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Effect of optical pumping and Raman scattering on the degenerate four-wave mixing
in coherently pumped rubidium atoms
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We present an experimental study of cw degenerate four-wave miKig§VM) in Doppler-broadened
rubidium atoms coupled by an additional coherent field. The coupling field and the DFWM fields were
arranged in aA-type configuration from the rubidiun®, transitions. We found that the presence of the
coherent coupling field modifies the DFWM emission:  at lower intensities of the coupling field, the DFWM
emission is enhanced; at higher intensities of the coupling field, the DFWM is reduced. The observed effect of
the coupling laser on the DFWM emission may be explained by the direct competition between the resonance-
enhanced two-photon Raman scattering and the optical-pumping-enhanced DFWM emission.
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PACS numbd(s): 42.65.Hw, 32.80-t

I. INTRODUCTION hanced third-harmonic generatif20]. Recently, it has been
shown theoretically that atomic coherence induced by a cou-
Degenerate four-wave mixin(OFWM) has been exten- pling laser may enhance four-wave-mixing emission in a
sively studied during recent years, partly because the possibree-level systemi21]. For our experimental study of the
bility of obtaining phase conjugation using DFW§L]. DFWM emission in aA-type system, we found that the mu-
Many experiments utilized an alkali vapor as the nonlineatual coupling of the additional laser and the DFWM modifies
medium[2—6]. Detailed theoretical treatments including in- thé DFWM emission. As the intensity of the additional cou-
homogeneous Doppler shifts and/or the effect of the atomi®!ing laser increases from null value, the DFWM emission
collisions in a vapor cell for two- and three-level atomic was first increased, and then maximized at intermediate in-

systems have been developed-12. The hyperfine struc- :thansmes I(')f thle COUpI'n?t Izsgr.ﬂf urthéar m;er;)slét\)/\/;\r/}crea}se_s of
tures of alkali atoms, together with the inhomogeneous Dop: € coupling faser resutted in the reduce emission.

pler broadening, limit the density of atoms contributing to.The increases of the DFWM emission at weak to moderate

the optical nonlinearity to be a small fraction of the total intensities of the coupling laser may be explained by the
density of atoms. Also optical pumping by the DFWM Iasersreversed optical pumping such as that observed by Knize

) i et al. [13]. At high intensities of the coupling laser, the re-
to a different hyperfine ground state can further reduce th?/erse optical pumping is saturated, and a resonance-

population of the interacting atoms so the DFWM signal maygnhanced two-photon Raman-scattering processo-
disappear. One way to avoid the unwanted optical pumpingnoton-induced atomic coherendeecomes dominant in the
effect is to use a cycling transition in which the excited—s’[ateA_tyloe system. The Raman-scattering process competes with

atoms can only decay back to the same hyperfine level of thgye DFWM process, which leads to the reduction of the
ground state from which they were excitg®l]. Recently, DFEWM emission.

Knize et al. reported the enhanced DFWM emission in ce-
sium atoms by adding a hyperfine pumping laser that re-
cycles the atoms from the noninteracting hyperfine level of
the ground state back to the interacting hyperfine level of the The experiment was carried out on tbe transition of
ground state, thus allowing the DFWM to be observed af’Rb atoms. The energy level structure of tHBb D, tran-
noncycling transitiond13]; Schiffer and co-workers used sition lines and DFWM scheme is depicted in Fig. 1. The
bichromatic DFWM laser fields sharing the same upperDFWM laser fields(the forward pump, the backward pump,
excited state and observed the DFWM signal from theand the probecouple the Rb §;,(F= 1)« 5P, transition.
pressure-induced optical pumpifitd]. In view of the recent An  additional coupling laser drives the Rb
interest in the study of nonlinear optical phenomena and th&S,,,(F=2)—5P, transition and induces atomic coher-
spectroscopic measurements modified by an independeahce between the two hyperfine ground states. The phase-
coupling laseKcontrol lasey, here we report an experimental conjugated DFWM signal is generated in the backward di-
study of DFWM emission in an essentially collision-free, rection relative to the forward probe. The coherent coupling
Doppler-broadened Rb atomic system with the addition of daser and the DFWM lasers form a quasi-three-levédlpe
coupling laser driving the reverse hyperfine transition. Thesystem, and under appropriate conditions, lead to the atomic
coupling laser and the DFWM lasers formAatype atomic  population trapping in the two hyperfine ground stdtes].
configuration. It is interesting to note that a variety of physi- The experimental apparatus is shown schematically in
cal phenomena may occur in a coherently coupletype  Fig. 2. A 75-mm-long rubidium vapor cell made of Pyrex
atomic system, such as coherent population trappirtd, glass was heated to about 40 °C at which we measured that
electromagnetically-induced transparerd$—19, and en- the linear absorption coefficient at the line center offiRb

Il. EXPERIMENTAL RESULTS
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FIG. 1. Energy levels of rubidiunD, lines and the DFWM Detuning (GHz)
pump and probe scheme. A population-trappitgype configura-
tion is formed by the coupling laser and the DFWM laser. FIG. 3. The measured DFWM signal versus the DFWM laser

detuning A for several values of the coupling laser powers. The
5S,(F=1)—5P,, transition was about 0.2 cm. An  DFWM probe field and the pump fieldboth forward and back-
external-cavity diode laser was used to produce a probe, ward were linearly polarized in the same direction. The coupling
forward and a backward pump beam in a standard backwardser is linearly polarized. The curves from the bottom to the top
phase-conjugate DFWM configuration. The DFWM probecorrespond to the coupling laser power 0, 2, 10, 30, 100, 200, and
and the pump lasers were linearly polarized parallel to eacA00 mW, respectively. For clarity, different curves have been dis-
other. Before incident on a 30-70 beam splitter, the diodePlaced vertically.
laser beam was collimated and passed through a Faraday

isolator to reduce the optical feedback from the backward Figure 3 shows the measured DFWM spectra versus the
pump beam. A frequency-stabilized cw Ti:sapphire laser wagrequency detuning of the DFWM diode laser from §fRb
used as the additional coupling laser. The output beam frongsllz(,:: 1)< 5P, transition for several values of the cou-
the Ti:sapphil’e Iase.r was |ineal’|y polarized, CO||imated, anq)”ng laser powers. The probe field and the pump f|é|t[d'3h
made to overlap with the DFWM laser beams in the Rbforward and backwaidwere linearly polarized in the same
vapor cell. The angle between the forward pump and thejirection, and the coupling laser was linearly polarized. We
forward probe beams was about 10 mrad. The generatg@und that the DFWM emission depends sensitively on the
backward DFWM signal was picked off a 50-50 beam split-re|ative polarization states of the DFWM lasers, but is essen-
ter placed in the path of the forward probe beam and waggaly independent of the polarization state of the coupling
detected by a photodiode. A spatial filter was used to minijaser. The recorded DFWM spectra from the bottom curve to
mize scattered light entering the detector. The beam diametgge top curve correspond to the coupling laser power of 0, 2,
of the Ti:sapphire laser was about 2 mm and the beam diamrg 30, 100, 200, and 400 mWw, respectively. Without the
eter of the diode laser was about 1 mm. Typically, the powegoupling laser, the DFWM emission is very weak and shows
of the probe beam was about 0.5 mW and that of the forwarg double-peaked spectrum. The observed double-peaked
pump beam was about 1.5 mW at the entrance of the RBFwM spectrum is consistent with the previously published
vapor cell. The power of the Ti:sapphire laser was varied inyork, which has been interpreted in terms of the ac Stark
the experiment between 0 to 400 mW, corresponding to th@hift of the saturating DFWM field§2—5,29. Because the
estimated Rabi frequencies of the coupling laser between Grope beam intensity was well above the Rb saturation in-
to 400 MHz. The natura.l |In6WIdth Of the RDZ transition iS tensity and the DFWM Signa' beam was Comp'ete'y over-
about 6 MHz and the Doppler width is about 500 MHz. |apped with the probe beam in its backward direction, the
During the experiment, the Ti:sapphire laser was tuned to thenear absorption of the DFWM signal beam due to the non-
center of the®’Rb 5S,,(F=2)—5Pj, transition, and the perfect overlap of the pump and probe beams in the vapor
DFWM signal was recorded while the frequency of thece|l should not be appreciable. Therefore the peak splitting
DFWM diode laser was scanned across the Rbypserved in the DFWM spectrum should not be due largely

5Sy)(F =1)<5P3, transition. to the linear absorption. This was verified by increasing the
pump beam diameter to about 2 mm and observing the simi-

Diode Laser F  A/2 BSI lar double-peaked DFWM spectrum. The weak DFWM
: — M emission is apparently caused by two factors: first, the op-

— " ! tical pumping in the noncycling transitions Rb

5S,(F=1)<5P4,(F=1 and 2 that transfers the Rb atoms

TiiSaphhire Laserﬂp xn/z Rb Vapor Cell N to 5S,,(F=2) hyperfine level of the ground state and ter-
:‘ 00 v o minates the DFWM laser-atom interaction; second, the opti-
M M cal pumping for the cycling transition Rb
BS2 5S,,(F=1)<5P,(F=0) in which the DFWM laser fields

induce only the Rb 5,,(F=1, mg=0)«-5P3,(F=0,
mg=0) transition and transfer the atomic population to the
FIG. 2. Experimental arrangemem, mirrors; D, photodetec-  Rb 5S;,5(F =1, me==*1) magnetic sublevels. These two fac-
tor; M2, half-wave plateP, polarizer;F, Faraday isolator; BS1, tors reduce the Rb atomic population interacting with the
30-70 beam splitter; BS2, 50-50 beam splitter. DFWM lasers, thus diminishing the DFWM emission. When



670 YIFU ZHU, T. N. WASSERLAUF, AND PAUL SANCHEZ 55

y Py

N 800 |
g 5P .l
s 12 .\
2 Coupling Laser, \DFWM Laser
:3-3 600 795 nm | 780 nm
& \
3 58ys F=2 \
& 400 #6.8 GHz i

12 =1

0 5 10 15 20 . .
FIG. 5. The reverse optical pumping and the DFWM pump and

P2 (mwW'?) probe scheme. The coupling laser acts as an optical pumping laser
driving the RbD; transition at 795 nm while the DFWM lasers are
FIG. 4. The peak splitting of the DFWM emission spectra ver- c_oupled to the RID2 transitions. Due to the large energy separa-

“ ; : . tion between the By, and 35, states, the two-photon Raman
sus|P, whereP is the coupling laser power. The linear dEpendencescatterin is far off resonance and its contribution is negligible
shows that the splitting is proportional to the Rabi frequency of the 9 ghgrole.

ling | . . . o
coupling faser Here 75 is the population lifetime of the upper,, states,

. . . oo ‘wg, is the frequency separation between 8, §F=2) and
the coupling laser is turned on, the optical pumping is re P, States, andy is the coupling laser frequency. Second,

versed and the DFWM emission is substantially increased & ; .
shown by the curve with the coupling laser power 2 mW. As. 1o ¢ 'S & resonance-enhanced two-photon Raman scattering
) rocess, 5(F=1)«5P3,—5S;,(F=1), which induces

the power of the coupling laser increases, the DFWM sign he atomic population traoping between the two hvperfine
increases and the separation of the two emission peaks be- bop ppIng yp

comes wider. The intensity of the DFWM signal is maxi- ground states and directly competes_ with the DFWM pro-
mized at a moderate intensity of the coupling lage0 cess. The two-photon Raman scattering process involves the

mW). Further increases of the coupling laser intensity resulfamn|h|Iat|o_n(creat_|o_rj O.f one photon from the coupling laser
in decreases of the DFWM signal as shown by the top threand creation(annihilation) of one photqn from one of the
curves with the coupling laser power of 100, 200, and 40(@':\/\”\/I lasers. The Raman pump rate is proportionz24)
mW, respectively. Overall, the peak phase conjugate reflec- 0202

tivity measured from the data shown in Fig. 3 ranges from d
0.2% (the zero coupling laser poweto 2% (30 mW cou-
pling laser power The increased peak splitting in the
DFWM emission spectra at higher coupling laser intensitie
can be attributed to the ac Stark shift of the coupling laser. |
Fig. 4, we plot the measured peak separation of the DFWM
emission versus the squared root of the coupling laser powe?,1
proportional to the coupling laser Rabi frequer@y= wE/ a
#fic\/[P. Here u is the atomic dipole moment between the
55, (F=2) and 34, states, ancE is the coupling field
amplitude. The linear dependence of the peak splitting vers ; L :
) is apparent. The double-peaked, DFWM emission spec* )’. at lower _mtensmes .Of the coupling laser, th? reverse
trum at zero coupling laser intensity is due to the ac Starl?pt'caI pumping is dominant, and the DFWM signal in-

shift induced by the moderately strong DFWM pump field creases due to the increase of the number of the atoms inter-

[2-5]. When the coupling laser is on, an additional ac Starkécting with the DFWM lasers. At higher Intensities of the
splitting between the S,(F=2) and PP, states is intro- coupling laser, the reversed optical pumping becomes satu-
duced, which results in further separation of the DFWM _rated, and the two-phqt_on Raman scattering becomes more
emission peaks. important. The competition between the two—photoq Raman
process and the DFWM process leads to the reduction of the
DFWM signal at higher intensities of the coupling laser.
lll. DISCUSSIONS To verify the competition between the two-photon Raman
In the effective A-type atomic system coupled by two scattering and the optical pumping-enhanced DFWM emis-
jon, we carried out the experimental measurement of the

laser fields studied here, two physical mechanisms influenc S . : . .
FWM emission in a laser coupling configuration shown in

@

YRamat® {1 0 (03— gt w3~ 00) 2+ ¥
dere()y andw, are the Rabi frequency and the frequency of
r;he DFWM fields, respectivelyws, is the transition fre-
uency between theS,(F=1) and ,, states andy is

e two-photon Raman linewidth. Note that for the coupling
ser and the forward pump las@r probe laser the two-
photon Raman scattering is essentially Doppler-free, and
therefore, can be very effective. The Raman process com-
L%etes, with the DFWM process. As shown by E¢b. and

the DFWM process. First, the reversed optical hyperfin . . . 4 v
pumping is present, which transfers the atoms back to tht '9. i.'n WEI'(I:htLheDCIS\?VI?\I/Hg Ias_erkls ﬁned(jtc: tg%%gl
hyperfine level of the ground state coupled by the DFWM ransition whiie the aser Is kept tuned o 2

lasers, and thus increases the DFWM signal. The opticaHanSition' This configuration effectively removes the two-
pumpi’ng rate is proportional 23] ' photon Raman scattering from the DFWM process by creat-

ing a large frequency detuning for the Raman transitions.

0272 The rever.se'optical pumping is achieved first by the coupling

Yoump™® : 5 5. (1) laser excitation of the Rb atoms to th®p, states and then
1+4(w3— ) 73+ 20°15 followed by the spontaneous decay of the Rb atoms from the
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1 1 — hyperfine structures between th@%, and 3P, states, un-
coupled magnetic sublevels are present, and unbalanced
population accumulation and trapping among different mag-

0.01 |- netic sublevels differ for the two optical pumping schemes.

Thus, it is expected that the DFWM emissions will be dif-

ferent for the two situations. Since the two-photon Raman

scattering is negligible for the experimental arrangement
shown in Fig. 5, the measured DFWM emission in Fig. 6 is
‘ A free of the competition from the two-photon Raman scatter-

0 w ki, ‘ ing, is a monotonically increasing function of the coupling

-2 -1 0 1 2 power, and maximized when the reverse optical pumping is

Detuning (GHz) saturated at the high coupling laser power.

DFWM Spectra (arb. unit)

FIG. 6. The measured DFWM emission spectra for several cou-
pling laser powers versus the DFWM laser deturingThe curves
from the bottom to the top correspond to the coupling laser power \We have measured the DFWM emission spectra in a
0, 100, 200, and 400 mW. The coupling laser rec_ycles the Rb atomgg||ision-free, Doppler-broadened Rb atomic system coupled
back to the Rb 5,(F=1) state and results in the enhanced py an additional coherent field. Our measurement shows that
DFWM emission. This reverse optical pumping increases with thgne pF\WM signal increases with an additional coupling laser
increasing coupling laser power and saturates at about 200 mW. Fafi |o\er intensities and is maximized at a moderate intensity
clarity, different curves have been displaced vertically. of the coupling laser. A further increase of the coupling laser

intensity results in decreases of the DFWM emission. The
5P, ), State to the 5,,(F=1) state. Once the Rb atoms are experimental measurements demonstrate tha't the observed
in the 5S,,(F=1) state, their interactions with the DFwM effects of the coupling laser on the DFWM emission can be
pump and probe fields lead to the emission of the phaséquahtatlvely understood in terms of a reversed optical pump-
conjugated DFWM field. Since the coupling laser and thelng process that transfers the atoms back to the interacting
DFWM lasers were connected to the B and D, transi-  hyperfine ground state and a two-photon Raman scattering
tions, respectively, there is a large frequency detuning for th@rocess that directly competes with the DFWM process. At
two-photon Raman scattering process. This effectively elimihigher intensities of the coupling laser, the two-photon
nates the contribution from the two-photon Raman scatterRaman-scattering process is dominant, and therefore, the
ing. The measured DFWM emission spectra for several valPFWM emission decreases. This conclusion is supported by
ues of the coupling laser powers are plotted in Fig. 6. Adhe additional experimental measurements in a laser coupling
expected, the DFWM emission increases with the Coup"n%onfiguration essentially free of the Raman-scattering contri-
laser power, no suppression of the DFWM emission is obbution. However, a quantitative understanding of the experi-
served at higher coupling laser powers, and the coupling |gnental results requires a detallgd theoretical _analy5|s. Be-
ser causes no further increase of the peak splitting in théause of the complicated hyperfine structures in theDRb
double-peaked DFWM spectra. At the maximum couplinga”le transitions, the DFWM emission should depend sen-
power of 400 mW, the DFWM emission is increased bySitively on the relative polarizations of the DFWM laser
about five times. For the DFWM emission in thetype fields, and the influence of the coupling laser on the DFWM
configuration shown in Fig. 3, at a moderate coupling lasefmission may vary. Further experimental study along these
power of about 30 mW, the maximum DFWM emission Waslings and a detailed theoretical analysis should be worth-
about 10 times greater than that without the coupling lasetVhile.
This may indicate that when the coupling laser is connected
to the same B, state as the DFWM I{isers are, the atomic ACKNOWLEDGMENTS
coherence induced by a weak coupling laser may have a
positive effect on the DFWM emission and/or the reverse This work was supported in part by the U.S. Army Re-
optical pumping is more efficient than that where the cousearch Office under Grant No. DAAHO4-95-1-0534 and a
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