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A nonperturbative analysis (in one of the fields) of the Rayleigh-type optical-mixing signal in an
absorbing medium shows that it is more sensible to saturation than the effect that could be expected
from ‘“‘absorption saturation arguments.” We also report the observation of such high-order effects
in the organic dye malachite green. We have found that an effective two-level system model with a
longitudinal relaxation time of 1.1+0.2 ps, a transverse relaxation time of 0.13+0.05 ps, and a tran-
sition moment of 1.2 D account for the deviation from the third-order regime. However, the fre-
quency region of the data that follows the predicted spectral deformation is power dependent and it

shrinks as power increases.

I. INTRODUCTION

The use of two optical fields E; and E, of frequencies
w; and w, to induce population oscillations at the frequen-
cy Aw=w|—w, in a material medium and the simultane-
ous observation of the scattering of these fields (or anoth-
er field) has been very powerful for the determination of
the longitudinal relaxation time 7T'; and/or the transverse
relaxation time 7,. Frequency-domain experiments as
Rayleigh-type optical'!~> mixing (RTOM), polarization
spectroscopy (PS),*°> and the three-laser-grating tech-
nique®’ (TLG) of Siegman fall within this category.

In a PS experiment the phase-memory information
(T,) is extracted from hole-burning effects rather than
from population oscillation. The TLG technique of Sieg-
man is not expected to be sensible for the determination of
T,. Recently, time-domain techniques as two-pulse?
scattering (self-diffraction) -and three-pulse’ scattering
(transient-induced grating) have been demonstrated to be
sensible to T',.

The lowest-order nonlinear response involved in this ex-
periment is the third-order susceptibility; however, some-
times the experimental situation is such that it is not pos-
sible to stay within this perturbation order. Therefore it is
important to examine first, how important are the next
terms in the perturbation expansion, and second, how to
extract more information from these high-order effects.

In this paper we show, using a nonperturbative treat-
ment that the RTOM signal at w3;=2w;—w, saturates at
power levels significantly lower than those expected from
the simple saturation absorption arguments. We also re-
port the first observation of this high-order effect in
malachite green and use it to estimate the transition mo-
ment.

II. THEORY

Let us consider two incident light waves of frequencies
®; and @, nearly resonant with a transition (a-—b) as-
sumed inhomogeneously broadened. The density-matrix
equations describing this system are
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where pp =py, —pes, the superscript (0) denotes equilibri-
um value, pp, is the electric transition moment, E; and
E, are the electric field amplitudes of the light waves, and
@y is the resonant frequency of the transition.

In order to obtain py,(w3) we solve the above equations
simultaneously for pg,(®;), pplws—w1), peplw;—2w0),

“and pg(—w;) after finding the zeroth-order solution in

E,. The only restriction is that we keep E, at first order.
In this way we obtain the following relations:
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and
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The component p(bi)(a)s) is the lowest-order solution pre-
viously reported.? The signal is proportional to the square
modulus of the complex polarization

P=N f_°°w { Poatbas )8 (@0 o , (12)

where N is the density of the absorbing species, the angu-
lar brackets denote an ensemble average over the initially
isotropic orientational distribution, and g(w,) is the dis-
tribution of resonant frequencies w,. We will introduce
the following approximation for the complex polarization:

P=N f_wm (P YF(S)g (wo)dwy (13)
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The right-hand side of Eq. (13) is the scalar contribu-
tion to the nonlinear polarization. Also, let us work with
the same polarization for the signal pump and probe
fields, and write the scalar equation

P =X 4E3E} exp(—iwst) , (15)

where X is an intensity-dependent effective nonlinear
susceptibility.

The high-order contribution to X is contained in the
function F(S). It has two saturation factors which could
be named as dc and ac saturation factors. The dc satura-
tion factor accounts for the dc change of the population at
all order in the pump field, and is well known in absorp-
tion saturation experiments. The ac saturation factor ac-
counts the feature of the ac component of the population
change.

It turns out that the fifth-order contribution to the sig-
nal at w3=2w,—w,; arriving from the second-order expan-
sion of the ac saturation factor are the same as those
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found by Yajima et al.? The high sensibility of the
RTOM signal to saturation effects can be seen if we con-
sider the limiting case |A| <<1/T, 1/T, in Egs. (9) and
(10). In this case we have that

D;j=D;, j=1,2,3
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Introducing this approximate expression in Eq. (8) we ob-
tain
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From this equation and Egs. (12), (13), and (15) it follows
that the effective susceptibility is

Pra(@3) E2E} exp(—iwst) .
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If the inhomogeneous width (Aw); is broad enough to
satisfy the condition

(Awy)>>T3', T,

the integration of Eq. (16) can be carried out by taking
g (wg) out of the integral, leading to
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Note that this power dependence is stronger than the
well-known (1 + 4S)~1/2 power dependence for the ab-
sorption of the pump beam. Therefore, our saturation ef-
fect will be observable at significantly lower values of S
than in the case of saturation of the absorption in hole-
burning experiments.

X eff <

III. EXPERIMENTAL RESULTS

In order to observe the above-mentioned high-order ef-
fect we choose the organic dye malachite green on which
small absorption saturation effects have been qualitatively
reported by Trebino et al.” Organic dyes are not simple
systems. It has been learned from hole-burning® and opti-
cal mixing experiments® that spectral diffusion is always
present in these systems. The contribution of these effects
to the RTOM signal is expected in the low-frequency re-
gion w;—w,<1/T,. Also, contributions from the pres-
ence of additional levels are expected in the same region.

We use two dye lasers (Molectron DL200) pumped by a
N, laser (Molectron UV1000). The pump beam (w;) has
~360-uJ pulses of 610-nm wavelength with a repetition
rate of 15 pulses per second. The pulses are approximate-
ly 6 ns in length and have a spectral linewidth of 0.4+0.2
cm~!. The probe beam (w,) was about 20 times weaker
than the pump beam. The two beams overlap inside a
glass sample cell (0.25-mm internal width; Wilmad Glass
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Company, Inc.) focused by a 20-cm lens. The intensity of
the pump beam is accurately set by a continuous variable
attenuator. Pulses energy were measured with a LP141
Molectron detector. The polarization was the same for
the signal, the pump, and the probe. The signal was col-
lected with a 0.5-cm™! resolution Jobin Yvon Ramanor
H625 spectrometer and a photomultiplier in conjunction
with a Molectron LP20 boxcar, The estimated spot size
of the beams in the sample cell is about 20 um in diame-
ter. We used samples of 5Xx10~*M/1 solution of
malachite green in water.

Figure 1 shows the intensity dependence of |X.g|? for
A=5, 15, and 20 cm~! and Fig. 2 shows the frequency
dependence of | X |2 for $=0.03.

It should be noted that in Fig. 1 different curves have
been properly shifted vertically with respect to each other
for easy observation and therefore relative magnitudes for
different curves are meaningless. The solid line for A=5
cm~! was drawn using Eq. (15) after numerical integra-
tion with a inhomogeneous Gaussian distribution for
g () of linewidth 800 cm ™! half-width at half maximum
(HWHM), with T;=1.1+£0.2 ps, T,=0.1310.05 ps, and
I,=1.5x10° W/cm? Except for a vertical scale factor,
the prediction for A=15 cm ™! with the above parameters
is also drawn. The deviation from the third-order predic-
tion appears in Fig. 1 as the curvature of the function
| Xege| 2 versus S. In order to find T, T, and I; in Figs.
1 and 2, and S in Fig. 2, the following procedure was car-
ried out:

(a) The frequency spectra at low intensity (Fig. 2) was
used to determine initial values for 7', and T,.

(b) Using the above values the final fitting was done
with the data of Fig. 1 at A=5 cm~!. This gave final
values for T, and I;. From this, the saturation parameter
S for Fig. 1 was deduced.

From the parameters Ty, T, I, and S for given inten-
sity, and using Eq. (14) we get 1.2.D for the transition mo-
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FIG. 1. |X.|? vs normalized intensity S =1I/I,. The solid
line for A=5 cm™! was drawn using Eq. (15) with T, =1.1+0.2
ps, T,=0.13+0.05 ps, I, =1.5%10° W/cm?, and an inhomo-
geneous linewidth of 800 cm~! (HWHM). Except for a vertical
scale factor the prediction for A=15 cm™! with the above pa-
rameters is also drawn (dashed line).
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FIG. 2. Frequency dependence of | X |2 for S=0.03 (solid

line) was drawn using Eq. (15) with T, T, I,, and the inhomo-
geneous linewidth as used in Fig. 1.

ment. On the other hand, absorption measurements in the
same sample yield a value of 3D. The first value is criti-
cally dependent on the estimated spotsize of the beam in
the sample cell, however in spite of this the agreement is
reasonable. Existence of this difference in the calculated
dipole moments will be discussed below.

Figures 3 and 4 show the frequency dependence on
| Xegr | 2 for S=0.06 and 0.13, respectively. T and T, are
the same as used in Fig. 2. The broadening effect for in-
tensities ~10° W/cm?, S$=0.06 is reasonably predicted
for this model, but the departures from the prediction at
intensities twice larger 2X 108 W/cm?, $=0.13 becomes
notable. Such deviations could be the result of neglecting
spectral diffusion.

There have been several reports on the population relax-
ation times in malachite green in different solvents. The
relaxation times for low-viscosity solvents are shown in
Table I. Also, PS experiments* on the same material esti-
mate the transverse relaxation time 7°, in less than 0.02

ps.
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FIG. 3. Frequency dependence of |X.|? for $=0.06 (solid
line) was drawn using Eq. (15) with Ty, T, I;, and the inhomo-
geneous linewidth as used in Fig. 1.
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FIG. 4. Frequency dependence of | X.s|2 for $=0.13 (solid
line) was drawn using Eq. (15) with Ty, T, I;, and the inhomo-
geneous linewidth as used in Fig. 1.

Our population relaxation time of 1.1+0.2 ps is in good
agreement with the values shown in Table I. However, in
view of the multiple time result of Ref. 7, we would con-
sider our value for T as an effective time. Our reported
phase-memory time of 0.13+0.05 ps is about ten times

larger than the upper limit deduced from PS experi- -

ments.* This type of discrepancy between PS and RTOM
experiments in relation to the phase-memory time has also
been encountered in the case of the organic dye 1,3’
diethyl-2,2' quinolylthia-carbocyanine iodide (DQCI).!%!!
In that case it turns out that spectral diffusion modifies
the expected hole-burning linewidth of 2/ 7T, (HWHM) to
give a larger linewidth. We think that we are in a similar
situation here.

The largest value for the saturation parameter S was
S§=0.13, enough to cause saturation effects in the absorp-
tion of the pump beam. However, we did not observe this
behavior.

Our analysis so far has been restricted to a two-band
model, allowing for interband transitions and forbidding
intraband transitions (related to spectral diffusion and
orientational relaxation, for instance). Now, in pi-
cosecond recovery experiments in malachite green for
low-viscosity solvents, only one relaxation time is ob-
served.!>! At higher viscosities the relaxation time in-
creases and, eventually, two relaxation times are observed.
These observations entail the need to consider additional
bands in the model. A simple two-band model is clearly

TABLE 1. Population decay time of malachite green.

Population decay time

(ps) Solvent Ref. no.
2 methanol 12
2+1 water 15
543 ethanol 16
2.8+1 methanol 13
1.210.1 water 4
0.78+1 and 7.4+3.0 water 7
from 0.34+0.04 to 7.3%3 water 7

not appropriate to describe experiments in all the range of
viscosities. At low viscosity, however, the two-band
model reproduces the RTOM spectra quite well and its
simplicity and the capability to consider all orders of per-

" turbation justifies its use. On the other hand, it is known

that for the case of a three-band model the leading contri-
bution to population oscillation (for malachite green)
comes from the largest relaxation time.* Now, the fact
that two- and three-band models yield predictions in
agreement with experiments at low pump intensities, indi-
cates that the additional relaxation times are short. How-
ever, one can expect that their contribution to population
oscillations will become of importance at higher pumping
intensities. This may be one source of disagreement be-
tween our two-band prediction of the broadening effect
and the observed spectra at high intensity.

Finally, intraband transitions have been shown to
reduce the expected dc change of the population, as com-
pared to transient’s hole burning.!*!! The influence of in-
traband transitions on the RTOM signal (for a two-band
model in the third-order approximation) can be described
by an effective two-band model, using the same transverse
relaxation time and a longitudinal relaxation time that in-
cludes interband and intraband transitions.? The in-
clusion of intraband transitions and/or additional bands
in our model may also give an explanation for the lack of
saturation of the pump beam, and for any possible differ-
ence between the above two calculated transition mo-
ments. These facts are not accounted for a simple two-
band model.

We conclude that saturation of the RTOM signal must
be taken into account in the interpretation of the data, in
order to determine the relaxation times. The modeling of
malachite green with an effective two-level system with
parameters 7;=1.110.2 ps, 7,=0.13+0.05 ps, and a
transition moment of 1.2D accounts for the deviation
from the third-order power dependence of the RTOM sig-
nal. For pump intensities below 102 W/cm?, $=0.06, the
broadening of the spectra can be predicted quite well, but
for intensities of the order of 2 10 W/cm?, departures
from the predicted broadening can be observed. Also,
previous perturbative calculations (up to fifth order) lead
to the conclusion that power broadening always comes to-
gether with hole formation in a RTOM spectra. We did
not find such a hole, neither experimentally nor theoretical-
Iy. Now, considering that our calculations are at all order
in the pump field and the only approximation is the scalar
one, Eq. (13), we believe that such effect is artificially pro-
duced by the cutoff of the perturbation expansion. Final-
ly, we mention that we have found similar saturation ef-
fects in a PS signal'” which is expected from the above
discussion. -
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