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Table 2.2. Relations between the transition matrix element D;; and the Einstein coeffi-
cients Ajx, Bi, the oscillator strength fi;, the absorption cross section oy, and the line
strength ;. The numerical values are obtained, when X is given in nm
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Fig. 2.11a,b. Schematic diagram to illustrate the origin of discrete and continuous absorp-
tion and emission spectra for atoms (a) and molecules (b)
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Fig. 2.13. Discrete and continuous emission spectrum and the corresponding level diagram,
which also shows radiationless transitions induced by inelastic collisions (wavy lines)
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Fig.3.26. (a) Schematic level diagram illustrating radiative and radiationless transitions.
(b) Absorption and emission cross section of rhodamine 6G dissolved in ethanol
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[IpaBuia orbopa

CoCTOSIHMSI KBAaHTOBBIX cucTeM (aToMa u ﬂ,zgpa) XapaKTepU3YyIOTCS onpeAeeHHbIMU
3HAYEeHHSIMHU MOMEHTA KOJIM4eCTBa JABMYKEeHU | U YeTHOCTU P.

Ecniy aToM uau siApo mepexoisT M3 OZHOTO COCTOSIHUSI B APYroe B pe3y/bTaTe
TOT/IOLIeHUST SIeKTPOMArHUTHOTO U3/Ty4eHHs, TO 3aKOHbI COXPaHEeHUsI MOMEeHTA
KOJTMYeCTBa BVDKEHUS W YeTHOCTH TPeOYyIOT, YTOOBI IOIVIOIIEHHOEe H3JTydYeHUue
TaK)Xe UMeJIO Ofpeie/ieHHble 3HayeHus | u P.

YeTHOCTH TEPMa (COCTOSIHMIA)
[loHsATHE 4YeTHOCTU BO3HUKAET B CBSI3U C Omepalveil THBEPCHUH.

Py (r) =p(—r).
YeTHast BOTHOBAsE YHKIIVS P (r) =Pp(—r)

HeueTHast BosmHOBast yHKIUA P (r) = — P {(— r).

[l YETHBIX TEPMOB 3\ /; LISl BCEX DIEKTPOHOB SIB/ISIETCS Y€ THOM
:

Jl/151 HEYE€THBIX TEPMOB Y, /; - HEY€THOM
i

~

Bce Tepmbl, BO3HMKaIOIIMEe M3 33/JAHHON KOHOUTYpaLMH, MMEIOT OZWHAKOBYIO
YEeTHOCTb.




[TpaBuia oT6opa

PaccmoTpum kKoHurypanmio f¥, cocTosieit M3 5KBMBaeHTHBIX f-3/1eKTPOHOB.

. yeTHas NpU YETHOM R,
HeyeTHast IDE HEYeTHOM &.

1=1

Bce Tepmbl KoHGUTYpauwmii 2, f4, ... - yeTHble, a KoOHOUTypauwii f, f3, ... - HeueTHbIe.

Taxoke BO3MO)XHBI CMeIllaHHbIEe KOH(l)I/II'ypa]_[I/II/I, COoCTOAIIIME M3 HEOKBMBAJIEHTHBIX
JJIEKTPOHOB, KOTI'ld BC€ IMapbl KBAHTOBBIX YN CEJL nili Pa3/INYHbI

4f*6p 4fx=15d 4fk-1546s




[IpaBuia oTbopa

ITorHBII MOMEHT KOJIMYECTBA ABVDKEHUS U YeTHOCTh POTOHA

[In0ckass Bo/MHA He HMeeT OIpele/IeHHOTO MOMEeHTa W 4YeTHocTu. OJHako
BEKTOPHBIU MOTEHLMA/I TAKOU BOTHBI MOXXHO PAa3JIOXKUTh B PsAJ, IO COCTOSIHUSIM C
oInpeJie/IeHHbIMU 3Ha4YeHUsIMHU | u P.

[TosHBIM MOMEHT KOTMYecTBa ABWKeHUsT pOToHaA: | =1, 2, 3,....

HeBoamoxHOCTB 1151 OTOHA | = O C1eAyeT U3 TOro, UTO /IEKTPOMArHUTHAS BOTHA
MoNepeYHa M MO3TOMY He MOXeT OBITh ONHCaHa CcPeprhuecKh CHMMETPUYHOMN
BOTHOBOU (PyHKIIVIEH.

K ¢orony HempumeHMMO OOBIMHOEe OmpeneneHHe CHHA. [I0CKOMBKY, OZHAKO,
$OTOH - KBAaHT BEKTOPHOTrO MOJs, a JI000e BEKTOPHOE IOJie MPUTOZHO [Jis
OIMCAHMS YaCTHULBI CO CTUHOM 1, TO GOTOHY YAZOOHO MPUITUCATH CITUH S = 1.

(T=L+5)

DOTOHBI C ONpeie/IeHHBIM 3HAYE€HUEM | Ha3bIBAIOTCS 2J-MTOIbHBIMU (JUTIONHHBIMH,
ecJ/iv | = 1; KBaJPYIIOJIbHBIMU, €CJIU | = 2; OKTYIOJIbHBIMH, €C/H | = 3 U T.4.). s
OAQHHOTO | KBAaHTOBOE YHMC/IO OPOUTAIBHOTO MOMeHTa L. MO)XeT MpUHUMATh TPHU
3HayeHUs: L = J+1, ], J-1 Tak kak ciuH ¢poToHa S = 1.




[IpaBuia orbopa

IloHBINI MOMEHT KOJIMYEeCTBa ABMDOKEHHUA 1 Y€THOCTDb (1)OTOHa
YeTHOCTH (l)OTOHa P b onpeaensaeTcs IpaBrUioM

P¢.=(—1)L+1 :

Takum o6pa3om, POTOHBI C OAMHAKOBBIM | MOTYT UMeTh Pa3/IMYHbIe 3HAYEHUS
OpOUTAIPHOTO MOMEHTA, a C/IeIOBATEIbHO, U YeTHOCTU. POTOHBI, [1JIsT KOTOPBIX
OpOUTabHBIA MOMEHT COBIAJaeT C MOMHEIM, T. e. L = ], umeroT 4yeTHocTs (-1))*' n
HA3bIBAIOTCSI MAaTHUTHBIMHM (MK KpaTko M]) doroHamu. PoToHBI, 115t KOTOPHIX L =
] + 1, umeror yetHOCTH (-1)) M HasbIBaroTCA snexTpudeckumu (v EJ) poronamu.

YetHocTs = (-1) (-1)! YetHocTe= F()) KnaccuukaunoHHoe HasBaHue
[MpogonebHoe COCTOAHKME (He CyLy-T).
SnekTpuyeckuit AUNonbHbI HoToH
MarHuTHBIR AMNoNEHLI HOTOH.
[MpogoneHoOE COCTOAHKME (He CyLy-T).
3nekTpu4yeckuil KBagpynoneHeIn GoToH.
MarHuTHBIN KBa4PYNoNEHLIA HOTOH.

[MpogoneHoe cocToAHue (He cyLy-T)




[IpaBunia oTrOOpa
ITpaBua 0TGOpA AJISA MOTHOTO MOMEHTA MMITY/IBCA:
J =T + s,
S — BeKTOp crrHa $oToHa (S = 1)
PaccmoTpum cnyyait uznydenust GOToHa (JUMONBHOE):

[ <|1]|+]s|
VI + 1 <<KATU 1) +4/s(s+ 1)

a)

3ameHuM | Ha | + A] AJ? 4 (2] + DA —2<24/2](J+ ).

1)He MoryT ocyI1iecTBASTHCS TIePEeXOIbl MEX/Y COCTOSTHUSIMHU C J1 = 0 1 ]2 =0;
2)Ec/i¥ TO/TBKO OIMH 3 MOMEHTOB He PaBeH HY/TI0, Hanpumep J1 # 0, To A] = +1
3)Ec/iv )ke MOMEHTBI UMITY/IbCOB J1 # 0 M J2 # 0, TO A = + 1, 0

Am,=m)—m,==+1 unm 0.

Korzma AJ = + 1 To uzny4aercss poToH c KpyroBoii nonsipusanueii. Korga AJ = o, To
IIOJISIpU3ALIMS U3/Ty4YeHUsI I10y4aeTCs] TMHEMHOM.
[TpaBua oTOGOpa MpHU MOT/IOIIEHUH POTOHA MOTYYAKTCS TAKKUM )Xe 00pa3oM, KaK U
MPU U3TyYeHUHU.

AJ===1, 0 (mumonbHOe H3Ny4eHHEe W MATHUTHOE HM3NyYeHHeE),

AJ===2, *=1, 0 (xBampynoasHOe H3TyuyeHHe).




IIpaBuia or6opa a1 momeHTOB L 1 S:
B Teopuu moKasbiBaeTcs, 4YTO B3amMmozeicTBUe (HOTOHA C COOCTBEHHBIM
MarHUTHBIM MOMEHTOM DJJIEKTPOHAa Ha HECKOJIbKO TMOPSAAKOB ciabee

BB&PIMO,I[EﬁCTBHH (l)OTOHa C 3apsaaoM 3/I€EKTPOHA. I/IBJIY‘—IGHI/IG (l)OTOHa B
pPaCcCMaTpHUBa€MOM JIallda30HE HE CBSA3aHO C UBMEHEHHUEM S

AS =0.
AlL=L"—L=H1 um 0,

3aKoH coxpaHeHUs YeTHOCTH (mpaBuJio /lamopre):

P;P; = Py,

,Z[]'IH (l)OTOHOB IJIEKTPHUYIECKOI'O THUIIA P1Pf = ('I)J

Inst GOTOHOB MarHUTHOTO TUTIA PiPr = (-1)J+1

YETHBIE YPOBHH > HeUeTHHE YPOBHU (IMMIONHHOE H3NyYeHHE)
YeTHHE YDOBHM <= YeTHHIE YDOBHH
HEUeTHHE YPOBHM = HeyeTHbE YDOBHH
(MarHdTHOE M3IyueHHe K KBaJADPYTIOJBHOE H3IYUEHHUE).

4fk6s — 4fk6p u Afk6s? — 4fk6s6p, MMAfE — 4fk—15d u 4fk6s — 4fk=1546s,




pa 6opa

3aKoH coxpaHeHUs YeTHOCTH (mpaBuJio /lamopre):
Bce cocrosiHms 0THOM 7EKTPOHHOM KOH(GHUTYpaIliu 001a1al0T OMHAKOBOW Y€THOCTBIO.

Crnenyert, oJIHaKO, €Ie MOAYEPKHYTh, YTO 3TOT 3alPET OTHOCUTCS K AJIEKTPUUYECKOMY
JIUTIOJIBHOMY HUCITyCKaHHI0. VclyCKaHnE AIEKTPUUYECKUX KBAAPYIIOJIbHBIX U MATHUTHBIX
JUATIONIBHBIX KBAHTOB BO3MOYKHO WM MPUBOAUT K MOSIBIICHUIO B CIIEKTPE TAaK HA3bIBAEMBIX
3aIpPEIICHHBIX JTUHHM. 3dss

3p3i2, 3d3n

PaccmoTrpuM  mepexoabl  MEXIYy ~— COCTOSHHSMU
BolopoJia  (TOHKYIO  CTPYKTYypy  CIHEKTpOB B 3s12, 3p12
pe3ysbTare ClUH-OPOUTATBLHOTO B3aUMOICUCTBUA).

2p3i

25112, 2p112




M3ny4darenbHbie v
Oe3bI3Ty4aTeIbHbIEe ITePeXO/Ibl

N 4

A= Z A

T
b)
Fig. 2.15a,b. Radiative decay of the level |i): (a) Level scheme; (b) decay curve N;(r)

ITomumo PIB]IY‘-IEITC]IBHOﬁ p€/1aKCcalu1 BO3MOXKHO GGBBIJIY‘-IaTe]IBHa}I pe€nakcanus, a
TaK)XXKe€ MHAYLIHPOBaAHHOE U3/TYy4Y€HUE

Pix = Nihvjt Aix "’CO"/dI =UNg UCOH Omd/ dt = p(vix) Bik[N; — (gi/8k) Nk]

- Z [Aix + p(vix) Bik (Ni — Nigi/ gx) + Npoixv]
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KBaHTOBBIN BbIXO/I TIOMUHECIIeHIINU

HNmeeTcs ToBKO HN3/1ydaTe/IibHAs1 pe/laKCalu:

— dN; = D d;Ndt. 1 AJ =)

— T ‘ 0 i s 22y 1 3
e, P S oy
i

Nmerorca ele u 6QBBIBHYHaTEHbHBIe r[epexom)l:
— dN; = D\ (4j; + dis) Nydt,
i

’ ciH 1 T’ 1 AJi i -

JIIOM

s — , =
JIIOM /s ~ 3 e Iy N = T =
D (4.4 4d.) T A, =~ 4.. 4+d. * “mon
%I i T % %l i T A Ty 1L Zi dy;/ Ay

1
= .
zi} Ltdy/dy,




KorepeHTHbIE CBOVCTBA U3JTy4YE€HUS

W3nyyeHue, uciyckaemoe NpOTSHKeHHBIM UCTOYHHUKOM S, co3/aeT B TouKe P nose ¢
MOJTHOW aMIUTUTYZOU A, KOTOpOe SIB/ISIETCS Cylepro3ulieii 6eCKOHEYHOTO Y1Cia
B/IEMEHTAPHbIX BOJIH C aMIUTUTYI0U A_ 1 pa3oit ¢

Aj A(P) = Z An(P)el¢n(P) L2 Z [An(o)/ri]ei(¢nu+2nr,,/l) g
n n

hn0(t) = wt + Py 0)

Ecnn B gaHHon Touke P pasHocTb a3 onsa AByx
pasnnUyHbIX MOMEHTOB BPEMEHUN MPAKTUYECKN
OOMHaKoBa ON19 BCEX 3fIEMEHTAPHbLIX BOSH, TO
FOBOPAT, YTO norsie nsnyveHuns B Touke P obnapaet
8PEeMEHHOU KO2epeHMHOCMbHO.

A¢N =¢N(P9 tl)"‘(bn(P» t2)

Ecnn pasHocTb a3 gnd nonHbiX amnnuMTyg B ABYX pasnuyHbix Todkax Pl, P2
MNOCTOSIHHA N HEe 3aBUCUT OT BPEMEHMU, TO MOSe U3NYYEHUS MPOCMPaHCmMEEHHO

KO2epeHMHO.

Ap =¢(P1) —¢(P2)

BeoagaTca noHATMA BpeMeHN KoOrepeHTHOCTU, AJIMHbl KOTEPEHTHOCTU U obbema KOrepeHTHOCTMW.




KorepeHTHOCTh aTOMHBIX CUCTEM
,Z[Ba YPOBHS aTOMa IIPUHATO HA3bIBATh KOI'€PEHTHO BOB6Y)K,IL€HHBIMI/I, eCJIN UX

COOTBETCTBYIOIIYie BOJTHOBbIe (PYHKIIMHU 3a BpeMs BO3OYXKIeHHsI COBIAJAIOT IO
dasze.

mJ
Ib> +1

J=1,
Ezj \‘~

la> AL() v P
At
>(Ep-Ey) /N

ﬁ(01

1

E
1J=0

BomHoBast yHKIUsT BO30OY)XZEHHOTO aTOMa €CTh JIMHEWHass KOMOWHALMs
BOJTHOBBIX (QYHKIHMUA W TOBOPSIT, YTO ATOM HAXOAMTCS B KOT€PEHTHOM
CYyIepPIIO3ULIAH ABYX COCTOSIHUM.

W(r, 1) = Yo+ ¥p = a(Oug e E 4 b(t)up e ED/MI=9]




KorepeHTHOCTb aTOMHBIX CUCTEM

BonHOBast pyHKIIUST «KOTEPEHTHOTO CYTEePIIO3ULIMOHHOTO COCTOSTHUSI» TIPU t = 0:
Yt =0)= ) ayw(0) = c1¢1(0)+c2¢2(0) ,
W) =) cxypu(0)e (rn /D 1 ith  wpy = (Ex~ Em)/.
Ecnu getekTop n3aMepsieT NoMHY0 GII00peCIeHIINI0 C 000X YPOBHEI:
S(t) o I(t) = C (Y| € p [Y(0)] % .
I(t)=Ce V(A + Bcosanit),




[Ipoueccel nepesaun sHEpruun

Chem. Rev. 2004, 104, 139-173

Upconversion and Anti-Stokes Processes with f and d lons in Solids

Francois Auzel

I W IR 1 :[‘ \—

S N o e o Ecicea

s A s A s A S=A A

Resonant resonant phonon-assisted

radiative non-radiative non-radiative

transfer transfer transfer; & is
energy
mismatch

cross-relaxation
between two
identical ions:
S=A

BeposiTHOCTh mepezauyr SHEPruM OT PACCTOSIHUSI MEXJY CEHCHUOMIN3aTOpOM U
aKTUBATOPOM: op 1

PsalR) = Ao 2T f Zs(V)ga(v) dv
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APTE effect 2_steps cooperative cooperative S.H.G. 2-photon

absorption sensitization luminescence absorption
excitation

2
YE;YbEr SrF;Er  YF;YbiTb Yb PO, KDP CaF, :Eu“’

n=10" n=10"% n=10"% n:=10"° n=10"" n=10""

APTE - Addition de Photons par Transferts d'Energie (Energy transfer
upconversion)
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Figure 5. Cooperative (a) and APTE (b) energy scheme for n-photon (n = 1-5) upconversion in Er**-doped hosts.
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ion already in an excited state) cooperative sensitization
in LaF3:Pr’* system. (Reprinted with permission from ref
75. Copyright 1984 American Physical Society.)




MHoro¢poToOHHbIE IIPOIECCHI

(2>

hw2
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F(x):Fo/(1+k2$), k2=6NF0’

O HaKo YacTo MOTJIOleHHe Ha CTOJIBKO MaJIo, YTO MOYXKHO BOCIIO/Ib30BaThCS
JTMHEUHBIM TTPUOTDKEHUEM

F o)y~ Fo (1 — ky2),
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F1G. 5. (Upper) Four-color staining of plasma membrane, nuclei,
Golgi complex, and mitochondria in rat basophilic leukemia (RBL)
cells visualized with two-photon illumination. RBL cells were incu-
bated with four different stains: a plasma membrane label (pyrene
lysophosphatidylcholine), a nuclear stain (DAPI), a Golgi label
(Bodipy sphingomyelin), and a mitochondrial stain (rhodamine 123).
The image was obtained by using a modified Bio-Rad MRC-600
confocal microscope to scan the excitation beam (705 nm, =120-fs
pulsewidth, 1-5 mW at the sample) through a X40/numerical aperture
(n.a.) 1.3 oil-immersion objective. Epifluorescence was collected by
using nondescanned external detection into four channels: 400 nm, 30
nm full width at half maximum (FWHM) (pyrene fluorescence, white);
440 nm, 50 nm FWHM (DAPI fluorescence, blue); 530 nm, 30 nm
FWHM (rhodamine 123 fluorescence, red/orange) and 580 nm, 30 nm
FWHM (Bodipy fluorescence, green). (Lower) Approximate emission
spectra of the dyes used (color coded as in the image) and the
excitation laser wavelength.
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