PHYSICAL REVIEW A VOLUME 59, NUMBER 3 MARCH 1999
Phase-dependent electromagnetically induced transparency
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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[BI050-294{®9)01003-3

PACS numbes): 42.50.Gy, 32.80.Qk, 42.50.Hz

Quantum interference is a physical mechanism, which hakl3], nonadiabatic losses in coherent population transfer pro-
recently brought many surprising innovations in moderncesq14], spontaneous emissi¢h5], subrecoil laser cooling,
quantum optics and laser physics. One of those innovationand localization of atomgl6]. Laser light propagation in an
is the effect of electromagnetically induced transparencyptically dense medium consisting of closed three-level at-
(EIT) [1]. The basic feature of EIT is a strong reduction of oms has been theoretically investigated in R&7]. Experi-
the light absorption of an atomic medium at a resonancénentally, the phase sensitive population dynamics has been
transition frequency. Since other characteristics of the optica®bserved in threef18] and four-level[19,2Q closed-loop
response are also modified, EIT can be used to manipulag@y/stems.
properties of the medium and the e.m. radiation in a well- The effect of phase dependent CPT in an optically dense
controlled manner. Generation of a medium with high dis-medium(phase dependent EITs especially interesting since
persion[2] and refraction indeX3] and vanishing absorp- both absorptive and dispersive properties of the medium may
tion, enhancement of nonlinear optical proce$ged, lasing  be controlled by the phase of laser light. Therefore, the prop-
without population inversiori5], laser pulse matchingp],  erties of the propagating light may be manipulated in a more
solitonlike propagation of laser pulse paifadiabatons Sophisticated way than in the conventional EIT effect. At the
[7], phase and intensity fluctuations correlatj8 and pho- Ssame time, phase dependent EIT provides an example of a
ton statistics matchin§9] are some of the applications of highly entangled system atorsradiation fields. The propa-
EIT. The physical effect on which EIT is based is coherentgation of light through the medium of “closed-loop atoms”
population trapping(CPT) [10]. The central idea of CPT Is governed by the Maxwell equations involving the medium
(and EIT) is a creation, through guantum interference, of apolarization, which depends on the phases of laser ||ght But
superpositional state, which is not excited by radiation, andhe phases themselves change during the propagation. Thus,
preparation of atoms in this “dark” state. In conventional refraction of the medium directly determines absorptitm
EIT/CPT situations, the dark state may exist for any lasefixed laser frequencies, not just through Kramers-Kronig re-
phases and intensities. The only necessary condition is mulations.
tiphoton resonance of the atom-radiation interaction. As long In this paper we report on the experimental observation of
as the laser fields do not change or change adiabatically, tHéhase-dependent EIT. For this observation we used a four-
atoms can always be prepared in the dark state by opticd¢vel doubleA atomic system excited by a laser radiation
pumping in the cw regime or by adiabatic fo||owing in the (Flg 1) Consisting of four optical frequencies. The dark state
pulsed regime, independent of the laser phases. This is, how? this closed-loop system can be considered as a common
ever, not the case in situations where the radiation-induce@ine for the twoA systems. The dark superposition in a single
transitions in atoms form a closed lopp1—20. In closed- A system is determined by the relative amplitufigg/|g,|
loop systems, as it has been shown by Kosackical.[12],
both dynamics and the steady state of the atoms depend on 14> = [F=2>
the relative phasé of the transitions. In particular, the dark
state exists only for specific values of the phdseeven if 3> = [F=|>
the multiphoton resonance condition is satisfied. Therefore,
the response of atoms to the e.m. radiation may be changed
dramatically by a change of only the phase, at fixed frequen-
cies of the radiation. This fact is the basis for a type of the
control of medium properties—control by the phases of ap-
plied fields.

Previous investigations of closed-loop systems include
theoretical studies of the phase control of photoionization

3P,

2> =[F=2>

1> =IF=1>

*Permanent address: Technical University of Sofia, Institute of FIG. 1. DoubleA system in sodium atoms used in our experi-
Applied Physics, 1756 Sofia, Bulgaria. ment.
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FIG. 2. Scheme of the experimental setup. EOMs, driven by FIG. 3. Temporal dependence of the transmitted light power at
FGs, synchronized to each other, FPI, PD1 and PD2, photodiodeke four-photon detunindw=20 Hz and frequency differenc&,,
with data acquisition system. =(w1—wy)~(w3—w,)=1771.6 MHz. Time translates to the

phase as®(rad)=20xrt(sec). Total input laser intensityl

and phasesd; — ¢,) of the Rabi frequencieng|gm|ei‘Pm =200 mwi/cni. Temperature of the cell, 127 °C.

=dE. /2, with E,, being the field strength of the e.m.
wave with frequencyw,,, andd,, being the dipole moment Fig. 2. The laser beam diameters are 0.6 mm each. The
of the transition excited by the, field [10]. Therefore, the sodium cell is a cylindrical glass tube with 96 mm in length
common dark state exists in the doulesystem only if and 26 mm of diameter, filled with sodium without any
l91/192/=193l/|g4] and ®=(¢;—¢,)—(¢3— ¢4)=27n  buffer gas. It is placed inside an arrangement of three mutu-
[11,12,19. This state is completely decoupled if both fre- ally orthogonal Helmholtz coil pairéhot shown in Fig. 2in
guency pairs are tuned to the Raman resonaneg:-(,)  order to compensate stray magnetic fields. We have per-
=(w3—w,)=(&—&)/h, where&, is the eigenenergy of formed experiments for total input laser intensities ranging
the statgm) [11,12. from 10 mWi/cnt to 300 mW/cr, and the vapor tempera-
Our doubleA system is generated by the excitation of ture ranging from 110 °C to 160 °C, which corresponds to the
sodium atoms in a vapor cell. The lower states are the twyapor density from & 10° cm™3 to 4x 10" cm™3,
hyperfine leveld==1 andF =2, spaced by 1771.6 MHz, of The relative phase in our double-case is equal teb
the ground state?s,,,. The Doppler broadened excited state = P o+ Awt— (k;—ky)z— (kz3—k4)z’, whered, is the con-
32P,),, with the unresolved hyperfine levels =1 andF’  stant phaseAw=(w;— w,) — (w3— w,) is the multiphoton
=2 (frequency splitting of 189 MHz, while the Doppler detuningk,, are the wave numbers of the laser fields, and
width is approximately 1 GHz serves as the common upper andz’ are the path lengths for the frequency paiis (w>)
state. We note that the effect under study appears in bothnd (w3,w,), respectively. In our experiment, we use two
cases of exciting two different upper statéseal” double-A possibilities to vary the phask. First, if we put the value of
system or a single ongdegenerate doubla-system [19]. Aw equal to a few Hz, the relative phadechanges linearly
In the latter case, the conditiolw,|/|g,|=|03|/|g4| is re-  intime with the rateAw. In such a way, the phase is scanned
duced to|E,|/|E,|=|E3|/|E,|, which is satisfied in our ex- automatically over many periods. At the same time, the value
periment. The four-frequency radiation is produced by twoof Aw is so small, that the change of the phase is certainly
independent Af-laser-pumped dye lasers, each of them hav-adiabatic and the multiphoton resonance condition, necessary
ing a linewidth of about 1 MHZAFig. 2). Those lasers pro- for establishment of the dark state, is sufficiently satisfied.
vide linearly polarized light, which is modulated by means ofFigure 3 shows a typical signal of the transmitted light in-
two electro-optical modulatorSEOM-1, EOM-2. The tensity versus the tim¢phase. In the course of time, the
modulators create first-order side bands with a frequency difphase® changes from &, when the dark state appears
ference matching the splitting of the ground levEls and  (and absorption is considerably reduced; the light is transmit-
[2). The two frequencies, created in each of the EOMs aréed), to (2n+1)# , when there is no EIT so that the light is
obviously perfectly correlated to each other. The EOMs arestrongly absorbed. Thus, we have demonstrated that the laser
driven by two tunable rf generato(6G-1, FG-2, which are  light (having a carrier frequency of order of&L0" Hz)
synchronized: FG-2 uses the internal oscillator signal oftan be modulated with a frequency of only a few Hz by
FG-1 as a reference. Therefore, there is a defined phase rasing the effect of phase-dependent EIT. The modulation
lation between the two frequency pairsws,w,) and strongly depends on the frequency splittiig=(w;— w,)
(wz,w,4), which excite the twoA systems. Thus, all four ~(w3;—w,). The best result one gets ford;,
frequencies are phase locked, and the bandwidths of the 1771.6 MHz corresponding to the two-photon resonance
single lasers are not relevant anymore. The two combinedondition for both frequency pairs, necessary for establishing
laser beams pass an electronically controlled Fabrgtfe-  CPT. From the phase scans similar to Fig. 3 taken at differ-
terferometer(FPI) that acts as a mode filter by suppressingent values of the splittin@,,, we obtain the dependence of
the carrier frequency. Finally, the laser beam passes the sthe transmitted intensity oA, for different phases (Fig.
dium cell, and the total transmitted intensigf all four fre-  4). For &= the transmission is nearly independents$,
guency components, each of them having an approximatelsince no CPT is established. However, the typical transpar-
equal intensity is detected and recorded. Additionally, the ency window of EIT(a narrow frequency range where EIT is
total input intensity is detected by photodetector PB2e establishefdappears for the phagse=0. This window is cen-
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FIG. 5. Dependence of the transmitted light intensity on the path
length changeé\ z of the first frequency pairg ,w,) for two values
of the frequency difference §,,=1771.6 MHz and &,
=1778 MHz. The path length translates to the phaseba=d)

tered atdy,=(&,—&,)/h=1771.6 MHz, and its widthof ~ ~27Az(cm)/16.9.
the order of 3 MHz, smaller than the natural width of sodium
3%2p,, state, equal to 10 MHzdepends on the input light cies nor input intensities. This would not only provide an
intensity and the optical density of the vapor in the sameadditional degree of freedom in the control, but also allow us
manner as in conventional EI21]. A somewhat reduced to manipulate both the medium and the e.m. fields in a more
transparency is obtained for the phalse /2. These results sophisticated manner than in conventional EIT. In general,
clearly demonstrate that the modulation of the transmittedne pehavior of the medium is much richer in the case of
intensity in Fig. 3 is due to the EIT effect, and that the EIT ¢|osed-loop interactions. For instance, the fact that light
may be controlled by the phases of the laser light in closedy ayes are not absorbed only if their frequencies, phases, and
loop interaction sc_hg_mes. _ intensities satisfy particular relations means that the closed-
A second possibility to control the phase _|s.to alter theIoop medium filters out all noncorrelated field components
path length of one of the frequency pair&d=(k, [23]. Thus, the e.m. field amplitude, phase, and frequency

_ kZ)AZ'. It is performed in our experiment by means of amatching may be realized both in nonadiabatic and adiabatic
mechanical phase shifter consisting of three pairs of retrore-

flecting mirrors. One set of mirrors is mounted on a fixed(incIUding continuous-wayaegimes, which can be used, for

plate while the other set, mounted on a gliding plate isexample, for laser phase Iocking or for complete amplitude
' ' _~and phase fluctuations correlation. Interesting features are

moved by an electric stepper motor. Therefore, the diStanCEnown for media prepared not in the dark state, but in a

between the mirrors can be controlled accurately. With thls‘gray” one that does interact with light but very weakly. In

phase shifter, the light path length can be stretched by a little ;
more than a full wavelength,,. corresponding to the hy- Closed-loop systems, such gray states can be easily created,

perfine splitting, which in the case of sodium atoms is: the degree of their interaction being controlled by the phase.
— 2|k, —k,|=16.9 cm. The path-length dependence OfOur theoretical calculations, to be published elsewhere, show

the transmitted light intensity is shown in Fig. 5. The changethat the gray media have very high ratio of refraction to

of the transmission with phaskd = (k,—k,)Az is clearly absorption, and may be used for efficient frequency conver-

L : sion [17,23. We note also the possibility to use phase-
seen for the frequency splittingy,=1771.6 MHz, but is not
S . EIT f f Il f h
observable fors,,=1778 MHz, which is outside the trans- dependent or measurement of small Irequency or phase

- ; .~ shifts. We are planning to realize some of those fascinating
parency window. In general, the behavior of the transm|SS|or();‘|O|O|icationS of phase-dependent EIT in our future experi-
is similar for both methods of the phase change. In the Casg ants

of the mechanical shift, however, one can fix the phase to a In conclusion, we have experimentally demonstrated an

Pe;rtlcular va_lue V:'thvc'gh ptre(t:rlf??r’] Wh'ih 'T nr(]acessary folreffect of phase-dependent electromagnetically induced trans-
uture experiments. Yve note that the optical phase can a arency. It is based on a quantum interference in closed-loop
be controlled in some other ways. For example, the lase€

b b d th h I with di . chemes of atom e.m. radiation interaction. This effect can

€am may beé passe rough a cefl wi ISPErSIVE gas S0 3 pasis for many interesting applications in atomic physics
that the phase is varied by varying the gas deri@g}. An- ; ;

o ; . and nonlinear optics.
other possibility is to use an electro-optic effect in some )
optical crystals where the refractive index is changed by a dc S.B. thanks the members of the Institut Experimental-
electric field. physik, TU Graz, for their hospitality and support. The au-
The phase-dependent EIT may have some interesting cothors are grateful to D. Kosachiov for very stimulating and

sequences different from the conventional EIT effect. First ofuseful discussions, and to W. Scherf for technical assistance.
all, it is a possibility to control optical properties of the me- This work was supported by the Austrian Science Founda-
dium by the laser phases, without changing neither frequertion under Project Nos. S 6508 and P 12894.

FIG. 4. Dependence of the transmitted light intensity on the
frequency differences;, for different values of the phasé:
squares, for the phask=0; circles,®=/2; up triangles®=1r.
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