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AnaHoTanus

PaccmarpuBaercsa mpoxoxKaeHne KOPOTKAX CBETOBBIX UMITY/IHCOB Ye€pe3 TPEXYPOBHEBYIO pe-
30HAHCHYIO CPely B YCJIOBUSX, KOTJIAa MMEETCs TOUHBIM PE30HAHC HA JABYX()OTOHHOM Mepexosie
U OTCYTCTBYET Pe30HaHC Ha 0aHOMOTOHHBIX nepexoiax. Cmenan pacuer BEPOATHOCTHU JIBYX-
GOTOHHOTO TIOT/IONIEHNsT C YYETOM JUCIEPCUU TPYMIOBBIX CKOPOCTEH 7 CJIydasi rayCccOBOM
dopmbr nMnyabCcoB. [Ipoanasm3mpoBaHa 3aBUCUMOCTD BEPOATHOCTH ABYX(POTOHHOTO TIOTJIOTIE-
HUs OT PACCTOAHUS, IPONIEHHOIO CBETOBBIM MMILY/IbCOM, U OT BEJTUYUHBI PACCTPONKHA MEXKTY
9aCcTOTON OAHOMOTOHHBIX MEPEXOI0B W HECYIIeH 9acTOTON MMITY IhCA.

KuroueBbie cjioBa: pacmpocTpaHenue CBeTa, AByX(OTOHHOE IOTIONEeHNe, TUCITIEPCUS.

BBenenue

dBnenne 1ByX(OTOHHOTO mOT/Iomennsa 06110 nmpeacka3ano Mapwueit [enmepr-Maiiep
B 1931 1. [1], a uepsblil sKcuepument GbL1 nocrapyen ciuycrsa 30 Jer, yxe 1ocie co-
3nanust jasepos [2]. C Tex mop 3TO SBJEHWE WHTEHCHBHO MCCJIENYeTCs KaK TeOpeTH-
YECKHU, TaK W JKCIEPUMEHTAIbHO; OHO CJAYXKHUT BAYKHBIM WHCTPYMEHTOM HEJMHEWHO
JazepHoii crekrpockonun [3-5]. Henmueitnbre adpdexTs Tna asyxdoTOHHOTO TOMIOo-
[eHUs TPAIUIUOHHO CAUTAIOTCH MPEHeOPEKNMO MAJIBIMU [IPU IHEPrUsiX BO30Y K I€HUs
Ha ypoBHE OJUHOYHBIX (oToHOB. OMHAKO BEPOATHOCTH JIBYX(DOTOHHOIO MOTJIONIEHHS
MOXKET OBbITh 3HAYUTENHHON TpPU B3aWMOIEHCTBHU CBETa C MPOTAXKEHHOW Cpemoil Tu-
[a ONMTUYECKOTO BOJIOKHA, YTO MOXKHO HCIOJIH30BATH B KBAHTOBOI MH(MOPMATHKE st
noBbIennst 3GdEKTUBHOCTH ONTHYECKNX KBAHTOBBIX BBIUMCIeHWH [6] n m3Mepenuii B
6asuce Besa 7], a Takxke i KOJOBOrO pa3/ie/ieHds KAHAJIOB B CUCTEMAX ONTHYe-
CKOll cBsi3u, ucnosb3yomux oudoronsl mig nepexadn undopmanuu [8, 9]. IIpu s1om
yBeJINYeHne JIJTUHBI B3AUMOJEHCTBUS COMPOBOXKIAETCH IUCIIEPCUOHHBIM DPACIIbIBAHN-
eM JByX(OTOHHBIX BOJHOBBIX TakeroB [10], 4To CymIeCTBEHHBIM 00PA30M BIMSET HA
BEPOSATHOCTH IBYX(MOTOHHOTO moryormienns. [lesb manHoi paboThl KaK pa3 M 3aKI0Ya-
eTcs B TOM, YTOOBI MPOAHAIN3UPOBATH BJIUSHUE JUCIEPCUOHHOIO PACILIBIBAHUS C1ab0T0
CBETOBOI'O MMITYJIbCA HA BEPOATHOCTH ABYX(OTOHHOIO MOIJIOMICHUSA.

1. OcHoBHbIE pe3yabTATHI

PaccmorpunM  B3anmMoneiicTBiHE KOPOTKOTO BO30YIK/IAIONIET0 Ja3epPHOTO MMITYIhCA
¢ TpEXypoBHEBBIM aToMmoM. [Ipeamosokum, 9T0 UMeeTcs JUb IBYX(MOTOHHBIN pe30-
HAHC HA MEPEX0ie MEXK/Iy HUKHUM U BEPXHUM aTOMHBIME ypoBHaMU (puc. 1). dpyruvu
CJI0BAMU, BEJIMYNHA PACCTPONKHN MEXKJYy HECylleil 4aCcTOTOU UMITYJIbCA U YaCTOTaAMU O-
HOMOTOHHBIX MEPEXOIOB CYIIECTBEHHO DOJIbIE KAK CIEKTPAIbHON MTUPUHBI [TOCJIE/THUX,
TaK W CIOEKTPAJbHON MUPWHLI UMIYIbca. B HaYanbHBIH MOMEHT BpeMeHH ¢ = —0o0
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Puc. 1. Cxema pabouux ypoBreil u nepexonos: |g), |f), |m) — ocHoBHOe, BO3OyxIéHHOE U
LIPOMEXKYTOYHOE aTOMHBIE COCTOSHUSA; Wp = Wfg/2 — HECyIlash 4acToTa Ja3ePHOr0 UMILYJIbCA;
A = wp — Wmg — BEJIMYNHA PACCTPOIKM

ATOM HAXOJWTCS B OCHOBHOM COCTOSTHWH |g). AMIUINTYIa BEPOSTHOCTH IBYX(DOTOHHO-
ro TIepexosia B BO30YKIEHHOE COCTOsIHNE |f) BBIYMCISIETCST BO BTOPOM TMOPSIIKE T€OPUH
BO3MYIIEHHiT 1o dpopmye

t ot
HfmMmg / 1IN W ot Fiwmot” a1l

af(t) = B E(E(")e™m 9t dt’ dt", (1)

—0o0 —00
rae [ijj — MaTPUYHBIA 3JIEMEHT Omeparopa JAUNOJILHONO MOMEHTa Ha TepeXoe MexKIy
1-M U j-M QTOMHBIMU COCTOAHUAMH, W;j — 9aCTOTA COOTBETCTBYIOIIETO MEPEX0Ia, E(t) -
HAMPSAKEHHOCTD TEKTPUIECCKOTO MO BO30YKIAIONIEro NMITyabca. JmuTenbHOCTh M-
My/IbCa MPEIOIAraeTCsa 3HATUTETHHO KOPOUIe BPEMEH KU3HU BO30Y K IEHHBIX ATOMHBIX

cocrostamit. Mcnons3ys ¢dypbe-npeobpa3oBaHue

E(t) = (2m)1/2 / E(w) exp(—iwt) dw,

mepexoisa K Opesesy ¢ — 00 U YYATBIBAA, 9TO Wfg = Wim + Wmg , TOIyIaEM

Pymbmg [ EW)E(wsg —w)
— . 2
i / ) dw (2)

af =af(t —o0) = =
mg

— 00

ITockomBKy paccTpoiika Wy — W MPEANoaaraeTcd CymecTBeHHO OObIIe CHeKTpaTbHON
MAPUHBI AMITY/IHCA, TPUXOAAM OKOHYATETHHO K CIEAYIONIEMY BBIPAZKEHUIO:

o0
_ L pmbimg _

rme A = w, — W,y — JACTOTHAS PACCTPOWKA MEXKIYy HeCyIeil JacToToil a3epHOTro
HMIIYTbCA Wp = Wfg/2 U IACTOTON OXHODOTOHHOTO HEPEXOTA Wiy -

[IycTp Teneps Ja3epHbIil UMITYJIBC PACIPOCTPAHAETCH BIOJb OCA 2 B JUCIEPTUPYIO-
meil cpeie, 3aHUMAIOIIEH noaynpocTpancTso z > 0. C yuéroMm aucnepcuu aMIuiuTyIa
BEPOSATHOCTH IBYX(DOTOHHOTO MEPEX0Ia MPU B3AUMOIEHCTBUN aTOMA C UMITYJIHCOM, MTPO-
MIeJIIUM B CpeJle PACCTOAHNE 2, TPUHUMAET CJeIYIOMNil BA;

1 7 ) )
ay (Z) _ ﬁﬂfmA:umg / E(w)E(wfg —w) ezk(u.z)z—i—zk(u.;fg—u.;)zdw7 (4)

[e e}



168 B.0. CEPBUHEHKO, A.A. KAJTAUYEB

,
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
z/z,

Puc. 2. 3aBucnMOCTh BepOATHOCTH ABYX(MOTOHHOTO TIOTJIOMIEHUS Df OT PACCTOSHUSA 7, TIPOWi-
JIeHHOT'O0 CBETOBBIM HMIIYJIbCOM B CpeZie ¢ YI6TOM AHUCIIEPCHH IPYIHIOBBIX CKOPOCTeil

rae k(w) = n(w)w/c, n(w) — nokazaresb NPEJIOMJIEHUS, ¢ — CKODOCTb CBETA B BAKYYMe.
ITpeanosoxkuM, UTO Ja3€pHbIH UMIYILC Ha BXOoAe B cpeay (z = 0) uMeer rayccoBy
bopmy

E(t) = Egexp(—t?/272) exp(—iwpt), (5)

a 3aBUCUMOCTb BOJIHOBOI'O BEKTODA OT YaCTOThI MMEET CTaHAapTHbIN (s 6oJbIiux
paccTpoek) BuJ
k(w) = k(wp) + a(w —wp) + Blw — wp)Q- (6)

1
Bneck a = 0k/0wl,, —obpaTHas rpynmoBas CKOPOCTh UMITY/ILCA, a 3 = 502k/0w2|% -
mapamMeTp, OMPeJEIIIONIN YITUPEHNe UMITYJIHCA 3a CIET JUCTIEPCUN TPYIITOBBIX CKOPO-
creit. Torma u3 dbopmynnt (4) 1ig BepOATHOCTH ABYX(DOTOHHOIO MEPEXOA, MOy YUM:

o TEGTE |ipmbtmgl® 1
= = 7
pf(Z) |af(z)| HA A2 lJr(Z/Zd)Q, ( )

rie zq = 7¢/|28| — mucnepcuonnas anuHa (MPU 2 = 24 TAyCCOB UMITYJILC YITUPSAETCH
B /2 pas). [lycTs Ta3epHblii MMITYILC HMeeT SHepruio W, a MIoma b Ceqenns ga3ep-
Horo myuka pasua S. Torma Ey = W/2(2e0cSt0y/7)~'/? u dopmyna (7) npunnmaer

BU, ,
_ w | mbmg | 1
ps(z) = (2eocs) WA2 1+ (2/20)% (®)

Takmm obpazom, Tpu 3aTAHHON SHEPTUN UMITYIbCA BEPOSITHOCTD ABYX(POTOHHOTO TIe-
pexo/ia He 3aBUCHUT OT JJUTENHHOCTH NMIYIhca. UTO KacaeTcs: 3aBUCHMOCTH BEPOSITHO-
et py(z) OT PAcCTOSHUS Z, IPOHTEHHOIO CBETOBBIM HMITYILCOM, TO OHA IMPECTaBJIeHA
Ha pHUC. 2. YMEHbINEHNHE ¢ PACCTOSHUEM BEPOSTHOCTH JBYX(OTOHHOTO MEpPEeXo/a CBsi-
3aHO C T€M, 9TO W3-3a JUCIEPCHH IPYIMNOBBIX CKOPOCTEH MPOUCXOIUT PACXOKIEHUE BO
BPEMEHH COMPSIZKEHHBIX IaCTOTHBIX KOMIOHeHT ummynbca E(w) n E(wpy — w).

Teneps npeanooxkum, 4ro auctepcus k(w) o0ycJOBJIEHA HAJIUYUEM B CPEJIE TAKUX
JKe TPEXYPOBHEBBIX aTOMOB, PABHOMEPHO PACIPEEeIEHHBIX ¢ KOoHIeHTpamnmneit n. Torma
(cMm., Hampuwmep, [11]):

by =2 (14 2 ). ©)
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Pp> OTH. €11.

Puc. 3. 3aBUCHMOCTD BePOSTHOCTH /IBYX(DOTOHHOTO TIOTJIONIEHUsT Pf OT PACCTPORKN T = A/wy,
npu z/z = 1072

rie Q2 = nfmg|?wimg/e0h. B pesymbrare nns kosdbdummenta 3 nomydaem:

Q%wre(3A% = 3Awyy + w3y)

28 =
6 CA3(A —wfg)3

(10)
IMozacrasngas nonyuennoe Bbipaxkenue (10) B dopmymy (8), HAXOAUM 3aBUCUMOCTH Be-
POSITHOCTH JIBYX(DOTOHHOIO HOLJIOMIEHHS OT PACCTPOAKU & = A/wgy:

—1
2 _ 1\? 1
2322 —3x+ > (1)

1 L o —

rae 2’ = Tgcw?g/QQ. Tunuanas 3aBucuMocTs py () mpu 3HadeHusx z/z’ < 1 noxasana
Ha puc. 3. Anamuz dopmynst (11)noKa3biBaeT, YTO UMEETCs BA XapaKTEPHBIX CJIydas.
Ecin z < z4, TO, 09eBWAHO, pf(x) CTAHOBUTCS OOPATHO MPOMOPIMOHANBHON T2, TO
€CTh YeM MEHBITE PACCTPOITKA MEXKIY YaCTOTOH BO30YKIAIOIIEr0 UMITYIHCA U YACTOTOM
omHO(OTOHHOTO Mepexoa, TeM 3¢ peKTuBHee Mporece ABYX(MOTOHHOTO MOTJIOIEHHSI.
C Jpyroit CTOPOHBI, €C/IU 2z 3> z4, TO CTAHOBUTCS CYIIECTBEHHON 3aBUCUMOCTH JIUCIED-
CHW TPYNIOBBIX CKOPOCTEi OT YacTOThI, Tak 4To, Haobopot, pr(r) o z* mpn = < 1.
31ech celyeT OTMeTHTh, uTo NpH @ < 1 aucnepcuonnas auna zq = 7¢/|208| o« 2% . Ta-
KM 00pa30M, MOTYT CYIIECTBOBATH OMTUMATBHBIE 3HAUEHUS PACCTPONKH, IPU KOTOPHIX
JOCTHIAETCS MAKCHMYM BEPOSITHOCTH pf(2), 9TO U HIUTIOCTPHPYET PUC. 3.

Dopmysa (8) omnucbiBaer BepOATHOCTH ABYX(DOTOHHOIO HOIVIOIIEHUS OJHUM TPEX-
YPOBHEBBIM ATOMOM, PACIOJOKEHHBIM B KOHIE cios Tosmmuoil z. Ecou cpena comep-
JKUAT MHOYKECTBO OJIMHAKOBBIX aTOMOB, PABHOMEDHO PACIPEIEIEHHBIX B Cpee C KOH-
[eHTpaImeil 1, TO MOJHAST BEPOATHOCTH ABYX(MOTOHHOTO MOTJIOMIEHNST BIYUC/ISIETCS Y-
TéM CyMMHPOBAHMSA BKJIAJ0B OT BCEX aTOMOB. Pa3o0bEM cpeay Ha CJIOW TOIMUHON dz .
BeposTHOCTE IpOImyCcKaHusa Kaxkaoro ciosg pasua 1 — pr(z)nSdz. Torna BeposrHOCTH
MPONYCKAHUA CPe/Ibl TOJNIMIUHON 2 MOJydaeTcd PaBHOI

1-P(z)=1—exp | — /pf(z)nSdz , (12)
0

rae P(z) — nomHasi BeposiTHOCTH Toruiorenns. I[Toacrapnss B (12) dbopmyiy (7) n BbI-
YHUCIIsIst MHTErPaJl, MPUXOANM K CJIEIYIOMEMY BhIDAXKeHHIO:

P(z) = 1— exp (—Paarctg (z/za)) , (13)
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rIe BeJIUNYnHaA

w 2 |Hfmﬂm |2ZdnS
P; = g 14
¢ (26005) h2A2 (14)

MUMEET CMBICJT ONTUYECKOH TONIMUHBI CPeMIbl IIUHOH zg B PeKUME IBYX(OTOHHOIO MO-
rJIoIeHns 6e3 yuéra IuCIepCcun.

CpaBHUM TIOJIyYEHHYIO 3aBUCUMOCTD (13) ¢ 0OBIYHO# IKCIOHEHIIUAIBHOM, HCTIONB3Y
ACUMIITOTUKY
Zz4..., 21,

15
m/2=1/z+..., z> 1 (15)

arctg (z) =
Ecnu paccrostaue z, npoiiileHHOE CBETOM, CYIIECTBEHHO MEHbINE JUCIEePCHOHHON JTH-
Hbl 24, TO Gopmysna (13) coorsercrByer OOLIYHOMY 3aKOHY MHOLJIOlIeHUs Byrepa—
Jlambepra — Bepa npu ognodoronnom pesonance. Ilpu 3roMm mosHast BEPOATHOCTD ABYX-
dboronnoro mornomennst P(z) yBeInmduBaeTcs ¢ pacCTOSTHUEM W MOXKeT CTaTh OJIM3KOf
K €JIMHUIIE, TOJIHLKO €CJIN ONTHYeCKas Toammuuaa Py muOoro 6osbine equauiibl. Haobopor,
€Cau z > zg, TO BEPOSITHOCTH NBYX(OTOHHOTO MOTJIOMIEHUS MEePECTAET 3aBUCETH OT
paccrognus. [Ipu srom nosiHas BeposaTHOCTD norsonienus P(z) Moxer npubiu3uThes
K eJIMHUIIE 110 MEPe YBeJIUYUeHus JTHHBI B3AUMOIEeHCTBUs, TOJIBKO ecii Py TakyKe MHOrO
OosbInie euHUIBGI. B TPOTUBHOM CjIyvae, ¢ YBEJIMYEHHEM DACCTOSTHUS MOJIHAS BEPOSIT-
HOCTH TOTJIOIIEHUST JOCTUTAET MAKCUMAIBLHOTO 3HAYEHWS, KOTOPOE TEM MEHBINEe, UeM
MeHbIIle ontudeckas ToimmHa Py. TTockombky arctg (z) < 7/2, myst Kaxa0ro Tpedye-
MOI'O 3HA4YEHUs [OJHOI BepoaTHOCTU ABYX(DOTOHHOrO noromenus P(z — 00) MOXKHO
HAWTH MUHEMAJIBHO JOMYCTUMOE 3HAYEHUE ONTHYECKOH TOMIUHBL Py .

3akJiroueHne

B nacrosmeit pabote TEOpETHUECKH HCCIEI0BATIOCH TTPOXOKIEHNE KOPOTKHUX CBe-
TOBBIX WMITYJILCOB Yepe3 TPEXYPOBHEBYIO PE30HAHCHYIO Cpey B YCIOBUAX TOYHOTO
pe3onanca Ha ABYX(OTOHHOM IePeXo/ie W OTCYTCTBUS PE30HAHCA HA OJHO(POTOHHBIX
nepexogax. Caenan pacdér BeposTHOCTH JBYX(OTOHHOIO MOTJIOMIEHUs C yIETOM JTUC-
[EPCUU TPYIIOBBIX CKOPOCTeH Jjis Cciydas rayccoBoii (popmbl nmmynbcos. [lokazano,
YTO BEPOSITHOCTH ABYX(OTOHHOrO TOTJIOMIEHUS CYIIECTBEHHBIM 00pPa30M 3aBUCUT OT
JUCHEPCUN TPYNNOBBIX CKOPOCTEH, BEJIMYMHA KOTOPOH, B CBOIO OYepe/ib, 3aBUCHUT OT
YaCTOTHOW PACCTPONKN — PA3HOCTH ME¥KJIy HeCyIeil 9acTOTON MMITYJIbCa W 9aCTOTOMN
onurodoTOHHOTO epexosa. B pe3ysibrare yCTaHOBIIEHO, YTO CYIIECTBYIOT ONTUMATHHBIE
3HAYEHUs YaCTOTHOH PACCTPOWKHU, IPU KOTOPBIX JOCTUTAETCA MAKCUMYM BEPOATHOCTH
JIBYX(OTOHHOTO MOTJIOIIEHNUS.

PaGora Beinosnena npu dbunancosoii noamepxkke PO®U (npoext Ne 09-02-00206-a),
nporpammsbl IIpesuauyma PAH «KBanrosast makpodusuka» u rpanra upesugenra PO
BHIII P® (Ne HIIT 2965.2008.2).

Summary

V.0. Serbinenko, A.A. Kalachev. Two-Photon Absorption under Propagation of Weak
Pulses of Light in Dispersive Media.

The propagation of short pulses of light in a three-level resonant medium under conditions
of two-photon resonance and in the absence of one-photon resonance is considered. The
probability of two-photon absorption is calculated for the case of a gaussian pulse accounting
for group velocity dispersion. The dependence of the probability on the distance of propagation
and on the frequency detuning between the pulse and one-photon transition is analyzed.

Key words: propagation of light, two-photon absorption, dispersion.
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