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We observed optical precursors in four-wave mixing based on a cold-atom gas. Optical precursors
appear at the edges of pulses of the generated optical field, and propagate through the atomic medium
without absorption. Theoretical analysis suggests that these precursors correspond to high-frequency
components of the signal pulse, which means the atoms cannot respond quickly to rapid changes in the
electromagnetic field. In contrast, the low-frequency signal components are absorbed by the atoms during
transmission. We also showed experimentally that the backward precursor can be stored using a Raman
transition of the atomic ensemble and retrieved later.
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Optical precursors are interesting phenomena that arise
from the edge of a classical electromagnetic field pulse and
go out directly without absorption when they propagate
through an absorbing medium [1,2]. This phenomenon has
been studied in the γ-ray [3], microwave [4], and optical
regimes [5–8], and in electromagnetically induced trans-
parency (EIT) media [9–15]. The underlying physical
mechanism is that the response of the medium lags behind
that of the high-frequency components of the electromag-
netic field. In EITmedia, Du et al. [9,12–15] experimentally
observed the precursor for both the classical electromag-
netic field [12] and that for a single photon [14], in which
the low-frequency components of the input signal field are
delayed by the atoms and the high-frequency components
pass through the atoms without any delay.
No experimental demonstrations exist of optical precur-

sors in a nonlinear optical process, such as the four-wave
mixing (FWM) process. FWM has been studied by many
groups in atomic systems with double lambda [16–19],
ladder, or diamond-type configurations [20–24]. FWM is
usually used for frequency conversion of photons or optical
pulses. In this Letter, we report on the observation of an
interesting optical filtering effect in a FWM process using
an inverted Y-type configuration in cold atoms; specifi-
cally, optical precursors of a generated signal field appear.
We theoretically found and experimentally proved that if
the edge of an input pulse is very steep, then the optical
precursors are generated more easily. In addition, we
experimentally achieved storage of the backward precursor,
which showed that off-resonance storage can be performed
even when the optical density is low. In the nonlinear optics
and optical storage fields, our results offer a new under-
standing in that they demonstrate that the response rate of
atoms in a nonlinear process is always faster than that of
atoms in a linear process in an ensemble medium.

The inverted Y-type configuration used in our experi-
ment [Fig. 1(a)] consists of the doubly degenerate ground
states j1i and j2i (5S1=2 F ¼ 3), one intermediate state j3i
(5P1=2 F0 ¼ 2, decay rate γ), and one upper state j4i (4D3=2

F00 ¼ 2, decay rate Γ). The atomic transition between the
ground state and the intermediate state matches the D1 line
of rubidium-85 (85Rb), and the transition between the
intermediate state and the upper state is driven by another
laser at a wavelength of 1475.6 nm. We experimentally
generated a new electromagnetic field at 795 nm by
combining the coupling laser, pump 1, and probe fields
via a noncollinear FWM configuration.
In brief, the experimental setup [Fig. 1(b)] uses a

continuous wave (cw) laser beam with a wavelength
of 795 nm from an external-cavity diode laser (DL100,
Toptica, Gräfelfing, Germany) impinging on a two-
dimensional magneto-optical trap as the coupling light. A
cw laser beam at 1475.6 nm from another external-cavity
diode laser (DL100, Prodesign, Toptica) was split into two
beams using a beam splitter to prepare the pump and probe
beams. These fields were horizontally linearly polarized and

FIG. 1 (color online). (a) Experimental energy level diagram
showing doubly degenerate ground states corresponding to
sublevels (5S1=2 F ¼ 3), which includes levels from mF ¼ −3
to mF ¼ 3. The atoms are polarized along the direction of the
coupling laser. The pump and coupling beams are on resonance.
(b) Simplified experimental setup. The angles α ≈ 1° and β ≈ 2°.
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modulated by two acousto-optic modulators. The coupling
field acted as the pumping light in the FWM process and as
the control light in the storage process. The probe field was
focused using a lens with a focal length of 500 mm; the
Fourier plane of the lens was at the center of the atomic
ensemble. The generated signal field, which was focused by
another lens, was collected using amultimode fiber, andwas
monitored using a photomultiplier tube (PMT) (H10721,
Hamamatsu Photonics, Hamamatsu, Japan).
Before presenting our experimental results, we first

present a simplified theoretical description of our system.
According to Ref. [16], we derived steady-state solutions
for the density matrix, neglecting terms that were higher
than first order in the signal field, and obtained the
susceptibility of the signal field χð3Þ using Ps ¼ Nμ31ρ31 ¼
ε0χ

ð3ÞEpr
�, where N is the effective density of the atoms;

μ31 and ρ31 are the dipole element, and the density matrix
element of the atomic transition j3i → j1i, respectively; ε0
is the permittivity of a vacuum, and Epr

� is the conjugate of
the probe field. Therefore,

χð3Þ ¼ Nμ31μ43
iε0ℏ

A1ΩPΩC

A2ðΓ1 þ ΓÞ þ A3Γ1

; ð1Þ

where A1, A2, and A3 are complex coefficients, which are
functions of the pump and coupling Rabi frequencies, ΩP
andΩC, respectively, the decay rates γ and Γ, and the probe
field detuning parameter Δ1. The coefficient Γ1 satisfies
Γ1 ¼ γ − iΔ2, where the parameter Δ2 determines the
detuning between the atomic transition j3i → j1i and
the signal field. We plotted the susceptibility χð3Þ against
the detuning Δ2, while assuming that Δ1 ¼ 0 [red line in
Fig. 2(a)]. The bandwidth of the FWM process was
∼10 MHz. The transmission of the signal field [blue line
in Fig. 2(a)] takes the form Es ∝ E−α=½1þðΔ2=γÞ2�, where the
parameter α characterizes the optical density of the atoms.
We chose Δ1 ¼ −Δ2 to make the two-photon transition
towards the upper level resonant. We then plotted the
spectrum of χð3Þ [Fig. 2(b)], which is broader than the
absorption spectrum of the probe.

Next, we used a square-shaped pulse as an input probe
[Fig. 3(a)]; the edge gradient of this pulse, which is
characterized by the coefficient k, takes the form
Es ∝ E−kðt−t0Þ2 . The Fourier transformation of this pulse
is given in Fig. 3(b). By filtering using the atomic nonlinear
susceptibility χð3Þ and the transmission spectrum of
Fig. 2(b), the spectrum of Fig. 3(b) becomes that of
Fig. 3(c); the low-frequency part of the signal is filtered
while the high-frequency part is enhanced. The spectrum
that was obtained was the result of a nonlinear process and
an atomic absorption process. Figure 3(d) is the inverse
Fourier transformation of Fig. 3(c), and corresponds to the
output signal pulse. From this result, we see that the high-
frequency components of the input probe are converted into
a FWM field and transmitted from the atoms with little
absorption. This is because the nonlinear spectrum of χð3Þ is
broader than the linear absorption spectrum of the atoms.
The atoms respond too late to the high-frequency compo-
nents of the FWM field, and thus we are able to see the
optical precursor of the generated signal pulse, i.e., the
generated signal field is always composed of those signal
components from the FWM process that generate no
absorption response from the atoms.
We also varied the coefficient k by considering an input

half-Gaussian pulse, which corresponded directly to the
quantity of high-frequency components of the signal field
that were generated. The simulated results are shown in
Fig. 4. In practical simulations, the timing width of the
pulseΔtwas changed using an arbitrary function generator,
AFG3252. In Fig. 4(a), the peak height decreases with
decreasing Δt. This point fully illustrates the fact that the
high-frequency components of the signal field pass through
the atoms more easily. To show this behavior clearly, we set

FIG. 2 (color online). (a) Spectra of the susceptibility χð3Þ (red
line) for a fixed probe detuning Δ1 ¼ 0 and of the corresponding
transmission from the atoms (blue line) when α ¼ 1. (b) Spectrum
of χð3Þ (red line) for a varying probe detuning Δ1 ¼ −Δ2. The
blue line indicates the absorption spectrum of the probe.

FIG. 3 (color online). (a) Square pulse of the input probe, and
(b) its Fourier transform; (c) filtering spectrum produced through
interactions with atoms, and (d) its inverse Fourier transform.
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α ¼ 0.01. For high values of α, this filtering effect also
appeared (see the experiment below).
We first performed nonlinear FWM using the exper-

imental setup shown in Fig. 1(b). A cigar-shaped atomic
cloud [25] was formed as the nonlinear medium. We used a
PMT to monitor the generated signal field. The result (the
black line in Fig. 5) shows that two optical precursors
appeared at the leading and trailing edges. The interval
between these precursors is composed of low-frequency
components that are strongly absorbed by the atoms. As
stated previously, the optical precursors appear because the
nonlinear FWM spectrum is broader than the atomic
adsorption bandwidth, and this results in the output of
the high-frequency components of the signal field.
When we turned the coupling and pump fields off

simultaneously, the back optical precursor disappeared,

(the red line in Fig. 5). The FWM signal was then retrieved
by switching the coupling field back on. In this process,
the atomic coherence state ρ12ðtÞ was prepared, and
resulted in a memorizing signal field composed of a spin
wave of atoms. In addition, if we used a coupling laser with
detuning of −20 MHz on the atomic transition j3i → j1i,
the optical precursors no longer appeared. This is because
the signal field spectrum and the absorption spectrum of the
atoms did not overlap.
In addition, we used a half Gaussian pulse as a probe

pulse. As a result [see Fig. 6(a)], the precursor appeared at
the steep edge of the pulse, and no precursor was observed
at the shallow edge. At the same time, we varied the width
of the half Gaussian pulse to check the relationship between
the peak intensity and the steepness of the pulse edge.
The results [see Fig. 4(b)] show an optical precursor at the
steep edge but none at the shallow edge. These procedures
demonstrate that the low-frequency components of the

FIG. 4 (color online). Signal amplitudes of (a) different theo-
retical output pulses of the signal field vs the input half Gaussian
shaped pulse with different pulse widths Δt, and (b) the exper-
imentally generated signal fields for different periods of the half
Gaussian pulse of 1–6 μs. The powers of the probe, pump, and
coupling were 0.45, 2.8, and 0.5 mW, respectively.

FIG. 5 (color online). Generated signal (black line) and leaked
and retrieved signal (red line). The storage time was approx-
imately 12 μs. The timing sequences of the coupling (green),
pump (blue), and probe (purple) fields are given in the upper half
of the figure. The dotted purple line indicates the timing sequence
of the pump and probe fields for the purpose of storing the signal.

FIG. 6 (color online). (a) Amplitudes of generated signal fields
vs different probe signal shapes. (b) Storage of the signal field vs
differently shaped input probe signals. Case 1 was a square-
shaped pulse; case 2 and case 3 corresponded to half Gaussian
pulses. The powers of the probe, pump, and coupling are 0.45,
2.8, and 0.5 mW, respectively.
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pulse edge were absorbed while the high-frequency
components passed through the atoms. The experimental
results are in accordance with previous theoretical
explanations.
We tried to store the generated optical precursors; the

results are shown in Fig. 6(b). Cases 1 and 2 clearly show
that the generated backward precursor of the signal could
be stored and retrieved later. In case 3, no signal storage
was possible because there were no high-frequency com-
ponents from the backward edge. Our results also sup-
ported the observations in Refs. [12,14] that if the
frequency broadening of the pulse edge is greater than
the bandwidth of the storage, no storage or delay of the
narrow pulse is observed.
The work in Ref. [26] described a nonlinear optical

spectrum filtering effect in a double FWM process, where
two signal fields could be generated under the conditions
for near two-photon resonance and where the single-photon
detuning exceeded the absorption bandwidth of the cold
atoms. Another point of note is that off-resonance storage
in the FWM process was achieved in our system. This
result was consistent with work reported in Refs. [27,28],
where Raman quantum memory storage was performed
under low optical depth conditions. In these studies, the
storage bandwidth was broader than the absorption band-
width of the cold atoms. Indeed, if the detuning of the
single photon was too large, then the prepared signal could
not be stored, in accordance with Ref. [29]. In Ref. [28],
single photons with detuning of 200 MHz under conditions
of the system’s maximum limit were stored and retrieved,
showing the maximum bandwidth for the nonlinear
response of the medium.
In this study, we observed a filtering effect in the FWM

process based on an inverted-Y-type atomic configuration.
We theoretically analyzed and experimentally studied the
bandwidth relationship between the input probe and the
generated signal. We concluded that the high-frequency
components of the edge pulse of the generated signal field
propagated directly through the medium without absorp-
tion while the low-frequency components were absorbed.
We also observed the storage of the backward optical
precursor and its retrieval using a Raman transition. Our
results are important for the fields of nonlinear optics and
optical storage and help to provide a deeper understanding
of the interactions between light and matter.
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