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Observation of an electromagnetically induced grating in cold sodium atoms

Masaharu Mitsunaga and Nobuyuki Imoto
NTT Basic Research Laboratories, Atsugi-shi, Kanagawa 243-0198, Japan

~Received 31 December 1998!

We have observed diffraction signals by a grating originating from electromagnetically induced transparency
~EIT! in a three-levelL system of cold sodium atoms. Theoretical and experimental analyses of this phenom-
enon, called the electromagnetically induced grating~EIG!, have revealed that EIG spectra exhibit background-
free, Lorentzian signal profiles regardless of the pump frequencies, making a clear contrast to the case of
ordinary EIT spectra.@S1050-2947~99!06306-4#

PACS number~s!: 42.50.Gy, 32.80.Pj, 42.50.Md
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In a three-level system, absorption of a probe beam
nullified in the presence of a pump beam which couples
common excited state to a third level. This quenching
absorption, well known as electromagnetically induced tra
parency~EIT! @1#, is observed as a dip in the probe abso
tion spectrum. So far these dip signals have been ma
observed in room-temperature gaseous samples@1,2#, i.e.,
inhomogeneous systems. They have also been observ
homogeneous systems like cold neutral atoms@3,4#, because
the dip widths can become even narrower than homogen
linewidths. Phenomenologically speaking, EIT is qu
analogous to the spectral hole burning~SHB! @5# where
again a probe absorption is reduced by a strong pump be
although the mechanisms of SHB and EIT are intrinsica
different @6#. In SHB, basically, two types of detectio
schemes have been developed to monitor the pump-ind
dips. One is transmission and the other is called holograp
readout@7,8#, in which the pump-induced spatially period
hole pattern is monitored by the probe diffraction. This tec
nique can be transferred to EIT, and it was theoretically p
posed by the name of electromagnetically induced gra
~EIG! @9#.

EIG can be explained in Fig. 1, taking cold Na atoms
an example. As shown in Fig. 1~a!, a pair of pump beams
~pump no. 1 and pump no. 2! and a probe beam intersect
the cold atom cloud. The pump~5coupling! frequencyvc
and the probe frequencyvp connect the 3S1/2 ground-state
F52 and 1 levels, respectively, to the 3P3/2 excited states as
shown in Fig. 1~b!. Because of the interference pattern c
ated by the pump beams, in the bright fringes the med
becomes transparent due to EIT, while in the dark fringes
medium is still opaque. This type of absorption grating~EIG!
should diffract the probe beam. Therefore one monitors E
for the probe transmission spectrum and EIG for the pr
diffraction spectrum as illustrated in Fig. 1~a!. The advan-
tages of EIG over EIT should be inferred from those of h
lographic readout over transmission readout in SHB. Si
there is no background in EIG, it gives much higher sen
tivity, whereas EIT signals may be easily hidden in no
absorption spectra for smaller pump intensities. Also, in E
the nonlinear polarization signal is monitored as its intens
not as a real or imaginary part, and the identification of
signal is very easy. On the other hand, EIT signals show v
complex line shapes, as we will see later. In a solid-s
material EIG has already been reported by Ham and
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workers@10#. However, their results are quite different fro
our case both theoretically and experimentally, due to
nature of the inhomogeneously broadened medium. In
paper we report on the observation of EIG signals in cold
atoms and check the above-mentioned advantages for E

We have developed a perturbative approach@11,12# to
this problem. We consider a quasi-three-level system wh
the ground-stateF51 level ~denoted as 1! and theF52
level ~denoted as 2! and one of the excited-stateF85 j levels
~j 50, 1, or 2! ~denoted asj or k! form a three-level system
@see Fig. 1~b!#. What we want to obtain is the third-orde
nonlinear optical polarizationpNL , or optical coherencer1 j
or r2 j starting from the ground-state populationsr11 and
r22. By solving the equation of motion for the density matr
for this homogeneous medium, we obtain 32 terms co
sponding to 32 elementary processes forpNL . These pro-

FIG. 1. ~a! Beam configuration and expected spectra in EIT a
EIG experiments. EIT monitors the transmission of the probe be
with the presence of the pump beams, whereas EIG monitors
Bragg diffraction of the probe beam from the pump-induced gr
ing. The trap and repump beams are omitted.~b! The energy level
diagram of the Na atom. The population is in theF51 dark level in
our theoretical and experimental framework.~c! Experimental
pulse-timing sequence of the trap, repump, pump, and probe be
4773 ©1999 The American Physical Society
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cesses can be most easily understood by using double F
man diagrams@13,14# as illustrated in Fig. 2. By considerin
the case where the population is mainly in level 1, tho
starting fromr22 are all neglected. Besides, sincevc andvp
are nearly resonant to the 22 j and 12 j transitions~note
that the ground-state hyperfine splitting;1.77 GHz is much
larger than the excited-state splittings;60, 34, and 16
MHz!, respectively, only one term~the eighth term in Fig. 2!
out of 32 terms can contribute topNL and is written in the
form

pNL5
i

\3 «p«c
2 1

i ~vp2vc2v21!1g12

3(
k, j

p1kpk2p2 j pj 1

$ i ~vp2vk1!11/T2%$ i ~vp2v j 1!11/T2%
,

~1!

where«p(«c) is the laser field amplitude of the probe~pump!
beam andv lm is the splitting frequency between the levelsl
and m. T2 is the dephasing time of the optical transitio
which is common for both the optical transitions,g12 is the
sublevel dephasing rate, andpj 1(pj 2) is the optical dipole
moment for theF51 (F52) to F85 j transition. The ordi-
nary linear polarizationpL for the probe beam, on the othe
hand, is simply given as

pL52
i

\
«p(

j

pj 1
2

i ~vp2v j 1!11/T2
. ~2!

By using these expressions~1! and ~2!, three different types
of signal profiles, ordinary transmission, EIT, and EIG, c
be obtained as a function ofvp , denoted asStr , SEIT , and
SEIG , respectively. By neglecting the propagation effect,Str ,
SEIT , andSEIG are expressed as

Str5Im@pL#, ~3!

SEIT5Im@pL1pNL#, ~4!

FIG. 2. Double Feynman diagrams showing 32 elementary p
cesses contributing to the third-order nonlinear optical polarizat
The remaining 16 diagrams starting fromr22 are not shown but are
obtained by simply replacing 11 at the bottom of each diagram
22.
yn-

e

SEIG5upNLu2, ~5!

where Im@...# represents the imaginary part. It should
mentioned that, althoughpNL expressed by Eq.~1! is com-
posed of many complex Lorentzians, the first Lorentz
peaked atvp5vc1v21 with width g12 gives the signal pro-
file sinceg12!1/T2 . However, the phase of this profile wi
be dependent on the remaining factor. Since EIT takes
imaginary part ofpNL , the signal exhibits a positive or nega
tive Lorentzian or dispersion curve depending on the pha
or on the pump frequency. This issue will be discussed
detail later. In the EIG signal, however, the absolute value
pNL is taken and the signal profile is always a simple Lore
zian. It is also worthwhile to notice that Eq.~1! can be re-
garded as a resonant stimulated Raman scattering s
originating from a sublevel coherence. In this sense EIT
be interpreted as the interference of the linear process and
stimulated Raman process while EIG is a pure stimula
Raman process.

On the experimental side, a cold Na atom cloud was p
pared in a manner similar to that described by our previ
work @15#. This time, however, a dark magneto-optical tr
~MOT! has been employed@16# by making a dark spot of;5
mm in diameter inside the repumping beam profile. T
transmission spectra of dark and bright MOTs in our expe
ment are shown in Fig. 3. In the bright MOT theF52 to
F851,2,3 curve~left feature! is much more pronounced tha
the F51 to F850,1,2 curve~right feature!, indicating that
most atoms~91%! populate in the brightF52 level. In con-
trast, in the dark MOT 96% of the atoms are in the darkF
51 level. Besides, by employing the dark MOT the to
number of trapped atoms increased about a factor of 10 c
pared to the bright MOT case, as shown in Fig. 3. The
findings imply that the dark MOT configuration is an ide

-
.

y
FIG. 3. Transmission spectra for theF52 to F851, 2, and 3

transitions~left! andF51 to F850, 1, and 2 transitions~right! of
cold Na atoms for the bright MOT~upper trace! and the dark MOT
~lower trace! configurations. The numbers of atoms inF51 level
(N1) andF52 level (N2) are calculated from the spectra and a
shown in the figure, considering that the size of the cloud is 3 m
in diameter. Also shown are the ratiosp5N2 /(N11N2) for the two
MOTs.
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system for studying EIT and EIG, where the deeply pop
lated F51 level is used as the monitor level for th
probe laser and the almost-emptyF52 level is used as the
third level coupled by the pump laser. After preparati
of dark MOT, the trap and repump pulses were switched
and a pair of pump pulses and a probe pulse w
applied. The pulse timing sequence is shown in Fig. 1~c!.
All the beams but the probe beam were provided fr
the same laser source~single frequency ring dye laser ope
ating at ;589 nm! by acousto-optic modulators, where
the probe beam was derived from an independent ring
laser. This allowed smooth scanning of the probe freque
with wide scan range and constant probe intensity. The
fracted signal could be identified by a charge-coupled dev
~CCD! camera. More quantitatively, the transmitted~EIT!
and the diffracted~EIG! signal intensities of the probe puls
~power;60 nW for EIT and 300mW for EIG! as a function
of the probe frequency were detected by photomultip
tubes, averaged by boxcar integrators, and displayed
digitizing oscilloscope. This type of coherent four-wave m
ing signals should be distinguished from incoherent fo
wave mixing signals as we reported previously@15#, where
hyperfine population grating is created by the pump puls
which persist a long time~;10 ms!. To check this, we plot-
ted the EIG signal intensity as a function of the probe de
time. The signal was observed only when the pump pu
and the probe pulse were temporally overlapped. This fi
ing is contrary to Ref.@15# and shows that the laser-induce
grating is not long-lived and the hyperfine population grat
can be neglected.

The three signal profiles, i.e., transmission, EIT, and E
are shown in Fig. 4, for the common probe detuning f
quency axis. In the transmission spectrum, the hyper
transitions from the groundF51 to the excitedF850, 1,
and 2 transitions are partially resolved, since the the hyp
fine splitting frequencies~34 and 16 MHz! are comparable to
the natural linewidth~10 MHz! of the Na atom. When the

FIG. 4. ~a! Transmission,~b! EIT, and ~c! EIG spectra for the
F51 to F850, 1, and 2 transitions of cold Na atoms. Pump fr
quency was resonant to theF522F851 transition.
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pump pulse with frequency corresponding to theF52 to
F851 transition is applied, the transmission spectrum
modified and an EIT profile is clearly seen@Fig. 4~b!# as a
dip at theF512F851 absorption peak. The width of th
dip was limited by the laser linewidth but can be much n
rower. An EIG signal profile was obtained by monitoring th
diffraction intensity instead of transmission and shown
Fig. 4~c!. Here a simple single peak is observed at the sa
position and the same width as that of EIT but without ba
ground.

FIG. 5. Pump frequency dependence of~a! EIT and ~b! EIG
spectra. The arrow in each trace indicates the position corresp
ing to vc1v21.

FIG. 6. EIT curvesc, d, e, and f of Fig. 5 ~solid lines! super-
posed on the transmission spectra~broken lines! to emphasize the
differences of the two spectra. The arrow in each trace indicates
position corresponding tovc1v21.
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The behavior of the signal profiles for various pump fr
quenciesvc was investigated for EIT and EIG, as shown
Fig. 5. The positions corresponding tovc1v21 are indicated
by the arrows. As mentioned before the EIT signal pro
changes its phase depending onvc . This behavior is more
clearly seen in Fig. 6, which is a magnified version of F
5~a! superposed on the transmission curves. At the point
peak absorption@curvef of Fig. 5~a! and Fig. 6 or curveb of
Fig. 5~a!#, the EIT signals show upward Lorentzian~trans-
parency!. On the other hand, in the middle of the two abso
tion peaks~curved! it becomes downward Lorentzian~extra
absorption!. And at the positions in between~curvesc ande!
they show dispersion-type behavior. This behavior inde
agrees with the above-mentioned theory. In fact, we rew
SEIT in Eq. ~4!, by using Eq.~1!, as

SEIT5Im@pL#1ImF i

i ~vp2vc2v21!1g12
ReiuG , ~6!

where Reiu is defined as

Reiu[
«p«c

2

\3

p1e
2 p2e

2

$ i ~vc1v212ve1!11/T2%
2 , ~7!

and u determines the phase part of the function. Here
assumed only one excited-state level denoted ase for sim-
plicity and the function in Eq.~7! was evaluated atvp5vc
1v21 since it is smoothly varying around that point. Fro
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Eq. ~7! it is clear that, depending on the case where the E
signal is~i! right at the peak absorption (vc1v215ve1), ~ii !
at the right wing of the absorption (vc1v21;ve111/T2),
~iii ! at the left wing of the absorption (vc1v21;ve1

21/T2), and ~iv! far off resonance~vc1v21;ve16a
wherea@1/T2!, u takes the value of~i! 0, ~ii ! 2p/2, ~iii !
p/2, and~iv! p. By substituting these results into Eq.~6!, we
obtain the EIT profiles as~i! upward Lorentzian~curve f !,
~ii ! dispersive curve with negative slope at the center~curve
e!, ~iii ! dispersive curve with positive slope at the cen
~curve c!, and ~iv! downward Lorentzian~curve d!. In con-
trast to the EIT case, EIG signals@Fig. 5~b!# always exhibit
simple Lorentzians right at the positions ofvc1v21. Only
the peak magnitudes vary depending onvc1v21.

In summary, we have developed a perturbation theory
a type of detection scheme for EIT, or EIG, which emplo
nearly degenerate four-wave mixing to allow a backgrou
free measurement of EIT. The experimental demonstra
by using a cold Na atom sample indeed supported the th
retical predictions. This type of high-sensitivity measurem
mitigates the requirement of high pump intensities wh
causes the saturation effect, and is particularly suitable
the investigation of the ultimate signal linewidthg12 that
should be extremely narrow.

The authors are grateful for helpful discussions with D
Makoto Yamashita and Dr. Masato Koashi.
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