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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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IIpaBuia orbopa

o84 5 '] CoCTOSIHMSI KBAaHTOBBIX cucTeM (aToMa 1 ﬂ,upa) XapaKTepU3YyIOTCS OnpeAeieHHbIMU
3HAYEeHHMSIMHU MOMEHTA KOJIM4eCTBa JABMXeHUs | U YeTHOCTU P.

» _ - s y Paar L L/

Eciu atoM uaM siIpo nepexoisT U3 OLHOTO COCTOSIHUSI B APYroe B pe3y/bTarTe
MOI/IOUIeHUSI 3IeKTPOMAarHUTHOTO U3/Ty4eHUs], TO 3aKOHbI COXPaHeHWsI MOMEHTaA
KOJTMYeCTBa JIBWKEHUS W YeTHOCTU TPeOYyIOT, YTOOBI MOT/IOIIEHHOE U3/TydYeHUe
TaK)Xe UMeJIO Olpeie/ieHHble 3HayeHus | u P.

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

Py (r) = p(—r).

YeTHast BOTHOBAst YHKIIVS Y(r) =p(—r)

P (r) === P (7).

HeuerHas BomHOBast pyHKIMS

[l 9eTHBIX TEPMOB Y, /; /IS BCEX DJIEKTPOHOB SABJISIETCS Y€ THOM
i

Tl HEYEeTHBIX TEPMOB Y, /; - HEYETHOMN

; +
Bce Tepwmbl, BO3HMKamOIIMe W3 33JJaHHOW KOHQUTYpaLWH, MUMEIOT OZWHAKOBYIO
YEeTHOCTb.
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HpaBHJIa 0T6opa

PaccmoTpum KoHurypanmio f¥, cocTosieit M3 s5KBMBaeHTHBIX f-3/1eKTPOHOB.
yeTHas NpHd 4YeTHOM R,

HeyeTHast P HEYeTHOM R.

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

Tarxoke BO3MO)XHBI CMeIllaHHbIEe KOH(l)I/II'ypaI_[I/II/I, COoCTOAIITIME M3 HEDKBMBAJIEHTHBIX
JJIEKTPOHOB, KOTI'ld BC€ IMapbl KBAHTOBbBIX YN CEJL nili Pa3/INYHbI

4f*6p 4f%=15d 4fk=1546s
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:'.:';';"_;'g' | TlonHbBIiA MOMEHT KOJIMYECTBA ABYKEHUA U YeTHOCTh POTOHA

[In0ockass Bo/MHA He HWMeeT OIpele/leHHOTO MOMeHTa W 4YeTHocTu. OJHaKo
BEKTOPHBIU MOTEHLMA/I TAKOU BOTHBI MOXXHO PAa3JIOXKUTh B PsJ, IO COCTOSIHUSIM C
oInpeJie/IeHHbIMU 3Ha4YeHUsIMHU | u P.

r '

[TorHBITE MOMEHT KOJTUYECTBa ABMXEHUS POTOHA: | =1, 2, 3,....
HeBo3moxxHOCTb 151 GOTOHA | = 0 C/1eiyeT U3 TOro, 4YTO 37IeKTPOMArHUTHAsT BOJTHA
morepevyHa M MOJITOMY He MOXeT ObITh OmnmHcaHa chepuyecKd CHUMMETPUYHOU

BOTHOBOU PyHKIIVIEH.

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

—

(T=L+5)

DOTOHBI C ONIpeie/IeHHBIM 3HAYeHUEM | Ha3bIBAIOTCS 2J-MTObHBIMU (JUTIONHHBIMH,
eCJsiv | = 1; KBaJPYIIOJIbHBIMU, €C/IH | = 2; OKTYTOJIbHBIMH, €C/H | = 3 U T.14.). s
OAHHOTO | KBAaHTOBOE YHMC/IO OPOUTATIBHOTO MOMEeHTa L. MO)XeT MpUHUMATh TPHU
3HayeHUs: L = J+1, ], J-1 Tak kak ciuH ¢poToHa S = 1.



[TpaBuia oT6Opa

ITorHBIIT MOMEHT KOJIMYeCTBA ABM)KEHUS U YeTHOCTh (POTOHA
YerHocTh PpoTOHA P ¢ OTIPE/I/ISIETCS PABUIOM

P¢=(—1)L+1 )

Takum o6pazom, POTOHBI C OZMHAKOBBIM | MOTYT UMETh Pa3/MYHbIe 3HAYEHUS
OpOUTAIPHOTO MOMEHTA, A C/IeIOBATEIbHO, U YeTHOCTU. POTOHBI, [1JIsT KOTOPBIX
OpOUTaNbHBIA MOMEHT COBIAJaeT C MOMHBIM, T. €. L = ], umeror 4yetHocTs (-1)'*' u
HA3bIBAIOTCSI MAaTHUTHBIMM (MK KpaTKo M]) doroHamu. PoToHBI, 115t KOTOPHIX L =
] + 1, umeror yetHOCTH (-1)) M HasbIBaroTCA snexTpudeckumu (vnu EJ) poronamu.

Yetrocts = (-1) (-1) YetHocTe= F()) KnaccugukaunoHHoe Ha3gaHue

(+) (1) MpogonsHoe cocToAHne (He Cyw-T).

(-) (1§ 3nekTpuyecknin AUNonbHLI HoToH

(+) MarHuTHBIR 4UNOALHLI HOTOH.

() | MpoaonsHoe cocToAHMe (He Cywy-T).
SnexkTpuyeckuil KBagpynoneHeIn GoToH.
MarHuTHBIN KBa4PYNoNEHLIA HOTOH.

MpoaocneHOe COCTOAHKE (He CyLy-T)
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HpaBHJIa or6Gopa
INpaBuia oTOGOpa AJisA MOTHOTO MOMEHTA MMITY/IbCA: s 3

J—":],"“-S(b,

S — BeKTOp crrHa $oToHa (S = 1)

PaccmoTpum ciyyait uznydenust GOToHa (JUMONBHOE):
7| <|T|+]s]
VI 4+ 1<

3ameHuM | Ha | + A]

a) 6)

AVIT41) 4 4/s(s+ 1),
A2 4 (20 + 1) AT — 2K 24/21 (7 + 1).

1)He MoryT oCyIieCTBASTHCS TIEPEXObI MEXKIY COCTOSTHUSIMH C J1 = O U ]2 =0;
2)Ec/iv TO/TBKO OIMTH M3 MOMEHTOB He PaBeH HY/T0, Hampumep J1 # 0, To A] = + 1
3)Ec/iv )ke MOMEHTBI UMITY/TbCOB J1 2 0 M J2 # 0, TOA] =+ 1, 0

Am

Korzma AJ = + 1 To uzny4aercst poToH c KpyroBoii nonsipusanueii. Korga AJ = o, To
IIOJISIpU3ALIMS U3JTyYeHUsI I10Iy4aeTCs] IMHEMHOM.

[IpaBuia oT60opa mpu NMOT/IOIeHNH POTOHA MOTYYAOTCSI TAKKUM )Xe 00pa3oM, KaK 1
MPpY U3TyYEHUM.

,j=m,—m,==1 una 0.

AJ==21, 0 (aumonbHOe H3JyyeHHe M MATHUTHOE H3JyYenue),
AJ ===2,

=1, 0 (xBampynoasrOe H3/TyueHHe).
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IIpaBuia or6opa a1 momeHTOB L 1 S:

B Teopuu mokasbiBaeTcs, 4YTO B3amMmozeicTBUe (HOTOHA C COOCTBEHHBIM
MarHAUTHBIM MOMEHTOM DJJIEKTPOHAa Ha HECKOIbKO TMOPSAAKOB  ciabee
B3aMMoOZeHcTBUs ($OTOHAa C 3apsiiloM JJIeKTpoHa. M3mydyenune dJotoHa B
paccMaTpHUBaeMOM JHalla3oHe He CBSA3aHO C U3MEeHeHHeM S

AS = 0.
AL=L"—L=2+1 wuaun 0,

3aKoH coxpaHeHUs YeTHOCTH (mpaBuJio J/lamopre):

P;Pf = Py,

J1st OTOHOB B/EKTpUYecKoro Tuma PPy = (-1,

st pOTOHOB MAarHUTHOTO THUIIA P;Pr = ('1)%-1

YeTHHIE YPOBHH > HeUeTHHE YDOBHU (IMMONBHOE H3IMydYeHHE)
YeTHHE YDOBHM <= YeTHLIE YPOBHH
HEYETHEe YDPOBHU & HeueTHhE YPOBHH
(MarHuTHOE W3ITyyeMHe W KBANDYTO/ILHOE H3IyYeHue).

sZp, p2d n dZf M 4fk6s —4fk6p u  4fk6s® — 4fk6s6p, IM4f* — 4fk—16d u 4fk6s— 4fk=15d6s,
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3aKoH coxpaHeHUs YeTHOCTHU (mpaBuJio /lamopre):
Bce cocrosiHms 0THOM 3I€KTPOHHOM KOH(MUTYpaIiu 001a1al0T OMHAKOBONW Y€THOCTBIO.
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Cnenyet, OJHaKoO, €II€ MOAYEPKHYTh, YTO ITOT 3aMPET OTHOCUTCS K DJICKTPUYECKOMY
JTATIOJILHOMY MCITYyCKaHUIO0. VICIyCKaHue 3IeKTPUYECKUX KBaAPYIOIbHBIX U MAarHUTHBIX
JIATIOJIbHBIX KBAHTOB BO3MOKHO W MPUBOAUT K TOSBICHHUIO B CIIEKTPE TAaK HA3bIBAEMBIX
3aIPEIICHHBIX JTUHUMU. 3ds

3p3n, 3dsn

PaccmoTrpuM  mepexoabl  MEXIYy — COCTOSHHSIMU
BOlopoJia  (TOHKYIO  CTPYKTYypy  CIHEKTpOB B 3512, 3p12
pe3ysbTare ClIUH-OPOUTATBLHOTO B3aUMOICUCTBUA).




MsnydarenbHble U
Oe3bpI3Ty4aTeIbHbIEe ITePeXOIbl

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

I[Tomumo PIB]IY‘-I&TC]ILHOﬁ p€/1aKCcalu1 BO3MOXXHO 6EBBI]IY‘-IaTEJIBHa}I pe€nakcanus, a
TaK)XXe€ MTHAYLIWPOBaAHHOE U3/TYy4Y€HUE

P = NihvicAix . dPN/dt =N AP/ dr = p(vix) Bik[Ni — (gi/8x) Ni]

— = 2 [Au+ pin) Bix (N; — Negi/ &) + Ngod]
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KorepeHTHbIe CBOICTBA HBJIyquI/IH

MsnydyeHue, uciyckaeMmoe NpOTSHDKeHHBIM UCTOYHHUKOM S, co3/aeT B TouKe P nose ¢
MOJTHOW aMIUTUTYZOUN A, KOTOpOe SIB/ISIETCS Cylepro3ulieii 6eCKOHEYHOTO Y1
5/IEMEHTAPHbIX BOJIH C aMIUIUTYI0U A_ 1 Ppa3oit ¢

A} A(P) — Z A”(P) eid)n(P) a2 Z [A" (0)/'.5]ei(d)nu—i-??tr,,/l} ’
n

n

$n0(t) = Wt + ¢y 0)

Ecnn B gaHHon Touke P pasHocTb a3 onsa AByx
pasfnYHbIX MOMEHTOB BpPEMEHM MNPaKTUYECKU
L OOMHaKoOBa OJ11 BCEX 3rfIeMEHTapHbIX BOJSIH, TO

R Ag FOBOPAT, YTO norsie nsnyvyeHus B Touke P obnapaet
Source 8peMeHHOU Ko2epeHMHOCMbHO.

Ay =¢n(P9 1) _(/l)n(P’ 2)

Ecnn pasHocTb ¢a3 gnd nonHbiX amnnuTyg B ABYX pasnuyHbix Todkax Pl, P2
MNOCTOSIHHA N HEe 3aBUCUT OT BPEMEHMU, TO MOSEe U3NYYEHUS MPOCMPaHCMEEHHO

KO2EPEHIMHO.
A =¢(P) —p(P2)

BeoagsaTca noHATMA BpeMeHN KOrepeHTHOCTU, AJIMHbl KOTEPEHTHOCTU U obbema KOrepeHTHOCTMW.
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KorepeHTHOCTb aTOMHbIX CI/ICTEM
,Z[Ba ypOBHH aTOMa HPI/IHHTO HA3bIBATH KOI'epeHTHO BOB6Y)K,ZL€HHBIMI/I, eC/In Uux
COOTBCTCTBYIOU_[I/IC BO/IHOBbBIE (l)YHKHHH 34 BpeMH BOB6Y)K,I[€HI/IH COBl'[a,I[aIOT I10

dasze.

Ib> 7
la> i
At

> (E, - E;) /T

lg>

E =
17-0 Ji=0

BonHoBast QyHKIUST BO3OY)XZEHHOTO aTOMa €CTh JIMHEeWHas KOMOWHAIUS

BOJIHOBBIX (l)YHK]_lI/Iﬁ n TroBOpAT, YTO J4dTOM HAXOAUTCS B KOI‘GPEHTHOIL/’I
Cylieprno3anuuu AByXxX COCTOSIHU.

W(r, 1) = g+ U = a(t)ug e Eat' 4 b(r)uy e Eb/M1=9)




KorepeHTHOCTbh aTOMHBIX CUCTEM

BonHoBas (l)YHKIJ;I/IH «KOT€PEHTHOTI'O CYIIEPIMMO3NTTMOHHOI'O COCTOSTHUS» IIPU H=16:
Yt =0)= ) ayr(0) =c1¢1(0)+c292(0) ,
Y0y =) cxyu(O)e” Crn DT with g = (Ex~ Em)/h.
Ecu meTexkTop n3MepsieT MoMHYI0 GII00PeCIIeHIIUI0 C 000X YPOBHEN:
S(t) o I(t) = C (Y € p [Y(0)] % .
I(t)y=Ce V(A + Bcosanit),

AT = h/AE |
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Chem. Rev. 2004, 104, 139-173

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

Francois Auzel

I W S I :ﬂi‘\—

B o R R  rcasal e

S A S A s A S=A A
Resonant resonant phonon-assisted
radiative non-radiative non-radiative
transfer transfer transfer; & is

energy
mismatch

AN
hy

cross-relaxation
between two
identical ions:
S=A

BeposiTHOCTh Tepenauyrl SHEPruM OT PACCTOSTHUSI MEXJY CEHCHUOMIN3aTOpOM U
aKTUBATOPOM:

__0Op 1
PsalR) = . S 8s(v)gav) dv
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APTE effect 2_steps cooperative cooperative S.HG. 2-photon

absorption sensitization luminescence absorption
excitation

2
YF YbEr SrFzEr  YFyYbiTb Yb PO, KDP CaFy: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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Figure 7. Cooperative luminescence and APTE (activator
ion already in an excited state) cooperative sensitization
in LaFa:Pr** system. (Reprinted with permission from ref
75. Copyright 1984 American Physical Society.)
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CedyeHue ABYXKBAaHTOBOTO IMOT/IOLIEHUSI HA OAHY MOJIEKyy [ cM*cek]

851 (0a, Wp) = Wie/NF Fy,

W-BeposiTHOCTh ABYX(pOTOHHOTO Tmepexoia B exA. BpeMeHH; N-IUIOTHOCTH
MOIIOUIA0IUX YaCcTUL; F-TTOTOK KBaHTOB U3/Ty4eHUst

CBeTOBO MTOTOK YMEHBILAETCS He 110 DKCIIOHEHTE, a 1Mo rurep6ore npu (a=b)

F (2) = Fo/(1 + kyox), ko — SNF,,

O HaKo YacTo MOIJIOIeHHe Ha CTOJIBKO MaJIo, YTO MOYXKHO BOCIIO/Ib30BaThCS
JIMHEUHBIM TTPUOTDKEHUEM

F (J‘-’)F:‘..:" FO (1 — kzx),




Two-ho Fluorescence
Light Microscopy

Peter TC So, Massachusetts institute of Technology, Cambridge, Massachuetts, USA
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,Z[]IH nccociaeaoBaHuAa KJIIETOK U TKaHel BMecTO YP N3/1y4eHusi U N371y4€HUsI CUHE-
3€JIEHOI'O Aralla30Ha UCIIOJIb3YETCsA MO]l[HBIﬁ ncrogynuk MK HN3/1y4€eHusl.
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Two-photon Fluorescence
Light Microscopy
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S Multiphoton fluorescence excitation: New spectral windows for F AT
| biological nonlinear microscopy A

CHRIS XU, WARREN ZIPFEL, JASON B. SHEAR*, REBECCA M. WILLIAMS, AND WATT W. WEBB

FI1G. 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 X 40 /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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