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The Sn-state lifetime is determined from two-step excited S„-S 0 fluorescence yield measurements 
with picosecond light pulses. The theoretical analysis includes single pulse and double pulse consecutive 
excitation and takes into account the anisotropy of excitation and emission. Experimental results of 
the single pulse two-step excitation technique are presented for the S4-state lifetimes of the three mode-
locking dyes 5 r 9740 and 9860 for Nd-glass lasers. 

1. Introduction 
The lifetimes of higher excited singlet states Sn (n > 2) of dye solutions are generally in the subpico-
second range [1-10]. S2-state lifetimes in the picosecond [11-18] and nanosecond regions [19-21] 
have been found in only a few dye molecules. The conventional technique of lifetime determination 
by fluorescence quantum yield measurement after single-step dye excitation is l imited to quantum 
yields qF = Tp/r^a £ 10 " 3 (fluorescence lifetime r F £ 10 ps; r ^ , radiative lifetime). It is frequently 
used for S x -state lifetime measurement [22-27]. The measurement of small quantum yields by single-
step excitation is l imited by the fluorescence of impurities or photoproducts. Also, Raman scattering 
of the solvent may cause disturbance. 

In two-step excitation from S 0 to S i and from Si to S n the problems of impurity fluorescence and 
Raman scattering are avoided. Two-step excitation wi th a single laser pulse (single frequency) [3, 
28-38] and wi th two laser pulses o f different frequency [1 ,4 , 7 , 1 0 , 3 3 , 34] have been performed. 
S n - S 0 fluorescence spectra have been reported. 

The determination of S n-state lifetimes by two-step excited fluorescence quantum yield measure­
ment is only scantily reported [ 1 , 4 , 7 , 10 ] because of the difficulty of determining the Sn-state 
population. 

In this paper we derive expressions for the fluorescence signal by two-step pulse or double pulse 
excitation that allow determination of the S n-state lifetime. The influence of the anisotropy of light 
absorption and emission by the electric dipole interaction is analysed. Possible disturbances by two-
photon absorption of impurities are discussed. In the experiments the S 4-state lifetimes o f three mode-
locking dyes 5 ,9740 and 9860, for Nd-glass lasers, are determined. The two-step single pulse excitation 
technique is applied with picosecond light pulses from an Nd-glass laser. 

2 . Theory 
In the experiments the S n - S 0 fluorescence energy WF normalized to the input pulse energy W L w i l l be 
measured and compared wi th the S ^ S o fluorescence signal of a reference dye of known quantum 
efficiency. This comparison avoids absolute quantum yield measurements. 

In Fig. 1 relevant level schemes are depicted for consecutive single pulse excitation (a), consecutive 
double pulse excitation (b) and reference dye excitation (c). In each case the fluorescence from an upper 
level |u> in S n or S i (reference) to a lower level in S 0 is observed. The geometrical arrangement is shown 
in Fig . 2. The excitation pulses propagate along thej-axis and are vertically polarized (along the z-axis). 
The fluorescence is observed perpendicular to the pump pulse propagation in the x-direction. The 
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Figure 1 Level schemes for (a) single pulse two-step 
excitation, (b) double pulse two-step excitation, and 
(c) single-step excitation of fluorescence emission. 

fluorescence emission polarized parallel (field strength E F ||||E L , intensity /F||) or perpendicular 
( E F 1 1 E L ; 7 F 1 ) to the pump pulse polarization may be selected wi th a polarizer or the total emission 
(7 F = 7F|| 4- 7 F i ) may be measured without a polarizer. The pump pulses promote dye molecules to the 
upper fluorescence level \u). \xA defines the S i - S n transition dipole ( S 0 - S i transition dipole for the 
reference dye) of an excited molecule in level \u).\xE denotes the S n - S 0 ( S i - S 0 in the case of the 
reference dye) transition dipole moment o f the emission. The angle between n A and M e is a . The 
orientation of n E around ji A is isotropic relative to angle j3. 

2 . 1 . Fluorescence energy 
The fluorescence intensity of an emitting dipole M e parallel to the pump pulse polarization is [35-38] 

2 i 2 2 ^ / ^ F C O S 2 0 E 

d/F|| <*hvYv\z = ^ F M E COS2 « (1) 
7"rad 

The fluorescence intensity perpendicular to E L is 

, o o hv¥(\ — cos 2 0 E ) s in 2 0 E 

d / F i a hvYii\y = hv¥ixl s in 2 0 E s in 2 0 E oc — ^ ^ (2) 
r rad 

Inverse proportionality between jitE and radiative lifetime r m d has been applied [39]. The angle 0 E is 
related to the angles 0 , a and 0 of F ig . 2 by the cosine law of spherical trigonometry 

cos 0 E = cos 0 cos a + sin 0 sin a cos 0 (3) 

The fluorescence energy WF normalized to the input pulse energy Wh is found by integrating a7 F over 
all molecules in level |u>, over the time t\ over the solid angle SI and averaging over the isotropic angular 
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Figure 2 Geometrical arrangement, (a) Orientation of 
absorption transition dipole moment and emission 
transition dipole moment | i E in rectangular coordinate 
system; (b) fluorescence detection arrangement. S, 
sample cell; L1, L2, lenses; F, filters. 
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and 
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Equation 4 starts from Equation 1 while Equation 5 involves Equation 2. A£2 is the solid angle accepted 
by the detection system. A£l/nF is the internal acceptance angle in the sample. nF denotes the mean 
refractive index of the dye solution in the spectral region of the fluorescence. vF is the mean fluoresc­
ence frequency. Al is the length of the fluorescing volume that is imaged to the detector./V u (0, r,y, t') 
is the number density of molecules in the upper fluorescence level (dimension c m - 3 ) . Going from 
Equation 4b to 4c and 4d the relation JV u ( 0 , r9y9 t')=Nu(r,y, t')su(Q)=NJr9y, tf)su(S)/fQ2 s u (0 ) 
sin 0 d 0 has been used. s u (0 ) is the orientational distribution function of the upper fluorescence level 
population. Nu(r,y, t') = }Q2 7 V u ( 0 , r9y91') sin 0 d 0 = Nu(r,y, t') J Q / 2 SU(&) sin 0 d 0 is the average 
number density per steradian. In the step from Equation 4c to 4d cos 0 E is expressed by Equation 3. 
In Equation 4e the abbreviation 

r°° rAl r°° _ 
M u = J . , it' J 0 dy J O 2nr drNu(r9y91') (6) 

for the space and time integrated population is u s e d . M u depends on the S„-state lifetime via the time 
dependence of Nu. 

The fluorescence energy normalized to the input pulse energy r? is related to the fluorescence 
quantum efficiency qF by 

q = JJL =
 n? = n\v^ V ^ 

F r r a d A f t Wabs/^L A f t % * 

i f anisotropy effects are neglected (see Equation 34). WAHS = KW^ represents the pulse energy absorbed 
by Si-Sn transition (S 0 -S!- transi t ion for reference dye). In the case of double pulse excitation (and in 
the case of reference excitation) it is K = 1 — TE where TE is the energy transmission of the Si-S„ 
excitation pulse (and the S 0 - S ! reference excitation pulse). 

For a further evaluation of Equations 4e and 5c we have to specify the distribution function s u (0 ) 
of the transition dipole moments n A . We distinguish three situations 

(i) s u (0 ) = cos 2 0 , 
(ii) 5 U (0) = cos 4 0 and 

(iii) sj&) = 1. 

2.1.1. Condition (i) su(@) = cos2 0 
This condition applies to Si-S„ absorption starting from an isotropic population in the Si-state as it is 
achieved by strongly bleaching the ground state (single and double pulse excitation) or by delaying the 



S i - S n excitation pulse to allow orientational redistribution (double pulse excitation). The S„-state has 
no time for reorientation because of its short lifetime. The condition also applies to S 0 - S i absorption 
of reference dyes in highly viscous media ( r o r > r F ) . 

Equations 4e and 5 c simplify to 

*n ( « ) = ^ 7 - L # H l + 2 c o s 2 a ] (8) 

% ( « ) = ^ § 4 [ 2 - c o s > « ] (9) 

The normalized fluorescence energy detected without polarizers becomes 

Vice) = „ ( « ) + r^a) = ^ ^ ^ f 3 + C O s 2 °1 ( 1 0 ) 

If the absorption and emission transition dipole moments are parallel (a = 0) Equation 10 becomes 

5 nFriad WL 

In the case of a = 90° Equation 10 reduces to 

r n\ ^ ui ivy m 

V(OL = 0) = — ^ (11) 

0 3 M ^ F M U 

r?(a = 90 ) = - -5 — (12) 
5 « F r r a d FVL 

For the reference excitation M A ( S O - S I transition dipole) and M F ( S I - S O transition dipole) are parallel. 
For the two-step excitation n A ( S ! - S n transition) and n E ( S n -So transition) may have any angle 
between 0 < a < 90° (preferably 0 and 90°). The detected fluorescence signal depends only slightly 
on the angle between the absorption and emission dipole moment [r?(a = 90°)/i?(a = 0) = 3/4]. This 
fact allows the Sn-state lifetime measurement r F to be determined without a knowledge of the angle a . 

2.1.2. Condition (ii) su(0) = cos4 0 
This condition is approximately fulfilled for Sx-Sn absorption starting from the weakly populated S x -
state (Si-state distributions C o s 2 0 ) prior to reorientation of the Si-state and p. (S 0-Si)|| p ( S i -S n ) . 
The situation M ( S 0 - S n ) | | M a

 a ^ d (n A , M E ) = a i s equivalent to [ M ( S 0 - S I ) , \XA] = a and |i AHn E. 
Equations 4e and 5c reduce to 

* l l ( « ) = ~rf [ 1 + 4 cos 2 a] (13) 
W F r r a d W L 7 

A£lhvF M 1 
r ? i ( a ) = - ^ - ^ [ 3 - 2 c o s 2 a ] (14) 

" F T r a d Jv L 7 

The unpolarized fluorescence energy becomes 

77(a) = - y — ? - f - [2 + cos 2 a] (15) 

For a = 0 we find 

while for a = 90 the result is 

r?(a = 0 ) = — - J — (16) 
7 «F^rad 

0 4 A f l / z^ ^ u 

r\(a = 90 ) = — — (17) 
7 "F^rad ^ L 

Again the ratio i?(a = 90°)/r?(a = 0) = 2/3 is near to 1. 



2.1.3. Condition (Hi) s u ( 0 ) = 1 
This condition applies to the reference dyes wi th r o r < r F as is the case in low viscous solvents. Equa­
tions 4e and 5c become 

The fluorescence emission is independent of the polarization and angle a . 
The total normalized fluorescence energy is 

_2 A£lhvF Mu 

3 « F r r a d W L 

Comparing cases (i) to (iii) we find only a weak dependence on the orientational distribution of the 
upper fluorescence level, i.e. 

r?(a = 0 , cos 2 0) :7?(a = 0, cos 4 0 ) :r? (a = 0,1) = f : i 

and 

V(oc = 9O°,cos 20):T?(a = 90°, cos 4 0):r?(a = 90°, 1) = 

The fact that the fluorescence signal detected without polarizer is nearly independent of the orientation 
of the specific absorption and emission dipole moments allows easy S n -state lifetime determination 
from fluorescence signal measurements without a knowledge of the orientation of the transition dipoles. 

For the discussed cases of population anisotropy and angle between absorption and emission the total 
normalized fluorescence energy may be written as 

V(a) = -2 — A(su, a) (20) 

with 0.571 <A(su, a) < 0.857. 
The radiative lifetime r r a d for the S n - S 0 transitions is found by measuring the S „ -S 0 fluorescence 

spectral distribution £(A) (quantum distribution JE(X)dX = 1) and the S 0 - S n absorption cross-section 
a(X) according to the Strickler-Berg formula [25, 40] 

- i _ 
rrad -

1 J ^ d X (21) 

\E(\)\< 

c is the vacuum light velocity. The radiative lifetime for the S ^ S Q transition of the reference may be 
determined from the Strickler-Berg formula or obtained from direct measurement of the fluorescence 
lifetime r F < R ( r r a d , R = T"F,R/^F,R? Equation 7). 

2.2 . Time integrated upper fluorescence level population 
The ratio Mu/Wh depends on the S n-state lifetime r F . A n explicit expression of MJW^ that reveals 
the r F dependence has to be found. Here three cases are distinguished: 

(i) the single pulse two-step S„ excitation 
(ii) the double pulse S n excitation and 
(iii) the single-step Si reference excitation. 

In the single-pulse two-step excitation technique the population density Nu has to be determined by 
nonlinear transmission measurements including the determination of the S i - S n excited state absorption 
cross-section. In the double pulse excitation technique, the absorption of the S i - S n excitation pulse 
has to be determined. In the single-step fluorescence excitation of the reference the absorption of the S i 
excitation pulse has to be measured. 



2.2.1. Single pulse two-step S o - S j - S n excitation 
To obtain the level population density Nu o f the S„ state the nonlinear transmission of the pump pulse 
through the dye sample has to be measured and compared wi th calculations of the energy transmission 
through the dye [9 ,27 ,41 ] . 

For the level system o f F ig . l a the light propagation through the dye is described by the following 
equation system 

1 

At' hvh 

bN2(&) 7 L 

bt' 

bN3(&) 

bt' 

TS1 

3 a L [ ^ ( 0 ) - N 2 ( & ) ] cos 2 0 - a e x /V 2(0)-N 4(@) 

[7V,(0) - Nt] 

W 2 (0) 

N2(@) + N3(@) 

— + — I ^ 2 ( 0 ) - — [N2(&) - N2] 

(22) 

(23) 

W 3 ( 0 ) - J V 4 ( 0 ) 
N3(&) 

7V3(0) + 7V4(0) 
+ — N2(@) -N3(&) + k43N4(@) 

TFC T S 1 

1 
-— [N3(&)-N3] 

= E j S ^ [ A r 2 ( 0 ) + N 3 ( & ) _ ^ ( 0 ) ] _ kjf ( 0 ) _ _ i [ A r 4 ( 0 ) _ N ] 

bt hvh Tot 

N, = J Q 7V,(0) sin 0d© (/ = 1 to 4) 

blj ( c7"2 

= - / L 3 a L J O [ ^ ! ( © ) - ^ 2 ( 0 ) ] c o s 2 0 s i n 0 d © + a e x ( W 2 + N3) 

(24) 

(25) 

(26) 

(27) 

The coordinate transformation t' = t — nz/c is used (n, refractive index). The population number 
densities (dimension cm" 3 ) are A^i(@), N2(S), N3(®), and 7V 4 ( 0 ) = A^u(0). The initial conditions for the 
number densities are Nx ( 0 , t' = - <*>yy9 r) = N0 = - In (T0)/(ohl)9 N2 ( 0 , t' = - °°,y, r) = N3(G, t' = 
~°°,y, r) = Af 4 (0 , t' = —°°,y,r) = O.N0 is the number density of dissolved dye molecules. T0 is the 
small signal dye transmission and / the sample length. The initial condition for the laser intensity is 
IiAt', r>y = 0) = I0L

 e x P (~~ tn\t\) exp (— r2/rl). The \/e width t0 of the pulse duration is related to 
the F W H M value AtL by t0 = A/ L

L/[2(ln 2 ) 1 / 2 ] . The angular anisotropy of ground state absorption is 
taken into account by oh(S) = 3 a L c o s 2 0 [9, 27]. For the excited state absorption only the orien-
tionally averaged cross-section a e x is used in the equation system. The last term in Equation 27 includes 
excited state absorption from level 4 (= |u>) to higher lying states (open system). r s l is the lifetime of 
level 3. r F C represents the relaxation time from the excited Franck-Condon level 2 to the relaxed 
level 3. The relaxation rates fc43 and fc41 (fc4 = Tp 1 = k43 + fc41) describe the relaxation of level 4 to 
level 3 and 1, respectively. r o r is the molecular reorientation time. 

Equation system 22-27 is solved numerically. The experimentally measured energy transmission 
? E ~ W L(/)/W L is related to the input and output intensity distribution by 

/OL ( 2nrexp(-r2/rl)dr f exp (- t,2/t2
0)dt' 

JO " — oo 

2n J " J 7L(r, t', 0 dt'r dr 

7 r 3 / V ^ o / o L 
(28) 
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The energy transmission at high input intensities is l imited by the excited state absorption. a e x is deter­
mined by fitting the calculations to the experimental data. a e x depends slightly on the S n-state lifetime 
r F . The S„-level population density Nu = yV4 is obtained from Equation 25 as a function o f r F . The 
time and space integrated population Mu is calculated using Equation 6. 

2.2.2. Double pulse two-step excitation 
Referring to F ig . l b , the total population of the upper fluorescence level is determined by the number of 
photons absorbed in the S i - S n transition process. It is 

j*dy fo~27rr dr Nu(r, y, t') = ^ - j ^ a b s C O exp (- (t' - ?)/rF) (29) 

^abs ( 0 = 4 ' = . o o dWahs(t') is the absorbed pulse energy of frequency up to time t'. Insertion of 
Equation 29 into Equation 6 gives 

M u = f it'-±- C d M / a b s ( O e x p [ - a ' - ? ) / r F ] (30) 

Changing the succession of integration leads to 

u = r ~ C dW^i?) f .exp [- (*' - 0 / T P ] it' (31a) 
frph Jt = -°° Jt'=t' 

% k - ~ d ^ > ( 3 1 b ) 

£ ^abs (31C) 

^ H / L ( l - r E ) (31d) 

The quantity Mu/ becomes 

Mu = r F ( l - r E ) 

which is directly proportional to the Sn -state lifetime r F . The energy transmission TF of the S i - S n 

excitation pulse is easily measured by transmission detection. 

2.2.3. Single-step S0-Sx excitation 
The mathematical description of S o - S i absorption of the reference dye is identical to the S x - S n 

absorption description of Section 2.2.2 and Equation 32 applies. Using the parameters of F ig . l c 
Equation 32 reads 

^ U , R = T f , r ( 1 ~Tf%r) 

Insertion of Equation 33 into Equation 20 gives 

(32) 

(33) 

m\ A ^ F , R ^ 7 F , R ( 1 R E , R ) A , M { ^ T?R (0 ) = \ 1 AR(su,0) (34) 

where qF^R = rF^R/TmdyR is the S i -So fluorescence quantum yield (see Equation 7). The angle between 
the S Q - S ! absorption and the S i - S 0 emission dipole moment is a = 0. 



2 .3 . S ^ - S Q fluorescence normalized to S J - S Q reference fluorescence 
The ratio of S „ -S 0 fluorescence of the investigated dye to S i -So fluorescence of the reference dye, in 
the case of single pulse two-step excitation, is 

T?(OQ = ^ F ^ L , R " F , R MU A(S^^) 

VR(0) % , R « k F , R (1 ~ ^ E ,R )^rad >*ROU> 0) 

while in the case of double pulse excitation we find 

= % r F ( l - TE)vURnltR A(sU9a) 

VR(0) ^L^F^rad^F,R^F,R(l ~ ? E , R ) AR(SU90) 

(35) 

= ^ L , R " F , R ( 1 -TE)A(sU9a) gF 

^F,R^L«F (1 - TE#)AR(sU9 0) 4 F , R 

Equations 35 and 36a are used to determine r F in the experiments. 

(36a) 

(36b) 

2.4 . Disturbance of impurity fluorescence excited by two-photon absorption 
In the direct single pulse one-photon excitation of the S n-state, the S n - S 0 fluorescence quantum yield 
measurement is disturbed by one-photon excited S i - S 0 fluorescence of impurity molecules. The 
smaller the S „ -S 0 quantum yield, the more disturbing is the S i - S 0 impurity fluorescence. In the two-
step excitation processes of S n - S 0 fluorescence the Si-state of the disturbing impurity molecules can 
only be populated by two-photon absorption without an intermediate state. 

Referring to the level system of Fig . l c and neglecting a depopulation of the ground state by two-
photon absorption the population number density of the fluorescing S r i m p u r i t y level is determined 
by 

Ni is the total number density of impurity molecules which are involved in the S 0 - S i two-photon 
absorption at laser frequency i> L. dp is the two-photon absorption cross-section of the impurity 
molecules at vL. r x is the Si-state lifetime of the impurity molecules. The solution of Equation 37 is 

Qivhf 

The total time-integrated population of the upper impurity fluorescence level is 

M u i = J _ dt' jo d y J o 2irrdrNva(r,y,t') (39a) 

N^t') = £ exp [-(t'-Pyrj] d? (38) 

r'dy f " lirrdr f d?/£(? ) f exp [-(t'-P)/^] dt' (39b) 
J o J o -t'=-<x t'=F 

= 15" C *y J o " 2 - d ' f - to- * 0 ( 3 9<) 

Proceeding from Equation 39a to 39b the sequence of integration is changed. 
Approximating the integral folll (y9 r9 t')dy by [7 L (0, r9 t')(l + T E )/2] 2 A/ and sett ing/ L (0, 

r, t') = 7 0 L exp (— r2/rl) exp (— t2/tl) Equation 39c reduces to 

TiQ^Nj (1 + TE)2 I0hAl 

(hPh)2 4 2 3 

M u i = -7ZTT2 Z -^7T L (40) 



and the normalized fluorescence energy = WFJWL becomes by insertion of Equation 40 into 
Equation 20 (without the anisotropy factor): 

= A ^ F J ^ F J q < 2 > 7 V I ( l + TE)2I0hM 

2ll2n\hvl ^ = o 7 / 2 M 2 , „ 2 ( 4 1 ) 

#F,I = ^"i/^radj * s t n e S i - S 0 fluorescence quantum yield of the impurity molecules. 
The ratio of two-photon excited S i - S 0 impurity fluorescence to two-step excited S „ -S 0 fluorescence 

of the dye under investigation is, in the case of single pulse excitation 

J h _ = 4 F W 2 ) ^ I W F J O + TE)2M r r a d 

r?(a) 21/2h2v¥vl(MJWlj)A(s^OL) 

In the case of double pulse excitation with two-photon induced impurity fluorescence by the pump 
pulse of frequency vp the ratio is (Fig. l b , Equations 41 , 20 and 32) 

rh_ = ^ F J a I
( 2 ) W i / 0 p ^ F J ^ L ( l + T E ) 2 A/ 

77(a) 21/2hVFvUl-TE)qFA(su,cc) 1 ; 

Equations 42 and 43 allow judgement of the influence of impurity fluorescence in the S n - S 0 fluor­
escence measurements. The contribution of impurity fluorescence relative to S „ -S 0 fluorescence grows 
with 

(i) the fluorescence quantum efficiency of the impurity molecules qFj 
(ii) the two-photon absorption cross-section a} 2 ) 

(iii) the concentration of impurity molecules Ni 
(iv) the pump pulse intensity Ioh or 7 0 p a n d 
(v) the inverse quantum efficiency of S n - S 0 dye fluorescence qF

l - r r a d / r F . 

In the experiments it may be checked whether impurity fluorescence plays a decisive role by measuring 
the intensity dependence of the observed fluorescence signal. The two-photon excited impurity fluor­
escence and the two-step excited S n - S 0 fluorescence are proportional to 7 Q L at low intensities, but at 
high intensities the two-step excited S n - S 0 fluorescence saturates while the impurity fluorescence 
remains proportional 7 Q L (two-step absorption cross-section greater than two-photon absorption cross-
section). Saturation of two-photon absorption may be estimated by calculating N^t'yNi wi th the aid 
of Equation 38. 

3 . Experiments 
In the experiments we investigated Kodak mode-locking dyes 9740 and 9860 for Nd-lasers. The fast 
mode-locking dye 5 from Kodak and Lambda Physik was investigated in [41] and some results are 
included here. The absorption spectra of dyes 9740 and 9860 are shown in Figs. 3 and 4 respectively. 

The single pulse two-step excitation process was used to populate the S 4 level o f the dyes around 
530 nm. This technique requires energy transmission measurements (determination of upper 
fluorescence level population) and S 4 - S 0 fluorescence yield measurements. 

The experimental arrangement is shown in Fig . 5. Single picosecond light pulses from a mode-locked 
Nd-phosphate glass laser were applied. The laser pulses (wavelength 1.053 /im, duration At^ — 5 ps 
FWHM) were slightly focused wi th lens L I to the sample cell S. Dye samples with initial transmission 
T0 =0.01 were applied. The energy transmission was detected wi th vacuum photocells PD1 and PD3 . 
The input peak intensity was obtained by energy transmission measurement through the saturable 
absorber 9860 of initial transmission T0 = 0.173 [42]. The peak intensity calibration curve is shown 
dotted in Fig . 6. 

The measured energy transmission data are depicted in Figs. 6 and 7 for dyes 9860 and 9740 respec­
tively. They were used to determine the S i - S 4 excited-state absorption cross-sections a e x . The curves 



were calculated using Equation system 22-28 and the dye parameters listed in Table I (laser para­
meters: y L = 9497 c m - 1 , A r L = 5 ps, temporal and spatial gaussian shape). The S o - S i ground-state 
absorption cross-sections a L were obtained from spectrophotometer measurements (Figs. 3 and 4). 
The S i ~ S 0 absorption recovery times r s i were taken from the literature [43, 44]. The Franck-Condon 
relaxation time r F C from level 2 to 3 was assumed to be r F C = 0.7 ps [45,46] . The relaxation of the 
excited level 4 was assumed to proceed via level 3, i.e. the rates were r F * = k4 = k4i + k43, k41 = 0. 
The solid curves were calculated for a fixed relaxation rate r F = 1 0 " 1 3 s and varying excited state 
absorption cross-section a e x . For the dashed curves r F was varied and a e x was fixed. 

The S4-state lifetime r F of the dyes investigated was deduced from S 4 - S 0 fluorescence signal 
measurements. The ratio of the normalized S 4 - S 0 fluorescence to the normalized Si-S0 fluorescence 
of the reference was measured. Rhodamine 6G dissolved in ethanol was used as reference. The 
rhodamine 6G parameters are listed in Table II. 



BS BS S BS 

PD1 PD2 PM PD3 

Figure 5 Experimental arrangement. BS, beam splitters; 
L1-L3, lenses [fl = 70 cm, f2 = 5 cm, f3 = 10 cm); 
S, sample; IF , interference filter; DC, saturable absorber 
cell for intensity detection; PD1-PD3, photodetectors; 
PM, photomultiplier. 

The fluorescence detection arrangement is shown in Fig . 5. The fluorescence signal was observed 
under 90° to the pump pulse propagation wi th photomultiplier P M . No polarizer was inserted in the 
fluorescence path. A n interference filter selected the fluorescence spectral region. The pump light was 
polarized perpendicular to the observation direction. For the measurement of the reference fluor­
escence signal second harmonic light pulses were generated in a K D P crystal. The fundamental frequency 
was filtered out and the polarization of the second harmonic was rotated to the vertical direction wi th a 
half-wave plate. The second harmonic pulses were attenuated in order not to bleach the reference dye, 
i.e. TER = TOR and r]R was independent of reference pump pulse intensity. 

The measured T?/r7R values were used to calculate the corresponding MJ WL values wi th the aid of 
Equation 35 where A(su, cx)/AR(sU9 0) = 1 was assumed. Figs. 8 and 9 depict the MJW^ values obtained 
for dyes 9740 and 9860 respectively. The MjWh curves were calculated using Equation 6 whereby 
Nu.(r,y> O = N4(r9y91') was obtained from Equation system 22-27'. The best-fit S 4-state lifetimes 
r F were around 60 fs. They are listed in Table I. 

1 | i 111 1—i—i i i i 111 1—i—i i i i 111 r 

Figure 6 Energy transmission through dye 9860. Pulse 
duration A*L = 5 ps. Dye parameters listed in Table I. 
Solid curves: r F = = 10~13 s, and 1, a e x = 0; 2, 
a e x = 1.25 X10" 1 7 cm 2 ;3 ,CT e x = 2 .5X10- 1 7 cm 2 ; 
4, a e x = 5 X 10" 1 7 cm 2 . Dashed curves: a e x = 2.5 X 
10"1 7 c m 2 , and a, r F = 10" 1 2 s; b, r F = 10~14 s. Dotted 
curve: calibration curve for intensity detection (7"0 = 
0.173, r F = 10- 1 3 s, a e x = 2 .5X10- 1 7 cm 2). 



T A B LE I Parameters of the dyes investigated; solvent 
1,2-dichloroethane; room temperature; pump laser 
frequency — 9497 cm" 1 ; two-step excitation S 0 -> 
s, - *s 4 

Parameter 

a L [cm 2 ] 
a e x [cm 2 ] 
^si [Ps] 
TF [ f s l 
R F C [Ps] 
Tor [ps] 
^rad [nsj 
vF [cm x] 
P 

No. 5 No.9470 

3 X 1 0 " 1 6 

6 X 1 0 - 1 7 

2.7* 
60 ± 20 
0.7 
150 
9.2 
17 500 
0.17 
1.45 
0.01 

6.1 X 1 0 " 
3.5 X 1 0 " 
l l t 
65 ± 25 
0.7 
150 
9.6 
16 700 
0.03 
1.45 
0.01 

No.9860 

3.7 X 1 0 " 1 6 

2.5 X 1 0 " 1 7 

7* t 
55 ± 20 
0.7 
150 
4.9 
17 100 
0.06 
1.45 
0.01 

T A B LE 11 Parameters of reference dye rhodamine 6G 
dissolved in ethanol; room temperature; pump laser 
frequency = 18994 cm" 1 ; single-step excitation 
S o - S j 

Parameter 

RF,R 
4F,R 
r o r 
vF 

"F,R 
P 

* [ 47 ] 
t [8] 
* [48] 

Value 

4.2 ns* t 
0.88* 
270 ps* 
17 600 c m " 
1.37 
0 
0.9 

[43] 
t [44] 

The S 4 - S 0 radiative lifetimes needed in Equation 35 we obtained from the S 0 - S 4 absorption and 
S4-S0 emission spectra and application, of the Strickler-Berg formula (Equation 21). The normalized 
S „ -S 0 emission spectra of the dyes are included in Figs. 3 and 4. They were measured wi th a spectro­
meter in front of the photomultiplier and without a polarizer in the fluorescence path. The S s - S 0 

fluorescence observed is due to the S 5 level population by S 4 - S 5 excited state absorption. 
The polarization degree P = (WF\\ — H /

F 1)/(H /
F|| + W F 1 ) was detected with a dichroic sheet in the 

fluorescence path. The values obtained are reported in Tables I and II. The S 4 - S 0 polarization degree 
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Figure 8 Normalized time integrated upper fluorescence 
level population MJW-^ of dye 9740. Experimental 
points are derived from Equation 35. Solid curves: 

= 3.5 X 10" 1 7 cm 2 , and \,TY = kll = 10~12 s; 
" 1 3 s; 3, r F = 10~14 s. Dashed curves: rY = 

s, and a, a e x = 1.75 X 10" 1 7 c m 2 ; b, a e x = 7 X 
10' 1 7 c m 2 . 

u ex 
2 , r F = 10 
10" 1 3 

is positive and close to 0. This fact indicates an angle between the S i - S 4 and the S 4 - S 0 transition 
dipole moments of about a — 50° (application of Equations 8, 9 or 13, 14). The S i -So fluorescence 
of rhodamine 6 G in ethanol is completely depolarized (Equation 18) since the reorientation time r o r 

is short compared wi th the fluorescence lifetime. 

10 6 

1 1 1 I 

_l 1 I I I l_ 

10 a 10' 

1 I L _ l _ 
to 1 0n 

Figure 9 Normalized time integrated upper fluorescence 
level population M 4 / W L of dye 9860. Solid curves: 

INPUT PEAK INTENSITY I 0 L [W/cm 2] 

2.5X10" 1 7 cm 2 ,and 1 , r F = 10 - 1 2 s ; 2 , r F = 10 - 1 3 s; 
3, r F = 10" 1 4 s. Dashed curves: r F = 10~13 s, and a, 
oex = 1.25 X 1 0 - 1 7 c m 2 ; b , a e x = 5 X 10" 1 7 cm 2 . 



4. Conclusions 
In the theoretical analysis formulae are derived that allow the determination of Sn-state lifetimes by 
S „ -S 0 fluorescence yield measurement after single pulse or double pulse two-step excitation. In the 
experimental section the S 4-state lifetimes of three mode-locking dyes for Nd-glass lasers are deter­
mined by single pulse two-step excitation. The upper fluorescence level population is determined by 
bleaching experiments where the excited state absorption cross-section is measured. 

The Sn-state lifetime measurement by double pulse two-step excitation leads to a simple mathemati­
cal expression (Equation 36a) that needs no numerical calculations. The upper fluorescence level popu­
lation is found directly by energy transmission measurements. The S n - S 0 fluorescence signal initiated 
by one individual pump pulse has to be subtracted from the total double pulse fluorescence signal in 
the analysis [7, 10, 34]. 

The S i - S 0 fluorescence of impurities hinders direct single-step S n - S 0 fluorescence excitation [3]. 
In the two-step excitation process S i -So impurity fluorescence can only be excited by two-photon 
absorption. A n analysis of the two-photon excited S i - S 0 impurity fluorescence was carried out that 
allows an estimation of its importance to be made and makes it possible to discriminate between it 
and the S n - S 0 fluorescence. 
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