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We report the experimental observation of breather gases
(BGs) in optics, realized in a recirculating fiber loop that
enables virtually lossless propagation over 1200 km. Initi-
ated by a slowly modulated optical background perturbed
by noise, the BGs form through a nonlinear fission process
and demonstrate spatiotemporal dynamics that align closely
with numerical simulations of the focusing one-dimensional
nonlinear Schrödinger equation. The minimal dissipation in
our setup enables a statistical characterization of the BGs
and confirms the theoretically predicted doubling of kurto-
sis during the evolution of the BGs. To our knowledge, these
results open new avenues for experimental studies of inte-
grable turbulence involving solitons on a finite background.
© 2025 Optica Publishing Group. All rights, including for text and
data mining (TDM), Artificial Intelligence (AI) training, and similar
technologies, are reserved.
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Solitons are stable, localized wavepackets that propagate with-
out changing shape, arising from a precise balance between
nonlinear and dispersive effects in a material medium. These
waves are ubiquitous in nature and play a fundamental role
in various scientific and technological fields, particularly in
nonlinear fiber optics [1]. Mathematically, solitons correspond
to specific solutions of certain partial differential equations,
such as the one-dimensional nonlinear Schrödinger equation
(1D-NLSE), which is a paradigmatic model for the descrip-
tion of nonlinear dispersive waves dynamics in various physical
systems, including water waves, matter waves, and optical fibers.

Beyond conventional solitons, which are localized structures
on a zero background, the focusing 1D-NLSE admits a broader
class of solutions known as breathers, or solitons on finite
background. This category includes the Peregrine, Akhmediev,
Kuznetsov-Ma, and Tajiri-Watanabe breathers (cf. [2] for ref-
erences), whose complex dynamics have been experimentally
investigated in fiber optics, hydrodynamics and Bose–Einstein
condensates [3–12].

While the classical theory of the focusing 1D-NLSE primarily
deals with regular, deterministic soliton and breather structures
[2,13,14], recent studies in integrable turbulence [15–17] have
emphasized the importance of random nonlinear wave fields,
such as soliton gases (SGs). A SG consists of a large ensem-
ble of interacting solitons with randomly distributed ampli-
tudes, velocities, and positions [18–24]. Notably, SG dynamics
has been shown to underlie fundamental physical phenomena
such as spontaneous modulational instability (MI) [25] and the
emergence of rogue waves in focusing media [26].

As recently introduced in [20], breather gases (BGs) gener-
alize the concept of SGs to random ensembles of solitons on
finite-amplitude backgrounds. Although the numerical synthesis
of BGs has been reported in Ref. [27], BGs have not yet been ob-
served in experiments. Recent theoretical studies have indicated,
however, that BGs can emerge spontaneously from a fission
process arising in the nonlinear evolution of slowly modulated,
periodic backgrounds perturbed by small initial noise [28].

Building on this concept, we present optical fiber experiments
in which we observe and investigate the spatiotemporal dynam-
ics of BGs. The primary challenge in these experiments is dis-
sipation, as BGs require it to be minimal for the conservation of
the amplitude of the background. We have successfully achieved
this condition in a recirculating fiber loop, enabling virtually
lossless nonlinear propagation over approximately 1200 km.
This represents a significant improvement compared to previous
works on MI, higher-order MI, Fermi-Pasta-Ulam-Tsingou re-
currences or breathers, where dissipation, though small, notably
influenced the dynamics [29–37]. This advancement allows us
to explore the spatiotemporal dynamics of BGs in single-shot
and in particular, to check theoretical predictions about kurtosis
doubling in the evolution of BGs [28].

Figure 1 illustrates our experimental setup, which features a
recirculating fiber loop constructed from approximately 8 km
of single-mode fiber (SMF). The loop is closed using a 90/10
fiber coupler, recirculating 90% of the optical power. The opti-
cal signal travels clockwise, and at each roundtrip, 10% of the
circulating power is extracted and directed to a photodetector
(PD) connected to a fast oscilloscope with a sampling rate of
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Fig. 1. Schematic of the experimental setup. Initially, the BG
takes the shape of a 140 ns-long square pulse at 1550 nm, with
its power slowly modulated at 250 MHz. The modulated pulse,
perturbed by optical noise from an erbium-doped fiber amplifier
(EDFA), propagates through a recirculating fiber loop. The optical
gain rate within the loop is precisely controlled via Raman am-
plification using a 1450 nm pump laser to compensate the losses
accumulated over a roundtrip.

160 GSa/s and a bandwidth of 65 GHz. The combined detection
bandwidth of the oscilloscope and PD is 32 GHz. The periodic
extraction of light from the loop allows for stroboscopic monitor-
ing of the wavefield’s evolution every 8 km. The recorded signals
are subsequently processed numerically to generate space-time
diagrams illustrating the wavefield dynamics over hundreds of
roundtrips within the fiber loop [23,31,32].

In our experiment, the initial condition consists of a 140 ns-
long square pulse at 1550 nm with a power profile that is not
constant over time. Instead, it is slowly modulated sinusoidally
with a period of 𝑇𝑚 = 4 ns, which is significantly longer than
the characteristic duration of the breather structures that emerge
during the nonlinear evolution (typically 50 ps for the range of
parameter of the experiments). This modulated square pulse is
generated using a fast electro-optic modulator (EOM) and is
intentionally perturbed by a small amount of optical noise, in-
troduced by an Erbium-doped fiber amplifier (EDFA), before
injection into the fiber loop (see Fig. 1). Following the scenario
proposed in Ref. [28], the modulated square pulse, perturbed by
this optical noise, evolves into a fully randomized BG within the
fiber loop, see Fig. 2(a).

As shown in Fig. 1, the SMF with a coefficient 𝛽2 =
−22 ps2/km for group velocity dispersion and a Kerr nonlin-
earity coefficient 𝛾 = 1.3 W−1 km−1 is connected at both ends
to wavelength division multiplexers (WDMs). These WDMs
are used to inject and extract the light of a 1450 nm pump
laser into and out of the fiber loop, thereby achieving back-
ward Raman amplification of the optical signal at 1550 nm.
Importantly, the power of the 1450 nm laser is gated using an
acousto-optic modulator (AOM) to prevent uncontrolled am-
plification of the 1550 nm signal and to match the required
number of roundtrips (150 in Fig. 2 and 3) within the fiber loop.
Additionally, the optical power at 1450 nm is finely adjusted us-
ing a variable optical attenuator (VOA) to compensate for the
total dissipation experienced by the 1550 nm signal during a
roundtrip. In this way, effective losses are nearly cancelled for
the 1550 nm signal, allowing it to propagate over 1200 km (150
roundtrips) with a nearly constant mean power, as illustrated in
Fig. 2(c). In our experiments, the mean power of the modulated
square pulse propagating in the recirculating fiber loop is typ-
ically around 15 mW, which corresponds to a nonlinear length
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Fig. 2. (a) Space–time evolution of the BG recorded in the recir-
culating fiber loop over a propagation distance of 1200 km. The BG
emerges from a fission process where the noisy optical background
with a slowly modulated power at 𝑓𝑚 = 250 MHz is destabilized af-
ter a propagation distance of ∼300 km. (b) Power of the optical field
recorded at 𝑧 = 0 km (red line) and 𝑧 = 1200 km (blue line). (c) Ex-
perimental evolution of the normalized optical power (blue line) and
of the kurtosis (orange line) in the recirculating fiber loop. (d)–(f)
Same as (a)–(c) but from numerical simulations of Eq.  (1) with the
initial condition given by Eq.  (2) for Δ𝑇 = 140 ns, 𝑓𝑚 = 250 MHz,
𝑃0 = 14.5 mW, 𝑚 = 0.3.

𝐿NL = 1/(𝛾𝑃0) ≈ 53 km, so that the total propagation distance
of 1200 km represents approximately 22𝐿NL.

Figures 2(a) and 2(b) demonstrate that the dynamical features
predicted theoretically in Ref. [28] are qualitatively observed
in our experiment. The slowly modulated background, initially
perturbed by a small amount of optical noise, undergoes a desta-
bilization (or fission [28]) that becomes clearly observable after
a propagation distance of approximately 300 km, as shown in
Fig. 2(a). At long propagation distances, the optical field con-
sists of a random ensemble of coherent structures with a duration
of approximately 50 ps, which is much shorter than the period
(4 ns) of the initial modulated field, see Fig. 2(a).

As shown in Figs. 2(d) and 2(e), the dynamical features ob-
served in our experiment are well reproduced by numerical
simulations of the 1D-NLSE:

𝑖
𝜕𝐴
𝜕𝑧

=
𝛽2
2

𝜕2𝐴
𝜕𝑡2

− 𝛾|𝐴|2𝐴, (1)

where 𝐴(𝑧, 𝑡) represents the complex envelope of the electric
field that slowly varies in physical space 𝑧 and time 𝑡. Fig-
ures 2(d) and 2(e) show the evolution of the optical power 𝑃(𝑧, 𝑡)
defined as the modulus square of the envelope of the optical
field: 𝑃(𝑧, 𝑡) = |𝐴(𝑧, 𝑡)|2. The initial condition in our numerical
simulation replicates the profile of the modulated square pulse
used in the experiments, which reads:

𝐴(𝑧 = 0, 𝑡) = √𝑃0 (1 + 𝑚 cos(2𝜋𝑓𝑚𝑡)) 𝑒−(2𝑡/Δ𝑇)2𝑝 + 𝜁(𝑡),
(2)
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where 𝑃0 = 14.5 mW represents the mean power of the modu-
lated square pulse that has a full width at half maximum Δ𝑇 =
140 ns. The modulation frequency 𝑓𝑚 = 1/𝑇𝑚 is 250 MHz like
in the experiment, 𝑚 represents a dimensionless modulation in-
dex which is equal to 0.3 in the numerical simulations reported
in Fig. 2, and 𝑝 is an integer that determines the rise and fall
times of the square pulse. In our numerical simulations, its value
is set to 𝑝 = 10. The term 𝜁(𝑡) represents a small noise term
whose strength and correlation time are determined from the
Fourier power spectrum of the initial condition measured in
the experiment. The exact properties of the noise 𝜁(𝑡) do not
notably influence the scenario of the BG formation. Our numer-
ical simulations are performed using an eighth-order adaptive
step Runge–Kutta method in a numerical box of size 300 ns,
discretized with 65536 points.

Figures 3(a), 3(b) and 3(d), 3(e) show qualitatively the same
experimental and numerical features as Figs. 2(a), 2(b) and 2(d),
2(e), but with a larger modulation index value of 𝑚 = 0.6 and
a slightly larger mean power 𝑃0 = 15 mW. Due to these larger
values, the formation of the BG begins at a slightly shorter prop-
agation distance of approximately 200 km, compare Fig. 2(a)
with Fig. 3(a).

Given the nearly constant optical power throughout the prop-
agation distance in our experiment, as shown in Figs. 2(c) and
3(c), we are able to perform a statistical analysis of the BG’s
properties following its formation from the fission of the initial
modulated wave. This analysis allows us to verify the theoret-
ical prediction of Ref. [28] that the fourth-order moment of
the BG doubles during its evolution. The normalized fourth-
order moment of the BG, often referred to as the kurtosis, is
defined by:

𝜅(𝑧) = 𝑇𝐵𝐺
∫𝑇𝐵𝐺

0
𝑃2(𝑧, 𝑡)𝑑𝑡

(∫𝑇𝐵𝐺
0

𝑃(𝑧, 𝑡)𝑑𝑡)
2 , (3)

where 𝑇𝐵𝐺 represents the width of the time window over which
the statistical analysis of the BG is conducted. To prevent edge
effects from affecting the statistical analysis—such effects are
associated to the formation of dispersive shock waves at the
sharp edges of the square pulse [14,38]—we conduct the anal-
ysis at the center of the square pulse. We set 𝑇𝐵𝐺 = 120 ns, a
duration that is shorter than the pulse length Δ𝑇 = 140 ns but
significantly longer than the modulation period 𝑇𝑚 = 4 ns.

Notably, the theoretical analysis in [17,39] predicts a doubling
of the initial value of kurtosis in the process of the long-distance
propagation, resulting in 𝜅∞ = 2𝜅(0), which is a general feature
of the SG/BG fission of partially coherent waves. As suggested
by the results of Ref. [28], this doubling process also applies to
the current context of the evolution of the noise-augmented real-
valued periodic input data (Eq. (2)) with large period. Similar
to Ref. [28], the role of the initial kurtosis 𝜅(0) is now played
by the fourth normalized moment of the (deterministic) input
profile given by Eq. (2) with 𝜁(𝑡) = 0. In particular, if one ne-
glects the exponential windowing function, the profile in Eq. (2)
gives rise to simple trigonometric integrals, which can be readily
computed analytically to obtain 𝜅(0) = 1 + 𝑚2/2.

In the first experiment, with the lowest modulation index 𝑚 =
0.3, Fig. 2(c) shows that the kurtosis value 𝜅(𝑧) remains nearly
constant at approximately 1.07 during the initial 300 km of prop-
agation. The fission process, which leads to the formation of the
optical BG, occurs between approximately 300 km and 400 km,
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Fig. 3. Same as Fig. 2 but with 𝑃0 = 15 mW, 𝑚 = 0.6.

where the kurtosis value abruptly doubles. By 𝑧 = 1200 km, the
final value of 𝜅(𝑧) reaches approximately 2.0, nearly twice its
initial value. Qualitatively similar features are observed for the
second optical BG, which was realized using a larger modula-
tion index 𝑚 of 0.6, as shown in Fig. 3(c). The initial value of
the kurtosis is slightly higher (𝜅(0 < 𝑧 < 100 km) ≃ 1.21) than
in Fig. 2(c), due to the larger initial modulation index. Fig-
ure 3(c) indicates a fission phenomenon occurring at a shorter
propagation distance around ∼200 km, as previously noted in
the description of the space-time evolution of this BG. At long
propagation distance (𝑧 ∼ 1200 km), the kurtosis value 𝜅 has
approximately doubled, reaching ∼2.18.

Figures 2(f) and 3(f) illustrate that the evolution of the kur-
tosis along the propagation distance 𝑧 is nearly identical in
numerical simulations of Eq.  (1), using the initial condition
specified by Eq.  (2). We note that the kurtosis in numerical
simulations reaches values that are slightly larger than the ex-
perimental ones, compare Fig. 2(c) with Fig. 2(f) and Fig. 3(c)
with Fig. 3(f). As discussed in detail in Ref. [32], this phe-
nomenon is due to the finite detection bandwidth of 32 GHz in
the experiments, which is not accounted for in the numerical
simulations of the 1D-NLSE presented in Figs. 2(f) and 3(f).

To further validate the statistical analysis of the BGs, Fig. 4(a)
displays the experimentally measured kurtosis values 𝜅 at 𝑧 ∼
0 km (blue points) and at 𝑧 = ∼1200 km (orange points) for six
different values of the modulation index 𝑚, ranging from 0 to
0.6. The results are presented as mean values calculated over
120 km intervals, with error bars representing the standard de-
viation of the kurtosis fluctuations in these intervals. As it can
be anticipated from Ref. [28], the initial kurtosis 𝜅(0) increases
monotonically according to 𝜅(0) = 1 + 𝑚2/2, as indicated by
the green line in Fig. 4(a). At 𝑧 = 1200 km, the statistical anal-
ysis of our experimental data shows that the kurtosis value has
approximately doubled for all the values of 𝑚. This behavior
is consistent with numerical simulations of Eq.  (1), as shown
in Fig. 4(b). Note that numerical simulations, which are unaf-
fected by limitations arising from the finite detection bandwidth,
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Fig. 4. (a) Experiments. Evolution of the kurtosis 𝜅 defined by
Eq. (3) as a function of the modulation index 𝑚 of the initial con-
dition at 𝑧 = 0 km (blue points) and at 𝑧 = 1200 km (orange points).
(b) Same as in (a) but from numerical simulations of Eq. (1) using
Eq. (2) as the initial condition. The green (resp. orange) curve rep-
resents the function 𝜅(0) = 1 + 𝑚2/2 (resp. 𝜅∞ = 2𝜅(0)).

depict kurtosis values slightly higher than those obtained ex-
perimentally. Furthermore, numerical simulations show that at
a propagation distance of 1200 km, the kurtosis has not yet sta-
bilized and is slightly higher than twice its initial value. These
simulations suggest that, with our experimental parameters, the
kurtosis would exactly double after a propagation distance of
approximately 8000 km. Finally, the larger error bars in the
simulations [Fig. 4(b)] compared to the experiments [Fig. 4(a)]
result from limited statistical convergence, as only one 140-ns
realization was simulated.

In conclusion, we have presented the first experimental obser-
vation of BGs in nonlinear fiber optics, enabled by a recirculat-
ing fiber loop that supports virtually lossless propagation over
1200 km. Initiated from a slowly modulated optical background
perturbed by noise, the BGs are formed through a nonlinear
fission process and demonstrate spatiotemporal dynamics that
align closely with numerical simulations of the focusing 1D-
NLSE. Notably, the observed doubling of kurtosis during the
evolution confirms a key prediction of the theoretical framework
[17,28,39,40]. These findings establish the physical relevance of
BGs in optical fiber systems and open promising perspectives
for experimental studies of integrable turbulence.
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