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The electromagnetically induced transparency in aV-shaped atomic system is observed by a spectroscopy
technique. The experimental results show that the absorption coefficient at maximum coherence is reduced by
about 72% of the maximum absorptiona0 , which is the case without the coherent effect. Meanwhile we also
observed indirectly population trapping in the two excited states, which means that there is no decay via
spontaneous or stimulated emission to the lower state.

PACS number~s!: 42.50.2p

Recently there has been considerable interest in the quan-
tum interference effects@1–15#, which play an important role
in an atomic system affecting the emission and absorption
spectra. Many interesting phenomena depend on these inter-
ference effects, for example, laser without inversion, electro-
magnetically induced transparency, and refractive index en-
hancement@1,2,16#. To obtain these effects a coherence
between the levels must be established, possibly by micro-
waves resonant with the level transition or via initial prepa-
ration or by Raman interaction@2,4#. It is well known that
maximum two-photon coherence leads to population trap-
ping in L-shaped three-level systems interacting with reso-
nant laser fields@9,10#. The population is equally trapped in
the two lower levels due to optical pumping of the ground-
state sublevels into a coherent superposition state. Under this
condition, the atom is decoupled from the laser fields. This
effect was observed nearly twenty years ago in an optical
pumping experiment by Alzettaet al. @10# and in an atomic
beam experiment by Gray, Whitley, and Stroud@16#. For the
V-shaped three-level system Cohen-Tannouodji and Reynaud
@17# and Scully and Zhu@2# suggested that an effect similar
to coherent population trapping should be expected. Boublil,
Wilson-Gordon, and Fridmann have theoretically studied the
interaction of a closedV-shaped three-level system with two
laser fields having arbitrary intensities@18#. They show that
at sufficiently high intensity and exact resonance, half the
population should be in the ground state and half in the co-
herent superposition of the two upper states. In this case,
strong coherence reduces the stimulated emission and almost
cancels the one-photon absorption, and the absorption me-
dium becomes transparent@2,18#. In one recent report, Bol-
ler, Imamoglu, and Harris have observed a transparency ef-
fect in aL-shaped level system by interference between two
dressed states@19#. For theV configuration a resonant satu-
ration spectroscopy in fast accelerated atoms beam of Ne*
and Ca* had been carried out. However, the transparency
effect due to coherent quantum interference was not reported
@20#.

In this paper we report an experimental observation of
electromagnetically induced transparency of the medium and
population trapping due to atomic coherent interference in
theV-shaped level system. In this experiment, sodium vapor
is used as an absorptive medium. We note that sodium is not
a good three-level atom because of the ground-state hyper-

fine splitting. This fact may have important consequences in
the experiment, because, at high intensity of the light field,
optical pumping in the ground state is significant. If this is
the case, then the two-photon coherence has little to do with
the experimental observation. However, if the two upper
states are prepared in a coherent superposition, then the
population of the upper levels undergoes no spontaneous or
stimulated radiative decay; therefore, the optical pumping
becomes insignificant@2#. In this paper we report an experi-
mental observation of transparency and an indirect evidence
of population trapping in the excited states due to atomic
coherent effects.

As shown in Fig. 1, if the atoms are moving with velocity
V in a standing-wave field and the laser frequencyv l is
tuned to a frequencyv0 , which is exactly halfway between
the u2& and u3& states. Herev05(v11v2)/2, andv1 and
v2 are two atomic transitions. Since the standing wave con-
sists of two counterpropagating wavesE1 andE2, and mov-
ing atoms have a velocity componentVz along the traveling
waves, the frequencies of the traveling wavesE1 andE2 are
Doppler shifted by an amount6KVz to resonate with the
two atomic transitions ofu1& to u2& and u1& to u3&. In this
case both counterpropagating traveling waves interact with
one of the two groups of atoms having
Vz56c(v12v2)/2v0 via the two atomic transitions, as
shown in Fig. 1. Subsequently, the two traveling waves

FIG. 1. Partial energy-level diagram of sodium~not to scale!
and an atom moving in a standing wave.
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couple the two different upper states to a common lower
stateu1&; the coherence betweenu2& and u3& is established
by the strong coherent traveling waves of frequenciesv1 and
v2 . The external fields change the absorption profiles from
those of bare atoms, leading to the possibility of reduction of
absorption of the medium. According to theoretical calcula-
tions, the induced polarization at frequenciesv1 andv2 is
given by P1(v1)5d31r31 and P2(v2)5d21r21. Here, d31
andd21 are dipole moments, andr31 andr21 are off-diagonal
density matrix elements, respectively. The one-photon ab-
sorption is proportional to Imr31 and Imr21, which are given
as @18#
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HereV1 andV2 are the one-photon Rabi frequencies,D1
andD2 are the one-photon detuning, (1/T) i j are the dephas-
ing rates for the off-diagonal density matrix elements, and
r23 andr32 express the coherence betweenu2& and u3&. For
exact resonance and large equal Rabi frequencies, there is
almost complete cancellation between the two terms that
contribute tor21 and r31, so the medium becomes nonab-
sorptive@2,18#.

We first describe the experiment to confirm the existence
of transparency of the medium induced by the atomic coher-
ence effects. We use a standard saturation spectroscopy tech-
nique @21#, as shown in Fig. 2, to detect the transparency. A
cell containing sodium vapor is placed in a laser standing
wave, in which the sodium vapor pressure is kept low
enough by a temperature-controlled heater. The cell tempera-
ture is about 150 °C, and the mean free path of the sodium
atoms in considerably longer than the dimension of the cell,
so that atoms do not suffer from collision effects. The cell, a
Pyrex cylinder 2.5 cm in diameter and 25 cm long, is located
at the center of the three pairs of Helmholtz coils and a
magnetic field of 1.7 G is perpendicular to the cylinder axis
Z. The two counterpropagating wavesE1 and E2 pass
through the cell, one of which is used as a pumping beam
and chopped by chopper 1~chopper 2 is open!; the other one
is used as a probe beam to monitor the variation of the laser
transmission through the sodium vapor. A coherent 699-21
frequency-stabilized dye laser is tuned to the sodiumD1 line
resonance. The laser beam of TEM` mode radiation of inten-

sity 5 mW/cm2 is directed along theZ axis and retroreflected
by a mirror Pr. The laser beam is 3 mm in diameter and
circularly polarized. Two glass plates,P1 andP2, are in-
serted into the path of the standing wave, and part of the
traveling waves, about 3%, is reflected out from the beam by
the glass plates, which are used for detection. A phase-
sensitive detection technique is used to measure the transpar-
ency of the sodium vapor.

The presence of the coherent interference effect is evident
in the saturation spectrum of theD1 hyperfine structure of
the sodium atom, as shown in Fig. 3. The spectrum is re-
corded by the photodetector Pd1 to show the transparency
effects of the medium. The left and right peaksa,b arise
from the 3S1/2, F52 to 3P1/2, F51 and 3S1/2, F52 to
3P1/2, F52 transitions, respectively. In this case both trav-
eling waves are resonant with one velocity group of atoms
having a componentVz50 in the direction of the standing
wave; this means that the atoms are moving perpendicular to
both traveling waves. The central peak indicates the atomic
coherent effects, which happen only when the laser is tuned
to exactly halfway betweenv1 andv2 , as indicated above.
It clearly shows that the peak induced by the atomic coher-
ence of the upper levels is much higher than the neighboring
peaks of the saturation spectrum. It is known that in the weak
standing wave the coherent interference of the states is neg-
ligible; the amplitude of peaka is proportional toud12u4,
peakb is proportional toud13u4, and the central peak is pro-
portional to ud12u2ud13u2 @22,23#. For the transitions of
3S1/2, F52 to 3P1/2, F51 and 3S1/2, F52 to 3P1/2,
F52, we haveud21u'ud13u. Therefore, the three peaks have
similar amplitudes@20#. However, in the strong standing-
wave field, the Rabi frequencyV15V256.5 MHz, the
strong coherent effect leads to cancellation of the one-photon
absorption. The central peak is seven times higher than its
neighbors, as shown in Fig. 3. We have also measured the
Doppler absorption profile of the sodium vapor. The maxi-
mum absorption coefficient is abouta051.4931021

FIG. 2. Experimental scheme. Beams 1 and 2 are used for the
transparency experiment, beam 3 is used for the population trapping
experiment.

FIG. 3. Saturation spectrum ofD1 hyperfine structure of atomic
sodium in a circular polarized laser standing-wave field. The peaks
labeleda andb correspond to the transitions in the inset. Peakc is
due to atomic coherence effects when the laser is tuned to exactly
halfway between the transitiona and transitionb.
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cm21. When the coherence betweenu2& and u3& is estab-
lished by the strong field, the center peak increases sharply
~see Fig. 4!. By measuring the depth of this dip, we obtain an
absorption coefficientac54.1131022 cm21, which is re-
duced by about 72% of the maximum absorptiona0 without
atomic coherence. In this experiment we have found that the
effect of atomic coherent interference is very sensitive to the
direction and intensity of the magnetic field. The maximum
transparency is observed when the direction of the magnetic
field is perpendicular to the propagating direction of the laser
beam, which is the axis of quantization. The magnetic field
will cause a mixing of all Zeeman sublevelsMF of a particu-
lar hyperfine stateF. As a result, all sublevels are involved
in the coherent interaction with the light. The sodium atom is
rather similar to the closedV-shaped three-level system; in-
crease of the magnetic field does not destroy the atomic co-
herence of the upper states.

We now describe the experiment to observe the popula-
tion trapping in the two excited states due to atomic coher-
ence effects. According to the theoretical calculation, as the
atoms are initially in the ground levelu1&

r11
0 51 r22

0 5r33
0 50, ~3!

when the time tends to infinity, we find that

r11~ t !5 1
2 r22~ t !5r33~ t !5 1

4 , ~4!

which is not a function of time. The population is therefore
trapped in the upper levels and the atoms will not decay to

the lower level via spontaneous or stimulated emission. To
confirm this, we have measured indirectly the population dis-
tribution of atoms in the ground state. The experimental
scheme is shown also in Fig. 2; here we added a probe beam
3, which is propagating in the direction of the standing wave
but separated from it by 6 mm, to detect the changes of
population distribution in the state 3S1/2, F52. Probe beam
3 comes from the same Coherent Laser 699-21 laser and has
the same frequency as beams 1 and 2. In the low-pressure
cell, if laser beam 1 creates a hole in the velocity distribution
of the atomic population, then according to the principle of
saturation spectroscopy technique the hole can be detected
by probe beam 3@24#. In this experiment, first we take off
the mirror Pr; beams 1 and 3 become two counterpropagating
waves. When the laser frequencyv l is tuned to exactly half-
way between theu2& andu3& states, beam 1 creates two holes
on the population distribution of the ground state by optical
pumping. If beam 1 is modulated by chopper 2~chopper 1 is
open!, the probe beam detects a hole as a peak in the spec-
trum and it is two times larger than the neighboring peaks.
Figure 5~a! shows the detected absorption spectrum from
Pd3 by probe beam 3, which indicates the burned holes by
optical pumping effects@24#. Now we put the mirror Pr back
into beam 1, which is retroreflected to form a standing wave
in our transparency experiment, but the probe beam is not
changed. The detected spectrum by probe beam 3 is shown
in Fig. 5~b!. It shows that the center peak in the standing
wave is smaller than that in the traveling wave at crossover
resonance. If the optical pumping effect is the dominant ef-
fect in the standing wave, then the center peak should be
larger than the peak in the traveling wave, because the field
intensity of the standing wave is twice as strong as that of the
traveling wave. However, comparing the two center peaks in
Figs. 5~a! and 5~b!, the hole burned in the standing wave is
much smaller than the hole burned by optical pumping in the
traveling wave. The reduction of the center peak in the stand-
ing wave is due to atomic coherence effects. In this case the

FIG. 4. Transmission of probe laser versus probe detuning for
theD1 line of the sodium atom.

FIG. 5. Absorption spectrum ofD1 hyperfine structure of atomic
sodium detected by probe beam 3~see text!.
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population in the upper levels is trapped and will not decay
to the lower levels via spontaneous or stimulated emission;
only when the atoms go out from the standing wave, where
atomic coherence effects no longer exist, will the spontane-
ous emission take place and part of the atoms can decay to
the 3S1/2, F51 state. Therefore, the smaller hole burned in
the standing wave is due to coherent population trapping.

In conclusion, we find that it is possible to establish
atomic coherence between the upper levels of theV-shaped
configuration by a coherent standing wave. Under this con-
dition, when the stimulated emission is reduced and the
population of atoms is trapped in the excited states, the me-
dium becomes transparent. We also found that the atomic
coherence effect is very sensitive to the external magnetic

field; the maximum transparency is observed when the direc-
tion of the magnetic field is perpendicular to the propagating
direction of the laser beam. It is known that sodium is a
natural candidate for experiments of laser without inversion,
electromagnetically induced transparency, and refractive in-
dex enhancement@1,2,16#; therefore, it may be possible to
observe some basic features of these effects by means of the
principle demonstrated in our experiment.

This work is partially supported by the National Science
Foundation of China. One of the authors~Y.W.! would like to
thank Professor A. Salam for the hospitality during his stay
in the International Centre for Theoretical Physics~Trieste,
Italy!.

@1# S. E. Harris, Phys. Rev. Lett.62, 1033~1989!.
@2# M. O. Scully and S. -Y. Zhu, Phys. Rev. Lett.62, 2813~1989!.
@3# E. E. Fill, M. O. Scully, and S. -Y. Zhu, Opt. Commun.77, 36

~1990!.
@4# G. S. Agarwal, S. Ravi, and J. Cooper, Phys. Rev. A41, 4721

~1990!.
@5# S. Basile and P. Lambropoulos, Opt. Commun.78, 163~1990!.
@6# G. S. Agarwal, Phys. Rev. A42, 686 ~1990!.
@7# O. A. Kocharovskaya and P. Mandel, Phys. Rev. A42, 523

~1990!.
@8# G. S. Agarwal, Phys. Rev. A44, 128 ~1991!.
@9# E. Arimondo and G. Orriols, Nuovo Cimento Lett.17, 333

~1976!.
@10# G. Alzetta, A. Gozzini, L. Loi, and G. Orriols, Nuovo Cimento

B 36, 5 ~1976!.
@11# M. Fleischhauer, C. H. Keitel, and M. O. Scully, Phys. Rev. A

46, 1468~1992!.
@12# A. Nottelmann, C. Peters, and W. Lange, Phys. Rev. Lett.70,

1783 ~1993!.
@13# W. E. van der Veer, R. J. J. van Diest, and A. Donszelmann,

Phys. Rev. Lett.70, 3243~1993!.

@14# E. Fry et al., Phys. Rev. Lett.70, 3235~1993!.
@15# G. Z. Zhang, K. Hakuta, and B. P. Stoicheff, Phys. Rev. Lett.

71, 3099~1993!.
@16# H. R. Gray, R. M. Whitley, and C. R. Stroud, Jr., Opt. Lett.3,

218 ~1978!.
@17# C. Cohen-Tannoudji and S. Reynaud, J. Phys. B10, 365

~1977!.
@18# S. Boublil, A. D. Wilson-Gordon, and H. Fridmann, J. Mod.

Opt. 38, 1739~1991!.
@19# K. J. Boller, A. Imamoglu, and S. E. Harris, Phys. Rev. Lett.

66, 2593~1991!.
@20# O. Poulsen, P. Nielsen, U. Niesen, P. S. Ramanujam, and N. I.

Winstrup, Phys. Rev. A27, 913 ~1983!.
@21# C. H. Holbrowet al., Phys. Rev. A34, 2477~1986!.
@22# M. J. Kelly et al., in Frontiers in Laser Spectroscopy, edited

by R. Balian, S. Haroche, and S. Liberman~North-Holland,
Amsterdam, 1975!, Vol. 2.

@23# W. B. Hwkins, Phys. Rev.98, 478 ~1955!.
@24# W. Demtroder,Laser Spectroscopy~Springer-Verlag, Berlin,

1982!, p. 111.

53 1163OBSERVATION OF TRANSPARENCY AND POPULATION . . .


