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Abstract. Theoretical and experimental data are presented on the propagation of pico- 
second pulses in weakly excited dye solutions. It is shown that the so called "coherence 
peak" of the induced dichroism observed at short delay times depends on the vibronic 
relaxation and the excited state absorption of the dye molecules. Interpretation of the 
experimental results is considerably facilitated at low excitation Ievel. The vibrational 
relaxation time in the S 1 state of phenoxazone 9 was measured to be %=0.8_+0.3 ps, 
0.7_+0.2 ps and 0.7_+0.2 ps, respectively, for the solvents dioxane, solid polystyrene and 
CCl4. For rhodamine 6 G in ethanol we find % =0.5 +0.2 ps. 

PACS: 33, 42.65 

It has been shown in recent publications that vibra- 
tional relaxation in the first excited electronic state of 
dye molecules may be studied measuring the nonlinear 
transmission of intense picosecond pulses [1, 2]. On 
the other hand, valuable information on molecular 
rotation has been obtained investigating ultrashort 
pulse propagation in dye solutions under different 
polarization conditions [3-7]. In several investigations 
enhanced pulse transmission was noted immediately 
after the occurance of the excitation pulse and a 
subsequent non-exponential time behaviour at short 
delay times of the probing light [5-7]. This time 
behaviour was termed coherence peak and explained 
by parametric four wave mixing of the laser pulses. A 
careful analysis of the phenomenon has been 
lacking. 
In this letter we present theoretical and experimental 
data on the relevant molecular processes which de- 
termine the transmission of picosecond probing pulses 
in dye solutions under different polarization con- 
ditions. Our investigations reveal the importance of 
vibrational relaxation and of excited state absorption 
for an understanding of the observed signal transients. 
For weak excitation conditions the time evolution of 
the molecular system does not depend on intensity 
level apart from a scaling factor. The accurate know- 
ledge of the pump pulse intensity is not required for the 

determination of the molecular relaxation times, if 
excited state absorption data are known. 

l. Theory 

We have performed model calculations of the mole- 
cular processes during and subsequent to an incident 
weak, linearly polarized excitation pulse. The follow- 
ing physical situation is considered (see energy level 
diagram of Fig. 1): Absorbing photons of energy hco L 
molecules are promoted from the ground state 1 to 
vibrationally excited levels 2 in the S~ state. The 
molecules subsequently decay to the bottom of the S 1 
state 3 with vibrational relaxation time %, The fre- 
quency difference between levels 2 and 3 is taken to be 
large compared to the homogeneous linewidth of 
transition 1-2 so that no direct pumping of level 3 
occurs by the excitation pulse. 
Our theoretical treatment starts from a distribution of 
two level systems j of transition frequencies coj interact- 
ing via the transition dipole moment with the exci- 
tation field co L . The quantum mechanical expectation 
value of the induced dipole moment is given by [8] 

ia 
PJ = 1 - i T2(co - co )/2coL 

"(ExsinOcos~+E~cosO)x(l+n~-#2). (1) 
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Fig. l. Schematic of molecular transitions of the excitation (full 
arrows) and the probing (broken arrows) processes. Excited state 
absorption is negligible for the weak excitation process but notably 
influences the probe transmission 

Equation (1) holds for quasi-stationary conditions, i.e. 
shor t  values of the dephasing time T 2 as compared to 
the pulse duration, 7~ < tp. This approximation is well 
justified for dye molecules [91 where T 2 ~ 10-~3s and 
for pulses of a few picoseconds. The factor, a, collects 
several material constants. E~ and E~, respectively, 
denote the x- and z- component of the incident light 
field travelling close to the y-direction. The angles 0 
and ~b define the orientation of the molecular axis with 
respect to the laboratory frame. Molecular rotation 
will be treated classically on account of the large 
moment of inertia of dye molecules and the large 
damping in liquid solution, n~ and n~ denote the small 
population changes of levels I and 2, respectively, 
produced by the excitation field. 
Including vibrational relaxation from levels 2 to levels 
3, the excitation process is described by the rate 
equations : 

~n I n~ + 
& T v 

id[(E~ sin0 cos ~b + E~ cos 0)p* - c.c], (2) 

~n~ (1 1 )  
a-7+ ,,5 

= - id[(E, sin 0 cos 4) + E~ cos O)p* 

- c . c . ]  - ~;~ n { ,  
g v 

(3) 

(4) 

Here T e and %, respectively, are the fluorescence 
lifetime and the effective vibronic relaxation time; 
d is a coupling constant. The second term on the 
r.h.s, of (3) contains a Boltzmann factor nB-~exp 
[-h(COL-coo)/kBT ] to establish detailed balance 
in the Sj levels, where he% is the 0-0 transition 
energy, n B ~-0 is assumed in the following in agreement 
with our experimental situation. We now introduce the 
weighting factor f(oo~) of the manifold of two level 

transitions ( ~codc~jf(~j)= 1) and define the average 

induced transition dipole moment: 

p =ia[E x sin 0 cos q~ x E~ cos 0] 

doJ(mj)(1 + n{ - n{)/[1 - iT2(co ~ - CO~)/2COt] (5) 
- c o  

The mean population changes n~ and n e of the lower 
and upper levels are derived in an analogous manner 
by integration over f(coj). 
Propagation of the light pulses through the sample is 
governed by the nonlinear wave equation [8]. The 
pump pulse makes a small angle of a few degrees with 
the y-axis, while the probe field is taken to travel 
exactly in the y-direction. The pump field is linearly 
polarized in the z-direction ; the E vector of probe light 
is rotated by ~=45 ~ with respect to the pump field 
(Fig. 2). We restrict our calculations to small popu- 
lation changes, {nll~ 1 and make the usual assump- 
tions of slowly varying amplitudes and plane waves. 
With these approximations we obtain for the exci- 
tation pulse with field amplitude E L the simple result: 

0 
@ EL(y, t') = -- bo(cOs 20)EL(y, t') (6) 

where 

bo=b ~ do~J(c@/[1-iT2(o~-~o2)/2o)c]; (7) 

y is the local coordinate in a retarded frame where 
t '= t - y / v .  It should be noted that population changes 
leading to terms proportional to E~ and higher-order 
terms are neglected in (6) on account of the small pump 
intensity. Correspondingly, the orientational distri- 
bution is unperturbed to a good approximation and 
the ensemble average (cos 2 0) is the equilibrium value 
(cos 2 0) = 1/3. Eq. (6) represents Beer's law with (com- 
plex) absorption coefficient 2b o. This finding may be 
used for the determination of the distribution function 
f(mj) from experimental data. The factor b in (7) is a 
constant collecting several material parameters. 
Application of the nonlinear wave equation yields for 
the amplitudes Ell and E• of the probe pulse polarized 
parallel (z-component) and perpendicular (x-compo- 
nent) to the excitation field the following expressions 

= - (Ecos0 x [bl(nl-n2)+ban2+b3n3]> (8) 
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and similarly 

= - (EsinOcos~ x [bl(n 1 -n2)+b2n 2 +ban3] ) .  (9) 

The brackets ( )  indicate orientational averages�9 E 
denotes the field amplitude along the molecular axis: 

E=[Ecexp(iAky)+ Eii]cosO+ E• sinOcosO. (10) 

The interaction of the probe field with the population 
changes n i is represented by the absorption coefficients 
bk(k = 1, 2, 3): 

bk(COL) = b ~ dCOJk(C@[1 + iT2(co 2 - C02)/2COL] -1 
- c o  

[ 1  2 2 2 2  2 - 1  �9 + T2(CO j - -  COL) ~4COL] (11)  

Excited state absorption starting from the induced 
populations n 2 and n 3 in the upper electronic level is 
incorporated in (8) and (9) via the factors b 2 and b 3. 
Different distribution functions fk are introduced here 
for absorption from the ground state, f t  =f (%) ,  and 
from the upper electronic levels (k = 2, 3). In this way 
the detailed absorption properties of a molecule are 
taken into account. The relative magnitude of the 
transition dipole moments of transitions starting from 
levels 2 and 3 is incorporated in fz(C@ and f3(%'). The 
factor Ak on the r.h.s, of (10) denotes the wave vector 
mismatch Ak=(kp,-kL)kpjkp~ between the pump and 
probe beam. 
The population changes n, through n 3 are evaluated 
here retaining terms up to second order in the pump 
field, EL 2. By the help of (1) to (4) one finds 

~n  1 n 1 
& + T-v -dlEafl 2, (12) 

~-5- + + n~ = dtEo~l , (13) 

and n 1 + n 2 + n 3 = 0. The effective excitation field Eel f is 
given by 

IEeff] 2 = IEL12 COS 2 0 + [(E'Eli cos 2 0 

+ E'E• sin 0 cos 0 cos ~b) (14) 

�9 exp(iAky) + c.c.]. 

For a solution of (8) and (9) several ensemble averages 
are required; e.g. (Cos2Onk). These quantities are 
evaluated after formal integration of (12) and (13). The 
following expressions emerge in the calculation 

(cos2 0(t) cos2 0(t')> = ~ + ~ l ( t -  t') 

(sin 20(t) cos 2 ~b(t) sin 20(t') cos 2 ~b(t')) 

c) 
(sin 20(t) cos2 q~(t) cos; O(t')) 

(15) 

Epump E,?  r 

�9 

polarizer'. \ 

Fig. 2. Geometry of the electric field vector of the pump, incident 
probe field E~r (broken arrows) and transmitted probe field E~r (full 
arrows). Epo I is the probe component observed behind the analysing 
polarizer 

Due to the weak excitation field, the ensemble averages 
( )  refer to the equilibrium orientational distribution 
and the ~k'S on the r.h.s, of(15) are functions of ]t-t'l 
only. The constant factors ascertain that the maxima 
at t - t ' =  0 are normalized, ~k(0)= 1. It is also known 
for correlation functions that ~k(oo)=0. For the sake 
of simplicity, we consider in the following the case of 
rotational diffusion of a molecule with identical motion 
about different axes. In this case a single exponential 
time constant describes the molecular rotation 

q~k = exp--It-- t'l/zR) (16) 

for k = 1, 2, 3. ~R denotes the rotational relaxation time. 
Equations (8) and (9), supplemented by (6, 12-16) 
allow the calculation of the probe fields Ell and E• 
Experimentally we observe the transmitted probe pulse 
through the sample behind an analysing polarizer 
which is set at 90 ~ with respect to the polarization of 
the incident probe pulse [5]. In this way the probe field 
in the absence of an excitation pulse is effectively 
blocked. For an angle 7 made up by the polarization 
directions of the incident pump and probing pulses, the 
probe field behind the polarizer is given by (Fig. 2) 

Epo ! = [Ell(y, t)-E• t)] sin7 cos?, (17) 

where a loss factor of the polarizer has been omitted�9 It 
is obvious from (17) that a polarization angle of 7 = 45 ~ 
gives optimum signals. The time resolution of con- 
ventional photo-detectors is not sufficient to resolve 
picosecond pulses. One observes a time integrated 
transmission signal T(tD)ocSdtlEpo # of the probe 
pulse. 
We have solved (8) and (9) and computed numerical 
results of the probe signal T(to). We find that the probe 
transmission depends quadratically on the peak in- 
tensity I L of the pump pulse. The result is valid for 
small population changes of the ground state, 
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Fig. 3. Calculated probe signal T(to) vs delay time tz) of the probe 
pulse for several finite values of % (solid curves) and for %=0 
(broken curve). Dotted curve: without coherence peak, see text 

Intl<10 -a. Such an excitation may be produced by 
pump pulses of IL< 107 W/cm ~ for dye molecules with 
an absorption cross section of several 10-~6 cm z. An 
induced probe transmission of Tma x < 10-4 results for a 
sample transmission of ~ 30 %. The transient response 
of the molecules does not depend on the pulse intensity 
apart from a scaling factor. Keeping I L constant in an 
experiment, the molecular time constants may be 
determined without the accurate knowledge of the 
absolute value of I L and of the absorption cross 
section. This fact is highly advantageous as compared 
with nonlinear techniques applied recently [1]. 
In the following the situation A kl>> 1 is considered. 
This condition holds well for a sample length l of a few 
mm and an angle between probe and pump beams of a 
few degrees (Ak~102cm-~). In this case the signal 
transients are independent of Akl. 
Some numerical examples are presented in Fig. 3. 
Gaussian shape is assumed for the pump and probing 
pulses with duration tp=5ps.  The computed ratio 
T(tD) of transmitted probe energy to incident pulse 
energy is plotted on a logarithmic scale versus time 
delay between probe and pump pulse, t D = 0 marks the 
maximum of the pump pulse. The solid curves re- 
present the data obtained for our generalized three- 
level system with finite vibrational lifetime %. Four 
values, %=0.5, 1, 2, and 4ps are considered. For 
simplicity, excited state absorption is assumed to be 
absent in the Fig. 3, b 2 = b 3 - 0 .  The signal curves first 
rise to maxima shortly after t o = 0, which depend on %, 
and subsequently decay in two steps. We note in Fig. 3 
a first rapid nonexponential decrease depending on ~. 

The later part of the signal curve displays an exponen- 
tial slope with relaxation rate 1/-c = 2/z R + 2 /Tp  
It is interesting to point to the situation z v = 0  (broken 
curve). The same result is also obtained (apart from a 
scaling factor) for a two level system where vibrational 
relaxation is completely omitted in the calculation. 
While the asymptotic time dependence of the broken 
curve is identical, the signal enhancement around 
t• = 0 is significantly smaller. The small peak is due to 
a two-step four-wave mixing process via the electric 
transition dipole moment of the molecules. It repre- 
sents a coherence phenomenon and may be visualized 
as Bragg scattering of the pump pulse by an induced 
grating in the sample [6, 10]. The grating is generated 
by population changes induced by the superposition of 
probe and pump field. In fact, the coherence peak of 
the broken curve in Fig. 3 is produced by the second 
term on the r.h.s, of (14) for the effective pump field. If 
one omits in (14) the expressions proportional to the 
products E'El i ,  E * E  a (and c.c.), the four-wave mixing 
process is omitted in the computation, yielding the 
dotted line in Fig. 3 without a coherence peak. 
There are two possible ways for the determination of 
the vibrational relaxation time. 
(i) If % > tp, the time constant may be obtained from 
the nonexponential decay for small values of tD. 
(ii) For  small values of the vibrational time constant 
(% < tv), information is still available from the signal 
enhancement around t D ~_ O. 
We introduce the peak height H as the ratio of signal 
maximum Tmax to the value of the exponential 
asymptot at the same time tD,ma x 

H = Tmax tD~oo.  (18) 
T(tD) exp[(to-- tD, max)/~] ' 

In the absence of vibrational relaxation, i.e. for the 
pure coherence phenomenon and for Gaussian pulses 
we calculate an enhancement of H -~ 1.4. Similar num- 
bers of H are evaluated for other pulse shapes. It is 
demonstrated by the curves of Fig. 3 that significantly 
larger peak values occur for finite vibrational re- 
laxation times. The more pronounced signal enhance- 
ment is due to the transient population and subsequent 
depopulation of levels 2 during the measuring process. 
For  example a value of H ~ 3 is predicted for % = 4 ps 
in Fig. 3. 
Our results on the signal enhancement for % < tp are 
briefly summarized as follows: 
(i) The peak height increases with increasing value 
of ~v- 
(ii) The signal peak H does not depend on the ground 
state absorption constants b0 and b~ defined above. It 
is, however, influenced by the relative magnitude of the 
excited state absorption coefficients b2/b 1 and bs/b  ~. 
Increasing b 3 leads to a larger absorption via levels 3. 
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Consequently, the magnitude of the asymptotic signal 
is reduced and the peak height increases (note [18]). 
(iii) The enhancement H of the signal is independent of 
the pump and probe intensity (I L > Ipr ). 
Some numerical data are shown in Fig. 4. The signal 
enhancement H is plotted versus %/tp (lower scale) and 
% (upper scale, tp = 5.0 ps). The small value of H - 1 . 4  
for % =0 represents the pure four-wave phenomenon. 
The broken curve is calculated for a situation without 
excited state absorption, b2=b3=0.  The effect of 
excited state absorption is demonstrated by the solid 
curves in Fig. 4. For simplicity we assume b 2 -~ b 3 and 
consider transitions close to the band centers. In this 
case (11) yields small values of the imaginary parts of 
b 1, b 2, and b3, which may be neglected. It is interesting 
to see that the peak height H is notably effected by the 
ratio of excited state to ground state absorption, b3/b ~. 
For example, a t  "cv/t p =0.25 one computes H -  ~ 2.1 for 
b3=0 while H~3.1 is obtained for b3/b~=0.5.  We 
conclude from Fig. 4 that the vibrational time constant 
may be deduced fi-om the value of the peak height if the 
excited state absorption is known. 

2. Experimental Results 

We have tested our theoretical results experimentally. 
Figure 5 gives a schematic of our experimental system. 
Single picosecond pulses are generated by a passively 
mode-locked Nd-glass laser system [11]. The pulse is 
selected from an early part of the pulse train, and 
converted to the second-harmonic frequency by a 
KDP crystal. The green light pulse at 527 nm has a 
duration of 5.0ps as measured by correlation tech- 
niques and an energy of about 100 gJ. The green pulse 
is directed into the sample cell and serves as excitation 
pulse. A moderate intensity level of several 
10 MW/cm 2 is adjusted using a large beam diameter of 
~ 3 m m  and a suitable filter. A beam splitter BS 
generates the weak probing pulse, which is properly 
attenuated by filters (Ipr~-Ir/50) and delayed by the 
help of a variable prism setup. The polarization plane 
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Fig. 4. Relative peak height H vs %/tp (lower scale) and % (upper 
scale, tp = 5 ps) for different values of the excited state absorption 

of this pulse is rotated by a 2/4 plate and a first 
polarizer P1 to an angle of 45 ~ relative to the excitation 
pulse. After the sample cell the probe pulse passes a 
second crossed polarizer P2, which effectively blocks 
the probe light. Without an excitation pulse, a large 

blocking factor of better than 107 is achieved on 
account of the proper alignment and the high quality 
of the optical components. It should be noted that no 
additional optical components besides the sample cell 
are placed between the polarizers to achieve the low 
background level. The probe light passing P2 is de- 
tected by a photo-multiplier. An aperture defines the 
small solid angle of acceptance (1 x 10-7 sr) and discri- 
minates the stray light background of the optical 
system. 
We have investigated the dye molecules phenoxazone 
9 and rhodamine 6 G in liquid and solid solutions. 
The molecules are depicted in the insets of Fig. 6a and 
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Fig. 5. Schematic of our experimental setup to measure 
ultrafast induced dichroism 
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Fig. 6a and b. Absorption and fluorescence spectra of {a) pheno- 
xazone 9 in dioxane, (b) rhodamine 6 G in ethanol. The investigated 
molecules are shown in the insets 
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Fig. 7. Measured probe pulse transmission T(tD) vs delay time of 
phenoxazone 9 in dioxane. The relative peak height is found to be 
4.0• The broken curve shows the instrumental response of our 
measuring system 

b. The conventional absorption (full line) and fluores- 
cence spectra (broken curve) for phenoxazone 9 
in dioxane are plotted in Fig. 6a. We estimate 
the 0q) frequency from the spectroscopic data 
[12] to be ~o=17,950-+100cm -z,  The frequency 
vL = 18,990 cm-1 of the excitation and probing pulse is 
also indicated. By absorption of photons ~L Franck 

Condon levels approximately 1000cm-1 above the 
bottom of the $1 are populated representing the 
distribution of levels 2 in our model. Vibrational 
relaxation will subsequently populate lowerqying le- 
vels close to the bottom of the S 1. The spectroscopic 
data for rhodamine 6 G in ethanol are presented in 
Fig. 6b. In this molecule, vibronic levels ~700 cm-1 
above the bottom of the S~ state are populated by the 
excitation pulse. Figure 6a and b show that the upper 
states 2 are situated close to the maxima of the 
absorption bands. It is concluded that the imaginary 
part orb 1 may be neglected, note (11) for k=  1. Figs. 7- 
9 show several examples of ultrafast induced dich- 
roism. Sample transmission at ?L is approximately 30 % 
corresponding to a concentration of ~ 10-* mol/1 for 
phenoxazone and ~ 2 x  10 -s mol/1 for rhodamine 
(1 = 2 ram). 
Our time resolved data on phenoxazone 9 and the 
solvent dioxane are depicted by Fig. 7. The induced 
probe transmission is plotted on a semi-logarithmic 
scale versus delay time between probe and pump pulse. 
The experimental points (open circles) extend over a 
factor of - 100 and represent average values of 30 to 
40 individuM measurements. The typical experimental 
error of approximately 10% is indicated. The signal 
points first rise to a maximum which occurs shortly 
after the maximum of the pump pulse (tv=0). The 
curve then rapidly decays giving direct evidence for 
fast vibrational relaxation and finally reaches an expo- 
nential asymptot with time constant r = 35 ps. Of spe- 
cial interest is the signal enhancement around tD=0, 
indicating a peak height /-/=4.0+0.4. This value is 
significantly larger than the limiting value of ~ 1.4 for 
a "pure" coherence peak. 
The instrumental response of the measuring system is 
shown by the broken line in Fig. 7. This curve was 
obtained with the identical set-up (Fig. 5) studying the 
pure solvent dioxane at a considerable higher intensity 
level. Increasing the pump intensity by a factor of ~ 50, 
the 4-photon interaction between the excitation and 
the probe pulse via the nonlinear susceptibility Z (a> of 
the solvent molecules was studied yielding a con- 
volution of the pump and probe pulse. The sharp 
increase of the pulse wings and the rapid decay is 
readily seen from the experimental points (full circles). 
The result for the pulse duration is 5.0 ps. 
Our data for the solid solution of phenoxazone 9 in 
polystyrene are shown in Fig. 8. The signal curve 
rapidly rises to a maximum value with peak height 
H = 2.5 +_ 0.3 and subsequently drops to an exponential 
asymptot with time constant z m800ps. We also in- 
vestigated phenoxazone 9 in CC14. For  this solution we 
measure a peak height H =  1.85_+0.2 and an exponen- 
tial slope with -c = 52 ps. 
Similar results are shown in Fig. 9 for rhodamine 6 G 
and the solvent ethanol. A peak height of H = 1.8 +0.2 
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and an exponential slope with ~ = 120 ps are observed. 
Only part of our data on the asymptotic time de- 
pendence extending over ~ 300 ps are depicted in Figs. 
8 and 9. 
We have carefully studied the time evolution varying 
the pump intensity and the dye concentration. The 
absolute signal magnitude was found to depend qua- 
dratically on pump intensity as predicted theoretically 
for the intensity range considered here. The shape of 
the signal transients was independent of intensity. The 
signal curves of phenoxazone in dioxane were also 
measured in different concentrations in a large range of 
10 - 6 to 10 - 4 real/1. No concentration dependence was 
observed indicating that transition-dipole - transition- 
dipole interaction does not contribute to the observed 
exponential decay for large t D [13]. It should be also 
noted that the 4-photon interaction via the nonlinear 
susceptibility of the solvent is completely negligible at 
the low intensity level used here to measure the signal 
transients (solid curves). It has been discussed recently 
that the imperfect blocking of the crossed polarizers in 
the experiment due to residual stress birefringence may 
perturb the signal transients under certain experimen- 
tal conditions [7]. Our theoretical analysis for an 
imperfect polarizer shows that this artifact may be 
produced via the imaginary parts of the coefficients b~ 
for very small probe signals comparable to the probe 
background level. For our experiments with large 
signal to background ratio this effect is negligible. This 
finding demonstrates the advantage of the high power 
solid state laser system used here where a probe 
transmission level of several 10-s (and even larger) is 
readily adjusted. 

3. Discussion 

We now discuss the dynamical information supplied 
by Figs. 7-9. In the general case the exponential slope 
of the signal curves is given by 1/T=2/TF+2/z R. 
Comparison of Figs. 7 and 8 for phenoxazone 9 shows 
convincingly that the faster decay in liquid solution is 
generated by faster rotational relaxation in the low 
viscosity system (1/-oR>> 1/Tv). In fact, a nanosecond 
fluorescence lifetime is expected for the highly fluores- 
cent laser dye [14]. Application of the theory discussed 
above suggests a rotational relaxation time of 
ZR -~ 2r --- 70 ps. A detailed investigation shows that this 
time constant is not the true result but represents a 
superposition of molecular reorientation in the S o and 
S t states. Molecules in the upper electronic level also 
contribute to the probe process via excited state 
absorption (Fig. l). These data for the system pheno- 
xazone 9 - dioxane show that molecular rotation in So 
and Sj is notably different [15]. In the solvent CC14, to 
the contrary, rotation in the S O and S~ is similar, and 
T=52ps and our value of T F (see below) lead to the 

Ic> 

x 20 

m 5 
C 

2 
s 

1 

t3_ 0.5 

! I 
0 20 

I I I 1 I 

800 ps 

Phenoxazone 9 
in Polystyrene 

Pump 18990 cm-: 

Probe 18990 cm -I 

I I I I I 
/+0 60 80 100 12O 

Delay Time [ps] 
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rotational time constant T R = 110ps. For the solvent 
polystyrene the high viscosity of the solid suggests 
1/ZR--~0. Consequently the slope with time constant 
z-~800ps corresponds to the fluorescence lifetime 
TF--~2r--~I.6ns. For rhodamine 6G in ethanol we 
have to take into account a long fluorescence lifetime 
T F = 3.7 ns [16], and the slope of Fig. 9 yields z R = 250 
_+ 30 ps in good agreement with published data [4, 16, 
17]. 
Comparison of the experimental peak heights of Figs. 
7-9 with the calculated numbers of Fig. 4 allows the 
determination of the vibrational relaxation time. 
Results are shown in Table 1. We recall the large beam 
diameter of a few mm of the pump and probe pulses in 
the sample. The beam diameter is much larger than the 
grating constant (~10-3cm)  of the induced popu- 
lation grating and the plane wave approximation 
considered above is well justified. For the determi- 
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Table 1 

Molecule Solvent b3/b~ Peak height % [psi 

Phenoxazone 9 Dioxane 0.75 4.0 0.8 +_ 0.3 
Polystyrene 0.55 2.5 0.7 + 0.2 
CC1r 0.12 1.85 0.7 +_0.2 

Rhodamine 6G Ethanol 0.1 1.8 0.5 _+0.2 

nation of % we also measured the excited state absorp- 
tion of phenoxazone 9 and rhodamine 6 G  in the 
solvents of interest. It should be noted that the magni- 
tude of the excited state absorption b 2 of levels 2 is of 
minor importance for the determination of % since 
these states are only weakly populated for the small 
values of z v considered here. In our experiments we 
find b2~-b3. The imaginary part  of b 3 gives rise to an 
ellipticity of the transmitted probe signal. An analysis 
of this point and a comparison of the signal magni- 
tudes of phenoxazone 9 in the different solvents sug- 
gests that the imaginary part  of b 3 gives only a minor 
contribution and is neglected in the following. The 
results on b3/b 1 (bp ba real) are listed in the third 
column of Table i [15]. For  rhodamine 6 G we find a 
small excited state absorption in accordance with 
published data [18]. With these numbers and the 
observed relative peak heights (fourth column) we 
obtain from our calculations (Fig. 4) the values of the 
vibrational time constant (last column of Table 1). 
The solid curves in Figs. 7-9 are theoretical curves 
using our results on the time constants and the excited 
state absorption discussed above. The curve for rhoda- 
mine is calculated for the pulse duration tp=4ps ,  
which was used in this specific experiment. The good 
agreement with the experimental points should be 
noted. 
Comparison of our data with other measurements of 
vibrational relaxation supports our transient dicb- 
roism technique. While phenoxazone 9 was not 
studied by other authors, rhodamine 6 G has been 
investigated by several groups with different meth- 
ods. In these experiments the same excitation wave- 
length of 527 nm was used; i.e. the same vibronic 
levels were investigated. Measurements of the fluores- 
cence risetime stated an upper limit of % < 1 ps [19], 
while a nonlinear absorption technique at higher 
excitation level gave ~o=0,7+0.2ps  [1]. Our result 
L = 0.5 _+ 0.2 ps at low excitation level favourably com- 
pares with these investigations. Fair agreement exists 
with a study of stimulated probe pulse amplification 
reporting % = 2 •  1.4 ps [20]. 
Our data for phenoxazone 9 in liquid and solid 
solutions do not show a solvent effect for the vibration- 
al relaxation in the S 1 state within experimental ac- 
curacy. This result is in accordance with measurements 
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of coumarin 7, where the vibrational relaxation in the 
electronic ground state was found to be independent of 
the solvent environment [21]. 
In conclusion we have theoretically studied the time 
evolution of induced dichroism of dye molecules. Our 
calculation shows that vibrational relaxation is an 
important factor for the observed signal transients 
allowing the determination of the vibrational time 
constant. Of particular interest is the signal enhance- 
ment during short values of delay time between probe 
and pump pulse. Our data represent the first measure- 
ment of vibrational time constants via ultrafast dich- 
roism of weakly excited molecules. 
We emphasize that our polarization technique does 
not require a precise knowledge of the absolute pump 
intensity since the shape of the signal transients does 
not depend on the intensity. The method utilizes a low 
pump intensity level and small population changes of 
the molecules. Additional processes such as excited 
state absorption of the pump pulse, laser emission of 
excited molecules and nonlinear optical processes of 
the solvent are negligible. In this way interpretation of 
the data is considerably facilitated. 
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