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We show that electromagnetically-induced transparency in a room-temperature vapor of alkali-
metal atoms can be enhanced via a specific shaping of the atomic velocity distribution. In such a
medium, the interplay between doppler broadening and the existence of several excited levels may
lead to a vanishing transparency, which cannot be predicted in a generic Λ-type three-level model.
Here, we identify the underlying effects resulting in this phenomenon and evidence some velocity
classes turning transparency into absorption. By excluding these specific atoms from the interaction
process, an enhancement of the transparency contrast by a factor 5 is thereby demonstrated, with
potential applications for metrology and quantum information processing.

PACS numbers: 42.50.Gy, 42.50.Ct, 32.80.Qk, 03.67.-a

Quantum interference effects in the amplitudes of op-
tical transitions in atomic medium can lead to strong
modifications of its optical properties. For instance, a
light field resonant with an atomic transition is usually
strongly absorbed in a dense medium but, in the presence
of an additional driving field, it can be totally transmit-
ted. This coherent effect, well-known as electromagnet-
ically induced transparency (EIT) [1–3], has become an
important tool to control the optical properties of dense
media. Among the capabilities enabled by EIT or re-
lated phenomena are high precision magnetometery [4],
lasing without inversion [5], and slowing [6] and stop-
ping of light pulses [7, 8]. These possibilities opened
new avenues for optical information storage and quan-
tum information processing. Recent experiments based
on dynamic EIT have demonstrated reversible mapping
of single-photons or qubits [9–11] and of quantum con-
tinous variables [12–14]. These seminal demonstrations
spurred intense experimental and theoretical efforts to
improve the efficiency of such processes and extend them
to new enabling photonic technologies.

An important effort concerns indeed the modeling of
the EIT process in the non-ideal case. The EIT configu-
ration is usually modeled by a generic Λ-type three-level
system [3]: two atomic ground states are connected to an
excited state via two optical fields, a probe and a control
field. However, in many optically dense media, the rele-
vant energy structure is more complex and can strongly
modify the EIT features. A typical case is the use of en-
sembles of alkali-metal atoms in which experiments have
been most performed [15, 16]. The hyperfine interac-
tion in the excited state introduces several levels, which
can simultaneously participate in the coherent interac-
tion. The deviation from the Λ-type approximation can
be very significant when the inhomogeneous broadening
is comparable with the separation between these excited
levels, such as for example in the D2-line of atomic ce-
sium at room temperature. The observed transparency

is generally lower than predicted [14, 17] and can even-
tually disappear for large broadening as observed in [18].
Various numerical analysis have investigated particular
regimes, such as double-Λ system [19] or off-resonant Ra-
man transition in a broadened medium [20]. However, to
date no full study of EIT in inhomogeneously broadened
medium with multiple excited levels has been performed.

In this paper, we report measurements that provide
a detailed picture of EIT in such a medium. In agree-
ment with the general model recently developed in Ref.
[21], we evidence the process leading to a reduced trans-
parency and we experimentally demonstrate how to mit-
igate this effect. Our observations are made possible by
identifying atoms from specific velocity classes that ab-
sorb the light in the process and by then reshaping ac-
cordingly the atomic velocity distribution. This proce-
dure enables to recover a significant transparency.

We begin by discussing the effect of inhomogeneous
broadening on the EIT features. In a Λ-type three-
level system, the susceptibility of the medium is strongly
modified when a driving field is applied to one of the
transition. The transmission of a probe field through
the atomic medium exhibits two symmetrical absorption
peaks as a function of its detuning from the resonance.
This feature corresponds to the well-known Autler-
Townes doublet [22], defining a so-called ”transparency
window” with zero absorption at resonance between the
peaks. In an inhomogeneously broadened medium, the
behaviours of the various atoms differ from the previ-
ous description. Specifically, in a Doppler broadened
medium, the atomic population is distributed over a wide
range of velocity classes. For copropagating control and
probe beams, an atom with velocity v sees the control
and probe fields shifted by Doppler effect by approxi-
mately the same detuning ∆Doppler = −k · v where k is
the wave-vector of the fields and where ∆Doppler is the
Doppler shift in the atomic frame. The two-photon de-
tuning, defined as ∆2ph = ωprobe − ωcontrol + ωgs where
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FIG. 1: (color online) Calculated probe absorption for atoms
with different velocities, given here by the Doppler detun-
ings ∆Doppler as a function of the detuning ∆2ph between the
control and the probe fields. Panel (a) corresponds to a Λ-
scheme interaction with two ground states and one excited
state while panel (b) takes into account an additional excited
state. For both cases, the integrated absorption is obtained
for a Gaussian velocity distribution of 160 MHz width, which
corresponds to the thermal velocity distribution for Cesium
atoms at T=300 K. While the 3-level model predicts a nar-
row but preserved transparency window at zero detuning, the
4-level model leads to a vanishing transparency. |s〉 and |g〉
denote levels |6S1/2, F = 3,m = 1〉 and |6S1/2, F = 3, m = 3〉,
while |e1〉 and |e2〉 correspond to levels |6P3/2, F = 2,m = 3〉
and |6P3/2, F = 3,m = 3〉 in atomic cesium. The control
Rabi frequency is taken equal to Ω = 12 MHz.

ωprobe and ωcontrol are the field frequencies and ωgs the
splitting between the two atomic ground states, does not
depend on the velocity class but the atoms with non-zero
velocity along k are involved in an off-resonant process,
which modifies the absorption spectrum. Figure 1a gives
the absorption as a function of the probe detuning for
different Doppler shifts when the control field is resonant
for atoms zero-velocity along k. While for non Doppler-
shifted atoms one can observe the usual Autler-Townes
doublet, the spectrum is modified when the Doppler shift
increases. The two absorption peaks are not symmetri-
cal any more. One peak corresponds to the one-photon
absorption resonance, the other one to the two-photon
Raman resonance. In the case of Fig. 1, the atomic ve-
locities are opposite to the laser propagation direction,
giving ∆Doppler > 0 in the atomic frame, and yielding
negative shifts of the one-photon absorption resonance in
the laboratory frame. The second peak (∆2ph > 0) corre-

sponds to the Raman absorption process, and it is Stark
shifted from ∆2ph = 0. When the Doppler detuning in-
creases, the Raman resonance gets closer to 0 and its
width is increasingly reduced. However, it is important
to note that the position of this absorption peak never
reaches ∆2ph = 0. As a result, perfect transparency is
preserved at the two-photon resonance for all the velocity
classes. The integration over the whole velocity distribu-
tion preserves a perfect transparency at resonance but
leads to an important reduction of the transparency win-
dow width.

When one takes into account multiple excited levels,
the modification of the susceptibility in the driven sys-
tem is very different. Indeed, the presence of other levels
induces Stark shifts that move the induced Raman res-
onances from their position previously described in a Λ
configuration. Based on the model developed in [21], Fig-
ure 1b shows for instance the case of two non-degenerate
excited levels, |e1〉 and |e2〉. The strong modification of
the susceptibility can be understood as follows. In this
multiple excited level scheme, two velocity classes now
see the control field on resonance but for different lev-
els: |e1〉 for the non Doppler shifted atoms and |e2〉 for
the atoms shifted by a frequency equal to the separation
between the two levels. These two velocity classes see a
quasi perfectly symmetrical Autler-Townes doublet cen-
tered on their atomic transition, i.e. on the two-photon
resonance, plus a remote peak centered on the one photon
transition to other excited state (not visible in the figure).
For atoms with intermediate velocities, the two-photon
Raman absorption resonance undergoes Stark shifts due
to the two excited states mentionned above and eventu-
ally crosses the ∆2ph = 0 line, as illustrated in Fig.1b.
While transparency was always preserved at resonance
in the previous case, there is no longer any value of the
detuning for which atoms are now transparent indepen-
dently of their velocity. Consequently, if the broadening
is comparable with the hyperfine splitting, the integra-
tion over all the velocity classes can result in a total dis-
appearance of the EIT, as shown here. Significantly, our
model enables to identify the atoms which strongly mod-
ify the EIT feature. By taking into account the dipole
matrix elements and hyperfine splittings in the excited
state, the Doppler shift corresponding to the atoms ab-
sorbing in the center of the expected transparency win-
dow can be determined. In our configuration, it corre-
sponds to ∆Doppler = ∆0 ≃ 45 MHz, as can be seen in
Fig. 1b. By excluding these specific atoms from the in-
teraction process, the effect can be mitigated, as we will
show now.

Our experiment is illustrated in Fig.2. The optically
dense medium is obtained from a warm vapor of 133Cs
heated at 35◦C in a paraffin-coated cylindrical glass cell
(3 cm long and 3 cm in diameter). At this temper-
ature, the Doppler broadening reaches a full width at
half maximum equal to 160 MHz. The cell is placed in
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FIG. 2: (color online) Experimental measurement of induced transparency. The transmission of a cesium vapor is probed by
scanning the frequency of a weak σ−-polarized probe field. The strong σ+-polarized control field is kept on resonance with
the |s〉 to |e〉 transition. A repumper beam enables to efficiently prepare the atoms in the |g〉 ground state. Two depumpers
beams can be used to burn holes in the velocity distribution in order to exclude atoms with specific Doppler shifts from the
interaction process. The inset gives the relevant energy diagram for the 6S1/2 → 6P3/2 transition in atomic cesium, as well as
the associated light fields. PBS and NPBS : polarizing and non-polarizing beam splitter, QWP: quater-wave plate

a longitudinal magnetic field produced by symmetrical
sets of coils and the system is enclosed into a magnetic
shielding composed of three layers of µ-metal. Resid-
ual magnetic fields are smaller than 0.2 mG, with a ho-
mogeneity better than 1:700. The scheme of the light-
atom interaction is given in the inset of Fig.2. The
two ground states |s〉 and |g〉 are the two Zeeman states
|6S1/2, F = 3,m = 1〉 and |6S1/2, F = 3,m = 3〉 sep-
arated by 1.25 MHz. The excited state for which the
control field is on resonance for zero-velocity atoms is
the Zeeman state |e〉 = |6P3/2, F = 2,m = 3〉. As ex-
plained previously, this simple Λ system is strongly influ-
enced by the other excited states, i.e. |6P3/2, F = 3〉 and
|6P3/2, F = 4〉, which are respectively 151 MHz and 352
MHz from the |e〉 state. The control field is σ+-polarized
and resonant with the transition |g〉 → |e〉, while the
probe field is σ−-polarized and addresses the transition
|s〉 → |e〉. Transmission spectra are obtained by scanning
the detuning of the probe field.

The experiment is performed in the continuous-wave
regime, with all the fields on. The control field tends to
pump all the atoms into the Zeeman sublevel of max-
imum m of the F = 3 level. However, off-resonant
pumping through excited state |6P3/2, F = 3〉 and large
Doppler shifts of the atoms can eventually drive all the
atomic population into the |F = 4〉 dark state. To pre-
vent this depumping, an additional σ+ repump field is
used on the transition |F = 4〉 → |F ′ = 4〉. In this
way, a significant fraction of the atoms are maintained in
|6S1/2, F = 3〉, with 90% in m = 3 [14].

Control and probe fields are collimated, with a beam
diameter of 5 mm, and respective powers of 200 mW
and 150 nW. They are first combined on a polarizing
beam splitter and then pass through a quater-waveplate
to enter the cell with respectively σ+ and σ− polar-
ization. Probe field is then extracted using a quater-
waveplate and a Glan polarizer with very high extinction

ratio (106). The repump beam has a slightly larger beam
size and its power is adjusted during the experiment in
order to keep the optical density constant regarding to
the experimental conditions.

As explained above, the disappearance of the EIT is
predicted to be due to some specific velocity classes. In
order to exclude these atoms from the interaction, we
use one or two additional depumping beams close to the
|F = 3〉 → |F ′ = 4〉 transition. They enable to burn
specific holes in the velocity distribution. These beams
are σ+-polarized. For experimental convenience, they
are contra-propagative with the control and probe fields,
with a small angle around 3◦. In order to remove atoms
with a one-photon absorption resonance that is Doppler-
shifted by about −∆0 in the laboratory frame, a coun-
terpropagating depumping beam must have a frequency
shifted by +∆0 from the |F = 3〉 → |F ′ = 4〉 transition.
The atoms are then efficiently pumped into the hyperfine
ground state F = 4 and they do not contribute anymore
to the interaction.

Figures 3a and 3b present the experimental measure-
ments and theoretical simulations of the transmission
spectrum, with and without reshaping of the atomic ve-
locity distribution. Curve (1) shows a very weak EIT
peak near ∆2ph = 0 as expected in such a broadened
medium with several excited states. To confirm our
model and recover the transparency, we performed two
experiments with one and two depumping beams. The
results are given in Fig. 3a, curve (2) and (3) respectively.
With such depumping beams, broad peaks appear in the
Doppler broadened absorption spectrum. They are cen-
tered on the beam detuning and correspond to the holes
burnt in the distribution velocity. Spectrum (2) is ob-
tained with a single depumping beam with a detuning
∆D =+40MHz, close to the predicted velocity class lead-
ing to the strongest absorption. As can be seen, the EIT
peak is in this case significantly enhanced, confirming
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that the EIT is recovered when the detrimental effect of
these atoms is suppressed. Adding a second depumping
beam (∆D =+85 MHz) increases again the transparency
but its effect is not as strong as the previous one, which
confirms that the absorbing atoms are in a narrow zone
of the atomic velocity distribution.

These results are in good agreement with the trans-
mission curves calculated from the model developed in
Ref. [21], as shown in Fig. 3b. In this case, we have
used the velocity distributions extracted from the exper-
imental data to compute the susceptibility of the atomic
ensemble. It can be seen that the effect of one and two
depumping beams is correctly reproduced.

Moreover, let us note that in the absence of depumping
beams, the experimental EIT peak shown as curve (1) in
Fig. 3a and b, does not completely disappear, while it
is predicted to go to zero in Fig.1b. This feature can
be explained by the effect of the repump beam that more
efficiently brings back atoms with zero Doppler shift from
the |F = 4〉 ground state.

Overall, the procedure we demonstrated enables to en-
hance the EIT contrast by a factor of more than 5, where
the EIT contrast is defined as the ratio (tmax−tmin)/(1−
tmin) with tmax and tmin being respectively the probe
transmittance at the maximum and on the side of the
EIT peak.

In conclusion, we have reported the experimental char-
acterization of the EIT properties of a medium exhibiting
Doppler broadening and multiple excited levels. It can be
shown that some specific velocity classes are mainly caus-
ing the suppression of transparency. To illustrate this ef-
fect, we have proposed a procedure to remove these atoms
from the interaction process via a well-designed reshap-
ing of the atomic velocity distribution. We have thereby
demonstrated a significant enhancement of the induced
transparency. Beyond the specific medium used here,
i.e. alkali-metal atoms at room temperature, our method,
which allows an efficient engineering of the EIT proper-
ties of an inhomogeneously broadened medium, can be
extended to various atom-like physical systems present-
ing simultaneously large broadening and multiple levels,
e.g. in rare-earth doped crystals, quantum dots or NV-
centers in diamonds.
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FIG. 3: (color online) (a) Experimental transmission of the
probe field as a function of the detuning ∆2ph. The blue line
(1) is obtained without depumping beams, while the red (2)
and green (3) lines correspond respectively to the use of one
depumping beam (∆D =40MHz) and two depumping beams
(∆D =40MHz and 85MHz). The transmission is normalized
to the transmission for large detunings. The two depumpers
have equal power (6 mW), while the repumper power is ad-
justed for each measurement in order to keep the same optical
depth (4.5 mW without depump, 5.5 mW for one depumper
and 7.5 mW for two depumpers). (b) Theoretical predictions
calculated from Ref. [21]. The control field Rabi frequency
was 2.3γ,corresponding to experimental value, and the ex-
cited state natural linewidth is γ = 2π·5.2 MHz. We in-
clude the ground state decoherence due to the dephasing be-
tween control and probe lasers experimentally estimated to
be γsg = 0.077γ. To calculate the transmission, the suscepti-
bility was convoluted with the velocity distribution extracted
from the experimented data
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