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Spectroscopy in Dense Coherent Media: Line Narrowing and Interference Effects
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Spectroscopic properties of coherently prepared, optically dense atomic media are studied experi-
mentally and analyzed theoretically. It is shown that in such media the power broadening of the
resonances can be substantially reduced. A density-dependent spectral narrowing of the electromagneti-
cally induced transparency (EIT) window and novel, even narrower, resonances superimposed on the
EIT line are observed in dense Rb vapor. A nonlinear two-photon spectroscopic technique based on
coherent atomic media and combining high resolution with a large signal-to-noise ratio seems feasible.
[S0031-9007(97)04278-6]

PACS numbers: 42.50.—p, 42.62.Fi

In conventional methods of resonant spectroscopy, optitroscopy in optically thick samples [8]. As will be seen, the
cally thin ensembles of atoms or molecules are probed witkssential new features of the present system are twofold:
lasers of limited intensity [1]. Low intensities are used inthe absorption cancellation due to quantum interference [5]
order to avoid power broadening and frequency shifts. Irand the importance of the dispersive and nonlinear optical
general, as the Rabi frequency of the resonant electromagroperties of a coherently prepared medium. The present
netic field exceeds the natural width of the transition undetechnique is also related to a coherent anti-Stokes Raman
consideration, the width of the resonance increases, resuipectroscopy (CARS) [6]. Our method, however, differs
ing in a rapid loss of resolution. This effect is especiallyqualitatively from the latter since in our case it is essential
profound when transitions between long-lived states aréo operate near the single photon resonance. As a result
considered, in which case the necessity of low-intensitghe spectral resolution is determined mostly by the linear
light fields results in an unfavorably low signal-to-noise susceptibility rather than the® nonlinearity. We further
ratio [2]. An example of such a resonance is a two-photomote that the advantage of using the dispersion of EIT reso-
transition in aA-type atomic configuration [3]. nances for spectroscopic measurements has been pointed

In the present Letter we study experimentally and deout in a recent group delay experiment [9]. Our approach
scribe theoretically the spectroscopic propertieslefise is conceptually different in that it utilizes a combination of
ensembles of atoms coherently prepared and probed binear and nonlinear response on cw fields.
strong optical fields. We observe and discuss the nar- The conceptual foundations of the present work can
rowing of power-broadened dark resonances [4,5] assocbe understood by considering a simple 3-lexekystem
ated with electromagnetically induced transparency (EIT)as shown in Fig. 1(a). A resonant driving field on the
Moreover, when the atomic density becomes sufficientlyz — ¢ transition with complex amplitud&€ = Ege <4’
large, we observe novel, even narrower structures supeand Rabi frequency) = ¢,.Eo/2k produces symmetric
imposed on the EIT line. We find that these resonance8utler-Townes dressed states with a frequency separation
are due to interference induced by a new field component
arising from resonantly enhanced coherent Raman scatter-
ing [6]. We show that, in contrast to simple transmission (, —_—
measurements, the characteristics of these novel spectral v, /
features are determined by tlispersiveproperties of v
the dense phase-coherent medium [7]. In particular, their
width can be orders of magnitude smaller than the usual
power-broadened limit; that is, power broadening can be
compensated to a large extent. This makes feasible a new
regime of two-photon spectroscopy, in which high resoluFIG. 1. (a) Simplified ~ 3-level =~ model  for  EIT.

tion can be achieved with higher intensities and thereforéP) Experimental setup (schematic). ECDL1 and ECDL2
ith lower noise than in conventional methods are extended-cavity diode lasers (probe and driving lasers,
wi : respectively). PD: photodetector, P: polarizer, MG: microwave

Before proceeding we note that it has already been reGynthesizer, and SA: spectrum analyzer. The Rb cell is inside
ognhized that sometimes it is advantageous to do spetnagnetic shields.
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of 2Q. g, is the dipole moment of the — ¢ transition

and w, the drive-field frequency. Interference of tran- b
sitions from the ground state to the two dressed statesg = 100 kHz
causes a reduction of absorption of a probe figiduned g 5 _

to the center of thé — 4 transition. This is the essence

of dark resonances [4] and EIT [5]. The EIT window in
the single-atom response is power broadened and its spec-
tral width approache3(). As we will now demonstrate,

this conclusion is not valid in the case of transmission probe detuning probe detuning

through a thick atomic ensemble [10]. ElG. 2. Measured signal as a function of a relative laser de-

The spectroscopic properties of a dense vapor Ofning for various atomic densities. (a) Cuniesv correspond

coherentA-type Rb atoms were studied in the experimento atomic densitiesV ~ 6 x 10°, 1 x 10'!, 2 x 10'!, and
indicated in Fig. 1(b). Two extended-cavity diode lasers6 x 10'' cm™?, respectively. Estimated Rabi frequencies are
a drive laser and a probe laser, were phase locked withO and 2 MHz for drive and probe. (b) Extra resonances in op-
a frequency offsetdy ~ wurs = 6.83 GHz) determined tically dense Rb vapor. ane:f;eld Rabi frequency is 13 MHz

. . and atomic density is-10'* cm™. Scan time was a few sec-
by a tunable microwave-frequency synthesizer. TwWQngs The estimated time-of-flight broadening in the probe and
collinear laser beams were passed through a 5 cm longfive beams is-15 and~8 kHz, respectively. There is no ex-
cell containing natural Rb, and the transmitted power wasgernal magnetic field. Natural linewidth of the Rl line is

detected by a fast photodetector (PD). Both beams were4 MHz. Doppler broadening is'500 MHz.
of identical circular polarization. The powers of the drive

and probe beams in the cell ranged from 5 to 10 mW . - .
and 0.05 to 0.1 mW with spot sizes of 5 and 3 mm, The narrowing of the dark resonances with increasing

respectively. The frequency of the drive laser was tuneqiensity has a nature S"T?”ar to that of Ref. [8] and can eas-
to the center of théy », F = 2 — Py,,, F = 2 transition ily be understood from aidealized3-level model in which

of the Rb D, line, while the frequency of the probe probe and drive interact solely with the respective transi-
laser was scanne(j across ey, F = 1 — Py, F = 2 tionsa — b anda — c¢. For simplicity let us assume, in
transition by tuning the synthesizer frequency. In suctfddition, a spatially homogeneous Rabi frequency of the
a configuration probe and drive fields createAaype drive field. The intensity transmission ofamonochro.matlc
system [Fig. 1(a)] within the R, manifold. probe of wavelength through a vapor cell of length is

In the present experiment the signal was recorded b§feScribed by' = exp{—x"kL}. Herek =27 /A andx”
monitoring the amplitude of the time-dependent compolS the imaginary part of the susceptibiligy, which for the
nent of the detector current at frequengy = w, — idealized, homogeneogsly_broadened 3-levslystem and
corresponding to the difference frequency between prob Weak (1, < ) field is given by [5]
and drive fields. In the case of a dilute medium the  _ ./ ivee — (A — Ay) (1)
heterodyne signal at the photo detector is proportional to “yap + iA][ype + (A — Ag)] + Q2°

the transmitted probe-field amplitude. , wheren = 3NA3/472, N is the atomic densityA is the
At relatively low values of the atomic density the detuning of the probe laser, add, is the detuning of the

observed signal shows the usual absorptive featuregiyve |aser. y!,y" are the radiative decay rates as per

corresponding to EIT [Fig. 2(a)]. When the beat—note,:ig. 1(a), andy,, are the decay rates of the respective
frequency of the lasers matches the resonant frequeng¥perences.

of theb — c transition, the medium becomes transparent | the low density limit kL << 1) the spectral fea-
displaying an EIT-type resonance [curven Fig. 2(a)]  yres of the transmission coincide exactly with those
with a nearly symmetric line shape. The peculiar featureys x". In the high density limit, however, only spec-
of this resonance is that its widtHecreaseswith the components which are very close to the center of

atomic density. At higher densities the transparencynhe transparency are transmitted. In order to estimate
window becomes substantially asymmetric. Withinihe effective width of the EIT window. we expangd”

this window, additional few kilohertz-wide resonances,gund the point of maximum transmissioa E (1 —
[Fig. 2(b)] were clegrly resolved. _Thelr characterlstlcsybc/yab)Ad] assuming the usual EIT condition? >
such as position, width, and amplitude depend on th%bybc,Ad}/bc,Aivbc/nb, andy.s > yse. The result-

strength of the drive field and on the atomic density.jhg transmission spectrum is a Gaussian function of the
Furthermore their position was found to be very Sens't'vedetuning. lts characteristic half width

to atomic level shifts, induced, for example, by weak

g ! ; 0?2 1
magnetic fields. Under the conditions of dense media, Awyans = — 2
resonances as narrow as 3 kHz were observed with a high VYabYa N MkL

signal-to-noise ratio. For the data presented here, thecales inversely with the square root of the density-length
estimated Rabi frequencies of drive and probe fields werproduct and can become substantially smaller than the
correspondingly on the order of 10 and 2 MHz. single-atom power-broadened width.
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Let us now turn to the additional resonances. We showy = —iny.(A — Q%/wo)/Q* — 9y, vp./Q? an =
that these resonances are due to a new field generatedny!” /2wy, anday, = as; = —iny,/wy X E3/|E4%.
by resonantly enhanced coherent Raman scattering [s&wlving this linear propagation problem and substituting
Fig. 3(a) and Ref. [11]] and that they reflect tHisper-  the solution into Eqg. (3) we find that the beat note at
sive properties of the medium. The mechanism of thisthe photodetector contains an interference term with an
process can be understood if we note that the strongmplitude depending on the probe laser detuning via the
driving field couples the excited state to both groundphase shiftA¢ = y’kL/2, which modulates the usual
state hyperfine levels. The interaction of the drive andransmission profile and gives rise to extra resonances.
probe fields with the resonant transitions generates cdHence the characteristics of the new resonances are deter-
herence between the ground states. In the presence wiined by the dispersive properties of the EIT medium [7].
this coherence, the interaction of the drive with the off- Since the index of refraction close to the point of
resonant transitio; »,, F = 1 — P, F = 2 leads to a maximum transmission is a linear function of the probe
nonlinear generation of a new field, with frequency detuning [7], the phase shift of the transmitted field is
w, = 2w, — w,. This process is very similar to the re- also linear in A. For a large density-length product
cently observed frequency conversion in coherent atomithe phase shift accumulated over the cell length can
media in Ref. [12]. For a large density-length product, theeasily surpas27 already for a very small detuning
output amplitude of the new fielff, can be of the same from the two-photon resonance. Hence the interference
order as that of the probe field,,. At the photodetector, term (~exp{—x"kL/2}sinA¢) in the beat note at the
the new field gives rise to an additional component to thephotodetector rapidly oscillates with as indicated in
beat note at frequency,. Taking this contribution into  Fig. 3(b). We define a characteristic widiw 4

account we find that the signal powerag in the present 0?2 1
heterodyne detection scheme is given by Awgis = 7 — L’ (5)
Sae * |E4E; + ELE,|*. (3) “

N as the detuning from the line center at which the phase
To understand the nature of the additional resonancegf a probe laser shifts byr/2. This expression scales

in particular, their relatively narrow width, let us consider jnversely with the density-length product itself instead
again the simplified 3-level model discussed before. Wef jts square root as in Eq. (2). Thus we conclude
now, however, take the nonresonant couplings and thghat in dense media the width of interferometric fringes
associated parametric process into account. Let us furth?rdispersive" width Awdis) can be Considerab|y smaller
assume that the probe and “new” field are much weakejhan the characteristic width of the EIT transmission
than the drive field, and that the drive field (= 0) is  Eq. (2). Because of the parametric generation and the
undepleted. These assumptions (which will not be usefomodyne detection technique both “absorptive” and
in the later numerical simulations) allow for a simplified “dispersive” widths are observed in our experiment.
discussion of the relevant physics. In this case we arrive To make a detailed comparison with the experiment we

at the system of equations consider a theoretical model in which the 3-wave mixing
29 [Ep } _ [an ap } [Ep } 4 process is inclqded together with Doppler broadening and
k oz LE: ay an || Er | the full (hyperfine) level structure of Rb The propa-

gation equations for the three fields were solved numeri-
cally. The atomic polarization was calculated from the
density matrix equations with a Floquet ansatz. To trun-
cate the resulting hierarchy, the beat note frequesncyas
assumed to be large compared to the relevant decay rates
&nd Rabi frequencies. As shown in Fig. 4 the result of
this calculation is in good agreement with the experimen-
tal data. In particular, the additional narrow resonances
075 indeed have a width close to the “dispersive” width in a
05| ® : \ Avy dense medium, Eq. (5). Finally, the observation of the ex-
T 025 S— Avp tra resonances coincided with the appearance of a new field
K _0;’5 componentt, as was verified by making a beat note be-
05 tween the output field and an independent laser.

Before concluding we remark on the possible implica-
tions of the compensation of power broadening in dense
FIG. 3. (a) 3-wave mixing leading to parametric generation ofmedia. To this end we estimate the theoretical limit of
field E, within the RbD, line. (b) lllustration of the difference ItPis compensation by considering adeal 3-level A-

between absorption and dispersion spectroscopy based on E . . .
in optically dense medium. Solid curve (characteristic widthYP€ medium with a large density-length product, such

Aw,) illustrates typical absorption signal, while dashed curvethat the probe-field intensity is attenuated at line center
(width Avp) shows the dispersion signal. by 1/e. In this case, which corresponds to a maximum
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The coefficienta;; is proportional to the linear suscep-
tibility of the resonant fieldE, and ay, to that of the
off-resonant fieldE,. The cross-coupling coefficients
ai» and ay, describe the resonantly enhancgtf-type
nonlinearity. Under near-resonance conditions and in th
absence of Doppler broadening they are giveruby=

detuning Ay
02 <01 0 0.1 0.2
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