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Width of the electromagnetically induced transparency resonance in atomic vapor
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The width of the electromagnetically induced transparency resonance is studied in rubidium vapor. Nonlin-
ear dependence of the width on drive intensity that is caused by Doppler broadening and optical pumping is
found. Density-matrix analysis supports the observed dependence. The discrepancies between experimental
data and theoretical prediction are discussed.
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Atomic coherence and interference have changed the
of the many well-studied nonlinear processes, such
parametric- and second-harmonic generations as wel
four-wave mixing@1#. The efficiency of these processes
very high and the input power is extremely low~it can reach
a level of a few photons! @2#. The electromagnetically in
duced transparency~EIT! plays a key role in these process
@3,4#. Gain and lasing without inversion in a medium wi
EIT are achievable too@5#. A new flash of interest in EIT
emerges since the proposal to use EIT for the storage
quantum information@6#. The application of EIT in the new
generation of compact, small size, and totally optical atom
clock also attracts significant interest@7#.

The EIT resonance is, practically, a unique product
atomic coherence that may be easily measured experim
tally. The study of the EIT width~G! may lead to a bette
understanding of the influence of the different processes
atomic coherence. Among them are the relaxation and c
sional rates, optical pumping, multicoherences@8#, spontane-
ous transfer of coherence@9#, radiation trapping@10#, and
especially, Doppler broadening.

Experimentally the EIT width has been studied in seve
papers. Linear@11–14# and nonlinear@15,16# behaviors of
EIT width on laser intensity have been found. Theoretica
the EIT has been studied in Refs.@3,12,13,17,18#. Linear
dependence on light intensity is predicted in Refs.@3,12,13#,
whereas in Refs.@17,18#—nonlinear one.

The goals of our study are~i! to verify the validity of the
Refs. @17,18# approach, in which nonlinear dependence
EIT width due to optical pumping and Doppler broadeni
has been obtained, and~ii ! to explain why in previous paper
mentioned above both linear and nonlinear EIT width dep
dencies have been observed.

In this paper, we present the study of EIT width
Doppler-broadened rubidium vapor in a wide range of int
sities of the drive field. The EIT width reveals its nonline
behavior on drive intensity. We find the qualitative agre
ment between the experimental data and theory@17,18#,
meanwhile quantitative difference is quite significant. T
role played by the optical pumping and Doppler broaden
in the shaping EIT resonance is discussed. Numerical ca
lations, fulfilled by density-matrix equation technique, gi
clear illustrations of the EIT-width dependence on Dopp
broadening and the rate of optical pumping.
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We perform our experiment with the87Rb atomic vapor
contained in a 3-cm long cylindrical~diameter 2.5 cm! pyrex
cell. The extended cavity diode lasers are tuned to theD2
line and formL interaction scheme. The probe~with Rabi
frequencya! and drive~with Rabi frequencyV! laser fields
excite 5S1/2(F51)→5P3/2(F850,1,2) and 5S1/2(F52)
→5P3/2(F851,2,3) transitions, respectively, as shown
Fig. 1. To be accurate, we choose the drive frequency aro
5S1/2(F52)→5P3/2(F851) transition at which the EIT
resonance exhibits the symmetrical shape at low intens
;0.1 W/cm2. We combine the orthogonally polarized beam
before cell by polarization beamsplitters. To separate
beams after the cell the identical beamsplitter is used.
beams are overlapping in the cell and the angle betw
them isw;0.631022 rad. The cell is covered by three lay
ers m-metal shield, that suppresses the laboratory magn
field to the value of;0.1 mG.

The measured absorption of the probe field is about 3
at 40 °C cell temperature in the absence of the drive. T
application of the drive field results in the change of t
absorption spectrum of probe field~Fig. 2! in the following:
~i! The probe absorption@curve ~b!# is increased by two
times compared with the absorption indicated by curve~a!.
This results from the optical pumping, by which most
population is pumped intoF51 from F52 hyperfine levels
of the state 5S1/2 via the upper state 5S3/2. ~ii ! EIT reso-
nance, which occurs at the two-photon resonance, enha
the transparency. This transparency is not complete@only
about 20%, see curve~b!# and cannot prevail the absorptio
from optical pumping. The reason for this nonsuppres

FIG. 1. Experimental setup~a! and energy-level diagram of87Rb
~b!. Double and single lines stand for the drive and probe la
fields, respectively. Dashed lines depict uncoupled states in the
ergy diagram.
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absorption is that the drive and probe fields cannot cou
the ground states via the hyperfine levelsF850 and 3 of
5P3/2 state due to the selection rules. These states are ma
by the dashed lines in Fig. 1~b!.

To measure the EIT width, we modulate the injection c
rent of the probe laser~similar to Ref.@15#!. The spectrum of
the probe laser has two side bands under modulation, tha
used as reference marks. The modulation frequency lie
the range of 1–50 MHz.

There are two types of errors of the measurement of
EIT width: asymmetric shape of EIT resonance as shown
Fig. 2 and poor signal-to-noise ratio. The first error dom
nates mostly at high intensities when Rabi frequency
comes comparable with Doppler width. The distortion of t
shape in this case results from Autler-Townes doublet as
metry originating from the detuned hyperfine compone
F851 or 2 of 5P3/2 state@19# and their different light shifts.
At low intensities, the EIT resonance has small amplitu
that gives low signal-to-noise ratio. As a result, the measu
ment error of the EIT width is about;25% in our experi-
ment.

The drive laser with power less than 10 mW is focus
into a 0.3 mm diameter spot size. The transit broadenin
;0.98u/pD50.3 MHz @20#, where u is thermal speed o
atoms andD the diameter of the laser beam. The power
the probe light is 10mW.

The experimental dependence of the EIT width on
intensity of the drive field is shown in Fig. 3@curve ~a!#.
Similar dependence of the EIT width on drive intensities
Doppler-broadened vapor has been predicteded theoreti
in Refs.@17,18#. To compare our results with theory, we u
formula from Ref.@17#.

According to the Ref.@17#, the width of the EIT reso-
nance should follow the square-root dependence on the d
intensity.

G5VA2gbc /g, ~1!

when gbcg!V2!DD
2 (2gbc /g). At higher intensities, this

dependence implies linear relationship with drive intensit

G5V2/DD , ~2!

FIG. 2. Transmission spectra of the probe field without~a! and
with drive ~b!. The inset shows the EIT feature of the spectrum
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wheregbc is the relaxation rate.g—the natural width of the
P—state ~;6 MHz!, and DD is a Doppler width~;540
MHz!. The Rubi frequency for Rb atoms is estimated fro
formula V52pgAI /8, where I is the drive intensity
~mW/cm2! @21#,

Equation ~2! has simple physical content in term o
‘‘dressed-state’’ atom presentation@22# ~see Fig. 4!. The
splitting between dressed-state levelsu1& and u2& equals 2V
when the probe field is tuned to the center of the Dopp
resonance. The scale of EIT width in the case of immob
atomsvz50 is defined by the Rabi splitting 2V. The moving
atoms see the coupling field at shifted frequencyv85vab
6ukW •vW u and the responding splitting increases 2V8
5AV21ukW •vW u2, wherekW and vW are the wave and velocity
vectors, respectively. One may see that for atoms movin
the same direction as the propagation of the light,
‘‘dressed’’ stateu2& is attracted to center frequencyvab re-
sulting in the narrowing of the EIT resonance@Fig. 4~b!#.
The same is true for atoms moving in opposite to light pro
gation @Fig. 4~c!#. So the EIT width becomes 2G8
<2(AV21ukW •vW u22ukW •vW u). In the case whereukW •vW u@V,
the width of the EIT resonance is

G.V2/kv. ~3!

ReplacingukW •vW u by DD , we obtain relation between the EI
width and Doppler broadeningG.V2/DD . To demonstrate
this relation, we perform numerical calculation~see the Ap-
pendix!. The EIT width for atoms with different Dopple
broadening is shown in Fig. 5. The inset shows that
broader Doppler width leads to the smaller EIT width.

Now let us pay attention to the role played by optic
pumping in the shaping of EIT resonance. The EIT occ

FIG. 3. Experimental~a! and analytical~b! dependence of EIT
width on the drive-field intensities. The solid curve~a! is drawn as
a guide to the eye. Curve~b! is plotted according to Eq.~1!.

FIG. 4. Dressed-state representation of the coherently dr
atom:~a! for the stationary atom;~b! and~c! for the moving one at
velocities6v, respectively.
6-2
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for certain intensity, at which the optical pumping excee
the relaxation rate in the coupled statesV2/g>gbc @23#.
Physically, it means that the medium begins to demonst
nonlinear response. Optical pumping rate for moving ato
is less than that of immobile atoms and equalsV2(g/(g2

1ukW •vW u2)), that means not all the atoms~only with veloci-
ties ukW •vW u'VAg/gbc! of hot gas are coherently prepare
SubstitutingukW •vW u into the formula~3!, we find thatG obeys
the square-root dependence on intensitiesG5VAgbc /g.
This relation holds up to the intensity at which all movin
atoms will be pumped into the stateub&. After the moment
V2@DD

2 (2gbc /g), EIT width has linear dependence as ind
cated in Eq.~2!, that means the moving atoms do not grea
affect EIT width.

It is not easy to get the exact solution in such sim
approach. Nevertheless, the impact of the moving atoms
volved in optical pumping on the EIT are clarified. Th
probe-absorption spectra vs different drive intensities
tained by numerical calculation are shown in Fig. 6, fro
which one can see that only some part of the atoms par
pate in EIT resonance~that is developed in domelike reso
nance on the Doppler curve!.

The experimentally observed EIT width is 3–10 tim
larger than the expected from the Eq.~1! ~see, Fig. 3!. At the
same time the EIT width manifests nonlinear depende
that resembles the predicted square-root function. The c
parison of the EIT width with the results of Ref.@18#, also
indicates the significant difference. Contrary to the results
the Ref.@15#, we found that the divergence and parallelis
of the beams might contribute to some broadening in E
This broadening equalsDDw'3 MHz in experiment@24#. To
test this, we perform the experiment on the magneto-o
rotation @25#. We create the coherence between ground-s
sublevels of87Rb by parallel beam of linearly polarized driv

FIG. 5. Numerically calculated EIT line shape vs probe detun
at various Doppler broadenings,V510g, a50.01g, gbc

50.001g, and D50. ~a! DD55g, ~b! DD510g, and ~c! DD

515g. The inset presents the EIT width vs Doppler broadening
02380
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light ~probe laser is switched off and beam splitters are
moved, beam diameter equals 3.5 mm! and detect the trans
mission whenBz magnetic field is swept. The EIT-width de
pendence is shown in Fig. 7. The conditions of th
experiment obviously rule out any geometrical disturban
on the EIT width. The EIT dependence, similar to the pre
ous case, exhibits nonlinear behavior, but with width is le
than the theoretical prediction@see Fig. 7~b!#. The possible
explanation of this may be related to the Ramsey effe
which narrows the EIT resonance due to diffusion moti
@26#. However, Ramsey narrowing is effective at the pre
ence of the buffer gas but in vacuum cell its influence is
so obvious.

In addition to the geometrical factors, there are so
other reasons for disturbing the EIT-width dependen
Taichenachev, Tumaikin, and Yudin@18# treat the atoms with
infinite lifetime of coherencegbc

21. In our experiment, coher
ence lifetime is defined by the transit time of atom pass
through the laser beam. This time changes from 3ms in the

g

FIG. 6. Numerically calculated EIT spectra vs Doppler shift
various drive-field intensitiesa50.01g, gbc50.1g, andD50. ~a!
V50.1g, ~b! V50.5g, ~c! V5g, and ~d! V55g. The identical
spectra from~a!–~d! are Doppler-broadened absorption lines w
no drive field.

FIG. 7. Experimental~a! and theoretical~b! dependence of the
EIT width on the intensities of the drive field in the case of nonl
ear magneto-optic rotation. Curve~a! is drawn as a guide to the eye
Curve ~b! is calculated according to Eq.~1!.
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middle of cell to 6ms at the ends of the cell due to th
variation of the diameter of the laser beams.

The effects of laser propagation and the variation of
drive laser intensity along the cell on the EIT width are n
taken into account in Refs.@17,18#. They treat the medium
with extremely small absorption in the center of the E
resonance, whereas in experiment it is actually as high
;45%. Our study shows that at 1 W/cm2 drive intensity
almost 80% of light reaches the end of cell. However, at l
intensities, only 20–60 % of power is transmitted.

In the cited papers, very simple three-level atom are c
sidered, though Rb atom has very rich structure with a lo
Zeeman sublevels. These sublevels may accumulate a l
atoms due to optical pumping and induce some additio
dark states because of Zeeman multicoherences@8#.

In summary, we present an experimental dependenc
the width of EIT resonance on the drive-field intensity. It
pointed out the nonlinear behavior of this dependence cau
by Doppler broadening and optical pumping. Fulfilled n
merical simulation gives adequate illustrations of their r
in shaping the EIT resonance. Qualitative agreement with
theoretical predictions of@17,18# is observed. Our result
may explain why in Refs.@11–13# are observed linear de
pendence of EIT width whereas in Refs.@15,16#—the non-
linear one. Namely, the buffer gas used in experiments@11–
13# increases the homogeneous broadening~g! up to 50–150
MHz. In this case Doppler narrowing and optical pumpi
do not disturb EIT width significantly. Besides this, studi
intensity range in experiments is rather smallV<g.

This work was supported by the Office of Naval R
search, the Texas Advanced Research and Technology
gram. We gratefully thank H. Lee, O. Kocharovskaya, a
M. Scully for permission to read their manuscript on the E
width before publication. Also we would like to thank A. B
Matsko and Yu. V. Rostovtsev for their valuable and stim
lating discussions and T. P. Zibrova for assistance with
semiconductor lasers.

APPENDIX: NUMERICAL CALCULATIONS

The density-matrix equations of motion for theL system
shown in Fig. 8 in the rotating frame are given by

ṙaa52~gb1ga1g01r !raa1rrbb2 iV~rac2rca!

2 ia~rab2rba!, ~A1a!

ṙbb5r b1garaa2~g01r !rbb1rraa1 iarab , ~A1b!

ṙcc5r c1garaa2g0rcc1 ia~rac2rca!, ~A1c!

ṙab52Gabrab2 ia~ṙaa2rbb!1 iVrcb , ~A1d!

ṙcb52Gcbrcb2 iarca1 iVrab , ~A1e!

ṙca52Gcarca1 iV~raa2rcc!2 iarcb , ~A1f!
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where ga and gb are the population relaxation rates fro
stateua& to ub& and touc& states, respectively;a andV are the
Rabi frequencies of probe and drive fields respectively;g0 is
the decay rate out of statesua&, ub&, anduc&; r b andr c are the
pumping rate into respective statesub& and uc&; r is the inco-
herent pump rate betweena↔b. Off-diagonal decay rates
are G i j 5g i j 1 iD i j , g i j are the decay rates of leveli and j,
and D i j are the detunings from atomic resonances for la
fields. We find absorption coefficient of the system for pro
laser by solving the equations forrab in steady state.

In order to include the Doppler-broadening effect, w
need to express therab as a function of Doppler shiftkv and
integrate over the Doppler-velocity distributionf (kv),

x5E
2`

`

d~kv !h
rab

a
f ~kv !, ~A2!

whereh is a constant,f (kv) is the atomic Maxwellian dis-
tribution

f ~kv !5
1

kuAp
e2~kv !2/~ku!2

, ~A3!

whereu5A2kBT/M is the most probable speed of atom
given temperatureT and atomic massM, kB is the Boltzmann
constant, therefore, the full width at half maximum of th
Doppler-broadened linewidth is given by 2DD52Aln 2ku.
We numerically integrate Eq.~A2! and obtain the velocity-
averaged absorption coefficient as a function of pro
detuning.

FIG. 8. Schematic of energy level.ga andgb are the population
relaxation rates from stateua& to ub& anduc& states;a, V are the Rabi
frequencies of probe and drive fields, respectively;g0 is the decay
rate out of statesub& and uc&: r b and r c are the pumping rate into
respective states;r is the incoherent pump rate betweena↔b.
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