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We claim that the concept of electromagnetically induced transparency is only valid for low atomic densi-
ties, and for high densities stimulated Raman scattering is totally dominant, where the incident probe wave is
not transmitted but is converted to the Stokes wave. This behavior can be explained by the large difference in
linear absorption coefficients between the probe and the Stokes waves. We have verified this claim by the
experiments using sodium atomic vapor samples with and without a buffer gas. Theoretical analyses using the
Liouville-Maxwell equations and numerical simulations also supported our observations.
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I. INTRODUCTION

Electromagnetically induced transparency �EIT� �1,2� is
nowadays a quite established concept in the field of quantum
optics and it has been applied to many topics such as preci-
sion spectroscopy including atomic clocks and magnetome-
ters �3–5�, ultraslow light �6�, light storage �7–9�, and quan-
tum memory �10,11�. A typical EIT experiment is carried out
by applying two resonant beams called probe beam �fre-
quency �p� and coupling beam �frequency �c�, to atoms hav-
ing a �-type three-level system �see Fig. 1�a�� and detecting
the probe beam transmission intensity, as shown in Fig. 1�b�.
A typical transmission spectrum is given in Fig. 1�c�, featur-
ing a sharp upward peak within the broad linear absorption,
and the position of the sharp peak is determined by the two-
photon resonance condition �0���p−�c�=�21, where �21 is
the sublevel �hyperfine� splitting frequency of the medium.
In interpreting this spectrum, it has long been considered that
the medium becomes tranparent and the probe beam is going
through it without attenuation. However, is it really true? In
this paper we would like to warn that this spectrum does not
necessarily mean EIT, but, instead, a Stokes wave with fre-
quency �s�2�c−�p may be generated due to stimulated
Raman scattering �SRS�, which is enhanced by the two-
photon resonance condition, �0=�21. Therefore, one can
never judge from this spectrum if the sharp peak is attributed
either to the transmitted probe wave �EIT� or to the newly
generated Stokes wave �SRS�, and the only way to nail down
this controversy is to replace the detector by an optical spec-
trum analyzer, to frequency-decompose the output signal,
and to check if the optical frequency is either �p �EIT�, or �s
�SRS�.

Another viewpoint to attack this problem is as follows
�see Fig. 2�. Suppose that the probe and coupling beams
prepared a coherent superposition state of the ground-state
sublevels 1 and 2, or a dark state, which functions as a strong
local oscillator with frequency �0. In this situation if the

coupling wave with frequency �c once again comes into the
system, there are two options to generate optical frequencies;
either �c+�0=�p �EIT�, or �c−�0=�s �SRS�, as illustrated
in Figs. 2�a� and 2�b�. We need to consider which is the
dominant process. At the first glance, one may think that EIT
is favorable because it is a resonant process, while SRS is
off-resonant and is much smaller by a factor of � /�21, as
shown in the theory section. �� is the optical dephasing rate.�
However, we have to take into account the propagation in the
medium. Figure 2�c� shows linear absorption spectra of Na
atoms and typical locations of �s, �c, �p, and �a ��2�p
−�c: anti-Stokes frequency� with equal spacing �0. Ordinary
EIT experiments are performed with probe frequency �p
right at the peak of the absorption line, and the probe beam
suffers from strong linear absorption as it propagates. Al-
though the EIT effect exists, it cannot perfectly cancel out
the overwhelming linear absorption. On the other hand, since
�s is located away from the absorption center even including
the Doppler broadening, it is free from attenuation. For ex-
ample, when the atomic density is 3�1011 atoms/cm3 and

*Electronic address: mitunaga@sci.kumamoto-u.ac.jp

FIG. 1. �a� �-type three-level atoms with two incident fields,
probe and coupling. �b� Schematic of a typical EIT experiment.
PBS, polarizing beam splitter. �c� A typical EIT spectrum as a func-
tion of the probe frequency �p.
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the sample length 8 cm, the transmissivity T=0.6 for Stokes,
while 1�10−5 for probe; 60 000 times more favorable for
the Stokes wave. In this way, we should not easily conclude
that SRS is negligible compared to EIT.

The importance of SRS in analyzing EIT has been pointed
out by a few workers �12,13�, and frequency conversion
�14,15�, nondegenerate four-wave mixing �16,17�, and side-
band generation �18� using EIT have also been studied. Side-
band generation using far-off-resonance Raman coherence
has been reported �19,20�. However, no systematic study
concerning competition between EIT and SRS in an ordinary
EIT experiment has been carried out before.

In this paper we will experimentally show, by using so-
dium atomic vapor samples with and without a buffer gas,
that the output signal in general is a mixture of EIT and SRS,
and the EIT picture is only valid for low atomic densities and
for high densities SRS is totally dominant. We will also de-
velop a theoretical analysis for this observation by deriving
coupled propagation equations for the probe and the Stokes
beams and give some results of our numerical anaylses.

II. EXPERIMENT

We employed samples of sodium atomic vapor without a
buffer gas and with a Ne buffer gas of several different pres-
sures �1, 2, 5, 10, 30, and 100 Torr� to investigate this EIT vs
SRS problem. Figure 3 shows our typical experimental setup
�21–23�. A single-frequency ring dye laser �Coherent Radia-
tion CR699-21� was tuned to the 3S1/2−3P1/2D1 transition of

the Na atom at 589.6 nm and the output was divided into two
for the probe beam and the coupling beam by the first polar-
izing beam splitter �PBS�. The probe beam was frequency-
scannable by using a double-pass acousto-
optic modulator �AOM� driven by an RF synthesizer
�+700 to 900 MHz driving frequency�, while the coupling
beam has a fixed frequency shift of −200 MHz. Conse-
quently, the frequency difference �0��p−�c can be varied
1600 to 2000 MHz, covering the hyperfine splitting fre-
quency �21=1772 MHz of the Na atom. In this way we can
easily set two-photon on-resonance ��0=�21� or off-
resonance by the synthesizer tuning. The two-photon reso-
nance linewidth was typically 400 kHz FWHM �full width at
half maximum�, much narrower than the Doppler width
��1.6 GHz� or the natural linewidth �10 MHz� of this tran-
sition. The powers of the probe and coupling beams were
typically 3 mW and 12 mW, respectively, with spot sizes of
about 2 mm. The probe and the coupling beams were recom-
bined by the second PBS and were collinearly passed
through a 7.5 cm long cell containing Na with magnetic
shielding. Thus the probe and coupling polarizations were
linear and orthogonal. In this type of lin� lin configuration, a
simple symmetry consideration for the third-order nonlinear
susceptibility shows that the output polarizations are such
that probe and Stokes are horizontal, and coupling and anti-
Stokes vertical. Therefore, by using the third PBS after the
cell, we could pick up only the probe and the Stokes com-
ponents and they were analyzed by an optical spectrum ana-
lyzer �OSA� with a free spectral range of 7.5 GHz. Every
time an OSA output signal was obtained, a linear absorption
spectrum for an extremely weak probe beam �24� was also
measured in order to calculate the atomic densitiy using this
data.

Typical OSA outputs are shown in Fig. 4, and they are
critically dependent on if it is two-photon on-resonance ��0

=�21� or off-resonance ���0−�21��1 MHz�, and also on the
atomic density �or, equivalently, the optical density� of the
sample. �From now on the terms “on-resonance” and “off-
resonance” refer to the two-photon resonance condition.�
Figure 4�a� is the case of low atomic density �N=3.5
�1010 cm−3 and peak linear transmission T=40%�, for off-
resonance case and on-resonance case. The increase of trans-
mission for the probe beam can be clearly seen when the
on-resonance condition is satisfied, while the Stokes compo-
nent is negligible. �Small peaks for the coupling components
are leak signals due to the nonperfect PBS.� In this case the

FIG. 2. �a� Three-level system displaying EIT. Incident coupling
wave ��c� and the prepared sublevel coherence ��0� generate probe
wave ��p=�c+�0� causing EIT. �b� Three-level system displaying
SRS. Incident coupling wave ��c� and the prepared sublevel coher-
ence ��0� generate Stokes wave ��s=�c−�0� causing SRS. �c�
Doppler-broadened linear absorption spectra of Na atoms for
atomic density of 1�1010, 3�1010, 1�1011, 3�1011, and 1
�1012atoms cm−3. �From top to bottom. Sample length=8 cm.�
Also shown are typical locations of �s, �c, �p, and �a with
1772 MHz spacing.

FIG. 3. Schematic of the experimental setup. RDL, ring dye
laser; AOM, acousto-optic modulator; PBS, polarizing beam split-
ter; OSA, optical spectrum analyzer.
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EIT interpretation is safely valid. In Fig. 4�b�, when we in-
crease the density up to N=1.2�1011 cm−3 �T=3% �, the
on-resonance OSA output signal contains 50% probe compo-
nent and 50% Stokes component, and in this case we are in a
region of EIT-SRS mixture. When we go up further to the
higher density region of N=2.6�1011 cm−3 �T=0.06% �, the
probe component is zero even in the on-resonance condition,
and the output signal is purely Stokes. Here the EIT picture
breaks down and SRS is totally dominant.

Now let us define the EIT magnitude, SEIT, as the differ-
ence between the on-resonance peak height and the off-
resonance peak height of the probe component as indicated
by the arrows in Fig. 4. Off course the SRS magnitude, SSRS,
is simply the height of the on-resonance Stokes component
because the off-resonance Stokes component is always zero.
Now we can plot SEIT and SSRS as a function of the atomic
density, and the results are shown in Fig. 5 for the case of the
sample without a buffer gas �a� and with a 2 Torr neon buffer
gas �b�. We have also performed the same experiments using
cells with various buffer-gas pressures �1, 5, 10, 30 Torr� but
the results are similar to the 2 Torr case. The curves for the
no-buffer-gas case and the 2 Torr case also look very similar,
and the tendency is, as we expected, for low density EIT is
dominant and for high density SRS is dominant, although for
the no-buffer-gas case it needs higher �by about a factor of 2�
atomic density to generate SRS. The atomic density that
gives equal amount of SEIT and SSRS is, then, about 3
�1011 atoms/cm3 for the no buffer gas case and about 1.5
�1011 atoms/cm3 for the 2 Torr buffer gas case.

In another experiment we checked the vertical polariza-
tion components including coupling and anti-Stokes, by ana-
lyzing the reflected beam by the output PBS. In this case,
coupling and anti-Stokes replaced the roles of probe and
Stokes, respectively, in the horizontal case, and gave exactly

the same tendency. For low density, increase of the coupling
transimission was dominant �EIT�, but for high density anti-
Stokes generation was dominant �SRS�. Also in our previous
report concerning the noncollinear diffraction type experi-
ment called electromagnetically induced diffraction �23�,
where the diffraction spots were spatially separated as probe,
coupling, Stokes, and anti-Stokes spots, we found that probe
and coupling signals became null for high atomic densities,
while Stokes and anti-Stokes signals remain strong. These
findings once again confirm that the statement that the EIT
picture is only valid for low densities is very universal.

III. THEORY

Now we found experimentally that SRS is crucially im-
portant in treating the EIT problem, we have to take into
account, in addition to probe and coupling, all these side-
bands �including higher order Stokes� with frequencies �s,
�c, �p, �a, and so on in the theoretical analysis. The total
electric field Etotal should then be given as

Etotal = ¯ + Ese
−i�st + Ece

−i�ct + Epe−i�pt + Eae−i�at + ¯

= �
j

E je
−i�jt, �1�

where the subscripts j= 	. . . ,s ,c , p ,a , . . . , 
 denote 	…,
Stokes, coupling, probe, anti-Stokes, …
. In ordinary EIT-
related theories these sidebands have been neglected and
only two modes, �p and �c, have been treated, which of
course resulted in no sideband generation. Besides, for the
1-to-3 transition the probe field has been assumed to be reso-

FIG. 4. OSA output spectra for the cases of two-photon on-
resonance and off-resonance for three different atomic densities. �a�
N=3.5�1010 cm−3 �T=40% �, �b� N=1.2�1011 cm−3 �T=3% �,
and �c� N=2.6�1011 cm−3 �T=0.06% �. Three peaks in each figure
correspond to probe, coupling, and Stokes components.

FIG. 5. EIT magnitude, SEIT, and SRS magnitude, SSRS, as a
function of atomic denities for the samples with �a� no buffer gas
and �b� 2 Torr Ne buffer gas. The solid lines are guidelines for the
experimental data.

COMPETITION BETWEEN ELECTROMAGNETICALLY … PHYSICAL REVIEW A 73, 013807 �2006�

013807-3



nant and the effect of coupling field has been neglected,
while for the 2-to-3 transition it is the other way around. We
now know that, in order to generate sidebands, these off-
resonant fields play the important roles and these effects are
treated rigorously. With this starting point, we solved the
Liouville-Maxwell equations, and obtained the following
coupled propagation equations for the probe amplitude Ep
and the Stokes amplitude Es �25,26�:

�Ep

�z
= −

�p

2
Ep + cpp�Ec�2Ep + cpsEc

2Es
*,

�Es

�z
= −

�s

2
Es + css�Ec�2Es + cspEc

2Ep
*, �2�

where � j =kN / ��0���n1�p31�2 /� j1+n2�p32�2 /� j2� �j= 	p ,s
� is
the linear absorption coefficient for the probe or the Stokes
wave. The four parameters are given as cpp=A	1 /�p1, cps
=A	2 /�p1, css=A	2

* /�s2, and csp=A	1
* /�s2, where A

=kN�p31�2�p32�2 / �2�0�3�, 	1= �n1 /�p1+n2 /�c2
* � /�0�, and 	2

= �n1 /�c1+n2 /�s2
* � /�0�. k is wave vector, N is atomic density,

p3� is dipole matrix element for the �-to-3 transition. n� is
the population of the level � and � j�=�− i�� j −�3��, where
j= 	p ,c ,s
 and �= 	1,2
, and �0�=�s+ �
c1�2 /4�s2

*

+ �
c2�2 /4�p1− i��0−�21�, where 
c�= �2p3�Ec� /� is the
Rabi frequency for the coupling beam. � and �s are the
dephasing rates for the optical transitions and the sublevel
transition. For an inhomogeneous broadening case, the pa-
rameters should be averaged over the Doppler profile.

In this derivation we adopted the same assumption as the
ordinary EIT theory, that is, that the coupling field is much
stronger than the probe field, and the probe field �and conse-
quently the sidebands� is treated perturbatively. The coupling
beam is, therefore, not affected by the probe or the Stokes
beam, although it may attenuate by its own linear and non-
linear absorption.

The interpretation of each term in Eq. �2� is very simple
and clear. The first terms of the equations describe linear
absorption �LA�, since these exist even without coupling
field Ec, and the fields decay exponentially with their own
absorption coefficients �p and �s. The second terms are EIT
terms and the absorption of each wave is reduced with the
help of Ec. It is also easily shown that, the effective absorp-
tion coefficients �p−2cpp�Ec�2 is equal to the well-known EIT
absorption coefficient. This indicates that our theory is
readily reduced to the ordinary EIT theory if the Stokes field
is neglected. Finally, the third terms show SRS and the probe
and the Stokes interact with each other through these terms.

The most trivial case is the case of no coupling beam
�Ec=0� or two-photon off-resonance ���0−�21�� �
c�2 /��. In
this case it is easily shown that the above coupled equations
are decoupled and only the first terms remain, and the probe
wave and the Stokes wave exponentially attenuate indepen-
dently according to �p and �s.

To extract the essential parts of the equations, we will
make several assumptions: �1� homogeneous broadening, �2�
one-photon resonant ��p=�31 and �c=�32�, �3� two-photon
resonant ��0=�21�, �4� large hyperfine splitting compared to
the optical dephasing rate ��21��� and �5� population accu-

mulated in level 1 �n1=1 and n2=0�. Although the first as-
sumption is against our experimental situation, all the others
are reasonable. Under these conditions, the above equations
can become quite simple, making all the quantities real, and
written as

�Ep

�z
= −

�0

2
Ep +

�0

2
�cEp −

�0

2
�c

�

�0
Es�,

�Es�

�z
= −

�0

2
� �

2�0
�2

Es� +
�0

2
�c� �

�0
�2

Es� −
�0

2
�c

�

�0
Ep, �3�

where Es�= iEs
* and �0=kN�p31�2 / ��0��� is the peak linear ab-

sorption coefficient and

�c =
�
c2�2/4��s

1 + �
c2�2/4��s
, �4�

is the saturation parameter and varies from zero �no coupling
case� to 1 �strong coupling regime�. Remember that the satu-
ration factor �
c2�2 /4��s is given by the ratio of the optical
pumping rate �
c2�2 /4� and the sublevel dephasing rate �s
and this saturation intensity is much smaller than what is
needed to saturate the optical transition. In Eq. �3� all the
terms are classified by the order of �� /�0�. The LA and EIT
of probe are of the same order. Both the SRS terms for the
probe and coupling are of the order of �� /�0� and their mag-
nitudes are smaller by this factor. The LA and EIT terms of
Stokes are even smaller, of the order of �� /�0�2.

The above simplified coupled equations can be numeri-
cally solved with the boundary conditions of Ep�0�=E0

and Es��0�=0. Figure 6 shows the results of the numerical
simulation for three different absorption coefficients �a� �0
=0.2 cm−1, �b� �0=0.7 cm−1, and �c� �0=1.2 cm−1. With
the sample length �=8 cm, the linear transmissivity T
=exp�−�0��= �a�0.20, �b� 3.7�10−3, and �c� 6.8�10−5. �In
this simulation the attenuation of the coupling beam was also
taken into account.� The three curves in each figure show the
propagation behaviors of probe intensity with two-photon
off-resonance �probe, LA�, probe intensity with two-photon
on-resonance �probe, EIT�, and Stokes intensity with two-
photon on-resonance �Stokes�. As we expected, for low op-
tical density �a�, the phenomenon can be well interpreted in
terms of EIT and the resonance enhancement of the probe
beam is very pronounced, while Stokes component is rather
negligible. For middle density �b�, the probe and the Stokes
contributions are nearly equal. For high density �c�, the probe
component is totally negligible due to strong linear absorp-
tion. Once the probe energy is converted to Stokes, however,
it can go through the medium without attenuation all the way
up to the end of the cell.

A numerical simulation for the density �or, equivalently,
absorption coefficient� dependence of the EIT and SRS mag-
nitudes, SEIT and SSRS, as defined in the experiment section, is
shown in Fig. 7 and the overall behavior is quite similar to
the observations �Fig. 5�, reconfirming our main conclusion,
that is, EIT �SRS� is dominant for low �high� density. Note
that the Stokes intensity remains almost constant for high
atomic densities, and the probe power is either dissipated in
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the medium or converted to the Stokes wave with a certain
ratio. One question arises as to whether the number density
at which SRS becomes dominant depends on the coupling
intensity or not. Experimentally we have not checked this
point, but numerically we have found that it is almost con-
stant for a wide range of coupling intensities, because, if the
coupling intensity is increased, both EIT and SRS are in-
creased likewise.

IV. DISCUSSION AND CONCLUSION

Through the experimental observations and theoretical
analyses, we have confirmed that, in ordinary EIT experi-
ments, the so-called EIT picture is only valid for low optical

densities, and for high densities the output signal is 100%
converted from the probe wave to the Stokes wave. There
have been a tremendous amount of EIT-related papers pub-
lished so far, but in some of them what they believed they
observed as EIT may have been SRS. From this viewpoint it
should be definitely worthwhile to double check all the pre-
vious EIT-related topics. For example, how about the preci-
sion spectroscopy including atomic clocks and magnetome-
ters? We believe that this topic should not be modified even
with the existence of the Stokes waves, since the resonance
behaviors of the EIT term and the SRS term are exactly the
same, as shown in Eq. �2�, and so the precision should re-
main the same. How about ultraslow light problem? Here,
the inclusion of the Stokes wave may complicate the prob-
lem because the group velocity of the Stokes wave may not
be the same as that of the probe wave, and thus the probe and
the Stokes waves may not copropagate in the medium. This
problem should be studied further. And, finally, how about
the light storage problem? We can store the optical informa-
tion in the sublevel coherence by applying the probe pulse
and the coupling pulse. The problem is that, when the read-
out pulse is applied, we will not know whether the output
signal is either the probe wave or the Stokes wave. The situ-
ation should remain the same for quantum optical informa-
tion and we will not know if it is a probe photon or a Stokes
photon. Our preliminary light-storage experiment once again
indicated that, the frequency of the readout signal depended
on the atomic density, and for low densities it was �p but for
high densities it was �s. This light storage problem should
definitely be investigated in detail and that is what we are
going to challenge in the next stage.

FIG. 6. Numerical simulation of the beam intensities as a func-
tion of propagation distance in the medium for three different ab-
sorption coefficients �0: �a� �0=0.2 cm−1, �b� �0=0.7 cm−1, and �c�
�0=1.2 cm−1. �Probe, LA�, probe intensity Ep

2�z� for two-photon
off-resonance showing linear absorption. �Probe, EIT�, probe inten-
sity Ep

2�z� for two-photon on-resonance showing the EIT enhance-
ment. �Stokes�, Stokes intensity Es�

2�z� for two-photon on-resonance
showing SRS. Attenuation of the coupling beam was taken into
account.

FIG. 7. Numerical simulation of EIT magnitude, SEIT, and SRS
magnitude, SSRS, as a function of the absorption coefficient �0. The
sample length is 8 cm.
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