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The effect of changing the coupling laser transition, and hence the wavelength, on the coherently induced
transparency seen by a probe beam in a Doppler-broadened cascade electromagnetically induced transparency
~EIT! configuration is studied experimentally and theoretically. The transparency of the vapor is shown to be
an effect not just of EIT, but of the varying Autler-Townes splitting for each velocity group within the vapor.
Consequently, the best overall transparency for Rabi splittings less than the Doppler width is not at the position
of matched coupling and probe wavelengths, but for coupling wavelengths less than that of the probe.
@S1050-2947~96!06912-0#

PACS number~s!: 42.50.Gy, 42.50.Hz, 32.60.1i, 32.80.Qk

The coherent effect of an electromagnetically induced
transparency~EIT! @1#, and the related one of lasing without
inversion~LWI ! @2# have excited much attention over the last
few years. In particular, there has been a great deal of work
using rubidium vapor as an interaction medium in which
effects can be observed while using cw laser sources@3–5#.
In rubidium, the wavelengths involved in the most basic con-
figurations of cascade,l andV schemes are in the near in-
frared, and therefore easily covered by both diode and tita-
nium sapphire laser sources. Also, since the wavelengths of
probe and coupling lasers in these configurations are similar,
the proper choice of co- or counterpropagating beams can
reduce the Doppler-broadened vapor to a virtually Doppler-
free medium. To date, all schemes in rubidium, including
that of the first cw inversionless laser@6#, have taken advan-
tage of these Doppler-free schemes. It had been thought that
the use of a Doppler-free medium was necessary to reduce
the power requirement on the coupling laser before transpar-
ency was observable. In this paper we will show both theo-
retically and experimentally that this is in fact not the case.
Instead, for cascade configurations, if the wavelength of the
coupling laser is less than that of the probe, there is no dis-
advantage in using mismatched wavelengths. This point has
been previously discussed theoretically in a paper by Geo-
Banaclocheet al. @7#. Within their theoretical analysis the
authors show that it is advantageous for the observation of
EIT if an atomic system is chosen such that the coupling
field is lower in wavelength than that of the probe field. We
extend this idea to the experimental regime where the wave-
length mismatch between the two optical fields is of the or-
der of hundreds of nanometers. In so doing a physical expla-
nation is obtained and the relative roles of Autler-Townes
splitting and EIT are highlighted, in order to emphasize that
in a vapor the two cannot be treated separately. The signifi-
cance of this work lies in the prospect of inducing cw inver-
sionless gain in Doppler-broadened media where the cou-
pling wavelength is not similar to that of the probe, allowing
new wavelengths to be accessed.

Figure 1~a! shows a typical cascade scheme for observing
EIT. In Fig. 1~b! are shown the actual rubidium energy levels
used in the experiments described in this paper. In each case

the probe wavelength is 780 nm, while the coupling wave-
length can have either of the wavelengths 776 nm, 741 nm,
or 572 nm. This allows the effect on the probe absorption of
varying the coupling laser wavelength to be verified experi-
mentally.

In a Doppler-broadened medium the EIT position@corre-
sponding to two-photon resonance betweenu1& andu3& in Fig.
1~a!# shifts across the velocity groups,v, such that

D15~k16k2!v2D2 , H 1 for copropagating beams
2 for counterpropagating beams

~1!

~wherek151/lpr , k251/lcoup, v5velocity of velocity group,
D15detuning of probe fromu1&2u2& transition,D25detuning
of coupling field fromu2&2u3& transition!.

If the wave vectorsk1 andk2 are the same in magnitude,
and the beams are counterpropagating, as in two-photon
spectroscopy, then the position of resonance is the same for
all velocity groups, and the medium can be considered as
Doppler free. In general, for real atomic systems, this is not

FIG. 1. ~a! Schematic of a three-level atom for observing cas-
cade EIT.D1 is the detuning of the probe field from theu1&2u2&
resonance.D2 is the detuning of the coupling field from theu2&2u3&
resonance.G32 is the population decay rate fromu3& to u2&, G21 is the
population decay rate fromu2& to u1&. ~b! Atomic levels in rubidium
used for the three cascade systems explored in this paper. The probe
is always fixed at 780 nm, while the coupling wavelength is varied
to be resonant with different atomic transitions.

PHYSICAL REVIEW A DECEMBER 1996VOLUME 54, NUMBER 6

541050-2947/96/54~6!/5394~6!/$10.00 5394 © 1996 The American Physical Society



the case, and so any model which approximates an atomic
vapor must take into account Doppler broadening. This inte-
gration over all velocity groups is standard procedure in the
simulation of cw EIT effects in rubidium vapor@3,4,6#, but a
clearer idea of the physical processes involved in coherent
transparency can be found by examining individual velocity
groups, each of finite width, centered at different points
across the Doppler profile. For each velocity group, the
amount of transparency at the EIT point is set by the dephas-
ing on the uncoupled transitiong13, which in turn is deter-
mined by several factors, including the population decay
from level u3& and the linewidth of the coherent sources used
in the experiment@8#. Experimentally, this term is always
greater than zero for cascade systems. Ifg13 were zero, then
the two-photon EIT position would be the point of maximum
transparency for each velocity group. In reality this is not the
case.

In addition to the effect of EIT on the probe absorption,
the coupling field also induces Autler-Townes splitting of the
levelsu2& andu3&, which are near resonance with the coupling
field @9,10#. The absorption of the probe by any one atom,
traveling with a velocityv will consequently split into two
components separated by the generalized Rabi frequencyṼR
of the coupling laser. The transparency at any point between
these two absorptions is also dependent ong13. The positions
of the two absorptions change for each velocity group within
the vapor and the overall probe absorption is the integral
over all velocity groups.

The position of maximum transparency for any one veloc-
ity group is affected by both of the two effects described
above; the interference EIT effect, and the Autler-Townes
splitting effect. The magnitude ofg13 determines where the
maximum transparency lies. For lowg13 values, the maxi-
mum transparency is near~or at, for g1350! the EIT point,
but the higher the dephasing, the less effective is the inter-
ference and the more the maximum transparency shifts to lie
near the center of the two split levels.~In our model we have
used a value ofg1353.4 MHz, consistent with our definitions
based on the lifetimes of the relevant states within rubidium
as outlined fully in Ref.@3#. For this dephasing value, the
maximum transparency is still close to the two-photon point,
as shown later.!

It is therefore important to ensure that the absorbing
Autler-Townes components for any one velocity group do
not overlap with the maximum transparency points of other
velocity groups, as far as possible. We show that this trade-
off between absorptions and transparency across the velocity
groups results in the best overall transparency occurring for
wavelengths such thatlcoup,lpr , in the case where the Rabi
frequency~VR! is less than the Doppler width~nD!, ~as is
usually the case for cw EIT experiments!, and the dephasing
termg13 is greater than zero. Figure 2 shows the variation in
the overall transparency at line center~D15D250! vs cou-
pling laser wavelength for two Rabi frequencies, given a
fixed probe wavelength of 780 nm. This curve was calcu-
lated using a standard density-matrix analysis of the three-
level system shown in Fig. 1~a! @3,11#, with integration over
all the velocity groups contributing to the probe Doppler
width of '530 MHz full width at half maximum~FWHM!.
The shift in maximum transparency from wherelcoup5lpr is
clearly visible. The magnitude of this shift is dependent on

the value of the dephasing termg13, such that, provided
g13.0, the best transparency will never be atlcoup5lpr .

In order to assess the relative roles of EIT and Autler-
Townes splitting in the overall induced transparency, the
contribution of individual velocity groups is now considered.
The frequency at which the probe experiences absorption
due to the Autler-Townes split components of levelu2& is
affected by the velocity dependent detunings of both the cou-
pling and probe fields. The prove field propagation direction
is defined as always positive and the velocities of the atoms
are positive if they move in the same direction. The coupling
field propagates either co- or counter- to this direction. For a
counterpropagating coupling beam the magnitude of the
Autler-Townes splitting for each velocity groupv is the gen-
eralized Rabi frequency for that groupṼR and is related to
the velocity dependent detuning of the coupling laser,D2(v),
such that,

ṼR5AV21@D2~v !#25FV21S D21
v

lcoup
D 2G1/2, ~2!

where V5mE/\. ~For copropagating coupling field use
2lcoup instead oflcoup.!

The center position of the two peaks is frequency shifted
away from the unperturbed levelu2& by an amount given by

2
1

2 S D21
v

lcoup
D ,

and the probe frequency is shifted by2~v/lpr!. The overall
effect of the three velocity dependent effects is that the probe
is absorbed at frequencies around the uncoupled absorption
position such that,

nprobe abs5
v

lpr
2
1

2 FD21
v

lcoup
G6

1

2 FV21S D21
v

lcoup
D 2G1/2.

~3!

FIG. 2. Experimental and theoretical variation of percentage
transparency vs coupling wavelength. Solid lines represent theoreti-
cal variation forVcoup5250 MHz andVcoup588.5 MHz. Solid tri-
angles represent experimental variation ofVcoup588.5 MHz, open
triangles represent experimental variation ofVcoup5250 MHz, each
for lcoup5776 nm, 741 nm, and 572 nm. The vertical line shown
marks the position of matched wavelengths.
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~For copropagating coupling field use2lcoup instead of
lcoup.!

The frequencies of the Autler-Townes split absorptions
@described by Eq.~3!#, and of EIT@described by Eq.~1!#, as
monitored by the probe, are shown in Fig. 3 as a function of
the velocity groups. These are calculated for a probe wave-
length of 780 nm, a coupling Rabi frequency ofVc5250
MHz, and three different coupling wavelengths. Figure 3~a!
shows the case oflcoup5572 nm, given counterpropagating
beams. It can be seen that there is a frequency region of 220
MHz around zero detuning in which there are no absorptions
for any velocity group, but there is EIT. Forlcoup5776 nm
@Fig. 3~b!# this region has shrunk to 62 MHz, and at
lcoup5980 nm is nonexistent. These graphs clearly show the
advantage in havinglcoup,lprobe, as the absorbing Autler-
Townes components are shifted away from obscuring EIT,
giving a better overall transparency region. Figure 3~d!
shows the case oflcoup5572 nm for co- instead of counter-
propagating beams. The advantage of having a short cou-
pling wavelength has now been lost, as the absorptions of
one velocity group always encroach on the transparency of
another velocity group. This graph does not change signifi-
cantly for any coupling wavelength, showing why counter-

propagating beams are the preferred geometry for observing
transparency in a Doppler-broadened cascade medium.

Although Fig. 3 shows the positions of the Autler-Townes
absorptions, the magnitude of each absorption also varies.
The higher the velocity group the smaller are the absorptions
of that group, due to the Doppler distribution. Also, for a
particular group, the Autler-Townes component closer to the
unperturbed position experiences more absorption. However,
since the cascade scheme has a two-photon as well as the
single-photon process contributing to the overall probe ab-
sorption, the weaker Autler-Townes component for each ve-
locity group is still significant even at large shift frequencies
@11#. A complete picture of the absorptions of the velocity
groups is given forlcoup5776 nm,Vc5250 MHz in Fig.
4~a!. The velocity groups are each 40 m/s wide and are
shown by dotted lines, except for the group centered about
zero velocity~220 m/s→20 m/s! which is marked by a thin
solid line. The thick line represents the standard resultant
over all velocity groups. Figure 4~b! is a closeup of the over-
lapping of the velocity bands near resonance, where the solid
line corresponds to the group centered about zero velocity
~220 m/s→20 m/s! as depicted previously by the thin solid
line of Fig. 4~a!. A dashed line is also included which simply

FIG. 3. Variation of frequency of Autler-Townes absorption components~solid lines! and EIT positions~dotted lines! vs probe frequency
across the velocity groups.~a!–~c! are for counterpropagation to a probe wavelength of 780 nm with~a! lcoup5572 nm,~b! lcoup5776 nm,
and~c! lcoup5980 nm.~d! shows the case oflcoup5572 nm copropagating withlprobe5780 nm. The overlap of absorption with EIT across
the velocity groups can be seen to get progressively worse from~a! to ~d!.
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connects the frequency positions of the two-photon EIT
points of each velocity grouping. A similar picture for
lcoup5572 nm is given in Fig. 5. These pictures illustrate
how, despite the position of maximum transparency~which
is near the EIT position!, shifting less with a velocity band
for 776 nm than for 572 nm, the resultant is a deeper, wider
transparency window in the latter case since the Autler-
Townes absorptions are also shifted far away from the mid-
resonance point forlcoup5572 nm. In short, the absorptions
in the 572 nm case do not erode into the transparency region
as much as they do for longer coupling wavelengths. As

previously discussed the idea that a negative residual Dop-
pler width should enhance a transparency in cascade configu-
rations was previously mentioned in the mathematical analy-
sis of Geo-Banaclocheet al. @7#, but to date no experiments
have been carried out in this region, and the role of Autler-
Townes absorption in association with EIT as a means of
reducing transparency has not been addressed.

The effect of varying the coupling laser wavelength on a
transparency in cascade systems was examined experimen-
tally by using the three rubidium transitions, 5P3/2–5D5/2
~776 nm!, 5P3/2–7S1/2 ~741 nm!, and 5P3/2–7D5/2 ~572

FIG. 4. ~a! Variation of absorption oflpr5780 nm, forlcoup5776 nm~Vcoup5250 MHz! with probe frequency for velocity groups 40 m/s
wide spread across the Doppler profile. Each velocity group is marked by a dotted line, except for the group centered about zero velocity
~220 m/s→20 m/s! which is marked by a thin solid line. The bold line shows the absorption for an integration over all velocity groups.~b!
closeup of velocity groups shown in~a! at the resonance point. Solid line highlights the velocity group centered about zero velocity~220
m/s→20 m/s! and the dashed line connects the two-photon~EIT! positions of each velocity grouping.

FIG. 5. ~a! Variation of absorption oflpr5780 nm, forlcoup5572 nm with probe frequency for velocity groups 40 m/s wide spread
across the Doppler profile. Each velocity group is marked by a dotted line, except for the group centered about zero velocity~220 m/s→20
m/s! which is marked by a thin solid line. The bold line shows the absorption for an integration over all velocity groups.~b! closeup of
velocity groups shown in~a! at the resonance point. Solid line highlights the velocity group centered about zero velocity~220 m/s→20 m/s!
and the dashed line connects the two-photon~EIT! positions of each velocity grouping.
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nm!, as the coupling laser wavelengths. For each of these
systems the probe laser wavelength was kept constant at 780
nm, corresponding to the 5S1/2–5P3/2 transition. This wave-
length was provided by a Microlase MBR110 scanning
Ti:sapphire laser, with the output power filtered to 4mw. The
coupling laser wavelengths were provided by either a
Schwartz Ti:sapphire or a Spectra-Physics 380D dye laser
running on rhodamine 6G, depending on the wavelength re-
quired. The beams were all linearly polarized, and the polar-
izations of coupling and probe fields were parallel. As each
transition has a different transition strength@12#, the cou-
pling laser intensity was varied to give equal rms Rabi fre-
quencies on each transition.~There are a number of degen-
erate transitions excited by the coupling laser, with different
Rabi frequencies, but the rms value is a fair indicator of the
overall Rabi frequency.! This was done by satisfying the
relation @13#

V rms}Al3Av̄I5const ~4!

wherel5coupling laser wavelength (m), A5coupling tran-
sition strength ~108/s!, Ã5degeneracy of upper level,
I5Intensity ~Wm22!.

The probe was focused to a 50mm waist within a 2 cm
cell of rubidium vapor heated to 50 °C, and the coupling
laser was focused to a waist of 135mm. A wide area photo-
diode and phase-sensitive detector were used to detect the
probe radiation. When on resonance with the 5S1/2 (F53)
–5P3/2(F54,3,2), 85Rb transition, the absorption of the
probe, in the absence of the coupling laser, was 60%.

Figure 6~a! shows the induced transparency on the probe
for a coupling laser wavelength of 572 nm. The crosses and
dots show the probe absorption in the presence and absence
of the coupling laser. The solid lines show theoretical curves
based on a Rabi frequency of 250 MHz.~This is in reason-
ably good agreement with the calculated Rabi frequency
components for this transition. For themJ53/2→mJ53/2
and mJ51/2→mJ51/2 transitions these are 273 and 343

MHz, respectively!. Figure 6~b! shows the induced transpar-
ency on the probe for a coupling laser wavelength of 776
nm. There are two striking differences between Figs. 6~a!
and 6~b!. The first is that the frequency region of transpar-
ency forlcoup5572 nm is larger than forlcoup5776 nm and
covers almost the entire range between the 250 MHz Autler-
Townes split components of the 5P3/2 level. The second is
the enhanced absorption on the wings of the transparency in
the 572 nm case. Both features are experimentally quite ob-
vious, though not as pronounced as expected, due probably
to the range of Rabi frequencies present.~It is interesting to
note that along with these features in the absorption spec-
trum, an increase in the variation of the dispersion of the
probe for the case oflcoup5572 nm is predicted, due to the
increased transparency width. This will lead to stronger
phaseonium@14# effects at lower coupling wavelengths.!

The experimental variation of an induced transparency
with wavelength is shown by the triangles in Fig. 2, for the
two different Rabi frequencies, 250 MHz and 88.5 MHz. The
agreement is better at the higher Rabi frequency, where the
blurring effect does not affect the maximum transparency,
but the general trend of enhanced transparency at lower cou-
pling wavelengths is obvious.

In conclusion, we have shown that a coherent transpar-
ency in a Doppler-broadened medium depends not just on
the two-photon EIT position, but on the positions of the
Autler-Townes components across the velocity groups. The
position of maximum transparency for any one velocity
group is determined by the amount of dephasing present, i.e.,
g13. The overall transparency is obtained by integrating over
all the velocity groups. The amount of transparency for any
individual velocity group is set by the dephasing, but the
width is controlled by the Autler-Townes splitting. By trad-
ing off the Autler-Townes absorption positions against the
maximum transparency position across the velocity groups,
it is possible to increase overall transparency at low coupling
powers by altering the coupling laser wavelength.

FIG. 6. Experimental absorption of 780 nm probe without~dots! and with~crosses! 250 MHz coupling laser, for~a! lcoup5572 nm and
~b! lcoup5776 nm. Solid lines show theoretical fits to same parameters.
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@1# K.-J. Boller, A. Immoğlu, and S. E. Harris, Phys. Rev. Lett.
66, 2593~1991!.

@2# P. Mandel, Contemp. Phys.34, 235 ~1993!.
@3# D. J. Fulton, S. Shepherd, R. R. Moseley, B. D. Sinclair, and

M. H. Dunn, Phys Rev. A.52, 2302~1995!.
@4# Y-q Li, S-z. Jin, and M. Xaio, Phys. Rev. A.51, R1754~1995!.
@5# A. Weiss, F. Sander, and S. I. Kanorsky, inIEEE Technical

Digest, Fifth European Quantum Electronics Conference 1994
~Optical Society of America, Washington, DC, 1994!, p. 252.

@6# A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L. Hollberg, M. O.
Scully, V. L. Velichansky, and H. G. Robinson, Phys. Rev.
Lett. 75, 1499~1995!.

@7# J. Geo-Banacloche, Y-q Li, S-z Jin, and M. Xaio, Phys. Rev. A

51, 576 ~1995!.
@8# B. J. Dalton and P. L. Knight, Opt. Commun.42, 411 ~1982!.
@9# P. L. Knight and P. W. Milonni, Phys. Rep.66, 21 ~1980!.

@10# H. R. Gray and C. R. Stroud, Jr., Opt. Commun.25, 359
~1978!.

@11# R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair, and
M. H. Dunn, Opt. Commun.119, 61 ~1995!.
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