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The dispersive properties of the atomic transition in the rubidium D2 line (5S,12 5Pq g—) at 780.0 nm

are measured with a Mach-Zehnder interferometer when an additional coupling field at 775.8 nrn

is applied to an upper transition (5P&t2 —5D&t2). This ladder-type system is observed to exhibit

electromagnetically induced transparency together with a rapidly varying refractive index. A reduction
in group velocity for the probe beam (vg = c/13.2) is inferred from the measured dispersion curve with

52.5% suppressed absorption on resonance.

PACS numbers: 42.50.Hz, 32.70.—n, 42.25.Bs, 42.65.An

Electromagnetically induced transparency (EIT) is a
modification of the absorption profile of an atomic tran-

sition when the upper level is coupled coherently to a
third level by a strong laser field. Under the right circum-
stances, the absorption of a weak probe beam at the reso-
nance frequency can then be substantially reduced. There
exists by now a large amount of literature on this subject
[1—5]. A number of experiments have also been carried
out [2]. In addition to the possible applications of the
reduced absorption effect [3] (including lasing without in-

version), the dispersion properties of these systems have
also been predicted to be of interest: Harris, Field, and

Kasapi have predicted a reduction in the group velocity of
a pulsed probe beam [4] due to the rapidly varying refrac-
tive index near line center. Scully and Fleischhauer have
considered the possibility of using the enhanced index of
refraction without absorption in a novel atomic magne-
tometer [6].

We report here the direct measurement of the dispersive
properties of an EIT medium [a gas of rubidium (Rb)
atoms, with the three interacting levels arranged in a
cascade configuration, see Fig. 1]. In addition to the large
and rapidly changing index of refraction predicted by the

theory, our experiment shows that, because of the two-

photon nature of the effect, it is possible to observe it
in a Doppler-broadened medium with much lower laser
powers than have been used previously, by making use of
a Doppler-free configuration. In particular, we are able
to use a cw laser diode for the coupling beam and to let
the coupling Rabi frequency (i.e., the dynamic Stark shift
of the upper level) be much smaller than the full Doppler
width of the probe transition.
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FIG. 1. Relevant energy levels of neutral rubidium atom.

In Fig. 1, the weak beam E„at frequency co~ probes
the transition 11) ~ 12), while the levels 12) and 13)
are coupled by the strong beam F, at frequency cu, .
Under these conditions the reduced absorption has been
explained as a combination of the ac-Stark splitting and
quantum interference in the decay of the dressed states
created by the coupling field [2,7]. In the bare-state
picture, on the other hand, the EIT and the rapidly varying
index of refraction can be thought of as being due to the
coherence between the levels 11) and 13) which is induced

by the probe and coupling fields [8]. When the atomic
velocity distribution cannot be neglected, as is the case in
our experiment, a straightforward semiclassical analysis

[9] shows that the contribution of the atoms with velocity
v to the complex susceptibility of the probe transition is

!

given by

g(v) dv = 4LAg~/ep

V n,'/4
y2l —ill —i Cup +" c y3&

—i(h& + 52) —i(to„—to, ) v/c

N(v) dv,

where the detunings 6, (detuning of the probe laser I coupling laser from the transition 12) 13)) are defined

from the transition 11) 12)) and Az (detuning of the as the nominal detunings for an atom at rest, and the
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Doppler-free configuration (counterpropagating pump and
probe beams) has been assumed. The decay rates y;, =
(I, + I,)/2, where I; is the natural linewidth of level
~i) (we are neglecting collisional broadening; also note
I i

= 0, since ~1) is the ground state). 2fi, gi is the dipole
moment matrix element for the transition ~1) ~2), N(v)
is the atomic velocity distribution (density of atoms with
velocities between v and v + dv), and II, is the Rabi
frequency of the coupling beam. We note that for v = 0,
the imaginary (absorptive) part of Eq. (1) immediately
yields Eq. (la) of the paper by Boiler et al. [2].

The main approximation in the derivation of (1) is the
neglecting of the population of levels ~2) and ~3), which
is correct to first order in the weak probe beam amplitude
F~. The effect of the coupling beam, on the other hand, is
included to all orders, and given by the term proportional
to 0, in the denominator. This term, which is responsible
for the modification of the normal absorption-dispersion
profile, arises in the bare-state formalism from a two-
photon coherence induced between the levels ~1) and ~3),
that is, a nonzero matrix element p]3 to first order in
E„Clear.ly, even for an atom at rest (v = 0), this term
modifies the normal susceptibility in a nontrivial way
which cannot be simply characterized either as a mere
level shift or a broadening of the resonance. (Note in
particular the important role played by the decay rate y3],
which together with A2 determines the size of the term
under conditions of two-photon resonance, b, i + A2 = 0.)
In fact, it is easily seen that when the middle level is very
far detuned (Ai larger than the Doppler width), this term
yields the two-photon absorption profile from level ~1) to
level ~3).

The two-photon nature of the 02 term in (1) is evident
from the fact that it depends on the sum of the two
frequencies ~, and co„(through 6i + A2). It is this fact
that makes it possible to reduce substantially the effect
of the atomic velocity distribution: If the two beams
are counterpropagating, any given atom will see one
upshifted and the other one downshifted, and, if co, and

~~ are sufficiently close, the root-mean square size of the
resulting term, (su~ —cu, ) v/c, can be much smaller than
the full Doppler width. In our experiment, ~, and co~ are
equal to about one part in 200; hence, we can see EIT
with relatively low coupling beam power, even though
the one-photon ~1) ~ ~2) transition is still fully Doppler
broadened.

The experiment was done in a rubidium vapor cell.
We measured the dispersion and the absorption of the
probe beam simultaneously. As shown in Figure 1, the
coupling laser of wavelength 775.8 nm couples the state
5P3y2 (state ~2)) to the state 5D5yq (state ~3)), and the
probe laser of wavelength 780.0 nm probes one hyperfine
transition from the state 5Siy2 (state ~1)) to the state 5P3p
(state ~2)), which is the Rb D2 line. The experimental
arrangement is shown in Fig. 2. The probe and coupling
beams are orthogonally polarized and they popagate in
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opposite directions through a 76.0 mm long rubidium
vapor cell kept at room temperature (20 C). The natural
linewidth I 2 of the rubidium D2 line is about 6 MHz
and the natural linewidth I"3 of the 5D~y2 state is about
0.97 MHz. The Doppler width of the 02 line at room
temperature is approximately 530 MHz.

A Mach-Zehnder interferometer for the probe beam is
used to measure the dispersive properties of the atomic
medium [10]. The small phase shift p (co) L due to
the atoms in the cell is detected using a homodyne
arrangement [11]. The differential signal of the balanced
homodyne detectors (Dl and D2) is given by

~Id(~) ~ 2IELollE, le ' "~' «s[@Lo + p(~)L], (2)

where F., is the signal field passing through the cell and
ELp is the local field through the other arm (reference
beam). A neutral density filter (T = 10 ) is used before
the cell, so the signal beam is far below the saturation
intensity of the D2 transition and the condition ~E,. ~

&&

~ELo~ is satisfied. a(cu) is the absorption coefficient;
p(~) is the dispersion coefficient; L is the length of
the rubidium cell; and PLo is the reference phase of the
interferometer, which is reset to 7r/2 by a piezoelectric
transducer for each frequency scan, so that Dld(cu) ~
exp[ —n(cu)L/2] p(cu) L for ~p(cu)~ L && 1. A static phase
shift is introduced by the unbalanced lengths between
the two arms of the interferometer. This phase shift is
about 0.1 of a fringe over the 1.5 6Hz range and is
corrected in the dispersion curves. Each frequency scan
of the probe laser takes 50 ms, during which time the
interferometer has negligible drift. Both diode lasers are
frequency and temperature stabilized to give a linewidth
of about 5 MHz. The coupling laser (DL2) is a laser
diode of wavelength 775.8 nm with maximum output
power of 20 mW at the cell position. This coupling beam
is focused by a 10 cm lens onto the ce11. The coupling
intensity at the beam waist is estimated to be 250 W/cm .
The probe laser (DL1) is a laser diode of wavelength
780.0 nm. To get a good beam profile, a 0.5 mm aperture

Recorder

FIG. 2. Experimental arrangement. DL1 and DL2—diode
lasers; BS—50/50 beam splitter; NDF —neutral density filter;
and Dl, D2, and D3—photodetectors.
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is used. The probe beam is also focused by a 10 crn
lens onto the cell to match the coupling beam. The local
oscillator beam is about 1.0 mW in the reference arm
and the signal beam is about 0.5 p, W passing through the
rubidium cell. The beam splitter (BS) for the homodyne
detection is about 50/50. The detector D3 is used to
measure the absorption coefficient n(ru). A polarizer is
used in front of it to eliminate the light scattered from the
strong coupling beam by the windows of the cell.

When the coupling beam is blocked, typical absorption
and dispersion curves of the probe transition are recorded,
as shown in Figs. 3(a) and 3(b) (we concentrate only
on one absorption line of Rb 5 from 55]/2, F = 3 to
5P3y2, F' = 4). The maximum absorption coefficient
at the center frequency of the Doppler-broadened line
is measured to be n = 8.0 X 10 cm '. When the
coupling beam is applied and tuned to the resonance
frequency Q, 2

= 0), a narrow dip at the center of the
absorption profile appears [Fig. 3(c)]. The corresponding
dispersion curve [Fig. 3(d)] is recorded simultaneously.

From Fig. 3(c) a new absorption coefficient n = 3.8 X

10 cm ' is obtained at the center frequency. Using
the dispersion curve in Fig. 3(d), we calculate the change
in dispersion over frequency at the center frequency to
be d(p L)/d v

~
„=19.4 X 10 9 s, which yields the group

velocity vg = c/13.2, to be compared to the value vg =
c/1.3, when the coupling beam is blocked (II, = 0) and
the probe is far from resonance (At = —550 MHz, where

d(PL)/di has its maximum value in the absence of the
coupling beam). This expected slowing down of the group
velocity is the result of the rapid change in the refractive
index due to the atomic coherence induced by the coupling
beam.

If the Doppler broadening of the two-photon transition
[i.e., the term in to~ —cu, . in Eq. (1)] is neglected alto-
gether, and the velocity distribution N (v) is conventionally
taken to be Maxwellian, Eq. (1) can be integrated to yield
the modified absorption and dispersion coefficients

2 A, N

with

c n'/4
z y2[ —~~] + (4)

r~i —i(&i + &.)) '

(erf is the standard error function, u is the average thermal
velocity of the atoms, and No is the atomic density).
The combination e' (1 —erfz) appearing in Eq. (3) is
the well-known plasma dispersion function (Voigt profile,
convolution of a Gaussian with a Lorentzian) for a
Doppler-broadened medium, but its argument is modified
by the presence of the coupling beam, as shown by
Eq. (4). We have plotted in Fig. 4 the absorption and
dispersion profiles predicted by (3) and (4) for reasonable
values of the parameters. The fact that the experimental
curves have generally broader features than these theoreti-
cal plots is mostly due to the finite linewidth of the
lasers used in the experiment. Note, in particular, that
a large effect is predicted in this figure for A,. , as small
as 40 MHz, well below the 530 MHz Doppler width of
the one-photon (~1) ~ ~2)) transition. This is still the case
when the small residual Doppler shift of the two-photon
transition is fully taken into account, for the parameters
of our experiment (the detailed theoretical treatment for
this case will be the subject of a longer, forthcoming
paper [9]).

In conclusion, we have reported the measurement of
dispersive properties in an EIT medium, using cw lasers,
and powers low enough that the ac-Stark shift caused by
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FIG. 3. Measured absorption nL and dispersion PL of the
rubidium vapor cell vs probe detuning 5&. (a) Absorption with
no pumping; (b) dispersion with no pumping; (c) absorption
with pumping on resonance bz = 0; and (d) dispersion with
pumping on resonance A2 = 0.

FIG. 4. Theoretical plots of normalized absorption n and
dispersion P for II,. = 40 MHz, I &

——6 MHz, I, = I MHz,
62 = 0, and Doppler width of 530 MHz. n curves are moved
up by 0.5 unit for clearness.
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the coupling beam is well below the full Dopier width
of the probe transition. We have been able to achieve
this new regime of operation by taking advantage of a
Doppler-free configuration with nearly equal frequencies
for the two one-photon transitions involved. Our experi-
ment also demonstrates the usefulness of the homodyne
detection technique for this type of measurement.
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