, B KOTOPOU OHA OKAKETCS ITO3XKE.

D1a GOPMYJIMPOBKA IIPUHIIMIIA HEOIPEACIEHHOCTH KaK pa3
U IPpUHAAICKUT Terzendepry. OHa JIEKUT B OCHOBE KBAHTOBOM TEO-
PHH, HO TYT MBI JOJIKHBI UETKO 3a5IBUTD, YTO CAM IO CEO€ MIPUHITUII
BOBCE HE SIBJISICTCSI HEOIIPEJEJIEHHBIM. DTO YTBEPXK/ICHUE O HAIIEH
HECHOCOOHOCTHU TOYHOI'O OTCJICKUBAHUS YACTUIIBL, U 3/1ECh HE OOJIb-
1I€ MECTA IS KBAHTOBOI'O BOJIIIEOCTBA, UYEM B HBIOTOHOBOM (PU3U-
ke. Ha mocyieqHUX HECKOJBKUX CTPAHUILAX Mbl BBIBEIU IIPUHITUIL
HEOIPEJEJIEHHOCTU [efizendepra U3 (PyHAAMEHTANbHBIX IIPaBHII
KBAaHTOBOM (PU3HKH, KOTOPBIE COOTBETCTBYIOT IIPABHJIAM XO/4d 4a-
COB, CJIOKEHUS U BBIUMTAHUS TUPepOaaTOB. M JEHCTBUTEIBHO, €IO
HpOHCXO)KI[CHI/IC KpOCTCH B HamcMm JOITYIICHUMU, 9TO YacTuIila 4e-
PE3 MITHOBEHHE MOCJIE U3MEPEHUSA €€ MTOJTOKEHUA MOKET OKA3AThCA
B JIIOO0OM JpyroM MecTte BceneHHOM. JJUKOBATOCTh HANIErO MEPBO-
I'O IPEJIOJNOKEHUS, YTO YACTHUILA MOXKET OKA34ThCSI B COBEPUICHHO
IIPOMU3BOJIBLHOM MeCTe BeeneHHOoI, 6b11a MPpUpydeHa C IOMOIIBIO Op-
I'MU KBAHTOBOM MHTEPMEPEHIIUN, U TIPUHIIUII HEONIPEAETIEHHOCTH —
3TO B KAKOM-TO CMBICJIE BCE, YTO OCTAJOCH OT UCXOJHOM AHAPXHUU.

IIpexje 9eM ABUHYTHCA [JAJIbIIIE, MBI JOJIKHBI CKA34Th €IIE HEYTO

OYEHb BAXKHOE 06 MHTEPIPETAIUH IPUHITUIIA HEOIIPE/IEIEHHOCTH.
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He cnepyer Briagars B 3201y KIEHUE, AYMasd, YTO YACTHUILIA HAXOAUTCS
B KAKOM-TO KOHKPETHOM €JJUHCTBEHHOM MECTE U UTO PACHPOCTPaA-
HEHHE UCXOJHBIX IU(PEPOIATOB OTPAKAET JIUIIb OIPAHUYECHHOCTD
HAIIIETO MOHUMAHUA. EC/IM MBI CYUTAEM, YTO HE MOXKEM IIPABUIBHO
BBIBECTH IIPHUHIIUII HEOIIPEJAETIEHHOCTH, IIOTOMY YTO HE MOXKEM ITPU-
3HATb HEOOXOAUMOCTB PACCMATPUBATD BCE ITU(PEPOHIATHI U3 BCEX TO-
Y€K BHYTPH UCXOAHOM 06J1ACTH, MO’KHO IIEPEMEIIATD UX 10 OYEPENU
B OTJAJIEHHYIO TOYKY X U ITOTOM CKJIAAbIBATh. UMEHHO €A 3TO, MBI
U IIOJTy YUJIH HAIII PE3YJIBTAT, TO €CTh HAM IIPUIIIOCH IPEIIOIOXKUTD,
4TO YACTHUIA IIPUOBIBAET B X ye€PE3 CYNEPITOZUIIUIO MHOI'MX BO3MOXK-
HBIX MAPHIPYTOB.

[MpunnunoM I'eidendéepra Mbl 4yThb ITO3KE BOCIIOJIb3YEMCH JJId
WJUIIOCTPALIMH HEKOTOPBIX IIPUMEPOB U3 peanbHOro mupa. Cen-
4aC e JOCTATOYHO U TOTI'O, YTO HAM Y AJIOCh BBIBECTU OJJUH U3 KJIIO-
UEBBIX PE3YJIBTATOB KBAHTOBOM TEOPHH, HE ITOJIb3YACh HUYEM JJPYT UM,
KPOME NPOCTHIX MAHUITYIAIUN C BOOOPAXKAEMBIMU LU EPOIaTAMU.

[TopacTaBUM B yPaBHEHUSA HECKOJIBKO UMD, YTOOBI JOOUTHCA J1y4-
IIErO MOHUMAaHUA NpeaMeTa. CKOIBKO HY>KHO JK/1aTh BOSBHUKHOBEHUS
CYLIECTBEHHOM BEPOSTHOCTH, YTO IIECUMHKA BBIIIPBITHET W3 CIHU-
YEYHOTI'O KOPOOKA? ITpeInOIOKNUM, YTO CIIMYEUYHBIF KOPOOOK UMEET
CTEHKH JJIMHOM 3 CM, 4 IIECYMHKA BeCUT 1 MKI. HarmoMHUM, 4TO yCJIO-
BHE JIJIA OSIBJIEHUSA CYIIECTBEHHOMN BEPOATHOCTHU ITEPEMEIEHU A T1€C-

YMHKHW HA 3aTAHHOC PACCTOAHUC OIIPCACIACTCA HCPABCHCTBOM

mx A x

bt ’

I71€ AX — pa3Mep KOpoOKa. Tenepb NOACYNUTAEM, KAKHUM JJOJIKHO OBIThH
BpeMs [, €CJIU MBI XOTHUM, YTOOBI IECUYUHKA ITOKPBLIA PACCTOSIHUE
X =4 CM, 4TO YBEPEHHO IIPEBOCXOAUT PA3ZMEPHI CITUYEYHOTO KOPOH-
Ka. C TOMOIIBIO OYEHBb HECIOKHOM aJIIeO6pbl HAXO/IHUM, YTO
. mx A x }
b

IIOCJIE YETrO MO/CTABISAEM YHC/Id U OOHAPYKUBACM, UTO / JIOJKHO
ObITH GOJIbIIE, YeM npuMepHO 102! cexyHa. DTo okomo 6 x 10V jer,
TO €CTh B 1000 pa3 6oJbuie Bo3pacta BeeneHHOM. Tak 4TO, BEPOAT-
HO, 9TOT'O HE CAy4YUTCA. KBAaHTOBasA MEXAHUKA — CTPAHHASA MITYKA,
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HO HE HACTOJIBKO CTPAHHAS, YTOOBI NECUUHKA CaMa ITO CEOE BBINIPbI-
I'MBAJIa U3 CIMYEYHOI'O KOPOOKA.

3asepuias 3Ty IVIABY M IIEPEXONA K CIEAYIOUMIEN, CIEIAEM EIIe
OJJHO, MOCJIeAHee HabmoAeHUe. Ham BeIBOJ, NPUHIINIIA HEOIPE/ie-
JIEHHOCTHU OCHOBBIBAJICA Ha KOH(MUIYPAIIMM YACOB, NOKA3aHHOM
Ha puc. 4.4. ECy TOBOPUTH TOYHEE, TO Mbl YCTAHOBUJIN MCXOAHYIO
IPYIIY YaCOB TaK, YTOOBI BCE CTPEJIKU OBIIU OJUHAKOBON JIJIMHBI
U MOKA3bIBAJIU OJJHO M TO K€ BPEMSA. DTO COOTBETCTBYET YACTHIIE,
HAXO/SIIENCSI B HAYaJIbHOM COCTOSIHUU MOKOS B ONPEJCICHHON 00-
JIACTHU MPOCTPAHCTBA, — K4K, HAIIPUMED, MECUYMHKA B CIIMYEUYHOM
KOpPOOKe. XOTs MBI BBIACHUJIU, UTO Y4aCTHIA, CKOPEE BCETO, HE OYAET
peOBIBATD B IIOKOE, MBI TAKXKE OOHAPYIKUIIN, YTO /111 6OJIbIINX OO'b-
€KTOB — 4 ISl KBAHTOBOI'O MHPA MIECUMHKA JEUCTBUTENBHO OYEHD
BEJIMKA — 3TO JIBIJKEHHUE COBEPIICHHO HE3aAMETHO. Takum obpa-
30M, KaKO€-TO JBUKEHHUE B HAIIIEH TEOPUU €CTb, HO 3TO JABUKECHUE
HEOIYTUMO JIJISI JOCTATOYHO H6OJIBIINX OOBEKTOB. [IOXOXKE, MBI yITY-
CKaeM M3 BHJIy YTO-TO Ba’KHOE, TIOTOMY YTO KPYITHBIE IIPEIMETHI
HAa CAMOM-TO JIEJIE IBHKYTCH, A KBAHTOBAA TEOPUSL, KAK MBI IOMHHUM, —
3TO TECOPHUS U MAJIBIX, U OOIBIINX OO'BEKTOB. Ternepb MBI JJOJIKHBI 06-

PATUTBHCS K HOBOY IPOOIEME: KAK OOBSICHUTD JIBUKCHUE?

[891]






>

IIBUXeHUue
KaK UJIJTI03UA




B MIPEABIAYIIEH ITIABE€ MBI BBIBEJIN IIPUHITUII HEOIIPE/ICJIEHHOCTHU
lefizeH6epra u3 pa3MblIJICHUNI HA/T ONIPE/IEICHHBIM HCXOHBIM
pacronoxxeHueM Hudepo71aTOB B HEOOJIBITON 06J1aACTU. YaChl UMEIU
CTPEJIKM OJUHAKOBOI'O PA3MEP4, YKA3BIBABIIUE B OJMHAKOBOM Ha-
IIPABJIEHUU. MBI BBISICHUJIH, YTO 3TO OTOOPAXKAET YACTHUILY, KOTOPAs
HAXO/IUTCA B OTHOCUTEIBHO CTAIITMOHAPHOM COCTOSSHHH, XOTS KBaH-
TOBBIE 3a4KOHBI IPEAIIONATAIOT, YTO OHA BCE K€ COBEPIIAET HEKHE
nepemerieHusa. Cerlyac Mbl 3aaJUM JPYTYIO IEPBOHAYAIBHYIO KOH-
(purypanmio, YTo06bl OIUCATh YACTUILLY B IBUKCHUU.

Ha puc. 5.1 HOBO€ codeTanue Hu@MEPOIATOB. DTO HO-IIPEKHEMY
rpymnma nudepo6aaToB, COOTBETCTBYIONMAA YACTHIIE, IEPBOHAYAIBHO
PaCnONOKEHHON BOIM3U OT HUX. CTPEJIKA B MOJOKEHHUHN 1 yKa3bIBA-
€T Ha 12, KaK 1 paHee, HO BCE OCTAIbHBIE CTPEIKHU B IIOJIE TIOBEPHY-
ThI Y IOKA3BIBAIOT APyroe BpemMs. Ha 3TOT pa3 Mbl HAPUCOBAJIH MIATh
YaCOB IIPOCTO MOTOMY, YTO TAK PACCYKACHHUA OyayT OOI€e HAIIAL-
HBIMHU, XOTSI MBI IIO-IIPEKHEMY JOJIKHBI IIPEACTABUTD UM EPOIATHI
U MEX/y TOUYKAMU, 1€ PA3MENIAIOTCA T€, YTO MBI HAPHUCOBAJIHU: IO OfI-
HOMY IHU(PEepOIATY I KAKJON TOYKH B 061aCTU. IIPUMEHNM, KAK
U paHEE, IIPABUJIO KBAHTOBOM TCOPHUH U IIEPEMECTUM ITU U epOIa-
TBI B TOYKY X, HAXOJAMYIOCS JAJIEKO OT UCXOJHON I'PYIIIBI, YTOObI
BHOBb OIHUCATh TO MHOXKECTBO TPAEKTOPUU, IO KOTOPBIM YaACTHUIA
MOXKET IIEPEMECTUTBHCS U3 ITOM I'PYIIIBI B TOUKY X.

TTOBTOpPUM YK€ CTABIIYIO, HAJEEMCS, CTAH/AAPTHOM IIPOIEY-
py: BO3bMEM HU@PEPOHNAT U3 TOYKU 1 M MEPEMECTHUM B TOUYKY X,



OBUXEHWME KAK MNNO3M4A

MIOBOPAYHBASI CTPEJIKY B IIPOLIECCE STOTO nepemermenus. OHa osep-

HCTCA HA BCJIMYNHY

[93]
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Tenepb BO3bMEM HUMEPOIAT U3 TOUKH 2 U IEPEMECTUM B TOUKY X.
PaccrossHuE OYAET HEMHOI'O OOJIBIIE — JIONYCTHUM, YTO OOJIbIIIE HA d,

U NOTPEOYETCA 9y Th OOMBIIE IIOBEPHYTH CTPENIKY:

v

Puc. 5.1. VicxoaHas rpynna (KOTopyo MANtoCTpupyioT Lindbeponatsl 1-5) Co-
CTOWT 13 YaCOB, MOKa3bIBAIOLLIVIX PAa3HOE BPEMS — CTPENKU Kaxablx nocne-
OYIOLLMX CABMHYTbI Ha TPV Yaca BNepes No OTHOLLEHMIO K NpefblayLlm
HVKHSS YacTb PUCYHKa AEMOHCTPUPYET, Kak OTIMUAeTCs BPemMs Ha uacax

Mo BCEM rpynne

VIMEHHO 3TO MBI U JIEJAJIN B IIPEJBIAYIIEN TJIABE, HO, BO3MOKHO,
BbI YK€ 3aAMCTHJIN, YTO [JIA HOBOM HA4YaJIbHOM KOH(I)I/IprﬂL[I/II/I IH-
depbaToB pe3ynbTaT OyIET HE COBCEM TEM K€, UYTO B IIPOILIBII Pa3.
HoBas yCTaHOBKA CTPEJIOK OTIIUYAETCS TEM, 4TO HUpepOaaT 2 u3Ha-
YAJIBHO IIOKA3BIBACT BPEMs HA TPU 4aCa 617eped 110 CPABHEHUIO C I1H-
depbnarom 1: 3 gaca,aHe 12. Ho npunepeHoce nudepo1aTa 2 BTOUKY
X MBI JOJKHBI IIOBEPHYTD CTPEJIKY HdAd3d0 4yTh OOJbIIE, YEM HA 11H1-
depbaare 1, B COOTBETCTBUU C TEM JONOJIHUTEIBHBIM PACCTOSHUEM
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d, KOTOPOE OH AOJKEH IMOKPHIThb. ECIM NMMOCTPOUTbh UCXOJHYIO CH-
TYyaLMIO TAK, YTO HAYAJIbHOEC OIIEPEXKEHUE TOKA3aHUN [udepodiara
2 6yJIET TOYHO TAKUM K€, KaK JONMOJIHUTENbHBIA IOBOPOT CTPEJIKH
B IIPOLIECCE ABMXKEHUS B TOUKY X, TO IU(PEPOHIAT 2 IPUOYAET B TOUKY
X, noKa3vL8asn mouro maroe e epemsa, Kak nudepodiar 1. Oro éyger
O3HA4aTh, YTO IIPOU3OUJIET HE OTMEHA, 4 CYMMUPOBAaHUE UudepoIa-
TOB U CO34ACTCsI HOBBIM u(pepodiat 6OJIBIINX Pa3MepOB, 4TO, B CBOIO
odepenb, O3HAYAET HAJTMYHUE BBICOKOM BEPOATHOCTH HAXOXK/ICHUA
YACTHUIBEI B TOYKE X. DTO COBEPIIECHHO HE MTOXOXKE HA TY HEKOHTPO-
JIMPYEMYIO KBAHTOBYIO HHTEP(PEPEHIINIO, CIYUHUBITYIOCH, KOI/IA BCE
Hamu OUEMEPOIATH NOKA3BIBAIN OJUHAKOBOE BpeMs. Ceruac pac-
CMOTPHUM 1THdep6IaT 3, KOTOPBI MBI TOBEPHY/IN HA 6 YACOB BIIEPE/]T
110 CPaBHEHUIO € HUudepbraTom 1. DTOT N EPOHIAT JOIKEH IIPOUTH
JIOTIOJIHUTENIBHOE PACCTOSTHUE 2d 10 TOYKU X, U CHOBA U3-34 CMEIIe-
HUS CTPEJIKU 3TOT LHUPEPOIAT B TOUKE IPUOBITHS OYJET [IOKA3bIBATH
12 vacos. Eciy 32/1aTh BCE CMEMIEHUS CTPEIOK NOJOOHBIM 06PA30M,
TO XK€ CaMO€ Oy/IET MPOUCXOAUTD IO BCEH I'PYIIIE, TAK YTO BCE ITU-
depbmaTel B TOUKE X OYAYT CYMMHUPOBATHCSL.

DTO 3HAYUT, YTO BEPOSTHOCTb HAXOXK/CHHUS YACTHUIIBI B TOY-
Ke X B KAKO€e-TO 00JIee MO3AHEE BPEMS OYAET JOCTATOYHO BBICOKOIL.
Touka X OTIUYAETCS OT JPYTUX, IOTOMY YTO UMEHHO B HEH BCE I1U-
(depbiaTel U3 UCXOJAHOM I'PYIIIBL, CJIOBHO CTOBOPHUBIIUCH, IIOKAXKYT
OJJHO U TO ke Bpemsa. Ho Touka X — He eIMHCTBCHHAA U3 UMCIOIIUX
OCOOEHHBIN XapaKTEP: BCE TOYKU CJIEBA OT X HA PACCTOSIHUU, PaB-
HOM Pa3MEpPy MCXOJHOWN TI'PyIIbI, OOJAJAIOT TEM K€ CBOHUCTBOM:
nupepOaaTHl B HUX TOXE CKJIAJBIBAIOTCA C IMOJOXKUTEIBHBIM pE-
3yJBTATOM. YTOOBI YBUJETD 3TO, 3AMETHTE, UTO MOKHO B3ATh LHHUPEP-
671aT 2 ¥ IEPEMECTHUTD €TO B TOYKY HA PACCTOAHMH d C/IEBA OT X. DTO
OyZleT COOTBETCTBOBAThL IIEPEMELICHUIO IHU(pepbiaTa HA PaCCTOs-
HUE X, 4 9TO TO JKE€ CAMOE PACCTOAHHE, HA KOTOPOE MBI IEPEMECTU-
au nudepbaar 1 mo HanpasaeHUIO K TOYKe X. ITocie 3TOro Mox-
HO NEPEMECTUTDb LUPEpOIAT 3 B 3Ty HOBYIO TOUYKY HA PACCTOSIHUE
X +d,9TO OYJIET TEM KE CAMBIM PACCTOSHUEM, HAd KOTOPOE MBI /10 TOT'O
nepemectTunu nugepbnar 2. Oru asa nudeposara, CJIeLOBATEIbHO,
TOXKE JJOJKHBI ITOKA3BIBATb OJTHO U TO JKE€ BPEMS B TOUKE IPUOBITHA
U CYMMHPOBATBHCS. MBI MOXKEM MPOJIOJIKATD JIETIATH TO K€ CAMOE /I

BCEX ITU(MPePO6IATOB B UCXOAHOM I'PYIIIIE, HO TOJIBKO /IO TEX ITOP, ITOKA
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paccTosgHue caeBa OT X HE CTAHET PABHO Pa3MEpPy UCXOAHOU I'PyII-
IIBL. 32 IPEJEIAMHU 3TOH OCOOO0H 061aCTH TUPEPOIATH B OCHOBHOM
OyZyT OTMEHSATD JIPYT JPyTd, HOTOMY YTO OCTAHYTCS O€3 3aIMUTHI
OT OO6BIYHOU HEKOHTPOJIUPYEMOM KBAHTOBON UHTEP(MEPEHITUN™,

VICTONTKOBAHHE 3TOI'O IKCIIEPUMEHTA OYEBUJIHO: I'pynna 1iudep-
6J1ATOB JIBUKETCSI, KAK [IOKA3BIBAECT PUC. 5.2.

OOOEO OO (D@Cf@@ G/CD'@(DG
undepbnatbl undepbnatobl B 6onee
B UCXO[HOE Bpems nospHee Bpems

Pvic. 5.2. Tpynna undepbnatos ¢ NOCTOAHHOW CKOPOCTHIO ABMXKETCS BMPaBO.
3TO NPOUCXOAWT MOTOMY, UTO B VICXOAHOM rpynne cTpenki Ldepbnatos

NOBEPHYTHI MO OTHOLLEHMIO APYT K APYrY TaK, Kak Onu1caHo B Texcte

DTO YAUBHUTENIBHBIN PE3YIbTAT. 3a/1aB HAYAJIbHYIO IPYIILY C IIO-
MOMIBIO YACOB, MOKA3BIBAIONIUX PA3HOE, 4 HE OJJUHAKOBOE BPEMSI, MBI
IIPUIIIN K ONUCAHHUIO JABUKYIIECHCSI YaCTUIBI. MHTEPECHO, YTO MBI
MOJKEM YCTAHOBHUTH OUYEHD BAXKHYIO CBA3b MEXK/Y YdCAMHU CO CABUHY-
TBIMHU CTPEIKAMU U IOBEJECHUEM BOJIH.

IToMHUTE, YTO B IVIABE 2 HAM IIPUILJIOCH BBECTH U0 Uudepoaa-
TOB, YTOOBI OOBSICHUTBH BOJTHOBOE TTOBEJCHUE YACTULL B JIBYXIIEJIE-
BOM 3KCIIEpUMEHTE. BepHeMcst K puc. 3.3 Ha €. 46, T/Ie Mbl UB06PA3UIIN
Ha60p nUdepOIaTOB, ONMUCHIBAIOMNI BOMHY. OH HAIOMHUHAET HA60P
nupepOaaTOB B HAMIEH JBHXKYIIEHCcsa rpymnmne. COOTBETCTBYIONIYIO
BOJIHY MBI U300PA3UJIHN IIO/] I'PYHITION UG EepOaaTOB HA PUC. 5.1, IO b-
3ysCh COBEPUICHHO TEMU JKE METOAAMU, YTO U paHee: 12 4acoB — MUK
BOJIHBI, 6 9ACOB — €€ MUHUMYM, 4 3 1 9 9aCOB COOTBETCTBYIOT HYJIC-
BOU BBICOTE BOJIHBL

Kak MBI MOIVIH IPEABUIETD, IPEACTABICHUE JIBIKYIIEHCS 4YaCTH-
IIbI, BUAUMO, UMEET YTO-TO OOIIEE C BOTHOM. Y BOJMHBI €CTh JIJIHNHA,
COOTBETCTBYIOMASI PACCTOSHHUIO MEXKAY LU(pEPOHIATAMU C UIECHTHY-
HBIMHU ITIOKA3AHUAMU CTPEJIOK. MBI HU300pA3HIIN €€ HA PUCYHKE, 060-
3HAYUB OYKBOM A.

*

Ecnum xotuTe, npoBepbTe Camn
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Cenyac MOXXHO BBIYHMCIHTD, HACKOJIBKO JIAJIEKO TOYKA X TOJKHA
pacnonaraTbCsa OT UCXOAHOM I'PYHITBL, YTOOBI CMEKHBIE ITHdepHIIa-
Thl CKJIAJABIBAINUCH C MOJOXUTENBHBIM 3HAYEHUEM. DTO IPHUBOJAUT
HAC K €IIe OAHOMY OYEHDb BAXKHOMY PE3YJIbTATY B KBAHTOBOU MEXa-
HUKE U CYIIECTBEHHO MIPOACHAET CBA3b MEX/Y KBAHTOBBIMH YACTU-
IaMU ¥ BOTHAMU. CHOBA HACTYIIA€T MOMEHT, KOTI/Id HAM ITOTPeOyeTCsA
HEMHOTI'O MATEMATUKU.

B nepsy1o ouepeib Hy>KHO BBIBECTH AOMOJIHUTEIBHYIO BETUYNHY,
Ha KOTOPYIO IOBEPHYTA CTPENKA ITu(pep61aTa 2 IO CPABHEHUIO C ITU-
¢pepbiaToM 1, TOCKONIBKY Aablie HUPEPOIAT OTIPABATCS B TOUKY X.
C IIOMOIIBIO PE3YJIBTATOB CO C. 93 HAXOAUM, YTO

m(x+ d)? = mx*  mxd

Wo=in= 2ht =

Bbl MOXeTe caMU NPOM3BECTU BBIYUCJIEHUSA, PACKPBIB CKOOKH
U OTOPOCUB BEJIUYUHY d?, IOCKOIBKY d — PACCTOSHUE MEXAY IU-
¢pepbiaramMmy, KOTOPOE CAUIIKOM MaJIO 10 CPABHEHHUIO C X — pac-
CTOSTHHEM JIO TOUKH X, JIEKAIIEH OYEHBD JAJIEKO OT UCXOHOMN OOJIACTH.

JIOBOJIBHO HECJIOKHO 3AIIUCATh KPUTEPUI U JIIA UM EPO6IATOB, T1O-
Ka3BbIBAIOIIUX OJJHO U TO KE BPEMS; HAM HY’KHO €II€ HEMHOI'O MO/IBE-
CTH CTPEJIKH, YTOOBI IPU IPOABIKEHUH LTU(EPHIATA 2 ITO UCXOJTHOE
CMEMIEHHNE MTOKA3AHNUH YACOB ITOJTHOCTBIO KOMIIEHCHPOBAJIO JOIOJHU-
TEJIbHBIN IOBOPOT CTPEJIKU B XOA€ InepemelnicHus nudeponara. 1is
IIpUMeEpPa, MOKA3aHHOIO HA puC. 5.1, nudepobnar 2 JONOJIHUTEILHO
IIEPEBOIUTCS HA %, TIOTOMY UTO MBI JJOJIKHBI Oy/IEM IIOBEPHYTH CTPETI-
Ky Ha 4eTBEPTb 4yaca BIepe]. TOYHO TaK ke 1udepoaaT 3 nogBOUT-
€ HA Y%, IOTOMY 4YTO MBI JIOJDKHBL 6yJIEM IIOBEPHYTH CTPEJIKY BIIEPET,
Ha 11o149aca. CUMBOJIMYECKHU BBIPA3UTD JJOIIO IIOTHOT'O O60POTA B BU/JIE
d / A, rpe d — paccrosHue Mexay nudepoiaaramy, a A — AJINHA BOJIHBL

Ecau BBI 9TOTO MOKA HE YIABIUBAETE, PACCMOTPUTE CJIy4ad, IPU
KOTOPOM PACCTOSTHUE MEXK/Y ABYyMs U epoaaTaMu 6y/IeT PABHATb-
Cs JUIMHE BOJIHBL Torja d = A, a, CJIEJOBATENBHO, d / A = 1, 4TO COOT-
BETCTBYET OJJHOMY IOJHOMY OOOPOTY, IIPU 3TOM 062 1udepobdiara
IIOKAKYT OAUHAKOBOE BPEMH.

[TOABITOXKUM: YTOOBI /IBA COCCAHUX HUGEpPOIaTa MTOKA3BIBAIU
B TOYKE X OJJUHAKOBOC BPEMS, TPEOYETCS, YTOOBI JJONOJTHUTEIBHBIN

IIOBOPOT 4aCOBOU CTPC/IKHW B HAYAJIBHOM IIOJIOXKCHUHW PABHSJICA
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JIOTIOJIHUTEILHOMY TTIOBOPOTY YACOBOIT CTPEIKHU TIPHU PACIIPOCTPA-

HCHWHU BOJIHBI HA PACCTOAHUC:

mxcd d
bt A

Kak # BBIIIE, MOXKEM YIIPOCTUTD 3TO BBIPAKEHUE, OTMETHUB, YTO
mx /I — 3TO UMITYJIbC YACTHIIBL, p. [Tociie HeGOMbIINX IPEoOPaA30Ba-

HUH yPABHCHUS MTOJIYIUM:
=4
r= 5

ITosrydeHHBINA PE3YAbTAT HACTOJIBKO BAXKEH, YTO 3aC/IyKMBACT
COOCTBEHHOI'O UMEHU. U IENCTBUTENBHO, 3TA (POPMYJIA HA3BIBAETCA
yPaBHEHUEM [Ic BpOriis, MOCKOIbKY BIEPBBIE B CEHTAOPE 1923 roga
€e npeJIoKNUI (PpaHy3cKkuil pusuk Jlyu e Bporiis. BaskHocTh hop-
MYJIBI B TOM, YTO OHA CBA3BIBACT JJIMHY BOJIHBI C U3BECTHBIM UMIIYJIb-
COM 4YaCTHUIIBL. MHBIMHU CJIOBAMH, TAK IPOABJISAECTCA TECHAA CBA3b M€-
JKJTY CBOMCTBOM, OOBIYHO IIPHUCYTCTBYIOMUM Y YACTHL, — UMITYJIbCOM,
U CBOMCTBOM, Yalll€ BCET'O ACCOLMUPYIOMUMCH C BOJIHAMU, — JJIUHOM
BOJIHBL. TaKMM OOPA30M, U3 HATUX MAHUITYJIAIMNA C 9ACAMH BO3HUK
KOPNYCKYAADHO-B0SIHOB0IL 0YANUSM KEAHINOBOU MEXAHUKU.

VYpasuenue e bponaa 03HAMEHOBAJIO OTPOMHBIN KOHIIEITYA Ib-
HBIA CKA4OK. B CBOEH OPUTMHAIIBHOI PabOTE OH MUCAN, YTO «BOOO-
pakaeMas CBA3AHHAA BOJIHA» JOJIKHA IIPHUITUCBIBATHCA BCEM YACTH-
I1aM, B TOM YHUCJIC JICKTPOHAM, M YTO IIOTOK 3JICKTPOHOB, IIPOXO/s
yepes Mielb, «JO/KEH JIEMOHCTPUPOBATL (PEHOMEH AUMPAKIIAM»*,
B 1923 rony 310 6BIM €LIE TEOPETUUECKUE PACCYXKICHUS, IIOTOMY
4TO [I3BUCCOH U [IpKepMEpP OOHAPYKMIIN MOSABIEHUE MHTEP(PEPEH-
IUOHHOM (PUI'YPBI IPU UCHYCKAHUU ITYYKOB 3JIEKTPOHOB TOJILKO
B 1927-M. DUHIITENH CE1a]1 IPUMEPHO TO K€ NPEAIIOIOKEHUE, YTO
U jic Bpoiib, HA IPYIUX OCHOBAHUAX M IPUOIHU3UTEIBHO B 3TO JKE
BpeMd. DTU [IBAd TEOPETUUECKUX PEIYJIBTATA CTAIU KATAIHU3ATOPOM
JUISL pa3BUTHS BOHOBOU Mexanuku UIpéaunrepa. B padore, Beien
32 koropon UIpénuHrep yxke OnyobJHMKOBAl YPABHEHHUE CBOECIO

* [ndpakumns — TEPMUH, MCNONb3YEMbIV ANS XapakTePUCTUKL OAHOMO U3 BUAOB MHTEP-
epeHLNM; NPYMEHSETCS K BOMHAM
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UMEHH, OH NHUca: «HaM IpUXOAUTCA CEPbE3HO OTHECTUCH K BOJHO-
BOI1 TEOPUU /i€ Bpoina—DHHIITENHA O ABUKEHUN YACTHIL.

MpI MOXKEM NOAPOOHEE Pa306pPATHCS C YPaBHEHUEM Ji€¢ bpoitis
U IOCMOTPETH, YTO MPOU3OHUJIET, €C/IH YMEHBIINUTD AJIUHY BOJIHBIL,
4TO OYJET COOTBETCTBOBATEL OOJIBIIEMY CMEIEHHUIO YACOBOI CTPEJI-
KU COCeIHUX U@epOaaTOoB. MHBIMU CIOBAMU, COKPATUM PACCTOSI-
HUE MEXY IIU(EepOHIaATAMU, TOKA3BIBAIOIUMHU O/THO U TO K€ BPEMHSL.
DTO 3HAYUT, YTO HYXKHO YBEJIHUYUTDb PACCTOSHUE X, YTOOBI KOMIIEH-
CUPOBATh COKPAIIEHHUE A, — TO €CTb JJIsl HOT'AIIEHU AOIOJIHUTEIb-
HOM TIOJKPYTKH CTPEJIOK TOYKA X JOJIKHA OKa3aTbCA JAbIIE. DTO
COOTBETCTBYET OOJIEE OBICTPOMY JBHIKEHHUIO YACTULIBL: YEM MEHBIIE
JUUIMHA BOJIHBI, TEM OOJIbIIIE UMIYJIbC, O YEM M F'OBOPHUT yPaBHEHUE
Jie bporisa. OTIIMYHBINA PE3YABTAT: HAM YAAJIOCh «BBIBECTH» OOBIYHOE
JIBIDKEHUE (TIOTOMY YTO CO BDEMEHEM I'pyIIa UM EpOIaTOB IBUXKET-

CS1 PABHOMEPHO), HAY4B CO CTATUYHOI'O PaJia HU(EepOIaTOB.

BoyHOBBIE MTaKeTHI

Tenepb BEpHEMCS K BAKHOMY BOIIPOCY, KOTOPBIH /IO TOI'O MBI B 9TOH
IJIABE MPONYCTUIN. MBI CKa3aJIH, 4YTO UCXOJAHAS I'PYIA LETUKOM
JIBIDKETCA K OKPECTHOCTAM TOYKH X, HO JIUIIb IPUMEPHO COXPAHSET
CBOIO HCXO/IHYIO KOH(DHUI'YPALUIO.

YTO MBI UIMEEM B BUJy IO/ 3TUM JOBOJIBHO TYMAHHBIM YTBEPIK/IE-
HueM? OTBET CHOBA CBA3aH C IPUHITUIIOM HEONPE/IEJIECHHOCTH I'ett-
3eHOEpra v IPUBOJUT HAC K CJIEAYIOMEMY OTKPBITHIO. MbI OTUCHIBAIN
IIPOUCXOANIEE C IPyNNON HUMepOIaTOB, KOTOPAS CIYKUT OTOOpA-
JKEHHUEM YACTHULLbL, HAXOAAIIEHUC I7Ie-TO B MaJIOHU OOIACTU IIPOCTPAH-
CTBA. DTA OBJIACTD NPEJCTABIEHA HA PUC. 5.1 IATHIO NUpepOIATAMIU.
ITogo6Has rpyIIa Ha3bIBACTCS 80IHOBbIM NaKkenom. HO MBI YK€ BU-
JI€JIH, 9TO JIOKAJTU3AIUA YACTHUIIBI B KAKOM-TO OOJIACTH NPOCTPAH-
CTBA UMEET CBOU MOCIEJCTBU. MBI HE MOXEM BOCIIPENATCTBOBATD
TOMY, YTO JIOKAJIM30BAHHA YaCTHUILA NTOAYy4HUT «ygap leifizenbepra»
(TO €CTh UMIIYJILC €€ OYAET HEM3BECTEH KAK PA3 BBUJY €€ JIOKATINU3a-
ITUH), 1 CO BDEMEHEM 3TO IPUBEJIET K TOMY, YTO YACTHUI[A <ITPOCOYHUT-

CsI» 34 IPCACIIBI 006J1aCTH CBOET'O UCXOHOT'O PaCIIONIOKCHU A,
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DTOoT 2(PPEKT UMEET MECTO B CJay4dae, Korjga Bce nudepomna-
TBI MMOKA3bIBAIOT OJJUHAKOBOE BPEMS; IPUCYTCTBYET OH U B CJIy4ae
HIEPEMEIEHUS T'PYIITIBI HUEPEPOIATOB. DTO IIPUBEJET K TAKOMY pac-
IIPOCTPAHEHUIO BOTHOBOT'O MAKETA IO MEPE IBUKEHUS, KOTOPOE CO-
OTBETCTBYET CTALMOHAPHOMY JIBHKEHUIO OAMHOYHOMU YACTHUIbL.

Ecnu mojgoX/aTh JOCTATOYHO JOJITO, TO BOTHOBOI MAKET, KOTO-
POMY COOTBETCTBYET JIBHIKYIIASICS IPYIIA YACOB, TOJTHOCTBIO PACIIa-
JIETCS, U MBI IIOTEPSAEM BCE MIAHCHI HA IIPEJCKA3AHUE TOYHOI'O OO~
JKEHHUS YACTUILIBL. DTO, pa3yMeeTcs, Oy/IeT UMETh MECTO IIPU JIOOBIX
MOITBITKAX U3MEPEHUA CKOPOCTU HAMIEN YaCTHULIBL [TOCMOTPUM, KaK
3TO pabOTAET.

Xopomuuit criocod U3MEPUTh CKOPOCTh YACTUITBI — IIPOBECTHU /IBA
U3MEPEHUA €€ TOJIOKEHHUA B IBA PA3HBIX MOMEHTA BpeMeHU. [Toce
3TOI'O MBI MOXKEM BBIBECTH €€ CKOPOCTD, PA3/EINUB MPOHACHHOE €10
PACCTOSHUE HA BPEMSA MEXY JIBYMA U3MEPEHUAMU. YUUTBIBAA TO, YTO
MBI CKa3aJI4, 3TO KAKETCS OMACHBIM, IIOTOMY YTO, €CJIM MBI CJIUIIKOM
TOYHO U3MEPUM MOJIOKEHUE YACTULIBIL, MOXKEM CKATh BECh BOJTHOBOH
ITAKET, YTO U3MEHUT €TI0 NOCJIEYIONIEE IBUKEHUE. ECIN K€ MBI HE XO-
THUM, 4TOOBI YaCTUIA TTOTYyYWIa 3HAYUTEIBHBIN «yaap I'erizeH6epra»
(TO €CThb CYMIECTBEHHDBIN UMITY/IbC, IOTOMY YTO AX CTAHOBUTCA CJIWIII-
KOM MaJIBIM), TO IOJIKHBL YOEJUTHCS, YTO HAIIIH U3MEPEH U [TOJIOKEHUS
OyAyT JOCTATOYHO PACIIBIBYATBIMUA. KOHEYHO, CJIIOBO <«PACILIbIBYA-
TBI» CJIUIIKOM PACIIIBIBYATO, TAK YTO JABANTE €TI0 KAK-TO OIPE/IECINM.
Eciy BOCIONB30BATHCA JETEKTOPOM YACTULL, CIIOCOOHBIM OIIPEJCIIATD
YACTHULBI C TOYHOCTBIO 1 MKM, 4 HAIll BOJTHOBOM ITAKET UMEET MUPHUHY
1 HM, TO IETEKTOP HE OKAXKET [IOYTU HUKAKOT'O BO3/ICHCTBUS HA ITY Ya-
CTULTY. DKCIEPUMEHTATOP, ITOJIYYAIONI U IAHHBIE C ICTEKTOPA, ObLII Obl
CYACTIIUB UMETh PA3PEIICHUE B 1 MUKPOH, HO C TOYKU 3PEHUS JIEK-
TPOHA BCE, UTO MOXKET JIETEKTOP, — 3TO COOOHTUTD IKCIIEPUMEHTATOPY,
YTO YACTULLA HAXOAUTCS B HEKOEM OIDOMHOM SIIITUKE, KOTOPBIH B THICS-
4y pa3 60JIbIIE, YEM CYIIECTBYIONINI BOTHOBOM MAKET. B aTOM Ciyuae
«ynap I'etizeHO6€pra», BBI3BAHHBIH IIPOLIECCOM U3MEPECHUH, Oy/IET OUCHb
MaJI IO CPABHEHHIO C TEM, KOTOPBIA NOPOXKAAETCS KOHEYHBIM pa3Me-
POM CaMOT'O BOJIHOBOTO ITaKeT4. BOT YTO MBI IMEEM B BH/TY T1O]] CJIOBA-
MH TOCTATOYHO PACIIIBIBYATBIN.

MBI PUCOBAIN 3TY CUTYAITHIO HA PUC. 5.3, 0603HAYUB HCXO/IHYIO HIH-

PHUHY BOJTHOBOT'O IAKETA d 1 pa3PEIIEHNE HAIIET'O JETEKTOPA A.
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MBpI U300PA3UIN TAKKE BOJTHOBOU MAKET B 6OJIEE MO3AHEE BPEMS:
OH CTaJl HEMHOI'O IIMPE U UMEET MHPUHY d', KOTOPAsl OOJIBIIIE, YEM d.
MaKCUMyM BOJIHOBOI'O ITAKETA MIPOXOJUT PACCTOAHUE L 32 BPEMEH-
HOU UHTEPBAJI { CO CKOPOCTBIO . [IpUHOCUM U3BUHEHUS, €CJIN 3TA
(dopMy/ia HaBesIA BAM JIABHO 340BbITHIC HIKOJIBHBIC JHU, O€3JapHO
IPOCHIKEHHBIE 34 UICYEPKAHHON U IIOKOPEKEHHOM AEPEBAHHOU 11aP-
TOMU, U I'OJIOC yUUTEIs1 (PUUKHU, TEPSIOIMIUICS B IIOJIYMPAKE 3UMHEI'O
JHA U BIOHAIOIWNA B COBEPIIEHHO HEYMECTHYIO JAPEMOTY. MBI IIO-
KPBIBAEMCS TYT MEJIOBOH IIBLIBIO 110 CEPbE3HOM IIPUYMHE U HAJECEM-
€A, YTO 3aKJIIOYEHHE DTOU ITIABBI BEPHET BAC B CO3HAHME d(P(PEKTUB-

HCC, YCM JICTAIONIAA TPAITKA IJI BBITUPAHWUA JOCKHU B JCTCTBC.

A
' L =uvt

d d

Puc. 5.3. BonHOBOM NakeT B /183 Pas3HbIX MOMEHTa BpemeH . [1akeT ABmraerca
BMPaBO W PacnpoCTPaHIEeTCs C TeUeHeM BpeMeH . [1akeT ABMXKETCS, MOTOMY
UTO CTPE/IKM YaCOB, KOTOPbIE Er0 COCTABASHOT, CMELLIEHbI OTHOCUTENBHO APYT
apyra (ae bpoline), 1 pacnpoCTPaHIETCS B COOTBETCTBMM C MPUHUMMOM He-
onpeaeneHHocTH. PoOpma BONHOBOIO NakeTa He Tak BaxkHa, HO 15 NOMHOTHI
KapTWHbI CIefyeT CKazaTk, UTo eCv naket 6onsLown, To ynudepbnarsl OyayT

OONbLUMMM, @ eC/IM NAKET ManeHsknie, To Hebonswmmm OyayT v undepbnatsl

CHOBA OK434BHIIMCh B Halled META(POPUYECKON HAYYHOU J1a00-
PaTOPUHU, MBI MBITAEMCS U3MEPUTH CKOPOCTh ¢ BOJTHOBOI'O MAKETA,
BBIIIOJIHUB /1BA U3MEPEHUS €I'O IIOJOXKECHHUS B /IBA PA3HBIX MI'HOBE-
HUS. DTO JACT HAM PACCTOSTHUE L, KOTOPOE BOJTHOBOM HNAKET IMMOKPBLI
3a BpeMs £ HO pagpenieHue HAuero JIETEKTOPA PABHO 4, TAK YTO MBI
HE CMO’KEM TOYHO BBIYUCAUTD L. B CHMBOINYECKON POPME MOKHO
3aIIUCATh, YTO UBMEPEHHAS CKOPOCTDb PABHA

_LEtA
VvV — —
t
I7lI€ 3HAK IJIIOC-MUHYC MPOCTO HANIOMUHAET, YTO €CJIU MBI IIPOBO-
JIUM J1BA U3MEPEHUS MTOJIOXKEHHUS, TO TTOJIy4aeM OOBIYHO HE L, a4 CKO-

pee «L TUTIOC 9yTh-4yTh> WU «L MUHYC UyTh-4yTh», IJIC «IyTh-4yTh»



OBUXEHWME KAK MNNO3M4A

HOJIY4a€TCs 61AT0APsl TOMY, YTO MBI COIVIACHUJINCH HE U3MEPSTH MO-
JIOXKEHME YACTHULLBI CJIMIIKOM TOYHO. BA’KHO NIPUHATh BO BHUMAHUE,
9TO L MBI B IENCTBUTEIBHOCTHU U3MEPUTDH HE MOKEM: MBI BCET]A ITOJTY-
YaeM 3HAUYEHHUE I7Ie-TO B fuarta3zoHe L + A, TToMHUTE TAKXKE, YTO BEIU-
4YMHA A JOJKHA ObITh I'OPa3/io 60JIbLIE, YEM PA3MEP BOJTHOBOI'O ITAKE-
T4, THAYE YACTUIA COKMETCA U PA3PYIIUT €r0. HEMHOTO epenuiiem
IIOCJICAHEE YPABHEHUE, YTOOBI JIyUIII€ [IOHATD, YTO IIPOUCXO/UT:

y = — %

L, A
P

OKa3bIBAETCH, YTO, ECJIN BEJIMYNHA [ OYIET OYEHD OOJIBIION, MBI BbI-
IOJIHKUM U3MEPEHME CKOPOCTH v = L /{ C BeCbMa HE3HAYUTEIBHOM I10-
IPEITHOCTBIO, IOTOMY YTO MOYKEM K/1ATh OUCHbB JOJITO, JOOUTHCS, YTOOBI
# 6BIJIO CKOJIb YTOAHO OOJIBIINM, 4 4/, COOTBETCTBEHHO, CKOJIb YTOJJHO
MaJIbIM, IIPUTOM YTO BEJIMYUHA A IPOJIO/IKUT OCTABATHCS JJOCTATOYHO
BEJINKOIL. [I03TOMY KA’KETCH, YTO MBI HAIIIJIA OTIIMYHBIN CITIOCOO BCE JKE
COBEPIIUTD TOYHBIE BBIYHCJICHUS CKOPOCTU 3TOM YACTULbL, HE BMCIIIU-
BasACh B €€ XO/I: JOCTATOYHO JIUIIb JIOJITO ITOJOXKAATh MEX/Y IIEPBBIM
U BTOPBIM U3MEPEHUAMU. C TOUKU 3PEHUSI UHTYHUIIUU BCE IIPEKPACHO
U JIOTUYHO. [Ipe/IcTaBbTE, YTO Bbl 3AMEPSIETE CKOPOCTh ABTOMOOMJIS,
JBHIKYLIETOCA 10 mocce. Ecun 3amepure pacCTOSHUE, KOTOPOE OH IIPO-
€JIET 32 OJIHY MUHYTY, TO Bbl, KOHEUHO, IIOJIyYUTE 3HAYUTEIBHO H0JIee
TOYHBII ITOKA34TEJIb €EI'O CKOPOCTH, YEM E€CJIM MIHTEPBAJ MEXK/TY U3MEPE-
HUAMM COCTABUT OIHY CEKyHY. ITaK, Mbl 0O6Manynu l'erizenoepra?

KOHEUYHO, HET: MBI 340BIJIM KOE-YTO YyUECTh. YaCTUIA ONHCHIBACT-
Cs1 BOJIHOBBIM IIAKETOM, KOTOPBIH PACCEUBACTCS C TEYCHUEM BpEMeE-
HU. [Tpy HAJIMYUU JOCTATOYHOI'O BDEMEHHU PACCEIHUE OKOHYATECIIb-
HO Pa3MOET BOJHOBOI MAKET, TAK YTO YACTUIA MOXKET OKA3aThCA I7IE
YI'OJHO. DTO YBEJIHUYUT JHUANA30H 3HAYCHUHI, KOTOPBIE MBI ITIOJIy4YHUM
IPU U3MEPEHNH L, U IEPEKPOET HAM BOZMOKHOCTD COBEPIIATH CKOJIb
YI'OJHO TOYHOE BBIYUCJICHUE CKOPOCTU YACTULBL

Hmes neno ¢ 4acTulie, OIUCbIBAEMOM BOJTHOBBIM ITAKETOM, MbI
BCE€ PABHO OTPAHUYCHBI MPUHIIUIIOM HEONPEJCICHHOCTHU. TaKk Kak
M3HAYAJIBHO YACTHULLA HAXOJAUTCS I7Ie-TO B 00JIACTU pa3zMepoM d, I'eii-
3eH6epr UHPOPMHUPYET HAC, YTO UMITYJIBC YACTUIIBI COOTBETCTBYIO-
UM OOPa30M HUCKAKAETCSA HA BEIUYUHY //d. TI0O3TOMY €CThb TOJIBKO
OJUH CHOCOO MOCTPOEHHUA TAKOM KOH(MHUIYpaAUU LHUMEPOIATOB,
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4TOOBI IPEICTABIECHHAS HA HEX YaCTHULA JJBUT'AJIACH C ONIPEJEIEHHBIM
HUMITYJIbCOM, — HY>KHO CJIENATD d, TO €CTh PA3MEP BOJIHOBOI'O MAKETA,
O4eHb 60nbIUM. M uem 6osblIe OH Oy/IET, TEM MEHBIIIE OKAKETCS HE-
ONPENETEHHOCTD UMITY/IbCA YACTULIBL. YPOK SICEH: YACTHUIIA C XOPOIIO
HU3BECTHBIM UMITYJIbCOM OIHCBHIBACTCS OOJIBIION I'Pynnon nudepoia-
TOB* TOUHEEe TOBOPS, 4ACTHIA C COBEPIIEHHO TOYHO U3BECTHBIM UM-
IyJIbCOM OYZIET OMHCAaHa GECKOHEYHO JJIMHHON I'pynnoi nudepoia-

TOB, YTO O3HAYAET OECKOHEYHO JITMHHBIA BOJTHOBOU MAKET.

nonoxeHne

A AN
[VARVARE VRVATA Y

PUC. 5.4. BepxHWII rpacdnk: CIOXEHME HECKONBKIX BOMH-CUHYCOW/ aeT

B pe3ynbrare BO/THOBOW MaKeT C PE3KVIM TMIKOM HyHKTMDHaﬂ KpWBad coctonT
M3 MEHBLIETO KO/TMUECTBA BOJTH, YEM LUTPMXOBA, a Ta, B CBOKO O4YEPE/b,
N3 MEHBLUETO, UEM HEMPEPbLIBHAA. HixHune rpacbvmw: MEPBbIE YETLIPE BO/THbI

COCTaBASOT BO/THOBOW MakeT Ha BEDPXHEM rpacbwe

* KoHeuHo, ecnn BenvuMHa d OueHb BEVKa, TO MOXHO 3a[aTbCa BOMPOCOM, Kak BOO6UJ€

M3MEPUTL MMMY/C. HO 3Ta Npobnema peLLaeTcs, MOCKONbKY, Kakow Obl HM Gbina BenuumHa d,
L BCE PaBHO OKAXETCs HaMHOTO bOfbLLIEe
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MBI TOJIBKO YTO IMOK43aJIM, YTO BOJHOBOMY HAKETY KOHEYHOI'O
paszMepa HE COOTBETCTBYET YACTUILIA C OIIPEAECICHHBIM HMIIYJIbCOM.
DTO 3HAYUT, YTO, €CJIM U3MEPUTH UMITYJIBC OYC€Hb OOJBIIOIO KOJIM-
4eCTBA YACTULL, KOTOPBIC OMUCHIBAIOTCS OJJTHUM U TEM KE UCXOTHBIM
BOJIHOBBIM IIAKETOM, MBI HE ITIOJIyYUM KAK/JbIH PA3 OIUH U TOT K€ pe-
3yabTaT. HanpOTUB, MBI NOJIYYHUM HIUPOKHUI HA60P PA3HBIX OTBETOB,
U UX Pa36pOC, KaK 6bI XOPOIIN MBI HU OBIJIU B AKCIIEPUMEHTAJIBHOM
(PU3UKE, HE MOXKET OKA34ThCA MEHbIIE, YeM b / d.

TaxkuM 06pa30M, Mbl MOKEM CKa3aTh, YTO BOJHOBOU ITAKET OMU-
CBIBACT YACTULLY, KOTOPAs JBHXKETCSI C UMIIYJIbCOM, OIPEJECICHHBIM
B PaMKaX HEKOTOPOI'o Auana3ona. Ho ypasHeHue e bporina noapasy-
MEBAET, YTO B IIOCJIEJHEM IIPEJIOKEHUUN MOKHO 3AMEHUTD CJIOBO «UM-
IIYJIbChI» CJIOBAMMU «IJIMHBI BOJIH», IOTOMY YTO UMIIYJIbC YACTHILbI CBSI-
34H C BOJIHOU OIIPEACIEHHON JUIMHBL DTO, B CBOIO OYE€PE/b, O3HAYACT,
YTO BOJTHOBOM ITAKET JJOJIKEH COCTOATD U3 BOJIH PA3HO JUINHBL TOYHO
TAK K€, €CJIU Y4ACTHUIA OIHCBIBAETCS BOJTHOU OIPENEIEHHON JJINHBI,
TAKas BOJIHA JOJIXKHA OBITh O€CKOHEYHOM. KaskeTcst, HaC IOATaJIKHUBa-
IOT K BBIBOJY, UYTO HEOOJIBIION BOJHOBOW MAKET COCTOUT M3 MHOI'MX
OECKOHEYHBIX BOJIH Pa3HOH JJIMHBL M 1EHCTBUTEIBHO, HAC TOOYXK/1a-
IOT JIBUT'ATHCSI 110 ATOMY ITyTH, U TO, YTO MBI OIHCHIBAEM, XOPOIIIO 3HA-
KOMO MaTeMaTHuKaM, (PU3UKAM U UHKCHEPAM. MBI BXOJIUM B 0614CTh
MAaTEMATHUKHU, U3BECTHYIO KAK aHAIN3 Pypbe U HA3BAHHYIO B YECTh
dpannysckoro ¢pusuka Kozeda Oypsne.

Dypbe ObLT KOJTOPUTHOH TMUHOCTBIO. CPEAN €r0 MHOT'OYUCTICH-
HBIX JOCTHXKEHUI — rybepHaropcTBo B Huxnem Erunre npu Ha-
IIOJIEOHE M OTKPBITUE NAPHUKOBOIO 3 dexra. [To cayxam, eMy Hpa-
BHJIOCh 34BOPAYMBATHCS B IIPOCTBIHU, UTO B UTOI'C IIPUBEJIO K €TI0
0€3BpEMEHHON KOHYMHE B 1830 roay, Korma oH, IJIOTHO 3aBEPHYB-
LIMNCH, YIIAJI C COOCTBEHHOM JIECTHUIIBL Ero Iy1aBHAS AHAJIMTUYECKAS
paboTa Kacaaachk TEIJIOIPOBOJHOCTU TBEPAOIO Tejiad U OblIa ONyO-
JMKOBaHa B 1807 rofy, XOTs OCHOBHAS H/ICS U3BECTHA C ropaso 60-
JIE€ PAHHETO BPEMEHHU.

Dypbe NOKA3aJ, 9TO A6COMIOTHO J100as BOJHA CKOJIb YTOAHO
CJIOKHOM (POPMBI U JTIOOOT'O pa3dMepa MOXKET ObIThb IIOJYyYEHA CJIO-
JKEHUEM DPsiIa BOJIH-CUHYCOW/J] PA3HOU JJIMHBL JlydIle BCEro mno-
K434Th 9TO C IOMOIbIO WUIIOCTpauuu. Ha puc. 5.4 nyHKTHUpHAA

KPHBAas MIOJIYYACTCS ITPU CJIOKCHUH JIBYX IEPBBIX BOJTH-CUHYCOH/]
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Ha HUJKHHUX IpaduKax. Bel MOXKETE CIOXKUTD UX €/]BA JIU HE B YME:
06€ BOJIHBI UMEIOT MaKCHMAJIbHYIO BBICOTY B IIEHTPE, TAK YTO CKJIa-
JBIBAIOTCA UMEHHO TaM, 4 HA KOHIIAX racat Apyr apyra. lITpuxo-
Bas KPUBASl — 3TO PE3YJIBTAT CJIOXKEHUS BCEX YETBIPEX BOJIH, [TOKA-
3aHHBIX HAd HUXKHUX I'PadUKaAX, U B HECH UK B LIEHTPE euje dosiee
BBIPAKEH. HaKOHEL], HEMPEPBIBHAA KPUBAS MOKA3BIBAET, YTO IIPO-
U30H/IET MPU CIOKEHUHU IMEPBBIX JIECATH BOJH, TO €CTh YETHIPEX
IIPUBEAEHHBIX HA WUIIOCTPAMU IUIIOC €€ MECTU C MOCIEN0BA-
TEJIBHO YMEHBIIAIOUIEHCA JUIMHOU. YeM OOblle MBI JOOABISIEM
BOJIH, TEM OOJIbIIEC NOJAPOOHOCTEN MOXKEM YBH/JETH B PE3YAbTATE.
BO/HOBOM MaKeT HA BEPXHEM I'PA(PUKE MOXKET OMHUCATDH JIOKAIH-
30BAHHYIO YAaCTHUILY, B OTJUYHE OT BOJHOBOTO IAKETA, U300pa-
JKEHHOT'O H4 PHUC. 5.3. TAKUM 0Opa30M, MOABJIAETCA PEATBbHASA BO3-
MOKHOCTb CHHTE3UPOBATH BOJHY JIOO0U (POPMBI — M BCE ITO
C IIOMOMIBIO CJIOKEHUSA IIPOCTBIX BOJTH-CUHYCOUJ,

VpasHeHue ie Bponisi CooOIaeT HaM, YTO KaK/[as1 BOJTHA HA HUK-
HUX IpaduKax puC. 5.4 COOTBETCTBYET YACTUIIC C OINPE/ICICHHBIM
UMITYJICOM, U 3TOT UMIYJIbC YBEJIUUYHUBAETCS C YMEHBIICHUEM JJIU-
HBI BOJTHBI.

Tenepp CTAHOBUTCS 60JIEE TTOHATHO, IOUYEMY YaACTHILA, OIIUCHIBA-
€eMasi JIOKAJIM30BAHHON I'pynmnon nudepo1aTos, JOIKHA 06I3aTENb-
HO UMETD IMATIA30H UMITYJIbCOB.

ITpOAOMKUM HNOACHEHUS U TIPEANOIONKUM, YTO YACTULLA OMHUCHI-
BaeTcsa rpynnon nudepo/1aTros, NPEACTABICHHBIX HEIPEPBIBHOU
KPHUBOM HA BEPXHEM IpadHUKe PUC. 5.4* MBI TOJBKO YTO BBIACHUIIH,
YTO 3TY YACTHUILY MOXKHO OIHUCATh U PAJOM Iropaszao 60J1€€ JIIMHHBIX
rpynn uugep6aaToB: IEPBast BOMHA C HUXKHETO I'PadUKA, IIJIIOC BTO-
pas BOJIHA C HUKHETO T'Pa(UKa, IUIIOC TPEThS BOJIHA C HUKHETO I'pa-
¢duKa u T. 1. B 3TOM CIydae B KaXKJJOM TOYKE OKA3bIBAETCSI HECKOIBKO
nudepoOaaTOB (IO OAHOMY U3 KAXK/ION JJIMHHON I'PYIIIBI), KOTOPbHIE
MBI JIOJIKHBI CJIOKUTD, YTOOBI MOTYYUJICS €JUHUYHBIN 11U epOIaT,
IIPEJCTABJICHHBIN Ha BEpXHEM rpadure puc. 54. Beibop merona
MIPEACTABIEHUS YACTHUIBI TIOJTHOCTBIO 3ABUCHUT OT BAC: MOKHO CYU-

TaTh, YTO OHA IIPEACTABICHA OJHUM LUPEPOIATOM B KAXKJON TOUKE

*

BCromHMM O TOM, YTO 1306paxeHie BOH — 3T0 yA0OHbIM COCcob 3apUCOBKM NMPOEKLML
CTPE/IOK YaCoB, yKa3bIBatOLLMX Ha 12
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(B aTOM Ciydae pazmep nudepobaaTa HENOCPEACTBECHHO MOSCHSIET,
I7IE BEPOSITHEE BCETO OOHAPYKUTH YACTHUILY, 4 UMEHHO B OKPECTHO-
CTH IIMKA BEPXHETO I'paduKa puC. 5.4). MIH K€ MOKHO CUUTATD, YTO
OH4 OMHUCHIBAETCA KAK MATEMATHYECKUI P HUPEPOIATOB B JTI060M
TOYKE, KAXK/IBIF U3 KOTOPBIX COOTBETCTBYET OJJTHOMY U3 BO3MOKHBIX
3HAYEHUN UMITYJIbCA YACTHUIIBL TaKHUM CIIOCOOOM PA3JIOKEHUS B P/
MBI HAIIOMHUHAEM Cce6€, YTO YACTHUI[A, TOKATN30BAHHAS B HEOOJIBIION
06JIACTH MPOCTPAHCTBA, HE UMEET OIPEJEJIEHHOIO UMIybca. He-
BO3MOKHOCTb NOCTPOUTb KOMITAKTHBIM BOJHOBOM MAKET M3 BOJH
OIHOM-ECIUHCTBEHHOM JITMHBI — OYEBHUIHASI OCOOEHHOCTh MATEMA-
TuKu Oypobe.

Takoit 06pa3 MBICIU /IAE€T BO3MOKHOCTH ITO-HOBOMY B3IVISIHYTb
H4 IPUHIIUII HEOIIPEAEACHHOCTU 'erizen6epra. OH yTBEPIK/IAET, YTO
MBI HE MOJKEM OITHCATh YACTHUILY KaK JIOKAJU30BAHHYIO I'PYIINY IIU-
¢depOaaTOB, €C/IN 3TU HUPEPOAATHI COOTBETCTBYIOT BOJIHAM TOJIBKO
OJHOM JIITMHBL. HanpOTUB, 4TOOLI UM EPOHIATH OTMEH SN APYT Jpyra
34 [IPEJEIAMU JIOKAJIU3OBAHHON OOJIACTH, MBIl OOSI3d4HbI CMELINUBATD
BOJIHBI PA3HOI JUIMHEL, 4 CJIEJJOBATENBHO, M PA3HOTO UMNYJIbCA. MTAK,
11€HA, KOTOPYIO MBI IVTATUM 32 JIOKAJTU3AIUIO YACTUIIBI B KAKOM-TO 06-
JIACTH NIPOCTPAHCTBA, COCTOUT B TOM, YTO MBI HE 3HAEM €€ UMITYJIbCA.
Bonee Toro, 4eM CUJIBHEE MBI OTPAHUYUBAEM OOJIACTD BO3MOKHOTO
MECTOITOJIOKEHUA YACTHUILBI, TEM OOJIbIIE BOJIH PA3HOM JUIMHBI HYXK-
HO JOOABJIATE U TEM XYKE MBI 3HAEM UMITYJIbC YaCTULBL. IMEHHO 3TO
U COCTABJISIET COJICP)KAHUE MIPUHIINIIA HEONPEEICHHOCTH, U OUYCHb
MIPUATHO, YTO MBI IIPUILINA K TOMY K€ BBIBOJlY HHBIM ITyTEM*.

3aBepmias Ty I71aBY, Mbl XOTEJIN OBl €11€ HEMHOI'O ITIOTOBOPHUTH
00 aHanuse Pypbe. DTO OYEHDb XOPOIIEE CPEILCTBO ONIUCAHUS KBAH-
TOBOH TEOPUU, U OHO TECHO CBA3AHO C UJEAMU, KOTOPBIE MBI KaK
pa3 obcyxaaeM. BakHO, YTO KaX/4asl KBAHTOBAs YACTULA, YTO ObI
OHA HU JIeJ1ajid, ONTHUCBIBAETCA BOIHOBON (PyHKIIUEN. Kak MBI yxe
TOBOPUJIM, BOJHOBASI (PYHKIIHUSA — 3TO MHPOCTO Psfi HEOOJIBIINUX
nu@depo6aaTOB, IO OJHOMY AJIS KAXK/JAO0U TOYKU B IPOCTPAHCTBE, —
a pazMmep nudepbaaTa ONPENEIsET BEPOSITHOCTh HAXOXKJCHUS

YACTHUI[Bl B KOHKDPETHOM TOYKE. TaKOM MeTOJ/l NPEACTABICHUS

* 370T CNocob BblBEAEHMS MPWHUMMA HEOMpeaeneHHOCTY, BMpOYeM, TOXe OrnupaeTcs
Ha ypaBHeHue ae bpoiing, CBs3bIBatoLLEe /11MHY BOMHbI C €8 UMY/ IbCOM
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YACTHULIBI HOCHUT HA3BAHHUE B0IHOBOU PYHKULUL NPOCMPAHCINGEH-
1020 10JI0JNCeHUS, TTOCKOJIbKY HENMTOCPEJICTBEHHO CBA3aH C BO3MOX-
HBIMU MOJOXKEHUAMH, KOTOPBIE MOXET UMETH 4acTUId. OJHAKO
€CTb MHOI'O BAPHAHTOB MATEMATUYECKOT'O NIPEICTABIEHH BOJTHO-
BOU (DYHKIIUM, U MaJICHbKUE LIU(PEPOIaAThl B IPOCTPAHCTBEHHON
BEPCUM — JIMMIb OJJMH U3 HUX. MBI yK€ KACAJIHUCh 3TOIO BONPOCA,
KOI7Ia TOBOPUJIH, YTO MOKHO NMPEJCTABUTD YACTUIY B BUJIEC CYMMBI
BOJIH-CHUHYCONJ,. ECn HEHAJOATO 3aJ€PKATHCA HA 3TOU BO3MOK-
HOCTH, JIETKO IOHATH, YTO COCTABJEHHE IIOJHOTO CIHUCKA BOJIH-
CHUHYCOUJ| JAEUCTBUTENBHO AAE€T MCYEPIBIBAIONIEE ONMCAHHE 4Ya-
CTHUILBI (TIOTOMY YTO IIPU CJIOXKEHUU ITUX BOJIH MOXKHO IOJYYUTD
nu@ep61aThl, CBA3AHHBIE C BOJTHOBOM (DYHKIIUEHN IIPOCTPAHCTBEH-
HOT'O ITOJIOKEHU ).

HMHBIMU CJIOBAMHU, €CJIM MBI TOYHO yKa’KEM, KAKME UMEHHO BOJI-
HBI-CHUHYCOH/IBI HYKHBI HAM JUI INOCTPOEHUSA BOJTHOBOI'O ITAKETA
U C KaKMM KO3(PPUIIUEHTOM HYKHO INPHUOABUTDH KAXKAYIO U3 BOJIH-
CHUHYCOM/I, 9TOOBI IIOJIYYUTh HYKHYIO (POPMY IAKETA, Y HAC MOJY-
YHUTCS UHOE, HO MOJHOCTBIO 3KBUBAJIEHTHOE OMUCAHNUE BOJTHOBOTO
nakera. MTHTepeCcHO, 4TOo 1106451 BOJTHA-CUHYCOH/14 CAMa MOXKET ObITh
OIIMCAaHA OJJMHOYHBIM BOOOpaKa€MBbIM HUGPEPOIATOM: €TI0 pa3MeEP
OTPaKAET MAKCUMAJbHYIO BBICOTY BOJIHBI, 4 (Pa3a BOJHBI B OIpeE-
JIEJIEHHON TOYKE MOXKET OBITh NPEJCTABIEHA BPEMEHEM, HA KOTO-
pO€ YKa3bIBAET CTPENKA. TaKUM 0O6PA30M, MBI MOXKEM MPEATIOYECTD
NPEICTABIECHUE YaCTUIIBI HE Yepe3 U(epOaaThl B IPOCTPAHCTBE,
HO 4€pe3 aNbTEPHATUBHBIN HA60P NUAPEPOIATOB — MO OFHOMY JIJIA
KaK/IOTO BO3MOXKHOI'O 3HAYEHUS UMITYJIbCA YACTUIIBL. DTO OMNHUCA-
HUE CTOJIb )K€ 9KOHOMMHYHO, KAK U IIPEJCTABICHUE «[[U(PepOIaATOB
B IPOCTPAHCTBE», U BMECTO YKA3aHUs HAUOOJIEE BEPOATHOTO MOJIO-
SKEHMSI YaCTHUIIBI MBI YKA3bIBAEM HAMOOJIEE BEPOSITHBIE 3HAUCHUSI €€
UMITYJIbCA. DTOT AJIBTEPHATUBHBIA PAJ HUMEPOIATOB HA3ZBIBAETCA
8021060l PYHKUUCL NPOCIMPAHCINEA UMITYALCOE U CONEPKUT POB-
HO TY XK€ MH(POPMAILUIO, YTO U BOJHOBAS (PYHKIIMS IPOCTPAHCTBA

IIOJIOKEHUIT*,

* B HayMHO\Z TEPMMNHO/OIN BONMHOBbIE dDyHKLMM MPOCTPaHCTBA MMMYNbCOB, COOTBETCTBYHOLLINE
YaCTLam C ONpeaeNEHHBIM MMMYTBCOM, M3BECTHbI KakK CODCTBEHHbBIE COCTOIHNS MIMMY1bCOB
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BoO3MOXHO, 3TO 3By4HUT OYEHb AOCTPAKTHO, HO TEXHOJIOI'US, OCHO-
BaHHAas HA HjiesaX Pypbe, YCIENTHO UCTIOIb3YETCS B IOBCEHEBHOM JKH3-
HU: PA3JI0’KEHUE BOJIHBI HA COCTABJIAIONIUE €€ BOJIHBI-CUHYCOU/IBI — 3TO
OCHOBA TEXHOJIOTUHU aYJUO- U BUJICOCKATH. [IpeicTaBbTE cebe 3BY-
KOBBIE BOJIHBI, OOPA3YIOIIUE BAITY TIOOMMYIO MEJIOAUIO. DTA CIIOXKHAS
BOJIHA, KAK MBI y2KE€ 3HAEM, MOXKET OBITh PA30MUTA HA COCTABJISAIONNE
C TIOMOIIBIO PAZA YHCEJ, KOTOPBIE MOKA3BIBAIOT OTHOCHUTEIBHBIN
BKJIAJ KAKJOWU M3 MHOXKECTBA BOJH-CHHYCOWJ, B IOJYYAIONIUNCA
3ByK. OKa3bIBAETCs, YTO, XOTS AJI A0COTIOTHO TOYHOI'O BOCIIPOU3-
BEJEHNUA UCXOJHOTO 3BYyKa TPEOYETCA MHOXKECTBO OT/AEIbHBIX BOJIH-
CHUHYCOUJ], MOXKHO OTKAa34TbCs OT MHOTHX M3 HUX, YTO COBEPIIEHHO
HE CKaXKETCS Ha BOCIPHATUU KAa4YeCTBa ayAuo3anucu. Hampumep,
YAAJIAIOTCA BOJIHBI-CUHYCOH/JIBI OT 3BYKOB, HE BOCHPHUHUMAEMBIX
YEJIOBEYECKUM CJIYXOM. DTO CYHIECTBEHHO COKPAIIAET KOJIUYECTBO
JIAHHBIX, KOTOPBIE HYKHBI JIJIS XPAHEHUA AyTUO(DAIIIA, TO3TOMY BAIIH
mp3-11eepbl HE OYEHb OOJIbIITHE.

MO’HO 33/1aThCS BOIIPOCOM: KaK PEAJIBHO NPUMEHUTD JIPYTYIO,
emie 60Jsiee AOCTPAKTHYIO BEPCHIO BOJIHOBOU (PyHKIIMU? Paccmo-
TPUM YACTHUILY, KOTOPAs OTOOPAKAETCA OJUHOYHBIM 11U EpOIATOM
B IIPEJCTABIECHUU IIPOCTPAHCTBA IOJIOXKEHUH. TaK ONHCBHIBAETCA
YaCTULA, HAXOAAIIAACSA B OIIPEJIEIEHHOM MECTE BCeNeHHON; B €1UH-
CTBEHHOM TOYKE — TaM, IJ€ paCHoJoxeH nudeponar. Tenepp pac-
CMOTPUM YACTHULLY, KOTOPASI OTOOPAKAETCA OAUHOYHBIM HUpepoIa-
TOM B IIPE/ICTABJICHNUH NPOCTPAHCTBA UMIIYJIbCOB. TaK ONTUCHIBACTCS
4aCTHUIA C EJUHCTBEHHBIM, TOYHO ONPEJEIEHHBIM UMITYJILCOM. OIH-
CaHHE TAKOM YaCTHUIIBI C IOMOIIBIO BOJHOBOU (DYHKIIMU IIPOCTPAH-
CTBA ITOJIOKEHUN ITOTPEOYET — MO KOHTPACTY — OECKOHEYHOI'O KOJIU-
4JecTBa HUQPEPOIATOB OJUHAKOBOTO Pa3MepPa, IOTOMY UTO, COTTIACHO
IIPUHITUITY HEOIIPE/ICJICHHOCTH, YACTUIIA C TOYHO OIPE/ICICHHBIM
UMITYJIbCOM MOKET HAXOAUTHCA TJ€ YIOJHO. B pesynbraTte MHOrga
IIPOIIE MPOU3BOAUTH BBIYMCIECHUSI HEMOCPEACTBEHHO B TEPMUHAX
BOJIHOBOIH (DYHKIIMHM IPOCTPAHCTBA UMITYJIbCOB.

B »TOM y1aB€ MBI BBISICHHJIH, YTO OMHCAHUE YACTHUIBI METOAOM
nu@epOIaTOB CIIOCOOHO CXBATBHIBATH CYTh TOI'O, YTO MBI OOBIYHO
HA3bIBAEM «IBUKEHUEM». MBI Y3HAJIN, UYTO HAIIIE BOCIIPUATHE PABHO-

MEPHOT'O JIBUKEHUSI OOBEKTOB OT OFJHOM TOYKH K JPYTOM, COTTTACHO
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KBAHTOBAS BCENEHHAA

KBaHTOBOU TECOPUH, SIBJISCTCS UILIIO3UEN. Bosee nnpasronogo6Ho Oy-
JIET PEANOIOXKUTD, YTO YACTHUIIBI JIBUXKYTCSI U3 TOYKU A B TOYKY B
BCEMH BO3MOXKHBIMU ITYyTAMU. TOTBKO MPHU CIOKEHUU BCEX BO3MOXK-
HOCTEH MOSBIACTCA IBUKECHUE B TOM BUJE, B KAKOM MBI €T'O BOCIIPH-
HUMaeM*. MBI TAK)KE SICHO YBH/IC/IM, KAK OITUCAHUE C TTIOMOIIBIO 1[H-
(hepH6IaATOB MO3BOJISIET IMTEPENUTU K BOTHOBOIM (DU3HUKE JA3KE HECMOTPS
Ha TO, YTO MBI UMEEM JIEJIO JIUIIb C YACTUIIAMH, HOJOOHBIMU TOUKAM.
CerigaCc mopa MCHONb30BATh 3TO CXOACTBO C BOJHOBOHM (PU3UKON
JUIST OTBETA HA BAXKHBIN BOIIPOC: KAK KBAHTOBAS TEOPUST OOBSICHSIET

CTPYKTYPY ATOMOB?

* VIHaye rosopsl, Habntofaemble HamMn COOTHOLLEHMS BbINOMHAOTCS AN CPEAHVX 3HAUYEHNI
Habnroaaemslx sennuuH. [pum. peo
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M BHYTPU aTOM NPEACTABIAET CO6OI HeuTO cTpanHoe. Ecu,
HAIIPUMEP, Bbl BCTAHETE HA INPOTOH U MOCMOTPUTE OTTYZA
BO BHYTPUATOMHOE IPOCTPAHCTBO, TO YBUAUTE JIUIIb ITYCTOTY. DIIEK-
TPOHBI OYAYT CJIHIIKOM MaJjbl, YTOObI MX PA3INIANETD, JAXKE €CJIN
OKAXXYTCSI HA PACCTOSIHUM BBITSHYTOM PYKH, HO JAKE U 3TO OyJET
MIPOUCXOAUTD CJIHIIKOM PEJIKO. ITpPOTOH B HAMETPE PaBEH IIPU-
MmepHo 107 M, To ectp 0,000000000000001 MeTpa, U IO CpPaBHE-
HHIO C 3JIEKTPOHOM OH IPOCTO KBAHTOBBII KOJIOCC. ECJIN BBI CTOUTE
«HA IPOTOHE» Y NOOEPEKbSI AHIVINY, HA 6€JIbIX CKa1aX [lyBpa, TO pac-
IJIBIBYATBIE IPEJIENIBI ATOMA PACTIONOXKATCA TIE-TO Ha (PEPMAX CEBEP-
HOU @®paHLU. ATOMBI OOIIMPHBI U ITYCTHL, [IO9TOMY Ballld IIOJHOPA3-
MEpPHA BEPCHUS TOXKE OOMIUPHA U IyCTa. [IpOCTENIINIT ATOM — 3TO
BOJIOPO/I, COCTOSIIIUNA U3 OJHOI'O IPOTOHA M OJHOT'O 3JEKTPOHA. ITo-
CKOJIBKY 3JIEKTPOH UCYE3AI0NIE MaJI, MOXKET IIOKA3AThCsA, YTO OOIACTD
€TO JIBHXKEHUSI O€3IrPAHNYHA, HO 3TO HE TaK. OH NPUKPEIJIEH K IIPO-
TOHY B3dMMHBIM 3H€KTpOM3FHI/ITHbIM HpHTH)K@HI/ICM, M MMCHHO p2.3-
Mep U (popMa 3TOH NPOCTOPHOM TIOPBMBI ONPEAEIAIOT XaPAKTEP-
HBIM HITPUXKOJ] U3 IIBETOB PAAYTH, TIIATCIBHO 3a(PUKCUPOBAHHBIN
B Handbuch der Spectroscopie HalluM CTaAPbIM IIPUATEIEM U YACTBIM
rocreM nnpogeccopom Karizepom.

Ceriyac Mbl MOKEM IIPUMEHUTD HAKOIJIEHHBIE 3HAHUA JJId PEIlle-
HUSI BOIPOCA, KOTOPBII CTABUJI B TYIIHUK Pesepdopaa, bopa u 1pyrux
YUEHBIX B IIEPBBIC JICCATHICTHS XX BEKA: UYTO MMEHHO IPOHUCXO-

JUT BHYTPHU aTOMa? EC/IM MOMHUTE, TPOOJIEMA COCTOANIA B TOM, UYTO



MY3blKA ATOMOB

Peszepdopa BBIACHUI CXOACTBO 4TOMAa B HEKOTOPBIX OTHOIIEHHUAX
C MUHHUATIOPHON COJIHEYHOM cUCTEMOM: CONHILIE KAK TBEPLOE AP0
B IIEHTPE, U AJIEKTPOHBI KAK INIAHETHI, BPAIAIOMMUECS IO YIaJIEHHBIM
op6uram. Pezepdopy 3HAJI, YTO 3TA MOJICIb HE MOKET OBITH BEPHOI,
IIOTOMY YTO 3JIEKTPOHBI HA OPOUTAX BOKPYT A/1PA JTOJKHBI ITIOCTOAH-
HO MCITYCKATh CBET. PE3yNbTAT TOJKEH OBITH JIJISL ATOMA KATACTPOPU-
YECKUM, [IOTOMY YTO, €CJIU 3JIEKTPOH IIOCTOSTHHO UCITYCKAET CBET, OH
JOJDKEH TEPATDb HEPIHUIO M 3AKPYUYUBATHCA 110 CHUPAJIN B HAIIPAB-
JIEHUU HEU30EKHOI'O CTOJIKHOBEHUSA C IIPOTOHOM. KOHEUHO, 3TOr0
HE NPOUCXOAUT. ATOMBI JOBOJIBHO CTAO0UJIbHEIL, ITO9TOMY B HAPHUCO-
BAHHOI KAPTHUHE YTO-TO He TakK. Ho uTo?

OTa IV1aBa OYEHDb BAXKHA JJIs1 BCEX KHUI'Y, IIOTOMY YTO 3J€Ch MBbI
BIIEPBLIE IONBITAEMCA C MTOMOMIBIO HAMEN TEOPUU OOBACHUTH SB-
JIEHUs PEAJIbHOI'O MUpPA. BeCh HAlLI TPy 4O 9TOIO MOMEHTA HOCHUII
TEOPETUYECKUN XAPAKTEP: MBI Pa3pabaThlBaJInd OCOOBIN «popma-
JIN3M» — CIIOCOOBI PEACTABIEHUS KBAHTOBOM YaCTUIBL. [IpuHIINT
HeolpejeneHHoCTU Teifizendepra U ypasBHeHUE Je¢ bpoins cra-
JIM BEHIIOM HAaIlIUX YCHUJIMI, HO B IIE€JIOM MBI BEJIU CEOA JOCTATOYHO
CKPOMHO, PacCMaTpuBas BCEJIEHHYIO KaK COCTOSINYIO M3 OJHOU-
€IMHCTBEHHOI 4YaCTHUIIBL Temnepp mopa IOKa3aTh, KAK KBAHTOBAA
TEOPHS BIUACT HA HAII [OBCEAHEBHBIN MUP. CTPYKTYypad ATOMOB —
BElb UCKJIIOUYHTEIBHO PEAJIbHAA U OCA3ae€Masd. Bbl COCTOMTE U3 ATO-
MOB: UX CTPOEHHUE — 3TO BAIIE CTPOEHUE, UX CTAOMIBHOCTb — BaIlld
CTAOMJILHOCTB. MOXKHO 6€3 0CO60I0 MPEeyBEeJIUYEHNUs CKA3ATh, YTO
IOHUMAHHE CTPYKTYPbI ATOMOB — OAHO U3 HEIIPEMEHHBIX YCIOBUM
IIOHUMAHUA BCEJIEHHOA B LIEJIOM.

B arome BOJOPOAA 2NEKTPOH 3AMNEPT B OOIACTU, OKPYKAIOMEH
IPOTOH. HauHEM C TOTO, YTO NPEACTABUM, OYITO 3TOT AJIEKTPOH 3a-
IIEPT B CBOEI'O POAA SLIUKE, YTO, BIPOYEM, HE TAK JIAJIEKO OT UCTU-
HbL. MBI 3aFIMEMCS UCCIEJOBAHUEM TOTO, 10 KAKOM CTENEHU (PU3UKA
3JIEKTPOHA, 3AIIEPTOIO B MAJICHBKOM SALIHUKE, OTPAKACT KJIIOUYECBbIC
OCOBEHHOCTU PEAIBHOIO ATOMA. MBI IPOJOIKUM HCIIOIb30BATh TO,
4TO YCBOWJIU U3 IIPEABIAYIIEH IVIABbL 10 IIOBOAY BOJHOBBIX CBONCTB
KBAHTOBBIX YACTHIL: KOIZIA JEJIO JOXOAHUT O OIIMCAHUS ATOMOB, BOJI-
HOBAs KAPTUHA IEUCTBUTEIBHO BCE YIIPOIIAET, U MBI MOXKEM JOOUTb-
Csl CEPBE3HOTr0 IMPOTPecca, HE OCOHBEHHO 6HECIIOKOACH IO MOBOAY

YMEHBIIEHU S, JOOABIEHU I U CMEIIEHUS YaCOB U UX CTPEIOK. OJHAKO
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KBAHTOBAS BCENEHHAA

HY>KHO BCE BPEMS JIEPKATh B YME, UTO BOJIHBI — 3TO YAOOHOE MPU-
OMKEHUE K TOMY, YTO IIPOUCKXOJIUT «I10/] IOKPOBOM». TaK KaK CTPYK-
Typa, pa3paboTaHHAsI HAMU IS KBAHTOBBIX YACTHUIL, OYEHb OJIM3KA
K TOM, YTO OIUCHIBAET BOASHBIE BOJIHBI, 3BYKOBBIE MJIM BOJIHBI TUTAP-
HOH CTPYHBI, PACCMOTPHM CHA4YAJId [IOBEJICHNUE 3TUX 3HAKOMBIX HAM

MAaTEPUAJIBHBIX BOJIH B YCJIOBUAX ONPEJEIEHHOTO POAA OIPAHUYEHUI.

Puc. 6., LLlecTb MoCNeN0BaTE/NbHbBIX CPE3OB CTOAuEN BOMHbI

B UmcrepHe C BOQO%, Ocb BPEMEHW HaMpas/eHa OT BEPXHEIO 1EBOIO

K HVDKHEMY MPaBOMY CHUMKY

B nenom cnenyer ckasarb, YTO BOJHBI — CJIOXKHBIE OOBEKTHL
[IpeAcTaBbTE, YTO Bl IIPHITAETE B OACCCIHH, OJHBIN BOJbL. Bojga He-
MEJUJIEHHO HAYHET PACIUIECKUBATBHCSH, U, KAXKETCS, HE IOJIYYUTCSI
OITMCATH NPOUCXOAAIIEE KAKUMH-TO NIPOCTBIMUA METOAAMHU. OTHAKO
34 3TOM CJIOKHOCTBIO TAUTCA CKPBITAA NIPOCTOTA. KIIIOYEBLIM (DaK-
TOPOM OYJIET OIPAHUYEHHOCTD BOJIbl 0ACCEMHOM, TO €CTh BCE BOJIHBI
B HEM 3aMEPTHL DTO NOPOXKIAET (PEHOMEH, U3BECTHBIN 110]] HA3BAHU-
eM cmosauetl 601bl. CTOIYNE BOJHBI CKPBITBI OT HAC B TOM O€CIIOPSA/-
K€, KOTOPBIH MBI BUJJUM IOCJIE CBOCTO IPBIXKKA B 0ACCENH, HO €CTh
CIIOCOO 34CTABUTb BOJAY «OCLUWIJIMPOBATb> — ABUIATBHCSA B (popme
PEry/sIPHBIX, IOBTOPSIOMIUXCST KOJICOAHUM CTOSIUX BOJH. Puc. 6.1
TIOKAa3bIBAET, KAK BBIIJIAJAT BOJHAA ITOBEPXHOCTH MOCJE TOr'O, KaK
IIOABEPIHETCS OJHOMY TAKOMY KOJIEOAHUIO. MAKCUMYMBbl U MHUHU-
MYMBI BOCXOAAT U HUCXOJAT, HO CAMOE BA)KHOE — TO, UYTO OHU BOC-
XOASAT U HUCXOJAT CTPOI'O B OJJHOM M TOM K€ MecTe. ECTh u gpyrue

CTOSIYME BOJIHBI, B TOM YHCJIC TAKAs, I7IC BOAA B IIEHTPE IUCTEPHDI



MY3blKA ATOMOB

PUTMHYECKU MMOAHUMACTCS U OIYCKAETCA. DTU OCOOBIE BOJIHBI MBI
OOBIYHO HE BUJIUM, IOTOMY YTO UX TPYAHO CO3/1aTh, HO CMBICJI B TOM,
4TO a6COJIIOTHO JIIOOOE BO3MYIIECHUE BOABI — AK€ BBI3BAHHOE Ha-
UM HE CAMBIM 3JIETAHTHBIM HBIPKOM U NOCJIEAVIONEH OTYAIHHOM
MOJIOTBOOM PYKAMH — MOXKET OBITh IIPEACTABICHO B BUJIE HEKOETO
COYECTAHUS PA3JIUYHBIX CTOSYUX BOJH. MBI YK€ BCTPEUAINCH C TA-
KHM THUIIOM IIOBEJICHUs — ITO psaMoe ob6obeHue njei dypoe, ¢ Ko-
TOPBIMU MBI TIO3HAKOMUJIUCH B IPOIIJION IJIABE.

TaM MBI BU/JIEJIH, YTO JIOOOM BOJTHOBOM ITAKET MOKET COCTOSITh
U3 COYETAHUSA BOJH ONPECIECHHON JIUHBL. DTU OCOOBIC BOIHBI, OT-
PaXKAIOMIUE COCTOSIHUE YACTUIIbl C ONPEJICACHHBIM UMITYJIbCOM, —
CHUHyCOUJBI. B ciryyae ¢ 3anepThIMU BOJSIHBIMU BOJIHAMH MOXXHO
cienaTb 0000IEHNE, YTO JI0O0E BO3MYIIEHUE BOJIbl BCErJd MOXKHO
OITHCATH C MMOMOIIBIO KAKOT'O-TO COYETAHUS CTOSIYUX BOJIH. [To3xke
B 3TOM IJIABE MBI YBH/IHUM, YTO CTOSYHE BOJTHBI UMEIOT B KBAHTOBOI
TEOPUU BAKHYIO MHTEPIPETAIIUIO: COOCTBEHHO T'OBOPS, B HUX CO-
JEPKUTCS KII0Y K [IOHUMAHHUIO CTPOEHUS aToMa. JIepKa 3TO B YME,

PACCMOTPUM CTOAYMEC BOJTHBI b6onee TIPUCTAJIBHO.

Pyic. 6.2. Tput BONHbI HanboMbLLUEN ANVHbI, KOTOPbIE MOTYT BO3HMKHYTH NpU

nepebope ruTapHoW CTpyHbl. Camas AnvHHas BOAHa (CBEPXY) COOTBETCTBYET
HV>KHEM rapMOHIKe (OCHOBHOMY TOHY), @ OCTalbHbIE — BbICLUVIM

rapmoHmkam (obepToHam)

Ha puc. 6.2 oKa3aH enie OJJUH IPUMEP CTOSYUX BOJIH B IPUPO-
Jle — TPU M3 MHOXKECTBA BO3MOXKHBIX CTOAYNX BOJH HA I'MTAPHON
crpyHe. Korzia Mbl TPOIraeM r'MTApHYIO CTPYHY, MBI CJIBIIIAM 3BYK, KO-
TOPBIH OIIPEJEIACTCA CTOAYEIH BOJTHOU HANOOJIbIIEN JUIMHBI — TIEP-

BOI1 M3 TPEX, TOKA3AHHBIX HA PUCYHKE. M B (DU3HKE, U B MY3BIKE 3TO
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KBAHTOBAS BCENEHHAA

U3BECTHO NOJ HA3BAHHUEM HU3IIEN FTAPMOHUKH, UJIU OCHOBHOI'O TOHA.
BosHBL IpyTro¥ IITUHBI OOBIYHO TOXE NPUCYTCTBYIOT U HA3BIBAIOTCS
06EPTOHAMHU, UJIH BBICIIMMU I'APMOHUKAMH.

JIBe Apyryue BOJIHBI HA PUCYHKE — 3TO JiBa O6EPTOHA C HANOOIIb-
HIUMU JUIMHAMH BOJIH.

I'mrapa — OTIWYHBIN NIPHUMED: JOBOJIBHO JIETKO MHOHATD, IOYEMY
IUTAPHAsA CTPYHA MOXKET BUOPHUPOBATH TOJIBKO HA 3TUX KOHKPETHBIX
BOJIHAX. JI€J10 B TOM, 4YTO OHA (PUKCUPOBAHA HA OOOMX KOHI[AX: C OJJTHON
CTOPOHBI — KOOBUIKOI*, 4 C IPYroi — MaJIbI[AMH, IPYKUMAIONIMU
CTPYHY K I'prQy. DTO 3HAYUT, YTO B JIBYX ITUX TOUKAX CTPYHA HE MO-
JKET JIBUTATHCS, YTO M ONIPEAECISAET PA3PEIICHHBIE JJIMHBI BOJTHBL ECiin
BBl UTPAETE HA TUTAPE, BBl MHCTUHKTUBHO IMOHUMAETE TAKYIO (PU3U-
Ky: IepeOUPast MAJbLIAMHU 10 T'PUQY O HATIPABIEHUIO K KOOBUIKE, BB
YMEHBIIACTE JJINHY CTPYHBI, TEM CAMBIM 3aCTABJISISA €€ KOIEOAThCS
C MEHBIIIEN JUTMHOM BOJIHBL, YTO COOTBETCTBYET OOJIEE BBLICOKMM HOTAM.

HUKHAS TAPMOHHKA — 3TO BOJIHA, KOTOPAsl UMEET BCETO IBE CTA-
ITHOHAPHBIE TOYKU, UJTU «y3J12», BO BCEX OCTAJIBHBIX TOYKAX OHA JIBIKET-
ca. Kak BUTHO HA PUCYHKE, JIJTMHA BOJHBI 3ByKa PABHA JIBOMHOU JIJIMHE
CTpyHBL CIIe/IyIONiasi, MEHBIIAS JJIMHA BOJHBI YK€ PABHACTCS JJIMHE
CTPYHBIL, ITOTOMY YTO MBI MOYKEM BUJIETD EIIIE OAMH Y3€ B LIEHTPE. 34TEM
MOZKHO ITOJTYYUTh BOIHY C JIJIMHOU B % JJTUHBI CTPYHBL U T. 11,

B nenom, Kak u B cirydae ¢ BOJOH, 3aIIEPTON B 6ACCENHE, CTPyHA
OyzieT BUOPUPOBATD B KAKOM-TO COYETAHUU PA3IMYHBIX BO3MOXKHBIX
CTOSTYMX BOJIH, B 3aBUCUMOCTH OT TOT'O, KAK UMEHHO TPOHYTA CTPYHA.
KoHKpeTHYIO (pOpMY CTPYHBI BCETAA MOXKHO MOJTYYHUTh, CJIOKUB CTOSI-
4Me BOJIHBI, COOTBETCTBYIONIUE KAXK/ION U3 UMEIOIUXCS TAPMOHUK.

FapMOHUKHN U UX OTHOCHUTEIBHBIE PA3MEPHI JAIOT XAPAKTEPHBIN
TOH 3BYKa. Y PA3HBIX TUTAP OYAET PA3HOE PACIPEAEICHUE TAPDMOHHK,
IIO3TOMY U 3By4aTh OHU OYJYT IIO-PA3HOMY, HO CpEeJHEE /10 (YHUCTAs
FAPMOHUKA) HA OJJHOU TUTAPE NPAKTUYECKH COBIIAZAET CO CPEJHUM
J10 HA IPYT'OM.

Jnsg rutapel pOpMa CTOAYUX BOJIH OYEHb MPOCTA: TO YHUCTBIE

CHUHYCOUJIBI, U UX JJIMHA (PUKCUPOBAHA JUIMHON CTPYHBEL 171 cirydas

* Kobbinka (Bpnax, MOACTPYHHMK) — YaCTb MATAPbl B CAMOM HUXHEN UacTy kopryca. Heko
TOPblE MOAENN COBPEMEHHbIX 3BYKOCHMMATENEN HAXOASTCS BHYTPY KOOBINIKM, TAE W CUMTbI-
BatoT BMOPaLMY CTPYH. [Tpum. peo.



MY3blKA ATOMOB

€ 6aCCEMTHOM CTOSTIHE BOTHBI OOJIEE CIIOXKHBIE, YTO [TOKA3aHO HA pUC. 6.1,
HO OO1Ias UJies TAKAS JKE.

Bo3MOXKHO, BAC MTHTEPECYET, ITIOUYEMY 3TH KOHKPETHBIE BOJIHBI Ha-
3BIBAIOTCSI CTOSYUMU. [IEJIO B TOM, YTO OHU HE MEHSAIOT CBOEU (POPMBL
Ecim MBI Ci€/1a€M [IBA CHUMKA I'MTAPHOM CTPYHBI, KOJCOIIOMECHC
B (pOpME CTOAYEN BOIHBL, TO 3TH AB€ (poTOrpaduu OyayT OTINIATh-
Cs1 TOJIBKO OBIIIHM Pa3MEpPOM BOJIHBL [TUKU 6y1YT BCET/1A HAXOIUTHCS
B OJIHUX M TEX XKE MECTAX, KAK U Y3JIbl, KOTOPBIE (PUKCUPYIOTCA KOH-
1IAMU CTPYHBI UJIH, B CJIYy4ae C 6ACCEHHOM, €O OOPTUKAMU.

C MATEMATUYECKOM TOYKH 3PEHHA MOXHO CKa34Tb, YTO BOJI-
HBI Ha ABYX (POTOrpausax OTIHUYAIOTCS TOJBKO OOIMIUM MHOMXUTE-
JIEM. DTOT MHOXHUTE/b IIEPUOJHUYECKU KOJIEOIETCS CO BPEMEHEM
1 OTPAKAET PUTMHUYECKHE KOJIEOAHUA CTPYHBI TO Xe camoe BEPHO
U 7151 6accertHa Ha puc. 6.1, rae Kaxaas hororpadusi OTIUIACTCS
OT OCTAJIBHBIX OOIMM MHOXUTeNeM. Hanpumep, nociaenHss Gporo-
rpadus MOXET OBITh IOJIYy4€HA U3 IEPBOU ITOCPEACTBOM YMHOXKEHUS
BBICOTHI BOJIHBI B KAKJIOU TOYKE HA —1.

MHBIMUA CJIOBAMH, BOJIHBI, KAKUM-TO OOpPa30M OIPAHHUYEHHLIE,
BCEI7Ia MOKHO BBIPA3UTh B BUJI€ CYMMBI CTOSIYMUX BOJIH (TO €CThb TEX,
KOTOPBIE HE MEHAIOT CBOEH (DOPMBI), U, KAK MBI YK€ CKA34JIH, ECTD J10-
BOJIBHO CEPbE3HBIC TPUYUHBI TIOCBATHUTD UM CTOJIbBKO BDEMEHU. ['1aB-
Had M3 HUX — CTOSAYHE BOJIHBI KBAHTOBAHBL. DTO COBEPIIEHHO OYe-
BHU/IHO /I CTOSIYMUX BOJIH HA TUTAPHOI CTPYHE: JJIMHA OCHOBHOT'O
TOHA B JIBA Pa3a HPEBBIIIAET JJIMHY CTPYHBL, 4 CJIEYIONMAS IO AJIUHE
BO3MOJKHAA BOJIHA PABHAETCA JJIMHE CTPYHBL MEXAY 9TUMHU JIBYMA
BOJIHAMHU CTOSYEU BOJHBI C KAKOH-ITMOO MPOMEXYTOUYHON JIUHOM
OBITb HE MOXKET, TAK YTO MOKHO CKAa34Th, YTO PA3PEIIECHHBIE JJIUHEI
BOJIH HA TUTAPHOU CTPYHE KBAHTOBAHBL.

TakuM 06pa30M, C IOMOIIBIO CTOSTYUX BOJIH IPOSIBIISIETCS CIIEYIO-
hIee: «3aIMpas> BOJIHbBI, Mbl YTO-TO KBAHTYEM. B cilydae ¢ rurapHou
CTPYHOH 3TO, OYEBUHO, JJINHA BOJHBL B Cily4ae C 37IEKTPOHOM BHY-
TPU AMMKA KBAHTOBBIE BOJIHBI, COOTBETCTBYIOIIHE IJIEKTPOHY, TOXKE
OYAYT 3aII€PTHI, U IO AHAJIOTUU MOXKHO OXKH/IATh, YTO B SAIIUKE OyoyT
MIPHUCYTCTBOBATD JIUIIIb BOJHBI C OMPE/IC/ICHHBIM, KOHKPETHBIM HA60-
POM AJIUH BOJH, 4, CJIEJOBATEIBHO, HEYTO BHOBb OyJI€T KBAHTOBAHO.
Jpyrue BOJIHBL IPOCTO HE MOT'YT CYIIECTBOBATD, KAK TUTAPHAS CTPYHA

HC MOXET OJHOBPCEMCHHO 3BYy4Y4Tb BCCMH HOTAMU B OKTABC. n O6IHC€
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KBAHTOBAS BCENEHHAA

COCTOSIHHE 3JIEKTPOHA, KAK U 3BYK I'MTAPbI, ONUCHIBAETCA CMENIEHHUEM
CTOSTYMX BOJIH. DTHU KBAHTOBBIE CTOSYNE BOJIHBI HAYMHAIOT BBIIJISA/ICTD
O4YEHb UHTEPECHO. 3AMHTPUTOBAHBI? [IPUCTYIIAEM K AaHAJIN3Y.

YTO6Bl MPOABUHYTBCS B CBOUX MCCIAEJOBAHUAX, MBI JIOJIKHBI
YTOYHUTD (POPMY SIIHMKA, B KOTOPBIH [TIOMEIIAEM HAIIl 3JICKTPOH. 11
IIPOCTOTHI NPEAIONOKUM, YTO INEKTPOH MOXKET CBOOOAHO IBUT'ATh-
Cs1 B 06JIACTH PA3MEPOM L, HO €MY ITOJTHOCTBIO 3aNIPEIIEHO BBIXO/IUTD
32 1peaesbl 3Ton obsacTu. Heob6sa3aT€bHO YTOYHATDH, KAKUM O0-
Pa3oM MBI COOMPAEMCS 3AIIPETUTD AJIEKTPOHY ITO JAEIATh, HO, €CJIU
Hallla MOJEJb IIPETEHAYET HA TO, YTOOBI OBITh YIIPOIIEHHON MOJE-
JIBIO ATOMA, HYKHO NPENCTABUTD, YTO 34 3TO OTBEYAET NPUTAKECHUE
IIOJIOKUTEJIBHO 3APSIKEHHOTO s1/1pa. Ha HAyYHOM XKaproHE 3TO UMEET
HA3BAHUE IIPSAMOYTOJIBHAA MOTEHIIUATIbHAA AMd». MBI 3apHUCOBAIN
ATY CUTYAIUIO HA PUC. 6.3, U IPUYHHBI JIJII TAKOTO HA3BAHUS MIPEJI-
CTABJIAIOTCS OYEBHUJAHBIMU. MJied 3aKII0O9EHNA YaCTUIBI B IOTEHIIN-
AJIBHOM SIME OUE€HB BAXKHA, Mbl OOPATUMCS K HEU €IIIE HE PA3, TIOITOMY
IIOJIE3HO YOEUTBCS, YTO MBI TOYHO IIOHUMAEM, O YEM UJIET peub. Kak

Ha CAMOM JI€JI€ MOKHO YJ/IABJINBATDH YaCTUILbI?

MoTeHuman
A

® o
I™ SneKTpoH, NoMaHHbIi

B NMOTeHUManbHyo AMy

Pric. 6.3. DNEKTPOH, MOMMAHHbI B MPIMOYTONbHYIO NOTEHUMAbHYIO SMY

Bonpoc 10BOJIBHO CJIOKHBII: YTOOBI JOOPATHCS /10 €I'0 CyTH, HYK-
HO BBISICHHUTD, KAK YaCTHULbI B3AUMOJACHUCTBYIOT APYI C JPYI'OM, O YEM
HoMAeT peyb B 11ase 10. TeM He MEHee MBI MOXKEM JJOOHUTHCS IIPOI'PECCA

B PACCYKACHUAX, CCJIN HE 6Y,ZICM 33/1aBATH CJIMIITKOM MHOT'O BOITPOCOB.



MY3blKA ATOMOB

CIIOCOOHOCTD «HE 3a7aBaTh CAUIIKOM MHOT'O BOIPOCOB» — HeE-
O6XO/IUMBIN JIJIs1 (PU3MKA HABBIK, IOTOMY YTO JIJISI IOJIYYEHUS XOTh
KaKHX-TO OTBETOB I'ZIE-TO HAJO IIPOBECTU YEPTY, TAK KAK HU OJHA
CHUCTEMA OO'BEKTOB HE MOXKET ObITH ITOJHOCTBIO U30JIMPOBAHHOI. Ka-
JKETCA PA3YMHBIM, YTO IIPU JKEJTAHUHU MTOHATD, KAK PA60TAET MUKPO-

BOJIHOBAM II€CYb, HC CTOUT UHTCPCCOBATHCA ABUKCHHUCM BOKPYT HCC.

MNoTeHuwman
A

BeplumnHa xonma

YpoBeHb JONWHbI

i

YpoBeHb Mopsa

Puc. 6.4. Mau nexant B fonuHe. BolcOta Hag ypOBHEM MOPS MPAMO
NPONOPUMOHAbHA NOTEHLMANY, BO3AEMCTBMIO KOTOPOrO NOABEPraeTCcs

ABVOKYLLaACs YaCThLa

Bce 3TO ABMIKEHUE OKAXKET HE3HAYUTEIbHOC BJIMSHHUE HA pa-
00Ty MHUKPOBOJHOBKU. OHO BBI3OBET KOJICOAHHUS BO3/yXd U 3EM-
JIH, KOTOPBIE IIOBJIEKYT 34 COO0OM HEOOIBIINE COTPSICEHUS U CAMOM
neyu. MoryT NOSIBUTBCSI KAKHE-TO OPOJSAYNE MATHUTHBIE HOJS, KO-
TOPBIC IIOBJIHAIOT HA PAOOTY JIEKTPOHUKH, KaK Obl XOPOIIO OHA
HU ObLJIA 3AIUINEHA OT ITOJJOOHBIX BO3ACUCTBUN. UTHOPUPYS TAKHE
BEIIY, JIETKO JJOYCTUTD OMIHUOKY, TAK KAK MOXXHO VIIYCTUTD U3 BUJY
JEUCTBUTENBHO BAKHBIE AETANN. EC/IM TAK ¥ NPOU3OMJET, MBI I10-
JIYYHUM HEBEPHBIN OTBET M OYAEM BBIHYXK/ICHBI IEPECMOTPETD NPEJ-
IIOJIOKEHUSL. DTO OYEHb BAXKHBINM MOMEHT, HAIIPAMYIO CBS3aHHBINI
C HAYYHBIM YCIIEXOM: BCE IPEAIOJIOXKEHHUSI B KOHIIE KOHIIOB MOJ-
TBEPIK/IAIOTCS HJIM OIIPOBEPTAIOTCS SKCIIEPUMEHTAIBHO. ADOUTPOM

ABJIACTCA IPUPO/JA, 4 HC YCTIOBCUCCKAA UHTYHUITHA. HOSTOMY Hama
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KBAHTOBAS BCENEHHAA

CTPATETHUS — WUTHOPUPOBATH MNOAPOOHOCTU (PYHKIIMOHHUPOBAHUA
MEXAHHN3MA YIECPKAHUS JICKTPOHA U MOJAEIUPOBATH HEYTO 110/, Ha-
3BAHHUEM «IIOTEHIUAJ>. CIOBO «IIOTEHIIMATI>» HA CAMOM Jiesie 0603HA-
4aeT «BO3JECUCTBUE HA YACTUIY KAKOU-TO (PU3UYECKON HMJIM MHOH
CHJIBL, KOTOPYIO I HE OYEHb XOUY IOJPOOHO OOBACHATH». MBI, BIPO-
4eM, MO3XKE MOAPOOHO OMHUIIEM METOJbI B3AMMOAEUCTBUSA YACTHIL,
4 IOKa 6y/1EM YIIOTPEOIATh TEPMUH «IIOTEHIIUA». EC/IU 3TO 3By4HUT
HECKOJIBKO O€CEPEMOHHO, PACCMOTPHUTE TIPUMEDP, UILTIOCTPUPYIO-
U UCTIOJIB30BAHUE NOTEHIINAIOB B (DHU3UKE.

Ha puc. 6.4 u3o6pa)keH M4, JIeKAMUi B qonuHe. Eciu yaaputh
IO MAYY, OH MOXET IOJHATHCS, HO JIMIIb 1O OIIPEACICHHOIO Ipee-
JIa, TIOCJIE YETO CHOBA YIAJET. DTO OTJUYHBIA IPUMEP YACTULLDI, IO~
MAaHHOM IOTEHLIMAJIOM. B 3TOM Ci1ydae rpaBUTALMOHHOE I10J1€ 3EMIINU
CO34A€T IIOTECHLUAJI, 4 KPYTOH XOJIM IIOPOXKJACT KPYTOU ITOTECHIIUAL
Hy>XHO IOHUMATD, YTO MBI MOKEM BBIYHUCIUTH MOAPOOHOCTH HEPE-
JBUKECHHS MA44 110 JOJIHMHE, HE 3HAs A€TAJICI TOI'O, KAK JJOJIUHA B3aU-
MOZEHUCTBYET C MSIYOM, [IOTOMY YTO JJIsl 9TOI'O IIPUILIOCH Obl 3HATH
€I1€ U TEOPUIO KBAHTOBOM 3JICKTPOAMHAMUKU. EC/IM OKAXKETCA, 4TO
J€TAJIM BHYTPUATOMHOI'O B3AUMO/JCHUCTBUSA MEXAY ATOMAMU B JIOIU-
HE M ATOMAMH B MAYE CIUIIKOM CHJIBHO BO3JAECHCTBYIOT HA JIBUKEHUE
MsI4d, HAIIW NPEACKA3AHUA OKAXKYTCA HEBEpHbIMU. Ha camom fgeine
BHYTPHUATOMHBIE B3AUMOJEHCTBUA BA’KHDI, IOTOMY YTO M3 HHUX BO3-
HUKAET TPEHUE, HO MOJICIUPOBATh CUTYAIIHUIO MOKHO U 6€3 obpare-
HUA K Juarpammam dertnmana. OHAKO Mbl YKJIOHUINUCH OT TEMBL

DTOT NPUMEP OYEHDb BAXKEH, IIOTOMY YTO B IIPAMOM CMBICIIE J€-
MOHCTPUPYET (POPMY ITIOTECHLIUAIA*,

OpHako ujes umeeT 60oJsee odlIee CoAEPKAHNUE U PA6OTAET B TOM
4HCJE U IS HIOTEHIIUAJIOB, CO3JJAHHBIX HE I'PDABUTALIUEN U HE BIa-
JUHAMU HA 3€EMHOM IIOBEPXHOCTU. [IpUMEPOM CIIYKUT NEKTPOH,
OKAa3aBIIHNICA B IPAMOYI'OJIBHOU AMeE. B oT/ingue o1 ciaydas ¢ MA40OM
B JJOJIMHE, BBICOTA CTCHOK SIIIUKA HE MOXET ObITH TOYHOU BBICOTOU
4ero Obl TO HU ObLIO; CKOPEE, MOKHO I'OBOPUTH, YTO OHA COOTBET-
CTBYET CKOPOCTH, C KOTOPOH JOJIKEH ABUIATBCA 3JIEKTPOH, YTO-

OBl BBIOPATHCS U3 SIMBL. B Cilydae ¢ JOJIMHOM 4HAJIOI'OM 3TOI'O OYJET

*

[DaBUTAUMOHHbIM NOTEHUMAN TOUYHO COOTBETCTBYET KapTe MECTHOCTY, MOTOMY UTO BOAM3M
3EMHOW MOBEPXHOCTY OH MPOMOPLIMOHANEH BbICOTE Hafl YPOBHEM MOPS



MY3blKA ATOMOB

OBICTPOE JBUKEHUE MSAYA, IPU KOTOPOM OH B3JIETHUT BBIIIE CTEH U BbI-
CKOYMT U3 AMBIL. ECIIM 3JIEKTPOH JABMXKETCH AOCTATOYHO MEJJIEHHO,
TOYHAS BBICOTA NOTEHIINAJIA HE UMEET OCOOOI0O 3HAYEHUSA, U MOKHO
YBEPEHHO MPEAIOJNOKUTD, YTO [ABMXKCHHE JIEKTPOHA OIPAHUYEHO
BHYTPEHHEN YACTDBIO AMBIL.

Tenepbp COCPENOTOYMMCA HA INEKTPOHE, 3AMKHYTOM B SIIHKE,
KOTOPBIM OIIMCBHIBACTCS NPAMOYI'OJIbHOM IMOTEHIIMAJIbHON SMOM.
ITOCKOJNIBKY OH HE MOXKET BBIPBATHCA U3 SAINIHMKA, KBAHTOBBIE BOJHBI
JIOJIKHBI VIIACTD JIO HYJS Y €r0 CTEHOK. TPpH BO3MOXKHBIE KBAHTOBBIE
BOJIHBI C HAUOONBIIUMH JUIMHAMU OyAyT IOJHOCTBIO AHAJIOIMYHBI
BOJIHAM, CO3[JAHHBIM I'MTAPHOM CTPYHOI U MOKA3AHHBIM Ha PUC. 6.2:
caMas JJIMHHAA BOJIHA OyJIeT UMETD JBOMHON Pa3Mep 110 CPABHEHHIO
C SIIUKOM, TO €CTb 2L; CIeyIONasl 11O JIJIMHE BOJIHA OYJIET paBHA Pa3-
Mepy UK — L; a caeayiomas — 2L /3. B o611eM c/1ydae Mbl MOXKEM
OIIUCATD AJICKTPOHHBIC BOIHBI GOpMYNIon 2L /n,taen=1,2,3,4 1T 1.

TakuM 06pa3oM, JUISI HAIIETO IPSAMOYTOJBHOI'O SIIHUKA 3JIEK-
TPOHHBIE BOJIHBI Oy1yT UMETH TOYHO TAKYIO XK€ (POPMY, UTO U BOJIHBI
HAa TUTAPHON CTPYHE: 3TO OYAyT BOIHBI-CUHYCOUJBI C YETKO OIpE-
JIEJIEHHBIM HA00OPOM Pa3PEIIEHHBIX JUTHH. Tenepb MOKHO IBUHYTHCS
BIIEPE/, IIPU3BAB HA IIOMOIIb YPABHEHME JI€ BpOIIa U3 NpeabIAyIeH
IVIABBI U CBA3AB JUIMHY 3TUX BOJIH-CUHYCOWUJ, C UMITYJILCOM 3JICKTPO-
Ha: p =h /A B 3TOM Cilydae CTOAYNE BOJHBI OITMCBIBAIOT 3JIEKTPOH,
KOTOPOMY PAa3pPEUIEHO UMETD JIUIIb OIIPEAEC/ICHHBIE MMIIY/bChI, 3a-
JaHHble POpMYIOon p = nbh / (2L), rae BCe, 9TO HAM OCTAETCH, — IO/JI-
CTAaBUTDb PA3PENIEHHBIE JUIMHBI BOJIHBI B YPaBHEHUE Ji¢ Bpoits.

[TosrygaeTcs, 4TO UMIYJILC HAIIETO 3JIEKTPOHA B IIPAMOYT'OJILHOU
sIME KBAHTYETCSL. DTO YK€ OONBIIOE JOCTHKEHUE. OTHAKO HAJ10 ObITh
OCTOPOKHBIMH: TIOTCHITNAJ HA pUC. 6.3 — CICHUMUICCKUI CITydar,
JUILA JPYTUX HOTEHIIUAIOB CTOAYUE BOJIHBI OOBIYHO HE CHHYCOU1AJIb-
ubie. Ha puc. 6.5 nokazana Gpororpadus CTOSINX BOJIH, CO3AHHBIX
6apabanoM. Koxxa 6apabana yCblaHa IIECKOM, KOTOPBIF COOUPAETCS
B y3J1aX CTOSIYEN BOJHBIL. TaK KaK KariMa BUOpHUPYIOLIETO OapabaHa
KpyIJas, 4 HE IPSIMOYTOJIbHAS, CTOSIUHE BOJIHBI YK€ HE OYAyT CUHY-
coulaMu*. OTO 3HAYUT, YTO B OOIEE PEATUCTUYHON CUTYALIMH, KO-

IJ12 AJIEKTPOH IMOMMAaH IMPOTOHOM, CTOSYHE BOJHBI TOXE HE OYIyT

* OHw onvicsiBatoTcs byHKUMaMK beccens
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KBAHTOBAS BCENEHHAA

CHUHYCOUJJAMU. B CBOIO OYepe/ib, 3TO MOJPA3YMEBACT, YTO CBA3b MC-
JKIY JJIMHOM BOJIHBL U UMITYJIBCOM yTEPsAHA. M KAK B 9TOM CJly4dae UH-
TEPIPETUPOBATH CTOSYHE BOJHBI? UTO €CJIN Y IOMMAHHBIX YACTHI]
KBAHTYETCA HE UMITYJIbC?

MBI MOXXEM HAUTU OTBET, €CJIU 3AMETUM, YTO B IIPAMOYTOJIbHOMN
IOTEHLUAIBbHOMU AME KBAHTYETCS HE TOJIBKO UMIIYJIbC JJICKTPOHA,
HO U €I'0 S3HEPIUs. DTO IIPOCTOE HABIIOAEHUE, KAXKETCH, HE COACPKUT
HHUKAKOW HOBOI Ba’KHOIM WH(MPOPMAIIUU, TIOCKOJIbKY HEPIUSA U UM-
MYJIbC NPSAMO CBA3AHBI JPYT C JPYyIOM, 4 UMEHHO 3Heprus £ = p* / 2m,
I7ie p — MMIIYAbC YACPKHUBAEMOI'O JIEKTPOHA, 4 72 — €ro macca*.
Ho 3TO HA6MI0[EHNE HE TAKOE YK OECIIOIE3HOE, KAK MOXKHO IIOAY-
MAaTb, ITIOTOMY YTO JUIA IIOTEHIIUAJIOB HE CTOJIb IIPOCTBIX, KAK IIPAMO-
YIOJIbHAA AMA, KAXKJasl CTOAYAS BOJIHA 6Ce20d COOTHOCUTCA C YACTHU-
L€ OIPEJECICHHON SHEPIUU.

Puc. 6.5 Bubpupyrowmii 6apabar NoKpsIT NECKOM.

[Mecok cobmpaeTcs B y3nax CTOSUMX BOMH

* 270 BBIBOAMTCS W3 TOTO, YTO SHEPrUS PaBHA 1/2Mv2 1 p = mV. 3TN YPaBHEHMS KOPPEKTUPY-
tOTCA CreLvanbHOM TeOpHen OTHOCUTENBHOCTH, HO ANS 3NEKTPOHa BHYTPY aToMa BOAOPOAa
3dexT HeBenvik.



MY3blKA ATOMOB

BaxxHoe pasnuune MexAy 3HEPruen U MMIIYJAbCOM IOABIAETCA
IIOTOMY, UTO ypaBHEHUE E = p? / 2m BEPHO, TOJIBLKO €CJIU TOTEHIINAJI
OJIMHAKOB I10 BCEH 0OJIACTU BEPOSITHOI'O IPEOBIBAHU S YACTUILBI U IIO-
3BOJIAET € ABUTATHCS CBOOOMHO, KAK ITO MPAMOPHON CTOJIEIIHHUIIE
WX, 4YTO OOJIbIIE OTHOCHUTCA K JIEJTY, KAK JIEKTPOHY B IPAMOYT'OJIb-
HOU sMe. B obimeM ciiyyae 3HEprusi 4acTUIbl HE Oy/IE€T CBOJUTHCS
K E = p*/2m; 310 OyIET CyMMa KMHETUYECKON U MOTEHIIUAIBHON
SHEPIU YaCTULLLL TaK pa3pymaeTcsa npaMas CBA3b MEXK/Y SJHEPIHUEH
YACTULBL U €€ UMITYJIbCOM.

MOKHO erie pas IPOUJITIOCTPUPOBATD TO IMOJIOKEHHE C IIOMOIIBIO
MsT4a B IOTTMHE C pyC. 6.4. HagHEeM ¢ MsT9a, KOTOPBIH CIACTIIMBO IIOKOUTCSI
Ha aHe. C HUM HUYET'O HE IIPOUCXOAUT*. UTOOBI 3CTABUTH MY KATUTBCS
BBEPX MO CKJIOHY, €TI0 HY>KHO yJJAPUTh, TO €CTh IOOABUTDL €EMY SHEPIUN.
B MrHoBeHmue, CIEAYIONIEE 32 YAAPOM, BCs €TI0 SHEPIrusa OyJeT KHHETU-
4ecKOM. 1o Mepe nogbeMa MA4a IO CKJIOHY OH OYZET 3aMEJIATHCS, [TOKA
Ha KAKOMU-TO BBICOTE HE OCTAHOBUTCH, ITOCJIE YETO OyJET CHOBA NAJATh.
B MOMEHT OCTAaHOBKH OH HE OyJIeT O01aJjaTh KUHETHYECKO SHEPIUEH,
HO BE/Ib SHEPIUs HE UCUYE3/IA TTO BOMMEOCTBY. Ha caMOM Jiene BCs KH-
HETHUYECKAsI DHEPIUs IIPEBPATUIIACE B IIOTCHIIUAJIBHYIO, KOTOPAs PAB-
HAETCA mgh, T1Ie § — YCKOPEHUE CBOOOJHOTO MAJIEHUSA Y TIOBEPXHOCTH
3emiy, a h — BBICOTA MAYA HAJT 3€MHOI MOBEPXHOCTLIO. Korja My Ha-
YMHAET I14/1ATh, T4 HAKOIUIEHHAA ITOTEHIIUAIbHAA SHEPIUA [IPU HA0O-
pe CKOPOCTU NOCTENEHHO CHOBA IIPEBPAIACTCH B KUHETUYCCKYIO. ITaK,
IIOKA MAY MEPEJIETAET C OJHOI'O KOHIIA JOIHUHBI B JPYTOH, O6IIAsA SHEDP-
' OCTAETCA HOCTOSHHOM, HO IIEPUOJUYECKU IEPETEKACT U3 KUHETU-
YECKOH B IOTEHIUAJIbHYIO. Pa3yMeeTCs, UMITyJIbC MA4d IIOCTOSIHHO MeE-
HAETCA, HO CYMMAPHAA SHEPIUS OCTAECTCA HEM3MEHHOI (TIPEATIONOXKNM,
4TO TPEHUS, 3AMEAJIAIONIETO CKOPOCTDb MsI4d, HE CYIIECTBYET. EC/iu OBl
MBI BKJIIOYMJIM €70 B HAIILY KAPTUHY, OOIIAA SHEPTUA TOXKE OCTAIACH OBl
HEU3MEHHON, HO HYKHO ObLIO OBbI JOOABUTD B KAYECTBE €€ COCTABIIAIO-
LIEH SHEPIUIO, UIYIILYIO HA TPEHUE).

Ceriuac MBI MOIIBITAEMCA HUCCJIENOBATH CBA3b MEXKAY CTOSYUMH

BOJIHAMHU U YACTUIAMH ONPEJCICHHON 3HEPIUU UHBIM CIIOCOOO0M,

* 370 6ONBLIOM MY, Tak UTO MOXHO He IyMaTb O BCSKMX KBAHTOBbIX ddddekTax, HO, ecnm
Takag MbIC/1b NPYLLNG BaM B rO/I0BY, 3TO XOPOLLIMI 3HAK: Bala MHTYMUMS CTAHOBWTCS KBaH-
TOBOW.
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HE 00paIasACh K OCOOOMY CIYy4alO IPSAMOYTOJIBHON IMBL. BOCTIONb3y-
€MCS Ha CEU pa3 MaJICHBKUMH KBAHTOBBIMU ITU(PEPOIATAMU.

B nepBy10 ouepennb 3aMETHTE: €CIU INEKTPOH B KAKOM-TO MOMEHT
BPEMEHHU OIMCHIBAETCA CTOSUEH BOJHOM, TO OH OYET ONMUCHIBATHCS
TOM K€ CTOSIYEN BOJIHOM U B JIIOOOM CJIEAYIONMI MOMEHT. 1oz «To¥
JK€» MBI MO/IPA3YMEBAEM HEU3MEHHOCTb (POPMBI BOJIHEBL, KAK B CJIy-
Yae CO CTOSTUCH BOJISTHOM BOJTHOM Ha pHC. 6.1. Mbl, KOHEUHO, HE UME-
€M B BUJly, YTO BOJIHA BOOOIIE HE MEHAETCA: U3MEHSIETCS €€ BBICOTA,

HO HC ITOJIOKCHUC ITUKOB U Y3JIOB.

PaHbLue

Mo3zxe )‘\\ _______ \‘

Puc. 6.6. uewpe CHVIMKa CTOSYEN BO/HbI B nocneaoBate/ibHble MOMEHTBI
BpEMEHN CTpeﬂKM Ha pMCYyHKE COOTBETCTBYHOT CTPE/IKAM YaCOB, d MYyHKTWP-
Had IMHWA — Npoekynn «ABEHaALaTMYaCoBOro» HarnpasneHms Bce CTpEeKM

ABVOKYTCA B YHMCOH

DTO MO3BOJISIET HAM YCTAHOBUTD, KAK JIOJI)KHO BBIITIS/ICTH ONHCA-
HHE CTOSTYCIH BOJIHBI B TEPMHHAX KBAHTOBBIX ITM(PEPOIATOB, U OHO
MMOKA3aHO HA PHUC. 6.6 JJIs CJIyYasi CTOSTYEI BOJTHBI OCHOBHOT'O TOHA.
Pazmepsl 11¢ep6aaTOB B/IOAb BOJHBI OTPAKAIOT IMOJIOKEHUE ITH-
KOB U y3JIOB, 4 BCE CTPEJIKU YACOB JIBHKYTCS C OJJUHAKOBOHU CKOPO-
cThio. HajsieeMcs, BBl IOHUMAETE, TTIOYEMY MBI U306PA3UIN UMEHHO
TAKYIO I'pynny nu@epo6aaToB. Y3/Ibl JOJKHBI BCErla ObITh Y3JIAMU,
4 MUKA — IMTUKAMH, 1 OHU BCE JJOJIKHBI OCTABATHCSI HA OTHOM MECTE.



MY3blKA ATOMOB

DTO 3HAYUT, YTO HUPEPOAATH BOIU3U Y3JI0B JOJKHBI 6Ce20d OBITh
OYE€Hb MAJIEHBKUMH, 4 TU(HEpOIATHI, COOTBETCTBYIOIIHUE ITUKAM, /10JI-
JKHBI 6200 UMETDH CAMBIE JIJIMHHBIC CTPEIKU. TAKMM 00pa30M, €IUH-
CTBEHHOE, YTO MBI BOJIbHBI JIENATh, — TAK 3TO IMOMECTUTH IUDEP-
OJ1aTBI IO CBOEMY YCMOTPEHHIO U 3ACTABUTDH UX CTPEJIKH BPAIATHCSA
CHUHXPOHHO. EC/N ¢/1e10BaTh METOAOJIOIHH NIPEABIYIINX IJIAB, MbI
JIOJIKHBI ObLIIA OBl HAYATh C KOH(UTypaluu U epo61aTOB, TOKA3AH-
HO B BEPXHEM PSIY PUC. 6.6, U UCTIOIH30BATH IPABMJIA YMCHBIIICHUST
U MOBOPOTA CTPEJIOK, YTOOBI MOJYUYUTh TPH HUKHHUX PsJId TTO3XKE.
DTO YIPAKHEHUE CO CKAYYIIUMU UPEPOIATAMU — CIHUIIKOM CHIIb-
HBII CKAa4OK IIPOYb OT TEMBI KHUT'U, HO €TO MOKHO BBIIIOJIHUTD, U TYT
€CTb HEMJIOXOH MOBOPOT*, TIOCKOJIbKY, YTOOBI BBIIIOJHUTD YIIPAsKHE-
HUE MPABUJIBHO, HYKHO YYECTb TOT (PAKT, YTO YACTULLA «OTCKAKUBA-
€T OT CTEHOK SIIUKA», TPEXK/IE YEM JIBUHYTHCS B CBOEM HAIIPABJICHUH.
KcraTu, DOCKOIBKY HU@EPOIATH B LIEHTPE OOJIBIIE, Mbl MOYKEM HeE-
IOCPEICTBEHHO 3aKJIIOUYUTD, YTO JIEKTPOH, KOTOPBIA OIMHUCHIBAETCS
3THUM HA00pOM LIU(EPOIATOB, CKOPEE OKAXKETCA B LICHTPE SIIIUKA,
4EeM IO KPasIM.

WTaK, MBI BBISICHUJIH, YTO YAEPKUBAEMBIH 3JIEKTPOH OIIUCHIBACTCS
Ha60poM u@epOIATOB, BCE CTPEIKU KOTOPBIX BPAIAIOTCS C OJUHA-
KOBOI CKOPOCTBIO. PU3UKH, BHIPOYEM, OOBIYHO TAK HE TOBOPST, 4 YK
MY3BIKAHTBI U MOJABHO; TE U PYI'UE TOBOPAT, YTO CTOAYNE BOJTHBI —
3TO BOJIHBI OIIPEAEIEHHON YACTOTHI**. BBICOKOYACTOTHBIE BOJHBI CO-
OTBETCTBYIOT 4acaM, CTPEJIKHU KOTOPBIX BPAMIAIOTCS OBICTPEE, YEM
CTPEJIKU YaCOB HU3KOYACTOTHBIX BOJIH. DTO MOHATHO, IIOTOMY YTO
€CJIH CTPEJIKA YACOB BPAIIAETCA OBICTPEE, TO YMEHBIIAETCA BPEMS
IMaJIEHUA BOJIHBI C MAKCHUMYMa IO MUHHUMYyM4d U OOPATHOT'O NOAbEMA
(IPEACTABIEHHOIO MOJMHBIM OOOPOTOM CTPEKH). ECM TOBOpUTH
O BOZISIHBIX BOJIHAX, TO BBICOKOYACTOTHBIE CTOSYHE BOJIHBI IOJTHUMA-
IOTCS M OITYCKAIOTCA OBICTPEE, YEM HU3KOUYACTOTHHBIE. B My3BIKE TOBO-
PSIT, UTO CPETHEE IO UMEET YaCTOTY 262 TII, TO €CTh 'UTAPHAS CTPYHA

* ByKBa/bHO aBTOPbI NPOV3HOCAT kanamobyp: «There is a nice twist», rae cnoBo twist o3HauaeT
OAHOBPEMEHHO U «TBWCT» (TaHell), 4TO HaMeKaeT Ha CKauky, O KOTOPbIX LA peyb nepej
STVIM, U «MOBOPOTY, «3aBMXPEHVEY. [Tpum. peo

** Bripouem, My3bIKaHTbl, HABEPHOE, W Tak He roBOPST, 0CobeHHO bapabaH LKW, Beflb B C/I0BE
«YaCTOTa» LeNbIX TP Cnora
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EIKCCEKYHIHO KOIEOIeTcst 262 pa3a. Hora jist BBIIIC CPEIHETO 10, OHA
nmeeT 9acToTy 440 I'ty, TO eCTh KONeOIEeTCsI ObICTPEE (3TO OOIIEIPU-
HATBHIA CTAH/IAPT HACTPOMKHU B OOJIBIIMHCTBE OPKECTPOB U JIJISL MY-
3BIKAJIBHBIX HHCTPYMEHTOB BO BCEM MUpPE). KaK MBI YK€ OTMETHIIH,
OJJHAKO, JIUIIb JIJIA YUCTBIX CUHYCOUJ] BEPHO, YTO BOJIHBI OIIPE/IEJICH-
HOM 4aCTOTBI UMECIOT M OIPEJICIACHHYIO JJIMHY BOJHBL B 06111eM ke
CJIy4ae 4acToTa — (PYH/AAMEHTAIbHAS BEJIMYNHA, KOTOPAs OMHCHIBA-
€T CTOAYUE BOJIHBL, HO 3TO OIPEJIETIEHNE, KAXKETCA, HUYETO HE OIpe-
jgenseT. Bor BOIpoC HAa MUJUIMOH JIOJUIAPOB: YTO TAKOE 3JIEKTPOH
ONpPENENIEHHON 4aCTOThI? HAallOMHUM, 4TO COCTOAHUA SJIEKTPOHA
HAM UHTEPECHBI, IOTOMY YTO OHU KBAHTOBAHEL, U €€ IOTOMY, YTO
3JIEKTPOH B OFTHOM ITO/IOOHOM COCTOSTHUH OCTAETCS TAKHUM BCE BPEMSI
(IOKAa HEYTO HE BOUJIET B 00JIACTh TOTEHIINAJIA, BO3/ICUCTBYS HA 9TOT
3JIEKTPOH).

[Tocnennee NpemIOKEHUE HAMEKAET, YTO MBI JOJDKHBI ITOHATD
3HAYEHUE YACTOTBL B 3TOU INTABE MBI YK€ BCTPEYAIHCH C 3AKOHOM
COXPAHEHUS SHEPTHH, U ITO OJJUH U3 CAMBIX HECOMHEHHBIX 34KOHOB
pusukn. COXpaHEHUE SHEPTUU O3HAYAET, YTO €CJIU AJIEKTPOH B ATO-
M€ BOZOPOAA (UJIU B IIPAMOYT'OJIBHOM IME) 00J1a[A€T OIIPEAC/ICHHOU
SHEPIUEN, TO ITA JHEPTUA He MO enm U3MEHUTDCH, TTIOKA «4TO-TO
HE IPOU30U/IeT». MHBIMU CJIOBAMH, JIEKTPOH HE MOXKET CIIOHTAHHO
U3MEHUTH CBOIO 3HEPIUIO 6€3 KAKOU-JINOO NIPUYHHBL. KaxkeTcs, 4To
3TO HE OYEHBb UHTEPECHO, HO CPABHUTE 3TO CO CIy4AEM, KOTJA U3-
BECTHO, YTO JIEKTPOH HAXOJUTCS B ONPEACICHHON TOUKe. Kak MBI
BCE XOPOIIO 3HAEM, OH TENEPh OYJET MEPEMEIATLCA IO BCEU Bce-
JIEHHOM B JIOJIIO CEKYH/IbI, IEPEBO/ISI HECKOHEYHOE YHCIIO IudepbIa-
TOB. HO nnosegieHue nudepo1aToB AJIs1 CTOSTYEH BOJIHBI Oy/IET UHBIM.
CtpykTypa nudepO6IaTOB COXPAHUT CBOIO (POPMY, U BCE CTPEIKU
OyyT CUACTIIMBO BPALIATBCH, [IOKA YTO-JIMOO HE HAPYILINT UX XO/4.
HensMeHHasa NPpUPOAA CTOAYUX BOJH, TAKUM OOpPA30M, JIENIAET UX
OYEBUJHBIM KAH/IM/IATOM H4 OIIHCAHUE JICKTPOHA C ONPEICICHHON
SHEPIUEn.

Clenas mar, CBA3bIBAIOIINM YACTOTY CTOSYEH BOJIHBL C SHEPIUEH
YACTHUILBL, TEIIEPh MBI MOXXEM HCIIOIB30BATH HAIE INPE/ICTABICHUE
O TUTAPHBIX CTPYHAX U IPEATIONOKUTD, YTO 6OJIEE BBICOKHE YACTOTHI
JIOJKHBI COOTBETCTBOBATH GOJIBINUM 3HEPTUAM. JI€JIO B TOM, UTO BbI-

COKAas 9aCTOTA MOAPA3YMEBAET MEHBIIVIO JJIMHY BOJIHBI (TIOCKOJIBKY
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KOPOTKHE CTPYHBI BUOPUPYIOT OBICTPEE), U MBI, U3yYUB KOHKPETHBII
CJIY4ad NPAMOYTOJIbHOM MOTEHIIUAIBHOM IMBI, MOXKXEM OXKUJATH, 9YTO
6oJiee KOPOTKAS JUIMHA BOJHBI COOTBETCTBYET YACTHUIIE C OOJIbIIEH
3HEPrUer — IO YPaBHEHHIO Ae Bpounnga. TakuMm o6pa3oM, MOXKHO
C/IEJIATh BAXKHBIA BBIBOJI, KOTOPBIM HEOOXOJUMO 3AIIOMHUTD: CHIOs-
Yue 60JIHbL ONUCHLBAION YACULbL C ONPEOCNCHHOL IHepUell, U UeMm
bosbuLe sHepaus, mem ovicmpee udym CmpenKis 4acos.

PesromMupyem: eCIv 3J1EKTPOH YIEPKUBACTCA IIOTEHLIMAJIOM, TO €I
3HEPrus KBaHTyeTCs. Ha (pU3MYECKOM KaproHE TO 3BYUYHUT TAK: y/IEp-
JKMBAEMBIH 3JIEKTPOH MOKET CYIIECTBOBATD TOJIBKO HA ONPEIEIEHHBIX
«9HEPIreTUYECKUX YPOBHAX». MUHHUMAJIBHO BO3MOXXHAS 3SHEPIUs
NEKTPOHA COOTBETCTBYET €IO ONMCAHUIO TOJIbKO OJHOU CTOAYEH
BOJIHOI «OCHOBHOTO TOHA>*, U 3TOT S9HEPTETUUECKUI YPOBEHD OOBIY-
HO HA3BIBAIOT OCHOBHBIM COCOAHUEM. DHEPTETUYECKHE YPOBHH, CO-
OTBETCTBYIOIIHUE CTOAYMM BOJIHAM C 0OO0JIEE BBICOKMMHU Y4aCTOTAMH,
HOCST HA3BAHUE B8030YHCOCHHBLX COCIOAHUIL.

IIpeacraBuM 37IEKTPOH C OIPEAEIEHHON 3HEPIUEH, YACPKUBA-
€MBII B IIPAMOYI'OJIBHOU NIOTEHUAJIBHON AME. Mbl TOBOPUM, YTO OH
«HAXOJMUTCS HA OIIPEJEIEHHOM SHEPIETUUECKOM YPOBHE» U €I'0 KBAH-
TOBAA BOJIHA CBA33aHA C €AUHCTBEHHBIM 3HAYEHHEM 72. BhIpaskeHHe
«HAXOJUTCS HA OIIPEACJICHHOM SHEPIETUYECKOM YPOBHE» OTPAXKAET
TOT (PAKT, YTO SJIEKTPOH B OTCYTCTBUE JIFOOBIX BHEHUIHUX BJIMSHUI
He Jies1aeT Hu4ero. O600IMM: 3JIEKTPOH MOXKHO OIHCATh CPA3y MHO-
I'UMH CTOSSYMMHU BOJTHAMU, KAK 3BYK I'MTAPbl COCTONUT U3 MHOT'HUX I'ap-
MOHHK. DTO 3HAYUT, YTO B OOIIEM CJIy4de IJEKTPOH HE UMEET KOH-
KPETHONM SHEPIUH.

BakHO, 9TO pU U3MEPEHUU SHEPIUHU IJEKTPOHA BCETaa O6yAeT
IIOJIy4aThCA BEJIMYUHA, PABHAS TOM, KOTOPAs CBA3aHA C OOHOM U3 CO-
CTABJIAIONUX CTOSYUX BOJH. YTOOBI BBIUUCIHUTL BEPOSTHOCTb HA-
XOXKAEHUS JIEKTPOHA C KOHKPETHOM 3HEPIUEN, MBI JIOJKHBI B3ATh
UpepOIaThl, CBA3AHHBIE C KOHKPETHOM COCTAaBIAIOMIEH OO6Iei
BOJIHOBOHM (DYHKIIMU, BO3BECTHU HUX B KBAJPAT U CIOXKUTH. OT IOIY-
YHBIIET'OCA YUC/IAd U 3aBUCHUT BEPOATHOCTb HAXOXKICHUSA IJIEKTPO-
H4 B 3TOM KOHKPETHOM 3HEPIE€TUUYECKOM COCTOSIHUU. CyMMy BCEX

TAKUX BEPOATHOCTEN (OHA JJIA KAXKJOM COCTABIAIONIEN CTOAYEN

* To eCTb ANg C1yuas NpsMOyroNbHOM NOTEHLMANBHON AMbl 11 =1
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BOJIHBI) JJOJIKHA B UTOTE€ MOJYYUTHCA PABHOM €IUHUIIE, U 3TO JTy4d-
mast WIIIOCTPAL U TOI'O, YTO SHEPI'Us YACTULBL BCErga OygeT COOT-
BETCTBOBATb KOHKPETHOM CTOAYEI BOIHE.

Cpaszy CKaxKeM, 4TO JIEKTPOH MOXKET OJHOBPEMEHHO UMETh HE-
CKOJIBKO PA3JIMYHBIX SHEPTUH, U 3TO YTBEPXKICHUE HUUYTb HE MEHEE
CTPAHHOE, YEM TO, YTO OH UMEET MHOKECTBO IOJIOKEHUN. KOHEYHO,
JIOYUTAB KHUT'Y JO 9TOI'O MOMEHTA, CTPECC Bbl BPs1J| JIM UCIIBITAETE,
HO JJI HAIIEro IOBCEAHEBHOI'O BOCHPHATUA 3TO BCE PABHO IIOK.
3aMeThTe, 4YTO €CTh KPUTHUYECKU BAXKHASA PA3ZHULIA MEXKIY YICPKU-
BA€MOM KBAHTOBOM YACTUIIEH U CTOSIYUMHU BOJIHAMU B OACCEITHE UJIU
H4 I'MTAPHOU CTPYHE. Mesd KBAHTOBAHUA BOJIHBI HA THTAPHOM CTPY-
HE BOBCE HE CTPAHHA, IOTOMY YTO BOJIHA, KOTOPAsi, COOCTBEHHO, OTIU-
CBIBAE€T BUOPUPYIONIYIO CTPYHY, OGHOBPEMEHHO COCTOUT U3 MHOTUX
PAa3HBIX CTOSIYUX BOJIH, M BCE OHU (PU3UUYECKU COCTABISIOT OOIIYIO
SHEPI'UIO BOJHBL TaK KaK CMEHIMBATH UX MOYKHO JIIOOBIM OOpa30M,
JICUCTBUTEJIbHASA JHEPIUs BUOPUPYIOMIEH CTPYHBI MOXKET IIPHUHU-
MaTb BOOOIIE J1I060¢€ 3HaueHue. OJJHAKO JJI JICKTPOHA, 34IIEPTOIO
BHYTPH 4TOMA, OTHOCHUTEJIbHBINA BKJIAJ KAXKJIO0M CTOSYEHN BOJIHBI OIH-
CBIBA€T BEPOATHOCTH TOI'O, YTO AJIEKTPOH Oy/I€T OOHAPYKEH C HEKOM
KOHKPETHOU HEPTUEM.

BarxHasd pasHuULa B TOM, YTO BOJAHBIC BOJIHBI — 9TO BOJIHBL BOJS-
HBIX MOJIEKYJI, 4 3JIEKTPOHHBIE BOJIHBI — 3TO OIIPEJEJIEHHO HE BOJIHEI
3JIEKTPOHOB.

Bce 3TO MOKA3bIBACT, UTO IHEPIUS INCKTPOHA BHYTPU ATOMA
KBAHTYETCA. DTO 3HAYUT, YTO 3JIEKTPOH IPOCTO HE MOXKET MMETHb
SHEPI'UIO, 3HAYEHUE KOTOPOM OyIEeT PACIIONArdTbCs MEX/Y OlIpeje-
JIEHHBIMHU PA3PENIEHHBIMH BEJIMYMHAMH: IIPUMEPHO KAK €CJIU ObI MbI
CKa3aJ/I1, YTO MAILIMHA MOXET €XaTbh CO CKOPOCTBIO 10 miu 40 KM/4,
HO HE C KAKOH-TO CKOPOCTBIO MEXK/Y 3THMM JBYMs BEIAUYMHAMMU.
M 370 (paHTACTUYECKU CTPAHHOE YMO3AKIIOUEHHE HEMTOCPEICTBEH-
HO OO'BACHSIECT, IIOYEMY ATOMBL HE UCITYCKAIOT CBET IIOCTOSIHHO, YTO
COIIPOBOXK/AJIOCH Obl CIIMPAJIBHBIM [IBMJKEHHUEM 3JIEKTPOHA K AJPY.
Jes1o B TOM, 4TO 3JIEKTPOH HE MOXKET IIOCTOAHHO, 110 YyTb-4yTb U3-
JIY4aThb S3HEPTUIO. ENMHCTBEHHBINA CITOCO6, KOTOPBIM OH MOYKET HUCITY-
CKAaTb 9HEPIUIO, — IOTEPATDH €€ CPA3Y U IHOJTHOCTDIO.

To, YTO MBI YK€ YCBOWJIN, MOKHO NPUMEHUTD K HAOIIOIAEMBIM

CBOICTBAM 2TOMOB, 2 UMCHHO K YHUKAJIbHOMY IIBETY UX HU3/TyICHUSI.
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Ha puc. 6.7 mOKa3aH BUIUMBIA CBET, UCIIYCKACMBII MTPOCTCHIITNM
4TOMOM — BOJOPOJAOM. CBET COCTOUT U3 IISATU OTYETIUBBIX [IBETOB:
SIPKO-KPACHAsI TUHUS COOTBETCTBYET CBETY C JUTMHOM BOJTHBI 656 HM,
CBETJIO-TONY6AsT — [IJIMHE BOJHBL 486 HM, 4 TPU OCTATbHBIC (DUOJICTO-
BBI€ 3ATYXAIOT B YIBTPA(MUONIETOBOM YACTU CIEKTPA. DTA CEPUSA 1IBET-
HBIX JIMHUU U3BECTHA KAK cepus bajibmepa (B 4€CTb MIBEHULIAPCKOIO
¢dusuKa 1 MareMaruka Moranna bajnpMepa, KOTOpeIA B 1885 ropy
IPEANOKNAT (POPMYIY JJI €€ OITUCAHUA).

400 HM 486 HM 656 HM
(duroneToBbIin) (rony6oin) (KpacHblin)

Puc. 67 BOLLODOLLHaﬂ cepnd BaﬂbMepaﬁ BOT UTO BMAHO, KOrAa CBET, MCMYyCKa-

eMblIV1 1a3000pa3HbIM BOAOPOAOM, MPOXOAMT YEPE3 CIEKTPOCKON

BaspMep NOHATUS HE UMEJL, [IOYEMY €I'0 (POPMYJId BEPHA, IIOTOMY
4TO KBAHTOBAsA TEOPUA €IIE€ HE ObLIA OTKPBITA: OH IPOCTO BBIPA3UII
PETYISPHOCTb CEPUU YIOOHOM MaTEMATUYECKON (pOpMyIOi. HO MBI
MOXKEM MOWTHU JaJbIIE U IIOKA34Th, YTO BCE /EJIO B PA3PEIICHHBIX
KBAHTOBBIX BOJIHAX BHYTPU ATOMA BOLOPOIA.

MBI 3HAEM, UTO CBET MOKHO IIPEACTABUTD B BU/E IIOTOKA (POTOHOB,
KaXK/IbIF U3 KOTOPBIX 001a4A€T 3HEPTUEH £ =hc / A, T]I€ A — AJINHA CBE-
TOBOM BOJIHBI*, TAKHMM O6PA30M, TO, YTO ATOMBI UCITYCKAIOT CBET JIMIIb
OINIPEETIEHHOTO LIBETA, O3HAYAET, YTO OHU UCITYCKAIOT (POTOHBI C YET-
KO OIIPEAEICHHON 3HEPIUe. Mbl BBIACHHIIN TAKXKE, YTO 3JIEKTPOH,
«3aKJIIOYEHHBIN B ATOME», MOXKET 00J1a/1aTh JIMIIb OIPEICICHHON KOH-
KPETHOU 3HEPTUEN. DTO HEOOJIBIION AT HA TyTU K OOBbACHEHHUIO J1AB-
HEM 3aI'aIKU LIBETA U3JIyYCHH ATOMOB: PA3HBIE [1BETA COOTBETCTBYIOT
UCITYCKAHUIO (DOTOHOB, IIPH KOTOPOM JIEKTPOHBI «IIEPETIPBITUBAIOT>

C OJHOI'O PA3PEUIEHHOIO YHEPIre€TUYECKOI'O YPOBHA HA APYIOHd. DTa

* KCTatu, ecnu Bbl 3HAETE, YTO AN4 Y4aCTUL, NULLIEHHBIX MACCh, F= Cp, UTO CYUTaETCH Cneq

CTBMEM CMEeUMansHOM TEOPYIM OTHOCUTENBHOCTU DMHLLTEHE, TO £ = he / A HesameanmTeb-

r
C
nns

HO BbIBOAMTCS V13 3TOM DOPMY/IbI C MOMOLLIBIO YpaBHeHMs ae bpo
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uies MOJPA3yMEBAET, YTO HAOIIOAAEMAas dHEPrUus (POTOHA BCETAA
JIOJIKHA COOTBETCTBOBATD PA3ZHUIIEC MEX/Y IIAPOHU PA3PELICHHBIX
3HAYEHUU DHEPIUU IJICKTPOHA. TaKOM CIIOCOO OInncaHus (PU3u-
YECKUX ABJICHUHN OTIHMYHO HJIIIOCTPUPYET LIEHHOCTDH BBIPAXKECHUS
COCTOAHMA 3JIEKTPOHA B TEPMHUHAX PA3PEHICHHBIX 3HAYEHUI €ro
3Hepruun. Eciim BMECTO 3TOro MBI 6B IPEAIIOYIN TOBOPUTD O Pa3pe-
LMICHHBIX 3HAYCHUAX UMIIY/IbCA JIEKTPOHA, TO KBAHTOBAS IIPUPOJIA
3THUX SIBJICHUN HE ObLJIA Obl CTOJb OYEBUTHON 1 HAM HE YJaJ10Ch ObI
C TAKOU JIETKOCTBIO 3AK/IIOUUTD, YTO ATOM MOXKET UCITYCKATh U IIOIJIO-
AT U3JIYYEHHE TOJIBKO C ONPEAEIEHHBIMHU JUITMHAMH BOJIHBL

Mogesp aToMa KaK 4aCTHULBI B ALMMKE HEAOCTATOYHO TOYHA JJIA
TOT'O, YTOOBI IIO3BOJIUTH HAM BBIUYMC/IUTDH 3HAYCHUS SHEPIUU DJICK-
TPOHA B PEAJIbHOM ATOME, HEOOXO/IMMBbIE JIJIS1 IPOBEPKH BCEH HAIIECH
njen. Ho MOXXHO IPOBECTH JOCTATOYHO TOYHBIC BBIYHUCIICHUS, €CIU
MBI JIY4IIE CMOJEIHPYEM MOTEHIIMAT BOJIM3HU NPOTOHA, KOTOPBIH
U YAEPKUBAET JIEKTPOH. JJOCTATOYHO CKA34Thb, YTO 3THU BHIYUCJICHUS
06€3 TEHU COMHEHUS IOATBEPKAAIOT: 3/IECh-TO U KPOETCS IIPUYNHA
MOSIBJIEHUS 3T aJOYHBIX CIIEKTPAJIbHBIX TMHUM.

HasepHOE, Bbl 3aMETUJIM, YTO MBI IIOKAd HE OOBACHWIIH, IIOYEMY
3JIEKTPOH, UCITYCKAs (POTOH, TEPAET IHEPTUIO. 1714 LIEJIEN, OOCYKAAI0-
IUXCS B 3TOH ITIABE, TAKOE OOBSICHEHHE HE TpebyeTcsa. Ho 9To-TO
JIOJIDKHO TMOOYAUTD 3JEKTPOH MOKHUHYTH CBATUIUILE CTOAYEN BOJI-
HBI, U 3TO «4TO-TO» OyAET TeMOU IaBbl 10. Ceifuac e MPOCTO CKa-
JKEM: YTOOBI OOBSACHUTb HAOIIOAEMBIC CIEKTPBI CBETOBOI'O H3JIY-
YEHMA, UCITYCKAEMOI'O ATOMAMHU, HEOOXOAUMO MPEANONOXKUTD, YTO
CBET UCITYCKAETCS, KOI'ZA AJICKTPOH IIEPECKAKUBACT C OLHOI'O SHEPIre-
TUYECKOT'O YPOBHA HA JPYI'OH, C MEHBIIEN SHEPIUeH. Paszpemennnie
SHEPreTUYECKHE YPOBHHU ONPEACTAIOTCA (POPMON YAEPKUBAIOLIETO
SIIIIAKA U BAPBUPYIOTCS OT ATOMA K ATOMY, IIOTOMY UTO PAa3HBIE ATOMBI
CJIYKAT PA3HOM CPEOU, BHYTPU KOTOPOM 3AKIIOUYEHDBI UX JIEKTPOHBI.

J10 HACTOAIEIO BDEMEHU MBI CIIO/IHA UCIIOIb30BAJINM BO3MOXHOCTH
JUISL OObACHEHM A TTOJIOKEHMA JIEJI C IOMOIIBIO OYEHD ITPOCTOM KAPTHU-
HBI ATOMA, HO BOOOIIIE-TO HE TAK YK BEPHO CUHUTATDb, YTO SJIEKTPOHBI
CBOOOHO IEPEABUTAIOTCS BHYTPH KAKOI'O-TO SIIIIHUKA, KOTOPBIH UX
OorpaHuumuBaeT. OHU NEPEABUTAIOTCA BOIU3U MHOXKECTBA IPOTOHOB
U IPYTUX JIEKTPOHOB, U IS JIyYIIEr'O IOHUMAHUS [IPUPOJBI ATOMOB

MBI JIOJDKHBI OIIPEIENINTD, KAK 60JIe€ TOYHO ONHCATH TY CPENY.
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ATOMHBIN AUIMK

BoOOpyXUBIINCH NOHATHEM MOTEHIIUAIA, MOXXHO 60JIEE TOYHO OITH-
CaTh ATOMBL. HayHEM C NPOCTEHMNIErO M3 BCEX — aTOMa BOJOPOAA.
OH COCTOUT BCETO M3 [IBYX YACTHULL — IJIEKTPOHA M IPOTOHA. [IpOTOH
nouru B 2000 pas TsKenee 3JIEKTPOHA, TAK YTO Mbl MOXKEM IIPEIIIO-
JIOKUTD, YTO OH IIOYTHU HUYET'O HE JJEJIACT U IIPOCTO IIOKOUTCS HA Me-
cTe, CO3aBas NOTCHLNAJ, YACPKHUBAIOIM U JICKTPOH.

I[IpOTOH O6GIAJAET MOJIOKUTEIBHBIM 3JIEKTPUUYECKHUM 3aPSI0M,
4 3JIEKTPOH — PABHBIM EMY OTPHUIATENBHBIM 3apagoM. KcTaTu, npu-
4YMHA, 10 KOTOPOU JIEKTPHUUYECKUE 3aAPAAblI IIPOTOHA M 3JIEKTPOHA
8 MOUHOCMIU PABHBI MU IPOTHUBOMOJIOXHBI APYT IPYTY, — 3TO OJHA
U3 BEIUYANIINX 3arajlok (PU3HUKH. BEPOATHO, €CTh OYEHb BECKAS
IIPUYUHA, KOTOPAs CBA3aHA C HEKOCH IIOKA €LIC HE OTKPBITOH TEO-
pUen Cy0aTOMHBIX YACTUIL, HO HA MOMEHT HAIIMCAHUS 3TONU KHUTI'U

HHUKTO HC MOJKCT CKA34Thb 9TOI'O C YBEPCHHOCTBIO.

MoTeHumnan
A

Puic. 6.8. ToTeHuManbHas sma KynoHa BOKpyr npoToHa. dma riybxe BCero 1am,

rae HaxoAnTca Cam NMpoToH
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YTO MBI JEUCTBUTEIBHO 3HAEM, TAK 3TO TO, YTO IIPOTUBOIOJIOXK-
HbIC 34PsJbl IIPUTATUBAIOTCA U IIPOTOH IEPETAIUBACT DJIEKTPOH
K cebe, TOITOMY, C TOUKHU 3PEHHUA JOKBAHTOBOM (PU3UKH, OH MOXKET
IPUTSAHYTH K CEOE NEKTPOHBI HA CKOJIb YTOJHO MaJIO€ PACCTOSTHUE.
HacKonbKO OHO M4JI0, 3daBUCUT OT KOHKPETHOM IIPHUPO/IBI IPOTOHA:
OH TBEP/BIIN MIAPUK HUJIH KAKOE-TO 061aKO? HO 3TOT BOIPOC HE UMEET
(PHU3UUIECKOI'O CMBICJIA, IIOTOMY YTO, KAK MBI YK€ BU/IC/IH, CYIIECTBY-
€T MUHUMAJIbHBIM 3HEPIeTUYECKUIN YPOBEHDb, HA KOTOPOM MOKET
HAXO/JUTbCA JJIEKTPOH U KOTOPBIN onpeensiercsa (Ipybo roBops)
KBaHTOBOM BOJIHOM CAMOM OOJIBIION JJIMHBI, KOTOPAs CIIOCOOHA I10-
MECTHUTBCSA B HOTEHIIUAJ, CO3JJAHHBIN IIPOTOHOM. OTOT CO3/TAHHBIH
MIPOTOHOM MOTEHITUA MBI HU306PA3UIN HA pUC. 6.8. [My6oKast «<siMa»
(PYHKIIUOHUPYET TAK K€, KAK YK€ M3BECTHASA HAM MPAMOYTOJb-
Has [IOTEHLIUAJIbHAA sIMA, TOJIBKO €€ (popMa yKE HE CTOJIb IIPOCTA.
OHa HOCUT Ha3BaHUE NOTEeHIIMAAA KyJOHA, TIOTOMY 4YTO NOAYUHA-
€TCs 3AKOHY, OIMCBIBAIOIIEMY B3aHMMOJEUCTBUEC [BYX 3JIEKTPHUYC-
CKHUX 3aPs/J10B, KOTOPBIH Briepsbie BbiBe Hapip OrocreH e Kynon
B 1783 roxy.

ITpo61eMa, 0/IHAKO,0CTACTCATOMKE CAMON: MBI JIOJIKHBI BBISICHUTD,
KaKH€ KBAHTOBBIE BOJIHBI MOI'YT COOTBETCTBOBATH 3TOMY NOTEHIIAA-
JIY, 4YTO U OIIPEJAEIUT PA3PELUICHHBIEC S3HEPICTUYCCKUE YPOBHU dTOMA
BOAOPOJA. Byayun 6€CXUTPOCTHBIMHU, MBI MOIJIN ObI CKA34Th, YTO 3TO
JleJIaeTCs IIOCPEACTBOM «PELIEHUA BOJIHOBOIO ypaBHeHus IIpénun-
repa Jiyist HOTEHIINAIbHOM sIMBI KyJIOHA», 4TO CIIYKUT CLIOCOOOM ITPU-
MEHEHUA ITPABUIIA IEPEBOA UM EPOIATOB. [IeTAIN 3TOTO MPOIIECCA
YHCTO TEXHUYECKUE, 1AXKE JJIs1 TAKUX IIPOCTBIX OOBEKTOB, KAK ATOM
BOIOPOAA. K c4aCThIO, MBI HE Y3HAEM 3/J€Ch ITOYTH HUYETO HOBOT'O
II0 CPABHEHUIO C TEM, UTO YK€ YCBOMJIH, TAK YTO IEPECHUAEM IIPAMO
K OTBETY. Puc. 6.9 MOKa3bIBAET HEKOTOPHIE TTOTYIAIONTUECS CTOSTUUE
BOJIHBI IS 9JIEKTPOHA B 4TOME BOLOPOAA. DTO KAPTHUHA paclpese-
JICHUSI BEPOATHOCTEN HAXOXKCHUS JICKTPOHA B KAKOU-IMOO TOUKE.
B 6011€e cBETNBIX 0O6IACTAX TAKAsA BEPOATHOCTS BhIe. KoHeuHo, pe-
QJIbHBIN ATOM BOJAOPOJA TPEXMEPHBINA, U 3THU PUCYHKU COOTBETCTBY-
IOT Pa3pe3aM B IIEHTPE ATOMA. PUCYHOK CJI€BA BBEPXY — ITO BOJIHO-
BasAg PYHKI[UA OCHOBHOI'O COCTOSIHU A, TOKA3BIBAIOILAs, YTO AJIEKTPOH
B 3TOM CJIy4a€ OOBIYHO HAXOJUTCI HA PACCTOSIHUU MPUMEPHO

1 x 107'°M OT IPOTOHA. DHEPIUA CTOAUYUX BOJH HAPACTAET OT JIEBOTO
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BEPXHETO K NMIPABOMY HHUKHEMY PUCYHKY. MaCIITa0 TOXE U3MEHAET-
CsI B BOCEMb Pa3 OT JIEBOI'O BEPXHET'O K IIPABOMY HUXKHEMY PHCYHKY,
TAK YTO CBETIASA OOJACTh, ITOKPBIBAIONMAA OOJNBIIYIO YACTh JIEBOTO [131]
BEPXHEI'O PUCYHKA, UMEET [IPUMEPHO TOT JKE PA3ZMEP, YTO U MAJICHb-
KHE IPKUE TOUYKU B LICHTPE ABYX IIPABBIX PUCYHKOB. DTO 3HAYUT, YTO
3JIEKTPOH, CKOPEE BCETO, OyJIET PACIIONATAThCA JAJIbIIE OT IIPOTOHA,
Korjga OH HAXOUTCA Ha 001ee BRICOKHUX QHCPICTUYCCKUX YPOBHAX
(a cnepoBaTeNbHO, cnabee ¢ HUM CBA3aH). SICHO, YTO 3TH BOJIHBI CO-
BCEM HE CUHYCOU/IBL, TO €CTbh HE COOTHOCATCS C COCTOSHUSIMMU OIIpE-
JIEJIEHHOI'O UMITYJIbCA. HO, KaK MBI N30 BCEX CUJI CTAPAEMCA IO YEPK-

HYTb, OHU COOTBCTCTBYIOT COCTOSHUAM OHpC,HCIICHHOIjl OHCPI'UH.

Puc. 6.9. YeTbipe KBAaHTOBbLIE BOMHbI C CAMOM HU3KOW SHEPrUem, OnmChIBato-

LUV D7IEKTPOH B aTOMe BOAOPOAA. B CBET/IbIX 06NACTAX INEKTPOH MOXET
HaXOAMTLCS C HaMOOMbLLUEN BEPOATHOCTHIO. [TPOTOH B LEHTPE. PUCYHKM
BBEPXY CMPaBa v BHM3Y C/1EeBa YBENMUEHb! B 4 Pa3a MO CPaBHEHWIO C NEPBbIM,
a PMCYHOK BHM3Y crnpasa — B & pas3. [1epBbI pYCYHOK COOTBETCTBYET pasmepy

MPVMEPHO 3 x 107°MB OVameTpe

OTyeTnubas popma CTOSIYUX BOJIH HNOIBIAETCA 6aaroaaps pop-
M€ SIMBI, OJJHAKO HEKOTOPBIC JETAJIH ClIeAyeT OOCyauTh O0JIee I0-

Ipo6HO. CaMast OYEBUIHASI OCOGEHHOCTh BODOHKH BOKPYT IIPOTOHA
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3AKJIIOUAETCA B €€ CPEPUUECKON CUMMETPHUYHOCTH, TO ECTh CO BCEX
CTOPOH OHA BBIIVIS/TUT OJJUHAKOBO. YTOOBI IPEACTABUTD 3TO, BO3bMU-
TE€ 6ACKETOONBHBIN M4 6€3 KaKHUX-TUOO OTMETOK HAa HEM: 3TO HJIC-
anpHas cepa, KOTOPAs BBIIVISUT OAMHAKOBO, KAK €€ HU BpaIlai.
B0O3MOXHO, MBI MOKEM J1yMaTh OO 2JICKTPOHE BHYTPH 4ATOMA BOJO-
pozAa KaK O 3aIEPTOM BHYTPU MUKPOCKOIHUYECKOTO OACKETOONBHO-
I'o MsA4a? OTO ONPEAEICHHO 60JIEE YIAYHO, YEM I'OBOPUTDH O TOM, YTO
3JIEKTPOH MOIMAJICA B KBAJIPATHYIO IMY, HO, KAK HU YAUBUTEIBHO, TYT
€CTh HEKOE CXOJICTBO. Prc. 6.10 OKa3bIBAET CJIEBA JIBE CTOSTYUE BOJI-
HBI C CAMOM HU3KOM SHEPTUEH, KOTOPBIE MOI'YT BO3HUKHYTDH BHYTPH
6aCKETOONBHOrO MsA4a. MBI CHOBA Pa3pE3aIn MY, U JABIECHUE BO3-
JIyXa BHYTPH HET'O MOBBIIIAETCS OT YEPHOTO K 6ey10My. CIipaBa IaHbI
JIBE€ BO3MOXKHBIE CTOSTUHE BOJHBI JIEKTPOHA B ATOME BOJIOPO/A.

PUCYHKM HE WJEHTUYHBI, HO OYE€Hb NOXOXHU. VI CHOBA HE Oy/ET
CTOJIb V3K TJIYIIO IPEAIONIOKUTD, YTO JIEKTPOH BHYTPH ATOMA BOJIO-
pPOAa HAXOANUTCA BHYTPH YET'O-TO, HOXOXKETO HA MUKPOCKOTNYECKUI
6aCKeTOONBbHBIA MAY. DTOT PUCYHOK AEMOHCTPHUPYET BOJHOBOE IO-
BEZIEHUE KBAHTOBBIX YACTUL], U MBI HAZIEEMCS, UTO OH JJO HEKOTOPOI
CTENEHU CPBIBAET MOKPOBBI TAMHCTBEHHOCTU C JJAHHOTO IpEaMe-
Ta: TOHUMAaHUE [TOBEJCHUS JICKTPOHA B ATOME BOZIOPO/a HE 6omee
CJIO’KHO, Y€M TTIOHUMAHHUE TOT'O, KAK KOJIEOIETCS BO3/lyX BHYTPU O4aC-
KETOOJIbHOTO MAYA.

[Ipex/je 4eM OCTABUTH B IMIOKOE ATOM BOJOPO/d, MBI XOTEIHN ObI
€I1l€ HEMHOT'O ITIOI'OBOPUTH O MOTEHITUAJIE, CO3/IaBAEMOM IIPOTOHOM,
U O TOM, KaK 3JIEKTPOH HEPENPHIIUBAET C 6OJIEE BBICOKOT'O S9HEPTETU-
YECKOI'0 YPOBHS HA 60JI€€ HU3KUH, UCITYCKASI IPU 3TOM (POTOH.

MBI U36€KaTNU PA3rOBOPOB O TOM, KaK B3AMMOJICUCTBYIOT JIPYT
C IPYTOM NPOTOH U 3JIEKTPOH, BBEJSA UJCIO NOTEHIUAIA. DTO YIIPO-
II[EHUE [TO3BOJINJIO TTIOHATH KBAHTOBAHUWE SHEPTUU 3AIIEPTHIX YACTHIL.
Ho ecin MBI BCEPBbE3 XOTUM MOHATH, YTO MPOUCXOAUT, HY’)KHO I1O-
IIBITATHCSI OOBSICHUTh MEXAHHM3M <«3alHpaHUs» dacTur,. Koryma ga-
CTHUIIA JBIDKETCSI B PACCMATPHUBACMOM HAMU SIIUKE, MOKHO IIPE]-
CTABUTb HENPOHULIAEMYIO CTEHKY, IPEATIONIOKUTEIBHO COCTOSILYIO
U3 ATOMOB, TAK YTO YACTHUIA HE MOXET NPOUTHU CKBO3b HEEC M3-34
B3AUMOJICHICTBHSA C 3TUMU ATOMAMU. [IpaBUIBHOE MOHUMAHHUE <«HE-
IIPOHUIIAEMOCTH» IIPUXOJUT Yepe3 MOHUMAHHUE TOTO, KAK YaCTU-

bl B3AUMO/JENUCTBYIOT JAPYT C APYIrOM. MBI TOBOPUJIN, YTO IIPOTOH
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B ATOME BOJIOPOZA CO3JIACT MOTCHIUAJ, B KOTOPOM [BMKCTCH 3JICK-
TPOH, U 3TOT IIOTEHIUAJ 3AXBATBIBACT ICKTPOH AHAJIOI'MYHO TOMY,
K4K YaCTHIA YIEPKUBAECTCA B SIIUKE. DTO IPUBOAUT K 6OJIEE TTTyOOKON [133]
IpO6GIEME, TOTOMY YTO JIEKTPOH, OUYEBUTHO, B3AUMOJEHUCTBYET C IIPO-

TOHOM, ¥ HMEHHO 3TO IPEOIIPEAETIACT «3AMUPAHUE» DJICKTPOHA.

Puc. 6.10. [lge npocTeriime CTosgume 38yKOBbIE BOMHbI BHYTPW 6ACKeTOONBHO-

ro Msiua (CN1eBa) B CPABHEHVIM C COOTBETCTBYIOLLMMI 3MEKTPOHHBIMM BOMTHAMM
B aTome BoAoposa (crpasa). OHM OUeHb NOXOXM. BepxHWiA p1CYHOK atoma
BOAOPO/A — 3TO YBENMUEHHOE 1M300paXeH e LeHTPanbHOM UacTu 1EBOM

HVIXKHEN KapPTUHKWM C purC. 6.9

B rimase 10 MBI YBUAUM, UTO K€ HEOOXOJUMO JTOOABUTH K YK€
C(pOPMYNIHMPOBAHHBIM KBAHTOBBIM IIPABUJIAM. DTH JOOABKU OYAyT
KaCaTbCA B3AUMOJAECHCTBUSA 4aCcTUL, [TOKa HAIIN IPABUJIA OYEHD IIPO-
CTBI: YACTHUIIBI IBUTAIOTCS, IIEPEHOCS C COHOM BOOOPAKAEMBIE YACHI,
CTPEJIKM KOTOPBIX NEPEBOAATCA HA3aJ TOYHO ONPENEIEHHBIM O0-
Pa30M B 3aBUCHMOCTH OT PACCTOSIHUS, HA KOTOPOE MEPEMENMIAIOTCS
YACTUIIBL BCE IPBIKKHM YACTUL] PA3PENIICHBI, TAK YTO YACTHUIId MOXKET
IEPEMECTUTBCA U3 TOUYKH A B TOUKY B IO OECKOHEYHOMY KOJIMYECTBY
PAa3INYHBIX TPAEKTOPHUH. Kaxkaas TPaeKkTOpus MPUHOCHUT B TOY-

Ky B COOCTBEHHBIN KBAHTOBBII [U(PEPOIIAT, U MBI JJOJIKHBI CJIOKUTh
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HUX BCE, YTOOBI MOJYYHJICSA €JUHBIA OOMUNA IUPEPOHIAT, KOTOPHIH
IIO3BOJIMT HAM OIIPEJC/IUTh BEPOSATHOCTb HAXOXK/JACHUS YACTHUILBI
B TOUKE B. [J06aBIE€HUE B3AUMOACUCTBUN B 3Ty KAPTUHY OKA3bIBACT-
Csl HA YIUBJICHUE NPOCTBIM JIEJIOM. MBI JOMOJHSEM NpPaBUJIa TIEpe-
MEMIEHUA YACTHUI] HOBBIM IIPABHUJIOM, KOTOPOE ITIACUT, YTO YaCTHUIA
MOXKET MCIYCKATh WJIN HOIVIOATh JPYIYIO yacTuny. Eciu 1o B3au-
MO/ICHICTBUSA ObLJIA OJIHA YACTHUILA, TO [IOCJIE HET'O UX MOKET OKA3aThCs
JIBE; €CJIM IO B3AUMOJEUCTBUA YACTUL] OBLIO JIBE, IOCJIE HETO MOXKET
OCTATbCS TOJNBKO OJHA. KOHEYHO, €CIIN MBI COOMPAEMCS BBIPAOATHI-
BATb MATEMATUYECKUE (POPMYJIBI [JI1 TOI'O, MBI OOS3aHBI YTOYHHUTD,
KAaKM€ MMEHHO YaCTULLI OYAYT CAUBATHCSA WM PACHAJATHCSI U 4TO
IIPOM3OM/IET TTOCJIE B3AMMOJEUCTBUA C TEMU IUdepOIaATAMU, KOTO-
pbIE€ HECET C COOOM KAXK/IAd YACTUILA. DTO CTAHET TEMOH I1asbl 10,
HO MPEANIOCHIIKM OYEBUJHBI U TaK. ECJIM €CTh NPaBUJIO, IO KOTOPO-
MY 3JIEKTPOH B XOZI€ B3aUMOJEUCTBUA UCITYCKAET (POTOH, TO Cylie-
CTBYET BEPOSITHOCTD TOT'O, UTO 3JIEKTPOH B ATOME BOJOPO/JAd MOXKET
HUCITYCTUTH (POTOH, HOTEPSITH SHEPTIUIO U OITYCTUTHCA HA O0JIEe HU3-
KU S3HEPIreTUYECKUNA YPOBEHD. OH MOXKET TAKXKE MTOITIOTUTD (POTOH,
IIPUOBPECTU IHEPTHIO U ITOJHATHCS HA O0JIEE BBICOKUN SHEPreTHuYe-
CKHNH YPOBEHD.

CyHIECTBOBAHUE CIEKTPAIbHBIX JIMHUH HOATBEPXKAACT, YTO
UMEHHO TAK BCE U MIPOMUCXOAHUT, HO JAJIEKO HE C PABHOMN BEPOATHO-
CTBIO, 4 UMEHHO: JIEKTPOH MOXKET UCIYCKATh (POTOH U JIUIIATHCA
3HEPI'UU B JI0OO0E BPEMs, HO €IMHCTBEHHBIN CIIOCOO IMOJIYYEHUS
SHEPIUHU U IEPEXo/a Ha 60I€€ BBICOKMHI S9HEPIETUUECKUNI YPOBEHD
3AKJIIOYAETCA B CYIIECTBOBAHUU (POTOHA (MJIM KAKOT'O-TO MHOTO UC-
TOYHHKA 3HEPI'UM), KOTOPBIH MOI' OBl C HUM CTOJKHYTbCA. B raso-
06pPA3HOM BOJIOPOE TAKMX (POTOHOB OOBIYHO MaJIO, 4 PACCTOSHUE
MEX/ly HUMH BEJIHKO. ATOM B BO3OY’K/ICHHOM COCTOSIHUH HMEET I'O-
Pa3/1o 60JIBIIE MIAHCOB HA UCIYCKAaHHUE (POTOHA, YEM HA €r'0O MHOIJIO-
meHue. O0mul 3P@HEKT COCTOUT B TOM, YTO ATOMBI BOAOPO/A CTPE-
MSITCSI BBIXOAUTDH U3 BO30OYKJCHHOI'O COCTOSIHUS (PEIAKCUPOBATH),
IO/l YEM MBI IIOHUMAEM NOOEAY HUCIYCKAHUA HAJ, MOIVIOIMIEHUEM.
CO BPEMEHEM ATOM BO3BPALIAETCSI K OCHOBHOMY COCTOSIHUIO 77 = 1.
DTO NPABUJIO HE MOXKET OBITh OOIINM, HOCKOJIBKY MOKHO MOCTOSHHO
BO30OYK/1aTh ATOMBI, OOECIIEYNB KOHTPOJIHUPYEMYIO IOJKAUKY dHEP-

ruv. Ha 3TOM OCHOBaHA TEXHOJOTUA J1a3€pa, HbIHC HMCIIOJIb3yCMas
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IIOBCEMECTHO. I'TTaBHAA M€ JIa3ePa COCTOUT B 3aKAYNBAHUU dHEP-
UM B ATOMBI, IPHUBOJSIIEM K UX BO30OYXK/JECHUIO, U COOpE (POTOHOB,
UCHYCKAEMBIX IIPU IIOTEPE AJIEKTPOHAMHU SHEPIUU. DTHU (POTOHEI
OYEHbD IOJIE3HBI JIJIS1 YTEHUA JAHHBIX BBICOKOIM YETKOCTH, 3aIIUCAH-
HbIX H4 NOBEPXHOCTU CD miu DVD: BInsiHUE KBAHTOBOU MEXAHUKU
Ha HAIly )KU3Hb BECbMa MHOTI'OOOPA3HO.

B 3TOM 171aBE MBI CyMEJIH OObSICHUTD IPOUCXOK/ICHUE CIIEKTPAJIb-
HBIX JIMHUHA, UCTIOIb3YsA MPOCTYIO UJCIO0 KBAHTOBAHHBIX SHEPrE€THU-
YECKUX YPOBHEN. KaxkeTcCs, HaM y/1aJI0Ch BBIPAOOTATH IPABUJIBHBIN
B3IVIA/ HA aTOMBL. HO BCe K€ KOe-4TO HE COBCEM TaK. He XBaTaeT 1o-
CJIETHETO KyCOYKa I'OJIOBOJIOMKH, 0€3 KOTOPOTO HEBO3MOKHO OObAC-
HUTb CTPYKTYPY 60JI€E TAXKEBIX ATOMOB, YEM BOJOPOJ. EC/in roBo-
pUTH 6071€€ MPO3ANYHO, HAM TAKXXE HE yIACTCA OOBACHUTD, IOYEMY
MBI, COOCTBEHHO, HE NPOBAIMBAEMCSI CKBO3b 3EMJIIO, YTO CO3JAET
IPOOGJIEMBI /IJIs HAIIIEH 3AMEYATEIbHON TEOPUUN NPUPOALL. OObsICHE-
HHE, KOTOPOE MBI UIIIEM, KDOETCA B PA0OTAX aBCTPUMCKOTO (PU3HKA
Bonbdranra [Taymnu.
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BceneHHas
Ha O0y/1aBOYHOM
rOJIOBKE
(1 moueMy MBI
He rpoBaJiuBaeMcH
CKBO3b 3eMIJII0)




T O, YTO MBI HE IIPOBAIUBAEMCS CKBO3b 3€MJIIO, CAMO II0 cebe He-
CKOJIBKO YAUBUTEIBHO. OOBSICHATD 3TO TEM, YTO 3€MJISI TBEP/1A,
HE OCOOEHHO 3(PPEKTUBHO, BO MHOTOM 6J1arOfapss OTKPBITUIO Pe-
3epdop/a, YTO ATOMBI — 3TO IOYTH IOJHOCTBIO IYCTOE IPOCTPAH-
CTBO. CUTYyAIMs YIUBIISICT €HIE OOJIBIIEC, IOTOMY YTO, HACKOJIBKO MBbI
3HaeM, (PYH/JAMEHTAJIbBHBIC YACTHIBI IPUPOJBI PA3MEPOM HE O6JIa-
J1aI0T BOBCE. IMETH /IC/IO C YACTUIIAMU, «HEC UMCIONIIMU PA3MEPA»,
ABHO HpO6JICM3TI/I‘{HO ", BEPOATHO, AAKEC HCBO3MOKHO. Ho nuuro
13 CKA3aHHOI'O B NPEJbIYINNX [VIABAX HE NPEJIOIaracT U HE Tpe-
OyeT OT 4acTul, PU3HUUECKOH MPOTKEHHOCTN. [IoHMMaHNE NX KaK
JIEACTBUTEIBHO TOYEUYHBIX OO'bEKTOB HEOOSI34TEIbHO HEBEPHO, JJAXKE
ec 6POCACT BBI30B 3/[PABOMY CMBICJIY — €CJIH Y YUTATEIISI OCTAJICS
XOTb KAKOU-TO 3ﬂp3BbII71 CMBICJI HA 3TOH CTaguH KHHUI'Y O KBaHTOBOM
Teopunu. KOHEYHO, BECbMa BO3MOXKHO, YTO Oy/JyIIHNE 3KCIIEPHUMCH-
TBI, HAIIPUMEDP Ha BOJIBIIOM a/IpOHHOM KOJIAHJEPE, TOKAXKYT, YTO
JICKTPOHBI 1 KBAPKK BOBCC HC MCTHUHHO 3JICMCHTAPHBIC YACTHUILLBI,
HO HBIHCIIHHUE 3KCIICPUMEHTBI 3TOTO HE IMOATBEPK/AIOT, IOITOMY
B (PYHAAMEHTAJILHBIX YPABHEHUAX (PUMKN YACTHULL HET MECTA JIJIA
HX «pa3Mmepar. Henmb3st CKa3aTp, 4TO C TOYCUHBIMHU YACTHUITAMHI HE BO3-
HHUKAET IPOOJIEM — Uiesl KOHEYHOI'O 3apsi/ia, 3a5KATOI'O B OECKOHEY-
HO MaJIbIU O6'b€M, JOBOJIBHO TPyJAHA I TIOHUMAHMA, — HO BCC JKC
YAAETCS KAKHMM-TO OOpa3zoM OOOUTH TEOPETUYECKUE TPYIHOCTH.
HOXO)KC, YTO PA3BUTHC KBAHTOBOM TCOPUU TI'PABUTAITNUN — OCHOBHAA

npobsieMa PyHAAMECHTAIbHON (PU3UKH — HAMEKAET HA KOHEYHBIN



BCENEHHAS HA BYTABOYHOM FTOMNOBKE..

pasMep, HO CBHJAETENBCTB MOKA MOMNPOCTY HEAOCTATOYHO, YTOOHBI
(PUBUKU OTKA3ATIUCH OT CTOJIb ITOTIOOUBIICHCS U/IEH JIEMEHTAPHBIX
vacTull. [TogdepkHeM €le pas: TOYEYHbIE YACTHUIIBI HE UMEIOT Pa3-
Mepa, TO3TOMY BOIIPOC «YTO CIYUUTCS, €CIIU 1 PACIIEILIIO 3JIEKTPOH
HA/IBOE?» HE MMEET HUKAKOI'O CMBICJIA — IOJOBHUHKM 3JEKTPOHA
He OBIBAET.

IIpuATHBINT OOHYC PABbOTBHI C IEMEHTAPHBIMHU (PparMeHTAMU
MAaTEPUH, HE UMEIONMMH HHUKAKOI'O Pa3Mepa, COCTOUT B TOM, YTO
MBI 6€3 IIPOOBJIEM MOXKEM IPEJACTABUTDL, YTO BCS BUAUMAas Bcenen-
Hasl KOIZLA-TO ObLIA CXKAaTa B OOBEKT PaA3MEPOM C I'perndpyT HUiIu
Jlaxke ¢ OyJIaBOYHYIO I'OJIOBKY. Kak 6bl HM IIJIa KPYT'OM T'OJIOBA OT Ta-
KHX MBICJIE — TPYJAHO BOOOPA3UTH, KAK 1O PA3MEPOB I'OPOIINHBI
C)KUMAETCA I'OpPa, HE TOBOPS YK€ O 3BE3JIE, TAJTAKTHUKE U TEM OOJIee
350 MuanuapAax OOJBIINX TAJAKTUK B 0603puMON Bcenennou, —
HET HUKAKUX IMPUYUH OOBABIATH TAKOE CKATHE HEBO3MOXKHBIM.
W nercTBUTENBbHO, COBPEMEHHBIE TEOPUU IIPOUCXOXKICHUA BeesieH-
HOM HETIOCPEACTBEHHO ONIEPUPYIOT CBOUCTBAMU, KOTOPBIE OHA UMEJIA
B NOZOOHOM ACTPOHOMUYECKHU INIOTHOM COCTOSIHUU. Takue Teopuun
Ha TEPBBIM B3IVIAJ KAXKYTCS HEJIENBIMH, HO UMEIOT psiJi HOATBEP-
JKAAIONUX CBUJIETENLCTB. B ITOCIeIHEN TT1aBE€ HAM BCTPETATCA OOb-
€KTBI C INIOTHOCTBIO €CJIM HE KAK Y «BCEIEHHO B OyIaBOYHOH I'OJIOB-
KE», TO TOYHO KAK Y «I'OPBI B TOPOIIMHE»>: 6€JIbI€ KAPJIUKU — OObEKTEI
C MACCOM 3BE3/1bl 1 06'bEMOM 3EMJIU — U HEUTPOHHBIE 3BE3/1bI, UMCIO-
LIHE CXOXKYIO MACCY U CXKATBIE B UJICAJIBHBIC IIAPBI PA3MEPOM C KPYII-
HBIA TOPOJI. M 3TO HE OOBEKTHI U3 HAYYHOM (DAHTACTUKN; ACTPOHOMBI
HaOIIOAAIOT UX U NPOBOAAT TOYHEUIINE U3MEPEHUS, 4 KBAHTOBAS
TEOPUSA MO3BOJIAET BEIYUCINUTD UX CBOMCTBA M CPABHUTD C JIAHHBIMH
HaOmoAeHUN. [TepBbIN MIaT HA TyTH K HOHUMAHUIO OEBIX KAPJIUKOB
U HEUTPOHHBIX 3BE3[] COCTOUT B TOM, YTOOBI OOPATHUTBCS K I'OPA3/10
6oJiee IPO3aUYHOMY BOIIPOCY, C KOTOPOI'O MBI U HAYAJIU ITY IVIABY:
ecau 3eMJIst — IO 6OJBIICH YACTU ITYCTOE IPOCTPAHCTBO, TO IOYEMY
MBI CKBO3b HEE HE IIPOBAIUBAEMCA?

V¥ 3TOro BONpoCa JJIATENIbHAS M MOYTEHHAS UCTOPUS, U OTBET
H4 HEro HE 6bLI C(POPMYJIHMPOBAH YUBUTEIBHO JOJIO: OH IOSBUJI-
cst uinb B 1967 roay B crarbe @pumena Jlaricona u DHApIo JleHap-
2. OHU NPUHSINCH 34 JIEJI0, IOTOMY YTO HEKMH (PU3UK NOOHENAT

6yTbIJIKy BUHTAKHOT'O MIAMIIAHCKOT'O TOMY, KTO CMOXCT [JOKA34dTh,
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4TO MATEPHSA HE MOXKET CXKATHCSA CaMa IO cebe. [1ariCOH TOBOPUIL, UTO
JIOKa3aTEIbCTBO OBLJIO MUCKJIIOYMUTENBHO CJIOXHBIM U TYMaHHBIM,
HO OHH ITIOKA34JI1, YTO MATEPHSI CIIOCOOHA OBITH CTAOUIBHOM, TOJIBKO
€CJIN JIEKTPOHBI OYAYT HOAYUHATHCS TAK HA3bIBAEMOMY IPUHITUITY
[Taynn — OHOMY U3 CAMBIX YIUBUTEJIBHBIX ABJICHUU B HAIIIEH KBAH-
TOBOM BCeleHHOM.

HauneMm ¢ nugp. B nponion riase Mbl BUJEIH, YTO CTPYKTYPY
IIPOCTEUHIETO ATOMA BOJOPOAA MOKHO NHOHATDH, HANMASA pa3peneH-
HBIE KBAHTOBBIE BOJIHBI, KOTOPBIE MOMEIIAIOTCS BHYTPU IOTEHIIU-
AJIbHOM SIMBI IIPOTOHA. DTO MO3BOJIMUJIO Pa300paThCs, 110 KPAMHEN
Mepe, C KOMUYECTBEHHON TOYKHM 3PEHUS, IOYEMY ATOMBI BOAOPOAA
HUCITYCKAIOT CBET UMEHHO B TAKOM JIUAMa30HE. By/lb y HAC BPEMSI, MBI
MOTIJIM OBl BBIYUCJIUTD U S3HEPIETUYECKUE YPOBHHU B ATOME BOJOPO-
7. JTIo60¥ CTYAEHT-(PU3UK B KAKOU-TO MOMEHT OOYUEHU S IPOBOJIUT
3TH BBIYHCJICHUS, U OHU IIPEKPACHO CXOAATCS C IKCIEPUMEHTAJb-
HbIMM JaHHBbIMU. KcTaTy, O npeaplAymen I1j1ase: yIpOLICHUE «4a-
CTHUIA B SIIHUKE» OBLIO JOBOJIBHO YJA4HBIM, [IOCKOJIBKY COJEPKAJIO
BCE KPUTHUYECKHUE MOMEHTBI, KOTOPBIE MBI XOTEIU HOAYEPKHYTh.
OfHAKO TEnepb HAM IOHAJOOATCA €Ie OO0JEE€ TOYHBIE BbIYMC/IC-
HUS, YUYUTBHIBAIOIINE, YTO PEANbHBIM ATOM BOAOPOJA CYIIECTBYET
B TPEX U3MEPEHUSAX. [IJI HAIIEH YACTULILI B SIITUKE MBI PACCMATPU-
BAJIM TOJIBKO OJJHO U3MEPEHME U ITOJIYUUJIN CEPUIO DHEPIETUUECKUX
YPOBHEH, IOMEYEHHBIX YHC/IOM 72. HU3IMMNI 3HEPreTUYECKUI YPO-
BEHb ObLI HA3BaAH 77 = 1, ciaeayomul — n = 2 u 1. A. Korga pacyerst
PACOIPOCTPAHAIOTCA HA CIYYaAUd JJIA TPEX U3MEPEHUN, OKA3bIBAET-
Cs1 (4TO, BIIPOYEM, HE JOJIKHO YAUBIIATE), YTO /I XAPAKTEPUCTUKU
BCEX PA3PECHICHHBIX HEPIETHYECKUX YPOBHEH HEOOXOIHUMBI TPU
qucaa. TpaJuIIMOHHO OHU ITIOMEYAIOTCS KaK 72, / U 72 1 HA3bIBAIOTCS
KEAHMOBLIMU YUC/AMU (B ITOU IJIABE HE CIEAYET ITyTATD 772 C MACCOU
YaCTULLBL).

KBaHTOBOE YHUCJIO 77 — 3TO 3KBUBAJICHT YUCJIA 72 JIJIT YACTULIBI
B AmMMKe. OHO IPUHUMAET LIE€JIbI€ 3HAYEHUA (1= 1,2, 3 U T. 11.), A SHEP-
I'Usl 9YACTULLBI CTPEMUTCS K YBEJIMUEHHUIO C YBEJIUYEHUEM 72. BO3MOXK-
HBIC 3HAYCHUS / U 77 OKA3BIBAIOTCS CBSA3AHBIL C 72; [ JOJXKHO ObITh MCHb-
II€ 72 U MOXKET PABHATBHCS HYIIIO, HAIIPUMED, €ECIIU 77 = 3, TO [ MOXET
OBITD O, 1 UK 2; 72 MOXXET IPUHHUMATD JIIOOOE 3HAUYEHUE OT MUHYC /

0 TLIIOC /[ C HEeJIOYUCTIEHHBIMY Iaramu. Tak, ecinu [/ = 2, TO 7 MOXKET
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paBHATHCA -2, -1, 0, +1 mau +2. Mbl HE COOUPAEMCST OOBSICHSTD, OTKY-
Jla 6epyTCs BCE 3THU YUCJIA, TOTOMY YTO K HAIIIEMY IOHUMAHHUIO NIPE/I-
META 3TO HUYETO HE JO6ABUT. [JOCTATOYHO CKA34Th, YTO YETHIPE BOJI-
HbI Ha puc. 6.9 umeror (17, 1) = (1,0), (2,0), (2,1) u (3,0) COOTBETCTBEHHO
(nJ1s1 BCEX 9TUX BOIH m = 0)*,

Kak MblI y2K€ IrOBOPUJIN, KBAHTOBOE YUCJIO 72 3[4ECH IVIABHOE: OHO
KOHTPOJIMPYET PA3PELUICHHBIC 3HAYCHUS JHEPIUU JJIs DJICKTPOHA.
B ne6onpmon cTeneHn pa3pelieHHble 3HAYEHUs SHEPTUU 3ABUCAT
U OT 3HAYEHUSA /, HO IPOSBIAETCS 3TO TOJBKO IIPU OYEHb TOYHBIX
U3MEPEHMUAX HCITYCKAEMOI'O CBETA. BOp HE MPUHUMAJI €TO BO BHU-
MaHUE, BIEPBBIE BBIYMCIASA JHEPTHIO CHEKTPAJIBHBIX JIMHUU BO-
J0pO/a, U €r0 MCXOJHAs (POPMY/Id BBIPAXKAIACH HUCKJIIOYUTEIBHO
gepes 72. OT m 3HEPrus 3JIEKTPOHA COBEPIIEHHO HE 3aBUCUT, IIOKA
4TOM BOJIOPO/Ia HE IIOMEIIEH B MATHUTHOE MOJIE (COOCTBEHHO, 177
U HA3BIBACTCA MAZHUMHLIM KEAHMOBLIM HUCIOM), HO ITO HE 3HA-
YHT, YTO /7 HE BAXKHO. YTOOBI MHOHATbL ITO, BEPHEMCS K HAIIUM
YHCJIAM.

Eciu 72 = 1, CKOJIBKO CyIECTBYET BO3MOXKHO PA3HBIX 3HEPIeTHU-
YECKUX ypPOBHEN? ITpUMEHUB C(OOPMYIUPOBAHHBIC BBIIIE IIPABUIIA,
Y3HAEM, YTO [/ ¥ 72 MOT'YT B CJIy4ae 72 = 1 PaBHATBHCA TOJABKO HYJIIO, TAK
4TO SHEPTETUYECKUI YPOBEHD OY/IET INIIb 1.

Ternepp NpOBEIEM PACYETHI JJI51 72 = 2: ] MOKET IPUHUMATD J1BA 3HA-
yeHus, 0 u 1. Ecnu /=1, TO 72 MOXET paBHATHCA -1, 0 uin +1, TO €CTh
IOJIY4AE€TCH CIIE 3 S3HEPIETUUCCKUX YPOBHSA (BCErO 4).

st n =3[ moxer cocTaBndats 0, 1 wnu 2. 1151 [ = 2 m MOXET paB-
HATbCA -2, -1, 0, +1 niun +2, 9To gaeT 5 yposHen. UTak, BCETo 1101yda-
erca 1 +3+5=9yposHer g 7= 3. U Tak gauee.

3aIIOMHUTE YMCJIA IS TPEX MEPBBIX 3HAUYeHUH 72: 1, 4 1 9. Tenepb
IIOCMOTPUM Ha pUC. 7.1, I7ie IOKA3aHbI IIEPBLIC YETHIPE Psijid IIEPUO-
JUYECKOU TAOIUI Bl XUMUYECKUX 3JIEMEHTOB, U ITOJJCYUTAEM, CKOJIb-
KO 3JIEMEHTOB B KAX/JIOM PsAY. Pa3fieiuB 3T 3HAYEHHUS HA 2, MBI [TO-

ayauM 1,4, 4 1 9. BAXKHOCTB 9TOT'O BCKOPE BBIACHUTCAL.

* TexHuuecku, kak Mol Y>Ke€ roBopuvnn B ﬂpeﬂbu:lyu_geﬂ [NaBe, peLeHre YpaBHeEH K UJDEE{MH’
repa AO/KHO ObITh nponopunoHanbHO CCbGDVMECKOM FapPMOHWKE, MOCKO/MbKY MOTEHLN-
a/lbHas gMa BOKDYT MPOTOHA c&bepwewaﬂ N CUMMETPUYUHAA, a HE ﬂDﬂMOyFOﬂbeM ALLMK.
CBs3aHHas ¢ 3TVM Yr10Bas 3aBNUCMMOCTb MOPOXAAET KBAHTOBLIE YNC/1a [vim. PagranbHas
3aBMCMMOCTb pelleHns AaeT rMaBHOoe KBAHTOBOE YC/0 N.
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Puc. 7.1. Tepsble UeTbipe psaa Neproanyeckoi Tabnuub

XUMNYECKNX 2NEMEHTOB

YecTh pacHoOKEHUs XUMHUUYECKUX JIEMEHTOB IOJOOHBIM O0O-
Pa3oM OOBIYHO MPHUITUCHIBAETCA PYCCKOMY XUMHUKY JIMUTPHIO MeH-
JIEJIEEBY, KOTOPBIH MIPEACTABUI ee 6 MapTa 1869 roja Ha 3acelaHuU
PyCcCKOTO XMMHUYECKOTO O6IIECTBA. DTO OBLIO 3aJOIT0 JO TOTO, KaK
NIPUAYMAIN BBIYMCIATh PA3PEHICHHBIC 3HEPIETUYECKUE YPOBHU
aTOMa BOJOPOJA. MEH/IENIEEB PACIIONOKUI JIEMEHTBI B ITIOPSJIKE UX
ATOMHBIX BECOB, YTO Hd COBPEMEHHOM S3BIKE COOTBETCTBYET KOJIH-
4YECTBY IIPOTOHOB U HEUTPOHOB BHYTPHU dTOMHBIX AJIEP, XOTsI, KOHEY-
HO, B TO BPEMS OH U TOT'O TOXE HE 3HAJ. PACIIOIOKEHNE 3JIEMEHTOB
Ha CAMOM JIeJI€ COOTBETCTBYET YUC/IY IIPOTOHOB B A/Ipe (KOJIUYIECTBO
HEUTPOHOB 3HAYEHMUA HE MMEET), HO JJI CAMBIX JIETKUX 3JIEMEH-
TOB 3T4 IOINPABKA HE MMEET 3HAYECHUA, Onaropapsa yemy MeHjee-
€B M CyMeJl PACCTABUTH UX B IIPABHUJIBHOM IOpAAKe. OH PEIINII Bbl-
CTPOUTD IEMEHTHI B PSAJIBI U CTOJOLBI, OTMETUB, YTO HEKOTOPHIE
3JIEMEHTBI 06/12/1aI0T OYEHDb NTOXOKUMU XUMHUYECKUMU CBOHUCTBAMHU,
HECMOTPS HA PA3HUITY ATOMHBIX BECOB; BEDTUKAJIbHBIE CTOJIOIBI KAK
pa3 1 OObEIUHAIOT IOAOOHBIE XUMUUECKHE 3JIEMEHTBI — TaK, [E€JINH,
HEOH, API'OH U KPUIITOH B KPAHHEM IIPABOM CTOJIOLE TAOIUIbI CUH-
TAIOTCS UHEPTHBIMU razaMu. M MeHjeneeB HE TONBKO IIPABUILHO
3a(PUKCHUPOBAJI CYIIECTBYIONIEE PACIOJIOXKEHUE, HO U IIPEJICKA3AII
HAJIMYHUE HOBBIX JIEMEHTOB, KOTOPBIE AOJKHBI ObLINA 3AIOJTHUTH
Npo6ebl B €ro TAOMULIE: IEMEHTEL 31 1 32 (Ta/Iuil U repMaHUIL)
OBLIN OTKPBITHL B 1875 m 1886 romax COOTBETCTBEHHO. DTHU OT-
KPBITUSI NOATBEPANIIHN, YTO MEHJEIEEBY YAAIOCh HAMYNIATh HEYTO
O4YE€Hb BA)KHOE B CTPOEHUU ATOMOB, HO MOKA HHUKTO HE 3HAJI, YTO
3TO TAKOE.

VAUBUTEIBHO, YTO B IIEPBOM Py 2 3JIEMEHTA, BO BTOPOM U TPETh-

€M UX 8, 4 B YETBEPTOM — 18. DTH 4MCIa POBHO B [IBA pa3a 6OJIbIIE
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TEX, YTO MOJIYYUJIUCH Y HAC IIOCJIE IOJACYETA PA3PEIIEHHbBIX dHEPIe-
TUYECKUX YPOBHEN B Bogopoe. [Touemy?

Kax MBI y’X€ YIOMHHAJIN, 9JIEMEHTHI B IEPHUOAUYECKOIN CUCTEME
YHOPSIZOYEHBI CIEBA HAIIPABO IO PAJdM B COOTBETCTBUU C KOJIUYEC-
CTBOM IIPOTOHOB B AJIP€, YTO COBIAJAET C KOJTUYECTBOM 3JIEKTPO-
HOB, KOTOPOE MOI'yT COAEPKATH 9TU ATOMBL [TOMHUTE, 4TO BCE ATO-
MBI 3JICKTPUYECKU HEUTPAJIbHBL ITOJIOXHUTEIbBHBIC JJICKTPUYCCKUE
3apAAbl IPOTOHOB TOYHO YPABHOBEUIMBAIOTCSA OTPHULIATE/IbHBIMU
3apsAAaAMU 3JIEKTPOHOB. 3[€Ch SIBHO YTO-TO HUHTEPECHOE CBA3AHO
C XMMUYECKUMH CBOHUCTBAMU IJIEMEHTOB M PA3PENIEHHBIMH SHEPre-
TUYECKUMU YPOBHAMU, KOTOPBIN 3JIEKTPOHBI MOI'YT UMETD BO BPEMSI
BPAUICHUS 110 OPOUTAM BOKPYT AAPA.

MBI MOXEM TIPEJCTABUTD, KAK OOJIEE TAMKEIIBIE ATOMBI CTPOATCS
n3 60J1€e€ JIETKUX, K KOTOPBIM IO O4Yepein AOOABIAIOTCS IPOTOHHI,
HEMTPOHBI U AJIEKTPOHBL. Hy>KHO EpXKATH B YME, YTO KAXK/BIN Pa3
npu JOO6ABJIEHUH JIMIIHETO IPOTOHA B /PO MBI JJOJIKHBI JOOABUTD
U JTOIIOJIHUTEJIBHBIA 3JIEKTPOH HA OJUH U3 SHEPIETUUYECKUX YPOB-
HEU. ApU(MMETHUECKUE YIIPAKHEHUSA ITOMOIYT CO3[JaTh CHUCTEMY,
KOTOPYIO MBI BUJIUM B IEPUOAUYECKON TAOIUIIE, ECIIU IPOCTO JOIY-
CTUTD, YTO KAKABINA SHEPIETUYECKUHI YPOBEHD MOXKET COAEPKATD J1BA
U TOJIBKO JIBA 3JIEKTPOHA. [ToCMOTPUM, KAK 3TO pabOoTAET.

VY BOAOPOAA TOJNBKO OJMH JIEKTPOH, KOTOPLIM MONAJAET HA YPO-
BEHb 77 = 1. ¥V renus Asa 3JIEKTPOHA, KOTOPBIE TOXE PA3MECTATCA
Ha ypoBHE 772 = 1. Teriepb ypoBeHb 77 = 1 3a1I0JIHEH. YTOOBI TOTYIUTH
JINTUH, MBI JOJIKHBI JOOABUTH TPETUH JICKTPOH, HO OH YK€ NTOHAET
H4 YpOBEHb 772 = 2. Cefyomue 7 3JIEKTPOHOB, COOTBETCTBYIOLINE
CIEAYIOMMNM 7 3JIEMEHTAM (6E€PUILINI, 00D, YITIEPOZ, 430T, KUCJIOPO/,
(pTOP U HEOH), MOT'YT TOXKE YMECTUTBCA HA YPOBHE 72 = 2, IOTOMY YTO
TaM UMeIoTC 4 MecTa, coorBeTcTBytomue /=0u/=1,m=-1,0 u +1.
TaknuM 06pa30M MOKHO HAUTH MECTO JIJIS1 BCEX JIEMEHTOB JJO HEOHA
BKJIIOUMTEIBbHO. Ha HEOHE YPOBHU 72 = 2 3AIIOJHAIOTC, U HAUNHASA
C HATPHUA MBI IEPEXOAUM K 77 = 3. Crregyomue 8 3JIEKTPOHOB OJJUH
32 JPYI'MM HAUYMHAIOT 3AII0JIHATD YPOBHU 72 = 3; CHA4aJId 3JICKTPOHBI
uayT Ha /=0, 3atreM Ha / = 1. DTO HIPOUCXOAUT JIJIsI BCEX IIEMEHTOB
TPETHETO PsAAA BIUIOTH JJO APrOHa. YeTBEPTHIN P/ TAOIUIIBI MOXKHO
OOBSICHUTD, €CIU MPEAIIONOKUTD, YTO OH COACPKUT BCE OCTABIINU-

€CA AJIEKTPOHBI 72 = 3 (TO €CTh 10 3JIEKTPOHOB C [ = 2) U 3JIEKTPOHBI
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n=4cl/=0un1 (BCEro 8 aNEKTPOHOB), TAK YTO B UTOT'E€ U MOJIYUAET-
Cs BOJIIIEOHOE YHUCJIO — 18 37€KTPOHOB. MBI HAOPOCAIU, KAK JJIEK-
TPOHBI 3ATIOJIHSAIOT SHEPIETUYCCKUE YPOBHH, JIJISI CAMOTIO TSI’KEJIOTO

3JICMCHTA B HAIICH TAGIUIIE — KPUITTOHA (C €ro 36 JICKTPOHAMM) —

Ha puc. 7.2.
/=3
/=2 n=4 8 9ACKTPOHOB
/=1
/=0
/=2
/=1 n=3 18 saekTpoHOB
/=0
=1
iz 0 n=2 8 snexTpOHOB
/=0 n=1 2 3AEKTPOHA

PycC. 7.2. 33aNONHEHVIE SHEPTETUUECKYIX YPOBHEMN KPUMTOHA. TOUKM CUMBOMN-
3VPYHOT 3NEKTPOHbI, 3 TOPU3OHTA/bHbBIE TNHNY — SHEPTETUUECKME YPOBHM,
nomeYeHHbIe KBAHTOBBIMM Umcnamm n, [ 1 m. Ml CrpynnvpoBani ypoBHM

C PasiMUHbIMMN 3HAYEHNAMM 1M, HO OANHAKOBBIMI 3HAUYEHNAMK 11 /

YTOO6BI U3JI0KEHHOE OTHOCHJIOCH K HAYKE, 4 HE K 3AHUMATEIbHONU
MATEMATHUKE, MIPEACTOUT CAECIATh HECKOJIBKO IIOSICHEHUU. Bo-mep-
BBIX, HY?KHO OO'bSICHHUTD, IIOYEMY XUMHUUYECKHE CBOMCTBA 3JIEMEHTOB
U3 OJHOT'O M TOTO K€ BEPTHUKAJIBHOI'O CTOJIOLIA CXOXH. M3 Hamen
CXEMBI ACHO, YTO IIEPBBIA JIEMEHT KAKJOI'O U3 TPEX IEPBLIX PATOB
HA4YMHAET IIPOLECC 3AIIOJHEHMUA YPOBHEN C YBEJIMUYMBAIOIMIUMCHI
3HAYEHUEM 72. A UMEHHO: BOJOPO/L OTKPBIBAET 3TOT IIPOLIECC, BBOAS
€IMHCTBEHHBIN 3JICKTPOH HA IIYCTOM JJO TOI'O MOMEHTA YPOBEHb 72 =1,
C JIUTHS HAYUHACTCSA BTOPOU PsAJl, — IIE€PBBIA JIEKTPOH IOABIAETCA
Ha IIYCTOM JIO TOI'O YPOBHE 72 = 2, 4 C HATPUA TPETUI PAJl — DJIEK-
TPOH 3aHUMAET MYCTOM /IO TOTO YPOBEHSD 72 = 3. TpeTuil psag HEMHO-
I'O BBIOMBAETCS, IIOTOMY YTO HA YPOBHE 772 = 3 MOXET HAXOJUTHCS

18 3/1eKTPOHOB, 4 B CAMOM TPETbEM DPsAJY BCE K€ HE 18 3/1€EMEHTOB.



BCENEHHAS HA BYTABOYHOM FTOMNOBKE..

MOKHO IPEAIIONOXKUTD, YTO UMEHHO IIPOUCXOAUNT: IIEPBLIE 8 3JIEK-
TPOHOB 34IOJIHAIOT YyPOBHU 72=3 c1=0un/=1,a 3aTreM (I10 KAKMM-TO
NPUYMHAM) CIYYAE€TCA IEPEXO] HA YETBEPTBHIN pPAL. YeTBEPTHIN
Pl COAEPAKUT OCTABIINECS 10 3JIEKTPOHOB HA YPOBHAX 77 =3 C /=2
U 8 3JIEKTPOHOB HA YPOBHAX =4 ¢ [=0 u /= 1. To, 4TO psAJBI HE CO-
BCEM COOTBETCTBYIOT 3HAYECHUIO 72, CBUJACTEIbCTBYET JIUIIb O TOM,
4TO CBSI3b MEXK/Y XMMUEH U IIOJCYETOM DHEPIETUYECKUX YPOBHENU
HE TAaK NPOCTA, KAK MOXXHO ObLIIO OBl NOAYMAaTh. OJITHAKO CEHYaC U3-
BECTHO, YTO KAJIMHI U KAJIBLIUM, B4 IIEPBLIX JIEMEHTA B YETBEPTOM
Py, UMEIOT 3JIEKTPOHBI HA ypoBHE 12 =4, /= 0, a ciepyromue 10 ane-
MEHTOB (OT CKaHAUA 0 UUHKA) UMEIOT 3JIEKTPOHBI HA 3aI1034aJIbIX
YPOBHAX 72 =3,[=2.

YTOOBI TIOHATH, IOYEMY 3AIIOJIHEHUE YPOBHEM 72 = 3 U [ = 2 OTKJIa-
JIBIBACTCS 10 CKAH/IUS, HY>KHO OO'BSICHUTD, IOYEMY YPOBHU 7 =4, [ =0,
Ha KOTOPBIX HAXOASATCA 3JIEKTPOHBI B KAJTMU U KAJIbIIUH, OOJIAAI0T
MEHBIIIEH SHEPIHUEH, YEM YPOBHU 72 = 3, [ = 2.

IToMHHUTE, UTO «OCHOBHOE COCTOSIHUE» ATOMA OYyAET XapPAKTEPU-
30BATHCS KOH(MPUTYPAIUEH IJIEKTPOHOB C CAMON HU3KOH 3HEPIHUEH,
ITIOCKOJIbKY B JIIOOOM BO30YXJJEHHOM COCTOSIHUU ATOM OY/IET BCEI/A
TEPATH SHEPIUIO MPU UCIHYCKAHUU (POTOHA. M rOBOPH, UTO «3TOT
ATOM COLCPXKUT TAKHUE-TO 3JIEKTPOHBI, HAXOAAINECSA HAd TAKUX-TO
SHEPIETUYECKUX YPOBHAX», Mbl COOOIIAEM BaAM KOH(QUIYPALIUIO
3JIEKTPOHOB C CAMOU HU3KOU 3Hepruei. KoHeyHo, Mbl €111€ HE I1bITa-
JIMCH NOJACYUTBIBATD S3HEPIECTUUYCCKHUE YPOBHH, TAK YTO IIOKA HE MO-
JKEM M PACHOJIOXKUTD UX MO BO3PACTAHUIO UJIH YOBIBAHUIO SHEPTHU.
ITOACYUTATD PA3PELICHHYIO /IS 3JIEKTPOHA SHEPT'HIO JIJIs1 ATOMOB 60-
JIEE€ YEM C IBYM 2JIEKTPOHAMH HA CAMOM JIEJIE OUEHB CJIOKHO, U JTAKE
CJIy4Yay JJIA IBYX 3JIEKTPOHOB (4TOM I'€jIMs) HE TAK-TO HPOCT. IIpex-
IIOJIOKECHUE O PAHXKXKUPOBAHUHU YPOBHEH 110 YBEJIUYCHUIO YNC/IA 72 —
pE3YNBTAT TOpa3fo O60JIE€ MPOCTBIX PACYETOB IO ATOMY BOAOPO-
214, [UIL KOTOPOI'O BEPHO, YTO YPOBEHDb 72 = 1 00J1a/jaeT HAMMEHbBIICH
SHEPIUEN, 34 HUM CJIEAYIOT YPOBHHU 72 = 2, IOTOM YPOBHU 72 =3 U T. [I.

O4eBHUHBIN BBIBO/] U3 CKA3AaHHOI'O — 3JIEMEHTHI HA IPABOM KPAIO
IEPUOAUYECCKON TAOIULBI COOTBETCTBYIOT 4ATOMAaM, MHOXECTBO
YPOBHEN KOTOPBIX 3aIIOJIHEHO A0 KOHLA. Hanpumep, 11 reaus 3a-
IIOJIHEH YPOBEHBD 72 = 1, UL HEOHA — YPOBEHb 72 = 2|y APIr'OHA IIJIOTHO

34CeJIEH YPOBEHD 77 = 3, 11O KpariHel Mepe st /=0 u /= 1. Mbl MOXXEM
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€Ille HEMHOTO PAa3BUTb 3THU UJIEHU, TAKMM OOPA30M MOHSAB P/l OYEHD
BAXKHBIX MMOJIOXKEHUH B XUMHH. K CYaCTBIO, MBI IUIIIEM HE YYECOHUK
10 XUMHH, TAK YTO MOKHO TOBOPHUTB KPATKO. MOXKET IIOKA34ThC A, YTO
MBI IBITAEMCS YIIOXKUTD BCIO TEMY B OZJMH 263411, HO BCE XK€ IMTOIIPOOYEM.

OCHOBHOE€ HA0OIIOICHUE B TOM, UTO ATOMBI MOI'YT CKPCILISATHCS,
OOMEHUBASICH AJIEKTPOHAMM: MBI BCTPETUMCS C 9TOM UJIEEN B CIEAYIO-
el I71aBe, Koraa o0yJieM pa3oupaThbCs, Kak Iapa AaTOMOB BOJOPO/a CO-
€TMHAETCA B MOJIEKYJTY BOZOPOAd. OBIIe€e ITPABHIIO TAKOBO: SJIEMEHTHI
«IPEIOYNTAIOT> IOJHOCTBIO 3AMOJHATbh BCE CBOU HEPTETUYECKUE
YPOBHU. B ciydae ¢ remeM, HEOHOM, APTOHOM M KPUIITOHOM YPOB-
HU YK€ 3AIIOJTHEHBI, TAK YTO 3THUM 3JIEMEHTAM YKE «XOPOIIO»: UM «HE-
UHTEPECHO» PearupoBarhb C APYruMuU. JIpyrue e 3J1€eMEHThl MOI'yT
«IIBITATBCSI» 3AIOJHUTH CBOU YPOBHHM, OOMEHMBAACH JIEKTPOHAMHU
C IPYTUMH 3JIEMEHTAMHU. Bogopoy, HannpuMep, Hy»KE€H OJJUH JJOMOJI-
HUTEIbHBIN JIEKTPOH JIJI4 3AII0JIHEHUA YPOBHA 72 = 1. DTOTO MOXHO
JIOCTHYb, OOMEHSBIINCH JIEKTPOHAMHU C JPYIUM ATOMOM BOJOPOAA.
Taxum 06pa3zoM POPMUPYETCI MOJIEKY/IA BOJOPO/d; €€ XUMUYCCKASL
3anuck — H,. D10 06BIYHAA (hOpMA CYIIECTBOBAHUA BOZOPOAA. YV yI-
JIepoja 4 3JIEKTPOHA M3 BO3MOKHBIX 8 HA yPOBHAX 7= 2,/=0nl=1,
U EMY «XOTEJIOCH Ob> ITOJIYYUTD €€ 4, YTOOBI 3AIIOJIHUTD BCE YPOBHI.
DTOro MOXKHO JJOOUTBHCS IMYTEM COEJIMHEHUSI C YETBIPbMS aTOMaMU
BOJIOpO/Ia. O6pasyercs CH, — ras, U3BECTHBIN 110/ HA3BAHUEM METAH.

ATOM yIJIEPO/Ia MOXKET COEAUHUTLCS U C IByMs ATOMAMHU KUCJIO-
PO/, KOTOPBIE CAMU HYK/AIOTCS B JIBYX 3JIEKTPOHAX, YTOOBI 34KOH-
YUTh YPOBCHB 77 = 2. DTO IPUBOAMUT K 06pa30BaHmIo CO, — IBYOKMCH
yriiepoa. Kuciaopoa MOXET 3aKOHYUTB CBOH YPOBEHD U C TOMOIIBIO
JBYX aTOMOB BOIOPOAA, 06pasys soay — H,O. M Tak ganee. D10 OC-
HOBBI XUMHUH: ATOMBI CTPEMSATCS 3aNIOJHUTh CBOU SHEPIrETUUECKUE
YPOBHHM 3JIEKTPOHAMH, JTAXKE ITIOCPELCTBOM PEAKIIMU C COCELOM. DTO
UX ©KETAHUE», KOTOPOE BOCXOJUT K CTPEMJIEHUIO HAXOAUTBCA B CO-
CTOSTHUH HAUMEHBIIICH SHEPTUH, YIIPABIAET OOPA30BAHHUEM BCEX CO-
earuHeHun — oT BoAbl 70 JHK. B mupe, KoTopslil 60raT Ha BOJOPO/I,
KUCJIOPOJ] U YITIEPOJ, JIETKO IOHATD, IOYEMY TAK YaCTO BCTPEUAIOTCS
VIJIEKMCJIBIN I'd3, BOJJA U METAH.

DTO BCE OUEHD BJJOXHOBJIAET, HO HY’KHO OO'bCHUTD U NTOCJIEAHUH
KYCOYEK I'OJIOBOJIOMKH: TIOYEMY TOJIBKO [IBA JIEKTPOHA MOTYT 3aHU-

MAaTh KK SQHEPTETUYECKUIT YPOBEHD? TaK yTBEPXKJAET IPUHITUAI
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[Taynu, 1 OH OYEHBb BAKEH JJId CBA3U B €JMHOE ILEJIOE BCETO, YTO
MBI OOCYX/1aeM. Be3 HEro 3JEeKTPOHBI TOJIIHJINCH 6Bl HA HU3IIEM
SHEPreTUYECKOM YPOBHE BOKPYT KAXKJOI'O AP, U HUKAKOU XUMUHU
He OBLJIO Obl. DTO HE CaMast NPUATHAA IEPCIEKTUBA, IOTOMY YTO TO-
I'71a HE ObLJIO 6Bl MOJIEKYIL, 4 CJIE/IOBATEIIBHO, U )KU3HU Ha 3EMIJIC.
VTBEPKAECHHUE O TOM, YTO KAXK/IbIH S3HEPIETUYECKHUI YPOBEHD MO-
I'yT 3aHUMATh /IBA U TOJBKO JIBA AJICKTPOHA, KAJKETCSI KAKUM-TO IIPO-
U3BOJIBHBIM. /IO TOI'O KaK T4 U/ ObLIA BIEPBBIE ITPEJJIOKEHA, HUKTO
HE BBICKA3bIBAJI IPETIIOIOKEHUN 10 TOMY OBOAY. [1€epBLIN IPOPHIB
B 3TOM 06s1aCTH ObLJI COBEPUICH DIMYyHJOM CTOYHEPOM, CBIHOM IIPO-
(PECCHOHATBHOIO UTPOKA B KPUKET (KOTOPBIN MPOIIES BOCEMb KaJIH-
TOK B urpe ¢ IOxnoi Appukor B 1907 roay, eciiv Bel untaere Wisden
Cricketers’ Almanack) u 6sIBIIMM CTYJEHTOM Pesepdopaa, Briocues-
CTBUU BO3IVIABUBIIHUM (PUNYECKUHN (DAKYABTET B YHUBEPCUTETE
JInpaca. B oktaope 1924 roga CToyHEpP MPEAIIONOXKMIL, UYTO HA KAXK/I0M
SHEPreTUYECKOM YPOBHE (72, [, 117) JOKHO HAXOJUTBCS JIBA AJIEKTPO-
Ha. [Taynu paszsuil uaen CroyHepa U B 1925 rogy onyoauKoBaJl IIpa-
BHJIO, KOTOPOMY T'OJIOM MO3:XKe JJUupak MPHUCBOMUII €T0 UMs. [IpuHIIUI
ITaysi COCTOUT B TOM, YTO HU O/IHA I1APa JIEKTPOHOB B ATOME HE MO-
JKET UMETh OIHH U T€ K€ KBAHTOBBIE YMCJIA. OQHAKO OH CTONKHYJICA
C IPO6JIEMOM: BCE YKA3BIBAJIO HA TO, YTO HA CAMOM JIEJIE [1BA AJIEKTPOHA
MOI'yT UMETb OJUHAKOBBIN HAOOP 3HAUYCHUI 72, [ 11 m. [Taynu oboien
IPO6IIEMY, IPOCTO BBE/ISI HOBOE KBAHTOBOE YHUCJIO. DTO OBLI A4H3A1L; OH
HE 3HaJI, YEMY COOTBETCTBYET 3TO YHCJIO, HO OHO MOIJVIO IPUHUMATh
OJTHO M3 BCEr'O ABYX 3HAa4YeHMU. [laynu npusnasaics: «<bonee ToO9HO
IIPUYUH CYIIECTBOBAHUS 3TOT'O MPABUIIA MBI YKa34Th HE MOXXEM». HO-
BOE OTKPBITHE CIYUYMJIOCH B 1925 rofy n 6blIO U3I0XKEHO B padoTe
Ixopaska Ynenbeka u Camiosna layacmura. B monuckax BO3MOXKHO-
CTHN HpOBCHCHI/IH TOYHbBIX I/ISMCpCHI/Iﬁ ATOMHBIX CHCKTpOB OHMH CBA3a-
JIM JOTIOJTHUTEJIBHOE KBAHTOBOE YUCJIO Tlaynu ¢ peanbHbIM (pUsnde-
CKHM CBOMCTBOM 3JIEKTPOHA, KOTOPOE HOCUT HA3BAHUE CHUH*.
OCHOBHAas1 HUJEA CIUHA JOBOJBHO IIPOCTA U BOCXOJHUT €HIE
K 1903 rogy: 0Ha 3HAYUTEIBHO CTAPLIE KBAHTOBOU TeOpuU. dYepes

HCCKOJIBKO JICT IIOCJIC OTKPBITHUA COOCTBEHHO SJICKTPOHA HEMEIIKUH

*

MoHsATME CnvHa BbIN0 NPeANOXeHO, YTOObI OOBACHUTL pacLLeneHne CnekTpanbHon nn-
HIV OCHOBHOIO COCTOSIHMS aToMa cepebpa B MarH1THOM none. [1pum. peo
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pu3uk Makc A6paxam IPEATIONIOXKNI, UYTO NEKTPOH — 3TO MEIbYa-
1451 BPAIAIoNAsCs JIEKTPUUECKU 3apsiKeHHas cpepa. Eciiu 651 3TO
OBLJIIO BEPHO, TO 3JIEKTPOHBI OJBEPIaJINUCh Obl JEHCTBUIO MAI'HUT-
HBIX HOJIEX B 3aBUCUMOCTHU OT OPUEHTALIUU TOJIS O OTHOIIEHUIO
K OCH MX BpameHud. B cratee 1925 roga, ony6JIMKOBAHHOU 4Yepes
TPH rojja Iocjae CMePTU Abpaxama, YIeHOEK U [ayACMUT OTMEYAIIH,
4TO MOZEJIb BPAIIAIOMIEIOCs IaPa HE MOXKET ObITh BEPHOM, IIOTOMY
4TO JUISL TIOATBEPKJICHUA SKCIIEPUMEHTANIBHBIX JAHHBIX 3JIEKTPOH
JIOJIKEH BPAIaThCs ObICTPEE CKOPOCTH cBeTa. HO cam JIyX m/ieu ObL1
BEPEH: Y JIEKTPOHA JIEHCTBUTENBHO €CTh CBOMCTBO I10J], HA3BAHUEM
CIUH, KOTOPOE ACHUCTBUTEIBHO BIUAET HA €rO MOBEJICHUE B MATHUT-
HOM I11os1€. OTHAKO HA CAMOM JI€JIE UJEsl CIIMHA — 3TO HEIIOCPE/ICTBEH-
HOE U JIOBOJIBHO TOHKOE ITOCJIEJJCTBUE TEOPUU CHELIUATBHOU OTHO-
CUTEJIbHOCTU DHHINTENHA, ITOJIyYHBIIEE JOJIKHYIO OLIEHKY TOJIbLKO
rocje Toro, Kax Ilonp Jupak B 1928 roay 3anucasn ypaBHEHUE, OIINU-
CBIBAIOLIEE KBAHTOBOE IIOBEACHUE 3JIEKTPOHA. [IjIs1 HAIMX LieaeH
CEMYAC HYKHO TOJIBKO YK434Th, YTO CYIIECTBYET 1BA TUIIA DJICKTPOHA,
KOTOPBIE MBI OY/IEM HA3BIBATh «CIIUH BBEPX» U «CITMH BHU3». OHU OT-
JIMYAIOTCSI TPOTHUBOIIOJIOKHBIMU 3HAYEHUAMH MOMEHTA BPAICHUS,
TO €CTb CJIOBHO OBbI BPAMAIOTCA B IIPOTUBOIIOJIOXKHBIX HATIPABJIECHUAX.
OueHb XaJjlb, YTO AOGpaxaM JIUIIb HEMHOI'O HE JOXUI JJO OTKPBITUS
UCTUHHOU NPUPOALI CIIMHA JEKTPOHA, IOTOMY YTO TdK U HE OTKA-
3QJICSL OT CBOETO MOJO3PEHU S, UTO INEKTPOH — STO MeJbUaIas ce-
pa. B Hexkponore A6paxamy B 1923 rony Makc BopH 1 Makc ¢oH JIaya
nucanan: «OH ObLJI JOCTOMHBIM ONIIOHEHTOM, CPAXKAJICA JOCTOMHBIM
OPY’KMEM H HE CTAPAJICSA 3aMACKHMPOBATH MOPAXKEHUSA IPUIHUTAHUSA-
MU U HE OTHOCSIIUMUCSH K JIeJIy apryMeHTaMuU... OH JIITOOMJI CBOH 40-
COJIIOTHBIN 3(PUP, CBOU YPABHEHUS MOJISA, CBOM HEMOJBHUKHBIIN JJICK-
TPOH, KAaK IOB3POCJIEBIINI YEJIOBEK JIIOOUT CBOIO IIEPBYIO CTPACTD,
BOCIIOMMHAHHA O KOTOPOU HE 3aTMHUT HUKAKON IIOCJIEAYIOIIUIL
onbIT». EC/IN 6B BCE HAIMU ONIIOHEHTDI OBIJIU TAKMMHU, KaK AGpaxam!

B ocrTaBmierica 9acTu 3TOU TJIABBI MBI IIOIILITAEMCSI OOBSICHHUTD,
OYEMY IEKTPOHBI BEAYT CEOS CTONIb CTPAHHBIM OOPA30M, OITUCAH-
HbIM B IpuHnune [Taynau. Kak 0OObIYHO, IIOCTAPAEMCS IIO MAKCUMYMY
HUCIOJB30BATH HAIIIM KBAHTOBBIE TU(PEPOIATHL [IJ1 3TOTO O yMAEM,
YTO MPOU3OH/IET NPU «OTTATKUBAHUN» JIEKTPOHOB JIPYT OT JIpyTa.
Ha puc. 7.3 nOKa3aH KOHKPETHBIN CLIEHAPHI, KOTJa [ABa 3JICKTPOHA,
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IIOMEYEHHBIE HUMPAMU 1 M 2, HAUUHAIOT CBOE JABUKEHUE B OJJHOM
MECTE U 3AKAHYHMBAIOT B KAKOM-TO APyroM. KOHEUHbIE TOYKU MBI OT-
MeTUIU OyKBaAaMU A 1 B. 3aIITPUXOBAHHBIE KPYI'M HAIIOMHUHAIOT, YTO
MBI IIOKA HE JyMAJIU 110 IIOBOAY TOI'O, YTO CJIy4a€TCs IIPU B3AUMOICI-
CTBHHM JIBYX 3JIEKTPOHOB JPYT C APYTIOM (ITIOJPOOGHOCTH ITOIO IIPO-
1ECCA JIIS1 HBIHEIIHUX IIEJIEN HE UMEIOT OCOOOTO 3HAYEHU ).

A
1
2

B

A
1e
2

n
B

Puc. 7.3. Pasnet asyx 3n1eKTpoHOB

Hy>XHO IPEACTABUTD, YTO JIEKTPOH 1 BBIIPBIIUBACT U3 UCXOAHOU
TOYKU U 3aKAHUYUBACT JBUKCHUE B TOUKE A. TOUYHO TAK JK€ JIEKTPOH 2
TIPU3EMJIAETCA> B TOYKE B. DTO IMOKA34HO HA BEPXHEN WIIJIIOCTPAIUN.
Ha camom Jese apryMmeHT, KOTOPBIA Mbl HAMEPEHDI IPENbABUTD, IIPE-
KPACHO Pa0OTAET, Ja’Ke €CJIU UTHOPUPOBATH BO3MOKHOCTD B3AUMO-
JEHCTBUA JIEKTPOHOB. B 3TOM Cilydae 371eKTpoH 1 nmomnagaer B TO4-
Ky A HE3aBUCUMO OT JIIOOBIX Oy KJAHUNA 9JIEKTPOHA 2, U BEPOATHOCTD
HANTH 3JIEKTPOH 1 B TOUKE A U JIEKTPOH 2 B TOUKE B OYAET BCETO
JIMIIb IIPOU3BEACHUEM IBYX HE3ABUCHUMBIX BEPOSATHOCTEMN.

Hanpumep, IpeICTaBUM, YTO BEPOATHOCTD IIPUOBITUSA IIEKTPO-
Ha 1 B TOUKy A paBHA 45%, 4 BEPOATHOCTD IJICKTPOHA 2 B TOYKY B —
20%. BEpOATHOCTDb HAXOX/CHUS JICKTPOHA 1 B TOUKE A U 3JIEKTPO-
Ha 2 B TOYKE B paBHa 045 x 0,2 = 0,09 = 9%. 31eCh MBI ITIOJb3yEMCH
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OOBIYHOM JIOTUKOI, KOTOPAs TOBOPUT, YTO BEPOSTHOCTb MOAOPO-
CUTb MOHETKY, YTOOBI BBIIIAJI OPEJL, U 8Mecme ¢ mem OPOCUTD KYOUK,
4TOOBI BBIIAJIA IIECTEPKA, PABHBI %2 X %, YTO COCTABIAET Y12 (TO €CTh
4yTh O0JbIIe 8%)* Kak MOKA3aHO HA WUIIOCTPALINUH, y SJIEKTPOHOB
€CThb U IPYyI'Of CIOCOO OKA3AThCS B TOUKAX A U B. DNEKTPOH 1 MOXET
IIOIACTDb B TOYKY B, a 9JIEKTPOH 2 — B TOYKY A. JJOIIyCTUM, BEPOAT-
HOCTb HAWTH JIEKTPOH 1 B TOYKE B paBHA 5%, 4 BEPOATHOCTb HANTH
3JIEKTPOH 2 B TOUKE A — 20%. Torna BEpOATHOCTD HAWTH JIEKTPOH 1
B TOYKE B 1 371€KTPOH 2 B TOUKe A pasHa 0,05 x 0,2 =0,01 = 1%.

TakuM 0Opa3oM, y HAC €CTh JBd BAPUAHTA HAXOXKJECHUS [BYX
3JIEKTPOHOB B TOYKAX A U B — OUH C BEPOATHOCTBIO 9% 1 OJJUH C BE-
POSITHOCTBIO 1%. TakuM 06pa3oM, BEPOSITHOCTD TOT'O, UTO OJJUH JJIEK-
TPOH OYJIET B TOUKE A, 4 IPYTON B TOUKE B, €C/IU HE UMECT 3HAUYCHU S,
KaKOM I'lI€ OKAXKETCH, JOIKHA COCTABIATD 9% + 1% = 10%. Bce 1pocTo;
HO HEBEPHO.

OmuobKa COCTOUT B MPEAIIONIOXKEHHUHN O TOM, YTO BOOOIIE MOKHO
YTBEPXK/ATh, KAKOH JICKTPOH IONAIAET B TOUKY A, 4 KAKOHN B TOUKY B.
Yro ecnu 3JIEKTPOHBI ITIOMHOCTBIO UAEHTUYHBI? KaKkeTcs, 94TO 3TOT
BOIIPOC HE UMEET HUKAKOI'O 3HAYCHU S, OJHAKO 3TO He TaK. Kcrary,
IIPEATIONIOKEHNE, YTO KBAHTOBBIE YACTUIIBI MOT'YT OBITh IOJTHOCTBIO
UJEHTHUYHBI, BIIEPBbIC 6BIIO COOPMYIHUPOBAHO B CBSI3H C 3AKOHOM
MU3JIy4EHUs YEPHOTO Tena ITinanka. ManousseCcTHBIN pU3HK Jlaguc-
snac Hatancow emie B 1911 rogy 3amMeTnII, 4To 3aKOH [ TImaHKa HecoBMe-
CTHUM C IIPEAIIONIOXKEHUEM, UTO (POTOHBI MOXKHO UAECHTU(PUIIUPOBATD.
WHBIMU CJIOBAMH, €CJINU Obl MOKHO ObLJIO IOMETUTH (POTOH U OTCIIE-
JUTDb €I'0 [IEPEABUXKEHU A, 3AKOH [TJIAaHKA HE ITOJIYyYUJICA OBbL.

Ecnu a71€eKTpOHBI 1 M 2 COBEPUIEHHO H/ICHTHUYHBI, MOXHO OIIH-
CaTh MPOLECC UX PA3JIETA CACAYIONINUM OOPA3OM: M3HAYAJIBHO €CThb
JIBA JIEKTPOHA, 4 €IIIE UEPE3 HEKOTOPOE BPEMS ITO-TIPEKHEMY €CTh /1BA
3JIEKTPOHA, PACIIOJIOKEHHBIX B PA3HBIX MeCTaX. Kak HaMm y’Ke u3BecT-
HO, KBAHTOBBIEC YACTHUIIbI HE JBUI'AIOTCA 10 XOPOIIO OIPEACACHHBIM

TPACKTOPHUAM, TAK YTO JAKE B IPUHIIUIIC HCBO3MOXHO OTCJICAUTD UX

* B rnase 10 Mbl y3Haem, uTo, ecv 6paTh B pacueT BEPOSTHOCTb B3aVMOAENCTBIS ABYX S1eK-
TPOHOB APYT C APYTOM, HY>XXHO BbIUMCIWTE BEPOSTHOCTb HAXOXAEHWS 31EKTPOHa 18 Touke A
1 3NeKTPOHa 2 B TOUKe B «Cpasy», MOTOMY UTO OHa HE CBOAMTCS K YMHOXEHMIO [BYX He3a-
BMCUMbIX BEPOSITHOCTEM
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rnepeMenieHre. Takum o6pa3oM, HET CMBICIA YTBEPXKAATb, YTO IJEK-
TPOH 1 MOABUJICA B TOUKE A, 4 3JIEKTPOH 2 — B TOUYKE B. MBI IPOCTO
HE MOYKEM 3TOI'O CKA34Th, 4 CTAJIO ObITh, HET CMBICJIA UX KAK-TO MAPKH-
pOBaTh. BOT 4TO MOHUMAETCS O/ «<UJJEHTHYHOCTBIO» YACTHUI] B KBAH-
TOBOM T€OPUU. M Ky/1a XK€ HAC 3ABEAYT IOJOOHBIC PACCYXKICHUS?
ITocmorpuTe eme pa3 Ha pPUCYHOK. B HalmeM KOHKPETHOM Cl1ydae
JIB€ BEPOSITHOCTHU, KOTOPBIE MBI CBA3BIBAJIN C JIBYMS JUArPAMMaMU
(9% n 1%), BepHbl. OJHAKO 3TO €le HE BCe. Mbl 3HAEM, YTO KBAHTO-
BBI€ YACTHUIIBI OMHUCBIBAIOTCS NU(MEPOIATAMHU, TAK YTO MBI JOJIKHBI
CBA3ATh HUPEPOIAT C JIEKTPOHOM 1, IPUOBIBAIOIINM B TOUKY A, IIpU
3TOM paszmep udepbdaara 6yeT paBeH V45%. TOYHO TaK JKE JPyTroi
nudepbar 6yAeT CBA3aH C JIEKTPOHOM 2, IPUOBIBAIOIIUM B TOY-
Ky B, 1 €ero pasmep OyAeT paBHATbCA V20%. Ternepb MOXHO cpopmy-
JINPOBATh HOBOE KBAHTOBOE IIPABUJIO: OHO INIACUT, YTO MBI JOJIKHbI
CBA34Th OTAE/IBHBIN UGEPOIAT C LIEJIBbIM IIPOLECCOM, TO €CTh Oy/IET
CYILIECTBOBATH U(EPOHIAT C pA3MEPOM, KBAZPAT KOTOPOI'O 6YAET pa-
BEH BEPOATHOCTH HAXOXKAEHUSA JIEKTPOHA 1 B TOUKE A U 97IEKTPOHA 2
B TOYKE B. IHBIMU CJIOBAMHU, BEPXHEHN WJUIIOCTPAIIUU HA pUc. 7.3 Oy-
JI€T COOTBETCTBOBATH CBOM U epo61aT. MBI BUAUM, 4TO 3TOT LIUpEP-
612T JIOJIDKEH UMETD Pa3Mep, PaBHBI V0%, TOCKOJIBKY UMEHHO C 3TOM
BEPOSITHOCTBIO MPOUCXOAUT Npouecc. Ho kKakoe BpeMs OH 6y1€T MOo-
Ka3plBaTh? OTBET HA 3TOT BOIIPOC OyAeT 1aH B 1ase 10, 1 OH CBA3aH
C UJicer YMHOKEHUS TUPEPOaaTOB. [IJ15 11€IICH KE ATOM IV1aBbI 3HATh
BpeMs HEOOSA3aTEIbHO; TOHATO0MUTCS JIMIIb TOJIBKO YTO C(POPMYIU-
POBAHHOE HOBOE BAKHOE IIPABUJIO, KOTOPOE CTOUT JIAKE ITOBTOPUTD,
IIOTOMY YTO OHO CYIIECTBEHHO JJIs1 BCE KBAHTOBON TEOPHU: MBI
JIOJIKHBIL CBA34Th 00UHOYHbLE TUEEPOIAT CO BCEMU BO3MOKHBIMU
CIIOCOOAMH, KOTOPBIMU MOXKET HUJATU 6ecob npoyecc. Lndepobnar, Ko-
TOPBIN MBI CBA3BIBAEM C HAXOXK/JIECHHUEM OJITMHOYHOI YaCTUIIBI B KOH-
KPETHOM MECTE, — ITO MPOCTEUMASA UJLTIOCTPAIINA HAIIETO IPABU-
JIa, Y1 10 9TOI'O MECTA B KHUT'E MBI YK€ IPOJIBUHYINUCH. HO 3TO OCO6DBIT
CJIy4ay, ¥ Pa3 y>K Mbl HAY4JIU PACCMATPUBATB 60JI€€ OJHON YACTUILBL,
TO IIPABUJIO HYKJAECTCA B PACIIUPEHUU. DTO 3HAYUT, YTO C BEPXHEN
WJUIIOCTPALMEN HA PUCYHKE CBsI3aH Ludepobiar pasmepoMm 0,3. Tou-
HO T4K K€ €CTb U BTOpOU nupepodaar pasmepom 0,1 (TIOTOMY 4TO
0,12 — 310 0,01, TO ecTh 1%), CBA3AHHBIN C HUKHEH WJIIOCTPAIlHEH

H4 pUCYHKE. TakuM 06pa3oM, y HAC €CTh JiBa U epbaTa, U Hy>KHO
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HANTHU CIIOCOO HCHOJb30BATh UX [JIS ONPEAEICHUA BEPOATHOCTH
HAWTH OAUH 3JIEKTPOH B TOYKE A U PYTroi B TOYKE B. Eciiu 66l 911
J1BA 3JIEKTPOHA MOKHO OBbIJIO OTJIIMYUTB JIPYT OT JPYT'd, OTBET OblJI ObI
OYEBUJHBIM: MBI IPOCTO CIOXKUIU OBl BEPOATHOCTH (HO HE IUPEP-
6J12Thl), CBI3AHHBIC C KAXK/IOH BO3MOKXHOCTBIO. Y HAC IIOJIYYUJICS ObI
orBeT — 10%.

Ho eciny HET HUKAKOIO CIOCo6a ONPEIE/INTb, KAKOHM U3 U306pa-
JKEHHBIX HA JIUATPAMMaX IIPOLECCOB IIPOU3OUIEIT B I€HCTBUTEBHO-
CTHU — YTO CIIPABEJJIUBO, ECJIN 3JIEKTPOHBI HEOTIUYUMBI IPYT OT JPY-
ra, — TO, CJIEYSl JIOTHKE, KOTOPYIO MBI Ppa3paboTanu I CKAYKOB
OJJMHOYHOM YaCTULIBI U3 TOYKU B TOUKY, HY>KHO CKJIAJ|bIBATb UMEHHO
ugepo6aaTE. MBI CTOMM HA HOPOre OOOOIIEHUS MPABUIA, YTBEP-
JKJAIOIIETO, YTO JJIs1 OAHOU YACTHUILbI HYKHO CKJIAJbIBATh I epbia-
TBI, CBSI3AHHBIC CO BCEMH PA3ITUYHBIMHU CIIOCOOAMU JJOCTUKEHUS STOH
YACTULEN ONPENEIEHHON TOYKH, YTOOBI ONPEAEIUTh BEPOATHOCTD
HAXOX/ICHHUS YACTULIBI B 9TOU KOHKPETHON TOUKE. /171 CUCTEMBI, CO-
CTOAIIEH N3 MHOXECTBA UJCHTUYHBIX YACTULL, HYKHO COYETATh BCE
nupepOIaATEL, CBA3AHHBIE CO BCEMH BO3MOXHBIMHU CITOCOOAMH, KOTO-
PBIMU 3THU YACTHUIIBI MOT'YT IIOIIACTh B CBOM KOHEYHBIE TYHKTHI, YTOOBI
ONPEAENUTh BEPOATHOCTb UX HAXOXK/JIEHUA B 3TUX KOHEYHBIX ITYHK-
TaX. DTO JOCTATOYHO BA’KHOE MOJIOXKEHUE, YTOOBI IEPEUYUTATD €TI0 HE-
CKOJIBKO Pa3: IOJIZKHO OBITh ACHO, YTO 3TOT HOBBIM 3AKOH COYETAHUA
HUMEPOIATOB CAYKUT OOOOIIEHUEM 3AKOHA, KOTOPBIA MBI UCIIOIb30-
BAJIU /11 OMUHOYHOM YaCTUIIBL. OJJHAKO BBl MOIJIH 3AMETHUTD, YTO MBI
OYEHDb THIATEJIBHO BBIOUPAEM TEPMUHBL MBI HE CKA3aJIH, YTO ITU(EP-
671aTBI HY?KHO OOSI3aTEJIBHO CKAAObLEANL: MBI TOBOPUM, YTO UX HYX-
HO couemamns. Y1 17151 TAKOM OTOBOPKU €CTb IPUYHHDI.

CaMBIM IPOCTBIM Ha BH/JI OBLIO OBl IEHCTBUTEIBHO CIOXUTD I[U-
¢pepbiarel. HO npexe 4eM 3aHAThC 3TUM, HAJJO CIIPOCUTD CEOs1, Ka-
KOBBI, COOCTBEHHO, OCHOBAHUA CYUTATD ITO AEUCTBUE TTPABUIBLHBIM.
DTO XOPOUMNH NPUMEDP TOTO, YTO B (PU3UKE HE BCE CTOUT CUUTATH
CaMO COOOM PA3yMEIOMUMCH: IPOBEPKA MPEANOIOKEHUNA 4ACTO BE-
JIET K HOBBIM UJIESAM, KAK U B 3TOM cJ1ydae. CIeIaeM Mar Ha3a/ v IO Y-
MA€M O YEM-TO KAK MOKHO O0Jiee OO1IeM — HAIPUMED, IPEACTABUM,
4TO OAWH IHUEMEpO6IAT NEPEBOJUTCI WU CKUMAETCSA (MU PACHIN-
psieTcs) 4o obmero caoxeHus nudepoaaros. PaccMoTpuM 3Ty BO3-

MOKHOCTB 60s1€€ NOAPOOHO.



BCENEHHAS HA BYTABOYHOM FTOMNOBKE..

MpsI roBOpUM: «Y MEHS €CTh ABa U@epO1aTa, U 51 XO4y COYETATh
UX, YTOOBI ITOJIYYMJICS OJJUH, U 51 MOT C €I'0 [IOMOIIBIO Y3HATh, KAKOBA
BEPOATHOCTD HAXOXKJEHUA IBYX JEKTPOHOB B TOUKaX A 1 B. Kak mue
UX coueTaTh?» He 6ysieM 3a6€raTh BIiepe/i C OTBETOM, HIOTOMY UTO XO-
THUM IIOHATD, JEUCTBUTEIBHO JIU CTOMUT BOCIIOJIb30BATHCA CJIOKEHU-
em nudep6aaToB. OKA3bIBAETCS, MBI HE OYEHb-TO CBOOOJIHBI B JICH-
CTBUAX, U, KAK HU CTPAHHO, IIPOCTOE CI0KEHUE HUPepOIaTOB — 3TO
OJJHA M3 BCETO 08YX BO3ZMOKHOCTEMN.

YTOo6Bl YIIPOCTUTDL PA3rOBOP, OYZAEM Ha3bIBATh LUdepOaaT, Co-
OTBETCTBYIOMMNIM JIBHUXEHUIO YACTUIILI 1 B TOYKY A U JIBUKEHUIO
4aCcTHUILBL 2 B TOYKY B, nudepodiaarom 1. DTo nudepbiar, KOTOPHIH
CBA34H C BEPXHEHU MJUIIOCTpALMEN Ha puc. 7.3. Hudepbnar 2 coor-
BETCTBYET JPYrOA BO3MOXKHOCTH, KOI/IAd YACTULA 1 IPUXOJUT B TOY-
Ky B. Ba’XxHO TOHATE: €CJIU MBI IepeseieM 1T epos1aT 1 1O CIOKEHUS
¢ nudepoOaaTOM 2, TO BBIUYMCIsAEMAs OOIAsl BEPOSATHOCTD JOJIKHA
OBITHh TAKOM K€, KAK €CJU Obl Mbl TAKUM K€ OOPA30M IEPEBEIU 11H1-
depbiar 2 iepes ero CJoKeHueM ¢ nudepoaarom 1.

B 1oka3aTenbCcTBO 3TOrO MOXKHO YKa34Th, YTO NIEPEMEHA HAUME-
HOBAaHUI A 1 B B HAIUX JUATrpaMMax, OYEBH/IHO, HE MOKET HUYETO
U3MEHHUTD. DTO MIPOCTO UHOU CITOCO6 ONMUCAHUA OJHOTO U TOT'O JKE
npouecca. Ho ecnu noMeHAaTs A Ha B 1 HA00OPOT, TO U JUATPAMMBI
Ha PUC. 7.3 TOMEHAIOTCS MECTAMH. DTO 3HAYUT, YTO, ECJIU MbI PEITUM
HOAKPYTUTE LU@epOaaT 1 (COOTBETCTBYIONMUI BEPXHEU JUATPAM-
M€) mepej ero npubasieHUEM K nudepoIaTy 2, 3TO AEUCTBUE J0JI-
JKHO IMOJHOCTBIO COOTBETCTBOBATH CMEIEHUIO ITU(epOIaTa 2 nepey,
€ro npubasieHUEM K ITUdepob1aTy 1 ocse TOro, Kak Mbl IOMEHSIIN
UX HA3BAHUA. DTO JJOI'MYECKOE COOOPAKEHHNE KU3HEHHO BAXKHO /114
HAC, TaK YTO €r0 HEOOXOAMMO JOBECTH JO CO3HAHUA. TaK KaK MBI
IIPEATIONOKUIN, YTO HET BO3MOXKHOCTHU ONPEJCINUTh PA3HUILY ME-
JKAY ABYMS YACTULLAMU, TO MOKHO IOMEHATh MECTAMHU UX HA3BAHUSL.
DTO 3HAYUT, YTO NOJBEACHUE HUdepOaaTa 1 JOIKHO AaBATh TOT XK€
PEBYNBTAT, YTO U TAKOE XK€ NMOJABEJcHUE UdepOaaTa 2, IOCKOIbKY
HET HUKAKOHN BO3MOKHOCTH 3TH 11U EpOIATHI PA3TUIUTD.

[IpuBE/ICHHOE BBIIIC HAOGIIOJCHUE HEIb3s1 HA3BATH CKPOMHBIM
WA HE3HAYUTENBHBIM: OHO UMEET OYEHb BAKHBIE MOCJIEACTBUA,
IIOCKOJIBKY CYIIECTBYET JIUIIb O06d BO3MOKHBIX CIOCOOA TIOJBE-

JIEHUA U YMEHBIIEHUA LUMEPOIATOB, MPEXKAE UEM CJIOXKUTh HX,
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B PE3YJIBTATE YErO NOTYIUTCA KOHEYHBIN U(PEPOIAT CO CBOMCTBA-
MH, HE 3aBUCAIIMMU OT TOTO, KAKOU U3 UCXOJHBIX ITU(EpOIaTOB
[154] MIOABEPICST OOPABbOTKE. DTO MOKA3AHO HAa pHUC. 7.4. BepxHasa moio-
BHHA PUCYHKA UJIIOCTPUPYET, YTO €CJIU NOAKPYTUTb udepoaaT 1
H2a 90° 1 1pubaBUTH €0 K LU EpOIATY 2, TO NONYIHUBIINHICS UEEP-
O71aT OYJIET HE PABEH IO PA3MEPY TOMY, KOTOPBIA HOJTYIYUTCH, €CIU
HOJAKPYTUTH HA 90° 1indpepOat 2 U IPpUObABUTH €TI0 K Hudepodaty 1.
DTO MOXHO BHJETH, IOTOMY YTO, €CIM CHA4YajId MOJKPYTHUTDH IIH-
depbiat 1, TO HOBAA CTPENKA, KOTOPAs ITOKA3aHA 3[1€Ch IYHKTUPOM,
OyZIET MOKA3BIBATH B IPOTUBOIOJIOKHOM IO OTHOIICHUIO K CTPEJIKE
nugepbaara 2 HANPABIEHUU, TAKUM OOPA30M YACTUYHO OTMEHSS
atoT nudepbnar. I[Ipyu cMeneHnu xe uudepoaara 2 ero CTpeiaka
NIPOJOJIKAET YKA3BIBATD B TOM JKE€ HAIIPABJIEHNH, YTO M CTPEIKA 111~
depbiara 1, TaK YTO OHU NPUOABIIAIOTCS, O6Pa3ys 6OJIEE JINHHYIO

CTPEJIKY.

o6opoT '/
90°
Ha +

@

4\ obopoT
Ha 90°

€
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Ha 180°

@

060poT Ha 180°
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PUIC. 7.4. BepxHas 4acTb PUCYHKa NOKa3bIBAET, UTO CrIOXEHME LhepbnaTos 1
1 2 nocne cMellieHns Undepbnata 1 Ha 9o° He SKBKBANEHTHO WX COXKEHMIO
noc/ne cMeLLeHns Ha Te xe 9o° umdepbnara 2. HKHSS YacTb NokKasbiBaer
MHTEPECHYIO BO3MOXHOCTb CMELLIEHNS OfHOrO 13 UndepbnaTos Ha 180°

nepen caoKeHnem

JIOMKHO OBITH SICHO, 4YTO 90° — 3TO HE KAKOH-TO OCOOBIN CJIy4dal,
U JIPYTHE YIJIBI TOXKE AAAYT HU@PEPOIATH, KOTOPBIE 3ABUCAT OT TOTO,
KOTOPBIN U3 JIByX UCXOJHBIX MbI IIPEAIIOYIN ITIOJKPYTUTD.
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OueBHUHOE UCKIIOYEHHUE — ITO MEPEBOJ, CTPEJKHU 4aCcoB Ha 0OF
IIOTOMY 4TO cMeueHue nudepobiaara 1 Ha 0° ¢ nOoCIeAyIOIUM €ro
CJIIOKEHHEM C TUMEPOIATOM 2 — ITO, PA3YMEETCH, TO KE CAMOE, UTO
u cMmenieHue nudepodaara 2 Ha 0° ¢ TOCAEAYIONIUM €r0O CIOKEHUEM
c nudepbaaToM 1. DTO 3HAUUT, UTO CJIOKEHUE IU(pepOIaTOB O€3 BCA-
KOI'O IEPEBO/IA UX CTPEJIOK — ITO BIIOTHE KUZHECTIOCOOHASI BO3MOXK-
HOCTb. TOYHO TaK K€ NOAOUJCT U NTOABEACHUE O00UX HUPEpPOIATOB
Ha OJTHY U TY K€ BEJIMUYHHY, HO 3TO (DAKTUYECKH T4 )K€ CUTYALIUA, YTO
U CIy4an «6e3 CMEMIEHUsI»: HYKHO IIPOCTO NEPEONPEIETIUTD TO, YTO
MBI OyJIEM HAa3BbIBATh «12 yacamMu». DTO PABHOLICHHO yTBEPK/IECHHUIO,
YTO MBI BCETJIA MOKEM CMEIIATH JI0600M 1UdepO6aaT HA ONPEICICH-
HYIO BEJIMUKHY, €CJIM 3T4 BEJIMYNHA PABHA JJI BCeX LU@epOIaTOB.
DTO HUKOI[JA HE OYAET OKA3BIBATD BO3/IEHCTBHUE HA TE€ BEPOATHOCTH,
KOTOPBIE MBI TIBITAEMCS TO/ICYUTATD.

HuXHAA 49aCTh PUC. 7.4 MOKA3BIBAET, YTO, KAK OBl CTPAHHO 3TO
HU 3BY4YaJIO, €CTh €IIE€ OJUH CIIOCOO codeTaHusd NU@EPOIATOB: Mbl
MOXKEM IIOBEPHYTb OJUH U3 HUX Ha 180° ¢ NOCIEAYIOMUM UX CJIO-
JkeHHeM. He rosy4gaeTcs OAUH U TOT Ke HUMEPOIaT B BYX CIydaiX,
HO pa3Mep IPHU 3TOM OCTAETCS TEM XKE CAMBIM, CJIEJOBATEIBHO, 3TO
IIPUBOJAUT K TOH K€ CAMOI BEPOSTHOCTHU HAXOXKAECHHUSA OJJHOI'O JJIEK-
TPOHA B TOYKE A 1 PYTOTO B TOUKE B.

ITogo6HbBIE PACCYKAECHUA MOXKHO IIPUBECTH U I10 IMTOBOJY BO3MOXK-
HOCTH CKATHUS WJIN PACHIIPEHNS OJHOTO U3 UM EPOIATOB IIEPE] UX
CJIOKEHHEM, TTIOTOMY YTO €CJIM MBI COXMEM Iudepbaar 1 Ha onpe-
JIEJIEHHYIO BEJIMUYUHY, IIPEXKJIE YEM NTPUOABUTD €T0 K IUdepoIaTy 2,
TO MOJIYYAThCs OyJIET HE TOT PE3YJILTAT, YTO IPU CKATUU U epoIa-
T4 2 HA TY K€ BEJIMYUHY IIEPE] CIOKEHUEM €ro ¢ nudepodaarom 1,
U UCKJIIOYEHUN y 3TOr'O IPABUJIA HET.

Wrak, MOXHO C€JaTh UHTEPECHBIA BBIBOJ. XOTd Mbl HA4aIu
C TOTO, 4TO JAAPOBAIN CEOE MONHYIO CBOOOAY JENUCTBHUH, OKA34JIOCh,
YTO, HOCKOJIBKY HET BO3MOXHOCTH OTIIUYUTD YACTUIIBL IPYT OT JIPY-
ra, €CThb JIMIIb /IBA CIIOCOOA COYETAHUA IUPEPOIATOB: MBI MOXKEM
CJIIOXKUTb UX JIUOO CPa3y, JUO6O MOCJIE HOBOPOTA CTPEJIKH OJHOIO
13 HUX Ha 180°. M caMoe 3aMedaTesIbHOE, YTO IIPHUPO/A UIET OOOUMHU
IyTAMH.

B ciygae ¢ 27E€KTPOHAMH IEPE] CIOXKEHHEM LHudepO1aToB

HY’KHO IPOU3BECTHU JUIIHUN OO60pOT. B cinyuae ¢ poTtoHaMu nUianu
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0030HaAMHU XHUTITCA HYKHO CJIOKUTH UM EPOIATHI, HE NPUOETAA K IO-
BOPOTY. MITAK, 4aCTUIBI IPHUPO/IBI IEJIATCA HA JIBA TUIIA: TE, KOTOPHIM
HY>KEH JIMIIHUI O60POT, HA3BIBAIOTCA (YePMUOHAMIU, A TE, KOTOPDIE
06XOATCS 6€3 HETO, UMEHYIOTCSI O030HAMU.

Yro onpegensaeT, PepMUOH KOHKPETHAS 4aCTUIA WU O030H? Ee
cnui. CIMH, KaK MOKHO JIOTaAThCA 110 3TUMOJIOTHHM CJIOBA (OT aHIJL
Spin — «BpamaTh»), — 3TO MEPA YIVIOBOT'O MOMEHTA YACTHUILBI, U PeP-
MMOHBI BCETZAA UMEIOT CIIUH, PABHBINA ITOJIYLIEJIOMY YHUCIIY*, 4 Y 6030-
HOB CIIHUH LEJIBIA. MBI TOBOPUM, YTO Y 3JIEKTPOHA CIIMH PABEH %,y PO-
TOHA — 1,ay6030Ha Xurrca — 0. He XOTuM BaBaThCs B IOJPOOHOCTH
I10 ITOBOJY CITMHA, [IOTOMY Y4TO OHU B OCHOBHOM YUCTO TEXHUYCCKHE.
OJIHAKO B Pa3roBope O MNEPUOJUYIECKON CUCTEME OKA3aJIOCh BAXKHO,
YTO B PE3YJABTATE 3JICKTPOHBI JICATCA HA JIBA TUIIA B COOTBETCTBUU
C IBYMs BO3MOKHBIMHU 3HAYEHUAMU UX YIJIOBOI'O MOMEHTA (CIIMH, Ha-
IIPAaBJIEHHBIA BBEPX, WJIN CIIUH, HAIIPABJIEHHDBINM BHU3). DTO IIPUMED
OOIIEro NMpaBud, KOTOPOE INIACUT: YACTHUIIBI CO CITHUHOM S OOBIYHO
UMEIOT 25 + 1 TUIOB, HAIIPUMEP YACTUIIBI CO CIIMHOM % (TO €CTD 3JIEK-
TPOHBI) UMEIOT ABA TUIIA, CO CIIMHOM 1 — Tpu THIA, 4 CO CHUHOM 0 —
OJIMH THIL.

B3anMOCBA3b MEXK/Y YITIOBBIM MOMEHTOM YACTHULIBI M HAIITUM CITO-
COOOM COYETAHUA YACOB U3BECTHA KaK TeopeMa I1aynu, uim reopema
O CBA3U CIIUHA CO CTATUCTHUKON. OHA BBIBOJUTCA B TOM CJIy4dade, KOT/Aa
(POPMYNIHPOBKA KBAHTOBOM TEOPHUH COINIACYETCA CO CIEIMAIbHONU
TEOPUEH OTHOCHUTENBHOCTU DHHIITENHHA. TouHee roBopsi, 3TO Nps-
MO¥M PE3YyAbTAT BBINOJHCHUS IIPUYUHHO-CICJCTBEHHBIX 3aKOHOB.
K cokaneHnuio, BEIBEICHHE TEOPEMBI O CBA3U CIIMHA CO CTATUCTUKOM
JIEXKUT 34 NMPEAETAMU YPOBHA 3TONU KHUIM — K4K, YECTHO T'OBOPA,
U MHOTHX IPYTUX. B «PEMHMAHOBCKUX JIEKIIUAX IO (DU3UKE» ABTOPY

IMPUIITIOCH CKA3aTh CJICAYIOMICE:

«Mbl MPOCUM MPOLLIEHNS 3a TO, UTO HECMIOCOOHBI dNEMEHTAPHO
06bACHWTL Bam 3T0. HO 06biCHEHMe CyLLecTBYeT, ero Hallen
Maynn, OCHOBbLIBAsIC Ha CMOXHbIX [OBOAAX KBAHTOBOMW TeO-

prvn nonsa n Teopnit OTHOCUTE/TBHOCTI. OH nokasan, uTo 31

* B enuHMuax NocToaHHOM naHka, AeNeHHONM Ha 2T
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akTbl N0 HeObXOAMMOCTY CBS3aHbl APYr C APYrOM; HO Mbl
He B COCTOStHWM HATK CNocod BOCMPOM3BECTM €70 apryMeHTbI
Ha 371eMeHTapHOM YPOBHE. 3T0, BUAMMO, OAHO M3 HEMHOT VX
MecT B p13KKe, Kora npasunao GopmynmpyeTcs oueHb NpocTo,

XOT4 CTOJ1b XK€ MPOCTOro 06BbACHEH NS emy He HangeHo».

BcnoMuuB O TOM, 4TO Puvapsa deifHMaH BBIHYXAEH ObLI HAIIN-
CaTh MOJOOHOE B YYEOHUKE YHUBEPCUTETCKOTO YPOBHS, MBI MOKEM
TOJIBKO MOAHATh PYKU U CaThCs. HO MPaBUJIO CaMO MO ce6e TOBOJIb-
HO IIPOCTOE, U BAM JIMIIIb IIPHUAETCA MOBEPUTH HAM Ha CJIOBO B €T'0O
JIOKA3aTEIbCTBE: /11 PEPMUOHOB IOBOPOT HEOOXOAUM, 4 /1711 6030-
HOB — HeT. Cy/is IO BCEMY, IIOBOPOT CJIYKUT NPUYIUHON NIPUHIINTIA
[Taynu, a CJIEAOBATENBHO, U CTPYKTYPBI ATOMOB, U TENEPD, HAKOHEII,
MBI MOKEM /IATh OYEHb MPOCTOE OOBSICHEHHUE MTOCJIE BCEU MPEABIIY-
e KpOIOTINBOH pabOTHI.

[IpeaCcTaBbTEe, 4YTO TOYKU A U B HA PUC. 7.3 JBUKYTCS BCE OIMXKE
u Gimke Ipyr K gpyry. Korga OHM OKa3bIBAIOTCSI COBCEM OJIM3KO, 11U-
depbnar 1 u nudepbaaT 2 AOIKHBI CTATh IPUMEPHO OJHOTI'O pa3Mepa
U [TOKA3bIBATh IPUMEPHO OJJMHAKOBOE BpeMst. Korja A 1 B nepeKkphIBa-
I0TCSL, TO U HU(PEepOI1aThI JOJKHBI ObITh UJIEHTUYHBIMH. DTO OYEBU/IHO,
IIOCKOJIBKY ITU(pep61aT 1 COOTBETCTBYET YACTHUIIE 1, 3aKaHUMUBAIONIECH
JIBHKEHHE B TOUKE A, a nudep6s1aT 2 B 3TOM KOHKPETHOM CJIy4ae ITOKA-
3BIBAET TOYHO TAKOE YK€ BPEMS, IOCKOIBKY TOUKH A 1 B IEPEKPBIBAIOT-
cs. Tem He MeHee 1T epHIATOB MO-IPEKHEMY B, U MBI HO-TIPEKHEMY
JIOJIKHBI UX CJIOKUTB. HO TYT M BOZHHMKAET TOHKOCTE: JI71 (DEPMUOHOB
OJVH U3 IUMEPOIATOB JIOJIKEH OBITh NEPE]] CIOKEHUEM ITOBEPHYT
Ha 180°. D10 3HAUUT, 4TO HUPEPOIATHI BCEra OyAyT IIOKA3bIBATH TOY-
HO NPOTHUBOINOJIOXKHOE BPEMS AJIsI CIy4dasl COBNAJICHUSA TOYEK A U B
(ecnu Ha oprHOM GyAeT 12 4acos, TO Ha APYrom 6 YacoB), TAK YTO IPU
CIIOKEHUU BCeErja OyeT moaydarbcsi nudepoaaT HYJIEBOIO pa3Me-
pa. DTO 3aMEUATE/IBHBIN PE3Y/IbTAT, HIOCKOJIbKY OH O3HAYAECT, YTO BE-
POATHOCTDb HAXOXK/IEHUA JIBYX JIEKTPOHOB B OJJTHON U TOU JKE TOYKE
Bcerza OyJeT paBHA HYJIIO: 3aKOHBI KBAHTOBON (PU3HKU MOOYXKIAIOT
UX U30€raTh Apyr Apyra. Yem 6imke OHU JPYT K APYTY, TEM MEHBIIE
nonyyqaomuica nudepoéaar U, COOTBETCTBEHHO, BEPOSTHOCTDh Ta-
KOM 6JIM30CTH. DTO OJJUH U3 CIIOCOO0B (DOPMYIHUPOBKH 3HAMEHUTOTO

npuHinmna [aymau: 31eKTPOHbI U36€raoT JAPYT APyTra.
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CHayay1a Mbl COOMPATIUCH TOKA34Th, YTO HU O/IHA NAPa UICHTHUY-
HBIX 3JIEKTPOHOB HE MOXET HAXOAUTHCS HA OJJHOM U TOM K€ dHEpPTe-
TUYECKOM YPOBHE B 4TOME BOAOPO/d. MBI IIOKA €lI€ OKOHYATEIbHO
3TOTO HE JOKA3aJIH, HO 3aMEYAHUE O TOM, YTO JIEKTPOHBI U36€TraloT
APy ApyTa, PpA3YMECTCs, UMECT ITOCIEACTBUS JJIS1 ATOMOB U IIOHUMA-
HUS TOT'O, IOYEMY K€ MBI HE IIPOBAJIMBAEMCA CKBO3b 3€MJIIO. Tenepp
CTAHOBHUTCS ITOHATHO HE TOJBKO TO, YTO JIEKTPOHBI B HAIIIECH OOyBU
OTTAJIKUBAIOTCA OT JIEKTPOHOB 3EMHOI ITOBEPXHOCTHU MO MPABUIY
OTTAJIKMBAHUS OJJHOUMEHHBIX 34PsA/0B, HO U TO, YTO OHU OTTAJIKHU-
BAIOTCS, IOTOMY YTO €CTECTBEHHBIM OOPA30M U30€raioT APYr Apyra
B COOTBETCTBUHU C NPpUHIUNOM [Taynn. OKa3bIBA€TCs, COTJIACHO J10-
Ka3aresbCTBy JlaricoHa u JIeHapaa, UMEHHO 3TO U30€raHuE U HE I10-
3BOJISIET HAM IIPOBAJIMTHCA CKBO3b 3€MIIIO. OHO KE 3aCTABJIAET DJIEK-
TPOHBI 3aHUMATb PA3HBIC SHEPIETUYECKUE YPOBHU BHYTPH ATOMOB,
OIIPpEAEIASl UX CTPOEHUE, U B UTOTE CIYKUT IIPUYUHOU pa3HOOOpA-
3151 XUMHUUYECKUX 3JIEMEHTOB, KOTOPOE MBI HAOIIONAEM B IIPUPO/IE.
OnpeseIeHHO, 3TOT (PU3UYECCKUI 3AKOH UMECT OYEHDb BAXKHBIC JJIS
MOBCEIHEBHOM KU3HU TTOCIECACTBUI. B mocieaHen ri1aBe KHUT'U Mbl
PACCKaKEM TaKiKe, KaK NPUHIUI [1ayIu UI'PAeT KJIOYEBYIO POJIb
B IIPEJOTBPAIIEHUH I'DABUTAMOHHOI'O KOJIJIAIICA HEKOTOPBIX 3BE3/.

B 3aBepiienune Mbl JOJKHBI OO'SICHUTD, KAK U3 TOT'O, YTO HU O/IHA
I1apa 3JIEKTPOHOB HE MOXKET HAXOJUTHCS B OJJHOM U TOM JKE MECTE
B OJHO U TO K€ BPEMS, CJIEAYET, YTO HU Y OJHON ITAPHI 3JIEKTPOHOB
B ATOME HE MOKET OBITh OMHAKOBBIX KBAHTOBBIX YHUCEJI, TO €CTh /1BA
3JIEKTPOHA HE MOT'YT UMETH OMHAKOBYIO 3HEPI'UIO U CITUH. BO3bMeM
JIBA 3JIEKTPOHA C OJMHAKOBBIM CIIMHOM U JJOKAXKEM, YTO OHU HE MOT'yT
npebpIBATh HA OJJTHOM U TOM K€ DHEPIre€THYECCKOM ypOBHE. Eciin 6b1
OHU HAXOAWJINCH HA OJJHOM 3HEPIE€TUYECKOM YPOBHE, TO KaAXKJbIA
II0 HEOOXOJHMMOCTU OIIUCBIBAJICSA Obl COBEPIIEHHO OJWHAKOBBIM
HAa60pOM LHU(PEPOHIATOB, PACIPEAETIEHHBIX B IIPOCTPAHCTBE (B CO-
OTBETCTBUU C INPHUMEHUMOMN 3[€Ch CTOAYEH BOJHONM). [IJIs KaXXJ0ou
IIAPBI TOYEK B IIPOCTPAHCTBE — OOO3HAYUM UX X U Y — €CTh /1BA 11U-
depbnara. Hudepbdbimar 1 COOTBETCTBYET «3JIEKTPOHY 1 B TOUKE X»
U «3JIEKTPOHY 2 B TOYKE Y>, 2 UPepOIAT 2 COOTBETCTBYET «3JEKTPO-
HY 1 B TOUKE Y> 1 «3JIEKTPOHY 2 B TOUKE X». VI3 IPEABIAYIIUX PACCY-
SKJICHUI MBI 3HAEM, UTO 3TH IIU(PEPOHIATHI HYKHO CJIOKUTD ITOCJIE TIe-

peEBOZA OAHOTO N3 HUX HA 6 Y4COB, 9YTOOBI BEBIYUCTIUTD BCPOATHOCTD
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HAXOK/JAEHUS OJJHOTO AJIECKTPOHA B TOYKE X, 4 IPyrOro B TOYKE Y.
Ho ecin ABa 3JIEKTPOHA OOIa/1AI0T OJIMHAKOBOM 3HEPTHUEH, TO IIe-
PEA PEMIAIONIUM JOIIOJHUTEIbHBIM IIOBOPOTOM IU(epoaaTel 1 u 2
JIOJIKHBI OBITh UJICHTUYHBL [TO0CI€ TOBOPOTA K€ OHU Oy/1yT IOKA3bI-
BATb IIPOTHUBOIIOIOXKHOE BPEMS U, KAK U PAHBIIE, IIPU CJIOKECHUU 00-
pasyoT nudepb61aT, HE UMEIOIUN pa3dMepa. DTO BEPHO /115 JIIOO0TO
KOHKPETHOI'O IOJIOKEHMSA TOUEK X U Y, TAK YTO BEPOATHOCTb HANTHU
I1apy 3JEKTPOHOB B OAHOI 1 TOU K€ KOH(PUTYPALTUH CTOSTYEN BOJIHHI,
TO €CTh 00I/IAI0IIUX OJJHOU U TOH XK€ SHEPIrUel, paBHA HYJ/IIO. IMeH-
HO 3THUM B KOHEYHOM CUETE U OIPEJECIACTCA CTAOUIBHOCTD ATOMOB

B HAICM OPTAHHU3MC.
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O 3TOI'O BDEMEHU MBI YAE/IINA IIPUCTAIIBHOE BHUMAHUE KBAHTO-
BOM (DPU3UKE U30MUPOBAHHBIX YACTHUIL U ATOMOB. MBI BBIACHHJIH,
YTO JIEKTPOHBI HAXOAATCS BHYTPU ATOMOB B OIIPEJIC/ICHHBIX SHEPIe-
TUYECKUX COCTOAHUAX, U3BECTHBIX KAK CTALIMOHAPHBIE COCTOSHMUS,
XOTS 4TOM MOXET OBITh B CyIIEPIO3UIIUNA HECKOJIBKUX ITOJJOOHBIX CO-
CTOAHUI. MBI OHPENCTIUIN TAKXKE, YTO 3JIEKTPOH MOXKET IIEPEUTU
U3 OJHOI'O S3HEPIreTUYECKOI'O COCTOSHUA B IPYIro€ C CONYyTCTBYIOLUIMM
Ucnyckanuem ¢otoHa. Mcnyckanue (poToHa, TAKMM OO6PA30M, CBU-
JIETEJIbCTBYET O HAJIMYMU SHEPIETUYECKUX COCTOSAHUI y ATOM4; MBI
IOBCIOY BUJUM XAPAKTEPHBIC LIBETA ATOMHBIX II€PEXOA0B. OIHAKO
Hall (PU3UYECKUI OIIBIT CBA34H C BOCIIPUATHUEM MHOMKECTBA CI'PYIIIIN-
POBAaHHBIX MEXK/Iy COOOM ATOMOB, U YK€ [IO3TOMY IIOPA HAYATb Pa36U-
PaTbCA C TEM, UTO IPOUCXOAUT, KOIJd ATOMBI I'DYIIIIUPYIOTCH.
PazmblIIeHNA HAJl COYETAHUAMM ATOMOB ITOBEYT HAC K XUMU-
YECKUM CBA34AM, PA3HHUILIE MEXAY INPOBOAHUKAMHU MU U30JIATOPAMU
1 B KOHIIC KOHITOB K HOHprOBO,ZIHI/IKQ.M. DTH I/IHTCpCCHbI€ MﬂTCpI/Iﬂ-
JIBL O6JIAZAI0T CBOUCTBAMU, KOTOPBIE MOXXHO UCIOIb30BATH JIJISL CO-
3IAHUS MEJIBYAHIIUX YCTPOUCTB, CIIOCOOHBIX IPOU3BO/IUTH OA30BbIC
JIOTUYECKHE onepanun. Takue yCTPOMCTBA HA3BIBAIOTCA MPAr3u-
cmopamiu, U Ipu O6bEJUHEHUU MHOTUX MHUJUIMOHOB TPAH3UCTOPOB
MOKHO CO3JATh MUKPOYHUIIBLL. KaK MBI yBUJIUM, TEOPUA TPAH3UCTOPOB
UMEET KBAHTOBYIO IPUPOAY. TPYJHO MOHATH, KAK MOXKHO OBLIO OBI
HM300PECTU U MCIOJNb30BATH TPAH3UCTOPHI O€3 KBAHTOBOH TEO-

pHH, 4 COBPEMEHHBIN MUDP 0€3 HUX YK€ HEJIb3sA INPENCTABUTD. DTO
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3aMEYATEIbHBINA IIPUMED HAYYHOHN IIPOHHULIATEIbHOCTH: Mbl CTOJb-
KO BPEMEHU OIHCBHIBAJIN [IPOTUBOPEYAIIUE UHTYULIUU ITOLAPOOHO-
CTHU UCCIENOBAHUN IPUPOABI, IBUKUMBIX YHUCTBIM JIIOOOIIBITCTBOM,
U BOT OKA3bIBAETCs, YTO OHU IIPUBEIU K PEBOJIIOLIUU B IIOBCCIHEB-
HOWU XU3HU. YUiubaM HIIOKIN, OJUH U3 N300pETATEIICH TPAH3UCTOPA
U rnasa I'pynmnel pusuku TBEPAOro Tena B kommnanuu Bell Telephone
Laboratories, IpEKpPaCHO MOKA34JI, YEM YPEBATHI IIOIBITKH KJIACCHU-

pUIUPOBATH U KOHTPOIUPOBATH HAYYHbBIE 3HAHUA™:

«4 xoTen Obl BbIPa3nTb CBOKO TOUKY 3pEHWS Ha OnpefeneHns, Ko-
TOPbIMM YaCTO MbITAFOTCS KNAaCCUDULMPOBATL TUMbI PUINUECKMNX
MccneaoBaHW: HaNpUMEP, YMCTas, NpUKIaAHas, HeOrpaHMYeH-
Has, PyHAameHTanbHas, 6a3oBas, akadeMmnyeckas, MPOMbILLINIeH-
Hag, npakT1ueckas ursnka 1 T. 4. MHe KaXKeTcs, UTo CIMLLKOM
UaCTO HEeKOTOPbIE CIOBa MCMOMb3YIOTCS B NpeHebpexXuTenbHOM
CMbIC/E: C OfHOWN CTOPOHbI, 3TO MPUHWMXKAET NPaKTUUeCcKme Lenm
MPOM3BOACTBA MONE3HbIX BELLel, a C ApYror — OoTpuLaeT BO3-
MOXHO€ [JONrOCPOUHOE 3HaUEHWE WCCIefoBaHMA B HOBbIX OT-
pacnsax 3HaHvs, rae Henb3g npefckasarb NosBAeHNe NonesHbIx
pe3ynsTaToB. MeHs uacTo crlpalumBany, Hanpumep, OTHOCUTCSA
NAAHNPYEMbIA MHOWM SKCMEPUMEHT K UMCTOM WK NPUKIAAHON
HayKe; 9 >ke cumTato 6onee BaxkHbIM MOHATL, MOXKET M1 SKCNepy-
MEHT MPUHECTWN HOBbIE, XENaTeIbHO OCTaloLLMeCs Ha Beka 3Ha-
HVS 0 npupoge. Ecnm nonyunTs Takve 3HaHWS yAaeTcs, To 3To,
Ha MO B3rNs[, 1 eCTb XOpoLUast PyHAaMeHTanbHas Hayka; 1 3T0
ropasfo 6onee BaXHbI Mokasateslb, Yem TO, PyKOBOACTBYETCS M
SKCNEPUMEHTATOP KAXK/IOW UMCTO SCTETUUECKOrO Y4OBNETBOPE-
HWS UAK NbITAETCA NOBLICKTb CTabMIBLHOCTL PabOoThI TPaH3KCTOpa
BbICOKOrO HanpsixxeHus. [1ns BbicLero 6nara uenoBeyecTsa Tpe-
OyeTcs 1 TOT 1 Apyroi NOAXOAbI».

HOCKOJII)KY TAKTOBOPWUJI HC KTO-TO, 4 I/ISO6pCT2.TCJ'II) c¢Ba JIM HE Ca-
MOT'O ITOJIC3HOT'O ITPEAMETA CO BPEMCH IMOABJICHHA KOJICCA, 3aKOHO-

AATCIAM W YIIPABJICHIIAM BCCI'O MHPaA CTOHJIO OBl OpUCIymaTbCAa

* OtpsiBok 13 Hobenesckor peun Y. LLIoknn 1956 roaa
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K 3TUM CJI0BaM. KBAHTOBASI MEXAHUKA U3MEHUIIA MUD, 4 HOBBIE TEO-
PHH, BOZHUKAIONINE B HAIIN JTHU HA IIEPEIHEM KPaIo (PU3NUKH, HABEP-
HsKA CMOT'YT €€ Pa3 U3MEHUTD HAIIY JKU3Hb.

Kak Bcersa, Mbl HAUHEM C Ha4ajaa: OT BceaeHHOM ¢ OJHOM YaCTH-
LEH IEPEHIEM K PACCMOTPEHUIO BCEJIEHHO, Iie 4acTull OYyZET JBE.
IIpencraspre cebe, HAIPUMEDP, IPOCTYIO BCENIEHHYIO, COCTOAIMYIO
U3 IBYX U30JIMPOBAHHBIX ATOMOB BO/IOPO/14; 1BA 3JIEKTPOHA CBA3AHBI
C ABYMA OTHAJIEHHBIMH IIPOTOHAMHU, BOKPYI' KOTOPBIX BPAMIAIOTCA
110 op6uTe. Yepes HECKOIBKO CTPAHULL MBI HAYHEM CBOJJUTH UX BME-
CT€ U IIOCMOTPHUM, YTO IIOJIYYHUTCA, HO OKA IIPEATIOIOXKHUM, YTO OHU
PACHONIOXKEHDBI OYEHD IAJIEKO JPYT OT JPYTra.

[punuun Ilayiy yreepskaaceT, 4To JiBa 3JCKTPOHA HE MOI'YyT Ha-
XOJUTBCA B OJJMHAKOBOM KBAHTOBOM COCTOAHHH, IIOTOMY YTO 3TO
HE OTJIMYMMBIE IPYT OT IPYTra (PEPMUOHBL CHAYAIA MOKET ITOSBUTHCS
COO6JIA3H 3AABUTD, YTO, ECJIM ATOMBI JTAJIEKO APYT OT JPyTra, TO JBA JICK-
TPOHA JJOJIKHBI NIPEOBIBATh B PA3INYHBIX KBAHTOBBIX COCTOSAHUSX,
TAK YTO ¥ TOBOPUTH TYT HE O 4eM. HO Bce 3HAUUTEIbHO HWHTEPECHEE.
IIpeacraBbre, 4TO MBI IIOMEIAEM IEKTPOH 1 B aTOM 1, 4 3JIEKTPOH 2 —
B aTOM 2. Yepes HEKOTOPOE BPEMS YTBEPKICHUE «JIEKTPOH 1 BCe ele
B aToMe 1» He OyieT UMETh CMbIC/IA. OH MOKET HAXO/IUTHCS U B ATOME 2,
IIOTOMY YTO BCETZA €CTh BEPOSITHOCTD TOTO, YTO AJIEKTPOH COBEPIITNII
KBAaHTOBBIN CKAa4OK. KaKk MBI IIOMHUM, BCE, YTO MOXKET IIPOHU3OUTH,
JIEUCTBUTEIBHO IIPOUCXOJUT, U JEKTPOHBI BIIOJTHE MOTYT 34 MI'HOBE-
Hue o6seTeTh BCIO Beenennylo. Ha a3pike Menpuyaimux nudepo1aTos,
Jla’Ke €CJIM HAYATh C TOT'O, KOTOPBIH OIHCBIBAET OJJUH U3 JIEKTPOHOB,
PACIIONIOKEHHBIN BOJIM3HU TOJBKO OJJHOI'O U3 MPOTOHOB, IPUJETCS
B CJICYIOUIMI MUI' BBECTU YK€ U Lyepoaar BO6JIU3U APYyroro npo-
TOHA. M1 XOTS NOAPA3yMEBAETCS, YTO LU(PEPOIATEI BOIU3U BTOPOTO
IIPOTOHA 6y/IyT OYEHB MaJIbl, UX PA3MEPBI BCE XK€ HE PABHBI HYJIIO, TAK
4TO CYHIECTBYET KOHEUHAS BEPOATHOCTb HAXOXKJEHUSA TAM 3JIEKTPO-
Ha. YTO6BI 60JI€€ YETKO NPEACTABIATh CEOE MOCJIECICTBUS IPUHITUIIA
[Taynu, HY>KHO HEPECTATh MBICJIUTD O JBYX U30JHPOBAHHBIX ATOMAX
U NEPEUTH K PACCMOTPEHUIO BCEH CUCTEMBI B IIEJIOM: Y HAC €CTh B4
IIPOTOHA U /IBA 3JIEKTPOHA, U HAINA 33/1a4a — ITOHATH UX CAMOOPra-
HU3ALHIO. YIIPOCTUM CUTYALUIO: IPEHEOPEKEM NIEKTPOMATHUTHBIM
B3aUMOJICHICTBUEM MEXK/Iy JBYMS 3JIEKTPOHAMU, YTO OyJI€T BIIOJIHE

HEIJIOXUM IPUOIHKEHNEM, €CIH TPOTOHBI YIAJICHEL JIPYT OT IpyTad,
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K TOMY 7K€ Ha XOJ€ HALIMX PACCYXAECHUU 3TO NOYTHU HUKAK HE CKa-
JKETCA.

YTO MBI 3HAEM O PA3ZPEMIEHHON SHEPIUH JIEKTPOHOB B JIBYX ATO-
Max? I o61e uIeu MOKHO OOOHUTHCH O€3 BEIYHCIEHUH — TEM, YTO
MBI y7Ke 3HA€M. ECJIU IIPOTOHBI HAXOAATCA OYEHD JAJIEKO JPYT OT APYTd
(HarIpuMep, B HECKOJIBKMX KMJIOMETPAX), TO CaMast HU3KAs PA3PEILIeH-
Hasl SHEPT U JJIs1 SJICKTPOHOB JIOJDKHA 00s13aTE/IBHO COOTBETCTBOBATD
CUTYAIIUH, KOIZIA OHU CBSI3AHBI C IPOTOHAMH U OOPA3YIOT JIBA U30JIU-
POBAHHBIX 4TOMA BOZOPO/1A. B 3TOM CiTy4dae BEJIMK COONMA3H CAEIATD Bbl-
BO/I, YTO CAMOE HU3KOE SHEPIETUUECKOE COCTOSHUE JIJI1 BCEX CUCTEMBI
C IByMsI IPOTOHAMH U JIBYMS 3JIEKTPOHAMH OYAET COOTBETCTBOBATD
JIBYM 4TOMAaM BOJIOPO/A, KOTOPBIE HAXOAATCA B CBOUX CAMBIX HU3KHUX
SHEPreTUYECKUX COCTOAHUAX U IOTHOCTBIO UTHOPHUPYIOT APy Apyra.
Ho KakuM ObI BEPHBIM 3TO HU Ka3aJI0Ch, HA CAMOM JIEJIE 3TO HE MOXKET
OBITb BEPHBIM. MBI JIOJIKHBI MBICJIUTh O CUCTEME B LIEJIOM, 4 3TA CUCTE-
Ma M3 4EeTBIPEX YACTHLL, KAK U U30JIMPOBAHHBIA 4TOM BOLOPOAA, JOJI-
JKHA UMETbh COOCTBEHHBIN YHUKAJIBHBINA CIICKTP PA3PCIICHHBIX dHEP-
ruil anexkrpoHa. M npunnun Ilayay NOACKAa3bIBAET, YTO 3JICKTPOHBI
HE MOI'yT OJJHOBPEMEHHO OBITbh HA COBEPIIECHHO OJUHAKOBOM 3HEpPIe-
TUYECKOM YPOBHE BOIU3H KAXKJOI'O MPOTOHA, HAXOACH B OJIA’KEHHOM
HEBEJECHUU 110 ITIOBOAY CYIIECTBOBAHUA JPYL APyTra*,

KaxkeTcs, Mbl JOJDKHBI 3AK/IIOYUTD, YTO I1apa UAECHTUYHBIX JJIEK-
TPOHOB B JIBYyX OTAAJIEHHBIX aTOMAaX BOAOPOAA HE MOXET OONAAATh
OJJMHAKOBOM 3HEPI'UECI, HO MBI TAKXE CKA3aJIH, YTO OXHUJIAEM HAXO-
JKIEHUE 3JIEKTPOHOB HA CAMOM HU3KOM 3HEPIe€TUYECKOM YPOBHE, CO-
OTBETCTBYIOIEM U/CATU3ZUPOBAHHOMY, IIOJTHOCTBIO U30THPOBAHHOMY
aToMy BOJIopoa. O6a 3TUX YTBEPKJCHUS HE MOI'YT ObITh UCTUHHBIMH,
U, HEMHOTO MNOAYMA4B, MOKHO MOHATb, KAKUM JOJKEH ObITb BBIXO[
U3 MOJIOKEHHA: B UICATU3UPOBAHHOM M U30JIMPOBAHHOM ATOME BOJO-
pOZa TOJIKHBI OBITD [IBA 9HEPTETUYECKUX YPOBHS, 4 HE OJJUH, KAK MBI
MIPEANIONATaAd U3HAYAIbHO. TAKMM 0OPAa30M MBI CMOXKEM YMECTUTH
Ha HEM /IBA 3JIEKTPOHA U HE HAPYIIWTL NpUHOUIa [Taynu. Pasauna me-
JKJTY STUMH JIBYMS SHEPTUAMHU JJOJKHA OBITh OUEHb MAJId, €CJIU ATOMBI

CHUJIBHO V/IaJIEHBI JIPYT OT APYT4, TAK YTO MBI MOJKEM IIPE/ICTABUTB, YTO

* 34€eChb Mbl AN NPOCTOTHI OyAem MrHOPKPOBATL CMWH 31eKTpoHa. CKasaHHOe BEPHO Wi ANs
[1BYX 3/1EKTPOHOB C OfAMHAKOBBIM CMIVHOM
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4ATOMBI HE OOPAIAIOT APYT HA IPyra BHUMaHM. HO Ha camoM Jiesie OHU
HE 3a0bIBAIOT O CYLIECTBOBAHUH JIPYT JIPYra, U BCE M3-3a4 BE3JECYIIe-
ro npuHuIa I1ayau: eciiyu OIMH U3 3JIEKTPOHOB HAXO/IHUTCS B OJJTHOM
AHEPreTUYCCKOM COCTOSIHUU, TO BTOPOM 3JCKTPOH JIOJKECH IMPEOBI-
BATb B JJPYI'OM, OTJIMYHOM OT IIEPBOI'O, S3HEPIETUYECKOM COCTOSIHUY,
U T4 TECHASA CBA3b MEXK/Y IByMS ATOMAMH COXPAHAECTCA HE3ABUCUMO
OT TOI'O, HACKOJIBKO OHH YIAJICHBL JPYI OT APYTa.

Ta >ke JIOTUKA PACIIPOCTPAHAETCS HE TOJIBKO HA CUCTEMY U3 JIBYX
4TOMOB: €CJIU 110 BCeIeHHO pacCesaHbl 24 aTOMa BOJAOPO/1A, TO HA KAXK-
JIO€ SHEPIETUUECKOE COCTOSIHUE B MUPE CIMHCTBEHHOI'O aTOMa Oy-
JIET NPUXOJUTBCA 24 S3HEPIETUUECKUX COCTOSHUSA, TPUHUMAIONNX
CXOXKHM€, HO HE PABHBIC APYI JPYTY 3HadeHus. Korjga a1eKTpoH B Of-
HOM M3 ATOMOB 3aHHMMAET HEKOE KOHKPETHOE COCTOAHUE, OH IIPHU
3TOM «3HAET» BCE COCTOSHUSA OCTABIIUXCA 23 3JIEKTPOHOB, KaK Obl
JIAJIEKO TE€ HU HAXOJUJINCH. ITAK, KAXK/AbII 3JIEKTPOH BO BeeneHnHoun
OCBEJIOMJIEH O COCTOSHUU KAXKIOI'O APYroro 3JeKTPoHa. M ocTaHaB-
JIUBATBCSI HA JJICKTPOHAX HEOOA3aTEIbHO: IIPOTOHBI U HEHUTPOHBI
TOKE MOKHO CYUTATh PEPMHUOHAMU, TAK UTO KAXK/bIH IPOTOH 3HAET
O APYI'UX IIPOTOHAX U KAXKJbIH 3JICKTPOH 3HAET O JAPYI'UX JJIEKTPO-
Hax. CBA3b MEXJY YACTUIIAMHU, U3 KOTOPBIX COCTOUT HaIld Bcenen-
HAasl, HACTOJIBKO TECHA, YTO PACIIPOCTPAHACTCA HA BCIO BeeneHnYIO.
CBs3b 9T 9(pEMEPHA B TOM CMBICJIE, YTO /IJIsl CUJIBHO OTJAJIEHHbIX Yd-
CTHL], PA3HUILA S3HEPIUH HACTOJBKO MAJId, YTO HE OKA3BIBAET CKOJIb-
HHUOY/Ib CYIIECTBEHHOT'O BO3/ICHCTBUS HA HAIITY TOBCETHEBHYIO JKM3Hb.

DTO OHO M3 CAMBIX CTPAHHO 3BYYalUX YTBEPXKJIAEHUI, K KOTO-
PBIM MBI IPUIIIN HA CTPAHUIAX KHUT'HU. KaXKeTcs, 4TO 3asABJICHUE
O B3aMMOCBA3U KaA)K/JOT'O ATOMa BO BCENEHHOI C KAXK/IBIM JIDYI'UM —
3TO OpPENIb, YePE3 KOTOPYIO MOKET MPOPBATHCS BCAKAS XOIHUCTHUYEC-
CcKas 6eccMmpicanila. Ho Ha caMOM Jiesie 3/1eCh HET HUYEToO, C YeM Obl
MBI HE BCTPEYAINUCH O ITOr'0. BCMIOMHUTE NPAMOYTI'OJbHYIO TTIOTEH-
IIUAJIBHYIO SIMY, PACCMATPUBAEMYIO B I1ase 6. IIlupuHa siMbl OTIpe/ie-
JISIET PA3PEUICHHBIN CIIEKTP 9HEPIeTUYECKUX YPOBHEH, U C U3MCHE-
HUEM PA3MEPA AMbI U3MEHAETCS U CIIEKTP 9HEPIreTUYECCKUX YPOBHEM.
TO k€ BEPHO U B IJAHHOM cCJ1ydae: popMa sAIMBbI, B KOTOPOH HAXOJATCSI
HAIIH 3JIEKTPOHBI, 4 CIEIOBATENBHO, JHEPTETUYECKNE YPOBHU, KOTO-
pbIE UM PA3PEUICHO 3AHUMATh, OIIPEAEIIACTCS IIOJIOXKEHUEM IIPOTO-

HOB. ECJTH IIPOTOHOB /1B4, TO 9HEPIeTHYECKHU I CIIEKTP O PEIESIETCA
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OJIOKEHUEM OOOUX. A €C/IM Mbl UMeeM J1es10 ¢ 10%° npoToHOB, pop-
MHUPYIOIUX BcesneHHylo, TO MOJIOKEHHUE JTI000TO U3 HUX BIHICT
Ha GOPMY AMBI, B KOTOPOI HaxoaaTcsa 10%° anekTpoHos. CymiecTBy-
€T JIMIIb OAWH HA60P 3HEPIreTUYECKUX YPOBHEN, U KOIZIA YTO-TO
MEHAETCA (HAIIPUMED, JIEKTPOH MEPEXOAUT C OJHOI'O SHEPreTHYIE-
CKOT'O YPOBHS Ha JPYTOM), TO BCE OCTAJIBHOE JOKHO HEMEJIEHHO
IIEPECTPOUTHCS, TAK YTOOBI HU OfJHA ITapa (PEPMHUOHOB HE OKA3aJ14Ch
Ha OIMHAKOBOM 3HEPI€TUYECKOM YPOBHE.

Wpest 0 TOM, 4TO 3JIEKTPOHBI HEMEJIEHHO «y3HAIOT> BCE APYL O IPY-
r'e, Ha IIEPBBII B3IVIsL] IIPOTHBOPEYUT TEOPUNU OTHOCHUTEIBHOCTU DIH-
mTernHa. BO3MOXHO, Mbl MOKEM CO3/IaTh KAKOH-TO CUT'HAJbHbBIN arlma-
PaT, KOTOPBIH 6y/IET UCIIOIB30BATh TU MOMEHTAIbHBIE KOMMYHUKAIIUH
JUIA IEPEMEIIEHNS MH(POPMAITUN HA CKOPOCTH BBIIIE CKOPOCTHU CBETA.
DTa, Ka3aJ0Ch Obl, MaPaJJOKCAIbHASI YEPTA KBAHTOBOH TEOPUHU BIIEP-
BBIC NTOJIYYNJIA OIICHKY B 1935 rofiy — DHHIITEHHOM BMECTE C boprcom
ITogonbckuM 1 Haranom Po3eHoM: DUHIIITEHH HA3BAJI €€ «3JI0OBEHUMU
JIEUCTBUSIMU HA PACCTOSIHUM» U B 11€JIOM HEB3/IIOOUIL. [Tpomwuio onpee-
JIEHHOE BPEMS, IIPEXKE YeM (PU3UKU OCO3HAJIN, YTO, HECMOTPS HA BCIO
3JI0BEMIECTD, JJ151 IEPEHOCA UH(POPMAITUH OBICTPEE CKOPOCTU CBETA 3TU
JAJIBHOOOMHBIE COOTBETCTBUS UCIIOIb30BATh HEb34, TAK YTO 3aKOHY
IPUYHHHO-CJIECTBEHHBIX CBA3EN HUUYTO HE YTPOKAET.

ITogo6HOE HE3JOPOBOE YMHOKECHUE SHEPIE€TUYECKUX YPOBHEN IIPO-
UCXOAUT HE MO KAKUM-TO 330TEPUYECKUM IPUYUHAM — ITO (PU3HUYE-
CKO€ OOOCHOBAHHE XMMUUYCCKUX CBA3CH. Kpome TOro, 31O KJII04YeBas
IIPUYHUHA TOTO, IOYEMY OJJHHU MATEPHUAJIBI IIPOBOJAT JIEKTPHUUECTBO,
4 IPyTHE HET, 4 TAKXKE MOJICIIOPbE B OOBSICHEHUH PA6OTHI TPAH3UCTO-
pa. HauneM Ham MyTb K TPAH3UCTOPY C BO3BPALIEHUA K TOMY «yIIPO-
[ICHHOMY» 2TOMY, KOTOPBIF M3BCCTCH HAM U3 IVIABBI O, I7IC SJICKTPOH
VACPKUBAJICA B IIOTEHIIUAIBHOM SIME. DT IIPOCTASI MOJIEJ/Ib HE /1aBajIad
BO3MO>KHOCTH BEPHO BBIYUCIUTD SHEPIETUYECKUIT CIIEKTP JIJIS ATOMA
BOJIOPO/Id, HO HAyYMUJIA HAC MHOI'OMY B OOJIACTH MOBEJICHUS OTACIb-
HOTI'O 4TOM4. XOPOHIIO NOCJIYKAT OHA U 371€Ch. BO3bMEM JIBE COEMHEH-
HBIE MIPSMOYI'OJIBHBIE IMBI U C/IEJIAEM U3 HUX MOJIEJIb ABYX CMEKHBIX
4TOMOB BOJOpOAA. CHava1a OO6CYIUM Cydai JBUKCHUS OJUHOYHOI'O
3JIEKTPOHA B IMOTEHIIMAJIE, CO3AAHHOM ABYyMs NIPOTOHAMU. BepxXHAs
WIIOCTpAusa Ha puC. 8.1 IIOKazelBacT npoucxopgsAumee. IToreHnu-

aJ1 OCTAETCSA POBHBIM, 4 [IOTOM HBIPAET BHHU3, OOPA3ys JBE SIMBI, YTO
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COOTBETCTBYET BO3ACHUCTBHUIO JBYX IIPOTOHOB, YACPKUBAIOIMINX 3JICK-
TPOHBL JJOCTATOUHBIN OTCTYIL B LICHTPE IO3BOJIACT YICPKUBATD JJICK-
TPOH U B JIEBYIO, U B IIPABYIO CTOPOHY. Ha TEXHUYECKOM KAPT'OHE I'OBO-
PAT, 9TO IEKTPOH JBUKETCA B 08YXBAMHOM NOMEHULATIe.

Hama nepsas 3a7a4a — C IIOMOIIBIO 9TOM MOJEIU IOHATH, YTO
IIPOUCXOAUT, KOIld Mbl CBOAUM [Ba 4TOMA BOAOPOIA: Mbl YBUJUM,
4YTO, KOIJIJA OHHU B JJOCTATOYHOHN Mepe CONMKAIOTCS, OOPA3YETCS MO-
siekysia. ITocie 3T0oro nopasmplIbgeM HaJ, CUCTEMAMU, COCTOAIIMMU
60J1€€ YEM U3 [IBYX ATOMOB, UTO ITO3BOJIMT OLIEHUTD, YTO IPOUCXOJIUT
BHYTPHU TBEPJAOTO Tead. EC/IU AMBI O4EHD IMTyO6OKU, MOXKHO BOCIIOJIb-
30BATHCSI PE3YABTATAMU U3 [VIABBI 6 U OIPECICIUTD, YCMY JOJIKHBI
COOTBETCTBOBATH HAMMEHBIIUE IJIEKTPOHHbBIE COCTOAHUA. 11 OfU-
HOYHOI'O 3JIEKTPOHA B OAMHOYHOM IIPAMOYI'OJIBHOM AME CAMOE HU3-
KO€ 3JIEKTPOHHOE COCTOSHUE OIMCHIBAETCA BOJIHOM-CUHYCOU/ION,
JIJIMHA KOTOPOX B /1BA PAa3a IPEBBIIIACT pasMmep Amuka. Caeayroe-
MY 34 HUM COCTOSIHMIO COOTBETCTBYET CMHYCOH/IA, PABHALA I10 JIJIU-
HE pa3Mepy AIMKKaA, U T. . EC/IM IIOMECTUTD 3JIEKTPOH B OJIHY Y4CTh
JIBOMHOU SIMBI U €CJIH 3T IMA JJOCTATOYHO INyOO0Ka, PA3PEIIEHHBIE
3HEPI'UHU JIOJDKHBI ObITh OJIM3KM MO 3HAYECHHUIO K 3HAYCHUIM /A
3JIEKTPOHA, YAEPKUBAEMOI'O B OJJMHOYHON ITyOOKOI fIME, TAK 4TO
BOJIHOBAS (DYHKIIHS OYy/IET OYEHb HAIIOMHUHATh CUHYCOHLY.

OJIHAKO Hallle BHUMAHHE ceryac OyAeT NPUKOBAHO K HE3HAUYU-
TEJIbHBIM PA3IUYHAM MEXIAY UICAJIPHO HU30JUPOBAHHBIM 4ATOMOM
BOJIOPO/IA ¥ ATOMOM BOJIOPO/IA B yIAJIEHHOU JIPYT OT ApyTra nape.

MOXKHO C YBEPEHHOCTBIO OXKH/AATh, YTO JBE€ BEPXHMHE BOJIHOBBIC
(PyHKIIMU, U3006PAKEHHBIE HA PUC. 8.1, COOTBETCTBYIOT (PYHKIIUSAM
JIJ11 OMHOYHOI'O AJIEKTPOHA, PACIIOJIOKEHHOI'O B JIEBOIM UJIN ITPABO
saMe (IIOMHHUTE, YTO CJIOBA «ATOM» U «IMa» B JTAHHOM CJIy4de€ B3aHUMO-
3aMEHAEMBI). BOIHBI — MOYTHM CUHYCOW/IBI, UX [JJIMHA PABHACTCA
JBOWMHOU MUPUHE AMBL [TOCKOJIIBKY BOJTHOBBIE (DYHKIIUU UAECHTHY-
HBI 110 (POPME, MOKHO CKA34Tb, YTO OHU JOJIKHBI COOTBETCTBOBATH
YACTUIAM OJMHAKOBOM 3HEPruu. HO 3TO HE MOKET OBbITh BEPHBIM,
IIOTOMY YTO, KAK MBI YK€ I'OBOPUJIH, JIOJKHA OBITh OYEHb HEOOJIb-
A BEPOATHOCTD, YTO JIEKTPOH MOXKET IEPECKOYUTDL U3 OFHOIM
SAMBI B IPYTYIO HE3ABUCUMO OT TOT'O, HACKOJIBKO ITTyOOKH 3TU SIMBI
U KAK OHH YJAJICHBI JPYI OT APyrd. Mbl HAMEKHY/IN HA Ty BO3MOX-

HOCTb, ©306PA31B HEKOTOPOE IIPOCAYHUBAHUE» BOIH-CUHYCOHJL YePe3
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CTEHKHU SIMBI, YTO OTPA’KACT KAK Pa3 Ty HE3HAUYHTEIBHYIO BEPOSIT-
HOCTb HAXOK/ICHUSI HEHYJIEBBIX IIN(HEPOIATOB B COCE/IHEN SIME.

[169]
MoTeHUManbHble
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JlokannsoBaH
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Puic. 8.1 Cepxy V300paxeH AByXbAMHbIV NMOTEHUMAT, @ CHU3Y — YETbIPe MHTEpEeC-
Hble BOMHOBbIE (DYHKLNMM, OMCHIBAFOLLIME SNEKTPOH B 3TOM MoTeHLmane. Tonbko

11BE HV>KHYE (DYHKLIVIM COOTBETCTBYHOT 3NEKTPOHY C OMPEAENIeHHOM SHeprien
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To, 4TO y 2NIEKTPOHA BCETAA €CTb KOHEYHASA BO3MOXKHOCTD II€pe-
CKOYHUTDb U3 OJJHOU MBI B JIPYT'YIO, O3HAYAET, YTO JIBE BEPXHUE BOJI-
HOBBIE (DYHKIIMM HA PUC. 8.1 HE MOTYT COOTBETCTBOBATD JIEKTPOHY
C OIPEICICHHON SHEPIUCH, [IOTOMY YTO M3 [IABbI G HAM H3BECTHO,
YTO TAKOU 3JEKTPOH OIIMCBHIBACTCS CTOAYEN BOJIHOM, pOpMa KOTO-
PO HE MEHSIETCS CO BPEMEHEM, UM HA60pOM 1TU(epOIaTOB, pa3Me-
PBI KOTOPBIX HE MEHSIOTCS CO BpeMeHeM. Eciii ¢ TeueHHeM BpeEMEHHU
B U3HAYAJIBHO IIYCTOM sIME 06PA3YIOTCs HOBBIE TU(EPOaATHI, POpMa
BOJIHOBOH (PYHKIIUH, PA3YMEETCS, TAKKE U3MEHAETCS. UTAK, COCTOSI-
HUE OIIPEJEIEHHON SHEPIUU COOTBETCTBYET JABOHMHON sime? OTBET
TAKOB: COCTOSIHU A JOJIKHBI ObITh O0OJIEE JEMOKPATUYHBIMHU, BBIPAXKAS
PaBHYIO BOBMOXXHOCTb OOHAPYKEHU S JIEKTPOHA B JIIOOOM U3 IM. DTO
€ITMHCTBEHHBIA CITOCO6 OOPA30BATH CTOSAYYIO BOJIHY U HE ATh BOJI-
HOBOU (DyHKIJMU METATbCS TyAA-CIOd, OT OJHOM SIMBI K JPYI'OI.

JIB€ HU)KHUE BOJIHOBBIC (DYHKIIMH C pUC. 8.1 KaK pa3 061a1ai0T
3TUM CBOMCTBOM. MMEHHO TaK M BBIITIAJAT CAMBIE HU3KHE DHEPIE-
TUYECKUE COCTOSHUSA. DTO €JUHCTBEHHBIC MPE/ICTABUMBIC CTAIINO-
HAPHBIE COCTOAHUS, KOTOPBIE BBIMVIAIAT KAK OOHOAMHbLLE BOJIHOBLLE
PYHKYuU TS KAKTO0H UHUBU/IYAJIBHOM SIMBI U IIPH 3TOM OITHCHIBA-
IOT 3JIEKTPOH, C OJJTUMHAKOBOU BEPOSITHOCTBIO HAXO/ISIIUICS B TI0O0M
U3 M. DTO U €CTb T€ JIBA SHEPTIETUUECKUX COCTOSAHUS, KOTOPBIE, KAK
MBI BBIACHMWJIM, MOTYT IIPHUCYTCTBOBATD, €ECIU IIOMECTUTD [IBA JIEK-
TPOHA HA OPOUTY BOKPYT JBYX yAAJEHHBIX IPOTOHOB U IOJYYHUTD
J1B4 MOYTH HUJCHTHUYHBIX ATOMA BOAOPO/A B COOTBETCTBUU C NMPUH-
nunoM Ilaynu. Eciim OfuH 3JIEKTPOH ONMMCBIBAETCA OJJHOMU U3 JIBYX
3TUX BOJIHOBBIX (DYHKITUM, TO JPYIOU SJIIEKTPOH JOIKEH OIUCHIBATh-
CsI BTOPOU — TaK TpebyeT npuHuuIl ITaynu*.

Ecnu aMBI JOCTATOYHO ITTyOOKU UJIH ATOMBI JOCTATOYHO YAAJICHBL,
TO JIBE€ DHEPIUM OYAyT IOYTHU PABHBI, IPU 3TOM OHU CTAHYT IIOYTH
PaBHBI CAMON HU3KOU SHEPI'MH YACTHULIBI, YAEPKUBAEMON B OAUHOY-
HOM U30JIMPOBAHHOI siMe. He Hy»KHO 6€CITOKOUTBCS 11O ITOBOJY TOTO,
4TO OJIHA U3 BOJTHOBBIX (DYHKIIMU CJIOBHO ObI BCTAJIA C HOT HA T'OJIOBY:
HE 320BIBAITE, UYTO NIPU ONPENEICHNUHN BEPOATHOCTH HAUTH YACTHUILY
B KAKOM-JIMOO MECTE 3HAYCHHE UMEET TOJbKO paszmep uudepobiara.

HMHBIMU CIIOBAMH, MBI MOXEM OOPATUTH BCE HAPHUCOBAHHBIE B 9TOM

* TlomHute: Mb FOBOPVM O [1BYX OAMHAKOBbLIX 3M1EKTPOHAX, TaK YTO Y HIX O/L\/\HaKOBhM CMuH
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KHUT'E€ BOJIHOBBIE (DYHKIIMM M IIPU 3TOM HHCKOJIBKO HE U3MEHUTH
UX (PUNYECKOTO COAEPKAHUA. «HaCTUYHO BCTABIIAS HA TI'OJIOBY»
BOJIHOBAsA (PYHKIHA (HA PUCYHKE OHA ITOJMNHUCAHA KAK «dHTHUCHM-
METPUYHOE IHEPIrETUUECKOE COCTOSIHUE») IMOITOMY MNPOJOJIKACT
ONHUCBHIBATL PABHYIO CYIIEPIO3ZUIIMIO IJIEKTPOHA, YAEPKHUBAEMOIO
B JIEBOM M€, U IJICKTPOHA, YAECPKHUBAEMOI'O B IIpaBou ame. Ho Bax-
HO 3AMETHUTD, YTO CUMMETPUYHAS U AHTUCUMMETPUYHAS BOJTHOBBIC
(PYHKIIUH HE TTOJTHOCTBIO COBIAAAIOT (U HE JOJIKHBL, a TO [Taynu 6bl
paccTpouncs). YToObl yOEAUTHCS B 3TOM, JOCTATOYHO IOCMOTPETD
H4 IIOBEJICHUE TUX [IBYX BOJIHOBBIX (DYHKIIHIT CAMOI HHU3KOI 3HED-
I'UU B OOJIACTU MEXK/Y SIMAMH.

Oj1HA BOJIHOBAsI (PYHKIIMS CUMMETPUYHA 110 OTHOIIEHUIO K 1I€H-
TPy ABYX fIM, A APyTrasg aHTUCUMMETPHUYHA (TAaK OHU U IIOMEYEHBI
Ha pUCYHKE). [To/ CHMMETPUEH MBI UMEEM B BHU/IY TO, UTO JIEBAsI BOJI-
Ha 3€PKAJIBHO OTPAXKAET NPABYIO. ITog aHTUCUMMETPUEH — TO, YTO
JIEBASI BOJIHA OYJIET 3€PKAJIbHBIM OTPAKEHUEM ITPABOU TOJIBLKO MTOCTIE
TOT'0, KK TIOBEPHETCS BBEPX HOraMU. TEPMUHOJIOTHS HE TAK BAXKHA.
BaxHO TO, UTO B O6IACTHU MEXKAY ABYMS IMAMU 3TU BOJIHBI PA3IUYa-
10TCs. UMEHHO 3Ta HE3HAYNUTE/IbHAS PA3HUI[A U TTIOKA3BIBACT, YTO OHU
ONHUCBHIBAIOT COCTOAHHUSA C OYEHDb MAJIO PA3JIUYAIONMMUCSA SHEPTUA-
MU, HO BCE K€ PA3JINYAIONUMHUCA. [T03TOMY TIOBOPOT OJJHOM U3 BOJIH
BBEPX HOT'AMM JICHCTBUTEIBHO UMEET 3HAYEHUE, HO OYEHDb HEOOJIb-
IIO€, €CJIU AMBI JOCTATOYHO INIYOOKHU HJIM JIOCTATOYHO B3AUMO-
yAAJIEHBDL.

Ecnyu cumTaTh, 9TO YACTHIIBI UMEIOT ONPENEIEHHYIO 3HEPIUIO,
MOXKHO 3aI1yTaThCs, IOTOMY YTO, KAK MBI TOJIBKO YTO BBISICHUJIN, OHU
ONHUCHIBAIOTCA BOJHOBBIMHU (DYHKIIUAMH, UMEIOMUMH OJMHAKOBBIA
pasMep B 06€UX AMaX. DTO NOJAPAZYMEBAECT PABHYIO BEPOATHOCTH 06-
HAPYKEHU S JIEKTPOHA B OOEUX SIMAX, IAKE €CJIU TH sIMbI PA3JECsAET
BCA Beenennas.

Kak 1306pa3uTh IPOUCXO/SAIICE B TOM CJIY4ae, KOTa MBI IIOMEIIA-
€M O/IUH JIEKTPOH B OJHY IMY, 4 BTOPOU JIEKTPOH B IPYI'yIO? MBI yoKe
TOBOPUJIN, YTO OXKHJIAEM HATIOJHEHUS U3HAYAIBHO IIyCTOHN AMBI I[U-
depbaaramu, 4TO OyIET OTOOPAKATH BEPOITHOCTD TOI'O, UTO YACTHULLA
MOKET MIEPECKOYUTD C OJJHOM CTOPOHBI HA APYTYIO. MBI [Ja’KE HAMEKHY-
JI Ha OTBET, CKA34B, YTO BOJIHOBAS (PYHKIIUS «Pa3Ma3bIBACTCSI» TYA-

crofia. YTo6bl YBUACTH, KAK TO MPOUCXOIUT B JICHCTBUTEIBHOCTH,

[177]
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3aMETHUM, YTO MOKHO BbIPA3UTh COCTOSTHUE, IOKAJIM30BAHHOE HA OJI-
HOM U3 IIPOTOHOB, YEPE3 CYMMY JBYX BOJIHOBBIX (DYHKIIUH C CAMOX
HMU3KOM dHEPruer. Mpl ITOKa3aau 3TO HA PUC. 8.2, HO YTO 3TO 3HA-
4uT? EC/IM 37IEKTPOH HAXOAUTCA B OIIPEAEICHHOE BPEMS B KOHKPET-
HOW AME, 3TO NPEAIIONATAET, YTO Y HETO OTCYTCTBYET ONPEEICHHAA
3HEPIUA. A UMEHHO: U3MEPEHUE €I'0 SHEPIUU AACT 3HAYEHUE, PABHOE
OJHOMY H3 JIBYX BO3MOXKHBIX 3HAUCHUI, COOTBETCTBYIOIMIUX JBYM
COCTOAHHMAM OIIPEJEIEHHON SHEPTUH, KOTOPBIE OOPA3YIOT BOJHO-
BYIO (PYHKIIUIO. TAKUM OOpPa30M, IEKTPOH HAXOAUTCA B JIBYX dHEP-
I'€TUYCCKUX COCTOSAHHUAX. MBI HAJICEMCS, YTO HA 3TOU CTAJUU KHU-
' HOJOOHAS HJIES BAM YK€ HE B HOBUHKY. HO BOT YTO MHTEPECHO:
IIOCKOJIBKY 3TH JIBA COCTOSHHUS O6IA/JAI0T HE COBCEM OJMHAKOBOI
SHEPIUEN, CTPEIKHU UX HHU(PEPOIATOB BPAMAIOTCA C HEMHOI'O PA3HOM
CKOPOCTBIO.

/2 /A VA
YA VA NVA

Puc. 8.2. BBEPXY: 3N1EKTPOH, /IOKANIM30BAHHbIV B IEBON AME, MOXHO NpeacTa-

BUTb Kak CYyMMY ABYX COCTOAHMM C CAMOMN HN3KON SHEPTVEN. BHI3Y: TOYHO
TaK >Ke 3/1eKTPOH, /I0KaNM30BaHHbIV B NPABOV SME, MOXHO NPeCcTaBUTb Kak

PA3HOCTb [BYX COCTOAHWMI C CAMOW HU3KOW SHEPrmnen

B pesynprare yacTuia, M3HA4YaJIbHO HA3BAHHA JIOKAJIM30BAHHON
BOKPYT OJTHOTO IIPOTOHA BOJIHOBOU (PYHKITHUEN, CO BDEMEHEM OYAET
OIIMCBIBATBHCS BOJHOBOM (PYHKLUEH, PA3MELICHHOU BOKPYI APYrO-
I'o IpoTOHA. He BjaBasch B A€TAJIH, JOCTATOYHO CKA34Th, YTO ITOT
(PEHOMEH AHAJIOTUYEH TOMY, KAK JIBE 3BYKOBBIE BOJIHBI IIPUMEPHO
OJHOM 4aCTOTBI CKJIAAbIBAIOTCH, 1aBAsl B PE3YIBTATE BOJIHY, KOTOPAs
CHAa4aJa OyZeT IPOMKON (KOTJa JIBE€ BOJHBI HAXOAATCA B (pase), a 3a-
TEM, YEPE3 HEKOTOPOE BPEMs, TUXOU (KOI'ZLA JBE BOJHBI OKAXKYTCS
B IPOTHUBO(}A3E). DTO SIBACHUE HA3BIBACTCS Oueruamu. Korma gacto-
T4 BOJIH CTAHOBUTCSI BCE OJIMKE, BDEMEHHON HHTEPBAJ MEKAY I'POM-
KUM U TUXUM IIEPHUOJAMU yBEJIHUYUBACTCS, [IOKA, HAKOHELL, BOJIHBI

He O6pPETAIOT COBEPIIEHHO OANHAKOBYIO YACTOTY, O6PA3Ys YHUCTHIL
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TOH. Bce€ 3TO 3HAKOMO JTIO60OMY MY3BIKAHTY, KOTOPBIH, BO3MOXHO, HE-
OCO3HAHHO ITOKHUHAET IUIO/IbI 3TOU C(PepPbl BOJTHOBOM (PUUKH, IIOJIb-
3yACh KaMEPTOHOM. TO K€ caMO€ MPOHUCXOAUT U CO BTOPBIM 3JIEK-
TPOHOM, PACIIOJIOKEHHBIM BO BTOPOH fAMe. OH TOXE CO BPEMECHEM
IEPEXOAUT U3 OJJTHOU AMBI B IPYI'VIO, U €0 IIOBEJIEHUE C 3EPKAIBbHOMN
TOYHOCTBIO OTPAXKACT IOBE/ICHUE IIEPBOTO 3JICKTPOHA. XOTA B HAYA-
JIe 3KCIEPHUMEHTA OJUH JIEKTPOH HAXOAUTCA B OJHOM sAME, 4 JIPpY-
I'OM — BO BTOPOM, Y€PE3 JIOBOJILHO JIOJITOC BPEMS JICKTPOHBI IIOME-
HSIOTCA MECTOIIOJIOKEHUEM.

Ternepp UCIIONIB3YEM TO, YTO YCBOUJIN paHee. OUeHb NHTEPECHAS
(pU3UKa TPOUCKXOJUT, KOTJA Mbl HAUMHAEM IPUOIUKATH ATOMBI IPYT
K Apyry. B Hamen mMopenu HpUOIUKEHUE ATOMOB COOTBETCTBYET
CY’KEHHIO 6apbePa, OTAEAAIOMETO ABE AMBL Korma 6apbep HCTOHYAET-
Cs1, BOJIHOBbIE (DYHKLIMY HAYMHAIOT CJAUBATHCSA, U BEPOSATHOCTD TOT'O,
YTO JIEKTPOH OKAXKETCA MEK/Y ABYMA IIPOTOHAMH, YBEJTUUYNBAETCA.
Puc. 8.3 UIIOCTPUPYET, KAK BBIIVIAASAT YETBIPE BOJTHOBBIE (DYHKITUU
C CaMOU HU3KOM 9HEPTUEH, KOTJA 6apbep CTAHOBUTCA TOHbIIE. MHTE-
PECHO, YTO BOIHOBAS (DYHKIIUS C CAMOUN HU3KOU S3HEPTHUEH HAUYMHAET
HAIIOMHUHATDb BOJHY-CUHYCOW/Y C CAMOM HU3KOHN 3HEPIUEN, KOTO-
PYIO MBI IOJTYYUINU OBbI, €CIA OBl UMEIHU €0 C OJUHOYHBIM 3JIEK-
TPOHOM M OIMHOYHOI IIHPOKOU IMOH. TO €CTb 1B TUKA CIUBAIOTCH,
06pa3ys eJUHBbIHI ITUK (C HEOOABIIUM YIIyOIeHUEM). B TO ke Bpems
BOJHOBASI (DYHKIUSA JJI 9y Th OOJIEE BBICOKOU SHEPTUU TOXKE BECbMA
IIOXOKa Ha BOJIHY-CUHYCOHJY, COOTBETCTBYIOIIYIO YyTh OOJIE€ BbI-
COKOH 3HEPI'UHU AJIs1 OAMHOYHOU HIMPOKOM AMBIL. DTOI'O 1 CJIE€I0BAJIO
OXM/IATD, TIOTOMY UTO YEM YKE 6APbEP MEHK/TY AMAMHU, TEM CIA6EE €O
3 PEKT, U CO BDEMEHEM, KOI'/1d 6ApbEPA BOBCE HE OCTAHETCS, 3P PeKT
€rO CTAHET PABEH HYJIO, TAK YTO HAII 3JEKTPOH OYAET BECTH CebA
TOYHO T4K )K€, KAK B OZIJMHOYHOM SIME.

VBUZEB, YTO HPOUCXOAUT B KPAUHUX CIydadaX (KOIrga AMbl HAXO-
JATCS OYEHDb JAJIEKO U OYEHDb OJIU3KO JPYT OT JPyrd), Mbl MOXEM 32-
KOHYUTH KAPTHUHY PACCMOTPEHUEM BAPBUPOBAHUS PA3PEIMEHHBIX
SHEPIUM JICKTPOHA IIPU YMEHDBIICHHUN PACCTOAHUA MEXAY AMAMU.
MBI 34pUCOBAIM PEBYJIBTATHI JJIA YETBIPEX CAMBIX HU3KHUX 3HEPre-
TUYECKUX YPOBHEN HA puC. 8.4. KaxXgasa U3 yeTnlpex JIMHUKU COOT-
BETCTBYET OAHOMY M3 YETBIPEX HMXXHUX 3HEPICTUUYCCKUX YPOB-

HCfI, 1 pAAOM C HUMHW Mbl HAYCPTUIHN COOTBCTCTBYIOIINC BOJTHOBBIC
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dyHKOUU. [TpaBbI Kpali pUCYHKA ITOKA3bIBAET BOTHOBBIE (DYHKIIUU
IIpU OONBIIOM PACCTOAHUHN MEXKAY AMAMHU (CM. TaKxKe puc. 8.1). Kak
MBI U O’KUAJIH, PA3HULLA MEXKAY SJHEPTETUYECKUMU YPOBHAMU JIEK-
TPOHOB B Ka/IOM KOJIOALIE MOYTHU HE OmyTUMa. OJJHAKO KOT/A SIMBbI
CXOMATCH, SHEPrETUYECKUE YPOBHM HAYMHAIOT OTHAIATLCA JIPYT
OT JIpyra (CpaBHUTE BOJHOBBIC (DYHKIIUHU CJIEBA C U300PAKEHHBIMU
Ha puc. 8.3). UHTEpeCcHO, YTO SHEPIreTUYECKUN YPOBEHD, COOTBET-
CTBYIOIIUHA aHTUCUMMETPUYHONU BOTHOBOM (PYHKIIUH, PACTET, 4 CO-
OTBETCTBYIOLUMH CUMMETPUYHON — YMEHBIIACTCSL.

DTO HUMEET IJNYyOOKUE IIOCJIEJCTBUS /I PEAJbHOU CHUCTEMBI
U3 JIBYX IPOTOHOB U JIBYX 3JEKTPOHOB — TO €CTh JIBYyX 4TOMOB BO-
jnopoaa. IToMHUTE, YTO B PEATBHOCTH /1BA 3JIEKTPOHA MOTYT HAXO-
JUTBCSA HA OAHOM 3HEPrETUYECKOM YPOBHE, €CJIM UMEIOT IIPOTHUBO-
MOJIOXKHBIE CIIMHBL. DTO 3HAYUT, YTO OHU 064 MOT'YT MOMECTUTHCS
HA4 CAMOM HHM3KOM (CHMMETPHUYHOM) 3HEPIETUYECKOM YPOBHE, 4 Ca-
MO€ TJIABHOE — YTO 3TOT YPOBEHb TEPSIET IHEPTHIO, KOI/IA ATOMBI
cxonaTcs. CeJOBaTENbHO, /IS IBYX YAAJCHHBIX ATOMOB COIMKEHUE
OyJIET SHEPrETUYECKU OIATONPUATHO. IMEHHO TAK U NMPOUCXOAUT
B IIPUPO/JIE*: CUMMETPHUYHAS BOJTHOBAS (PYHKIINSA ONHCBIBAET CUCTE-
MY, B KOTOPOU 3JIEKTPOHBI PACTIPEIEJIEHBI MEXK/Y ABYMSA IPOTOHAMH
60Js1e€ POBHO, YEM MOKHO ObLIO OBl OKUAATH OT «OTAJICHHOM» BOJI-
HOBOU (PYHKIIMH, U, [IOCKOJIBKY 3T4 «DACIPEIEIIOnass» KOHPUIypa-
U OOJIaJAET HU3KOM SHEPTUEH, ATOMBI IPUTATUBAIOTCS APYT K IPY-
I'y. DTO IPUTSKEHUE B KAKOH-TO MOMEHT MPEKPANIACTCS, TOCKOIbKY
062 IPOTOHA 3APAKEHDI MOJOXKUTEIBHO U KAK TAKOBBIE HE MOTYT
HE OTTAJIKUBATHCA (U U3-32 PABHBIX 34PAIOB AJIEKTPOHOB B TOM YHC-
JI€), HO 3TO OTTAJIKMBAHUE IIPEBOCXOJUT MEKATOMHOE MIPUTAXKEHUE
JMIb Ha paccrogaHusax meHbpme 0,1 HM (IpU KOMHATHOHN TEMIIE-
parype).

B pesynbrare mapa aTOMOB BOAOPOAA B COCTOAHHM IOKOS OKa-
JKETCsI BMECTE. Y 3TOH MaPbl CBA3AHHBIX ATOMOB BOJJOPO/Id ECTh CBOE
HA3BAHUE: ITO MOJIEKYJIA BOJOPO/A.

[IpUKPENTIEHUE ABYX ATOMOB JPYT K IPYT'Y IOCPEACTBOM OOMEHA
3JIECKTPOHAMU HOCUT HA3BAHUE KOBAJLEHINHOUL CEA3U.

*

ECAM NPOTOHbI He BUXKYTCS CMLIKOM ObICTPO OTHOCUTENBHO APYT APYra
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Camas H13Kas napa
SHepreTnyecknx

COCTOAHUN

YyTb 6onee BbicoKan

napa SHepreTUyeckmx

COCTOAHUN

Puc. 8.3. HanomuHaeT puc. 8.1, TONbKO SMbl HaXOAATCS OAmxKe Apyr K ApyrY.

«[poTeuka» B MPOCTPAHCTBO MEX/Y GMami BO3pacTaeT. B oTanume ot puc. 8.1,

Mbl MOKa3bIBaEM TaK>Ke BO/THOBbLIE beHKLWIM, COOTBETCTBYHOLLIME Mape aHepre-

n 9H€pﬂ/\€\2, Yem MNHMalbHad

bonee H13Ko

TUYECKMNX YPOBHEW C UYyTb
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BepueMmcs K BEpXHEN BOJIHOBOU (PYHKIIUH HA PUC. 8.3: IPUMEP-
HO TAaK BBIIVIAJNUT KOBAJIECHTHAA CBA3b B MOJIEKYJIE BOgopoaa. Ilo-
MHHUTE, 4YTO BBICOTA BOJHBI COOTBETCTBYET BEPOATHOCTH HAXOK/IE-
HUA IJIEKTPOHA B KOHKPETHOU TOUKE*. HaJl KaXXI0M AMOMU, TO €CThb
BOKPYT Ka/I0I'0 IIPOTOHA, HAOIIOJAETCA UK, U 9TO COOOIIAET HAM,
UTO KAXK/JABIA 3JIEKTPOH BCE €IIe OOJIEE BEPOATHO HANUTHU BOIU3HU
OJTHOI'O UJIM JAPYI'oro NpoToHa. HO npu 3TOM CyIIECTBYET U 3HAYU-
TEJNIbHAA BEPOATHOCTD TOT'O, YTO JNEKTPOHBI OyYT PACIIONATATHCA

U MCXIY IIPOTOHAMM.
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Pacctoaxve Mexay atomamm

PuiC. 8.4. BapvaHT paspelleHHbIx SHEPriii 31eKTPoHa Npu M3MeHEeHN

PaCCTOAHNSA MEXY AMaMKN

XUMUKH T'OBOPSIT, YTO IIPU KOBAJICHTHOM CBSI3U ATOMBI «/ICJISIT
JIPYT C IPYTOM» 3JIEKTPOHBL, U 3TO MBI 37IECh U HAGIIOAAEM — JIaXKe
B HAIIICH MO/IC/IH C ABYMSI sSIMaMH. [ITOMUMO MOJIEKYIIbI BOZIOPO/1d, TCH-
JICHITUIO ATOMOB JICJIUTHCS JICKTPOHAMU MBI BUJICTIN, TOBOPS O XU-
MHWYECKUX PCAKITUAX.

DTOT BBIBOJ] HAC TIOJITHOCTBIO Y/IOBJIETBOPSIET. MBI BBISICHUJIH, YTO
JUJIS1 AaTOMOB BOZIOPO/1a, PACIIOIIOKEHHBIX OYEHB JIAJIEKO JIPYT OT JIPYTa,

* 370 BEPHO AN CTOSUMX BONH, TAE pasmep UndepdbnaTa v NpoekUmMs Ha 12-4acoBoe Harnpas-
neHne NPoONopUMOHanbHbl Apyr APyry.



B3AMMO3ABUCUMOCTD

TOHKUE PA3IUYUA MEXKAY ABYMS CAMBIMU HU3KUMH S9HEPI€TUYECKU-
MH COCTOSHHUSIMU UMEIOT JIUIIb AKaJEMHUYECKHUI HHTEPEC, XOTS OHU
U HABEJIX HAC HA MBIC/b O TOM, YTO Ka’KJbIM 3JIEKTPOH BO Bcesen-
HOI1 3HAET 060 BCEX OCTAIBHBIX €€ 3JIEKTPOHAX. M 3Ta MBICJIb IPOCTO
3aBOpaxkuBaeT. C APYTroOi CTOPOHEL, ABA COCTOAHUA HAYMHAIOT BCE
JJIBbIIIE PACXOAUTBCA, KOIJId IPOTOHBI CXOAATCH, M 60JIE€ HU3KOE CO-
CTOSIHUE HAYMHAET CO BPEMEHEM OITHCBIBATD y>KE MOJIEKYITY BOLOPO-
Ja. Terepsp B 1€J10 BKJIIOYAETCA HE IPOCTO AKAJEMHUUECKNIT HHTEPEC,
IIOTOMY YTO KOBAJIEHTHAS CBSI3b — IMPUYMNHA TOI'O, YTO BBl HE IIPOCTO
MHOECTBO 4TOMOB, PA43Ma3aHHBIX B 0€C(POPMEHHYIO Ky4Y.

I[IpOAOKUM 3TY UHTEIEKTYANbHYIO JIUHUIO U TIOJYMAEM, UTO
IIPOUCXOJUT, KOIJIA BMECTE COBUpaeTca 60Jiee AByX aTOMOB. TpHu
OOJIBIIE JBYX, TAK 4YTO HAYHEM C PACCMOTPEHHUS TPEXBAMHOIO IO-
TEHIIMAJIA, IIOKA3aHHOIO Ha puC. 8.5. Kak OOBIYHO, HYXXHO IIpEJ-
CTABUTD, YTO KAXKJOE YIIIYOJIEHHUE — ITO ATOM. 3/1€Ch JIOJIKHO OBITh
TPHU CAMBIX HU3KUX SHEPTETUYECKUX COCTOSIHUSA, HO IPU B3TJIAJEC
Ha PHUCYHOK JIEI'KO PEMINUTD, YTO HA KAXK/JO€ COCTOSIHHUE OJJUHOYHOTO
KOJIOZAIA IPUXOJUTCS IO YeThIPE. Te 4eThIpe COCTOAHNA, KOTOPbIE
MBI UMEEM B BUJTY, IOKA3AHBI HA PUCYHKE 1 COOTHOCSTCS C BOJTHOBBI-
MU (PYHKIHUAMH, KOTOPBIE JINOO CUMMETPHUYHBI, JIUOO AHTHUCUMME-
TPUYHBI IO OTHONIIEHUIO K IIEHTPY ABYX HOTEHIIUAJIBHBIX 6APbEPOB*.
DTOT HOACYET HE MOXKET OBITh BEPHBIM, IIOTOMY UYTO MHAYE I10OJy4YH-
JIOCh OBL, UTO B 3TUX YETBIPEX COCTOSTHUAX MOIVIM OBl HAXOJUTBHCS
YETBIPE OJIMHAKOBBIX (DEPMHOHA, HAPYMIASA TEM CAMBIM IPHUHIINI
IMaynn. Yro6s1 npuHIIHMN [1aynn COOMIOAAIICA, SJHEPTETUYECKUX CO-
CTOSIHUM JIOJDKHO OBITH TOJBKO TPU — U UX, PA3YyMEETCS, UMEHHO
CTOJIBKO.

YTOO6BI YOETUTBCA B 3TOM, HY’KHO OTMETUTD, YTO MBI BCErZId MO-
JKEM 3aIIMCATh OJIHY U3 YETBIPEX BOJHOBBLIX (PYHKIIUI HA 3TOM puU-
CYHKE KaK COYETAHHUE TPEX JAPYTUX. B HUXKHEN 4aCTU PUCYHKA ITOKA-
32HO, KK 3TO pabOTAET B JAHHOM CJIy4ae; Mbl IPOAEMOHCTPUPOBATIH,
K4K ITOJIYYUTh NOCJIENHIOI BOTHOBYIO (DYHKIIMIO IIYTEM CJIOKEHHS

Y BBIYUTAHUA TPCX OCTAIbHBIX.

*

MoxHo PEeWINTD, UTO €CThb ElLle YEeTbIPDE BO/THOBLIE beHKLMM, COOTBETCTBYHOWIME TEM, YTO
Mbl Ha4epTaNM, HO MOBEPHYTLIE BBEPX HOMaMM Ho, KaK Mbl YoKE TOBOPW/IN, OHM NOTHOCTBHO
SKBMBANEHTHBI NPUCYTCTBYOLMM Ha PUCYHKE
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Puc. 8.5 TpoMHag ama, MOLENMPYIOLLAR PAf M3 TPeX aTOMOB, M BO3MOXHbIE

7. BHM3y NOKa3aHo, Kak u3 Tpex

M 3Heprme

BOMHOBbIE (DYHKLMM C CAMOM HU3KO

OCTa/TbHbIX BO/TH MOXXHO MOTYYNTb HVXKHKOHO

OnpenenusB TPU CAMBIX HU3KHUX IHCPIETHUYCCKUX COCTOSHUS

MO-

HAXOJAIICUCS B TPEXBIMHOM IIOTCHIUAJIE,

IJIST YACTULIHI,

JKCM 33/1aTbCA BOIIPOCOM, KAK B JJAHHOM CJIy4dac 6YI[€T BBITJIACTD

puc. 8.4, U HE YAUBJIATHCS, YTO BBIIJISI/IETh €I'O AHAJIOT OYZET OYCHb
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TIOXOJKE — TOJIBKO ITdPd PA3PCUICHHBIX 9HCPICTUYCCKUX COCTOAHUU

IIPEBPATUTCS B TPHO.
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PaccToaHne mexpgy atomamm

Puc. 8.6. IHepretTnyeckme Noaocsl B TBEPAOM TE/E U 1X BAPbMPOBAHME

Ha PaCCTOAHVN MEXY dTOMaMM

HoO XBAaTHUT O TPEX ATOMAX — MBI CPA3Y XKE IEPEHOCUM BHUMAHUE
Ha ILIENOYKY U3 MHOXKECTBA 4TOMOB. DTO OCOOEHHO UHTEPECHO, MO-
TOMY YTO MMEHHO 3/IECh COJEPKATCA KIIOYEBBIE U/IEW, KOTOPBIE T10-
3BOJISIT MHOT'O€ IMOHSATH O IPOUCXOAAIIEM BHYTPH TBEPABIX TEN. Ecin
cymecTsyeT N M (IIpyU MOAEIUPOBAHNY 1LIeNU U3 N ATOMOB), TO 151
KaXK/IOM Pa3pEIIEHHON 9HEPIUU B OJITMHOYHOMH sIME OyJIeT N SQHEPTUH.
Ecnu N 6yfeT paBHATHCA 4EMY-TO Bpoze 10%, 4TO TUIIHYHO JIJIS1 KO-
JIMYECTBA ATOMOB B HEGOIBIIOM KYCKE TBEPJOT'O MATEPUAIIA, TO IIPO-
UCXOAUT OIPOMHOE KOJIHUYECTBO CIUAHUN. B pesynbrare puc. 8.4
OY/IET B 3TOM CJIy4ae BBITVISIICTD IPUMEPHO KaK puc. 8.6. BepTukaib-
Has IIYHKTHPHAs JIMHUA ITOKA3BIBAET, YTO Y A4TOMOB, OTAECIEHHBIX
COOTBETCTBYIONIUM PACCTOSTHUEM, JIICKTPOHBI MOTI'YyT UMETh JIUIIb
ONPEJEIEHHBIE PA3PENICHHBIE SHEPIUU. DTO HUKAK HE MOXKET BBI-
3BATb YVJUBJICHHUSA (4 €CJIU BCE €IIE YJIUBJISCT, JIYUIIE HAYATh YUTATh
3TY KHUT'Y 3aHOBO), HO UHTEPECHO, YTO PA3PEIIEHHBIE SHEPIUH UYT
«[10JI0CaMu». Haripumep, paspelensl 3HEPIUU OT A 10 B, HO 3aTeM
HE Pa3pemneHo HUYEro BIUIOTH J0 C, IIOCJIE YEro Pa3peneHbl dHEP-
ruu or C 10 D u T.A4. To, 9TO B LEITb OOBEAUHEHO MHOI'O ATOMOB,
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3HAYUT, YTO B KAXKJJOU I10JIOCE CYIIECTBYET OYEHb MHOI'O PA3PEIICH-
HBIX 3HEpPrul. CO6CTBEHHO, UX TAK MHOI'O, YTO MOXHO IIPEAIOJIO-
JKHUTD: B TUIITMYHOM TBEPJIOM TEJIE PA3PENIEHHBIE SHEPTUH OOPA3YIOT
KOHTHUHYYM B KAXK/JOU I10JIOCE. DTA 4€PTA HALIECH MOJAEIN COXPAHSI-
€TCS U B PEAJIBHOM TBEPJIOM TEJIE: JIEKTPOHBI IEHCTBUTEIBLHO 00J1a-
JAIOT S3HEPTUAMH, CIPYHIIMPOBAHHBIMU B IIOJJOOHBIE TOJIOCHL, U 3TO
OOGYCIOBIMBAET BAKHbIE OCOOEHHOCTH TBEP/ABIX TeJ. B 4acTHOCTH,
3TH NOJOCH OOBACHAIOT, IOYEMY HEKOTOPBIE MATEPUAIIBI (METAJIIIBL)
IIPOBOAAT JIEKTPUUIECTBO, 4 APYI'HUe (M30JIATOPbL) HE IIPOBOLAT.
[Toyemy Tak? HauHeM C aHAIM34 LIENHU ATOMOB (KaK OOBIYHO, MOJIC-
JIMPYEMOU KAaK LENb ITIOTEHLIUAJIBHBIX M), HO IIPEAIIOIOKUM Ha CEH
pas, 4TO B KAXKJOM dTOME HECKOIBKO 3JIEKTPOHOB. Pagymeercs, 31O
HOPMAJIBHOC ABJICHUE — TOJIBKO Yy BOJIOPO/Ia BCEI'O OJIUH 3JICKTPOH
CBSI3aH C OJJHUM IIPOTOHOM, TAK YTO MBI IEPEXOAUM OT OOCYKCHUS
LIENIOYKNU ATOMOB BOJOPO/JA K 60J€€ MHTEPECHOMY CJIYYAIO LEMNOY-
KM ATOMOB ITOTsKenee. Hy’>KHO BCIIOMHUTD TAKXKE O TOM, 4TO Cylie-
CTBYET 1BA TUIA JIEKTPOHOB — CO CIIMHOM BBEPX M CO CITMHOM BHH3,
a npuHOUN I1ayau I71acUT, YTO MBI MOXKEM ITOMECTUTDb HA KaXK/bIH
pa3pELIEHHBIN SHEPIETUUYECKUI YPOBEHDb HE OOJIEE IBYX IJIEKTPO-
HOB. OTCIO/IA CJIEYET, YTO JIJIA LEMTH ATOMOB, KAK/IbIF U3 KOTOPBIX CO-
JEPKUT BCETO OJUH 3JIEKTPOH (TO €CTb 3TO ATOMBI BOJLOPOAA), S3HEP-
IF€TUYECKAA T0J0CA 72 = 1 3aII0JIHEHA HAIOJOBUHY. DTO ITOKA3aHO
Ha pUC. 8.7, IAe Mbl H300PA3UIN SHEPTETUYECKHUE YPOBHU A1 LENH
U3 IIATH ATOMOB. DTO 3HAYUT, YTO KAXK/AAA [10JI0CA COAECPKUT IATD OT-
YET/IMBO BbIE/IAEMbBIX PA3PEIICHHBIX SHEPIHUI. DTHU IIATh SHEPreTH-
YECKUX COCTOAHUNI MOI'YT IIPUHATH MAKCUMYM JECATD JICKTPOHOB,
HO HAM CTOUT OE€CIOKOUTHCS JIUIIb O IATH, TAK KAK B KOHPUTYPALIUHU
C CaMOM HU3KOM 9HEPIUEH LEIb ATOMOB COACPKUT IIATh AJIEKTPOHOB,
3AHUMAIONINX HUKHIOIO IIOJIOBUHY SHEPTETUYECKON IIOJIOCH 72 = 1.
Ecnu 6v1 y HAcC B 11enu 661710 100 aTOMOB, TO I0JI0CA 72 = 1 MOTIJ1a OBI
copepxarb 200 3JIEKTPOHOB, HO B CJIy4Yae C BOLOPOAOM OyAeT TOJb-
KO 100 2JIEKTPOHOB, TAK YTO I10JIOCA 72 = 1 B KOH(PUI'YPAIIUU C CAMON
HU3KOHN 3HEPIrUei BHOBb 3AIIOJIHUTCA HAIIOJIOBUHY. PUC. 8.7 1oKasbl-
BAE€T TAKIXKE, YTO MPOHUCXOAUT B TOM CJIydde, KOIZid HAd ATOM IIPUXO-
JUTCS IBA 9JICKTPOHA (T€/INK) WU TPU (JIUTHI). B ciydae ¢ reauem
KOH(UI'ypalua ¢ CAMON HU3KOHW 3HEPIHMEN COOTBETCTBYET 3aIOJN-

HEHHOM IOJIOCE 72 = 1, a4 B CJIy4ae C IUTUEM — 3ANOJHEHHOU I10JIOCE
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72 =1 1 HAIIOJIOBUHY 34IIOJIHEHHOM 11010C€E 72 = 2. [IOJIZKHO OBITH MHO-
HSTHO, YTO TAKas CXE€Ma IOJHOTO U MOJOBUHHOTO 34aIMOJHEHUS OY-
JIET IIPOAOJIKATHCS, TAK UTO A4TOMBI C YETHBIM UHCJIOM 3JIEKTPOHOB
BCeraa OyyT UMETH 3aIIOJTHEHHBIE IIOJIOCHI, 4 ATOMBI C HEUETHBIM —
HA4IIOJIOBHUHY 34II0JIHEHHBIC ITOJIOCHL. CTEIEHb 3aII0JIHEHUS II0JIOCHI,
KAaK MBI OYE€Hb CKOPO BBISICHHUM, W CIYXUT IIPUYHUHOU TOTO, IIOUYEMY
HEKOTOPbIE MATEPUAJIbl OKA3BIBAIOTCS IPOBOJAHUKAMH, 4 IPYyTHUE —
N30JIATOPAMHU.

Ceryac mpeACcTaBUM, YTO MBI IIOACOEAUHSIEM KOHIIBI ATOMHOM
LENOYKHU K KJIeMMaM 6arapen. [1Io OonbITy U3BECTHO, YTO, €CJIN PEYb
uzeT 06 ATOMaxX METAJLIA, ANEKTPUIECKUI TOK OyI€T TPOBOJAUTHCSL.

HO 9TO 3TO 3HAYUT U KAK 3TO OO'BSICHAECTCS TEM, YTO MBI YK€ 3HAEM?
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B aTome B aTome B aTOMe

Puc 87 Pacnonoxerne SIEKTPOHOB B CaMbIX HU3KWMX OOCTYTMHbBIX
SHEPreTNYECKMX COCTOAHNAX B LIEMOUKE M3 NATK dTOMOB, rae Ka%ﬂbm dTOM

COAEPXKMT 1, 2 WK 3 DN1EKTPOHA. UepHble TOUKM 0B03HaYatoT S1EKTPOHBI

TouHOE IeHiCTBUE OATAPEU HA ATOMBI BHYTPH IIPOBO/IA, K CYACTHIO,
IIOHUMAThb HE HAJO. BCE, 4TO HYKHO 3HATh, — 3TO YTO MNOACOECANHE-
HUE K OaTapee JaeT UCTOYHUK 3HEPIUH, CIIOCOOHBIH MOJITOIKHYTh
3JIEKTPOH, IIPUYEM BCETJA B OJHOM M TOM K€ HampasJeHUU. [Toue-
My OaTapest BEJIET Ce051 UMEHHO TaK? XOPOIINI BOIIPOC. JIe/10 B TOM,
YTO OHA CO3/ACT BHYTPU IPOBOAA ICKTPUUIECKOC IOJIE, KOTOPOE
U MOATAJIKHUBAECT 3JIEKTPOHBL DTO HE CAMOE YAOBJIETBOPHUTEIIb-
HOE€ OOBSICHEHHUE, HO B IIPEAEIAX KHUTU OHO HAC BIIOJHE YCTPOUT.

B KOHIIE KOHIIOB, MBI MOIVIU ObI OOPATHUTHCS K 31KOHAM KBAHTOBOU
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SJIEKTPOAUHAMHUKH U MOMBITATBECSA OOBACHUTD 3TO SBJICHUE YEPE3
B3AUMOJECHUCTBUE IEKTPOHOB C (poTOHAMU. HO IIPU 3TOM K pa3roBo-
PY, KOTOPBIF MBI BEJIEM CENYAC, HE JOOABHUIIOCH OB POBHBIM CUETOM
HUYETO, TAK YTO B UHTEPECAX KPATKOCTH MBI TOI'O HE CIC/IAEM.

[IpeacraBbTe JIEKTPOH, HAXOAANMICA B OJHOM U3 COCTOAHUU
C OIPENENEHHON dHEPTHUEN. HauyHEM C IPEANONOKEHUA, YTO JEH-
CTBHE 6aTApEU JIUIIb HE3HAYUTEIbHO MOATAIKUBACT IIECKTPOHBL
Ecnu 3/IEKTPOH HAXOAUTCA B COCTOSTHUM HU3KOI SHEPTUH X MHOTHE
JIPYTHE 3JIEKTPOHBI CTOAT BBIIIE €IO HA QHEPreTUYECKOM JIECTHULIE
(MCIONB3YA 3TOT 0O6PA3, MBI IEPKUM B YME PHUC. 8.7), OH HE CMOXKET
HOJYYUTh IHEPrETUYCCKUI TOJYOK OT Oarapeu. Ero 3ab610Kkupy-
I0T, IIOTOMY YTO 00JIEE BBICOKHE IHEPIETUUYECKUE COCTOSHUS YIKE
3anonHeHsl. HanpuMmep, 6arapes C1oCOOHA BBITOJIKHYTh JIEKTPOH
Ha 3HEPreTUYECKOE COCTOSHUE HECKOIBKUMHU CTYINEHbBKAMMU BBIIIE,
HO, €CIIU BCE JOCTYIHBIE CTYIEHBKU YK€ 3aHATHI, HAII 3JEKTPOH
JIOJIKEH OTKA3aThCS OT MOJYyYEHUS JIOTIOJHUTENBHON 3HEPIUH, I10-
CKOJIbKY JIBUI'aThbCs NPOCTO Hekyza. [lomHuTe, yro npuHnun Ilay-
JIL TOBOPUT O TOM, YTO, €CJIM BCE MECTA 3AHATHL, JOIOTHUTEIbHDIE
3JICKTPOHBI HE CMOT'YT MONACTH BBIIIE. DJIEKTPOH BBIHYX/ICH BECTHU
cebs TAK K€, KAK €CJIM Obl HUKAKOU 0aTapeu MPOCTO HE CYIIECTBO-
Bas10. MHAS CUTyalus C 3JIEKTPOHAMU, UMEIOIIMMU CAMBIE BBICOKUE
3Heprun. OHM HAXOAATCA OJIM3KO K BEPXY U MOI'YT B IPUHIIUIIE BITU-
TaTh HEGOIBIION SHEPIETUYECKUN TOJIYOK OT 6ATAPEU U NEPEUTH
Ha 60J1e€ BBICOKOE COCTOAHUE — HO TOJILKO €CJIM HE PACIIOIATAI0OTCA
Ha CAMOM BEPXY Y’K€ 3aII0JIHEHHOM I10JIOCHL. BepHyBImMCh K puc. 8.7,
YBH/IUM, YTO 3JIEKTPOHBI C CAMON BBICOKOIH HEPIrUEH CMOTYT BIIU-
TATh SHEPIUIO OT OATAPEN, ECJIU ATOMBI B IIENU COAEPKAT HEYETHOE
YHCJIO AJIEKTPOHOB. ECJIM 3TO YUCJIO YETHOE, TO BEPXHUE IJIEKTPOHBI
BCE€ PABHO HE CMOI'YT HUKYJA CABUHYTBHCS, [IOTOMY YTO B SHEPI'ETU-
YECKOU JIECTHULIE HAOMIOAAETCA OONBIION PA3PbIB, IPEOAOTIEBAEMBI
TOJIBKO C IIOMOIIBIO OYEHb CUJIBHOI'O TOJIYKA.

OTCI0[1a CJIEAYET, UTO €CJIM ATOMBI TBEPJIOTO TEIA COAEPKAT UET-
HOE YUCJIO 3JIEKTPOHOB, TO 3TH 3JEKTPOHBI MOTI'yT BECTU CEOSI TAK JKE,
K4K €CJIM Obl K HUM HE MOJKJIIOUAIN HUKAKON 6aTtapen. TOK mpocTo
HE MOTEYET, IOTOMY YTO 3JIEKTPOHBI HE CMOT'YT BIUTATb SHEPTHUIO.
DTO ONHCAHUE U3O0JATOPA. ENMHCTBEHHOE HCKJIIOYEHUE — €CJIU

Pa3pbIiB MEX/JY BEPXHEN YACTBIO CAMOM BBICOKOM 3AIIOJIHEHHOM
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SHEPIETUYECKON IIOJIOChI U HUKHEW YACTBIO CJICAYIOMIEH IyCTOU
IIOJIOCHL JJOCTATOYHO HEBEJIMK, U OYE€Hb CKOPO HAM IIPUJETCA PaC-
CMOTPETb ITOT CJIydald 6onee noapo6HO. HanpoTus, €Cau aTOMBL
COZEPKAT YETHOE YUCIIO JEKTPOHOB, TO BEPXHUE IJICKTPOHBI BCETJA
OylyT CIIOCOOHBI BIIMTHIBATD 9HEPTIETUUYCCKUH TOJYOK daTapeu. B pe-
3yJIbTATE OHU MNEPECKAKUBAIOT HA 6OIEE BBICOKMH SHEPTrETUYECKUI
YPOBEHbD, U, IOCKOJIbKY TOJIYOK BCEIJd IIPOUCXOAUT B OJHOM U TOM XK€
HANPABJIEHUH, B UTOI'E BBI3BIBAETCS ABUKEHUE ITUX MOOUJIBHBIX
JIEKTPOHOB, KOTOPOE MBI U OIIPEAE/IAEM KAK JICKTPUYECCKUN TOK.
OdeHb YIIPOMIEHHO MBI MOXKEM, TAKMM OOPA30M, CJIE/IATh BBIBOJ;: €CJIN
TBEPAOE TEJIO COCTOUT M3 ATOMOB, COAECPKAIINX HEYETHOE YUCJIO
JIEKTPOHOB, OHO JIOJIKHO CTATh JIEKTPUYECKUM IIPOBOJHHUKOM.

K ¢c4acTbIO, pEAIbHBINT MUP HE HACTOJIBKO IPOCT. Tak, ajimasz —
KPUCTAJIMYECKOE TBEPJIOE TEJIO, ITOJTHOCTBIO COCTOAIIEE U3 ATOMOB
YIVIEPOAA, KOTOPBIE COAEPKAT MIECTh AJIEKTPOHOB, — OKA3bIBAETCS
U30IATOPOM. I'paduT XKe, TOXKE MOJTHOCTBIO COCTOAMUNI U3 YIJIEPO-
J1a, — IIPOBOJHMK. bosee TOro, Ha Aejie BLIXOAUT, YTO IIPABUJIO YET-
HOI'O M HEYETHOTO YHCJIA AJIEKTPOHOB PEAKO paboTaeT. ITpocTo Hama
MOJEJIb JIMHUM U3 IM CJIMIIKOM PyJAUMEHTAPHA. A BOT 4TO COBEPIICH-
HO BEPHO, TAK 3TO TO, YTO XOPOIIHE IIPOBOAHUKH IJEKTPUYIECTBA
XAPAKTEPUSYIOTCHI BO3ZMOXKHOCTBIO 3JIEKTPOHOB C CAMOU BBICOKOU
SHEPIUEN NIEPECKAKMUBATD B COCTOSIHUS C O0JIEE€ BBICOKOU HEPIHEH,
B TO BPEM A KAK CBOUCTBA U30IATOPOB OOYCJIOBJIEHBI TEM, UTO JOCTYII
HUX CAMBIX BEPXHHUX 3JIEKTPOHOB HA 00JI€€ BHICOKUI YPOBEHb OJIOKU-
pyeTCcs pa3pblBOM B JIECTHHULIE PA3PEIICHHBIX 9HEPIUM.

Hicropusi 3Ta OOpPETAET HOBBIM MOBOPOT, U UMEHHO OH OOBSC-
HUT HAM B CJIEAYIOWIEN ITIABE, KAK MOIYIIPOBOAHUKHU IIPOBOAAT TOK.
IIpeacTaBbTe CEOE ANEKTPOH, KOTOPBIA MOXKET CBOOOHO JIBUT'ATHCS
10 HE3AIIOJIHEHHOM II0JIOCE UJICAJIBHOI'O KPUCTAJLIA. Mbl BbIOpAIN
KPHUCTAJLI, YTOOBI YCTAHOBUTD, YTO XMMUUYECKUE CBA3U (BO3MOXKHO,
KOBAJIEHTHBIC) CLIOCOOCTBYIOT PETYISPHON OPraHU3aIMH ATOMOB.

Hama ogHOMEpPHAA MOJEIb TBEPJOTO TEJIAd COOTBETCTBYET KPHU-
CTAJLLY, €CJIU BCE MBI PABHOYAAJIEHBI APYI OT APYyId U UMEIOT OfU-
HAKOBBIH pasMmep. [Topgcoegunute 6aTapero — U IJIEKTPOH C Pajo-
CTBIO IEPEIPBITHET C OJHOI'O YPOBHA HA APYI'OM IOCJE TOr'O, KaK
€ro CJIerKa MOATOJIKHET IIPUJIOKEHHOE 3JIEKTPUYIECKOe 11oje. B pe-

3y/IbTATE IEKTPUYECKUHI TOK 6yJIeT MOCTOSHHO PACTH, TOCKOJIBKY
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3JIEKTPOHBI OYAYT BIIMTHIBATH BCE OOJIBIIE SHEPTHUH U JJBUT'ATHCS BCE
ObIcTpee U 6pICTpEE. I KAXK/I0TI0, KTO XOTh KaK-TO 3HAKOM C 3JIEK-
TPUUYECTBOM, 3TO YTBEPXKIAEHUE JOJKHO 3By4YaTh CTPAHHO, IIOTOMY
4TO HUKAKOTr'O 3aKOHA OMa He HAOIIOAAeTCa (HATIOMHUM: TOK / 3aBU-
CUT OT IPHUJIOKEHHOI'O HaIpsiskeHUs U cornacHo gpopmyne U =1 x R,
rne KR — COIpPOTHUBJIEHHE IIenn). 3aKOH OMa BO3HHKAET, IOTOMY
4TO JIEKTPOHBI, IIEPECKAKNUBASL BBEPX 110 IHEPIETUYECCKON JIECTHU-
e, MOI'yT TEPATHh SHEPIUIO U BO3BPAILIATHCA B IIPEKHEE COCTOAHUC;
3TO MOXKET IIPOU3OUTH, TOJIBKO €CJIM ATOMHAA PELIETKA HE UICAJIb-
Ha — MO0 U3-3a IIPUMECEH (TO €CTh CAYYAHHBIX ATOMOB, OTINYAIO-
HIHUXCS OT OONBIIMHCTBA), TUOO U3-34 TOTI'O, YTO ATOMbBI COBEPIIAIOT
3HAYUTEJIbHBIE JBHXKECHUS, 4 3TO T'dPAHTHUPOBAHHO IIPOUCXOAUT
Ipu JI000U OTIUYAIONICHC OT HYJIS TeMIlieparype. B pesyinbrare
3JICKTPOHBI 6OJBIIYIO YACTh BDEMEHU UTPAIOT B «3MEU U JIECTHUIbI»
Ha MHUKPOYPOBHE: OHH B36MPAIOTCA MO SHEPTETUYECKON JIECTHHIIE,
TOJIBKO YTOOBI CHOBA YIIACTb B PE3YIBTATE B3AUMOJEUCTBHUI C HECO-
BEPUICHHON ATOMHOM PEMIETKOM. B CpeJHEM IOJIYYACTCS MUNUUHAS
Anep2usl 2NeKMPOoHd, YTO BEAET K HOCTOSAHCTBY TOKA. DTA TUIIMYHAA
SHEPIUS IEKTPOHA OIIPEAEIIACT CKOPOCTb TEUYECHUS 3JIEKTPOHOB
110 MPOBOJY — TOI'O, YTO MBI HA3bIBAEM IJIEKTPUUECKUM TOKOM. CO-
IIPOTUBJIIEHUE IIPOBOAA — M€pPa TOI'O, HACKOJBKO HECOBEPIICHHA
ATOMHA4 PENMIETKA, YEPES KOTOPYIO UAYT JIEKTPOHBDL

HoO 3TO HE TAKOH YK KPYTOH NOBOPOT. laske 6€3 3akoHa OMa TOK
HE HApacTaJ1 6bl paBHOMEPHO. Korza 3/IeKTPOHBL JOCTUT'AIOT BEPXHENU
YACTH MOJOCEl, OHU HAYMHAIOT BECTHU CE€OS1 OUYEHb CTPAHHO, U B peE-
3yJIBTATE TAKOI'O IIOBEACHUSA TOK HAUUHAET YMEHBIIATHCS, 4 CO BpEME-
HEM PA3BOPAYMUBAETCA B APYT'YIO CTOPOHY. M 3TO O4EHD CTPAHHO: 1AKE
HECMOTPsI HA TO, YTO JIEKTPUUECKOE I1OJIE IOATAIKNUBACT JIEKTPOHBL
B OZJHOM HAaIIPABJICHUH, OHHU, JJOCTUIHYB BEPXA SHEPIETUUECCKON I10-
JIOCBI, TEKYT BCHATb. OOBACHEHUE ITOTO YAUBHUTEIBHOIO 3(PPEKTA
JICKMT 34 IIPEAEC/IAMU HALICH KHUT'Y, 4 [IOKA JOCTATOYHO CKA34Th, YTO
KJIIOYEBYIO POJIb 3/1€Ch UTI'PAIOT MOJOKUTEIBHO 3aPSKEHHBIE A/PA:
OHM T4K TOJIKAIOT 3JICKTPOHBL, YTO T€ MCHAIOT HAIIPABJICHUE.

WTaK, Kak ¥ O6bIJIO 3a5BJIEHO PAHEE, MBI PACCMOTPHUM, YTO IPOUC-
XOJUT, KOIZTd TTOTEHIIUAJIIBHBIN HU30JATOP BEJAET Ce€6s KaK IIPOBOJ-
HUK, IOTOMY YTO PA3PbIB MEXK/1y ITOCJIEHEN 3AII0THEHHON TOJI0COM

U CJIEYIONIEN, ITyCTOM OJOCOH «IOCTATOYHO Mas». Ha 3TOM cTagnuu
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CTOUT ITIO3HAKOMUTBHCS C HAYYHBIM KaproHoM. ITocnennsasa (To ectb
CaMasl BBICOKAsl) 3HEPIETHUYECKAs I10JIOCA, 3AIIOJHEHHASA 3JIEKTPO-
HaMU 0€3 CBOOOJHBIX MECT, HA3BIBAETCA BANEHMHOLL 30HOI, A CJIE-
AYIOLIAs I10JIOCA (B HALIEM AHAJIM3€ — IIyCTasd WU HAIIOJOBUHY 32a-
MIOJIHEHHAA) — 3010 NPOBOOUMOCHIU. ECIIN BAJIEHTHAA 30HA U 30HA
IPOBOAUMOCTH IIEPEKPLIBAIOTCA (4 3TO BIIOJIHE BO3MOKHO), TO HU-
K4KOT'O Pa3pblBa HE HAOIIONACTCA U MOTEHIIUAIBHBIN U30JIATOP Ha-
YHHAET BECTH C€651 KAK IIPOBOJAHUK. A YTO €CJIU PA3PBIB €CTh, HO IIPH
3TOM OH «IOCTATOYHO MaJ1»? Mbl yK434JI1, YTO 3JIEKTPOHBI MOI'YT I1O-
JIY4aTh 3HEPIUIO OT 6ATAPEU, TAK YTO MOKHO IIPEANIONOKMUTD: €CJIN
6arapes JOCTATOYHO MOIIHAS, OHA MOXET AaTh JJOBOJIBHO MOIIIHBIIN
TOJIYOK JIJIS IIEPEXO/A DJIEKTPOHA BOJIM3U OT BEPXA BAJICHTHON 30HBI
B 30HY IIPOBOAHUMOCTH. DTO BO3MOXKHO, HO MBI HE OYJEM paccma-
TPUBATH TAKUE CIyYaU, IOTOMY YTO OOBIYHBIE HATAPEN HE CIIOCOOHBI
CO37aTh JIOCTATOYHO MOIIHBIN 9HEPIeTUYECKUU TOJYOK. [Jo6aBUM
HUDP: TEKTPUUECKOE OJIE B TBEPJIOM TEJIE OOBIYHO UMEET MTOPSIOK
HECKOJIBKUX BOJIBT HA METP, 4 HAM, YTOOBI IIOATOJKHYTh 3JIEKTPOH
K CKa4Ky Ha 3JIEKTPOHBOJIBT* 13 BAJICHTHON 30HBI K 30HE IIPOBOAM-
MOCTU B TUIHYHOM H3OIATOPE, MOHAJTOOATCS IOJISI HECKOJbKUX
BOJIBT HA HAHOMETP (TO €CTh B MUJUINAP/L PA3 CUJIbHEE). SHAYNUTEIb-
HO OOJbIIE HAC HUHTEPECYET TOMYOK, KOTOPBIN 3JIEKTPOH MOXKET
IIOJIYYUTH OT ATOMOB, COCTABJIAIONINUX TBEPAOE TeNO. OHU HE CUIAT
HEIOABMIKHO Ha OJHOM U TOM K€ MECTE, HEMHOI'O PACKAYHBAIOT-
Csl, U 4EM I'OpsYee TBEPLOE TEJIO, TEM CUIBHEE OHU PACKAYNBAIOTCSL.
Kavyaromuics aToM MOXKET COOOHIUTD IJCKTPOHY I'OPa3/10 OOJIbIIE
3HEPIUH, YEM OOBIYHASA 6aTaApest — JOCTATOYHO, YTOOBI dHEPIUs
4TOMAQ IOJICKOYMIIA HA HECKOJIBKO 3JIEKTPOHBOJBT. [Ip¥ KOMHATHOIM
TEMIIEPATYPE, BIIPOYEM, IJICKTPOH JOBOJIBHO PEAKO IIONYyYaeT IIO-
JIOOHBIH TOJIYOK, IIOCKOIBKY 1pU 20 °C TEIIOBASI SHEPT U COCTABIISA-

€T IIPUMEPHO %o JICKTPOHBOJIBT. Ho 310 nmuib CpC,ZIHI/II;I IIOKAa3aTCJIb,

* DNeKTPOHBOET — 3TO OueHb YA0OHas efnHNLE SHEPTUM NpY 0OCY>KAEHWN SNEKTPOHOB
B aTOMaXx, LLVMPOKO MCMOMb3yemas B8 sAepHOM drsmke 1 Dr3NKe YacTuLy. ITO SHEPrid, KOTO-
YO MP1OOPETAET 3NEKTPOH MPU YCKOPEHMM Pa3HOCTbLIO MOTEHLUMAN0B B 0AMH BoMsT. Camo
ornpeAeneHre He MMeeT 0CoBOro 3HaUEHNS: BaKHO, UTO 3TO CNOCOb M3MEPEHUS SHEprin
Utobb1 BbI Nyullie MOMM cebe NPeCTaBndTb 3Ty BEANUMHY, CKaxXeM, YTO SHeprud, Tpeby
emas Ang NOAHOro 0CBOOOX/AEHVIS SNEKTPOHA 13 OCHOBHOMO COCTOSHMS aTOMa BOAOPOLAa,
paBHa 13,6 3N1eKTPOHBO/bT
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4 B TBEPAOM TEJI€ OUYEHDb MHOI'O ATOMOB, II03TOMY TAKO€ II€pHUOJHYE-
CKH CJIy4a€TCs. B 3TOM Ci1ydae 3/IEKTPOHBI MOI'YT O€XAThb U3 TIOPbMBbI
[186] 30HBI BAJIEHTHOCTH U TIEPENUTU B 30HY IPOBOIUMOCTH, T7I€ BIIUTATH
JIETKHE 3HEPr€TUYECKUE TOTUYKH OT 6ATAPEU U BBI3BATH JIEKTPUUEC-
CKHU TOK.
Marepuajipl, B KOTOPBIX IIPY KOMHATHOMU TEMIIEPATYPE AOCTA-
TOYHOE KOJIMYECTBO IJIEKTPOHOB MOXKHO IEPEBECTU U3 BAJICHTHOM
30HBI B 30HY MPOBOJUMOCTHU, UMEIOT COOCTBEHHOE HA3BAHHE: 3TO
nOYNPOBOOHUKIL.
IIpy KOMHATHOM TEMIIEPATYPE OHU MOTYT IMPOBOJAUTL JIEKTPU-
YECKUH TOK, HO, KOIZTd OHH OXJIAKAAIOTCA U UX ATOMbl PACKAYHBA-
IOTCS MEHBIIIE, CIIOCOOHOCTD IIPOBOAUTD AJIEKTPUYECTBO CHUKAETCH,
U OHM CHOBA IIPEBPAMAIOTCH B U304 TOPHL. JIBa KJIACCUYECKUX I1PU-
Mepa HOTYNPOBOJHUKOB — KPEMHUH M T€PMAaHUM, U 61ar0japsi CBO-
€l IBOMICTBEHHOM HATYPE OHU MOI'YT HCIIOJIb30BATHCSA C OOJIBIION
BBRITOJION. Ha camoM jiene He OyJeT NPEYBEINUYEHUEM CKA34Th, YTO
TEXHOJIOI'MYECKOE IIPUMEHECHHE ITOJYIIPOBOJHUKOBBIX MATEPUAIIOB
IIPOU3BEJIO B MUPE PEBOJIIOLIUIO.



9

CoBpeMeHHBIN MUpP




B 1947 ropy 6bLJ1 CO3/1aH EPBLIA B MUPE TPAH3UCTOP. B HamIM JTHA
€XXETrotHO poussoguTcs 6osee 10000000000000000000 Tpan-
3UCTOPOB, YTO BO 100 pa3 60blIIe, YEM YHUCIIO PUCOBBIX 3€PEH, ITOIJIO-
LIAEMBIX €KEI'OHO CEMbIO MUJIIMAPAAMU KUTeEaeh 3eMiin. [1epBoiid
B MHPE TPAH3UCTOPHBIN KOMIBIOTEDP 6bLI COOPAH B 1953 rogy B Man-
JecTepe 1 copepKan 92 rpanzuctopa. CerojHa MOKHO KyIIUTDb 601ee
100000 TpaH3UCTOPOB IO LIEHE PUCOBOI'O 3€PHBIIIKA, 4 B BALIEM MO-
OMJIBHOM TeJie(POHE UX OKOJIO MUJINAP/A. B 3TOM I71aB€ MBI OITHIIEM
padoTy TPAH3UCTOPA, KOTOPYIO, O€3YCIOBHO, MOKHO CUYUTATH CAMBIM
BAXKHBIM IIPUJIOKEHHEM KBAHTOBOU TEOPUU.

Kaxk MbI y2Ke BUJIEIN B IIPEALIAYIIEN [VIaBE, IIPOBOAHUK IIOTOMY
U IIPOBOJAHMK, YTO HEKOTOPBIE 3JEKTPOHBI PACIIONATAIOTCA B 30HE
IPOBOAUMOCTH. IT0 3TOM MPUYMHE OHU JJOBOJIBHO MOOUIBHBI U MOT'YT
«IEPETEKATH> IO IPOBOJY, KOT/IA TIOACOEAUHAETCA 6aTapes. YMeCTHA
AHAJIOT'UA C TEKYHIEN BOJOH; 6aTapes 3aCTABIAET TOK T€Ub. I UILITIO-
CTPALIHN HJIEM MOXKHO BOCIIOJIb30BATHCA J1A2KE KOHIIETIIIUEN «TIOTEH-
IHaIa»: 6aTapes CO3J4€T MOTEHIINAJ, BHYTPH KOTOPOI'O ABUKYTCS
3JIEKTPOHBI 30HBI IPOBOJUMOCTH, U ITOTEHIIUAJ B KAKOM-TO CMBICJIE
CO3JIAET «CKJIOH». IO 3TOMY CKJIOHY B 30HE MPOBOJUMOCTUA MATEPHA-
JIa 3JIEKTPOH «CKATBIBAETCS», O6PETAS IPU ABUKEHUU SHEPTUIO. DTO
JAPYIof CIIOCOO IPEACTABICHUS HEOOJIBIINX TOJYKOB, O KOTOPBIX
MBI TOBOPUJIA B MPOULJION IVIABE, IPU KOTOPOM HE 6aTaAPEs TOJIKA-
€T IEKTPOH C YCKOPEHHUEM IO IIPOBOJAY, 4 O6PA3YETCSI YTO-TO BPO-
JI€e MaZIEHNUA BOJBI C XOJIMA. DTO XOPOMINI BAPHUAHT BU3YATU3AINHA
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IIPOBOJUMOCTU 3JIEKTPUYECTBA 3SJIEKTPOHAMU, UM MBI U OyAeM
IIOJIb30BATHCS JO KOHIIA 3TOM IVIABBL. B IOJIyNIPOBOAHUKAX, TAKHUX
KaK KPEMHUI, IPOUCXOAUT HEYTO OUYEHDb UHTEPECHOE: TOK IIEPEHO-
CUTCS HE TOJIBKO JJIEKTPOHAMH B 30HE IIPOBOAUMOCTH. DIEKTPOHBDL
B BAJICHTHOI 30HE TOXKE BHOCAT CBOY BKJIaJ. [TocmoTpuTe Ha puc. 9.1.
CrpeJjiKka OKAa3bIBAECT, KAK 3JIEKTPOH, U3HAYAJIbHO MHEPTHO IIOKO-
IUACA B 30HE BAJEHTHOCTH, IMOIJIOIIAET HEKOTOPOE KOJUYECTBO

QHCPI'MU U IICPCXOAUT B 30OHY ITIPOBOJAUMOCTH.

30Ha NpoBOANMOCTMN

*—@
.—é BaneHTHas 30Ha
-0

Puic. 9.1. Tapa 3nexkTpoH-AbIpKa B MOYNpoOBOAHMKE

KoHE4YHO, 1OCIIE 3TOrO 3JIEKTPOH CTAHOBUTCS I'OPa3/io OOJee MO-
OUIbHBIM, HO MOOMJIBHOCTB OOPETACT U CITE KOE-YTO: B 30HE BAJICHTHO-
CTH 06PA3YETCS IBIPKA, K OHA /TAET BO3MOKHOCTh MAHEBPA AJIEKTPOHAM
U3 30HBI BAJIEHTHOCTH, JJO TOTO CTOJIb K€ UHEPTHBIM. Kak MbI MOITIH
BUJIETD, TOJICOCIMHEHHUE OATAPEN K STOMY MOJIYIIPOBOJHUKY 3ACTABUT
3JIEKTPOH M3 30HBI IPOBOJAMMOCTH COBEPIINTD SHEPICTHUCCKUH CKa-
YOK, BBI3BAB TEM CAMBIM JIBUXKEHHE JIEKTPUUIECKOTO TOKA. YTO CIIYy4nT-
Cs1 C ITOU JIBIPKOL? DIIEKTPUYECKOE IOJIE, CO3AHHOE OaTapEeit, MOXET
34CTABUTDH 3JIEKTPOH, HAXOJAIIMUNICSA B BAJIEHTHON 30HE B KAKOM-TO
00s1ee HU3KOM 3HEPreTUYECKOM COCTOSIHUH, NEPEHPLIrHYTh B 3TV
CBOOOAHYIO ABIPKY. Temephb AbIPKA 3aIIOJIHEHA, HO MOABIAETCA JbIPKA
«rNIy6Ke» — Ha 60JIE€ HU3KOM YHEPIETUYECKOM YPOBHE B BaJICHTHOM
30He. Koryia a/1eKTpOHBI B BAJIEHTHOI 30HE IIEPECKAKUBAIOT B CBOOO/I-
HYIO JIBIPKY, T4 BPAIIAETCA. BMECTO TOrO YTOOBI OTCJIEKUBATD JIBUXKE-
HHE BCEX 3JIEKTPOHOB B IOYTH 3aIIOJTHEHHOM BAJICHTHOH 30HE, MBI

MOJKCM OTCJICKUBATDH MECTOITOJIOKCHHUC TBIPKH, 3a0bIB 00 AJICKTPOHAX.
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Takol ONTHUMM3ALUEN TOACYETA NPUBBIYHO MOJB3YIOTCA CIEUATH-
CTBI IO (PUBUKE NTOTYITPOBOAHUKOB. HaM OHA TOXKE OBJIErYUT )KU3HB.

[IpHUJIOKEHHOE 3NEKTPUYECKOE IIOJIE IPUBOJAWUT B JIBHUXKEHUE
3JIEKTPOHBI 30HBI TPOBOJANMOCTH, CO3/1aBasI TOK, U HAM XOTEJIOCH OBI
3HATD, YTO IPOUCXOAUT B 3TOM CJIYYAE C JIBIPKAMHU B BAJIEHTHOM 30HE.
MEI 3HA€EM, YTO IJIEKTPOHBI BAJIEHTHON 30HBI HE MOI'YT JIBUT'AThCS, 1O-
CKOJIBKY UX IOYTH MOJTHOCTBIO CACPKUBACT MPUHIINT [1ayau, HO oz,
JIEFCTBUEM 3JIEKTPUYECKOIO MO OHU Y4YTh CABUTAIOTCS, U JIBIPKA
JIBUTAETCS HAPSTy C HUMU. HaBepHOE, 3TO IPOTUBOPEYUT UHTYULINH,
TAK YTO, ECJIN BBl HE MOXKETE CMUPHUTBCA C TEM, YTO KOI'/[A AJIEKTPOHBI
B BAJIEHTHOU 30HE CMEMIAIOTCS BJIEBO, TO M JIBIPKA TOXKE CMEIIAETCS
BJIEBO, PACCMOTPUTE CJIEAYIONYIO aHAIOTUIO. [IpeicTaBbTe OOBIYHYIO
ouepeib. PaccTogHue MEXAY JTIOJbMU COCTABIIAET 1 METP, HO THE-TO
B CEPEJUHE OYEPEIN OJHOI'O YEJIOBEKA HE XBATACT. DTU JIIOAWU — AHA-
JIOT 3JIEKTPOHOB, 4 OTCYTCTBYIOINH YEJIOBEK — AHAJIOr JBbIPKU. Te-
IIEPb BOOOPA3UTE, UTO BCE ITH JIIOAU IIPOJABUHYINCH HA METP BIIEPET,
TAK YTO KaK/IBIF M3 HUX OKAa3aJICA TaM, I7I€ 10 HEr'O CTOSI U/IYIIHH
nepes HUM B odepeu. OUeBU/THO, YTO OPENIb B OUEPEIU TOXKE MPO-
JIBUTA€TCs HA MeTP. Tak BeAyT ce6s U IbIpKU. KpoMe 3TOro, MOKHO
IPEJCTABUTD, KAK BOJIAd TEUYET IO TPyOE: My3bIPEK BOJBI OYJET JBU-
raThCsl B TOM JK€ HATIPABJIECHUH, YTO U CTPYS, U 3TA «OTCYTCTBYIONIAS
BOJ/Id» COOTBETCTBYET JBIPKE B BAJIEHTHOM 30HE.

Ho TyT, KaK 6yTO OBLJIO HEJOCTATOYHO BCETO OCTANBHOTO, ITOAB-
JIIETCSL JOTIOTHUTEIBHOE BAXKHOE OCJIOXHEHUE: MBI JJOJIKHBI 00pa-
TUTBCA K TOW O6JACTU (PU3UKH, KOTOPASA ObLIA BBEJEHA B «HEOXHU-
JITAHHOM IIOBOPOTE» B KOHIIE IPEBIYIIEH ITIABBL

Kax BbI IOMHUTE, 3JIEKTPOHDI, ABMKYIIIUECA B BEPXHEN YACTH 3a-
IIOJTHEHHOM 3HEPre TUYECKON MOJIOCHI, TOTYy4YaIOT YCKOPEHUE OT JIEK-
TPUUYECKOTO OIS B 00PAmMHY10 CTOPOHY OTHOCUTEIBHO JIEKTPOHOB,
ABMOKYIIUXCA B HUKHEN 4ACTU TOU JKE ITOJOCBHL DTO 3HAYUT, YTO
JIBIPKU, KOTOPBIE HAXOJATCS BBEPXY BAJICHTHOM 30HBI, JBUTAIOTCS
B IPOTHUBOIOJIOKHOM HATIPABJIEHUH 10 OTHOMIEHUIO K AJIEKTPOHAM,
HAXO/AIMMNMCS B HUJKHEN 4aCTH 30HBI IPOBOAUMOCTH.

Pe3yipTaT TAKOB: MBI MOYKEM U300PA3UTH ITIOTOK JIEKTPOHOB B O/~
HOM HAIIPABJIEHUU U COOTBETCTBYIOMIUI EMY ITOTOK JBIPOK B IPYTOM.
MO’KHO CYHTATH, YTO JIBIPKA UMEET IEKTPUYCCKUI 3aPs, IPSIMO

IIPOTHUBOIIOJIOKHBIN 3APSA/Y MIEKTPOHA. BCIIOMHUTE, 4TO MaTepHaJ,
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4Jepes3 KOTOPBIM TEKYT HAIIKU 3JIEKTPOHBI U ABIPKU, B CPENHEM 3JIEK-
TPUUYECKH HEUTPAIBHBIN. B 1I060H OTAEIBHO B35TONH 00JIACTU MaTe-
pHaI HE UMEET 3aPAJAA, TIOTOMY YTO OTPULIATEIbHBIN 3aPAJT JIEKTPO-
HOB OTMEHSAET IOJIOKUTEIbHBIN 3apAJl, IEPEHOCUMBIN ATOMHBIMH
aapaMu. Ho eciiv Mbl CO3/1aiUM T1apy JIEKTPOH-JBIPKA, IEPEMECTHUB
3JIEKTPOH M3 BAJIEHTHOHN 30HBI B 30HY IIPOBOJAMMOCTHU (TAK, KAK MBI
YK€ OIHUCAIN), OOPA3YyETCs CBOOOJHO ABHIKYIIUHCS 3IEKTPOH, KO-
TOPBIF CO3JA€T M30OBITOK OTPHIATEIBHOIO 3apAfd MO CPaBHEHMIO
C OOBIYHBIMH YCJIOBUSIMU B 3TOM OOJIACTU MaTepuana. TOUHO Tak xe
JABIPKA — 3TO OTCYTCTBUE IJEKTPOHA, U B MECTE, TZIE OHA €CTh, IIpe-
06J1a1aeT HOJOXKUTENBHBINA 3aPsJI. DIEKTPUUECKHUH TOK IO OIpejIeie-
HUIO OKA3bIBACTCS BEJIMYMHOM, C KOTOPOM JIBUKYTCS ITOJIOKUTEIbHbIC
3apAIBI, TAK YTO 3JEKTPOHBI BHOCAT B TOK OTPHUIATEIbHBIN BKJIATY,
a JBIPKU — TIOJIOKUTENIbHBIN, €C/IN ABUXKYTCS B OJTHOM U TOM K€ Ha-
MIPaBJIEHUU. ECiK, KaK B CIy4yae ¢ HAIIUM ITOJYIIPOBOJHUKOM, 3JIEK-
TPOHBI U JBIPKU JIBIXKYTCS B IPOTHUBONOJOXKHBIX HAMIPABICHUIX,
TO OHM CKJIAJIBIBAIOTCA, B UTOT'E IIOJIy4A€TCA OOJNBIINI 3apAJ, U, CJIe-
JIOBATEJIbHO, OObINAS CUJIA TOKA.

XOTs BCE 3TO KAKETCS JOBOJIBHO 3AITyTAHHBIM, DE3Y/ILTATHI ICHbBI
K4aK JIEHb: MBI JJOJIKHBI IIPEJICTABUTD, UTO TEYEHUE ITEKTPUUIECTBA Ue-
pe3 MOJIYIIPOBOJHUK — 3TO TEUYEHUE 3aPAAd, 4 OH COCTOUT U3 IJEK-
TPOHOB B 30HE IIPOBOAUMOCTH, ABUKYIIUXCA B OAHOM HATIPABIEHUH,
U ABIPOK B BAJIEHTHON 30HE, IBHKYIIUXCA B OOPATHYIO CTOPOHY. DTA
CUTYaAIUs OTIIUYAETCS OT ABMKEHH S TOKA B IPOBOJHUKE, KOT/IA CUJIA
TOKA ONPENENAECTCA ABMKEHHUEM OIPOMHOIO KOJIMYECTBA JIEKTPO-
HOB B 30HE IPOBOAMMOCTH, 4 JOIIOJHUTEIbHASA CHUJIA TOKA, CO3/1aBa-
€eMasi IpU OO6PA30BAHUY 114D JIEKTPOH-/IBIPKA, IPECHEOPEKUMO MaJIa.
[TOHATH MOJIb3y HMOTYNPOBOAHHUKOB — 3HAYUT OCO3HATH, UYTO TOK,
HUAYIINH IO IOy POBOJHHUKY, HEJIb35I HA3BATh HEKOHTPOJIUPYEMBIM
JBHIKEHHUEM 3JIEKTPOHOB I10 IIPOBOJY, KAK B IPOBOJHHUKE. DTO IOPA3-
[0 6ojiee CIOXHAsA KOMOMHAIUS JBUKEHUI 3JIEKTPOHOB U ABIPOK,
KOTOpasA IPHU JOJKHOU HACTPOUKE MOXKET OBITh UCIOIb30BAHA /1A
CO3JaHUA MUKPOCKOIIMYECKUX YCTPOKHCTB, CHOCOOHBIX OOECIIEYUTD
IIOJIHBIA KOHTPOJIb 34 IBUKCHUEM TOKA MO LIETH.

* I7T0 onpefeneHne — NpocTo BOMPOC YCIOBHOCTH M MCTOPUUECKIM Kypbes. C Tem xe ycne-
XOM MOXHO 6%;\/\0 6h\ OnpeaenTb TOK Yepes fBMXEHNE SNEKTPOHOB B 30HE NMPOBOAVMOCT M.
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KBAHTOBAS BCENEHHAA

Crelyonee U3JI0KEHHNE — BJIOXHOBIAIONIUI IIPUMED HTPUKJIIA/I-
HOM (PU3UKU U TEXHUKH. V1]1€51 B TOM, YTOOBI CO3HATEJIBHO 3aTPSA3HUTD
KYCOK YMCTOI'O KDEMHUSA WU T€EPMAHUSA JJId CO3LAHUA HEKOTOPBIX
HOBBIX JIOCTYIIHBIX 3HEPICTUYCCKUX YPOBHEH 3JIEKTPOHOB. DTHU HO-
BBIE€ YPOBHU ITO3BOJIAT KOHTPOIUPOBATH IIOTOK JIEKTPOHOB U [ILIPOK,
UAYIIUI 4EPE3 MONYIPOBOJHUK, KAK MBI MOKEM C IIOMOIIIBIO KJIaIa-
HOB KOHTPOJIMPOBATH JIBUKEHHUE BO/IbI IO TPyHaM. KOHEUHO, KOHTPO-
JIMPOBATD TOK, UAYIIUI ITO IIPOBOAY, B IIPUHITUIIE JIETKO: TOCTATOYHO
JIEPHYTb PyO6MIBbHUK. HO MBI CEHYaC HE 06 3TOM, 4 O TOM, KAK CO3/1aTh
0oJiee TOHKHE IIEPEKJIIOYUATENIN U AUHAMHUYECKH KOHTPOJIUPOBATH
C UX NOMOIIBIO TOK B LIENU. DTU HEPEKIIOUATENIN — CTPOUTEIBHBIE
KUPHUYUKH JIOTHYECKUX CXEM, 4 U3 JIOTHYECKUX CXEM, B CBOIO O4e-
penlb, COCTOAT MUKPOIIPOLIECCOPHL. MTAK, KaK XK€ BCE 3TO paboTaeT?

Jlepasg 4acTh pUC. 9.2 IOKA3BIBACT, UYTO IPOUCXOAUT, €CJIH Ky-
COK KPEMHHUSA 3arpA3HEH (HPOCPOpOM. YPOBEHDb 3ATPA3ZHEHUSA MOXK-
HO TOYHO KOHTPOJIMPOBATH, YTO OYEHb BAKHO. IIpefcTaBbpTe, 4TO
B KPUCTAJIJIE YUCTOTO KPEMHUSA KAKIBIM ATOM IIOCJE/IOBATEIBHO
3amemaeTca aTomoMm (pocdopa. Atom pochopa momagaeT HA Me-
CTO, OCBOOOXK/ICHHOE aTOMOM KPEMHHS, U €JUHCTBEHHASI PAa3HU-
114 COCTOUT B TOM, 4TO y (pochopa HA OMH JIEKTPOH OOJIBIIE, YEM
Y KPEMHUS. DTOT JIMIIHUH 3JIEKTPOH OYEHD CJ1A60, HO CBA34H CO CBO-
UM ATOMOM, OH HE JJO KOHIIA CBOOOJIEH M 3AHUMAET JHEPIETUYECKUI
YPOBEHD, HAXOJAIUHUCA CPaA3y 10/ 30HON ITPOBOAUMOCTU. [Ipn HU3-
KUX TEMIIEPATYPAX 30HA IPOBOJJUMOCTHU IyCTA, U JIUITHUE JIEKTPO-
HBI, TOSIBJISIIOIIUECS U3 ATOMOB (POChOpa, PpACIIONATAIOTCS HA JJOHOP-

HOM 3HCPI'CTUYCCKOM YPOBHEC, OTMCUYCHHOM HAd PUCYHKC.

npoBoaMMOCTb npoBoanMOCTb

\,qOHopruh YypOBeHb
aKLieNTOPHbIN YPOBEHb

BaJIEHTHOCTb BaJIeHTHOCTb

Puc 9.2. Hogble SHEPreTnYeECKMe YpoBHM, NOABMBLUMECH B MOMYNPOBOAHMKE

n-Tna (cneea) v MoONYNpoBOAHMKe p-TuMa (cnpasa)



COBPEMEHHbBIN MUP

ITpr KOMHATHOM TEMIICpATypPE Mapa JICKTPOH-JbIPKA B KDEMHUU
CO3/JA€TCA OYEHDb PEJAKO. JINIIb OJMH U3 IPUMEPHO TPHUJIJIMOHA JJICK-
TPOHOB MOJIYYAET JOCTATOYHO SHEPIUU OT TEPMUUYECKUX KOJIEOAHNT
PEIIETKH, YTOOBI IEPECKOYUTD U3 BAJIEHTHOH 30HBI B 30HY IPOBOAM-
MOCTH. HanpOTHB, HIOCKOJIbKY JJOHOPHBIN AJIEKTPOH B POCHOPE OUECHD
CJ1a00 CBA3aH C ATOMOM, BEJINKA BEPOATHOCTD, YTO OH CMOXKET COBEP-
IIUTH HEOOJIBIION CKAYOK C JJOHOPHOT'O YPOBHA B 30HY ITPOBOJUMOCTH.
HTak, 0pyu KOMHATHOM TEMIIEPATYPE IIPU YPOBHE 3aI'DA3HEHM S BbILIE
4eM OIMH aToM (pocdopa Ha TPHUJIJIMOH ATOMOB KDEMHUS, B 30HE IIPO-
BOJMMOCTH OYAYT NPEUMYIIECTBEHHO MIPUCYTCTBOBATH JIEKTPOHBI,
OCBOOOK/ICHHBIE ATOMAMH (POCPOpPA. DTO 3HAYUT, UTO MOKHO C OUCHb
BBICOKOI TOYHOCTBIO KOHTPOJIMPOBATL IPHUCYTCTBUE MOOHJILHBIX
3JIEKTPOHOB, KOTOPBIE CITOCOOHBI ITIPOBOJUTD JIEKTPUYIECTBO, MPOCTO
BAPLUPYHA CTENIEHb (POCHOPHOIO 3arpa3HEHUA. ITOCKOIBKY TOK B 3TOM
CJIy4ae NEPEHOCAT NIEKTPOHBI, CBOOOJHO ABUXXYIIIHUECS B ITOJIOCE ITPO-
BOJJMMOCTH, MBI TOBOPUM, YTO TAKOH THUII 3ATPSA3HEHHOIO KPEMHUS Ha-
3bIBACTCA 72-TUIIOM (OT CJIOBA Negative — OTPUILIATEIbHDII).

ITpaBag yacThb pyUC. 9.2 MMOKA3BIBACT, YTO IIPOUCXO/IUT, €CJIM BMECTO
docdopa MBI 3arPA3HAEM KDEMHUHA ATOMAMU AJIIOMUHUSA. ATOMBI 4J110-
MHHHA BHOBb PACHONATAIOTCA CPEJU ATOMOB KPEMHHA U MPEKPACHO
3aMEIIAIOT MX. Pa3HMUIIA B TOM, YTO Y AJIOMUHMA HA OAWH 3JICKTPOH
MEHBIIIE, YEM Y KDEMHMUA. TaK B UMCTOM KPHUCTAJLIIE TOABJIAIOTCA IBIPKH,
B TO BpeMs KaK IIpH (POCHPOPHOM 3ATPA3HEHNH HOSABJISAIUCH JTUITHUE
3JIEKTPOHBL. DTU ABIPKH PACHOJIOKEHDBI BOIU3U OT ATOMOB AJIIOMM-
HUSA, U UX MOKHO 3AIIOJIHUTD 3JICKTPOHAMHU, KOTOPbIC IIEPECKAKUBAIOT
M3 BAJIEHTHOM 30HbI COCEIHUX ATOMOB KPDEMHMUSL. «/IbIPYATDHII> AKIICTI-
TOPHBIN YPOBEHD IOKA3aH HA pUCYHKE. OH PACIIOIATAETCA IPSAMO HaJL
BAJICHTHOM 30HOM, ITIOTOMY YTO 3JICKTPOH M3 ATOMA KDEMHUA B BAJICHT-
HOI 30HE MOJKET JIETKO IIEPECKOYUTD B JIBIPKY, OCTABJIEHHYIO 4ATOMOM
AJIIOMHMHUA. B 3TOM Ciiydae eCTeCTBEHHO CYUTATH, YTO JICKTPUYCCKUAI
TOK IIEPEHOCUTCA ABIPKAMU, [IO3TOMY TAKOH TUII 3AI PA3ZHEHHOI'O KPEM-
HUSA HA3BIBACTCA P-THUIIOM (OT CJI0BA POSitive — MOJOKUTENbHBIN). Kak
U B IIPEJBIAYINEM CIy4ae, IPU KOMHATHOM TEMIIEPATYPE YPOBEHD AJII0-
MHHUEBOT'O 3ATPAZHEHUSA MOXKET OBITH HE 00JI€E€ OJTHONU TPUJJIMOHHOM,
NIpEX/Ee YeM 6J1arOaAPs JBUKEHHIO ABIPOK U3 ATIOMUHUA ONMIET TOK.

HTaK, MBI IIOKA IIPOCTO JAOKA34JIH, YTO MOXKHO CJI€IATh TAKOM KY-

COK KPEMHUS, KOTOPBII GYAET IIPOBOAUTH TOK — JAB BO3MOKHOCTD
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KBAHTOBAS BCENEHHAA

60 3JIEKTPOHAM U3 ATOMOB (pOChHOpa ABUTATHCA B 30HE IPOBOJU-
MOCTH, JINOO JIBIPKAM M3 ATOMOB aJTIIOMUHUS IBUT'ATHCS B BAJIEHTHON
[194] 30He. Hy 1 uyT0?

Ha puc. 9.3 mOKa3zaHo, YTO Mbl HA IYTH K YEMY-TO BAXKHOMY: OH
JIEMOHCTPHUPYET, YTO IMIPOUCXOAUT, ECJIN CIOXKUTDL BMECTE JIBA KyCKa
KPEMHHA — OJMH 7-THUNA U OJUH p-TUINA. MI3HAYAIBHO B OOIACTH
Nn-TUNA ABIKYTCS JIEKTPOHBI U3 (pocdopa, a B 00IACTH p-TUIIA —

JICKTPOHBI U3 AJTIOMUHUS.

1 " S B

3emna

VA
------------ V>0
Paccrosaxne
---------- V<0

SJ1IEKTPOHDI

T+V |

Iy
LbIPKN

Puc. 9.3. COELLMHEHV\@ OBYX KYCKOB KpEMHWSA — N-TWMa N p-TLMa

B mrore 351eKTpOoHBI U3 O0NIACTU 72-THUNA IIEPETEKAIOT B 0OJIACTh
p-THIA, A SJIIEKTPOHBI U3 OOIACTH P-TUIA — B OOIACTD 72-THUMNA. B 3TOM
HET HUKAKOU 3aT4/IKH; JIEKTPOHBI U JIBIPKU 3MEATCS 110 COUJIEHEHUIO

JIBYX MATE€PUAJIOB, KAK KAIUIS YEPHUJI PACTBOPSAETCS B BAHHE C BOJOM.



COBPEMEHHbBIN MUP

HO NOCKONBKY 3JIEKTPOHBI U ABIPKU JIBHIKYTCSA B IPOTUBONOTIOKHBIX
HaIPaBJIEHUAX, OHU OCTABJISIIOT 32 COOOU 0O6JIACTH MOJIOKHUTEIBHOIO
3apsja (B 00J1aCTU 72-TUIIA) U OOJACTU OTPULATEIBHOTO 3apsiia (B 00-
JIACTU p-TUMNA). TaKOE PACMIONIOKEHUE 3aPAIOB IPEMATCTBYET JJaIbHEH-
IIEX MUTI'PAIIMHA T1O IIPABUITY «OJJTHOUMEHHBIE 3aPAIBI OTTATKUBAIOTC?,
CO BPEMEHEM HACTYHAET OATAHC U MUTI'DALIUA 3AKAHYUBACTCSL.

Ha BTOpOX WJUIIOCTPALUU PHUC. 9.3 MOKA3aHO, KAK MOXKHO OIlH-
CaTh 3TO ABJIEHUE HA A3BIKE MNOTEHIIUAJIOB. JJEMOHCTPUPYETCSA, KAK
JIEKTPUYECKUI MOTEHIINAT U3MEHSETCS IO BCEMY COYJICHEHUIO.
B rnybune obnactu n-tuna 3Pp@EKT COUJIECHEHUS MaJl, U IIOCKOJIb-
Ky HACTYIHJIO COCTOSIHUE PABHOBECUS, TOK OTCYTCTBYET. 3HAYUT,
B 3TOH OO6JIACTU NMOTEHIHAI IIOCTOSAHEH. IIpex/je 4eM ABUTaTbCs
Jlanble, HAJO €€ Pa3 PA3bACHUTD, IOYEMY HAM BAXKEH MNOTEHIIHU-
AJI: OH TIPOCTO MOKA3bIBAET, KAKME CHUJIBL ICHCTBYIOT HA JIEKTPOHBI
U AbIPKU. EC/IM MOTEHIIUAJT POBHBIH, 3JIEKTPOH HE OyJIET JBUTATbCA,
K4K HE IBUT'ACTCS MY, JIEXKAIUI HA POBHOM IOJLY.

Ecy noTeH1Iuan yXOAUT BHU3, MOKHO ITPEATIONOXKUTD, UTO DJICK-
TPOH, HAXOAAIMMNICA BOJIHU3U 3TOTO NAJAIOMIETO MOTEHINAIA, OYAET
TOXE «KATUTHCS BHU3» K COXAJIEHUIO, IPUHATO JOBOJBHO HEYJ00-
HOE PEIIEHHUE CYUTATH, YTO CHUKEHUE MOTEHIINMATIA O3HAYAET <«I10-
BBIIIEHNE» JIEKTPOHA, TO €CTh 3JIEKTPOHBI ITOTEKYT BBEPX. MHBIMU
CJIOBAMU, MAJAIOMUNA ITIOTEHIIUAJT CIYKHUT JIJIA SJIEKTPOHA 6APbEPOM,
4TO MBI U HU300PA3WJIN HA PUCYHKE. DTO CUJIA, TTOATATKUBAIONIAS
3JIEKTPOH IPOYb OT OOJIACTU H-TUIIA, KAK CJACIACTBHUE CO3/IaHUSA OT-
PHMLIATENBHOIO 3apsafa 61arogapsd NPOU3OMIEAIIEH paHee MHUIPa-
LIUM 3JIEKTPOHOB. DTA CHUJIA IPEJOTBPAIIAET AAIbHENIIEE JBUKEHNE
JIEKTPOHOB U3 KPEMHUS 72-TUIIA B KDEMHUWH p-THUIIA. VICTIO/Ib30BAHME
CHMIKEHMA MOTEHIIUANA A1 WITIOCTPALIUN BOCXOXKACHUS JIEKTPO-
Ha HA CAMOM JI€JI€ HE TaK IJIYIIO, KAK KAXKETCs, IIOTOMY 4YTO Cervac
OoJbIIadg HATJIAJHOCTD JOCTHUTAETCS JJId JABIPOK, TAK KAK OHU €CTe-
CTBEHHBIM OOpPa30M TEKYT BHU3. MOXHO CUHUTATH, YTO HAIl CIIOCOO
MIPEACTABICHUA MMOTEHIIUAJIA (JBUKYIIETOCA C BBICOKOH TOUKHU CJIEBA
J10 HU3KOM TOYKHU CIIPABA) KOPPEKTHO OIIUCBIBAET U TOT (PAKT, 4TO I1a-
JICHHE ITOTECHIINAJIA HE TO3BOJISIET ABIPKAM TIOKUHYTh O6JIACTD H-THIIA.

TpeTbs WUIIOCTPALIUA HA PUCYHKE — AHAJIOTHA C TEKYIIEU BO-
JIOM. DIEKTPOHBI CJIEBA TOTOBBI U HAMEPEHBI IOTEYb BHU3 110 IIPOBO/LY,

HO 6apbep MEMIACT UM CJIEIATh 3TO. TOYHO TAK JKE ABIPKU B OOJIACTU
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p-THIIA CKATIJIMBAIOTCA HE C TOM CTOPOHBI 6apbepd; BOAAHOI 6apbep
U N/ICHUE NOTEHIUAIA — [IBA PA3HBIX CIIOCO0A MPEJCTABICHUS O]I-
HOT'O U TOTO Ke. Tak OOCTOAT JIeN1d, ECIIU IIPOCTO CKPENMUTDL BMECTE 1BA
KYCKa KDEMHUS — 72-THUINA U p-THna. OJHAKO UX CKPEIUIEHUE TPEOyET
HECKOJIBKO OOJIBIIMX YCUJIUI, YEM MOKHO IIPEIIONIOKUTD: UX HEb3S
IIPOCTO CKJIEUTDb, IOTOMY YTO TAKOE€ COWIEHEHUE HE MO3BOIUT IJEK-
TPOHAM U JILIPKAM CBOOO/IHO NIEPETEKATDH U3 OJHOM OOIACTHU B IPYTYIO.

CaMO€e MHTEPECHOE, ECIIU MOAKIIOUNUTD 3TOT pr-Nepexo]l K 6ara-
pee, 3TO MO3BOIUT MOBBIMATH MJIH TOHUKATb IOTEHIUAJIBHBINA 6apb-
€p MeXy OOIACTAMUA 72-TUIIA U p-TUMA. ECJIM NOHU3UTD MOTEHIINAT
06JIACTU P-THUMA, TO OH YHNAJET €IIe CUIbHEE, TAK UTO JIEKTPOHAM
U ABIPKAM CTAHET €IIE CJIOKHEE JBUTATLCA 110 COYJIEHEHNIO. Ho 110-
BBIIIEHNE TOTEHIIMAIA OOJACTH p-THUNA (MJIM OCIAGIEHHE MOTEH-
1IUaaa OO6JaCTH 72-TUNA) MOJOOHO NMOHMKCHUIO MJIOTHUHBI, CIEPKU-
BAIOLIEH BOJY. DJICKTPOHBI OOJIACTU 72-THUIIA HEME/JICHHO HAYNHAIOT
3aTOIUISATh OOJIACTD P-TUIMA, A ABIPKU JABUXKYTCSL CTOJIb K€ MACCOBO,
HO B IIPOTHUBOIOJIOKHOM HAIIPABJIEHUU. TaKUM 06pa30M prn-repe-
XOJI MOKET MCHOJb30BATHCA KAK JTHUOJ: OH MOXET OOECIEYUTD JIBU-
JKEHHE TOK4, IIPAaB/d, TOJBKO B OJJHOM HaIlpasicHUM*. HO qUObI
HE IVIABHBIN IIPEJIMET HAIIETO MHTEPECA.

Puc. 9.4 — 3T0 HA6POCOK YCTPOUCTBA, UBMEHUBIIETO MUP, — TPAH-
3uCcTOpa. OH NOKA3bIBAET, YTO IIPOUIOMJIET, ECJIU CIETATh CBOEOOPA3-
HBIA C3H/JIBUY — CJIOU KPEMHUSA P-TUNA PAZMECTUTD MEX]Y JIBYM:I
CJIOSIMU KPEMHMUSI 72-THIA. 3/1ECh HAM XOPOIIYIO CIYKOY COCITYKUT
OOBACHEHHE TIPO AUO[, TTOTOMY YTO HJIEHM MPUMEPHO TE JKE CAMBIE.
DIEKTPOHBI IBUXKYTCS U3 OOJIACTEH 72-THUIIA B OOJIACTH pH-TUIA, 4 IBIP-
KU ABUXKYTCS B OOPATHOM HATIPABJIEHWH, ITOKA M3-34 MAJEHUIT IIOTEH-
1IAJ1a B COYJIECHEHUAX MEXY CJIOSIMU TAKOE B3AUMOIIPOHUKHOBEHUE
HE IIPpEKpamaeTca. B M30IMPOBAHHOM BHJIE MOXKHO IHPEACTABUTH
cebe CymeCTBOBAHME JBYX PE3EPBYAPOB NEKTPOHOB, PA3/IEIEHHbBIX
0apbepPOM, U OFIUH PE3EPBYAP ABIPOK, 3A3KATHIN MEXy HUMM.

CaMO€ MHTEPECHOE MPOHUCXOAMT, KOIJIA MBI IIPUKIAJbIBAEM Ha-
NPSKEHUE K OOJIACTU 72-THIIA C OJJTHOU CTOPOHBI U K OOJIACTH p-TUIIA
B cepeinHe. [IpUIoskeHUE NONMOKUTEIbHOI'O HAIPSI)KEHUS 3ACTABIISICT

TTOTHATHCS TJIOCKYIO YaCTh KPUBOM CJICBA (HA BETUYUHY V) U TIJIOCKU A

* [110f MOXET NPOBOANTH TOK 1 B 0OPaTHOM Harnpae/eHmm, Ho 31T achekT man. [lpum. peo.



COBPEMEHHbBIN MUP

YY4CTOK B O6/1ACTH p-THUMA (HA BEJIMYIUHY V). DTO IOKA3AHO CILJIOMI-
HOM JMHHUEN Ha IEHTPAJIBHOH auarpamme. Takom croco6 pacro-
JIOKEHUSA MOTEHIIUAIOB UMEET CEPBE3HBIE MOCJIEACTBUA: CO3IAETCA
HACTOSIIIINH BOJONA/]] JIEKTPOHOB, KOTOPBIE MPEOJOACBAIOT CHUKEH-
HBIH LICHTPAJIbHBIN 6ApbEP U HANIPABIIAIOTCS B 00JIACTD 72-THUIIA CJIEBA
(HAIIOMHMM, YTO 3JIEKTPOHBI TEKYT «B I'OPKY»). Eciin V, 60sb1e, yeM
V,, TO IIOTOK 3JIEKTPOHOB OyJIET OHOCTOPOHHUM U 3JIEKTPOHBI CJIEBA
HE CMOT'YT IIPEOJONETH OONACTD p-Tuna. Kak 66l 6€306HMIHO HU 3BY-
41 3TU (PPasbl, HO MBI TOJIBKO YTO OMHCAIU JIEKTPOHHBII KJIAIIaH.
HTak, mocpeAcTBOM NPUMEHEHU A HANIPSKEHUA K OOJIACTH H-THUIIA MBI

MOKEM BKJIIOYATDH U BBIKJ/IIOYATH SJICKTpI/IqCCKI/II}/I TOK.

HeO——7 " P L N
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PacctoAHune

/ SJ1EKTPOHbDI

I
I DJIEKTPOHDI ] i
I | |
i | |

Punc. 9.4. TpaHancTop

M BOT 3aBEPIIEHHE: MBI TOTOBBI K MOJHOMY OCO3HAHMIO MOTEH-
11aJia CKPOMHOI'O TpaHazucTopa. Ha puc. 9.5 cHOBa JIEMOHCTPUPY-
€M JICHICTBUE TPAH3UCTOPA YEPE3 MAPAJICIN C TEKyLEH Bogou. Cu-
TyallMs «3aKPBITOrO KJIANAHA» MOJHOCTBIO dHAJOIMYHA TOMY, 4TO

[1971



[198]

KBAHTOBAS BCENEHHAA

IIPOUCXOAUT B OOIACTU P-TUIA 6€3 BCAKOTO HANPsLKEHUA. [TpruMe-
HEHUE HANIPSIKEHUS COOTBETCTBYET OTKPBITHIO KiaanaHa. [To 1ByMs
TPYyOKaAaMU MBI M300pA3HJIN CUMBOJI, KOTOPBIH OOBIYHO HCIIOJIb3Y-
€TCS 11 TPAH3UCTOPA, U C U3BECTHOH JJOJIEH BOOOPAKEHUS MOXKHO
YTBEPXK/IATD, YTO OH JJAKE MOXOXK HA KJIATIAH.

YTO MOXKHO CAENATh C KJIANAHAMHU U TPYOKAMH? MBI MOXEM CO-
371aTh KOMIIBIOTEDP, 4 €CJIH TPYOKHU U KJIANAHBI JOCTATOYHO MAaJIbI,

TO BIIOJTHC CCprSHbIﬁ KOMIIBIOTCD.

' v

¥
I

KnanaH 3akpbIT KnanaH oTKpbIT

Prc. 9.5. AHanorns TpaH3nucTopa ¢ BOASHbIMU TpybKamu

Puc. 9.6 IpeCTaBaseT CO60M KOHIIECITYAIbHYIO HILTIOCTPAIIUIO
TOT'O, KAK MOXXHO HCIIOJIb30BATh TPYOKY C JABYMSI KJIAIIAHAMH U CO-
37aTh HEYTO IIOJ] HA3BAHUEM «JIOTMYECKUHN BEHTHJIb» VY TPyOKHU
cieBa 06a KJanaHa OTKPBITH, B PE3YAbTATE CHHU3Y BBITEKAET BOA.
VY TpyOKHU B LIEHTPE U TPYOKH CIIPaABA OJMH KJIAMAH OTKPBIT U OAUH
KJIATIaH 3aKpBIT, TaAK YTO, OYEBH/IHO, BO/IA CHHU3Y HE BBUINBACTCSL

MBI pemUIn HE HU300pPAKATh YETBEPTHIN BAPUAHT — KOraa 06a



COBPEMEHHbBIN MUP

KJIaIlaHa 3aKPBIThL. ECIM O603HAYUTH BBITEKAHUE BOZABI U3 JHUIIA
TPYOOK U@pPOi 1, OTCYyTCTBHE TAKOI'O BBITEKAHUA — LU@poi O,
4 TAKKE HA3HAYUTD JJI1 OTKPBITOIO KJIaaHa HUdpy 1, a 414 3aKPbITO-
ro nudpy 0, TO MOKHO U300PA3UTD ICHCTBUE YETBIPEX TPYOOK (TPEX
HAPHUCOBAHHBIX U OJJTHOX HEHAPHUCOBAHHON) ypaBHEHUAMU 1 ;1 =1,
1m0=0,0m1=0u0mnm0=0.CioBO «<"» — JIOTUYECKUH OIlepa-
TOP, KOTOPBIH UCIIOIb3YETCS 34€Ch B TEXHUYECKOM CMBICJIE: CUCTEMA
U3 TPYOKHU U KJIAITAHOB, KOTOPYIO MBI TOJIBKO YTO OITMUCAJIN, HA3bIBAET-
CS1 «BEHTUJIb H». DTOT BEHTHJIb PA3PEIIACT 1B BBOAA (COCTOSAHUE IBYX
KJIAIIAHOB) M BO3BPAIAET €AUHCTBEHHOE 3HAYEHHUE (TEYET BOJA NN
HET), IPH 3TOM €JUHCTBEHHBII CITOCOO NOTYYUTh HA BBIXOJE 1 — 3TO
BBECTU 004 paza 1. Hageemcs, Tenepp NOHATHO, KAK MOXKHO C I[IOMO-
IbIO MAPHI MOJICOETUHEHHBIX TPDAH3UCTOPOB CAEIATh «<BEHTUIb > —
IPUHLINUIINAJIBPHASL CXEMA JdHA HA TOM PUCYHKE.

' ' . 2
§ §

2

'

Prc. 9.6. «BeHTU/b M», CO3AaHHbIN C TOMOLLIBIO BOASHOW TPyObI 1 ABYX
KnanaHoB (Cnera) 1 napbl TPaH3MCTOPOB (Cnpasa). BTopolt BapmaHT ropasao

AyyLLie NOAXOANT AN CO3AaHMS KOMIMBHOTEPOB

MBI BU/IUM, 4TO TOK HAYMHACT TEYb TOJBKO B TOM CJIy4ae, ECIU
062 TPAaH3UCTOPA BKJIOYCHBI (TO €CTh €CIH IIPWIOKHUTD IMOJIOXKU-
TEJIbHOE HAMPKEHUE K 06/1aCTAM p-Tuna, V, 1V, ), 4 UMEHHO 3TO
U IPUBO/INT K IOSIBJICHUIO «BEHTUJISI H>.

Jpyras jorudeckas cxeMa U300pakeHa Ha puc. 9.7. 3aech Bojaa 6y-
JIET BBITEKATb CHU3Y, €CJIM OTKPBIT JIIOOOM 13 KJIAIIAHOB, U HE OyJIET BbI-

TCKATb, CCJIN 06a K1amnaHa 3aKPBITHIL. DTO HA3BIBAETCS «<BEHTHUIIEM HJITHD>,
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KBAHTOBAS BCENEHHAA

U €€ MOKHO OIIMCATDh AHAJIOTUYHO Npeapiayime: 1 mau 1 =1, 1 mam
0=1,0mam 1 =1wu 0 ;mam 0 =0. COOTBETCTBYIOIAA CXEMA TPAH3UCTO-
Pa TOXKE MOKA3aHA HA PUCYHKE. TOK IIOUJIET BO BCEX CIYYasIX, KDOME

TOI'O, KOI7Ia 062 TPAH3UCTOPA BBIKJIIOYCHBL.
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Pyc. 9.7. «BeHTWNb UNW», CO3AAHHBIM NMPU MOMOLLIM ABYX BOAAHbIX TPYO 1 ABYX

KnamnaHoB (Cnega) 1Y napsl TPAH3MCTOPOB (CNpaBsa)

HMMEHHO Ha TAKMX JIOTMYECKMX CXEMAdX U OCHOBAHA CHJIA IIU-
(PPOBBIX 3JEKTPOHHBIX NPUOOPOB. DTU CKPOMHBIE CTPOUTEIBHBIE
KUPIHUYUKU JAI0T COYECTAHUS JIOI'MUYECKUX CXEM, KOTOPBIE MOMKHO
UCIIOJIb30BATD JIA CO30AHUS CKOJIb YI'OJHO CJIOKHBIX aJITOPUTMOB.
MOKHO HAa3HAYUTH CIIHCOK BBOJMMBIX 3HAUYEHUN B HEKOTOPBIX JIO-
I'MYECKUX LEIAX (HAa0Op HY/JIEN U €JUHULL), [IPOIHATh 3TH 3HAYCHUSI
Jepes3 HEKYIO HU3OIIPEHHYIO KOH(PUIYPALHIO TPAH3UCTOPOB M MO-
JIYYUTb H4 BBIXOJE CIIMCOK JPYI'UX 3HAYEHUH (ApPyroi Habop Hy-
JIEW ¥ eJUHULL). TaKuM 06pa30M MBI CO3ZAEM LIETN /11 COBEPIIEHNS
CJIOKHEHINX MATEMATUUECKUX PACYETOB UM IPUHATUS PEIICHUH,
OCHOBAaHHBIX HA TOM, KAKHE KJIABUIIN HAXKUMAIOTCA HA KJIABUATYPE.
3aTeM MBI CHA6KAEM 3TOIH MH(POPMALTUENH YCTPOUCTBO, KOTOPOE BbI-
BOJIMT COOTBETCTBYIOIIME CUMBOJIBI HA 3KPAH, MJIM 3aITyCKAEM CHI-
HaJI TPEBOT'H, €CJIU KTO-TO BJIAMBIBAETCA B JJOM, UJIN IIOCBLIAEM IIOTOK
TEKCTOBBIX CHMBOJIOB IO OII'TOBOJIOKOHHOMY Ka6€110 (IIPU 3TOM OHH
IIPEJCTABJICHBI B BU/IC OMHAPHOI'O KOJ14) HA JIPYTI'OM KOHEL MU P4, UJIH...
J12 9YTO YTOJHO, TIOTOMY YTO MPAKTHYECKH JTIOOOH 37E€KTPOHHBIIN NPU-
OOP B HAIIEM PACIIOPSIKEHUHU 110OJ] 3ABA3KY HAOUT TPAH3UCTOPAMU.

[ToTeHMaN UX OE3TPAHNUYEH, U MBI YK€ BOBCIO HCIIOJIb3yEM TPAH-
3UCTOPBL IS U3MEHEHHsI MUpa. He OyJeT NpeyBEeJINYEHUEM CKa-

34Th, YTO TPAH3UCTOP — CAMOC BAKHOC I/1306pCT€HI/IC 34 ITIOCJICAHHC



COBPEMEHHbBIN MUP

100 neT: coBpeMEHHBIM MHUP HOCTPOECH HA IIOJYIIPOBOAHUKOBBIX
TEXHOJIOTHUAX U CPOPMUPOBAH UMU. C IPAKTUYECKON TOUKU 3PEHUS
3TU TEXHOJIOTUHU CHACJIN MUJUIMOHBI JKU3HEH: B OCOOCHHOCTH CTOUT
yKa34Tb Hd IPUMEHEHHE BBIYUCIUTEIBHBIX YCTPOUCTB B OOJIbBHUIIAX,
IIPEUMYIIECTBA OBICTPBIX, HAJEKHBIX U PACIIPOCTPAHEHHBIX I10 BCE-
MY MUPY KOMMYHHKAITHOHHBIX CUCTEM, UCTIOJIb30BAHHUE KOMIIBIOTE-
POB B HAYYHBIX UCCJIEIOBAHUAX U JIJIs1 KOHTPOJIHUPOBAHUS CJIOXKHBIX
IIPOMBIIIJIEHHBIX TPOU3BOJCTB.

Vunbsam 1oxiu, [xxkoH bapaud u Yorrep Bparreiia B 1956 roay
nonyyunu HoOeneBCKyo NpeMHUIO IO (PU3HKE «3a HCCIEAOBAHUE
MOJYIPOBOAHUKOB U OTKPBITHE TPAH3UCTOPHOTO 3P PeKTa». Bos-
MO’KHO, HUKOTrJja HobeneBckas IpeMust He MPUCY>K/1a1aCh 32 paboTy,
KOTOpPAasA Obl B TAKOM CTENEHU HEMOCPEACTBEHHO 3aTPATUBAJIA KU3-
HU OI'POMHOI'O YUCJIA JIIOJCH.
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B IIEPBBIX I71ABAX MBI PACCKA3BIBATU O 3aKOHAX, IO KOTOPBIM
JBMOKYTCA MEJIBYANIINUE YaCTUIIBI. OHU NEPECKAKUBAIOT C ME-
CT4 HA MECTO, 6€3 CTECHEHUS UCCIEAYS NPOCTPAHCTBO U MeTaAPO-
PUYECKH IIEPEHOCSI C COOOM CBOM MUKPOCKONMYECKUE Iudep-
O6natel. JJO6aBUB MHOXKECTBO HUMPEPOIATOB, COOTBETCTBYIOIINUX
Pa3HOOOPA3HBIM CIIOCOOAM, KOTOPBIMU OHU MOT'YT IIPHOBLITH B HE-
KYIO OIIPEJIEIEHHYIO TOYKY B IPOCTPAHCTBE, MBI ITOJIYYAEM €A UHBII
obmuit udepoIIaT, pasMeP KOTOPOT'O CBUJETEIBCTBYET O BEPOST-
HOCTH HAWUTHU YACTULTY «TaM». 3 TUKUX, AHAPXUYECKUX [IPOABJICHUH
KBAHTOBBIX CKAYKOB MOSBJIAIOTCSA 6OJIEE U3BECTHBIE HAM CBOMCTBA
ITOBCETHEBHBIX IIPE/IMETOB. B KAKOM-TO CMBICJIE KAXKBIN AJIEKTPOH,
KQKJIBIA IPOTOH M KAXKJbIM HEUTPOH, IIPUCYTCTBYIOIINUE B BAIIEM
TeJIe, TOCTOSTHHO HCCIAEAYIOT BCIO BCEIEHHYIO, U TONBKO KOI7IA BbI-
4HCJIEHA OOImas CyMMa BCEX 3TUX HUCCJIEJNOBAHWI, MBI OKA3bIBAEM-
Csl B MUPE, TJI€ ATOMBI HALIETO TEJA, K CYACTBIO, CTPEMSTCSI HAXO-
JUTBbCS B OTHOCHUTENBHO CTA0MJIBHON (pOpME — IIO KpauHEH Mepe,
Ha BEK WK Oosblie. HO MBI IO CUX IOP HUKOHUM OOpPa30M HE Kaca-
JINCh TIPUPO/IBI B3AUMOJICHCTBHUI MEXK/Iy YaCTHUIIAMU. MBI yXUTPU-
JIMCB JIOBOJIBHO JIAJIEKO IIPOJBHUHYTBCS, HE KACAACh BOIIPOCA O TOM,
Ha KAKOM SI3BIKE€ YACTHUIIBI PA3rOBAPUBAIOT JAPYTr C Apyrom. Bo MHO-
oM IOMOIJVIA Hjes rnoreHirana. Ho uyro Takoe noreHuan? Ecim
MHDP COCTOUT UCKJIIOUUTENBHO U3 YACTHI], TO, PA3yMEETCs, MBI MO-
JKEM COBCEM OTKAa3aThCS OT CMYTHOI'O HPEACTABICHUS, YTO YaCTHU-

1bl JIBUTAIOTCS «B IIOTEHIIUAJIC», CO3/IAHHOM JIPYIUMHU YACTHUI[AMU,



B3AMMOOENCTBUE

U TOBOPHUTDb YK€ O TOM, KAdK MMEHHO JBHXKYTCA YACTHUIIBI U KaK
B3aUMO/JICHCTBYIOT.

COBpEMEHHBIN ITOIXO/] K PYH/IAMEHTAIBHON (DU3HKE, U3BECTHBIH [205]
K4K KBAHTOBAS TEOPUS OIS, JEHCTBUTEIBHO YCTPAHAET 3TO MOHS-
THE, JOOABIAA K 3AKOHAM JABUXEHUA YACTUIL], HOBBIE 3a4KOHDBI, KOTO-
pBI€ OOBACHSAIOT, KAK 3TU YACTULIBI B3AUMOJEUCTBYIOT JPYT C PYTOM.
DTH 3aKOHBI OKA3BIBAIOTCA 60JIEE CIOXKHBIMHU, YEM T€, C KOTOPBIMU
MBI YK€ BCTPEYAJIMCh, U OJTHO U3 Yy/IeC COBPEMEHHOM HAYKH B TOM,
4TO, HECMOTPSI HAa BCIO CJIOKHOCTD U 3aNIYTAHHOCTD MUPA IPUPO/IBL,
34KOHOB 3THUX HE TAK YK MHOT'O. AJIbOEPT DHUHIITEHNH ITHUCAL: «BeuHas
TAalHA MHUPAd — B €rO MOHATHOCTH», 4 TO, YTO «OH MOHSTEH, 3TO Ha-
CTOSIIIEE YO,

HauneM ¢ (pOPMYJIHMPOBKH 34KOHOB IIEPBOI OTKPBITON KBAHTO-
BOI TEOPHUHU TIOJIA — KBAHIMOBOU INCKMPOOUHAMUKIU, COKPAIIECHHO
QED. HcTOKHM 3TOH TEOpHUH BOCXOAAT K 1920-M ropam, xorga Jdu-
PaKy ¢ OCOGEHHBIM YCIEXOM YAAIOCh MOCTABUTb JIEKTPOMATHUT-
HYIO TEOPHUIO MaKCBEJIA HA KBAHTOBBIC PEJIbCHI. MBI YK€ MHOI'O Pa3
BCTPEYAJIHCH B 3TON KHUTE C KBAHTAMHU IJIEKTPOMATHUTHOTO MOJIA,
4 UIMEHHO C (POTOHAMH, HO B TO BPEMS C HOBOI TEOPUEH ObLJIO CBSI-
3aHO MHOT'O OYEBH/ITHBIX ITPOOGJIEM, OCTABABIINXCS HEPA3PEITUMBIMU
B 1920-1930-€¢ rogpl. Kak IMEHHO, HAIIPUMEP, JIEKTPOH UCITYCKAET
($OTOH NpU JIBMKEHUH MEXK/Y SHEPTETUYECKMMU YPOBHAMH B ATO-
Me? M1 9TO IPOUCXOAUT C (POTOHOM, KOTJJA OH MOTITIOIAETCS SJIEKTPO-
HOM, 4YTO IIO3BOJISET IJICKTPOHY IIEPEIPBIIHYTh HA 00JI€€ BBICOKUNA
SHEPIr€TUYECKUNA YPOBEHDL? OUEBUIHO, YTO (POTOHBI MOTYT CO37a-
BATbCS U PA3PYIIATHCS BO BHYTPUATOMHBIX IIPOIIECCAX, U TO, KAK 3TO
IIPOUCXOJUT, HE OIUCHIBAECTCA TOM «CTAPOMOJHON» KBAHTOBOM TEO-
pHUE, C KOTOPOM MBI IO CUX TOP UMEJIHN €TI0 B ITOU KHUTE.

B ncropun HayKH €CTh HECKOJIBKO JIETEHAAPHBIX COOPAHNN yde-
HBIX — BCTPEY, KAXKETCA, ONPENEIEHHO M3MEHUBIIUX XOJI HAYKI.
BO3MOXHO, 3TO HEMHOI'O HE T4K, IIOCKOJIbKY OOBIYHO Y4aCTHUKU
TAKUX BCTPEY YK€ MHOI'O JIET padOTaJIX HAJl CBOUMU NpobieMa-
MU, HO COCTOABLIAACA B HIOHE 1947 roga koHdepenuusa B Hlenrep-
AnneHje, Ha OKOHEYHOCTU JIOHT-AMIeH 1A B Hb}O-PIOpKC, obiajaer
BECKMMU OCHOBAHUSIMHU HA TO, YTOOBI CHUTATHCS KATAITU3ATOPOM Ha-
YYHBIX OTKPBITUH. YK€ TOJIBKO CIIMCOK YYACTHUKOB CTOUT TOT'O, YTO-

OBl IPOYUTATH ETO BCAYX U C BBIPAKEHUEM, [IOTOMY YTO OH KPATOK
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U TEM HE MEHEE COJAEPKUT UMEHA BEJIUYAUIINX AMEPUKAHCKUX (PU-
3uKOB XX Beka. Bor oH B andasuTHOM nopajke: Xanc bere, J1apuj
bowm, I'peropu bpeitt, Buxkrop Barickond, Kapn Jappoy, XeHJpuk
Kpamepc, Yunnuc JIam6, lynkan Makunnec, Po6éept Mapiak, JI>k0oH
¢on Hertiman, Apnonpa Hopacuk, Po6ept OnneHrerimep, Abpaxam
[Tavic, Jlarinyc onuur, Ucupop Padbu, bpyno Poccu, Po6ept Cepbep,
Dasapy Tennep, JxoH Yunep, Ixopax YineHb6ek, Puuapa deitHMaH,
I'epman ®embax, Jxo0H BaH Pnek u Jxxynuan HIsunarep. Ynurarenn
YK€ BCTPEUYA B KHUI'€ HEKOTOPBIE U3 YIIOMSHYTBIX MMEH, 4 JII0OOH
CTYAEHT (PUBUYECKOIO (PAKYIbTETA, BEPOSTHO, 3HAET OOJbIINH-
CTBO U3 HUX. AMEPUKAHCKHUI nucarenb I3uB bappu ogHa)abl CKa-
3a1: «EC/IM OHUM CJIOBOM OIIPEJE/IUTD, [IOUEMY YEJIOBEUECKASL PACa
HE PACKPBUIA U HUKOI/IA HE PACKPOET MOJHOCTBIO CBOU ITOTEHIUAII,
TO 3TO OYJIET CJIOBO “COOPAHU"». DTO, OE3YCIOBHO, BEPHO, HO BCTPE-
ya B lenrep-AfineHae 6buia UCKIodeHreM. COOpaHHE HA4aJIOCh
C TIPE3EHTAIIMU TOI'O, YTO C TEX MHOP IMOJYUYHUJIO HA3BAHUE JIAMOOE-
CK020 cosuza. YUIIUC JIaM6 C MOMOIIBIO BBICOKOTOYHBIX MUKPOBOJI-
HOBBIX METO/OB, Pa3PA00OTAHHBIX B XOJI¢ BTOPO MUPOBOIT BOMHEIL,
OBHAPYKUJI, YTO CIIEKTP BOAOPO/A HA CAMOM JIEJIE€ HE /10 KOHIIA OIIH-
CBIBAETCA CTAPOUN KBAHTOBOU Teopuen. CylmeCTBOBAI MEIbYANIITNIA
CJIBUT' HAOJIONAEMBIX SHEPIETUYECKUX YPOBHEH, KOTOPBIN HEIb35
ObLJIIO OO'BSICHUTD TEOPUECH, U3JIOKEHHON HAMH B IIEPBOU YaCTHU KHU-
ra. DTOT 3P@PEKT OB KPOXOTHBIM, HO CTAJI HACTOSIUM BBI30BOM
JUISL COOPABIINXCS TEOPETHUKOB.

Tyt mbl octaBum llentep-AnieH 1, BOMTHYIOIMUNICA MTOCJIE PEYUN
JIam62a, 1 O6PATUMCS K TCOPHUH, BOZHUKIIEH B CIEAYIONINE MECAIbI
U rojpl. TeM CaMbIM MBI PACKPOEM IIPOUCXOXKACHUE JIIMOOBCKOT'O
CJIBUTQ, 4 CEMYAC, YTOOBI PA3:KEUb BAIll ANINIETUT, IPHUBEIEM JOBOJIBHO
34raJIOYHOE OIIUCAHUE OTBETA: IPOTOH U JJIEKTPOH B ATOME BOJIOPO-
J1a HE OJJHMU.

QED — Teopus, ONUCHIBAIONIAS, KAK JIEKTPUUCCKHU 3APSKEHHBIE
YACTHUILBL, HAIIPUMEP 3JIEKTPOHBL, B3AUMOJECHCTBYIOT APYT C APYIOM
U C 9acTUIaMU cBeTa (poToHamMM). OHA OJJHA CLIOCOOHA OOBSICHUTH
BCE NPHUPOJHBIC SIBJICHUSA, 34 HUCKIIOYCHHUEM TPABUTAIIUHN H Sep-
HBIX (peHOMEHOB. K AepHBIM (PEHOMEHAM MBI OOPATHUMCS IIO3XKE
U OOBSICHUM, MOYEMY ATOMHOC S/IPpO HE PACHAJJACTCS, XOTS IPEJ-

CTaBJISIET COO0M MHOKECTBO MOJOKUTEIBHO 3APSIPKCHHBIX IIDOTOHOB
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U HEUTPOHOB 6€3 3apsiid, KOTOPBIE B OHY CEKYH/IY PA3JICTEIUCH OBI,
€C/I1 OBl BHYTPU S/1pa HE NMPOUCXOAMIN KaKUEe-TO MPOIECCHL. ITpak-
TUYECKU BCE OCTANBHOE — M YK TOYHO BCE, UTO BBl BUJHUTE U OIILy-
H[A€TE, — OO'BACHAETCS HA INIYyOUHHBIX YPOBHAX QED. MaTepus, CBET,
IEKTPUYECTBO U MATHETU3M — BCE 3TO QED.

HauHeM C TOJIKOBAaHUA CUCTEMBI, C KOTOPOU MBI HEOJHOKPATHO
YK€ BCTPEYAINCH B 3TOH KHUTE, 4 UMEHHO BCEIEHHO C OJJHUM 3JICK-
TPOHOM. KPpY’>KKH HAa PUCYHKE CO «CKa4KaMu [udeposaTos» Ha C. 50
IIOKA3bIBAIOT MHOXKECTBO BO3MOXHBIX MECTOHAXOXK/ICHUI 3JIEKTPO-
H4 B KAKOHM-TO MOMEHT BPEMEHU. YTOOBI BBIBECTU BEPOSTHOCTD Ha-
XOXJEHUS JIEKTPOHA B HEKOTOPOU TOUKE X B OOJiee MO3AHEE BpeE-
M1, KAK TOBOPST HAIIYU KBAHTOBBIE ITPABUJIA, MBI JJOJIKHBI ITO3BOJIUTH
ANEKTPOHY IEPECKOYUTD B TOUKY X M3 JIIOOOI BO3MOKHON HCXOTHON
TOYKM. KaK/Ib11 CKAYOK IPUHOCUT B TOUKY X U ep6JI1aT, MbI CYMMHU-
PYEM UX U IOJTy4aEM OTBET.

Ceryac MBI CACTAEM TO, YTO MOXKET U3HAYAJIBHO ITOKA3AThCS CJIMII-
KOM CJIO’KHBIM, HO, KOHCYHO, UMEET I10J] COOOM CEPbE3HBIC OCHOBA-
Hus. [Ipugercs 3aIeHCTBOBATh HECKONBKO A, B U T'— WHBIMH CJIOBA-
MU, MBI CHOBA4 BO3BPAII[A€MCS Ha [TOJIE TBH/IOBBIX JKUJIETOB U MEJIOBOH
IIBLIN; HE 6ECTIOKOUTECH, TO HEHAJIOJTO.

Korpa yacTuna u3 TOYKU A B HyJIEBOE BPEMs HAIIPABJISACTCA K TOY-
Ke B BO BpeMsi 7, MBI MOKEM IIO/ICUHUTATD, KAK Oy/ICT BBIIVISJICTD I1U-
(depb1aT B TOUKE B, NEPEBEASA CTPENIKU B TOUKE A HA34/ HA BEJIMYMHY,
ONPEJICJIEHHYIO PACCTOSIHUEM MEX/Yy B 1 A 1 BDEMEHHBIM UHTEPBA-
JIOM. UHBIMU CJIOBAMH, MOKEM 3aITHCATh, YTO IIU(MEpOIAT B TOUKE B
3ajaercsa CA, 0) P(A, B, T), tne C(4, 0) nIpeaCcTaBIsgeT UCXOAHBIN
nudepobaar B TOUKE A U B HyJIEBOE BpeMs, 4 P(A, B, T) — Bomonie-
HUE TIPAaBUIA TIEPEBOAA U YMEHbBIIEHUS HU(PEPOIATOB, CBA3AHHOTO
CO CKaukoM u3 A B B* Mbl 6ysnem HaswelBaTh P(A4, B, 1) «1ipomnararo-
poM» ((PyHKLIUEN paACIPOCTPAHEHUA. — [Ipum. ped.) NeEpEMENIEHUA
U3 TOYKU A B TOUKY B. Tenepn, KOrjia U3BECTHO MPABUJIO NIEPEMEIIE-
HUSA U3 TOYKU A B TOYKY 5, MBI TOTOBBI BBIYMCJIUTD BEPOATHOCTD HA-
XOXK/AEHHUSA 9aCTUIBI B TOUKe X. Ha puc. 4.2 €CTb MHOXECTBO UCXO/I-

HBIX TOYCK, TAK YTO HAM IIPUACTCA IPOABUHYTHCA B TO‘IKyX 13 BCEX

* [ponaratop ymeHbluaeT v undepbnat, utobsl BO Bpems [ 00eCneunTs HaxoXAeH Ve YacTy-
Ubl BO BCENIEHHOW C BEPOSATHOCTBHO 1.
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[208]

KBAHTOBAS BCENEHHAA

3TUX CTAPTOBBIX TOYEK U CIIOXKUTD BCE MOy YUBIIHECA HUMPEPOIATHL
B Hamelt kaxyencsa 3y601poOUTEIbHON HOTAIIUU OIYYaAEeTCs 1I1-
depbrat C(X,T)=C(X1,0) P(X1,X,T)+C(X2,0) P(X2,X,T)+C(X3,0)
P(X3, X, T) +., rne X1, X2, X3 U Tak AaJIie€ OTPAXKAIOT BCE MO3UITUU
YACTUIBI B HYJIEBOE BpEMs (TO €CTh ITO3UIIUU KPYKKOB Ha pUC. 4.2).
Yrounum: 3anuch C(X3, 0) P(X3, X, T) IPOCTO 3HAYUT «B3ATb HUDeEP-
671aT B TOUKE X3 M IEPEMECTHUTD €€ B TOUKY X 32 Bpems 7> He crour
JYMaTh, YTO TYT NPOUCXOJUT HEUTO OYEHDb CJIOXKHOE. BCe, 4TO MBI
JleJIaeM, TaK 3TO BKPATILIE 3AIIUCBIBAEM TO, YTO YK€ 3HAEM: «B3ATh IU-
(pepbiar B TOUKE X3 B HYJIEBOE BPEMSI U PACCUUTATDH, HACKOJIBKO I1€-
PEBECTU CTPENKU U YMEHBIIUTDL HU(PEPOIAT B COOTBETCTBUU C TYTEM
YACTULIBI U3 TOYKU X3 B TOUKY X B HEKOTOPOE OOJIEE TO3/1HEE BpeMs T,
4 3aTEM IMOBTOPUTH IPOIECC I BCEX OCTAJBHBIX IUMPEPOHIATOB
B HYJIEBOE BPEMs M, HAKOHEILI, CIOKHUTb BCE IUMPEPOIATH BMECTE
10 IIPABUJIY CJIOXKEHUSA NUPEPOIATOB». YBEPEHBI, Bbl COIVIACUTECH,
YTO 3TO CIHUIIKOM MHOT'OCJIOBHO, IO3TOMY C COKPAIIEHHON 3AIIHUCHIO
JKUTB OyZIEeT IPOLIE.

Mpbl UMEEM NPABO CYUTATH, YTO MPOHATATOP BOIUIOMIAET MIpPa-
BHJIO NIEPEBOJIA U YMEHBIICHUA ITU(MepOa1aTOB. MBI MOMXEM TAKXKE
CuMuTaTh nponararop nudepoaaroM. Yroosl onpasgaTb 3TO 6ecC-
COJEPIKATEIBHOE 3a5IBJICHHE, IPECTABLTE, YTO MBI C YBEPEHHOCTDBIO
3HA4EM, YTO DJIEKTPOH HAXOAUTCS B TOUKE A BO BpeMst 7= 0 1 4TO 3Ta
CUTYyalUs ONMUCHIBAETCA IU(pepOIaTOM pazMepa 1, TOKA3bIBAIOMIEM
12 gacoB. MbI MOXXEM U300pPA3UTD IIEPEMELICHUE C IIOMOLbIO BTOPO-
ro nudepoIaTa, ¥ ErO PA3MEP COBIAJAET C BEJITMYUHOM, HA KOTOPYIO
JIOJIKEH ObITh YMEHBIIEH UCXOAHBIA H(epOIIaT, a4 BpeMs, KOTOPOE
IIOK43bIBACT BTOPOM IHUEMEPOIAT, COOTBETCTBYET BEJIUYUHE HEOO-
XOJMMOI'O MEPEBOJA 4ACOB. EC/IM CKAYOK 3JIEKTPOHA U3 TOYKU A
B TOYKY B TpebyeT yMEHbIIEHUA UCXOAHOro nudepodaara B 5 pas
U IEPEBO/IA CTPEJIOK HA 2 4aCa HA3a/, TO nponaratop P(A4, B, T) MOX-
HO IIPEJCTABUTD B BUJE nudepob1aTa, pa3sMmep KOTOPOrO PABHAECTCS
¥ = 0,2, a CTPEJIKU KOTOPOTO yKa3biBalOT Ha 10 4acos (TO ecThb Iie-
peBeJeHBl HA 2 4aca Ha3aj ¢ 12). Hudepbnar B TOUKE B OIy4daET-
CA IIPOCTBIM «yMHOXKEHUEM» HCXOAHOro nudepbiara B Touke A
Ha IUPEPONAT-IPONATATOP.

OTCTYIJZIEHUE I/ TE€X, KTO Pa36HUPACTCs B KOMIIJIEKCHBIX BEJIH-
ypHaX: Kak C(X1, 0) u C(X2, 0), Tax u P(X1, X, T, P(X2, X, T) mOoryT
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OBITB IIPEJICTABJIEHDBI B BU/JI€ KOMIUIEKCHOI'O YUC/I4, © OHU COYETAIOT-
Csl B COOTBETCTBUHU C MATEMATUYECKUMHU IPABMIAMH YMHOXKCHUS
KOMIIJIEKCHBIX YHCEL.

J1711 T€X, KTO HE PA30UPAETCA B KOMIIJIEKCHBIX BEJIMYUHAX: TO HE-
B4KHO, IIOTOMY UTO OIIMCAHHUE C IIOMOUIbIO IIU(PEPOIATOB CTOJIb JKE
TOYHO. MBI BCETO JIMIIb HPEACTABUIIN CJIETKA MHOU B3IJIA]] HA IPABU-
JIO mepeBosid IM@PEPOIATOB: MOKHO NEPEBOJAUTD CTPEJIIKU U YMEHb-
marTh HU@epo1aT C MOMOUIBIO APYToro 1udepobiara.

HaM HMYTO HE MENIAET BBIPA6OTATH MPABUJIO YMHOXEHUS ITU-
depOaaTOB, KOTOPOE OYACT PAOOTATh: YMHOXHUTD PA3MEPHI BYX 111-
depbnaros (1 x 0,2 =0,2) 1 COBMECTUTDb BPEMS HA TUX ABYX LUPEP-
61aTaxX TAKUM OOpPA30M, YTO CTPEJIKU IEPBOIro nudepbnara oyayr
epEeBEIEHbI HA BpeM BTOPOro: 12 munyc 10, 1o ecTs 2 gaca. Kaxercs,
4TO MBI IJIe-TO CJIETKA IIEPEYCEPACTBOBAJIH, U 3TO OIIPEEIEHHO HE TO,
4TO HY>KHO, KOTJJd Mbl UIMCEM /IEJIO JINIIb C OJHOM yacTulen. Ho ¢u-
3UKH JIEHUBDL, TAK YTO OHU HE CTAJIU OBl BIIAATh BO BCE 3TU CJIOKHBIC
PACCYK/IEHUS, €CU 6B 3TO HE SKOHOMMJIO BPEMS U YCHUJIHS B JIOJITO-
CPOYHOM NEPCIIEKTUBE. BBEIEHHAS 3/1ECh 3ATIUCh OKA3bIBAETCS OYEHD
IIOJIE3HBIM CITOCOOOM CJIEUTD 34 BCEMU IIEPEBO/IAMH M YMEHbBIIICHHU SI-
MU 11 ep6IaTOB, KOTJa MBI IIOJOH/IEM K 60JICE UHTEPECHOMY CJIy-
4aI0 C HECKOJBKMMHU YACTUIAMU — HANPUMEDP, IPHU PACCMOTPEHUHU
aTOM4 BOJOPOAA.

He3aBUCUMO OT JIETAJIEN MOKHO CKa34Th, YTO B HAIIEM METOME
IIO/ICYETA BEPOSTHOCTEH HAXOX/ICHUS OJTMHOKOM YaCTHUIIBI I7IE-TO
BO BcesleHHOI €CThb BCEro ABA KJIIOYEBBIX MOMEHTA. BO-IIEPBBIX, HYX-
HO yKa34Tb HA00P UCXOAHBIX TU(EpOIATOB, 3AKII0UAIONIUX B ceHE
NHMOPMALIUIO O TOM, IJI€ YACTHUIA MOXKET HAXOAUTBLCA B HYJIEBOE
BpeMd. BO-BTOPBIX, HY’KHO 3HATb ponaratop P4, B, 1), KOTOPBIH
CaM BBICTYIIAE€T B pOJIH IU(PepOII1aTa, 3AKIIOYAIOIIETO B Ce6€ IIPABUIIO
IIEPEBOJIA U YMEHBIIEHUA [/ YACTHUIIBL, IEPECKAKMUBAIONMEN U3 TOY-
KU A B TOUKy B.ECu MBI 3HaeM, KaK BBIIJIAJUT MPOIATATOP JJIs
JII0601 Mapbl UICXOJHBIX U KOHEYHBIX TOYEK, TO MBI 3HAEM BCE, YTO
HY>KHO 3HATh, U MOKEM C YBEPEHHOCTDBIO BBICUHUTATD BEJINYECTBEHHO
CKYYHYVIO JUHAMHKY BCEJIEHHOM!, COAEPKAIIEH OJJHY YaCcTULly. Bripo-
4eM, K HEM HENb3sd OTHOCUTBCA MPEHEOPEKUTENBHO, IOTOMY YTO
TAKOE IPOCTOE MOJOXKEHUE JIe] CIA00 3aITyTBIBAETCS, KOI/IA B UT'PY

BCTYIIAET B3AUMO/IENCTBUE YACTULL. BBEIEM XK€ €T0.
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Ha puc. 10.1 rpadudecku n300pakeHbl BCE KIIOYEBBIC UJCH, KO-
TOPBIE MBI XOTHUM 3/IECh OOCYJJUTH. DTO HAIIE IEPBOE 3HAKOMCTBO
¢ puarpaMmamMu PeffHMaHa — CPENCTBOM PACYETA IPOPECCUOHATb-
HOI'O CHEUATINCTA ITO (PUBUKE yacTULl. Hamra 3a71a4a: HalTU BEPOSIT-
HOCTb OOHAPYIKECHUS [1APHI 2JIEKTPOHOB B TOYKAX X U Y B HEKOTOPOE
Bpemsa 7. CHadama HaM COOOIIAETC, TJI€ AJIEKTPOHBI HAXOAATCS B HY-
JIEBOE BPEMSI, TO €CTh KaK BBIITISIAT UCXOAHBIE IO ITU(EpOIaTOB.
DTO BAXKHO, IOTOMY YTO CIIOCOOHOCTH OTBETUTH HA IIOJIOOHBIN BO-
IIPOC 9KBUBAJIEHTHA CIIOCOOHOCTH Y3HATD, «4TO MIPOUCXOAUT BO Bee-
JIEHHOMH, COJIEPsKAIIEH /1BA JIIEKTPOHA». KaXKeTCs, B 9TOM HET 0OCOO0-
I'O IPOT'PECCA, HO TEMEPD BECH MUP Y HAC B KAPMAHE, IOTOMY YTO MBI
MOXEM YSHQ_TI), KaK OCHOBHBIC CTpOI/ITCIIbeIC KI/IpHI/I‘-II/IKI/I HpI/IpO,E[bI
B3AUMOJIEHCTBYIOT APYT C IPYTOM.

711 yIPOILIEHUST MBI U300PA3UJIN JIMIIL OJJHO U3MEPEHUE MIPO-
CTPAHCTBA, U BPEMA JBHKETCS CJIE€BA HATIPABO. DTO HUKAK HE CKa-
JKETCSI HAd HANIUX YMO3AKJIIOYEHUAX. HauHEM C ONHCaHUs NEPBOU
cepuu rpaduxos Ha puc. 10.1. Menkue Touku B 7' = 0 COOTHOCATCS
C BO3MOXHBIMU MECTOIOJOXKEHUSAMHU [IBYX 3JIEKTPOHOB B HYJIEBOE
Bpems. I WILTIOCTPATUBHBIX I1€JICH MPEATION0XKHUM, YTO BEPXHUI
3JIEKTPOH MOXKET HAXOJUTHCA B OJTHOM U3 TPEX MECT, B TO BPEMA KAK
HIDKHUU — B OJJHOM U3 JIBYX (B PEAJIbHOM MHPE HAM IPUILIOCH OB
UMETD JIEJIO C JEKTPOHAMHU, KOTOPBIE MOTI'YT HAXOJAUTHCA B 6ECKO-
HEYHOM KOJIMYECTBE MECT, HO €CJIM OBl IPHUILIOCh 3TO 3aPUCOBATD,
TO KOHYHMJIUCH Obl YEPHUIIA).

BepxHUN 3JIEKTPOH NMEPECKAKUBAET B TOUKY A B HEKOTOPOE 00-
Jlee MO3JHEE BPEMSA U OJHOBPEMEHHO [J€/14€T OYEHb UHTEPECHYIO
BElb: OH MCITYCKAeT (POTOH (HA PUCYHKE MPEACTABIEH BOJHHUCTOM
JIUHHUEN).

[Tocne 3Toro (POTOH NMEPECKAKMBAET B TOYKY B, I'7l€ IOIJIONAET-
CSl IPYTUM JEKTPOHOM. BEPXHUI 3JIEKTPOH 3aTEM NTEPECKAKUBAET
U3 TOYKU A B TOUKY X, 4 HUKHUI — U3 TOYKU B B TOUKY Y. DTO BCeE-
I'O JIUIIb OAWH U3 6ECKOHEYHOI'O MHOXKECTBA BAPUAHTOB MEPEXO/A
NCXOJTHOU TIAPBI ANEKTPOHOB B TOYKH X U Y. MBI MOXKEM CBA34Tb 1U-
depbraT Co BCEM NPOLLECCOM — HA30BEM €T0 «1u@epoIaT 1>, COKpa-
meHHo C1. QED gomKHa AaTh HAM IIPABWUJIA UTPBL, TO3BOJAIONUE BbI-
YHCJIUTD 3TOT LU epOIIaT.
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MpocTpaHcTBO

Puc. 101 HekoTopble cnocobsl pacrafa napsl 31eKTPOHOB. DNEKTPOHbI Haum-
HaIOT ABV>KEHVE C1EBA W BCETAa 3aKaHYMBAIOT €70 B OAHOM 11 TOM e nape To-
uek, X 1Y, Bo Bpems . 311 rpadbuiky COOTBETCTBYIOT HECKObKAM Pa3IVUHbIM

cnocobam, KOTOPbIMI YaCTVLbl MOTYT AOCTNYb Touek X 1Y

IIpexae yeM yriayosusiTbCs B AETANIH, PA30EPEMCs, KAK 3TO JOJI-
JKHO IPOUCXOAUTD. Ha CAMOM BEPXHEM PUCYHKE IPEACTABIEH OJJUH

M3 MHUPHA/IOB CIIOCOOOB, KOTOPBIMH HCXO/IHASI Mapa 3JIEKTPOHOB
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MOJKET MONACTb B TOYKM X 1 Y. Ha APYIUX PUCYHKAX IIPEACTABICHDI
WHBIE CIIOCOOBL. OCHOBHAA U/JIES B TOM, YTO JJIS KAXK/IOTO BO3MOXKHO-
I'o C1oCO6a NONA/JAHUS JJIEKTPOHOB B TOYKH X 1 Y MBI JIOJIPKHBI OIIpe-
JIEIUTDb KBAHTOBBIN UM EPOIAT — YKE YHOMAHYTHII C1 OyAET TN
IIEPBBIM B JUJIMHHON 4Yepene nudepbnaaros*. Korga sce nudepona-
TBI OIIPEJIETEHBI, HY>)KHO CJIOXUTDb UX U MOJYYUTb OJUH <«IJIABHBIN»
nudepobaar. Pagmep aroro nudepbnaara (BO3BECACHHBIN B KBAAPAaT)
YKaKET HA BEPOATHOCTb HAXOXKAEHHUS MTAPDI 9JIEKTPOHOB B TOUKAX X
u Y. ITak, Mbl CHOBA JIOJIKHBI IPEJCTABUTD, UYTO AJIEKTPOHBI JIBHXKYT-
CA K TOYKAM X U Y HE 1O KAKOMY-TO OIPEJEIEHHOMY MAPLIPYTY, 4 CKO-
pee pacCcenBAIOTCA BCEMH CIOCOOAMHM Cpa3y. Ha mocieTHNX HECKOIb-
KUX PUCYHKAX MOXKHO YBUJETD P, O0JIe€ N3O0IMPEHHBIX CIIOCO60B
PacCEnBAHUSA JIEKTPOHOB. DIEKTPOHBI HE TOJBKO OOMEHHUBAIOTCA
(OTOHAMU — OHH MOT'YT HUCIIYCKATh M CHOBA MOIJIOMATh COOCTBEH-
HbIE (POTOHBI, 4 HA MOCJIEAHUX JIBYX PUCYHKAX BOOOIIE IPOUCXOIUT
HEUYTO CTpaHHOE. Ha HUX MOKA3aH CLIEHAPUH, IPU KOTOPOM KAKETCH,
4TO (POTOH MCHYCKAET IJEKTPOH, KOTOPBIN «XOAUT IO KPYIy», Ipe-
JKJI€ YEM 3AKAHYHBAET CBOH IyTh TAM K€, IJI€ HA4aJI: 60s1€e€ TOAPOOHO
006 9TOM MBI CKAXKEM 4yTb I103:Ke. Cerdac Ke MOXKHO IIPOCTO IIPEL-
CTABUTb PsAJl BCE OOJIEE CIOXHBIX JUATPAMM, COOTBETCTBYIOIMIUX
CJIy4asM, IPU KOTOPBIX 3JIEKTPOHBI UCITYCKAIOT U TIOIVIOMIAIOT 60JIb-
IO€ KOJIMYECTBO (POTOHOB, MPEXK/E YEM B UTOI'E 3aBEPIIAIOT IyTh
B TOYKaxX X U Y. IIpuaercsa pacCMaTpUBATh MHOI'OYUCICHHBIC ITyTH,
KOTOPBIE MOT'YT OKOHYHUTBCS /17151 SJIEKTPOHOB B TOYKaX X U Y, HO /1B4
paBuiaa (POPMYIUPYIOTCA OUEHD YETKO: JIEKTPOHBI MOI'YT TOJIBKO
IIEPECKAKUBATDH C MECTA HA MECTO U UCITYCKATh UJIU OIJIOMATh OLUH
¢$oOTOH. BOT M BCE: 2JIEKTPOHBI MOI'YT IIEPECKAKUBATD WJIN PACHIN-
pATbCA. bonee nogpoOHOE pACCMOTPEHHUE MTOKA3BIBAET, YTO HA OAUH
"3 HpI/IBCHCHHbIX BBIIIIC pI/ICyHKOB HC HleyI_HaCT ABYX ATUX HpaBI/III,
IIOTOMY YTO Ha HUX HE U3006PAKEHO HUYETO O6OIEE CIOKHOTO, YEM
COYJIEHEHUE JIBYX AJIEKTPOHOB U (pOTOHA. Ceruac MBI JOIKHBI OOb-
SICHUTD, KAK OIIPEAEIISATh COOTBETCTBYIOINE U(pEepObaaThl — OJUH
JIJISL KQKJIOU UarpaMmel Ha puc. 10.1.

CoCpeIoTOYNMCS Ha CAMOM BEPXHEN AUArpaMMe U IOCMOTPHUM,

KaK OIIPEJEC/JUTh BHEIIHUU BHU/JI CBA3AHHOIO C Hewo 1nudepbdiara

* Mbl y>Ke BCTpeYanimce C 310 naeel, Korha paccMaTtpriBani 8 rnase 7 npuHumn [Maynm
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(uudepbnar C1). B camom Hayajle OpoIecca e€CTh /1BA IJICKTPOHA,
U KaXJbIM M3 HUX UMeEeT CBOU 1nudep6biar. CaeyeT HadaTh C UX
IIEPEMHOXKEHHUA B COOTBETCTBUHU C IIPABHJIIOM YMHOXEHHUA LHUDEP-
6/1aTOB. MBI HOJYyYUM HOBBIN €IHUHBIN IU(epOIaT, KOTOPBIH 060-
3Ha4YUM OYKBOI C. YMHOXEHHE TU(PEPOIATOB UMEECT CMBICJI, IIOTO-
MY YTO HEJIb3s 3a0bIBATh — UHU(MEPOIATEI CIYXKAT A1 OOO3HAYEHUS
BEPOSITHOCTEH, a4 €CJIU UMEIOTCS /IBE HE3aBHCHMBIC BEPOSITHOCTH,
TO CITOCOOOM UX COYETAHUA OyAET ImepeMHoOxenue. Hanpumep, se-
POSATHOCTD BBINA/ICHUS OPJIa HA JIBYX MOHETAX Oy/ICT PaBHA % X V2 = Y.
TOYHO TaK K€ MOJYYAIOMUNICA B pedyaprare nudepbinar C yKasbl-
BAET HA BEPOATHOCTH TOTO, YTO [JIBA JIEKTPOHA OYyT HAXOAUTHCS
Ha UCXO/AHBIX NO3UIUAX. OCTAIBHOE TOXKE CBA3A4HO C YMHOKECHUEM
nupepO1aTOB. BEPXHUIT 3JIEKTPOH MEPECKAKUBAET B TOUKY A, TAK
4TO CYHIIECTBYET CBA3AHHBIN C 3TUM HUMEPOIAT; HA30BEM €10 P(1,4),
TO €CTb «44CTHIA — particle — 1 mepeckakuBaeT B TOUKY A». Tem Bpe-
MEHEM HMXKHHUI 3JIEKTPOH MEPECKAKUBAET B TOUKY B, U JIJII 3TOTO
TOXE €CTh CBOM L(pepb1aT, KOTOPBIN Mbl Ha30BeM P(2, B). TouHO
TAK K€ UMEIOTCA enie ABa 1udepo1aTa, COOTBETCTBYIONIUE IIEPEXO-
A1y 3JIEKTPOHOB B KOHEYHbBIE TOYKH; UX MBI O603HAYUM KaK P(4, X)
u P(B, Y). Hakonen, cymecTByeT U udepos1aT, CBA3aHHBIN C POTO-
HOM, KOTOPBIH IEPECKAKUBACT U3 TOYKU A B TOUKY B. [IOCKOJIBKY (DO-
TOH — 3TO HE 3JIEKTPOH, IIPABHUJIO PACIIPOCTPAHEHUA (POTOHA [OJI-
JKHO OTJIMYATBCS OT IMPABUJIA PACIPOCTPAHEHU A AJIEKTPOHA, TAK UTO
st ero nudepbaara Hy>KHO HCIIOIb30BATh APYro cuMBOJ. O60-
3HA4YUM 11U EPOIAT, COOTBETCTBYIOUINI CKAYKY (DOTOHA, KaK L(A4, B)*.
Tenepb MBI IOIPOCTY MEPEMHOXKAEM BCE IH(PEPOHIATEHI, MOAyUaAs
OJIMH «IVIaBHBIN» R = C P(1,A) x P(2,B) x P(A, X) x P(B,Y) x L(A, B). MbI
yaKe OIM3KH K yCIIEXY, HO HY>KHO €III€ HEMHOT'O YMEHBIIUTD LIHU(pEP-
6J1aTBL, IOTOMY 4TO IIPaBuio QED 110 noBOAY TOT'O, 4YTO IPOUCXOJUT,
KOT/14 3JIEKTPOH UCITYCKAET UJIH ITOIVIOMAET (DOTOH, TOBOPUT O HEOH-
XOJJUMOCTHU BBE/ICHUS YMEHBINAIOMETo KoadduiinenTa g Ha nameit

JUarpaMMe BEPXHHUI JIEKTPOH UCIYCKAET (POTOH, 4 HIDKHHUI €T0

* 3TO TEXHUYECKMI MOMEHT, MOTOMY YTO MpaBMIO NEPEBOAA N YMEHBLUEHWNS LLMCbeD@'\aTOB,
KOTOPbIM Mbl MO/Tb3YEMCA B STOV KHUTe, He BKItouaeT B cebs nocnencTsu cneumansHom
TEOPMW OTHOCUTENNBHOCTI. Ecnn BBECTM WX, KaK U HY>XXHO cenate npn onncaHmnm d)OTOHOB,
OKaXKETCH, UTO MpasWia nepesosa 4acos A4 21eKTpoHOB 1 CbO\OHOB OTNNYatoTCA
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BIUTBIBAET, TAK UYTO KOI(PPUIIMEHTOB CTAHOBUTCA /B4, U MBI HC-
IIOJIb3YEM BEJIMYUHY g2. Teneps BCe IENUCTBUTEIBHO T'OTOBO: KOHEY-
HBIN «11udepbaaT 1> mosydaeTcs ¢ ToMonipio popmyasl C1 =g* x R,

VYMEHBIIAIOMUN KOI(POUITUEHT, BO3MOXKHO, BBITTIALUT HEMHOTO
IIPOM3BOJIBLHO, HO UMEET OYEHDb BAXKHYIO (PU3UYECKYIO MHTEPIPETA-
u10. OH O4EBUJHBIM OOPA30M CBA3AH C BEPOATHOCTBIO UCITYCKAHUSA
3JICKTPOHOM (POTOHQ, TAK YTO OTPAKAECT BEJUUUHY JIEKTPOMATHUT-
HOM CUJIBL [71€-TO B HANINUX BBIYMCIEHUAX MBI JIOJDKHBI ObLIN 33/14Th
CBSI3b C PEAJIBHBIM MHUPOM, IOTOMY YTO CEHYAC BHICUUTBIBAEM PEAIb-
HbIE BEMU. M KAK HBIOTOHOBA I'PABUTALIMOHHAA ITIOCTOAHHAA G HECET
B cebe BCIO HH(POPMALIHIO O CUJIE TPABUTALIUHY, TAK g HECET BCIO UH-
(bOpPMAITHIO O BETUYNHE JIEKTPOMATHUTHOI CUJIBI*.

Ecny 661 MBI IPOBOJMJIA MIOJIHBIE PACYETHI, CENYAC IPHUILIOCH ObI
OBPATUTBHCS K CJIEAYIOUIEH JUarpaMMe, OTOOPAKAIOMEH HHOH CIIO-
COO TOCTUIKEHUS TOM K€ IAPOU JIEKTPOHOB TEX K€ TOYEK X U Y. Bro-
pas AuarpamMma O4Y€Hb HAIIOMUHAET MNEPBYIO: 3JIEKTPOHBI HAUMHAIOT
CBOM IyThb U3 TEX K€ TOYEK, TOJILKO Ha ITOT PA3 BEPXHUI 3JICKTPOH
UCITYCKAET (POTOH B IPYTOM TOYKE MPOCTPAHCTBA U B IPYTOE BPEMH,
4 HMJKHHH 3JIEKTPOH BIUTBIBAET 3TOT (POTOH TOXKE B JIPYrO€ BpEMsI
U B IPYTOM TOYKE NIPOCTPAHCTBA. Bce OCTaIbHOE MPOUCXOJIUT TOYHO
TAK K€, U MBI IIOJIy4aeM BTOpOU nudepoiatr — «udepbaar 2», 060-
3Ha4aeMblil «C2» MBbl IPOJOJIKAEM CHOBA U CHOBA IIOBTOPSTH BCIO
IIPOLIEAYPY /IS KAXK/JOT'O U JIIO60I0 BO3MOXKHOI'O MECTA UCITYCKAHUSA
JIEKTPOHA M KAXKJOI'O U JI0OO60I0 BO3MOXKHOI'O MECTA €I'0 MOIJIONIE-
HUA. MBI JOJKHBL TAKXKE IIPUHATH BO BHUMAHUE, YTO 3JIEKTPOHEI
MOT'YT HAYMHATD JIBUXKEHUE U3 HECKOJBKHUX PA3JIMYHBIX UCXO/HBIX
TOYEeK. OCHOBHAS UJES B TOM, UTO HY>KHO YUECTb KAXK/bII 1 JIIOOOM
CIIOCO6 JJOCTABKU IJICKTPOHOB B TOUKH X U Y M ACCOITUUPOBATH BCE
3THU CIIOCOOBI CO cBOMMHU Lu@epobiaramu. Co6pas Bce nudepo/1aThI,
MBI «IIPOCTO» CKJIAABIBAEM HX, IOy49asl OAWH KOHEYHBIIN TU(EPOIAT,
pasMep KOTOPOTO YKA3BIBAET HA BEPOSATHOCTD HAXOXK/ACHHUS OJJHOTO
3JNEKTPOHA B TOYKE X U BTOPOTO — B TOUKE Y. Tenepb Mbl 3aKOHYUIIN,
U HAM IIPEJCTOUT BBISICHUTD, KAK /IBA JIEKTPOHA B3AUMOJICHCTBYIOT
JIPYT C IPYTrOM, XOTS JIPYTOTO BBIXO/4, KDOME KAK MOJACIYUTHIBATH BE-

POATHOCTH, HCT.

* BenunurHa g cB43aHa ¢ NpeKpacHoOM CTPYKTYPHOW KOHCTAHTOM: O = g2 / 4TL.
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To, 9TO MBI OIIUCATIN, — ITO CAMOE SIIPO KBAHTOBOU JIEKTPOLAU-
HAMUKU, JIPYTHE CHJIBI IPUPOABI MOKHO ONHCATH IIPUMEPHO CXO-
JKUM O0pa30M. MBI BEDHEMCA K 3TOMY 4yTb ITO3KE, IIOKA JKE HYKHO
IIOTOBOPUTH KOE O UEM €IIE.

CHauasa — 263411 C OITMCAHUEM JIBYX HEOOJIBIINX, HO BAKHBIX €T~
Jieil. Bo-11epBbIX, MBI YIIPOCTHIIN CYTb JEJId, IIPOUTHOPHUPOBAB TO, YTO
Y 3JIEKTPOHOB €CTh CITHH 1 YTO OHU 10 3TOMY IIPU3HAKY JICTISATCA HA /1BA
THna. Kpome Toro, CiuH eCTb Uy (POTOHOB (3TO 6O30HEL), KOTOPHIE Jie-
JISITCSL HA TPU THIIA. DTO HEMHOTIO 3aTPYAHAET BBIYHUCICHUS, IOTOMY
YTO MBI JIOJIKHBI CJIEJAUTD, C KAKUMU TUIAMH (POTOHOB U JIEKTPOHOB
HMEEM JIEJIO HA KAXKJIOU CTAJUU IEPEXOA U PACCEUBAHNA. BO-BTOPBIX,
€CJIH BBl BHUMATEJIBHO YUTAJIHU, MOIJIU 3AMETUTh 3HAKH MUHYCA IIE€PE/]
napou guarpamm Ha puc. 10.1. OHM CTOAT TaM, TOTOMY YTO MBI TOBOPHUM
00 U/ICHTUYHBIX AJIEKTPOHAX, IEPECKAKUBAIONINX U3 TOYKN X B TOUKY Y,
4 JIBE IMATPAMMBI CO 3HAKAMU MUHYCA COOTBETCTBYIOT B3AUMHOMY O0-
MEHY 3JIEKTPOHOB [0 CPABHEHUIO C JPYIUMU AUATPAMMAMU, TO €CTh
3JIEKTPOH, KOTOPBIH HAYAJI IBUKEHUE U3 BEPXHETO T0JIS TOYEK, 3aBEP-
IIAET €TO B TOYKE Y], 4 BTOPOU, HUZKHHUH 3JIEKTPOH OKA3bIBAETCS B TOU-
Ke X. M KaK MBI y’Ke€ TOBOPHJIM B IVIABE 7, TAKAA CMEHA KOH(MUI'YyPaAIAIT
COYETAETCA TOJIBKO TTOCJIE JONOJTHUTEIBHOIO NEPEBOAA upepdraTa
Ha 6 92COB — OTCIO/IA Y 3HAK MUHYCA.

He MCKII04eHo, 4TO Bbl 3aMETHIM U BO3MOKHBIN HEJOCTATOK B Ha-
IIEM IIJIAHE: CYIIECTBYET OECKOHEUYHOE KOJTMYECTBO JUATPAMM, OITHCHI-
BAIONIMX BAPHUAHTHI IIEPEXO/]A YACTHUI] U3 TOYKU X B TOUKY Y, U CYMMHU-
POBaHHUE HECKOHEYHOT'O KOJIMYECTBA [IU(PEPOIATOB MOKET OKA3ATHCA,
MSATKO T'OBOPSI, U3BHYPUTEIBHBIM 3aHATHEM. K CUaCTbBIO, IPU KaXK/IOM
PacCeaHNH aPhI AJIEKTPOH—(MOTOH B PACYETDI BXOAUT EMIE OJUH MHO-
JKUTEJIb — g, YTO YMEHBIIIAET PA3MEP UTOTOBOTO THU(epOIaTa. DTO 3HA-
YUT, YTO YEM CJOXKHEE JUATPAMMA, TEM MEHBIIE COOTBETCTBYIONIUI
nuep6IAT U TEM MEHEE BAXKEH OH JIJISI UTOrOBOro nudepobiiara. s
KBAHTOBOU 9JIEKTPOJUHAMUKHU BEJIMYHHA g IOBOJIbHO MaJj1a (OKOJIO 0,3),
TAK YTO YMEHBIIICHUE IIPU YBETUYEHNH YUCJIA PACCEAHUI CTAHOBUTCS
HAMHOT'O 60s1€€ ABHBIM. OUEHb YaCTO JOCTATOYHO YUYECTD TOJIBKO Ta-
KH€E JTUArpaMMBbl, KaK IEPBbIE AT HA puC. 10.1, e pacceanui He 60-
JIEE IBYX, YTO SKOHOMHUT MHOKECTBO YCUJIUIL.

TaKoI IPOIECC BBIYUCICHU S ITU(PEPOIATOB (HA HAYIHOM JKAPrOHE

M3BECTHBIN KAK «AMIUIUTY/AA») JUIA KAXKJIOM Auarpammel PerHmana,
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KBAHTOBAS BCENEHHAA

CYMMUPOBAHHE BCEX LU(PEPOAATOB U BO3BEACHUE ITOJTYUYEHHOI'O
UTOTOBOTIO IH(epHIATA B KBAIPAT C LIEIBIO ONPEEICHUS BEPOST-
HOCTH IPOTEKAHUS IPOLECCA — ITO Xy1eO C MACIOM COBPEMEHHOMN
(PU3UKU 9aCTHULI,

Ho 1oz mOBEPXHOCTBIO BCET'O, YTO MBI CKA3aJIH, TAUTCS 34IaJJO4-
Hasl 1po6aeMa, KOTOPAsi OYEHb CHJIIBHO OECIIOKOUT OHUX (PUUKOB

U COBEPIIECHHO 6€3Pa3/INyYHa JPYIHM.

[Ipo6neMma nsMepeHusa
B KBAHTOBOW TeOpuUn

IIpu CKIaABIBAHUY ITU(PEPOHIATOB, COOTBETCTBYIONIUX PA3HBIM JHa-
rpammam PerHMaHa, NOABISIETCSI 3PPEKT KBAHTOBON UHTEP(PEPECH-
nuu. Kak u B cryyae ¢ IBYXIIEJIEBBIM IKCIIEPUMEHTOM, KOI/IA HYX-
HO OBLJIO IPUHATH BO BHUMAHHE BCE BO3MOKHBIE TPAEKTOPUU ITYTH
YACTHUIBI K SKPAHY, MBI JIOJIKHBI YYECTb BCE BEPOATHOCTH MEPEXO/A
IIapbl YaCTUIL U3 UCXOAHBIX MOJIOXKEHUN B OKOHYATEIbHBIC. DTO IO-
3BOJISIET IPUUTH K MIPABUJIBHOMY OTBETY, IIOTOMY YTO CTAHOBHUTCA
BO3MOKHOHN UHTEPPEPEHIIUA MEXKY PA3IUYHBIMUA JUATPAMMAMU.
TONBKO B KOHIIE IPOIECCa, KOId BCe L ep61aThl IPOCYMMUPOBA-
HBI ¥ BCE UHTEP(PEPEHIINH YUTEHEBL, HY>KHO BO3BECTH B KBAJPAT PA3-
MepP UTOroBoro nudep6saTa U BLIYUCIATD BEPOATHOCTD IIPOTEKA-
Hud rponecca. [Ipocro. A reneps nocmoTpuTe HA puc. 10.2.

YTO CIAYYUTCS, €CAU MBI IOMBITAEMCSI ONIPEJICINUTD, YTO JEIAI0T
NEKTPOHBI IIPU NIEPECKAKMBAHUHN B TOYKU X U Y? ENMHCTBEHHBIN
CIIOCOO UCCIEAOBATD, YTO IPOUCXOJUT, — B3AUMOJCHUCTBOBATD C CU-
CTEMOH IO IPABHUJIAM UI'PBL. B KBAHTOBOI 3JIEKTPOJUHAMHKE 3TO
3HAYUT, YTO MBI JOJIKHBI IIPUIEPKUBATBCA MPABUIA PACCEUBAHUA
3JIEKTPOHOB-(POTOHOB, MOCKOJABbKY HHUKAKUX JPYTUX MPABUJ HET.
Hrak, monpoOyem B3aUMOAEUCTBOBATDL C OJHUM U3 (POTOHOB, KOTO-
PBIIT MOXET OBITH UCIYIIEH OJHUM U3 ABYX 3JIEKTPOHOB. Onpene-
JIMM €T'0 C IOMOIIBIO JINYHOT'O JIETEKTOPA POTOHOB — COOCTBEHHBIX
71a3. 3AMETBTE, MBI 33/J4EM TEOPETUYECKHM MHOU BOIIPOC: «Kakosa
BEPOSITHOCTb HANUTHU IJEKTPOH B TOYKE X, APYTrOH 3JEKTPOH B TOY-

Ke Y, a Takke POTOH B COOCTBEHHOM IJ1a3y?» MBI 3HA€EM, UTO CAECIATh



B3AMMOOENCTBUE

JUISL TIOJIYYEHHUSA OTBETA: HY’KHO CJIOKHUTB BCE U(PEPOIATDI, CBA3AH-
HBIE C PA3JIMYHBIMU JUATPAMMAMH JIJIs IBYX IEKTPOHOB, KOTOPBIE
3aBEPIIAIOTCA HAXOX/JEHUEM OJHOI'O 3JIEKTPOHA B TOUKE X, BTOPO-
I'O B TOYKE Y U (POTOHA «B COOCTBEHHOM IJ1a3y»>. TOUHEE, MBI TOJIKHBI
T'OBOPUTH O TOM, KaK (DOTOH C 3TUM «MOHUM COOCTBEHHBIM IJIA30M»
B34MMOJIEVICTBYET.

XOTs BCE 3ByYUT OTHOCHUTEIBHO MIPOCTO, IPOILECC BCKOPE BBIPHI-
BAETCA U3-TIOJ, KOHTPOJd. Hanpumep, (OTOH OTPBIBAETCA OT AJIEK-
TPOHA, HAXOJAIEIOCAd B OJJTHOM M3 4TOMOB MOETO IJIa3d; 3TO 34Ily-
CKA€ET LENOYKY COOBITUM, KOTOPAAd B KOHEYHOM CYETE BEJET K MOEMY
BOCIPHUATHIO (POTOHA: A CO3HATENBHO HAOJIONAI0 BCIBIIIKY CBETA
B COOCTBEHHOM IJ123y. UTaK, 4TOOBI IIOJTHOCTBIO OIIUCATH TO, YTO I1PO-
HUCXOJUT, MBI JJOJDKHBI OINIPEJNEINUTD MOJTOXKEHUE KAKAOM YACTUILIBI
MOET'O MO3I'a, TIOCKOJIbKY BCE OHU PEArUPYIOT HA NTOABIEHUE (POTOHA.
W TyT MBI BILIOTHYIO HOAXO/IHUM K TaK HA3bIBAEMON IIPOOGIEME U3ME-
PEHUA B KBAHTOBOM TEOPUU.

MpocTtpaHcTBO MpocTtpaHcTBO

» Bpema » Bpema

Puc. 10.2. YenoBeueckmit a3 CMOTPUT Ha Npomcxoaslliee

J1Oo CUX TIOP MBI JOBOJIBHO MO/IPO6HO OMUCHIBAJIN METO/IbI BBIYMC-
JIEHUS BEPOATHOCTEN B KBAHTOBOH (pusuke. [Tog 3TUM HOHUMAETCH,
4TO KBAHTOBASl TEOPUs MO3BOJIACT BbIYUC/IHUTD MIAHCHI U3MEPEHUSA
HEKOETO OINPEJEIICHHOIO UCX0/1A KCIIEPUMEHTA. B 3TOM 1Ipornecce
HET HUKAKUX JBYCMBICJICHHOCTENH — JOCTATOYHO CJIEJOBATDH IIPa-
BHJIAM MUI'PBI U HE OTKJIOHATBCS OT BBIYHCICHUS BEPOSATHOCTHU TOI'O,
4TO MOXKET NPOU3ONUTU. OLHAKO CJIYYAE€TCd HEYTO HENPHUATHOE.
IIpeacraBpTe, YTO YYEHBIN IIPOBOAUT 3KCIIEPUMEHT, AJIs1 KOTOPOI'O
BO3MOJKHBI JIMIIIb JBd UCXOJAAd — «d» U «HET». MTaK, SKCIIEPUMEHT
COCTOSJICA, U B PE3YAbTATE IKCIEPUMEHTATOP 3aIMUCAT UCXOJ| «/12>
HUJIN «HET» HO YK HHUKAK HE TO U JPyroe OJHOBPEMEHHO. [Toka Bce
XOPOIIIO.
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KBAHTOBAS BCENEHHAA

Tenepb NPEACTABUM, UTO ITO3KE BTOPOU IKCIIEPUMEHTATOP U3ME-
pSIET HEYTO APYroe (4YTO UMEHHO — HE UMEET 3HAYECHUA).

CHOBA NPHUMEM K4K JAHHOCTb, YTO 3KCIIEPUMEHT MPOCT U BO3-
MOXKHBIX UCXOJIOB IBd — <«CCThb IIEIYOK> U «HET MIea4YKa». [IpaBuia
KBAHTOBOW (PUBUKU JUKTYIOT: MBI JJOJIKHBI BBIYUCIUTD BEPDOATHOCTD
TOI'O, YTO BTOPOM 3KCHEPUMEHT JACT «ILIEJIYOK», IIPOCYMMHUPOBAB
nudepOaThl, CBA3AHHBIE CO BCEMH BEPOATHOCTSIMH, BEAYIIUMU
K TAKOMY UCXO/Y. DTO MOKET BKJIIOYATh B CEOA BAPUAHT, YTO IEPBBII
SKCIEPHUMEHTATOP HOIYYACT UCXO/ «[1a», 14 JOIIOJHSIOI NN €I'0 BApU-
AHT C UCXOJOM «HET». TOJIBKO MOCJIE CYMMHUPOBAHUA [IBYX UCXOJOB
MBI IIOJIYYUM IIPABUJIBHBIA OTBET U Y3HAEM, KAKOBA BEPOATHOCTD PE-
3yJIBTATA «€CTh LIEIYOK>» BO BTOPOM IKcIIepuMmenTe. Ho Tak ju 310o?
JIEVCTBUTENBHO U HYKHO IHPUHUMATh B PACYET HEOOXOJUMOCTD
HOAJCPKAHUSA CBSZHOCTH MHUPA JAXKE IIOCJIE TOI'O, KAK HEKOE U3ME-
peHune 3aBepunaIoCh? Mn )Xe Ha CAMOM JieJIe TTIOCIE TIOJIYUYEHU pe-
3YJIbTATA «1a>» UJIU «<HET> B IEPBOM IKCIIEPHUMEHTE OYAYIIEE 3ABUCUT
JIMIIb OT U3MepeHUs? Hanpumep, BO BTOPOM IKCIIEPUMEHTE 3TO 3HA-
YT, YTO €CJIU IIEPBBbIA SKCIIEPUMEHTATOP MHOJIYYAET «I1a», TO BEPOAT-
HOCTb UCXO/IA «€CTh LIETYOK>» BO BTOPOM IKCIIEPUMEHTE JOJI>KHA BbI-
YHCIATHCA HE UCXOJA U3 CYMMBI BEDOATHOCTEN «/1a» U «<HET», A JIMIIIb
IIOCJIE YYETA BEPOATHOCTEH, IIPHU KOTOPBIX MUP MOXET PA3BUTHCI
OT «IIEPBBIA IKCIIEPHUMEHTATOP IONYYAET OTBET J1A» 10O «BTOPOU IKC-
HEPUMEHT JA€T MIEA40K». Pagymeercs, Ipu 3TOM HOJNYy4YUTCA HE TOT
OTBET, KAK IIPU CYMMUPOBAHUN OOOMX UCXOJOB «/1d> U «HET», TAK YTO,
€CJIM MBI CTPEMUMCS K IIOJIHOMY IIOHUMAHHIO, HYKHO BBIACHUTD, KAK
CJIEAYET NOCTYHATD.

YTOOBI Y3HATH, KAKOH U3 METO/IOB BEPEH, TPEOYETCS O PENCIUTD,
€CTBb JIU YTO-TO OCOOEHHOE B CAMOM IIPOIeCCe U3MepeHus. ismeHns-
CT JIKM OH MUD, NPCIATCTBYA CIIOKCHNIO KBAHTOBBIX AMIIJIUTY/, 1IN
IIPOCTO OKA3BIBAETCSA YACTBIO OOMIMPHON CIOKHON CETH BEPOATHO-
CTEM, OCTABAACH BCETA B OGHOU U TOM XK€ Cyleprozuuuu? Jirogsam
MIPUATHO CYUTATD, YTO U3MEPEHUE KAKUM-TO OOPA30M (TTOJIy4EHUEM
OTBETA 14> UJIH «HET», HAIIPUMEP) HEOOPATUMO MEHSIET OYAYIEe, TAK
4TO, €ECJIU ATO IIPAB/Jd, HUKAKOE OyAylIce U3MEPEHUE HE MOXKET IIO¥-
TU OLHOBPEMEHHO ITYTAMU <[> U «<HET». HO COBEPIIEHHO HEIIOHATHO,
JEUCTBUTEIBHO JIU 3TO TAK, IIOTOMY YTO, CYJs I10 BCEMY, BCEra CylIe-

CTBYET BEPOSITHOCTb HANMTH TAKOE OyYyIIEE COCTOSTHHE BCeneHHOM!,



B3AMMOOENCTBUE

K KOTOPOMY MOKHO HOJOHTU OOOUMH CHOCOOAMU. IJIT TAKHUX CO-
CTOAHUI 3dKOHBI KBAHTOBOM (DU3MKH, €CIU BOCIIPUHUMATDL UX OYK-
BAJIBHO, IIPSAAMO-TAKH 34CTABIAIOT BBIYUCIATD BEPOSATHOCTD UX IIPO-
SIBJIEHUS ITyTEM CYMMHUPOBAHUSA BAPUAHTOB «1d» U «HET». KaKuM OBl
CTPAHHBIM 3TO HU Ka3aJI0Ch, 3TO HE 60/1€€ CTPAHHO, YEM CYMMHPO-
BAHHE UCTOPUM, KOTOPBIM MbI IIOCTOAHHO 3aHUMAJIUCh B 9TON KHU-
re. Bece 1e10 B TOM, 4TO MBI HACTOJIBKO CEPLE3HO OTHOCHUMCA K 3TOM
HUJICC, YTO TOTOBBI COBECPHIATH COOTBETCTBYIOIIMC JICHCTBUS JIAXKE
IIPUMEHUTEIBbHO K JIIOAAM U UX AeUCTBUAM. C 3TOM TOYKU 3PECHUSA
HUKAKON «IIPOOIEMBI U3BMEPECHUS» HE CYLIECTBYET. TOJIBKO €CIU MBI
HACTAUBAEM, UTO AKT U3MEPEHUA U €I'0 PE3YJIbTAT — «1a» UJIN «<HET» —
PEANbHO MEHAET IIPUPOY BEIEH, BOZHHUKAIOT IPOOIEMBI, IIOTOMY
YTO B 3TOM CJIy4ae Ha HAC JIEKUT OOA3AHHOCTDb OOBACHUTD, YTO K€
3aIyCKAET IIPOIECC U3MEHEHUH M HAPYIIAECT KBAHTOBYIO CBA3HOCTD.

ITopxoJ, K KBAHTOBOM MEXAHUKE, KOTOPBI MBI OOCYKJAEM, OT-
BEpraeT caMy M/ICIO, YTO HPUPOAA KAXK/IBIN Pa3, KOIjd KTO-TO (MU
YTO-TO) «IIPOBOIUT U3MEPEHUE» BBIOUPAECT KOHKPETHYIO BEPCHUIO
peanbHOCTH. OH JICKUT B OCHOBC TAK HA3BIBACMON MHTCPIIPCTAIIUN
MHOKECTBEHHOCTHU MUPOB. DTO OYE€HbD IIPUBJIEKATEIBLHO, IOTOMY YTO
BBICTYHAET JIOTUYECKUM CJIEACTBUEM CEPBE3HOTO BOCIIPUATUA 3AKO-
HOB, YIPABIAIOMINX 3JIEMCHTAPHBIMU YACTHULIAMH, U PACIPOCTPA-
HEHUA UX HA BCEe (PpeHOMEHBIL. HO mOCIenCcTBUA TAKOTO CEPHE3ZHOTO
BOCIIPUATUSA WOKUPYIOT, IOTOMY YTO IIPULETCA IIPEACTABUTD, YTO
BcesneHHass — 3TO KOIEPEHTHAs CYNEPHNO3ULIHS JIIOOBIX JACHCTBUH,
KOTOPBIE MOI'YT IIPOMU30UTH, 4 BOCIPUHHUMAEMbII HAMU MUP (KOTO-
PBII, KAK MBI IIPEJIIOIAIAEM, KOHKPETHAS PEAIbHOCTD) TAKOB JIUIIb
IIOTOMY, YTO MBI OIIMOOYHO CYUTAEM, UTO [IPU U3BMEPEHUH TEPAECTCH
KOI'€epeHTHOCTDh. MHBIMU CJIOBAMH, MOC CO3HATEIbHOE BOCIIPUATHE
MHPa OOBACHAETCA TEM, YTO KPAMHE MAJIOBEPOATHO, YTOOBI AJILTEP-
HATHUBHBIE (HOTEHIIUAJIBHO HHTEPMEPUPYIOMINE) UCTOPUU MOIJIH
IIPUBECTU K TOMY KE CAMOMY COCTOSHHIO «CEMYAC», 4 3HAYUT, KBAH-
TOBOU MHTEP(PEPEHIIMEN MOKHO IPEHEOPEYD.

Ecnmu nsMmepenye He paspymdeT KBAHTOBOW CBA3HOCTH, TO B Ka-
KOM-TO CMBICJIE BCs KU3Hb IIPOTEKACT BHYTPH OJHOU I'MI'AHTCKOMU
guarpammbl GefHMaH4, U HALIE JKEJIAHUE AyMaTh, YTO HPOUCXOAAT
HEKHUE OIIPEJE/IEHHBIE BEIU, — CJIEJCTBUE HAMIEI'O CIAUIIKOM MPU-

OIU3UTENBPHOIO BOCHPUATHS MHUPA. MOXHO IPEANOJIOKUTD, YTO
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KBAHTOBAS BCENEHHAA

B KAaKOHM-TO MOMEHT OYAYIIETO C HAMU MOXKET IIPOHU3O0NTU HEYTO,
YTO MOXKET OBITh OO'BSICHEHO JIMIIb TEM, YTO B IIPOIIJIOM MBI IPOU3-
BEJIM OJJHOBPEMEHHO [IBA IPOTHUBOPEYANUX JIPYT APYIY ACHUCTBUAL
PagymeeTcs, 3TOT 3(P(PEKT HEZHAUUTEIIEH, TAK KAK OYEBUIHO, YTO
«I IIOJIYYWUJI pabOTy» U «1 HE MOJY4YUJ paboTy» — 1BA COOBITHS, OKA-
3BIBAIOIINE COBEPIIEHHO MPOTUBOIIONIOKHOE BO3JCHCTBUE HA HAIIY
JKHU3Hb, U HE TAK-TO MPOCTO NPUAYMATh CIIEHAPHUH, KOTOPBIN NpPHU-
BeJl 6bl K UJEHTUYHBIM OyAyIIHUM BceleHHBIM (IIOMHHUTE, YTO MBI
JIOJIKHBI CKJIA/IbIBATH TOJIBKO T€ AMILIMTY/bl, KOTOPBIE BEYT K O U-
HAKOBBIM MCXO/aM). B 3TOM ciydae MojlydeHue U HETIOJIyYEHHE Pa-
OOTBI HE CIIUIIKOM HHTEP(PEPUPYIOT, U MBI BOCHPHHUMAEM MUP T4AK,
4TO OJHO COOBITHE IIPOU3OILIO, 4 Apyroe HeT. OJJHAKO BCE OOCTOUT
TEM MEHEE OJJHO3HAYHO, YEM MEHEE /IBA AJIBTEPHATHUBHBIX CLIEHAPHA
IIPOTUBOIOJIOXKHBI, U, KAK MBI YK€ BH/JIC/IH, JJII B3AUMOJCHCTBUI
HEOGOIBIIOTO KOJUYECTBA YACTULL CYMMHPOBAHHUE PA3HBIX BO3MOK-
HOCTEHN COBEPIIEHHO HEOOXOAUMO. TaK KaK B IOBCETHEBHOM KU3HU
32JICCTBOBAHO OI'POMHOE KOJIHMYECTBO YACTHI], /IBE€ CYIIECTBEHHO
pasHble KOH(MUTYPALUU ATOMOB B OIPEJEIEHHOE BpEMs (HAIIPU-
MEpP, CUTYAIIUH MOJYYEHHUS U HEMONYUYCHUS PabOThI) C KpaliHE Ma-
JIOH BEPOATHOCTBIO MOT'YT IIPUBECTH K 3HAYUTEIBHBIM U3MEHEHUAM
B HEKOEM OYAYIIEM CLIEHAPUU. B CBOIO Ouepe/ib, 9TO 3HAYUT, YTO MBI
MOKEM JIBUT'ATbCSA BIIEPEJL, CHUTASA, YTO MUP HEOOPATUMO U3MEHHNIICS
B PE3YIBTATE U3MEPEHUS, JAXKE €CIU HA CAMOM JIEJIE HUYETO MTOJJ06-
HOTI'O HE NTPOU3O0ILIIO.

Ho BCe 3TO HE TAK BAXKHO, KOIZIA JEJIO JOXOJAUT IO CEPbE3HOU
33/1a41 — BBIYMCJIEHUS BEPOSITHOCTH, YTO HEYTO MPOU3OUJIET NIPU
IIOCTAHOBKE 3KCIIEPUMEHTA. MBI 3HAEM IIPABHJIA PEIIEHUA 3TON 3a-
J1aYU M MOKEM 6€3 KAKUX-JIMOO MPOHIEM UX NPUMEHUTh. HO KOr/1a-
HUOY/Ib TAKOE YJAYHOE CTECYCHUE OOCTOSATENbCTB MOXKET U3MEHUTD-
CSl: CEMYAC IKCIIEPUMEHTAIBHOE PA3PENIEHUE BOIIPOCA O TOM, KaK
Hallle IIPONIJIOE MOXKET C MNOMOIINBIO KBAHTOBOU MHTEPMEPEHITUN
IOBJIUSATH HA Oyiyliee, IONIPOCTY HEBO3MOKHO. Ta CTEIEHb, O KOTO-
PO¥ YMCTBOBAHUA 110 IIOBOAY «MCTUHHOU IIPUPOAB> MUPA (MU MU-
POB), OIIMCHIBAEMOTI'O KBAHTOBOM TEOPHEH, MOT'YT MEIIATH HAYYHOMY
IIPOTPECCY, OTIIUYHO OTPAXKAETCA NO3ZULHUEN (PU3UUYECKOU IIKOJIBI
«3aTKHUCH U CUATAI», KOTOPAs MTOCIE/IOBATEIBHO OTBEPIaET JIOObIE

IIONBITKU PACCYXKJAEHUI O PEATIBHOCTH BEIIEN.
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AHTuUMaTepusa

Bepnemcs k Hamemy mupy. Ha puc. 10.3 okazaH enie OJIuH Clocoo
PACXOXKIEHUSA [ABYX 3JICKTPOHOB. OAUH U3 BXOAAIINX IIEPECKAKUBA-
€T U3 TOYKHU A B TOUKY X, IO JOPOre UCITycKas (poTOH. Bpoje Bce Kak
BCEIJ4, HO B JAHHOM CJIy4a€ JJICKTPOH IIOBOPAYMUBAET BO BDEMEHU —
O6PATHO B TOUKY Y, I/I€ IIOIVIOUIACT €1e OAUH (POTOH, U HAIIPABJISACTCS
B OyAylIee, B KOTOPOM OH MOXKET OBITh OOHAPYKEH B TOUKE C. DTA TUA-
IpaMMd HUKAK HE IIPOTUBOPEUYUT IIPABUIAM IIEPEXOJA U PACCEIHU,
IIOTOMY YTO 3JIEKTPOH UCITYCKAET M IOIVIOMAET (POTOHBI B TOYHOM
COOTBETCTBHUU C HNPEAIMCAHUAMU TEOPHUH. DTO MOXKET IIPOU3OUTU
B COOTBETCTBUMU C IIPABUJIAMHU, 4 CTAJIO OBbITh, KAK YTBEPXK/1A€T HA3BA-
HUE 3TOW KHUTHY, JICHCTBUTEIBHO NPOUCXOAUT. HO MOKOOHOE MOBE-
JIEHUE, CyJs 10 BCEMY, HAPYIIAET IIPABHUIIA 34PABOI'O CMBIC/IA, IIOTOMY
4TO HPUXOANUTCA IIPHUHATD TOT (PAKT, YTO JEKTPOHDI JIBUKYTCA HA34/
BO BPEMEHU. DTO MHTEPECHASI HAy4YHAsl (DAHTACTUKA, HO HAPYIICHUA-
MH NPUYUHHO-CJIEACTBECHHBIX CBS3€H BCENIEHHYIO HE NOCTPOUII.
Kpome Toro, TakuM 06pa3oM KBAHTOBASL TEOPUS, KAKETCH, BCTYIAET
B KOH(PJIUKT CO CIIEIUAIBHOM TEOPHUEH OTHOCUTEIBHOCTH DUHIITCHHA.

BripodeM, Kak HU CTPAHHO, TOJOOHBIE MY TEMECTBUA BO BDEMEHH
HE 3aIIPEMIEHBI CYOATOMHBIM YaCTUIIAM, KaK B 1928 rofy yCTaHOBHII
Jdupax. Mbl MOXEM IOHATD, IIOYEMY BCE HE TAK HEBEPOATHO, KAK Ka-
JKETCsl, €CJIU IIEPEUCTOJIKOBATD IIpoHCXollee Ha puc. 10.3 ¢ TOUKu
3peHUs «IBMKEHUSA BHEpe». JJOCTATOYHO BECTU OTCYET COOBITUI
Ha AuUarpaMmme cjiesa Hamnpaso. Haunem co Bpemenu 7' = 0, Korga
CYIIECTBYET MUP BCEI'O U3 ABYX 3JIEKTPOHOB, HAXOAALIINUXCA B TOY-
KaXA 1 B. MBI IPOJOJIKAEM PACCMATPUBATD MUP U3 [IBYX JIEKTPOHOB
[0 BPEMEHHU 1, KOI/Id HUKHHM 3JIEKTPOH UCIYCKACT (POTOH; MEXKAY
BPEMEHHBIMU TOYKAMU 1, 1 T, MMP COCTOMUT U3 JIBYX 3JIEKTPOHOB
U OJIHOT'O (pOTOHA.

Bo Bpems T, (GOTOH MOrubaeT U 3aMEHAETCS IEKTPOHOM (KOTO-
PBIIT 3AKAHYUBAET CBOU IIYTh B TOUKE C) U BTOPOM YaCTULIEN ((PUHU-
HIUPYIOMEH B TOYKE X). DTy BTOPYIO YACTHUILY MBI HE MOXXEM HA3BATh
3JIEKTPOHOM, IOTOMY UTO 3TO «3JIEKTPOH, KOTOPBIN JBHUKETCSA HA34/]
BO BpEMEHU». BOIIPOC BOT B Y€M: KAK BBIIVIAUT JIEKTPOH, KOTOPBIA
JBUKETCSI HA34/1 BO BPEMEHU, C TOYKHU 3PEHU S HAOIIOAATEIS (HAIPU-

Mep, C BAalIE), IBUT'AIOLIEIOCA BIIEPE], BO BDEMEHM?
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MpocTpaHcTBO
A A c
Vo X
B : : : : D

P1IC. 103, AHTUMATEPHS... MV SNEKTPOH, KOTOPbINM ABVXETCA Ha3af BO BPEMEHM

s oTBETA HA 3TOT BOIPOC MPEACTABUM, YTO MBI BEJIEM BUJIEO-
CBEMKY 3JIEKTPOHA, ABUTAIOIIETOCS MOOIU30CTA OT KAKOI'O-TO Mar-
HUTA, KAK IIOKA3aHO Ha pUC. 10.4. Ecin 3JIEKTPOH ABUKETCA HE CIIAII-
KOM OBICTPO*, OH OYJIET COBEPIIATH OOBIYHBIEC KPYyI'OBBIE JIBUIKECHUSI.
BO3MOXHOCTDL OTKJIOHCHHUA 3JICKTPOHOB MAIHUTOM — 3TO, KaK MBI
YK€ I'OBOPHJIM, OCHOBHAA UZEA PAOOTBHI HE TOJBKO CTAPOMOAHBIX
TEJIEBU30POB HA KATOAHO-Y4YEBBIX TPYOKAX, HO U YCKOPUTEJIEHN Ya-
CTHULIL, B TOM 4HCJI€ BOJIBIIOro apOHHOIO KOIanaepa.

A Temnepp MPEACTABLTE, YTO OyJET, €CAN IYCTUTDL BU/IEO3AITUCDH
32JI0M Harnepena. MMEHHO TaK «3JIEKTPOH, KOTOPBIM JIBHKETCA Ha-
3aJ1 BO BDEMEHU> U OYJET BBIIVIANETD C TOYKU 3PEHUA HAOTIOAATEA,
KOTOPBIN «IBUXKETCS BIEPEN BO BPEMEHM». TeNeph MBI BUJUM, KaK
«IBMIKYIIIHUICS HA34/] BO BDEMEHU» JIEKTPOH BPAIAETCS B IPOTUBO-
ITOJIOKHOM HAIIPABJICHUH I10 MEPE TOTO, KAK HJICT 3a1MCh. C TOUYKHU
3peHusa PU3UKA BU/ICO3ATIUCh YACTULLDL, JBUIKYIIECHCA HA34], BO Bpe-
MEHH, WJEHTUYHA BHUJCO3ANNUCU YACTULIBIL, JBHXKYIIEUCA BIIEPE]
BO BPEMEHH, C TEM MCKJIIOYEHHEM, YTO ITA YACTULIA OyJEeT HECTH
IOJIOKUTEIbHBIN 3JICKTPUYCCKUM 3apsijl. MITak, MbI IOJIy4UIM OTBET
Ha CBOM BOIPOC: 3JCKTPOHBDI, IBUXKYIIIMCCA HA34/l BO BDEMEHU, BbI-
IJIAIAT KAK «9JIEKTPOHBI C HOJIOKUTEIBHBIM 3APSA/IOM>.

TakuM 06pPaA30M, €CJIM JIEKTPOHBI JEHCTBUTEIBHO COBEPIIAIOT
IIyTEMIECTBUSA HA34/l BO BDEMEHHU, Mbl MOXKEM OXKU/ATh, YTO CTOJIK-

HCMCA K HCKUMHU «JICKTPOHAMHU C ITOJIOKUTCIIBHBIM 3APAJOM>.

* 370 TEXHMYECKMIA MOMEHT: BaXKHO, UTOObI SNEKTPOH NP ABUKEHWMN UCMBITLIBAN NPUMEPHO
OAVIHAKOBYHO CUNMY MArHUTHOTO NPUTSXEHWS.
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Z/4h 3NEKTPOH

PUIC. 10.4. DNEKTPOH, ABVXYLLUMIACS BOKPYT MarHm1Ta

Taxkue 4acTHUILbl ICHCTBUTENBHO CYIIECTBYIOT U HA3BIBAIOTCS «I10-
3UTPOHAMM». [IOHATHE ITUX YaCTHUI] BBEJ B Ha4dase 1931 roga [lupak,
4TOOBI PEHIUTD IPOOJIEMY, BCTABIIYIO IIPU BBIBOJEC KBAHTOBO-MEXAHU-
YECKOT'O YPABHEHUS JIJI51 AJIEKTPOHA: YDABHECHHE, CY/Is1 IO BCEMY, IIPE/I-
CKa3bIBAJIO CYHIECTBOBAHUE YACTHI] C OTPUIIATCIBHON 3HEPIHUCH.
[Nosguee Inpak pacckasas, O 4eM JyMaJl B 3TOT MOMEHT, U ITPU3HAJICH,
B YACTHOCTH, 9YTO OBLI TBCp/IIO YBCpCH B HpaBI/IJIbHOCTI/I MATEMATUKU:
<1 cmupuics ¢ TeM (PakTOM, YTO OTPHULLATEIBHBIC SHEPIeTUYECKHE
COCTOSIHUSI HEJIb351 UCKJIIOUUTh U3 MATEMATUYCCKON TECOPHH, U PE-
IIUJI, YTO HY?KHO IIPOCTO HAUTH JIJIA HUX (PUBUYECKOE OO'BbACHEHUE.

Bceerouepesrog Kapir AHepCOH, KOTOPBIH, CY/A ITO BCEMY, HE ObLI
3HAKOM C HpCﬂCKaSaHI/IHMI/I IIHpaKa, 3AMCTHUI HCKOTOprC CTpaHHO—
CTH B paboOTE CBOCIO IKCHEPUMEHTAJIBHOI'O amnapara 10 HabIio-
JIEHUIO YACTHUIL U3 COCTABA KOCMMYECKOI'O M3ydeHus. OH caesnan
CIEYIOMNI BBIBOJ: «KaXkeTCss HEOOXOUMBIM IIPU3BATh HA IIOMOIb
HOJIOKUTENBHO 3APAKEHHYIO YACTULLY, MACCAd KOTOPOH CONOCTABU-
Ma C MAaCCOH IEKTPOHA», DTO €lIe OUH 0Opa3el] BCEH MOIIN MaTe-
MATHYECKUX PACCYXJCHUI. YTOOBI OOBSICHUTH MATEMATHYECKOE
ypaBHEHUE, [JUPAK BBEJ UECI0 HOBOX YACTHULIBI — IIO3UTPOHA, U yXKE
4epe3 HECKOIBKO MECSIIEB ObLJIO OOHAPYIKEHO, YTO 9TA YaCTHILA 11O-
POXJACTCA B CTOJKHOBCHHUAX YACTHIL KOCMHUYECKOI'O U3JYUYECHUS.
HOSI/ITpOH — HaAma HCpBaH BCTpC‘-Ia C KpaeyFOHbelM KAMHCM HAYy4-

HOU (PAHTACTUKU: AHTUMATEPHEIL.
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BoopyxXuBmuch MHTEPHNPETALUEH MNYTEMECTBYIOINX BO BpeE-

MEHHU JIEKTPOHOB KaK MTO3UTPOHOB, MBI MOKEM 3AKOHUYUTH PAbOTY

[224] 1o o6psacHeHu1o puc. 10.3. Hy;kHO cKa3arp, 4TO, KOrjga (pOTOH J0-
CTUIACT TOYKHU Y BO BpeMd 7,, OH PACHAJAETC HA JICKTPOH U I10-
3UTPOH. Kak/iast U3 9TUX YACTHIL JIBUKETCS BIIEPe/L /IO BpeMeHHu T,
KOI'ZJA IIO3UTPOH U3 TOYKHU Y JOCTUT'AET TOYKU X, I/I€ CIMBAETCS C UC-
XOJHBIM BEPXHUM JIEKTPOHOM U IIPOU3BOAUT BTOPOH (POTOH. DTOT
(pOTOH pACTIPOCTPAHSIETCA JJO BpDEMEHH T, KOI/Id OH IMOIJIONACTCS
HUKHUM 3JIEKTPOHOM.

MOJKET MOKA3AThCA, YTO BCE 3TO HECKOJIBKO MNPUTAHYTO 34 YIIH:
AHTHUYACTHULIBI IOABUINCH U3 HALLIEH TEOPUH, [IOTOMY 4YTO MBI Pa3pe-
WA YACTULLAM IyTENIECTBOBATh HA34[ BO BpeMmeHnu. ITpasuia re-
peEXoAa U PACCEAHUS ITO3BOJIAIOT YACTULLAM IIEPECKAKUBATD KAK BIIEC-
pea, TAK U HA34/1 BO BDEMEHH, U HECMOTPS HA TO, YTO Mbl, BO3MOXKHO,
XOTENIN Obl UM 3TO HE MO3BOJIUTH, OKA3bIBAETCA, YTO MBI HE MOXKEM
U HE JOJDKHBI UM B 3TOM IIPEIATCTBOBATD. bojiee TOro, OKa3blBA€TCs,
4YTO, ECJIM MBI 1€ PA3PEIIAEM YACTHUILAM IIEPECKAKUBATD HA34/] BO BpeE-
MEHM, KAK Pa3 TOIJad U HAPYLIAECTCSA 3aKOH IIPHUYUHBI U CJICACTBUA.
DTO CTPAHHO: KAXKETCS, YTO JOJIKHO ObITh POBHO HA060pOT. OfHAa-
KO BCE HE CIIYYaMHO M HAMEKAET HA JIEXKAIHUE B OCHOBE INTYOMHHBIE
MATEMATUYCCKUE CTPYKTYPbL. BO3MOXHO, y BAC CO3/1aJI0Ch BIICYAT-
JIEHHE, YTO IIPABUJIA MIEPEXOJA U PACCEAHUA YACTHUIL] YCTAHOBJICHDI
KaK-TO IIPOU3BOJIbHO. MOKHO JIM YCTAHOBUTD €II1€ KAKUE-TO IIPABUJIA
paccessHUSA U MOAPEryJINPOBATh IPABUIA IIEPEXOAd U U3YUYUTD I10-
cnepcrsug? Ho ecnu caearb TaK, Mbl IIOYTH HABEPHAKA IIOIYYUM
IJIOXYIO TEOPUIO — HAIIPUMED, TAKYIO, KOTOpAd OyJeT HAPYIIATh 3d-
KOH IIPUYMHBI U CNeACTBUA. Keanmosasn meopus noas (QFT) — Ha-
3BAHHE TOU CAMOU ITTyOMHHOIN MATEMATUYECKON CTPYKTYPBI, KOTO-
pasd U JIEKUT B OCHOBE IIPABUJI IIEPEXO/A U PACCEAHUA. YIUBUTEIBHO,
HO 3TO eOUHCINBeHHbIL CTIOCOO CO3ATh KBAHTOBYIO TEOPHUIO MEJb-
YANIIMX 4YaCTHILL C YYETOM CIELHAIbHOM TEOPUU OTHOCUTEJIBHO-
CTH. BOOPYXHUBIINUCH ANIITAPATOM KBAHTOBOM TEOPUH I10JIA, IIPABUJIA
IIEPEXOAA U PACCETHUS YACTUL] CTAHOBIATCSA HE3bIOJIEMBIMU, 1 MBI
JIMIIAEMCSI CBOOO/bI BBIOOPA. DTO OYEHDb BAXKHBIN PE3YIBTAT JIJIs1 UC-
crnenoBaresis PyHAAMEHTANbHBIX 3AKOHOB, IOTOMY YTO MCHOJIb30Ba-
HUE «CUMMETPUMN» JIJIsl YCTPAHEHUS BBIOOPA CO34A€T BIICUATICHUE,

uTO BeesieHHast MPOCTO JJOMKHA ObITh «BOT TAKOM», K 3TO CO3/AET
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OILYIIECHHE JIYYIIErO €€ IOHUMAaHMA. Mbl UCIIOIb30BAJIN 34ECH CJIOBO
«CHMMETPHU >, IOTOMY YTO OHO KAXKETCHA OYEHb IOJXOJAINUM: MOKHO
CYHNTATD, YTO TEOPUU DMHIITENHA HAKIAABIBAIOT CUMMETPUYECKHE
OI'PAHUYCHUS HA CTPYKTYPY IIPOCTPAHCTBA U BpEMEHU. MHbIE «CUM-
METPpUN» elle 60J1ee OTPAHUYMBAIOT MIPABUJIA IIEPEXOAA U Pacces-

HUSI, U MBI BKPATIIE PACCMOTPUM HX B CJIEIYIONIEH ITIABE.

MpocTtpaHcTBO
A

3/1EKTPOH

NPOTOH

» Bpemsa

MpocTpaHcTBO
A

3MEKTPOH

npoToH

» Bpems

Pnc.10.5. ATom BOAOPOAA

[Ipexae 4yem 3aKOHYMUTb C KBAHTOBOM 3JEKTPOJMHAMHKON, HE-
06XOIMMO YCTPAHUTD IOCJIEAHEE HENMOHMMaHME. KaK Bbl ITOMHU-
T€, NEPBBINA JIOKIA]] HA KOH(pepeHuu B llenrep-Ainenje Kacaacs
JISMOOBCKOT'O IIEPEX0/1a — AHOMAJIMU B CIIEKTPE BOIOPO/IA, KOTOPAs
HE OO'BACHSIACH B PAMKAaX KBAHTOBOI Teopuu l'erizenoepra u Upé-
guHrepa. Yepes Henesnro mocje 3TOU BCTpedn I'anc bere Bblaal
IEpBbIC, €lle NPUOJIN3UTEIbHBIC BbIUNUCICHUA oTBeTa. Ha puc. 10.5
IIOK43aH aTOM BOLOPOZAA C TOYKM 3PEHHA KBAHTOBOM 3JIEKTPOAU-
HAMHKU. ODJIEKTPOMATHHUTHOE B3aHUMOJCHUCTBHE, CBIA3bIBAIOIIEE

IPOTOH U JICKTPOH, MOXHO NPEACTABUTD B BU/AC PAAA JUATPAMM
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KBAHTOBAS BCENEHHAA

PerHMaHa BO3PACTAIOMEN CJIOKHOCTH, KAK U B CJIy4ae C IByMs B3a1-
MOJIEHCTBYIOIMMU 3JIEKTPOHAMHU HA pUC. 10.1. Mbl N306pa3uIu ABe
IPOCTENIINE BO3ZMOXKHBIE TUArPaMMbl Ha puc. 10.5. o KBAHTOBOM
3JICKTPOAUHAMUKH PACYCTHI SHEPIETUYCCKUX YPOBHEN 3JIEKTPOHA
BKJIIOYAJIA B C€6A TOJIBKO BEPXHIOIO JUATPAMMY Hd PUCYHKE, KOTO-
pasg oTpakaeT (PU3UKY EKTPOHA, YIEPKHUBAEMOI'O B ITIOTEHIINAIb-
HOM AMe, KOTOPas CO3/laHad IIPOTOHOM. HO MBI YK€ BBISICHHJIH, YTO
IIPU B3aMMOIEHCTBUM MOXKET IIPOU3ONTHU €IIe MHOI'O BCETO. Bropas
guarpamma Ha puc. 10.5 OKa3bIBAECT KPATKOBPEMEHHYIO (DIYKTya-
U0 POTOHA B AJIEKTPOH-TIO3UTPOHHON MAPE, U ATOT IIPOIIECC TOXKE
CTOUT YYECThb IPU PACYCTE BO3MOKHBIX SHEPICTUUYCCKUX YPOBHEHN
3JIEKTPOHA. DTA JUATPAMMA, KAK U MHOTHE IPYTI'HE, BHOCUT B PE3YJIb-
TAT HOJCYETOB* HEOOJIBITNE KOPPEKTUBBI.

bere coBepiieHHO CIPABEAINBO BKJIIOYMJI B PACYETHI BAXKHDIE Pe-
3YJIBTATBI «OJHOIIETIEBBIX> JUATPAMM, ITOJOOHBIX M300PAKEHHBIM
Ha PUCYHKE, U OOHAPYKUJIL, YTO OHHU OKA3bIBAIOT HEKOTOPOE BIUSHHUE
HAa CABUI' SHEPIETUYECKUX YPOBHEMN, 4 CJIEIOBATENBHO, U HA BUJU-
MBI CIIEKTP. Ero pe3ynbTaThl COOTBETCTBOBANIN U3MEPEHUAM JIaoMba.
HMHBIMU CJIOBAMHU, KBAHTOBAA JIEKTPOAUHAMHUKA 3ACTABJIACT IPEJ-
CTABUTb ATOM BOJIOPO/IA B BU/IE HEBEPOATHON KAKO(POHUU CyOATOM-
HBIX Y4CTHIL, TOPOXKAAIOIMMXCs M IPEKPAIIAIONUX CYIIECCTBOBAHME.
JI5MOOBCKMH C/IBUI CTAJI IIEPBOM HEIIOCPEJACTBEHHON BCTPEUYEH 4Ye-
JIOBEYECTBA C 3TUMH 3(PHUPHBIMH KBAHTOBBIMU (DIIYKTYALUSMU.

[Tpomao HEMHOI'O BPEMEHHU — U 3CTAPETHYIO IAJOUYKY IIepe-
XBATWJIM [BOE JPYI'MX Y4aCTHUKOB BCTpeuun B llenrep-AniieHpe:
Puuapp ®erinman u Jkyauan HIsuHrep. Yepes napy jgeT KBAHTOBASA
3JIEKTPOAMHAMHUKA YK€ PA3BHUIACH B TY TEOPUIO, KOTOPYIO MBI 3HA-
€M CE€HYaC, — MPOTOTUI KBAHTOBOM TCOPHUU IOJII U OOpa3el JJist
TEX TEOPUH, KOTOPBIM €€ IPEACTOANO NOABAUTHCA HA CBET U KOTO-
pBIE OITUCBIBAJIN CUJIBHOE U CJ1A60€ B3AUMOJEHUCTBHA. 34 CBOU 34CJIY-
ru @erinman, HIBUHTEP U ATTOHCKUI (PU3UK CHUHBUTUPO ToMoHara
B 1965 roay nonyunau HoGeneBCKyo mpeMuio «3a2 PyHIaMEeHTATb-
HBIE PA0OTHI IO KBAHTOBOX 3JIEKTPOJNHAMUKE, UMEBIINE TTTyOOKUE
MOCJIEACTBUA 1A (PUBUKU DJIEMEHTAPHBIX YaCTULD. K 3THUM 171y60-

KHM ITIOCJICACTBUAM MBI U IICPCXOIMIM.

* Brepsble npefckasarHbii Bopom B 1913 rogy.
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H € BCE B MUPE O€peT HAYAJIO BO B3AUMOJCHUCTBUU YACTUL] C DJICK-
TPUYECKUM 3apAJOM. KBAHTOBAA JIEKTPOAUHAMUKA HE OOb-
SICHSIET «CHUJIbHBIX SIIEPHBIX» IIPOLIECCOB, KOTOPBIE CLEILIAIOT KBAPKU
BHYTPU IIPOTOHOB U HEMTPOHOB, U «CIA0BIX AJAEPHBIX> IIPOLIECCOB,
61aro1apsa KOTOPBIM ropuT Hame COJHIIE.

Henb3s MUcaTh KHUT'Y O KBAHTOBOM TEOPUU IIPUPOABL U OCTABUTH
34 €€ pAaMKaMHU IOJIOBUHY (DYyHAAMEHTAJIBHBIX CHJI, TAK YTO B 3TOH
IJIAaBE€ MBI 3AIIOJIHUM IPOOEJI, NPEXKIE YEM MOTPY3UTHCSI HENTOCPE-
CTBEHHO B MYCTOE MPOCTPAHCTBO. OKAXKETCA, YTO BAKYYM — 3TO
O4YEHb UHTEPECHOE MECTO, IIOJIHOE BO3MOXKHOCTENU U MPENATCTBUN
Ha IIyTH YACTHII,

B nepBy1o ouepeas Hy’KHO HOAYEPKHYTD, YTO C1a60€ U CUIIBHOE
SIIEPHOE B3AUMOJCHUCTBUSA OIUCHIBAIOTCS IIPH [IOMOIIY TOYHO TAKO-
'O JK€ MOJIX0/1A K KBAHTOBOM TEOPUH ITOJIA, O KOTOPOM HIJIA PEYD IIPU
PasroBope O KBAHTOBOU JIEKTPOAUHAMUKE. UMEHHO B 3TOM CMBICJIE
MOKHO I'OBOPUTB O CEPbE3HBIX MOCJCACTBUAX Pa00THl PErHMaHA,
IBuHrepa m ToMoHaru. B LieIOM TEOPUA 3TUX TPEX B3AUMOJECH-
CTBUM IIOJIy4U/Id BECbMA HEUTPAJIIBHOE HA3BAHUE CMAHOAPNHOLL
mooenu pusuxu wacmuty. Korga Mpl MAMIEM 3TU CTPOKH, CTaHJAPT-
Hasl MOJIE/Ib MIPOXOAUT TECTUPOBAHUE HA PA3PHIB B CAMOU OOJIBIION
U CAMOU XU TPOYMHOM MAIIIMHE B UCTOPUM YEJIOBEYECTBA — BOJIbIIIOM
agponnom kosunangepe HEPH (on ke BAK). «<Ha pa3pbeiB» — ygagnoe
BBIPAKECHUE, [IOTOMY YTO B OTCYTCTBUE YEI'O-TO JO CHUX IIOP HE OT-

KPBITOro CTaHAApTHASA MOJIE/b IPEKPAIIAET JEAATh OCMBICIEHHBIE
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PECKA3AHUS TIPU IHEPIUAX, KOTOPBIMH COIPOBOXKIAIOTCI B BAK
CTOJIKHOBEHUS POTOHOB HA CKOPOCTH, MOYTH PABHOM CKOPOCTU
cBeTa. Ha sA3bIKe 3TOM KHUI'M MOYKHO CKa434Th, YTO KBAHTOBBIE I1PA-
BWJIA HAYUHAIOT MOPOXK/IATh ITUMEPOAATHI CO CTPEAKAMHU IMHOU
6onee 1, a 3TO 3HAYUT, YTO OIIPE/AECICHHBIC IIPOLIECCH, CBA3AHHBIE
CO CJabbIM KBAHTOBBIM B3aHMMOJICCTBHUEM, HAYUHAIOT IIPEACKA-
3bIBATHCSL C BEPOATHOCTBIO 60s1ee 100%. DTO OUEBUHBIN HOHCEHC,
u npeanosaraetcs, 4To bAK 1oskeH HaluTh HeduTo HoBoe. [Ipobiema
B TOM, YTOOBI UJICHTUPUITUPOBATH 3TO HOBOE B COTHIX MUJUIMOHOB
CTOJIKHOBECHHI IIPOTOHOB, KOTOPBIE KAXKJYIO CEKYHY IPOUCXOIAT
Ha rny6uHe 100 M o FOpcKuMHU ropaMu.

CranaapTHas MOJEJIb ICHCTBUTEIBHO COACPKUT JIEKAPCTBO OT OO-
JIE3HU NIOBBIIIECHHBIX BEPOSTHOCTEN, U 3TO JIEKAPCTBO U3BECTHO T10/]
HAa3BaHUEM XUTTCOBCKOTO MexaHu3Ma. Eciin oHO BepHO, TO BAK fj071-
JKEH OOHAPYKUTD CIIE OJJHY IPUPOAHYIO YACTUIY — OO30H XUITCA,
IIOCJIE YETO HAIIH B3IVIA/Ibl HA COAEPKHUMOE IIYCTOIO NPOCTPAHCTBA
JOJDKHBI KAPJUHAJIbHO HU3MEHUTBCS. B 3TON 171aB€ MBI OOpATHUM-
CSl K XHUITCOBCKOMY MEXAHU3MY 4YyThb IO3KE, HO CHAYaJId HYXHO
JIaTh KPATKOE OIHMCAHUE ITOKA MOOEJOHOCHOM, HO YK€ Tpemjamein

1o msaM CTaHJaPTHOU MOJIEIH.

CraHzmapTHasa Momenb PU3NKU YaCTUIL]

Ha puc. 11.1 MBI IEPEYHCINUIN BCE U3BECTHDBIEC YACTUILBL DTO CTPOU-
TEJNbHbIE KUPIUYUKH BCENEHHON, O KPAUHEN MEPE TAKOBA TOYKA
3PEHMA HA MOMEHT HATIUCAHUS 3TON KHUTH, HO MBI OKH/Id€M OOHA-
PYKHTB €IIl€ HECKOJIBKO — BO3MOXXHO, MbI YBUJIUM 6030H XHUITCA UJIN
HOBYIO 4aCTHILY, CBA3AHHYIO C CYMECTBYIOMEN B OOIBIIOM KOIUYE-
CTBE 3araJIOYHON TEMHOH MaTE€PUEH, KOTOPAsl, BEPOATHO, HEOOXOU-
Ma ISl ONHMCAaHuA BCer BceneHHoun. Mau, BOBMOXKHO, HAC OKUIAIOT
CYNEPCUMMETPHUYHBIC YACTHUILBI, NPEJCKA3AHHBIC TEOPHEN CTPYH,
uinun BO30yxJcHUS Kanynbl—KieiHa, XapakTepHbIC /I JOIOJIHU-
TEJbHBIX U3MEPEHUN IIPOCTPAHCTBA, MJIU TEXHUKBAPKU, UJIU JIEIITO-
KBAPKH, WJIN.. TEOPETHUUYECKUX PACCYXKIAEHUM MHOXKECTBO, U O0s-

3aHHOCTB T€X, KTO IPOBOJUT IKCIIEPUMEHTEI HA BAK, B TOM, 4TOOHI

[229]



KBAHTOBAS BCENEHHAA

CY3HUTD ITOJIC TIOMCKA, UCKJTIOYHUTH HCBCPHBIC TCOPHUU U YKA34ATh IYTh

BIICPC/.
[230]

gu cllt|lY §§
= /M
sl d|[s| o]l glEe
= S g
) o)
5 Ve VM Vr Z %’4%
o T = &
<

il AN

7
IT III

Puc. 111 Yactmubl nprpoasi

Bce, 4yTO MOXHO YBUJETH U IIOTPOIATh; J100As HEOJYIICBJICH-
Hasl MAaIlllHA, JI000€ )XKUBOE CYIIECTBO, JI00as CKaIa, TI000HN Yeso-
BEK Ha IIJTaHeTe 3eMJis, J100as IaHeTa U Jio6as 3Be€3/1a B KaXK/I0H
13 350 MHJIZIMAPAOB T'AJIAKTHUK B HAOII01aeMOU BeceneHHoi cocTouT
U3 4aCTHUIl U3 TIEPBOTO CTOIOIIA. BBl CaMU COCTOUTE U3 COYETAHUSA
BCETO TPEX YACTHI, — BEPXHEI'O U HUKHETO KBAPKOB U AJICKTPOHA.
KBapKu COCTAaBISAIOT ATOMHOE S/IPO, 4 JIEKTPOHBI, KAK MBI YK€ BU-
JIEJIM, OTBEYAIOT 34 XMMHYECKUE IIPOLLECChl. OCTaBIIASCS YACTULLA
U3 IIEPBOT'O CTOJOIA — HEUTPUHO — BO3MOKHO, 3HAKOMA BAM MCHb-
e, Ho COJTHIIE TPOH3A€eT KAXK/IBbIN KBA/[PATHBIN CAHTUMETP BaIIEro
Tema 60 MUWITHAPAAMY TAKUX YACTUI] €KECEKYHIHO. OHU B OCHOB-
HOM 0€3 33/ICPKKH IPOXO/IAT YEPE3 BAC U BCIO 3EMIIIO — IIOTOMY-TO
BbI HUKOT/]A UX HE 3AMEYAJIN U HE OLIYIIAJIN UX IPUCYTCTBUA. HO OHY,
KAaK MBI BCKOPE YBU/IUM, HTPAIOT KJIIOYEBYIO POJIb B IIPOIIECCAX, KOTO-
preie faoT sHepruio COJHILA, 4 CIEJOBATEIBHO, /IE/IAI0T BO3MOKHOI
CaMy HalIlly >KU3Hb.

DTU YETBIPE YACTHUIBI OOPA3YIOT TAK HA3BIBAEMOE MEPBOE MOKO-
JIECHUE MATEPUH — BMECTE C YETBIPbMS (PYH/JIAMEHTAJIbHBIMHU IIPU-
POAHBIMH B3aUMOJEUCTBUAMH 3TO BCE, YTO, CYZAs IO BCEMY, HYKHO
UL co3anusa BceeneHHONM. OHAKO IO NPHUYMHAM, KOTOPBIE IIOKA
J10 KOHIIA HE MOHATHBI, IPUPOJA IPEANIOUId CHAOIUTh HAC CIIIE JIBY-
MS$I IOKOJIEHUSIMU — KJIOHAMU IIEPBOT'O, TOJIBKO 3THU YaCTUIIBI H0IEe

MaCCHUBHBL. OHH IIPEJCTABIEHB BO BTOPOM U TPETBEM CTOJIOIAX
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puc. 11.1. Ton-KBapK B OCOOEHHOCTH MPEBOCXOAUT MACCOU JIPYTHE
dyHIAMEHTANbHBIC YaCTUIBI. OH OB OTKPBIT HA yCKOpuTese B Ha-
UOHAJBbHON YCKOPUTEIBHOM JIAOOPATOPUU UM. DHPUKO PEepMU 11O/,
Yukaro B 1995 rosy, 1 €ro Macca, COrjIaCHO U3MEPEHUAM, 60IEE UEM
B 180 pa3 npeBOCXOAUT MACCY NPOTOHA. [TouemMy TOII-KBAPK OKA3aJI-
Cs1 TAKMM MOHCTPOM, IIPUTOM 4YTO OH CTOJIb JKE IIOXOX Ha TOYKY, KaK
U JIEKTPOH, ITOKA 3araikd. XOTs BCE 3TH JOINOJIHUTEIBHBIC IIOKOJIEC-
HUSA MATEPUU HE UTPAIOT HEMOCPEJACTBEHHOU POJIU B OOBIYHBIX JIE-
J1ax BcesleHHOH, OHM, BEPOATHO, ObLIIN KJIIOYEBBIMU UT'POKAMU CPA3y
rocJie boapmoro B3peisa... HO 3TO COBCEM ApyTast UCTOPHA.

Ha puc. 11.1 B mpaBOM CTOJOIIEC NOKA3aHBI TAKXKEC YACTUIIbI-
IIEPEHOCYUKHU B3aUMOJCUCTBUA. [paBuTaniusg B TAOIULIE HE IIPEJ-
crasiieHa. ITonbITKA II€PEHECTU BbIYMCACHUA CTAHAAPTHOM MOJEIN
H4 TECOPUIO I'PABUTALINY HATAJIKUBAIOTCS HA OIPELEJICHHBIC CJIOXKHO-
cTh. OTCYTCTBHE B KBAHTOBOU TEOPUHU I'PABUTALIUH HEKOTOPBIX BAXK-
HBIX CBOMCTB, XaPaKTEPHBIX 11 CTAHJAPTHOU MOJEJIH, HE IIO3BOJIAET
IIPUMEHATH TAM TE€ K€ METO/bL. MBI HE YTBEPXK/IAEM, UTO €€ HE CylIe-
CTBYET BOBCE; TEOPUS CTPYH — 3TO MONBITKA IIPUHATH I'PABUTALIHIO
BO BHUM4HMUE, HO MTOKA YCIIEXH TOH MONBITKH OIPAHUYEHBI. TaK Kak
I'PABUTALINA OYEHD C1a64, OHA HE UTPAET 3HAYUTEIBHOIM POIU B OKC-
IEPUMEHTAX MO (PUBHUKE YACTULL, U TIO STON BECbMA IPArMATUYECKOM
IIpUYMHE MBI HE OyjleM OOJIbLIE O HEH I'OBOPUTH. B IIPONILION I1aBE
MBI YCTAHOBHJIH, YTO (POTOH CIIYKUT TOCPEAHHUKOM B PACIIPOCTPAHE-
HUU JIEKTPOMATHUTHOI'O B3AUMOJCUCTBUS MEXY AJICKTPUUCCKHU 34a-
PSPKEHHBIMU YACTULIAMU, U TAKOE IIOBEJCHUE OIIPEACIACTCA HOBbIM
IpaBUJIOM paccesanus. Yactunbl Wu Z 1e1a10T TO XKe CaMOoe€ 1 CJ1a-
60ro B3aHUMOJCHUCTBUS, A4 IVIIOOHBI IIEPEHOCAT CUJIBHOE B3aMMO/ICH-
crBre. OCHOBHBIE PA3IUYHA MEXK/IY KBAHTOBBIMU OIMCAHUAMU CUJ
CBSI3AHBI C TEM, YTO IIPABUJIA PACCESAHUS PA3JINUYHBL Jla, BCE (II0YTH)
TaK IIPOCTO, U HEKOTOPbIE HOBBIE IIPABUJIA PACCEAHUSA MbI IIPUBEJIN
Ha puc. 11.2. CXOACTBO C KBAHTOBOH! 3JICKTPOJUHAMUKON IIO3BOJIAET
JIET'KO NOHATH (DYHKIITMOHUPOBAHUE CUJIBHOI'O U CJIA00TO B3AUMOJICH-
CTBUIT; HAM HY>KHO TOJIBKO IIOHHUMATb, KAKOBBI IIPABUJIA PACCEAHUA
JUISL HUX, TIOCJIE YETO MOKHO HAYEPTUTD TAKUE JKE AHUATPAMMBbl DerH-
MaH4, KOTOPBIE MbI IIPUBOAWIIN /I KBAHTOBOU JIEKTPOAMHAMUKU
B IIPONLJIOA 1aBe. K cY4aCThIO, U3BMEHEHUE IIPABUJI PACCEAHUA — ITO

OYEHb BAXKHO 111 (PU3UUIECKOTO MUPA.
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Ecnu 6Bl MBI MUCATIN YyYEOHHK MO KBAHTOBOIM (PU3UKE, MOXKHO
OBIJIO ObI IEPENUTHU K BBIBOAY MIPABUJI PACCESIHUS JIJISI KAXK/I0TO U3 10~
KA43aHHBIX Ha pUC. 11.2 IPOIECCOB, 4 TAKXKE /11 MHOTUX APYTUX. DTH
IIPaBUJIA U3BECTHBI KAK IpaBuaa PEeMHMAaH4, 1 OHU BIOCJIEACTBUU
IIOMOIVIN 6Bl BAM — MUJIM KOMIBIOTEPHOU IIPOTrPAMME — PACCUYUTATD
BEPOSTHOCTD TOT'O UJIX UHOT'O IPOLIECCA, KAK MBI JIEJIATINA 3TO B ITIABE
O KBAHTOBOM 3JIEKTPOANHAMHKE.

HeltprHo HwxXHWin KBapK

OneKTpoH BepxHuin KBapk

W-yactuua W-yactuua

DNeKTPoH

OneKTpoH

Z-4yactuua

ntooH

Puc. 11.2. HekoTtopble npasunna paccesHns Ang CUasHOro

1 cnaboro B3aMMOEeMCTBIAM

OTHU IIPaBUJIA OTPAXKAIOT HEYTO OYEHb BA’KHOE O HAIIEM MHUPE,
U OYEHB YJAYHO, YTO UX MOXKHO CBECTH K HA6OPYy IPOCTBIX KAPTU-
HOK U NOJIO)KEHUH. HO MBI BOOOIIE-TO HE ITUIIEM YUEOHUK 10 KBAH-
TOBOM (PUBUKE, TAK UTO BMECTO 3TOI'O COCPELOTOUYNMCS HA AUATPAM-
ME CIIPABA BBEPXY: 3TO NPABUJLO pacCCesaHUs, OCOOEHHO BAXKHOE /115
JKU3HU Ha 3emiie. OHO MOKA3bIBAET, KAK BEPXHUH KBAPK NEPEXOAUT
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B HYDKHMH, UCITYCKasg W-4aCTHLLY, U 3TO IIOBEAECHUE IIPUBOAUT K 'PAH-
JHO3HBIM pe3ynbraram B aape CoHIA.

CoJHIE — 3TO ra3006pPa3HOE MOPE NPOTOHOB, HEUTPOHOB, JIEK-
TPOHOB U (POTOHOB OO'LEMOM B MUJIJIMOH 3EMHBIX MIAPOB. DTO MOPE
KOJUIAIICUPYET NOJ, COOCTBEHHON CHJION TsKECTH. CKATHUE HEBEPO-
SITTHOM CUJIBI PA30TPEBAET COMHEYHOE A/1po 10 15000000 °C, n npu
TAKOM TEMIIEPATYPE IPOTOHBI HAYUHAIOT CAUBATHCS, (POPMHUPYS
afpa reaus. [Ipr 9TOM BBICBOOOXKJAETCA SHEPIUsA, KOTOPAs yBEIU-
YMBAET JABJICHUE HA BHELUIHUE YPOBHU 3BE3/1bl, YDABHOBCIINBA BHY-
TPEHHIOIO CUITY TAXKECTH.

IMogpobHEE MBI PACCMOTPUM 3TO PACCTOAHUE MIATKOTO PABHOBE-
CHSl B 3IIMJIOLE, 4 CEMYAC IIPOCTO XOTHUM IIOHATD, YTO 3HAUUT «IIPOTO-
HbI HAYMHAIOT CJIUBATBHCA APYT C APYrom». KaskeTcs, 4TO BCe JOBOJIbHO
IIPOCTO, HO TOYHBIA MEXAHU3M TAKOI'O CJIHSAHUSA B COTHEYHOM SA1pE
ObLJI MICTOYHUKOM IIOCTOSIHHBIX HAYYHBIX CIIOPOB B 1920—-1930-€ rojbl.
BpuTaHCKUN yY4EeHBIA APTYD DA AUHI'TOH IIEPBBIM IIPEAIIOIONKUIL, YTO
UCTOYHUK 3Hepruu CONHIA — SJAEPHBII CUHTE3, HO OBICTPO OOHA-
PYKHIIOCH, YTO TEMIIEPATYPA BPOJE Obl CIUIIKOM MaJa A 3aITyCKa
3TOr'O IIPOLIECCA B COOTBETCTBUU C U3BECTHBIMU HA TOT MOMEHT 34-
KOHaMHU (pU3UKU. OJHAKO DJJHUHITOH IIPUJIEPKHUBAJICSI CBOET'O MHE-
HUs. XOPOUIO U3BECTHO €TI0 3aMeYaHUe: «['eIni1, C KOTOPBbIM MBI UME-
€M [IEJIO, JOJIKEH ObLJI OO6PA30BATHCA B KAKOE-TO BPEMA B KAKOM-TO
mecTte. Mbl HE CIIOPUM C KPUTHUKOM, 3a4BJIAIOIIUM, YTO 3BE3/bI HEJO-
CTATOYHO I'OPSIYU AJIs1 TOI'O IIPOLIECCA; MBI [IPEJIAIAEM €MY HANUTHU
MECTO IOXKAPYEe».

IIpo6semMa COCTOUT B TOM, YTO, KOI7IA J1BA OBICTPO JIBHIKYITUXCS
IIPOTOHA B COJIHEYHOM S/IPE CONMIKAIOTCA, B PE3YIBTATE IJIEKTPO-
MAarHUTHOI'O B3AaUMOJCHUCTBUSA (WMJIM, HA A3BIKE KBAHTOBOH 3JIEK-
TPOAUHAMHUKH, B PE3yabrare OOMEHA (POTOHAMU) OHHU OTTAIKU-
BaroTCA. 1A CAUAHUA UM HYKHO COMTUCH €Ba JIM HE O IIOJHOI'O
IIEPEKPBITHSA, 4 COJTHEYHBIE TIPOTOHBI, KAK XOPOIIO OBIIO U3BECTHO
DAAVHITOHY U €r0o KOJUIEraM, JBUTAIOTCA HEAOCTATOYHO OBICTPO
(moromy yro COJIHLIE HEAOCTATOYHO I'OPAY0) A1 IIPEOJOJICHUS B3a-
UMHOI'O 3JIEKTPOMAIHUTHOI'O OTTAJIKUBAHUA. Pebyc paspemaercs
TaK: HAd aBAHCLIEHY BBIXOAUT W-4aCTULA U CHACAET CUTyaunuio. Ilpu
CTOJIKHOBEHHH OJJUH U3 IIPOTOHOB MOXET IIPEBPATUTBLCS B HEUTPOH,

O6pAaTUB OJUH U3 CBOUX BEPXHUX KBAPKOB B HMIKHUI, KAK YKA34HO
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HAa WUIIOCTPALIUN K MPABUJY paccesHus Ha puc. 11.2. Teneps HO-
BOOOPA30BAHHBIN HEHTPOH U OCTABIINICSA IPOTOH MOI'YT COUTUCH
O4Y€eHb OJIM3KO, IOCKOJIBbKY HEUTPOH HE HECET HUKAKOI'O 3NEKTPUYE-
CKOr'o 3apsazna. Ha A3bIKe KBAHTOBOIM TEOPHH MOJISL 3TO 3HAYUT, UYTO
obMeHa (pOTOHAMHU, IIPU KOTOPOM HEUTPOH U INPOTOH OTTAJIKHUBA-
JIUCB OBI IPYT OT JpPyra, HE NPOUCXOAUT. OCBOOOAUBIIUCH OT AJIEK-
TPOMATHUTHOI'O OTTAJIKUBAHUS, IPOTOH U HEHTPOH MOI'YT CIUTHCS
BMECTE (B PE3YABTATE CUIBHOI'O B3aNMO/ICUCTBHS), 06PA3ysl ICUTPOH,
4TO OBICTPO HPUBOAUT K OOPA3OBAHUIO I'€JIHS, KOTOPOE BBICBOOO-
JKJAAET DHEPIUIO, JAIOMYIO )KU3Hb 3BE3JE. DTOT NPOLECC MOKA3AH
Ha puc. 11.3 1 oTpaxkaeT TOT (PAKT, 4TO W-4aCTULA )KUBET HEJOITO,
pacnanasach Ha MO3UTPOH U HEUTPHUHO, — 3TO U €CTh UCTOYHHUK TEX
CAMBIX HEUTPHUHO, KOTOPBIE B TAKUX KOJIUYECTBAX MPOJIETAIOT YEPES
BalIe Te10. BOMHCTBEHHA 321UTd OAAUMHITOHOM CUHTE3d KAK HCTOY-
HHK4 COJIHEYHOM S3HEPTUHU ObLIA CIIPABEAIHUBOLM, XOTA Y HETO HE OBLIO
HU TEHH I'OTOBOI'O PEMIEHUs. W-4aCTUId, OO'BACHSIONAS TO, YTO IPO-
UCXoAuT, 6bl1a OTKPBITA B LIEPH BMecTe ¢ Z-uactuueid B 1980-¢€ rogpbl.

B 3aBepnieHune KpaTkoro 063opa CTaHAAPTHON MOZIEIN OOPATUM-
Cs1 K CHJIbHOMY B3aMMOJCHCTBUIO. [IpaBua pacCEUBAHUSA TAKOBBL,
4TO TOJIBKO KBAPKU MOTYT IIEPEXOAUTDH B ITIIOOHBI. boiee TOro, onu
C 60JBIIIEN BEPOSITHOCTBIO CAETAI0T UMEHHO 3TO, YEM UTO-TUOO EHIE.
[IpenpacnonoXEHHOCTDb K UCHTYCKAHUIO INIIOOHOB — MMEHHO T4 IIPU-
YMHA, 10 KOTOPOM CUJIbHOE B3aUMOAEUCTBHE IIOYYIHIJIO CBOE HA3BA-
HUE U I10 KOTOPOU PACCEAHUE TJIIOOHOB CIIOCOOHO IIPEOJOJIETD JICK-
TPOMATHUTHYIO CHJIY OTTAJIKMBAHUA, KOTOPAs MOIJIA Obl IPUBECTH
IIOJIOKUTEIbHO 3APSIKEHHBIN IIPOTOH K paspylieHuio. K c4acTsio,
CHJIBHOE SAJIEPHOE B3AUMOJIENCTBUE PACIIPOCTPAHAETCS JIUIIb HA HE-
OOJIBIIOE PACCTOSTHUE. [TIIOOHBI MOKPBIBAIOT PACCTOSIHUE HE HOee
1 dpemromeTpa (10~ M) 1 BHOBB pacniagaoTcs. [IpUarHa, 10 KOTOPOI
BJIIMSIHUE TJIIOOHOB HACTOJIBKO OTPAHUYEHO, OCOOEHHO IO CPaBHE-
HUIO C POTOHAMHU, CIIOCOOHBIMHU IIyTEHIECTBOBATD YEPE3 BCIO BeeeH-
HYIO, COCTOUT B TOM, YTO IJIIOOHBI MOI'YT IIPEBPAMIATHCA U B IPYTHE
IJIIOOHBI, KAK IIOKA34HO Ha ABYX IOCACAHUX AUarpaMmax puc. 11.2.
DTa YJIOBKA CO CTOPOHBI INIIOOHOB CYIIECTBEHHO OTAUYAET CUIBHOE
B3AMMOJCHUCTBUE OT ANEKTPOMATIHUTHOI'O U OI'DAHUYHBAET IIOJIE €EI'O
JIEATEIbHOCTU COAEPKUMBIM ATOMHOI'O s/1pd. Y (POTOHOB IIOAOO-

HOT'O CaAMOIICPEXOJd HCT, 1 9TO XOPOIIO, TIOTOMY YTO MHAYC BBI Obl
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HE BUJIEJIH, YTO IIPOUCXOAUT Y BAC MIEPE]] HOCOM, TIOTOMY YTO (POTO-
HBI, JIETSIIHNE K BAM, OTTAJIKUBAJINCH OBl OT TE€X, KOTOPHIE IBUTAIOTCS
B/IOJIb BAIIEH JIMHUHU 3pEHUs. TO, 4TO MBI BOOOIIIE MOKEM BUJICTH, —
OJJHO M3 YyJIeC IPUPOABI, KOTOPOE K TOMY K€ CIYKUT APKHUM HATIO-
MHUHAaHHEM, 4TO (POTOHBI BOOOIIE PEJKO B3AUMOEUCTBYIOT.

Mpl HE OOBACHHUIN HU OTKYZAA OEPYTCA BCE 3TH HOBBIE IPABU-
J1a, HU 1To4yeMy BceneHHas copepKuT UMEHHO TAKOH HA60D YaCTHIL.
M Ha TO €CTh CBOM NIPUYMHBL: HA CAMOM JIEJIE MBI HE 3HAEM OTBETA
HU HA OJJUH M3 3TUX BOIIPOCOB. YaCTHUIIBL, U3 KOTOPBIX COCTOUT HAIIId
BcesneHHas — 37EKTPOHBI, HEUTPUHO U KBAPKU, — 3TO AKTEPBHI, UC-
MOJTHSIONIME IVTABHBIE POJIU B PA3BOPAYUBAIONIENCA HA HAIUX I71A32X
KOCMHUYECKOH JpaMe, HO IIOK4 y HAC HET YOEeJUTEIbHbBIX CIIOCOOOB

OG’I)HCHCHI/IH, IMOYCMY COCTAB AKTCPOB JOJI’KCH OBITh UMEHHO TAKOB.

MpocTpaHcTBO
A

BHUW3
NPOTOH HenTPOH

» Bpems
Pvc. 113 TpegpalilieHne NpoTOHa B HEMTPOH B pamKax ¢1aboro
B3aVIMOAENCTBMS C UCMYCKAHUEM MO3UTPOHA U HEUTPUHO

Be3 s7oro npouecca ConHue He Morno Obl CBETUTH

OJHAKO BEPHO, YTO, UMESI CIIUCOK YACTUI], Mbl MOXKEM YACTUYHO
IIPEJICKA3aTh CIIOCOO UX B3AUMOJICUCTBUS JIPYT C IPYTOM, IIPE/ITUCHI-
BAEMBII NPaBWIAMU paccesHud. [Ipasuia paccesHus (PU3UKU B35-
JIM HE U3 BO3/IyXd: BO BCEX CJIYUYASIX OHHU IIPE/ICKA3BIBAIOTCS HA TOM
OCHOBAHHWH, YTO TEOPUs, OIIUCHIBAIONASI B3AUMOAEUCTBUSA YACTHILI,
JIOJIKHA OBITh KBAHTOBOI TEOPHUEH MOJISI C HEKUM JIONOJTHEHHEM, 110-

JIVIMBIIUM HA3BAHHCE KATUOPOBOYHON NHBAPUAHTHOCTU™.

* KannbpoBouHas MHBAPMAHTHOCTbL O3HAUAET, UTO TEOPKS U ee NPeACKa3aHNs He MeHsHOTCS
NPy Heknx NpeobpazoBaHuisix Nonew, BXOASLLMX B Teoputo. [1pum. peo.
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OO6CyXK/ICHUE TPOUCXONKIACHUS IIPABUIJ PACCESIHUS 34BEIO Obl
HAC CJIUIIKOM JJaJIEKO OT OCHOBHOI'O HAIIPABJIEHUS KHUTU — HO MBI
BCE K€ XOTHUM IMOBTOPHUTb, YTO OCHOBHBIC 3aKOHBI OYCHb IIPOCTHI:
Bcenennas COCTOUT U3 YACTULL, KOTOPBIE JIBUTAIOTCS U B3AUMOJIECH-
CTBYIOT B COOTBETCTBUU C PsAJIOM MPABUJI NIEPEXOAA U PACCESIHUS.
MBI MOXKEM TIOJIb30BATHCA ITUMU PABUJIAMH IIPU BBIYUCJICHUU BE-
POSAATHOCTH TOTO, YTO «HEUYTO» MPOUCXOOUM, CKIAJIBIBAS PAABI ITU-
(depbIaATOB, IPUYEM KaXKABIN HUMPEPOIAT COOTBETCTBYET KAXKIOMY
CIOCO6Y, KOTOPBIM «HEUTO» MONCENT NPOUIOLIMIL.

[TpoucxoxnmeHne MacChl

3asaBiIsisg, YTO YACTUIBI MOT'YT KaK IIEPECKAKUBATh U3 TOYKU B TOU-
Ky, TAK 1 pACCEUBATHCS, MBI BCTYIIAEM B O0JIACTh KBAHTOBOW TEOPHUU
noss. Ilepexon u pacceUBAHUE — ITO NPAKTUYECKU BCE, YEM OHA
3aHuMaeTCa. OTHAKO MBI ITOKA ITIOYTHU HE YIIOMHUHAJINA MACCY, HOTOMY
4TO PELIHINA OCTABUTH CAMOE HHTEPECHOE HATIOCJIEOK.
CoBpeMeHHAas (PU3UKA YACTUI] IIPU3BAHA JATh OTBET HA BOIIPOC
O IMPOUCXOXKJECHUM MACChl U JA€T €ro C IIOMOIIBIO IIPEKPACHOIO
U yAUBUTEIBHOI'O pazjeid PU3UKH, CBA3AaHHOI'O C HOBOM YACTULICH.
[Ipryem HOBAA OHA HE TOJIBKO B TOM CMBICJIE, UTO MBI €€ HE BCTPEYA-
JI1 €€ HA CTpaHI/ILIQ_X 3TOU KHHI'H, HO 1 HOTOMy, 9TO HA CAMOM /J1€JIC HU-
KTO Ha 3EMJIE €III€ HE BCTPEYAJICA C HEM WIUIIOM K JIMILY», DTA YACTUILA
Ha3bIBAETCSA 6030HOM XUTITCA, U BAK yxe 6JIM30K K €€ OOHAPYKEHUIO.
K centa6pro 2011 roga, Korja Mul IHUIeM 3Ty KHUry, Ha BAK Habio-
J1aCcs JIIOOOMIBITHBIN OO'BEKT, MOJOOHBIN O030HY XMUITC4, HO MOKA
IIPOU3OILLIO HEJOCTATOYHO COOBITUN*, UTOOBI PEIIUTh, OH 3TO WU
HEeT. BO3MOXXHO, 3TO GBI JIUITb UHTEPECHBIC CUT'HAJIBL, KOTOPBIC IIPU

JIAJIBHEHIIIEM PACCMOTPEHUH HUCUYE3/IH. BOIPOC O MPOUCXOXKACHUU

* [og «CoObITHEM» NOAPA3YMERAETCH CTONKHOBEHME MPOTOHA C MPOTOHOM. [10CKOMbKY (yH-
NameHTanbHasg r3nka — 3TO CUETHad Urpa, KOTOpas MMEET AeN0 C BEPOSTHOCTIMM, He-
06X0AMMO MPOAOXKATL CTaNKMBaTh MPOTOHbI, YTOObI HAKOMUTL AOCTATOUYHOE KONMUECTBO
3TUX OUeHb pelikMX CODBLITUIA, BO BPEMS KOTOPbIX POXAAETCS uacTuua Xwrrca. Kakoe ko
NIMYECTBO CUMTATh AOCTATOYHbLIM — 3aBMCUT OT TOrO, HAaCKOMLKO MPaBUALHO W YBEPEHHO
SKCMEPUMEHTATOPbI YMEHOT MCKMNOUATh 13 PACCMOTPEHUS NI0XKHbBIE CUTHabI
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MaCChl OCOOEHHO 3AMEYATENIEH TEM, YTO OTBET HA HETO LIEHEH U IIO-
MHMO HAIIETO OYEBUIHOT'O JKEJIAHUA Y3HATD, UYTO TAKOE Macca. [Tomb-
TAEMCA OOBACHUTD 3TO JJOBOJIBHO 34I'a/IOYHOE U CTPAHHBIM O6PA30M
CKOHCTPYHUPOBAHHOE NPEJJIOKEHUE 60Ie€ TOAPOOHO.

Korja Mbl rOBOpUIHN O POTOHAX U AJICKTPOHAX B KBAHTOBOH 3JIEK-
TPOAUHAMUKE, BBEJIU IIPABUJIO IEPEXOA /I KAXKJOIO U3 HUX U OT-
METUJIN, YTO 3TU IPABHJIA OTAUYAIOTCS: /I CBI3AHHOTI'O C IEPEXO/IOM
3JIEKTPOHA U3 TOYKU A B TOYKY B Mbl HCIIOJIb30BAJIU CUMBOJI P4, B),
a JJISL COOTBETCTBYIOIIETO MPABHJIA, CBA3aHHOI'O C (POTOHOM, — CHUM-
BOJI L(A, B). HacTano BpeMa PpaCCMOTPETD, HACKOJIBKO CHUIbHO OTIU-
YAIOTCS IPABUJIA B 3TUX IBYX CJIydadaX. PA3HUIIA COCTOUT, HATIpUMED,
B TOM, UTO 3JICKTPOHBI JICJISITCS HA [1BA THUIIA (KAK MBI 3HAEM, OHU «KPY-
TATCA>» OJJHUM M3 JIBYX PA3JIMYHBIX CIIOCOOOB), 2 (POTOHBI — HA TPH,
HO 3TO Pa3IUYUe HAC CEMYAC UHTEPECOBATD HE OyET. MBI OOpaTUM
BHMMAaHUE HA JAPyroe: AJIEKTPOH O6IAJAET MACCOH, 4 (POTOH — HET.
VMIMEHHO 3TO MBI U OYJIEM UCCJIEOBATD.

MpocTpaHcTBO
A

» Bpema

Puc. 11.4. MaccmsHag vactmua, ABMXKYLLAACH U3 TOUKM A B TOUKY B

Ha puc. 11.4 11okasaH OAWH U3 BAPUAHTOB, KAK Mbl MOXEM IIPE/I-
CTABUTDH PACIIPOCTPAHEHUE YACTULLLI, O6Ia1at0mEe MacCcou. JacTu-
114 HA PUCYHKE [IEPECKAKUBAET U3 TOYKU A B TOUKY B 34 HECKOJIBKO
craani. OHA NEPEXOAUT U3 TOYKU A B TOUKY 1, M3 TOYKHU 1 B TOUKY 2
U TAK JIajiee, TTOKA, HAKOHEI], He TOTA/JAeT U3 TOYKU 6 B TOUKY B. UH-
TEPECHO, OAHAKO, YTO B TAKOM BHU/JIE IIPABUJIO JJISI KAXKIOI'O CKAYKA —
3TO NPABUJIO JJIA YACTHUILLI C HYJIEBOM MACCOI, HO C OJJHOUN BAKHOM
OT'OBOPKOIM: KAXK/JBIN pa3, KOILa 4aCTULA MEHAET HAIIPABICHUE, Mbl
JIOJDKHBI TIPHUMEHUTH HOBOE MPABHJIO YMEHBIIEHUS LHpepoIaTa,

IIPUYEM BEJIMYMHA YMEHBIIEHUA OOPATHO MPOMOPIIMOHAIBHA MACCE
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ONHUCBIBAEMOM YACTHUIIBL. DTO 3HAYUT, YTO MPHU KAKJOM IIEPEBOJIE Ud-
COB 1IU(EPONIATHI, CBA3AHHBIC C TSXKEABIMU YACTUIIAMHU, YMEHBIIA-
IOTCS MEHEE PE3KO, UeM IIU(PEepOIaThI, CBA3AHHBIEC C 60JIEE JIETKUMU
YACTUIIAMH. Ba’KHO MOJUYEPKHYTH, YTO 3TO MPABHUJIO CUCTEMHOE.

W 3ur3aroo6pazHoe JBMXKCHUE, U YMEHbIIEHUE LudeponaaTa He-
IIOCPEACTBEHHO BBITEKAIOT M3 NpaBuI PelHMAaHA IS PACIPOCTPA-
HEHHUS MACCUBHOM YaCTUIIBI 6€3 KAKUX-TO JAPYTUX MPEIIOTOKECHUI*,
Ha puc. 11.4 noKa3aH JIUlIb OAWH CIIOCOO MOMAJaHHS YACTUILLBI U3 TOY-
KU A B TOUKY B — IOCJIE MIECTU ITIOBOPOTOB U MIECTH YMEHBIICHUI.
YroO6BI HOTYYUTh UTOI'OBBIF HU(EpO/IaT, CBA3AHHBIN C MACCUBHOM 4a-
CTULIEH, IIEPEXOIALIECH U3 TOYKU A B TOUKY B, Mbl, KAK BCEI1A, JOJLKHDI
CJIOXKUTDB OECKOHEYHOE KOJIMYECTBO ITU(DEPOIIATOB, CBA3aAHHBIX CO BCE-
MH BO3MOKHBIMHU CITOCOOAMH, KOTOPBIMH YaCTHIA MOKET IIPOJIEIATh
CBOM 3UI'3arO0OPA3HBIIN IYTh U3 TOYKH A B TOUKY B. CaMBbIH IPOCTON
CIIOCOO — NPSIMOU ITYTh 6€3 BCAKHUX [IOBOPOTOB, HO IIPU/ICTCS IIPUHATD
BO BHUMAHHE U MAPUIPYTHI C O'POMHBIM KOJIUYECTBOM IOBOPOTOB.

JJ1s1 9acTHuIl C HYJIEBOM MaCCOH YMEHBIIAIOMUN KOI(PPUIIUECHT,
CBAA3AHHBINM C KAX/IBIM IOBOPOTOM, IIPOCTO YOUNUCTBEHEH, IOTOMY
4TO 6ECKOHEYEH. VIHBIMU CJIOBAMH, ITOCJIE IIEPBOTO JKE IIOBOPOTA MBI
yMeHblIaeM 1udepoar A0 Hyasd. TakuM 06pa3oMm, Ui 4acTul] 0€3
MAaCCBhl UIMEET 3HAYEHHUE TOJBKO NPSIMOM MApHIPYT — JPYIUM TPAEK-
TOPUAM IIPOCTO HE COOTBETCTBYET HUKAKOMN nudepbaar. MMEHHO
3TOTO MBI M OXKUJAIU: /I 4ACTHUI] 6€3 MACChl MBI MOXKEM HCIIOJIb-
30BaTh NPABUJIO CKauka. OTHAKO JIJIsT YACTUL] C HEHYIEBOM MaCCO
IIOBOPOTHI PA3PENIEHBI, XOTS €CJAU YACTUIA OYEHB JIErKas, TO KO-
3(PPUIINEHT YMEHBIICHUS HAJIATAET CYPOBOE BETO HA TPAECKTOPUU
CO MHOTHMMH ITOBOPOTAMU.

TakuM 06pa3oM, HAMOOJIEE BEPOSITHBIE MAPIIPYThl COHEPXKAT
MaJIO IOBOPOTOB. 1 HA060POT, TSAKE/IBIM YACTHUILAM HE I'PO3UT CJIMIII-
KOM OOJIBIIOA YMEHBIIAIOMMUN KOI(MPPUIITUEHT MIPU MOBOPOTE, TAK
YTO OHH YaIlle OMUCHIBAIOTC MAPIIPYTAMU C 3UT3aTO0OPA3HBIM [IBH-

JKCHUCM. HOSTOMY MOXHO CUHHUTATDH, YTO TAXKCJIBIC YACTUIIBI MOXHO

* 0, UTO Mbl MOXEM CUMTATh MACCHBHYIO HaCTMLYy YacTVLel Be3 MacChl, K KOTOPOM NPHMeEHS-
€TCS MPaBWO «MOBOPOTa», UCXOANT 13 ypasHerns P(A, B) = LA, B) + L(A, 1) L(, B) S+ L(A 1)
L(1,2) L(2, B) S2 + L(A, 1) L(, 2) L(2,3) L(3, B) S3 + .., rae S — KoaDUUMEHT yMeHbLLIEHNS,
ACCOUMMPYIOLLIMIACS C KaX[bIM MOBOPOTOM. TO eCTb HeobXOAMMO CYMMMPOBATH BCE BO3-
MOXHbIE [POMEXYTOUHbIE TOUKUA — 1,2, 3 U T. ]
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CHHUTATh YACTUITAMH 6e3 MACCBhI, KOTOPBIC ABUTAIOTCA M3 TOYKHU A
B TO‘-IKYB BI/IF33FOO6p23HO. KonuuecTBO 3Ur3aroB — 310 U €CTh TO,

YTO MbI HA3BIBAEM «MaCCOM».

MpocTpaHcTBO
A
yactuya 6e3 maccbl  nerkas yactmua

B

A TAXeNaAa YacTtnla

» Bpems

Puc. 11.5. YaCTnUbl € BO3PACTAIOLLIEA MACCOM [BUXKYTCA U3 TOUKM A B TOUKY B

Yem bonee maccrBHa YyacTthua, Tem 60/1bLLE 31r3aroB B ee LBVOKEHWIW

Bce 31O 3amMedaTeNbHO, IOTOMY YTO TENEPD Y HAC HNOABUJICA HO-
BBIM CIIOCOO MPEJICTABACHUS MACCUBHBIX dacTull. Ha puc. 11.5 no-
K434HO PACIPOCTPAHEHUE TPEX PA3ZHBIX YACTUI] C BO3PACTAIONIECH
MAaCCOM U3 TOYKU A B TOUKY B. BO BCeX Ci1y4dasx IIPABUJIO, CBA3AHHOE
C KaXJbIM «3UI'34T'OM» UX IIYTHU, COBNAJAET C NPABUJIOM JJIsI YACTHU-
bl 6€3 MACCHI, U 34 KaX/IbIH ITIOBOPOT NPUXOANUTCA PACIIAYUBATHCSA
yMeHbIIEHUEM [udepbmaTa. Ho He ClelyeT CIUIIKOM PaJOBAThCH:
IIOKA MBI €11€ He OObACHUIIN HUYETO (PyHJAMEHTAIBHOIO. Bee, 4To
IIOKA YJaJIOCh CJEIATh, — 3TO 3AMCHUTHL CJIOBO «MACCad» CJIOBAMU
«CTPEMJIEHUE K 3UT3aTaM». DTO MOKHO OBLJIO CIEJIaTh, IOTOMY YTO
064 BApUAHTA — MATEMATHYECKH SKBUBAJIECHTHBIE OINHCAHUA PAC-
IIPOCTPAHEHUA MACCUBHOM 4acTHULIbL. HO Jaske pu TaKUX OrpaHU-
YEHUAX HAIIIN BHIBO/IBI KAXKYTCS MHTEPECHBIMU, 4 CEMYAC MBI Y3HAEM,
4TO 3TO, OKA3BIBAETCH, HE IIPOCTO MATEMATUYECKUN KyPbE3.

ITepenecemcs B HAPCTBO YMO3PUTEIBHOI'O — XOTS K TOMY MOMEH-
Ty, KOTZJA BBl OYJETE UUTATh Ty KHUTY, TEOPUSA MOXKET YKE U ITOJY-
YUTb CBOE IIOATBEPXKICHUE.

B HacTrosamui MmoMeHT Ha BAK cOBEpIIAIOTCS CTOJIKHOBEHUS I1PO-
TOHOB 061Iel sHepruer B 7 TaB. TaB — 3TO TEpasaneKTPOHBOIBTHI,
4TO COOTBETCTBYET SHEPIUU, KOTOPYIO UMEJ Obl 3JIEKTPOH, IPOILY-

LIEHHBIA 4Yepe3 pasHOCTb noreHuuaygos B 7000000 Mu/IMOHOB
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BOJBT. /11 CPaBHEHUA OTMETHUM, UYTO NPUMEPHO TAKOBA IHEPIU,
KOTOPYIO CyGATOMHBIE YACTUIIBI UMEIN YEPE3 TPUIMOHHYIO JIONIO
CEKYH/IBI NIOCJ€ BONBIIOTO B3PBIBA, U ITOM JHEPTHUM JOCTATOYHO,
4TOOBI CO3[aTh MPAMO M3 BO3JyXd MACCY, 9KBUBAJECHTHYIO MaCCe
7000 TpOTOHOB (B COOTBETCTBUU C (DOPMYIIOIH DUHIITENHA E = mc?).
M 3TO UMb MTOJIOBUHA PACYETHON 3HEPIUU: IIPH HEOOXOAUMOCTH
BAK MOJXET BKJIIOYUTD U O0JIEE BBICOKHE OOOPOTHI.

OzHa U3 OCHOBHBIX IIPUYMH, I10 KOTOPbIM 85 CTPaH BCErO MHUPA
COEJJUHUJIU CUJIBL, CO3/JAJIA 3TOT TUT'AHTCKUH JJEP3KUI 9KCIIEPUMEHT
U YVIPABIAIOT UM, — CTPEMJIEHHE HANUTU MEXAHHN3M, OTBEYAION NN
33 CO3[JaHME MACChl (PYHAAMEHTANbHBIX 4acTUIl. Hambonee pac-
IIPOCTPAHEHHAS HUJIEsl IIPOUCXOXKICHUSI MACCBHL COCTOUT B €€ CBA3U
C 3UI'34TAMU U YCTAHABIUBAET HOBYIO (DYHJAAMEHTATIBHYIO YACTHUILY,
Ha KOTOPYIO «HATAJIKUBAIOTCS» JAPYTHE€ YACTUIIBI B CBOEM JIBHIKC-
HUU 110 BeceneHHOM. DTa 9yacTuia — 6030H XUrrca. B coorseTcTBUU
co CTaHJapTHOU MOJEINBIO, 6€3 6030Ha XUrrca (pyHJaMEHTAIbHBIE
YACTUIBI IEPECKAKNUBAIU ObI C MECTA HA MECTO O€3 BCAKUX 3UI'3AI'0B,
U BeentenHas 6b11a 66 COBCEM MHOM. HO €CIH MBI 3aIIOJTHUM ITYCTOE
MECTO YACTUIAMMU XUITC4, OHU CMOI'yT OTKJIOHATb YACTHUIIBI, 3a-
CTaBJIAA UX COBEPIIATD 3UT'3AT'H, YTO, KAK MBI Y’KE€ YCTAHOBUJIN, BEJIET
K MOSIBJIEHUIO «MACChI». [IPUMEPHO TaK, KAK Bbl HJIETE Y€PE3 IIEPENOI-
HEHHBIA 0ap: BAC TOJKAIOT TO CJIEBA, TO CIIPABA, U Bbl IPAKTUYECKHU
3UI3araMU IPOOUPAETECH K CTOUKE.

MexaHu3M XHUITCA HOJTYYUJ CBOE UMS B YECTh 3IUHOYPICKOTO
TeopeTuka Ilurepa XUITCa; 3TO MOHATHE OBUIO BBEAEHO B (DU3UKY
gacturl B 1964 roay. jiest, O4€BUTHO, HOCHJIACH B BO3JIYXE, TIOTOMY
4TO €€ BBICKA3aJIM B OJTHO M TO K€ BPEMA CPA3y HECKOJIBKO YEJIOBEK:
BO-IIEPBBIX, KOHEYHO, CaM XUITC, a4 Takxe Pob6epT bpayT u ®paHcya
DHIJIED, paboTraBmiue B bproccesne, U JOHIOHLB! [Ixxepaiby I'ypans-
HukK, Kapn Xeiran u Tom Ku66s1. X paboTsl, B CBOIO O4EPE/Ib, OC-
HOBBIBAJIMCh HA 60OJIEE€ PAHHUX TPYAaX MHOTUX HPEIICCTBECHHU-
KOB, B TOM 4ucJie Bepuepa leiizen6epra, Entupo Ham6y, dxeddpu
Tonpcroyna, ®ununa Anjgepcona u CruseHa Baitn6epra. ITonHoe
OCMBICJIEHUE ITOU HUJEH, 34 KOTOpoe B 1979 roay lllennon Inamoy,
Abpyc Canam u Baitn6epr nonyunnn Ho6eneBcKy1o NpeMHUIO, — 3TO
U €CThb HE YTO MHOE, KaK CTAaHAAPTHAA MOJIE/Ib (PU3UKHU yacTHull. Cama

H1/1Cs JOBOJIBHO MPOCTA: ITYyCTOC MECTO HA CAMOM JI€JIC HC ITYCTO, 9TO
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U NPUBOJUT K 3UI3Ar00OPA3ZHOMY ABUKEHUIO U MOSBJICHUIO MACCHL
Ho HaM, OY4E€BHUIHO, HYKHO €IIe MHOTO€ OOBbsICHUTD. Kak ke OKa3a-
JIOCh, YTO IIYCTOE MECTO BAPYT CTAJIO HAOUTO YACTULIAMU XUITCA, —
Pa3BE€ MBI HE 3AMETHJIU Obl 3TOTO paHbIe? M Kak 3TO CTPAHHOE CO-
CTOSIHHE BEUIEH BOOONIEC BO3HUKIIO? IIpe/lyIoKEHUE ICHCTBUTEIBHO
Ka’KETCSA JOBOJIBHO 9KCTPABATAHTHBIM. Kpome TOro, Mbel HE OO'bACHU-
JIM, TIOYEMY Y HEKOTOPBIX YaACTULL (HATIPUMED, Y POTOHOB) HET MACCHI,
a npyrue (W-6030HBI U TON-KBAPKH) 0OJIAJAI0T MACCOM, COIOCTABU-
MOM C MACCOM aTOMA cepebpa UK 30JI0T4.

Ha Bropon BOIpOC OTBETUTD JIETYE, YEM HA IIEPBLII, 110 KpaNHEN
MEpE Ha HEPBbIN B3IVIAJ,. YaCTHULIBI B3AUMOIACHCTBYIOT APYT C APYIOM
TOJIBKO IIO IIPABUJIY PACCEUBAHUS; HE OTIMYAIOTCA B 9TOM OTHOIIIE-
HHWH U YaCTULBI XUITCA. [IpaBUIO pacCENBAHMNA JJIS TOII-KBAPKA IO/~
Pa3yMeBACT BEPOSTHOCTD €I'0O CAUAHUA C YACTULEH XUITCA, U COOT-
BETCTBYIOLIEE YMEHbUICHUE IU@epOaaTa (IIOMHUTE, YTO IPHU BCEX
MIPAaBUIAX PACCEUBAHUSA JJEUCTBYET YMEHBIIAIOMMNHI KO(MDPUITUEHT)
OyJIeT ropas3/lo MCHEE 3HAYUTE/IBHBIM, YEM B Cjlydde C OOJIeE JIETKU-
MH KBApKaMU. BOT «moyeMy» TON-KBAPK HACTOJIBKO MACCUBHEE, YEM
BEPXHUU KBAPK. OHAKO 3TO, PA3yMeEETCd, HE OOBACHAECT, IIOUYEMY
IIPAaBUJIO PACCEMBAHUSA UIMEHHO TAKOBO. B COBpEMEHHOIT HAYKE OTBET
Ha 3TOT BOIPOC OOECKYPAKUBACT: «[TIOTOMY UTO». DTOT BONPOC CPOJI-
HU JpyruMm: «[loyemMy IMOKOJIEHUH YaCTUL] UMEHHO Tpu?» U «Ilouemy
CHJIA IPUTSIKEHUS TAK ¢/1a6a?» TOUHO TaK Ke /151 (POTOHOB HET Mpa-
BHJIA PACCEUBAHUS, KOTOPOE 1aBAJIO Obl UM BO3MOXHOCTb COCTABUTH
mapy € 4aCTULIAMH XHUITC4, B PE3YJIBTATE OHU C HUMH U HE B3AUMO-
JIEUCTBYIOT. DTO, B CBOIO OYEPEB, IPUBOJUT K TOMY, YTO OHH HE JIBU-
JKYTCs BUT'3ardaMU U HE UMEIOT MACCHL. XOTS MBI, MOKHO CKa34Th, CHA-
JIN C CEOS1 OTBETCTBEHHOCTD, BCE JKE 3TO XOTb KAKOE-TO OO'bCHEHHE.
M yx onpeneseHHo MOXKHO CKa34aTh, 4TO ec/iu BAK nomoskeT ob6Ha-
PYXKHUTH 6O30HBI XUITCA U NOATBEPAUTD, UTO OHHU JAEHCTBHUTEIBHO
06pa3yIOT MAPHL C IPYTUMHU YACTUIIAMH OJOOHBIM O6PA30M, TO MBI
MOJKEM C YBEPEHHOCTDBIO 3a5BUTD, YTO HAIIUIA BO3MOXHOCTD Y/IUBH-
TEJIbHBIM O6PA30M HOACMOTPETBD 34 TEM, KAK pAOOTAET IPUPOAA.

Ha nepsbifi XKe M3 HAIIMX BOIPOCOB HAMTHU OTBET HECKOJIBKO
TpyaHee. HamOMHMM, MBI UHTEPECOBAJINCE: KAK BBIILIO, YTO IIYCTOE
IIPOCTPAHCTBO OKA34JIOCh 3AIIOJIHEHO YaCTHULIAMU Xurrca? s pa-

30IPEBA CKAXKEM CJIEJIYIONIEe: KBAHTOBASA (PU3UKA YTBEPIKIAET, YTO
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HET TAKOI'O IOHATHS, KAK IIYCTOE MNPOCTPAHCTBO. TO, UTO MBI TaK
HAa3bIBAEM, — 3TO KHUIIYUYUI BOJOBOPOT CYOATOMHBIX YACTHIL, OT KO-
TOPBIX HUKAK HEJb3S OTAENAThCA. OCO3HAB 3TO, MBI YK€ IOPa3jo
IIPOIIE OTHECEMCS K TOMY, YTO IIYCTOE NPOCTPAHCTBO MOXKET OBITh
IIOJIHO yacTul Xurrca. Ho 060 BceM 110 NOPAIKY.

IIpeacraspre ceb6€ MAJIEHBKHUH KyCOYEK MEXK3BE3QHOIO IMPO-
CTPAHCTBA — OJHWHOKHUM YI'OJIOK BCEJIEHHOM B MHUJIJIMOHAX CBETO-
BBIX JIET OT ONMKANMIIECH TaJaKTUKHU. CO BPEMEHEM OKAa3bIBACTCS,
4TO YACTHULBL IIOCTOSHHO BO3HUKAIOT TAM HUOTKYAAd U HUCYE3AI0T
B HUKyJ4. [Touemy? JIes10 B TOM, UTO IpPaBUJIA PA3PEUIAIOT IIPO-
LECC CO3JaHUA U AHHUTUIALIMY AHTUYACTHULIbI-9aCTULILL. [IpuMep
MOJKHO HAWTH HA HUXKHEN Juarpamme puc. 10.5: npeacrasbre, 4TO
Ha HEM HET HUYETO, KPOME AJIEKTPOHHOI neTnun. Teneps fuarpam-
M4 COOTBETCTBYET BHE3AIIHOMY BOZHUKHOBEHHUIO U ITIOCIECAYIOLMIEMY
UCYE3HOBEHUIO 3JIEKTPOH-TIO3UTPOHHON Mapbl. TaK KaK 4EPTEX
HETIN HE HAPYIIAET HUKAKUX I[PABUJ KBAHTOBOM 3JIEKTPOAUHA-
MUKW, MBI JOJIKHBI IIPU3HATH, YTO 3TO PCAJTIbHAA BO3MOXHOCTD:
IIOMHMTE, BCE, YTO MOXKET CIIYYUTDHCH, CIyIACTCA. DTAa KOHKPETHAA
BO3MOKHOCTb — BCEI'O OJJMH U3 OECKOHEYHOI'O MHOXECTBA BAPHUAH-
TOB 6YPHOM JKHU3HH ITYCTOTO NMPOCTPAHCTBA, U, IOCKOIbKY MBI KU-
BEM B KBAHTOBOU BCEJIEHHON, NPABUIBHO OYJET CYMMUPOBATH BCE
3TH BEPOATHOCTHU. IHBIMU CJIOBAMH, CTPYKTYypPa BAKYyMa HEBEPO-
SITHO OOTATa U COCTOUT U3 BCEX BO3MOKHBIX CIIOCOOOB MOABIEHU S
U MCYE3HOBCHUS YACTHULI,

B nmocnegnem a63ane Mbl yIIOMAHYIIH, YTO BAKYYM HE TAK YK ITYCT,
HO KAPTHHA €rO CYLIECTBOBAHUS BBIIVISIAUT JOBOJIBHO JEMOKPATUY-
HOM: BCE 3JIEMEHTAPHBIE YACTUILILI UTPAIOT CBOM POJU. YTO Ke TaK
OTJIMYAET UMEHHO 6030H XUrrca? Eciv 661 BAKYYM OBbLUI BCET'O JIMIIb
KUIIy4YeH NUTATEJIbHON CPEON JIJI POXKIACHUA U AHHUTUJIAIIUY [1ap
AHTHUMATEPUA-MATEPU, TO BCE JIEMEHTAPHbBIE YACTULBI IIPOJOJIKA-
JIN 6B 06J1a/1aTh HYJIEBOM MACCOM: CAMHU MO c€6€ KBAHTOBbBIC METIN
MACCY HE MOPOXKAAIOT*. HET, HYy’>KHO HACEJIUTD BAKYYM YEM-TO UHBIM,
U 3[1€Chb B UT'PY BCTYIIAET LIE€JIbIM BAIOH YaCcTULL XUurrca. ITurep Xurrc

MIPOCTO CAC/IAT TPCAIIOIOXKCHUE, YTO ITYCTOC IPOCTPAHCTBO ITOTHO

* TO TOHKMI MOMEHT, KOTOPbIY BBIBOAMTCS 13 «KaNMOPOBOYHOM MHBAPUAHTHOCTY, NEXa-
H,C\;\ B OCHOBE MNpaBu/i Nepexofa U paccesHns A1 SNEMEHTAPHbIX 4acTuLy
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HEKUMH YACTULIAMU*, HE UYBCTBYS CEOsI OOA3AHHBIM ITYCKATHCS B [Ty~
OOKHE TOSICHEHUS, IIOYEMY 3TO TaK. HacTuipsl XUITCA B BAKyyME
CO3/IAIOT 3UT'3ATOBBIM MEXAHM3M, 4 TAKXKE ITOCTOAHHO, O€3 OTJbIXA
B3AMMOJCHCTBYIOT C KAXX/JON MACCUBHOU 4aCTULIEH BO BceseHHOoH,
U30UPATEIBHO 3aAMEJIAS UX JBHXKCHHUE U CO3/4aBas maccy. O6mui
PE3YNBTAT B3AUMOJEUCTBUN MEXAY OOBIYHOM MATEPUEN U BAKY-
YMOM, HAITIOJTHEHHBIM YaCTUI[AMU XUITCA, COCTOUT B TOM, YTO MHUD
13 6eCPOPMEHHOIO CTAHOBUTCA PA3HOOOPA3ZHBIM U BEJIMKOJIEITHBIM,
HACEJICHHBIM 3BE€3/1aMU, FAJIAKTUKAMU U JIIOJbMU.

KOHEYHO, BOBHHKAET HOBBIH BOIIPOC: OTKY/1a O030HBI XUITCA BOOO-
e B3SLIMCh?! OTBET MOKA HEM3BECTECH, HO CUYUTACTCS, YTO ATO OCTAT-
KM T4AK HAa3bIBAEMOI'O (PA30BOIO IIEPEXO/Jd, KOTOPBIA IIPOHU3OLICI
BCKOpPE 1ocJie BOMbIIOro B3pbIBd. ECINU JOCTATOYHO JJOJITO CMOTPETD
Ha OKOHHOE€ CTEKJIO 3UMHHUM BEYEPOM, KOIJ/Id CTAHOBHUTCS XOJIOJ-
Hee, Bbl YBUAUTE, KAK U3 BOJAHOIO ITAPa HOYHOI'O BO3/1yX4d, CJIOBHO
10 BOJIIIEOCTBY, BO3HUKAET CTPYKTYPUPOBAHHOE COBEPIICHCTBO JIE-
JAHBIX KPUCTAJUIOB. [lepexos OT BOAAHOIO Mapa KO JIbJY Ha XOJIO/-
HOM CTEKJIE — 3TO M €CTh (PA3OBBIIN NEPEXO/], TOCKOIBKY MOJIEKYJIBI
BO/IBI IEPEPOPMHUPYIOTCS B JICASHBIC KPHUCTAJIIBL, 3TO CLIOHTAHHOE
HApyLIIEHUE CUMMETPUHN 6€C(POPMEHHOrO OOIAKA MMaPa BCIEACTBUE
MOHWXKEHUSI TEMIEPATYPhL. JIeAsSHbIE KPUCTAIBI (POPMUPYIOTCH,
IIOTOMY YTO 3TO JHEPTETHUYECKH OJATONPUATHO. KaK MAY KATUTCA
C TOpBl, YTOOBI BHU3Y NPUUTH K 60I€€ HUZKOMY SHEPIETUUYECKOMY
COCTOSTHHUIO, KaK 3JIEKTPOHBI MEPECTPANBAIOTCS BOKPYTI ATOMHBIX
anep, GOPMUPYS CBA3H, YIEPKUBAIOINIUE MOJIEKYJIBI BMECTE, TAK 1 TO-
4eHas KPacoTa CHEXHMHKM — 3TO KOH(UIYyPALUs MOJIEKYI BOJBI
€ 6oJs1e€ HU3KOU HEPruen, yem 6ecpopMeHHOE OOIAKO I1apa.

MBI IOJIATa€M, YTO HEYTO NOAOOHOE IIPOUBOILIO U B HAYAJIE UCTO-
puu Beenennort. HopoposkaeHHas Beenennas npejacrasiisiia OO0
U3HAYAJIBbHO T'OPSAYHE YACTULIBI I'd3d, 3ATEM PACHIUPUIACH U OXJIa-
JINJIACh, U BBIACHUJIOCH, YTO BAKyyM 0€3 6030HOB XHUITCA OKA3aJICs
SHEPreTUYECKH HEOIATONIPUATHBIM, U €CTECTBEHHBIM CTAJIO COCTOSA-
HUE BAKYYMa, IIOJTHOI'O YACTHUI] XUITCA. DTOT NPOLECC, IO CYTH, CXOXK
C KOHJIEHCALIUEN BOJBI B KAIJIM MJIM JIBAUHKH HA XOJIOJJHOM CTEKIJIE.
CHOHTAaHHOE OOPA30BAHUE KAINEJNEK BOJABI MNPU HUX KOHJECHCAIIUU

. KoHeuHo, oH ObI/1 CAULLKOM CKPOMEH, YTOObI HA3BaTh VX CBOVIM UMEHEM
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Ha XOJIOJJTHOM CTEKJIC CO3/IA€T BIICYATIICHUE, YTO OHU ITOIIPOCTY OOpa-
30BAJIUCH «HUOTKYZA». TaK U B CTy4yae C 0030HAMM XUTITCA: HA TOPSIYUX
CTAAUAX CpPa3y Hocae BospmOoro B3pblBA BAKYYM KHUIIEJ MHUMOJIET-
HBIMH KBAaHTOBBIMH (DIYKTyalIUsIMU (TIPEJCTABICHHBIMU HETISAMU
H4 HAUX guarpammax GPerlHMaHa): YACTULBI U AHTUYACTHUIIBI BO3-
HHUKAJIM U3 HUOTKY/ld U CHOBA UCYE3A/IH B HUKY/A. OJTHAKO 3aTEM, KO-
rza BeeneHHas OCTbUI, IPOU3OINIIO HEYTO PAJAUKAIBHOEC: BHE3AIIHO,
N3 HUOTKY/A, KAK KAIJIA BOABI IOABIAETCA HA CTEKJE, BOSHUK «KOH-
JIEHCAT> 4aCcTUL, XUITCA, KOTOPbIE CHAYAJId YACPKUBAJIHNCh BMECTE
O6y1arofapsi B3aAUMOJEUCTBHUIO, OOBEJUHCHHBIE B HEJOJIOBEYHYIO
B3BECh, UY€PE3 KOTOPYIO PACIPOCTPAHAINUCDH APYI'UE YACTULBL
IIpeacTaBIeHUE O TOM, YTO BAKYYM 34II0JIHEH MATEPUAJIOM, IIPE/I-
IIOJIATAET, YTO MBI, KAK 1 BCE OCTAJILHOE BO BCEIEHHOI, J)KUBEM BHY-
TPU T'MI'AHTCKOI'O KOHJEHCATA, KOTOPBIA BO3HUK IIPU OCTBIBAHHUU
BcesieHHOM, KaK BOBHUKAET HA PACCBETE YTPEHHSAS poca. YTOOBI MbI
HE IYMaJIH, 4YTO BAKYYM OOpPEJ COAEPKAHUE JIUIIb B PE3YABTATE KOH-
JleHCAK OO30HOB XUITCA, YKAKEM, UTO B BAKYYME €CTb HE TOJb-
KO OHH. ITo Mepe AanbHENIIETO OXJIAXK/IECHUA BCENIEHHON KBAPKH
U IJIIOOHBI TOXE KOHJECHCHPOBAJIMNCH, U IIOJYyYHJIHUCh, YTO HEYAU-
BUTEJIBbHO, KBAPKOBBIC U IVIIOOHHBIE KOH/ICHCATHI. CylIECTBOBAHUE
3THUX JBYX XOPOIIO YCTAHOBJICHO 3KCIIEPUMEHTAIbHO, U OHU UI'PAIOT
OYEHb BAXKHYIO POJIb B HAIIEM IIOHUMAHUU CUJIBHOI'O S1JIEPHOI'O B3aU-
MOJeHCTBUA. Ha caMOM Jiejie UMEHHO 61aro/iapsi 9TOU KOH/ICHCAITUU
MOSIBIJIACH OOJIBIIAS YACTh MACCHl IPOTOHOB M HEHTPOHOB. BakyyMm
XUITCA, TAKUM OOpPa30M, B KOHEUHOM CUETE CO3/1aJ1 HAOII0/1AEMbIC
HAMH MACChl JIEMEHTAPHBIX YACTUL] — KBAPKOB, JIEKTPOHOB, TAy-,
W- n Z-vyactun. KBapKOBBIN KOHJEHCAT BKJIIOYAETCA B JIEJIO, KOTJA
HY>KHO OO'BACHUTB, YTO IPOUCXOUT, ECJIM MHOXKECTBO KBAPKOB OO'b-
€/IMHSACTCA B IIPOTOH WU HEUTPOH. UHTEepeCcHO, 4TO XOTSI MEXAHU3M
XHUrrca UMEEeT OTHOCHUTEIBbHO HEMHOI'O 3HAYEHUS /11 OO'bSICHEHU S
M4CCBl IIPOTOHOB, HEUTPOHOB U TSAMKE/IbIX ATOMHBIX sJ€P, TO AJd
OOBSICHEHUS MACC W- 1 Z-4aCTUL] OH OYEHb BAXKEH. IJIs1 HUX KBAPKO-
BbI€ U IVIIOOHHDBIE KOHAEHCATHI B OTCYTCTBUE YACTUL I XUITCA CO3/a-
Ji 661 MACCY IPUMEPHO 1 I'9B, HO 3KCIIEPUMEHTAIBHO IIOJYYEHHbIC
MAaCCBI TUX YacTul IpuMepHO B 100 pa3 Beime. BAK 6b11 npeHasHa-
YE€H JIJIs1 pAaOOTHI B 9HEPTETUYECKON 30HEe W- U Z-4aCTHI], YTOOBI BbI-

SICHUTbD, KAKOM MEXAHN3M OTBEYAET 34 UX CPABHHUTEIBHO GOJIBIIYIO



[TYCTOE NPOCTPAHCTBO HE TAKOE YX MYCTOE

Maccy. YTo 3TO 324 MEXAHU3M — JIONTOXKAAHHBIN O030H XUITCA WU
YTO-TO TAKOE, O YEM HUKTO U NOJYMATh HE MOT, — IOKaXKYT TOJIBKO
BpEMA U CTOJIKHOBEHUSA YACTHILI,

Pa3z6aBUM pacCyXJEHUSI HEKOTOPBIMU YAUBUTEIBHBIMU LIU(DPA-
MMU: SHEPTHUS, 3AKII0OYEHHAA B 1 M? IYCTOrO IPOCTPAHCTBA B PE3YIIb-
TAT€ KOHJEHCAIIUNU KBAPKOB U ITIIOOHOB, PABHAETCS HEBEPOATHBIM
1035 15KOY/IIM, 4 SHEPTHUS B PE3YJIBTATE KOHJICHCAITUY YaCTUIL XUTTCA
eme B 100 pas 6onbiie. BMecTe OHU paBHAIOTCSA TOMY KOJIMYECTBY
3HEPruy, KoTopoe Hame ConHie npoussogut 3a 1000 net. Tounee
rOBOPA, 3TO <«OTPHULATENbHAA> IHEPTUA, ITIOTOMY YTO BAKYyM Ha-
XOAUTCS B 60J€€ HU3KOM 3HEPreTUYECKOM COCTOSIHMH, 4eM Bce-
JICHHAAI, KOTOleH HC COHCp)KI/IT HHUKAKHUX YaCTHII. OTpI/II_[aTe.HbHHH
SHEPIrUs — 3TO SHEPIUA CBA3U, CONPOBOXKAAOMAS OOPA30OBAHUE
KOHJICHCATOB U CcaMa IO ceO€ HU B KOEH Mepe He 3arajjouHas. OHa
He 60j€e YIUBUTENbHA, YEM TOT (PAKT, 4TO /i KUIISAYEHUA BOJBI
(1 obpameHusa (Pa30BOro NEPEXoa U3 Mapa B KHUJIKOCTB) HYXKHO
IIPUJIOKUTH SHEPIUIO.

Ho 3arajika BCE K€ €CThb: TaKas BBICOKAS OTPUIIATE/IbHAS SHEPTE-
THYECKAsI IUVIOTHOCTB KaXK/JIOTO KBAJPATHOIO METPa IIYCTOTO HIpPO-
CTPAHCTBA JIOJIKHA OBl BOOOIE-TO MIPUHECTHU BO BCENEHHYIO TaKOe
OIYCTOIIEHUE, YTO HE TTOSBUJIMCH ObI HU 3BE€3/1bI, HU JIIOU. Becenennas
OYKBAJIBHO PAa3JIETENACh Obl HA YACTH Y€PE3 MI'HOBEHUS 110CJIE BOb-
IIOT'O B3PBIBA. BOT 4TO NPOM30NLIO Obl, €CJIU ObI MBI B35UTH U3 (DU3UKU
YACTULL IIPEJICKA3AHUS O BAKYYMHOM KOH/ICHCAITUU U HEITOCPE/ICTBEH-
HO JOOABMJIM UX B I'DABUTALIMOHHBIE YPABHEHNA DUHIITENHA, IIPHME-
HUB /I BCeW BeeleHHOM. DTOT MaJONPUATHBIN PEOYC U3BECTEH KAK
IPOOIEMA KOCMOJIOI'MYECKOH KOHCTAHTBI*. COOCTBEHHO, 3TO O/IHA
U3 LIEHTPAJIbHBIX TPOOAEM (PYHAAMEHTAIBHON (PU3NKU. OHA HATIOMU-
HAET, YTO 3a4BJIATH O IIOJHOM IOHUMAHUU IIPUPO/IbI BAKYyMa U/UIU
I'PABUTALN HAZO C OONIBIION OCTOPOKHOCTDIO. [TOKa MBI HE IOHHUMA-
€M YEero-TO BeCbMa (DYHJAMEHTAJIBHOTO.

Ha 3TOM IpEIOKEHNHN 3AKAHYUBAEM IOBECTBOBAHHE, IIOTOMY
4TO JOULIU O I'PAHULL HAIIErO MO3HAHUSA. 30HA IO3HAHHOI'O — 3TO

*

Mpobnema CoCTOMT B KONOCCANbLHOM Pa3nnumny MexXy TEOPETUUECKMM 3HaUEHVIEM KOCMO
NOTNYECKOV KOHCTAHTBI, BbIUMCIEHHOW VCXOAS M3 BaKyyMHbIX (DAYKTYaUMIA yacTul, v ee
HabntoaaemMbIM 3HayeHviem. [Tpum. ped
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KBAHTOBAS BCENEHHAA

HE TO, C 4YeM pabOTACT YUYCHBIN-UCCIENOBATEIb. KBAHTOBASI TEOPUS,
K4K MBI 3AMETUJIU €IIIE€ B HAYAJIE KHUTH, UMEET PENYTAIUIO CIOKHOM
1 OTKPOBEHHO CTPAHHOMH, ITOCKOJIBKY IO3BOJIAET €/BA JIM HE JII060€
MOBEJICHUE MATEPHUAIBHBIX YaCTUL,. HO BCE, YTO MBI OIIUCAJIH, 34 UC-
KJIIOUEHUEM 3TOM IOCJIEJHEN IJIABbI, U3BECTHO U XOPOIIO ITOHAT-
HO. Cienys HE 3[JpAaBOMY CMBICTY, 4 JIOKA34TENbCTBAM, MBI IIPUIILIN
K TEOPUH, CITIOCOOHOM OIHCATh OIPOMHOE KOJIUYECTBO SBJICHUN —
OT JIYy4E€H, UCITYCKAEMBIX TOPAYHUMHU ATOMAMH, 10 ALEPHOTO CUHTE3A
B 3Be3/1aX. [I[paKTHYECKOE IPUMEHEHUE 3TON TEOPHUH IIPUBEJIO K Ca-
MOMY Ba)KHOMY TEXHOJIOI'MYECKOMY IPOPBIBY XX BEKA — MOSABJIECHUIO
TPAH3UCTOPA, 4 PA6OTA 3TOTO YCTPOMUCTBA OBbLIA OBI COBEPIIECHHO HE-
IMOHATHOM 6€3 KBAHTOBOI'O TIOIX0/1A K MUPY.

Ho KBaHTOBas TEOPUA HEYTO IOpa3fo OOJIBbIIEE, YEM MPOCTO
TpUyM@ MOSICHEHUN. B pe3ynbTaTe HACUIBHO 3aKJIIOYEHHOI'O OpaKa
MEX/y KBAHTOBOM TEOPUEN M OTHOCHUTEIBHOCTBIO B KAYECTBE TEO-
PETUYECKON HEOOXOJUMOCTU MOSBIJIACH AHTUMATEPHUS, KOTOPYIO
IIOCJIE TOI'O JEHUCTBUTEIBHO OTKPBUIN. CIIMH — (PyHJaMEHTAIbHOEC
CBOUMCTBO CYOATOMHBIX YACTHI], JIEKAIIEE B OCHOBE CTAOMIBHOCTU
4ATOMOB, — TOXE U3HAYAJIBHO OBLJI TEOPETUUYECKUM IIPEICKA3ZAHUEM,
KOTOPOE TPEOOBAIOCH /J1s1 YCTOUYHUBOCTH TEOPUU. A c€ifuac, BO BTO-
POM KBAaHTOBOM CTOJIETUH, BOJBIION aIPOHHBIN KOJIAUIEP OTIIPAB-
JISIETCS B HEU3BEJAHHOE, YTOOBI UCCJIEAOBATDH CAM BAKYYM. DTO U €CTh
HAyYHBIA IIPOIPECC: TOCTOSHHOE M TIIATEJIBHOE CO34AHUE HAOOPA
OO'BSICHEHU U MPEACKA3AHUN, B UTOT'€ U3MEHSIONIETO HAIY KU3Hb.
DTO U OTIIMYAET HAYKY OT BCETO OCTAIBHOrO. Hayka — 3TO HE TPOCTO
MHAas TOYKA 3PEHUS, OHA OTPAKAET PEAJIbBHOCTD, KOTOPYIO ObLIO OB
CJIO)KHO MPEACTABUTDL JAXKE OO0IAJATENIO0 CAMOIO H3BPAIEHHOIO
U CIOPPEATTUCTUUECKOTO BOOOPaKEHUsL. Hayka — 3TO UCCIEJOBAHUE
PEATBbHOCTH, U €CJIN PEATTBHOCTD OKA3BIBAETCS IIPU 3TOM CIOPPEaIu-
CTUYECKOM, 3HAYMNT, OHA TaKad U €CTh. KBAHTOBAA TEOPUA — HAMIIYU-
U IPUMEP CUJIBI HAYYHOT'O MeTOAA. HUKTO ObI HE CMOT BBIJIBUHYTh
ce 6€3 KaK MOXKHO 60JI€€ THIATE/IbHbIX U INOJPOOHBIX 9KCIIEPUMEH-
TOB, 4 (PUBUKU-TEOPETUKHU, €€ CO3ABIINE, CMOITIU OTOPOCUTH CBOU
INIyOOKO YKOPEHUBIIMECA KOM(POPTHBIE MNPEACTABIEHUA O MHPE,
4TOOBI OOBSICHUTD JICKAIUE TIEPE]] HUMHU JJOKA34TEIbCTBA. BO3ZMOXK-
HO, 3ara/Ika BAKYYMHO SHEPIrUU — 30B K HOBOMY KBAHTOBOMY ITy-

TEIIECTBUIO; BO3MOXXHO, BAK pe/1ocTaBuUT HOBBIE M HEOO'bSICHUMBIC
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JIAaHHBIE; BO3MOXKHO, BCE, YTO COAEPKUTCA B ITONH KHUTE, OKAXKETCA
JIMIIb NPUOIKEHHUEM K TOPa3fo 60see IMyOOKOH KapTHHE — yU-
BUTEJIbHBIN ITYTh K IOHMMAaHWIO HAIE KBAHTOBOM Beenmennoit npo-
JIOJIDKAETCSL.

Korjja Mbl TOJIBKO OO/YMBIBAIU 3Ty KHUIY, HEKOTOPOE BpPEMs
CIIOPHJIH, YEM €€ 3AKOHYUTh. XOTEJIOCh HAUTU OTPAKEHUE UHTEI-
JIEKTYaJIbHOH M NPAaKTHUYECKOM MOIIU KBAHTOBOM TEOPHUH, KOTO-
poe yoennao 6bl JaKE CAMOI'O CKENITUYHOI'O YUTATENS, YTO HAYKA
JIECTBUTEJIBHO BO BCEX NMOJPOOHOCTAX OTPAXKAET NPOUCXOJSAIIEE
B MUpPE. MBI 062 COIVIACHINCH, YTO TAKOC OTPAKCHUE CYIIECCTBYET,
XOTS U TPEOYET HEKOTOPOTO MOHUMAHUS AAre€OPBL. MBI N30 BCEX CUJ
CTAPAJIUCh PACCYXJATh 6€3 TIIATEIbHOTO PACCMOTPEHHUS ypaBHE-
HHH, HO 3/IeCh U30€KATh 3TOTO HUKAK HEJb35, TAK YTO MBI XOTS Obl
npeaynpexjaaeM. MTak, Hallla KHUTI'A 3aKAHYUBACTCS 37ECh, JTaXKE
€CJIM BAM XOTEJI0CHh ObI 60JIBLICTO. B anniiore — camas yoeauTebHas,
Ha HAII B3IVIAM, JEMOHCTPALIMS MOIIN KBAHTOBOU TEOPUU. YIauUu —

U OOPOro My TH.
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y MUPast, MHOTHE 3BE3/Ibl 3aKAHYUBAIOT CBOM MyTh B KAYECTBE
CBEPXIUIOTHBIX IIAPOB SAJEPHON MATEPUH, INEPEIICTEHHOM
C MHOXECTBOM 3JICKTPOHOB. DTO TAK HA3bIBACMBIC OEJIBIC KAPIUKH.
Takoi1 6yzeT u cyip6a Hamero CoMHIA, KOr/id OHO IPUMEPHO Yepes
5 MWJUINAP/IOB JIET UCYEPIIACT 3aIACH s/ICPHOI'O TOIINBA, U Cy/1b6a
eme 6omee 95% 3pe3y Hamen 'anakTuky. ITonb3ysacek TOJIbKO PYYKOH,
OyMaroi ¥ HEMHOT'O I'OJIOBOH, MOKHO BBIYUCIUTD HAUOOIBIIYIO BO3-
MOXKHYIO MACCYy TAKHUX 3B€3/l. DTHU BBIYUCJIEHUS, BIEPBBIE NIPEAIPH-
HaTble B 1930 rogy CybpaMaHbsIHOM YaHJIPACEKAPOM, C TOMOIIBIO
KBAHTOBOU TEOPHU U TCOPHUU OTHOCUTEIBHOCTH ITO3BOINIIH CICATD
JIBA ICHBIX IIPOTHO34. BO-NEPBLIX, 3TO OBLIO NPENCKAZAHUE CAMOIO
CYIIECTBOBAHMS OEBIX KAPJIHUKOB — IIAPUKOB MATEPHUU, KOTOPHIE,
o npuHIUNy [laynu, cnacaeT OT pa3pymeHus CUaa COOCTBEHHOM
IPaBUTAIIUN. BO-BTOPBIX — €CJIM MBI OTBJIEYEMCS OT JIUCTKA GyMaru
CO BCSIKMMH TCOPETUYECKUMH KAPAKYJISIMU U IIOCMOTPUM B HOYHOE
HEe6O0, MBL HUK020a HE YBUJIUM OEJIBIN KAPJIHK C MACCOM, KOTOPAs OB
6onee yeMm B 1,4 paza npesocxoauna Mmaccy Hamero ConHua. O6a
3TUX NPEANONOKEHUA OTINYAIOTCA HEBEPOATHOI IEP30CTHIO.
CeroiHA ACTPOHOMBEI YK€ 3a4HEC/IM B KaTaJIoru okoso 10000 6e-
JIBIX KAPJIMKOB. Y OOJIBIIMHCTBA U3 HUX MACCA COCTABIISICT IPUMEPHO
0,6 maccel ComHIa, 2 camasi 60JIbINAST 3A(PUKCUPOBAHHAST — HEMHO-
2um meree 1,4 maccel CoHIA. DTO YUCIO — 1,4 — CBHUAECTEILCTBO
TpuyM@a HAYyYHOro METOAd. OHO ONHUPAETCA HA NOHHUMAHUE AJEP-
HOM (PU3UKHU, KBAHTOBOH (PU3NKHU U CIEIIUATIBHON TEOPHUU OTHOCU-

TEJIBHOCTH DHHINTENHA — TPEX KUTOB (pusuku XX Beka. ITpu ero
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BBIYHUCJIEHUH TPEOYIOTCA TaKXKe (PYHIAMEHTAIbHBIE KOHCTAHTHI
IIPUPO/IBL, C KOTOPBIMHU MBI YK€ BCTPEYAINUCH B 3TOM KHUTE. K KOHITY

AMMJIOr'Ad MBI BBISICHUM, YTO MAKCHUMAJIbHASA MACCA OIIPCACIACTCA OT-

he 32
G mPZ

CMOTpI/ITC BHUMATCJIBHO HA TO, YTO MBbI 3AIIHNCATIN: PE3yJabTaAT

HOIIICHHUEM

3aBUCHUT OT IIOCTOSAHHOM IIIaHKa, CKOPOCTU CBETA, 'PABUTALMOH-
HOIM NOCTOAHHON HBIOTOHA M MACCHI IPOTOHA. YAUBUTEIBHO, YTO
MBI MOKEM IPEACKA3ATh HAUOOJBIIYIO MACCY YMHUPAIOMIEN 3BE3/BI
C IIOMOINBIO COYETAHMA (PYHAAMEHTAJIBHLIX KOHCTAHT. Tpexcro-
POHHEE COYETAHHE I'PABUTALMU, OTHOCUTEIBHOCTHU U KBAHTA JEi-
CTBUS, NOSABIAIONIEECs B ypaBHeHUU (bc /G)'?, Ha3pIBAETCA IJIAH-
KOBCKOI MACCOM, U MPH ITOJCTAHOBKE UMD OKA3BIBAETCA, YTO OHA
pPaBHA IIPUMEPHO 55 MKI, TO €CTb MACCE IIECYUHKU. [TOaTOMY, KAK
HU CTPAHHO, Ipejes1 YaHapaceKkapa BBIYUCIAETCA C IIOMOIIBIO JIBYX
MaCC — MNECYUHKU U NPOTOHA. M3 TAKNX HUUYTOXKHBIX BEJIMYUH O0-
pasyercsa HOBas (PYHAAMEHTAIbHAS €JUHHIIA MACCHl Beesnennon —
MaCCa YMHUPAIOUIEH 3B€3/1bl. MBI MOXKEM JIOBOJIBHO JIOITI'O OOBSICHSTD,
KaK MoJjy4daeTcsa npejen danapacekapa, HO BMECTO 3TOI'O HOMAEM
HEMHOI'O Ja/bII€: MBI OIUIIEM COOCTBEHHO BBIYMCJIEHHS, IOTOMY
YTO OHHM U €CTh CAMdsl MHTPUTYIONAA YACTh IIPOIleccd. Y HaAC HE MHO-
JIYYHUTCA TOYHOTO pesynbrara (1,4 maccol COMHIIA), HO MbI IPUOJIH-
3UMCS K HEMY U YBHJIUM, KaK IPO(PECCUOHANIBHBIE (DU3UKHU JIETAIOT
IJIyOOKHE BBIBOABI C IOMOIIBIO MOCJIENOBATEIBHOCTH THIATEIBHO
IIPOJAYMAHHBIX JIOTUYECKUX XOJOB, ITIOCTOSHHO OOpAmafACh IIPU
3TOM K XOPOIIO U3BECTHBIM (PU3MYECKUM NpUHIUNAM. Hu B oguH
13 MOMEHTOB BAM HE PUJETCA BEPUTH HAM Ha CJIOBO. COXpaHAA XO-
JIOJIHYIO TOJIOBY, MBI OYZIEM MEJJIEHHO U HEOTBPATUMO NTPUOIHIKATD-
Cs1 K COBEPILIECHHO [TOPA3UTE/IbHBIM 3aK/II0UCHUSM.

HayHeM ¢ BOIIPOCA: YTO TAKOE 3B€3/a? MOXKHO IOYTHU 6€3 Omuo-
KM CKa3aTb, YTO BUAMMAA BCEIEHHAA COCTOUT U3 BOAOPOLA U Ie-
JIMA — JIBYX CAMBIX IIPOCTBIX 3JIEMEHTOB, C(DOPMHUPOBAHHBIX B IIEP-
BbI€ HECKOJIBKO MUHYT IIOCJIE BOnbIIOoro B3puiBa. Ilocie npumepHo
MIOJIYMUJIJIMAP/A JIET paCUMpeHnusa BcenenHas crana JOCTATOYHO

XOJIOJHOM, YTOOBI OOJIEE MJIOTHBIE OOJIACTH B IA30BBIX OOIaKAX MO

[251]



[252]

KBAHTOBAS BCENEHHAA

JENCTBUEM COOCTBEHHOU TI'PABUTALUU CTAJIM COOUPATHCS BMECTE.
DTO 6BUIN NEPBBIC 3a49ATKHU T'AJIAKTHUK, U BHYTPU HUX, BOKPYT 60j1€€
MEJIKMX «<KOMKOB», Ha49a/I1 (POPMUPOBATHCSA IIEPBLIE 3BE€3/IBL.

I'a3 B 3TUX OPOTOTHUNAX 3BE3/, IO MEPE TOT'O KAK OHU KOJLJIANICU-
POBaJIN, CTAHOBUJICSI BCE I'OpAYEE, YTO MU3BECTHO JIIOOOMY 00J1aja-
TEJIIO BEJIOCUIIEJHOTO HACOCA: IIPU CXKATHU ra3 HarpesaeTcs. Korga
ra3 JOCTUraeT remieparypsl okojao 100000 °C, 31eKTpOHbI 60IbIIE
HE MOI'YT yAEPKUBATHCA HA OPOUTAX BOKPYT AJEP BOJOPOJA U TeE-
JIMsA, U ATOMBI PACHAAAIOTCs, 0OPA3ys FOPAUIYIO IIJIA3MY, COCTOSIIYIO
U3 AJEP U DJIEKTPOHOB. [OPpAYNI 1A3 NBITAETCA PACIIUPUTHCH, IIPO-
TUBOJCUCTBYS AAJIBHCHUIIEMY CXJIOIIBIBAHUIO, HO IIPU JOCTATOYHON
MaCCe TPaBUTALINS OAEPAKUBACT BEPX.

TaK KaK IPOTOHBI UMEIOT MOJIOKUTETBHBINA 3JEKTPUYECKUI 3aPA/I,
OHHU 6YyT B3aMMHO OTTAJIKMBATHCS. HO IPaBUTAITMOHHBIN KOJIJIATIC
HAOMPAET CUITY, TEMIIEPATYPA MPOJOJIKAET MOBBIIIATHCA, U IIPOTOHEI
HAYMHAIOT JIBUTI'ATbCS BCE ObIcTpee. CO BPEMEHEM IIPU TEMIIEPATYPE
B HECKOJIBKO MUJIJIMOHOB I'PA/IyCOB IIPOTOHBI OYyYT ABUT'ATHCSI MAKCH-
MAaJIbHO OBICTPO U IPUOIUBATCA APYT K IPYTY TAK, 4YTO CJIA00E AIEPHOE
B3aUMOJIENCTBUE BO306/1a4aeT. Koraa 3To Npon30H/IET, 1BA IIPOTOHA
CMOTYT BCTYIIUTD B PEAKIIUIO APYT C APYTOM: OAWH U3 HUX CITOHTAHHO
CTAHOBUTCS HEUTPOHOM, OJJHOBPEMEHHO UCITYCKas MO3UTPOH U HEU-
TPUHO (TOYHO TaK, KAK ITOKA33aHO Ha puC. 11.3, ¢. 235). OCBOOOIMBIIUCH
OT CHJIBL 3JIEKTPHUYECKOTO OTTAJIKHUBAHUSA, IPOTOH U HEUTPOH CJIU-
BAIOTCS B PE3YIBTATE CUIBHOIO SI/IEPHOTO B3aUMOJICHCTBU S, OOPa3ys
JenuTpoH. IIpu 3TOM BBICBOOOXKAAETCSA OIPOMHOE KOJIMYECTBO IHEP-
I'MH, IOCKOJIBKY, KaK U B CJIy4ae C 0OPA30BAHUEM MOJIEKYJIBI BOJOPOAA,
CBA3BIBAHUE YETO-TO BMECTE BEICBOOOXKAAET SHEPIHIO.

IIpy OJHOM CIUSHUU HPOTOHOB BBICBOOOMKIAETCS COBCEM MAJIO
SHEPI'UU II0 IOBCEAHEBHBIM CTaHAApTaM. OJUH MWIJIUOH CIHUSAHUNA
I1ap IMPOTOHOB JAET SHEPTUIO, PABHYIO KUHETUYECKON SHEPIUH KOMA-
pa BIIOJIETE UJIU SHEPIUM n31ydeHus 100-BaTTHOM JIAMIIOYKHY 32 HAHO-
cexkyHay. Ho B aTOMapHOM MacmTabe 3TO T'MI'dHTCKOE KOJIMYECTBO;
KPOME TOTI'O, IOMHHTE, YTO MBI TOBOPUM O IJIOTHOM SI/IPE CKUMAIOIIE-
r'ocsi I'Aa30BOT'0 OOJIAKA, B KOTOPOM KOJIMYECTBO IIPOTOHOB HA 1 cM? 10-
cruraet 10%. EC/ii BCE MPOTOHBI B KYOMUYECKOM CAHTUMETPE COIBIOTCS
B JICHITPOHBI, OCBO6OAUTCS 101 /13K0OyIer SHEPIUM — JIOCTATOYHO 15

06ecTneueHus roJJloBON NOTPEOGHOCTH HEOOJIBIIIOTO I'OPO/IA.
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CimsgHue ABYX IPOTOHOB B AEHTPOH — HAYAJIO CAMOI'O PA3HY3-
JAHHOIo cuHTe3d. CaM 3TOT JEUTPOH UILET BOZMOXHOCTU CIUTh-
Cs C TPETBUM IPOTOHOM, 06pa3ysa OOjee JErKUH U3OTOIl I'eIus
(renun-3) U UCIycKast (POTOH, 4 3TU S/IPa FEIUA 3ATEM IOPOKAAIOT
apy YU CIAUBAIOTCSA B OOBIYHBINA I'enuil (IeJaui-4) ¢ UCIIyCKAHUEM
JIBYX IIPOTOHOB. Ha Ka>XJJOM CTAJUNU CUHTE3d BEICBOOOXKAAETCA BCE
Oonbiie aHepruu. Kpome Toro, No3uTpoH, NOSIBUBIINIICS B CAMOM
Ha4aJIe LENOYKH MPEBPAMEHUI, TOXKE OBICTPO CIAUBAETCA B OKPY-
JKAIOIIEH MJIa3Me C JIEKTPOHOM, 06pa3ys napy (poToHOB. Bea ata
OCBOOOXK/JAEHHAA SHEPIUA HAMNPABIAETCA B TOPAYUI Ia3, COCTOA-
U U3 (POTOHOB, NEKTPOHOB U AJIEP, KOTOPBIX NPOTUBOCTOUT
CKATUIO MATEPUU U OCTAHABIMBAET I'PABUTALMOHHBIN KOJUIAIC.
TaxkoBa 3BE€3/1a: ANEPHBIA CUHTE3 CXKUI'A€T HAXOJAIMIEECSH BHYTPHU
AEPHOE TOIUIMBO, O6Pa3ysd BHENIHEE JaBJICHUE, KOTOPOE CTAOU-
JIM3UPYET 3BE3JY, HE AABAs OCYHECTBHUTHCA T'PABUTALIMOHHOMY
KOJIJIAIICY.

PagzymeeTcs, KOrjia-To BOZOPOJIHOE TOIIUBO 3dKAHUYNBAETCH, BE/b
€ro KOIUYECTBO KOHEYHO. EC/in aHeprus 60/blIe HE BBICBOOOXK/JAET-
Csl, IIPEKPALIAETCS BHEIIHEE JABJICHUE, IPABUTALUS BHOBb BCTYIIACT
B CBOM IIPaB4, U 3BE3/j4 BO3OOHOBJISIET OTIOKEHHBIN KoJ1anc. Ecian
3BE3/1d JOCTATOYHO MACCUBHA, €€ PO MOXKET IIPOI'PETHCH IO TEMIIC-
parypsl npumepHo 100000000 °C. Ha aTo# cTaguu reamn — nobou-
HBIA IPOAYKT CKUT'AHUS BOJOPOd — BOCILJIAMEHAETCSA U HAYUHAET
CBOM CHHTE3, 06pa3ysd yIVIEPOJ M KUCJIOPOJ, U I'PABUTAIMOHHDIA
KOJIJIATIC CHOBA ITPEKPAIACTCS.

HO 4TO NpOMCXOAUT, ECIU 3BE3/1d HEJOCTATOYHO MACCUBHA, YTO-
Obl HA4AJICS I'€IUEBBIN CUHTE3? CO 3BE3JJAMH, MACCA KOTOPBIX MEHEE
IIOJIOBUHBI MACChI Hamero COJIHI, CIydaeTCA HEYTO KpaiHe yau-
BUTEJBbHOE. ITpN CoKATHM 3BE3/1a PA30IPEBAETCS, HO ELIE /IO TOI'O, KAK
aapo pocruraet remneparypsl 100000000 °C, koe-4TO IPUOCTAHAB-
JIMBAET KOJUIAIC. DTO KOE-4YTO — [JABJIEHUE BJIEKTPOHOB, KOTOPLIE
cobmoaaoT npuHIun [laynn. Kak Mbl yke 3HaeM, puHIAN [layan
JKU3HEHHO HEOOXOAMM [JIs1 IOHUMAHUS TOTO, KAK aTOMBI OCTAaIOT-
Cs1 CTaOUNAbHBIMU. OH JICKUT B OCHOBE CBOMCTB MaTepuu. M BOT enie
OJJHO €T0 IOCTOUHCTBO: OH OO'bACHAET CYIIECTBOBAHUE KOMIAKTHBIX
3BE3J1, KOTOPBIE IIPOJOJIKAIOT CBOE CYIMIECTBOBAHUE, XOTA yKE BbIPA-
60Tanu BCe AfepHOE TOILIUBO. Kak e 310 padoTaer?
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Korma 3Be3f1a CXKUMAETCsA, IJIEKTPOHBI BHYTPU HEE HAYUHAIOT
3aHUMATh MEHBIIUN O6'bEM. MBI MOXEM MPEACTABIATH IICKTPOH
3BE3/IbI UYEPE3 €ETO UMITYILC P, TEM CAMBIM ACCOLIMUPYS €T'O C JIUHOM
BOJIHHI Jie Bpoiins, b /p. HamOMHUM, 9YTO YaCTUIA MOXET OBITh OIU-
CaHa TOJIBKO TAKUM BOJHOBBIM ITAKETOM, KOTOPBIN 11O KPAMHEN Mepe
HE MEHBIIE CBA3AHHOM C HEU JIMHOU BOJIHBI*, DTO 3HAYUT, YTO €CJIHU
3B€3/1a JOCTATOYHO IIJIOTHAS, TO 3JIEKTPOHBI JIOJIKHBI IIEPEKPHIBATH
JPYT APyra, TO €CTh HEJIb35I CYUTATD, YTO OHU OITHUCBIBAIOTCA U30JIU-
POBAHHBIMH BOJHOBBIMU IAKETAMH. DTO, B CBOIO O4Y€EPE/Ib, OO03HA-
Ya€T, YTO /I8 OIHUCAHUS IJIEKTPOHOB BAXKHBI 3(PPEKTHI KBAHTOBOM
MEXAHUKH, B OCOOEHHOCTU NPUHLUIN [Tayiu. DIEeKTPOHBI YIIOTHS-
IOTCS JIO TEX IO, TOKA /1B AJIEKTPOHA HE HAYNHAIOT IPETEH/IOBATh
H4 3aHATHUE OAHOM U TOU K€ MO3UIINHN, A TPUHITAI [1ayyIy I71acuT, 9TO
3JIEKTPOHBI HE MOT'YT 3TOT'O JIe/IaTh. TAKUM 0Opa30M, U B yMUPAIOIIEH
3BE3/IC AIEKTPOHBI U30CTAIOT JAPYT APYTrd, YTO IIOMOT'ACT U30ABUTHCS
OT AAJIBHENMIIErO IPAaBUTAIIMOHHOTI'O KOJIIAIICA.

TakoBa cyjbOa Oosee Jerkux 3Be3d. A utro Oyger ¢ ConHLem
U APYTUMHU 3BE3JAMU MOZOOHONU MACCHI? MBI YIIIU OT HUX Mapy a6-
3411€B HA33a/1, KOI/Id IEPEKUTaIU I'eJIMA B yIJIEPOJ U BOJOPOJ,. YTO
OyJleT, KOTJa T€NNH TOXE KOHUYMUTCSI? OHU TOXE JOJIKHBI OyyT Ha-
4aTh CKUMATHCS O/ AEUCTBUEM COOCTBEHHOM I'PaBUTAIIUU, TO €ECTh
JIEKTPOHBI OyAyT YIUIOTHATHCA. M npuHnun I1aynu, Kak U B cjiydae
¢ 6osiee JIETKUMU 3BE3/JAMH, B UTOI'E€ BMEIIAETCA U MPEKPATUT KOJI-
saric. Ho /111 caMbIX MACCUBHBIX 3BE37] AK€ MPUHITUT [Tayin OKas3bl-
BAaeTCA He BcecuyieH. Korma 3se3a CKUMAETCA U AJIEKTPOHBI YILIOT-
HSIIOTCS, SIIPO Pa30TPEBACTCS, M JEKTPOHBI HAYUHAIOT JBUI'AThCS
BCE ObICTpEE. B 1OCTATOYHO TSXKEJIBIX 3BE3/jAX IJICKTPOHBI ITPUOIIH-
JKAIOTCSL K CKOPOCTH CBETA, MTOCJIE YETO MPOUCXOAUT HEYTO HOBOE.
Korya a5ekTpOHBI HAUUHAIOT JIBUTATHCS C TAKOH CKOPOCTHIO, /IaBJie-
HUE, KOTOPOE 3JIEKTPOHBI CIIOCOOHBI PA3BUBATH JIJISI IPOTHUBOCTOS-
HUS IPABUTAIIUY, TIOHUKACTCS, U TY 32/]a4y OHHU YK€ HE CIIOCOOHBI

pemnTb. OHU IPOCTO OOJBIIE HE MOT'YT OOPOTBCS C I'PABUTAIIUENT

* Kak Mbl 3HaeM 13 11aBbl 5, 4aCTULbI ONPEAENEHHOMO MMMYNLCa Ha Aene OMUChIBatoTC bec-
KOHEUHO A/IVIHHbBIMIA BOMTHAMM, TaK UTO Mbl JO/KHbI Pa3PELLIMTL HEKYIO HeomnpeAeIeHHOCTs
VIMMY/bCa, ECAM XOTUM N10KaNM308aTh UacTyiLly. HO HET CMbIC/1a TOBOPUTE O UacTyLie C onpe
NENEHHOW ANVIHON BONHbI, €C/IV OHa NIOKaNM3YeTCs Ha PacCTOAHMM MEHbLLE 3TOM Camom
ONVHBI



ONUNOr: CMEPTH 3BE3[]

U OCTAHABJIMUBATH KOJIIATIC. Hala 3271244 B 3TOM IMTABE — PACCUUTATD,
KOI/Ia 3TO MPOMU3OH/IET, U MBI YK€ PACCKA3AIU CAMOE UHTEPECHOE.
Ecnu macca 38e37bl B 1,4 paza 1 60blIIe IPEBOCXOAUT MacCy CONHIA,
3JIEKTPOHBI TEPIAT NOPAKEHUE, A TPABUTAIINS BBIUTPLIBAET.

Tax 3aKaHYUBAETCS OO30P, KOTOPBIH MOCIYXUT OCHOBOM HAIINX
BBIYMCJIEHUH. Tenepb MOXXHO JIBUT'AThCS JAJIbIIE, I1I03A0bIB O SIJIEP-
HOM CHHTE3€, TOTOMY YTO I'OPSIIIIHE 3BE3/IbI JIEXKAT BHE CHEPHI HAIMNX
UHTEPECOB. MBI Oy/IEM ITBITATHCSA OCO3HATD, YTO IIPOUCXOIUT BHYTPHU
MEPTBBIX 3B€3/]. MBI IOCTAPAEMCS IOHATD, KAK KBAHTOBOE /I1ABJICHUE
YIUIOTHHUBIIUXCA 3JIEKTPOHOB YPABHOBEIIMBAET CUJy I'PDABUTAILUUA
U KAaK 3TO JABJIECHUE YMEHBIIAETCSH, €CAU INEKTPOHBI JIBUTAIOTCS
CJIMIIKOM OBICTPO. TaKUM OOpa30oM, CYyTh HALIEI'O UCCIAEJOBAHUA —
IIPOTUBOCTOAHUE I'PABUTAIIUU U KBAHTOBOTO JABIEHUS.

XOTs BCE 3TO HE TAK BAXKHO JJI51 TOCAEAYIONIUX PACYETOB, MBI HE MO-
JKEM BCE OPOCHUTB HA CAMOM HMHTEpPeCHOM MmecTte. Korma maccuBHas
3B€3/]a CXJIONBIBAETCA, Y HEE OCTAIOTCS [IBA BADUAHTA PA3BUTUS COObI-
TUN. EC/IM OHA HE CIIMIIKOM TAXKENAA, TO B HEH IPOJOJLKUTCA CKATUE
IIPOTOHOB M 3JIEKTPOHOB, IIOKA OHU HE CUHTE3UPYIOTCSA B HEUTPO-
HBL TaK, OIMH NPOTOH U OJINH 3JIEKTPOH CIIOHTAHHO IIPEBPAIIAIOTCS
B HEUTPOH C UCITYCKAHHUEM HEMTPUHO, OIATD K€ O1aroaaps ciaabomy
SZIEPHOMY B3aUMOJICUCTBHIO. [I0JOOHBIM O6PA30M 3BE371A HEYMOIUMO
IIPEBPALIAECTCS B HEOOJIbIION HEUTPOHHBIN MIapUK. IT0 c10BaM pyccKo-
ro ¢pusuka JIpa JIaHjay, 3B€3/1a CTAHOBUTCS «OHUM THT'AHTCKUM S1/1-
pom». JIaHAay HAaITUCAaJI 3TO B cBOE padbore 1932 roja «K Teopuu 38€3/1,
KOTOpasA MOABWIACH B MEYATU B TOM CAMOM MeECAIlE, Koraa JKenmc
YeaBUK OTKPBUI HEUTPOH. HaBepHOE, CIIUIIKOM CMENIO ObUIO OBl CKa-
3aTb, 4TO JlaH[ay IpeacKas3an CymeCTBOBAHHME HEUTPOHHBIX 3BE3J,
HO OH OIPEJIEJIEHHO YTO-TO MOAOOHOE MPEIYBCTBOBAJI, M C OOIBIION
JIAJIBHOBHU/THOCTBIO. BEPOATHO, IPHOPUTET CIELYET IIPU3HATD 34 Bajib-
Tepom baage n @puiiem LIBUKKH, KOTOpBIE B 1933 romy Hanmucaau:
«MBI IMEEM BCE OCHOBAHMUS MIPEATIONATATD, YTO CBEPXHOBBIE NTPE/CTAB-
JISIFOT COOOM IIEPEXO/ OT OOBIYHBIX 3BE3/] K HEUTPOHHBIM 3BE3/]aM, KO-
TOPBIE HA KOHEYHBIX 3TANAX CYH[ECTBOBAHUSA COCTOAT U3 UPE3BLIYALI-
HO IVIOTHO YITAKOBAHHBIX HEHTPOHOB».

DTa UJEsl NOKA3a/14Ch HACTOJABKO HEJIENOU, YTO ObLIA CIApOAU-
posana B Los Angeles Times (cm. puc. 12.1), 1 HEHTPOHHBIE 3BE3/IbI
110 cepeiuHbl 1960-X TOIOB OCTABATHUCH TEOPETUYECKUM KYPhE30OM.
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B 1965 roay dutoHM Xbioutr v Camioan OKOMe HAIIH «CBUJIC-
TEJIbCTBA HEOOBIYHOT'O UCTOYHMKA IPKOCTU PA/THOU3IIYUEHHUS BBICO-
KOU TeMIieparypbl B KpaboBHU/HON TYMaHHOCTH», XOTSI U HE CMOIJIN
ONO3HATh B 3TOM UCTOYHUKE HEUTPOHHYIO 3B€3y. ONIO3HAHUE CIIY-
410Ch B 1967 roxpy 6marogaps Mocudy [IKIOBCKOMY, 4 BCKOPE, TO-
cie 6oJiee TOIPOOHBIX UCCIEIOBAHUM, 1 6aroaaps [xocenns bemnn
U TOMY k€ XbIoury. [IepBbIf IPpUMEP O/THOTO U3 CAMBIX 3K30THYEC-
CKMX OO6'bEKTOB BO BCEIEHHON MOMYYNUII HA3BAHUE ITyIbCapad XbIOU-
ma—OKkolie. UTHTEpECHO, YTO T4 XK€ CBEPXHOBAS, YTO IOPOANIIA TyJIb-
cap Xpronma—OxKorie, 6p1a 3aMedyeHa acTpoHoMamu 32 1000 jer
10 3TOrO. Benukas ceepxHoBas 1054 ropa, camas sApKasg B 3a(PUK-
CHPOBAaHHOM MUCTOPHUH, HAOIIONANACh KUTAHCKUMU ACTPOHOMAMU
U, KaK U3BECTHO OJarojapsi 3HAMEHUTOMY HACKAJIbHOMY PUCYHKY,

JKUTEJIAMU KaHbOHA YaKO Ha I0ro-3anaje COBPCMCHHBIX CHIA.

Pasdvgiree sicsi,

KT 9To-Im Gy
HHHPACTON, B ROHY
TG NPOBRCPETE

Pvc.12.1. KapukaTypa 13 Homepa raseTsl Los Angeles Times

0T 19 9AHBaps 1934 roaa

MpI 1TOKQ €l11e HE TOBOPHJIM O TOM, KAK 3TUM HEUTPOHAM yIA€TCH
CONIPOTHUBIATHCSA I'PABUTAIIAN U IIPCIATCTBOBATD JAJIbHCHIIEMY KOJI-
JIATICY, HO, BO3MOJKHO, BbI U CAMH B COCTOSTHUH IIPEAIIOIOKUTD, IT0YE-
MY 3TO IIPOUCXOAUT. HEUTPOHBI (KAK U AJIEKTPOHBI) — PAObI IPUHIIH-

na ITayny. OHU TOXKE MOT'YT OCTAHABJIMBATD KOJIJIAIIC, U HEUTPOHHBIE
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3BE3/1bl, KAK U O€JIbIC KAPJIUKHU, — OJUH U3 BAPUAHTOB OKOHUYAHUSI
JKU3HM 3Be3/ibl. HETpOHHBIE 3BE3/1bl, BOOOIIE-TO, OTCTYILJICHUE
OT HAaIIero NOBECTBOBAHMUS, HO Mbl HE MOKEM HE OTMETUTH, YTO 3TO
COBEPIIEHHO OCOOEHHBIC OO'BCKTHI B HAIICH BEJIUKOJICIHON Beenen-
HOM: 3TO 3BE3/1bl PA3MEPOM C I'OPOJ], HACTOJBKO IIJIOTHBIE, YTO Yali-
Hasl JIOKKA UX BEIIECTBA BECUT KAK 3€MHAsI TOPA, 4 HE PACIAIAI0TCS
OHM TOJIBKO 6JIaTO/1aps €CTECTBEHHON «HEMPUS3HU» YACTHUIL OJJHOT'O
CIIMHA JIPYT K IPYTY.

7151 CaMbIX MACCHUBHBIX 3B€37] BO BCEJIEHHOM OCTAECTC TOJIBKO OJIHA
BO3MOXXHOCTbD. B 3THX 3B€3/1aX /1K€ HEUTPOHBI IBUKYTCS CO CKOPO-
CTBIO, OIM3KOM K CKOPOCTHU CBETA. Takue 3BE3/bl KJACT KaTacTpoda,
IIOTOMY YTO HEUTPOHBI HE CLIOCOOHBI CO3/IaBATH JOCTATOYHOE JIaBJIe-
HUE, YTOOBI IPOTUBOCTOSTH I'PABUTAIIMH. [TOKa HEU3BECTEH (PU3HNUC-
CKHH MEXAHU3M, HE JAIOUUN /1Py 3BE3/IbI, MACCA KOTOPOI IPUMEPHO
B TPpU pa3a 60sblie Macchl CONMHIIA, YyIIACTh CAMOMY Ha CE€O51, U PE3YJlb-
TATOM CTAHOBHUTCSI YEPHAS JIbIPA: MECTO, B KOTOPOM BCE U3BECTHHIC
HAaM 3aKOHBI (PU3HUKH OTMEHSAIOTCA. IIpefmonaraercs, 4To 3aKOHBI
HIPUPOJIBI BCE K€ MPOJOJIKAIOT JEUCTBOBATH, HO JJISI IIOJIHOI'O MO-
HUMAHHUS BHYTPEHHEHN PA6OTHl YEPHOM JIBIPBI TPEOYETCSI KBAHTOBAS
TEOPUS I'PABUTALIUU, KOTOPOI ITIOKA HE CYLIECTBYET.

OJHAKO NOPa BEPHYTHCA K CyTH JI€JId U COCPEAOTOUUTHCA HA Ha-
IEH ABOSIKOM LEJIM — JIOKA34TENbCTBE CYIIECTBOBAHMS O€bIX KaAP-
JIMKOB U pacyeTe npezena Yanapacekapa. Mpl 3HaeM, KaK HOCTYIIATh:
HEOOXO/IMMO YPABHOBECHUTD I'PABUTAIIUIO U JIABJICHUE JJIEKTPOHOB.
Taxue BbIYUCJICHUS HEJIB3S C/IEAATh B YME, TAK YTO CTOUT HAMETUTD
IJIaH IeUCTBUI. ITAK, BOT IIJIAH; OH JIOBOJILHO JIIMHHBIH, IOTOMY YTO
MBI XOTUM CHA4Y4J14 PA3bSICHUTb HEKOTOPBIE BTOPOCTEIIECHHBIE JIcTa-
JIM Y1 TOATOTOBUTB OYBY JJIs1 COOCTBEHHO BBIYUCJIECHUHN.

IIlae I: MBI JOJIKHBI OIIPEJIC/IUTD, KAKOBO ABJICHHUE BHYTPHU 3BE3-
JIbl, OKA3bIBAEMOE CHJIBHO CXKATBIMH JEKTPOHAMH. BO3MOXKHO, BAC
3aMHTEPECYET, MOYEMY MBI HE OOpAIaeM BHHMAHHUS HA JIPYTUE
YACTHUIBl BHYTPU 3BE3/Ibl: YTO HACYET s1€p U POTOHOB? POTOHBI
HE NOAYMHAIOTCA NPUHIUITY [1ayIy, TAK 9TO CO BPEMEHEM OHMU BCE
PaBHO OKUHYT 3B€37y. B 60pb6€ ¢ rpaBuUTALIE OHU HE IIOMOIIHU-
KU. YUTO K€ 10 47€P, TO S/Ipa C MOJYLEIbIM CIIUMHOM HMOJYUHSAIOTCS
npuHnuny Ilayau, HO (KaK MBI YBUJIMM) M3-32 TOI'O, YTO MX MaCCa

60]II)H_I€, OHHM OKA3BIBAIOT MCHBIIICC JABJICHHNC, YCM JICKTPOHBI, 1 UX
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BKJIAJ| B OOpBOYy C I'PaBUTAIIMEN MOMXKHO CHOKOMHO UTHOPUPOBATh.
DTO CYNMIECTBEHHO YIIPOIAET 32/Ja4y: BCE, YTO HAM HYKHO, — JIaBJIe-
HUE JEKTPOHOB. Ha TOM U YCITOKOUMCHL.

Illaz 2: BBIYMCINB JIABJICHUE 3JIEKTPOHOB, MBI JOJIKHBI 3aHATH-
CA BOIIPOCAMHU PABHOBECUA. MOXKET OBITb HEIIOHATHO, YTO JEJIATh
panbire. OJHO JIEJI0 CKA3aTh, YTO «I'PABUTALIUS JTABUT, A4 SJIEKTPOHBI
IIPOTUBOCTOST TOMY /IABJICHUIO», COBCEM JPyIO€ — OIEPHUPOBATH
IIPU 3TOM YUCIAMU. JJaBJIEHUE BHYTPH 3BE3/bI OYAET BAPbUPOBATHCH:
B IIEHTPE OHO OYZET OOJIbIIE, 4 HA IOBEPXHOCTU MeHbIIe. Hannuue
IIEPENA/IOB JABJICHUS OUYEHb BaKHO. [Ipecraspre cebe Kyo 13 3BE3/1-
HOU MAaTEPUU, KOTOPBIM HAXOAUTCA IAE-TO BHYTPH 3BE3/IBI, KAK I1O-
Ka3aHO Ha puc. 12.2. I'paBuTanius HAIPaBUT KyO K LIEHTPY 3BE3/IbI,
U MBI JOJIKHBI IIOHATH, KaK OyJIET IPOTUBOCTOSITh 3TOMY [JABJICHUE
3JICKTPOHOB. [IaBJI€HUE JICKTPOHOB B I'd3€ OKA3BIBACT BO3JCHUCTBUE
Ha KQXKAYIO U3 MECTH I'PAHEN KyOa, M 3TO BO3AECHUCTBUE OYAET PABHO
JABJICHUIO HA I'DAHb, IOMHOXKEHHOMY Ha IIJIOIIAAb 3TOM I'DAHU. DTO
yTBEP)KJEHUE TOYHO. /IO TOrO MBI UCIIOIB30BAJIN CJIOBO «JABICHUEC»,
MIPEATIOIATas, YTO OOIAJAEM JOCTATOYHBIM HHTYUTUBHBIM TTOHUMA-
HUEM TOTO, OYITO I'a3 IPHU BBICOKOM /IABJICHUH «JABUT» OOJBIIE, YEM
Ipu HU3KOM. CO6CTBEHHO, 3TO U3BECTHO JTIOOOMY, KTO XOTb PA3 HAKA-
YHBAJI HACOCOM CIYBIIYIOCS aBTOMOOWIBHYIO IINHY.

ITOCKONIBKY HAM HYZKHO JIOJKHBIM OOPA30M NOHATD IIPUPOJY 1aAB-
JIEHH S, CAEJIAEM KPATKYIO BBLIA3KY Ha 60JIE€ 3HAKOMYIO TEPPUTOPHUIO.
O6parnuMcs K IpuMepy ¢ MUHOM. PUBUK CKA3aJI 6bl, YTO IIHMHA CAY-
JIACh, IOTOMY YTO BHYTPEHHETO BO3YIIHOI'O JIABJIEHUA HEJOCTATOY-
HO, 4TOOBI y/IEPKUBATDL BEC AaBTOMOOMIIA 6€3 Je(POPMAIIUH NIHUHBI —
34 3TO-TO HAC, (PUZUKOB, U IIEHAT. MBI MOXKEM HE OI'DAHUYUTHLCA ATUM
U BBIYUCJIUTH, KAKOBO JJOJIDKHO OBITB IABJIEHUE B IIUHAX I ABTOMO-
6uis ¢ maccor 1500 KT, €C/IM 5 CM IIUHBI JOJKHO ITOCTOSIHHO TI10/I-
JEPKUBATD KOHTAKT C IIOBEPXHOCTBIO, KAK IIOKA3aHO HA puC. 12.3:
ONSATb HACTAJIO BPEMS JOCKH, MEJIA U TPAIIKH.

Ecnn mumpuna muael — 20 ¢M, 2 JJIMHA COITPUKACAIONIENCA C 1O~
pOroy HOBEPXHOCTH — 5 CM, TO IIONIA/(b IOBEPXHOCTH IHHBI, HA-
XOJIANIEHCS B HEIOCPEACTBEHHOM KOHTAKTE C 3eMJIEH, Oy/IeT paBHA
20 x 5 =100 cm’. TpebyeMOro 1aBJI€HHUS B IIUHE MBI €I11€ HE 3HAEM —
€ro-TO U HaJO BBIYUCIUTH, TAK YTO OOO3HAYHM €rO0 CHMBOJIOM

P. Ham moTpebyeTcsl TaKXKE 3HATH JEHCTBYIOMYIO HA JOPOTY CHIY,
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KOTOPYIO IIPUKJIAJIBIBAET BO3AYX B nHE. OHA paBHA JJABJICHUIO, [1O-
MHOXXEHHOMY Ha IJIOUIAJb IIHMHBI, KOHTAKTUPYIONIYIO C JJOPOI'OH,
TO ecTh P x 100 cM?. MBI JOTKHBI YMHOKHUTD 3TO €I1e Ha 4, TOCKOJIb-
KY Y aBTOMOOMJIAA, KAK U3BECTHO, YETBIPpE MUHBL P x 400 cMm?. Tako-
Ba O0IIAs CHUJIA BO3/yXd B IIMHAX, JCHUCTBYIONAS HA IIOBEPXHOCTH
noporu. IIpencTaBpTe €€ TaK: MOJIEKYJId BO3/yX4d BHYTPH IIHHBI
MOJIOTST IO 3€MJIE (€C/IH OBITH COBCEM YK TOYHBIMH, TO MOJIOTAT
OHH MO PE3UHE HIUHBI, KOTOPAsI KOHTAKTHUPYET C 3EMJICH, HO 3TO

HE T4K BA)KHO).

Purc.12.2. HebonbLLok Ky6 rae-To B cepeanHe 38e3bl. CTPEAKM MOKA3bIBALOT

CUAY, AEVICTBYIOLLIYIO Ha Ky CO CTOPOHbI 3NEKTPOHOB B 3BE3/e

3emist OOBIYHO IIPH 3TOM HE NIPOBAJIUBAETCS, TO €ECTb PEATUPYET
C PaBHOM, HO IIPOTHUBOIIOJIOKHOM CUJION (ypa, HAKOHEI[-TO HAM IIPU-
FOAWJICA TPETUM 3aKOH HbIOTOHA). MAIMHY NPUIIOJHUMAET 3€MJII
U OIYCKAECT I'PABUTALINSA, U, IIOCKOJIBKY IIPH 3TOM OH4 HE IIPOBAJINBA-
€TCA B 3EMJIIO M HE BOCHAPAET B BO3/1YX, MBI IOHUMA€EM, YTO ITH IBE
CHUJIBI JOJIKHBI yPABHOBEIIUBATD IPYT APyTra. Takum 06pa3zom, MOXKHO
CYUTATD, YTO cuja P x 400 cM? yPaBHOBEMINBACTCS IPHKUMHOI CH-
JIOH 'PABUTAIIMU. DTA CHUJIA PABHA BECY ABTOMOOMIISA, M MBI 3HAEM, KaK
BBIYUCJIUTD €I'O C IIOMOIIILIO BTOPOTI'O 3aKOoHA HeioToHa FF = ma, rie a —
YCKOpEHUE CBOOOAHOTIO MAJEHUA HA IIOBEPXHOCTHU 3E€MIIU, KOTOPOE
pasHO 9,81 M/c% Utak, Bec cocTasisgeT 1500 kr x 9,8 m/c* = 14700 H
(HpIOTOHOB: 1 HBIOTOH — 3TO MPUMEPHO 1 KI-M/C? YTO NPUOINU3U-

TEJIBHO PABHO BECY s16/I0KA). TaK KaK JIB€ CHUJIBI PABHBL, TO

P x400 cm?*=14700 H.
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Pemnts 310 ypasHenwue jerko: P = (14700 /400) H/cm? = 36,75 H/cm?,
Iasnenue B 36,75 H Ha CM? — BO3MOJKHO, HE BIIOJIHE 3HAKOMBIM HAM
[260] CTIOCOO BBIPAKEHU A JABICHUA B IIMHAX, HO €TI0 MOKHO JIETKO ITPE0O-

Pa30BaTh B 60JIEE IPUBBIYHBIE «OaAPBI>.

Puc.12.3. LLIMHa HemHOro aedopMmpyeTcs noj BECOM aBTOMOOMNS

OJIMH 6ap — 3TO CTAH/IAPTHOE JJABJICHUE BO3/TyX4d, KOTOPOE PABHO
101000 Haam2 B 1 M2 10000 cm?, Takgyto 101 000 HHa M? — 310 10,1 H
Ha cM? TakuM 06pa30M, HAIIIE XKEJIAEMOE JABJICHUE B IIHMHAX PABHSI-
ercst 36,75 /10,1 = 3,6 6ap (niu 52 ¢yHTa HA KBAAPATHBIN JIOMM —
3TO BBl MOXKETE BBIYHUCIHUTD CAMOCTOATENBHO). C IMOMOIIBIO HAIIETO
YPaBHEHHUS MOXXHO TAKXKE MOHATD, YTO €CJIM JIABJICHUE B NIMHAX I1a-
naet Ha 50% o 1,8 6ap, TO MBI YIBAUBAEM IJIONA/b IIMHbI, HAXO/ -
HIYIOCS B KOHTAKTE C [IOBEPXHOCTBIO JOPOT'H, TO €CTh IIMHA HEMHOT'O
cayBaercs. ITocie 3Toro OCBEXKAOMEro 3KCKyPCa B BBIUUCICHUE J1AB-
JIEHHS MBI TOTOBBI BEPHYTBCS K KYOUKY 3BE€3/ITHON MATEPUU, KOTOPBIH
IIOK43aH Ha puc. 12.2.

Ecyii HUXKHSS TPaHb Ky6a OJIMIKE K IIEHTPY 3BE3/1bl, TO JIABJICHHE
Ha HEE JIOJDKHO OBITh HEMHOT'O OOJIBIIE, YEM JIABJICHHUE HA BEPX-
HIOIO I'PaHb. TaKas pa3HOCTD JABJICHUN NOPOKAACT JECUCTBYIONLYIO
Ha KyO CHJTY, KOTOPAasl CTPEMHUTCS OTTOJKHYTB €T0 OT IIEHTPA 3BE3-
216l («BBEPX» HA PUCYHKE), YET'O MBI U XOTHUM JOOUTBCS, IIOTOMY UTO
Ky0 B TO K€ CAMOEC BPEMS I'PABUTAIIUCH MTOATATKUBACTCS K IICHTPY
3BE3/1bl («<BHU3» HA PUCYHKE). ECIM 6BI MBI MOTJIM ITOHATH, KAK COYE-

TATb JIBE€ 9TU CHUJIBI, TO YJIYUYIIHINA OBl CBOU IPEJICTABICHUSA O 3BE3JIE.
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Ho 310 s1erye cKasarb, YeM CAEIATD, IOTOMY YTO, XOTH Utd2 1 11I03BO-
JISIET HAM IIOHATH, KAKOBO J4BJICHUE 3JICKTPOHOB Ha Ky0, BCE €lie
MIPESCTOUT PACCUUTATD, HACKOJBKO BEJIMKO JABJIEHHUE TPABUTAILINU
B IIPOTHUBOIOJIOXHOM HaIpasjeHUU. KcTaru, HET HYX/Jbl YUYUTDI-
BATh /1ABJIECHHE HA OOKOBBIE I'DAHU Ky0Oa, IOTOMY UTO OHU PABHO
YAAJI€Hbl OT LEHTPA 3BE31bl, TAK YTO AABJICHUE HA JIEBYIO CTOPO-
HY YPABHOBECUT JABJICHUEC HA IIPABYIO, U Ky6 HE OYJIET JBUIATHCS
HU HAIIPABO, HU HAJIEBO.

YTOOB!I BBISICHUTD, C KAKOM CUJION I'PABUTAIINS JJEUCTBYET HA KYO,
MBI JJOJKHBI BEPHYTBHCA K 3aKOHY NPUTAKEHUA HbIOTOHA, KOTOPBIN
TOBOPUT, YTO KAXK/AbIA KYCOUYEK 3BE3JHOMN MATCPUU ACUCTBYET HA HAIIL
KyOMK C CHUJIOW, YMEHBIIAIOIENCA C yBEJIUYEHUEM DPACCTOAHULA,
TO €CTb 60JI€E NAJIEKNE KyCKH MATEPUH JABSAT MEHBIIE, YEM OJTU3KHE.
KakeTcs, TOT (PaKT, YTO IPABUTALIMOHHOE JJABJICHUE HA HAIII KYO pa3-
JIMYHO JUISL PA3JIMYHBIX KYCKOB 3BE3JHOIM MATEPUU B 3aBUCUMOCTH
OT UX YAAJIEHHOCTH, IPEJICTABIAECT COOOM CIIOKHYIO IPOOIEMY, HO MBI
YBUJUM, KAK OOOUTHU 3TOT MOMEHT, 110 KPAHHEN Mepe, B IIPUHITUIIE:
MBI HAPEXKEM 3BE37y HA KYCOYKH M 3aTEM BbIYHCIUM CHIIY, KOTOPYIO
OKAa3BIBAET HA HAII KyO KAXKJbIM TAKOH KycodeK. K cuacTbio, HET He-
O6XOUMOCTH MPEJCTABIATH KYJIMHAPHYIO HAPE3KY 3BE3/IBL, IOTOMY
YTO MOXKHO HUCIIOJIb30BATh OTIUYHBIN OOXOIHON MaHEBD. 3aKOH 'ayc-
Ca (Ha3BAHHBINA B YACTh JIETEH/IAPHOI'O HEMEIIKOIO MaTeMaTuka Kapia
I'aycca) coobmiaeT, 4To: 1) MOKHO MOTHOCTBIO UTHOPHUPOBATD IPUT-
JKEHHUE BCEX KYCOUYKOB, HAXOASAMMXCS JAJIbIIE OT LEHTPA 3BE3/IbL, UEM
HAIII KyOHK; O) OOIIee rpaBUTAIIMOHHOE JABJIEHHUE BCEX KYCOYKOB, Ha-
XOJAUUXCS OJIMIKE K [IEHTPY, B TOUHOCTH PABHO JIaBJICHUIO, KOTOPOE
OKA43BIBAJIM OBl 3THU KYCOYKH, €ECJIA OB HAXOJUIUCh POBHO B LIEHTPE
3Be3/bl C IIOMOIBIO 3aKOHA 'aycca 1 3aKOHA NIPUTKEHUA HbIoTOHA
MOYKHO CZEIATD BBIBOJI, YTO K KyOMKY IPUKJIAABIBAETCA CUJIA, KOTO-

Pasg TOJMKACT €TO K IICHTPY 3BC3/4bI, 1 YTO 9TA CHUJIA PABHA

M in M cube
G————

r? ’
rae M, — Macca 3Be3/1bl BHYTPH CHEPBDI, PaJIMyC KOTOPO¥ PaBEH pac-
CTOSIHUIO OT LIEHTPA 10 Kyb6a, M, — Macca Kyba, a 7 — pacCTOAHUE
oT Kyb6a 70 LeHTpa 3Be3/bl (G — KOHCTaHTa HproToHa). Hanpumep,
€cau Ky6 HAaXOJUTCA HA MOBEPXHOCTH 3BE3/IBI, TO M, — 3TO 0bmas

in
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Macca 3Be3nibl. [l BCEX OCTAJIBHBIX MECTOIOJIOKEHUU M, oyner
MEHBIIIE.

MBbI TOOUJIMCH ONIPE/IEJIEHHBIX YCIIEXOB, IOTOMY YTO /11 YPABHO-
BEMIUBAHUSA JEUCTBUM, OKA3bIBAEMBIX HAa Ky6 (HAIIOMHHUM, 3TO 3Ha-
YHUT, YTO KyO HE JIBUIKCTCS, 4 3BE3/1d HE B3PbIBACTC U HE KOJJIAIICHU-

pyeT®), TpebdyeTcs, YTOOBI

. Mi)/ Mm/)p
(P/)Wam_ P/‘op) A=G 2 > (1>
rnep,,,.,, AP, — NaBIEHNE 3JICKTPOHOB Ira3a Ha HUKHEH U BEPXHEH

IPaHAX Ky0a COOTBETCTBEHHO, 4 A — IUIOIMIAJb KAXXJOU CTOPOHBI
Ky6a (IIOMHUTE, YTO CUJI4, OKA3bIBAEMAs JABJICHHUEM, PABHA JIABJIC-
HUIO, YMHOXEHHOMY HA IJIOMA/Ab). MBI OTMETUIHN 3TO YPABHEHUE
nudpon (1), ToToMy 4TO OHO OYEHDb BAXKHO U MBI K HEMY €IIIE€ BEP-
HEMCH.

Illaz 3: caenafTe ceb€ 9aro U HACTAXKAAUTECH COOOH, IOTOMY UTO,
CAcnaB wuiae 1, Mpl BBIYUCIAIN AABACHUA P, W P, a1ocne uaza 2
CTAJIO MOHATHO, KAK UMEHHO YPABHOBECHUTD CHUJBbL. OJHAKO OCHOB-
Has paboTa elie BIepea, IOTOMY UTO HAM HY>KHO 3aKOHUYUTD wiaz 1
U ONPENENUTD PA3HUILY JABJIECHUH, (DUT'YPUPYIOMIYIO B JIEBOIM YACTH
ypaBHeHU (1). DTO 1 6yI€T HAIIEN CIIEAYIOMEH 3a/Ja4eit.

[IpencraBbTe 3BE3/Y, HAOIHEHHYIO 3JIEKTPOHAMH W JIPYTUMU
gacTuaMu. Kak paccesHbl 3TH 3M1€KTPOHBI? OO6paTUM BHUMAaHUE
HA «TUIIAYHBIN» JIEKTPOH. MBI 3HAEM, YTO JIEKTPOHDI ITOJYHUHAIOT-
¢ npuHnuny Ilaynu, TO €CThb ABA JIEKTPOHA HE MOI'YT HAXOAUTb-
Cs B OJHOM M TOU e O6JIACTH NPOCTPAHCTBA. YTO 3TO 3HAUUT JJI
TOI'O MOPSI 3JIEKTPOHOB, KOTOPOE MBI HA3BIBAEM «JIEKTPOHAMU I'a3a»
B HAIlIEH 3Be3/e? TaK KaK O4EBU/IHO, UTO JIEKTPOHBI OTAEIEHDL APYT
OT IPYT'a, MOKHO IPEATIONOKUTD, YTO KAXK/bI HAXOAUTCS B CBOEM
MHUHHATIOPHOM BOOOPAXKAEMOM KYOUKE BHYTPH 3BE3/bL. Boob1e-TO
3TO HE COBCEM BEPHO, IOTOMY UTO MBI 3HAEM, UTO JIEKTPOHBI JIEISAT-
€ Ha JIBA TUIIA — «CO CIIMHOM BBEPX» U «CO CIIMHOM BHU3», 4 IIPUH-
uun [laynm 3anpemaeT TOAbKO CIMIIKOM OU3KOE PACTIONOXKEHHUE

*

Mbl Moxem 0600LWMTL [0 BCeW 3B€3Abl, MOTOMY UTO HE YKa3anw, rae VMMEHHO HaxOAMTCS
Ky6. ECIn MOXeM [10Ka3aTb, UTo Ky, PacroNoXeHHbIM B KaKOI-TO TOUKe 3Be3/ibl, HE ABMXKET-
CS, 3TO 3HAUMT, UTO BCE NOAOOHbIE KYObI He [1BMratoTCs 1 38e3/a CTabunbHa
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UAEHTUYHBIX YACTHI], TO ECTh TEOPETUYECKHU B KyOMKE MOT'YT HAXO-
JUTHCS U IBA AJIEKTPOHA. DTO KOHTPACTUPYET C CUTYAIIMEN, KOTOPAs
BO3HHKJIA ObI, €CIIU OBl AJIEKTPOHBI HE TOJYHUHAJINCE NPpUHLUITY [Tay-
JIN. B 3TOM Cllydae OHM He CHJIETN OBl 1O IBOE BHYTPU «BUPTYAJIBHBIX
KOHTEHUHEPOB». OHU OBl PACIPOCTPAHSINCH U I1OJb30BAINUCH I'OPA3-
J10 OONBIINM >KU3HEHHBIM IIPOCTPAHCTBOM. COOCTBEHHO, €CJIN OBl
MO’KHO 6BLJIIO HTHOPUPOBATH PA3IUYHBIE CIIOCOOBI B3AUMO/ICHCTBUSA
3JIEKTPOHOB APYT C APYIOM U C APYTMMH Y4ACTUIIAMH B 3BE3JIE, UX
JKM3HEHHOMY IIPOCTPAHCTBY HE ObUIO Obl Ipezesna. Mbl 3HaeM, 4TO
MIPOMCXOAUT, KOT/Id Mbl OIPAHUYUBAEM KBAHTOBYIO YACTHILY: OHA CO-
BEPHIAET CKAYOK B COOTBETCTBUHU C IPUHIIUIIOM HEOIIPENEEHHOCTH
lerizen6epra, 1 ueM OOJIbIIEC OHA OI'PDAHUYEHA, TEM OOJIbIIIE COBEPIIA-
€T CKAaYKOB. DTO 3HAYMT, YTO, KOI/IA HAIIl OEJIBIN KAPJIHK KOJUIATICUDY-
€T, 3JIEKTPOHBI BCE 60JIEE OTPAHUYUBAIOTCS M CTAHOBSITCS BCE OoJiee
BO30YKAEHHBIMH. IMEHHO [JaBJIEHUE, BBI3BAHHOE UX BO30YXKIEHUEM,
Y1 OCTAHABJIHUBAET I'PABUTALUOHHBIN KOJLJIATIC.

MpbI MOXKEM 3aMTHU €UIE JAJbIIE, IIOTOMY YTO MOXXHO IIPUMEHUTD
IPUHLUI HEONPENEIEHHOCTU l'erizenbepra [ BBIYMCIEHHUSA THU-
IIMYHOI'O UMITYJIbCA 3JIEKTPOHA. HampuMep, €c/ii Mbl OTPaHUYNBA-
€M 3JIEKTPOH OOJIACTBIO pa3Mepa AX, OH OYAET COBEPIIATh CKAYKHU
C TUIIMYHBIM UMIYJAbCOM P ~ b / Ax. COOCTBEHHO, KaK MBI TOBOPHJIN
B IVIaBE 4, UMITYJIbC IIPUOIHU3UTCA K BEDXHEMY IIPEJEITY, 4 TUITUYHBII
HMIYJIbC OYAET PABHATHCA YEMY-TO OT HYJA JO 3TOI'O 3HAYEHHH; 3a-
IIOMHHUTE 3Ty UHPOPMAIUIO, OHA ITOHAJOOUTCS HAM MO3XKE. SHAHUE
HMITYJIbCA MO3BOIAET HEMEJIEHHO Y3HATH €IIE JBE BEeIu. Bo-mep-
BBIX, €CJIH 3JIEKTPOHBI HE TIOJJUUHAIOTCS NpUHIUNY Ilayau, To OHU
OyyT OIPAHUYEHBI OOJIACTBIO HE Pa3Mepa AX, 4 TOPa3J0 OOJIBIIEIO
pasmepa. DTO, B CBOIO OYEPEAD, O3HAYAET IOPA3/I0 MEHBIIEE KOTUYE-
CTBO KOJIEOAHU, 4 YEM MEHBIIIE KOJIEOAHUI, TEM MEHBIIIE JJABJICHHE.
HTak, O4E€BHUIHO, YTO NPUHIINI [1ay/IX BXOAUT B UT'PY; OH HACTOJIBKO
JIABUT HA 3JIEKTPOHDL, 4YTO T€, B COOTBETCTBUH C IPUHIIUIIOM HEOIIPE-
neneHHoCcTH T'efizeHbepra, AEMOHCTPUPYIOT HU30BITOYHBIC KOJIEOa-
HUsL. Yepes3 HEKOTOPOE BPEMSI MBI IIPEOOPA3YEM HUJIEIO N30BITOYHBIX
Kone6aHuil B (pOPMyIy JABIECHUsA, HO CHAYAIA Y3HAEM, YTO XK€ Oy-
JET «BO-BTOPBIX». TAK KaK UMITYJILC p = 720, TO CKOPOCTb KONEOAHUN
TOXKE UMEET OOPATHYIO 3dBUCUMOCTD OT MACCHL, TAK UTO 3JIEKTPOHDI

MIPBIFAIOT TY/AA-CIO/Ia TOPa3/l0 6BICTPEE, YEM GOJIEE TKENIBIE /1A,
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KOTOPBIE TOXKE YACTb 3BE3/bL. BOT MOYEMY JABJIEHUE ATOMHBIX AAEP
IPEHEOPERUMO MAJIO.

HTaK, KaK MOXKHO, 3Has UMIYJIbC 3JIEKTPOHA, BBIYUCIUTD J1ABJIE-
HHE, KOTOPOE OKA3bIBAET COCTOANIUN U3 ITUX JIEKTPOHOB Iaz? [y
HA44aJ1a HY>KHO BBISICHUTB, KAKOI'O PA3MEPA JOJKHBI ObITh OJIOKH, CO-
JIEPKAIIUE MTAPBI AJIEKTPOHOB. Hamy MaleHbKHUE OJIOKU UMEIOT OO'b-
eM (4X)%, 11, TOCKOJIBKY MBI JIOJKHBI PA3MECTHUTD BCE 3JIEKTPOHBI BHY-
TPHU 3BE3/bI, BBIPA3UTH 3TO MOKHO B BUJIE YUCJIA JIEKTPOHOB BHYTPH
3Be3/1bI (IV), JEJIEHHOTO Ha 06'beM 3Be3/ bl (V). YTO6BI TOMECTUIUCH
BCE€ 3JIEKTPOHBIL, TIOHAJOOUTCSI POBHO N /2 KOHTEHHEPOB, IIOCKOJIb-
KY B Ka3K/IOM KOHTEHHEPE MOKET PACHONIATATHCS 1BA ANEKTPOHA. DTO
3HAYUT, YTO KAXK/JBIH KOHTEUHED OyAeT 3aHUMATh OObEM V] JI€/ICH-
HbIA HA N /2, TO ecTb 2(V /N). HaM HEOJHOKPATHO MOHAJLOOUTCA
Ben4duHa N /V (KOJIMYECTBO 3JIEKTPOHOB HA €JUHUILY O6'beMa BHY-
TPH 3BE3/1bl), TAK YTO IIPUCBOUM €1 COOCTBEHHBIN CUMBOJI 72. Tenepp
MOKHO 3a[UCATh, KAKUM JJOJIKEH ObITh OO'bEM KOHTEUHEPOB, UTOOBI
B HEM TTOMECTHJIMCH BCE AJIEKTPOHBI 3BE37IbI, TO €CTh (AX)> = 2 /1. V13-
BJIEYEHUE KYOMUYECKOTO KOPHSA M3 MPABOU YACTU YPABHEHUSA JTAET

BO3MOXHOCTbB BBIBECTH, YTO
Ax=X2/n=2,/n)".

TCHCpb MOXHO COOTHCCTHU TO C HAIWUM BBIPDAKCHUCM, ITOJTYYCHHbIM
W3 MIPUHITUIIA HCOIIPCACIICHHOCTH, 1 BBIYHUC/IUTD TUIIHWYHbBIN UMITYJIBC

JICKTPOHOB B COOTBCTCTBUH C UX KBAHTOBBIMH KOIEOAHUSMHU:

p~hm/2)"7, 2

IJIC 3HAK ~ O3HAYACT <«[IPUMEPHO PaBHO». PazymeeTcs, ypaBHECHHC
HE MOJKET OBITh TOYHBIM, IOTOMY YTO BCE ICKTPOHBI HUKAK HE MO-
I'yT KONEO6ATHCS OJIMHAKOBO: OZITHU OYAYT JIBUI'ATHCS OBICTPEE TUITNY-
HOT'O 3HAYCHMUS, JPYTHUe Me/IJICHHEE. [IPUHITUIT HEOTIPECICHHOCTH
I'etizeH6epra HE CIOCOOEH TOYHO CKa3aTh, CKOJIBKO 3JIEKTPOHOB
JIBHKYTCSI C OJIHOM CKOPOCTBIO, 4 CKOJIBKO C Jpyroi. OH /1aeT BO3-
MOXKHOCTD CJI€/IaTh O0JIe€ NPUOIU3UTEIBHOE YTBEPKACHUE: HAIPH-
MEDP, ECJIN CKATh OOJIACTD AJEKTPOHA, TO OH 6Y/IET KOIE6ATHCS C UM-

IIYJIbCOM, IIPUMEPHO PABHBIM A / AX. MBI BO3BMEM 3TOT TUITUYHBII
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MMITYJIbC Y OJIOKHM EIO OAFUHAKOBBIM JIJIA BCEX AJIEKTPOHOB. TeM ca-
MBIM HEMHOT'O TIOTEPSAEM B TOUHOCTHU BBIYUCIEHNH, HO CYyIIECTBEHHO
BBIMI'PDAEM B IIPOCTOTE, A (PUBUKA ABJIEHUA OIIPEJETIEHHO OCTAHETCA
TOM K€ CAMOM™.

Teriepb MbI 3HAEM CKOPOCTH 3JIEKTPOHOB, YTO JAET AOCTATOYHO
MH(MOPMALINH /I ONIPEAETIEHN JaBIEHHA, KOTOPOE OHM OKA3bIBa-
IOT HA HAII KyOHK. YTOOBI YOEJUTHCS B 3TOM, IIPEJICTABBTE, KAK 11€-
JIBII (PJIOT 3JIEKTPOHOB JABUXKETCA B OJJHOM U TOM K€ HANIPABJICHUH
C OJHOU U TOU XK€ CKOPOCTBHIO (V) 11O HAIIPABJICHUIO K IIPAMOMY 3€PKa-
J1y. OHH yIAPAIOTCA O 3€PKAJIO M OTCKAKUBAIOT, ABUT'ASACH BCE C TOM XK€
CKOPOCTBIO, HO Ha CEM pa3 B OOPATHOM HAIIPABJIECHUU. JJaBalTE BbI-
YUCIUM CUJLY, C KOTOPOU JIEKTPOHBI JEUCTBYIOT HA 3epKaJio. [Tocie
3TOTO MOXKHO MEPENUTH K OOJIEE PEATMCTUYHBIM BBIYUCIECHUAM 115
CJIy4a€B, KOI/IA JIEKTPOHBI IBUT'AIOTCS B PA3HBIX HAIIPABJICHUAX. Ta-
Kas METOJJOJIOTUS OUYEHD PACIIPOCTPAHEHA B (PU3UKE: CHAYAJIA CTOUT
MOPA3MBICJIUTD HaJ, 601€e NPOCTBIM BAPUAHTOM 3a7a4U, KOTOPYIO
XOYEHb PEMUTD. TEM CAMBIM MOXXHO Pa306PaAThCA B (DUBUKE ABJICHUA
C MEHBIIMMH IPOOJIEMAMH U OOPECTH YBEPEHHOCTD AJIA PEMIEHUA
0oJ1ee CEpbE3HOM 3a4a4H.

IIpepcTaspTe, 4TO (PIOT AIEKTPOHOB COCTOUT U3 72 YACTHI] HA M°
U 7151 IPOCTOTBI UMEET B KPYIVIOM CEYEHHH IIOMIA b 1 M2 KaK ITOKa-
3aHO HA pHUC. 12.4. Yepes CEKYHY 720 SJIEKTPOHOB YIAPUTCA O 3€PKa-
JIO (€CJINL ¥ UBMEPSETCA B METPAX B CEKYHAY).

«—1 X1 cekyHa —»

nnoLagb
1 m?

Puc. 12.4. ®noT 3n1ekTpoHOB (ManeHbKye TOUKI), ABVIKYLLMIACS B e1MHOM
HanpaeneHvn. Bce 3n1ekTpoHsl 8 TpybKe Takoro pasmepa OyayT execekyHaHO

YAADSTLCH O 3epKaso

* KOHEYHO, MOXHO BbIUMCAUTL CKOPOCTb ABVXEHWNA 3NEKTPDOHOB U 6os1ee TOUHO, HO 3TO Mo-

rpebyeT Kyaa 60/1bLIEro NPUBNEYEHVIS MaTEMATUKM
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MBI 3HAEM 3TO, IOTOMY YTO BCE AJIEKTPOHBI, VAAJIEHHDBIE OT 3€PKa-
JIa HAa PACCTOSTHUE U % 1 C, BYIYT €3KECEKYHTHO BPE3AThCSA B 3€PKAJIO. DTO
OTHOCHUTCA KO BCEM JIEKTPOHAM B TPYOKE, M3006PAKEHHOI HA PUCYH-
Ke. TTOCKONIBKY O6'bEM ITUINH/IPA PABEH ILIOMIAAN €0 MONEPEYHOTO
CEYEHM s, TOMHOXECHHON Ha JVINHY, TO 00bEM TPYOKH PABEH ¢ M?, 4 TIO-
CKOJIBKY BO (DJIOTE IJEKTPOHOB HA 1 M? IPUXOAUTCA 77 JIEKTPOHOB,
3HAYUT, CXKECEKYH/IHO B 3€PKAJIO BPE3ACTCS 720 JIEKTPOHOB.

Korpma Kaskablil 9JIEKTPOH OTCKAKHUBAET OT 3€PKAIA, OH MOTYy4YaET
OOPATHBIN UMILY/IbC, TO €CTh KAXKJbIF JIEKTPOH U3MEHSET CBOU UM-
ITyJIbC HA BEJIMYUHY 2720, CHUjia TPEOyeTCs KAK JUJISL TOI'O, YTOOBI OCTA-
HOBUTB JBHKYIIHUHICSI AaBTOOYC U OTIPABUTb €O B IIPOTUBOIOJIOXK-
HOM HAaIIPABJIEHUH, TAK U JJI5 IOBOPOTA UMITYJIbCA JIEKTPOHA. M TyT
BHOBb B UI'Dy BCTynaeT Mcaak HpioTOH. B rase 1 Mbl 3a111canu ero
BTOPOM 3aKOH B BU/IE F = 1M, HO BOOOIIE-TO 3TO YACTHBIN CJIy4al 60-
Jiee OOIIEro NMPaBuIa, KOTOPOE ITIACUT, YTO CHUJIA PABHA U3MEHEHUIO
UMITYJIbCA*, MITAK, BCE IEKTPOHBI NPUKJIA/BIBAIOT K 3€PKAJIy OOIIYIO
cuiny F = 2muv x (70), 1OTOMY 4TO HUMEHHO TAKOBO OOIIEE €3KECEKYH/-
HOE€ U3MEHEHHE UMITY/IbCA DJIEKTPOHOB. Birarogaps TOMY, 4TO ITIy4OK
3JICKTPOHOB UMEET IUIOMIA/1b 1 M2 TAKOBO XK€ Oy/IET U /1aBJICHUE, OKa-
3bIBAEMOE BCEMU JIEKTPOHAMHU HA 3€PKAJIO.

OT my4yKa 3JIEKTPOHOB [JO I'a3d, COCTOAILIEIO U3 3NEKTPOHOB,
JIMIIIb MAJIEHBKUHA IIar. Mbl JOJDKHBI TETIEPD YYECTD, YTO HE BCE AJIEK-
TPOHBI ABUXKYTCS B OJJHOM HAIIPABJIECHUM: KAKUE-TO JBHUXKYTCS BBEPX,
K4KHE-TO BHHU3, KAKHUE-TO HAIIPABO, KAKUE-TO HAJIEBO U T.J. B pe-
3YJIBTATE MBI JJOJKHBI PA3JIEIUTD JABJIEHUE, OKA3bIBAEMOE B JIIOOOM
HATIPABJACHUHY, HA 6 (BCIIOMHUTE O MECTH I'PAHAX Ky6a). [TonyuuTcs
(2muv) x (nv) /6 = nmv* / 3. B 9TOM ypaBHEHUH ¥ MOKHO 3aMCHUTH TH-
MMUYHBIMU CKOPOCTSIMHU JIBIKEHHUS JIEKTPOHOB, KOTOPBIE MBI OJIY-
YMJIM B IPEABIIYIIEM YPABHEHUHU (2) 61arogaps NpUHIIMITY HEOIIPE-
JIeNIEHHOCTH ['eri3eHOePTra, U BBIYUCIUTD OOIIYIO BEJIMUYNHY JJABJICHUS,

KOTOPOC OKA3bIBAIOT JICKTPOHBI B 3BC3/IC — 6e710M KapﬂI/IKC**:
2 2/3 2/3 42
poL b (4)" = 1 (1) LA
3 m? \2 3\2 m :

BTopoi 3akoH HbloTOHa MOXHO 3anucaTh B Buae £ = dp/dt. [Ins noCTOSHHOM MacChl OH
obpetaeT bonee npuesluHyto Gopmy: F = mdv/dt = ma

*

%

3ECh Mbl CIOXKUAV NOKA3aTeNV cTeneHun no obLemy npasuny: X" = x**
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Eciiu noMHUTE, MBI IPEAYIIPEXAAIH, UTO 3TO IPHUOIU3UTEIBHBIN
pesynbratr. IIONHBII Pe3yabTaT, JjIsl KOTOPOIr'o TPEOYETCS ropasjo

OOJIBIIIE MATEMATUKHU, TAKOB:

2/3
1 /(3 h
p=—(= =,
40 <n) mﬂ S

DTO OTAUYHBIN pPe3yabTaT. OH I'OBOPHT, YTO JdABJIEHHUE B HEKO-
TOPOM MECTE 3BE3/Ibl BAPbHUPYETCA IMPONOPIUOHATBHO KOTUYECTBY
3JIEKTPOHOB HA €IMHUILY OObEMA B 3TOM MECTE, BO3BE/ICHHOM B CTE-
neHb %. He 6eCIIOKOUTECH O TOM, UTO MBI HE IOJYYHJIN KOHCTAHTY
NPONOPLIHMOHAJIBHOCTH B 3TUX NPUOIHU3UTEIBHBIX PACYETAX,
BAJKHO, YTO BCE COIIOCH. MBI TEM CAMBIM CKA3a/IU1 TAKXKE, YTO HAIIA
OIIEHKA MMITYJIbCA AJIEKTPOHOB, BEPOATHO, Yy Th 3ABBIIIEHA, YTO OO'b-
SICHSIET, TIOYEMY Hallld OIICHKA AABJIEHUA OKA3a/1ACh BBIIIE HCTUHHO-
I'O 3HAYEHUS.

BeIpaskeHHE AaBIEHUSA YEPES INIOTHOCTD 3JIEKTPOHOB — XOPOIIIEe
HA4aJI0, HO HAIIIUM LIEJISIM JIYUIIIE COOTBETCTBOBAJIO ObI BBIPA3UTH €O
4yepes3 MCTUHHYIO INIOTHOCTD 3BE3/Ibl. DTO MOKHO CIEJIATD, BBICKA34B
Ha PEJKOCTD 6E€30I1ACHOE MPEANONOKEHUE, YTO IO ABIIAIONIEE 6OIb-
IIMHCTBO MACCHI 3BE3/IbI IPUXOAUTCA HA AJ1PA, 4 HE HA JIEKTPOHBI
(Macca mpotoHa IpuMepHO B 2000 pa3 60/bIIE MACCH JIEKTPOHA).
MBI 3HAEM TAKXKE, YTO KOJIHMYECTBO 3JIEKTPOHOB B 3BE3/IE JOKHO
PaBHATHCS KOJTUYECTBY MPOTOHOB, IOTOMY YTO 3BE3JA JIEKTPUYE-
CKM HEUTPaJIbHA. YTOOBI HOJTYYHUTh MACCOBYIO INIOTHOCTb, MBI JJOJI-
JKHBI 3HATh, CKOJIbBKO IIPOTOHOB M HEUTPOHOB NPUXOAUTCA HA 1 M3
3BE3/Ibl, IPH 3TOM O HEHUTPOHAX 320bIBATH HEJIb3S, TAK KAK 3TO MO-
OOYHBIIN NIPOAYKT IPOILECCA CUHTE3A. Y OO0JIEE JIEIKUX OCbIX Kap-
JIMKOB SIJPO B OCHOBHOM OYAET COCTOATb U3 Ieusa-4, KOHEYHOTO
MPOJAYKTA BOJOPOJHOIO CHUHTE3A, 4 CJIEJOBATEIBHO, KOJIUYECTBO
HEUTPOHOB U MNPOTOHOB OYAET OAWHAKOBBIM. Temepp HEMHOIO
06 yCJIOBHBIX 0003HAYeHUAX. HOMep aTOMHOI MACChl A YCJIIOBHO HC-
TIOJIB3YETCA /11 OOO3HAYEHHN A YUC/IA TPOTOHOB M HEUTPOHOB B AJPE.
Hnarenusi-4 A=4.

KonnuecTBO IPOTOHOB B AJpe Mbl OO03HAYUM OYKBOU Z, /114 I'e-
A Z = 2. Tenepb MOXXEM BBIPA3UTb OTHOIMIEHHE MEXK/Y INIOTHOCTBIO

SJICKTpOHOB 77 1 MACCOBOH IIJIOTHOCTBIO o
n=2p / (mA,
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Y MBI ITPE/TIONOKMIIHN, 9TO MACCA TPOTOHA, 72, PABHA MACCE HEWNTPO-
HQ, YTO BIIOJHE JOCTATOYHO /IJI5I HAIIUX eI,

Beaunuuna mpA — 3TO MACCa KAXKJIOT'O A/1pd; TOI/AA p/mpA — KO-
JIMYECTBO SJIep HA €IUHUILY O6'beMA, 4 Z — KOJIHNYECTBO IPOTOHOB
H4 €JUHUIY OObEMA, KOTOPOE JOJIKHO COBIIAATh C KOJIUYECTBOM
ANEKTPOHOB, YTO U MTONYYAETCHA B YPABHEHHUU.

MBI MOJKEM BOCIIOJIB30BATbCS ITUM YPABHEHUEM, 4YTOOBI 3a-
MEHUTDb 77 B ypaBHEHUU (3), U IIOCKOJIBKY 72 IIPONOPLIMOHAIBHO p,
TO OKA43BbIBAETCS, YTO [ABJICHUE BAPBUPYETCS IIPOIOPLIMOHAIBHO
IIJIOTHOCTHU B CTEIIEHU %. MBI TOJIBKO YTO OOHAPYXUJIN CYIIECTBCH-

HYIO (PU3UYECKYIO 31KOHOMEPHOCTb:
P=xp>, (€))

U HE CTOUT CJIUIIKOM OECIOKOUTHCH I10 IIOBO/IY KOHKPETHBIX UPP,
32/IAI0MIUX OOITUHI MACIITAO IABJICHUS, TAK YTO MBI IIPOCTO OObE/IH-
HUJIA UX BCEX B CUMBOJIE k. CTOUT OTMETHTD, YTO K 3ABUCUT OT OTHO-
HIEHUA Z U A, A TOTOMY OYAET OTINYATBCA JJIs PA3HBIX BU/IOB 3BE3]] —
OeIbIX KApIUKOB. O6'bEIUHEHNE YUCE B OJJHOM CUMBOJIC ITO3BOJISIET
YBHJIETD, YTO 3/1€CHh BA>KHO. B HAIIIEM CJTy4ae CUMBOJIBI MOT'YT OTBJIEYD
OT CAMOTO CYHIECTBEHHOI'O, 4 UMEHHO OT 3aBHCHMOCTH MEXKY /1aB-
JIEHHMEM U IIJIOTHOCTBIO 3BE3/IBI.

[Ipexje 4eM MBI IPOJOJIKHM, HY’KHO OTMETHUTD, YTO JABJICHUE,
OKAa3BbIBAEMOE KBAHTOBBIMU KOJICOAHUSIMH, HE 3aBUCUT OT TEMIIEPA-
TYpPBI 3BE3/Ibl. Ba’KHA TOJIBKO CTEINEHb €€ CXKATHA. [JaBIEHUE DJIEK-
TPOHOB OYJIET HECKOJIBKO OOJIBIIUM, IOTOMY YTO 3JIEKTPOHBI «<HOP-
MaJIbHBIM OOPA30M» IEPEMEIIAIOTCA OIATOAAPA CBOEH TEMIIEPATYPE,
U 4EM XKAPYE 3BE€3/1A, TEM UHTEHCHUBHEE OHU ITIEPEMEIAIOTCS. O6 3TOM
WCTOYHUKE JJABJICHUS MBI HE CTAJIU TOBOPUTBH, TOTOMY YTO MaJIO BpE-
MEHH, 4 €CIU OBl HPUILJIOCh ETO PACCUYUTBHIBATD, Mbl ObI BBIACHUJIU,
YTO OH HUYTOXEH IO CPABHEHUIO C TOPA3/10 OOJBIIUM KBAHTOBBIM
JIABJIEHUEM.

HTaK, Mbl HAKOHEII-TO MOKEM BCTABUTb YPABHEHUE KBAHTOBOI'O
JABJIEHUA B KJIIOUEBOE ypaBHeHUE (1), KOTOpOE CTOUT 3/1€CH ITIOBTO-

pUTB:

Mz'fz Mm/)(
(P/mllom - Pmp)A = 672 (1)

r
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OfHAKO BCE HE TAK IIPOCTO, KAK KAKETCH, IIOTOMY YTO HYKHO
3HATD CIIIE PA3HUITY JABJICHUI HA BEPXHIOIO U HUIKHIOIO TPAHU KyOa.
MO>KHO HOJTHOCTBIO IIEPETTNCATD YPaBHEHUE (1) OTHOCHUTENBHO IIJIOT-
HOCTU BHYTPH 3BE3/Ibl, KOTOPAA CaMa MO Ce6€ MEHSAETCS OT MECTA
K MECTY BHYTPHU 3B€3/1bl (MHA4Y€ ObI BOKPYI KyOa HE CYIIECTBOBAJIO HU-
KaKOM pa3HUILBI IABJICHU), 4 HOTOM IO BITATHCS PEIIUTD €I'0, YTOOBI
OIIPEJCINUTD, KAK IVIOTHOCTb U3MEHAETCS C PACCTOSAHUEM OT LICHTPA
3Be3bl. Ho mpu aTOM npujeTca pemars JudepEHNANbHOE YPaB-
HEHUE, 4 MATEMATUKU TAKOTO YPOBHS MBI XOTHUM U36€KATh. [IpOoIBUM
U300PETATENBHOCTD U IPEAIOYTEM ITOJOJIBIIE ITIOAYMATh U [IOMEHb-
II€ TTIOCYUTATD, YTOOBI IPUMEHUTD ypaBHEHUE (1) /IS BBIBOJA B3aU-
MOCBS3U MEX/1Y MACCOU U PAJUYCOM 3BE3/1bl — OEJIOIO KAPJIUKA.

OUEBU/IHO, UTO PA3MEP HANIET'O KYOHKA U €TI0 PACIIONIOKECHHE BHY-
TPH 3BE3/bI COBEPILICHHO IIPOU3BOJIbHEL, II03TOMY HUKAKHE BbIBO/IBI
O CaMOM 3BE3/IE€ HE MOT'YT 3aBUCETD OT ITUX JeTaner. HauneMm ¢ Toro,
4TO CJIEJIAEM HEYTO COBEPIIEHHO OECIIOJIE3HOE HA IEPBBIH B3IVIS],

MbI UMEEM BO3MOKHOCTD BBIPA3UTH PA3MEP U MECTOHAXOXK/ICHUE
HAIllero Kyba yepes pasmep BCer 3Be3/bl. Eciium R — pajiuyc 3BE3/1bI,
MOKHO 3aITHCATh PACCTOSHUE KyOa OT LIEHTPA 3BE3/IbI KAK 7 = aR, I'7Ie
a — 1npocTo 6e3pazmepHoe yucao Mexay 0 u 1. ITog 6e3pasMmepHO-
CTBIO MBI IOHUMA€EM TO, YTO OHO HE COOTBETCTBYCT HUKAKON €AUHU-
11€, 9TO TOJIBKO YMCJIEHHBIN ITIOKa3aTesb. Eciu a = 1, To Ky0 HaXOAU'T-
Cs1 HA TIOBEPXHOCTH 3BE3/Ibl, 4 €CJIH d = %, KyO PACIOJIOXKEH CTPOro
rnocepeanuHe. TOYHO TaK K€ MOXKHO BBIPA3UTb pazmep Kyba yepes
paauyc 3Be3bl. Ecnu L — nianHa CTOPOHBI Ky6a, Mbl MOYKEM 3aIIHMCATH
L = bR, Tic b — 3TO OISITH K€ TOJBKO YHCJICHHBIN ITOKA3ATEJIb, KO-
TOPBIA JOJIKEH OBbITh OYEHb MaJl, €CJIM HAIIl KyO MaJl OTHOCHUTEIBHO
3BE3/Ibl. 3/ICCh HET A0COTIOTHO HUYETO CJIOKHOTO, TAK YTO HA 9TOM
3TAIIE BCE JOJDKHO KA3AThCSA HACTOIBKO IIPOCTBIM, YTO 3AIIMCHIBATD,
KAKeTCH, Ta’Ke 6€CIOIe3HO.

3aMETHUM TOJIBKO, YTO HCIIOJIb30BATh PACCTOAHUE K COBEPILICHHO
€CTECTBEHHO, IOTOMY YTO HET JPYTIUX OTHOCSIINUXCS K O€JIOMY Kap-
JIMKY PACCTOSIHUM, KOTOPBIE MOIJIM OBI IIPEJICTABIATD CKOIb-HUOY/b
PA3YMHYIO AJIBTEPHATUBY.

MBI MOKEM TNIPOJIOIKATH CBOU «OECCMBICJICHHBIC» 3AHITUS U BbI-
PasuThb IJIOTHOCTH 3BE3/Ibl B MECTE HAXOXKJECHUS KyOa 4yepe3 Ccpes-

HIOIO INIOTHOCTB 3BE3/Ibl. 3AMUIIEM, UTO p = fp, A€ [ — OIATb XK€
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IIPOCTO YMUCJIEHHBIA MOKA34TEND, 4 f — CPEAHSAA IIOTHOCTD 3BE3/IBL
Kaxk MBI y2K€ YKa3bIBAJIN, INIOTHOCTD Ky6a 3aBUCUT OT €I'0 IOJIOXKEHU
BHYTPH 3BE3/bl — YeM OJIMIKE K LICHTPY, TEM OOJBIIIE IIJIOTHOCTD. Tak
KaK CPEeAHsS IJIOTHOCTD p OT HOJOXKEHUS KyOa HE 3aBUCUT, 3aBUCU-
MOCTbD JIOJIKEH OOHAPYKUBATDH ITOKA3ATEIND f; KOTOPBIA, TAKUM O6pa-
30M, 3aBUCHT OT PACCTOSHUA 7, A CJIEOBATENBHO, M OT IPOU3BEJCHUSA
aR. V1 310 KnoueBast MH(PpOPMALIK, JIEKAIAsl B OCHOBE BCEX HAIIUX
MOCJIEAYIONUX BBIYUCIEHUIL: [ — 3TO YHUCTOE YMUCJIO, 4 R — HE 4u-
CTOE YHCJIO, 4 PE3YIBTAT U3MEPEHUS PACCTOAHUA. W [ MOXET 3aBU-
CETb TOJIBKO OT d, 4 HUKAK HE OT R. DTO OYEHDb BAXKHBIA PE3YILTAT,
IIOTOMY UTO OH CBHUJETEIbCTBYET, YTO MJIOTHOCTb OEIOr0O KapJIMKa
«HE 3aBUCHUT OT MACHITA0». DTO 3HAYMUT, YTO IVIOTHOCTb U3MEHSIETCH
Ha paJUyCe HE3ABUCHUMO OT BEJIMYMHBI 3TOrO pajuyca. Hanpumep,
IVIOTHOCTB B TOYKE, PACIOJIOXKEHHOI HA % PACCTOSIHUS OT IICHTPA
J10 IIOBEPXHOCTH 3BE3/1bl, OYZET COBEPIICHHO OJIMHAKOBOH B JIIOOOM
O€JI0M KapJIMKE HE3ABUCUMO OT €ro padMepa. ECTb 1Ba cCioco6a O1eH-
KU 3TOI'O UCKJIIOYUTEIBHO BAKHOT'O PE3Y/IbTATA, U MBI PENIHIIH, YTO
IPUBEJIEM 3/1eCh 06a. OAUH U3 HAC OOBICHAET 3TO TAK: «/IeJI0 B TOM,
4TO /1106251 6€3pasMepHast PyHKIUA OT 7 (4 f — 3TO UMEHHO OHa) MO-
JKET OBITh TOJIBKO 6€3Ppa3MEPHOM, TAK KaK 9TO (PYHKIIUsI 6€3pa3Mep-
HOIT TIEPEMEHHOI, 4 €IUHCTBEHHAs O€3pa3MEPHast IEPEMEHHAS B Ha-
IIIEM CJIY4a€ — ITO 7" /R = c, HOCKOJIbKY R — €JUHCTBEHHAs BEJINYNHA,
CBSI3AHHA C PACCTOSHUEM, U3 HAXOAIINXCS B HAIEM PACIIOPSIKEHU .

BToport coaBTOp CUUTAET 6OJIEE YETKUM CIEYIONIEE Pa3bsICHE-
HUE: ¢ MOXKET B IIPUHIINIIE [IO-PA3HOMY CJIOKHBIM OOPA30M 3d4BUCETH
OT ¥ — PACCTOSIHUA KyOUKa OT II€HTpPa 3Be3/1bl. HO JaBariTe npeacra-
BUM, YTO 3THU BEJIUYHUHBI IIPAMO MPOINOPIIMOHAIBHEL, TO €CTh [ 7.
HMHBIMU CJIOBAMHY, [ = B, r7ie B — KOHCTAHTA. 3€Ch CAMOE BAXKHOE TO,
4TO f— YHUCTO YUCJIEHHBIH [IOKA3aTEJIb, B TO BPDEMS KAK ¥ U3BMEPSACTCH,
Hanpumep, B MeTpax. OTCIOAA CJIEAYET, UTO B AOMKHO U3MEPSATHCA
B 1/M, 4TOOBI €JUHUILIBI PACCTOSIHUS B3aHMHO COKPAIaauCh. UTaK,
4TO HY>KHO BBIOPATH AJ1s1 B? MBIl HE MOKEM HA3HAYUTb HEUTO IIPOU3-
BOJIBHOE, HAIIpUMED «1 OOPATHBIN METP», IOCKOJIbKY 3TO OECCMBIC-
JIEHHO Y HUKAK HE CBA3aHO CO 3Be340U. [louyemy, HanipuMep, HE BbI-
OpaTb OUH OOPATHBIIN CBETOBOI T'OJI, IOJYYUB COBEPIIEHHO APYTOM
oTrBeT? ENMHCTBEHHOE PACCTOSIHUE, C KOTOPBIM MBI UMEEM JIEJIO, —

3TO R, (PU3NYIECKUH PAJIUYC 3BE3/IBI, TAK YTO IIPUJIETCS UCIIOIB30BATh
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€ro, 4TOOBI [/ BCET[]A OCTABAIOCh YUCTBIM YHCIOM. DTO 3HAYUT, YTO
[ MOXET 3aBHCETD TOJIBKO OT ¥/ R. Bbl, HABEPHOE, YK€ MOHSIH, YTO
TOT K€ BBIBOJ] MOKHO OBLJIO C/IC/IATh, €CU OBl MBI HAYaJIU C IIPETIO-
JIOKEHUS, YTO, HANIpuUMep, f € %, CO6CTBEHHO, POBHO TO K€ 'OBOPUJI
U IIEPBBII COABTOP, TOJIBKO CENYAC BBHIILIO JJIMHHEE.

DTO 3HAYUT, YTO MOKHO BBIPA3UTh MACCYy HAIIETO KyOHUKa pas-
MepoM L 1 06'beMOM L3, HAXOAMIETOCSI HA PACCTOSHUHU 7° OT IICH-
Tpa 3B€3/bl, B BUaE M

cube

4TOOBI HE 3a0bIBATh, YTO [ Ha [JEJIE 3ABUCUT OT HAIIErO BHIOOPA

= f(a)L3p. MBI HATINCAJH (@), 2 HE TPOCTO f,

a=r/R,aHe OT KAKUX-TO MACHITAOHBIX CBONCTB 3B€3/1bl. TOT JK€ apry-
MEHT MOXXHO HCIIOJIb30BATh NIPU YKA3aHUU, YTO MBI MOXKEM 3aIIUCATH
M, = g(@M, rjie g(a) — 3TO OIATH KE TOJIBKO (PYHKUMsA OT a. Hanpu-
Mep, GYHKIUA (), BBICHUTAHHAA OJId d = %, TIOJCKA3BIBAET, KAKOE
KOJIMYECTBO MACCHI 3B€3/1bl IPUXOAUTCS HA CHEPY C PATUYCOM, PAB-
HBIM ITOJIOBUHE PAJUYCA BCEX 3BE3/bI, U 3TO KOJIMYECTBO HEU3MEHHO
JULSL BCEX OEJIBIX KAPJAUKOB HE3ABUCUMO OT UX PaINyCa IO IPHUYUHE,
IIPUBEJNEHHON B IPEAbIAYIIEM a63a1e*. Bel MOITIM 3AMETHUTD, YTO MBI
IIOCTOAHHO U30aBIIEMCA OT TEX CUMBOJIOB, KOTOPBIE BCTPEYAIOTCS
B ypaBHeHUHU (1), 3aMeHAsa uX 6e3pa3MEPHBIMU BEJIMYUHAMU (&, b, [
U &), HIOMHOXEHHBIMH HA BEJIMYUHBI, 3ABUCAIINUE TOJIBKO OT MACCHI
U PAZyCa 3BE€3/1bl (CPEAHAS INIOTHOCTD 3BE3/IbI OIPEEIISICTCS YePE3
M u R, IOCKONBKY p = M /V uV = 4nR> /3, o6bem cdepsl). B nosep-
HIECHUE HYKHO CAEJIATh TO K€ CAMOE JJIsl PA3HULLBI JABJIEHUI, KOTO-
PYIO MBI 6/1arojapsa ypaBHEHHMIO (4) MOXKEM 3anUcaTh Kak Py, —P, =
= h(a, b)xp>?, tie h(a, b) — 6e3pa3mepHas BeauduHa. To, 9yto b(a, b)
33aBHCUT OJITHOBPEMEHHO OT @ U b, CBSI3aHO C TEM, YTO PA3HUIIA JaB-
JIEHHH 3aBUCUT HE TOJIBKO OT MECTOIOJIOKEHUS Ky6a (IIPENCTABIECH-
HOTI'O ), HO U OT €r0 06'beMa (IIPEJCTABIEHHOIO b): y 6051€€ KPYITHBIX
KyOOB 60JIBIIE PA3HUIA AABICHUI. CAMOE BA’KHOE 3JJ€Ch TO, YTO, KAK
U f(a), n g(a), b(a, b) HE MOXKET 3ABUCETD OT PAJUYCA 3BE3/BI.

MBI MOKEM BOCIIOJIB30BATHCS TOJIBKO YTO BBIBEJICHHBIMHU BbIPA-

JKEHUSMU U IIEPENTNCATD ypaBHeHwue (1):

(M) X (F"R°G)

(g™ X (PR = G==——3

* 3apanne ans nobutenein matemaTnki AOKaxmTe, uto g(a) = 4TIR3 pfao x2f(x)dx, To ecTs uTo
yHKUMS g (a) onpeaensercs, ecnu 13secTHa byHkums f (a)
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KaxxeTcs, 4TO B YPABHEHUU LIAPUT XA0C; HEMIOXOXKE, YTOOBI yXKe
Ha CJIEAYIONIEN CTPAHUIIE MBI IIPUIIUIM K PE3yabTary. [J1aBHOe — 3a-
METHUTD, YTO YPABHEHUE BBIPA’KAET OTHOIIEHHUSA MEXK/Y MACCOM 3BE3-
Ibl U €€ PAAUYCOM — KOHKPETHAA 3aBUCHUMOCTD MEXJY HUMU yXKE
HAIYNBIBAETCA (MJIM HA BUJY, HO YYJOBHMIIHO JAJIEKA — B 3aBUCHU-
MOCTH OT BALIEI'O YPOBHA BJIAJCHHA MAaTEMAaTHUKON). Ilocie BBege-
HUS B HAIIEC XdOTUYECKOE YPABHEHUE CPEJHEN INIOTHOCTH 3BE3/bI

(toectbp=M / (4R’ / 3)) OHO IPUHUMAET CJECAYIOMUH BU/I:

RM P = /(AG), 5)

4\ b
Iae A= —_— —_
. < 3 > ha?

Tenepb A 3aBUCHT TOJIBKO OT O€3Pa3MEPHBIX BEJIUYHUH 4, b, [, g
U b, A CIEJOBATEIBHO, HE 3dBHCUT OT BEJIHNYUH, KOTOPbIE OIINUCHIBA-
IOT 3B€3AY B L1eJIOM, M ¥ R, a4 C/1eOBATEIbHO, A JOKHA UMETDH OJHO
U TO K€ 3HAYEHMUE /IJIs1 BCEX OEJIBIX KAPJINKOB.

Ecnu BaC UHTEPECYET, UTO MIPOU3OU/IET, ECIU UBMEHUTD ¢ /WU b
(TO €CTh UBMEHUTD MECTOIOJIOKECHHUE U/UJIN PA3MEPBI HAIIETO KyOu-
K2), TO BBl YIIYCTUJIM IVIABHOE B HAIIMX ApryMeHTax. ECIM NOHUMAaTh
OYKBAJIBHO, KAXKETCS, YTO UBMEHEHHUE ¢ U b U3MEHUT U A, TAK YTO MBI
IIOJIYYUM JIPYTOM Pe3yabTat 111 RMY3. Ho BeIb 3TO HEBO3MOKHO, TAK
KaK U3BECTHO, YTO RM'3 3aBUCUT OT CAMO 3BE€3/1bl, 4 HE OT KOHKPET-
HBIX CBOMCTB TOT'O KyO6HK4, KOTOPBIM MBI IPUAYMAIU (MU HE IIPU-
AYMAJIN).

DTO 3HAYUT, UTO JIIOOBIE U3MEHEHUS ¢ NN b TOJKHBI KOMIIEHCU-
POBATHCA COOTBETCTBYIOIIUMHU U3MEHEHUAMMU [, g U D.

VYpasHeHuE (5) LOBOJIBHO YBEPEHHO YTBEPK/AET, UTO OEJBIE Kap-
JIMKU MOT'YT CYIIECTBOBATD. [I€JI0 B TOM, YTO HAM YJaJI0Ch YPABHOBE-
CUTb YPABHEHUE I'PABUTAIIUU-/IABICHUS — ypaBHEHUE (1). DTO 6BLIO
HE TAK-TO MPOCTO: BIIOJHE MOIJIO OKA34ThCS, YTO YPABHEHUIO HE y/10-
BJIETBOPSAET HU OJHO codeTanue M u R. YpaBHeHHUe (5) TAKXKeE NPe-
CKA3BIBAET, YTO BeIUYMNHA RM'Y3 non:KHA OBITh IIOCTOSHHOMN. HBIMU
CJIOBAMH, €CJIU IOCMOTPETh HA HEOO U U3MEPUTD PAJUYC U MACCY O¢-
JIBIX KaPJIMKOB, MBI JOJIKHBI OOHAPYXKUTb, YTO PAAUYC, TOMHOMXEH-
HBIM HA KBAJAPATHBIN KOPEHDb MACCHL, ACT OJUH U TOT XK€ PE3YILTAT

JIJ151 JTIOOOT0 6€J10Tr0 KapJaurka. DTO cMmenoe IPEACKA3AHUC.
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TONBKO YTO H3JIOKEHHBIM API'YMEHT MOKHO €HIC YCHJIUTB, IIO-
CKOJIBKY BO3MOXHO C TOYHOCTBIO BBIYHC/IMUTD 3HAUYCHUE A, [IPABJA,
JUISL 3TOT'O NIPUJIETCS PEMNTD JUPPEPEHIIUATBHOE YPABHEHUE BTO-
POro NnopsajKa C y4€TOM IUIOTHOCTH, 4 TAKAsA MATEMATHUKA JICKUT Ja-
JIEKO 3a MpeAeIaMy Hallel KHUTU. [ToMHUTE, YTO A — 3TO 4YHUCTOE
YUCJIO: OHO 3HAYUT TOJIBKO «TO, YTO 3HAYUT», U Mbl MO>KEM BBIUHUCIUTD
€ro C IPUBJICYEHUEM MATEMATUKHU UyTh O0JIEE BBICOKOTO YPOBHS. TOT
(aKT, 9TO 371€Ch MBI HE CTAJIU 9TUM 3aHUMATBHCS, HE JOJIKEH 3aTME-
BATb HAIINX JOCTUXXEHUU: MBI JOKA34JI1, YTO O€JIble KAPJIUKU MOI'YT
CYIIECTBOBATDb, U CYMEJN CAENATDh NIPEACKA3AHUE, CBA3AHHOE C UX
MAaCCOM U paguycom. ITociie BBIYUCIeHUA A (KOTOPOE MOKHO BbIIIOJI-
HUTHb HA JOMAIIHEM KOMIIBIOTEPE) U BBEJCHUS 3HAUCHUM 11 k U G
HAIIE IPEACKA3AHNUE IIPUMET BUJL:

RM>= (3,5 x 107 kr'/°m) x (Z / 4),

4qTO paBHseTca 1,1 x 10V kr'/*m a4 sa/iep, COCTOAINX U3 YUCTOTO I'e-
JIMs, YIJIEpOAa WU KUcjaopopa (rae Z /A = %). [id )Kene3HbIX AAep
Z/A = %6, Tak urTO 1,1 cBopuTCA noutu K 1,0. MBI IIpOJHCTANIN
CIIPABOYHYIO JIUTEPATYPY U COOPAJIN TAHHBIE O MACCAX U PAJIUYCAX
16 GeJIbIX KAPIUKOB, PACIIOJIOKEHHBIX B MuteaHOM [TyTH, Grkaimest
K HAM raJiakTUuKe. 111 KasKI0M TaKOW 3BE3/1bI Mbl BBIYMCANIN 3HAYECHHE
RM'3, 1 pe3ynbTaTbl ACTPOHOMUYECKUX HAOMIONEHUI MTOKA3a/IH, YTO
OHO MPUOGIU3UTENBHO paBHO 0,9 x 107 Kr'/*M. COOTBETCTBHE MEK/Ty Ha-
OMIOJIEHUSAMU U TEOPETUUECKHUMH BBIKJIAJKAMHU IIPOCTO MOPA3UTENb-
HOE: C IOMOIIBIO NpUHIUIA [Tayiu, IPUHIINIIA HEOIIPEICICHHOCTU
lerizeHb6€epra M 3aKOHA NPUTSKEHUS HbIOTOHA MBI CyMEIN IIPEJCKA-
34Th 3dBUCHMOCTD MEXK/IY MACCOU U PAJJUYCOM /17151 OEIBIX KAPJIUKOB.

PasymeeTcs, B UMCIaX €CTh HEKASI IPUOIU3UTEIBHOCTD (HAIPU-
Mep, Teopus aaet 1,1 unm 1,0, a peaynprar HabmogeHud — 0,9). byab
Yy HAC HACTOAIIUI HAYYHBIH aHAIN3, MBI 6bI HAYaJIU CEHYAC TOBOPHUTD,
HACKOJIBKO BEPOSATHO MOJIHOE COOTBETCTBUE TEOPUU SKCIIEPUMEHTY,
HO JIs HAIIUX LI€JIEH TAKOU aHAJIUTUYECKUNA YPOBEHD HE CTOJIb HE-
06XO/INUM, IIOTOMY YTO COOTBETCTBUE U TAK YIMBHUTEIBHO HEIJIOXOE.
ITpOCTO (paHTACTUKA, YTO MBI CYMEJIH HO/CYUTATD BCE ITO C MOTPEII-
HOCTBIO IPUMEPHO 10%, 1 3TO yOEJUTEIBHOE JOKA34TCAbCTBO HAlllE-

TO IPUJIUYHOI'O IOHUMAHUA KBAHTOBOW MEXAHUKU U 3BE3/I.
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[Ipodeccruonanbable (PU3UKU U ACTPOHOMBI HA 3TOM OBbI HE OCTA-
HOBHJIHNCH. OHU OBl PEMNJIN IPOBEPUTH TECOPETUUECKOE TIOHUMAHUE
B MEJIPYANIINX IOAPOOHOCTSX, JIJIL YErO CJIE/IOBAIO OBl YIyUYIIUTh
HAIIE OIIUCAHUE B AIIMJIOrE. B 4aCTHOCTH, yTOYHEHHDBIN aHAJINU3 I1PU-
Hs1J1 6b1 BO BHUMAHHUE, YTO TEMIIEPATYPA 3BE3/IbI BCE XKE UI'PACT HEKO-
TOPYIO POJIb B €€ CTPYKTYPE. Bosiee TOro, 3aneKTPOHBI POATCA BOKPYT
IIOJIOKUTEJIBHO 3APAKECHHBIX ATOMHBIX SJIEP, 4 B HAIIIUX PACUYETaAX
MBI MOJIHOCTBIO IPEHEOPEINN B3aUMOACUCTBUAMU MEXKY 3JICK-
TPOHAMU U AJPAMHU (A 3204HO U MEXK/Y CAMUMU IJIEKTPOHAMM). MBI
HE CTAJIM UX YUYUTBIBATh, IOTOMY YTO CPA3Y K€ 3a5IBUJIM: OHHU BHECYT
JINIIb HE3HAYUTENbHbBIE KOPPEKTHUBBI B IPOCTOE PEMIEHUE. DTO 3451B-
JIeHUE OBLIIO IIOATBEPKAECHO 60JI€€ ITOAPOOHBIMU PACYETAMU, U BOT
IIOYEMY HAIIE YIIPOIMIEHHOE PEMIEHHUE TAK XOPOIIO COOTHOCUTCH
C JAHHBIMHU.

OUEeBUIHO, YTO MBI Y3HAJIH YK€ OYEHb MHOI'O HOBOI'O: YCTAHO-
BUJIM, YTO JABJIEHUE 3JIEKTPOHOB CHOCOOHO MOJJEPKUBATL CYIIE-
CTBOBAaHHE O€EJIOI0 KAPJIMKA, U CYMEJIH C OIPEJEIEHHON TOYHOCTDBIO
IPEJICKA3aTh, KAK MCHSICTCI PAaJUYC 3BE3/Ibl C NIPUOABICHUEM WU
CHUJKEHHEM €€ MACChl. 3AMETBTE, YTO, B OTJIHUYUE OT «OOBIYHBIX>
3B€3/l, MHTCHCUBHO XIYIIHUX ropioyece, 6eble KAPAUKH Napa/IoK-
CaJIbHBIM OOPA30M YMEHBIIAIOTCS C IPUOABIEHUEM MACCHL DTO TIO-
TOMY, 4TO JJOOABJIEHHAsI MACCA UJECT HA YBEJIUYEHUE I'PABUTALINU
3BE3/bl, 3ACTABJAA €€ CKUMAThCA. Ha mepBhIi B3IJIAJ OTHOIIEHUA,
BBIPAKEHHBIE B yPAaBHEHUU (5), IPEAIIONATAIOT, YTO HEOOXOIUMO
JI06ABUTh OECKOHEYHOE KOJMYECTBO MACCHI, IPEXKJE YEM 3BE3/]d CO-
JKMETCS IO HYJIEBOI'O pazMepa. OgHAKO 3TOI'O HE IPOUCXOAUT. Bax-
HO, KaK MbI TOBOPHJIM B CAMOM HAY4JI€ SNUJIOTA, YTO MbI TIOCTEIICHHO
EPEXOIUM B TO COCTOSTHUE, KOIIA ANEKTPOHBI PA3MENIAIOTCA OUYEHD
IJIOTHO, U IIEPBOCTEIICHHYIO BAXKHOCTb OOPETAET CIIEIMAIbHAS TE€O-
pyUd OTHOCHUTEJBHOCTH DHHIITENHA, ITIOTOMY YTO CKOPOCTDH 3JJIEK-
TPOHOB IIPUOTIUKAECTCS K CKODOCTH CBETA. B pe3ynbTaTe Mbl JOIKHBI
OTKA34ThCs B PACUYETAX OT 3AKOHOB IBUKEHU S HbIOTOHA, 3AMEHUB UX
3aKOHAMU DUHNITENHA. B 3TOM-TO BCE U JIE/I0.

Mpl ceriyac OOGHAPYKHUM, YTO IIPU POCTE MACCUBHOCTU 3BE3/IbI
JIABJIEHUE, OKA3BbIBAEMOE 3JICKTPOHAMU, NEPECTAET OBITh IIPOIOP-

IIHUOHAJIBHBIM ITIJIOTHOCTH, BOBBCILCHHOIZ B CTECIICHD %; C KAKOI'O-TO
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MOMEHTA [JABJICHHUE HAYMHAET BO3PACTATb MEAJICHHEE, YEM IUIOT-
HOCTb. PacyeTrsl MBI IPOBEAEM, HO IIOKA MOXKHO OTMETUTH, YTO 3TO
I'PO3UT KATACTPOPHUUECKHMMU MOCJIEACTBUAMU IJId 3BE3ABL Jleo
B TOM, YTO IIPU NPUOABIECHUU MACCHI OOBIYHOE YBEJIUYCHUE I'PABU-
TAlMU OyJIEeT CONPOBOXKAATHCA MEHBIIMM YBEJIUYEHUEM ABIECHUL.
Cyab6a 3BE3/Ibl 3aBUCUT OT TOT'O, HACKOIBKO MEHBIIHUM OYIET 3TO
YBEJIMYCHUE JABJICHUA 10 CPABHEHUIO C YBEJIUYCHUEM IVIOTHOCTH,
€CJIA AJIEKTPOHBI JIBUKYTCA OBICTPO. MITAK, HACTAJIO BPEM S BBIACHUTD,
KaKHM OyJIET JABJICHUE «PETITUBUCTCKOIO» I'a34a.

K c4acTpio, HAM HE HYKHO BBIKATBIBATDH HA CLIEHY 'POMO3JIKHE Me-
XAHHU3MBbI TEOPUU DHMHIITENHA, IIOTOMY YTO PACYET JABJICHUSA B I'd3€,
KOTOPBIM COCTOUT H3 3JIEKTPOHOB, JBHXKYIIHUXCSI CO CKOPOCTBHIO,
OJIM3KOI K CBETOBOU, IPOU3BOJAUTCA ITOUTHU IO TEM JKE JIEKATIAM, YTO
U JUIA I'd34d, COCTOSALIETO M3 «MEIJICHHBIX>» 3JIEKTPOHOB. Kirtouesas
PAa3HUILIA B TOM, YTO MBI HE MOXKEM 60JIEE€ ONUPATHCA HA YPABHEHUE
b = My, TaK KAK 3TO CTAHOBUTCSA HEKOPPEKTHBIM. OIHAKO IO-IIPEXK-
HEMY BEPHO, 4TO CUJIA, C KOTOPOM JEHUCTBYIOT 3JICKTPOHBL, PABHA U3-
MEHEHUIO UX UMITY/IbCA. PaHEE MBI BBIBEJIH, UTO (PJIOT JEKTPOHOB,
OTPAXKAIOMUXCSL OT 3€PKAJIA, OKA3BIBACT JaBJICHUE P = 2muv x ().
[ pEATUBUCTCKOIO Cy4as MOXKHO 3aITUCATDh TO K€ BBIPAXKEHHUE,
3aMEHUB 720 UMI1YJIbCOM p. MBI TAKXKE II0JIAI'AEM, YTO CKOPOCTD 3JIEK-
TPOHOB OJIM3KA K CKOPOCTH CBETA, TAK YTO 3aAMEHAEM ¢ Ha ¢. HakoHell,
4TOOBI ITOJIYYUTD JABJICHUE B 3BE3/E, HY>KHO HE 3a0BIBATD O JIEJIEHUU
Ha 6. Tak, MBI MOXEM 3aIMMUCATh JABJICHUE [IJISI PEISITUBUCTCKOT'O
raza kak P =2p xnc /6= pnc /3.

Kak u panee, MOXEM BOCIIOJIb30BATbCA IPUHIIUIIOM HEOIIPEJe-
JieHHOCTHU l'etizeHoepra u ykasarb, 4TO, IIOCKOJAbKY TUIIUYHBIN UM-
IIYJIbC OTPAHHUYEHHBIX JIEKTPOHOB PaBEH A(11/2)'/3, TO

®

1 13

P = —wh (ﬁ) oc 5.
3 2

MBI OIATH MOXKEM CPABHUTH 3TOT PE3YJIBTAT C TOYHBIM PEIICHH-
€M, KOTOPOE BBITVIS/TUT TAK:
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HakoHEeIl, MOYXEM BOCIIOJIb30BATHCS MPUBBIYHOM METOOIOTH-
€M, YTOOBI BBIPA3UTD JJABJIEHUE Y€PE3 MACCOBYIO TNIOTHOCTD 3BE3/IbI

U BBIBECTH AJIBTEPHATUBY YPABHEHUIO (4):
P=x'p*3,

rae x' o be x (Z / (Am,))*>. Kax Mbl 1 OGEIA/IH, JABICHHIC, AHAIOTTIHO
IUIOTHOCTH, YBEJIMYUBAETCS MEJIEHHEE, YEM B HEPEJATHBUCTCKOM
CJIy4ae, a UMEHHO: IJIOTHOCTD YBEJIMYUBACTCS CO CTEIIEHBIO 47, a He /3.
[TpUYMHA TAKOT'O 3AME/JICHUS KPOETCS B TOM, YTO JIEKTPOHBI HE MO-
I'yT ABUTATBCSA OBICTPEE CKOPOCTU CBETA. DTO 3HAUUT, UTO «BEKTOP-
HBIIT»> TIOKA34TENb 72, KOTOPDIN Mbl UCIIOJb30BAJIM JIJISI BBIYUC/ICHUS
JIaBJIEHM, TIEPEHACHIINAETCA B 72C, U T'a3 HE MOXKET NEPEHECTU JJIEK-
TPOHBI K 3€PKANY (UM T'PAHU KyOa), YTOOBI MOAACPKHUBAIACH TLJIOT-
HOCTbD p?. Ternepb MOXXHO U3YUYUTD MOCIEICTBUS TAKUX U3MEHEHUI,
ITOCKOJIbKY C IIOMOIIBIO TEX JKE PACCYKAECHUI, YTO U B HEPETATUBUCT-

CKOM CJIy4a€, Mbl MOYKEM IIPUNITH K AHAJIOT'Y YPaBHEHUS (5):
K'MY3 o« GM.

DTO OYEHDb BAXKHBIN PE3Y/IBTAT, IOTOMY YTO, B OTIINYUE OT YPaB-
HeHus (5), 34eCh OTCYTCTBYET KAKAA-JIMOO 3aBUCUMOCTD OT PAJINyCa
3BE3/1bl. YPDABHEHUE TTIACUT, YTO 3BE3/A ITOI'O TUIIA, IEPENIOJIHEHHAS
OYEHBb OBICTPBIMU SJIEKTPOHAMHU, MOXKET UMETh JIUIIb OYEHb KOH-
KPETHYIO MACCY. BBesA B ypaBHEHHE BMECTO k' BBIPDAKEHUE U3 IIPE-
JBIAYINETO 263a11d, ITOJIYYHM CJIEYIOIIee IIPEJICKA3aHHUE:

O
G Am, )

O6 3TOM-TO PE3yIBTATE MBI 1 TOBOPWJIM B CAMOM HA4aJIC SMTHJIOrA
KaK O MAKCUMAJIbHOI MACCE, KOTOPYIO MOKET UMETh 3BE€3/1d — OCIIbIH
Kap/uK. MbI O4€HB OJTU3KH K TOMY, YTOOBI BOCIIPOMU3BECTH PE3YIIbTAT
Yanypacekapa. OCTaeTcs JUIIb OHSATh, TOYEMY UMEHHO 3TO KOH-
KPETHOE 3HAYCHUE U €CTh MAKCUMAJILHO BO3MOKHASI MACCA.

MBI 3Ha€M, 9TO Y HE CIUIIKOM MACCHUBHBIX OEJIBIX KAPIHUKOB Pa-
JINyC OYZIET HE CJIMIIKOM MaJI, 4 3JIEKTPOHBI — HE CJIUIIKOM yILJIOT-

HEeHBL TaKUM 06pa30M, OHU HE COBEPIIAIOT YPE3MEPHBIX KBAHTOBBIX



ONUNOr: CMEPTH 3BE3[]

KONEOGAHUN, 4 UX CKOPOCTb IO CPABHEHHIO CO CKOPOCTBIO CBETA
HEBEJIMKA. MBI 3HAEM, YTO 3TH 3BE3/1bl CTAOHUIBHBI C OTHOIIEHHUEM
MacChl M paguyca B popme RM'/?> = xoHCcTAaHTA. Ternepp npecTaBb-
T€, 9TO 3B€3/1a OOpETAET 6OMBIIYIO MACCY. OTHOLIEHUS MEXAY MAC-
COI M PAJIMYCOM JAIOT ITIOHATD, YTO IIPU 3TOM 3B€3/1d YMEHDBIIAETCH,
U 3JIEKTPOHBI B PE3YJIBTATE €IIle OOJIBIIE CXKUMAIOTCHA, 4 CIENOBA-
TEJIBHO, IEPEMENAIOTCS 6pICTPEE. J06ABUM MACCHl — U 3BE3/]A €I
HEMHOI'O YMEHBIIUTCA. [IpHU yBEIUYEHHUH MACCHI YBEJTUYHUBACTCA
CKOPOCTB JIEKTPOHOB, IIOKA OHU CO BPEMEHEM HE HAYUHAIOT JIBU-
r'aThCA CO CKOPOCTAMH, CPABHUMBIMHU CO CKOPOCTHBIO CBETA. B TO e
BpEMsI IABJICHUE NOCTCIIEHHO M3MCHSIETCS C P « p°3 no P « p¥3,
U B IIOCJIEAHEM CJIydae 3Be3/a OyJeT CTabubHA TOJIBKO IIPU KOH-
KPETHOM 3HAYEHHM MACCBL ECIIM MacCa BBIIIE 3TOTO KOHKPETHOTO
3HAYEHUS, TO MIPaBas 4aCThb BBIPpAXKEHUA k'MY? o« GM? Gosiblle, YeM
JIEBASA, TO €CTb YPABHEHUE OKA3bIBAETCSA HEBEPHBIM. DTO 3HAYUT, 4YTO
JIaBJICHUS JIEKTPOHOB (KOTOPOE OTPAKEHO B JIEBOU 4ACTU YpPaBHE-
HUs) HEJOCTATOYHO, YTOOBI YPABHOBECHUTDL BHYTPEHHIOIO I'DABUTA-
LUIO (IPUCYTCTBYIOMYIO B IIPABOM 4aCTH), U 3BE3y OKUJAET HEUS-
OEXHBIH KOJIJIATIC.

Ecnu 661 MBI 60JI€€ TIIATENBHO BRIYUCIIAIN UMITYIbC SJIEKTPOHA
U BBIKATUINU OBl HA CILIEHY BBICHIYIO MATEMATHUKY JJIS IIOJCYETA OT-
CYTCTBYIOIIUX LU@P (OIATD JKE JIETKAA 32/1a49a JJIs IEPCOHATIBHOIO
KOMITBIOTEPA), MOKHO OBLJIO 6B C/ICTATh TOYHOC NPE/ICKA3AHHUE MAK-

CHUMAJIBHOM MACChI 6€J10I'0 Kapauka. OHa paBHA:

\"? 7\’ Z\°
M=02 (2 =58 (2) ™
2(e) (&) (%)

T/1IC MBI BBIPDAXKACM MHOXCCTBO q)I/IBI/ILICCKI/IX KOHCTAaHT 4YCpPEC3 MacC-

cy Hamero CosHua (M ). 3aMeThTe, KCTATHU, YTO BECH JOIIOJIHUTE/Ib-
HBIN TSKKUU TPy, OT KOTOPOI'O MBI OTKA34JIMCh, JA€T B PE3YJIBTATE
BCEI'O JINIIb KOHCTAHTY IIPONOPLHUOHAIBHOCTH CO 3HadeHueMm 0,2.
DTO YpaBHEHME U BbIPAKACT BOXKIACIECHHBIN IIpeaes1 Yanapacekapa:
1,4 COnHEYHOU MaCChL, ecnuZ /A = %.

Wrak, Hame nyTremecTBre OJONIIO K KOHILY. PacdyeTsl B 31nUjIo-
re UMenu 60JIe€ BBICOKMU MATEMATHYECKHUI YPOBEHD, YEM BO BCEH
OCTAJIbHOUW KHHUTI'E€, HO 3TO, HA HAIIl B3IV /1, OJTHO U3 CAMBIX HATJISAJHbBIX
JIOKA3aTENbCTB BCEM MOIMU COBPEMEHHON (PU3UKHU. DTO HE MPOCTO
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KaKasA-TO «IIOJIE3HAS BEMIb>» — ITO OAWUH U3 BEJIUYANIINX TPUYM@POB
4eJI0BEYECKOIO pasdyMa. Mbl UCHOIb30BATINA TEOPUIO OTHOCHUTEILHO-
CTH, KBAHTOBYIO MEXAHUKY U MOCIEJOBATEIBHBIE MATEMATUYECKUE
PACCYKAEHUA sl TOYHOI'O BBIYMCICHUA MAKCUMAJIbBHOI'O pa3Mepa
MAaTEPHUAJIBHOI'O MIAPa, KOTOPBIM C NOMONIbIO NTpuHIuna Ilayan Mo-
JKET IIPOTUBOCTOATD I'DABUTALIMN. SHAYUT, HAYKA IIPABA: KBAHTOBAA
MEXAHHKA, KAKOW 6Bl CTPAHHOM OHA HHU Ka3aJaCh, — 3TO TEOPU
JUIg ONIMCAHUA PEAJIBHOIO MUpa. M Ha 3TOM MeCTe CTOUT HOCTABUTD

TOUKY.



Ilna nanbHeNUero YTeHUs

H PH IIOATOTOBKE 3TOM KHUI'Y MBI UCIIOJIb30BAJIU MHOI'UE IPYTIHE
PaboTeL, U HEKOTOPBIE U3 HUX 34CAYKUBAIOT OCOOOrO YIIOMHU-
HAHUA U PEKOMEH/IAL NI,

JIBa OCHOBHBIX HMCTOYHHKA II0 HCTOPHUH KBAHTOBOM MEXAHMU-
KU — 3TO JIBE BEJIUKOJIENTHbIE KHUTH A6paxama [Tarica: Inward Bound
(«CBsAzannble U3HyTpU») U Subtle Is the Lord... (Tocnoab n3ompen»).
O6€ OHM HOCAT JOBOJIBHO TEXHUYECKHUH XAPAKTEDP, HO IO UCTOPHUYE-
CKHM HOAPOOHOCTSAM UM HET PABHBIX.

Knwnra Prnuappa @ernnmana QED: «KB/] — crpannas Teopusa CBeTa
U BELIECTBA>* HAIIMCAHA HA TOM K€ YPOBHE U3JIOKECHUSA, YTO U HAIIA,
U B HAHUOOJIbIIEH CTEIIEHU, KAK MOXKHO IIOHSITh U3 HA3BAHUs, COCPE-
JOTOYEHA HA TEOPHUH KBAHTOBOM JIEKTPOAUHAMUKU. YUTATH €€ OZHO
YIOBOJIbCTBUE, KAK U OOIBITUHCTBO paboT PeffHMaHa.

Jng TeX, KTO HHTEPECYETCA OOJIee IMOJAPOOHBIM OIHCAHHUEM,
H4 HAII B3IJIA/, JIyYIIEH KHUI'OM 10 OCHOBAM KBAHTOBOM MEXAHUKU
BCe eme ocraerca kuura Ilosna Jupaka «[IpuHIIUIIBI KBAHTOBOU Me-
XAHUKW>**. JI719 OBIAJ€HUA U3/1AI'AEMBIM B HEM MATEPHUAJIIOM IOTPE-
OyeTCs BBICOKMH YPOBEHb MATEMATUYECKO ITOJIOTOBKH.

MpI XOTenu 6B MOPEKOMEHJOBATD U JIBA JOCTYITHBIX OHJIAMH JIEK-
LIMOHHBIX KypCa, KOTOPBIE MOKHO HauTHU B iTunes University: Kypc
Jleonappa Cacckunjga Modern Physics: The Theoretical Minimum —
Quantum Mechanics («CoBpemeHHas ¢dusznka: TeopeTudecKuil
MUHHUMYM — KBAHTOBAs MEXAHHKa») U OOJIEE€ IIPOJABHUHYTBIN KypC
Ixerimca Bunan n3 OKCpopACKoro ynHusepcureTa «<KBaHTOBASA Me-

XaHUK2>, [IPUINYHON MATEMATUYECKON 0a3bl TPEOYIOT 062 KypCa.

* Qeliimar P ©. K3/ — cTpaHHas Teopus cseTa U BelllecTsa. M. @ AcTpens ; Nonunrpacdwisaar,
2012.

** fupak T A M. TIpUHUMMBI KBAHTOBOW MexaHWKK. M. - Mup, 1979



MakcuMaJibHO I10JIe3HbIE
KHHUI'H OT U31aT€JIbCTBA

«MaHH, BaHOB U ®epo6ep»

3axoauTe B roctu: http://www.mann-ivanov-ferber.ru/
Ham 6s1or: http://blog.mann-ivanov-ferber.ru/
Mui B Facebook: http://www.facebook.com/mifbooks
Ms1 BKonTakre: http://vk.com/mifbooks

[TpemioxuTe HaM KHUTY:
http://www.mann-ivanov-ferber.ru/about/predlojite-nam-knigu/

HieM npaBUIbHBIX KOJIJICT:
http://www.mann-ivanov-ferber.ru/about/job/



Hayuno-nonynaproe uzoanie

Koxkc bparian, @opmioy /:xxepd

KBAHTOBAA BCEJIEHHAA
Kak yCTpOEHO TO, UYTO MBI HE MOKEM YBUJIETD

ImaBHBII pegakTrop Apmem Cmenaros
OTBETCTBEHHBIN pefakrop Kcenus Bocmpyxura
JlureparypHbId peaakTop Enusasema Llbizarniosda
ApTt-gupexrop Anerxceit bo2omon06
Juzaitn o6noxku Cepeeit Xo3un
Bepcrka Enena Bpeze
Koppexkropser Mapus Kanmyposa, FOnus Monoxosa



	1. Что-то странное грядет
	2. В двух местах одновременно
	3. Что такое частица?
	4. Все, что может случиться, действительно случается
	5. Движение как иллюзия
	6. Музыка атомов
	7. Вселенная на булавочной головке (и почему мы не проваливаемся сквозь землю)
	8. Взаимозависимость
	9. Современный мир
	10. Взаимодействие
	11. Пустое пространство не такое уж пустое
	Эпилог: смерть звезд
	Для дальнейшего чтения



