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Nonlinear spectroscopy and optical phase conjugation in cold cesium atoms
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We have employed a sample of cold cesium atoms in a magneto-optical trap to study nonlinear spectroscopy
and four-wave-mixing optical phase conjugation using a noncycling transition. Reflectivities of the order of 1%
have been measured for moderate levels of pump power and large angular aperture. In particular, we have
performed nonlinear spectroscopy in a three-l&#ype system and observed directly the ac Stark splitting of
the cesium &;,,, F=4 ground state]S1050-29477)08903-9

PACS numbegps): 32.80.Pj, 42.50.Hz, 42.65.Hw

The ability to cool and confine neutral atoms at very lowated with different laser beams on a specific atomic state, but
temperatures has open new avenues to perform nonlinear oplso to study the dynamics of trap itself. For example, in the
tical experiments in a domain where Doppler and transifresent work a simple pump-probe experiment performed in
broadening can be strongly reduced, thus allowing the real MOT allows us to observe directly the ac Stark splitting of
ization of extremely high-resolution measuremdnts5]. In  the cesium &,,,, F=4 ground state, associated with the
this domain a number of nonlinear optical effects, which arestrongly saturating trapping beams. We should mention here
often hidden in thermal atomic vapors due to the velocitythat the effect of the trapping beams of a MOT on the ground
average, can be easily evidenced. Another major differencgtate of cesium was previously observed by Georgiaties
associated with the atom-laser interaction is related to th&5], through the two-photon excitation of th&6,-6Ds, ce-
fact that with cold atoms all the atoms contribute efficiently sium transition.
to the signal, whereas in a Doppler-broadened medium only Our experiment was performed using cold atoms obtained
a small group of velocities are resonant with the laser lighfrom a four-beam magneto-optical trap as described previ-
therefore leading to a reduction in the observed effect. Alsopusly in Ref.[14]. However, in order to increase the number
as we will describe later, cold atoms in a magneto-opticaPf trapped atoms we have added to this trapping scheme one
trap (MOT) is a very appropriate medium to perform wave- pair of molasses beams, with parallel linear polarization,
mixing spectroscopy using noncycling transitiofie., a  along the transverse directiga5]. Figure 1 shows the hy-
transition which does not conserve the total populatitiis ~ perfine splitting of the cesium &, and &P, states and
well known that optical pumping prevents the observation ofindicates the relevant energy levels for trapping and for do-
degenerate four-wave mixingDFWM) using noncycling ing the spectroscopic investigation. The trapping beams are
transitions in alkali metal8]. Although some methods have supplied by a stabilized Ti:sapphire laser and are detuned by
been developed to overcome this limitatiahg], we are able about 12 MHz below the resonance frequency of the cesium
to observe DFWM signals with an efficiency several orders
of magnitude higher in the MOT. This consequently in-
creases the applicability of DFWM either as a spectroscopic
tool or as a sensitive method to investigate other physical 6P,
phenomena, such as optical pumpi®d and atomic diffu-
sion[10].

In this work we have employed a sample of cold cesium
atoms obtained from a MOT to investigate four-wave-mixing
optical phase conjugation using a noncycling transition, and
in particular to perform nonlinear spectroscopy in a three-
level V-type system. Although other recent works have re- 852nm /;
ported on the observation of DFWM and nearly DFWM in 1
cold atoms[11-13, those experiments were done using a
cycling transition, where depletion of population of the in-
teracting ground state due to optical pumping is strongly
reduced. On the other hand, since most of the trapping
schemes employ the same cycling transition to cool and con-
fine the atoms, one often has to switch off these beams while ~ __12 2
measuring the DFWM signal in order to avoid saturation
effects induced by the trapping beams. The possibility of
performing nonlinear spectroscopy and DFWM in cold and
trapped atoms, using an atomic transition different from the FIG. 1. Relevant energy levels of cesiufi3Cs) involved in the
trapping one will certainly be important not only for offering experiment.w; and wp indicate the frequency of the trapping and
us a way to monitor separately the role of saturation associhe probe beams, respectively.
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FIG. 2. Probe beam absorption spectrum around the cesium Normalized Rabi Frequency

noncycling transition &,,,,F=4—6P5,,F'=4, in the presence of
the strongly saturating trapping beams, detuned below the resonant FIG. 3. Dependence of the measured ac Stark splitting as a
frequency of the cycling transition®,,,F=4—6P5,,F'=5. function of the generalized Rabi frequen@y2+= normalized to the
cesium natural linewidth of the excited stald27=5.3 MHz. The
cycling transition ,,, F=4—6Ps,, F'=5 at A\=852 average saturation intensity ls=2.5 mW/cn? and the scaling
nm. A long external cavity diode lasgt6] tuned into reso- factora~0.25 is determined by adjusting the measured Stark split-
nance with the 6,/,,F=3—6P5,,F’ =3 or 4 transition, re- tﬁng to the generalized. Rabi frequgncy in just one point. The solid
cycles the population lost to the hyperfine leves,p,  !ine corresponds to a linear best fitting.
F=3 of the cesium ground state. The trap is loaded directly
from a vapor cell at room temperatuf&7]. Typically the spread in the Clebsch-Gordon coefficients within the
number of trapped atoms, estimated by measuring the fluGc=4—F’=5 manifold, we have used a value bf=2.5
rescence emitted by the atomic cloud using a calibrated phanw/cm?, which corresponds to an average over all the Zee-
todiode, is about 10atoms. man subleveld18]. In the plot of Fig. 3 all the measured
Our first set of measurements consisted in measuring thgapping laser powers have been scaled by a factor
probe beam absorption spectrum of the trapped cesium ag~0.25, which accounts for the uncertainty in determining
oms around the noncycling transitiors,, F=4—6P35,,  the laser intensity in the trapping region as well as the satu-
F’=4, which is 251 MHz from the cycling transition, as ration intensity. The solid line corresponds to a linear best
indicated schematically in Fig. 1. The probe beam is proditting. For a fixed intensity of the trapping beams we also
vided by a grating stabilized diode laser, with a spectral linehave measured the Stark splitting for different values of the
width less than 1 MHz and tunable over all the cesium Dop-detunings and observed the same type of linear dependence
pler width of ~500 MHz. The probe beam is made very with the generalized Rabi frequency. Although the probe
weak and focused through the trap with a waist much smalleffeam absorption spectrum can be obtained with a full density
than the trap size<{1 mm). For a fixed trapping beam de- matrix calculation[19], we can qualitatively interpret our
tuning and under the condition of strong trapping beams exresults in the context of the dressed-atom md@el21]. In
citation, Fig. 2 shows a typical probe beam absorption speahis approach, the intense trapping beams coupled to the
trum which clearly reveals the dynamic Stark splitting of theatomic cycling transitiolF=4—F’ =5, gives rise to succes-
cesium @,,, F=4 ground state. We have measured thesive doublets of dressed states. The doublet around the ce-
Stark splitting for different values of the trapping beams in-sium ground state is coupled to the unperturbed excited state
tensities and detunings. In Fig. 3 we have plotted this split6P,,,F’ =4, by the probe beam. The frequency splitting of
ting as a function of the generalized Rabi frequency associthe dressed states in each manifold is given by the general-
ated with the variation of the total intensity of the trappingized Rabi frequency. Furthermore, for the trapping laser de-
beams. For a total trapping beam intendityand frequency tuned below the atomic resonance, the two dressed states in
detuningd, the generalized Rabi frequency can be written aghe doublet have unequal populations, with the lower dressed
Q=T (5IT)?+17/ls, wherel'/27=5.3 MHz is the cesium state being more populate®1]. This fact also explains
natural linewidth of the excited state ahg is the average qualitatively the different peak amplitudes observed in the
saturation intensity of the cycling transition. For very high probe spectrum. As suggested in referef@l this differ-
intensities the Stark splitting is known to vary linearly with ence of population in the dressed states can be used to pro-
the generalized Rabi frequency. By considering the large&luce population inversion and consequently gain in the op-
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forward and the retroreflected backward pump beams have
approximately the same power of 24V and the same beam
waist of ~500 um. The probe beam has a power of 13
uW and is focused to a beam waist 6f200 um. Under
these conditions, Fig. 4 shows the DFWM spectrum versus
the degenerate laser frequeney, for a broad frequency
scan. As indicated in the figure, the peaks are associated with
the cycling F=4—-F'=5 and the noncycling
F=4—F’=4 transitions. It is worth noticing that when the
intense pump beams are resonant with the noncycling tran-
sition, a large increase in the population depletion of the
absorbing ground stateS},,, F=4, occurs, due to the in-
creasing of the optical pumping rate to the nonabsorbing
ground state 6,,,,F =3. We have verified that the presence
of the DFWM beams around the noncycling transition re-
duces the trap absorption coefficient by approximately 30%.
Nevertheless, under the above condition, we have been able
to observe efficient generation of phase conjugate signal
around the noncycling transition with reflectivity of order of
; ! | 1%. The phase conjugat®C) beam, which propagates in
the opposite direction of the probe beam, is reflected by a
Frequency 50:50 beam splitter and detected directly with a photodiode
without the need of employing any synchronous detection
FIG. 4. Four-wave-mixing phase-conjugate spectrum, sh_owin%ystem_ By retroreflecting the probe beam we can easily
the peaks around the cycling=4—F’=5 and the noncycling jign the phase-conjugate beam and calibrate the photodiode.

F=4—F'=4 cesium transitions. Inset: Experimental geometry forFOr the spectrum shown in Fig. 4 the total trapping power
observing the phase-conjugate signal. ’
used was about 80 mW.

tical region. This could be achieved by the introduction of In order to eliminate the contribution to the observed
another strong pump field that is resonant with the transitiopphase-conjugate signal around the cycling transition associ-
between the more populated dressed state and the unpeted with the pair of counterpropagating transverse trapping
turbed excited stat&’=4 or another higher excited state. beams, we slightly misalign these beams, thus introducing a
The strong pump field will tend to equalize the population ofmismatch that averages the corresponding signal to zero
these two states leading to a population inversion at the frg-11]. It is worth mentioning here that the phase-conjugate
quency of the other coupled transition, i.e., the transitiorsignal associated with the trapping beams has a complex
between the involved excited state and the less populatespbectral structure that reveals the presence of a narrow reso-
dressed state. We are currently investigating this gain mech@ance associated to Raman processes in the ground state
nism in our system. We should note that this population in{1,2,11] and also broader resonances around the Mollow’s
version occurs in the absence of any incoherent pumpingpectrum. In particular, we have observed a resonant en-
mechanism into the excited state. Therefore, this is differenbhancement of the phase-conjugate signal, when the probe
from the inversion predicted in other types of three-levVel frequency is scanned around the spectral region correspond-
systems where the inversion is achieved through the presag to the Mollow’s gain.
ence of an incoherent spontaneous decay which transfers Although a density-matrix calculation for the DFWM sig-
population between the two excited states of the three-levelal around the noncycling transition, in the limit of high
system[22]. It is worth mentioning that under the same ex- intensity of the trapping beams, also reveals the ac Stark
perimental conditions the measured probe beam spectrusplitting of the ground state, we have estimated that the ratio
around the cycling transition also reveals the well-knownbetween the two peaks of the DFWM signal around the non-
Mollow’s gain of the order of 10%23]. This gain mecha- cycling transition is about three orders of magnitude smaller
nism can also be interpreted as a result of stimulated emighan that predicted for the peaks in the probe absorption
sion between dressed states with inverted populdfidh spectrum. This essentially explains why we have just ob-
We have also investigated the generation of optical phasserved a single peak in the DFWM spectrum.
conjugation by DFWM in the trapped cesium atoms. In order As we have mentioned, DFWM around a noncycling tran-
to observe the phase conjugate signal we have added anotteition have been observed previously by Knize and co-
pair of counterpropagating pump beams, the forw&gnd  workers[7,8], in a thermal cesium vapor. In their experi-
the backward B) beams, forming a small angléd{3 °) ments they have strongly reduced the effect of optical
with the direction of the probe beanf], as indicated in the pumping either by introducing a repumping laser similar to
inset of Fig. 4. The pump beams are provided by the samthe one we have in the magneto-optical trap, or by making
grating stabilized diode laser and have the same frequenayse of the atom-wall collision process which considerably
and the same linear polarization as the probe beam. To précreases the relaxation rate between the two hyperfine levels
vent optical feedback from the backward beam, we havef the cesium ground state. However the measured reflectiv-
used an optical isolator in the output of the diode laser. Thaty under the condition of their experiments is very low and

F=4-F'=

DFWM Phase Conjugate Signal ( arb. units )
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ever, we have observed that for very high intensity of the
DFWM beams the signal around the cycling transition is
strongly enhanced while the signal at the noncycling transi-
or tion drops rapidly due to optical pumping.

In the inset of Fig. 5 we show the angular dependence of
the DFWM signal around the noncycling transition. Differ-
ently from the case of Doppler-broadened system where the
DFWM signal decreases very rapidly with the angular aper-
ture [26], we were able to observe efficient DFWM for
pump-probe angle as large as 45 °. As it is well knda8l,
the DFWM signal can be interpreted as a result of the dif-
fraction of one of the pump beam into an interference grating

induced in the medium by the other incident beams. In a
{ Doppler-broadened system the induced grating is completely
washed out due to the atomic motion for short grating period,
i.e., large pump-probe angk However, observing that in
the trap the atoms are moving so slow that the time it takes
for an atom to move a grating period is much longer than the
excited-state lifetime, the washing out of the grating will be
{ strongly reduced. Although there is a small decrease in the
, L DFWM signal due to the variation in the overlapping vol-
o 1o 2 o w5 ume, we have verified that this is not enough to explain the
Pump-Probe Angle ( degree ) observed angular dependence. We also should note that our
0 e L trap scheme is not isotropic so the angular dependence could
0 1 2 3 4 5 6 also reflect the anisotropy either in its spatial or velocity
2 -3 2 distributions, as well as some dynamics aspects associated
(Pump Power)~ (10™> mW<) with the relaxation time of the ground stgfi27]. We are
currently investigating the physical origin for the angular

FIG. 5. Dependence of the DFWM signal with the square of thedependence of the DFWM signal both theoretically and ex-
pump beams power, for the noncycling transition. Inset: Angularperimentally.
dependence of the DFWM signal around the noncycling transition. In conclusion, we have observed efficient generation of

5 s ) optical phase-conjugate signal around a noncycling transition
ranges from 10° to 10°°, a value which should be com- sing cold and trapped cesium atoms in a four-beam
pared with the 10° reflectivity measured in our cesium trap. magneto-optical trap, and measured the ac Stark splitting in-

For a fixed trapping beam intensity, Fig. 5 shows theg,ceq by the trapping beams in the cesium ground state. The
variation of the phase-conjugate signal with the square of thﬁigh refiectivity and the large angular aperture of the ob-

power of the DFWM pump beams, around the noncyclingseryed DFWM signal significantly complement the possibil-
transition. As can be seen, the nonlinear behavior |nd|cate§y of its applications in spectroscopy and real-time

that saturation of the third-order susceptibiligf®”) is occur-  pojography.

ring. That this observed saturation is not due to a decrease in

the number of atoms in the trap, was experimentally checked

by measuring simultaneously the trap absorption. For the We are very grateful to Professor M. Ducloy for useful
same range of pump power the DFWM signal at the cyclingand stimulating discussions. This work was supported by the
transition was observed to vary linearly. The presence ofollowing Brazilian Agencies: Financiadora de Estudos e
saturation in the four-wave-mixing process indicates thaProjetos, FINEP; Conselho Nacional de Desenvolvimento
higher-order multiwave mixing processes can be observedzientfico e Tecnolgico, CNPg; Funda de Amparo &Ci-

In principle, one can employ a spatial resolved technique t@ncia e Tecnologia de Pernambuco, FACEPE; and Programa
monitor separately each higher-order term of the nonlineade Apoio ao Desenvolvimento Ciéfito e Tecnolgico,
polarization induced in the cold atomic sampis]. How-  PADCT.
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