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The following quantitative investigations with picosecond pump pulses were made as a function of intensity: (1) fluores
cence in the forward direction; (2) duration of the fluorescence; (3) and (4) spectral peak and width of the emission; (5) en
ergy transmission of the pump pulse. Large energy amplification (factor 300) and drastic reduction of the duration of the 
fluorescence (factor 150) were observed. Comparison with model calculations allows the determination of various molecular 
absorption and relaxation parameters. 

During the past decade, amplified spontaneous emis
sion of fluorescent molecules has been studied under a 
variety o f experimental conditions [1]. While stimu
lated emission is the prerequisite for any laser, the 
same physical process might be quite disturbing when 
spectroscopic parameters (e.g. the spontaneous emis
sion lifetime) are measured at high excitation intensi
ties. Qualitative investigations of amplified spontan
eous emission of organic dyes have been reported by 
a number of authors using picosecond light pulses as 
pump source [2—6]. 

In this letter we present quantitative measurements 
of five physical phenomena studied as a function of in
put intensity wi th molecular concentration as the main 
parameter. We investigated; (1) the fluorescence emis
sion in the forward direction; (2) the reduced duration 
of the fluorescence; (3) the wavelength shift o f the 
peak of the emission, (4) the spectral width o f the 
fluorescence and (5) the energy transmission o f the 
picosecond pump pulse. The purpose of these investi
gations is two-fold: First, we wanted to see to which 
extent the fluorescence emission changes for high in
put intensities; i n particular we were interested i n the 
shortest possible pulse duration of the fluorescence 
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emission. Second, we determined important molecular 
absorption and relaxation parameters by fitting model 
calculations to our various experimental results. 

Experimentally we worked with a mode-locked N d -
glass laser [7] . A single pulse is selected from the be
ginning of the pulse train wi th an electro-optical shut
ter. The second harmonic ( ? L = 18 910 c m - 1 ) of the 
laser pulse is generated in a K D P crystal. The duration 
and width of the green pulse is A f L ^ 4 ps and Av 
« 5 c m - 1 , respectively. The peak intensity is deter
mined by measuring the energy transmission through 
a two-photon absorbing rutile crystal [8]. Rhodamine 
6 G and rhodamine B dissolved in ethanol are investi
gated. The dye cells are tilted to avoid amplification 
of reflected fluorescence light. Different detection 
systems were applied after the sample depending upon 
the specific investigation. The divergence o f the ampli
fied spontaneous emission was analysed wi th apertures 
of different size. The fluorescence energy within a solid 
angle A£2 was measured with a photomultiplier. The 
fluorescence duration was recorded wi th a streak 
camera (3ps resolution). The spectral distribution of 
the fluorescence light, the spectral narrowing, and the 
spectral shift were studied wi th a spectrometer in con
junction wi th an optical multi-channel analyser. 

(1) The normalized fluorescence energy = ^p/^Abs 



versus the peak intensity 7 0 L ° f t n e pump pulse is 
shown in fig. 1. £ p represents the fluorescence energy 
emitted in forward direction within a solid angle 
A ^ 2 e x p = 1.40 X 10~~3 sr.i?Abs * s t n e l a s e r energy ab
sorbed in the dye sample. The points represent experi
mental data and the curves are calculated (see below). 
The open circles (curves 1) and the triangles (curves 2) 
correspond to dye concentrations of 1 0 ~ 4 M and 2 
X 1 0 ~ 4 M , respectively. The effective length of the 
tilted samples is 1.13 cm. The fluorescence at low in
tensities (ZQL < 5 X 1 0 8 W / c m 2 ) is determined by 
spontaneous emission. F ig . 1 shows clearly the rapid 
rise of the fluorescence emission resulting from stimu
lated emission ( 7 0 L > 1 0 9 W / c m 2 ) . A t very high pump 
intensities the normalized emission levels or decreases 
as a result o f excited state absorption. A t lower dye 
concentrations of 4 X _ 1 0 ~ 5 M in cells o f 0.56 cm 
length an increase of EF could not be observed. The 
number of inverted molecules is too small for effective 
amplification. A t very high concentrations (!> 4 
X 1 0 ~ 4 M ) , on the other hand, the input pulse is ab-
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Fig. 1. Normalized fluorescence energy iTp versus input peak 
intensity for (a) rhodamine 6G and (b) rhodamine B. Experi
mental points: circles, C= 10"4 M; triangles, C = 2 X 10"4 M. 
The curves are calculated using the data of table 1. 

sorbed at the very beginning o f the sample and the for
ward direction is not preferred in the amplification 
process. 

(2) The duration of the fluorescence pulses was de
termined from streak camera traces of the forward 
emitted fluorescence light. The rise time of the fluores
cence emission was found to be approximately 6 ps in 
agreement wi th the length of the pump pulse. Fol low
ing the excitation, the fluorescence signal decays non-
exponentially due to the fast depopulation of the 
level by amplified spontaneous emission. A t later times, 
when the population is small, the normal spontane
ous emission rate is observed. 

In fig. 2 the duration A / p (fwhm) o f the fluores
cence is presented. The dye concentrations are 1 0 " 4 M 
(circles, curves 1) and 2 X 1 0 ~ 4 M (triangles, curves 2). 
Fluorescence emission as short as 20 ps was experi
mentally observed. Comparable fluorescence shorten
ing was observed wi th 4 X 1 0 ~ 4 molar solutions. The 
curves are calculated wi th the same parameters as used 
in fig. 1. 

(3) The absorption and emission bands overlap and 
the short wavelength fluorescence is reabsorbed. The 
observed fluorescence peak is shifted to longer wave
lengths for higher dye concentrations. With increased 
pump intensity, however, the ground state absorption 
is reduced and the fluorescence emission shifts to 
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Fig. 2. Duration of amplified spontaneous emission versus in
put peak intensity for (a) rhodamine 6G and (b) rhodamine 
B. Dye concentrations 10"4 M (circles, curves 1), and 2 
X 10~4 M (triangles, curves 2). The curves are calculated with 
the same parameters as in fig. 2. 



shorter wavelengths, i.e. towards the frequency of the 
peak stimulated emission cross section a e m (see figs. 3a, 
3b and 6). 

(4) The spectral width o f the fluorescence decreases 
at high pump intensities. The amplification o f spontane
ous emission depends on the spectral distribution of the 
emission cross section a e m (y) leading to a spectral nar
rowing of the fluorescence light. For 1 0 ~ 4 M rhoda
mine 6 G the experimentally observed spectral width 
is depicted in fig. 3c. A t low intensities a half width o f 
~1050 c m " 1 is observed. For high pump intensities 
the spectral width reduces to ~ 3 2 0 c m - 1 . Theoretical 
studies [9] predict for inhomogeneously broadened 
lines at high gain: 

A* F ( / L ) /A»> F (0 ) 

= ( l n { t f F ( / L ) A r F ( 0 ) / [ £ F ( 0 ) Af F ( / L ) ] ) r 1 / 2 (1) 

In fig. 3c the amplification has a value of E¥{I^)IE^{0) 

^ 300 and the pulse shortening was measured to be 
A f F ( 0 ) / A f F ( / L ) « 30 at high pump intensities. With 
these numbers we calculate a frequency narrowing of 
A ^ F ( / L ) / A ^ F ( 0 ) = 0.33 which is in good agreement 
with the experimental value o f 0.30. 

(5) The energy transmissions through rhodamine 6 G 
and rhodamine B are depicted in figs. 4a and b (/ 
= 13 cm, C= 1 0 ~ 4 M ) . The circles and triangles repre
sent experimental data for A f L = 4ps and 20 ps, re
spectively. The data points indicate a rapid bleaching 
of the solution. The transmission depends on the ex
cited state absorption and on the relaxation from 
higher excited states as analysed below. 

(6) Using mixtures o f rhodamine 6 G and rhodamine 
B the frequency of the fluorescence emission peak 
could be shifted continuously between the emission 
frequencies of the pure dye solutions, i.e. between 555 
and 580 nm. This fact allows the generation o f pico
second light pulses wi th tunable frequencies. 

In a theoretical model we described the dissolved 
rhodamine molecules by a multi-level system contain-

600. 

Fig. 3. Shift of spectral peak of fluorescence emission of 
rhodamine B (a) and rhodamine 6G (b) and spectral narrow
ing of rhodamine 6G (c) versus input peak intensity. The 
wavelength of peak fluorescence emission at low dye concen
trations is indicated by the dashed lines. 
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Fig. 4. Energy transmission through rhodamine samples. / 
= 1.13 cm, C= 10"4 M; curves 1 and 1', AtL = 20ps (triangles); 
curves 2 and 2', Atj^ = 4ps (circles), (a) Rhodamine 6G. Solid 
curves (1 and 2), aQxL = 5 X 10"17 cm2 and = i n l 3 * _ 1 ' 
dashed curves (1' and 2'), a e x ^ = 7.5 X 10" 
k6 

and he = 10 ~ s 
—12 2 

cm and 10 1 7 s 1.(b) Rhodamine B. Solid curves, a( 

X 10 1 7 cm2 and k& = 101 3 s 1 ; dashed curves, oQX^ 
= 6X 10"17 cm2 andfc6 = 101 2 s"1. 



Fig. 5. Multi-level model. 1, ground state; 2, Franck-Condon 
state in Si-band; 3, temporal equilibrium position in Si-band; 
4, Franck-Condon state in So-band; 5, state in Si-band reached 
by reabsorption; 6, Sn-state populated by excited state ab
sorption; 8, triplet state or state of photodecomposed mole
cules. The solid arrows indicate absorption and stimulated emis
sion processes, the dashed arrows illustrate the various relaxa
tion channels. 

ing different absorption, emission and relaxation pro
cesses [10] (see fig. 5). Rate equations for the energy 
states and for the photon fluxes o f the pump and 

fluorescence radiation were solved on a computer. The 
considered energy levels are: 1, ground state; 2, pumped 
Franck-Condon state in the S j band; 3, temporal equi
librium level in the S j state; 4, Franck-Condon level in 
the ground state S 0 ; 5, level in the band populated 
by reabsorption of fluorescence light; 6, Sn-level popu
lated by excited state absorption of laser ( t f e x L ) and 
fluorescence light ( a e x F ) ; 8, level comprising triplet 
and decomposition states. 

Model calculations allow us to estimate the excited 
state absorption cross-sections and relaxation rates. 
These data are listed together wi th known parameters 
in table 1: 

(i) a 1 2 is the average absorption cross-section of iso-
tropically distributed dye molecules in the ground state. 
The molecular d i c h r o i s m D m = (ay — aL)/(a^ + a x ) 
represents the dependence of absorption on the orien
tation of molecules. ( a 1 2 = (ay + 2a ± ) /3 ; ay = 3 a 1 2 ( l 
+ / > m ) / ( 3 - Z > m ) ; c i = 3 a 1 2 ( l -Dm)/(3-Dm)) [11, 
12]. Dm is assumed to be equal for the ground state 
and the excited state absorption [12], 

(ii) The cross-section of stimulated emission a e m is 
strongly wavelength dependent. The a e m (X)-curves are 
obtained from the spectral distribution E(X) o f the 
fluorescence light (quantum distribution; fE(k) dX 
= 1). The relation between o r

e m ( X ) and E(X) is [13] 

° m t o = tfkus(til*W2c9 (2) 

Table 1 

Parameter Rhodamine 6G Rhodamine B 

on@L= 18910 cm"1) 4.17 X 10~16 cm2 [11] 1.87 X 10"16 cm2 [11] 
Dm 0.95 ±0.03 [12] 0.93 ±0.03 [12] 
r 2 3 (0 .9±0.3)ps [11] ( l . l ± 0 . 3 ) p s [11] 
T41 «1 pS «1 pS 

* 3 i (2.8 ± 0.3) X 107 s"1 [17,18] (1.85 ± 0.2) X 108 s"1 [19] 
fc34 (2.1 ± 0.2) X 108 s"1 [17,18,a] (1.85 ± 0.2) X 108 s"1 [19,a] 
k38 4.2 X 105 s"1 [20] 1.7 X 106 s"1 [18] 

results obtained here 
a e x L (5 ± 1)X 10"17 cm2 (5 ± 1) X 10~17 cm2 

a e x F (7 ± 2) X 10"17 cm2 (1.0 ± 0.3) X 10"16 cm2 

k6 >2X 10 1 2 s"1 >1013 s"1 

k61/k6 0.05 ± 0.05 0.3 ±0.05 
^ 6 3 / ^ 6 0.95 ± 0.05 0.7 ± 0.05 

^ 6 8 / ^ 6 0.01 ±0.01 0.02 ±0.01 

a Values redetermined in this paper. 



where r? is the refractive index at wavelength X and c 
the light velocity. In our measurements we determined 
E(X) wi th a spectrograph and an optical multichannel 
analyser at a dye concentration o f 2 X 1 0 ~ 6 M . The 
a e m (X)-curves are depicted in fig. 6. (Earlier reports 
on a e m (X) used unaccurate -values leading to some
what different results). 

(iii) The relaxation r 2 3 within the S± -state was mea
sured to approximately lps [11]. The corresponding 
relaxation time r 4 1 in the S 0-state is assumed to be 
similar [14]. 

(iv) The transition rates # 3 1 , and are de
termined by measuring the low-intensity fluorescence 
decay time f F = l / ( / c 3 1 + £34 + Ä33) = l / / c 3 , the fluo
rescence quantum yield # F = £ 3 4 / ^ 3 and the intersys-
tem crossing efficiency g I S C = #33/^3. We remeasured 
the fluorescence decay times at C = 2 X 1 0 ~ 6 M wi th 
fast photomultipliers and found r F = (4.2 ± 0.3) ns 
and (2.7 ± 0.3) ns for rhodamine 6 G and rhodamine B , 
respectively. 

We recall that the radiation energy # F was measured 
through a constant aperture. The amplified fluorescence 
emission however occurs within a larger solid angle 

given by [10] 
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Fig. 6. Absorption and emission spectra for rhodamine 6G 
(curves 1 and 1') and rhodamine B (curves 2 and 2'). 
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where d L » 0.5 mm is the diameter o f the pump beam, 
7 e f f is the penetration depth o f the laser light and k 
= l n { [ ^ F ( / L ) / A r F ( / L ) ] / [ t f F (0 ) /A / F (0 ) ]} represents 
the narrowing at high intensities. ASl^ depends 
strongly on the dye concentration and the pump in
tensity. The calculated solid angles agree wi th experi
mental observations. 

The average reabsorption cross section a 1 5 is ap
proximately equal to the ground state absorption cross-
section at the emitting wavelength a 1 2 ( X F m a x ) . The 
a 1 2 ( X ) curves are included in fig. 6 and X F m a x is de
picted in fig. 3a and b . A t low pump intensities the 
fluorescence emission is quite broad and the absorp
tion cross section varies substantially over the fluores
cence band width . By comparing the experimental 
fluorescence signals (at 7 0 L « 1 0 8 W / c m 2 ) wi th calcu
lation we find effective a 1 5 -values of (2 ± 0.2) 
X 10~~ 1 7 c m 2 and (1 ± 0.2) X 1 0 ~ 1 7 c m 2 , respectively, 
for 1 0 ~ 4 M and 2 X 1 0 ~ 4 M solutions of rhodamine 
6G and rhodamine B . 

We now wish to compare our experimental data wi th 
calculated results and determine various molecular 
parameters. In particular we are interested in the ex
cited state absorption cross-sections a e x L and a e x F 

and the relaxation rates # 6 1 , and k^. 
(1) The energy transmission TE at high pump inten

sities is used to determine a e x L and k§. TE depends on 
the known parameters a 1 2 and r 2 3 [11,12] and on 
aexL a n ( * 6̂ • The effect of k6 on TE results from the 
fact that for k6 ^ A f ^ 1 the molecules accumulate in 
level 6 and reduce the excited state absorption, while 
for k$ > A / L 1 the molecules return to the initial states 
and increase the absorption. A measurement of r E for 
two different pulse durations (different ratios o f 
k^/At^1) allows the separate determination o f a e x L 

and k6. 

In fig. 4a and b the experimental results are presented 
together wi th calculated curves. Curves 1 and 1' belong 
to AtL = 20 ps (triangles) while curves 2 and 2 ' re
spond to A r L = 4ps (circles). The solid curves 1 and 2, 
calculated wi th the same a e x L and k§ values, agree 
with the experimental points at both durations. For 
other sets of a e x L and & 6 a simultaneous fit at AtL = 4 ps 
and 20 ps is not possible as the dashed curves indicate. 



The a e x L and k§ values estimated from fig. 4 are listed 
in table 1. 

(2) The branching ratio k^/k^ w a s determined by 
comparing the quantum yields of the S ^ S Q fluores
cence after excitation with light at X = 265 nm and at 
X = 530 nm. Equal quantum yields would indicate 
that all highly excited molecules in level 6 return to 
level 3, i.e. = £ 6 . In the measurements we compare 
two fluorescence signals taking into account the ab
sorbed photon energy. The fluorescence life time r F 

was found to be the same for both excitation wave
lengths. The observed S J - S Q quantum yields give k^/kf. 
= 0.95 ± 0.05 and 0.7 ± 0.05 for rhodamine 6 G and 
rhodamine B , respectively (C = 2 X 1 0 ~ 6 M ) . The re
laxation rate o f rhodamine molecules from X e x c 

^ 307.5 nm to S± was studied in [16] and found to 
b e > 5 X 1 0 1 2 s - 1 . 

(3) The transition rate leads to a loss o f fluores
cing molecules; it reduces the amplification and the 
pulse shortening of fluorescence light at high pump 
intensities. In our experiments, the k^jk^ ratio was 
determined by adjusting the calculated curves 1 of 
fig. l a and b at 7 0 L > 3 X 1 0 1 0 W / c m 2 to the decreas
ing experimental Zip-values. The obtained results of 
k6%/k6 = 0.01 ± 0.01 for rhodamine 6 G and 0.02 
± 0.01 for rhodamine B indicate that the loss of mole
cules from the singlet system is small. 

(4) The ratio k6l/k$ o f molecules returning directly 
to the ground state is found by the relation k^/k^ 
= * ~~ ̂ 6 3 ^ 6 ~~ ^68^6- T n e obtained values for rho
damine 6 G and rhodamine B are 0.05 ± 0.05 and 0.3 
± 0.05, respectively. 

(5) The excited state absorption o f the pump laser 
aexL a n c * t n e fluorescence light a e x F reduces the am
plification o f spontaneous emission. Having determined 
aexL ( s e e a b ° v e ) w e estimated a e x F by fitting curves 
1 of fig. l a and b to the experimental points in the 
range between 5 X 1 0 9 and 2 X 1 0 1 0 W / c m 2 . The ob
tained a e x F -va lues are somewhat larger than a e x L (see 
table 1). In our calculations absorption from level 6 
to high states is included by assuming the same absorp
tion coefficients as for the -level. 

In this paper we demonstrated the generation of 
picosecond light pulses at new frequencies by ampli
fied spontaneous emission. With the help o f model cal
culations we determined several excited state param
eters o f the rhodamines. 

The authors thank Professors A . Laubereau and 
M . Maier for helpful discussions. 
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