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Splitting of the peak of electromagnetically induced transparency by the higher-order spatial
harmonics of the atomic coherence
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The interaction of a two-level system with a strong standing wave is examined by the probe field resonant
to the adjacent transition in th& configuration of Arll. 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.
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It is well known that absorption of light in an atomic and the Lamb dig12] reveals oscillations of level popula-
medium at resonant frequency may be reduced or even elimiions, those were interpretdd.3] as multiphoton Bennett
nated by application of a strong “drive” laser field to an structures. In the three-level system, the oscillations manifest
adjacent transition. This phenomenon called electromagnetitself in probe-field spectrum at the adjacent transition, as
cally induced transparend¥IT), see Refs[1,2], underlies a had been shown by Feldman and FEld]. Recently, three-
variety of effects driven by atomic coherence and interferdevel systems with a standing wave were studied in connec-
ence, such as resonant enhancement of nonlinear optical prieen with optically pumped infrared molecular lasdis5]
cessed 3], amplification and lasing without inversio@],  and up-conversion in ladder schefii®]. The effect of cav-
and inhibition of two-photon absorptioib]. In addition to ity under EIT conditions is also treated in view of photon-
coherently-driven changes of the absorption coefficient, thghoton interactions, see, for example, REf7], or EIT-

EIT resonance has specific dispersive feat(sesmep positive window narrowing due to cooperative effecfd8], but
dispersion inside a transparency winddat have been re- neither paper considers standing-wave drive.

cently applied for slowing down and even “stopping” or ~ We explore theA scheme of Arll shown in Fig. 1. The
“storage” of the light[6—8] that could have important appli- starting, intermediate, and final levels of the Raman scheme
cations in quantum computing. For these applications, thevere |n)=4s2P,;,, |m)=4p?2S,,, and|l)=3s2P5,, re-
aim is to obtain narrower EIT resonance and as a resulipectively. TheA system under study has the following re-
steeper dispersion, but relaxation, collisional, power andaxation ratesI’,=300]",,=15]",=8, and Einstein coeffi-
Doppler broadening significantly worsen the shape of thecients A,,=9, Ap=1 (in units of 10 s1). The
EIT resonancg9]. To diminish their role and obtain the de- populations of levels in plasma ai,~1,N,~5, andN,
sired dispersion slope characteristic, various techniques sueh100 (in units of 10 cm™3). The pump is a blue standing
as cooled atomic g4$], multiple drive fields in a multilevel wave of wavelengtih =458 nm, the probe is a red running
system[10] or solid-state mediurp8] are used. wave of wavelength , =648 nm.

Let us mention that the EIT experimental techniques are The experiment was based on the ionic anti-Stokes Ra-
usually based on running “drive” and “probe” waves. In this man laser devic¢19]. The setup modified for the Stokes
paper, we treat the EIT in a basié-system but with wave is shown in Fig. 2. Discharge tube 1 was placed in the
standing-wave drive. In this case, the driving field is modu-cavity formed by mirrors 2 and 3 of a high reflection coeffi-
lated in space and as a result qualitatively different effectgient for
may be induced by spatial harmonics of atomic coherence. It
is predicted and experimentally proved that different reso-
nant structure inside the transparency window appears at spe-
cific conditions. At zero drive detuning, the effect looks like
“splitting” of the usual EIT resonance in probe-field spec-
trum. It is shown that the additional resonance is attributed to
interaction of light with slow atoms and insensitive to the
Doppler broadening and as a result occurs narrow. Thus it
may be treated as a different approach to produce steep dis-
persion (positive or negativeinside the transparency win-
dow applicable to atomic systems in light-stopping experi- FIG. 1. Level diagram. Relative relaxation rates and populations
ments as well as in other ElT-related effects. of levels are shown schematically by the height of box and diameter

Basic nonlinear spectroscopic effects of a strong standingf circle, I'<T,,<I",,, N,<Nn,<N, . The straight line denotes the
wave have been studied in the 1960s and 1970s. Calculatizrong standing-wave pump; the wavy line is the weak running
of spontaneous emission spectra in a two-level sygteth  probe.
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sorption spectrum with EIT peak between the split
components. With increase in the intensity the transparency
peak broadens and becomes split. The splitting is enhanced
with intensity (top two curves Small asymmetry is due to
the “lens” effect [21] and can be compensated by a small
detuningA. The maximum intensitytopmost curvg corre-
sponds to the Rabi frequency for each of two running com-
ponents (=100 MHz. Figure &) describes the
A-dependence at)=100 MHz. At pump detuningA
>0.7 GHz, the distinct additional peak is formed at the cen-
o ter, along with the main peak. The second peak is small, but
14 resolvable up to detuniny~2 GHz. The central structure is
by two times narrower than the main. In the topmost curve
(A=2 GHz), the central peak has poor contrast. Note, that

generated radiation and transparent for the probe wave. Th ﬂs‘e flat dip at negative detuning corresponds to the Bennett

. e o . ole induced by counter-propagating component.
two f|eld§ were present |nS|d¢ the caV|ty..stand|ng b!ue wave " o peak of EIT had been expected and observed at
and running red one, both with parallel linear polarizations.
Etalon 5 provided the selection and tuning of the generation
frequency. Diaphragm 6 selected TEMransverse mode. A, é )
e

FIG. 2. Scheme of the experiment.

The cavity losses at =458 nm were about 0.3%, then the k
high-intensity single-frequency operation was achieved. The

blue drive and red probe beams were separated by diffractiofne congition means that the probe wave and the copropa-
_gratmg 8. Spectra were qnalyzed by scanning I:abry'Per%tz;\ting component of the standing wave interact with the
interferometers 9 with oscilloscopes 14 ananeter 13._The same velocity group. Along with the expected peak, the ad-
laser beam was modulated by chopper 7. Photodiodes 144 structure was resolved in the line center. Its position
produced signal and referen.ce for synchronous detector 1. —0 was independent of the detunidg We found no

As a source of thg probe ,f'eld’ tunable dye !aser 12 Wa%r;{alog in the literature, then revised the perturbation theory.
employed. Automatic scanning syst¢&0] made it possible e gyrycture is interpreted as effect of higher spatial har-
to vary the frequency continuously W'th'n.4'5 GHz range. mqnics of coherence. It is insensitive to the detunikg
The probe beam was focused by lens 15 into the middle g ince only atoms with zero velocity pay the contribution into

the tube and deflected by plate 4. The a”%'g between thee siructure. The continued-fraction expansion, calculated
probe and generated beams was kept around 10 avoid  \,merically for higher pump intensity, yields similar resuits.

feedback. The synchronous detector subtracted the Dopplgiqreqver, below we demonstrate that the additional central
background from the probe-field spectrum. The frequency,crre is a universal phenomenon arisen not only under
scanning and data acquisition were carried out by PC 16 W'tgpecific experimental conditions.

discrete step 20 MHz. , o The absorption spectrum is given by the off-diagonal el-
Figure 3 shows the probe-field spectra; upward d'recnorbment of the density matrix,,,=p,expik x—iw,),
corresponds to induced transparency, downward is absorp- # “ "

tion. Figure 3a) shows the resonant casa£€0). The bot- .
tom curve demonstrates well-known ac Stark splitting of ab- P.(A,)=—2ho,ReiQ}p,), 2

o

of,[arb. un]

5P [arb. un.]
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FIG. 3. Measured spectréa) At A=0 and different Rabi frequencies, from bottom to tép=0, 50, 75, and 100 MHz(b) At Q)
=100 MHz and different detunings, from bottom to tap= 0.2, 0.7, and 2 GHz. The amplitude of the last curve is doubled.
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where the angular brackets denote averaging over velocitgf the perturbation theory, the higher spatial harmonics do
and coordinatey,, , Qﬂ:éﬂ.ﬁml/2ﬁ are the frequency and ot 'cont.ribute to the spectrum after the averaging over ve-
Rabi frequency of probe waveEM(x,t)zﬁﬂeprKMx locities in the _Doppler _I|m|t va>F).. In the Stokes case
—iw,1), and u,,, is the dipole moment. The off-diagonal el- (k,<k), the flrst nonlinear correction describes the EIT
emelﬁt determines the coherence between levels. peak of the width

The high relative population of final levéin experiment K Kk

allows one to ignore all effects induced by the strong stand- [py=-LTp+ ——2T 0, (6)
ing wave related to changes in both populations and coher- Pk k
ence at the working transition. The main nonlinear spectro-
scopic effect in such a system is related to mixing of off-at frequencyA =k, A/k,
diagonal elementsp,,,p, ONn both test and forbidden o (1)
transitions by the standing-wave field. To emphasize the ef- 6P,’=P,(0) =P, (Q)
fect, we setN,,=N,=0 reducing the density-matrix equa- J7
tions to a pair of equations for off-diag_onal elements at probe = Zﬁwﬂ|Q’u|2_NleXF( — Ai/kivg)
p, transition and two-photon transitiop,= p,exq —ik,x kvt
—i(w—w)t]: . 2|Q+|2(k—kﬂ) "
[T i(A,=k,0) +vixlp,+i(Q, e+ 0 e "o} KT p—i(A,—k,A/K)]2
=i1Q,Ni (), (3) Therefore, the standing-wave effects appear in the second-

: . s . order perturbation theory.
[Tn+i(A=A,+kp)toddp; +i(Qle IkX+Qtelkx)Pﬂ Aftepr accurate solvingyEc[S) to the terms of fourth order
-0. in Q). and integrating the result over velocities in the Dop-
pler limit using the theory of residues, we obtain the follow-
Here T, T, are the relaxation constants, denotes the INg expression for the second-order correction to the spec-

derivative operator with respect tox, E(xt) UM

=2E coskxexp(~iot) is the standing waveQ =E. yu;/2h , JaNjex — A2/k2y2)
is its Rabi frequencyu,, is the dipole moment, 5P§L )= —2hw,|Q,|? o
T
_ 22
N ()= Niexa v /uT) 4 210, |2(k—k, ) /K[ 3| |2k ,(k— K, )/K?
(v) = @ X Re 2 CAA.
o 7o 7o
is the Maxwellian distribution of the populatidd, over ve- 20— L \2/L2 Q_12K2(2k—Kk /K3
locities, andv+ is the thermal velocity. We denote two am- -] (k, k) /K -] ul : ”2)
plitudes as) , for its copropagating component afl_ for 2yplTni—i(A,—4)] 4(Lm—i4,)
the c_ounter_propagating one. If one exprpﬁsgnd p, as a 0 |2k2(k—k K3
Fourier series as a function of coordinate, i.e., spatial har- i u %)
monics, Yo(Fmi—id,)
_ (n) a2nikx * _ (M) (20— 1)ikx Here yp,=[I"p—i(kA,—k,A)]/k, the Q=0 background is
Pu n;w Pu® v Py n;w Py e » subtractedPM(Q)=PM|Q:0—6P£})—5P5L2)— -+ +. The first

term in square brackets describes the broadening of the EIT
the set(3) reduces to difference equations that relate amplipeak and increasing in its amplitude. The second term de-
tudes of spatial harmonics with neighbor numbgf&* to  scribes the contour similar to a two-photon resonance, it
p" andp"™H [22]. At O, =0_=0Q=0 Egs.(3) are de- peaks at frequenci,=A. The rest two terms are caused by
coupled and only the lowest harmonios=0 enters the re- the spatial modulation of coherenpg at the probe transi-
sult. At smallQ<T",A the coefficientSp;”)V harmonics an tion ml and result in the nonlinear structure/at=0. This
= +1,+2 are small and can be found within the perturbationstructure is distinguishable under relatidiy,<I', corre-
theory. At strong field)>T",A the perturbation theory is not Sponding to experimental conditions. The expression of this
valid. The solution of difference equations can be written adyPe Was obtained earli¢e3], but the opposite limiting case
a continued fraction. I'n<I'm was analyzed. _ _

For this reason, the main tool of study is numerical cal- Equation(8) is valid at low-pump intensity. The expres-
culations. However, at small fields, the problem can be anaSion for the probe-field spectrum at arbitrary intensity of the
lyzed using perturbation theory. The main goal of such arftanding wav¢14] in the case of our interest, when only the
analysis is to demonstrate that the central resonances fial levelis populated, can be written Bg =ImR,,, where
probe-field spectrum being caused by the higher spatial har-
monics of the coherence. Importantly, that in the first order RN Q% ([Lo t = [Q[P(us +u )], 9
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8Parb. un] 5P [arb. un.]
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FIG. 4. Calculated spectréa) At A=0, kv=20",,,, [')/Tn=1/6, T' =Ty, and different Rabi frequencies, from bottom to top:
QIT',,=0.1, 0.2, 0.3, and 0.4b) At Q/T",,,,=0.4 and different detunings, from bottom to tap/I",,= 0.7, 2.2, and 6.6.

L., maximal at the antinodes. After averaging along the tube and
U.= > , (10 over velocities, the additional structure appears in the center
1 QL Ly of probe-field spectrum.

|QJ2L 4oL g Let us note that the effect was missed in the classical

1_W paper by Feldman and Fe[d4], because their calculations

Q27 m=sm4 were performed at the conditidh,,=I",,, when the effect at
1=-- the exact resonancd=0 is absent. In our case the “slow
atom” dip of the widthI",, splits the EIT resonance of the
: . . width I'y=T",,, at the line center becaudé,,<T'y,['nn-

Ll e (ki +ily, J=*1x8, ... Taking i?\to account plasma collisions, we estimate this ad-

! A,—(k,+jKo+il'y, j=0+2,.... ditional splitting asI ;=50 MHz [24] that provides satis-

M
factory agreement with the theory.

. This standing-wave feature may be observed at compara-
Here ( . -_->v means the average over veloglty,:AM—A._ tively weak drive fieldsQ=TI",,~0.1",,. Note that afl";;,
The continued fractiof10) is calculated and integrated with . the splitting should be apparent even earlier than
Maxwellian distribution numerically. Figure(d) shows the powngr broadening of the EIT peak, which becomes notice-
resonant casd =0, while Fig. 4b) illustrates the nonreso- able atQ=T,,. Under conditions of the performed experi-
nant case. Together with the main EIT peak shifted with th ent, the maximum achievable field amplitude

detuning, the additional structure arises in the center. UndeL 49 MHz turns out between the characteristic values of the
resonance condition the structure is a dip; far from the resOrajaxation constantg ;=50 MHz andT’,, =300 MHz, but

nance it transfr?rms into a peak. Its bheha\l/ior is :n ?”a”t"’f‘tivethe splitting is already expressive, according to the applica-
agreement with experiment, Fig. 3. The plots calculated fronyiv, condition. At the same time, the perturbation theory is
Eq. (8) practically coincide with those in Fig. 4 at low inten-

sities, Q/T",,<<0.4 corresponding to experiment. Note, that
the scale in the experimental plat,=1.5 GHz corresponds
to the dimensionless scale in the calculated akg/I',,
=15GHz/03 GH=5. b et
Thus, the comparison between the theory and experimen [ ..
demonstrates similar dependence eithef)lror A. In reso- ; .
nant case, the EIT peak broadens wfith At the same time, ¢ "-,_
the dip in the center arises already(stl" ,,,~0.1, its depth
grows with ). The EIT peak is shifted synchronously with
detuningA, since it is formed when strong and probe waves
interact with the same velocity group of atoms. The reso-
nance structure is motionless because it is formed by atom:
with zero velocity. The spatial modulation of coherence is
caused by the simultaneous action of both components of th -20 -10 Auoll"mn 10 20 30
standing wave. Then the effect of higher harmonics is maxi-
mal for slow atoms. Atoms in the nodal points of the stand-  FIG. 5. Doppler broadened absorption contetimR,, (solid)
ing wave are insensitive to the strong field, hence the ElTand refraction RR,, (dotted vs detuning with the same parameters
vanishes for these particles. At the same time, the EIT igs Fig. 4, but higher intensit/T",,,= 2.

i Ru [arb. un.]
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still valid at these conditions, and relative amplitude of thetogether with the absorption background. The transmission
EIT peak as well as that for the new resonance remain smajfieak on the Doppler-broadened absorption contour becomes
enough compared to the Doppler-broadened absorption prdgh and split that results in oscillations of the dispersion
file. with steep slope at the line center, several times steeper com-
We have proved a princip|e poss|b|||ty to form different pared to usual EIT window. By use of probe transitions with
spectral structures within a transparency window by use o$mallerl'y, (e.g., with ground state involvgdne can obtain
standing-wave drive which are relatively narrow: at least twoharrower structures in absolute scale. Note that the effect is
times narrower compared to the window width. Further de-2ISO observable for anti-Stokes probe too, namely, in the
velopments could be concentrated on achievement of eX@ngek=k,=2k.
tremely narrow structures by this technique that may provide The authors are grateful to S.G. Rautian and A.M. Shala-
very steep dispersion at high transmission. For this purposgin for helpful discussions and acknowledge the excellent
one should increase the amplitude of the drive fi@lcsig-  technical assistance by S.I. Kablukov in the creation of the
nificantly. Absorption and dispersion spectra calculated forsetup. The work was granted by the RFBRoject No. 02-
our (not optima) relaxation constants at the amplitude five 02-39025-GFENand by a governmental program of support
times higher than in the experiment are shown in Fig. Sof leading research groups in Russia.
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