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Stimulated emission from organic dyes provides us with the potential for producing tunable, short pulsed lasers. Stimu- 
lated emission can also interfere in the measurement of excited state lifetimes of dyes when excited by intense picosecond 
pulses. Tie-resolved measurements of the emission from several organic dyes as a function of excitation intensity have 
been carried out in order to determine the conditions for obtaining efficient dye lasers and correct excited state lifetimes. 
A long build-up time for the stimulated emission (= 60 ps for a 6-8 ps exciting pulse) has been observed and confirmed by 
a theoretical model. Calculations using thii model show that, even in the presence of very weak stimulated emission, the 
emission intensity does not decay in the same manner as the density of excited molecules. 

1. Introduction 

The production of picosecond light pulses of many 
different wavelengths by superradiant emission in or- 
ganic dye molecules excited by intense mode-locked 
laser pulses has been demonstrated by numerous au- 
thors [l-3]. On the other hand, picosecond pulses 
from-mode-locked solid-state lasers have been used 
for measurements of the excited state lifetime of 
many strongly emitting organic dye molecules [4-6]_ 
The possibility of shortening the observed lifetime in 
experiments performed with high-power laser excita- 
tion can lead to gross errors in the interpretation of 
data. This was pointed out by Lessing.et al. [7] in 
1970. These authors also recognized that when stimu- 
lated emission is present, the time evolution of the ex- 
cited state population will differ from the time evolu- 
tion of the light intensity emitted from the sample. 
Nevertheless, comparatively Little attention has been 
paid to the effect of stimulated emission on excited 
state lifetimes, particularly in the intermediate case 
where the emission decay is much longer than the ex- 
citing pulse. 

The dynamics of stimulated emission induced by 
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intense laser pulses are also of relevance in the design 
of passively mode-locked lasers. The “open time” of 
the bleachable dye is greatly reduced from the normal 
excited state lifetime in, for example, the mode-lock- 
ing of rhodamine 6G lasers by DODCI. The operation 
of a recently reported [8], picosecond gated optical 
amplifier also depends on very rapid stimulated emis- 
sion in excited dye molecules. .*’ 

We have carried out time-resolved measurements 
of emission from several organic dye molecules as a 
function of excitation intensity in order to clarify the 
conditions necessary for accurate measurement of ex- 
cited state lifetimes and to elucidate the dynamics of 
stimulated emission in these systems. Our results are 
discussed in section 3 on the basis of a simplified the- 
ory that is able to account well for the experimental 
observations. The application of this theory, &en in 
its present elementary form, should enable a more ef- 
ficient design of mode-locking dyes and optical ampli- 
fiers. 

2. Experimental 

The experimental arrangement is shown in fig. 1 
and will be described fully in another publication [9] _ 
The Nd3+ glass laser produces a train of about 100 pulses 
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Fig. 1. Schematic of experimental arrangement. The 1.06 flrn pulse from the laser oscillator enters the picture at the lower left. 
P: polarizers; PC: pock& cell; SC: spark gap; CA: coaxial attenuator; HV: high voltage supply; CDA: cesium dibydrogen 
arsenate second harmonic generator; S: sample cell; L: lens; F: filter; ICT: image converter tube; DE: deflection eIectronics; 
IIT: image intensifier tube; OMA: optical multichannel analyzer; CRO: signal monitoring oscilloscope; V: vidicon tube; A: opti- 
cal path for “straight-on” observation; B: optical path for “‘side+n” observation_ 

separated by the cavity round-trip time of about 7.5 
ns with a total energy of 150-200 mJ. Pulse widths 
measured using an Electrophotonics Photochron II 
streak camera are about 6-8 ps (fwhm). The linearity 
of the sweep measured with optical delay lines was 
better than f 1%. The time calibration was found to 
remaiin constant during the course of these experi- 
ments. 

A single pulse is selected from near the beginning 
of the pulse train. The pulse selector is of convention- 
al design [lo], consisting of a laser-triggered spark- 
gap and a PockeIs cell placed between crossed GIan- 
Taylor polarizers. The selected single pulse (A= 1.06 /.r; 
energy = 1 mJ) is frequency doubled with a tempera- 
ture phase matched CDA crystal giving about 15% 
conversion efficiency. This pulse (A = 0.53 cc; energy 
x 0.15 mJ) is then attenuated by a factor of up to 
two hundred, delayed optically for synchronization 
with the streak camera sweep, and focussed by a 30 cm 
focal length lens into the sample cell. 

Emission from the sample can be collected in a di- 
rection either parallel or perpendicular to the direc- 
tion of propagation of the exciting pulse and focussed 
onto the slit of an Electrophotonics Photochron II 
streak camera. Schott OG-550 or OG-570 color filters 

in front of the streak camera slit remove any scattered 
0.53 p laser light. The streaked image on the phosphor 
of the final stage of the image intensifier tube is fo- 
cussed onto a vidicon detector (F’rinceton Applied 
Research Corp. 1205 B), digitized and stored in the 
memory of a 500 channel optical multichannel anal- 
yzer (Princeton Applied Research Corp. 1205 A). 
Under the conditions that we have used [9,1 l] this 
detector provides intensity linearity within + 5% f. 
The data are displayed on an oscilloscope screen and 
transferred to a NOVA 2/10 computer for permanent 
storage and anaIysis. 

3. Theory 

In order to understand the observed results more 
quantitatively, the effects of fluorescence lifetime, 
quantum yield and excitation intensity on the charac- 
teristics of the stimulated emission are investigated 
theoretically. This requires that the time dependence 
of the populations of both the excited states and the 

? Avoiding errors due to “lag” in the vidicon detector has been 
addressed in ref. [ll] and will be discussed fully in ref. [9]. 
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photons within the excited volume be considered. 
In the experiments described in this paper, stimu- 

lated emission is induced by a high intensity, short 
duration excitation pulse passing through the sample; 
a high density of excited states along the path of the 
excitation pulse is thereby created. The excited mole- 
cules begin to emit spontaneously but, because of the 
high initial excited state density and the ideal fre- 
quency match for downward transitions, these early 
photons lead to a large number of stimulated photons 
for which the wave vector and polarization vector are 
conserved. After the exciting light has returned to 
zero intensity, the probability for excitation or re- 
excitation of ground-state molecules becomes relatively 
small because of the small overlap between the ab- 
sorption and emission spectra. This process is analogous 
to that which would occur in a four-level mirrorless 
laser. The photon decay is strongly influenced by the 
large loss term caused by photons simply leaving the 
excited volume i. 

The following quantitative treatment of this pro- 
cess is based on one previously given by Lessing et al. 
[7]. That treatment, however, assumed a spherically 
symmetric initially excited volume, which is difficult 
to produce experimentally. A deviation from spheri- 
cal symmetry should give rise to a very pronounced 
dependence of the shape of the decay curve on view- 
ing angle. For simplicity we assume here that one can 
uniformly excite a cylindrically shaped volume; this 

is a fair approximation to our experimental conditions. 
If significantly higher sample concentrations were 
used, one would need to take into account attenua- 
tion of the exciting beam due to absorption through 
the sample volume. 

For organic dye moIecules, we are concerned with 
optically allowed transitions between vibronic levels 
of the ground state (level Cl) and the first excited 

i 1n some respects the phenomenon is similar to “superradi- 
ante”. Most recently, however, that term has been used 
specifically to characterize Dicke superradiance [ 121, i.e. 
the cooperative spontaneous emission of radiation from an 
excited system of N identical two-level “atoms” at a rate 
proportional to fl subsequent to a total population inver- 
sion (13,141. Since we are interested in temporal changes 
primarily in an intermediate regime of partial population in- 
version in a four-Ieve1 system, we have avbided using the 
term “superradiice” because of ambiguities that might 
arise. 

singlet state (level 1); the rate of change of the excited 
state population density N, (t) is given by * 

dN1 (r)ldt = Bolhvex Q(Ge,, t) [N-N1 (t)] 

-(Al&)Nt(f>- jBlohvq(W)d~N&). (0 
0 

Here Bol is the Einstein coefficient fqr upward transi- 
tions induced by the monochromatic exciting pulse of 
frequency vex and photon density Q(v,, t), A is the 
Einstein coefficient for spontaneous emission (,4 = k,, 
the radiative rate), Qf is the fluorescence quantum 
yield, and BIo is the Einstein coefficient for down- 
ward transitions induced by the photon density per 
unit frequency q (v, f) at frequency ZJ; N is the total 
density of dye molecules, so that N-N1 (t) is just the 
ground state population density. The first term of this 
equation represents the increase in excited state pop-. 
ulation density due to absorption of the exciting 
pulse; the second term represents the decrease of this 
excited state density due to spontaneous emission 
and radiationless deactivation; while the third term 
represents the decrease due to stimulated emission by 
photons of all frequencies within the fluorescence 
band. 

Similarly, the rate of change of the photon density 
per unit frequency within the excited volume is given 

by 

dq (uv, Gldr = -kq (v, r) f A&) Nt (0 

+Bt&&,t)Nl(t)- (2) 

Here g(v) is the normalized lineshape function for the 
fluorescence band (i.e. the experimentally determined 
fluorescence spectrum), and k is a “loss” constant 
which depends on the excited volume geometry and 
viewing angle. The firstterm of this equation conse- 
quently represents the rate of loss of photons from 
the excited volume (assumed proportional to 
4 (v, t) [7]), while the second and third terms repre- 
sent the increase in photon density due to spontaneous 
and induced emission respectively. 

Experimentally, the measurable quantities are the 

* We use Yariv’s notation [IS] in terms of Einstein coeffi- 
zients. 
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intensity of emitted light (in an emission experiment) 
and the change in opiical density at an appropriate 
wavelength (in an absorption experiment). The emis- 
sion intensity is proportional to the rate of loss of 
photons from the excited volume [kq(v,t) integrated 
over the frequency range detected in the experimentJ, 

where S(v) is the frequency response function of the 
detection system. The change in optical density at a 

wavelength corresponding to an absorption band of 
the excited state is proportional to the excited state 
population density, 

A OD(t) (zf til (r) . (4) 

Due to the nonlinearity of the pair of eqs. (I) and (2), 
the excited state population density and the observed 
emission intensity will not necessarily show the same 
evolution in time. Consequently, an absorption experi- 
ment and an emission experiment will not, in general, 
measure the same decay function. The two quantities 
will. only show the same time evolution when the loss 
constant is extremely large compared with the rate of 
production of photons. 

The theory outlined above is approximate for sev- 
eral reasons. Angular dependence of the emission has 
not been considered explicitly. This approximate ap- 
proach preserves the simple form of eqs. (1) and (2). 
A more quantitative treatment of the angular depen- 
dence will be dealt with in a later paper. Orientational 
anisotropies and polarization effects will be described 
more fully there. Nonuniform spatial distributions of 
excited states have not been considered, nor has re- 

absorption, S, + S, absorption processes, vibrational 
relaxation or time dependent Stokes shifts 1161. By 
judicious choice of experimental conditions, many of 
these effects can be minimiied. Despite the simplicity 
of this model, a numerical sohttion of the equations 
succeeds in reproducing the main features of the ob- 
served time dependent light emission curves. 

Quantitative application of the differential eqs. (I) 
and (2) requires that they be solved numerically. The 
transformation of this pair of equations into a form 
suitable for numericaI solution and the calculation of 
the various parameters is outlined below. 

The Einstein coefficient I?,,1 for absorption of the 
exciting puke is given by: 

Bol = 0.2303 e(vex) c’/hv,,NA . (5). 

Here, e(ve,) is the extinction coefficient (M-1 cm-l) 
of the dye at the exciting frequency vex, NA is 
Avogadro’s number and c’ is the speed of light in the 
medium. The photon density of the exciting puke 
(assumed gaussian with a half-width r1/2 = 5 ps) is 

Q(Vex r 0 = (p+h~lpc”c? exp(-t2/t$ , (6) 
where PT is the total number of photons in the ex- 
citing pulse of area a. The number of photons in a 
single pulse was estimated to be about 1014 using a 
calibrated volumezabsorbing calorimeter, and the cross 
sectional area of excitation was estimated as 0.1 cm2_ 
The other Einstein coefficients may be written: 

B,, =Ac’3g(v)/8xhv3 , A = @r/q, (7) 

where rf is the radiative decay tune, and @rf is the ex- 
perimentally determined fhrorescence quantum yield. 

Approximating the fluorescence lineshape function 
g(v) as a step function of m steps transforms the pair 
of eqs. (I) and (2) into a set of m + 1 simultaneous 
differential equations: 

dQj(t)/dt = -kQj(I) +AGAv~IV~ (t) 

+ [.4c’3giQi(r)18nv2]N1 (r) ; i=1,2,...m. (9) 

Thegj are defined by 

VI+ AVjjZ 

gj=& J g(v)&; j=I,2,...m, (10) 
I ~j_AUj/2 

where Vi is the center frequency and L\yi is the width 
of thejth “step”; Qj(t> is defined as the total photon 
density in the jth frequency interval: 

v]+avjl* 

Q#l= $ dv,Odv. 
Vi- AVjf2 

For the calculations, the lineshape function g(v) for 
DODCI (ethanol), i.e. the fluorescence spectrum, was 
measured on a Hitachi MPF 3 fluorimeter, and approx- 
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imated by a step function of 49 steps (m = 49). 
We may now calculate all of the necessary param- 

eters in eqs. (9), with the exception of the loss con- 
stant k. One way of expressing this factor is, 

li = c’/(d), 

where (d) is the average distance in the excited volume 
a photon travels in the direction of the detector. For 
a spatially uniform, spherical excited volume of radius 
R ?, (d> = 3Rj4, which disagrees with the value of 
4Rj9 quoted by Lessing et al. 1’7 1. 

For the nonspherical volume,(d) will depend on 
the viewing angle and hence the observed decay curves 
should also depend on this angle. For simplicity we 
assume that one can uniformly excite a cylindrically 
shaped volume of radius r and length 1. Using the ap- 
proximate values (dl = r for “side-on” viewing her- 
pendicular to cylinder axis) and (~0 = 1j2 for “straigbt- 
on” viewing (along the cylinder axis), eqs. (9) are 
solved separately for each of these two cases. This is 
obviously an oversimplification because we have as- 
sumed that photons travel in either of these directions 
only and that emission in these directions can be 
treated separately; the consequence is that the effects 
of stimulated emission are overestimated. However, 
the error is not large and the calculated decay curves 
are in reasonable agreement with the experimental re- 
sults_ The value of r was calculated from the estimated 
area of the exciting beam (0.1 cm2), and I was esti- 
mated (from the pulse energy, the extinction coeffi- 
cient of the dye and its concentration) to be in the 
range 0.1-0.5 cm. The set of fifty simultaneous dif- 
ferential equations represented by eqs. (9) was solved 
on a NOVA 2110 computer using Gill’s modification 
of the classical Runge-Kutta procedure [I 71. 

4. Results and discussion 

The experimental results presented here refer to 
solutions of eosin (low4 M in ethanol), rhodamine 6G 
(1 0m4 M in water, pH 4) and 3,3’-diethyloxadicarbo- 
cyan-me iodide (DODCI, lOba M in ethanol) all con- 
tained in 1 cm path-length cells. This range of mole- 
cules allows an assessment of the effect of fluorescence 
lifetime and quantum yield, as well as excitation inten- 

t L. White. unpublished work. 

sity, on stimulated emission. The time evolution of 
emitted light was observed along the direction of 
propagation of the exciting pulse (“straight-on” ob- 
servation, section 4.1) and perpendicular to it (side- 
on” observation, section 4.2). Finally, the risetime of 
both spontaneous and stimulated emission was studied 
(section 4.3). 

4.1. “Strafght-on “observation 

At low excitation intensities (< 5 MW cm-‘), the 
emission intensity observed along the direction of 
propagation of the exciting pulse decays exponential- 
ly as is illustrated in fig. 2A for DODCI in ethanol. 
This indicates that only spontaneous emission is pres- 
ent; there is little or no contribution from stimulated 
emission. The measured lifetimes were: eosin (ethanol) 
3.7 ns, rhodamine 6G (water) 5.5 ns, and DODCI 
(ethanol) 1.2 ns, in agreement with previously reported 
values [6,18,19]. 

As the excitation intensity is increased by removing 
neutral density filters from the exciting beam, there 
is a progressive shortening of the “1 /e-time” * (figs. 
28,2C, 2D) and an increasingly non-exponential form 
for the decay function. At long times however stimu- 
lated emission processes become unimportant and 
the observed intensity on the “tail” of the decay curve, 
due mainly to spontaneous emission, takes the form 
of an exponential decay with the same lifetime as that 
obtained under conditions of low excitation intensity. 

Furthermore, under a given set of conditions (such 
as concentration and excitation intensity), the effect 
of stimulated emission increases in the order: eosin 
< rhodamine 6G < DODCI. This order may be ex- 

plained by the following qualitative argument_ The 

amount of stimulated emission is most strongly influ- 
enced by the photon density within the excitkd vol- 
ume. According to eq. (2) the rate of build-up of this 
photon density is proportional to the Einstein coeffi- 
cbnt for spontaneous emission A (i.e., kna, the radia- 
tive rate). Hence, the decay of molecules with the 
larger radiative rates and higher fluorescence quantum 
yields should be influenced more strongly by stimu- 

* For a non-e~ponential decay, the concept of a lifetime is 
not welI defmed; a “l/e-time” nevertheless can be defined 
as that time after which the intensity has dropped to i/e 
of its maximum value. 
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Fig. 2. Esperimental fluorescence decay curves for DODCI (lOa M) in ethanol for “straight-on” observation. The excitation in- 
tensity varies from a 5 MW cm-* (A) to J 50 MN cme2 (D); curves (B) and (C) represent intermediate excitation intensities. 
The different positions of the zero of the time scale in the streak camera data are caosed by jitter. Analysis of the data takes this 
into account. 

Iated emission as of course cne would expect. 
For the three mo!ecuIes considered, the values of 

the fluorescence lifetime, quantum yield and radiative 
rate are given in table 1. In line with the above argu- 
ments, the radiative rates are seen to increase in the 
order eosin < rhodamine 6G < DODCI. For eosin, a 
decay time shortening of < 20% was observed at the 
maximum excitation intensity used (- 50 MW cm-z), 
whereas for DODCI the effect was much more dra- 
matic (fig. 2D). At the maximum excitation intensity, 
a 1 /e-time of < 100 ps was found for DODCI com- 
pared with the normal fluorescence lifetime of 1.2 ns. 
The behaviour of rhodamine 6G was intermediate be- 

Table 1 
Fluorescence lifetimes, yields and radiative rates for molecules 
of interest 

Molecule TfW Qf 108.4 &) 

eosin 3.7 0.48 a) 1.3 
rhodamine 6~ 5.5 l.ob) 1.8 
DODCI 1.2 0.49 c) 4.1 

a) Ref. [251-b) Ref. [26]. o) Ref. 1.27). 

tween these two extremes, as predicted from the radi- 
ative rates in table 1. 

These effects may also be seen using the theory de- 
scribed in section 3. Eqs. (9) were solved using the fol- 
lowing values of the parameters applicable to DODCI: 
rf = 1.2 ns, r& = 0.49, ~(530) = 5 X lo4 M-l cm-l, 
N= 6 X 1Ol6 molecules cmm3 (10B4 molar), r = 1 mm, 
PT = 2 X 1Ol2 (fig. 3A) - 2 X 1Ol3 (fig. 3D). At low 
excitation intensities the pumped length was calcu- 
lated to be = 1 mm (k = 5 X 1011 s-l) by assuming 
the Beer-Lambert law to be valid. At high excitation 
intensities the value of I was obtained from the best 
fit of the cakulated curves to the experimental data. 
For the highest excitation intensity the pumped length 
k=5mm(k=10~~s-~). 

The decay of the total photon density, which is 
proportional to the measured fluorescence intensity, 
is shown in figs. 3A-3D; these curves resemble quite 

cIosely the experimental decay curves (figs. 2A-2D). 
The decay of the excited state population density is 
also non-exponential in the presence of stimulated- 
emission but, as discussed in section 3, is not of the 
same form as the decay of the total photon density. 
This is illustrated in fig. 4, where the decay of: (A) 
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Fig, 3. Calculated fluorescence decay curves for DODCC (10e4 M) in ethanol for “straight-on” observation. Excitation intensity: 
(A) J 5 MW cm-*, (D) = 50 Wf cm-’ ; (B) and(C) represent intermediate excitation intensities. 

the excited state population density, (B) the total 
photon density and (C) the photon density at a fre- 
quency corresponding to the maximum of the fluores- 
cence spectrum are plotted. The values of the param- 
eters are the same as those for fig. 3C. 

The occurrence of stimulated emission in DODCI, 
even at relatively low excitati.on intensities, has been 
the cause of considerable controversy [5,6,20] con- 

Fig. 4. Czdculated decay of CA) excited state population den- 

sity, (8) total photon density and (C) photon density at the 
maximum of the fluorescence spectrum. Parameters are the 
same as for fii. 3D. 

ceming the fluorescence lifetime of this important 
mode-locking dye. The results reported here identify 
explicitly the origins of this controversy. 

4.2. “Side-on” observation 

At low excitation intensities, the emission intensity 
observed along a direction perpendicular to the direc- 
tion of propagation of the exciting pulse decays expo- 
nentially. The measured lifetimes agree within experi- 
mental error with those obtained in section 4.1. In the 
case of DODCI a slightly longer lifetime was at first ob- 
served. This was discovered to be caused by reabsoip- 
tion of the fluorescence. To minimize reabsorption ef- 
fects, the DODCI (ethanol) solution was diluted to 
10V5 M and the exciting beam passed very close 
(G 1 mm) to t!~ face of the cell through which the 
emission is observed. Using this precaution, the meas- 
ured lifetime was in agreement with that found in sec- 
tion 4.1. The results obtained using weak or “side-on” 
excitation with 10V4 and 1 Ow5 M solutions of DODCL 
are in all other respects the same. 

As the excitation in%ensity is increased there is 

littIe observed shortening of the I/e-time. At the max- 
imum excitation intensity (= SO MW cm-*) there 
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Fig. 5. Experimental risetimes of stimulated emission for 
DODCI (1O-4 M) in ethanol. Time resolution: (A) = 5 ps. 
(B) = 10 ps. Excitation intensity - 50 MW cm-* in both cases. 
The “oscillations” apparent on the rising edge of curve A are 
caused by RF pickup in the streak electronics. Also obvious 
in this figure is a stray electron signal iu the Photo&on II 
distorting the tail decay of the emitted light.. 
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was no observable shortening of the decay time for 
eosin or rhodamine 6G; for DODCI the shortening 
amounted to only 1’0%. Hence, there is a dramatic dif- 
ference in results for “side-on” and “straight-on” view- 
ing at the same excitation intensity. This difference 
can be explained in terms of the nonspherical geometry 
of the excited volume. For a cylindrical excited volume, 
the average length of the excited volume along the di- 
rection of observation is approximately l/2 for 
‘cstrai&-on” observation and I- for “side-on” observa- 
tion. Thus, for a long narrow cylinder (l S- ;?r>, a pho- 
ton traveling along the axis will, on the average, travel 
a larger distance befpre leaving the excited volume than 
a photon traveling perpendicular to this axis. Thus, 
the form of decay curves will differ when observed 
parallel or perpendicular to the excitation axis and, al- 
though not described quantitatively in this paper, will 
be strongly angular dependent as one changes the ob- 

servational direction from parallel to perpendicular. 

4.3. Risetimes for spontaneous and stimulated emission 

We have observed risetimes for stimulated emission 
in DODCI. Typical decay curves for 10m4 M DODCI 
in ethanol are shown in fig. (5), corresponding to the 
two fastest sweeps of the streak camera. The resolution 
in each case is limited by the slit width and is about 
5 ps and 10 ps, respectively. A risetime of= 60 ps is 
observed in each case. This cannot be accounted for in 
terms of convolution with the exciting pulse *. An 
earlier report [21], seemingly giving a similar risetime, 
has been criticized in the literature [16,22]. 

The time dependence of the light emission from 
DODCI was calculated using eqs. (1) and (2) with 
parameters corresponding to the most intense excita- 
tion intensity used (fig. 3D). The result is shown in 
fig. 6, where a risetime similar to that shown in fig. 5 
can be seen. By varying the parameters in the differ- 
ential equations, the loss constant k can be identified 
as the controlling factor in the risetime: longer 
pumped volume lengths, corresponding to smaller val- 
ues of k, lead to. longer risetimes for the stimulated 
emission. The equations predict an ‘%stantaneous” 
rise of the excited state population as expected. They 

also predict an “instantaneous” rise of spontaneous 
emission intensity in agreement with experimental re- 
sults where preemission relaxation processes are very 
fast [16,22]. 

Rentzepis et al. [23] have measured “onset times” 
of stimulated emission in solutions of rhodamine 6G 

* The exciting pulse has a duration of 6-8 ps (fwlun); convo- 
lution with an exponential decay curve leads to risetimes of 
< 25 ps, the actual value depending on the decay time of the 
exponential. 

zoo 3w Loo Icops. 

Fig. 6. Calculated risetime for stimulated emission in DODCI. 
Parameters as in fig. 5. 
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Fig. 7. Calculated time resolved emission spectra for DODCI. Parameters as in fii. 5. The skewed axis in the figure is for clarity and 
should not be construed as a spectral shift. 

and on this basis reported a vibrational relaxation 
time of 6 ps. This estimate is based on the assumption 
of a 4-level scheme in which the initially excited vi- 
bronic levels cannot emit directly. Further work in 
the same laboratory [24] indicated that onset times 
for stimulated emission are dependent on the excita- 
tion intensity. This observation suggested that vibra- 
tional relaxation is not responsible for the observed 
tisetime of stimulated emission. Time-resolved emis- 
sion spectra calculated from eqs. (1) and (2) confirm 
the proposition that the risetime in our experiments 
is due to the finite time necessary for stimulated emis- 
sion to become important. 

At short times the spectra are as broad as the nor- 
mal fluorescence spectrum, but, as the maximum of 
the light emission curve is approached, there is a pro- 
nounced spectral narrowing due to the onset of stimu- 
lated emission. At long times the spectra re-broaden 
as spontaneous emission again becomes dominant. 
This is illustrated in fig. 7. 

5. Conclusions 

Several important results emerge from this study 
of spontaneous and stimulated emission in organic 
dye molecules_ In the presence of stimulated emission, 
the form of the emission decay function depends on 

the viewing angle. Observation along the direction of 
propagation of the exciting pulse yields a nonexpo- 
nential decay function and a shortening of the ob- 
served lifetime. The decay curve observed perpendic- 
ular to this direction is much less affected by stimu- 
lated emission and is experimentally an exponential 
except in the case of very high intensity excitation of 
strongly fluorescing molecules. For strongly fluores- 
cing molecules (high extinction coefficient, high 
quantum yield), stimulated emission can occur at rela- 
tively low excitation intensities. This can lead to seri- 
ous errors in the interpretation of data, particularty 
when the non-exponentiat nature of the decay is dis- 
guised by poor or “noisy” experimental data. Fmther- 
more, numerical solution of the differential equations 
leads to the conclusion that the total photon density 
and the excited state population density do not neces- 

sarily show the same tune evolution_ Consequently, an 
absorption experiment and an emission experiment 
will not, in general, yield the same decay function. 
Furthermore, in picosecond absorption experiments, 
to experience an appreciable decrease in intensity, a 
high transient excited state population must be induced. 
This requires a very intense pumping source, one or 
two amplifiers often being required, giving rise to the 
increased likelihood of stimulated emission. 

Finally, a risetime for stimulated emission in DODCI 
has been observed experimentally_ The slow risetime 
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(= 60 ps) is due to the time necessary for the photon 
density to reach a level where stimulated emission is 
appreciable. Our calculations reveal that this risetime 
is controlled by the rate of loss of photons from the 
excited volume. This risetime may be important in the 
design of.both pumped dye-lasers and optical ampli- 
fiers. The short duration of pulses produced by a dye 

laser pumped by a mode-locked solid state laser relies 
on rapid stimulated emission. Rapid stimulated emis- 
sion is also important for the efficient operation of a 
recently reported [8] picosecond gated optical ampli- 
fier. To achieve optimum conditions in these experi- 
ments, one must be careful to use an experimental ar- 
rangement that minimizes the risethne for stimulated 
emission. Our work reveals that this is most easily at- 
tained with high intensity excitation of high concen- 
tration, short path-length samples. Further experi- 
ments using much higher excitation intensities are 
now in progress, and we are also theoretically investi- 
gating effects caused by reabsorption, bleaching, and 
the traveling wave nature of the emission. 
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