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Resonant four-wave mixing with slow light
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Electromagnetically induced transparency in a four-level atomic system suppresses the linear susceptibility
and enhances the nonlinear susceptibilities, which leads to the resonantly enhanced slow-light four-wave
mixing at low light intensities. We report an experimental observation of such resonant four-wave mixing in
cold Rb atoms.
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Electromagnetically induced transpare&T) has been =p andc) is the wave vector of the input proljp) and the
used recently to obtain vanishing linear absorption and largeoupling(c) fields, respectively, ani is the wave vector of
nonlinear susceptibilities, as well as slow light speed in arhe pump field. In our experimental arrangement of the
absorbing mediunf1]. It has been shown that it is possible packwardFWM configuration[Fig. 1(b)], k=—k., the phase-
to study nonlinear optics near the resonant frequencies of theaiching condition reduces ta= 2k +k,, which is satisfied
ator_nic transitions in an EIT medium at Io_w_ !ight levels d(_)wn with 6p~ 6s= 6~ 0.34° for the Rb system.
to single photon$2]. This opens up possibilities of applying ~ \yithout the pump laser, the Rb system exhibits the stan-

the EIT tgchnique_ to explore_quantum nonlinear optics an%lardA-type EIT and the probe-laser pulse propagates with a
quantum information processing). slow group velocity. When the pump laser is added, the EIT

EIT manifested nonlinear optical phenomena have been S ” ; .
subject of many recent studies. In particular, four-wave mix-ﬁ;\ne profile is modified, which leads to the enhanced third-

- - . der nonlinearity [16-19. For Q.>Q, and A,=A=0
ing (FWM) in three-level and four-level EIT systems with a or . . e P ¢
variety of laser coupling schemes has been studied by var[A<(3) is the frequency detuning of the couplingump
ous groups in recent yeafd—15. So far, the experimental 12sel, the group velocity of the probe light is given by

studies of FWM in EIT media are largely carried out in vapor c

cells or solids in which inhomogeneous broadening is domi- Vg= , (1)
nant and the pump light intensities applied are typically 1+ 295)((“’9)
above the atomic saturation intensities. In a four-level sys- 2 dwp |ap=o

tem, the added pump field necessary for the FWM process . . .
modifies the EIT line profile. When the pump intensity ap-Where x(wp) is the atomic susceptibility at the probe fre-
proaches the saturation level, the steep normal dispersion féluencyw,, A,=w,~wy3is the probe frequency detuningis
the weak probe light disappears and the EIT medium ceasdBe light speed in vacuum, and
to support the slow photon propagation. Theoretical studies 9 y(@.)
predict that the EIT manifested slow photons and the en- X 9)
hanced nonlinearity greatly increase the FWM efficiency and 7 @p A,=0
render the efficient FWM observable at low light intensities o 2 a 2 2 2
[2,15. Here we report an experimental study of four-wave = AK(QITS" — [0 - [P + 2TT"y) = (o) )_
mixing resonantly enhanced by EIT in a four-level system (T3 Q% + T4 Qqf? + To30,)?
realized with cold Rb atoms. Our experiment was done at the 2)
pump and probe intensities below the saturation levels, .
which ensures the slow group velocities for the probe lighti€re K=Nlu13*/ (3Veqfi) and [')(<I's) is the decay rate of
and the generated signal light. We observed directly the slowh€|2)—|1) coherence. Whefix(wp)/ dw,=0, Eq.(2) results
light propagation and obtained a high FWM efficiency in a critical value(), of the pump Rabi frequencs?,
~10%. , 5

Consider a four-level Rb system depicted in Figylthe | 12— VIQ* + 4O AT + Tol) - |Qf? - 2051 -
coupled®Rb D; transition lines form several separate four- 2
level channels and to a good approximation, can be treated as (3)
an effective four-level EIT systemA coupling laser driving
the transition|2)—|3) with Rabi frequency(), and a weak When|Q[*=Qg[? Vy=c; when|Q[*<Qg|?, the EIT medium
probe laser driving the transitiofl)~|3) with Rabi fre-  exhibits normal dispersion an&/;<c; and when |Q[?
quency (), form the standard\-type EIT configuration. A > ()y[%, the EIT medium exhibits anamalous dispersion and
pump laser drives the transitid®) —|4) with Rabi frequency Vy>C or become negativéVy;<0) [20]. Therefore, with a
Q and facilitates a nondegenerate FWM procéss—|3)  weak pump lasef|Q)| <|€g|), the four-level system exhibits
—|2)—|4)— 1), which results in the emission of photons vanishing linear absorption and greatly enhanced nonlinear
with a wave vectorkg at the frequencyw,. The required susceptibilities while preserving the normal slope of the
phase-matching condition is given ty—k.=ks—k [k; (j probe dispersion, which enables the FWM process to pro-

r2.
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FIG. 2. (a) Calculated probe response vs the probe frequency
detuning in the four-level EIT systeiall other lasers are on reso-
nancg. (b) Calculated signal response vs the signal frequency de-
tuning in the four-level EIT systenall other lasers are on reso-
nance. The parameters ai.=1.8'3, 1=0.8"3, 1,=0.2"3, and
0s=0.04";. For the absorption curves, values0(<0) indicate
gain (absorption. Note that both the probe and the signal see the
steep normal dispersion near their respective resonant frequencies,
ceed with slow light speed for the probe photons. When thavhich results in slow group velocities for both the probe pulse and
Rabi frequencyQ of the generated FWM field is weak the generated signal pulse.

(104 <[] /Q¢]) [21], the signal photons also propagate

with a reduced group velocity. This is the regime where thebeam with a beam diameter5 mm. The probe laser driving
FWM produces the signal photons with a high efficiency, andhe D;F=1-F'=1 transition is provided by a fifth extended-
may lead to quantum entanglement between the probe pheavity diode laser with a beam diameter0.5 mm. The
tons and signal photorj22]. To provide the physical insight probe laser, the coupling laser, and the pump laser are over-
for the slow photon propagation, we calculated the probdapped with the trapped Rb cloud as shown in Fidp)1The
response and the signal respoigsiegle atom response and coupling laser and the pump laser are linearly polarized par-
excluding propagation effeotsn the four-level EIT system allel with each other, which is perpendicular to the linearly
by assuming that the generated FWM field is weaker than thpolarized probe laser. Two polarizing beam splitters are used
probe field(|Qy <|Q,|). The calculated results are plotted in to combine and separate the probe light, the coupling light,
Fig. 2. Figure 2a) presents the probe absorption and disperthe pump light, and the generated FWM signal light. The
sion versus the probe frequency detuning. Without the pumpmall anglefp=~ 6s=9(~0.34°) nearly satisfies the phase-
laser, the probe response exhibits the usual EIT line profilenatching condition and also ensures that the transmitted
with vanishing absorption aAp=0 and the steep normal probe beam and the generated signal light are spatially sepa-
dispersion neanp=0. With a weak pump laser, the probe rated from the residual pump and coupling beams at the de-
laser experiences the nonlinear absorptiwith the reduced tector positions. The transmitted probe light and the gener-
EIT transparency windoyat Ap=0 [16-19 while still see- ated FWM signal ligh{with the same linear polarization as
ing the normal dispersion near the resonance. Figyb¢ 2 the probe light are collected by two photodiode detectors.
presents the signal gain and dispersion profile versus the sig-he spatial position of the signal detector is carefully aligned
nal frequency detuninghe other three fields are all on their and optimized for the generated signal that is observed to
respective resonanoedt shows that the FWM field is am- depend on three laser beams simultaneously.

plified in the EIT system with the gain peaked at the reso- The experiment is run in a sequential mode with a repeti-
nance and the signal dispersion also has a steep normidn rate of 5 Hz. All lasers are turned on or off by acousto-
shape. Therefore, for the FWM process in the four-level ElToptic modulatorsAOM) according to the time sequence de-
system at low pump intensities, both the probe light and th&cribed below. For each period of 200 ms]198 ms is used
generated signal light propagate with slow group velocitiesfor cooling and trapping of the Rb atoms, during which the

Our experiment is done with coffRb atoms confined in  trap laser and the repump laser are turned on by two separate
a magneto-optical tra@MOT). A tapered-amplifier diode la- AOMs while the coupling laser, the probe laser, and the
ser (TA-100, Tuioptic§ with output power~400 mW is  pump laser are off. The time for the FWM measurement lasts
used as the cooling laser. An extended-cavity diode laser2 ms, during which the trap laser and the repump laser are
with an output power of~30 mW is used as the repump turned off, and the coupling laser and the pump laser are
laser. The diameter of the trapping laser beams and the redrned on. 10Qus after the coupling laser and the pump laser
pumping laser beam is 2.5 cm. Thé®’Rb atoms are trapped are turned on, the probe-laser pulse is turned on. The gener-
with the cooling laser and the repump laser tuned toDhe ated signal pulse and the transmitted probe pulse are then
transitions. The trappetiRb atom cloud is~2 mm in diam-  recorded versus the time.
eter and contains-10° atoms. A simplified experimental Figure 3 shows the measured probe transmission spec-
scheme is depicted in Fig(d). The coupling field driving trum and the FWM emission spectrum versus the probe fre-
theD,F=2-F'=1 transition is provided by a third extended- quency detuning\,. For these measurements, the probe laser
cavity diode laser with a beam diamete mm and output is turned on and off at the same time as the coupling and the
power ~20 mW. A fourth extended-cavity diode laser driv- pump lasergwith the same 2-ms duratipnAfter a 100us
ing the D;F=2-F'=2 transition provides the pump laser delay, the probe-laser frequency is scanned acros®ike

(b)

(a)

FIG. 1. (a8 FWM coupling scheme of the four-levBfRb atoms.
I'5(T"y) is the spontaneous decay réfa~I",=27x 5.4x 10° s71).
(b) Simplified experimental set up. BS, beam splitt€=92%, R
=8%); PBS, polarizing beam splitteD), photodetector.
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e Q=0 ' ! *« 0=0 "
€ 100 * Q/2r~4 MHz E‘“ T (b) *  Q/f2m~4 MHZ] FIG. 3. (a) Measured(dot9 and calculated
5 (a) g (solid lineg probe transmission, anth) mea-
8 £ sured(dot9y and calculatedsolid lineg FWM in-
§ ‘t, % tensity (normalized relative to the probe inten-
2 H . sity) vs the probe frequency detuning,. The
3 50 bt E coupling laser and the pump laser are on reso-
& z nance (A.=A=0). Q/27~8 MHz, Q,/27

30 0 30 30 0 30 ~0.4 MHz, andQ)/27~4 MHz.
Probe Detuning (MHz) Probe Detuning (MHz)

=2—F’=1 transition, and the probe transmission and thesurements shown in Fig(&) for the two lower curves cor-
FWM emission are recorded versus the probe detuning. Theesponding to the probe pulse transmitted through the three-
dots in Fig. 3 are the experimental data and the solid lines arevel A-type EIT medium(curve 2, no pump lasgiand the

the numerical calculations of the coupled Maxwell equationsprobe pulse passing through the four-level EIT medium
for the four-level EIT systenqunder the slowly varying am- modified by the weak pump lasésurve 3, respectively. By
plitude approximation Figure 3 shows that without the fitting the transmitted probe pulse with a Gaussian shape,
pump laser, the observed probe transmission exhibits a deenoexr{—Z(t—At)zhz], and taking the average for ten mea-
EIT window and no signal from the FWM process is ob- syrements, we derive that the probe pulse propagating
served. When the weak pump laser is present, the transmigrough the three-level EIT mediufwithout the pump laser
sion spectrum shows a large increase of the probe attenuatigg) delayed by 25+9 ns relative to the reference probe pulse
near the resonance, demonstrating the EIT enhanced nonligng the probe pulse propagating through the four-level EIT
ear absorption[Fig. 3@)] [16-19. The measured FWM medium during the FWM processith the pump laseris
emission spectrum s plotted in Fig(t3, which exhibits a  delayed by 17+10 ns. Overall, the measurements show that
single peak coinciding with the EIT window. Under our ex- the transmitted probe pulses maintain nearly the same tem-
perimental conditions, the observed FWM efficiengyde-  poral profile and the pulse distortion is small. We also ob-
fined as the ratio of the FWM signal intensity and probe served that when the pump Rabi frequency increases to
intensitytp, I/1,, is about 10%. It has been shown theoreti-()/27>6 MHz, no time delay between the transmitted
cally [15] that under the conditions of strong-coupling field probe pulse and the reference probe pulse is observed, veri-
and pump field in an optically dense medium, the generatefing that the slow photon FWM only occurs at the weak
FWM intensity in theforward FWM configuration is suffi-  pump intensities.

ciently high to reach the regime whef@|~ |Q[[Q|/|Q, It is instructive to study the dependence of the FWM ef-
then the_ t_hree-photon destructive interference Iimits thﬁ‘iciency and the probe group velocity on the coupling Rabi
FWM efficiency at the resonance. In such a regime, th&requency().. Figure §a) plots the group velocity of the
FWM emission is maximized with the detuned probe andprope light versus the coupling Rabi frequerigycalculated
coupling laser$15]. Our experiment is done in theackward  from Eq. (1) and shows that with a fixed weak pump, when
FWM configuration with weak pump and moderate coupling|() |2< |Q)|2, Vg>c; when|Qg?> Q|2 Vg<c. The probe
lasers, and the FWM efficiency is limited further by the finite group velocity reaches the minimum value for a modefyte
number of cold atoms in the MOT. The generated FWMyg|ue, after which the group velocity increases slowly with
intensity is weak(|Qd <|Q[[Q,]/[€[) so the three-photon  the increasing),. Figure §b) shows the dependence of the

destructive interference is not dominant, and the observegiwM signal intensity versu$).. The FWM signal intensity
FWM is peaked near the resonant EIT condition as shown in

Fig. 3.
Next, we present the FWM measurements with a pulsed, 19
probe field, in which the frequencies of the three lasers are':gn
fixed on resonance with their respective transitions. The ex-2
perimental measurements for an input probe pulserof 3§
~0.6 us duration are plotted in Fig. 4. We observed thatE
within the experimental uncertainty, the measured signal®
pulse [Fig. 4(b)] matches the temporal shape of the input
probe pulse. The pulse duration 6f0.6 us in our experi- Tisie os) e

ment is much larger Fhan the relaxation tlrtﬂalF3z1/r4 FIG. 4. (8) Measured probe transmission aiid) measured
=29.4 ng of the atomic system. Therefore, the atomic SyS-gyy\ intensity vs time for an incident probe pulse 6f0.6 us

tem is in the adiabatic steady state and the generated sign@lration. In(a), top curve 1 is the reference probe pulse; curve 2 is
calculate that under our experimental conditio§¥./27  curve 3 is the transmitted probe pulse with the EIT modified by the
~9 MHz, and(}/27~4 MHz), the probe pulse travels with pump laser. The dots are the experimental data and the solid lines
a group velocity~10° m/s in the four-level EIT medium and are the Gaussian pulse fits. The scale is normalized relative to the
is delayed by~16 ns relative to the reference probe pulsereference probe. The experimental parameters &xg2m
propagating in vacuum. The calculations agree with the mea=9 MHz, Q,/27~0.4 MHz, Q/27~3 MHz, andA,=A.=A=0.
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—+-=- Q/21=2 MHz () ™ Expt
@) Qf2n=4 MHz{ FIG. 5. (a) The calculated group velocity of
1 L________,. § the probe light andb) the FWM efficiency vs the
L S e N 1 B coupling Rabi frequencyQ.. The dots (solid
\W % lines) are the experimental datgheoretical cal-
culationg. The experimental parameters are
dedi ) ) ) ' ) . ) O/2m~4 MHz, Q,/27~0.4 MHz.
0 5 10 15 0 5 10 15
Q /2n (MHz) Q /2z (MHz)

first increases with(}., reaches the maximum ne&./27  that both the probe light and the generated signal light propa-
~5 MHz, and then decreases with the further incread@.of gate at slow group velocities, which occurs only at the weak
Figure 5 shows that the slower group velocity correlategpump intensity conditions. With an improved experimental
qualitatively with the larger FWM efficiency, which is re- set up and tight focusing of the probe beam, it may be pos-
lated to the EIT width. Since the EIT width increases withsjble to study the slow light FWM at single-photon levels,
(}¢, broadening of the EIT width lowers the FWM efficiency and explore its application in the generation of photon cor-
and increases the group velocity. _ relation and quantum entanglemg@ag—24.

In conclusion, the EIT enhancement of the nonlinear sus-
ceptibilities and suppression of the linear susceptibility en- This work is supported by the National Science Founda-
able us to observe the efficient nondegenerate FWM at lowion.
light intensities and slow light conditions. We have shown
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