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Picosecond relaxation measurements by polarization spectroscopy in condensed phases
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A frequency domain technique is demonstrated which permits the determination of the homogeneous
linewidth and relaxation rates of inhomogeneously broadened transitions in crystals, liquids, and glasses. The
density-matrix formalism is employed to explain the origins of the intensity-dependent dichroism and
birefringence observed in these experiments and to extract the relevant relaxation times. The samples
initially studied were liquid solutions of the organic dyes malachite green and 1,3'-diethyl-2, 2'

quinolylthiacarbocyanine iodide. The ground-state recovery times were- found to be 1.2+0.1 and 3.4+0.4
ps, respectively, for the two dyes in water solution. The transverse relaxation times were estimated to be less
than 0.02 ps. The present technique is compared to resonant Rayleigh-type three-wave mixing and to time-
resolved spectroscopic techniques.

I. INTRODUCTION

Many techniques of laser spectroscopy have been
developed to resolve fine structures in the absorp-
tion and emission spectra of vapors. ' The overall
width of such a line often results from inhomo-
geneous broadening due to the random distribution
of thermal velocities rather than from the line-
width of the transition of the indjvidual atoms or
molecules. In these cases the homogeneous line-
width of the transition can be measured by tech-
niques in which a certain class of molecules within
the velocity distribution selectively interacts with
the laser light. '

In crystals, glasses, and liquids many transi-
tions are inhomogeneously broadened by the ran-
dom distribution of local strains at the sites of
the absorbing centers. Some of these systems
have been studied by the technique of laser-induced
fluorescence line narrowing and by using coherent
optical transients. "~ Nonfluorescing systems
with short relaxation times have proved more
difficult; some relaxation parameters have, - how-
ever, been estimated using picosecond lasers or
three-wave-mixing spectroscopy. "'-

We report here a technique in which the dichro-
ism and birefringence induced in an absorbing
sample by one laser field is detected by another.
Our technique is similar to the polarization spec-
troscopy of Hansch, Wieman, and Teets and is
related to the Rayleigh resonance work of Yajima
in the same way that our previous Raman-induced
Kerr effect technique (RIKES) is related to co-
herent anti-Stokes Raman spectroscopy (CARS)."'
As in the case of RIKES the present technique is
easier to execute experimentally and the results
are more readily interpreted.

The overall scheme of the experiment is dia-
grammed in Fig. 1. A linearly, circularly, or
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FIG. 1. Experimental setup. P, L, and M are the
polarizer, lens, and mirror, respectively. The dye
laser beam which goes through the crossed polarizers
p& and p3 is the probe beam.

elliptically polarized pumping wave at frequency
e, is incident upon an absorbing sample. The
pumping wave creates an intensity and frequency-
dependent birefringe and dichroism which
is probed by a second wave at frequency ~,.
Generally this probe wave is linearly polarized
at 45' to the major axis of .the elliptically polar-
ized pump. The nonlinear interaction produces
a polarization component at the probe frequency
that is orthogonal to the initial probe polarization.
This new polarization component can then be
detected in a variety of ways and its intensity
plotted as a function of the difference in laser
frequencies. Note that in contrast to the three-
wave-mixing technique, there is no wave-vector
matching condition. '

The dielectric polarization giving rise to this
new polarization component can be found by solv-
ing the equations of motion for the density matrix
describing the absorbing system. The resulting
electric field and optical intensity can be obtained
by integrating Maxwell's wave equation in the
slowly varying amplitude and phase approximation.
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We shall develop a simplified model for the dy-
namics of the absorbing medium which parallels
Hansch and Toschek's treatment of the vapor
case. '

Section II will describe this polarization spec-
troscopy technique in more detail and outline the
relevant solution of the equations of motion for
the density matrix of an inhomogeneously broad-
ened two-level system. Section III will describe
the- details of our experimental technique and Sec.
IV will give the initial results obtained on absorb-
ing organic dyes in liquid solution.

Ib&

II. THEORY

The simplest energy-level scheme which real-
istically approximates the dynamics of organic
dye systems is diagrammed in Fig. 2.' At thermal
equilibrium, low-lying vibronic levels within the
ground-state manifold are populated. These levels
are labeled ~a). The incident radiation couples
these levels to sublevels of the first excited sin-
glet manifold labeled ~b) in Fig. 2. The excited
level can decay directly back to level ~a ) at rate
y„or it can decay into a manifold of reservoir
states at rate yb. The total decay rate of the
excited state is then ~b =yb+y, . The reservoir
state —which can be thought of either as the lowest
triplet level or as a vibronically excited level of
the ground electronic state —does not interact with
the laser fields. Molecules in the reservoir state
decay hack to the ~a) levels at rate I', . The total
population of states Ia), ~b) and the reservoir
is assumed constant. We introduce a transverse
decay rate I', {I',»„ I"„or ~I' ~) which de-
scribes the dephasing of coherent superpositions
of levels ~a) and b). , where I'o=I', —y, .

Such a model neglects several potentially in-
teresting phenomena. In particular, cross re-
laxation among levels coupled by the radiation
field is included only as a dephasing process.
The related phenomenon of spectral diffusion is
ignored as are the effects of reorientation of the
anipotropic absorbing species in a liquid envi-
ronment. ' " Selection rules are also assumed
to prohibit transitions between states having the
same energy. With these assumptions, it becomes
possible to model the absorbing species as an
ensemble of two-level systems with a distribution
of resonant frequencies co,. Such a model, though

incomplete, is adequate to describe many of the
phenomena observed and to permit the extraction
of certain relaxation parameters from the experi-
mental data.

The equations of motion for the elements of the
density operator describing the absorbing species

/
'(o) 'I(

FIG. 2. Energy-level scheme considered in our
theory. Real transitions are made from ground level
) a) to the excited state

~ b) . The phenomenological
reservoir state is represented as )c). y„yb, and &,
designate population decay rates.

are then

P ( tl@)(+ b Pbo Pob+b ) + D Pbb

Pbb (tl@)( nb Pba Pab+ba) ~b Pbbi

Pb, = (tl@)&b,(P,a Pbb) —(I', +bc', ) Pb. , (~)

where the interaction Hamiltonian has nonvanishing
matrix elements

p, , ( E e-ia)lf +Ei' eiuit
bg ab ba

E e italsi E g e f(02i) '(4
p' is the equilibrium population of level ~a), and
the lqvel ~b) is assumed unpopulated at equilib-
rium. The total dielectric polarization is given
by j

P =N g %0 I gb Pbg + P,be Pgb dMO P
moo

where g(id, ) is distribution of resonant frequencies
describing the total absorption band, N is the
density of the absorbing species, and the bracket
represents an orientational average over the
ensemble.

The steady-. state solutions of this set of equa-
tions can be written as a sum of Fourier compo-
nents with amplitudes proportional to ascending
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powers of the electric field amplitudes:
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These amplitudes can be calculated from Eqs.
(1)-(3)by the technique of successive approxi-
mation. The term in Eq. (7) of interest for po-
larization spectroscopy oscillates at frequency
~, and is-bilinear in the amplitude of the field
at &,. The terms fulfilling this condition and
having resonant denominators can be grouped
together as

1ip' I i(„E,I
'

p,„E, I' I', + I', 1
I', ai(ta, —ta, ) I'. I', I', —((ta, ta, )+ I', aa(ta, —ta, ))
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1 1
~

~

~

~ ~ ~

I'2 —i(ar, —&u, ) I"2+i(&O2 &O2)
(6)

while other nonresonant terms make only slowly varying complex contributions. The intregal in Eq. (5)
can be performed to yield the third-order resonant nonlinear polarization vector, as follows:

~(2&(
'

)
2((Nile2p'I p.e2 E, l'pe2 E,

( )
I'(&+I'2+1'e 1 1

~

~ ~

~

1"~
+ [I",—a(ta, —ta, )][I'a —i(ta, —ta, )] )

where the width of the distribution g((I&,) is assumed
much larger than r.,r„and I",. It is convenient
to express this result in terms of a third order
nonlinear susceptibility tensor

'l l ''I ~'I
(I;+ik)(I'a+i'}) (13)

is a line-shape function common to all tensor
elements in the absence of reorientation. Again
the brackets refer to an average over the initially

P( (M2) Z XBk&(-%2I M&I —(I&&I (I&2)E~((I)1)
j2 k, l

&& E 2((d,)E,((d ),
where the subscripts now refer to Cartesian co-
ordinates, and by convention the pairing of co-
ordinate and frequency is respected. ""Only
two elements of the X"' tensor are necessary to
describe the polarization spectroscopy phenomena

(3)
X1212 ( 2I 1& li 2)

=2~&I'&~.„1„.I.„~„.)f(~), (»)a
(3)

X1122 ( 2I li 1& 2)

=2~&f'(V...i.,u...u„,.)f(&) (12)

In Eqs. (11) and (12), 4 = &o, - &u2 is the frequency
difference between the two lasers and

isotropic orientational distribution.
The line-shape function in Eq. (13) is quite gen-

eral, describing a two-level system unconnected
to nonabsorbing reservoir states when -~~ =y, =y&

as well as a two-level system relaxing only through
a reservoir when I'~ = ~,. The lifetimes of the
upper and lower levels are completely uncon-
strained. In the systems reported here, the var-
ious relaxation rates appear to fulfill the inequal-
ities I"2» I'2&1', = ~1'~ . The first term in braces
in Eq. (13) represents the effect of a steady-state
change in the difference of populations of levels
a) and b). This saturation term is the one

exploited in the Doppler-free techniques of po-
larization spectroscopy. It yields a Lorentzian
peak of width 2I', (HWHM) in a plot of ImP(2&(~2)

as a function of ~. The remaining terms within
the braces result from oscillation of the population
difference at frequency ~. If ~,» I'„I'~ the second
and third terms contribute generally Lorentzian
peaks with widths equal to the longitudinal relax-
ation rates of the upper and lower state. Since
the area of these two peaks are equal, the nar-
rower will be more prominent in the spectrum.
Figure 3 is a series of plots of ~f(&) ~2 [which is
the quantity directly measured in this experiment;
see Eq. (13)] for various values of I'2/I', and
I'2/I', . Plots such as these are fit to our experi-
mental data in order to extract relaxation rates.
Generally only the fastest (i.e., I',) and slowest
(i.e., I',) rates can be at all determined, the
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where n, is the linear index of refraction at ~,
and

1 eg 1 8E
P =-E e' P2Z s"P'

2 j.

With the boundary condition E,(z =0) = 0, we obtain

zn, c —p,.

Clearly the maximum intensity is obtained when

a = [I/(P, —P)] ln(P, /P)

which implies an optimum optical density of 0.48
for the sample if P=3P, Inpractice it is con-
venient to work with samples which transmit
somewhat more than the optimum amount cal-
culated in this vray.

HI. EXPERIMENTAL DETAILS

The experimental apparatus used in this work
is essentially the same as the one used in our
previous work on Raman-induced Kerr-effect
spectroscopy and related experiments. " Our
present setup, which has been modified for this
work, is shown in Fig. 1. Two dye laser beams
with 8-nsec duration were overlapped temporally
and spatially inside the sample cell using 20-cm
focal-length lenses and properly situated mirrors.
Two dye lasers were simultaneously pumped by
the Molectron UV1000 N, laser at the repetition
rate of 15 Hz. The typical peak pump laser pow-
er was 10-30 kW depending on the particular laser
dyes used. The linearly polarized, weaker probe
beam goes through the crossed-polarizer after the
sample and analyzed with the Spex 1401 double
monochromator and a photomultiplier in conjunc-
tion with a Molectron Lp 20 boxcar.

The pump beam waS most of the time linearly
polarized with 45' angle to the probe beam. When
needed, 4 X plate was utilized to alter its polar-
ization. The probe and pump wavelengths were
chosen to lie within the absorption, peak of the
investigated dye solution, while e, was changed
by turning the grating of the, pump laser over the
region centered around &,.

The counter-propagating geometry of the two
beams were chosen to avoid the unwanted stray
light from the pump beam going through the spec-
trometer. This made it possible to scan con-
tinuously through the ~, =(d, resonance condition.
This was the single most essential change from
the previous HIKES setup, where two beams with
significant frequency difference were propagating
in the same direction and minor spatial filtering
and use of spectrometer are sufficient to eliminate
the pump beam.

The sample cells were 1-2-mm thick and ha'd

thin glass windows (0.15-mm thick) to reduce
the effects of birefringence. The pump laser
power was monitored and recorded in the chart
paper simultaneously with the signals. We also
recorded the pump laser transmittance through
the very samples we used in the polarization
spectroscopy experiment. Therefore, any experi-
mental artifacts arising during the frequency scan
could be easily discovered. and eliminated.

Whenever the dye laser cavity was realigned
(e.g. , to alter the wavelength 'radically) the grating
positions in the laser cavity were calibrated with
respect to absolute wavelength, using the Spex
1401 monochromator. At the same time we care-.
fully examined the laser line shapes at different
wavelengths. The half widths (HWHM) of the dye
laser beams were found to be 0.4-0.5 cm ' de-
pending on the dyes. With an intracavity etalon,
the probe beam half width could be reduced to
0.03 cm ' (HWHM). Typical scanning speed of
the pump laser grating was about 0.1 cm '/sec.

In contrast to our experience with three wave
mixing, the polarization spectroscopy signal was
very easily found with any sample concentration
and the cell length. Qnce optics were adjusted
for best signal level, the only moving part during
a run was the pump laser grating.

The measurements were made at room temper-
ature on the organic dyes: malachite green,
malachite green oxalate (obtained from Eastman
Kodak Co.), and 1,3'-diethyl-2, 2' quinolylthia-
carbocyanine iodide (Koch-Light Laboratories,
U.K.) dissolved in water or ethanol, and an iodine
in C,H, .

These samples have absorption bands near
common dye laser wavelengths and exhibit neg-
li.gible absorption in the uv at twice the one-
photon absorption region. Most of them are known
to haye relaxation time constants too short to be
easily measured using coherent optical transients.

Care was taken in preparing and handling the
simples, and an absorption spectrum of each
solution was measured to cheek any impurities.
We tried to use freshly mixed samples in each
experiment and the solutions were kept at reduced
temperatures if storage was necessary. Thi.s
precaution was employed because we found that
temperature and light play a role in discoloring
the samples when we kept identical solutions
(particularly malachite green solutions) under
various conditions over a; long (one week) period
of time.

IV. RESULTS

In all the samples studied, the experimental
traces show a distinct peak centered at co, —&,=0
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FIG. 4. Experimental traces of the two dye samples.
The laser wavelengths are near the center of the
absorption peak of each solution. Note the horizontal
scale difference between (a) and (b).

on top of enhanced background signals. As in
Sec. II, u, and w, refer to pump and probe beam
frequency, respectively. The signal line shapes
are mostly symmetric with respect to zero-fre-
quency difference between v, and ~„and the
signal reaches the maximum value at w, =~,. In
general the line shapes are similar in most of the
samples with only the half width of the central
peak varying with the absorbing species. For
instance, malachite green dissolved in water
exhibits a peak of half width, ll cm ' (FWHM),
while only a.3-cm '-wide peak is observed in
cyanine dye solution dissolved in water. The
typical traces are shown in Fig. 4. Detailed com-
parison with theory on the line shape will be dis-
cussed later, but several general observations
deserve mentioning first.

The signal levels from the absorbing molecules
were extremely high and the effects of linear
birefringence from the imperfections in optics
was negligible in comparison. This is in contrast
to the case of HIKES in transparent samples in
which birefringence can notably distort line shapes.

I I I I I I

I

I I I

O.I

The possibility that our detected signal was stim-
ulated emission. or fluorescence can be excluded
by the fact that the signals clearly disappeared
when either pump or probe beam was blocked.
We have also measured the input laser power
dependence of the signal in cyanine dyes and in
malachite green solution both at the peak (&o, —&o,

= 0) and away from the peak (v, —&o, -30 cm ').
We have found that our signals depended linearly
on probe laser intensity and quadratrically on the
pump intensity over a range of 100 to 1. The
results are shown in Fig. 5 for the cyanine dye
solution. These measurements are a good in-
dication of the fact that our signals do arise from
g"' and higher-order effects or saturation of the
nonlinearity need not be considered in our data
analysis.

The contributions to the detected signal from
the solvent in which the dye molecules are dis-
solved, should be also considered. To find its
particular characteristics, the nonlinear signal
was separately measured with each pure solvent
and the line shapes were compared to those of
the solution. %e found that the solvent contrib-
utions not only had different linewidths and peak to
background ratio, but these signals were two

log I„
INPUT LASER INTENSITY

FIG. 5. Dependence of signal intensity on input laser
intensities is shown in log-log scale. Experimental
points for probe and pump beam are represented by X
pulses and solid circles, respectively. The theoretical
linear and square law dependences on probe and pump
intensity are shown with solid lines.
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FIG. 6. Signal intensity vs the pump beam ellipticity.
The circles are experimental points and a typical error
bracket is affixed to one point. The solid line r'epresents
the theoretical curve obtained from Eq. {15).

to six orders of magnitude smaller than those
from the dye solutions. Thus, any interferences
or complications due to the solvent signals, can
be excluded from our analysis. It is worthwhile
to note that the solvent signals are not resonantly
enhanced through one-photon absorption and will
decrease as the concentration of the absorbing
species is increased.

We also experimentally investigated the line
shapes of the signal as the polarization of the
pump beam was changed by use of-& X plate. As
predicted in Sec. II, essentially the same line
shapes were observed regardless of the ellipticity
of the pump beam. Only the signal level decreased
by a factor of 30-50 as the pump beam changed
from the linear to circular polarization. By care-
fully measuripg this polarization dependence of the
signal we were able to deduce the relative value
of the two tensor elements of X"' which influence
our signal. From Eq. (14) in Sec. II, we can see
that f((d, ) cc ~)t»» —y,», ' for circular pump and
that the signal will be zero if y„„=X„„.In Fig.

, 6 the signal level for malachite green in water
normalized to the linear case is plotted as a 'func-
tion of P, which specifies the ellipticity of the
pump beam. 'The solid line is the calculated curve
using Eq. (15) and with K, and K, values as 0.14
and 0.03, respectively. Similar values were
deduced fop- other samples also. This observation
is evidence that the Kleinman symmetry holds
approximately even in the one-photon resonance
region. "

Experimental traces were analyzed using the
formula given in Eq. (13) of Sec. II. Each data
trace waS visually fit to the computer generated
plot with the assumption that F,» Fb, I,.- The
central peak is rather- insensitive to the I', values
and reflects the longitudinal relaxation rates

(I'„F~) only. In fitting our data, we further as-
sumed that ~b&I', = I'~, which means that excited
molecules relax mostly through radiationless
process and that the relaxation rate from state
~b) to the reservoir state is faster than that from

the latter to the ground level a). Then the half
width of the central peak is the measure of X'„
the ground-state recovery time and other param-

, eters only minutely modify the fine shape. Con-
sidering the fact that the central peak half width
is much larger than the laser half width, con-
volution with the laser linewidth was not carried
out.

With &,/F, ~20, we deduced 1/I', to be 1.2+0.1
psec for malachite green dissolved in water and
3.4 + 0.4 psec for the .cyanine dye in the same sol-."

vent, with incident laser wavelengths at 6100 and
5800 A, respectively. These wavelengths almost
coincide with the center of the absorption peak of
each solution. We also observed that malachite
green and malachite green oxalate exhibit the same
central-peak half width. It is interesting to note
that had we used~the assumption 1'b = I'„ instead
of I'~& I"„1/I', of malachite green is deduced to
be 0.9 psec; only 25% different from 1.2 psec
deduced above. This indicates that as long as the
ground-state recovery time (1/I', ) is longer than
the upper state (~b) ) depopulation rate (1/I', ),
our data definitely provides a lower limit of
1/I', = 0.9 psec and an upper limit of 1.2 psec.

Equation (9) shows a high degree of symmetry
between the rates 1, and I'b. The arguments of
the previous paragraph also apply to the case
I,"b&I', in which the equilibrium population of the
lower level recovers more rapidly than the upper
level decays. This case can occur theoretically
when the reservoir state is thermally populated,
but is not thought to be common. 'While there
thus can be some ambiguity in the interpretation
of the width of the central peak of the polarization
spectroscopy spectrum without prior knowledge
of the relative magnitudes of I, and lb, that width
does represent the slowest population decay rate
in the a) — b) level system.

Two different measurements of relaxation rate
in malachite green in methanol or ethanol were
recently reported. "" Both techniques involve
ultrashort (psec) laser pulses and the measure-
ments were carried out in time domain. Ippen
and Shank have measured the absorption recovery
time at X =6150 A to be 2.1 psec, but they con-:
sidered this as tPe ground-state repopulation time
and predicted a much shorter excited state ( ~S, ) )
lifetime based on the quantum yieM measurement
of Forster et al." Their theoretical model is
directly compared to ours if we set I'D» ~,. In
this case, our value of ground-state recovery
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time (1.2 psec) is in reasonable agreement with
theirs. Another, but more recent, measurement
by Wirth et al. utilizes different techniques: two-
photon fluorescence measurement. " By observing
the fluorescence from ~S, ) level. after consecutive
two-photon absorption, they deduce the ~S, ) life-
time as 5 +3 psec. (~S, ) and ~S, ) are first and
second excited electronic state, respectively. )
This value is quite a lot larger than Ippen and
Shank's prediction of the ~S,) state lifetime, and
also differs from ours even if we assume that
I'&» I",. However, in view of their experimental
difficulties such as the large laser pulse width
(13+1 psec) and very weak S,-fluorescence in-
tensities, their results do not seem to be seri-
ously inconsistent with ours. Unfortunately, to
our knowledge no relaxation rate measurement
exists on the cyanine dye we studied.

As the laser wavelengths were varied from the
center to different poi.nts of the absorption peak,
we observed that the central-peak half width is
somewhat altered. Specifically, the half width
of the inalachite green at 5800 A is 24% narrower
than that at 6100 A, but for the cyanine dye, it
is about 20%%uo narrower at 6100 A than that at 5800
A. If we assume the same theoretical model at
all incident wavelengths, our results indicate
that the ground-sfate recovery time is longer at
the center of the absorption. We can also spec-
ulate that this change arises from neglecting
spectral diffusion or cross relaxation mecha-
nisms in our theory. In any case, we do not see
an order of magnitude change in this half width
as Yajima et a/. have indirectly deduced from an
effective T, measurement using a CARS technique. '

The polarization spectra of molecular iodine
dissolved in benzene were quite different from
the spectra obtained in the organic systems. In
iodine, the only feature attributable to the ab-
sorbing species was a peak centered at 4=0 with
a shape that reproduced the spectrum of our pump
laser. We interpret this observation to mean that
all of the lifetimes and the dephasing time 1/2,
in the iodine-benzene system are longer than the
10 psec that represents the longest relaxation
time leading to a resolvable linewidth with our
laser system. Previous papers have shown that
the lower level recovery time of this system is
= 1 nsec, and our measurements imply a lower
limit on 1/I', of 10 psec."

The theory presented in Sec. II implies that
broad structure observed in the spectra of the
organic dyes should have a width 2~,. This fea-
ture of the spectrum arises simply from the in-
tensity dependent dichroism that is produced when
the polarized pump laser bleaches one set of
molecules and not another. On a frequency scale

of a few tens of cm ', this broad structure appears
quite flat, which implies a dephasing time &0.1
psec for these organic samples.

It is necessary to scan a wider range of 4 in
order to obtain a more exact estimate of ~, from
the structure of this background feature. The
range of frequencies, necessary in such an ex-
periment, exceeds the continuous tuning range
of our lasers. We have, however, examined the
broad background structure of the cryptocyanine
dye dissolved in ethanol using wavelerigths X,
~5800 A and 6100&X,&6400 A. Thus we were
able to scari the range 850&4&1600 cm '. In this
region the nonlinear signal still was dominated by
the saturation background of the absorbing species.
The polarization spectrum roughly paralleled the
absorption spectrum in this region, implying a
dephasing time less than 10 fm sec. Similar re-
sults were also obtained in malachite green.

Recent data on the time evolution of the absorp-
tion of similar systems obtained using picosecond
lasers supports our contention that the homoge-
neous linewidths of transitions in these organic
dyes are essentially equal to the width of the
absorption spectrum. " Qn the other, hand, the
line shapes observed and spectral hole-burning
experiments have been interpreted to imply a
homogeneous linewidth of order 100 fm sec in
some other organic dyes. ""Careful fitting of
subtle features of the observed lineshape func-
tions were necessary in obtaining these contra-
dictory results, while our estimates of I', depend
only on the presence or absence of a resonantly
enhanced signal at a particular value of 4.

The analysis leading to Eq. (9) assumed that the
distribution of resonant frequencies was wider
than the homogeneous linewidth of any one tran-
sition. If this assumption is invalid, one can
expect to find discrepancies between the observed
lineshapes and the function in Eq. (13). Such a
discrepancy. does appear in the ratio of the maxi-
mum signal observed at ~ = 0 to the background
level due to the component of width 2?',. Equa-
tion (13) implies that the ratio of detected inten-
sities should be 4:1, since at 4 =0 the contribution
of the first term in braces in Eq. (13) equals the
sum of the other three. In fact this ratio varies
from 3.2: 1 for malachite green oxalate in water
solution, to less than 2: 1 for the cyanine dye
in high-viscosity solvents. More complex models
of the dynamics of density matrix fail to account
for this discrepancy. The nonresonant terms
neglected in the analysis of Sec. II are not expected
to be large enough to cause such a significant
change in the peak to background ratio. One must
therefore conclude that the simple model presented
in Sec. II does not completely describe the dy-
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namics of absorbing organic dyes in liquid solu-
tion.

V. CONCLUSIONS

We have described a technique of polarization
spectroscopy that is useful for elucidating the
relaxation rates of transitions in condensed media,
and have presented a simple theory which de-
scribes the expected phenomena. Significant parts
of this theoretical model are confirmed by a series
of experiments performed on absorbing species
in liquid solution. The discrepancies observed
appear related to the complexities of these sys-
tems, rather than to any intrinsic limitation of
the technique. Pelaxation rates have been de-
termined which are consistent with previous mea-
surements and with prior expectation.

The technique proposed may prove most useful
in studying relaxation phenomena in crystals and
glasses in spectral regions where reliable pico-

second lasers do not yet exist. Time-domain
measurements in such systems cannot now be
conveniently performed, but tunable lasers suitable
for polarization spectroscopy now cover the range
from 3400 A to 3 p,m. Systems with relaxation
times up to several nanoseconds can be studied
using single-mode lasers, but the technique is
more easily applied to phenomena occurring on
the picosecond and subpicosecond time scale.
The polarization spectroscopy technique therefore
compliments previously developed methods em-
ploying coherent transients or other forms of
wave mixing.
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