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Abstract
A novel method to control the group velocity of light propagation in a two-level atomic system without additional optical field is proposed. Numerical result and experimental data shows that by changing the magnetic
field intensity and vapor temperature, the group velocity of probe light can be controlled in an appropriate
region.
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1. Introduction
Recently, the precise control of group velocity of light
propagation has made many progresses in both subluminal and superluminal. Slow light propagation can be
achieved by using the techniques of electromagnetically
induced transparency (EIT) [1-4], coherent population
oscillations (CPO) [5-6], coherent hole burning (CHB)
[7-8], two-wave mixing [9], stimulated Brillouin scattering (SBS) [10], stimulated Raman scattering (SRS) [11],
and so on. In superluminal area Brillouin showed theoretically that inside an absorption line the dispersion is
anomalous, which resulted in a group velocity faster than
c in 1960 [12], and negative group velocity of –c/(300 +
30) in Cs atom vapor was found in 2000 [13]. After their
works Bigelow et al. realized the transition from superluminal to subluminal propagation in alexandrite crystal
at room temperature [6]. Agarwal and Dey put forward
their theoretical discussion about sub- and superluminal
propagations in saturated and reverse saturated absorption (RSA) materials [14]. By using this method, our lab
had observed superluminal in C60 solution [15] and erbium-doped fiber [16]. These methods show the possibility to control the group velocity of light, however, there
are some drawbacks in these schemes, in which strong
couple field is needed (EIT, CHB) or some very special
levels structure is required (CPO, RSA), or which only
works in fiber (SBS, SRS), what make these schemes
Copyright © 2010 SciRes.

difficult to be realized in different situations.
In this paper we give a proposal which can be used to
change the group velocity of probe field by controlling
the intensity of magnetic field and atomic vapor temperature. It is well known that energy levels will split in
magnetic field because of Zeeman Effect, so the absorption characteristic of the medium will change, what leads
to the alteration of the group velocity of the probe light.
We theoretically put forward the variation of the group
velocity of the probe light when it propagates though an
atomic vapor under magnetic field, and observed the
time advance experimentally. Our results should be
helpful to realize light propagation in Doppler-broadened
atomic systems.

2. Theory and Equations
It is assumed that the magnetic field is homogeneous
within the atomic vapor and that the incident linearly
polarized radiation is transverse to the magnetic field,
therefore the polarization can be resolved into equal amplitude left-hand and right-hand circularly polarized components. For an atom with a total electron angular momentum J, nuclear spin I, total angular momentum F = I
+ J, and projection of the total angular momentum along
the direction of the external magnetic field M, the Hamiltonian matrix elements (F,F’) for each value of M are
[17]
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here the first term represents the hyperfine interaction
energy, the second represents the external magnetic
energy, μ is the Bohr magneton, B is the external magnetic field, g j and g I are the gyromagnetic factors
for the total orbital angular momentum and nuclear
EF 

spin momentum, respectively. The matrix element dependence on M is contained within a 3-j symbol (enclosed by the brackets), and the matrix element dependence on F is related to a 6-j symbol (enclosed by the
braces).
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with K  F  F  1  J  J  1  I  I  1 and A and B are
the magnetic dipole and electric quadruple constants for
the energy level of interest, respectively.
In the following, the response of the atomic system to
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the applied field is to be discussed by defining the susceptibility  . Taken into account the contribution from
each hyperfine component, the susceptibility  can be
expressed as:
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Here W ( FM , F ' M ' ) is the plasma dispersion function,
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with  is the wavelength and  is the lifetime of the
excited level. f ( J '  J ) is absorption oscillator
strength from the ground state to excited state.  D is
the Doppler width, which can be calculated by
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N n is the population density of the ground-state Zeeman level M (assuming that the optical pumping is negligible), there is
 h FM 
exp 
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N 0 is the atomic density of 6 S1/ 2 , given by [18].
The group velocity and the group refractive index can
be given by:
c
c
g 
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3. Numerical Results and Discussion
Basing on the above formulas in the previous section, we
take Cs D2 transition ( 6 S1/ 2 ( F  4)  6 P3/ 2 ) for example, and summarize our results for the steady state behavior of the system. Because the Doppler width (about
379 MHz at 303 K) is far larger than the splitting between the sub-levels of 6 P3/ 2 at room temperature, the
sub-levels of 6 P3/ 2 (F = 3, 4, 5) can’t be differentiated
in this situation.
For the transition 6 S1/ 2 ( F  4)  6 P3/ 2 , based on the
selection rule for electric dipole transition ( F  0, 1,
m  1 ), there are twenty-four left-hand and right-hand
transition, respectively. By using Equation 3 and taking
into account the contribution from each hyperfine component, we show the behaviors of real and imaginary
parts of the susceptibility in Figure 1(a) and Figure 1(b),
respectively.
It’s well known that the imaginary and real part of the
susceptibility reflect the absorption and dispersive property of the medium, respectively. As is shown in Figure
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Figure 2. The group refractive index on resonance versus
intensity of magnetic field. The red line is the calculated
result at cell temperature T = 302 K while the black line is
the result at T = 297 K.

The curves in Figure 2 show that when magnetic field
increases the group refractive index on resonance stays
negative but its absolute value reduces and tends to be a
constant when magnetic field gets large enough (about
250 G), while the cell absorption reduces. Figure 2 also
shows the vapor temperature is an important parameter
to this system, the higher the temperature, the faster the
light. Consequently, the group velocity of the probe light
can be controlled by changing the intensity of magnetic
field B and vapor temperature T.

4. Experimental Setup
(b)

Figure 1. The real (a) and imaginary (b) parts of susceptibility versus probe field detuning. Other parameters of
above curves are T = 303 K, γ/2π = 5.22 MHz.

1(a) that when the intensity of magnetic field B increases,
the absorption on resonance reduces and the peak of the
curve has an obvious excursion. When the intensity of
magnetic field gets strong enough, energy level degeneration takes place at 6 P3/ 2 because the Zeeman splitting is far larger than the Doppler width, so additional
absorption peaks will appear. That will lead to an
amusive result, for the probe light of certain frequency
(see green pane in Figure 1(a)), light propagation can
change from slow light to superluminal when the magnetic field changes, and when the magnetic field gets
larger, the propagation changes back to slow light. The
dispersive properties of the medium are shown in Figure
1(a), from which we can see that the slope of the dispersion changes at different magnetic field, and the group
refractive index on resonance is planned in Figure 2 by
using Equation (7).
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In the experiment, the correlative energy levels were Cs
6 S1/ 2 ( F  4)  6 P3/ 2 , a single laser (locked to the absorption peak of Cs 6 S1/ 2 ( F  4)  6 P3/ 2 and its bandwidth is 2MHz) was employed as a light source, and the
electro-optic modulator was used to modulate the laser
beam into amplitude modulated signal I  I 0 (1  m cos(t )).
A beam splitter divided the modulated optical field into
two parts, one part (5%) used as a reference and the other
as a signal. The signal light went through a Cs atomic
vapor of 3cm before it was detected. The reference ran
through the same cell without Cs in it in order to compensate the dispersion from the surface of cell. The
transmitted signal and reference were received by the
detectors, and the fed into a two-channel digital oscillator
for comparison. Finally, we got the time advancement or
delay of the signal light relative to the reference through
data processing.
When the input power of the signal was 15 mW,
modulation frequency was 1.5 MHz, we observed distinct time advancement of the signal relative to the reference light through Cs cell and show it in Figure 4. By
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Figure 3. Experiment setup for Cs superluminal observation.

Figure 6. Observed time advancement (solid dot) and theoretically calculated result (black line) as a function of the cell
temperature at the intensity of magnetic field B = 200 G.

we can see clearly that by changing the magnetic field,
the time advancement can be controlled in an appropriate
region. Figure 6 shows the pulse passes faster because
more atoms are provided to the system when the cell
temperature is higher.

5. Conclusion
Figure 4. The waveform of a 1.5 MHz amplitude modulated
signal propagating through 3 cm empty cell (black line), 3
cm Cs cell without magnetic field on (blue line), and 3 cm
cell in 300 G magnetic field (red line) at room temperature
T = 293 K.

In conclusion, superluminal in Doppler broadened two
level atomic systems under magnetic field was theoretically brought forward, and observed in experiment. It is
shown that both the group refractive index and vapor
absorption depend on the magnetic field intensity and
vapor temperature. By only changing those parameters,
the group velocity of light can be controlled in an appropriate region, and our work should be helpful to realize
superluminal propagation in various Doppler-broadened
atomic systems.
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