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1 IIpenuciioBue

OTa KHUTa sBJIEeTCd TPOJoJKeHneM Kypca ['paBuraiius n acTpodu3nKa’, BBHIIYIEHHAS B
2009 romy msmarenbcrBom PUSMATJINT. Tounee, 510 eme ogHa YacThb B JABYXTOAUIHOM
nukJje "BBejeHne B CIeUaJIbHOCTD , KOTOPBIH y:Ke 0oJjiee JIeCITH JiIeT UUTAeTCs CTYIeHTaM
repBoro-proporo kypcos MOPTU. IIpm sTom mopsiioK, B KOTOPOM MOYKHO YUTATh ITH JIBE
KHUTH, COBEPIIIEHHO TPOM3BOJIeH. BO3HUKAIOIIE YKe MHOI/A IepecevdeHns, KOrjia OT/IeIbHbIe
pe3yJIbTaThl DoJiee TIOJIPOOHO M3JIAraJINCh B JIPYTOMl YaCTU TAKOT'O JIBYXTOJIUYHOTO IUKJ/IA, HE
UMEIOT IPUHITUINAILHOIO 3HAYEHUs], TAK YTO COOTBETCTBYIOIINE YTBEPKICHUs BIIOJIHE MOXKHO
[IPUHSATH Ha BEPY.

[Ipeanosiaraercsd, 9To YuTaTEbh 3HAKOM C IIPEJIMETOM B PaMKax ITKOJLHOIO Kypca (husu-
KW, T.€. €My B OOIIUX YepTaxX U3BECTHBI TAKHUE sABJICHUS U MOHATHUS, KaK (POTOIPMEKT, OMBITHI
Pesepdopaa, nocrynarer bopa. [losTomy 06 3Tux pesynbratax OyjieT cKa3aHo JIOCTATOYHO KOH-
CIIEKTUBHO. 3a/1a1a yKe 9TOT0 Kypca COCTOUT B TOM, ITOOBI, HE OTBJIEKAsICh HA CJIOXKHOCTU Ma-
TEeMaTUIeCKOrO ammapara, 0O0CYIUTh UMEHHO (PU3UIECKIe OCHOBBI KBAHTOBON MEXaHUKU. JTO
[IO3BOJIUT HAM B TOCJEHEl YacTU PACCMOTPETh HEKOTOPBIE SBJIEHUS, IPOUCXOJIAIINE B OKPY-
JKAIoIIeM HAC MUpPe, ropas3jio IIyoxKe, YeM 9TO OOBIMHO JIe/IaeTCsd B IOIMYJIAPHON JTUTEpaType.
Nubivu ciioBaMu, mocobue, haKTUUeCKU, ABJIAETCHA MPEIUCTOBUEM K CTaHIAPTHOMY YHUBEp-
CUTETCKOMY KypPCy, HU B KO€l Mepe He CTPEMSIIUMCH €ro 3aMeHUTh. B 4acTHOCTH, UMEHHO
[IO9TOMY aBTOP MOCTAPAJICS CJIeJIaTh 00beM KHUTU JTOCTATOYHO MAJIBIM.

Aprop 6smarogapur B.B.JlocsikoBa 3a mosiesnoe obcy kK ieHme.



2 Bsenenne

KBanroBas mexanuka, Kak ojiHa u3 objacreil pyHIaMeHTAJILHON (PU3NKU, HAPSYy C Teopueil
CPABUTAINN U SJIEKTPOIMHAMUKOI, JIEXKUT B OCHOBE coBpeMeHHOol acTpodusnknu. Pakrudeckn,
COBpeMeHHasl acTpodu3nka 1 Hadajgach B cepeanbe 19 Beka, KOTJAa OTKPBITHI HE33I0JIT0 J10
9TOT'O CIIEKTPAJIbHBIN aHa/ I3 ObLII IPUMEHEH JIJIsl OllpejiesIeHnsl XUMIYecKoro crpoenus CoJrHIa
u 3Be31. HeyiuBUTEILHO TIO9TOMY, UTO HECOMHEHHBII JINJIED 2Ky pPHAILHOM acTpodusuku — The
Astrophysical Journal — mosirme rogpl ¢ MOMEHTa CBOEro yapexkaeHust B 1895 roay Ha3bIBAJICS
JKYPHAJIOM TI0 CIIEKTPOCKOIIUU U aCTPOHOMUYECKOH (hu3mKe.

Kak u B ciyuae nmocobus "I'paButariusg u acrpodusnka’; Mbl He CMOYXKEM COBCEM ODONTHUCH
Oe3 ammapara Bbicieil marematuku. /leiicrBurenbao, quddepeHnuaabHOoe U UHTErpaIbHOe
ucunciaenne co3nasanack V. Heoronom (1643-1727) u I'.B. Jleitbunmem (1646-1716) B 3ma<u-
TEJILHOW CTEelleHH UMEHHO JIJIs TOr0, YTOOBI 3aKOHBI (PU3UKU MOYKHO ObLIO chOpPMYINPOBATH
IIPOCTO W KOMIAKTHO. [109TOMY B HEKOTOPBIX ciiydadx MbI OyJieM NPUBOJUTD U Juddepeniim-
aJIbHbIE COOTHOIIEHNSI, KOTOPbIe, KAaK MOYKHO HAJIESATHCsI, JIOJIZKHBI MTPOSICHUTH 00CYZK1aeMble
BOIIPOCHI JIJIsT YNTATENIs, 3HAKOMOT'O C BBICIIIENl MATEMATUKOIA.

JLst Tex 2Ke, KTO erne He 3HAKOM € TIOHSITHEM ITPOU3BO/IHOM, CJIe/lyeT PACCMATPUBATD "HePO-
rud” dr Kak Masoe IpHUpalieHne BeJInduHbl x, T.e. dr ~ dz, a "nepormud” dz/dt xKak cko-

POCTb UBMEHEHW BEJIMIUHBI T IIPU U3MEHECHUUN t

dr iz ]

E ~ ﬁa ( )

TeMm Oojiee UTO Be3Jle, TJI€ 9TO BO3MOXKHO, OY/IYT UCIOJIb30BATHCS JIUIIb MaJible TPUPAIIEHUS

0x. Ilpm sTOM HCHOMB30BaHME TEPMUHA 'CKOPOCTH , KOHETHO Ke, He cjydaiiHo. Beab Bcem

XOPOIIO U3BeCTHas (DU3MIECKasl BEJIMIUHA — CKOPOCTh YACTUIIBI U, — U €CTh IMPOU3BOIHAS

KOOD/IMHATHI YaCTHUIIbI & 110 BpeMenu t: v, = dx/dt. "Mepormud” xe df (x,y)/0x coorBercTBYeT

T.H. 9aCTHOMN Ipon3Bo/HON (yHKIMK f(x,y) [0 &, IPU BBIYUCIEHUN KOTOPOH HY?KHO CIUTATh,
9TO TIEPEMEHHAs i OCTAeTCsI TIOCTOSTHHOTA.

Yro ke Kacaercs WHTErpajioB, T.e.'meporymcdon’ F} = f(f f(z)dz (xopomio u3BecTHBII

CMBICJT — IUIOIIAJIb 107 TPadUKOM), TO OHU B OCHOBHOM TEKCTe OYIyT TOSIBJISITHCS JIUIIbL B



UCKJIIOUUTEJIbHBIX caydasdax. [Ipu aTom Jjis oleHKN BeJIMYuHbI F] NpaKTHYeCKH Be3Jie MOXKHO
Oyzer moJoKuTh npubausuresbio Fy = f(x0)(b — a), rue xo — nNpousBOIbHAS TOUYKA MEK LY
a u b. Uckmouenne coctaBgT Jidiib pa3fesbl 5.1.2 u 5.1.3, B KOTOPBIX HAM HPUJIETCA UMETDH

JIeJIO C KpaTHBIMU WHTErpaiaMiu 10 IMOBEPXHOCTU €IUHUYHON cdepbl

T 2
ng/o/o f(0,p)sinfdl de. (2)

b
B ommume or ogaokparHoro muterpasa Fy = [ f(x)dz, aBisrorierocs mpemesioM CyMMBbI

b

2o—a | (Z0)0x, nnTerpan (77) mpejacrapiger coboil cyMMUpPOBAHHE He IO SJeMEHTaM JITHHbI

dx, a 10 JIEMEeHTaM IO/ OBEPXHOCTH eIMHUIHOM cdepbl 9.5, KoTopast B HOJISPHBIX KO-
opimHaTrax 6 u ¢ nmeer Buj 0S5 = sin 8009y

21
Fy= > f(bo,0)05. (3)
00=0,0=0

[Tpu sToM BO Bcex mHTepecyromux Hac ciaydasx dbyukiusg f(6,¢) MoxkeT ObITH pa3/IokKeHa Ha

COMHOXKHNTEJIN KaK
f(0,0) = f1(0) f2(¢). (4)

B srom ciaydae KparHbiit uaTerpan (?77) 3anuchiBaeTcst KaK MPOU3BEIECHUE OJJHOKPATHBIX HH-

TerpaJioB
Fy= [ 1@sinoao- [ Lo, (5)

[ocJie 4ero MHTerpupoBaHue MPOU3BOUTCS JIOCTATOYHO JIEMEHTAPHO.

Jagee, Be3jsie B TekcTe OyKBa E OysieT 0003HaYaATh 3JEKTPUIECcKoe 1oje. YTo ke KacaeTcs
SHEPTUH, TO OHa Oyjer obo3HavdaThed OykBamu € u €. Hakoner, Be3me Huzke OyJIeT HCIOJb-
zoBarhed cucrema CI'CD. Mmenno sTa cucrema equnHui; HanOoJiee eCTeCTBEHHA TTPU OIIMCAHUT
9JIEKTPOMArHUTHBIX SABJIEHUI, KOTOPbIE MOCTOSHHO Oy/IyT 0OCyKIaThcd HUXKe. B yacTHOCTH,
B 9TOI cucreme QJIEKTpUYIECKHNE U MalHUTHBIC II0JId MMCEIOT OJMHAKOBYIO Pa3MEPHOCTD. B Ha-
CTOsIITIiee BPpeMsl MMEHHO 3Ta CUCTEMa €JIMHUIL IIOBCEMEHHO HCIIOJIb3YeTCs B acTPOPU3NIECKO

JINTepaType.



3 IlocTukeHue UCTUHBI — NnCropnm4ieCkKoe BBEJICHUE

XPpoHOJIOTUA PAa3BUTUA KBAHTOBON TEOPUU OYEHb MOYyUYHTe/bHA. B TedeHue 1mepBoil YeTBEPTU
20 Beka, a umenHo ¢ 1899-1900 1o 1925-1926 roapl, Ye10Be9ecTBO, IMIAr 3a MIaroM, TPOHUKAJIO
BI‘JIY6I:> COBEpPIIEHHO HEU3BEJIaHHOT'O MHPa. B 3TON F.HaBe MBI HAIIOMHIUM OCHOBHBIE 9Tallbl 9TOI'O

IpPOoABUZKEHN A, HE BBIXO/A IIPU 9TOM 3a PpaMKH KypcCa cpe;LHeﬁ IIKOJIBI.

3.1 Bcrymienue
3.1.1 Kimaccuueckuii Mup

Harre nonnmanue okpy»KaloIero Mupa, Halra HHTY U, TIO3BOJISIONIast CBOOOHO OPHEHTUPO-
BaTbCd B HEM, OCHOBaHA Ha TIOBCETHEBHOM OIbITE. VIMEHHO MOBCEIHEBHBIIN OIBIT TOBOPHUT HaM,
HAIIPUMeD, UTO KaMeHb, OPOIIeHHBIN BBEPX, CO BpeMeHeM 00s3aTe/IbHO BepHETCsT Ha 3eMJTO.
Kak xoporiio n3BecTHo, TOUHbIE KOJIMYECTBEHHBIE 3aKOHBI MEXaHUKU, c(HOPMYJIMPOBAHHBIE Ha
OCHOBE TAKOT'O OIIbITA, MO3BOJIUJIN IPEJICKA3aTh, & 3aTeM M OOHAPYXKHUTb BHEITHUE ILJIAHETHI
COJTHEUHOW CUCTEMBI. DTO B erre OOJIbIeil Mepe TOPO/IN/I0 YBEPEHHOCTh B OCHOBHBIX MTOCTYJIa-
TaxX MeXaHUKHU, KOTOpPbIe MBI Tellepb Ha3blBaeM KJIACCUYECKUMU.

K rakum, kazasioch Ob HE3BIOJTMMBIM OHATUSM OTHOCATCS MIPEXKIE BCETO TIOHATHS HEeIpe-
PBIBHOTO ITPOCTPAHCTBA M BpeMeHu. KoHedHo ke, yxKe 3/1eCh TAUTCd HEKOTOPOe JIyKaB-
cTBO. MBI IIpEKPACHO MOHMMAEM, YTO M3MEpPUTEIbHbIE IPUOOPHI BCerjia UMEIOT OrPpaHUuvYeHMe
— 1eny jesiennsi. OJHAKO ONBIT MOKA3BIBAET, YTO BO MHOIUX CJIy4YasX [OBBIIIEHIE TOYHOCTU
U3MEpPEHU C MPAKTUIECKON TOYKH 3pEHU HIYETo He TPUOaBJIIeT K HAIleMy 3HAHUIO O JIBUKe-
HUU, & MHOTJIA U [IPOCTO Oecriosie3Ho. /leiicTBUTe/IbHO, /i TOr0, 9TOOBI He OMO03/IaTh Ha MOe3/I,
coBceM He 00s3aTe/IbHO 3HATH BPEMs €0 IMPUXO0JIa HA CTAHIUIO ¢ TOYHOCTDHIO JI0 JIOJIel CeKyH-
sibl. COOTBETCTBEHHO, COBEPINIEHHO HE BaKHO, B KAKOM MecTe Ha IIaTdgOopMe Bbl OKaXKETeCh
B MOMEHT MNpuxojia 1moe3ja. HeymBuTebHO TOITOMY, 9TO B KadeCTBE Y/IOBJIETBOPHUTETLHOM
MOJIEJIN JIBUZKEHUS TeJl BBOJATCH MOHATUSA MaTepUAJIbHON TOUYKU U TPAEKTOPUU.

Eme oganm u3 dyH1aMeHTaIbHBIX TPUHITAIIOB KJIACCUYECKON MEXaHUKHU SBJIACTCSA MPUH-

ouIl JerTepMyuHu3Ma. Cama TpaeKTOpud 1 II0JIO2KEHNE TeJIa Ha HEel OJIHO3HAYIHO OIIpeaesIAI0T-
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csl HadaJIbHON KOOP/IMHATON TeJjla Iy B MOMEHT BPEMEHU {y U €r0 CKOPOCTBHIO V(i B 3TOT MOMEHT
spemenu’. CKOJILKO GBI MBI He HOBTODPSLIH OIIBIT, JIJI OJHUX U TeX K€ HAYaJbHLIX 3HaueHuit
PEe3YJILTAT OIIbITa JIOJIZKEH OCTaBaTLCS OJIHUM W TeM 2Ke. B uacTHOCTH, ecyin ObI MBI MOIJIA B
TOYHOCTH BOCIIPOW3BECTH HadaJbHbIE YCIOBHS TP OPOCAHUU MOHETHI, OHA OBI ITajasia BCeria
O/IHOJ CTOPOHO! BBEPX.

Hakomnerr, B paMkax Kjraccuieckoil (pU3UKU Beerjia HesiBHO MPEIIOIAaraeTcs, YTo IBJICHUS
MIPUPOAbI He 3aBUCAT OT HADOJIOZATEJIsI, T.e. OT TOrO, HAO/IIOMAEM Mbl 38 HUMU WJIA HET.
[Ipn aTOM pedn njieT He TOJBKO O HACCUBHOM, HO M aKTUBHOM HAOJIIOJIEHUH, T.e. 00 U3MEPEHNH.
st Bcex KJIaCCMYECKMX CHCTEM, KaK IOKa3bIBAET OIBIT, M3MEPEHNe BCerya MOYKHO ITPOBECTH
TaK, YTO IapaMeTpbl JIBUKEHUS] OCTAHYTCs NMPAKTHYECKN HEBO3MYIeHHbIMU. |IpakTidecknu B
TOM CMBICJIE, 9TO UX BCET/Ia MOYKHO CJIeJIaTh MEHBIIE TeHbI JIeJIEHNS M3MEHUTeTbHOTO ITPHOopa.
1 yk BO BCAKOM ciIydae HUKTO He COMHEBAETCS B TOM, UTO, HAIIPUMED, IJIAHETHI COJTHEYHOIN
CUCTEMBI OyJIyT JIBUTATHCS 110 CBOUM OPOUTAM HE3aBUCUMO OT TOrO, HAOJIIOJaeM MbI 38 HIMHI
WM HET.

Yerexu MeXaHUKH, JJOCTUTHYThIEe B 1718 Bekax, ObLIN CTO/Ib 3HAYUTEIbHBI, YTO j1azKe ObLiia
BBICKA3aHa TMIIOTE3a O TOM, YTO M BCE OCTAJIbHbBIE SIBJIEHUSI MPUPOJIbI MOTYT OBITH CBEJIEHBI K
MeXaHMYIeCKNM. B 9acTHOCTH, 3TO OTHOCHJIOCH U K CAMOMY YeJIOBEKY, KOTOPBII ITPeICTaBIIAIICS
Ha0OPOM TPOCTENINX MeXaHNIeCcKuX jeraseil. Ha Takoil Touke 3peHNs CTOSIN JIydIIe YMbI
toro Bpemenun — P.Jlekapr (1596-1650), A./l.T'ossbax (1723-1789). C 1om00HO# KapTHHOIA,
KaK M3BECTHO, ObLI KaTeropudiecku Hecorsiacen Jles TosicToil, mocBaTuBImit 9TOMYy BOIIPOCY
memasio crpanuit B "Boitre u mupe".

Bupouewm, k konity 19 Beka cTasio sICHO, HACKOJIBKO OTDAHNYE€H MEXaHUCTUYECKHI ITO/IXO/T
[IpU aHaJm3e XOTs Obl y»Ke TepMOJMHAMHYECKUX IPOIeccoB. /leficTBUTEIbHO, HECMOTPS Ha

TO, YTO MOJIEKYJISPHO-KHHEeTHIecKas (T.e., (DaKTUIeCKH, MEXaHWIeCKast) IPUPO/Ia TEeIIOBBIX

'To, 4TO JijIsl HOJIHOTO ONpEjIeJIeHNs] TPACKTOPHU UACTUIILI HYKHO 33]aTh JIMIIb €6 HAYAJIbHYIO KOOP/IH-
HATY M CKOPOCTH (M TOJIBKO UX) SIBJISETCS HA CAMOM Jiejie (byHIAMEHTAIBHBIM CBOHCTBOM HAIEro MUpa. JTO
CBOMCTBO O3HAYAET, 9TO YPABHEHUs, OMUCHIBAIONIE (PU3NIECKUE ABJICHUS, JTOJ2KHBI COJEPKATDH JIUITH TEPBLIE
U BTOPbIE IIPOU3BOJIHBIE 110 KOOPJIUHATAM U BpeMeHU. BriepBble 3TOT NpUHIHNI, (PAKTUIECKH, ObLI CHOPMYJIH-

POBaH Hrroronom kak ero BTOpOfI 3aKOH.
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sIBJIGHUII HU Yy KOI'O He BbI3bIBaJIa COMHEHUI, ITOHATa Iy ObLIO COBEPIINEHHO HEIIOHATHO, I/, B
KAKOM 3BEeHe PACCYZKJICHUI Y MEXaHU9IECKOIl CUCTEMBbI MTOABJISIETCsI, HAIIpUMeED, HeoOpaTUMOCTh
BO BpemeHu. HaroMHHM, 9TO B HPOCTEHIINX MEXaHUIECKUX CHCTEMaX M3MeHeHHe CKOPOCTU
Ha 00paTHOE B KOHIIE TPACKTOPHUU JIOJIPKHO ITPUBECTU K TOMY, UYTO TEJIO, JIBUTASACH 110 TOM 2Ke
TpaeKTOPpUU, BepHETCA B Ha9aJIbHYIO TOYKY. O,ZLH&KO B TepMOJMHaAMNKe BO3SMOXKHO JIMIIL JIBU-
JKeHUe B OJHOM HallpaBJIEHUH 110 BpeMeHu. Tak ras, 3alo/HSIONUil TOJIOBHHY COCYIa, OBICTPO
3aIlOJIHAT BeChb 00bEM, & IPOTHBOIOJIOKHBIN IIPOIECC HUKOIIAa He peajusdyercs. XoTd hop-
MaJIbHO, IIOBEPHYB BCe CKOPOCTH Ha OOpaTHBIE, IIPOIECC MOXKHO ObLIO ObI ITOBEPHYTH BCISTH.
CoOTBETCTBEHHO, COEIUHEHNE JIBYX T C PA3HBIMU HAYAIBHBIME TEMIIEpATypaMu IIPUBEIET K
BBIPABHUBAHMIO WX TeMrepaTyp. [[poTuBomoIoKHBIN Ke ITporiecc, KOTia OJIHO U3 TeJI BAPYT
HadMHaeT Hal'peBaTbCd, a APYyTroe — OXJIazKIaTbCdA, HEBO3MOXKEH.

[Tocsie mecsaTumeTnit MydnTe/IbHBIX Pa3yMUiil OTBET Ha TOT BOIPOC ObLI HAKOHEI| Hali/leH.
B neiicTBUTETBHOCTH KOJTMYIECTBO MOJIEKYJT B F'a3€e BCET/Ia HACTOJIHLKO BEJIUKO, YTO CJAEIUTD 38 UX
HOJIOKeHNeM (U, B 9aCTHOCTH, TOYHO (PUKCHPOBATH WX CKOPOCTH) HPAKTHIECKH HEBO3MOXKHO.
D10 OBLIIO HEBO3MOYKHO KaK B KOHIIE 19 Beka, Tak U ceifvac, Ipu HAJTUIUN CBEPXOBICTPHIX KOM-
nbioTepoB. Yuraresb cam MoKeT yOeanThest, CKOJIBKO OyMaru (YepHuI, HaMsaTH KOMITbIOTepa. )
HeoOXOIMMO, 9TOOBI IIPOCTO 3amucaTh nosoxkenns Beex 1020 aToMoB, HAXOAAMINXCS B OJTHOM
KyOMYeCKOM CaHTHMETpE BO3/lyXa IPU HOPMaJLHOM jaBjieHun u temueparype. [losromy nipu
OIMCAHUM TEPMOJIMTHAMUYECKUX CHUCTEM Mbl BBIHYZKJIEHBI IMTOJIb30BATHCA PA3HBIMHU yCpeTHEH-
HBIMH BeJIMIMHAMK. B OOJIBITHHCTBE MHTEPECYIONUX HAM CJIYIaeB JIOCTATOTHO OTPAHUIUTHCS
JIMIIb HECKOJIbKUMHU IapaMeTpaMyd — HallpUMep TeMIIepaTypoil ra3a u ero IJIOTHOCTBIO.

B urore (1 910 OYEHb BaXKHO), B ONUCAHMU TEPMOJUHAMUUECAKUX CHCTEM IOSABJIAETCH
HEOIPeJIeJIEHHOCTD, CBI3aHHasI XOTd ObI ¢ HEOIIPE/IE/IEHHOCTHIO 38 /[aHNs HaUaIbHBIX CKOPOCTEIA.
B CBOIO Oo4epelb, HEOIIPpEeAeJICHOCTh B HaYaJIbHBIX YCJIOBUAX IIPUBOAUT K HeO6XO£LHMOCTH npu-
BJIEYCHUS A3bIKa TEOPpUUN BepOHTHOCTefI. HOSTOMy—TO TEIJIOBbIE ABJICHUA OTHOCATCA K pa3aesry
CTATUCTHIECKON (busnkm. BeposiTHOCTB TOsIBJIIeTCs y2Ke IpH OPOCAaHUU MOHETBI, TOCKOJIBKY
pPe3yJIbTaT B ,ZLefICTBHTeJ'[bHOCTH OYeHb 9YBCTBUTEJ/ICH K HadYaJIbHBIM YCJIOBUAM. B pe3yJjbTare,

"nenbl jtesternst” npubopa (T.e. TOYHOCTU B HAIPABJICHUHM W TOYKHU IPUJIOKEHUS CUJIBI) OKa-
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3bIBa€TCA HEJOCTATOYHO, qTO6bI IpeacCKa3aTb pe3yJibTaT, ITOCKOJIbKY Ha4aJibHble YCJIOBUA B
IpeJieJiax MeHbl JejeHus OyJ/IyT COOTBETCTBOBATH PA3IUYIHBIM OTBETaM. UTO yK TyT T'OBOPUTH
0 peaJlbHOM rase. BeposgTHOCTH TOrO, UTO, MOMEHHAB C OIPEIEJTeHHON TOYHOCTHIO CKOPOCTHU
MOJIEKYJI ra3a Ha oOpaTHbIe, Mbl coOepeM HX BCe B OJIHOW IIOJIOBUHE 00beMa, OKa3bIBAeTCHd
HCYEe3aI0IIe MaJIo.

BoJstee Toro, anajm3upys TepMoOMHAMUYECKNE SIBJIEHHUS, YJIaJ0Ch CHOPMYIUPOBAThH JIBA
0a30BbIX KOJMUYECTBEHHBIX HPUHIINIIA, YHUBEPCAJIbHOCTH KOTOPBIX, KAK Mbl YBUJIAM, CPOJIHU
3aKOHY COXPaHEHWsI SHEPI'Uu, U I03TOMY OHHU BBIXOJISAT JAJIEKO 38 PAMKU KJIACCUIECKOi (hu3n-
Ki. D9TO TUIOTE3a 3PTOAUIHOCTH, a TaKKe IIPUHIIAI PABHOMEPHOI'O pacIlipejieJIeHus
9HEPTUU II0 CTeneHAM cB0O0OObI. Hike MBI 1moBceMecTHO Oy/ieM ONUpaThCs Ha ITU HPUH-
OUIIBI ITPXU aHaJIN3€ KBaAHTOBBIX SIBJIEHUI.

[Ipexk e Bcero moaymaemM, 9T0 O3HAUAET BEPOATHOCTHBIN IOIX0/] K OIUCAHIIO COOBITHI. UTO
O3HAYAET, HAIIPUMED, YTO MOHETA MAJIA€T OIIPEJIEJIEHHO CTOPOHOI BBEPX € BEPOATHOCTHIO 1 /27
flcHO, 9TO 9Ta BEPOATHOCTH MOXKET OBITh SKCIIEPUMEHTAIBLHO OIPEIe/IeHa, €CI MbI IIPOBEIEM

0YeHb OOJIBLIIYIO cepuio 3 [N OIBITOB U ONPEJIE/IUM BEJTUIUHY

N
Pi= (6)

e Ni — YucIo cOOBITHIl, COOTBETCTBYIOIINX OIPE/Ie/IeHHOMY pe3y/bTary. Toria B Ipejerie
N — oo BestmumHa P; U OyIeT CTPEMUTHCS K BEPOSATHOCTH MHTepecyrolero Hac coobitus. O/
HaKO BEPOATHOCTH MOYKET OBITH OIpeJiesieHa W JIPYTUM CIIOCOOOM, HAIIPUMED, €CJIU MbI JIOCTa-
TOYHO JIOJITO OYJIEM CJIeUTH 3a MOJIoKeHneM MagTHuKa. Vzmepus Bpems T, KOTOpoe MagTHUK

HaXOINUTCA B HpaBOfI JaCTU TPaEKTOPUU, Mbl MO2KEM OIIPEIAE/INTHL BEPOATHOCTDL KaK

T
Pi= (7)

e 1" ectb moJiHOe Bpems HaOJojeHusi. B urore, B npejgene T — o0 MBI HOJYyIUM, 9TO C
BEPOSITHOCTBHIO 1 /2 MATATHUK HAXOJIUTCS B JIEBON YaCTH TPACKTOPUH, ¥ C TOM YK€ BEPOSATHOCTHIO
1/2 — B pasoii ee vactu. Takum 06pa3oM, eciim HAC HHTEPECYIOT BEPOSTHOCTH KAKOTO-HUOY/Th
COOBITHS, TO OHA MOYKET OBITH OIIPEJIe/IEHa U IIyTEM COOTBETCTBYIOIIEH ITPOIELyPhl YCPeTHEHUST

110 BpEMEHU.
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fcHo, oj1HAKO, YTO yepeIHeHne 110 BpeMEHU, KOTOPOe Mbl IMEJTU B BUJLY B CJIydae MasgTHUKA,
BOODIIE TOBOPsI, HE TO K€ caMoe, YTO yCpeJHEeHUe 110 aHCcaMOJII0 peajn3alinii, Kak 3TO ObLIO
B ciiydae OpocaHus MOHETBI. M, 110 OOJIbIIIOMY CUeTy, yTBEPXKIeHUEe O PABEHCTBE IOy IeHHBIX
TaKUMH CIIOCODAMU BEPOATHOCTEN JI0 CUX TIOP OCTAETCS JIMIITH TUoTe30i. MHbiMu ciioBaMu, 310
CKOpee aKCUOMa, CIPaBE/JIMBOCH KOTOPOIl MOYKHO OBLJIO IPOBEPUTD JIMIIH SKCIIEPUMEHTAIHHO.
Tem He MeHee, Ta THUIIOTE3a, KOTOPas JIEKUT B OCHOBAHUHU CTATUCTHIECKON (DU3UKU U HOCHT
Ha3BaHUE MPUHITAIIA IPTOJUIHOCTH, PEJICTAB/IAETCS JOCTATOYHO pa3dyMHoil. Hampumep, Mbr
HE COMHEBAEMCsl, ITO JIJIsI TOTO, YTOOBI OIPEJIE/IUTH CPETHIOI0 CKOPOCTH YaCTHUIL B Ta3e, MOXKHO
JIOJITOE BPEMsl CJIEJUTh 3a OJHON dYacTHllell (M 3aTeM IPOBECTH YCPEIHEHUE 10 BPEMEHH), a
MOXKHO B34Tbh CpeJiHee 110 BCeM JaCTHIAM ra3a B OlpejeeHHbIII MOMEHT BpeMeHu. Pe3ysbrar
OyJeT oJiuH U TOT 2Ke. Bo BCdAKOM ciiydae, JIO CUX TOP HUKAKUX JAHHBIX, TPOTHBOPEYAIINX
9TOI TUnoTE3e, OOHAPYKEHO HE OBLIO.

Bropoit 6a30BbIil MIPUHITUII, & KMEHHO IPUHITUII PABHOMEPHOI'O pacipeieeHus SHEPIUH 110
crenesiM ¢Bo6osibl, 6611 cchopmymposan JI. Bosbivanom (1844-1906) B 1876 romy. Hike s
MJLTIOCTPAIIUN Mbl PACCMOTPUM ITPOCTON IIPUMEDP, KOTOPBIi, OTHAKO, TIO3BOJIAET MOHATH OCHOB-
HYIO HJEI0 MPUHIUIIA paBHOpacupeaeaeHus. HeoOxomumble »Ke MaTeMaTHYeCKUe BBIKJIAIKN
npusejienbl B [Ipuoxkennn 8.1. 31ech Takke CaeayeT MOIIEPKHYTh, IYTO MPUHIIAIT PABHOPAC-
nmpejieienns, Kak u 150 jeT Ha3a |, TaKXKe MO-MPeXKHEMY ABJISIETCS B 3HAYUTEJbHON CTEIeHn
9BPUCTUYECKUM. B mociieictBur Mbl He pa3, BHO WM HESIBHO, OyJIeM HCIOJb30BaTh W TOT
[IPUHITHAIL.

Urak, paccMoTpuM HEKOTOPBI 0ObeM ("KoMHATY”), MOJIEIEHHYIO JIJIs IPOCTOTHI BCEIO HA
JIBe YacTH, U OyjJeM pacCMaTPpUBATh Pa3/IUUIHbIE BAPUAHTHI 3all0JTHEHUS 3TOW KOMHATBHI OJIH-
HAKOBBIMU MOJIEKY/TAMU Ta3a (KOTOPBIE Mbl, OJIHAKO, JJisl HAIJISJIHOCTU OyJIeM PACCKPAIIUBATh
B pasHble IBera). Ecim y HaC ecTh BCEro oJlHa YaCTHIA, TO, KaK IOKa3aHo Ha Puc. 1, BO3-
MOXKHBI BCETO JIBA COCTOAHHUSA — YaCTHUIA HAXOJUTCH JUOO B IIPaBOi, JIMOO B JIEBOI MOJIOBUHE
KoMHATHI. [IpuHIUIT 2Ke paBHOpacHpeeeHrsT TOBOPUT O TOM, UTO BEPOSITHOCTH ITUX JIBYX
COCTOSTHUI JIOJIZKHBI OBITh 0JINHAKOBBIMU. COOTBETCTBEHHO, OJIMHAKOBBIMU JIOJI?KHBI OBIThH Be-

POATHOCTH YEThbIpeX Pa3/IMYHbIX COCTOHHI/IfI, B KOTOPBIX MOTI'YT HaXOAUTLCA JBE MOJICKYJIbI, U
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Puc. 1: Pasimanbie cocrosinust 7yt OfHOMN, ABYX u Tpex dactuil. COryIacHO MPUHITUITY paB-
HOPACIIPE/IC/ICHNs], BEPOSTHOCTU STHX COCTOSHUI JOJKHBI ObITH OJMHAKOBBIME, T.e. 1/2 s

onHoit, 1/4 mst myx u 1/8 1my1s Tpex dacTury

BEPOSITHOCTH BOCBMU COCTOSHUM JIJISI TPEX JaCTHIIL.

[ToHsTHO, OJIHAKO, ITO COCTOSIHUSA 2 U 3 JIJIs JBYX YACTHIL IIPEICTABISIOT cO00M, (hakTuIe-
CKU, OJTHO M TOXKe cocTogHme. To 2Ke OTHOCUTCS U K COCTOAHUAM 2, 3 1 4, a TaKKe K COCTOTHUSIM
5,6 u 7 gaaa Tpex dactuil. B 3ToM ciydae, Kak mokazaHo B [Ipumioxkennm 8.1, BepOSTHOCTD
TOrO, UTO Jijid N YacTHIl BBITQJIET COCTOSHUE, B KOTOPOM B JIEBOH dacTu oObeMa HAXOIUTCs

K wacrur, a B npaBoit — (N — K) wacruii, gaeTcs COOTHOIIEHUEM

NI

Pr = QNK!(N.— K) ®)

B pesyabrare, Kak JIerko IpOBEPUThH, IOJHASI BEPOSITHOCTH 3apEeruCTPUPOBATH KaKoe-HUOYIIb

coOBbITHE, KAK 9TO U JIOJIZKHO OBITh, OKa3bIBAETCA PABHON €JIMHUIIE

z]i: Pr =1. 9)

B JaCTHOCTHU, BEPOATHOCTL TOI'O, YTO BCE JaCTHUIIbI CO6I/IpyTCH B JIEBOIA IIO0JIOBUHE, €CTh IIPOCTO

1/2N. Tlpu Gonbmux ke K u N BepOATHOCTH ¢ XOPOIIei TOUHOCTBIO MOMKET OBbITH 3alliCaHa
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KaK

PIK) = %exp —w | (10)

STO O3HaYa€T, 9TO BE€POATHOCTDL BbIIIaJICHUA K MeEXKYy BeE€JINYINHaMU K1 nu KQ MOZKET 6IDITI)
olpejieIeHa KaK
K>

PK, < K < K,) = / P(K)AK. (11)

K
PacnpeﬂeﬂeHI/Ie (6) ABJIAETCA 9aCTHBIM CJIY9a€M 3HaAaMEHUTOI'O YHHUBEPCAJILHOI'O pacCIIpe/ie-

nenwus, Hocsimee nMst K. . Taycca (1777-1855)

Pa(x) = ﬁexp —% : (12)

Kak MbI BujinM, 9T0 pacipe/iesieHne orpe/iesseTcs JAIb AByMs TapaMeTpaMi, & UMEeHHO Hal-
6oJiee BEpPOSITHON BEJMYUHON & = (i M XapAKTEPHON IMMPUHON pacipe/iesieHns (WIn T.H. JIUC-
nepcueit) o. Ilpu srom jiis | — p| >> 0 BEPOSITHOCTD BBIAJIEHUS COOTBETCTYIOMIETO COOBITHSI
OKa3bIBAETCs ncUe3arore (MM, KaK B 9TOM CJIydae TOBODST, SKCIOHEHIINAIbHO) MaJsoi. Tak,
BEPOSTHOCTH HE MONACTb B JUANa3oH (1 — 30 < & < p+ 30, coriacHo dhopmyste (8), cocrapisger
0.3%, a okazaThcd BHE quanasoHa ( — Ho < x < j+ bo — yxke juiib 0.00006%.

B nammem ciaydae (T.e. npu ouenb 60sibiux N) BeJMUuHa JUCIIEPCHN
o =— (13)

MHOT'O MeHblIIle cpe/iHeil BemauHbl (4 = N/2. [losroMy BepOSTHOCTH OKA3BIBACTCS HE MCIE3a10-
e Masioit jmrib npu K~ N/2, T.e. Ipu paBHOM KOJIMYECTBE MOJIEKYJI B IPaBOil U JIEBOIi
qacTax KOMHaThl. Hampumep, st obbranoit komuarel (N = 2 - 10%® mosexyn) ¢ BeposiT-
HocThio 99.9999% wuuncsio MoJIeKysl B IIpaBoil 4acTU KOMHATBI Oy/eT 3aKJII0YeHO B IIPeJesax
102 — 2.5 x 101 < K < 10%® + 2.5 x 10'. T.e. ¢ BeposTHOCTELIO 99.9999% OT/MIYIHIE OT paBeH-
CTBa YMCJIa MOJIEKYJI B IpaBoii u JieBoil yactax komuarel |K — N/2|/N Gyjer He npeBbIIaTh
10714,

Besmmuuna 107! (Tpunajars mysteit nocie 3ansToit) Bee ¥Ke elre He CTOJIb MaJia, U, B IPUH-
IIUIIEe, ee MOYKHO JIazKe MPEJICTABUTh. DTO, HAIIPUMED, ecTh Bo3pacT Beesennoit — npumepno 14

MUJIJINApP/I0B JIET — Bpra)KeHHbeI B CEKYyH/IaX. FOpaB,ZLO Xy2Ke JI€JI0 COCTOUT C BEPOATHOCTHIO
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A

———— 95.49% ————

| 68.3% —]

p-3c K u-lo.  p.  p+lo K. p+30
u-20 u+2o

Puc. 2: VuuBepcasbroe pacrpesnenenne [aycca (8) xapakrepusyorieecs JHIIb JIByMsl TTapa-
MeTpaMH, & UMEeHHO Hanbosiee BeposiTHOI BemauHOi 1 (B Hamewm ciaydae K = N/2) u xapak-

TepHOH MmupuHOil o (B HameMm ciydae v N /2)

1/2N ] ¢ koTopoit Bee wacTHIBI cOOGUPYTCA B O/THOM MooBHHe KoMHaThL. [t N = 102 310 yxe
qucsI0 ¢ 27 HyasMu rnocte 3ansaToit. MoyKHO i pecTaBuTh cebe CTO/Ih MaJIyi0 BEPOSITHOCTS !
Hanpumep, ona oznadaet, 9to ecan Kaxkjtoe u3 102 cocrostnuit qymurest 0.01 cexkynip! (310 €cTh
XapaKTepHOe BpeMsl, KOTOpas MOJIEKYJ/Ia IIPOXOJIUT PACCTOAHIE, CPAHUMOE C Pa3MePOM KOMHa-
ThI), TO JIJIs1 BBINAJIEHIsT BCEX BO3MOXKHBIX COCTOSTHUIT HEOOXOIMMO K/JIaTh BPEMS, B MUJLIHAD]I
pas GoJibliiee, 1eM BpeMs KU3HU Beesennoit. A 910 yike, paKTUIECKH, O3HAYAET, 9TO ITa Be-
POSITHOCTL HE IPOCTO OYEHb MaJjia, a YTO OHa He TOJBKO C YKUTEWCKOW, HO U ¢ PU3NIECKOi
TOYKH 3PEHUs MIPOCTO paBHa HYJ0. Takoe cOObITHE He HACTYIUT HUKOLJIA.

Eme pa3 nmoiaepkaeM, 9TO MOSBJIEHNE CTATUCTUYECKAX CBOMCTB B TEPMOJIMHAMUYECKIX CH-
cTeMax He HAPYyIIaeT ODIIero MpUHIINIA JeTepMuHn3Ma. BepoaTHOCTh mosiBIIsieTcsd n3-3a Hens-
Oe2KHOIT TIOTepH TIOJIHON U TOYHON nHpopmarmu o cucreme. [losromy cratucrudeckas: pusuka,
0e3yCJI0BHO, TaKKe OTHOCUTCS K paszeny KJaccumdeckKoil dmsukn. OcoOeHHO SICHO 3TO CTAJIO
1ocjie OTKPBITHSA BO BTOPO# moJioBrHe 2(0) BeKa SBJIEHUS JUHAMUYECKOIO Xaoca, TP KOTOPOM
JIBUZKEHUE YaCTHUIL, OIMMICHIBAEMOE JIOCTATOYHO ITPOCTHIMU HEJIMHEHHBIMU YPABHEHUSIMU, BBITIS-

JUT CJIyYalHBbIM, HECMOTPdA HA TO, YTO OHO OIPEAEIIACTCH CTPOTUMHU ACTEPMUHUCTUICCKUMUI
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zakoHaMu. [IpuvamHO Ke TOsIBJIEHWSI Xaoca, sIBJISIeTC MMEHHO Upe3BbluaiiHasl IyBCTBUTE/Ib-
HOCTh TPAEKTOPHUU JIBUKEHUsI 110 OTHOIIEHHUIO K ee HadaJbHbIM ycjaoBuaM. llockoiabKy ke,
KaK MbI YK€ OTMeYaJju, HadaJIbHOE COCTOSHUE (DU3NIECKONH CHCTEeMbl HE MOXKET OBITh 3a/a-
HO abCOJIIOTHO TOYHO, TO IPU aHAJIN3e JBUKEHUsT TaCTUIl BCeria HeoOXOINMO pacCMaTpUBaTh
HEKOTOPYIO, IIyCTh U OY€Hb MaJIeHbKYI0, 00/1aCTh HaUaJIbHBIX yCJI0BUI. B ntore, mpu JIBUKeHNN
B OrpaHUYEHHOI 00/IaCTH IMPOCTPAHCTBA U3-3a OBICTPOIl PACXOIUMOCTH M3HAYAIBHO OJIM3KHUX
TPAEKTOPHIl IIPOUCXOIUT IepeMellnBaHe HadabHBIX TOUYEK 110 Bceir obsactu. Iloce takoro
IepeMeIuBatus yzke 0eCCMbICJEHHO NOBOPUTH O TpaeKTOpuu dacTuilbl. MoXKHO HaiTH JIUIb

BEPOATHOCTH €e ODHAPY2KeHUsI B HEKOTOPOIl TOUKE.

3.1.2 KBaHTOBbBIII MUp

K mauasy 20 Beka IIporcxo T KOPEHHOII IIepesioM B pa3BuTun dejopedectsa. [lorsTus "omnbrr”
1 "TIOBCETHEBHBIN ONBIT  MEPECTAIOT OBITH CHHOHUMAaMU. TeXHOJIOrTYecKuil Mporpecc mpuBOIUT
K TOMY, 9TO U3MEPHUTEIbHbIE MTPUOOPHI MMO3BOJIAIOT TENEPh MPOBOIUTHL U3MEPEHUs Ha TAKUX
Macmirabax JJIMH U BPEMeH, KOTOPbIE HEJIOCTYITHBI HEBOOPYKEeHHOMY ryia3y. V HeoxKuaanHo
OKa3bIBAETCd, YTO Ha MAaJIbIX MAacIITadax IPUPOJIa YCTPOEHA COBEPIIEHHO HE TaK, KAK MbI
[IPUBBIKJINA, HAOJIIO/Ias MaKPOCKOIIMYeCKe siBjieHns. B pesysbrare, s MOHMMAHUS TOTO, KaK
YCTPOEH OKPYZKaIOINil HaC MHUP, YeJJOBEYeCTBY IPUILIOCH, IIAr 3a IaroM, OTKa3aTbCd OT
OOJIBIITMHCTBA MOHATHI, KOTOPbIE MbI TEIEPb HA3bIBAEM KJIACCUIECKUMU.

Taxk, okazajoch, UTO Ha MAJIBIX MacHITabax MUP TepseT HeNPePbIBHOCTDL. He TobKO
SHEPTHs CUCTEMBI, HO I MHOTHE JIPYTUE XapaKTEPUCTUKU OKA3bIBAETCA TUCKPeTHbIMU. [ToaTomy
OT TOHATHIT "KoopauHaTa’, "cobbiTne”, "TpaeKTopus’ MPUIILIOCH ITEPEHTH K MOHATUAM ~COCTO-
sgune’, U, KaK CJIeJICTBUAE, "BEPOATHOCTH TepexXojia’ MKy JBYMS COCTOSHUSAMU CUCTEMbI, Ha-
JaJIbHBIM U KOHEYHBIM. BoJjiee TOro, 0Ka3aJ/10ch, YT0 B MUKPOMUPE HAPYyIIAaeTCs ITPUHITATL
JeTePMUHU3MA, II0OCKOJIbKY OJIMTHAKOBbIE HAYaIbHBIE YCJIOBUS IPUBOJIAT K PA3HBIM Pe3y/IbTa-
taM. Harpumep, 0JIHOZHAYHO TIPEJICKA3aTh, PACIIAIETCs JIX 38 HEKOTOPOE BPeMsl PaIMaKTUBHOE
SAJIpO aTOMa, HEBO3MOXKHO. MOXKHO JIUIb CKa3aTh, ¢ KaKOW BEPOATHOCTHIO IIPOU30IMIET TOT

pacma,.



18

Eme pa3 noguepkHeM, UTO IPUYIHHA, 110 KOTOPOI IPUIILIOCH ITOJTHOCTHIO IIePEeCMOTPETh Ha-
K IIPeJICTaBIeHnsT 00 OKPY2KaoIeM Hac Mupe, OblLIa CBsI3aHa C SKCIiepuMeHTOM. VIMeHHO 9KC-
[epuMeHTaIbHbIE JaHHbIE, KOTOPbIe HEBO3MOXKHO OBbLIO OObSICHUTH HA OCHOBE KJIACCUIECKUX
[peJICTaB/IeHnil, TPUBEIN K CO3J/IAHUI0 KBAHTOBOW MexaHMKH. B wacrHOCTH, 3TO 1mOTpeboBa-
JIO CO3JIaHUS COBEPIIIEHHO HOBOI'O MaTeMaTHYecKOro allllapaTa, KOTOPBIN, CIIeIys y»Ke cBoeit
BHYTpEHHEl JIOTUKe, IIpeJicKa3aJl ele 0oJiee yIuBATEIbHBIE CBOMicTBa. Tak, 0Ka3ajoch, YTO B
MUKPOMHPE COCTOSIHHE 00bEeKTa M ero HabJIIo[eHne Hepa3pbIBHO CBA3aHbI. VHbIMEI
CJIOBaMH, JI0 M3MEPEHHsI OeCCMBICJIEHHO TOBOPUTH O TOM, B KAKOM COCTOSIHMU HAXOJIUTCS KBaH-
TOBBIH 0OBEKT (HAIIPUMED, PAJIUOAKTUBHOE s1JIpO). TOJIbKO B MIPOTIEcce U3MEpEeHNs, BCJIEICTBHE
B3aUMOJIEHCTBUS ¢ U3MEPUTETBHBIM ITPUOOPOM, ITPOUCXOIAT IIEPEX0JT 00BEKTa B OIIPEIeIeHHOE
cocrogHue. B HacTosiiiiee BpeMs U 9TOT, COBEPIIEHHO HEOXKUJIAHHBIN ¢ TOYKHU 3PEHUS KJIacCHU-
9ecKoil (pU3MKU BBIBOJI, OBLI 9KCIIEPUMEHTAJIBLHO IOATBepK/IeH. MbI 110pOOHO 0OCYINM TOT
KpyT BompocoB B [tase 5.

Hagepho, jmaxke Te, KTO cj1ab0 IPEJCTAB/ILAIOT cebe, ITO TaKoe KBAaHTOBasl MeXaHUKa, CJIbl-
aJad, 9TO OCHOBOW BEJIMYUHON, OHPEJICJAIONIE KBAHTOBBIE CBOWCTBA BEIECTBA, ABJIACTCH
noctosgnnas [Lnanka

h = 6.62606896(33) x 10 *"erg s, (14)

wim h = h/2m
h = 1.054571628(53) x 10 *Terg s. (15)

[IpakTuyeckn Bcerjia KpUTepueM TOT'O, YTO MbI UMeeM JIeJI0 ¢ KBAHTOBBIMU IIPOIIECCAMHU, SB-
JII€TCs TIOsIBJIEHUE STOM BEJIMYMHBI B COOTBETCTBYIOMUX popmysax. [lockoybKy pasmMepHOCTh
nocrogaHON [I71aHKa ecTh sHeprusg X BpeMs WM UMIIYJIbC X JJIMHA, TO KBAHTOBbIE CBOICTBA
JIOJIZKHBI ITPOSIBJIATHCS, KOTJIa ITPOU3BEJIeHNE XapaKTEePHBIX SHEPIUNl 1 BPEMEH WMJIH YK€ UMITYJIb-
COB M MacIITaboB CTAHOBATCA CPABHUBBIM € TTOCTOsiHHON [[1anka.

B wrore, nMogBUBIIMBIINCH BIIEPBbIE B TEOPUHU U3JIyYeHUS, KBAHTOBBIE CBOWCTBA BHOBH W
BHOBb CTaJIl IMPOSBJIATLCA U B JAPYrux odsactax dusuku. [Ipuyuem, Kak yke oTMedasoch, He
TOJIBKO HA yPOBHE TEOPWH, HO U IIPHU aHAJIN3e YKCIIEPUMEHTAIbHBIX JaHHbIX. CTaI0 sSICHO, UTO

MBI IM€EM JIeJI0 He C KaKO#-TO O/IHOI 00JiacThio (pu3uku, a ¢ pyHJaMeHTaJIbHbIM CBOHCTBOM
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IIPUPO/IBI.

O Hako, 060 BCeM IO TOPSIJIKY.

3.2 WN3ayyenue
3.2.1 CuekTpajbHbIl aHAJIN3 — JUCKPETHOCTH YaCTOT

Kak y2ke roBopmiioch, Bce HAYAJIOCH C 9KCIIEPUMEHTOB, ITPOBeIeHHbIX elle B 19 Beke. Koneuno,
B MCTOPUH HAYKHM MOXKHO HAWTH HEMAJIO MPUMEPOB, KOTJla PEBOJIIOIMOHHBIE Hjen (HAIpuMep,
ujiest JIMCKPETHOCTH, TIPUCYIIas KBAHTOBOW MeXaHWKe) BBICKA3bIBAINCH U paHbIie. Croma MoXK-
HO OTHECTH W aroMu3M JpeBHUX rpekoB (lemokput, [l1aToH), n KOPIyCKYJISPHYIO TEOPUIO
cera 1. Hetorona (1642-1727). OxHako 91U ujen He ObLIM TOLJA TIOTBEPKIEHBI CTPOIUME
9KCIIEPUMEHTaMI U OCTABAJIMCH MMO3TOMY B 3HAYUTEJLHON Mepe ymo3puTeabHbIMU. KceraTw,
daKkTUIeCK MHOTHE TI'0JIbl OCTaBaJIaCh CTOJIb YK€ YMO3PUTEJIbHON U BOJHOBas TEOPUS CBETa
P. I'yka (1635-1703) u X. Ioiirenca (1629-1695). JIumb kosmdecTBenHas Teopus nHTEpdhE-
perrmu (T. FOur, 1773-1829) u audpaximn (O. @penens, 1788-1827), kazanoch Obl, OKOHYA-
TEeJIbHO pa3pellujia CIop O TOM, sBJFEeTCd JIM CBET BOJHON mjm yactunamu. Kak okaz3aJioch,
HEHAJIOJITO.

WNurepecno, 4To 1epBblil MIar MO3BOJIMIN CIEIaTh IMEHHO aCTPOHOMUYECKUE HAOJIIOICHIS.
B 1814 roxy I1. ®paynrodep (1787-1826), Giaromapsi CyIIECTBEHHOMY YBETMUEHUIO CIIEK-
TPaJIbHOTO pa3pelleHnsi, OIMCAJ JIMHUU TOTJIONEHWsT B COJHeIHOM crekTpe. A B 1859 ro-
ay, nocie pabor I. Kupxroda (1824-1887) u P.B. Bynzena (1811-1899), orios-ocHoBaTe 1€l
CIIEKTPAJIbHOTO aHAJIH3a, CTAJI0 OKOHYATEBHO SICHO, UTO PA3JINIHbIE BENeCTBa, ITONIOMA0T (1
U3JIy9aioT) CBET Ha BIIOJIHE OIIPEJIeJIEHHBIX, UM TOJHKO CBONCTBEHHBIX YacToTax. Bosee Toro,
Kak BrepBble 06Hapy K1 B 1885 romy yuurens dusuku B Bazere .4, Bambmep (1825-1898),
JIJISE IIPOCTEMIIEero BemecTBa — BOJOPO/IA, COOTBETCTBYIONINE YACTOTHI MOT'YT OBITH 3aIlUCAHBI
B BHJIE IPOCTOii hopMystbl. B okoruaTeHOM BHIE, ocie pabor V1.P. Puabepra ( 1854-1919),
ee 3aINChIBAIOT KaK

1 1

=2mv =21cR | = — = 16
w = 2mv = 27¢ 2w (16)
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e 1, 1 N9 — HaTypaJibHbIE YHCJ/Ia, C — CKOPOCTHL CB€Ta, a
R = 109677.58 cm ™ (17)

nocrostaHas Punbepra. Hakorer, B 1908 roxy B. Puriy (1878-1909) mokasas, 4ro u Jyist Beex
OCTAJIbHBIX BEMIECTB YaCTOKOJI U3 MHOIMX COTEH HaOII0AAeMbIX JIMHAN MOXKET ObITh 00bICHEH
PA3HOCTBIO BCETO HECKOJIBKUX, XapaKTEPHBIX ISt JAHHOIO BElecTBa 3HaveHuii suepruii Tj,

KOTOpbI€ OH Ha3BaJl T€pMaMNU

Ae =Ty —Ty. (18)

3.2.2 Ilnask (TemnsoBoe M3JyUueHUE) — AUCKPETHOCTDH dHepruu?

Takum obpazom, K pyoexky 20 BeKa SKCIepUMEHTAJIbHbIE JIAHHbIE Y2Ke BIIOJIHE OIPEJIe/IEHHO
YKa3blBaJI Ha TO, YTO B TEOPUU U3JIYUEHU: JOJKHBI OBLIM COIEPIKATHCS IJIEMEHTHI, HECOB-
MECTHMbIE € KJIACCHUYECKUMHU IIPEJICTaBJIEHUSME O HenpepblBHOCTH. OJHAKO, 3Ta IOJCKa3Ka
JiJIsi OOJIBINMHCTBA OCTAJIOCh HeycJblanHoil. VI 910 mHecMoTpst Ha TO, YTO TeopHeil M3Jryde-
HUsI aKTHBHO 3aHUMAJIACH TOIJA TAKIe BRLIAIONIIECs yuenbie, Kak JI. Bombivan, 1. Credan
(1835-1893), 1. Paseit (1842-1919), 1. Txxunc (1877-1946), B. Bun (1864-1928). Koneuro,
HOBBIE W€ OBLIN CTOJIb PEBOJIIOIMOHHBIMHU, YTO HY2KHA ObLIa MCKJIIOYUTETHHAS CMEJIOCTh,
4TOOBI HE UCIYTaThCA TPOU3HECTU UX BCJIyX. llepBblil, e oueHb OCTOPOXKHBII IIar, CyKJIeHO
6but0 cresars M. Thranky (1858-1947).

Hamomuum, aro K orkpbiTuio [lanka nmpusesn TpyHOCTH, BOZHUKIIIIE TIPH HOIBITKE TEO-
perndeckn 00bSCHUTH HabJOaeMble CBOiicTBa TemoBoro uamydenns (cm. Puc. 3). Crek-
TpaJibHasl IJIOTHOCTD u3styuenus P(w) (omnpejessiemas Tak, 9T0ObI MOTOK SHEPIUU TEILIOBOIO

U3JIyYeHus B JIMalla30He JacToT OT W J0 w + dw ecTh P(w)dw) mMesa MaKCUMyM Ha 9acToTax
Wmax = CTa (19)

e C — HeKOoTopas IOCTosiHHAsA, a 1’ — TemiepaTypa TeJjia, KOTOPYIO Mbl Be3JIe B JaJbHERIIeM
OyseM m3MepsATh B sHeprermdecknx eamauiiax (1 smekrponBosbr = 11604.55 K). Dro tak
HasbIBaeMblil 3akoH cmerenns Buna (Hobesesckas npemus 1907 1.), KOTOpbIit 6611 0OOHADYKEH

IKCIIEPUMEHTAJIBHO. A Ha MaJbIX U OOJIBIIUX YacTOTax CIIEKTpaJibHad IIJIOTHOCTHb HU3JIy4YEHUA



noTok (apr/cm’ /e /Tu)

300

OJIMHA BOMHbI (CM)

30

107"
10718 -
10718 -
1077 -
1078 -
1079

107 /

1 0—21

0.1

10
yacrtoTa (')

100

1000
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]

Puc. 3: CrneBa: crieKTp peMKTOBOTO M3JIydeHus (B JBaXKIbI JorapudMuaeckoM Maciirabe), ¢
XOPOIIEeNl TOYHOCTHIO COOTBETCTBYIONINI N3/IYyI€HNIO a0COJIOTHO YEPHOTO TeJla ¢ TEMIIEPATYPOit
2.7 K. Cupasa: 3akon ILnanka (20) jyisi Tpex pasHbIX TeMmieparyp u 3akoH Peses-/Ixkumca
(16), crpaBe i IUBbIIi IPU MaJIbIX YacToTax (60JIbIMX JyinHAX BOJIH). [loKa3aH TakyKe BUIAUMbIIL

IUAIIa30H

criajiasa J1o Hysd. [lpu 97oM B 06/1aCTH MAJIBIX 9aCTOT COOTBETCTBYIOIIASA ACUMIITOTHKA, ObLa
yuKe Haiinena Teoperndecku (3akon Peses-/Ixunca, em. [Ipmioxenue 8.2)

w2

47r2c2

P(w) T. (20)

[Ipobaema ke 3ak/I0OYaIaCh B TOM, 9TO OBLIO COBEPIIEHHO HEMOHATHO, MOYEMY 3aBaJjl IPOWC-
XOJUT U Ha OOJIBIINX YacTOTaX. JTO MPOTUBOPEUNE MEXKIY TeOpHeil 1 IKCIEPUMEHTOM OBLIO
Jazke Has3BaHO yJabTpaduoseToBoit Karactpodoit”. eiicTBuTeIbHO, KJaccudecKasi popmyia
(16) HUKAKOTO MAKCUMyMa B CIIEKTPAJILHOl IJIOTHOCTU U3JIyYeHrsl He JaBaJja. A 310 03HAYAIO,
9TO YTO TOJIHAS IHEPTUS TEIJIOBOTO U3JIydeHus (T.e. CyMMa 110 BCEM 9acTOTaM) OKa3bIBAJIACH
OECKOHEYTHOI].

N Bor na pybexke 19 m 20 BexkoB B rosioBe M. [lnanka pogunach ujes, 9YTO NMPaBUIbHBIIMI
OTBET MOXKET OBbITh IOJIYYEH, €CJIU HPEJIOI0KNATh, 9TO BEIIeCTBO, U3JIydalolnee CBeT, 00Jia-
JlaeT IMCKPETHBIMI CBoficTBamMu. B KadecTBe Mojiesin Takoro BemtecTBa [IJ1aHK TIpe o oK m,

YTO OHO COCTOHUT U3 OTJC/JIbHBIX OCHUIJIATOPOB, MMEIOINX CO6CTB€HHyIO JaCTOTy W, IIpuiIeM
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SHEPTHsI KaxKJI0TO OCIMJLISITOPa MOIJIa MPUHUMATH JINIIh JUCKPETHBI HaOOpP 3HAYUEHUi, 1po-
HOpL[I/IOH&JIbeIﬁ €ro 9acrore:
€n = NEg, (21)
e
€q = hv = hw. (22)
Dopmyna (18) u sBiseTcss MareMarTHuecKoil 3amnuceio ocuoBHoit muen M. Ilnanka, ompese-

JIATOIIENl MUHUMAJIBHYIO TOPIUI0 SHEPIUN KOJIEOJIIONIErocd OCIUIISTOPa YacTOThl w = 27V.

[TostHast »Ke 9HEpPrust OCIUIIIATOPA MOIJIA IPUHUMATD JINIIb JTUCKPETHbIE 3HAYCHUS
€, = nhw. (23)

Nmenno Tak, Kak mpocToit KO3 UIMEHT TPOIOPIMOHAJILHOCTH, TocTosinHas [lnanka u Bo3-
HUKJIa BIIepBble B MUPOBOIl Hay4HOIl JIUTepaType.

Hano cpasy oroBoputhkcs, 9To Bes IiryOomHa 9Toi njaen llmarka 6pLTa MOHATA ropasio mo3-
)ke. A Torma 9To OBLI, CKOpee, TEXHUYIECKWl IIPUEM, TTO3BOJISIONINI TOMUMO BCETO IIPOYETrO
OBICTPO MPOBECTH HEOOXO/MMBbIE BBIYHC/ICHUs (ITOOBI HEe OTBJIEKATHCS OT HAaIleil OCHOBHOI
TeMbl, MbI [IPUBOJMM COOTBETCTBYOINe BIKIaIKA B [Ipmnoxkenun 8.3). B wacrhocru, cam
[I1ank roBOpusI O JMCKPETHOCTU SHEPIUU KOJEOAHUHN JIUIIL JIJI W3/IyYaloNniero BEeIecTBa U
He I0JIBepraJi COMHEHUIO BOJIHOBBIE CBOMCTBa camoro cBera. OleHuBas CBOIO UJIEI0 KAK ~aKT
OTYasHUs ', OH MHOTHE TI'0JIbl, BIJIOTH JI0 npucyxjenusi emy HobGesnesckoit npemun B 1918 1.,
4YBCTBOBaJI O'POMHYIO HEY/IOBJIETBOPEHHOCTH OT JIOTMYECKOU HEIIOJTHOIIEHHOCTHU CBOEl TeOpUuH.

B pesymnbrare, kak nokazano B [Ipunoxkennn 8.3, opmyna 1y creKTpaabHON IJIOTHOCTH

U3JIydeHud MOXKeET OBITH 3allCaHa B BHUJIe

w? hw

T

Pw) (24)

Kaxk suHo 3 Puc. 3, dopmysia [linanka (20) mo3BoJimia moIHOCTHIO 06bsICHUTH HAOTIOIAeMBbIit
CIIEKTDP TEeILJIOBOIO u3jydeHus. B dacrHOCTH, B mpejese Majblx dacToT hw < T oHa coBIa-
Jlasia ¢ KaaccudeckuM 3akoHom Pesesi-/Txkunca (16). Bosiee Toro, cpaBHUBas aHAJIUTHYECKOE

BbIpazK€HUE IJId 9aCTOThI MaKCUMYMa CIIEKTPa

T
Wana = 2.821430 -, (25)



23

caetyroniee u3 3akoHa [Linanka (20), ¢ sKcriepiuMenTabHbIM 3HadeHreM (15), yiamoch BrepBbie
OIIPEJIENINTh U caMy nocTosgHHyIo [Lnanka. /s manbrelinero HaM noTpedyercs ere COOTHO-

IeHue Jijid IIOJTHOU CBETUMOCTH L (SpI‘/C) C IIOBEPXHOCTHU S
L= O'SBT4S, (26)

KOTOpad IIOJIydaeTCd MHTEIrPUPOBaHUEM COOTHOIIEHUA (20) II0 BCEM YacCTOTaM. B,ILer

71.2

- 27
60c2h3 (27)

JsB

ectb T.H. nocrostaHas Credana-Bosbivmana (Temeparypa, HATOMHAM, H3MePSIeTCsl B 9prax).

3.2.3 Diinmreiin (dporosddekr) — cBer 3TO YacTULBI?

Kak y»xke noguepkusasoch, cam [l1ank BBeJ JUCKPETHOCTD MPEK/IE BCETO sl OCHULISTOPOB
BerecTBa. Koneuno, mpm 3ToM OH ObLI BBIHYKJEH CKa3aTh, YTO U CBET W3JIy4YaeTCs OPIIU-
smMu — KBaHTamu. OJHAKO OH He IMOJBEPrajl COMHEHUIO BOJIHOBYIO IPHUPOJY CBeTa IMPU €ro
pacrnpocrpanenuu. la u gefictBuresbno, nocie paboT 1o Judpakiuu cBeTa TPYJIHO ObLIO
COMHEBATBC B €r0 BOJIHOBOII IPUPOJIE.

Hamomuuwm, gro gaBienne dporodddekra — Tounee, BHenrHero ¢porodddexra — COCTOUT B
TOM, 9TO TIOBEPXHOCTH, OOJIydaeMasi CBETOM, HAYMHAET UCIYCKATHh 3apsizKeHHBbIE JacTUIlbl (K
Haudasy 20 Beka yxKe ObLIO MOHATO, YTO ITO 3/1eKTPOoHbI ). OnbiThl 110 horoadderry (Hanbosee
nostHoe uccsieioanue 66110 mposeseHo AT Croseroseiv, 1839-1896) mokaszasim, 4To, BOIPEKH
KJIACCUIECKON 9JIEKTPOIMHAMUKE, SHEPTHs BBIJIETAIONIErO 3JIEKTPOHA BCET/Ia CTPOTO CBA3aHA C
YACTOTON T IAIONIEro U3JIyIeHUs U MPAKTUYECKH He 3aBUCUT OT MHTEHCUBHOCTU OOJIyUEHUS.
OOBSACHUTH 9TO CBOMCTBO € MO3UIMI KJIACCHIECKONH (DU3UKN OBLIO HEBO3MOXKHO.

U ot B 1905 roay A. Ditamreiin (1879-1955) nokasas, uro ceoiicta dhorosaddekTa Jierko
MOTYT OBITH TIOHSITBI, €CJIA MPEJIIOJIOXKUTD, YTO He TOJLKO IPU U3JIyUYeHUH, HO U IIPU PACIPO-
CTPAHEHUU CBET COCTOUT U3 OTJEIbHBIX KBAHTOB, SHEPTUs KOTOPBIX ITPOIOPINOHAIBHA TacTOTe
U3y IeHUS:

e = hw. (28)
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Torna He npejicTaB/IgeT Tpy/a 3alcaTh YPABHEHUE SHEPTUH

va

T + AW = hw, (29)

e A, — XapakTepHas I KaykKJI0ro BellecTBa paboTa BhIXOA, T.e. SHEPTHsI, KOTOPYIO Heo0-
XOJUMO 3aTPATUTh, 9TOOBI IJIEKTPOH IMOKUHYJ HOBEPXHOCTH 9TOrO BelecTBa. B dacTHOCTH,
u3 dopmysbl (25) cpady cieyer, YTO KEKIUs JIEKTPOHOB CTAHOBUTCS HEBO3MOXKHOM, ec-
JI SHEpPrusl KBAHTOB MAJAfOIIero cBera hw (OHM BIOCJIEJCTBUN OBLIM Ha3BAaHBI (DOTOHAMN)
MeHbIIe paboThl BbIXoaa A .

Kasasocs 6b1, npojsizkerne ot dbopmysbl [Lnanka (18) k dopmyse (24) mHesHaunTEIHHO.
OnHako, 9TO TOJIBKO Ha TepBblii B3rIsi. CooTHorenne (24) orpaykaer MOHUMAHUE TOTO, UTO
IIPH OIIPEJIE/IEHHBIX YCJIOBUX CBET JIEHCTBUTEILHO MOXKET BeCTH ce0sI KaK OT/eJIbHbIE YaCTHUITHI
¢ sHeprueit hw. DTOT BBIBOJ, MOJTHOCTHIO IIPOTUBOPEYAINN OOIIEITPU3HAHHON TOYKE 3PEHUsI,
ITOKa3bIBaJI, 9TO B3IJIsI Ha 9JIEKTPOMArHUTHOE I10J1e KaK Ha HaOOp BOJIH IPUHITUIINAIBLHO HEITO-
JIOH. DTO OBLIIO, BHE BCIKOTO COMHEHHS, SI0XaJIbHOe OTKpbITHEe. HeymBuTe/IbHO TT03TOMY, UTO
A. Ditamrreitn 6bL1 yaocrond HobGeeBcKoil mpeMun MMEHHO 3a 9Ty paboTy, a He 3a CO3/aHue
TEOPUN OTHOCUTETbHOCTU. VIHTepecHo, 4TO 3TO mpousornnio Jminb B 1921 roxy. Kak Mbr Bu-
JIIM, TIOHAI00MJIOCH OOJIbINE IMATHAIATH JIeT, YTOOBI IIyOMHa OTKPBITHS DWHINTEHA ObLIa

OCO3HaHa.

3.2.4 Dddekr KomnroHna — s1a, CBET 3TO YaCTUIIbI

OKOHYATEIbHO Ke KOPILYCKYJIsIpHAsST TPUPOJIa cBeTa (TOYHEee TO, UTO [IPU OIMPEIETeHHBIX YCI0-
BUSIX CBET BeJieT cebsl KaK OTJIe/IbHBIE YaCTUIIBI C SHEPrueil fw) crajia siCHa MOCse SKCIepUuMeH-
toB A. Kommrona (1892-1962, Hobesesckast mpemust 1927 1.) B 1922 romy. Kommron nsygas
U3MEHEHUe JIJIMHBI BOJIHBI PEHTTEHOBCKOI'O U3JIyYEHUs IIPU UX PACCETHUU JIEKTPOHAMU BEIIe-
cTBa. Pe3ybrarhl 9TUX 9KCIIEPUMEHTOB, MO3BOJISIONINE PEFUCTPUPOBATH OT/IEIbHbIE (DOTOHBI
U, CJIEJIOBATEILHO, KOJIMYECTBEHHO ONPEJIEIATh UX CBOMCTBA, OJIHO3HAYHO CBUJIETETHCTBOBAJIN,
YTO CBET MPOABJIAET ce0d KaK IMMOTOK OTAETbHBIX YACTHIL.

ﬂef/'lCTBI/ITeJIbHO, N3BECTHBLIE (bOpMyJIbI CHGHH&JII)HOﬁ TEOPUU OTHOCUTEJIbHOCTU JIJId S9HEPTUN

1 UMITYJIbCA peasTuBuCTCKOl dactunpt £ = mc?/y/1 — V2 /c2up =mV/ /1 — V?2/c? B npenene
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V — ¢ naror

E = pe. (30)

Bocrnosibzosimics rerneps yeiaoBueM w = ck, crupaBeiuBbIM it BoJiHbL A(x,t) = Ay cos(kx —
wt), IBUKYIIENCS CO CKOPOCTBIO ¢ U COOTHOIIEeHNEM (24), Mbl HEME/JIEHHO MPUXOUM K COOT-

HOIIIEHUIO

p = Ik, (31)

CBSI3BIBAIOIIEMY MMITYJIHC KBAHTA CBETA P M BOJIHOBOIT BeKTOD K.

[Tocsie sToro, pacuer, TPoBeJIEHHbIN caMuM KOMIITOHOM, y:Ke HE MOXKET BBI3BATH 3aTPY/I-
nenuii. HykHo OBLI0 TPOCTO 3alncaTh 3aKOHBI COXPAHEHUs] SHEPTUH U MMITYJIbca. B cucreme
OTCYeTa, B KOTOPOil 9JIEKTPOH N3HAYAILHO TOKOUTCH, & TIOCJIe CTOJTKHOBEHUSA (POTOH U 3JIEKTPOH
OCTAOTCsI B IJIOCKOCTH XY, COOTBETCTBYIOIAsI CUCTeMa ypaBHEHUi (1iepBoe — JJIs SHEPTHUH, a

JABa OCTaJIbHbIX — JJId ABYX HpOGKHI/Iﬁ UMITyJIbCa Ha OCHU T U y) 6y,H€T BBITVIAJICTh KaK

hw+me® = hw' +mcye, (32)
iw/c = cosOhw'/c+mVye, (33)
0 = sinfhw'/c+mV, . (34)

3nech 0 — yrou oTkionenns GboToHa OT Halpaienus jpuKenud, V = | /V2 + V2 — ckopocTb
9JIEKTPOHA TI0C/Ie B3auMOJeicTBust, Yo = 1/1/1 — V2 /c? — 1.H. jiopeHI-gakTop, a w u w’ CyTh
9acTOThI (POTOHA JI0 U MOCJI€ CTOJIKHOBEHUSI COOTBETCTBEHHO. TUTaTe II0 caMOMy MpeJijIaraeTcst
[IOKA3aTh, 9TO PEIIeHne 3TOM CUCTEeMbI YPABHEHUN MOYKET ObITH IIPEICTABICHO B YAUBUTEIHLHO

KOMIIaKTHOM BHJIE

AN = L(l — cosf), (35)

MeC
e A = 27 /k — mmmHa BosHBL boToHA, AN = Ay — \j, a MHJEKCH 1 U 2 COOTBETCTBYIOT
3HAYEHUSAM JI0 U II0CJIe B3aumMoaeicTBus. TeM caMbIM, B TEOPHUIO BOIILIA HOBasl XapaKTepHas

IJIAHA,

X = (36)
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Puc. 4: Queprus pacceanoro dorona & = hw' mia &£, < mec? (mrpuxoBas mmuHus) n £, >
mec? (crommag jmnust). CHU3Y NMOKa3aHO HallpaBJieHUe JIBUZKEHUS W SHEPIUH 3/JIeKTPOHA

I10CJIE BBaHMOﬂeﬁCTBHH

KOTOpas C TeX 0P M Ha3bIBAETCs KOMIITOHOBCKOW JIMHHOIN BOsHBI. [lomuepknem, 4ro ona
OTHOCUTCSI HE TOJTLKO K JIEKTPOHAM, & K JIIOOBIM MacCUBHBIM YecTuriam. Fe dpusnaeckuit cMbic
MbI 00cyuM B cieytoreii ['aBe.

Dopmyna Kommrona (31) mokassiBaeT, 9To B CIydae, KOJa JIMHA BOJIHBL MaIAIOIIET0 (ho-
TOHA MHOIO 6O0JIbIlle KOMITOHOBCKON JIMHBI (JIETKO MPOBEPUTH, YTO 9TO PABHOCUIBHO TOMY,
4To sHEprust GoToHa flw MHOTO MeHbIIe SHEPTUU TIOKOs 3JIeKTPOoHa Mc® ~ 511 k3B), To sHep-
rusi (POTOHA TIOC/IE CTOJKHOBEHUs, KaK MOKa3aHo Ha Puc. 4 (mrpuxoBast JIMHAS ), TPAKTHIECKH
He u3MeHuTcsd. Takoe CTOJTKHOBEHUE TOJIO0HO CTOJTKHOBEHUIO JIETKOT'O IMIAPUKA C TOKOSIIIMCS
TsizkestbiM. C JIpyTOit CTOPOHBI, TPU HEeprusix GpoToHa MHOTO OosbIuX 511 K3B doTonbI, 0Tpa-
3UBIIIHECs: 00PATHO, OY/IYT UMETh SHEPIHUIO, CYIIECTBEHHO OT/IMYAIONLYIOCHd OT TIePBOHAYAILHON.
Corutacue dopmysbl (31) ¢ HabIOEHISAME OBLIO CTOJIB XOPOIIIee, 9TO He MPUXOMIOCH COMHE-
BATbhCA: IIPU OIPEICICHHBIX YCJIOBUAX CBET PACIPOCTPAHSJICA HE KaK BOJIHA, & KAK OT/CTbHbIE
JACTUIIBL.

B zaksmiodenue ciegyer oTMETUTH, YTO B acTpou3mKe OOJIBIMYIO POJIb UI'DAeT T.H. 00paT-
ueiit Komnron-sddekr (Inverse Compton effect — IC), korga B saboparopHoit cucreme oT-

cdera dHEPIus JIEKTPOHA CYIIECTBEHHO IPEBBIaeT 3Hepruio horoHa. OcoOeHHO CHIILHO STOT
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3 deKT MPOsIBIETCs JJIsT PEJISITUBUCTCKUX 3JIEKTPOHOB. B 9TOM cilydae 1ocje B3anMOoaeicTust
doTOH MOXKET MPeodPeCTU IHEPIUI0, CYIIECTBEHHO OOJIBIITYIO, UeM OH UMeJI JI0 B3aUMOIeHCTHA.

Hanpumep, npu jio6osom crosikHoBeHnu (mposepbre!)
hw' =~ 472 hw. (37)

[TosTomy eciin SHEPTrUA HAJIETAIONIETO JIEKTPOHA JOCTATOYHO BHICOKA, TO JIJIT MATKUX PEHTIe-
HOBCKHUX (DOTOHOB, XapaKTEPHbBIX JIJIF TEILJIOBOIO U3JIyUeHHUs TTOBEPXHOCTH HEHTPOHHBIX 3BE3I,
UX SHEPIrusd MOXKeT OBbITh IepeOpollleHa B 00J1aCTh KECTKOI'O0 IaMMa-U3JIyUeHUsl BILIOTH IO
SHepruit rnmopsijaka HeckoJbkux T9B, kak 310 u Hab/omaercd B jeiicturenbuoctu. [loapodbuee

acTpodusnIecKre MPUIOKeHus OyJ/IyT pacCMOTpeHbl B pazjese 6.3.2.

3.3 YacTunpbl
3.3.1 OmnbiTtel Pezepdopaa — ma, yacTuirbl

MsI yzKe TOBOPH/IM O TOM, 9TO HJesl aTOMH3Ma BOCXOANT K JpeBHUM rpekaMm. OmgHAKO, ecn
FOBOPUTH CEPbe3HO, TO K Hada sy 20 BeKa PO CTPOEHHUE BelecTBa ObLIO MaJjio 9TO U3BECTHO.
Bupodem, HECKOJIbKO M3BECTHBIX K TOMY BpeMeHH (haKTOB BCE K€ IT03BOJISLIA IPUOIU3UT-
¢ K MOHUMAaHMUIO TOr0, KaK yCTPOEH Halll MUP Ha ypoBHe aToMHON dusnku. Karmisa macia,
pacTeKInasics 10 MMOBEPXHOCTU BOJIbI, TIO3BOJIA/Ia OIEHUTH pa3Mep aTOMOB, a OTKPBITHE TIEPUO-
nmaeckoro 3akona JI.M. Menjeseebim (1834-1907) mokaszasio, 9To CBOCTBaA BEIECTB 3aBUCAT
OT JMCKPETHOH BeJIMYINHBI — MX HOPSIKOBOTO HOMepa. OIBITHI 110 9JIEKTPOJIN3Y TaKrKe YKA3bI-
BaJI Ha TO, YTO CYNIECTBYeT MUHUMAJbHAs HOPIHS JIEKTPUIECKOTO 3apsijia. DTOr0, OJIHAKO,
OBLJIO COBEPIIIEHHO HEIOCTATOTHO, YTOOBI ITOHITH YCTPOWCTBO MUKDPOMHUPA.

B utore, kBanTOBas MexaHuKa OblLia, (paKTUIeCKH, chOPMYINPOBaHA, KOTJIa ObLIN U3BECT-
HBI JIMIIb TPU dJIEMEHTapHbIE JaCTUIBI — JIEKTPOH, MPOTOH 1 (poToH. CyIecTBOBAHIE JIEK-
TpoHa OBLJIO OKOHYATEJIbHO JIoKa3ano B 1897 romy, korga JIxk./Ixx. Tomcon (1856-1940, HoGe-
neBckas npemusi 1906 1.) ycTaHOBHJI, 9TO OTHOIIEHUE 3apsijia K Macce Il KaTOIHBIX JIydeil
He 3aBHCHT OT MaTepuaJia ncrodruka. IIporon 6b11 obHapyxkeH B 1919 roxy 9. Pesepdopaom

(1871-1937) npu ucc/ieIOBAHUU TIPOJLYKTOB CTOJIKHOBEHHUsI ajibda-dacTurl (Ternepb Mbl 3HAEM,
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9TO 9TO sAjIpa resus) ¢ sapamu aszora. CyriecrBoBanne (GhOTOHA KaK KBAHTA U3JIy9IeHHs], KaK
MBI BHJIEJIM, OBLJIO OKOHYATETHHO TOJITBEPKJIEHO Y2Ke 10 XO/y Jeia. UTo »Ke Kacaercs Beex
OCTAJIbHBIX JIEMEHTAPHBIX YacTUI] (HeTpOHA, HEHTPUHO, MO3UTPOHA, MIO-ME30HA, & MOTOM
KBapKOB U IJIIOOHOB, U3 KOTOPBIX CJIATalOTCd THAXKEJIble YaCTUIIbI, ITPOMEXKYTOUHbIE OO30HDI,
OTBETCTBEHHBIE 3a cJlaboe B3aMMOJIEHCTBUE; BIPOYEM, MbI 3/1eCh HECKOJbKO OTKJIOHUJIMCH OT
TEMBI), TO UX OTKPBITHE MPOU3OIIIO Y2Ke Mocse Toro, Kak B 1925-1926 rogax ObLIM 3a/I02KEHBI
MaTeMaTU4IeCKe OCHOBBI KBAaHTOBOM Mexannku. [losTomy nojasisiorniee OOJIBITMHCTBO SKCITE-
PUMEHTAIBHBIX JIAHHBIX, KOTOPbIE IPUBEIN K OCO3HAHWIO KBAHTOBOW MPHUPOJIBI MUKPOMUPA,
ObLIN B3ATHI U3 ATOMHO (PUNKU.

Urak, ciepyomuM BaXKHERIUM (M BHOBb SKCIEPUMEHTAJILHBIM) IHArOM OBLJIO OTKPBITHE
Pezepdopmom aTomHOrO0 S1pa, pazMepbl KOTOPOTO 0KA3aJUCh Ha HECKOJIBKO TOPSIKOB MEHBIIIE,
geM pasMep aToMa. ITO CTAI0 BO3MOXKHBIM, KaK yrKe ObLIO MMOIIePKHYTO, Osrarogapst Oy pHOMY
pasBuTHiO XuMun 1 Texrosorun. Pesepdopa (a on yxke mosyuann B 1908 roxy Hobesesekyio
[PEMUIO 110 XUMUH 38 MCCIE0BAHNsT B 00JIACTH PACTaa PaJMOAKTHBHBIX BEIIECTB) UCIIOIB30-
BaJI aJiba-qacTHIlhI J1si OoMOapIMPOBKH MeTasuindeckoil posibru. [Ipu aTom on obnapyxkmI,
YTO aabda-IacTUIlbl MHOTIA OTPAaYKAITCd 00PaTHO, YTO OBLIO HEBO3ZMOYKHO IMOHATH B paMKax
OpuHATON Toraa Mojesan aroma (amopdubrii "myauar ¢ ustomom” JIxk.JI2x. Tomcona). Orako
corjiacue, U MPUTOM OY€Hb XOPOIIee, MOYKHO OBLJIO IMOJIYYUTh, €CJIU MPEJIITOJIOKNATh, 9TO aTOM
COJIEPKUT MPAKTHUIECKN TOYEUHOE ITOJIOZKUTETHHO 3apszKEHHOEe SJIPO, COJleprKalllee TOUTH BCIO
Maccy aroma. Torja oTrparkeHue eCTeCTBEHHO BO3HUKAJIO IIPH HOYTH JIOOOBOM CTOJTKHOBEHHH
OJINHAKOBO 3aPSI?KEHHBIX YACTUI]. DJIEKTPOHBI Ke, MOJ00HO IJIaHeTaM B COJTHEYHON cucreme,
BPAIAJIUCH 110 yJIAJeHHBIM OPOUTAM U T€M CAMbBIM OIIPEJIeJIsA/I Pa3Mep aToMa.

Kak mbr BujuMm, Moszenb paccesinust Pesepdopia Oblia mocTpoeHa Ha OCHOBE KJIACCHUYE-
CKUX IIPeJICTaBJIeHUi 0 cTpoeHnn Marepun. Fire He ObLIO HU TEHM COMHEHUsI B TOM, YTO SAJIPa
U 3JIEKTPOHBI MOTYT OBITH YeM TO MHBIM, KpoMe KakK dacturnamu. M 3namenuras gpopmysia
Pesepdopsa, onucbiBaloriasi CTOJKHOBHUE abda-IacTUIIbI C SAPOM aToMa, MPAKTUIECKH HU-
YeM He OTJINYaJach OT XOPOIIO M3BECTHON (POPMYJIbI, ONMCHIBAIONICH B3aMMOJIEHCTBUE JIBYX

MaCCHUBHBIX T€JI B T€eOpUUu BCGMI/IpHOI‘O TATOTEHUA. Hy}KHO ObLIO JIUIITL 3aMEHUTD CUJIy IIpUTH-
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xeauda —Gmyme / r? Ha CWJIy OTTAJIKUBAHUS (12 / T‘2, TJIe g1 U @2 — 3apd]ibl CTAJIKABAIOIIUXCS
sLIep.

O/ Hako, KaK XOPOIIO M3BECTHO, ILIaHeTapHas MoJe/b atoma Pesepdopia, HECMOTps Ha
TOYHOE KOJIMIECTBEHHOE COTJIACHE MTPEJICKA3AHNN TEOPUH C JIAHHBIMU SKCIIEPUMEHTOB 10 pacce-
AHUIO a.ﬂb(l)a—‘{aCTI/H_[, IIOJIHOCTBIO ITIPOTHUBOPEYINJIa TECOPUHN SJIEKTPOMAI'HUTHOTI'O ITIOJIA MaKCBeJ'I—
JIa, COMHEBAThCsI B KOTOPO OBLIIO HEBO3MOXKO (OHA OO'bsICHSIIA BCE U3BECTHBIE K TOMY BPEMEHH
9JIEKTPOMATHUTHBIE siBJIeHUsI ). Jle/10 B TOM, 9T0 Teopusi OJIHO3HATHO TpeboBaJIa MAJICHIs JJIEK-
TPOHA Ha SJIPO 3a HUITOXKHO MaJjioe BpeMs. /leiicTBUTEIbHO, COTVIACHO TEOPUN JIEKTPOMAaTrHe-
TH3Ma, JI00as 3apsKeHHas YacTUIA, JBUTAIONIAACT C YCKOPEHUEM, JIOJIZKHA TEPATH IHEPIHUIO
3a CUeT U3JIydYeHHs JIEKTPOMArunuTHbIX BoJiH. Kak nokaszano B [Ipunoxkenun 8.4, mis atoma
BOJIOPOJIa TaKoe BpeMs cocTasiger b 1071 ¢. Kitaccudeckoe mpejicrapienne 06 oKpy»Kaio-
IIeM Hac Mupe BJpebe3ru pa3dnuBajoch MPU CTOJIKHOBEHUN ¢ MUKPOMHUPOM. DTO ObLIa JIpyrast

CTpaHa, C €€ COOCTBEHHBIMU 3aKOHAMU.

3.3.2 Atom Bopa — HeT, He BO BCeéM YaCTHUIIbI

OcranoBuMCs 3/1eCh HA MUHYTY U IIOTOBOPUM HEMHOI'O O HAYTHOM IIPO3PEHUH. 1TO HEOOXO M-
MO JIJIsi TOrO, YTOObI 00bACHUTH HeoObsicuuMoe? Eciu #e roBoputh 0 Bore, T0 BO3MOMXKHbII
perent 6oL coOpMyIUPOBaH yxKe B cpeanue Beka. Emie B 14 Beke Y. Orkam (~1285-1349),
IPOJIOJIZKAST TPAIUINio Apucroreist, chOpMyIMpOBAJI IPUHITAI, KOTOPBIi N3BECTEH TellePh KaK
"BpurBa Okkama’: He CJIeyeT PUBJIEKATbh HOBbIE CYIIHOCTH Oe3 caMoil KpaifHeil Ha TO HeOob-
XOJMMOCTH. DTO O3HAYAET, YTO CHAYAJIA HY?KHO I1epedpaTh BCe BOZMOYKHbIE BADUAHTDI, U JIUIIIH
[IOTOM HAYMHATH OCTOPOYKHO BBIXOJIUTH 3a IIPEIe/Ibl U3BECTHBIX Teopuil. Peub, Takmm odpa3oM,
IIpEeK/Jie BCETO JIOJIZKHA UJITU 00 OCOZHAHWY CYIIECTBOBAHUS IPAHUIL IPUMEHUMOCTH U3BECTHBIX
3aKOHOB, a He 00 ux orpurnanuu. VIMenHo Tak nmoctynusia DifHIiTeitH, chopMyIupoBaB CBOIO 00-
Y0 Teopuio oTHocuTesbHOCTH. OHA He oTpulaia Teopuio BeceMupHOro Tdrorenus, a Juiib
orpannvuBaJja 00JIacTh ee TPUMEHEHUS .

C apyroit cTOpPOHbI, HOBas Ujed JOJIZKHA OBITh JIOCTATOYHO PaJInKaJIbHOW. MHOrOo Jj1er ciry-

crst Huibe Bop (1885-1962), o6cy»Kiast 0jiHy U3 HOBBIX THIIOTE3, TOBOPUIL: "ITO, 6e3yC/I0BHO,
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besymuas uies. Ho jocrarouno jim ona 6e3ymHa, 9T00bI OBITH BepHOit?” MeToj1 S1uIuK/IoB,
KOTJIa U3BECTHAS MOJIEIb U3JIUIIHE YCIOXKHAETCH, PAHO WJIM ITO3/THO CTAHOBUTCS OECIIOJIE3HOM,
U Ha ee MEeCTO JIOJIKHA HPHUHTH JApyras Teopus, Iodac OCHOBAaHHAsl Ha COBEPIIEHHO WHBIX
npunrunax. M 3jgech Bo T1aBy yrjla 4acTO CTAHOBATCH IPEJICTABJIEHUSA, HA IEPBBINA B3TJIsA/L
Jlasiekne oT HayKu. Ho 9TO TOJIBKO Ha MepBBIil B3I,

Jleso B TOM, UTO, KaK JABHO OBLJIO ITOHSATO, HAyKa, HAYUIHbIN B3IV HA OKPYZKAIOIIUN MUp,
IIpA Beell CcBOeil MOIU B OJIMHOYKY HE B COCTOSIHUM IIPOHUKHYTH B CyTh Berleil. Bo Bpemena
PE3KOIT CMEHBbI OCHOBOITOJIATAIONIUX UJIeil Ha MEPBbIe POJIM YaCTO BBIXOJUT JIPYTOil B3TJIfAJ HA
[IPUPOJLY, KOTOPYIO MbI HA3bIBA€M MCKYCCTBOM. DTO Xoporo nonnmasu B JIpesueit I'perun. 91o
XOPOIIIO TIOHUMAJIM U B cpejinne Beka. Hemapom HaydHbIe TpakTaThl HMucAJIUCh B cTuxax. OO
9TOM BIIOCJIEJICTBUAU, B TOM WJIM MHOW (pOpMe, TOBOPUJIN BCE CO3/IaTe/I KBAHTOBON MEXaHUKHU.

Bossparumcsi, ogHako, K Mojiesin aroma bopa. Ha nepBbiit B31uIs1 9T0 ObLI eIlle OJuH aKT
or4dasuusi. C oJIHON CTOPOHBI, OIBITHI Pe3epdopia HACTONINBO TOKA3BIBAJIH, ITO ATOMBbI JOJIZK-
HBI COCTOATD U3 TOJIO?KUTE/IHHO 3aPAKEHHBIX S71eP, BOKPYT KOTOPBIX BPAIIAIOTCA OTPUIATE b=
HO 3apsi?KeHHbIE 3,IeKTPOHBI. C JIPYTOil CTOPOHBI, TEOPUS JIEKTPOMATHUTHOTO 110151 MakcBeia
TpeboBaja NaJgeHus JIEKTPoHa Ha sapo. V1 BOT, 4T0OBI paspemnuTh 9T0 mpoTuBopedne, Bop
[IPEJIITOJIOKII, YTO B MHUKPOMHUPE 3aKOHBI KJIACCHYECKON 3JIEKTPOJIMHAMUKH HEIPUMEHUMBI.
DJIEKTPOHBI, BPAIAIONINECT BOKPYT sJIpa, MOTYT 3aHUMATh JIUIIb JUCKPETHBI HAOOP opOuT
(TepMOB), JIJIs KOTOPBIX MOMEHT MMITYJIbCa JIOJKEeH ObITh KpareH noctosauoil [lianka. st

KPYrOBOil OPOUTHI 9TO YCJIOBUE UMEET BUJ
mevr = nh. (38)

COOTBGTCTBGHHO, KazKJIOMYy YPOBHIO COOTBETCTBYET CBOsA BEJIMYINHa IHEPIrUunu

1 mee* 1
2 K% n?

T, = (39)

Dta dhopMya JIerko MOKeT OBITH IIOIyHeHa U3 BHIPAYKEHNs JIJIA HOJIHON SHEPIUU 3JIeKTPOHA
E = mew?/2 — 2 /r, cunbl €2/r? KOTOpYI0 HY’KHO YPABHATH € HEHTPOCTPEMUTEIBLHBIM YCKO-
penueMm mev?/r u coornomenus (34). [Ipu 3TOM 3JIEKTPOH, HaXOAAIIMICA Ha CBOEM YPOBHE,

SHEPIruio He TepseT. V3yyenne mponcxouT JINITb TPU TIEPEX0IaX MeXK/Iy YPOBHSIMU.
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XOpoIIo U3BECTHO, UTO 3Ta UJed MI'HOBEHHO OObACHIIA HAOJIIOIAEMBIIl CIIEKTD W3JIyYeHUd
aTOMOB BOJIOPO/ia. B dacTHOCTH, JIETKO POBEPUTH, UTO mocrostHHas Puabepra R (13) moxer
OBITH BbIpaXKeHa Uepe3 MUPOBbIE IMOCTOSTHHBIE KAK

mee?

IIpu sTOM Ccortacue Teopuul U HaOJIOIeHUH (IIOC/Ie ydeTa TOro, 9TO B JefiCTBUTEILHOCTH JIBH-
JKEHHe 9JIEKTPOHA JJOJIPKHO [IPOUCXOUTH BOKPYT OOIIEro MEHTPa MACC) y7Ke B JIBA/IATEIX TOIaX
20 Beka cocTaBJislIa JHIID 1o/ nporenTa. Ceitaac e Besuauia R (13) n3BecTHA ¢ TOYHOCTHIO
JI0 JIeBATOTO 3HAKA.

3Jech ciieryeT 0COOEHHO IOJIEPKHYTh TO, 9TO Bopy He moTpe6oBaoch BBIIYMBIBATH HU-
KaKHIX HOBBIX IapaMeTpos. MoxKHO OBLIO BOCIIOJIB30BATHCA YK€ M3BECTHOI BEJMIHHON — IIO-
croannoii Ilnanka. IIpaBaa, Teneps 310 y2Ke He ObLI YUCTO TeXHUYECKUil Ko3(hhUIIEeHT 11po-
HOPIMOHAIBHOCTH, a IVIaBHOe JeficTBylollee JIMIO — KBaHT YIVIOBOI'O MOMEHTA, 3aJIal0MIuii
MAacCIITad JUCKPETHOCTH MHUKPOMHUPA.

C apyroit cTOpPOHBI, OTMETUM, UTO OTKpHITHE Bopa ObL10 clesano He Ha mycroM Mecre. O,
dakTHuecku, npocro nepeocMbicant uaeio Ilnanka o JUCKpeTHOCTH ypOBHe SHEPIUU OCIHII-
JIATOpOB. /leficTBUTE/IbHO, OCHOBHOE IPENATCTBHE, CTOAIee Ha €ro IIyTH — TeOpus JIEKTPO-
MAarHATHOT'O U3JIy4YeHUs YCKOPEHHBIX 3JIeKTPOHOB — HEeABHO IIpeJioJiarasa, ITO SHEPIUN yCKO-
PEHHBIX YaCTUI[ MOI'YT IIPHHUMATh HEIIPepLIBHBIH, a He JAUCKpeTHbIH Habop suepruii. JIumb
B 9TOM CJIydae, KOIJa JIJIf 3JeKTPOHA BO3MOXKEH HEIIPePLIBHBIN CIIyCK 110 JICCTHUIIE SHEpIHii,
CTaHOBUTCA BO3MOKHBIM CaMO u3JjydenHue. Ecim CIyck 1m0 KaKHM-TO IPUYHHAM HEBO3MOYKEH
(ectHnnpr mer, a audT He paboraer, WM HUXKHHE TayKH IOJIHBI HAPOJY), TO CTAHOBUTCS
HEBO3MOXKHBIM H CaMO U3JIyueHue. DTa Ujes, TOJbKO B 3ePKajbHOM H300pazkenuu, (pakTu-
JecKH, ObLia ucrosib3oBaHa u I[lnarnkom. Ecimm sHeprus majydarommux YacTHUll, 3ajaBaeMasi
TEeMIIepaTypPOil, MEHbIIIe PACCTOSHNAA MEKJly YPOBHAMM 3HEPIUU B OCHHUJLIATOPE, TO UX BO3-
OyzkJienne (a, 3HAYUT, U HOC/IeyIOIIee U3JIydeHne Ha COOTBETCTBYIOMINX BBICOKHX YaCTOTAX)
CTAHOBHTCA HEBO3MOKHBIM. C 9THM, IO CyIIecTBY, U ObLIO CBA3aHO HaJIeHUE CIEKTPAJIbHOII
IJIOTHOCTU TEIJIOBOI'O U3JIyUeHUs Ha BBICOKUX YacTOTaX. JaIllOMHUM 3TO (yHIaMeHTaJIbHOe

CBOMCTBO KBAHTOBBIX CUCTEM, OHO €IIle HE pa3 HOHa,H‘O6I/ITCH HaM B ﬂaﬂbHefHHeM.
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3.3.3 Marueron Bopa

C nmenem H. Bopa csazan eme ofun dbusndeckuit TepMuH. 10 T.H. MarueTon bopa — KBaHT
MArHUTHOIO MOMEHTa 3JIEMEHTAPHBIX YacTull. J[e10 B TOM, YTO dj1eMeHTapHble YacTUIIBI 00-
JIAJIAIOT €Ille OJIHUM YIUBUTEIbHBIM KBAHTOBBIM CBOMCTBOM, KOTOPOE TaKKe CHadaJia ObLIO
00HAPY?KEHO IKCIIEPUMEHTATBHO. DTO CBOWCTBO CBSI3aHO C COOCTBEHHBIM MOMEHTOM HMITYJIHCA,
9JIEMEHTAPHDBIX YACTHII, ¥, KAK CJIEJICTBUE — C X COOCTBEHHBIM MArHUTHBIM MOMeHTOM. [Ipo
COOCTBEHHBII MOMEHT MMITYJIbCa JacTull (10 HayKe OH HAa3bIBAETCsI CIIUH) MbI HOJPOOHO TTOTO-
BopuM B [taBe 5. 3/1ech Ke MbI IMOKayKeM, KaK XapaKTepHOe 3HaUYeHNe MarHUTHOTO MOMEHTa,
MOZKET OBbITH IOJIy9YeHO U3 3JIEMEHTAPHBIX COOOPaYKEHMIA.

JleficTBUTE/ILHO, €CJIN PACCMOTPETh KPYTOBYIO TPAEKTOPUIO IJIEKTPOHA B aTOME KaK KOH-
TYP C TOKOM, TO MOXKHO OIPEJIEIUTh MAarHUTHBII MOMEHT TAKOro KOHTypa . HamomuuM, 4TO
MarHUTHBII MOMEHT — BEKTOP, HaIIPABJIEHHbIN MEPIIEH/INKY/ISIPHO IIJIOCKOCTU KOHTYpa. Besm-
YUHA (i BXOJWUT, HAIPUMED, B (DOPMYILY, OIPEJIEMIONIYIO ClaJlaHue JIUIOIHLHOTO MarHUTHOTO

II0JId B SKBaTOpI/IaHbHOﬁ IIJTIOCKOCTH:

B="L (41)

r3

CranjiapTHble 3JIeKTPOMArHUTHBIE (POPMYJIBI JTAI0T

_ 15

p= (42)

rie I = g/t — nonmbli TOK, TeKymwuii B KoHType, a S = mr? — miomas Koutypa. s
OJIHOTO SJIEKTPOHA, JIBUKYIIErocs 10 OKPY’KHOCTH PaJyca T UMeeM mpocto t = 27r /v, Tak
aro I = ev/27mr. B urore, BOCHOJIB30BABINUCH COOOTHOIMEHUEM (34), KBAHTYIOIUM MOMEHT

UMIIyJIbCa YaCTHUIIBI, ITOJyYaeM OKOHYATEJIBHO (i = NUup, TJe

_eh
T 2mec

HB (43)

€CTb SJIeMeHTaprIﬁ KBAHT MArouTHOro MoMmeHTa. OH W HOCUT Ha3BAHME MATIHETOHA Bopa.
KazaJjiocs 6I>I, MO/ZIEJIb KPYI'OBOI'O TOKa JIJIA IJIEKTPOHA, HaXO/LAIIEToCdA B aTOME, HE UMEET
IPAMOTI'O OTHOIIEHUA K €1r0 CO6CTB€HHOl\Iy MarHUTHOMY MOMEHTY. O,ZLH&KO, KaK OKa3aJIOCb, IIO

MOPSJIKY BEJIMIMHBI MarHeTOH Bopa MOXKeT CJIy:KHUTb XOPOIIeil OIEHKO#, B TOM YHC/Ie U JIJIsd
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OoJiee TsKeIbIX dacTull. Tak, HAIPUMEp, MArHUTHBIH MOMEHT 3JIEKTPOHA B TOYHOCTHU €CThb
fe = pp. UTO Ke KacaeTcd MArHUTHOI'O MOMEHTa ITPOTOHA W HEUTPOHA, TO UX €CTECTBEHHO

U3MEPATDH B €/IMHUIaX AJ€PpHOIrO MaHETOHA

_eh
© 2myc

Hp (44)

Oxazasioch, 9TO MarHUTHBIE MOMEHT IIPOTOHa cOCTaBjgeT 2.79/, W HaIpaBieH BIOJb COO-
CTBEHHOT'O MOMEHTa MMITYJIbca. Bojiee HeTpUBUAIBHBINA (DAKT COCTOUT B TOM, YTO JIEKTPUIE-
CKU HeHTpaJIbHBIN HEHTPOH TakxKe 0OMaJaeT MarHUTHBIM MoMeHTOM —1.91p,. 3Hak Mumyc
3/ieCb O3Ha4YaeT TO, 9YTO MAarHUTHBIA MOMEHT HeATpoHa HalpaBJIeH IIPOTUB HallpaBJICHUdA €ro
MEXaHUYEeCKOI'0 MOMEHTa MUMILYJIbCA.

Jlns vHac B JrasibHeieM OyJieT BazKHO eIle TO, YTO MAarHUTHBIH MOMEHT ji, KAK U JIIOOOM
JIpyTroii KOHTYDP C TOKOM, BO BHeIIHEM MarHUTHOM mojie B Oyier obsiajarsh JI0MOJTHUTEIHHON

SHEpPTrUen

U= —uB. (45)

JleficTBUTEIBHO, €CT MAHUTHBIT MOMEHT fi HAIPABJIEH BJIOJIb BHEITHEIO MAIHUTHOTO TOJIS
B, To 10/1HOE MarHuTHOE 10/1e BOJIM3HM KOHTYpa (a, 3HAYUT, U ero IJIOTHOCTL 3Hepruu B2 /87)
OyJeT yBeJMYUBATLCSA, a HPH IIPOTHBOIOJIOXKHOM HAIPaBJIeHUM — yMeHbinarbes. CooTser-
CTEHHO, B HEOJHOPOJIHOM MAIHUTHOM II0JIé Ha MAIHUTHBIH MOMEHT OyJieT JeficTBOBATH CHJIA

F = —dU/dz, BbitankuBatomniast KOHTYp B 001aCTh €J1abOT0 TIOJIS.

3.4 yanusm
3.4.1 e Bpoiisib — u BOJIHbI, 1 YaCTUIIHI

JL. Jlanmay (1908-1968, HobGenesckas npemust 1962 rosma), HECOMHEHHO, MPUHAJJIEKAT K
QJINTEC HAYIHOI'O MHUPa. POILI/ICB OH Ha HECKOJIBKO JIeT paHblIe, €TI0 MMA CTOAJIO 6bI Hapdaay C
[JIABHBIMEU CO3JaTeJIAMU KBAaHTOBON MexaHmku. Ho jarke BOiisg B HayKy yzKe B KOHIIE JBa-
AAaThIX I'OZ0B, €My Yy/J1aJIOCh CleJlaTb OY€Hb W OY€Hb MHOTI'OE€. Mbl €lie He pa3 BCTPpETUMCA C

€ro uMeHeM II0 XOJ/1y Hallero paccCkKa3a. n BOT, IIOHUMad KaK HUKTO CaMy CYTb KBAHTOBOI Me-
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xanuku, Jlanjay JaBajl MakcUMaJIbHBII Gayr? umento e Bpoitmo (1892-1987, Hobenesckas
npemust 1929 roga). 3a pesysnbrar. 3a 0CHOBOIOJIOTAOINIYIO ujeko. [eficTBuresibHO, obparuTe
BHUMAaHWE: MeXKJy OTKpbITHeM Bopa (KoTopoe, Ka3ajoch Obl, MO3BOJIMIO IOHATH OCHOBHBIE
CBOWCTBA aTOMOB U JIa’Ke BBITH Ha yPOBEHb KOJMYECTBEHHBIX MPeJCKa3aHuil) 1 paboToil me
Bpoitns npormmm orux gecats jieT. A Mex Ty oTKpbITreM e Bpoiiist u 3aBepiieHneM mepBoro
dTana pa3BUTUs KBAHTOBOI MEXaHUKH — IOCTPOEHMS MaTeMaTHYeCKH CTPOroil HePeIsaTUBUCT-
CKOIl KBAaHTOBO Teopum — JIMIIb OJIMH-J/IBa roja. BosHoBas runoresa je bpoilig okazanach
boJiee TJI0JIOTBOPHOI.

OcnoBHas ujies je Bpoitisg cocTodsia B TOM, 9TO pa3 CBET IPHU OIPEJIEJEHHBIX YCIOBH-
SIX MPOSABJIAET cebs KaK YaCTHUIlbl, TO MOYeMy Obl M YaCTUIIAM — TOYKe I[P OIpPeIeIeHHBIX
YCJIOBUSAX — HE NPOABJIATH BOJIHOBBIE cBoiicTBa. [lo ryrybune wmjen 310 OBLIO PaBHOCUILHO
npo3pennio Makcpesia, KOTOPBIil MMOHsJI, YTO Pa3 MePEMEHHOE MArHUTHOE I10JI€ CO3JIaeT T0JIe
sstekTpudeckoe (3ddext Papajiesi), TO 1 EPEMEHHOE HJIEKTPUIECKOE TI0JIE JIOJIZKHO CO3/1aBaTh
MarHUTHOE.

B wurore, 3amenus B pesaruBucrtckoii dopmyse p = hk (27) uMiynbc p Ha HepeaaTH-
BHUCTCKYIO BesImuuHy p = mv, le Bpoityib 1 moJiyunsi 3HaMEeHUTOe BBIPayKeHUe JIJIsl JIJINHbBI
BOJIHBI

A= —, (46)

KOTOpasi M HOCUT €ro MUMsi. DTa BEJMIUHA U OIpeesseT MaciiTad, Ha KOTOPOM JIjIsd JII00O
YACTHITHI MACChl M HAaYUHAIOT MPOABIATHCA €e KBAHTOBBIE CBOIiCTBa. B wacTHOCTH, KakK JIETKO
IIPOBEPUTH, OCHOBHOII 11ocTy1aT Bopa 0 KBaHTOBaHMU MOMEHTa KOJIMYECTBA JIBUKEHUsI B aTOMe

(34) MozkeT GBITH Telephb 3aIucal IPOCTO Kak
27r = n\. (47)

NabiMu CJIOBaMM, B aTOM€ OKa3bIBalOTCA BO3MOXKHBIMU JIMIIIb TaKHeE Op6I/ITbI, Ha KOTOPbIX YKJIa-
AbIBa€TCd II€JI0€ YUCJIO BOJIH. B IIPOTUBHOM CJiIy4dae B ,ZL&HHOI?I TOYKE aMIIJINTY/da BOJIHBI CTaHO-

BUTCH HEOIIPEAe/JIeHHON BeJIMYNHOI.

2Hapany ¢ H.Bopowm, B.Teitzen6eprom, J.11Ipenuarepom u I1.JJupaxoM; BEIIe OLLT TOILKO A.DiHMITElHH.
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Puc. 5: Oubrrer @abpukanra. Ciesa: cxema skcrepumenTa. Crpasa: mocTerneHHoe hopMupo-

Banue JudPpaKkInOHHON KapTHHBI.

[IepBoe mojTBEp:KIeHNE TUIIOTE3bI Jie Bpoitia ObLIo mosydeHo yxke B 1927 romy B onbI-
tax amepukanckux duszukos K. ssuccona u JI. /Ixxepmepa. [Iy1qok 3/1eKTpoHOB ¢ sHEprueit
100-150 5B (uTo coorBercTBYyeT JynHe BOJHBL A & 0,1 HM) naJiaj1 Ha KPUCTAJT HUKEJIsl, UTDAIO-
Ui POJIb TPOCTPAHCTBEHHON MU PAKIINOHHON PEMETKN. BBIJIO yCTAHOBIEHO, YTO JJIEKTPOHBI
qudparupyioT Ha KPUCTaJLIe, IPUYeM MMEHHO TaK, KaK JIOJIZKHO OBITH JJISl BOJIH, JJIMHA KO-
TOPBIX ONpeiesigeTcs cooTHoIeHneM e Bbpoitig. Ho caMbIM 3HAMEHUTBIM 3KCIIEPUMEHTOM,
OKOHYATEJIHHO ITO/ITBEPIUBIINM BOJHOBBIE CBOWCTBA YacTHUIl, Oe3 COMHEHUs, OBLIIN OIBITHI 110
T paKIny 3JIEKTPOHOB, TpoBeieHHbIi B 1947 roay 8 MU rpymmoit B.A. ®abpukanra (1907-
1991) (em. Puce. 5). DT0oT OonplT OBII MOMHOCTHIO amasornden onbiTy HOmra mo gaudpaximm
CBETOBBIX BOJIH, IIPOXOJAIINX 4Yepe3 JIBe IMejd. TOIbKO Teneph BMECTO CBETa Ha IJIACTUHY C
JIBYMSI TIEJIIMH T1a/1aJIl JeKTPOHBL. '1eM He MeHee, B TIOJJHOM COOTBETCTBHUH C T€OPHel BOJI-
HOBOTI'O PACIPOCTpaHeHus, ObLIa 3aperncTpUpOBaHa YeTKasi MHTepdepeHInonHas KapTuna. B
TOM YHCJIe W TOIJIa, KOTJa 3JIeKTPOHBI NMa/IaJil Ha IJIACTUHY TaK PEJIKO, YTO HUKAK He MOTJIN
B3aMMO/IEfICTBOBATH JIPYT C JIPYTOM.

Mpur erie He pa3 BepHEMCS K 9TOMY 9KCIIEDUMEHTY. 3J1eCh K€ 3aMeTHM JIUITh TO, YTO BOJHO-

BbIe CBOMCTBAa JaCTHUIL OBLIN IKCIIEPUMEHTAJIbHO O6Hapy}KeHbI y2Ke I10CJi€ TOTI'0, KaK Ha OCHOBE
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BOJIHOBBIX CBOHCTB, IIPEJICKA3aHHBIX jJe BpoitieM, Obl1a chopMyInpoBaHa HEPe/IATUBUCTCKA
KBaHTOBasg MexaHnka. KcraTu, Bbl 0OpaTwin BHUMAHKME, YTO MBI IIOKa HUYEro HE CKa3a/u O
TOM, Kakas (hu3ndecKkasl BeJTMINHA COBEPINAET BOJHOBBIE JIBUYKEHUS ITPU ONUCAHUUA YACTUIIBI
(HampuMep, 3JeKTpoHa B 1oJie sijipa)? OTBEeTHTH Ha 9TOT BOIPOC MBI CMOYKEM JIMIIb B KOHIIE

caenytoreit ['taBsr.

3.4.2 MHrpa B KocTH

Bosnosbre cBoiicTBa 9acTuIil — He €JIMHCTBEHHOE COBEPIIEHHO HOBOE CBOMCTBO KBAHTOBBIX CH-
cTeM, He CYIIECTBYIOIIee Kaaccuieckoil pusuke. Ipyrum dpyHaMeHTaIbHBIM OTJIMYHEM OKa-
3aJ1ach MPUHIAMHNAIbHAST HEBO3MOKHOCTh B MUKPOMUPE MPeICKa3aTh NCXOJ KOHKPETHOTO CO-
ObITHs. MBI yKe YIOMHHAJIH O IIPOIecce paciaja sjep. XOpOIIo H3BECTHO, 9TO OCHOBHOM
XapaKTePHCTUKOI 3TOro MpoIecca AB/IAeTCA BpeMs oIypaciaia t1 /2. OHO HOKa3BIBaeT, Yepes
KaKoe BpeMs paclaJieTcsd MOJIOBUHA UCCIEyeMbIX sijiep. Kak Mbl BUJIUM, 3TO YACTO CTATUCTH-
Jeckas XapakKTepucTuka. J[JIsg oHOoro KOHKpeTHOr0 aToMa OHa TOBOPUT JIUIIb O BEPOSATHOCTH
pacnasa. Takum ob6pa3oM, B34B JiBa OJIMHAKOBBIX PaIUOAKTHBHBIX aTOMa B MOMEHT BpPeMEHU
Lo, MBI IIOJIyYUM Pa3Hble OTBETHI B MOMEHTBI BpeMenu t = tg + 11/2. B Knaccuueckoit dpusnke
Takasl CUTyalls ObLIa Obl HEBO3MOXKHA.

B kadgecTtBe jgpyroro mnpumepa, KOTOPBIH HMOHAI0O0UTCA HaM B JIaJIbHEHIIEM, pacCMOTPUM
IPOXO0ZK IEHKE JINHEHO MOJIIPU30BAHHOIO U3JIydeHust (T.€. U3JIydYeHusl, CBOCTBa KOTOPOTO, KaK
TOBOPSIT, CIIEIINAIbHO "TIPUTOTOBJIEHBI OJIAaroaps MPOXOXK IEHUIO YepeX MMOJIAPU3aTOP, IIPOITYC-
KOl JINIIb OJIHY JIMHEHHYIO MOJIAPU3AIIUIO) Yepe3 BTOPOil MOJISIPU3AaTOD, 0Ch KOTOPOrO He
COBIIQJIAET C TOJIApU3aIiell MaaloIero n3JIydeHnd. XOpOoIo U3BECTHO, YTO IIPU STOM UHTEH-
CUBHOCTD TIPOIIIEJIIIEr0 U3IyIeHUs [y, BHIPAKAETCs Yepe3 MHTEHCUBHOCTD T Ial0NIero m3JIy-
genus [;, mpocToit hopMmyioit

Tows = Iin COSQ @a (48)

rae e — YroJi MexK/1y HallpaBJIEHUEM IIOJIAPpU3allur I1a/Jal0IIero U3JIy9YeHUA U BTOPBIM II0JIA-
PU3aTOPOM. DTO CBOMCTBO JIETKO MOXKET OBITH 00bACHEHO JJ1d BOJTHOBBIX ITPOIECCOB (HHHeﬁHO

1IOJIAPpHU30BaHHasd BOJIHA MOZKET OBITD IpecTaB/IEHa KaK CYMMa JIBYX OPTOI'OHAJIbBHO IIOJIADH-
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30BAHHBIX BOJIH), HO 9TO COBEPIIEHHO HEMOHSATHO, €CJIM Mbl BCIIOMHEM, YTO CBET COCTOHUT W3
OTJIEJIbHBIX (POTOHOB.

JleitcrBuTesibHO, paccMoTpuM ciydait © = 45°. Torja na BbIxojie MbI OyJileM UMeTh TOTOK
[TOJIOBUHHON MHTEHCUBHOCTH, IIPUYIEM IOJISTPU3AIUS BBIXOAAINX (DOTOHOB OYJ/IET OTJIMIaThCsT
OT TIOJIAPUBAIIY I IAFOIIEro U3/IydeHns. BaKHO, 9TO 9Ta CUTyallns, KaK U B cjiydae Judpak-
IIUU 3JIEKTPOHOB, Oy/IeT UMeTh MeCTO U IPU TAKOH MaJioil MHTEHCTUBHOCTH, KOIJIa ITaJIafoIIne
doToHBI HUKAK He B3aUMOJEHCTBYIOT JIPYT ¢ JApyrom. [losTomy ymeHbIlleHIe MHTEHCHBHOCTH
JIOJIPKHO OBITH CBSI32HO CO CBOMCTBOM WH/IMBU/IyaJIbHOTO (DOTOHA, & He CO CBOHCTBOM BCErO aH-
cam0utst poronos. [lockobKy ke sneprusi hboToHa hw (U 9TO IKCHEpUMEHTAIbHBIH (akT!) He
U3MEHSETCA TPHU IMPOXOXKJIEHUH MOJIIPU3aTOPA, TO yMEHbIEHNe WHTEHCUBHOCTH MOXKHO CB-
3aTh JIUIIb C T€M, 9TO (POTOH IIPOXOUT Iepe3 MOIAPU3ATOP C HEKOTOPOH BEepOATHOCTHIO. VHBI-
MU CJIOBaMU, MbI, KaK U B CJIy9Iae PaJIMOAKTUBHBIX sJI€D, HE MOYKEM OJITHO3HAYTHO CKa3aTh, IIPOi-
JIeT JI Yepe3 MoJIApu3aTop jaHublil poron mwim #Her. MOKHO rOBOPHUTH JIMIIL O BEPOATHOCTU
TAKOTO TTPOXOKIEHUSI.

Kcraru, Ha 9TOM mpuMepe, OCHOBAHHOM MMEHHO Ha BOJTHOBOU IPHUPOJE CBETA, MOXKHO Ipe-
KPACHO MPOUJLTIOCTPUPOBATD €Ille OJIHO KJII0UYEeBOe CBOWCTBO KBAHTOBLIX cucteM. [Ipesmroso-
JKUM, 9TO (DOTOHY y/Iaj0Ch TPOUTH Uepes3 TOJISIPU3ATOD. 318 IUMC BOIIPOCOM: & KaKasl I0-
Jisipu3alist ObLIa Y HETO HEIMOCPEICTBEHHO Tepe/T TPOXozK ieHneM depes miactuay! C kiaccn-
YECKOI TOYKHU 3PEeHMs, KaK y»Ke FOBOPUJIOCH, BOIIPOCA He BO3HUKAJIO. Biiaromaps JuneiiHocTH
BOJIH (06 9TOM BasKHEfileM CBOHCTBE MbI IIOMOBOPUM €Il HE pa3) U3JIydeHue ¢ JIMHEHHOI
oJigpu3aImeit oy yrioM 45° MOXKHO MPEJCTABUTDh KAK CyYMMY W3JIy9IeHUil ¢ JIBYMs OPTOrO-
HAJILHBIMU TOJISIPU3AIASMA OJIOBUHHON nHTeHCTBHOCTU. O/1HA N3 HUX OY/IeT MPOXOIUTH Yepe3
[OJIAPU3ATOP, JAPyras MOJHOCTHIO HOorIomarbesd. s otienbHoro ke (hoToHa 4To-TO Bpasy-
MUTEJIbHOE CKa3aThb Hejb3s. [lomydaercs, 9ro hoTOH N3MEHUT CBOIO MOJIIPU3AINI0 B MOMEHT
MTPOXOXK IEHNS TIJIACTUHBI!

Ocosnanne 3TOro cBo#icTBa, MO DOJIBIIOMY CUYETY, MPOJIoJKaeTcd J10 cux mop. OHaKo oc-
HOBHO# TOYKOIl 3peHHsI OCTAaeTCsI 1IOX0/1, KOTOPBI ObLI cchopmyupoBa erie Hunbcom Bopom

U U3BECTEH Terepb Kak 'KoleHrareHcKas WHTepIpeTalns KBaHTOBOM MexaHnkKu . B ocHose ee
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JIEZKUAT TIOCTYJIAT, COIJIACHO KOTOPOMY HMMEET CMBICT OOCYKJIATh JIUIIb BEJIUYUHBI, KOTOPbIE
MOT'YT OBITh MU3MEPEHbI, T.€. 3aPErUCTPUPOBAHBI U3MEpPUTEIbHBIME pubopamu. Jlo mporecca
JKe M3MepeHUs] TOBOPUTH O KaKOM-TO COCTOsIHUM KBaHTOBON CHUCTEMBbI HEBO3MOXKHO. VHbIMI
CJIOBaMH, B MUKPOMHPE BO3MOYKHO CYIIECTBOBaHHE "HUKAKOIO' COCTOSHUSA, T.e. CMEIIeHHOI'O
COCTOSIHUSI, ABJIAIONIETOCH JIMHEIHOW KOMOMHAIIMEN JIBYX COCTOSIHUI, KOTOPBIE YK€ MOXKET 3a-
perucTpupoBarh JerekTop. Crucrema ke npuodperaer onpejeleHHOe COCTOSTHUE JIUIIb B TIPO-
ecce U3MepeHust, T.e. IPH ee B3aUMOJIEHCTBIN ¢ U3MEPUTEIbHBIM IIPUOOPOM (B HAIEM IIPUMEpE
[POIECCOM M3MepeHust ObII0 B3anMojieiicTBre (bOTOHA € MOJIAPU3AIMOHHON MIJIACTHHON ).

Bnpoqu, MBI 1 31€Chb HECKOJIbKO 3abezkasn BIIEPE/L.
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4 (Oco3HaHUue NCTUHDBI

ITo 6OJIbHIOMy cHeTy, BCe pe3yJ/ibTaTbl, U3J/IO2KEHHbIE B Hpeﬂbmymeﬁ FJIaBe, HE€ BbIXOJIWJIN 3a
PaMKMn CpeILHGIU/I H.IKO.HbIg. HOSTOMy MBI CIIECIINAJIBHO Hp06e}Ka,HI/I nx J0CTATOYHO KOHCIIEKTHUBHO,
9TOOLI He TpaTUTh Ha HUX MHOI'O BpEMCHU U JIMIIBb HAIIOMHUTH OCHOBHBLIC ITOHATMA KBaHTOBOI1
MexaHnkn. B sToit »xe ['1aBe Mbl caes1aeM CJIQ,ZLYIOHJ,I/II‘/JI IIar u 1mocrapaeMcd IHOHATHb IPUPOILY

KBaHTOBBIX CBOMCTB 0oJIee JeTaJIbHO.

4.1 BoJHBbI
4.1.1 OcHOBHbIE [IOHATUA

JLns HavaJia, HAIIOMHUM HECKOJIBKO BayKHBIX CBOMCTB, MPUCYIIUX BOJTHOBBIM TIporieccaM. [Ipo-

cTefiIast BOJIHA ¢ YACTOTON w W aMILIATY/I0# Ay, Oeryrast BJI0JIb OCU T, UMeeT BU],
A(x,t) = Agcos(kx — wt + ), (49)

rae ¢@o — IIPpOou3BOJIbHAA KOHCTaHTa. B,ILer Bem4unHa A MoXKeT COOTBETCTBOBATDL JI000i CbI/I—
3UYIECKOI BeJIMIUHE, HaIIpDUMEDP, TaBJICHUIO I'a3a B BBYKOBOIL/'I BOJIHE MJIN K€ HaIIPA2KEHHOCTHU

I10JIell IIPU PacIpOCTPAHEHUN CBeTa. YCJIOBHUE HMOCTOAHCTBA (ha3bl
¢ = kr — wt + ¢ (50)

T.€. yCJIOBUE

®(x,t) = const, (51)

[OKA3bIBAET, UTO 9Ta BOJIHA JBUKETCS CO CKOPOCThIO V' = w/k B HATIDABJIEHUH OJIOKUTETbHBIX
3HAYEHUI KOOP/IMHATHI L. ITa CKOPOCTH, COOTBETCTBYIOIIAsT CKOPOCTH JBUKEHIS MAKCUMYMOB
curyconipl (korga ® = 0, 427, ...), Ha3biBaeTcst (Ha30Boil CKOpOCThio. [Ipu 5TOM JIIMHA BOJIHBI

A CBS3aHa C BOJIHOBBLIM BEKTOPOM k O4Y€BUJIHBIM COOTHOIIICHUEM

A= (52)

3TIo xpaiineit Mepe, BCe 9TO BXOIMIIO B MIKOJIBHYIO porpaMmy B 60-70 T01aX IPOILIOrO BEKA.
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CoOoTBeTCTBEHHO, JIJISI BOJIHBI, OeryIeil BIOb OCH T B IPOTHBOIOJIOKHOM HAIPABJIEHUN,
cJeJ1oBaJIo Obl IIOMEHSITh 3HAK Y BOJIHOBOT'O BeKTopa k, T.e. 3anucarh ¢asdy B Buje ¢ = —kr —
wt + po. Omrako mockosbky cos® = cos(—P) (a cmena 3naka y sin ® npuBojuT JIKIIB K

1epeobo3HAYEHIIO TOCTOSTHHON Ag), MBI B nasbHeiineM Gy/ieM 3alnchbiBaTh TAKYIO BOJTHY KAk
Az, t) = Agcos(kx 4+ wt + ¢g). (53)

Beegennas Beime dasza Bosabt O(z, 1) — 0JHO U3 KIIOUEBLIX HOHATHIT BOJIHOBOI bu3nKm.
B uactHocTH, 3Hag a3y BOIHBI, MBI MOXKEM OIIPEJIEINTh BEJIUIHHY BOJIHOBOIO BEKTOPa N3

OYEBUJIHOTO COOTHOIIEHUS
0P (z,t)

k
ox

. (54)

[TorsiTHO, UTO MOHATHE (a3bl MOKET OBITH JIETKO ODOOIIEHO M Ha TPEeXMEPHBIN ciIydail, Ko-
ria & = ®(r,t). IIpu sToM no-npexkaemy moBepxHocTu paBhoil daszel ¢ = 0, £27, ... OymayT
COBIIATH ¢ ropbamMu BOJH. B JIByMEpHOM IOCTpaHCTBE JIMHUU PaBHOM (ha3bl — 9TO U €CTh
XOPOIITO BCEM U3BECTHBIE BOJIHBI, BIIMMbIE HA MOBEPXHOCTU BOJbI. COOTBETCTBEHHO, BOJTHOBBIE
BEKTOPBI OyJIyT TePIIeHINKYJIAPHBI BOJTHOBBIM (bpoHTaM. B KoMnakTHOI hopme 5TO CBOHCTBO
3AITUCBHIBAIOT B BUJIE

0P(r,t)

k=20 (55)

9YTO O3HAYAET MPOCTO, ITO k;, = OP/0r u T.1. 3aOMHUM STO COOTHOIIEHHE — OHO, KAK MBI
YBUJIUM, OYJIeT UrpaTh BEIYIIYIO POJIb U B KBAHTOBOI MeXaHUKe.

OrmernM, HakoHell, 4To (aza P(r,t) He 06g3aTENBHO JOZKHA OBITH MPOCTON JMHEHHOM
dyHKImel KoopauHaT U BpeMenn. KoHedHo, ec/in oT/indne OyeT OOJIBIINM, MbI YK€ HE CMO-
JKEM TOBOPHUTH O PEryJisipHOM BOJIHOBOM Iiporiecce. OTHAKO €C/I IMOBEPXHOCTU PaBHOM a3l
[IOYTH TapaJIe/IbHBI APYT JAPYTY, 3TOT MMOIX0 Oy1eT pasyMHbIM. Kpureprem 3/1€Ch, Kak JIETKO
c000pa3uTh, OyJIeT YCJIOBIE MAJIOr0 OTKJIOHEHUsT BOJHOBOTO BeKTopa k = 9P /Jr ot HeKoTopo-
IO CpeJiHero 3HavdeHus Ha Maciirabe JUIMHBL BOJTHBI A = 27 /k. VlHbIMU cjtioBaMu, MBI BIOJTHE

MO2KEM I'OBOPHUTBHL O BOJIHOBOM IIPOIiecce, €CJIn BBLIIIOJIHEHO YCJIOBHE

1
5k < " (56)
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T.e. ecsin pasHOCTb 3HavYeHWi k, BbIIUCIeHHBIX 110 hopmyrte (50) B Toukax & u x + A, yJI0BIe-
TBOpsteT ycJIoBHIO (52).

Cureftyroriee BaskHefflee CBOWCTBO BOJIH €CTh WX CBOiicTBO JimHeitHOCTH. Tak obo3Hava-
10T TOT (PaKT, UTO IPHU HAJTMIUNA HECKOJBKIX BOJH CYMMAPHBIN CUTHAJ OyJIeT IPOCTOM CyMMOIt
WHIUBUTYAJIbHBIX KOJIeDaHui. DTOT cirydail COOTBETCTBYET CJIADOMY BOJIHEHHIO HA MOPE JI0 110-
SIBJIEHUS OAPAIITKOB WX YK€ 3BYKOBBIM BOJIHAM, HEJOCTATOYHO MHTEHCUBHBIM, YTOOBI BOSHUK/IN
yJapHble BOJTHBI. VIMeHHO Os1arogapst 9TOMy CBOMICTBY HAIIl CJIyX MOYKET BBIJIECJIUTH JIFOOON MH-
CTPYMEHT B CHM(DOHUIECKOM OPKECTPE.

[IycTs Temepb BOJHOBOE JIBUZKEHIE COCTOUT U3 JIBYX KOJIEOAHUI ¢ OJMHAKOBOM aMILIATYI0M
Ap 1 ¢ OBJIM3KUMHI 9acTOTaMU w + 0w 1 w — 0w W BOJHOBBIMU BekTOpamu k + 6k u k — dk. B

uTore, BOCIIOJIb30BaBIINCH M3BECTHBIM TPUTI'OHOMETPUYIECCKHMM COOTHOIIIEHUEM, ITOJIydaeM JIJId

HYJIEBBIX (Da3 Q1 U P9
A(z,t) = 2Ap cos(dkx — dwt) cos(kx — wt). (57)

B pesynbrare, Kak mokasano #Ha Puc. 6, aMinTyaa KoaedaHnit CTAaHOBUTCS CUJIBHO MOJLYJIH-
poBanHoit. [Ipu 3TOM orubaroriasi BOJHBI TaK»Ke UMeeT BUJI CHHYCOU/IbI, HO yKe C IIPOCTPaH-

CTBEHHBIM MACIITAOOM
2T

(58)

Ecnun, manpumep, TOYHOCTH M3MepPUTEJIHLHOIO pubopa Oy/ieT HeJ0CTATOYHO, YTOOBI YBUJIETD
OBICTpOTIEPEMEHHYIO PsOb BHYTPU OTMOAIOINIEH, TO Mbl 3aPErUCTPUPYEM JIUIITH BOJIHY, PAcIIpo-

CTPaHAIONLYIOCA CO CKOPOCTbLIO

ow
Vr = < - 59
B npenene masnbix dw u 0k mosydaeM mpocTo
dw
Vgr - @ (60)

Bemmunna Vi, (56) HasbBaeTcs rpyimoBoil cKopocTbio. OKas3bIBaeTCs, ITO HMEHHO OHA
JIOJIZKHA, COOTBETCTBOBATH UCTUHHON CKOPOCTHU paclpocTpaHeHus curaasa. [Iposepum, Hampu-

Mep, 94TO UMEHHO BbIpazkenue (55) uMeeT NPaBUIIbHBIN (DUMIECKUIT CMBICII, €CJTH MbI 3aXOTHM
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A =21/dk A =2n/k

Puc. 6: Berymaﬂ BOJIHa IIPU HaJIO2KEHHU JIBYX BOJIH C OJIM3KUMU YaCTOTAMU

paccMOTpPeTh JacTHUIly KaK PacIpOCTPAHAIOILYIOCsS BOJIHY. BermomMuHast, 910 /st OHOMEPHOTO

neuxkenns € = fiw u p = hk, nosyuaem jisa HepeaTUBUCTCKON YacTunpl (€ = p?/2m)

d€

Vgr:%:

% = . (61)

Takum obpazoM, uMeHHO rpynnosas Ve = d€/dp, a me dazosas ckopocrs Vi, = E/p = 2v,
OyIeT COOTBETCTBOBATH UCTHHHON CKOPOCTH YACTHIIHL.

Jlpyroit BaKHBIII IpUMepP, KOTOPBI TakxKe OyJAeT IMUPOKO HCIIOJb30BaH B JdaJIbHeiInemM
— 9TO CTOdAYasl BOJIHA, KOTOPas MOXKeT ObITh IpeJCTaB/ieHa B BUJE CYMMBI JBYX OeryImmux

HaBCTpe41y BOJIH OILHHaKOBOfI AMILJINTYIbI
A(z,t) = Agcos(kx — wt) + Ag cos(kx + wt) = 2A, coswt cos k. (62)

NubiMu cyioBamu, JUUId CTOSTIMX BOJIH BKJIAJ[ KoJeOaHWiI ¢ BOJIHOBBIMHU BekTOpamu k u —k

OKa3bIBalOTCA OANHAKOBBIMHM. 3amoMHUM U 3TO CBOfICTBO, OHO HaM TO2zK€ HE€ pa3 IIPpUTroJuUTCA.

4.1.2 CooTHoIIeHNE HeOoIllpeaeJIeHHOCTE

BosiHoBoe jBM2KeHHE 00/181a€T PSIJIOM CBONCTB, KOTOPBIE, KOHEYHO Ke, ObLIN M3BECTHBLI 3a-
JIOJITO JIO CO3JaHMSA KBAHTOBOH MeXaHWKHU. I 0JIHO M3 BayKHEWINNX, CTaBIIee KPaeyroJbHbIM
KaMHeM KBaHTOBOU MEXaHUKU — 3TO COOTHOIIIEHNE Heollpe/iesieHHocTell. PaccmoTpum, Hanpn-
Mep, rapMOHUYECKY0 BOJIHY (45) ¢ BOJIHOBBIM BeKTOpoM k, nokazanuyio Ha Puc. 7a. OHa, Kak

MBI BIJIUM, 3aHUMAET BCE IIPOCTPAHCTBO OT MUHYC JI0 ILIIOC OECKOHETHOCTH. JTO O3HAUAET,
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Puc. 7: I[Ipu ¢pukcrnpoBaHHOM 3HaYEHUU BOJIHOBOI'O BEKTOPa k BOJIHA 3all0JIHSIET BCE IIPOCTPAH-
CTBO OT MUHYC JI0 ILIFOC OeckoHedHOCTH. JIoKa/im30BaHHas »Ke BOJIHA TpedyeT CJIOKEHUsT 00JIhb-
IIIOTO KOJIMYECTBa BOJIH CO MHOIMMH 3HAYEHUSIMA BOJTHOBOIO BekTOopa k. B mpemerne HyKHO

pacCcMaTpUuBaTb OECKOHEYHO MHOI'O BOJIH C BOJTHOBBIMU BEKTOpaMMu OT HYJIA 110 OECKOHEYHOCTH.

YTO MIPU TOYHO (DUKCUPOBAHOM 3HAYEHUU BOJTHOBOI'O BEKTOPA HEOIIPEJIEJIEHHOCTh B KOODIMHA-
Te DECKOHEYHO BeJIMKa. KCm Ke Mbl XOTUM PACCMOTPETH BOJIHY, JIOKAJIU30BAHHYIO HA KOHEY-
HOM TIpoMexkyTKe Ax, TO jyist (hOpMUPOBAHUS TAKON BOJIHBI HY?KHO OYJIeT CJIOKUTH BOJIHBI C
pasIMIHBIMU 3HaYeHUsIME k (U ¢ pasmIHbIMU aMImTyaaMu). [lpumep Takoit urepannoHHoil
pore Iy pol Jitd 5 u 21 BosiHBI TOKa3aHbl Ha Puc. 76-8. Kak MbI BUIM, TPU yBEJIMYCHUU THC-
JIa BOJTH, 3AIIOJIHSIIONIMX OJMH U TOT YK€ JINAITa30H BOJHOBBIX dnces Ak, JOKaIH3aIys BOJTHbBI
Az ~ 1/Ak ocraercsd mpakTHIECKH MOCTOSHHOI. MeHsercs: b paccrosinne Mexy ~dan-
TOMHBIMI UMITy/IbcamMu. COOTBETCTBEHHO, JIOKAIN3AIINAST BOJIHBI JIUITH B OJJTHOM MECTe Ha OCH X
noTpeboBaJIa ObI CI0KeHNsT HECKOHETHOTO KOJINYIECTBa BOJH CO BCEMU 3HAUYEHUSIMU BOJTHOBOT'O
BeKTOpa k OT HyJisd 10 OECKOHETHOCTH.

B urore, J1Ji4d JIIOOBIX BOJIHOBBIX IIPOIEeCCOB JOJI2KHO OBITH BBIIIOJHEHO COOTHOIICHIE

Ax Ak > (63)

DO | —

rjae Ax u Ak — xapakrepHblii pa3bpoc 3HaYeHusX = 1 k (ToYHee, CPeIHEKBAIPATHIHbIE OTKJIO-
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Henust BesmanH Az u Ak, em. [lpunoxkenne 8.5). Pazobpannbiii Bbiiie npumep (53), cocrosrmuii
U3 JIBYX BOJIH ¢ OJU3KUMU BOJHOBBIMU BEKTOPAMHE, PEKPACHO HLIFOCTPUPYET 3TO 00IIee Co-
orHotenne. [IoHATHO, 9TO JjIs TPEXMEPHOTO CJIydas COOTBETCBYIOIIME COOTHOIIEHUS JIOJIZKHbBI
ObITh mepermcanbl B Buse Az Ak, > 1/2, Ay Ak, > 1/2 u Az Ak, > 1/2.

Ho eciin 910 Tak, TO Takue ke COOTHOIIEHUs JIOJ?KHBI ObITh BBIIOJTHEHBI U /IS BOJIH, OIU-
CBIBAIOIIME YaCTUIILI, HAIIPUMED, SJIEKTPOHBI. BCIIOMUHAs Tereph, YTO B KBAHTOBON MEXaHUKe
BOJIHOBOI BEKTOD BOJIHBI CBSA3aH C MMITYJILCOM YaCTHILI COOTHOUIeHHeM p = hkK, mosydaem

OKOH4YaTeJIbHO

~

Az Ap, > —, (64)

N}

U TaKue »Ke COOTHOIIEHUs JJIsd JPYTUX IPOEKIUA. ITO U eCTh 3HAMEHUTHIE COOTHONIEHUS
HeonpeaeaeHHocTeil [eitsenbepra, mpepcraBsionme coboit 0CHOBY KBaHTOBOW ¢usuku. OHu
IIOKa3bIBaIOT, YTO B MUKPOMUDE TaKHe XOPOIIO 3HAKOMbIC HaM N3 KJIACCUKHU IIOHATHUA KaK KO-
OPJIMHATA U UMITYJIbC OKA3bIBAIOTCS PA3MBITHIMU; YaCTHUIA (TOUHEEe, BOJHA, COOTBETCTBYIONIAST
YaCTUIE) He MOYKET MMETh OJHOBPEMEHHO TOYHO (DUKCHPOBAHHYIO KOODIMHATY U MMILYJIbC
(BOJIHOBOIT BEKTOD ).

Tem cambIM, MBI IIOJONLIM K BarKHEHIIEMy MOMEHTY, ITOKA3bIBAIOIIEMY KOPEHHOE OTJIMIHe
KJIACCHYIECKON 1 KBaHTOBON pusnku. Kak yxke ormedasoch, B 00JIaCTH TPUMEHUMOCTH KJI1ac-
CHTY€CKOI'O HpI/I6HI/I}K€HI/IH, rae mMeeT CMbBICJI I'OBOPUTH O TPaeKTOPpUU YaCTUIIbI, Mbl JOJIZKHDBI
B HEKOTOPBIII MOMEHT BpPeMEHU OJIHOBPEMEHHO 3a/IaTh €€ KOOPJMHATY W MMITYJIbC. KBaHTOBas
JKe MeXaHHKa TOBOPUT, UYTO 3TO IMPUHIMIIHAJILHO HEBO3MOXKHO. KoHeUHO, 1pu paccMoTpeHnn
KJIACCUYECKUX SIBJEHUII HETOYHOCTH B olpejgesieHnn KOOpAuHaT U UMITYJIbCOB 6yﬂeT ncuesaro-
mee MaJsa. Tak, HeompeIeJeHHOCTh B Koopamuare 10~% ev — pasmep aToma Bopa — J0/KHO
IPUBECTH K HEONPEJICJIeHHOCTH B BeJMuuHe uMIyibca nopaaka 10719 rem/c. s moboro
MaKPOCKOIITMYIECKOI'O TeJia 3TO HUYITOZKHO MaJlagd BEJIMYINHA.

OILH&KO €CJIM MbI PaCCMOTPHUM dABJICHUA, B KOTOPbBIX CaMO IIPOU3BEJICHUEC NI&CIHT&6OB KOOp-
JIMHAT ¥ UMILYJIbCOB OKa3bIBaeTCs mopsijika rmocrostuHoil [lnanka (a JBUzKeHHe JIEKTPOHOB B
arome Bopa Kak pa3 u yJOBJIETBOPSIET TAKOMY COOTHOIIEHHIO), TO HEOIPEIEJIeHHOCTh KOOP/IU-

HAT M UMITYJILCOB 9aCTHUI| JOJKHO ObITh mopsaka 100%. A 3T0 o3HadaeT, 9To y 3JIEKTPOHA B
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aToMe BOOOIIe HeT OIpeJIe/IEHHO TPAEKTOPUU. DJIEKTPOH C OJJMHAKOBOI BEPOATHOCTHIO MOYKET
HaXOJIUTHCs B JIIOOO# TOUKEe OPOUTHI, KOTOpas caMa MOYKET ObITh ITPOU3BOJILHBIM 00pa30M pac-
[OJIOZKEHA OTHOCHUTEJILHO sijipa. B 9acTHOCTHU, IO9TOMY TAKOE COCTOSHHE JIEKTPOHA (BCIIOM-
HIM, 9TO MIMEHHO TaK CJIeJlyeT TOBOPUTH O €ro CBOWCTBAX) HA CAMOM JieJle MMeeT HYJIeBOIl
MOMEHT MMIIYJIbCa.

Habuionienue 3a BostHAMY 1TO3BOJISIET TIOHATH TPUIUHY, IOUYEMY HE UMEET CMbBICIA TOBOPUTD
O TPAEKTOPHUH YACTHUIL IIPU UX coyiapeHusX. /lelicTBUTE/IbHO, PACCMOTPUM BOJIHY, HAOETAIONTy 0
Ha CKaJIy, pa3Mep KOTOpPOil CpaBHUM C JITUHOM BOJHBI. Bayim or cKajbl, KaKk B HaDeraromeM,
TaK M B YXOJMAIIEM IIOTOKaX, BOJIHA C XOPOIIEeil TOYHOCTHIO MOYKET OBITh OIHUCAHA ILIOCKOI
BOJIHOI, JIJIsi KOTOPO# B KaKJI0il TOUKE XOPOIIO OIIpeJie/ieH BOJIHOBOW BekTop k, u, 3HauuT, n
HallpaBjieHre pacupocTpaneHns V.. OJHaKO BOJM3M caMOl CKaJjbl, IJie BOIHY yrKe HeJb3s

CHUTaTb H,HOCKOfI, IIOHATHE O TPAaCKTOPUHN CTaHOBUTCA HEKOPPEKTHBLIM.

4.1.3 CooTHoIIEeHNE HEOIIPEeAEJI€HHOCTE YHEepTUus-BpeMs

CooTHoIIIeHNe HeOopeIeIeHHOCTEH, KaK OKa3aJI0Ch, OTHOCUTCS HE TOJIBKO K KOOP/IMHATE U M-
IyJIbCy, HO U K SHEPruu u BpeMeHu. JleficTBUTE/IbHO, KAK MbI ITOHSI/IA, B KBAHTOBOW MeXaHUKe
SHEPIUsi OIPEJIe/IsieTCsl YacTOTON BOJIHBI, ONMHUCHIBAIONIEH naaydenne wian dactuiy. OHAKO,
KaK ¥ IPOCTPAHCTBEHHAs 9YacToTa (BOJHOBON BeKTOp k), 0OBIYHAsT YacTOTa w OyIeT TOYHO
ompejiesieHa JIMITbL B TOM CJIydae, eCii YaCTUIA HAXOIUTCS B COOTBETCTBYIOIIEM COCTOSHUN
OecKoHeYHO J10JIT0. Ecin »Ke, HanpuMep, 3J1eKTPOH HAXOUTCH B ONPEIEIEHHOM COCTOSHUU KO-
HeuHoe BpeMa At, TO, KaK 1 B KOOPJANHATHOM CJIydae, TAKO# IPOIeCe JOIKEH COOTBETCTBOBATD
Ha0OPY YaCTOT ¢ XapakKTepHbIM pa3bpocom Aw ~ 1/At. Beiomunast Terneph, 9T0 B KBAHTOBOM

MHDP€ 9aCTOTa OJJHO3HAYHO CBfA3aHa C 3H€pFH€fI, HoJiyd9aeM OKOHYaTEJIbHO

h

AEALZ 3. (65)

371eCh, 0JIHAKO, HEOOXOIUMO CJ1e/1aTh BaxKHoe yrouHerue. PopmasibHO, COOTHOIIIEHNE HEOIIpe-
JeJIEHHOCTe KOOP/IMHATA-UMITYJIBC TI0 CBOEMY CMBIC/IY COOTBETCTBYIOT HEKOTOPOMY OIIpE/]ie-
JenHomy MomeHTy Bpemenn. Coorromienue e (61) mpe/imosaraer, 970 COOTBETCTBYIOIINE 3HA-

yennst AFE u At GepyTcs B Kakoil-To ompejiesienHoit Touke. Ho MBI 3HaeM, 9TO OIpeJIe/nThb
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ITOJIOYKEHUE JaCTHUI[bI MOYKHO JIMIITh ¢ HEKOTOPOil TouHOCTbhIO. [IycTh, HaIIpuMep,MUMO HaOJII0-
JlaTesisi CO CKOPOCTBIO ¥ MPOXOINT OObEeKT, pa3MasaHHblii Ha Mactitadbe Ax. Tora cBsa3anHas

C 3TOM HEOIIPEAECJICHHOCTBbIO BPEMEHHAA ITPUBA3KA 6y,ﬂeT JdaBaTbCd COOTHOIIIECHNEM

Az (66)

v

Q

At

C ,ZprrOfI CTOPOHBI, BCIIOMUHAasA COOTHOIIECHUE (57), MO2KHO OII€EHUTHb HETOYHOCTDL B OIIpeEJIeie-

HUMW SHEPIrun, CBA3aHHYIO C HEOIIPECAEC/JICHHOCTHIO MMILYJIbCa.
AE ~ vAp. (67)

Dopmyaet (62) u (63) n npuBoAT K coorHoeHuno (61).

C Apyroii CTOPOHBI, KaK Mbl BUJIEJIN, B KBAHTOBOI MEXaHUKE YaCTO IMPUXOUTCS TOBOPUTH
He 00 SHEPIUH KAKON-TO BBIJIEJICHHON YacTHIbl, & 00 ypOBHE SHEPIHMHU, KOTOPBI 9Ta dacTuIa
MOKET 3aHUMATh, HALIPUMED, B aToMe. B sToM ciydae coorHomerne (61) MOXKHO MHTEpIIpe-
TUPOBATh KaK IMUPUHY YPOBHS SHEPIUH, KOTOPOE YACTHUIA MOXKET 3aHUMATh JIUIIh KOHETHOE
spemst At. [Ipuuem npudmna, 00 KOTOPOH YacTHIa MOXKET YITH ¢ JAHHOIO YPOBHsI, MOXKET
OBITH COBEPIEHHO MTPOU3BOJIBHON. DTO MOXKET OBITH, HAIPHMED, CBA3aHO C CYIIECTBOBAHUEM
JIPYTOTO YPOBHS SHEPIMU C MeHbIIeil SHepruei, a MOXKeT U CO CTOJKHOBEHHSIMU ATOMOB JPYT
¢ IpyroMm, GuaroJaps 4eMy MOKeT IPOU30HTH mepexosl Ha 6GoJiee BBICOKHI YPOBEHD HJIH JIAXKe

MOHU3alrd aTOMa.

4.1.4 IlimoTHOCTH COCTOSHUN

B zaksogenne sToro pasjena pasbepeM MOAPOOHO elle OJMH BayKHBI BOIIPOC, KOTOPBI TaK-
JKe MMOHaI06uTCd HaM B jrajbHedinmeM. OH KacaeTces T.H. IJIOTHOCTA COCTOSHUUN JIJIST 9JIEKTPO-
MATrHUTHOTO U3JIyI€HUsT nf’), KOTOpasi OIpeJIesIseT, CKOJIbKO BOJIH HAXOJIUTCS B oObeme Or B
HHTEpBaJIe BOJTHOBBIX BeKTOPOB Mexay k n k + dk. 3jech u jamee Mbl i1t TIPOCTOTHI Gy 1eM
obo3HavaTh 00beM "KyOmKa’ B OOBIYHOM TPEXMEPHOM IIPOCTpaHCTBE Or = 0x 0y dz U COOT-
BETCTBEHHO Jyig "00beMa’” B TPEXMEPHOM ITPOCTPAHCTBE BOJHOBEIX BEKTOPOB 0k = 0k, 0k, Ok, .

Kaxk 6b110 mokazano B Hpem)myluef/i FJIaBe, YHUCJIO BO3MOXKHBIX COCTOSTHUI ABJIIETCA KJIIOYEeBOM

BeHHqHHOﬁ, OHpQ,ZLGJIHIOHleI CTATUCTUYECKHE CBOMCTBA CHUCTEMBI.
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B OJHOMEPHOM CJIy4dae YUCJIO TaKHuX COCTOAHUNA cieJyeT 3allucaTb B BUJE

SN =n"sz 5k, . (68)

1 .
Hanpumep, ecim Bemanna n]g) eCTh HEeKOTOpas IMOCTOsTHHAs (&, KAK Mbl ceiidac yBUJUM, TO

,ZLQIU/ICTBI/ITG,HBHO T&K), TO YMCJIO BOJIH Ha IJIMHE L, UMEIIIMX BOJIHOBbBIE BEKTOPa B JIHalla30HE

ot k = k1 1o k = ko OGyner paBHO

N =nVL(ky — ky). (69)

1
3Haga BEJINIUHY TL](:) ), MO2KHO OIIPEJIEJIATD U APYT'UE BazKHbIE ITapaMETPbl CUCTEMBI. I‘IaIIpI/IMep7

€CJIM IHEPI'UA KazKJI0I'0 OCHUJIIIATOPa €CTb €,, TO IIOJIHAdA SHEPIrud MO2KET OBITD OlIpeJesieHa

KaK

= [enWVérok,, 70
b

T.e. KaK MHTErpaJl 1o BceM 3HaYeHUsIM KOOP/IMHAT U BOJIHOBBIX BEKTOpPOB. [Ipu sTOM MBI, ecre-
CTBEHHO, BHOBb BOCIIOJIb30BAJIUCH ITPUHITUIIOM paBHOpACIPEIeIeHUs, COTJIaCHO KOTOPOMY BCe
COCTOAHUA BXOIAT C OJMMHAKOBBIM BECOM. B urore, IpuBeJCHHBIC BbIINIC COOTHOIIICHU A 0606]_[13—
0T cJyvail IUCKPeTHOro ClieKTpa, pa3obpanHoro B [ase 3.

JLnist onipejiesieHnst BEJIUIUHBI 7}, PACCMOTPUM Ha IIE€PBBIA B3IV IPUHIUITAAIBHO JIPYTYIO
CUCTEMY, KOIjIa 00beM, 3aHAThIN JIeKTPOMAarHUTHBIMbBI BOJIHAMU, OFPAHUYEH HEITPO3PAYHBIMH,
T.€. XOPpOIIO IMPOBOAAIITMMN SHeKTpI/I“IGCKI/Iﬁ TOK CTEHKaMMN. HpI/I TaKUX IIPOBOAANIINX CTEHKaX
3JIEKTPUTIECKOE TI0JIe Ha IPAaHUIe 00JIACTH JOJIZKHO OBITh paBHO HYmo*. I109TOMY ecTecTBeHHO
IPpeaAITI0JIO2KUTDL, YTO BOJIHBI, 3allepThIC B HOTeHL[I/IaJIbHOIU/I AMe, JOJI2KHBI UMETDH Y3JIbl IIPDU T = O
nx = L. [Ipumepom Takux KojebaHuii MOKET CJIY?KUTh CTPYHA, 3aKPEIJIEHHAas B 9TUX TOYKAX.

B urore, KosiebaHusi JJOJIPKHBI UMETH BUJI CTOSYUX BOJIH C BOJHOBBIME BekTOpamu k, = nw/L
Ap(z,t) = Agsin(nmz/L) sinw,t. (71)

Baech Ay — Tpou3BOJIBHBI [TapaMeTp, OMUCHIBAOIINN JaHHYIO BOJIHY, a Jacrora w, = &,/h
BhIpasKaeTcs depe3 HEPIruio COOTBETCTBYIONIEro ypoBHs n. Takmm oOpa3om, Kak ITOKa3aHO
cBepxy Ha Puc. 8, B HaIeM npumepe CIekTp BOJHOBBIX duces k, COCTOUT U3 JUCKPETHOI'O Ha-

6opa SKBUMCTAHTHBIX YPOBHEl, PACIOIOKEeHHbIX Ha pacctoguaun Ak, = w/L npyr ot apyra.

43akon Oma j = oE, rae j — IJIOTHOCTH TOKa a 0 — MPOBOAMMOCTD, B Tpejiee o — oo maeT B = j/o — 0.
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-— all  2mlL k

nL  2nlL k

2L

Puc. 8: JIluckpeTHblil ClIeKTP YPOBHEl SHEPTUN 3JIEKTPOMATHUTHBIX BOJIH, 3AIIEPTHIX B 'dAITUKE”
¢ paccrogHueM Mexky crenkamu L m 2L. B npenenbaoM citydae L — 0O CIIEKTP CTAHOBUTCS

HelpePbIBHBIM

OTrmeTnM, ITO TPHU TOCTIEI0OBATEHHOM OIPEIETeHUN TIJIOTHOCTH COCTOSTHUI HEOOXO MO
YY€CTh, YTO BOJTHOBOI BEKTOD k,, KAK U KOOPJUHATA X, JIOJIKHBI U3MEHSETCsI BO BCEM JIMalla-
30He 3HaYEeHHI 0T —oo 70 o0. OHAKO, KaK yKe ObLIO OTMEeYeHO BBIIIe, JIsi CTOAINX BOJIH
3HaYeHUA k, U —k, BXOJIAT Ha paBHBIX IpaBax. [losToMy y00HO cUUTATH, YTO BOJTHOBBIE BEK-
Topbl k, m3mensitorcsa ot 0 10 0o. B urore, 11 muckpeTHOro crekTpa coorHorenue (65) st

ki1 =0 u ky = m/L nepenumiercs Kaxk
1=2-n" L. (x/L). (72)

3/ech ciieBa CTOUT €JIMHUIA, TO €CTh YUCJIO BOJH B auamnasone ot 0 10 /L, a kosadbdurment
2 MOSIBUJICST KaK pa3 Ojiarogapsi TOMY, 9TO MbI JIOJIKHBI IIPOCYMMHPOBATH U KOJIEOAHUSA C OT-
punare/bHbIME 3HadYeHuAMEU k. Bosee Toro, Gyrarogaps SKBUIUCTAHTHOCTA MEXK/LY YPOBHSIMU,
coorHorrerne (68) Gy/er crpaBe/InBoO U JJIst JIIOOOTO JAPYroro MHTEPBasia BOJTHOBBIX BEKTOPOB
mexay ki =nm/Luky = (n+ 1)r/L.

Takum 06pa30M, IJIOTHOCTH COCTOAHHUI MOXKET OBITh 3allicaHa Kak

1
) = o (73)
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K&K MbI BUJIUM, 93Ta BE€JIWYMHA YHHBEPCaJIbHa W HE 3aBUCHUT OT PACCTOAHUA L STO HaBOIUT
Ha MBICJIb, UTO B IIpejiesie OECKOHETHOT'O IIPOCTPAHCTBA, Korja L — 00, INIOTHOCTH COCTOSTHHI
o npexkHemy OyjeT BbIpazkaThcs coorHorierueM (69). U jgeiicTBUTENIbHO, TOCMOTPUM, Kak
N3MEHUTCA ITJIOTHOCTbH COCTOHHI/IIU/I, €CJIn MbI pa3ABUHEM CTEHKHU B JIBa pa3a, T.€. 3aMCEHUM L Ha
2L. B aTom citydae 00beM yBeJIMYIUTCS B JiBa pasa, HO, KaK BUJIHO u3 Puc. 8, craner B /Ba pasa
Jalie U 9acTOKOJI JJUHUI BOJTHOBBIX BEKTOPOB, MOCKOJIBbKY Telleph CTAHOBATCH BO3SMOXKHBIMH W
BOJIHOBBIE BEKTODbI BUja k, = nm/2L ¢ HedeTHBIMU 3HAYeHHAMHU n. B urore, ycjioBue ToOro,
YTO OJJHO KOJIEOAHIE COEPIKUTCS B IUAIIA30HE BOJHOBBIX BEKTOPOB MexKty k1 = 0 u ky = 7/2L

Oy/IeT BBITJISIIETh KaK

1=2-nV. 2L (x/2L), (74)
I TO 2Ke caMoe JJIst JII000ro JPYroro MHTEpBaJia BOJIHOBLIX BEKTOPOB Mexiy ki = nm/2L
u ky = (n+ 1)7/2L. IlosToMy IIOTHOCTH COCTOSTHHIA nél) (T.e. UMCJIO BOJIH HA €IMHUIHOI

JUTMHE U B JIMHIIHOM JIMANA30He JJINH BOJIH) OCTAeTCs MOCTOSTHHOM U paBHOi 1/27. VBemin-
Bas Tellepb PACCTOsIHUE MEXK/1y IJIAaCTUHAMHU JI0 OECKOHEYIHOCTH, MbI IIPUXOIUM K BBIBOLY, ITO
Takasl »Ke IIOTHOCTh COCTOSIHUI J0/I2KHa ObIThb M B HEOTPAHMYEHHOM OObeMe, KOIJia CIEKTP
9JIEKTPOMArHUTHBIX BOJTH CTAHOBHUTCS HENIPEPBIBHBIM. ZICHO, YTO B TPEXMEPHOM ITPOCTPAHCTBE

COOTBETCTBYIOIIEE BbIpazKEHUE JTOJIZKHO OBITH 3AIIMCAHO KaK5

1
nl® = . (75)

Bceromunast Terepb, 9TO BOJHOBON BEKTOD CBsSI3aH C MMITYJIbCOM YaCTHUI[ COOTHOIIEHUEM
p = hk, MBI IpUXOJIUM K 3aKJIFOUEHUIO, UTO IIOTHOCTH COCTOAHUN B (ha30BOM IPOCTPAHCTBE
dr 0P (T.e. KOrja 9nc/I0 YaCTHI] UM BOJIH B 00beMe 02 dy 62 B HHTEpPBAJIe UMILYJILCOB 0P, 0Py 0Dy

ectb ON = n,(og)éx 0y 02 8p, Oy, Op,) MOXKeT OBITH 3allIcaHa Kak

@ _ 1
ny’ = Ry (76)

5310 momaTrro? Eciam HeT, TO Hy:KHO BCIOMHHUTDL, UTO 3JEMEHTAPHBIMH SUIeHKAMH KaK B OOBITHOM IIPO-
crpaHcTBe, 6V, TaK M B IIPOCTPAHCTBE BOJIHOBBIX BEKTOPOB 0V} sBjsitoTCs mpoussesenus 0V = dxdydz u

Vi, = Ok 6k, Ok
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Uubivu cioBamu, nocrostiHast [Lranka h = 27h (He mepedepkHyTas) 3a/aeT pa3Mep dJIeMeH-
TapHO A9elKH B (Da30BOM IIPOCTPAHCTBE KOOPJIMHAT U UMITYJIbCOB, B KOTOPOI MOXKET HaXOUT-

Cd OJJHa JaCTHUIlA. Nabivn CJIOBaMUM, Mbl BHOBb IIPpUIIJIX K COOTHOIIECHUIO HeOHpeﬂeﬂeHHOCTeﬁ.

4.2 @opmaan3anus
4.2.1 Ilpexamocblikn

Hanomunm, 4To B paMKax HaIllero MOBECTBOBAHUS MbI HE CTABUM IIepell cOOO0il 3a/1a9y BBIATH
Ha YPOBEHb YHHBEPCUTETCKOI'O Kypca KBAHTOBON MexaHuku. Tem He MeHee, pacCMOTpPEHHbIE
BBIIIIE IIPUMEPBI TI03BOJISIIOT IIOHATH OCHOBHBIE HJeH, 1mo3posusiiue B 1925-1926 rogax odop-
MUTH KBAHTOBYIO MEXaHUKY B BHUJE MaTeMaTUYeCKH CTPOroil Teopuu. ITO ObLIO CeIaHO B
paborax . HIpeaunrepa (1887-1961, Hobenesckast nipemust 1933 r.) u B. Teitzen6epra (1901-
1976, Hobemrerckas npemust 1927 1.). JIr060mIbITHO, YTO OHE HOJOILIN K PEIIEHUIO TTPOBIEMBI €
PA3HBIX CTOPOH, M Ha IEPBbIil B3IVIA X TeOPUH ObLIN COBEPIIEHHO HEIOXOXKU JPYT Ha JIpyTra.
Tak, Ipeguarep mpejioKua B KA4eCTBE MATEMATUIECKOTO sA3bIKa TeOpuIo JuddepeHinaib-
HBIX ypaBHeHuil (cM. HuzKe), a lefizenbepr — reoputo marpuil. JIummb mos3mHee ObUIO HOHSTO,
YTO 9TU TEOPUU ITOJTHOCTHIO SKBUBAJIEHTHBI JIPYT JIPYTY, T.€. OHU JIAIOT OJIHU U T€ YK€ OTBETHI
Ha OJMHAKOBO IIOCTAaBJIEHHbIE BOIPOCKHI. BIipouem, 1o OOJIBIIIOMY CYeTy, 9TO He YIUBUTEJHLHO,
rockosibKy u y Illpemunrepa, u y l'eiizenbepra B KadecTBe dyHIaMeHTa OBLIN OIHU U Te ¥Ke
dusngeckue nyen. Tem He MeHee, 38 OCHOBY OHU B3slJIM Pa3JIUYIHbIE TPDAHU TOTJIA €Ile CMYTHO
PA3JIMYUMOr0 KPUCTAJLIA.

Nrak, MHOTOYUC/IEHHBIE SKCIIEPUMEHTDI, HAKOIIJIEHHbIE K TOMY BPEMEHU, HACTONYINBO IOBO-

pujm O TOM, 9TO

1. JaCTHUIIbI Ha MaJIbIX MacIITadbax BEAYyT cebsa Kak BOJIHBI; UX 9HEPI'Uud MOXKET IIPUHUMAaTDH

JINIITB JTUCKPETHBIN HAOOD BEJIMYWH,

2. He UMeeT CMBICJIa T'OBOPUTDHL O TPAa€KTOPHUHU YaCTHUIbI, a JIUIIb O COCTOAHHNHU, B KOTOPOM

OHA HAXOJIUTCH,

3. IIPOIIECCHI, IIPOUCXOoAdIIre B MUKPOMUDE, UMEIOT BepOHTHOCTHbIﬁ XapaKTep.
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[Tocneauuii myHKT, OJHAKO, TpeOyeT MnosgcHeHusd. PaccMoTpeHHbIe BBIIIE TPUMEPhI TTOKA3bIBA-
0T, YTO BEPOSTHOCTH (T.e. HEONPEJEJEHHOCTh Pe3ysibraTa) BOZHUKAET B MUKPOMEDE B JIBYX
urocracsax. Bo-1epBbIX, OHA TOABJIAETCH B CBA3U C HEOOXOJIUMOCTBIO OIpeIesIeHNs] BePOATHO-
cTU OOHAPYKUTH YACTHILY, HAXO/AIIYIOCS B HEKOTOPOM COCTOSHUU, B JAHHOW TOYKE HAIIEro
TPEXMEPHOT'O TTPOCTPAHCTBA. B 3TOM cilydae ypaBHEHUs KBAHTOBOW MEXaHUKHU JIOJ?KHBI OBITH
3AIMMCAHBI B OOBITHOM TPEXMEPHOM ITPOCTPAHCTBE, & CTATUCTUKA COCTOSHUN U ITEPEXOJIOB MeK-
Jly HUMH JIOJIZKHA OBITH PACCMOTPEHA OT/EJHbHO. DTOT IOJXO0J, KOTOPBI MbI U PACCMOTPUM
ke, 6bu1 peasuzoBan [IIpeauHrepom.

O 1HaKO BOIIPOC MOKET OBITH ITOCTABJIEH U 110 JIDYTOMY: KAKOBa BEPOATHOCTH HANTH YACTHILY
B JIJAHHOM COCTOSTHUM WJIN K€ KaKOBa BEPOSATHOCTD €€ IIePeX0jia U3 OJTHOTO COCTOSTHUSA B JIPYTOE.
B sToMm ciryuae MBI MOKeM cpas3y HMOJHOCTBIO aDCTPArnpoBaThCs OT HAIIETO TPEXMEPHOTO IPO-
CTPAHCTBA M MEPENTH K YUCTO KBAHTOBOMY HMOHATUIO — TPOCTPAHCTBY cocTosinmii’. IMenno
TaKOil #A3bIK, O KOTOPOM TaKKe MOIJIeT pa3roBOp HUXKE, M ObLI HUCIOoJIb30BaH [eitzendeprom

1ipu (hOPMYJIUPOBKE MATPUIHBIX YPABHEHUI KBAHTOBON MEXaHUKHU.

4.2.2 3aroroBkKu

Kak mbr yxke orMeuasn, cdOpMyIMpOBAHHbBIN HA OCHOBE KJIACCUYIECKOHN (DU3UKU ITPUHITUIT 3P~
TOJIMYHOCTH MOYKHO PaCcCMaTpPUBATh KaK YHUBEPCAJBHBIN METOJ, TO3BOJIAIONINI OIpPE/IeIATh
BEPOATHOCTH COOBITUIl KaK yCpeJIHeHHe 10 BpeMeHu. B jasibueiimeM Mbl OyjaeM 0003HAYATD
yCpeJIHEeHHE 110 BpEMEHU KBa/IPATHBIMEU CKOOKaMu. B dacTHOCTH, cpejiHee 3HaYEHUE BEJTUINHbBI

A(t) 3a Bpems Habsrofenus 1T’ Oyier paBHO
1 (T
< AW >r= / A(t)dt. (77)
0

B npenene xxe T' — oo mnAekc T 1mociie 3HAKOB YCPEJIHEHHUsT <> Mbl OyJIeM JIjIsi ITPOCTOTHI
OILyCKATh.

[TocTrapaemcst Tenepb TPUMEHUTH STOT MOJXOJ] K BOJHOBBIM siBjeHusiM. [Ipm sTOM Ham,
dakTUIeCKu, TTOHAI00ATCS JIUITH OYEBU/IHBIE COOTHOIIEHHUsI, YTO CPeIHee 110 BPEMEHH OT 3Ha-

wennit cos(wt + @) n sin(wt + ¢p) ecTb HOJb, a Cpe/Hue 3HAUEHUs UX KBAJPATOB PaBHLI 1/2
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HE3aBUCUMO OT (a3l g
.2 2 1
< sin“(wt + o) >= < cos*(wt + ¢g) > = 3 (78)

KimoueBbIM 2Ke 3/1ech OyIeT BOIIPOC O TOM, KaKasl BeJIMINHA, XapaKTePU3yoIlasa BOJIHY, MOXKET
ObITH CBSA3aHA ¢ BEPOATHOCTBHIO HAXOXKIEHUS YACTHILI B ONPEIEJEHHOM COCTOSTHUN.
Paccmorpum mipexkie Beero Gerymyto Boiny A(z,t) = Agcos(kr — wt + ¢g) (45), omnn-
CBIBAIONLYIO, KaK Mbl Tellepb 3HaeM, CBOOOIHO PacHpOCTPAaHSIONLYIOCd JacTuily. HTynTuBHO
SICHO, YTO BEPOATHOCTH OOHAPYKUTH €€ He JOJIZKHA 3aBUCETh OT KOOPAUHATHI X. [IOHATHO, 9TO
TaKHM CBOCTBOM Oyzer obJyiajaTh aMmMILinTyaa BouHbl Ag. Ho ycpenmHas 1mo BpemeHu BeJin-
quHa A(z,t) Bcerma Oymer pasHa Hyso. JIpyroe mesmo — xBajpar Beawmuannbl A(x,t). [Toce

OY9€BUHOT'O yCPEJHECHN A

< A*(x,t) > = Aj < [coskx cos(wt + o) — sin kz sin(wt + ¢g)]* > (79)
= Ai[cos® kx < cos*(wt + @) > —2coskxsin kx < cos(wt + ¢g) sin(wt + pg) >
+ sin? kx < sin®(wt + ¢g) >]

1 1
= 514(2)(0052 kz + sin® kz) = §A(2)

MBI JIEHCTBUTEIBHO MOJIyIaeM BEJTUIUHY, HE 3aBUCAILYI0 OT KoopauHat. C JIpyroit CTOPOHHI,

Jist crostaeil Bostbl A(z,t) = Ag cos(wt — g) cos kx (58) coorBercTByIOIAst BEJMINHA,
2 Lo o
< A" >= §A0 cos” kx (80)

OyJIeT Terepb 3aBUCETH OT KOOPJMHATHI x. Tak, OJHAKO, U JIOJIZKHO OBITH, ITOCKOJILKY BEPO-
SITHOCTD 3aPErucTPUpPOBATH (DOTOH B paiioHe IMyYHOCTHU JOJKHA ObITH OOJIbINe, YeM B paiione
V3JIOB.

VepeIHeHHBIH KBa/IpaT aMILIATY/IbI BOJTHBI 00JI/Ia€T €Ie OJHUM BaXKHEHIITM CBOHCTBOM,
ere OoJiee yOEXKTAIONIMM HAC B TOM, YTO UMEHHO 3Ta BEJIMYNHA MOYKET IIPETEH/I0BAThH Ha, POJIb
BEPOATHOCTH. 71 9TOr0 BOCIOJIb3yeMCsI yKe YIIOMUHABIINMCSI BBIIIE CBOWCTBOM JIMHENHOCTH

BOJIH U PACCMOTPHUM COCTOSIHUE, COCTOSINEEe U3 JIBYX OEryIux BOJIH

A(x,t) = Ay cos(kiz — wit + ¢1) + Ag cos(kar — wat + @2). (81)
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Torna 61arogapst TOMy, YTO CpejiHee 3HaYeHHe OT MMePEKPECTHBIX TPOU3BEJICHUN, HATIPUMED,

< cos(wit+p1) cos(wat+ o) >= 1/2 < cos|(wy +ws)t+ 1]+ cos[(w1 —ws)t+ o] >= 0, (82)

e o1 = @1+ Po U g = (1 — (P U T.JI. PABHBI HYJIIO, [TOJIy9IaeM OKOHYATEIHHO®

1 1

Ho 3T0 m ecTb OCHOBHOE COOTHOIIIEHNE TEOPUM BEPOSITHOCTEN — BEPOSITHOCTD JIBYX HE3ABUCHU-
MBIX COOBITHIl €CTh CyMMa UX BEPOSITHOCTEH. DTO HABOJUT HA MBIC/Ib, YTO OCHOBHBIM JI€HICTBY-
IOIUM JIMIIOM B KBAHTOBON TEOPUHU MOXKET ObITh HEKOTOpas (DYHKIWSA, KBaJIPAT aMILIATY/IbI

KOTOpOfI 6y,ILeT IIPOIIOPIUOHAJIEH BEPOATHOCTHU TOI'O UJIM MHOT'O COOBITHS.

4.2.3 Peanusamnus

[TocTapaemcst Terieps BociponsBecTu XoJ1, paccyxkaerust [lpeaunrepa. Hapomgsiue coobpaszke-
HUsA, O KOTOPBIX MbI PACCKa3aJ/i B IIPEJIbIIYINEM pasjie/ie, MOKa3bIBAIOT, YTO BOJHbBI, KOTOPbIE
Y2Ke HE€ pa3 BO3HHKaJIN IIPU ITOIIBITKE O6’bHCHI/ITb KBaHTOBbLIE CBOHCTBA qJaCTuUlr, J0JI2KHBI 6bITb
BOJIHAMHU BepogTHOCTU. Harnpumep, BepodTHOCTh OOHAPYKHUTH YACTUILY B TOYKAX C KOOPIUHA-
TaMU MEXKJy T U T + 0x JOJIZKHA ObITH MPOIOPIIMOHAIbHA KBaJIpaTy aMILIATYIbI HEKOTOPOI
BoJsiHOBOM (byuKuu V(z,t), ycpeHeHHOMY 10 GOJIBIIIOMY TPOMEXKYTKY Bpemenu. s crosi-
X BOJIH, KOTOPbIE [JId ITPOCTOTHI MBI B OCHOBHOM TOJIBKO U 6y;[eM paccMaTpuBaThb, BOJIHOBad

byHKIMSA MOXKeT ObITh IIPEJICTABICHA B BH/IE
U(z,t) = () sin(wt + ). (84)

[Ipu 5TOM yCpeHeHne MPOBOUTCs SJIEMEHTAPHO, ¥ Mbl IPUXOUM K COOTHOIIEHHUIO, UTO BEPO-
2
SITHOCTH JIOJIZKHA OBITH IPOIOPIHOHATBHA 17 ().
O6parure BHEMaHUE, YTO MbI [IOKA TOBOPUM JIMIIIb O IPOMOPIHOHAIBHOCTU MEXKJLy BEpO-
it 12 6 o6 — -
ATHOCTBIO U Besimanuoil 1*(x). leso B TOM, 4TO BEPOATHOCTB JIOOOTO COOBITHS — 9TO Be
JIMYIMHA, 110 CBOEMY OIIPEJIeJICHUI0 MEHbIAasl WM PaBHasi eJMHUIE; CYMMa K€ BepOsTHOCTE(l

BCEX BO3MOXKHBIX COOBITHII JOJKHA ObITh paBHa eaunuie. B dopmyie (2) sroit mpobsiemb

6Yckiouenue cocTaBieT ciydail wi = wy. UTO JOMKHO TOJTYyYUTHCA IIPU PABEHCTBE 4acToT?
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He BO3HUKAJIO, ITOCKOJIBKY B CJIydae OpOCaHWS MOHETHI OBLIM BO3MOXKHBI JIMIIH JIBE DPA3JINd-
Hble peajim3anuu. B ciiydae »Ke BOJIH, YUCJIO KOTOPBIX MOXKET ObITh OECKOHEYHBIM, BO3SHUKAET
HEOOXOIMMOCThH UHTEPIIPETUPOBATH OECKOHEYHO OOJIbINIE BeJININHbI. Bripouem, Kak MbI ceffaac
YBHJIUM, 9TO CBOMCTBO U TO3BOJIMJIO TTPOSICHUTH CUTYAITHUIO.

Nrak, OCHOBHBIM JICHCTBYIOIIMM JIUIIOM B HEPEJIATUBUCTCKON KBAHTOBOI TEOPHUU, IO HJIEe
[Mpenunrepa, moskHa 6buTa craTh BoaHOBasg dyuknus V(r,t). OcraBajock mogobpaTh MaTe-
MATUIECKUI I3bIK, KOTOPBIN TO3BOJIII Obl OObACHUTD JIMCKPETHOCTD YPOBHEN snepruu. Bipo-
JeM, 00JIaCTh MaTeMaTHKH, B KOTOPOI pelleHns: 00J1a/Ial0T TaKUM CBOMCTBOM, ObLIa XOPOIIIO
U3BECTHA. DTO TAK Ha3bIBaeMas 3aJiada Ha COOCTBEHHbIE 3HAUEHUS, KOTOPAs BOSHUKAET B TEO-
pun muddepeHnuaabHbIX yPaBHEHMI.

JleficTBUTEIbHO, PACCMOTPUM OISIThH YACTUILY MACCHI 1M B OJITHOMEPHON IMOTEHITUAJILHON dMe
JUTUHHOM L ¢ GECKOHEYHO BBICOKMMU CTEHKaMW. BaJin OT CTEHOK, TJie MOTEeHIuAIbHAd SHEP-
rus paBHa HYJIIO, YaCTUIA JIOJIKHA JIBUTATHCH C TOCTOAHHBIM HMITYJIbCOM D, U MOITOMY OHa
JIOJIZKHA ONMUCHIBATHC BOJIHOBOM dyrknmeit W (z,t) o< sin(k,z — wt + ¢g), tie k, = p,/h. C
JIPYTOii CTOPOHBI, BEPOATHOCTb 3aPErNCTPUPOBATH YACTHILY BHE MOTEHIIMAJILHON sIMBI JTOJIK-
Ha OBITH paBHA HYJI0. [[09TOMY ecTecTBEHHO MPEIIOIOKUTh, UTO JOJZKHBI ObITH BBIIOJIHEHBI
coorrorrerns V(0) = 0 uw W(L) = 0. UubiMu ciioBamu, CBOCTBA YacTHIBI OY/IYT MOAO0OHBI
KOJIeOAHUAM CTPYHBI, 3aKperieHHoi B Toukax ¢ = 0 u x = L. Ilpu sToMm BosiHOBasg DyHKINA,
OIIMCHIBAIOIIAs KOJIEOAHUS TAKON CTPYHBI, JTOJIZKHA UMeTh y3Jibl Ipu & = 0 u = L, T.e. uMeTh

BUJI CTOsTUeli BOJIHBI C BOJIHOBBIMU BekTOpamu k, = nw/L
U, (z,t) = Yo sin(nrz/L) sin(wpt + @o). (85)

31ech BHOBB dacToTa W, = &, / h BBIpaxKaeTcd 4depe3 SHEPIUui0 COOTBETCTBYIOIIETO YPOBHS 7.

Dueprus xe &, JIETKO MOYXKeT OBITh OIpeIe/IeHa, €CJIU Mbl OISITh BCIIOMHUM, 9TO B IIPOMEXKYT-

Ke Mexmy ,HByMH CT€HKaMH1 IIOTEHIINaJIbHaAd 9HepI‘I/IH JaCTHUIIbI paBHa HyJHO, TaK 9TO 3HepI‘I/IH
i it p2/2m = h2k%/2m. B

YaCTHUIL IIOJHOCTBHIO OIIpeAeadeTCd KNHETUIECKOU SHEPTruenu p / m = o / m. b urore, moJry-

JaeM
242
m“h®

- 2mL2n ’

&, (86)
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KaK MbI BUIUM, B 3TOM IIpUMePE AJUCKPETHOCTL SHEPI'UM CBgA3aHa C T.H. 'PaHUYIHBIMU YCJIOBH-
sIMU — aMILIATY/1a BOJIHBI J0JI?KHA 00paIlaThCs B HOJIb Ha 000MX KOHIIAX.

C apyroit cTOpOHBI, XOPOIIO U3BECTHO, Y4TO rapMOHUYecKue Kojiebanust 1 (z) o sin kz (uam
(x) o cos kx, nam mobast TuHeHAs KOMOMHAIS CHHYCOB 1 KOCHHYCOB) SIBJISIFOTCS PEIIIEeHIeM
OJIHOT'O U3 CAMBIX U3BECTHBIX YPaBHEHUI MATEeMAaTUIeCKOW (DU3UKU — ypPaBHEHUA FapMOHUYIE-
CKOT'O OCITUJLIIATOPA

d?y

aﬁ+@¢:0 (87)

Benomunas Tellepb, 9TO KMHETHUYICCKasdA SHEPTIUud MOXKET OBLITD BbIpazK€Ha Yepe3 UMITYJIbLC Ya-

cTHIBL P, = Mmu, Kak € = p2/2m (a p, = hk,), MBI MOXKeM IlepelucaTh 9TO ypaBHEHHe B

BHJIE
h? d%y
— 4+ &Y =0. 88
2m dz? +&Y (88)
C y9eToMm rpaHUIHBIX YCIOBUI
Y(0) =9(L) =0 (89)

ypaBHeHue (84), Kak Mbl BHJIUM, JIEHCTBUTEIHHO MMEET PelleHre JIUIIb JIJI JINCKPETHOTO Ha-
6opa suepruit (82).
Tora ecTeCTBEHHO HPEJIIOJIOKHUTD, YTO B IPUCYTCTBUU IPOU3BOJILHOIO mnoTennuaa U(x)

YpaBHEHHUE Ha BOJIHOBYIO (bYHKHI/HO JOJIZKHO BBITVIAJETH KaK

h? d%y
%@ + [5 — U(x)W = 0. (90)

DTO M ecThb 3HAMEHHUTOE cTalmoHapHoe ypaBHernue [IlpemgumHrepa, KOTOpoe OIMUCHIBAET COCTO-
SIHUST 9aCTHI[l MAacChl M B Mpou3BoJIbHOM morenimaie U(z). B kmaccnaecku pasperieHHOI
obimactu € — U(z) > 0 (u npu ycaoBUE MeJJIEHHOTO M3MeHeHus noreHrmarna U(zr)) pereHue

6y,ZLeT IpeACTaBJIATb IIOYTU I'apMOHHUYIECKUE KoJIeOaHNS ¢ BOJTHOBBIM BEKTOPOM

2m[E — U(x)]
k, ~ - , (91)

YTO B TOYHOCTH COOTBETCTBYET MMILYJIbCY YaCTUIBI p, = hk, = (/2m(€ — U). Uubimu ciio-

BaMH, ypaBHEHHE Hlpe;LI/IHrepa HO,ZLO6HO YPaBHEHUIO I'apMOHHUYECKOI'O OCHUJIJIATOPA, TOJILKO
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OHO OIMCHIBAET HE BPEMEHHbBIE, a IIPOCTPAHCTBEHHbIE KOJIeOaHnA BOJIHOBOI (byHkiuu. B gact-
HOCTH, JIJI PACCMOTPEHHOI'O BBIIIE CIydas MOTEHIUAIbLHON MBI ¢ OECKOHEYHBIMU CTEHKAMU,
[IPOCTPAHCTBEHHAs] YacTOTa KOJIe0aHuil OCTaeTcs MOCTOsAHHOM Ha Beeit e 0 < © < L. B
cilydae »Ke HeHyJeBoro norenimasa U(x) takme KojgebaHHsi COOTBETCTBOBAIM OBl CTPYHE, Y
KOTOPO#1 TOJIIWHA 3aBUCUT OT KOOP/IMHATHI.

Erme pa3 moguepkaeM, 910 BayKHEHIIINM CBORCTBOM ITOJIOOHBIX YPABHEHUI SIBJISETCA TO, YTO
UX peIlIeHre CYIEeCTBEHHO 3aBUCUT OT I'PAHUYHBIX ycjioBuil. Kak Mbl BUjem Ha IpuMepe Oec-
KOHEYHO TUTyOOKOM MOTEHIMAJIBHOI sIMBI, IMEHHO ycsioBust (85), Tpebyromiue, 9To0bl Ha JIJIHHE
L yKJ1aJIbIBAJIOCH 11€JI0€ YUCJIO TIOJIYBOJIH, U IPUBOJIUT K JIMCKPETHOMY CIIEKTDPY dHepruit. Eciamn
JKe TIOTeHIMaJIbHasg aMa He UMeeT OECKOHEUHBIX CTEHOK,TO JjIs JIOKAJIM30BAHHBIX COCTOSHUI

H€06XO,ZLI/IMO IIOCTaBUTDH I'PaAHUYIHBIC YCJIOBUA

(=00) = p(o0) = 0. (92)

B stom cityuae Teopust juddepeHImaabHbIX ypaBHEHW TaKyKe MPUBOJUT K HEOOXOIMMOMY
CBOMCTBY JUCKPETHOCTH JHEPreTHIeCKNX ypoBHeil. VHbIMU cjioBaMm, pelleHune ypaBHEHUS
(86), ymoBJeTBOpAIONIEe TPAHUIHBIM ycjoBusgM (88), MMeeT MecTo JIMIIh JIJId JUCKPETHOIO
nabopa mapamerpa €. Ecin ke ycioBus (88) He BBINOJIHEHBI (HAIPUMED, 9TO UMEET MECTO
Jtst Geryimeii BoHbI (45)), TO 3/1ech HEOOXOIMMO IO JIDYTOMY MOCTaBUTH 3aJiady. A MMEeHHO,
paccMaTpuBaTh He BOIPOC O BEPOATHOCTU HAXOXKJIEHUS YACTHIILI B JAHHOM mHTepase Ar, a
0 BEPOATHOCTHU MPOXOXKJICHHUsST M OTParKEeHUsT JaCTUIBI OT JIAHHOTO MOTEHINAJIBHOIO bapbepa,
omnmchiBaeMoro norenrmaiom U(z).

Yeaosue (88) mpuBOUT elle K OJJHOMY BasKHOMY CBOFICTBY, BBITEKAIONIEMY U3 y7Ke OTMe-
YEHHOTO BBIIIE CBOICTBA JimHeiHOCTH BOJIH. [locKobKy BosHOBast (byHKIUS 1(x) BXOAUT B
ypasHeHue (86) B IepBOii CTEEHH, TO pEeIeHre OIPEIEJIEHO ¢ TOYHOCTBIO JI0 MOCTOSTHHOIO
MHOKUTEJIsT. DTO 3HATHT, UTO €CJIN KaKas-TO QYHKIUA 1)(T) eCThb PelleHre 9TOro ypaBHeHNUs,
to u dyukmus AY(zx), rae A — UpousBOIbHAS IIOCTOSHHASI, TAKXKe OyJeT PEIIeHIeM 5TOrO
ypasuenus. CiemoBarenbno, KoadduimenT A MoxKeT ObITh BbIOpaH TaKuUM 00Pa30M, 9TOObBI

OBLJIO BBIMIOJITHEHO COOTHOIICHUE

| @) = 1. (93)
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B sToM cirydae nojHas moma s noj rpacbuxkom f(x) = [¢(x)[? Gyger pasna eaunuie. dto
n 6y,ZLeT BEPOATHOCTL TOI'O, YTO YaCTUIa HaXOAUTCA TJE-TO B IIPOMEKYTKE OT —OO JO OC.
BeposiTHOCTB 2Ke TOro, YTO YacTHIa HAXOJUTCs, HAIPUMED, MEXKJy KOODIMHATAMHU T W Ty
Oy/ieT 3a/1aBaThCs BbIparKeHUeM

T

Pl <z < @) = / * () [2de. (94)

xr1

O6parure BHEMaHIe — B BbIpakeHnsax (89) u (90) MbI TOCTABHIIN MOJLY/Th BOJHOBOI (hyHK-
uu. Jlesto B Tom, 9To B 001eM ciydae B ypasHenue IlIpeauarepa MOryT BXOJIUTH ClaraeMble,
PONOPIMOHAIBHBIE MHUMOM €JIMHUIE, TaK YTO U caMa BOJTHOBasi (PYHKIMs KAK PeleHne 3Toro
YDABHEHUs CTAHOBUTCSI KOMILJIEKCHON BesmunHol. Boipakenus xe (89) u (90) okasbiBaroTcs
TOYHBIMH U B OOIIIEM CJIydae.

BakaH4uuBasi 3TOT pasjie/, HeOOXOMMO CKa3aTh XOTst Obl HECKOJIBKO CJIOB O TOM BayKHe e
IIPOPbhIBE, KOTOPBII yaaa0ch ciaenaTrh [pequnrepy B obactn mateMarudeckoit ¢pusukn. Kak
MBI BAJIEJIN, TJIABHBIM JICHCTBYIONIMM JIMIIOM IIPU OIIMCAHUU KBAHTOBBIX CHCTEM OKa3aJach BOJI-
HoBas yukims V(r, t). Ecau nepenncars cramuonaproe ongHomepHoe ypasuenue [peauarepa
B BUJIE

n a2
—5 -3 TU@)| ¢(x) = EY(a), (95)

2m dz?

TO MBI BUJIUM, YTO U B IIPABOI, U B JIEBOI YaCTU STOIO YpaBHEHUs IepeJ BOJIHOBOM (dyHKInei

Y(x) crout sueprus £ = p*/2m + U(z). Tonbko B eBoit yacTu Gblia NpoBe/ieHa 3aMeHa

2 2 d2

HmenHO B Takoil 3aMeHe U COCTOsLT ITPOPhIB B (husnky 20 Beka. Pusndeckne BeJIMINHBI TeIePh
MOIJIN OBITH CBSI3aHBI HE TOJIBKO C TAKHMU IOHATHBIMU €Ile U3 Kypca CPeJIHel MIKOJIbl 00b-
eKTaMI, KaKUMHU SIBJIAIOTCS (DYHKIIMM KOOpPJMHAT W BpeMeHHu, HO u ¢ JauddepeHnnaabHbIMU
oriepaToOpaMu.

HamoMHIM, 9TO B KITACCHIECKOI MEXaHUKe UMITYJIbC 9acTUIbl P(t) 6611 06bI9HO# DyHKIHIEl
Bpemenu. [Ijis orpejiesieHnst IMITYJIbCa JaCTHI[BI B MOMEHT BpeMeHu ¢ = ty Hy?KHO ObLIO CHava-

JIa, PEInTh YpaBHEHUe JBIKeHus (T.e. Haiitu dyHknuio p(t) u3 Broporo 3akona Heiorona), a
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3aTE€M BBIYUCJIUTL €€ B MOMEHT BPEMEHU t = to. B KBaHTOBOMI »Ke MeXaHUuKe JJId OIIpeJIe/IeHnd

UMILYJIbCA, YACTHIIBI, HAXOJMIIEHCS B TOYKE T = X HY»KHO ObLIO CHadYaJja HaWTH BOJIHOBYIO

bynxumio ¥ (z) (T.e. penmmth ypasuenue [IIpemunrepa), a 3aTeM BBLIYHUCIUTL ITPOU3BOIHYIO

—h?d*)(x)/d2?. U eciu B pesyibrare quddepeHnpoBanis OTBET MOXKHO OBLIO 3alICATh B
2 .

Bujie p?(x)Y(x) (Kak MbI BUJEH, JiJIs CBOOOTHO pacipocTpaHsitorieiics BoHbL ¢ (x) o cos kx

9TO ﬂeﬁCTBHTeﬂbHO TaK), TO BEJIMYIHNHaA p(l’) 1 00bABJIATIACD UMITYJIbCOM YaCTHUIBI.

4.2.4 Ilpumepbl — rapMOHMYECKUI OCIUJIJIATOP, MeJIKasd siMa, TYHHeJIUpOBaHUE

st mpuMepa, Mbl PACCMOTPHUM TPH BOIIPOCA, CBA3aHHBIX C YMCTO KBAHTOBBLIMH SIBJICHUSAMU,
[IPUHITUITNAILHO HEBO3MOXKHBIMU B Kjiaccudeckoir ¢gpusuke. [Ipu sTom Ham 3j1ech Oy1eT BaxK-
HO IM0Ka3aTh, YTO JjIs KAYECTBEHHOI'O OIIPEJIeJIEHUs UX OCHOBHBIX CBOMCTB OYIET J0CTATOYHO
JIMIIBb 3HAHUS COOTHOIIEHHsI Heolpe iesienHocTeli. TouHble xKe pereHnst (KOTOpble MOYKHO Haii-
TH B JIFOOOM BY30BCKOM y4UeOHUKE WM 3aJIadHUKE 110 KBAHTOBON MEXaHUKE) JIETKO MOJTY TatOTCsI
¢ oMoripio ypasaenus [lIpeaunrepa.

[lepBblit TpuMep CBA3aH C OUpeJeeHNeM SHEPreTUYeCKNX YPOBHEH rapMOHUYECKOI'O OC-
IULIATOPa — HamboJiee TPOCTOM, W MO3TOMY OYEeHb HacTO BCTpedarolieiica cucreMbl. Pernas
ypasuenue [Ipenunrepa (86) st 0JIHOMEPHOIO TAPMOHMYECKOTO OCIIILIATOPA, JIJI KOTOPOIO

norennmarn U(z) uMeer B

U(z) = —, (97)

IJIe K — HEKOTOPas IMOCTOTHHAA, MOYKHO YOEIUThCs, 9TO PEIleHne, YI0BIeTBOPAIONIee TPAHN-

HBIM yCeJI0BUAM (88), JIeHCTBUTEILHO UMEET MECTO JIUIIh [PU JUCKPETHOM Habope SHepruii

En = <n + %) hw. (98)

2 = m/k ecth yacrora Kosiebanuii. I[Ipu OOBIX JPYrUX 3HAUEHUIX SHepruu & MI0Ma/Ib

31ech w
oyt rpacdukom f(x) = |p?(z)| okasbiBaeTca GeCKOHETHOI.
DTOT pe3ysbrar, KaK MBI yBUJUM, HMEET OY€Hb MINPOKYIO 00/IACTH HPHMEHHMOCTH, IO-

CKOJIBKY U I'DY3 Ha IIDYy2KHHE, 1 KoJIebaHud QJIEKTPOMaIrHUTHBIX HOHefI, 1 KPpYyroBo€ JIBHU2KEHUE

3aPAKEHHBIX YaCTUIl B MAalrHUTHOM IIOJIE OIIMCBIBaIlOTCA YypaBHCHHEM I'apMOHMYECKOI'O OCIIHUJI-
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JIATOpPA, T.e. CUCTEMbBI, B KOTOPOIl JacToTa KoJiebaHuil w He 3aBUCUAT OT aMILIUTYAbl. [losTomy

MBI C(POPMYJIUPYEM 3J/IeCh OCHOBHBIE CBOMCTBA TAKOI'O SHEPIreTHYECKOTI'O CIIEKTPA.

1. Ilnank ObLT paB — TapMOHUYECKUN OCIHUIIATOP JIEHCTBUTENIHHO UMEeT SKBUJIUCTAHT-
HBIIT HAOOD SHEPreTUIeCKUX YPOBHEH (JjIsl IOTEeHIMAIBHO SIMbI ¢ BEDTUKAJIbHBIMU CTEH-

KaMM, KaK Mbl BHAEJIN, 3TO HE TaK).

2. TlockombKy BbIpazkenue (94) sBjsieTcss yHUBEPCAJIbHBIM, OHO JIOJIZKHO ObITH CIIPaBE/IIH-
BO U JIJIS 3JIEKTPOHOB, BPAIIAIONINXCS B MArHUTHOM ToJie. [leficTBUTE/IbHO, KaK JIETKO
[POBEPUTH, YACTOTAa KPYTOBOTO JIBUKEHUs (T.H. IUKJIOTPOHHAS TaCTOTA )

B

MeC

(99)

We =

BBI3bIBaeMoro cmjioir JlopeHra, He 3aBUCUT OT CKOPOCTH YacTHUIBl. B pesyibrare, Kak
obuto nokazano JI.JI. Jlangay, sHeprusi 9/ieKTpoHa B OJHOPOJIHOM MarHUTHOM 1ojie B,
HaIlpaBJIEHHBIM BJIOJIb OCH 2, UMEET BU/

2

1 p
—(n+t = 1
£, (n 4 2) h + 5 (100)

Kak MbI BujinM, MaruuTHOE 110JIe TPUBOJIUT K KBAHTOBAHUIO JIUIIH MOTIEPEYHOTO JIBUKE-
HUst (COOTBETCTBYIONIME YPOBHU SHEPIUH HA3BIBAIOTCA YPOBHsIMU JlaHay); B Hampasie-

HUX MAIrHUTHOT'O IIOJIA SHEPIUud 9aCTHUIl BbIpazKaeTCd CTaH/IaPpTHBIM 06pa30M.

3. B orimmume oT Kj1acCMYeCcKOro OCIUIIISTOpPa, KOTJIa, HAIIPUMED, IMapUK MOXKET MOKOUTHCS
B TOYKE PABHOBECHUA, SJHEPIUA HAZKHEIO SHEPTETUYCCKOIO YPOBHS B KBAHTOBOW MEXaHUKE
HE paBHA HYJIIO

& = %hw. (101)

CiietoBaTeIbHO, HE PABHOM HYJIIO J0JZKHA ObITH U MUHUMAJIbLHAS SHEPIUS JIJIsd SJIEKTPO-
MATHUTHBIX BOJIH. DTO 3HAYWUT, 4To ~busmdecknii BakyyM’ (a Tak HAYIHO HA3BIBACTCS
COCTOsSIHME C HaMMeHbINeil sHeprueii), dakTudecku, He sgBjsiercd mycroroit. B Ilpuio-
KeHnn 8.8 MOKAa3aHO, YTO HEHYJIeBasl dHEPIHUs BaKyyMa IPUBOJUT K IPeJICKa3aHUAM,

KOTOpBIe MOTYT ObITh (1 ObLIH!) TPOBEPEHBI HA IKCIIEPUMEHTE.
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4. HeHyﬂeBaH QHEPIud HUZKHETI'O SHEPTeTUIEeCKOI'O COCTOAHUA AJId SJIEKTPOMAaIlrHUTHBIX KO-
JIe6a.HI/II71 IPUBOJUT K TOMY, 9YTO IIOJIHasd IHEPIHUd BaKyyMa JIEKTPOMarHUTHOI'O IIOJIA
CTAHOBUTCSI OECKOHEYHO. DTOT BBIBOJ, CBA3AH C TE€M, 9TO IJEKTPOMArHUTHOE I10JI€ MO-
JKeT OBITh IPEJICTAJIEHO B BUJIE OECKOHEYHOTO UHC/Ia TAPMOHHYIECKUX OCIIUJIISITOPOB CO
BCEMHU BO3MOKHBIMHU YacTOTaMU w. BeckoHeuHasi cymMma sHepruil fiw okasbIBaeTcsi Oec-
KOHEYHOI. B HepensTUBUCTCKON TeOpuu 3TO CBOHCTBO MOXKHO JIETKO ODOMTH, ITOCKOJIBbKY
Ha caMOM JieJie HaC Beerja MHTepecyeT He caMa SHEPIHUsi, a PA3HOCTh SHEPruil JIByX COo-
cTogHUI. B pesIaTUBUCTCKOI 2Ke TeOpUH 9TO He TaK, TaK 4TO OECKOHEeYHas SHEPTrUsd HAW-
HUBIIEr0 COCTOSHUS JIEKTPOMATHIUTHOI'O T0JI €CTh CYIIEeCTBEHHBII HEJ0CTATOK TEOPHH.
B wactHOCTH, 5TOT (haKT ABJIAETCS OJHONW M3 MPUUNH, OYEMY JIO CUX IIOpP HE ITOCTPOe-
Ha Teopusi KBAHTOBOI TpaBUTAIINN (OJMH M3 BO3MOXKHBIX BBIXOJIOB OyJI€T PACCMOTPEH B

pazzene 5.4.3).

KcraTu, Tor axr, 9To SHEprus HUZKHETO SHEPreTHIeCKOro yPOBHS He paBHA HYJIIO, €CTh
psiMOe CJIeJICTBIE COOTHOIIEHHsI Heollpeie/ieHHoCTell. B KBAaHTOBON MexaHWKe 9acTHUIla He MO-
JKET TOKOWThCSI B TOYKE MUHUMYMa HMOTEHIMAJIbHOW SHEPTUHU, MOCKOIbKY Jid Azr — 0 Mbl
umesn o061 Ap, — oo. [Ipu s3Tom, Kak crporo nokasano B [Ipuioxkenun 8.5, HUKHUI yPOBHB B
TOYHOCTH COOTBETCTBYeET cooTHOmeHnto ArAp, = h/2, eciiu nox Az u Ap, MOHUMATH UX CPEJI-
HEeKBa/[paTUIHble BEJIMYUHBI. BIpodem, 3T0 COOTHONIEHHE MOXKET OBbITh IOJIYYEHO U TOpas3/io
0oJiee MMPOCTBIM, XOTsI, OE3YCJIOBHO, HE CTPOIUM 0Opa30M.

JeitcTBUTEIBHO, TIPEIIONIOKIM, YTO YACTUILY W HA HUYKHEM SHEPreTHIeCKOM YPOBHE MOZK-
HO paccMaTpUBaTh KaK KJaccniyeckyto. Torya ee Koop/uHaTa 3anumercs Kak x(t) = g sin wt,
a ee UMILYJIbC Py (1) = mu,(t) Kak mwzg coswt. [ToHaTHO, 4TO CcpejHue KBaApAThl KOOD/MHATHI
M UMITyJIbca OYJIyT PaBHBI COOTBETCTBeHHO x3/2 u (mwxg)?/2. C mpyroit cTOpoHBI, SHEprUs
kosiebannii £ = mw?x3 /2. [lpupaBHuBas Teneph 3Ty BEJIUYUHY SHEPIMH HUZKHETO COCTOSHUST
Eo = hw/2, MBI HEMeJJIEHHO TIPUXOUM K cooTHommenuto AxAp, = h/2 (nposepbre!).

JpyruM BasKHBIM CJIEJCTBUEM COOTHONIEHUsI HEONPEIEJEHHOCTeH OyJeT TO, YTO B KBaH-
TOBOI MeXaHWKe YPOBHH SHEPIUHU CYIIECTBYIOT HE B JI000# mOTeHIua bHON sMe. Ecim, Kak

nokasaHo Ha Puc. 9, noreHnuaJibHad dMa pasSMepOM L AOCTaTO4YHO MeEJIKad, TO MaKCHUMaJIbHBII
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& =-1,22 MaB

TTpHTaweHe

Puc. 9: Cxemarmueckuii npoduib MOTEHIHAIA B3aUMOIECTBUS HYKJIOHOB B siipe JIedTepusl,
B KOTOPOM 3HepreTuvecknii ypopenb —2.22 M»3B je:kuT ropasio BbIle JHA ITOTEHIINAJbHO

aMbl. Mejikas IIOTEHIINaJIbHad dAMa MOZKET BOO6HL€ HE MMETH Pa3pEHICHHbIX ypOBHeﬁ

KJIACCUYECKUH MMITYJIbC JacTurpl pg = 1/2m|Uy|, coBepmiarorneil KojiebaTebHbIe JIBUKEHUS B
TaKOW TIOTEHINAJIBHON gMe, TaKzKe OyJIeT JIOCTATOYHO MaJj. B pesysiabrare, mpu BLITOJTHEHUN
ycnosuga Lpy < h, T.e.
2
U < M (102)

2mL?’
B TaKOi MeJIKOI MOTEHIMAJbHON siMe BOOOIIe He OyJIeT HU OHOTrO ypoBH:A. VHBbIMU cioBamu,
KBAHTOBAs YaCTHUIA HE MOYKET HAXOJUTCH B MOTEHIMAJBHON gMe, JJIsi KOTOPOI BBITIOJTHEHO
yesiosue (98). 3zech, npasjia, HEOOXOAUMO HOMAYEPKHYTh, YTO HPUBEJIEHHOE BBIIIE YTBEPK /e
HUeE He KacaeTCs OJITHOMEPHBIX U JIBYyMEPHBIX 33/1a4, JJIs KOTOPLIX YPOBEHb SHEPIUU CYIIIECTBYET
B JII00O#1, CKOJIb YT'OJIHO MEJIKOW ITOTEHIINAJIBHOM sMe.

[Ipumepom Takoil MeJKON MOTEHIUAIBLHON AMbI ABJISIETCS JdefiTepuii — CBA3aHHOE COCTO-
stHue 1poToHa u HeiirpoHa (cm. Puc. 9). Ecsm 661 3Havenune nocrostuuoii [lianka 6110 Obl
Beero Ha 20% GobIre, To aefitepuit BooOIEe He MOr ObI CyIIECTBOBATL. A 3TO 3HAYUT, YTO B
pupoJie BooOIIe He ObLIO Obl HUKAKMX XUMUYECKUX JIEMEHTOB KPOME BOJIOPO/Ia, MTOCKOJIbKY
obpasoBanue rejust (6e3 KOTOPOro HEBO3MOXKHO 00Pa30BaHUsl U BCEX OCTAIBHBIX $JIep) Kak Ha
paHHeii cTajuu SBoJonun BeesleHHol, TaK U Ipu TOPEHUH BOJIOPO/IAa B 3BE3/1aX, MIPOUCXO/IUT
TOJILKO Uepe3 obpasoBaHme Jeiirepus. Mbl KpaTko 00Cy UM 9TOT IIPoIecc B mocie iHei [ase.

HaKOHeLL, ee O/JJHNM BaKHENIINM (I/I YUCTO KBaHTOBbIM) Q(b(beKTOM ABJIAETCA T.H. TYH-
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Puc. 10: KBanTOBOE IPOHUKHOBEHNE YACTHUIIBI B 3AIPEIEHHYI0 00JIaCTh (CJieBa) U TyHHETHPO-

BaHUe Yepe3 MOTeHIUaIbHbINA Gapbep (crpasa)

HEJIMPOBAHME Yepe3 MoTeHIUaIbHbI Oapbep (cm. Puc. 10). Drtor sadderr recHo cps3zan ¢
BO3MOYKHOCTBIO IPOHUKHOBEHMST YACTUIIBI B KJIACCUYIECKHU 3AIPEIEHHYI0 00J1aCTh, B KOTOPOIt
norennman U(z) mpesbiaer mosHyo sHepruto dactuiiel €. Ha sT10oM mpumMepe ocobeHHO XO-
POIIIO BUJHO, YTO COOTHOIIIEHNE HEOIPEJIEIEHHOCTENl NMEeT CTATUCTUYECKUN CMBIC, TIOCKOTb-
Ky CBSI3BIBAET MEXK/Iy CODOil CpeHEeKBaPATHIHBIE OTKJIOHEHNUsI, OIPE/IeJICHHbIE B PE3y/IbTaTe
MHOTHX 3KCIEPUMEHTOB.

JeficTBUTEIBHO, €C/TH JIBUYKEHUE YACTUIBI (& TOUHee, KAK Mbl TEIIePh 3HAEM, BOJHbBI-YaCTUIIHI )
OrpaHUYeHO MOTEHIINAIBHBIM 0apbepoM, TO B 9TOM CJIydae OHa He MOXKET OBbITh OlrcaHa OecKo-
HEYHON TIJIOCKO#l BOJTHOM, pacKUHYBIINelicd OT MUHYC JI0 TTioc 6eckoneunoctu. Ho Tora, Os1a-
roJlapsi COOTHOIIIEHUIO HeOolpeJIe/IeHHOCTel, He OyJIeT TOYHO OIPEJIe/IeH U UMITYJIbC YaCTHUIIbI,
a BMeCTe C HUM U ee SHeprus. SHAYUT, ¢ HEKOTOPOl BEPOSTHOCTHIO SHEPIUsl YACTHUIIHI MOXKET
CTaTh BBINIE MOTEHIINAJIHLHOTO Hapbepa, TakK ITO YACTHUIy MOXKHO Oy/IeT 3aperucTpupoBaTh B
obsiactu, rje dpopmasbio £ < U.

Jlns MarepuaJbHBIX TeJl TaKas CUTYalldsd, KOHEYHO Ke, coBepieHHO HeroHATHA. OjHa-
KO JIJIsT BOJTHOBBIX ITPOIIECCOB 3TO BIIOJIHE OObIUHAs cUTyarus. Hampumep, 3/ieKTpoMarunTHast
BOJTHA MOYKET COJIep:KaTh MHOTUE, B TOM YHCJ/I€ U OYeHb BBICOKHE 9acTOTHI. V maxke ecyim sHEp-
FeTUYeCKUil BKJIAJ] BHICOKUX YACTOT HEBEJIMK, COOTBETCTBYIONIHI JETEKTOP, HACTPOEHHbIH Ha
BBICOKYIO JacTOTy, 0€3 Tpy/da ee 3apeructpupyer. Tak, HAIpUMep, POJIb raMMa-U3JIydIeHnus] B
KOCMHIYeCKOM (POHOBOM M3JIyueHNN n3vesaonie Masa. OIHaKO KOCMIIeCKIe raMMa-Te/IeCKOIIbI
9TU CBEPXZKECTKIME (POTOHBI YBEPEHHO PErHUCTPUPYIOT.

Ho TOrJla 9aCTUIla-BOJIHA, ITaJalollad Ha IIPEHATCTBUE, TaK2KE MOXKET O6JI&,ZL&TI> 9Hepr1/16171,
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MTO3BOJIAIONIEN €l HAXOJUThCS B KJIACCUYECKH 3allpeleHHoi obactu. Kak yxKe TroBOpHMIIOCH,
IIPOIIE BCEI'O 9TO MOXKHO TIOHATH Ha A3bIKE CTATHUCTUKU. Ecjm HaOII0JaTh HE 3a OJIHOM, a 3a
MHOTUME IaCTUIIAME C OJIMHAKOBBIMU (KAK Mbl HEIPABUJILHO JyMaeM!) SHEeprusiMu, TO KaKasi-
TO 9aCTh U3 HUX MOXKET ObITh 3aperucrpupoBana u mpu £ < U.

[TokaxkeM Ternepb, KAK MOYKHO OINEHUTH ~TUIYOUHY ITPOHMKHOBEHUS YaCTHIIHI B KJIACCUIECKN
zarpernenayo obsactb. Kak Bugno w3z Puc. 100, juisa nonananus B obnacts € < U vacruia
JIOJIZKHA ObL1a ObI UMETH JIOTIOJTHUTEIBHYIO dHEPTHio 0E = U —&. D10l sHEPIUKM COOTBETCTBYET

JIOTIOJTHUTEJIBHBIN UMITYJIbC 0P, ~ V/2mo&, u, ciepoBarenbHo, Macitab 0x ~ h/op,

op v (103)

\/2m|U—5|.

OTmeTM, 9TO, KaK BUJIHO U3 COOTHOIIEeHUs (87), B KJIACCHIECKU pas3perieHHon 00JacTu
& > U semnunna (99) ecTh HU UTO MHOE KAK JIJIMHA BOJHbI 4acTUIBl. KaK MOKa3bIBAET TOUHbII
pacyer, Takoi ke maciuTab umeer M 00JACTh IPOHUKHOBEHHS YaCTHUILI B TOJIILY Oapbepa.
TOJIBKO Tellepb 9Ta JJIMHa XapaKTepu3dyeT He JJIMHY BOJIHBI, a MaC]_HTa6 IKCIIOHECHIINaJIBbHOT'O

CIIaJIAHUS BOJTHOBOU (DYHKITUI

¥ = 1y exp <—%> : (104)

I/I, 3HA4YUT, MaCIHTa6, Ha KOTOPOM IIPOUCXO/JUT 3aME€THOE YMEHLIICHNE BEPOATHOCTU 06Hapy—
KATb YaCcTUlly TaM, I'’Zie C KJIaCCUYeCKOII TOYKN 3peHud ee BOO6L[L€ He MomIo 6bITh. Kak 1o-

Ka3bIBaeT TOYHBIN pacdet, jijisg U = const mOTOK YacTuIl, IpOIIeannii depe3s 6apbep, MOXKeT

2,/2m|U — E|L
Stun = Soexp | — | | (105)

h I

OBITH 3aIIMCaH KakK

rje Sy ecTh IMOTOK YaCTHIl, Ma/aiomuii Ha 6apbep. D1a hopmysia, BHPpOIeM, MOXKET ObITh HEME/I-
JIEHHO TIoJTydeHa u3 cooTHorernst (100), ecm MbI BCIIOMHIM, 9TO BEPOSITHOCTH €CTh KBaJ[PaT
BOJIHOBOI (DyHKITUH.

Takum 06pa3oM, MOZKHO 3aKJIIOUYUTh, YTO €CJIN JJINHA Oaphbepa MaJia M0 CPaBHEHUIO C JIJTU-
HOIT ipoHuKHOBeHus 0z (99), To dacTuiia 6e3 mpobiieM MOXKeT ero mnpeojosersb. OIHAKO TakKoe,
KaK IOBOPAT, T0JI0apbepHOe TYHHEJIMPOBAHNE MOXKET UMETh MECTO W B CJIydae, ecJId JIJINHA,

6apbepa L xoTst u 6osibliie, HO HeHaMHOTO TpeBbiiaer dx (cm. Puc. 106). C npyroit ctopoHst,
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ecsu JyimHa Oapbepa L HaMHOIO TPEBBINIAET JJINHY MTPOHUKHOBEHUS, TO IMOTOK ITPOIIIE/IIITNX

CKBO3b Oapbep JacTHll OyJIeT SKCIOHEHITUAIBLHO MaJl.

4.3 XapaKTepHble AJUHbI U MOJIs
4.3.1 IliaHkoBCKUEe BeJIMYNUHBI

[Ipexke geMm MOABOAUTH IEPBbIE UTOI'H, IOJIE3HO OOCYIUTH BOIPOC O TOM, KaKHe XapaKTep-
Hble MaciTabbl 3ajaer nocrosinHas [lnanka h. Kak ObuL1o mokaszano, mocrosHuas Ilranka,
IMOSIBUBIIKICH CHada/ia Kak IPOCTOil KO3(MDMUIIMEHT IIPOIOPIMOHAIBHOCTH MEXK/1y YacTOTOW U
3HEpruei, B I0CJIeJCTBUN CTaJIa BO3SHUKATH BO MHOTUX JIPYTUX COOTHONIEHUAX, OTHOCAIIIUXCH K
pazaudaHbIM obJtacTaM pusuku. CTajio FCHO, YTO MbI UMEEM JIeJI0 ¢ HOBOI (byHIaMeHTaIbHOM
KOHCTaHTOM, OIMChIBAIOIIEHl CBOMCTBA, XapaKTEePHBIE JJIsi BCeX (PU3MIECKUX B3aUMOIEHCTBHIA.
Konedno, B 1epByto odepejib OHa IOSBUJIACh B KBAHTOBOMH 3JIEKTPOINHAMUKE, ITOCKOJIbKY H
CTPOEHUE aTOMOB, U IPOIECCHI U3JIyUeHUs] OTHOCATCS K 9Toi obyractu pusukn. OpHAKO YHE-
BEPCAJIbHOCTb KBAHTOBBIX CBOMCTB, KOTOPBIE OBLIN MOHATHI IIPU IIPU aHAJIM3€e SIBJIEHU, IIPOUC-
XOAAINX B &TOMaX, HO3BOJIWJIA B JaJbHEHAIIEM YCIIEIITHO UCHOJIB30BATh T€ K€ IIPUHIUILI J1JI
OIUCAHNSA KaK CUJIbHBIX B3aMMOJIEHCTBUN, OTBETCTBEHHBIX 3a CTAOUJIBHOCTH siJIEp, TaK U CJIa-
OBbIX B3aMMOJEHCTBUI, TPOUCXOJSAIINX IIPU yIacTuu HeiirpuHo. HeymBuTebHO MO9TOMY, UTO
BCsl coBpeMeHHasi (busnka QyHIaMEeHTATBHBIX B3auMOJIEHCTBH (Teopusi CTpyH, GpaH, cymnep-
CUMMeTpHst) CTPOUTCs Ha (DyHaMeHTe KBAHTOBON MEXaHUKH, B KOTOPOU mocTosiHHas [lianka
h urpaet onpeJe/ Iy POJib.

Hamomuanm, uro K Havasy 20 Beka ObLIN M3BECTHBI JIUIIH JIBe 1TOJ00HBIE KOHCTAHTBI: CKO-

pPOCThH CcBeTa ¢ U rpaBuTanonHas nocrosgauas G. CKOpocTh cBeTa
c = 29979245800 cms ™. (106)

X0Td (POPMAJILHO, IO CAMOMY CBOEMY HAa3BAHWIO, U OTHOCUTCH K IJIEKTPOJIUHAMUKE, B Jieli-
CTBUTEJBHOCTA HE CBA3aHA C KAKOW-TO OTACJIBHON JUCIUILIAHON, a OTparkaeT BHYTPEHHUE
CBOMICTBa CaMOTO MPOCTPAHCTBAa-BPEMEHU. DTO BBIPAXKAETCsI, B YaCTHOCTU, B TOM, UTO CKO-

POCTb CB€Ta BXOJIUT B HpeO6pa30BaHI/IH ﬂopeHua (I/IHBapI/IaHTHOCTb Teopuu 110 OTHOIIEHUIO K
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STUM TPEOOPA30BAHUSIM €CTh OJIMH M3 OCHOBHBIX IPUHIUIIOB cOBpeMeHHOi dusukn). [Tosro-
My, B 9aCTHOCTH, I'DaBUTAIIMOHHBIC BOJIHBI TAKXKE PACHPOCTPAHAIOTCA CO CKOPOCTBIO CBETA.

COOTBGTCTBeHHO, I'paBUTallMOHHAaA ITOCTOAHHAA
G = 6.67428(67) x 10 ®cm®s 2 g™+ (107)

TaKzKe OTHOCUTCA K YHUBEPCAJBHOMY CBOMCTBY T'PaBATAIIMOHHOTO B3aMMOJIEHCTBUA, TIPUCY-
IeMy BCEM BHJIAM MaTepHUH, B TOM YHC/IEe U K JIIOObIM pusndeckuM moJisimM. OcrajbHbIe Ke
U3BECTHBIE BCEM MOCTOSHHBIE HU UMEIOT 110/I00H0# yHUBepcaabHOCTU. TakK, s/ieMeHTapHblil 3a-
P4l € OTHOCUTCH JIUIIb K JIeKTPOMArHUTHBIM IIPOIEccaM; OH HUKAK He IPOABJIIET cedd B
CHAJIBHBIX B3aUMOJENCTBUAX, HAIPUMED, IIPU B3aNUMOJEHCTBUN JBYX HEHTPOHOB.

WNurepecto, 910 Tpex MUPOBBIX KOHCTAHT OKA3bIBAETCH JIOCTATOYHO, YTOOBI c(hOPMUPOBATD
KOMOWHAIINN, MMEIOIIe pa3MepHOCTh JIJINHBI, BpeMeHn u Macchl. Ceifyac Takue BeTUYIUHBI

Ha3bIBaIOT IIJIaHKOBCKUMH. TaK, IIJTAaHKOBCKad JIJIMHAa

Gr\'"* .,
lpl = 0_3 ~ 10 CI1. (108)
COOTBGTCTBGHHO, ITIJIAHKOBCKad MacCCa
e\ /2
mp) = EC ~107g, (109)

a IJTaHKOBCKoe Bpems tp; = [pj/c ~ 1074 c.
Kaxk nokaszano na Puc. 11, Bce H3BeCTHBIC HAM U3 MOBCEIHEBHOTO OIBITA SBJICHHUA TPUPO-
JIbl HAXOJATCSA B BEPXHEM CeKTope. VIMEHHO ¢ 9THM CEeKTOPOM CBsA3aHA M HaIla (DU3MUECKas

naTynipd. Cropasa OT JIMHAH, COOTBETCTBYIOMIEH YCIOBHIO T = Tg, TJIE

_2GM

c2

(110)

T'g

— I'paBUTAIMOHHBII pajuyc (IIOMPOCTY TOBOPs, TAKOW pasMep Teja, MPH KOTOPOM BTOpast
KOCMHUYECKash CKOPOCTh PaBHA CKOPOCTH CBeTa), HeoOxonuMm yder 3(hdeKkToB obiieit Teopun
oTHOCUTEIbHOCTU. PakTHIecKn, 3Ta 00JIaCTh COOTBETCTBYET BHYTPEHHUM O0J/IACTAM HYEpHOM
neipel. CrieBa OT JIMHUU, COOTBETCTBYIOIIEH yCcJoBUIO 7 = h/me, cTaHOBATCS CyNIECTBEHHBI-

MU KBaHTOBBIE 3dekThl. Mbl 00cyuM 3Ty 06/1acTh 4yTh no3xke. Hakowner, npu macriradbax,
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_

mc

KJIACCHYECKas
(uzuka

hG KTIT
3 ] OTO

|
|
|
CTPYHBI :
l

he
mp =1/ —=

G

Puc. 11: Ocnosusle obractu dusuku na mwrockoctu Macca-gmua (KTII — ksanrosast Teopus
nosist, OTO — obmmast Teopust oTHOCHTEILHOCTH ). Bee H3BeCTHBIE HaM U3 HOBCEIHEBHOIO OIBITA

ABJIEHUA HaXOAATCA B BEPXHEM, KJIACCUIECKOM CEKTOPE

MEHBIINX TJIAHKOBCKUX, MbI BCTYIIaeM B 00/1aCTh KBAHTOBOW I'DaBUTAIMH, KOT/Ia HEOOXOIUMO
YUIUTBIBATH OJJHOBPEMEHHO KaK KBAHTOBbIE 3(PPEKThI, TaK U 3HGEKTh 00IIeil Teopun OTHO-
CUTEJIbHOCTH. DTa 00J1acTh, HECMOTPSA Ha JIeCATUJIETHHE YCUJINAA, JI0 CUX IIOP OCTaeTcd terra
incognita — mocjeoBaTeIbHAs TEOPUA KBAHTOBOW I'DaBUTAIMKM He CO3/aHa JI0 cuX 1op. Mbr
KpaTKO 0OCY UM IPUIUHBI TAKOTO TOJIOXKEHH B cieyomei [rase.

TO, YTO IVIAaHKOBCKHUE JIJIMHBI 1 BpEeME€Ha UCKJIIOYUTE/IbHO MaJibl, HE BBISbIBACT COMHEHUA.
Yo Ke KacaeTcst TIAHKOBCKOIT Macchl (KOTopast, KaK JIErKO MPOBEPUTH, MOYKET OBbITh MOJTYIe-
HA U3 yCJOBHUS PABEHCTBAa KOMITOHOBCKO JUIMHBI BOJIHBI U I'PABUTAIIMOHHOTO PAJINYCa), TO Ha
CaMOM JIeJIe 9TO OYeHb DOJIbIAasd BEJIMINHA, IIOCKOJIBKY €€ HY2KHO CPaBHUBATDH C XapaKTEPHBIMHI
MaccaMn 3jieMeHTapHbIX 4dactul,. CooTBeTcTBylomad sHeprusg Epp = mpic> ~ 102 3B cromn
OIPOMHA, YTO OHA HUKOIJIA He CMOXKET ObITh JIOCTUIHYTa B JTa00PATOpUE (SHEPIusl CTaJIKUBAIO-
mucs gacTul] B Bosbmom Anponnom Kosuaitaepe — smmb 1013 3B, a camble sHeprudnble ga-
CTHUIIBI, OOHAPY?KEHHBIE B KOCMIYIECKHX JIydax gocturaior 102 5B). Tlosromy, Hapsty ¢ qrcTo
TEeOPETUICCKUMU TPYAHOCTAMU, 06HaCTb KBaHTOBOI1 I'paBUTalliN JIMIIICHA IrJIaBHOM IIOJACP2KKHN

— JKCIIEpUMEHTa.
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4.3.2 Kiaccuydeckuii paamyc 3JIeKTPOHA

Nrak, niankoBcKue MAcCIITA0ObI JJIMH U BPEMEH CJIUIITKOM MaJIbl, YTOObI OHM MOTJIU OBITH HEIO-
cpesicrBeHHO n3Mepenbl. OiHako, nocrogunas [lranka 3a1aer 1mesryio JieCTHUILY ropas3io 6071b-
[IUX JJINH ¥ BpeMeH (a BMecTe ¢ HUMME, KaK MbI YBHJIUM, XapaKTepHbIe SJIeKTPUIECKIe U Mar-
HUTHBIE I10JI51), OTIPEJIEJISIOIINE POIECCh, KOTOPbIE YK€ MOI'YT HEIIOCPEICTBEHHO H3MEPSIThCS.
Hwke MBI orpaHuynMcs: IpuMepaMu U3 aTOMHOM (BU3UKHU, KOTJa I0J Maccoi JacTuil Oyaer
[10/IPa3yMeBaThCs Macca JEKTPOHA M. OTHAKO HY?KHO IIOMHUTH, ITO IPUBEJICHHBIE HIZKE CO-
OTHOIIIEHUS JIOCTATOYHO YHUBEPCAJIbHBI, TAK YTO COOTBETCTBYIOIINE MACIITA0bl BOZHUKAIOT U
IIPA PaCCMOTPEHUN MIPOIECCOB, B KOTOPBIX OCHOBHYIO POJIb UTPAIOT Oo0Jjiee TAYKe/Ible YACTHUIIbI.
HanmvenbHbieit n3 Takux JJIUH ABJIAETCA T.H. KJIACCUYECKUN PaJInyC JIEKTPOHA

e2

Te = ~2.82 x 107 cm. (111)

MeC?
Ecyin 6B 971eKTPOH MOXKHO OBLIO CUMTATDH IMAPUKOM pasMepa 7y < Te, TO SHEPIUs JIEKTPU-
geckoro nojig E = e/r? BHe mapuka IpesbicHIa Obl SHEPIUIO TIOKOS Mec>. [leficTBUTe/IBHO,
OIIEHMBAsA SHEPTHUIO 3JIEKTPUIECKOTO NoJIsd £, 3aKII0IeHHYI0 B 00beMe V ~ 13 Kak MIOTHOCTD

sweprun w = E?/87 ~ €?/rj ymmoxennyio na obwvem V., nomyuaem Ep ~ e2/ry. Tounas

dopmyta gaer
1 e?

Ep =
E 27”0’

(112)

OJIHAKO YnCJIeHHBIH Koaddurment B onpeenennn (107) Beera omycKaror.

Ob6parure Bunmanme: B onpesertenne (107) ne sxoaut nocrosunas [lnanka h. Vnvenwo mo-
STOMY B Ha3BaHME 3TOH JJIMHBI BXOAUT CJIOBO 'Kjaccumueckuil”. PaKTUIeCKH Ke, BEIHMYNHA
Te 33JI2€T TOYHYIO OLEHKY CHU3y Ha I'DAHUILy IPUMEHHMOCTH KJIACCUYECKOH 3JIeKTPOINHAMU-
KH — IIPH JIOCTATOYHO MAJIBIX MaciiTabax npuMeHeHne ee popMyst (HAIpHMep, COOTHOIICHHS
E = e/r?) cTaHOBUTCS HEBO3MOZKHBIM.

C napyroil cTOpOHBI, KaK MBI YBHJIUM, BO MHOIUX CJIydasX HCIOJIb30BAHME BEJIMIUHBI 7T

OKa3bIBaeTcs 0vueHb ya00HbIM. Kak rmokasano B [Ipuioxkenun 8.6, KjraccudecKuil paJimyc 3J1eK-

TPpOHa 3a/Ja€T IJIOIIa/b ITOIIEPEIHOI'0 CEYCHU A (TaK Ha3bIBaeMoe TOMCOHOBCKOE CG‘IGHI/IG)

(113)
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KOTOpasd BO3HHUKAECT IIPpU OIIMCaHUUN BSaI/IMO,ZLefICTBI/IH JIEKTPOMAIrHUTHOI'O U3JIyYE€HUsA C ILJIa3-

Moit. B wactHOCTH, JyTMHa [, HA KOTOPOI IIPOUCXO/IUT 3aTyXaHUe 3JIEKTPOMArHUTHON BOJIHBI,

s

OIIPEJIAETCA KaK

L, = (114)

rjae 1, — KOHIEHTPaIlUs ILJIa3MBbl.

To, uTo K/TaccuyIecKuilt paJIyc HE MOYXKET UT'PaTh POJIb pasMepa 3JeKTPOHaA, BUJIHO U3 TOTO,
4TO JIpyragd OlleHKa XapaKTEPHON SHEPTUHU JlaeT BEJIMUNHY, CYIIECTBEHHO MIPEBBIMIAIONTYI0 SHEP-
U0 TIOKOsSI 3JIeKTpoHa. /JleficTBUTE/IbHO, paccMaTpuBasi BEJIUUNHY g KaK JIJIMHY BOJIHBI, MbI

MOZKEM OIPEJIEJINTh COOTBETCTBYIONILYIO eif suepruto Kak & = hw = he/ry. B urore, nmosyuaem

—MeC”, (115)

4TO IpUMEpHO B 137 Pas3 HpeBbIIIaeT SHEPIUIo Mec?.

[ostBuBmnasicst B coornornenun (111) Ge3pasmepast KOMONHAITHS

e? 1
o= —

~ — 11
he 137 (116)

HA3BIBAETCS MTOCTOSIHHOW TOHKON CTPYKTYphI. Takoe Ha3BaHWME CBI3aHO C TE€M, UTO BIIEPBHIE
oHa 6bL1a BBeJeHa B 1916 1. HemernkuMm dusukom Aprosibaom 3ommepdesbiaom (1868-1951)
[IPU ONMCAHUU aTOMHBIX CIEKTPAJbHBIX JIMHUI B paMkax Mojesn aromMa bopa. OmgHako J1o-
BOJIBHO CKOPO CTaJIO $ICHO, YTO OHA ABJIAeTCd (PYHIAMEHTAJIHHON (DU3UUYECKON TOCTOAHHOM,
XapaKTePU3YIOIIel CUTY 3JIEKTPOMATHUTHOIO B3auMojieiicTBusi. Hey ImBUTE/IBHO TIO9TOMY, 9TO
B JIAJIbHEIIIIEM 9Ta MaJjiasi MOCTOTHHASA OyJIeT 9acTO BOSHUKATD B HAIIEM [TOBECTBOBAHUH.
Haxkoner, ormernm, 910 Kaxkaomy pasmepy L (u, 3Hauwut, dacrore wy, = c¢/L) MOXKHO

COIIOCTABUTD HAIPSKEHHOCTh MATHUTHOTO (&, 3HAYUT, M JIEKTPUIECKOr0) MoJisi 10 (hopMmyJie
We = W, (117)

rje w. — NUKJI0OTpoHHas dactora (95). B pesysbrare, mosydaem

m2ct

By = 663 ~ 6.0 x 10" G. (118)
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DTO TOJIe, Ha MATHAIIATH MOPSIKOB OOJIbIee, IeM MarHHUTHOE T0Jie 3eMJIN, BO3MOXKHO, CY-
IMEeCTBYET JIUIIHL Ha ITOBEPXHOCTH MarHEeTapOB — CBEPXCUJILHO 3aMarHMYEHHBIX HEHTPOHHBIX
3Be3/1. B TakoM 1oJie u3/IydeHne oKa3blBaeTCsd HACTOJIBKO 9 (MEKTUBHBIM, YTO 3JEKTPOH TePsi-

eT BpalllaTe/JIbHYI0 SHEPIUi0 BOKPYT MarHUTHOIO 1OJIg OyKBaJILHO 3a HECKOJIBKO 0OOPOTOB.

4.3.3 KomMIToHOBCKasi AJIMHA BOJIHBI

Cresyrolneil XxapakTepHON JIJIMHON sABJISETCS KOMITOHOBCKAsl JIJTMHA BOJIHBL X = hi/mec (32).
Kaxk jierko mposeputh, ora B 137 pa3 0oJibllle KIaCCHIECKOTo pajuyca ekTpoHa. Coorser-
CTByIOIIAsl eif SHeprus B TOYHOCTH PaBHA SHEPIMU IOKOsl 3JIEKTPOHA MeC>, a XapaKTepHoe

MaTl'HUTHOE (I/IJII/I SJIGKTpI/I‘{eCKOG) II0JI€ COCTaBJIAET

2.3
mzZc

he

By, = ~ 4.4 x 10" G, (119)

yTo B 137 pa3 menbliiie 3nadenns By. DosbIMUHCTBO HEMTPOHHBIX 3BE3/] — IIYJIbCAPOB UMEIOT
MarHUuTHBIE TIOJId, JIUITH HA MMOPAJIO0K MEHbIIE, YeM 1oJie By.

MacmTabbl 1 110Jis1, COOTBETCTBYIOIINE KOMIITOHOBCKOM JIJIMHE BOJIHBI, UTPAIOT (DyHIaMEH-
TaJIbHYIO POJIb B (hU3MKe BhICOKMX suepruii. Haunem ¢ Toro, 4yro padora 3/IeKTpUIecKOoro moJist

E;, = By, Ha JJIMHE X €CTb TaKXKe B TOYHOCTH 1MeC>
eEpX = mect. (120)

A 9T0 03HAYAET, UTO B TAKOM CHJIBHOM 3JIEKTPUIECKOM TI0JI€ HATMHAIOT POXKIATHCS SJIEKTPOHHO-
MO3UTPOHHBIE TTAapbl. Ec/in ObI MBI BCTAIN HA TOYKY 3PEHUA, UYTO BAKYYM — 3TO IIyCTas Cpeja,
TO TaKOi BBIBOJL ObLI Obl yausuTesaer. Ho Mbl Bujiesin, 4TO KBAHTOBAsA MeXaHUKA OJIHO3HATHO
TpebyeT HEeHYJIEBOIl SHEPIUU HUYKHET'0 SHEPreTUIeCKOro COCTOAHUS. B uTore, sHeprus HyJIeBbIX
KOJIeJICOAHUI M CJIYZKUT T€M Pe3epPBYapoM, U3 KOTOPOIO BO3HUKAIOT POXKJIAEMbIE YaCTHIIHI.
leficTBUTEILHO, IPUBE/IEHHBIE BBIIIIE MHOTOYUCIEHHBIE TTPUMEPHI MTOKA3bIBAIOT, YTO JIEK-
TPOMArHUTHOE TI0JIE UHOT/IA yJI0OHO paccMaTpUBaTh KAK BOJIHY, & MHOTJA — KaK HAabop oTo-
HoB. To ke camoe MOXKHO OTHECTHU U K 3JIEKTPOHHO-TIO3UTPOHHBIM TTapaM. Toria BaKyyM MOXKHO
peJICTaBUTh cebe He Kak HabOp OCIMJUISITOPOB IOJISE ¢ SHEPTUsSMU hiw /2, a KaK Cpejry, COCTOsI-

HO1y1I0 U3 3JIEKTPOHOB, ITO3UTPOHOB U (beTOHOB. HpI/I 9TOM 3JIEKTPOHBI U ITOSUTPOHBI ITOCTOAHHO
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AHHUTUJINPYIOT, POKJIas SHEPIUIHble (DOTOHBI, KOTOPBIE, B CBOIO OY€PeIb, IPU CTOJTKHOBEHNN
POK/IAIOT HOBBIE TAPHI.

Koneuno, TyT ke BO3HHKaeT BOIPOC, MOYEMY STH HaCTUILI HUKAK ceOs He MPOSBIISIOT.
Oxka3bIBaeTCst, 3/1eCh HAC OISATD ITOJIBOIUT HAIE KJIACCHIECKOE MPEJICTABICHIE O MUPOYCTPOii-
ctBe. Ha camom Jee, Kak MBI He pa3 yOeamMcs B JlaJIbHEHIIeM, TaKUX IIPOsIBJIEHUN Ha ca-
MOM Jiejie o4eHb MHOro. IlpocTo B mocraTodno ciabbix 3jeKTpudecKkux nosax B < By atu
YACTHUIbI OCTAIOTCH BUPTYAJILHBIMU (ITO MPUHATHIA HAYUHBIA TEPMUH), T.e. UX HEJIb3s HEIlO-
CPE/ICTBEHHO 3aPErUCTPUPOBATEL. JTO CBA3AHO C T€M, YTO BPEMs KU3HU BUPTYAJbHBIX YACTHUIL
T~ X/c~ 1072 ¢ cimmkom masio. He yeres pasiiereTbes JOCTATOUHO JAIeKo, BUPTYaIbHbIe
9JIEKTPOH U TO3UTPOH CHOBA COJIMZKAIOTCS, UTO MPUBOJIUT K WX AHHUTWIAIUUA U W3JIyIEHUIO
JIPYTUX BUPTYaJIbHBIX (POTOHOB. MOXKHO CKa3aTh, YTO SHEPIUN BUPTYAJIbHBIX JIEKTPOHOB U
[I03UTPOHOB MEHBIIE MC> (T.e. OHU HAXOJATCH B CBS3aHHOM COCTOSIHUHM), U [IOTOMY OHU He
MOTYT CYIIECTBOBATH KaK OTJIeJbHbIE YacTUIbl. OOPa3HO rOBOPs, NX CKOPOCTU HE MPEBLIIIAIOT
BTOPOI KOCMUY€ECKOW CKOPOCTH, HEOOXOUMOTT JIJIsi TOTO, YTOOBI YaCTHITHI MOTJIM CBOOOJIHO Pa3-
sereTbes. [loaromy paccrosinme MeXKly HUMH HUKOTJIA He IpeBbImaeT X. B ciayyae :xxe B ~ Ej
CUJIbHOE SJIEKTPUYECKOE TI0JIe coBepInaeT paboTy, JOCTATOYHYIO, YTOObI SHEPIUsl YACTHII IIpe-
BBICIJIA MM C2.

Yro ke KacaeTcs MarHUTHOTO TOJISA, TO OHO, KaK M3BECTHO, HE MOXKET COBEPIIaTh PadOTHI,
U [O3TOMY caMmo moJjie B K pOXKJIEHUIO 4dacTull npuBectu He MoxKeT. C JApyroit CTOpOHBI, B
MarHuTHOM 1ojie B ~ By, (Korja, Kak JIErKO IPOBEPUTh, PACCTOSTHUE MEXK/Ly YPOBHsIMU JlaHay
(96) cpaBHUBaeTCst ¢ MeC?) CTAHOBUTCS BO3MOMKHBIM ITIPOIECC TIPOBPAIEHHs TaMMa-KBaHTa B

JIEKTPOH-IIO3UTPOHHYIO IIapy
v+ (B) — e +e +(B). (121)

Bes MarHuTHOrO 1O/ 3TOT HMPOIECC 3alpelleH, TaK KaK JJIsd peakiul ¥ — €1 + e~ He MOXKeT
OBITH BBIIOJTHEH 3aKOH COXPaHEHUsI SHEPIUU U UMITyJIbca. B 9acTHOCTH, MOHSTHO, UTO STOT
IIPOIIECC HEBO3MOXKEH U npu sHeprun ¢orona &, < 2mec®. B maranTHOM Ke mosie B ~ By
POXKJIEHHBIE SJIEKTPOH U IMO3UTPOH HAUMHAIOT BPAIAThbCs B Pa3Hble CTOPOHBI, IMTOCKOJIbKY CH-

sa Jlopenra, jeficTBytomas Ha HUX, TPONOPIMOHAIbHA UX 3apdamy. [lag ckopocreit v ~ ¢ u
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JIJIsT MAarHUTHBIX TToJieit B ~ By cuma JlopeHiia, ycKopsiforias 3JIeKTPOH W IHO3UTPOH B Pas-
Hble CTOPOHBI, OKa3bIBAETCH KaK pa3 Mopsajka eFy, Koropasd JeficTByeT Ha BUPTYAJIbHYIO Ta-
Py B aJeKTpudeckoM moje. Kak Oyjer 1mokaszaHo HUXKe, OJIHO(MOTOHHBIN IPOIECC POXKIECHUS
9JIEKTPOHHO-TIO3UTPOHHOM TIJIA3MBI JICHCTBUTEIHHO UI'PAET KJIIOYEBYIO POJIb B MAarHuTocepax
HEATPOHHBIX 3BE3.

Takum 0O6pazoM, CBEPXCUIbHBIE JIEKTPUUECKNE U MArHUTHBIE TOJI IPUBOJIAT K H3MEHe-
HUIO CBOMCTB BakyyMma. B wacTHOCTH, 3TO CBOHCTBO JOJIZKHO IPOSIBJIATHCSA W BOJU3U 3apsi-
JKEHHBIX YaCTHUIl, OIPAHUYNUBAs TE€M CaMbIM O0JIACTb MPUMEHUMOCTH KJIACCUYECKOTO 3aKOHA
Kynona e = ¢/r?. NI jeficTBUTEIbHO, KAaK MOKA3bIBAIOT PACUETHI, BBINOJHEHHHbIC B DaMKax
KBAHTOBOW 9JIEKTPOIMHAMUKY (110 MOHATHBIM IIPUYUHAM, U3JI0XKEHUE STOI HAYKU BBIXOJUT 3a
pPaMKH HAIIEr0 Pa3roBOpa), SJIEKTPUIECKHH MOTEHIMAT TOYeTHOrO 3apsia ¢ (mpu r > X) B

,HGIU/ICTBI/ITG,HBHOCTI/I JOJIZKEH BBITVIAJIECTDb KaK

-3/2 2
@e:—g 1 % (;) exp (——T)—i-... . (122)

Kak mbI BujmM, otimune or 3akoHa KysioHa HaYmHaeT CKa3bIBATbCA MMEHHO Ha MacIiTadax
KOMIITOHOBCKO! JIJINHBI BOJIHBIL.

Hamomuum, 9T0 BaKyyM COCTOUT HE TOJIBKO M3 BUPTYaJbHBIX 3JIEKTPOHOB U IMO3UTPOHOB,
HO ¥ U3 BUPTYaJIbHBIX [Iap Apyrux dactuil/anrudacturl. OJHAKO 3JIEeKTPOHBI U TIO3UTPOHBI 06-
JIaJAI0T HAMMEHBIIIMMI MacCaMU, TaK 9YTO pa3Mep, Ha KOTOPOM JOJIKHbI HauaTh IIPOABIIATHCA
9P DEKTHI OJIAPU3AIIY BAKYYMa, JOJIZKEH OIPEJIEIAThCA UMEHHO Besinannoit X . Takum oOpa-
30M, KOMIITOHOBCKas JIJTNHA 3JIEKTPOHA U €CTh TOT MacIITad, KOTOPbIil CJIe/lyeT pacCMaTpPUBATD

KakK 'pazmep”’ 37ieMeHTapHbIX YaCcTHUIIL.

4.3.4 Pamnyc Bopa

Cutestytoreil CTyneHbKO B JIECTHUIIE MACIHITA00B OKA3bIBAETCsI OOPOBCKUIT PAJIIYC

h2
ag = (123)

Y
mee?2

T.e. PaJUyc KPYrosoit opdbuThl B aroMe Bopa g riiaBHOro KBanToBoro umciaa n = 1. Omn,

KaK JIE'KO BHJETHb, B TE€ 2Ke 137 pa3 6OJII>HIe, 9eM KOMIITOHOBCKad AJIMHa BOJIHBI. ITocTossnnas
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TOHKOH CTPYKTYPBI o = 1/137 mosiBiIsieTcss 1 BO MHOTUX JIPYTUX COOTHOINEHUSX, CBS3aHHBIX C
aromoMm Bbopa. Hanmpumep, ckopocThb Bpallienus 3JIeKTPOHA B aroMe Bopa Ha HuKHeilr opoure
n =1 ects ¢/137.

JIerko nmpoBepuTh, UTO JIEKTPUIECKOe T0JIe IPOTOHA Ha pajmyce Bopa pocraro4uno cabo,
9TOOBI POKIATH JACTUIBI. DJIEKTPOH Oy/1eT TyBCTBOBATH JIUIIb MaJjIOe OTKJIOHEHHE OT 3aKOHA
Kysona, nasaemoe coorromienrem (118). DTo npuBojuT JHIIb K HEGOJIBIIAM BO3MYIIEHUSIM
yposneit sueprun AE/E ~ a. 3a sKcnepuMenTaabHoe 06HAPYZKEHHE STOTO BO3MYIICHUs (T.H.
JIsmbosckuit capur) FO. JIsm6 (1913-2008) B 1955 1 6611 yinoctonn Hobemesckoit mpemutr.

OHAKO ecji MBI BO3BMEM SIJIPO € 3apsioM Z ~ 137 (Tak 9To pajimyc BHYTPEHHEH OpOUThI
CTaHeT PABHBIM Ty = ap/Z), TO CHTYyallusl CyIIeCTBEHHO u3MeHuTCss. [Ipekie Bcero, cKopocThb
9JIEKTPOHA, IPUOJIU3UTCA K CKOPOCTHU CBETa, TaK UTO IPHU pacdeTe HeoOXOIUMO OyJIeT yIUThI-
BaTh 3P HeKTHI CreruabHoi Teopun orHOCUTETbHOCTH. C APYro#l CTOPOHBI, JIJIsT 3JIEKTPOHOB,
HaXOJIANINXCA Ha HUZKHEM ypPOBHE Telepb OyJleT BBINOJHEHO emme u ycaosue ek (rg)rg &~ mec?.
A 9T0, KaK MBI 3HAEM, O3HAYAET, ITO BOJU3U sIpa MOXKET HAYATHCI MHTEHCUBHOE POXK/ICHUE

QJIEKTPOHHO-IIOSUTPOHHBIX IIap. B sTom 1 cocTont OIHa U3 BazKHBIX (HO JaJICKO HE € JUHCTBECH-

Has) IPUIMH OTCYTCTBHs CTaOMJIbHBIX sijiep y2ke npu Z > 100.

4.3.5 JlyjuHa BOJIHBI U3JIy4YE€HUS

IToJjiesno HIPOJOJIZKUTD Hallly JIECTHUILY €1I€ Ha OJ/IHY CTYIIECHbKY BHU3 U O6CY,ZLI/ITb MaCH_ITa6, B

137 pa3 Gosbimuii, uem pajuyc Bopa ag

h3c _7
Ap = i 7.14 x 10" cm. (124)
mee

DTa MacmTad COOTBETCTBYeT JJIMHE BOJIHBI W3JIyU€HHUs MPU IEPexojie B aToMe BOJIOPOJA C
YPOBHs n = 2 Ha ypoBeHb n = 1. DTO CBA3aHO C TeM, UTO, KaK y»Ke OTMedasioCh, CKOPOCTh
JIBUPKEHUS 9JIEKTPOHA HA HUXKHEM SHEPreTHIecKoM ypoBHe 6Jin3ko K ¢/137. [losromy 3a omun
000pOT 3JIEKTPOHA U3JIydaeMasi UM BOJIHA VIAJUTCA KakK pa3 Ha paccrosHue 137ag. Heyaupu-

TE€JIbHO, 9TO U COOTBETCTBYIOIAA IHEPIUAd

~ 27.2eV (125)
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C TOYHOCTHIO JI0 KOHCTAHTBI COBIIAJIAET € SHerneit HukHeHero repma 717 (35) B arome Bogopoa.
Baknoe 3nagenme uMeer 1 MarHuTHOE IOJIE

e3m?

By, = 76 ~ 2.3 % 10°G, (126)

COOTBETCTBYIOIEee JUHE Ap. IIpm MarHUTHBIX NOJIAX, IPEBBIMIAIOMUX B),, JOKHA Cylle-
CTBEHHO M3MEHSIThCA caMa CTPYKTypa BeIllecTBa, IPUYeM H3MEHSThCAd Ha aTOMHOM yPOBHE.
JleficTBUTE/ILHO, OICHUBAs MAHUTHOE 110/1e, P KOTOPOM CHJIa €2 /a3, KoTopas JelicTByeT Ha
9JIEKTPOH BatoMe Bopa, cpaBuuBaercs ¢ cuiioii Jlopernia Fl, = evB/c, Mbl HEM€JJIEHHO TTPH-
XO/MM K BbIpazkeHnio (122). A 9T0 o3HadYaeT, 9TO B BHEIIHUX HOJX B > B), 3JI€KTPOHHOE
00J1aKO 3JIEKTPOHA Ha HUXKHEM ypPOBHe n = 1 yxKe He Oyjer cdepuideckn CUMMETPUIHBIM, a
BBITSTHETCS BJIOJTh HAITPABJICHNS MarHUTHOTO Hourd. Ilpu monsax xke B ~ 10'2 I'c, xapaKTepHBIX
JIJISE HEHTPOHHBIX 3BE3]1, ATOMbBI BOJIOPO/Ia OY/LyT BBIT/ISAIETh KaK TOHKHE UTOJIOYKH, BHITAHYThIE
BJIOJIb MArHUTHOT'O TIOJISI.

B npusenennoit 371ech Tabsmie Mbl cobpaJin JIECTHUILY JIJINH, SHEPIUi U 9JIEKTPOMarHUT-
HBIX T0JIEf, B KOTOPOil HEKOTOpPbIE KJIETKH CIIEIIUAIbHO OCTaBJIEHBbI He3allOJTHEeHHbIMA. dnTa-
TEJII0 CaMOMY IIpejijIaraeTcs MoAyMaTh, B KAKUX CJIydasiX 9TU 3HAYEHUs COOTBETCTBYIOT Mac-

mraby peasibHbIX (PU3NIECKUX MPOIIECCOB.

Tabaumna 1: "JlecTauma” AuH, SHEPTUH U JTEKTPOMATHUTHBIX TOJIEH

ymHa | dopMysia | BesmunHa (CM) | SHEPrus (sB) oJte (I'c)
Te e?/mec? | 2.82x 10713 m2ct/e? | 6.0 x 101°
A h/mec 3.86 x 1071 mec® | 5.1 x 10° | m2c®/eh | 4.4 x 103

ag | h*/mee® | 5.29 x 1079

Ap | BPc/meet | T.14x 1077 e*m2e/h? | 2.3 x 10°
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4.4 TywmaH paccemBaeTcs
4.4.1 KsBaHT geiicTBusa

[Ipexke veM 1epexouTh K TOJIBEICHUIO TIEPBBIX UTOTOB, TOJIE3HO CJIEIATH eIlle OJHO UCTOPH-
JecKoe OTCTyIIeHne. B 4acTHOCTU, OHO TIO3BOJIUT TJIyOKe IMOHATD, TIOYeMy B KBAHTOBOM MUDE
[PHUILIOCH OTKA3AThCS OT MOHATHsI CKOPOCTH (¥ CBSI3AHHOI € HEfl MOHATHS TPAEKTOPHHN ), HO HE
OT TIOHATHS UMITYJIbCA, KOTOPDIN, KAK Mbl BUJIE/U, YCIIENTHO UCIOJIH30BAJICA JIJIsi O0bICHEHUST
YHUCTO KBAHTOBBIX sIBJICHUIA.

3a J1oJirue roJibl, MpOIIeIIine ocje OCHOBOIoIaranmx pabor Heiorona, B Kiaccuieckoi
MexXaHuKe COPMUPOBAJINCH J[BA OCHOBHBIX HAIpPaBJIeHUsd. B OJHOM M3 HHUX, BOCXOJSIIEM K
7K. Jlarpamxky (1736-1813), B KadecTBe BTOPBIX (HApsiLy ¢ KOODJIMHATAME T, Y U Z) TE€PEMeH-
HBIX PACCMATPUBAJNCh KOOpAMHATHI cKopoctn dactur, & = dz/dt, §y = dy/dt u 2 = dz/dt. B
JIPyTOM, CBs3aHHBIM ¢ uMeneM Y. Lamuibrona (1805-1865) — KOMIIOHEHTBI UMITYJIbCA P, = M,
Dy =My U p, = mz.

[ToguepkneM, YTO W JIATPAHXKEB, U TAMUJIBTOHOB (DOPMAJIM3MbI PUBOJIMIM B TOYHOCTH
K Te€M Ke OTBeTaM, 4TO JABAJIM PeIllleHns] yPaBHEHUI HbIOTOHOBCKOU JuHaMuku. [losTomy, Ha
IIePBBI B3IVIsI/[, OHU HUYIEro He J100aBsiii K Teopun HpioToHa. Kazajiock, 9To 3T0 IIpocTo ele
ostHa (bopMa 3aIMCH BCEM XOPOIIIO M3BECTHBIX ypaBHeHuil. OIHAKO, 9TO OBLIO, OE3yC/IOBHO, HE
tak. VI B TOM, U B JIpyroMm cjydae HpeJIPUHIMAJIACH MONBITKA MTPOHUKHYTH OoJjiee TyIyOOKO
B CaMyIO CyTb (PU3NYECKUX IPOIECCOB, & NUMEHHO COPMYJIMPOBATH OoJjiee OOIIMEe MTPUHITUIIBI
IPUPOJIBI. A TIyTeBOIHOM 3BE3/0i, KOTOpas BCET/ia Bejia MBICJHUTE e 1o 3TOi jiopore, ObLIa
ujiesd BHYTpeHHero eauncTBa Mupa. Oco3nanue ke 6ojiee TUIyOMHHBIX CBsA3€ii, CYIIEeCTBYIOIINX
B IIpUpOJie, KaK IMOKa3aja UCTOPUs (DU3MKH, BCErJa MO3BOJISIET MOTOM JI€JIATh HOBBIE IIPE/I-
cKazaHusg 1 0000IIEeHNsI, KOTOPble HEBO3MOXKHO OBLIIO CJIeJIaTh B paMKaxX 0oJiee OrpaHuYeHHbIX
Teopuil.

Heyusurenbno mosTomy, UTo Hjes eIUHCTBA BOJHOBBIX U KOPIIYCKYJISIPHBIX CBONCTB BO3-
HUKJIa 331010 10 Hadaja 20 Beka. JleficTBUTEIbHO, MBI XOPOIIIO 3HAEM, YTO, HECMOTPSA HA
BOJIHOBYIO IIEPUPOJIy CBETa, XOPOIIUM MPUOJIMZKEHUEM IIPU OIMMCAHUU €r0 PACIpPOCTpaHeHUsT

ABJIACTCA HpI/I6JII/I}KeHI/I€ FeOMeTpH‘{GCKOﬁ orntuku. OHO XOopouio pa60TaeT B CJIy4dae, KoTI'da
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A < L, tne L — xapakrtepHblii pa3Mep. NHbIME cjioBaMu, BMECTO BOJIH YJI00HO NOBOPUTH O
Jlydax CBeTa, T.e. O TPACKTOPUU JIBUKEHUS.

BouJtee Toro, okazasnoch, YTO U ypaBHEHHUs, ONUCHIBAIONINE PACIIPOCTPaHEHUE JIyda, OKa3a-
JINCH OYEHb MMOXOKUMU Ha YPaBHEHUS, OIUCHIBAIOIINE JIBUKEeHNe JYacTullbl. J[1s1 aToro gacrory

CBeTa HYKHO ObLIO PacCcMaTpuUBaTh Kak (DYHKIMIO KOOPMHAT U BOJIHOBBIX BEKTOPOB
w=uwk,r). (127)

TOI‘,ZL& 3aKOH, OHI/ICbIBaIOHlI/Iﬁ pacClipoCTpaHEeHHE JIy4da (T.e. YpaBHEHU A, OIIUCBhIBatoIue €ro JiBu-

kemnue r = r(t) u n3menenne BoHOBOro BekTopa k = k(1)) q0o/KHBI 33/1aBaThCA yPABHEHAAMU

dr ow
dk ow
T = o (129)

Kax MbI BUJIUM, B TAKOM TIPUOJINZKEHUH (KOTOPOE U HA3bIBAETCs PUOJIMKEHUEM NeOMEeTPUYe-
CKOIi OITHKM) JIyY JIBUXKETCsT BJIOJIb HallpaBjIeHnst rpyioBoii ckopocru (56). Yo ke kacaercs
coorrorrerus (125), To mocae yMHOXKeHUsT Ha [l OHO IIPEBPAIAeTCs B XOPOIIO U3BECTHOE yPaB-
HeHue jiBuKenus dactunpl dp/dt = —0U/Or. leiicrBurensho, sueprust F = hiw ectb cymma
KIHETHIeCKOil SHEPTUH, 3aBUCAIIIEHl NI CKOPOCTH YaCTHUIL, U HOTeHIma bHoi sueprun U(r),
3aBHCAINEH 0T KOOPIMHAT. A PON3BOJHAS OT MOTEHIMAILHOI sHeprun U(r), Kak H3BECTHO, U
ecThb cuila, JeiicTByiomas Ha Tesgo. Kak Mbl BUANM, B HEKOTOPBIX CJIyYasX PacIpOCCTPAHECHHUE
BOJIH MOZKET 6bITb OIIMCaHO B TOYHOCTH TaK 2Ke, KaK 1 PacCIIpOCTpaHCHHUE YaCTHIL.

C npyroii croponsl, emie B 17 Beke 1. ®epma (1601-1665) cchopmymmpoBas MpUHIAIL, CO-
[JIACHO KOTOPOMY TPAEKTOPHUs PACHPOCTPAHEHUSI CBETA MEXKJY JABYMS IPOCTPAHCTBEHHBLIMU
TOYKAMHU COOTBETCTBYET MHHUMAJILHOMY BPEMEHH PACIpOCTpaHeHMs CUTHaJa. B BakyyMe Ta-
KUMHU TPAEKTOPUAMU OYIYT IHpsiMble JIMTHUU, COCJTUHLAIONINE HAYAJbHYI0 U KOHEYHYIO TOYKH
TpaekTopuu. Ecim ke JIyd cBeTa IepecekaeT IpaHuIly JABYX CPel, B KOTOPBIX CKOPOCTH pac-
IPOCTPAHEHUsT OTJIMYAIOTCA APYT OT APYyTa, TO MPOUCXOIUT BCEM XOPOIIO U3BECTHOE SBJICHUE
IIpeJIOMJICHHA CBETA. HpI/I 9TOM BEJIMYMHA N3JIOMa OKAa3bIBa€TCAd B TOYHOCTU TaKOI';I, qTOo, IIpour-
phIBas Ha JIJIMHE TPACKTOPHUH, JIyd CBETA IIPOXOIUT BECh IIyTh MEXK/ly HAadaabHON M KOHEYHOI

TOYKaMM 3a KpaTanVHHee BpeEM.
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B manbreiimem ujest 0 ToM, 9YTO Ha PEAbHON TPAEKTOPHUH TeJI HEKOTOPAas BEJTMINHA JTOJIK-
Ha IPUHUMATH HAMMEHbIIIee 13 BO3MOXKHBIX 3HadYeHuit, Obia obodmena I1.JI.M. ne Momneprion
(1698-1759), JI. Ditepom (1707-1783) u ZK.JI. Jlarpankem Ha Bce ocTajibHble (PU3NIECKUE B-
JIEHUs U CTaJla OJTHON U3 KJIIOUYEBBIX UJIeil TeopeTnyeckoil ¢pusuku. Tem caMbiM, ObLT chOpMy-
JINPOBAH OOIUIl PETENT MOCTPOEHUST TEOPHUH, M3BECTHII KaK IIPUHITUI HANMEHBITIEro JIeiCTBUS.
Jlns MmexaHuku 3Ta rnporpaMma u 6bLia 3asepiinena [amuiabronoM. B ero mojxojie pacemarpu-
BaJIaCh y2Ke He TPAeKTOPUs OTJEIbHON YaCTHIIBI, & IeJIbIil IIYY0K OJIM3KUX TPAEKTOPHil, BJIOJIH
KOTOPBIX JIBUTAJIACH OBl YACTHITHI, NMEIOIINE Pa3IMIHble HadaJIbHbIe ycaoBusd. U momobro Tomy,
KaK B BOJTHOBOI (hu3MKe HAIpaBJIEHUE PACIPOCTPAHEHNS BOJIHBI CBI3bIBAJIOCH C ITPOU3BOIHOM
dazer ®(z,t) (em. dopmyiay 50), B Teopun ['amuibrona Oblia BBeIeHA aHAJIOTUIHAS (DYHK-
st — yskius jgeiictsus S(r,t). [Ipu 5T0M UMITYIbC YACTHUIL JTOJIZKEH OBLIT OIPEJE/ISThCS U3
COOTHOIIIEHNU ST

0S(r,t)

T.€. M3 COOTHOIIIEHNST, KOTOPOE TI0 BHEIITHEMY BUJIy COBIIAJAET C BOJHOBBIM cooTHOIIeHneM (51).

CutestoBaTesibuo, B 110/1x0ie ['aMmIbToHa MOBEPXHOCTU PABHOM BEJIMYUHBI JAeHCTBUS S OKa-
3BIBAJINCH MTOJTHOCTHIO SKBUBAJEHTHBIMU ITIOBEPXHOCTAM PaBHOI "(a3bl’ B BOJHOBBLIX ITPOIIEC-
cax. T.e. B 9TOM T0JIX0/Ie JIBUZKEHUE YACTHI] OMUCHIBAJIOCH MOJI0OHO PACIPOCTPAHEHUIO BOJIH.
Benomunas teneps cBsi3b p = hk Mex 1y MMIyJIbCOM P U BOJHOBBIM BeKTOpOM K, a Takike

cpaBHuBas BbipaxkeHus (51) u (126), MBI IPUXOIUM OKOHYATEIHHO K COOTHOIIEHHIO

S
b =—. 131
. (131)

KOTOpPOE U CBA3BIBAET KJIACCUYECKYIO XapaKTEPUCTUKY YaCTHUIlbI, T.e. JeficTBHUe, ¢ KBAHTOBOI
XapaKTEePUCTUKOM, T.e. ¢ (a30ii BOJIHBI.

Yo ke KacaeTcd MPUHIUIIA HAUMEHBIIETo JIeHCTBUs, TO COTJIACHO €My KJ/IacCUYecKas da-
cTuna OyjIeT JBUTATbCS 110 TaKOH TPAEKTOPUU, BJIOJIbL KOTOPOI M3MeHeHne BeJTUIuHbI S Oy1er
HauMeHbImM. U3 coorrommenust (126) BUAHO, 9TO JIId BBIYUCJEHUSA S HYKHO MIPOCYMMUDO-
BaTh BJIOJIb TpaeKTOpum mpuparienns 0S5 = poir. B wacrHOCTH, /TS CTydast ABUMKEHHUS I10

OKPY2KHOCTH HM€eEM IIPOCTO

S = 27rp,. (132)
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B nacrosiee BpeMs NPpUHITUIT HAMMEHBINIETO JIEHCTBUS TIPEJICTaB/IAeT cOO0i ouH 3 (yH-
JaMEHTAJbHBIX ITOJIX0/I0B, TMO3BOJIAIONINX OMUCHIBATH MPAKTUIYECKN BCE SIBJIEHUS, ITPOUCXO/Is-
e B pupojie. HarmoMamM, 9T0 MMEHHO TaK CJIYYWJIOCH, HAIIPUMED, U ¢ 3aKOHOM COXpaHEeHUs
sHepruu. BriepBble oH ObLT cPOPMYJIMPOBAH JIJIsT MEXAHUYIECKUX ITPOIECCOB, HO TOTOM CTAJIO
SICHO, UTO 3TO €CTh OCHOBOIIOJIATAIONINN TMPWHIIAT €CTECTBO3HAHNUS, CIIPABEJJIMBBIN I BCEX
SIBJIEHUI TPUPOJIbI M CBA3AHHBIN € HE3aBUCUMOCTBIO JIIOOBIX MporieccoB oT BpeMenu. Coor-
BercrBenHo, A. Diinmreitn u /. T'mibbepr (1862-1943) B x0/ie MHOTOJIETHUX MYYUTEIbHBIX
pa3yMuil MOHSAJIM, YTO I'PABUTAIMIO HEJIb3d BBECTH, 1101000 3JIEKTPOMAIrHETH3MY, KaK HEKO-
TOPOE MaTepPUAJILHOE T0JIe, IIOCKOJIbKY I'PaBUTAIUS HCUYe3a€eT IIPU [IePEXo/ie B CBOOOJIHO IMaIalo0-
Y10 cucrteMy orcuera. [[puHIHNIT Ke HanMeHbBIIero JIeicTBUS OKa3aJics 00Jiee YHUBEPCAJIHHBIM.
Oka3aJioch, 9TO MOCJIE0BaTeIbHAS TeopHsi (KOTOPYIO MbI Terepb 3HaeM Kak OOIasi TeopHs
OTHOCHUTEJILHOCTH) MOKET OBITh IMOCTPOEHA, €CIM B KAYeCTBe IOJHOIO JeHCTBUS, XapaKTepu-
3YIOIIEro CUCTEMY, PACCMOTPETH IIPOCTYIO CYyMMY JIefiCTBUI BelecTBa (BbIpayKeHHe JIJIs HEro
OBLIO yZKe XOPOIIO U3BECTHO) U JeHCTBUS TPABUTAIIHOHHOTO TIOJIS.

Kak BBI y2Ke, HaBepHOE, JIOTaJIA/INCh, pa3MEPHOCTD JieficTBus u nocrodunoi [lnanka oka-
3BIBAIOTCS OJIMHAKOBLIMU. TOT/Ia CTAHOBUTCS $ICHO, YTO HA CAaMOM JleJie IVIyOMHHOEe 3HAYeHUe
nocroguaoi [Inanka ecth kKBaHT JielicTBusd. VHBIMEU cJiOBaMU, B MUKPOMHPE BO3MOYKHBI JTUIITH

IPOIIECCHI, Il KOTOPBIX JieficTBue S ecTh 11es10e KPATHOE BeJIUINHBL A
S =nh = 2whn. (133)

B utore, B yacTHOM citydae Jijig KpyrOBBIX OPOUT MbI BHOBB ITPUXO/IUM K ITPABUTY KBAHTOBAHUS
Bopa (34). Kak jierko mpoBepuTh, 3T0 yCJIOBHE B TOYHOCTH COOTBETCTBYET M PACCMOTPEHHOIT
BBIIIIE 3ajade 00 YPOBHSAX SHEPIUU FaCTHUILI B ITOTEHIMAJIBHON gMe ¢ OeCKOHEIHBIMU CTEH-
Kamu, Korja S = 2Lp. B ciyuae ke riajgkoro morenrmaga U(x) HeOOGXOANMO cCrienuabHOe

paccMoTpeHne, KOTopoe MPUBOJIUT K T.H. IPaBUJIy KBaHTOBaHUsA bBopa-3ommepdernsia
1
S =2nh (n + 5) . (134)

ﬂef/’ICTBI/Ie 2Ke KJIaCCUYIEeCKHUX CHCTEeM BcCer/Ja HaCTOJIbKO OoJIbIIIE ITOCTOSHHOM HJI&HK&, qT0 00-

Hapy2KUTb JUCKPETHOCTb STON BEJIMYUHBI HE IPEACTBaJIAECTCA BOSMOXKHBIM.
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4.4.2 Kiaaccudeckuii ipeaent

[Tocenee 06CTOATENHCTBO HABOJUT HA MBIC/Ib, UTO IIPHU S > h pe3y/abTaThl KBAHTOBOI MeXa-
HUKH JIOJIZKHBI IPUOJIMKATHCA K pe3ysIbTaTaM, KOTOpbIe JaBajia Obl MEXaHUKa KJIACCUIECKAas.
Dror npunmun 1 6611 cdopmynuposan H. Bopom kak npuamun coorsercrBus. B aeiicTBuTebh-
HOCTH, 3TO yTBEPXKICHUE OBLIO YACTHBIM CJiydaeM 0oJiee OOIIEero MpuHITUIA, COTJIACHO KOTOPO-
My Jif00asi HoBast HayIHas TeOPUs IIPHU HAJIUYINN CTapOil, XOPOIIIO IIPOBEPEHHOM TEOPHUH TOJIZKHA
HaXOJIUTCS C Heil He B IIPOTUBOPEUNHU, & JlaBaTh Te Ke CJIeJICTBUA B HEKOTOPOM IIPEJIeIbHOM
npubsmkennu (dactHoM ciydae). Tak B crienuajibHON T€OpUH OTHOCHTEIBLHOCTH B IIpEJesie
MaJIbIX CKOPOCTEH v <& ¢ MOJIyIaloTCsl Te YKe Pe3yJIbTaThl, YTO U B KJIACCUIECKON MeXaHuke. A
00111as1 TEOPHSI OTHOCUTEIbHOCTH COBITAIAET C KJIACCHIECKO Teopueil Tsarorenns HproToHa mpu
MaJIBIX CKOPOCTSX U < ¢ U IPH MaJIbIX 3HATEHHAX TPABUTAIMOHHOTO MOTEHIMATA Og/¢? < 1.

B kBaHTOBOI1 K€ MeXaHUKe IPUHIIUIIOM COOTBETCTBUS Ha3bIBAETCS YTBEP:KIEHUE O TOM, ITO
[IOBE/IEHEe KBAaHTOBOMEXaHMIECKON CHCTEMbI CTAHOBUTCH KJIACCUYECKUM B IIpejiesie OOJIbITNIX
KBaHTOBBIX 4dmces n. B OoJee ke ob1eit popMyImpoBKe, KaK MbI BUJIE/H, YCIOBHEM IIEPEX0/1a,
K KJIACCHIECKOMY IPUOINKEHUIO OyIeT 00JIbIoe 3HadeHue jeiicteust S > h.

B kadecrBe miuocTpaiuu, IpoOBEPUM BBIIOJHEHHE ITPUHIIAIIA COOTBETCTBUS Ha IPUMeEpe
aToma Bojtoposia. s sroro onpeennm dacrory nepexona w = (1,41 —T),)/h ¢ yposast n+ 1
Ha YPOBEHb N, KOrjla Heprun repMoB 1, matorcs coorHorenneM (34). Ilpu 6osbrux n

1 1 2
— = ~= (135)

n?2 (n+1)2 n3’
TaK 9TO COOTBETCTBYIONIASA YACTOTA MOXKET ObITh 3allCaHa B BUJIE

meet 1
B nd

(136)

w =

B pe3yJjibTaTe, KaK JIET'KO IIPpOBEPUTDL, B IIpeaesie 1 — OO YaCTOTa HU3JIyYEHHOI'O (bOTOHa B

TOYHOCTH paBHA KJIACCHYECKO} 4acToTe BPAIEHUs 9JIEKTPOHA 110 KPYroBoii opbure pajmyca
_ 2
Tn = n-ag. (137)

Ho mMenno Ha Takoii yacTore U JOJIZKHO IIPOUCXO/IUTH H3JIYyYEHHE B KJIaCCUYIECKOI Teopun

QJIEKTPpOMaIrHeTu3sMa.
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C apyroii cTOPOHBI, PACCMOTPEHHBIN BBIIIE TPUMEDP TOTEHITUAJBHONW MBI ¢ OECKOHETHBIMUI
CTEHKAMU ITOKA3bIBAET, YTO YUCJIO 7 COOTBETCTBYET KOJIMYECTBY HyJeill BOJHOBON (DYHKITMU
¥(x). Tlosromy 1pu odeHb GOBIIUX T BOJHOBasi (BYHKIMS CTAHOBUTCS Bce Gosiee m Oosiee
HOXOZKell Ha TApMOHMYIECKYIO BOJIHY, B KOTOPOii BOJIHOBOBEKTOP K (a, 3HAYMT, M UMILYJIbC P)
cab0 MEHSIIOTCsI B ITPOCTPAHCTBE. A 9TO M O3HAYAET, 9TO BOJIHOBas (PYHKIUS 1) MTPABUIBLHO

OIIMCBbIBa€T CBO60,ILHO PaCIIpOCTPAHAIOIMIYIOCA 9aCTUILY.

4.4.3 IlepBble utorun

[Monsenem uroru. PasobpaHHble BbIIEe MPUMEPHI TTOKA3bIBAIOT, YTO CBOHCTBA MUKpOMEpA (&
KpUTEepreM KBAHTOBBIX SBJICHUI, KAK MbI BUJEH, OYJET TO, 9TO IIPOU3BEIEHNE COOTBETCTBY-
IOIUX MACIITabOB U UMITYJILCOB CPABHUMO TI0 BeJIndnHe ¢ moctosguuoil [Lianka i) kapanHaib-
HBIM 00pPa30M OTIMIAIOTCS OT HMPUBBIYHBIX HAM KJIACCHIECKUX CBOWCTB. BosHOBasi mpuposa
MUKPOCKOIIMIECKUX SIBJIEHNI HE MMO3BOJISIET TOBOPUTH HU O TPAEKTOPUHU YACTHIL, HU 00 OHO-
3HAYHOM ITPEJICKA3aHIK PE3Y/IbTATOB onbITa. HamomuuMm, uro ecstn Ob 3a/1a4a ObLIa KIaccude-
cKoif (HampuMmep, B cjlydae IMapuka B KOPOOKE € MIEAJbHO YIPYTUME CTEHKAMMU), TO Pedb Obl
12 O TIePUOJIMIECKOM JIBUZKEHUH, IPU KOTOPOM B KayKJble U3 IMOJIOBUHBI MEPUOJA IACTHIIA
JIBUKETCSI C MOCTOSTHHON CKOPOCTHIO. B KBAHTOBOI Ke MeXaHWKe, KOIjia IIPOU3BeJIeHNe pas3-
Mepa MOTEHIUAJBLHON gAMbl L ¥ UMITyJIbCa YACTHUILI P OJU3KO K /i, TOBOPUTH O TPAEKTOPHUH
y?Ke HEBO3MOKHO. B dacTHOCTH, HEONpe eIeHHOCTh B UMITYJIbCE JaCTHUIBI Oy/IeT TaKOBa, UTO
BOODIIIE HEJb3s OyJIET OIPEeIe/INTh, B KAKYI0 CTOPOHY OHa JBukKercd. [loaromy B TakoMm cirydae
JIECTBUTEIHHO DOJIee eCTECTBEHHO TOBOPUTH O COCTOSTHUU YAaCTHUIIBI C OIIPE/Ie/IEHHOM SHeprueit
1 00CY?KJIATh JIUITH BEPOSITHOCTU TIEPEX0Ia MEYKTy ITHMU COCTOSTHUSIMU.

Hajio ckazarh, 910 HECMOTPsT Ha IIPEKPACHOE COIVIACHE TIPEJICKa3aHuil Teopun ¢ HabJII0/Ie-
HUSIMU, BEPOATHOCTHBIE CBOICTBA KBAHTOBOI MEXaHUKHU OBbLIM MPUHSTHI HE CPa3y U JIAJIeKO He
BCeMU. DIHINTEHH /10 KOHIA YKU3HU ObLIT yBepeH, uTo "bBor ne urpaer B koctu' . leficTBuTe b-
HO, KBAHTOBasI MEXaHUKA ITPEKPACHO OIMCHIBAET CTATHCTUYECKNE MapaMeTPhI, KOIJia MOHITHEe
BEPOSATHOCTH XOPOIIIO OIIPeJIeJIEHO OJ1aroIaps HAJIMIUIOo aHcaMOJIsd, T.e. OOJIBIIIOTIO YHCJIa TIOBTO-

peHI/Iﬁ IKCIIEPUMEHTA NJIA 2KE OOJIBIIIOrO YUCJIA JaCTUll, y9aCTBYIOIINX B IIPOIIECCE. Nmenno Tak
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— CTaTUCTUYECKN — JIerde BCEro MOHSTh W COOTHOINEHWe HeolpejeeHHocTeil [eiizenbepra.
Jlst GOMBITIOr0 KOJIMYECTBA YACTHUIl, YIACTBYIOIINX B SKCIIEPUMEHTE, WX CPETHEKBAIPATHI-
Hble OTKJIOHEHWsI OYJyT yJ0BJeTBOpATh coorHommenuto (60). OHako ypaBHeHUs] KBAHTOBOIL
MEXaHUKH HUYEro He TOBOPST, HAIPUMED, O TOM, KakK (POTOH, BOJHOBasi (DYHKIMS KOTOPOTO
"pazmaszana’ B O4YeHb OOJILIIOM O0beMe, MTHOBEHHO IIOIJIOMAETCA aTOMOM, pPa3Mep KOTOPO-
ro ucuezaomnie Maja. OJHUM U3 BBIXOJOB U3 IMOJIOXKEHUsI MOIJIA JIaTh, HAIIPUMED, T.H. TEOPUs
CKPBITBIX napaMeTpoB. MbI MopobHO paccMOTPHUM 3TOT BOIIPOC B ciemyiomieil [ase.
OrmeTnM, HAKOHEIl, 9TO MaJIOCTh nocTogHHON [lnanka, Garomgapst 1emy KBaHTOBBIE -
deKThI B OKPY2KAIOIIEM HAC MUPE, Ka3aJ0Ch Obl, BCeryia MpeHedpesKuMO MaJibl, HA CaMOM JIeJie
obomanumBa. Koneuno, cama BenvunHa JeficTBUsS S OKPYKAIONUX HAC sIBJIEHUN BCErjia Hems-
MepuMo OovibItie iocrogunoit [Lranka ii. Bmecte ¢ Tem, Kak MbI BUJIE/N, TOCTOTHHAA TOHKOMN
crpykrypbl « = e%/fic (112) conepxut nocrosunyto Ilnanka B sHamenatese. Eciu 6b 110-
crosnnas [lnanka ObLIa Ha JBA MOPsi/IKA MEHbIIE, TO CAMO CYIIECTBOBAHUE ATOMOB CTAJIO OBI
HEBO3MOKHBIM, XOTsI ObI TIOTOMY, UTO, KK MbI BUJIEN, CKOPOCTH YACTUIl Ha HIXKHEM YPOBHE
B aTOMe BOJIOpOJIa JIOJIKHA ObLa ObI TPEBBICHTH CKOPOCTH ¢BeTa. [[09TOMYy Ha ATOMHBIX MaC-

mrabax KBAaHTOBBIE 3(1)(1)€KTI)I Ha CaMOM JieJie AdBJIAI0TCA CUJIbHBIMMU.
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5 KBsBaHTOBas mcrmHa

5.1 Coun
5.1.1 BHyTpeHHUEe CcTelleHu CBOOObI

Kak y»ke roBopmjioch, 3jieMeHTapHbIE YACTHUIIHI 00JIAJIAI0T eIlle OJHUM YIUBUTEJIHHBIM CBO-
ctBoM. OOBIYHO TOBOPSIT, UYTO OHO CBSI3aHO C WX COOCTBEHHBIM MOMEHTOM WMITYJIbCA, T.€. C
BparenreM. /leiicTBUTE/ILHO, BO MHOTHX (PU3NUECKHUX MPOSIBJIEHUAX TaK OHO U €CTh, U [T03TO-
My 9TO CBOJICTBO TIOJIyUNJIO HA3BAHKE CIHUHA (110 AHTJIMIACKA Spin u ecTh Bpamienune). OnHAKO,
KakK OyJeT IMoKa3aHO HUKE, 9TO CBOWCTBO B JIEHCTBUTEIHLHOCTH HE CBA3aHO C MaTepHAJHHBIM
BpalerneM. Fro mpupojia oka3piBaeTcst ropas/io IIyozKe U, TJIaBHOe, He MMeeT aHaJIora B KJIac-
cUvIecKoi (hu3mnKe.

[Ipexk e Bcero, Mo00HO JIPYTUM KBAHTOBBIM CBOMCTBaM, KAK MOMEHT MMYJIbCA, TAK U Mar-
HUTHBI MOMEHT YaCTHUI[ MOYKET NMPUHUMATH JINIIb JUCKPETHBI HAOOp 3HAUYeHUil. ITO OBLIO
y6eauresnbho nokazano O. [lreprom (1888-1969, Hobestesckas npemust 1943 r.) u B. Tepiaxom
(1889-1979) B 1921 romy. Ux onbiT coctosi B ciepyiomemM. [lydok aroMoB cepebpa Hpoiryc-
KaJIl 4depe3 00/IaCTh C CHJIBHBIM HEOJIHOPOJIHBIM MAIHUTHBIM TIOJIEM, CO3/IaBAE€MbBIM MOITHBIM
IIOCTOAHHBIM MaruuToM. Kak yrke oTMedasioch B poasjesie 3.3.3, MAarHUTHBIE MOMEHT (i B
MaruuTHoM 1mojie B o0siaaer JIONOJHUTENHHON TOTEHIINAILHON SHeprueil B3anMoIefcTBIS
U = —uB. Ilostomy eciu yactuna o6/1a/1aeT COOCTBEHHBIM MATHUTHBIM MOMEHTOM, TO ITPHU
[IPOXOXKJIEHUH Yepe3 00JIaCTh, 3aHATYIO CUJILHBIM HEOTHOPOJIHBIM MATHUTHBIM IIOJIEM, HA Hee
JIOJKHA JlefictBoBaTh cuiia F' = p,dB, /dz, HanpaBieHHas B CTOPOHY YMEHBIIIEHUs BEJTMINHBI
U. T.e. cuna B3anMojieficTBUs OopeiesigeTcsd KaK pa3 MpoeKIneil MarHuTHOrO MOMEHTA [, Ha,
HAIIpaBJIeHle MarHUTHOTO 1oJist (0ch 2).

flcHO, 9TO 719 KJIACCUYECKUX YaCTHIl, Y KOTOPBIX HPOEKIHUT MarHUTHOIO MOMEHTa MO-
2KeT ObITh ITPOU3BOJILHOM, YroJI OTKJIOHEHUS JIOJIZKEH OBITh 3aK/II0UEH B IMMPOKUX IIPeesax.
B wacTtHocTH, jj19 9acTUIB, Y KOTOPOHl MarHUTHBI MOMEHT IEPIIeHIMKY/ISIPEH MArHUTHOMY
[IOJII0, YTOJI OTKJIOHEHHs BOOOIIEe Oy/ieT 030K K Hy/0. [losroMy ecim 1mpeJiiooKuTh, UTo

MaTl'HUTHbIE MOMEHTLI Y IIa/Ial0OIUX aTOMOB ObLIN OPUEHTUPOBaHbI CJIy‘I&fIHO, TO TOI'la Ha pe-
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Puc. 12: Cxema omwita [HITepua u I'epiraxa

TUCTPUPYIOIIEil IJIACTUHKE JIOJI2KHA ObLIa TPOSABUTHCA PA3MbITas ITOJIOCA.

C apyroii CTOPOHBI, COTJIACHO KBAHTOBOI MeXaHUKe, MarHUTHOE TI0JIe, OTKJIOHAOIIee {a-
CTHUIIBI, HY?KHO PACCMaTPUBATH KAK U3MEPUTEJILHBIN TPUOOD, OMPEIEe/IAIONINA TPOEKIINIO Mar-
HOTHOTO MOMEHTa 9YacTHIl. A 5Ta MPOEKIUs, KaK MOKHO OBLIO MPEJIOJIOKATE, UMes yKe
JIOCTATOYHBIN OITBIT UCCJICTOBAHNSA KBAHTOBBIX CUCTEM, MOTJIA ITPUHUMATH JIUIIb JTUCKPETHDIMA
nabop 3unaduennii. U neiicTBuTenbHo, Kak nmokazano Ha Puc. 12, na perucrpupyromieit miacTuH-
Ke 00pa30Ba/IiCh JIBE JIOCTATOYHO UYETKHE Y3KHEe IOJIOCHI, UTO CBUJIETETHCTBOBAJIO B IIOJIb3Y
TOr'0, YTO MAIHUTHBIE MOMEHTBI ATOMOB BJIOJIb BBIJIEJIEHHOTO HAIIPABJICHUS IPUHUMAJIHN JTUITH
JIBa OIIPeJIe/IeHHBIX 3HadYeHns 1. [lo3/1Hee ¢ aHAJJOTMYHBIMU Pe3yIbTaTaMu ObLIU ITPOJIETIAHI
OTBITHI JIJIsl ITyYKOB aTOMOB JIDYTUX METAJIJIOB, & TaKyKe IIyYKOB IIPOTOHOB U 3JIEKTPOHOB.

Yro xe moyaaercs? [pu npoxoxkieHnn depe3 MarHuTHOE M0JIe HEO/IsIPU30BAHHOTO ITyd-
Ka JacTurl (moueMy aBTOPBI ObLIN yBEPEHBI B 9TOM, HAM Celvac HEBaXKHO) MAIHUTHbBIE MO-
MEHTBI ATOMOB YUBUTEIHLHBIM 00Pa30M BBICTPAUBAJIICH JTUOO 110, JInOO 1poTus 1oJisd. [Ipudem
[IPOEKIINs MOMEHTa MPUHUMAJA JIUIIb JIBa 3HAYEHUs, OT/IMJatonuecss 3HakoM. OcMbIc/ieHne
9TOr0 CBOMCTBA YaCTHI] 3aHAJIO JIOJTUX 4YeThipe roja. HabsogaeMmyro JBY3HAYHOCTb HUKAK
He y/IaBaJIoCh MOHATH C TOUKM 3peHus Kjaaccudeckoil dpusuku. JIumb B 1925 roxy /1. Yienbek
(1900-1988) u C. Tayacmur (1902-1978) BBesu B (bU3KMKY HOHSITHE CIMHA, OTPAZKAIOIIETO HEN3-
BECTHOE JI0 CHUX ITOP CBOMCTBO 3J1eMEHTAPHBIX YacTull. [Ipu 3T0M OHE OCHOBBIBAJIMCH HE TOJIHLKO
Ha pesysbrarax onbiTa [[ITepna-I'epiraxa, Ho 1 Ha aHaM3€e CIIEKTPOCKONUYECKUX JTAHHBIX, TJI€
no00Has JIBY3HAYHOCTH (pacIllelieHne aTOMHBIX YPOBHEH Ha JIBa MOJyPOBHS) TakKe OblLia

n3BecTHA. B mrTore, oHM NpeJIOKUIN PACCMATPUBATEL JIEKTPOH KaK BPAIIAIONIUICSA BOJTIOK,
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obJtaaomuii CoOBCTBEHHBIM MEXaHUIeCKUM MOMEHTOM, PABHBIM /1/2, 1 cOGCTBEHHBIM MarHUT-
HBIM MOMEHTOM, PaBHBIM MarneToHy bBopa.

Hano ckazarb, 910 ujes o TOM, YTO 3JIEKTPOH MOYKeT 00JIaJaTh COOCTBEHHBIM YIVIOBBIM
MOMEHTOM, CTaJjia 00CY»KJIaThbCsl cpa3y IMocje Toro, kKak Pesepdop/ mpeioKnI ¢Boo IaHe-
TapHYIO MOJIEJIb aToMa. Pa3 IJIaHeThl BPAIAlOTCsd BOKPYT CBOEH OCH, TO MOYeMYy ObI U 3JIeK-
TPOHY He IPHUIHICcATH 110/100H0e cBoiicTBO? [l0/100HbIE Hlen BO3HUKAJIN IOCTOSTHHO, OJTHAKO OHU
He ObL ¢hOPMYIIMPOBAHBI JOCTATOYHO deTKO. Tak, emie B 1921 rogy A. Kommron, nbitasich
00bICHUTH MArHUTHBIE CBOICTBa BEIECTBA, BBICKA3AJ MBICIL 00 3JIEKTPOHE, BPAIAIOIIEMCS
noj106H0 MuHHATIOpHOMY Tupockoiry. llozxe B. IMaymm (1900-1958) Takrke OBLT BBIHYKJIEH
[PUIIACATH 3JIEKTPOHY JIBY3HAYHOCTH, HE OIMUCHIBAEMYIO Kiraccrniecku. CXOoyKie MBICU BbICKa-
3BIBAJICh HE TOJIBKO JIJIsl 9JIEKTPOHA, HO U JjIst (POTOHA U ATOMHOTO sijipa. [losTomy onpeients
[IPUOPUTET B BOIIPOCE OTKPBITUS CIIMHA OKA3aJI0Ch HEBO3MOXKHO. [lo-BuammMomy, 3T0 U cTajI0
OCHOBHO#I TPUYIUHOI TOTO, UTO 3a OTKphITHE ciinHa HobeeBckoil npeMun mpucyzk/1eHo He Obl-
JIO.

B nauase 1925 roga P. Kporur (1904-1995) Takzke mMpe/IioIoxKuI, 90 HabIIIaeMyIo JIBY-
3HAYHOCTH MOYKHO OObSICHUTD BPAIEHUEM JIEKTPOHA BOKPYT OCH, OJIHAKO BCKOPE M OH CTOJIK-
HYJICS C Cepbe3HBIMU TPyAHOCTAMU. JleficTBUTEIbHO, KAK MBI BUJIC/IM, B KAUECTBE XapaKTep-
HOTO pa3Mepa, 3JIeMEHTaPHOI JacTHIlbl CJe/lyeT BhIOpATh KOMITOHOBCKYIO JIHHY X = h/mec.
[TosTomy myist TOrO, 9TOOBI COOCTBEHHBIII MOMEHT UMITY/IHCA TAKON YaCTUIILI ObLIT paBeH fi, CKO-
POCTD Ha TIOBEPXHOCTH YACTUIBI (HE3ABUCUMO OT €€ MaCChl!) J0JKHA ObITh OJIM3Ka K CKOPOCTH
cBeTa. YKe OTCIOJIla MOYKHO OBLIO CJie/IaTh BBIBOJ, YTO CIUH 3JIEKTPOHA — HE TOJIBKO YUCTO
KBAHTOBO€, HO U PeJIATUBUCTCKOe cBoiicTBO. [loaromy, B wacTrHoCcTH, ypaBHenue [llpemnurepa
(86) rukakoii undopmanuu o cuune He cojepxkut. OJHAKO pacyer, BHIIOJHEHHBIH Ha OCHOBE
KJIACCUYECKON 3JIEKTPOIMHAMUKH, ITOKA3bIBAJI, YTO CKOPOCTD JIOJIZKHA ObLi1a ObITh JaxKe 60JIb-
e ckopoctu cBeta. [Tosromy Kponur ObLT BRIHYK/IEH OTKa3aThCs OT CBOEH UJIeN.

Viren6ek u 'ayjicMuT Takzke MONBITAJINCH CBA3aTh HAOJIIOAEMYIO JIBY3HAYHOCTD C Bpallle-
HUEM 3JIEKTPOHA BOKPYT CBOEH OCHU, M €CTECTBEHHO, CTOTHYJIUCH C TEMH YK€ TPY/HOCTIMHE, UTO

n Kponur. Tem He MeHee, oHE COOOIIMIN O CBOeil rumorese cBoemy yunrtesio 1. Dpendecry
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(1880-1933). Dpendecty sTa Hiess MOHPABUIACH, U OH MPEJIOKUI UM HAIKMCATH CTATHIO U
nokaszarh ee X. Jlopewry. Jlopeni (B KOTOpBIi yzke pa3!) Opuimes K TeM Ke HeJIelmbIM ¢ TOY-
KU 3pEHUs KJIACCUYeCKON 3JIeKTPOJIMHAMIKI BBIBOJIAM, TaK UTO YJyeHOeK u [ayjpemut perruin
CBOIO CTAThIO He IMyOMKOBaTh. OIHAKO OBLIO MO3/IHO: JdpeHdecT yKe 0ToC/Iaj ee B IMedaTh.
[To sTomy moBoy oH 3aMeTus1: "Bbl 006a J0CTATOYHO MOJIOJBI, 9TOOBI TIO3BOJIUTDH cebe CliesiaTh
OJIHY TJIynoCTb!”

[TosiBnenue crarbu Yienbeka u [ayncmura BoizBasio 6ypHoe obcyzxjenue. [lonagarny or-
HOIIIEHNE K CIUHY OBLIO BechMa cKenmTudeckKuM. Permaroreit okasasach nmosunust H. Bopa, ko-
TOPBIl ¢ BOOJYIIIEBJIEHUEM BOCIPUHSI MOsIBJIEHUE 3TON I'MIOTE3bl, OTKPHIBABIIEHl HOBbIE BO3-
MOXKHOCTH JIjIst onucaHus aroma. OKOHYATE/IHbHO YKe NPABUJIBHOCTD UJIEN O CIIMHE CTaja sCHa
7ML BecHoi 1926 Toja, KOrya pacueThl T.H. CIIMH-OPOUTAILHOIO B3auMOJICHCTBHA ¢ yIeTOM
PeIATUBUCTCKUX 3D DEKTOB MO3BOIUIN KOJTUIECTBEHHO O00bSICHUTH TOHKYIO CTPYKTYPY CII€K-
TPOB.

Tem He MeHee, HYZKHO eI1e pa3 MOIEePKHYTh, UTO CIUH, IIPOSBICHUS KOTOPOTO BO MHOTOM
CXOJIHBI CO CBOMCTBAMU BPAIIAIONIETOCd BOJIYKA, HA CaMOM Jiejle He CBI3aH HU C BPaIlEeHU-
eM, HU ¢ KaKuM JinbO JIPyruM COOCTBEHHBIM JBUzKeHWeM dactull. Ha mpumepe cnmna weso-
BEYECTBO CTOJIKHYJIOCH C eIlle OJHUM YNCTO KBAHTOBBIM CBOWCTBOM, HE UMEIOIUM AHAJIOTOB B
KJ1accuaeckoit pusuke. Termeps, 10 MPOIIECTBUN MHOTHX JIET, 3TO CBOMICTBO CBSI3BIBAIOT C CyIIIEe-
CTBOBaHUEM BHYTPEHHUX CTelleHeil CBOOOJIbI ¥ dJieMeHTapHbix dacTull. Huzke Mbl mocrapaeMcs
MOHATDH, YTO O3HAYAIOT STHU CJIOBA. 3JI€Ch YK€ OTMETUM, UTO CYIIECTBOBAHME JOMOJTHUTE b
HBIX CTeleHell CBOOOIBI MPUBOINUT K TOMY, UYTO B aTOMax 0oJjiee TsKeJIbIX 3JIEMEHTOB YPOBHU
SHEPTUH 3JIEKTPOHOB YCTPOEHBI DOJIee CJIOZKHO, YeM B aToMe Bojoposia. [losromy nommumo riras-
HOT'O KBAHTOBOI'O YHCJIA 1, HEOOXOJMMO BBECTU €Ille TPU KBAHTOBBIX YHUCJIA, OMPEIEIAIONINX
ux cocrosinre. OIHAKO MOAPOOHBIN aHAJM3 MOA00HBIX 93P (HEKTOB BBIXOIUT 38 PAMKN HAIIErO
paccmotpennsi. [losTomy MbI B JaJibHelineM B OOJIBITNHCTBE CIydaeB Oy/JIeM pacCMaTpUBATH

JIMIIb aTOM BOJIOPO/ia, KOTOprfI n 6y,ILeM Ha3bIBaTb aTOMOM Bopa.

7TaK Ha3bIBaIOT BSaI/IMOﬂeIU/ICTI/Ie ‘HaI/I}KyIl[efICH HJaCTHUIbI CO CBOUM COOCTBEHHBIM MAarHUTHBIM MOMEHTOM.
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5.1.2 VYrioBoil MOMEHT B KBAHTOBOII MeXaHUKe

Nrak, Kak HpsIMble OIBITHI, IIPOBEJEHHBIE VXK€ B JIBaJIATHIX I0OjlaX, TaK U TEOPETHIECKUE
coobpazkeHusi, KOTOpbIe ObLIN BBIJIBUHYTHI Ha OCHOBE Y K€ M3BECTHBIX (DAKTOB, OJIHOZHATHO
CBHUJIETEIbCTBOBAJIN B II0JIb3Y TOI'O, YTO Y 3JIEKTPOHA JAEHCTBUTE/ILHO €CTh JIONOJHUTEIbHbBIE
cTerneHn CBOOOJIbI, KOTOPbIE MOYXKHO OBLIIO ObI CBsI3aTh C €r0 COOCTBEHHBIM MOMEHTOM KOJIHIe-
cTBa JABMxKeHnd. [losToMy /1 IpOsSICHEHHST IPUPOJIBI CIIMHA YI00HO HAYaTh ¢ ODIIUX CBOMCTB,
KOTOpPBIE CBSI3aHBI C MOMEHTOM UMITYJIbCA TaCTHIL.

HarmomunM, 970 MOMEHT UMITY/IbCa — 9TO OJNH U3 TPEX OCHOBHBIX MHTErPAJIOB JIBUZKEHMUSI.
[ToytHBITT MOMEHT UMITYJIbCA 3aMKHYTON CHCTEMBI JTOJI?KEH COXPAHATHCA BO BpeMeHu. Ipyrumun
XOPOIIIO M3BECTHBIMHU WHTErpaJIaMy SABJIAIOTCs TOJHAS SHEPTHs CUCTEeMbI U ee uMiryjbe. [1pun
9TOM COXpPaHEHHe SHEePIHH, KakK ObLIO OKOHYATE/JIHLHO IOHATO JIMIIb B HadaJse 20 Beka, cBA3a-
HO IIPOCTO C MHBAPUAHTHOCTBIO BpeMeHN — Bce (PU3UUIECKUE ITPOTECCHI JTOIKHbBI ITPOUCXOIUTH
OJIMHAKOBO HE3aBUCUMO OT TOT'O, B KAKO MOMEHT BpeMeHHU MbI 3a HUMHU HabJso1aeM. CooTBeT-
CTBEHHO, 3aKOH COXpPaHEHUS UMIIYJIbCa OTParkaeT TOT (aKT, 9TO 3aKOHbI (PUBUKHU HE U3MEHSsI-
I0TCA TIPH TTapaJiIeJIbHOM IIepeHoce cucTeMbl KoopauHat. CoxpaHeHne yKe MOMEHTa MMITYJIbCa
€CTECTBEHHO CBA3aTh C HE3ABUCHUMOCTBIO 3aKOHOB (DU3UKK OT MOBOPOTA CUCTEMbI KOOD/IMHAT.
[TosTomy mareit nepBoit 3a1a4eit Oy/1eT, XoTd ObI BKPATIIE, IIOHATH OCHOBHBIE CBOMCTBA Bpallie-
HUIl B TPEXMEPHOM IIPOoCcTpaHCcTBe. Kak MbI yBUIUM, 3/71€Ch HAC 0XKUJIAI0T CAMble HEOXK U TaHHbIE
OTKPBITHUSI.

[Ipexie Bcero, HEOOXOIUMO OTMETHUTH, UTO COIJIACHO KBAHTOBON MeXaHUKE y YaCTUIIhI MO-
JKeT OBbITH OIIpe/Ie/IeHa JINIIb IIPOEKIIUs MOMEHTa UMILY/IbCa Ha OJIHY U3 oceli (a TakzKe KBaJIpaT
JUTMHBI BEKTOPA MOMEHTA UMILYJIbCA, CM. HUKe). JlefiCTBUTEILHO, eCT MBI XOTUM OIPEIETUTh
IIPOEKITNI0 MOMEHTa UMITYJIbca 1 Ha oCh 2z, TO JI/Is TOIN0 HaM HYXKHO 3HATh PaIUaIbHYI0 KOOpP-
JIUHATY 7" U a3UMYTaJIbHBIH UMIIYJIbC pws. Ho corsacuo npuninnmy HeorpejeneHHocTn ['eiizen-
Oepra, Ipu 3TOM MbI TepsieM NHMOPMAIIIIO O PAIHAJIHLHOM UMILYJIbCE P, U YIJIOBO KOOp/UHATE
@. A 5T0 U O3HAYAET, YTO MPOEKIUH MOMEHTA MMITYJIbCa YACTUIIBI HA OCH T U Y CTAHOBATCS

HeOoIIpe e/ ICHHBIMU. HOSTOMy nMeeT CMbICJI 06CyILI/ITI:> IIPOEKIWIO MOMEHTa JIMIIb Ha OAHY OCb,

8Ha sa3bIKe BeKTOPHOIT anrebpel ceyer 3amucarh 1 = r X p.
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CKasKeM, OChb 2. 3/1eCh, IIPaB/ia, BOSHUKAET BOIIPOC, KaK IIPOUCXOIUT BHIOOD TOIO HAIIPABJIEHUSI,
BJI0JIb KOTOPOIO MOMEHT MMITYJIbCA OKa3bIBAeTCsI Ollpeie/ieHHbIM. OTBET Ha HEro MOKeT ObITh
[TOJIyYeH JIUIIh II0CJIe TOrO, KaK MbI IPOSICHUM I cebsi, ITO IpeJICTaB/IsieT coboil mporece
M3MEpPEHNs B KBAHTOBOI MeXaHUKe. DTO Oyler CIeaaHo B pasziene 5.3.

Nrak, obcymM BOIIPOC O TOM, KaK BOJIHOBas (PYHKIIUSA JIEKTPOHOB B aTOME 3aBUCUT OT
yriioB 6 u @ B cdepudeckoii cucTeMe KOODJIMHAT, 3aJaBaeMON HarpaBjeHueM ocu z (yroJ
0 < 6 < 7 orcunThIBaercsa oT ocu z, a yroi 0 < ¢ < 2m — or ocu x). T.e. cHauama obcyaum
HEe CIIMHOBBIE CBOWCTBAa 3JIEKTPOHOB, a 0oJiee MOHSITHBIE CBOWCTBA, CBA3aHHBIE C UX COOCTBEH-
HBIM OpOMTa/bHBIM MOMeHTOM. Hadnem ¢ Toro, 4ro, Kak mokazano B llpumioxkennu 8.7, B
[IpOCTENIIEeM clIydae aToMa BOJOPO/ia pelrenne crarmoHapHoro ypasaenus [penunarepa jurs
BOJIHOBOIT byHKImHN (7, 0, ) (KBaIpaT KOTOPOil, KaK MbI IOMHIM, OIPEJIEsieT BePOSTHOCTh

HAfiTH 9JIEKTPOH B JIAHHOW TOYKE ITPOCTPAHCTBA) MOXKeT OBbITh MPEJICTABIEHO B BHJIE

iﬂ(ﬁ 0, 90> = Rr(r>w(97 90)' (138)

Hama 3aja1a coctonT B TOM, 9TOOBI IMOHATH, KAK JIOJ?KHA OBITH OIpe/ie/IeHa yIJIoBas acTh
BOJIHOBOI (DYHKIINU, OIUCBIBAIONIEN TO Ke NPOCTPAHCTBEHHOE PACIIPE/IeTICHIe SJIEKTPOHA, HO
3allicaHHasi B JIPYTOil cucTeMe KOOpJMHAT, B KOTOPOii yruibl ' U ' OTCYUTHIBAIOTCS OTHOCH-
TeJIbHO JIpyrux oceit x’, y' u 2.

Campblit TpocToil caydait — 910 ciaydail cpepudecKn CUMMETPUYHOTO PACIPE/IEIeHNs, KO-
ria BostHOBasi dyukmus (0, o) = const. T.e. BosHOBasi ByHKIMS HA JTFOOOM PACCTOSTHUE OT
HaJaja KOOPIUHAT BOOOIE He 3aBUCHT OT yriioB 6 u ¢. [Ipu 9ToM opOUTA/IBHBI MOMEHT M-
IyJIbCA JIEKTPOHA, ECTECTBEHHO, OY/IeT paBeH HYJIIO (IIOCTOSTHHAS aMILTITY/ 12 BOJHOBOM (DYHK-
[ COOTBETCTBYET MMOJHOMY IITHJIIO HA MOPE, a, 3HAUUT, U OTCYTCTBUIO JIBUKEHNUS ), a TIOJIHAST

BOJIHOBasi (DYHKIIMA B HOBBIX KOOPJIMHATAX COBIAJIAET CO CTapOil

Nupivu CJIoOBaMM, HaM HY2>KHa BCEro O/ilHa BEJIHYNHa — KOHCTaHTa CO — 49TOODLI OINCHLIBATD
YIJIOBbIE CBOICTBAa JaCTHUIIBI C Op6I/ITaJIbeIM MOMEHTOM pPaBHbBIM HYJIIO. OTO U eCTb Xopouio

U3BECTHad N3 IKOJIBHOI'O KypCa XUMUN S—Op6I/ITaJIb. HOCKOJII)Ky 2Ke II0JIHaAd BEPOATHOCTDL 00-
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HAPYZKHUTh YacTUIy (KOTOpast B HAIIIEM CJIydae eCTh IIPOCTO IPOM3BE/IeHNe KBaIpaTa BOJIHOBOIL

bynxuuu |Yp|? Ha noHyto yriioeyio miomais cdepbl 47) 10/KHA ObITH paBHA €JIUHEIE, T10-

JIyda€eM OKOHYaTEJIbHO
1

Yo = = (140)

[IycTh Tenepnb BostHOBas (DyHKIMsA 3aBUCHT OT yria . [longaTHo, 4TOo camasd mpocTas 3a-
BUCUMOCTB — 3TO 3aBUCHMOCTH (6, p) o< cosp. OaHaKO, KAK MBI BUJIEIN, TaKas (DYHKIUS
Oy/eT OMHUCHIBATHL CTOAIYIO, & He Oeryinyio BOJIHY. BcrioMHUHAsS Tenepb, 9TO TOJIHAS BOJIHO-
Bas (PYHKIUA JIOJKHA 3aBHUCETH €Ile U OT BPEeMeHHU ¢, ToJIydaeM, 9To JIjid BOJHBI, Oeryrieil B

HAIIPABJICHUN [OJIOXKUTEIbHBIX YIJIOB (0, BOJHOBast (DYHKIMS OyJeT UMETh BUIL
111(11)(0, o, t) = Wosin b cos(p — wt + ¢p). (141)

3nech Uy — HEKOTOpas KOHCTAHTa, KOTOPYIO MbI OIPEJIEINM IyTh IO3Ke, () — IPOU3BOJIbHAS
dasza, a yacToTa W MPOMOPIMOHAIBHA SHEPIUN YACTUIBI (3HAUEHNE BEPXHUX W HUZKHUX WH-
JIEKCOB OyJIeT TPOsiICHeHa 1y Th Huzke). [IpudnHa nosiBJIeHnst COMHOXKUTES Sin 6 311eCh BIIOJIHE
nousitHa. Ecmu 661 B Bbipaykenuu (137) sroro comuoxkuTe/ss He ObLIO, TO BOJU3U MOJIOCOB
BOJIHOBas (QYHKIINS MMeJsia Obl 0COOEHHOCTD (MHBIMU CJIOBAMHU, 3HAYEHNE BOJIHOW (DYyHKINH Ha
CaMOM IIOJIIOCE 3aBUCHJIO OBl OT TOT'O, BJIOJIb KAKOT'O MEpUJIMaHa Mbl Obl K HEMY HPUOJIHZKA-
quck). Brpodem, Boibop dyHKImHU sin @ cos ¢ He CIydaeH 10 JAPYroil MpOCTOil MpUYNHE: KaK
nokazano B [Ipunoxenun 8.7, ona yjosierBopsier ypapaenuio [lIpenmarepa.

Tenepn, BauManue. Mbl TOTOBBI OTBETUTH Ha BOIIPOC, KAKON ITPOEKITMH MOMEHTa UMITYTHCA
COOTBETCTBYIOT BoJHOBas GyHkuus (137). s sToro omnpemesinm BOJIHOBOR BEKTOD Ky, COOT-
BETCTBYIOIIUI PyHKITUN \11(11)(9, ¢, t). TlockosibKy JiTHA BOJIHBI A Ha KaxKJ0il mupore 6 ecThb

[IPOCTO JTUHA OKPYKHOCTH 2777 Sin @, mojrydaemM Heme [ IeHHO

2T 1
- _ - 142
ke A rsin 6 (142)

9

[Iepenocst Temepb COMHOXKUTEID 1 Sin 6 B JIEBYIO 9acTh” U YMHOXKasi 00e YaCTu ypaBHEHUs Ha f,

MBI HEMEJIJIEHHO IIOJIy4aeM, 4TO HPOEKIHd MOMeHTa uMirysibca (rsinf) - p, = (rsinf) - hk, na

9YIMeHHO /1JISI 9TOTO B (137) u GbLI BBeJIEH JONONHUTENBHBIH dakTop sin 6.
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a 4] 8

Puc. 13: BosinoBble (pyHKITMHU, COOTBETCTBYIONINE PA3JTUIHBIM ITPOEKIIMAM MOMEHTA UMITYJIHCA

Ha OCb Z

)

o 1
OCb 2, COOTBETCTBYIOIILad BOJITHOBOU (bYHKHI/II/I \11(1 , €CTb h. HCHO, 9TO JJId IIOJTHOTBI KapPTUHBI,

MBI JIOJI?KHBI PACCMOTPETb W BOJIHY, OETYIIYIO0 B IPOTHBOTIOJIO?KHOM HAIIPABICHUT
U0, 0, 1) = U sin 6 cos(p + wit + ). (143)

JList 9TOi BOJTHOBOI (DYHKITUY MTPOEKITUS MOMEHTa UMITYJIbca Ha Och 2 OyaeT paua —h. [Tosro-
My 37eCh U Jlajiee B HAIUX 0003HaueHUAX BeaudnH WU HUKHUI UHJIEKC OyJIeT COOTBETCTBOBATH
[OJTHOMY MOMEHTY MMITyJibca (B eJIMHUIAX /), & BEPXHUI — MPOEKIMI MOMEHTa MMITYJIbca Ha
oChb 2.

Y1005 c/ie/1aTh CJIeAYIONINIi IIar, BOCIOJIL3YEeMCS TPUHITUIIOM JIMHEHHOCTH BOJIH U BBIJIEJINM

JIAIIB [IPOCTPAHCTBEHHYIO 1acTh BOJMHOBLIX dyukumit (137) u (139). ITockoibky
cos(p + wt) = cos ¢ coswt F sin p sin wt, (144)

c . S . .
BBeJIeM (DYHKIUN yl” = sinfcos¢ (Puc. 13a) u yl( ) = sinfsing (Puc. 136). Kax serko
= p(©) (s)

[IPOBEPUTH, pas/inyHble 3HadYeHus GYHKIUi ), m Y, COOTBETCTBYIOT IPOCTO PAa3IMYHBIM
JIMHUSIM TIepeceveHus] eIMHUYHON cdephl IIOCKoCcTaMU © = const u y = const. DTo cemyer
U3 TOrO, 9TO B MOJIAPHBIX KOODJMHATAX T = 7 sinf cos ¢ un y = rsin f sin .

BeromuuM Tenepb, 9TO HaIllla OCHOBHAS 3aj@da — OIPEJIENTh, KaK MEHSIOTCS BOJTHOBBIE
dyHKIMM 1py moBopoTax CUCTEMbI KOOD/JIMHAT. Y2Ke U3 PACCMOTPEHHOI'O BBIIIE IPUMEPa, SICHO,

(c) (s) 6 e 90°

uTo (pyHKIME )V, u YY" OyJLyT EePEeXOIUTh JPYT B JIPyTra IIPU MMOBOPOTE OCeil Ha, BOKPYT OCH

z. Kpome Toro, moHsSITHO, 9TO JIJI OJTHOTO OIUCAHUsI HaM TOHAJIO0UTC elle ojiHa (PYHKIINI,
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COOTBETCTYIOIIAs JIMHUSIM [IepecevdeHrsl eJMHITIHOI cdepbl mockocTsamu z = const (Puc. 136).

[TockobKy 2z = 1 cos ), moydaeM cpasy
yé‘]’ = cos . (145)

B a1y dyHKINIO HO/KHBI TPEBPATUTHCA (DYHKIIAN yfc) n yfs) rocyie MoBopoToB Ha 90° BOKpyT
)

oceit x u y. [Ipu sToM BoJiHOBast PyHKIUS \I/(lo = Wycosf Oyler coOOTBETCTBOBATDL CTOSYUEI
BOJIHE — OHa BOOOIIE He 3aBUCUT OT yria . [losromy z-KoMIOHEHTa MOMEHTA UMITYJILCA,
JaCTHUIbI, UMEIOIIEro BOJTHOBYIO PYHKIIIIO qfﬁ‘)), OyzeT paBHA HYJIIO.

Taxkum 0O6pa30M, MBI IPUXOIUM K BayKHEHIIIEMY BBIBOJLY, UTO IMIPOEKIIAsST MOMEHTA MMITY/IbCA
HA OChb Z MOXKET IPUHUMATHL JIUIIb JUCKPETHLI HaOop 3Hadenuii. B paccmorpennom 37ech
caydae — JIUNIb 3Havenud [, = —h, [, = 0 u [, = h. QakTHUYeCKH, 3TO MPOUCKOJIUT IO TOI Ke
[pUYNHE, 110 KOTOPOil BO3HUKAET JUCKPETHOCTH yPOBHeH SHeprum B aroMe Bopa: Ha Kpyro-
BOil opOuTE JIOJIPKHO YKJIA/IbIBATHCH IeJI0e Yrcjio JuH BoH. [Ipu sTom "KBanToM” MoMeHTa
HMITYJIbCA BHOBb OKa3bIBaeTcs rocrosduHas [lnanka h.

Kak craner sicHO 4yTh 103Ke, BHIOOD TpeX (YHKITU

c 3 .
9 = \/\Z_ sin 6 cos @, (146)
4

\f
VA

v = V3 sin 6 sin . (148)

Var

JIJIS OITMCAHUs YACTHUIIBI ¢ MOMEHTOM HUMITYJIbca i KOHEYHO Ke, He ObLI ciydaitabiM. /leo B

w

O = cos 0, (147)

w

TOM, YTO 9TO U3BECTHBIE BO MHOTUX 00JIaCTAX (DU3UKU U MATEMATUKH cheprudecKue (HyHKITUN.
[Ipu sTom HukHMIT unjeke | = 1 Ha3bIBaeTCd MOPsIKOM cdepudeckoil (pyHKIUN, a HOPMU-
POBKa BBIOpaHa TaKUM OOPa30M, YTOOBI MHTErPAJI 110 MOBEPXHOCTH €IUHUYIHON cepbl OT UX

KBaJIpaToOB ObLI ObI PaBeH eJINHUIIE
i 2
/ sinede/ V1|2 dp = 1. (149)
0 0

JlelicTBUTEILHO, UMEEM, HallpuMep,

T n (8))2 3T 9, o 2 3 4
/ stdé’/ de|Y77| :—/ sin Hsmé’d@-/ cos“pdp=—---m=1.  (150)
0 0 4m Jo 0 4 3
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Kak yxke ormeuasocs (cm. [puioxkenne 8.7), MMEHHO Takue 3aBUCHMOCTH OT YIJIOB 0 1 ¢
BO3HUKAIOT TIpu periennn ypasHenus IlIpeannrepa, onmuchbIBaIONero COCTOsTHUE 3JIEKTPOHA, C
[IOJTHBIM MOMEHTOM UMITyJibca fi B roJie sjpa. Ho s Toro, 4robbr oKOHYATEIHHO pa30bpaThes
B TOM, TIOYeMY 3TU (PYHKIIUU OIMCHIBAIOT YACTUILYy C OJIHON M TOMH Ke BEJIUYMHONW MOMEHTA
UMITYJIbCa, HO C Pa3/IMYHOIl IMpoeKIueil Ha OCh 2, HaM, KaK yKe IOBOPUJIOCH, HEOOXOIMMO

paccMOTpeTh 3aKOH IMPpeodpa30BaHus BOJHOBBIX (DYHKIINI IIPU ITOBOPOTAX CUCTEMBI KOOD/INHAT.

5.1.3 Bpainieaus B TpexMepHOM ITPOCTPAHCTBE

[Tpexk e Bcero, o6CY MM BOIIPOC O TOM, KaK IPH MOBOPOTE KOOPAMHATHBLIX OCeil Oy1yT IIpeod-
pasoBbIBaThCs Tpu cepudeckue Gynknnn Y; (142)—(144). T.e. cragana paccMoTpuM BOIPOC,
KOTODBIii He MMEeET IPSMOTO OTHOIIEHUsI K KBAHTOBOM MeXaHWKe, a CBA3aH JIUIIb CO CBOWCTBAMM
HAIIero TpexMepHoro npocrpaicrea. OTBeT Ha 3TOT BOIPOC JaeT cdhepudeckas TPUTOHOMET-
pus.

Cdepuueckasi TpuroHoMeTpust — OejiHasi POJICTBEHHUIIA XOPOIIIO HAM 3HAKOMOI TPUTOHO-
merpun. Ha ee m3ydenume B Kypce OOBIYHON IKOJIBI HUKOIJIA HE XBaTaeT BpeMeHu. A Bejlb
B €e paMKax yJaercsa cpopMyIMpOBATH MOJHBIA HAOOP TEOPEM, COOTBETCTBYIONIMI OOBIIHBIM
miockuM ¢urypam. Hamnpumep, TeopemMbl CHHYCOB M KOCHHYCOB JIJIsi TPEYIOJBLHUKOB. TOJIBKO
B chepuvecKoii TPUTOHOMETPHUU He TOJIBKO YIVIbI, HO U CTOPOHBI TPEYTrOJIbHIUKOB U3MEPAIOTCS
B yrinax. Bmecre ¢ Tem, cdepuueckast TPUTOHOMETPHUs IIHPOKO MPUMEHSETCA B aCTPOHOMMUM,
[OCKOJIBKY BO MHOI'MX CJIyYasiX Mbl BBIHYZKJICHBI OIPAHUYUTLCA YIJIOBBIMU KOODIMHATAME Ha-
6J110/1aeMbIX 00beKTOB. [T0CKOIbKY K€ B ACTPOHOMUU Y/I00HO MOJIB30BATHCA PA3JIUIHBIME CH-
cTeMaMi OTCYeTa, CBS3aHHBIMU C PA3JIMIHBIM BBIOOPOM SKBATOPHAJBHOI T0CKOCTH = 7/2
(IJTOCKOCTH 36MHOIO 9KBATOPA, MJIOCKOCTH SKJIUIITUKI, TAJaKTHIeCKas: IIOCKOCTb), TO OCTO-
SIHHO BCTAET BOIIPOC O IIEPEBOJIE KOOPAMHAT OObEKTa U3 OJHON CHCTEMBI B JIPYTYIO.

Mpl B JlaibHEfiIIIEM B KauecTBe IpuMepa OyieM MOCTOSTHHO pacCMaTPUBATh IIpeodpa3oBaHue
0,¢0) — (¢,¢') npu moBOpOTE KOOPJAMHATHBIX OCEii MPOTHB YACOBO CTPEJKH HA yroa ©

BOKDPYT oCcH . B sTrom CJIyda€ HOBBIE€ U CTapble KOOP/JINHATBI HeKOTOpOIL/'I TOYKHN 6y,H‘YT CBA3aHbI
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COOTHOIIIECHUAMMI

¥ =z, (151)
Y = ycosO + zsin O, (152)
2 = —ysin® + zcosO. (153)

CoorBeTcTBeHHO, ToJIsIpHbIe KoopauHATHL (0, ¢)( u (0, ¢') GymyT npeobpasoBbiBaTHCs 110 HOP-

MyJTaM
sinf cos ' = sinf cosp,
cos = cosfcosO — sinfsinpsin O, (154)
sin@ sing’ = cosfsin© + sin fsin ¢ cos O.

HanomuanmM, 910 1pu moBopoTe oceil KOOPAMHATHON CHCTEMbI KOOPMHATHI BEKTOPHBIX Be-
JIMYMH U3MEHSIIOTCS 10 BIIOJIHE OIpeIeIeHHOMY 3aKOHY. B dacTHOCTH, Ipu OBOPOTE Ha yTOJI
© BOKDPYT OCH & KOOPJIMHATHI JII000T0 BeKTOpa A, Ay n A, B 0/1HOIT cECcTeMe KOOPJIMHAT 1 ero

koopauHaTsl Ay, Ay m A, B ApYyToil cucTEMe JOJIKHBI OBITh CBS3aHBI COOTHOIICHUAMHE

Ay = A, (155)
Ay = AyjcosO©+ A, sin0O, (156)
Ay, = —A,sinO+ A, cosO. (157)

VIMeHHO JIOJIKHBI, TaK KakK B POTUBHOM ciiydae 0ObeKT A, 3ajaBaeMblil €ero TpeMsi KOODIu-
HaTaMU, BOOOIIE Heslb3s cantaTh BekropoM T.e. coorHomenus (151)—(153) ectsb omnpesernenne,
a He CBOHCTBO BeKTOpa A.

B nasbueiimem nam Oyjer yI00HO 3alMCHIBATH JIMHEHHbIE MPeoOpa30oBaHus, MOJ00HBIE

(151)—(153), B BHzE TabUIBl (MATPUIB) KOIDDOUIEHTOB

1 0 0
(T)=1|0 cos O sin® | . (158)
0 —sin© cos ©

NabiMu CJIOBaMU, B JaHHOM CJIy9a€ HY2KHO MbICJIEHHO JIOIIMCaTb KO BCEM KOSCbeI/IHI/IeHTaM,

CTOAIIMM B IIEPBOM CTOJI6LI€, COMHOZKHUTEJIb Aa:; KO BTOPOMY — COMHOXKHUTEJIb Ay, a K TPETbEMY
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— comuOo)kuTeb A,. Torma cymma mpomsBeieHNUi, CTOSIINX B BEPXHEH CTPOUKE, OMPEIe/ T
uaMm Besmanay A, (151), Bo Bropoit crpotuke — Benmuanny A, (152), a B HIKHelH cTpodke —
Besmanny A, (153). Huke MbI mocTOSIHHO Oy/1€M HCIIOJIB30BATH TAKYIO YIPOIIEHHYIO (DOPMY
3AITUCH.

Bocmosp3oBaBiick Terepb 3aKOHOM peobpasoBanus yriios (150), a Takzke orpe/ieieHusi-

(c) ) )

y : 0 . .
Mu cepudecknx dbyHxnuii Y7 o< sin 6 cos @, Yl( x cosf u Yl(s o sin 6'sin p, MbI TPUXOIUM

K COOTHOIIECHMAM

¥y = v,
¥ = ¥ 9cos0 — V¥ sin 0, (159)
Yy = Y 9in0 + Y cos O,

rjie MTPUX O3HAYAET, YTO apryMeHTOM 37eCh OyJIyT MoJisipHble KoopauHaTel ' u ¢’ B "mrpu-
XOBaHHOI cucTteme KoopjmHat. Kak Mbl BujauM, cepudeckne (pyHKIIMU B OJHONU CHCTEME
KOOD/IMHAT BBIPAXKAIOTCS Uepe3 Te Ke caMble cdhepudeckue (byHKIIUU, HO yKe OIpeJie/IeHHbIe

o o 0
JJId APpYTOon KOOPJIANHaTHOU CUCTEMDI. HpI/I 9TOM MaTpHulla IIOBOPOTa JIJIfd BEJIMYINH le(c), }/1( ) n

Yl(s) Oy/leT BBITJISAIETh KaK

1 0 0
(©1) =10 cos O —sin® |. (160)
0 sin © cos ©

o o c 0 s
Takum o6pa30M, 3aMe4daTeJIbHbIM CBOMCTBOM TpPEX d)yHKHI/II/I )/1( ), }/1( ) u Yi( ) ABJIAETCA UX

[OJTHOTA. DTO O3HAYAET, UTO eCIH Kakas-HuOYy b dyHKIws f(6, ¢) MoxkeT ObITH 3annucana Kak

X JITHeiiHasT KOMOMHAITIS
F6,0) = a0, 0) + a8, ¢) + a, Y\ (8, o) (161)

C HEKOTOPBIME KO3 UImenTaMu a.., Gy U Gg, TO B JIDYroil cucTeMe KOOPJAUHAT, B KOTOPOI YIJIbI
0" 1 ¢ OTCUMTHIBAIOTCS yiKe OT JIPYTUX OCeil, OHA MO MPEKHEMY MOXKET OBITh IIpejICTaBIeHa

kak cymma TEX 2KE CAMBIX cdepuueckux ¢yHKImii, HO y»Ke HOBBIX yrioB 6’ u ¢’

F(8,0) = Y O, o)+ apV{V (0, ") + Y0, ¢) (162)
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C HEKOTOPBIMU JIDYTUMHA KO3 purmenTamn a., ay u a,. Mbl crienuaabHo B KA9eCTBE apyMEHTOB
dbyukmun f ocraBuin ucxosHble yribl @ U, YTOOBI MOTMEPKHYTH, YTO CAMO PAaCIIpPe/Ie/IeHue
f(6, ) ocramoch HEM3MEHHBIM.

OTmeTrM, 9TO caMa BO3MOYKHOCTH 3aIICATh OJHO U TO Ke yIJIoBoe pactpesenenue f(6, @)
qepes oumHaKoBbie (DYHKIMH Sin 6 cos , cosf u sin fsin ¢, B KOTOPBIX apryMeHTwl § U , 0JI-
HAKO, MOI'YT OTCUYUTBIBATLCA OT IIPOU3BOJILHO PACIIOJIOKEHHBIX KOOPJIUHATHBIX OCeil, KOHEWTHO
JKe, CoBepIleHHo HeodeBuHa. [loHgTHO, UTO Maseko He J0Ooi HAOOD DyHKIWI OyIeT y/I0-
BJIETBOPATH ITOMY YCJOBHIO. 3aMevaTe/bHOe YKe CBONCTBO cdepudeckux yHKIMI Kak pa3 u
COCTOHUT B TOM, YTO OHU STOMY YCJIOBUIO YJIOBJIETBOPSIIOT.

Eme onno Barkueiiiiee cBoiictBo chepudeckux (byHKIUNE COCTOUT B UX OPTOTOHAJIHHOCTH.
Jlnst oObraabIx BeKTOpoB A 1 B Takoe cBOCTBO MOHSATHO: JIBa BEKTOPA Oy/IyT OPTOrOHAIBHBI

JIPYT JIPYTY, €CJIM UX CKaJIAPHOE IIPOU3BE/IeHNe
(A-B)=A,B,+A,B,+ A.B, (163)

pasHo Hy/110. OKa3bIBAETCs, YTO CKAJISIPHOE IMPOU3BEEHIEe MOXKHO BBECTU HE TOJBKO JIJIsT BEK-
TOPOB, HO U JIJIs JIOCTATOYHO IIIMPOKOTO Kjacca dpyukimii. Harpumep, nyia cchepuaecknx pyHK-

HHﬁ X CKaJIAPHOE IIPOU3BEJACHUE I10 OIIPEJICIEHNIO €CTh
™ 2
(Y@ . y®) = / sin 0 / Y@ y® qp, (164)
0 0

e Y@ n Y — 1ge sobbre cdepraeckne dyrkimn. Kax Ierko mpoBepuTs, 1Ist TOOBIX pas-
HBIX chepuyuecknx (PyHKIMI ompejie/IeHHHOe TaKuM 00pa30M CKaJIIpHOE ITPOU3BEJICHUE JIeii-
CTBUTEJILHO PABHO HYJIIO, & JIJI OJIMTHAKOBLIX — euHUIle. PaKTUIeCKH, TAKOe CBOMCTBO HESBHO

UCIHOJIb3YeTCsl U MIPU OIIPEJIEJIEHNH CKaJISIPHOTO Tipon3ssejienns (159) oObIuHBIX BEKTOPOB

A=Ae, +Ae,+Ae, (165)

B = B,e, + B,e, + B.e., (166)

IIOCKOJIbKY BCE CKAJISIPHBIE [IPOU3BEICHIUS PA3JINYHbIX OPTOB (€, - €, ), (€, -€,) u (e,-e,) paBHbI

HYJIIO, a OJJMHAKOBBIX — €/IMHUIIC.
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o C
B pesynbrarte, Mbl IPUXOAMM K BaKHEHIIEMY BBIBOJLY, 4TO cepudecKkue (pyHKIINN Yl( ),

Y9 u Y*) moxno pacemarpuBath Kak peasbhble 6asucupie oprbl. Ho Torjia KosddurmenTs
a., ap U as B Bbipaykerusx (157) u (158) Oymyr urparh posib KoopauHat. OcTaercss TOJBKO
HOHATH, KaK OHHU OY/IyT IPeoOPa30BBIBATLCA IIPH TOBOPOTAX KOOPIMHATHO cucTeMbl. OTBeT
JKe Ha 9TOT BOIPOC MOXKeT OBbITh MI'HOBEHHO IOJIyYeH, eC/I CPAaBHUTH cooTHommeHus (157)
u (158) 1 BocCHoIb30BaThCs 3aKOHOM IpeobpasoBanus (155) mis cdepudeckux dynknumii. B

nrore, uMeeM

a, = a,
ay = agcos®© + a,sin O, (167)
a, = —apsin® + a, cos O.

Takum obpazom, MaTpuIila MOBOPOTA it KOIPDUIMEHTOB G, Gy U Gg B TOYHOCTU COBIIAIAECT
¢ marpurieii (154), onucbiBaroineii mpeodbpa30BaHUsi KOMIIOHEHT BEKTOPOB.

Buumarenbublilt unTaTesb, HaBEpHOE, yKe JIOrajlaics, 4To uHJAeKC [ = 1 mojpasymeBa-
€T, YTO CYIIeCTBYIOT cdepudeckrne (GpyHKIMM 1 0ojee BBICOKOrO mopsiiaka. g [ = 2 Ttakux
dyHKIMIT OKa3bIBaETCs MATH

c V15
v = sin? 0 cos 24, (168)
AVE Yy

V15
v = sin 6 cos 6 cos @, (169)

Vi
5 3cos?f — 1
v = V5 3cos , (170)
VT 2

V15
v = i sin 6 cos 6 sin ¢, (171)
m

V15
Y = sin? 0 sin 2¢. (172)
24w

YuceHuble KOS(b(bI/ILH/IeHTbI 31€Cb BHOBb BBE€JICHbLI IJId TOI'O, YTOOBI CKaJIAPHOE IIPOU3BEIEC-

ure (160) ommuHakoBbIX cdepuaecknx yHKuil, Kak u s | = 1, 6puia paBHa eaunuIe. B
ob1eM ke ciaydae MpUXoJuTcd BBOJIUTh 20 + 1 chepudeckux dpyuximit nopsaaka [. [Ipu srom
JUTe JTI0O0TO | OHU 10 TIpezKHeMYy 00Pa3yIoT OJIHYI0 OPTOroHabHyIo cucteMy. T.e. eciu B oj1-

HOIT cucreme KOOpJWHAT YIJIOBOE€ pacCIIpele/JICHUE MOXKET OBITD IIpEeACTaBJIEHO KaK JUHelHad
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koMmbuHanusa 20 + 1 chepudeckux pyHKIMil mopsgiaka [, To U B Ji0OO# JPYyroit cucreme Jiis
OIIMCAaHUsA TOT'O K€ CaMOro YIJIOBOI'O paciipejiesieHust Oyjer goctaTodHo Tex ke 20 + 1 cde-
puvecknX (PyHKIU, OIPeIe/IeHHBIX Y?Ke OTHOCUTEIBHO MOBEPHYTHIX KOOpANHATHBIX oceil. Ha
sI3bIKE TEOPUU TPYII 3TO O3HAYAET, YTO HAOOPHI U3 Tpex (yHKIumit Y), natu QyHknuii Yo u
T.JI. peaju3yioT HEIPUBOJINMOE IIPEJICTABICHUE IPYIIIBI BCEX BPAIEHUH KOOPIMHATHBIX OCeil B

TpeXMepHOM IIPOCTPAHCTBE.

5.1.4 BpaineHusi 1 BOJIHOBbIe DYyHKITUH

Bepnemcs Tenepb K BOIpocy O TOM, KakK Oy/eT 3aBUCETb BOJTHOBasd (DYHKIUS YACTHUIIHI TTPU
MOBOPOTE KOOPJIMHATHBIX OCeil. 3/1eCh HEOOXOIMMO OTMETHUTb HECKOJIBKO BAYKHBIX MOMEHTOB.
[Ipezxie Bcero, Kak Mbl yrKe IMOHSJIN, BOJTHOBas (DYHKIUS YACTUIIBI, 00JI/IAI0Iasi MOMEHTOM
UMITYJIbca h, JTO/KHA OBITH IIPEJICTaB/IeHa KaK CyMMa TPeX BOJIH, COOTBETCTBYIONIUX Pa3/IMY-
HBIM [TPOEKITUSIM MOMEHTa UMITYJIbCA. JIUITb B 9TOM CJIydae Mbl CMOXKeM 0e3 TTOTePDb MEPEXOIUTH
OT OJTHOM CHCTEeMbI KOODJMHAT K JPYTOii, IPOU3BOJILHBIM 00pa30M MOBEPHYTON OTHOCUTETHHO
nepBoii. [TosTomy eciin Tpu BBe/IeHHbIE BbIIE BOJTHOBBIE (DYHKITHH \Il(ll), \Ifgo) u \Ilg_l), JeicTBU-

TEJIbHO OIIMCBIBAIOT Pa3J/IMYHbIC COCTOAHUA IaCTHUIIBI C MOMEHTOM HMIIYJIbBCA h, TO €€ IIOJIHaA

BOJIHOBaA q)YHKH‘I/IH HOJIZKHa OBITH 3aICcaHa B BI/I,H‘GIO
— (1) (0) (=1)
\Ijl(ea ¥, t) - CL+\I/1 (6)’ ¥, t) + aO\II(l) (6)’ ¥, t) + a’—\Ijl (6)’ ¥, t) (173)

[TockoJibKy 7Ke, KaK y»Ke MHOT'O Pa3 MO4ePKUBAJIOCH, KJIFOYEBBIM MOMEHTOM 3/IECh SABJISIETCS
HE3aBUCUMOCTH CBOMCTB OT BBIOOpPA CHCTEMBI KOODJHMHAT, TO IPU ITOBOPOTE OCEil BOJTHOBAL
dyHKIMA JT0/KHA OBITH BbIpaXkeHa 4depe3 Te Ke (PYHKITHH \Ilgl), \IJ§O) n \Ilgfl), B KOTOPBIX,
OJIHAKO, MPOEKIIMA MOMEHTa MMIIYJIbCA OYIYT ONPEeeNaThCs Y2Ke OTHOCUTEJHLHO TOBEPHYTOM

cuctembl KoopauHaT. COOTBETCTBEHHO, OY/IyT APYTUMEU U KOI(DDUIHEHTHI a:

Uy (0,9, 1) = d, 00 (@, 0 1) + ag U0, ¢ 1)+ a BTV, ). (174)

10Ha, 5710 cooTHOIIEHIE MOXKHO HOCMOTPETh U ¢ JIpyroii croponsl. Ilockonbky ypasuenue IIpenunrepa, -

HeltHO, TO Jir0bast JInHEeiHAs KOMOMHAIMSI ero PeIleHnil TakyKe OyIeT peleHneM.
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Ha miepBbrit B31JIs1, TPUBE/ICHHBIE BBIIE BhIpayKeHUsd HE HECYT HUKAKON HOBO# mHQOpMa-
[N TI0 CpaBHEHUIO ¢ cooTHomeHusiMu (157)—(158), BoimuncanabiMu Jist cepruaeckux (DyHK-
nuit. [lo mpexkHemy KJIIOYeBBIM MOMEHTOM 3JI€Ch SABJISETCH TO, YTO BOJHOBBIE (DYHKIINN \1/5”,
\Ifgo) u \Ifgfl) 00pas3yoT IOJIHYI0 OPTOrOHaJbHYI cucTteMmy. M 1107100HO TOMY, KaK IIPOEKIINN
BEKTOpa A Jal0T UCYEPIBIBAIOILY0 NH(MOPMAITIO O CAMOM BEKTOpE, JIJIs OIUCAHUST KBAHTO-
BOIl CHCTEMbI HAM Ha CaMOM JIeJie JIOCTATOYHO 3HATH JIUIIL KOIMDPUIIMEHTHI PA3IOKEHU a.

O Hako 3/1eCh TOPA3/I0 BaKHee IO/[MEPKHYTh, YTO HAa 3TOM IPUMEPE MOYKET OBbITh Iepe-
OpoIlleH MOCTUK K COBEPIIIEHHO HOBOMY, KBAHTOBOMY SI3bIKY OIUCAHUS, JJIsT KOTOPOTO TJIaB-
HYIO POJIb UTPAIOT Y2Ke He CaMU BOJIHOBbIE (pyHKINH, a KoddpdurmenTs! a. Imenno onun OyryT
OIIPEJIEISITh BEPOATHOCTH TOIO, YTO YACTHUIIA C MOMEHTOM HUMITYJIbca h OyJieT 3aperucTpupo-
BaHa B COCTOAHUU C mpoeknueir +h, 0 uin —h Ha HEKOTOPYIO BBIJIEJIEHHYIO OCh. B nTore, Kax
M3HAYAJBHO U OBLIIO CJIeJIAHO B MATPUIHON (DOPMYJIMPOBKE KBAHTOBOI MexaHuku | eitzenbepra,
yJIaeTcs MOJTHOCTHIO adCTPArnpPOBATHLCS OT HAIEr0 TPEXMEPHOI'O MPOCTPAHCTBA U 00CYKIATH
JINIITb BEPOATHOCTU 3aPErMCTPUPOBATH YACTUIy B JIAHHOM COCTOgHUU. B paccmarpuBaeMoMm
3/1eCh IIpUMepe — B COCTOAHUU C JAHHOU IIPOEKIIMEeil MOMEHTa MUMILYJIbCA.

JleiicTBUTENILHO, TI0 CBOEMY CMBICJIY BOJIHOBbIE (DYHKIIUN \1/5”, \1/§°> u \11(1—1) OIIMCHIBAIOT Be-
POSITHOCTD HAiiTH YaCTHUILy B JAHHOI TOUKe ¢ YIJIOBBIME KOOpAHATaMIE (6, ), COOTBETCTBEHHO
JIUTsT COCTOSTHUSI C TIPOEKIeit MoMeHTa uMIry/ibca +h, 0 win —h. C 1pyroit cTOpOHBI, JIJIsT TAHHO-
IO COCTOSIHUS TTOJTHAs BEPOSATHOCTH OOHAPYXKUTH YacTuily pasua ejaunurie.llosromy KkBajpaTs!
KazKJI0fl U3 BOJTHOBBIX (DYHKIIUIT |\I/(11)|2, |\I/§O)|2 win |\I/(1_1)|2, IIPOMHTErPUPOBAHHBIE 110 BCEM
yriiaM (WJId, 97O TO Ke caMoe, CKaJIsIpHOe TIPOM3Be/IeHne JIBYX OJIMHAKOBBIX BOJHOBBIX (DYHK-
Uil) TaKKe JIOJIKHBI ObITH paBHbBI euHuIe. Ho TO JKe caMoe OTHOCUTCA U K HOJIHOM BOJIHOBOI
dbyukmun Uy (0, ¢, t), MOCKOJbKY €c/ii U3BECTHO, 9TO MOMEHT MMITY/IhCa YaCTHUIIBI €CTh A, TO
[PH €e PErucTparyi KaKUuM-JIM00 M3MEepUTeIbHBIM HpuOopoM ¢ BepoaTHocTbio 100% BbIma-
JIeT OJIHA UX TPeX BO3MOXKHBIX Ipoekiuii. Bo3soms Teneps coorrorerne (169) B kBajpar u

(

BCIIOMUHAA, 9TO (DYHKITIH \Ifll), \11(10) u \11(1—1) 06pa3yIOT MOJIHYI0 OPTOTOHAJIBHYTO CHCTEMY (Tak

YTO BCE IIepeKpeCTHbIe ITPOU3BEJACHUA JaJdyT HOJIb, & KBaJApaTbl — e,ZLI/IHI/IHy>, MbI HEMEIJICHHO
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IpuxXoauM K COOTHOIIEHUIO

a’ +ai+ai =1, (175)

1 TO JKe camoe Jist mTpuxosanubix Beamdun (o’ )2, (a))? u (a/,)?. Cuenosarensuo, kKosddu-
[MEHTHI ¢ ¢ PA3JINIHBIMU WHEKCAMHU (TOYHEee, UX KBAJPATHI) U OY/IYT OMKICHIBATH BEPOSTHOCTh
0BGHAPYKUTH YACTHUILY C JAHHOI IPOEKIeii MOMEHTa MMITYJIbca Ha OCh 2.

Taxkum obpasoM, eciim HAC He HHTEpecyeT (GOpMa SJIEKTPOHHOIO O0JIaKa JIAHHOTO SJIEK-
TPOHA, & JIAIIb BOIIPOC O TOM, B KAKOM COCTOSIHUH HAXOJUTCS YACTHIA, TO MBI MOXKEM OI'Da-
HUYIUTHCA OOCYZK/IEHHEM JIMIIb BeJNYuH a. HamoMHMM, 9TO B CjIydae KBaHTOBOW YaCTHUIIbI
OJIHOBPEMEHHO OIPEIENTh BCE TPH IPOEKIN MOMEHTa NMITY/Ibca MbI He MokeM. [losromy B
KBAHTOBOII MeXaHHKe BOIIPOC CTABUTCH 110 JPYTOMY: KaK HPU HOBOPOTE OCeil M3MEHSTCS aM-
[UTATYJIbI BEPOSITHOCTE! a_, G U a4 JIJI TOTO JKe COCTOsIHUSI, HO Telepb yz7Ke B HOBOII CHCTEMe
koop/uHAT. HBIMI c/l0BaMU, KaKOBBI Oy/IyT aMIUIUTY/EL @', , Gj U @', COOTBETCTBYIOIIUE yIKe
HOBEPHYTOI cucreMe KOOPIUHAT. A Ha 9TOT BOIPOC MBI YK€ IOTOBBI OTBETUTE.

Paccmorpum mpezkie Becero HanboJsiee IpOCTOii CIydail BpAIeHNsT CHCTEMbI KOODJIMHAT BO-
kpyr ocu z Ha yroa P. Takoit moBopor coorBercTByer npeobpasoBanuio yrioB ¢ — 0 u

)

¢ — o+ ®. [lousTHO, 9TO B 3TOM CJiydae BOJHOBast (OyHKIIUSI \11(10 BOODIIE HE U3MEHUTCA. 1o
JKe Kacaercs, Haipumep, OyHKIT \Ilgl)(ﬁ’, ¢ t) = Yysinf cos(p — wt + P + ¢g), TO, KAK MbI
BHJIAM, IIOBOPOT BOKPYT OCH 2 IPUBOJIUT JIMIIL K (DA30BOMY CABUI'Y, HE MEHAIOIIEMY Pe3yJILTaT
ycpeaHeHus 1o BpeMenu. Ilosromy ycpeaneHHas 10 BPeMEeHU BeJIUIHHA [\11(11)(0’ .’ t)]? Byzer

. 1 .
B TOYHOCTHU TaKOl 2Ke, KaK 1 [\Il(l )(0, ¢, t)]?. Takum 06pa3oM, MOBOPOT OCefi BOKPYT OCH 2 He

BJINAET Ha Ha6,HIO,ZLaeMbIe CBOﬁCTBa, 1 MBI MO2KEM 3alluCaTb
(at) = ay; (ag)" = ao; (a_) =a_. (176)

Pacemorpum reneps nipeobpaszosanue (6, @) — (0, ¢") (150) mpu moBopoTe KOOPMHATHBIX
oceil IPOTUB YaCOBOil CTpesIKN Ha yroJi © Bokpyr ocu x. Kak MbI Bujiesin, B 9TOM ciydae 3aKOH
1peobpazoBaHusd KOIMDPUITMEHTOB a, Gy U A, CTOAIMX TIepe] chepudecKuMu pyHKIUAMA Y7,
sajaercs coorrorrerusMu (163). Takoe mpeobpasoBatue, 0JJHAKO, €CTh €Ie TOJBKO IIPOMe-

}KYTO‘{HbIﬁ pPE3YJILTAT, IHIOCKOJIbKY COCTOAHUA C onpegeﬂeHHoﬁ HpOQKHI/Ieﬁ MOMEHTa UMIIYyJIbCa
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) )

(c . (s . .
onuceiBaloT He chepuyeckne dyHrnun Y, o sinfcosp u Y] o sin fsin ¢, a 3aBucdmme ot

spemenn dynxmn U o sinf cos(yp — wt) u VAR sin  cos(yp + wt). Ho mockosbky stn

PYHKIMYU eCcTb JIMHEIHbIe KOMOMHAINYN c(hepuiecKnx (pyHKITUI

\IJ?) = Yl(c) coswt + Yl(s) sin wt, (177)

Ui = v coswt — YV sinwt, (178)

3a/1a9a pemraeTcs JOCTATOYHO MPOCTO. BemoMmHas, YTO GpusnydecKuii CMbICT UMEIOT HE caMi
BOJIHOBBIe (DYHKIIMU, a UX KBAJPATh, YCPEJHEHHbIE [0 BPEMEHU, B cOOTHOIIeHuaX (173) u
(174) MOXKHO 3aMEHUTDH BeJUYUHbI Sin wt u coswt Ha 1/ V2 (mepeKpecTHbIE JKe YJIeHBI, KaK 1
paHblIIle, IPU YCPEJHEHNH UCYe3afoT). A 9T0, KaK JIerKo [IPOBEPHUTD, IIPUBOIUT K CJIELYFOIIIM

BBIPAXKEHUsIM, CBA3BIBAIONINM CTAIMOHAPHBIE BOJIHOBBIE U cepudeckne (HyHKIUN

Y(C) Y(S)
-1 (179)
V2
© _ )
o W h 180
COOTBGTCTBGHHO, JJIA KOS(b(bI/IHI/IeHTOB Pal3JIOZKEHN A NMEEeM
Qe + Qg
ay = , 181
+ \/i ( )
a. = % (182)

V2

B urore, npu moBopoTe KOOPIMHATHEIX Oceil Ha yros © BOKpPYT och & Ko3(phunmenTsr a, , a
u a'_, onpejiesieHHbIe B HOBOI cucTeMe, OyJIyT BbIparKaThes dyepe3 KO3 MUIUEHTB! d, dg U 4 _
C ITOMOIIBIO MATPHUIIBI
(14+cosO)/2 —sin©/v/2 (1 —cosO)/2
(©=1) = sin ©/v/2 cos O —sin®/v2 |. (183)
(1 —cos®)/2 sin ©/+/2 (14 cos®)/2

Hanpumep, Kak MOXKHO TTPOBEPUTH MPAMOIl TTOJICTAHOBKOI,

, 14 cos© sin © 1 —cos©
al, (27)a+— \/ia0+( 5 )a,. (184)
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HamomuwM, 910 KOI(DMUIMEHTHI ¢ ¢ Pa3IMIHbIMU HHIEKCAMI (TOUHee, NX KBaJIPaThl) O~
CHIBAIOT BEPOATHOCTH OOHAPYXKHUTH YACTHUILY B COCTOSHUU C JAHHOW ITPOEKIMEl MOMEHTa MM-

1IyJIbCa Ha OCb Z. HaHpHMep, COCTOAHUE C

ay = 15
a = 0, (185)
a. = 0,

T.€. COCTOAHUE C HpOGKHHeﬁ MOMEHTa UMIIYJIbCa Ha OCb Z PaBHBIM h, B HOBepHYTOﬁ CHUcTeMeE

KOopJuHaT 6y,ZL€T COOTBETCTBOBATH COCTOAHUIO CO 3HAYCHUAMMU

S - 1+ cos©
+ 2 !
in ©
ay = % (186)
, 1 —cos©
a = ——.
2

B wactnoctu, npu © = 90° s1o cocrostnne HE ECTD cocrosinune ¢ MoMeHTOM UMITYJIbCa, IIOBEP-
HyTBIM Ha 90° 110 OTHOIIEHNIO K HOBOM ocu z'. IIpu m3MepeHnn mpoekimn MOMEHTa UMITYJIbCa
HA 9Ty OCh BEPOSTHOCTH IIOJLYIUTh HOJIb ecThb b (ag)? = 1/2. C BepositHocTbIO (0 )? = 1/4
M3MepeHHas [POEKITHsl TI0-TIpesKHeMy OyjieT paBHa +h, a ¢ BepogTHOCTHIO 1/4 mpoexitus Oy-
ner pasua —h. Ilosinas ke BepOTHOCTD, ecTeCTBEHHO, OyeT paBHa eauHuIe. llockosbky 310
YCJIOBUE JIOJI?KHO OBITH BBIIIOJIHEHO JIJIsI JIIOOOTO yryia ©, TO, Kak JIErKO IMPOBEPUTH, €INHUIE
Oy/leT paBHA CyMMa KBa/[PATOB BEJUYUH, CTOAINX B KaXKJIOW CTPOYKE U B KaXKJIOM CTOJIOIE
marpuisl (179).

[Tocmorpum Terephb, Kakue BOJIHOBbIE (DYHKIIUU HYZKHO UCIOJIB30BaTh, YTOOBI OMUCATEH OP-
OUTAIHHBIT MOMEHT MMITYJIbCca JacTUIlpl 2 i. KerecTBeHHO IPEIITIONIOKNTE, 9TO /I 9TOTO HAM
nona100siTest cpepudaeckne dynkmun nopsizika | = 2 (164)—(168). Ilossiaenue chepudecknx
dyHKIHIiT, TPOIOPIMOHATBHBIX Sin 2¢ U Sin 2¢ 3/1eCh BIIOJIHE MOHATHO. BBIYuUC/Issa BHOBb BOJI-
HOBOII BeKTOD k, Kak 27/, Tnie Tenepb Ha OKPY’KHOCTH 277 yKJIAbIBAETCS JIBE BOJIHBI, MBI
HeMeJ[JICHHO IoJIydaeM 1 - p, = 1 - hk, = 2h. Onnako, KaK Mbl BUJIE/IH, IIPU I0BOPOTE KOOP-

JMHaTHBIX ocelt JJIA OIIpeJIeJIeHn A BOJIHOBOM beHKHI/II/I B HOBbLIX KOOD/[MHaTaX HaM Hen30eKHO
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B wutore, g onmucanusg 4acTUIBl ¢ MOMEHTOM UMITYJIbca 27 HEOOXOIUMO BBECTH HE TPH,

a ndaTh 6as3ucHbx GyHKIwil. OHU OYIYT ONUCHIBATH COCTOSHUS, COOTBETCTBYIOIINE TPOEKITIH

MOMEHTa UMITyJIbca paBabie 27, h, 0, —h u —2 h. CnemoBarenbHO, OJIN3Kas AHAJIOIUS

MEZKJITY

BEKTOpaMM WM KOMIIOHEHTaMM pPa3J/IOKEeHUdA a mMeeT MeCTO JIMIIb JJIsd MOMEHTa MMITYJ/IbCa h.

B oxonuarenbHOM BuZie CTalMOHapHBbIE BOJIHOBBIC (byHKLLI/II/I, COOTBETCTBYIOIIUE DPaA3JIMIHBIM

IPOEKIUAM MOMEHTa UMITYJIbCA (BerHI/Iﬁ I/IH,ZLQKC) 3allMIIyTCA KaKk

w@) _ Y2(2c) 4 Y—Q(Qs)
2 \/§ )
w(l) _ Y2(C) + Y2(5)
2 - \/i )
w(o) _ Y'z(o)
(1) _ Yz(c) _ Y'Q(S)
2 \/§ )
2y Yv2(2c) . }/2(25)
5 = ——-—

N

(187)

(188)
(189)

(190)

(191)

a MaTPUIla ITOBOPOTA, OIPEJIE/IAIONIAs 3aKOH TPeodpa3oBanus Jijid KOIMDPUITUEHTOB oy, Ay,

ag, G_ W Gp_ TIPHU IIOBOPOTE BOKPYT OCU X Ha yroj O, OyJeT umeeT BU/L

14-cos ©)2 sin ©(1—cos © __ \/3sin?© sin ©(1+cos ©
4 2 22 2
__ sin®(1—cos ©) 2cos? O+cos O—1 V/35in © cos © _ 2cos? ©@—cos©—1
2 2 V2 2
(@ ) — __/3sin?@© _ 1/35in@cos© 3cos?O-1 v/35in © cos ©
=2 2v2 V2 2 V2
_ sin®(1+cos ©) _ 2c0s2©—cosO-1 _ /3sin@cos® 2co0s? O+cos O—1
2 2 V2 2
(1—cos ©)2 __sin ©(14-cos ©) _ V/3sin?© __sin©(1—cos ©)
4 2 2v/2 2

1—cos ©)2
4

sin ©(1+cos ©)
2

v/3sin? ©
2v2
sin ©(1—cos ©

2
(14-cos ©)2

(192)

PaCCMOTpI/IM, HallpUMeEDP, COCTOAHUE C HpOGKHHGﬁ MOM€EHTa UMITYJIbCa Ha OCbhb £ PaBHBIM 2h.

s wero cieryer mONOKATE agy = 1 u ay = ag = a_ = ay— = 0. Ho Torma, cormacuo (188),

B HOBepHYTOﬁ CUCTEME KOOp/JIMUHAT 9TOMY COCTOAHUIO 6y,ILyT COOTBETCTOBATH 3HaAYCHUA

S (1 + cos©)?
2+ 4 ’
, sin (1 — cos O)
a, = :
2
, V3sin?©

ao — 5

2v2

(193)
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, _ sinO(1+cosO)
a = 5 :
(1 —cos©)?
Y

/ pa—
0/27 h—

B wactHocTH, npu moBopore Ha yroa © = 90° sto cocrosiane BaoBb HE BYJIET cocrosanem
C MOMEHTOM HUMITYJIbCa, MOoBepHYThIM Ha 90° 110 OTHOIIEeHNIO K HOBOH ocu z'. [Ipu usmepenun
MIPOEKINA MOMEHTa MMIIYJIbCA Ha 3Ty OCh BEPOATHOCTH IMOJIYINTH HOJIb Oy/eT paBHA JIUIIh
(ay)? = 3/8. C BeposrrocTbIO (0, )* = 1/16 m3mepennas upoekuus Oyzer pasaa 20 (u —2h),
a ¢ BepoaTHOCTBIO 1/4 npoeknust 6yer pasHa h win —h.

Y100bI HOHATH TAKON HEOOBIYHBIN Pe3yJIbTaT, HAM HYKHO CJIeJIaTh elre ojuH mar. OKasbiBa-
eTcs, 9TO HeCMOTPs Ha TO, ITO MPOEKIINH MOMEHTa UMITYJIbCa [, ¥ [, Ha OCH Y U Z OKa3bIBAIOTCS
HEOTIPEJIe/ICHHBIMHU, KBaJIpaT MOJIHOIO MOMEHTa UMITy/ibca 12 = 2 + l; + 12 6y1eT UMeTh BIOJIHE

OIIPpEJEJICHHYIO BEJIMIUHY

I =1(l+ 1)n* (194)

B Tlpunoxkenun 8.7 3Ta (opmy/ia BBIBOJUTCS KBATHOBO-MEXAHHIECKH TOYHO. 37€Ch 7K€ MbI
[IPUBEJIEM JIPDYTO, TaKzKe CTPOruil, HO 0oJiee dJIEMEHTAPHBII BHIBO/I.

[Ipexx e Beero, Kak Mbl Bujean, (21 + 1) BosHOBBIE (yHKINM, onuChIBafoIuecs chepudae-
CKUMU QYHKIUAME TOPsIKa [, cooTBeTcTBYIOT (2] 4+ 1) pasimaHbiM mpoekImsiM mh Ha ochb z,
rjie

m=—1,—(—1),...,(—1),L. (195)

B wactHOCTH, MBI IMEEM TPHU MPOEKIUU JIjI MOMEHTa UMITYJIbca fi U MATh JIjId MOMEHTa, UM-
nyJsibca 2h. Bocronb3yemces Teneph 3aMedaTelbHBIM CBOWCTBOM, KOTOPBIH CJIe/lyeT U3 COOTHO-
mennii (182) u (189) — mpu cirydailHOM PACIOJIOIOKEHUH B IPOCTPAHCTBE MOMEHTA UMITYJIbLCA
| npu m3mepeHun ero mpoeknuu [, Ha OCb 2 BCe 3HaYeHUT MA OKA3bIBAIOTCA PABHOBEPOST-
upivu!! (iposepbTe!). 3HaUNT, BeposATHOCTH KasKIol U3 Ipoekumii Gyier pasna 1/(21 + 1).

[TockosibKy 2Ke

1
12+22+32+...+l2:gl(l+1)(2l+1) (196)

"1¥Vepenpenne o yraam moGoit dynkumn f(6) npoussomures o gopmyne < f(6) >=1/2 [ £(6) sin 6d6.
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+2h

+h

-2h

Puc. 14: "IIpeneccusi” momenTta umiysabca | Bokpyr ocu z.

(1oKa3bIBaETCA IO UHYKIIUN), TO CpejiHee 3HAUeHNe BeJTMIUHBI [2 GyjieT paBHO

1 1
P>=2——(17+22+3%2+ ... +1)) =21
<[> 2l+1( +2°4+3+... 419 3

(I1+1). (197)
[Ipemmosnarast Tereps, 9TO IPH yCpeHEHUHU (& He IIPH € IMHIYHOM H3Mepenun!) cpejHue 3Ha-
9eHNs KBaIPATOB MPOeKImii < [7 > 1 < [2 > He JIOJIKHBI OTIHIATHCA OT < 2 >, MbI BO3BDa-
maemMcst K cootrommenmio 12 = [(I + 1)h%.

SHa4YUT, HA caMOM Jiejle JUIMHA BEKTOPa MOMEHTA MMIIYJIbCA Y BCEX COCTOSIHHI, OICHIBaE-
MBIX cepraecKuMy DYHKIUSMUI JII000Tr0 MOPsAIKa [, OKa3bIBAETCs OOJIbIIE, YeM ee MaKCHMa/Ib-
Hasl TPOEKIHst HA OCh 2z (WM Ha J0OYI0 JIPYryio ock). B wacTHOCTH, Ha cAMOM Jie/ie TOJTHBII
OpPOHUTAIBLHBII MOMEHT HMITYJIbCA 3JIeKTpoHa uist | = 1 ectb /2 K, a He h. Ten He MeHee, Ha 9TO
BCer/la HaMePEHHO 3aKPbIBAIOT IVIa3a U CUUTAIOT, YTO [OJIHBI MOMEHT MMIIY/IbCA COBIIAJIAET C
MaKCHMaJIbHO BO3MOZKHOI IIPOEKIINeNl MOMEHTa MMILY/IbCA.

CocrosiHue ¢ OIpe/Ie/IEHHBIM 3HAYeHUEeM [IPOEKINN [, MOXKHO, KaK 3TO OOBIYHO U JIEJIAI0T
(em. Puc. 14), n306pasurhb Kak Mpereccuio BeKTopa MomenTa nmirysbea 1 mnet (1| = (/114 1)}
BOKpPYT ocu z. [Ipu sTOM opuenTanus BekTopa | 110 oTHOIIEHHIO K OCH Z JI0JIZKHA ObITH COBEP-
IIEHHO CJIy4aifHo#l, TaK YTO €ro IPOEKIUH Ha OCH = M Yy He OyJyT TOYHO olpejeseHbl. B
pesyJibTare, IpH IOBOPOTE KOOPIAMHATHBIX OCeil BOKpYr ocu r Ha yroa © = 90° Bekrop 1 He
Oy/leT HaIpaBjIeH B TOYHOCTH IEPIEHUKYISIPHO HOBOI ocn z’. OnHAKO Ha TAKOM sI3bIKe He

OY€eHb IMOHATHO, KaK MOXKET IIOABUTLCA HEHYJIEBasd BEPOATHOCTDL IIPOCKIHUHN, CKazKeM, 11 = -1
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Ha OCh 2z’ B HNITPUXOBAHHOI CHCTEMe KOOPJMHAT IPU MOBOPOTE Ha MaJiblii yroa © < 1, eciu
[IPOEKINs Ha OCb 2 ObLIa M = [. DTO 9MCTO KBAHTOBBIN 3P HEKT, KOTOPBII TPYIHO N300pa3nTh
na Oymare. Jleso B ToMm, 9TO, KaK MbI BHUJE/H, BEKTOP 1 J0/2KeH ObITh Pa3jioyKeH He 110 TPeM
KOODJIMHATHBIM OPTaM, & 0 COOCTBEHHBIM BOJIHOBBIM (DYHKIMSM, KOTOPbIE 00pa3yioT Oas3uc,

"paszMasaHHBII 110 BCEMY JIMana30Hy yIJIoB 6 u (.

5.1.5 KBaHTOBBII1 BOJYOK

Wrax, BeIe ObLIO TOKA3aHO, YTO JJIs OIMCAHNS YaCTUIIBI C OPONTAJIBHBIM MOMEHTOM UMITYJIb-
ca [h Heobxommmo BBecTu 2/ + 1 BostHOBBIX (byHKIMT. OHE UMEIOT BIOJIHE HAIIAHYIO HHTED-
[IPETAINIO ¥ OIHUCHIBAIOT, B YaCTHOCTH, IIPOCTPAHCTBEHHYIO (POPMY SJIEKTPOHHBIX OPOUTAJIE.
OsHako ropas/o BaKHee ObLIO MOYEPKHYTh TO, YTO B KBAHTOBOI MeXaHHUKE B POJIM OA3UCHBIX
OPTOB BBICTYTIAIOT BOJTHOBBIE (DYHKIINHU, ONHICHIBAIOIINE PA3IUIHble cocTosHud. [loaTomy s
ONMCaHUs KBAHTOBOW CHCTEMBI HAM Ha CaMOM JieJjle JIOCTATOYHO 3HATH JIUITb KOI(MMOUITNEHTHI
passioxkenus a. B wacraocTH, coorHomenus (179) n (188) onpeendior 3aKoH, 110 KOTOPOMY,
3Hasd KOIDPUIIMEHTHI PA3JIOXKEHUS B OJIHON cUCTeMe KOOPJMHAT, Mbl MOXKEM OIPEJIETUTh UX B
JIPYTOii cucTeMe cucTeme, IOBEPHYTON OTHOCUTEILHO 11ePBOil Ha yroj © BOKpyr ocu x. Takum
00pazoM, 0 BEeJIMINHE MOMEHTa MMILYJIbCA MOXKHO CYJIUTDH [0 KOJIMYECTBY COCTOSIHUI, KOTOPOE
HEOOXO/IUMO J1JIsl TOTO, UTOOBI IOJIHOCTHIO OIICATH CUCTEMY IIPH TOBOPOTE KOOPINHATHBIX OCEil,
U 110 3aKOHY ITpeobpa3oBaHus KOIMDMUITMEHTOB ¢, OIPEJICIIIONIUM BEPOATHOCTh OOHAPYKUTH
CUCTEMY B JIAaHHOM COCTOSTHHH.

Tenepb MBI, HAKOHETI-TO, MOXKEM BEPHYTHCs K OCHOBHOI TeMe 3TOro pasjiesa, a UMEHHO K
Bompocy o crmHe gacTuil. OKa3aaock (1 970, KaK Mbl y7Ke OTMEYaJIH, €CTh SKCIIePUMEHTATbHbII
daxT), 910 37IEMEHTAPHBIE TACTHUIBI 00JIAIAIOT eIIe OJJHON CTEIEeHbI0 CBOOOIBI, KOTOPYIO MOXK-
HO OIMCATh MOYTH TaKKe, KAaK HaM Y/JIaJOCh OIHCAThL CBONCTBA, CBA3aHHBLIE C OPOUTAILHBIM
MOMEHTOM UMITYJIbca. VIHBIME CJIOBaMM, YaCTUIE MOYKHO IPHUIUCATH CBOW COOCTBEHHBIN MO-
MEHT UMITYJIbCa, He CBA3AHHBIN C €ro MPOCTPAHCTBEHHBIM JIBIZKeHNneM. ToT ke akT, 9TO 3TO
CBOMCTBO MOJ00HO UMEHHO MOMEHTY HUMITYJIbCa, OYJET OMPEIesiThCA TeM, UTO IPU OBOPOTE

KOOPJAMHATHBIX ocelt BEPOATHOCTU O6Hapy}KI/ITb JacCTUuly B JaHHOM COCTOAHHUU U3MEHAIOTCA B
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TOYHOCTH TI0 TAKOMY K€ 3aKOHY, YTO U KOI(MDPUITMEHTHI @, ONMUCHIBAIONINE OOBITHBIH OpOUTAa b=
HBIIT MOMEHT UMITYJThCA IACTHIIBI.

Hanpuwmep, ecin gactuiia 06s1aiaeT cOOCTBEHHBIM MOMEHTOM HMITYJIbca (T.e. CIIHOM) A,
TO JIJIsi €e OIMUCAHUsI HYKHO TPEIIOJ0KNATh, ITO PU U3MEPEHUHN MTPOEKINK CIIUHA Ha HEKO-
TOPYIO OChb MOTYT OBIThH MOJIyYeHbI JIUIIL 3HaYeHus fi, 0 u —h ¢ BEPOATHOCTAMU Gy, Ao U G_.
[Ipuvem 371eCh BEJIUYIUHBI a4, Gy U G_ yKe He SABJIAI0TCH KOI(DDUIMEHTaMU PA3JIOXKEHUS TTPU
KAKHUX-TO BOJTHOBBIX (DYHKITHSX, 3aBUCAIINX OT KoopauHaT. OHU ONMUCHIBAIOT TENEPh TOJIHKO
BEPOATHOCTH, 1 HIIero Oosbie. [Ipu sToMm Jijist ApyToit cucTeMbl OTCYETa COOTBETCTBYIOIINE
BEPOSITHOCTH JIOJIZKHBI TPe0OPA30BBIBATHCS B cooTBeTCTBUN ¢ Marpuieii (179), koropast 6bL1a
[IOJIyY€Ha JIJIsi COBEPIIEHHO JIPYTOil 3a/1a4u, a UMEHHO JIJIst 3a/1a4u 00 OpOUTAJILHOM MOMEHTE
UMITYJTbCA, KOTJIa BOJIHOBBIE (DYHKIIMU 3aBUCHJIM OT KOOpJWHAT. B 3TOM MecTe BO Beeil mMorn
U TIPOSIBJISIETCS HOBBIH SI3BIK KBAHTOBOM MexaHUKH. OH MO3BOJISIET OIUCHIBATD SIBJIEHUSI, KOTO-
pble He MMEIOT aHAJIOTOB B KJjaccudeckoil ¢usnke. B jamnoM ciryuae “cocrosinue” ¢ JIAHHOM
[IPOEKIINEl CIIMHA He CBsI3aHa HU C KAKUM IIPOCTPAHCTBEHHBIM PACIIPE/IEJICHIEM BEPOSITHOCTEA.

31ech MBI, IpaB/ia, Cpa3y CTAJKHBAEMCSA C OJHOI HOBOM mpobsemoii. /o cux mop Mbl 00-
CY2KJIaJI CUCTEMBI, Y KOTOPBIX BeJIM4nHa | ObLIa 11es101 BenauHoi. CoOTBETCTBEHHO, MOMEHT
UMITYJIbCA OBLIT paBeH TeJIOMY 9ucy h, a aucjao cocrosauii 20 4+ 1 6b110 HederHbiM. C ApyHOIT
CTOPOHBI, KAK YK€ OTMeYaj0Ch, HabJII0IaeMble CBOMCTBA OOJIBITNHCTBA 9JIEMEHTAPHBIX TaCTHUI]
TpedyIoT JBYX cremneHeil cBobobl. Ho Torna ciiemoBaso Obl MpeJIoIoKUTh, YTO BEIUINHA [,
OIICBIBAIOMIAS TI0JI0OHBIE CBONCTBA, JOJKHA ObITh paBHa 1/2 (B obIiem cirydae — HOJIyIeIoit
BEJINYNHOI). A COOTBETCTBYIONIMIA CIIMH YaCTHIL JOJIZKeH ObITh paBeH l/2 (a Ha caMoM Jere,
Kak Mbl TOMHUM, /{(l + 1)k = \/ﬂh)

OjiHako Jierko ckazarh — IOJIyIesblit ciud. Koneuno, ecim popMabHO MOJIOKHUTH | =
1/2, To Torja JyIA ONMCAHWs CHCTEMBI HaM HOTPEOYIOTCA JIMIIb JIBE BEJMYUHBI (/2 U G_1/2,
KBa/IPATHI KOTOPBIX OY/IyT OIPeIe/IsITh BEPOATHOCTH 3aPErMCTPUPOBATEL YaCTHUILY C TPOEKITneit
crimna i /2 wmn —h /2. O iHaKO, KAK MBI BHJIEJIN, BOJIHOBbIE (DYHKITUH C OPOUTAJIBHBIM MOMEHTOM
umitysbea Lh (n mpoeknmsimu +1h) 3aBucsT ot yria ¢ Kak sinlp u cos lp. [osromy musa l = 1/2

HAM CJIeZI0BAJIO OBbI 3ammcaTh 3aKOH Hpeobpasosamust depe3 dyuxmumu sin(p/2) u cos(p/2).
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CooTBeTcTBeHHO (1 371€Ch 9TO OoJIee BayKHO), BhIpazkenus sin(O/2) u cos(©/2) 6yayT BXOAUTD
u B ko3 dunuentsr marpury (179) u (188), onpeesnstomniue 3aK0H Mpeobpa3oBaHUs BEJININH

a. HpI/I 9TOM 3aKOH HpeO6pa30BaHI/IH JOJI2KEH UMETDh BU/L

(a12) = aij2co8(©/2) + a_y/2sin(60/2), (198)

(a_1y2)’ = —a1/2sin(0/2) + a_1/2 cos(0/2).

DTO e ITMHCTBEHHBIH JIMHEHHBIN 3aKOH Peo0pa30BaHUS JIBYX BEJIMIIH, COXPAHSIIONINI X CYMMY
KBaJIPATOB U COJEPZKAIMI B KadecTBe IMapaMerpa mosopota yroja ©/2. B urore, npu usme-
Henuu yriaa © Ha 360° (T.e. IpU TOXKJIECTBEHHOM TIPEOOpa3oBaHuu!) BEJIMYUHBI @, MPOIIOPITH-
oHaJsibHBIE 08(O/2), OyayT MeHATH 3HAK. [losTOMY HaM, Kazasoch Obl, HEM30EKHO MPUIETCSI
IOMTH HA TO, YTO BOJIHOBas (DYHKIINS JIOJKHA CTATh JBY3Ha4dHOI. T.e., 110 cyInecTBy, HEOIpe-
JieJIeHHOM B Jannoit Touke. T.e. HaM NpUNLIOCh ObI COIVIACUTHLCS € TE€M, UTO MOBOPOT Ha 360°
He SABJISETCA TOXKJIECTBEHHBIM ITPe00OPA30OBAHIEM.

B kiraccuyeckoit mexanuke Takas cuUTyalud ObLTa Obl HeBO3MOXKHA. JleficTBUTE/IbHO, KaK
MOKHO IIPEJICTaBUTHL ce0e, YTO, HAIPUMEDP, CKOPOCTH BOJIBI B PeKe B JIAHHON TOYKe MPUHU-
MaeT JiBa Pa3InYHbIX 3HadeHus. OJHAKO B KBAHTOBOI MeXaHWKe, KaK OKa3aJI0Ch, IOJ00HOE
CBOMCTBO BCe Ke MOXKeT OBITh peam30BaHo. /lej1o B TOM, 4TO, KaK yKe MO TIePKUBAJIOCH, (hu-
3UYECKUI CMBICJI UMEIOT HE CaMM BEeJIUYUHBbI G, a UX KBajparbl. [losTomy mnpu moBopore Ha
360° dusmueckuii oTBer (T.e. BEPOSITHOCTL HAOJIIOIATH COCTOSHIE ¢ JAHHON MIPOEKIMel ClnHA)
HEe M3MEeHUTCst!

Ha miepBbIit B3rJIg/1 MOYXKET MOKAa3aThCsd, YTO HAM KPYITHO IOBE3JIO, U yjada, KOTopas HaMm
YJIBIOHYJIACh, ObLIa YUCTO ciydaiinoii. Ha camom ke Jiesie, 3/1eCh MblI CTAJTKUBAEMCS C YIUBU-
TEJILHBIM TJIYOMHHBIM CBOMCTBOM HAIIEr0 TPEXMEPHOI'O MPOCTPAHCTBA. Bojiee TOUHO — ¢ ero
CBOMCTBAMU I10 OTHOIIEHUIO K BpalieHuaM. JleficTBuTe/IbHO, pacCMOTPUM MTOBOPOTHI B JIBYX-
MEPHOM IIPOCTPAHCTBE, HAIIPUMED, TOBOPOTHI KapaHallla, JeKaIlero Ha IOBEPXHOCTH CTOJIA.
HAcno, aro 000t TOBOPOT OyJI€T ONMUCHLIBATHCS JIUIIL OJIHOM BEJTUYIUHON — YIVIOM BPAIEHUS
BOKPYT BepTHKaJIbHOI ocu. Ho KaK TOJIbKO MBI pa3periuM KapaHally BPallaTbed B TPeXMep-
HOM IIPOCTPAHCTBE (T.€. YBEJUUIUM PAa3MEPHOCTD [IPOCTPAHCTBA HA €JIMHUILY ), TO JiJisl OIUCAHMUSI

IIOBOPOTAa 6y,ILeT HeO6XO,ILI/IMO BBECTHU HE JIBE€, a YK€ TPHU BEJIMYUNHDbI, ITOCKOJIbKY TEIEPb HaM
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HY?KHO 33JIaTh HE TOJILKO JIB& ITapaMeTpa, OIPEJIEIIONine OPUEHTAIINIO OCU BPAIIEHUS, HO U
ele TpeTuil mapaMeTp — yroJ IOBOpPOTa BOKPYT 3Toit ocu. [losiBjieHne JMOMOJIHUTEIBHONI cTe-
[IeH1 CBOOO/IbI U HPUBOJIUT K COBEPIIIEHHO HOBBIM CBOIICTBaM, KOTOPBIE, K COXKAJIEHUIO, OYeHb
pesKo obcyzKaaeTcs B MOy iapHoil tureparype. [losTomy Oyier mose3Ho obcyuTh ux OoJjiee

ITOJIPOOHO.

5.1.6 PemMmHu m crakabl

Nrak, Mbl Bujies, 9TO TOHATHUE TTOJIYIEJIOTO CIIMHA CBA3AHO C JIBY3HAYHOCTBHIO, BO3HUKAIOMIE
[P TIOBOPOTAX B TPEXMEPHOM IPOCTpaHcTBe. ECTh jBa MPOCTHIX IIPUMeEpa, KOTJia IOJ00HO0e
CBOWCTBO yjaBaJioch n300pasuth HarisaHo. [lepsoe u3 vux npunasgrexutr I1. dupaxy (1902-
1984, HobGesteBckast mpemust 1933 1.), Bropoe —P. @eitnmany (1918-1988, HobeneBckast mpemust
1965 r.). Jlupak mpe/jIozKu/I B KadeCcTBe WUTIOCTPAIIMN BOCIIOIB30BAThCS OOBITHBIM PEMHEM, a
QeiffHMaH — CTaKAHOM.

[Ipezxie Bcero, nmocrapaemcs: cOpMyJIMPOBATH BOIIPOC, HA KOTOPBI HAM HYKHO TIOJIYIUTh
OTBET, WJIM, BO BCAKOM CJIydae, MPOUJIIIOCTPUPOBATH CBI3aHHOE C 3TUM BOIPOCOM CBOMCTBO.
Mgt Bujiesn, 4To HabJIIOaeMast JIBy3HAYHOCTD [IPU HOIIBITKE OMUCATH YaCTUIBI CO CIIMHOM f /2
[PUBEJIX K TOMY, YTO MBI OBbLIM BBIHYKJEHBI TPU3HATH, YTO B TPEXMEPHOM IIPOCTPAHCTBE B
HEKOTOPBIX CJIydasX IOJIHAs TOXKJ/IECTBEHHOCTh BO3HUKAET JIMIIH IIPU JIBOWHOM ITIOBOPOTE, T.€.
1pu ropopotre He Ha 360°, a Ha 720°. IMeHHO 9TO CBOICTBO, KaK OKa3aJ/i0Ch, U MOXKET OBITh
[IPOJIEMOHCTPUPOBAHO C MTOMOIIBIO TTPOCTHIX MOJIPYIHBIX CPEJCTB.

PaccMOTpUM Ipexkie BCero ombIT ¢ peMueM'?. BosbMeM ero JByMs JAByMs PyKaMH 3a KOH-
IIbI U BBITAHEM B BHJIE TIJIOCKO# JIEHTBHI. B 9TOM TOJIOXKEHUM OPUEHTAIUS TPIKKA COBIAIAET
¢ opueHTarmeil apyroro koura. Harra 3aja4da cocTouT B TOM, 9TOOBI TIOKa3aTh, YTO BCE II0-
BOPOTHI MPSI’)KKU BOKPYT JII000i n3 oceil Ha 360° SKBUBAJEHTHBI JPYT JPYTY, HO MPU STOM
MBI, IlepeMelnas KOHIIbI peMHsI 0e3 JIONOJIHUTEILHOTO BPAIlleH!s], HUKOT/Ia He BOCCTAHOBUM Ha-
Ja/IbHOE COCTOSIHUE, T.e. COCTOSIHME TJIOCKOM JieHThl. C JIpyroit CTOPOHBI, TOBOPOT PEMHS HA

7200, IIOCJIE OIIpeJICJIEHHOI'O IIepeMeleHsd €0 KOHIIOB, IIOJTHOCTBIO PACITyThIBAa€TCA U PEMEHD

12MarepuaTas nenTa 37eCh He OYeHDL yI0OHA — OHA CIIUITKOM IHOKas.
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CTAHOBUTCS B TOYHOCTU TAKUM 2Ke, KaK U JI0 1moBopora. OTMeTuM cpasy, uTo 3/1eCh g HaC
OyZeT BayKHO He TOJIBKO IIOJIOYKeHHe KOHIIOB PEMHsS, HO W MCTOPHUsS IIepexo/ia N3 HadaJIbHOTO
B KOHEYHOE COCTOsSHME. B 9TOM CcMbICIe peMeHb — OYeHb YAO0OHbINH MPeIMEeT, IIOCKOIbKY, JTBU-
rasicb BJIOJIb PEMHs, Mbl MOYKEM IPOC/IEIUTh, KAaK MEHSAJIACh OPUEHTAIINs TPAKKU C T€IYECHUEM
BPEMEHN.

PacemorpuMm cragasia moBopots! Ha 360°. [loBepueMm, HanpuMep, IpszKKY BOKPYT OCH, I1a-
paJstenbHOlt ocu pemHs. [locse Toro, Kak MoBOpoT 3aKOHYEH, MbI, KAK 1 JJOTOBOPUJIACH, MOYKEM
IepeMeriaTh KOHIIbI PEMHS ITPOM3BOJIBHBIM 00Pa3oM, CJe/s JIUIIb 38 TeM, YTOObl OHU He CO-
BepIIAJIN JIONOJTHATELHOTO BpAIeHus (T.e. OCTABAJIUCH HapaJliebHbIMU camu cebe). ZcHo,
YTO COEJIMHUB KOHIIBI, MBI ITOJTyYUM 3aMKHYTYIO METJIIO, T.€. TO CaMOe HOPMAaJIbHOE COCTOSHUE,
B KOTOPOM PeMeHb OOBITHO U HCIOIb3yeTcs. Ho Takoe cocTosHIE ToJTydaeTcs U B TOM CIIydae,
ec/i MBI TIOBEpHEM TPAXKKY Ha 360° OTHOCHTETHHO TOPU30HTAJIBHOIN OCH, TEPIeHTUKYIIp-
Hoit ocu pemusil B nrore, Kak Jierko mpoBepUTH, BOKPYT KaKO ObI OCH MBI He MOBEPHYJINA Obl
npszKKy Ha 360°, mocjie cOOTBETCTBYIOINIETO JIBUZKEHNS MbI BCETJIa CMOXKEM IPUBECTU PEMEHb
B HOpMAaJIbHOE COCTOsIHWE, T.e. B cOCTosiHMe IeTnn. [lombITKa yKe pacTaHyTh PEeMeHb B JIEHTY
BCerjla MPUBEJIET K TOMY, YTO PEMEHb OKarKeTcs IepeKpydeHHbIM Ha 360°.

Kazaoch Obl, uTo moBopoT mpsiKKu Ha 720° mpuUBEJET K elne OoJIbIneil CKPYYeHHOCTH.
O tHako, pu OJIMZKAfIIIeM PacCMOTPEHNN MOYKHO yOeuThest, 9To 910 He Tak! JlefictBurebHo,
JlaBaiiTe 1MoBepHeM NIPsKKY Ha 720° BOKpPYT OCH PEMHS, a 3aTeM IIOCTapaeMcsl COEJMHUTD €ro
KOHIIBI. B 3TOM citydae pemenb npumer popMy JIBOIHOI IeT/IH, KOTOPYIO y/I00HO He 3aMbIKATD,
a OCTaBUTH B BUJIE JIBOWHON crimpaJju. Tak BOT, ec/id Telepb MPOJIETh MPAKKY MEXKJIy JIByMs
BUTKAMU CIIMPAJIU ¥ BHOBb BBITAHYTH PEMEHDb B JIEHTY, TO MBI C YIMBJIEHUEM OOHAPYZKHUM, UTO
PEMEHb TOJTHOCTBIO pacupsamuiics. VHbIMEU cJI0BaMU, TPEXMEPHOCTH ITPOCTPAHCTBA MTO3BOJISET
[IOJTHOCTHIO Pa3BA3aTh JIBOWHYIO METIIO, a OJMHOYHYIO — HET.

[Ipumep Deitamana ermme Oosiee MpocT. Bo3bMuTe crakaH ¢ IIOCTaBbTE €0 HA BBITSIHYTYIO
JIAJIOHb MpaBoil pyku. 3areMm mnoBepHute ero Ha 360° MPOTUB YACOBOW CTPEJIKU, HO TOJIHKO
Tak, 9T00bI Boja (ecm oHa Oblaa OBl B CTakame) He BbUIMBaJAch u3 Hero. Kak BBI BHjETE,

JIUIE 9TOTO PYyKa JIOJIZKHA CHJIbHO T1epeKPYyTUThesi. OJIHAKO €C/iU NMPOJI0JIKUTEL Bpalenue (Jist
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Puc. 15: IIlpumepsn! o/lHOCBI3aHHBIX 1 MHOTOCBA3aHHBIX IOBepxHOCTeil. Ha moBepHocTn mapa

JII00O# KOHTYP MOXKeT ObITh CTAHYT B TOYKY, & Ha MOBEPXHOCTU TOpA — HET.

9ero MpUXOIUTCS 3aHECTH PYKY HaJl TOJIOBO), TO TIOCIEe BTOPOTOo 000pOTa CHCTeMa "MTPUXO/AT
B ucxojHoe noJiozkenune”. Takum oOpazom, MOJTHBIN IUKJI BHOBb COJEPXKUT JiBa MTOBOPOTA Ha
360°.

Taxk B uem xke jeno? [louemy Kazasoch Obl TOXKJIECTBEHHOE ITPeOOpa30BaHue, & MMEHHO
oBopoT Ha 360°, B TpeXMEPHOM IIPOCTPAHCTBE He 00J1a/1aeT BCEMU CBOWCTBAME TOXKJIECTBEH-
noctu? Kak okazajoch, 9TO eCThb OTpakeHHe OUYeHb TJTyOOKOTO TOIOJIOTUYIECKOTO CBOHCTBA
TPEXMEPHOTO MPOCTPAHCTBA, KOTOPOE COCTOUT B TOM, YTO IPOCTPAHCTBO ITOBOPOTOB Ha 360°
He SABJISIeTCS OJHOCBA3aHHBIM. [losiCHUM 3TO CBOMCTBO Ha IPOCTOM IPUMEpE JBYMEPHBIX IO-
BepxHocTeil. JIByxMepHasi TOBEPXHOCTH Ha3bIBAETCA OIHOCBA3aHHON, €CJIM JI000# 3aMKHY ThIi
KOHTYD, HAPUCOBAHHBII HA 3TOI IIOBEPXHOCTU, MOYXKET OBITH CTAHYT B TOUKY. [loaToMy, Kak 1mo-
kazano na Puc. 15, cdepa ecrb 0JJHOCBsI3aHHAS OBEPXHOCTH, & MOBEPXHOCTHL Topa (6y6smKa )
WA YallKu ¢ PYYKOW — HET, TOCKOJIbKY CYIIECTBYIOT KOHTYPbI, KOTOPbIE€ B TOYKY CTSIHYTbI
ObITh He MOryT. CBOMCTBO OJIHOCBSI3aHHOCTH, €CTECTBEHHO, MOXKET OBITh MEPEHEeCeHO U IPO-
cTpaHcTBa OOJIbINENl pa3MepHOCTH. Tak, map ecTb OJHOCBA3aHHAs 00JIACTh, & TOP — OIATh
HeT.

Tenepb MBI JIOJKHBI TTOKa3aTh, YTO IPOCTPAHCTBO MOBOPOTOB Ha 360° He gBjIsgeTcd Ojl-
HOCBsA3aHHBIM. [Ipm 3TOM JUIst HAIVISIHOCTH OOBIYHO TOCTYHAIOT CJIejyionuM obpasom. Kak
y7Ke TOBOPUJIOCH, BpallleHne B TPEXMEPHOM ITPOCTPAHCTBE ONUCHIBAETCS TPeMs ITapaMeTpaMu,
T.€. TAKUM K€ KOJIMIECTBOM ITapaMeTPOB, KOTOPOe HEOOXOIMMO JIJIs OIPEJICICHIS TTOJIOXKEHU S
TOYKH B TPEXMEPHOM IpocTpaHcTBe. [ToaToMy y106HO M300pakaTh MOBOPOTHI TOXKE TOYKAMU
B TPeXMepHOM IpocTpaHcTBe. [Ipu 3TOM KaxKI0My IMOBOPOTY BOKPYT HEKOTOPOI OCH Ha yTOJI

© MBI OyIeM COIOCTABIATH TOUKY, JIEXKAIILYIO0 B HAIIPABIEHUN OCH BpAIeHHUsI Ha PacCTOSHUN O
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Puc. 16: IIpocTpancTBO MOBOPOTOB Ha MPOU3BOJILHBLIN yroji. l[lokazan cirydail oguHAKOBOI

OPHMEHTAIMU KOHIIOB peMHs (@), a TaKKe MOBOPOTHI IPAKKU PEMHS BOKPYT I'OPU30HTAJIbHOI

ocu Ha 180° (6) u 360° ().

oT HavaJsa KoopauHat. [lockobKy ke moBopoT Ha 180° BOKpYT HEKOTOPOil OCU TOXKJI€CTBEHEH
moBopoTy Ha Te Ke 180°, HO BOKPYT HPOTHUBOIOJIOXKHO HAIIPABJIEHHON OCH, TO €CTECTBEHHO
OrPaHUYUTHL 00JIACTH MMapaMeTpoB IapoM pajuyca 7. IIpu srom cireryer 0TOXK/IECTBUTDH TIO-
[IApPHO BCE MPOTUBOIOJIOKHBIE TOUYKHA HA €ro MOBEPXHOCTU. ITO U €CTh KJIIUEBOI MOMEHT,
KOTOPBIN JIeJIaeT TPOCTPAHCTBO MOBOPOTOB Ha 360° HEOTHOCBI3aHHBIM.

[Tocmorpum Tenepb, Kak Oy/LyT BBINISIETb B IPOCTPAHCTBE TTOBOPOTOB pPa3/IMYHbIE BpPa-
ImeHns psKKu pemisd. [Ipexkie Bcero, o4eBuIHO, 9TO PEMHIO, UMeIoNeMy (hOpMY ILIOCKOM
JIEHTBI, OyJIeT COOTBETCTBOBATH TOYKA B IEHTPE Iapa, MOCKOJIbKY BCE TOYKU PEMHSA MMEIOT
OJIHy U Ty Ke opueHTaluio. Kcym cepeuna peMus OyJeT HECKOJIBLKO MEPEKPYUeHa, TO ITOMY
caydalo Oy/eT COOTBETCTBOBATH 3aMKHYTBIM KOHTYD, HAUNHAIOMINICT U 3aKAHINBAIOIIUICA B
nenTpe mapa (cM. Puc. 16a). 910 u ectb 5KBHAJEHT KOHTYpA, KOTOPBIi MOXKeT ObITh CTSHYT
B TOYKY. Fcymm ke MbI Tenephb 1moBepHeM NpsKKy Ha 180° BOKpPYTr ocu peMHs, TO TAKOMY IIO-
BOPOTY, KakK roka3ano na Puc. 166, OyJeT cooTBeTCTBOBATDL JIMHUS, BBIXOJAIAS U3 HAYAIA
KOODJIMHAT M 3aKaHYUBAIONIAACA Ha IpaHUIle Imapa. B 9ToT MOMEHT MBI JIOJIZKHBI TIEPECKOYIUTH
Ha JIMaMeTPaJIbHO MTPOTHUBOIIOJIOKHYIO TOUYKY, W IPU JTAJbHEUIIEM TOBOPOTE Ha CJIEIYIONINe
180° kpuBasi JOJIKHA HOJHOCTHIO 3aMKHYThCs (M. Puc. 166). CooTBeTcTBEeHHO, IpH Bpaiie-
HUHM TpsiKKH Ha 360° BOKpyT J1t000it JIpyroit ocu KOHTYP B IPOCTPAHCTBE IIOBOPOTOB OyJieT
YCTPOEH TOYHO TAKMM 2Ke 00pa3oM, HO TOJILKO OH Oy/EeT PACIIOJIOZKEH BJIOJb COOTBETCTBYIO-
et ocu BpallleHusl.

Terepb cTAaHOBUTCS TOHSTHBIM, TIOUYEMY BpaIlleHUs MPsKKU Ha 360° HUKAK He MOT'YT OBITh
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Puc. 17: HenpepoiBaasa nedopmaliust KOHTYpa, COOTBETCTBYIONIErO MOBOPOTY Ha 720°.

CBEJICHBI K TOXKJIECTBEHHOMY IIpeobpa3oBanuio, T.e. moueMy COOTBETCTBYIONINN KOHTYD B IIPO-
CTPaHCTBE IOBOPOTOB HE MOXKET OBITh HENPEPLIBHO JIepOPMUPOBaH B TOUKY. [les10 B ToM, 4TO
JIJIS BCeX IOJ00HBIX BpAIEHUN KOHTYPBI 00sA3aTe/IbHO MPOXOJIAT Yepe3 JTUaMeTpabHO IMPO-
THBOIIOJIOYKHBIE TOYKH II1apa B IIPOCTPAHCTBE TIOBOPOTOB, PUOIM3UTH KOTOPBIE JIPYT K JAPYTY
HEBO3MOXKHO. HeBO3MOXKHO TPUHITUTIINAJIHHO, TIOCKOJIBKY 3TU TOYKH 110 TOCTPOEHUIO BCET A Ha-
XOJIATCS Ha MPOTUBOIOJIOKHBIX cTOpoHaX Mmapa. C apyroit cropoHsl, Jr000# KOHTYDP, COOTBET-
CTBYIOIIUIT BPAIIEHUIO PSAXKKUA BOKPYT OJIHO# U3 oceil, 6e3 Tpy/ia MOXKeT ObITh j1ehOpPMUPOBAH
B JIPYTOif KOHTYD, COOTBETCTBYIONIHII BPAIIEHUIO BOKPYT JII000# JIPYTroit 0cu. DTO CBONCTBO MbI
1 HAOJIIO/IAJ N SKCIIEPUMEHTAIHHO.

[Iepeiiiem Terepb K KJIIOYEBOMY MOMEHTY HAIErO PACCMOTPEHUS U MOCTapaeMcs HOHATD,
nodemy Bparenusi Ha 720° ABJISIOTCH OJHOCBI3aHHBIMU, U TOITOMY MOIYT OBITH CBEJEHBI K
TOXKIeCTBEHHOMY TTpeobpazoBannio. OTBET Ha 3TOT BOIPOC MOXKET JIETKO OBITH TOJIYIEH, TJIsI s
Ha Puc. 17. JleiictBuTenbHO, JiT000i ToBOpoT Ha 720° OyaeT coOOTBETCTBOBATH KPUBOIl, KOTOpast
nBaxkbl, B Toukax A = A’ u B = B’, nepecekaer 1MoBepxXHOCTb HIapa BpalleHuil. A B 3T0M
cJIydae IMOsABJISIeTCs BO3MOYKHOCTH ITPOBECTH TaKyI0 HENPEPBIBHYIO J1eOPMAINIO KOTYpa, ITPU
KOTOPOit Touku A u B’ npubimssites Apyr K Apyry. B pesysbrare, 06pasHo roBopst, IPOU30iIeT
AHHUTWJISIUS JIBYX OCOOBIX TOYEK, B pe3yJjibTaTe 4Yero KOHTYD yxKe 0e3 Tpyjia MOKeT ObITh
CTAHYT B TOUKY Hadaja KoopjauHat. VIMeHHO Takas MaHUIYJIAIUS U ObLia IPOBeJeHa HaMU C
pEMHEM.

Taxkum 0bpazoM, HaM JIEHCTBUTEIHLHO YIAJIOCH HA MPOCTHIX IIPUMEPaxX MOKa3aTh HOBOE Y/IU-
BHUTEJIbHOE CBOICTBO Halero Mupa. CBOWCTBO, O KOTOPOM OOJILIIIMHCTBO JIIOJIeil, HECMOTPS Ha,

HAIIl MHOTOJIETHUI TTOBCEIHEBHBIN OIBIT, U He 1o103peBasin. OKa3aaoch, 9TO BpaIlleHns B TPeX-
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MEPHOM ITPOCTPAHCTBE 00JIaJAI0T KaK ObI JIOTIOJIHUTEIHHON CTEIeHbIO CBOOO/IbI: BHYTPH chephbl
pajinyca m B IPOCTPAHCTBE BPAIEHUI OJHOBPEMEHHO CYIIEeCTBYIOT JiBa Iapa, U Mbl MOXKEM
IepeiiTu U3 OJHOrO B JIPYIOil JIMIIL Ha UX HMoBepxXHOCTH. [IpocTpaHcTBO MMOBOPOTOB, MMOJ00HO
CesaMy, OTKPbIBa€TCsA, 1 Mbl BUAUM, 9TO Yy HEIr'O Ha CaMOM Je€Jie €CTb HE TOJIbKO BHENIHAA, HO
U BHYTPEHHAA TTOBEPXHOCTD. /IpeBHeknTalickue cuMBOJIbI Vb 1 AH yIMBUTE/IHHO TOYHO TIepe-
JIAIOT TaKoe TeperieTenne. B pe3yibrare, OTCIOAa W BOZHUKAET JIBY3HAYHOCTH ITPU OIMUCAHUN
TeX CBOMCTB 00bEKTOB, KOTOPhIE CBA3AHBI C BPAIEHUSIMI B TPEXMEPHOM IIPOCTPAHCTBE U, KaK
cJieJicTBHUe, HeOOXOIMMOCTD JBOWHOTO 1ToBOpoTa Ha 360° J/Isi TOXKIeCTBEHHOIO IIpeodpa30BaHusd

JIUIE OOBEKTOB, 00JIQ/IAIOIINX CIIHOM /2.

5.1.7 Cuoun ¢dortona

3aryisiHyB B JIIO0OOM CIIPABOYHUK, MOYKHO HalTH, 910 criimH oTtoHa paseH h. Takas BesmanHa,
KCTaTHU, JIETKO MOYKET OBITH IOJIyYeHa B KBa3UKJ/IACCUIECKOM IpUb/ImKennu. /leiicTBuTe/bHO,
PaccCMOTPUM JIEKTPOH, HAXOJAIIUNCS B aTOME Ha OJIHOM U3 BBICOKUX SHEPIeTUYECKNX YPOBHEN
n > 1. Kak MBI Bujiesn, B 9TOM cjIydae MOYKHO CYNTATh, YTO YaCTOTa €ro BPAIlleHUs COBITa A~
€T ¢ JaCTOTOH M3Iy4eHHOro (hOTOHA, & SHEPTHS M3JIydeHHOro (hOTOHA € = fiw MHOI'O MEeHBbIIe
SHEPI'UU CAMOTO0 37IeKTPoHa €. B 9ToM Npub/myKeHnH, KaK JIerKo IPOBEPHUTL >, n3MeHenue snep-
rum jekTpora AE OyJeT cBs3aHa ¢ U3MEHEHHEM ero MOMeHTa MMITyJibca Al COOTHOIIEHTEM
AE = wAl. TTockobKY TO/THAS SHEPTUsT U IMOJTHBIIT MOMEHT UMITYJIbCa [IPU U3JIydeHnn (poToHA
JIOJIZKEH COXPAHSATHCS (M TI0O9TOMY, B YACTHOCTH, MOXKHO 3armcaTh 0€ = hw), Mbl HEMEJJICHHO
HMPUXOIUM K 3aK/IIOUEHHUIO, 9TO COOCTBEHHBIII MOMEHT UMITY/Ibca (hOTOHA JIOJIKEH OBITH paBeH
h.

3/1ech, 0/IHAKO, HEOOXOMMO C/Ie/IaTh OJIHO BaKHOE 3amedanue. /lesio B TOM, 9TO, KaK MbI
BUJIEJIN, KJIFOYEBBIM MOMEHTOM B OIPE/IEJICHIN CITMHA, YACTHIL ObLTH UX CBOWCTBA IIPU ITOBOPOTE

KOOPDJAMHATHBIX oceii. HpI/I 9TOM HEABHO IIpe/aloJjiarajioCb, 9To 1I1OBOPOT oceit OCyHIECTBJIACTCA

B CuUCTeMe IIOKOdA YaCTUIIbI. HOHHTHO, q9TO0 JJI4 CbOTOHa TaKOM IIOJX0/ HEBO3MO2KEH, ITOCKOJIb-

137Ipu mBUKEHUN TI0 OKPYKHOCTH Pa/IAYCa T SHETPHsT 9aCTHIIBI MACCHI M eCTh mw>r? /2, a MOMeHT HMITYJTbCa

eCTb mw7“2. HOSTOMy U3MEeHEeHHEe SHepruun eCcTb mr2w5w, a UBMEHEHNEe MOMEHTa NMITyJIbCa mr25w.
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Ky He CYIIEeCTBYEeT CHCTEeMBI OTcYeTa, B KOTOpoil hoToH Haxomicd Obl B 1mokoe. K cdacTbio,
0Ka3aJI0Ch, UTO I (POTOHA BCE YK€ MOYKHO OIPEJIETTUTh BEJIMINHY, COOTBETCTBYIONLYIO CIINHY
OOBIYHBIX YACTUIl. DTON BEJMUIMHON OKa3aJach MPOEKINs CIIMHA HA HAIPAaBJIEHUE JIBUKEHUS
dorona — T.H. CIIUPAIHLHOCTbD.

V1106cTBO BBEIEHUST TOHATHUSI CIIUPAJIBHOCTHA COCTOUT, HAIIPUMED, B ciepytoneM. CrupaJib-
HOCTb, KAK M CIIMH, OIMCHLIBAIOT MOMEHT UMIIYJIbCA, [TOJTHAsI BEJIMYUHA KOTOPOT'O JIOJIZKHA CO-
xpandaTbed. [TosTomy ecmn cimpasibHocTh (hoTOHA paBHA /i, TO PA3HOCTH MOMEHTOB UMITYJIHCA
HAYabHOTO M KOHETHOTO COCTOSTHUI M3JIyvaroriero (hbOTOH aToMa He MOYKET MpPeBhImaTh . A
9TO Cpa3y HaKJAJbIBAeT CYIIECTBEHHbIE OrPaHUYeHNs (MX HA3BIBAIOT IPABUJIAMEU OTOODA) Ha
BO3MOZKHBIE TI€PEXOJIbI JIEKTPOHOB C OJIHOTO SHEPreTUYECKOI0 YPOBHS Ha JIPYTOii: BO3MOXK-
HBIMH OKa3bIBAIOTCH JIUIID [TEPEXOJIbI MEYXKJLy COCTOTHUAMU ATOMOB, BEKTOD TOJTHOIO MOMEHTA
UMITYJIBCA KOTOPOro oTiandaercss Ha +h. C Ipyroit CTOPOHBI, B OTJINYHAE OT HEPEJISITUBUCTCKUX
YaCTHUI[ ¢ COOCTBEHHBIM MOMEHTOM HUMILYJIbCa fi, cnupajbHOCTh oTOHA (T.€. MPOEKIUs ero

CIIMHa Ha HallpaBJIEHUE ILBH)KGHHH) MO2KET IIPpUHUMATL JIMIILb JBa 3HAYCHUA, a UMEHHO —h u

i,

5.1.8 Tak 410 ke Takoe CIuH?

Teriepb MbI, HAKOHEIL, MOYKEM TIOCTAPATHCA OTBETUTH Ha BOIIPOC, UTO JKe TAKoe eCcTh ciuH. Kak
MBI TIOHSJIM, CITUH YaCTHUIILI €CTh €€ BHYTPEHHsAs XapaKTEePUCTHKA, KOTOPas, OJIHAKO, ITPOSIBJIs-
eT cebd Ipu TOBOPOTAX KOOPJMHAT TOI00HO OOBIMHOMY MOMEHTY MMITyJibca. VIHbIMU c/loBaMu,
MbI BHOBb CTAJIKUBAEMCS C JIBYEJIMHOCTHIO MUKpoMupa. C OJIHOI CTOPOHBI, CIIMH COBEPIIEH-
HO HE CBA3aH C KAKUM-TO COOCTBEHHBIM BpPAIlEHUEM YaCTHUIIbI — €0 BpallleHue, KaK I'OBOPAT,
BupTyaabHo. C JIpyToil Ke, OH MPOSB/IsieT e KaK peabHbIN BOTIOK, 00/ IaI0NIIil BIIOJIHE
MaTepraJbHbBIM MOMEHTOM UMITYJIbca. [loaToMy, B 4acTHOCTH, TIOJTHBIIT MOMEHT UMITYJIbCA JJIEK-
TPOHA B aTOME MOYKeT ObITh IPeJICTaB/IeH KaK BEKTOPHAs CyMMa ero OpoUTaJIbHOIO MOMEHTA
1 u BekTOpa cnmna s. Ilpu srom dyHaMenTaabHON TPUINHON, TPUBOJIAIIEN K BO3MOXKHOCTHU

JJId 9aCTHUIbl UMETDb HOJIyuQJIbeI CIIMH, dBJIAETCA 3aMedaTe/IbHOE CBOIICTBO HAaIIIETO TpeEXMEDP-

4 EcrecTBenHO CBA3ATL 3TH COCTOAHUS C IIOJIOKUTEIBHOMN 1 OTPHUIIATEJIBHOI KPYTOBOH IoJIapr3anyeit
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HOT'O IIPOCTPAHCTBA — HEOJIHOCBA3AHHOCTD ITPOCTPAHCTBA ITOBOPOTOB — KOTOPOE NMPHUBOJIUT K
TOMY, YTO UCTUHHBIM IMOJTHBIM TTOBOPOTOM CHCTEMBI KOOPJAMHAT €CTh MOBOPOT Ha 720°.

BiejieHne MOHATHS CIUHA CTAJO HEePBbIM (M OYEHb YIAYHbIM) [PUMEHEHUEM COBEPIIEHHO
HOBOI (pU3UYIECKO# Meu, BIIOC/IEJICTBUN CTaBIIel OJHONW M3 OCHOBHBIX HJIEH, JIeXKallluX B OC-
HOBAHWM BCEX COBPEMEHHBIX Teopuil (hyHIaMeHTaIbHBIX B3anmMojeicTBuit. CTajio sicHO, UTO
[IpU UCCJIEOBAHUM CBOMCTB YaCTHI] MOXKHO BBECTHU IPOCTPAHCTBO COCTOSIHWI, HUKAK HE CBSI-
3aHHBIX C WX IEepeMeIleHrneM B OObIYHOM IpocTpancrBe. O0obIenne Toil uiaen B sAepHO
pu3MKe TPUBEJIO K TTOHATUIO U30TOIMIECKOTO CIIMHA, KOTOPBIi JIECTBYET B 0COOOM M30CITUHO-
BOM IIPOCTPAHCTBE; IIPOTOH U HEHTPOH MPU ITOM OYIYT OJHOI U TOM YKe JYaCTUIEi, TOJIbKO C
pa3bIM 3HaYeHNEM M30CIMHOBOIO Yncja. B gajbHeiineM, Tpu ONUCaHUN CUJIbHBIX B3aUMOJIei-
CTBUIl OBLIN BBEJIEHBI BHYTPEHHEE IBETOBOE ITPOCTPAHCTBO M KBAHTOBOE UHCJIO TIBET — OoJiee
CJIO?KHDBIIl aHAaJIOT CIIMHA.

Cy1ecTBoBaHMe CIITHA BHOCUT 3HAYUTETLHOE PA3HOOOpa3ue B HabJII0/IaeMble CBOMICTBA aTO-
MOB U MOJIEKYJ1. Eciin Ob1 y 971eKTPOHOB He ObLIO OBbI 3TOI JIOTIOJIHUTE/IHLHOM CBOOOIbI, CBA3aH-
HOIT CO CLIMHOM, TO ObLIN GBI HEBO3MOXKHBI MHOTHE TIEPEXOJIbI (&, 3HATHT, ¥ M3JTydaeMble JINHUN ),
KOTOPBIE TIOBCEMECTHO UCIOJIB3YIOTCA B acTrponomuu. Mbl, KoHedHO 2Ke, 00CY/IMM HEKOTOpbIe
u3 HUX B caenytonieit [taBe. KpomMe TOro, mocKoJbKy SHEpPrus JeKTPOHa B ATOME MOYKET 3a-
BHUCHUT OT OpPHEHTAINH CIUHA, HATIPUMep, OJjrarojiaps B3auMOJIeHCTBUAIO JIEKTPOHA, ¢ BHEITHUMUA
U BHYTPEHHUMHU JIEKTPOMATrHUTHBIME TOJISIMH, CYIIIECTBOBAHUE CIIMHA, KAK MOBOPAT, CHUMAET
BBIPOK/IeHne ypoBHeil. IHbIMu ciroBamMu, Ipu ydeTe CIIMHA BMECTO OJHOTO YPOBHS SHEPIHUH,
KOTOPBIN MOIVIN 3aHMMATh J[Ba JEKTPOHA (MX COCTOSIHUS OTIMYAJNCH Obl OpHeHTAInell CIim-
HA) TOJIy9aeTcs JBa OJIM3KO PACIOIOKEHHBIX YPOBHs SHepruu. Kak Mbl IOMHIM, HAOJIIO/IEHNE

TaKHNX ,ILY6JIGTOB ChII'PaJio 6OJII>IHYIO POJIb B IIOHUMaHWHW CIIMHOBBIX CBOMCTB.

5.2 KBaHTOBasg CTaTHUCTUKA
5.2.1 ToxKJaeCTBEHHOCTb YaCTHI]

Eme OJHNM 3aMedaTe/IbHBIM CBOfICTBOM, XapaKTEePHbIM TOJIBKO JIJId KBAHTOBOI MeEXaHUKH, AB-

JIAeTCA IMPUHITUIT TO2KAECTBEHHOCTHU YaCTHIL. DTO BHOBb €CTb IpexKJ/e BCEro sKCliepuMeHTaJIb-
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ublii paxT. leficTBUTEIEHO, BCE JIEKTPOHBI 0018 aI0T B TOYHOCTU OJHOM U TOM YK€ MacCOu 1M,
U OJTHUM U TeM K€ JIEKTPUIECKUM 3aPsIIOM —e. ITO CBOHCTBO OTHOCUTCS U KO BCEM OCTaJIb-
HBIM 3JIeMeHTapHbIM dacTuiiaMm. OJHaKo, TaKoe CBONCTBO €CTh TOJILKO BepinuHa alicbepra. B
KJIACCUIECKON MEeXaHMKe TOXKE MOXKHO PACCMOTPETb JIMHAMUKY OJUHAKOBBIX IMAPOB, WU, Ha-
IpuUMep, Ta3, COCTOSINI U3 OJIMHAKOBBIX MOJIeKy . OIHAKO MPH KJIACCUIECKOM OIUCAHUNA MBI
Bceryia, 00pa3Ho BbIPaXKasiCh, MOXKEM PACKPACUTh YaCTUIIbl B PA3HbIE 1IBETa U CJIEIUTH 38 TPa-
€KTOpHell KaXKJ0ll OT/Je/IbHOIM JacTullbl. B KBAHTOBOI MeXaHUKe STOT HPUHITUI HAPYIIAETCS.
[TosToMy TIpu CTOJKHOBEHWM JIBYX OJIMHAKOBBIX YaCTUIl 1 W 2 TOCIEe CTOJKHOBEHUS HeJIb3sI
CKa3aTh, KAKOW M3 JIBYX pasjeratoruxcs Jyactul] ' 1 2’ oHu cooTBeTCTBOBAJIM.

Jlnsg nanpHeiiiero Ham OyJIeT HYXKHO IMOHSATD, KAK TOXKJIECTBEHHOCTH YACTHUIL ITPOSBJISIET
cebg Ha A3bIKe BOJIHOBOU (byHKIMU. [loaTomMy 31ech HaM Tak:Ke MPUJIETCA PACCMOTPETH 3TOT
Borpoc boJiee 11o1podHO. B KadecTBe mpuMepa BHOBb PaCCMOTPUM OJIHOMEPHYIO 3a/iady O Ya-
CTHUIIE B IMOTEHIUAJILHON siMe ¢ ODECKOHEYHBIMU CTEHKAMU, JIJIi KOTOPOil, KaK ObLIO ITOKA3aHo,
BOJIHOBast (DYHKIMS ONHON YacTHIBI uMmeeT BUI Y, (x) = tgsin(nmz/L) (81). 3xecs Bemn-
YUHA 7, HAIIOMHUM, €CTb HOMEP COOTBETCTBYIOIIETO SHEPreTUIeCKOr0 YPOBHSI, a KOHCTAHTA
1o = 1/2/L BbIOUpaeTcss U3 TOTO yCJIOBUS, YTO MOJIHAS BEPOSTHOCTD HANTH YaCTUILY B MOTEH-
[UAJTBHOST SIMe JIOJIZKHA, ObITH paBHA €UHUIIE.

[Ipexx e Bcero, HaM HEOOXOIMMO MOJIYIUTH OTBET HA BOIPOC, KAK JIOJI?KHA BBITJISIIETH BOJI-
HoBas (yukiug, onuckiBaomas JIBE gactuiipr, oiHoBpeMeHHO HAXO/IAIINECS B TAKOH TOTEH-
[UAJILHON sIMe HA YPOBHAX M U M. 3J€Ch MBI JIJI TPOCTOTHI MPEJIIOJIOXKUM, YTO HaCTUIIBI
He B3aMMOJIEHCTBYIOT JIpyT ¢ japyroMm. Kpome Toro, Mbr Oy/ieM /10 MOPHI 0 BPEMEHU CIUTATh,
a0 m # n. Ilocie HEKOTOPOro pa3iyMbsi MOYKHO TMOHSITb, 9TO Takas BOJHOBas (DYHKIIUS,
OIHCBHIBIOINIAs BEPOATHOCTDH HANTH MEPBYIO YaCTUILy B TOUKE T & BTOPYIO YACTHILY B TOUKE To

JIOJIZKHA, BBINVIAJIETH KaK
(1, 20) = Y5 sin(nmzy /L) sin(mray/L). (199)

Wubivu caoBanvu, GyHKIUS PaCIpeIeIeHns IBYyX YaCTUIl JOKHA CKIAIbIBATHCSA U3 IPOU3Be-
JIeHUil IBYX OJTHOUACTUIHBIX (DYHKIW, T.e. ¥ (x1, T2) = U, (x1) ¥ (22). Baxkao nomuepkayTh,

9TO 3/1eChb U JlaJle€ KOOp/IMHaTa T 6y,ZL€T OTHOCHUTCA K HepBOﬁ JacCTule, a KOOpJanHaTa Ty — KO



115

BTOPOIi, XOTsI 9TO U €CTh OJIHA U Ta »Ke KoopjuHaTa r. B pesy/ibrare, BEPOATHOCTb TOTO, ITO
nepBasd 49aCTUIla HAXOMUTCA B MHTEPBAJIE OT & = I JI0 & = T, & BTOpad — B MHTEPBaJE OT

T = T3 00 T = T4, JOJIZKHA OBITH 3aIIMcaHa Kak

P:/ 2/ 4|w($1,$2)|2dl’1dl‘2, (200)

T.e. B BU/JIe T.H. JIBOITHOT'O MHTerpaJa.

[TokaxkeM Ternepb, YTO HAIIl BLIOOP MPAaBUJIEH, U ITPOU3BEJIEHNE OJTHOTACTUIHBIX (DYHKITHIT
obJrajlaeT BceMU HEOOXOMMBIMU CBOMCTBAMU, KOTOPBIMHE JIOJIZKHA 00J1aJIaTh TIOTHAS BOJTHOBA
dyukiusa. Hamnpumep, 9To ee KBaJIpaT COOTBETCTBYET BEPOATHOCTH UHTEPECYIOIIEro Hac CO-
obrTus. /s 3roro nonpodyeM MOCYUTATH, HAIIPUMED, BEPOATHOCTH TOT'O, UTO MEpBas JaCTHUIIA
HaXOJINTCSI MEXKJIy TOYKAMU T1 U Ty, He MWHTEPECYIOCh TP TOM TOJIOKEHNEM BTOPON J9aCTH-
1pl. 'Toryia BOCIIOIL30BABIINCH TEM, UTO BOJHOBas (DYHKIMS PACIaaeTcsd Ha ITPOU3BEJIeHUe
OJIHOYACTUYHBIX (DYHKIIHIA, & JIBOMHON MHTErPaJl OT TAKOTO IIPOU3BEIEHNs €CTh ITPOU3BE/IEHNE

MHTErPAJIOB, TOJIydaeM, UCIOJb3yst cooTHoIeHre (89)

xr2 L o
P [Cdnlil [l = [ dafo)? (201)

1
CoorHomenne (195), 0/fHaKO, HE yIUTHIBAET OCHOBHOE CBOMCTBO, KOTOPOE MBI 0OCYZK/IaeM B
9TOM pa3jiesie, a UMEHHO CBOMCTBO TOXKJIECTBEHHOCTU YacTull. [[0CKO/IbKY MBI HE MOXKEM CKa-
3aTh, KAKas UX YACTHI] IBJII€TCS MIEPBOil, a KaKas — BTOPOI, TO, IOMUMO BOJIHOBOM (DyHKITUI
Un(21) Ym(x2), MBI € TEM K€ YCIEXOM MOLNIH OBl BOCIOJIb30BAThCs MyHKIHEN Uy, (x2) Py, (21).
Tenepb, HECMOTps HA TO, YTO Ha YPOBHE N HAXOJUTCA HE JacTHiia 1, a dactura 2, 31o Oy1eT B
TOYHOCTH TaKOe K€ paclpejiesieHne, MOCKOJIbKY YacTUIlbl 1 1 2 He OTJIMYUMBI JIPYT OT JIpyTa.

B pe3yJjibTaTe, OKa3bIBa€TCA, YTO BOJIHOBYIO d)yHKH‘I/IIO CJIEeJIyeT 3alluCaThb B BUJE

1
Ys(x1, 22) = ﬁ [V (1) Y (22) + Y (22) Y (21)] - (202)

[MosiBierne muOKUTE IS 1/ /2, KaK JIETKO ITPOBEPUTE, CBSI3aHa ¢ HOPMUPOBKOM BOTHOBOMH (hyHK-
UM — TIOJTHAST BEPOATHOCTD BCETJIa JOJIKHA OBITh paBHA €IMHUIIE.
OcranoBuMcd 3/1eCh HA MUHYTY U €Ille pa3 HopaJyeMcs KpacoTe MaTeMaTUIeCcKOro amnmnapa-

Ta, KOTOpad, IIpaB/la, CBA3aHa BCE C TEM 2KE CBOMCTBOM JIMHEMHOCTU BOJIH. AMHJII/ITy,ZLbI BOJIH
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Pa3/IMIHBbIX COCTOAHUNA (I/IHI/I pa3jIndHbIe 9aCTu OJHOI'O M TOI'O 2Ke COCTOHHI/IH) MO2KHO IIpO-
CTO CKJIaJdbIBaTb. OTO HUKAK HE CKAXKETCdA HA OCHOBHOM CBOHCTBE — BEPOATHOCTDL, CBA3aHHAaA
C IIEPEKPECTHBIMU YJICHAMM, I0JI2KHa OBITD PpaBHa HYJIIO. ,HeﬁCTBI/ITeJIbHO, IIp1 BO3BEJIECHUU B

KBajipaT Bbipazkerns (198) Bce mepeKpecTHbIe WIEHB! O1aroiapsi yCJIOBUIO OPTOrOHATBLHOCTH

/O Y (@) m(2)d = 0 (203)

pu N # M ABTOMATHYECKH BBIIAJAIOT (IpoBepbTe!).
OjHaKo, 3/1eChb BO3HUKAET JPyroil Bonpoc. Jlejio B TOM, 9TO ecjii MepeKpecTHbIE TIPOU3Be-

JdeHnsd BbIIIaJatoT, TO Mbl C TEM 2KE€ YCIIEXOM MOXKEM HallUCaTb HE IIJIIOC, a MUHYC

1

V2

N sTa Bo/IHOBast (DyHKIIMS TaKKe OYJIET YJIOBJIETBOPATH BCEM HEOOXOMMBIM cBoiicTBaM. Ho

Ya(x1,22) = [V (1) Ym(2) — n(T2) Yo (21)] - (204)

IIPX 3TOM, KOHEYHO Ke, OHa OyJ/IeT OIMCHIBATH COBCEM JIPYTO€ pacCIIpe/ie/ieHre YacTHuIl.
JleiicTBUTEILHO, TOCMOTPUM, YTO OyJI€T ITPOUCXO/IUTH C BOJTHOBBIME (DYHKITUSAMU, €CJIU TIe-
PECTaBUTh YACTHUIIBI MECTAMH, T.€. IOMEHSITh B HUX 1 U T2. Pa3 9TO 9acTHUIBI TOXKIECTBEHHHI,
TO (bu3MIECKHil pe3yIbTaT U3MEHUTHC He MoKeT. U neficTBuTenbHO, cUMMeTpUYIHAS PYHKITNS
(198) npu Takoii 3amene BooOIIe He U3MeHUTCH, a "anTucuMMerpuyatas’ dyakums (200) gumrb
nomensier 3HakK. [I0CKOJIbKY, KaK MbI BUJIEIU, BEPOSITHOCTDL HE 3aBUCUT OT 3HAKA BOJHOBON
dyHKIMU, TO U BTOpas (GyHKIUA OYIET ONHUCHIBATH TO K€ COCTOAHUE, YTOU JIO TEePECTAHOB-
Ku vacruil. Hampumep, ecyin nojokuth B BoHOBON (dyukimu (200) n = m, TO MbI HOJIy UM
TOXKJIECTBEHHO 1(Z1, T2) = 0. A 9T0 3HAYUT, UTO J[BE YACTHIIBI, OIUCHIBAEMbIE AHTHCHMMETDIY-
HOit BostHOBO# dyHKnmeit (200), BoOOIE HE MOIYT HAXOJAUTHCS B OJHOM U TOM K€ KBAHTOBOIL

COCTOAHUN.

5.2.2 CBg3p CIIMHA U CTATUCTUKN

I/ITaK, MbI IPUXOJAUM K YIUBUTECJILHOMY BBIBO/1Y, YTO B MUKPOMUDPE JIOJI2ZKHbBI CYIIIECTBOBATL /IBa
IIPUHIUIINAJIBHO PAa3J/JIMYHbBIX COPTa YaCTHII. Y OJHUX YaCTHUIl, OIIUCbIBa€MbIX CUMMETPUYIHbI-

MU KOM6I/IHaHI/IHMI/I HpOI/IBBe,ZLeHI/IfI OZIHOYaCTHUYIHbIX COCTOHHI/IIL/'I, BOJIHOBaA (bYHKHI/IH HE MeHdeT
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Knaccuka 6030HbI HEPMUOHBI
PI/IC. 18 PaBJH/I‘H/Ie B CTATUCTUYIECKUX CBOMCTBaX O6I)I‘{HI)IX HaCTHIIL, 6030HOB n (bepMI/IOHOB.

3HAK MpH IepectanoBke dacturl. OHU nosryunim HasBauus 6030HOB B dectb 11, Boze (1894-
1974), xkoropslit BMecTe ¢ A. DHHIITEHHOM BIIepBbIE OMUCAJ CTATHCTHIECKHE CBOFCTBA TAKIX
gactuil. /Ipyrue gactuiibl, BoJIHOBast (DYHKIMS KOTOPBIX SABJISAETCA AHTUCUMMETPUYHON, Ha-
spiBatoTcsa epmuonamu B dectb . @epmu (1901-1954, Hobenesckas npemust 1938 1), a ux
craTucTuka — craructukoit @epmu-/lupaxa.

[TosiBnenue cioBa “craTuctuka’; 37echb, 0€3ycJa0BHO, He ciaydaiino. Kak Mbl yxke He pa3
BUJIEJIA, BEPOSTHOCTHBIN sI3bIK KBAHTOBOW MEXaHUKU CPa3y MEPEeBOJUT Pa3roBOp B 00JIACTH
craructTudeckoit pusmku. OTHAKO 3/1eCh MbI CTAJKUBAEMCS C eIle OJHUM (DYHIaAMEHTATbHBIM
CBOMCTBOM KBAHTOBBIX 00beKTOB. OKa3bIBaETCs, BLIOOP CTATUCTHUKY ITOJTHOCTHIO OIIPE/IE/ISIeTCS
BEJIMIMHON CIIUHA JacTHIl. Tak, 9acTurp ¢ meabiM ciinHoM (7 u K -Me30HbI, OTOHDI, 3HAMEH-
ThIt 6030H Xurrca) JOJKHBI ObITh GO30HAMH, & YACTHIIBI C TTOJIYIEIBIM CIIMHOM (3JIEKTPOHBI,
IPOTOHBI, HETPOHBI, KBAPKH, HEATPHHO) — (epMuoHaAME. DTOT (DYHIAMEHTAIbHBINA PE3yIIb-
TaT, He UMEIONIN, K COXKAJIEHUIO, IIPOCTOI0 O0bsiCHEHUsI “Ha MaJIbllaX , ObLT OKOHYATETbHO
cdopmymmposan B. IMaymu (1900-1958, Hobesesckast npemust 1945 1.) B 1940 rosy. Vmenno
[IO3TOMY HEBO3MOXKHOCTH JIBYyM (pepMUOHAM 3aHUMATh OJIHO U TO K€ KBAHTOBOE COCTOSIHUE
Hocut ums 3arpera [laymn.

Y100BI TPOJIEMOHCTPUPOBATH PA3JIMYINE B CBONCTBAX KJIACCUIECKUX JACTUIl, (DEPMUOHOB 1
0OO30HOB PACCMOTPUM B KQUeCTBE ITPOCTEHIIEro IMpuMepa IMPOIece CTOJKHOBEHUS JIBYX OJIMHAKO-
BbIix gacTull (cM. Puc. 18). ITocsie cTOIKHOBEHUS OHE MOTAJIAIOT B JIETEKTOP, KOTOPbIHA MbI JIJIsI
[IPOCTOTBI CMOJIEJIUPYEM KaK SAIMUK ¢ TpeMs sdeiikamu. [lockoabKy cymMMapHbIil morepevdHblit
UMITYJIbC JIOJIZKEH COXPaHSTBHCH, TO YaCTUIIBI TOC/Ie B3aUMOJIEHCTBU JIMOO OYIyT HAXOIUTHCS
B KpaffHux sueiikax, 0o obe B IeHTpayibHON. [y mpocToThl OyieM cunuTaTh, 9TO B IIEPBOM

cIydae Mbl UMeeM JIeJIO C YIPYTUM B3auMOJEHCTBHEM, a BO BTOPOM — C Heynpyrum. Kpome
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TOTO, TIOJIOKUM (XOTsI B JIEHCTBUTEIBHOCTH 9TO, KOHETHO Ke, He TaK), YTO BEPOSITHOCTH BCEX
BO3MOXKHBIX COOBITHUIT OY/IYT OJIMHAKOBBI.

B urore, kKak Mbl BHJIUM, Pe3yJbTaT B3aUMOJIEHCTBHUA CYIIECTBEHHO 3aBUCUT OT TOTO, C
KAKIMHI JaCTUIIAMU MbI IMeeM Je710. J1st OOBIYHBIX YACTHUIL BEPOSITHOCTH HEYIIPYTOI'O CTOJIK-
HOBeHUs OyJierT pasHa 1/3, misg 6030HOB — 1/2) Toryma Kak jis (DEPMUOHOB TAKON IMTPOTIECC
OKa3bIBaeTCsd BOOOIIE HEBO3MOXKHBIM. VIHBIMU CJIOBaAMU, MKy KBAHTOBBIMU YACTHIIAME JIeii-
CTBYIOT JIONOJTHUTE/IbHBIE CHUJIbI, CBA3aHHBIE C BO3MOXKHOCTBIO 3aMEHHUTH UX JIPYI Ha Jpyra.
[TosTomy mx m HasbBaOT oOMeHHBIMU. [Ipm 3TOM It GO30HOB OOMEHHBIE CUJIBI SIBJISTIOTCS
CUJIAMY TIPUTSZKEHUs (OHM YBEJIMIHBAIOT BEPOSITHOCTH HEYIIPYTOro B3auMOJEHCTBHS 110 CpaB-
HEHUIO C KJIACCHIECKUM DPE3YJIbTATOM), a Jjisi (PePMUOHOB — CHJIAMHU OTTAJIKUBAHUS.

Tenepb OKOHYATETHHO CTAHOBUTCS IMOHSITHBIM, KaK IIPOMCXOIUT 3aIOJHEHIE 3JIEKTPOHHBIX
opbuTaJieil B MEPUOANIECKON cucTeMe. B KayKIoM CIeIyIONeM XUMIIECKOM SJIEMEHTe 3apsi/l
sJipa YBEJIUIUBACTCA Ha €IWHUILY, W, 3HAYNT, HA BHEIIHUE OPOUTAIM HYXKHO JIOOABUTH eIlle
OMH 3JIEKTPOH. Ho KaxKIbIil cjIeayrommii 3J1eKTPOH MOYXKeT 3aHSTh JIUIIbL CBOOOIHOE MECTO,
HE 3aHATOE JPYTUMU SJIEKTPOHAMHU, ITOCKOJIBKY JIEKTPOHBI — 3TO (DEPMUOHBI, M OHA JIOJI>KHBI
nogauHsAThea craructuke Gepmu-/Iupaka. [TosTromy Bce MHOTOOOpa3ue 3JeKTPOHHBIX 000J10-

YEK ABJIACTCA IIPAMBIM CJICACTBHEM 3allpeTa Haym/I.

5.3 MWN3mepenue
5.3.1 Pouap perucrpupyioiiero npubopa

ObcyuM Terepb, XOTst ObI BKpATIEe, OJUH U3 CaAMbBIX IHPOKJISITBIX BOIPOCOB KBAHTOBOI Me-
XaHUKHM, & UMEHHO BOIPOC OO0 M3MEPEHWH U POJIM U3MEpPUTETbHOro npudopa. PakTUIecKu,
HaIleil 1eJiblo OyJIeT He CTOJIBKO IOIMBITKA MPOSCHUTH STOT KPYT BOIPOCOB, CKOJBLKO IPOJIe-
MOHCTPHUPOBATDH, HACKOJIHKO KJIIOYEBbIE OCHOBBI KBAHTOBON MEXaHMKHU ITPOTUBOpEYAT HAIIEMY
oBce/IHeBHOMY OIbITY. Kak OyJieT moka3zaHno HuzKe, pu 0OCY2KJICHUU STOI0 BOIIPOCa, Mbl HEHM3-
0e2KHO CTOJTKHEMCSI C eIre OJHUM (DYHTaMEHTAIbLHBIM YHCTO KBAHTOBBIM CBOMCTBOM, & IMEHHO
CO CBOICTBOM HEJIOKAJILHOCTH.

Nrak, MbI y?Ke TOBOPUJIA O TOM, YTO JIMCKPETHOCTDb, CBOMCTBEHHAs] KBAHTOBBIM CHCTEMaM,
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KauyeCTBEHHO U3MEHsIeT caM IIPOIecC m3MepeHusd. BozjeficTBue Ha CUCTEMY HeIb3s CJIe/IaTh
CKOJIb YI'OJIHO MaJibIM. Tak, Hampumep, (hOTOH OYEHb MaJIOil SHEPTUU HUKAK HEe U3MEHHUT pPac-
HpeJieieHre JIeKTPOHOB 10 YPOBHAM SHEPIHH; €0 B3aMMOJIEHCTUS ¢ aTOMOM BOODIIE HE IPO-
nzoitner. Keratn, nomobusrit 3hdekT — aHoMaIbHO cj1adoe paccesaHne MeJJIEHHBIX 9JIEKTPOHOB
aToMaMy HefTpaJbHbIX ra3oB (T.H. adderr Pamzayspa), Brepsbie Habomasmiics B 1921 ro-
JIy — ChI'DAJI BayKHYIO POJIb IPU CTAHOBJIEHUHM KBAHTOBON MexaHWKu. [losTomy mHemzbOerxkHO
IIPOTIECC M3MEPEeHNUsl JIOJIZKEH ObITh BKJ/IIOYEH B OOIYIO CXeMY KBAHTOBBIX BBIUUCJICHHUIA.

Burrire y2ke 00CyK1a/10Ch HECKOJIBKO IIPUMEPOB, B KOTOPBIX B IIPOIlECCe M3MEPEeHUs HaOJTIO-
JIaeMbIil 00BEKT CYIIEeCTBEHHO MEHsI cBoU CBoiicTBa. Hampumep npu mpoxoxkJIeHuu JUHEHO
HOJISIPU30BAHHOIO CBETA Yepe3 MOoJIApu3aTop (a 310 U ObLII MOMEHT U3MEPEHUs ), OCh KOTOPOIo
HaKJIOHEHA 1101 45° K HAIIpaBJICHUIO MOJIIPU3AIIY T IAI0IIEero N3JIydeHus, (DOTOH C BEPOATHO-
cthio 50% MeHsaI CBOIO JIMHelHyI0 nmoagpusanuio Ha 45° u npoxoaun depes noaapusarop. Co-
OTBETCTBEHHO, CJIyYailHO MOJIIPU30BaHHbIE YaCTUIIBI, ITPOXO/ISIINE Yepe3 HeOTHOPOIHOE Mar-
nutHoe 1oJjie B onbiTe [llTepra-I'epiaxa, perucTpupoBaanch JUIb B JBYX KOHEYHBIX COCTOS-
nugax. [loaromy MbI BBIHYKJIEHBI CJIeJIaTh BBIBOJ, UTO JIO M3MEPEHUs OJHO3HAYHO CKa3aTb, B
KAKOM COCTOSIHUU HAaXOJINTCs O0bEKT, HEBO3MOXKHO. JIUIIbL B mporiecce n3MepeHus, KOrja Mbl
Hen30e2KHO aKTUBHO BO3JIEHCTBYeM Ha HaOJIIOAEMYIO CUCTEMY, OHA TIEPEXOJIUT B OJTHO UX BO3-
MOXKHBIX cocToduuil. [Ipr 9TOM KBaHTOBas MeXaHUKA MOYKET CKa3aTh JIUIIb O BEPOATHOCTU
TAKOTO repexojia (T.e. 0 BeposSTHOCTU HAbJII0IaTh OOBEKT B JAHHOM COCTOSIHWH ), HO HUYEro He
MOZKET CKa3aTh, KAKOB OyJIeT Pe3y/IbTaT JJAHHOIO KOHKPETHOI'O U3MEPEHUS.

Jlpyroii HaTJIsAIHBIH TpuMep — JudPaKIUd 3JIEKTPOHOB, KOT/Ia JIOCTOBEPHO U3BECTHO, YTO
9JIEKTPOHBI OJHOBPEMEHHO IPOXOJAT depe3 obe Imiesn. JIumb B 3TOM ciiydae Ha SKpaHe BO3-
HUKaeT XapaKTepHas JIs BOJIHOBLIX dABjeHuil nuddpakimonnas kapruHa. CrenoBaTelbHO,
[P PACIIPOCTPAHEHUH KaXKJIbIil 13 9JIEKTPOHOB "pa3Ma3al’ B IIPOCTPAHCTBE 110 KpaiiHeil Mepe
Ha, MacIITade TOopsiJIKa PACCTOAHUS MexK Ty IeaamMu. Ho B MOMEHT perucTparum mpoucxoiuT
[IOTVIOIIEHNE JIEKTPOHA OTJIEJIbHBIM aTOMOM, pa3Mep KOTOPOr0 Ha MHOTHE TOPSJIKUA MeHbIIIe
PACCTOSTHUS MKy IMeasiMiA. A 3TO O3HAdYaeT, ITO BOJHOBasl (DYHKIUS, TPOCTPAHCTBEHHBIN

MacIrrabd MOIAYJIAIINN KOTOpOfI TaK2Ke IIOPpdAKa PpaCCTOAHUA MEXKAY IIe/JIdMU, HE MOXKET OIIN-
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CBIBATH IPOIECCa MOTJIONEHUsI. A, 3HAYNT, U MPOIEcca B3aMMOJICHCTBIS IACTUIIBI C U3MEPU-
TeJIbHBIM TTPUOOPOM, ITOCKOJIBKY MOTJIONIEHUE IJIEKTPOHA ATOMOM U €CTh MPOIECC PETUCTPAIIUN
3JIEKTPOHA.

VaKe 9THX JIBYX HPUMEPOB JIOCTATOYHO, YTOOBI MOYYBCTBOBATH, HACKOJIHLKO HETPUBUAIb-
HBIM sIBJISIETCsT OKPY2Katorunit Hac Mukpomup. OTBETUB Ha MIEPBBIE, JIeyKAIHe Ha TOBEPXHOCTH,
BOIIPOCHI, Y€JIOBEYECTBO CTOJIKHYJIOCH C elrle H0Jjiee CJIOXKHBIMUA BOITPOCAMU (DyHIaMEHTaTLHOTO
XapakTepa, OTBEThI Ha MHOTHE U3 KOTOPBIX He HallJIeHbI JI0 CUX TOop. B ciemyromux pasjenax

MBI ITIOCTapaeMcsa PacCMOTPETh HEKOTOPBIE U3 HUX.

5.3.2 Apryment Diininreiina-Ilogonbckoro-Po3zena

Kak mbr yxke ormedasun, A. Ditamrreiiny (mosydusinemy, HamoMunM, HobGesreBeKyo mpeMuio
IMEHHO 3a KBaHTOBoe o0bsicHeHne dhoroaddekra) KaTEropuieckn He HPABUINCH OCHOBAHMUSI
IIOCTPOEHHOI BIIOCJIEICTBUN KBAHTOBOW MeXaHWKH. [loaToMy Ha mpoTszKeHNN Beeil KU3HU OH,
KaK MCTUHHBIN HCCJIEI0BATEIb, MBITAJICH CPOPMYINPOBATH TECTOBBINH SKCIEPUMEHT, KOTOPbIi
[IO3BOJIMJI OBbI TIOKA3aTh BHYTPEHHIOIO ITPOTHBOPEYNBOCTL KBAHTOBOTO 3biKa. Hajio cpasy cka-
3aTh, YTO HUKAKNX BHYTPEHHUX M3bSHOB B MUTOT'e HaiijleHO He ObLIO. Bosee Toro, Jnckyccus,
MHUIINAPOBAHHAS DIHINTEHHOM, TO3BOJIIIA CYIIIECTBEHHO PACIIUPUTD HAIlle IOHUMAHIE KBAH-
ToBOro Mupa. 1 3To mpu ToM, 9YTO B TO BpeMs pedb MOTJIa UJTH JIUIIHb O MBICJIEHHBIX JKCIIEPU-
mernTax. Ceiffqac ke, KOTJ[a TEXHOJOTUYIECKUN [TPOIPECC MO3BOJIMII IIEPEBECTH CIIOP B 00JIACTH
IPSMOTO SKCIEPUMEHTA, MbI MTOIYYMJIA BO3MOXKHOCTD IIPOSICHUTH MHOT'HIE MOMEHTBI, KOTOPbIE
He yJIaBaJIOCh JI0 KOHIIA TOHATH JI0 cuX 1op. HeyamBuTeIbHO 1103TOMY, YTO 9TO HallpaBJIeHUEe
CTaJIO OJTHUM M3 MAaruCTPaIbHBIX B COBPEMEHHOI (DU3UKE.

Hawunem ¢ T.10. mapagokca Jitammreiina-Ilogonsekoro-Posena (9IIP-napagoke) — nonsitku
yKa3aHUs Ha HENOJJHOTY KBAHTOBOI MeXaHUKHU. MBICTIEHHBIN SKCIIEPUMEHT COCTOS B U3Mepe-
HUU [IAPaMeTPOB MHUKPOOObEKTa KOCBEHHBIM 00Pa30M, He OKa3bIBas Ha STOT O0OBEKT HEIOCPE/I-
CTBEHHOTO BO3jelicTBud. [Ipn 9TOM OCHOBHOIT BOIIPOC COCTOSAT B TOM, MOXKHO JIM KaKUM-JTHOO
C1IIoco0OM U3BJIeYb OO0JIbINe HHMOPMAIIUN O COCTOSHUU MUKPOOOBHEKTA, €M 3TO JaeT KBAHTO-

BOMexXaHN4ecKoe onucanue. VHbIMHI CcJlIoBaMH, CJjedyeT JIu CHUTATb CbI/IBI/I‘IQCKOﬁ PEAJIbHOCTBIO
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JINIITBb PE3YJILTATHI OIBITOB, UJIM OIPEJICJIEHHYIO POJIb OY/IyT UI'DATh W MPUHIMITHAJIHLHO HEHA-
O.J1I0/1aeMble ITapaMeTPhI.

JleiicTBUTEILHO, COIVIACHO COOTHOIIIEHUIO HeOoIIpe/iesieHHocTel ['eiizenOepra o HOBpeMeHHO
(M TOYHO) M3MEPUTH KOODJMHATY YACTHIIBI U ee UMITYJThC HeBO3MOXKHO. llpemmomaras, 9To
NPUYHHON TaKOW HEOIPEICJICHHOCTH ABJIAIOTCA PUHITUITUAILHO HEYCTPAHUMbIE BO3MYIIEHUA,
KOTOPBIE IIPOIECC U3MEPEHUs OJHON BEJUYUHBI BHOCHT B COCTOsIHUE OOBEKTa M TeM CaMbIM
u3MeHseT 3HadYeHue Jpyroil Beamaunbl, Jitnmreiin, [logonbekuit u Pozen npejiokuin rumno-
TETUYIECKUi CrIocob, ¢ TTOMOIIBIO KOTOPOTO COOTHOIIEHNE HEOIPEIEIEHHOCTEN MOXKHO ObLIO OBbI
oboiiTu.

Jomyctum, 9TO JBE OJIMHAKOBBIE YACTUIILI 0OPA30BaJINCh B pe3yJbTaTe paclajia TpeTbheit
YaCTHUIIBL; JJII MPOCTOTHI OyJIeM CYUTATh, YTO OHA JIO Paclajia MOKOWIach. B sTom ciydae
CyMMApHBIH MMITYJIEC PA3JIETAIONIXC YaCTHI] JIOJZKeH ObITh paBeH HYJ0 (COOTBETCTBEHHO,
€CJT UCXOJIHAsl YacTulla o0Jj1a/iaga HyJIeBbIM CIIMHOM, T.€. SIBJISJIaCh ODO30HOM, a pPOXKJIEHHbIE
€10 YaCTUIII ObLIN (DEPMUOHAMU, TO CIIMHBI PA3JIETAIONINXCA YaCTHUI] 0043aHbI OBLIN OBITH TTPO-
THUBOIIOJIOXKHBIMIE). B pesysbrare, KJIacCHIeCKOe CBONCTBO COXPAHEHMsI MMOJTHOTO MMITY/Ibca (1
MOMEHTa, UMILYJIbCA) CUCTEMBI, KAa3a0Ch Obl, JaBajia BOSMOXKHOCTh U3MEPUTH UMILYJIbC OJTHOI
YaCTHUIIBI U, 1T0 3aKOHY COXPAHEHUS UMITYJIHCA, PACCIUTATD UMITYJILC BTOPON YaCTHUIIbI, HE BHOCS
B ee JIBUKEHUE HUKAKUX BO3MYyIeHuil. Tenepb, m3MepuB KOOP/IMHATY BTOPOIl YaCTHUITHI, MOXKHO
OBLIO MOy YU Th JIJIsl STON YACTHUIILI 3HAUEHUS JIBYX HEM3MEPUMbIX OJIHOBPEMEHHO BEJIMUUH, UTO
10 3aKOHAM KBAHTOBOW MeXaHUKM HeBO3MOXKHO. Vcxons u3 sroro, Ditamreitn, [logosibeknit n
Poszen cienaim BBIBOJI, 9TO COOTHOIIEHHME HEOIPEJIEJIEHHOCTEN He sBJIgeTCd aOCOJIIOTHBIM, a
3aKOHBI KBAHTOBOI MEXaHUKU SBJISIOTCH HEIOJHBIMYU U JIOJIZKHBI OBITH B OYJLyIIEM YTOYHEHBI.

O 1Hako, Kak 0Ka3aJsI0Ch MOcJIe JIOJIr0i 1 MPOIOIKUTENbHON qucKycenn, D IP-skcnepumenT
He NIPOTUBOPEYUT KBAHTOBOI MexaHuke. [Ipexkie Bcero, KaxKyieecs MpoOTHBOPEYNE BOZHUKA-
eT IOTOMY, 9TO TEPMUH "M3MepeHne’ MMeeT Pa3JIUIHbIN CMBICJ B KJIACCUIECKON M KBaHTOBOII
teopun. leficTBuTeIbHO, KAK MBI BUJIEN, B KBAHTOBOU MEXaHWKE B PE3Y/IbTATe U3MEPEHUS
Hen30e2KHO TTPOMCXOIUT U3MEHEHNEe COCTOAHUS cucTeMbl. Harmpumep, ecjin y 4acTUIlbl H3MePsi-

eTcsl UMITYJIbC, TO B TIPOIeCCe M3MEPEHNS OHA TEPENIET B COCTOSIHHUE, OMMMCHIBAEMOE BOJTHOBOM
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dyHKIMEH, COOTBETCTBYIONIEH UMEHHO TOMY 3HAYEHUIO UMITYJ/Ibca. [[oBTOpHbIE Ke m3MepeHunst
UMITYJIbCa B 9TOM COCTOSHUU Beerja OyJIyT NMPUBOJUTH K OJIHOMY U TOMY K€ Pe3yJIbTaTy.

Jlastee, HeOOXO/IMMO TIOTIEPKHYTH €Ille OJIHO OYeHb BaxKHOe 006cToATeTbCTBO. DI IP-skcepu-
MEHT TI0 CBOEMY CMBICJTY 00CY2K1aeT OJTHOKpaTHoe coObITre. [[oaTOMY OH HE MOXKET IPOTUBOPE-
YUTHh COOTHOIIIEHUIO HeOHpeﬂeHeHHOCTeﬁ. ZLGIIO B TOM, 9TO BbIYUCJIUTH Ha OJJHOM 3IKCIIEpDUMEHTE
CpeJIHEKBaIpATHIHOE (T.e. CPEHECTATUCTUIECKOE) OTKJIOHEHHE HEeBO3MOXKHO. Ecu ke DITP-
9KCIIEPUMEHT MOBTOPATH MHOIMOKPATHO JIJIsi aHCAMOJIS PACHIAIAIONIUXCS CUCTEM, HAXOIAIUXCS
B OJTHOM M TOM YK€ COCTOAHHH, TO YCPEJIHEHUE Pe3yJIbTATOB U3MEPEHUil OyJIeT YI0BIeTBOPATD
COOTHOIIIEHUIO HeOIpeJieJIeHHOCTeNl. B 9TOM OTHOIIeHNN TPOTUBOpeYns ¢ KBAHTOBOI MeXaHU-
KOl TaKKe He BO3HHUKAET.

OtHako camast TIyOMHHAsT TPUYUHA ITPOTHBOPEUNs COCTOSIA B TOM, 9TO COIVIACHO 3aKOHAM
KBAHTOBOM MEXaHUKH H€O6XO,ZLI/IMO 6bIJIO IpuU3HaTb BO3MOXKHOCTH MI'HOBEHHOTI'O BO3IL€fICTBHH
[I€PBOI YaCTUIIBI HA BTOPYIO B IPOTUBOPEYHH C KJIACCHYECKUM MPUHITUIIOM IPUYUHHOCTHU, CO-
IVIACHO KOTOPOMY HMKAaKO€ BO3MYIIEHNE He MOXKET PACIIPOCTPAHATHCA CO CKOPOCTBIO, OOJIbIIei
ckopoctu cBeta. [lonpocTy roBops, Kjaccudeckas (pU3MKa 3aIperiaeT co3Ianue MallluHbl Bpe-
MeHHU", ¢ IIOMOIIBIO0 KOTOPO#l OBbLIO OBl BO3MOXKHO BEPHYTBLCS B IPOIILIOE, U, CJIEJIOBATEILHO,
UMETb BOSMO2KHOCTHb U3MEHUTDL Y2KE ITPOU3O0IICAIINEe CO6bITI/I$I.

B stom nynkTe, cOOCTBEHHO, 1 3aK/TI0YAIaCh OCHOBHAA HEKOPPEKTHOCTH MCXOHOM MTOCHLI-
ku DIIP-skcniepumenta. Ditamrreitn, [logonbekuit u Pozen, ciielys KaaccuiecKoMy MPUHITUITY
HNPUYUHHOCTH, [TOJIAraJIn, 9TO KaK Obl MbI HE BO3MYIIAIN COCTOSHIE TIEPBOIl YACTHUIII, COCTOSsA-
HUE BTOpOﬁ JaCTUIbI y2KE€ HUKaK U3MCEHUTLCA HE MOZKET, IIOCKOJIbKY OHH HaXOJATCA CJIUIIIKOM
Janaeko Apyr ot jgpyra. OJIHAKO COIVIACHO KBaHTOBOI MeXaHUKEe BOJHOBas (PYHKIIUS — 3TO
HEJIOKAJIbHAsT BEJIMYINHA, U OOJIBINIOE PACCTOSHUE MEXKJIy YaCTHUIIAMU CYIIECTBEHHON pPOJIU He
urpaet. B 3ToM U mposdBiIgeTca cBOCOOPA3HbI XapaKTep KBAHTOBON TEOPUM, COIVIACHO KOTO-
PO# cucrema, COCTOAIIA U3 JIBYX YaCTHUIL, COCTOAHNE KOTOPBIX OIUCBIBACTCA €IAHON BOJITHOBOM
dyukImeil, He ABIAETCA TPOCTON CyMMO# 9TUX YACTUII, JaKe eCJIM MeK/ly HUMHU HeT B3aMMO-
JIEeCTBUS.

Hamnpuwmep, pacemorpum Ba DIIP-dorona, koTopble ObLIN U3/Ty9IeHBI, CKAaXKeM, B IEHTPe
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Hameit [aylakTuky, Tak 9TO OJIMH M3 HUX pacipocTpaHsercs B cropony CouHIa, a Jpyroit
— B IIPOTUBOIIOJIOKHOM HaIpaBjeHuu. Torjaa Mbl JOJKHBI COIVIACUTBCA C TE€M, UTO B TOT
caMblil MOMEHT, KOTJIa B 36MHO JIA0OPATOPUY IIPOU30IiJIET PErUCTPAIS OJHOr0 13 (hOTOHOB
(1, Tem caMbiM, OTOH ITPUOGPETET ONPEIETIEHHYTO TOJISIPU3AIIIIO ), B IPOTUBOIOJIOKHOI YacTn
lNanaxkTuku apyroit GoToH TakKe U3MEHUT CBOHW CBOICTBA.

Yausurenbubiit BeBoj! [loBepuTh B Hero, obs1ajiast ML HAIIel TTOBCETHEBHOM K/IaCCHIe-
CKOIl mHTYyHUIINEll, ObLIIO COBEPIIIEHHO HEBO3MOXKHO. TeM He MeHee, B HACTOSIIEE BPEMS 9TO IKC-
[IEPUMEHTAILHO YCTAHOBJIEHHBIN (DaKT. 3a MOC/eHIe JeCITUIeTH MHOTOYUC/IEHHBIE TTPSIMbIe
9KCIIEPUMEHTBHI, TIPOBEPSIIONIIE HEJIOKAJIHHOCTD BOJHOBON (DYHKIMHU (B TOM YHCJIE SKCIIEPUMEH-
ThI 110 KBAHTOBOM TeJIENIOPTAINK), O3BOJIUIU IIPOBEPUTH 3TO YUCTO KBAHTOBOE CBOWCTBO Ha
PaCCTOSTHUX, JOXOJAIINX JI0 JIECATKOB, M JlaKe COTeH KujioMeTpos. [Ipm sTom mnpejickazanus
KBAHTOBOI MEXaHUKU ObLIN ITOJTHOCTBIO TOITBEPKIECHBDI.

Huxe, Ha npumMepe 9KCIIEPUMEHTOB, CBI3aHHBIX C HAPYIIIEHUEM T.H. HEpABEHCTB BeJia, Mbr
pPaccMOTpUM 3TO CBOHCTBO OoJtee 1oIpoOHO. 3/1eCh Ke MbI 0OCY/IMM TEepPBBIil, cCaMbIil TPOCTOI
[IPUMEDP SKCIEPUMEHTATBHON TPOBEPKU HEJIOKAJHLHOCTH KBAHTOBOTO MDA, a UMEHHO OIBITHI,
KOTPOPbIe ObLITH BBITOJHEHBI (DPAHILy3CKUM (busukom A. Acrie. DTOT IKCIEPUMEHT CTaJ BO3-
MOXKHBIM OJ1arojapsi MOSgBUBIIEHCA B cepe/InHe BOCBMUJIECATHIX T'OJIOB TEXHUYIECKOW BO3MOXK-
HOCTHU cO3/aHust map dactull (mim (GOTOHOB), COCTOsTHIE KaXKJION U3 KOTOPBIX HE OIPEIEIEeHO,
HO KOTOPbIE, TEM He MeHee, CBI3aHbI JAPYT ¢ JApyroM. 1o moHgTHbIM npudnHam Takue 00bLEeKTHI
crayin Ha3biBaTh DIIP-mmapamu.

Y100B! MOHATD, 9TO MbI MOHUMaeM 1101, I IP-ttapoii, ciie/ryer HaATh ONSATH C CAMOTO HaYa~
na. Kak y»xke ormedasioch, ypaBHeHUsS KBAHTOBOW MEXaHWKM JIMHEHHBI. DTO 3HAYUT, YTO €CJIU
JiBe BOJTHOBBIE (byHKIIUU 9 U g OyayT pernennem ypasuenusi [IIpenunrepa, To u jobas ux

JIMHEHAS KOMOMHAITIS

Y = a1y + agths (205)

TakzKe OyJieT perenreM 3Toro ypasuenus. Ho Torja, Kak Mbl BUJI€/IN, B MUKPOMEIPE BO3MOZKHBI
cMeraHHble (UM, KaK Teleph TOBOPSAT, 3allyTaHHbIe) cOCTOsHMsI. Hampumep, ecin BOJHOBasT

byHKIWS 1)1 COOTBETCTBYET OPHEHTAIMN CIIMHA BBEpX (IPOEKIHs HA OCb z ecThb +h/2), a 1y



124

— OpHWEHTAINN CIMHA BHU3 (IIPOEKINs HA OCh 2 €CTb—A/2), TO BOBMOXKHO U JI060€ TPOMEIKY-
TOYHOE COCTOsIHME, HUKAKOHN OIpeJIe/IEHHON TPOEKINKI Ha OCh 2 He cOOTBeTCTBYIoMee. VMenHo
Takue YaCTUIIbl U JIOJIZKHBI ObLIH 00cyzkIaTbed Ditamrreitnom, [lomoasckum u Pozenom B nx
MBICJIEHHOM 3KcrepuMente. [Ipu sToM KaxKjas m3 JIBYX YaCTHUI[ HAXOJIUJIACH ObI B CMEIIaH-
HOM COCTOSTHHHU, HO UX CYMMApHBIl UMITYJIbC (MM, COOTBETCTBEHHO, CIIMH) JIOJZKEeH ObLIT ObITH
PaBHBIM HYJIIO.

B omnbrrax Acrie ucnosibzoBasiach DIIP-mapa hpoTOHOB, HCTOTHUKOM KOTOPBIX CJIYKHUJI CIIe-
[IMaJIbHO TPUTOTOBJICHHBII KPUCTAJLI, Ha KOTOPBIH HAIIPABJIAJICA Ja3ePHBIN IyY0oK. Biarogaps
0COOBIM OITUYECKUM CBOMCTBAM 9TOI'O KPUCTAJLIA HA €ro0 BBIXOJIE 00PA30BBIBAJIMCH ITaphbl (ho-
TOHOB, KasKJIblil N3 KOTOPBIX ObLIT JIMHEHHOI KOMOMHAITIEH BepTUKAILHO 1(]) U TOPH30HTATIBHO

1(—) MOJIAPUBOBAHHBIX BOJIH, IPUYEM [OJIHAS BOJTHOBasi (DYHKIHS JIBYX (DOTOHOB MMeJIa BUJ

Takast 3ammch o3Ha4aeT, 9TO (DOTOHBI IPEJICTABJSIIOT COOOM CMeCh JIByX COCTOSIHUI, B OJIHOM

U3 KOTOPBIX OHU 00a MOJISPU30BaHbl BEPTUKAJIBLHO, & BO BTOPOM — 00& TOPU30HTAJIBHO.

[TosTomy eciin HAIIpABUTH TaKue 3allyTaHHbIe (DOTOHBI Ha JIBA IOJISPU3ATOPA, ITPOITYCKAIO-
1ye, HAlpUMeED, JIUIL (DOTOHBI C BEPTUKAJILHON JIMHEIHOW TOJIAPU3AIAeid, s KaXKJI0T0 U3
HOJIIPU3aTOPOB (OTOHBI BY/IyT IPOXOIUTH Y€pe3 HUX ¢ BEPOsITHOCTHIO 1/2. HerpuBnaibHOCTS
JKe 37IeCh COCTOSIJIA B TOM, YTO COIVIACHO KBAHTOBOMY cooTHornenuto (202) jmbo oba dorona
POIJIyT Yepe3 MoJIApu3aTop, Judo oba normordred. [Ipu 9ToM nogpu3aTopbl MOXKHO pa3He-
CTH HACTOJIBKO JTAJIEKO JPYT OT JPYTa, 9TO PE3YIbTAT U3MEPEHHs OTHOTO MOJIIPU3ATOPa JJIs
JIAaHHOU TIapbl (POTOHOB HUKAK HE MOT IMOBJIUATH Ha PE3Y/IbTaT U3MEPEHUs] BTOPOIO.

Tem He Menee, ONbITHI Actie co BCeil OIPeIe/IeHHOCTBIO MOKA3aJIM, ITO JIJIsi Tapbl (hOTOHOB,
OIKCBIBAEMbIX BOJHOBOM (yHKImed (202), perucTpupoBaInch JHIh COObITHST, KOTJIa JHO0 00a
doTona MmpoxonIN Yepe3 CBOU MOJIAPU3ATOPLI, 00 HeT. C KJIaCCUIecKOil TOUKM 3PEHUs ITO
OBLIO COBEPITIEHHO HENOHATHO. /leficTBUTENIbHO, ec/in Ha B3anMojieiicTBue (poTOHA U TOJISIPU3a-
TOpa JIpyroit (pOTOH HUKAKOI'O BJIUSHUA OKA3aTh HE MOT, TO C T€M K€ YCIEXOM JIOJI?KHbI ObLIN
OBl PErMCTPUPOBATHLCA COOBITUS, KOTJIA OJIMH (POTOH IIPOXO/IUII Yepe3 CBOIl MOIAPU3aTop, a JAPy-

roi — HeT. OTCYTCTBI/IG TaKUX COOLITUH M CTaJI0 HPAMBIM JIOKa3aTE/JIbCTBOM CYyHI€CTBOBaHUA
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CBSA3U MKy (hOTOHAMU, Pa3HECEHHBIMHU Ha OOJIbIIIOEe PacCTOsSTHUE.

31ech 0YeHb BaXKHO OTMETHUTH M TO, 9YTO KaK B OIbITax Acie, TaK U B SKCIEPUMEHTaX II0
KBAHTOBOM TeJIeNOPTAINK He BOZHUKAET MIPOTUBOPEYHS U ¢ IMPUHITMIIOM TpuduHHOCTH. /leyto B
TOM, YUTO IPUHIUI IPUIUHHOCTHU He 3allpeliaeT JIBUXKEHHEe CO CKOPOCTHIO, DOJIbIINeil CKOPpOCTH
CBeTa, €CJIM IIPU 9TOM He IIPOUCXOJINT Iepegadn nHdopmalmn. Tak, HarpuMep, B maasme das3o-
Basi CKOPOCTD 3JIEKTPOMATHUTHBIX BOJIH MOYKET IIPEBBINATh CKOPOCTh cBeTa. OIHAKO, KAK MbI
BUJIEJIN, CUTHAJI, HECYIInii nH(MOPMAINIO, PACIPOCTPAHSIETCS ¢ IPYIIIOBOMl CKOPOCTBIO, KOTO-
past Bceria MeHbIle ¢. Tak 1 B 9KCIIepuMeHTaXx 110 KBAaHTOBOI TeJIeIOPTaIllny y/IaeTcd I0Ka3aTh
JIUIITH TO, YTO B MOMEHT M3MEpPEeHUs apaMeTPOB MEPBOM YaCTHUIIHI BTOPasd JaCTHUIA TaKzKe Me-
HsieT cBoe cocrosgaue. O IHaKO B KAKOe COCTOsTHIE OHA IIPU STOM IIEPEXOIUT, MOYKHO OIIPEJIETIUTh
JIMIITH TI0CJIe TOTO, KaK OOBITHBIN CUTHAJ, HECYIN NH(MOPMAIINIO O pe3ysibTaTaX PerucTpaliini

[I€PBOI YaCTHUIIBI, JIOHJIET JI0 MECTa PErUCTPAIUA BTOPON YacCTHIILI M OyJIeT TaM TPOIUTAH .

5.3.3 Komka IIIpeauarepa

Cutestytonuii mapaJiokc, OCHOBaHHBIN Ha ere OJHO# (PyHIaMeHTaJIbHON OCOOEHHOCTH KBaH-
TOBOI MeXaHUKU, OB COPMYIUPOBAH HU KEM WHBIM, KaK OJIHUM U3 ee OTIOB-OCHOBaTeJIeil
9. lpenunrepom. OH TPeJIOKIT MBICJIEHHBIN 9KCIIEPUMEHT, B KOTOPOM TaKzKe XOTeJ ITOKa-
3aTh HEIOJHOTY KBaHTOBOI MexaHUKH. Ha 3TOT pa3 ee HENOJIHOTY IpH MEPeXojie OT Cy0aToM-
HBIX CUCTEM K MaKPOCKOIUYECKUM.

JleficTBUTE/ILHO, €CJIM B KBAHTOBOM MHPE BO3MOYKHBI CMEIAHHBIE COCTOSHUSA, TO TOXKE Ca-
MO€e MbI MOXKEM CKa3aTh U PO OJIHO pPaJMoakTuBHOE sp0. COrylacHO KBAHTOBON MeXaHUKe,
€cJIn HaJI 9]IPOM He TTPOM3BOJUTCH HAOJIIOJIEHUE, TO €r0 COCTOSHHE OIUCHIBACTCH CyIEPIIO3H-
uedi (CMereHneM) IByX COCTOSTHUIT — paCIaBIIerocst spa U HePACIaBINerocs sjapa. ITooObl
3a0CTPUTH ITO YNCTO KBAHTOBOE cBOiicTBO, llIpennnrep m mpeyio?Kus SKCEPUMEHT, B KOTO-
POM pacuasllleecd AP0 IPUBOJIUAT B JIEUCTBHUE y2Ke MAKPOCKOIINYECKOEe YCTPOUCTBO, KOTOPOE
youBaeT Komiky. [Ipm sToM BaxKHEHIIHiT MOMEHT SKCIIEPUMEHTa COCTOUT B TOM, YTO KOIIKA
JIOJIZKHA HAXOJIUTCS B 3aKPBITON KOPOOKE, TAaK YTO PE3YJIbTaT OlbITa (XKUBa KOIIKA WJIU HET)

CTQHOBUTCA ACHBIM, JIMIIb €CJIN KOpO6Ka 6y,ILeT OTKDPbITa.
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B wurore, ¢ Toukm 3peHuUs KJIACCHIECKON (DUBUKHU TOJTyIaeTCs COBEPIIEHHO HeJIenas CTY-
anust. Korka, cusinast B sIIuKe, MOYKeT ObITh M KHWBa, U MepTBa OgHOBpeMeHHO. OIHaKO
COBEPIIIEHHO OYEBU/IHO, UTO €CJIH SIIUK OTKPBITH, TO SKCIEPUMEHTATOD YBUIUT TOJIHKO KaKOe-
HUOY/Ib OJIHO COCTOsiHKE: JINOO "siIpO PaclaJioch, KOIIKa MepTBa’, JuOO0 "SIp0o HE PaclaJocCh,
komka xkuBa’. [losTomy Borpoc MoxKeT OBITH TOCTaB/IEH TaK: B KAKON MOMEHT CHCTEMa TIepe-
CTaeT CYIIECTBOBATH KaK CMEIEeHNe JBYX COCTOAHUI M BBIOMPAET OJHO M3 HUUCTBIX COCTOSI-
unit? [esnb sKkcriepuMenTa B TOM U 3aKJIIOYAIACh, YTOOBI I0KA3aTh, YTO KBAHTOBAs MeXaHUKA
HeroJiHa, 0€3 HEKOTOPBIX JOMOTHIUTETBHBIX ITPABII, KOTOPhIE YKA3BIBAIOT, IIPU KAKUX YCJIOBHUAX
[IPOMCXOJINT, KAK FOBOPAT, "KOJIJIAIIC BOJHOBOM (DYHKIMK, U KOIIIKA JIUOO CTAHOBUTCS MEPTBOIA,
6O ocTaeTcs KUBOi (B IPUPOJIE He CYNIECTBYET COCTOAHMUSI, TPOMEXKYTOUHOTO MEXKLY KU3-

HBIO M CMEPTHIO), U TepecTaeT ObITh CMEIeHHeM TOTO ¥ JIPYToTo.

5.3.4 HepaBencrBa Besia

OT1okuM Ha BpeMst BOIIPOC O "HIPEIUHIEPOBCKON KOIIKE U HAIIOMHUM €IIe OJIHO YHCTO KBaH-
TOBOE CBOWCTBO. Kak MBI BUJIEJIH, COTJIACHO KBAHTOBON MeXaHUKe JI/Is WHIWBUIYAJIbHOTO CO-
ObiTHsT (OJJHOTO pPAMAKTHBHOIO aTOMa, OJHOIO 3JEKTPOHA, IIPOXOJSINEro Yepe3 JiBe INeJin)
pe3yJIbTaT IKCIEPUMEHTa OJIHO3HAYHO IMPeJCKa3aH ObITh HEe MOXKET. DTO BBI3BIBAJIO 3aKOH-
HOe OECIIOKOMCTBO TeX, KTO IBITAJICS OCTAThCs B paMKaX KJIACCHIECKOINO MUPOIOHUMaHus. B
pesyabrare, OblIa chOpMyIUPOBaHA T.H. 'TEOPHUsl CKPBITHIX IIapaMeTpoB’, COIVIACHO KOTOPOit
HEOIIPeJIeJIEHHOCTh Obl/Ia CBA3aHa IIPOCTO C Te€M, YTO B JeHCTBUTEILHOCTU KBAHTOBBINH 00b-
eKkT 00J1ajlaeT ele KaKUM-TO OJHUM W1 HECKOJIbKUMHU IapaMeTpaMu, KOTOPbIe U OIPEIeIsiIn
SBOJIIOIUIO CUCTEMBI.

JlelicTBUTEILHO, TIPEJICTABUM cebe, UTO IepeJ] HaMU HEeCKOJbKO COBEPIIEHHO OJNHAKOBBIX
cTupasibHbIX MaruH. OJIHaKO JIazKe eC/ii UX POrpaMMbl TaKzKe OJMHAKOBBI, OHH MOT'YT OTJIH-
JaTbCsl BPEMEHEM T, MPOIIEIIIIM ¢ MOMEHTa Hadaja paboThl. Ecin 1o KaKuM-TO MpUInHAM
ITOKa3aHUsI TaiiMepa HEBO3MOYKHO PEruCTPUpPOBATb, TO BEJIUYUHA T MOXKET OBITh XOPOIINM
IIPUMEPOM CKPBITOIO IIapaMeTpa, KOTOPbIi, eCTeCTBEHHO, W Oy/eT OJHO3HATHO OIPEJIe/IATh

MOMEHTBI IIEPEKJIIOYEHN A U 3aBEPIICHUA pa6OTbI.



127

Bacsyra xe anrmiickoro dusuka /1. Besta (1928-1990) kak pa3 u cocTosijia B TOM, 9TO
OH TIOKa3aJI, KAK MOXKHO ITOCTABUTH MPIMOl SKCIEPUMEHT, YTOOBI ITPOBEPUTH, BEPHA HJIU HET
TEOPHs JIOKAJbHBIX CKPBITHIX MapamMeTpoB. T.e. MOYKHO JIM NPUIIUCATH OTJAEILHON KBAHTOBOM
JaCTUIlE TaKKUe JIONOJHUTEIbHBIE CBOWCTBA, KOTOPbIE PN "M3MEPEHUN IPOSBJIAINCH Obl KaK
3HAYEHNS HEKOTOPLIX paHee HEM3BECTHBIX BEJIMYWH, XapaKTePU3YIONINX KBAHTOBYIO CHCTEMY.
[Tokarkem 371eCh HA OYEHBH TPOCTOM IpUMEpPe OJHY u3 GPOpPM 3HAMEHUTHIX HepaBeHCTB Besuia,
KOTOPBIE U TO3BOJISAIOT KOJIMYECTBEHHO OTBETHTH Ha IOCTABJIEHHBIH BbIlIe Borpoc. OTMmeTnm,
YTO 9TH HEPABEHCTBa ObLIN chOpMyIUpoBaHbl JUIb B 1964 10jy, T.€. CIyCTS MHOTHE T'0JIbI
IocJie TOro, Kak cama mnpobsemMa Oblia MoCTaB/IeHa. JKCIIepUMeHTaIbHAs YKe IIPOBepKa ObLIa
BBITIOJTHEHA, JIUIIIH COBCEM HEJIABHO.

[Ipexke Yem ONMMCBHIBATDL CXEMY SKCIIEPUMEHTa, CJIeJIaeéM JIBa BasKHBIX 3aMevaHusd. Bo-
[IEPBBIX, SKCIIEPUMEHT CTaJl BO3MOXKEH OJiarojiapsi TOMy, 9TO K KOHILY JIBQ/IIIATOTO BEKa B Jia-
bopaTopun HaydIHWIHCh rOTOBUTH DIIP-mapwl, T.e. IByX4YacTHYHBbIE CHCTEMBI, HAXOJAIINECST B
CMeIaHHOM cocTossHIH. Hike MBI pacemorpuM cirydait, Korga DIIP-napa mpeacrasisier coboit

JIB& MPOTOHA, OIUCHIBAEMBIX BOJTHOBO# (DyHKITHEIH

_ i()¥e(=) — hi(=)¢e(+)
7% .

3/ech HIDKHUE WHJIEKChI HYMEpPYIOT HEePBYI0 W BTOPYIO YaCTHUIBI, & 3HAKW + U — COOTBET-

(0 (207)

CTBYIOT COCTOSIHHSIM CO CIIMHOM BBepX U BHU3. KOHEYHO, YacTUIlbl TPUOOPETYT OIpe ie/IeHHbIE
3HAYEHUA MTPOEKITNU CITMHA JIUIIb MIOC/Ie TOro, KaK Oy/eT MpoBeeHO "u3MepeHue”’, T.e. KaxKasd
U3 TUX YACTUIL IPOB3aNMOJICHCTBYET ¢ U3MEPUTEIbHBIM Tpudbopom. Hanpumep, ¢ TakuM, Ka-
Kot ObLT ncnoJib3oBaH B omnbiTax [[ITeprna-I'epiaxa. drcnepuMeHTb TPOBOIUINCH U JIJI TTAPHI
DIIP-dhoToHOB, onuchBaeMbIX BOJHOBON dyHKimeir (202).

Bo-Bropbix, 1o camomy cpoiictBy DIIP-mmapbr Mo:KHO OBITH YBEPEHHBIM, UTO €CJIH J[Ba aHA~
auzaropa, Ay u As, JTETEKTUPYIONUX YaCTHUIBI, OJMHAKOBO OPHEHTUPOBAHBI B IIPOCTPAHCTBE
(B 9TOM Citydae Mbl OyjieM 0003HAYATH UX OJMHAKOBBIMU 3arJIABHBIMU OYKBaMMU), TO JIJIs BOJI-
HOBOIT dbyHKImN (203) 9TH TPUEMHUKH 3aPErUCTPUPYIOT PasHble 3HAKU [TPOEKINH CIiHA. MbI
Oynem obosHauaTh ux Kak A u Ay (mmm A7 u AJ. TlosToMy ecim, Kak 3TO IIpeJo/iaraer-

Cd B MO/IE€/IN CO CKPBLITBIMU IIapaMe€TpaMu, PE3YJIbTaTbhbl IKCIIEPDUMEHTa 3apaHee OIIPEIC/IEHBI,
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Puc. 19: Cxema skcrnepuMeHTa 110 IIPOBEPKe HepaBeHCTB Beia

TO IIPU BBIYMCJIEHUN COOTBETCTBYIONINX BEPOATHOCTEN MOXKHO OIPAHUYUTBHCA PACCMOTPEHUEM
BHYTPEHHUX CBOWCTB JIUIIIH OJTHONW YacTHIlLI. Pe3ybrarTsl nu3MepeHusi BTOPOil YacTUIbl Oy/IyT
B TOYHOCTH IIPOTUBOIIOJIOYKHBI.

JleiicTBUTENIBHO, TIOCTIE B3aUMO/IEHCTBIA B HaYaIbHBIN MOMeHT DIIP-uacTursr passrerator-
Csl, U, COTJIACHO KJIACCHIECKOi pusnKe (a, 3HAYNT, U B PAMKAX TEOPHU CKPBITHIX TapaMeTPOB),
UX JIOKAJbHOE COCTOSTHUE YrKe HIKAK HEe MOXKET 3aBUCHT OT COCTOSTHUS JIpyTroit. OTHaAKO 3aKOHBI
COXPaHEHUs HUKTO HEe OTMEH:AJ, U MO3TOMY €CJIM YaCTHUIbl BO3HUKAIOT B PE3yJbTaTe pacuaja
JIPYTOil 9aCTHUIBI ¢ HYJEBBIM CHUHOM (HAIPHMED, 9TO MOIYT GbITH (POTOHBI, POZKIaeMble 7 -
ME30HOM ), TO CYMMAaPHBIi CIIUH (I CHMPATBHOCTH) JIBYX YaCTHUIL TAKZKe JOJIZKEeH ObITh DABEH
HYJIIO. SHAYUT, ecyiu ojHa Jactuna u3 DIIP-napel npu m3mepenun Oyaer UMeTh MOJIOXKUTE -
HYIO IIPOEKITUIO CIIMHA Ha KAKYIO-JTU00 OCh, TO U3MePEHHas IIPOEKIINs CIUHA JPYTOil TacTUIIbI

Ha 3Ty K€ 0Ch HEIIPEMEHHO JIOJI>KHa OBbITh OTPUIATE/IHHOIA.

I/ITaK, IIYCTb y HaC UMEETCA NCTOYHUK PaA3JIETAaXOHIUXCA SHP—Hap n JIBa JE€TEKTOPa, KazK-
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JIBIIT U3 KOTOPBIX, KaK MmoKaszaHo Ha Puc. 19, MoxkeT HaxXouThCs B Tpex mnoJioxkeHusx A, B u
C'. B nammem cirydae oHn OyyT U3MepsITh MPOEKIMH CIUHA JacTHIl (jyis (POTOHHON Hapbl —
baKkT UX MPOXOKJICHNS WM HEIPOXOXKJICHUs YePe3 COOTBETCTBYIOMMIl nojsipusaTop)t®. s
IIPOCTOTHI BO BPEMsI HAIIErO SKCIepUMeHTa, J1/ist Kaxkgoi DIIP-naper OymeMm BeIOMpaTh OpHeH-
taruio nerekTopoB A, B u C' cay4vaiineim obpasom. Torma ¢ BeposTHOCTBIO 1/3 OpuenTarmst
JIeTeKTOpOoB OyJeT omHakoBoii'®. B aroMm cilyuae, 110JHOCTBIO SKBUBAJEHTHOM OIBITY Acte,
[TOKA3AHUS JIETEKTOPOB JOJIZKHBI OBIThH ITPOTUBOIOJIOKHBIME. T.€. JIOJ?KHBI OTCYTCTBOBATH CO-
oot AT AF, AT Ay, Bf By, By By, CYCy u C7 Cy. Yro ke Kacaercss cobbrtuit Af Ay,
AT A, B By, By By, Cf Cy u C7 C, T0 BepogTHOCTH BBIIAICHNA KazKI0T0 U3 HUX JOJIZKHDI
OBITH OJIMHAKOBBIMU. [IpoBepKa 1moc/ieIHero yCejioBus CTAHOBUTCS BaXKHBIM TECTOM, TTOKA3bIBaA-
IOIMM, HACKOJILKO XOPOIIIO HaJlayKeHa amnmnaparypa. FEcim ke opueHTalMu JBYX JIETEKTOPOB
Oy/IyT pa3jndaTbCs, TO TOIVIA, €CTECTEHHO, Oy/IyT PErucTPUPOBATHCA BCE BO3MOYKHbBIE KOMOM-
HaIUN.

3/1ech MBI U TIOJOIILIN K KJIIOYEBOMY MECTY B paccyzKjeHusx besa. Ecau npeamnosmoxuTs,
YTO Pe3yJIbTaThl SKCIIEPUMEHTa OIPEIEISTIOTCA CKPBITBIMI ITapaMeTpaMu, TO TOT/IA JIJId KaK-
JIOM YaCTHUIIBI JIOJIZKHA CYIIECTBOBATH TIpOrpamMMa’, OIpeIesiionias BEPOATHOCTH BhIIIAICHUI
Toro i uHoro cobbrrust. Hanmpumep, sesmauna P (AT By C7 ) onpejiesger BeposaTHOCTD TOTO,
9TO B CJIydae, ec/id PH HOJIeTe K JIETEKTOPY OH OyJ/IeT HAXOAUThCS B TOJIOKEHUH A, TO m3Me-
peHast 3TUM JIETEKTOPOM IPOEKIIUs CIIUHA OyJIeT MOJIOKUTEIbHON, a 1pu opueHTarusax B u C
— oTpunaTenbHoit. Beero Takux Kombunanumii 6yer 2° = 8, 110 JiBa BapuaHTa IPOEKIINH CIITHA
JUTST KazKJIOH U3 TpexX BO3MOKHBIX OpUeHTaInii 1eTeKTopoB. CyMMapHast ke BePOSITHOCTb BCEX
BO3MOKHBIX COOBITHIT OY/IeT, eCTeCTBEHHO, PABHA €JINHHUTIE.

[TockoJIbKY 2Ke B paMKax T€OPUU CKPBITHIX ITapaMeTPOB BCE COOBITUS JIOJXKHBI CUNTATHCS
HE3aBUCUMBIME, TO, HAIIPUMEDP, BEPOSITHOCTH TOTO, UTO KAK MEPBBIH JETEKTOP B IOJIOXKEHUN

A, Tak u BTOPOIl JIETEKTOP B MOJIOXKeHNU B 3aUKCUPYIOT IPOTOHBI B COCTOSTHUSIX CO CITMHOM

153 nech MBI BOCTIONIBL30BAICH M3JI0XKEHTEM, TIpuBeieHnHbIM B http: //eslitak.livejournal.com /221098 . html.
16110 1/9 ma xaxmyto u3 opuentammit Ay Ay, By By u C1C5.
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BBEPX, CJeAyeT 3allucaTb B BUJE
P(ATB) = P(AT B C) + P(AT By Cy). (208)

T.e. BeposgTHOCTD coOBITHA Al By ecTh cymMa BepoaTHOCTEil BCeX BO3ZMOYKHBIX COOBITHII, COB-
MectuMmbix ¢ A B . O6parure BHEMamme, 9TO Bee OPUEHTAIME JEeTEKTOPOB B IIPABOH HacTH
9TOr0 ypaBHEHHUsI OTHOCATCSI He KO BTOPOIi, a K 1epBoit gactuiie. [loaTomy, Kak y:Ke MmodaepKu-
BaJIOCh, 3HAK JIJIsI JIeTeKTopa B clipaBa J10/2KeH ObITh IPOTUBOIIOJIOXKEH 3HAKY JIJIsI JIe€TeKTOpa
By ciesa.

CoOTBeTCTBEHHO, MOXKHO 3aIMCATh, 9TO
P(Br Cy) = P(AT By CY) + P(Ay B CY), (209)
P(ATCH) = P(A B C) + P(Af By Cy). (210)
Croxkus Ternepb cootHomenus (205) u (206), moaydaem
P(By Gy )+P(ALCF) = [P(AT By CY)+P (AL By Cr)[+P(A; By CN)+P(AT BI Cr). (211)

[TockoJIbKY BbIpaskeHne B KBaJIPATHBIX CKOOKax (1P yCJIOBUM HE3ABUCUMOCTHU COOBITHIA, KO-
TOpOE 3/1ech HesABHO npe;tonaraerca!) pasao P(AT BY), a Bee BepoaTHoCcTH P €CTh BeJTMIUHBI

HGOTPHLLaTe,HbeIe, Ho,nyqaeM B UTOre
P(ATBy) < P(By Cy )+ P(ATCY). (212)

OTO U ecThb O/THO M3 HEPaBEHCTB Bemna. HOCKOJIbe K€ opueHTallusd J€eTEKTOPOB 110 YCJIOBUIO

HAIIIX OIBITOB CJIydYaiiHa, To HepaBeHCTBO (208) MOXKHO IepenucaTh B BUJe
N(A7B3) < N(By Cy) + N(A[CY), (213)

rje N ecThb MOJIHOE YUCJIO COOBITHIl ¢ JAHHBIMU CBOMCTBAMU.

[TokazkeMm Terepb, 9TO B paMKaxX KBAHTOBOI MexaHMKH HepaBeHCTBO Besuia (209) moxer
OBITH HApYTIIEHO. JleficTBUTEIbHO, ITyCTh JETEKTOPBI B MOJIOXKEeHNN A TTOBEPHYTHI OTHOCUTETHHO
JierekTopoB B nosioxkenun C' Ha yroa © B OJIHY CTOPOHY, a JETEKTOPHI B HOJIOXKeHUuu B —

Ha yroa © ornocuresbno C' B mIpoTUBONOJIOKHOM Hamnpasjennu. [lo anasorun ¢ dhopmysioit
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(44) nist oTOHOB JIerKo co00pa3uTh, UTo Jyist Kaxkaoit SIIP-mapsl BeposiTHOCTH TOrO, 9TO U
nerektop A, m jgerektop C' 3aperucTpupyroT MPOTOHBI C MOJIOKUTEIBHON MIPOEKITHeil CIIHA,
cJIeJlyeT 3alucaTh B BUJIE

P(AFCH) = %sin2(@/2). (214)

eficTBUTEIBHO, BEPOSITHOCTD 9TOTO COOBITHS JI0JIZKHA ObITh paBHa 1/2 npu © = 180°, T.e. jyis
[IPOTUBOIOJIO?KHO OPHEHTUPOBAHHBIX JeTEKTOPOB. Bropast moJsioBuHa OyJileT COOTBETCTBOBATH

cooprtiio Ay Cy . AHaj0ruvHoO, mnoyydaemM
o L.,
P(BCy) = 5 sin (©/2). (215)
A Bor jyis BepositHocTu P(Af By) Mbl JIOJGKHBI 3amcaTh
+n+ Lo
P(ATBy) = 5 sin O, (216)

HOCKOJIBKY yToJI MeXK Iy nossipusatopamu A u B pasen 20. B pesysbrare, HepasencTso (209)
puodpeTaeT CJAeyIONUI BT

%sinQ 0 < %SmZ(@/Q) + % sin?(9/2), (217)

WJIN, TIOCJI€ COKPAIIECHUH,

%sin2 O < sin?*(0/2). (218)

Ho, Kak XOpoIIo n3BecTHO n3 TpuronomMerpun, sin © = 2sin(0/2) cos(©/2). B nrore, nosrygaem
cos?(0/2) < 1/2, (219)

9TO, OYEBHUJIHO, BBIIOJIHSETCS He JJI BCeX yIIoB. VTak, Mbl BHJIUM, YTO IIPEJIIOJIOKEHHE O
HE3aBUCHUMOCTH CBOCTB passeralomnieiicss DIIP-mapsl IpuBouT HAC K IPOTUBOPEYHIO.

o ke npousonuio? e, B KAKOM 3BeHe B JOCTATOYHO HPO3PAYHOM BBIBOJIE COOTHOIIECHNUSI
(209), ocHOBAHHOM Ha KJIACCHYIECKOIl TEOPHU BEPOSATHOCTH, ObliIa JomylneHa HerodnocTs? Hy
KOHETHO Ke, B pemosioxkenusx (204)—(206), korjja Mbl HESIBHO IIPEIIOIOKIIIN, ITO B MOMEHT
perucrpanun pasHeceHHbIX Ha OoJIblnoe paccrosHue dacTul DIIP-mapbl nx MoxKHO paceMar-

puBaTb HE3aBUCUMO JIPYI' OT Jpyra. T.e. MBI HA caMOM JeJie HE nMeJIn IIpaBa IIpeallojiaraTb,
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YTO YaCTUIILI Y2Ke IMPUOOPEIN KAKYIO-TO ONPEJIEIEHHYIO TOJIIPU3AIIIO IO B3AMMOJIEHCTBUSA C
nerekTopoM. Hapyienne nepasencts bejia Kak pas m o3HAYAET CIPABEJIMBOCTb TON WH-
TepIPETAIIH.

Bruepsbie Hapyienne HepasencTs bejuia 6b110 norsepK ieHo B taboparopun Caxiie (Opan-
ust) B 1976 rozy. Ilpu 970M 9KCIIEpHMEHT IIPOBOJMIICS 110 OIIMCAHHOI BBIIIIE CXEMe, T.€. H3Mepsi-
JINCH TIPOEKITNN CIIMHA ITPOTOHOB Ha TPU pa3MYHbIX HanpasseHusd. B 2008 romy B sKCIpuMeH-
Tax, mposejieHHbIX Ha Kanapckux ocrpoBax Jla-Ilasmpma u Ternepude (Mcnanus) nsmepsimcs
yxke rojisipusaruu 19 917 poToHHBIX MTap, TPpUYeM PacCTOsTHIE MEXKTY JIe€TEKTOPAME JIOCTUTAJIO
144 kwm (1pu 9TOM HepaBeHCTBO Besta 6bLI0 HAPYIIIEHO ¢ YPOBHEM JIOCTOBEPHOCTH, TIPEBBIIIIA~
fomuM 16 cpeHeKkBapaTHIecKX OTKJIOHeHui). A ocenbio 2013 roma mpuiio coobieHwue,
uto gnonckoit koproparnuu NTT yrnanocsk pasnectn 3ammyTannble pOTOHBI HA PACCTOSHUE YIKe
B 300 M.

Takum 06pa30M, MOYKHO C YBEPEHHOCTBIO YTBEPKIAThH, YTO TEOPUs CKPBITHIX [TapaMeTpPOB,
1o KpaifHeii Mepe B ee IMPOCTeiilieil BEPCUU, TTPOTUBOPEUUT IKCIepUMEHTY. U MbI JIOJIZKHBI
[IPU3HATH, YTO B MUKPOMHUPE JIEHCTBUTETHHO MOT'YT PEAIM30BaBaAThCA CMEITAHHbIE COCTOSTHUSA,
HEBO3MOYKHBIE C TOYKU 3peHus Kjaccudeckoit dpusuku. C JIpyroit cCTOpoHbI, CIOpP HU B KOeit
Mepe HeJIb3d CUATATh 3aBEPIIEHHBIM, ITOCKOJILKY ITPUBEPYKEHITHI TEOPUU CKPBLITBIX ITapamMeT-
POB TIPOJIOJIZKAIOT HAXO/INTHh HA BCE HOBBIE JIETAIN W BO3MOXKHOCTH JIJIS IIOCTPOEHUS TOJTHOI
KBaHTOBO-MeXaHn4ecKoil Teopun. [loka ke SICHO TOJIBKO TO, YTO caMble IPOCTHIE BUJIbI TEOPUii

CKDPBITBIX ITapaME€TPOB HE COOTBETCTBYIOT rILeI'/JICTBI/ITGJII:>HOCTI/I.

5.3.5 KormenrareH njim uHble MUPbI?

Buosb IIoaBeIeM HMTOT'HU. Mzur JOJIZKHBI IIpU3HaTb, YTO CBOIICTBA, MHUKPOMUDPa IIPpUHIIUIINAIb-
HO OTJIMYalOTCA OT IIPHUBBIYHBIX HaM CBOIL/'ICTB, N3BECTHBLIX M3 IIOBCECJHEBHOI'O OIIbITa. HO3TOl\ly
1IpKu aHaJIN3€ IIPOIECCOB, IIPOUCXOIAININX Ha MaJIbIX MaCH_ITa6aX, Hallla UHTYUIUA II€EpeCTaeT
p&6OTaTb, 1 MBI OKa3bIBa€MCdA COBEPIIECHHO 6eCHOMOHleIMI/I nepea JIMIOM MHOT'OYHCJIEHHBIX
Ha6JHO,ZLaT€JIbeIX (I)aKTOB. CyMMI/Ip}/H TaKHe YMCTO KBAHTOBBIE CBOICTBa MHKpPOMUDPa, KOTO-

pbl€ MbI 3/I€CH O6CY)K,ZL&JH/I, MOXKHO CKa3aTb, 9TO:
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1. DnemeHTapHbIE YACTHUILI 00/IaIAI0T BHYTPEHHUME CTEIeHIMEH CBOOOIbI. [Ipumepom siB-
JIAETCs CIIUH YaCTHUIIbI, KOTOPBII He CBA3aH C COOCTBEHHBIM BPAIEHUEM YaCTHII, OTHAKO

IpOoABJIAET cebsd KaK UX COOCTBEHHBI MOMEHT UMITYJIbCaA.

2. HepaznmunmocTh 9acTHI] CyIIECTBEHHO MEHSET CTATUCTUYECKHe CBONCTBA KBAHTOBBIX
cucreM. /st 6030HOB (YaCTHUIL C TIEJBIM CIIUHOM) OHU IIPOSIBJISIIOTCS KAK JIOMOJTHUTE b
Hble CHJIbl NPUTSKEHUsI, a (HPePMUOHOB (YACTHI] C MOJIYIEIbIM CIUHOM) — KaK CHJIBI

OTTaJIKUBaHMA.

3. JIuHeiHOCTh KBAHTOBOI MEXaHUKH IIPEJICKA3BIBACT CYIIECTBOBAHUE CMEIIAHHBIX COCTO-
aanit. JIumb B mporecce m3aMepeHns: KBAHTOBas CHCTEMa IIEPEXOJIUT B OJIHO U3 COCTO-
SAHUN C OIpeJIeJIeHHbIMI 3HaUeHUuAMU (usnmdeckux mapameTpon. [Ipu sTom BosHOBas
yHKISI, OMICHIBAOIIAS HECKOJIBKO TaCTHUIl, HEJIOKAJIbHA. JTO O3HATAET, ITO KBAHTOBO-
MeXaHnYeCcKasl CBA3b MEXKJy YaCTUIIAMU He IIPEPBIBACTCH JlazKe B TOM CJIydae, €CJan OHU

HaXOJATCA Ha OY€Hb OOJIBbIINX PaCCTOAHUAX.

[TepBbie fBa MyHKTA MBI y2Ke JOCTATOYHO IOAPOOHO OOCY/IMIN BbIIIE. 3J1€Ch YKe MPUIILIO Bpe-
Ms CJIeJIaTh 3aKJIIOUUTEIbHbIE 3aMeYaHs 00 0COOEHHOCTAX KBAHTOBOI'O OIUCAHUS OJIMHOTHBIX
COOBITHIT, KOTOPBIE B KOHEYHOM CYETEe U CBA3AHBI C CYIIECTBOBAHUEM CMENIAHHBIX COCTOSHUIA,
HEBO3MOKHBIX C KJIACCHYECKON TOYKM 3PEHUS.

Kak yke roBopmsoch, mepBbIil perent, BO3HUKINEH KaK pe3yJbTaT MHOTOJETHUX MYYH-
TeJIbHBIX pa3jayMuil jydmux ¢pusnkos nadasia 20 Beka, ObL1 chopmymupoBan H.Bopom n
B.leiizenbeproMm n HOCUT Ha3BaHUE KOIIEHTAIr€HCKON MHTeplperannu. e ocHOBHBIE MOJIOXKe-
HUSI MOKHO C(POPMYJIMPOBATH CJIEy oM obpa3oM. Bee coObITUsI B MUpE KBAHTOBOM MeXaHU-
KI HOCAT BEPOATHOCTHBIN XapakTep. [Ipm 9ToM, Kak MbI BUjie/IM, OUY€Hb YJIOOHBIM OOBEKTOM,
OTIUCHIBAIONTUM KBAHTOBYIO CUCTEMY, SABJIAETCA BOJTHOBAA (PYHKITUSA, KBAIPAT MOJLY/I KOTOPOA
3aJIaeT pacIpe/ie/ieHie BePOsTHOCTA OOHAPYKEHUS 9TOi caMOil YaCTUILI B TOW MJIM WHOW TOY-
Ke rpocrpancrBa. Hampumep, s1eKTpoHHBIE 00JIaKa, U3ydaeMble B MIKOJHHOM Kypce XUMUU
— 9TO W eCTb paclpeje/ieHue B TPEXMEPHOM IPOCTPAHCTBE KBaJipaTa BOJIHOBON (DyHKIINU,

COOTBETCTBYIOIIEH 3JIEKTPOHY.



134

O tHako ryIaBHAsT OCOOEHHOCTH KOIIEHTareHCKOW WHTEPIIPETAINN 3aK/F0YaeTCs He B BEPO-
SITHOCTHOM NPHUPOJIe OOBEKTOB, KOTOPHIMU OIIEPUPYET KBAHTOBAs MEXaHWKa, & B MOHATUU Ha-
osiosienusi. C TOUKM 3peHUs TOW MHTEPIPETAIINN BCIKOE U3MePEeHre HEOTBPATHMbBIM 00pa3oM
BOzJIelicTBYeT Ha cucTeMy. [[09TOMy B paMKax KOIIEHTareHCKOW WHTEpIIpeTallud B CJIydae CO
IIPEIMHTePCKO KOIIKON (KOTOpasi, KCTaTH, 1 OblIa MPUAyMaHa JJIs WILIFOCTPAINH KOJIIAIICA
BOJIHOBOH (DYHKITMN) HEOJHO3HATHOCTH HAPYIIAETCS B TOT MOMEHT, KOTJIa ITPOYKTHI Pacaia
sJIpa B3aNMOJIEMCTBYIOT € KJIACCUYECKUM JIETEKTOPOM. Beiie/icTBIE 3TOro cucTeMa TepseT CBOU
KBAHTOBBIE CBOMCTBA M CTAHOBUTCS KJIACCHYeCKOil. BmecTo pasmazanHoil BOJTHOBOM (DyHKITUN
y HaOJIIO/IaTe s OKA3bIBAETCA OObITHAA YACTUIA, JIOKAJTU30BAaHHAA B TOUKE PErUCTPAIUU. DTOT
poliece moJIy Y1 Hazsanue peaykiun (on Heiimana, wim koJuiatca BoJHOBOM (dyHKIuu (co-
oTBeTCTBYMOIast pabora Obuia omybiarkoBara B 1932 romy). Bompoc ke 0 TOM, HACKOJIBKO
TOJIOOHBII TIPOIECC peaJsieH, OCTAaeTCd 3a paMKaMU JJaHHON mHTepliperanuu. Hanpumep, ecin
KOJIJTAIIC OCYIIIECTBJIETCS MI'HOBEHHO, TO 3TO TPOTUBOPEYNT IPUHITUITY TPUYUHHOCTH, COTJIACHO
KOTOPOMY BCSIKO€ B3aMMOJIEHICTBUE HE MOYKET PACIIPOCTPAHATHCS OBICTPEe CKOPOCTH CBETA.

Kak MbI BUIiM, KOIIEHTareHCKYI0 NHTEPIIPETAINIO HEJIb3s Ha3BaTh BO BCEM IOC/IEI0BATE b
HOI1, 10 KpaliHell Mepe ¢ TOYKU 3peHUs Halllero MoBceJHEeBHOrO onbiTa. [loaTomy mpeanpunn-
MaJIICh HEOJTHOKPATHBIE MOMBITKA CPOPMYJIMPOBATD JIPYTOil MOIX0JI, B KOTOPOM 3aMeTEHHbIE
110/, KOBEP HeyJI00HBbIE BOIIPOCHI BCE 2Ke ObLIIN B KAKON-TO cTerenn o0bacHeHbl. M 3ech Hanbo-
Jlee TIOMYJIAPHON aJIbTEPHATUBOM CTaJa T.H. MHOI'OMUPOBas MHTEPIpPEeTaIus, IepBYI0 BEPCUIO
KOTOPOil B cBOeil KaHIuIATCKOl muccepranuu B 1957 roay npemoxua X. Dsepert’.

Muoromuposasi maTepnperanus (anria. Many-worlds interpretation) — 510 Takas wHTEp-
nperanus KBaHTOBOI MeXaHUKU, B KOTOPOI IIpejIioJiaraeTcs CylecTBOBaHUE ITapaJliebHbIX
Bcenennbix, B KaxK0#f U3 KOTOPBIX JEHCTBYIOT OJHU U Te YK€ 3aKOHBI IIPUPOJIBI 1 KOTOPBHIM
CBOMCTBEHHBI OJIHU U T€ YK€ MUPOBBIE MTOCTOAHHBIE. [[09TOMY B pamMKax 3TOro mojIxoa mpeo-
Jaraercd, uro ypasuenuio [llpepunarepa yaoBieTBopsieT HEKOTOpas ejuHas (PYHKIUS COCTO-

AHNA IOJId BCEX BCGJIGHHI)IX, KOTOpasd HUKOI'la HE€ HUCIIbITbIBACT HEIAECTEPMHUHNPOBAHHOI'O KOJI-

TlockobKY DBEpeTT IepecTas 3aHUMATHCI TEOPEeTHYECKOH (DU3MKOIl MOC/jae OKOHUAHUS ACIHPAHTYPHI,
JaJibHelIee pa3BUTHE €ro uieil IPOBOIUIIN APYTHe UCCIEIOBATEH, CPEIn KOTOPBIX MOXKHO BBIIEIUTH Bpaiica

HeBurTa.
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jgarca. OJHAKO TPHU 9TOM Ke CUUTAETCs, 9TO BCe 3TU BceejeHHble HAXOIATCS B PA3JIMIHBIX
KBAHTOBBIX cocTogHuAX. [loaToMy B pamMKax MHOTOMHPOBOII MHTEPIIPETAIINA BMECTO KOJIIAIl-
ca BOJIHOBO# (DyHKITUU, KOTOPBIl COIIYTCTBYET U3MEPEHUIO B KOIIEHT'Aar€HCKOW MHTEPIIPETAIINH,
[IpeaoJiaraeTcs, 9To B JICHCTBUTEILHOCTH IIPOIECC U3MEPEHNU COCTOUT B HAPYIICHUN KBAHTO-
BOH CYTIEPIIO3UIINE HECKOJIBKIX (& BO3MOXKHO, U OECKOHETHOIO UNCJIA) COCTOSHUN OJIMHAKOBBIX
HEB3AMMOJICHCTBYIONIUX MeXK 1y cODOil mapaJuie/bHbIX BeeeHHbIX.

B pesynbrare, B paMKax MHOI'OMUPOBOIT MHTEPIPETAIIUN OIBITA CO MIPENHIEPOBCKOM KOIII-
KO# MBI JOJIZKHBI COIVIACUTBHCH C TE€M,, YTO OJHOBPEMEHHO CYIIECTBYIOT JIBE COBEPIIEHHO ONUHA-
KOBBIe BcestleHHbIe, OTIMIAIONIIecs JINIIb TeM, YTO B OJHOW M3 HUX aTOM pachajcsd (M KOIKa
MepTBa), & B JPYroii aToM elle He pachascs (M KOIIKa KuBa). 1.e. oba cocTosgHus aroma (a
TaKyKe JKMBas U MepTBas KOIKa) CYIeCTBYIOT ojHOBpeMeHHO. Korma ke HabirogaTe b or-
KPBIBAET SIMUK, TO OH B3aUMOJEHCTYeT ¢ TAKUM HEOOBITHBIM C TOYKU 3PEHHS KJIACCUIECKOM
dusnKkn pazaBoeHHBIM 0OBLEKTOM, B pe3yJbraTe 4ero o0pasyloTcs JBa COCTOSHUS HAOJIIOA-
TeJsld, COOTBETCTBYIOIINE XKUBOI 1 MEPTBOU KOIIIKE, KOTOPhIE C 9TOI'0 MOMEHTa y2Ke He MOI'yT
B3aUMOJIEHICTBOBATD JIPYT C JipyroM. VHBIMEU cjioBamMu, KOrjia SIUK OTKpbIBaeTcs, Beenennas
pacienisercs Ha JBe pasuble BeesieHnble, B 0JIHOI 13 KOTOPBIX HAOJIIOIATEb BUIUT MEPTBYIO
KOIIKY, & B JIPYI'Oii — YKUBYIO.

[Ipe10KUB IUTATETIO CAMOMY CY/JIUTH, HACKOJIBKO MHOIOMUPOBasg UHTEPIIPETAIUs JIydIle
KOITEHT'ar'eHCKOM, CTOUT OJHAKO MOIEPKHYTH CJe/yIolee BaykKHoe o0CTOTebecTBO. CoryiacHo
KPUTEpUsM HAYIHOCTH, Ji00asi Teopus J0JKHA ObITh mpoBepsieMa. OJIHAKO MHOTOMUPOBAas
UHTEpHpeTalis [IpearoJiaraeT, 4To apaJjule/bHble MUPBI HE B3aUMOJICHCTBYIOT JApPYI C IPYy-
roMm. 3HAYUT, UX CYIIECTBOBAHIE IIPOBEPEHO OBLITH He MOxKeT. [loaToMy cortacHo coBpeMeHHBIM
KPUTEpPUsAM HAYTIHOCTHU JIAHHYIO TUIIOTE3Y MOYKHO OTHOCHTH K HeHaydIHbIM. C JIpyToil CTOPOHBI,
OTMETHUM, YTO MOJIE3HOCTh MHTEPIIPETAIINA MOXKET 00CYKJIAThCs JIUIIb B CBA3M C BO3MOXKHO-
CTBIO €€ YCIIENTHOI'0 UCIOJIb30BaHud. Tak, HAITpuMep, aHajn3 HEKOTOPBIX BOIPOCOB B MHOI'O-
MUPOBOH MHTEPIIPETAINN XOTdA U IIPUBOJAUAT K TeM 2Ke pe3yjabTaraM, 9TO U B JPYIUX CIydadx,
HO SIBJIsIETCS OO0JIee TIPOCTBIM C JIOTHIECKOH TOYKHU 3PEHMA. DTO U O0bICHSIET ee MOy ISIPHOCTh

B HEKOTOPBIX 00JIaCTX HAYKH, OCOOEHHO B KBAHTOBOW KOCMOJIOTHH.
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Wrak, Bonpoc 00 mHTEpIpETAIN KBAHTOBOI MEXaHUKH, IO CYIIECTBY, JI0 CUX HOP OCTAeTCS
OTKpPBITHIM. H¥ KoneHrareHckasi, HI MHOIOMHPOBasl MHTEPIEPTAIlAs He MOTYT IIPETEHI0BATh
Ha T0CJIeI0BaTe/IbHOe 00bsICHEHNE BCEX SABJIEHU, CBA3AHHBIX C KBAHTOBBIME ITporieccamu. [lo-
9TOMY OYEeHb MHOIHE HCCJIe/I0BATEN MPHUIEPKUBaOTC "HuKakoi~ wHTeprperaruun. OHa co-
CTOWUT B TOM, YTO KBAHTOBas MEXaHNKA IPUHITNIINAJIBHO He MOXKET IIPETEHI0BATh Ha OIICAHNE
VH/IUBYUJIYAJILHOIO COOBITUS, & MOYKET OIPEJIeJIUTh JIUIIL €r0 BEePOATHOCTh. "3aMOJIIU U Bbl-
ancsngii”’ (shut up and calculate) — Bor meBu3 910it Toukn 3pennst. U neficTBUTENbHO, €N He
3a/1aBaTh cebe HeyT00HBIX BOIIPOCOB, TO aIlllapaT KBAHTOBOI MEXaHUKHU COBEPITIEHHO JOCTATO-
YeH JIJIs OIMUCAHMS HAOJIIOIAaeMbIX CTATUCTUIEeCKUX ABJIeHni MuKpoMupa. [lo kpaiineit mepe, J10
CUX TIOp HUKAKUX ITPOTHBOPEYUNI MEXKIY TEOPETUIECKUMU MPEJICKA3aHUAMU 1 HAOIOICHI MU
obnapyxkeHo He ObL10. HeTpuBua/ibHOCTD 2Ke, KaK Obl BUJIE/IM, BOSHUKAET JIMIIh TP aHAJI3E
VH/INBUIYAJIBHBIX COOBITHI.

Takum 00pazoM, MPUXOIUTCH UYECTHO MPU3HATHLCS, YTO KBAHTOBas MeXaHUKa eIlle He OT-
KpbLJIa HaM BcexX cBoux Tafta. OIHAKO MOCTEIEeHHO, IIar 3a MaroM, Halle MOHUMAHIE 3aKOHOB
MUKPOMUPA IIPOJI0JIKAET pacmupaThes. [Ipu aTom ceituac HagexK 1a Ha CYIEeCTBEHHOE TPOJIBI-
JKeHMe CBsA3aHa C TEXHOJIOTMYECKUM ITPOIPECCOM, JIOCTUTHYTBIM B MOCJIE/IHEE BPEMsI, KOTOPDIi
MO3BOJIAET MIPOBOAUTEL IKCIEPUMEHTHI, HeBo3MoxkHble erte 10-20 et nazaa. O6 sTom T0BO-
put u cam dakT npucyxjaennst Hobemesckoit npemun no ¢pusuke 3a 2012 rox Cepxky Aporry
(Opannus) u Hdesuny Yaiinnermy (CIIIA), koropeie B cBoux paborax MOKa3ad, YTO 3alpPeT
Ha Hepaspyllainne Ha0oeHnst (KOTaa Mbl HE MOZXKEM OIPEJIEJINTh CBONCTBA KBAHTOBBIX CH-
cTeM, He M3MeHssl UX COCTOSIHWE) BCE YK€ He sBJIsieTcsl (DYH/IAMEHTAJbHBIM M B HEKOTODBIX

cjIydadx €ro MOzKHO oboiiTuH.

5.4 B HeBeagoMblii Mup
5.4.1 KBgBaHTOBasi rpaBuUTaAnus

B saxkJjrouenne 3Toro pa3jgejia XOTEJI0Ch OBl CKa3aThb ele HECKOJIBKO CJIOB OTHOCHUTEJIbHO CJIE-
AYIOIIUX I1aroB, KOTOPbIE ObLIn IpEeAlIPpUHATBI B IIOIIBITKE IIPOABUHYTLCA daJIbIl€ B IIOHHUMAa-

HUM OCHOB KBaHTOBOIO Mupa. [IpekpacHo moHuMas, 4To 3TO TeMa JIjId OTJIEeJIHLHOTO OOJIBIIIOro
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pasrosopal®, MBI ciiesiaeM 371eCh JINITh JBa 3aMevYaHus, KACAIOMINXCS KBAHTOBOM I'DABUTAITHN.
Toumee, MBI TOrOBOPUM O TIPUYUHAX, TIOYEMY OHA JIO CUX IIOP HE ITOCTPOEHA.

Kak 6nu10 nokazano erie va Puc. 11, ata Teopus J1072KHA ONMUCHIBATH MTPOIECCHI, TPOUCXO-
JIAIIe Ha MaciTadax, CPAaBHUMBIX WA JIaKe MEHBINNX, YeM IJIaHKOBCKad JuHa. [losromy
BPsIJT JTH TaKash TEOPHUs CMOXKET UMETh KaKoe-HUOy/Ib MpakTudeckoe npumenenne. OIHAKO BCst
UCTOPUS Pa3BUTUA (PUMKU CBUJETEILCTBYET O TOM, UTO OCO3HAHME I'DAHUIL TPUMEHUMOCTHU
KaxKJI0il TEOPUM JTaBaJId SHEPTUYHBI MUMITYJIbC K PA3BUTUIO HE TOJIBKO 9TON KOHKPETHOM Teo-
pun, HO U BCell (pUBUKU B TEJIOM. 3/1€Ch Ke Pedb UaeT 00 OJIHOI n3 (PyHIaMEeHTAJIBHBIX TPOOJIEM
€CTeCTBO3HAHUS.

OcHoBHAasi TPYJIHOCTh B IIOCTPOEHUU KBAHTOBOI I'DABUTAIMK 3aK/II0YAETCH B TOM, UYTO JIBE
dusmvecKne Teopun, KOTOPbIE OHA MBITAETCA CBA3ATH BOEJNHO, & UMEHHO KBAHTOBAA MEXaHIKA,
u 0o0Ias Teopusi OTHOCUTE/ILHOCTHU, OIUPAIOTCS Ha COBEPIIEHHO Pa3Hble HAOOPHI IMPUHITUIIOB.
Tak, KBAHTOBasI MEXAHUKA OIMCHIBAET BPEMEHHYIO IBOJIONMIO (DU3MUECKUX CUCTeM (HAIPpUMED
ATOMOB WJIM JIEMEHTapHBIX JacTuIll) Ha (oHe BHENIHero npocrpancTBa-spemenn. B OTO xe
BHEIITHET'O MPOCTPAHCTBA-BPEMEHN HET — €ro CBOHCTBA caMU 3apaHee HEM3BECTHBI M JIOJIZK-
HBI OIIPEJIEISAThCA KaK PellleHre IMocTaBIeHHoi 3aaqn. Curyarus ycyryosseTcs ele 1 TeM,
4TO MpPAMBIE KCIIEPUMEHTHI B 00JIACTH KBAHTOBON T'DABUTAIINHU, U3-3a CJIA0OCTH CAMUX TI'Da-
BUTAITMOHHBIX B3aMMOJIEHCTBUII, B HACTOsIEE BpeMs HEBO3MOXKHBI. [loaTomy, B oTinydme ot
caMoil KBAHTOBOI MeXaHUKH, B IOUCKE ITPABUILHONW (POPMYJIUPOBKU KBAHTOBON IDABUTAIIH
MPUXOUTCA OIMPATHCHA TOJIHKO Ha OOIIHE TeOpeTHYeCKue MTPUHITUIIHI.

Hwxke MBI mocTapaemcd TPOKOMMEHTHPOBATH JIBA KJIIOYEBLIX MOMEHTA, KOTOPbIE BO3HU-
KaIOT Ha IIyTU OCTPOEHMs KBAHTOBOI rpasuTanuu. llepsas m3 Hux cBsg3aHa ¢ HEOOXOIUMO-
CTHIO PACCMATPUBATHL ITPOCTPAHCTBO-BPEMS KaK JINCKPETHYIO cpefy. [leficTBUTe/IbHO, KaK MbI
BUJIEIN, OJTHAM M3 KPAEyroJIbHBIX KaMHell, JieXKaluXx B OCHOBAHUU KBAHTOBOI'O MUKPOMUPA,
SIBJIAETCA TPUHITUI JIMCKPETHOCTU. V aTOMHBIE YPOBHM SHEPIrUM, U MACCHI 9JIEMEHTAPHLIX Ya-

CTUIL MOT'YT IIpPUMHUMAaTDL JIMIIb BIIOJIHE OHpG,ZLGJIGHHbeI Ha6op 3HAYEHUIA. H€O6XO,ZLI/IMOCTB 2Ke

18 InTepecyromeMycsl YUTATEIO0 MOYKHO II0COBETOBATE 3aMevaTesbHyio Kaury B. I'puna "DirerantHas Bee-

sennas’, M.: YPCC, 2004



138

ONMCAHUs HA €JMHOM si3bIKe W MAaTePUH, U MIPOCTPAHCTBA-BpeMeHH (KOTOpoe B OOIIel Teo-
pPHUI OTHOCHUTEJIbHOCTH KaK pa3 U OIpeJessieTcsi CBOfiCTBAME MaTepun), Hem3be:KHO Tpebyer
KaKOI'0-TO KBAHTOBAHUs CAMOI'O IpOCTpaHcTBa-BpeMenu. lIpu sTom dusnmyecknii cMbIC Ta-
KOT'O KBaHTOBAHUA JIO CUX TOP abCOIOTHO HEsICEH, U CKOJIb-TUO0 PA3yMHOIO ITPOJIBUKEHUS B
3TOM BOIIPpOCE JI0 CUX IIOp HeT.

Bropas npobiiema — 310 mpobsiema HyJ1eBbIX Kosiebanmii. Kak Mbl BUie/1, KJIIO9eBOit TPUH-
IIUII KBAHTOBOI MEXaHUKM, 8 UMEHHO COOTHOIIIEHIE HEOIIPEIEHEHHOCTel, HeM30e2KHO TPUBOIUT
K TOMY, 9TO OCHOBHO€ COCTOsIHIE JTFOOOTO OCITUJIISITOPa MMeeT HeHyJIeByIo sHepruto. llosromy
MBI BBIHY2KJIEHBI IIPUIIUCATH HEHYJIEBYIO SHEPIUIO U (DU3MIECKOMY BaKyyMy, KOTODBIl 110 CBO-
€My OIIP€/IEJIEHNIO U eCTh COCTOSTHUE ¢ HaUMeHbIIell sHeprueiil. B pe3ysibrare, MOCKOJIbKY CaMO
YHUCJIO PA3JIMIHBIX KoJiebaHuii (busndecKnx moseil (3J1eKTPOMarHUTHBIX, HEATPUHHBIX, BOJIH,
CBSI3aHHBIX C PA3JMYHBIMHU YACTUIIAMU MATEPUH) GECKOHETHO, OECKOHETHON OKA3bIBACTCS U
3HEPIud BaKyyMa.

K cuacTbhio, mOCKOJIBKY Hac OOBITHO MHTEpPECYeT He caMa SHEPTHd, a ee W3MEHEHUe B pe-
3yJIbTaTe KaKOro-HUOY/Ib MPOoIecca, TO BHE paMOK OOIEell TeOPpUU OTHOCUTEILHOCTU C TAKUMU
GeckoHedHoCTsIME yasoch cipasuThes'?. B ITputoxkenun 8.8 pacemorpen T.H. adgpdext Kaszu-
MHUPA, COCTOANINI B TPUTHAXKEHUN OYEHBb OJIN3KO PACIIOJIOXKEHHBIX XOPOIIO MPOBOJIAIIMX TIIa-
ctut. [Ipu 3TOM cuja NpUTAKEHUA CBA3aHA C TEM, YTO IJIACTUHBI U3MEHSIOT CIIEKTDP HYJIEBBIX
KoJiebaHuil BaKyyMa, B PE3y/IbTaTe 4ero pasHocTh (6eckoHeuHbIX!) sHepruii HyseBbIx Kojeba-
HUN 3JIEKTPOMATrHUTHOI'O II0JIS B IPUCYTCTBUU U OTCYTCTBUU ILJIACTUH OKa3bIBaCTCA KOHEYHON
BEJIMYUHO, 3aBUCAIIECH OT pacCTOAHAA MEXKY IJIACTUHAMU.

Onako B paMKax oO0Ileil TeEOPUU OTHOCUTEIHLHOCTH TaKas IPOIEIypa CTAHOBUTCS HEBO3-
MOZKHOI1, TOCKOJIBKY JTI00ast popMa MaTepun (YacTHIIbL, MO ), 06/ IA0NIAast SHEPTUE, TOIK-
Ha IPUBOJIUTH K UCKPUBJICHUIO ITPOCTPAHCTBA. A OeCKOHETHAsT SHEPIUs — K OECKOHEYHO CHUJThb-
HOMY HMCKpHUBJIeHHIO. [0CKOIbKY KpWBU3HA HAIEro Mupa, 0€3yC/IOBHO, KOHEYHA, TO MbI BbI-

HY2KJIEHbI [IPU3HATDH, 9TO (110 KpailHeil Mepe Ha MepBbIil B3MVIsijl) B 9TOM BONPOCE KBAHTOBASI

193a uzo6perenue coorsercryiomeil mpoueaypsl B 1965 romy P. ®eiinvan, C. Tomonara u JIx. IIsunrep

monyamn HobesreBeKyto mpemuro.
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MeXaHUKa 1 00Ias TeOPusi OTHOCUTETbHOCTU TaKzKe HecoBMecTuMbl. OTHAKO, KaK y?Ke TOBO-
pUWIOCh, ObLT HaiiJIeH OYeHb U3LAIIHBIN c11ocod m30eKaTh OECKOHEYHON SHEPruu BaKyyMa, Tak

9TO 3Ta TPYIAHOCTD ObLIA IIpeo10JICHA.

5.4.2 IlpopeiB M.II. BpoHniTeitHa — KBaHTOBbBIU IIpeJiell pa3pernieHns

Briepebie npuHIIMITIAIBHYIO HEBO3MOKHOCTH OMUCHIBATH TPOCTPAHCTBO-BPEMS KaK HEIIPEPHIB-
HYIO Cpejly Ha MacITabax, MeHbIINX IJTAHKOBCKOIo MacinTaba Ax < [lp), e1ie B cepeumHe TPUI-
naThix 1ojoB 20 BeKa 0co3HaJ I Halll Bhlgatomuiics dusuk-reopetuk Marseit [lerposuya Bpon-
mrreiin (1906-1938). Ha necarunernst onepe B cBoe BpeMsi, 91a paboTta chopMyImpoBasia mpo-
Os1eMy, KOTOpas JI0 CHX IOp He HAIlJIa PA3yMHOIO PelIeHud. YIUBUTEJIHLHO, HO PACCYyKICHUS
M.II. Bponmreiina MOT'YT OBITH U3JI0KEHBI Ha ITPO3PATHOM S3BIKE, TO3BOJIAIOINIEM CpPa3y II0-
JIVIUTH IJIAHKOBCKHI MacmiTab Kak HaMMEHBIINH pa3Mep, IIPU KOTOPOM ITPOCTPAHCTBO-BPEMs
ere MOXKHO PacCMaTpuBaTh KaK HelpepbiBHYIO cybcrannuio. Huke Bce omeHKH Jie1aroresd 1o
MOPSAIKY BeJnmauHbl. Eie pa3 mogdepkHeM, 9TO caMi PacCyzKJIeHusi Oy/IyT COBEPIIEHHO aHa-
JIOTHYHBI TeM, KoTopble 1mpoojua M.II. Bponmreiin.

Nrak, mpearmooKuM, ITO Mbl XOTUM U3MEPSITh PACCTOSHUS C TOMOIIBIO 30H1a Macchl M.
[TorsgTHO, YTO y HAC BOBHUKHYT TPYIHOCTH, CBsI3aHHBIE ¢ 3(hheKTaMu KPUBU3HBI TPOCTPAHCTBA~

BPEMEHHU, €CJIM pa3Mep JIeTEKTOpa OyIeT CpaBHUM C PaJInyCOM FOPU30HTA COOBITUI

GM
e~ 2 (220)

IIOCKOJIbKY Ha MacHITabaX HOpPsJKa Ty BOSHUKAIOT PUYUHHO HecBa3aHHble objactu. Hampu-
Mep, CBET He MOXKeT BBINTH 3a IpeJiesibl YUePHON JbIPbHI, PAJUyC KOTOPOI KaK pa3 M 3a/1aeTcCsd
coorrorerneM (216).

Cdopmysmpyem 9T0 yCIoBHE HECKOJIBKO MHade: MpobJjeMa TOpU30HTa (¥, 3HAYUT, pobJie-
Ma HEeIpePBIBHOCTH IIPOCTPAHCTBA-BPEMEHH) BOSHUKHET B TOM CJIydae, eCjid Halpsi?KeHHOCTb
IpaBUTAIMOHHOTO TI01 g ~ GM /1% T.e. yckopenne NpoOGHBIX Tes, BOJIM3M Tejaa Macchl M

HpI/I6JII/IBI/ITCH K KPUTHUYIECKOMY 3HA4Y€HUIO

04

o~ 9221
Jer ™~ Gag (221)
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Wou, aro To ke camoe, 9TO CHUJa, JeHCTBYIOIIAsI Ha 30HI, OY/IeT 110 MOPs/IKY BeJIUINHbI PaBHA,

C4

F~— 222
- (222)

DTa cmta, KOTOpasi, KaK Mbl BHUJINM, €CTh yHUBEpCa/IbHash (DU3MIECcKasl MOCTOSTHHAS, paBHAS

049 SPF/CM, HaCTOJIBKO BeEJIMKa (OHa Ha MHOI'M€ IOPAJIKU IIPpEBbIIIAET CHUJLY

npudIM3UTETHHO 1
npuTszKeHus Mexkry 3emeit u CoJtHIIEM ), YTO €e TPY/HO CPABHUTH ¢ KAKUM JIMOO peasibHbIM
porieccom. [TosTomy cooTBeTCTBYyOMAs 9acTh y camMoro bponrreiina Tak n Ha3biBasach: " Jla-
BaifTe MBICJIEHHO MOIKCIIEpUMEHTHpYeM " .

C zpyroit croponbl, 61arojapst COOTHOIIEHUIO HEOIIPEIE/IEHHOCTE CTpeMIeHne H3MEPUTD
MaJIbIid l\la.CH_IT&6 A.T 3a CHET YMEHbIIEeHUsA pa3Mepa Tejla HEMEIJICHHO IIpUBEACT K IIOABJICHUIO
JocTaToIHO Gostbioro ummyabca MAv ~ h/Ax. Ho, kak u3BecTHO, B 00IIell TEOPUHA OTHO-
CUTEJIbHOCTUH MCTOYHUKOM T'DABUTAIMOHHBIX MOJIEH, KAK M B JIEKTPOMATHETU3ME, SIBJIAIOTCS
HE TOJIbKO MacCChbl, HO M IIOTOKHK MacCcC. HpI/I 9TOM JJAJId OIICHKHN UX BOB,ZLGfICTBI/IH Ha HpO6HbI€
Tes1a YJI00HO BOCIIOJIB30BATbCS N3BECTHON aHaJOrneil ypaBHeHUi DifHIITeliHa ¢ ypaBHEHUSIMI
MakcBeJiia, coriacHO KOTOPOi B CJIaOBIX CTAIIMOHAPHBIX TOJIAX Ha TeJIo Macchl M jieiicTByer
cuia

F:M(g+%xH), (223)
OJIHOCTBIO aHasorndHas cuie Jlopenma. 3pecs H — T.H. rpaBuTOMarauTHOE 10JI€, NCTOYHU-
KOM KOTOPOTO U sIBJISIIOTCS MOTOKU Macc. [Ipu 9ToM, Kak 0Ka3aJi0Ch, 3aKOH, 110 KOTOPOMY OIIpe-
nensgercd noje H, oka3biBaeTcst MOJIHOCTHIO SKBUBaJIEHTHBIM 3akony buo-Casapa-Jlamiaca
Jyig marauTHoro nojis B. Hamnpumep, Kak XopoIo M3BECTHO, MAarHUTHOE I10JIE€ TIPAMOTO TOKA
I = p.vS (p. = Q/V — miaorHOCTH 3apsijia, ¥ — CKOPOCTh YACTHUII, S — MOMEPEYHOE CEUCHUE

HpOBO,ILa) MO2KHO 3alliCaTb B BHUJ/IE
B, = —, (224)

IJIe ') eCTh PACCTOSTHIE OT OcH ITpoBoa. COOTBETCTBEHHO, MACCUBHBIN CTEPXKEHD C IJIOTHOCTHIO
MACCBhI Py, U JBUXKYIIUICA CO CKOPOCThIO V' BJIOJIb CBOell ocu OyJIeT co3/7aBaTh IPABUTOMAT-

HHUTHOE II0JIC

8G 1y,
H,=— 225
p= (225)
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riae Iy, = pnV.S. Ommdme, Kak Mbl BHJIUM, COCTOUT JIUIIh B 3HaKe (OJHOMMEHHBIE 3apsijibl B
IPABUTAIINY TIPUTATUBAIOTCSA) W B IUCICHHOM KO3 buIenTe.

B pesysbrare, nomnbiTka M3MEpUTH MaJible MACIITAObl 30HJI0M Macchbl M, BCIEJICTBHE COOT-
HOIIIEHUS HEOIIPEJIeJIEHHOCTEN, Hen30e2KHO PUBOJIUT K JIBUYKEHUIO 30H1a U, KaK CJIeJICTBHE, K
JIONIOJTHUTETbHOMY CUJIOBOMY BO3JICHICTBHIO Ha ITPOOHBIE TeJia B €ro okpectHoCcTH. [lojcraBiss

Tenephb B IpaBylo 4acTh ypasHenust (221) "tox” maccwl I, ~ pnAv(Ax)?, rie

M
o~ e (226)

oJiydaeM JJIgd I'PaBUTOMAIrHUTHOI'O IIOJIA BOIM3K Tena H ~ GmeAfL’/C

GMAv Gh

H ~ ~ i 227
c(Az)?  ¢(Ax)? (227)
CootrBercrBenHo, jonosnunTesnbaas cuna AF ~ HMAwv/c npunuvaer Bu
Gn’
AF ~ ———. 228
A (Ax)t (228)

CpanuBast Tenepb coorornenus (218) u (224), serko BuJeTh, YTO yCKOPEHHE MPOOHBIX TeJl
BO/IM3M 30H71a OyJeT MeHbIIe ONACHOrO Ipejena JHuib npu Az > lpy, rae lpy = (Gh/c3)Y/?
(104) — nutanKoBCKas JIJIMHA.

Takum 00pa3oM, MbI JEHCTBATEIHHO IIPUXOIUM K BBIBOJY, 9TO IIOIBITKA U3MEPEHUS JJTMH
Ha MaciiTabax, MEeHbBINX [p), 3apaHee oOpeveHa Ha Heydady: J00I 30H, C2KAThIi 0 ILJIaH-
KOBCKHX MacCIITabOB, TAK BO3MYTHUT IIPOCTPAHCTBO-BPEMSI, YTO B HEM BO3HUKHYT OOJIACTH, pas-
JIeJIeHHBIE TOPU30HTOM COOBITHIA. VIHBIME CJIOBaMU, Ha IIAHKOBCKUX MacIITabax o0benHeHre
001Ieli TeOpUN OTHOCUTEIHLHOCTY M KBAHTOBOH MEXaHMKU B PaMKaxX CTaHJIAPTHBIX IIPEJICTAB-

JeHuit o HEIIPEPBIBHOCTU IIPOCTPAaHCTBa-BpEMEHN HEBO3MO2KHO.

5.4.3 CynepcumMmerpusi — o0beimHeHrne PEPMUOHOB U OO30HOB

Kak yzke roBopmioch, BTOPBIM TPY/IHOIPEOIOTUMBIM ITPENSITCTBIEM, BCTABIINM Ha IIyTH T10-
CTPOEHUsI KBAHTOBON I'DaBUTAINN, CTaJIa OeCKOHEYHAs SHEPIHUs HYJIEBbIX KOJIeOaHuii, KoTopas,
KaK Mbl BUJIE/IN, HEM30€KHO BO3BHUKAET B KBAHTOBOW MexaHUKe. B 3ToM Bompoce mpojiBuzKe-
Hue ObLIO JIOCTUTHYTO OJIarojiaps HETPUBUTAJILHOMY OObeIMHeHUIO (PepMUOHOB U OO30HOB,

KOTOpOE MIPJIyYUIO Ha3BaHUe CYyIEePCUMMETPUN.
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[Ipexk e vem coBceM BKpATIEe OOCYIUTH OCHOBHYIO UJIEIO, JIEXKAIILYIO B OCHOBE CYIIEPCUMMET-
PUYHBIX TEOPUil, PACCMOTPUM YK€ OOCYXKJIABIIHUIICA BBIIIE BOIPOC 00 YPOBHAX SHEPTHH JICK-
TPOHA BO BHEIITHEM OJTHOPOTHOM MarHuTHOM 1oJjie. OKa3biBaeTcs, IpuBeIeHHas BbIle (hopMyIa
(96) TpebyeT CyIeCTBEHHOrO yTOYHEHHsI. [1eJ10 B TOM, UTO Ha CAMOM Jiejie Mbl He YUIUThIBAJINI
CIIMH 3JIeKTpoHa. TovuHee — ero coOCTBEHHBbINI MarHUTHBI MOMEHT, IIPUPO/Ia KOTOPOIO TECHO
cBsA3aHa co cuuHOM. Kak MbI BUJie/IM, MarHUTHBIE MOMEHT KBQHTOBBIX YacCTHUI] C Maccoil my,
y/100HO BbIpazkaThb B eJUHHIAX Marnerona Bopa up = eh/2m,c (39). 3aMedaTenbHbIM ke
CBOWCTBOM 3JIEKTPOHOB (KOTOpOE CJiejlyeT W3 PeJSATUBUCTCKOI TeOpuu U, KOTOPOe, K COXKa-
JIEHUIO, TaKyKe HeJIb3s O0bSCHUTH 'HA MAJbIAX') COCTOUT B TOM, UTO, KAK YK€ TOBOPHJIOCH,

MAaTrHATHBIA MOMEHT QJIEKTPOHa B TOYHOCTU PAaBEH Mal'HETOHY Bopa

fe = [B. (229)

B pesysbrare, s TOYHOIO ONPEIEICHUS SHEPIUU 3JIEKTPOHA B MATHUTHOM I0JIE JOCTa-
TOYHO JOOABUTH K dHepruu 3jekTpona (96) momnosnHuTenpHyo BesmunHy 0E = —uB (77),
COOTBETCTBYIOILYIO SHEPIUU B3aUMOJEHCTBUS JTFOOOI0 MArHUTHOTO MOMEHTa fi ¢ MArHHUTHBIM
nosiem B. IlpaBia, 31ech ecTb OMHO CYIIECTBEHHOE OT/IMYUME — KaK W CIIUH, ITPOEKIUsl Mar-
HUTHOI'O MOMEHTa Ha MarHUTHOE T0Jie (& TOJIbKO 9Ta BEeJMYHHA W BXOJUT B OTBeT!) MOXKeT
NPUHUMATH JIMIIh JIBa 3HAaYeHUsl +ug. B mrore, mojiHas SHEPrUs MOXKET ObITh 3allicaHa B

BUIE

£ ( +Ly )h P (230)
n—1\N a We )
577 2

e 0 = +1/2 — 310 Kak pa3 JiBa BO3MOYKHBIX 3HAYEHUSI TPOEKIUU CIIUHA Ha HAIPABJICHUE
MarHUTHOTO TIOJIS.

3/ech mpekjie BCero cjejayer oOpaTUTh BHUMAHME Ha CJIeIyioliee 00CTOsTebCTBO. Kak
nokazano Ha Puc. 20, 6e3 ydera cnuHa 3JIEKTPOHA BCE YPOBHHU SHEPIHU, COOTBETCTBYIOIIHE
[TOIIEPEIHOMY JIBUKEHUIO, OBLIM JIBYKPATHO BBIPOXKJIEHDBI, & SHEPIHs HUKHEI'O COCTOSHUS He
OblIa paBHA HYJIIO. YUYeT YKe B3auMOJEHCTBUS MArHUTHOI'O MOMEHTA 3JIEKTPOHA C BHEITHUM
MAarHATHBIM II0JIEM IIPUBOJIAT K TOMY, UTO SHEPTUSA HUZKHETO YPOBHS OKA3bIBAETCS B TOUYHOCTH

paBHOﬁ HYJIIO. Ha »sTom YPOBHE CHHMaETCA M BBIPOXKJICHHNE; BCE K€ OCTaJIbHblEe YPOBHU IIO
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3ho,

o

2ho,

ho, —

Puc. 20: ¥Yposuu Jlannay 6e3 ydera (caeBa) u ¢ yaerom (crpaBa) CIIMHA J€KTPOHA

IIPpEZKHEMY OCTAIOTCH JIBYKPATHO BBIPOXKIEHHBIMU. B MTOTE, MOYKHO CJeIaTh BBIBOJI, YTO yYeT
depMUOHHOI TTPUPO/IBI SJIEKTPOHOB MO3BOJISIET CHATH OJIHO M3 OCHOBHBIX ITPEIATCTBUI Ha Iy TH
IIOCTPOEHUS KBAHTOBOW I'DABUTAIUN.

Kak okazajioch, Takas "ToHKas TOJIIOHKA He cjydaiiHa. B 3Tom cermenTe HepeIsiTUBUCT-
CKas KBaHTOBAas MexXaHUKa 00J1aJaeT JIOTOJHUTEJIHHOW BHYTpPEHHEl cuMMeTpueil, 1mojmooHoit
TOW, KOTOpasg M JIE)KUT B OCHOBE COBPEMEHHOW TEeOpUU CylepCUMMeTpuu. Brepsble cyrep-
cummMeTputo pe ik B 1973 rogay aBcerpuiickuit dpuszuk 0. Bece n uranbsaacknit husuk
B. Bymuno jyis onmcanus sjiepubix dactuil. Marematudyecknii annapaTt Teopuu ObLT OTKPBIT
emié panbie, B KoHie 1960-x rojos, coperckumu dpusnkamu FO. A. Tonbsdangom u E. I1. JTux-
t™MaHoM. CylepcuMMeTpHst »Ke BIIepBble BO3HUKJIA B KOHTEKCTE BEPCUH TEOPHUH CTPYH, OJTHAKO
asiredbpa CyIepCuMMEeTPHUH [TO3/IHee CTajla YCIENHO UCIOJIb30BAThC U B JIDYIHX 001acTIX (u-
3UKU.

Hanomuanm, arto B cymecrBytoreit cefivac CraHIapTHONR MOJEIN SJ€MEHTAPHBIX YACTHIL
€CTh YeTKOe IPOTHBOIOCTAB/IEHNE MeEK/ly YacTHIAMU MaTepuu U YacTUIIAMM, KOTOpbIE IIe-
peHocaT B3amMmojielicTBre Mexkry HuMu. DyHIaMeHTaIbHble YaCTUIBl MaTepUu — KBAapKH U
JIEITOHBI — SABJIAIOTCA (PepMUOHAMH, T.€. YACTUIIAMU C IOJIYIEJIbIM CIIMHOM, B TO BpeMs Kak
nepeHocurku cut (hoToH, TooHbl, W- 1 Z-9acTuIibl) ABASIOTCS O030HAMH, T.e. YaCTUIIAMU C
neabiM ciHoM. PepMUOHBI 1 OO30HBI Be/LyT cebsi HACTOJIBKO ITO-PAa3HOMY, UTO, Ka3aJI0Ch Obl,
He ObLIO HUKAKOW BO3MOYKHOCTU OOBLEJIUHUTH UX B OJTHO CEMEHCTBO.

O/1HAKO WMEHHO 3TO Y/IAJOCH CIeIaTh B PAMKAX MATEMATHYECKUX TEOPHil, OMHPAOIIIX-

cd Ha WJIEI0 CYNEePCUMMETPUU, T.€. Ha UJIEI0 €JIUHON Nnpupojbl dhepmuonoB n 603onH0B. Kak
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0Ka3aJi0ch, 1 (PepMHUOHBI, 1 OO30HBI MOYKHO PacCMaTPUBATh KaK YaCTU HEKOTOPOI'O €JIMHOIO
ceMeiicTBa, MOy YUBIINEero HadBaHue cynepMyabTuiniera. OTHAKO IS 3TOTO IPHUIILIOCH IPEIIIo-
JIOXKUTh, 9TO BCE 3TU JACTHUIBI 2KUBYT B HE B OOBIYHOM IIPOCTPAHCTBE, & B CYIIEPIIPOCTPAHCTBE
— PaCIIIPEHNH OOBIYHOIO YETHIPEXMEPHOIO IIPOCTPAHCTBA-BPEMEHHU, K KOTOPOMY JI00aBJISIIOT-
Cs1 COBEPINIEHHO HeoObIuHble m3MepeHusi. OKa3bIBAETCs, €C/IM CYIepPMYJIbTUAILIET ITOBEPHYTH B
9TOM CYIEePIPOCTPAHCTBE, TO OO30HBI MOT'YT NPEBPATUTHCA B (DEPMHOHBI U HAOOOPOT. VHBI-
MU CJIOBAMH, MOXKHO IPEJICTABUTH cebe D030HBI U (PEPMUOHBI KaK Pa3Hble MPOEKIINA Ha HAIl
OOBIIHBINT MHUP €JIMHOI0 00bEeKTa, KUBYIIETO B CYIEPIPOCTPAHCTBE.

Koneuno, mojobnass MmaTemMaTndeckas IPOIEIypa He MOXKET ocTaThCd Oe3HakaszaHHOi. B
paMKax TeOpPUU CYyNEePCUMMETPUM MPEJIXOJUTCH TPEJIOJIOKUTh, 9TO Y KaXKJI0M U3 M3eCTHBIX
HaM YacTHI JIOJIKEH CyIlecTBoBaTh cynepuapraep’. IIpm sTom cefidac coBepiiieHHO TOYHO
YCTAHOBJIEHO, UTO HAIIl MUP HE ABJIAETCS CYIIEePCUMMETPUYIHBIM B CMbIC/IE TOYHON CUMMETPHH,
TaK KakK B JIIOOOM CylepCUMMETPUIHON MOJIe/H (hepMUOHBI U OO30HBI, CBA3aHHBIE CYIIEPCUM-
MeTPUIHBIM IIpeoOpa3oBaHueM, JIOJIKHBI 00JIa/laTh OJMHAKOBBIMU Maccoil u 3apsijioM. fcHo,
9TO0 9TO TpeOOBaHNE He BBIIOJIHAETCS JIJIsl U3BECTHRIX B IIpupo/ie dactuil. [Ipemoraraercs, Tem
HE MeHee, YTO TO MOXKET UMEeTh MeCTO IIPHU JOCTATOYHO OOJIBIINX HEPTrusaX. B TakoMm ciydae
JaCTHUIIBI-CyIEPIIAPTHEPHI OOBIYHBIX YaCTHIL J0JKHBI ObITH 00JIee TAXKEJIbIMU 110 CPABHEHUIO C
OOBIIHBIMHU YACTUTIAMU.

[ToHsATHO, YTO MMOUCK CyIIEPIIapTHEPOB OOBITHBIX YACTHUIL CTAJ OJHOI M3 OCHOBHBIX 3a/1ad
COBpeMEeHHOI (bU3UKM BBICOKUX dHEPruil. B 4acTHOCTH, 0XKUIAI0CH, YTO CYIIEPCUMMETPUIHbBIE
JaCTUIBI MOTYT OBITH OTKPBITHI Ha COBPEMEHHBIX yCKOpHuTenax. OIHAKO cepusi SKCIEPUMEH-
TOB, 1poBeieHHbIX B 2011 roy Ha Bosbimom ajgporHOM KOJLTaiijiepe, mokasaJia, YTO OCHOBHBIE
TTOJTIOYKEHUST TEOPUN He HAXOJAAT CBOETO TOJITBEPXKJIEHUS, 110 KpaifHeil Mepe ee B camMoil yIpo-
mennoit Bepcun. [Ipu 9ToM, 0JIHAKO, MOJIyUYeHHbIE PE3Y/IbTATHl HE OIIPOBEPTaloT 60JIee CII0XK-
HbII BapuaHT Teopun. C Ipyroil CTOPOHBI, HE3ABUCUMO OT CYIIECTBOBAHUSI CyIEPCUMMETPUN B
MIPUPOJIe, MaTeMaTUIECKHUI almapaT CylepCUMMETPUIHBIX TeOPUl OKa3bIBAETCS OYEeHb I10JI1e3-
HBIM B CAMBIX Pa3JIMUHBIX O0JlacTsaX busuku. B yacTHOCTH, cyllepcuMMeTpuYHasi KBaHTOBasI

MeXaHHKa ITI03BOJIAET HaXOJUTHb TOYHbLIEC PEHICHH:A BECbMa HETPpHBUAJIbHBIX ypaBHeHI/Iﬁ IUpe—
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quarepa. CynepcuMMeTpusi OKa3bIBAETCsI TOJIE3HON U B HEKOTOPBIX 3a/1a9aX CTaTUCTUIECKON

pusuky.
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6 AcTpodusnmyecKkne IIpPUIOKEHNS

6.1 PaamoacTpoHOMUSI — HpOCTeilIne NPpUMePHI

Mpbr HauHeM o0OCy:KjeHne KBAHTOBBIX sIBJIEHUI, KOTOPbhIE MPOSIBJISIOTCS B PA3JUIHBIX acTPO-
dusmgeckux oObeKTaxX, ¢ pajauojananaszoHa. /lejo Tom, 4To B HacCTOsIIEe BpeMs MeTOJaMu
PaIMOACTPOHOMUHU B CIIEKTPE MHOIUX KOCMUYECKUX MCTOYHUKOB OOHAPYKEHO OOJIbIIOe KOJIU-
9EeCTBO CIEKTPAJbHBIX JJUHUN PA3JIUIHBIX aTOMOB M MOJIEKYJI, U3yYeHE KOTOPBIX 110 Pa3HbIM
IPpUYIHHAM HEBO3MOXKHO B 3eMHBIX JlabopaTopusix. Hampumep, 3T0 ¢BA3aHO ¢ Upe3BbIYAHOMN
pas3peKeHHOCThIO BemecTBa. [loaToMy pajmoacTpoHOMUS JIaeT HAM YHUKAJIHLHYIO BO3MOXKHOCTH
JIJI8 aHAJIM3a JIEMEHTAPHBIX ITPOTIECCOB, U, CJIETOBATEBLHO, JIJIA MOJYIeHUs JIONOTHUTETHHON
nHMOPMAIIIH, CTOJIb HEOOXOUMOM 110/19ac JIjIs ITOJIHOTO TOHUMAHKS PacCMATPUBAEMbBIX sIBJIe-

HUI.

6.1.1 PaamanuoHHble Mepexo/ibl IIPU OOJILIINX N

PaccmoTpum miperkie Bcero crieKTpasibHbIe JIMHAN, BOZHUKAIOIIUE IIPU ITEPEX0/IaX MeXKJIy Bbl-
COKOBOB0OY?K/JIEHHBIMU YPOBHAME aTOMOB C PA3JUIHBIMU [VIABHBIMU KBAHTOBBIMHU YUCJIAMU N.
Takue aToMbl 00pa3yIOTCd B KOCMUYECKON Cpejie B OCHOBHOM B Pe3yJIbTaTe PEKOMOUHAIINH, T.€.
B pe3yJIbTaTe 3axBaTa MOHOM CBOOOJIHOTO 3jieKTpoHa. Kak Ob1/10 ToKa3zaHno B pasjene 4.4.2, npu
n > 1 "paauyc opbuThl” 3/1eKTpoHa B N’ pa3 IpeBblliaeT paauyc Bopa, a dyacToTa U3/IydeHus,
COOTBETCTBYIOMIAsA JIBYM COCeJIHIM YPOBHAM 1 U n— 1 B n? pa3 MeHblIe, YyeM JI/Id JIMHU{ cepuu
JlaiimaHa, B KOTOPBIX IIEpeX0Jl OCyIeTcsieTcsd Ha ypoBenb n = 1. [losromy mpu OoJibIux n
pa3mMep aToma JI0JIZKEH OBITH Topas3 o OoJIbIle, a U3JIydaeMas 4acToTa — ropasjao MeHbIIe, YeM
JIJIsE OOBIMHBIX ATOMOB C 1 ~ 1.

[Toxymaem Terreph, 1eM MOXKeT ObITh OrpaHUYeHa BeJndnHa n. [y 9Toro HaM 1moHa1001Test
COOTHOIIIEHNE HEOIIpe ie/IeHHOCTe sHeprus-spems. JleficTBuTe IbHO, KaK MBI y?K€ OTMEYAJN B
paziene 4.1.3, eciin BpeMs KU3HHU 3JeKTpoHa Atf, HAXOJIAIIErocss Ha HEKOTOPOM yPOBHE, He
6ECKOHEYHO BEJIMKO, TO 9TO JIOJIKHO TIPUBECTH K YITUPEHUIO ypoBHs Ha Beamanny AE ~ h/At.

[TousgTHO, 9ITO €C/im PACCTOSTHUE MEXKTy SHEePreTUIeCKUME yPOBHAMEU OKaxkeTcs MeHbinme A&,
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TO JINCKPETHBIE YPOBHU SHEPIUU BOOOIIE TIEPECTAHYT CYIIECTBOBATD.

Kak okazajioch, TpUYnHON, PENSTCTBYIOINIEH CYIIECTBOBAHUIO ellle 00Jiee BHICOKOBO30Y K-
JIEHHBIX ATOMOB, OKa3aJI0Ch (hOHOBOE PEJINKTOBOE paJonssiydenue. Jlego B ToM, 4TO ¢ yBesn-
YeHUEeM 7, KOIJIa 9aCTOThl COOTBETCTBYIOIINX ITEPEXOJIOB CMEIAIOTCI U3 ONTUYECKON 00J1acTu
B CTOPOHY Pa/IMO/INAIa30Ha, SPKOCTHAA TeMIieparypa (poHa pacTeT ¢ yMEHbIIIEHHEM 9acTOThI.
[To sToit nmpuunbe ¢ yBeJWYeHHEM YPOBHsS BO30YXKJEHHT aTOMa 1 PACTET IJIOTHOCTH KBAaH-
TOB, CIIOCOOHBIX MOHM3UPOBATHL aToM>". OIHOBPEMEHHO ¢ POCTOM 7 YBEeJHMYUBAIOTCS U CeUeHHs]
Takux mepexosioB. CJie10BaTeIbHO, TIPU OOJIBINX N BPeMsI KU3HU aToMa Ha JIAHHOM YPOBHE
CTAHOBUTCS CTOJIb MAJIBIM (& MUpPUHA YPOBHEH CTOJIL GOJIBIIOL), YTO MPOUCKOJUT MEPEKPbI-
THE COCEJIHUX SHepreTudeckux yposueit. [losromy npu mocrarodno GOIBIMTUX N HUKAKHX OT-
JIeJIbHBIX YPOBHEI 3HEprum yzke IpocTo He OyjzeT. B mTore, ObLIO MMOKa3aHO, UTO OT/E/IbHbBIE
SHEPreTUYeCKre YPOBHU MOTYT CyIecToBaTh Jiuiib J10 . ~ 1000. [Ipn Takux n paszmep aroma,
KaK JIEFKO [POBEPUTH, OYIEeT COCTABJATH y2Ke JIOJU MUJUIUMETPA, TaK UYTO aTOM CTAHOBUTCS
BIIOJIHE MaKPOCKOIIMYECKUM OOBEKTOM.

BosmoxkHOCTD HAOJIIO/IEHNST BBICOKOBO30YKJIEHHBIX aTOMOB ¢ 1 ~ 100 ObLIN TeopeTndecKn
npejckaszanbl H.C. Kapaamesoim B 1959 1oy m B TOM Ke ToJly IE€pPEXoJi MeK/ly YPOBHIMU
91 u 90 6bLT OOHapyzKeH Ha paaunoacrpornoMudeckoit cranmun PUMAH B Ilymmbao — Oymymeit
IyIUHCKON pajmoacTponomideckoii oocepsaropun (ITPAO) OMAH. [IpakTtudecku oiHOBpe-
merHo ¢ HabsoenusyMu B PUIAHe nouck pajimosinauii BO30YKICHHOTO BOIOPO/IA TIPOBO/IUIIH
paJIoacTpOHOMBI IJIaBHOI acTpoHoMudeckoii obceparopun (I'’AO) B I[lynkoso. B mae 1964
rojia UM yJIaJI0Ch OOHAPYKUTD elle 60J1ee JTMHHOBOHOBYIO JIMHUIO, U3JTyYaeMYIO BOJIOPOJIOM
npu repexojiax 105 — 104. Hacrora mHIN B COOTBETCTBUU € pacdeTamMu paBHsiach 5763 MI'm
(5.2 em). B asrycre 1964 roga pesyiabrarsl obeux rpyimn Obum JosioxkenbiHa X1 Terepasib-
Hoit Accambitee Mexkayrapogaoro Acrponomudeckoro Coros3a B 'aMOypre n sIBUINCH TTOJTHOIM
HEOXKWJIAHHOCTBIO JIJIf 3apYOEXKHBIX PaIu0acTPOHOMOB, KOTOPbIE TOHAYAIY CKEIITUIEeCKU OT-

HOCWUJIACh K CaMOM BO3MOXKHOCTHU CyHIeCTBOBaHUA TaKHX BI)ICOKOB036y}K,ZL€HHbIX aTOMOB. O,IL—

209TO 3HA4YUT, 9TO 3JIEKTPOH, HOTJIATUBIINI (bOTOH7 HpI/IO6peTeT JIOCTAaTOYHYIO 9HEPIUlo, 9TOOLI 1IoTepATh

CB4A3b C AIPOM.
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Hako yxke B 1965 roay B HarumonasnbHoit pajguoacTponomudeckoit obcepsaropuu B ['pun-Bank
(HPAO, CHIA) B quamnasone 6 cM Oblia 3aperncTpUpoOBaHa JIMHUST BOJOPO/a [IPH TEPEXOIax
mexk iy ypouamu 110 u 109, a B ['apBap/ickom yHuBepcuTere HaOJIOMAIUCH €IEe JIBE JIMHIH
157 — 156 u 159 — 158 (18 cm). 3areM K HCCII€IOBAHUAM PAJIHOJIUHAIT BBICOKOBO30Y 7K JIEHHBIX
ATOMOB — PEKOMOMHAIMOHHBIX PaIUOJIUHUN — MOJIKIIOUMINCH PAJIMOACTPOHOMUYIECKUE TPYII-
bl 13 Jpyrux crpan. B Tabsmie 2 nokaszanbl caMbie BHICOKOBO30YIK/IEHHBIE aTOMBI, KOTOPbIE

ObLIN 3aPErucTpupoBaHbl K HACTOAIIEMY BPEMEHMU.

Ta6smna 2: Habsromaembie BBICOKOBO30Y K I€HHBIE aTOMBI

mepexo/l | JIJINHA BOJIHBI | pasMep aToMa | MeCTO OOHapy KeHUs
767 — 766 20.5 m 0.031 MM Xapbkon, 1990
749 — T47 9.54 m 0.030 MM [Tyruro, 1989
733 — 732 18 m 0.028 MM XapbkoB, 1983
632 — 631 11.5 M 0.021 MM XapbkoB, 1980
566 — 565 8.8 M 0.017 Mm HPAO, 1989
539 — 538 712 M 0.015 MM [Tymuno, 1983
428 — 427 3.56 m 0.010 mm [Tymuno, 1983
301 — 300 1.24 m 4.8 MKM Jxonpen bank, 1978
254 — 253 74.3 cMm 3.4 MKM HPAO, 1967
159 — 158 18.2 eMm 1.3 MM lapsapm, 1966
110 — 109 5.99 cm 0.64 MxMm HPAO, 1965
105 — 104 0.21 em 0.58 MKM [Iynkoso, 1964

91 — 90 3.38 MM 0.43 MKM [Iymwuno, 1964

PekomOunarmontbe (M, Kak UX eIle HA3bIBAIOT, PUJIOEPICKUE) PAJIMOJIHHAN OKA3AIICEH
BecbMa 3 (MEKTUBHBIM CPEJICTBOM B IPOBEJIEHUN acCTPOMDUINIECKUX HCCAEOBAHUN. DTU JIU-
HUW YHUKAJBHBI KaK 110 KOJIMIECTBY MEPEXO/0B, TaK U 1O IMUPUHE JTUala30Ha, B KOTOPOM MO-
ryT HaO/IIO/IATHCs. B 1IKase 3/1eKTPOMArHUTHBIX BOJTH OHHM 3aHMMAIOT OKOJIO 5 MOPSJIKOB, UTO

IIO3BOJIAET HUCCJIEAO0BATH aCTPOHOMHWYIECKUE O6’I)€KTI:;I7 CYLIECTBEHHO OTJIMYaIXOIIUECA 110 CBOUM
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dusnveckuM cpoiicrBam. Hanbosiee oOmibHyI0 nHMOPMAIIMIO OHI JIA0T O MEeXK3Be3HO cpejie,
[JIABHBIM 00pa3oM — 00 o0J1acTsax moHW30BaHHOTO Tasa. Habmromarores takeke jmann He, C
(BILJIOTH J10 TIepexoyia 732 — 731) u Apyrux 3jeMenToB. JacToThl UX JIMHUI MAJIO OTJINIAIOTCSI
OT 9aCTOT BOAOPO/AHBLIX IIE€PEXOI0B. STO O6'b$ICHSIeTCH TeM, 9TO B BbICOKOB036y}K,H€HHOM aTo-
Me OJINH U3 3JIEKTPOHOB PACIIOJIOXKEH JIAJIEKO OT aTOMHOTO OCTATKA U BOCIPUHUMAET ero Kak
TOYEYHBII 3JIEeMEHTAPHbBIN 3apsiJI, PABHbINA 3apsily TpoToHa. CIeKTp TaKoil CUCTeMbl TaK¥Ke BO-
JIOPOJIOTIOIOOHBII, T.€. IMeeT Te YKe PUJI0EProBCKUE YPOBHU SHEPIUU U MIEPEXOJIbI, YTO U ATOM

BOJIOpOia. PasHuIa cocTouT JIMIb B Macce aTOMHOTO OCTaTKA.

6.1.2 JInnug 21 cm

Jurng 21 em (wacrora 1420,40575 MI'1r) obyciioBieHa B3anMOIEHCTBIEM CIIMHOB 9JIEKTPOHA 1
IIPOTOHA B aTOoMe BojJIopojia. [Ipu 3ToM cama sHEprusd u3jrydeHuss MOXKeT ObITh JIETKO OIIeHEeHA.
JleiicTBUTENIBHO, KAK YK€ OTMEYAJIOCh, U 3JIEKTPOH, U IIPOTOH 00J1a1al0T COOCTBEHHBIMU Mar-
HUTHBIME MOMEHTAMU, IIPUYEM MATCHUTHBIH MOMEHT 3JIEKTPOHA B TOYHOCTU PABEH MarHETOHY
Bopa pe = eh/(2mec), a MarHuTHBIE MOMEHT HpOTOHA [, = 2.79 eh/(2m,c). CraegoBarenbHo,
SHEprusl B3aMMOJIEHCTBIsI MAIHTHOIO MOMEHTa 3JIEKTPOHa ¢ MArHUTHBIM moseM B = p,/ad,
CO3/IaBaeMbIM ITPOTOHOM, MOKeT ObITh BHOBb OIleHeHa Kak 0 = —u.B. B pesyibrare, sHep-
rus aToMa BOJIOPO/Ia IIPU HapaJljIeITbHOM PACIOJIOYKEHUH CIIMHOB JIEKTPOHA W IIPOTOHA OY/eT
HECKOJIbKO DOJIbIIE, YeM IIPU aHTHIapaJsieJbHoM. [losToMy pu n3aMeHeHn OpueHTaluu CIimHa
9JIEKTPOHA Ha MPOTHBOIIOJIOXKHYIO aTOM JIOJI?KEH U3JIydIUTh (DOTOH C SHEprueit

2
e me

ad m,

5E ~ 2 % 2.79 (231)

Koneuno, npuse/ieHHBIN BbIle pacder (OH JaeT Jis JUIMHBL BOJHBI 12 cM) He Gojiee deM
rpybas ornenka. B wactHOoCcTH, bopmyra (227) He yUUTBIBAET TOTO, UTO JEKTPOH B aTOME He
UMeeT OIPEJIEJIEHHON OPOUTHI, W MOITOMY KaK MAarHUTHOE IO0Jie TPOTOHA, TAK U PACCTOSTHUE
MEKJIy JacTUIaMu TpedyeT akKKypaTHOI'O yCpeJHeHus. 1eM He MeHee, 10 MOPSJIKY BETUIUHBI
Hallla OT[eHKa OKa3aJlach OJM3Ka K JIefICTBUTETLHOCTH.

B pesynbrate, Habio/ienue JIMHUKA HERTPAILHOTO BOJIOPOA TIO3BOJIUIIO TIOJIYUNUTh YHUKAb-

HYyI0 HH(MOPMAIIMIO O CTPYKTYpe Hatreil ['anaktuku. B gacTHOCTH, MMEHHO UCC/IeIOBAHUS ITOM
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JIMHUY TIOKA3aJ/I1, 9TO 00JIee MOJIOBUHBI MACChl ME2K3BE3THOIO BEIECTBA COCTAB/ISAET HENTPAIb-
HBII BOJIOPO/I. [0 9TOro HUKTO He 1OI03peBaJl, YTO MEXK3BE3/IHAs CPEJIA, IOMUMO Pa3PEKEHHOM
ropsiaeii (1, cae0BaTeIbHO, TPAKTUIECKH TTOJTHOCTHIO HOHU3UPOBAHHON) KOMIOHEHTBI COCTO-
UT TAKXKe W U3 XOJOJIHBIX IJIOTHBIX 00IAKOB HEHTpaJbHOrO BOmopoa. OOHApYKeHNe TaKux
06J1aK0B, Macca KOTOPEIX Hopoil mocturaer 10°Mg), cTamo BO3MOMKHBIM JINIIL OJIArofapsa pa-
JIMOACTPOHOMUU, TIOCKOJIBKY 3Ty KOMIIOHEHTY MOXKHO 3aPErNCTPUPOBATH TOJIBKO 110 U3JTy YEHUIO
B yimann 21 cMm. [Ipu 3TOM 0Kazasioch, 4To OoJIbIast YacTh HEATPATHLHOTO BOJIOPOA COCPEIOTO-
JeHa B O9eHb TOHKOM CJI0€ TOJIMUHON 0KOJ10 220 mapcek B mmockoctu [anmakTuku. Kpome Toro,
aHaJIN3 JIOIJIEPOBCKOI'O CMeIeHnsl JuHAA 21 ¢M B Pas/IMdHbIX dacTdX [aJaKTUKW MO3BOJIUII
U3MEPUTH CKOPOCTH OOJIAKOB HEATPAIBLHOTO BOJIOPOJA OTHOCUTEJHLHO 3eMJIU M, TEM CaMbIM,
TOYHO ONPEJIEUTh CKOPOCTH Bpalnenud Haiel anmaktuku. Hakorerr, ¢ moMOIIbIo 3TO JTUHUN
OBLJIO TOYHO M3MEPEHO U KPACHOe CMEIEHUE JIPYTUX aJIaKTHK.

DTOT pasjiesl XOTeJI0Ch Obl 3aKOHYUTH €Ille OJJHMM HCTOPUYECKHM 3amedaHnueM. Briepsbie
Ha BO3MOXKHOCTb HAOJIIOJIATh KOCMUYecKyto juHuio 21 cM ykazaa B 1944 rojay HukoMy He
M3BECTHBII TOI/a TOJUIAHICKNNA CTYIeHT X. BaH Je XoJcT Ha pykoogumoMm . Qoprom ce-
munape B Jleiijene. ¥ Hac B cTpaHe 9T pacdersl ObLM onyOnkoBanbl B 1949 r., nocse dero
N.C. llIkmoBckuit, BHUMATETLHO POBEPUBIINIL BCE BBIKJIAJIKN, TPUJIOKI HEMAJIO YCUIUI JJTsT
TOro, 9ToObI JIUHUA 21 cM ObLIa OTKPBITA SKCIIEPUMEHTAIbHO. B uTore, emy yianoch yoeanTnb
6yaymiero qupekropa Ilymunckoit obcepsaropun B.B. Burkesuua (remepn obceparopust 3a-
ciryzkeHO HocuT ero mmsi). [lomagany BurkeBuu ropsido B3siics 3a peajmsanuio ‘mpoekrta 21
cM’, OJIHAKO HEOXKUJIAHHO BCe pabOTHI OBLIN IpPEKpaIleHbl. JTO MPOU30ILI0 B Hadajae 1950
rojia, a yxe BecHoit 1951 roma yimnusa 21 cm Obu1a obHapy»keHa B pajinocrekTpe [aiakTukn
ciepsa B CIITA (X. FOsnom u 9. Iapceiiom), a yepe3 HECKOJIBKO HEJIEIb HE3aBUCUMO B AB-
crpaymmu u Lomamun. OopT ke MOTOM, KaK yKe OTMedasoCh, UCIOIb30BAJT 9Ty JTUHUIO IS
ompejie/IeHusT CKOPOCTU BpallieHus ['alak Tuku.

Yro ke B JeficTBUTEILHOCTH TPOU30ILI07 BOT Kak onuchbiBaeT 3Ty HCTOPUIO B CBOMX BOCIIO-

vmaaanax cam W.C. Mkmosekuit?!: Bo epema bankema no cayvao sauumse nexoeti 0okmop-

211. NIxnosckuit. PasyM, :xu3ub, Beenennas. M.: duyc, 1996.
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ckotli duccepmanuu, 20e mu, ¢ B.B. Bumxesuuem 6viau onnonernmamu, Buxmop Bumoavdosuy
yeadun mems padom ¢ coboti Ha duean u ckasan: "IHomnuwn smo deao ¢ 21 em? Xouwewn
3HaMB NPasdy, novemy s npexpamun mozda pabomy? " on nosedan mre nopazumesvHyo uc-
moputo. /leao 6 mom, wmo uspedxa Buxmop Bumoavdosuy bwean wa keapmupe J1./[. Jlanday.
B amom evicoxounmennexmyanvrom dome Burxmop Bumoavdosud 0bviuno cKpomMHo noman-
xusan. Ho odnaostcdv, on paccrasan asmopumemmetiuwemy axademury npo "npoexm 21 cmu
cnpocun muenue JIJ[.Jlanday. Axademur ckasan moeda B.B.Bumkesuuy 6ykearvho caedy-
rowee: "llodymaews — SbUUCAUMSD BEPOAMHOCTVG MAZHUMO-0UNO0AbH020 U3AYywerus! Coom-
gememeywue PopMyab, eCmsb 6 Moell KHuze, U MaKUe GOHUCAEHUS MOHCEM BbINOAHUMD
a1060t cmydenm. Ho omxyda Illxioeckut 634 naomuocms 60dopoda 6 mescasezdnoti cpede?
Imo otce wucmas namonoeusn”. Taxot "peuensuu"ors B.B. Bumkesuua 0Ka3an0CH 8NOAHE
docmamouno. Bcee pabomo. no "npoexmy 21 cm"bviau memedrenno npexpauiensv. — 8eAur Ol
asmopumem Jlanday...

B sakstouenune ormernm, 9o JuHuA 21 ¢M mpejicraBiisieT coboil mpuMep T.H. 3alperieHHOi
JIMHUK. DTO 3HAYKUT, YTO B JIOCTATOYHO ILJIOTHON Cpejie JEKTPOH 3a CYET B3aMMOJEHCTBHS C
JIPYTUMHI YaCTHIIAMU W (POTOHAMHU C ropaszo OoJbIneil BepoATHOCTBIO Oymer mepebpolineH
Ha BbIIIeexkare ypoBHu. [losromy B j1ab0paTOPHBIX YCJIOBUSIX HAOJIOAATH JUHUIO 21 M
IPAKTHIeCKH HeBO3MOXKHO. OJIHAKO B MeK3Be3/HOM (a, 3HAUNT, KpaiiHe pa3pe:KeHHOIl) cpeje
9TOT IIEPEXO/T CTAHOBATCS BO3MOYKHBIM. B pe3ysibrare, HECMOTPS Ha, TO, 9TO B KaXKJIOM OTIEIb-
HOM aTOMe OH IIPOMCXOJUT KpaiiHe PeIKo — B CpejHeM OuH pa3 3a 11 MUJIIHOHOB JieT — B

MacITabax rajJakTUKA MONIIHOCTDb HU3JIyYCHUA HeﬁTpaHbHOFO BOJOPO/La CTaAaHOBUTCA 3aMETHOIA.

6.1.3 BpamiarenbHble YPOBHU MOJIEKY.JI

Eme oinuM BazKHBIM 00BEKTOM PaIMOACTPOHOMUYECKIX MCCJIEIOBAHMI cTaIn MOJIeKyIbl. Ca-
MO UX CYIIECTBOBaHUE B KOCMUYECKOM IIPOCTPAHCTBE, OE3YCJIOBHO, CTAJI0 BAXKHEUIITUM OTKPbI-
THEM COBPeMeHHO# acTpodu3uku. MoKHO cKa3aTh, 4TO ¢ OTKPHITUEM MOJIEKYJI BO3HHUKJIA HO-
Bas OTPac/ib aCTPOHOMUU — XUMUS MEYK3BE3/IHON cpeibl. BrpoueMm, npocreiinne n3 HUX —

nsyxaromuble Mostekyasl CH, CHY, CN — 6blIM OTOMKIECTBIICHBI B MEK3BE3/THOM Ta3e ele
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B 1930-x rogax 1mo Me>K3Be3/IHbIM JIMHUSAM IIOIJIOIIEHUsI B CIIEKTpax 3Be3/l B BuauMoit u Y-
obsactu. OJTHAKO 9THU JIMHUU TPEJCTABIAIOT COOOM MEPEeXO/Ibl MEXK Ty PA3JIUIHBIMU 3JIEKTPOH-
HBIMU cOoCTOSHUAMU MOJieKy/1. C pa3BUTHEM Ke PaIMOaCTPOHOMUU MOSBUIACH BOZMOXKHOCTH
HabJIIO/IATE JIpDYTUe THUIBI MOJIEKYJIAPHBIX TEPEX0JI0B, KOTOPbIE CBA3aHbI C BpallaTe/IbHbIMU
YPOBHSIMU dHEPIUMU.

[eiicTBuTeIbHO, B IPOCTEHIIEM CJIydae JIByXaTOMHOM (MJIM JIMHEHHON) MOJIEKYJIbI MACCHI
M u pazmepa d SHEPTHs BPAIEHUS MOXKET ObIThH 3allCaHa B BUJIE

J2

Erot = 1.
YA

(232)

Baech J, = QI ecTb MOMEHT UMITYJIbCa MOJIEKYJIbL, a I, ~ Md? — ee MomenT unepruu. B gacr-
HOCTH, JIsl JIByXaTOMHOM MosieKy/ibl I, = pd?, tae p = MyMy/(M; + Ms) — npusejennas
Macca.

C napyroit cTOpOHBI, KaK W y JIIOOOH KBAHTOBOH CHCTEMBI, MOMEHT HUMIIYJIbCa J, MOXKET

[IPUHUMATD JIUIITH JTUCKPETHBINH HAOOpP 3HAYEHMUI

Jo = JJ(J + 1), (233)

e J =0,1,2,... IIpu sroM 7151 BpaIaTe/ibHbIX, KAK U JJIsT OOBITHBIX JIEKTPOHHBIX EPEeX0-
JIOB, TpaBmJia oTOopa paspernatoT juiib nepexonsl AJ = +1. [losromy B ciryuae chepudecko-
ro BOJIYKA, y KOTOPOIO BCE TPU MOMEHTa WHEPINH OJMHAKOBBI (IpUMEp — MOJIEKYJIa MeTaHa
CH,), Bpamaresnbhble nepexo/ipl ¢ AJ = 0 Oy/IyT CHIIBHO MOIABJICHBIL.

B urore, 6aromapst 0THOCHTEIBLHO GOJIBITION Macce B 3HaMeHaTeste (228), SHeprun cooTBeT-
CTBYIOIIUX TIEPEXOJIOB MEPeXoJdT B pajuoauanason. Tak, y monekysast CH nepexon J =1 — 0
UMeeT JJIMHY BOJIHBI A = 559 MkM. ¥ OoJiee Tsizkesoit Mosiekysibl CO Jj1s TOTO Ke Iepexojia
A = 2.6 MMm. YV JIMHEHHBIX Ke MOJIEKYJI TUIIa IHaHOoAIeTHIeHoB 1epexod J = 1 — 0 rnomajaer
yKe B JUAIA30H METPOBBIX BOJIH.

BosMoxkHOCTb HaOJIIOIEHIS MEXK3BE3/IHBIX PAJIMOJIMHII ITPOCTEHIITNX JIBYXaTOMHBIX MOJIE-
kyn OH, CH 6wu1a npenckazana .C. [Ikmaosckum B 1949 romy, a ux OTKPBITHAE IIPOU3OIILIO
B 1963 romy B moromiennu Ha done pagmoncrodnnka Cas A (ocTaToK B3pbIBa CBEPXHOBOIL

B co3Besnu Kaccuonen). Ilpu sTom JiyueBsle ckopocTu u podu/in JUHAN ObLIH B COTJIACUH
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¢ Temu ke mapamerpamn juann 21 cm. Takum obpaszom, ObLIO MOKa3aHO, uTo MoJsekysisl OH
(A = 18 cM) JIOKAJIM30BaHbl B TeX ke 00Jrakax, 9To U HedTpasbHbIi Bomopos. 3arem B 1968 ro-
JIy TIOCJI€JIOBAJIM OTKPBITUS BPAIIATEILHBIX PAJIMOIUHUI erre cpa3y Tpex mosekyn: HoO, NHg
n HyCO. Bceero ¢ konmna 1960-x rogoB /10 HACTOAIIErO BpeMeHn 0OHAPY?KEHO HECKOJIBKO COTEH
MOJIEKYJT, HAOJIIO/IAIOCH JIECATKU THICAY CHEKTPAJIBHBIX JTUHUN OT HUX B IMTUPOKOM JIMAIIA30HE
YACTOT, OT JIEIUMETPOBBIX JI0 CYyOMU/IINMETPOBBIX BOJIH. MHOrHe 13 06HaPYKEHHBIX MOJIEKYJT
OTHOCUTEJILHO PEJIKU, TAK UTO UX M3JIydeHue HaDJ/IIONAaeTcsd B OJJHOM-JBYX oO0bekTax. OmHako
HEKOTOpbIe MOJIeKyJbl, BKodast yrnomsayTeie OH, HoO, NH3 u HyCO, a takxke CO, CS u
HCN, HCO™ u ap. o4enb pacipocTpaHeHb, JJerKo Hab/oaioTcs (Kak B Hammeit ['aqakTike, Tak
U B JIPYTUX TAJAKTUKAX) ¥ IIPEJICTABIAIOT COOON MOJIE3HBI MHCTPYMEHT JIJIS MCCJICIOBAHUST
pU3MIECKUX YCJIOBUI B MEXK3BE3THOM Ta3e.

OrmernM, 91O OOJIBITIOE PA3HOOOpPA3We MOJIEKYJI, HANJIEHHBIX B MEXK3BEe3/IHBIX ODJIaKax,
TakKe OBbLIO HEOXKUJIAHHOCTBHIO. PaHee mpejosarajoch, 9T0O MHOTOATOMHBIE MOJIEKYJ/IbI He
MOT'YT 00Pa30BaThCAd U CYIIECTBOBATH JJIUTEILHOE BPEMs B MEXK3BE3JHOW cpeje, T.K. OYyIyT
obicTpo pazpytrenbl Y O-uzmydernem. OTKPBITHE MHOTOYNCIEHHBIX CJIOYKHBIX MOJIEKYJT TTOKa-
3aJ10, YTO B MEXK3BE3/IHOII Cpe/Jie CYIIeCTBYIOT 00JIACTH, TJie MOJIEKYJ/IBI COXPAHSIOTCS JJOBOJIHHO

JIOJITO, U 9ITO eCTh 3PPeKTUBHbIE MEXaHU3MbI UX 00Pa30BaHMUSI.

6.1.4 KocMmuueckue ma3epbl

C MosteKyIaMu, HalJIeHHBIMI B KOCMOCe, CBSI3aHbI €Ille OJ[HU YJUBUTEIbHbIe (1, O€3yCIOBHO,
KBAHTOBbIE) O0BEKTHI. DTO KOCMUYECKIE Ma3epHbIe HCTOYHUKM. KKaK yKe rOBOPHIIOCH, JIMHUH
rupokcuia OH wa jymmae BostHBL 18 cM BrepBbie ObLIM 3apeructpupoBanbl B 1965 roay. [pn
9TOM CBOMCTBA M3/IyYeHHs OKA3aJNUCh CTOJb HEOOBITHBIME, UTO 0 HAYAy WX TaK U Ha3bl-
Basim — "MucrepuyM’. Ha camom ke jiesie npupojia ux maiydenus, (aKTUIECHKH, HUIEM He
OTJIMYAJIACH OT ONTHYECKUX Ja3epos. Pasnuna Oblia Jjiminib B OykBe "M’ — B QHIVIUICKOM CO-
KPAIIEHNN UCIIOIb30BAJIOCH CJIOBO "MUKPOBOJIHOBOI . 3aTeM B 1968 T. OBLIN OTKPBITHI IIEPBHIE
Ma3zepbl Bo Bpamaresbaoii iuann HoO (mymua Bostaer 1.35 em). B ormmawne ot mostekysnsr OH,

rjae MaBeprIfI S(b(beKT nmMeeTr MeCTo B OCHOBHOM BpallaT€/JIbHOM COCTOAHHUHN, B MOJIEKYJIE HQO
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Ma3epHbIe YPOBHU PACIIOJIOXKEHBI BBICOKO HaJl OCHOBHBIM COCTOSHUEM, JIJI KOTOPOTO SHEPIUs
BO30YKIeHud cooTBeTcTBYeT Temieparype 644 K. B jasbueiimnem MazepHoe n3jydeHue BOJIbI
ObLIO Hail/IeHo B 000/I0UKaxX 3Be3]1 Mo31HuX KJaccoB. [Ipu srom uzinydenne HyO-mazepos mc-
[BITBIBAET CUJIBHYIO IEPEMEHHOCTb, MpUYeM sipKocTHasi TeMieparypa (cm. [Tpunoxenne 8.2)
y HanboJjiee MOITHBIX HCTOYHHKOB B 00JIACTAX 3Be3joobpasoBanmsa jocturaer 10'° K. Bceero
JKe ceifvac B Hallleil ['ajakTiKe U COCEIHUX raJIAKTUKAX OTKPBITHI MHOT'HE COTHU KOCMUYECKUX
Masepos. [Ipu aToM MomHOCTh H3aydenus B paguonunun HyO cocrapiger oburano 10271033
spr/c, B manuax OH — 10%-10%3 spr/c, B munun SiO — nopska 102 spr/c, a munun CHzOH
— Bioth 10 10?7 spr/c.

Hanomunm, uto B 50-60 roJibl poIioro Beka, Ha 3ape Pa3BUTUs PAJIMOACTPOHOMUU TP/
[I0JIATAJI0Ch, YTO OCHOBHBIMH OOBEKTaAMU UCCJIEIOBAHUA OYIyT OOBIYHBIE 3BE3JIbI, T.€. UCTOY-
HUKH TEILIOBOIO n3jydenud. [[o3ToMy OCHOBHOI XapaKTepUCTUKOM N3/IydeHust Obliia BIOpaHa
sSipKocTHas Temueparypa Ti,. YJI00CTBO 3/eCh 3aK/II0YaJ0Ch B TOM, YTO, KAK MbI BUJIEJIH, B
00J1acTH HU3KUX YaCTOT C XOPOIIell TOYHOCTHIO MOYKHO I0JIb30BATHCA IMPOCTON ¥ YI00HOM
acumurorukoit Penes-Ixunca P(w) = (w?/47%c?)T (16), koTOpas NO3BOJISIET 10 OJHOMY U3-
MEPEHUIO IIOTHOCTHU MOTOKa P Ha YacTOTe W OIPEJIETUTh TeMIepaTypy TeIIOBOr0 U3JIyde-
nus. B rocsencTsun, mpasjia, cTaIo sICHO, YTO TEIJIOBOE U3JIydeHue He UTPAeT HUKAKON poJin
B OOJIBIMUHCTBE KOCMUYECKUX MCTOYHUKOB, OJJHAKO MEHSITH MPUKUBINHUICSI K TOMY BpPEMEHU
SI3BIK OBLIO Y2Ke MO3JIHO.

B urore, nabsro/ienus rmokazasiu, 9To ApKOCTHAs TEMIEPaTypa HEKOTOPHIX Ma3epPHBIX KOH-
nencanmit MozkeT goxouTh g0 107 K. Ilpm sToM mupnHa JUHUE ObLJIa OY€Hb Maja — BCEro
0.6-3 x['1, T.e. B MUJIJTMOHBI pa3 MeHbIIe, YeM caMa Hecylnas dacrora. [lomobnoe usziryuenue
MOTJIO OBITH CBA3AHO TOJIBKO C KAKUM-TO KOI€PEHTHBIM Mexanu3MoM. lIpumepom Takoro ko-
PEPEHTHOIO U3JIy4YeHUs MOXKET CJIYKUTh T.H. aHTEHHBIH MeXaHU3M, IMPU KOTOPOM B 0ObeMe
MOPS/IKA JIJTMHBI BOJIHBI HAXOJIUTCA MHOT'O M3/IYYaIONINX YacTUIl. B 3ToM ciydae Bce 4acTUIIBI
Oy/IyT U3JIydaTh B OJIHOI U TOII 2Ke hbase, U IOITOMY JIEKTPUIECKOE T10J1e u3ryuenus N dacTulg

Gyaer B N pa3 GoJibliie, YeM U3Jy9eHre OJHON YacTuIbl (P HEKOTEPEHTHOM MEXaHU3Me, KO-
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12 dasza n3IydaeMblX BOJIH CIydaiiHa, CyMMapHas aMILINTY/Ia BOJIHbBI pacteT Kak N/ 222 B
pe3yJibTare, MHTEeHCUBHOCTDb M3JIyUeHUs], IPOIIOPIIMOHAJIBHOE KB IPaTy JIEKTPUIECKOTO I10JIs,
Gyzner B N? pas npeBblIaTh HHTEHCUBHOCTD U3JIyUeHUA OJHON YaCTHILBI.

JIpyruM KOTE€pEeHTHBIM MEXaHU3MOM, TJIe TaKyKe YaCTHUIIbl M3JIyYaloT B OJHON M TOW XKe
ase, gBIETCS MA3ePHBIN MEXaHU3M; OH peau3yercs GJarogapst 30bITOYHOl (110 CPABHEHUTO
¢ pacipegesiernem ['n66ca, cm. [Iputoxkenne 8.3) 3aceleHHOCTBIO BEPXHUX YPOBHE SHEPTUH.
[Ipoxoxsmiass gepe3 Takylo Cpejy BOJIHA, YAaCTOTa KOTOPOIl COBIIaJIaeT C 4acTOTOH Iepexo/ia
MeK/Iy BepHUM ([IepeHACEIeHHbBIM) U KaKUM-HUOY/Ib IPYTUM HUYKHUM YPOBHEM SHEPIHUH, Oy1eT
cOpacbiBaTh YACTHUIILI BHU3 IO JIECTHUIIE SHEPruil, IprodpeTast TeM caMbIM BCe HOBBIE U HOBbLIE
doronbl TOM )Ke HacTOTH U (HA3bl U, 3HAYUT, KONEPEHTHO YCUIMBAACH. 3J1€Ch, KCTATH, KaK
pa3 u nposBigeTcd 0030HHAA NPUPOIAa (POTOHOB — OHU MOTYT HAXOJUTHCA B OJITHOM U TOM 2Ke
KBaHTOBOM COCTOSIHUMU.

Takum obpazoM, raBHas 3ajada Jiid 00bsICHEHUS BO3MOXKHOCTU CYIIECTBOBAHUSA Ma3ep-
HBIX UCTOYHUKOB B KOCMOCE COCTOSJIA B TOM, YTOOBI OObSICHUTH IEePEHACEIEHHOCTh HEKOTOPHIX
YPOBHEll HEPIUU B MOJIEKYJISIDHBIX O0JIaKaX. ITO JEHCTBUTETHHO CTAHOBUTCS BO3MOYKHBIM
3a CYET MOIIHOIO MH(MPAKPACHOTO M3JIyUYEHUs POXKJIAIONIUXCA MaCCUBHBIX 3BE3] B 00JIACTAX

3Be371000pa30BaHUSI.

6.2 KsanToBbie 3¢pdekThI B 3BE31aX
6.2.1 3Be3abl IVIABHOI IOCJeaoBaTeIbLHOCTH — I'aMOBCKUIIT UK

Kak Ternepnb Bce XOpOIIO 3HAIOT, HCTOYHUKOM aKTUBHOCTH 3BE3]l sBJIIETCS sjlepHas SHEPIud.
[Ipu 3TOM OJIMH M3 OCHOBHBIX KAHAJIOB CBA3AH CO CJIEIYIOIEN 1ENOYKON peakIinii, B KOTOPOit

B UTOI'€ 9€ThIPpE IIPOTOHa IIPpEBPAIaOTCA B OHO AP0 I'€JInd

p+p — *D+e" +v,+04MeV, (234)

D+p — *He+v+549MeV, (235)

22Comagenme ¢ dbopmysoit (9) 3mech He caygaitro. [Ipn 6ompmmmx N 6uroMuaIbHOE pactpeaenenne (6) (a

3HAYUT, U pacupejieienue [aycca) MOKHO pACCMATPUBATH KAK PE3YJIbTAT CJIYyYARHOrO OJIy K IaHHUsL.
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*He +°He — *He+ 2p + 12.85MeV. (236)

CkaxkeM cpasy, 9TO IPOIECChl, CBSI3aHHBIE C sJIEPHOI (DUBUKOM, BBIXOJAAT 3a pPaMKU HAIle-
ro pasroopa. OJHAKO B T€OPHUH CTPOEHUS 3Be3][ €CTh MHOI'O JieTaJjeil, KOTOpble IMPEeKPacHO
WLTIOCTPUPYIOT BOIPOCHI, KOTOPBIE MbI OOCY2K/IaJIN BBIIIIE.

[Ipexk e Bcero, HeOOGXOIMMO CKa3aTh HECKOJIBKO CJIOB, KACAIONINXCSA aCTPOHOMUYECKON Ha-
ctu ripodsiembl. Ha Puc. 21 nokazana 3namenuras jguarpammva Leprimnmnpynra-Paccesra, nim 1.1.
JrarpaMMa I1BeT-cBeTuMocTh. Ha Heil 1o BepTuKaJbHON ocu B jrorapudMUYecKoM MaciiTtabe
OTJIOZKEHA CBETHUMOCTb L 3Be3J], a 10 TOPU30HTAJILHON — WX IMOBEPXHOCTHAS TEMIIEPaTypa;
UCTOPUYECKH TeMIlepaTypa PacTeT He CJIeBO HAIpaBo, a ClipaBa HaJieBO. Kak MbI BHIUM, HA
JirarpaMMe 9eTKO BBIJIETIOTCS TPU OCHOBHBIE I'PYIIIBI. JTO T.H. IVIABHAS MOCJIEI0OBATEIHLHOCTD,
a TakzKe 00JIACTh TMTAHTOB U 0OeJIbIX KapJIMKOB, IIPO KOTOPhIE Pedb MONJIET B CJEIYIONEM Pas-
Jieste. 371ech ¥Ke MbI 00CYIUM CBONCTBA 3BE3/1, HAXOISIIUXCSA Ha TJIABHOW TIOC/IeI0BaATE/TbHOCTH.
[Ipu 5TOM TJIABHBIM BOIPOCOM, Ha KOTOPBIN MBI TIOCTAPAEMCS OTBETHTD, OYIET BOIIPOC O TOM,
[I0YeMy CBETUMOCTDH 3B€3/l IVIABHO I0CJI€/IOBATEIbLHOCTA OCTAETCS HEM3MEHHOI Ha IPOTKe-
HUW [TPAKTUYECKU BCEl YKU3HU 3BE3/IBI.

Bemomunm 1t Hadgasia, 9To 1o ompejesieHnto 3Be3a (Macca M, pagnyc R, xapakTepHast
BHYTpeHsis Temreparypa 1) ecTh ra3oBbIil MIap, HAXOSIIUICA B COCTOSHUN THIPOITHAMUIE-
CKOTO paBHOBECHsl. DTO 3HAUNT, UTO Cuibl rpaButarmn Fy ~ GM?/R? ypaBHOBEIHBAIOTCH
cuIaM# ra30BOIo JlaBjeHus Fy =~ PR?. 3necy P = nyl ecTb nasienue, a n, — KOHIEHTpa-
nus vactuil. VHorma Jijis orleHKH ObIBaeT yjobHee CPaBHUTL HE CHJIbI, & IPABUTAIIMOHHYIO U

TEIIJIOBYIO SHEPI'Uuu. BHpO‘IeM, n B TOM U B APpyroM cCjiydae MOXKHO 3alliCaTb
(237)

rae N ~ M/m, — nojnoe KOJMIECTBO YaCTUIL B 3Be3/ie (3/1eCh MbI yUJIH, ITO 3BE3/[bI [JIABHOIL
HOC/IEIOBATEILHOCTU COCTOSIT B OCHOHOM U3 BOJIOPOJIA).

Ha nepsbiit B3misiy, K ypaBaenuto (233) MoxKHO 6bLI0 Obl J00aBUThH ypasHeHue (22)

L = 4t R*osp Ty (238)
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Temnepatypa (K)

30,000 10,000 5000 3000

-10 * 1 | I 1 | 1

5k 10,000
abcontoTHa
3Be3£|.-IHaT;|H i Ir 100
BeNVUMHE CBETUMOCTb

(L/LL)

+5 |- 1.0

+10 0.01

+15

0 B A F G K M
crneKkTpanbHbIN Knacc

Puc. 21: Inarpamma ['eprimmpynra-Pacceita.

OnHako B 9TOM ypaBHeHHH HabJrrojiaeMasi SpKOCTHasi TeMieparypa 3Be3nl 11, (masa CostHia
s10 ipumepro 6 000 K) ectb moBepxHOCTHAS TeMIepaTypa, KOTOpast BCeria MHOI'O MEHbIIIE Xa-
PaKTEpHON JJIs BHYTPEHHHUX obsacTeil 38e31 Temueparypsl 1 ~ 107 K. VMenno sTa nocsems
BeJINUNHA 110 CMBICITY ¥ JIOJIZKHA CTOATh B ypaBHenuu (234). [losromy remmeparypa T}, B jeii-
CTBUTEJILHOCTH CaMa, ITOJICTPANBAETCS TaKUM 00pa3oM, YTOOBI CBETUMOCTD L COOTBETCTBOBAJIA
[TOJTHOMY HEPTOBBIJICJIEHUIO 3BE3/IbI.

Kaszasoch Ob1, sHEprOBBIJEIEHNE L JIOJIZKHO OUPEIe/IAThCA CKOPOCTHIO IMPOTEKAHUS 1eP-
HBIX peakimii. Tem He MeHee, 9TO coBepileHHO He Tak! Kak okas3ajgoch, CBETUMOCTH 3BE3/I
IVIABHOM TI0CJIEI0BATEILHOCTH OIPEJIEISIeTCs TPO3PATHOCTHIO UX HeJp. JIuimb B 3TOM ciydae
CKOPOCTH peaknuii (231) TakxkKe MOXKeT MOJCTPOUTHLCS TaKUM 00Pa3oM, 4TOObI CBETUMOCTD
3BE3/1 TJIABHOM IOC/IEI0OBATEIbHOCTH OCTABAJIACH TPAKTUIECKH ITOCTOSTHHOI.

YT06bI TI0Ka3aTh 9TO, BHOBL BOCHOJIb3YeMCsl COOTHOIIeHreM (22), OJIHAKO He JIJIS OBEepPX-
HOCTHU 3Be3JIbl, a Ji/Isi HEKOTOpOil cdepbl pajimyca r BHyTpu Hee. Eciaum pajguyc 31oit cdepbl
oosbire ipumepro 0.1 R — pajnyca objiacTu, riie COOCTBEHHO U ITPOUCXOIAT sIJIEPHBIE peak-

1, To MoToK L 1epes 3Ty cdepy Oyer oquHakoB s Beex . OiHako ectu 661 HaOI0IaTe h
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MOI' OKa3aThCs BHYTPH 3B€3JIbI, OH Obl, KOHETHO »Ke, OOHAPYKUJI, UTO U3JIyUeHNe UJIeT IIpaK-
TUYIECKH U30TPOITHO CO BCeX CTOpPOH. [loaToMy B oT/imume OT MOBEPXHOCTH 3BE3IbI, BHYTPHU
3Be3/bl IOTOK L Oyier pasHuneil IByX IIOTOKOB Ly, U L4, HAyIIUX U3 BHYTPEHHHUX obJacTeit
Hapy:Ky 1 U3 BHENIHUX 00JIacTell 110 HAIIPpaBJIEHUIO K IEHTPY.

Bocnonb3oBasimces Terneps cooTHOMEHnEM (22), MOXKHO 3aIliCaTh
L = 4nr?osp(Ty — T}, (239)

riae Ty = T(r —or) u Ty = T'(r + 0r) ecTb TeMIEpaTyphl ABYX CJIOEB UyTh HUZXKE U UYTh BBIIIE
cepnl paguyca r. Ilpu sTom cioBa "ayTh BbIe” n "yTh HUZKE' OYJIYT ONPENEIAThCA XapaK-

TEePHOIT AInHOI pobera poToHA 01, KOTOpas MOXKeT OBITH OIEHEHA U3 IIPOCTOTO COOTHOIITEHUS

1

)
OTMNe

or =

(240)

rie or = (87/3)r2 &~ 6.65 x 107 cM ectb TOMCcOHOBCKOe ceuenne (cum. Ilpusoxenue 8.6).
J1J151 TOpSIYNX 3BE3J1 IIABHOIT [0CJI€/I0BATEILHOCTH 9TO MPUOJINZKEHNE OKA3BIBAETCS JJOCTATOTHO
XOPOIIIHM.

Ouenusast Tenepn pasnocts Ty — T} kax 473 (dT/dr)dr n samensis (B KauecTse, Ge3yCI0BHO,

oveHb rpy0oii onenkn) npoussonyo d1'/dr Ha orHomenue T/ R, moaydaem

3272 oSy RATH

L~
3 orT M

(241)

3/1ecb MbI BHOBb YU/IH, UTO 3B€3J@ B OCHOBHOM COCTOUT W3 BOJIOPOJA, U MOITOMY KOHIIEH-
TpaIlysi JIEKTPOHOB COBIAJIAET C KOHIEeHTparueil mporoHnos. [Tockosbky xe coryacuo (233),

npoussejienre R 3aBUCHAT JIUITbL OT MAcChl 3Be3/ibl M, TIoJIydaeM B UTOTe

64 2 G4 5
L~ 3” USBUTmp ME, (242)

Takum 06pazom, MbI IPUXOAUM K 3aMevdaTeTbHOMY BBIBOJLY, UTO JIjIsl 3B€3/I IVIABHOMW ITOC/IE/I0-
BATEJIbHOCTH UX CBETUMOCTDL OIpEIeIIeTCs JINIb UX Maccoil. KoHevuHo, s KoJTmIecTBEHHBIX
oreHOK opmysoii (238) MOIB30BATHCS HEJIb3sT — CJIUIIKOM TPYOBIMU ObLIN MPUOJIMZKEHNS,
KOTOpBIe MBI ciesasn 1o jopore. OHaKO, Kak rokasaHo Ha Puc. 22, 3akon L oc M3, KoTopsril
* 9 * 9 9
MOZKHO 3aIIMCaTh B BHUIE
3
M

O]
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CBETUMOCTb 2
(lgL/L.)

-1.0 0.0 1.0 1g M/M,

Puc. 22: BaBucumocTb cBeTuMOCTH 3B€3J1bI L 0T Macchl 3Be3161 M.

Ka4eCTBEHHO JIOCTATOYHO XOPOIIO BbIIIOJHSETCS.

[lepeiinem Terephb K IVIABHOM TeMe 3TOrO pasjiejia U MOCTapaeMcs HMOHATH, IOYeMY CKO-
POCTBb MPOTEKAHUS SAJIEPHBIX PeaKInil B 3B€3/aX OKA3bIBAETCA B TOYHOCTU TAKOI, YTOOBI CBe-
TUMOCTB 3Be€3/[bl YI0BJIEeTBOpsiia cooTHommennto (239). Huzke MbI Jisi TPOCTOTHI pACCMOTPUM
JMIIb 1epByo peakimio (230), a UMEHHO pPeakIuIo CJAUAHUsI JBYX HPOTOHOB. s GoJee ke
TAYKEJBIX siJiep B (DOPMYJIbI HY?KHO OY/IyT JIOOABUTDH JIUIIB JONOJTHUTEIbHBIE (PAaKTOPBI £1Ls,
CBsI3aHHBIE C 3aPsJIOM sJIEP, & TaKKe 3aMEeHUTh MacChl IPOTOHOB Ha IIPUBEJIEHHBIE MAaCChI.

Nrak, paccMOTpUM OJIMH M3 KJIFOYEBBIX IPOIECCOB B HEJpaxX 3BE3J[ — IPOIECC CIAUAHUIA
JIByX IIPOTOHOB B OJIHO 1po jeiirepusd. [lorenrman B3anMoieiicTBus IBYX ITPOTOHOB ITOKA3aH
na Puc. 23. Ha paccrosgumsax, MHOro OGOJIBIIMX pajinyca JeHCTBUS SJIEPHBIX CHJI ' < TN ~
10713 cM Ha 9aCTHIB! JEHCTBYIOT JIMIIL CHJIBI 3JIEKTPOCTATHIECKOTO OTTAIKHBAHUA, TaK UTO
MOTEHIMAJ X B3aUMOJICHCTBHSI ¢ XOPOIIel TOUHOCTBIO MOZKeT ObITh 3anucan Kak U(r) = €2 /r.
[Ipn Menbmmx pajmycax r < Ty BCTYHAIOT B JIEWCTHE siJIEPHbIE CHJIBL, W CUJI& OTTAJKIBAHUSI
PE3KO CMeHsieTcd Ha CUJTy NpuTdkenusd. PakTu4decku, 1omas B 00J1acTh 1 < 'y, IIPOTOHBI y2Ke
HEe YYBCTBYIOT JIEKTPUUECKOE TI0JIE COCeJIa U CBOOOJIHO CIUBAIOTCS B SAJIPO JIeHTepus.

Takum 00pazoM, ¢ KJIACCUIECKON TOYKU 3PEHUs JIJIs ITPEOI0IeHUs IOTEHIINAIBLHOTO KYJIO-
HOBCKOT'O Oapbepa CymMMapHas HEPrud JIByX ITPOTOHOB JIOJIXKHA Obla Obl IIPEBBIMATD BEJIN-

YUHY
2

Ex~ S ~ 1000 keV. (244)

N
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2 T l' T l' T l T ] T ‘l' T
I p-p |
1~ Kynonosckoe ottankusanue( 1/r) -1
7
~ 0
m
m
=
- L ]
—
ot
LR o
=l -
_____ - CBsizaHHOe cocTosiHve fenTepusi —2.22 MaB
I — my6okas noteHumansHas sima (npumepHo —30 MaB) i
-3 £ Yy | , | . I . 1 . I .
0 2 4 6 8 10 12
r (dwm)

Puc. 23: [lorennmas B3amMojeiicTBus JABYX IPOTOHOB. PaccTosiHre 1Mo ropu3oHTaIbHON OCH

BeIpazkeHo B pemromerpax (10719 )

O nako 9Ta 9HEpPrusi 3HAYUTEHHO MPEBBLINIAET CPEIHIOI SHEPIHIO YaCTHIL Mopsjaka 1 k3B,
6 it it T ~ 107 K

XapaKTEPHYIO /I BHYTPEHHUX 00JIacTell 3Be3]] ¢ TeMIIEPaTypOit . i TensioBoro

(MakcBeJJIOBCKOTO) pacipejieierust ducao dactutl Ny, uMenomux suepruio € > T, Moxer

OBITH 3AIIMCAHO B 153491 (§]

N, ~ N exp (—;) , (245)

rie N — nosnoe unciio gactuil. [Tockonbky exp(—500) ~ 107217

, TO 9aCTHI] C TAKUMH SHEPTUSI-
mu OyJieT perebpekuMo MaJsio (Tounee, ux He 6yjier BooobIe). [loaroMy ¢ KJIaCCHIeCKON TOUKH
3peHmus IIPOIIECC CANSHUA JABYX IPOTOHOB B Apo jefiTepus npu Temieparypax 1 ~ 107 K 3a-
nperien. O HAKO, KaK OBLJIO TOKA3aHO BO BTOpOil [J1aBe, B KBAHTOBOI MeXaHWKE BO3MOXKHO
TYHHEJIMPOBaHNE KBAHTOBBIX YACTUI] CKBO3b MOTEHIUAJILHBIN 6apbep. DTO MPOIECC U MO3BO-
JIIeT JIByM IIPOTOHAM CJIMBATHCS C JIOCTATOYHO OOJIBITION BEPOATHOCTHIO.

K coxkaJsienuio, it KOJMYECTBEHHOI'O OIPEJIC/IEHUA BEPOATHOCTH TTPOXOKIEHUSA Wiy, BbI-

pazxKeEHeHue (101) HE I'OJUTCA, ITOCKOJIBKY OHO OBLIIO IIOJIY9€EHO JIJIA IOCTOSIHHOII BBICOTHI IIO-

TEHIINaJIbHOI'O 6apbepa U. ,HJIH TOYHOI'O 2K€ pacCde€Ta HY2KHO BBbIIIOJIHUTL HMHTEI'PUPOBaHUE
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frﬁl \/2m[U(r) — E]dr. Tem He MeHee, ecyiu OIEHUTH JIMHY TOTEHIMAILHOIO 6apbepa L B BbI-

paxxenun (101) kak

62

L~ — 24
- (246)

(T.e. mpenebpednb MasIoit 061acTho 1Ny <K L BOIM3HM MaJIbIX 1), & BMecTo BesnauHbl 1/ 2m(U — &)
[OJIOKUTH ee 3HaueHne B Touke r = L/2 (410 jgaer 1o mopsaiaKy BesuduHbl vmE), MOKHO

HOJIquTb B UTOIe
Ea

< (247)

Wiyn = Arexp [ —

Baecs &g & (€/Tic) mpc? a A i
Jech Eg ~ (e*/he)” myc® a A) — HekoTOpasi BeJIMYNHA, 3aBHCHMOCTBIO KOTOPOil OT SHEpIuu

& moxno npeneOpedb. Tounblil ke pacuer jiaer

2\ 2

£ = ;— mypc?. (248)
C

Kak wmbr BugmmM, sueprus Eg ~ 490 k3B npakrtuuecku copmazaer ¢ sHeprueit En/2 ~
500 k3B (240), KOTOPYIO HY?KHO MMETh KarKJION JacTHIe, YTOOBI IIPEOI0JIETh TOTeHITNATLHBII
bapbep. OHaKO Tereph, Kak MoKa3aHO Ha Puc. 23, 9T00bI MPOHUKHYTH B 00J1aCTH T < TN,
IIPOTOHAM COBCEM He 00sI3aTe/IbHO mMeTh sHepruio mopsijaka H00 ka3B. dAnepuble pearun Oyer
IIPOUCXOJIUTh U IIPHU Topas3/lo MeHbINX sHeprusx. [Ipm sTom BakHeiiliee CBOMCTBO Iporecca
TYHHEJTUPOBAHUSA COCTOUT B TOM, UTO CKOPOCTb PEAKIIUU CJAUSIHUS OKA3bIBACTCH UPE3BbIYAITHO
YYyBCTBUTE/ILHON K TeMIepaType 3Be3HBIX HeJIp.

Heiicteuresbro, dopmyna (243) onpejessier 3aBUCUMOCTH BEPOSITHOCTH TYHHETMPOBAHUST
Weyn OT SHEprun &£ JMIb it ofHON dacTuilbl. CKOpocTh ke peakiuu S (T.e. KOJIUIECTBO
CJIMSTHUT B €JIMHUILY BPEMEHN ) Oy/IeT 3aBUCETH eIlle U OT KOJMIECTBA YaCTHII, 0018/ Iaf0IINX STOI
sneprueit. [lockobKy 2Ke 17151 MaKCBEJIJIOBCKOT'O pacipejie/leHus YUCJIO YacTHIl C SHEPTUIMU

& > T uponoprmonansao exp(—E&/T'), To CKOPOCTh Peakiuu S MOKET ObITH 3alCaHa B BH/JIE

S =Asexp | — %} exp <—%> , (249)

rJge IIepBad IKCIIOHEHTa OIIMCbhIBaET BEPOATHOCTL TYHEJ/IJIMPOBaHHA, a BTOpPpasd — KOJUYIECCTBO
YJaCTHUIL Ha XBOCTE (bYHKHI/H/I pacipeaesIicHsd. Yro ke Kacaercs IPEIRDKCIIOHEHIINAJIBHOTO MHO-

xuresst Ay, 1o jyist £ >3 T ee TakzKe MOXKHO CUUTATH HE3aBUCUMOI OT sHeprun (mposepbre!).



162

-
]

e ot e
(=] (=] (=
Q|.|<11111rl—!l|||r|l|||I.|Irl1-T

e
kS

o
b

bt
o

&/T &/T

Puc. 24: TamoBckuii MK — y3kast 00/1acTh BOIM3U SHEpruu ), ONPEIEISIONas CKOPOCTh pe-
aknuu cyugausi 1poToHoB S(E) (245). OTyesbHO TTOKa3aHbI MAKCBEIOBCKOE PACIIPE/Ie/IeHIe
N, (241) (meBast KpuBasi) U BEpOSATHOCTH TYHHEJIUPOBAHUS Wiy, (243). Ilpn masom m3mene-
HUU MaKCBEJJIOBCKOIO PACIpeJiesieHns (IITPUXOBast JIMHUS) MPOUCXOJUT CUJIbHOE M3MEHEHUE

CKOPOCTHU peaKIInu.

B pesynbrare, kak mokazano Ha Puc. 24, cKOpOCTb peakIuu CJIUAHHS MPOTOHOB OY/IyT
OIIPEJIE/ISATh JIUIIL T€ YACTUIILI, SHEPIUU KOTOPBIX HAXOJATCHA B Y3KOIl 00JIacTh BOJU3H SHED-
run &;. 9TO W €CTh 3HAMEHHUTBIN TaMOBCKHII MK, OIPEIETIONINii 00/1acTh SHEPIUii, IPH KO-
TOPBIX ITPOUCXOINT 3Be3/IHBbIN HyK/eocnaTe3. OH HAa3BaH B U€CTh HAIIETO 3aMeYaTeIbHOTO CO-
orevyectBennnka [ A.lamosa (1904-1968), amepukanckoro ¢dpusmka, Ubs OJECTIIIAS HAYTHAST
Kapbepa HaunmHasach B Poccun Bmecte c JI. 1. JIanay.

B wrore, kak Jjierko BujeThb, npu OOJBIIUX SHEPTUAX £ > & UUCIO0 IACTUI[ HA XBOCTE
MAaKCBEJIJIOBCKOI'O pacipejiesienust OyJIeT CJUIIKOM MAJIO, & JJIs YACTHUI] C MEHbIINMU SHePrUsi-
MU TIOTEHINAIbHBI 6apbep Oy/eT cJnImKOM BbICOK. [Ipu aroM cama sHeprust Makcumyma, (ee
TakKe OOBIMHO HA3bIBAIOT dHeprueil ['aMoBa, XoTd mepBoHAYAILHO STUM TEPMUHOM 0003HAYA~

JIach BEJINIUHA, 8G23) MOKeT OBITH JIETKO OllpejiesieHa Kak 3a/ia4a Ha HaXO0XKIeHNe MaKCHMyMa

2331ble A3BIKK TOBOPAT, YTO caM L'aMOB He CMOI BBEIYUC/IUTL STOT HHTETPAT U OOPATHIICH 33 KOHCYJIbTallied

K 3HAaKOMBbIM.
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dbyuxim S = S(E), uro gaer

& T2 1/3
Eo=[=5 . (250)
4
COOTBGTCTBGHHO, CKOPOCTDb PCaKIInMU MOZKET OBITH 3aIIICAHa, B BUuIe
3 SG 1/3
5(50) = SO €xXp —M (?) s (251)

rjie Sy — HEKOTOpas MOCTOSHHAA.

Kaxk Mbl BHIIM, TIpOcTeiinmuii BapuaHT pacdera (Ipu KOTOPOM Mbl, HAIIPUMED, He YIUThIBa-
JIM 3aBUCHMOCTH TPEISKCIIOHEHIINATIBHOIO MHOKUTEIIS OT SHEPIUH) JIOCTATOTHO SJIEMEHTAPEH.
Tem ne MeHee, OH I103BOJIAET IIPABUJILHO OLUCATHh OCHOBHBIE XapaKTEPUCTUKHU IIpollecca CJIU-
AHUA IPOTOHOB. IIpexkiie Bcero, orMeTuM, 4TO JJjIfg XapaKTePHBIX YCJIOBHUIl B IIEHTPaX 3Be3/l
sueprust & (246) 3amerno Gosbie cpeneil sneprun dacrur 1. Tak, st BHyTpeHHUX 00J1a-
creit Conana (T & 1.5 k9B) okassiBaercs, uro & ~ 4.3 T. Kak 6bL10 1nokaszano nepsoii [ase,
JIISL TAYCCOBBIX PacIIpeIe/ICHNA TaKoe IPEBBIIIEHNE y2Ke MOXKHO CINTATh 04eHb OosbmuM. [lo-
9TOMY, KaK MBI U IIPeJIoJarajn, OCHOBHYIO POJIb B IIPOIlECCe CIMAHUSA OyJyT UIDaTh JIAIIb
O4YeHb HeOOJIbIIas YaCTh IPOTOHOB, YbH SHEPIUH HAXOJATCS HA XBOCTE MaKCBEJIJIOBCKOI'O pac-
upejesieand. VIMeHHO osTOMYy fA/iepHble peaKluu B 3Be3/1aX He UMEIOT B3PBIBHOI'O XapaKTepa.

C 1pyroit CTOPOHBI, KOJIMYECTBO YaCTUI B 3TOH 00J1aCTH SHEPruil, KaK Mbl yzKe BUJE/IN Ha
IpuMepe pacipejesieHus laycca, 09eHb TyBCTBUTEIBHO K ITapAMETPY O, OLPee IAIoNeMy -
puHy pacupejienenud. B nannom cirydae — K Temieparype. labiMu ciioBaMu, Majioe n3MeHeHue
TemIiiepaTyphl (mTpuxoBas juHAs Ha Puc. 24) 6y/eT TpUBOIUTH K OOJIBITOMY U3MEHEHUIO TUC-
na B3anmojeiicTeyronux dactul. C stum abdexrom, hakTUIeCKH, U CBI3aHA BO3MOXKHOCTD
TOHKOH IIOJICTPOIKK cKOpocTeil peakiuin. /leificTBUTe/IbHO, IPH HEOOJIBIIOM YBEJIMYEHUN TEM-
HepaTypbl BO BHYTPEHHHUX 00JIACTAX 3BE3/IbI, KOTOPasg MOXKET OBITh CBdA3aHa, HAIIPUMED, C ee
CzKaTUeM, CKOPOCTb PEAKIUH JIOJIZKHA 3aMETHO YBEJIHMYUTHCS. DTO, B CBOIO O4Yepeb, IPUBEJIET
K YBEeJIMUEHHUIO CUJIbI I'a30BOr0O U PaJUAIlMOHHOIO JaJleHud, U, KaK CJIe/ICTBHe, K yBeJIUYeHUIO
pasMepoB 3Be3abl. Ho Torma Temneparypa, HallpOTHUB, JIOJIZKHA YMEHBIIUTLCH, YTO B UTOI'e
BEPHET 3Be3/ly K M3HAYAJIBHOMY DPa3Mepy.

Takum obpaszoM, 3Be3/1bI, Y KOTOPBIX HEPrOBbIJIEIEHIE CBA3aHO C SJAEPHBIMU PEaKIUsIMU
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JaCcTUIl, HAXOIAUMICA Ha XBOCTaX MAKCBEJIJIOBCKUX PaCIIPeIe/IeHIi 110 SHePrusiM, OyIyT Ha-
XOJIUTHCA B YCTOMIMBOM PABHOBECHU OTHOCHTEIBHO MaJjbIX BosMmytieHnii. C srum g dekTom,
B KOHEYHOM cYeTe, U CBA3aHO UX 3aMedaTe/IbHOE CBOMCTBO: 3BE3/Ibl, HAXOAAINXCA Ha TJIABHOM
I10CJIe/IOBaTE/IbHOCTH Ha JuarpaMmme [epiinpyrara-Paccesa, npakTUIecKu He U3MEHSIOT CBOIO

CBETHUMOCTD.

6.2.2 DBesble kapaukun — YaHapaceKapoBCKUiT npeaest

3amnacol sJiepHOil sHepruu, 0€3ycJ0BHO, OrpaHMYEHbl. PaHO WM MO3/IHO, OHU 3aKaHIUBAIOT-
cst. Ormernm, gto, Giraromapst gopmyse (239), cioBaM "paHO WM MO3IHO” MOXKHO TPHJIATH
BIIOJIHE KOJTUYECTBEHHBIN CMBIC/I. BhIcTpee Bcero OyayT TepsaTh SHEPIUIO 3BE3/IbI OOJIBINON Mac-
col. MInTepecHo, 9T0 BpeMsl YKU3HU 3BE3/Ibl Ha IVIABHOM IOCJIE/I0BATEILHOCTH CPABHUBAETCS CO
BpeMeHeM Ku3Hu BcesleHHON (a, 3HAYUT, U caMHUX TAJAKTHK) KaK pa3 JId 3Be37] ¢ MacCoii
nopsijKa costHedHoit. [ToaTomy ecmm Mbl HabJTIO A€M 3BE3THOE CKOILJICHUE MJIM KaKyIO-HUOYIH
JIPYTYIO 00JIaCTD, TJIe MHOTO OY€Hb MACCUBHBIX 3B€3]], TO C YBEPEHHOCTHIO MOYKHO CKa3aTh, UTO
10 TaJIAKTHIECKUM MepPKaM 3TH 3Be3/bI POJMINCH COBCeM HejiaBHO. VM HA00OpOT, MasioMaccuB-
HbI€ 3B€3/Ibl MOIVIN POJIUTHCS OYEeHb JIABHO, U TIO9TOMY OHU MOT'YT HECTH Ha cede OTIIeYaToK TeX
ycsioBuii (Hapumep, 10 XUMUIECKOMY COCTaBy), KOTOPbIE CYIIECTBOBAJIM Ha CAMBIX PAHHUX
CTaIUSAX IBOJIIOIUN TaTAKTUK.

Tax mym nHadve, 1Mocje UCTOMIEHUA BHYTPEHHUX 3allaCcOB SHEPIUU I'a30BOE JIABJICHHUE yIKe
HE MOXKET NMPOTHBOCTOATH I'PDABUTAIMOHHBIM cujaM. lleHTpaJsibHble YacTu 3Be3/bl HAUNHAIOT
CXKUMAThCH U, Ka3aj0Ch Obl, YK€ HUYTO HE CMOYKeT 3TOMy momernarb. OJHAKO 0Ka3aJoCh,
YTO BCE XK€ CYIIECTBYET CJIEIYIONMil pybexK, Ha KOTOPOM paBHOBECHE BHOBH CTAHOBHUTCH BO3-
MOXKHBIM. BoJjiee TOro, Takoii pesKuM peau3yeTcst Y XOPOIINO M3BECTHBIX €Ille ¢ MTO3AIIPOIILIOTO
BeKa OeJIbIX KapJIMKOB, HA3BAHHBIX TaK 3a WX OTHOCHUTEJLHO MaJjible pa3Mepbl (X Pajuychl
OPUMEPHO B JiecaTh pa3 Menbine pajmyca Cosaia). [losromy, Kak MOKasaHO Ha Jarpam-
me leprrmmpysra-Paccena (em. Puc. 21), oHn HaxXomsiTcst CyIIECTBEHHO HIUZKe 3BE3JI IVIABHOI
[IOCJIEIOBATETLHOCTH; 3TO CBA3aHO IPOCTO C MX OTHOCUTEJHHO MAJIBIMHU PaJIMyCaMu, U, CJie-

A0BaTe€JIbHO, C MaJIo IJI0I1a/Ib0 U3JIy9CHUA. HpI/I 9TOM COBEPIIEHHO y,[LHBHTeJIbeIfI CbaKT
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COCTOUT B TOM, YTO, KAK MbI ceiidac IMOKaXKeM, CAMO CYIIECTBOBAHUE TAKUX 3BE3/l CBA3AHO C
YHUCTO KBAHTOBBIM 3(PHEKTOM, a UMEHHO C JIaBJICHHEM 3JIEKTPOHOB, KOTOPOE HE UCUYE3aeT JIazKe
[IpU HYJIEBOI TeMIlepaType.

JleficTBUTEIbHO, MBI YK€ TOBOPUJIM O TOM, UTO IJIEKTPOHBI SABJIAIOTCI (DEpPMHOHAMU, U T10-
9TOMY OHU HE MOTYT HAXOJUTHCA B OJIHOM W TOM K€ KBAHTOBOM cocTodumu. [losTomy naxke
[IpU HYJIEBOI TeMIIepaType 3JEeKTPOHBI OYIYT BBIHYKJIEHbI 3aHUMAThH COCTOSIHUS C HEHYJIEBbI-
MU UMITYJIbCAME U, CJIEJIOBATENIBHO, C JOCTATOYHO OOJIBINON SHeprueil. A 9T0 u 3HAYUAT, UTO
JIABJIEHIEe TaKON cHCTeMbl (KOTOpOe, KaK MbI IIOMHMM U3 KypCa CPeJHel IIKOJIbI, CBsi3aHa C
nepeiadeil UMITyJIbCa IaCTUIl CTEHKAM COCy/a) TakKe He Oyier paBHO HyJO. /laBiieHne sJek-
TPOHOB (KX B TAKOM CJIy4ae Ha3bIBAIOT BHIPOKIEHHBIMHE ), KOTOPOE HE 3aBUCHUT OT TEMIIEPATYPbI
3Be3/Ibl, KaK OKa3aJI0Ch, I MOYKET OCTAHOBHUTH CXKaTHe IMEHTPAJIBHBIX 00JacTell 3Be3/Ibl TOCIe
IpeKpalleHus sjaepublx peakmuii. [Ipu 3Tom, ojiHako, Takoe paBHOBECHE MOYXKET UMETh MECTO
JIMIIb [IPU JIOCTATOYHO MaJioii Macce 3Be3bl. [TepsbiM 310 nousn C. Yanapacekap (1910-1995,
HobGeseBckast ipemust 110 dusuke 1983 roja), u moaToMy mpejiesibHas Macca OebiX KapJInKoB
HOCHUT €TI0 UMH.

OxkazbIBaeTcs, 9TO KA9eCTBEHHO OIEHUTHh Maccy JamjpacekapoBckoro mpejena Mey, He co-
crasiisieT ocoboro Tpyal IIpex e Bcero, /s ompe/ieiennst YCJI0BUsT PABHOBECUsT TAKON 3BE3/IbI

coorHorerne (233) ymobHO TepenucaTh B BUJIe BbIPaXKeHUsT JJist TOJTHON SHEPTUH CHCTEMBI oy

GM?
R Y

(C/’tot — N < (C/’ > — (252)

rje IEpBOE cjlaraeMo€ COOTBETCTBYET IOJIOXKUTEIbHOU KWUHETUYECKONH SHEPTUU (mpe Telepb
BMECTO TeMIIepaTypbl 1’ CTOUT CPEeJHsIs SHEPrHsi JEKTPOHOB < £ >), a BTOpPOe — OTPHIIA-
TeJIbHOI I'PaBATAIUOHHOM.

it orrpejiesieHns ke XapaKTePHOU SHEPIUH 9JIEKTPOHOB HAM HY2KHO BCIIOMHUTD, UTO, KaK
U JIUIsI JIIOOBIX JPYTUX KBAHTOBBIX YaCTHUIL, 9UCI0 cocTosdsHuil AN B J1000M sj1eMeHTe 00beMa

AV u B m060oM naTepsase umiyiabcoB Ap, Ap, Ap, 6yner paBHO

AV Ap, Ap,Ap,

AN =2
(27h)3

(253)

S,ZLQCI) MBI JIJId ITOPAJIKa He 3a0b111 IIPpO TO, YTO y 3JIEKTPOHOB €CTb JOIIOJIHUTE/IbHasd CTEIIEHDb
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[NoBepxHocTb Pepmu

P

Puc. 25: IIpocTpancTBO MMITYIbCOB, 3allOJHEHHOE 3JIEKTPOHAMHU C TeMIlepaTypoit 7', MHOTO

MenbIeit sneprun Pepmu Ep.

cBODOJIBI, CBA3aHHAs ¢ ero cuHOM. [[OCKOJIBbKY Ke 3JIEKTPOHBI ABJIAIOTCH (DEPMUOHAMU, TO
9TO O3HAYAET, YTO B KAzKJIOM COCTOSIHUM MOKET HAXOIUThCS JIMIIb OJUH 371eKTpoH. [Tpn sToM
B Ka4eCTBe OIEHKHU Pa3Mepa 3JEMEHTAPHON sS9eifiKi B MPOCTPAHCTEE MMITY/JIHCOB MOYKHO B3STh
BeJINUNHY p. = mh/ R, TIOCKOJIBKY UMEHHO BOJHOBOI BeKTOD k. = 7/R Gy/er cooTBeTCTBOBATH
JUTMHE BOJIHBI MOPsIKa JuaMeTpa 3Be3/6l 2R,

B wurore, kak nokazano Ha Puc. 25, 3/1eKTPOHBI OyIyT BBIHYZKICHBI 3aIlOJHATH HE TOJLKO
HUBIIIE COCTOSHUS C MMITYJILCOM p ~ wh/R, HO 1 COCTOSTHUS ¢ GOJIBIMUMI 3HAYCHUSIMU M-
nysbca. Ilpu gocraTouno masioil Temmeparype T’ 37€KTPOHBI IJIOTHO 3al0aHAT cdepy, 'paiu-
yc¢” KOTOpoii pp OyJeT olpele/aThCs JUIb MOJHbIM KojmdecTBoM dacTul N. JleiicTBuTebHo,
ITOCKOJIBKY 00beM 3JIEMEHTApPHON A4YefiKi B TPEXMEPHOM ITPOCTPAHCTBE MMITYJILCOB MOPSIIKA
(mh/R)3, mosyaaem npocto

PeR’?

N~

(254)

Bocnosb3oBasimuch Tenepb OEHKOMN /I TOJIHON Macchl 3Be311bl M ~ my, N, rjie my, ecTb Macca
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IPOTOHA, MOJTy9aeM OKOHYATeIbHO:

hMl/B
PF~ —7m - 255
mIl)/gR (255)

MakcuMaIbHBI UMITYJTbC Pp U COOTBETCTBYIOIIAs eMy SHeprus Ep (CM. HUXKe) HOCST MM
9. ®epmu.

CriestaeM Tenepb 3aKJIIOUNTE/LHBIN AT U TPEIOI0KUM Ha BPEMs, YTO JIEKTPOHBI B Oe-
JIOM KapJInKe YJIbTPapeIsaTUBUCTCKUE, T.e. UX dHeprusi £ CBA3aHA C UMITYJIBCOM P COOTHOIIIE-
nueM £ = cp ", ciejoBaresibHo, &g = cpp. B 3TOM citydae cpejHss SHEPIUs YaCTUI] Oy/IeT
TaKKe Tops/iKa cpp (HATIOMHUM, 9TO YHCJIEHHBIME KOdDuimenTaMu Mbl peHebperaem). B

pesyiibTare, ypapHenue (248) mepenuinercs B BUje

1 [chM*/3

Eior = —
tot R mé/g}

— GM?). (256)

Takum obpazom, IOJIHasT SHEPTHsI CUCTEMbI 3aBUCUT, (PaKTUIECKHU, JIUIIb OT JBYX Mapa-
METPOB, & IMEHHO OT pajumyca 3Be3/ibl X 1 oT ee Macchl M, mpudeM 3aBUCUMOCTDH OT Pajny-
ca 3Be3/Ibl y 000MX C/laraeMbIX OKa3biBaeTcs oauHakKoBoil. [lostomy 3HaK sueprum &y OyIeT
OIPEIEISIThHCS JINITh 3HAKOM BBIPAXKEHUS, CTOSIIETO B CKOOKax. A 3TOT 3HAK, KaK MbI BHIUM,

3aBUCUT JIMIIb OT TOI'O, HIPEBBLIIACT NUJIN HET MaCCa 3BE3/IbI M KPUTHUYIECKOE 3HaY€CHUE

1 (ch\?
Mo, ~ — | —= 257

KoTJia 00a cyraraeMbIX CpaBHUBAIOTCSA APYT ¢ Apyrom. [Ipu stom mis M > My, sHeprus 3Be3/1b1
OyJileT OTPHIATE/IbHOIM, 1, IIOCKOJIbKY JI00asi CUCTeMa CTPEMUTBHCSI K COCTOSIHUIO ¢ MUHUMAJIb-
HOI1 SHEepPTHeil, TO, ceJ0BaTeILHO, PAIIyC 3Be3/1bl R Oy/1eT HeOrpaHUIEeHHO YMEHBITATHCA. JTO
U O3HAYAET, YTO CYIIECTBOBAHUE OEJIBIX KapJUKOB C JIOCTATOYHO OOJIBINUMHU MacCaMHu OKa3bl-
BaeTCsi HEBO3MOXKHBIM.

Ecmu ke macca 3Be3zpl Menbite Mey, (M, 3HAYWUT, HOJIHAS SHEPIUs 3BE3JbI Oy/eT M0JI0-
JKHUTETbHA), TO 9TO, Ka3aJI0Ch Obl, JOJZKHO OBLIO OBl IIPUBECTU K TIOJIHOMY PA3JIETy CHCTEMBbI.

Onnako, Kak BUIHO U3 cooTHomenus (251), mpu yBesndenun pajuyca R nmmyabe Qepmu pp

243,H€Cb MbI JIJIgd IIPOCTOTHI IIpeAlioJiaraemM, 9To OeJible KapJIMKN COCTOsAT B OCHOBHOM M3 BOJIOPO/ia, TaK 4TO

9UCJIO JIEKTPOHOB MPUOJIM3UTETHHO PABHO YUCJIY IIPOTOHOB.
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tot

Puc. 26: 3aBucumocTsb 1oJHOM SHeprun 6ey1oro Kapiuka Eyy OT pajuyca R

JIOJIPKEH YMEHBINATHCS, TaK 9TO MPU Pgp R MC HAIE IPEJIIOJIoKeHne 00 YIbTpapeIsTUBI3Me
97IeKTPOHOB OyyeT Hapymeno. [lostomy npu R > Ry, rie
AM/3

1/3 ’
mp “mec

ON

(258)

BMECTO PEJIATUBUCTCKOIO COOTHOIEHUSI £ = ¢p CJIEIYeT UCIIOIb30BaTh BCEM XOPOIIIO U3BECTHOE
HEpeJIITUBUCTCKOE Bhipaskenue € = p?/2m,. B pesyibrate, 1MOJCTAaBUB Teleph B BbIPasKeHHeE
(248) cpeJIHIOI SHEPTUIO YACTHIL P2 /2m,, mostydaem jiasa R > Ry

h2M5/3 GM2

(259)

I'pacduk 3aBucuMocTH MOJHON Heprum Oeoro Kapinka Ei,, OT ero pajamyca R mokasax
Ha PI/IC. 26 KaK MbI BUJIUM, IIpU JO0CTaTOYHO 6OJII)I_HI/IX pauycax 3Ta dHEPIrrud CTaHOBUTCA
OTpHHaTeHbHOfI, KaK 9TO 1 JOJI2KHO 6I>ITI) JJId I'PaBUTAITMOHHO-CBA3aHHBIX CUCTEM. HpI/I 9TOM
[pocTeiiinmii aHaans3 jfaer st pajanyca Ryq, COOTBETCTBYIONIEI0 MUHUMYMY IOJTHON SHEPrun

h2

5/3 '
GmyPmo M3

Ryd ~ (260)

DTOT BeJUYMHA U JIOJZKHA HAMHU PacCMATPUBATHCS KaK TEOPETUYIeCKOoe IpeJICKa3aHue JIjist
pajimyca 6e/1oro KapJimka.

31ech HEOOXOIMMO OTMETUTh, UTO caMa IpeebHas Macca 0eoro Kapanka My Ipe3BbI-
JaifHO CHJIBHO 3aBHCHT OT XUMHUYECKOTO COCTaBa 3Be3Jibl. KTO BHUMATEIBHO CJIEIMJI 38 Ha-

IIuM pacdeToM, JIOJIZKEH OBLI 3aMETUTDb, YTO CHUJIbI I'PABATAIIMOHHOI'O CKaTHUA OIIPEIAEJIAIOTCA
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He 9JIEKTPOHAMH, & TSYKEJIBIMU YaCTUIIAMU — MPOTOHAMHU W HEHTPOHAME (WX JIJIS ITPOCTOTHI
HA3bIBAIOT HYKJIOHAMM, T.e. YaCTUIAMHU, YIACTBYIOIIUME B sIIEPHBIX B3auMoJleicTBusx). Ko-
JITYECTBO K€ 9JIEKTPOHOB M HYKJIOHOB OyJ/IeT OJIMHAKOBO JIUIIb JIJIS INCTO BOJIOPOJIHON 3BE3/IbI,
9TO JIJIsT TAKUX CTapbIX 3BE3/I, KaK OeJible KapJIMKU, 3aBeIOMO HecIIpaBeyinBo. ToaHbII pacder
ITOKa3bIBAET, UTO JIJIsSI BOJIOPO/IHON 3BE3/IbI IIPejie/ibHas Macca 0e10ro KapJjnka JI0JXKHa ObLIa

ObI cocTaBIATh 5.73 My, TOrJa KaK Jjis COJITHEYHOTO OOWMJIMS — JIUIID
Mecy, = 1.46 M. (261)

[Tocnenioro BeMYuHy OOBIYHO M HA3bIBAIOT YaHIPACEKaAPOBCKUM ITPEIETIOM.

Koneuno, npuejeHHblil Bbillle pacder (B KOTOPOM MbI, HAIIPUMED, COBEPIIEHHO HE y4u-
THIBAJI 3aBUCUMOCTD BCEX [APAMETPOB OT PaJINyca 3Be3/Ibl) He MOXKET IIPETEeHI0BATH HA TOU-
HOCTh. TeM He MeHee, OH JlaeT TPaBUJIbHOEe OYKBEHHOE BbIpaKeHHE KaK JIJId KPUTUIECKOM

Macchl 6eJIoro KapJinka, Tak ¥ Jiis ero pajuyca (256), KOTOpbIii MOKHO 3alucaTh B BUJE

M —-1/3
Ryq =~ 10° | — cm. (262)
Mg

[Ipu sTom, Kak nokazano na Puc. 27, obpaTHas 3aBUCUMOCTD pajyca OT MACCHI, HECMOTPs Ha,
y2Ke YIOMUHABIIYIOCS HEOPEJIEIEHHOCTD, CBA3aAHHYIO C XUMUYECKAM COCTaBOM, MTPOCIEZKIBa-
eTcsl JIOCTATOYHO XOPOIIIO.

B zakiiouenne 1ojie3H0 cKa3aTh HECKOJIBLKO CJIOB PO UCTOPHIO 3TOTO 3aMedaTeIbHOTO OT-
kpoitust. B 1930 roxy C. Yanmpacekap, TOTJa ermre COBCEM MOJIOJION YeI0BEK, TOJIBKO UTO
okorumBIuit Maipacckuii yHuBepcuTer, OTIpaBujics Ha Kopabse 3 Vuauun B AHNINIO, ITOOBI
IPOJIOJIKUTDH cBoe oOydenne B KemOpuzke. Bo Bpems 3T0Oro0 ImyreniecTBus, pacmojaraBiiero K
CIIOKOWHOMY Pa3MBIIILIIEHNIO, eMY U IPUIILIA B FOJIOBY UJEs O TOM, YTO MACChI OEJIbIX KapJIUKOB
HE MOT'YT CyIEeCTBEHHO TpeBbIarTh Maccy COJIHIA, TOria KaK OOBITHBIE 3BE3/bI MOTYT NUMETh
MACChI, B JIECATKU Pa3 OOoJIbIIHeE.

Koneuno, sta njesa poauiack He Ha mycToM MecTe. Hesastonro o sroro Yanapacekap mpo-
cayTiaJ y cebd B yHUBEPCUTETE KyPC JIEKIIHIT 110 KBAHTOBOM MeXaHUKe 3HAMEHUTOTO HEMEITKOTO
reoperrka Apnosibia 3ommepdenbaa (1868-1951). B wacrHoctu, 3oMMepdesib 1 yIoMsHYII 1

O TOM, 9TO IpUMEHEHUE KBaHTOBOM CTATHUCTUKU K O€JIBIM KapJIMKaM MO2KET IIOMOYb 0ObACHUTD
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Puc. 27: IlnarpamMmma macca-pajyc Jijisi 6eIbIX KapJIMKOB.

UX yJIMBUTEIbHBIE cBoicTBa. [loaToMy cam dakT, 4T0 KBaHTOBBIE 3(PHEKTH MOT'YT OBITH CyIIIe-
CTBEHHBI U JIJIsi MAKPOCKOIIMIECKUX TeJI, B T€ TOJIbI y2Ke aKTUBHO 00Cy2K1aauchk. Tem ne Menee,
pesyabrar Yanapacekapa, 0€3yCJI0BHO, ITPOU3BE/ PEBOJIIOIMIO B HAIIIEM MOHUMAHUU 3BE3/IHOM
sBoJtoluK (00 3TOM roBOPUT XOTst ObI TO, uT0 Pesepdop nmonavasy nputsii pesyabrar dami-
pacekapa B IIITHIKH), & JIByXCTPAHUIHYIO cTaThio B The Astrophysical Journal 1o npaBy MOXKHO

CHUTaTb O,H‘HOIL/'I 13 I'VIaBHDBIX aCTpO(bI/IBI/I‘{eCKI/IX crareit ABa/J11aTOr'o BEKa.

6.2.3 HeiiTpoHHble 3Be3/bI

Nrak, MbI TIOHAIM, YTO paBHOBECHE IEHTPAJILHBIX 00JIacTell 3Be3J] Ha IOCTEHEM dTalle UX
9BOJIIOIUU MOXKET ObITH JIOCTUTHYTO JIUIIL B TOM CJIydae, eCJIM UX MAcCa He MPEBLIIIaeT YaH/I-
paceKapoBCKUil IIpejies, paBHblii npuMepHo 1.4 M. s 3Be3s Goabmux Macc? paBHOBECHe
Ha, CTa UM OEJIOTO KapJ/IMKa CTAHOBUTCS HEBO3MOXKHBIM. [lodTOoMy i1 TaKmxX 3Be3j1 CxKaTue
Hen30ekHO OyJteT mpoao/KaThed. OIHAKO, KaK OKA3aJI0Ch, CYIIECTBYET eIlle OJIIH, OC/IeTHU

pybek, Ha KOTOPOM C2KAaThe MOXKET ObITh OCTaHOBJIEHO. TakuM pyOezKoM CTaHOBATCS HEWTPOH-

25Bosiee TOYHO, [Is 3BE3/1, y KOTOPHIX MACcca MEeHTPAILHOIO CKUMATOIIErocs siipa npesbimaer 1.4 M.
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HbIE 3BE3JIbI, T.€. 3BE3JIbl, CZKAThIe JI0 sIEPHBIX IJIOTHOCTER p R py, TJIe
px ~ 10" gem ™3, (263)

OrmernM, aro 13 dhopmysisr (259) cpasy MOKHO OBLIO 3aKIIOUNTE, 9TO PAJINYC HEATPOHHOMN

3BE€3/1bI COJIHEYHOM MacCChl JOJIZKEH OBITD HOpPAJIKa

M\ Y3
Rng ~ | —2 ~ 10 km. (264)
PN

QakTHYeCKU, TaKue OIEHKU U OBLIN CJIeJIAHBI Y2Ke B Cepe/inHe TPUIIATHIX rojoB. [Ipu sTom
06braHO cebutatorest Ha paborer JIJL. Jlanmay (1932) u B. Baage u @. lpukku (1934). Orako
HAJI0 TIOMHHTH, 4TO pabora Jlanmay ObLra Halucana ere JO OTKPLITUSA HEHTpOHA — B Heil
FOBOPUJIOCH JIUIIL O 3BE3JIE C siJIEPHON MIOTHOCTBIO (259), BemIuHa KOTOPOil K TOMY Bpeme-
HU, KOHEYHO Ke, ObLiIa y2Ke u3BecTtHa. B padote xke bBaajie u [IBukku mjest o cymiecTBOBaHUN
HEHTPOHHBIX 3Be3J1 Obljla BbICKa3aHa BIIOJIHE OCO3HAHHO. BoJjiee TOro, ¢ HadaJia IIECTUIeCs-
TBIX TOJIOB AKTHUBHO OOCY’KJAJIaCh BO3MOYKHOCTH CBEPXTEKYUECTH U CBEPXIIPOBOJIMMOCTU BO
BHYTPEHHUX 00/IACTSAX HEHTPOHHBIX 3Be3/. TemM He MeHee, CIMTAIOCH, YTO U3-3a MaJIOTO pa3-
Mepa (1, 3HAYNT, MaJIOr0 SHEPrOBbIIeeHNs) OOHAPYKUTh HEHTPOHHBIE 3BE3JIbI TPAKTHIECKH
HEBO3MOXKHO.

[Ipo ncTopuio OTKPBITUST HEUTPOHHBIX 3BE3/l Mbl PACCKAXKeM B CJIEIYIONIEM pazJiese, a ceii-
Jac MOKaxKeM, UYTO HEHTPOHHBbIE 3Be3/Ibl TaKXKe He MOTYT UMETHh MAaCChl, CYIIECTBEHHO MPEBBI-
matorue maccy Cosana. JIjist aroro 3amerum, uro gpopmyiist (255) u (256) s sneprun Eyop U
Maccbl Mcy, 6e1oro Kap/mka He COJEPXKAT MAaCCy 3JEKTPOHA M. DTO CBA3AHO C TEM, UTO, KaK
MBI y2Ke OTMeYaJii, B COOTBETCTBYIOIIEN 00JIACTU TTapaAMETPOB IJIEKTPOHDBI SIBJISIOTCI PEIATH-
BUCTCKUMHU, T.€. UX SHEPIUs CBI3aHA C UMITYJIbCOM YHUBEPCAJIbHBIM COOTHOIIEHHEM £ = cp.
A 5TO 3HAYUT, ITO COBEPIIEHHO TaKas YK€ OIEHKA MOXKET OBbITh CJIeJIaHa U JjIT HEHTPOHOB B
HEATPOHHOI 3Be3/1e.

Kaszasoch Obl, cunTaTh, YTO HEHTPOHBI B CHJIBHO CXKATOH HEWTPOHHOI 3BE3JIe sIBJISTFOTCS
cBOOOJIHO JIBUIKYIIIMMUCH YaCTUIIAMU, 110 MeHbIeil Mepe HaumBHO. Tem He Mmenee, dhopmyiia

(256) maer MpaBHJIBHYIO OIEHKY JIJIsi TIPEJIeJIbHOM Macchl HEHTPOHHON 3Be3ibl. Bosee Toro,
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samersist B popmyiie (256) Maccy 91€KTpoHa Ha MAacCy IIPOTOHA, MbI MOJIyIaeM

h? m
~ ~ — Rwp, 265
Gmg/3mp]\/[1/3 Mp (265)

Rys

4970 JlaeT Bee Te 2Ke 10 KM, KOTOpbIe MBI TOJIBKO UTO TOJYUINJIN, OIEHNBas pa/Inyc HENTPOHHO
3Be3/Ibl 110 sjepHoil mwiotHocTu. [losTomy Hare rpe/nosiozkenne 06 OTHOCUTEIBLHOM cBOOOIE
HEHTPOHOB cje/lyeT IIPU3HATh HEJAJIEKUM OT UCTHUHBI.

Kpome Toro, HeobxomMo cjeiaTh €Ile TpH CYIIEeCTBEHHBIX 3aMedanus. lIpexie Bcero,
OTMETHM, 9TO 00pa30BaHIe HEHTPOHHOI 3BE3/IbI CBA3AHO C TEM, YTO IIPU OOJIBIIIX ILJIOTHOCTAX

9JIEKTPOHBI "BJIABJIUBAIOTC” B /[P, B PE3YJIbTATE Y€r0 CTAHOBUTCH BO3MOMKHON DeaKIust
pte —n+ .. (266)

IIpu sTOM He#TpUHHOE M3JIydeHHe NOKHO yHOCHTH 10 99% BBICBOOOXKmaeMoil sHeprum. K
COYKAJIEHHIO, CYIIIECTBYIOIINE B HACTOSIIEE BPeMsi HEHTPUHHBIE TEJIECKOIIbI He MTO3BOJISIOT YBe-
PEHHO PErucTPUPOBATDH MOJ00HBIE COOBITHS. JTO CBA3AHO C T€M, UTO B MIOCJIEIHUE T'OJIbI CBEPX-
HOBBIE PErUCTPUPOBAJIACH JIUIIDb B JAJEKUX TAJaKTUKAX, TAK 9TO MOTOK U3JIyIeHUs Ha 3eMjre
ObLT cmmmkoM MaJl. Ha ceroaaniumit jeHb HeRTPUHBIN UMITYJIbC OBLT 3aPErUCTPUPOBAH JIUIITH
OT OJIHOHN JOCTATOYHO OJIM3KO BCIBIXHYBINEH cBepxHOBOil 1987a B Bosbimom MaresianoBom
Ob6uiake. Tlepsbie 5 (!) cobbITHil 3aperucTPUPOBA COBETCKO-UTAIbAHCKIN HEHTPUHHBIH Tejie-
ckorl 11071 ropoit Monb6J1an, a nTpubIU3UTE/IFHO 3a 3 Yaca Iepejl BUINMON B ONTHYECKOM JIa-
[1a30He BCIIBIIIKONW UMITYJIbC, JIJIUBIIHICH MeHee 13 CeKyHJI, 3aperucTpupoBasin HefATpUHHbIE
obcepBaropun Kamiokande II, IMB u poccuiickast obcepsaropusi Bakcan. [Ipu sTom 1o gan-
veiMm Kamiokande II 6b110 gaxke orpejesieHO HallpaB/eHHe, ¢ TOYHOCTHIO 0K0J10 20 rpajrycoB
coBmaBIee ¢ HampasyenneM Ha Bosibmoe MaremranoBo Ob6stako. XoTst 3a 5T0 BpeMst ObLTH
3apPEeruCTPUpPOBaHbI BCero 24 HERTPUHO U AHTUHEHTPUHO, UX IIOTOKU CYIIECTBEHHO ITPEBBICUIIN
KOCMUYECKUI (POH.

Jlajiee, He HY»KHO 3a0bIBATBH PO CYIIECTBEHHOE OTJINYME HEHTPOHOB OT 3JIEKTPOHOB, KO-
TOPOE COCTOUT B TOM, UTO HEUTPOHBI, KAK XOPOIIIO U3BECTHO, HE SABJIAIOTCS CTAOMIHLHBIMU Ya-

cruriamu. B ¢BOOOIHOM COCTOSTHUE WX IePUoJ IOoJIypacajia cocTasigeT juib 611 cek, mocie
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4ero HelTPOH paclajaercsa Ha MPOTOH, 3JeKTPOH M aHTHHEHTPUHO
n—p+e + . (267)

O/ 1HaKO B CHUJIBHO CZKATOM BEIECTBE TAKOil mporiecc Oy/1eT CUJIBHO MO/aB/IeH. 3J1eCh ONATh B
IIOJTHO# Mepe paboTaloT 3aKOHBI KBAHTOBOW MEXaHWKH, 3allPEIAIONIue MTPOTOHAM U JIEKTPO-
HAM 3aHUMaTh YK€ 3aHAThle KBAHTOBBIE COCTOHUs. B pesysbrare, GanaHc upsamoii (262) u
obpaTHOii (263) peakiuii ycTaHABJIMBAETCS HA yPOBHE, IPU KOTOPOM BO BHYTPEHHUX OOIACTIX
HEATPOHHBIX 3Be3J KOJIUYIECTBO JIEKTPOHOB M IPOTOHOB COCTABJISET JIUIIb MOPSIKA OJIHOTO
[IPOIIEHTa OT KOJIMYECTBa HEHTPOHOB.

Hakonerr, Hy>KHO Bcerjia MOMHHUTDL, YTO CaMble MOBEPXHOCTHBIE, XOTd M CUJIbHO CXKATBIE
CJION HEHTPOHHBIX 3BE3J] COCTOAT M3 OOBIYHBIX siJIep 2Kejie3a, TaK YTO IJIOTHOCTb 3JIeCh He
nosizkHa 1pesbimarh 108 e, C apyroit croponbl, Kak ObLIO II0Ka3aHO Bo BTopoit Iiase,
[IpY MATHUTHBIX 101X, npesbimatomux 10° T'c (a MarHuTHBIE O/ HETPOHHDBIX 3BE3.1 MOTYT
nocrurarh 1012 u gaxe 10! T'c), aromubie 060/104KY A/1ep OY/LyT CYNIECTBEHHO OTIHIATLCSA OT
OOBIYHBIX ATOMHBIX 0D0JIOUEK.

[TonsgTHO, YTO BBINOJHEHHAS HAMU OIEHKA MAKCHUMAJIHLHOW MacChl HEMTPOHHOI 3BE3/IbI He
YUIUTBIBAET MHOTHE BaxKHble 3pdekTnl. [Ipexkie Bcero, it HEUTPOHHBIX 3BE3J] HEOOXOIMMO
PUHUMATHL BO BHUMaHME 3PdeKThl 00Ieil Teopun OTHOCUTEIbHOCTH. Jlesio B ToM, 9TO JijTsd
COJIHEYHOI Macchl paJIiyc HefiTpoHHOI 383716 Ryg (mopsiiika 10—-15 KM) Bcero B HECKOJIBKO pas3
GoubIe pamyca depHoit Abipbl g = 2G M /c? (3 xum). [Tosromy sddexrsr OTO gommKHbL yun-
TBIBATHCS B JIOOBIX pacderax, IPETeHIYONHX Ha TOYHOCTD, IPEBBIIIAIONYIO Ty /Rng ~ 20%.
Kpome Toro, GosbIliasi Heolpeie/IEHHOCTh CBA3aHA C TEM, YTO B CBEPXILIOTHOM BEIIECTBE,
XapaKTePHOM JIJIs IEHTPAJbHBIX 00JiacTeil HEHTPOHHBIX 3BE3/l, MOI'YT CYIIECTBOBATH PA3HbIE
9K30THIECKNE YaCTHUIbl (HAIPUMED, TUIIEPOHBI) WM Jayke KBAPK-TUIIOOHHASI TJIa3Ma, BO3HMU-
KaIoMas IIPY 'CJUMAHUN HYKJIOHOB B €JIMHYIO s/iepHyIo Kamumo. [losTomy, Kak mokaszaHo Ha
Puc. 28, B macrosinee BpeMsi CyIIeCTBYIOT MHOTOYUCJIEHHBIE MOJIEJIM BHYTPEHHUX obJracTeit
HEHTPOHHBIX 3B€3]l, B TOI WJIM UHOI CTEIEHN YIUTHIBAIOIINE BECh CIIEKTD BO3MOXKHBIX YpaBHe-
HUIl COCTOSHUS CUJIBHO CZKATOrO0 HEHTPOHHOTrO BeriecTBa. OJIHAKO HEOIPEJIEJIEHHOCTD B OIIpe-

JEeJICHUN PaJnyCoOB HeﬁTpOHHbIX 3B€3/L /IO CUX IIOPD HE ITO3BOJIAET CIAeJIaTh BbI60p MEXKJ1Y 9TUMU
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Puc. 28: ,HI/IanaMMa MacCCa-paJnuycC IJjid HeﬁTpOHHbIX 3BE3/I. Paznnunsie KpPpHUBbIE COOTBETCTBY-

0T pPa3/IMYHbIM yYpaBHEHUAM COCTOAHUA.

MOAECJIAMM.

6.2.4 Paaumonyabcapbl

ITaK, IO COBPEMEHHBIM IIPE/ICTABICHUAM HEHTPOHHBIC 3BE3JIbI JOJKHBI 00PA30BLIBATLCA B
pesysbTaTe KaTacTpOhUIeCKOTO CxKaThs (KOJLIAIca) OOBIMHBIX MACCUBHBIX 3BE3] Ha TIO3/THElH
CTa MY UX SBOJIIONMY WJIH, HAIIPAMED, OeJIbIX KapJIMKOB, IPEBBICUBINIX B PE3y/IbTaTe aKKpe-
MUY 9aHIpaceKapoBCKUil 1pejes Macchl 1.4M. VIMeHHO Ha TaKOM MexaHH3Me 0Opa30BaHUA
OCHOBBIBAETCS IPOCTEiiee 0ObICHEHNE KAK MAJbIX [IEPUOJ0B BPAIICHUA HEATPOHHBIX 3BE3/I
(HamMeHbIIHiT U3BeCTHBIH nepuos, Bpamennsa P = 1.39 Mc), TaK 1 CBePXCHIbHBIX MArHUTHDBIX
nosteit By ~ 102 Taycc. JleficTBUTEIBHO, €CIIM MPEIIoJIOKITh, YTO HefTPOHHAS 3Be3/1a 0opa-
30Bajlach U3 HOpMaJIbHOI 3Be3/bl (pajuyc Ry ~ 10'2 M, nepuos Bpamenus Py, ~ (10 — 100)
JIeT) ¢ MarHUTHBIM TosieM By, ~ 1 Tayce, To n3 3aKOHOB COXpaHEHHsI yIJIOBOIO MOMEHTA U

MaTl'HUTHOI'O IIOTOKa

MR, = MR?Q, R2B;, = R*B, (268)
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CJIeJTyeT, ITO MOCJIe CZKaTHS JI0 pa3MepoB 1R HelITpoHHAs 3Be3/1a OyIeT IMeTh IIePHOJ], BPAIIEHUS

P u marauTtHoe 110oJ1e Bj mopsijka

R 2
u
R\®
BO ~ (Eb) Bin ~ 1012 G (270)

Ucropuyecku mepBbIMU HERTPOHHBIE 3BE3/IbI ObLIN OTKPBITHI B KOHIIE IIECTUIECATHIX I'O-
JIOB KaK PaJIMOIYJILCAPHI — MCTOYHUKHU UMITYJIbCHOIO KOCMHUYECKOTO PaJIMOU3JIydeHUs C Xa-
pakTepHbIM TepuojoM P ~ 1 c¢. D10 cobbiTue 0e3 NpeyBeIuvdeHnss MOKHO HA3BATh OJHIM
n3 BaxkHelmux B acrpodusuke 20 Beka. leificTBuTEIbHO, BlIepBble OBLT OOHAPYXKEH HOBBI
KJIACC KOCMUYECKUX MUCTOYHUKOB, CYIIECTBOBAHUE KOTOPBIX OBLJIO MPEJICKA3aHO €Ile B TPHUIIA-
Thie T0/bl. OTKPBITHIE BIOCIEICTBUN MHOIUE JIDYTHE KOMIIAKTHBIE 00HEKThI (PEHTTeHOBCKUE
IyJIbCAPBI, PEHTTEHOBCKNE HOBbIE) MOKA3AJIM, UYTO HEHTPOHHbIE 3BE3/bl JCHCTBUTEIHHO SABJIS-
IOTCA €CJIU He OJTHUMU U3 caMbIX 00OTaThIX, TO BO BCAKOM CJIydae OJJHUMU U3 CAaMbIX aKTUBHBIX
nacesennit B lanaktuke. HeyuBurebHO 1mosToMy, 9To 3a 910 oTKphiTHe A. Xbiounry B 1974
rojty ObLta npucyzkjiena HobesreBckas mpemus.

C IpyToit CTOPOHBI, JI0 OTKPBITHS PaIUOIY/IHCAPOB He OBLIO MOHSTO, UTO HEHTPOHHBIE 3BE3-
JIBI JIOJIZKHBI BPAIAThCsl HACTOJIBKO OBICTPO, YTO OCHOBHBIM MUCTOYHUKOM U3/Iy9aeMOi SHeprun
Oy/eT MX KUHETUYecKas dHeprus Bpaienus. B pesysibrare, He ObLIO NPEIIPUHATO U IeIeHa-
[IPAaBJIEHHBIX TOIBITOK OOHAPYKUTH ITYJIbCUPYIOIIee U3TydeHNe Y M3BECTHBIX 00beKTOB. U 310
HECMOTPs Ha TO, UTO B IleHTpe KpaboBuiHON TyMaHHOCTU K TOMY BPEMEHU y2Ke ObLia 3aperu-
CTPUPOBAHA HEOObIUHAS ONTHYECKas 3Be3/Ia, COBIIAIAIONIAs ¢ TAKXKE HEOOBITHBIM PaINOUCTOY-
HUKOM. VIMEHHO ¢ aKTHBHOCTBLIO 3TOi 3Be3JIbl CBA3LIBAJIOCH dHeproBuietenue Wiy ~ 5 - 1038
9pr/c, HeobXoMMOe Jiist HOANUTKE KpaboBUIHON TYMAHHOCTH PEJIITUBUCTCKUMU 9JIEKTPOHA-
Mmu. B nmporusHOM cityuae, cevuenne KpaboBHIHON TyMAHHOCTH JaBHO ObI MPEKPATUIIOCH.

BosibmuucTBO pauoIyabcapoB — OJIMHOYHbIE HEMTPOHHBIE 3Be3/bl. 3 n3BecTHBIX K ce-
pemune 2014 roma 6osee 2000 mysibcapoB Juiib npuMmepHo 150 BXOJAT B cOCTaB JIBOMHBIX
cucreM. OJIHAKO BO BCEX ITUX CJIyUasX JOCTOBEPHO M3BECTHO, UTO B THX JBOHHBIX CHUCTe-

MaX OTCYTCTBYET CKOJIb-I100 CyILIECTBEHHOE IIEepEeTEKaHne BEIleCTBa CO 3BE3/Ibl-KOMIIaHbOHAa
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Ha HEUTPOHHYIO 3Be3/1y. [IocKOo/IbKY, KaK yKe MOTIEePKUBAJIOCH, PAINOCBETUMOCTH I1Y/ILCAPOB
HEBEJIMKHU, COBPEMEHHBII YPOBEHBb NPHUEMHOI alapaTypbl MO3BOJIAET HAOJIOIATH ITY/IbCAPbI
JIUIITH JIO0 PACCTOAHUI TOPAIKa 3—5 KITK, YTO MEHbIIle paccTosdHud 10 nenTpa [anaktuku. [lo-
9TOMY MbI IMeeM BO3MOKHOCTb HAOJII0IaTh JIUIIIhL MaJIYIO 9aCTh BCeX JIefCTBYOMEUX  pPaJiio-
nysabcapos. [loHoe ke 9mc0 HERTPOHHBIX 3Be3J B Hallell [ajlakTuke JIOJIZKHO COCTABJIATD
10%-10°. Taxoe GOJIBIIOE KOJUYECTBO NOTYXIINX HEHTPOHHBIX 3BE3J] €CTECTBEHHBIM 06pa30oM
CBS3aHO C MaJIOil MPOJIO/IZKUTETHbHOCTBIO X aKTUBHOW YKU3HU, O KOTOPOW IOBOPHUJIOCH BBIIIIE.

[Tocsie ke OTKPBITUS PAIUOITYIbCAPOB TPAKTUIECKH CPa3y CTaJIO sICHO, YTO YPE3BLIYATHO
peryJisipHbIe MyIbCAIUN HAOJII0IaeMOTO PAJIMON3JIYIeHNs CBS3aHbl ¢ BpallleHueM HeHTPOHHOMN
3Be3/Ibl. Y HEKOTOPBIX IY/IHCAPOB CTAOUIBHOCTH YACTOTHI HA MACIITa0aX HECKOJIbKUX JIET JarKe
[IPEBBIIIAET CTAOUIBHOCTH ATOMHBIX CTaH/IaPTOB, TAK YTO B HACTOLAIIEE BPEMsI BeIyTCA pabOThI
10 IIOCTPOEHUIO HOBOM IyJIbCapHOM MIKAJIBI BpemeHu. /lajiee, sHepreTuvdeckuii MCTOYHUK pa-
JIMOITYJIHCAPOB 00YCJIOBJIEH SHEpPrueil BpalleHus, a MeXaHU3M SHEPrOBbIJIE/IEeHNs CBA3aH C UX
CBEPXCIJILHBIM MAaTrHHTHBIM mosieM By ~ 10'2 T'c. [leiicTBUTEILHO, ONEHHBAEMbIe 10 IIPOCTOIR
MAarHATOIUIIOIBHOM (hOpPMYJIe SHEPreTHIecKue IoTepr=°

. 1BI*RS
Wit = —LOQ ~ 60643 sin® x, (271)

riae Ir ~ MR2 — MOMEHT MHEpHIHUU 3BE31bl, X — YI'OJI HaKJIOHa OCU MAarHUTHOI'O AUIIOJIA K
OCH Bpalll€eHUA, a Q= 27T/P — YIUIOBad CKOPOCTBH Bpalll€HHUA, COCTABJIAIOT JIJIA OO/IBIINHCTBA,

03* spr/c. Takoe 3HeproBuIIE/IeHe KAK Pa3 IPUBOIUT K HAOJIOIAeMOMN CKO-

myabcapos 10311
poctu 3ameyienns dP/dt ~ 1071, 4To cooTBeTCTBYeT BpemeHnm TOpMoxKenus Tp = P/ P ~
(1-10) mutH. jier. Pajuoryibcapbl, TaKuM 0Opa3oM, sIBJISIOTCS €JINHCTBEHHBIMU KOCMUYECKU-
MU OOBEKTaMM, Ybsl IBOJIIOIUS MOJTHOCTHIO OINPEJIE/IACTCA JIEKTPOIMHAMIICCKUMU CHJIAMU.
HamoMHnM, 9T0 caMo pauonsiydenne coctasidger umb 10741076 or nmomex moreps amep-
ruu. [jist GoJIbIMMHCTBA TyJIbcapos 310 coorsercrByer 102°-1028 spr/c, uto Ha 57 MOpPsIKOB
MeHble cseruMocTn CostHIa.

Kasasocs 6bl, Xopoiiee corsacue mpocreiirieii BakyyMHOi Mojien (267) ¢ HabJIIOIeHIsIME

JIOJIPKHO OBLIO OBbI OBICTPO NMPHUBECTU U K MMOHUMAHWIO CTPOEHUs] MArHUTOCHEPHI HEHTPOHHBIX

26BprBos, 310l (hOpMYIIBI “Ha HaIblIax’ TaKyKe MOYKHO HaiiTh B KHure 'paBuTaims u acTpodusuKa.
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3Be3. OHAKO, KaK OKA3aJ10Ch, BAKYYMHOE IMPHUOJIMKEHIEe He MMEeT HHKAKOIO OTHOIIEHUS K
JIeCTBUTEILHOCTH. A IPUYNHA 3TOTO BHOBb CBSI3aHA C YMCTO KBAHTOBBIME 3 ]peKTaMm.
Jleslo B TOM, YTO CBEPXCHJIbHOE MATrHUTHOE I10JI€ IMPUBOJUAT K PsIJIy BaKHBIX CJIEJICTBUIA.
[Ipexie Bcero, 3a cuer BpallleHUs 3aMarHUYeHHON HEWTPOHHON 3Be3JIbl BOBHUKAET CHJIbHOE
JIEKTPUYIECKOE TI0JIe, BEJIMYUHY KOTOPOI'O JIETKO OIEHUTH, BCIIOMUHALA, 9TO OJiarojiapsa Xopo-
et MPOBOJUMOCTH BO BHYTPEHHUX O0JIACTAX 3BE3JIbI JIOJI?KHO OBITH BBITIOJIHEHO YCJIOBUE BMO-

poxennoct E + [v x B]/c = 0. Iloxcrasisgs B 910 Bhpazkenue v = 2R, nosydaem

0
E~p (272)
C

[Ipu sTOM 3a npegesaMu HERTPOHHOI 3BE3/IbI, I/Ie B CIydae BaKyyMHOI MarHUTOCKEPHI YCJIO-
BUE BMOPOKEHHOCTHU BBIIOJTHEHO OBITH HE MOXKET, 3JEeKTPUUIEeCcKoe Iojie OyJIeT MMeTbh U KOM-
[IOHEHTY, HapaJiielbHyI0 MarHUTHOMY I0JI0. A 9T0 HpUBOAUT K 3P (MEKTUBHOMY YCKOPEHHIO
JaCcTHIl, ONABIIMX B MarHuTocdepy paroIrysibcapa.

Hasee, Bpemsi cHHXpOTPOHHOTO BhicBeunBanus (cMm. [Ipusoxkenne 8.4)

1
@z—( C)le% (273)

Wp \WRBTe
(wB =eB / MeCy Te = e? / mec2 — KJIACCUYECKUI paJimyc aﬂeKTpOHa) OKa3bIBaeTCy CYIIECTBECHHO
MEHbIIIe BpEMEHN YXOJa JaCTHIIbI 3a Ipejieibl MaruuTocdepsbl. CieoBaTeibHO, 3apsizKeHHbIe
YaCTUIIbl B OKPECTHOCTU HEATPOHHON 3BE3/bl CMOTYT JIBUTATHCA JIMIIb BJIOJIb MATHATHBIX CHU-
JIOBBIX JiuHMi. [IoCKOIbKY 2Ke CHJI0OBBbIE JIMHUU JTUIIOJIBHOTO MAarHUTHOIO TOJISI MCKPUBJIEHBI,
JIBUKEHUE PEJIAITUBUCTCKUX YACTHUIL OyJIeT ITPOUCXOIUTH C YCKOPEHUEM U, CJIeJI0BATE/THHO, TTPHU-
BOJUTH K U3JIyYEHUIO YKECTKUX FaMMa-KBAHTOB 3a CUeT T.H. M3TMOHBIX HOTEPh. JTOT IPOIECC
BIIOJIHE aHAJIOTUYEeH OOBITHOMY CHHXPOTPOHHOMY 1/13J1yqu1/11027, HOCKOJIbKY IIPUPOJIa YCKOPEH-
HOT'O JIBUXKEHUsI HecylnecTBeHHa. [losTomy Bce (hOpMyJibl JjIsi CHHXPOTPOHHOIO U3JIyYEHUsI
MOI'YyT OBIThb MCIIOJIb30BAHbBI U JIJIsi OIIMCAHUS M3TUOHOTO M3JIYUEeHUs C €JIMHCTBEHHBIM U3MeHe-

HUEM: PaJInyc JIAPMOPOBCKON OKPY?KHOCTH ' = M2y /e B, 110 KOTOPOil 3/IeKTPOHbI JIBUKYTCS

B MaI'HUTHOM IIOJIE, HOJI2KE€H OBITH 3aMEHEH Ha paanyC KprUuBU3HbI MAarHUTHOW CHUJIOBOI JINHUM

2’7(jI/IHXpOTpOHHbIlV1 Ha3bIBa€TCs U3JTyIECHNE, CBA3aAHHOE CO CIINPAJIbHBIM JIBU2KEHUEM PDCJIATUBUCTCKUX IaCTUIL

B MarumuTHOM IIOJIE.
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R.. B gactHOCTH, 9acTOTa, COOTBETCTBYIONAA MaKCUMyMy W3JIy4YeHUd, OYJIET BBITVIAIETD Te-

nepb KakK
c

cwr = 0.44
w, R

7. (274)

3/1ech JIOMOJIHUTEIbHAS CTEeIeHb 7y 110 CPABHEHUIO CO CJIydaeM CHHXPOTPOHHOIO W3JIyYIeHUSI
weyn = 0.44wpy? cBazana ¢ TeM (HAKTOM, UTO [ CAHXPOTPOHHBIX TIOTEPh PAJIAYC JTAPMOPOB-
CKOI OKPY2KHOCTHU T'p CaM IPOIOPIMOHAJIEH SHEPIUUA YaCTHIL.

B pesysibrate, Obl1a MOHATA BazKHOCTD ITPOIECCa KBAHTOBOT'O POXKIeHUS (DOTOHAMU JIEKTPOHHO-

[O3UTPOHHBIX [AP B CBEPXCUJILHOM MATHUTHOM TIOJIE
v+ B —et +e + B, (275)

UMEIOIIEro MEeCTO B CjIydae, KOrjia (DOTOHBI IIPU CBOEM JIBUYKEHUU II€PECEKAIOT MATHUTHbBIE
cusIoBble JinHud. JleficTBUTEIbHO, BEPOSITHOCTD OJHOMOTOHHOI KOHBEPCHH (POTOHA C IHEPIHei
Eph, PACIIPOCTPAHSIIONIETOCSIION YIVIOM § K MarHUTHOMY 110110 B, By ot nopora Ep, = 2mec?

nMeeT BUJ,
3v3 ¢*Bsind 8 Br mec?

w = exp| ————
162 hmec? P 3Bsinf &y

(276)

BJiech BHOBB Besmmunna By, = m2c3 /el & 4.4- 10" T'c coOTBETCTBYeT KPUTHIECKOMY MArHUTHO-
MY TIOJTIO, TP KOTOPOM SHEPreTHYecKas e/ Ibh MeXK/ 1y JIByMs OJirmKaiiimuMu yposaamu Jlamaay
JIOCTUTaeT HEPTUK HOKOA 3JIeKTpoHa: fiwp = Mec?. HalloMHUM, YTO B OTJIMYKE OT 3JIeKTpUYe-
CKOT'O TIOJIsI, CAMO MArHUTHOE TI0JI€ He MOXKET POXKIaTh JacTuilbl. OIHAKO, KAK MbI BUJIMM, OHO
MOXKET WI'PATh POJIb KATAJIM3aTOPA, TTO3BOJIAIONIETO BBITOJHATH 3aKOHBI COXPAHEHUS SHEPTHH
U UMITYJIbCa JIJIS PACCMaTPUBAEMOTO 3/1eCh ITPOIIECCa.

Takum 00pazoM, MOCKOIbKY XapaKTepPHbIE MArHUTHBIE T10JIs] HEUTPOHHBIX 3B€3/1 HE HAMHOT'O
MeHBITIe KPUTUIECKOTO MarHuTHOIO 110JIsd, TO MaroHuTocdepa HERTPOHHOI 3Be3/1bI OKA3bIBACTCS
HEIIPO3PavHON y2Ke JJId JOCTaTOUYHO MaJIO9HEPIHIHBIX (DOTOHOB ¢ sueprueit Epn ~ 2-3 MaB,
T.e. BOJIN3U CAMOTO TIopora poxKjienus dactuil. [Ipu sTom, kak nokazano na Puc. 29, Boznukaer

cJIeIyIoIas MernovKa IpoIeccoB.

1. yCKOpeHI/Ie HEPBUYIHBIX YaCTHUIl IITPDOAOJIbHBIM 3JIECKTPUYIECKUM II0JIEM, CYIIECTBYIOIIIUM,

KakK OBLIO IIOKa3aHO, B BaKYYMHOM HpI/I6JII/I}KeHI/H/I.
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CUHXPOGHOMOHbI

@O emopuyHas
i e'e - napa

UcKpuerieHHoe
MazHuUmHoe rorse A
v
aneKkmpuyeckoe u32ubHble
none E ¢pOMOHbI
103UMPOH

HelimpoHHas 38e30a

Puc. 29: Poxjienne gactui B Mmarnutocepe HeHTPOHHON 3Be3/1bl. [lepBuvnble 9acTHIlbI, T10-
HaBIe B 00JIACTb HEHYJIEBOI'O IPOJIOJILHOIO 3JIEKTPUYECKOIO I0JIs, YCKOPAIOTCHA BJOJIb HC-
KPUBJIEHHBIX MArHUTHBIX CHJIOBBIX JIMHUI 1 HAYUHAIOT U3/IyYaTh XKECTKNE TAMMa-KBaHThI. DTU
¢dOTOHBI, PACIPOCTPaHAsACH B UCKPUBJICHHOM MArHUTHOM I10JI€, JIOCTUTAIOT MOPOTra POXKICHUS

JaCTUll 1 IpeEBPaIlaloOTCA B JIEKTPOHHO-IIOSUTPOHHBIEC IIapPbI.
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2. Nanydenne u3rubHbIX (DOTOHOB € XapAKTEPHBIMU YACTOTAMU W, OIUBKAME K Weyr (270).

3. PaCHpOCTpaHeHI/Ie (bOTOHOB B UCKPUBJIECHHOM Mal'HHUTHOM IIOJIE BILJIOTH JIO PO2KJ/I€CHUA

BTOPUYIHBIX 3JICKTPOHHO-IIO3UTPOHHLIX IIap.

4. YcKopeHHe BTOPUYHBIX YaCTHIl, U3JIyYeHHe UMM U3TUOHBIX (POTOHOB, KOTOPBLIE, B CBOIO

o4Yepeib, JA0T HAYAJI0 BCE HOBBIM M HOBBIM HOKOJIEHUAM BTOPUYHBIX YaCTHII.
5. DKpaHHPOBKA IIPOJOJIBHOTO 3JEKTPUIECKOTO 0/ BTOPUIHOM ILIA3MOIA.

CriejtaeM HECKOJIBKO 3aMevaHuil, yTOUHSIONIX c(hOPMYTHPOBAHHYIO BhIllle KapTuny. [Ipexk-
Jie BCero, OTMETHUM, YTO HECMOTPSA Ha TO, YTO U3JIyUeHUe N3rNOHBIX (DOTOHOB IIPOUCXOJIUT TTPAK-
TUYECKH IapaJijle/IbHO MArHUTHONM CUJIOBOI JIMHUH, BCJIEJICTBUE BCE TOH K€ MCKPUBJIEHHOCTH
CUJIOBBIX JIMHUII, raMMa-KBaHT IIPU PACIPOCTPAHEHUH HAYMHAET JBUTATHCH 0] BCE OOJIBITIM
u O6osibimuM yryioM 6 kK MarauTHOMY 10J10. C JIPpYyTroif CTOPOHBI, MPU MAJIBIX IO CPABHEHUIO C
paJiycoM KPUBU3HBI JJIMHAX 11pobera GoTOHOB [, MOKHO 110102KUTh sin @ = [,/ R.. IlosTomy

JJINHa Hpo6era raMMa-KBaHTa, MOXKET ObITh OIl€eHEHa KaK

8 _ B moc?
I = o R, Do Mt 277
1T B & (277)

e A ~ 20 — jorapudmudeckuii hpaxTop.

Jasee, 1y1s He CJIUITKOM CHJIBHBIX MarHUTHBIX mojieit B < 10'% I'c poxkaeHne BTOpHIHBIX
YJACTHUIL ITPOUCXOIUT Ha HeHyseBble ypoBHH Jlammaay. Birarogaps majomy BpeMeHH CHHXPO-
TPOHHOTO BBbICBeUMBaHUs Ty (269), mpakTHIeCKN MIHOBEHHO BCs ~Tionepednasi’ sHeprus Oy-
JIeT BBICBEYEHA 34 CUeT M3JIyUeHUsl CHHXPOTPOHHBIX (pOTOHOB. OKa3bIBAETCsI, SHEPIUsT TAKUX
CUHXPOMOTOHOB JOCTATOYHO BEJIUKA, YTOOBI U 3TU (POTOHBI MOV IOTJIOTUTHCS B CHJILHOM
MarHUTHOM I10JI€ ¥ POJUTH BTOPUYHBIE YACTHUIBI. UTO K€ KacaeTcs MEePBUYHBIX YACTHUIL, TO
OHU BIIOJIHE MOT'YT OBITH OObsSICHEHBI KOCMHUYIECKIM (DOHOBBIM m3JiydeHueM. Kax 1mokasaJi 1mo-
TIPOOHBII aHAIN3, KOCMIYECKHil raMMa-(oH IPUBOIAT K reHeparui 10° HepBUYHBIX YacTHIL B
CEeKYH/Ly. DTOTO BIIOJIHE JIOCTATOIHO, YTOOBI MarHUTOChEepa HENTPOHHO 3Be3/1bl 3 (HEKTUBHO

3all0JIHAJIACH JJIEKTPOHHO-IIO3UTPOHHON ILJTA3MO.
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Takum ob6paszom, Mbl HIPUXOAUM K BarKHEWIIeMy BBIBO/LY, 9TO BaKyyMHasd Maraurocdepa
HEATPOHHON 3BE3/Ibl C CUJIbHBIM MArHUTHBIM MOJIEM OKa3bIBACTCA HEYCTOMYMBON OTHOCUTE/Ib-
HO KBAHTOBOI'O POXKJIEHHUS 3aPAKEHHBIX YACTHUIL, KOTOPOe OyJIeT MPOJIO/IKATHCA JI0 TeX IOop,
II0Ka BTOPHUYHBIE YACTHUIIBI HE 3a9KPAHUPYIOT IIPOJIOJIbHOE 3JeKTpudeckoe moJie. [Ipu srowm,
KaK OKa3aJIoCh, IJIa3Ma, 3allOJIHSIONass MarHuTocdepy paifoIyibcapa, MOJTHOCTHIO 3ad9Kpa-
HUPYeT MarHuTOJIUIOJILHOE W3/IydeHrne HeWTPOHHOI 3Be3/ibl. [[oaToMy ceifyac yxke MaJio KTO
COMHEBAETCsI, 9TO SHEPreTuIecue MoTePU JOJXKHBI ObITh CBA3aHbI C 9JIEKTPUICCKUMU TOKAMH,
TEKYIIUMI B MarHuTocdepe M 3aMbIKAIOIMIMMUCIHA TOBEPXHOCTH HEATPOHHON 3BE3.IbI. IJTO,

O/ITHaKO, y2KE€ COBCEM JIpyTladd I/ICTOpI/IH28.

6.2.5 Yepnbie abipbl — 3ddekT XoKnHTa

B zakmiouenue sToro pasjena, HeIb3s HE CKa3aTh XOTd Obl HECKOJBKO CJIOB IPO 3D deKT
XOKHHTa, T.e. O KBAHTOBOM HCIApPEHUU YEPHBIX JbIp. KOHEYHO Ke, YepHble JIBIPhI — 3TO
YUCTO KJIACCUYECKHe OOBEKTHI, U, COTJIACHO OOIeil Teopuell OTHOCUTEJILHOCTH, HUKAKUE Ya-
CTUIIBI U JlaKe CBeT BBIUTH 3a ee IpeJiejibl He MOXKeT. 1eM He MeHee, KaK Mbl yBUJIUM, IIPU
OTIPEJICTICHHBIX YC/IOBUAX B HUX TaKXKe MOT'YT OBITH CYIIECTBEHHBIMU KBAHTOBBIE ITPOIIECCHI,
pUBOJIAINNe K n3Jiydenuto dactuil. Heobxomumo, npasia, OTMETUTh, YTO CYIIECTBOBAHUE U3-
JlydeHuss XOKHWHTa TPeJICKAa3bIBAeTCs HEe BCEMU KBAHTOBBIMU TEOPUSMU U, OOJIee TOro, OCHapu-
BAETCA PAJIOM UCCIEITOBATEICH.

B macrogdiiee BpeMst MaJio KTO COMHEBAETCA B CYIIECTBOBAHUN YE€PHBIX JIBIP, XOTS HA CAMOM
JieJie IPSIMbBIX JIOKA3aTeIbCTB JI0 CUX TIOP MOJIy4ueHO He Ob110. Jle10 B TOM, 94TO TPaKTUIeCKU BO
BCEX C/Iydasx HaO/IOJAEHUS FOBOPAT JIMIITh O HAJTUYUN OYeHb KOMIIAKTHBIX 00HEKTOB, KOTOPbIE
HUKAK He ToJIydaeTcd OO0bsICHUTH 110 WHOMY. [Ipm 3TOM B mOMy/Isluu KaH/IMJIATOB B Y€pHbIE
JIBIPBI BBIJIEJIAIOTCS JIB& OCHOBBIX CeMeMCTBa, a MMEHHO T.H. FaJIJAKTUYECKNEe YepHbBIE JbIPHI C
Maccamu 515 M), a TakyKe CBepXMacCUBHbIE YepHble AbIphl ¢ Maccamu 10°-10° M), naxo-
JIAIecd B IEHTPax rajakTuk. Bce rajakTudeckue KaHIUJIATHI BXOJAT B COCTAB JIBOMHBIX

CUCTEM, U IIO3TOMY, aHAJIM3UPYA ABHUZKEHUE 3BE€3/IblI-KOMIIaHTbOHa, MO2KHO C YBEPEHHOCTBLIO

28TTompobiee 06 9TOM rOBOPUTLCH B KHure ~TpaBuramus i acTpodu3nKa’’.
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YTBEP:K/IaTh, UTO MACCa PEJISITUBUCTCKOIO OObEKTa MPEBBINIaeT TPHU COJTHEIHBIX Macchl. Cre-
JIOBATE/IbHO, HEUTPOHHOM 3BE3/10 3TOT 00BEKT OBITH HE MOXKET, & JPyTrue KOMIIAKTHbIE 00bhEK-
ThI, KOTOPbIE CMOTJIN ObI TOMECTHJICS BHYTPH JIOCTATOYHO T€CHOI OPOUTHI 3B€3/IbI-KOMITAHbOHA,
HaM HEM3BEeCTHBI. KpoMme TOro, 0 CyIecTBOBAaHUU YPE3BLIYAITHO KOMIIAKTHOTO 0O0BHEKTa TOBO-
PAT U CBONCTBA M3/Iy9YeHUS BEIIeCTBa, MEPETEKAIOIIET0 CO 3Be3/IbI-KOMIIaHbOHA. Bo BTOpOM 2Ke
cJIydae Macca YepHOM JIbIPhI OIEHUBAETCS 10 KeIJIEPOBCKOMY JIBUXKEHUIO 3B€3J] U ra3a B IIeH-
TpaJbHBIX 00JIACTAX rajakTuk. Hampumep, it 9epHoit AbIpBI B IieHTpe Hareil [amakTukn (ee
Macca coctasysger juib 4 - 10¢ M) yaamoch mpociejuTs JIBUKeHne HeCKOJIbKUX 3Be3l, UbH
[IEPUO/IBI HE MPEBBINIAIOT HECKOIBKO JIET.

s nanbueitiero xHam OyJieT JIOCTATOYHO 3HATH JIUIINB TO, YTO YEPHBIE JBIPBI — 3TO 00b-
eKTBI ¢ paauycoM 1y, = 2GM/c? (106). BolpaxeHne JjIsi TPABHTAIIMOHHOTO DAJMyCa T'g, T.€.
TaKOI'0 pasMepa TeJjia, MPU KOTOPOM €ro IMOBEPXHOCTb HE MOYKET MOKHHYTDH JlaXKe JIyd CBETa,
OBLIO TIOJIyUeHO errle B 1783 rojy aHIVIMICKUM CBAEHHUKOM U T'€0JIOTOM, OJTHUM M3 OCHOBATe-
neit HayuaHoit ceficmostornm JIxx. Muvenom (u e coyers 8 jer I1.C. Jlamiacom) Ha ocHOBe
HBIOTOHOBCKOIT Teopun Tsrorenus. JleficrBurenbHo, Boipazkernue (106) mosryaaercs cpasy, eciin
IPUPABHATH BTOPYIO KOCMIYECKYIO CKOPOCTh v = 1/2G M /R K cKopocTH cBeTa ¢. YIUBUTEb-
HO, HO 9TO BbIParKEHHE OCTAETCs CIPABE/JIMBBIM U B OOIIENl TEOPUU OTHOCUTETHLHOCTH.

Nrak, depHbIe JBIPHI — IpeJICKA3aHue KJIACCUIECKONH TEOPHUH, COIVIACHO KOTOPON HUKAKHE
YACTHIILI U TOJI HE MOTYT MOKHHYTH OOJIACTU BHYTPHU I'PABUTAIIMOHHOIO PAJIMYCa; HOITOMY
TO IIOBEPXHOCTb 7" = 7T IOJIyIWJIO Ha3BaHHe NOpH30HTa coObITHit. Tem He Menee, Kak IOKa-
3aJ1 anruiickuit actpodpusuk C. XOKUHT, B paMKax KBAHTOBOW MEXaHUKH CUTYAIldsl MOYKET
CYIIECTBEHHO M3MEHUThCA. [lesio B TOM, UTO ucnapenue 4epHOi JbIPhI 10 XOKUHIY — 9TO YU-
CTO KBAHTOBBII Iporiecc. B KBaHTOBOI 2Ke MexaHUKe, OJ1aro/iaps siBJIEHUIO TYHHEJIMPOBAHUS,
MTOABJISIETCS BO3MOYKHOCTH ITPOHUKATH CKBO3b IMOTEHITUAJILHBIN Oapbep, CJUIIKOM BBICOKHUI C
TOYKH 3PEHUs KJIACCHYECKON CUCTEMBI.

B caydae wepHoil JbIPBI POXK/IEHUE YACTHUI[ MOXKHO cebe MPEeJCTaBUTh CJIeIYIONIUM 00pa-
3oM. Kak MbI Bujie/id, B KBAHTOBOI MeXaHWKe (BU3UIECKUNl BaKyyM He O3HA4YaeT IIyCTOTy — B

HaMHU3MIIEM SHEPIreTUYIeCKOM COCTOAHUU IJICKTPOMalrHUTHBIC IIOJIA HE paBHBI HYJIIO. ITomumo
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y7Ke UCIIOJIb3yeMOii HaMU BBIIIE HATJISIIHON KapTUHBI (BaKyyM COCTOUT 13 GEryInux Bo BCeX Ha-
[PABJICHUAX BOJIH, O0JIQIAIONIIX HEHYJIEBO SHEprueii), BOSMOXKHA U JIPyTasi HHTEPIIPETAIHs.
MokHO cKa3aTh, 9TO BaKyyM HAIIOJIHEH MMOCTOSHHO POKJIAIONIMMUCH U UCUYE3AI0NUMU (hIIyK-
TYaIruaMy Pa3/JIMIHbIX [10JIell, B TOM YUC/e€ — U BUPTYAJbHBIMHA YacTUIIAME. B 10Jie BHENHIX
CUJI IMHAMUKA 3TUX (DIIyKTyallnit MeHseTCs, M eCJIM BHEITHWEe CHJIBl JOCTATOYHO BEJINKH, TO
CTAHOBUTCS BO3MOYKHBIM IIPOIIECC MIPSIMOTO POXKJIEHNS 3 BAKYyMa Iap YacTUIa-aHTHIACTUIIA.
Nmenno Takoil mporiecc 1 HAUMHAET ITPOUCXOIUTH B SJIEKTPUUECKUX TOJIAX, OJTM3KUX K KPUTU-
geckoMy 3Hauennto Ey = m2c® /he (115).

Crenuduka Ke POXKIEHUS YACTUI] BOJM3U YEPHON JBIPhI CBsA3aHa C T€M, YTO SHEPreThde-
CKHe YPOBHHU JTIOOOTO KBAHTOBOI'O COCTOSTHHS 3aBHUCAT OT KOODJUHAT, UMITYJILCOB U BPEMEHH.
[TosToMy 1 TOHATHE BaKyyMa 3aBUCHT OT CHCTEMBI OTcYeTa. B 0OBIMHOM IJIOCKOM ITPOCTPaH-
CTBE M3-33 €0 BBICOKOI CHMMETPHUN LI BCEX MHEPITHMAJBHBIX CHCTEM OTCUYETa BaKyyM Oyaer
OJIHUM U TeM 2Ke cocTosgHueM. OHAKO yiKe JJIs HEMHEPIUAJIbHBIX CHCTeM, & TeM OoJiee JIJist
IIPOM3BOJIBHO NCKPUBJIEHHBIX [TPOCTPAHCTB, BOZHUKAIONINX B OOIEil TeOPUH OTHOCUTETBHOCTH,
cuTyarus OyJIeT COBEPIIEHHO MHA.

B pesysibrare, Kak mokazas XOKHUHT, POKJIEHUE MAPbl YaCTUIA-AHTUIACTUIIA MOXKET IIPO-
WCXOJIUTHh W BOJIM3W TOPU30HTA COOBITUI WepHOil JAbIphl. [Ipn 3TOM BO3MOXKEH cirydail, Korja
OJIHA 9YACTHIA POXKJAETCs MMOJ TOPH30HTOM (ee IMOJTHAsT PEeJSTUBUCTCKAs SHEPrUs MPU STOM
OKa3bIBAETCS OTPUIIATENILHOI ), & JApyras, obJajaommast MoJ0KUTeIbHON dHeprueil — BHE T0-
pusonta. [lajias B 4epHylo JbIPY, AHTHYACTUIA YMEHbBIIIAET MOJTHYIO SHEPIUI0 YE€PHOI JIBIPHI,
a 3HAYUT, U ee MacCy, B TO BpeMs KaK JacTHIa OKA3bIBAETCS CIIOCOOHON yJjleTeTh B OeCKOHEeU-
Hoctb. g ynanennoro HabJIro1aTe s 9TO BBIMVIAIUT KaK U3JIydeHre dYepHoil AbIpbl. [TloaTomy
YTBepzK/IEHUE, YTO KOHEYHOE COCTOSHUE YePHON JIbIPBI CTAIIMOHAPHO, BEPHO JIUIIb B PaMKax
OOBIYHOI, He KBAaHTOBOI Teopun TsaroTenus. KBantosbie 3(pDeKThI JTOKHBI IPUBECTH K TOMY,
YTO YepHas JIbIpa OyeT M3JIydaTh YaCTHUIlhl, Tepss IIPH 9TOM CBOIO SHEPTHIO.

Bosee Toro, BaxkHelnmM pe3yIbTaTOM OKa3aJICsd HE CTOJILKO caM (DAaKT U3JIydeHus, a To,
49TO JJIst 6€3MACCOBBIX YACTHIL U3JIyUeHIe Y€PHOM JIBIPHI JOJKHO UMETh TEILJIOBOM CIleKTp. A

9TO 3HAYUT, YTO TAKOMY M3JIYUYEHUIO MOYKHO COIIOCTABUTDH OIPEeICHHYIO TeMiieparypy 1py.
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Boutee Toro, Benunna Tpy MOXKeT OBITH OIIEHEHA U3 CJIEIYIONINX MPOCTHIX coobpaxkenuii. Kak
u B caydae sdderra Kasumupa (cm. [pusoxkenne 8.8), depHas apipa He OymeT H3MEHSIThH
CBOICTBa BaKyyMa /Il TeX KoJiebaHuil, JJIMHA BOJHBI KOTOPBIX MHOI'O MEHbIIE pasMepa ro-
pusonTa 7,. To ke camoe Oyjier u B ciydae OOJIBIINX JIJTMH BOJIH, JJIsl KOTOPBIX MaJleHbKasl
JepHad JibIpa OyjieT mpocTo He3aMeTHa. [103ToMy ecTecTBEHHO MPEIOIOKUTD, YTO CIIEKTP
H3JTy9eHUs] YePHON JBIPbI JOJIKHO UMETh MAKCUMYyM Ha HacToOTax w ~ ¢/r,. Benomuuas, 4o
KazKJI0ll 4acToTe W JI0JIZKHA COOTBETCTBOBATH SHEPrUs hiw, MOIydaeM cpasy (B IHEPreTUIecKuX

equunnax) Ty ~ fic®/GM. Tounast xe dbopMy/ia BBINISJIAT Kak

he? M\
C  ~05-107(—) K (278)

Ton = ———
P 8 rGM M,

Konedno ke, Takasi olleHKa HM B KOeM CJydae He JOKa3bIBAeT TEIJIOBON CIEKTDP H3JIyIeHUs
XOKHHTA.

Eme pas nmoguepkHeM, 9T0 B OOIEM CJIydae COCTaB M3JIydaeMbIX YaCTHUIL U I10JIeil 3aBUCUT
OT MaCChl YePHOI JBIPHI. JLIsT MACCHBHBIX YE€PHBIX JIBIP OY/IYT U3JIydaTbCsi B OCHOBHOM Oe3Mac-
coBble (POTOHBI U HERTPHUHO. B clleKTpe Ke JIerKnX YepHbIX JIbIP HAYMHAIOT IIPUCYTCTBOBATH U
OoJiee MaccuBHBbIE JacTHUIBL. [Ipr 9TOM CIEKTP XOKMHIOBCKOTO H3JIyUeHUs COBIIAJIAeT C U3JIy-
JeHreM abCOJIFOTHO YE€PHOIO TeJia JINIIh JIJId 0e3MacCOBBIX ITOJIEH.

Kak mMbI BujinMm, 111 peasibHbIX KaH/IMJIATOB B U€PHBIE JIbIPBI TeMIepaTypa 1y OKa3blBaeT-
¢ HACTOJIBKO MAJION, UTO TEIJIOBBIMU KBAHTOBBIMU 3 DeKTaMu 3aBEI0MO MOYKHO IIPeHeOpeUb.
Bouee Toro, mocTaTouHO MacCUBHBIE YePHBIE JbIPbI, TEMIIEPATypa KOTOPBIX HUKe TeMIIepaTy-
pBI pesimKTOBOrO mM3sIydeHusi Beenennoit (2,7 K), B Hacrosiiee BpeMsi MOI'YT TOJIBKO PacTH,
TaK KaK UCIIyCKAeMOe MMU HM3JIyIeHHe UMeeT MEHBIIYIO SHepruio, dem moromiaemoe. C apy-
roil CTOPOHBI, HA PAHHEM 3Talle SBOJIIOINKA BcejleHHONl B NPHUHIIAIIE MOIVIA CYIIECTBOBATH U
JepHbIe JbIPbI JIOCTATOYHO MaJibix Macc. Ilosaromy mnpejcrasisier nHTEpEC OOCYIUTH UX IBO-
JIIOITNIO, KOTOPas OMUCHIBATCA OY€Hb IMPOCTHIMHU YPaBHEHUSIMU.

JeficTBUTEIBHO, BOCIOIB30BaBIINCh dhopmynoit L = 47w R2ogpT™?, mosmyuaeM J1J1s CBETHMO-

CTU YEPHOM JBIPHI
1 fic®

L = .
153607 G2M?

(279)
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DTO NMPUBOJIUAT K TIOTEPE MACCHI CO CKOPOCTHIO

1 hct
M= — ) 280
153607 G2M? (280)

B pesysbrare, Kak J€rko MpOBEPUTD, BpeMsi MOJHOTO ucnaperns T = M /M cocraBut

M3 (M

CpaBHEBas 3TO BpeMs ¢ BpeMeHeM KI3HU BcesleHHoil, MOYKHO ¢/Ie/1aTh BBIBOJI, YTO BCE U€PHbIE
JBIPBI ¢ MaccaMit, MeHbimMu 10 1, ecin onu u Morn obpasosasinuecs Bo BpeMs “BoJbmoro
B3PhIBA’, JOJIKHBI ObLIN K HACTOAIIEMY BPEMEHH ITOJIHOCTBbIO mcraputbed. [losTomy B Harry
30Xy MOIJIH OblI B3PLIBAThLCS JIAIIL HePBUYHbLIE YepHBIE JIBIPEI ¢ Maccoil okoso 10 r.

NuTepecHo, 9To 1ocjeHne MrHOBEHUS TI€PE/T NCUYE3HOBEHNEM JIJIT BCEX YEPHBIX JIbIP JT0JIK-
HBI IPOTEKATH COBEPIIIEHHO OJIMHAKOBO. JleficTBUTEIbHO, BOCIIOIb30BABIINCH hopmytami (275)—
(277), momyvaem

mp102

L~ OltlT(to — t)_2/3, (282)

Pl
IJile MOMEHT t; COOTBETCTBYET BPEMEHH IOJHOrO mcrapeHusa>’. TakmM oOpasoM, HocseTHumil
9Tall UCIIapPeHUs] YePHBIX JbIP HOJIKEH IPEeICTAB/IsATh COO0M MOIIHBIA B3phIB. [Ipn 3TOM 3a 110-
CJIEJTHIOI0 CeKYH Ly JIOJIKHA BBLIEIATLCA SHeprus nopsaika 102 spr, u, ciegoBaTe/bHO, TaKne
sIBJICHUSI MOKHO OBL/IO ObI HAOJIIOJATH U HA JIOCTATOIHO DOJIBIIIOM paccTOAHIE OT 3emiin. O Ha-

KO ITO00HBIE COOBITHS JI0 CUX IIOP He HAOJIIOIAINCH. DTO ITO3BOJINIO CYIIECTBEHHO OIPAHUINTH

YUCJIO ITEPBUYIHBIX Y€PHBIX IbIPD BO Bcesennoii.

6.3 Eie HecKoOJbLKO ITPUMEPOB
6.3.1 DAAUHTTOHOBCKWUI IIpeaesa

TomconoBckoe ceuenne or (cMm. [lpumoxkenne 8.6) ompejessier ere OJHY BEJUUHUHY, HOBCE-

MECTHO KCIIOJIB3YEMYIO B acTpPOMU3UKe. DTO T.H. IMHITOHOBCKHUI mpenesn Lgqq, 3aJar0Iuit

29Ha, camMoM JieJte, JI0 CHX IIOP HEM3BECTHO, IIPOUCXOJIUT JIU IIOJHOE UCHAPEHHE YePHBIX JIBIP, I OHO 3aKAH-
YMBAETCSL TIPH Macce YepHOR IbIpbl m ~ mpy (0t ~ tp)), KOrja HEOOXOIMMO yUATHIBATE IO MEKTH KBAHTOBOMN

T'PaBUTAIIUH.
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MAaKCHMaJIbHO BO3MOXKHYIO CBETUMOCTH KOMIIAKTHOIO OOBEKTa, CBA3AHHYIO C aKKperuel Ha
HEro OKPY2KaroIero Bemiectsa. /lesio B ToM, 9TO BbIjIe/IeHNe TPABUTAIIMOHHON SHEPIUN CO CBe-
TuMOCTBIO Ly = GM M /R, tne M u R ectb Macca u pajinyc KOMIAKTHOTO 00bEKTa, a M —
TEMIT aKKPEeInn, JOJZKHO UTPATh KJOUYEBYIO POJIb B TECHBIX JIBOMHBIX CHCTEMAaX C BBICOKHM
TeMIioM akkperun. Hampumep — B peHTIeHOBCKUX ITyJIbCapax U APYIUX PEHTTEeHOBCKUX MCTOU-
HUKaX, B KOTOPBIX MJIET aKKPeIUs BENecTBa CO 3Be3/Ibl-KOMIIAHbOHA HA HEHTPOHHYIO 3BE3/LY.
Kak wmbI ceitgac mokazkeMm, IIpU JIOCTATOYHO OOJIBIION CBETUMOCTH KOMITAKTHOIO OObEKTa CH-
JIa JIYIUCTOTO JaBJIeHns Oy/IeT IPersaTCTBOBATH IMaJeHUI0 BEIeCTBa, W MOITOMY OOBEKTHI C
JIOCTATOYHO OOJIBIIION CBETUMOCTHIO HE MOT'YT OBITh peain30BaHbI.

JleficTBuTe/ IbHO, KaK BUIHO U3 Puc. 4, /st ONITUYIECKOro 1 JazKe PeHTTeHOBCKOTO JUalla30Ha
(Epn K MeC?), T.e. NPAKTUYECKU IS BCEX acTPODU3MIECKH MHTEPECHBIX CJTyIaeB, NMITYJIbChI
paccestHbIX (POTOHOB Oy/IyT HampaBjeHbl W30TpOMHO. Cjie0BaTe/IbHO, 3HAYNTEIbHAS YACTh
UMITYJIbCa TaJIal0NuX (POTOHOB JIO/IZKEH OBITH IOJTHOCTBIO HEpeJilaH dJIeKTpoHaM cpejibl. T.K.
B cpefiHeM uMiysbe dhoToHa hw/c nepegaercs 3JaeKTpOHAM Cpejibl 3a Bpewms [,./c, tie [, =
1/orne — nnuHa 3aryxanus (ne — KOHIEHTPAIUS 3JEKTPOHOB), TO CHJIa OTHadn Fiaq = 0p/dt
BAITUIIETCS KaK

Frad = hwaTne. (283)

Hawm B masbheiinem OyjieT ya00HO IOBOPUTH HE O CHJIe OTJIAYH IIPU OJHOM aKTe B3amMOJIeii-
cTBUs POTOHA C JIEKTPOHOM, a 00 00BEMHOI IJIOTHOCTH CHJIBI Fraq, T.€. O CHJIe, JefcTBYIOIIeit

Ha eJMHUYHBIA 00beM. st 3TOl crIbl MOXKHO 3aliucaTh
Frad = WOTN,. (284)

3/1eChb w eCTh IIOTHOCTD SHEPTUH (DOTOHOB, KOTOPAasi MOYKET OBITh HAIIPSIMYO BBIDAZKEHA depe3

IIOJIHYIO CBETUMOCTH KOMIIAKTHOI'O 00BbEKTa

L

Amric’

(285)

w

BJI&I‘O,ZLapH TaKOI 3aMeHe, 9HEPI'UAd OT/AE/IbHbIX (1)OTOHOB B OTBET HE BXO/JMT.

C apyroit cTOPOHBI, HA TOT K€ €JIMHUIHBII 00'HEM CO CTOPOHBI TIEHTPAJILHO 3BE3/IbI Oy 1eT
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ILQIU/ICTBOBaTb I'paBUTallMOHHaA CHJIa

_ GMnem,,
r2

F, (286)

3/1eCh MBI BOCIIOJIL30BAJINCH MIPEJIIOJIOKEHIUEM O TOM, YTO I1a/Ial0Iee BEIeCTBO IPE/ICTaBIIsA-
eT co0Ooii MIPOCTYIO JIEKTPOHHO-IIPOTOHHYIO ILJIA3MY, U [TO3TOMY ILJIOTHOCTH aKKPEIUPYIOIIEero
BeIIecTBa MOXKeT OBITh 3allICata KaK 7eMyp, IJe My, — Macca IIpoTona. Heobxoaumo mnogaepk-
HYTb, 9TO PaJIMAIMOHHAS CUJIA JEHCTBYeT Ha JIEFKUE YaCTHIbI — 3JIEKTPOHBI, a CHUJIa I'DaBU-
Taryu — Ha MpoTOHBL. OHAKO OAJIAHC CUJT MOYKET OBbITh JOCTUTHYT IPU HAJIUYAU HEOOIBIION
MIOJIAPU3AINY TIa3Mbl, ITPUBOJSAIIEN K MMOSBJIEHUIO JIEKTPUYECKOTO T0JIS, HE MTO3BOJISIONIETO
IIPOTOHAM U JIEKTPOHAM ILIa3Mbl PA30UTHUCH Ha OOJIBIIOE PACCTOSTHHE.

B mTore, Kak MBI BHJUM, 00€ OObEMHBIC CHJILI 3aBUCAT OT PacCTogHms r Kak r 2. Ilo-
9TOMY, HE3aBUCUMO OT PaJInyca T, CUJIA I'PABUTAIMOHHOTO MPUTIKEHUs OyJIeT CUJIbHEe CUJIbI

pPaIMaliMOHHOTO OTTAJKUBaHUA JIUIIb IpU L < Lggq, T/€

4rcGmy, u

Liad = (287)

agr

Hpe,ZLe.HbHaH CBETUMOCTDb, TaKUM o6pa30M, 3aBUCUT TOJILKO OT MaCChl KOMIIAKTHOIO OOBLEKTA.

OO6LIYHO ee 3allCBHIBAIOT B BUIE

M
Lpqq = 1.38 - 10%® A erg/s. (288)

Koneuno, najio cpagy ckasarh, 4To BeauunHa Lpgq OIpesesaseT MaKCUMaIbHO BO3MOXKHYIO
CBETUMOCTD JIUIIb 10 TOPAJIKY BEJIMYUHBI, XOTA ObI TIOTOMY, UTO OHA ObLIa MOJIyY€eHa JIJIsd CJIy-
qasg chepudecKn CUMMETPUIHOIO TedeHus. TeM He MeHee, mpocreiimas dopmyia (284) s
9JJIMHITOHOBCKOM CBETUMOCTH He pa3 I03BOJIsJIa Ka4eCTBEHHO IOHATH OCHOBHBIE CBOICTBA
HabJII0/IaeMbIX UCTOYHUKOB. Tak, IMocje Toro, Kak CTaJo sICHO, YTO SHEPIrOBBIJIEICHUE PaJINo-
rajlakTUK 1 KBazapos MozkeT jocturath 10%-10%7 spr/c, dpopmyita (284) Mruosento nokasaiia,
YTO MPUPOJIA UX AKTUBHOCTU MOXKET OBbITH CBsA3aHa ¢ OObEKTaMU, MACCa KOTOPBIX COCTaBJIsA-
er 107-10° commeunsx macc. YepHbIe JBIPEI ¢ TAKAMH MACCAMH, KaK Telleph CUUTACTCS, 1

SBJIAIOTCS TIEHTPAJIbHON MAaITUHON , TPUBOJIAIIEN K TAKON ITMIraHTCKOW CBETUMOCTH.
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JIpyrum npuMepoM MOT'YT CJIYKUTh FaJakKTHIecKne PeHTTeHOBCKNUE UCTOYHUKN — TeCHbIe
JIBOMTHBIE CHUCTEMBI, COCTOSIINE U3 OOBIYHON 3BE3JbI U KOMIIAKTHOIO OOBEKTa (HeﬁTpOHHoﬁ
3BE3JIbI UJIM YEPHOI JIBIPBI), Ha KOTOPYIO IPOUCXOJUT AKTUBHOE IEepPeTEeKAHHUE BEIIeCTBA CO
3Be3/Ibl-KoMIIaHbOHA. Kak BujHO 3 Tabiuisl 3, B KOTOPOit MbI cOOpaJIn HECKOJILKO HanboJjiee
U3BECTHBIX IaJIJaKTUIECKUX NCTOUYHUKOB, UX PEHTIeHOBCKAasl CBETUMOCTDb L x JIefiCTBUTEILHO He

0% spr/c. OrmeruM, 9TO eciu JijIsd HEfITPOHHBIX 3BE31

IIpeBbIIIaeT HEeCKOJIbKO eJIMHuIl Ha 1
9TOT Pe3yJIbTAT HE BBI3bIBAET COMHEHUs (MX MaKCHMAaJbHasd MAcca, KaK Mbl BUJIEJIN, HE MOXKET
npeBbImarh 1ByxX Macc COJIHIIA), TO OTCYTCTBHE YepHBIX JIBIP ¢ Maccamu B juarnasoHe (10—

1000) M, o cux TOp SBJISIETCS OJIHON U3 HEPEIeHHbBIX 3a/1a9 COBPEMEHHON acTPOQU3UK.

Ta6JII/ILLa 3: lNaytakTugeckue PEHTTEHOBCKUE NCTOIYHUKNU

HUCTOTHUK THUII nepuon P(c) | Mx (M) | Lx (10% spr/c)
LMC X-4 | myabcap 13.5 1.5+ 0.1 4.0

Cen X-3 IIyJIbCAP 4.8 1.1+ 0.1 0.9

SMC X-1 | mysibcap 0.7 1.2+ 0.1 6.3

Vela X-1 IIyJIbCAP 283. 1.9+ 0.2 0.1

Her X-1 1.24 0.85 + 0.15 0.2
4U 0115+63 3.6 1.4 +£0.15 0.5-2.0
X0331+53 4.4 1.4 +£0.15 0.02-3.5

6.3.2 Ooparubiii Komnron-adpdekt

Obparusiit Kommron-addekT, T.e. yBenmdenne sueprun pOTOHA TPU €r0 CTOJKHOBEHUHU C pPe-
JATUBUCTCKUMI YaCTUIIAMI, O KOTOPOM MBI y’Ke YIIOMSHYJIN B pasjese 3.2.4, sBisdercs OJi-
HUM U3 KJIIOYEBBIX IIPOIECCOB B acTPOdU3MKe, PO KOTOPBIA HY?KHO IMOCTOSTHHO HOMHHTD,
AHAJIM3UPYsl Te WM WHbIe IPOIecchl BO BeemenHoit. Ecim BOCIOIB30BATHCS COOTHOIIEHTEM
AN = h/(mec)(1 — cosB) (31), moaydeHHbIM I CIydasi, KOIJIa 9JIEKTPOH JI0 CTOJKHOBEHMUSI

IIOKOMJICA, TO, IIEPEXO/IA B CUCTEMY OTCYETA, B KOTOpOfI QJIEKTPOH 10 BBaI/IMO,H‘QI'/JICTBI/IH JABUTAJICA
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CO CKOPOCTBIO V', MOYXKHO IOJIYUUTH CJIEJTYIOIIEe COOTHOIIEHUE I JIOOOBOI'O CTOJIKHOBEHUS

L4V |, 2w (1-V/e 12
=——w
1-V/e mec? \ 1+ V/c ’

(289)

KOTOPOE CBA3bIBACT Ha4YaJIbHYIO U KOHEIHYIO 9aCTOTY (bOTOHa. B JaCTHOCTHU, JId yJIbTpape-
JIATUBUCTCKUX 3JIEKTPOHOB (I/I JJId CiIydad, KOrJa MO2KHO HpeHe6peqb BTOPBLIM CJlal'a€MbIM B

KBaJIPATHBIX CKOOKAaX), MOJIydaeM mpocTo (33)
W Ay w, (290)

e Yo = 1/4/1 —V?2/c? — nopenn-dakrop ssekrpona. [lonstHo, uto dopmyrna (286) maer
HanbOJIbIIINE YAaCTOThI, KOTOPbIE MOI'YT OBITH IPU TOM JIOCTUTHYTHI; JIjisi TPOU3BOJIBHBIX YI-
JI0B paccesanus 3pdeKT OKa3bIBAETCA 3HAYUTE]LHO MeHblle. B 4acTHOCTH, ec/in HallpaBjIeHue
CKOpOCTEl HAavaIbHBIX (DOTOHOB M30TPOITHO, TO CPEJIHsAsI YaCTOTa PACCEAHHBIX (DOTOHOB OIpe-
JIEJIAETCST COOTHOIIEHUEM

4
<w >= 3 Ve (291)

Kak MBI BujuM, npu J0CTATOTHO OOJIBINON SHEPTUN JIEKTPOHOB CTAHOBUTCS BO3MOXKHBIM
3HAYUTE/ILHOE yBeJInUeHne SHeprun (POTOHOB, yIaCTBYIOIIMX B 9TOM mporiecce. [TosTomy B Tex
CIIydasx, KOraa B KOCMIIECKIX NCTOYHUKAX UMEIOTCs 9JIeKTPOHBI NN WHBIE YACTHUIII, SHEPTUN
KOTOPBIX MIPEBOCXO/IAT SHEPTUHU (POTOHOB, TO JIOJIPKHO ITPOUCXOIUTH CYIECTBEHHOE UCKAYKEHNE
[IEPBUYHOIO CIIEKTpa u3iydenns. Hurke Mbl paccMOTpuM JiBa HaAMOOJIee NU3BECTHBIX IIPUMEPA,
a uMeHHO 3HaMeHUThIN 3 dexr Benbaosnua-Cronsesa (SZ-3¢ddexT) u nponecc BOSHUKHOBE-
HUSI CBEPX?KECTKUX TaMMa-KBaHTOB T3BHBIX sHepruii (1 TsB paren 10'% 5B) B koMmakTHBIX
acTPOU3NIECCKUX UCTOTHIKAX.

[Ipupoma scddexra 3enbaosuua-CronsieBa ouenb mpocta. OHa cBs3aHa ¢ paccesHueM ¢ho-
TOHOB TEILJIOBOTO PEINKTOBOIO W3JIyUeHHs TOPATUM 3JICKTPOHHBIM Ta30M ", HAXOIAIINMCH B

0OraThIX CKOIJICHHUSAX TajJakKTUK. Takue O0oraTble CKOIJICHN comepzkKaT COTHU U ThICAYU T'aJlaK-

THK, & UX IIOJHbIe MacChl JOXoAAT unorga 1o 101 M. IIpu sTom pazmepsl cKolLienuii D MoryT

30rrepMI/IH raz’ 31€Ch UCIIOJIB3YyeTCd 110 NCTOPUYIECKUM IIpUYIUHaM. Ha camom JeJie 3TO IIOJIHOCTBIO MOHU30-

BaHHasd IJIa3Ma.
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COCTaBJIATH HECKOJIBKO JIECATKOB Meraliapcek, T.e. B JICCATKH Pa3 IMPEBBLIMATh PACCTOTHUS OT
HAC JI0 OIMKafIuX rajJakTik. TakuM o6pasoM, CKOIUIeHNS TaJIaKTHK (& UX B HACTOSIIIEe Bpe-
Mst OGHAPY?KEHO Y2Ke HECKOJIBKO TBICSY) MPEJICTABIISIOT coDOii caMble GOJIBIITE IPABUTAIIMOHHO
CBA3aHHBIE CUCTEMBI BO BCGHGHHOfL

O“IGHB BaXKHO, 9TO y2Ke IIepBbI€ Ha6J’[IO,Z[eHI/IH, IpoBeaeHHbIEC Ha NCKYCCTBEHHBIX CIIYyTHHKaX
3eMmJiH, 3aperucTPpUPOBAJIA PEHTIEHOBCKOIO U3JIyYeHre OT CKOIUIEHUl, KOTOPOe JIETKO MOTJIO
OBITH OOLACHEHO T.H. TOPMO3HBIM M3JIyYEHHEM MeXKIaJaKTUIECKOTO ra3a, T.e. U3JIyYeHHeM OIl-
TUYIECKN TOHKUX 06JIa.CT€I71 IJIa3MbI, CBA3aHHBIM CO CTOJIKHOBEHUAMHN 3aPA2KCHHBIX YaCTHUIL C
temmeparypoit T, nopaaxa 10° K. [Ipu aToM 3/1eKTpoHHAs KOHIIEHTPAIUS I'a3a M, OIpeIeIs-
eMag 110 MOIIHOCTHU M3JIydeHns, oKasaach nopsjaka 102-10% cm™3. A 3710 o3Havaer, 4To Macca
raza JIOJKHA COCTaBJIATH JIECATKH IPOIEHTOB OT IOJIHOW MacChl CKOILIEHUS. B HEKOTOpPBIX
CKOIIJIEHUSIX Macca ra3a JazkKe IIPEeBOCXOIUT MacCy TaJaKTHK.

NubiMu cjioBaMu, TaJIaKTUKU, BXOJSAIINE B CKOILJIEHHsI, IOKOATC B rOpsideM (MHOIHE MHEJI-
JIMOHBI TPAJIYCOB) Ta3e, M3JIydeHne KOTOPOTO KakK pa3 W HaOJIONAeTCs B PEHTTeHOBCKOM JIHa-
ITIa30HE. T&Kaﬂ nHrepnupeTranusd IMoATBEepP2K/1acTCd elle u TeM, 94TO TeMIIepaTypa I'a3a MO2KeET
OBITH OIeHEeHA 110 I'PABUTAIMOHHOMY MOTEHIHAJLY, C KOTOPBIM I'a3 HaXOJUTCH B THJIPOCTATHIYIE-
CKOM paBHOBeCuUHU, TaK 9TO CpeJHAdA KTHECTHNICCKaA (TeHﬂOBaﬂ) dHepIrud YaCTUIIbI Te PaBHa €e
rpasuTannonnoil sueprun GMme/D. CrenoBarenbHo, ayKe CpeiHre CKOPOCTH 3JIEKTPOHOB
B CKOIUIEHHUsIX OyyT cocrasisaTh 10% oT cKopocTu cBeTa, a KOJIMYECTBO CyOpPEeJIsITUBUCTCKUAX
YACTHIL C JIOPEHI-(haKTOPaAMU Y, R 2 OyJeT IpHU TOM JIOCTAaTo4YHO Besuko. CieoBaTebHo,
KaK BUJIHO U3 cOOTHOIeHns (287), Ipu B3aNMOJIEHCTBUN ¢ MEKIaJJaK THIECKIM [a30M 9acToTa
PEJIMKTOBOTO M3JIyUYeHHs JefICTBUTEHHO MOYKET CYIIECTBEHHO U3MEHUTBCS.

HanomunM, 9T0 MHTEHCHBHOCTH PEIMKTOBOTO W3JIyUeHUs (B AHIVIOA3BIYHON JINTEpaType
ucnoJibdyercsa cokpariearne CMB — cosmic microwave background, T.e. KocMuaecKuii MUKpPO-

31

BOJIHOBOI1 (DOH) ¢ OY€Hb GOJIBITION TOTHOCTHIO MOIIHHSETCsT 3aKOoHy [limanka®! ¢ Temmeparypoi

2.7 K u umeer makcumyM Ha BostHe 1.3 MM. Ho u B cocesineM cyOMUIIIMMETPOBOM JTHAIIA30HE

313a orkpeiTe pemukrosoro mzayudennsi A. Ilemsmac n P. Buabcon B 1984 romy nosmyumimu Hobenesckyro
npemuio; B 2006 rogy eme onna HobGeseBckasi npemusi Obiia npucyxkjaena Jx. Cvmyry m k. Masypy 3a

obrapy»Kenne MIyKTyaIuii pe;uKToBoro ¢ona Ha yposae 61 /T ~ 1075,
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ANMHA BOMNHbI (MM)
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Puc. 30: SZ-acdbdekT, cocrosdiiuii B mepepaciipejiesiean (pOTOHOB PETUKTOBOTO M3JIyUeHUs 3a
CYeT B3aMOJIECTBUS C SHEPIUYHBIMU dJIeKTpoHAMU. SZ-3PdeKT mpeJicTaBieH 3/1eCh CUIbLHO

peyBeJInYeHHBIM

OHa €Il JIOCTATOYHO BEJIUKA, U MOITOMY SZ-3DdeKT 3/1ech JoJKeH HAOIIOIAThCS JOCTATOTHO
oTueTinBO. B mrore, kak nokazano #Ha Puc. 30, B cCAHTUMETPOBOM M MUJLIMMETPOBOM THAIIA-
30HE JIJIMH BOJIH OH IPOSIBJISIETCS B OC/IAbJIEHNN PETNKTOBOIO M3JIyYeHUs, a B CYOMUJITIMET-
poBoM — B ero ycuwienuu. [Ipu sTom Bce hOTOHBI MOTYUAIOT OT 3JIEKTPOHOB JIOMOJHUTETHHYIO
SHEPIHIO, TAK YTO BCHA IJIAHKOBCKAS KPUBAs CABUTAeTCd B CTOPOHY O0/bINX dacToT. [losromy
JIO MAKCHMYyMa KPUBasl MOHMKAETCs, & MOC/Ie MAKCUMyMa — ITOBBIIIAETCS .

B pesysibrare, Mbl IPUXOJUM K BBIBOJLY, UTO €CJIM CMOTPETHh B HAIIPABJIEHUH HA CKOILJICHUS
raJlakKTUK HA CYOMUJIJTUMETPOBBIX YACTOTAX, TO MHTEHCUBHOCTH PEJIMKTOBOIO (hOHA 3/1eCh OKa-
JKeTcst DOJIbIe, YeM BHE CKOILIeHNi, ryie ¢hoH He ndMeneH. C JIpyroit CTOPHBI, B CAHTUMETPOBOM
U MIJJTIMETPOBOM JTHAIIA30HAX JIJINH BOJIH B HAIIPABJIEHUN Ha, CKOILJICHHS Oy/1yT HAOIFOIaThCsT
"oTpuIaTe/ibHble” UCTOUYHUKN U3JIyYeHUs, B KOTOPBIX TeMIeparypa Oy/leT MeHbIlle OKPYKalo-
mero ux (ona. ['paruria ke MeXKTy MOILEMOM U CIIaJ0M WHTEHCHBHOCTHU JOJ/I’KHA JIEYKAThH Ha
qacrore 217 I'T'n, coorBercTBytoNeit 1juHe BOJIHBI 1.38 MM.

B nacrosiiee Bpems nabmonenne SZ-3ddekTa mpegacTaBiger co0oil OJIMH U3 KJIIOUYEBbIX

METO/IOB Hucc/eoBanns jasabieit Beesennoit. C momorpio 31oro adekra MOKHO MOJIyYaTh



192

Energy (eV) 10-9 Ty e | Ty
w10® 10* 102 1 18 10t 100 10° 10 100"
R LR R e e B
E SWIFTUVOT  SWIFT XRT A: 3
ATom O

: i Suzaku HXD H.ES.S.
\ 3

o \

{erg em? s
“t

S10% ke

E

E -1

v

7

E2dN/dE [ erg cm®s' ]
s

dE [erg

Synchrotron

E 10-12
10t e >

E? dN,

10-13

10 -

10"

i vl sund A ik sl s ¥
5 10 15 10°10710°10%10*10°10%10" 1 10 10% 10° 10" 10° 10° 107 10°
Log(E/eY) =l

L
10" 107 10" 10" 10" 10 1% 10* 10" 1H|1?" <5

Puc. 31: Kocmudeckne NCTOYHUKY C JIByMs XapaKTepHbIMU MakcuMmymamu B criektpe. CiieBa
HampaBo: Osiazap (AKTHBHOE raJakTHdeckoe aapo Ge3 jmHuilt morsomennst) 1ES 0347—121,

octaToK B3pbiBa cBepxHoBoit RX J1713.7—3946 u kBazap PKS 215—-304

BasKHEHIYyI0 NH(MOPMAIMIO O MAcCaX CKOILUIEHWI M JIABJICHHMH TOPAYEro MEXKIraJIaKTUIeCKOTO
raza, O CKOPOCTH CKOILIEHUSI BJIOJIb jiyda 3perus. menno SZ-3¢ddexT mo3Boma 00HAPYKUTH
TBICIYM HOBBIX CKOILJIEHUI TaJIJaKTUK, B TOM YHCJIe Ha OOJIBIINX KPACHBIX CMelleHusax. Ha-
KOHeIl, HaO oaeHnst SZ-3pdeKTa IpeIoCTaBIsSIOT He3aBUCHMBbIN CIIOCOO OIIpeIeIeHIsT ITOCTO-
staHO Xab0u1a (a, ciegoBaTesbHO, U 00IIel TIoTHOCTH BerecTBa Bo Beenennoit). Ilpu sTom
OCHOBHOE IPEMMYIIECTBO 9TOr0 METO/a COCTOUT B TOM, YTO B €0 OCHOBE JIEXKHUT JIOCTATOTHO
9JIEMEHTAPHBIN ITPOIECC, XaPAKTEPUCTUKH KOTOPOT'O 3aBUCST JIUIITH OT HEOOJIBIIIONO KOJTUIECTBA
apamMeTpOoB.

Obpatnbiit KoMnToH-3hdeKT, 1mo-BUINMOMY, UTPAET OIPEIE/ISIONYI0 POJIbh U BO MHOTHX
JIPYTUX IIpolieccax, mpoucxoidnmx B Kocmoce. Ha Puc. 31 B KadecTBe mpumepa IMOKa3aHbBI
HECKOJIBKO XapPaKTEPHBIX CIIEKTPOB COBEPIIEHHO PA3JIMIHBIX KOCMUYECKUX MCTOYHUKOB. Kak
MBI BUJIUM, BO BCEX CJIy4asgX B CIEKTPaxX THX OOBEKTOB HAOJIONAIOTCH JIBA XapaKTEPHLIX
MaKCHUMyMa, pa3HEeCEeHHBIX 110 SHeprusM Ha 8-10 mopsijaIkoB.

B nacrosiee BpeMsi jijisi 0ObsICHEHHSI TI0JIOOHBIX CIIEKTPOB OOJIBITMHCTBOM HCCJIEI0BATE-
Jleii TakKe npuBjiekaercs obparHbiil Kommron-addext. MHbiMu ciioBaMu, mpenoaraeTcs,
YTO MeHee SHEPIUYHBIN MUK, PACIIOIOXKEHHBI B PEHTTEHOBCKOM JIHAIIa30He, CBA3aH C CHHXPO-
TPOHHBIM U3JIyUEeHUEM, TOT/Ia KaK 00Jiee SHEPIrUIHbI MaKCHMyM OOYCJIOBJIEH 0OpaTHBIM KOMII-
TOHOBCKHUM DACCesHIEM CHHXPOTPOHHBIX (hoToHOB. IIpm sTOM, corytacHo coorHormenuto (286),
HEOOXOTUMO ITPEJIIOJIOKUTH, YTO B 9TUX UCTOTHUKAX CYIIECTBYIOT PEJIATUBUCTCKUE 9JIEKTPOHBI

(W11 TOBUTPOHBI) € SHEPIUAMHE, COOTBETCTBYIOIUMHE JIOpeHIl-hakTopaM v, ~ 10°-10° (sueprus
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dborona yeesmuusaercsa B v pas). MexaHusm e yCKOPEHUs 9acTHIL JI0 TAKUX YJIBTPAPePATH-

BUCTCKUX 9Hepr1/1171 J0 Cux IIOp A0 KOHITa HE ITOHAT.

6.3.3 KBaHTOBBII IIpesiesT B JeTeKTOpaX I'PAaBUTAIIMOHHBIX BOJIH

B zaksiouenne 3Toit KHUTH, paccKazkeM ele 00 OJIHOM cjydae, KOrJa KBaHTOBbIE 3(DQEKThI
JTAf0T 0 cebe 3HATh B CBSI3U € acTPOPU3NIECKUMU UCCIEI0BAaHUAMU. Pedub UIeT o JieTeKTopax
IPaBUTAIMOHHBIX BOJIH, T.€. O BIIOJIHE MaKPOCKOIIMYECKUX OObEKTax, B KOTOPBIX, Ka3aJI0Ch
ObI, 93(PEKTH MEKPOMUPA IPOSIBIATHCA HUKAK He JOKHBI. TeM He MeHee, KaK Mbl YBHUIUM,
KBaHTOBBIE 3(PDHEKThI HEOOXOIUMO YIUTHIBATH U B 9TOM 00JIaCTU UCCJIeI0BAHUIN.

HarmomuauMm, 4T0 cyiecTBoBaHne rpaBUTAIIMOHHBIX BOJIH CJejlyeT U3 00Ieil TeOpur OTHOCH-
TeJIbHOCTH DifHITelHa, cdopmyanpoBanHoii eme B 1916 romy. Cunraercs, 9TO TPaBUTAIIUOH-
HbIe BOJIHBI MOTI'yT T'€HEPUPOBATHCS B JBOWHBIX CUCTEMaX 3a CUeT CTOJKHOBEHHUS HEHTPOHHBIX
3Be3J] U YE€PHBIX JIbIP, & TaKKe 1P B3PbIBaX CBEPXHOBLIX 3Be3/1. Kpome Toro, nunrencuBHoe ¢o-
HOBOE T'PABUTAITMOHHOE U3/Ty9YeHre MOIJIO BOSHUKHYTh Ha PaHHEl cTa/un 9BoTionnn BeesterHoit
BO Bpemsi Bostbioro B3pbiBa. OjiHaKO M3-3a CJIA0OCTH I'PABUTAIMOHHOIO B3aUMOJICHCTBHS 10
IIOCJIe/IHETO BpEMEHN CaMU I'PaBUTAIIMOHHBIE BOJIHBI 3aPErUCTPUPOBATH He yiaBaJyoch. Kocen-
HO K€ CYIIEeCTBOBaHUE I'PaBUTAIIMOHHBIX BOJIH ObLIO moaTBepxKaeHo P. Xasicom u JIxx. Teitno-

2 10 0OHApY?KEeHHOMY UMH BEKOBOMY YMEHbBIICHUIO Pa3MepoB OPOUTHI IBOIMHOI CHCTEeMbI,

pom®
comepzxkareit paguonyiabcap PSR B1913+-16.

B macTrosiiiee Bpemst mOCTPOEHO yrKe HECKOJIBKO ITPUEMHIKOB IPABUTAIIMOHHOTO W3/Ty YeHU.
Ux ryraBras 3ajia4ua Kak pa3 ¥ COCTOUT B 9KCIIEPUMEHTATHLHOM OOHAPYKEHUH I'PABUTAIMOHHBIX
BOJTH KOCMHUYECKOTO MPOUCXOXKieHnst. D10 snonckuit mpoekt TAMA-300, avemerkuit GEOG600,
nragbsackuii VIRGO, a Takzke 1Ba rHraHTCKUX TPUEMHUKA TPABUTAIMOHHBIX BOJIH, 00bE -
Hennble amepukaackuM poekTom JIMT'O (LIGO — Laser Interferometer Gravitational-Wave
Observatory). Uubivu ciioBavu, LIGO cocrout u3 aByx obcepBaropuii, Haxoigmmxcs B JIu-

punrcrone (mrar Jlynsuana) u B Puanange (mrar BammHrToH), yIaaeHHBIX JAPYD OT Jpyra

Ha Tpu Thicaun KumioMeTpoB. [Tockonbky cortacao OTO ckopocTh pacrnpocTpanenusi rpaBUTa-

323a 310 oTkpeiTHe B 1993 romy onn noryunau HobeneBckyio mpeMuio mo dbusmke.



194

IIMOHHBIX BOJIH paBHA CKOPOCTH CBETA €, TO 3HAYUTE/ILHOE PACCTOAHUE MEXKTy ITPUEMHUKAMUI
OyJeT JaBaTh BPEMEHHYTO 3a/IePKKY, JOXOJAIIY0 (B 3aBUCHMOCTH OT HAIIPABJIEHUsI HA UCTOY-
HUK) 710 10 MUJUIHCEKYH . DTO JIOJIZKHO MO3BOJIUTH ONPEIETUTh HAIPABJIEHUE Ha MUCTOYHUK
rpaBUTAIMOHHOIO u3Jydenus. [Ipu srom Bce obcepBaTopun 1peacTaBIdioT coboit ['-00pasHyo
CUCTEMY, UTO MO3BOJIAET IPUHUMATDH U3JIyUeHUEe U3 JII0OOr0 HAIlPABJICHUA.

OcCHOBHBIM PabOYUM MHCTPYMEHTOM B OOJIBIIUHCTBE NMPUEMHHUKOB SIBJISIOTCS MaCCHUBHbBIE
(1m0 40 Kr) creruaJbHO BBIPAIIEHHBIE MOHOKPUCTAINIECKIE TIUJIUHJIPBI, 00JIaIAI0N1e BbICO-
KOIt JTOGPOTHOCTBIO, T.€. CIIOCOOHBIE OTKJIMKHYThCS Ha Kojebanua B mauamnasone 1-10* I'm. Kak
nokazano B [Ipunoxkenun 8.9, /IMenno Takue 9acTOTHI JIOJIZKHBI IMETh I'PaBUTAIIMOHHbBIE BOJTHHI,
obpa3syroluecs: Ha KOHEYHOH CTauu dBOJIOIUN JIBONHON CHCTEMBI, COCTOSAIIEN U3 JIBYX Heli-
TPOHHBIX 3Be3/1. [Ipy MpoXoXKIeHnK rpaBUTAIIMOHHOTO UMITYJIHCA C JIJTHHON BOJIHBI A MEHBIIIEH
WIA TIOPAJIKA PACCTOAHUA L MeXKJTy JIByMsl NPUHUMAIONIUMU IHJIUHIPAMU, HAIPAKEHHOCTH
IPABUTAIIMOHHOIO TI0JIsl BOJIHBL Y JIBYX JIETEKTOPOB (&, 3HAYUT, U UX yCKOpeHue) Oyier pas-
smaubIM. [loaToMy, m3mepsist n3MeHeHne pacCTOTHUA 0 L MEXKTY JBYMs IIPUEMHUKAMEI, MOYKHO
CYJIUTH U 00 MHTEHCUBHOCTHU T'PABUTAIIMOHHOIO UMITY/IHCA.

i1t 02KuaeMbIX HCTOYHUKOB OTHOCHTEJILHOE CMeEIIeHne JeTeKTopoB h = JL/L moimkHO
cocTaBaaTh gumb 1072910722, YTo6B! n3MEpHUTDL CTOJIb MAJIbIe CMEIeHns, NCIOIb3YIOT HHTEep-
depomerp MaiikebcoHa, B KaXKJI0OM U3 ILJIed KOTOPOro 6J1aro/iaps yCTaHOBJIEHHBIM Ha JIETEKTO-
pax 3epkaJjiaM obpazyiorcst pesonaTopbl Padpu-Ilepo. 3a cyeT MHONOKPATHOTO TPOXOXKICHUS
cBeTa MEeXKJIy 3epKajlaMé OXKujaeMasl 3aJiepKKa (Wi olepekenne) Bo Bpemenu ot = 0L/c
YBEJIMIUBAECTCH, UTO U JIAET BO3MOXKHOCTD 3aPErUCTPUPOBATH I'PABUTAIMOHHBIN curnaj. fcHo,
OJIHAKO, UTO JIJIsi YBEPEHHON PernucTpalun )KejaaTebHO UMeTh KaK MOXKHO 0OJIbIllee PacCTOsIHIE
MEK/JIy 3epKaJlaMi, a Ka9eCTBO OITUYECKONW CUCTEMBbI JOJIXKHO OBITh MCK/IIOUUTETHHO BBICOKO.
[TosToMy B MHOTOKHJIOMETPOBBIX TYHHEJIAX HEOOXOIMMO IMO/JIEPXKUBATH BaAKYYM.

Kazasioch 6b1, Bce paccka3aHHOE BBIIIE HE UMEeT HUKAKOTO OTHOIIIEHNS K KBAHTOBOMY MUDY.
OHako 1pu OJIMzKaMIIeM paccCMOTPEHUN Mbl OOHAPYKUBAEM, 9TO U 3/1eCh KBaHTOBbIE Y heK-
ThI MOT'YT UI'PATh 3aMETHYIO POJib. /leificTBUTEIbHO, JaxKe ITPU PACCTOAHUU MEXKJLY JIEeTEKTO-

pamMu L TmopsijKa HECKOJbKUX KUJIOMETPOB, CJIEJIYET OXKHUJIATh X OTHOCHUTE/IHLHOE CMeIleHue
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L ~ hL ~ (107%-10717) cm. Tlpu sTOM CTONIL Majas BeJMuUHA (KOTOpas MEHbIIEe KOMII-
TOHOBCKO{1 JUIMHBI TpoToHA!) JMoJKHA OBITH M3MepeHa Ha MaciiTabe BPeMeHH T, He MPEBbI-
IAIOIIEN Teproia caMoil IPaBUTAIIMOHHON BOJIHBI. XapaKTepHbIe »Ke BpeMeHa KoJiebaHuil B
IPABUTAIMOHHON BOJIHE, KaK y»Ke FOBOPHIJIOCDH, cocTaBmoT mmb 1073-1074 c.

C nmpyroii ¢cTOpOHBI, COTJIACHO COOTHOIIEHHUIO HeollpeaeeHHocTel ['eiizenbepra, aobdast mo-
[IBITKA U3MEPUTH KOOPJAMHATY Tejia MAacChl M ¢ TOYHOCTBIO 0 L IPUBEJIET K TOMY, ITO CAMO ITO
Tesio npuobperer ckopocthb 0V & h/(MJL). B pesynbrare, 3a BpeMsi U3MEPEHUs T CMEIIEHHE

nerekropa ¢’ L = 0V T 10JKHO OBITH He MeHbIIe

ht
MG&L

5L~ (292)

[Tosromy, r06ast TIONMBITKA U3MEPUTH KOOPAUHATY Tesia L ¢ TOTHOCTBIO, Iy et 9eM (O L) min,

rie
1/2

hr

6L =(77) (203)

IpUBEJIET K TOMY, 9TO KBaHTOBOe cMererne ¢’ L (288) craner Gosbiie, deMm 0 L.

[Ipocreiimmit pacuer nmokasbiBaeT, 4To Jjisd Macchl M mnopsiaka 10 Kr U BpeMeHH HAOJIIO-
nenna T nopaaka 1073 ¢ BeamuamHa (0L)min OyeT KaK pa3 MpUMEpHO paBHA 1077 cm, Te.
CMEIEHUIO, OXKHMJIAEMOMY OT CaMbBIX CJIA0bIX MCTOYHUKOB. TakuMm 0Opa3oM, MbI ITPUXOIUM K
COBEPIIIEHHO 3aMeYaTeIbHOMY BBIBOJLY, YTO COBPEMEHHBIE JeTEKTOPHI I'PABUTAIIMOHHOTO U3JIY-
YeHUs JOCTUIVIN KBAHTOBOIO Ipejiesia pasperienus. [TosTomy adbdekThl KBAHTOBOI MEXaHUKN
HEN30EeKHO JIOJIKHBI OyJIyT yUUTBIBATHCHA KaK IIPU aHAJU3€ JIAHHDLIX, MMOJYYEeHHBIX Ha Yy2Ke
CYIIECTBYIONINX MPUEMHUKAX, TaK U IPU ITPOEKTHUPOBAHUU TI'PABUTAIIMOHHBIX 0OCEPBATOPUil

HOBOTI'O ITOKOJICHMA.
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7 3akKJIIoueHue

Ha py0Gexke 20-21 BeKkoB KBaHTOBas MeXaHUKa, OE3YCJIOBHO, MEPEKUBAECT BTOPYIO MOJIOJOCTD.
Bypnoe pa3zBuTne TeXHOJOTHU MO3BOJIUJIO ITPOBOJIUTH KCIIEPUMEHTHI, HEBO3MOXKHbBIE €Ille He-
CKOJIBKO JlecsiTuyiennii Haza . Croja MOYKHO OTHECTH IPSIMbIE SKCIIEPUMEHTHI 110 ITPOBEPKE
HepaBeHCTB Besiia, KBAaHTOBOI Tesenopraiu, paboThl 110 CO3/AHUI0 KBAHTOBBIX KOMITHIOTE-
poB. OHUM U3 TVIABHBIX JoCTHKeHnil B dpusuke 3a 2011 roj craia sKcriepuMeHTaIbHAST Pa-
6ora 1o JiuHaMudeckomy 3hderty Kazumupa, B KOTopoit (hOTOHBI POXKIAINCH U3 BAKYYMHBIX
dutykTyaruii 3JIeKTPOMArHUTHOTO TIOJIs 38 CUET OBICTPBIX KOJIeOAHMIl CIIeNUaIbHO TPUTOTOB-
JIEHHBIX 3epKaJjl. HeymBuTe/IbHO 103TOMY, 4TO puMepHO ojHa Tperh HobesrleBckux mpemmuit,
PUCYKJIEHHBIX 32 TOC/Ie/IHIE YeTBEPTh BeKa (3a KBaHTOBbI 3dderT XoJita, 3a BHICOKOTEM-
[epaTypHyO U OOBITHYIO0 CBEPXIIPOBOANMOCTD, 3a TpadeH) CBsI3aHbI ¢ KJIIOUYEBBIMEI BOITPOCAMHE
KBaHTOBOT'O MUDA.

KBanToBasg mexanmka u3MeHu/ia Mup BOKpyT Hac. [1o1b3ydach COBpEMEHHBIMU CPEJICTBAMM
CBSA3U, MBI YK€ JIABHO HE 33/ IyMbIBAEMCH, UTO BCE OHU pabOTAIOT B KBAHTOBOM pexkume. Jlaxke
9JIEKTPOHBI, MIPOBO/ISIINE TOK B OOBITHOM IIPOBOJIE, MPEJICTABIISIOT COOON YHUCTO KBAHTOBYIO
CUCTEMY, & He OTJIeJIbHbIE YaCTUIIbI, K KOTOPBIM 0€3 OrpaHrndeHuil MOIJIN Obl OBITH IPUMEHEHBI
3aKOHBI KJIACCUYECCKOW MEXaHUKHU.

KBanToBasg mexanmka Hac O4eHb MHOrOMY Hay4dusiaa. Hampumep, 4To 3HAYUT MPaABUIIHHO
rocTaBJieHHbIN Bompoc. HackoJIbKO j1a/ieko MOYKHO UJITH B OTPUIAHUE KA3aJI0Ch Obl HE3bI0JIe-
MBIX UCTUH. BoJiHa mm dacTuiia — Ha NepBbIil B3IUIA, TOYHAas (DOPMYJIMPOBKa BOIIPOCa, HO B
TaKOll TIOCTAaHOBKE 3aJ/a4da, KaK Mbl BU/JIeJIA, HAMTH pererne HeBo3MOxKHO. Ha mpumepe 3a71a4,
CBA3aHHBIX C KBAHTOBOI MEXaHWKOM, y1aJI0Ch BIVIOTHYIO TOJIONTH K peajbHbIM, KaK Mbl Telleph
[MOHUMAaEM, I'PAHUIAM KJIACCUYIECKOTO IMOJIX0/Ia K OMUCAHUIO IMPUPOJIbI: KJIACCUIECKNe 3aKOHbI
JIOTUKHU OTKA3bIBAIOT, CTAJIKMBASICH C BEPOSITHOCTHBIM OIMCAHUEM €JIMHUYHBIX COOBITHUIA.

3aKOHYUTD Ke 9Ty KHUT'Y XOUeTCs ellle OJIHUM UCTOPUYIEeCKUM 3aMedanneM. Kak yke roBo-
PUJIOCh, CPEeJIn OTIIOB-OCHOBaTE el KBAHTOBOW MEXaHUKU He ObLIO POCCUHCKUX yUeHBIX. lem
He MeHee, TPU UMEHU He MOIin He ObITh yrnoMsaHyThl. 910 M.II. Bpormreitn, JI.J1. Jlangay u

["A. TamoB. Tpu 3aKaILITHBIX JIpyTa, BHYTPEHHE CBOOOHBIE U PACKPEIONIEHHBIE, HE TTPU3HA-
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BaBIIINEe HUKAKUX aBTOPUTETOB, OHU BOPBAJIMCH B HAYKY B JIBQ/IIIATHIX I'OJaX MPOIILJIOT0 BEKA.
VaKe Torja, HeCMOTPs Ha MOJIOJIOCTD, ObLIO IMMOHATHO, HACKOJIBKO BBICOK MX MOTEHIIAA.

A BoT cynbba passesa nx. Hemsb6e:kHO CTOJIKHYBIIICH C TOTAJTUTAPHBIM PEKUMOM, OHH BbI-
6pasu pasubie myTu. M.I1. Bponireiin, He noiiist Ha KOMIpPOMuUCC (eMy PEJJIOKIIN HAIIUCATh
UCTOPUIO (DUBUKU, B KOTOPOI OCHOBHBIE 3aC/IyTU HMPUIIUCHIBAINCH Obl POCCUACKUM yUEHBIM ),
6611 perrpeccupoBad u paccrpesisii 1938 rogay. [LA. Tamos smurpuposasn B CIIA, u josrue
roJIbl €ro UMs HAXO/IMJIOCH TOJ 3a1rpeToM. Torja 3TOT MOCTYHOK JIEMCTBUTETHHO BO MHOTOM
BBITJIsAJIE)T KK MPEJIaTeIbCTBO, U MHOTHE JIPy3bs OTBepHY/IUCh OT Hero. JI./I. Jlanmgay oTKpbI-
TO BBICTYIWJI IIPOTUB PEXKUMa, IIPOBEJI OJMH T'OJl B TIOPbMe, U JIUIIb JJUIHOE BMENIaTebCTBO
[T.JI. Kanunpl, nopy4usmierocs, 4ro Jlanmgay 6oJibiile HUKOT/Ia He OyIeT 3aHUMAThCS TOJTUTU-
KOI1, cracyio eMy »Ku3Hb. Ho 0661710 01HO0, 9T0 nx 00beannsano. OHIM OTIaIi CBOU YKU3HU HAayKe,

1 B 9TOM CJIy2KCHHNUN ObLn I1ocjie10BaTe/JIbHbI JO KOHIIA.
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8 IIpuaoxkenust

B Ilpunoxkennsx Mbl paccMOpPUM psij 3ajiad, KOTOpble TPeOYIOT HECKOJBKO OOJIbINell Mare-
MaTHKH, YeM B OCHOBHOM TeKcTe. Bripouem, m 3j1ech pacdeTbl OIPaHUYUBAIOTCA B OCHOBHOM

JO0CTaTOYHO dJIECMEHTAaPHBIMUA BbIKJIaJIKaMM.

8.1 IIpunmun paBHOpAacIpeaeJeHnsd SHEPTUN 110 CTEeIIeHsIM CBOOOIbI

B stom pazznene ma mpoctom mpumepe OyIeT MOKa3aHO, KaK ITPUHIUAII paBHOPACIPEICICHUS
SHEPTUH 10 CTENEHSM CBOOOJIBI MO3BOJISIET MOJIYUUTH KJIACCUYECKHE PEe3YJIbTaThl CTATUCTHUYIE-
cKoil pusmkm. A mMeHHO, Kak U B pasjese 3.1.1, Mbl pacCMOTPUM BEPOATHOCTH, ¢ KOTOpoit N
YaCTUI] MOTYT OBITH PACIIPE/ICJICHBI [0 JIBYM sTdeiiKaM (HampuMep, B MpaBoil U JIEBOH YacTsaX
KoMHaTHI). OTMeTHM cpa3dy, 9To B HaIlleM CjIydae peajmu3yercs HamboJiee MPOCTOil Cirydail
MPUHIIAIIA PABHOPACIPEIE/IEHNs, B KOTOPOM BCE COCTOSHUS MMEIOT OJHY U Ty K€ SHEPIHIO.
Bousee obmuit ciy4aii monagoburcss Ham B [Ipuioxkennn 8.3.

[Ipexie BCero, paccMOTPUM BOIIPOC O TOM, CKOJIbKO Pa3IMYHBIX COCTOSHHII CyIIECTBYeT
npu pasmenienuun N 9acTHIL 110 JBYM sdeiikam. T.e. KaAKoe KOJMYECTBO BAPUAHTOB TOI'O, UTO
B mepBoil siueiike Oymer Haxoputes K wacrwi, a Bo Bropoit — (N — K) gacrur. 910 ecTh
KJIacCHUeckas 3ajada KOMOMHATOPUKE — “HIKOJIBHON” (T.€. 3jileMeHTapHOi) 06/JacTu Teopun
BEPOATHOCTH.

s pertieHust 9Toi 3a/a4un HaM, PaKTUIECKH, JIOCTATOIHO 3HATH JIMIIb Ipo 6uHOM Hbro-

TOHA, & UMEHHO IIPO KO3(MDUIHMEHTHI PA3JIOKEeHNA B COOTHOIIEHUSIX

(a+b)? = 1-a%" +2-a'd" +1-a", (294)
(a+b)? = 1-a®" +3-a*b" +3-a'b? +1-a", (295)
(a+b)* = 1-a*" +4-a°0" +6-a**+4-a'b* +1-a"b", (296)

KOTOPBIE MBI CIIEIMAJIbHO 3alUCcaJii B 9yTh OoJiee popmasibHOM Bujie. KosddurmenTs npu

IIPOU3BEJACHUAX CLKbN_K n Jar0T HaM OTBET Ha OCTaBJIEHHBINI BOIIPOC. ﬂeﬁCTBHTeﬂbHO7 KO-

SCbeI/IHI/IeHT 3 apu CL2b €CTb B TOYHOCTU KOJIMIECTBO BapHaHTOB, B KOTOPbLIX B IIPOU3BEIECHUN
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(@ +0)® = (a+b)(a+ b)(a+ b) aBa pasa BbIAJET a, u ojuH pa3 b. Boimajenne a Gyer
COOTBETCTBOBATDH CO6bITI/HO, B KOTOPOM YacCTulla IIoIIaJaeT B JIEBYIO IIOJIOBUHY KOMHATDBI, a BbI-
najenre b — B npasyio. Ilpu srom camu KoaddurmenTs! 3aga0Tca cuenyomnieil hopmysoit

(JTOKa3BIBACTCS 110 MHTYKITIHN )

N!
O = — 297
NTKIN - K)! (297)
rjie 1o onpejienennto dakropuaga n! = 1-2-...-n, vo u 0! = 1. D1y BeuvIuHy eIre Ha3bIBAIOT

CTATUCTUIECKUM BecoM U obo3HadaroT Oykpoit (. IlojHoe »Ke 49mciio coOBITHII ecTh CymMMa
koadurmentos pu npoussegennsax a® b K. Tlonoxus a = b = 1, nonygaem (1+1)Y = 2V,

st ompejiesiennsi ke COOCTBEHHO BEPOATHOCTH HaM MOTpeOyeTcs eme ojHa rumnoresa. A
HMEHHO THIOTe3a O TOM, UTO BbIIaJleHue BeexX 2 BO3ZMOMKHBIX COCTOAHUIT MMEIOT OJHY U Ty
JK€ BEPOATHOCTh. VIMEHHO B 9TOM M COCTOUT OCHOBHAs aKCHOMa CTaTHCTUYecKoi pusmku. Kak
yKe OTMeYaJIoCh, OHA SABJISAETCA B 3HAYMTEILHOI cTereHn 3Bpuctudeckoit. OHaKo ee cripa-
BEJJIMBOCH (T.e. CIPaBeIMBOCTD BBIBOJIOB U CJICJICTBHI, OCHOBAHHBIX Ha 9TOil rumorese) Oblia
MHOT'OKPaTHO TIpoBepeHa. [loaromy, Kak u Jijisi 3aKOHA COXpPAHEHUSA SHEPIUU, IPUHITUI PABHO-
pacripejiesieHust ObLI BO3BEJIEH B PAHTI YHUBEPCAJIHLHOTO 3aKOHA.

Eciin ke Bce BapuaHTBI JIEHCTBUTEIBHO OJMHAKOBBI, TO TOTJIa Mbl MOYKEM HAIIUCATH JIJIs
BEPOSTHOCTH COOBITHsI, B KOTOPOM B JIeBOii YacTu Haxojutcst K gactuil, a B ipasoit — (N — K)

JaCTHIL

Py = M :
N TTONKIN - K)!

(298)

O6cyum BKpaTIie CBOWCTBA 3TOr0 pacipeienerns. [[ocKoIbKy HAC TTPeXK /1€ BCEIO MHTEPECYIOT
bosbmue 3uavenuss K u N, To MOXKHO BOCIIOJIL30BaThCA cooTHomenneM Myaspa-CrupJinmra

nl & V2 (E) . (299)
e

s nanbueiiniero nam OyJier yjo0Hee UCIOJIB30BaTh JIPYTYI0 (hopMy

Inn! ~nlnn —n+In(27mn)/2. (300)

Ot COOTHOIIIEHUA, KaK Mbl BUJIUM, CIPaBE€IJIMBbl HE TOJIbKO [JId HEJIbIX, HO W JIJIA JIFOOBIX

3HAYEHU Nn.
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Jlajiee, KaK BUJIHO y2Ke M3 OMHOMHHAJILHBIX KOI(MDMUINEHTOB, HANOOJIbIIIE 3HAYCHUS Be-
POSITHOCTH JIOJZKHBI Jocturarbest npu K = N/2. Eciu memepb BBeCTH HOBYIO HEDEMEHHYIO
§ = K — N/2 u Boctionbzosatbes coornomenueM In(1 + 6) ~ § — §%/2, T0 MOXKHO HOJIyYUTh

1I0CJIe HECIIOZKHBIX MPeoOpa30BaHMit
P) =\|—=exp|—— . (301)
7r

DTO coOTHOIIEHNE 1 OBLIO UCIO/IH30BAHO HaMu B pazjene 3.1.1.

8.2 3akon Penes-/lxuHca

[Ipexkie gem 1epexo/uTh K BBIYHCICHUAM, HEOOXOIMMO TOYHO OIPEJIE/JUTHh BCE HCIOJIb3ye-
MbIe BeJIMIUHBI. 3akoH Pajes-/IkuHca — 9T0 3aKOH I PABHOBECHO IJIOTHOCTU W3JTyI€HUST
T.H."abcosoTao UépHoro Tena’ P(w). Ilpn sToM crekTpaibHas II0THOCTH u3iaydenus P(w)
onpe/iesisteTcss Tak, 4TOObI MOTOK 9Heprum (m3mepsiercss B 3pr cM 2 ¢+ T'n™') B nmanaszone
9acTOT OT w JI0 w + dw 66T paBeH P(w)dw. asee, moHATHO, 9TO abCOMIOTHO YEPHBIX TeJI B
pupojie He cymecTByer. "AOCOTIOTHO YépHOE TeI0” ecTh yIo0Has MOJE/b, KOTOpas OObITHO
UCTIOJIb3YETCS I aHaIn3a dKcuepuMeHToB. OObITHO ee M300pakalT KakK 3aMKHYTYIO I10-
JIOCTh ¢ HeboJibiuM oTBepcTueM. Ho Ha camowm jiesie oTBepcTHe I 9TOW MO BOOOIIEe
HE BayKHO, IMOCKOJIBKY OHO HYXKHO JIUIIb JIJIsi TOrO, 9TOOBI MOIEPKHYTH MPUHIUINAATHHYTO
BO3MOXKHOCTH HAbOJIIOJIATh U3JIyUeHIe, HAXO/AIIErocsi BHYTPHU MOJIOCTH. B pesysbrare cBeT, 1mo-
aIA0IUN BHYTPh CKBO3b OTBEPCTHE, IIOC/IE MHOTOKPATHBIX OTpPaKeHmil OyJ/1eT MOJTHOCTHIO
[IOTJIOIIEH, W OTBEPCTHE CHAPYKHU Oy/1eT BBITVISIETh COBEPITEHHO UEPHBIM.

[Ipu sTOM, OJIHAKO, BayKHO, UTO IPH HAIPEBAHUU STO TOJIOCTU y HEE JTOJIKHO MOSIBUTCS
cobcTBeHHOE U3TydeHrne. PazyMHO TIPE/IITOIOKUTE, 9TO U3JIyYeHNe, UCITYIIIEHHOE BHY TPEHHIMU
CTEHKAMU TIOJIOCTH, TIPEXK e, IeM OHO CMOXKET BBINTH 3a MPeJIesThbl TIOJIOCTH, JTOJI?KHO Hen30exK-
HO TIpeTepIeTh OOJIBINOEe KOJUIECTBO HOBBIX HMOIVIONIeHUH u u3rydennit. [Tosromy msirydenne
BHYTPHU TOJIOCTU OyJIeT HAXOJUTCA B TEPMOJUHAMUYECKOM PABHOBECHHU CO CTEHKAME. ITO U
€CTh OCHOBHOE CBOHCTBO’abCOTIOTHO YEPHOTO Tesia”’, KOTOPOEe W MPUBOJUT K €r0, KaK MbI Celi-

qJacC yBUIUM, JOCTATOYHO YHHUBEPCaJIbHBIM CBOICTBAM.
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Eme oinnM BaXKHEHITUM 97IEMEHTOM, JIeXKaIlluM B OCHOBE BBIBOJIa 3aKoHa Pejes-/lxkunca,
cTaJjia BHOBB UJlest O paBHOPACIPEJIEJICHUN SHEPIUNU 110 CTeleHsIM cBo0oibl. HarmoMunm, 9To Kak
OBLIO TIOKA3aHO B paszjese 3.2.2, KOJMIeCTBO PA3IUIHBIX BOJH B MajioM obbeme 0V = dxrdydz

B /IMAIIA30HE BOJHOBBIX BEKTOPOB MEXKIY ky ¥ Ky + Oky, ky u ky+ 0k, k. u k,+ 0k, ecrs (71)%

SV 5ky0k, Ok,

N =2

(302)

Nubivu cioBamu, quciio 0N u onpejiesiseT 9ucio cTeneHeil ¢cBOOOIbI JJIst JIEKTPOMATHITHOTO
HoJId B 3JjleMeHTe o0beMa 0V UM B Juala3oHe BOJHOBBIX BEeKTOPOB 0k;0k,d0k,. CoracHo ke
[PUHIINAILY PABHOPACIIPEJIEICHNs, BCe OHU SBJISIIOTCS PABHOBEPOSITHBIMH.

BcecnomauMm Tenepb, 94TO MBI 0OCYZKJIa€M U3JIydeHUE "aDCOJIIOTHO YEPHOro Tejia’”, Jjisd KO-
TOPOTO MBI B KadeCTBe MOJIEN BBIOpaIN U3JydeHrne B 3aMKHYTOH mojoctu. [loHsTHO, wTO
JUIT TAKOT'O WM3JIy4YeHHUs €CTECTBEHHO MPEIIOJIOKUTL, YTO OHO OyJIeT M30TPOIHBIM, T.€. UTO
[MOTOK M3JIyUIEHUST depe3 HeDOJIBIYIO IIOBEPXHOCTD He OyJIeT 3aBUCETh OT OPUEHTAIUHN ITOH 110~
BepxHOCTH. B 3TOM Citydae Oy/ieT uMeThb CMBICI JIUITH 3aBUCHAMOCTD U3JIy9IeHUsT OT BEJTUINHBI
BOJIHOBOT'O BeKTOpa k, a He orT ero nampasienusd. [lostomy snement "obbema” B TpexMepHOM
IPOCTPAHCTBE BOJTHOBBIX BEKTOPOB 0k,0k, 0k, y1o6HO, KaK U B HAIIleM OOBIYTHOM IIPOCTPAHCTBE,
saMenuTh Ha 4mk20k. BenoMuHas Tereph, UTO YaCTOTa W M BOJHOBOM BekTop K /151 ¢hoToHOB
CBSI3aHBI COOTHOINEHUEM w = ck, MOJIydaeM OKOHYATEIbHO JJI YUC/a BOJH B oObeme 0V B

nHrepsaJie 4acToT OT W 10 W + Ow

2

SN = 2§V bw. (303)

w23
[TpemonoKum Teneps, Kak 1o caenaan Pemei n JKunc, 910 KazK10My KOJIe0aHUI0 MOXKHO

IPUIINCAaThb dHEPI'HUIO

e=T (304)

(HELIIOMI/IHa,eM7 9TO MBbI BE3JIE€ U3MEPAEM TEMIIEPATYPY B IHEPIrE€TUYICCKUX e,ZLI/IHI/IHaX). ITommo-

JKHB Terepb IIOTHOCTEL BepogTHOCcTH 0N (299) Ha T', u mojesus Ha 00beM JV, MBI MOJIydnM

333,H€Cb ,HOHOJIHI/ITGJILHLIﬁ d)aKTOp 2 TIOABUMJICS 34 CUET TOT'O, YTO JJIEKTPOMAIrHUTHBIC BOJIHBI (B oTJin4iue,
HallpuMep, OoT 3ByKOBbIX) OIIUCBIBAIOTCA BEKTOPHBIMU BE€JIMYNHAMU — HaIIPA2KEHHOCTAMUN nouieii. B pe3yJsibTare,

QJIEKTPOMAarouTHadA BOJIHa UMEET JABE€ HE3aBUCHUMDbIC ITIOJIAPU3AITAN.
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SHEPTHIO J€, 3aK/II0UEHHYIO B eJIUHUIE 00beMa B JNAITa30He TacTOT MEXKIy w U W + dw. Ompe-
JleJisisl Terepb 9Ty 9Hepruio Kak d¢ = w(w,T)dw, moaydaeM OKOHYATEIbHO /I ILUIOTHOCTH
sueprun w(w, T'), KoTopasi MPUXOIUTCS HA WHTEPBAJ YaCTOT dw:

WwT

(305)

Bnas ke mioTHocTh naaydenust w(w, T) (pazmeprocts 3pr em™ S '~ 1), Herpy/HO onpejie-
JIUTH M CIEKTPaJbHYIO IJIOTHOCTD ToToKa P (pazmepnoctsb 3pr em™ 2 ¢ T !). Ecium 651 Bee
GOTOHBI PACTTPOCTPAHSIIUCH TEPIEHINKYIIPHO SJIEMEHTY ILIOMa 1 0.5, TO TOrIa MOXKHO OBLIO
661 3amucaTh 1pocto P = cw. JlelicTBuTeIbHO, Yepe3 MIOMAIKy 0S5 3a BpeMs 0t mporia Obl
BCsl SHEPI'Usl, 3aK/II0YeHHast B 00benme §.5¢ot (POTOHBI PACHPOCTPAHSIIOTCS CO CKOPOCTBIO CBETA).
B cirygae ke M30TPOIHOIO M3/Iy9IeHUsI MbI JIOJIZKHBI YI€CTh TO, 9TO (DOTOHBI, PACIIPOCTPAHSTO-
uiics o1 yryioM 6 K moBepxHOCTH 0.5, OyyT (haKTHIeCKu MPUXOIUTh n3 oobeMa 0S¢t cos b
U, KpOMe TOro, MOJIOBHHA (DOTOHOB BOOOIIE OYJIeT PacIpOCTPAHATHCS B IIPOTUBOIOJIOXKHYIO

cropony. ITosTomy B 9TOM cityuae (mposepsre!) P = (1/4)cw. B urore, nomyaaem

w2

T An2e2 T

Plw,T) (306)

Kak yxxe ormedasioch, 3T0 COOTHOIIIEHHE € XOPOIIeil TOYHOCTHIO OINCHIBAET M3JIydeHne adco-
JIIOTHO YepHOro teja npu hw <K T

Dopmysa (302) siBasieTcst OJHON U3 OCHOBHBIX PACYETHBIX (DOPMYJI B HADJIIOIATETHHOI pa-
JmoactporoMun. [leficTBuTeIbHO, eca u3 HabJIIOeHN n3BecTHa BesmanHa P(w), TO TOrIa

MbI MO2KEM OIIpeae/INTh BEJINYNHY

T, = P(w), (307)

KOTOpasi Ha3bIBaETCs APKOCTHOI TeMIlepaTypoil NCTOYHNKA Ha JacToTe w. [[oHsaTHO, 9TO Besu-
qnna T}, OyJIeT coBIaIaTh ¢ peaibHOM TeMIIepaTypoil u3/1yvaromieil cpejibl JIUIb B TOM CJIyYae,
eCc/Ii U3JIydeHne UMeeT TEIIOBYIO HMPUPOJY U €CJU YacTOTa HAOJIOJEHUs JOCTATOTHO MAaJa,
TaK 9TO MbI MOYKEM I0JIb30BaThCs NpubmkenneMm Pejtes-J/[xxunca. 1 MCTOIHUKOB Ke, y
koTopbix Ti, coctasisger 10%°-10%° K, MOKHO ¢ yBEPEHHOCTBIO CKa3aTh, YTO UX M3JIyUCHUE He

CB4A3aHO C TEIIJIOBBIMHU IIPOIIECCaMU.
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8.3 ®opwmyaa Ilmanka

s BeBoma dopmyssl [lnanka (20) mam morpebyercst pe3ysibTaT, OCHOBAHHBIN Ha IOJIHOMN
BEPCHUY TPUHIAIIA PABHOPACIIPE/IEJICHNsT SHEPIUH 10 CTeleHsIM CBOOOJIbI. A MMEHHO pacipe-
Jesienre ['mbOca — OJTHO M3 KJIIOYEBBIX COOTHOIIEHUI CTATUCTUYECKOM (pusnkm. Kak Mbl yxke
oTMmedasid Bbile, B [Ipumoxkenun 8.1 ObLT paccMOTpeH cjiydaii, KOIJIa BCe COCTOSHUS MMEIOT
OJINHAKOBYIO 3Hepruio. ey ke pa3ndHble COCTOSHUSA UMEIOT Pa3HYI0 SHEPIHIO, TO y¥Ke WUH-
TYUTUBHO $ICHO, UTO YaCTHUIAM OyjeT BBITOJHO 3aHUMATh HIDKHIE YHEPreTHIeCKre YPOBHHU.
Tem ne MeHee, TPUHIIUAIT paBHOPACIPEIEICHUS MOXKET ObITh C(DOPMYJIMPOBAH U 9TOM CJIydae.

leso B ToM, uTO bU3MUECKN NMPABUJILHON ITOCTAHOBKON 3a/a4u Oy/ieT BOIPOC O TOM, Ka-
kuM Oyjier pacupesenne N 9acTHIL [0 YPOBHAM SHEPIUU £, NPU 3a0aHH0T SeAUNUHE NONHOU
IHED2ULU

K
E=> Nyen. (308)
n=1

3nech N,, — YHC/I0 YaCTHI], 3aHUMAIOIINX dHEPreTUIeCKuil ypoBeHb €,, a K — KOJIMIecTBO

pas3InIHbIX ypPoBHei sHeprun. [Ipu 3ToM 3a1aHHBIM JT0JI2KHO OBITH €I11e U ITOJIHOE UNCJIO aCTHI]
K

N=Y N, (309)
n=1

[Ipexkie Bcero, jijisi oTBeTa Ha MOCTABJIEHHBIN BOIIPOC HaM MoTpedyeTcs (opmyJia

N!
NN, Ng

G (310)

o6obimarorast coornorenue (293). [Tpu srom Bemunnaa G (T.H. CTATUCTUIECKUI BEC) MOKA3bI-
BaeT, CKOJIbKIUMHE CIIOCOOAMU MOXKHO PasMecTHTh [N YacTull B mepBoii ddeiike, No JacTHI] BO
BTODOIi, 1 T.71. ipu BbimoHernn ycopus (305). 3mech yKe ucnosb3yercs QyHIaMeHTaIbHOe
IIPEIITOIOKEHNE O TOM, YTO BCE COCTOAHUSA C JIAHHON SHEprueil paBHOBEPOSATHBHI.

Ha Pwuc. 32 pna nmoctpanyuy moKa3aHo, KaK MOXKHO Pa3MECTHUTD IIECTh OJNHAKOBBIX MO-
JIEKYJT B TpexX sdeiikax, nuMmeronux sHeprun 0, € u 2¢, TaK, YTOOBI HOJHAA SHEPIHS CHCTEMbI
cocrapiisiyia 4. Takux KOMOMHAIMI, KaK MbI BHJIUM, Bcero Tpu. Ho KoJm4yecTBO BapuaHTOB,
KOTOPBIMU MOYKHO PacCIOJIOXKUTH MOJIEKYJIBI, T.€. CTATUCTUYECKNE BECA COOTBETCTBYIOIINX CO-

cTostHUit, ipu 9ToM pasindsbl. [lorsTHO, ¥T0 TP N — 00 (1, BOODIIE TOBODS, U MPH KAZKJIOM
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Puc. 32: Pazjauvunble BapuaHTBI pa3sMeIeHns IIeCTH OJMHAKOBBIX MOJIEKYJI B TpexX sdeiikax,
nmMmeromux sHeprun 0, € u 26, Tak, YTOOBI MOJIHAA SHEPIUA CUCTEMbI cocTaBidna 4e. [lokazanbl

TaKzKe crarucrudeckue seca G u BEPOATHOCTHU BbIIIa/I€CHUA COOTBETCTEHHBIX COCTOSTHHIA

N,, — 00) 6yzer peannzoBaH HanboJee BEPOSITHBI BADUAHT, IPH KOTOPOM BesndrHa G mMeer
MakcuMyM. OKa3bIBAETCsI, STOTO YCIOBUS JIOCTATOYHO, YTOOBI OIIPEIe/INTh caM BUJI PaCIIPeie-
JIEHUsT JaCTHUIL 110 SHEPIeTUICCKUM YPOBHSM.

JL1st TpOCTOTHI, PACCMOTPHUM CJIyYail SKBUIUCTAHTHBIX SHEPTETUIECKNX YPOBHEN C paccTo-
sHugaymu Mexkay HuMn Ae < €. Ilyers npm sToMm HamboJiee BEPOATHOE pacIpeesieHne pea-
JIN3yeTcs MpH KojmdecTBe Ny 9acTUIl Ha HUKHEM ypoBHe, Ny JacTHIl Ha BTOPOM YPOBHE, U
1.7 [Ipu srom Besmamna G(Ny, ..., Ng) JT0/KHA UMeeT MAKCUMYM IIPU STHX 3HAYeHUsX V.
Bosbmem Temephb JBe YaCTHUIBI U3 YPOBHSI M U MIEPeHeceM OJIHY M3 HUX Ha ypoBeHb m — 1, a
JIPYTyI0 Ha YpOBeHb M + 1, TaK 9TO HU MOJHOE UHC/IO YaCTHI], HU ITOJIHAS SHEPIHUS CUCTEMBI
He U3MEHHUTCHA. ECTeCTBEHHO NPEJIIOIOKNITh, YTO B pailoHe MakcuMyMma Bejaudnna G M0JIKHA

OCTaTbCAd H€I/I3M€HHOI71, TaK 9TO MbI MO2KeM 3alluCaTb, 9YTO

N!
Ny .Np 1!Np! Ny ... Ng!

N
N (N + DI (N — 21Ny + D)1 Nl

(311)
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CpaBHUBAas 3TU BBIPAXKEHUS, IOy TaeM

Nm(Nm - 1) = (Nm—l + 1)(Nm+1 + 1)7 (312)
Tak 9to npu N, > 1
N2 = Ny 1Npy1. (313)

[IpesarooKuM Tenepb, 9T0 KOJUIECTBO YACTUIl HAa YPOBHE M OIPeIesIsieTcs JINIb SHep-

rveil 9TOro YpoBHs, T.e. YTO MbI MOXKEM 3alliCaTh
Ny = f(em)- (314)

Torna coornomenue (309) mepenuineTcss B Bujie

df 1 d%f df A

fAem) = |flem) — ——Ac+ = —(Ae)ﬂ lf(am) + —Ac + %(Ae)Q :

1
de 2 de? de 2
KaK n cjaeaoBaJIo OH(HIL&TB, HHHeﬁHbIe YJIEHBbI 110 BEJIMYUNHE AE I/IC“IQB&IOT, a KB&,ZLpaTI/I“IHbIe
HPHUBOAAT K COOTHOLICHUIO
2
d?f df

fle)=% —

0. 315
de? de (315)

Permenne sToro ypaBHeHmnst BTOPOro mopsijaka, COOTBeTCTBYyIomee npegeny Ac — 0, nMmeer BUI

N(s) = Nyexp <—%) . (316)

e Ng u T — HeKOTOpbIe MMOCTOSTHHBIE. DTO U eCTh COOTHOIIeHne, Haiijennoe JIxx. I'mbocom
(1839-1903) u mocsimee ero umsi. COOTBETCTBEHHO, JJIsl UCKPETHOIO SKBUMCTAHTHOTO SHED-

TeTUIeCKOro CIIeKTpa I10JIy49aeM

N,, = N, exp <—mﬁg> . (317)

Eme pas moguepkHeMm, 9To Kak W B caydae pacrnpenesnenns [aycca (8), pacrpe/esienue
['u66ca (312) mosydaercsa B npejieie odedb 0obiux 3Hadernii N. JleicTBUTEIbHO, DU Ma-
Jbix N, Kak mokazaHo Ha Puc. 32, BepogTHOCTH Pa3IUYHBIX COCTOSHUN XOTH U OTJINIAIOTCS
JPYT OT Jpyra, HO BCE K€ MOI'YT COBIAJaTh IO IMOPSAKY BeanduHbl. [Ipu Gosbiiux xe N,
KaK ¥ JIjIs pacipejiesienns [aycca, MpakKTUIeCKNn peanu3yeTcs JIMIb Harnbojiee BEPOsiTHOE CO-

CTOAHHE. Bnpoqu, 1 Ha HalllEM, ‘IpeBBbI‘lafIHo YIPOImEHHOM IIpUMeEpe BUIHO, 9TO HanboJree
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BEPOATHBIM $IBJIFETCA COCTOSIHUE, TIPM KOTOPOM UHCJIa 3AII0JHEHNS SHEPreTHIeCKUX YPOBHeNl
[JIABHO YMEHBIIAIOTCS C yBEJIMIEHNEM UX SHEPIHUil.

31ech, mpasjia, HEOOOXOIMMO OTMETHUTH ellle OJHO obcrodTenbeTBO. Ha nepsblii B3I,
HEIOHSATHO, B KAKOM MECTe B HAIIMX PACCY?KJIEHUIX MO BOSHUKHYTH Temneparypa 1. Jleifi-
CTBUTEJILHO, KaK OBLJIO TOJILKO UTO MOKa3aHo, BejinanHa 1’ B pacupesaesenun ['nb0ca BosHukaer
JIMIIb KaK HEKOTOpas KOHCTAHTA, IPUPOJA KOTOPON MOYKET OBbITh MOHSTA JIUIIb IIPH PACCMOT-
PEHUY PA3IMIHBIX MpUJIoKeHuit. [Ipocrefimum nTpuMepoM 371eCh MOKET CIIyZKUTh PacIpe/iesie-
HUE KOHIEHTPAIUKM U30TepMUIecKoit armocdepbl n(h) B OJHOPOJHOM TPABUTAIIMOHHOM IOJIE
B 3aBUCUMOCTH OT BBICOTBI /.

JeitcTBUTEIBHO, PACCMOTPUM CHJIBL, JIEHCTBYIONIIE Ha 371eMeHT o0beMa .Sk, rie 0.5 — ute-
MEHT IUIONIaIH, a 0h — BblcoTa. BHu3s OyeT meiicrBoBars cuita rpasutammu Mg = (ngm,dSoh)g,
IJ1e My U Ny, — Macca U KOHIEHTPIIINS YaCTHI Ia3a, & BBEPX — CUJIa JaBJICHUs Ta3a, CBsi3aHHasl
C Pa3HOCTHIO JABJICHHUI HA BEPXHIOI U HIZKHIO IpaHuiibl oobema [—P(h+dh)+ P(h)]0S, rue
P = n,T — nasnenne raza. [lockompky i nsorepmudeckoit armocdepst P(h+dh) — P(h) =

(0ng/0h)T'6h, mmeem nocite cokpaienns: Ha .S0h

dng mpg
— =— : 318
Perterne sToro muddepeniuajibHoro ypaBHeHusT €CTh
h
ng(h) = ngexp —% (319)

Kak mbl Bujmm, dopma ypanerust (314) cosepiieHHO aHajorndHa pacupejesnenuto ['ubbea,
IpHYeM B YHCIUTeNIe CTOUT KaK pa3 HoTeHIMaIbHasd 3ueprud mygh, a B 3HaMenaresie — TeM-
nepatypa 1.

Tenepnb, HaKOHEI, MBI MOKeM BepHYTbhcd K uiee [lranka. Kak Mbl moMHIM, OHA OCHOBBIBaA-
JIaCh Ha, MIPEJIITOJIOZKEHUHU, COTJIACHO KOTOPOMY SHEPIUs OCIUJLISATOPa MOXKET IPUHUMATD JIUIITH
3HAYEHUs, KpATHbIE KBAHTY SHEPIHUHU £y, TNE £, = hw. B stom ciayuae Bemmauust N, (313)
00pa3yIoT reoOMeTPUYEeCcKyIO IIPOTrPECCHI0, CYMMa KOTOPOH MOXKHO JIETKO OIpe/iesnTh. Hamom-

HUM, 9TO CaM ITnank T'OBOPUJI JIMIIIb O KBaAHTOBAHUM dHEPIUM OCIHUJIJIATOPOB, COCTABJIAIOIITINX
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BEIIeCTBO CTEHOK ITOJIOCTU, B KOTOPOM HAXOJIUTC M3JIYUYEeHHEe; IPU 3TOM, KOHETHO 2Ke, TTPEII0-
JIATaJIoCh, UTO W3JIydeHne U BEeIecTBO HAXOJATCA B TepPMOIMHAMIYeCKOM pasHoBecnmt. Ham
’Ke OyJieT yi00HO BOCIIOJIB30BATHCA TEM, YTO KBAHTOBaHUE MOXKHO BBeCTH U Jijisd (poToHOB. C
JIPYroit CTOPOHBI, MBI, cieiysd [Lranky, paccMOTPpUM YIPOIIEHHYIO CHTYAIIUIO, KOTJIa SHEPTHsd
m GbOTOHOB MOKeT OBITh 3amucana B Buje mhw. Kak jerko nposeputs, Tounast ¢hopmyna (94),
cosiepKaitas daxktop (m + 1/2), npuBoUT K TEM Ke Pe3yJIbTaTaM.

Nrak, Ham ocTasoch HOCUYUTATH CPEJIHIO dHepruio m ¢poroHos. [Ipu sTom, Kak u B ipejiese
Penes-I>xunca, auciao cocrosHuii B 3jeMerTe oobema 0V ow Oymer 3agaBaTbest (HOPMYJIOit
ON = (w?/7%c*)6Vw (299). Orimume GyjeT COCTOATh JIMIIbL B TOM, UTO CPEJHAA SHEPIUs
doronos Oyyer ormyarbes ot 1.

JleficTBUTE/ILHO, JaBaiiTe TPUMEHUM OOIUil TPUHITHIL, HaliieHHbIi ['ub60coM, j11g (pOTOHOB,
UMEONINX OJIMHAKOBYIO SHEPruio hiw. [[ocKo/IbKY NpH 9KBUIMCTAHTHOCTU YPOBHENH OCIUJLIATO-
POB SHEPIUU U3JIYUEHHLIX (POTOHOB MOI'YT IPUHUMATH JIUIIL 3HAYeHU mhw, Tj1e m — 1ejoe
YHCII0, TIOJIydaeM ¢ yaeToM obrmero coorrorrernst (313) st BeposgTHOCTH (DOTOHY UMETh SHED-
ruto mhw

P =Poexp | ——— |, (320)
rjie Py — mekoropas KoHcTanTta. [Ipu aToMm cymma 6eCKOHETHOI reOMeTPUYecKOil TPOTrPeccuin

o0
Yoo P J1€TKO BBIMHC/IAETCH, U MBI 1IOJIydaeM

. -1
> Pm="Po |l —exp _h?w , (321)

m=0

HOCKOJIbe 2KEe CyMMa BCeX BepOHTHOCTeﬁ JOJI2KHa OBITD PaBHa €JWHUIIE, ITIOJIydaeM OKOHYa-

TEJIbHO
0 0
P = |1 — exp —% exp —% . (322)
st asibHeiimero HaM OyeT ya00HO 3allicaTh 3TO BhIpasKeHUe B BUJIE
1
P = —— exp (—mhw) . 323
S e (i) (323)

Baecw o onpegenennto § = 1/T, a

2(9) = 3. exp(—pen) (321)

34z1yuenne B KoMHATE, B KOTOPOil BBl HAXOIUTECH, STOMY CBOHCTBY HE yIOBJIETBOPSET!
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€CTh T.H. CTATUCTUYECKA CyMMa, UI'DAIoIias K/II0YEBYIO POJIb B CTATUCTHYECKOi dusnke. B
HaIlleM ciIydae, Korja €, = mhw, mojiydaem

B 1
1 —exp(—fBhw)’

Z(P) (325)

Terepp HaM ocTaercsd cleIaTh 3aKIOUATE/LHBIN Al — OIPEJIEIUTh CPEIHIO SHEPTUIO
dboronos &, coorBercrByiomeit sueprun hw. 3Hast BeposTHOCTL P, (319), ¢ KoTOpOI pean-

3yeTcsd KarKJ0e COCTOsTHUE C IOJIHOH dHeprueilt mhw, nMeeM B pe3yJsibTaTe

& mhwexp (—fmhw)
ChP R

3/ech 1 CTAHOBUTCSI TIOHATHBIM yJI00CTBO BBejieHUsI craTucTudeckoii cymmbr Z () (320). deit-

(326)

CTBUTEJILHO, IIPAMBIM BbIYUCJICHUEM MO2KHO IIOKa3aTb, 9TO

1 dz()

&="7() a5

(327)

TaK 9TO

s hw
Y exp (hw/T) -1

(328)

Kak MbI Bujium, mpu MaJibix sHeprusax poToHoB hw < T MbI BoBpalaeMcs K KJIaCCUIECKUIt
dopmyie £, = T. Ina 6onbmux e suepruit fiw > T' cpejinss sneprus (GoTOHOB OKa3bIBAETCS
9KCIIOHEHIAIbHO MaJjioit. B urore, ymHOXKas sHepruto £, Ha IUCI0 cocTostHuit 0N U Jiesst ero
Ha 00beM 0V, ToJTydeM JjIst CIeKTPAIBHON IIJIOTHOCTH SHEPTHH

w? hw

723 exp (hw/T) — 1

w(w,T) = (329)

KOTOpAasl U COOTBETCTBYET ILJIAHKOBCKOMY pacipejeseruio (20).

8.4 Arom Bopa nporuB Teopuu MakcBeia

Ha mpumepe ornpenesennsi BpeMeHU KU3HU JIEKTPOHA B aTrome bopa, KoTopoe cieiyer u3
KJIACCUYECKOI TeOpUN! 3JIEKTPOMArHETU3Ma, MbI 3a0/IHO TOKaXKeM, KaK y/I00HO ITPOBOJUTDL BbI-
YUCJIEHU 'TIO TIOPSAJIKY BEJIMYUHBI , T.€. He oOpalliagd BHIMAHUE Ha YUCICHHbIE KOI(MDPUITUEHTHI
nopsijika euHuIbl. HOr @ mo00HbBI pacueT COBEPIIEHHO JIOCTATOYEH, YTOObI CKa3aTh, Ha-

[puMep, HY?KHO WJIM HEeT YIUTBIBATH TOT WJIM UHOM 3PDEKT.
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Nraxk, cornacHo treopuun Makcsesuia, J1t000it 3apsiji e, IBUKYIIUIACI ¢ YCKOpEeHneM 7, Oy1er

TepATH CBOIO SHEPTHIO £ CO CKOPOCTHIO®)

0 e%i?
=~ (330)

ITockosbky B aToMe bopa kuHernueckas SHePIUd 10 MOPAJKY BEJMYUHBI COBIAJaeT C IO-
TEHIMAJILHOM, TO MBI MOXKeM 3amucath £ ~ e?/ag, tne ag (119) — pamuyc Bopa. C apyroit
CTOPOHBI, YCKOPEHHE 3JIEKTPOHA MOZKHO 3allucaTh Kak i = e2/a%m,. B pesy/ibrare, umeem Jiis

OIICHKNW BPpEMEHU 2KHU3HU T

233
& micap

TGy T T e (331)

KOHe‘{HO, JJIE KOJINYeCTBEHHOMI OICHKHN BEJIMYMHBI T MOZKHO 6bLHO 6bI Cpa3y IOoJCTaBUTb
YICIOBBIC 3HAYEHUS 3apsAia U MAacChl 3JIEKTPOHA, paauyca Bopa u ckopocrn csera. OmHako
uHOrIa ObIBAaeT yA0OHEe HECKOJILKO HMeperpyllInpoBaTh YICHbI, OObEIUHUB UX B U3BECTHBLIC
koMbGuHanuu. /leficTBUTeIbHO, BOCIIOIB30BABIINCH ONpe/ieenneM pajanyca bopa ag (119), mo-
JIydaeM

_40B

(332)

T~
C

Kak MmbI BUJMM, IJId OIEHKHN BPEMEHUW 2KU3HU HaM HY2KHO 3HATb JIMIIIb 3HaYCHWA HOCTOSTHHOI

TOHKOI{1 cTpyKTYphl o = €2 /Tic ~ 1/137, pajuyca Bopa ag u ckopoctu csera c. VimeeM B uTore
7~ 10""s. (333)

Dopmysa (328) Moxker OBITH Hepenucana u B JIpyroil yaobHoit dpopme

S (L) , (334)

WeTe

IJIe W, €CTh YaCTOTa BPAIIEHHS, a I'e — KJIACCHIECKHI PAJIyC JIeKTPOHA. DTa (popMyIa OKa3bl-
BaeTcs 0oJiee YHUBEPCAJILHOM, TTIOCKOIBKY OHA CIIPABEIUBA JIJIsA JTI0O0r0 KPYTOBOT'O JIBUZKEHU S

C 9aCTOTON W..

359ra dopmysta BeBomuTCA B Kiure “I'pasuranus u acTpodusnka’.
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8.5 CooTHonIeHNEe HeollpeJeJIeHHOCTell — TouHasa (popMyIMPOBKA

BunmarenbHblil dnTaTesnb J0/KeH ObLT ObI 06paTHTh BHUMaHHE HA TO, YTO COOTHOIIEHHE
Heoupeesennocreil Iefizenbepra Az Ap, > h/2 (60) (1, cCOOTBETCTBEHHO, COOTHOIEHUE JIJIsI
BosH Az Ak, > 1/2 (59)) 6esyciosro, Tpebyior yrounenus. leficTBurenpHo, clipaBa CTOUT
verkas rpanuna h/2 (wim 1/2). CrenoBarenbro, u crogmue cieBa Beauaunsl Az u Ak, Tpe-
6yI0T TOYHOTO OIIpE/eICHI.

Kaxk yxke roBopuiocsh, 3uadennss Ar u Ak, JTO/KHBI OBITH OIpPEJIEIeHBl KAK CPETHEKBAI-
paTHYHble OTKJIOHEHWsI OT UX CPeJHUX 3HaudeHuit xo u ko. Popmasbroe onpejenerne Ax s
Ipon3BoJIbHO# BosiHbl A = A(x), mocTaTouHO OBICTPO CHAJAONIEH TP £ — —00 U T — 00,

nMeeT BUL
Jo5 (@ — w0)?|A(z) Pd
I Al Pde

(Az)? = (335)

Tae cpeaHee 3HadeHne rg eCTb
2wl Alw)[Pde
o = .
2 [A(@) Pd

(336)

ODTHU COOTHOIIEHUsI HA CAMOM JleJie CyTh IIPOCTO OOOOIEHMsT OIPEJIe/IEHUsT CPETHEro apudme-
TUYECKOT'O [IJIS HEIIPEPBIBHO PaCIIPe/IeJICHHBIX BEJIMYNH.

3/1ech Hy?KHO OTMETHTH JBa oOcToATesbeTBa. 1Ipex e Bcero, Kak Mbl y2Ke OTMevasu, ~'Me-
poit” pacupejiesienus JI0JKeH ObITh UMEHHO KBaJIpaT aMILIMTY/IbI BOJTHBI. B IpoTuBHOM Cciydae
JIJ1el 3HAKOIIEPEMEHHOI'O CUTHAJIa MOXKHO IIOJIyIUTh COBEPIIEHHO HEBEPHBIN pe3ysabTaT. B gact-
HOCTH, JIIst JIIDOOTO CHI'HAJIA, OLHCBIBaeMOro HederHoii dbyukimeii A(—z) = —A(x), Boobie
HEBO3MOZKHO OIIPEJICJIUTh BEJIMYIUHBI, KOTOPbIE JIOJIKHBI OBLIA CTOATH B 3HAMeHaTesssx (331)—
(332). IosiBsienne ke Momysst dyHKuu A(x) MO3BOJISET UCIOTIB30BATH 9TO COOTHOIIEHHE U
JIst KOMILJIEKCHBIX CUIHAJIOB. [Ipu 9TOM, Kak Mbl BujuM, B onpesenenusx (331)—(332) Bmecto
A(x) MoKeT OBITH MCIIOJIB30BAHA 1 BOJIHOBas DYHKIW 1(x).

Yro ke kacaerca BesmuuH Ak, u Ap,, TO JiI HUX OIIPEJE/HUE CPEIHEKBAIPATHIHBIX
OTKJIOHEHWI Ha, IEePBBIil B3IVIAL JOZKHO IPOBOJUTHCH 10 COBEPIIEHHO PA3IMYHBIM (POPMYJIaM.

Ecu roBoputh 0 BOJIHOBBIX BEKTOpax, TO JId ONpeJeeHns XapakTepHoro pasbpoca Ak,
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HYZKHO IIPeXKJie BCero cjesarh mnpeodopasopanune Pypbe

~

A(ky,) x)e k=T dy, (337)

1 00
- / A
vV 21 J—
(Besmamna A(k,) u onpeesisier 06J1aCTh ¥ OTHOCHTEIBHYIO POJIb BOJIHOBBIX BEKTOPOB, 331410

mux curaas A(x)), a 3aTeM BBIIOJHATD OIEPAIMIO, aHAIOruIHyio (331)

(Ak,)? = f—°°oo<’f ko 2| A (k) Pk,
> Ak, Pk,

(338)

Baech kg — cpestee 3uadenue k,, onpesessemoe o anasgoruu ¢ (332). C apyroit ¢cTopoHsl, 110
KaHOHAM KBaHTOBOW MeXaHHUKN KBAJpaT MMILyJbca, Oarogaps coorHormennto (92), ciemyer

OIIpEJIC/IATD KaK36

[e's) d2
P = 12 [ ) w*(x)d—;ﬁdx. (339)

OHaKO, KaK MOYKHO IIOKa3aTh, 008 9TUX OIPEIeJIeHIA OYAyT IPUBOIUTH K OJHOMY M TOMY K€
sHadennio Ap, = hAk,.
B kauecTBe mmpuMepa paccCMOTPUM MPOCTPAHCTBEHHYIO BOJIHY A(X), 3aaBaeMyto yKe 3Ha-

KoMmoit HaM dyHKImei [aycca

1 z?
Ax) = 7T1/44\/970 exp <_2—:U(2)>' (340)

Kosdpdunment nepes sKCroHeHToi BHIOpaH TakKuM 00pa30M, UYTOObI 3HAMEHATE/JIM B COOTHO-

mennsx (331)—(332) 6bun pasubl exunnne. [lockobky xke "Becom” B narerpase (331) Gymer
—x2 /2 o

KBa/IpaT aMILTATY/IB BOTHBL A(1), T.e. Bemanma e /%0, He cojlepykalmas JIBOHKY B 3HAMEHA-

TeJle 9KCIOHEHTHI, TO, KaK JIETKO IIPOBEPUTh,

(Az)* = =2, (341)

—z2/2

C smpyroii cropoHsl, 3aMedaTesibHOE cBOiicTBO dynkIimu [aycca g(z) o< e COCTOUT B TOM,

YTO OHA COBIAJIAET 10 hopme co cBouM mpeobpaszoBanmeM DPypoe (333): §(k) o e **/2 Tlosro-

MY

l/4 2

Ak) = Y50 o (- ‘”3%). (342)

36MI)I JJIA TIOPAJIKa ITOCTaBUJIN 3BE3/I019KY, KOTOpad O3Ha4YaeT, 9TO JIJId KOMIIJIEKCHBIX BOJTHOBBIX beHKL[I/Ifl

3JI€CH JOJKHA CTOATDH BEJIMYMHA, KOMILIEKCHO COLPszKeHHas K ().
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Orcrosia y?Ke HEeTPY/IHO MOJIYIUTh, UTO

1
Ak): = — 343
(Ak)* = 575, (343)
u, ciaeposarenbio, ArAp, = 1 / 2. Yurare/to caMOMy IPEJIOCTAB/ISIETCST BO3MOYKHOCTD yOe-

JUThCst, 910 hopmysia (335) IpUBOAUT K TOMY 2Ke pe3yJibrary. Takum 06pa3om, MOXKHO Clie1aTh
BBIBOJI, ITO JIJIsl FayCccoBa MPOMUIIS peasin3yeTcs HauMeHbIee U3 3HAYeHUil, Pa3pPeIIeHHbIX CO-
OTHOIIIEHUEM HeolpejiesieHHocTeil [eitzenbepra.

B zakodyenne orMernm, 9TO, KaK MOXKHO ITPOBEPUTH IMPAMOIi IOJICTAHOBKO, BOJIHOBAS

dbyuxims (336)
2

1 T
V(@) =~ — Vi P\ T2 ) (344)
rie
h
L 345
X mw) ( )

siByisiercsi perierneM ypaprenns Ipeuarepa (86) s € = hw/2. Takum obpaszom, B ciry-
4ae TapMOHUYECKOTO OCIMLISATOPA IS HUXKHErO SHEPreTHYeCKOro YPOBHS PEAJU3yeTcs MU-

HUMaJIbHOE 3HAYCHUE ITPOU3BECICHUA Az Apa:

8.6 TomcoHoBckoe ceueHnue

Tomconockoe ceuernne o = 1/(nel) (109) (n, — KOHIEHTpAIlHs 9JIEKTPOHOB, | — XapaKTepHast
JUINHA IOIVIOIIEHNs) He UMeeT MPSIMOrO OTHOIIEHHS K KBaHTOBOH MexaHuke. OHO OIHCHIBa-
eT KJIaCCHIEeCKOe CeueHue pacCedHHd 3JIeKTPOMAarHUTHONH BOIHBI Ha CBOOOJIHBIX 3JIEKTPOHAX.
Tem He MeHee, MOJIE3HO NIPUBECTH 37€Ch KAUECTBEHHBIN BBIBOJ, BEJIMUUHBI O, IOCKOIBKY OHA
BBIPAKAETCS depe3 KIACCHIeCKH paJiyc d1eKTpona 7. (109).

NTak, paccMOTPUM IIOCKYIO 3JIEKTPOMArHUTHYIO BOJIHY, HaIAIONLyI0 Ha 00JIACTH C IIOIIe-
peunbim cedenneMm 05 (cm. Puc. 33). Hama 3amata coctour B TOM, 9TOOBI ONPEJEINTD Xa-
paKTepHyIo JIMHY [, Ha KOTOPOil BOJIHA CYIIECTBEHHO 3aTyXHET 3a CUeT B3auMOJeiCcTBUSA C
9JIEKTPOHAMU, 3AIlOJIHAIONIMME 3Ty 001acTh. [l 9TOro Mbl IpUpaBHAEM SHEPIUIO BOJIHBI iy,

IIPOXOIAIIYIO 3a BpeMsi 0t yepe3 cedenne 0.5 ¢ snepruein Eqy¢, N3MYIAEMYIO JIEKTPOHAMMA.
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"\ k % oS
P %%%% %%ﬁ%% %%%%

< »
< >

Puc. 33: [Lnockas snekTpoMaruuTHas BOJTHA, A Ialolas Ha 00/1acTh ¢ MOIEPEYHBIM CeYeHUEM
0S u jymnoit [. ToMCOHOBCKOe ceveHMe ONMUCHIBAET 3aTyXaHWe BOJIHBI Ha JijinHE [ 3a cder

Hepen3IyYeHusi 3JIEKTPOHOB, 3an0THSIoNX 00beM ([ - 4.5)

T.K. s/teKTpoMarauTHas BOJIHA PACIIPOCTPAHSIETCS CO CKOPOCTBIO CBETa €, TO IIPUXOISIIAsT

SHeprusi MozkeT ObITh 3ammcana B Buje &, = w(cdt - 45), rue

B E? + B2

- (346)

w

€CTb IJIOTHOCTH SHEPIUH JIeKTpoMaruuTHoi BostHbL. [lockosbky (B cucreme CI'C!) B miockoit

BoJiHe yekrpudeckoe mojie |E| paBro maramTHOMY moso |B, a camo ssiekrpuueckoe 1mmosie

MOKET OBITh 3allMCAHO B BHUJIE |E| = EA sin wt, TO IIOCJIE YCPE€JHEHUA 110 BPEMEHU MMEEM
IIpOCTO
E2
A
8w

C apyroii cTOpOHBI, paccenBaeMas SHEPIHUsl MOXKeT ObITh 3ammncana B Buue £y = INEOL, e

N =ne(l-JS) ecTh MOJHOE YUCIIO FJEKTPOHOB B PACCMATPHUBAEMOM HaMU 00beMe, a

2 (er)?

3 e

(348)

€CTh TOYHOE BBIParKeHHe JIJIsi MOITHOCTH U3y deHus (326) 0J[HOTO 9JIEKTPOHA, JBIKYIIEroCs C
ycKopeHueM 7. BOocoJib30BaBIINCh TENEPb YPaBHEHUEM JIBHXKEHUSA Mo = el sin wt 1 BHOBD

UCIIOJIb3Y4 yCpeaHeHne 110 BpEMEHU, I10JIyIaeM

1 e'E?
g=_ A

(349)

3 m2cd’
CrnenoBareibuo, U Ey U Eyyt OKABBIBAIOTCS IPOIOPINOHAJIBHBI IpOU3Beaenuio £ u 0t6S. B
) A

UTOTre, TOJIydaeM OKOHYATEIbHO JijIsi TOMCOHOBCKOTO ceveHnst op = 1/n.l

8t et

or = — ——
3 m2ct’

(350)
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qr0 comagaer ¢ (109).

8.7 OmepaTop MOMEHTa NUMILYJIbCA

J1y1st TOYHOTO KBAHTOMEXAHIYIECKOTO OIPE/IeIeHNs MOMEHTa UMILYJIbCa dacTull [ = |r X p| =
TPy, TJ€ P €CTh KOMIIOHEHTA HMIIYJIbCA YaCTHIBI, HePIeH/MKY/IApHas PaJlyc-BeKTOpY T,
HY?KHO, KaK U B CJIydae CaMOro HMILYJIbCa, ONPeIeNTh COOTBETCTBYIOmuil oneparop. IIporme
BCEIO 9TO CJIEJIATH JIs KBa/IpaTa MOMeHTa UMITyJbca [ = r?p3 . [Ipex /e Beero, BCIOMHEM, ITO
T OJTHOMEPHOTO JIBUZKEHHsI OTIePaTop KBaJIpaTa MMITyJIbca nmeetT suj p2 = —h>d2/da? (92).
B TpexmepHOM ke ciiydae, COIVIACHO IIPABUIIAM JUCIAILIMHBL, KOTOPast HA3bIBACTCS yPABHEHHSI

MaTeMaTHIecKoil (bu3nKu, Hy?KHO 3aMeHuTh oneparop d*/dz? na
2
L=+ -5+ +=. (351)

Dror oneparop Hocut umst [1.-C. Jlamaca (1749-1827) u sBisiercst OJJHUM U3 OCHOBHBIX OIle-
pPaTOpOB, UCHOJIL3YeMBIX B (hbu3nKe. B 9acTHOCTH, IMEHHO OH U JIOJIZKEH CTOATH B YPaBHEHUN
[IpeuHarepa, ONUCHIBAIONIETO TPEXMEPHOE JIBUZKEHUE YaCTHUII.

[TonaTHO, 9TO I OIECAHUS TPEXMEPHOIO ABUZKEHUA 3JIEKTPOHA B aToMe OoJiee yI0OHBIME

OyayT chepuaeckne KoOOpAMHATHL ', § 1 . B arux koopauaaTax omeparop Jlamraca nmeer Bug

2
pol0(p0), L0 ,0), 1 0

- L IV 7 359
2o \"or) T 2smo o0 96) T rsnZ 00 (352)

V1006cTBO TAKOr0 BBIOOPA OYEBHUIHO, HAIIPUMED, U3 TOr0, YTO J0Ka3aTeIhCTBO U3BECTHOI'O CO-
orsomenust L2f(r) = 0, tne f(r) = 1/r = 1/v/2% + 42 + 22, B chepuuecKux KOOPIMHATAX
Ipon3BoUTCA hakTHIeckn yerHo. Kak yke roBopuiiocs, yJI00HbIM CIOCOOOM DEIeHus ypaB-
nennst peuarepa, cogepzxarero omneparop Jlamnaca L2, siBiIseTcs IpeJCTaB/ICHIe BOJIHOBOIL
dbyukuuu B Buge (r, 0, p) = R(r)(6, ¢) (134).

Bepuemcs Teneph K KBajpary yriosoro Momenta (2. CoracHo nmpaBujiaM KBAHTOBOMH Me-

XaHUKHN, Mbl JOJIZKHDBI 9TOI BEJINYMHE COINOCTABUTH orepaTop

?=rp. (353)
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JIerko 10HATH, YTO OlepaTop KBaJpaTa IIOHePevHOro UMITY/IbCa Pi MOYXKET ObITH HOJIYYeH U3
onepatopa Jlamaca mpocTo oTOpachIBAHUEM IIEPBOTO CJIANAEMOT0, COJIEPKAIIEro ITPOU3BO/IHBIE
10 paInaJIbHOI KoopauHaTe r. JleficTBuTeIbHO, pauaibHble IIPOU30/IHbIE BOJTHOBOMN (DyHKITUN
JIOJIZKHBI OBLITH ObI COOTBETCTOBATHPAIUAIHLHOMY UMITYJILCY, KOTOPBIil HE BXOJIUT B OIIPE/Ie/ICHIE

yryioBoro momenTa 1 = r x p. B urore, nmoyyuaem

2
2= |2 (gnol L 9

sin 6 00 00 + sin298_cp2

BHas Ke sIBHOe BBIparkKeHHe Jisi OllepaTopa KBaJjpaTa MOMeHTa uMIyJbca (381), MoxK-

(354)

HO IIPUMEHHUTH CTAHJIAPTHYIO IPOIEAyPy KBAHTOBONH MEXaHHUKH, COIVIACHO KOTOPOI 3HAYCHUS
0601 (busnaeckoit BesmanHbl A, COOTBETCTBYIOIIEH COCTOSTHUIO ¢ BOJHOBOH (hyHKIHEH ),
OIIPENEIAIOTCA U3 COOTHOIICHUA

Ay = Adp, (355)
rue A ects orepaTop, COOTBETCTYoNMi husndeckoit Bequanue A. 3HATNT, KBaIPAT MOMEHTA
UMIIYJIbCa YaCTHIBI (2, YII0Basd YacTh BOJIHOBO (byHKIIUM KOTOPOH 3ajaeTca cepudecKUMu

dbyuximsavm Yi(0, @), 107KHA ONPEIeTAThCS U3 YCIOBHS
PYi(0, ) = I Yi(0, ¢), (356)

npu4deM IIoJIydYaeMbl€ B PE3yJ/bTaTe 3HaYCHUA L2 n JaAyT HaM 3Ha4Y€HHUA KBa/paTa YIJIOBOI'O
MOMEHTA.

[lo5ToMYy, KaK JIErKO IIPOBEPHTH LPSIMOil MOJCTAHOBKOI, IpH BO3JEHCTBHU OlepaTopa [2
(381) Ha JOOYIO0 U3 WCHOJB30BAINUXCS BBIIMIE CTAIMOHADHBIX BOJHOBBIX (DYHKIWI Yl(c) x
sin 6 cos ¢, Yl(o) x cosf nm Yl(s) x sinfsin p B oTBeTe TMOJIyYaeTCs Bee Ta yKe (PYHKIUs Y7,
yMHOZKeHHas Ha 212, DTy BeJIMHIHY, COMIACHO KAHOHAM KBAHTOBOH MEXAHWKIL, U CJIEJIyeT CUN-

TaTb KBa/JpaTOM JJIMHbBI MOMEHTa UMIIYJIbCa JJIA 9TUX COCTOSHUM. COOTBGTCTBGHHO, JJId BCEX

naTH BoHeX ynkimit Ys (164)-(168) momyuaewm [1|2 = 6. B obiem ke ciydae momydaem
1> = 1(1+ 1)R%. (357)

B wrore, HecMOTpsi Ha TO, YTO MPOEKIINA MOMEHTa UMITYJIbCa HA OCH T W Y HEOIPeesIeHbI,

JymHa |1 ecTb BIOJIHE Onpe/iesieHHAsT BEJIMIIHA,

= /il +1)h. (358)
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8.8 Dddekr Kazumupa

B kauectBe ere oiHOro npuMepa HEOOBITHBIX CBOMCTB MUKPOMHUPA PACCMOTPUM T.H. 3deKT
Kazumupa. B mpocreiiieit peajn3anum oH 3aKII0YA€TCS BO B3ANMHOM MPUTSIYKEHUH JIBYX T1a-
paJLIeIbHBIX XOPOIIO MPOBOJAINX ItacTul. lIpuamnoii xke sdpdexkra Kazumupa apisiorcs
yzKe XOPOIIIO HaM 3HAKOMBbIE HyJIeBble Kosiebanns BakyyMma. CyThb ke 3Toro 3hdexra 3aK/Io-
JaeTcsd B TOM, UTO IMPOBOJLIINE ILIACTUHBI JIOJIKHBI OYyT HMOracUTh Te HyJIeBble KoJiebaHus,
JIUIsT KOTOPBIX Ha MOBEPXHOCTH IJIACTUH SJIEKTPUIECKOe TI0J1e, apaslieIbHOe IIACTUHAM, ObLIO
OBl He paBHO HYJIIO. B MpOTHBHOM cilydae B IJIACTHHE HABOIWINCH OBl 3JIEKTPUIECKNE TOKH,
KOTOPbIE HEBO3MOYKHbBI, €CJIM MIPOBOJINMOCTD JOCTATOYHO Besinka. [losTromy, Hecmorpst Ha TO,
YTO CAMU SHEPIUU HYJIeBbIX KoJiebaHuil 0e3 IIACTUH U IIPU UX HAJIUINN OECKOHEYHBI, UX Pa3-
HOCTB, TEM HE MeHee, OKAa3bIBAETC KOHEUHON BEJTMIMHON, IPUTIEM 3aBUCSIIEH OT PACCTOSTHUST
MEYKJTy ILJIACTUHAMH.

[TomobHoe npuTsKeHnne IACTUH OBLIO MpeJcKa3aHo roJuianjackuM ¢usnkom X. Kazumu-
pom (1909-2000) B 1948 rosy, a mo3/HEee OGHAPYKEHO 1 SKCIIEPUMEHTATBHO. Mbl BEIOPAJIH 5TOT
[IpUMep U3 psjia JPYIUX sIBJIEHU, TOITBEP/IUIINX CYIIECTBOBAHNE HYJIEBBIX KOJEOAHMIT U3-3a
HATVISTHOCTH U OTHOCUTEJILHOI ITPOCTOTHI: KAK MBI Ceiffdac IMOKaXKeM, JJIst ero KOJIMIeCTBEHHO-
IO OIMCAHUsI HY’KHO 3HATh, (DaKTUIECKH, JIUIIb Bbipaykenne (71) Jjis IUIOTHOCTH COCTOSTHMIA.
[Ipu sToM 77151 Hac Tak:Ke Oy/IeT OYeHb BaXKHO MOKA3aTh, UTO OYKBEHHOE BhIPAYKEHUE JIJTsT CUJTBI
Kazumupa mozkeT ObITH MOJTydeHo "Ha Majblax .

Urak, paccMoTpuM JiBe TapaJiie/ibHble TJIACTUHBI ILIOMAIbI0 S U PACCTOSTHUEM MEKTY
HUMU d ¥ TIOJCYUTAEM SHEPIWIO HYJIEBBIX KoJiebaHuii &£, 3aK/IFOYeHHBIX B o0beme V = Sd
MeKTy HuMH. Fesm Obl 1acTiH He ObLIO, TO TaKyIo SHEPIHUIO CJIEJIOBAJIO Obl 3aIicaTh Kak

o0 d]{] dk o0 d]{] hC]{]
—9 Ty d/ z ) ==
&= S[ (2 )2 - (2 ) 5 (359)

DTO BBIpAKEHUE €CTh IIPOCTO YUCJIO COCTOSHUI (KOTOPOE, B CBOIO OYEpEelb, €CTh ILJIOTHOCTh
cocrogrmit n® = 1/(27)3, ymHoxennas Ha obbeM dbusmaeckoro mpocrpancTa Sd m 06beM
B IIPOCTAHCTBE BOJHOBBIX BEKTOPOB) YMHOXKEHHAs HA SHEPIUIO HYJIEBOro ypoBHs fw /2. UnTe-

I'pupoBaHue, €CTECTBEHHO, PACIIPOCTPaHAECTCA 1 Ha HOCJIG,ILHI/Iﬁ MHO2KHUTEJIb, KOTOprfI cJIejyer
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sammcath Kak ey /kZ + kZ + kZ/2. Jpoiika e cBA3aHa ¢ T€M, 9TO 3JIEKTPOMATHUHTHbIE BOJTHBI
UMEIOT JIBE PA3JIUIHBIE TTOJISPU3AIINN.

B npucyrcrun ke mpoBoidANuX IJIACTUH IT€pBas CKOOKa, COOTBETCTBYIONIAsS KOMIIOHEHTE
BOJTHOBBIX BEKTOPOB, APAJIETHHBIX IIJIACTUHAM, MEHATHCA He Oy/eT. UTo ke KacaeTcs KOMIIO-
HEHT BOJIHOBBIX BEKTOPOB k,, OPTOTOHAJILHBIX IIJIACTUHAM, TO 3/I€Ch BMECTO MHTEI'PUPOBAHUS
cJIejiyeT MPOBECTH JIUIThL CYMMUPOBaHHUE 110 3HadeHusiM k, = nw/L, n = 1,2, ..., 1jisi KOTOPBIX
AMILIATY/IA SJIEKTPUIECKOTO T10Jist Oy/IeT paBHa HyJIIO KakK Ha HIzKHel (2 = 0), Tak 1 Ha BepxXHeil
(z = L) nosepxuoctu. Kpome toro, mis k, = 0, T.e. s BOJHBI, ¥ KOTOPO# BOJHOBOIT BEKTOD
napaJulesieH IUIaCTHHAM, HeOOXOMMO OCTABUTD JIUIIL OJHY IOJISIPU3AINIO, a UMEHHO TY, JIJIs

KOTOpOfI QJIEKTPUIECKOE I110JI1€ BOJIHBI IIEPIEHINKYJIAPHO ITOBEPXHOCTHU. B urore, 1oJrydaemM

o dk,dk, s m2n?\ he
- ) (2 k223 k2 + k2 e
&=(s/ o) \(VE R 2 [k T | (360)

B pe3yJjibTaTe, OKa3blBa€TCd, 9TO XOTHA 0ba BbIpazK€HuAd JIJId 3Hep1‘1/11?1 51 n 52 OKa3bIBarOTCA

OECKOHEUHBIMHI, UX PAa3HOCTD
w2 he

AE = —— 2
E= "0 &

(361)

6yaer KoHedHON BemanHON. COOTBETCTBEHHO, CHJIA, JEHCTBYOMAs MEXK/Iy IIacTHHAME (KO-
TOpasi eCTh TI0 OIPEJICJIEHNIO TPOM3BO/HAS SHEPIUU 110 KOOP/MHATE) Oy/IeT paBHa

2
m he
F=_=—08 (362)
240 d
[Tokazkem Temepb, Kak BbIpazkeHue (357), ecTecTBEHHO 6€3 UMCJIEHHOTO KOd(DbuImenTa,
MOZKET OBITH IMOJIYYeHO "Ha HaJbIax . s 9Toro 3ammiieM moTHy o SHEPruio HyJIeBbIX KoJjieda-
unit B oobeme V' = dS u B juara3one BOJIHOBBIX BEKTOPOB OT HYJIS JO HEKOTOPOI'O 3HAYEHUS
kmax B BUJIE IPOU3BEJICHUsI CPEJIHEH SHEPIUH HYJIEeBOTO KOJIeOHUsI (JJIs1 KOTOPOil MbI BbIOEpeM

IIPOCTO 3HAYEHUE hk)maXC) Ha 1oJiHoe gucyo BoJiH N. IosHoe ke gauciio BOJIH, KaK MbI IIOMHHUM,

MOYKHO OTEHHTD KaK Mpou3Beienne mioTHocTn coctoanmit n') = 1/(27)3 na dusmaeckuit o6mb-

3

max*

eM V 1 Ha 00bEM B IIPOCTPAHCTBE BOJTHOBLIX BEKTOPOB K B urore, omnyckas Bce 4MC/IEHHBIE

KO3 PUIMEHTHI (&, 3HAYUT, U MOJIOKUB n® ~ 1), mosryaaem,

E ~ (hkmaxc) - (K2..) - (Sd). (363)

max
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[TorsITHO, YTO Kak OIEHKa 10 TOPSJIKY BeJUYNHbI BhipaxkeHue (359) Gyjer cripaseinBo
KaK JIJIsi CBOOOTHOTO BaKyyMa, TaK U JIId BaKyyMa, O'PAaHUYEHHOTO TTPOBOJIAIIMMU TIJIACTUHA-
vu. OjiHako (BHUMaHUe!) OTIMYre STUX SHEPruii JOJKHO ObITh 3aMETHO JIUIIb [IPU BOJHOBBIX
BEKTOPaX Kmax, CpaBHUMBIX ¢ 1/d. JleiicrBurensro, npu k >> 1/d jayimHa BOJTHBI HYJIEBBIX KO-
Jlebanuii OyJIeT yzKe CYIIeCTBEHHO MEHbIIIe PACCTOAHUA MEKIy IJIACTUHAMU, U TIOITOMY €CTe-
CTBEHHO ITPOJIIIOJIOKUTH, YTO CAMHU ILTACTUHBI HIKAKOI'O OIPAHMYEHNs HA TaKue BOJTHBI OKa3aTh
He cMOryT. Bo3MOXKHOCTDL paccMOTpeTh He OECKOHEUHYIO 00JIaCTh 3HAYEHUN B IIPOCTPAHCTBE

BOJTHOBBIX BEKTOPOB, & OI'PAHUYINUTD €€ JINIIh 3HAYeHUAMU k < Kpay, TJI€

~ (364)

kmax

SN

U eCTb OCHOBHOW MOMEHT HaIllleil oreHKu. B urore, cumrasi, YTO pa3HOCTb SHEPIUil HYJIEBBIX
KoJiebaHuil Jijisi CBOOOHOIO BaKyyMa U JijIs BaKyyMa, O'PAaHUYIEHHOrO IIJIACTHHAMU, OyJIeT T0-

psiika camoii BeJmarHb! (359), MBI TYT Ke BO3BPAIAEMCS K BBIPAZKEHIIO

£~ %5. (365)

JIF0OOTIBITHO, YTO IOCJIE TOTO, KaK CyIIecTBOBaHMEe cmiibl Kasmmupa OBLIO TEOpeTHIecKH
[IpeJICKa3aHO0, BOBHUKJIA UJes OObICUTD C MOMOIIBIO 9TOTO 3hdEKTa U YCTONIMBOCTD SJIEMEH-
TapHBIX YACTHI] C HEHYJIEBbIM 3apsjioM. /lelo B ToM, 4TO eciu Obl S1eMeHTapHble YaCTUIIbI
UMeJTH BUJI 3aPAKEHHON cepbl, TO TIPU UX MaJIOM pa3Mepe CHUJIbI JIEKTPOCTATUIECKOTO OT-
TAJKUBAHUSA OKA3AJIMCh Obl CJIUIIKOM CHUJIBHBI JIJIg UX YCTOWYMBOro cymiectBoBanus. OmHaKO
HaJiexK bl Ha cuity Kasumupa me ompasiasuck. Pemenne 1momobnoit 3a/1auu Jjis JIBYX KOHIIEH-
TpudeckKux cdep npuBes K 0OpaTHOMY PE3yabTaTy — ydeT BaKyyMHBIX KOJIEOAHUI TTPUBOIUT
He K NMPUTSKEHWIO, a K OTTAJIKHBAHUIO. DTOT IIPUMEP eIle pa3 MMOKa3bIBAET, KAK HY?KHO OBITh
OCTOPOXKHBIM TIpH 00ITIeHnn ¢ beckoHednocTsiMu! B gacTHOCTH, HaIa ONEHKA 110 TTOPSJIKY Be-
JIMYWHBI 3HaK 3PdeKTa onpeIe/IuTh He MOXKET.

B zakmiouenue orMeTuM, 4TO gBjIeHne, 6yim3koe K apdekty Kazumupa, 66110 JaBHO N3BECT-
HO B KopabJsieBoxiernn. Ecin qBa Kopabiisi CTAaHOBATCSA JTOCTATOYHO OJIM3KO (M MAapasIIeThHO )

JIPYT K JPYTY, TO OHU TOYXKe OYJIyT TacUTh BOJHBI MEXKJIy COOOi, W IMOITOMY CHUJIA JIaBJICHUS
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BOJIH Ha BHEITHUE YacTH KopadJjeil OyjeT cTpeMuTbcs ux coOm3uThb. [losToMmy 1o Mopckomy

KaHOHY BO M30eKaHue CTOJIKHOBEHHII pacrojaraTb Tak KopabJyim He PEKOMEH TYeTCs.

8.9 I'paBuTanmoHHOe U3JydeHHE OT JIBOMHBIX CHCTEM

[Tokaxkem HakoHeIl, KAK MOYKHO OIEHUTb WHTEHCUBHOCTH T'PABUTAIMOHHON BOJIHBI, KOTOPYIO
MOTJTH OBl 3aPErUCTPUPOBATD JIETEKTOPHI 'PABUTAIIMOHHBIX BOJIH, paboTaroIue ceifiac Ha 3eM-
Jste. IIpexxie Bcero, oreHNM TIOJTHOE SHEPTOBbIJIe/IEHNE, BO3SHUKAIOIIEE ITPU CTOJIKHOBEHUN JIBYX
HEATPOHHBIX 3Be3/ (MM HEATPOHHON 3BE3/bl U YepPHOIl JBIPbI, WK JaKe JBYX YE€PHBIX JIBIP)
Ha TOC/IEIHEM 3Talle SBOJIONIHI ABOIHOM cucTeMbl. Ceifuac M3BECTHO yrKe HECKOJIBKO CHCTEM,
COJIEPZKAINX JIBe HEUTPOHHBIE 3B€3/Ibl, Yb€ BpeMs KU3HU 38 CUeT U3JIyUeHUs I'PaBUTAIIMOHHBIX
BOJIH 3HAYUTE/ILHO MEHbIIIe Bo3pacTa Ku3Hu Beesennoii. [loaTomy HET coMHeHMs, 9TO TIpOIIEC-
ChbI CJIMAHUSA JBYX KOMITAKTHBIX 3Be3]I JIEHCTBUTEILHO UMeEIOT MecTo. [IpaBia, Takue ciusgHus
BCe Ke UPEe3BbIYAITHO PEJIKH, U II09TOMY €CTh HaJIeXK1a OOHAPYKUTH UX JIMIIb B OY€Hb JIAJIEKIX
rajlakTUKaX.

Mpr HaYTHEM HAIIYM BBIYUCIEHUSA ¢ (POPMYJIbI DUHIITERHA 1T MOIIHOCTU I'PABUTAIIMOHHOTO
U3JIyYeHUs JBOMHOIN CHUCTEMBI, COCTOSIIEN U3 3BE3]] OJMHAKOBON Macchl M U paccTogHuEM a
Mmexk Ty numu. [lockonbKy Haleil 3aj1adeit OyJaeT onsTh JIMIIb OIEHKA 110 MOPsAJIKY BEJTUIUHBI,
MBI Cpa3dy NPHUBEJIEM 3/eCh COOTBETCTBYIOIIEE BbhIpazKeHne 0€3 YMCJIEHHOro KoddduimenTa n

IIOIIPaBOK Ha 3JIJIMIITUIHOCTD Op6I/ITbI
Wtot ~; . (366)
a

Wurepecyronuxces e jierajasgMu pacdera Mbl OTcbliaeM K [[puiokennio 5 B yxke yIIOMSHYTOM
yueoOnuke "['paBuranus u actpodusuka’, rje nmokas3aHo, KaKk 3Ta OleHKa MOXKET ObITh MOJIyYeHa
Ha YPOBHE MIKOJIbHOHN (pU3UKU.

Kak MbI BUIUM, MOIIHOCTD U3J/IyU€HUs IPABUTAIIMOHHBIX BOJIH OY€Hb CHJIBHO 3aBUCUT OT
PACCTOSTHUS @ MKy KOMIIOHEHTaMU JIBOIMHOI cucteMbl. [loaToMy ocHoBHOe u3tyuenue Oy/eT
[IPOYCXOJ/IUTD JIMINb HA CAMOM TIOCJIETHEM JTalle ee IBOJIOIUHN, KOIJla BeJIMInHa ¢ Oy/IeT yrKe

O/1M3Ka K pajinycy caMuxX HeHTPOHHBIX 3Be3/1. [locKo/IbKY, Kak ObLIO MmoKaszaHo B pasjere 6.2.3,
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paJmychbl HEITPOHHBIX 3B€3]] HEHAMHOTO ITPEBBINIAIOT PAJINYC Y€PHOI JIBIPBI COOTBETCTBYIOIET
Maceel 7y = 2GM/c? (u mo3TOMY CKOPOCTH BpalleHnsi OyJIeT MOpsiIKa CKOPOCTH CBETa), TO
g y b pally Y2 pAL, b )

IPOIOJIZKUTE/IbHOCTb UMITYJIbCa MO2KHO OIIEHUTH KaK

T B (1078 - 1078 s, (367)
C

WupiMu cjioBaMU, IPABUTALMOHHBIA CUTHAJ JIOJI2KEH UMeTh (DOPMY KOPOTKOIO UMITYJIbCA, JIJIN-
TeJILHOCTH KOTOPOro OyJIeT He CHJILHO OTJIMYAThCS OT IIePUOJIa BPAIeHUs JIBYX MPaKTUIecKH
COITPUKACAIONTIXCA HETPOHHBIX 3Be3/1. 1IpH 9TOM MaKCHMAaJIbHOE U3/IyYeHHe CIe/lyeT OXkKIIaTh
Ha wacrorax 10°-10% I

KcraTn, oTMeTHM 371eCh eIie OJJHO OYeHb MHTEPeCHOe 0OCTOATEIHCTBO. 3aMEHSAd B BBIPa-
xkennn (362) pasmep opOUTHI @ HA IPABUTAIIMOHHBIN PAJHYC Ty, MOKHO HOJIYIUTD CJIELYIONIee

BBbIDAyKeHNe JIJIsi MOIITHOCTH M3JTydeHnst (InuceHHbIil KoadUIMEeHT Mbl BHOBb OITyCKaeM )

5

Wy = % ~ 3.5 x 10% erg /s. (368)

Kax mbr Bugum, Besmmunna Wp) BooOIe He 3aBUCHT OT MACChl CUCTEMBI, T.€. IIPEJICTABIISET
cobOit yHUBEPCATBHYIO KOHCTAHTY? . DTO 1 ecThb [JIaHKOBCKas MOIHOCTh U3JIydeHus, KOTopasd,
KaK U IUIAHKOBCKas cuia (218), me 3aBucuT oxHako or nocrosmuoit Ilnanka. ITockombky ke
pajmychbl HEUTPOHHBIX 3Be37], KaK MbI 3HaeM, Jiullh B 3—10 pa3 MmpeBbIMaoT pajgnyc depHoit
JIBIPBI TOI K€ MacChl, MONIHOCTb H3JIy4YeHUsd I'DABUTAIIMOHHBIX BOJIH B pailoHe MaKCUMyMa

UMITYJIbCa JOJIZKHa COCTaBJIATH
Wiet ~ 107 —10% erg/s. (369)
,Z[anee, HaM HOHa,ZLO6I/ITCH BbIpazK€HHE JIJId IIJIOTHOCTU SHEPI'UU I'PABUTAITUOHHOI'O I10JIA

92
= == 370
wg 87TG’ ( )

IJI€ Gy €CTh XOPOIIO U3BECTHOE BCEM 'YCKOpEHUe CBOOOIHOTO MaJIeHud , WK, 9TO 3JIeCh OY/IeT
0oJiee yMECTHO, HAIPAXKEHHOCTHh T'PaBUTAIIMOHHOIO ToJid. Kak rokazano B ydeOHuke 1'pa-

BUTallld 1 aCTpO(ﬁbI/ISI/IKa”, 9TO BbIpazK€HUE JIEI'KO II0JIydaeTCd 110 aHaJIO'uU C OIIpeaeJICHUEM

37[Ipomie Bcero ee MOTyYUTD, IOICYNTAB BblIeaeHne sueprun Mc? 3a Bpems T = rg/c.
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IJIOTHOCTU 3HEPIUM 3JIeKTpuveckoro nois w = E?/8t, ecim paccMorperh paboTy, HEOOXO-
JIUMYIO JIJTsT YBEJIMYEHUS PACCTOAHUS MEXKJIy JIByMs MAacCCHBHBIME TiacTuHamu. [IpupaBHsas
Terepb MOIHOCTD BbLieseHnst sueprun Wio (362) MOTOKY SHEPruH ¢ IJIOTHOCTBIO Wy YEPE3

HOBEPXHOCTD yJIaJenHol cdepnl 47 D2,

Wit ~ 47D? - wy - c, (371)
IIoJIy49aeM
GWiot ) 12
WPV [ASACUN I 372

[TousiTHO, 9TO OJIHMM U3 KJIIOUEBBIX IapaMeTPOB B 9TO OlleHKe Oy/IeT paccrosgHue D 10 J1BOM-
Hoit cucrembl. Jlajekne oObEeKTHI CJAUIMIKOM C1abbl, a OJIM3KHE MPOUCXOSAT CJIUIIKOM PEJIKO,
U MBI CMOXKEM YBHUJIETb MX, TOJbKO €cJiu OYeHb IoBe3eT. B pesysbrare, oxKujgaeMoe paccTo-
siH€ JI0 UCTOYHUKOB, KOTOPBIE €CTh HaJlexKia OOHApyKUTh B Te€UEHUE Pa3yMHOI'O BpPEeMEHU
HabJro/IeHnit (B Ipejiesiax OJIHOTO To/la) OKa3biBaeTcs mopsaka 100 meramapeek (3 X 10%6 cM).

HOSTOMy OoXKnJiaeMad BeJIMYnHa gy COCTaBJIAET

-1

cm/s?, (373)

1/2

Wtot D

w=108 (e )
g 10%* erg/s 100 Mpc

YTO Ha OJIMHHA/IIATH MOPSJIKOB MEHbIIEe YCKOPEHUs CBOOOHOIO MaJieHns Ha 3eMile.

[TonsTHO, YTO CpaBHEHNE BEJUYUUHBI Gy, C YCKOPEHHEM CBOOOJIHOTO IMaJeHus Ha 3eMiie g He
yHuBepcasbHo. [losToMy Tpu aHam3e UHTEHCUBHOCTH I'PABUTAIIMOHHON BOJIHBI OOBIYHO ITOJTb-
3YIOTCS JIPYToii, 0oJiee OCMBICTIEHHON Oe3pa3sMepHOil BeJMYnHO# h, MOKa3bIBAIOIIeil CTeleHb
HCKazKeHusl IpocTpaHcTBa-BpeMeHn>. Ha mpocToM g3bIKe ee MOXKHO IIOJIYHUTH CJIeLYIOMIAM
obpaszom. OrmpejiesnM MaKCHMAJIBHYIO CKOPOCTh U = (4T, KOTOPYIO MOYKeT IpUOOpecTn Tejio
B I'PaBUTAIIMOHHON BojiHe. [[oHATHO, 9TO B KayecTBe BPEMEHHM YCKOPEHUSA T HYXKHO B3ATDh I1e-
PHOJT rpaBUTAIMOHHON BOJIHBEL T = 1/1. [loaromy ymo6HBIM Ge3pasMepHBIM MapaMeTpoM Oy1eT
IIPOCTO OTHOIIIEHNE BO3MYIIEHHON CKOPOCTH ¢y T K CKOPOCTH CBETA C

Iw
= =—. 4
h= (374)

38Hanpumep, 1151 o/iHOM U3 noJIsipusanuii rpapuranuonnoit Bosmubl ds? = (1 + h)c?dt? — (1 — h)da?.
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B gacraocTH, ipu h ~ 1 rpaBUTAIIMOHHYIO BOJIHY Y Ke HeJIb3d CYUTATh CJ1aboil, U Tor/ia caMo
npuOIMKEHNe, B PaMKaxX KOTOPOI'O Mbl BBEJIH, HAIPUMEP, U IJIOTHOCTb SHEPTHHU I'DaBUTAIIM-
oHHOTO 101t Wy (366), cranoBurcst HenmpuMeHHMbIM. OHAKO, HOCKOJIBKY HAIa IPOCTeiIast

OIl€HKa JaecT /
1/2 -1
Wtot D

v -1
375
10 erg /s 100 Mpc (103 Hz) ’ (375)

h=10"22

TO COBEPIIEHHO SICHO, YTO BOIN3U 3eMJIM HHTEHCUBHOCTD I'PABUTAIIMOHHON BOJIHBI Oy/IeT OYeHb
MaJia.

Bespazmepnas Besimamna h JIeHCTBATEIBHO OKA3bIBACTCA OYEHDb YJI00HOI IpU aHAJM3e pa-
OOTHI JIETEKTOPOB I'PABUTAIIMOHHOTO M3/IydeHrnsd. ITOOBI OKa3aTh 9TO, PACCMOTPHUM JIBa TeJa,
HaxoJIdInecsd Ha paccroguun L apyr ot jpyra. Ecim 310 paccrogHne MeHbIIle JIJTUHbI TPaBU-

T&L[HOHHOﬁ BOJIHBI, TO UX OTHOCUTEJIbHOE€ YCKOPEHHNE MOXKET JJOCTUI'aTh BEJINYINH

dg = (?) Gw- (376)

[ToCKOJIbKY 7K€ CMeIeHHe JIeTeKTOpoB J L MozKeT GbITh Tenephb 3amucano B suje 0L = g2 /2,

TO MBI UMEEM

— ~h, (377)

1, 3HAQYUT, OTHOCUTEJIbHOE CMeEIIleHUuEe JIEeTEKTOPOB TaKXKe MOJI2KHO COCTaBJIATLH JINIIb 10_20—

10722
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YiupakHeHus

. Ucnonbzyst dopmysy Crupsuara n! ~ +/27mn(n/e)”, nokaxkure, aro npu N > 1 u

K > 1 BepogTHOCTH OMHOMUAJIBLHOTO paCIpeIeIeHUs

N!

K .
— 378
PN INKI(N — K)! (378)
CTpeMuTCs K paclipejiesiennio L'aycca
2 2(K — N/2)?
= —_— _—— .
Pa(K) — &P l 7 (379)

. Haiiyiure manbosiee BeposiTHoe pacupejienenne 10 mapukoB B 4 g4yeiikax ¢ sueprusamu 0,
€, 26 M 3¢ 1 T.JI. M C TIOJTHOI PHEPTrUEll He W OIEHUTE TEeMIIepPaTypy, COOTBETCTBYIONIYIO

9TOMY PACIIPE/IETICHUIO.
. To xe nna cymmapnoii sueprun 10e.
. Honyuure koapdunment 2.821439 B hopmyiie (21).

. Haiiure criekTpasbHyIo III0THOCTD u3jydeHus: P(A), Tak, 9T00bl MOTOK SHEPIUU Yepes3
eIMHIYHYIO TIOMIAJKY B MHTEPBaJIe JUIMH BOJIH MEXIY A u A + A Obur paBer P(A)IA.

Onennre ko3 durmenT k B BhIpayKeHUH JIJIsi MAKCUMyMa B CIIEKTPE

he
)\max =k—.
T (380)

. Iokazkure, 9ro HasMUME OCTOSTHHOI OOaBKY 1/2 B BBIDAsKEHUH JIJIsT SHEPIUH MAPMOHHI-
qeckoro ociiuistTopa (94) me n3mensier Bopakenue (20) 171 CHEKTPATIBHOI IJIOTHOCTH

U3J1ydeHun:d abCoJIIOTHO YEPHOI'0 TeJIa.

. Honyunre ypasuenne (311) B cirydae, ecin u3 si9eiiku Ha ypOBHE M 3a0UPArOTCS TPH

JaCTHIIBI, JIBE U3 HUX IEPEHOCATCA Ha yPOBEHBb M + 1, a ellle ojiHa — Ha yPOBEHb M — 2.

. Hambosiee BeposTHOE paciipejiesienre 7 MAPUKOB B sdueiikax ¢ sueprusmu 0, €, 2¢, 3¢,
etc. u ¢ noytHOM 3Heprueit 4e ectb 4, 2, 1, 0, ... Byner s Tak:ke nHanbojiee BepOATHBIM
pacripejiesienre 7n MAPUKOB C MOJIHONM SHeprueil 4n BuINIAAUTL Kak 4n, 2n, n, 0, ... 7

Ecnu nwer, naiiiure ero u ornennre, KAaK M3MEHUTCs ~TeMIIEPATypa’ 3TOIO PaCIIPe/Ie/IeHuUS .
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[TokazkuTe, 9TO Jijis U30TPOIHOTO U3JIyIeHHsl IJIOTHOCTh 3Hepruu w [3pr/cm?| u mwior-

HOCTH TIOTOKa P [3pr/(em? ¢)| cBA3aHbI COOTHONIEHTEM

P = e (381)

B nosioctu HaxogutTes N TepMasn30BaHHbIX (GOTOHOB (T.e. (DOTOHOB, PACIPEIETEHHBIX
no Ilranky ¢ temneparypoii T'). Kak m3menurcst (1 u3aMeHuUTCs Jin BOOOIIE) TeMIiepa-
Typa pOTOHHOIO Tra3a, eCc/id B IOJIOCTH J100aBUThH erie N (hOTOHOB, pacipeIe/IEHHbIX 110
[Tnanky ¢ Toit ke Temueparypoit T. Caurarh 9uc/io GOTOHOB HEM3MEHHBIM, T.€. PABHBIM

2N.

Bocmoaszosarucek coorHomennmu € = hw u p = hk g saeprun n nMmimysbca (poTOHA,
[IOJIyIUTE BBIPAYKEHUE
h
AN = —(1 —cosf) (382)

MeC
JII U3MEHEHUsI JIJTMHBI BOJIHBI (DOTOHA B 3aBUCHUMOCTHU OT yIVIa PaccesHusi § Ha MOKOsi-

memcst eKTpoHe (3ddext Kommnrona).

Her yu omubku Ha Puc. 47 B xakom ciydae mrTpuxoBasi JUHUS JIEHCTBUTEILHO OyIeT

COOTBETCTBOBaTH TOM 2Ke QHEPI'MU HaJIETAIOIILETO CbOTOHa?

Ipu &, > mec? GoTous, paccesiHble MPH KOMIITOHOBCKOM PACCESHUN, OY/IyT 3aKJIF0UEHbI
B Y3KOM KOHYyCe, HAIIDABJIEHHOM B HarpapjeHun Jpikerns (cM. Puc. 4). Ouennte yros

pacTBOpa 3TOr0 KOHYyca.

Kaxk u3mennrcs sneprug (poToHa Ipu JIOOOBOM COYIAPEHNN, €CJIN HAJIETAIONIIH 3JIeKTPOH

nMeeT SHepruio £ = YeMec® (Vo > 1)7?

[Tonyuure 3akon kBanToBanus bopa mevr = nh us unen e Bpoitns, coriacno KoTopoit

Ha OpOWTe YKJIaJbIBAETCs IeJI0e TUCII0 JUIMH BOJH A = h/(mev).

BOJIHBI, OCTaBJIdeMbI€ JIBH2KYIITUMCA 110 IIOBEPXHOCTU BOABLI TE€JIOM, UMEIOT 3aKOH IMC-

nepcun

w(k) = \/gk, (383)
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rjle g — yCKOpeHue cBOOOITHOIO IajieHus. Bocnomb30BaBmch popmMyaamu jiis ha3oBoit
(Voh = w/k) u rpymmnosoit (Vg = dw/dk) cxopocreit, Haiitn yroa pacrBopa CJeJOBOI

JIOPOZKKHU ¥ MOKA3aTh, 9TO OH HE 3aBUCUT OT CKOPOCTH TEJIA.
[To cdepe Hexxut BosiHA
A0, ¢, t) = ApsinOsin(p — wt). (384)

Kakue BosHbI 3apPErucTpupyer Ha6JIIO,ZLaTeJIb, €CJIN OH BbI6paJI CUCTEMY OTCYETa, IIOBEP-

HYTYIO OTHOCUTEIBHO OCH T Ha yroj 07

Haiiaure nmpoussejierne cpegHeKBaIpaTuIHbIX OTKIoOHeHnH Ax u Ak 115 6eryimneir BoJ-

ubl (53).

Ormennre, CKOJILKO 000POTOB ClIeIaeT JIEKTPOH B MarHuTHoM mose By (115), mpexie

YeM OH IIoTepdeT 3HAYUTEJIbHYIO JaCTb CcBOEeR OQHEPIuun.

[Tokaxkure, 9TO OMEpPATOP MPOEKIMH MOMEHTa uMIyibca [, = y0/0z — z0/0y moxer

OBITH 3aIiCaH IPOCTO Kak d/0p.

I[Iposepbre, uto bynkmma Y(0, ¢) = sin'! § sin(11¢p) asngerca cobcTenHoit byHKIIEI

po 2| L0 (00 L O
F=-n [Sineaﬁ Smeae +sin298<,02 (385)

2 . .
¢ cobcTBeHHBIM unciioM 132A° u naiiure KodPdUIUMEHT a Takoil, YToObl cdeputueckast

onepaTopa [

byuxmusa Y (6, ¢) = a Y(0, o) yaosreTsopsiia ycJI0BIIO HODMUPOBKH
i 27
/ sin 60 / Vi2dp = 1. (386)
0 0

[Mokazkure, aro ecam 20 + 1 "opros” Y,(,¢) npu moBopoTe BOKDYI OCH & Ha YIOJ
© mpeobpasyroTcs ¢ MOMOIILI0 MATpUIBbl moBOpoToB A, To 20 + 1 "kKoopaunar’ a,, B

pazoxkenun WV = Z?flill a4, Y, (0, ) peobpasyroTes ¢ MOMOIIBIO MATPHUILDI AT,

Boco/ib30BaBIIHCh ABHBIM BUIOM chepruecKkux (pyHKIHA Broporo nopska (164)—(168),

[OJIYUUTE MaTPUILy IOBOPOTOB Ha yrol © BOKPYT ocH T Jijisd KO3 @UIIMEHTOB agy = aq,
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ay = ay, Gy = a3, A_ = a4 W Gy = a5 B pasiaoxermn ¥ = 30 _ a,,97 (0, ), e "BosrHO-
Boie byHKIWH’ Y5 (0, ) cOOTBETCTYIONIE TPOEKIHIM YII0BOoro MoMenta 2k, h, 0, —h u

—2h.

[ToxkazkuTe, 4TO BCe ycpegHeHHBIE 1O cdepe KBaJpaThl BeJUIHH, BXOAAIINE B MaTPUILY
noBopota (0;-1) (179), paubr 1/3 (310 03HAYAET, YTO NIPH CJIYIARHOM BBIOOPE OCH 2 TPU

npoexiwn h, 0 1 —h 6ymayT HOSBIATHCS PABHOBEPOSITHO).

HOKa}KI/ITe, 9TO XapaKTEpHasd HMIUPUHa I'aMOBCKOI'O IIHNKa A JaeTCd COOTHOIICHHNEM

A~ ELOTS, (387)

[okazkute, uto ecan Goron sHeprun Epy > MeC® POXKIAET TAPY, JBUTASCH 1O YIJIOM
f K MArHUTHOMY ITIOJTIO, TO TIOCJIe TOTO, KAK BTOPUIHBIE YACTHUIILI OMYCTATCSA HA HUKHUI

yposenb Jlanay, ux jopeni-hakTopbl Oy/IyT PaBHBI

R.
~ (388)

TRGRT

| =

BOCHOJIbSOBaBIHI/ICb 3aKOHOM JIBHU>KECHM A peJIHTHBI/ICTCKOﬁ JaCTHUIIBI
(389)

rjie IepBoe cjaraeMoe B IIPaBoii 4acTh COOTBETCTBYET YCKOPSIOIIEMY 3JIEKTPUIECKOMY
OJII0, & BTOPOE — PeaKIUu U3JIyUeHUsl, IIOKAKUTE, YTO JJId CTAHJIAPTHOTO PAIUOILYIb-
capa (By = 102 Tc, P = 1 ¢) sHeprus NepBUYHBIX 3JIEKTPOHOB (KAK U IO3UTPOHOR)

mozker gocturath 10° MaB, a sueprus usrubunix dgortonos — 10% MaB.



