Pe3oHaHChI ABYX()OTOHHOI0 MOIJIOIIEHHS 0€3 J0NIePOBCKOr0 YIIMPEHUS
(IpoioJKeHE).
KomanuecTBEHHOE ONMCAHUE.
Paccmorpum ypaBHeHue Heiimana 11t MaTpHUIThl INIOTHOCTH O :

inp=[11,5],

rne H=H,- (ﬁ,E(t)) =Hy— f)E(t) — omeparop TI'amwmibrona, H, —
HEBO3MYIIICHHBII CBETOBBIM MOJIeM onepaTtop ['amunbToHa, p — oOmneparop
JUTIOJIBHOTO MOMEHTa MOJIEKYJbl, £ (t) — HaANPsHKEHHOCTh CBETOBOTO TIOJIS, p —

orneparop IMNpOCKUOUHU JHUIIOJIBHOI'O MOMCHTA MOJICKYJIbBI Ha eI[I/IHI/I‘IHHﬁ BCKTOp
IMOJIPpHU3allU CBETOBOH BOJIHBI.

HYCTB AJIs1 IIPOCTOTbI BCTPEUYHBLIC CBETOBLIC BOJHBI HMCIOT OJMHAKOBYIO
BCIICCTBCHHYIO aMINIUTYY {;0 , TOrJ1a

E(t)=¢ -cos(a)vlt+(010) +& -cos(a)vzt +(p20)

a)l =w—kV,
3mech §
Wy =w+kV,

Bo3bpmem ypaBHeHnne Heimana
infp =| Hy - pE(1). 7]
U pacKpoeM KOMMYTaTOp
ihp=Hop~pHy~E(t)-(bP~pb).-
IlogcraBUM B 3TO ypaBHEHHE MATPHULBI ONEPATOPOB B IPEACTABICHUU

COOCTBEHHBIX (PYHKIMI HEBO3MYILIEHHOTO oneparopa I'amuibTona H).
Martpuna mioTHoCTH OyAeT UMETh BUJI POM3BOJIBHON 3PMUTOBOI MaTPHUIIbIL:

P P2 P13
~ *
P=| P21 P P23 |>TAC Pik = Pk -
P31 P32 P33

HeBo3myiiennsiii onepatop I'aMuiabTOHa TPUMET B 3TOM INPE/ICTABICHUU
JaroHaJbHBIN BU:

E 0 0
ﬁo = 0 E2 O
0 0 E

Oneparop NpoEKIUU JUIMOILHOIO MOMEHTa MEPEX0Jia Ha €UHUYHBIA BEKTOP
MOJISIPU3AIlid  CBETOBOM BOJIHBI, HAO0OPOT, HWMEET HYJEBbIE JIUArOHaJbHBIC
BJIEMEHTHI:



0O pp O
p=lpn 0 pxy
0 pyp O
311eCh YUTEHO, UTO py3 = p31 =0.

HanomHuM, 4TO MaTpuUyHBIE 3JIEMEHTHI OlepaTopa MNPOEKUUU JUMOJIBHOTO
MOMEHTA MOTYT ObITh BBIYUCIIEHBI 1O CIEAYIOMUM (popMyiam:

* — —
Puk =Wy -(5:8) vy -av,
rae ﬁ:qu-Fl- — JIMMNOJIbHBIA MOMEHT MOJIEKYJIbl, € — EIUHUYHBIA BEKTOP
i

MOJIIPU3ALIUU CBETOBOM BOJIHBI.
Bri0epem ¢a3bl cOOCTBEHHBIX QYHKIUI i U |3 HEBO3MYILIEHHOIO OIepaTopa

I"'amunpTOHA Tak, YTOOBI BCE MaTpUYHLIC 3JICMCHTBI IIPOCKIHNH AUIIOJIbHOTO MOMCHTA

6 {Plz = P21
bIJIN BEIIICCTBCHHLIMHA , TOT' 1A
P23 = P32
0 po O
pP=|pr 0 py3| — oneparop NPOEKUUH JUIOJBHOIO MOMEHTa Ha
0 py O

€UHUYHBIN BEKTOP IMOJIAPU3ALUU CBETOBOU BOJIHBI.
IToncraBum MaTpULIbI OIIepaToOpOB Hy,p,p B ypaBHEHUE

ihp= I:IO,b — ,bﬁo — E(t) : (f?,b — ,513) , IEPEMHOKHM MaTpPHIIBI, n00aBUM
(heHOMEHOJIOTHYECKOE 3aTyXaHUe ¥ HaKauKy M IMOJTYIHM:

,.011+ Mo =71P —i%(t)(Pu - p21)

/;?22+ Y2020 = V2P + l'plzTE(t)(Plz —le)—ipstE(t)(Pz?, ~p32)
:.033+ V3033 = 7305 + ipBTE(t)(PB - p32)

,.021”0)21,021 +10p1 = i%(t)(ﬁ)u —,022)+ip23TE(t),031
/;?31“'5031,031 +T303 =l'pz3TE(t),021 —l'plzTE(t)Psz

,.032+ 103037 + 153035 = l'pBTE(t)(Pzz - p33) —i%(t)ﬁm

Jlanee Hy>KHO BBIIIOJHUTH J1BA ITyHKTA:
1). Pemuts ypaBHEHUS U HAUTH P53 .



+00
2). Basate unterpan [, ~N3y3g =734 J NOVZ -p33(V.)-dV, . 3nech y34 —
Q0

4acTOTa CIIOHTAHHBIX IEPEXO0B C YPOBHS 3HEPIUU 3 HA YPOBEHbH 4.

Jlig ynpoleHus: peieHusi CUCTEMbl YPaBHEHHM HYKHO YUUTHIBATh NPUHATHIC
NpUOKEHUS:

I'<<kU
2(0—0)31‘ ku

(()—a)zl‘>> kU

a)—a)32‘ >> kU

UroObl pemieHHMe HE ObUIO CIMIIKOM TPOMO3JAKUAM, OyaeM CYHUTaTh, 4TO
0o _ 0 _
P =p33=0.

bynem nckath cralimOHapHOE PELIEHUE CUCTEMBL P11 = P,y = P33 =0. Torma

Mo =71 —l'plzTE(t)(Plz - p21)

V2P = i%(t)(/olz ~P21) _l,1923TE(t)(p23 ~P32)

V3P33 :l'pBTE(t)(Pm - p32) 1
</f.721+l'0)21,021+r12,021=l'p E(t)(Pn—Pzz)”pzf(t)Psl v

,.031”‘031,031 +T303 :ipBTE(t)Pm _l.1912TE(t)p32

/;732+ 1033 + U337 = l'pstE(t)(Pzz - P33) —iplzTE(t)Pm

Niem perieHre B 1yxe NpUOIMIKEHUS BpAIAIOIICHCs BOJTHBI.

Byaem wuckaTh pelieHHE METOAOM IMOCIEAOBATEIbHBIX NPUOIIKEHUN TIO0
AMIIIIUTYAC CBCTOBOTO I10JIA. AMHJ’II/ITy,[[a CBETOBOI'O IMOJISI — MaJIbIi mapameTp.

[Ipn HyneBoW aMIIUTYyZEe CBETOBOTO IMOJiA (B HYJIEBOM MNPUOIMKEHHH IIO
aAMIIUTyaC HOHH) OTJIMYCH OT HYJIA GI[I/IHCTBCHHHﬁ YJICH MaTpHUIbI IINIOTHOCTHU

Pi1= 10101 :

bynem rosoputh, 4TO OH NPONOPLUMOHAJIEH HYJIEBOW CTENEHU AMIUIMTYJIBI

CBCTOBOI'O ITIOJIA:
.0
Pi1~ &
B cnenyromem npuOamkeHnd, B MEPBOM MPUOIMKEHUH IO aMIUTUTYAE MOJs,
MpaBasi YacTh YpaBHEHUM cucTeMsl (1) 1 31eMEHTOB MATPHUILIbl INIOTHOCTU OTIUYHA
OT HYJISI TOJBKO B 4-OM ypaBHEHUHU



T PE(1) .pnE(1)
Pr1+iwy Py + 001 =i 7 (,011 —P22)+l—h P31
E(¢t

U TOJBKO 3a CYET CJIaraeMoro i plzT() P11 B Ipasoi yactu, rae o #0. To ectp
ypaBHEHHE B IEPBOM MPUOIMKEHUN UMEET BU/I;

o pRE(t) o

Portioy oy + 1100 =i A

3nech

eia)'lt n e—ia)'lt ia)'zt n e—ia)'zt
E(t)=¢g——— ——+& ——

bynem uckaTh pelieHue Juis 3JIeMEHTa P, B BUJI€ COOTBETCTBYIOLINX YEThIpEX
KOMIUIEKCHBIX KCTIOHEHT C HEM3BECTHBIMU KO3 dunimentamu. B nyxe npubnmxeHus
BpAIAIOIIEHCsl BOJIHBI J]BA U3 YETHIPEX ClIaraeéMbIX OyAyT OY€Hb Majibl 1 MOTYT OBITh
OTOPOIIICHEI.

C nByMs OCTaBUIMMHUCS] KOMIUIEKCHBIMH 3KCTIOHEHTaMH U3 YEThIPEX IKCIIOHEHT
CBETOBOTIO MOJISl ypaBHEHUE PUMET BU:

* . Y20 —ia)'lt —ia)'zt
Pr1tiwy Py + 00 =i 5, Piile +e :

Nmem pemenue B BHUIE ABYX CJIAra€MbIX MPONOPLMOHAIBHBIX 3THM JBYM
HKCIIOHEHTaM, IPUPABHUBAEM JAPYT APYTY KOIPPHUIIMEHTHI MPU ITUX SKCIOHEHTaX B
IIPABOM U JIEBOM YACTAX PABEHCTBA U ITOJIyYaEM:

0 —ia)'lt —ia)'zt
_; Pa&op + e
2h rlz +i(a)21—a)1) rlz +i(0)21—0)2)

P21

YTO NMPONOPLUUOHAIBHO AMIUIMTY 1€ CBETOBOTO MOJIA &) .
Torna B 1-M npuONIMKEHUH MO aMILIUTYIE OIS &) MOIydaeM

0 0
P11 = P11~

*
P21=Pi2~ 8(1)
NPUOIMKEHUU OCTAIOTCS HYJIEBBIMM.

YT0o06B!I NOJYyYUTH BTOPOE MPUOIMKEHHUE 110 AMILTUTY/IE CBETOBOIO I0JISI HY’KHO
pelIeHue B IEPBOM NPUOIMIKEHUH TIOJICTABUTh B IIPABYIO YaCTh YPABHEHUHM CHCTEMBI
(1) nst MaTpuULbl IOTHOCTH.

Tenepb kK ypaBHEHHUSIM C OTIMYHOM OT HYJIS MPaBOM YaCThIO T00ABIAIOTCS 2-€
U S5-€ ypaBHEHHMs, KOTOpble B IPaBOM YaCTH COAEpKAT  CllaraeMble
IPONOPLUUOHAIIBHBIE Py UIH Py

OcTanpHBIE  DJIEMEHTHI MaTpuibl INIOTHOCTM B JOTOM

PE(t prE(t
V2P22 = lplzT()(Plz —,021) —lpst()(PB —,032)
) ) pnE(t pirE(t
,031+la’31,031+r13,031=lpz3—(),0 —11912—(),032

no h



COOTBETCTBEHHO BO BTOPOM IPHOIMKEHUM 110 aMIUIUTYAE CBETOBOIO IOJIA
OTJINYHBIMUA OT HYyJs CTAHOBATCA DIIEMEHTBI MATpPHULBl IUIOTHOCTH 0Opy U P31,
KOTOPBIE COZIEPKATCA B JIEBOU YACTH YPABHEHUM.

B sToM npubnmkeHnH B IpaBOM YacTU PaBEHCTBA 03, = pPr3 =0 . Torma

PiE(t)

. (,012 —,021)

. . pnE(t
P31+ion o3+ 13031 = ZT()le

V2P0 =1

Pemenne g 351€MEHTOB p,, W p3; ONATH HMIIEM B JyXe NPHOIMKECHUS
BpaIAIOILENCs BOJIHBL. Toraa pelmenue A J€MEHTa MaTPULbI INIOTHOCTU Oy

2.20
_ &P
P2 = 2
4h ]/2
21_‘12 +(ei(a)1a)2)t + ei(a)za)l)t]FIZ [ei(a)la)z)t _ei(a)za)l)tJ(a)zl _a)'l)
5 , 2 +i 5 . 2 +
F12+(a)1—6021) ' +(601—0)21)
2.2.0
L P12co 1
4h27/2

N

2F12 N (ei(a)'z —a)vl)t N ei(a)vl—a)vz )t]rlz [ei(covza)'l )t B ei(a)vl—a)vz )tJ(wZI B wvz)

+1i
2 ! 2 2 ' 2
I +(0)2 —a’zl) ' +(a)2 —5021)

OKa3bIBACTCA IOpa3a0 MCHBIIC MOAYJIS PCIICHHNS AJIA 3JIEMCHTA P31 -

2 0 —2ia)’1t
. __P1aDp3&A e B
4h2 (FIZ +i(a)21—a)'1))-(1"13 +l'((031—260'1))
2 0 —iwt
_P12P230 P € _
4h2 (FIZ +i(a)21—a)'2))-(1“13 +i((()31-2(0'2))
2 0 —2iwt
_P1aP3&AI e _
4h2 (FIZ +i(a)21—a)'1))-(1"13 +i(a)31—2a)))
2 0 —2iwt
_P12P230 P e

4n* (F12+"(“’21—a"2))'(rl3”(”31_260)).



()

31
HepaBeHcTBO p)y << ‘ p31‘ BBIMOJIHAETCS IIPU YCIOBUU - @,1|>>kU n B

I[EUIBHGﬁIHCM Prr MOXHO HC YUYHUTHIBATD. I[GJIO B TOM, 4YTO pp, COIACPKUT B

sHameHatene (@'- a)21)2, a P31 COACPXUT B 3HameHaTele (@'-w,)-(w3)—2w)

ropaszio  MEHBUIYI0 BEJIMYMHY, TaK KaKk II0 YCIOBHIO  PacCMOTPEHHS
‘0)31 - 2(0‘ << ‘a)'— C"ZI‘ .

B Tperrem npuONMKEHUHU MO aMILIMTYJE OJS HYKHO BTOPOE IPHOIIMKEHHE
MOACTaBUTh B IIPaBYIO YacCTh ypaBHEHUH cucteMsl (1).

B sTOM npubamkeHuu OTIMYHON OT HyJsl CTAHOBUTCS IpaBasi YacTh LIECTOTO
YpPaBHEHUS

. Pkt . pE(t
Pyptimyp3n + 1303, = l%(ﬂzz —,033)—1T(),031
B srom npubmmkennn p33 =0, mostomy

S . pE(t poE(?

Py tidsp3n +13p03 = l%ﬂzz —l%mla

ac yquOM pzz << ‘p?)l‘ HOquI/IM
. . .PoE(!
P3ptimnyp3 + 19303y = —Z%PM-
Pemras ypaBHeHue B yxe IPUOIMKEHUS BPAIAIOIICICS BOTHBI, TOJTYyUYHUM:
2 30
_ - PaP23& A1
P3r =1 3
’h
1 —ia)vzl e—iwllt

’ | + '
I3 +i(‘031 _2‘0) a3 +i(a)32 —a)z) I3 +i(6032 —0)1)

! + ! +
2F12 +i(a)21—a)'1) 2F12 +i(a)21—a)'2)
2 30
4 P12P3&0P1n
8n’
—ia)‘lt
) 1 1 1 +
(F12 +i(a)21 —a)l))-(F31 +i((031 —20)1)) -(F23 +i((()32 —0)1))
2 30
L+ P12P23&0P1
87>
—lla)vzt

.(Flz +i(0)21 _60'2))-(1“31 +i(a)31 —20)'2))-(1“23 +i(a)32 _‘0’2))'



B ueTBepTOM mpUOIMIKEHNN TIO aMILIUTY/IE CBETOBOTO IOJISl HYKHO B MIPaBYIO
4acTh ypaBHEHUU cucTteMbl (1) s 3JIIEMEHTOB MATpUIlbl MJIOTHOCTU MOJCTABUTH

pe3yNbTaT TPEThero NpuosmkeHus. B pe3ynbrare B TpeTheM ypaBHEHUU cucTeMBI (1)
MOSIBJISIETCSL OTJIMYHAS OT HYJIS MpaBasi 4acTh:

V3P33 = l'])z}TE(t)(PB ~P32)-
Pelast 5T0 ypaBHEHME B JyX€ NPUOIIMIKEHNS BPALAOLIENCS BOIHEI, TIOIYYHM:
s = P122P§3fig Al | 1 .
2n7y; (m21—w32)
4 . 1 . 1

2 2 ) , 2 b ' 2
F13 +(2a)—a)31) F13 +(2a)1—a)31) r13 +(2C{)2—0)31)

Bo BTOPOM HpI/I6JII/I}KCHI/II/I [0 aMINIMTYyAE€ CBETOBOro IIOJd WM B IICPBOM
HpI/I6JII/I}KeHI/II/I 10 HHTCHCUBHOCTH I10JIy4YacM

0 0
P11=P11~ &
1 *
P21~ & P12 = P21
3 5 , TIIe .
P~ & P13 = P31
2
P31~ &
B TpCTI)CM HpI/I6J'II/I}KeHI/II/I I10 aMHJ'II/ITy,IIe CBCTOBOI'O ITOJIA nonyqaeM
0 0
Pl1=PI1~ K
1 *
P21~ P12 = P21
2 *
P2~ & » THE { P13 = P31 -
2 *
P31~ & P23 = P32
3
P32~ &)

B YETBCPTOM HpI/I6HI/I}KCHI/II/I 10 aMINIMTyAC€ CBCTOBOI'O IIOJISI MJIIM BO BTOPOM
HpI/I6J'II/I}KCHI/II/I 10 MHTCHCUBHOCTH IIOJTYYHUM:

0 0
P11=P11~
1
P21~ & _ K
) P12 = P21
P22~ &) o
) » TIC 4 P13 = P31 -
P31~ & _
3 P23 = P32
P32~ &)
4
P33~ &y



B nmpuBeneHHBIX BbIlI€ BBIKJIAJKaX MNPOCMATPUBAIOTCS JBa Ipoilecca
3aCeJIeHUs TPETHEr0 YPOBHS SHEPTUU: CTYIEHYATHIN U 1BYX(OTOHHBIH.
CryneH4aTblii TPOLIECC 3aCENECHUS TPETHETO YPOBHS SHEPIUU:

0 1 2 3 4
(Pn ~<30)—>(,021 ~<30)—>(,022 ~<30)—>(,032 ~<30)—>(,033 N@o)-
JIByx(hOTOHHBII IIPOIIECC 3aCEJICHUS TPETHEr0 YPOBHS SHEPTHUU:
0 1 2 3 4
(Pn ~<30)—>(,021 ~<30)—>(,031 ~<‘30)—>(P32 ~<‘30)—>(P33 NSO)-
JIBa mpoliecca OTJIMYAIOTCS TOJBKO BO BTOPOM NPUONMKEHUU IO aMIUIUTY/IE

CBETOBOIO MoJisA. B cTymeHuaToM mpoliecce MOSBISETCS BEPOSTHOCTh OOHAPYKUTh
MOJIEKYJly Ha IPOMEXYTOYHOM 2-OM YpPOBHE DSHEPIUU 57, B ABYX(POTOHHOM

IPOLIECCE MOABIIAETCA KOTEPEHTHOCTD IIEPBOTO U TPETHETO YPOBHEW P37 .
[Ipn ycnoBuum TOrO, 4TO BTOPOM YPOBEHb JOCTATOYHO JAJIEKO PACIOJIOKEH IO
DHEPrMM OTHOCHUTENIbHO CEPEAMHBl MEXKIYy IIEpBBIM W TPETBUM YPOBHSIMU

31

T_wzl >> kU, BBINOJHAETCS HEPABEHCTBO oy <<‘p31 , U B OJTOM Clly4dae

CTYNIEHYAThIM 3aCelICHHEM TPEThEr0 YPOBHS JHEPTrUU MOXKHO MpeHeOpedb TIo
CPaBHEHUIO C ABYX(OTOHHBIM 3aCEIICHUEM.

OcHoBHBIE CBOMCTBA ABYX(DOTOHHOTO MpoIlecca:

1. HeBo3moxkxeH B uuCTOM BHUJE ABYX(OTOHHBIM mporecc 0e3 mpumecu
CTyNeH4YaToro mpouecca. JIByX(OTOHHBIN MPOIECC — 3TO MPOCTO YacTh BKJIaAa B
3aCEJICHHOCTh BEPXHET0 YPOBHS PHEPTUU B BUJE CJIAraeMbIX, KOTOPbIE MOTYYaIOTCS
Opy  pEIIeHUH CUCTEMbl ypaBHEHWH Uil MaTpulbl IUIOTHOCTH  METOAOM
MOCJIEIOBATENbHBIX MPUOJIMKEHUNH 10 aMIUIUTyne cBeToBoro moJtisi. Craraemele,
KOTOpBIE MOJYYalOTCS 4Yepe3 IPOMEXKYTOYHYIO BEIMYMHY L3, — OTO BKIAJ

IBYX(OTOHHOT'O MpOLIECcCa B 3aCEJICHHOCTh BEPXHEro ypoBHs 3Hepruu. Ciaraemsle,
KOTOPBIE MOIYYar0TCs Y€PE3 ppy — ITO BKJIAJ CTYNIEHYATOro mpouecca. Paznenenue
Ha JBYX(OTOHHOE€ M CTyHE€HYaToe BO30YKJEHUE BO3MOXHO TOJBKO IIpHU
pPacCMOTPEHHH 3a/ayll METOJOM IOCJIEOBATEIbHBIX NMPUOMMKEHUN MO aMIUIUTYAE
ITOJIS1.

2. JIByx(OTOHHBIN MpOIIECC — 3TO TaKOW MPOLECC, B KOTOPOM BEPOSITHOCTH
3aceJIeHHs] TPOMEKYTOUHOTO YPOBHS SHEPTUH MPEHEOPEKUMO MaJia MO0 CPABHEHUIO C
BEPOATHOCTBIO 3aCENEHHU KOHEYHOIO YPOBHS SHEPIUH P)o << 033 .

3. JByxdotonnslii mnponecc 3(PPeKTHBHEE CTYNMEHYATOro TMpU YCIOBUU
‘ p31‘ >> 099, UTO BBIIOJHAETCS IIPU YCIOBUU TOTO, YTO BTOPOM YPOBEHb TOCTATOYHO

AAJICKO PACIIOJIOKCH II0 SHCPIrMM OTHOCUTCIIBHO CCPCAWMHBI MCIKAY IICPBBIM U

31
TPETBUM YPOBHSIMH T—a)zl >>kU, m sHeprus AByX (POTOHOB MPUMEPHO

COOTBETCTBYET JHEPIUU IIEPEX01A C IIEPBOr0 YPOBHS HA TPETUHI ‘2(0 - a)31‘ =~ kU .

4. 3aMeTuM, YTO MPOMEKYTOUHBIH YPOBEHb MOXKET OBITh COBCEM JAJIEKO OT
CEpeIUHbI MEXKy NMEPBBbIM U TPETbUM YPOBHSIMU 3HEPTrUH. [IpoMeKyTOUHOTO YpOBHS
MOKET COBCEM HE€ ObITh, TOT/Ia €ro pojb OyAyT HrpaTh BCE OCTaJbHBIE YPOBHHU



sHepruu. Kaxnpli M3 OCTAJIBHBIX YPOBHEH OYEHb IUIOXO ITOAXOIUT Ha pPOJIb
IPOMEXYTOUHOIO YPOBHSI, HO TAKUX YPOBHEH OECKOHEUYHO MHOT'O, IO3TOMY MX BKJaJ
HE TaK y>K U Mall.

PeructpupyeMsblil B OIBITE CUTHaAJN MPONOPLUUOHAIECH 3aCEJIEHHOCTH TPETHErO
YPOBHsI DHEPIUH:

+00
N3 = I No,, P33 (V,)dv,, rne No, ~ — pacnipesenenne  Makcpenna
—Qo0
KOHIEHTparmu N IO MPOEKIUU CKOPOCTU V. 3aCeNeHHOCTh BEPXHETO YPOBHS N3
TMOJIy4aeTcs B pe3yabTaTe UHTETPUPOBAHUS P33, KOTOPOE MOJIY4aeTCsl IPU PEIIeHUN
cucteMbl ypaBHeHHH (1):

2 2.4 0
_ P& pils 1
4 2
2h 7/3 (6021 — C{)32)

P33

4 1 1
) + + , TJIe HYXHO

2 2 b , 2 9 , 2
F13 +(2a)—0)31) r13 +(20)1—a)31) F13+(2CO2—C{)31)

MOJCTaBUTh
0 =w—kV,
Wy =w0+kV,

+00

B pesynbrare wunterpupoBanust N3 = J NOV ,033(VZ)dV 3aMEHss  J1BA

zZ
—00
MOCJIEIHUX JIOPEHLEBCKUX KOHTYpa B (DUTYpHBIX CKOOKax JeiabTa-QyHKUUSIMU

Jlupaka, MOKHO MOJTYyYUTh:

Ny = 2Ny ,p122P%3<‘3(é)‘P101. 1
73I13 n (6021—@32)2
20-w3)
. ﬁ.h.e_(zwj It
4 kU

F123 +(2a)—a)31)2

20)-&)31
o /4 Fl 3 2kU
BI[eCB cjlaracMo€ rayccoBou (bOpMBI —_— e OIIUCHIBACT
4 kU
HIPIpOKI/IfI U HU3KUU KOHTYp HOTJIOLICHUA ABYX (1)OTOHOB u3 O,Z[HOI>’I CBETOBOU BOJIHBI,

I3
F123 +(2(0—C()31)2

KOHTYP MOIJIOIIEHUS ABYX (POTOHOB U3 BCTPEUHBIX CBETOBBIX BOJIH.

a JIOPCHLCBCKOC cCliaracMoc OITMCBHIBACT y3KHﬁ U BBICOKHM



3aMeTuM, 4TO y3KUH KOHTYp Jaxe YK€, 4YeM B CIIEKTPOCKOIWU HACBIILICHUS
nornouienus. [leno B Ttom, 4to I'|3 JOIDKHO OBITh MaJIOM BEJIMYMHOM, TaK Kak

NEePEX0]l MEXIy IEPBBIM U TPETHUM YPOBHAMH 3ampeleH py3 =0. B takom caydae

nedazupyronme WU JICOPUCHTUPYIONIWE  CTOJIKHOBEHHUS  MOJIEKYJ  OYCHD
MAaJIOBEPOSITHBI, U BeIMUnHa [')3 onpenensercsa TOJbKO CIIOHTAHHBIMU IIEPEXOJAMU C

ypoBHEN 1 ¥ 3 U CTOJIKHOBEHUSIMU TYyIIAIMMHU YPOBHH 1 1 3.

CPT-pe3oHnanc.

bau3zkum 1o cBoel mpuUpoAEe K PACCMOTPEHHOMY BBIIIE PE30HAHCY
IBYX(OTOHHOTO TOTJOMEHNUss 03 JOIUIEPOBCKOTO YIIUPEHUS SBIACTCS TakK
Ha3bIBa€Mbld pe3oHaHC KorepeHTHoro rieHeHusi HaceneHHocTw (KITH) wmu CPT-
pe3onanc (coherent population trapping).

Paccmotpum atom ¢ A -cXemMoOil ypOBHEW SHEPrud, B KOTOPOM HUKHUUI
YpPOBEHb JHEPruu ciabo pacileruieH, HampuMep, CBEPXTOHKUM paCUICIUICHUEM,
YPOBHHU KOTOPOTO pa3inyaroTCsi OpUEHTAIMEN MATHUTHOTO MOMEHTA sAJIpa aTOMa.

1

Ycnosue pPE€30HaHCa COCTOUT B TOM, HYTO PA3HOCTb YACTOT JABYX CBCTOBBIX

nosneit (a)l - a)z) COBIIAJAET C PA3HOCTBIO YACTOT JIBYX MEPEX0J0B (a)31 - a)32) :
Ecnu cBeTOBbIE BOJIHBI @ U @) — OJHOHAINpPABJICHHbIE CBETOBBIE BOJIHBI, TO B
Pa3HOCTH 4acTOT (a)l —a)z) JOIJIEPOBCKHE CABUTU COKpamarTcsa. Toraa pe3oHaHC

HaOJI0JaeTCsl cpa3y Ha BCEX MOJIEKYJIaX, YTO 00ecreunBaeT OOJbIION CUTHA.

Ecnu ycnoBue pe3oHaHca HE BBIIIOJIHEHO, TO 00a CBETOBBIX IOJISI HE CIUIIKOM
3¢ (eKTUBHO, HO NepeOpachlBalOT aTOMbI C HIKHUX ypoBHEH 1 M 2 Ha BepXHUH
ypoBeHb 3. Eciu ycloBHUE PE30HAHCA BBINOJHEHO, TO CTAaHOBSTCS BO3MOKHBIMU
IBYX(OTOHHBIE MEPEXOAbI C YPOBHs 1 Ha ypoBeHb 2 U 0OpaTHO C MPOMEKYTOUHBIM
ypoBHeM 3. Kak mokaspIBaeT pellIeHHE YpaBHEHUN ISl MATPHLbl IJIOTHOCTH, MPHU
TaKMX IEepPexo/lax ypOBEHb 3 MOYTH HE 3aceysiercd. MOXHO CcKa3aTh, 4TO aToMam
CTAHOBHUTCSl HEKOI'ZIAa IOTIJIOIIATh CBET C ypOBHEW | M 2, Tak KaKk OHU CIMILKOM
3aHATHI JBYX(OTOHHBIMH Tiepexonamu 1-3-2 m 2-3-1. HaceneHHOCTh TUIeHsAETCS HA
HIDKHUX YPOBHSX JHEPrur (pEe30HAHC KOTEPEHTHOrO IUJIEHEHUS HACEJIEHHOCTH).
PesynpraTomM Takoro nmporecca SBISETCA  BO3HUKHOBEHHE  KOT€PEHTHOCTH
noaypoBHEH | M 2 HM)KHEro YpPOBHSI SHEPrHMM, KOT€PEHTHOCTh O3HAYAaeT HAJIUYME
HEIMarOHAJILHOIO JIEMEHTA MaTPULIbl INIOTHOCTU 5] .



B pe3ynbTaTe 3aBUCUMOCTh HACEJIEHHOCTH YPOBHS 3 OT YacTOThI OJHOTO W3
CBETOBBIX IIOJIEH, HampuMep @,, UMEET Y3KMH DPE30HAHCHBIM IpoBal Ha (OHE

HMIMPOKOTO JOIJIEPOBCKOTO KOHTYpa JMHUU TOTjolleHus. Pe3oHaHnc npeacTaBieH Ha
CJIEIYIOLIEM PUCYHKE.

1 los,
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PeructpupoBath 3aceneHHOCTh YPOBHS 3 MOXHO, HaOJI0Jas WHTEHCHUBHOCTH
(baroopeclieHIIMK ¢ YpOBHS 3 Ha KaKOH-JIMO0 Ipyroil ypoBeHb, Hanpumep 4.

B o6miem ciyyae pe30HAHCHBIA MpOBal JOJKEH OBITh HECKOJBKO CMEIIEH
OTHOCUTEJILHO IIHMPOKOTO KOHTYpa MHKa, HO €ClU IIMpUWHA NpOoBajia HA TOPSAJIKU
MEHbIIE HIMPUHBI MUKA, TO €r0 CMEIEHWE Ha BEJIMYMHY MOPSAJKA WIA HECKOJIBKO
0oJIbIIIE IUPUHBI POBaja He OyAEeT 3aMETHO 10 CPABHEHUIO C LIMPUHOMN IMHUKAa.

3nech Oofpliasi MIMPUHA MHKA OMNPEAENseTCS MajlblM BpPEMEHEM JKHU3HU
BEPXHET0 YPOBHS, a Majlasg LIMPHHA MpoBaja OIpeAesseTcss OOJIbIIMM BpeMEHEM
MOMEPEeYHO penakcaluu (HEAHMArOHAJBHOTO 3JEMEHTa MAaTPHUIbl TIOTHOCTH)
MOJypOBHEHN HUAKHEro YpoBHA. Eciii ypoBHU 1 U 2 SBISAIOTCS MOAYPOBHIMU HUKHETO
YPOBHSI PHEPTUU aTOMa, TO BPEMS JKU3HU HUKHETO YPOBHS OCCKOHEYHO, a IMHUPUHA
MpoBajla OMNpEAEseTCs BPEMEHEM pa3pylIEHUs] KOTEPEHTHOCTU MOJypPOBHEH
HIKHETO YPOBHS, TO €CTb BpPEMEHEM 3aTyXaHWs HEIUAroHAJIbHOTO 3JIEMEHTa
MaTpHUIIbl IJIOTHOCTH, COOTBETCTBYIOIIETO NOAYPOBHAM 1 1 2.

[lIupuHa pezoHaHCa MOXKET COCTABIISATh HECKOJBKO ['epll, uTo ABISIETCS OYEHb
MaJIOW BEJIMYMHOU MO CPABHEHUIO C ONTUYECKON 4acTOTOM nepexonoB 13 u 23.

O6a pe3oHaHca U pe30HAHC JBYX(OTOHHOI'O MOTJOIIEHUS 03 JOTIIEPOBCKOTO
YIIUPEHUS U PE30HAHC KOTEPEHTHOTO TUICHEHHS] HACEJIEHHOCTH CBSA3aHbI C HAJMYHEM
HEJMaroHaJbHOrO 3J€MEHTa MATPUIIbI ITIOTHOCTH U JIBYX CBETOBBIX MoJjeil. B oboux
Clly4asiXx HeJIMaroHaJbHBIA 3JIEMEHT CBA3BIBAET KOHEYHbIE YPOBHH JIBYX()OTOHHOIO
nepexoja. B mepBom ciydae 3TO DIEMEHT p3, KOTOPBIA CBA3BIBAET BEPXHHU H

HIDKHUM YpOBHM KACKaJHOW CX€MBbI, a BO BTOPOM CIIlyda€ — 0, KOTODBIi

CBA3BIBACT MOJYPOBHU HUXKHETO YPOBHS ONTUYECKOro repexojia. B HoBocuOupckoit
HAy4YHOM IIKOJIE€ STU SIBJICHUS, KaK M JI0Oble Apyrue SsBJICHUSA, OCHOBAHHbIE HA



MOSIBJICHUW HEUArOHAJIBLHOTO AJIEMEHTa MATPHIIBl TFIOTHOCTH TPU B3aUMOICHCTBUH
C JBYMS CBETOBBIMH TIOJISIMH, OOBEOWHSIOTCS TEPMUHOM  HEJIMHEHHBIN
uHTEepDEePEeHIIMOHHBIN P HEKT.

Jlasepsbl 0e3 HHBEpPCHUN.
MexaHu3M ycWIeHHsI CBeTa B Jjazepax 0e€3 MHBEPCHUU TMOX0XK Ha MEXaHU3M
dhopmupoBanusi CPT-pe3onanca (KITH — korepeHTHOro mieHEHUs HACEJICHHOCTH).

4

1

B ycnoBusx pe3oHaHca @ —@, =@,| HABYX()OTOHHBIE IIEPEXOABI MEKAY

ypoBHsIMH 1-3-2 (1 00OpaTHO) BBI3BIBAIOT IJICHEHHE HACEJIEHHOCTEW HAa YPOBHSX 1 U
2, U 3aTPYAHSIOT MOTJIOIIEHWE CBETa aTOMOM C YpOBHS 1 M ypoBHS 2, Tak Kak aTOM
CJIMILIKOM 3aHST JBYX(GOTOHHBIMU Tepexoiamu. B pesynbTaTe misi Kakoro-imoo
npyroro mepexona 1-4 umum 2-4 moryonieHue cBeta ¢ ypoBHer 1 u 2 Oyzaer
3aTpyIHEHO, W HEOONbIIONW 3aCeJIeHHOCTH YPOBHS 4, CO3JAaHHOW, HampuMmep,
paspsiioM B Trase, OyJeT JOCTaTOYHO JJIs YCWJICHHUsI CBeTa Ha mepexoje 4-1 wim 4-2.
DTO yCUJIEHHE CBETA U MO3BOJISIET CIEaTh Jlazep 0€3 UHBEPCUU MEXAY YPOBHEM 4 U
ypoBHEM | wim ypoBHEM 2 ¢ U3ydeHUeM Ha nepexoe 4-1 unu 4-2.

Eciu cBETOBBIE BOJIHBI () U ) — OJAHOHAINPABICHHBIE CBETOBBIE BOJIHEI, TO B

Pa3HOCTH YaCTOT ((()1 - (()2) AOIINICPOBCKUC CABUI'M COKpAIlarOTCA. Toma YCHUJICHHUC

06e3 wuHBepcuu HaOJIOAAaeTCs cpa3dy Ha BCEX MOJIEKYJIax C JII00OM MpoeKiuen
CKOPOCTH Ha JyY.

Ha neBoMm HmxecnenyrwolieM pHCYHKE TMpEACTaBlIEHa KacKaJHasi CcXema
YpOBHE J1azepa 0e3 nHBepCcHH. J[Ba CHIIBHBIX BCTPEYHBIX CBETOBBIX IMOJIS C YACTOTOM
@ B YCIOBUAX pE30HAHCA B pe3yJbTaTe ABYX(OTOHHBIX TEPEXOJOB BBI3BIBAIOT
IIJICHEHHE HACEJIEHHOCTH Ha YpPOBHAX | M 3, 4TO 3aTpyAHSET MOTJIOIIEHUE CBETA C
ypoBHsI | Ha ypoBEHb 2, TaK KaK aTOM 3aHAT ABYX(OTOHHBIMU mepexonamu 1-2-3. B
pe3yibTare, eclii KakuM-IM0O0 HEKOrepeHTHbIM O00pa3oM 3aceliuTh YpPOBEHb 2,
HAMpUMep, JJIEKTPUUYECKUM pa3psaoM B Ta3e (KpUBbIE JHMHUM HAa PHUCYHKE), TO
nepexo/bl ¢ YpOBHs 2 Ha YPOBEHb | C yCHJIEHHEM CBETa Ha ATOM MEepPexo/ie HUYEM He
OynyT 3aTpydHEHbI, a TOTJIOIIEHHE CBeTa Ha mepexojae 1-2 3aTpyAaHEeHO
nByX(oToHHBIMU Tiepexofamu 1-2-3. B Takom ciyyae gaxe NpH 3HAYUTEIHLHOM



MPEBBIIICHUH HACEJIIEHHOCTH YpPOBHSA | HaJ HACEJIEHHOCTBIO YPOBHS 2 CBET Ha
nepexojie 2-1 OyAeT yCUIUBAThCS.

Ecau BOJIHBI BCTpPEUHBIE M COBHAAAIOT MO YacTOTE, TO JOIUIEPOBCKUE CABUTH
COKpAIAOTCs ¥ B ABYX(OTOHHOM MPOIECCE YYACTBYIOT BCE MOJIEKYJIBI.

Ha nmpaBoM HmkecneayroneM pucyHKe NMPUBEAEHA cXxema ' ypOBHEN 3HEprun
nazepa Oe3 uHBepcuu. CHIIBHOE CBETOBOE IMOJie Ha mepexoae 1-2 3aTpyaHser
NOTJIONIEHUE CBETa ¢ YpoBHA | Ha ypoBeHb 3. B pe3ynbTaTe HEKOTE€pEHTHOE
3aceJIeHHEe YpOBHA 3 MO3BOJISIET MOJYYUTh YCUICHHE CBETA (M JIA3EPHYIO T€HEPALIUIO
0e3 mHBepcun) Ha mepexone 3-1. B aToil cxeme ypoBHEH AOIIEPOBCKUN CIBUT
4acTOTbl HHMYEM HE KOMIIEHCUPYETCsA, MO3TOMY B CJabOM IOJIe B CO3JaHHH
KOTepEHTHOCTH ypoBHeM | m 2 Oymer ydacTBOBaTh Majasi 4acThb MOJEKYJ C
ONPEACICHHON MPOEKUUEN CKOPOCTH Ha Jyd. MOXHO YBEIWYHUTh KOJIUYECTBO
Y4acCTBYIOIIUX MOJIEKYJI, €CIH MOJIE HA 4aCTOTE )y, OyneT 04eHb CHIIbHBIM R > kU .

4
\ 2
1
OcTaHOBKA CBETA.

[Tpu nabmonennu CPT-pe3onanca (pUCYHOK HUXKE) 3aBUCUMOCTH MOIIHOCTH
U3Iy4YeHHs Ha nepexole 3-4 OT 4YacToThl «, NPONOPLHMOHAIBHA 33aBUCUMOCTH

4
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K03(puLmeHTa MOrIoMEHus CBETa C YPOBHA 2 Ha 4acToTe @,. JlMCIEpCUOHHBIE

cootHomeHus: Kpamepca — KpoHura onpeneisitoT YacTOTHYH 3aBUCHMOCTD
MOKa3aTeNsi TPETOMJICHHS] CPEIbl COOTBETCTBYIONIYIO YACTOTHOW 3aBUCHUMOCTH
Kod(puIeHTa morIoneHusl.
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B pesynbrare B 4acTOTHOH 00JacTH OYEHb Y3KOrO pe30HAHCAa MPOU3BOIHAS
dn

d_ OKa3bIBACTCSI OYCHH OOJBIION TOJIOKHUTEIHHON BETUYMHONW. ITa TPOU3BOIHAS
w

c .
— KOTOpasi B y3KOH IoJIoCe
n
n+—aw
dw
yactoT CPT-pe3oHaHca CTaHOBHUTCS OYCHb MAJIOM BEJIMUYMHOM, JOCTHTAs JCCITKOB

MCTPOB B CCKYHAY. DTO SIBJICHME U HA3bIBaIOT OCTAHOBKOM CBETA.

OIpeIeIseT IPYIIOBYI0 CKOPOCTh CBeTa V,, =

HecTtanmmouapHasi HeJIMHEHHAs Ja3epHasi CIEKTPOCKONN.
Onruuyeckue ypasauenus biioxa.




VYpaBuenuss bnoxa ObLIM TIEPEHECEHBI B ONTHUKY U3 TEOPHUH SACPHOTO
MarHuTHOro pe3onasnca (IMP).

VYpaHenust broxa ygoOHBI i Ka4YeCTBEHHOTO "Ha majblax" pacCMOTPEHHUS
HECTAIIMOHAPHBIX ONTHYECKUX SIBJICHUN B JIByXyPOBHEBOU cpejie.

PaccMoTpuM ypaBHEHHSI TSI MATPHUIIBI TUIOTHOCTH JIBYXYPOBHEBOW CHCTEMBI B
NpUOTMKEHUU BPAIAIOIICICS BOJTHBIL:

j o .R,. -
P11t NP1 =PI —ZE(Plz —,021)

) o .R, . -
1P22t V2P22 =72P22 + 15(1012 - ,021)-

" o~ - .R
Pr1— 101 + TPy ZZE(PM - 022)

[Iponymepyem 31u ypaBHeHus, kKak ypaBHenus (1), (2), (3).
Hanomuum, 4to B 3THX ypaBHeHUsXx Q=w-kV,—-w,1 — paccrpoiika

qacTOTbl CBCTOBOI'O IIOJSI OTHOCHUTCIBHO YaCTOTHI IIEPEXoAda B CHCTECMC OTCUCTA
MOJICKYJIbBI, ,521 — aMIUIMTYyJa HCANATrOHAJIbHOI'O 3JICMCHTA MATPHIIbI INIOTHOCTH, a

CaM  HEJMaroHalbHBIH OJJIEMEHT CBA3aH C  aMIUIMTYIOH  COOTHOLIEHHEM

~ —7 IS ~ ~*
Pr1=p1e P, te p=wt—kz+ @y =o't + @y — haza cBETOBOM BONHBL; P15 = Pr1;
R=P0

%k
el gactoTta Pabu; p = Il//l ( p.é )1,//2 -d¥ — MUNONBHBIN MOMEHT IMepexonaa

(HenmaroHalbHBI MAaTPUUYHBIM 3JIEMEHT MPOEKLUUHU JUIOJIBHOTO MOMEHTA INepexoa
Ha €IMHUYHBII BEKTOp MOJSPU3ALNUUA CBETOBOU BOJIHBI); P = qufi — JIATIOJIBHBIN

l
MOMCHT. HaHOMHI/IM, qTO B CHUCTCMC OTCHUCTA MOJICKYJIbBI 4aCTOTa CBCTAa CABHWHYTA

apdexrom Hdomepa o'=w—kV, .

OT 1ByX BELIECTBEHHBIX INEPEMEHHBIX pP)1, LPp7 U OJHOW KOMILJIEKCHOU
HNEPEMEHHOU pp| TepeiiieM K 4-M HOBBIM BEUIECTBEHHBIM II€PEMEHHBIM:
B|,B,,B3,By.

HoBbie nepeMeHHbIC ONPEETSIOTCS CISAYIONINMU YPABHCHHSIMU:

2py1 =By ~iBy
P22 = P11 = B3
P11+ P2 =By
By,[[eM cuuTaTtb, 4YTO HOBBIC HepeMeHHBIe, Kak Hu CTapBIe HC COI[ep>KaT
COMHOXUTCIIA NOV — paCHpeI[eJ'IeHI/Iﬂ KOHHCHTpaHI/II/I MOHeKy.H 10 HpOCKHI/II/I
z

CKOPOCTH Ha JIyH.

HuddepeHnnanbabie YypaBHEHUS 11 HOBBIX TEPEMEHHBIX MOIYYarOTCS W3
ypaBuenuit (1), (2), (3) a1t P7E€MEHTOB MaTPHIlbl TJIOTHOCTH IyTEM BBITIOJTHEHUS
CJICTYFOIIUX OTIePAIIHIA:



B+TB, —QB, =0
2Re(3) R
—2Im(3) By+TB, + QB —RB; =0
< => < , A€ IJId KpaTKOCTI/I
(2)-(1) By+yBy+7'By+RBy = yBY)
(1)+(2) .
By+yBy+y'By=yB}

BBEJICHBI CJICIYIONINE O003HAUYCHHUS:

_Nntn
=T

_2n
T

0 0 0
YB3 =200 —71P11

0_ 0 0
yBs =101+ 7222
Jlamee BBeJeM YIPOMIAMONIME TMPEANONIOKEHUS, KOTOPBIE TO3BOJT JaTh
KaueCTBEHHYIO HAIIIHYIO HHTEPIPETAIINIO HECTAIMOHAPHBIX ONTHYCCKHUX SBJICHHIA.
[Ipenmnonoxum:
+
AARYS)
2
=72
OTH NpeAnoaoKeHus 6ojiee WM MeHee cripaBeuuBbl 1 MK MosteKyIspHbIX
cnektpoB. O60CHYeM, MOYEMy TaK.

N+

C onnoii ctoponsl I'= +Faeqba3up06,<u +F0€0pueHmawu. A ¢ apyroit

CTOPOHBI, CTPYKTYpa SHEPreTHUECKUX YPOBHEW MOJIEKYJI OUY€Hb CJIOXHas U OoraTas,
MO3TOMY MPAKTHYECKH JHO00€ CTOJIKHOBEHHE MOJEKYJbl MEPEBOJUT €€ C OJHOTO
YPOBHsI 3HEpruu Ha Jpyroil. To ecTp Tylialmue CTOJKHOBEHHS NPOUCXOIAT IS
MOJIEKYyNl (B OTJIMYME€ OT aToMOB) Topa3o daile, 4eM Jedasupyromue u
JICOPUEHTUPYIONIKNE CTOJKHOBeHUs. Torna aedazupyronumMu U A€OPUEHTUPYIOIUMHU

+
CTOJIKHOBEHUSIMU MOJIEKYJT MOXKHO MpeHeopeub, u [ = nrr

Kpome Ttoro, mins UK crektpa momekyn, eciv BEpXHMM M HUKHUKA YPOBHU
sHepruu 00a BO30YKJICHHbIE YPOBHHU, TO OHU OJIM3KU IO SHEPIHH, MOITOMY YaCTO
OKas3bIBAETCS, UTO J| X )> .

C yyeToM MpHUHSATHIX NPUOIMKEHHUH TOTYIUM:
n=r=r=sy
{7' =0 '
Torpa nuddepenunanbubie ypaBHeHUS A7 4-X HOBBIX MEPEMEHHBIX MPUMYT
CJIeIYIOITUHN BUJT;



é1+ ]/Bl —QB2 =0
By+yBy + QB — RBy =0

By+ 7By + RBy = yBY

: )
By+yBy =yBy
3aM€TI/IM, YToO 4-6 ypaBHeHI/Ie JJIA HepeMCHHOﬁ B4 OKa3bIBACTCA HCCBA3AHHBIM

HU C IPYTUMH YPaBHEHUSIMH, HU C IPYTUMU MEPEMEHHBIMU.
OTO ypaBHEHHE

' 0
By+yBy=yBy
HMECT CICAYIOIICC PCIICHUC!
By(t)=B3 +Ae™",
CrnenoBaTtesibHO, MOCIE BKIIOUECHHSI HAKAYKU NIEPEMEHHAs B4(t) CTPEMUTCS K

3HAa4YCHHIO B40 HC3aBHUCHUMO OT HAJIM4HsA CBCTA.

Hac wnTepecyeT peaxius cpeabl Ha OBICTPHIC BKIIOUEHUS M BBIKIIOUCHUS
CBETOBOro moJjsi. B Takom ciydae MOXXHO CUMTaTh, UTO HaKayka OblIa BKIIFOYEHA
3aJ0JIT0 10 PACCMAaTPUBAEMBIX MAHUNYJSLUUU C aMIUIATYJIOW CBETOBOTO MOJS, H

nepeMeHHas B4 ycnea IpUITH K CTallMOHAPHOMY 3HaYEHMIO 32 :
By (t) = Bg = const .

Jlis  ocTanmpHBIX TpeX TMEPEMEHHBIX IMOJy4aeM CHUCTEMY CIEAYIOIIUX
muddepeHIanbHbIX YpaBHEHUMN:

é1+ 7/B1 = QBz

N

B.2+ }/Bz = RB3 —QBI

By+yBy =—RBy + yBY

PaccMoTpuM HEKOTOpOE aOCTPAaKTHOE TPEXMEPHOE MPOCTPAHCTBO U BBEIEM B
pPacCMOTPEHHE B OTOM IIPOCTPAHCTBE JIBA BEKTOPA!
5
B= B, | — Bekrop bioxa,
By

R
Ro=| 0
Q



PaccMoTpuM BEKTOpHOE MPOU3BENCHHE

— —

i j Ok
|B.Ro|=|Bi By Bs|=ByQi +(B3R—BQ)j—ByRk .
R 0 Q

CpaBHUM IIPaByI0 YacCTh MOJYYEHHOTO PABEHCTBA C IPABOM YaCThIO CHCTEMBI
Bl +y Bl = QBz
YPaBHEHUN < By+yBy = RB3 —()B| ¥ noiy4uMm:

Bsy+ 7By =—RBy + yBY

B+yB = [E,ﬁg} + 7§0 — nuddepeHnraibHOe ypaBHEHHE IS BEKTOpa
Bnoxa. 3I[GCB BBCJICHO 0603Ha‘—IeHI/IeI
0 0
7/Z§0 = 0 |[=y 0 — Pa3HOCTh HaKaueK 3aCeJICHHOCTEH YPOBHEIA.
0 0 0
7 B3 £22 = P11

Du3nyecKnil CMbICJ KOMIIOHEHT BekTopa bioxa.
HauyneM ¢ TpeTbeit KOMIIOHEHTHI BEKTOpaA biioxa:
By = pyy — pj] — Pa3HOCTb BEPOATHOCTEH OOHAPYKUTh MOJIEKYTy Ha BEPXHEM

Y Ha HWJKHEM YPOBHSIX SHEPTUU.
Ecim Bexrop bioxa nampasinen BBepx By =1, ToO MoOleKyaa HaxXOIUTCSA Ha

BEpXHEM ypoBHe dHepruu. Ecnmm Bekrop bioxa HampasineH BHH3 By =-1, To

MOJIEKYJIa HAXOAUTCS Ha HUYKHEM YPOBHE DHEPIUH. 10 €CTh BEpTUKAIbHAS POSKIUS
BeKTOpa biioxa mokaspIiBaeT, B KAKOM Mepe MOJIEKYJIa HAXOIUTCS Ha BEPXHEM WIIA Ha
HIDKHEM YPOBHE DHEpPruM. TpeTbs KOMIIOHEHTa BekTopa bioxa — 3T0 mMHBepcus
Cpelbl B TOM CMBICIE, YTO By =+1 COOTBETCTBYET MOJIHOCTHIO MHBEPTUPOBAHHOU

cpene, a By=-—1 COOTBETCTBYET IOJHOCTBIO HE MHBEPTUPOBAHHOW Cpene, KOoria
3aCEJICHHOCTh BEPXHETO YPOBHS PaBHA HYJIIO.

PaccMoTpuM Temnepp ABe NEPBbIX KOMIIOHEHTBI BeKTOopa binoxa By,B,. Otu
KOMITOHEHTBI MIMEIOT JIBa HATJISAHBIX (PU3UUECKUX CMBICTIA.

[IepBoIii CMBICH CBsI3aH C moOJIsIpU3anuen cpeasl. PaccMoTpum pacrtpeneneHue
MOJISIPU3ALMH 110 JIyYEBOM CKOPOCTH MOJIEKYI:

PVz :NOVZ '<p(VZ)>:N0VZ 'Sp('b(VZ)ﬁ):

Pu(7z) Pl )(0 p
V) P

Ny, S, &
= . p
OVZ 1021( z Z(Vz)

|| =¥, (o) 1002 -



ZNOVZP'2R6(P21(VZ)):NOVZP'2RG(%321(VZ)€_i¢):
= Ny, (2Re(21)-cos() + 2Im( foy)-sin () =
= pNOV (Bl cos(gp) - B, sin(go)), rje ¢ — ¢asza CBeTOBOW BOJIHBI.

JIBe TOopu3oHTaJIbHBIE MPOEKUUU BeKTOpa bioxa By U B, MOXHO BBIPa3UTh

4yepe3 IOPU3OHTAIBHYIO COCTaBIIAIONIYI0 BekTopa bioxa B :\/Blz +322 U yroJa

[IOBOPOTa ¢ B TOPHU3OHTAJIbHOM ILIOCKOCTU COCTaBIIAIOIIEH BekTropa bioxa B
OTHOCHUTEIILHO NIEPBOU OCH:

B, =B cos(a)
B,=B, sin(a)'
Torpa
PVZ = pNOVZ (Bl cos((p) - B, sin(go)) =
= pNOVZ B, (cos(a)-cos(@)—sin(a)-sin(¢))=
:pNoVZ B cos(a+qo). =>
By = pNOVZ B, cos(a + go)
N3 sToro paBeHcTBa ciemyeT 1-il CMBICT MEPBBIX JABYX KOMIIOHCHT BEKTOpa
bnoxa.

JumnHa cocraBisomeil Bekropa biaoxa B miockoctu (1, 2) B| ompenenser

AMILIUTYyAY MOoJdpu3alun CpCabl, a Yroja IIOBOPOTa & BECKTOpPaA binoxa B minockoctu

(1, 2) paBeH (a3oBOMy CHBUTY « TOJISIpU3ALUA OTHOCUTEIBHO (Da3bl CBETOBOM
BOJIHBI (.

Bropoli cMmbIcn nBYX NeEpBBIX KOMIIOHEHT BekTopa bioxa ompenensercs ux
CBSI3bI0 C KOA()(PHUIIMEHTOM MOTIIOMIEHUS CPE/Ibl U TOKA3aTEIeM MPEIIOMIICHHUS CPEIbI.
N3 4-x cnegyronmx cucteM

+00
2r
— = ! P =\ R _dV.
n—ngy= _
0 ” x {IDC:Z’GO c _J;O cy, " 2 PCVZ _pNOVZBl(VZ)
47 P, = y"& +o0 P, =-pNy B, (V)
N = " s _ Sy, OVZ 2\Vz
I’ZOC BS' - J PSVZdVZ
—o0
Inojry4acm
+00
B (V.
n—nozz—ﬁ-p- I MNOV dv,
o o % z

+00
N:_47M).p. J' MNOV dv,
noc & z

—00

Otcrona caexyer BTOpOM CMBICI JBYX IEPBBIX KOMIIOHEHT BekTopa biioxa.



KomnonenTa B; onpenenseTr J00aBKy K I0KA3aTEIIO IPEIOMIICHUS CPEIbL.

Kowmnonenra B, onpezneiser yCUaeHue Cpebl (—&).

KayecTBeHHBIH BW/I pelieHui ypaBHenuid bJoxa.
ChHayana MakCUMaJIbHO YNPOCTUM ypaBHEHHs biioxa v paccMOTpUM pelieHUs
ATUX YIPOIICHHBIX ypaBHEHMM. 3aTeM Mo3TamHO OyjJeM BO3BpaIlaThCs K
PacCCMOTPEHUIO HACTOAIIMX ypaBHEeHMM broxa, u OyaeM cieauTh, Kak MpPU TOM
U3MEHSIOTCS UX PEIICHUS.
JIns Havyana paccMOTpuM ypaBHeHUs bioxa

B+yB=[B,Rg |+ B

0
6e3 nakauku B° = 0 =0 u 6e3 3aryxanus y =0. Toraa ypaBHeHus: bioxa
0 0
P22 ~ P11
OPUMYT CJIEAYIOIINI BUI:
B=[B.Rg],
R
B _ _PX _ .
rie Ro=|0 |, R=— — 4acrora Pabu, Q=w'-w,|; — paccTpoiika 4acTOThI
Q

CBECTOBOI'O I10JIA a)' B CUCTCMEC OTCUCTA MOHCKYJ'H:I OTHOCHUTCIIbHO 4aCTOThI Hepexozxa
(()21 .
CpaBuuMm ypaBHeHus brnoxa 0Oe3 Hakayku M 3aTyXaHusi C ypaBHEHHUEM

BpAaIleHUs TBEPIOTO Teda BOKPYT (PMKCUPOBAHHOM OCH.
Ecnu Hayano KooOpAMHAT PacoyIoKEHO Ha OCH BPAIllEHHUS, TO

V= [a"),F ] , e V' — CKOpOCTh NMPOU3BOIBLHON TOYKH TBEPAOTO TEJA C pagnuyc-

BEKTOPOM 7 TIPU BPAILIEHUHU TBEPJOTO Teja C yIIOBOM CKOPOCTHIO @) .
CKOpOCTb — 3TO POU3BOAHASL OT PAIUyC-BEKTOPA IO BPEMEHH, TOT1a

—

r= [67),17 .
CpaBHUM TIOCJIeIHEE YpaBHEHUE C YpaBHEHHEM T BeKTopa biioxa

B=[-Rq.B].
B pesynbTaTe CpaBHEHHS NPHXOAMM K BBIBOAY, 4TO BekTop bioxa B

BpallaeTcsi ¢ yriioBOM CKOPOCTBIO (—RQ), w1 BekTop bioxa Bpamaercss BOKpyr

BEKTOpa RQ B JIEBYIO CTOPOHY.

Paccmotpum 31O BpanieHue.

[IycTh B HayaibHBIA MOMEHT BPEMEHU MOJIEKYyJIa HaXxOAWJach Ha ypoBHE 1,
TOT 1A



P =1 = ,022=<a;a2> =0 = a;=0

no mMoJjeKkyiam
P21 = <aikaze_iw21t> =0 =
no mMoaexKkyiam
Bl = 2Re[)21 =0 0
By =-2Impy; =0 = B(0)=| 0
By=pp—p1=-1 -1

— BEKTOp bioxa cMOTpUT BHU3 B Ha4daJbHBIM MOMEHT BPEMEHH. MOKHO ITOKa3aTh,
4TO KOHeI] BeKTopa bioxa He BBIXOAUT 3a mpenessl chepbl eAMHUYHOTO pajnyca.

[Iycte eme um paccTporKa 4YacTOTBl CBETa B CHUCTEME OTCUETa MOJIEKYJIbI
OTHOCUTEJILHO 4acTOThI Nepexoa paBHa Hyt0 2 =0. Torga

R R
RQ =| 0 |=| 0 | — BexTOp, BOKPYI KOTOPOro BEKTOp bnoxa Bpamaercs B
Q 0

JIEBYIO CTOPOHY, HANpaBJIEH BJIOJIb OCH 1.

—

Torna xonen Bektopa bioxa B JIBHXETCS MO OKPYKHOCTU B IIOCKOCTH 2,3,
KaK 3TO IIOKa3aHO HA PUCYHKE:
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PaccMOTpHM COOTBETCTBYIOIEE DTOMY BPAICHUIO M3MEHEHHE BO BPEMEHHU
BTOPOH U TPEThEM KOMIIOHEHT BeKTOpa bioxa B,,Bj3.

E.

1

OxaspIBaeTcsd, YTO HAJMYME MHBEPCHM 3aCEJICHHOCTEH cpenbl By BOBCE HE
O3HA4YaeT, 4YTO Ccpefa MMeeT ycuieHue Bp. Tak Hampumep, B MOMEHT BPEMEHH
MHBEpCUA ecTb B3 =1, a ycunenus Het B, =0. W, Ha000poT, B MOMEHT BPEMEHU 1)
UMHBEpPCHH HET B3 =0, a ycuiaeHne MakCUMaJIbHO By =1.



[TosicHuM, IoYeMy Tak IPOUCXOAUT. B MOMEHT BpeMeHU ¢, MHBEpcus ObICcTpee

BCEro yOBbIBaeT, TO €CThb MOJIEKYJIbl MEPEXOASIT U3 BEPXHEIO COCTOSHUS B HU)KHEE
COCTOSIHUE. DHEPIHUsl, KOTOPYIO TEPSAIOT MOJIEKYJIbl, pACXOAYETCSl HA YCUJIEHUE CBETA.
[ToaTomMy ycuneHne MakCHUMallbHO, KOT/Ia MHBEpCcHUs ObIcTpee Bcero yObIBaeT, a He
KOIJla MHBEPCUS MaKCUMalbHAa. OTO CHPABEAJIMBO TOJBKO B HECTALIMOHAPHOM
clly4ae, a B CTAJMOHAPHOM K€ MJIM KBa3UCTALMOHAPHOM Cily4yae, KOorja U3MEHEHUS B

1 1
Cpele MaJbl 3a BpeMs E<<_’ YCWJIEHHE Cpelbl —N MPONOPUUOHAIBHO UHBEPCHH

(N2 =Np)~(p22 = p11) = Bs.
YactoTa ocuMUIILIMNA HMHBEPCHMM M ycuiaeHus Rn paBHa uacrore PaOu

Ro=R= @ C »TOM 4YacTOTOM MOJIEKYyJa MEPEXOIUT C HUKHETO YPOBHS SHEPIHH

Ha BEPXHUI YPOBEHb U OOPATHO.
[Tycth TEnepsb paccTpoiika €2 OoTiaM4HA OT HyJd. Toraa
R

Ro=|0
Q

W nycth 1ig onpeneneHHoCTH paccTpoiika orpuuarensHas Q < 0. M3o0pa3zum
BEKTOp R ¥ MOKa)keM, KaKk BOKpPYT HEro Bpaiaercs BekTop bioxa.
3 3

Ro

PaccMoTpuM COOTBETCTBYIOLEE ITOMY BpAIlEHUIO BEKTOpa biioxa usMeHeHue
BO BPEMEHU MHBEPCUU CPE/Ibl — TPEThEl KOMIOHEHTHI BeKTOpa bioxa.

B3 = Py~ P
T~ - .
- ~ / ~
d ™~ e s t
M/W

3/1ech MyHKTHpPHAs JTUHUS — W3MEHEHUE MHBEPCUU NIPU HYJIEBOM paccTpoiike
4acTOThl CBETa OTHOCUTENIBHO YAaCTOThl mepexona =0, cruiomHas JUHUA —



oTiMyHas ot HyJs paccrpoiika 2 #0. Ilpu 2 #0 yacroTa OCHMIUISIUI CTAHOBHUTCS

0oJIBIIIE ‘RQ‘ =+ R2 + Qz , 4 AMIUTUTY1a — MEHBbILIIE.

[Ipu pe3koM BKIIFOUEHHH CBETOBOTO IMOJISI BOZHUKAIOT OCHUJUISILIUM WHBEPCUU
cpensl ¢ yactoTor Pabu. Ocumisiuy NoCTeNeHHO 3aTyXakoT.

Paccmorpum Teneps ypaBHeHnus bioxa ¢ yyetom 3atyxanus y #0:

B+yB=[B.Rg].

[Ipu Bpamenuu tBEepaoro tena V = [CT),F ] , Tne V' — CKOpoCTb J1000M TOYKH,

KOTOpas HCIOABMI)XKHA OTHOCHUTCJIBHO TCJIa V'=0. Eciu OTHOCHTEIIHLHO TBEPAOIO
TCJIa TOYKa ABHMKCTCA V'?’—'O, TO B HCHO,Z[BPI)KHOﬁ CUCTEME KOOpAUHAT CKOPOCTH
OTHOCHUTCIIbHO TBECPAOIro TCJia V' nu CKOPOCTb TOYKH CaMOI'O0 TBEPAOIO TEJia [E),F]

CKJIaJIbIBAIOTCS:
B dr d'r . _
V=V'+ a),r] => —:—+[a),r],
dt dt
-
rIe % MIPOU3BO/IHAS IO BPEMEHU BO BPAIAIONIEHCS CUCTEME KOOPAUHAT.
t

AHaIOTUMYHO CBSI3aHbI Apyr € ApyroM mnpou3BOJHBIC IO BPEMCHU OT JTH000T0

BeKTOpa A B HEMOABMIKHOMN M BPAILAIOIIEHCS CUCTEMAX KOODJUHAT:
d4A d'A [ ~]

L W

dt  dt

O6CYIII/IM, €M OTIHMYAKOTCA IPOU3BOJAHLIC IO BPEMCHH B HCHO,Z[BI/I}KHOI\/’I 51
dd  d'A

Bpamafomeﬁcm CUCTCMAX KOOpAUHAT: 7 u 7
4 4

—

d.
BCKTOp 7 B IPOCKHNUAX Ha HCIIOABHWIKHBIC OCH (OCI/I KoopauHat
t

HGHOI[BH)KHOﬁ CHCTCMBbI KOOpI[I/IHaT) HMCCT TPU KOMIIOHCHTBI PaBHBIC IIPONU3BOJHBIM

. dA .
I10 BpCMeHI/I oT COOTBGTCTBYIOIHI/IX HpOCKHI/II/II 7 = A
t




'

AHanOru4HO BCKTOp 7 B MPOCKIMUAX Ha Bpalmaromucecs OCH KOOpAMHAT
4

Ay
d'd_|
HMECT BH] 72 Ay' BCKTOpa, COCTOAMCTO H3 TPEX KOMIIOHCHT, pPaBHBIX
t
A,

MIPOU3BOAHBIM [0 BPEMEHH OT COOTBETCTBYIOIIMX MPOEKIMI Ha BPAIIAKOLIUECS OCH
KOOpJUHAT.
[Ipon3BogHyr0 1O BpPEMEHM BO BpalAIOLIEHCAd CHCTEME KOOpPAMHAT OT

ITPOU3BOJIBHOT'O BEKTOpa A

d'A dA [6?),;1]

dt dt
CpaBHUM C JBYMs IICPBbIMU CJlaraCMbIMH YPAaBHCHUA [JII BCKTOpA BJ'IOXEI,

NEPETNHUCaHHOTO B CIeAyIoUel Gpopme:

B-|-Rqy.B|+yB=0.
3 CpaBHCHM: CJICAYCT, YTO ABa IICPBLIX CJIara€MbIX MOKHO IIPCACTABHUTh, KaK
ITPOMU3BOAHYIO OT BCKTOpa bnoxa 1o BPpEMCHU B CHCTEMC KOOpJAHMHAT, KOTOpasd

BpaIlaeTcs ¢ yriIoBOH CKOPOCTHIO (—RQ) :

B-[-Ro,B]-12.

Torga B 3TOM BpalaroLIEHCs CUCTEME KOOPAWHAT YPAaBHEHHE ISl BEKTOpa
bioxa npumer Bux:

d'B -
——+yB=0.
a7

Pemenue storo YpPaBHCHH OKCIIOHCHIHMAJIBbHO 3aTyXa€T BO BPpCMCHU:

B — B e

By (t)=B(0)-¢ 7",

Torna pPEUICHUC 1JIs1 BEKTOpa bnoxa B HEMOJIBMKHOM CUCTEME KOOpAWHAT —

ATO BEKTOp, BpaUalOUIUMHCA C YIJIOBOM CKOPOCTBHIO (—RQ) U OJHOBPEMEHHO

YKOPaYHBAOLIHIICS IPOMOPLIHOHATIBHO KCIIOHEHTE ¢ /" .

VYytem Tenepb U HaKauKy 7BO B ypaBHEHUU 1Jisi BekTopa bioxa:

B+yB-[B.Ry]-7B".
OO6miee permieHre 3TOTO0 HEOJHOPOTHOTO YpPAaBHEHUS PAaBHO CyMMeE OOIIETro

pelleHnsT OJHOPOJHOTO YPAaBHEHHMsT M YaCTHOIO PEUIEHUS HEOJHOPOIHOIO
YPaBHEHUS.



OO6miee pemieHre OMHOPOIHOTO YPAaBHEHHUSI MBI TOJIBKO YTO OOCYIWiIH. DTO
penieHre ypaBHeHus: bioxa 0e3 HakauKw.

WNmem dacTHOE pelieHHEe HEOJHOPOJHOTO YpPaBHEHHS B BHIE BEKTOPHOU
KOHCTAHTHI. DTO TaK Ha3bIBAEMOE CTAIIHOHAPHOE PEIICHHE:

chal/l (t)zconst => chaz,; =0.
Torma ypaBHeHHMe mUIsI CTaMOHAPHOW YacTH Bekropa brnoxa mnpumer
CIEAYIOLINMN BU:
B _I'B B 0
YBemay = [chau’RQ] +yB".
OTO TpU JMHENHBIX YPAaBHEHMs Ul TPEX HEU3BECTHBIX IPOCKLUN BEKTOpa

bnoxa. Tpu nuHENHHBIX ypaBHEHHSI C TPEMsI HEU3BECTHBIMH MOKHO PEIIUTh B 00IIEM
BHJIE:

0 0
b= 2
y“+R°+Q
By~ 71’;(/7822— ,01012 )
y“+ R +Q
(72 +92)(on2 —,0101)
Bscmay = 72 +R?+Q?

OO6miee perieHre HEOMHOPOMHOTO YpaBHEHHS Il BekTopa bioxa wumeer
pELIEHNE B CIIEIYIOLIEM BUE:

B(1) =By + Bsam (1).

Jnnamuvecku Illltapk-3¢dekt naun 3¢pdexr lllTapka B 11ojie CBeTOBOM BOJHbI
(o1eThblii aTOM).

Juuamuueckuit 3¢dexr Illtapka cocTOUT B TOM, YTO YPOBHHM IHEPTUHM aTOMa
WM MOJIEKYJIbl PaCIICIUISIIOTCA M CIBUTAIOTCA B CBETOBOM ToJie. lIposiBisieTcs
paclilernieHie YpOBHEN B TOM, YTO aTOM, HaXOJsACh B CWJILHOM CBETOBOM IOJIE, UMEET
JUTS €III€ OJTHOTO MPOOHOTO CBETOBOTO TOJISI TPH JIMHUM TOTJIOIICHUSI BMECTO OJTHOM.

ATOM HaxoOJIWUTCA B JABYX CBETOBBIX MOJIAX B OOIIEM CiIydae pa3HOW YaCTOTHI.
[Ipu 3TOM ABa CBETOBBIX TOJIA CKIAIBIBAIOTCA TO CWH(A3HO, TO TpoTuBo(dazHo. B
pe3yJIbTaTe aTOM OKa3bIBAE€TCS B CBETOBOM IOJIE, AMIUIATYIa KOTOPOTO UCIBITHIBAET
OveHus Ha pa3HOCTHOM wvacToTe AByX mosied. To ecTb, aToM HaxoguTCs B
HECTAllHOHAPHOM CBETOBOM IIOJIE.

[Tokaxkem, 4TO aTOM B HECTAllMOHAPHOM CBETOBOM MOJIE UMEET TPHU JIMHUU
TIOTJIOIIECHHUS BMECTO OJTHOM JIMHUH.

[IpoBeaeM paccMoTpeHHE C MOMOIIBIO BekTopa biioxa.

JIBe mepBbIX KOMIIOHEHTHI BeKTOpa biioxa cBsi3aHbl C MOJIApU3ALMEN CPEIbIL:

By, = pNo,, (BL(V,)-cos(@)—By(V,)-sin(gp)), rae




p=0't+oy=(0—kV, )t +@9 — da3za cBETOBOM BOJHBI B CHCTEME OTCYETa
MOJIEKYIIbI (BoOOIIIE TO, (paza — ckassp 1o rpynie JlopeHia).

PaccMotpum BekTop biioxa Ge3 3aTyXaHHs U HaKauku: B = [—EQ,E] Bexrop
R
Bioxa B Bpamiaercs BOKPYT BEKTOPa (—EQ), rae RQ =1 0
Q

Toraa mepBbie nBe KOMIIOHEHTBI B; u B, Bekropa bioxa B, Bxoasduiue B

BBIPXKEHUE JJIS MOJISIPU3ALINT PVZ , OCIIMJUTHPYIOT € 4acTOTOH Ry =V RZ+07.

Paccmotpum Bpamienue Bekropa bioxa iy aroMoB (WJIM MOJIEKYJT), KOTOPBIE B
HayaJbHbIM MOMEHT BPEMEHM HAXOAATCA HAa HWKHEM YypOBHE JHepruu. lorma B
HYJIEBOII MOMEHT BPEMEHH BEPOATHOCTh OOHAPYXHUTh aTOM Ha HW)KHEM YPOBHE

SHEPruu paBHA €JIMHULIC Pll(o) =1, u Bexrop bioxa B HyneBoil MOMEHT BpeMeHU
0
HarnpaBJI€H BEPTUKAJIbLHO BHU3 E(O) =| 0
-1
Bpamenue Bexropa bioxa Bokpyr BekTopa RQ B JIEBYIO CTOPOHY M300pa)eHO
Ha HUKECJIeIyIOIIeM pUCYHKe st ciydast 2 <0:

7|

W3 pucyHka BUJHO, YTO
By = Bjg - Byg - cos(Rqy?)
By =—Bj -sin(Rq )
Iloncrasum By u By B ypaBHEHUE
. = o, (B(V.)-cos(p) - By (V. )-sin(p)). e 9 =0t + g,
Bei0epem Hayano oTcueTa BpeMEHH Tak, YToObl @y =0 U ¢ = @'t:

B, = pNy, ((BIO - By cos(RQt))-cos(a)'t)+B20 sin(RQt)-sin(a)'t))z

' B ' B '
:pNOVZ (BIO cos(a) t)—%cos((a) +RQ)t)—%cos((a) —RQ)t)j+



+PN0VZ (%COS((G)'— RQ)t) —%cos((a)# RQ)t)j =

B10+B

Byog— B
= pNOVZ Byo cos(a)'t)—pNO Tzocos((a)'+ RQ)t)+pN0VZ %cos((m'— RQ)t)

Vz

CJICI[OB&T@HBHO, MoJIpru3anus PVZ COCTOUT M3 TpEX CJlaracMbIX, KOTOPLIC

OCLHWJIIMPYIOT HAa 4acToTax @', @'+ Ro n o'-Ro. 3necy @'=w—kV, — 4acrora

CBETa B CUCTEME OTCYETA aTOMA.

[Monspuzanuss — 3T0 00bEMHAs IJIOTHOCTh  JUIIOJBHOIO  MOMEHTA.
Ocuummpyronuye AUIONN CPebl U3IIy4atoT CBET Ha TEX )K€ TPEX 4acTOTax.

[Tycts 4epe3 Takyloo cpely HPOXOAMT €lle OJHAa MPOOHAs CBETOBas BOJIHA.
Ecnu wactora mpoOHOM BOJIHBI COBMAJAeT C OJHOM M3 TPEX YACTOT M3IyYCHHUS
IUIOJEH CpeAbl, TO BOJIHA W3Iy4YEHHas IUIOIAMU HHTEp(EpUpyeT ¢ NpPOOHOMH
BOJIHOHU.

B pesynprare MHTEp(hEPEHIIMH U3MEHSAETCA aMILIMTyaa NMPOOHOHK BoyHBL To
€CTh POOHAsA BOJIHA MOTJIOAETCS UM yCUIINBAETCS CPEIOM.

CnenoBaTenbHO, cpella MMEET TPH JIMHUY TOTJIOIECHHS I IPOOHOM CBETOBOM
BOJIHBI C 4acTOTaMU @', @'+ Rn U @®'-Rp. B 3TOM M COCTOMT QUHAMMYECKHN

s ekt Llrapka.
Paccyxnenus mposenensl ansa ciaydad Q <0, xorma nomydaeM Bjg >0 u

Byy>0.Ecim Q>0, 710 B <0,H0 Byy>0.

Jlnst onucaHusl Tpex JIMHUKA TOIVIONIEHUS HYKHO HE MeHee 4-X ypOBHEW
sHeprun. CxeMa ypoBHEW SHEPIUH NPUBEICHA HUKE HA PUCYHKE.

EY
E'y
Ef
E'] [——
heo' / \
hlew+Ra)

h(&)'—RQ)

UtoObl JWHUN TOTJOMICHHWS OBIJIO TOJBKO TPU HEOOXOAMMO, YTOOBI
pacHieTieHne ABYX BEPXHHUX MOIYPOBHEHW SHEPTUU OBLIO OBl PAaBHO PaCIICTUICHUIO
JBYX HIDKHUX TIOAYPOBHEH.

W3 pucyHKa BHJIHO, YTO SHEPTUU YPOBHEU CBS3aHBI C YACTOTAMHU IMEPEXO/I0B
CJICTYIOIIMMHU COOTHOIIIEHUSIMU:



Ey—E| =ho'
E, - E| =h(@'-Rg).

N

Ey—E =h(w'%+ Rgy)

VYpaBHEHHE [Jis YETBEPTOrO BO3MOYKHOIO IEPEX0/la HE SBISIETCA JIMHEWHO
HE3aBUCUMBIM 10 OTHOILLIEHUIO K TPEM MPEBIIYIIHM YPABHEHUSAM.

B xauecTBe yeTBepTOro ypaBHEHUs IS 4-X HEM3BECTHBIX dHEPruil motpedyem
U3 CUMMETPHUH 3aJ]a4H COXPAHEHHUSI LIEHTPA TSKECTU 4-X YPOBHEW SHEPIUU:

E\+E +Ey+Ey, E+E,

4 2
Pemaem cucreMy u3 4-X ypaBHEHHI U MOJTYy4aeM SHEPTUH YPOBHEM:
Ey =E - nQ_hRg
2 2
" Q = — kV - - C{)'_
E1:E1—@+hRQ z T @] M1
2 2 , T1e RQ:\/R2+Q2
Ey=E,+"2_Ro
27T R=P20
E; = E, +@ M%

[ToBenenne ypoBHEH PHEPTrUU B 3aBUCHUMOCTH OT 4acTOThl Pabu R, xoTopas
IIPONOPLMOHANIbHA aMIUIMTYZAE CBETOBOIO MO &), IPUBEIEHO HA HUKECIEAYIOIUX

pUCYHKaX.
“ Q>0
| —
E" th |_._____.__—————'~_'_
g el e, e o
E | + hr
| .
|
| he he,,
|
| _
hQ
Ej . = mupsangl WD,
Bl 4 T T A le— kiR
|
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BepxHuii puCyHOK OTHOCHUTCS K CITy4ar0 MOJIOKUTEIIbHON PAaCCTPONKH YaCTOTHI
CBETa OTHOCHUTENILHO 4acTOThl mepexona >0, a HWKHUNA PUCYHOK — K CIy4aro
oTpuuareabHoil pacctporku Q< 0. )KupHbIMU JTUHUAMH B 00siacTU €IaboOro mosis
R< ‘Q‘ MOKa3aHbl UCXOHbIE YPOBHHU 3HEPTUHU, KOTOPBIE ObLIM U O€3 CBETOBOI'O MOJIS.

PaccmotpumM nogpoGHee BEpXHUHN PUCYHOK, rae Q= @'- @, >0.

JleBast o6macth TpaMKOB BEPXHErO PUCYHKa R < ‘Q‘ — 3T0 00JacTh €1a00TOo
MOJISL WJIM HEPE30HAHCHAs 00J1acTb.

[IpaBass oGnacte rpaduxoB R > ‘Q‘ BEPXHEr0 pHUCYHKa — 3TO 00JacTh
CHJIBHOTO TIOJISl MJIM PE30HAaHCHAs 00J1acTb.

3aMeTUM, 4YTO MCXOJHBIE YPOBHHM SHEPrUU EII/I E2 B ciaydae Q>0
npuOIMKAIOTCA APYT K APYTY MPU yBEJIUYEHUU cBETOBOro mois. Eciam ke Q <0, To
UCXOJHBIMU YPOBHSAMH OYIyT YpOBHU Eln E;, U OHU OyIyT yHmaisaTbcsl APYr OT

ApyTa ¢ yBEIMYCHUEM IOJISI CBETOBOM BOJHBI. TO €CTh KOHIIBI BEPTUKAILHON CTPEIIKH
SHEPrUHM CBETOBOTO TOJISI OTTAJIKWBAIOT OT ce0s YpOBHU dHeprum mepexoma. Ecim
BEpPTHKAJIbHAS CTpEJKa CBETOBOTO TOJS JUIMHHEE IMepexoia MEXIy ypOBHSIMH, TO
YPOBHH COJIMKAIOTCS, €CITH KOpOUYe — pa30eraroTcs.

OO6cynuMm Temeps mpaBuiIa oToopa.
. R
OGo3HAYNM YITIOBOH pajyC NpH BepLIMHE KOHyca 3a ¢, Toraa ig(a) =‘5,

KaK 9TO BUJHO U3 HUKECICAYIOIICTO pUCYHKA.
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,Tne By =By cos(a), 4TO BHJIHO U3 pUCyHKa. Toraa
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3/1eCb MUHYC TIOSBJISETCA, TaK Kak Ha pucynke <0, a BennuuHa By >0.

®opmynbl cripaBeaauBbl U mpu ycioBuu Q>0. B nmanpheiimem ygoOnee Oyaer
CUMTaTh, uTO 2> 0.

Hanmomuum, 9T0 osisipu3anus COAEP>KUT KoJeOaHHs Ha TPEX 4acTOTax:
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Toma AMIUIATYAbl HA YaCTOTax
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UtoObl ObUTO ymoOHEEe MPOBOAUTH aHAIM3 (GOpMyJ, BBEAEM Oe3pa3MEepHYIO

aMIUTUTYJly CBETOBOro mojsi & =— wWid yactory PaOu, OTHECEHHYI0 K 4acToTe
Q

paccTpodKu CBETOBOro noiisl QQ=@®'-@,;, U A ONPEACICHHOCTH OyleM CUHUTATh,

yro (2>0. Torna amMmiMTyApl NOJIPU3ALMH HAa TPEX YAaCTOTaX MPONOPLIMOHAIBHBI

BCJIIMUMHAM.
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UtoObl M30aBUTHCS OT MOAYJEH MepeiieM K PACCMOTPEHHIO TPEX YacTOT

IPYyTOM B BUJE:
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C aMIIMTYyZlaMU TIOJIAPU3aAINHN § — Y Ha 3TUX 4YaCTOTax.
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PaccMoTpuM, 4TO MPOUCXOIUT B cliaboM cBETOBOM rosie ipu & — 0.

B sTom ciywyae Bce TpW aMILTUTYIbI CTpeMsTcs K Hymo. Pasmenum Bce Tpu
aMIUTUTYAbl Ha Oe3pa3MepHyl0 aMIUMTYyAy mons & W MOdyduM KO3 UIIMEHTHI
NPONOPIMOHANIFHBIE aMIUTMTYyAaM KojeOaHui mojspu3anud, HO TakKuhe, YTo
HEKOTOpbIe KO PUITUEHTHI TIPH ATOM HE OYIyT CTPEMUTHCS K HYI0 Tipu & — 0.
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To ecth mpaBuia oTOOpa OCTaBISAIOT PAa3pEUICHHBIMU TOJBKO JBE KpailHHe

Koaddurmentsr 6yayT paBHbI
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HYaCTOTHI.
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npu & — 0. Pazpemennble 4aCcTOTl @' U @1, TOE @'= @, + Q.



B otHOCHTENEHO ClaboM CBETOBOM TIOJIE JJISi BTOPOM TPOOHOM CBETOBOMU
BOJIHBI Pa3pelIeHbl MePEXobl Ha YacTOTE MEPBOTO CBETOBOTO TOJISL @' W HA YacTOTe
nepexoja @,;. [lepexozp! Ha yacToTe @' yno0HEE paccMaTpUBaTh, HE KaK NEPEXObI
MEXIy HOBBIMH YypPOBHSIMH DJHEPTUU, a KaK pe3yiabTaT HHTEPHEpPEHIUU JBYX
CBETOBBIX TOJICH HA YaCTOTEe @' W pe3yJbTaT B3aWMMOJCHCTBUS CyMMAapHOTO TOJISI CO
cpenoii. To ecTh, B C;IabOM CBETOBOM I0JI€ TIEPEXOJIOB C YACTOTOH @' Kak OBl U HET.
B cmabom mone nansi BTOPOM CBETOBOW BOJIHBI OCTAIOTCS TOJBKO JBa HMCXOJIHBIX
YPOBHSI DHEPTHH, CJIETKA CIBUHYTHIE CBETOBBIM ITOJIEM TEPBOW BOJTHBI.

B otHOCHTENBHO CTAOOM CBETOBOM TIOJIE MOKHO CUHUTATh, YTO HOBBIX YPOBHEH
DHEPrUM HE BO3HHMKACT, a CTapble YPOBHHU CABUTAIOTCS, KaK OBl OTTAJIKHUBAsICh OT
BEPTHUKAIBHOMN CTPENKH C JYTMHON paBHOM HEPTUU KBaHTA CBETA.
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PaccMoTpumM Teneps, mpaBuiia 0TO0pa B CUIIbHOM CBETOBOM I10J1€ MPH & —> 0.
B sTOoM ciydyae HeT HEOOXOIUMOCTH NENUTh aMIUIMTYIbl Ha &, Tak Kak
HEKOTOPBIEC U3 HUX U TAaK CTPEMSTCS K HEHYJIEBOW KOHCTAHTE.
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B cunpHOM cBeTOBOM 1OJIE Ry = R .
B cunbHOM CBETOBOM ImOJE€ A HPOOHON CBETOBOW BOJHBI Pa3pELICHBI

nepexoabl ¢ yactotaMu @'+R U @w'-R, raie @' — 4acTtoTa NmepBOro CBETOBOIO
noyis, AR — paclleryieHue YpPOBHEW OHEPruM TMEpPBbIM CBETOBBIM IOJIEM.



PazpemieHHbie B CHJIBHOM CBETOBOM IIOJIE MEPEXOAbl yKa3aHbl Ha CIEAYIOIIEM
PUCYHKE:
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