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Phase-dependent electromagnetically induced transparency

E. A. Korsunsky, N. Leinfellner, A. Huss, S. Baluschev,* and L. Windholz
Institut für Experimentalphysik, Technische Universita¨t Graz, A-8010 Graz, Austria

~Received 6 July 1998!

We report on the experimental demonstration of phase-dependent electromagnetically induced transparency
~EIT!. This effect is based on a quantum interference in closed-loop schemes of interaction of atoms with the
radiation. It allows us to control optical properties of the medium by the phases of the laser fields. We discuss
some of the possible applications of phase-dependent EIT.@S1050-2947~99!01003-3#

PACS number~s!: 42.50.Gy, 32.80.Qk, 42.50.Hz
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Quantum interference is a physical mechanism, which
recently brought many surprising innovations in mode
quantum optics and laser physics. One of those innovat
is the effect of electromagnetically induced transpare
~EIT! @1#. The basic feature of EIT is a strong reduction
the light absorption of an atomic medium at a resona
transition frequency. Since other characteristics of the opt
response are also modified, EIT can be used to manipu
properties of the medium and the e.m. radiation in a w
controlled manner. Generation of a medium with high d
persion@2# and refraction index@3# and vanishing absorp
tion, enhancement of nonlinear optical processes@2,4#, lasing
without population inversion@5#, laser pulse matching@6#,
solitonlike propagation of laser pulse pairs~adiabatons!
@7#, phase and intensity fluctuations correlation@8#, and pho-
ton statistics matching@9# are some of the applications o
EIT. The physical effect on which EIT is based is cohere
population trapping~CPT! @10#. The central idea of CPT
~and EIT! is a creation, through quantum interference, o
superpositional state, which is not excited by radiation, a
preparation of atoms in this ‘‘dark’’ state. In convention
EIT/CPT situations, the dark state may exist for any la
phases and intensities. The only necessary condition is m
tiphoton resonance of the atom-radiation interaction. As lo
as the laser fields do not change or change adiabatically
atoms can always be prepared in the dark state by op
pumping in the cw regime or by adiabatic following in th
pulsed regime, independent of the laser phases. This is, h
ever, not the case in situations where the radiation-indu
transitions in atoms form a closed loop@11–20#. In closed-
loop systems, as it has been shown by Kosachiovet al. @12#,
both dynamics and the steady state of the atoms depen
the relative phaseF of the transitions. In particular, the dar
state exists only for specific values of the phaseF, even if
the multiphoton resonance condition is satisfied. Theref
the response of atoms to the e.m. radiation may be chan
dramatically by a change of only the phase, at fixed frequ
cies of the radiation. This fact is the basis for a type of
control of medium properties—control by the phases of
plied fields.

Previous investigations of closed-loop systems inclu
theoretical studies of the phase control of photoionizat
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@13#, nonadiabatic losses in coherent population transfer p
cess@14#, spontaneous emission@15#, subrecoil laser cooling
and localization of atoms@16#. Laser light propagation in an
optically dense medium consisting of closed three-level
oms has been theoretically investigated in Ref.@17#. Experi-
mentally, the phase sensitive population dynamics has b
observed in three-@18# and four-level@19,20# closed-loop
systems.

The effect of phase dependent CPT in an optically de
medium~phase dependent EIT! is especially interesting sinc
both absorptive and dispersive properties of the medium m
be controlled by the phase of laser light. Therefore, the pr
erties of the propagating light may be manipulated in a m
sophisticated way than in the conventional EIT effect. At t
same time, phase dependent EIT provides an example
highly entangled system atoms1 radiation fields. The propa
gation of light through the medium of ‘‘closed-loop atoms
is governed by the Maxwell equations involving the mediu
polarization, which depends on the phases of laser light.
the phases themselves change during the propagation. T
refraction of the medium directly determines absorption~for
fixed laser frequencies, not just through Kramers-Kronig
lations!.

In this paper we report on the experimental observation
phase-dependent EIT. For this observation we used a f
level double-L atomic system excited by a laser radiatio
~Fig. 1! consisting of four optical frequencies. The dark sta
in this closed-loop system can be considered as a com
one for the twoL systems. The dark superposition in a sing
L system is determined by the relative amplitudesug1u/ug2u

f FIG. 1. Double-L system in sodium atoms used in our expe
ment.
2302 ©1999 The American Physical Society
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and phases (w12w2) of the Rabi frequenciesgm[ugmueiwm

5dmEm/2\, with Em being the field strength of the e.m
wave with frequencyvm , anddm being the dipole momen
of the transition excited by thevm field @10#. Therefore, the
common dark state exists in the double-L system only if
ug1u/ug2u5ug3u/ug4u and F5(w12w2)2(w32w4)52pn
@11,12,19#. This state is completely decoupled if both fr
quency pairs are tuned to the Raman resonance: (v12v2)
5(v32v4)5(E22E1)/\, whereEm is the eigenenergy o
the stateum& @11,12#.

Our double-L system is generated by the excitation
sodium atoms in a vapor cell. The lower states are the
hyperfine levelsF51 andF52, spaced by 1771.6 MHz, o
the ground state 32S1/2. The Doppler broadened excited sta
32P1/2, with the unresolved hyperfine levelsF851 andF8
52 ~frequency splitting of 189 MHz, while the Dopple
width is approximately 1 GHz!, serves as the common upp
state. We note that the effect under study appears in b
cases of exciting two different upper states~‘‘real’’ double-L
system! or a single one~degenerate double-L system! @19#.
In the latter case, the conditionug1u/ug2u5ug3u/ug4u is re-
duced touE1u/uE2u5uE3u/uE4u, which is satisfied in our ex-
periment. The four-frequency radiation is produced by t
independent Ar1-laser-pumped dye lasers, each of them h
ing a linewidth of about 1 MHz~Fig. 2!. Those lasers pro
vide linearly polarized light, which is modulated by means
two electro-optical modulators~EOM-1, EOM-2!. The
modulators create first-order side bands with a frequency
ference matching the splitting of the ground levelsu1& and
u2&. The two frequencies, created in each of the EOMs
obviously perfectly correlated to each other. The EOMs
driven by two tunable rf generators~FG-1, FG-2!, which are
synchronized: FG-2 uses the internal oscillator signal
FG-1 as a reference. Therefore, there is a defined phas
lation between the two frequency pairs (v1 ,v2) and
(v3 ,v4), which excite the twoL systems. Thus, all fou
frequencies are phase locked, and the bandwidths of
single lasers are not relevant anymore. The two combi
laser beams pass an electronically controlled Fabry-Pe´rot in-
terferometer~FPI! that acts as a mode filter by suppressi
the carrier frequency. Finally, the laser beam passes the
dium cell, and the total transmitted intensity~of all four fre-
quency components, each of them having an approxima
equal intensity! is detected and recorded. Additionally, th
total input intensity is detected by photodetector PD2~see

FIG. 2. Scheme of the experimental setup. EOMs, driven
FGs, synchronized to each other, FPI, PD1 and PD2, photodi
with data acquisition system.
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Fig. 2!. The laser beam diameters are 0.6 mm each.
sodium cell is a cylindrical glass tube with 96 mm in leng
and 26 mm of diameter, filled with sodium without an
buffer gas. It is placed inside an arrangement of three mu
ally orthogonal Helmholtz coil pairs~not shown in Fig. 2! in
order to compensate stray magnetic fields. We have
formed experiments for total input laser intensities rang
from 10 mW/cm2 to 300 mW/cm2, and the vapor tempera
ture ranging from 110 °C to 160 °C, which corresponds to
vapor density from 83109 cm23 to 431011 cm23.

The relative phase in our double-L case is equal toF
5F01Dvt2(k12k2)z2(k32k4)z8, whereF0 is the con-
stant phase,Dv5(v12v2)2(v32v4) is the multiphoton
detuning,km are the wave numbers of the laser fields, anz
andz8 are the path lengths for the frequency pairs (v1 ,v2)
and (v3 ,v4), respectively. In our experiment, we use tw
possibilities to vary the phaseF. First, if we put the value of
Dv equal to a few Hz, the relative phaseF changes linearly
in time with the rateDv. In such a way, the phase is scann
automatically over many periods. At the same time, the va
of Dv is so small, that the change of the phase is certa
adiabatic and the multiphoton resonance condition, neces
for establishment of the dark state, is sufficiently satisfi
Figure 3 shows a typical signal of the transmitted light
tensity versus the time~phase!. In the course of time, the
phaseF changes from 2np, when the dark state appea
~and absorption is considerably reduced; the light is transm
ted!, to (2n11)p , when there is no EIT so that the light i
strongly absorbed. Thus, we have demonstrated that the
light ~having a carrier frequency of order of 531014 Hz)
can be modulated with a frequency of only a few Hz
using the effect of phase-dependent EIT. The modulat
strongly depends on the frequency splittingd12[(v12v2)
'(v32v4). The best result one gets ford12
51771.6 MHz corresponding to the two-photon resonan
condition for both frequency pairs, necessary for establish
CPT. From the phase scans similar to Fig. 3 taken at dif
ent values of the splittingd12, we obtain the dependence o
the transmitted intensity ond12 for different phasesF ~Fig.
4!. For F5p the transmission is nearly independent ofd12,
since no CPT is established. However, the typical transp
ency window of EIT~a narrow frequency range where EIT
established! appears for the phaseF50. This window is cen-

y
es

FIG. 3. Temporal dependence of the transmitted light powe
the four-photon detuningDv520 Hz and frequency differenced12

5(v12v2)'(v32v4)51771.6 MHz. Time translates to th
phase as F(rad)520pt(sec). Total input laser intensityI
5200 mW/cm2. Temperature of the cell, 127 °C.
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tered atd125(E22E1)/\51771.6 MHz, and its width~of
the order of 3 MHz, smaller than the natural width of sodiu
32P1/2 state, equal to 10 MHz! depends on the input ligh
intensity and the optical density of the vapor in the sa
manner as in conventional EIT@21#. A somewhat reduced
transparency is obtained for the phaseF5p/2. These results
clearly demonstrate that the modulation of the transmit
intensity in Fig. 3 is due to the EIT effect, and that the E
may be controlled by the phases of the laser light in clos
loop interaction schemes.

A second possibility to control the phase is to alter t
path length of one of the frequency pairs:DF5(k1
2k2)Dz. It is performed in our experiment by means of
mechanical phase shifter consisting of three pairs of retr
flecting mirrors. One set of mirrors is mounted on a fix
plate while the other set, mounted on a gliding plate,
moved by an electric stepper motor. Therefore, the dista
between the mirrors can be controlled accurately. With t
phase shifter, the light path length can be stretched by a l
more than a full wavelengthlHF corresponding to the hy
perfine splitting, which in the case of sodium atoms islHF
52p/uk12k2u516.9 cm. The path-length dependence
the transmitted light intensity is shown in Fig. 5. The chan
of the transmission with phaseDF5(k12k2)Dz is clearly
seen for the frequency splittingd1251771.6 MHz, but is not
observable ford1251778 MHz, which is outside the trans
parency window. In general, the behavior of the transmiss
is similar for both methods of the phase change. In the c
of the mechanical shift, however, one can fix the phase
particular value with high precision, which is necessary
future experiments. We note that the optical phase can
be controlled in some other ways. For example, the la
beam may be passed through a cell with dispersive ga
that the phase is varied by varying the gas density@22#. An-
other possibility is to use an electro-optic effect in som
optical crystals where the refractive index is changed by a
electric field.

The phase-dependent EIT may have some interesting
sequences different from the conventional EIT effect. Firs
all, it is a possibility to control optical properties of the m
dium by the laser phases, without changing neither frequ

FIG. 4. Dependence of the transmitted light intensity on
frequency differenced12 for different values of the phaseF:
squares, for the phaseF50; circles,F5p/2; up triangles,F5p.
e

d

-

e-

s
ce
is
le

f
e

n
se
a
r
so
er
so

c

n-
f

n-

cies nor input intensities. This would not only provide a
additional degree of freedom in the control, but also allow
to manipulate both the medium and the e.m. fields in a m
sophisticated manner than in conventional EIT. In gene
the behavior of the medium is much richer in the case
closed-loop interactions. For instance, the fact that li
waves are not absorbed only if their frequencies, phases,
intensities satisfy particular relations means that the clos
loop medium filters out all noncorrelated field compone
@23#. Thus, the e.m. field amplitude, phase, and freque
matching may be realized both in nonadiabatic and adiab
~including continuous-wave! regimes, which can be used, fo
example, for laser phase locking or for complete amplitu
and phase fluctuations correlation. Interesting features
known for media prepared not in the dark state, but in
‘‘gray’’ one that does interact with light but very weakly. I
closed-loop systems, such gray states can be easily cre
the degree of their interaction being controlled by the pha
Our theoretical calculations, to be published elsewhere, s
that the gray media have very high ratio of refraction
absorption, and may be used for efficient frequency conv
sion @17,23#. We note also the possibility to use phas
dependent EIT for measurement of small frequency or ph
shifts. We are planning to realize some of those fascina
applications of phase-dependent EIT in our future exp
ments.

In conclusion, we have experimentally demonstrated
effect of phase-dependent electromagnetically induced tr
parency. It is based on a quantum interference in closed-l
schemes of atom e.m. radiation interaction. This effect
be a basis for many interesting applications in atomic phys
and nonlinear optics.
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FIG. 5. Dependence of the transmitted light intensity on the p

length changeDz of the first frequency pair (v1 ,v2) for two values
of the frequency difference d1251771.6 MHz and d12

51778 MHz. The path length translates to the phase asF(rad)
52p@Dz(cm)/16.9#.
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