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Abstract. We report transmission linewidths for a weak anti-Stokes
component and generated Stokes component during resonant four-wave mixing
in atomic Rb vapour. We consistently observe larger linewidth of the generated
field relative to the input field.

1. Introduction
Interest in narrow resonances in electromagnetically induced transparency

(EIT) is connected with applications to high-resolution spectroscopy. Recently,
the absorptive width of EIT resonances has been studied both experimentally and
theoretically [1–8]. Furthermore, the steep dispersion associated with EIT plays a
key role for experiments that have produced ultra-slow light propagation [9–11]
and have enhanced nonlinear optical processes by orders of magnitude [12–15].

However, in media with high optical density, the generated Stokes fields
introduce significant changes and must be taken in account. We have found that
as a function of probe laser (anti-Stokes) power the linewidth of the generated
Stokes field measured at the output of the cell is significantly broader than that of
the probing anti-Stokes field. This result may be surprising in light of earlier
work [16]. The study of Stokes harmonics properties, such as resonance width and
dependence on drive laser power, is the subject of this paper.

2. Experiment
2.1. Setup

A schematic of the experiment is shown in figure 1. Two external cavity diode
lasers (ECDL) were used, one of them as a strong drive laser and the second as a
relatively weak probe laser. The drive laser was tuned to the S1=2(F ¼ 2)!
P1=2(F ¼ 2) transition of the 87Rb D1 resonance line (� ¼ 794:7 nm). The probe
laser was phase-locked to the drive laser with a frequency offset approximately
equal to the ground-state hyperfine splitting (6.835 GHz), so its frequency was
close to the S1=2(F ¼ 1) !P1=2(F ¼ 2) transition. This is shown in figure 2.
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The co-propagating beams of both lasers were combined and passed through a

polarization-preserving single-mode optical fibre in order to obtain good spatial

overlap and spatial modes. The beam width was adjusted with a telescope and

diaphragm and the light was circularly polarized with a quarter-wave plate just

before it entered the 87Rb cell.

2536 E. E. Mikhailov et al.

Diaphragm

Power Attenuator

ECDL

DRIVE
ECDL

PROBE

Frequency control
LockIn

Fibre

Polarizer

Telescope

Spectrum Analyser

PD

Reference Cavity

Reference Rb Cell

PDOscilloscope

Phase Lock

PD

Frequency Shifter

PD

λ/4 Rb Cell

Figure 1. Experimental setup.
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Figure 2. Level scheme in Rb.
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The cell contained a mix of isotopically enhanced 87Rb and N2 buffer gas at a

pressure of 3 torr. Different concentrations of Rb vapour were achieved by

adjusting the temperature of the cell. The cell was placed inside a three-layer

magnetic shield to screen the earth’s magnetic field.

2.2. Width measurement procedure

The nonlinear production of a Stokes (or ‘new’) field in this system has

previously been reported [10, 16]. As described there, the ‘new’ field is generated

by nonlinear four-wave mixing of the drive and probe fields. The difference

between the probe (anti-Stokes) and drive field frequencies is equal to the

difference between the drive and new field frequencies (see figures 2 and 3).

Rather than measure the DC component of the transmitted light, which

contains drive, probe, and new fields, we detect the AC component near the

beat frequency of the probe and drive lasers. This allows clean measurement of

both probe and generated (Stokes) field amplitudes as reported previously [10]. As

described there, the amplitude of the beat signal at the frequency difference of the

probe and drive fields (which is near the hyperfine frequency of 6.835 GHz)

contains a contribution from the beat between the probe and drive fields, and a

contribution from the beat between the drive and new fields (see figure 4).
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Figure 3. Diagram showing relative frequency of the laser fields present in the
experiment. The drive field is tuned to the S1=2(F ¼ 2) ! P1=2(F ¼ 2) transition of
the 87Rb D1 resonance line (� ¼ 794:7 nm). The probe laser is tuned near the
S1=2(F ¼ 1) ! P1=2(F ¼ 2) transition.
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Figure 4. Diagram showing the beat frequencies present in the experiment.
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To separate the individual frequency components, another field is introduced
on the detector which is derived from the drive field but shifted up slightly
(50MHz) in frequency by an acousto-optical modulator (figure 1). This introduces
sidebands in the beat spectrum. Because the shifted field does not pass through the
cell these sidebands are just proportional to the transmitted field amplitude of the
probe and new fields. The beat spectrum is shown in figure 4. Measurement of the
transmitted probe field (anti-Stokes component) gives information about the EIT
resonance. Similarly, measurement of the transmitted new field (Stokes com-
ponent) provides information about the resonance of the new field.

2.3. Experimental results
We have measured the difference in the resonance width of the probe and new

field. Representative data is shown in figure 5. The new field transmission
resonance width was noticeably greater then the EIT resonance width of the
probe field. Also we report linear growth of the resonance width with increasing
drive field power for constant probe field. This data is shown in figure 6. Similarly,
we observe linear increase of the resonance width with increasing probe field
power when the drive laser power is held constant, as seen in figure 7.

3. Theory
Since the driving field has circular polarization, it transfers all populations of

the magnetic sublevels to the one with maximal value of mF optical pumping and
to the ground state. Thus, effectively, the population ends up in the one state. A
simple model to describe this physical situation is a three-level �-system obtained
from the real one (figure 2) by neglecting the magnetic sublevels emptied by
optical pumping.

3.1. Simple model
The Hamiltonian of the simplified system (depicted in figure 2) is

2538 E. E. Mikhailov et al.

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

-10000 -5000 0 5000 10000

Tr
an

sp
ar

en
cy

 in
 a

rb
itr

ar
y 

un
its

 

Frequency [Hz]

probe field
new field

Figure 5. Representative data showing the shape of the EIT resonance for probe and new
fields. Temperature is 89:68C. Probe power is 3 mW.
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ĤH ¼ �h�ðjaihcj þ jaihbjÞ þ �h�jaihbj þ �h�jaihcj þ adj ð1Þ

where �, � and � are the driving, probe and new fields, levels jai and jbi
correspond to ground state levels F ¼ 1 and F ¼ 2 respectively, and jci cor-
responds to the excited level F ¼ 2 (figure 2). The corresponding density matrix
equations for coherences in the steady-state approximation are

�ab�ab ¼ inab�	 i��cb ð2Þ

�ca�ca ¼ inca�þ i��cb ð3Þ
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Figure 7. Data showing dependence of EIT width on probe power for probe and new
fields. Temperature is 77:78C. Beam diameter is 5mm. Drive power is 300 mW.
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Figure 6. Data showing dependence of EIT width on drive power for probe and new
fields. Temperature is 89:68C. Beam diameter is 5mm. Probe power is 3 mW.
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�cb�cb ¼ ið�ca�	 ��ab þ �ca1�	 ��ab1Þ ð4Þ

�ab1�ab1 ¼ inab�	 i��cb ð5Þ

�ca1�ca1 ¼ inca� þ i��cb ð6Þ

where �ab ¼ � þ i!, �ca ¼ � þ i!d, �cb ¼ �cb þ ið!	 !dÞ, �ab1 ¼ � þ ið�	 !dÞ,
�ca1 ¼ � þ ið�	 !Þ, nab ¼ �aa 	 �bb, nca ¼ �cc 	 �aa. The equations for the popula-
tions are

ra 	 �cbna þ �na 	 2 Im ð�ab1�þ �ab�Þ ¼ 0 ð7Þ

rc 	 �cbna þ �na 	 2 Im ð�ca1� þ �ca�Þ ¼ 0 ð8Þ

na þ nb þ nc ¼
ra þ rc
�cb

ð9Þ

Let us consider the case of a strong driving field, j�j2 
 �bcWD, and weak probe
and new fields, j�j 
 �; �. Under such conditions, all atomic populations should
be in state jbi, and we then find the solution to the above equations is

~��cb�cb ¼ 	��

�ab
	 ��*

�ca1
ð10Þ

�ab ¼ 	i
�

�ab
þ i

�j�j2
~��cb�2

ab

þ i
��*2

~��cb�ca1�ab
ð11Þ

�ca1 ¼ 	i
��2

~��cb�ab�ca1
þ i

�j�j2
~��cb�2

ca1

ð12Þ

where

~��cb ¼ �cb þ
j�j2

�ab
þ j�j2

�ca1
þ j�j2

�ca
:

To compare with the observed results we need to take into consideration the
propagation effects

@�

@z
¼ i��ab

@�

@z
¼ i��ca1 ð13Þ

where � ¼ 3�2N=8��.

3.2. Theoretical results
We calculate the fields propagated through a dense medium. At the frequency

of two-photon resonance, the probe and drive fields acting together induce the
low-frequency atomic coherence �cb that plays a crucial role in establishing EIT.
Increasing the two-photon detuning decreases the coherence �cb and increases
absorption of the probe field. Thus, the probe field has a narrow window at the
vicinity of two-photon resonance, with a width that depends on the rate of
coherence relaxation and power broadening. On the other hand, the low-frequency
coherence �cb is also responsible for a new field generation, and the intensity of the
new field has a similar resonance behaviour to the transparency of the probe field.
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The important difference is that the new field has a large detuning from one-
photon resonance and, consequently, has practically no absorption.

Our numerical calculation showed similar dependence for the width of the
resonance versus drive laser power (see figure 6). The simulation are in good
agreement with the experimentally observed data, because the experimental range
of driving field intensities are in the range for which the simplest theory developed
above is valid. From the simple theory we can see that the difference in the widths
of the EIT window and the new field generated in the cell appears from the
propagation. Increasing the probe field leads to redistribution of the population
between levels b and c; which changes the effective power broadening of the EIT
window width while the change of the width of the generated new field is not that
strong (figure 7).

4. Summary
We have shown that the transmission resonance for the Stokes component is

wider than the resonance for the low power anti-Stokes (probe) field. Also we
report that both resonance widths of the Stokes component resonance and the
probe field have linear dependences on the drive and probe laser power when the
power of the second laser (probe and drive correspondingly) is kept constant.
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