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We characterize soliton complexes in a high power double-clad erbium-doped fiber laser passively mode-
locked through nonlinear polarization evolution. Such complexes involve some hundreds of solitons and
form self-organized or disorganized patterns analogous to the states of the matter. Experimentally these
soliton compounds are characterized through the autocorrelation trace, the optical spectrum and the

oscilloscope trace which is limited due to its finite bandwidth. We perform here a reconstruction of the
experimental results thus allowing us to identify the temporal distribution of the solitons inside the cavity.
The reconstruction allows us to clarify and either to confirm or to correct the former intuitive interpretation.
Especially, a soliton ‘spray’ is identified.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Multiple pulsing is a very usual behaviour in passively mode-
locked fiber lasers operating in the anomalous dispersion regime [1-
5]. Indeed, the quantization of the soliton energy favours the
emergence of several pulses by cavity round-trip. With standard
pumping powers, the number of solitons is limited. As a consequence
of the soliton interaction, pulses lead to different pattern formation
along the cavity. The pattern can be disordered [6] or completely
organized [7] including passive harmonic mode-locking [8,9]. When
the solitons fill all the available space along the cavity in a disordered
way, the distribution of the solitons along the cavity is easily
observable with classical detection apparatus. Organized structures
correspond to soliton compounds in which few identical pulses
remain at the same distance from each other and with a constant
dephasing from one round-trip to the other [10,11]. Such states can be
completely characterized through the measurement of both the
optical spectrum and autocorrelation trace. From these measure-
ments, one can completely retrieve the temporal distribution of the
solitons which cannot be directly observed because of the small
temporal delays between neighbouring pulses [11,12]. This problem
of retrieving the soliton distribution becomes more complex with
high power fiber lasers, especially with condensate phases where
hundreds of solitons are grouped in a small part of the cavity [13-17].
Inside a condensate phase, solitons can move or can be at rest. In the
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latter case, the soliton distribution can be more or less regular.
Experimentally we have access to the envelop of the soliton train, to
the optical spectrum and only to a limited part of the autocorrelation
trace. With a limited number of pulses this is sufficient to deduce the
temporal distribution of the solitons without any further calculations.
When hundreds of pulses are present, the reconstruction is not
straightforward and requires a specific study. In a recent paper [17],
we reported a close analogy with the states of the matter and soliton
compounds in an erbium-doped double-clad fiber laser passively
mode-locked by nonlinear polarization rotation. Indeed, the laser
delivers some hundreds of solitons by cavity round-trip resulting in
spontaneous pattern formation as a consequence of the soliton
interaction. In view of the optical spectra and autocorrelation traces,
we proposed a temporal distribution for the solitons. However, we did
not check in detail that the suggested distributions were fully
compatible with the experimental results. The aim of this paper is
to perform a reconstruction of the experimental data reported in Ref.
[17].

The starting point is a given temporal distribution for the electric
field including many solitons. We consider successively the case of a
soliton ‘gas’, a soliton ‘liquid’, a soliton ‘poly-crystal’ and a soliton
‘crystal’. All the states are experimentally obtained by adjusting
adequately the orientation angle of an intra-cavity phase plate. In each
case of interest we propose an ansatz and calculate the corresponding
optical spectrum and autocorrelation trace. In order that the
conditions are the same as in the experiment, the results are averaged
over several cavity round trips. The averaging is limited to 4 round-
trip because the results do not vary beyond this value. The
reconstructed results are in good agreement with the experimental
acquisitions thus allowing evidencing the temporal distribution of the
solitons along the cavity.
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2. Soliton ‘gas’

In this section we consider a state which occurs very frequently
and consists of an assembly of solitons filling all the available space
along the cavity and in perpetual relative movement, without any
phase correlation between the pulses and from one round-trip to the
other. For the reconstruction we consider the following ansatz:

N 2
_ [ N
B0 = 2 4 sech (%) expl( Coly + oot + ¢k>7 (1)

k
where t, = t— ) AT,. AT is the temporal delay between pulse k
/=1

and pulse k—1 except for k=1 for which it corresponds to the
temporal position of the first soliton, chosen as the origin of times
t=0. ¢y is the phase of the kth soliton. For the ‘gas’ state A1, and ¢y
are considered as random variables from one round-trip to the other
and also from one pulse to the other. ¢y is uniformly distributed in
[0,m], and AT over all the sites of numerical box. T is related to the
pulse duration and is assumed to be the same for all the pulses. Its
value is deduced experimentally from the autocorrelation trace as
7=0.7ps. C is the chirp parameter and is fixed in order to adjust the
width of the reconstructed optical spectrum to its experimental value.
Examples of temporal distributions are given in Fig. 1 in which each
curve corresponds to a different round-trip. In order to reduce the
calculation time, we have considered only 50 pulses and a reduced
temporal window of 3.2 ns while the experimental values are 500 and
105 ns, respectively. This has neither consequence on the recon-
structed optical spectrum nor on the autocorrelation trace. Indeed, we
have checked that no change occurs by increasing the number of
pulses and/or the width of the temporal window. Hence our choice is
a good compromise between a reasonable calculation time and
negligible consequences on the reconstructed results.

The optical spectrum is numerically calculated as the Fourier
transform of the electric field (1) and then averaged over several
cavity round trips in order to mimic the operating conditions of an
optical spectrum analyzer. The autocorrelation trace is determined by

4o
IT) = [|E@E(t + T)|d, 2)

which corresponds to the non collinear configuration as it was used in
our experiment. Here again, the trace is averaged over several round
trips to reproduce the experimental conditions.

e O T T |
2000 vy
e 1 T T A
,0 0,5 1,0 lt,S(ns) 2,0 2,5 3,0

Fig. 1. Reconstructed time distribution of the intensity associated to a soliton ‘gas’. The
different curves correspond to different round-trip.
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Fig. 2. Optical spectrum for the soliton ‘gas’. (a) Reconstructed and (b) experimental.
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Fig. 3. Autocorrelation trace for the soliton ‘gas’. (a) Reconstructed and (b) experimental.
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The comparison between the reconstructed results and the
experimental acquisitions is given in Figs. 2 and 3. The chirp
parameter is here C=0.7. Both the reconstructed optical spectrum
and autocorrelation trace compare favourably with the experimental
results, at least in what concerns the general shape of the spectrum
and its fast modulation. The fact that there is no mutual coherence
between the pulses results in both the absence of modulation in the
spectrum and the absence of intercorrelation peaks in the autocor-
relation trace. Moreover, the large pedestal in the autocorrelation
trace is related to the perpetual movement of the solitons. Hence the
reconstruction confirms that the experimental results correspond to a
temporal distribution given by relation (1).

3. Soliton ‘liquid’

The usual definition of a liquid assumes that the distance between
particles is close to some fixed value A7, with a small jitter. In the case
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Fig. 4. The reconstructed soliton ‘liquid’, as defined by ansatz (3). a) Temporal
distribution, b) optical spectrum, c) autocorrelation trace.
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Fig. 5. Temporal distribution of a soliton ‘spray’. The inset shows a zoom of the selected
cluster.

of solitons, the non-rigid character of the inter-particle bounds in a
‘liquid’ corresponds to the fact that no specific phase relation between
neighbouring solitons is present. This can be described by the ansatz

N 2
_ by S L
E(t) = k§1 Ao sech(?) expz( C_21'2 + gty + Cb;(), (3)

k
witht, = t— Y~ (ATo + &), where &, < At varies randomly from
/=1

one pulse to the other. More precisely, &, =0.05 cosw, with
w distributed uniformly in [0,m]. The phase ¢, is also random,
distributed uniformly in [0, 7]. The reconstruction based on ansatz (3)
yields the temporal distribution, optical spectrum and autocorrelation
trace shown on Fig. 4. For the numerical computations we have used
the parameters 7=0.7 ps, C=0.8 and Ato=3ps (they correspond to
the experimental values).
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Fig. 6. Optical spectrum for the soliton ‘spray’. (a) Reconstructed and (b) experimental.
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Fig. 7. Reconstructed autocorrelation trace of the soliton ‘spray’. The inset shows a zoom
of the central part.

An experimentally observed multisoliton state was called soliton
‘liquid’ in Ref. [17]. The experimental data did not show long-range
order, while the reconstruction does, which proves that ansatz (3) does
not represent the observed situation. The fact that the usual definition
of a liquid induces here long-range correlation is due to dimensionality.
More precisely, fixing with some precision the distance between
neighbouring particles does not fix at all the distance between two
particles at long range in 2 or 3 dimensions. In contrast to this, in the
presentk case, ty=t—KkATo+", in which the random variable

M« = Y_ €, has a variance of about &v/k, in which we denote by &
/=1

is the common variance of the ¢,. This induces long-range order as long
as vk remains smaller than Aty As a conclusion, what we called
soliton ‘liquid’ in Ref. [17] is not a liquid in the usual sense
corresponding to ansatz (3).

Reconsidering the experimental observations, which show a
small modulation in the optical spectrum together with several
peaks in the autocorrelation trace, suggests that there are some
clusters of solitons in relative movement rather than only isolated
moving solitons. For the reconstruction we consider a further ansatz,
which consists in an incoherent superposition of clusters containing

1,01 A

AHA
0,51 AU A

—_
[=]
L

Intensity
o
9,

L
=}

—_
[=)
|

0.5 VN

[\
N 1\ VA \/
I\ \/ \ \/\\ Ya\
-10 0 10 20
Delay (ps)

0,0
-20

5227

avariable number of pulses. The total electric field is built as the sum
of N different clusters

(4)

n=1

Bty = > En<t— > ATJ->,
i=1

where AT; is the delay between two successive clusters. The electric
field for the cluster n is written as

/ 2
— 2 tn . t/,n
E,(t) = /glesech(/?) expl(—Cﬁ + oot , + ¢/‘n>7 (5)
where
7
t/n =t— mzl ATmn (6>
ATy = ATy + €4y (7)

The parameters AT}, &m, and ¢, , are considered as random
variables, with |em | <ATo<<AT,.

No phase correlation between solitons is assumed, hence ¢,
varies randomly inside a cluster (as ~ varies), from a cluster to the
other (as n varies) and from one round-trip to the other. The
separation time between two clusters AT; is random, while the
position of a soliton in a cluster is close to a fixed equilibrium value
A1y, with a small jitter , varying randomly as much as ¢, , does. The
¢,y are distributed uniformly in [0,7], AT; uniformly over the sites of
the computation box, and & ,=0.05cosw with w distributed
uniformly in [0,7] as above. For the numerical computations we
used 7= 0.7 ps (measured experimental value) and a chirp parameter
C=0.8. The latter is slightly different from the one used for the soliton
‘gas’. This is compatible with theoretical results reported in Ref. [18]
which show that the chirp depends on the orientation of the phase
plates. An example of temporal distribution is given in Fig. 5.

The optical spectrum is given in Fig. 6. The reconstructed spectrum
is in good agreement with the experimental one: a weak modulation
occurs because of the clustering effect between solitons. An example
of reconstructed autocorrelation trace is shown in Fig. 7. Because of
the large temporal distribution of the solitons in comparison with the
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Fig. 8. Autocorrelation trace of the soliton ‘spray’. Left: reconstructed, right: experimental. The three reconstructed traces correspond to three different drawings of random variables.

The three experimental traces correspond to three successive acquisitions.
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Fig. 9. Temporal distribution of a soliton ‘poly-crystal’.

pulse duration, the autocorrelation trace exhibits many peaks.
Experimentally we have access only to a small region around the
zero delay. As a consequence, the comparison with experimental data
will be done in this reduced region. Results are compared in Fig. 8 for
several initial acquisition times. The reconstructed traces perfectly
reproduce the pedestal and the various peaks. In addition, the
autocorrelation trace changes depending on the exact initial time of
acquisition as it is the case experimentally. The good agreement
between the reconstructed results and the experimental data
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Fig. 10. Optical spectrum for the soliton ‘poly-crystal’. (a) Reconstructed and
(b) experimental.
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Fig. 11. Autocorrelation trace for the soliton ‘poly-crystal’. (a) Reconstructed and
(b) experimental.

confirms that the experimental state corresponds to an incoherent
superposition of soliton clusters. As a conclusion, the state we called
previously a soliton ‘liquid’ should rather be called a ‘spray’ or a ‘fog’ of
solitons because it is analogous to a suspension of micro-droplets.

4. Soliton ‘poly-crystal’

This experimental state is a condensate phase in which the solitons
fill only a part of the cavity and the distribution repeats from one
round-trip to the other. The optical spectrum has a significant
modulation and the autocorrelation trace exhibits some sharp peaks
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Fig. 12. Temporal distribution of a soliton ‘crystal’.
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Fig. 13. Optical spectrum for the soliton ‘crystal’. (a) Reconstructed and (b) experimental.

without any pedestal. These observations led us to interpret such state
as a soliton ‘poly-crystal’, i.e. an incoherent superposition of clusters in
the form of bound states. To confirm this point of view we consider an
electric field distribution similar to Eqs. (4) and (5) except that
AT, n= AT for all m, n and ¢, ,= ¢,,. The first relation means that
the time delay between neighbouring solitons is invariant all along
the ‘poly-crystal’, while the second relation means that there is a
constant phase relation between solitons inside a cluster but a
random relative phase between different clusters. This random phase
is distributed uniformly over [0,m]. AT; is a random variable,
distributed uniformly over the sites of the numerical box, but remains
constant from one round-trip to the other. An example of temporal
distribution of the solitons is given in Fig. 9. For the computations we
have used 7=0.9ps and C=1.

The optical spectrum is shown in Fig. 10. Results show that the
reconstructed spectrum exhibits a significant modulation in reasonable
agreement with the experimental observations (see insets, which show
the regularity of the modulation). The spectral period depends only on
the delay Aty. As in the case of a soliton ‘liquid’, the autocorrelation trace
spreads over a large temporal range which cannot be observed
experimentally. As a consequence we restrict the reconstructed traces
to the range experimentally achievable, i.e. & 100 ps. Results are given in
Fig. 11. Here again the reconstruction favourably compares with the
experiment: the trace has a nearly triangular envelop as it has with a
bound state and no pedestal. The reconstruction therefore demonstrates
that the experimental observations are compatible with a temporal
distribution consisting in an incoherent mixture of bound states
repeating from one round-trip to the other.

5. Soliton ‘crystal’
The last state reported in Ref. [17] consisted in a bound state of

some hundred solitons. This state was completely characterized in
Refs. [13,15]. However, in order to give a complete overview we give

here the reconstruction. The ansatz consists in a coherent superpo-
sition of N identical solitons. The solitons are equidistant and fill only a
part of the cavity:

(t—(/—1)AT)?

& t—(/—1)AT .
E(t) = /21 Ay sech(f) expi| —C 77

+ mo(tf(/fl)AT)) (8)

For the numerical computations, we have used the experimental
pulse duration 7= 0.9 ps and delays AT =23 ps, the chirp parameter is
C=1.2. An example of temporal distribution is shown in Fig. 12.

The optical spectra are shown in Fig. 13. The reconstructed
spectrum exhibits the same characteristics than the experimental
one: there is a strong and regular modulation meaning that the
solitons are completely coherent and equidistant. Fig. 14 shows the
autocorrelation traces. The reconstructed one has a triangular envelop
because solitons form a bound state. In the reduced range exper-
imentally achievable, the variations of the amplitude of the peaks are
not appreciable. Experimentally these variations are below the noise
level and the autocorrelation trace exhibits nearly constant regularly
spaced peaks. Figs. 13 and 14 show that there is a very good
agreement between the reconstructed results and the experimental
data.

6. Conclusion
In conclusion, we have fully characterized the different soliton

complexes observed experimentally in the erbium-doped double-clad
fiber laser. For that we have performed a reconstruction based on an
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Fig. 14. Autocorrelation trace for the soliton ‘crystal’. (a) Reconstructed and (b) experimental.
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adequate ansatz for the electric field distribution inside the laser
cavity. The calculated optical spectra and autocorrelation traces are in
good agreement with their corresponding experimental results,
which demonstrates the validity of the reconstruction. The interpre-
tation of the experimental results of Ref. [17] is confirmed for the
soliton ‘gas’, ‘crystal’, and ‘poly-crystal’ states. The more accurate
analysis shows that the state which was previously thought to be a
‘liquid’ is in fact a ‘spray’, while the characteristics of the ‘liquid’ are
well determined. We expect to observe the soliton ‘liquid’ state in
some future experiment, since it has not yet been observed.
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