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A strong pump-power dependence of the Rayleigh-type optical-mixing signal for a water solution
of malachite green is reported. Experimental evidence of an exponential pump-power dependence is
given. The essential characteristics of the pump-power dependence and the frequency spectrum of
the nonlinear signal are qualitatively reproduced by a theoretical model where coupling between
pump, probe, and signal fields and propagation effects are considered.

INTRODUCTION

Four-wave-mixing experiments have been used to ex-
tract spectroscopic information such as the longitudinal
relaxation time (7';) and the phase-memory or transver-
sal relaxation time (7,).!* In these experiments nearly
copropagating waves of different or equal frequencies in-
teract with the medium generating a nonlinear signal.
Different and complicated processes take place during
the nonlinear interaction between the field and the
matter. In general, there are two types of nonlinear
effects. The first ones refer to the local phenomena such
as saturation and population oscillations (local effects).
The second ones are the result of the coupling interaction
between the different components of the field (propaga-
tion effects).

Strong-coupling processes, such as parametric
amplification of the signal, are expected for high light in-
tensities. The process of four-wave parametric
amplification has been treated theoretically by several au-
thors.>~® Four-wave parametric amplification when the
coupling is due to the molecular-orientation Kerr effect
has been reported.!® Parametric amplification in gaseous
media has been also observed.'!

The study of four-wave parametric amplification in dye
solutions is of great interest because of the possible appli-
cations in the design of a tunable parametric oscillator.

In this paper we report experimental evidence of a
strong power dependence of the nonlinear signal generat-
ed in solutions of the organic dye malachite green. For
the observation of the nonlinear interaction we use a par-
ticular scheme of four-wave mixing: Rayleigh-type opti-
cal mixing (RTOM).>312

A study of the pump-power dependence of the RTOM
signal for different values of the frequency difference
A=w,—w,, where w, and w, are, respectively, the pump
and probe frequencies, was made.

Our data show an exponential pump-power depen-
dence for A=4 cm™!. The strength of this exponential
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dependence changes with the sign of A. As a conse-
quence, the width of the RTOM spectrum decreases
when the pump power increases.

Strong coupling among the fields and propagation
effects have to be considered when explaining the ob-
served exponential pump-power dependence. It is known
that parametric amplification can lead to exponential spa-
tial dependence.” We show that it can also lead to ex-
ponential pump-power dependence.

A theoretical model, which has been used to predict
four-wave-mixing parametric amplification in a two-level
atomic vapor,’ gives results which agree qualitatively
with our observed experimental behavior.

EXPERIMENTAL RESULTS

The experimental setup consists of two dye lasers
(Molectron DL200) pumped by a N, laser (Molectron
UV1000). The dye lasers have wavelengths tuned near
610 nm and work with a repetition rate of 15 pulses per
second. The pulses are 6 ns in length and have a spectral
linewidth of 0.5 cm~'. The probe beam (w,) was about
10 times weaker than the pump beam. The two beams
overlap inside a glass sample cell (0.05-mm internal
width) focused by a 20-cm lens. The intensity of the
pump beam is accurately set by a continuous, variable at-
tenuator. The pulse energy is measured by a LP141
Molectron detector. The polarization is the same for the
signal, the pump, and the probe. We use samples of
5% 10~* M solution of malachite green in water. The use
of water as the solvent avoids the thermal grating effect.

Two types of experiments are carried out with the set-
up described above. First we measure the pump-power
dependence of the RTOM signal for several values of the
frequency difference A=w,—w,. Then we measured the
RTOM spectra for different values of the pump power.
The experimental results are shown in Figs. 1 and 2.

In Fig. 1 the pump-power dependences of the RTOM
signal are plotted for different values of A. Figure 1(a)
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FIG. 1. Pump-power dependence of the RTOM signal for a
0.5-mM water solution of malachite green for different values of
the frequency difference A=w,—w,. (a) corresponds to A= 42
cm™! (circles) and A= —2 cm™! (triangles). (b) corresponds to
A= +4cm™! (circles) and A= —4 cm™' (triangles). The dashed
line shows a quadratic dependence.

correlsponds to A=+2 cm~!, and Fig. 1(b) to A=+4
cm™ .

The dashed line corresponds to a second-order power
dependence. The pump-power dependence for positive
values of A are higher than for negative values.

Of particular interest is the pump-power dependence
for A=4 cm™! [Fig. 1(b)]. At low power, the dependence
is quadratic, but when the pump power increases the
dependence becomes higher than quadratic. A detailed
analysis of this result shows an exponential growth of the
RTOM signal with the pump power.
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FIG. 2. RTOM spectrum of a water solution of malachite
green for two values of pump power: 10 kW (triangles) and 45
kW (circles). Note the narrowing of the spectrum when the
pump power increases.
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A similar effect is observed for the case A=2 cm™'.

However, the signal growth is not so strong in this case.

For A=—2 cm~! at low power we observe again a
quadratic power dependence, but when the pump power
increases the power dependence shows a saturation be-
havior. An interesting result is obtained for A= —4
cm™!. Here we have again an exponential growth for the
RTOM signal, but the power behavior at low power is
less than quadratic.

There are two types of effects in the pump-power
dependence shown in Fig. 1. At low power the depen-
dence is quadratic corresponding to a third-order RTOM
signal quadratic in pump and linear in probe. At high
power the power dependence is higher or lower than
quadratic depending on the value of the frequency
difference A.

The general behavior of the pump-power dependence
will be better understood once the results obtained from
our theoretical model are shown. As we will see below,
this behavior shows a competition between saturation
and parametric-amplification effects on the RTOM sig-
nal.

Figure 2 shows two RTOM spectra for pump powers
P, =10 kW and P, =45 kW. Normally, when saturation
prevails over other effects the spectrum width increases
with pump power.'>!'* In our case we see the opposite
effect. The linewidth narrowing of the spectrum is a
consequence of the signal parametric amplification.

THEORETICAL CONSIDERATIONS

The molecules of the dye are considered as an ensemble
of two-level systems with an energy difference #iw,. Two
laser beams of frequencies w, and w, nearly resonant with
the transition frequency w, are incident on the sample.

The density-matrix equations which describe the be-
havior of the system are

dpp 2i 1

dt 2‘-—%—(Habpba _pabea)—Fl—(pD _p(L?)) ’ (1)
dpra dpay _ i 1 tio 2)
a4t & baPD T, 0 |Pba >

Hy,,=—p,, [ Eexp(—iwt)+Eexp(—iw,t)
+E exp(—iwst)+c.c. ], (3)

where E,, = 4,,€,, explik,, 1), m =1,2,3, pp =poa —Puss>
p'Y) denotes the equilibrium value, H,, is the matrix ele-
ment of the interaction between matter and radiation, p,,
is the transition moment, 4, and A4, are the amplitudes
of the electrical fields of the pump and probe waves, 43
is the amplitude of the electrical field generated at fre-
quency @;=2w,—,, €, are the unit vectors in the direc-
tions of the field polarization, and T and T, are the pop-
ulation and phase-memory relaxation times, respectively.

The following relations were obtained for the Fourier
components P, (@3), Pop( —@3), ppo (@), and pplw;—w;)
in the steady-state and rotating-wave approximations, at
all orders in the pump wave but at first order in the probe
and signal fields. Contributions from high-frequency
terms were not considered.
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D3 pop(—wy)=—iQ}pplw, —w))+iQ3p% , )
Dlpba(wl)zlﬂlp(li)c , (5)
D3ppa(@3)=iQpp (0 —wy) +iQpF (6)

h](A)pD(col—wz)=———2!’Q1pab(—w2)+2iﬂfpba(a)3)
+2iQ;pba(wl)_—2iﬂ3pab(_wl) y
)
where Q,=(u,,-E;)/2#%# is the Rabi frequency;
D;=1/T,+ilwg—w;) with j=1,2,3; h(A)=1/T,
+ilw,—w)); A=w,—o,.
For the zero-frequency component of p,, we get
|D, | T3
= | (8)
P5=ro | Dy |*T3 +4s,
where S, = | Q, | °T, T, is the saturation parameter.
Solving for p,, (@3), pop( —w;), and py, (w,) we have
Pba(03,(00):33(Cl)o)ﬂ3+V3(wo)Q; ’ (9)
Pab(—@3,00)=B3 (09)Q3 +v3 (w)Q; , (10)
pba(wl’wo):Bl(wO)Ql ) (11)
where
(A +2] Q)% | = - -
de 1(8)+2]Qy | Dr  DF
Pp 2 1
B;(wg)=i D ) 1 >
3
hi(A)+2]Q,|2 -
1(A)4+2] Q| {D;JFD;}
1 1
—-IQ.Z dc —_—
2D D, Dz‘}
V3(C£)0)= >
Dy |hy(8)+2] 0,2 |- =L
3 1 pr "D,
1 1
h(A)=2|Q, % |———
—IP?)C ! ! Dl D3

2D3 1 1
h(A)4+2|Q,|° +—
IR
02pde 1 1
Qipp Dt +D3
’V;(wo): 1 1 N
D% |h(A)+2]Q, |2 +—
m+2] 07 ok o
%c
Bl((UO):ile

A physical interpretation can be given to each one of
the terms in Egs. (9) and (10).

For instance, the term v;Q3 in Eq. (9) corresponds to
scattering of the pump beam with the wave vector K,
with the grating with the wave vector K, —K, formed by
the pump and the probe.
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The signal measured in the laboratory is proportional
to the square modulus of the complex polarization:

=N f°°

where N is the density of absorbent species, { ) denotes
the orientational average, and g (w,) is the inhomogene-
ous distribution of resonant frequencies wy,.

The following equations give the complex polarization
components at @, and w, in the scalar approximation:

(pba(wj)"ab )g(wo)dﬁ)o 5 (12)

DE; +X N w3)E2ES Jexp(—iwst) ,  (13)
DE, + X3 w0,)E2ES lexp(—iwyt) ,  (14)

P [X“)
Py(w)=[X"w

where X"(w;) (with j=1,3 and i=2,3) are the
intensity-dependent susceptibilities given by

X[l)( ’) r Biinh ,
Vi o
(3) a !
X w;)= VIR
1

where the index (inh) represents the integration over the
inhomogeneous distribution. Nonresonant contributions
to the nonlinear susceptibilities have not been considered
in the model.

These polarizations generate oscillating fields at the
same frequency whose propagations are described by the
wave equation. In the slow-envelope approximation and
considering the pump wave amplitude as a constant (in-
dependent of the propagation direction z) we get

i =—a3;A;+&E345 explidk,z) , (15)
dAj
a =—a,A5 +&5 A exp( —iAk,z), (16)
where
27w
ay = nkclf m(,(”(w,\) >
2miw
£ = ka X w,)A?

nt =1+47ReX'Vwy) .

Ak is the z component of the propagation-vector
mismatch

Ak=2K1—K2——k3 )

which can be written as
Ak = [27, — (1,+ m3) cosf] ,

where 6 is the angle between k; and k,. The coefficient
a is the absorption coefficient at frequency w, in the
material medium in the presence of the pump beam. The
coefficients £, and &; represent the coupling parameters
between the probe field and the signal. From the
definition of X'"(w,) and X'¥(@, ) we see that both pa-
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rameters are proportional to the linear absorption
coefficient a,

_ 27 Ml

= . 17
(o7} Y % TZ (17)

Solving the coupled equations (15) and (16) we get

;40
A3(z)=T[eXp(g+z)—exp(g_z)]exp(iAk /2),
eff
(18)
AP | sk
* —_ —_— —_
A3 (z)= T S % [exp(g z)—expl(g_z)]
—g_explg z)+g., exp(g_z)]
Xexp(—iAkz/2) , (19)
with

keg=1l(a,—as+iAk)+4:5]'°
and the gain coefficient
g =*Fkg—3lay+ay) .

The appropriate boundary conditions 4;(0)=0 and
A4,(0)= A" were used in deriving these results. The
RTOM signal intensity is given by

=—1] A4,(2)|%. (20)

The essential characteristics of RTOM parametric
amplification and the role of the saturation are qualita-
tively illustrated by this model despite the fact that a con-
stant pump-power approximation has been made.

Figure 3 exhibits the pump-power dependence of the
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FIG. 3. Theoretical pump-power dependence of the RTOM-
signal initial probe-beam-intensity ratio for different values of

the parameter B=ayl: B=1 (curve a), B=5 (curve b) and
B =10 (curve ¢).
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nonlinear signal for different values of the parameter
B =al, where a is the linear absorption coefficient given
by Eq. (17) and [ is the cell length. The calculation was
done at the center of the RTOM spectrum, for an inho-
mogeneous Gaussian distribution of linewidth 800 cm !
half width at half maximum (HWHM), with
T,=2.5x10""2 sec and T, =0.5X 107! sec. These pa-
rameters are in good agreement with picosecond recovery
dynamics'® and saturation measurements'?® in solutions of
malachite green.

Initially we observe a quadratic power dependence for
all cases corresponding to a third-order RTOM signal
quadratic in pump and linear in probe. For small values
of B, saturation effects are the important ones. As B in-
creases, parametric-amplification effects become more
important and the pump-power dependence becomes
higher than quadratic. Eventually it becomes exponen-
tial. For values of B (high-absorption case) larger than
the ones shown in Fig. 3, we expect the effect of the pump
absorption to become important enough to avoid the
parametric amplification of the signal, and again the
pump saturation could induce a power dependence lower
than quadratic. Experimental evidence of this behavior
for high-absorption values has been reported in the litera-
ture.'? We cannot observe this behavior theoretically
since our model does not allow pump absorption along
the cell length.

Figure 4 shows the narrowing of the RTOM spectrum
under a pump-power regime higher than quadratic.
Again, this effect is opposite to the one expected when
only saturation effects are present. The calculation was
done with the same parameters of Fig. 3.

As we have seen, the theory agrees qualitatively with
our experimental results. However, the theoretical re-
sults do not have the frequency-difference-dependent
asymmetry which characterizes the observed values
shown in Fig. 1.

A model which includes pump depletion by absorption
and possible asymmetry-generating factors is now under
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FIG. 4. Theoretical RTOM spectrum for two values of the
parameter ;: ;=0.05 (curve a) and Q,=0.25 (curve b).



37 PUMP-POWER DEPENDENCE DUE TO PARAMETRIC . .. 3385

study. These results will be given in a future communica-
tion.

CONCLUSIONS

The strong pump-power dependence of the RTOM sig-
nal for a water solution of malachite green is reported for
the first time. Experimental evidence of an exponential
pump-power dependence is given.

The essential characteristics of the pump-power depen-
dence and of the frequency spectrum of the nonlinear sig-
nal are qualitatively reproduced by using a two-level in-
homogeneously broadened model, to all orders in the
pump field and first order in the signal and probe fields.
Coupling among the field components and propagation
effects are considered but with a constant pump-intensity
approximation. This model does not include nonresonant
contributions to the material response and does not yield

the frequency-difference-dependent asymmetry shown by
the experimental results.

Propagation effects are necessary for the observation of
an exponential pump-power dependence. Local effects
are not enough. Therefore, the optical length should not
be too short. On the other hand, a long optical length is
not convenient, since then the pump depletion may be
too large.

Work is under way to improve our model so that pump
absorption and frequency-difference asymmetry are con-
sidered.
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