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Population-grating transfer in cold cesium atoms
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Optical-pumping-induced population-grating transfer between hyperfine levels of the cBsiume is
observed through four-wave mixing in a sample of cold atoms. Diffraction efficiencies of order of 1% have
been measured for a large range of angular apertures. We have studied the angular dependence of the diffracted
signal in the limit of small atomic velocities and discussed its application for a nondestructive diagnostic of the
trap dynamic. Image processing with nearly degenerate frequency conversion was also demonstrated using this
specific mechanisnjS1050-294{®9)05302-0

PACS numbd(s): 32.80.Pj, 42.50.Hz, 42.65.HwW

Laser-induced dynamic gratings have been studied for thewo-level systems, where a grating is created in one pair of
last three decades and is a wide interest field owing to itéevels and read in the other. This is of considerable interest
several possibilities of applicatiofi4]. Of particular impor-  since the dynamics of such a grating can give information
tance in these studies is the phenomenon of four-wave mixabout the atomic diffusion in the limit of very low velocities.
ing (FWM), which can be used as a real time holographiclt has been demonstrated previously by Glassner and Knize
technique to study the processes of writing and reading of &13] that the angular dependence of the FWM signal can be
dynamic grating in a nonlinear mediurg]. Among its many used to measure atomic diffusion in a homogeneously broad-
applications, the possibility of achieving optical phase con-ened atomic vapor. Although for the typical velocities of
jugation(OPQ and image processing of an optical beam ardaser-cooled atoms, this angular dependence is strongly re-
of special interest and have been demonstrated previousijuced when the grating decay is determined by the excited
using either photorefractive materia[8], semiconductor state lifetime[2]; Hemmerich, Weidenler, and Hasch
doped glassef4], and organic liquid§5]. FWM has also [14] have demonstrated that FWM performed in a 3D optical
been performed in atomic vapdi, 7] and the figure of merit lattice can lead to the observation of very narrow resonances
of such nonlinear medium evidencgd. More recently, sev- whose width is determined by the decay rate of the induced
eral groups have demonstrated a different type of laserologram. Besides the possibility of studying similar effects,
induced dynamic grating)8]. In contrast with the case of the process of transferring an induced grating to a weakly
FWM in thermal vapors where the atoms are free to moventeracting ground state also opens a way to perform
along the grating period, here a three-dimensid38l) in-  saturation-free measurements. Furthermore, we demonstrate
tensity and polarization modulation, associated with a numthat the NDFWM signal presents essentially the same prop-
ber of interfering laser beams, creates a 3D spatial structurerties previously observed in FWM, specifically regarding
of nearly harmonic potential well, called optical lattice, image processing with frequency conversion and wave-front
which can trap and accumulate a considerable fraction ofeconstruction of an object beam.
atoms leading to a corresponding spatial structure in the Our experiment was performed using cold atoms obtained
atomic distribution. Bragg light scattering from these opticalfrom a vapor cell four-beam magneto-optical tréd@dOT)
lattices has recently been reportg®, evidencing a long- [15]. One pair of molasses beams was added to this scheme
range spatial order in this system. On the other hand, the uge increase the number of trapped atoms. The trapping and
of cold atoms to perform FWM is also a well-related topic molasses beams are provided by a stabilized Ti:sapphire la-
since in this regime the induced population or polarizationser and are red detuned by about 12 MHz from the resonance
gratings are basically not affected by the atomic mofiam, frequency of the cesium cycling transitionSg,, F=4
the time for an atom to move a grating period is much longer-6P3,, F'=5 at A=852 nm, as indicated in Fig.(d),
than the spontaneous lifetiand this system can also lead which shows the hyperfine levels of the cesiDmline. The
to a long-lived spatial modulation of some local atomic ob-necessary repumping laser is provided by a long external
servable, giving rise to a corresponding dynamic atomic grateavity diode lasef16], which is tuned into resonance with
ing. This fact also makes cold atoms a very attractive systerthe 6S;,, F=3—-6P35,, F'=3 transition. Typically the
to perform efficient OPC for large angular aperture of thenumber of trapped atoms, estimated either by measuring the
incident beam$10,11]. emitted fluorescence or the absorption of a probe beam by

In this paper we report on the observation of nearly dethe atomic cloud is of the order of 1Gtoms. The experi-
generate four-wave mixingfNDFWM) in cold cesium atoms mental geometry to observe the NDFWM signal is depicted
via optical pumping-induced population-grating transfer be-in Fig. 1(b). The forward(F) pump and the prob&) beams
tween hyperfine levels of cesiud, line. This process can (the grating beamshave the same frequenay; and are
lead to the production of a population grating in a long-livedincident in the trap forming an angle @¢&4°. These beams
ground state. It is based on a suggestion of Ducloy, de Olare provided by a grating-stabilized diode laser. Another in-
iveira, and Bloch[12] of achieving OPC using a pair of dependent, grating-stabilized diode laser, generates the back-
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FIG. 2. (a) Probe beam absorption spectra around the transition
6S,,, F=4—-6P3,, F'=3,4,5.(b), (c), and(d) NDFWM spec-
trum for different relative polarizations of tHe P, andB beams as

FIG. 1. (a) Hyperfine energy levels of cesium, line. The  discussed in the text. For these spectra the B beam frequentsy
arrows indicate the laser frequencies interacting with the correl€Sonant with the transitioh=3—F'=2, while thew, is scanned
sponding transitions(b) Experimental beam arrangement for ob- around the transitiofr=4—F'=3,4,5.
serving the NDFWM signal. The forwar(~) and the probgP)
beams have the same frequeney, while the backwardB) beam
has frequency,.

interpretation is also corroborated with the observed polar-
ization dependence. A population grating will only exist for
parallel polarization ofF and P beams. On the other hand,

) i i when these beams have orthogonal polarization, the induced
ward (B) pump beantthe diffracting beam with frequency  yrating will correspond to a Zeeman coherence grating that

o, and incident on the trap satisfying the phase-matchingan oniy generate a conjugate beam when the diffracting
condition, i.e., siB=(w;/w)sin6d/2. The phase conjugate peam s coherently coupled with this induced gratiag].

(PCO) beam(the diffracted beam which is nearly counter- gjnce in this NDFWM process there exists a spontaneous
propagating to the probe beam, is picked up from a 50:5Qmission step, the induced Zeeman coherence is strongly de-
beam splitter and detected directly by a calibrated phOtOd'Stroyed, leading to a corresponding decrease in the diffrac-
odg. All the FWM be;ams have approximately the same bearj,n, efficiency. However, as shown in Figgbpand 2c), the
waist of ~3 mm, which is much larger than the trap s{ze2  generated signal is only slightly sensitive to the polarization
mm). Figure 2 shows the observed PC spectra, when thgs yhe giffracting beam. Moreover, we have checked that the
frequencyw, Of the B beam is resonant with theSs,, F pojarization of the generated beam is always the same as that
=3-6P3,, F'=2 transition, whilew, frequency is tuned of the diffracting beam. All the spectra presented in Fig. 2

around the transitions®,, F=4-6Pz,, F'=345.The cqrespond to averaging over eight scans and the observed
spectra are shown for different relative beam polarizationsyeaks linewidth are mainly limited by the jitter in the diode

In Fig. Z(b) all the beam_s h_ave the same Iin_ear polarizationgger frequency. The power of tfe P, and B beams is

and in Fig. Zc) the polarization of th@ beam is orthogonal approximately 90, 34, and 100W, respectively, in all the

to that ofF andP. However, as shown in Fig(@, when the  gpactra shown in Fig. 2. The estimated reflectivity is about
grating beams= and P have orthogonal polarization states 194 a5 measured relative to the probe beam power. Similar
(i.e., either linear or circular stateshe diffracted signal is spectra with the same polarization dependence were also ob-

strongly reduced. The spectrum shown in Figa)2Xorre-  garyed when the frequenay, was tuned into resonance with
sponds to the probg) absorption spectrum. As indicated in ¢ 6S,,, F=3—Pg,, F'=3 transition. However, in this

Fig. 2, we only can observe the NDFWM signal when thecage gne of the peaks will have, in addition to the contribu-
frequencyw, is resonant with a noncycling transition of ce- {jon coming from the transferred grating, a coherent resonant

sium, in contrast with the case of degenerate four-wavegontripution associated with a nonlinear polarization induced
mixing process previously studigd1]. This indicates that py the three incident beams in tHe=4—F'=3—F=3

the observed NDFWM signal necessarily involves a procesgyree |evel system. In fact, this process offers the possibility

of grating transfer via spontaneous emission from one of the, inyestigate the interference between the fields generated
excited states to the lower ground state. The atomic populgji; 5 two- and a three-level atomic system.

tion grating is created by the interferencefoind P beams In modeling our system we have performed a density ma-
and has a _spatial period of A=2m/|ke—kp|  trix calculation using the four hyperfine levels that interact
=N/(2 sin6/2) (ke p being the corresponding wave vec- directly with the FWM beams as well as the levels coupled
tor). The B beam is then diffracted into this grating when its with the trapping and the repumping beams. We have ac-
direction of propagation satisfies the Bragg condition. Thiscounted for the effect of the trapping and the repumping
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lasers through incoherent optical pumping rates specified bijnear optical coherence®) = 2ei[wBtf(I(Ffiq;+I(B)-?]. A

(3

. ape . . . 32/ - 0-32

7 and yg, respectively. For the specific situation depicted gy ighitorward perturbative density matrix calculation in the
in Fig. 1(a), we take the incident electromagnetic fields to be

. b ) _ rotating-wave approximation, yields for the on-resonance co-
of the form E,=3A, @' +cc, with u  herence amplitude the following result:
:F,P,B, WE=Wp=wW1, W= Wy, and W|thAM be'ng the

complex field amplitude. We assume a single relaxation rate . A (0(2) —o2)
y for all the excited states. The populations of the st&tes f;,:'— K328 22r 7337 , 1)
=4, F'=2, F=4, and F=3, ie, a0, o), o3, 2 h  [yl2—i(ke—kp+Kg) U]
ando'2 are calculated up to second order in the figtfdand
P and act as source terms to determine the third-order norwith
|
@ _ @_ N[ rty 1 n 1
Oo101 =033~ - - A
4\ 2yr+ vy \y2—ikg-v  yl2+ikp-v
% | an | *AcAE Y(YrtT ¥+ 6,)
B2 [485(y+ YRt 8,/2)+ Y (YRt 28,7 5Yr5,17)]
|
and 5,= —i(EF—EP)'J, In the above expression,, and  Mmined both by the atomic motion and by the optical repump-

w3y are the dipole matrix elements for the considered traning rate yr, which determines the effective lifetime of the
sitions, N is the total number of atoms in the trap, ands  lower ground state. Therefore, for very small valuesygf
the atomic velocity. This induced polarization will generate athe effect of the atomic motion can be evidenced. This opens
field with frequencyw, and propagating along the direction the perspective to employ the grating transfer mechanism to
Kor=Ke+ ke—Ko  when the phase-matchin ndition dis- perform a nondestructive diagnostic of the trap dynamics,
pc=krgtkg—kp, phase-matching condition dis
cussed previously is satisfied. vv_here the measurement o_f the_ angt_JIar dep_endence of the
As it can be seen from Eqd), the effect of the trappin diffracted S|gnal Wo_uld prowde_dwect mformaﬂo_n of the av-
laser, which is nearly resonar;t with the closed trgr;]si%onerage atomic velocity perpendicular to the grating planes.
F=4'—F’=5 only corresponds to an overall multiplicative ; In fact, e have measured the angular depender_me of the
tactor in th;a field amplitude. We are neglecting the Oﬁ_dlffracted S|gn§1I and the r'esults are presented in Fig. 4. AI-.
! -V ! though we believe that this observed angular dependence is
resonance trapping laser excitation to the lévet 4, which - girectly associated with the atomic motion, if we attempt to
is much smaller than the optical pumping rate induced by thegit these data with the present theoretical model, we achieve
resonant wave-mixing beams. However, the repumping lasesnly a qualitative agreement. That is, for the experimental
plays a more fundamental role in determining the amplitudesstimated range of repumping rate, we obtain an atomic av-
of the observed signal. In order to analyze this point, we
have numerically integrated E@L) over the range of atomic 25
velocities usually present in the trap. We have assumed ag
Maxwell-Boltzmann velocity distribution with a rms thermal
velocity u. The observed signal intensity is proportional to
|<0'(3‘2>|2, where(a@) is the velocity-averaged coherence
amplitude. The results, shown in Fig. 3, represent the angular
dependence of the relative NDFWM signal intensity, for dif-
ferent values of the repumping ratg;,. We have assumed
that the Doppler widthKu) associated with the velocity dis-
tributions is two orders of magnitude smaller than the spon-
taneous emission ratg. According to Fig. 3, foryg<ku
<v, we predict an angular dependence for the generated 0 : - IS L L
signal. This is very different from the calculated, very small 0 15 30 45 60 s %
angular dependence of the FWM signal for a closed two- Pump-Probe Angle (degree)
level system in the limit of very small velocities associated £ 3 Relative NDFWM intensity as a function of the angle
with laser-cooled atoms. In the last case, the time for an atorBeween the grating beams, and P, for different values of the
tct> ;nolylcet_a grgtlngl)perlo?h is mur?.h longterfttfr\]an thﬁ exé?'tedC)ptical repumping rate discussed in the tad. vg/y= 1072, (b)
state lifetime ¢~y ), so the washing out of the grating due ,./y=10"2, (c) yg/y=6%10"3, (d) ya/y=4X103, and (¢)
to the atomic motion is strongly reduc¢d]. However, for  y./y=10"3. The vertical scale for each curve is normalized by the
the specific grating transfer mechanism considered here, thsignal intensity ah=90°. For curve(e), the ratio between the signal
washout of the transferred population grating will be deter-at #=0 and #=90° is 290.
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tion by placing an aberratda transparent Scotch tape glued
into a glass platein the way of the probe beam and observ-
ing that the aberrations impressed onto the probe beam wave
front were corrected after the diffracted signal beam has trav-
eled back through the same aberrator. Although the phase-
matching condition imposes that the diffracted signal beam
does not exactly counterpropagate with the probe beam, the
misalignment is very small and lies in the range~gkrad. It

I is worth mentioning that these effects can be achieved for a
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large range of angular apertures between the “object” probe
(P) beam and the forwardH) pump beam. In fact, accord-
L L ,E o LY ing to Fig. 4, we have been able to efficiently observe ND-
10 20 30 40 50 60 FWM for an aperture angle as high &s60°. This is in great
Pump-Probe Angle (degree) contrast with the strong angular dependence of the OPC sig-
nal in thermal atomic vapoig9], which represents a major
FIG. 4. Angular dependence for the NDFWM signal. The fre- drawback for this kind of application.
quenciesw; and w, are resonant with the transitios=4—F' =4 In conclusion, we have observed FWM-induced
and F=3-F'=2, respectively. For these data the molasses beamgopulation-grating transfer between hyperfine levels of cold
were replaced by MOT beams in order to get a symmetric cloud ircesium atoms. We have theoretically studied the angular de-
the transverse plane. pendence of the NDFWM signal in the range of small atomic
velocities and suggested that this grating transference pro-

erage velocity, which is systematically larger than the averS€SS €an be used as an alternative nondestructive tool to di-

age velocity estimated by performing a time-of-flight mea-29N9S€ the trap dynamics. We have also demonstrated that

surement. We attribute this discrepancy to the fact that fo}hIS process can lead to image processing of an optical signal

the data presented in Fig. 4, the FWM beams intensities ar‘é’i.th frequency conversion and with a time response deter-

much higher than the saturation intensity, where the abovsi'r;g? r?gstgzgr?tl';a; dp;JOmpérrl% :;T\?Jal\\/ﬂgrf?c?%/frrégt]iﬁc%?i%ir\;%
perturbative model can no longer be employed. 9 P

Turning now to a different aspect of this problem, we since its efficiency is weakly dependent of the angular aper-

have, according to Eqd), that the complex field amplitude ture, this process can add new perspectives in the application

: g ; . of OPC as a real time holographic process.
of the generated signal is proportional to the complex conju Another technique, which can also provide direct infor-

gate of the probe field amplitude. As it is well known, this . S
can lead to the observation of real-time optical image pro_matmn on the v_elocny d|str!but|on of the cold sample, con-
cessing and wave-front rectificati¢m,2]. Actually we have sists in measuring the grating decay time when the grating

demonstrated both effects. We have been able to demonstralg2Ms are switched off. We are currently investigating this

that the process under investigation can be used to transfer er]oc_ess{ZO]. Itis v_vorth mentioning that these tech_mques_can
image impressed onto the probe beam wave ftarfringe monitor the atomic average velocity along an arbitrary direc-

pattern, oscillating at a frequency; to the diffracted signal tion.

beam, oscillating with different frequencw, [18]. Al- We are very grateful to Professor J. R. Rios Leite and
though, as we have mentioned, similar demonstrations haverofessor G. Grynberg for stimulating discussions. This
been performed previousf,5], we emphasize that in our work was supported by the following Brazilian Agencies:
system the temporal response is determined by the optic&#inanciadora de Estudos e Projet6$NEP), Conselho Na-
pumping time, which can be much shorter than that of phocional de Desenvolvimento Ciéfito e Tecnolgico, CNPq
torefractive materials. Furthermore, we have also demone Fundgeo de Amparo &Ciencia e Tecnologia de Pernam-
strated that our system can perform wave-front reconstrudsuco, FACEPE.
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