
PHYSICAL RE VIE% A VOLUME 17, NUMBER 1 JAN UAR Y 1978

. Study of ultra-fast relaxation processes by resonant Rayleigh-type optical mixing.
II. Experiment on dye solutions
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The three-wave optical mixing (co, = 2', —ro,) of the resonant Rayleigh type (~ce, —ce, ~= inverse

relaxation time, co& and co, optical transition frequency) is applied to measure the subpicosecond relaxation
times associated with the SO~S, electronic transition of 1,1'-diethyl-4, 4'-quinocyanine iodide in ethanol

and other dye solutions. Two independently tunable dye lasers excited by a nitrogen laser were used as light
sources. The measured frequency responses of the nonlinear susceptibility ~lt~'~~ as a function of ce, —te,
were in good agreement with the theoretical formula based on an inhomogeneously broadened two-level

model incorporating the phenomenological relaxation times. We also observed the interference effect between

the resonant and nonresonant terms of the nonlinear susceptibility, which agree well with the theory. Thus
we were able to determine the transverse relaxation time T, in the range of 0.02 —2 psec and the effective

relaxation time T,' (a combination of longitudinal- and cross-relaxation times) in the range of 0.1 —5 psec.
These values were found to be largely dependent on the spectral position inside the broad absorption band

and the sample preparation and deterioration, as well as on the kinds of dye materials and solvents. Details of
the experimental procedure and a discussion of the interpretation of the experimental results are given.

I. INTRODUCTION

In our preceding paper' we described a theory
of resonant Rayleigh-type optical mixing as a
means for measuring ultrashort relaxation times
in the frequency domain. In this paper we apply
the method and present the results of an experi-
ment which demonstrates the feasibility and the
usefulness of this new method. '

As the first material which is most suitable for
the above purpose, we selected an organic dye
solution. The excellent spatial homogeneity of a
liquid sample is quite convenient in this experi-
ment, where stray scattering of intense incident
light should be avoided. There are numerous
kinds of dye materials, and their solutions offer
large flexibility in selection of sample conditions
such as center frequency of absorption band, dye
concentration, sample length, solvent, and dye
mixtures. This makes it easier to find an optimum
condition for the experiment. The investigation
of excited-state behavior of dye molecules is of
importance not only from the standpoint of mole-
cular physics, but also in its essential contribu-
tion to quantum electronics as a medium for laser
and other optical devices.

With the development of picosecond laser tech-
nology, excited-state lifetimes in the picosecond
range can be measured directly in the time domain
for many dye and other large molecules. However,
their measurement with a time'resolution of 1 ps
or less is quite difficult and we are presently
only at the entrance of this extreme time region.

- The determination of transverse relaxation time
(T,) and spectral-cross relaxation time (T,) for

electronic-excited states of dye is much more
difficult, because they are usually much shorter
than fluorescence lifetimes, and, furthermore,
they cannot be determined by conventional tran-
sient fluorescence or absorption methods. The
determination of T, is directly connected with the-
problem of whether a specific electronic transi-
tion of a dye material is broadened homogeneously
or inhomogeneously. This property has large in-
fluences on the dynamical behavior of dye lasers
as well as on the interpretation of molecular inter-
actions. When the spectral cross relaxation is
very fast, an inhomogeneously broadened transi-
tion may exhibit partly or entirely the homogen-
eouslike behavior in saturation characteristics.
In such cases, apparent homogeneous widths are
not simply related to the transverse relaxation
time. In regard to the experiment aimed at deter-
mining T, in dye molecules, there are only a
hole-burning experiment by Mourou' and a non-
linear absorption experiment by Vahey and Yariv,
which is based on a more indirect method.

In view of, these situations, the application of
our new method to dye solutions seems to be
worthwhile, because, as shown in paper I, the
value of T, is expected to be determined more un-
ambiguously by this method, and simultaneously
some information on longitudinal and spectral-
cross relaxation times can also be obtained.

From many dye materials, acyanine dye, 1, 1'-
diethyl-4, 4 -quinocyanine iodide was first se-
lected and detailed measurements were made for
its singlet-singlet electronic transition So- S,

0
centered at about 6000 & where powerful dye laser
sources can conveniently be used. The broad
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width t-500 A in full width at. half maximum
(FWHM)] of its absorption band makes it easier to
analyze the experimental data. Its nonfluorescent
nature" is also convenient in eliminating the dis-
turbances resulting from the fluorescent emission
and from the possible occurrence of stimulated
emission.

The experimental results obtained will be inter-
preted in the framework of the theory developed
in paper I.

II. EXPERIMENTAL APPARATUS

A nonlinear optical spectrometer constructed for
the experiment of resonant Rayleigh-type mixing
is schematically shown in Fig. 1. The laser
sources used are two independently tunable dye
lasers simultaneously-excited transversely by a
pulsed nitrogen laser with a, repetition rate of
typically 10 Hz and a maximum peak power of
600 kW. The frequency selection and tuning of the
dye lasers were accomplished by a diffraction
grating alone or in combination with a Fabry-Perot
etalon inside the cavity. The spectral width of the
dye laser was narrowed by the use of this Fabry-
Perot etalon or by a beam expanding telescope,
but they were not simultaneously used because of
the reduction of the output power.

This laser system is essentially similar to that
used for the experiment of Raman-type optical mix-
ing spectroscopy, ' but there is one important
difference. The frequencies of the two incident
dye lasers are very close to each other in our
case, the frequency difference being in the range
of t&u, —v, t/2mc=0. 5-500 cm ' corresponding to
the relaxation-time range of 10 "-10 ~ s. Accord-
ingly the output light frequency ~, =2~, —&u, pro-
duced by the optical mixing is also very close to
the incident one. In such a case, the elimination
of a strong stray component of the incident light

is essentially important for the detection of weak
output light. In order to overcome this difficulty,
we first tried to realize a dye laser with extreme-
ly low spectral background. The broad spectral
background normally present in dye lasers orig-
inates mainly from the superfluorescent emission
whose direction is insensitive to the laser-cavity
condition. By proper adjustment of the relative
positions of the dye cell and other optical com-
ponents constituting the laser cavity, we were
able to shift the direction of the oscillating light
output from that of the superfluorescent compo-
nent so as to minimize the undesirable back-
ground. The relative intensity of the spectral
background thus obtained was as small as 10 '
at a position 20 A apart from the laser line cen-
ter. The operating condition giving the lowest
spectral background is generally different from
that giving the maximum power. Therefore, the
reduction of laser power was inevitable in
some extent. With rhodamine 6 G laser dye, the
laser output used had typically the peak power of
5-20 kW for onelaser, the spectral width of 0.2

0-1 A and the pulse width of 2-5 nsec. Because
'the pulse width was much longer than the pico-
second relaxation times of the sample materials
under investigation, the laser played essentially
the same role as a cw laser in our experiment in

spite. of its short-pulse operation.
The two dye-laser beams at frequencies ~, and

&u, were weakly focused together by a f = 20 cm
lens on to a sample cell of 0.1 mm thickness. In
a mixing experiment with pulsed laser sources, a
careful adjustment is required to accomplish the
sufficient overlapping of the two beams at the
sample, both temporally and spatially. An optical
delay with a movable prism served to make the
coincidence between the two pulses from different
dye lasers. An auxiliary focusing lens was also
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used to compensate for the difference in focusing
area arising from the slight difference in diver-
gent properties of the two beams. Typical beam
size at the focus was 0.2- 0.5 mm in diameter.

The two laser beams at &, and co, were not col-
linear, but incident on the sample cell, with a
small angle 8 i.n order to perform the spatial fil-
tering. As discussed in Sec. VII of paper I, the
wave vector of the output light wave at &, = 2Ky
—+, is along 2k, —k, whose direction is different
from those of both k, and k, , the wave vectors of
the two noncollinear incident beams. This enables
one to separate spatially the weak output beam
from the strong incident beams when an appropri-
ate diaphragm is used. In determining the value
of 8, however, we must make a compromise be-
tween the filtering effect and the output efficiency,
because the coherence length l, of this mixing pro-
cess decreases rapidly with increasing 8 accord-
ing to the relation l, = X/2n8' (for 6«1), where
A. and n are the free-space wavelength and the re-
fr ac tive index, re spec tively, at a mean frequency
of &u» &uzz and v, . We have adopted a typical val-
ue 6)=1 which gives l, =0.7 mm. In practice, the
effective interaction length in our dye solutions
has been limited by the absorption length l, (the
reciprocal of the absorption coefficient) rather
than by /„because both the incident and output
light frequencies lie in a strongly absorbing re-
gion. It is generally preferable to choose the
experimental conditions so that l, is properly
larger than /, . Under this condition the correc-
tion for the wave-propagation effect in deriving
the nonlinear susceptibility is accomplished only
by considering the linear absorption properties.

The output beam was analyzed by a Spex 1302
double monochromator in order to minimize the
scattering effect, and was detected bg a photo-
multiplier. The output spectrum was finally re-
corded on a pen recorder with the use of a box-
car integrator. The observed intensity of the
light output at ~, relative to those of the incident
light at ~, and +, was in the order of 10 '-10 ',
and the output light spectrum was observed with
good signal-to-noise ratio by the present experi-
mental system.

In the experiments of optical harmonic genera-
tion and mixing, it is generally desirable to use a

. reference nonl'inear material in which the same
type of nonlinear process occurs. This was im-
possible in our experiment because of the great
difficulty in finding a material with known fre.-
quency characteristics and sufficient output effi-
ciency. %e therefore always monitored the in-
tensity and the spatial and temporal properties of
the incident beams in order to make proper cor-
rections or normalizations for the change of the

incident beam properties.
In order to derive correct dispersion charac-

teristics of nonlinear susceptibility from the
mea. sured frequency response of the output beam
intensity, the correction for the wave-propaga-
tion effect is necessary, as described in Sec. VII
of paper I. In the range of small frequency dif-
ference ~v, —~,~/2zzc below about 30 cm ', the
dispersion of linear optical properties of the
sample was negligible and the correction was al-
most unnecessary. In the range of larger values
of ~+, —w, ~, we have made the correction for the
variation of absorption coefficient at frequencies
&u„~„and~, by the use of Eq. (56) of paper 1.

t

III. EXPERIMENTAL RESULTS

The measurements were made mostly on a dye
solution, 1, 1' —diethyl —4, 4'-quinocyanine iodide
in ethanol as mentioned in Sec. I. Figure 2 shows
the measured absorption spectrum of the solution
corresponding to the S,-S, singlet-singlet tran-
sition with which the incident light waves are
resonant within its broad bandwidth. In the figure
are simultaneously shown the spectra of both the
incident and output light waves under a typical
experimental condition. For the measurement of
nonlinear dispersion, co, was usually fixed and
the output light intensity at ~, was measured with
the scanning of co, . The dye concentration of the
solution was adjusted to give an optimum signal-
to-noise ratio which depends on the absorption
coefficient and the sample length. Typical con-
centration was - 2 && 10 ' M which gave the absorp-
tion coefficient of -2~10'cm ' at 5930 A in wave-
length. The cell length was nearly equal to the
absorption length.

Figure 3 shows a typical measured result of the
absolute value of the nonlinear susceptibility
(X 'l(&u, =2&v, —v, )~ which exhibits a clear feature.
of the Bayleigh-type resonance enhancement at
lower values of ~, —&,. In this measurement ~,
was around the center of the absorption band, and
the polarizations of two input light fields were
linear and orthogonal. The correction for the
wave-propagation effect was negligible, because
the change of the linear-absorption coefficient
over the scanned range of e, —su~ was very small.
It is found that the measured result can well be
fitted within the experimental error to the theo-
retical curve given by

[1+z((u, —~,)T,'] [1+z (~, —(u, )T,]

where T,', T, , and y„'„/Rare the adjustable para-
meters corresponding to the effective longitudinal-
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relaxation time, the transverse relaxation time
and the ratio of nonresonant to resonant part of
the susceptibility, respectively. The Hayleigh-
type resonant part of )(") (with K&0) in Eq. (I)
has been derived in Sees. II and IV of paper I on
the basis of an inhomogeneously broadened two-
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FIG. 3. Typical m. easured frequency response of the
absolute value of the third-order non), inear susceptibility
l)((3)

l
for a dye solution, 1,1'-diethyl-4, 4'-quinocyanine

iodide in ethanol. The fixed frequency cuq (5930 A in
wavelength) is around the center of the absorption band.
Two incident light fields are polarized linearly and
orthogonally. The open circles indicate the measured
points. The solid line denotes the best theoretical fit of
Eq. (1) (see text). In consideration of the limited ac-
curacy of the fitting, the values of T& and T& are de-
termined with the errors as indicated in the figure.

level model. The solid line in Fig. 3 has been cal-
culated by Eq. (1) with 2",'=3.5 ps, T, =0.35 ps and
X„'s)/K= 0.02. In determining these parameters,
we must consider the errors originating from the
limited accuracy of optimum fitting between the
theoretical curve and the experimental points. The
ultrashort relaxation times thus determined with

this kind of error are indicated in the figure. For
the determination of T,' and T, with an improved
accuracy, it is necessary to perform the measure-
ments in the range of much lower +, —~, as well
as to reduce the random deviation of the data, ' but

doing so was impractical here due to the instru-
mental limitations. When the spectral cross-re-
laxation effect cannot be ignored, the value of
7.", determined here should be interpreted as a
combined relaxation time ,'T=( T'+ T') ', where

T, is the pure longitudinal-relaxation time and

T, is the cross-relaxation time (see Sec. IV of
paper I). The additional term of )((') arising from
the inverse spectral-diffusion process [Eq. (35) of
paper lj may influence, in general, the determina-
tion of T,'.. Its contribution cannot be evaluated
from the present results, due to the limited ex-
perimental aceuraey, but it is not expected to
affect seriously the result of analysis as discussed
in paper I. The result of Fig. 3 shows that the

0
homogeneous width (about 5 A in wavelength) is
much smaller, by about two orders of magnitude,
than the total width of the absorption band, whi. ch

is then found to be highly inhomogeneously broad-
ened. The origins of the inhomogeneous broaden-
ing in dye solutions may be attributed partly to
the inhomogeneous environmental molecular field
and partly to the dense distribution of vibrational
and rotational sublevels.
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Another feature of measured ~gian~ has been ob-
tained for the same dye solution with the two in-
cident laser fields of parallel linear polarizations.
In this case a marked interference effect between
the resonant and nonresonant terms of the nonlin-
ear susceptibility appeared, as shown in Fig. 4.
The spectrum of ~y~ '~ for one sign of &u2 —a, is
much different from that for the reversed sign of

and a dip exists in one of the two spectra.
This feature can well be understood based on Eq.
(1) if X222 takes a real value and the ratio lt~~'i/K is
fairly large. Equation (1) can be rewritten after
a -rearrangement as

I

T& =0.6-2 psec

T2 =0.25-05 psec
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FIG. 4. Measured frequency response of ~y ~
for the

same dye solution as in Fig. 3 showing the pronounced
interference effect between resonant and nonresonant
terms. The polarization condition of incident light waves
is different from that in the case of Fig. 3. Note the
remarkably different spectra for different signs of co2-co~.
The solid lines are the best theoretical fit of Eq. (2} (see
text). The values of T

&
and T

&
with the errors are deter-

mined as indicated in the figure.

Ix"'I= " '"' -+ "'
[1 + (~ T')'] [1+(~ T,)']

It(I T I T 2) 2 1/2

[I ( T,')'][I (.T.)']

where +,= co, —&,. The calculated result of Eq.
(2) ha, s been shown as two solid lines in Fig. 4 in

which adjustable parameters have been chosen
to be T,' = 1.0 ps, T, = 0.30 ps, and X„s~/K=0.24 so
as to fit the experimental points. The agreement
between the theory and the experiment seems to
be reasonably good in view of the simplified theo-
retical model. By taking into account the accuracy
of the fitting, the relaxation times T,' and T, were
determined with the errors as indicated in the

figure. The value of T, agrees with that in Fig. 3
within the experimental error as expected. As
for the value of T,' the agreement is not satis-
factory. We will discuss this point in the next

section. The large difference of the values of
lt~/K in Fig. 3 and Fig. 4 may be interpreted
thus'. the symmetry properties of the energy
levels contributing to the resonant and nonreso-
nant terms of X

' might be different, and so
cause the different results for the change of po-
larization properties. The existence of the non-
resonant term X~ and the resulting interference
effect are obstructive to the purpose of the deter-
mination of relaxation times. However, the
appearance of this effect proves a certain reli-
ability of both the theory and the experiment. In
some cases, the interference effect will serve to

give new information on the nonlinear susc ep-
tibility, as has been demonstrated in the cases
involving Raman-type resonance. ' ' In the pres-
ent case X~ was found to have a negative real .

(3)

value.
A problem of common interest in the nonlinear

spectroscopy concerned with relaxation processes
is the dependence of the homogeneous width or the
relaxation time on the spectral position within the
inhomogeneous broadening. In the study of satura-
tion spectroscopy of gases, "the measurement
along this line has been performed. In our mixing
experiment this type of behavior has been studied

by examining the variation of the frequency re-
sponse of ~y ~~ with the change of the center fre-
quency &, which was fixed during the measurement
of ~lt l~ as a function of &2 —&u, . The results are
shown in Fig. 5 for another sample of the same dye
solution. The position of w, (A, in wavelength) has
been varied over the HWHM (half-width at half
maximum) of nearly the entire absorption spec-
trum. It should be noted in Fig. 5 that different
curves have properly been shifted vertically with

respect to each other for the ease of observation,
and therefore relative magnitudes for different
curves are meaningless. This does not affect the
determination of relaxation times, which is de-
pendent only on the frequency characteristics of

The measurements have been made with

+2 —m, &0 for (a,), (b), and (c) and with o. 2
—&u, &0

for (d) and (e) due to an experimental restriction.
This does not complicate the analysis of the're-
sults, because the relative contribution of the non-
resonant part of y

' in this case was too small to
be measured. The scanned range of ~& 2

—&u,
~

has
been extended to a fairly large fraction of the
spectral width of the absorption band (-760 cm
HWHM). In view of this situation the wave-prop-
agation fact'or (Sec. VII of paper I) has correctly
been taken into account in deriving the nonlinear
susceptibility y ". Moreover, we must be care-
ful to deduce the relaxation times by fitting the
experimental data to the theoretical curve of Eq.
(1) which has been derived on the assumption
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cident light is varied within the broad-absorption spec-
trum of a dye solution, 1,1'-diethyl-4, 4'-quinocyanine
iodide in ethanol. The corrected points are the results
after making the deconvolution of the effect of finite
spectral width. The spectral position of A& at which the
measurements were made are indicated in the insertion
[(a) 5845 A. , (b) 5880 A, (c) 5930 A, (d) 5980 A, (e) 6025
A]. The solid lines are the best theoretical fit of the
resonant part of Eq. {1) (see text). The vertical arrows
indicate the positions where ~cu2-~t ~= T2 holds. Be-
cause only the frequency response of ~)((3)

~
is important

for the determination of relaxation times, different
curves in Fig. 5 have properly been shifted vertically
with respect to each other for the ease of observation.
Therefore, relative magnitudes of ~)(( )

~
for different

curves are meaningless.

(T,') ', T, ', l~, —&, I «(~&), , (3)

where (b,&), is the inhomogeneous width. When
the condition of Eq. (3) is not a good approxima-
tion, an appropriate correction to the measured
frequency characteristic of ~)(

')~ is necessary for
the comparison with the curve given by Eq. (1).
In the Appendix of the present paper a practical
way is shown of doing this task, which corresponds
to a deconvolution procedure eliminating the
effect of finite width and shape of the resonant
absorption spectrum. The experimental points
after this correction have been sho'wn as closed
symbols in Fig. 5. It is found that the effect of

1
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FIG. 6. Variation of the relaxation times {T&' and T2)
with the spectral position derived from the results of
Fig. 5. The errors originate from the limited accuracy
of the fitting between theoretical curves and measured
points.

the correction is very small, being almost within
the experimental error, and that the expression
of Eq. (1) for the broad-band limit is applicable
in a wide range of ~&u, —ur,

~
. The solid lines are

the calculated results of Eq. (1) neglecting )(~)
and with the parameters (a) T,' = 2.0 ps, T, = 0.038
ps, (b) T,'=0.18 ps, T, =0.044 ps, (c) Tt =0.11 ps,
T, =0.053 ps, (d) T,'=0.17 ps, T, =0.10 ps, and

(e) T,'=0.37 ps, T;0.1-5 ps. The vertical arrows
in the figure indicate the positions where the re-
lation ~&u, —e, ~

=T, ' holds. As mentioned before,
the determination of relaxation times is neces-
sarily accompanied by an error originating from
the limited accuracy of optimum fitting. The re-
laxation times thus determined with this error are
shown in Fig. 6 as a function of the spectral posi-
tion. A systematic variation of T, and a notice-
able variation of the ratio T,'/T, can be recognized.
These results will be of value for investigating the
detailed nature of molecular interactions and en-
ergy transfer within the broad bandwidth of mole-
cular excited states.

In the course of the measurement we have found
an unexpected and serious feature of dye solutions,
in that the frequency response of the nonlinear
susceptibility ~x "~ changes largely from sample
to sample even for the same kind of dye solution.
A prominent feature of this kind is shown in Fig. 7
for three different samples of the same dye com-
pound which have been synthesized at different
times. Remarkable differences in nonlinear spec-
troscopic properties can be seen, although these

I
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responding to the values of
T

&
=0.36 psec (A), 0.053

psec (8) and 0.025 psec (C).
Relative magnitudes of

~

for different curves
are meaningless for the
same reason as described
in the caption of Fig. 5.

samples showed no appreciable differences in the
linear-absorption spectra and the result for a
specific sample was sufficiently reproducible. As
indicated in the figure, the change of.T, deter-
mined by fitting the theoretical curve extends
over about one order of magnitude. A similar
kind of change has also been found for a specific
sample, when it deteriorates when left either in
the state of solution in several weeks, or even in

the state of powder for a much longerperiod. At
present we do not. know and therefore cannot con-
trol the main factors which bring about such
changes. This fact makes it difficult to perform
a systematic study of relaxation properties of
.dye molecules and complicates the microscopic
interpretation of the experimental results. From
another point of view, however, this fact implies
a possibility of new applications of nonlinear mix-
ing spectroscopy. A brief discussion of this prob-
lem will be given in the next section.

We have also attempted to measure the frequency
response of ~x ~

for other dye solutions with
other solvent and/or other solute such as l, 1'-
diethyl-4, 4'-quinocyanine iodide in ethylene gly-
col, cresyl violet in ethanol, DODCI (3, 3'-diethyl-
oxadicarbocyanine iodide) in ethanol, and rhoda-
mine 6 G in water. Although the available data
were rather limited compared with the previous
dye solution, these new solutions exhibited a
variety of nonlinear spectra. The value of T,
evaluated from these results covered a wide
range of 0.02 —2 ps. The variation of relaxation

times with the sample- and experimental condi-
tions similar to that described before has also
been found even in a specific kind of dye solu-
tion. It seems therefore to be difficult or even
meaningless to specify a characteristic value
ef T, for a specific dye compound unless main
conditions sensitively affecting the nonlinear
spec tro s copic properties are specified.

IV. DISCUSSION AND CONCLUSION

In the present study we have demonstrated for
the first time the feasibility of measuring the
frequency characteristics of the nonlinear suscep-
tibility associated with the resonant Rayleigh-
type mixing. The main features of the measured
frequency response were in good agreement with

the theoretical predictions. Thus we were able
to determine the ultrashort relaxation times as-
sociated with electronic excited states of dye
solut. 'ions with reasonable accuracies.

The values of the transverse or phase relaxa-
tion time T, were found to lie mostly in the sub-
picosecond region and to be distributed over a
wide range of 0.02-2 ps 'depending on the dye
materials, solvents, spectral positions, and the
conditions of sample preparation and deteriora-
tion as described previously. These values can
be compared with those of dye solutions deter-
mined by other methods. Mourou' derived the
value of T~ = 0.6 —1 ps .for .cryptocyanine in meth-
anol by means of spectral hole burning with a mode-
locked ruby laser. From the nonlinear absorption
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characteristic s of an intense laser light, - Vahey and
Yariv'estimated the value of T, = 0.1 —1ps for eryp-
tocyanine in methanol and T, = 0.4 + 0.2 ps for DDI
(1, 1'-diethyl-2, 2'-dicarbocyanine iodide) in gly-
cerin. Although dye materials in these experiments
are different from ours, it seems r easonable that our
result gives roughly the same order of magnitude for
T, as those described above. Garside and Lim"
made a numerical analysis of ultra-short pulse
generation in mode-locked dye lasers on the
assumption of T, =0.05 and 0.065 ps. Our experi-
mental result provides a basis for the existence
of such short relaxation times. The value of T,
in the subpicosecond range has been explained by
a simple molecular collision mechanism in liq-
uids. 4 The results obtainable by the Rayleigh-
type mixing method under a variety of experi-
mental conditions may contribute to a more ad-
vanced understanding of the relaxation mechan-
isms. Our method will provide a value of T,
with improved reliability because it can in prin-
ciple be determined only from the. frequency
characteristics of the mixing process without
knowing any other physical parameters.

The variation of T, shown in Fig. 6 is not easy
to interpret, but seems to be physically reason-
able, because ao excited state mith higher energy
(shorter transition wavelength) may, in general,
tend to have a higher relaxation. rate. Although
the correct interpretation has not been accom-
plished, it is suggested that this behavior will be
associated with the variation of the nature of
different vibrational states in the excited elec-
tronic state. A discussion of dephasing mechan-
ism of vibrationally excited molecules in liquids
has been given by Fiseher and Laubereau. " Fur-
ther investigation of thi s charac te ris tie mill be
of value in clarifying the dynamical behavior of
excited molecules. This kind of result also pro-
vides basic data for advanced studies of the' mode-
locking behavior of tunable dye lasers and of ultra-
short pulse propagation in dye amplifiers and
saturable aPsorbers.

The large dependence of T, on the sample pre-
paration and deteriora'tion is much more diffi-
cult to interpret. The occurrence of some un-
controllable chemical processes such as poly-
merization, isomerization, or mixing of impu-
rities might be suggested, but none is conclusive
at present. It is well known that most kinds of
dye solutions suffer more or less from the deter-
ioration of the. ir quality when they are used as
materials in quantum electronic devices. The
large sample dependence of X

' described here
seems to be related, at least partly, to this gen-
eral feature of dye solutions. Much effort in both
physical and chemical aspects is required to

clarify the underlying mechanisms and to find the
conditions .under which reproducible results can
be obtained. We are convinced, however, that,
when this task is accomplished, the nonlinear
spectroscopic method of the present type will
serve as a sensitive means of discriminating new

aspects of molecular states which could not easily
be known from other types of experiments.

As for the longitudinal-relaxation time, less
accurate information has been achieved here, an'd

a more careful interpretation of the relaxation
time is required. The effective longitudinal-re-
laxation time T,' determined by fitting Eq. (1) has
been found to be distributed in a range of 0.1- 5

ps. Because of the relation T,'=(T, '+T, ) ', the
value of T,' gives a lower limit of both T, and T3,
the longitudinal- and spectral cross-relaxation
times, respectively. It is known also that the
shorter of T, and T, takes a value between T,' and

2Ty Because Ty corresponds to the fluorescence
lifetime and T, is expected to have very short val-
ue in dye solutions, "the relation T, &T, will hold
in most situations. It is therefore inferred that
measured T,' is roughly an indication of the cross-
relaxation time. This interpretation is consis-
tent with the fact that the values of T,' determined
here are much shorter than the fluorescence life-
time of dye solutions which generally lies in the
range of 10 -10 " s, and also consistent mith
the value of T, evaluated by Vahey and Yariv.
The dye, 1, 1'-diethyl-4, 4'-quinoeyanine iodide,
for which the measurement of X "was made in de-
tail, is nonfluoreseent. This has been explained
by' a rapid quenching mechanism of excited elec-
tronic energy due to the steric effect."For
such a dye, both Ty and Tg are expected to be very
short, which is also consistent with our observa-
tions. Because T, is usually much longer thanT„it can alternatively be measured in some cases

'
by a conventional transient emission or absorption
method. The value of T, thus determined can be
combined with T,' determined by the mixing to
give a more accurate value of T, through the re-
lation T,' = (T, '+ T, ') '. The introduction of par-
tially transient technique in the mixing experiment
will also bring a possibility of separate determina-
tion of this kind of combined relaxation times.

It is to be remembered that, as described in

papei I, the theoretical result of the nonlinear
susceptibility is more model-dependent in the
part closely connected to T, and T, than to T,.
When a multilevel model is appropriate, the ef-
fective longitudinal-relaxation time includes the
contribution of energy relaxation to other levels
(Sec. V of paper I). In some cases, an additional
term of y"~ other than that given in Eq. (1) must
be taken into account for the reliable determina-
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tion of T, and T, . More relaxation parameters
than T„T„andT, may be required in certain
cases for the more correct description of a ma-
terial system. The discrepancy of the values of
T,' in Figs. 3 and 4 may arise partly from this
model-dependent nature. The correct derivation
and interpretation of the longitudinal- and eross-
relaxation times depend on how the complicated
energy-level structure of real materials can rea-
sonably be approximated by a simple idealized
model. This problem must further be explored
based on the individual nature of a specific ma-
terial to be investigated. The study of micro-
scopic relaxation mechanisms involved in T„
T„andT, thus determined is also a problem re-
maining to be solved.

Since the basic concept of the resonant Rayleigh-
type three-wave mixing is not limited to a speci-
fic kind of material group, it can further be ap-
plied to investigate relaxation processes associ-
ated with excited states of other kinds of mater-
ials such as inorganic crystals, although the con-
quest of additional experimental difficulties and
the careful interpretation of results are required.

In conclusion we have shown that the resonant
Rayleigh-type three-wave mixing is really a use-
ful spectroscopic means for the determination of
ultrashort relaxation times in the range of
10 "-10 s. In view of the undeveloped situa-
tion of ultrashor t pulse laser technique in this
extre me time region, the pre sent me thod will
serve as a practical and reliable way for the
above purpose with further refinements in both
the theory and the experiment.

1
8'(~o)

Tz + z(&do —(dz)

(A2)

1
g(~o) + z(o'o- ~o)

1
j ' d(d p

Tz +(z z'oo—zdz)
(A3)

(A4)

where T, and T, are the longitudinal and trans-
verse relaxation times, N is the atomic number
density, p.

„

is the electric-dipole matrix ele-
ment, pD =p„"—p„, is the equilibrium value of
the difference of diagonal density-matrix elements,
and g(&uo) is the normalized distribution function
characterizing inhomogeneous broadening (see
Sec. II of paper I).

When the variation of g(zoo) is not slow enough
compared with the remaining part of the integrand
of Eqs. (A2) and (A3), the function g(&uo) cannot be
taken outside the integral, and the integration
must be performed on an appropriate assumption
of functional form of g(& 'o) .

The shape of the absorption spectrum corre-
sponding to S, -S, electronic transition of dye
molecules may be approximated by a Lorentzian
shape for the convenience of integration. We there-
fore assume g(vo) to be of the form
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where &o, and (~~); are the center frequency and
the HWHM (half-width at half-maximum) of the

inhomogeneous broadening, respectively. In view

of the conditions oz, /(A&u), »1, &,T, »1,
~
(&, .—&o,.)/

&, I s (n ~); (g = 1, 2, 3), the result of integration of
Eqs. (A2) and (AS) can be expressed in good
approximation as

APPENDIX: DISPERSION CHARACTERISTICS

OF X&3~ INCORPORATING SPECTRAL SHAPE

The third-order nonlinear susceptibility XR ~(&o,

=2&o, —&u, ) for an inhomogeneously broadened two-
level model is generally given by

(o) -2z
I alizNopD a

Tz + z(~z zoz)

I~ I
L 202 +z(~o —~z)] z(&o —~z)

(A5)

1 1

(zi'h )r +z (t&o Rz) (6R) T'+((dzo (dz) (A5)

where (A~)& ——(b, w);+ To ' represents the HWHM of
the total spectrum.

Inserting the expressions of Eqs. (A5) and (A6)
into Eq. (Al) and making some rearrangements of
the resulting formulas, we finally obtain the ex-
pression for the absolute value of X& as(3)
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FIG. 8. Calculated curves of i. ($, p, x), a correction factor for the frequency response of the nonlinear susceptibility,

representing the effect of finite spectral width «a material transition ( =(~~ -~~)/ (&)~ 'ri= (g ~f)/ (+}g)
l(6)z. . ~ and (A~)z are the central frequency and the HWHM of the absorption band, respectively. (a) $g &0,

(b) $q&0.

Ix~'I =Ixs'olL(4 n r)

2ml g„l'Ivp~' &,T,6 'f
IXxol —

][I+T (~ ~ ) ][I+X (~ ~ ) )y
P

[(I.r)"n'(I — )']"
7T +(d l+( )r( n')

a/2
(I +r —$')' + [2k + +I(rh —'0)]'

[(I +r)'+ q'(I- r)'] [(I + h' —n')'+ 44] ~

where $ =(~, —~,)/(&~)„q=(~, —&u, )/(&~)r and
r = T, '/(&(u)„.

The first factor lys'o~l shows the same frequency
characteristic for the variable co, —(d, as that of
the resonant part of Eq. (I) corresponding to the
case of broadband limit [(hv), »T, '& l&u, —uj, l].
Therefore, the function L($, q, r) represents a
correction factor for the finite inhomogeneous
width, and it has been normalized so that L(0, q, r)
= l. In the limit of r- 0, the factor f becomes

The calculated result of L($, q, r) is shown in
Figs. 8(a) and 8(b). The analysis of the experi-
mental data using this result can be carried out
by a successive approximation in the following
way. Because (Au&)r corresponds approximately
to the HWHM of a.ctual absorption band, $ and q
can immediately be known from a given condition

of input light frequencies. Then, we use L($, q, 0)
as a first approximation to deduce lxz'&&~l and to
determine T,. The value of r = T, '/(b ~)r thus ob-
tained is used to give a second approximation of
L($, q, r) which again serves to determine a more
correctvalueof T„and the same procedure is
repeated. Actually only one or two cycles of this
procedure is sufficient in most cases, because
the correction factor 1. affects little the essential
feature of the frequency response curve of y

' .
. The influence of the difference between Lorentzian

and actual spectral shapes will therefore be in-
significant because it brings about only very small
higher-order deviations. As has been shown in

Fig. 5, the amount of this correction is almost
within the experimental error or within the ac-
curacy of the fitting to theoretical curves in our
present experiment.
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