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Electromagnetically induced absorption and transparency due to resonant two-field excitation
of quasidegenerate levels in Rb vapor

A. M. Akulshin,* S. Barreiro, and A. Lezama
Instituto de Fisica, Facultad de Ingenierı´a, Casilla de correo 30, 11000 Montevideo, Uruguay

~Received 4 September 1997!

Positive and negative subnatural-width resonances~SNWR! were observed in the absorption and fluores-
cence of rubidium vapor under excitation by two copropagating optical waves with variable frequency offset.
The two optical fields resonantly couple Zeeman sublevels, belonging to the same ground-state hyperfine level
~GSHL!, to an intermediate excited state. The SNWR present opposite signs depending on which GSHL
participates in the interaction with the two optical waves. For both Rb isotopes an increase in the transparency
with reduced fluorescence occurs for the lower GSHL while the absorption and fluorescence are increased for
the upper GSHL. The influence of external magnetic field, polarization, and intensity of applied optical fields
on the SNWR is examined. The narrowest observed resonance has a width of 10 kHz~full width at half
maximum!. The origin of the SNWR is discussed in terms of coherent processes involving ground-state
Zeeman sublevels.@S1050-2947~98!06703-1#

PACS number~s!: 42.50.Gy, 42.62.Fi, 32.70.Jz
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I. INTRODUCTION

The coherent superposition of atomic states induced
resonant radiation forms the base for a wealth of interes
phenomena in nonlinear laser spectroscopy. In most ca
the new phenomena are the consequence of quantum i
ference between dressed states@1–3#. Among these phenom
ena, coherent population trapping~CPT! @2–5#, electromag-
netically induced transparency~EIT! @6,7#, enhancement o
the refractive index without absorption@8#, and lasing with-
out inversion~LWI ! @9# have received considerable attenti
in recent years. Different atomic three-level configuratio
L-type, V-type, and cascade, were examined in relation
the above-mentioned effects.

Besides fundamental interest, these phenomena h
promising applications. The suppression of absorption
resonant transitions can lead to large increases in the no
ear susceptibilities@10#. Coherence induced between groun
state hyperfine levels was used for velocity selection
atomic fountains@11# and for subrecoil laser cooling@12#.
The dispersive properties of an atomic intracavity medium
a dark state were used to stabilize the frequency differe
between two laser diodes@13#. Also, the rapidly varying re-
fractive index associated to EIT has been suggested as
base for a high precision magnetometer@14#. Recently EIT
was used for isotope discrimination@15#. Narrow atomic ab-
sorption resonances and large values of the associated
persion @16# are key elements of most if not all of thes
applications.

In spite of the large activity in the field, the spectral pro
erties of coherently driven atomic media have not yet b
studied exhaustively. Most investigations are based on s
plified three-level models, while actual systems generally
volve more complicated situations due to the magnetic st
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ture of the concerned levels. For instance, EIT and CPT
alkaline-metal atoms in the folded~L-type! level configura-
tion have been observed with both ground-state hyper
levels participating in the process and with magnetic subl
els considered as degenerate@2–4,7,8,16#. Only in a few
experiments concerned with cold atoms in optical traps w
the interaction of several optical fields with the same grou
state hyperfine level~GSHL! considered@17–19#.

The subject of this paper is the investigation
subnatural-width resonances~SNWR! induced by coherence
among states belonging to the same atomic GSHL
alkaline-metal atoms. The SNWR were observed in the
sorption and fluorescence of rubidium vapor illuminated
two mutually coherent copropagating optical waves t
resonantly couple Zeeman sublevels belonging to the s
GSHL to a common excited state.

Depending on the orientation of the external magne
field and the polarization of the optical waves, the nea
degenerate atomic system can give rise to a wealth of dif
ent level configurations coupled by the optical fields. So
examples are shown in Fig. 1.

If the polarizations of the two incident fields relative
the magnetic field are different, for instances1 ands2, the
energy-level structure may correspond to aL configuration
@Fig. 1~a!# or to a more complex multiple coupled level com
bination@Fig. 1~b!#. It has been shown@5# that CPT can take
place in such level configurations provided that the deg
eracy of the excited state is smaller than or equal to
degeneracy of the ground state@(2F11)>(2F811); F and
F8 are the total angular momentum of the ground and exc
state, respectively. In aL system, the minimum width of the
absorption resonance obtained with two copropagating
tually coherent optical waves is given byGmin5g11g2
1ge(12v1 /v2), whereg1 ,g2 are the relaxation rates of th
lower levels andv1 ,v2 are the optical frequencies of th
two waves @1#. Consequently, forv1>v2 the resonance
width approachesGmin5(g11g2). For atomic ground states
when collisions can be neglected,g1,2 are very small com-
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57 2997ELECTROMAGNETICALLY INDUCED ABSORPTION AND . . .
pared to the excited-state relaxation rate. In this case,Gmin is
determined by the atomic transit time through the interact
region.

On the other hand, if the polarizations of the optical fie
are the same~both s1, s2, or p!, the level configuration
can be thought of as a superposition of two-level syste
only coupled to other states through spontaneous emis
@Fig. 1~c!#. For two-level atoms, two mechanisms are resp
sible for the nonlinear resonances observed in absorptio
fluorescence in a copropagating pump-probe experim
The first mechanism related to population redistribut
gives rise to the familiar saturated absorption resonanc
width G5(ge1gg), wherege andgg are the relaxation rate
of the excited and ground states, respectively. The sec
more subtle mechanism involves the coherence among
atomic states. As for CPT in aL system, it gives rise to a
narrow resonance whose width is determined by the grou
state decay rate or transit time@1,20#.

The experimental investigation of the response of ato
systems with quasidegenerate ground states driven by m
ally coherent optical fields tuned to the same GSHL gives
an opportunity to check the theoretical predictions conce
ing the possibility of CPT for atomic systems with differe
level degeneracies. In addition, in the case of a superpos
of two-level systems, the atomic response can be comp
to two-level atom theory.

II. EXPERIMENTAL SETUP

The response of rubidium vapor to the presence of
copropagating laser fields with variable frequency off
tuned to theD2 line ~780 nm! was examined. The relevan
energy levels are shown in Fig. 2. Notice that the excit
state hyperfine splitting is smaller than the Doppler linewid
at room temperature:DnD'530 MHz. The 5P3/2 natural
width is ge56 MHz.

To achieve the transit time limit of spectral resolution, t
mutual coherence of the exciting laser fields is essen
while the absolute laser linewidth is less important. The la
linewidth contribution to the spectral width can be estima
as D11D222D12. Here D1 and D2 are the spectral line

FIG. 1. Examples of energy-level configurations coupled by
pump and probe fields for different polarizations. The examp
correspond to cycling transitions of87Rb ~a! and ~b! and 85Rb ~c!.
The dashed arrows represent spontaneous emission relaxation
n
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widths of the laser waves, andD12 is the cross-correlated
width @3#.

Several techniques can be explored to generate mutu
coherent laser fields. The simplest is the laser freque
shifting by an acousto-optical modulator~AOM!. If both
GSHL’s participate in the process, a GHz range freque
offset is needed for Rb, Cs, and Na that requires an elabo
setup@8,16#. However, since we concentrate on effects d
to coherence involving magnetic sublevels within the sa
GSHL, a tunable optical frequency offset in the MHz ran
is sufficient. The required fields are easily generated w
two consecutive AOM’s.

The experimental scheme is shown in Fig. 3. The la
used was an extended cavity diode laser. The output po
was typically 3 mW at 780 nm in a single mode regime. T
laser linewidth was less than 1 MHz. To improve long te
frequency stability the laser frequency was electronica
locked to the transmission resonances of an external tun
22-cm-long confocal Fabry-Pe´rot cavity ~finesse'30!. A
small modulation at a frequency around 7 kHz is applied
the position of one of the mirrors of the Fabry-Pe´rot cavity.
The transmitted signal is processed with a lock-in amplifi
followed by a proportional and integrating amplifier to ge
erate a correcting signal for laser frequency stabilizati
With this system, the laser jitter remains below 1 MHz wh
the thermal drift is approximately 1 MHz/min~the typical
spectrum acquisition time is less than 1 min!. The two mu-
tually coherent laser beams were produced by two AOM
The undeflected output~zeroth order beam! of the first AOM
~driven at a fixed frequencyf 15200.06 MHz! was used as
the pump beam. The11 diffracted order of the first AOM
was sent to a second AOM~driven at a tunable frequencyf 2!
whose21 diffracted order was used as the probe beam.
controlled the frequency offsetdn5 f 22 f 1 between the
pump and probe beams by driving the second AOM with
help of a signal generator~Hewlett Packard 8647A!. The
value of f 2 was varied from 185 to 215 MHz without sig

e
s

FIG. 2. Energy-level scheme for85Rb and87Rb D2 line.
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FIG. 3. Experimental setup. AOM, acousto-optic modulator;P1, P2, P3, polarizers;W1, W2, W3, waveplates; PD1, PD2, photodiode
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nificant reduction of the second AOM efficiency. The spe
tral width of the beat note between the pump and pro
waves measured with a RF spectrum analyzer was sm
than the instrument resolution of 1 kHz.

A 3-cm-long glass cell containing a mixture of approx
mately equal amounts of the two Rb isotopes without bu
gas was used. The cell was kept at a temperature clos
ambient in order to have a linear absorption of resonant
diation at the RbD2 lines of approximately 50%. The ce
was placed within Helmholtz coils to control the strength a
direction of the magnetic field at the sample. The magn
field could be varied from zero to 2 G in anarbitrary direc-
tion. This is sufficient to remove the degeneracy of t
ground-state Zeeman sublevels. However, the energy s
ting remains below the natural width.

The polarizations of the pump and probe beams were
dependently set with the use of polarizers andl/2 or l/4
waveplates. The pump and probe waves were carefully c
bined with a dielectric beamsplitter into a bichromatic bea
No significant modification of the optical fields polarizatio
was introduced by the beam splitter or the glass cell. Alt
natively, a polarizing cube beamsplitter was used. In t
case, the combined optical fields have orthogonal linear
larizations. Using the unmodified combined beam or plac
a linear polarizer or a quarterwave plate after the polariz
beamsplitter allows us to switch between linear and ortho
nal, linear and parallel, or circular and opposite polarizatio
respectively. Similar results were obtained with the two fie
combining schemes. The total available laser power at
cell was typically 200mW with a pump to probe intensity
ratio of approximately 10. When a good optical quality a
perfect overlap of the two fields was required, the combin
beams were sent along a low-birefringence 50-cm-lo
single-mode optical fiber placed before the cell. The cr
sections and intensities of the beams at the atomic sam
were varied with the use of diaphragms, focusing lenses,
neutral density filters.

The light transmitted through the cell was focused into
5 mm2 p- i -n silicon photodiode~PD #1!. When the trans-
mission of only one beam was detected, a polarizer w
placed between the cell and the photodiode to selectiv
detect the pump or the probe fields~linear orthogonal polar-
izations!. The polarizer was preceded by a quarterwave p
for opposite pump and probe circular polarizations. The fl
-
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rescence emitted by the atoms was monitored by a large-
(1 cm2) silicon photodiode~PD #2!. To eliminate the back-
ground due to linear absorption and to enhance the detec
sensitivity we have used a lock-in amplifier together with
mechanical chopper~1 kHz! to process the signals from th
photodiodes. The beam chopped was the pump~probe! when
absorption~fluorescence! was monitored. A personal com
puter controlled the frequency offsetdn5 f 22 f 1 between
the two beams and recorded the output of the lock-in am
fier.

III. RESULTS

Figure 4 shows the total fluorescence emitted by the va
as a function of the probe frequency offset in the case of
resonant transitions arising, respectively, from the t
GSHL’s F52 and 3 of 85Rb. There are several feature
visible on these broad-scanning-range spectra:~a! a slow
variation of the baseline corresponding to the slope of
Doppler profile;~b! a Doppler-free resonance with homog
neous widthge ; ~c! A subnatural-width peak or dip situate

FIG. 4. Total atomic fluorescence as a function of the freque
offset between the pump and probe waves for the ground-state
perfine levelsF52 and 3 of85Rb.



u
p

th
p-

ot
-
i
y

ig
f

tic

t be
two
ex-
total
es-
op-

the
or-
he

han
ob-
ect
ill

.

de-

s-
ev-
osi-
the
ex-
va-
for
und-
ther
ons
e-

re
nd

a

57 2999ELECTROMAGNETICALLY INDUCED ABSORPTION AND . . .
on top of the Doppler-free resonance. Notice that this feat
corresponds to a decrease of the fluorescence for the hy
fine levelF52 and to an increase of the fluorescence in
case of levelF53. Analogous narrow resonances with o
posite polarities were observed for GSHL’sF51 and 2 of
87Rb.

Under the same conditions we have recorded the t
transmission~of both beams! across the atomic cell. The ob
served results also present SNWR that correspond to
creased absorption for levelF53 and increased transparenc
for level F52 of 85Rb. If the absorption of only one beam
~pump or probe! is detected, SNWR are also observed. F
ure 5 shows the spectrum of the probe beam absorption

FIG. 5. Absorption of the pump beam as a function of the f
quency offset between the two exciting laser fields for the grou
state hyperfine levelF53 of 85Rb. The polarizations of the two
beams are linear and orthogonal. A moderate magnetic field is
plied along the lasers propagation axis.
re
er-
e

al

n-

-
or

GSHL F53 of 85Rb recorded in the presence of a magne
field.

It must be emphasized that the observed SNWR canno
explained only as an energy redistribution between the
laser fields. Although such a redistribution cannot be
cluded, the fact that the resonances are present on the
absorption of the two beams and on the total atomic fluor
cence clearly indicates a modification of the dissipative pr
erties of the coherently driven atomic sample.

The amplitude of the observed SNWR depends on
laser polarizations. In general, the signal is larger for
thogonal polarizations than for the same polarizations. T
SNWR amplitude can be comparable to or even larger t
the amplitude of the Doppler-free resonance. We have
served SNWR corresponding to 20% variations with resp
to linear absorption or fluorescence. In the following, we w
concentrate on the spectral characteristics of the SNWR

A. Magnetic-field dependence and selection rules

The external magnetic field breaks the hyperfine level
generacy introducing a Zeeman splitting~see Fig. 5! given
by

D5~mB /\!gFB, ~1!

where gF5gJ@F(F11)1J(J11)2I (I 11)#/@2F(F11)#
is the composite Lande´ factor. Consequently, under the pre
ence of a magnetic field the observed SNWR split into s
eral components. We have analyzed the number and p
tions of the observed peaks for different combinations of
beam polarizations and magnetic-field orientation. The
perimental results are summarized in Table I. All obser
tions are consistent with electric dipole selection rules
Raman transitions between Zeeman sublevels of the gro
state involving one photon from the pump beam and ano
photon from the probe beam. Depending on the polarizati
of the fields involved, the initial and final ground-state Ze

-
-

p-
ombi-
g

TABLE I. Observed structure of the subnatural resonances for weak magnetic field for different c
nations of the exciting field polarizations and magnetic field orientation.~The optical fields propagate alon
the z axis.!

Magnetic field orientation
Pump beam
polarization

Probe beam
polarization

Number of
observed

peaks
Unshifted

peak
Separation between

adjacent peaksa

z x(y) y(x) 3 yes 2D
x x y 2 no 2D
x y x 2 no 2D
z s1 s2 1 no 2Db

x s1 s2 5 yes D

z x x 3c yes 2D
x x x 1c yes 0
x y y 3c yes 2D
z s1 s1 1c yes 0
x s1 s1 5c yes D

oblique inxz plane x y 5 yes D

aFor fixed magnetic-field module.
bPeak position relative to zero probe-frequency offset.
cFor lower ground-state hyperfine level only~see text!.
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3000 57A. M. AKULSHIN, S. BARREIRO, AND A. LEZAMA
man sublevels could differ in 0,D, or 2D. As a check, the
energy separation between peaks was measured as a fun
of the magnetic-field strength. The observed energy sep
tion between adjacent Zeeman sublevels was measured
0.47 and 0.71 MHz/G for the ground-state levels of85Rb and
87Rb, respectively, in good agreement with the values ca
lated from Eq.~1! and previous measurements@21#.

It is interesting to note that for some particular polariz
tions, for instances1 pump ands2 probe combination, a
single narrow resonance is obtained. The position of
narrow feature relative to zero offset depends on magn
field. This makes this resonance very attractive for CP
based magnetometers@14#. Also, it is worth mentioning that
we have observed SNWR corresponding to transitions fr
a given Zeeman sublevel to itself. In such a case, the pos
of the corresponding peak is not sensitive to the magn
field. In the particular case of transitions arising from t
upper GSHL~F53 for 85Rb andF52 for 87Rb! we could
not observe SNWR whenever the same polarization
used in the pump and the probe beam. Under similar co
tions, the signal is clearly visible for the lower-lying GSH
on both isotopes.

B. Line shape

We have concentrated on the magnetically insensi
peak. The shape of this peak depends on whether one
transmission, the total transmission, or the total fluoresce
is monitored. In the case of fluorescence, the line sh
closely approaches a Lorentzian function for all intensit
used. When the transmission of only one of the two bea
~pump or probe! is monitored, the line shapes visibly diffe
from a Lorentzian curve for intensitiesI .1 mW/cm2. For
larger beam intensities the resonance becomes asymm
approaching a dispersive curve.

C. Linewidth

We have studied the dependence of the SNWR linew
on different experimental factors. To avoid contributio
from magnetic-field inhomogeneities, the measureme
were carried on the magnetic-field-insensitive absorpt
peak with a magnetic field applied to the sample in orde
haveD@G. The SNWR are very sensitive to the angle b
tween the pump and probe beams. A 1 mrad misalignment is
enough to clearly reduce the signal amplitude and introd
some broadening. To overcome this problem, both be
were sent through a single mode optical fiber to optim
overlap.

The influence of the time of flight across the light bea
on the linewidth was investigated for small laser power.
do this, a variable diaphragm was placed before the ce
vary the diameter of the collimated combined optical bea
Before the diaphragm, the beam has a 1 cmdiameter cross
section and a divergence of less than 2 mrad. The results
presented on Fig. 6. The peak linewidth dependence on
inverse of the beam diameter is roughly linear with a coe
cient of 110620 kHz mm. This value is consistent with th
estimated contribution to the linewidth of the atomic time
flight through the illuminated region. For larger beam dia
eter the linewidth approaches an asymptotic value aroun
kHz. The narrowest observed resonance has a full widt
tion
ra-
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half maximum of 10 kHz~Fig. 6!.
The dependence of the width of the observed resonan

on laser power was studied by varying the light intensi
with the help of focusing lenses placed at variable distanc
from the sample and with neutral density filters placed on t
overlapped beams while the alignment and polarizations
the beams remain constant. The observations are sum
rized in Fig. 7, where the estimated contributions from tim
of flight and angular misalignment were subtracted. At lo
intensities the laser power dependence of the linewidth
approximately linear with a coefficient of 0.19
60.06 MHz cm2/mW @3#. The deviation from linear depen-
dence observed at high intensities may be due to laser be
inhomogeneity within the vapor cell.

IV. DISCUSSION

It is well known that quantum interference can cancel th
absorption of an atomic medium. An extensive survey of t
theoretical work and the experimental evidence concern
the observation of this effect can be found in@3#. More re-

FIG. 6. Linewidth of the magnetically insensitive peak observe
in the atomic fluorescence as a function of the inverse diamete
the exciting fields cross section. The inset shows the narrow
observed resonance.

FIG. 7. Linewidth of the resonances observed in the atom
fluorescence as a function of the laser intensity in the excitat
region. The pump and probe beams contribute with 90% and 1
of the laser intensity, respectively.
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57 3001ELECTROMAGNETICALLY INDUCED ABSORPTION AND . . .
cently, EIT was observed in rubidium and cesium vapor
ing mutually coherent copropagating optical fields@22#. All
these experiments demonstrate an increase in the at
transparency due to the interaction with the optical fiel
The results presented here constitute the first experime
evidence of the opposite effect: electromagnetically indu
absorption.

A quantitative description of this phenomenon is pre
ently at the stage of development. Nevertheless we can
ticipate that it is related to the differences in structures
atomic level configurations involved in the interaction wi
radiation.

Let us consider in some detail the experimental situati
We have generally used two optical fields with a frequen
offset dn,ge . In this case, due to the Doppler effect, th
radiation excites atoms within three different veloc
groups. For each velocity group, a different optical transit
arising from the same GSHL is involved. Two of these tra
sitions are so-called open transitions~radiative escape from
the excited state to the nonresonant GSHL is possible!. The
third one is a cycling transition, for instanceF52→F851
and F53→F854 for 85Rb. Since the time needed for th
buildup of subnatural resonances is much longer than
excited-state lifetime 1/2pge , hyperfine optical pumping is
very efficient@23#. As this causes the depletion of the initi
state in the case of the two open transitions, we expect
main contribution to the SNWR to be due to the cycli
transition.

For the lower GSHL of alkaline-metal atoms, the cyclin
transition takes place from a hyperfine level of total angu
momentumF to an excited state of angular momentF85F
21. In such a case, SNWR that correspond to a decreas
the absorption and/or fluorescence were observed for
pump or probe polarization. On the other hand, no decre
in the absorption and/or fluorescence was obtained when
laser frequency was tuned to the upper GSHL, for which
cycling transitions takes place from a ground level of to
angular momentumF to an excited state withF85F11.
Instead, we observed for all but equal polarizations SNW
that correspond to an enhancement of the fluorescence a
absorption with similar spectral properties to those cor
sponding to CPT. Our results confirm the validity of th
theoretical predictions of@5# referred to the existence of CP
states. In addition, a new phenomenon is observed that
cates that whenF8.F the atomic system is driven into
state withconstructivequantum interference in the transitio
probability to the excited state. At present, the precise de
mination of the positively interfering state is not available.
will result from a careful examination of the atomic dynam
ics in the presence of the two driving fields explicitly takin
into account the Zeeman structure of the atomic levels. C
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culations on these lines are currently underway.
A particular attention should be brought to the existen

of a magnetically insensitive SNWR around zero frequen
offset when the two optical waves have identical polariz
tions relative to the magnetic field orientation~s1, s2, or
p!. In this case, the fields address an ensemble of alm
independent two-level systems only interconnected thro
spontaneous emission. According to Refs.@1# and @16# the
coherent evolution of the two-level system gives rise to
narrow resonance in the probe transmission correspondin
an increased transparency. Consistently with this picture,
have observed a magnetically insensitive SNWR correspo
ing to increased transparency in the case of the lower GS
using identical pump and probe polarizations. Under sim
conditions, no narrow resonance~neither positive nor nega
tive! was observed for the upper GSHL, suggesting that
increased transparency predicted by the two-level mode
compensated by competing effects~presumably mediated by
spontaneous emission!.

V. CONCLUSIONS

We have reported the observation of narrow spectral f
tures associated to variations of the dissipative propertie
an atomic medium in the presence of two resonant driv
fields interacting with the same ground-state hyperfine le
In agreement with theoretical predictions, absorption d
due to CPT were observed for transitions withF>F8 and
not for F,F8 for both Rb isotopes. However, forF.F8 an
unpredicted fluorescence and/or absorption peak was
served. This constitutes the first experimental evidence
electromagnetically induced absorption.

The observations reported here may have interesting
plications for techniques relying on rapid variations of t
absorption or the refractive index of an atomic medium. F
instance, narrow absorption and/or dispersion resonance
tained on the same ground-state hyperfine level present s
advantages for CPT-based magnetometers. On one h
they offer the possibility to get a single magnetically depe
dent reference line. On the other hand, we have shown
resonances in the kHz range can be produced with a ra
simple experimental setup. Finally, the resonance reve
reported here may lead to the observation of new effects s
as steep dispersion with arbitrary polarity.
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