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Electromagnetically induced gratings in a degenerate open two-level system

G. C. Cardoso and J. W. R. Tabosa*
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We have experimentally investigated laser diffraction on electromagnetically induced gratings in a degen-
erate open two-level system. The experiment employs the standard backward four-wave mixing configuration
and the open 6S1/2(F54)→6P3/2(F854) transition of cold cesium atoms. Population and coherence gratings
are accessed for different relative polarizations of the incident laser beams. Natural and subnatural linewidths
are observed depending on which frequency of the incident beams is scanned and reveal the effect of the
atomic motion on the diffraction spectra. A simple theoretical model using a three-levelL system is in
reasonable agreement with the observed results and allowed us to make a close connection with the phenom-
enon of electromagnetically induced transparency.
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I. INTRODUCTION

Electromagnetically induced transparency~EIT! @1# is a
quantum interference phenomenon that can make a norm
opaque transition completely transparent to a probe b
due to the coupling of a coherent pump field to a link
transition. This process can be described as a two-ph
Raman transition and is enhanced when the two fields
volved are perfectly coherent. Several applications have
ready been devised for EIT such as slow and ‘‘frozen’’ lig
@2#, extremely sensitive magnetometers@3#, sub-Doppler la-
ser cooling@4#, two-photon lasers@5#, and squeezed light an
studies on atomic coherence control@6#. The EIT phenom-
enon lies on the existence of coherent population trapp
~CPT! and on the creation of dark states, that are ato
ground-states superpositions, which are not coupled to
excited state by the incident laser fields. Recent investiga
on this effect has been performed using either hot@7# and
cold @8,9# atomic vapors as well as solids@10#. The creation
of such a coherent superposition of atomic states is ass
ated with the induction of a coherence grating that can
used to Bragg diffract a third laser beam. Under appropr
conditions as regarding to which frequency of the incid
laser beams is scanned, the diffracted signal can revea
signature of the CPT and EIT phenomena.

Successful experimental observation of laser diffract
on a purely coherence grating was reported in hot sod
vapor by Hemmeret al. @11#. They used a phase conjugatio
four-wave mixing~PC-FWM! configuration and observed
very high efficiency for the PC-FWM process enhanced
the presence of CPT. On the other hand, a dark state gra
can also be created when the pump beam used in the
ventional EIT process is spatially modulated, giving rise t
spatially modulated EIT that can also Bragg diffract anot
incident beam. This effect has been theoretically propose
Yuan Ling et al. @12# and recently observed by Mitsunag
and Imoto@13# using a forward FWM configuration in cold
sodium atoms. According to Refs.@12# and @13#, from now
on these two types of coherence gratings and also the w
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known case of induced population grating will be nam
generally as electromagnetically induced gratings~EIG!. The
observation of EIG spectra presents the advantage of bei
background-free signal as opposite to the conventional
servation of EIT.

Although most of the experiments realized on EIT e
ploys the two hyperfine ground states of alkaline atoms,
cent experiments have demonstrated this effect using
Zeeman sublevels of a degenerate two-level system~DTLS!
@8,14,15#. In particular, for a transition between ground a
excited levels with angular momentum equal toFg andFe,
respectively, it has been shown that EIT is only present w
Fe<Fg , otherwise one should observe electromagnetica
induced absorption@14#. In a recent paper Wanget al. @16#,
reported the observation of forward FWM using the Zeem
sublevels of the Doppler-broadened openFg52→Fe51
transition in a hot rubidium vapor and showed that the FW
emission is strongly enhanced in the presence of CPT.
signature of EIT is usually associated with the observation
very narrow subnatural resonances, whose linewidths are
termined by the ground-state lifetime. For the case of DTL
depending on the relative polarization of the FWM beam
population and coherence gratings can be induced simu
neously and both types of gratings may lead to the obse
tion of narrow resonances. It is worth mentioning that ea
experimental studies on the observation of narrow re
nances in nearly degenerate FWM were performed by L
et al. @17# using linearly polarized light and the cyclic tran
sition (Fg52→Fe53) of hot sodium vapor. Later on Ber
man et al. @18# also considered this subject for open a
closed degenerate two-level transitions and described
radiative-induced narrow resonances as being due to the
conservation of population, alignment or orientation. Als
an early theoretical study@19# predicted the observation o
narrow resonances in degenerate PC-FWM for a pureL sys-
tem and called the attention for saturation effects as a re
of the interplay between Zeeman coherence and modul
population mechanisms.

This paper is concerned with the diffraction of a las
beam on EIG, induced on a sample of cold cesium ato
using the nearly degenerate PC-FWM configuration. L
early polarized light is employed to create the induced g
©2002 The American Physical Society03-1
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G. C. CARDOSO AND J. W. R. TABOSA PHYSICAL REVIEW A65 033803
ings in the degenerate open two-level system 6S1/2(F54)
→6P3/2(F854). Depending on the relative polarization
and on which frequency of the incident beams is scann
different types of gratings can be evidenced, leading to
observation of natural and subnatural linewidth signals
simple theoretical model using the density-matrix formali
in a three-level system accounts reasonably for the main
served results, and in particular, for the effect of the atom
motion on the different induced gratings. The paper is or
nized as follows. In Sec. II, we describe qualitatively t
different types of EIG on a DTLS associated with differe
relative polarizations of the incident beams. In Sec. III,
describe the experiment and present the observed res
Section IV is dedicated to the interpretation of the expe
mental observations in view of a simple-density matrix c
culation. Finally, our conclusions come in Sec. V.

II. COHERENCE AND POPULATION GRATINGS

In a pure two-level system the resonant PC-FWM sig
can be understood as a diffraction of the pump beams
population gratings induced by the other incident bea
@20#. If this two-level system is open, narrow resonanc
associated with the ground-state population relaxation
may appear when this rate is smaller than one of the exc
state@21#. Such a behavior can be found, for example, in
DTLS with arbitrary but equal angular momenta,Fg andFe ,
excited by a forward beam~F! and a backward beam (B),
having the same frequencyvF5vB5v and by a probe
beam ~P! with frequencyvP5v1d, in the standard PC
FWM configuration shown in Fig. 1~a!. When all the beams
have the same linear parallel polarization, the system
haves as a set of open two-level systems coupled by spo
neous emission, as depicted in Fig. 1~b!, where we define the
quantization direction as being parallel to the common la
beams polarization. In this case, the PC-FWM signal or
nates from diffraction on induced purely populational gr
ings and the narrow resonance aroundd50 is a manifesta-
tion of optical pumping induced nonconservation
multipolar terms of the atomic density matrix@18#. On the
other hand, when the FWM beams have different linear
larizations, different types of gratings are induced in the s
tem. For example, if the beams have the same frequenc
above, but the polarization ofF is perpendicular to that ofB
and P beams, as depicted in Fig. 1~c!, the signal originates
from two distinct induced gratings:~i! diffraction of beamB
in the coherence grating induced by beamsF andP, and~ii !
diffraction of theF beam in a population grating induced b
the B and P beams. In this case, when we scand, both
gratings lead to the observation of narrow resonance aro
d50. Although we cannot separate these two contributi
for the generated signal for a sample of immobile atoms,
such an open system even the narrow velocity distribution
cold atoms in a magneto-optical trap can play a very imp
tant role for the washout of induced gratings. This happ
because the grating dynamics is determined by the s
ground-state relaxation rate, which can be comparable to
inverse of the time it takes for the atom to move one grat
period. It is worth mentioning that for a closed two-lev
03380
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system in the range of velocities of laser-cooled atoms,
effect of velocity is completely negligible since the induc
gratings will decay with the spontaneous emission lifetim
leading to a diffracted signal with natural linewidth@22#.

III. EXPERIMENTAL OBSERVATIONS
IN COLD CESIUM

The experiment was performed in a sample of cold
sium atoms obtained from a magneto-optical trap~MOT! and
employed the conventional backward PC-FWM configu
tion as shown schematically in Fig. 2~a!. The angle between
the forward~F! and the probe~P! beams is approximately 40
mrad. The experimental setup is a slight modification of
one previously described in Ref.@23#, so here we will de-
scribe it very briefly. The light beams for the MOT and fo
the nearly degenerate FWM process are provided by
same Ti:Sapphire laser that is red detuned by about 11 M
below the resonance frequency of the cesium closed tra
tion 6S1/2(F54)→6P3/2(F855). In the experiment, the fre
quency of only one of the three incident beams (F, P, or B)
is scanned at a time. The fixed frequency beams are obta

FIG. 1. ~a! Backward PC-FWM beam configuration.km and
vm (m5F,P,B) are the corresponding wave vectors and frequ
cies of the FWM beams.~b! Zeeman sublevels of a DTLS assoc
ated with aFg→Fe transition, withFg5Fe.1. The dots indicate
that the other Zeeman sublevels are not shown. In this case
PC-FWM fields are supposed to be all polarized parallel to
quantization axis and the arrows represent the interaction betw
the fields and the DTLS. The dark circles indicate the Zeeman-le
population.~c! Idem, for beamsP andB polarized perpendicularly
to the atomic quantization axis, defined by the F beam polariza
direction.
3-2
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ELECTROMAGNETICALLY INDUCED GRATINGS IN A . . . PHYSICAL REVIEW A65 033803
from the Ti:Sapphire laser by shifting its frequency down
approximately 240 MHz through the use of an acousto-o
modulator~AOM! which brings this frequency to near res
nance with the open cesium transition 6S1/2(F54)
→6P3/2(F854), according to the cesium level schem
shown in Fig. 2~b!. A second AOM whose radio frequenc
(;120 MHz) is controlled by the voltage ramp depicted
Fig. 2~c! shifts down the Ti:Sapphire frequency in doub
passage, with the aid of a spherical mirror, producing a be
whose frequency can be scanned around the resonance
quency of the 6S1/2(F54)→6P3/2(F854) transition. The
generated phase conjugate beam is reflected out of a 5
beam splitter and detected by the photodiode PD1 show
Fig. 2~a!. The probe transmission is detected by the photo
ode PD2. Both signals are averaged by a digital oscillosc
for 64 successive scans. The relative polarization betw
the pump and the probe fields is controlled by wave pla
The spectra were recorded within a;0.8 ms time interval
during which the trapping beams were blocked by a m
chanical chopper~with a transmission duty cycle of;95%)
and the quadrupole magnetic field was turned off. The nu
ber of cold atoms was estimated by measuring the absorp
of a probe beam and was of order of 107. The 1/e lifetime of
the MOT after switching off the trapping beams was me
sured to be of the order of 2 ms. To avoid optical pumping
the 6S1/2(F53) level, the repumping beam was kept on d
ing the measurements. In fact, all the measured signals
very sensitive to the repumping efficiency. There was

FIG. 2. ~a! Simplified experimental setup. Photodiode PD1 me
sures the EIG signal while photodiode PD2 measures the p
transmission signal.~b! Hyperfine levels of the cesiumD2 line,
indicating the frequencies of theF, P, andB beams as well as tha
of the repumping beam. Trapping beams are omitted.~c! Temporal
beam switching and frequency scan scheme.
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compensation for the earth’s or other environmental m
netic fields. Nevertheless, the signal is not very sensitive
small magnetic fields as we have checked by letting the a
Helmholtz fields on in some measurements with no app
ciable change in the observed signals.

In Fig. 3, we show a typical spectrum for the PC-FW
signal ~S! and for the probe beam transmission (T), corre-
sponding to the case where all the beams have the s
linear parallel polarization. This spectrum is measured a
function of the probe beam frequency offset relative to
common frequency of theF and B beams, which are kep
fixed and detuned by about 3 MHz above the atomic re
nance frequency. In this spectrum, the beams intensities
were I P.30 mW/cm2 and I F5I B.0.4 mW/cm2. As we
have discussed, for this polarization configuration the narr
PC-FWM spectrum as well as the narrow feature presen
the probe transmission spectrum are related to the dyna
of the ground-state population of open two-level system
The maximum observed probe reflectivity, of the order
0.1%, was measured for this configuration. In Fig. 4,
present the PC-FWM spectra and the corresponding pr
transmission spectra for the case where theF and P beams
have linear parallel polarizations perpendicular to that of
B beam. The spectra presented in Figs. 4~a! and 4~b! are
measured, respectively, as a function of the frequency of
P and F beams, while keeping the frequencies of the oth
two incident beams equal and detuned by about 3 M
above the atomic resonance. In both cases, the zero o
frequency scale is taken relative to the frequency that is k
fixed. The beams intensities in Fig. 4~a! are the same as
specified in Fig. 3, and in Fig. 4~b! the beams intensities use

-
be

FIG. 3. Probe beam transmission~T! and EIG signal~S! spectra
for the case where all the FWM beams have parallel linear po
izations. The maximum of absorption in the figure is around 50
There is a slight reduction in the contrast of the EIT signal due
fluctuation in the absorption level during the signal averaging.
3-3
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G. C. CARDOSO AND J. W. R. TABOSA PHYSICAL REVIEW A65 033803
were I P.0.2 mW/cm2, I F.0.2 mW/cm2, and I B

.30 mW/cm2. The narrow features present in Fig. 4 a
clearly associated with the usual EIT phenomenon becaus
this case the relative beams polarization can create a co
ent superposition of ground-state Zeeman sublevels. In
4~b! the inversion of the broad resonance in the probe tra
mission spectrum, observed when the frequency of thF
beam is scanned, is due to optical depumping of
6S1/2(F54) population induced by the strongF beam. No-
tice that in both cases the broad absorption peak is cent
around the atomic resonance frequency. While the contra
the EIT peaks appears slightly diminished after signal av
aging due to fluctuations in the absorption level, the E
signals are less sensitive to this effect since they corresp
to background-free signals. The observed fluctuation in
absorption level is related to fluctuation in the number
trapped atoms and is mainly due to the small drift in t
repumping laser frequency that was not locked. Owing to
absorption of the pump beam, these fluctuations can a
differently the EIT peak and the main absorption line.

Another interesting polarization configuration we ha
analyzed corresponds to the case where the polarizatio
the F beam is perpendicular to the common linear polari
tion of theP andB beams. We have chosen this configurati
to compare the observed spectra with a simple theore
model as we will describe in the following section. The P
FWM spectra corresponding to this relative beams polar
tion are presented in Figs. 5~a!–5~c!, for the cases where w
scan the frequency of theP, F, andB beams, respectively. A
observed, when one scan the frequency of theB beam the
diffracted signal does not present any subnatural linew
feature. This behavior was observed for all the relative
larizations configurations studied in this paper. The bea
intensities corresponding to Fig. 5~a! are the same as thos

FIG. 4. Probe beam transmission~T! and EIG signal~S! spectra
when all beams polarizations are linearly polarized but the po
ization of theB beam is perpendicular to the common polarizati
of theF andP beams.~a! vP is scanned withvF5vB fixed. ~B! vF

is scanned withvP5vB fixed. The fixed frequency beams detunin
is around 3 MHz above the atomic resonance.
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used in Fig. 3, while the beams intensities used in Figs. 5~b!
and 5~c! are the same as in Fig. 4~b!.

IV. MODEL AND DISCUSSION

The aim of this section is to present the simplest theo
ical model to account for the main characteristics of the
served experimental results. As we have mentioned, w
the polarizations of all the beams are linear and parallel,
system can be conveniently described as a set of indepen
open two-level systems. However, for linearly polariz
beams, with theF beam polarization perpendicular to that
theP andB beams, the DTLS presents a prominent charac
of a L system, as suggested in Fig. 1~c!. An important fea-
ture of theF54→F854 transition is that them50→m8
50 Clebsch-Gordan coefficient is zero, leading to a popu
tion trapping in them50 Zeeman sublevel@Fig. 1~c!#. We
account for the escape of atoms from the interaction reg
by an effective ground-state relaxation rateg. The effect of
the repumping beam and the arrival of fresh atoms with eq
probable chance to be in any Zeeman sublevel permit
creation of a nonzero Zeeman population in themÞ0 sub-

r-

FIG. 5. ~a!–~c! EIG signals for linear polarizations of the FWM
beams, with the polarization of theF beam perpendicular to the
common polarization of theB and P beams. (a8) –(c8) are calcu-
lated spectra using the theoretical model described in the text
averaging on velocities. In~a!,(a8) vP is scanned withvF5vB

fixed, andd5vP2vF ; in ~b!,(b8) vF is scanned withvP5vB

fixed, andd5vF2vP ; in ~c!,(c8) vB is scanned withvP5vF

fixed, andd5vB2vF . The fixed frequency beams detuning
around 3 MHz above the atomic resonance.
3-4



i
n
a

he
s

ar

-

ba
re
e

tr

n
c

n

the
ian
ute

in
ci-

e,

ely,
n-

so-

n
rat-

the

ion
re

ELECTROMAGNETICALLY INDUCED GRATINGS IN A . . . PHYSICAL REVIEW A65 033803
levels. With these considerations one sees that for high
tensity of theF beam, whose polarization direction is take
as defining the quantization axis, the DTLS will behave
three-levelL systems, where most of the population is in t
ground-statem50. We will therefore model our system a
the ua&-ub&-uc& L system specified in Fig. 1~c!, interacting
with the three incident FWM beams having the linear pol
ization specified above. The strongF beam with frequency
vF , is coupled to the transitionua&-ub& while the beamsP
and B, with frequenciesvP and vB , respectively, are
coupled to the transitionub&-uc&. In the perturbative density
matrix calculation performed below, theF beam is supposed
to be strong and will be considered in all orders of pertur
tion, while the other beams are weak and will be conside
only in first order@24#. The Liouville equation describing th
system is

ṙ5
1

i\
@H,r#2

dr

dtU
relax

, ~4.1!

where ṙ5(]/]t1v•“)r, with vW being the atomic velocity,
is the hydrodynamic derivative anddr/dturelax accounts for
the phenomenological relaxation terms of the density-ma
elements. We assume that the relaxation rate isg for the
populationsraa and rcc , and 2G for rbb , with g!G. For
the sake of simplicity, theL system is supposed to be ope
only in the ground-states. For the relaxation rates of the
herence terms, we therefore haveg for the rac coherence
and G for the coherencesrab and rbc , since g!G. The
Hamiltonian of the system interacting with the three incide
fields is given by

H5Ho1VF1VP1VB , ~4.2!

Ho5vaua&^au1vbub&^bu1vcuc&^cu, ~4.3!

VF52VF exp@ i ~vFt2kF•r #ua&^bu1H.c., ~4.4!

VP52VP* exp@2 i ~vPt2kP•r #ub&^cu, ~4.5!
03380
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VB52VB exp@ i ~vBt2kB•r #uc&^bu, ~4.6!

where VF5mabEF/2\, VP5mbcEP/2\, and VB
5mbcEB/2\ are the corresponding Rabi frequencies, and
remaining symbols use standard notation. In the Hamilton
above, we have omitted the terms that would not contrib
to the signal in the direction of the PC-FWM emission.

The perturbative calculation developed below consists
expanding the density-matrix element in powers of the in
dent P and B electrical fields and in solving the Liouville
equation for each pertubative order. We denote byr (F,P,B)

the density-matrix element in all orders in theF field and in
first order in theP andB fields. As we have discussed abov
in our approximation, the zero-order solution inP andB, i.e.,
r (F,0,0), is taken to have only one nonzero element, nam
rcc

(F,0,0)51. The expression for the perturbation order of i
terest is given by

ṙ (F,P,B)5
1

i\
@Ho ,r (F,P,B)#1

1

i\
@VF ,r (F,P,B)#

1
1

i\
@VB ,r (F,P,0)#1

1

i\
@VP ,r (F,0,B)#2

dr

dt U
relax

.

~4.7!

In Eq. ~4.7!, the second term on the right-hand side is as
ciated with a population grating induced by theP and B
beams that diffracts theF beam along the PC-FWM emissio
direction, while the third term describes the coherence g
ing induced by theF andP beams that diffracts theB beam
along that same direction. We can therefore calculate
induced coherence in the transitionua&2ub&, which is re-
sponsible for the PC-FWM emission. Neglecting propagat
effects, the PC-FWM signal is proportional to the squa
modulus of

rab
(F,P,B)5rab-coh

(F,P,B)1rab-pop
(F,P,B) , ~4.8!

where
rab-coh
(F,P,B)5

iVFVP* VB exp$ i@~vF2vP1vB!t2~kF2kP1kB!•r #%

8$@ i ~vF2vP!2 i ~kF2kP!•v1g#@ i~vbc2vP!1 ikP•v1G#1uVFu2%

3
1

@ i ~vF2vP1vB2vba!1 ikP•v1G1puVFu2#
, ~4.9!

rab-pop
(F,P,B)5rab-coh

(F,P,B)S @ i ~vF2vP!1 i ~kF2kP!•v1g#

@ i ~vB2vP!1 i ~kB2kP!•v1g# D S @ i ~vB2vP!1 i ~kB2kP!•v1g2G#

@ i ~vB2vP!1 i ~kB2kP!•v12G# D , ~4.10!

with p given by

p5
2i ~vB2vP!22i ~kB2kP!•v1G1g

@ i ~vB2vP!2 i ~kB2kP!•v1g#@ i~vB2vP!2 i~kB2kP!•v12G#
. ~4.11!
3-5
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G. C. CARDOSO AND J. W. R. TABOSA PHYSICAL REVIEW A65 033803
The termsrab-coh
(F,P,B) andrab-pop

(F,P,B) represent the coherences i

duced on the transitionua&-ub& and describe the contributio
for the generated signal associated, respectively, with the
fraction on the coherence and on the population grati
mentioned above. The PC-FWM signal line shapes predic
by Eq.~4.8! present natural and subnatural linewidth featu
depending on which frequency of the FWM beams
scanned and, for a sample of completely immobile ato
both the coherence and population terms contribute to
generated signal. The contribution of the different EIG
the generated signal is strongly dependent on the atomic
tion, even in the limit of very small velocities associated w
laser-cooled atoms@25#. In addition, each grating is affecte
differently by the atomic motion since for small angle b
tween theF andP beams, the corresponding coherence g
ing has a spatial period much larger than the population g
ing that is associated with theB andP beams.

In the low saturation regime, whereVF!G, when we
scan the frequencyvF while keeping the frequencie
vP and vB equal and close to the atomic resonance,
coherence term will contribute with a narrow peak of wid
g, centered arounddF5vF2vP50 that is not affected by
the atomic motion. However, the contribution arising fro
the population term consists essentially of a broad peak w
width of the order of 2G centered around the atomic res
nance with a dip of widthg arounddF50. This contribution
is velocity dependent and decreases significantly when
velocity average is performed. Differently, for the case wh
we scan the frequencyvB again keeping the others beam
frequencies fixed and close to the atomic resonance, it is
coherence term that presents a broad peak of width 2G, cen-
tered around the atomic resonance with a narrow dip
width g arounddB5vB2vP50, while the population term
contributes with a narrow peak of widthg, arounddB50. In
this case, the velocity average washes out only the nar
features present in both the coherence and population te
Finally, when the frequencyvP is scanned, both terms giv
rise only to narrow contributions of widthg around the com-
mon laser frequency, with the contribution originating fro
the population term being the one more affected by the
locity average. We can summarize the above results by
serving that in all the three cases analyzed, the effect of
,

.

J.

y
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atomic velocity is appreciable only for the signal originatin
from diffraction in the grating associated with theP and B
beams, which has a much smaller spatial period. We a
notice that the subnatural linewidth signals are observed o
for PC-FWM associated with diffraction on a nonstationa
EIG.

The calculated spectra corresponding to the obser
spectra presented in Figs. 5~a!–5~c!, and associated with the
three cases discussed above, are shown in Figs. 5(a8) –5(c8).
The calculated spectra were velocity averaged using
Maxwell-Boltzmann velocity distribution with a mean veloc
ity of u50.35 m/s, which corresponds to trap temperatu
of the order of 1 mK, as measured for our MOT@26#. In the
calculation we have usedVF50.3G, in reasonable accor
dance with the average experimental values andg/G50.01,
with 2G55.23 MHz. As we can see the calculated spec
reproduce reasonably well the observed results corresp
ing to different dynamics of the induced gratings.

V. CONCLUSIONS

We have experimentally investigated nearly degene
PC-FWM in an open degenerate two-level system consis
of cold cesium atoms. The observed PC-FWM signal is
terpreted as a diffraction process into different types of el
tromagnetically induced gratings and are strongly connec
with the effect of EIT and CPT in the corresponding DTL
We have also showed the important role played by
atomic motion even in the limit of very small velocities a
sociated with laser-cooled atoms. This velocity depende
arises from the induction of gratings whose dynamics is
termined by the ground-state relaxation rate. A simple th
retical model was developed and accounts reasonably fo
main characteristic of the observed results. Through a pre
determination of the relevant parameters this observed ve
ity dependence could provide another method to measure
temperature of the cold atomic sample.
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