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YcTraHOBKa JjIsi U3MEPEHHUSA BOJBT -  aMIIEPHOU

XapaKTECPUCTUKH JJIS U3yUEeHHUS sBIICHUS (poTOod(PdeKTa



BonbsramnepHas xapakrepuctuka (BAX) doroaddekra —
3aBUCUMOCTh  (oToTOKAa [, 00pa3yeMoro MIOTOKOM

AJICKTPOHOB OT HAMPSDKEHUS Ha DJICKTPOAaX.
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MakcumanpHOe 3HaueHue TOoKa [ — pomomok
HacblujeHuss — OMIPEeAcasaeTCs TakuM 3HaueHueM U, mpu
KOTOPOM BC€ DJIEKTPOHBI, HCITYyCKAa€MbIC  KaTOHOM,
AOCTUTAIOT aHOJIA:
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T7JI€ 71 — YUCJI0 AJIEKTPOHOB HCHYCKAEMBIX KaToJoM B 1 c.
J11s1 TOro 4T00BI (POTOTOK CTad PaBHBIM HYJIIO, HEOOXOAUMO
MPUIIOKUTE 3adepoicusaroujee nanpsivicerue U .
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I.

3akoHbI BHelnHero ¢gorosdpderra

3akoH CroneroBa: Tipu  (PUKCHUPOBAHHOM  YacTOTE
MaJIaroIIero CBETa YHUCIO (POTODIEKTPOHOB, BBHIPHIBAEMBIX
M3 KarojJa B CAUWHHUIY BPEMEHH IIPONOPIIHMOHAJIBHO
MHTCHCUBHOCTH CBETA.

MakcuManbHasi HadajdbHasg CKOpPOCTh (MaKcuUMajbHas
HaJyajibHasT KUHETUYECKas SHEPrus) (OTODJIEKTPOHOB HE
3aBUCUT OT MHTCHCUBHOCTH IMAJAlOIIEro CBETa, a
ONpEEIAECTCS TOIBKO €ro 4aCTOTOM V.

JIns KakJaoro BEIIECTBA CYIIECTBYET KPACHASL 2PAHUUA
dhorospekra, T.e. MUHHMANbHAas 4YacToTa V, CBETa
(3aBUCsIIAss OT XHMHYECKOM MPUPOALI BeEIIeCTBA MU
COCTOSIHMSI €r0 MOBEPXHOCTH ), HUKE KOTOPOM (hOTOID(PEKT

HCBO3MO’KCH.



X<

POTOHHAA TEOPHS CBETA.
Macca, 3Heprua H HMnyasc ¢oToHa

B 1905 r DOHHIOTEHH BBIJABUHYI CMEIYIO HJCHO,
00O0OIIABIIYI0 TMIIOTE3y KBAHTOB, M IIOJOXKHJI €€ B
OCHOBY HOBOM TE€OpHM CBE€Ta (KBAaHTOBOW TEOPHUH
dotorpdekra). CornmacHO DUHIITECHHY CBET 4aCTOTOU V
HE TOJBKO MCIYCKAeTCs, Kak 3TO Ipeamnoarai I inank, HO
M pacOpoCTPaHSAECTCS M MONIOIIACTCS  BEIICCTBOM
OTACIbHBIMH IIOPIUSAMH (KBAaHTaMH), SHEPTHUS KOTOPBIX
&, = hv. Takum 00pa3oMm, pacpoCTpaHEHHE CBETA HYKHO
paccMarpyBaTh HE KaK HEMPEPBIBHBIM BOJTHOBOM IPOIECC,
a KaKk IIOTOK JIOKaJIM30BAHHBIX B IPOCTPAHCTBE
OUCKPETHBIX CBETOBBIX KBAaHTOB, ABMIKYIIMXCSI CO
CKOPOCTBIO ¢ paCIpOCTPAaHEHUS CBETA B BAKYYyME.



®doton obnamaeTr sHeprucu W = hv = h(c/A). s
BUJIMMOTO CBETA HJIWHBI BOJIHBI A = 0,5 MKM, DHEPIHs-
W = 2,2 5B, 1 peHTIeHOBCKUX Iydeh ¢ 4 = 107* —

102 A sueprus- W = 15 + 0,15 5B. ®oton obnanaet
MHEPTHOM MACCOMU:

W=mc*= m, = Wic* = heldc? = hich;

_h _hy
P
DOTOH JBMKETCS CO CKOPOCTBIO cBeTa ¢ = 3-10° m/c.
[ToncTaBUM 3TO 3HAUEHHE CKOPOCTHU B BBIPAKECHUE
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TOpMO3HOE PEHTIr€eHOBCKOE H3AYYEHHE

KBanToBasg mnpupoja H3JIy4YCHHUS MOATBEPKAACTCA TaKKe
CYIIECTBOBAHUEM KOPOMKOBOAHOBOU CPAHUYbL MOPMO3HO20
DPEHM2eHOBCKO20 CneKmpa.




CormacHO  KJIACCHUYECKOM  DIICKTPOAWHAMMKE  IIpHU
TOPMOXKCHHUHU 3JIEKTPOHA, MOT'YT BO3HUKATh M3JIYYCHHUS BCEX
JUINH BOJIH OT HYJIS A0 OSCKOHEYHOCTH. /[JIMHA BOJIHBI, Ha
KOTOPYIO IPUXOAUTCI MAKCUMYM MOIIHOCTH M3JIy4YCHUS,
JOPKHA YMEHBIIUTCS II0 MEPE YBEIWYCHHS CKOPOCTHU
AICKTPOHOB, YTO U IOJATBEPKAACTCS HA OMBITE
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CyleCTBOBaHHE KOPOTKOBOJIHOBOM IrPaHULIbI
HEMOCPEACTBEHHO BBITEKACT M3 KBAHTOBOM MPUPOIBI
U3IydeHus. JIeWCTBUTEIBHO  €CIM  M3JIy4YCHHE
BO3HMKAET 3a CUET DHEPrUM, TEPSIEMOM SJICKTPOHOM
Ipd TOPMOXKECHHH, TO SHEPIrysl KBaHTa /i HE MOXKET
IIPEBBICUTH YHEPTrUI0 dJIekTpoHa elU T.e. hv < eU,
OTCIOJIA
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JJaBAeHHEe cBeTa

OcnosHnou nocmynam KOPNYCKYIAPHOU meopuu
INEKMPOMACHUMHO20 USTYYUEHUA, 36YYUM MAK:
ANCKTPOMArHUTHOE HM3Jy4YCHHE (M B YACTHOCTH, CBET) —
3TO IMOTOK YaCTHIl, Ha3bIBAEMBIX ¢homonamu. DOTOHBI
PACOPOCTPAHAIOTCI B BAaKyyME€ CO CKOPOCTBIO, PaBHOU
IIPEACIbHOMN CKOPOCTH pacHpOCTPAHEHUS oM
B3aUMOJIECUCTBUS, Macca u dHepausi nokos (HPOTOHA PABHBI
Hynto, DHeprus (oroHa FE cBsA3aHa C  4acTOTOMU
AJIEKTPOMAarHUTHOIO H3JIY4EHHUS V M JJIMHOM BOJHBI A
dhopMysoi he

E=hv= 7




OOparuMcst Tenepb K SABJICHUIO CBETOBOTO JABJICHUA.
JlaBieHHEe CBETa OTKPBITO PYCCKUM YYE€HBIM JleOeneBbiM B
1901 rony.

B cBouMX OIBITaX OH YCTAHOBWJI, YTO JIABJICHUE CBETA
3aBUCUT OT HWHTEHCUBHOCTH CBE€TA M OT OTPAXKAKOIICH
CIIOCOOHOCTH TeJIA.

Kaxnpii MIOIVIONIEHHBIN
¢GOoTOH  1mepemact — TEIy
UMITYJIbC




HMrak, U3 KOPIYCKYJISIPHOU TEOPUU BJIEKTPOMATHUTHOTO
M3IYyYCHHS CJICAYeT, UTO CBETOBOC HM3IYUYCHHE OKA3blBAECM
OaesleHue Ha MamepudibHble npeomemvl, npudem BeluUdUHa
0aGIeHUsT NPONOPUUOHANbHA UHMEHCUBHOCMU UTYYEeHUsL.
DKCIEePUMEHTHI HperaCHo NOOMBEPIHCOAION IMOM BblBOO.
Onovim:

3epKajbHasl yepHast

Becbl Kpykca (1873)



“l'epuoBLUmMHa JlebeneBa’.

Nebepnes N.H. (1866-1912 rr)noctaBun bonee TOHKME
aKcnepumMeHTbl No npenomneHunto AMB, yem lepu.

OTu onbIThbl Npu Xun3HKu Jlebepesa BowNu B pa3psaa
KNaCCUYECKUX.

OpHako, pabota JlebegeBa no onpegeneHuto
OAaBlMEeHNs CBETa cTana MUPOBOWM CeHcauuneWn.
[lpoBeoeHO wuccrnegoBaHWe [OaBNEHUA CBeTa Ha
rasbl. 3a 10 net aton pabdbotkl (¢ 1901 no 1010rr)
onybnukosaHo 10 cTp. Tekctalll

Pesontoumna 1905 roga v pgemokpatua Mo CyTu
ocTaHoBunNu padoty Jlebegea. B 1912 r. oH ymep.



ComIacHO 3JIEKTPOAUHAMMUKE CBET, IEPEHOCIIUM
sHEepruro F, obnamaer umnyiscom p = E/c.

CBeToBOl KBaHT ¢ E = hv umeer p = hv/c.

Eciu 3ameHuTs v/c Ha 1/A, TO mOay4YuM COOTHOIICHHUE
ne bponis:

P:x-

CBeTOBBIC KBaHTHI WX (DOTOHBI BEOyT C€0s MOAOOHO
4acTHUIaM C UMITYJIbCOM p = h/A.



IIpu potosdpdexre uMIIYyIbC NEepeaacTcss oopa3y u
WCOYIIEHHOMY M3 HEro 3JIEKTpoHYy. IIpmoOpeTeHHBIM
0o0pa3loM HMMNYJILC CJIHIIKOM MaJl MU HE MNOANACTCS

U3MEPEHUIO.

Ho mnpu cronkHoBeHHHM (POTOHA CO CBOOOIHBIM
3JICKTPOHOM BEJIMUMHY MEpeaBacMOro HMMIYJbCca

MOKHO U3MEPUTh.

PaccesstHue ¢oToHA Ha CBOOOAHOM JJIEKTPOHE

Ha3bIBaeTcHd 3¢ dexkTom KomnroHa.



Aptyp Xonnu KomntoH (1892-1962) - amepukaHckun pu3suk.

OkoHuun  TlpuHCTOHCKMKM  yHuBepcuteT  (1914).  PaGoran
npenogasarenemMm @u3nkn B YyHMBepcuTeTe wWwTata MwuHHecoTa, WHXeHepoM-
nccnegosarenem B dmpme «BectunHrays namn» ( «Westinghouse Lamp Co.») B

Mutcoypre. B 1920-1961 rogax npodpeccop yHuBepcuteTa XK.
BawwuHrtoHa (CeHT-Jlync) (1945-1953 - pekTtop), B 1942-1945
rogax sosrnaenan Metannyprudeckyto nabopaTtoputio.

PaboTtbl KomntoHa nocesileHbl aTOMHOU U gOepHOU dounsuke,
dmanke kocmmyeckmx nyden. OTKpbin B 1922 roay siBnNeHue
M3MEHEHNA  OfIMHbl  BOSMHblI  PEHTreHOBCKONo  U3Ny4veHud
BCNEACTBME pacCesiHUA ero arnekTpoHamu BellectBa (addoekT
KomntoHa). Tem cambiM  ObINO  MOSIYYEHO  MpsAMOE
OoKas3aTenbCTBO cyllecTBoBaHUA poToHa. Habnogan asneHune
NOMNMHONO0 BHYTPEHHEro OTPaXXeHUs PEeHTreHOBCKUX Jy4yen Wu
pa3paboTan MeToa M3MepPEHMs ONNHbI BOMHbl PEHTIEHOBCKOIO
nanydyeHunsa. B 1932 rogy otkpbin (HesaBucumo oT A. Kneq)
LUMPOTHbIK 3PP EKT KOCMUYECKUX NyYeUn N Hanmume B HUX
3apsXeHHbIX YacTtuu, B 1921 rogy npuwien K naee crnuvHa.



M3yyas paccesHHE€ PEHTTE€HOBCKOIO H3JIy4YCHHS Ha
napacdune, KomMrnton oOHapyKuI:
OJIUHA BOJIHbL PACCESIHHO20 U3ny4eHus N Oonvuie, yem

OIUHA BONHBL NAOANOULE20 USTYUECHUS A.

OTKpBITHE U OOBSCHEHHE ATOr0 3(P(PEKTa KBAHTOBOU
ontukn B 1927 1. Obuio ymocroeHo HoOeneBckon

IpEMHU O (PUBHKE.

DKCIIEpUMEHTAIbHAA yCTaHOBKA Komnrona

M300pakeHa Ha PUCYHKE.
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IKpaHbI

U3MEPHUTEIbHBIN OI10K

Cxema akcnepumeHTaribHOu yctaHoBkM KomnToHa
PT- peHTreHoBckas TpyoOkKa. © - yron paccesaHugd
nanydyeuma;, M — wmuweHb pacceuBartensd. [nuHa BOSHLI
pacCesiHHOro  U3fiydeHuss  onpegensanace € NOMOLLbHO
ondppakummn ero Ha Kpucrarnne.



OneITHEIM ITyTeM KOMOTOH ~— yCTaHOBHWII, 4TO AA-
PA3HOCTh JJIMH BOJH PACCEIHHOTO M IIaJAIONIETO
M3JIyYCHU HE 3aBUCUT OT Marepualia pacCeuBarels, a
ONPENCIIACTCA TOJIBKO BEIUYMHOM yIiia paccessuus 0.

AL=A_(1—cosb).

— ¢hopmyna Komnmomna.

3HaueHue MOCTOSHHONW A = 2,426-107'> M KommroH

OIIPpCACINII SKCIICPUMCHTAJIBHO.



I'mnore3a ne Bpoxaa

OnbITEl YKa3bIBaJIM Ha HEOOXOAWMOCTH IIEPECMOTpa
OCHOB KBAaHTOBOM TEOPHUM U IIPEACTABICHUU O MPUPOIE
MMKpPOYACTHUL] (DJICKTPOHOB, IMPOTOHOB M T.II.). BO3HHK
BOIIPOC O TOM, HACKOJIBKO HWCUYEPIBIBAIOIIAM SBIISECTCSA
[IPEJICTABIICHUE DJIEKTPOHA B BHJIC MAJIOM MEXAHHUYECKOM
YaCTHUILIBI, XapaKTEPU3YIOIIIEUCS OIIPEJICIICHHBIMU
KOOPJAHWHATAMHU Y ONPEAECIECHHON CKOPOCTHIO.

Hapsiny ¢ sBieHusMu audpakuuyd, HHTEpPEepeHINU
(BOJIHOBBIMHU  SIBJICHUSIMH) HAOJIOJAIOTCS M SIBIICHUS,
XapaKTEPU3YIOIME  KOPHYCKYISIPHYK)  HOPUPOAY  CBETA
(poroaddekt, apdpext Komnrona).
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B 1924 r. JIyu ne bporinb BEIIBUHYI THIIOTE3Y, YTO
Oyallu3M He se61iaemcsi OCOOCHHOCTBIO TOJIBKO
ONTUYECKUX SABJICHWH, a4 HWMEET YHUBEPCAJIbHBIN
xapakTep. YacThUlbl BEIIECTBA Takxke O00JagaroT
BOJIHOBBIMH CBOMCTBAMU.



Jlyn ne bpoias (1892 — 1987), dpanuy3ckui
(u3uK, ymocToeHHbIM HoOeneBckor IpeMum
1929 1. mo (Qu3uke 3a OTKPBITHE BOJHOBOM
mpupoabl dekTpoHa. B 1923, pacnpocrpanus
uJer0 A . DMHIITENHA O JBOMCTBEHHOU IIPUPO/IE

CBETa, MOPEANOJOXKHI, YTO IMOTOK MAaTCpHaJIbHBIX YACTHII
OOJKEH 001a1aTh U BOJHOBBIMHM CBOMCTBAaMH, CBSI3AHHBIMH C
MX Maccol W  DdHepruen  (BoimHbl A¢  bpoiins).
ODKCHEPUMEHTAILHOE TMOATBEPXKACHUE OTOM HACH ObLIO
noiaydeHo B 1927 B ombeiTax mo Au(ppakiuu 3JIEKTPOHOB B
KpUCTAIaX, a II03KE OHa IOJy4YWsia MPaAKTUYECKOE
NPUMEHEHHE IIpyM pa3paOdOTKE MArHUTHBIX JIMH3  JIJIS
3JIEKTPOHHOIO MHUKpockona. Konuenmuro pae bpouwins o
KOPIYCKYJISIPHO-BOJTHOBOM TyaJIu3Me M CITOJIb30BaJI
[IIpeauHrep mmpu CoO34aHUM KBAHTOBOM MEXaHHUKH.



Ecin ¢oton oOmagaer sHeprued E = hv u
UMITYJILCOM p = h/A, TO K YacTula (Halpumep,
NCKTPOH), JBHXKYIIASICSA C  HEKOTOPOU
CKOPOCTBIO, oOTamaer BOJJHOBBIMH
CBOMCTBAMH, T.€. O8UIMCEHUE YACMULbL MONCHO
paccmampueams Kax 08UNCEHUE BOJIHbIL.



CormacHo KBaHTOBOM MeXaHUKE, CBOOOIHOE BWKEHUE
JaCTHUIILI C MAacCoil m W MMIYIBCOM p = mv (Tae v —
CKOPOCTh YacCTHIIbl) MOXXHO MPEACTaBUTh KaK IIOCKYIO
MOHOXpoMaTH4ecKyto BomHy Y (eonny de bpounsi) ¢
IIAHOMN BOJIHEBI

pPACIpPOCTPAHSAIOIIYIOCSI B TOM  JK€  HaNpaBIICHUM
(HampuMeEp, B HAIIPABJICHUM OCH X), B KOTOPOM JIBHKETCS
yactuua. 3aecb h — llnanka nocmosiHHas.



3aBUCHMMOCTh ~ BONMHOBOM  (yHkimu Y,  OT
KOOPAWHATHI X JAETCS POPMYIION

Y ~ cos(k,x)

TIE kO — BOJIHOBOE HUCTIO, A BOJIHOBOU 6eKkmop .,

= 21 =
k. =—
0 hp

HalpaBjIC€H B CTOPOHY pacOpOCTPAHECHMS BOJIHBI,
WJIA BJIOJIb JIBU>KCHUS YaCTHIIBI.
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Takum o0paszom, BOJTHOBOM BEKTOD
MOHOXPOMAaTHYECKOM BOJIHBI, CBSI3aHHOM CO
CBOOOJHO  ABWKYIIEHCA  MHKPOYACTHIICH,
NPOIOPIHUOHATIECH €€ HMITYJIbCy HJIH OOpaTHO
IPONOPLUHOHATIEH AJIMHE BOJIHBI.
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[TOCKOJIbKY KMHETHUYECKAsI SHEPTUST CPABHUTEIIBLHO
MEeIUIEHHO IBIXKYyIIelcss gacTunel K = mv?/2, To
JJIMHY BOJIHBI MOYXHO BBIPA3UTh U YEPE3 YHEPIUIO:

h
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Ilpy B3aUMOAEUCTBHM YACTUILLI C C  KPUCTAIIIOM,
MOJIEKYJIOM ¥ T.II. — €€ DJHEPrus MEHAECTCA: K HEU
no0aBisAeTCA [MOTEHIIUAJIbHAS YHEPI U 3TOTO
B3aUMOJIEVCTBUS, YTO MPUBOAUT K U3MEHECHUIO IBUKCHUS
YaCTUIIBI. COOTBETCTBEHHO, MECHSETCS XapaKkTep
pPACIIPOCTPAHEHUA CBI3aHHOM C YACTHUILEH BOJIHBI, IPUUYEM
3TO MPOUCXOJUT COINIACHO IIPUHIMIIAM, OOILIMM I BCEX
BOJIHOBBIX SBJICHUH.

OCHOBHBIE TEOMETPUYECKUE 3aKOHOMEPHOCTH JU(PPAKIINU
4acTULl, HUYEM HE OTIUYAIOTCS OT 3aKOHOMEPHOCTEU
ai(ppakuu 006X BOJH. OOIMKUM YCIOBUEM JU(MPAKIIAU
BOJIH JIFOOOM MPHUPOABI SBISIETCA COU3ZMEPHMOCTDH JIIMHBI
MaJaronIer BOJMHBI A €  pacCTOSSHUEM d  MEXIY
pacCEeMBaKOIIMMU [EHTpaMu: A <d.
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PaccMoTpeHHbIE BOJIHBI A€ bpowns HE SBISIOTCA
AEeKMPOMACHUMHBIMU,  DTO  BOJHBI  OCOOOM
IIPUPO/IBI.

BeruncianM a1e0poriIeBCKYO JJIUHY BOJHBI MSYHMKA
Maccou 0,20 Kr, ABMIKYILETOCSI CO CKOPOCTHIO 15
M/C.

34
}L:i:6,67 10 I[)K C:2,2°10_34M
my 0,2-15




OTO upe3BbIYAiHO Majas JJIMHa BOJHBI. [[eOpolieBckas
JUTMHA BOJHBI OOBIYHOTO TEjla CJIHMIIKOM Majia, 4YTOOBI e¢
MOYKHO OBLIIO OOHAPYKUTh U U3MEPUTh.

Ham Heu3BecTHBI IpeaMETHI U ILENH, Ha KOTOPBIX MOTIN
6bl AudparupoBaTh BOJHBI ¢ AIMHOM BOMHBII0™Y M,
[103TOMY BOJIHOBBIE CBOICTBA OOBIYHBIX TN OOHAPYKUTH
HE YIaeTCs.



Jpyroe neino, eciy pedb UACT 00 PJIEMEHTAPHBIX YaCTHUIAX
TUINA DJIEKTPOHOB. T.K. Macca BXOJIUT B 3HAMEHATEIb
(bOpMYIIBI, OIIPEACIIAIOICH ICOPOMICBCKYIO JJIMHY BOJIHBI,
OY€Hb MAJIOM Macce COOTBETCTBYET OOJIbIIIAs JIJIMHA BOJIHBI.
OnpeaenuM J1€OpOMIIEBCKYIO JUIMHY BOJHBI DJIEKTPOHA,
YCKOPEHHOTO PAa3HOCTHIO noTeHnuaios 100 B.

lmv2 =el = v= 2eU =5,9-10°
2 m
OTKyZa M/c
34
xzi 6,6-10 =1,2-107"" m

mv  91-107'.59.10°



DKCnepuMMeHTaJibHOe noaTBepXaAeHue
rmnoresbl Ae bpouns

B 1924 r. Jlyn ne bponyis IpeamoioxKuil, 4YTo HE
TOJBKO Aj1s1 (POTOHOB, HO M BOOOILIE 115 BCEX YaCTHII,
CIIpaBEAJINBO COOTHOIIICHHUE

l?:ﬁ u E=hv.

A

CorznacHo 1€ bpoiiss 1mydok dacTull JIr000ro copra
OyaeT  co3gaBaTh  Ha BOMHOM  IEJIHU
MHTEP(PEPECHIIMOHHYIO KapTUHY, XapakKTCPHYIO JJIs
omnbITa HOHra ¢ AByMs IIEIISIMU.



B npupone He HaOMOOAI0Ch IIOJOBHUHBI WM YacTH
AIEKTPOHA, AJICKTPOH BCerga OOHApyKUBACTCA LiCIUKoM. B
3TOM CYIIIHOCTh aTOMH3Ma.

C TOYKHU 3pEHUSA aTOMHU3MA OTACJIbHBIN JIEKTPOH MOXET
IIPOWTHU JIMIIb 4YE€pE3 OJHY M3 JBYX IIECICH B OSKpaHE.
PacnpeneneHne SJIEKTPOHOB Ha HSKpaHE IOJLKHO OBITh
CYMMOM pacOpeAclIiCHUM IJIs KaxXaou nu3 miener. OgHako,
BMECTO 3TOTr0 MBI BUJIUM CTaHAAPTHYIO
MHTEP(PEPECHLIMOHHYO  KapTUHY JJIS  JBYyX  IIEJIEH,
M300paXKCHHYIO Ha PHC.



JKpaH

4 Pacnpenenenue
4 3/IEKTPOHOB
3neKTp0HHbm :
My4Y0K OTKpbITa TOJILKO LIe/b A
R J
Rt - =S
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OTKpbITa TOJILKO LIEIb B

PacnpeneneHne MHTEHCUBHOCTW 3NIEKTPOHOB COrfacHo
Kraccunyeckoun dousunke
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Pacnpe,u,eneHme MHTEHCUBHOCTIW 3JTIEKTPOHOB COIT1aCHO

l Habaonaemoe
\ pacnpene/ieHHe

Kraccuueckoe
pacripeaesieHue

KBAHTOBOW TeOopuu



Ilycts B TOUKe P, Ha pUCYHKE HAXOMUTCS CUCTUHK
I'eiirepa, perucrtpupyromui  execekyHano 100

3JIEKTPOHOB, KOIJa OTKpPhITA J100as u3 mene A niu B.

Korga OTKpBITEI 00€ IIEIHM OJHOBPEMEHHO, CUCTUYHK

[IEPECTACT PETUCTPUPOBATH SJICKTPOHBI.

JTO  3HAYUT, YTO Touka P rmonagacT B

1
= \/2).

MHTEP(PEPEHIIMOHHBIN MUHUMYM (7, — 7',



OneITEI 10 AH(PPAKIIHH YACTHIL
H HX KBaHTOBOMEXaHHYeCKasda
HHTEepIpeTalHus.

OnsiT [I3BHCCOHA H [I3xepMmepa

Jugppakuyusa  wacmuy,  paccessHUE  MHUKPOYACTHII
(3JIEKTPOHOB, HEHMTPOHOB, aTOMOB M T.II.) KpHUCTaIaMU
WU MOJIEKYJaMHM KHAKOCTEH M Ta30B, IPU KOTOPOM M3
HAYaJIbHOTO MyYKa 4YacTUI[ JAHHOTO THIIA BO3HHUKAIOT
Iy4YKH DTUX YacTUI] OTKJIOHEHHBIE B Pa3IUYHBIX
HanpaBieHUsax. HampaBieHue M MHTEHCHUBHOCTb TaKHX
OTKJIOHEHHBIX  MOYYKOB  3aBUCAT  OT  CTPOCHHSA
PaCCEHBAIONIETO OOBEKTA.




Jlndpakuuss 4YacTul MOKET OBITh MOHSTA JIMIIb HAa
OCHOBE KBAaHTOBOM TeopuM. Judpakuus — SBICHUE
BOJJHOBOE, OHO HaOJIIOHAeTCs MOpH PacnpOCTpaHCHHUH
BOJIH Pa3JIMYHON MPHUPOJBI: TUPPAKIMSI CBETA, 3ByKOBBIX
BOJIH, BOJIJH Ha MOBEPXHOCTU JKUJIKOCTH U T.JI.
Jlndpakuus MIpuU pacCeIHUM YacTHUILl, C TOYKH 3PCHUS
KJIACCUYECKOU (DU3UKH, HEBO3MOXKHA.

[IepBbIM ONBITOM II0 JW(MPAKIUHA YaCTHI, OJCCTAIIE
MOATBEPAUBIIIMM HUCXOIHYIO U0 KBAHTOBOU MEXAHUKHU
— KOPIYCKYJIIDHO-BOJTHOBOM JyaJIu3M, SBUJICS OIIBIT
amepukaHckux (puzukoB K. /[3Buccona u JI. [[>xepmepa
npoBeeHHbIM B 1927 mo audpakuuy SJIEKTPOHOB Ha
MOHOKPUCTAJIAX HUKEJIS






Eciin yCKOPSTH 3JIEKTPOHBI SISKTPUUYECKUM IOJIEM C
HanpsokeHneM U, TO  OHM  OpPHOOPETYT
KMHETHYECKYI0 3Hepruro K = eU, (e — 3apsan
AICKTPOHA), 4YTO IOCJIE MNOACTAHOBKH YHCJIOBBIX
3HAYCHUU JTAET

12,26

SN



[Ipu wHanpsaxenusx U nopsaka 100 B, xoropsie
MCHOJIb30BAJINCh B ATHX OIbITaX, MOIYyYarTCsS TakK
Ha3bIBA€MBbIC «MEJICHHBICY» DJCKTPOHBI C A IMOPSIKa
1 A. Dra BenuuuHa OIM3KA K MEKAaTOMHBIM
PaCCTOSHUAM d B KpHUCTaIaX, KOTOPbIE COCTABISIOT
HECKOJbKO A W MeHee, M COOTHOIeHue A < d,
HEOOXOAUMOE I BO3HUKHOBEHHUS JIU(PpaKIUH,
BBIIOIHSICTCS.



Kpucramnel  001amar0T  BBICOKOM  CTEIECHBIO
VIOPAAOYEHHOCTU. ATOMBI B HHX pPACHOJATAKOTCS B
TPEXMEPHO-NIEPUOINUYECKON KPUCTAIIIUMYECKOU PEUIETKE, T.
€. 00pa3yloT MPOCTPAHCTBEHHYIO  AU(MPAKIHOHHYIO
PEIIETKY 19 COOTBETCTBYIONINX JUIMH BOJH. J[ndpaknus
BOJIH HA TakOW PEHIETKE TMPOUCXOAUT B PE3YJbTATE
paccesHus Ha CUCTEMAX napaaieabHbIX
KpUCTAJUIOTPAPHUUIECKUX INUIOCKOCTEH, Ha KOTOPBIX B
CTPOIOM IIOPAAKE PACIIOJIOKEHBI PACCEUBAIOIIUE [IEHTPHL.
YcnoBreM HaOMIOACHUS TUPPAKITHOHHOTO MAaKCUMyMa IIpH
OTpAXXCHHUM OT KpucTamia sBiagerca bparra-Bynbeda

2d sin O = nA

YCJIOBHE:



X<

2d sin O = nA

31eCh O — yroj, moj KOTOPBIM IIaJacT MY4YOK
3JICKTPOHOB Ha JAHHYI KPHUCTALIOrpaUUEeCKyrO
IJIOCKOCTBH (YIOJI CKOJIBXKEHUS ), a d — PaCCTOSTHUE
MEXKTY COOTBETCTBYIOLIIMMU
KpUCTAJLIOTpaUUE€CKUMH TIOCKOCTSIMH.



JaabHenmue HCCJIeI0OBAHUSA AU paAKIAU
ICKTPOHOB

B onbiTe JIPBUCCOHA 1 J)KepMepa IPpU «OTPAKECHUN
3JIEKTPOHOB OT MOBEPXHOCTH KPUCTAIIA HUKEIIS MIPHU
OIPEACIEHHBIX  yIIaX  OTPAXEHUSA  BO3HUKAIU
MaKCHUMYMEI.

OTH MaKCUMYyMbl OTPaXEHHBIX IYYKOB AJICKTPOHOB
COOTBETCTBOBAIM (PopMyle, M HX IIOSBICHHUE HE
MOIJIO OBITh OOBSICHEHO HHUKAKMM APYTHM MYTEM,
KPOME KaK Ha OCHOBE IIPEACTABICHUN O BOJIHAX U UX
au(paku; TakuM o00pa3oM, BOJHOBBIE CBOWCTBA
4acTHL — DJIIEKTPOHOB — OBUIM  JIOKa3aHBI
HKCHEPHUMEHTOM.



[Ipu OoJiee BEICOKMX YCKOPSIOIIMX JICKTPUIECKUX
HaIIPsKCHUSAX (mecsTKax kB) SICKTPOHBI
IpHUOOPETAIOT OOCTAaTOYHYIO KMHETHYECKYO
YHEPIUI0, YTOOBI IIPOHMKATh CKBO3b TOHKME IICHKU
BEILICCTBA (TOJIMHON MOpsaKa 10™ cM, T. €. ThICAUYHU
A).

Torga BO3HHMKAeT Tak Ha3bIBacMas IU(paKIus
OBICTPBIX DJIEKTPOHOB HA NPOXO0KACHUE, KOTOPYIO HA
MOJIMKPUCTANIMYCCKUX IJIEHKAX  aIIOMHUHUS U
30J10Ta BIIEPBBIE HUCCIICIOBAIA AHITIMUCKUMN YUYEHBIN
JIx. JIx. Tomcon u coBerckun ¢usuk II. C.
TaprakoBCcKu.



Bckope mocne 3Toro yaajaoch HaOmMoomarh H
SBJICHHUS TU(PPAKINKA aTOMOB M MOJIEKYJI. AToMaM
C Maccou M, HaxomsAmMMMCS B Ta3000pa3HOM
COCTOSSHUM B cOCyA€ Oph  aOCOIIOTHOM
TemMIieparype 1 COOTBETCTBYET JIJIMHA BOJIHBI

2
- 3MKT

A




h
 3MKT

rane k — bonbiMana nocTosgHHAs (T.K. CpeIHSA
KMHETHYeCKass sHeprus aroma K = 2/3k7). Jlns
nerkux aromoB u  Mmojiekyn (H, H,, He), wu
TEMIIEPATYp B COTHU IpaaycoB KeiabBHUHA, JJIMHA
BONIHBL | Takke cocTraBaser okomo 1 A.
Judparupyroiiue aTOMBI VTN MOJIEKYJIBI
NPAKTHYECKH HE MNPOHHUKAIOT B IIyOb KpHCTAIA,
[IOPTOMY MOXHO CYHTaTh, 4YTO MX JAU(PPaAKIU
NPOUCXOAUT IIPU PACCEIHUHA OT TOBEPXHOCTH
KpUCTaJIa, T. €. KaK Ha IUIOCKOM AU(MPaAKIIHOHHOM
PEIIETKE.

A




CdhopMUpOBaHHBIM ¢  NOMOIIBK  auadparm
MOJIEKYJIAPHBIM WU aTOMHBIA ITYYOK, HAIIPaBJIAIOT
Ha KpPUCTAII M TEM HWIM HMHBIM CIOCOOOM
(PUKCHPYIOT  «OTPAKXEHHBIC»  JU(PPAKIMOHHBIC
nydkd. TakuM nytéM HeMenkue yu€nbie O. lltepH
u M. OcrepMaH, a TakKXe Ip. MCCIECAOBATEIM Ha
pyoexe 30-X I'T. HabmroaalIu U@ paKiuio aTOMHBIX U
MOJIEKYJIAPHBIX IIYYKOB.



Ilo3ke HaOmoganach audpakuus HOPOTOHOB, a
Takoke  AU(pakuus  HEUTPOHOB,  IIOJYYHUBIIIAS
IITIPOKOC PACIPOCTPAHCHUE KaK OAUH M3 METOJOB
HCCIICIOBAHUS CTPYKTYPhI BEISCTRA.

Tak ObpUIO JOKa3aHO HKCIEPUMEHTAJIBHO, YTO
BOJHOBBIC  CBOMCTBAa  IIPUCYIIX BceM  0e3
MCKJTFOUCHUS MUKPOYACTUIIAM.



X<

B 1927 r. JIxx.II. Tomncon u He3aBucumo oT Hero I1.C.
TapTakoBCKHM MHONYYWIM OUQPPAKIMOHHYIO KapTHHY HpH
MIPOXOXKJICHUM BJIEKTPOHHOIO IMyYKa 4epe3 METATIMYECKYIO

(dOJBTY.

B 1949 r. coserckue yuenele JI.M. bubGepman, H.I.
CymkuH, B.A. ®a0OpuKaHT IIOCTAaBUJIM TaKOM K€ OMBIT, HO
MHTCHCHUBHOCTh JJEKTPOHHOIO Iy4YKa ObLIa HACTOJBKO
c1aboM, 4YTO DIIEKTPOHBI MOPOXOAWIM 4Yepe3 Mpudop
IIPAKTUYECKA NOOJAMHOYKE. (OOHAKO KapTHMHA IIOCHIE
IIATEIIBHOM SKCIO3UIIMK ObLJIa TOYHO TAKOM KE.



Jlndpaknys 4YacTHll, ChIrpaBIIas B CBOE BpEMs
CTOJIb ~ OOJBIIYIO  POJIb B  YCTAHOBJIICHUM
IBOMCTBEHHOU IIPUAPOJIBI MaTepuu —
KOPOYCKYJISIPHO-BOJTHOBOIO Ayanu3ma (M Tem
CaMbIM  IIOCIY)KHBIIAS  SKCIICPUMEHTAJIbHBIM
00OCHOBAaHHEM KBAaHTOBOW MEXAaHWKH), JABHO YK€
cTajga OJHMM M3 ITIaBHBIX Pa0O4YMX METOJIOB JJIS
M3y4YCHUSI CTpOCHMs BemecTtBa. Ha pudpakuun
YaCTHUI OCHOBAHBI JIBA BaXKHBIX COBPEMEHHBIX
METOJA aHAJIM3a aTOMHOU CTPYKTYPhl BEIIECCTBA —
AIEKTPOHOTpadusi U HEUTpOHOrpadusi.



Jlndpakiys OBICTPBIX JIEKTPOHOB HA MPOXO0KICHUE
Ha IUIEHKAaX aJIIOMUHUA



MaremMarndeckuii popMaaIn3M, ¢ IIOMOIIBI KOTOPOTO
YCTPAHSICTCS NapaJiOKC, CTABUT B COOTBETCTBUE KaXKIOU
YaCTULIE aMILUTATYY BEPOATHOCTU WY(X,)sZof).

BeposaTHOCTh 0OOHAPYKUTH YaCTUILY B MOMCHT
BPEMEHH B JIIO0O0M TOUYKE X, V, Z MPONOPIIMOHAIbHA [\
(x,y,z,0)|*, T.6. HHTEHCUBHOCTH.

OyHKIUA Y 001a1a€T CBOMCTBAMH KJIACCUYECKHUX BOJIH,
1 [IOATOMY €€ Ha3bIBAIOT BOJIHOBON (PYHKIIHEH.



Eciin cOOBITHE MOXET HOPOU30MTH HECKOJIbKHUMU
B3aMMHO HCKJIIOYAIOIIUMMHU CIIOCO0aMM (KaK, CKaXKeM,
[IpU IIPOXOXKJICHUM YaCTHUIBl YE€PE3 OJHY U3 Iueieu A
WK B), TO aMIUIMTyga BEPOSATHOCTH 3TOrO COOBITHS
IPEACTABIACT COOOM CyMMY aMIUIMTYH BEPOSTHOCTEHU

KaXXKIOT'0 U3 CIIOCO0OB:

V=V, +, (IpUHIKI CYTCPIIO3UIINH).



B paccMoTpeHHOM Bbilie TpuMepe (puc.)
OITMCBIBAET BOJIHY, IPOXOISAIIYI0 YEPE3 IIEIb A,

a \y, —aepes menb B.

Ha skxpaHe 00¢ BOJIHOBBIE (DYHKIIUM IIEPEKPHIBAIOTCS
M JIal0T KJIIACCMYECKYI0 MHTEP(PEPEHINOHHYIO KapTHHY
OT JABYX IIEJIEH.

IlpyueM 7n- MAKCUMyM OIIPEACIIAECTCS BBIPAXKECHUEM

sind = n\/d.

OTOT (opManu3M COCTABISICT OCHOBY KBaHTOBOU

MCXAHHUKH.



BeposSTHOCTh OOHAPYKUTh YaCTHUIy B HEKOTOPHIM
MOMEHT BPEMECHHM B DJIEMECHTApHOM 00beMe dV,

OKPY>KaroIeM TOUKY M, paBHA:
dP =N dV =¥V dv

BepoATHOCTHBIM CMBICII BOJIHOBOM  (DYHKIIUM
HAKJIQJIBA€T OTPAHWYCHHS HA BOJHOBBIC (DYHKIIUU B

3aadaX KBAHTOBOU MEXAHUKHU.



OHH BKJIIOUYAIOT B CE€O4:

1. Ycnosue koneunocmu 6onHo6ou hyHKyUU.
BonHoBass ~ (QyHKOuMS  HE  MOXET  IIPUHUMATh
OCCKOHCUYHBIX 3HAUCHUM.

2. Vcnosue oonosnaunocmu 801H080U QYHKYUU.

BonHoBasgs (QyHKOMA JODKHA OBITH  OJHO3HAYHOM
(yHKIIMEW KOOPAWHAT M BPEMEHH, TaK KaK INIOTHOCTH
BEPOSITHOCTH  OOHApPYKEHUS  YaCTHLBI  JOJKHA

OIPEACIATHCA B KAXKJIOU 3a4a4€ OJJHO3HAYHO.



3. Venosue nenpepwvienocmu 801HO80U (YHKYUUU.

B 11000l MOMEHT BpPEMEHH BOJHOBAsA (DYHKIIHS
IOJKHA OBITh HENPEPbIBHOU (yHKIEH
IIPOCTPAHCTBEHHBIX KOOPIUHAT.

KpoMe Toro, HermpephIBHLIMU JOJKHBI ObITh  4aCTHBIC

mpou3BoAHbIe BOJHOBOM (yHKuUuMH d¥/dx, d¥/dy,
d¥/dz.



4.YCnoBUA HOPMHUPOBKHU

(¥ dv =1 nnu jlp Pdy =1

¥ =00

DTO 03HA4YaeT, YTO IPCOBIBAHME YACTHUIIHI TJie- JIMOO B
IIPOCTPAHCTBE €CTh HOCTOBEPHOE COOBITME H €ro
BEPOSATHOCTH JOJDKHA ObITh PaBHA CAUHMUIIC.



JlUIs  omMcaHUd TIOBEICHUSA MHUKPO YaCTHII,
00JIaIalOIIMX  KOPIYCKYJISIPHBIMA M BOJIHOBBIMM
CBOMCTBAMM, HE€ IMPUIOAHBI YPABHEHUS KJIACCUYECKOU

¢u3uku (ypaBHeHUs HbproTOHA).

BosnHoBasg (QyHKIUS y(X), ONMUCHIBAIOIIAA  COCTOSIHHUE
MHUKPO  YaCTHIIBI, HaXOOUTCA M3  PEIICHUSA
nu(pepeHIaIbHOr0 ypaBHEHU, CPOPMYIUPOBAHHOIO

[lIpeouncepom B 1926 1.



Bpemennoe ypasnenue I[llpeouncepa, mO3BOJSIONICE
ONpeAcInuTh B JIOOOM MOMEHT BpPEMEHH BOJHOBYIO
¢yakupo VY 118 9acTUIBI MacChl m o IBUXYILIECUCS B
noTeHuuaibHoM none U(x,y,z,t), IMEET BU/I

2
s’h@ = —h—é‘P+ ¥

¥ 2m
3necy i =+/—1 .

A (Habna) - omeparop Jlamiaca, B AEKapTOBOM CHUCTEME
KOOPJHNHAT UMEET BHU/I

3% 9% p?
+ —— + ——

A =77
8}:2 Ay Bz



B 3agayax  KBaHTOBOM  MEXaHUKHU
i hepeHIaIbHOE ypaBHCHHUE B YaCTHBIX
IPOMU3BOJHBLIX  PEIIAETCS C YYETOM HaYyalbHBIX U
I'PAaHUYHBIX YCJIOBUM HA BOJHOBYIO (DYHKIIHIO.

HavanpHO€ yCiaoBHE 3aJacT 3HAYECHUE BOJHOBOM
(YHKIIMK B MOMEHT BpeMeHH ¢ = 0.

[’ pann4yHbIC YCIOBUA (DOPMYIHMPYIOTCS Ha TPaHMUIIAX
obOiactel, rae mnoreHiuaiabHas (yHkuus U Tepnut
Pa3phIBbI IIEPBOIO UJIM BTOPOTO POJIA.



YpaBHeHue Llpeaunrepa TeCHO CBA3aHO C TUIIOTE30U
ne bponynd ¥ BBITEKAOIIUM U3 HEE KOPITYCKYISPHO-
BOJIHOBBIM AyaJIW3MOM MaTEPUHU.

BeluncianM  BOJIHOBYIO  (DYHKIUIO  CBOOOJHOM
YaCTHIIbl, C KHHETUYECKOM SHEPIUU
E = p*2m,
KOTOpPasi ABUKETCI B OTCYTCTBUE CUJIOBBIX IOJIEU
(U =0, F=0) B HanIpaBJICHUHU OCH X.



PemienrneM  COOTBETCTBYIOIIETO  YPaBHEHUSA
[IIpeauHrepa
) 2 S 4
if = — 5
ot 2my o

SIBJISICTCS BOJHOBAsA (DYHKIIHS

¥(x,t)= Aexps— %(E&‘— px)e

COOTBETCTBYIOIIIAS IIOCKOU BOJHE Jie bpouiis.



BpemenHoe ypaBHeHue LllpeauHrepa mo3Boser:
-HANTH Y(x,y,z,f) Kak (QyHKIUIO KOOpJAWUHAT M

BPEMCHU;

-ONPEACAUTh MIOTHOCTh BEPOSTHOCTU HAXOXKICHUS
4acTHUIBI B JIIOOOM TOYKE HOPOCTPAHCTBA B JIOOOM

MOMEHT BPEMECHHU:

-OIINCAaTb KBAHTOBOC COCTOAHHC HaCTHUIIDI,

IBUXKYILENCA B CUJIIOBOM II0JIE.



B KBaHTOBOM MEXaHUKE CYIIESCTBYET KJacC 3ajad,
19 KOTOphIX cuioBas ¢pyHkumsa U(x,y,z,) HE 3aBUCHUT
OT BPEMEHH M OHA HMEET CMBICI IOTCHIHAIbLHON
SHEPIrUU YaCTHUIIHI.

B cTrannMoHapHBIX MOJISX KBAHTOBAA CHUCTEMA MOXKET
HAXOOUThCA B  COCTOSAHHUAX C  ONPEACIICHHBIM
3HAYCHUEM DHEPTUH L.

TN COCTOAHUA HA3bIBAIOTCAA CTAalNMOHAPHBIMHA
COCTOAHUAMMU.



ITockonbky U(x,y,z) B ypaBHeHuM IllpennHrepa He
3aBHCHUT SIBHO OT BpeMeHM, TO  (yHKmuwo ‘Y(x,y,zt)
CIEIYET MCKATh B BUAC NPOU3BEACHUS IBYX (DYHKIIUH

Y(xp,z,0) =¥(x,p,2) ¢(0),

WY(x,y,z) — 3aBUCHUT TOJILKO OT KOOPJIMHAT;
®(f) — TOJBKO OT BPEMEHH.



IToacrapsis Y(x,y,z)0p(f) BO BpPEMEHHOE
ypaBHeHue IllpenmHrepa u pas3aeauB o00€ 4YacTu
ypaBHeHHUs Ha W(x,y,2)0(?), moirydaem

hdg 1 -
pdt

y.

7
H= —A+U t
o (X, ¥,2,1)

31€ech

— OIIEparop IIOJHOW DJHEPruy 4YacTUIBI (OIeparop
['amMunbTOHA).



B 1moOJy4YeHHOM YypaBHEHMH JIEBas 4YacTb 3aBUCHUT
TOJILKO OT BPEMEHM, a IPaBasi — TOJbKO OT KOOPAWHAT.

Takoe paBEHCTBO BO3MOXHO JIMIIb B ClIy4ae, €CIIH
JIeBas U MpaBasg 4aCTH YPABHEHUS PaBHbI MMOCTOSAHHOU
BEJIMYMHE, 0003HaUMM €€ OykBoW £, ToiydaeM JBa
YPABHECHUA

Hy=Ey,

L A
¥z = F.
At &



KoHcTtanTta £ mpeacTaBisA€T IOJHYIO SHEPTHIO
KBAHTOBOMEXAHUYECKON CUCTEMHIL.

Ilepenmmmem 1- o€ ypaBHEHHME C YYETOM BHJA
orieparopa H

2m,
h?

Ay + (F-U)r=0.

[Tony4yeHHOEe ypaBHEHME Ha3blBAeTCA YpasHEHUEM
LlIpeduHaepa 01 cmauyuoHapHbIX COCMOSIHUU.



9. CooTHOLLEeHMe HeonpeaesieHHOCTEN

F'enH3eHbepra
COOTHOIIIGHHE WX IIPUHIUI HEONPEACICHHOCTEH
[ ei3enOepra YTBEPKIACT, 4TO HEBO3MOXKHO
OJJTHOBPEMECHHO  TOYHO  ONPEACIUTh  3HAYCHUS
KOOPJHWHATHI 1 UMITYJIbCa YaCTHUIIBI:

AxAp > h/ 2,

rme Ax u Apx — HEONPEACIEHHOCTA 3HAYCHUM
KOOPJIMHATHI X © KOMIIOHEHTBI pX UMITYJIbCA P



JIBOVICTBEHHAs [pUpPOJIa MHUKPOYACTHIL
HAKJIQJILIBACT OTPAHUYECHUS HA TOYHOCTH OHPEIACICHUS
(PM3NYECKUX BEIIMYMH.

OrpanvyeHusi HHUKAK HE CBS3aHbBI C TOYHOCTBIO
M3MEPEHUM, TOCTUKUMOMU B KOHKPETHOM
SKCIIEPUMEHTE, 4 UMEIOT IMIPUHIIUIINAILHOE 3HAUCHHUE.

Coomuoutenus HeonpeoereHHocmeu —
(yHIaMEHTaIbHBIC COOTHOIIICHUSA KBAHTOBOM
MEXAaHUKH, YCTAHABIMBAKOIIUE MPEAC]T TOYHOCTH
OJTHOBPEMEHHOTO  OIPEECIICHUSA [IEPEMEHHBIX,
XapaKTEPHU3YIOIINX KBAHTOBYIO CUCTEMY.



10. N'paHunyHbIe ycnoBusA. lNoTeHUuManbHbIe
fiIMbl KOHEYHOMU rnybumHbI

Eciu dyactuia 3akjiiyeHa B IIIyOOKOM
MMOTEHIIUAIIBHOUN sIME, TO BEPOATHOCTb HAUTU €€ BHE
SMBI oOOpalaercss B HyJdb. |paHUYHOE YCIOBHE
COCTOUT B TOM, YTO BEPOATHOCTH HAUTU YACTHUILY

Ipu OOJBIINX 3HAYCHUSX |x| 0OpaIaeTcs B HYJb.



DTOMY TPAaHUYHOMY YCIIOBHIO  YIOBIICTBOPSIOT
ML ONpeeNiCHHbIe 3HaYeHust £~ 3HadeHus L
HA3bIBAKOTCS COOCTBEHHBIMU 3HAYECHHUSMHU.
COOTBETCTBYIOILIME  BOJIHOBBIE  (DYHKIUM  —

COOCTBCHHBIMHM (PYHKIIHSIMH.



CoOIacHO 3JICKTPOJAMHAMUKE, CBET, IEPECHOCSIIAN
sHEepruro F, obnamaer umnyiscom p = E/c.

CBeToBOl KBaHT ¢ E = hv umeer p = hv/c.

Eciu 3ameHuTs v/c Ha 1/A, TO mOay4YuM COOTHOIICHHUE
ne bponis:

P:x-

CBeTOBBIC KBaHTHI WX (DOTOHBI BEOyT C€0s MOAOOHO
4acTHUIaM C UMITYJIbCOM p = h/A.



[Ipu doTosrddexre MMIYyIbC HEepeaacTcsi BCEMY
oOpa3lly M HCHOYIIEHHOMY M3 HEro JJICKTPOHY.
[IpnoOpeTeHHBI 00PA3IOM UMIYJILC  CIHIIKOM Mall

M HE MOJJIACTCS UBMEPECHHUIO.

Ho mnpu cronkHoBeHHHM (POTOHA CO CBOOOIHBIM
3JICKTPOHOM BEJIMUMHY MEpeaBacMOro HMMIYJbCca

MOKHO U3MEPUTh.

OTOT mpolecc — paccesHue (OoToHa Ha CBOOOJHOM

AIEKTPOHE — Ha3bIBacTCA d3PpdekroM KomnroHa.



M3yyas paccesHHE€ PEHTTE€HOBCKOIO H3JIy4YCHHS Ha
napacdune, KomMrnton oOHapyKuI:
OJIUHA BOJIHbL PACCESHH020 uznydeHus A Oonvuie, yem

OIUHA BONHBL NAOANOULE20 USTYUECHUS A.

OTKpBITHE U OOBSCHEHHE ATOr0 3(P(PEKTa KBAHTOBOU
ontukn B 1927 1. Obuio ymocroeHo HoOeneBckon

IpEMHU O (PUBHKE.

DKCIIEpUMEHTAIbHAA yCTaHOBKA Komnrona

M300pakeHa Ha PUCYHKE.



9 KpHCTaJLI
M /
¢
-
¢
X\ .
CBHHIOBBIC

IKpaHbI

U3MEPHUTEIbHBIN OI10K

Cxema akcnepumeHTaribHOu yctaHoBkM KomnToHa
PT- peHTreHoBckas TpyoOkKa. © - yron paccesaHugd
nanydyeuma;, M — wmuweHb pacceuBartensd. [nuHa BOSHLI
pacCesiHHOro  U3fiydeHuss  onpegensanace € NOMOLLbHO
ondppakummn ero Ha Kpucrarnne.



OneiTHEIM IyTeM KoMnToH — ycTaHoOBHII, 4TO AA-
PAa3HOCTh JUIMH BOJIH PAaCCEIHHOIO M IIaJaroIIero
M3JIyYCHHUS HE 3aBHCUT OT MaTrepuaia pacceuBarels, a
OIpeIeNsaeTCs TOJAbKO BEIUMYMHOM yIiIa paccessHus 0.

AL=A_(1—cosb).

— ¢hopmyna Komnmomna.

3HaUYeHUEC MOCTOSHHOU KC = 2.426-10""? m KommroH

OIIPpCACINII SKCIICPUMCHTAJIBHO.



KopnyckynsipHo-BosiHoBoU ayanu3m (KBA)

B 1924 1. Jlyu ne bpounbs  NPEANoOIOXKWI, YTO HE
TOJIBKO AJ1s1 (POTOHOB, HO M BOOOIIE JJISI BCEX YaCTHII,
CIIPABEJIMBO COOTHOIIICHHUE

P=h/A u E = hv.

Jle bpounb npeanonoxuia, 4Yro IIYYOK YaCTHIL
1000ro copra OymeT co3dgaBaTh HAa JBOMHOM INEIH
MHTEP(PEPCHIIMOHHYIO KapTUHY, XapaKTepHYIO JIJIs
omnbiTa FOHra ¢ IByMs IIEISIMU.




Tpu roma coycTss B3KCIEPUMEHT MOATBEPIUIT
rurnoresy jae bpownd.

B onbiTax mo audpaxkiuu dJICKTPOHOB Ha KpHUCTaIax
OKa3aJ0Ch, 4YTO JJICKTPOHBI, IIPEACTABISIN COOOH B
OJIHO U TO K€ BPEMS M YaCTHUIIbI, U BOJIHBI.

B sTom CYHIHOCTb aTOMH3Ma, CIPABCAIINBOIO AJIsI BCCX
OJICMCHTAPHBIX YAaCTHUII, BKJIKOYAsl q)OTOHBI.




C BTOM TOYKM 3PEHHUS MbI IIPUXOJUM K BBIBOIY, YTO
OTIEJBHBIU DJIEKTPOH MOXET IIPOWUTH JIUIIL YEPE3 OIHY
M3 ABYX IIEJIEN.

PacnpeneiaeHne 3I€KTPOHOB HAa DKPaHE JOKHO OBITh
CYMMOM paCOpPEACICHUN I KaKIOW U3 IIEIEH B
OTJICIILHOCTH. XOTs JIOTHKA JTa KaykeTcs
O€3YKOPU3HEHHOM, PACIIPEACIICHUE, XapAKTEPHOE JJIA
(A + B), HE UMeeT MecTa

BmecTto 3TOro Mbl  BHAWUM  CTAHIAPTHYIO
MHTEP(EPCHIIMOHHYO KApTUHY JJIS JABYX IIEJEH,
M300paKEHHYIO Ha PUC.

lIpenmonoxuM, 410 B TOUKe P Ha OSKpaHe HAXOIUTCS
cueTunk lenrepa, perucTpupyromui execekyHagHo 100
3JIGKTPOHOB, KOTJja OTKPhITA r00as u3 mieiei A umm B.




[Ipu 5TOM, KOrAa OTKPHITHI 00€ IMICIN OJJHOBPEMEHHO,
CUECTUHUK IIEPECTACT PETUCTPHUPOBATH DIICKTPOHBI. IJTO
3HAYMUT, YTO TOYKA P, TIOMaaaeT B HHTEP(HEPEHIIMOHHbIN

= \/2).

MUHUMYM (7, — I,

Ecnyn cHagalia OTKPBITH TOJBKO IIEIb A, a 3arem
[IOCTEIEHHO OTKPBIBATh IIE€Ib B, TO MBI BIIPaABE
OKHWJaTh, YTO CKOPOCTb CY€Ta II0 MEPE OTKPBhIBAHUSI
menu B OyaeT nocTeneHHO yBeanuuBarbes oT 100

10 200 OTCYETOB B CEKYHLY.




BMecTo 3TOro HaOIHIaeTCsl YMEHBIIICHUE CKOPOCTHU
cdera oT 100 mo Hyna. Takum 00pa3oM OTKpPBIBAHHUE
eI B MOXKET IOBIUATh Ha BJEKTPOHBI, KOTOPEIE,
Ka3aJIOCh ObI, IPOIILIX Yepe3 MICIb A.

bosee Toro, eciu cuetdyuk Ileurepa moMecTuTrb B
TOYKy FP,, TO 10 Mepe OTKPBIBAHUS MIETN B CKOPOCTh
cdera OyneT nocreneHHo ypeauunBarbes ot 100 mo 400
OTCUETOB B CEKYHIY, KOrJa BTOpas IUEIb MOJIHOCTHIO
OTKpBITA.

Takum oOpazom, gomxHO ObITh 100 + 100 = 400, yTO

BO3MOXXHO, €CJIM MPOUCXOJUT CIIoKeHHEe aMIumuTy (10
+10)? = 400.




OOBsicHeHHE ATOMY ITapaaokca gan B 1924 r. JIyu ne
bponies. OH IPEAIIONIOKNII, YTO HE TOJBKO A

(bOTOHOB, HO M BOOOIIIE 1)1 BCEX YaCTHUILl, COPABEIINBO

COOTHOILICHHC

ﬁ u E=hv.
A

Jle bponnb NOPEANOIOXuJI, 4YTO ITYYOK YaCTHIL

p:

1I000ro copra OyAeT co3JaBarb Ha IIOAXOISIICH
ABOMHOM  IIEJIM  HMHTEPPEPECHIUOHHYIO  KApTHHY,

XapaKTEPHYIO 111 onbiTa FOHra ¢ AByMs MICISAMM.




OUHIITENH nan OOBSCHCHHUE dhotorpPekry,
IPEANOI0XKMB, YTO DJHEPIrUs DJJICKTPOHA, BBIOUTOIO
()OTOHOM C IOBEPXHOCTH METAaJlJIa, MOXET JOCTUraTh
Kwmake = hv — A, tne A — paboTa BbIX0/a T JaHHOTO

MCTaJla.

PaboTa BbIX0O[a B KOHKPETHOM METAJIJIEC 3aBUCUT OT
r1yOuHbl U, MOTCHIIMATBHON SIMbI i MAKCUMAJIbHOU

KMHCTUYCCKON SHEPTHH K . 3JIEKTPOHOB MPOBOTUMOCTH:
A4,=U,— K.



®oTOH 001a7aeT HMOYIBCOM p = h/A;, TIpH
CTOJIKHOBEHHM (POTOHA CO CBOOOAHBIM BJIEKTPOHOM
4acTh €r0 YHEPIrUH U UMITYJIbCA IIEPEAACTCS PICKTPOHY.
Eciu gnvHa BOJIHBI (DOTOHA MOCIE CTOJIKHOBEHUS A', TO
M3 3aKOHOB COXPAaHEHHUS DHEPIMH W UMIIYJIbCa UMEEM
cienyrolulee cooTHomeHue 11 d3pdexra Komnrona:

h
A —A=—(1-cos0)
mc
He ToibKko (POTOHEBI, HO M BCE YaCTHULBI UMCIOT JJIUHY

BOJIHBI A = h/p. BoaHOBas npupoga Imydka 3JIEKTPOHOB
C UMITYJIbCOM p TPOSBISAETCS B MHTEP(PEPECHIIMOHHON
KapTHHE, KOTOpas BO3HHKACT MPH HPOXOXKICHUU

IIYYKOM JIBOMHOM IIEJTIH.




JleKUuns OKOHYEeHa

Haxmunte knasmwy <ESC> ansa Bbixoga



B saBiIeHHMAX HHTEpEpPEHIMM, IU(PPaAKINH,
NOJISIpU3allMA CBET IPOSBIACT BOIHOBblE cBoucmed. B
3THX CIIy4asx CHEIYeT  paccMaTrpuBaTh CBET Kak
AJIEKTPOMArHUTHBIC BOJIHBI.

B apyrux ONTHYECKHX SIBJICHMSAX CBET IIPOSIBIISCT
CBOU KOPHYCKYIAPHbIE CBOUCMBA, U TOTHA €T0 CICAYET
OPEACTABIATh KaK MNOTOK (POTOHOB. ONTHYECKUU
SKCIICPUMEHT MOKHO OpPraHHM30BaTh M TaK, 4YTO CBET
IPOSBUT B HEM KaK BOJIHOBEIC, TaK M KOPITYCKYJISIPHBIC
cBoMCTBAa. Hampumep, B onbiTe KomMnToHa paccesHus
M3JIy4YCHUS HAa MHIICHM OHO BEACT CE€O0s KaK IOTOK
(b)OTOHOB, HO B HU3MCPHUTECIBHOM OJOKE JTO XK€
M3JIyYCHUE KAaK DJICKTPOMArHUTHAs BOJHA HCIIBITHIBACT
IA(MPAKIUIO HA KPUCTALINYECKOM PEIICTKE.




B cucreme orcuera, B KOTOPOU JI0 CTOJIKHOBEHHUSA C
(D)OTOHOM DJIEKTPOH MOKOMJCS, 3aKOH COXpPaHCHUS
SHEPIUU MPH HEYIIPYIroM CTOJKHOBECHHWH 3aMHIICTCS B
BUJIC

E,+ho =E.
3nech £, = mc* — PHeprusl MOKOAIIErocs MEKTPOHA, a

E—c-\fmoc +p

— BHEPrus ABWXKYIIETOCS 3JIEKTPOHA, KOTOPBIM MOCHE
IOMIOLICHUS (POTOHA TPHUOOPEN UMITYJILC P .
N3 3aKOHAa COXpaHEHUA UMITYJIbCa TS
paccMaTpuBaeMoro Impoiecca

p = holc.




Bo03BOasI MOJIy4YeHHBIE COOTHOIIEHUS B KBaJIpar,
MOJIyYUM

2mgczhv+ (hv)2 = 02p2 H 62p2 = (fw)2

JLns m, # 0 BTH paBEHCTBA HECOBMECTHBI, YTO
COOTBETCTBYET BBIBOAY O TOM, 4YTO CBOOOJHBIM
3JICKTPOH HE MOXKET IOMOTUTh (POTOH. Takon mpoiecc
MOXET IIPOU30UTHU JIMINb [PU HAJIUYUUA TPEThEH
4acTHUIlbl, KOTOpas CHOCOOHA B3STh Ha CE€0sS 4YacThb
SHEPIMM U UMITYJIbCca (DOTOHA.




NuaTepdepeHino (GOTOHOB APYT C APYIOM MOKHO
NCKIIOYNTh, YMCHBIIMB  HMHTCHCUBHOCTH  CBETAa
HACTOJIBKO, YTOOBI CPECAHNN UHTECPBAI BPEMEHU MEKIY
HCITYCKaHUEM (DOTOHOB 3HAUUTEIBHO IIPEBEIIIA BPEMS
npoJjieTa (JOTOHOB OT UCTOYHHKA CBETA JIO dKpaHa.

Ecnu 3KpaH yaajaeH OT UICTOYHMKA HA 3 M, TO BpEMsI
nponera coctaBut ¢t = L/c = 107° c. TTosToMy BbIGEpEM
MHTECHCUBHOCTh MCTOYHUKA MOPSIKA 1071 Br,
4TO COOTBETCTBYET MCIyCKaHHIO MeHee 10° poToHOB B
CCKYH]IY.

IIpn 3akpeITOW MMIEIU B MOJIYyYaeTCA pacCIpeHCICHUE
MHTCHCUBHOCTH, COOTBETCTBYIOIIEE OMHOW INECIH A,
puc. 7.




Ecian OTKpbhITa TOJBKO IIEIb B, TO IOJIy4aeTcs
WJICHTUYHAs, CABUHYTAas KapTUHA (pHUc. 7).

B cinydae, korma OTKpBITBI 00€ IIEHH,
pacpeicICeHUe WHTEHCUBHOCTH CBETA HA DKPAHE HE
OyAe€T CyMMOM pacHpeiciiCHUuN, OT KaXJIOW IIEId B
OTHCIILHOCTH.

Bo3Hukaer nHTepdEepeHIIMOHHAs KapTuHa FOHra ot
ABoMHOM 1enu. TakumM o0Opa3oM, CBET 001agacT
OJTHOBPEMEHHO CBOMCTBAMH, XAPAKTCPHBIMH KakK JJIS
BOJIH, TaK W JIJIs1 YACTHII.




JKpaH
Ot wenu B

OT wenu A

Puc. 7. PacnpegeneHne MHTEHCUBHOCTU, 0OyCNoOBIEHHOE
dooToHamu, npoLieawmmmn Yyepes wernb A (Tnbo yepes LWwernb
B)




B 1927 r. Onarogapsi 0OHapy>K€HHIO BOJIHOBBIX
CBOMCTB y JJICKTPOHA 3TOT MAPaJOKC CTaa eme O0oJice
3HAYUTEJIbHBIM!

B 1924 r. Jlyu ne bpousib  NpeamnosioxKuii, 4TO HE
TOJIBKO JIJISL (DOTOHOB, HO W BOOOIIE JJISI BCEX YACTHII,
CIIPaBE€IJINBO COOTHOIIICHUE

p:ﬁ I/IE:hV.

A
Jle bpouiib NOpearnonoXuyi, YTO NYYOK YACTHIL
II000ro copra OyAeT co3JaBarb Ha IIOAXOISIICH
OBOMHOMW IIEIM  HHTEPPEPECHIMOHHYIO  KapTHHY,
XapaKTEPHYIO 111 onbiTa FOHra ¢ AByMs MIEIISAMM.




