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Observation of quantum interference between dressed states
in an electromagnetically induced transparency
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We report on an experimental observation of quantum interference between two dressed states created
by a coherent pumping laser in an electromagnetically induced transparency. In a A-type three-level
atomic system in rubidium vapor, we reduce the Rabi frequency of the pumping laser in one arm down
below the spontaneous decay rate of the common excited state and still observe a narrow dip with sub-
natural linewidth in the absorption curve of a probe beam in another arm. This clearly demonstrates
that the absorption reduction at the low pumping intensity is mainly due to the interference between the
two dressed states, not due to the ac—Stark-shift eft'ect.

PACS number(s): 42.50.Rh, 42.50.Md, 32.80.Wr, 42.6S.Ky

Recently, Imamoglu and Harris have shown that des-
tructive interference between dressed lifetime-broadened
states created by an additional (pumping) electromagnetic
field produces a zero absorption (dip) in the absorption
profile of a weak probe field in a three-level atomic sys-
tem [1]. This destructive interference between the transi-
tion probability amplitudes from the ground state to the
excited doublets (dressed states) is a Pano-type interfer-
ence and plays an important role in lasing without inver-
sion [2,3] and in electromagnetically induced transparen-
cy (EIT) [4—7]. However, in all the previous EIT experi-
ments [4—7], the pumping Rabi frequency is relatively
large compared to the lifetime-broadened decay rate of
the dressed states and, therefore, the reduction in the ab-
sorption at resonance is the result of a combination of the
ac-Stark shift and the interference of dressed states [4].
In this paper, we report an experiment done in a
Doppler-broadened rubidium vapor cell with the pump-
ing Rabi frequency well below the decay rate of the
dressed states. A narrow dip with subnatural linewidth
in the center of the absorption profile was observed. Due
to the fact that the ac-Stark shift has a negligible contri-
bution to the dip in the absorption profile for the pump-
ing Rabi frequency used in our experiment, the observed
reduction in the absorption profile is direct evidence of
interference between the dressed lifetime-broadened
states.

Note in Fig. 1, when a resonant pumping field (with
Rabi frequency 02) is applied to the transition 13)—12),
the common excited state 12) can be viewed as two
dressed states (12d ) and 13d ) ), separated by pumping
Rabi frequency A2 through the ac-Stark splitting or
Autler-Townes effect. When a weak probe beam (with
Rabi frequency Q&) is tuned to the transition from state
11 ) to the middle of the two dressed states 12d ) and 13d )
(which is the transition 11)—12) in the bare-state pic-
ture}, two effects will contribute to the absorption reduc-
tion of the probe field. One is the ac-Stark shift (states
13d ) and 12d ) are shifted by +Qz/2 from the probe res-
onance, respectively) and the other is the interference be-

tween the two transition paths of 11)—12d ) and
11)—13d). Since these two quantum-mechanical paths
couple to the same final level 12) by the coherent pump-
ing field, Fano-type destructive interference [8] occurs
and leads to zero absorption. Following Refs. [1]and [2],
the equations for the time-varying amplitudes of ground
level 11) (C, ) and of upper dressed levels 12d)(Czd) and
13d ) ( C3d ) can be expressed as
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The quantities in these equations and the relations be-
tween bare states (12) and 13 ) ) and dressed states (12d )
and 13d ) ) are given by
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FICx. 1. Relevant energy diagram of the D1 line of the Rb
atom. (a) Bare-state picture; (b) dressed-state picture. The
pumping laser is represented by the solid line and probe laser is
represented by the dashed line.
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Q2/~2 I 1 and I 2 are the de ay rates of
level I2) to level 1) and level I3), respectively; I 3 is the
nonradiative transition rate from level I3) to level I 1)
and from level

I
1 ) to I3 ); b, , and hi are detunings of the

probe field and pumping field from atomic resonances, re-
spectively; and Q, and Q2 are the respective Rabi fre-
quencies (pE/A) of the probe field and pumping field.

The terms proportional to 62d and b, 3d in Eqs. (1)
represent ac-Stark shifts of the dressed states I2d ) and

I

I3d ) from the bare level I2). The cross terms (propor-
tional to v23) in Eqs. (1) indicate that, as level I2d ) de-

cays, it drives level I3d ) to decay as well and vice versa,
since both levels couple to the same bare level I2) by a
coherent pumping field. As pointed out by Harris [2],
these cross terms are essential in creating destructive in-
terference of transition-probability amplitudes between
transitions

I
1 ) —I2d ) and

I
1 }—I3d }.

A detailed procedure of solving Eqs. (1) was given in
Refs. [1] and [2]. Here we only give the result for a spe-
cial case of I 3=0 and 62=0. In such a case, the
lifetime-broadened decay rates of the dressed states I2d )
and I3d ) are I"zd = I 3d

= I /2 and the detuning shifts are
b,2d

= b, &+ Q2/2 and 6,3d
=b

~

—Q2/2. The transition
rate W,b= —(8/Bt)IC, (t)I for absorption of the probe
field is obtained from Eqs. (1) to be [2]
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Note that zero absorption appears at the center (6,=0)
of probed absorption profile Eq. (3). To separate the
effect of the ac-Stark shifts from the quantum interfer-
ence of dressed states on the absorption profile, we re-
move the interference terms (proportional to v/3) in Eqs.
(1). The resulting equations describe the absorption of an
atom from level I 1 ) to two independent levels (with an
identical decay rate of I /2) separated by +Q2/2 from
the probe transition frequency. The transition rate 8",b
for absorption is then given by

(») Q 2=2.0 r n, =2.0 r

tern, we have to take into account the effects of the non-
radiative decay rate I 3 and Doppler-broadening effect.
These effects severely degrade the degree of destructive
interference, especially at low-pumping Rabi frequencies.
With Doppler-broadening and nonradiative decay rate I 3

being included, the complex susceptibility of the probe

1
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which is the superposition of two Lorentz absorption
profiles. Figure 2 plots the transition rates W,b and W,b

for different pumping Rabi frequencies, respectively. It
can be seen from Fig. 2 that, as Q2 becomes smaller than
the dressed-state linewidth (I /2), ac-Stark shifts make a
negligible contribution to the dip of the absorption
profile. Especially, as Q2~0. 3I, there is no dip in the
absorption profile 8",b due to the ac-Stark shifts alone.
However, due to the destructive interference of dressed
states, the zero absorption dip still remains at the center
of the absorption profile W,b. From this observation, one
can conclude that, when the pumping Rabi frequency is
smaller than the linewidth of the dressed states, the ab-
sorption reduction at the center frequency of the profile is
dominated by the effect of quantum interference of the
transition probability amplitudes between dressed states.
The curves in Fig. 2 calculated from Eqs. (3) and (4) do
not include Doppler-broadening effects.

To directly observe the destructive quantum interfer-
ence of dressed states in a Doppler-broadened vapor sys-

(b3) 0.5 r

(a4) (b4) 0.3 r

FIG. 2. Absorption rates W,'b (ac-Stark shift only, left
column) and 8,b (ac-Stark shift plus quantum interference,
right column) vs probe frequency with I 3=0 and no Doppler-
broadening effect. (a1) and (b 1) Q2 =2.OI, (a2) and (b2)
Q2= 1.0I, (a3) and (b3) 02=0.5I, (a4) and (b4) 02=0.3I .
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transition is given by [6,7]
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where erf(z) is the error function with complex argument
z, m& the probe frequency, No the density of atoms, and
u/&2 the root-mean-square atomic velocity. The imagi-
nary part Im(y) is proportional to the absorption
coefficient of the atomic medium. In Eq. (5), we have as-
sumed that the pumping beam and probe beam pass
through the Doppler-broadened medium in the same
direction.

From Eq. (5), it is easily shown that the condition for
significant absorption reduction is given by
02 —Qb, co~ I 3, where hcoD =2i/1n2co~ u /c is the
Doppler linewidth [6]. In a rubidium vapor cell near
room temperature, Acoz —540 MHz, I"3—10 kHz, this
condition reaches A2 —2. 3 MHz, which is about
0. 38I (I =6.0 MHz for the D 1 line of Rb atoms). Al-
though the condition of Q2(I"/2 for the disappearance
of the effect due to the ac-Stark shift will loosen in a
Doppler-broadened medium, we will keep it as an ulti-
mate test for the demonstration of quantum interference
in our experiment.

The experiment was done in a three-level A-type sys-
tem in Rb atoms. Considering the D1 line at 794.8 nm
(the transition from 5S»2 to 5Pi&2 ) in Fig. 1, the
hyperfine levels F = 1 and F=2 of 55&&2 serve as ground
states ~1) and 3). The hyperfine level F'=1 of 5Pi&2
serves as the common excited state. Another hyperfine
level F'=2 is about 812 MHz from the F'=1 level and is
outside the Doppler linewidth bcoD. Therefore, its effect
can be neglected. This is an ideal closed three-level A-
type system to study BIT. The coherent pumping field
with Rabi frequency Q2 and detuning A2 is tuned to the
transition (F=2)—(F'=1) (solid line), and the weak
probe field with Rabi frequency Q& is scanned across the
transition (F= 1)—(F'= 1) (dotted line). The spontane-
ous decay rate I z from level ~2) to level ~3) is about five
times that of the spontaneous decay rate I

&
from level

~2) to level
~
1), and the total decay rate I of the excited

level ~2) is about 6.0 MHz.
The experimental arrangement is given in Fig. 3. The

Doppler-free configuration for the atomic coherence
effect (the pumping beam and probe beam propagate co-
linearly through the atomic vapor cell) in a A-type system
is used [7]. This configuration can reduce the require-
ment for the pumping intensity to create effective atomic
coherence, since the atomic coherence p3& depends on the
two-phonon resonance m, —

m2, =co2 —~&3, where ~& and
co2 are the frequencies of probe field and pumping field,
respectively, and co2& and co&3 are the resonant frequencies
of transitions from level ~2) to level ~1) and from level
~2) to level ~3), respectively. For atoms with velocity U,

the Doppler shift for the probe beam is co&v/c, and for

AP2 ——AP1i- I

I

Rb vapor celt

FIG. 3. Experimental arrangement DL1, diode laser for
probe beam; DL2, diode laser for pumping beam; BS1 and BS2,
polarization cube beam splitter; AP1 and AP2, apertures; Det,
photodetector; Rec, recorder; A, /2, half-wave plate.

the pumping beam is ~zv/c, which are about the same for
~&=co2 and can be canceled in two-photon resonance
condition. So all the atoms with different velocities satis-
fy the condition of two-photon resonance, which pro-
duces effective atomic coherence p» and contributes to
the transparency of the probe field. The 45-mm-long ru-
bidium vapor cell is kept at a temperature of 53.5'C,
which gives the atomic density of 1V =2 X 10"
atoms/crn . The maximum absorption of the probe field
at the transition 5S,&z, F= 1 —5P, &z,

F'= 1 is about 30%%uo

without the pumping field. The cell is shielded with p
metal from the surrounding magnetic field to avoid the
magnetic-field splitting of the sublevels. A diode laser
DL1 serves as a probe laser, and a diode laser DL2 as a
pumping laser. Both diode lasers are frequency stabilized
to give a frequency slow jitters below 0.5 MHz during our
sampling time ( —10 ms). To get a good spatial match,
the pumping beam and probe beam are orthogonally po-
larized and two apertures are used. An aperture (AP1) of
1.2 mm diameter in front of the vapor cell is intended to
make the same beam size of the pumping beam and probe
beam. At low atomic density, the nonradiative relaxation
constant I 3 is determined by the time-of-Aight of atoms
through the laser beam (the diameter of AP1), which is
about I 3-40 kHz. An aperture (AP2) of 0.5-mm diame-
ter in front of the detector is used to measure the central
part of the probe beam only. A polarizer is used in front
of the detector to eliminate scattered pumping light from
cell surfaces. The probe power is typically 0.1 pW, corre-
sponding to an intensity of 10 pW/cm, which is well
below the saturation intensity of I„,=1.67 mW/cm for
the maximum transition [9].

To directly observe the Pano-type interference effect,
we reduce the pumping power to near saturation intensi-
ty. In this case, the input pumping power decreases
significantly as it propagates through the cell due to ab-
sorption in the pumping transition. Thus, we need to
measure both the input and output powers of the pump-
ing beam. We will only give the input pumping intensity
and estimate the mean Rabi-frequency for simplicity.
Measurements of the absorption at transition 5S

& &2,
F=1—5Pi&2, F'=1 for different pumping intensities are
given in Fig. 4. Figure 4(a) is with no pumping beam
(02=0) and is used as a reference. Figure 4(b) is for the
input pumping power of I';„=267 pW with estimated
mean Rabi frequency Qz-2. 0I [9]. A 55.2% absorption
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reduction at the center frequency with 7.5 MHz full
width at half maximum (FWHM) linewidth of the dip is
observed. Figure 4(c) is for an input pumping power of
73 pW with mean Rabi frequency Q2-1. 1I . A 35.7%
absorption reduction with 3.9 MHz FWHM of the dip is
observed. When the pumping power is reduced further
to 8.3 pW, a significant absorption reduction (about
15.5%%uo) still survives, as shown in Fig. 4(d). In this case,
the average pumping Rabi frequency Qz is only about
0.3I, which is much smaller than the natural linewidth
of the excited-state decay rate I . The linewidth of the
dip is about 1.4 MHz (-0.23I ), which is also smaller
than the natural linewidth I . Although the reduction in
absorption is small in the last case, it cannot be explained
by the conventional Rabi-splitting or the ac —Stark-shift
effect, as discussed above. It is direct evidence of quan-
tum interference between dressed states.

The linewidth of the narrow dip is limited by the
pumping Rabi frequency Az and the ground-state decay
rate I 3. The observed linewidth of the dip is found to be
linearly proportional to the pumping Rabi frequency at
low pumping power, since I 3((Qz in our case. The
reduction in absorption at low pumping power is current-
ly limited by the laser linewidths (fast Iluctuations of laser
frequency) of both the pumping laser and the probe laser.
In our case, the beat frequency of the two lasers is found
to have a 4.7-MHz FWHM linewidth. With narrower
linewidth lasers, we expect to observe a larger reduction
in probe absorption for an even smaller pumping intensi-
ty.

In summary, the Fano-type interference effect is direct-
ly observed in a closed three-level A-type atomic system
in a rubidium vapor cell. The size of the effect is current-
ly limited by the laser linewidths of both the pumping
laser and the probe laser. The Doppler broadening of the
atoms in the cell also degrades the interference effect.
However, the direct observation of this Pano-type in-
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terference effect is very important in proving the ex-
istence of a quantum interference effect in EIT experi-
ments. This closed three-level A-type system is ideal for
studying quantum phase correlation and squeezing
effects, as proposed recently [10,11].
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FIG. 4. Absorption coefficient vs probe detuning for transi-
tion (F=1)—(F'=1) for (a) no pumping power (Q, =O), (b)
Rabi frequency 02-2.0I, (c) 02-1.11,and (d) Q2-0. 3I .
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