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1. Introduction

L)

Fiber laser operating in the anomalous dispersiomeeg

Negative GVD BEOt <0 =) Soliton regime (energy quantization)

J

High pumping power—=)| Multiple pulsing~ 100 - 1000 pulses / cavity round-tr

P

T=1/FSR

— Soliton interactionss Soliton pattern formatioss Self-organized (or
disorganized) structures analogous to the state® oh#itter= gas, liquid or solid
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2. NLPR fiber laser Experimental setup

Mode-locking through nonlinear
polarization rotation
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Soliton regime
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Optical spectrum
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2. NLPR fiber laser Soliton Gas
Time distribution
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» ~ 380 solitons

« Fill all the available space along

the cavity= gas

» Delays At strongly vary
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2. NLPR fiber laser Soliton Gas @

Autocorrelation trace Histogram of the delays
104 100
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| T T T T T T T 1 0 W’ZWI%W%%V}{WW
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Delay At (ps) At (ps)
* No reqgular dlstrlbutl_on Mean value <AT> = 236ps
 Large pedestak solitons are
in perpetual relative movement Standard deviationop; = 207ps
immd Analogous to a gas of soliton
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2. NLPR fiber laser Soliton Liquid @
Time distribution Optical spectrum
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« ~ 400 solitons

* Fill only a small part of the
the cavity= liquid or solid

 Solitons move> liquid

) (nm)

« Small spectral modulatioa
small mutual coherence between pulses
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2. NLPR fiber laser Soliton Liquid

L)

Autocorrelation trace

1,0
0,84 .
= « Small pedestal solitons are
; 06—- in perpetual relative movement
> » Difficult to characterize due to the
EDN small separation between pulses and
s to their perpetual movement (bound
02 UU states can be created and destroyed)
0,0 '
20 10 0 10 20
Delay (ps)

immy Analogous to a liquid of solitons (or clusters ofaitons)
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2. NLPR fiber laser

Intensity (a.u.)

Time distribution

Soliton Polycrystal

L)

Optical spectrum
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» ~ 520 solitons

o Fill only a small part of the
the cavity= liquid or solid

 Solitons at rest solid

A (nm)

* Moderate spectral modulaties
mutual coherence between pulses

* No order at large scate glass
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2. NLPR fiber laser Soliton Polycrystal

L)

0:8- £3p < Triangular envelogs bound-state of

8 solitons |

| —l:DO | —f;O | (I) | 5I0 | l(I)O' l \/
Delay (ps)

* No pedestal= solitons are at restm:> Incoherent mixture of bound-state of
» Order at small scale microcrystal variable number of solitons

d

Autocorrelation trace

1,05

Intensity (a.u.)

Analogous to a polycrystal of solitons

4-8 June 2012 Solitons, Collapses & Turbulence 10
Novosibirsk - RUSSIA



2. NLPR fiber laser Soliton Polycrystal

Lpa

How many bound-state in the pattern ?
How many solitons in the different bound-states ?

Regular spectral modulatief constant pulse separation in all bound-statess23 p

|

T s

the number of pulses is obtained from
[ _ AT, 09
: N =—=>
23ps

This is repeated for every ‘packet’ of
solitons visible in the temporal trace

4-8 June 2012

t (ns)

Solitons, Collapses & Turbulence 11
Novosibirsk - RUSSIA



2. NLPR fiber laser Soliton Polycrystal @

Histogram of the number the bound-states containgigesn number of solitons
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2. NLPR fiber laser Soliton Crystal

LY

Time distribution Optical spectrum
0
0.08 .
0,12 1 -104
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-70 ‘Hhi“ﬁlmu . : . : L ‘”‘“ Mhm.“llhldﬂ e H .
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t (ns) A (nm)
e ~ 480 solitons  Strong spectral modulation
« Fill only a small part of the mutual coherence between pulses
the cavity= liquid or solid * Regular modulatios> pulses
« Solitons at rest solid are equidistant
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2. NLPR fiber laser Soliton Crystal

L)

Autocorrelation trace

1,0
23 ps

0,8 -
g: 0.6 » Equidistant and identical pulses
}“ = Bound-state of hundreds of solitons
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immpY Analogous to a crystal of soliton:
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3. Figure-of-eight fiber laser Experimental setup @

Mode-locking through a nonlinear

Tot, _ _
amplifying loop mirror B3°'L =-004ps° <0

Soliton regime
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w
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3. Figure-of-eight fiber laser Soliton Gas

)

Time distribution Autocorrelation trace
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the cavity and perpetual movemesngas * No spectral modulatios
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3. Figure-of-eight fiber laser Soliton Liquid @
3

Time distribution Autocorrelation trac
1.0
1.2 (a) | (b)
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» The solitons fill only a small part of the cavand are in relative motion.

» The autocorrelation trace exhibits some sharpregadaly equidistant peaks revealing that
there exist some clusters of solitons.

» The optical spectrum points out a small modulatidich suggests that a small coherence
starts to occur between pulses

immpd Analogous to a liquid of solitons (or clusters ofditons)
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3. Figure-of-eight fiber laser Soliton Polycrystal
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3. Figure-of-eight fiber laser Soliton Crystal

Intensity (a.u.)

Intensity (dBm)
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3. Figure-of-eight fiber laser Diphasic Mixture
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129, Time distribution Autocorrelation trace
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3. Figure-of-eight fiber laser Diphasic Mixture

Reconstruction 0 |
| N Liquid
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4.10 W NLPR fiber laser Experimental setup

All-fiber laser

L)

BIOL =-012ps® <0

v T=152.9ns DSE
Y P=15-25W (10 W Er:Yb DCF |
. Amplifier )

Isolator

Coupler
50/50%
Output 10%
PC Polarizing PC
Q00 = (2
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4.10 W NLPR fiber laser

Intensity (a,u)
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4.10 W NLPR fiber laser P,=15W—25W

When the pumping is increased, the crystal exigsitgrows and then the crystal
undergoes a dislocation resulting in a splitting idifferent parts

J T

1M p
—~ 9 L VO VORI o MJM
> am r f _
S Increasing
2 intensity
a
Q o | LSOOV PRI N § LW
S M 1t f by

%ﬁh%ﬂu NMnumeHMMMMNMMMmumnﬂWﬂh“mmﬂuhhmﬂH

T T T | !
0 20 40 60 80 100 120
Time (ns)
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immpd |nstability of a soliton crystal of large extent
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4.10 W NLPR fiber laser P,=25W

)
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Harmonic regime of soliton packet?: Each packet is a regular train of about
500 harmonic U:> 50 identical and equidistant solitons

= 2500 solitons coexist in the cavity !
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4.

Intensity (a.u.)

10 W NLPR fiber laser P,=25W @
0
200 ﬁ ,M“ﬂ‘kﬁ i cw
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2060 1565 157:)\ E .
A (nm) |  Spectral modulatior> strong
| mutual coherence between solitons
Il .
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HML
-60-

! T ! T ! T ! T ! T ! T
1540 1550 1560 1570 1580 1590 1600
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immpl Passive harmonic mode-locking of soliton crystals

4-8 June 2012 Solitons, Collapses & Turbulence 26
Novosibirsk - RUSSIA



5. Conclusions @

v' Comparative study of soliton patterns formation in1 W F8L and NLPR-
based fiber lasers

v Universality of the soliton complexes which are inépendent of the exact
mode-locking mechanism

v New patterns involving distinct soliton phases

v Harmonic Mode-Locking of soliton crystals in a 10 WNLPR-based fiber
laser
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