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Temporal and Spatial Interference between Four-Wave Mixing and Six-Wave Mixing Channels
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Using phase control between four-wave mixing (FWM) and six-wave mixing (SWM) channels in a
four-level atomic system, we demonstrate temporal and spatial interferences between these two nonlinear
optical processes. Efficient and coexisting FWM and SWM signals are produced in the same electro-
magnetically induced transparency window via atomic coherence. The temporal interference has a
femtosecond time scale corresponding to the optical transition frequency. Such studies of intermixing
between different order nonlinear optical processes with a controllable phase delay can have important
applications in high-precision measurements, coherence quantum control, and quantum information

processing.
DOI: 10.1103/PhysRevLett.102.013601

When two transition paths exist between an initial state
and a final state, the total transition probability can be
either enhanced or suppressed, depending on the relative
phase between the two transition amplitudes [1-6]. Such a
quantum coherent control technique has been used to
control the transition probability in atoms [1], photoelec-
tron angular distribution [6], phase-controlled current in
semiconductors [2], and various chemical reactions [4,7,8].
Also, a fifth-order time-frequency Raman spectroscopy
technique was used to study the two-quantum transition
or Raman overtone for the rephasing pathway [9].

In this Letter, we experimentally demonstrate a new type
of phase-controlled, spatiotemporal coherent interference
between four-wave-mixing (FWM) and six-wave-mixing
(SWM) processes in a four-level, inverted-Y system in
rubidium atoms. By making use of atomic coherence in-
duced by laser fields among different energy levels, the
SWM signal can be greatly enhanced and even made to be
in the same order of magnitude as the coexisting FWM
signal [10,11]. With a specially designed spatial configu-
ration for the laser beams for phase matching and an
appropriate optical delay introduced in one of the pump
laser beams, we can have a controllable phase difference
between the dominant FWM and SWM processes in the
system. When this relative phase is varied, temporal, as
well as spatial, interferences can be observed. The inter-
ference in the time domain is in the femtosecond time
scale, corresponding to the optical transition frequency
excited by the delayed pump laser beam. The current
experiment is done with weak cw lights interacting with
near-resonant atomic transitions, which is quite different
from the earlier works of fifth-order time-frequency
Raman spectroscopy used to study liquids or solution
phase dynamics [9]. Understanding the mechanism for
efficient generations of high-order nonlinear optical pro-
cesses and interplays between them, especially with the
ability to control these processes with a controllable phase
difference, can have broad impacts in many fields of sci-
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ence including coherent control for chemical reactions
[4,7,8], stable 2D-soliton generation for optical communi-
cations [12], high-precision spectroscopy [13], nonlinear
spectroscopy [9], stabilization and compression of high-
intensity optical pulses in cubic-quintic nonlinear media,
and quantum information processing [14,15].

Let us consider a four-level inverted Y-type atomic
system as shown in Fig. 1(b). The four relevant energy
levels are 5S1/2, F=2 (|0>), 5S1/2, F=3 (|3>), 5P3/2
(1)), and 5Ds), (|2)) in ®Rb. In the three-level ladder-
type subsystem (|0) — |1) — |2)), as shown in Fig. 1(a), if a
strong coupling beam E, (frequency w,, k,, and Rabi
frequency G,) couples to the upper transition and a weak
probe beam E; (frequency wq, k, and Rabi frequency G)
interacts with the lower transition, and they propagate in
the opposite direction through the atomic medium, an
electromagnetically induced transparency (EIT) window
will be created for the probe field due to the two-photon,
Doppler-free configuration in this Doppler-broadened
atomic medium [16]. When another coupling laser beam
E), (frequency w,, K}, and G%) is also applied to the upper
transition [Fig. 1(a)], a FWM signal will be generated with
frequency w; in the created EIT window of the ladder
subsystem. Such FWM (Ef) process can be described by
using a perturbative chain: pé%)—“"' p(lg—“"l p(zzo)—f“’2 p(130)
[10]. If we align the coupling and probe laser beams in a
spatial pattern, as shown in Fig. 1(c), the generated FWM
signal (Er) will have a small angle 6 from k, satisfying
the phase-matching condition kr = k; + k, — k5. The
FWM efficiency depends on the intensities of all the laser
beams involved. Next, let us turn our attention to Fig. 1(b),
where coupling beam EY, is blocked and two pump beams
E; (w3, k3, and G3) and EY, (w3, k%, and GY) are applied on
transition |3) — |1). The laser beams are carefully aligned
in the square-box pattern [10], as shown in Fig. 1(c). In this
case, the FWM channel in the ladder subsystem is turned
off (without E)), and the FWM process in the A-type
subsystem (]0) — |1) — |3)) is not efficient (not observable
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FIG. 1.
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Atomic levels and laser beam arrangements for generating coexisting FWM (a) and SWM (b) processes in the same EIT

window. The dash-dotted lines are the generated FWM (Er) and SWM (Ey) signals. (c) Spatial beam (square-box) geometry used in
the experiment, 7 is a time delay through a precision translation stage for beam Ej.

in the experiment) since no EIT window exists for this con-
figuration (the probe and pump beams counter-propagate)
[16]. From phase-matching condition (kg = k; + k3 —
Kk} + k, — k), efficient SWM signals can be generated
via cither 01 pl—rpZ—n s 0 )
or P =1 plg = pS)— pi—piy—“pi. which
are both in the direction of @ angle from k; [denoted as kg
and Eg with frequency w; in Figs. 1(b) and 1(c)], and these
SWM signals also fall into the same EIT window as the
FWM signal in the ladder subsystem. In the generated
FWM and SWM signal beams, the coherence lengths are
given by Iy =2¢/[n(wy/w))lw; — |6] and I =
2¢/[n(ws/w))|ws — ,]6%], respectively, with n being
the refractive index at the frequency w. In the experiment,
6 is very small (0.3°) so that [ and /¢ are much larger than
the interaction length L, so the phase-mismatch effect can
be neglected.

Now, we add the coupling beam E) back into the upper
transition, but keep its power to be adjustable. When the
power of E), is same as the power of E,, the FWM process
in the ladder subsystem is very efficient and it dominates
over the SWM processes, typically larger by several orders
of magnitude [17]. However, as the power of E/, decreases,
the FWM signal reduces rapidly and the relative strengths
of the SWM signals increase, until the SWM signals
dominate when E), is reduced to near zero. By carefully
adjusting the power of E, relative to E,, the SWM signals
are made to be in the same strength as the FWM signal, as
shown in Fig. 2(a), and both fall in the same EIT window
[Fig. 2(b)]. Since G) < G, when SWM signals get to be
the same order as the FWM, the SWM processes with E’2
replacing E, in Fig. 1(b) can be negligible. Notice that E)
is only involved in the FWM process, so it can be used to
tune not only the relative strength of the FWM and SWM
processes, but also the relative phase between these two
nonlinear wave-mixing processes.

The experiment was done with 8Rb atoms in an atomic
vapor cell of 5 cm long, which is wrapped in w-metal for
magnetic shielding and heated to 60 °C. The probe beam

E, is from an extended-cavity diode laser (ECDL) at
780.23 nm. The coupling beams E, and E} are split from
another ECDL at 775.98 nm. The beam EJ, is delayed by an
amount 7 using a computer-controlled stage. The pump
beams E; and E’ are split from a cw Ti:sapphire laser at
780.24 nm. The CCD and an avalanche photodiode (APD)
are set at an angle 6 from the probe beam (with a beam
splitter) to measure the dominant FWM and SWM signals.
The transmitted probe beam is simultaneously monitored
by a silicon photodiode. The power and frequency detuning
of the coupling beam E, (E}) are 40 mW (4 mW) and
170 MHz, and those of the pump beam E; (=E}) are
67 mW and 0 MHz, respectively. Under the conditions of
G;, G5 > G, > G), G|, and neglecting other multi-wave
mixing processes either very weak or propagating in other
directions, the total detected intensity at angle 6 is given by
the coexisting FWM (Er) and SWM (Ejy) signals as

1.04

(a)

0.5 1

-0.3 06

Signals

—_
o
L

(b)

EIT
0.5

0.0

—0'.3 0.'0 0.'3 0.'6
A,(GHz)

FIG. 2 (color online). (a) Measured ElT-assisted FWM (solid
line) and SWM (dashed line) signal intensities; (b) Corre-
sponding probe beam transmission versus probe detuning A;.
The experimental parameters are G| = 27 X 15 MHz, G, =
27 X 60 MHz, G, =27 X 19MHz, G; = G} = 27 X 87 MHz,
A; =0, and A, = 170 MHz.
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where 7= e,e385/eh, ¥® = —ipluiN/{eoh’d dyld, +
(G3 + G4)?/dsTt = XVl explies), x® =2iuiu3uin/
(eol’didydz) =¥ lexplips), dy =T +id,, dp=
F20 + Z(Al + Az), d3 = F30 + l(Al - A3) with Ai ==
Q,—w;, ¢=AKk'r—w,7, and Ak =k — kg =
(ky — k) — (k3 — K%). my, mp, and us3 are the dipole
moments of the transitions |0) — |1), [1) — |2), and |3) —
|1), respectively, and €,, &}, €3, &} are the respective
amplitudes of the fields. The nonlinear phase ¢; and ¢5
depend on the atomic parameters (such as I';, and A)), so
for a given set of experimental parameters the nonlinear
phase difference in Eq. (1) determines the initial phase for
the interference fringe.

From Eq. (1), it is clear that the total signal has not only
spatial interference with a period of 27/Ak, but also an
ultrafast time oscillation with a period of 27/w,, which
form a spatiotemporal interferogram. With a plane-wave
approximation and the square-box configuration for the
laser beams [Fig. 1(c)], the spatial interference occurs in
the plane perpendicular to the propagation direction.
Figure 3 depicts a typical three-dimensional interferogram
pattern [Fig. 3(a)] and its projections on time [Fig. 3(c)]
and space [Fig. 3(d)] planes, respectively. Figure 3(b)
presents a theoretical simulation for the total intensity
with appropriate parameters. The temporal oscillation pe-

T (fs) r (mm)

FIG. 3 (color online). (a) A three-dimensional spatiotemporal
interferogram of the total FWM + SWM signal intensity I(7, r)
versus time-delay 7 and transverse position r. (b) The theoreti-
cally simulated result from Eq. (1). (c) Cross section of spatio-
temporal interferogram on time plane (r = 0) (square points are
experimental data, and the solid curve is the theoretically simu-
lated result). (d) Measured (square points) and calculated (solid
curve) cross sections of the spatiotemporal interferogram on
space plane (7 = 0). The signal intensity is normalized to 1.
The parameters are Q, =2.427 fs~!, Ak =19 mm~!, and
n = 1.5.

riod is measured to be 27/ w, = 2.588 fs, which corre-
sponds to the 5P;3/, to 5Ds/, transition frequency of
Q, =2.427 fs~! in ®Rb. Such measurement of atomic
transition frequency in optical wavelength range is
Doppler free and can be used as a technique for precision
frequency measurement. The spatial interference is deter-
mined by Ak = 27|A, — A3]60/A,A5. In our experimental
situation, we have 277/Ak = 3.3 mm along the direction
of Ak, which gives a little more than one interference
fringe, as shown in Fig. 3(d). When the phase delay is
varied on E) beam, the spatial interference pattern can be
changed from destructive to constructive at the center of
the beam profile (» = 0) [18]. The solid curves in Fig. 3(c)
and 3(d) are theoretical calculations from the full density-
matrix equations, which fit well with the experimentally
measured results.

To see how well the transition frequency (), can be
determined from such time interference fringe, we need
to consider two cases. When the laser linewidths are much
narrower than the homogeneous linewidths of the transi-
tions, the phase fluctuations of the laser fields will limit the
range of the time delay, which puts an upper bound on the
accuracy of the modulation frequency measurement. In
such case, the accuracy of measuring modulation fre-
quency is determined by the laser linewidths. This mea-
surement depends on how well w, can be tuned to the
transition frequency {1,, and is Doppler-free, which can be
useful in optical spectroscopy and precision measure-
ments. In the other case, when the laser bandwidths are
larger than the atomic decay rates, the modulation fre-
quency corresponds directly to the resonant frequency
),. The accuracy in the modulation frequency measure-
ment will then be determined by the homogeneous line-
widths of the atomic transitions, even in the Doppler-
broadened atomic medium, which is applicable to transi-
tions between metastable states.

Figure 4(a) shows the temporal interference with a much
longer time delay in beam E’,, which makes the spatiotem-
poral interferogram to be dominated by the temporal com-
ponent. By fitting the interference fringe [Fig. 4(b)], the
period is determined to be 2.588 fs. Using Fourier trans-
formation of the interferogram data (with a time-delay
change of 50 ps), as shown in Fig. 4(c), the modulation
frequency is determined to be 2.427 = 0.004 fs~!, which
corresponds to the resonant frequency of the transition
from 5P;, to 5Ds, in #Rb. Of course, what we present
here is simply a proof of principle demonstration with laser
linewidths of about 1 MHz and such measurement tech-
nique can surely be further improved.

A few points are worth mentioning here. First, our
experimental results indicate that we can not only enhance
SWM to be in the same order of strength as the coexisting
FWM, but also manipulate their spatial and temporal be-
haviors by controlling the phase delay in one of the laser
beams. Such spatiotemporal interferogram between FWM
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FIG. 4 (color online). (a) The spatiotemporal interferogram
versus 7 and r, Q, = 2427 fs!, Ak=1.9mm™ !, and 5 =
1.5. (b) Measured beat signal (dot points) via delay time 7
together with the theoretically simulated result (solid curve).
(c) Fourier spectrum of the beat signal.

and SWM signals was generated with three independent
laser sources. Second, by adjusting the power of the E)
beam, the relative strengths of the FWM and SWM signals
can be easily adjusted. In the case of making E¢ < Ep
(letting E5 — E, in power), Eq. (1) can serve as a hetero-
dyne detection method to determine the ratio of high-order
nonlinear susceptibilities (y®/x'¥). Since y® can be
easily measured [19], the X(S) coefficient in such atomic
medium can then be determined. The subtle phase coher-
ence control of ¢3 + ¢ = 2n7 and (2n + 1/2)7 can be
employed to yield the real and imaginary parts of y©,
respectively. Third, the technique used here can be easily
transferred to solid materials, in which EIT and FWM
processes can be easily obtained. Fourth, with controlled
FWM and SWM processes and their enhanced efficiencies
via atomic coherence and the opened EIT window, three-
photon entanglement or correlated triplet photons [14] can
be generated for testing fundamental quantum mechanics
and quantum information processing [14,15].

In summary, efficient FWM and SWM processes have
been shown to coexist in the four-level inverted-Y atomic
system. By adjusting the intensity and time delay of one of
the coupling beams (E)), the relative strength and spatio-
temporal interferences between the FWM and SWM chan-
nels can be controlled. The generated spatiotemporal

interferogram in femtosecond time scale can be used to
determine the optical transition frequency with a Doppler-
free precision. Such manipulations of high-order nonlinear
optical processes and their interplays in multilevel atomic
systems can have potential applications in coherence quan-
tum control, nonlinear optical spectroscopy, stabilization
and compression of high-intensity optical pulses in such
efficient cubic-quintic nonlinear media, precision measure-
ments, and quantum information processing.
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