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Superfluorescence (SF) is collective spontaneous emission wherein radiators spontaneously synchron-
ize, resulting in an intense single-pulse emission. The avalanche radiation of photons is initiated by the first
photon emitted into the SF propagation mode. Because this process is stochastic, the absolute phase of the
SF changes randomly from shot to shot. We demonstrate that this phase can be controlled by seeding the SF
with a resonant continuous-wave (CW) laser. The seed light was weak enough not to cause the stimulated
emission but strong enough to inject the first photon into the SF propagation mode prior to injection by the
radiators themselves. Cross-correlation measurements between the seeded SF and CW laser revealed that
the seed light was coherently amplified by the SF. The amplification factor for the instantaneous intensity
was estimated to be 7 orders of magnitude. These results will pave the way for the development of new
types of quantum optical amplifiers.
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Superfluorescence (SF) is a synchronous phenomenon
that occurs in quantum mechanics. In the spontaneous
emission process of isolated systems, radiators (such as
atoms) relax from their excited states to ground states
independently, emitting a radiation field whose intensity
decays exponentially with time. In contrast, under the
conditions of a relatively large density of radiators with a
long coherence time, the transition dipole of each radiator
can spontaneously synchronize to oscillate in phase, result-
ing in the emission of an intense single pulse, referred to as
SF. The theory of SFwas proposed by Dicke in 1954 [1] and
first demonstrated in the 1970s [2]. Already, SF has been
observed in various physical systems and is recognized as a
fundamental phenomenon in quantum optics [3–9].
From the perspective of radiation fields, SF is a photon

avalanche phenomenon triggered by the first photon emitted
into the SF propagation mode. Furthermore, when the first
photon is externally provided, SF can be considered a light-
amplification process. In this direction of research, studies
have been conducted to drive SF coherently by externally
irradiating seed light [10–12]. Vrehen et al. used another SF
as a seed light and experimentally derived the tipping angle
of a system, which corresponds to the initial pulse area of
SF [11]. They estimated that the peak intensity of seed
lightwas amplified by approximately 7 orders ofmagnitude.
However, their study did not discuss whether or not the
amplification process was coherent. Mesyats et al. used
an ultrashort microwave pulse to seed an emission based on
the Cherenkov superradiance (SR) of extended electron
bunches [12]. They demonstrated that the phase of seed light
was successfully transferred to the SR. However, the
amplification factor was estimated to be at most 40 dB
(4 orders of magnitude) in power, owing to the noise emitted
by electron density fluctuations and bunch edges.

In this Letter, we investigated SF fields emitted from
rubidium (Rb) atomic vapor in a cell. By applying a
continuous-wave (CW) laser as the seed light, we success-
fully estimated the performance of SF as an optical
amplifier. Cross-correlation measurements between the
seeded SF and CW laser revealed that the seed light was
coherently amplified by the SF. The estimated amplifica-
tion factor was 7 orders of magnitude.
The experimental arrangement is further described in the

Supplemental Material [13]. In brief, we employed a 1 kHz
Ti:sapphire laser system that produces 0.4 mJ, 100 fs laser
pulses with a central wavelength of 840 nm. The output
beam was split into two beams with variable delays. One
beam, containing 80% of the total power, was used to
generate 420 nm second harmonics applied as a pump
pulse. The other pulse was used as the probe pulse for the
sum frequency generation (SFG) spectroscopy. A pump
beam was focused near the exit of a heated cylindrical glass
cell containing Rb vapor. The Rb atoms were excited from
the 5S ground state to the 6P state, and three subsequent
emissions were detected: upper cascaded SF (UCSF), lower
cascaded SF (LCSF), and yoked SF (YSF) [see Fig. 1(a)].
A distributed feedback laser (DFBL) with a maximum
power of 3.5 mWwas used, and the beam was split into two
beams with variable delays. One beam, containing 10% of
the power, was used as the seed light of the LCSF. The
remaining 90% was used as the reference light in the cross-
correlation measurements. The seed light was irradiated
coaxially with the pump beam and focused 20 mm behind
the focus of the pump beam.
The first feature of the SF fields shown in Fig. 1(a)

appears in its polarization [14,15]. When the pump field is
linearly polarized, the UCSF field is also linearly polarized
in the same direction. In contrast, the LCSF and YSF fields
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are linearly polarized in the same direction with each other,
but the direction changes randomly from shot to shot [14].
By actively exploiting the random nature of the polarization
of LCSF, it is possible to distinguish whether the LCSF is
triggered by an internal photon emitted from the atomic
ensemble or by an external photon from the seed light. In
the former case, the polarization directions of the LCSF and
YSF are random. In the latter case, the direction is the
same as that of the seed light [see Fig. 1(b)]. In the
experiments, the field intensities of the vertical and hori-
zontal polarizations were measured. The intensities were
then used to define the polarization angle as shown in
Fig. 1(c). Figure 2(a) shows the experimental results in the
absence of seed light irradiation. In this figure, the
polarization angles of LCSF and YSF are plotted as a
function of the laser shot. They are almost synchronized
and vary randomly for each laser shot. In Fig. 2(e), the data
are plotted as a histogram, where the polarization angles are
distributed uniformly between 0 and π=2 for both the LCSF
and YSF. Figures 2(b)–2(d) and 2(f)–2(h) show the
experimental results when the seed light is irradiated at
a different power. The seed light is linearly polarized, and
its polarization direction corresponds to θP ¼ π=2.
Regarding the experimental results when the seed light
power is 50 nW, for some shots, the LCSF is initiated by the
photons of the seed light. This is evident by comparing
Figs. 2(e) and 2(f). As the power increases, the probability
increases where a photon of the seed light triggers the
LCSF. Consequently, the polarization angles of LCSF and
YSF become sharply distributed at approximately π=2. The
above analysis predicts that the rise time of LCSF will be
faster with an increase in seed power. To prove this, we
conducted experiments to observe the temporal profiles of
all three emissions by applying SFG spectroscopy [16].
The second feature of the SF fields shown in Fig. 1(a)

appears in the relative time delays between the three
emissions. The UCSF and LCSF are temporally separated
because they are emitted by cascading transitions [17–19],
6P3=2 → 6S1=2 → 5P3=2. In contrast, the LCSF and YSF
temporally overlap because the YSF is emitted by the
nonlinear polarization [14,20–25] between the 5P3=2 and

5S1=2 states created by the LCSF. Figures 3(a)–3(c) present
the SFG signals of three emissions measured without the
seed light, and with 520 and 1350 nW seed light,
respectively, plotted as a function of the pump-probe delay.
To compare the relative signal intensities, the vertical axes
in Figs. 3(a)–3(c) are the same for each of the three
emissions. Furthermore, because the SFG signal depends
on the polarization of the SF field, the SFG signal intensity
is calibrated based on the results of polarization experi-
ments. The relative time delays between UCSF, LCSF, and
YSF were consistent with those predicted above. Moreover,
the rise times of the LCSF and YSF became faster as the
power of the seed light increased. In contrast, the rise time
of the UCSF remained unchanged. To validate these
experimental results, we performed simulations by numeri-
cally solving the Maxwell-Bloch equations [16]. For the
UCSF and LCSF, we introduced a constant Rabi frequency
με=ℏ as a boundary condition, where μ, ε, and ℏ were
the transition dipole moment, electric field envelope, and
Planck’s constant, respectively. The Rabi frequency is used
because it is the Rabi frequency, not the electric field itself,
that determines the dynamics associated with excitation
and deexcitation of atoms when a constant ac electric field
is applied to atoms in an isolated system. Without the seed
light, the electric field envelope can be calculated by
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ε ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

neℏωΩsoL=Tspcε0
p

[21], where ω, Ωso, L, Tsp, ne, c,
and ϵ0 are the angular frequency, solid angle of the SF
emission, sample length, lifetime of an isolated atom,
atomic number density in the excited state, speed of light,
and vacuum permittivity, respectively. Note that the sample
length is not the cell length, but the length along the optical
axis of the region from which SF is emitted. With the seed
light, the ε was estimated from the measured power and
beam size of the seed light [13]. The pump intensity and
sample length were then employed to reproduce the
experimental results. The simulation results are summa-
rized in Figs. 3(d)–3(f) to compare with the experimental
results in Figs. 3(a)–3(c), respectively. The simulation
results corroborated many of the features observed in the
experimental results. First, the rise times of the LCSF and
YSF became faster as the seed power increased, but that of
the UCSF remained unchanged. Second, the simulated
results reproduced the delay of the YSF peak relative to the
LCSF peak. In particular, as in Figs. 3(e) and 3(f), the peak
position of the LCSF could be quantitatively reproduced
under seed light irradiation, supporting that the Rabi
frequency as well as the electric field of the seed light
was correctly evaluated. However, several points were
not reproduced by the simulation results. For the UCSF,
the ringing predicted by the simulation results was not
observed in the experimental results. Further, for the LCSF
and YSF, the experimental and simulation results do not
match with respect to the structure that appears after the
main peak. From the simulation, we confirmed that the
ringing of UCSF and the time profiles after the main peak
of LCSF and YSF can be significantly changed via slight
variation in the excitation conditions or sample length.
Therefore, the discrepancies between experimental and
simulation results might be due to spatial averaging. The
pump intensity used in the simulation was 0.6 times smaller
than that estimated from the measured values. This is
reasonable when considering the attenuation of the pump
pulse during propagation inside the cell [16]. The sample
length considered in the simulation was 9.0 mm.
Figure 3(g) presents the experimental results for the

temporal profile of the LCSF when the wavelength of the
seed light was swept. The horizontal and vertical axes
correspond to the pump-probe delay and the seed wave-
length, respectively. The power was fixed at 1320 nW.
The experimentally observed resonance wavelength was
1366.88 nm, with an error of 0.02 nm from the actual
resonance wavelength of 1366.900 nm. Throughout the
study, the seed wavelength was fixed at 1366.88 nm.
The experimental results presented above demonstrate

that the LCSF can be triggered by a photon of the seed
light. To verify whether the LCSF was coherently driven by
the seed light, we divided the DFBL into two parts: one was
used as the seed light for the LCSF, and the other was used
as the reference light. We then performed cross-correlation
measurements between the LCSF and reference light.

Figure 4(a) shows the experimental results. The horizontal
and vertical axes represent the oscilloscope time and the
relative optical distance between the seed and reference
light, respectively. As shown in Fig. 4(b), the LCSF appears
as a peak around 2 ns on the oscilloscope. Notably, the
reference light is continuous; therefore, it is observed as an
offset voltage on the oscilloscope. When the seed light is
blocked, a case that is denoted “Pump, Ref in” in Fig. 4(a),
the LCSF intensity is constant and independent of the seed-
reference delay. This is because there is no phase corre-
lation between the nonseeded LCSF and reference light.
When the seed light is irradiated, the LCSF intensity is
periodically modulated with respect to the seed-reference
delay. The power spectrum obtained after Fourier trans-
forming the LCSF intensity is shown in Fig. 4(d), dem-
onstrating that the modulation period coincides with the
LCSF wavelength. These results demonstrate that the phase
relationship between the seeded LCSF and reference light
is well defined. Figure 4(c) depicts a cross-sectional view of
Fig. 4(a) at the peak time of LCSF. Similar results were
obtained for various seed-light powers. Next, we quanti-
tatively evaluated the degree of coherence between the
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FIG. 3. (a) Temporal profiles of UCSF, LCSF, and YSF
measured by SFG in the absence of seed light. (b),(c) Same as
(a), except that the seed light is irradiated. The power of the seed
light is shown in each figure. (d)–(f) Simulated temporal profiles
of UCSF, LCSF, and YSF used to reproduce the results of (a)–(c),
respectively. (g) Measured SFG signals of LCSF plotted against
the pump-probe delay (horizontal axis) and the seed light
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seeded LCSF and reference light. As shown in Fig. 4(c), we
denoted the intensity of the reference light and seeded
LCSF as IRef and ILCSF, respectively. The pulse width of
LCSF in Fig. 4(b) is 3 times longer than that measured by
SFG owing to the bandwidth limitation of the oscilloscope.
Accordingly, the modulation signal can be calculated using
the following equation:

IMod ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IRefðILCSFXCÞ
p

ffiffiffi

3
p cosΔϕ; ð1Þ

where XC and Δϕ denote the fraction of the LCSF signal
intensity that is coherent with the reference light and the
relative phase between the two fields, respectively. The
values of XC estimated from the experimental results in
Fig. 4(c) are 0.14, 0.25, 0.26, 0.25, and 0.23 for seed-light
powers of 50, 240, 520, 1320, and 2800 nW, respectively.
The XC is almost unchanged above 240 nW of seed light,
proving that 240 nW is sufficient to seed the LCSF. This
result is consistent with the results of the polarization
experiments shown in Fig. 2. There are two possible
reasons why XC was smaller than unity. The first is the
possibility that the seeded LCSF and reference light were
perfectly coherent with each other, but the amplitude of the
modulation signal was reduced due to some problem
associated with the measurement technique. Second, the
seeded LCSF may contain a component that is incoherent

with the reference light. At this time, we believe that both
possibilities cannot be ruled out.
It was demonstrated that LCSF is coherently driven by

the seed light. More specifically, the instantaneous intensity
of the seed light is coherently amplified by the SF. This
indicates that the SF can serve as a coherent optical
amplifier. The instantaneous intensities of seed light and
SF are given by

ISeed ¼ PSeed=ASeed;

ISF ¼ PSF=ðfRepΔTASFÞ; ð2Þ

where PSeed, ASeed, PSF, ASF, and ΔT are the seed light
power, seed beam cross section, SF power, SF beam cross
section, and pulse width of SF, respectively. We used the
measured values of PSeed ¼ 50 nW, PSF ¼ 100 nW,
and ΔT ¼ 200 ps. The fRep is a repetition rate of the
pump pulse, which equals 1 kHz. As discussed in the
Supplemental Material [13], the value of ASeed and ASF was
estimated to be 8.3 × 10−4 and 7.5 × 10−5 cm2, respec-
tively. Substituting these values into Eq. (2) leads to
ISF=ISeed ¼ 1.1 × 108, indicating that the instantaneous
intensity of the seed light was amplified by 8 orders of
magnitude via SF. Furthermore, by multiplying XC ¼ 0.14,
the coherent amplification factor was calculated to
be 1.5 × 107.
To validate this amplification factor, we provide a

qualitative discussion of what determines it. Assuming
that the spatial modes of seed light and SF are perfectly
matched, the power required to seed the SF and the peak
power of the SF are given by

PSeed ¼ ℏω=TR;

PSF ≈ neASFLℏω=TR; ð3Þ

respectively. The TR is the collective radiation damping
time defined as TR ¼ Tsp8π=neλ2L [26], where λ is the
wavelength of the emission field. From Eq. (3), the
amplification factor is calculated to be PSF=PSeed ≈
neASFL ¼ 8.1 × 108, which is 7 times larger than the
experimentally obtained value of 1.1 × 108. As the values
of ASF and L are not the actual measured values for SF, this
difference is considered to be within the error range.
In conclusion, we succeeded in coherently driving

the LCSF via irradiation from a resonant seed light.
Specifically, the instantaneous intensity of a seed light
was coherently amplified by the LCSF by more than 7
orders of magnitude. It has been demonstrated that the
superradiant laser can achieve spectral linewidths that
cannot be realized with conventional lasers [27], proving
the great potential of SF as an optical amplifier. However, it
remains unclear how SF works as an amplifier, particularly
for quantum light. Our method offers the unique physical
system to investigate this, using one of entangled photon
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pairs or a squeezed light as a seed light. For this purpose,
it is necessary to achieve SF with sufficiently low photon
flux [8,28–30].
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