ATOMHasA pu3nkKa

KopnyckyJasipHO-BOJHOBOM 1YyaJU3M CBOMCTB
MaTepPHUH.
I'mnore3a Jlyu ne bpouisa. @opmy.a ae bpoiis.

Humepgpepenuus, ouppaxuyus, nonapuzauus — 3Ti
SIBJICHUS MOATBEPKIAAIOT BOJHOBYIO (JICKTPOMATHUTHYIO)
IPUPOAY CBETA.

H3znyuenue abconromnuo ueprnozo mena, pomosghghexm,
Ippexm Komnmona — 3T ABJICHUS CIAYKAT
I0KA3aTEJILCTBOM KBAHTOBBIX (KOPIMYCKYJIAPHbIX)
NPeaCcTABJCHUI 0 CBeTe, KaAK 0 NOTOKEe (DOTOHOB.
HaeneHue ceema, npesioMmsieHUe ceema — 3Tu
ABNEHUA OO BACHAKTCA KaK BOJITHOBOU, TaK U
KBAaHTOBOWU TEOPUAMM.



OCHOBHBIC YPABHECHUS, CBA3BIBAIOIINE KOPITYCKYISAPHBIE U BOJITHOBBIE
CBOKCTBA 3JICKTPOMArHUTHOTO M3JIYYEHUs, IpeaioxKeHbl JIyn ne bpouniem.
Jle bpoub, pa3BuBas TEOPUIO O JBOMCTBEHHOCTHU IIPUPOBI CBETA,
BBIJIBUHYJI TUIIOTE3y 00 YHHUBEPCAILHOCTH KOPITYCKYIISIPHO-BOJHOBOIO
Ayaliu3Ma.

T'unomesa oe bpouna. He monvko pomonsl, HO u
JIEKMPOHDBL U H00Oble Opy2ue Yacmuybl Mamepuu Hapaoy ¢
KOPNYCKYJUAPHBIMU ~ 00na0aiom — MAKMCe  60JIHOBbIMU
COUCMBAMU.

MHKPOYaCTHIA

e/\s

KOPITYCKYJIAPHBIC Xap-KU: BOJIHOBBIC XAPAKTCPUCTUKU:
E — sHeprud, p - UMIyJIbC V - 4YaCTOTA, A - JJIHA BOJIHEI




COOTHOMICHUSI MCKIY KOPIIYCKYISIPHBIMH UM BOJHOBBIMU
XapakrepucTukamu: E =hv p =hv/c =h/A
dopmyaa ae bpoiiis:
oot uacmuuye, obaaoaruwieil UMRYIbCOM, MOIHCHO
COnoCcmaeums 60J1Hy, o1una komopoii A=h/p = h/mv.

BOJ’IHOBBIG CBOMCTBA XAPAKTEPUIYIOTCS JJTUHOU BOJTHBI !

AB _Mi (1.1) 1 4acTOTOU Vg = (1.2)
rIc P MU - PMITYTIBC ABIDKYIICHUCS YACTHLIBI, /1 — MOCTOSHHAS
[Inaska, £ — »Heprus 4YacTHLBI. OJDTU BOJHBI HA3BIBAIOTCS
eoiHamu oe bpoilis.

AHATOTUYHO VPaBHCHUIO 3JICKTPOMArHUTHOM  BOJIHBI,
IIPCATIOIAracTCs, YTO YPABHCHHC ITIOCKOM BOJIHBI AC bporiiis

TSI CBOOOJHOM YACTULIEI UMEET BU.

y = Acos —(Et—pz) (1.3)



CBa3yOIncii BCIMYMHONM MCEKAY BOJHOBBIMH M
KOPITYCKYJ/ISIPHBIMH CBOMCTBAMH SIBJASCTCA MOCTOSIHHAS

[Tnanka /1, koTopas BBICTYHACT KaK Mepa JUCKPETHOCTH.
IlonpITKM HAUTU MOIEIb YACTUIIA-BOJIHA HA OCHOBC
3aKOHOB KJIACCHYCCKON (PU3UKH, HAIPHUMEP, MCIIOIb3Y S
BOJTHOBOM MAKET WM LYT BOJH, HEC YBECHYAIACh YCIEXOM.
ONCKTPOH, KaK M JAPYTHEC MUKPOUYACTUIIBI, HEC SIBJISCTCS
BOJIHOM B KJIACCHYECCKOM CMBICIE, MO3TOMY BOJHBI €
bpoiins Henb3s IPeACTAaBISITh B BUJAC BOJTHOBOTO ITAKETA.
I'lo coBpeMEHHBIM MPEACTABICHUIM BOJHBI A¢ bpoins
HMHTCPIPECTUPYIOTCS C TOYKU 3PCHUS CTATUCTHUYIECCKOM
(buzuku: Kkeaopam amniaumyost 60/,1Hbl 0e bpoiiisi pasen
NJLOMHOCMU 8EPOSIMHOCIMU HAXOHCOCHUSI YACMUYbL 8
OAHHBIL MOMEHM 8PEMEHU 8 3A0AHHOI MOUKe
npocmparncmea. 11oaromy Bonabl ¢ bpounas naaue
HA3bIBAIOT BOJTHAMY BEPOSTHOCTHU.



IKCnepumMeHmaibHvIM nOOmMeEepPIHCOCHUEM

eunomesnt oe bpoina aeiaromcean:

- qupakuysi  OydKa ~— J3JICKTPOHOB (a4  TaKXKe
OTACIBHBIX DJJICKTPOHOB) Ha KPHUCTALIMICCKOMU
PELICTKE;

- TUQpaKkLusl HCUTPOHOB, IMMPOTOHOB, AaTOMHBIX U

MOJICKY JIIPHBIX Ty YKOB.

Aundpaxkimsi 3J1€KTPOHOB.

Aundpakuma yvacTun — 29mo ynpyzoe (m.e
npoucxooauiee 0e3 nomepu IHEPUU) PpaccesHUe
mukpouwacmuy (,1eKmpoHo8, NPOMOHOE, HEUMPOHO8,
amomoe U m.n.) KPUCMAIAMU WU MOJIeKylamMu
HCUOKOCHEN U 2A308 C 603HUKHOBCHUEM U3 HAYATIDHO20
nyuka uacmuy  OONROJHUMEIAbHBIX  OMKIOHEHHbIX
nyuxkoe. HampaBlneHHUE U HHTCHCHBHOCTH JTHX ITyYKOB
3aBUCAT OT CTPOCHUS PACCECUBAIOLIETO OOBEKTA.



C uenpr0 00OOCHOBaHUs THUMNOTE3bl 1e bpoitns Obuin
MPOBEACHBI CIICLIUAIBHBIE SKCIEPUMEHTHI
amepukaHckumu  pusukamu K. JleBucconom mu
JI.JLkepmepom B 1927 1., aHINIMUCKUM  (PU3HUKOM
Jikopaxkem  ToMcoHOM UM COBETCKUM  (PU3HKOM
Taprakosckum B 1928 1. K. /leBuccony un J[xx. Tomcony
B 1937 r. 3a paborel mo Audpakmum >IEKTPOHOB
npucyxkaeHa HoOenesckas npemus. IlepBble ONBITHI
MPOBOAUIIUCH C BJEKTPOHAMH Majbix sHepruii (no 100
3B).

B omeitax JleBuccona wu Jxkepmepa  IOTOK
AJICKTPOHOB, W3JIy4ae€MbIM 3JICKTPOHHOW Tmiywukou [,
HAMpaBJISIJICS HA TIOBEPXHOCTh MOHOKpUCTaijua M

(HampuMep, HUKeJs) IO YIJIOM CKOJbxXkeHus ¢ (puc.
1.1).



C IOMOIILIO UOHU3AIIMOHHOU

P @j | Kamepbl M n3MepsieTcs IMoTOK
|
OTPAKEHHBIX JIEKTPOHOB TOXKE
0 o viuioM €. UMIviibeC
1 Ay 1y

\ TH_T' @F | BJIEKTPOHOB ONPEIACITIACTCS 110

BEJIMYUHE YCKOPSAIOLIETO
Puc. 1.1 Cxema onrwITa HaHpH)KeHHH U:

_ _ 2 _
JleBuccona-/Ixxepmepa p=m,U y my° = Del] ,

noatomy P =+2m.eU

m_— Macca 3MeKTPOHa, e — 3apsif SMeKTpoHa.
[1nvHa BonHbl e bpouns: A

A

A \/ZmeeU



Coranacao dopmyiae Byiabda-bperroB mMeeT MECTO
CECIICKTUBHOEC OTPAKECHUE, OIIPECIACIISASCMOE YCIIOBUEM:

2ds1in = mA ) (1.4)
raec m = 0O, 1, 2...., d — paccTostHrUEC MEXKJIY aTOMHBIMU
ILIOCKOCTIMU Kpucrtayuia. Ecam ruioresa pae bpoiiis
BEpHA, TO JTOJIZKHO HaO IO JaThHCSI CCIICKTUBHOC

OTPpa>KCHUIC DIICKTPOHOB, OIIPCACIINICMOC aAaHAJTOI'NMYHBIM
YCIOBYICM, HO BMCCTO JIJIMHBI BOJIHBI @ JIOJIZKHA OBITH

JUIHA BOJIHEBI e bpoiiinsa Ag, T. €.

. 17224
2d sm 6 =
(2;/;13.'-30’)1/2 ) (15)
Takum 06pa30M, ITPHM ITCJIIOYMCIICHHDBIX 3HAYCHIAX

Yy — 2d s1in @ (Zf.a’;"nel])l/2 _ BTV
h
JJOJIDKHBI Ha6J_IIO,Z[aTbCE[ MAaKCHIMY MBI 11O TOKY. Ha ormrre
I[efICTBI/ITeJ_IBHO Ha6J-IIOI[aJ-II/ICB MAaKCHMY MBI. HpI/I MaJIbBIX
3HAYEHUSIX m (m<6), MaAKCHUMyMBI OKa3bIBAIOTCS
HCCKOJIBKO CMCIIICHHGLIMIMI OTHOCHUTCIILHO PaACHUCTHDBIX

3HaAYCHU, KOTOPHhIC YKa3aHbl Ha puc. 1.2 cTpeakaMu.




J70 OOBACHAETCA TEM, YTO CKOPOCTb 3JCKTPOHOB OMPEACAACTCA HE TOMBKO
YCKOPSKOIMM HanpskeHneM U, HO | Pa3HOCTBH) MOTCHIMAIOB Ha Tpanume kpuctanna U,

BCJICACTBUC 4CTO

i3 456

U1/2
>

Puc. 1.2 3aBucumocTs TOKA B
HOHM3ALHOHHON KAMEPE OT
HAMDSOKCHHS

h
Ay =
\/ZQm(U + Uo)
TOI' 4
BU 1/2
m= -

[ U,B™

mz
U,B’

12
Ecm m < l,ToszU/ .

Onerter JleBrccona H JikepMepa MOATBCPAMIE
CYIICCTBOBAHKE BOJIHOBBIX CBOUCTB JICKTPOHOB.



Bropas rpymnma oneITOB nmpoBoauiIack LOMCOHOM U
TaprakoBCKUM ¢ HCMOJIb30BAHHECM  BJICKTPOHOB
Gonbmmoii sHeprum — cebime 10° 3B (puc.1.3). V3kwuii
C(hOKYyCHPOBAHHEII TTOTOK 3JICKTPOHOB C DHCPIHUCH OKOJIO
0,1 M»bsB mnampaBasgeTcsd Ha TOHKYH) MCTAIMYCCKYHO
donpry @, 3a KOTOPOU YCTAaHABIUBACTCA (POTOILIACTHUHKA

11

Puc. 1.3 Judpakius 231eKTPOHOR
(omeITE ToMcoHa B TapTaKOBCKOTO)

OmeIT TPOBOAUTCS B
BakyyMe. DB pesyabTare
IUPPaKLM 3JICKTPOHOB Ha
doTorutacTuHke oOpa3yer-
Cs CHUCTEMA KOJICLI,
AaHATTOTMYHAasA JU(pPaKLIOH-
HOU KApPTUHEC PCHTTC-
HOBCKUX BOJIH C COOTBCT-
CTBYHOIICH JJIUHOM.




B andppakum AIIEKTPOHOB HaunoOoJiee SIPKO
BBIJIEJISICTCSI WX BOJIHOBast npupoaa. Hnes e bporlisis
Hallla CBOE IIEpPBOE TMNOATBEPKIECHUE HWMEHHO B
AKCIIEpUMEHTAX IO AudpakKiiuU >ISKTPOHOB (1927 1).
1 Toz>ke HaOmOganacs Judpaknusi APpyrux 4acTUILL,.

IIlydyoxk JABUMXKYIIIUXCS  AJICKTPOHOB  OIHMCHIBACTCS

IJIOCKOM  MOHOXPOMATUYECKONM BOJIHOU ¢ = e,
pPACIpOCTPAHSAIOIIENICSI BAOJIL OCH X € €AUHUYHOU
AMIUIUTYJIONU U BOJIHOBBIM BEKTOpOM K, mnpuueM MOIYJIb
k = 27w/A = 2wtp/h. Torna aeiicTBYIOIAs JJIMHA BOJIHBI A

oripeaessieTcss Macco m u sHepruein E ainexkTpona:

" — h B h
mv ~2mE

IIpoxoast yepes3 OOBEKT, CTPOCHUE KOTOPOIrO U XapaKTep
€ro B3aMMOJACUCTBUS C DIIEKTPOHOM OIIpEeaciisicT BU/I
dbyuknun U(X,y.,z), HadvaJiIbHasi BOJIHA HCILIThHIBACT
paccesinue. PelmeHnnue BOJIHOBOI'O yYpaBHEHUSI  JacT

2 2
ornucaHue UPPaKIIMOHHONW KapTUHBI, TaK YTO |cp|
OIIPEACIISIET BEPOSITHOCTL MNOIAJaHUsI YaCTUIlbl B JJAHHYEO
TOUKY .



2. CooTHOLIeHHU e HeolIpeae deHHocTell I eiizenoepra.

JBoMicTBEHHAasT IpHUpOda YacTHI[ BEIlSCTBaA CTABUT BOIIPOC
O TpaHUIIaxX IIPHUMSHHMOCTH ITOHSITHH KiIacCHUYSCKOM (PHU3IUKHU
JII5I MUKPOOOBEKTOB.

B iJaaccuiyeckoii MexaHukKe — KaK/Jasl dacTHIla JBHKSTCS
IO BIIOJIHE OIPESASIICSHHOH TpacKTOPHHM M B JTFOOOHM MOMEHT
BpPEeMEHH t €€ KOOPAHMHATHI 1 HMIIY JIBC OIIPEASIICHBI TOYHO.

M“K‘!O‘laCTl/l b1, BBHU/AY HX BOJIIHOBDBIX CBOMC THB,
OTIINMYArOTCS OT KIIAQCCHYCCKHMX YAaCTHII. OI—II’I, B YaACTHOCTH., HC
HMCEHOT TPACKTOPDHH. HeﬁCTBI/ITeJ'IbHO, HCIICITIO TOBOPHTD,
HaAIIpHuMCpP, <JJIHHAa BOJIHBI B JAHHOHM TOYKES>>. To ecTh TacTHILA
C OIIPpCT ACIICHHDBIM HMIIVIJIBCOM HMCCOT ITOJIHOCTBIEO
HCTOIIPTACJIICHHYIO KOOopJJnHarTy, a CCIJIHM (I)HKOHpOBaHa

KOOPpAUHATA, TO HESOIPEASIICHHBIM SIBIISISTCS UMILYJIHC.

O  TpaceKkTOpHIX MHKPOYACTHI[ MOXXXHO TOBOPHTHL B
NpeaASILHOM cJIydae, KOorJja MOXKHO IMIpeHeOpeYh BOJIHOBBLIMH
CBOHMICTBaAMH. DTO YCJIIOBHE AaHAJIOTHYHO YCJIOBHIO IIEepexoga O1

BOJIHOBOH OIITHKH K FeOMeTpH‘{eCKOﬁ, a HMCHHO, OTHOIIICHMC:
60 1.

A
A

rjae Agp - JJIMHA BOIHBI Je Bpoiinst, R — xapaKTepHBIE pa3Mephl
o01acTH ABUMIKESHUS (HAIIPUMEDP, PACCTOSITHUES MEXK/TY
OTKJIOHSIFOIIIMMHM IIJIACTHHaAMHM OcIiuIIIorpada).



PaccMoTpuM  CeOyrOLIyO CHUTYyalUUIO. MEPIEH-
OUKYJIIPHO KOOPAWHATHOM ILJIOCKOCTH XY pacmojoKeHa
y3Kas JUIMHHAS menb mupunoil Ay (puc. 3.1). Ha Hee
MagaeT MNapajjieIbHbIH MNYy4YOK OJJEKTPOHOB C OJWHA-

KOBBIMH CKOPOCTSIMH Vy. UMOynbC KaXaoro 3jgeKTPpOHa

px. JUIMHA BOJIHEI e bponns onpeaenseTcs Kak

i
Ae = —
b

B pe3yJIbTaTE
nupaKmuu Ty 4OK
DJIEKTPOHOB  PACLIEIISETCA.
' naBHBIE =~ MHHUMYMBI  +1
xorsocts | nopsiaKa OIIPEHECISIFOTCS

pepoaTHocTH ¢

Puc. 3.1 Mwnoctpanusa cootnomenns Y CJIOBUCM.
HEOIPEACICHHOCTCH Av-si =+
Y-SINQP = TAE.

4
I{eHTpalbHLIT MAaKCHMYM




Moaymu uMIy 1bCOB JU(PPArupPOBAHHBIX JJICKTPOHOB
OCTAXOTCS PABHBIMU Py, HO UX HATIPABICHUS U3MCHSIIOTCI,
BCJICACTBHC UYCr0o MPOCKIHMH HMMIIYJICOB Ha OCh (Y

otnuansl ot vy AP, * 0.
MakCuMaJdbHOEC 3HAUCHHE TMPOCKUHUHU B IIpeaciax

MUHUMYMOB *+1-10 mopsaaka pasHO (puc. 3.1):
Otcrona cneayer, uro Apy.Ay = h.

JIB¢ BEIMYHMHBI, OJI4 KOTOPBIX IIOTPCIIHOCTH
HU3MCPCHHUA OJHONW BCIUYMHBI 3aBHUCHUT OT MOTPCIIHOCTH
U3MCPCHUA APy Trou BCJIUYMHBI, HA3BIBAKOTCS
COnpsHCeHHbIMU. B PACCMOTPEHHOM BBILIEC TMPUMEPE
BCJIMYWHBI p, U J ABICIFOTCA COIpPsKEHHBIMU. Eciau
KOOPAUHATA J U3MEPACTCA TOUHO, T.€. Ay—>0,

TO Apy —»00, T.€. 3HAUYCHHUE NIPOCKIHH ), OTIPEACINUTH

HCBO3MO2ZKHO.




OOYCIOBICHHBIC BOJHOBBIMH CBOWCTBAMH YaCTHII
MOTPCIMHOCTH  HU3MCPCHHA  COMPSLKCHHBIX  BCJIMYUH
HA3BIBAKOTCA HCOIMMPECACICHHOCTIMM,

B. I'eciizendeprom B 1927 r. Ob11 CcPOpMYyIHPOBAH
TP HUHIUIT HCOMPECACTICHHOCTEM npous3eeoeHue
HeONnpeoeleHHOCMEeH O08YyX COMPIIIHICCHHBIX BCIUUUH HE
MoOdicem Obitmb MeHbute nocmosiinoil Ilhnanka:

Ap,-Ay = h (3.1)

I puHITHII HEOIIPEACICHHOCTH I'eiizenOepra.
Hego3MO2cHO OOHOBPEMEHHO C OOUHAKOBOU CIMECHEHbIO
MOUHOCU 00K MUKPOMUPA XAPAKMEPUZ0B8AIND €20
Koopounamou (x,y,z) U UMARYIAbCOM (Px, Py PJ)-
Ilpouszeedenue uUx HeONPeOeleHHOCMEN He MOJICem
Ovimob menovute nocmosiinoil Ilaanka h=h/2m:

Ax-Apx=h

Ay-Apy=h = ecim, HanipuMep, Ax = 0, To Apy —> .

Az-Ap, = h



Ecnu COOTHOIIEHHE HEOIPEACICHHOCTEH 3aucaTh B

BUJIE:
Ax-Av2 i/m (Ap = m-Av),

TO U3 HEr0 BUJIHO, YTO YeM OO0JIbIIE MAcca, TEM MEHbIIE
HEOIPEIEICHHOCTh KOOPAUHATHL U CKOPOCTH. MOXKHO
BUJICTh, YTO I MAKPOYACTULIBI (AAXKE IS IMbIIMHKH
maccoit m = 10" kr) mput AX ~ IMHEIHBIX pa3MepoB
IMBUTMHKY HEONpeieeHHOCTh Av HuToXHa. Takum
00pasoM, JIJI1 MAKPOYACTHULL BOJIHOBBIEC CBOMCTBA HE
WI'PAOT HUKAKOM POJIM: KOOPAMHATA U UMITYJIbC YACTHULbI
MOTYT OBITh U3MEPEHBI ¢ JTHOO0H CTEIEHbIO TOUHOCTH.



OHEPIUA ¥ BPEMA TOXKE ABIAKOTCA COMPSKCHHBIMY

Ay=v,At, Al
AA)

A 2 (3.2)

Takum o0pazom, cucTeMa, UMEKOIIAA CPEIHEE BPEMS
KM3HM A7 He MOXeT OBITb  OXapaKTepH30BaHa
OMPENIENICHHON YHEPTUEM.

Tak kak E = hv, o AE = hAv, T0 ecTh nuHUN B
CIOEKTpaX M3AYYEHHA MMEIT pasdpoc 10 YacToTe
(IIMpYHA JTHHWI), 3aBUCAIIAA OT BPEMEHU XKU3HU aTOMA
B BO30YKJICHHOM COCTOSHHUMU.




Ilpumeuanue. Crenyer 3aMeTHThb, YTO MEXKIY
OOBIUHBIMHU MOTrPEHNIHOCTIMH, KOTOpPbIE HMEIOT
MECTO IIpu JIFOOBIX H3MEPEHUSIX, u
HEOMPEAECJICHHOCTSIMHU  COMPSHKEHHBIX ~ BEJIUYHH
HMEETCsS CYLIECTBEHHOE pPa3jInuve. €CIIH MMEPBbIC B
MIPUHIUIE MOKHO CHAeJaTh KaK YroJHO MaJIbIMU 34
CUET COBEPILICHCTBOBAHUS U3MEPUTEIbHON TEXHUKU,
TO HEONPEAETIEHHOCTH COIMNPSKEHHBIX BEIHYUH HE
3aBUCSAT OT TEXHUUYECKUX CPEIACTB H3MEPEHUS:
HEOMPEAECIIEHHOCTH  OOYCJIOBJIEHBI  BOJIHOBBIMU
CBOUCTBAMHM.

BriBoa. COOTHOLIIEHUS HEONPEAEIEHHOCTEN
MOKA3bIBAIOT, HACKOJIBKO MPUMEHHUMbBI K MUKPOMHUPY
MMOHIATUS KJIACCUUYECKOHU MEXAHUKH.



