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Microwave excited optical transparency enhancement

resonances in Hanle-EIT configuration
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We report an experimental observation of the optical transparency enhancement resonances in Hanle-
electromagnetically induced transparency (EIT) configuration with a microwave field excitation. In this
experimental system, a strong control field and a weak probe field form three-level Λ-type configurations of
EIT. The fourth level is coupled by an additional microwave field. With the microwave field excitation, the
probe field undergoes a process of absorption to transparency when the probe field decreases. Compared
with the EIT effect, this result indicates optical transparency enhancement. A simple theoretical model
and a numerical simulation are presented to explain the observed experimental results. The applications
of these optical features are also discussed.

OCIS codes: 270.1670, 190.4180.
doi: 10.3788/COL201311.022701.

Since the phenomenon of electromagnetically induced
transparency (EIT) has been observed, it has attracted
great attention among researchers in the fields of nonlin-
ear and quantum optics as well as in spectroscopy and
precision metrology[1,2]. EIT refers to a phenomenon,
in which a probe field experiences reduced absorption
at the center of the probe transition in an absorbing
medium driven by a control field. The essential fea-
ture of EIT is the existence of quantum superposition
states, which are decoupled from the coherent and dis-
sipative interactions[3]. As a general rule, interactions
involving such a “dark state” may lead to a modification
of the atomic-optical responses[4]. The interactions can
come from different sources: a microwave[5], optical
coherent[6−8], direct current or alternating current[9], or
radio frequency fields[10]. The observed results show var-
ious phenomena, such as absorption, transparency, and
optical gain. Optical properties, such as width, ampli-
tude, and position, can be manipulated by adjusting the
coherent interaction.

In this letter, we demonstrate the observation of opti-
cal transparency enhancement resonances in a rubidium
(87Rb) vapor cell. In this experimental system, a strong
control field and a weak probe field formed several three-
level Λ-type configurations of EIT. A microwave field
drove a magnetic-dipole transition between the fourth
level and ground state, which is coupled with the excited
state by the control field. The probe light undergoes a
process of absorption to transparency when the probe
field decreases step by step. To our knowledge, this
observation has not been reported previously; moreover
some new interesting applications, such as sensitive spec-
troscopy, can be carried out using these effects.

To realize Hanle-EIT configuration, the relevant en-
ergy levels and excitation laser and microwave fields are
shown in Fig. 1(a). The control field (Rabi frequency
Ωc) and the probe field (Rabi frequency Ωp) are rep-
resented by right and left circularly polarized light (σ+

and σ−), respectively, as derived from a single linear

polarized laser beam. These light fields coupled pairs of
Zeeman sublevels of ground state (52S1/2)

87Rb atoms
with magnetic quantum numbers differ by two through
the excited 52P1/2, F = 2 state. Given that the ground-
state sublevels have the same energies, the Hanle-EIT
and related coherent effects can be observed around the
zero magnetic field[11]. In this case, an additional mi-
crowave field coupled the fourth state 52S1/2, F = 1,

mF = 0 to 52S1/2, F = 2, MF = 0. In this experiment,
the control field is much stronger than the probe field
(Ωc≫Ωp), and most of the relevant atoms are pumped
in the state 52S1/2, F = 2, MF = 2 and in the other

three ground states (52S1/2, F = 1, MF = 0, ± 1).
Thus, we can focus on the realistic systems shown as |a〉,
|b〉, |c〉, and |d〉, respectively. The reservoir of specta-
tor states can thus be collectively marked as |e〉, which is

Fig. 1. (a) Four-level configuration of 87Rb atomic states res-
onantly coupled to a control field (Ωc), a probe field (Ωp),
and a microwave field (Ωm); (b) typical observed 87Rb EIT,
in which the transmission intensity is shown as a function of
the magnetic field, the full width of the resonance is about 20
mG; (c) schematic of the experimental setup.
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calculated in the numerical simulation.
We performed the experiments in warm pure 87Rb va-

por with mixture buffer gases Ar (15.5 Torr) and N2

(9.5 Torr) heated to 62 ◦C to obtain around 80% reso-
nant absorption for a weak optical field of the 87Rb D1

line(∼= 795 nm). The experimental setup is shown in
Fig. 1(c). The 87Rb cell was placed inside a TE011 mi-
crowave cavity for the microwave field excitations, and a
cylindrical coil surrounded the cavity for the magnetic
field control. The coil and cell were placed inside a
three-layer cylindrical µ-metal shield to render the rem-
nant magnetic field to less than 20 µG. The laser fre-
quency was stabilized by employing the saturated absorp-
tion spectroscopy technique. An acousto-optical mod-
ulator(AOM) shifted the light frequency 160 MHz cor-
responding to the buffer gas mixture frequency shift of
the input light, and was also used as an intensity con-
troller of the light. The input laser beam was collimated
and expanded into a diameter of 8 mm and then passed
through the sample cell. For the data presented here, we
employed the 52S1/2, F = 2→52P1/2, F = 2 transition

of 87Rb. The laser beam was divided into control and
probe beams with a fast Pockels cell and two λ/4 plates.
We slightly rotated the polarization of the input light to
generate a weak left circular polarized probe light (σ−)
and a strong right circular polarized control light (σ+).
The 6.8-GHz microwave field was applied to drive the
magnetic-dipole transition between |F = 1〉 and |F = 2〉.
The probe and control lights were separated by a high-
quality polarizer and analyzer with an extinction ratio of
1× 10−5; these were detected using individual photo de-
tectors, and then recorded in the oscilloscope. We firstly
considered the case of the continuons wave (CW) probe
and control fields. Figure 1(b) displays a typical trans-
mission spectrum for the probe (Ωp) field obtained by
scanning the magnetic field. Due to the induced trans-
parency, the probe field transmission was maximal for
zero magnetic field, despite the fact that most atoms are
in the state 52S1/2, F = 2, mF = 2 for the three-level
Λ-type configuration. We set the control field to 1 mW
and the probe field to 50 µW; Given that some atoms
were out of the three-level system, the observed EIT was
not perfect with the contrast of around 24%. Outside of
the transparency window (magnetic field 20 mG), the Rb
vapor can be deemed nearly opaque to the probe field.

We next applied a microwave field to drive the
magnetic-dipole transition between |F=1〉 and |F=2〉.
We applied a 32 mG static magnetic field to separate
the hyperfine zeeman sublevels. Firstly, we set the con-
trol field to 1 mW, the probe field to 50 µW, and the
microwave field output power to 16 dBm. We detected
the transmission intensity of the probe field and the ex-
perimental observation is shown in Fig. 2. The base
line we define here is the peak value of transparent res-
onance (Fig. 1(b)), when the microwave field is turned
far away from the resonance. In this case, the microwave
field has no direct influence on the EIT effects. When
we scanned the frequency of the microwave field near the
hyperfine transitions of the ground states, seven deep ab-
sorption peaks appeared (Fig. 2(a)). These peaks corre-
spond to the nine microwave magnetic-dipole transitions,
two of which are degenerate. Next we carefully rotated
the pocklels cell to decrease the probe light to around

1 µW. We found that the seven absorption peaks grad-
ually reduced and then turned to optical transparency
(Fig. 2(b)). Compared with the base line, we obtain
the optical transparency enhancement resonances. The
signal-to-noise ratio (SNR) of the highest peak is far
greater than 160 for a 100-kHz bandwidth of the detec-
tion system. The observed optical transparency strongly
related to the ratio of the intensity of probe light and
control light (Fig. 2(c)), and the linewidth and contrast
of the peaks depended mainly on the microwave field
output power (Fig. 2(d)). The distance between the
peaks is the split by the Zeeman interaction. Compared
with the optical absorptive resonance and EIT, the opti-
cal transparent resonance had higher contrast, narrower
linewidth. We focused on the central peak, correspond-
ing to the magnetic-dipole transition 52S1/2, F = 1,

mF = 0→52S1/2, F = 2, mF = 0. As the magnetic
quantum number (mF = 0) equals zero, the peak had
no first-order magnetic field effect. The width of the
peak became narrower to sub-kHz when the microwave
field output power was reduced. The contrast which is
defined as (maximum-minimum)/maximum could reach
up to 25%.

In order to analyze the experimental data and com-
pare it with the theoretical explanation, we calculated the
probe field spectra by solving the optical Bloch equation
of density-matrix operator described as

dρ

dt
=

1

i~
(Hatom + Hcoupling + Hmicrowave

+ Hprobe, ρ) +
{dρ

dt

}

, (1)

where Hatom is the atom Hamiltonian; Hcoupling,
Hmicrowave, and Hprobe are the Hamiltonian of the cou-
pling, microwave, and probe fields in the rotating-wave
approximation, respectively. {dρ

dt } describes the relax-
ation of ρ and its elements as

{dρaa

dt

}

= − (Γb + Γc + Γd + Γe)ρaa, (2)

Fig. 2. Parallel static magnetic field is applied, the peaks are
split into seven peaks, and the distance between the adjacent
peaks or the zeeman frequency shift is at 22.5 kHz, Ic = 1
mW. (a) Optical absorption, Ip = 50 µW; (b) optical trans-
parency, Ip = 1 µW; (c) optical response as a function of the
probe-to-control intensity ratio; (d) linewidth and contrast of
the central peak as a function of the microwave output power.
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{dρbb

dt

}

= Γbρaa + γ1(ρcc − ρbb) + γ1(ρdd − ρbb)

+ γ1(ρee − 2ρbb), (3)

{dρcc

dt

}

= Γcρaa + γ1(ρbb − ρcc) + γ1(ρdd − ρcc)

+ γ1(ρee − 2ρcc), (4)

{dρdd

dt

}

= Γdρaa + γ1(ρbb − ρdd) + γ1(ρcc − ρdd)

+ γ1(ρee − 2ρdd), (5)

{dρee

dt

}

= Γeρaa + γ1(2ρbb − ρee) + γ1(2ρcc − ρee)

+ γ1(2ρdd − ρee), (6)

{dρij

dt

}

= − Γij ρij , (i, j = a, b, c, d), (7)

with

Γab =
Γb

2
, Γac =

Γc

2
, Γad =

Γd

2
,

Γbc = Γbd = Γcd = γ0, (8)

where Γb, Γc, Γd, and Γe are the spontaneous decay rates
from |a〉 to |b〉, |c〉, |d〉, and |e〉, respectively; γ1 represents
the atoms and buffer gases collisions induced decay rate;
γ0 represents the relaxation rate of coherence between
the ground states. The probe properties is proportional
to the imaginary part of the amplitude of ρab in the units
η, η=Nλ3/(8π2), in which N is the atomic density, and
λ is the light field wavelength. We took our numerical
simulation parameters from our experimental measure-
ment and some parameters of the cell from Ref. [13].
The results are consistent with our observation and are
shown in Fig. 3.

We turn to an interpretation of the experimental re-
sults. The coherence Im(ρab) in the steady state can be
written as

Im[ρab(△m)]

= −
Ωp[ρbb(△m) − ρaa(△m)] + ΩcRe[ρbc(△m)]

Γab
. (9)

The probe response is attributed to two terms, namely,
the population difference ρbb − ρaa and the atomic co-
herence Re(ρbc) multiplied by the Rabi frequencies of the

Fig. 3. Imaginary part of the susceptibility in the units η,
the parameters are Γb = Γc = Γd = 1.3 × 106 s−1, Γe =
2.6×106 s−1, γ1 = 282 s−1, γ0 = 290 s−1, Ωc = 6.8×106 s−1,
and Ωm = 3 400 s−1. (a) Optical response as a function of
the probe-to-control intensity ratio; (b) optical transparency
when Ωp = 2.7 × 105 s−1.

probe and control lights, respectively. In the absence of
microwave excitation, which is the condition for EIT, the
first term has almost the same value as the second term,
assuming that the control light is strong enough to ap-
proximate ρbb − ρaa = 1 and that the dephasing factors,
such as Γbc can be ignored[2]. Following the theoretical
predictions discussed in Ref. [4], it can be made to op-
tical gain in the presence of microwave field. However,
the realistic system is not perfect (Fig. 1(b)). It can
be separated into two cases to qualitatively understand
our experimental system. The two terms do not cancel
perfectly because of the microwave excitation and have a
competitive relation with the microwave detuning. Nor-
mally, the spectrum shows optical absorption resonance
due to the population loss and the destruction of the
coherence[4,5]. However, it shows a different view when
the probe field is weaker. Some atoms are incoherently
injected into |d〉 from the other states due to collisions
between the buffer gases and atoms[12], which leads to
the situation wherein the variation of the first term is
greater than that of the second term. In the four-level
dressed picture[4], the three-photon transition from |d〉
to |b〉 resulted in an increase in the imaginary part of the
susceptibility (Im(ρab)) at the transparency point, which
reduced the absorption of the probe field.

Our results show that there are some possible appli-
cations for high-resolution laser spectrum, EIT-based
atomic clock. These clocks can provide a sensitive tool
for direct measurements of the strength of the coher-
ent perturbation such as microwave field, among others.
High sensitivity similar to EIT-based techniques can be
expected, but without the need for involved dispersive
measurements since narrow optical resonances can be
observed with a large SNR. After checking the central
peak in the several peaks spectrum. The peak cancelled
the first-order magnetic effect, which is a good reference
for the atomic frequency standard.

In conclusion, we show an experimental observation
of the optical transparency enhancement resonances in
Hanle-EIT configuration. With the microwave field ex-
citation, the probe light field turns from absorption to
optical transparency when the probe field decreases.
The theoretical model and numerical simulation illus-
trate that some atoms are injected into the foul-level
system which lead to optical transparency enhancement
resonance. Due to the large SNR, the resonances can
be applied to high-resolution spectroscopy, EIT based
atomic clock.
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ment Program of China under Grant No. 2005CB724507.

References

1. S. E. Harris, Phys. Today 50, 36 (1997).

2. M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev.
Mod. Phys. 77, 633 (2005).

3. S. E. Harris, J. E. Field, and A. Imamoglu, Phys. Rev.
Lett. 64, 1107 (1990).

4. M. D. Lukin, S. F. Yelin, M. Fleischhauer, and M. O.
Scully, Phys. Rev. A 60, 3225 (1999).

5. Y.-C. Chen, Y.-A. Liao, H.-Y. Chiu, J.-J. Su, and I. A.
Yu, Phys. Rev. A 64, 053806 (2001).

022701-3



COL 11(2), 022701(2013) CHINESE OPTICS LETTERS February 10, 2013

6. C. Champenois, G. Morigi, and J. Eschner, Phys. Rev.
A 74, 053404 (2006).

7. Z. Wang and Y. Tang, Chin. Opt. Lett. 6, 405 (2010).

8. M. Yan, E. G. Rickey, and Y. Zhu, Opt. Lett. 26, 548
(2001).

9. E. A. Wilson, N. B. Manson, and C. Wei, Phys. Rev. A
72, 063814 (2005).

10. S. F. Yelin, V. A. Sautenkov, M. M. Kash, G. R. Welch,
and M. D. Lukin, Phys. Rev. A 68, 063801 (2003).

11. W. Hanle, Z. Phys. 30, 93 (1924).

12. M. A. Bouchiat, J. Brossel, and L. C. Pottier, J. Chem.
Phys. 56, 3703 (1972).

13. S. Micalizio, A. Godone, F. Levi, and C. Calosso, Phys.
Rev. A 79, 013403 (2009).

022701-4


