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Splitting of the peak of electromagnetically induced transparency by the higher-order spatial
harmonics of the atomic coherence

S. A. Babin, D. V. Churkin, E. V. Podivilov, V. V. Potapov, and D. A. Shapiro
Institute of Automation and Electrometry, Siberian Branch, Russian Academy of Sciences, Novosibirsk 630090, Russia

~Received 16 August 2002; published 11 April 2003!

The interaction of a two-level system with a strong standing wave is examined by the probe field resonant
to the adjacent transition in theL configuration of Ar II. The known peak of electromagnetically induced
transparency is observed in the absorption spectrum at the detuning of the probe field proportional to the
detuning of the strong field. Along with it, the different structure has been found at the line center, indepen-
dently of the strong-field frequency. The calculations clarify that the central structure is induced by the
higher-order spatial harmonics of the atomic coherence induced at the probe transition. The effect results in
steep frequency dependence of the refractive index at the line center.

DOI: 10.1103/PhysRevA.67.043808 PACS number~s!: 42.50.Gy, 42.50.Hz, 42.62.Fi
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It is well known that absorption of light in an atomi
medium at resonant frequency may be reduced or even e
nated by application of a strong ‘‘drive’’ laser field to a
adjacent transition. This phenomenon called electromagn
cally induced transparency~EIT!, see Refs.@1,2#, underlies a
variety of effects driven by atomic coherence and interf
ence, such as resonant enhancement of nonlinear optica
cesses@3#, amplification and lasing without inversion@4#,
and inhibition of two-photon absorption@5#. In addition to
coherently-driven changes of the absorption coefficient,
EIT resonance has specific dispersive features~steep positive
dispersion inside a transparency window! that have been re
cently applied for slowing down and even ‘‘stopping’’ o
‘‘storage’’ of the light @6–8# that could have important appli
cations in quantum computing. For these applications,
aim is to obtain narrower EIT resonance and as a re
steeper dispersion, but relaxation, collisional, power a
Doppler broadening significantly worsen the shape of
EIT resonance@9#. To diminish their role and obtain the de
sired dispersion slope characteristic, various techniques
as cooled atomic gas@6#, multiple drive fields in a multilevel
system@10# or solid-state medium@8# are used.

Let us mention that the EIT experimental techniques
usually based on running ‘‘drive’’ and ‘‘probe’’ waves. In thi
paper, we treat the EIT in a basicL-system but with
standing-wave drive. In this case, the driving field is mod
lated in space and as a result qualitatively different effe
may be induced by spatial harmonics of atomic coherenc
is predicted and experimentally proved that different re
nant structure inside the transparency window appears at
cific conditions. At zero drive detuning, the effect looks lik
‘‘splitting’’ of the usual EIT resonance in probe-field spe
trum. It is shown that the additional resonance is attribute
interaction of light with slow atoms and insensitive to t
Doppler broadening and as a result occurs narrow. Thu
may be treated as a different approach to produce steep
persion~positive or negative! inside the transparency win
dow applicable to atomic systems in light-stopping expe
ments as well as in other EIT-related effects.

Basic nonlinear spectroscopic effects of a strong stand
wave have been studied in the 1960s and 1970s. Calcula
of spontaneous emission spectra in a two-level system@11#
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and the Lamb dip@12# reveals oscillations of level popula
tions, those were interpreted@13# as multiphoton Bennet
structures. In the three-level system, the oscillations mani
itself in probe-field spectrum at the adjacent transition,
had been shown by Feldman and Feld@14#. Recently, three-
level systems with a standing wave were studied in conn
tion with optically pumped infrared molecular lasers@15#
and up-conversion in ladder scheme@16#. The effect of cav-
ity under EIT conditions is also treated in view of photo
photon interactions, see, for example, Ref.@17#, or EIT-
window narrowing due to cooperative effects@18#, but
neither paper considers standing-wave drive.

We explore theL scheme of Ar II shown in Fig. 1. The
starting, intermediate, and final levels of the Raman sche
were un&54s 2P1/2, um&54p 2S1/2, and u l &53s 2P3/2, re-
spectively. TheL system under study has the following r
laxation ratesGn5300,Gm515,G l58, and Einstein coeffi-
cients Amn59, Aml51 ~in units of 107 s21). The
populations of levels in plasma areNn;1,Nm;5, andNl
;100 ~in units of 109 cm23). The pump is a blue standin
wave of wavelengthl5458 nm, the probe is a red runnin
wave of wavelengthlm5648 nm.

The experiment was based on the ionic anti-Stokes
man laser device@19#. The setup modified for the Stoke
wave is shown in Fig. 2. Discharge tube 1 was placed in
cavity formed by mirrors 2 and 3 of a high reflection coef
cient for

FIG. 1. Level diagram. Relative relaxation rates and populati
of levels are shown schematically by the height of box and diam
of circle, G l,Gm!Gn , Nn,Nm!Nl . The straight line denotes th
strong standing-wave pump; the wavy line is the weak runn
probe.
©2003 The American Physical Society08-1
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generated radiation and transparent for the probe wave. T
two fields were present inside the cavity: standing blue w
and running red one, both with parallel linear polarizatio
Etalon 5 provided the selection and tuning of the genera
frequency. Diaphragm 6 selected TEM00 transverse mode
The cavity losses atl5458 nm were about 0.3%, then th
high-intensity single-frequency operation was achieved. T
blue drive and red probe beams were separated by diffrac
grating 8. Spectra were analyzed by scanning Fabry-P
interferometers 9 with oscilloscopes 14 andl-meter 13. The
laser beam was modulated by chopper 7. Photodiodes
produced signal and reference for synchronous detector
As a source of the probe field, tunable dye laser 12 w
employed. Automatic scanning system@20# made it possible
to vary the frequency continuously within 4.5 GHz rang
The probe beam was focused by lens 15 into the middle
the tube and deflected by plate 4. The angle between
probe and generated beams was kept around 1023 to avoid
feedback. The synchronous detector subtracted the Dop
background from the probe-field spectrum. The freque
scanning and data acquisition were carried out by PC 16 w
discrete step 20 MHz.

Figure 3 shows the probe-field spectra; upward direct
corresponds to induced transparency, downward is abs
tion. Figure 3~a! shows the resonant case (D50). The bot-
tom curve demonstrates well-known ac Stark splitting of

FIG. 2. Scheme of the experiment.
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sorption spectrum with EIT peak between the sp
components. With increase in the intensity the transpare
peak broadens and becomes split. The splitting is enhan
with intensity ~top two curves!. Small asymmetry is due to
the ‘‘lens’’ effect @21# and can be compensated by a sm
detuningD. The maximum intensity~topmost curve! corre-
sponds to the Rabi frequency for each of two running co
ponents V5100 MHz. Figure 3~b! describes the
D-dependence atV5100 MHz. At pump detuningD
.0.7 GHz, the distinct additional peak is formed at the ce
ter, along with the main peak. The second peak is small,
resolvable up to detuningD;2 GHz. The central structure i
by two times narrower than the main. In the topmost cu
(D52 GHz), the central peak has poor contrast. Note, t
the flat dip at negative detuning corresponds to the Ben
hole induced by counter-propagating component.

The peak of EIT had been expected and observed at

Dm

km
5

D

k
. ~1!

The condition means that the probe wave and the copro
gating component of the standing wave interact with
same velocity group. Along with the expected peak, the
ditional structure was resolved in the line center. Its posit
Dm50 was independent of the detuningD. We found no
analog in the literature, then revised the perturbation the
The structure is interpreted as effect of higher spatial h
monics of coherence. It is insensitive to the detuningD,
since only atoms with zero velocity pay the contribution in
the structure. The continued-fraction expansion, calcula
numerically for higher pump intensity, yields similar resul
Moreover, below we demonstrate that the additional cen
structure is a universal phenomenon arisen not only un
specific experimental conditions.

The absorption spectrum is given by the off-diagonal
ement of the density matrixrml5rmexp(ikmx2ivmt),

Pm~Dm!522\vmRê iVm* rm&, ~2!
FIG. 3. Measured spectra.~a! At D50 and different Rabi frequencies, from bottom to top:V50, 50, 75, and 100 MHz.~b! At V
5100 MHz and different detunings, from bottom to top:D5 0.2, 0.7, and 2 GHz. The amplitude of the last curve is doubled.
8-2
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SPLITTING OF THE PEAK OF . . . PHYSICAL REVIEW A 67, 043808 ~2003!
where the angular brackets denote averaging over velo
and coordinate,vm , Vm5EW m•mW ml/2\ are the frequency and
Rabi frequency of probe waveEW m(x,t)5EW mexp(ikmx
2ivmt), andmml is the dipole moment. The off-diagonal e
ement determines the coherence between levels.

The high relative population of final levell in experiment
allows one to ignore all effects induced by the strong sta
ing wave related to changes in both populations and co
ence at the working transition. The main nonlinear spec
scopic effect in such a system is related to mixing of o
diagonal elementsrml ,rnl on both test and forbidden
transitions by the standing-wave field. To emphasize the
fect, we setNm5Nn50 reducing the density-matrix equa
tions to a pair of equations for off-diagonal elements at pro
rm transition and two-photon transitionr ln5rnexp@2ikmx
2i(v2vm)t#:

@Gml2 i ~Dm2kmv !1v]x#rm1 i ~V1eikx1V2e2 ikx!rn*

5 iVmNl~v !, ~3!

@Gnl1 i ~D2Dm1kmv !1v]x#rn* 1 i ~V1* e2 ikx1V2* eikx!rm

50.

Here Gml ,Gnl are the relaxation constants,]x denotes the
derivative operator with respect to x, EW (x,t)
52EW coskxexp(2ivt) is the standing wave,V5EW •mW mn/2\
is its Rabi frequency,mmn is the dipole moment,

Nl~v !5
Nlexp~2v2/vT

2!

ApvT

~4!

is the Maxwellian distribution of the populationNl over ve-
locities, andvT is the thermal velocity. We denote two am
plitudes asV1 for its copropagating component andV2 for
the counterpropagating one. If one expressrm and rn as a
Fourier series as a function of coordinate, i.e., spatial h
monics,

rm5 (
n52`

`

rm
(n)e2nikx, rn* 5 (

n52`

`

rn
(n)* e(2n21)ikx, ~5!

the set~3! reduces to difference equations that relate am
tudes of spatial harmonics with neighbor numbers:rn

(n)* to
rm

(n) and rm
(n21) @22#. At V15V25V50 Eqs.~3! are de-

coupled and only the lowest harmonicsn50 enters the re-
sult. At smallV!G,D the coefficientsrm,n

(n) harmonics atn
561,62 are small and can be found within the perturbat
theory. At strong fieldV@G,D the perturbation theory is no
valid. The solution of difference equations can be written
a continued fraction.

For this reason, the main tool of study is numerical c
culations. However, at small fields, the problem can be a
lyzed using perturbation theory. The main goal of such
analysis is to demonstrate that the central resonance
probe-field spectrum being caused by the higher spatial
monics of the coherence. Importantly, that in the first or
04380
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of the perturbation theory, the higher spatial harmonics
not contribute to the spectrum after the averaging over
locities in the Doppler limit (kvT@G). In the Stokes case
(km,k), the first nonlinear correction describes the E
peak of the width

Gp5
km

k
Gnl1

k2km

k
Gml , ~6!

at frequencyDm5kmD/k,

dPm
(1)5Pm~0!2Pm

(1)~V!

52\vmuVmu2
Ap

kvT
Nlexp~2Dm

2 /km
2 vT

2!

3Re
2uV1u2~k2km!

k@Gp2 i ~Dm2kmD/k!#2
. ~7!

Therefore, the standing-wave effects appear in the seco
order perturbation theory.

After accurate solving Eq.~3! to the terms of fourth order
in V6 and integrating the result over velocities in the Do
pler limit using the theory of residues, we obtain the follow
ing expression for the second-order correction to the sp
trum:

dPm
(2)522\vmuVmu2

ApNlexp~2Dm
2 /km

2 vT
2!

kvT

3Re
2uV1u2~k2km!/k

gp
2 F3uV1u2km~k2km!/k2

gp
2

1
uV2u2~k2km!2/k2

2gp@Gnl2 i ~Dm2D!#
1

uV2u2km
2 ~2k2km!/k3

4~Gml2 iDm!2

1
uV2u2km

2 ~k2km!/k3

gp~Gml2 iDm! G . ~8!

Here gp5@Gp2 i (kDm2kmD)#/k, the V50 background is
subtracted:Pm(V)5PmuV502dPm

(1)2dPm
(2)2•••. The first

term in square brackets describes the broadening of the
peak and increasing in its amplitude. The second term
scribes the contour similar to a two-photon resonance
peaks at frequencyDm5D. The rest two terms are caused b
the spatial modulation of coherencerm at the probe transi-
tion ml and result in the nonlinear structure atDm50. This
structure is distinguishable under relationGml!Gnl corre-
sponding to experimental conditions. The expression of
type was obtained earlier@23#, but the opposite limiting case
Gnl!Gml was analyzed.

Equation~8! is valid at low-pump intensity. The expres
sion for the probe-field spectrum at arbitrary intensity of t
standing wave@14# in the case of our interest, when only th
final level is populated, can be written asPm5ImRm , where

Rm}Nl uVmu2^@L0
212uVu2~u11u2!#21&v , ~9!
8-3
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FIG. 4. Calculated spectra.~a! At D50, kvT520Gmn , Gml /Gnl51/6, Gmn'Gnl and different Rabi frequencies, from bottom to to
V/Gmn50.1, 0.2, 0.3, and 0.4.~b! At V/Gmn50.4 and different detunings, from bottom to top:D/Gmn5 0.7, 2.2, and 6.6.
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uVu2L62L63

12
uVu2L63L64

12•••

, ~10!

L j
215H «2~km1 jk !v1 iGnl , j 561,63, . . .

Dm2~km1 jk !v1 iGml , j 50,62, . . . .

Here ^ . . . &v means the average over velocity,«5Dm2D.
The continued fraction~10! is calculated and integrated wit
Maxwellian distribution numerically. Figure 4~a! shows the
resonant caseD50, while Fig. 4~b! illustrates the nonreso
nant case. Together with the main EIT peak shifted with
detuning, the additional structure arises in the center. Un
resonance condition the structure is a dip; far from the re
nance it transforms into a peak. Its behavior is in qualitat
agreement with experiment, Fig. 3. The plots calculated fr
Eq. ~8! practically coincide with those in Fig. 4 at low inten
sities,V/Gmn,0.4 corresponding to experiment. Note, th
the scale in the experimental plotDm51.5 GHz corresponds
to the dimensionless scale in the calculated one,Dm /Gmn
51.5 GHz / 0.3 GHz55.

Thus, the comparison between the theory and experim
demonstrates similar dependence either onV, or D. In reso-
nant case, the EIT peak broadens withV. At the same time,
the dip in the center arises already atV/Gmn;0.1, its depth
grows withV. The EIT peak is shifted synchronously wit
detuningD, since it is formed when strong and probe wav
interact with the same velocity group of atoms. The re
nance structure is motionless because it is formed by at
with zero velocity. The spatial modulation of coherence
caused by the simultaneous action of both components o
standing wave. Then the effect of higher harmonics is ma
mal for slow atoms. Atoms in the nodal points of the stan
ing wave are insensitive to the strong field, hence the
vanishes for these particles. At the same time, the EIT
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maximal at the antinodes. After averaging along the tube
over velocities, the additional structure appears in the ce
of probe-field spectrum.

Let us note that the effect was missed in the class
paper by Feldman and Feld@14#, because their calculation
were performed at the conditionGml5Gnl when the effect at
the exact resonanceD50 is absent. In our case the ‘‘slow
atom’’ dip of the widthGml splits the EIT resonance of th
width Gp.Gnl at the line center becauseGml!Gnl ,Gmn .
Taking into account plasma collisions, we estimate this
ditional splitting asGml.50 MHz @24# that provides satis-
factory agreement with the theory.

This standing-wave feature may be observed at comp
tively weak drive fieldsV*Gml;0.1Gmn . Note that atGml
!Gmn , the splitting should be apparent even earlier th
power broadening of the EIT peak, which becomes noti
able atV*Gmn . Under conditions of the performed exper
ment, the maximum achievable field amplitudeV
5100 MHz turns out between the characteristic values of
relaxation constantsGml.50 MHz andGmn.300 MHz, but
the splitting is already expressive, according to the appli
bility condition. At the same time, the perturbation theory

FIG. 5. Doppler broadened absorption contour2ImRm ~solid!
and refraction ReRm ~dotted! vs detuning with the same paramete
as Fig. 4, but higher intensityV/Gmn52.
8-4
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SPLITTING OF THE PEAK OF . . . PHYSICAL REVIEW A 67, 043808 ~2003!
still valid at these conditions, and relative amplitude of t
EIT peak as well as that for the new resonance remain s
enough compared to the Doppler-broadened absorption
file.

We have proved a principle possibility to form differe
spectral structures within a transparency window by use
standing-wave drive which are relatively narrow: at least t
times narrower compared to the window width. Further d
velopments could be concentrated on achievement of
tremely narrow structures by this technique that may prov
very steep dispersion at high transmission. For this purp
one should increase the amplitude of the drive fieldV sig-
nificantly. Absorption and dispersion spectra calculated
our ~not optimal! relaxation constants at the amplitude fi
times higher than in the experiment are shown in Fig
tt
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together with the absorption background. The transmiss
peak on the Doppler-broadened absorption contour beco
high and split that results in oscillations of the dispersi
with steep slope at the line center, several times steeper c
pared to usual EIT window. By use of probe transitions w
smallerGml ~e.g., with ground state involved! one can obtain
narrower structures in absolute scale. Note that the effec
also observable for anti-Stokes probe too, namely, in
rangek<km<2k.
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