BropnuHoe kBaHTOBaHUE. C:KaToe COCTOSIHME CBETA.
Cpeansis 1o  BpeMeHM OObEeMHas IUJIOTHOCTb  JSHEprum  Oeryuieit
AIIEKTPOMATHUTHOM BOJIHBI B BAKyyMe
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Yucno poroHos B 00beme V' paBHO
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wV  gq&pV 2ha)
a2 = (w) _ 0% — _
ho 2he (C,‘OV
2
y
B cuctreme CI'C I'aycca a?= i —< >V 0 => & = 87zhwa
ho ho Szho V
HanpspkeHHOCTh CBETOBOTO MOJIS B KOMIUIEKCHOHN (popme
é.(t) — Soel(’oo e—la)t ,
IlIE &) — BEIIECTBEHHAs aMIUIMTY1a, ¢y — HadanbHas Qasa.
CBeToBoOE€ 10JIe B BELIECTBEHHON (hopMme
&(t) =g cos(wt — @y ) =& cos(goo)cos(a)t) + &g sin (g )sin(wt) =
= &gy cos(@t) + &y, sin (i)
¢ g = 2ho 2ho
' 1= —al I/I —612
OV goV
B cucreme CI'C I'aycca &p1= a)al U &)= 8whe
Torna
2hw .
&(1)= [~ (e cos(wt)+ oy sin(wr))
50V
B cucreme CI'C I'aycea &(¢)=, /8ﬂ;lw(oq cos(wt J+ay sin(wt)),
— _ . 2_ 2 2
rae aj=a-cos(¢@y), ay=a-sin(@y) u a” =af +a5 — BennuuuHa, TaKas YTO
a? i 3TO 4uClIO POTOHOB B 00beMe V', fico — sHeprus ofHOro GOTOHA, @
@

— YacToTa cBeTa, W =wl — sHeprusi CBETOBOTO MOJS B TOM ke o0veme V, w —
0o0beMHasd IUIOTHOCTH BHepruv. C aMIUIMTY#OH NONs &, B BaKkyyMe CBs3aHa
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B cucreme CI'C I'aycca 1= 08—0
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ByI[CM Jlajiee CuYuTaTh, 4yTo V — 00BeEM KOT'CPCHTHOCTH. N3 ananorum MCXKIOY

KBAHTOBBIM OIIMCAHHMCM IPy3a Ha IIPYKHMHKE KW CBCTOBBIM IIOJIEM CJICAYET, YTO B



00BbeMe KOTEPEHTHOCTH B KXKIOW U3 JIBYX OPTOTOHAIBHBIX MOJSPU3ANUANA HE MOXKET
OBITH PHEPTHS MEHBIIIE TTOJIOBUHBI (OTOHA (HYJIEBBIEC (PIIYKTYyallMd CBETOBOTO TIOJISI):

((3an)’ {82 )22,

4TO CJIEAYET U3 TEOPUU BTOPUYHOIO KBAHTOBAHUS (KBAHTOBAHMsI CBETOBOTO MOJIS).
Teopust KBaHTOBaHUS CBETA CTPOMUTCS MO AHAJIOIMM C KBAaHTOBBIM OMHCAHUEM
FapMOHMYECKOI0 ocuuuisitopa. PaccMoTpuM B KayecTBE OCHWILIATOpA Ipy3,
BUCSIIMIA Ha MNpYyXUHKE. B pe3yiabTaTe KBAaHTOBOIO PacCMOTPEHHS OCLMILIATOpA
MO>XHO TMOJYYUTh, YTO BO3MOJKHBIE YPOBHU SHEPIHMHM OCLWUIITOPAa UMEIOT BUJ

1
E,=—hv+nhv, rae n=0,1,2,3,... — nenoe 4ucio, v — PpPE30HAHCHAs 4YacTOTA
2

KOJIeOaHMI OCIUILTSITOPA.
DHeprusi HIKHETO YPOBHS SHEPTHH OCIIILIATOPA OKa3bIBACTCS OTIIMYHON OT

1 .
Hyns E :Ehv' DTO CBA3aHO C COOTHOIIEHHEM HeompeaesneHHocTH ['eiizeHOepra

h
Ap,, AyZE. CornacHo 3TOMY COOTHOILIECHHUIO TPY3UK OCIHILUIATOpPA HE MOMXKET

IOJHOCTBIO OCTAaHOBUTCA, TaK KAaK B ATOM Cilydae oOKasajloch Obl, uTo Ay=0 u
Ap,=c. Co cpeiHHM KBAaApaTOM HMIIyIbCa CBS3aHO CpEAHCE 3HAYCHHUE

KMHETUYECKOM HSHEPruud, a CO CpPEJHUM KBaJpaTOM OTKJIOHEHUS OT PaBHOBECHS
CBA3aHO CpEJHEEe 3HA4YeHHE IMOTEHUWAIbHOW »Hepruu. B pesynbrare cpennee
3HAYEHUE TMOJHOW HEPTUM OCHWLUIATOPA B HMHKHEM SHEPreTUYECKOM COCTOSIHUU HE

1 .
MOXET OBbITb MEHbIIE £y = Ehv Y PABHO 3TOM BEJIMYUHE.

YPaBHeHI/IH JJId4 CBCTOBOIO IIOJA OKA3bIBAIOTCA OYCHb IIOXOXHMH Ha
YpPaBHCHUA [JIs1I OCHUJIIIATOpPA. Ecau otknoHeHue ocouJATOpa OT IMOJIOKCHHA

paBHOBECHS MPONOPLUUOHATBHO cos(a)t), TO HMMILYJIC MPONOPLHOHAIECH sin(a)t)

Ponnb KOOPAWHATHI 1 UMITYJIbCA JJIA CBCTOBOTO ITOJIA UI'PAlOT CllaracMbI€ C KOCMHYCOM
N CMHYCOM B BBLIPA)XCHHU S(Z) = @01 cos(a)t) + @02 Sil’l((()t) . 9H€pFI/I$I OCHUILIIATOPA

paBHa CyMMe€ KBaJIpaTOB CMEILEHUSI U UMITYJIbCAa C HEKOTOPhIMU KOd(ppuimentamu, a

SHEPrus CBETOBOI'O NOJISI IPONOPLUMUOHAIBHA 8&1 + 832.
[lo 3TO¥ mpUYMHE CUUTAIOT, YTO SHEPTUsi CBETOBOTO MOJS B KaXIOM O0BEME

1 .
KOTepeHTHOCTU E,) :Ehv +nhv, 1 MUHUMaJIbHasl SHEPIUsl B OJHOW MOJAPHU3ALUU B
1
KaXI0M O0OBEME KOTEepPEeHTHOCTH [ :Ehv. Otcroma u ciengyer COOTHOLIEHUE

2 2 1 ~ ~ e
<(Aa1) >+<(Aa2) >Z§ II0 aHaJloTuM ¢ MUHHMAJIIbHOHM CYMMOM KHHCTHYCCKOH U

HOTGHHI/IaHBHOﬁ 9HCPIrun OCHUJIIATOPA.



BBeneMm B paccMOTpeHHME ILIOCKOCTH € KOOpAMHATaMH «; M o, . Ha srtoi

IIJIOCKOCTH I'PaHHUIy HEPABECHCTBA MOKHO OTO6pa3I/ITB, KaK OKPYKHOCTb C paAnyCoM
1
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Ecau cBeta coBcem HCT, TO B KaXXJIOM o0BeMe KOTCPCHTHOCTHU, TCM HC MCHCC,

1
COJICP>KUTCSI SHEPTHUSI CBETOBOTO TIOJIS <a%>+<a%> =5 paBHasi SHEPTUU TIOJOBHHBI
ho
dboTona —:
2
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OT0 Ta camas DHEPrus BaKyyMa, IOJA JEWCTBHEM KOTOPOW MPOUCXOIAT
CTIIOHTaHHBIE MEPEXO0/IbI C BO30YKIEHHBIX YPOBHEH sHEpruu Ha 0ojiee HU3KHE YPOBHU
C OJHOBPEMEHHBIM M3JIy4YeHHEM KBaHTAa CBETAa AHAJOTMYHO BBIHYKJICHHBIM
nepexonaM mnox JEUCTBUEM CBETA.

Oxa3sbIBacTcs rpaHUIly HEPABEHCTBA HA INIOCKOCTU ] U (I MOYKHO C¥KaTb, HO

TOJIBKO TaK, YTO IJIOIIaAb BHYTPH I'PaHUIbl HC U3MCHUTCA:

g
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Ha stoM pucyHke HEONpeneNeHHOCTh aMIUIUTYbl MOJs W, COOTBETCTBEHHO,
yycia (POTOHOB YMEHBIIUIACh IEHOW YBEIWYEHUS HEOoNpeaeIeHHOCTH (a3bl
CBETOBOTO MOJIA. 3ech (haza — 3TO yroJl IOBOPOTA Ha INIOCKOCTH , A5 .

COSI[aTB TAKOC CKATOC COCTOSHHUC CBETA MOXKHO, HAIIpUMCpP, C IMOMOIIbBIO
Cpeabl, IOKA3aTCJIb ITPCIIOMIICHUA KOTOpOﬁ 34aBUCUT OT aMININTYAbL CBETOBOM BOJIHBI

n=ng+ 712802 .

HYCTB C POCTOM aMIUIMTY/JbI ITIOKAa3aTCJIb HPCIOMIICHUA YMCHBLIIACTCA. Ectb
OKCIICPUMCHT, B KOTOPOM M3JIIYUCHHC JIa3cpa IPOIYyCKACTCA HYCPC3 JIMHHOC
CTCKJIOBOJIOKHO M3 TAKOI'O MaTcpualia. Ecmm AMIUIUTya CBCTA HA BXOJAC UCIILIThIBACT
CHy‘IﬂﬁHOC YBCIIMYCHUEC, TO ITOKA3aTCJIb MMPCIOMIICHUA YMCHLIIACTCA, YTO IIPUBOJUT
K YBEJIMUEHHIO (a30BOii CKOPOCTH CBETa B BellecTBe. IIpu 3TOM U3IydeHHE Jia3epa,
BbIICAMICEC M3 HEro B CAMHHIY BPCMCHH, 3aHHMACT B CTCKIIOBOJIOKHE 00BeEM C
OoJIbIIIEN HHHHOﬁ. CHCHOB&TCHBHO, YMCHBIIACTCA 0o0beMHasl IIOTHOCTD 9HCPIrun
CBCTOBOI'O IOJA, U aMIUIMTyJa IIOJIA O6paTHO YMCHBIIACTCA. Orta OTpULATCIIbHAA
O6paTHa}I CBA3b CTa6I/IHI/I3I/IpyeT BCIIMYMHY aMIUINTYABI I10JIA Ha BBEIXOJA€ BOJIOKHA.

Taxum 06pa30M, CﬂyqaﬁHOC YBCIIMYCHUC aMILIUTYAbI ITOJIA Ha BXOAC BOJIOKHA
BCACT K €TI0 HC3HAYUTCIIbHOMY YBCIMYCHHWIO Ha BbLIXOJC BOJIOKHA. B pe3ysIbTaTe
dbopMUpyeTCst CBET, CKATHIN MO aMILTUTY/IE.

dddext Kazummupa.

B3anmHOe npuUTSIKEHHE NPOBOMSIIMX HE3ApPSIKEHHBIX Tell. B cTosuen BoJHE
MEXKy ABYMs MAapaAJUIENbHBIMU IJIOCKAMU 3€pKAIAMHU JOJDKHO YKJIAAbIBAaTHCS LIEJN0E
yucio  NoayBoiH.  ClenoBaTeNibHO, HE  MOXET ObITh  CBETOBOE  I0JIE
NEPIECHANKYJIIPHOE 3€pKaJIaM C JUIMHOW BOJIHBI IIPEBBIIAIOIIECH PACCTOSTHUE MEXKIY
3epkajamMu Oosbllle, 4YeM B JBa pa3a. B pesynbrare Mexay 3epKajaMu MEHbIIE
¢GykTyaluii BakyyMa, OKa3bIBalOIIMX JaBJICHUE Ha 3€pKaja, 4eM CHapyxu 3epkain. U
B PE3YyJIbTATE 3€pKaja IPUTATUBAIOTCS APYT K IPYTy.

AMILINTYI2 BEPOSITHOCTH.
AMIUIUTYZBl BEPOSITHOCTH — 3TO KO3(G(ULMEHTHl Pa3I0KEHUS BOJHOBOM
(GYHKIIMM TIO0 BOJHOBBIM (YHKIHUSM C OINpPEACICHHbIM 3HAUYEHHUEM KaKOH-JIH00
¢usnueckoil BenuuuHbl. [lo aHamormu c UMIYIBCOM W SHEpPruer Uis 000U

A

¢ynkuun F cnpaeymso FWY, = F,¥, nna cocrosnua W, ¢ omnpeneieHHbIM
3HaueHueM [, Qusndeckodl BenumuyuHbl [, KBagpaT MoIyns  aMIUIMTYABI

BEPOSATHOCTH — BEPOSITHOCTh COOTBETCTBYIOIIETO 3HAUCHUS (PU3NUECKON BEJHMUNHBI.
PaccMoTpuM pasnoskeHrne BOJHOBOW (YHKIIMH MO COOCTBEHHBIM (DYHKIIHAM

HEBO3MYILEHHOTO oneparopa I'amuisrona Hy.

CoOcTBeHHBIE (DYHKIMH ONEpaTopa SHEPruu [, OTIMYAIOTCSA OT BOJHOBBIX
(yHKIIUH B COCTOSIHUM C OTPE/ICTICHHON dHEPTUEH.

HeBosmyiiennsiii oneparop I'amwmibrona M He 3aBUCUT OT BpeMmeHu. U

2

,Z[CﬁCTBPITCJIBHO, OHCPIrus CKJIaAbIBACTCA U3 KHHETUYECKOM OHCPIruu p— )41
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MMOTEHUIHMAJIbHON V(F ) 3ameHssa p Ha —ihV , NOdy4aeM, 4To onepaTop /1, 3aBUCHUT
TOJIBKO OT IPOCTPAHCTBEHHBIX KOOPIUHAT Y MPOU3BOIHBIX 10 HUAM.
ITockonbKy H() HE 3aBUCHT OT BPEMEHH f, TO M €0 COOCTBEHHbIE (DYHKIIMU HE

3aBHUCST OT BPEMEHHU, a BOJHOBBIE (DYHKIIMH B COCTOSIHMM C OTPECICHHOMN YHEeprueit
3aBUCST OT BPEMEHHU.

CoOcTBeHHBIE (DYHKIIUU OIepaTropa H, 0 — 9T0 pemeHus Aup epeHaIbHOTO

ypaBHEHUS
H, o¥n= En‘//n :
3nech CTpo4yHbIE OYKBBI TICH l//n(F) — cobOctBeHHble (QyHKIMH, £, —

COOCTBEHHBIE 3HAaUEHUs oneparopa .

JIlpyroe neno — COCTOSIHUSA C ONPENEJICHHOW JHEeprueid WM BOJHOBAs
¢ynkuus W, Ttakoro cocrosHus. 3necs V¥, — 3arnaBHas OykBa mcu. BonHoBas

¢Gynkuus V', noguuHsercs TOMY K€ ypaBHEHUIO, YTO M COOCTBEHHbIE (DYHKIMU ¥/, :
HY,=EVY,,
TaKk Kak B cocrosHuu ¥, c ompeneneHHbIM 3HAYeHHEM JIO0OH (pU3HUYECKOH
BEJIMYMHBI F CIIpaBeUIMBO yYpaBHEHUE:
FY, =FY,.
Haiinem, kak BoaHoBas GyHKIus ¥, B COCTOSHUM C ONPEACICHHON SHEPIUei
3aBUCHUT OT BPEMCHH:

HO\Pn = En\Pn o —iﬁt
. oy = ih—L=EY, = Y,~e " .
HyY,=ih—" ot
ot
Torna
Y, (t,r):wn(r)-e ,
3neck ¥V, — BonHOBasg QyHKIMA C ONPEAEICHHOW dHEpPrueu, y, — CcOoOCTBEHHas

GbyHKIMS onepaTopa SHEPruu.

CoBOKYNHOCTh COOCTBEHHBIX (yHKIMI omepaTtopa [‘amuiabTOHA {1//,,}
oOpa3yeT moiHbI HAOOp (6a31UC) B MPOCTPAHCTBE MPOU3BOJIBHBIX JIOKATU30BAHHBIX
byHkuii koopauHat. Jlokanu3zoBaHHbIe QYHKIIMH KOOPAWHAT — 3TO (PYHKIHH, IS
KOTOPBIX HHTErpal J ‘1//‘2 dV umMmeer KOHeEYHOEe 3HaueHue. PyHKUUU {1//,,}

V =0
00pa3yloT 6a3uc, U 3TO 03HAYAET, YTO KOA(DMUIIMEHTHI Pa3NOKEHHUs] — KOHCTAHTBHI,
KOTOpbIE HE 3aBUCAT OT KOOPAMHAT.

COBOKYIHOCTh BOJHOBBIX (YHKIHN {‘Pn} CO BCEBO3MOXXHBIMH 3HAUCHHUSIMU
sHepruun E, Toxe oOpasyer 06a3uc B IPOCTPAHCTBE JHOOBIX JIOKAIM30BAHHBIX
GbyHKIMI KOOpAMHAT, HO HE 0a3uC B MPOCTPAHCTBE JIOOBIX (PYHKIMM KOOPAMHAT U



BpemeHH. [[ns Oasuca B mpocTpaHCTBe JIOOBIX (YHKIUN KOOPAMHAT U BPEMEHH
Hy’>KHBl BCE YaCTOTBI 110 BPEMEHU IpPU KaXI0W (QyHKLUU Y/, KOOpAMHAT, YErO Ha

camoM Jiene HeT. Ecnu Ob1 GyHKIIMEN {‘Pn} 00pa3oBbIBaIM 0a3UC B MPOCTPAHCTBE

T00BIX (PYHKIIMM KOOPAMHAT M BPEMEHHU, TO KOA(D(PHUIIMEHTH pa3ioKeHus 0o
(GYHKIIUY 110 3TOMY 0a3uCy HE 3aBUCENN Obl HM OT KOOPAWHAT, HA OT BPEMEHHU.

COBOKYITHOCTh {‘Pn} oOpa3zyeT 6a3uc B MPOCTPAHCTBE BOJHOBBIX (YHKIIHA,

€CJIM CYMUTaTh, YTO KOA(POUIMEHTHl PA3I0KEHUS MOTYT OBITb HPOU3BOJIHHBIMU
GYyHKIUSMU BPEMEHHU.

BonHOBYI0 (DyHKIINIO MOKHO MPEICTABUTH B BUJIE€ PA3IMYHBIX CYMM:

,E
:Zan‘l’n(t,ff')zz%e “h h ZA l//n 17)
n n

Mel 6y,I[€M HCII0JBb30BAaTh PA3JIOKCHHUC!

— _ h —
T(t’r)_zane (7).,
B KOTOPOM MaKCHUMAaJIbHO MOAPOOHO ONMUCAHA ¥ 3aBUCUMOCTbH BOJIHOBOM (DyHKIUH OT
BPEMEHH 1 OT KOOPAMHAT. 3/1eChb @, — AMIUIUTY/IbI BEPOSITHOCTH.

Ecorm H = H(y, T0 kK03(p(pUIHMEHTBI pa3loKeHUs d, HE 3aBUCAT OT BPEMEHHU.

Eciu oneparop I'ammnbrona BosmymeHH # Hy, TO K03()(UIHEHTB pa3ioKeHus

BOJIHOBOM (DyHKIMM 110 BOJIHOBBIM (YHKIMAM C ONPEIACICHHBIMH OJHEPTUAMU
SHEPrUH {‘Pn} 3aBHMCAT OT BpEMEHU @, (t)

JAuddepennnanbHbie YPAaBHEHUS IS AMIUINTY/I BEPOATHOCTH a, (t):

HO,IICTaBI/IM PAa3JI0KECHHUC

E;
—l—t .
Zake wi(7)
~ ., OY
B ypaBHenue lllpemnunrepa H‘P:zhE, rae oneparop ['amuneTroHa ¢ ydyeTrom

B3aUMOJEHUCTBUSL aTOMa WJM MOJIEKYJIBl CO CBE€TOBBIM IIOJIEM B JUIOJBHOM
npuOMKeHUn uMeeT Bun H :HO—( p.E (t)), tornma ypaBHeHue lllpenunrepa

IIPUMET CIIEAYIOIINNA BUA:
E,
A L > -l _ .0 _
(HO—(p,E(t)))Zake h ‘/’k(”):lhazak‘e oy (F).
k k
[lonmeiictByeM Ha 3TO PABEHCTBO ONEPATOPOM J 1,//” d V' m mocne

npeoOpa3zoBaHuil  noidyuyuM AuddepeHIanbible  ypaBHEHUS Uil aMIUIATYA
BEPOSITHOCTH:



=——Z“ o it . J W, (=B.E(1))widV .
V=

o0
3nech I 1//,1 P.&(1))wydV — TaK HaselBacMblc MATPUHHBIC IEMEHTEI
V =00
omepaTopa BO3MyLIeHHs cBeToBEM noneM (—p,& (1)) onepatopa lammunbTona H .
AHAJIOTHYHO, JUIst 000t Apyroi Gusndeckoii Benmannsl F (7, p) MaTpudHbie

AJIEMEHTHI oneparopa [ UMEIOT BUA:
* A o A
F = J v, Fy,dV , roe onepatop (u3HYecKOil BEIMYHMHBI [ MOIydaeTcs
V=0

u3 QyHkuuu F (17, 13) myTeM 3aMeHsl P Ha —ihV . To ecTb F=F (7,—1’?&).
H= HO + V rae V = (ﬁ,é(r)) — OIIEpaToOp BO3MYILICHHUS.
Vi =( (p.8(1 ))) =—(Du-E(1)), rae mumonbHEE MOMEHT =Y g;Fj, a
J
AIIEKTPUYECKOE T0JIe

i((E,F)—wH(pO )

Ie € — CIUHWYHBIA BEKTOP MOJAPH3ALUH, &, — BEIIECTBEHHAs aMILIMTYJa

—

&(1) :%Eézoe +K.C.

CBETOBOTO MOJIA, K.C. — KOMILIEKCHO CONPS)KEHHOE BBIPAKEHHUE.
Jl71s KpaTKOCTH BBeieM 0003HaueHHe [l Pa3bl:

—((k,?)—a)t+(p0).

Hac oOpaHO Oymer uWHTEpEeCOBaTh 3aBHCUMOCTh OT BPEMEHH, a HE OT
KOOpPJIMHAT, TIO3TOMY YA00HO BBIOpaTh a3y ¢ Tak, 4TOOBI OHA MMENa TOT K€ 3HaK,
YTO U CJIaraeémMoe ot .

Torpa

&(r)= %é&oe_i(p +K.C.

JIns MMHENHOW MOJIIpU3aluy €IMHUYHBIA BEKTOP NOJISIPU3ALMK BEIECTBEHEH
*

—

e =e ,Torma

&(r)=ée,cos(p).

Hcmonb3yeM 3TO BBIpaKeHHE JUIS MpeoOpa3oBaHUS MATPUYHBIX 3JIEMEHTOB
orepaTopa BO3MYIICHHS, KOTOPbIe BXOAAT B auddepeHInanbHble YpaBHCHHS IS
aAMILTATY T BEPOSITHOCTH

Vak = (_(ﬁ’é(t)))nk - _(13’580 cos(q)))nk = _(ﬁ’é)nk o cos(gz)) =~ Pnko COS(¢) )

* o, )
THE Py = J ¥, ( p,e)wde — MAaTPUYHBIA 3JIEMEHT MPOEKIUHU AUMOIBHOTO

V=00
MOMCHTA Ha eI[HHH‘IHBIﬁ BCKTOp MOJIpU3alinn CBETOBOU BOJIHEIL.



Torpa nuddepennmansupie ypaBHEHHs ISl aMIUIATYT BEPOSTHOCTH MPUMYT
BUJL:

" h

KonmuuectBo nuddepeHmaibHbIX ypaBHEHUN OECKOHEYHO, KaK M YHUCIO
COOCTBEHHBIX (DYHKIHH |/, HEBO3MYILEHHOTO oneparopa ['aMmuibToHa.

a. _ & COS(¢) Zak e—ia)kntpnk
k

PaccMoTpuM aTom wi MoOJIeKyty B cocTosHun V', ¢ onpeneneHHon sHeprueu
E

n?
BEJIMYUHEI F"

* A kA * A
(F)y=[ W'Fwar= [ W, F¥,av= [ y, Fy,dV=F,,
V =0 V=00 V =
CJICI[OB&TGHBHO, €CJIM MOJICKYJIa HaxXoAUuTCA B 7-OM COCTOSHHH, TO CPCIHEC
3Ha4YEHUEe JIIOOM (1)H3PI"ICCKOI>1 BCIIMYMUHBI <F> CoBIIagacT II0 BCJIWMYHUHE C

torna ¥ ='¥,. CoOTBEICTBEHHO, CpelHEe 3HAueHHe JI000H (PU3NUECKOI

COOTBETCTBYIOLUM 7 -MY COCTOSHHUIO JHAaroHaJIbHBIM MATPUYHBIM dJIEMEHTOM F,
paccMaTpuBaeMoi (U3HUECKON BEIIMYUHBI.

Taxk, Hanpumep, p,,, = < p> B coctossHuu ¥, . JIng mo0oro aromMa B COCTOSHUM
C OINpENENeHHON dHeprue p,, =0. Jlnsd noaspHoi Monexkynsl p,, #0, Hanpumep

s monekynsl NaCl. Ho Ha onrTuyeckue CBONCTBA MOJEKYJBl €€ IMOCTOSHHBIH
JAUIOJIBHBIM MOMEHT IOYTH HE BIMAET, HOITOMY OyleM cuuTaTh, uto p,, =0 Bcerna.

ATOM B JIBYXYPOBHEBOM NPHOJIHKEHNH.
YacTto paccMOTpeHHE YpPOBHEW DHEPrUM OTpaHUYMBAETCS JIBYXYpPOBHEBOMU
cxeMou. JIyist AByXYpOBHEBOUM CXEMBI C JBYMSI BO3OYXKJIEHHBIMU YPOBHSIMHU SHEPTUHU
muddepeHanbHble YpaBHEHUS ISl aMIUTUTY T BEPOSITHOCTH MPUMYT B

) . P12& —i

aﬁﬁal = 1 P12%0 o pientt cos(¢)
2 h

. ) 8 .

a2+7/2—2a2 = P21% aye 12 cos(p)

3nech 100aBIIEHBI ClaraeMble %al U %az, KOTOpBIE€ TPEICTABISIIOT cOO0M

CpeHOMeHOJ'IOFI/I‘—ICCKOC 34TyXaHHUC, TO €CTh CJIaracMbIC I[O63BJ'I€HBI JJI COTrJIaCOBaHUA
C OIIBITOM.

1
[Touemy cnaraemsie comepxaT KOdhGUITMESHT 5? Ecnu cBetoBOro moiisi HET

& =0, 10
. _}/Jt

an+7—”an:O = a,(t)=a,(0)-e 2

BCpOSITHOCTB HaXOIUTbCA B #n-OM COCTOJHHM pPaBHA KBaJApaTy MOAYJLA
AMILIIMTY bl BEPOATHOCTH:



a, (1) =lan (O)f -7

3KCHOH€HHH&HLH3§I 3aBUCUMOCTb BCPOATHOCTU OT BPEMCHU COOTBCTCTBYCT
OIBbITY, a MH3MEpsACMas Ha OIbITC KOHCTaHTa ), B IIOKAa3aTCJIC JOKCIIOHCHTHI

Ha3bIBAETCsI CKOPOCTBIO pacmaia ypoBHs.

TeopeTnueckn CHOHTaHHBIA pacmaj BO30YXKAEHHOIO YpOBHS DJHEPIUu
00OCHOBBIBAETCSI TOJIBKO INPU KBAaHTOBAHMU CBETOBOIO MOJSI, TO €CThb B TEOPUHU
BTOPUYHOI'O KBaHTOBaHUs. [Ipy 3TOM CHOHTaHHBIM pacnaj MOXHO paccMaTpHUBaTh,
KaK BBIHY)XJIEHHOE M3JIy4€HHE IOJ JIeHCTBMEM KBAHTOBBIX IIYMOB Bakyyma. B
BaKyyMe€ B KaXJIOM 00beMe KOT€pEHTHOCTH HaXOAWUTCS SHEPrusl MOJOBUHBI (POTOHA,
KOTOPYIO HENb3sl U3bSATh, HO KOTOpas SBJIAETCS MPUUYUHON CIOHTAHHOTO M3JIy4EeHHUS
aTOMOB M MOJIEKYJI. TO €CTh CIIOHTAHHOE U3YYEHHE — 3TO U3JyYECHHUE BBIHYXIECHHOE
KBaHTOBBIMH IIIyMaMH BaKyyMa.

3aueM aMIUIUTYIbl BEPOATHOCTH BBeleHbl B paccMmoTpenue? Ilouemy
HEJ0CTAaTOYHO PACCMOTPEHHUS BOJHOBBIX (DYHKIUI?

[TpeumymiecTBo aAuddepeHnnanbHbIX YPaBHEHUM UIs1 aMILTUTY]] BEPOSATHOCTH
o cpaBHEHHUIO ¢ ypaBHeHueM lllpenunHrepa B TOM, YTO BO MHOTIHMX CIy4asx Jis
aMIUINTYZl BEPOATHOCTH OTHAJAeT HEOOXOJUMOCTh pellaTh HEPa3pelmmoe
auQepeHraIbHOe ypaBHEHUE BTOPOro MOPSAJKAa B YaCTHBIX NPOU3BOAHBIX ¢ 3N
INEPEMEHHBIMMU, I'7le N — YUCII0 3apsKEHHBIX YaCTHIL B MOJIEKYJIE.

CrnoxHas 3agada pemeHus ypaBHenus lllpenuHrepa 3ameHeHa mapoi 3aaad.
Onna 3ama4ya CIOXKHAs — IOUCK COOCTBEHHBIX (YHKIMH I/, HEBO3MYILLIEHHOI'O

oneparopa ['amunbrona ¢ momoumpro ypaBHenus Hyy, =E,y,. Bropas 3agauda

nmpoctasi — penieHue napel auddepeHmaibHbIX YPaBHSHUNH TEPBOTO MOPSIKA IS
AMIUTUTY/]T BEPOSITHOCTH.
CoOcTBeHHBIE  (DYHKIIMM  TIOHAMOOSITCS  NJIT  BBIYHCICHHUS  KOHCTAHTHI

*
P12 = D1 - BpiOOpoM (as3sl GyHKIUM /; MOKHO CHE€NaTh KOMIUIEKCHYIO BEIUYHHY

[ * oL L
D1 BELIECTBEHHOM, TAK KAK Py = J v, (P.€)w,dV , Torna okaxercs
V=0
Pr2=P21=P
31ech p — HEAMArOHANbHBI MATPHUHBI 2JEMEHT OIepaTopa HPOEKIMH

AUIIOJIbHOTO MOMCHTA IICPCXOJia Ha GHHHHHHBIﬁ BCKTOp MOJIAApHU3aAlIUN CBETOBOM
BOJIHBI MJIM KOPOYC — HHHOHBHBIﬁ MOMCHT IIEpexoaa.

dopmanusM aMmIUIMTy] BEPOATHOCTH YAOOEH €le M TeM, 4TO CpelrHee
3HaUYeHHE JI000H (PU3MYECKOM BEIMYUHBI BBIPAXKAETCA 4epe3  aMIUIUTYHBI
% A
BEPOATHOCTH a,,. M1 1eHCTBUTENBHO, TOACTABUM B BBIPAKEHUE <F > = J Y FYdy
V =0
E
—j—y
NpENCTABICHHE BOJHOBOW  (DyHKIUH LI’=Z:ane h y, depes aMIUIHTYBI
n
BEPOATHOCTH d,, Y IIOTY4YHM:



_ * —iWy,t
<F >—Zan aiF, e "%, rie BBeIEHO 00O3HA4YCHHE AJI YacTOTHI Iepexoa

n,k
E,.-FE, % .
Opy =————, Iy = J v, Fy,dV — wmarpudnble >JI€MeHTBI omeparopa F
L V=00
(U3UYECKON BETMUUHBI F .
Cpennee 3HaueHHE (U3MYECKON BEIMYMHBI <F > — JTO €IUHCTBEHHOE, YTO

MOXHO H3MCPATL Ha OIIbITC. I[J'I}I TCOPETUUCCKUX Hp@I[CKaSaHI/Iﬁ PE3YJIbTATOB
I/ISMCpeHI/Iﬁ AOCTATOYHO 3HATh aMIIJIMTYAbl BEPOATHOCTH a, U MATPHUYHBIC 3JICMCHTBI

F.

MarTpuna nJIoTHOCTH.

Ecin Mosexkyna HaXOOUTCSl B CYNEPIIO3ULMOHHOM COCTOSIHUM OJHOBPEMEHHO
Ha BEPXHEM U HIKHEM YPOBHSIX DHEPIHMM Pa3pelIeHHOro MEpexo/a, TO OHA MMEET
OCUWLIMPYIOIIUHN JUTIOJIbHBI MOMEHT.

Ecnu paccmartpuBaTh Cpely M3 TaKMX MOJIEKYJ, TO BO3MOXKHBI BapHaHTHI,
KOT'Jla BCE JAUTOJH KOJIEOTIOTCS B OIMHAKOBBIX (ha3ax, U KOrAa JUMOIN KOJICOII0TCS B
pa3HbIx (azax. Ecnu qunonu KonaeOaoTest B pa3HbIX (pazax, TO CpeAHUN IUTOJIBHBIHI
MOMEHT OTCYTCTBYET. B TOM M apyrom ciydae cpenia no-pa3HOMYy B3aUMOJIEHCTBYET
co cBeToM. JInsg omnucaHus TakoMl YCpPEAHEHHOW MOJEKYJIbl WIM MOJIEKYJbl B
CMEIIAaHHOM COCTOSIHMM U BBOAMUTCS (POpMAIM3M MaTPUILIbl IUIOTHOCTH.

XoTenoch Obl BBECTH MaTpUIly IUIOTHOCTM TakK, YTOOBl CpeJHEe 3HaueHHUe
a0001 (hU3MUECKON BEIMYMHBI MOXHO OBLJIO OBl BBIPA3UTh YEPE3 AJIEMEHTHI ITOM
MaTpULbl MIJIOTHOCTH.

PaccMoTpuM cpenHee 3HaueHHE (PU3NYECKOM BEIMYMHBI [ B HEKOTOPOM
CYIEPIO3ULIMOHHOM COCTOSIHUN

<F> = Zan*aanke_iwk”t )
nk

PaCCMOTpI/IM MOJICKYJy B CMCIHIAHHOM COCTOsSHHH, KOT'ZJda OHAa C BECPOATHOCTBIO
w HaxXoguTCd B CYHNCPHNO3ZMIIMOHHOM COCTOAHHNU C BOJIHOBOU HKHI/IGI\/'I
B

E,
—1—t
‘P(’B ) =Za,(qﬁ )e h w,, Tme or B 3aBHCAT TONBKO KO3D(PHUIMEHTHI Pa3IOKEHHS
n

).

CpenHee 3HaU€HHE B CMEUIAHHOM COCTOSIHMM BBIpa)KaeTcsl 4Yepe3 BEPOSATHOCTU
W4 1o kiaccuaeckoi Gpopmyre

(F)=Ywy(F\),
s

rac <F>('B) — CpPCAHEC 3HAYCHNEC BCIMYNHDBI F' B KBaHTOBOM CMBICJIE B COCTOSIHUM

p:



n

( F>(ﬂ) -y a:(ﬂ)al(cﬂ)e—iwknt F
n,k

[Toacrassiem 3TO BeIpakeHue B popmyiy asis <F > U TI0JIy4aeM:

« .
<F> = Z Wﬁ“n(ﬂ)aﬁﬂ)e lwkntFnk = ZpknFnk )
B.nk k,n
rac nmocjacaHee paBCHCTBO ABJIACTCA OINPECACIICHUCM 3JICMCHTOB MAaTPUIbI IIJIOTHOCTHU
Pkn » 13 KOTOPOT'O CIEAYET:
P =S Wpar PalP) et = <azake_’“’k”t> -
B nO aHcamoII0 amomos
qaCTO, B OTJIMYMC OT HAICTO OIPCACIICHUA, MATPUIY IINIOTHOCTHU OIPCACIIAIOT
TaK, 9TO OHa COJICPIKHUT HOHOHHHTGHBHBIﬁ COMHOJKHUTCJIb B BHUJAC PACHPCACIICHUA
KOHLIEHTpalUMu MOJIEKyd N 10 BEKTOPY CKOPOCTH WJIM IO MPOEKUUU CKOPOCTH Ha
ay4y. Haspanme wmarpunbl MiI0THOCTH (ObUIO OBl TOYHEE CKa3aTh MarTpulla
KOHHGHTpaI_[I/II/I) CBA3aHO C TCM, HYTO C YYCTOM COMHOXHUTCIIA N JUuaroHaJIbHBbIC
QJICMCHTBI pPaBHbBI CPCAHCMY 3HAUCHHWIO KOHICHTpAIIMKM HaA KaXAOM U3 ypOBHefI
OHCPIruu. be3 comuoxurens N MaTpuny IIOTHOCTHU ObLI0 OBI JJOTMYHEE Ha3bIBATh
MaTpPHIICH BEPOSTHOCTH.
B namem OIpCACIICHUH CPCAHCC 3HAYCHHC q)HSI/I‘{CCKOﬁ BCJIMYMUHBI HAXOJHUTCA,
KakK CJIC€O MaTpulbl IPOM3BCACHUA MATpHIbl IINIOTHOCTH Ha MaTpuLIy OIICpaTopa
COOTBETCTBYIOIIEH (PU3NUCCKON BETUIMHBI:
(FY=3 puFu =Sp(PF) = Sp(F 7).

k,n

Du3nyecKknii CMbICJ 3JIEMEHTOB MATPHIIBI IJIOTHOCTH.
P ACCMOTpPUM CHa4daJia AMnaroHaJbHbIC 3JICMCHTBI MaTPHUIIbI IIJIOTHOCTH.

Pnn = ZW,B a;’;(ﬂ)a,(qﬂ) = <azan
B

JlnaroHanbHbIM ~ 3JIEMEHT  MaTPULBl IJIOTHOCTH  PAaBEH  BEPOSTHOCTHU
oOHapyKEeHHsI MOJIEKYJIbI UM aTOMa Ha COOTBETCTBYIOIIEM YPOBHE SHEPTHH.

Ob6cyaum Temepp HEIWAroHaJbHBIE DJIEMEHThl MAaTPULBI  TUIOTHOCTH.
PaccmoTpum cpenHee 3HaYeHME NMPOEKIMH JUIIOIBHOTO MOMEHTA Ha €IWHUYHBIN
BEKTOP MOJIAPU3ALMNA CBETOBON BOJIHBI:

((5.€))=5p(p(p-¢))= 2 PP

PaccmoTprm  ABYXYypOBHEBYHO CXE€MYy YPOBHEW OJHEpruu. JnaroHanabHbIN
DJIEMEHT MATpUIBl p,; OIEpaTopa MPOEKLUHH AUIOIBHOIO MOMEHTa MOJIEKYJBI Ha

>I’lO amomam

C,Z[I/IHI/I‘{HBII\/'I BCKTOp MOJIApU3alUN CBETOBOM BOJIHBI paB€H CPCAHEMY 3HAYCHHIO
AUIIOJIBbHOI'O MOMCHTA MOJICKYJIbI B COCTOSAHHU C COOTBCTCTBYI-OHICﬁ 3H€pFH€I>’I. 10T
IIOCTOSIHHBIN I[PII'[OJ'II:HBIﬁ MOMCHT OJIs1 aTOMa BCEraa paBC€H HYJIIO, a JJId MOJICKYJIbL,
CCIIM U OTIMYCH OT HYJA, TO MNPAKTHYCCKH HC BJIMACT HAa ONTHYCCKHUC CBOMCTBA



Monekynabl. Torma MOXHO CUUTaTh, 4YTO py;=pyy =0, U B ABYXypOBHEBOM
NPUOTMKCHUU
- — k
<(P’e)> = D PinPuk = P12P21 + P21 P12 TAE B OBIIEM ClTyHae py) = py).

n#k
Be10opoM ¢a3zbl cOOCTBEHHON (PYHKIMU /] MOKHO JOOUTHCS BELIECTBEHHOCTH

HCAUATrOHAJILHOT'O JJICMCHTA MAaTpHIbl OIICpaTOpa IMPOCKUOHUK AUITIOJIBHOI'0O MOMCHTA
nepexoaa Ha CI[I/IHI/I‘IHBII\/'I BCKTOpP MOJIsIprU3aliun CBE€TOBOM BOJIHEI.

P21 =JW§(13,5)W1dV=IW§ 2.4i-€ yidV
i

Torma pj;y =pr; =p — HEIUArOHAIbHBIA MATPUYHBIA BJIEMEHT OllepaTropa

IIPOEKIMMU UIOJIBHOTO MOMEHTA ﬁ:qu-Fl- nepexoja Ha €IUHUYHBIA BEKTOp €
i
HOJIIpU3aLMU CBETOBOM BOJHBI. BenmuuuHy p 1715 KpaTKOCTH Ha3bIBAOT AUIOIbHBIM

MOMEHTOM MEPEXO0A.
Torma

((B.€))=p(p12+p21)=2p Re(py) (2.4).

3/1eCh HEIUArOHAJIbHBIA DJIEMEHT MATpPHIBI IJIOTHOCTH L, BpalaeTcs Ha
KOMILUIEKCHOM TIJIOCKOCTH € YaCTOTOM ONTHYECKOTO Mepexoaa

* —iant —iwyt
P21 =<a1a2€ @21 > ~e 21"
noamomam
N3 paBenctBa (2.4) cnenyer GU3MYECKUN CMBICI HEAHMATOHATBHBIX 3JIEMEHTOB
* ~

P12 = Pr1 MaTpHLBI ILUIOTHOCTH. JIMIOIBHBIA MOMEHT MOJEKYJbl OCHMILIMPYET Ha

qacToOTC OIITHYCCKOro IIepexoa, KaK BCHICCTBCHHAs 4YaCThb Bpallaromierocsa Ha
KOMILIEKCHOM IIOCKOCTH HCAWAroHaJdbHOI'O 3JICMCHTA MAaTPUIbI IIJIOTHOCTH.

JIuddepeHuuaibLHoe YPaAaBHEHHE IS MATPUIIBI IVIOTHOCTH
(ypaBHeHue ¢dou HeiimMaHa njin KBaAaHTOBOE YpaBHeHue JInyBniis).

ih ﬁz[ﬁ , [)] — nubdepeHnran-HOoe YpaBHEHHE IS OIepaTopa MaTpPHUIIbI

IUIOTHOCTH WK ypaBHeHue (hoH HeliMana. DTo ypaBHEHHE MOKET OBbITh BHIBEICHO U3
muddepeHnanbHbIX YPaBHEHUM JUIsl aMIUTUTYA BeposiTHOCTU. Mbl He Oynem
paccMaTpuBaTh ATOT BBIBOJ.

3mech  p —  omeparop, COOTBETCTBYIOIIWM  MaTpHUIE  IUIOTHOCTH,

[FI , ,[7] =Hp— pH — KOMMYTaTOp OIIEPATOPOB.

O6cynum moapodHee, YTO IPeACTaBIsSeT coboit omeparop P .
Omneparop CTaBUT B COOTBETCTBHE OAHOW (YHKIHMHU JAPYryr (YHKIHUIO,

HaTpumep, ai — omeparop.
X

Yro takoe onepatop o ?



YtoObl OTBETUTH HAa 3TOT BOMPOC, BEPHEMCS K PACCMOTPEHHIO COOCTBEHHBIX
GbyHKIMIT HEBO3MYIIIEHHOTO onepaTopa ['aMuibToHa {1//,,} :

Hoy, =EW ).
BoanoBas (bYHKHI/Iﬂ IMPOU3BOJIBHOT'O COCTOAHMUA BbIpaKacTCA qcpe3
coOCTBEHHBIE (DYHKIMH HEBO3MYILEHHOIO OrepaTropa I aMuinsToHa:

B Ttakom ciyyae BoOJMHOBBIE (YHKIIMA COOTBETCTBYIOIIUE OIPEACICHHBIM
3HAYEHUSM DHEPrUu {\Pn} TaKke 00pa3yroT 0a3uc B MPOCTPAHCTBE BOJIHOBBIX

(YHKLMIA, @ aMIUIUTYABI BEPOSATHOCTU @, — KOOpAUHATHEI BekTopa ‘¥ B 3TOM Oasmuce.
ai
a

Bekrop ¥ MoxHO 3anmucaTh B BUJI€ CTOJIOIA KOOPAUHAT

JIroOo#i omepaTtop AemaeT U3 OJHOU (DYHKIUU APYTyr0 (YHKIUIO, Y KOTOPOU
OyneT Apyroi Habop KOOPJMHAT B IPOCTPAHCTBE BOJTHOBBIX (DYHKIIUM.

Ecnu omneparop nMHEHHBIA, TO CTOJ0€I] HOBBIX KOOPAMHAT MOJIy4aeTcs
YMHOKEHHEM HEKOTOPOM MATpHIIbI HA CTONOEI] CTapblX KOOpAUHAT. Takyro MaTpuily
Ha3bIBAlOT  MATPULEH, COOTBETCTBYIOLIEH  pPACCMaTpUBAEMOMY  JIMHEHHOMY
omnepaTopy.

CymiecTByeT B3aMMHO-OJIHO3HAYHOE COOTBETCTBUE MEXKAY JIMHEHHBIMU
omeparopaMM W MarpulamMu. Toraa Marpuie IUIOTHOCTH TOXKE COOTBETCTBYET
HEKOTOPBIH OIepaTop py, <> £. B oTinM4me OoT ApPYyrux onepatopoB HET HHKAKOTO

CMBICJIa ﬂCﬁCTBOBaTB 9THUM OIICPATOPOM Ha BOJIHOBYIO q)YHKIII/II-O

IlpencraBjaeHus onepaTopos.

H=H 0+ V,rme V — OIIepaTop BO3MYLIEHUS.

Mpg1 Oyaem paccMaTpuBaTh B KaueCTBE BO3MYILEHHS B3aMMOJCHCTBUE aTOMa
WIM MOJIEKYJIBI CO CBETOBBIM MosieM. Kpome 3Toro 4acto B KauecTBE BO3MYILEHUS
paccMaTpUBAIOT YAaCTh MATHUTHBIX B3aUMOJEHCTBUN BHYTpHU aTomMa. CIMH—CIIMHOBOE
B3aMMOJICCTBHE, B3AUMOJIEHCTBUE OpOUTa — OpOUTa, CIIMH — CBOSI OpOUTa, CIIUH
— 4ysKasi opOuTa, SIICPHBIN CIIMH — CIHH, SIEPHBIN CIIMH — OpOUTa.

OT TOro, KaKue UMEHHO B3aMMOJCHUCTBUS BKIIIOYEHBI B OiepaTop fH; 3aBUCAT

coOcTBeHHBIC (DYHKITUU {1//”} onepatopa H,, a or Oa3suca {1//”} 3aBUCST
K03(ppuuKeHTsl pasnoxkeHus a,. OT KOdPPUIUEHTOB pa3NOXKEHHUS 3aBHUCAT

* _a) t [V}
NIEMEHTHI MATPUIBI TUIOTHOCTH Ly, =<anake *Open >, M OT COOCTBEHHBIX (YHKIHMiA

Xk A
3aBUCST MaTPHILIbI OIIEPATOPOB BCEX (PU3MYECKUX BEIMUUH [ = IwnF widV .



Or TOT'0, KaKHEC BSaHMOHeﬁCTBHH BKIIIOYCHBI B OIICPATOp HO’ 3aBHUCHUT BHU]J
MaTpun Py, Hu Fnk WJIM, KaK TOBOPAT, 3aBUCUT MATPHUYIHOC IMIPCACTABIICHUC

OIepaTopoOB.

MoxHO paccMaTpuBaTh MPEJCTABICHUS ONEPaTOPOB B 0a3zuce COOCTBEHHBIX
(GyHKUMA, KOTOpbIE BOOOIIE HE CBSI3aHbI C omeparopoM [ 'aMuiIbTOHA, a SBISIOTCS
cOOCTBEHHBIMU (DYHKITUSMU JPYTUX PU3NYECKUX BETUUHH.

JinddepeHnaIbLHLIE YPABHEHUH JUIS DJIEMEHTOB MATPHUIILI IIJIOTHOCTH.

Ms1 Oynem BKIIIOYaTh B onepatop /1) Bce B3aUMOACHCTBHA BHYTPH aTOMa HIIH

MOJIEKYJIbI, @ BO3MYIIIEHUEM V' OyleT CIy>KUTb ONEPATOp PHEPrUH B3aUMOJEHCTBUSA
CO  CBETOBBIM  IIOJIEM é(t) B JunoyibHoM  npubnmxenuu.  Torna

V=-(p.&(t))=-ps(t)=-ps(t) u
H=Hy- ps(t).
BBIﬂCHHM, KaK BBIIIOAT MAaTPHIbI OIICPATOPOB ﬁo n ﬁ B IIpEaACTaBIICHUHA

COOCTBEHHBIX (PYHKIMI HEBO3MYIIECHHOTO oneparopa I'amuibTona H).
[To onpenenennto MaTpuiibl onepaTopa Jo0on Gpuznueckoit BeTUYuHbI [ :

X A
Foe = [ynFwidv .
BOCHOHBByeMCH 9TUM OIIPCACIICHUCM U HaﬁHeM 3JICMCHTBI MaTPHUIIbI HO " .
n
k A
Honk = J‘WnHol//de .
3,Z[€CB lj[()'?”k = Ekl//k , TaK KaK Wk — COOCTBEHHBIE (bYHKIII/II/I oreparopa ]90 )

ToTIa
Honk :J"’”Zﬁol//de:_[WZEkadV:EkJ‘//ZWde:Eké‘nk =>
E 0 0 - 0
0 B . .
Hy=| 0 "-. "-. ', 0| — MaTpuma HEBO3MYILIEHHOTO OIEPaTOpa
E, 0
o -~ 0 0

['amunbTOHA B MpeaCTaBICHUN COOCTBEHHBIX (DYHKIIMI HEBO3MYIIIEHHOTO OlepaTropa
I"'amunbTOHA.
Haiinem teneps Matpuiy p,, omneparopa P TIPOCKIUH JTUTIOJILHOTO MOMEHTA

Ha eI[I/IHI/I‘{HHﬁ BCKTOp MOJIsApU3alinu CBE€TOBOM BOJIHBI.
[TocTossHHBIN ,Z[I/IHOHBHBIﬁ MOMCHT IIOYTH HC PCAarupycTt Ha CBCTOBOC IIOJIC,
HO3TOMY AUArOHaJIbHBIC 3JICMCHTBI MaTpUllbl p,; HAC MHTCPECOBATH HC 6y,Z[YT. Mel

Oynem cuurats, uto p,, =0. Torma



0 pp pi3
P10 pa3

b=
P31 P O

: *
. ,FI[C pkn:pnk

Jlist ABYXYPOBHEBOM CHCTEMBI ITOJIyUUM:
- (E 0
Ho=\'y & |

2

0
ﬁ:( plzj, rage B OOIIEM Clydae p12=l7;1> HO BBIOOPOM a3kl
P21

COOCTBEHHOM (l)yHKHI/II/I 1 MOXHO ,ZIO6I/ITBC}I BCIICCTBCHHOCTH HCAHMArOHAaJIbHBIX
QJICMCHTOB MaTpHIibl, TOT1a:

P12=P21=P,TAC P= Py :(ﬁ’é)nk :JW; (pvé)‘//de =

(0 p) (01
P2, o) Pl o)

Torna onepatop BO3MYILIEHUS, OH K€ ONEepaTop B3aUMOJICUCTBUS CO CBETOBBIM
10JIeM, IPUMET CJIETYIOUTUN BU/L;

V= —f?éz(z‘) = —p(_;(t)[(l) (1)], rae S(t) =& cos((p) —  HaImpsPKEHHOCTh
BJIEKTPUYECKOTO MOJII CBETOBOU BOJHBI, (= —((l; v ) -t + (po) — (aza cBeToBOI

BOJIHBI.

Torpa ypaBuenue Heiimana ifi p = [H,,b] Wi ihp = (HO + V),b — ,5(1—]0 + V)
Ui ByXYypPOBHEBO CHCTEMbl B MATPUYHOM BHUJE B IMPEACTABICHUH COOCTBEHHBIX
GyHKIUIT HEBO3MYILIEHHOTO omepaTopa ['aMUIbTOHA MOJYYUTCS TOACTAHOBKOM B

. (B 0) . 0 1
TMOCTIEIHEE PABEHCTBO MaTpuIl H j = uV =-p&(r) :
0 E, 10

[Tocne noaCcTaHOBKH MOJIyYaeM:

ih P11 P12 _

P21 P22
£ 0 0O 1Wen pP2) (P1 P2f(Er O 0 1
U L 0)\pa1 p) \Pa1 P2 )\\0 E; 10
[TepeMHOKHMM MaTpHI[bI ¥ MOJTyYMM PAaBEHCTBO JABYX MATpHI Pa3MEPOM JBa Ha

ABa. PaBencTBo ABYX MaTpul 03HA4acCT, YCTHIPC PABCHCTBA AJIA KAKA0I'0 N3 YCTBIPCX
QJICMCHTOB MaTpullbl ABa Ha JIBA4. Torz[a BMCCTO MATPHUYHOTO pPABCHCTBA



(muddepeHnmanbHOTO  ypaBHEHHs) — TOJydaeTcs ~ CHUCTeMa W3 4YeThIpex
muddepeHIanbHbIX YpaBHEHUMN:

’ PG\t
P11 =1 h( )(Plz—le)
t . pS(!
P12t 101012 =1 h( )(Pn—/?zz)
<
t . PS\ !
P21 T1W1P21 =1 . )(P11—,022)
o pSlt
P =1 h( (Plz—le)
_Ey-E
3ILCCB BBCICHO 0603H8HCHI/IC (()21 = 3aM€TI/IM, qToO BTOpOC nu TpeTBC

ypaBHEHUS! KOMIUIEKCHO COMpsDKEHbI Apyr Apyry. Ilo 3Toil mpuuuMHE OCTaBIAIOT

%
TOJIKO OJJHO U3 HUX, IOMHS O TOM, 4TO |, = pP5. B pe3ynbTaTe noiay4aeM CUCTEMY
U3 Tpex TudPepeHInanbHbIX YPaBHEHUMI:

: . P&\t

Pr1="1 h()(/?lz—/?zl)

y pE(t
<,022=lph( )(Plz—le)

t . PS\T
P11y 1P =1 h( )(,011—,022)

B »Tu ypaBHeHUs1 10OABISIIOT claraeémbie JBYX THUIIOB: ()€HOMEHOJIOTHMYECKOE
3aTyxaHUe U Hakayky. B pe3ynbrare mojydaroT CUCTEMY YpaBHEHHUH ISl MAaTPHUIIbI
IUIOTHOCTH JIByXYpPOBHEBOW CpEbI:

* o .polt
PLITNPIL=NPI1 L h( )(Plz—/?zl)
* 0 PSSt
1Pt V2P0 =72P20 T h( )(,012 — 1) (2.5).
o pSl(t
Pr1+i®y1001 + Ty =1 h( )(Pll—Pzz)
3/ech ClaraeMbie yip M Y,05 — HAKAYKA HA ypOBHHM dHeprum 1 u 2.
[ToxpasymeBaeTcsi, 4To 00a YpPOBHS OHEPIUM — BO30YKIEHHBIE YPOBHH. A

CllaraeMel€ Y1011, V2P U ID'py; TpencraBiusioT coOOM yKa3aHHOE BBIIIE

CbeHOMeHOJ'IOFI/I‘—ICCKOC 34TyXaHHUC. DEHOMEHOIOTNYECKOe O3Ha4a€T, 4YTO OHO HE
CJIeayeTr U3 IMOoCTpOCHUA TCOPHH, a I[O6aBJIeH0 AJi1 CorjiaCoBaHusA C pe3ylibTaTaMU
OnbITOB. ONBITHBIN (I)aKT COCTOUT B TOM, 4YTO, CCJIM MOJICKYJIa HAXOAWUTCA B
B036Y)KI[€HHOM COCTOSIHMH, TO B PE3YyJbTATC CIIOHTAHHBLIX IICPEXOJ0B BHU3



BEPOATHOCTh OOHAPYKUTh MOJIEKYJIy HAa 3TOM YPOBHE 3KCIOHEHIIMAIBHO YOBIBAET CO

BpEMEHEM 0€30 BCSKOTO BIMSHMS SJIEKTPUUECKOTO MOl BHEIIHEH CBETOBOM BOJIHBI.
W neiictBuTensHO. PaccMOTpUM BTOpOE ypaBHEHHUE IIPU YCIOBUU OTCYTCTBHS

CBETOBOTO MOJISA éz(t) =0 u 6e3 HaKayKu YpOBHs dHepruu. Torna noayuyum

P22t 72P2 =0.
Pemenne 5TOro ypaBHEHUs HUMEET BHUL  P)) (t) =P (0)3_7 2! , 4To

COOTBETCTBYET OIBITHBIM JaHHBIM. JlJI1 3TOr0 COOTBETCTBHS B JU((epeHInaIbHbIE
YPaBHEHUS Ul MAaTPULbI INIOTHOCTU U J00ABICHO ()EHOMEHOJIOTUYECKOE 3aTyXaHHE
B BUJIE CJIAra€MOI0 )5 0y . AHAJIOTUYHO BBEJIEHBI ClIaraeMele ¥ 011 U I'p,.

OOcynuM Tenepp HaKadKy B BUJE CIAracMbIX }; plol U ) pgz. Ecau cBeToBOro

nonst Het &(¢)=0, To 4yepe3 HEKOTOPOEe BPEMsl BEPOSTHOCTH Py U pjp HPUMYT

CTaHI/IOHapHBIe 3HAa4YCHUA, a HpOI/IBBOI[HBIe 110 BpeMeHI/I pll 51 ,022 O6paT$ITC}I B HOJIb.
Torna ypaBHeHus | U 2 mpuMyT CII€IYIOIIUNA BU/L;
0 0
71P11 = 11P11 e P11 = P11
_ 0 0
V2P22 =72P22 P22 = P22
OTCIOI[a IIOHATEH CMBICJI KOHCTAHT ,010 1 nu ,032 , KaK CTaHI/IOHaprIX 3Ha‘{CHI/If/'I

BEPOSTHOCTH OOHAPYKUTh MOJIEKYJy Ha HMJKHEM M Ha BEPXHEM YPOBHSIX DHEPIHH B
ciy4ac, Koraga OTCYTCTBYCT CBCTOBOC I10JIC. CTaHI/IOHapHOC 3HAUYCHUC
YCTaHaBJ'H/IBaeTCﬂ B pe3y.]'IBTaTe paBHOBeCI/Iﬂ HAKAQ4YKM U CIIOHTAHHBIX HepeXOI[OB C
paccMaTpuBaeMbIX YPOBHEH SHEpPruu Ha 0oJiee HU3KUE YPOBHH. B KauecTBe HaKauKu
MOXECT CJIy}KI/ITB pa3p;I/:[ B ra3c, B KOTOpOM HpI/I Coy,[[apeHI/II/I 3HeKTpOHOB C
MOJICKYJIaMH, MOJICKYJIBI MOTYT TIEPEXOJWTh B BO30YXKIEHHOE cocTosiHue. Ecnm
paccMaTpuBaTh BO30YXICHHbIE KOJeOaTelbHbIE WM BpallaTelbHbIE YPOBHH
MOHCKYJ'I, TO HAKadKa HpOI/ICXOI[I/IT 34 CUCT TCIIJIOBBIX CTOJ’IKHOBCHI/II\/’I MOHCKYJ'I.
MO}KCT 6I)ITB HaKadKa CBCETOBBLIM IIOJIEM, HaHpI/IMep, Ha 60Hee BBICOKHEC ypOBHI/I
BHCPFHH, C KOTOpBIX B pe3y.HBTaTC CIIOHTAHHBIX HepeXOI[OB 3aCCIICTCA
MHTEPECYIOIINN HAC YPOBEHb.

Eciu ypoBeHb 1 SBISCTCS HMOKHAM YPOBHEM DHEPIHHM aTOMa WJIM MOJICKYJIBI,
to auddepeHnaibHbple YpaBHEHUS /IS DJIEMEHTOB MATPHIBI IUIOTHOCTH HYKHO
3aMCHUTH Ha CJ’IGIIYIOH_II/Ie ypaBHeHI/I}I:
©pse(r)

0
P11 = _ZT(:OIZ %) ) T 72022 = V2P22

. p&(t
VP22t V2P0 = 7/2sz + lpT()(Plz —,021)

b pSl(t
P+ iwy1071 + TPy ZZT((PU - p2)

W3mMeHeHus: Mpou30UUIM TOJILKO B NEPBOM ypaBHEHUU. B HeM OTCyTCTBYET
(eHoMeHOoIornYeckoe 3aTyxaHue M Hakayka. CIOHTaHHOE 3aTyXaHHe YpOBHS 2



NEPEBOJUT MOJEKYJIbl HE MPOCTO KyJa-HUOYIb, a UMEHHO Ha paccMaTpUBaeMbIil
YpOBEHb |, MOATOMY B IMpaBOW YAaCTH NMEPBOrO0 YPABHEHHUS MOSBIISIETCS CJIAraeMoe

72P>, . Ciaraemoe —y, pgz CBSI3aHO C T€M, YTO HaKadKa Ha YPOBEHH 2 MPOUCXOIUT C
oOeaHeHneM ypoBHS 1.

[Tonyyennsie Hamu quPepeHInaNbHbIE YPaBHEHUS ISl 9JIEMEHTOB MaTpPUIIbI
IUIOTHOCTH OINMKCHIBAIOT TIOBEJACHHE MATPHUIIbl IUIOTHOCTH B CHUCTEME OTCYeTa
MOJIEKYJIbl. YacTo 3TH ypaBHEHUs 3alKCHIBAIOT B JJAOOPATOPHOM CUCTEME OTCYETa.
[Tomyuum ypaBHeHUs cUcTeMBI (2.5) B 1a00paTOpHOM crcTEMe OTCYETA.

[lycTh cBeT pacmpocTpaHsieTcsi BAOJAb OCH Zz, TOTJa OT KOOPAMHAT X U Y

HUYEro HE 3aBHUCHT.
Paccmotpum auddepenuman moboit GyHKINN KOOPAUHATHI Z U BPEMEHH 1 :

d-=idt+idz (2.6).
ot 0z
B ypaBHeHusix cuctemsl (2.5) MpoU3BOAHBIC 10 BPEMEHH OEpPYTCS B CHUCTEME

dz
OTCYETa MOJICKYJIBI, TJIC ? =}, — mpoexuusi CKOpOCTH MOJIEKYJIbI Ha JIy4, KOTOPYIO
t

JUIA KpaTKOCTH WHorAa OyaeM Ha3bIBaTh JTy4eBOM CKOPOCTHIO MOJIEKYNbI. Torma
NPOU3BOHAS TI0O BPEMEHH B CHCTEME OTCUETa MOJICKYJIbl MOXKET ObITh BBIpaKCHA
4yepe3 MPOU3BOJHBIC 10 BPEMEHU ! W MO z KOOpIWHATE B JTaOOpAaTOPHOW CHUCTEME
oTcYeTa MyTeM JIeJIeHUs ypaBHeHus (2.6) Ha nuddepeHnnan BpeMeHu dt :

d- 0- 0-

—=—+V,—.

dt ot 0z

[loncTaBUM 3TO BBIpaKEHUE AJI TAK HA3bIBAEMOM IOJHOM IPOU3BOJHOU 1O
BPEMEHHU B YPABHEHUS CUCTEMBI (2.5) 1 MOITyYUM:

8;1 +V; 'gzll T 7P = 71P1 —’#(PM = Pa1)
o 0 0 ,.psll
D2V B papp = 1apth +l#(/?12 ~Pa) -
8,021 8,021 . p&(l‘)
+V. +iw +Lpy =i N
ki s 21P21 +1 P21 7 (P11=p22)

B Takom Buje moa Matpuliiel MiIOTHOCTUA MOHUMAIOT XapaKTePUCTUKU CPEIbl, a
HE yCPEIHEHHON MOJIeKYJbI cpelibl. [Ipu Takoil mHTEprnpeTaluu MaTpuIbl TNIOTHOCTH
JOTUYHO J00AaBUTh K HAIIeMy ONPEJEICHUI0O €€ DJJIEMEHTOB TpaJUIIMOHHBIN
COMHOKHTEIb — pacnpe/enenue Ny KOHUGHTPALMU MOIeKy1 N 1o V, HpoeKiuu

CKOPOCTU MOJIEKYJI Ha JTyY.
Me1 Bcerna Oynem paccMaTpuBaTh U pemiath auddepeHianbible ypaBHEHUS
JUTSI MaTPUILIBI TUIOTHOCTH TOJIBKO B CUCTEME OTCUETa MOJIEKYJIBI (2.5).
B cucteMe orcuera MOJEKYJIbI MApAMETPbl CBETOBOW BOJHBI HE COBCEM TaKHUE,
Kak B JabopaTopHoiil cucteme orcueTa. OOCYaNM 3TH OTINYHS.



YacToTa cBETa B CHUCTEME OTCUETa MOJIEKYJIbI @' OTIMYAETCS OT YacTOTbI
CBeTa B JIAOOPATOPHOU CHCTEME OTCYETa @ 3a cUeT MpooJibHOro 3ddekra Jomnepa:

Aw T
—~—%, rae V, — mpoekuus CKOPOCTH MOJIEKYJd Ha JIyd WM JIydeBas
w
2
ckopocTh. Toraa, mpeHeOperas momnpaBKamMu MopsIKa iz, HOJIyYUM
c
|4 2
o'=w—-—-w=w-kV,, rie k =—— — BOJIHOBOE YHCJIO.
c A
AMIUIMTYZia &, CBETOBOI BONHBI &, CoS(@! —kz — @) Mao M3MeHseTcs Ipy
2
o 2 go&oV
nepexoAe U3 OAHOM cucTeMbl OTcueTa B Jpyryro. Uucio GoTtoHOB a” =——— B
2ho
HEKOTOpOM o0beme V'
2V

B cucreme CI'C I'aycca a“=—"—.
8rhw

IIpU MEPEXO0JI€ U3 OAHOW CHUCTEMbI OTCYETA B JIPYTyI0 HE U3MEHsETCS. AMIUIMTYyAA
MU3MEHSETCS B OCHOBHOM 3a CUET U3MEHEHHUsI YaCTOThI U HEMHOIO 3a CUET U3MEHEHUS
pasmepa o0bema BHONb JBWKEHUS. OTHOCUTENbHOE H3MEHEHHE AaMIUIUTY/IbI

Agy 1V,
& 2c
daza CBETOBOM BOJIHBI — cKajisip no rpynne Jlopenua ¢'=@, nodtomy c

Y4ETOM CJIa00OM 3aBUCHUMOCTH aMIUIMTYIBl ¢, OT CHUCTEMBI OTCYETa MOJIYYUM

IPUMEPHO OJIMHAKOBOE BBIPAXKEHHE I CBETOBOTO MOJISI B 00EUX CUCTEMAX OTCUETA:
e’ +e'?
2

N3meHeHne BenWuyuHbBl kz TpU MEPEXOJe M3 OJHOM CHUCTEMBI OTCYETA B
ApYyTyl0 Hac HMHTEpecoBaTb He OyAeT, TaKk Kak B CHUCTEME OTCYETa MOJIEKYJIbI
KOOpJMHATa z' — KOHCTAaHTa, KOTOPYIO YAOOHO CUMTATh PAaBHOW HYIIIO.

OkoHYATETBbHO MOJy4yaeM, YTO MpPH MEpPexojae U3 J1abOopaTOPHOM CUCTEMBI
OTCYETa B CUCTEMY OTCUETa MOJIEKYJIbI (popMyJia sl CBETOBOTO OJISI HE U3MEHSAETCS

9 i
e’ +e \

S(t,z) = &, —————, a 4aCTOTa MoJjs u3MeHsieTcs no popmyne o'=w—kV,.

&(t,z) =gy cos(p) =&,



