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Spatiotemporal profile of yoked superfluorescence from Rb vapor in the strong-excitation regime
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We investigated both spatial and temporal profiles of the 420-nm yoked superfluorescence (YSF) from the
atomic vapor of rubidium by driving the 5S − 5D two-photon transition with an ultrashort laser pulse. By
increasing the pump-pulse power beyond the saturation intensity, the spatial profile of the 420-nm YSF periodically
changed between a central bright spot and a ring-shaped radial profile. The temporal profile of the 420-nm YSF
was measured with a sampling oscilloscope with a time resolution of 50 ps. The experimental results were
successfully reproduced by simulations using the Maxwell-Bloch equations. The simulated results confirmed
that, in the strong excitation regime, the 420-nm emission from the lower transition component of the YSF is
significantly delayed with respect to the 5.2-μm emission from the upper transition, while they are overlapped
in the weak excitation regime.

DOI: 10.1103/PhysRevA.97.063418

I. INTRODUCTION

When a large number of two-level atoms are initially
inverted without any coherence, a subsequent and spontaneous
radiative decay process can build up a macroscopic dipole
moment in the ensemble. The macroscopic dipole moment
reaches its maximum at the superradiant state, where each
atom is expressed as a superposition of the upper and lower
states with equal populations. More importantly, each atomic
dipole oscillates in phase due to the mutual coupling given
by the common radiation field. This cooperative behavior of
the atoms can result in the emission of a short coherent burst
called superfluorescence (SF). Since the first discussion of
the underlying physics of SF by Dicke in 1954 [1], several
experimental and theoretical reports have revealed many of
its fundamental features; these include the scaling laws of the
peak intensity, the SF pulse width and delay time on the total
number of excited atoms [2], and the ringing properties as well
as the transverse coupling effect [3]. The early experiments
were performed on various gas media [4] and molecular
ions in crystals [5], while the more recent studies have been
extended to a variety of physical systems, such as He atoms [6],
electron-hole pairs in semiconductors [7] and in nanostructures
[8], and Fe nuclei in solids [9]. The temporal profiles of SF
pulses can be analyzed by a semiclassical treatment using the
Maxwell-Bloch equations, in which the spatiotemporal field
evolution is initiated by a fluctuating polarization or a field
source in place of the quantum-mechanical noise [10].

Compared to the extensive studies on SF in two-level
systems, there are only few reports about the same phenomenon
in a cascade three-level system. Ikeda et al. analyzed this
problem for the first time by preparing the atoms with a
coherent superposition of upper and lower states in a three-level
system [11]. They predicted that if the SF is emitted by the
upper transition within the decoherence time of the system,
it simultaneously induces the lower transition, while at the
same time, the lower transition prevents the coherence to
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grow between the upper and middle states, delaying the upper
SF. This coherent interplay between the two transitions was
experimentally demonstrated by Brownell et al. and is called
the yoked SF (YSF)[12]. As seen above, the temporal behavior
of YSF is not a simple succession of SF in a two-level system.
In addition, the beam emitted in the YSF has characteristic
features. The upper SF is radiated into a relatively broad
solid angle determined by a sample geometry, as happens in
conventional SF. On the other hand, the lower SF is combined
only with the narrow component of the upper SF that satisfies
the phase-matching condition, resulting in a highly directional
emission. This was successfully demonstrated by Lvovsky
et al. by means of noncollinear double-pulse excitations [13].
In this sense, YSF is considered as a time-delayed four-wave
mixing (FWM) process.

Several studies have been carried out to understand and
control YSF [14–19]. However, in most cases, YSF has been
analyzed under the following two assumptions. The first one
is that the atoms are initially prepared in the weak excitation
regime, although YSF shows a complex behavior in the strong
excitation regime [13,14] and, in certain cases, the lower SF
shows a ring-shaped beam profile [17]. The second one is
that the YSF evolves in a linear regime [11,12], where the
populations of the atomic states stay unchanged during the
development of YSF, but this assumption is not suitable to
quantitatively describe the YSF behavior, especially in a high-
gain system. A detailed analysis beyond these two assumptions
would deepen the understanding of YSF and, more importantly,
enable its control, which is crucial for its applications in
remote sensing [16] or for the development of new light
sources. Based on the above considerations, we investigated
the spatiotemporal characteristics of the YSF emitted by a
dense atomic sample prepared in the strong excitation regime.
The experimental results were quantitatively analyzed by
simulations using a time-dependent Schrödinger equation as
well as the Maxwell-Bloch equations with realistic parameters.

This paper is organized as follows. Section II describes
the experimental details. Section III presents the experimental
results. Section IV describes the calculation details. Section V
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FIG. 1. (a) Energy diagram of Rb and the related transitions. (b)
Schematic of the experimental setup.

provides the simulated results as well as the discussions.
Conclusions and future perspectives are given in Sec. VI.

II. EXPERIMENTAL DETAILS

We first describe the atomic configuration and the radiation
fields associated with the YSF of rubidium (Rb) atoms [see
Fig. 1(a)]. The atoms are excited from the 5S ground state to
the 5D excited state by a two-photon absorption induced with
a femtosecond laser pulse, producing a coherent superposition
of the upper, lower, and intermediate 5P states. After the pump
pulse, a macroscopic coherence is developed in the medium,
resulting in a SF emission on the 5D − 6P transition, which
in turn stimulates the 6P − 5S transition due to the initially
prepared 5S − 5D coherence. The upper and lower transitions
emit radiations with wavelengths of 5.2 μm (infrared) and 420
nm (blue light), respectively. In the present experiment, only
the blue-light emission was observed.

A schematic of the experimental setup is shown in Fig. 1(b).
We used a 100-fs Ti:sapphire laser system with a central wave-
length of 783 nm, a repetition rate of 1 kHz, and a maximum
pulse energy of 0.5 mJ. Although the central wavelength was
detuned from the 778-nm two-photon resonant wavelength [see
Fig. 1(a)], the 5S − 5D transition still occurred due to the
broad spectral width of the laser pulse, whose full width at
half-maximum (FWHM) was 10 nm. In this work, this pulse
was up-chirped to ∼310 fs from its transform limit of 100 fs
by controlling the distance between paired gratings in the
compressor. The pulse width was measured with a commercial
autocorrelator. The horizontally polarized output beam was
divided into two by a beam sampler (Thorlabs BSF10-B). The
beam containing almost all the pulse energy was used as a

pump pulse to excite the Rb atoms. The other beam worked
as a time-reference pulse in the measurement of the temporal
profiles of the blue-light emission. The pump-pulse power was
varied by a half-wave plate combined with a Glan-Thompson
polarizer. The pump beam was collimated with a telescope,
which is not shown in Fig. 1(b), and entered a Pyrex-glass cell
with a diameter of 2 cm and a length of 6 cm containing Rb
vapor. The temperature of the cell was changeable in the range
170–200 ◦C. The beam profile of the pump pulse, which was
measured with a complementary metal-oxide semiconductor
(CMOS) camera (Thorlabs DCC1645C), was slightly elliptical
having FWHMs of 1.20 mm and 1.26 mm in the horizontal
and vertical directions, respectively. The blue light generated
inside the cell was emitted almost collinearly with the pump
beam. A bandpass filter (Thorlabs FB420-10) was placed
behind the cell to block and transmit 45% of the blue-light
power. The spatial profile of the transmitted blue light was
monitored with the CMOS camera. To measure the temporal
profile, the blue light and the time-reference pulse were both
focused into a single-mode fiber (SMF) coupled with a 25 GHz
high-speed photodetector (Newport 1434). The detector signal
was recorded with a sampling oscilloscope (Tektronix SD-26).

III. EXPERIMENTAL RESULTS

When Rb atoms are strongly exited by intense ultrashort
laser pulses, the spatial profile of the blue light dramatically
changes depending on the pump-pulse intensity and chirp rate.
In a recent work, we reported a ring-shaped radial profile for
such blue-light beam[17]. In the present experiment, a periodic
behavior of the spatial profile dependent on the pump-pulse
intensity was demonstrated and the temporal profiles were
also recorded to discuss the time evolution of YSF. The
spatial profiles of the blue light recorded at 10 cm from
the cell center at different pump-pulse powers (49 mW, 122
mW, 177 mW, and 272 mW) are shown in the upper row
of Fig. 2(a). The temperature of the cell is fixed at 170 ◦C.
With the gradual increase of the pump-pulse power, the blue
light first appeared as a bright spot at the pump-beam center
(A), then changed into a ring-shaped radial profile (B) with
the radius increasing accordingly to input power. By further
increasing the input power, the bright spot appeared again (C)
to successively evolve in a similar way (D). At the input power
of B, a clear double-ring structure and a weak outer ring were
observed. Next, the spatial profiles were recorded by changing
the distance from the cell center along the beam propagation
axis; the results at different distances for the pump-pulse power
values of A, C, and D are shown in Fig. 2(b). In the A case,
the FWHM in the horizontal direction was 170 μm at 10 cm
and 370 μm at 50 cm, from which the beam divergence was
calculated as ∼0.5 mrad. Taking into account that the blue
light is generated via a FWM process[13], its divergence is
expected to be ∼0.6 mrad for the 6-cm sample cell, which is
in agreement with the observed results. In the C case, the beam
propagated similarly to A, although the two-photon excitations
were clearly beyond saturation. In the D case, the ring radius
remained almost unchanged along the propagation axis, but
its width broadened due to the beam divergence. These results
strongly suggest that the spatial profiles of the blue light
were influenced by the nonlinear response of the Rb atoms
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FIG. 2. (a) Experimental (upper row) and simulated (lower row)
blue-light profiles at different pump-pulse conditions. A–D were
recorded at pump-pulse power of 49 mW, 122 mW, 166 mW, and
272 mW, respectively. A′-D′ were simulated at the pump-pulse
intensities indicated in Fig. 4(b). (b) Experimental blue-light profiles
recorded at different distances from the cell center, indicated in the
bottom panel of each column, at the pump-pulse power values of A,
C, and D as in (a).

to the pump field, without any beam focusing effect due to
the propagation in a nonlinear medium, such as the Kerr lens
effect. We also measured the blue-light power for the A case,
which was ∼90 nW for the central bright spot. This value is
compared with the simulated results in the later section.

Next, we measured the temporal profile of the blue light. To
effectively couple the blue light to the SMF, its spatial profile
is desirable to be a Gaussian profile. Therefore, we recorded
the temporal profiles for the A and C cases. The temperature
of the cell was scanned in the 170–200 ◦C range. Figure 3(a)
shows the results for C, and similar ones were obtained for A.
In addition to the blue light, the reference pulse was always
monitored, and it can be seen at around −130 ps in the figure.
This enabled us to evaluate the relative delay of the blue-light
emission with respect to the pump pulse by eliminating a jitter
of the laser system, although the absolute delay could not be
measured due to the difference in the optical path lengths. The
FWHM of the reference pulse was ∼50 ps, which indicates
the time resolution of the detection system. The peak intensity
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FIG. 3. Temporal profiles of the blue light at different temper-
atures. (a) Experimental results at the pump-pulse power in the C
case of Fig. 2. (b) Simulated results at the pump-pulse intensity of
74 GW/cm2.

of the blue light was larger and the relative delay smaller at the
higher temperature. At 170 ◦C, the peak of the blue light was
delayed of ∼40 ps with respect to that at 200 ◦C.

IV. CALCULATION DETAILS

To understand the spatial and temporal characteristics of
the blue light obtained in the previous section, we performed
numerical simulations that were divided into two parts. In
the first part, we calculated the time evolution of a Rb
electronic wave function under pump-pulse irradiation by
solving a time-dependent Schrödinger equation for a single
atom, including five states in total: 5S, 5P3/2, 5P1/2, 5D5/2,
and 5D3/2 [see Fig. 1(a)] [17]. We treated the radiation
interaction in the dipole approximation, and the dipole matrix
elements were represented as a product of Wigner 3-j symbol
and a reduced matrix element [20,21], for which we used
the values given in Ref. [22]. We chose a quantization axis
along the polarization direction of the pump pulse so that
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the magnetic quantum number of mJ remained unchanged
according to the selection rule of �mJ = 0. In the second
part, we calculated the radiation decay process by solving the
semiclassical Maxwell-Bloch equations, including five states
in total: 5S, 6P3/2, 6P1/2, 5D5/2, and 5D3/2. We applied a plane
wave approximation and neglected the backward propagating
wave. Then the Hamiltonian of the system in the interaction
picture can be written in a retarded frame, t → t − z/c, as
follows [14,18,23]:

V̂ (t)

h̄
=

∑
J= 1

2 , 3
2

∑
J ′= 3

2 , 5
2

−�6PJ 5S |6PJ 〉〈5S|

− �6PJ 5DJ ′ |6PJ 〉〈5DJ ′ | + H.c., (1)

where �αβ is the Rabi frequency between the two states labeled
with α and β. It is defined by �αβ = μαβε/h̄, where μαβ and
ε are the dipole moment and the electric field envelope. The
time evolution of the atomic density operator ρ̂ is given by

∂ρ̂

∂t
= − i

h̄
[V̂ (t),ρ̂] −

∑
i

∑
j

	ij (1 − δij )ρij |i〉〈j |, (2)

where 	 is the dephasing rate resulting from the Doppler
broadening effect. The initial state was assumed to be the
coherent superposition created by the pump-pulse excitations.
This approximation is valid as far as the pump-pulse duration is
much shorter than the time evolution of YSF. We also assumed
a swept inversion, with the pump pulse traveling through the
medium at the speed of light without changing its shape. The
spatiotemporal evolution of the radiation fields is given by

∂�αβ

∂z
= iηαβραβ, (3)

where ηαβ is the coupling constant between the atomic po-
larization and the Rabi frequency and is calculated as ηαβ =
Nωαβ |μαβ |2/2cε0h̄, where N , c, ε0, and ωαβ are the atomic
number density, the speed of light, the vacuum permittivity, and
the transition frequency between the two states labeled with α

and β, respectively. The atomic number density was calculated
from the pressure curve of Rb[20] and the cell temperature.
By inserting the Hamiltonian from Eq. (1) into Eq. (2),
we numerically solved the coupled differential equations of
Eqs. (2) and (3) with the several assumptions mentioned below.
To start with the temporal evolution of YSF, the constant
Rabi frequencies, �6PJ 5DJ ′ , were introduced at z = 0 as a
small phenomenological parameter [14,18]. We assumed that
the lower transitions are Doppler broadened and substituted
	 = 7 × 1010 rad/s estimated from the relation 	 = kc̄rel ,
where k and c̄rel are the wave number vector and the mean
relative thermal velocity, respectively, for all terms between
the 5S and 6P states, as well as between the 5S and 5D states.

V. SIMULATION RESULTS AND DISCUSSION

The simulated results of the squared Rabi frequency
|�6P3/25S |2, which is in proportion to the blue-light intensity,
are shown in Fig. 4(a). The horizontal and vertical axes in
the figure represent a peak intensity of the pump pulse and
the time delay in the retarded frame with respect to the
pump-pulse excitations, respectively. Because the |�6P1/25S |2
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FIG. 4. (a) Two-dimensional plot of the squared Rabi frequency
|�6P3/25S |2 with respect to the time after the pump-pulse excitations
(vertical axis) and the peak intensity of the pump pulse (horizontal
axis). (b) Time-integrated squared Rabi frequency. The integration
range, indicated by the dashed line in (a), is 0 − 135 ps. A′-D′ indicate
the intensities used in the simulations shown in the lower row in
Fig. 2(a).

is three orders of magnitude smaller than the |�6P3/25S |2, its
contribution to the blue light is assumed to be small and is not
discussed here. The pump-pulse duration, the cell temperature,
and the propagation length were up-chirped 300 fs, 170 ◦C,
and 6 cm, respectively, which were similar to the experimental
conditions. Due to the strong Rabi oscillations during the 5S −
5D two-photon absorption, the blue-light intensity showed
a complex dependence on the pump-pulse intensity. A time
integral of the squared Rabi frequency,

∫ |�6P3/25S |2dt , is
shown in Fig. 4(b), and the oscillation is clearly exhibited.
The above results can be compared with the experimental
results. First, we retrieved the spatial profiles of the blue light.
Considering that the pump beam is a Gaussian beam with a
diameter of 1.23 mm, which is an average of the measured
values, the peak intensity of the pump pulse was deduced from
the measured pump-pulse power. For the pump-pulse power of
A–D in Fig. 2(a), these values were estimated as 27 GW/cm2,
67 GW/cm2, 91 GW/cm2, and 150 GW/cm2, respectively.
All of them were multiplied by a factor of 0.82 to reproduce
the experimental results and indicated by A′-D′ in Fig. 4(b).
These values were used to simulate the spatial profiles of the
blue light, which are shown in the bottom row of Fig. 2(a).
The simulated results well reproduced the experimental bright
spots in A and C, as well as the characteristic ring-shaped
profiles in B and D. In particular, the double-ring structure
predicted from the simulation in B′ was clearly observed in B.
Overall, the contrast was shaper in the experimental results than
in the simulations. The agreement between the experimental
and simulated results strongly supports our model, where the
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blue-light intensity is determined by the excitation process of
individual atoms.

Next, we focused on the temporal profiles of the blue
light. The simulated results at the pump-pulse intensity of
74 GW/cm2, which is close to the value in C′, are shown in
Fig. 3(b) for different temperatures in the range 170–200 ◦C.
The simulated profiles were convolved with a Gaussian func-
tion with a 47-ps FWHM, which was derived from the fits
of the reference pulses using a least-squares algorithm. The
time origins of the experimental and simulated results were
adjusted to each other so that the signals peak at the same
time at 200 ◦C. Similar to the experimental results, the peak
intensity of the blue light was larger and the relative delay to the
pump pulse smaller at higher temperatures. The experimental
peak at 170 ◦C was delayed ∼40 ps with respect to that at
200 ◦C, while the delay for the simulated one was 55 ps. In the
experiment, the FWHMs of the blue-light pulses were ∼65
ps and ∼80 ps at 200 ◦C and 170 ◦C, respectively, which are
close to the simulated values of 59 and 110 ps. On the other
hand, the experimental peak intensity at 200 ◦C was enhanced
by a factor of 30 with respect to that at 170 ◦C, which is
three times larger than the enhancement factor of 9 in the
simulations. Next, we estimated the blue-light power by using
the energy flux calculated from Fig. 4(b) in combination with
the experimental blue-light spatial profile of A in Fig. 2(b).
The extrapolated FWHM of the blue light at the cell entrance is
∼94 μm in both horizontal and vertical directions. The roughly
estimated blue-light power was ∼800 nW, which is one order
of magnitude larger than the measured value of ∼90 nW.
The several discrepancies between experiment and simulation
results mentioned above might be due to a diffraction effect
of the blue light or other decay processes from the initially
excited 5D states, which were not included in the simulations.

Based on the quantitative agreement between the exper-
imental and simulated results for both spatial and temporal
characteristics of the blue light, we can then discuss in detail
the time evolution of YSF, including the upper SF. The
squared Rabi frequencies of the blue-light (|�6P3/25S |2) and
IR (|�6P3/25D5/2 |2) emissions are plotted, on the left axis, as
a function of time in Figs. 5(a) and 5(b), respectively. The
pump-pulse parameters were the same as those in Fig. 3(b),
while the temperature was fixed at 170 ◦C. The scale on the
bottom axis in Fig. 5(b) is expanded with respect to that
in Fig. 5(a). The squared Rabi frequencies of other upper
transitions are three orders of magnitude smaller than the
|�6P3/25D5/2 |2, and hence are not discussed here. In Fig. 5(b),
the first lobe of the IR emission peaks is at 4.5 ps, which is
far sooner than the peak of the blue-light emission at around
100 ps in Fig. 5(a). The IR emission showed a strong temporal
ringing due to the energy exchange between the field and the
atoms. To clarify this, the populations of the atomic states are
plotted on the right axis in Figs. 5(a) and 5(b). At the initial
stage of YSF in Fig. 5(b), the IR field is developed, inducing the
strong Rabi oscillation between 6P3/2 and 5D5/2 states. During
the oscillation, the population of the 6P3/2 state is gradually
transferred to the 5S state, resulting in the development of the
blue-light field in Fig. 5(a).

In previous reports on YSF[12,14], the upper and lower
fields were emitted almost simultaneously, which is in contrast
to the behavior observed in Figs. 5(a) and 5(b). The difference
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as those in Fig. 3(b), while the temperature was fixed at 170 ◦C. Time
evolution of the intensity of blue light (c) and IR (d) as well as the
atomic populations at a pump-pulse peak intensity of 0.53 GW/cm2

at 170 ◦C.

can be explained as follows. By differentiating Eq. (3) with
respect to t and substituting Eq. (2) into the right side of the
equation, the spatiotemporal evolution of the Rabi frequencies
is given as

∂2�6P 5D

∂z∂t
= −η6P 5D

h̄

× [�6P 5Sρ5S5D + �6P 5D(ρ5D5D − ρ6P 6P )],
(4)

∂2�6P 5S

∂z∂t
= −η6P 5S

h̄

× [�6P 5Dρ5D5S + �6P 5S(ρ5S5S − ρ6P 6P )], (5)

where the second term of the right side of Eq. (2) is neglected
and the subscripts of 6P3/2 and 5D5/2 are omitted for simplicity.
When the atomic populations are initially inverted (ρ5D5D �
|ρ5S5D|) as in Figs. 5(a) and 5(b), the temporal evolution of the
system is determined by the second term in the square brackets
of Eqs. (4) and (5). Furthermore, as |η6P 5D/η6P 5S | ∼ 100 for
Rb atoms, the IR field develops sooner with respect to the
blue-light field, explaining the results in Figs. 5(a) and 5(b).
On the other hand, when the atomic populations are not inverted
(ρ5D5D 	 |ρ5S5D|), the first term in the square brackets of
Eqs. (4) and (5) might determine the temporal evolution of
the system. By neglecting the second term of Eqs. (4) and (5),
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we obtain

∂2�6P 5D

∂z∂t
= −√

η6P 5Dη6P 5S

h̄
�∗

6P 5Dρ5S5D, (6)

�∗
6P 5D =

√
η6P 5D

η6P 5S

�6P 5S, (7)

indicating that the blue-light and IR fields develop together.
The above two cases are clearly distinguished by the parameter
r defined in Ref. [11]:

r =
∣∣∣∣η6P 5D

η6P 5S

ρ5D5D

ρ5S5S

∣∣∣∣ � 100
ρ5D5D

ρ5S5S

. (8)

In the case of r > 1 and r < 1, the system is defined strongly
and weakly excited, respectively. In our results in Figs. 5(a)
and 5(b), r ∼ 3400. For comparison, we simulated the time
evolution of YSF in the weak excitation regime, in which a
pump pulse with a peak intensity of 0.53 GW/cm2 is applied,
resulting in r ∼ 0.9. Figures 5(c) and 5(d) show blue-light and
IR fields as functions of time on the left axis as well as the
atomic populations on the right axis. As expected, the temporal
profiles of blue-light and IR pulses were almost same and the
atoms relaxed from the initially populated 5D5/2 state to the
5S one via the intermediate 6P3/2 state during the emissions.
This behavior is close to the YSF observed so far. In Ref. [14]
the experiment was performed in the same system as ours with
the pump-pulse intensity below the blue-light saturation. In
Ref. [12] the YSF was observed on the 6D3/2 − 6P1/2 and
6P1/2 − 6S1/2 transitions of Cs atoms with |η6P 6D/η6P 6S | <

1, which is much smaller than |η6P 5D/η6P 5S | ∼ 100 of Rb
atoms. These experiments are assumed to be conducted in the
weak excitation regime; therefore, they are consistent with our
results.

The YSF dynamics discussed in this paper is different
from that treated in the previous reports. The two emission
fields were cascaded rather than yoked. Nevertheless, the beam
divergence results given in Fig. 2(b) still support the production
of the blue light via a time-delayed FWM process even in the
strong excitation regime. Therefore, the blue-light emission

observed in our experiment is essentially different from the
traditional cascade SF[2] considering the crucial role of the
coherence between ground and excited states.

VI. CONCLUSION

We investigated the spatiotemporal profiles of the YSF
emitted from a dense atomic Rb vapor by driving the 5S − 5D

two-photon transition in the strong excitation regime with
an ultrashort laser pulse. By increasing of the pump-pulse
power, the shape of the emitted blue light periodically changed
between a bright spot and a ring-shaped radial profile. The
bright spot propagated as a low-divergence beam with a
divergence angle consistent with that predicted from the FWM
process. The temporal profile of the blue light was recorded
with a time resolution of ∼50 ps. The experimental spatial
and temporal profiles were reproduced by simulations using
the Maxwell-Bloch equations. The simulated results revealed
that, in the strong excitation regime, the development of the
lower field is significantly delayed with respect to that of
the upper field, which is in contrast with the behavior in
the weak excitation regime, where the two emission fields
are temporally overlapped. Nevertheless, our beam divergence
analysis still supports the theory that the blue light is produced
via a time-delayed FWM process even in the strong excitation
regime.

Although we focused on the intensity of the blue light
throughout this paper, its phase should be investigated as well.
In the strong excitation regime, the nonlinear atomic response
might modulate the local phase of the blue light depending on
the local intensity of the pump field, resulting in a spatially
nonuniform phase of the blue-light field. In this sense, a focus-
ing property of the blue light would be of great interest [24].
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