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Abstract— We demonstrate a simple setup for observing
very high contrast coherent population trapping resonances in
rubidium-87. The high contrast is achieved by eliminating the
DC-light background through polarization and spectral filtering.

I. INTRODUCTION

Recent progress in the field of atomic devices based on
coherent population trapping (CPT) [1]–[3] such as atomic
clocks [4]–[6] and magnetometers [7]–[9] has generated a
significant interest in ways to further improve the quality
of the detected resonance signal. Several different advances
have been demonstrated with encouraging results, such as
reducing the CPT resonance linewidth [10], [11], increasing
the resonance amplitude [11]–[14] and reducing the laser
FM-AM noise [15]. These results are generally expected to
improve the frequency stability in the case of atomic clocks
or improve the sensitivity to magnetic fields, in the case of
magnetometers.

A conventional CPT resonance is detected by monitoring
absorbtion of a bichromatic optical excitation field by alkali
atoms. Depending on the details of the experiment, the CPT
resonance contrast1 varies from below 0.1% to a maximum
approaching 25% [16]. Because of this low contrast, a majority
of the light falling on the photodetector is unwanted DC-light
background. This light background not only contributes to
the photon shot noise but also to the amplitude and the FM-
AM conversion noise [17] which scales linearly with optical
power. Here we demonstrate a simple experiment based on
four-wave mixing that can almost entirely eliminate the DC
light background from the CPT resonance signal and therefore
allow improved detection resolution.

The basic idea behind this technique is to use four-wave-
mixing in atomic vapor to generate a conjugate light field
[18]. The conjugate field is generated only when the two-
photon resonance condition is satisfied by the bichromatic
CPT excitation fields. After the excitation fields pass through
the atomic vapor, they are eliminated by polarization and
spectral filtering using a rubidium-85 filter cell. This allows
the detection of the generated conjugate field against nearly
zero optical background.

1Contrast is defined as 100 × ratio of CPT resonance amplitude to the total
light background on resonance.

Fig. 1. Level scheme used to generate a conjugate field using four wave
mixing in a double Λ system in 87Rb. Here, Ω and Ωp are the Rabi
frequencies connecting the ground states and the excited states. For simplicity
it is assumed that the excited states decay to the ground states with an equal
decay rate given by Γ and the ground state population and coherence decay at
a rate given by γ. A phase conjugate light filed is generated between energy
levels

˛̨
F = 1, mf

¸
and

˛̨
F ′ = 2, mf − 1

¸

II. THEORY

The process of four wave mixing in an atomic vapor
has been extensively studied, for example, in the context
of frequency up or down conversion [19], [20]. The phase
conjugate light field that is generated has several interesting
properties many of which are particularly useful in the field
of quantum optics and quantum communications.

Consider the atom-light system shown in Figure 1. The light
fields incident between levels |F = 1,mf 〉−|F ′ = 2,mf + 1〉
and |F = 2,mf 〉 − |F ′ = 2,mf + 1〉 are coherent and are
used to excite a CPT resonance. A light field, Ωp, with
orthogonal polarization resonant between |F = 2,mf 〉 −
|F ′ = 2,mf − 1〉 is used to probe the coherence that is
generated in the atomic medium by the CPT light fields.
Through a four wave mixing process mediated by the atomic
vapor, a phase conjugate field that is shifted in frequency
by an amount equal to the ground state splitting frequency
is generated [18], [21]. This process can be analyzed using
density matrix formalism [22].
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Fig. 2. (a) Experimental setup used to observe the conjugate light field against
a nearly zero light background. 1: Polarizing beam splitter. (b) Conjugate light
field power detected as a function of detuning from the two-photon resonance
(from 6.83468 GHz). A: Light background due to a secondary laser mode.

Making assumptions similar to those made in Ref. [23],
an analytic expression for the atomic density matrix elements
can be obtained under steady state conditions. Specifically,
the coherence element Im[ρ14], between the energy levels in
which the conjugate field is generated is given by

Im[ρ14] = − 1√
Γ

√
2
√

TΥ(γ + T + 2Υ)
δ2 + (γ + T + 2Υ)2

, (1)

where Υ and T are the optical pumping rates defined as Ω2/2Γ
and Ω2

p/2Γ respectively and δ is the two-photon detuning. It
was assumed here that the single photon detuning of the probe
field was equal to zero and that of the pump fields, δ1 and δ2,
was such that δ1 = −δ2 = δ/2.

The spatial absorbtion of a light field, Ωi, resonant between
atomic energy levels i and j is given by [23]

dΩi

dz
= −αi × Im[ρij ], (2)

where αi is the absorption coefficient defined as,

αi =
(

ωLi

cε0~
d2

i

)
n. (3)

In Eq. (3), n is the density of the atoms, ε0 is the permittivity of
vacuum, c is the speed of light and ~ is Plank’s constant. The
electric dipole moment, di, is the component of electric dipole
moment along the direction of the traveling co-propagating
light fields (z).

From Eq.(2), it can be seen that Im[ρij ] with a negative
value leads to an overall amplification of the light field Ωi as
it propagates through the atomic medium. This is responsible
for generation of the conjugate light fields between energy
levels |F = 1,mf 〉 and |F ′ = 2,mf − 1〉.

III. EXPERIMENT

The experimental setup that was used here is shown in
Figure 2(a) and is described in detail in Ref. [24]. Two linear,
orthogonally polarized light fields, Beam-1 and Beam-2, were

generated by vertical-cavity-surface-emitting-lasers (VCSEL).
Both beams were tuned to the D1 line of rubidium-87 and were
combined together in the same spatial mode using a polarizing
beam splitter. The two beams were circularly polarized using a
quarter wave plate and passed through an enriched rubidium-
87 vapor cell containing nitrogen buffer gas.

The pump beam, Beam-1, was a bichromatic field generated
by modulating the injection current of the VCSEL at 3.417
GHz and was used to excite a CPT resonance. The second
monochromatic beam, Beam-2, was used to the probe the co-
herence generated in the atomic medium by Beam-1. Through
the process of four-wave-mixing in the atomic vapor, a phase
conjugate light field was generated in the same spatial and
polarization mode as Beam-2 but shifted in frequency by an
amount equal to the ground state hyperfine splitting frequency
(see Fig. 1).

After passing the light fields through the vapor cell, Beam-
1 was eliminated using a quarter waveplate polarizer arrange-
ment and the Beam-2 was eliminated using an optically thick
rubidium-85 filter cell. The remaining conjugate field was then
detected independent of any light background.

When the two photon CPT resonance condition is not
satisfied by the optical fields in Beam-1, the conjugate field
is not generated and there is almost complete absence of any
light falling on the photodetector. Under realistic experimental
conditions, however, there is always some light that leaks onto
the photodetector and this is the main factor that determines
the CPT resonance contrast when using this technique. This is
unlike the conventional case in which the resonance contrast
depends on factors such as the intensity of the incident light
fields and the buffer gas pressure in the vapor cell [13]. In the
experiment, we observed CPT resonances with contrast in the
range of 90% (Fig. 2(b)). The contrast seen here was limited
by roughly 3 nW of light leaking onto the photodetector. A
majority of this leakage light was attributed to a secondary
spectral mode in Beam-2 that was detuned from the primary
mode by roughly 2 GHz.

IV. CONCLUSION

We have demonstrated a novel technique for observing CPT
resonances with a very high contrast in rubidium-87 atoms.
Unlike in the conventional case, the resonance contrast here
mainly depends on spectral purity of the laser and the quality
of the polarization filtering components. This allows a unique
possibility of observing very high resonance contrasts even
at very low light intensities and at relatively high buffer gas
pressures. In the experiment, a contrast in the range of 90%
was seen using simple and inexpensive VCSEL lasers. This
contrast was mainly limited by the spectral purity of the laser.

Apart from the utility of this technique in applications
such as atomic clocks and magnetometers, this may provide
a simple and powerful tool for investigation in areas such as
slow light using EIT and quantum memory applications [25].
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M. D. Lukin, “Shaping quantum pulses of light via coherent atomic
memory,” Phys. Rev. Lett., vol. 93, no. 23, p. 233602, Nov 2004.

1341


