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Abstract: High power fiber lasers are currently a hot research topic.
Conventional studies on the fiber lasers have mainly focused on the scalar field
operation of the lasers, for the lack of simplicity. However, light propagation in
a real high power fiber laser cavity could also involve in the nonlinear coupling
between the two orthogonal polarization components of the light, which could
result in a number of interesting features. In the project we have both
experimentally and numerically investigated the operation of fiber lasers where
the vector nature of the light propagation in the laser cavity has to be considered.
We have called such a fiber laser as the vector cavity fiber laser. Experimental
studies on the operation of the fiber lasers have revealed a great number of
interesting phenomena, such as the phase or the group velocity locked vector
solitons, induced solitons, bright-dark pulse pairs, induced dark solitons in the
anomalous dispersion cavity fiber lasers etc. Numerical simulations have also
well confirmed the experimental observations and shown that the formation of
the observed phenomena could be well explained by the nonlinear coupling
between the two orthogonal polarization components of the light in the vector
fiber cavity. Other effects of the fiber lasers, such as the cavity induced
modulation instability, temporal cavity soliton formation, polarization domain
formation have also been experimentally observed and theoretically studied.

Introduction

Fiber lasers due to their advantages of easy maintenance, excellent stability,
compact size and low cost have found widespread applications in industrial
material processing, scientific research and military systems. Researches on the
various types of fiber lasers, specialty fiber designs, and novel fiber
components fabrication have attracted great attention worldwide currently. A
characteristic of fiber lasers, compared to other types of lasers, is that strong
light is confined to propagate long distance in the fiber core that has a very
small area of cross section. This has the consequence that the nonlinear light
interaction with the matter has a very long length, which results in that the
strength of all the nonlinear optical processes is strongly amplified. A
conventionally very weak nonlinear optical effect can even become significant.
Therefore, apart from the practical applications, fiber lasers also constitute an
ideal platform for the exploration of the various complex nonlinear dynamics.

Previous studies on the operation of fiber lasers have already revealed many
interesting nonlinear optical phenomena. Studying on these nonlinear optical
effects not only has led to a better understanding on the operation of fiber
lasers, but also has driven the performance of the fiber lasers to the extreme
through exploiting features of the nonlinear optical effects for better laser
operation. However, previous studies on the fiber lasers have mainly focused on
the simple scalar cavity lasers, which ignore the vector nature of light
propagation in fibers. For many practical cases e.g. a fiber laser with a
polarization sensitive component in the cavity, this is justified as the existence
of the polarization sensitive component fixes the polarization of light in the
laser cavity. However, for the comprehensive understanding on features of fiber
lasers the vector nature of light propagation in the cavity fibers has to be
considered. Theoretical studies have shown that the vector light propagation in
single mode fibers involves in the nonlinear coupling between the two
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orthogonal polarization components of light, which could introduce a number
of new nonlinear dynamics, such as various types of vector soliton formation,
polarization domains and domain walls, black-white vector solitons. The aim of
the research project is to investigate the operation of fiber lasers with a quasi-
vector cavity both numerically and experimentally. It is expected that through
the study a deep and comprehensive understanding on the operation of the fiber
lasers could be gained, and fiber lasers with novel features could be further
developed.

We have mainly focused on studies of two types of quasi-vector cavity fiber
lasers. One is with a saturable absorber in the cavity where due to the effect of
the saturable absorber, the laser will be automatically mode locked. Mode
locking generates a high peak power optical pulse in the laser cavity. Depending
on the concrete laser operation conditions, the mode locked pulse would then be
shaped into various forms of dissipative solitons through the nonlinear
propagation in the laser cavity. Our experimental studies based on the atomic
layer graphene mode locked fiber lasers have revealed a number of interesting
dissipative soliton operation features. Another type is the case of the vector
cavity fiber lasers without any saturable absorber in the cavity. For such type of
fiber lasers we show that due to the cavity detuning strong CW emission is
intrinsically unstable as a result of the cavity induced modulation instability. It
automatically becomes a periodic pulse train. Under strong pumping the peak
power of the pulses could become sufficiently strong so that the nonlinear pulse
shaping drives the pulses into dissipative solitons. As there is no saturable
absorber in the cavity, the dynamics and features of the dissipative solitons are
different from those with a saturable absorber in the cavity. Following the
literature we have called the dissipative solitons the “temporal cavity solitons”.

Part 1: Vector temporal cavity solitons in fiber lasers

1. Theoretical Background

To have a better understanding on the experimental results reported later in the
report, here we give a brief review on the features of light propagation in single
mode fibers (SMFs). It is well known that the light propagation in SMFs is
governed by the nonlinear Schrodinger Equation (NLSE). If light is propagating
in an active fiber or a fiber laser cavity, then the effects of the gain medium
have to be considered. In this case the light propagation is described by the
extend Ginzburg-Landau Equation (GLE). A fiber laser is essentially a
dissipative nonlinear dynamic system. Although under steady state operation of
a laser the laser gain is always balanced by the cavity losses, and the light
propagation exhibits similarities to those of light propagation in a single mode
fiber, they are different dynamic al systems.

1.1 Light propagation in single mode fibers and the soliton solutions
The light propagation in SMFs is described by the nonlinear Schrodinger
Equation (NLSE) [1]

E B TE

- ——iy|[EfE+ZE=0
Z 2 ot 2 (1.1)
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where E is the slow amplitude of the optical field in optical fiber, a is fiber loss,
B2 is the second-order group velocity dispersion coefficient (for SMF, £,<0)
and y is the nonlinear coefficient of fiber. The loss in optical fiber is usually
very small, so the last term of Eq. (1.1) usually can be neglected and it becomes
a conservative system. The second term of Eq. (1.1) represents the influence of
GVD and the third term represents the effect of nonlinearity, which is realized
through self-phase modulation (SPM) here. It usually uses normalization to turn
Eqg. (1.1) into a dimensionless form

_ou 1% 2
i—+=—+|u[u=0

TZ
= Ly ="° = 2 N2 = % -1
where ™ %F’o, i 4”2|, ufR =E n=sgn(B,) d /_d and L 7

where Po and To are the peak power and pulse width of a reference pulse.

When the fiber dispersion is anomalous,”? =39"(%.)=-1 Eq. (1. 2) has a special

solution as

u(&,7) =sech(r) exp('%) 13)

Eq. (1.3) describes a sech?-shape wave whose shape is only the function of
time. Physically, it describes a sech2-shape light pulse which propagate freely
in the optical fiber without broadening and maintaining its shape unchanged.
This particle-like light pulse is called optical soliton. The optical soliton was
first experimentally observed in 1980 by Mollenauer et al. [2].

In a NLSE system in the form of Eq. (1.2), strong CW light is intrinsically
unstable due to the modulation instability (MI) [1]. Mathematically, it means
that a steady-state solution of Eq. (1.2) will become unstable under small
perturbation. As a result of the MI a continuous wave will break up into a
periodic pulse train due to weak perturbations, such as background noise, which
is inevitable in real fibers. Akhmediev et al. firstly found an analytical Ml
solution of the NLSE, which has a breather-like structure, and it was called the
“Akhmediev Breather (AB)” [3]. The AB solution of Eq. (1.2) is written in the
form

u(s,7) =

(1-4a)cosh(bg) + ibsinh(b) ++/2a cos(Qr)]ei§

\J2a cos(Q7) - cosh(b&) (1.4)

1[ QZJ
a==|1-—"
Here Q is the dimensionless modulation frequency;, 2 4 ,Where 0 <a <
1/2 determines the frequencies that experience the instability gain and

_ b
b=[8a(1-2a)] determines the instability gain growth. When the modulation

frequency is very small, the limiting solution for a — 0.5 has a particular
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fractional form that has led this class of solution to be described as a ‘rational
soliton’, as firstly derived by D. H. Peregrine and also known as ‘Peregrine
Soliton’ [4]. The solution is in the form of

u(g,f)z[l M}

- 2 2
1+47° +4¢& (15)

Fig. 1.1 plotted the Akhmediev Breather based on Eq. (1.4) under difference
modulation frequency parameter a and the ideal Peregrine soliton based on Eq.
(2.5)

ABwitha=0.25 AB withe =045

ABwitho =048 Peregrine soliton

(s, 1
lwtg, oFF

"5

-10 "-10

-10 " =10

Figure 1.1. Plotted Akhmediev breather of modulation parameter
a=0.25, a=0.45, a= 0.48 and the Peregrine solution when a—0.5.
(After Ref. [5]; © 2010 Nature Physics.)

From Fig. 1.1 it is clearly to see that with the increasing of a, thus the
decreasing of modulation frequency, the temporal separation between the
adjacent peaks increases, at the same time the compressed temporal width of
each individual peak decreases. When a approaches 0.5, the pulse becomes
Peregrine soliton which is extremely localized in both temporal and spatial
domain.

The phenomena described above are the cases of linearly polarized light
propagation in optical fibers. However, the real optical fibers support two
orthogonally polarized modes. The light propagation in real fibers also involves
in the coupling between the two polarization modes. Taking the vector property
of light propagation in the single mode fibers, the dynamics of light propagation
is then described by the coupled NLSEs of the form

Slow A2 . 2
a—u=iﬁu—56—u—ké—g+iy(|u|2+E|v|2ju+'—7/v2u*+gu+ gza—g

& a2 a 3 N T
n A2 2
—=—iﬁv+6@—£a—\; M +=[uf” v+ Yo + 9y 928_\2/
2 ot 2 2Q° ot
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where u and v represent the normalized amplitude of the optical field on the two
orthogonal polarization components, 24 =2zAn/A=2x/L, is the wave

number difference between these two polarization modes, Lb is the beat length

of optical fiber which describes the strength of birefringence. 26 =2prl2zc is
the group velocity difference, k™ is the second-order dispersion coefficient, y
represents the nonlinearity of the fiber. The last two terms on the right hand side
of Eq. (1.6) represent the SPM, cross-phase modulation (XPM) and four-wave-
mixing (FWM) effect, respectively. The coupled-NLSESs support vector solitons
[6] and bright-dark soliton pair [7, 8] in optical fiber.

1.2 Theoretical description of light propagation in fiber lasers

In addition of some necessary discrete components, like the output coupler and
wavelength-division-multiplexer (WDM), a fiber laser cavity is mainly made of
single mode fibers. Hence light propagation in a fiber cavity resembles
essentially the light propagation in the fibers. However, different from the light
propagation in fibers, in a laser cavity there are also gain and loss, and in the
steady state laser operation the light must also satisfy the cavity resonant
condition. Therefore, the real situation is much more complicated than that of
light propagation in single mode fibers. First, we consider the light propagation
in one cavity roundtrip. Without loss of generality we assume that the laser gain
is filled up the whole cavity, considering the gain effects, the NLSE is changed
to the following form

2En
proifp i 9 9B (1.7)

[GE"_p, O°F'
2 20, at?

En
oz, 2 ot

+7

where E" = E"(z,,t) are the complex envelopes of the optical field, n denotes the

n th passage through the fiber laser cavity, g is the group velocity dispersion
(GVD) coefficient, y is the nonlinear coefficient, g is the gain coefficient and Qg4
is the effective gain bandwidth of fiber laser. z, is the light propagation distance
parameter and t is the retarded time in a reference frame traveling with the
group velocity of light. When light is circulating in the cavity, it should also
fulfill the cavity boundary condition:

E"(z, =0,t) = pexp(—ig)E"(z, = L,1t) (1.8)

where L is the cavity length, o and ¢ are the amplitude reflection and
transmission coefficient between each cavity cycle, p? =1-6%. ¢ is the linear
phase delay generated when light propagates one round trip in the cavity.

For a good cavity operating near the resonance and having a cavity length (L)
far shorter than the dispersion length (Lg) in the cavity, we have the following

approximation:
92 9'2

@mr=9)/_ ¢/ ~ & (1.9)
L/ ~

Y, =
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where ¢ is an arbitrary small parameter (c<<1), m is the order of the cavity mode

closest to the cavity resonance and s is the cavity detuning parameter, therefore
the boundary condition Eq (2.8) can be simplified as

E™(z2,=0.t) = (1-iex 0 5)E"(z, = L,t) + O(c?) (1.10)
and Eqg. (1.7) can be rewrite in one cavity cycle as
E"(z, = &L, )~ E"(z, =0,t) = —icL, %a;thn viel,y|E"[ E" + g"zdg E"+ 82'33 a;thn
(1.11)
Combining Eqg. (2.10) and (2.11), one has
E™(z, =0,t) = E"(z, =0,t) —ieL, %a;thn +ieL,y|E" E” +‘5"ngE" +82"Td§’a;5n —(igxE" +€9%)E”(zn =0,t)+0(£?)

(1.12)
Under good cavity condition, the variation of the optical field over one cavity
cycle is very small, so we can approximate the spatial differential as

GE(z,t)]  _E@=(n+D)sL,,) —E(z=neL,,1) (1.13)
tor4 |z:n5L¢ - ng |

Substituting Eq. (1.12) into Eq. (1.13) we get

2 2 2rn
iE LOE ererif 9 i 9 9E de o (114)
oz 2 at 2L

Normalize Eq. (1.14) by L, :%Po , Ly =%2| ,uy/P, =E , =sgn(5,) ,gz%d :

sz'% =1, where Po and To are the peak power and pulse width of a
NL
reference pulse. For simplicity, the normalized cavity detuning is set as

2
A= '—d% and a= ‘9"% is the normalized loss coefficient of the cavity. G = gL, IS

the normalized gain coefficient and @ =T, is the normalized gain bandwidth,
then Eq. (2.14) can be rewritten as

2
9 _au=0 (L15)
T

Eq. (1.15) describes the average dynamics of light circulation in an active fiber
ring cavity. It has the same form of the Ginzburg-Laudau Equation (GLE),
which admits the dissipative soliton solutions. However, the parameters now are
the averaged value over the cavity length. It is the averaged values that control
the dynamics of a laser. We note that equation (1.15) is physically equivalent to
the Hermann Haus’s master equation [9] without the saturable absorber term.
The gain in the fiber laser is described as
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g=———2— 1.16
1+I|u|2dt/Es ( )

where go is the small gain coefficient and Esis the saturation energy of the gain
medium. Eq. (1.16) represents the gain saturation in laser cavity, which is an
intrinsic feature of all lasers. When a laser is in the steady operation state, the
gain is always balanced by the cavity losses. Therefore, the fourth term of Eq.
(1.15) can be neglected. However, the light power in steady operation state is
directly related with Es and go, which vary with the pumping strength of fiber
laser.

We note that for some fiber lasers the effective cavity gain bandwidth could be
far broader than the laser emission bandwidth, if the optical field is in resonance
with the cavity, then the last two terms of Eq. (1.15) could be ignored. In that
case the Eq. (1.15) can be simplified to the form of NLSE, as Eq. (1.2). It
means that the averaged dynamics of light propagation in fiber laser cavity is
analog to those of the NLSE, despite the fact that the fiber laser is naturally a
dissipative system. Therefore, those phenomenon theoretically supported by the
NLSE can also be observed in a fiber laser. Therefore, under the effect of Ml,
the CW output of fiber laser will turn into a periodic pulse train. Moreover,
under suitable conditions these periodic pulses could further evolve to
Akhmediev breathers and Peregrine soliton.

When a strong CW beam circulates in a fiber ring cavity, in addition to the
conventional modulation instability it is also prone to the cavity induced
modulation instability (CIMI) [10, 11]. The CIMI not only has lower threshold
than the conventional modulation instability, but also has linear cavity detuning
dependent modulation frequency. Through appropriately selecting the linear
cavity detuning the cavity induced modulation instability lasing could also
generate periodic pulses with GHz to tens of GHz repetition rate [11].
Therefore, in fiber laser, there are two kinds of modulation instability effect that
can lead to the breaking-up of a CW and forming of periodic pulse trains. We
note that the modulation frequency of conventional Ml has usually hundreds of
GHz, which is unobservable with an electronic detection system like an
oscilloscope, except using the autocorrelator. The repetition rate of periodical
pulse train that can be distinguished in oscilloscope trace is usually no more
than tens of GHz, which is initiated by the CIMI.

However, for the majority of fiber lasers, considering the passing bandwidth of
the intra-cavity components and the gain bandwidth of doped fiber, there is
effective gain bandwidth limitation in the cavity. Hence, the fifth term in Eq.
(1.15) cannot be ignored. In this case the dynamics of a fiber laser deviate from
those of the NLSE. In particular, when the effective gain bandwidth plays a
role, Eq. (1.15) admits the dissipative soliton solutions [12]. The properties of
dissipative solitons are determined by fiber laser cavity parameters, such as gain
and loss, gain saturation and bandwidth. Therefore, initiated by MI or CIMI, the
CW light beam in fiber laser may break up into pulse train, and the pulses could
be further shaped into dissipative solitons. These solitons are quite different
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from the solitons generated in the mode-locked fiber lasers. As the solitons have
a similar formation mechanism as the temporal cavity solitons reported, we
have named them the temporal cavity solitons in fiber lasers.

If there are no polarization dependent components in cavity, and the fibers have
weak birefringence, one must also consider the coupling between the two
polarization components of light in the fiber cavity. In this case light
propagation in the cavity is described by the coupled extended GLEs

HYRUR-Y4 H 2
au:iﬂU—§6—u—La—u+i7’(|u|z+§|v|2ju+%/vzu*Jrgu+ g cu

~ 2 2 2

oz ot 2 ot 2 2Q) ot (1.17)
i, n A2 H 2

@:—iﬂv+5@—&6—¥+iy(|v|z+E|u|2jv+l—7uzv*+gv+ 92 6—\2/

oz o 2 ot 3 3 2 20, ot

where the fifth term on the right hand side shows the combination of SPM and
XPM effect, the sixth term on the right hand is the FWM term. There is no
doubt that according to Eq. (1.17), vector dissipative solitons should also exist
in a quasi-vector cavity fiber laser.

2. Scalar temporal cavity solitons

For the completeness of the research we also investigated the scalar cavity
soliton formation in fiber lasers. As shown above, the propagation of light in
fiber laser is described by the Ginzburg-Laudau Equation (GLE), which can be
numerically solved by the Split-Step Fourier (SSF) method [1]. Therefore, we
have numerically simulated the scalar cavity soliton formation in a fiber laser.
The numerical simulation verified the possibility of the spontaneous generation
of temporal cavity solitons in fiber laser. Guided by the simulation results, we
further conducted experimental study on the operation of an anomalous fiber
laser, and confirmed the spontaneous temporal cavity soliton formation.

2.1 Numerical study

Our numerical method is based on the Split-Step Fourier (SSF) method, which
is widely used in solving the nonlinear partial differential equations like the
NLSE and GLE. We have used a model fiber laser cavity that has the same
cavity parameters as the fiber lasers we used in the experiment. Specifically, it
has a 13 m fiber ring cavity consisting of 3 m Erbium-doped fiber (EDF) with
GVD parameter of -48 ps/nm/km and 10 m SMF with GVVD parameter of 18 ps
/nm/km. The net dispersion of the cavity is in the anomalous dispersion regime
and has a value of 2.78 ps/nm/km. We use the fiber nonlinear coefficient y =3
km1wW, cavity effective gain bandwidth Qg =20nm and 10% cavity output loss.
Considering a CW fiber laser operation destabilized by the cavity-induced
modulation instability (CIMI), we artificially introduced a weak field
U (0,7) =U, cos(2x f_r) as an initial periodic modulation on the CW laser field,

where f¢ is the modulation frequency. Fig. 2.1 shows the evolution of the laser
emission under existence of the effective gain bandwidth limiting. When the
gain bandwidth is appropriately selected, a stable periodic pulse train is always
formed under the M1 effect.

9
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Figure 2.1. (a) Formation of stable periodic pulse pattern in a fiber

laser under the effect of modulation instability and effective gain

bandwidth limiting. Es =0.3pJ, £y =20nm and fc = 20GHz. (b) A
steady state laser emission.

100

Without the effective gain bandwidth limitation, the laser emission would
display the Akhmediev breathers, as shown in Fig. 2.2. This simulation result is
the same as reported in Ref. [3], which verifies that the light propagating in
fiber laser cavity without gain bandwidth limitation has the same properties as
the light propagation in optical fibers described by NLSE.

Round

Time (ps)
Figure 2.2. Formation of Akhmediev Breather structure in fiber laser
cavity where ignoring the gain bandwidth limitation as the condition
of Fig. 2.1.

Carefully checking the periodic pulse train in Fig. 2.1, it is identified that there
is a CW background on the pulse train. However, as the saturation energy is
gradually increased, the pulse width narrows down and the CW level decreases.
Eventually all the pulses in the pulse train effectively become dissipative
solitons and the soliton is highly localized with each other, as shown in Fig. 2.3.
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Figure 2.3. (a) Formation of stable dissipative soliton pulse train in a
fiber laser under the effect of modulation instability and effective gain
bandwidth limiting. Es =0.5pJ, £25=20nm and f.=20GHz. (b) A steady

state of the laser emission.

To confirm that each pulse in the periodic pulse train is eventually shaped into a
dissipative soliton, whose parameters are determined by the laser operation
condition, we have further compared the steady-state pulse amplitude and phase
profiles with those of the theoretically predicted fundamental dissipative soliton
[13]. A dissipative soliton has a chirped-sech profile in the form of
u(z) = N, sech h(pz)exp[—ig In(cosh pr)] (2.1)

where Ns, p, g are constants related to the pulse height, width, and frequency
chirp, respectively. Taking Ns, p, q as the fitting parameters we found that the

numerically calculated pulse profile and phase profile well match those of the
dissipative solitons, as shown in Fig. 2.4.

0.1 \
——Sims
reTee— Anal )"“L

21

2.05

20 20

Time (ps) Timg(ps}
Figure 2.4. Comparison of (Right) amplitude and (Left) phase profile
of the steady state pulse with those of the analytic fundamental
dissipative soliton.

The steady-state pulses under different effective laser gain bandwidths have
been calculated and the pulse width varied with the effective gain bandwidth.
However, no matter how the pulse width varies, the steady-state pulse profiles
always have the characteristics of a fundamental dissipative soliton. When
keeping increasing the saturation energy, like the operation of the conventional
dissipative soliton fiber lasers [14], the solitons will break up and form a new
pulse train with non-uniform soliton separation, as shown in Fig. 2.5.
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Figure 2.5. (Right) Dissipative soliton breaking when the beam
intensity is strong. Es =2pJ, 24=20nm and f:=20GHz. (Left) A state of
the laser emission.

In the simulations laser emission under various modulation frequencies, gain
bandwidth, and saturation energy were also checked. The above features were
found independent of the concrete laser parameter selections, suggesting that
they are general properties of the fiber lasers. We note that mathematically the
state shown in Fig. (2.1) can be considered as a stable periodic solution of Eqg.
(2.15). Periodic solutions known as cnoidal waves were found for the NLSE
[15]. It is known that as the periods approach infinity, the limiting case of the
cnoidal waves is a soliton. Since Eq. (2.15) could be simplified to the NLSE, it
is expected that a similar feature would also occur on the periodic solutions of
Eq. (2.15). Increasing the pumping power, the intensity of the periodic waves
could also increase. Therefore, it would be plausible that under sufficient high
energy, a train of dissipative solitons could be formed as a result of the
nonlinear shaping of its periodic waves.

In summary, our numerical simulations have shown that for a fiber ring laser
with anomalous cavity dispersion, as far as the laser power is strong, the Ml
always destabilizes its CW operation. If there is no effective gain bandwidth
limitation, the system is described by NLSE. The MI or CIMI will only lead to
the formation of the Akhmediev breathers or the formation of Peregrine soliton
as the limiting case. However, under existence of the effective gain bandwidth
limiting, the system is described by the extend-GLE. The MI will lead to the
formation of a stable train of periodic pulses or temporal cavity solitons (or
dissipative solitons). Nevertheless, the periodic soliton trains could be easily
destroyed by the system noises, especially in the case of low pulse repetition
rate. Consequently, multiple mutually independent dissipative solitons would be
formed in the laser cavity.

2.2 Experimental setup and results

Numerical simulations confirmed the spontaneous generation of temporal
cavity solitons from a periodic pulse train in the net anomalous dispersion fiber
lasers. Guided by the numerical simulations, we further conducted experimental
studies on the spontaneous dissipative soliton formation in anomalous
dispersion cavity fiber lasers. We set up a fiber ring laser with a cavity
configuration as shown in Fig. 2.6. The fiber laser had the same parameters as
used for the numerical simulation: the cavity length was 13 m long, consisting
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of 3 m EDF and 10 m SMF. A polarization independent isolator was employed
in the cavity to force the unidirectional operation of the cavity, and an intra-
cavity polarization controller (PC) was used to tune the linear cavity
birefringence. A wavelength division multiplexer (WDM) was used to couple
the pump beam into the cavity. The laser was pumped by a 1480 nm high power
Raman fiber laser source whose maximum output pump can be as high as 5 W.
About 80% of the pump power could be coupled into the fiber cavity. A fiber
output coupler with 10% output coupling was used to output the laser emission.

- WDM
@ Pump
1480 nm
. 2
Ol
¥ -

Coupler

Isolator

| OSA I
| Oscilloscope I

10% output

Autocorrelator

® o ¢

Figure 2.6. A schematic of the Erbium-doped fiber laser. EDF:
Erbium-doped fiber. SMF: Single mode fiber. WDM: Wavelength
division multiplexer. PC: Polarization controller

The fiber laser has a very simple cavity configuration. Different from the
conventional soliton fiber lasers that need either an active or passive mode
locker inserted in the cavity to initiate the pulse operation, there is no mode
locker in our experiment. Therefore, no mode locking will occur. Under low
power pumping the laser is always in a CW emission state. Depending on the
linear cavity birefringence, which is controlled by changing the orientations of
the paddles of the intra-cavity PC, the CW laser emission either consists of two
different wavelengths and the emission at each wavelength is linearly polarized
along one of the two orthogonal polarization directions of the cavity, or has a
single wavelength with an elliptical (or linear) polarization.

We first investigated the case that the laser cavity has very weak linear
birefringence. It was found that under strong pumping power (pump
power >500 mW), linearly polarized CW laser emission could always be
obtained. We attributed the linearly polarized laser operation to the polarization
instability of light propagation in weakly birefringent fibers [16]. Operating in
such a linearly polarized state, as the pump power is further increased, it is
experimentally observed that the CW laser emission could be suddenly changed
to a train of optical pulses, as shown in Fig. 2.7.
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Figure 2.7: A typical case of the suddenly formed periodic pulse train
emission of the fiber laser. (a) Oscilloscope trace of the laser emission.
(b) the corresponding optical spectrum.

The repetition rate of the pulse train is tunable by carefully changing the
orientation of the intra-cavity PC, which means it is initialed by the cavity
induced MI (CIMI) [10, 11]. The pulses are very stable in the cavity. Carefully
checking the pulse train, it can be identified that the pulse train is on a CW
background, as shown in Fig. 2.7(a).

Once the periodic pulse train with a CW background is obtained, further
increasing the pump power, the pulse intensity will increase and the CW
background level will decrease. It’s just the same as the previous numerical
simulation results. Eventually the pulses start to move freely in the cavity, and
the pulse distribution in the cavity becomes random, as shown in Fig. 2.8(a).
Fig 2.8(b) is the corresponding optical spectrum. We can see that the optical
spectrum of the laser emission becomes significantly broader. In particular,
there are some obvious Kelly sidebands on the spectrum, which is the signature
of the formation of solitons in the fiber ring laser. Once solitons are formed in
the cavity, it was found that the dynamics of the solitons are similar to those
observed on the conventional mode-locked soliton fiber lasers [16].
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Figure 2.8. A typical case of the suddenly formed dissipative soliton
emission state of the fiber laser. (a) A snapshot of the oscilloscope
trace. (b) The corresponding optical spectrum.

Fig. (2.9) and Fig. (2.10) further show the operation of the fiber laser under
relatively large linear cavity birefringence. In this case the laser emissions along
the two orthogonal cavity birefringence axes have different wavelengths.
Hence, the two orthogonally polarized laser beams are incoherently coupled. It
was shown that the incoherent coupling results in the formation of the
polarization domains, displaying that the laser emission alternates between the
two coupled orthogonal polarization directions, as shown in Fig. (2.9).
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Figure 2.9. Dissipative soliton formation in each polarization domain.
The two oscilloscope traces show the laser emission along each of the
two orthogonal polarizations of the cavity. Zoom-in the trace the
dissipative soliton distribution looks like that shown in Fig. 2.7(a).

Under relatively low pumping intensity, the laser emission in each domain is
CW. However, as the intensity of the laser beam in a domain becomes
sufficiently strong, a periodic pulse train could automatically form in the
domains. The formation of the periodic pulse train is attributed to the effect of
the CIMI. Initially the pulses are uniform and static in a domain. As the beam
intensity is increased, the pulse distribution then becomes non-uniform, as
shown in Fig. 2.9; in the meantime, the Kelly spectral sidebands also appear on
the optical spectrum. Note that some pulses in Fig. 2.9 have high intensity, this
can be explained by the fact that two pulses were too close to each other.

Normally, the formed pulses are confined within a domain, like the case shown
in Fig. 2.9. However, under strong beam intensity it was also experimentally
observed that the pulses could even constantly move out of a domain. Fig. 2.10
shows a case where the intensities along the two polarizations are asymmetric.
Along one polarization direction, as the intensity is weak, no MI occurred. The
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emission of the laser is in CW, while in the other polarization direction pulses
are formed and the pulses have very high repetition rate. Because of the high
pulse density, some of the pulses “diffused” out of the domain. On the real-time
oscilloscope one could clearly monitor the pulse movement. The situation is
similar to the so-called “soliton rain” observed in the mode-locked fiber lasers
[17]. Again, the experimental result suggests strongly that the formed pulses are
dissipative solitons.
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Figure 2.10. Dissipative soliton formation in one of the asymmetrical
polarization domains. The two oscilloscope traces show the laser

emission along ach of the two orthogonal polarizations of the cavity.

2.3 Conclusions

The numerical simulations have shown that under even a very weak periodic
perturbation the strong CW emission of a fiber laser can become a periodic
pulse train. Moreover, when the pump strength is increased, the periodic pulse
train can become a train of periodic dissipative solitons. In the simulations the
periodic perturbation was phenomenologically aided. However, we note that a
strong CW beam in a detuned laser cavity is prone to the cavity induced
modulation instability, and the effect of the modulation instability is to
introduce a periodic modulation on a strong CW beam. Hence, based on the
numerical result one could easily understand why a periodic pulse train could
automatically form in a fiber laser. The experimental results have clearly
confirmed the numerical simulations.

It is to point out that because the initial condition of the current soliton
formation is different from that of the soliton formation in a mode locked laser,
in the current case a periodic pulse train is always initially formed in the fiber
laser cavity. This state is very different from the initial state of a mode locked
fiber laser, where initially only several solitons are formed in the cavity and
they could have an arbitrary soliton distribution in cavity.

3. Vector Temporal Cavity Solitons

As discussed above, in a near-isotropic fiber laser cavity the vector nature of
light has to be considered. In the case of nonlinear light propagation the cross
coupling between the two orthogonal polarization components of the light has
to be considered. We have both theoretically and experimentally investigated
the fiber laser operation. It was found that the temporal vector cavity soliton
could also be formed in the fiber lasers. Depending on the laser operation
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conditions, different forms of temporal cavity solitons have been
experimentally observed. The formation mechanisms of the vector solitons can
be traced back either to the coherent or incoherent cross polarization coupling.

3.1. Experimental setup and results

Fig. 3.1 shows a typical fiber laser configuration experimentally used. It has a similar
configuration as that reported above for the scalar soliton formation, except that the
length of the SMF is changed from 10 m to 9 m. The net average cavity dispersion is
about 1.5 ps/nm/km. To experimentally resolve the two orthogonal polarization
components of the laser emission, an external cavity polarization beam splitter (PBS) is
used to separate the two orthogonal polarization components of the light field. A
polarization controller is inserted before the external polarization beam splitter to
balance the linear polarization change caused by the lead-fibers. The two orthogonal
polarization components are simultaneously monitored with a high-speed detection

system.

Pump
1480 nm

Coupler

Isolator ?/‘
10% QOutput

Figure 3.1. A schematic of the Erbium-doped fiber laser. EDF: Erbium-doped fiber.
SMF: Single mode fiber. WDM: Wavelength division multiplexer. PC: Polarization
controller.

p WDM

PC

No saturable absorber (SA) or polarization dependent components are inserted in the
laser cavity, so no mode locking could happen. Experimentally, as the pump power
was increased beyond the lasing threshold, CW emission was always established in the
fiber laser, and depending on the net cavity birefringence, it was found that the CW
laser emission could have different operation states. WWhen the net cavity birefringence
was weak, the laser emissions along the two orthogonal polarization directions of the
cavity would have almost the same frequency. In this case when the pump power
became sufficiently strong, coherent coupling between the two polarization
components occurred. If the net cavity birefringence was strong, the laser emissions
along the two orthogonal polarization directions of the cavity had obviously different
frequencies. In this case the coupling between the two polarization components is
incoherent.

We started from a laser operation state of coherent polarization coupling. In this
situation the CW emission of the laser was elliptically polarized, and depending on the
concrete laser operation condition, the ellipticity of the beam varied. Fig. 3.2 shows a
case of the laser operation where the two polarization components had comparable
intensity. It was experimentally observed that as the pump power was increased to
about 600 mW, the CW emission along both polarizations simultaneously changed to
periodic pulsing. The pulses along the two polarization directions were synchronized
and had the same repetition rate. Carefully tuning the intra-cavity PC, the repetition
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rate of the periodic pulses could be continuously altered, which suggests that the
periodic pulsing was caused by the cavity induced modulation instability (CIMI) [10,
11]. However, different from the experimental results reported above, which is a scalar
pulse train, we had now a vector periodic pulse train. With fixed laser operation
conditions, the periodic vector pulse train state was very stable. Contrary to the
periodic pulse trains caused by modulation instability effect in the light propagation
case, no breathing of the pulses was observed [3].
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Figure 3.2. Laser emission state of the vector periodic pulses

Keeping increasing the pump power or decreasing the pulse repetition rate by tuning
the intra-cavity PC, the peak power of each individual pulse increased. Eventually, the
pulse distribution in the cavity became aperiodic. Especially the pulses started to move
independently in the cavity, as shown in Fig. 3.3(a). Fig. 3.3(b) shows the
corresponding polarization-resolved spectra. From the spectra one can clearly identify
the appearance of two spectral sidebands, which are symmetric with respect to the
central wavelength. The appearance of the spectral sidebands indicates that the pulses
are solitons [18]. According to the theory of temporal cavity solitons, these solitons are
dissipative solitons. We note that the sideband locations and the soliton center
wavelengths of the two polarization components are almost the same, which suggests
that the solitons along each of the two orthogonal polarizations had the same
parameters and properties. Despite of the fact that there was a strong CW field along
the two polarization directions, the solitons along each of the polarizations moved
synchronously in the cavity. Once the vector solitons were formed, slightly changing
the linear cavity birefringence couldn’t destroy them. Carefully reducing the pump
power, first the CW beam power was reduced. Eventually, on the optical spectra no
CW components were visible, associated with the pump power decreasing the number
of soliton in the cavity could also be reduced one by one. The similar features have also
been observed on the solitons formed in the mode locked fiber lasers. Fig. 3.3(c)
further shows the measured autocorrelation trace of the solitons. It has a FWHM width
of about 1.37 ps, suggesting that the width of the solitons at the laser output is about
880fs if a Sech?-shape pulse profile is assumed.
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Figure 3.3. A state of the vector cavity soliton emission of the laser. (a)
Oscilloscope traces of the two orthogonal polarization components; (b)
Polarization-resolved spectra; (c) the autocorrelation trace

Depending on the laser operation conditions, the relative strength of the two coherently
coupled polarization components could be very different. Fig. 3.4 shows a case where
the laser was almost linearly polarized along the horizontal polarization direction.
Based on the intensity trace of the laser emission, the soliton pulses along the vertical
polarization direction were hardly to be measured. However, from the polarization-
resolved spectra it is to see that there were also solitons formed along the vertical
polarization direction as suggested by the broad spectrum with some clear spectral
sidebands. Carefully comparing the spectral sidebands with those of the solitons
polarized along the orthogonal polarization direction, they located at the same spectral
positions and exhibited the peak-dip relation, suggesting that they were formed due to
the coherent coupling between the two orthogonal polarization components [19]. We
note that there is also a big spectral dip near the center part of the spectrum of the
vertical polarization component. We postulate that it was also formed due to the
coherent coupling of the two polarization components. The spectral intensity difference
of the two orthogonal polarization components is larger than 25 dB. Obviously the
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beam intensity along the vertical polarization direction alone couldn’t support the
spontaneous soliton formation. Therefore, the formed soliton should be induced by the
cavity solitons formed in the horizontal polarization direction. Zhang et al. reported a
similar phenomenon of induced solitons in a mode locked fiber laser previously [20].
Our experimental result once again confirmed the formation of the type of induced
solitons between the coherently coupled light beams.
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Figure 3.4. Polarization-resolved spectra of the laser emission that
shows the induced cavity soliton formation under weak net cavity
birefringence.

In our experiment induced temporal cavity solitons were also observed even when the
net linear cavity birefringence was relatively large, as shown in Fig. 3.5. Different from
the case shown in Fig. 4.4, the induced solitons shown in Fig. 3.5 have obviously
different central wavelength from that of the inducing solitons. Moreover, the Kelly
sidebands of the induced solitons also locate at different positions from those of the
inducing solitons. We note that similar phenomenon was also reported in Ref. [20],
which was explained as a result of the incoherent coupling between the two
polarization components. Our experimental result supports the explanation again, as
shown in Fig. 3.5, on the polarization-resolved spectra of the solitons no energy
exchange sidebands are visible.
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Figure 3.5. Polarization-resolved spectra of the laser emission showing
the induced soliton formation under relatively large net cavity
birefringence.

1560 1570

In addition to the results shown in Fig. 3.4 and Fig. 3.5, another situation of the induced
cavity soliton formation as shown in Fig. 4.6 and Fig. 3.7 was also experimentally
observed. Fig. 3.6 shows the case of the incoherent coupling between the two
orthogonal polarization components, while Fig. 3.6 shows that of the coherent
coupling. Different from the results shown in Fig. 3.3 and Fig. 3.4 where due to the
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cavity induced MI the strong CW beam itself was first destabilized, and then the
temporal cavity solitons were formed from the destabilized CW beam, Fig. 3.5 and
Fig. 3.6 show that a strong CW beam along one polarization direction could induce the
formation of periodic pulsation along the orthogonal polarization direction where
initially either a weak CW or no light exists, and further lead to the formation of the
temporal cavity solitons along that polarization direction. Once the cavity solitons are
formed, they further induce soliton formation on the CW side. However, in the case of
incoherent coupling the induced solitons are too weak to be seen on the oscilloscope
trace, while in the case of coherent coupling clear induced solitons are visible on the
strong CW background, as shown in Fig. 3.6(a). Associated with the induced solitons
broad intensity depths were also formed on the CW beam, whose formation is a
manifestation of the polarization domains as reported previously in [21].

The results shown in Fig. 3.5 and Fig. 3.6 can be attributed to the modulation
polarization instability (MPI) effect [22, 23]. As first theoretically predicted by Wabnis
et al., through cross polarization coupling a strong CW beam in a linearly birefringent
single mode fiber polarized along one eigen-polarization direction could induce the Ml
of light polarized along the orthogonal polarization direction. Different research groups
have previously experimentally observed the MPI effect [24-27]. However, to the best
of our knowledge there is no experimental observation of the effect occurred in a laser
cavity. Comparing to the previous experimental observations of the phenomenon,
obviously in an active cavity the threshold of the MPI could be significantly reduced.
Bearing in mind that the MPI could destabilize the light polarized along the orthogonal
polarization, under the same mechanism of the temporal cavity soliton formation
shown in Fig. 3.3 and Fig. 3.4, the appearance of the temporal cavity solitons on the
weak CW side as shown in Fig. 3.5 and Fig. 3.6 could be easily understood.
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Figure 3.6. Temporal cavity soliton formation caused by the MPI
effect in the laser under large net cavity birefringence. (a) The
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polarization-resolved oscilloscope traces, (b) the corresponding optical
spectra.
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Figure 3.7. Temporal cavity soliton formation caused by the MPI
effect in the laser under small net cavity birefringence. (@) The
polarization-resolved oscilloscope traces, (b) the corresponding optical
spectra.

3.2. Numerical studies

To verify the temporal vector cavity soliton formation in fiber lasers, we have also
conducted numerical simulation on the operation of the fiber lasers. Our emphasis is to
show that in a quasi-vector cavity fiber laser, as a result of the combined effect of the
cavity induced modulation instability, the coherent coupling between the orthogonal
polarization components and the effective gain bandwidth limitation, a stable periodic
vector pulse train could be automatically formed. As a fiber laser is intrinsically a
dissipative system, when the pump of the laser is increased, and/or the repetition rate of
the pulses is decreased, the intensity of the formed pulses would increase. Eventually
the pulses could be shaped into temporal vector cavity solitons, just like the case of the
scalar temporal cavity soliton formation reported previously [28]. Once a temporal
vector cavity soliton is formed, it is stable in the cavity.

Our simulation is based on the coupled Ginzburg-Landau equations (GLEs), which
describe the light propagation in a weakly birefringent gain fiber
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where u and v describe the optical fields of the two orthogonal polarization
components in the fiber, 25 =2zAn/ 4 =27 /L, is the wave number difference between

these two polarization modes, 260 =241/ 2zc is the group velocity difference, k™ is
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the second-order dispersion coefficient, y represents the nonlinearity of the fiber cavity,
g is the gain coefficient of the gain fiber and £y is the effective gain bandwidth. The
gain saturation is defined as

g=G exp[ J(Jof "
EO

] (3.2)

where G is the small signal gain coefficient and Eqis the gain saturation energy, which
is related to the pumping power in the experiment. In our simulations we have possibly
used the real experimental parameters such as the actual cavity length, the dispersion-
managed cavity, and the fiber dispersion etc. At a certain CW laser operation state we
start the simulation by adding a weak periodic modulation on the optical field, and then
let the light circulate in the fiber cavity until a stable state is reached. We consider each
such obtained stable state as a possible laser emission state experimentally observed.

We first considered the case of a fiber laser that has a weak cavity birefringence. To the
end we have set the beat length (Ln) as 100 m in the simulation. It represents the
averaged birefringence strength of the fiber cavity. When the lasing condition is
fulfilled, CW emission is established in the cavity, whose intensity increases with the
pump power. In the case the optical field along the two orthogonal polarization
directions of the cavity is coherently coupled. To simulate the cavity induced
modulation instability effect, we artificially introduced an initial field
u(0,t)=U, cos(2zAvt)sin(#) and v(0,t)=U,cos(2zAvt)cos(9) , Where Av is the

modulation frequency and ¢ is the polarization angle. Numerically it is found that if
the effective gain bandwidth limitation term €q in the simulation is ignored, the CW
beam on each polarization components always turns into the Akhmediev breather
structures, which is a typical modulation instability phenomenon supported by the
NLSE [3]. However, with an appropriate effective gain bandwidth selection, the
modulated CW will become a periodic pulse train embedded on a CW background.
Keeping increasing the saturation energy, the pulses will narrow down and the CW
level will decrease. Eventually the periodic pulse train turns into cavity solitons, as
shown in Fig. 3.7. The cavity soliton nature of the pulses is confirmed by their pulse
profile, which is uniquely determined by the laser parameters such as the effective gain
bandwidth and the balance between the gain and losses [28].
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Fig. 3.7: Formation of vector cavity solitons in a fiber laser. The parameters
used are: Eo=25 pJ, Qg =10 nm, G=640/km and Av =15 GHz.
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We then numerically simulated the induced cavity soliton formation by the cross-phase
modulation (XPM) effect in a weakly birefringent cavity. To simulate the experimental
observation, the initial input state is set as u(0,t) =U, cos(2zavt)andv(0,t) =V,, where

U, >V, . By appropriately choosing the effective gain bandwidth and saturation energy,

we observe that not only a stable train of cavity soliton can be formed on the strong
CW side, like the case of the scalar cavity soliton formation reported previously in Ref.
[28], but also a stable train of cavity soliton are formed on the weak CW side in the
orthogonal polarization direction due to the XPM effect, as shown in Fig. 3.8. The
induced solitons have very low peak power and are embedded in the weak CW beam.
The solitons on both polarization components are synchronized and have nearly the
same pulse width, which is the same as the experimental observations.
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Figure 3.8. The XPM induced temporal cavity solitons. The
parameters used are: Eo=75 pJ, 2g=10 nm, G=640/km, Lb=100m
and Av =15 GHz.
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At last we simulated the MPI induced temporal cavity soliton formation. To this end
we have set the input as u(0,t)=U, and v(0,t)=V, cos(2zAvt), Whereu, >V, . The
modulation in the vertical polarization direction is set as 15 GHz, which is induced by
the cavity induced MPI effect. Again the beat length of the fiber cavity is set as 100 m
to represent the weakly birefringence cavity. Under appropriate effective gain
bandwidth and saturation energy, we can again get a stable pulse train in the vertical
axis, as shown in Fig. 3.9. From the simulation result it is to see that the formed
temporal cavity solitons further induce cavity solitons on the horizontal direction and
the induced solitons are embedded in the strong CW beam.
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Figure 3.9. The MPI induced temporal cavity soliton formation.
Parameters used are Eq=25 pJ, 22=10 nm, G=640/km, Lb=100m and
Av =15 GHz.

3.3.Temporal vector cavity solitons in normal dispersion regime

3.3.1 Experimental setup and results

Our fiber laser is schematically shown in Fig. 3.10. It has a dispersion-managed fiber
ring cavity that consists of a piece of 4 m Erbium doped fiber (EDF) with a dispersion
parameter of -48 ps/nm/km, 10.7 m single mode fiber (SMF) with a dispersion
parameter of 18 ps/nm/km and 15.6 m dispersion compensation fiber (DCF) with a
dispersion parameter of -4 ps/nm/km. The total cavity length is ~30.3 m with a net
normal average dispersion parameter of -2.04 ps/nm/km. A polarization independent
isolator is inserted in the cavity to force the uni-directional circulation of light in the
cavity. Besides, an intra-cavity polarization controller (PC) is used to fine-tune the
linear cavity birefringence. The fiber laser is pumped by a 1480 nm high power Raman
single-mode fiber laser source whose maximum output power can be as high as 5 W.
A wavelength division multiplexer (WDM) is used to couple the pumping light into
the cavity, and a 10% fiber output coupler is used to output the light. The pumping
coupling efficiency from the pump source to the cavity is about 60%. An external
cavity polarization beam splitter (PBS) is used to experimentally resolve the two
orthogonal polarization components of the laser emission. And a polarization controller
is inserted before the external polarization beam splitter to balance the linear
polarization change caused by the lead-fibers. The two orthogonal polarization
components are simultaneously monitored with a high-speed electronic detection
system made of two 40 GHz photo-detectors and a 33 GHz bandwidth real-time
oscilloscope. There are no saturable absorber (SA) or polarization dependent
components in the laser cavity, so no mode locking could happen in the laser.
Meanwhile, the components used in our experiment have very low polarization
dependent loss (PDL) (WDM: 0.01 dB, Isolator: 0.04 dB, Coupler: 0.01 dB).
Therefore, the PDL induced mode locking is also unlikely to occur in our experiment

[46].
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Figure 3.10. A schematic of the Erbium-doped fiber laser. EDF:
Erbium-doped fiber. SMF: Single mode fiber. DCF: Dispersion
compensation fiber. WDM: Wavelength division multiplexer. PC:
Polarization controller.
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The fiber laser starts lasing when the pump power is ~100 mW. When the pump power
is increased to about 1W, by carefully tuning the intra-cavity PC, a stable quasi-
periodic vector pulse train emission state, as shown in Fig. 3.11(a), could be obtained.
Fig. 3.11(b) is the corresponding polarization-resolved optical spectra of the laser
emission. The sharp edges are typical for the dissipative solitons obtained in the normal
dispersion cavity fiber lasers [29]. This confirms that the vector pulses are vector
dissipative solitons. As there is no saturable absorber in the cavity, these dissipative
solitons can be regarded as the temporal cavity solitons, which are in principal
dissipative solitons. The 3-dB spectral bandwidth of the solitons is about 13.5 nm.
Moreover, on the polarization resolved spectra spectral sidebands with clear peak-dip
intensity relation are visible at 1593 nm. According to studies on the phase locked
vector solitons formed in the anomalous dispersion cavity fiber lasers, such a peak-dip
spectral sidebands are formed as a result of the coherent coupling between the two
orthogonal polarized soliton components. It is an indication of the energy exchange
between them [19]. To the best of our knowledge, this is the first experimental
observation of such energy exchange between the components of vector dissipative
solitons formed in the normal dispersion cavity fiber lasers. We note that different from
the coherent energy exchange sidebands observed on the solitons formed in the
anomalous dispersion cavity fiber lasers, where they appear almost symmetrically with
respect to the soliton central wavelength, here only one peak-dip structure is observed.
We Delieve it could be due to the large frequency chirp of the dissipative solitons
formed in the normal dispersion regime. Fig. 3.11(c) is the corresponding
autocorrelation trace of the dissipative solitons. It has a FWHM width of about 18.6 ps,
suggesting that the width of the solitons is about 12.1 ps if a Sech-shape pulse profile is
assumed. The time-bandwidth product is about 19.5, indicating the solitons are
strongly chirped. We measured that the intra-cavity power is about 175 mW and the
repetition rate is about 400 MHz, so we can calculate the single pulse energy is about
437.5pJ.
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Figure 3.11. A typical vector temporal cavity soliton emission state (a)
Polarization resolved oscilloscope traces. (b) Polarization-resolved
optical spectra. (c) The autocorrelation trace.

L

In our experiment once the near periodic vector temporal cavity soliton train is
obtained, further changing the intra-cavity PC or the pumping power, the soliton pulse
train will break up and the soliton distribution in the cavity will become
inhomogeneous, as shown in Fig. 3.12(a). With less number of soliton in the cavity, the
energy of each individual soliton also becomes larger. Consequently, the edges of the
soliton spectrum stretch out and become no longer sharp. As the spectrum of the
solitons extends out, different from the Fig. 3.11(b) with only one energy exchange
structure, more energy exchange spectral sidebands appear on the two stretched edges
of the polarization resolved spectra, as shown in Fig. 3. 12(b).

05

(a)

o

Intensity (arb. units)
Intensity (arb. units}

4
Time (ns)

Spectral Intensity (dB)

L L L
1570 1580 1580 1600 1610

Wavelength (nm)

Figure 3.12. Vector temporal cavity soliton operation of the fiber laser
with random soliton distribution in cavity. (a) Polarization resolved
oscilloscope traces. (b) Polarization-resolved optical spectra.

As there are no saturable absorber (SA) or polarization dependent components in the
laser cavity, no self-started mode locking could occur in the laser, therefore, the
formation of the vector dissipative solitons can’t be attributed to the soliton shaping of
the mode locked pulse. A plausible explanation is that they are induced by the cavity
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induced modulation instability (CIMI), which also exists in the normal dispersion
regime. CIMI will break the CW emission and under effect of the effective gain
bandwidth limitation, the CW changes into a periodic pulse train. In case that the
formed pulse intensity is sufficiently strong the pulses are further shaped into
dissipative solitons under the mutual interaction of the average normal cavity
dispersion, the nonlinear Kerr effect, laser gain and loss [17, 29]. We emphasize that
the pulse formation in our laser is not through the mode locking process. In addition,
the formed solitons are not subject to the influence of the saturable absorber or a mode
locker as in a mode locked laser case. To distinguish the dissipative solitons from those
generated in the mode-locked fiber lasers and to emphasis the role played by the
effective gain bandwidth limitation on the soliton formation, this dissipative soliton can
be also regarded as the temporal cavity solitons.

From the state shown in Fig. 3.12 if the intra-cavity PC is further tuned so that the
soliton spectrum further extends out, the solitons in the cavity could come together to
form a giant energy pulse, as shown in Fig. 3.13(a). Zooming in the pulse shown in
Fig. 3.13(a) with a larger time scale, random varying fine structures are visible within
the pulse. Experimentally, the pulse width and energy increases with the pump power.
At a pump power of ~ 2 W, where intra-cavity power is about 400 m\W, so the energy
of the whole “Big Pulse” can be calculated as 60 nJ. Such a pulse is known as the
noise-like pulse [30, 31]. The noise like pulse emission is one of the typical operation
states of the soliton fiber laser in the normal dispersion cavity regime. Previous study
of the laser emission was speculated that the noise like pulses could be caused by the
saturable absorber in the cavity. However, there is no any mode-locker our fiber laser
but the same state of laser emission could still be formed. Hence, the formation of
noise-like pulse cant only be attributed to the effect of saturable absorber. In Fig.
3.13(b) we have compared the optical spectra of the above three laser operation states.
In our experiment by simply tuning the intra-cavity PC the laser emission could move
from one state to the other.
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Figure 3.13. (a) Polarization resolved oscilloscope traces of a vector
noise-like pulse emission state of temporal cavity soliton. (b) Optical
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spectra of the laser emission in I: a near-periodic soliton train state; II:
a state with random soliton distribution; I111: a noise-like pulse state.

Occasionally, before the noise like pulse state is reached, experimentally another state
of the laser operation as shown in Fig. 3.14 could also be observed. In the state the
solitons don’t come together to form a noise-like pulse, but form a so-called “soliton
rain” state [32, 33]. In the current soliton rain state the solitons continuously move
away from the soliton condensate. Based on the experimental result we suspect that a
noise like pulse could be actually an ensemble of many solitons that have come very
close to each other in the cavity.
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Figure 3.14. The vector soliton rain formed in the fiber laser cavity.

3.3.2 Conclusions

In conclusion, the formation of temporal vector cavity solitons in either anomalous or
normal dispersion cavity fiber lasers has been experimentally observed. In both cases
the formation of temporal vector solitons is induced by the cavity induced modulation
instability. In the anomalous dispersion regime, vector solitons formed either through
the coherent or incoherent coupling between the two orthogonal polarization
components are obtained. Numerical simulations have well reproduced the
experimental results and confirmed their formation mechanisms. Besides, in the
normal cavity dispersion regime, vector temporal cavity solitons were also first
experimentally revealed. The vector cavity solitons possess all the characters of the
dissipative solitons. Moreover, our experimental results have shown that the noise-like
and soliton rain states are two special case of the multiple solitons operation of the fiber
lasers.

4. Other features of the vector cavity fiber lasers

When two or more intense optical fields with different wavelengths co-
propagate in an optical fiber, they will couple with each other through the fiber
nonlinearity. The cross-phase modulation (XPM) is the most common way of
coupling. While the XPM process always occurs and doesn’t cause energy
transfer between the lights, therefore, referred to as an incoherent coupling, the
four-wave-mixing (FWM) type of coupling occurs when the phase matching
condition is fulfilled. FWM involves in the energy transfer between the lights.
Coupling of lights in a single mode fiber can result in a variety of interesting
nonlinear optical phenomena, e.qg. it is theoretically predicted by B. Malomed et
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al. that the incoherent coupling between two travelling plane waves could lead
to the formation of optical domains [34, 35]. It is well known that due to the
fiber bending and/or technical imperfection of fiber drawing, a single mode
fiber always exhibits birefringence and hence supports two orthogonal
polarization modes. The light propagation in a practical SMF also involves in
the coupling between the two orthogonal polarization modes. It has been shown
both theoretically and experimentally that the cross polarization coupling of
light in a SMF could result in various effects, such as the polarization switching
[36], polarization modulation instability [24], group velocity locked or phase
locked vector solitons [37]. A fiber cavity is an interesting nonlinear system
that possesses both the features of light propagation in SMFs and a nonlinear
cavity. The conventional soliton formation in the mode locked anomalous
dispersion cavity fiber lasers is an effect that could be traced back to the
nonlinear light propagation in the SMFs, which has been extensively
investigated previously. Soliton period-doubling route to chaos [38], soliton
quasi-periodicity [39] were also observed in fiber lasers, which could be well
understood based on the nonlinear cavity theory. Recently, Zhang et al.
reported the induced soliton formation in a birefringence cavity fiber laser [20].
Tang et al. demonstrated the polarization domain formation in a quasi-isotropic
cavity fiber laser [21]. Formation of these effects could be well explained based
on the coherent or incoherent polarization coupling between the lights in the
fiber cavity.

4.1. Soliton-dark pulse pair formation

In this section we will focus on some special features of the quasi-vector cavity
fiber lasers. As described above, when light propagates in a quasi-vector cavity
fiber laser the vector nature of light has to be considered. In the nonlinear case
the two orthogonal polarization components are either coherently or
incoherently coupled. Theoretical studies on the light propagation in weakly
birefringent fibers have shown that as a result of the cross coupling between the
orthogonal polarization components many novel effects could be formed. Light
propagation in a fiber laser cavity mimics the light propagation in single mode
fibers. It is to expect that similar phenomena could also be observed in the
quasi-vector cavity fiber lasers. Here we will report the experimental
observation of some of the phenomena.

4.1.1 Experimental setup and results

The fiber ring laser we used has a cavity configuration as shown in Fig. 4.1. The fiber
ring has a total length of 13.5 m, consisting of a piece of 3 m Erbium doped fiber
(EDF) with a group velocity dispersion (GVD) parameter of -48 ps/nm/km, 9.7 m
single mode fiber (SMF-28) with a GVD parameter of 18 ps/nm/km and 0.8 m of
dispersion compensation fiber (DCF) with a GVD parameter of -4 ps/nm/km. The
fiber laser is pumped by a 1480 nm single mode Raman fiber laser whose maximum
output power is 5 W. A polarization independent isolator is inserted in the cavity to
force the unidirectional circulation of light in the cavity. In addition, an intra-cavity
polarization controller (PC) is used to fine-tune the linear cavity birefringence. A
wavelength division multiplexer (WDM) is used to couple the pumping light into the
cavity, and a 10% fiber output coupler is used to output the light. The components used
in our experiment have very low polarization dependent loss (PDL) (WDM: 0.01 dB,
Isolator: 0.04 dB, Coupler: 0.01 dB). Therefore, the PDL induced mode locking is
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unlikely to occur in our experiment [46]. The fiber ring cavity is estimated to have an
average net anomalous GVD parameter of 2.03 ps/nm/km. An external cavity
polarization beam splitter (PBS) is used to experimentally resolve the two orthogonal
polarization components of the laser emission. To the end a polarization controller is
inserted before the external polarization beam splitter to balance the linear polarization
change caused by the lead-fibers. To appropriately set the PC orientation
experimentally we first operate the laser in a stable polarization domain emission state.
Based on the polarization switching between the domains we then carefully adjust the
external PC position so that the two orthogonally polarized laser emissions can be well
separated. The polarization resolved laser emissions are simultaneously monitored with
a high-speed electronic detection system made of two 40 GHz photo-detectors and a

33 GHz bandwidth real-time oscilloscope.
Pump

1480 nm

WDM

~ Coupler
lsolator

10% Output
Figure 4.1. A schematic of the Erbium-doped fiber laser. EDF:
Erbium-doped fiber. SMF: Single mode fiber. DCF: Dispersion
compensation fiber. WDM: Wavelength division multiplexer. PC:
Polarization controller.

Under low pump power the laser always emits continuous wave (CW).
However, depending on the net cavity birefringence, the laser emission could
exhibit different polarization features. In the special case of very weak net
cavity birefringence, the laser could emit an elliptically polarized beam.
However, the most frequent situation is that the laser emits simultaneously CW
along the two orthogonal polarization directions of the cavity. Carefully tuning
the orientation of the intra-cavity polarization controller, which alters the net
linear cavity birefringence, the oscillation wavelength difference between the
CWs could be tuned. The experimental result suggests that the laser emission
wavelength difference is related to the linear cavity birefringence. In our
experiment we used the wavelength separation as an indication on the strength
of the net cavity birefringence. Operating the laser under different pump
strength and net cavity birefringence, we could experimentally observe various
interesting features of the laser emission. At first, we operated the laser at very
small net cavity birefringence and under a pump power of about 2 W, where the
intra-cavity light intensity is about 630 mW. By carefully setting the orientation
of the intra-cavity PC, it is experimentally observed that the CW emission along
one polarization direction could suddenly break up into a periodic bright pulse
train, and associated with each of the bright pulses there is a dark pulse formed
on the CW background along the orthogonal polarization direction, as shown in
Fig. 4.2(a).
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Figuer 4.2. Experimental results of soliton-dark pulse pair formation in
a fiber laser. (a) The polarization resolved oscilloscope traces of the
laser emission. (b) Polarization-resolved spectra. (c) Autocorrelation
trace of the bright solitons. (d) The zoom-in oscilloscope traces of a

soliton-dark pulse pair.

The automatic formation of a periodic bright pulse train in the fiber laser could
be understood as a result of the CIMI described above. In our experiment we
have investigated the features of the formed bright and dark pulses. Fig. 4.2(b)
shows the polarization-resolved spectra of the laser emission. The spectrum of
the light polarized along the horizontal polarization is significantly broadened.
Its 3-dB bandwidth is estimated ~ 8 nm. Moreover, clear Kelly spectral
sidebands are formed on the spectrum. Formation of the Kelly sidebands is a
typical characteristic of the soliton operation of a laser [18]. The appearance of
Kelly sidebands on the pulse spectrum unambiguously shows that the formed
bright pulses are solitons. The central wavelength of the solitons is at 1578.76
nm, which is different from that of the CW laser emission of the same
polarization direction. So far we have not understood why the central soliton
wavelength is far away from that of the CW. We suspect it could be due to that
the soliton and the CW beam have different loss dispersion in the cavity. Due to
the weak net cavity birefringence, the CW wavelengths of the laser along the
two orthogonal polarization directions are almost the same, which is at ~1575.7
nm. The spectra of the CW lights are also slightly broadened. From the traces
shown in Fig. 4.2(a), one can observe that the CW background is very noisy.
This is due to the modulation instability of the beam, which occurs when the
CW intensity is high and has a high modulation frequency. This also explains
why the spectra of the CW components are broad. Experimentally we measured
the average output power of the laser emission along the two orthogonal
polarizations. It has a ratio of about 1:6 (bright soliton side: dark pulse side).

Fig. 4.2(c) shows the autocorrelation trace of the bright solitons. It has a

FWHM width of about 0.558 ps, suggesting that the width of the solitons at the

laser output is about 362 fs if a Sech-shape pulse profile is assumed. Thus the
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time-bandwidth product (TBP) of the pulses is 0.348, which means that the
solitons are slightly chirped. Fig. 4.2(d) shows the zoom-in of a dark pulse.
Different from the bright solitons, the dark pulses are broad intensity ‘holes’
embedded in the CW background. In our experiment if the total laser emission
iIs measured, the oscilloscope trace then shows a dark-bright pulse pair on the
CW background. A similar dark-bright pulse pair emission was also observed
on a figure-of-eight fiber laser, and it was found that the dark and bright pulse
belongs to different wavelength bands of the laser emission, respectively [40].
Experimentally we found that the dark pulse width decreased with the increase
of the CW power and the coupling strength between the two polarizations.
Under our experimentally accessible pump strength, dark pulses as narrow as
several tens of picosecond could be obtained. However, the dark pulses are
significantly broader than the bright pulses. Slightly tuning the intra-cavity PC
or carefully reducing the pump power, the number of solitons in the cavity
could be changed and the periodic pulse train could also become
inhomogeneous. Nevertheless, no matter how the bright solitons are distributed
in the cavity, corresponding to each bright soliton there is always a dark pulse
appeared on the CW background. Here we note that if one observes the
oscilloscope trace under a large time scale or using a low-speed detection
system, this kind of soliton-dark pulse pair would look like a ‘bright-dark
soliton pair’ [7, 41].

We then operated the laser under relatively large net cavity birefringence. In
this case the wavelength separation between the two orthogonally polarized CW
emissions has a large value. Fig. 4.3 shows the case experimentally observed.
Fig. 4.3(a) shows the oscilloscope traces of the laser emission along the two
orthogonal polarizations. Fig. 4.3(b) is the polarization resolved optical spectra.
As a result of the incoherent cross coupling between the two orthogonally
polarized CW components, polarization domains are formed, characterized as
the intensity alternation of the CW laser emissions between the two orthogonal
polarization directions. We have shown previously that the appearance of the
polarization domains is an intrinsic feature of the fiber laser emission under the
incoherent coupling of the two orthogonal polarization modes [21]. However, in
the current state as a result of the strong pumping, simultaneously a periodic
bright soliton train is also formed on one polarization direction. The bright
soliton train fills up the whole cavity. Again the formed bright solitons have
different central wavelength than the CW component. When the oscilloscope is
triggered by the edge of the polarization domain shown in the upper trace, the
bright solitons move with respect to the polarization domain. It is to point out
that in the polarization domain where there is coupling between the bright
solitons and a CW beam polarized along the orthogonal polarization direction,
the bright solitons induce dark pulse formation on the CW background, as
shown in Fig. 4.3(a). Zooming in the region of the coupled soliton-dark pulse
pairs, again corresponding to each bright soliton there is a dark pulse.
Moreover, the dark pulses have a much broader pulse width than the bright
solitons.
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Figure 4.3. The soliton-dark pulse pairs formed in a polarization
domain where there is incoherent coupling between solitons and a CW
beam. (a) Laser emissions along the two orthogonal polarization
directions. (b) The corresponding polarization resolved spectra.

The “soliton rain” is an interesting feature of the soliton fiber laser operation
whose formation mechanism is not yet clearly explained [42]. Under the same
pumping power, by appropriately setting the orientation of the intra-cavity PC,
the soliton rain feature is also observed on the formed bright solitons in our
fiber laser, as shown in Fig. 4.4. Because of the incoherent coupling of the
orthogonally polarized CW components, polarization domains are formed. On
one polarization bright solitons are formed. In particular, the formed bright
solitons exhibit the soliton rain feature where the solitons move with
accelerated speed away from the soliton condensate. Again, each bright soliton
induces a dark pulse on the orthogonally polarized CW. Consequently the dark
pulses also exhibit the similar pulse evolution.
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Figure 4.4. The soliton rain effect of the soliton-dark pulse pairs. The

two oscilloscope traces are the polarization resolved emissions of the

fiber laser.

4.1.2 Experimental results analysis

Our experimental results clearly demonstrated that as a result of the cross
polarization coupling, a bright soliton could induce the formation of a dark
pulse. To understand the dark pulse formation in our laser we note that the
polarization domain formation is an intrinsic feature of the quasi-vector cavity
fiber lasers under the cross polarization coupling. Required by the system
minimum energy condition, within one polarization domain the laser would
only emit in one polarization state. A soliton-dark pulse pair could be
considered as a special case of the polarization domains, where the appearance
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of a soliton in one polarization will demand a temporal no lasing, or an intensity
hole, on the orthogonal polarization direction. Hence, a dark pulse will always
be formed in association of a bright soliton. We note that D. N. Christodoulides
had once theoretically predicted the formation of a kind of black-white soliton
pair in weakly birefringent SMF under coherent polarization coupling [7].
Although the bright soliton and the dark pulse observed in our experiment are
coupled, their coupling is incoherent. Moreover, the formed dark pulses have an
asymmetric pulse form and a much broader pulse width than the bright solitons.
It is unlikely that the observed dark pulses are dark solitons.

In our fiber laser as there is no any mode-locking element in the cavity, so no
mode locking could occur. We explain that the bright soliton formation is
initialed by the cavity induced modulation instability (CIMI). This also explains
why initially a stable soliton pulse train is always formed in our laser. It is also
a unique feature of the fiber laser that differs from the soliton operation of the
mode locked fiber laser. Finally, we point out that the observed bright soliton-
dark pulse pair formation is independent on the concert laser cavity parameters.
Actually under different cavity conditions (different cavity length, net
anomalous dispersion) we have observed the phenomenon, which shows that it
is a general effect of the fiber lasers.

4.2 Induced dark soliton

4.2.1 Experimental setup and results

Our fiber ring laser setup is schematically shown in Fig. 4.5. The fiber ring has
a total length of 22.6 m, consisting of a piece of 3 m Erbium doped fiber (EDF)
with a group velocity dispersion (GVD) parameter of -48 ps/nm/km, 13.5 m
single mode fiber (SMF-28) with a GVD parameter of 18 ps/nm/km and 6.1 m
dispersion compensation fiber (DCF) with a GVD parameter of -4 ps/nm/km.
The fiber ring cavity is estimated to have an average net anomalous GVD
parameter of 3.3 ps/nm/km. The fiber laser is pumped by a 1480 nm single
mode Raman fiber laser whose maximum output power is 5 W. A polarization
independent isolator is inserted in the cavity to force the unidirectional
circulation of light in the cavity. Besides, an intra-cavity polarization controller
(PC) is used to fine-tune the linear cavity birefringence. A wavelength division
multiplexer (WDM) is used to couple the pumping light into the cavity, and a
10% fiber output coupler is used to output the light. The pumping coupling
efficiency from the pump source to the cavity is about 60%. All the components
used in our experiment have very low polarization dependent loss (PDL)
(WDM: 0.01 dB, Isolator: 0.04 dB, Coupler: 0.01 dB). An external cavity
polarization beam splitter (PBS) is used to experimentally resolve the two
orthogonal polarization components of the laser emission. To this end a
polarization controller is inserted before the external polarization beam splitter
to balance the linear polarization change caused by the lead-fibers. The two
orthogonal polarization components are simultaneously monitored with a high-
speed electronic detection system made of two 40 GHz photo-detectors and a
33 GHz bandwidth real-time oscilloscope.
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Figure 4.5: A schematic of the Erbium-doped fiber ring laser. EDF:
Erbium-doped fiber. SMF: Single mode fiber. DCF: Dispersion
compensation fiber. WDM: Wavelength division multiplexer. PC:
Polarization controller. ISO: Isolator. OC: Output coupler. OSA:
Optical spectrum analyzer.

Under low pump power the laser always emits continuous wave (CW).
However, depending on the net cavity birefringence, which can be altered
experimentally by changing the orientation of the intracavity polarization
controller, the laser emission could be in different polarization states. In the
case of very weak net cavity birefringence, the laser could emit either an
elliptically polarized beam where the two polarization modes have the same
oscillation wavelength, or a linearly polarized beam which can be attributed to
the effect of polarization instability [43]. However, the most common state is
that the laser emits CW along the two orthogonal polarization modes
simultaneously, and each CW has different oscillation wavelengths.
Experimentally it is identified that the wavelength difference of them varies
with the net cavity birefringence. Specifically, strong birefringence leads to big
wavelength difference. Hence experimentally we used the wavelength
difference as an indicator on the strength of the net cavity birefringence and
operated the laser under different pump strength and net cavity birefringence.

Increasing the pumping power to about 1.0 W (30 dBm), by tuning the intra-
cavity PC, a kind of soliton-dark pulse pair emission similar to that shown in
Fig. 4.6 (a) is obtained. In a previous paper, we have reported the phenomenon
and explained its formation mechanism [44]. Briefly, because the bright solitons
and the CW in the opposite polarization direction have different central
wavelengths, there is incoherent polarization coupling between them.
Consequently, an effect similar to the polarization domain formation takes
place, leading to that corresponding to each bright soliton a broad dark pulse is
generated on the CW background. We note that the formed dark pulse is much
broader than the bright soliton, and the stronger the pump power the narrower
the dark pulses. When we keep increasing the pumping power to about 3.2 W
(35 dBm), in the meantime also slightly tuning the intra-cavity PC to make the
net cavity birefringence very weak, a special phenomenon as shown in Fig. 4.6
is further observed. Fig. 4.6(a) shows the oscilloscope traces of the polarization
resolved laser emission. It shows that the laser emits stable bright soliton-dark
pulse pairs, as the phenomenon reported in Ref. [44]. However, different from
that, associated with each of the bright solitons there is a narrow dark pulse
formed on the bottom of each of the broad dark pulses. Fig. 4.6(b) shows the
zoom-in of one bright-dark pulse pair. The broad dark pulse is about 250 ps
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wide. On the bottom of the dark pulse there is an additional narrower dark pulse
of about 30 ps wide, which is the bandwidth limitation of our oscilloscope. The
narrow dark pulse synchronizes with the bright soliton in the orthogonal
polarization direction. Fig. 4.6(c) is the autocorrelation trace of the bright
soliton, whose FWHM width is 1.46 ps, suggesting that the width of the bright
soliton is about 944 fs if a Sech-shape pulse profile is assumed.
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Figure 4.6. Experimental results of induced dark solitary pulse
formation in a fiber laser. (a) The polarization resolved oscilloscope
traces of the laser emission. (b) The zoom-in oscilloscope traces of a

soliton-dark pulse pair. (c) Autocorrelation trace of the bright solitons.
(d) The Polarization-resolved spectra.
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Fig. 4.6(d) shows the polarization-resolved optical spectra of the laser emission.
The central wavelength of CW light (in vertical axis) is 1575.2 nm. The central
wavelength of the bright soliton (the broadened spectrum in horizontal axis) is
about 1575.5 nm, which can be estimated by fitting the spectrum profile. A
Kelly sideband locates at 1588.95 nm, which indicates that the bright pulses in
the horizontal axis have fully evolved into solitons [18]. Besides, we can clearly
see two peak-dip spectral structures locating at 1570.45 nm and 1580.6 nm,
which stands for the energy exchange between the two polarization components
and is the symbol of coherent coupling between the bright solitons and the dark
pulses [19]. To confirm that the narrow dark pulse is induced by the coherent
polarization coupling of the bright soliton, we have experimentally deliberately
changed the cavity birefringence so that the two polarization components are in
the incoherent coupling. In this case the broad dark pulse still exists, while the
narrow dark pulse become not measurable. In the meantime, no coherent energy
exchange spectral sidebands appear on the optical spectra. The experimental
result clearly suggests that the weak dark pulse could be an induced dark soliton
by the bright soliton through the coherent polarization coupling. We note that
there is also some spectral broadening of the CW beam. It is due to the
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modulation instability effect. This is also reflected by the noise background of
the oscilloscope trace of the CW beam.

In addition to the induced dark solitons, under the coherent polarization
coupling, experimentally we have also observed the induced bright soliton
formation inside the wide dark pulse, as shown in Fig. 4.7. Fig. 4.7(a) shows
again the polarization resolved oscilloscope traces of the laser emission. Note
that in the cavity multiple bright solitons are formed. Associated with each of
the bright solitons a weak bright soliton is induced in the orthogonal
polarization. Fig. 4.7(b) is the polarization resolved optical spectra. Note that
the soliton wavelength and the CW wavelength are not the same. Hence, there
is incoherent polarization coupling between them. This explains why each
bright soliton also induces a broad dark pulse on the CW beam. The
polarization-resolved spectra further show that the induced bright solitons have
the same central wavelength as that of the inducing bright solitons. This could
be identified by drawing the spectral profiles of the pulses and comparing their
Kelly sideband positions. The Kelly sidebands on both polarization directions
are clearly visible and they have the same locations. Moreover, the energy
exchange spectral sidebands are also visible on the optical spectra, suggesting
that the weak bright solitons are coherently induced. We point out that
formation of induced bright solitons in mode locked fiber lasers were reported
before [38]. We found that the induced bright solitons have very similar
features to those reported previously.
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Figure 4.7. The induced bright soliton formation inside the wide dark
pulse of bright-dark pulse emission state. (a) Laser emissions along the
two orthogonal polarization directions. (b) The corresponding
polarization resolved spectra.

For the formation mechanism of the narrow dark solitary pulse inside the dark
pulse, we notice that D. N. Christodoulides theoretically proved the existence of
bright-dark soliton pair by the coherent coupling between polarization modes in
Ref. [7]. Therefore, we conjecture that in our experiment, the formation of the
narrow dark solitary pulse in the wide dark pulse is induced by the bright
soliton in its orthogonal polarization mode through coherent coupling. Besides,
this is a special phenomenon because in SMF environment, only bright soliton
can propagate steady in the anomalous dispersion regime and dark soliton in
normal dispersion regime. In our experiment, we find the dark solitary wave
also can exist in anomalous dispersion regime. We suggest it’s due to the
coherent coupling between two polarization modes and dissipative properties of
fiber laser.
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4.2.2 Numerical simulations and discussion

We had investigated both experimentally and theoretically the polarization
domain formation in quasi-vector cavity fiber laser and shown that it is an
intrinsic feature of the incoherent polarization coupling in the fiber lasers [21,
45]. The bright soliton-dark pulse pair formation of the laser under relatively
low pump power or even high pump power but incoherent polarization coupling
could be considered as a special case of the polarization domain formation [44].
Here due to the influence of the strong nonlinear self-phase modulation the
domains are represented in a different form. What is interesting here is that
once the polarization coupling becomes coherent, in addition to the broad dark
pulse formation, a weak dark or bright soliton is further induced. The formation
of induced dark soliton under the polarization coupling was theoretically
predicted before [46, 47], and formation of induced bright solitons in a mode
locked fiber laser was also experimentally reported [20]. However, to the best
of our knowledge, no induced dark solitons in the anomalous dispersion regime
are experimentally observed. In order to understand how the dark soliton is
formed, we numerically simulated the operation of the fiber ring laser. Our
simulation is based on the coupled complex Ginzburg-Landau equations
(CGLE), which describe the light propagation in a weakly birefringent fiber
cavity,
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where u and v describe the optical fields of the two orthogonal polarization
components in the fiber cavity. 28 =27zAn/A=2x/L, is the wave number

difference between these two polarization modes. 25 =284 /2xc is the group

velocity difference, which are related with the value of beat length Ly and stand
for the cavity birefringence. k™ is the second-order dispersion coefficient, y
represents the nonlinearity of the fiber cavity, g is the gain coefficient of the
gain fiber and £y is the effective gain bandwidth. The gain saturation is defined

as
2 2
g=Gexp —M (4.2
0

where G is the small signal gain coefficient and Eo is the gain saturation energy,
which is related to the pumping power in the experiment.

We have numerically solved the Eq. 4.1 and 4.2 using the split-step method and
details on the numerical techniques used were reported previously [6]. To model
the induced dark or bright soliton formation in the laser, we have set the initial
state as a soliton-dark pulse pair, which is similar to the experimental situation.
The initial bright soliton has the form ofu = A-sech(B-t), while for the initial

dark pulse we have either the form of v=C-tanh(D-t), where there is a phase
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jump in the center of the dark pulse; or y=c. (1_sech2(D.t)) , Where there is no

phase jump. Here A and C stand for the bright soliton intensity and dark pulse
depth, usually A is set much bigger than C because the bright soliton peak
power is much higher than the CW power in our experiment. B and D stand for
the width of bright soliton and the dark pulse. B is set much smaller than D, in
accordance with the experimental results that the dark pulse is much wider than
the bright solitons. In all our simulations we have possibly used the actual laser
cavity parameters if possible, e.g. the cavity length L=22.6 m and the average
cavity dispersion is 3.3 ps/nm/km. In our experiment results, the coherent
coupling between two orthogonal polarization components can only happen
under very weak cavity birefringence. So we set L, = 50 km, which means the
cavity birefringence is very weak.

First, we numerically simulated the case of dark pulse with a phase jumping
v=C-tanh(D-t). Under appropriate parameter selection, we can obtain a stable

state laser emission as shown in Fig. 4.8. Like what was observed in the
experiment, a narrow pulse width bright soliton polarized along one
polarization eigenmode of the fiber laser could induce a weak dark soliton on
the bottom of a broad dark pulse, and consequently form a coupled bright-dark
soliton pair. Both the broad and narrow dark pulses are stable and they are
trapped with the bright solitons and propagate together in the cavity. To confirm
that the narrow dark soliton is induced by the coherent coupling, we also
deliberately removed the four-wave-mixing (FWM) terms from the CGLEs and
did the simulations with the same parameters. No induced dark soliton could be
formed inside the broad dark pulse. Therefore, we conclude that the formation
of the induced dark solitary pulse is a result of the coherent polarization
coupling between the two polarization modes.
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Figure 4.8. (a) Stable soliton-dark pulse emission of the laser when the
input dark pulse has a phase jump. The saturation energy Eq=0.1 pJ
and the small signal gain G=640 m™. (b) Zoom-in of the dark pulse.

The induced dark soliton is on the bottom of the broad dark pulse.

round

We then repeated the numerical simulations for the case of no phase jump dark
pulsey -c. /(1_Sech2(D.t)). We used exactly the same simulation parameters as

the previous one. The results are shown in Fig. 4.9. In this case instead of that
an induced dark solitary pulse is formed, a bright solitary pulse is formed inside
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the broad dark pulse. The numerically simulated results are well in qualitative
agreement with the experimental observations.
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Figure 4.9. (a) Stable soliton-dark pulse emission of the fiber laser
when the input dark pulse has no phase jump. The saturation energy
E0=0.1 pJ and small signal gain G=640 m™. (b) Zoom-in of the dark
pulse. The induced bright soliton is on the bottom of the broad dark

pulse.

Based on the numerical simulations it is to see that as a result of the coherent
polarization coupling, a bright soliton in an anomalous dispersion cavity fiber
laser could induce either an dark soliton or a bright soliton on the bottom of a
broad dark pulse polarized along the orthogonal polarization, depending on if
there is a phase jump in the broad dark pulse or not. Finally, we point out that
strictly speaking all solitons formed in a fiber laser should be dissipative
solitons as a laser is intrinsically a dissipative system due to the gain and losses
balance [17, 29]. In view of that a bright dissipative soliton could either be
formed in the normal or anomalous cavity dispersion regimes, it should also be
possible that a dissipative dark soliton could be formed either in the normal or
anomalous dispersion regime.

4.2.3. Conclusions

In conclusion, we have experimentally observed the formation of soliton-dark
pulse pair and induced solitary in a birefringent cavity fiber laser. It is found
that due to the incoherent coupling between the two orthogonal polarization
modes of the fiber cavity, a bright soliton pulse always induces a dark pulse on
the CW background polarized along the orthogonal polarization. In particular,
the formed soliton-dark pulse pairs are stable in the cavity. The features of the
formed bright solitons and dark pulses were experimentally investigated. Under
our experimental accessible conditions it is found that the formed dark pulses
always have a broader pulse width than the bright solitons. We pointed out that
the mechanism of the dark pulse formation could be understood based on the
polarization domain formation. Meanwhile, in a quasi-vectorial cavity fiber
laser, under the coherent polarization coupling, a bright soliton polarized along
one polarization eigenmode of the cavity could either induce the formation of a
weak dark soliton or a bright soliton on the bottom of a broad dark pulse in the
orthogonal polarization direction in a net anomalous dispersion cavity fiber
laser. In particular, the induced solitons are stable in the cavity. Numerical
simulations based on the coupled complex GLEs have well confirmed the
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experimental observations. The numerical simulations have further revealed
that whether a dark or bright soliton is induced depends on if there is a phase
jump in the broad dark pulse.

Part 2: Vector soliton operation of graphene mode
locked fiber lasers

Vector soliton formation in weakly birefringent single mode fibers (SMFs) was
theoretically extensively investigated. C. R. Menyuk first theoretically studied
optical pulse propagation in birefringent optical fibers [48]. He found that
above a certain pulse intensity level two orthogonally polarized solitons with
different centre wavelengths could couple together and propagate at the same
group velocity. The entity of the coupled solitons was later known as a group
velocity locked vector soliton. V. V. Afanasjev theoretically investigated the
pulse propagation in weakly birefringent SMFs and found an approximate
analytic solution for the polarization rotation vector soliton [49].
Christodoulides and Joseph [50], and Akhmediev et al. [51] also theoretically
predicted different forms of polarization locked vector solitons in weakly
birefringent optical fibers. In contrast to the theoretical studies, except that the
group velocity locked vector soliton was experimentally confirmed [52],
experimental observation of the other types of the theoretically predicted vector
solitons were hampered by the stringent requirement on the birefringence
property of the SMFs. To form these types of vector solitons the SMFs need to
have stable weak birefringence over a long distance, while in practice it is
difficult to make such SMFs. However, it was recently found that the
requirement could be satisfied if the optical pulse is propagating in a fiber
cavity, where as far as the average birefringence over one cavity roundtrip is
close to zero, the phase locked vector solitons could be formed.

Nowadays, vector soliton fiber lasers have captured considerable attentions due
to their potential applications in optics communications. To generate vector
solitons, passively mode locked fiber laser without polarization sensitive
components is an essential condition. Recently, soliton operation of fiber lasers
mode-locked with atomic layer graphene was reported. Graphene has been
shown to have not only extraordinary electronic properties but also novel
optical properties. A novel optical property of graphene is its broadband
saturable absorption, which has been exploited for passively mode locking
lasers of different wavelengths [53-57]. The two dimensional structure of
graphene determines that its saturable absorption is independent on the light
polarization when the light is incident perpendicularly to its plane. Like a
semiconductor saturable absorption mirror (SESAM), this polarization
insensitive saturable absorption of graphene could be used to passively mode
lock a laser and introduce no polarization discrimination. Moreover, as
graphene saturable absorbers are easy to make, and have superbroad bandwidth
and variable modulation depth when different number of graphene layers is
used, it is superior for generating vector solitons in fiber lasers.

In this part, we focus on the study of vector soliton operation in graphene
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mode-locked erbium-doped fiber lasers, which includes the vector soliton
formation, properties of the formed vector solitons, multiple vector soliton
interactions and other interesting relative phenomena. The part is organized as
the following: In Section 1 we will show the experimental observation of the
polarization locked and polarization rotation multiple vector solitons formed in
an all-anomalous dispersion fiber laser mode locked with an atomic layer
graphene saturable absorber. In Section 2, various operation states of multiple
vector-solitons in a laser cavity and their mutual interactions are experimentally
investigated. Section 3 discusses the bound states of vector solitons in fiber
lasers. Section 4 reports the quasi-periodicity of the vector solitons in a
graphene mode-locked fiber laser. Section 5 introduces the noise like pulses in
graphene mode-locked fiber laser. Section 6 summarizes the results and
concludes the part of the report.

1. Polarization Rotation and Locking of Multiple Vector Solitons

Vector soliton formation in passively mode locked fiber laser was first
experimentally observed by S. T. Cundiff et al. In their experiment both the
polarization rotation and the polarization locked vector solitons were obtained.
Vector soliton formation in fiber lasers passively mode locked with SESAM
were also experimentally confirmed by several other groups [58-61]. However,
the formation of polarization rotation and polarization locked vector solitons in
graphene mode locked fiber lasers has not been reported. We have
experimentally investigated the features of vector solitons formed in graphene
mode locked fiber lasers. It was found that both the polarization locked and
polarization rotation vector solitons could be formed in the fiber lasers.

1.1 Experimental setup and results

EDF

Oscilloscope

Figure 1.1 A schematic diagram of the fiber laser setup. SMF: Single-mode
fiber, PC: Polarization controller, EDF: Erbium doped fiber, WDM:
Wavelength-division multiplexer, OC: Optical coupler, ISO: Isolator, OSA:
Optical spectrum analyser.

The graphene mode-locked fiber laser is schematically shown in Figure 1.1.

The laser cavity is a fiber ring that consists of 0.7 m erbium-doped fiber (EDF
Er80-8/125 from Liekki) with a GVD parameter of -22.9 ps®’km and 22 m
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standard SMF (SM28). In addition, a 10% fiber output coupler is used to output
the signal, a polarization independent isolator is used to force the unidirectional
operation of the ring cavity, and an intra-cavity polarization controller (PC) is
used to fine tune the linear cavity birefringence. All the passive components are
made of the SMF or pigtailed with SMFs. The laser is pumped by a high power
Raman fiber laser (KPS-BT2-RFL-1480-60-FA) of a wavelength 1480 nm. The
graphene was fabricated with the chemical vapour deposition (CVD) method
[62]. The CVD graphene is a free standing atomic layer graphene film that can
be readily lifted off from the deionized water and transferred onto a fiber
pigtail. The number of graphene layers in a film can be identified from its
Raman spectrum and the optical contrast spectroscopy. As more layers of
graphene correspond to a high absorption, by simply measuring the saturable
absorption strength of the graphene film we can also estimate the number of
layers. It is estimated that the graphene used has 3~5 atomic layers with a
saturable absorption modulation depth of ~23%. The soliton spectra of the laser
are measured with an optical spectrum analyzer (ANDO AQ6317). The soliton
pulse train emitted by the laser is monitored by a 1 GHz oscilloscope (Lecroy
Waverunner 6100) together with three 1.2 GHz photo-detectors (Thorlab
DETO01CFC).
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Figure 1.2 Vector soliton emission of the fiber laser. (a) Soliton spectra.
Blue line: the total laser emission without passing through a polarizer; Red
and Green lines: the two orthogonal polarization components resolved with
an external cavity polarization beam splitter. (b) Oscilloscope trace of the
solitons.

Self-started mode locking is always obtained in the laser when the pump power
is increased to ~90 mW. Immediately after mode locking, multiple pulses are
normally obtained in the laser cavity. Occasionally the pulses are observed
moving randomly in the cavity. However, through carefully adjusting the
intracavity polarization controller and/or changing the pump power, a stable
state where the multiple pulses stay stationary with respect to each other in the
cavity, could always be obtained. Such a state was shown in Figure 1.2 for
example. Figure 1.2(a) shows the measured optical spectra. The Kelly
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sidebands are obvious on the spectra [63,64], confirming that the pulses are
optical solitons. The central wavelength of the solitons is at 1562.40 nm. Figure
1.2(b) is the measured oscilloscope trace of the soliton pulses. Several uniform
soliton pulses trains can be clearly observed, indicating that the solitons possess
the soliton energy quantization property. We note that different from the soliton
spectra obtained from a nonlinear polarization rotation (NPR) mode locked
fiber laser, apart from the Kelly sidebands, there are also another set of spectral
sidebands (indicated by the arrows) on the soliton spectrum shown in Figure
1.2(a). At first sight one may confuse that all the sharp spectral peaks on the
soliton spectra are the Kelly sidebands. However, as one carefully adjusts the
intra cavity PC, it will be observed that one set of the spectral sidebands shift
their positions remarkably on the soliton spectra, while the other set of spectral
sidebands have almost no position change. The latter set of spectral sidebands is
the Kelly sidebands. We point out that the appearance of the other set of
spectral sidebands is a result of the vector soliton formation in the fiber laser. To
clearly identify the difference of the spectral sidebands, it is better to measure
the polarization resolved spectra of the vector solitons. As in our laser there is
no any polarization discrimination component in the cavity, the net cavity
birefringence could be tuned to a very small value. Consequently, the formed
solitons are all vector soliton and consist of two orthogonal polarization
components. To simultaneously measure the polarization resolved spectra of the
vector solitons, experimentally we used a fiber pigtailed external cavity
polarization beam splitter to separate the two orthogonal polarization
components. In order to balance the fiber pigtail induced linear polarization
rotation, we inserted a polarization controller between the laser output port and
the polarization beam splitter. The polarization resolved spectra of the solitons
measured are also shown in Figure 1.2(a). On the polarization resolved spectra
while the Kelly sidebands always exhibit as spectral peaks, the other set of
spectral sidebands displays either as a spectral peak or a spectral dip, between
the two orthogonal polarization components there is always a peak-dip
relationship, indicating the existence of coherent energy exchange between the
two soliton components. In a previous work it has been shown that such a
spectral sideband relationship is formed due to the coherent coupling between
the two polarization components of the vector solitons in a laser [65]. It is
worth noting that four-wave mixing between the two orthogonal polarization
components of light in weakly birefringent SMFs were experimentally observed
by Trillo et al. [66] and numerically investigated by Blow et al. [67]. It was
shown that this effect could cause polarization instability. However, different
from the case of light propagation in SMFs, which can be treated as a
conservative system, light propagation in a laser cavity also experiences gain
and losses. The formation of a stable soliton in a laser needs to fulfill the gain-
loss balance. They are intrinsically dissipative solitons. Moreover, we note that
a soliton circulating in a cavity also has to satisfy the cavity boundary
condition. Haelterman et al. have theoretically shown that the cavity detuning
could alter the phase matching condition of the coherent wave coupling in a
dispersive cavity [68]. Indeed, in our experiments it was observed that the
positions of the extra spectral sidebands vary remarkably with the adjustment of
the paddles of the intra-cavity PC.
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Figure 1.3 Oscilloscope traces of the pulse train in a phase locked vector
soliton operation state. Blue line: the total laser emission without passing
through a polarizer; Red and Green lines: the two orthogonal polarization
components resolved with an external cavity polarization beam splitter.
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Like that the appearance of Kelly sidebands is a characteristic of the soliton
formation in a laser, we found that the appearance of the above extra spectral
sidebands is a characteristic of the vector soliton formation in our fiber laser.
Experimentally, we further noticed that depending on the laser operation
conditions, two types of vector solitons could be formed: The polarization
locked vector solitons and the polarization rotation vector solitons. Figure 1.3
shows the oscilloscope traces of a state with multiple polarization locked vector
solitons in cavity. In this case all vector solitons in the cavity have exactly the
same polarization and their polarization features remain unchanged as they
propagate in the cavity. Therefore, when measured after an external cavity
polarizer, after every cavity roundtrip all the solitons in the cavity remain the
same pulse intensity. Optical spectra of all the polarization locked vector
solitons are similar to those as shown in Figure 1.2(a), except that the positions
of the extra spectral sidebands vary.
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Figure 1.4 A polarization rotation vector soliton state of the laser. (a) The
total and the polarization resolved soliton pulse trains with multiple solitons
in cavity. (b) Optical spectra of the solitons. Blue line: the total laser
emission without passing through a polarizer; Red and Green lines: the two
orthogonal polarization components resolved with an external cavity
polarization beam splitter.

Figure 1.4 shows the oscilloscope traces and spectra of a polarization rotation
vector soliton state. Without passing through an external cavity polarizer, the
oscilloscope trace shows no difference to that of a polarization locked state, as
shown in Figure 1.3. However, from the polarization resolved traces, one can
clearly identify the soliton pulse intensity variations. Carefully checking the
pulse intensity variations, it can be identified that the polarization of the vector
solitons shown in Figure 1.4 is rotating in the cavity. After every three cavity-
roundtrips their polarization rotated back. We found experimentally that
whenever the polarization of the vector solitons was rotating in the cavity,
another two sets of weak spectral sidebands (indicated with arrows in Figure
1.4(b) further appeared on the soliton spectrum. Comparing Figure 1.4(b) with
Figure 1.2(a) it is easy to see that apart from the Kelly sidebands, there are
another three sets of spectral sidebands visible on the soliton spectrum now.
Based on the polarization resolved spectra, one set of the sidebands is due to the
coherent energy exchange between the two orthogonal polarization
components, as described above. Each of the other two sets of the weak new
sidebands (indicated with arrows in Figure 1.4(b)) appears only on spectrum of
one of the two orthogonal polarization components, respectively. Moreover, no
matter how the two orthogonal polarization components are split, the weak new
sidebands always exhibit as spectral peaks while no spectral dip could be
obtained. The feature of the weak new sidebands is similar to that of the Kelly
sidebands.

1.2 Discussions

Obviously, the new sets of weak spectral sidebands are formed due to the
polarization rotation of the vector solitons. The periodic polarization rotation of
the vector solitons introduces an extra periodic soliton parameter variation,
therefore, leading to the formation of another set of spectral sidebands. As the
soliton polarization rotation has a different period than that of the soliton
circulation in the cavity, the new spectral sidebands have different positions to
those of the conventional Kelly sidebands. We point out that similar to the
formation of the Kelly sidebands, the formation of the new weak spectral
sidebands is a linear effect. They are caused by the constructive interference
between the dispersive waves emitted by the solitons as their polarizations
periodically rotate in the cavity. For a vector soliton it has two orthogonal
polarization components, in a state of polarization rotation each soliton
polarization component would have different phases. It could be due to the
subtle difference between the two polarization components that each soliton
component formed its own new spectral sidebands under polarization rotation
of the vector solitons. Finally, we point out that although the polarization
rotation spectral sidebands have the same formation mechanism as those of the
Kelly sidebands, their positions varied remarkably with the laser operation
conditions, because the rotation speed of the vector solitons varied with the
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experimental conditions.
2. States of multiple vector soliton operation

Multiple soliton formation is a well-known phenomenon of the mode locked
fiber lasers and has been extensively investigated in the past [69,70]. It has been
shown that various mechanisms could lead to the formation of multiple solitons.
These mechanisms include the wave-breaking effect, the effective spectral filter
effect, the soliton peak clamping effect, and the soliton shaping of dispersive
waves. Indeed, in previous experimental studies on the multiple solitons formed
in the fiber lasers, people have observed various modes of multiple soliton
operation, such as soliton bunches, soliton collisions [71], vibration of soliton
pairs [72], restless solitons [73], bound state of solitons [74-78] and so on.
Some of these effects can be traced back as a result of the direct soliton
interaction of the dissipative solitons, or the dispersive waves mediated
nonlinear Schrodinger equation (NLSE) type of soliton interaction. Therefore,
based on the different features of the multiple soliton operation of a fiber laser
one can get an insight into the properties of the formed solitons. Recently, a
novel form of multiple soliton operation named as “soliton rain” was reported
by S. Chouli et al. [79,80]. It was shown that the multiple soliton formation in a
fiber laser could even manifest the process of the rain-drop formation in the
nature, or in another word, the multiple soliton interaction in a fiber laser
follows the universal statistics of the many body systems. However, most of the
previous experimental studies on the multiple soliton operation of fiber lasers
were focused on fiber lasers passively mode-locked with the nonlinear
polarization rotation (NPR) technique, in which the scalar solitons are always
formed.

To study the multiple vector soliton formation, the semiconductor saturable
absorber mirror (SESAM) was initially employed in the fiber laser cavity
[73,81]. In an experiment with a SESAM as the passive mode locker Zhao et al.
have observed a state of so-called bunched restless vector solitons [73]. Vector
soliton bunching controlled by SESAMs with different recovery times was also
experimentally investigated by R. Gumenyuk et al. [81]. Recently, the mode
locking of fiber lasers with atomic-layer graphene based saturable absorbers has
attracted considerable attention of research [53,82,83]. Compared with the
SESAMs, graphene has a number of novel characteristics, e.g. their saturable
absorption have super broad bandwidth and ultrafast recovery time, which
render that the formed multiple vector solitons could have many new dynamic
features.

In this section we report on the experimental study of the multiple vector
soliton operation of an erbium-doped fiber laser mode-locked with atomic-layer
graphene. We show experimentally that depending on the laser cavity design
and the concrete laser operation conditions, five different characteristic modes,
namely bunches of multiple vector solitons, random static distribution of vector
solitons, vector soliton rain, restless vector solitons and giant pulse of the
multiple soliton operation were obtained in our vector soliton fiber lasers.
Worth of mentioning is that vector soliton rains with either the polarization
locked or the polarization rotating vector solitons were firstly experimentally
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revealed.

The graphene mode-locked fiber laser used has the same cavity configuration as
that shown in Figure 1.1. The same 0.7 m highly erbium doped fiber (Liekki
Er80-8/125) with anomalous dispersion was used as the gain medium. Other
fibers used are the standard single mode fiber (SMF28) with a GVD parameter
of 18 (ps/nm)/km. The cavity length is slightly different, which is now about
22.6 m. The atomic layer graphene used is also synthesized with the CVD
method [53]. The graphene sheets were carefully deposited on the end facet of
an optical fiber, which was inserted in a FC/APC connector. It is to note that the
graphene used here is the same as that reported in Section 3.1. The graphene
has 3~5 atomic layers with a saturable absorption modulation depth of ~23%. In
order to measure the details of the pulse train in the time domain, a 33 GHz
high-speed oscilloscope (Agilent DSA-X 93204A) together with two 45 GHz
photo-detectors (New focus 1014) was used.

a. Bunches of Multiple Vector Solitons
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Figure 2.1 Typical bunches of multiple vector solitons formed in the fiber
laser. (a) and (b): Two states of the laser emission; (¢) The details of the
soliton bunch; (d) Polarization resolved optical spectra. Blue line: the total
output; Green line: Output along the vertical axis; Red line: Output along the
horizontal axis. (e) Autocorrelation trace of the pulse.

Multiple solitons were always formed initially in the laser cavity when the
mode locking was achieved, where the pump power was ~80 mW. A typical
state of the multiple solitons immediately after the mode locking is shown in
Figure 2.1(a). The solitons were initially randomly distributed in the cavity but
they were not static. The solitons moved slowly in the cavity and eventually
came together, forming a soliton bunch in the cavity, as shown in Figure 2.1(b).
After the soliton bunch was formed, the laser then operated in a stable state, and
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the same soliton bunch repeated with the cavity repetition rate on the
oscilloscope trace. Figure 2.1(c) shows a zoom-in structure of the stable soliton
bunch. In the particular case there were 11 solitons in the bunch. The separation
between the solitons was not constant and the average distance was ~1 ns.
Figure 2.1(d) shows the corresponding optical spectra of the laser emission. The
central wavelength of the solitons was at 1563.6 nm, and the 3 dB bandwidth
was ~2.3 nm. Two sets of spectral sidebands appeared on the spectra. The one
indicated by arrows was the Kelly sidebands. It confirmed that the mode locked
pulses were solitons [63,64]. Apart from the Kelly sidebands, there was another
set of sidebands. The set of sidebands exhibits peak-dip alteration in the
polarization resolved spectra, whose appearance was a result of the coherent
energy exchange between the two polarization components of the vector
solitons [65]. Therefore, based on the characteristic optical spectra (particularly
the additional peak-dip spectral sidebands) one can easily determine if the
vector solitons are formed. It is noted that these extra sidebands always
appeared on the spectra of the mode locked pulses, suggesting that the as-
formed solitons were always vector solitons. Except the spectral sidebands, the
optical spectra profile was smooth. The state of vector soliton bunch was very
stable. It could last several hours if no laser operation conditions were changed.
Figure 2.1(e) shows the measured autocorrelation trace of the solitons. The
measured pulse width was 1.8 ps. If a sech? pulse profile is assumed, the actual
pulse width was about 1.17 ps. The time bandwidth product of the pulses is
0.335, indicating that the pulses are transform-limited. A state of single vector
soliton in cavity was obtained through carefully reducing the pump power to
~30 mW. The energy of a single vector soliton of the laser is estimated to be ~8

pJ.

b. Random Static Distribution of Vector Solitons
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Figure 2.2 Random static vector soliton distribution at a low pump power.

By tuning the paddles of the PC but without introducing any unstable CW
components, a vector soliton bunch could explode. Subsequently a state of
steady random vector soliton distribution over the whole cavity could be
obtained. Figure 2.2 shows a typical example. There were 7 solitons coexisting
in the cavity and they were far apart from each other. The state shown was
obtained under a pump power of ~50 mW. If the pump power was then
increased, a CW spectral component appeared on the soliton spectrum,
indicating that a CW background would be introduced into the cavity. In this
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case the solitons started to move in the cavity due to the CW mediated soliton-
soliton long distance interaction force. Once the CW component was
suppressed through carefully reducing the pumping, another state of randomly
distributed multiple vector soliton could be obtained. Similar phenomena were
also observed previously on the multiple scalar soliton fiber lasers [16]. It
shows that the unstable CW beam provides a global soliton interaction
mechanism among the vector solitons formed in a laser.

c. Restless Vector Solitons
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Figure 2.3 Bunch of restless vector soliton bunch (video). (a) Soliton bunch
moving in the cavity (Media 1); (b) Solitons oscillating in the bunch (Media
2).

At a relatively stronger pump power (~130 mW), as a result of appearance of
unstable CW component in the cavity an initially stable state of randomly
distributed multiple solitons was destroyed and the solitons started to move in
the cavity and eventually formed a soliton bunch. However, the vector solitons
in the bunch were not static, but moved constantly with respect to each other,
forming a so-called restless vector soliton bunch. A similar restless vector
soliton bunch was also observed in a SESAM mode locked fiber laser by Zhao
et al. [73]. As the saturable absorption properties of SESAM differ from those
of the graphene only in that they have different recovery time and saturable
absorption strength, it is not surprising why similar multiple vector soliton
operation could be obtained in the graphene mode locked fiber lasers. In our
experiments two different types of the restless vector soliton evolutions were
observed. Figure 2.3 (see the Media 1 and Media 2 in the attachments) shows
these two types of the restless vector soliton evolutions, respectively. Figure
2.3(a) shows a stroboscopic record of vector soliton bunch movement. The
soliton bunch moved as a unit in the cavity, while some solitons within in the
bunch moved at different velocities. Therefore, vector soliton collisions
occurred as indicated by the appearance of the high intensity peaks in the pulse
train. Despite of the collisions among the vector solitons within the bunch, the
solitons could not escape from the bunch. The collision among the solitons
became more frequent with the increase of the pump power. Figure 2.3(b)
shows a stroboscopic record of another restless vector soliton evolution, where
no soliton collisions occurred. However, the relative soliton positions within the
bunch still varied.

d. Vector Soliton Rain
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If the pump power was further increased, the number of solitons formed in the
cavity continuously increased. At an appropriate PC setting, an interesting
dynamic pattern as shown in Figure 2.4(a) could be obtained. In the scalar
soliton lasers such a state was called “soliton rain” [79]. The state was called as
“soliton rain” because when measured with a low speed detection system, the
soliton pulse train in one cavity length could be phenomenally considered as
composed of two parts: a soliton flow part (the left hand side of the screen) and
a soliton condensed part (the right hand side of the screen), and the solitons are
constantly moving from the soliton flow part to the soliton condensed part,
which is analogous to the process of rain droplet formation (evaporation from
the noisy background/falling to the condensed part ) in the nature. As can be
seen in Figure 2.4(b), when measured with our high-speed detection system the
soliton condensed phase is actually a bunch of solitons close to each other. It
was experimentally observed that stronger pump power could induce higher
density of the solitons within the bunch. Figure 2.4(c) shows a soliton rain state
obtained at the pump power of 200 mW. Not only more solitons were formed in
the train but also a large pulse was formed at the end of the flow. The large
pulse was a result of the soliton collision within the train. It is worth noting that
all the solitons in the train are constantly moving. Figure 2.4(d) (see Media 3 in
the attachments) shows a record of the state.
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Figure 2.4 Polarization locked vector soliton pulse trains: (a) A typical
soliton rain at a pump power of 140 mW; (b) zoom-in of the soliton
condense phase; (c) Soliton rain at a pump power of 200 mW; (d) Snapshot
of the vector soliton rain (Media 3).

The main difference between the vector solitons and scalar solitons is that a
vector soliton has two coupled orthogonal polarization components. Depending
on their coupling the polarization of the vector soliton could be either fixed or
rotating [49,84]. Therefore, different from the scalar soliton rain, by using the
polarization resolved measurement technique we are able to identify two
different types of vector soliton rains, the polarization locked and rotation
vector soliton rain. Figure 2.5(a) shows the case of the polarization locked
vector soliton rain. It can be clearly seen that all the solitons in the flow are
uniform both in the total output and the polarization resolved outputs, which is
a feature of the polarization locked vector solitons. Figure 2.5(b) was obtained
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by slightly changing the setting of the polarization controllers from that of a
polarization locked vector soliton rain state. In this way a polarization rotation
vector soliton rain state could be obtained. Comparing with Figure 2.5(a), it can
be seen while all the solitons have the same pulse heights in the total output, the
soliton pulse height varied periodically in the polarization resolved outputs,
indicating that the solitons are polarization rotating vector solitons. In
particular, the polarization of the vector solitons restore the original polarization
every triple of the cavity round-trip time. Polarization rotation of the vector
solitons could also be identified from their soliton spectra. Figure 2.5(c) shows
the corresponding optical spectrum of the solitons shown in Figure 2.5(b). On
the spectrum two extra sets of spectral sidebands could be observed, which
were caused by the polarization rotation of the vector solitons in the laser cavity
as mentioned in Section 1.
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Figure 2.5 (a) Oscilloscope trace of the polarization locked vector soliton
rain. Blue line: the total output; Green line: along the horizontal axis; Red
line: along the vertical axis. (b) Oscilloscope trace of the polarization
rotating vector soliton rain. Blue line: the total output; Green line: along the
horizontal axis; Red line: along the vertical axis. (c) The optical spectrum of
the polarization rotating vector soliton rain.

e. Giant Pulse State
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Figure 2.6 Giant pulse state when the soliton rain exploded at 200 mW
pump power. (a) Oscilloscope trace; (b) 10 ns scale of the giant pulse; (c)
Oscilloscope trace; (d) optical spectrum.

When the pump power is high enough (~200 mW), under an appropriate PC
setting another multiple vector soliton operation state as shown in Figure 3.10
could be observed. Figure 3.10(a) shows a typical oscilloscope trace of the
state. It displayed as a stable pulse train, and each pulse could have very large
pulse energy. In our experiment pulse energy as large as 60 nJ had been
obtained. Figure 3.10(b) shows the single pulse profile measured with our high-
speed detection system. As the pump power increased the pulse width also
increased, but the pulse peak power only increased slightly. Figure 3.10(c)
shows the autocorrelation trace of the “giant pulses”. It has an obvious pedestal.
On top of the pedestal there is a pulse peak with pulse duration of about 1.29 ps,
which is similar to that measured in the multiple vector soliton state. Figure
2.6(d) shows the optical spectrum of the giant pulses. It has a triangular shape
with blurred spectral sidebands. Based on the measured autocorrelation trace
and the pulse spectrum, we conclude that that giant pulses are made of many
tightly packed solitons with random soliton separations.

2.1 Discussion

It is noted that similar multiple soliton patterns have also been observed in the
scalar soliton fiber lasers, which shows that the formation of these multiple
soliton patterns is a general feature of the soliton lasers, which is independent
on whether they are scalar or vector solitons. In a previous work on the scalar
soliton interaction in the passively mode locked fiber lasers, it have been shown
that various modes of the multiple scalar soliton operation could be traced back
to the specific features of the soliton interaction in the cavity [16].
Experimentally, we found that the same is valid for the vector solitons. Despite
of the fact that a vector soliton consists of two orthogonally coupled
polarization components, and therefore has more complicated dynamics than
that of a scalar soliton, the interaction between the vector solitons in a fiber
laser cavity is still mainly determined by the same types of interactions
mechanisms: the unstable CW caused global type of soliton interaction, the
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dispersive wave mediated long range soliton interaction, and the direct soliton
interaction, in the fiber lasers that are mode locked by the saturable absorbers
like the SESAM or graphene, there is also a absorber caused attraction force,
whose strength and action range depends on the saturable absorption strength
and the recovery time of the saturable absorbers. The various modes of the
vector soliton operation are actually the combined consequence of the mutual
actions of these soliton interaction mechanisms on the multiple solitons formed
in the laser cavity, e.g. under the effects of a weak unstable CW in the cavity
and the saturable absorber effect, the multiple solitons would always have the
tendency of soliton bunching. Depending on the strength of the dispersive
waves generated by the solitons, one would expect that the solitons in a bunch
could be either static or moving restlessly. A soliton rain state could be
considered as a special case of the soliton bunch formed under strong pumping,
where a lot of solitons are formed in the cavity. In this case due to the fast
saturable absorption of the absorber, the soliton distribution displays an
increasing density with the time. A state of bunched solitons is formed due to
the direct soliton interaction [16]. So far in our experiments no stable states of
the closely bunched vector solitons have been observed. Nevertheless, we
believe that the giant pulse emission states could be formed as a result of the
direct soliton interaction in the laser. However, in the current case many solitons
are bunched together with random soliton separations, leading to the observed
features of the multiple vector soliton laser emission.

3. Bound Solitons in Graphene Mode-locked Fiber Lasers

Bound states of solitons, also known as soliton molecules, are referred to as the
situation where two or more fundamental solitons bind tightly together in the
temporal or spatial domain through the direct soliton interaction. The solitons in
the state have not only fixed separations but also fixed phase differences, and
the assembly of the solitons behaves like a new super-soliton. Theoretically,
formation of bound states of solitons in the extended nonlinear Schrodinger
equation (NLSE) systems was first predicted by B. Malomed [75, 85]. N. N.
Akhmediev et al. had also studied the formation of bound states of solitons in
the complex Ginzburg-Landau equation (CGLE) systems [86,87]. It was shown
that dissipative property renders the solitons with unique new features of
interaction that can result in the formation of stable bound states of dissipative
solitons [88]. Experimentally, formation of bound states of solitons in fiber
lasers has attracted considerable interest. Owing to the existence of gain and
losses, solitons formed in a fiber laser are essentially dissipative solitons [89]. It
is anticipated that the soliton fiber lasers could serve as an ideal testbed for the
study on bound solitons. The bound states of solitons were first experimentally
observed in a fiber laser mode locked with the nonlinear polarization rotation
(NPR) technique [74]. Later, with the development of novel material based real
saturable absorber (SA) mode locking techniques, such as the carbon nanotube
mode locking, 2D-nano-materials mode locking, formation of bound states of
solitons has also been observed in fiber lasers mode locked with the carbon
nanotubes [89-93], graphene [94-96] and MoS; [97]. Unlike the NPR mode-
locked fiber lasers where the formed solitons have a fixed polarization due to
the insertion of a polarizer in cavity, the polarization insensitive saturable
absorption of the carbon nanotube and graphene saturable absorbers allows the
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formation of vector solitons in fiber lasers. Here a vector soliton is referred to
as a soliton that has two coupled orthogonal polarization components [98].
Therefore, one would expect that bound states of dissipative vector solitons
could also be formed in fiber lasers mode locked with these saturable absorbers.
We note that the phase locked vector solitons were first experimentally
observed in a SESAM mode locked fiber laser [99]. C. Mou et al. reported the
existence of bound vector solitons in a carbon nanotube mode locked fiber laser
[92]. However, so far the experimental studies have mainly focused on the
formation of the bound solitons or bound vector solitons in fiber lasers.
Although it is well-known that the formation of bound states of solitons is a
result of the direct soliton interaction [16, 74, 75], how the bound solitons
inetract or a soliton interacts with the bound solitons has not been addressed.

In this section we report on the experimental study of interaction between the
vector solitons and bound vector solitons in a fiber laser passively mode locked
with graphene. In our fiber laser we have obtained various types of solitons,
including the vector solitons, bound states of vector solitons, and bound states
of bound vector solitons. Coexistence of vector solitons and bound vector
solitons in the same laser cavity is also first experimentally observed.
Dispersive wave mediated vector soliton interaction and collision between the
vector solitons are also experimentally visualized. Our experimental results
confirm the stability and robustness of the bound vector solitons in fiber lasers.

The schematic of the graphene mode-locked fiber laser is similar to Figure 1.1.
The fiber laser has a ring cavity of 15.6 m long. A piece of 3 m erbium doped
fiber with a group velocity dispersion (GVD) parameter of -48 ps/nm/km was
used as the gain fiber. Other fibers used are all the standard single mode fiber
(SMF-28) with a GVD parameter of 18 ps/nm/km. Thus the cavity is
dispersion-managed and has net anomalous dispersion. A polarization
independent isolator is employed in the cavity to force the unidirectional
operation of the ring cavity, and an intra-cavity polarization controller (PC) is
used to fine-tune the linear cavity birefringence. The laser is reverse pumped by
a high power fiber Raman Laser source (KPS-BT2-RFL-1480-60-FA) of
wavelength 1480 nm. The pump laser can deliver a maximum pump power as
high as 5 W. A 10% output coupler is used to output the laser emission. The
graphene used is synthesized using the chemical vapor deposition (CVD)
method, and it has multiple layers [20]. The graphene sheets are carefully
deposited on the end facet of an optical fiber, which is inserted in a fiber
connector. The laser emission is measured by an optical spectrum analyzer
(OSA) and a 32 GHz real-time oscilloscope (RTO). The laser output is split into
two paths: one is monitored by the OSA and the other by the RTO. Therefore,
both the optical spectrum and the time evolution of the laser emission are
measured simultaneously. To detect the vector soliton feature of the laser
emission, a polarization beam splitter was used to separate the two orthogonal
polarizations. In addition, a commercial autocorrelator (FR-103XL) is used to
measure the pulse width and observe the details of the bound solitons.

3.1 Vector soliton mode-locking

Mode locking of the fiber laser can self-start at a pump power of ~100 mW.
Figure 3.1 illustrates a typical soliton mode locked state of the laser. Figure
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3.1(a) shows the oscilloscope traces of the polarization resolved laser
emissions. Along the two orthogonal polarization directions of the laser cavity
synchronized pulses are measured. Figure 3.1(b) shows the corresponding
optical spectrum. The 3-dB spectral bandwidth of the laser emission is ~10.2
nm. As the fiber laser has a dispersion-managed cavity with a small net
anomalous dispersion, the spectral profile displays a near Gaussian shape.
Nevertheless, a weak asymmetrical Kelly spectral sideband can still be
identified at ~1571 nm, which shows that the mode locked pulses have been
shaped into dissipative solitons in the fiber laser [63]. It is noted that the
number of the soliton pulses in the cavity can be increased or decreased by
carefully changing the pump power. The vector nature of the solitons is also
confirmed by the coexistence of two synchronized polarization components.
Figure 3.1(c) shows the autocorrelation trace of the solitons. If a sech? profile is
assumed, the solitons have a FWHM pulse width of 390 fs, given a time-
bandwidth product of 0.492. Therefore, the formed solitons are slightly chirped.
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Figure 3.1. A typical state of vector soliton operation of the mode locked
fiber laser. (a) Oscilloscope trace; (b) Optical spectrum; (c) Autocorrelation

trace.

3.2 Bound states of vector solitons

Apart from the above multiple vector soliton operation, bound states of vector
solitons could also be experimentally observed in the fiber laser. A typical
bound state of two vector solitons is shown in Figure 3.2. One of the
characteristics of the bound solitons is that its optical spectrum is strongly
periodically modulated, which reflects the fixed soliton separation [74]. Figure
3.2(a) shows the total and the polarization resolved optical spectra of the laser
emission. As can be seen in Figure 3.2(a), the optical spectra of the state are
strongly modulated. The spectral modulation period is about 1 nm, which
corresponds to a soliton separation of ~8 ps in the time domain. The 3-dB
spectral bandwidth of the pulses is ~10.2 nm, which is the same as that of the
fundamental soliton. We note that two CW components also exist in one of the
two orthogonal polarization directions. Moreover, the spectral bandwidth of the
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solitons along the two orthogonal polarization directions, as well as the spectral
modulation period and the central wavelength are the same, indicating that the
solitons along the two orthogonal polarizations have the same pulse duration
and pulse separation. Hence, it is a bound state of vector solitons. The bound
state of vector solitons is further confirmed by measuring the autocorrelation
trace, as shown in Figure 3.2(b). There are three peaks in the trace with a height
ratio of 1:2:1, which corresponds to the case where two pulses with identical
intensity and duration are bound in the time domain. The measured soliton
separation in the bound state is 8.1 ps, which coincides with the modulation
period observed on the optical spectrum. The oscilloscope trace of the bound
state of vector solitons is shown in Figure 3.2(c). The pulse trace is almost
similar to those shown in Figure 3.1(b). Due to the limited bandwidth of the
oscilloscope, it cannot be determined simply from the oscilloscope traces if the
pulse is single soliton or bound solitons.
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Figure 3.2 A state of bound vector solitons of the fiber laser. (a) Optical
spectra. Blue line: the total output; Green line: output along the horizontal axis;
Red line: output along the vertical axis. (b) Autocorrelation trace; (c) the

polarization resolved oscilloscope traces.

3.3 Coexistence of vector solitons and bound-vector-solitons
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Figure 3.3 Coexistence of single soliton and bound solitons. (a) the
polarization resolved oscilloscope trace; (b) Autocorrelation trace; (c)
Optical spectra.

An interesting soliton operation state of the fiber laser is the coexistence of
bound vector solitons and single vector soliton, as shown in Figure 3.3. To the
best of our knowledge, such a state has never been reported before. The
oscilloscope traces in Fig. 4(a) show that two soliton pulses with different pulse
intensities coexist in the cavity. The one with higher intensity is a state of bound
vector solitons, and the one with lower intensity is a vector soliton. To confirm
that the higher intensity one is a bound state of vector solitons, we further
measured the autocorrelation trace of the state, it is depicted in Figure 3.3(b).
Obviously, a bound state of solitons is formed in the laser. However, unlike the
autocorrelation trace of the bound solitons shown in Figure 3.3(b), where the
central peak to the side-peak height ratio is 2:1, in the current case the central
peak to the side-peak height ratio is ~2.5:1. The difference is caused due to the
coexistence of the vector soliton in the cavity. The measured autocorrelation
trace is actually an average of that of the vector soliton and the bound vector
solitons. Considering that the autocorrelation trace of the vector soliton has only

59

DISTRIBUTION A. Approved for public release: distribution unlimited.



one peak (see Figure 3.1), one will be able to understand why the intensity ratio
of the central peak to side-peak measured in the autocorrelation trace is larger
than 2:1. Figure 3.3(c) shows the corresponding polarization resolved optical
spectra. The spectral modulation again confirms the existence of the bound state
of vector solitons in the cavity. A spectral dip is at the centre of the spectra,
indicating that the bound solitons could have r phase difference [101].

3.4 Interaction between vector soliton and bound vector solitons

= —

Figure 3.4. Interactions between vector soliton and bound vector solitons.
(@) Snapshot of the moving solitons and the bound solitons (200 ps/div, see
Media 4). (b) Snapshot of vector soliton move through a bound vector
solitons (1 ns/div, see Media 5). (c) Snapshot of vector solitons moving into
a soliton bunch (500 ps/div, see Media 6).

We have experimentally investigated the interaction between the single vector
soliton and the bound vector solitons in the laser cavity. An interesting case is
recorded in Media 4 of Figure 3.4(a). In the case a vector soliton and a bound
state of two vector solitons coexist in the cavity. On the oscilloscope traces the
pulse with higher intensity is the bound vector solitons while the one with lower
intensity is the single vector soliton. As the bound vector solitons are used to
trigger the oscilloscope, hence it is stationary in the oscilloscope trace. One can
clearly see that the single soliton moves slowly with respect to the bound
solitons. However, it is trapped in a certain range and moves repeatedly towards
and then away from the bound solitons. The minimum distance that the singe
soliton comes close to the bound solitons is ~150 ps. The soliton interaction is
localized. We believe it could be caused by the dispersive waves mediated
soliton interaction [16]. Media 4 not only provides a direct evidence of the
coexistence of the single and the bound vector solitons, but also reveals that
they can interact with each other in the laser cavity. By carefully changing the
cavity condition, the single and the bound vector solitons can also collide in the
cavity. Figure 3.4(b) (see Media 5) shows that a single vector soliton passes
through bound vector solitons. It can be clearly seen that the speed of the
soliton is significantly reduced after passing through the bound vector solitons,
which indicates that the soliton and the bound solitons may strongly interact
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with each other when they overlap in the space. Our experimental result clearly
shows that the collision destroys neither the bound state of the vector solitons
nor the single vector soliton. Figure 3.4(c) (Media 6) shows another situation
experimentally observed. In the situation a soliton bunch is initially in the laser
cavity. A soliton bunch is different from a bound state of solitons in that the
adjacent solitons are far apart from each other and loosely bound. However, the
bunch as a unit propagates in the cavity. A soliton bunch propagates with a very
different group velocity in the cavity from that of the single soliton, therefore,
they collide in the cavity. Different from that shown in Media 5 where the
single soliton passes through the bound solitons, the soliton bunch shown in
Media 6 behaves like a soliton sink, which simply absorbs the solitons coming
to it.

3.5 A bound state of bound vector solitons
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Figure 3.5. A bound state of bound vector solitons. (a) Optical spectra; (b)
Autocorrelation trace.

Like first experimentally observed in a soliton fiber laser mode locked with the
NPR technique [74], bound states of bound vector solitons are also
experimentally observed in the graphene mode locked fiber laser. A typical
example is shown in Figure 3.5. Here a bound state of bound vector solitons is
referred to as the state where two sets of the bound vector solitons are very
close to each other and bind together through the direct soliton interaction.
Figure 3.5(a) is the polarization resolved optical spectra of the laser emission.
The vector nature of the bound solitons is confirmed by the polarization
resolved spectra. There are two sets of modulation in the spectra correspond to
the vector soliton separations in primary bound solitons, which is about 2.5 ps,
and the separation between the primary bound-solitons, which is about 10.2 ps.
Figure 3.5(b) shows the measured autocorrelation trace. It clearly shows the
pulse separations. The autocorrelation measured pulse separations are well in
agreement with those calculated from the spectral modulation periods. We note
that bound states of bound solitons were previously also observed in the carbon
nanotube mode locked fiber lasers [90].

3.6 Discussion

The graphene mode locked fiber lasers have now been experimentally
extensively investigated. Since polarization independent saturable absorption
could be easily achieved with the graphene-based saturable absorbers, through
exploiting the nonlinear light propagation in the vector cavity fiber lasers, one
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could easily achieve the vector soliton operation in the graphene mode locked
fiber laser. Due to the dissipative nature of the formed solitons in a fiber laser,
under strong pumping multiple vector solitons could further be formed.
Multiple solitons in a fiber laser can have complicated interaction. Previous
experimental studies based on multiple scalar solitons have shown various types
of interaction forces, the global interaction caused by the continuous wave in
the cavity, the dispersive waves mediated interaction and the direct soliton
interaction. Our experimental results suggest that even for the vector solitons,
these types of interactions still remain. Obviously the vector nature of the
solitons does not change their interaction features. Moreover, the various soliton
interactions did not destroy the vector soliton either. This result shows that the
polarization coupling strength is very strong. This could also be easily
understood, as the polarization coupling could also be treated as a kind of direct
solitons interaction. As a result of different types of soliton interactions, as well
as under different conditions, different situations of the multiple vector soliton
operation have been observed in our fiber laser. What we have shown here are
just some of the special cases, it is anticipated that more interesting cases could
be further obtained. We hope that our results could trigger further extended
studies.

In conclusion, we have experimentally investigated the vector soliton operation
of a graphene mode locked fiber laser. It has been shown that under strong
pumping, multiple vector solitons could be formed in the fiber laser, and as a
result of the various types of the soliton interactions, different forms of stable
and dynamic multi-vector-soliton operation states could be formed. These
include the bound states of vector solitons, and bound states of the bound vector
solitons. Coexistence and interaction of vector soliton and bound vector solitons
is obtained and experimentally investigated. In addition, collision between the
vector solitons is experimentally visualized. Our experimental results
demonstrated the richness of the vector soliton interactions and the formed
phenomena.

4. Quasi-periodicity of Vector Solitons in Graphene Mode-locked
Fiber Lasers

Passively mode-locked fiber lasers have been intensively investigated both due
to their practical applications as a cost-effective ultrashort pulse source and rich
dissipative soliton dynamics, which can be well described by the complex
Ginzburg-Landau equation (CGLE) [38]. Theoretical studies on the dissipative
solitons have revealed that apart from their stability against perturbations, they
can also exhibit different types of complicate dynamics [38,102]. These include
the soliton pulsations, soliton quasi-periodicity, soliton period-doubling
bifurcations and route to chaos. Indeed, all of these features of the dissipative
solitons have been experimentally confirmed, e. g. the soliton period doubling
and tripling effect was first reported by K. Tamura et al. [103], the soliton
period doubling and quasi periodicity was observed by G. Sucha et al. in an
additive pulse mode locked laser [104], the quasi-periodic route to chaos was
reported by F. Sanchez et al. in an erbium-doped fiber laser [105], and by S.
Bolton and M. Acton in a Kerr-lens mode locked Ti:sapphire laser [106]. L.
Zhao et al. obtained both experimentally and numerically soliton period-
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doubling route to chaos in a fiber laser [107]. Moreover, detailed experimental
studies have shown that associate with the occurrence of the soliton dynamics,
extra spectral sidebands always appear on the soliton spectra, which was later
turned out to be a result of the soliton modulation instability (M1) in the lasers
[108]. The soliton MI leads to coherent wave coupling between the solitons and
dispersive waves. Under strong coherent wave mixing a dissipative soliton
could display various types of dynamic features.

However, the majority of the previous experimental studies on the dissipative
soliton dynamics were focused on the mode locked solid state lasers with a
polarization selective element in cavity, or fiber lasers mode locked with the
nonlinear polarization rotation (NPR) technique, where in order to achieve the
self-started passive mode locking a polarizer was inserted into the cavity. The
polarization selective element or polarizer defines the polarization of light at the
cavity position. Under the effect of cavity boundary condition it further fixes
the polarization of light everywhere in the cavity. Solitons obtained in the lasers
are essentially scalar solitons. In a mode locked fiber laser if there is no any
polarization sensitive components in cavity, the vector nature of light needs to
be considered, consequently the vector solitons, which are solitons with two
coupled orthogonal polarization components, would be formed. Compared with
the scalar solitons, a vector soliton could exhibit more complicated dynamics.

Several groups have experimentally demonstrated vector soliton operation in
SESAM fiber lasers. Using a semiconductor saturable absorber mirror
(SESAM) as the mode locker S. Cundiff et al. have first experimentally
obtained the polarization locked and polarization rotation vector solitons in a
linear cavity fiber laser [84]. L. Zhao et al. have experimentally investigated
features of the vector solitons formed in a ring fiber laser, and observed period-
doubling bifurcation of the vector solitons [109]. Nevertheless, experimental
study on features of the vector solitons is still rare and there is still no study on
this topic based on the graphene fiber laser, to the best of our knowledge. In this
section, we present results of experimental studies on the vector soliton
formation and dynamics in an erbium-doped fiber laser passively mode-locked
with atomic-layer graphene. We show experimentally that apart from the
periodic vector soliton evolution in the laser cavity, under certain conditions the
vector solitons formed in the fiber laser can exhibit quasi-periodic evolution,
where both the pulse energy and the polarization of the vector solitons vary
quasi-periodically with the cavity roundtrips. Moreover, like the quasi-periodic
evolution of the scalar solitons obtained in fiber lasers, associated with the
occurrence of the quasi-periodic dynamics of the vector solitons, an extra set of
spectral sidebands appeared on the optical spectrum of the solitons. The extra
spectral sideband formation was found to be a threshold effect, which is a
characteristic of the MI of the solitons formed in a laser. Hence, the
experimental result suggests that it is the cavity induced MI that has caused the
quasi-periodic dynamics of the vector solitons. Quasi-periodicity of multiple
vector solitons was also observed, where the vector solitons exhibit
uncorrelated quasi-periodic evolutions in the cavity. In the quasi-periodic state
the vector solitons no longer possess the soliton energy quantization feature.

4.1 Experimental Results
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The cavity configuration of the fiber laser is schematically same as Figure 1.1.
The fiber laser was pumped by a Raman fiber laser of wavelength 1480 nm.
The ring cavity has a length of 22.6 m. A piece of 0.7 m erbium doped fiber
(EDF Er80-8/125 from Liekki) with GVD of -18 ps/nm/km was used as the
gain medium. The rest fibers used in the cavity were all standard single mode
fibers. A 10% fiber output coupler was employed to output the signal. A
polarization independent isolator was used in the cavity to force the
unidirectional operation of the ring cavity, and a polarization controller (PC)
was inserted in the cavity to fine tune the linear cavity birefringence. A few-
layer graphene film, grown with the CVD was used to mode lock the fiber laser.
The graphene was transferred to an end of a fiber pigtail, which was then
connected to another fiber through a fiber connector. It is noted that the
graphene film we used is the same as that of Chapter 2 and the properties of the
graphene will not be further discussed.
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Figure 4.1 A state of the polarization locked vector soliton operation of the
laser. (a) The total and the polarization resolved optical spectra of the vector
soliton. The extra set of spectral sidebands is indicated by the arrows; (b)
oscilloscope trace of the vector soliton pulse train. (c) The polarization
resolved oscilloscope trace of the vector soliton pulse train.
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Mode locking of the laser was achieved at a pump power of ~90 mW. Initially,
multiple mode locked pulses were obtained. However, through carefully
adjusting the pump power, a single pulse operation state was then achieved.
Under the single pulse operation the pump power became as low as 39 mW.
Figure 4.1 shows for example a state of the single soliton operation of the fiber
laser. The optical spectra of the pulse are shown in Figure 4.1(a). The existence
of the Kelly sidebands on the spectra confirms that the mode locked pulse is a
soliton. To prove that the observed soliton is a vector soliton, we note that apart
from the Kelly sidebands, there is another set of spectral sidebands (indicated
by arrows) on the soliton spectra. The extra set of spectral sidebands differs
from the Kelly sidebands because their positions vary sensitively with the
change of the linear cavity birefringence. In addition, on the polarization
resolved spectra the extra set of sidebands exhibits clear difference from the
Kelly sidebands: the Kelly sidebands always display as spectral peaks, while
the new set of sidebands show a dip-peak relation between the two orthogonal
polarization components, indicating the existence of coherent energy exchange
between them [65]. Figure 4.1(b) is the corresponding pulse train of the soliton.
The time interval between the pulses is 113 ns, which coincides with the
roundtrip time of the cavity. Based on the polarization resolved pulse trains
shown in Figure 4.1(c), it is to conclude that the vector soliton is a polarization
locked vector soliton as no polarization rotation exists. We note that despite of
the existence of coherent energy exchange between the two polarization
components, no linearly polarized soliton was obtained in our experiment. The
observed vector soliton is elliptically polarized as no matter how the external
cavity PC was adjusted, none of the two polarization resolved components
could be turned to zero. In our experiments once the laser was mode locked, the
obtained mode locked pulses were vector solitons, indicating that the average
cavity birefringence of our laser was small. Depending on the pump strength,
multiple phase locked vector solitons coexisting in cavity were also obtained, as
shown in Figure 4.2(a) and (b). In the steady states all the vector solitons have
exactly the same soliton parameters, indicating that under the polarization
locked vector soliton operation the soliton energy is still quantized.

(@)

0.06

0.04

<
=)
~

Intensity (arb. units)
o

0 100 200 300 400 500 600
Time (ns)

65

DISTRIBUTION A. Approved for public release: distribution unlimited.



— (b)

2 008

C

>

& 0.06

-

(0]

~ 0.04

=

2 0.02

[ 0]

Q

£ o0 ey
100 200 300 400 500

Time (ns)
Figure 4.2 Polarization locked vector soliton pulse trains with (a) two
solitons and (b) four solitons in the cavity.

W
=]

w
[=]

A
o

o)
l=)

2]
o

No polarizer
Horizontal axis
Vertical axis

Spectral Intensity (dB)

4
=]

.
@
o

1560 1565 1570

Wavelength (nm)
Figure 4.3 The total and the polarization resolved optical spectra of a
polarization rotation vector soliton of the laser. The extra set of spectral
sidebands is indicated by the arrows.

1655

Starting from a polarization locked vector soliton state, when pump power of
the laser or the orientation of the paddlers of the intra cavity PC was carefully
changed, the polarization of the vector solitons then became unlocked.
Consequently, the polarization of the vector solitons rotated in the cavity.
Associated with the soliton polarization rotation, two extra sets of spectral
sidebands were found to appear on the spectrum of the vector soliton, as shown
in Figure 4.3 (indicated by arrows). A similar phenomenon was also reported by
Cundiff et al.[84]. However, the appearance of the new spectral sidebands did
not affect the pulse height of the vector solitons as on the oscilloscope trace the
vector soliton pulses were still uniform. In the Chapter 2 we have already
experimentally investigated the formation mechanism of the two sets of extra
spectral sidebands. They were found to be the Kelly sidebands caused by the
periodic polarization rotations of the vector solitons in the cavity. The periodic
polarization rotation of the vector solitons introduces another periodicity in the
laser, which causes extra constructive interference between the dispersive
waves radiated by the solitons as they circulate in the cavity. As a polarization
rotating vector soliton has two orthogonal polarization components with
unlocked phases, each polarization component would form its own Kelly
sidebands. Therefore, two extra sets of spectral sidebands appeared on the
vector soliton spectrum, while on the polarization resolved spectra of the vector
soliton, only one set of the extra Kelly sidebands would be observable, as also
shown in Figure 4.3. We point out that in the case where multiple vector
solitons coexist in the cavity, although each of the vector solitons rotated at the
same speed of rotation, the polarization orientations of the vector solitons were
different.
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Figure 4.5 Oscilloscope traces of the vector soliton under quasi-periodic
evolution. Blue line: the total vector soliton pulse train; Green line: the
horizontal axis; Red line: the vertical axis.

Both the polarization locked and polarization rotation vector solitons could be
easily obtained in our laser. Because the solitons are dissipative in nature, the
energy of the vector solitons increases as the pump power increases.
Experimentally we noticed that as the energy of the vector solitons increased to
a certain level, an extra set of spectral sidebands further appeared on the vector
soliton spectrum, as shown in Figure 4.4 (indicated by arrows). As the new
extra set of spectral sidebands became clearly visible, the pulse height of the
vector solitons on the oscilloscope trace also gradually became non-uniform, as
shown in Figure 4.5. Based on the polarization resolved soliton pulse traces, it
IS easy to see that the polarization rotation of the vector soliton also became
quasi-periodic with the cavity roundtrips.
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Two different situations were revealed through the polarization resolved
measurement. Figure 4.4(a) shows a case where the vector soliton has a large
polarization ellipse. In this case the new extra spectral sidebands only appeared
on the strong polarization component of the vector soliton. On the spectrum of
the weak polarization component there is no sign of the new extra spectral
sidebands. Figure 4.4(b) shows another case where the strength of the two
orthogonal polarization components of the vector soliton was comparable. In
this case the new extra spectral sidebands appeared at the same position on both
polarization components. This experimental result suggests that the appearance
of the new extra spectral sidebands is a threshold effect. Its appearance requires
that the pulse intensity of the soliton is sufficiently strong. In addition,
comparing with the results shown in Figure 4.4(a) and (b), which were taken
under two different intracavity PC settings but the same pump power, the
positions of the new extra spectral sidebands also depend on the laser cavity
detuning.

In the past the formation mechanisms of various spectral sidebands of the scalar
solitons formed in fiber lasers were both experimentally and numerically
investigated and it was shown that coherent wave mixing between the solitons
and dispersive waves could occur in a laser, which was previously named as the
soliton modulation instability [108]. Under the effect of the soliton modulation
instability the energy of the soliton and dispersive waves are coherently
coupled. Under strong coherent energy coupling the energy of the soliton could
become varying as it propagates in the cavity. A soliton circulating in a laser
cavity also has to satisfy the cavity boundary condition, which modifies the
phase matching condition of the coherent wave mixing. As shown by
Haelterman et al., the cavity feedback effect is reflected as that the resonant
frequency now depends on the cavity detuning as well [68]. The features of the
observed new extra spectral sidebands well match those formed due to the
soliton M1 reported for the scalar solitons.

The soliton M1 is a threshold effect. Like the case of scalar solitons, in our
experiment once the intensity of the vector solitons became beyond the Ml
threshold, a new set of spectral sidebands appeared at the positions where the
phase matching condition between the soliton and dispersive waves is fulfilled.
However, different from the scalar solitons, a vector soliton has two coupled
orthogonal polarization components. Further depending on the strength of them,
either both of the two polarization components or one of them could become
unstable. Nevertheless, in either case the evolution of the vector soliton would
become quasi-periodic. Here it is worth noting that because the coherent wave
mixing is between the soliton and dispersive waves, no spectral dip-peak but
only the spectral peaks were observed on the polarization resolved spectra.
Furthermore, changing the cavity detuning also shifted the positions of the
spectral sidebands on the soliton spectrum. From a quasi-periodic vector soliton
evolution state, if the pump power was further increased, instead of that the
laser emission evolved to the chaotic state, a new soliton would be generated,
eventually the vector soliton evolution became periodic or quasi-periodic with
less soliton energy variation. Further increasing the pump power, the same
process as described above repeated.
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Figure 4.6 The quasi-periodic evolution of two vector solitons coexisting in
cavity.
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Quasi-periodic vector soliton intensity variations of multiple vector soliton in
cavity were also observed. Figure 4.6 shows for example a case of two vector
solitons coexisting in the cavity. Each of the vector solitons exhibits the quasi-
periodic energy variation, as clearly shown by their oscilloscope traces. In the
state the solitons in the cavity have uncorrelated soliton intensity variations. No
soliton energy quantization exists in the case. With too many vector solitons in
cavity, the interaction among the solitons could become very complicated.

4.2 Conclusions

In conclusion, we have experimentally studied the vector soliton operation of an
erbium-doped fiber laser passively mode locked with atomic layer graphene. It
was found that under certain operation conditions the vector solitons of the laser
could exhibit quasi-periodic evolution. Similar to the case of quasi-periodic
evolution of the scalar solitons observed in a fiber laser, in the state a new set of
spectral sidebands appeared on the spectra of the vector solitons, and the
appearance of the new spectral sidebands was a threshold effect. Based on the
features of the vector solitons, we pointed out that the appearance of the extra
spectral sidebands is due to the cavity induced soliton modulation instability,
and the quasi-periodic vector soliton evolution is a result of the strong resonant
energy coupling between the vector soliton and the dispersive waves. However,
in comparison with the M1 of the scalar solitons, our experimental results show
that depending on the strength of each of the two orthogonal polarization
components of the vector soliton, the MI could occur on one of the polarization
components or both of them. Quasi-periodicity and quasi-periodic route to
chaos are intrinsic features of the nonlinear dynamic systems. Our experimental
results further confirm that the passively mode locked soliton fiber laser is a
nonlinear dynamic system. No matter if scalar or vector solitons are formed in
the laser, its dynamics follows the universal rules of the nonlinear dynamics.
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5. Noise-like Pulses in Graphene Mode-locked Fiber lasers

In a passively mode locked fiber laser, soliton pulse formation in the cavity is a
complicated dissipative process, in which except the impact of the saturable absorber,
the balanced interaction among the laser gain, loss, cavity dispersion and the
nonlinear Kerr effect also plays an important role, and directly affects the formed
soliton pulse parameters. If the cavity parameters are not suitably controlled, the
soliton fiber laser may operate in the regime of some distinct pulses such as noise like
pulses, extreme pulses. Noise like pulses have been a well-documented phenomenon
which has been investigated in the scalar soliton fiber lasers [110-112]. However, both
of them have not been observed in the vector soliton fiber lasers. It is interesting and
meaningful to investigate the formation and properties of the noise like pulses and
rogue waves in a vector soliton fiber laser mode locked with graphene. In this section,
we report on the experimental observation of noise-like (NL) pulses in a fiber laser
passively mode locked by atomic layer graphene. Based on the experimental and
numerical studies, we found that the formation of the NL pulses is a combined
consequence of the pulse breaking induced by the excessive nonlinearity of the cavity
and the mutual attraction of the soliton pulses caused by the ultra-fast saturable
absorption of the graphene. The large energy and broadband spectrum of the NL
pulses may find applications in super-continuum generation and metrology where low
coherence is required. The experiment also suggests a new research direction for the
graphene-based ultrafast laser photonics.

The noise-like pulse formation in fiber lasers passively mode locked by the nonlinear
polarization rotation (NPR) technique has been widely studied and its properties and
formation mechanism are already clear. It might be of importance to study the features
of the NL pulses formed in other fiber lasers that are mode locked by different
methods. In this paper, we experimentally and numerically show that the noise like
pulses can also be formed in a graphene mode locked fiber laser. Moreover, extensive
experimental and numerical studies have further shown that the pulse-to-pulse
attraction, which physically correlates with the ultrafast recovery feature of the
graphene saturable absorber, could have played a role on the formation of the NL
pulses in the fiber laser. Based on the observed experimental results we point out that
the graphene mode locked NL pulse emission fiber lasers could be a promising large
energy pulse source with the advantages of compactness, small size, all-fiber-format
and low cost.

5.1 Experimental Results

The experimental setup of the graphene mode locked fiber laser is similar to those
shown in Fig 1.1. The laser was pumped by the high power fiber Raman Laser source
with a central wavelength of 1480 nm, and a maximum pump power up to 5 W. The
total cavity length was about ~70 m, comprising of 3 m erbium doped fiber (EDF)
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with group velocity dispersion (GVD) of -48 (ps/nm)/km and ~67 m standard single
mode fiber (SMF) with GVD of 18 (ps/nm)/km. The laser cavity was dispersion
managed. It had a total cavity dispersion of about -8.50 ps?. A 10% output coupler was
used in the cavity to output the signal. A polarization independent isolator was
employed to force the unidirectional operation of the ring cavity. An intra-cavity
polarization controller (PC) was used to fine tune the linear cavity birefringence. All
the passive components were made of the SMF. The graphene was fabricated by the
chemical vapor deposition method. Optical Raman spectroscopy technique (Witec
Alpha 300R) was used to identify the layer number of the graphene, and it was found
that the graphene used had 3~4 layers.
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Figure 5.1 Soliton operation of the fiber laser. (a) Optical spectrum measured. (b) The
mode locked pulse train. (c) One “single pulse” of (b) detected by a high-speed

oscilloscope.

The ring cavity fiber laser has a self-starting mode-locking threshold of about 200
mW due to intra-cavity loss. Figure 5.1(a) shows a typical optical spectrum of the
mode locked laser. Clear Kelly sidebands are visible on the spectrum, which is a
characteristic of the soliton formation in the anomalous dispersion cavity fiber lasers.
In addition, a continuous wave spectral component is also on the spectrum, indicating
that an unstable CW coexists with the soliton pulses in the cavity. The central
wavelength of the solitons is located at 1573.5 nm and the 3-dB bandwidth is ~1.7
nm. Figure 5.1(b) shows an oscilloscope trace of the state measured with a low speed
(500 MHz) detection system. The roundtrip time of the pulses is about 350 ns, which
matches with the total cavity length of 70 m. Under the low speed detection where the
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internal structures of the mode locked pulses cannot be clearly resolved, the pulses on
the oscilloscope trace look like a single pulse. However, measured with a 20 GHz
high-speed oscilloscope (Agilent 86100A), the “single pulse” is visualized as shown
in Figure 5.1(c). The “single pulse” in Figure 5.1(b) turns out to be a soliton bunch.
Within the soliton bunch the relative positions of the solitons are unstable. The
solitons are moving restlessly. By increasing the pump power while keeping all the
other laser parameters unchanged, more soliton pulses emerged. In other words, the
increase of pump power does not boost the energy of each individual solitons but
increase the soliton number.
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Figure 5.2 (a) Multiple solitons state. (b) NL pulse operation of the fiber laser. (c)
Optical spectrum. (d) Pulse profile measured with a high-speed oscilloscope. (e)

Autocorrelation trace (pulse width corresponds to the sharp peak is about 1.2 ps).

By adjusting the orientation of the intra-cavity PC, NL pulses could be generated from
a multi-soliton state. A state thus obtained is shown in Figure 5.2. Figure 5.2(a) shows
the multi-soliton state of the laser just before the NL pulse was formed. After
changing the orientation of the intra-cavity PC, a NL pulse state as shown in Figure
5.2(b) was formed. The optical spectrum of the Figure 5.2(a) is same as shown in
Figure 5.1(a). Figure 5.2(c) shows the optical spectrum of Figure 5.2(b) state.
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Different from the multi-soliton operation state where the optical spectrum of the laser
exhibits clear Kelly sidebands (see Figure 5.1(a)), the optical spectrum of the NL
pulse state shown in Figure 5.2(b) is blurred and has no spectral sidebands. Figure
5.2(d) shows the high resolution oscilloscope trace of Figure 5.2(b). It is easy to see
that within the mode-locked pulse there are a large number of solitons inside. The
solitons travel together as one entity in the cavity. The NL pulse state shown in Figure
5.2(b) is very stable, which can last several hours until deliberately destroyed. Figure
5.2(e) shows the autocorrelation trace of the NL pulses. It shows a narrow peak atop a
broad pedestal, which is a typical characteristic of the NL pulse states. If a sech? pulse
shape is assumed, the average soliton pulse width in a NL pulse is estimated to be 1.2

ps.
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Figure 5.3 Multiple soliton pulses operation in a 30 m long cavity. (a) Optical

spectrum measured. (b) Solitons within a bunch measured by a high-speed
oscilloscope.

To understand the formation mechanism of the NL pulses, we used another laser that
has a shorter cavity length of 30 m. The mode locking operation can still be achieved
but with a higher threshold (250 mW). The optical spectrum of the multi-soliton state
of the laser is shown in Figure 5.3(a), in which the Kelly sidebands are observable,
indicating that the total cavity dispersion is still anomalous. The central wavelength is
now shifted to 1575 nm and the 3-dB bandwidth is ~3.5 nm. As shown in Figure
5.3(b), the multiple solitons tend to form a bunch in a shorter laser cavity. If the pump
power is decreased, the number of solitons in the bunch reduces until the mode
locking state is lost. It is noted that in this process no single soliton could be obtained.
We attribute the phenomenon as due to the relative high loss of the cavity induced by
the graphene. When the quality of the graphene used is not high, we found that the
cavity losses could be large. In this case only multiple solitons or the noise like pulse
could be easily obtained under strong pump. It also explains why the mode-locking
threshold of the current laser is as high as 250 m\W.
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Figure 5.4 Multiple soliton pulses operation in a 20 m long cavity. (a) Optical
spectrum measured. (b) Solitons within a bunch in the cavity at a high pump power.
(c) Atwin pulse state at a low pump power.

Further shortening the cavity length by reducing the SMF, the optical bandwidth of
the soliton spectrum further broadens. For example, with a length of 13 m SMF
(cavity length is 20 m), the 3-dB bandwidth increased to as large as ~ 4 nm, as shown
in Figure 5.4(a). When the cavity length is reduced to 20 m, a stable soliton bunch is
always obtained as shown in Figure 5.4(b). Compared with the state shown in Figure
5.3(b), no soliton can escape out of the bunch. When the pump power is decreased to
the mode locking threshold value, a stable twin-pulse soliton state is generated, as
shown in Figure 5.4(c). Interestingly, the twin-pulse soliton state cannot be obtained
in a longer laser cavity.

Based on the above experimental results, we can conclude that in a long cavity the
new solitons formed could move away from the others, eventually become freely
moving solitons. While in a short cavity, the formed new solitons are trapped by those
already existing in the cavity. Consequently they tend to form a soliton bunch. This
phenomenon indicates that the pulse breaking takes place in the single mode fiber,
and it can be deduced that more individual soliton pulses can be formed if the length
of SMF is correspondingly increased. As the length of SMF in the cavity increases
(see Figure 5.1), soliton bunch will become more unstable and finally all the solitons
will come out of the bunch and move freely in the cavity.

5.2 Simulation Results
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of the NL pulse had been averaged over 1000 round trips.

In order to gain an insight on the formation mechanism of the NL pulses, we
performed numerical simulations with a model based on the coupled complex
Ginzburg-Landau equations (GLEs) similar to that subscribed in reference [65], but
the mode-locking component was replaced by the graphene saturable absorber. To
make the simulation possibly close to the experimental results, the following
simulation parameters were adopted: nonlinear fiber coefficient y = 3 W km?;
erbium fiber gain bandwidth Qg = 16 nm; fiber dispersions D"epr = =32 (ps/nm) /km,
D”sme = 18 (ps/nm) /km and D"’ = 0.1 (ps?nm)/km; cavity length L = 3.0 mepr + 65
msmr = 68 m; cavity birefringence L/Lp = 100 and the nonlinear gain saturation energy
Psat = 50 pJ. The nonlinear response of the graphene saturable absorber is governed by
the rate equation as follows:

R

s _ s

ot Trec Esat ) (51 l)

Where Trec is the absorption recovery time of graphene, lo is the initial absorption of
the absorber, and Ess is the absorber saturation energy. In view that graphene is an
ultra-fast saturable absorber with a large modulation depth, we used the following
saturable absorption parameters for simulation, Esat= 1 nJ, lo=0.3 and Trec= 100 fs.
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(b) the optical pulse profile of the NL pulse. (c) The change of time-averaged optical
spectra of the NL pulse under different laser gain.

Once the laser gain coefficient G exceeds 60 km=, which corresponds to the threshold
pump power required to balance the cavity loss, a stable single pulse could be
numerically obtained. Figure 5.5(a) shows a typical state numerically calculated under
the laser gain coefficient G = 100 km=™. It is well-known that within a fiber laser
mode locked by NPR with net cavity group velocity dispersion approaching zero, the
combined actions of two types of soliton-shaping mechanisms: the balance between
the fiber nonlinear Kerr effect and the linear cavity dispersion, and the other caused
by the laser gain saturation and dispersion, results in the generation of asymmetric
optical sideband. Herein, from the optical spectrum shown in Figure 5.5(b) where the
Kelly spectral sidebands are asymmetric, one can conclude that the formation of
asymmetric spectral sidebands is a feature of the soliton lasers with net near zero
dispersion, which is independent on the concrete mode locking component. By further
increasing the laser gain, the soliton pulse intensity continuously increases and its
pulse width decreases. Eventually the pulse breakups at a pump power of G = 400
km™. The generation of multi-soliton pulses is correlated with the excessive
nonlinearity of the optical pulse propagation along a long segment of the anomalous
dispersion optical fiber. In the following, the multi-soliton pulses encounter the
nonlinear shaping enabled by the nonlinear response of graphene. The transient
nonlinear changes of transmission of graphene show two characteristic time constants:
a fast component (100 fs) attributed mainly to the carrier-carrier intraband scattering
and a slow component (1 ps) caused by the carrier-phonon intraband scattering and
electron-hole inter-band recombination processes. The fast component of the saturable
absorption of graphene exerts an attraction force among the multi-soliton pulses,
making them unable to separate in time domain. Consequently, the multiple soliton
pulses are tightly bound, resulting in the formation of the NL pulse state, as shown in
Figure 5.5(c) and Figure 5.5(d). To further uncover the impact of the absorber
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recovery time, we deliberately employed a slower recovery time (500 fs) for
simulation whereas other parameters are kept unchanged. The state of multi-soliton
propagation can be numerically obtained, but they are well separated. In the case the
NL pulse state is hardly formed, indicating that a faster saturable absorber, which
exhibits stronger mutual attraction force, helps the generation of the NL pulse state.
To probe the internal structure, the roundtrip-to-roundtrip simulation is also carried
out. Different from the single soliton where the optical spectra are almost identical
and indistinguishable from one round to the other, the NL pulse state exhibits
significant fluctuations in either the roundtrip-to-roundtrip optical spectra or pulse
profiles, as shown in Figure 5.6. Each of the individual spectra or pulse profiles is
highly structured and randomly varied with the evolution of the cavity roundtrips.
Upon averaging for 1000 rounds a time-averaged optical spectral and pulse intensity
profile as shown in Figure 5.5(c) and Figure 5.5(d) are obtained, which are
comparable with the corresponding OSA and high speed oscilloscope trace
measurements in experiments (see Figure 5.2). The change of optical spectra under
different pump power is also summarized in Figure 5.6(c), from which the optical
spectral sidebands are hardly observable. We find that the absence of spectral
sidebands is a direct consequence of the NL pulse state. We know that the formation
of the Kelly sidebands is resulted by the constructive interference between the intra-
cavity dispersive wave and soliton wave, which co-circulate within the laser cavity.
However, the restless movement and collision among the multi-soliton pulses in a NL
pulse can make the dispersive wave and soliton wave unable to fulfil the mutual phase
matching condition, which therefore suppresses the generation of optical spectral
sidebands.

5.3 Discussions

Based on the experimental and numerical results discussed above, we can summarize
the features of the current graphene mode locked and dispersion-managed cavity fiber
lasers as the following. There exist two mode locking operation regimes, the multi-
soliton regime and the NL pulse regime. In which regime is a laser operating can be
easily distinguished from the optical spectrum of the laser emission. Usually, the
multi-soliton (resp. NL pulse) has a smooth (resp. blurred) optical spectrum with
(resp. without) optical spectral sidebands, and requires relatively lower (resp. higher)
pump power. By controlling the intra-cavity birefringence (through the polarization
controllers), the laser operation can be switched between the multi-soliton and NL
pulse state. Moreover, the cavity length and net cavity dispersion also have an impact
on the laser operation. In a short fiber laser cavity, the multi-soliton bunch state is
readily obtained. With the increase of the SMF length, which enhances the
accumulated optical nonlinearity and shifts the total cavity dispersion towards
anomalous dispersion regime, more individual solitons will move out of the bunch,
and finally the soliton bunch collapses.

The unique nonlinear optical property of graphene also contributes to the formation of

77

DISTRIBUTION A. Approved for public release: distribution unlimited.



the NL pulse in the experiment. Unlike the soliton bunch observed in SESAM fiber
laser [73], where all the solitons are almost uniform which can be considered as an
effect caused by the bandwidth limitation of SESAM. Graphene has a wider operation
wavelength. Therefore, no saturable bandwidth limiting effect exists. Like the NPR
mode locking, the fast response of graphene saturable absorption imposes an extra
soliton attraction force to the solitons. Under the effect the solitons tend to form a
bunch in the cavity. Moreover, as the intensities of the pulses are unequal in the
current laser cavity, the soliton bunch cannot be as stable as that in SESAM mode-
locked fiber lasers. Once the pump power is sufficiently high, too many solitons will
be formed and interact with each other simultaneously and NL pulses will be
correspondingly obtained. The energy of the NL pulse could be large because all the
solitons in the cavity are in a “bunch”. A NL pulse usually looks like a “single pulse”
in the cavity. However, once the length of SMF is increased, in which pulse breaking
effect take places [115], where soliton bunches could collapse and finally the solitons
move away from each other, a multiple soliton operation state would be formed in the
cavity. Thus we can conclude that formation of both the multi-soliton and NL pulse
state is an intrinsic feature of the graphene mode locked dispersion-managed fiber
lasers.

6. Summary

In summary, we have both numerically and experimentally investigated the operation
of quasi-vector cavity fiber lasers without any saturable absorber in the cavity. We
have show experimentally that under strong pumping the CW emission of the laser is
unstable, under certain conditions it could become a periodic pulse train. Moreover,
the pulses in the pulse train could be further automatically shaped into dissipative
solitons. Either periodic or randomly distributed dissipative solitons were
experimentally observed. As the soliton formation is initiated by the destabilization of
CW beam and no mode locking effect is involved in the process, which closely
resembles that of the spatial cavity solitons, we have named the formed solitons the
temporal cavity solitons. In addition of the temporal vector cavity formation, we have
also experimentally obtained the induced cavity solitons. Formation of the induced
dark solitons is also firstly observed in anomalous dispersion cavity fiber lasers.
Under incoherent cross polarization coupling, polarization domains were also
experimentally observed. We have shown experimentally that a bright soliton could
induce a broad dark pulse on the orthogonal polarization direction. The broad dark
pulse formation could be explained as a result of the polarization domain formation.
All the experimental results could be well numerically reproduced based on a model
of the coupled Ginzburg-Landau equations.

We have also experimentally investigated the vector soliton operation of fiber lasers
mode locked with the atomic layer graphene. Similar to the case of SESAM mode
locked fiber lasers, both the polarization locked and polarization rotation vector
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solitons were experimentally obtained in the graphene mode locked fiber lasers. The
cavity effect always induces resonant energy exchange between the two orthogonal
polarizations components of the vector solitons, and for the polarization rotation
vector solitons, two new sets of spectral sidebands appeared on the vector soliton
spectrum. Under the multiple vector soliton operation of a fiber laser, various multiple
vector soliton patterns were experimentally observed, including the vector soliton
bunches, random static vector soliton distribution, restless vector soliton bunches,
giant pulse emission, and vector soliton rains. In particular, the polarization-locked
vector soliton rain and the polarization rotation vector soliton rain were
experimentally identified. Based on results of the experimental studies, the
appearance of the different modes of the multiple vector soliton operation could be
well understood by the soliton interaction caused by the following four types of main
mechanisms, the unstable CW related global type of soliton interaction, the dispersive
wave mediated long range soliton interaction, the direct soliton interaction, and the
saturable absorber induced soliton-soliton attraction. Furthermore, we have reported
on the experimental observation of vector and bound vector solitons in a fiber laser
passively mode locked by graphene. Localized interactions between vector solitons,
vector soliton with bound vector solitons, and vector soliton with a bunch of vector
solitons are experimentally investigated. We show that depending on the soliton
interactions, various stable and dynamic multiple vector soliton states could be
formed.

The nonlinear dynamics of the vector solitons in graphene fiber lasers was also
investigated. Quasi-periodicity of the vector solitons was experimentally observed.
The cavity induced soliton modulation instability was the origin of the quasi-
periodicity. The vector solitons in the laser could be emitted with both quasi-periodic
pulse energy variation and polarization rotation, which can be characterized by the
respectively extra sidebands appearance in the optical spectrum. We have
experimentally and numerically investigated the formation mechanism of the noise-
like (NL) pulses in an erbium-doped dispersion- managed fiber laser passively mode
locked by a few-layer graphene saturable absorber. The NL pulses can be regarded as
another mode locking regime enabled by graphene saturable absorber, and
characterized by sideband-free and broad optical spectrum and narrow peak atop a
broad pedestal in its auto-correlation trace. Despite of its noise-like property, this state
can lead to large energy operation, making graphene saturable absorber applicable for
high power laser photonics. We have shown that the formation of the NL pulse is
related to the ultrafast saturable absorption of the CVD graphene.
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