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We investigate the turn-on process in a laser cavity where the round-trip time is several orders of
magnitude greater than the active medium timescales. In this long delay limit, we show that the universal
evolution of the photon statistics from thermal to Poissonian distribution involves the emergence of power
dropouts. While the largest number of these dropouts vanish after a few round-trips, some of them persist
and seed coherent structures similar to dark solitons or Nozaki-Bekki holes described by the complex
Ginzburg-Landau equation. These coherent structures connect stationary laser emission domains having
different optical frequencies. Moreover, they emit intensity bursts which travel at a different speed, and,
depending on the cavity dispersion sign, they may collide with other coherent structures, thus leading to an
overall turbulent dynamics. The dynamics is well-modeled by delay differential equations from which we
compute the laser coherence time evolution at each round-trip and quantify the decoherence induced by the
collisions between coherent structures.
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The coherence property of light has fascinated research-
ers for several centuries, and, following the laser discovery,
numerous devices have exploited coherence for applica-
tions in industries, ranging from communication networks
to metrology. Examples include Mach-Zehnder modulators
for optical communications [1], swept-source lasers for
optical coherence tomography [2], optical frequency combs
for high precision metrology [3], or ring laser gyroscopes
with fractions of prad/s resolution, such as in the GINGER
experiment [4–6].
The coherence properties of single mode lasers have

been thoroughly investigated, whether in the stationary [7]
or transient regimes [8]. Below the threshold, the photon
statistics follow a thermal distribution, with the coherence
time inversely proportional to the gain bandwidth. Above
the threshold, the photon number is distributed according to
Poisson statistics, and the coherence time is inversely
proportional to the Schawlow-Townes linewidth [9].
Single-mode laser coherence has gained recent interest
in the context of nanolasers where nontrivial photon
statistics can emerge [10] and high spontaneous emission
factors can be engineered, giving rise for example to
thresholdless lasers [11].
In multimode lasers, the phase relationship between the

active cavity modes is governed by the interplay between

dispersion and nonlinearities, which can lead to the gen-
eration of coherent structures or the emergence of fully
decoherent outputs such as optical turbulence. Turbulence
has been observed in the longitudinal dimension of multi-
mode laser resonators where coherent structures such as
dark solitons [12–14] or Nozaki-Bekki holes [15] have
been studied. The analysis of optical turbulence has been
recently transferred into the realm of integrated optics. In
Ref. [16], it is shown that an integrated semiconductor ring
laser can enter an optical frequency comb regime using a
very low pumping power owing to phase turbulence, which
arises from the phase-amplitude coupling of the laser field
in the semiconductor material. Depending on the dispersion
sign, the same device can also operate in the Nozaki-Bekki
hole regime, as shown in Ref. [17]. While spatiotemporal
laser instabilities are commonly modeled using partial
differential equations (PDEs), such as the complex
Ginzburg-Landau equation [16,18], the dynamics of long
laser systems can be well modeled using delay differential
equations (DDEs) [19,20]. The analogy between PDE and
DDEs is discussed in Ref. [21]. In particular, it has been
demonstrated that DDE models can exhibit localized
structures [22–24], as well as convective [21], Eckhaus
[25], and modulational [26] instabilities. In Ref. [26] it is
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shown that a long-cavity laser displays a stable operation in
the normal dispersion regime, while in the anomalous
dispersion regime a modulational instability is observed.
Coherent structures and turbulence have been thoroughly
investigated in the stationary operation of long lasers above
threshold [12,27]; however there is still little information
available about the transition to turbulence in these lasers in
the course of the turn-on transient when the pump param-
eter suddenly brings the laser above threshold.
This Letter aims to address this gap by providing an

experimental and theoretical investigation of the dynamical
and statistical properties of light during the turn-on tran-
sient of a highly multimode laser. Our study unveils the
universal mechanisms that drive the evolution of a long
laser from a stable, below-threshold operation, to a turbu-
lent regime via the formation and collisions of coherent
structures in the early round-trips of the transient buildup.
Beyond laser physics, the emergence of coherent structures
and turbulent states in the transient regime of dynamical
systems has never been analyzed in detail. Our results
provide an experimental and theoretical description about
the buildup of these states which are typical in the complex
Ginzburg-Landau equation and, therefore, are ubiquitous in
nature.
Our laser system consists of a semiconductor gain

medium enclosed in a passive fiber cavity whose round-
trip is much larger than the timescale of the active medium.
This long cavity allows unidirectional field propagation.
Long cavity lasers are closely connected to Fourier domain
mode-locked lasers [28] that are commonly used for optical
coherence tomography. In particular, the setup considered
in this Letter was used to describe the appearance of the
modulational instability that limits the coherence of these
light sources [29]. Thanks to the long ring cavity and the
pointlike semiconductor gain medium, we are able to
record and analyze during the laser turn-on the phase
and intensity variations of the field within each round trip
and to reconstruct the evolution of the coherence. Our
results reveal that, during the first round-trips, the laser
intensity buildup is characterized by the formation of power
dropouts. After a few tens of round-trip, the largest number
of these power dropouts disappear, and the photon statistics
relaxes toward a Poisson statistics. However, few of them
may survive and seed coherent structures similar to dark
solitons or Nozaki-Bekki holes, as the ones described by
the complex Ginzburg-Landau equation [30]. In the normal
dispersion regime, these coherent structures, that we call
holes, travel with a constant speed while their cores emit
decaying intensity bursts that travel faster than the holes. In
the anomalous dispersion regimes, the intensity bursts
emitted by a hole can reach and alter the dynamics of
the preceding hole and, as a result, lead to a chaotic
trajectory of the holes. This interaction between holes,
which is similar to defect-mediated turbulence, constitutes
the main source for coherence degradation in long lasers
operating in the anomalous dispersion regime.

The experimental setup is shown in Fig. 1. The laser
includes a semiconductor optical amplifier (SOA) with a
gain peak near 1.3 μm and a tunable optical bandpass filter
with 10 GHz transmission bandwidth. The total cavity
length of about 21 m, corresponding to 104.32 ns cavity
round-trip time was mostly comprised by the added lengths
of the fiber pigtails of all the cavity components. In order to
analyze the turn-on dynamics, the bias current Ib of the
SOA is quickly turned on to the values of 1.2 or 1.6 times of
its threshold current Ith ¼ 92 mA. The driver is quickly
turned on by a square-shaped signal having a 20 ns rise
time delivered by an arbitrary waveform generator. This
time is much shorter than the laser cavity round-trip time. A
50=50 fiber splitter placed after the filter is used to extract
the light out of the cavity (average output power is in the
mW range), which is detected and monitored by a real-time
oscilloscope with 12 GHz bandwidth, synchronously trig-
gered by the same waveform generator. Using the inter-
ferometric technique described in Ref. [31], with the aid of
a stable narrow linewidth laser, both the relative phase and
the amplitude of the electric field of the laser are recorded
in a single shot measurement, thus disclosing the evolution
of the laser field within each round-trip of the laser turn-on.
We describe the laser system shown in Fig. 1 with the DDE
model developed in Ref. [29] and using the lumped element
approach proposed in Ref. [20]. In order to take into
account the dispersion of the optical fiber, a generalization
of this model was developed in Ref. [26] that contains a
distributed delay term together with an additional polari-
zation equation. In the case of moderate dispersion, the
distributed delay model can be approximated by a fixed
delay model [32]. Here we use the rescaled version of the
DDE laser model developed in Ref. [32]:

γ−1
dEðtÞ
dt

þ ð1 − iΔÞEðtÞ
¼ þAðt − τÞ½Eðt − τÞ þ ϵPðt − τÞ� þ βðtÞ; ð1Þ

dPðtÞ
dt

¼ −ðΓ − iΩÞP − EðtÞ; ð2Þ

γ−1g
dGðtÞ
dt

¼ g0 −GðtÞ − ðeGðtÞ − 1ÞjEðtÞ þ ϵPðtÞj2 ð3Þ

with

AðtÞ ¼ ffiffiffi
κ

p
exp½ð1 − iαÞGðt − τÞ=2�eiφ;

where t is the time, τ is the cold cavity round-trip time, EðtÞ
is the complex electric field envelope,GðtÞ is the gain, PðtÞ
is the polarization of the optical fiber which can be tuned
from normal to anomalous dispersion by changing the sign
of Ω, κ describes the linear cavity losses, γg is the carrier
density decay rate, g0 is the pump parameter, α is the
linewidth enhancement factor, γ is the filter bandwidth,Δ is
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the central frequency of the filter, ϵ is the normalized dis-
persion strength, and βðtÞ is a white noise source with a
variance of 3.2 � 10−3 during the first round-trip, t < τ, and
0 afterward. Γ and Ω are the polarization decay rate and
frequency detuning. The parameter values used in the
simulations were τ ¼ 104.32 ns, γ ¼ 19 GHz, γ−1g ¼ 1 ns,
κ ¼ 0.036 (corresponding to −14.5 dB losses), α ¼ 3.5.
The filter is stationary, and ΔðtÞ ¼ 0. The pump param-

eter threshold value is taken as g0;thr ¼ − ln κ. The model
[Eqs. (1)–(3)] is numerically integrated by means of an
Euler scheme with a step dt ¼ 1.05 ps. The initial con-
dition corresponds to the laser-off state Eðt < 0Þ ¼ 0,
Gðt < 0Þ ¼ g0, and the laser is turned on at the moment
t ¼ 0.
The upper panels of Fig. 2 depict the first ten round trips

of the laser turn-on transient observed experimentally (a)
and calculated numerically (b). Spontaneous emission,

emitted by the SOA as soon as the pump current increases,
is reamplified after each round trip. As a result, the laser
intensity, averaged over one round-trip, increases in a
stepwise fashion and reaches its steady-state value after
a few round-trips. The laser continues to exhibit large
amplitude fluctuations for a much longer duration, and, to
obtain further insights on this dynamics, we represent the
evolution of the laser output in the first 50 round-trips by
using spatiotemporal diagrams [21], as shown in Figs. 2(c)
and 2(d). These diagrams allow one to visualize the
evolution round-trip after round-trip of the intensity in a
time window [9 ns in panel (b)] shorter than the cavity
round-trip time. Figure 2(c) reveals the existence of two
types of power dropouts. The first type (indicated by red
arrows) appears within the first round-trips of the turn-on
transient and disappears after about 25 round-trips. The
second type of power dropouts (indicated by black arrows)
remains for a much greater number of round-trips, and it
features a periodicity larger than the first type of dropouts.
This implies that the first type of dropouts has a larger
group velocity than the second type. The formation of these
power dropouts, which characterizes the initial stage of the
switch-on transient, is reproduced numerically by integrat-
ing Eqs. (1)–(3), as shown in the spatiotemporal diagrams
of Fig. 2(d).
The initial stage of the long-cavity laser switch on can be

described as an iterative process of noise regeneration. The
intracavity filter bandwidth determines the bandwidth of
the thermal noise initial condition. After each round-trip,
the statistical fluctuations are modified as the laser intensity
is reamplified. To describe this behavior, one can reduce
Eqs. (1)–(3) to a one-dimensional map describing the
evolution of the laser intensity after each round-trip (see
Sec. I of the Supplemental Material [33]) pn ¼ jEðnτÞj2,

pn ¼ κ exp
�

g0
1þ pn−1

�
pn−1: ð4Þ

The evolution of the laser intensity probability distribution
functions (PDF) during the laser switch on can be calcu-
lated from numerical and experimental data, and it is shown
in Fig. 3. The evolution of these PDFs shows a similar
behavior as observed in the switch on of a single longi-
tudinal mode laser [8,34], as they display a conventional
thermal statistics for the first round-trips before developing
a broad bell-shaped distribution (16th round-trip). On the
other hand, the PDF shown in Fig. 3 exhibits a long tail
toward the low intensities due to the existence of the
persisting power dropouts.
To gain further insight about the role of these long lasting

dropouts, we measured the temporal evolution of the
electric field [31] during the turn-on transient. Figure 4
shows the temporal evolution of the laser intensity and
electric field within a 20 ns time window at the round-trip
numbers 5, 15, and 500. These time series are obtained

FIG. 1. Experimental setup of the semiconductor laser with a
ring fiber cavity. ISO: fiber optical isolator. Half of the laser
power is used for the detection.

FIG. 2. (a) Experimental time trace of the intensity over the first
10 round trips after the turn-on of the SOA (round trip 0) recorded
at 12 GHz bandwidth (blue) and numerically filtered down to
100 MHz (red). (b) The simulated time traces of the laser
intensity over the first 10 roundtrips after the pump turn-on:
within the full simulation bandwidth (blue) and filtered down to
100 MHz (red). (c) Experimental 2D map of the laser intensity
time trace in a 9 ns time window over the first 50 round-trips. The
arrows indicate two distinct types of power dropout structures.
(d) Numerically calculated evolution of the laser intensity during
the first 50 round-trips.
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from the switch-on realization depicted in Fig. 2, and the
time window at different round-trips has been centered
around the power dropout identified by the left black arrow
in Fig. 2(c) and, correspondingly, in Fig. 4(b).
During the 5th round-trip, the intensity fluctuates near its

mean value while the electric field exhibits large and
aperiodic variations, indicating that the optical phase is
widely fluctuating. At the 15th round-trip, the electric field
displays a periodic evolution with small phase disconti-
nuities near the dropout marked by the arrow. At round-trip
number 500, we observe that the electric field tends toward
a sinusoidal evolution, but a phase discontinuity is
observed in correspondence to the power dropout which
now exhibits a larger amplitude. Measurements of the
optical frequency around this power dropout (see Fig. 2 in
the Supplemental Material [33]) demonstrate that it con-
nects monochromatic domains of laser emission with
slightly different frequencies. Hence, the dropout observed
in Fig. 4(c) can be interpreted as analogous to a source of
traveling waves observed in spatially extended systems and

described within the framework of the complex Ginzburg-
Landau equation [18].
The behavior of these holes depends on the dispersion

and pump power, and it can also vary from one realization
of the laser switch-on to another, as illustrated in Fig. 5. The
first two panels describe two different realizations obtained
for the same parameters: no hole is originated in panel (a),
while, in panel (b), a hole is seeded by a long lasting
dropout appearing during the initial stage of the switch-on.
We note that, when the dropout evolves into a hole (round-
trip number 300), its amplitude increases, and its group
velocity abruptly decreases. A close look at the evolution of
the hole reveals that, as described in Ref. [35], it emits
bursts that propagate at a faster group velocity than the hole
and that decay in the neighborhood of the hole.
For lower injection current, we observe that more power

dropouts persist and seed several holes, as described in
Fig. 5(c). The dynamics of each hole is similar to that
observed at higher injection current, i.e., it emits intensity
bursts which travel at larger speed. In this regime, these
bursts do not interact with other holes as they decay rapidly
as soon as they are ejected from the holes. The situation is
drastically modified when the laser is operated in the
anomalous dispersion regime (the intracavity filter is set
at 1360 nm), as illustrated in Fig. 5(d). In this regime, the
number of power dropouts per round-trip is much larger,
and the radiation emitted from each hole reaches and
modifies the dynamics of the preceding hole, thus leading
to a chaotic trajectory of the hole core. Such a behavior
constitutes, to our knowledge, a new type of dynamics in
defect-mediated turbulence [36].
To quantify the degree of decoherence induced by such

dynamics, we compute the coherence time as a function of

Intensity (arb. units) Roundtrip number

PD
F

Intensity (arb. units) Roundtrip number

PD
F

(a) (b)

FIG. 3. Experimental (a) and numerical (b) probability distri-
butions of the laser intensity for successive round-trips during the
laser turn-on. Numerical histograms are obtained with the 1D
intensity map.

FIG. 5. Maps of the laser intensity for different pump power
and operating wavelength. (a),(b) Two different transient build-
ups obtained for P ¼ 1.6 � Pth, operating at 1310 nm (normal
dispersion). (c) P ¼ 1.2 � Pth, filter at 1310 nm (normal
dispersion). (d) P ¼ 1.2 � Pth, filter at 1360 nm (anomalous
dispersion).

FIG. 4. Experimental time traces of the laser electric field (red)
and intensity (blue) at round trips 5 (a), 15 (b), and 500 (c). The
arrow in panel b indicates the position of the dropoutmarked by the
left black arrow in Fig. 2(c) appearing during the first round trips.
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the round-trip number for each situation shown in Fig. 5.
The coherence time per round-trip is obtained by integrat-
ing the optical power spectrum [37]:

τc ¼
Rþ∞
−∞ jSðνÞj2dν

ðRþ∞
−∞ jSðνÞjdνÞ2 ; ð5Þ

where jSðνÞj is the optical power spectral density computed
using the fast Fourier transform of the complex electric
field that was retrieved by means of the interferometric
technique in the experiment.
We see from Figs. 6 and 7 that the model [Eqs. (1)–(3)] is

able to quantitatively retrieve the experimental results. In
Fig. 6 numerical maps of laser intensity illustrating tran-
sient buildups are shown in zero (a)–(c) and anomalous
(d) dispersion regimes. They are in agreement with the
experimental data shown in Fig. 5. Figure 7 shows that the
coherence time quickly increases during the first 30 round-
trips, which confirms the observations made earlier.
Afterward we may distinguish between three types of
behavior. In the case where the transient results in no drop
or a single drop (blue and orange curves respectively), we
observe that the coherence time converges to a value of
about 3 nanoseconds after approximately 500 round-trips.
In the multiple drops case (green curve), we notice a
decrease in the coherence time with respect to the former
cases. This can be explained by the collisions experienced
by the multiple coherent structures present in the round-
trip. These collisions occur at random times, which
explains why the green curves in Fig. 7 show large
fluctuations either experimentally or numerically. The
amplitude of the fluctuations of the coherence time is
visible in Fig. 4 of the Supplemental Material [33], where
we have computed the average coherence time and
standard deviation over 21 realizations with different initial

conditions for the “multiple drops” case (green curve).
Finally, the situation is drastically modified in the anoma-
lous dispersion regime. In fact, we observe that, after a
rapid increase in the first round-trips, the experimentally
measured coherence time decreases and reaches the limit of
about 100 ps corresponding to the inverse of the filter
bandwidth. Although the dynamics of the laser is highly
multimode in this situation, the coherence time remains
remarkably constant with a further increase of the round-
trip number. This experimental observation is well repro-
duced by the numerical analysis.
In conclusion, we have presented a round-trip-resolved

evolution of the intensity and phase during the turn-on of a
long laser which has allowed us to disclose the universal
mechanisms at the origin of coherent structures and
turbulence. We have demonstrated that the transition from
thermal to Poisson statistics in the first round-trips is
closely connected to the existence of power dropouts.
These dropouts can survive after multiple round-trips
and seed coherent structures or holes. These structures
emit intensity bursts that propagate at faster group velocity
than the holes. Turbulence arises in the anomalous
dispersion regime via the multiple collisions between these
bursts and other holes, thus acting as a temporal
decoherence mechanism. Our results provide, to our knowl-
edge, the first detailed investigation of the transient
evolution of a dynamical system toward coherent structures
and turbulent states. Beyond long cavity lasers, our findings
may be relevant to a large class of dynamical systems in
nature.

FIG. 6. Numerical maps of the laser intensity obtained by
numerical integration ofEqs. (1)–(3) tomatch the experimental data
shown in Fig. 5. The maps are computed for a zero-dispersion
regime (ϵ ¼ 0) with g0 ¼ 1.6g0;thr (a),(b), g0 ¼ 1.2g0;thr (c), and
anomalous dispersion regime (d) with g0 ¼ 1.2g0;thr, ϵ ¼ 1.6,
Ω ¼ 30.4 GHz, and Γ ¼ 15.2 GHz. The other parameters are
the same as in the main text.

FIG. 7. Coherence times τc as a function of the round-trip
number. (a) Experiment. Transient resulting in no drop (blue)
corresponding to the situation shown in Fig. 5(a), single drop
(orange) corresponding to the situation shown in Fig. 5(b),
multiple drops (green) corresponding to the situation shown in
Fig. 5(c), defect-mediated turbulence in the anomalous dispersion
regime (red) corresponding to the situation shown in Fig. 5(d).
(b) Theory. Coherence times are calculated for simulated tran-
sients that are identical to the experimental ones in Fig. 6.
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