KBaHTOBOE TYHHEJIHMPOBAHHE.  -PACHA]L ATOMHOIO SIApPA.

TyHHenupoBaHWe — KBAaHTOBBIM IEPEXOA uepe3 MNOTEHUHUAIbHBIN Oapbep,
4epe3 COCTOSHUE Uit KOTOPOro HENOCTATOYHO SHEPTUU.

IIpumep — « -pacmazn aTOMHOTO sApa.

3aBUCUMOCTb MOTEHUNAIBHON SHEPTUH ( -4ACTULBI OT PACCTOSIHUS JI0 LIEHTpa
aTOMHOTI'O fIpa MMEET BHJ INMOTECHLHAIBHOU sIMBI C LIEHTPOM B LEHTpe snpa. llo
O00KaM sIMbl — TMOTEHIHMAJIBHBIN Oapbep, 3a TpaHUIAMU KOTOPOTO MOTEHIHMAJIbHAS
DHEPrHUs CNAJAeT A0 YPOBHS HUKE, YEM B LICHTPE MOTEHIUAIbHOU SIMBI.

U

Bo3MOXHBIE YPOBHM IMOJHOM DHEPIUM ( -4aCTULBI BHYTPU NOTEHUMAJIBHOU
MBI U300paKE€Hbl HA PUCYHKE TOPU30HTAIBbHBIMU OTPE3KaMU. DTH YPOBHU HUMEIOT
SHEPrUI0 HUXKE BBICOTHI NOTEHLMAIbHOIO Oapbepa M IO 3aKOHAM KJIACCHYECKOM
($u3MKKM, HAXOAACh Ha JOOOM M3 TaKUX YPOBHEM 3HEPIUH, (-4acTHULA HE MOXKET
BBUIETETh 3@ MpPEJeibl NOTEHUUAIbHON sMbl. Ilo 3akoHaM KBaHTOBOM MEXaHUKH,
IIOCTOSTHHO yJAapsisiCh O CTEHKY MOTEHLMAJbHOro Oapbepa, « -4acTulia paHo WIH
IO3/IHO 00s513aTeIbHO MPOJIETUT Yepe3 Oapbep U OKaXKETCA CHapyKH MOTEHLIMAIBbHOU
aMbl. B 3TOM 1 cocTouT « -pacmnan atomHoro sijpa. UToObl BEPOSATHOCTh & -pacrnaja
ObLJ1a 3aMETHOM HYHO, YTOOBI TOTEHIIUAIBHBIN Oapbep ObLIT HEBBICOKUM M Y3KHM.

Takum o0Opa3om, KBaHTOBas MEXaHHMKa II03BOJISIET KBAaHTOBBIM OOBEKTaM
u3peKa MPOXOAUTh Yepe3 HEBO3ZMOKHbBIE TPOMEXKYTOUHBIE COCTOSTHUSI.

WuTepecen Bompoc, MOKHO JIM OOHAPYKUTh ¢ -4aCTHUIy B TOT MOMEHT, KOT/ia
OHa  TMpEOJOJIeBACT  MOTEHIMAIbHBIM  Oappep W UMEET  KOOPAHMHATHI,
COOTBETCTBYIOIIME NOTEHLMAIBHON YHEPIUH OOJIBLIEH, YEM €€ MOJIHASL SHEPTHS?

Oka3spIBaeTCsl, 4TO MOXKHO, HO JJI1 3TOr0 HEOOXOJMMO, YTOOBI Oapbep ObLI
oueHb y3KuM. Eciu OGapbep HENOCTATOYHO Y3KUH, TO Ul CIy4allHOro IMONajaHus
YacTULbI B COOTBETCTBYIOLIYIO 00JacTh NPOCTPAHCTBA HE XBATUT BPEMEHU
CylliecTBOBaHUs BceneHHom.

ITpu momneiTKe HOOBIM CIIOCOOOM MOMMAaTh YacTHUIy Ha MajoM OTpe3ke Ax
BHYTPU Y3KOro Oapbepa, 4acTULE COOOLIAETCS HEOIPEAEICHHbI HMMITYJIbC TaKoil,

h
qTo Ax - Apx 2 5 B COOTBCTCTBUHU C COOTHOHICHHUEM  HCOMPCACICHHOCTHU

['eitzenOepra. bonbiias HeonpeneaeHHOCTh UMITYJIbCa 03HAYAET OOJIBIIYIO BETUYUHY
CpEeIHEero KBajpaTa HUMITyJbCa W, CIEAOBaTeNIbHO, OOJIbIIYIO SHEprut. To ecTh, B
MpoLecce M3MEPEHHUs] KOOPAMHATHl « -4acCTHIBI €l cOooOLIaeTcs HeolpeaeIeHHas
JHEPrusi, KOTOPOM B CyMME CO CBOEU MOJHOM SHEPTUEN JOCTATOYHA [T HAXOXKICHUS
¢ -9acTHIIBl B MECT€ TMOTCHIUAILHOTO Oaphepa C TMOTEHIIMAIBHON »HEpruen
OOJIBITIEH, YeM TTOJTHASI SHEPTHUS & -4aCTHIIBI IO U3MEPEHUSI.



MoJiekyJia aMMHaKa.

[Ipeononenue NOTEHUUAIBHOTO Oapbepa MEXKITY CUMMETPHYHO
PACIIOJIOKEHHBIMU  MTOTEHUHUAJIIBHBIMA  SIMAMH TNPUBOAUT K YIABOCHHUIO YPOBHEHU
SHEPIuMu.

PaccmoTrpum Mosiexkyny ammuaka NHj.
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ATOM a30Ta UMeET J1Ba BO3MOXKHBIX YCTOHYMBBIX MOJIOKEHHsI paBHOBecUs N 1
N,. OnHO W3 HUX HAaXOAMTCA HAJ IJIOCKOCTBIO TPEYTOJIbHUKA U3 aTOMOB BOJOPOJA,
Apyroe — MO IUIOCKOCTBIO. DJIEKTPOHBI CMEIIAIOTCS OT BOJOPOJOB K a30Ty, H
MOJIEKYJIa UMEeT TUIOJIbHBI MOMEHT.

ATOM a30Ta COBEpLIAET TYHHEJbHBIE NEPEXOIbl MEXKIy OSTUMH JABYMS
cocTostHUSAMU. [Ipu 3TOM AUMOIBHBIA MOMEHT MOJIEKYJIbl OCHMIUTUPYET U U3ITydaeT
sHepruto. CrenoBaTeNbHO, €CIM aKKypaTHO coOpaTh MOJIEKYJIYy TakK, YTOObI aToM
a30Ta OKa3aJiCs C OJJTHOU CTOPOHBI, a 3aTEM OTIIYCTUTh ATOMBI, TO JUMOIbHBI MOMEHT
MOJIEKYJbl OyAeT OCUMUIMPOBaTh W M3Iy4daTb SHEpruto. Eciam Monekyna He
U3ITy4aeT, TO OKAa3bIBAETCS, YTO B KaXXIOM KBAaHTOBOM COCTOSIHUM MOJIEKYNBI C
OTpe/IeNICHHbIM 3HAYE€HUEM 3HEPIrUy aTOM a30Ta OJHOBPEMEHHO HAXOIUTCS U HaJ U
MOJl TJIOCKOCTBIO TpEYrojiibHUKAa. TO ecTh BOJHOBas (PYHKLIHUS COCTOSIHUSI C
OIpEeIe]ICHHOW JHEpruel — 3TO CyNepHo3MLMs BOJHOBBIX (DYHKIUI COCTOSIHUSA
aToMa a30Ta HaJ IUIOCKOCTBIO M aToMa a30Ta IMOJA IUIOCKOCTBIO TPEYrojbHHKA.
BosHoBBIE (hyHKIIMM HAJ M TOJ TUNIOCKOCTHIO aTOMOB BOJIOPOJIa MOKHO CJIOKHUTH MIIH
BBIYECTh JPYr W3 JIpyra, B pe3yidbTare IMOJy4yaeTcs CHMMETPUYHAS WIH
AHTUCUMMETPHYHAs BOJHOBAsI PYHKIUS MOJIEKYJIbl aMMuaka. PazHocTs sHepruii AE
MEXJY COCTOSHUSMH C CHMMETPUYHOM H aHTHCUMMETPUYHON BOJHOBBIMU
byskmusamu mana. Yacrora v mepexola MEXAy 3THUMU JIBYMS YPOBHSIMHU paBHA
4acTOTE TYHHEJIbHBIX MEPEXO0I0B aTOMa a30Ta Yyepe3 MIOCKOCTh TPEYTrOJIbHUKA

AE=hv m v=23.791Ty.

AHaJIOTMYHOE paCLICIUICHUE YPOBHEH OHEPIUHU, CBS3aHHOE C KBAHTOBBIM
TYHHEJIMPOBAaHUEM DJJIEKTPOHOB, IPOUCXOAUT B TBEpAOM Teye. B pesynbraTe
TYHHEJIMPOBAaHUS  JJIEKTPOHOB OT IIOTCHUUAIBHOW SIMBI OJHOIO aroMa K
NOTEHLUAIbHON SIME COCEIHEr0 aToMa O0Opa3ylOTCs SHEPreTUUECKHE 30HBI BMECTO
KQKIOTO YPOBHS DJHEPIUM YEAMHEHHOIO aroMa. YWCiao IMOAYpOBHEH HSHEPIUU B
Ka)XJI0M 30HE PaBHO YHCIIy aTOMOB B TBEPJIOM TEJIE.

C TOYKM 3peHMS KBAaHTOBOW MEXAHMKU TYHHEJIMPOBAHHUE MPOUCXOIUT YEpe3
110001 MoTeHIMaIbHBINA Oapbep. Tak, eciy 4enoBeK HaXOUTCs B 3aMKHYTOU KaMmepe,



B KOTOPOM €CTh OKHO pa3MepoOM C KyJaK, TO YEJIOBEK PaHO WJIM MO3AHO COBEPLIUT
TYHHEJIbHBIN MEPEX0/]] Yepe3 3TO OKHO U OKAXKETCS CHAPYKU KaMephbl.

EcrectBeHHO, 4TO KJ1aTh TAKOT'O COOBITHS MPUACTCS TOPa3a0 I0JIbIIE BpeMEHU
CylLIeCTBOBaHUsA BceneHHou.

Cynepronkasi CTPYKTYpa YpPOBHeii MoJiekyJ SF, 1 Sik,.

Takoe ke paculeIUIeHMe YpPOBHEHM JHEPIMM MPOUCXOAUT B CHEKTPaAx
BBICOKOCHMMETPHYHBIX MOJIeKyN, Takux kak SF¢ u SiF,. Pacmennenue yposHeit
DHEPrUM IPOUCXOJUT B PE3yJbTaTe€ TYHHEIMPOBAHUSA MEXKAY COCTOSHHUIMU
BpalICHUs] BOKPYI SKBHBAJIEHTHBIX OCEl CUMMETPUU MOJIEKYJbl. DTO paCLIEIICHUE
HaOII0AaeTCsl METOAAMHU HEJIMHEHHOM J1a3epHOM CIEKTPOCKONHH W IMPOSIBISETCS B
CIIEKTPE HACBILIEHHOT'O NOTJIOUICHUS B BUJE TECHBIX CIEKTPAIBHBIX KJIACTEPOB.
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Ecim [ — kakoii-HuOyIb JMHEWHBIA pasmep aHTeHHBL, T0 L, ~I, C~I,

BoHOBOIHBIN pPe30HAHC B CYOBOJIHOBOU JdpakiimonHo pemerke (Guided-mode
resonance GMR).
Pe3onanc HaOmromaeTcs, €CIM IIar PemeTKd CIMIIKOM Mall JijIs IOJydYeHUs

TU(GPAKIIMOHHBIX TIOPSIKOB B BO3AYXE, HO JOCTATOYHO BEIUK IS TOJYyYCHHUS
nepBOTO AUGPPAKITMOHHOTO TIOPSIKA B MaTeprajie BOJIHOBOAHOTO CIIOS.

Z. S. Liu, S. Tibuleac, D. Shin, P. P. Young, and R. Magnusson. “High-
efficiency guided-mode resonance filter”. Opt. Lett. 1998. V.23, P.1556-1558.
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Bo./1HA BEpOSATHOCTH, UIMHA BOJIHBI J1e bpoiis.

B okcnepumeHTax MO OTPaKEHHIO JJIEKTPOHOB 0T Metamwia (~1927r)
HAOJIOIAl0TCA MAaKCUMYMBI TMAarpaMMbl HAIPABJIEHHOCTU PACCESHHBIX 3JIEKTPOHOB.
OTH MaKCHUMyMbl MOXXHO OOBSCHUTH, €CIM CYHTAaTh, YTO METAUT I IydKa
AIIEKTPOHOB UTPAET POJIb OTpakaTeabHON NU(PPAKIMOHHOW PELIETKH, a caM ITy4OK
AIEKTPOHOB MOXHO PACCMATPUBATh, KAK HEKOTOPYIO BOJIHY.

e bpoiine npeanosoxkui, 4To Jr00i 4acTUIle COOTBETCTBYET BOJIHA. JMHY
BOJIHBI MOKHO HAWTU U3 PEISITUBUCTCKUX COOOpaXKEHUH.

daza g1000M TIOCKOH MOHOXPOMATHYECKOM BOJIHBI (a)t—(k,if’)) — 3TO
C ~
ckamsip no rpymme JlopeHmna, | | — 4-X BEKTOpP OTHOCUTEIBHO MPeoOpa30BaHMIA
r
JlopeHna.
0]
— ct
Torma | ¢ | — 4-X BEKTOp, TaK KaKk €ro cCBepTKa ¢ 4-X BEKTOpPOM | _ | Jaer
~ r
k
CKaJIsIp (cot—(k,?)).
ho
— . 2
CnenoBatenbHO, | ¢ | — 4-X BEKTOp sl JIIOOOM BOJIHBI, TJIE k=7 —
hk
BOJIHOBOE YHUCJIO.
E
CpaBHuM 3TOT 4-X BEKTOp C 4-X BEKTOPOM DSHEPrUU-UMILYJIbCA | ¢ | I
p

J1r000M YaCTULIBI.
Jnsa potoHa o0a 3TUX 4-X BEKTOpa paBHBI, TaK KaK
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Ipyry HE TOJbKO Juisi (OTOHA, HO U JUIA JIO0OW Jpyroil dYacTUIbl W
COOTBETCTBYIOLIEN €1 BOJHBI.

E=ho . h 2x h
Torpa Juis mro6oi yactuuel. U3 paBenctBa p =hk=——=—
p =hk 2r A A
MOJTYYHM:
h .
A=— — gjnuHa BonHbl J1e bpoins. Popmyna chopaBeqiuBa U B
p

PEIATUBHUCTCKOM ClIy4dac.

DJIEKTPOH B aTOME BOOPOAA.

ATOM BOAOpOAA COAEPKHUT SIAPO M3 OAHOTO MPOTOHA M COIEPKHUT OJUH
AIEKTPOH, KOTOPBIM BpalaeTcs BOKPYT sAnpa. [I0CKoabKy 3JIEKTPOH — 3TO BOJIHA 1€
bporins, HapucyeM 3JIEKTPOHHYIO BOJIHY BOKPYT siIpa aTOMa BOJAOPOJA.

bynem oTknaapiBaTh IOJOKUTENIBHBIE 3HAYEHHs BOJIHBI JAjblIe OT LIEHTpa
aToMa, a OTpulaTeJIbHble — OJMKe K LeHTpY aTomMa. HauHem pucoBaTh BOJIHY C €€
MaKCHMAJIBHOTO 3HAYEHMUS.

OO6oiing BOKpYr sipa aroma, Mbl BEpHEMCS K HCXOJHOM TOYKe Ha opoure
AJIEKTPOHA, PACHOJIOKEHHON B MCXOJHOM HANpaBICHUU OTHOCHUTENBHO SApa aToMa.
[Tpu BO3BpaIeHnu B UCXOAHYIO TOUKY BOJIHA OKa3anach B pyroi (asze. Mel xotenu
HApUCOBAaTh BOJIHY B Pa3HBIX TOYKaxX B OAMH MOMEHT BpeMeHH. Bomna — 3T0
(byHKIMS, KOTOpasi B OJJMH MOMEHT BPEMEHHU B KaXKAOH TOUYKE OPOUTHI JOIHKHA UMETh
€IMHCTBEHHOE 3HaueHue. OyHKIUSA He MOXKET ObITh MHOTO3HAYHOM, NHAYE KAKOE U3
HECKOJIbKMX 3HaYeHHi OyJeT uHTepepupoBaTh C KaKOW-TMOO Ipyroid BOJHOM?
CnenoBarenbHO, MBI HApUCOBAIM HEYAAYHYI0 BOJIHY, KOTOpass HE MOXET
CYILIECTBOBATb.



N3 pucyHka BUIHO, YTO CYIIECTBOBATb MOTYT TOJIbKO TaKHW€ BOJIHBI, JJIsi
KOTOPBIX Ha JJIMHE 3aMKHYTOTO IMYTU YKJIAJbIBACTCS IE€JI0€ YUCIIO JJIMH BOJIH. JTO
yCJIOBHE HEOOXOMMO 1 JOCTATOYHO JJIsl OJTHO3HAYHOCTH BOJTHOBOM (DYHKITUH.

Torna 2zr=nA, rne n — nenoe yuciuo. [logcraBuMm croa BEIMYUHY JITTUHBI

BOJIHBI nie bpoiinsa A :—V Y HAalMIIEM B Ka4e€CTBE BTOPOTO YPABHEHMS CUCTEMBI
m

BTOpOM 3akoH HbtoToHa ¢ cusnoi Kynona, AeHCTBYOIIEN HA 3JIEKTPOH, HAXOAAIIUICS
Ha KpyroBoi opbure. Toraa B cucteme CU monydnm cucteMy U3 IBYX YpaBHEHUU C
JIBYMsI HEU3BECTHBIMU ¥ U V.
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UtoObl HaWTH pelIeHWe Uil TEePEMEHHOW » HYKHO II€pBOE€ YypaBHEHHE

BO3BECTH B KBaJpaT, BTOPOE YpPAaBHEHHE YMHOXHUTh Ha " u pa3lienuTh MEpPBOE
ypaBHeHUEe Ha BTopoe. [loimydeHHOe TakuMm 00pa3oM 7 MOXHO OyAeT IMOACTaBUTH,
HampuMep, B MEPBOE ypaBHEHHE CUCTEMBI, 4TOOBI MOJIy4uTh BenuuuHy V. Tormpa
MOJIyYUM PELICHUE CUCTEMBbI:
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IToncraBuM 5TO pelleHHE B BBIPAKECHUE IUIA IOJHOW DHEPIUU JJIEKTPOHA U
ITOJIYyYHM:

_m y? e’ me* 1 E;

r=n

" 2 dmeyr 8hzgg s

HamomHuMm, 4Yro 31€ch 7 — LENOE YHCIO, YHCIO [UIMH BOJH,
YKJIaJbIBAIOIUXCS. Ha KPYrOBOM OpOHUTE DIIEKTPOHA, €ro K€ Ha3blBAIOT IJIABHBIM
KBAHTOBBIM YUCIIOM. £, — 3HEprus n-ro ypoBHsS SHEPIrUM aTOMa BOJOPOJA.

DTO MpaBWIbHbIE 3HAYEHUSI YPOBHEW PHEPrUM AJEKTPOHA O€3 ydeTa Mayblx
nonpaBok. He yuTeHa mnompaBka Ha MarHUTHOE B3aUMOJCHCTBUE CIHMH-OpPOUTA
(TOHKast CTPYKTypa YpOBHEH); peNATUBHCTCKAas IOIMpaBKa 3aBUCUMOCTH MAacCChl
AJIEKTPOHA OT €ro CKOPOCTH; MOMpPAaBKAa MAarHUTHOTO B3aUMOJIEUCTBUS MAarHUTHOTO
MOMEHTa fJipa C MarHUTHHIM MOMEHTOM JJIEKTpOHA (CBEPXTOHKasi CTPYKTypa

ypOBHEM); JIIMOOBCKHI CIBUT ypOBHEH (pa3HHUIlA SHEPruil ypoBHEU 22S1/2 151

22P1/2 ); 30€Ch B BBIDAXEHHH THIa n°> [ J . 1 — TJIIaBHOE KBAaHTOBOE YHUCIIO, S —

CyMMapHbIi CHOUH D3JEKTpOHHOM o00omouku, 2S+1 — Tak Ha3bIBaeMas
MYJIbTUILUIETHOCTh TepMa, J — TMOJHBIA MOMEHT HMITYJibCa, L — CyYMMAapHBbIA
OpOUTANTBHBIA MOMEHT UMITYJIbCA 3JIEKTPOHHOU 000JIOUKH.



JI>MOOBCKMI cIBUT YpOBHEH COCTOMT W3 JBYX dYacTe. OCHOBHas 4acTh
J3MOOBCKOTO  CIABUTra YPOBHEH  BbI3BaHA B3aUMOJCHCTBUEM  DJIEKTPOHA C
AJIEKTPUYECKUM IT0JIeM (pIIyKTyaluil Bakyyma. JTo moJie AEpraeT 3JEKTPOH U Kak Obl
pa3MasblBaeT DJJIEKTPOH M0 MajoMy oObeMy. Eciau paccmaTpuBath 3JIEKTPOH
pa3Ma3aHHbIM [0 00BEMY HEKOTOPOIO Majloro iapa, TO €ro KyJOHOBCKAsl YHEPIHs
B3aUMOJCHUCTBUS C SAPOM aromMa IO MOAyNI0 Oynaer Oosbllie, YeM DSHEprus
B3aMMOJICUCTBHUSI TOYEYHOTO DJJIEKTPOHA C SAAPOM aroMa. MeHsblnas 4acTb
J5MOOBCKOTO CIBUTA YPOBHEH CBf3aHA C POXKICHUEM BHPTYaJbHBIX 3JIEKTPOH-
MO3UTPOHHBIX Map BOJM3M aTOMHOrO sigpa. EcTh emie MeHblas 4acth, KOTOPYIO
OOBSCHSIIOT T€M, YTO MPOTOH MMEET KBapKOBYIO CTPYKTYpPY U MO3TOMY HE COBCEM
1apooOpa3HbIN.

MBI nOoJTy4nII, 4TO 3HEPTHs ATOMa BOJOPOAA KBAHTYETCS, TO €CTh IPUHUMAET
JUCKPETHBIE 3HAYEHUS. DTH PACCYNKIAEHUS SBIISIFOTCS OCHOBOM KBAHTOBOW MEXAHMKH.
Ecnn yacTuiia HaxoOqUTCS B OTPAHUYEHHOM 00BEME, TO Ha JJIMHE 3aMKHYTOTO MyTH
JOJDKHO YKJIQJIBIBAThCA LIEJIO€ YMCJIO JUIMH BOJIH. B TakoMm ciy4ae JUiMHA BOJIHBI J€
bpoinst MOKeT IpPUHUMATh TOJIBKO JHCKPETHBIE 3HAYEHUs, OTCIOJA II0JIy4aeM
JUCKPETHBIE 3HAYECHUS MMIIYJIbCA, JUCKPETHbIE 3HAYCHUS OHHEPIUM U JPYrUX
BeIMUYMH. Ecny )ke yacTulia He orpaHuyYeHa B HEKOTOPOM O0BbEME, TO JJIMHA BOJIHBI
ne bpoiins MOXeT NpUHUMATh JI0ObIe 3HAUEHUsI U3 HENIPEPHIBHOTO CIIEKTpa, TOr/AA U
ApyTUe CBA3aHHbIE C HEW BETMYMHBI IPUHUMAIOT JIIOObIE HETIPEPHIBHBIE 3HAUEHUSI.

Jns snexkTpoHa B aTOME BOJOPOJA, €CJIM TOJHAsL JHEPIUs JJIEKTPOHA
OTpULIATENBHAS, TO MIEKTPOH HAXOAUTCS B CBSI3AHHOM COCTOSIHUM, OH HE MOXKET YUTH
Ha OECKOHEYHOE pACCTOSHHE, OTCIOa IMOJIy4aloTCsS JUCKPETHBIE  YPOBHH
OTPULIATENIBHOM  DHEPrUM  DJJIEKTpOHA. Ecnu  momHas 3HEprus  AJIEKTpoHa
MOJIOKUTEIbHAS, TO OH MOKET OECKOHEYHO yJaJUThCsl, OpOUTA ANEKTPOHA HE OyAeT
3aMKHYTOW. Torma ypOBHM OJHEPrMM OJJIEKTPOHA C TOJIOKUTEIBHOM DJHEpPruen
NPUHUMAIOT JH0ObIE 3HAYEHUSI U3 HETIPEPHIBHOTO CIIEKTPA 3HAYEHUH.

IIpaBuia or0opa.

UYro Oyzner B TOM ciyd4ae, €CIM OJUH 3JJIEKTPOH B OJHOM aToOMe BOAOPOJa
OJIHOBPEMEHHO HAXOJUTCSI M B COCTOSHUM n=2 U B coctosHun n=3?7 Takoe
COCTOSIHME aTOMa HAa3blBalOT CYNEPIIO3ULIUMOHHBIM cocTossHueM. Kak ke Tak? Mbl
TOJIBKO YTO OOCYKJaja, YTO BOJHOBas (PYHKIMS B Ka)KIAOW TOYKE JIOJKHA MUMETh
OJIHO 3HAYE€HUE, A 3/1€Ch MOIYYAETCs /IBa, OT KaXJI0W BOJIHBI 110 OJHOMY 3HAYEHUIO?
Her, 3Hauenne BONMHOBOW (PYHKIIMU B KaXKIOW TOYKE OyIeT OJHO, paBHOE CyMMeE
3HaY€HUH IBYX BOJH C KAKUMHU-TO KO3PPHUIIMEHTAMHU.

N300pa3um 1Be paccmaTpuBaeMble BOJHBI Ha OJHOM pPUCYHKe. B cocrosiHuM
n =2 Ha JJIMHE IYTH 3JIEKTPOHA YKJIAJbIBACTCs ABE BOJHBI 1€ bpoiis, B COCTOSHUM
n =3 — TPU BOJHBI.




W3 pucyHka BUAHO, YTO B BEpXHEW YACTH TPACKTOPUHU SJIEKTPOHA 00 BOJIHBI
OJTHOBPEMEHHO JOCTUIaloT MakcuMyMa. IIpym MX CIOKEHHM IOIY4YUTCS BOJIHOBAS
¢GyHKIUsA OOJBIION BeMMYMHBL. B HIKHEH 4YacTH TPAaeKTOPUM OJHA W3 BOJIH
IPUHUMAET IOJIOKUTEJIBHOE 3HAaYeHue, a Apyras — orpuuarensHoe. Cymma AByx
BOJIH B 9TOM 4aCTU TPAEKTOPHUH OJM3Ka K HYJIIO.

BBepxy, rne BonHOBas (yHKUUS HMeEET OONBIIYI0 BEIUYMHY, OKaXeTCs
0oJbIlas MIOTHOCTh AJIEKTPOHHOrO oOnaka. BHu3y, rae BoiHoBas (QyHKUMs Maia,
IUIOTHOCTb JIEKTPOHHOro obsiaka OyneT Maina. B pesynbrare 31eKTpoHHOE 00J1aKO
OK@)XXETCsI CMELICHHBIM BBEPX OTHOCHUTENIBHO sAnpa aroma. LleHTp TsKecTn
OTPULATENIFHO  3apSUKEHHOTO  DJIEKTPOHHOTO  00Jlaka  OKa3bIBaeTCsl  BBIIIIE
IIOJIO’KUTEIBHO 3apsDKEHHOTO siipa. OTO O3HA4YaeT, 4TO PaCHpelecHHE 3apsioB
CUCTEMBI UMEET ICKTPUYECKUMN TUIOJIBbHBIA MOMEHT P :

p=2q;7 = p(F)Fdr.
i 14

ATOM MOXET MUMETh OTJIMYHBIA OT HYJISI JUMNOJIBHBI MOMEHT TOJIBKO TOT[A,
KOrJla OH OJIHOBPEMEHHO HAXOJUTCS Ha JABYX YPOBHSX JHEPIHMH. YPOBHHU DHEPIHUU
aToMa — 3TO TO K€ CAMOE, YTO U YPOBHU IHEPTHM DJIEKTPOHOB B aroMe. Monekyna
MOXET HMETh OTJIWYHBIA OT HYJISI JHUIOJbHBIA MOMEHT M B COCTOSHHHM C
omnpenaeneHHo sueprueil. Hanpumep, B monekyne HCl anekTpon ot aroma Boopoaa
CMEIIEH B CTOpOHYy aromMa xjopa, u wmoiekyina HCl wumeer asnmexkTpuyeckwii
JUTIOJIBHBI MOMEHT B COCTOSIHUU C ONPEICIICHHON SHEPTUEH.

3amMeTuM, 4YTO B AaTOME HE TIOCTOSHHBIA JUIIONBHBIA MOMEHT, a
OCHMJUIMPYIOIIMM € YacTOTOM IepexoAa MEXIy IBYMs YpPOBHSAMH JHEPIHM, Ha
KOTOPBIX KaXXIbId aTOM OAHOBPEMEHHO HaxoauTcs. U nerictBuTenbHO. {1 BOJIHBI 1€
bponns:

EF=ho

p=hk’
Ecnu sneKkTpoH HaxXoIWTCs OJHOBPEMEHHO B JBYX COCTOSIHUAX n=2 U n=3, TO
KOKIOM W3 JIByX COOTBETCTBYIOIMX OSHEPIrUid COOTBETCTBYET CBOSI 4YacToTa

y y E y
oCIMIOUMM  BOJIHOBOM q)YHKHI/II/I wy, 27’1 OJWHAaKOBasd B KaXIJOHM TOYKEC

IPOCTPaHCTBA. J{Be BOJHBI COCTOSIHUNA 7 =2 U n =3 B KaXJ0W TOYKE MPOCTPAHCTBA
OKa3bIBAIOTCS TO B OJMHAKOBOM (aze, TO B MPOTUBOMOJOXKHBIX (a3ax.



COOTBGTCTBGHHO, pe3ysibTar CJHOKCHHUA JBYX BOJIH HCIbITBIBACT OueHus c
. . Ey E, E3-F)
Pa3sHOCTHOHM HaCTOTOU W3y = W3 — W) = 7 - 7 = 7 . Tak xe Kak u pe3yJibTaT
CJIOKCHUA BOJIH OCHWJIMPYCT M INIOTHOCTL 3JICKTPOHHOI'O 06J1a1<a, u HHHOHLHBIﬁ
MOMCHT aToOMa.
OCIII/IJ'IJII/Ipy}OIHI/Iﬁ I[I/IHOJ'IBHBII\/’I MOMCHT H3JIy4acT CBCT HAa 4aCTOTC OCIII/IJIJIHHI/Iﬁ

Eys-FE
WM, KaK TOBOPAT, Ha 4YacTOTE INEpexoaa @s3o :%. ATOM wu3IIy4yaer Wiu

IOTJIOMAET CBET HA YaCTOTE HEKOTOPOTo MepexoAa TOrga U TOJIbKO TOrJa, KOraa OH
OJIHOBPEMEHHO HAaXOJIUTCS Ha JIBYX YPOBHSX 3HEPIUHU, CBA3aHHBIX PACCMATPUBAEMBIM
HEPEXOJOM.

C yderoM BTOpPHYHOIO KBAaHTOBaHMs BCE HE coBceM Tak. Haxomsace B
OIpPEECIEHHOM BO30YXKJIEHHOM COCTOSIHMM, aTOM H3JydaeT Oraroaapsi KBaHTOBOM
HEOIPENEICHHOCTH BEJIUYMHBI JUMOJIBHOIO MOMEHTA, XOTS CPEIHUN TUIOJbHBIN
MOMEHT pPAaBEH HYJIO. OJTO CIIOHTAaHHOE H3IYy4YEHHE aroMa WU W3JIy4eHHE 0]
BIMSIHUEM HYJEBBIX (IIYKTyallMii CBETOBOTO TMOJs. Y O3TOr0 U3IY4YEHHUS HET
ornpeaeneHHon (a3bl, (pa3za NOTHOCTHIO HE ONpEAeCHa.

PaccMoTpuM Teneps Cymneprno3ULMOHHOE COCTOSHUE aTOMa BOAOPOAA, KOraa
OH OJTHOBPEMEHHO HAaXOJNUTCS HA YPOBHAX n=2 U n=4.

N3 pucyHka BUAHO, YTO IUIOTHOCTH 3JEKTPOHHOIO 00JIaka CBEPXY U CHHU3Y
OJTHOBPEMEHHO CTaHOBHUTCSI OOJBILION, a 3aTeM OJHOBPEMEHHO CTaHeT Mmanou. Her
JUITOJIBHOTO MOMEHTAa B TaKOM CYIIEPIIO3UIIMOHHOM COCTOSIHMM aroMa. Ecimu Her
OCHMJUIMPYIOLIETO JUMOJIBHOTO MOMEHTA, TO aTOM B TAKOM COCTOSIHUM HE U3JTy4aeT U
HE MOIJIOIAeT CBET. B TakoMm ciydae mepexon MEXAY 3TUMHU YPOBHSAMH SHEPIUU
Ha3bIBAIOT 3aAIIPEUIEHHBIM MEPEXOJIOM WJIM MEPEXOJIOM, 3aNPEIICHHBIM B AUIOJIBHOM
PUOTMKCHUH.

3aMeTuM, YTO OCUWJUIMPYIOIIMI SJIEKTPUUECKUN KBAAPYIOJIbHBIA MOMEHT B
paccMaTpuBaEMOM CYIIEPIIO3UIMOHHOM COCTOSIHUM IIPUCYTCTBYET, HO H3JIy4EHUE
KBaJIPYMOJIBHOIO MOMEHTA Tropa3zio ciadee, 4eM U3IyYyeHHE TUMOJILHOTO MOMEHTA B
TOM ClIy4ae, KOrja pa3sMep H3JIy4arollerd CUCTEMBI rOpa3l0 MEHBLIE JJIMHBI BOJIHBI
ceeTa. s atoMa, Kak W3JIydarolle CUCTEMbI, UMEHHO TaKOU CIIydail U Peallu3yeTcs.
XapakTepHbI IWAaMETp aTOMOB — JECATbIE WIM COTbIE JOJIA HAHOMETpa, a
ONTHYECKAS [JIMHA BOJIHBI — JecATble Jonu MukpoHa. Ilo s3ton npuuunHe



U3IIy4eHHEeM 0oJiee BBICOKMX MYJIBTHIOJBHBIX MOMEHTOB aroMa IMpeHeOperaroT o
CPABHEHUIO C U3JTy4yeHHUEM 0oJiee HU3KUX MYJIBbTUIIOJIbHBIX MOMEHTOB. B wacTtHOCTH,
€CJIM y aTOMa €CTh OCIHWUIMPYIOIIHUA AUMOIBHBII MOMEHT, TO APYTHME€ MOMEHTHI HE
paccMaTpUBaIOTCS.

W3 nmpuBeneHHOTO pacCMOTPEHHUS] MOXHO C(OpMYJIHMpPOBATH MPABUIIO O0TOOpA.
Ecnu npu ciiokeHuu BOJMHOBBIX (DYHKIMM JABYX COCTOSIHMI MOJIy4aeTcs BOJHOBas
(GyHKUIHS CO CMEIIEHHBIM LIEHTPOM TSXKECTH, TO MEPEXOJ MEXKIYy STUMHU JIBYMs
COCTOSIHUSIMH pa3peLIeH.

KoMI/1eKCHOCTH BOJTHOBOM (PYHKIIMU.

Jna  ¢oToHa  BEpOSTHOCTH  €ro  OOHapyXXEHUs  MPOMOPLHMOHATbHA
MHTEHCUBHOCTH CBETAa, KOTOpas B CBOKO OYEpEeAb NPONOPLUOHAIBHA CPEIHEMY
KBaJpaTy HaIpSYKEHHOCTH CBETOBOM BOJIHBI. J[pyrumu ciioBamMH HaIpsiKEHHOCTb
BeJIeT ceOsl, KaKk BOJIHA, @ BEPOSATHOCTh MPOMOPIIMOHATIbHA KBaIpaTy HAMPSKEHHOCTH.

AHaNoOruyHO, AJis 3JEKTPOHA MPEIOoiaraiT, YTO BEPOSITHOCTb OOHAPYKUTh
ANEKTPOH B JAHHOM MECTE MPOCTPAHCTBA MPOMOPLUUOHAIBHA KBaApaTy MOIYJsS
BOJTHOBOM (yHKIMu V.

ITycTb 2JEKTPOH HAXOAUTCS B HUXKHEM COCTOSIHUM DHEPrUM FE| C BOJHOBOU

¢ynkuueir (. Torga BonHAa TrapMOHMYECKM M3MEHSETCd B KaXKIOM TOYKE

. E
INPpOCTpaHCTBA C YaCTOTOU @] = 71, TO €CTb IIpOoIOopHHOHAJIbHA COS((()I t+ g[)()) .

KBagpar MOZYJISA BOJIHBI U3MEHSETCH, KaK KBazpar KOCHHYCa
1 1 y
cos? (col t+ (po) =3 + ECOS(Z @1t +2¢ ) , U COICPXKHUT KOJIeOaHHsi C YIBOCHHOU

4acTOTON 2@ . [INOTHOCTB 31EKTPOHHOrO 00JIaKa NPONOPLHOHAIbHA BEPOSTHOCTU U
OCLIJUIUPYET C 4YacToTod 2. Takoe oOCHMUIMPYIOILEE 3IIEKTPOHHOE OOJIAKO
00s13aHO M3IIy4aTh CBET Ha 4acToTe 2®). M3mydas cBer, aToM TepseT SHEPrUIO U

00s13aH MepexoauTh Ha OoJjiee HU3KHUM ypoBeHb sHepruu. OJHAKO ¢ camMoro Hayania
MBI TIPEATIONIOKNIIH, YTO YPOBEHb £| — 3TO HM)KHUM ypOBEHb DHEPIUH, C KOTOPOTO

HEJIb3s IEPENTH Ha ele 0oJiee HU3KUM YPOBEHbD.

[Tonyuaercst npoTUBOpEUHE.

Uto0bl M30€KaTh MPOTUBOPEUYHS MOXKHO MPEIIOJIOKUTH, YTO B COCTOSIHUH C
ONPEAECICHHON HEPTUEN BJIEKTPOHA HA CAMOM JEJE JABE BOJIHBI, & HE OJIHA, YTO ATH

V4
JIB€ BOJIHBI CABUHYTHI MO (pase Ha EX U BEPOSATHOCTb OOHAPYKEHUS AJIEKTPOHA B

Ka)XIO0W TOYKE MPOCTPAHCTBA paBHA CyMME KBaJIpaTOB ATHX ABYX BOJIH.

CasunyTtble 1o ¢asze BOJHBI BeayT ceds, Kak CHUHyc M KocuHyc. Cymma
KBaJIpaTOB CHHYyCa M KOCHHyCa — 3TO €IMHHUIA U BO BPEMEHU HE OCIILIUPYET.
Taxum 006pazom, MOXKHO OOBSICHUTD, IOYEMY HET U3TyUYEHUs, KOT/1a aTOM HaXOAUTCS
Ha HIDKHEM YpOBHE SHEPTHUU.

Bmecto paccmMoTpeHus 1ByX BOJHOBBIX (DYHKIHH y10OHEE PacCMOTPETh OJHY
(GyHKIMIO, HO KOMIUIEKCHYIO, TaKyl0, YTO €€ BELIECTBEHHas M MHHMas 4YacTH
NpPEACTaBISIOT COOOM JIBe MCXOJAHBIE BELIECTBEHHBbIE BOJHBI. Torga BEpOsITHOCTD



OOHAPYXHUTh MEKTPOH OyIeT MPOMOpIHOHAJIbHA KBaApaTy MOIYJS KOMIUIEKCHOU

BOJIHBI.
Ecan BCIICCTBCHHAsA 4aCTb KOMILICKCHOM BOJIHBI IMpOoIoOpHrOHAJIbHA KOCUHYCY,

a MHHMas 4acTb IIPONOPLMOHAJIIBHA CUHYCY, TO CaMa BOJIHA IPOIOPLUOHAIbHA
JKCIIOHEHTE C YUCTO MHUMBIM [10KA3aTEIIEM.
—iwqt
lPl ~e ! .
3HaK MUHYC B IIOKa3aTeJle SKCIIOHEHThI — 3TO BONPOC COTJIAIIECHMUS.
B cocrosHuM ¢ ONpeneNeHHOW JHEpPrueW, Hampumep, FE; noJIyduM

2
“I’l‘ = const , U U3IIy4YEHUs HET.
OneparTop umMnyabcea.

PaccMoTpuM  MpOM3BOJIBHYIO IUIOCKYIO MOHOXPOMATHYECKYHO BOJIHY B
KOMILJIEKCHOU (hopme:

z((E N )—a)t)
VY = Ae .
i1 BostHBI 1€ bpoiisisi yd4TEM COOTHOLIECHUS:

_E

E=hw . =
p=hk PP
h

Y MIOJICTABUM BEJIMYUHBI K U @ B BBIPAXKEHUE JJIsI INIOCKOM BOJIHBL. Torma
[/~ -
%(( D7 )—Et)
Y= Ae :
PaccMoTpum rpaiueHT 3TOM MIIOCKOM BOJIHBI

i(pxerpywapZZ—Ez‘) i i((f),F)—El‘) i

VY = 4Veh = A— peh =—pV¥,
h h
— 0 0 0
rne V¥ =grad(¥Y)=| —e, +—e, +—e, |V.
& ( ) ot oy Y ozt
Toraa st IIOCKOW BOJHBI MTOIYyYaeM PABEHCTBO:
pY =—ihV¥.

DTO XK€ pPaBEHCTBO B ONEpPaTOpPHOM Buje (Mocie cokpaiieHus Ha VW) npumer
CICIYIOLIUN BU:

f) = —ihV — 3TO U eCTh omnepaTop UMITYJIbCa.

Kazanoce ObI B 3TOM paBEeHCTBE MaJIO CMBICJA, TOTOMY YTO OHO CITPaBEIJINBO
TOJBKO JIJIs TJIOCKMX MOHOXpPOMAaTH4YeCKUX BOJH. CMBICI €CTh, MOTOMY YTO JIFOOYIO

JIOKAJIM30BAHHYIO B IIPOCTPAHCTBC (I)YHKHI/II-O KOOpAHAT MW BPCMCHU MOIKHO
Pa3JI0KUTH 110 INIOCKMM MOHOXPOMAaTHYCCKHM BOJIHAM. KOG)(i)(bI/ILII/ICHTI)I PA3I0KECHUA

B 00111eM citydae OyayT GyHKIIUSIMU BPEMEHHU.

OnepaTtop 1000 (py3HYECKON BeJUYUHLI U CPeIHee 3HAYEHHE JTI000M
busnyeckoi BeJNYHUHBI.




[IpousBonbHas (Qu3nyeckass BeTUYMHA, KOTOpas 3aBHCHT OT COCTOSHUS
AJIIEKTPOHA, MOXKET OBITh BBIPAKEHA YEpe3 €ro KOOPAUHATBHI U UMITYJIbC (€1le U Yepe3
MPOEKIIUIO CIIMHA, HO JIJIsl MPOCTOTHI HA BpeMsi 3a0yieM 00 3ToM).

Paccmorpum cHavana ¢pu3MuecKyro BEIUYUHY F, KOTOpasi 3aBUCUT TOJBKO OT

KOOPAMHAT AJIEKTpOHA F (F)
Ilo ompeneneHur0 BEPOATHOCTH p; [-TO COCTOAHUA CpPEOHEE 3HAYEHHE
(bu3nyecKoi BEIMYMHBI F' MOXXHO HalTH 10 opmyie:

<F>:ZP1'Fi’

rae F; — 3HadyeHue (PU3NIECKON BEJIIMYMHBI [ B [ -OM COCTOSIHUU.
BeposiTHOCT, HalTH 3JEKTpOH B MajoM oObeme dJ BbIpakaercs dYepes

o 2
KBaJIpaT MOJyJisi BOJHOBOW (PYHKIIMM M paBHA “P‘ dV . Torga, cymmupys Mo BCeM

ob0beMaM dV', B KOTOPBIX MOXKET OKa3aThCs SJECKTPOH, TOTYUYUM PaBEHCTBO, KOTOPOE
CIIPaBEJIMBO B KaXKJbIii MOMEHT BPEMEHHU:

(FY=[F ¥ av =[¥"(7) F(7)-¥(F)-av =
(F)=[¥"(F)-F(7)-¥(F)-dv (2.1)

PaccMoTpuM Temepp  (DM3MUECKYIO BEIMYMHY, KOTOpas IPOU3BOJIbHBIM
0o0pa3oM 3aBHUCUT TOJBKO OT UMIIYyJbCa JJIEKTpOHA F ( f?). JIns TIIOCKOM BOJIHBI
I/~
A(por)-Et) R
Y = Ae C ONpENEIICHHBIM 3HAYEHHWEM WMITYJbCAa p MOYKHO HaIHCaTh
PaBEHCTBO

(F(p))=F(p)= J‘P*(t,F)-F(ﬁ)-‘P(t,F)-dV,

TaK Kak F ( [9) B NPaBOM YaCTH PABEHCTBA MOYKHO BBIHECTH 3a 3HAK MHTETpaja, a

OCTaBILUICS UHTETPAJI paBEH €IUHHIIE, TOCKOJIbKY MPECTABIAET COO0M CyMMy BCeX
BEPOATHOCTEN 0OHAPYKUTh SIEKTPOH B pa3HbIX o0bemax dV .

DTO paBEHCTBO CHOPABEMIMBO I JIOOOTO 3HAYECHHS UMITyJIbca U
COOTBETCTBYIOIIEN IUTIOCKOM BOJIHBI ‘W .

Ecnu B mpaByro yacth paBeHCTBA BMECTO F ( 13) MOJICTaBUTh Ty ke (QYHKIHUIO

F Tonpko OT omepatopa ummyJibca —iiV, a HE OT caMOro HMMIyjJbca p, TO
PABEHCTBO COXpaHUT cMbIcH. DyHKIMIO OT omeparopa [ (—ihV) HY>XHO IIOHUMAaTb
cienytouum o6paszom. HyxkHo B3sTb pasnoxkenue B psin Teitnopa ¢pyrkuun F(p) no
CTENEHSM MMIYJbca p, U B 3TOM Pa3jOKEHHH 3aMEHUTh HUMITYJbC Ha ONEPATOp

umnyibca —iiiV. Cuutas, 4YTO v? =A, MOXHO OCMBICIUTh JIIOOYIO CTENEHb
omeparopa HMITyJbca. B Takom cilydae KaKJI0€ ciaraeéMoe psiia U3 OINEepaTopOB
MMEET CMBICII, ¥ BECh PSJT UMEET CMBICT (YHKIIMH F OT OmepaTopa UMITYJIhbCa.



Eciu paccmotpers naeiictBue ¢yHkumu F  OT omepatopa HMITyJIbca Ha
IUIOCKYIO BOJIHY C OIPEACIICHHBIM 3HAaYEHUEM HMIIYJbCa, TO HAAO0 PacCMOTPEThH
nencrteue psaga Teisiopa Mo CTeneHsM onepaTopa UMITyJIbca Ha 3Ty BOJIHY. Kaxknoe
cllaraeMoe psiia Iocie BO3JEHCTBHS HA BOJIHY JACT Ty XK€ CaMy BOJIHY TOJIBKO C
COMHOJKHTEJIEM B BUJE MMILYJbCa B COOTBETCTBYHOLIEH creneHu. llpu cinoxeHnn
pslla IOIYYUTHCS Ta KE caMasl BOJIHA TOJIBKO C COMHOXUTENEM [ ( [9).

Torna B mpaBoii 4acTi paBEeHCTBA <F([9)> = J‘I’* (t,7)-F(p)-¥Y(¢,7)-dV nus
V
ITIOJIOCKOM MOHOXPOMATHUYECKOM BOJIHBI ‘P(t,? ) C OIpPENCIICHHBIM 3HA4Y€HUEM

UMITyJIbca p BMECTO COMHOXUTENs F ( 13) MOXXHO TMOCTaBUTh (YHKIHMIO OT

oreparopa umiryjabca F (—ihV). Pesynbratr npu 3TOM HE M3MEHUTCS. Torga MOXKHO

3a11caTb HOBOC PaBCHCTBO

(F(p))=[¥"(t.7)-F(=inV)-¥(t,7)-av (2.2)
vV
V H{(pr)-E) _
JJIA IIJTOCKOH BOJIHBI Y= Aeh C OIIpCACIICHHBIM 3HAYCHHUCM UMITYJIbCA p .

PaBenctBo (2.2) Oynmer crpaBeIIMBO W JJisi MIPOU3BOJIBHOM JIOKATU30BAHHON
bynkuun W, y KOTOpOH HET OMNpeNeseHHOTO 3HAYEHUs HMITYyJbCa, TaK KaK ATy
(YHKLIHIO MOXKHO B JIByX MECTax MpPaBOW YAaCTU PaBEHCTBA PA3NIOXUTh MO IUIOCKUM
MOHOXPOMATHUYECKUM BOJIHAM C ONPE/IEICHHBIM 3HAYEHUEM UMITYJIbCA.

N neiictButensHo. Onepatop F (—ihﬁ), JNIEUCTBYIOIIMI HA KXY W3 DTHUX

BOJH C ONpPEIEJIEHHbIM HMIYJbCOM, OyAE€T [aBaThb Ty JK€ IUIOCKYK0 BOJIHY C
- o *
koappunuenTom F ( p). Ecmu KOMIUIEKCHO CONpSKEHHBIN COMHOXHMTENL V5 —

IUIOCKasi BOJIHA C JAPYTMM HMITYJIbCOM, TO MHTErpajl paBeH HYJIO, TaK KakK IJIOCKHE
BOJIHBI OPTOTOHAJIBHBI, TO €CTh PABEH HYJIIO MHTETpal I‘P}l (¢,7)- ¥ B, (¢,7)-dV =0
V
IUIS IBYX BOJIH C Pa3HBIMU UMITYJIbCaMHU.
CrnenoBatenbHO, B IPABOM YacTH paBeHCTBA (2.2) mpu pas3niokeHuu (QpyHKIUU
Y mo BoJHAM C OMNpeAeleHHBIM HMIYJIBCOM OCTaHYTCS TOJILKO CllaraeMmbie, B

%
KoTopbIx ¥ 5 U b4 5 — COCTABIIAIOIINE BOJNHBI C OJHUM M TEM K€ MMITyJIbCOM. Jlist

ATOW BOJHBI C OINPEACICHHBIM UMITYJIbCOM p HUHTErpai J‘{’}(t,F)-\P ﬁ(t,F).dV
14
MIPEACTABISIET COO0N BEPOATHOCTh KOHKPETHOTO 3HAUYCHUSI UMITYJIbCA P B UCXOIHOM
nokanu3oBaHHOU QyHkiMu W .
CnenoBaTesibHO, B MPaBOM 4YacTU paBeHCTBA (2.2) moJiydyaeTcss cymMMa BHUA
Z p;F;, KOTOpas MO OIpPENEICHUI0 BEPOATHOCTH p; U PaBHA CPEIHEMY 3HAYEHUIO
1

<F ( ]3)> Taxkum o0Opa3om, paBeHCTBO (2.2) OKa3bIBa€TCS CIPaBEIJIMBBIM IS

MIPOM3BOJIBHOM JOKAIN30BaHHON PyHKIMu V.



O6o6mras pasenctBa (2.1) u (2.2) Ha ciaydait F (t,?, ]3) — TPOU3BOJILHOMN
(GYHKIIUM KOOPAWHAT ¥ UMITYJIbCA DJICKTPOHA, TTOTyIUM
(F(t.7,p))= [ (t.F)- F (7, ~ihV )- W (t,7)-dV . (2.3)
V

A

3necb BemuuuHy F=F (t,?,—ihV) HA3bIBAIOT OMEPATOpoM  (pu3MUecKoin

BEeIUYUHBI F = F(t,?,[?).

Nrak, omeparop mr060¥ (PU3NUECKONW BEIMYWHBI MOKHO HAWTH CJIEIYIONUM
oOpa3om. HyXHO B35Th BbIpa)keHUE 3TON (HPU3MUECKON BETUUYHMHBI Yepe3 KOOPAUHATHI
U MMITYJIbC, PA3JIOKUTh 3TO BbIpaXEHUE B pAn Teinopa mo CTENEHsSM UMITYJbCa, B
NOJIy4eHHOM psae Telnopa BMECTO HMMITyJbCa NOACTaBUTH OIEPATOP HMITyJIbCa
—ihV . D10 1 GyzeT omepaTop COOTBETCTBYIOMIEH DU3NUECKOI BETHIMHBL.

Cpeanee 3HaueHMe (QPU3NYECKOM BEJIMYMHBI B COCTOSIHUM C BOJIHOBOM
dyukiuenr ¥ MoXeT ObITh BRIPAXXEHO Yepe3 onepaTop ATOoM (PU3MUECKON BETUUMHBI
o ¢opmyie (2.3)

(F(6.7.p))= ¥ (t.F)- F - (t,F)-dV

Ypasuenue Hlpeaunrepa.
PaccmoTpum omepatop sHepruu. [ 3TOro, B COOTBETCTBHU C OOIIUM

IpaBUJIOM TOJIyYE€HHsI onepaTtopa 000l (pU3nyeckol BEIUUUHBI, B BHIPAXKEHUH IS
2

CYMMbI KWHHETHYECKOW U MOTEHUHUAIbHON dHEeprun £ = 5—+ V' BMecTo ummyibca p
m

TIOJICTABUM OIIEpaTop uMmIyJsibca p =—ihV . Torma onepatop SHEPruu Wi OMepaTop

["amMunbTOHA MPUMET CIEIYIOLIAN BU

- R .
A=L (y-—T A4V,
2m 2m

DTO ¢ OAHOW CTOPOHBI, & C APYrol CTOPOHBI, MOJIYYUM OMNEPATOP SHEPTHH,
aHAJIOTMYHO TOMY, KaK MbI MOJYYMIN ONEepaTop UMMyjbca. Jljig 3Toro paccMoTpum
OPOU3BOJHYIO IO BPEMEHH OT IUIOCKOM  MOHOXPOMATHYECKON  BOJIHBI

((Bor)-Er)

¥ = Aeh M TIOJTyYHM, YTO
L oY
ih—=FY,
ot
rae £ — BHeprus 4acTullbl, Il KOTOPOW HamMcaHa BOJIHA Jie bpois.
CraenoBarteibHO, iha— — TOXE ONEePaTOp SHEPIHUU.
t
A2
p 5 ., O
JIBa BBIpaXk€HUS MJI OINEpaTopa SHEPTrUU 2— +V u zha— HE PaBHBI JPYT
m t

APyry TOXACCTBECHHO, HO Ha BOJHOBYIO (I)YHKIII/IIO OHHMN OOJI’KHBI HCﬁCTBOBaTB
OJHMHAKOBO.



CrnenoBaTenbHO, BOJTHOBAsI PYHKINS JOJDKHA YAOBIETBOPATH YPABHEHUIO

HY = iha— — 3T0 U ecTh ypaBHeHue Llpeaunrepa.
t
- PP _
3necy H = Ey. +V — omneparop 'amwibroHa, e p=-ihiV — omepaTop
m
UMITYyJIbCA.

A

Ecau 21eKTpOH B3aUMOJEHCTBYET C DJIEKTPUUECKUM IIOJIEM, TO V =q@, rae ¢

— CKaJSpHBIM TOTEHUHMANT SJIEKTPUYECKOro MoJids. A KaKk Y4YecTb BIIMSIHHUE
marHuTHoro mosst? Ilpobimema B TOM, uto cuia JlopeHIa mneprneHIuKyIsipHa
CKOPOCTH 3apsijia, IO3TOMY OHA HE COBEpIIAeT paboTy U HE MOXKET OBbITh CBSI3aHA HU
¢ kKakoii sHeprueit. Kak ke maruutHoe nosie yuectb B ypaBHeHnuu Llpenunrepa?

ho E
Jle Bpoiine npeanonoxui, 4to aBa 4-X BeKTopa | ¢ | U c paBHBI Apyr
hk p
ApYyTy, HO €CIIM K KUHETHUYECKON AHEpruu A00aBUTH CIaraéMoe g¢@, a K UMIYJbCY
E
HIYEro He N0GABIATH, TO | ¢ nepecraeT ObITh 4-X BekTOpoM. [laBaiiTe 1006aBUM K
p
£ a9
4-x BexTopy | ¢ | 4-X BEeKTOp | ¢
p g4

B cucreme CI'C I'aycca: | .

ho| (E) (492) [E*4p

u, B cien 3a ne bpoiutem, Oynem cuutath, 9to | ¢ |=| ¢ |+| ¢ |= c

hk p) \qgd) \p+qd

ho) (E 49| ( E+qe
B cucreme CI'C Taycea: | o = . [+ |5 < |

C, (& .
k) \p) a4 || p+da
c C

Torma, muddepeHUpys TMIOCKYI0 MOHOXPOMATHYECKYIO BOJIHY, TMOJYyYHUM, YTO

omneparop iha— COOTBETCTBYeT BenmunHe hw=E+q@, a omepatop —ilhiV
t

COOTBETCTBYET BeNUUuHe hk = p + gA
B cucreme CH: h/€=z;+12.
c

2

Ecaun TCIICPb PaBCHCTBO JIA KHHETUYECKOMN OHCPIruu E=p— 3aliucatb B

2m
OTIEpAaTOPHOM BHJIE€ M TOJEHCTBOBATH HAa BOJHOBYIO (DYHKIHIO, TO TOJYyYUTHCS



(~in¥ —qA) o

0
aBHEHUE ih—— VY= b g WA HY =ih—, rae
7P ot v 2m ot
A 1 L= -T2
H= %[—Zhv — qA] +q¢.
2
—inv-14 2
B cucreme CI'C I'aycca: [ihaat—q(pj'{‘:(zmc)? 281071 I:I‘I’:ihaa—‘{; , Tae ﬂ:i{—ih?—%ﬂ} +q¢ .

Mps1 nonyunnu oneparop I'amunbroHa s ogHoM yactrnsl. Eciii B KBaHTOBOM
CUCTEME MHOIO 4YacCTHhll, TO omnepaTtop ['amMWIbTOHA 3aBUCUT OT KOOpAMHAT M
UMITyJIbCOB BceX 4actull. B pesynprare omnepatop I'amunbroHa B cucreme CU:

\ 1 r - _ 2
J J j<k

) 2
B cucreme equnun CI'C TI'aycca: H=Y 1{—1’71?]-—61/;1]} +q @it X Vik -
j ij c <k

j 3apif M Macca j-Oi dyacTuipl, V; — Omeparop
mudGepeHINpOBaHUs 10 KOOPAHHATAM j -Oi YaCTHIbL, ¢; U A; — CKasPHBIA U
BEKTOPHBIM MOTEHIMAIbl BHEIIHETO 3JIEKTPOMArHUTHOIO MOJisi (CBETOBOTO MOJs) B

TOYKE PACIOJOXKEHHUS  j-OM  YaCTHIIbI, ij — [NOTEHLMAJIbHAs  DHEPIUs

3nech qg; v m

B3aUMOJICUCTBUS j-OW U Kk -OW 4acCTHUL.

OOBIYHO  B3aUMOJICHCTBHME CO CBETOBBIM TIOJIEM pPacCMaTPUBAIOT B
AJIEKTPUYECKOM JIMIIOJIBHOM MPHUOIMKEHUH, TOTJa omepaTop ['aMHIbTOHa MOXET
OBITH PpeoOpa3oBaH K BUIY

H=H, —(fa,é(t)),

rae p=p= Zq j’jj — JIUTIOJIbHBIA MOMEHT CHCTEMBI YacTull (HE HaJl0 MyTaTh €ro ¢
J
UMITYyJIECOM, KOTOPBI MBI TOXE 0003HAYMIN OYKBOIA [9) é(t) — HaNpsHKEHHOCTh
AJIEKTPUYECKOTO TIOJISI CBETOBOW BOJIHBI, HO = —Z A + Z — omepaTop
F 2m <k

['aMunbTOHA CHCTEMBI HGBOBMYUIGHHOﬁ CBCTOBBIM ITIOJIEM.

Ypasuenue Kiaeiina — 'opaona — Doka.

A

2
—| —-p :(moc) — PEJATUBUCTCKOE BOJHOBOE YpPaBHEHUE ISl YaCTHILIBL,
c

. A0
KOTOpasi HU C KEM HE B3auMOJEICTBYyeT. 3nech E =zha— — OllepaTop JHEPruy,
4

A
N

p = —ilhV — omepaTop UMITyJIbCa.



PenstuBuctckoe YPAaBHCHHUC JIBUKCHUA BapH)KeHHOﬁ qacTulbl B IPUCYTCTBHUU
QJICKTPOMArduTHOI'O IIOJIA MOXXHO IIOJY4YWUTh, €CJIM IIOACTABUTH B YPAaBHCHHC JIA

. ~ .. 0
BOJIHOBOM (DYHKIIMHM KUHETHUECKYIO SHEPTUio £ = lha— — g¢ (TOJIHASI SHEPTUSL MUHYC
¢

SHEPrus B3aMMOJCUCTBUS YACTHUIIBI C DJIEKTPOMATHUTHBIM TIOJIEM ¢@) W HUMITYJIbC
p=—ihV —qgA.

2
1(.0 a2 2
| 5,99 W —(=ihV —gd) W = (moc)” ¥

2 2
B cucreme CI'C Taycca: p=—inv-24 u IZ(ihaat_q(pj T—(—ih?—gij LI’:(m()c)2‘~l’.
c c C
B penstuBucTckoM ciryqae Bmecto ypaBHeHus Kievina — I'opgona — dDoka
OOBIYHO paccMaTPUBAIOT ypaBHEHHE J[Mpaka, KOTOPOE OMUCHIBAET PENATUBUCTCKYIO
yacTHIly ¢ y4eToM cruHa. YpaBHeHue Knenina — T'opgona — @Poka ONHMCHIBAET
PENATUBUCTCKYIO YACTHUILYy C HYJIEBBIM CIIMHOM, HAIIPUMED, & -HACTHUILY.



