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Abstract. The ground-state bleaching of highly concentrated rhodamine 6G solutions in 
methanol is studied with intense picosecond light pulses. The ground-state recovery time 
changes with concentration from about 3.9 ns at low concentration (10 -5 mol/dm 3) to 
about 1 ps at high concentration (0.6 mol/dm3). The shortening of the absorption recovery 
time is determined by the concentration dependent quenching of the Sl-state population 
due to unbound dimers and by the intensity dependent longitudinal and transverse 
amplified spontaneous emission. 

PACS: 42.65, 42.70, 42.20 

The bleaching of absorbing media by intense light 
pulses is a general phenomenon. The only requirement 
for reduction of absorption with increasing light signal 
is that the ground-state absorption cross-section is 
larger than the excited-state absorption cross-section 
[1-5]. For laser pulse durations A tL short compared to 
the absorption recovery time "c A the bleaching behavior 
is determined by the input pulse energy density e [-6]. 
At a pulse energy density es = hvJaL the ground-state 
population is reduced to approximately half its initial 
value (exact value depends on absorption dynamics 
[6]). es is called the saturation energy density, vL is the 
laser frequency and aL is the ground-state absorption 
cross-section. For laser pulse durations long compared 
to the absorption recovery time the light transmission 
is intensity dependent. At a pulse intensity of 
Is=hVL/aLZA, the saturation intensity, the ground- 
state population is reduced to approximately half its 
initial value [1-6]. 
The application of saturable absorbers as mode- 
locking dyes requires absorption recovery times short 
compared to the resonator round-trip time. In pass- 
ively mode-locked Nd lasers and ruby lasers (small 
stimulated emission cross-section, no gain dependent 
pulse shortening) absorption recovery times of some 

picoseconds are necessary for picosecond pulse gener- 
ation [7]. Shortening of picosecond pulses to the 
subpicosecond region may be achieved by passing 
picosecond pulses through saturable absorbers of 
some picosecond absorption recovery time [8-10]. 
The radiative S1-So lifetime of dyes is generally 
between 1 and 10 ns. Picosecond absorption recovery 
times are due to fast radiationless $1 - So relaxation by 
internal conversion. At low concentrations fast inter- 
nal conversion is found for molecules with flexible 
structure in low viscous solutions 1-11-14]. For in- 
frared dyes the internal conversion is fast because of 
the small So-St energy gap [-15-17]. At high con- 
centrations the S~-So lifetime is shortened by self- 
quenching [11, 12, 18-21]. Molecular aggregates 
(dimers, trimers, etc. and molecules in near distance) 
with fast internal conversion rate are formed. Mole- 
cular diffusion and F6rster-type energy transfer 
transport the excitation to the quenching centers and 
a fast absorption recovery occurs 1-11, 12, 22]. 
In this paper the concentration dependent absorption 
recovery time of rhodamine 6G in methanol is studied. 
Bleaching experiments are carried out at concen- 
trations of 10- 5,10- 4, 10- a, 10- 2, 0.04, 0.1, 0.2, 0.4, and 
0.6 mol/dm 3 with single picosecond second-harmonic 
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light pulses of a mode-locked Nd-glass laser. The 
absorption recovery time reduces with increasing 
concentration. At C=0.6  mol/dm 3 an absorption re- 
covery time of 0.8 + 0.3 ps is measured. The reduction 
of the absorption recovery time is determined by 
quenching of the S~-state lifetime due to unbound 
dimers [-22] and - in an intermediate concentration 
region - due to longitudinal and transverse amplified 
spontaneous emission. 

1. Exper imenta l  Arrangement  

The bleaching of concentrated solutions of rhodamine 
6G in methanol at room temperature is studied with 
the experimental setup depicted in Fig. 1. Single pico- 
second light pulses are selected from a passively mode- 
locked Nd-phosphate glass laser. The pulses are ampli- 
fied and the second harmonic is generated in a K D P  
crystal (pulse duration A t L__ 4 ps FWHM). The inten- 
sity of the pulses at the sample is varied with filters and a 
lens [beam diameter at sample do ~- (0.8 _+ 0.2) mm 
(FWHM)].  At low concentrations the dye is kept in 
conventional glass cuvettes (! = 2 cm for 
C :  10 -s  mol/dm 3, 1=2 mm for C= 10 -4 tool/din3). 
For  high concentrations (C__> 10 -3 tool/din 3) the dye 
solution is contained in a thin cell of adjustable 
thickness [22]. Thicknesses between 0 and 200 gm are 
achieved by screw adjustment without spacers. Above 
200 gm thickness spacers may be inserted into the cell. 
The energy transmission through the dye cell is 
measured with photodetectors PD 1 and and PD3. The 
input peak pulse intensity is determined by two- 
photon transmission measurements through a ruffle 
crystal with photodetectors PD1 and PD2 [-23]. For  
the 0.4 molar rhodamine 6G solution the temporal 
behavior of the absorption recovery was studied by 
measuring the energy transmission of a weak probe 
pulse versus delay time in a pump and probe arrange- 
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Fig. 1. Experimental setup. SHG: KDP crystal; F:  filter; BS: 
beam splitter; L: lens ( f=50cm) ;  TC: thin cell of variable 
thickness; TPA: ruffle crystal for intensity detection; PD1-PD3:  
photodetectors; IF:  interference filter) 

ment. For  the 0.04 molar rhodamine 6G solution the 
transverse amplified spontaneous emission was de- 
tected by replacing the variable thin cell by a standard 
glass cuvette and measuring the perpendicular flu- 
orescence emission with a photodetector. 

2. Results  

Bleaching experiments were carried out for dye con- 
centrations between 10- 5 and 0.6 mol/dm 3. In Figs. 2 
and 3 obtained energy transmission data points are 
plotted. The depicted curves are calculated by applying 
the rate equation system of [6] to the level system 
shown in Fig. 4. The effects of amplified spontaneous 
emission are not included in these calculations (a~m = 0, 
% = 0). The used dye parameters are listed in the figure 
captions. The different absorption cross-sections of 
monomers and unbound dimers (present at high 
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Fig. 2a and b. Energy transmission through rhodamine 6G in 
methanol. Experimental points: (a) Concentrations 
C = 10- ~ moi/dm 3 (o), i 0-4 mol/drn 3 (e), 10-3 mol/dm 3 (z~), and 
10-2rnol/dm a (A). (b) 0.04 tool/din 3. Calculated curves: (1) 
zF = 3.9 ns, (2) zF = 4 ps, (3) z F = 2 ps, (4) zF = 1 ps, (5) re = 0.5 ps, (6) 
zF=0.25 ps. Pump pulse duration AtL=4ps. Dye parameters: 
aox,L=5 • 10-~7 cm 2, Zrc-0.7ps [27], %x=0-1 ps [27], 
%, = 170 ps [34], % = 0, ao~ = 0. Special values for (a): To = 0.01, 
aL=4.05 • 10-16 cm 2, and for (b): To =0.05, 
aL = 3.75 • 10-16 crn 2 
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Fig. 3a and b. Energy transmission through rhodamine 6G in 
methanol.  (a): C = 0.2 mol/dm 3, az = 3.06 x 10-16 cm 2, 
To = 0.046. (b): C = 0.6 mol/dm 3 , aL = 2.2 x 10 - 16 cm 2, To = 0.046. 
Other  parameters of curves as in Fig. 2 
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Fig. 4. Level scheme of dye used in calculations 
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concentration [24]), the energy transfer between 
monomers and dimers and the different lifetimes of 
monomers and dimers [22] are not separated out. 
These facts are only included by using a concentration 
dependent average absorption cross-section 
o- L = - In (To)/NA Cl ( To: transmission at concentration 
C; NA: Avogadro's constant) and an average recovery 
time %. The average absorption cross-section (7 L at the 
laser wavelength, 2 L-- 526.5 nm, is shown in Fig. 5. The 
O-L values were obtained by transmission measure- 
ments through thin cells (C__< 0.15 mol/dm 3) and by use 
of a reflection technique (C > 0.15 mol/dm 3) [24]. 
In Fig. 2a the experimental points for C = 10-5, 10-4, 
and 10- 3 mol/dm 3 fit to an absorption recovery time 
CA long compared to the pulse duration A tL and an 
excited state absorption cross section 
aox, L = 5 X 10-17 cm- 2 (see also [25]). The actual value 
of c A cannot be determined since for CA >> A tL the 
energy transmission is only energy dependent (same 
bleaching curve for all ~a>>AtL). A pump and probe 
experiment would be necessary to resolve the absorp- 
tion recovery time for CA >> A tL. For C = 0.01 mol/dm 3 
the experimental points (full triangles) do not fit to a 
single energy transmission curve. The absorption 
recovery time CA shortens with increasing pump pulse 
intensity. This shortening of the absorption recovery 
time will be explained below by transverse amplified 
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Fig. 5. Concentration dependence of cross-sections, ac from 
[24], Gem approximated, aox,F assumed to be equal to a~x,L 
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spontaneous emission. The same situation is observed 
for the 0.04 molar (Fig. 2b) and the 0.1 molar (no curve 
shown) rhodamine 6G solution. At even higher con- 
centration the experimental energy transmission 
points again follow a theoretical bleaching curve, i. e. 'ca 
becomes independent of loL. In Fig. 3a the situation is 
depicted for a 0.2 molar solution. An absorption 
recovery time of z a = (3.5 _+ 1) ps is resolved. In Fig. 3b 
the bleaching of 0.6 molar rhodamine 6G is illustrated. 
The comparison of the calculated curves with the 
experimental points gives an absorption recovery time 
of 'ca = 0.8 + 0.3 ps. 
For the 0.4 molar rhodamine 6G solution a pump and 
probe experiment was performed. The transmission 
curve versus time was found to be symmetric to the 
zero-delay point within the experimental accuracy. 
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Fig. 6. Dependence offifetimes on concentration. Experimental 
points: (zx) Fluorescence lifetimes re measured with streak 
camera [22], (A) ~ determined by fluorescence quantum effici- 
ency measurements [22] (weak excitation intensity in flu- 
orescence investigations). (o) Ground-state absorption recovery 
times z A determined by intensity dependent bleaching of ground- 
state absorption (points at 10 -2, 4 x 10 -2, and l0 -z mol/dm 3 
belong to Ioz=3 x 109 W/cm2). Curves: zv curve, taken from 
[22], z a curve, calculated by use of(9) including low intensity S1- 
state lifetime zv and intensity dependent Sl-state lifetime shorten- 
ing due to longitudinal and transverse amplified spontaneous 
emission. The ~a cu rve  belongs to T O = 0.01, 
T=0.5 x exp(--ao~,FNfl) , and do = 1 mm 

The rise of transmission (probe pulse before the pump 
pulse) and the decrease of transmission (probe pulse 
behind the pump pulse) have the same shape. From 
this time behavior an upper limit of'c a < 4 ps could be 
estimated. 
In Fig. 6 the obtained absorption recovery times zA are 
compared with the fluorescence lifetimes zv measured 
under low excitation intensity conditions. The flu- 
orescence lifetimes were determined by streak camera 
(open triangles) and fluorescence quantum efficiency 
(closed triangles) measurements [22]. The zF points 
and the "cv curve are taken from [22]. The steep decay 
of the fluorescence lifetime above 10-2mol/dm 3 is 
explained in [22] to be due to unbound dimer 
formation. The dimers have a very short Sl-state 
lifetime ( g  1 ps) and excited monomers transfer their 
energy to the dimers, For C < 1 0  -3mol /dm 3 only 
lower limits of'ca could be determined from the energy 
transmission measurements ($). In the region between 
C : 1 0  - 2  and 0.1mol/dm 3 the absorption recovery 
times are intensity dependent. The depicted points (o) 
belong to IOL '~ 3 X 109 W/cm 2. The absorption recov- 
ery time at 0.01 tool/din 3 is three and a half orders of 
magnitude shorter than the fluorescence lifetime. For 
the concentrations 0.2 and 0.6 mol/dm 3 the absorption 
recovery times 'ca and the fluorescence lifetimes 'cF are 
the same within the experimental accuracy. The ob- 
served intensity dependent deviation of the absorption 
recovery time from the fluorescence lifetime which 
was measured under low intensity conditions is ex- 
plained in the following by including longitudinal and 
transverse amplified spontaneous emission in the 
theoretical description. 

3. Effects of Amplified Spontaneous Emission 

In the nonlinear transmission measurements the S 1 
state of the molecules is strongly populated at high 
pump intensities. For the Stokes shifted fluorescence 
emission the system is inverted and the spontaneous 
emission is amplified by stimulated emission [26]. 
Fluorescence emission occurs in all directions and the 
amplification acts in all directions. The amplification 
of spontaneous emission dominates in directions of 
longest interaction length. 
At low concentrations long samples have to be used to 
achieve a fixed small signal transmission T o. For 
example, at 10- s tool/din 3 and To = 0.01 then length is 
t = 2 c m  for rhodamine 6G in methanoI at 
)~L = 526.5 nm. Under these conditions the laser beam 
diameter do (FWHM) is small compared to the longi- 
tudinal interaction length Imo , which is given by the 
shorter of either sample length l or the penetration 
depth /off (reduction of input light to 1/e value) 
[l i , lo =min(l ,  leff)]. The amplified spontaneous emis- 
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Fig. 7. Illustration of solid angles for longitudinal and transverse 
amplified spontaneous emission 

sion dominates within a solid angle 

Af211 -~ 41~, lo" (1) 

along the propagation direction of the pump beam. 
This situation is called longitudinal amplified sponta- 
neous emission. Besides the forward direction the 
longitudinal amplified spontaneous emission occurs in 
backward direction. As long as the duration of the 
amplified spontaneous emission is long compared to 
the propagation time of light through the sample (tp, ~o 
= nl,,~o/Co, n: refractive index, c 0: vacuum light veloc- 
ity) forward and backward amplified spontaneous 
emission are of the same strength. For picosecond 
pulse excitation and strong amplified spontaneous 
emission (i.e., drastic S~-state lifetime shortening by 
amplified spontaneous emission) in long cells, the 
duration of the fluorescence signal becomes short 
compared to the propagation time tp,to and backward 
amplified spontaneous becomes small compared to 
forward amplified spontaneous emission [27]. In the 
following estimates backward amplified spontaneous 
emission is only included for short sample lengths 
(3(211 > 2re). 
With increasing dye concentration the sample length 
reduces. As soon as the beam diameter do becomes 
larger than the longitudinal interaction length, the 
amplified spontaneous emission dominates in a rot- 
ational symmetric section transverse to the pump pulse 
propagation direction. One speaks of transverse 
amplified spontaneous emission. The solid angle AO• 
of the transverse amplified spontaneous emission is 
determined approximately by a cylinder surface of 
length Ir, lo and radius lt.,~, that is 

A f2 a ~- 2rctl, ~ I~, lollS, t, = 2~z Ii, to/ll,tr. (2) 

The maximum transverse interaction length l~,tr is 
approximately given by the beam diameter do. If the 
process of amplified spontaneous emission reduces the 
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Fig. 8a-c. Longitudinal amplified spontaneous emission. Curves 
belong to To = 0.01 and T = 0.5 exp ( -  aox,vN3/). (a) Longitudinal 
interaction length l~,~o. It is identical to sample length l. (b) Solid 
angle AOII for beam diameters, do---- 1 mm (solid curve), 0.1 mm 
(dashed curve), and 0.25 gm (dash-dotted curve). (c) Shortening of 
S~-state lifetime %, l[/~ F due to longitudinal amplified sponta- 
neous emission. Dye parameters as in Figs. 2 and 5. Refractive 
indices n from [24]. Solid curve, do= 1 ram, dashed curve, 
do=0.1 mm, dash-dotted curve, do =25 ~tm 

Sl-state lifetime % (equal to  "CA) to a value shorter than 
the propagation time tp, tr=ndo/co across the beam 
diameter then the transverse interaction length is 
limited to 1i tr = Ip ~-%coin. At very high concentration 
C>0.1 tool)din 3 the longitudinal interaction length 
Imo becomes comparable and shorter than the 
pump laser wavelength (Fig. 8a, /=0.49 gm for 
C=0.6 tool/rim3). Under these conditions the trans- 
verse interaction length reduces to the diffraction 
length l D = 11,1o/sinO o'~l~,lon/2L. The relevant trans- 
verse interaction length is l l . , r=min(do,  lp, Iv). 
An illustration of the longitudinal and transverse solid 
angles of amplified spontaneous emission is given in 
Fig. 7. The longitudinal and transverse interaction 
lengths, l,,zo and Ix.t,, together with the sample length 
I and beam diameter d o are indicated. 
A theoretical analysis of the longitudinal forward 
amplified spontaneous emission is given in [27]. 
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Extension of the theory of pump pulse propagation 
under conditions of longitudinal and transverse ampli- 
fied spontaneous emission leads to a very time con- 
suming computer program. Here were restrict to 
estimate the absorption recovery time under con- 
ditions of longitudinal and transverse amplified 
spontaneous emission (shortening of S~-state lifetime) 
from a crude analytical analysis [27, 28]. 
The depopulation of the $1 state (level 3 of Fig. 4) after 
passage of the pump pulse is considered (time region 
t > to ~ A tff2). The population density Na [cm- 3] 
decays due to radiative and radiationless relaxation 
[time constant zF, first term of (3)] and amplified 

TF 
"E3= 

with t o < ~ < [  and 0<~<z ' .  We want to know the 
momentary decay time of the S~-state towards the end 
of the pump pulse ( t ' - to)  and at the end of the 
interaction length of amplified spontaneous emission 
(z'~ll) and define % =Za(Jo, 1i). Approximate values 
for ~ and z are ~- to  and 5~ 1i/2. Using the relations 

Na(t 0, lt/2) = No - N ~ (to, lff2) , 

To = exp( - o.LNo l) 

and 

T ~- exp [ - o.LN~(to, ld2)l-  aox, vNa(to, li/2)l] 

leads after some rearrangement to 

o-emA ~r~'CF r (  .Texp[o-~176 . . . . .  �9 
l +  4g(Gem__o-ex, F)$rad L\ To lI/2)l]) erL ' JT--1] 

spontaneous emission [second term of (3)]: 

0 Na 1 
Ot~7 N a ( z "  tr)-~ "cf hVF o-emlFN3 . (3) 

The propagation of the fluorescence signal is given by 

c3 hvFN a d (2 
0z' Iv = (o 'em - o-ex, F)NaIF + 4rC'crad (4) 

The transformations t '= t--(n/c)z and z '= z are used. 
Z~aa is the radiative lifetime ('cv = qFZr~d, qv: fluorescence 
quantum efficiency, z~, d = 4.3 ns for rhodamine 6G in 
methanol [20]). In (3 and 4) the filling of level 6 by 
amplified spontaneous emission is neglected 
(-IV 6 ~ N3, z v ~ 0). 
Integration of (3 and 4) leads to 

Na(t', z') = Na(t o, z)  

x e x p [  t'--tozv hv vaem i lv(t,zadt 1 , , o  (5) 

hvvAf2 
IF(t', Z')= 

4/rZrad(o'em - -  aex, V) 

X {exp[(o.em-o.ex, v)N3('{-, ~)z'] - 1 } .  (6) 

In (6) t o < i-< t' and 0 < i <  z'. Rewriting (5) to Na(t', z') 
=N(to, Z') x e x p [ - ( t ' -  to)/z3(t',z')] determines the 
S~-state lifetime to 

i 1 .c3(t,z~ )-= 1 o.e~ IF(t,z')dt 
+ hvv(t '-to) to 

1 o'em Iv(~, z') (7) -- + ~-v~ 

where t o < ?< t'. Insertion of (6) into (7) results in 

"C F 
~a(c, z3 = 

1+ 

(9) 

No is the total number density of dye molecules. 
N~(to, I~/2) is the average population density of the So 
state towards the end of the pump pulse. T is the pump 
light transmission at input peak intensity IoL and To is 
the small signal pump light transmission, Equation (9) 
applies to longitudinal and transverse amplified 
spontaneous emission. In the longitudinal case it is 
AO=Af211 , (1), and li=lmo while for the transverse 
case it is Af~=AO• (2), and lx=ll, tr. 
Generally, fast saturable absorbers with low flu- 
orescence quantum efficiency (qv=Zv/Zr,a ~ 1) at low 
concentrations are applied in long cells (do/l~ 1, 
Af211 ~ 1) and the excitation wavelength is around the 
S o -  $1 absorption maximum [(0-om-- O-ex, F)/O'L < 1]. 
Under these conditions the longitudinal and trans- 
verse amplified spontaneous emission are negligibly 
small. But in the here discussed situation of rhodamine 
6G in methanol the fluorescence quantum efficiency 
varies from qe=~Cv/'cr,d--~0.9 at low concentration to 
qF=2.25x 10 -4 at high concentration and the cell 
thickness varies from some centimeters at low con- 
centration to a fraction of a micrometer at high 
concentration. In this case the actual influence of 
amplified spontaneous emission depends on the spec- 
ific dye and laser parameters. 
To illustrate the effect of amplified spontaneous emis- 
sion some calculations are presented in Figs. 6 and 
8-10. A small signal dye transmission of T0=0.01 is 
assumed. The cross-sections o-L, o-em, and o-ex, v are 
taken from Fig. 5. O'L was measured in [24]. The 
stimulated emission cross-section o-om in the frequency 
region of amplified spontaneous emission is appro- 
ximated by o.em = 0.5 X O. L [29]. o-ex, F is set equal to o-ex, L 

O'emAOzF {exp [(o-era-- O-ex, F)Na(~, ~)zq --  1} 
4~Z(o-em - -  aex ' F)Zrad 

(8) 



Saturable Absorbers with Concentration-Dependent Absorption Recovery Time 91 

1 
-ff 
E 10" 1 

- r -  

g 
-~ 12 

< ~  

7 

t, 

g~ 
t~ 0 

Z 

I - -  
t Y  
CD 

I~ 2 

16~ffs 

~ 
do 

do 

| 

: : : i  ,_ : : : !  : '_'_'.! : : : ' 2  ,. : 

I I I [  I I I 1 ~  I I t l  I I I 1  I = t l  

Y 

I 

- \ \\ \ 

\\\ \ \  

I i I I I  i f ~ l  I i I I I  I I i l l  

i0 -z, 10 -3 i0 -2 10 -I 

['ONEENTRATION C [ molldm3 ] 
Fig. 9a--c. Transverse amplified spontaneous emission. Curves 
belong to To--0.01 and T=0.5 e x p ( - a ~ . , ~ N f l ) ,  (a) Transverse 
interaction length t~,~,. (b) Solid angle AQ• for three different 
beam diameters, do = 1 mm (solid curve), 0.1 mm (dashed curve), 
and 25 Ixm (dash-dotted curve). (c) Shortening of Sl-state lifetime 
z3, a/'cv due to transverse amplified spontaneous emission. Dye 
parameters as in Fig. 8. Beam diameters as in (b) 

[25]. The fluorescence lifetime zF is included in Fig. 6 
(z~ d -~ 4.3 ns). 
Figure 8 illustrates the longitudinal amplified sponta- 
neous emission. The bleached transmission is set to 

T=  0.5 exp [ -  a~,fN3(to,  ll/2)l ] . 

In Fig. 8a the longitudinal interaction length lz, to 
=rain(l,/~ff) is shown. It is equal to I. The solid angle 
AOit, (1), is depicted in Fig. 8b for three different beam 
diameters do = 1 ram, 0.1 ram, and 25 gin. The shorten- 
ing of the St-state lifetime ~3. ii/zF is given by the curves 
in Fig. 8c. At low concentration (small Af211 ) the S~- 
state lifetime shortening is small. In an intermediate 
concentration range (Af2If large, ~r large) the lifetime 
shortening is maximal. At very high concentrations zr 
becomes short and the lifetime shortening by amplified 
spontaneous emission reduces. 
The situation of transverse amplified spontaneous 
emission is displayed in Fig. 9 for 

T=0.5 e x p [ -  a~x, FN 3( to, lz/2 )l ] . 

Three different beam diameters do = 1 ram, 0.1 ram, 
and 25 Ixm are considered. The transverse interaction 
lengths ls,t,=min(do, lp, lD) are shown in Fig. 9a. At 
low concentrations it is Is, tr=do. In an intermediate 
concentration region the pulse shortening is so 
strong that the interaction length is limited by the 
transverse propagation distance Ip. At high con- 
centrations the interaction length is limited by 
diffraction (ll, tr = 1D). The concentration dependence 
of the solid angle Af2• is depicted in Fig. 9b. At low 
concentrations Af21 is large (Is,t,<ls, to). In an inter- 
mediate concentration range A f2• reduces (ls,t~ > l~,~o). 
At high concentrations AO• increases again due to 
diffraction effects (lr,~r=lo). In Fig. 9c the lifetime 
shortenings %, • are shown. At low concentrations 
the shortening is weak. The variation of "c3, a/z~ with 
concentration depends strongly on the beam diame- 
ter. The larger do the lower is the necessary con- 
centration for effective Sz-state depopulation (con- 
dition /s,~,> Is,~o fulfilled at lower concentration). In 
an intermediate concentration region (do > ls,zo) the 
shortening is so large that the transverse propagation 
distance within %,• becomes shorter than do and 
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Fig. 10. Intensity dependence of Sl-state lifetime. The lifetime 
shortenings z3, I//ze, %, l/re, and za/z  v = (ze/z3, II + zv/%, • - 1)- 1 
are plotted versus the bleaching ratio Texp&, , ,~N~l ) lTo .  
To=0.01. do= 1 ram. The parameters for C=0.04 mol/dm 3 are 
used 
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limits the shortening. At high concentrations the 
transverse interaction length is limited by diffraction 
and zF decreases. The lifetime shortening by ampli- 
fied spontaneous emission reduces. 
In the described model of Fig. 4 the St-state life- 
time % is equal to the absorption recovery time 
ZA['ZA = "C3 : (I/z3, II -t- l/Z3, • -- 1/zp)- l]. 
In Fig. 6 a calculated zA curve is included 
for a laser beam diameter of d 0 = l  mm and 
T= 0.5 exp [- - (rex, FN3(toli/2)l]. 
The curve aggrees reasonably with the ZA points. The 
correct description of the low absorption recovery 
times at 10 -2 mol/dm 3 and 4 x 10 -2 tool/din 3 and the 
equality of absorption recovery time and fluorescence 
lifetime at high concentrations should be noticed. The 
strong dependence of ~A on the beam diameter (Fig. 9) 
gives a possibility to change the absorption recovery 
time by changing the beam diameter (focusing). 
The intensity dependence of the absorption recovery 
time is illustrated in Fig. 10. The S~-state lifetime 
shortenings r3, Jzr, 723,A_/T, F, and za/z F versus norma- 
lized transmission T x exp(aex, v, Nal)/To is plotted for 
a concentration of C = 4  x 10 -a mol/dm 3 and a beam 
diameter of d o=lmm. At low intensities 
(T~T0=0.01) no amplified spontaneous emission 
occurs. At high intensities (larger T/To values) the 
longitudinal and the transverse amplification of 
spontaneous emission shorten the S~-state lifetime. 
The longitudinal shortening levels off when the pene- 
tration length lef t becomes equal to I. The transverse 
shortening is finally limited by the transverse light 
propagation time. 
The transverse amplified spontaneous emission was 
studied experimentally for the 0.04 molar rhodamine 
6G solution. The dye was contained in a glass cell and 
the sideward fluorescence was imaged to a photode- 
tector. Strong emission occured transverse to the 
direction of pump pulse propagation within an open- 
ing angle of about 3 degree. The total light emission 
within this angle summed up over the circumfirence of 
emission was estimated to be about 50 % of the input 
pump light. 

4. Conclusions 

The absorption recovery time of rhodamine 6G in 
methanol may be varied between about 3.9 ns at low 
concentration to about 1 ps at high concentration. The 
change of absorption recovery time along concen- 
tration is due to intensity independent Sl-state lifetime 
quenching by dimer formation and due to intensity 
dependent Sl-state lifetime shortening by longitudinal 
and transverse amplified spontaneous emission. The 
small signal transmission may be adjusted to any 

needed value by use of a thin cell of variable thickness. 
The dye rhodamine 6G in methanol with variable 
absorption recovery time may be applied as saturable 
absorber in mode-locked dye lasers or for pulse 
shortening of second harmonic light pulses of mode- 
locked Nd-glass and Nd-Yag lasers. 
The concentration quenching of the St-state lifetime is 
a general phenomenon [,11, 12] and it should be 
possible for many dyes to tailor the absorption recov- 
ery time to the experimental needs. The use of highly 
concentrated dyes in thin cells of variable thickness as 
saturable absorbers may be very interesting in situ- 
ations where saturable absorbers with fast monomeric 
absorption recovery time are not available. 
In recently reported experiments the occurance of 
strong transverse amplified spontaneous emission was 
applied to picosecond-pulse generation [-30--33]. 
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