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1A. QaopatookoTria ATroppo@Pnong

H qovoXpwHAaTIKOTNTA KaI N EvTaon TwV TTNYwV A£I(ep TUPBAAAEI anuavTIKa
aTn dIECaYWYN POCUATOOKOTTIKWY METPATEWY UWNANC aKPIBEIOC WE TTPOC TN
gUXVOTNTA (UNKOC KUUATOG) Kal Eualonaiag.

Emrionc Ta maApika A&ilep emiTpETTouv TV TTAPAKoAoUBnon d1adikaaiwy TTou
AauBavouv xwpa o€ Xpovikn KAiyaka ns, ps, fs.
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Fig. 1.1a.b. Comparison between absorption spectroscopy with a broadband incoherent
source (a) and with a tunable single-mode laser (b)



1A. QaopatookoTria ATroppo@Pnong
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Fig. 1.1a,b. Comparison between absorption spectroscopy with a broadband incoherent
source (a) and with a tunable single-mode laser (b)



1A. QaopatookoTria ATroppo@Pnong
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1B. Aroppognon evrog Koihotntag A€ilep (Intra-cavity)

TotroBEéTnan Tou deiyuaTog eviog TNC KOIAGTNTAC TOU AEIZEP ETTITRETTEN TN
O1ECaywWYI ECAIPETIKA EVQITONTWY UETPATEWVY (OUTTOOTIKA AOyW
TTOAATTAQC AT POU TOU OTITIKOU dpopou: L — qL).

M absorption cell detector M£T’GBO)\r],
1 laser . L —» M, Io¥U0C £¢000U
§' a > A g~ 2 V] Aovw
Z e ,
Al | amoppognong
| ‘ aTnNV KoIAOTNTd
“\ / tuning device | yrgpyel n SuvaTdTTa QVixveUang
fluorescence [ f' ] Mg eviaong, |, Tou ekmepTOPEVOU
detector JAVSIVAN ¢BopiopoU.

Fig. 1.8. Intracavity absorption detected either by monitoring the laser output P(wr) with
detector 2 or the laser-induced fluorescence /gj(wyp) with detector 1

loxug Aéigep: ql, = le veq=1/T, kar T,=0(R=1),T,=1-R,

Napouaia amoppoenTA Kai Ye a(w)L << 1 q: Mapayovrag evioxuong.
_ _ loodUvapo pe auenon
Al(w) - a(w)LIInt - a(w)LqIOUt O'|TT|K00 6p(’)pou (qL)



1C. Cavity Ring Down Spectroscopy (CRDS)

H texvikr) CRDS armoteAei pia eCaipeTika euaiodntn uEBodo aueonc pérpnang
amopPOPNaNG, HE UYNAN @acuaATIKh avaAuan, o€ aEpia N AeTITa diagavi
UpEvIQ.

TotoBEtnan Tou dgiyUaToC EVTOC OTITIKAC KOIAOTNTAG (£CWTEPIKNAC TOU AEICEP)
EMITPETTEI ETTAVEIANUUEVA TN D10OPOUN TS OETUNG MECW TOU ATTOPPOPNTA
0dNYwWVTAC KAT oudiav g€ PeyaAn au¢nan Tou OTITIKOU OPOUOU.

Me 1rnyn TaAuikou Ailep (ns)
EMITUYXAVETAI N KATaypAPr aAAnAouyiag
TTAAUWY OTO XPOVO KOBEVAC ATTO TOUG
OTTOIOUC QVTIOTOIXEI O€ OIO00XIKEC
OIEAEUCEIC HETW Tr]g KOIAOTNTAC.

—P +po
laser _> —p-D; | detector
—-D, Y

H‘ L computer

Fig. 1.15. Principle of cavity ring-down spectroscopy with pulsed lasers



1C. Cavity Ring Down Spectroscopy (CRDS)

laser pulse of a dye laser
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1C. Cavity Ring Down Spectroscopy (CRDS)

laser pulse of a dye laser

mirror (R > 0.999)
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1C. Cavity Ring Down Spectroscopy (CRDS)
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1C. Cavity Ring Down Spectroscopy (CRDS)

L — to vacuum
Cavity ring-down spectroscopy of OH

radicals in low pressure flame

S. Cheskis, I. Derzy, V.A. Lozovsky, A. Kachanov, D. Romanini
Appl. Phys. B 66, 377-381 (1998)
1 (TH+ A+ao(M)nl)c T+ A bt OH radical, A2zt X1
—_ — '-'ﬂ].i.tl —
T L JFU{JL} Tp
2000 , — : . Ll H L2
. _ HCO concentration x 50 ) 1" PM __[:Em E;:,]= l :Iﬁ!}\_r
*/ 1" M1 * ¢ H
1o & kCH JO./N, mixture
s L s OSCILLOSCOPE 4T
' |"¢=PC ND:YAG HDYE LASERHSHG—=+

00 02 04 08 08 10 Fig.1. A schematic diagram of the experimental apparatus. The cavity of
Distance above burner, cm the CRDS 1s formed by murrors M1 and M2. The pinhole and the lenses L.1

Fig. 4. Temperature profile (measured by CEDS, represented b'!r olid dia-

wonds). and calculaed and measured OF and HCO profles fora sochio- gy 1.2 are set to mode match the laser beam with the cavity. SHG 1s a KDP

metric CHs/N2/O7 flame. All conditions are as i Fig. 2. Sqa.resrepreem

e OF comcnruion mesed by (RS cles st e 00 <o, ery'stal used for doubling the output of the Nd:-YAG pumped dye laser

lines are from the model calculations using expenimental temperature profile



1C. Cavity Ring Down Spectroscopy (CRDS)
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1C. Cavity Ring Down Spectroscopy (CRDS)
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1D. @aocparookoTria AiEyepong ®Bopiopou

Aviyveuon aoppo@nong HEOCW EKTTOUTING PBOopPIoHOU

Fluorescence excitation spectroscopy

AgdopEvnc TS UPNAAC euaioBnaiag Twv PETPNOEWY EKTTOMTINS AKTIVOBOAIOC
gival EQIKTA N AmoTUTIWAON PACUATWY ATTOPPOPNONGS METW KATAYPAPAS TS
EVTAONC TOU EKTTEUTTOMEVOU POOPITOU £QOTOV TO OIEYEIPOUEVO ATONO, MOPIO
EXEI IKAVOTTOINTIKI KBavTIKA) ammdédoan ¢Bopiauou, ¢.

probe

Ex laser

Ei

Fig. 1.20. Level scheme and expermmental arrangement for fluorescence excitation spec-
troscopy



1D. @aocparookoTria AiEyepong ®Bopiopou

Evaiofnoia pétpnong
ATOoppOPNCT POTOVIOV N = Nicy AX ng
Yuykévipwon otr oeyepuévn katdotaomn K (N, )—g = Na

Zm(Akm)
A m(Akm+Qk)

Exmounn ¢Bopiopot : NgE = (Npizg ¢ =N
0y - KBavtikn amdooon skmounnc @OopicHov

A, : Xovteheotng Einstein yio v avB6punt ekmounmn

Qy : PvOuoc un axtvofolikng amodiéyepong amd 1o emimedo K
2N U0 LETPMNOMG => OViYVELGT) PMTONAEKTPOVI®V, PE
Npe = nAQDRQDpe(S — (NinLUikAX)¢k¢pe6

Ppe : ATOO0OGT TAPAYWYNG POTONAEKTPOVIOV GTOV OVIYVELT

0: Teoperpucdc mapdyoviag cVALOYNG ekToUTNG POopLoUOD



1D. @aocparookoTria AiEyepong ®Bopiopou

Aviyveuon aoppo@nong HEOCW EKTTOUTING PBOopPIoHOU
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Fig.1.22. Section of the ﬂunreecem:e excitation spectrum of the ID?AQIDQ Ag isotope,
showing the band head of the v' =1 <« v” =0 band in the A X, <« X! 2, system,
superimposed by some lines of the 197Ag!%7Ag isotope [1.50]



1D. ®aopuarookotria Aiyeponc ®POopioou

Aviyveuon aoppo@nong HEOCW EKTTOUTING PBOopPIoHOU
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1D. @aocparookoTria AiEyepong ®Bopiopou

Aviyveuon atmoppo@nong HEOCW EKTTOUTING PBopPIoHOU
Fluorescence excitation spectroscopy

Example 1.8.

Modern photomultipliers reach quantum efficiencies of npyy = 0.2. With
carefully designed optics it is possible to achieve a collection factor é = 0.1.
which implies that the collecting optics cover a solid angle df2 = 0.4 m.
Using photon-counting techniques and cooled multipliers (dark pulse rate
< 10 counts/s). counting rates of np. = 100 counts/s are sufficient to obtain
a signal-to-noise ratio S/R ~ § at integration times of 1s.

Inserting this figure for npg mto (1.35) illustrates that with g =1 ab-
sorption rates of n; = 5 x107 /s can be measured quantitatively. Assuming
a laser power of 1 W at the wavelength A = 500 nm. which corresponds to
a photon flux of ny = 3 x10!® /s, this implies that it is possible to detect
a relative absorption of AP/P < 10~'* When placing the absorbing probe
inside the cavity where the laser power is ¢ times larger (g ~ 10 to 100.
Sect. 1.2.2), this impressive sensitivity may be even further enhanced.



1E. PaopatookoTia Qwro-lovriouou

ECa1pETIKG EUQiTONTEC PETPROEIC ATTOPPOPNT NG AKTIVOPBOAIAC TTPAYUATOTIOI0UVTAI EOW
NG AViXVEUONG IOVTWVY Ta OTToIa TTAPAYOVTal KATOTTIV AAANAETTIOpaAONC 21 OETNG
M1lep pe TN dieyeppEVN KATAOTACT TOU OTOPOU/JOPIOU [E TPOTTO TETOIO WATE VA
TTPOKUTITEI IOVTITHOG.

Migyepon - lovniopog: — M(E;) + hvy — M*(E,) + hv, > M*+e + E,
O1 TEXVIKEC QViXVEUTNC QOPTIWV Eival ECAIPETIKA EUAIOONTEC

auto- T | .
ionization aser 1 +
-
Sl [T 1 4
1 - beam °
A ion _ _
h Vo optics — —
A ion E\q -
h vy multiplier =  discriminator
/
S anode | counter
a) b) c) d)

Fig.1.32a—d. Level schemes of iomzation spectroscopy: (a) photoiomization; (b) exci-

tation of autoionizing Rydberg levels; (c) two-photon iomization of excited molecules;
(d) expenimental arrangement for photoiomization spectroscopy in a molecular beam



1E. PaopatookoTia Qwro-lovriouou

MéBodoi lovTiopou
OmTO-10VTIGUOGC: M*(E,) + hv, > M* +e + E;
[ToAV-pwtovikdg ovtiouog (REMPI) -
M*(E,) + 2hv, — M* + e + E;,
AVTO-10VTIGUOG -
M*(E,) + hv, —» M**(Rydberg) - M* + e + E;,

OepUIKOC 10VTIGUOC (KPOVCELC LE €) -
M*(Ek) +e — M+ + 26' + Ekin

lovtiouodg mediov (HIT) : M*(E,) + HIT — M* + e+ E;



1E. PaopatookoTia Qwro-lovriouou

Evaiofnoia pétpnong
AToppOPNoN POTOVIOV N, = N.c;, AX n,

Yuykévrpoon otn oeyepuévn katdotaon K (N =g = Ny

[TiBavotnTa / EvEPYOS O1ATOUT] OVTIGHOV OO T OEYEPUEVN
Kataotoon K @ Py (o)

Prr
Pr1+Rg

lovtiké onua : S, =n ,N, P, no=n,n ,Nc; AX n o

1 : 0OO0CT OViYVEVONG, O : TOPAYOVTUG YEMUETPIOG

YynAn evoicOncio pETpnong 0e00UEVNC TNC OLVATOTITOS OVIYVEVGTG
OAV TOV TOPAYOLUEVOV NAEKTPOVIWOV.

Xpnon moaApkov Aélep 1 Tp < (1/ Rk)



1E. PaopatookoTia Qwro-lovriouou
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Fig.1.35a—c. Excitation spectra of Liz clusters detected by phntoinuizatiﬂn of the ex-
cited states: (a) no maa-?. 5elect1crn (b) spectrum of the 14, = "Li'Li"L 1sofopomer;,
(c) spectrum of 0143 =5Li'Li’ Li, recorded with doubled sensitivity [1.86]



D aoNOTOCKOTIKESG TEYVIKES AL1CEP
DOopiouog erayouevos aro Lé1{ep (LIF, Laser Induced Fluorescence)

Aviyvevon Olikod POopiocuov
KoBwg petafdiietor to unkog KOUOTOS TOV
Aé1lep, OTOV GUVTOVIOTEL LE TNV GLYVOTNTA
KATO10G NAEKTPOOOVNTIKNG LETATTMONG,

1OTE TapaTnpeitan POOPIGUOC 0 0TO10¢

Aélep
HETOBANTOV A ,
> Agtypa
AB*%/ DPOTOTOMATAACIAGTAG
\LL
AB /
Aé1lep otabepon 1|
HeToANTOU A
> -
Agtyua,
L\
Movoypopdatopag
DOTOTOALATAOGLACTHG

LLETPLETOL (G GLVAPTNGT TOV UNKOLG
KOLOLTOC,.

Aoapupavovpe TAnpogopieg yio tnv
OLEYEPUEVT] NAEKTPOVIKT] KOTAGTOON

Awaoropa POopicuodv oo uécov
POGUATOCKOTIKOD OVOAVTH

Edv vyivet avédivon 100 @QAGUATOC TOL
@Bopiopov, 1ote AauPdvovue TANPOQOPiEC
1060 Y10, TNV OlEYEPUEVT] OGO Kal TNV PaciKN
NAEKTPOVIKT] KOTAGTOOT)

Opia aviyvevong: Iepimov 107 pe 108 popia ové kBoviiky kordotoon ové cms



Apxn Franck-Condon

HAEKTPOVIKO QAT aTTOPPOPNONG TOU 1WdioV (l,)
Aovnrikn uen TS NAEKTPOVIKAC uETABaonc

Visible band system of |,

010 k- (26,0 band (543.47 nm)
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To pAoUa aTTOPPOPNCNS ATTOTUTTWVEI TN OOVNTIKNA UQK) TNS NAEKTPOVIAKWC
& OlEYEPUEVNG KATAGTAONC TTPOG TNV oTroia AapBAavel xwpa n Yetaaaon.



Apxn Franck-Condon

HAeKTPOVIKO Q@AO A EKTTOUTIAG POOPICTHOU TOU 1Wdiou (I,)
Aovnrikn uen TS NAEKTPOVIKAC uETABaonc

B \
L _ xl + "y
BI, (v’—43) Bt (v") laser
v o= 25 20 15 10 5
et rrrerre et et
L@MMWMULMM R
700 600 S00 \ "=
wavelength (nm) v __
Figure 1. Laser-induced fluorescence spectrum of iodine, using an Ar" laser at 514.5 nm .
to excite the molecules. r.” Internuclear distance

To paoua eKTTOUTIAG PBOPIoUOU aTTOTUTIWVEI TN dovNTIKA U TNG BepeAIWdOUG
& NAEKTPOVIOKNG KATAGTAONS TOU LOpiOU.



2. Qaoparookotria Ektroptic @Bopiopou

Laser-Induced Fluorescence (LIF) spectroscopy
Méow TnC paguatookoTtriac diEyepanc BopIoUoU ATTOTUTTWVETAI N dOWI) TNG
dleyEPUEVNC (QVWTEPNC) KATAOTAONG O€ JIa pETARaan.

H extrouT) @BopIouoU ammoTutTwvel T dOWI TS KATWTEPNS KATAGTACNC TNG
METAPBAONG EKTTOUTING. AUTH N KATAGTACN PTTOPE] va €ival n BeueAIdNC.
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Fig. 1.46a.b. Laser-induced fluorescence: (a) level scheme and (b) experimental arrange-

ment for measuring LIF spectra




2. Qaouarookotria Ekmroputic ®P0opiopou

Laser-Induced Fluorescence (LIF) spectroscopy

E ¥ T T T
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a) c)

Fig.1.47a—c. Laser-induced fluorescence of the Na> molecule excited by argon laser lines:
(a) energy level diagram: (b) fluorescence lines with AJ =0 (Q-lines) emitted from the
upper level (v' =3, J' =43) of the B[, state, excited at A =488nm; (c) P and R dou-
blets, emitted from the upper level (v’ =6, J'=27). The numbers indicate the vibrational
quantum numbers v" of the termination levels



2. Qaoparookotria Exktroptic @Bopiopou
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Laser-Induced Fluorescence (LIF) spectroscopy ~ 3CIENTIFIC
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(LIF) as a smart method for fast
environmental virological analyses:
validation on Picornaviruses
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Figure 5. Experimental apparatus scheme.

Figure 4. Hepatitis A spectrum at each concentration (a), and average fluorescence intensity of Hepatitis A and
blank samples as a function of the concentration of the virus (b).
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Laser-Induced Fluorescence (LIF) spectroscopy
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Laser Induced Fluorescence (LIF) spectroscopy
EvaioOnoia pEtpnong
‘Evtaon ekmounng : I, ~ N\ A, (hv)

‘Eotm 611 pe diéyepon amd cw laser emtvyydveton otdoiun Katdotaom.

de/dt =0=> I\IiBikp - Nk (Bikp + Akm + Qk) ) _-i'l_i fluores-

21
N'B'kp ] P(?d.l_t.f cence
N, A, = — otav Q, — 0 25
K2k 14 Bip/Akm) R P ﬁ;ﬂ Atan

Apa:Ip ~ Ly ~ NiAy, : Eq —m
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Ii A

a)

2e younAo pvouod oyepong (p): Ie ~ NiBi.p = Nioy I, = a I,

collisions
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Emission spectra of CHy-air premixed flame and CiHg diffusion flame.

Fig. 1. Experimental apparatus.
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LIF — MeAéTn digpyaciwv kauong
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3. Laser Induced Detection and Ranging (LIDAR)
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Laser remote sensing

Ulrich Panne’
Laboratory for Applied Laser Spectroscopy, Institute of Hydrochemistry,
Technical University of Munich, Marchioninistr. 17, D-81377 Munich, Germany

Trends in Analytical Chemistry, 17, 491-500 (1998)



3. Laser Induced Detection and Ranging (LIDAR)

Planar Mirror

<

Backscattered Signal

[Laser Probe Beam

FLL

Mirror

o from Target

Dye Laser Excimer Laser

Pulse Energy Monitor

Newtonian Telescope

O
| (t) =k
(t) Arr?

|(t): omoBookedalduevo anua
a/4mr? : amwAela Adyw 106TPOTING
oKkEdaaNg

N(r) : guykévipwan amoppoPnTy
g¢ amoéaTagn r

Spectrum
Analyzer

Computer |

N (r)exp [_2_[0 a(r)dr] a(r) : CUVTEAETTAC aTToPPOPNONG



3. Laser Induced Detection and Ranging (LIDAR)

M wavelﬁngth R ospherc Analysis

400 mm Telescope

Laser emitting 400 mdJ per pulse

3 X Backscatter Channels (355, 532, 1064 nm)
Nitrogen Raman Channel (387 nm)

Water Vapour Raman Channel (408 nm)

Depolarization Channel (355/532 nm)]

= S e S T U T U I TR S S 2 (I S e T Se T I § TN T I » oW
5 e BN il e :

= Liquid Water

-==lce

®  Sum of Q-branch lines

v Sum of rotational lines

) l'aymﬂtril:s

Wavelenath. nm



Backscatter coefficient. m'sr’

3. Laser Induced Detection and Ranging (LIDAR)
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4. MoAu-@wrtovikn Pacparookotia (Multi-photon spectroscopy)

O1 upnAEC TIREC EvTaanc TTOU TTPOCPEPOUY Ta (TTOAUIKA) AEI(ep €XOuv W¢ ATOTEAEOUA TNV
mBavotnTa (Tautd)XPOVNG) ATTOPPOPNCNG TTEPAV TOU EVOC PWTOVIWY ATTO £va ATOWO 1) HOpIO.

‘E101 6AeC o1 TIpoavapepBeioec TeXVIKEC dUvavTal va TTpayuaTotroinfolv Kal Je amoppoenaon
TTOAATTAWY QWTOViWV.

2UVETTEIEC TNG TTOAU-QWTOVIKAG O1adIKaTiag : AAAAY TwV KAVOVWY ETTIAOYAC

O1 ouvoAikoi Kavoveg emMIAOYAC gival TO YIVOUEVO TWV KAVOVwVY EMIAOYNG Tou OIETEl TO
K@0s povoewroviko arddio tn¢ ouvoAikn¢ oiadikaciac

[1.x. T'a uia dipwrovikn dladikaaia o kavovac ETIAOYNS WS TTPOC KEVTPO GUULIETPIAC Eival :
g—>u-—>g
Apa yia S1pwToVIKEC OIaOIKATIES OI EMITPETTTEC NETATTTWOEIC Eival g —> g Katu —» u !!

Mapatnpoupe AoITov OTI HETARBACEIC TTOU ATTAYOPEUOVTOI HE EVO QWTOVIO ETTITPETTOVTOI
ue duo!

Eva emmmAéov AcovEKTNUA TNG TTOAUQWTOVIKAG dl1adikaaiag €ival OTI yivovial EQIKTEC TIMEC
evépyelag dieyepanc, AE, dITAGaIEC akoun A TPITTAACIEC AUTAC TTOU AVTIOTOIXEI OTNV EVEPYEIQ
NG JovoPwTOVIKAG d1adikaaiag.



4. MoAU-@wTtovik PaoUATOCKOTTIO

Aigpyaoiec TTOAU-QWTOVIKNG dIEYEPONG
21NV TTOAUQWTOVIKY dIEyEPON BEwpPOoUE
0TI TO oUOTNA JIEPXETAI OTIYMIAia OTTO

eVOIAUETES EIKOVIKEC KATAOTATEIC (- - - - - )
1hv 2hv
2> — 2>
(My,) ~ |E|(1]|f1]2) (Myp) ~ [E[*(1|g|k) (k|| 2)
= |E| | ¥ de H mBavotnta digwTovIKAC

HETABaONG ek@padeTal YEow TOU
YIVOUEVOU TNG TIBavoTnTAC TTOU
QVTIOTOIXEI O€ JOVOPWTOVIKO

Brpa dieyepang.
Pip ~ I2(My2)*
O 6pog I? utrodnAwvel T un -

H mBavoTtnTa HovoQwTOoVIKNAG
uetapaaonc civar avaoyn tou k>

TETOAYWVOU TOU OAOKANPWHATOG = = = = = = = =
NG OITTOAIKAG POTIAG pETARATNG.

Py~ By~ 04y ~ I[{My,)?

[~ |E|? YPOUMIKOTNTA TNC DIEYEPONG KAl
TN OUMMETOXI) 2 QWTOViwV
1> 1>

(9 =>u)ai (u—>09) , : (9 = u)(u—>9)=9—>¢
(43=0, +1) Kavoveg emhoynig (43=0, + 1)(4J=0, + 1)= 4J=0, % 2
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Algpyaaieg TTOAU-QWTOVIKNAG OIEyEpONG (I0VTITHOU)4 (2+41)REMPI

2 TNV TIEPITITWAN AUTA N EVOIAUEDT
KOTAOTAON €ival TTPAYNATIKA (SETUIA)

1hv 1hv+ 1hv’ 2hv
= 12> — 2> 3
el
1> 1>

1>

Pl (2+1)h
2>
A |
___75___
11>

REMPI : Resonance enhanced multi-photon ionization



4. MoAU-@wTtovik PaoUATOCKOTTIO

Qaoparookotia MoAu@wToviKou loviopou o€ LuvTovIoHO
(REMPI, Resonance Enhanced Multi Photon lonization)

oS

KoOwg petafdiietor 1o unkog kopatog tov AELeP, OTOV GLVTOVIGTEL LE TNV
oLYVOTNTO KATO0G MAEKTPOVIKNG-OOVITIKNG-TEPIGTPOPIKNC — UETATTOONC,
TOTE AOY® TNG VYNANG £vIaong ToV AELEP, LETAPEPETOL LEYAAO TOGOGTO TOV
TANBvGUOV oTNV dlEYEPUEVN KATAGTOGT] O OMOI0C GTNV GLVEYELN ATOPPOPH,
Eval TOVAQYIGTOV aKOUN emTOVIO Kot tovtiletal. Ta 1Ovta mwov mapdyovtot
OVTIOTOLYOVV GE PEVMA TO OTOI0 KOL KOTOYPAPETAL MG GLVAPTNGY TOV
UNKOLC KOUOLTOC,

AauBdvovpe TAnpo@opiec Yoo TNV O1EYEPUEVT] NAEKTPOVIKT] KOTAGTOCT)

O ovuPoriopuog REMPI (m+n) vmodnAmvel wg M tov aplOud tov emTtoviny
Y0 GOVTOVIGHEVY OLEYEPGT) TOV LOpPiov, Kot N Tov aplBud tmv eotovioy mTov
ATATOVVTOL Y10, TO LOVICUO TNG OEYEPUEVIS KATAGTOOTG

ITy. (1+1), (2+1) (3+1), (2+2) k7.
Otav 1o unkn kopotog e aktvoPfoMMag S1€yepong Kot 10VIIGUOL givol
OLPOPETIKG TOTE 0 cupPoicudg eivor (M+n')

Mewovéktnpa g uefodov gival 6t amartel Oaldpove Kevov d10TL 01 AViyVeELOT] 1OVTIMV
dev umopel va yivel 6e VYNAEC TECELS

Opia aviyvevone: Iepimov 104 ue 10° popro ava kPavtikn kotdotoon ave cms
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Maria Goppert Mayer (June 28, 1906 — February 20, 1972)
AipwTovikn ATroppopnon o€ Atoua

Maria Goppert Mayer was a German-born American theoretical

| physicist, and Nobel laureate in Physics for proposing the nuclear
.| shell model of the atomic nucleus. She was the second woman to
win a Nobel Prize in physics, the first being Marie Curie. In 1986,
the Maria Goeppert-Mayer Award for early-career women physicists
was established in her honor.

A graduate of the University of Gottingen, Goeppert Mayer wrote her
doctoral thesis on the theory of possible two-photon absorption by
atoms (supervisor Max Born). At the time, the chances of
experimentally verifying her thesis seemed remote, but the
development of the laser permitted this. Today, the unit for the two-
photon absorption cross section is named the Goppert Mayer (GM)
unit.
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KivnTiki Bewpnon tou N. Beer otn ovo- Kal O1-QWTOVIKN
aTmopPOPNON
MovogwToviki atroppd®non
Oewpoupe T dlepyacia wg avtidpaan Tou arduou/popiou A e Eva pwTOVIO
€ QUVTEAEDTN) TOXUTNTAC avTidpaang k, Kal avaypAgoupEe T0 VOUO NG
TaxUTNTaC VIa TN YETABOA TN TTUKVOTNTAC TWV QWTOViWV.
A + (hv) — A*
dn/dt = - k;N n => dn(hv) = - kKN n(hv) dt

=> c dn(hv) =- (k/c) N [c n(hv)] c dt

=> dl=-(k/c) Nl dx=-o N Ildx

=> 1(X) = 1(x=0) exp(- s N I) : N. Beer
N: apOu. mokvotnta anoppoenti (atduov, popiov)
N: aplOu. TLKVOTNTO POTOVIMV
I: évtoon aktivoBoriog (W/cm?)
0 (64,): EvePYOG dlatoun amoppdenong (CM?/popo)
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KivnTiki 6ewpnon Tou N. Beer otn povo- Kai d1-QwTOVIKN
amroppopnon
AIQWTOVIKN aTTOpPOPNON
Oewpoue TN dIPWTOVIKNA ATTopEOPNON W avTidpaan Tou arduou/popiou A
e dUo pwtdvia kal auvteAeaTh TaxuTnTac avridpaang k, kar avaypagouye
TO VOMO TNG TaXUTNTAC YIa TN METABOAR TG TTUKVOTNTAC TWV QWTOViWV.
A + 2(hv) — A*

(1/2)dn/dt=-k’N n? => .....

=> dl =- (2k’/(hv)c?) N I2dx = - 8 N I? dx

Oln evepydg oaTopun amoppOPNONG: Gy = O + 10
0 (81,): evepydc droTopn SpmToVIKNG amoppdenong (cm#/popo W)

J. R. Lacowicz, Principles of Fluorescence
Spectroscopy, Springer 2006, Keg. 18. (18.1 - 18.3)
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Aipwtoviki PacparookoTia Ekroptriic P0opiocuou
(2-photon excited fluorescence spectroscopy)

Paouata eKTouTAC POOPIoHOU ATTO OPYAVIKEC XPWOTIKEC (dIOAUpATA O€ HEBAVOAN)
KaTOTTIV dIEyepang e TTOAUIKO AEilep Nd:YAG, A:1064 nm, 1. 10 ns

s Do 0,202 473
g 0,427 1458
: 0,506 2345
0,634 3135
: 0,828 3794

. 1 . 1 . 1 . 1 . 1 .
500 550 600 650 700 750 800

wavelength (nm)

IF — KIO(PF(gbC) Movo-@wrtovikr dIEyepan

No eheyybei n popen mg kopmding Iz = (1 aser)?]

I2PF = K(IO)Z(PF(SbC) Al-Qwtovikr diEyepan

O : evepyo¢ diarour) / ouvteAEOTAC DIPWTOVIKAC ATTOPPOPNCNG
1 GM = 1x10-%0 cm*sec/photon



4A. MoAu-ewtovikn MikpooKkoTria

E@apuoyec Al- kai [MToAu-@wTovIKAG HIKpoakoTTiag aTn BioAoyia

Huorescence || 700 nm Fluorescence

~ U0 FIET

Ground (Ground
State State

ne-Fhoton Excitation Two-FPhocton Excitation

H un-ypappikf €€dptan ¢ amoppoenaong amd v Eviaon odnyei o€ EVIOTTIONO
¢ OIEyepong o€ WIKPA TepIoxn Tou OeiyuaTog, OA ekei omou n €viaon (W/cm?)
Trapouaiadlel péyiaTo. Q¢ amoTéAeapa EMITUYXAVETAI ONPAVTIKA Algnon TS XWPIKAG
avaAuang (eukpivelag). H un ypaupIkr MIKPOOKOTTIO BadieTal aTn XpAoN TTAAUIKWY
nywv AEiep utepPpayéwv TTaApwy (ultrafast lasers).

+ Eukpivela
+ Euehicia diEyepanc (A)
+  Melwpévn ewtdAuon

- €€€ (femtosecond laser)

One-photon excitation Two-photon excitation
Ateikdvion d1-pwtovikoU GBopIoUoU 0€ VEQPIKA KUTTAPA TTOVTIKIOU




4A. MoAu-ewtovikn MikpooKkoTria

2XNMATIKO O1QYPANMA TTOAU-QWTOVIKOU JIKPOOKOTTIOU
Two Photon PMT

. Three Photon

Femtosecond Scan 2
Fiber Laser Mirrors PMT
.

K

Dichroic
Mirrors

Mirror Description:

150 mm focal length 1 Mircoscope
Fold mirror

Objective
Fold Mirror

300 mm focal length . Sample
-400 mm focal length XYZ Translation Stage

Fig. 1. Schematic diagram of the All-Reflective Multiphoton Microscope. The collimated laser
beam is raster scanned vsing a 2D galvo scanner The beam i3 later expanded by reflective
optics to fill the back aperture of the objective lens. Dichroic murrors are utilized to separate
the excitation laser light from the back-scattered nonlinear signals from the sample, and also to
separate the different generated wavelengths from the sample into appropriate PMT channels.

M wn e
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'? - < ‘lI

Fig. 4. Multiphoton image of the euphorbia cactus leaf using. (a) 1550nm laser and (b) 1040nm
laser. Red color represents the two-photon excited fluorescence (2PEF) and second harmonic
generated signal (SHG). Green color illustrates three-photon excited fluorescence (3PEF) and
third harmonic generated signal (THG). The focus does not change by changing the source

wavelength due to the all-reflective design of the system. Ye GVTIO'TOI)(iG lE TO (pouvc')psvo Mg 6I-(|)(JL)TOVIKI"]§

Vol 25, No. 19 | 132? OPTICS EJ(F' 23390 | amoppoPnang (-pBopIgoU) AAAEC UN-YPAPMIKES

SR SERHESS N 515py00iEC (TPI-PWTOVIKA ATTOPPOPNON-PBOPITHGC,
yévean 21 kair 3" apUOVIKAG) TIPOKUTITOUV KATA TV
All-reflective multiphoton microscope aMnAemidpaan utrepBpaxEwv TaAuwv Aéilep (1r.x. 100
BABAK AMIRSOLAIMANI,">" BENJAMIN CROMEY,"? N. PEYGHAMBARIAN, femto§econd) Kai ,£1T|Tp,é1TOUV T,r] )\£1TTO,|J£pr'] pIKpOIUKOHIKI‘]
AND KHANH KIEU ateikdvian dEIYUAaTwy OTTwE KUTTapa fy BroAoyikoUg

!College of Optical Sciences, University of Avizona, Tucson, AZ 85721, USA |O-TOU§
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E@apuoveg Al- kai [MoAu-@wTtovikAG YikpoakoTiag atn BioAoyia

Figure 4.4.2: THG images taken from a C. Elegans embryo. Images show the in vivo

assymetric cell division from two fo four cell stage.

[. ToepePeraknc, AidakTopikn diarpiBh, TuRua Puaoikig, MavemoTiuio KpAtng, 2013
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E@apuoyec Al- kal [ToAu-@wToviknG pIKpoakoTriac atn BioAoyia

Figure 4.4.3: THG images recorded from an early stage C. Elegans embryo. Images

depict the in vivo cell division from four to multiple cell stage.

[. ToepePeraknc, AidakTopikn diarpiBh, TuRua Puaoikig, MavemoTiuio KpAtng, 2013



XPOVIKWC avOAUOUEVN QOCTUATOOKOTTIO

Time-resolved spectroscopy

Me 1n BorBeia TaApikwy TTywv d1Eyepanc (laser) kar KAaTGAANAWY aviXVEUTIKWY
OUOTNUATWY YiveTal EQIKTA N KIVATIKEA (QUVOIKR) TTAPOKOAOUBNGN QUTOPUTIKWY
OIEPYOTIWY DIEYEPPEVWV KATAOTACEWV KOl AVTIOPATEWY OI OTTOIEC Eival ECAIPETIKA TAXEIEC
(kAipakag ps, ns, ps, fs).

[evIKQ, N TTAAUIKA TTNYA ATTOTEAET TO «OTIVUIAION» AiTIO DIEYEPANG, TTOU TTAPAYEI O€ XPOVIKO
O1GoTtnua (ioo Pe 1o EUPOC TOU TTAAUOU) pIa CUYKEVTPWAT TOU BACIKOU XPWwHOPOPOU TN
OIEYEPMEVN TOU KATATTAOT).

Av n eEhicn Tne dieyepuévng kardoTaonc AauBavel xwpa a€ XPovikr KAidaka TToAU upuTtepn
TOU TTaAOU KaBigTaral EQIKTA n KIVATIKA TTapatpnon autic | GAAwv evOIauEowY TToU
TTapayovral. [ivetar karavonTo OTI N XPOVIKN KAiJaka Twv dIEpyaaiwy TTou ETIOUPOUNE va
TTAPATNPACOUE UTTAYOPEUE! KAl TO EUPOC TTAAHOU TNG TIYNG AEICEP.

H mraparrpnon e dieyeppéVNS KATAOTAONS TTPAYUATOTIOIEITAI PE DIAPOPECS
(POCPATOOKOTTIKEC HEBOOOUC OTTWC:

Time-resolved emission (fluorescence/luminescence) spectroscopy
Time-resolved (transient) absorption spectroscopy
Time-resolved Raman spectroscopy k.a.



XPOVIKWC AVAAUOUEVN TTOPATAENON TAXEIWV OIEQYATIWV

10 TN HEAETN TAXEWY QAIVOUEVWY (XPOV. KAIPOKA: PS, NS, US, MS) ATTAITOUVTAI TINYEC TTAAUIKAC
akTIvoBoAiag avtigTorya oTEVAC XPOVIKAS DIAPKEIAC.

&> jﬂﬁ

1s 1ps 1ns 1ps 1fs 1;13

https://en.wikipedia.org/wiki/
Eadweard_Muybridge

1 picosecond =1 ps =102
1 femtosecond =1fs =10-1°s
1 attosecond=1as=10"18s
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Time-resolved photography
Eadweard Muybridge
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The Horse in Motion (1872)



Time-resolved photography
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Muybridge was able to record
events on the scale of about
0.001 second in 1877

1 ms time resolution!



Time-resolved (transient) absorption spectroscopy

Ortav peAetape dieyeppéves kataaTaoelg (.. Sy, T4) 01 0TToiEG dev TTAPOUTIAlOUV
EKTTOUTTI) PBOPIOUOU €ival EQIKTO VA TIC AVIXVEUTOUWE KAl VA TTAPAKOAOUBGOoUE TN

METABOAR TOUC OTO XPOVO HEOW PETPAOEWY (TTAPODIKAC) ammoppdenong (transient
absorption).

oAU PWHATIKN Aciyua Movoypwparopag AVIXVEUTNG

TNYN PWTg ‘
PMT L

— e ~ > | |

2€ OTAOIUN KaTAoTAON
T =1/1, A=-logT =¢bC



Time-resolved (transient) absorption spectroscopy

Y16 ouvOnkeg diEyepang Tou deiypaTog pe TTAAUIKO AEICEp, TN Xpovikn aTiyun t, (= 0),
TTopAyETAl UETAOTAONG dIEYEPUEVN KATAOTAON (S4) OE HIKP) AAG Ox1 apgeAnTéa
ouykEvtpwarn, C,(t), n omoia amoppo@d kai Tapdayel Tapodikn YETAROAR NG
atmoppdenong, AA(t).

H xpovikA METABOAA TNC aTToppOPNO NG 0 TUYKEKPIWEVO A, (AA(NT), KaTaypd@eTal pe T
BonBeia TOAUXPWUATIKAC TTNYAS PWTOC KA KATAAANAOU avIXVEUTH.

[ToAuypwuaTIKA Aciyua Movoxpwpuaropag

PR /
Tyr QoG [ =
L
o
| |
| §: —
- /\ AVIXVEUTAC TaxEiag
A amoKpiang
[nyn O1Eyepong
t<t, T=1/1, A=-logT = ebC

>t T = 1)1, = ...
A(t) =-logT(t) = Ay + A Ao = A(Sy), AL =A(S)



Nanosecond transient

HG : 2nd, 3rd harmonic generator
PB : Pelin Broca prism

DM : 355 nm dichroic mirror

BS : Beam splitter

absorption spectrometer v
YAG TP : Trigger photodiode
MP : Monitor photodiode
GD : Glass diffuser
AA (A=495nm; ) > 0, AA(A=675nm; t) <0 D e
: Sample ce
0.02 4 M : Mirror
! I 490nm HG L : Lens
00; f \\‘“‘\— — \DM GF : Long-pass glass filter
IF : Band-pass interference filter
g °-°]'I]LO 100 200 300 000700 800 1900 1000. PB D : Detector (photodiode-amplifier)
'g -0.02 | Zn-phthalocyanine MC : Monochromator
3 00 | H kivnTikA améoBeang Tng amoppoenang ata 495 nm TD : Transient Digitizer
0.04 1 675nm (triplet) eival OPoI JE TNV KIVATIKA TNG ATTOKATAGTAONG ™
005 | ¢ amoppd@nang ota 675 nm (Baciki KaraoTaaon). — Mac II
-z:: ‘ Time / Bg el (— TP J\ g g g :{
-0. Qe BS
Figure 7. Kinetic traces taken at 490 and 670 nm from the data presented in Figure 6, (TD) - MP L (TP
attributed to the presence of the triplet state and bleach of the ground state respectively, Both ¢ P/ )
decay with the same lifetime, 200 ps.
A 12
004 - [oAuy pwuaTIKN N DO | - (MP)
: %1 Tnyn Qwrog
0 :
E 0.02°%° 400 500 800 XL =
= o.04 - DiEyepon TG évwang Zn-phthalocyanin
0 |0dnyei oe AA<Q oTa 675 nm, Adyw
06  MEIWONG TG CUYKEVTPWAONG TNG PATIKAG Ls
-0.08 | kardioTaong. 2y mepioxr) 400-550 nm GE. Mz
0.1 - ammoppo@a n diyepuévn kardoTaon triplet <
- . . . I w0 MC
.12 | M€ XpOvo Cwng TG TaENg Twv Alywov M —{— H ST
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Figure 6. Difference spectrum obtained from a flash-photolysis experiment. The difference in
absorbance, AA, was determined shortly after the laser pulse. The data above shows the
triplet-triplet absorption bands of a zinc phthalocyanine in degassed toluene solution, A = 490
nm, and the bleach of the ground state, A = 670 nm.




Time-resolved (transient) absorption spectroscopy

OAIKA ouykévTpwaon Xpwuo@opou [X] = C

2UYKEVTPWAON OleyeppEvng KataaTaons (Sy): Cq(t)

2UYKEVTPWON XpwHo@opou aTn Bepehidn (Sy): Cy(t) = C — Cy(t)

Apa:

AT = Ay + A (At) = gg(M)B[C-C, (1)]+ &,(MPC4 (t) =
= go(MDC + [£,(1)- £g(1)IDC, (1) = A(1) + Ae(L)bC, (1)

= A1) = AL + AA(A;t) | — mapodiki amoppdenan

&

g, > ¢y =>AA(ME) >0
g, < gy =>AA(M1) <O S
go(h) = 0=> AA(Y) = A, (A1)

Stimulated
Emission (SE)




Time-resolved (transient) absorption spectroscopy

t<t, T:I/IO A:'|09T:st
oIt I(ut<0) + AI(At)
t> to T(}L,t) — IO(K) — IO(}\') _
_ I(A;t<0) AT\ |
L (1 + I(K;t<0)) =T() oT(A; )
= A(A;t) = -logT(A;t) R | .

Y AL
= =-log T(A) —log(dT(A;,t)) 1300 \

— [A(L:D) = AQ) + AAD [Z T

-I(t) (mV

-131.0 |-

I(x;t<o)/l"’”l' A



Time-resolved (transient) absorption spectroscopy

[ToAuXpWHATIKA Agiypa

Absorbance (a.u.)
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Picosecond transient

absorption spectrometer

L

M/4()— H20-D:0

(pump and probe)

Emre1dr) dgv uttapyouv agioTraTol
QVIXVEUTEC e Xpovo amokpiong < 100 ps
xpnaoiuotolgital n uEBodo¢ pump and
probe atnv otoia n déaun AEICep
Xwpiletal o€ duo KAadouc.

O 1% kAado¢ payuarotolei Tn dIEyepan
TOU OgiyuaTog.(pump)

O 2% kAGdo¢ (probe), yéow un
YPOUUIKWY dIEPYATIWY, TTAPAVEI
TTOAUXPWHATIKO TTAAUO O OTT0i0¢
eloayetal o€ otrmik didragn (delay line)
HETABANTAC OTITIKAC d1adpouA¢ N oTroia
avtigTolyileTal o€ YeTaBANTA
xpovokaBuaTépnon Tou TTaAuou probe
WG TTPOG TOV TTOAUO AvTAnong.

At = 2Ax/c

Continuum
probe
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_SW, - 2}
S Q mode-locked YAG
532 nm
DM : Dichroic Mirror
L:Lens
355 nm M : Mirror
excitation BS : Beam splitter
S : Sample
Optical IF : Band-pass interference filter
Fiber PD : Photodiode
CCD : Charge-coupled device
detector
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Femtosecond time-resolved spectroscopy
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Fig. 6.88. (a) Potential diagram of Nal with the pump transition at A; and the tun-
able probe pulse at A>(R). (b) Fluorescence intensity /gj(Af) as a function of the delay

time Af between pump and probe pulses: (curve a) with A> tuned to the atomic Na* tran-
sitton and (curve b) Ar tuned to A>(R) with R < R, [6.174]
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