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ABSTRACT OF THE THESIS

Stability Analysis for 1 and 2™ Order Soliton Raman Lasers
By
Salih Kagan Kalyoncu
Master of Science in Electrical and Computer Engineering
University of California, Irvine, 2010

Professor Ozdal Boyraz, Chair

Wavelength tunable coherent light sources are highly desired for several
applications such as sensing, communications and spectroscopy. In particular, phase
coherent light sources with spectral separation of 1000cm™ are widely utilized for
applications to detect organic molecules through Coherent Anti-stokes Raman Scattering
(CARS) microscopy. However, lack of stable sources that can generate multiple
wavelengths with up to 1000cm™ frequency separation mitigates the high efficiency

detection process.

This thesis is devoted to the investigation of Raman based soliton lasers that can
provide optical sources with 1000cm™ wavelength separation and high peak power. In
particular, second order soliton Raman lasers are investigated and theoretical analysis
performed to illustrate design criteria for such lasers and to discuss stability conditions.
The results provide roadmap to development of such lasers pumped at 1550nm and

1060nm by using commercially available optical fibers.
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INTRODUCTION

Throughout the years, an intensive research has been conducted in the development of
short-pulse fiber-optical sources for such many applications ranging from optical
telecommunications to ultrafast spectroscopy. The common method to generate short
pulses in the fiber is the use of spectral broadening induced by nonlinear interactions
which result in soliton shaping in anomalous dispersion regime. However, to generate
ultra-short pulses, it is also required to have a broadband gain mechanism. [1] Stimulated
Raman scattering with a wide gain bandwidth of ~6THz enables to generate femtosecond
pulses. Raman gain with the advantage of its being obtained in any nonlinear medium at
any wavelength by synchronous pumping, can act as a suitable source. In recent years,
Raman fiber lasers have retrieved strong interest due to their capability of serving as
pump sources in gain-flattened amplifiers for optical communication systems and as
widely tunable sources to characterize the optical devices at longer wavelengths. [2-3]
The fixed-wavelength Raman lasers have been widely studied in the last years, but
recently, much focus has been on the multi wavelength tunable Raman fiber lasers which
generate output Stokes pulses in a broad wavelength range by so called cascaded
stimulated Raman scattering. [4] The Raman Solitons generated experimentally near

1.5um by pumping at 1.06um have been reported. [5]

This thesis aimed to design and discuss the stability performance of the high peak
power tunable coherent light sources with 1000cm™ frequency separation that can find a
perfect application in many fields. In particular, the nonlinear interactions, optical soliton
formation and Raman effect inside the fiber are studied to obtain a theoretical model for

the generation of Raman soliton laser. Design criteria for both first and the second order

1



Raman Soliton lasers are suggested. Also, by using Split Step Fourier Method as a
simulation tool the stability analyses are conducted for parameters from commercially
available optical fibers. In conclusion I show that stable soliton pulses can be generated at
1 and the 2™ Stokes wavelengths with sub-picosecond pulse widths varying from

300fs to 1ps.



CHAPTER 1
NONLINEAR INTERACTIONS IN FIBERS AND

THEORY OF RAMAN

The optical pulses while propagating inside a fiber are influenced by both dispersive and
nonlinear effects. Fiber as a dispersive medium becomes nonlinear especially for the
short pulses with widths ranging from ~10ns to 10fs. Both nonlinear and the dispersive
effects cause changes in pulse shape and spectra. According to slowly varying envelope
approximation in which the spectral width of the pulse is assumed as much smaller than
the incident field frequency, the pulse propagation inside an optical fiber is governed by
the Nonlinear Schrodinger Equation (NSE). [5]

82A o
ﬁl__ _ﬁz 2A+ 7‘A‘ A=0 (1.1)

The different terms in the equation (1.1) describe the effects of group velocity, group

n,o
velocity dispersion (GVD), fiber loss, and fiber non-linearity. The } = is the

c eff

nonlinearity coefficient of the propagation medium.
1.1 Group Velocity Dispersion (GVD)

Group velocity is defined as the effective velocity of wave envelope which has different
frequency components. An optical medium in which the waves having different
frequencies travel at different velocity is called dispersive medium. Dispersion may
originate from the nature of the material (material dispersion) used for light propagation
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and design of the optical waveguides such as its geometry and materials used in core and

cladding part of the waveguide. In an optical fiber, phase velocity of the waves can be

defined as v, =c¢/n(w) in terms of frequency. Dispersion is generally thought either

normal or anomalous dispersion in which the lower frequencies (red-shifted) travel faster
than higher frequencies (blue shifted) or vice verse, respectively. Since each frequency

component travels at different speed, the wave starts to broaden.

The effect of GVD on the pulse propagation in a linear medium can be studied by
eliminating all the nonlinear terms in Schrédinger equation. [5] Then the NLS equation is

simplified as;

oA__p, o4

oz 2 o’

(1.2)

This differential equation is easily solved by Fourier transform method. The normalized
pulse of arbitrary shape in time domain A(z,¢) and its spectrum A(z,®) in frequency

domain are related by Fourier transform as:
A(zf) = —— jﬁ(z,a)) exp(—iot)dw (1.3)
2z 7,

By taking the Fourier transform of both sides and using the relevant property of

2

Pl — (iw)* , equation (1.1) transforms into an ordinary differential equation;
t

,612 1 2"
—_— = A 1.4
l&z 2,8260 (1.4)

with having a solution of:



121(2, W) = 121(0, ) exp(é ,Bza)zzj (1.5)

By looking at the solution, it is seen that GVD changes the phase of initial pulse spectrum
by adding phase to each component proportional to its frequency and propagation length.
This phase change in spectrum modifies the pulse shape in time domain. [5] The
corresponding time domain solution is evaluated by substituting equation (1.5) into

equation (1.3).

A(z,t) = i Tﬁ(O, ) exp(é ﬂza)zzj exp(—iwt)dw (1.6)

In the simulations, Gaussian pulses are used as an initial pump pulse. Thus, the effect of

GVD on the Gaussian pulses can be summarized in following equations.

Initial pulse is defined by a normalized Gaussian pulse having amplitude of unity as: [5]

2
B 1+i0) [ ¢t
A(0,t) =exp > (To J (1.7)

where C is the initial chirp parameter and 7|, is the half width at 1/e intensity point and

related to full width at half maximum as T, = 1.6657, . The final pulse after

propagation becomes:

T,
A(z,t) = 0 exp( (1.8)

(1+iC) > j
JT2 —iB,z(1+iC)

AT —iB,z(1+iC))



It is easily seen that both unchirped (C=0) and chirped (C # 0) Gaussian pulses preserve
their shapes after propagation. However, the pulse width 7, (defined similar to7) and

the chirp parameter C; of the final pulse changes due to GVD as: [5]

1/2
ﬁ_ Cp,z ., Bz

0

Cl(z):C+(1+C2)ﬁ222

E (1.10)

According to the results, it is obvious that initial pulse starts to broaden due to GVD
independent of whether the medium is normal (£, > 0) or anomalous (3, < 0) if there
is no initial chirp on the pulse. If there is an initial chirp and ,C > 0, pulse broadens at
a rate faster than unchirped pulse. However, if 5,C <0, then the pulse drastically starts

to compress to compensate the effect of initial chirp and then starts to broaden again. [5]

Simulation Results

The following simulation results show the GVD effect on the Gaussian pulse in time and
frequency domain. These results obtained by using Split Step Fourier Method perfectly

match with the theory and the experimental results which have proposed by other groups.
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Fig. 1.1 Transform limited Gaussian pulse propagation in a fiber. Temporal (upper)
and Spectral (down) evolution due to GVD (D=18 ps/km-nm).



Pulse Propagation
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18,

1.2 Nonlinear Optical Effects

When the intensity of electromagnetic field (laser) increases due to small core area of the
fiber and high peak power of the ultra short pulses, the optical medium response becomes
nonlinear. Two basic nonlinear effects are Self Phase Modulation (SPM) and Cross Phase

Modulation (XPM). [5]
1.2.1 Self Phase Modulation

Refractive index of the dielectric medium is not only dependent to frequency but also it is
dependent to intensity. When the intensity of light inside the medium increases, the index

profile becomes nonlinear. As a result, the pulse experiences both GVD and nonlinear



effects while propagating in fiber. The dominant effect, however, is directly related with

2

the comparison between the dispersion length L, =‘—0

| and the nonlinear length
2

1

Ly, =—— where y is the nonlinearity parameter and P, is the peak power of the pulse.

g
[5] There are three different scenarios as:
1) If L>Lp and L>Lyr both GVD and SPM is effective.
i1) If Lp>>L>Lxy then GVD is negligible.

iii) If Ly >>L>Lp then SPM is negligible.

Thus, the individual effect of SPM can be studied by eliminating the GVD, assuming the

second scenario, in NLS equation as:

0A _ 2

= =ie“yp|d| 4 (1.11)
oz

According to this equation, it is seen that the SPM induces an intensity dependent

nonlinear phase on the pulse without changing the pulse shape in time domain. The

solution to this ordinary differential equation is simply,

A(z=L,t)= A(0,0)exp[ig,, (z = L,1)] (1.12)

[1—exp(—al)]

2
where ¢NL(LJ):‘A(OJ)‘ yB Ly is the nonlinear phase and L, =
‘ : a

is the effective length. The maximum phase shift occurs at the center of the pulse, namely

at the peak intensity point which is given by @, = 7oL



Due to Fourier theorem, any time dependent phase on the signal generates new
frequency components in frequency domain. In other words, temporally changing phase
across the pulse makes the instantaneous frequency deviates from its center value wy

causing a spectral broadening. [5] The amount of SPM induced spectral shift, also called

frequency chirp (OW ) is obtained by taking the derivative of nonlinear phase.

0 0

ot (1.13)

For Gaussian pulses the SPM induced frequency shift is:
ow(t)=— trexp| —— 1.14
( ) TOZ LNL p TOZ ( )

with a maximum shift of 0@,,,, =0.86A@ @, .. where Aw, = To_l.

Simulation Results

The following simulation results show the SPM effect on the Gaussian pulse in time and
frequency domain. While the pulse shape does not change through the propagation, the
spectrum 1is drastically distorted. These results obtained by using Split Step Fourier
Method perfectly match with the theory and the experimental results which have already

proposed by other groups.

10
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Fig.1.3 Transform limited Gaussian pulse propagation inside the fiber. Temporal (upper) and

Spectral (down) evolution due to nonlinear effect ( = 2 W km™ ).
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1.2.2 Cross Phase Modulation (XPM)

XPM is another nonlinear phenomenon that causes spectral broadening of the pulses
when two or more optical beams having different carrier frequencies are simultaneously
launched into a medium. When they interact with each other by inducing an additional
nonlinear phase, each optical beam experiences a refractive index which is not only
affected by the intensity of that beam but also the intensity of other beams. [5] Their
effect on each other through XPM is actually two times more effective than SPM for the

same intensity.

To summarize, in a medium where N optical pulses with different frequencies
propagate simultaneously, the total nonlinear phase seen by each pulse due to SPM and
XPM becomes;

L
2 2
6,()=7,| L|4,0.0 +23[|4,0.t = zd)[ dz (1.15)
J#k 0
where j =1— N . Time dependence of the nonlinear phase due to XPM also implies an

additional frequency shift oW in frequency domain.

As seen in the equation (1.15), XPM is also dependent to the relative positions of
the pulses. Since the pulses travel at different velocities in a dispersive medium, they only
overlap in a certain time window. The walk-off between the pulses affects the spectral

changes and broadening due to XPM. [7]
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1.3 Numerical Solutions to Nonlinear Schrodinger Equation

In general, there is no analytical solution to full wave Maxwell equation for nonlinear
optical medium. Numerical solutions on the other hand, because of dimensionality
problem are very difficult to apply. However, an approximate solution can be obtained
due to some predefined conditions and assumptions. There are basically two kinds of
numerical methods as pseudo spectral and finite difference methods. The main difference
between them is the elimination of carrier frequency. Because the finite difference
methods involve the carrier frequency, they can account for forward and backward

propagating waves with more accurately than SSFM. [21]

Split Step Fourier Method (SSFM) is one of the pseudo-spectral numerical
methods which is easier to implement and computationally faster compared to other
numerical methods. SSFM has been an extensively used numerical method aims to solve

NLS equation for the propagation of pulses. [5]

Split Step Fourier Method (SSFM)

The basic principle behind the SSFM is that it tries to solve the NLS equation as
combination of linear and nonlinear terms by treating each part separately. Both linear
and nonlinear parts have analytical solutions but NLS equation including both parts does
not have an analytical solution. Thus, by dividing the propagation distance into small

steps (h), two parts can be solved separately with a small numerical error. Briefly, the

13



linear term due to dispersion and nonlinear term due to nonlinear optical effects are

defined respectively as;

«m—1 m
D:_g_zl B 0

2 am2mttrorn (1.16)
2i 0 2
N =iy |A(z, 0| + ———— —[|A(z,0) A(z,¢
e+ 22 ) s

where A(z,t) is the complex field envelope at distance (z ) and time (¢). Thus the NLS

equation can be written in the form as: [5]

aAéZ’ D _(D+N)YA(z,10) (1.17)

with a general solution of

A(z+ h,t) =exp[h(D+ N)]A(z,1). (1.18)

The solution to this partial differential equation is approximated by propagating the
optical fields over small distance (h) where the dispersive and nonlinear effects are
assumed to act independently. In other words, propagation from z to z+h can be held in

two steps in which dispersion and nonlinearity acts alone. [5]

The dispersion (D) effect is analyzed in frequency domain rather than taking derivative in

time domain to reduce the computational time. Thus, taking the Fourier Transform of

14



2

both sides and using the Fourier transform property — (iw)"  derivative with

m

respect to time transforms to multiplicative operators and NLS equation reduces to:

.m—1
l

M — _g — Z — ﬁm (lw)mA(Z’w_)

0z 2 52 (1.20)

with the solution of,
. m—1
A(z+ h,@) = A(z,@) exp{h {— % — Z ;ml B, G(@)" ﬂ
m=2

and
A(Z+h,t):S_l{A(Z+h,ZD')}. (121)

To reduce the error accumulation more, a new version of SSFM called symmetrized
SSFM is used in simulations. The general procedure applied in symmetrized SSFM at

every h distance is as follows;

1. Dispersion and loss is calculated over h/2 by setting N=0.

A(z+ %,T) =3 {exp[%D(iw)}S{A(z,T) }}

2. At the midpoint of step size, nonlinearity is calculated by setting D=0.

A(z+§,T) :A(z+§,T)eXp(hN).

15



3. Dispersion and loss is calculated over the second half by setting N=0.

Az +ht)=3" {exp[g D(iw)}S{A(z + %,t)}}.

Given:
initial condition compute
Az =0.1) A(z=L.t)
'nl'll T T 7 7 T 4 ~ 1 Y I|I
N\ OO 3-STITD) = 7\
1o —ldzle— , 1 .
LINEAR MNONLINEAR LINEAR

. e

B, |z
y

—h—l

d=
2

[=—

Fig.1.4 Schematics of Split Step Fourier Method. [17]

1.4 Stimulated Raman Scattering (SRS)

Stimulated Raman Scattering is another non-linear process that occurs in any molecular
medium. Raman scattering in fibers have been widely utilized to operate optical fibers as
an amplifier or tunable laser by transferring energy from one beam (Pump) to others
(Stokes). [5]-[9] In other words, the weak low frequency probe beam, also called Stokes

wave, is amplified by the intense higher frequency pump beam trough SRS process. The

16



amount of energy transferred from incident field to scattered field is determined by the

vibrational modes of the medium. [§]

' Energy - --=-Virtual State
Pump Stokes
signal Signal
h 4
e
i
E Phonon
Ground State i

Fig. 1.5 Energy Diagram of Raman Scattering.

Briefly, the initial growth of the Stokes wave is governed by the following formula.

ol

S

=&pl 1 (1.22)
Z

where [, is the pump intensity, /| is the initial Stokes intensity and g, is the Raman gain

coefficient.[10] Raman gain coefficient is a function of frequency shift (2= @, — ®,)

between the pump and Stokes waves, and generally depends on the composition of the
fiber core, relative polarization of both fields (co-polarized or orthogonally polarized) and
the pump wavelength (inversely proportional). [11] The Raman gain in silica fibers has a
very broad spectrum (up to 40THz) with the first peak at nearly 13.2THz and the second
peak at 14.7THz due to non-crystalline nature of silica glass. [12] Raman induced
frequency shift enables to generate 26.4-29.4THz (~1000cm™) frequency separated

second order Stokes pulses with ~3THz (~40nm) tunability. This impressive property of

17



Raman laser enables to design multi wavelength stable soliton pulses to be used in many

applications.

1.2 T T T T T T T

] )
o o

Raman gain (a. u.)
o
-

0.zr

0 5 10 15 20 25 30 35 40
frequency offset (THz)

Fig.1.6 Raman Gain spectrum of silica fiber. [13]

As shown in the Figure 1.6, Raman gain spectra shows a multi-peak structure due
to contribution of many vibrational modes. Although all the fine structures will be absent,
Raman gain spectra can simply be modeled by a single peaked function like polynomial,

Gaussian or Lorentzian. [13]

Stimulated Raman Scattering, briefly, occurs when both pump and probe (Stokes
wave) beams simultaneously propagate inside a fiber. The probe beam starts to be
amplified due to Raman induced energy transfer from pump beam, as long as the
frequency shift lies within the bandwidth of gain spectra. Even without an initial probe
beam, by spontaneous Raman scattering new frequency components are generated and
amplified through the propagation. Although spontaneous Raman scattering generates
photons within the entire bandwidth and all are amplified, the frequency component

where the Raman gain is maximum is amplified more and dominates in the system. As a

18



result, Stokes wave with a frequency determined by the Raman peak gain (nearly 13.2

THz downshifted for silica) is generated by the SRS.

For the simplest case in which the CW pump beam is launched inside a fiber, the
evolution of pump and the probe beams is governed by the following equations including

both the fiber losses and the interaction between them through SRS process. [5]

ol

— =gl I —-al,

oz Eri,

8[p o, Il -al (1.23)
oz 8xl, P

N

where «,and «a are the fiber loss coefficients for pump and Stokes frequencies.

@
As seen in the SRS equation, the term — > 1indicates that the energy emitted from the
@

s

pump beam is more than the energy gained by the Stokes beam. The remaining energy is

lost as phonons in the systems.

There is no analytical solution for these differential equations. However, for the
small signal case, i.e. signal is much weaker than the pump, the pump depletion due to
the amplification process can be neglected (first term in the second equation) and hence

the solution becomes:

[ (z=L)=1,(0)exp(gxl,L,; — L) (1.24)
where [ is the incident pump intensity and L is the propagation length. In order for the

Stokes wave to build up in the fiber, the gain should be greater than the loss as verified in

the solution. This solution can only be applied for the initial stages of Raman Soliton
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generation. Stokes wave circulates in a cavity and is amplified rapidly to reach a steady
state by depleting the pump. Thus, for the lasing of the Stokes wave, pump depletion

cannot be ignored.

1.5 Optical Solitons

Soliton as its name implies, is a particle like wave propagating in a nonlinear medium
preserving its shape and surviving after collisions. Propagating undistorted is the most
impressive feature of Soliton that enables them to be used in long-haul optical

communication systems. [6]

Soliton wave is basically the result of interplay between GVD and SPM which
independently affect the propagating pulse in a fiber. GVD as discussed in detail is a
linear dispersive effect which broadens the optical pulse unless it is initially chirped. In
other words, if the pulse is not transform-limited and chirped in a way that the chirp

parameter (C) and the GVD parameter [, have opposite signs, the pulse compresses

during the early stages of propagation and starts to broaden again. On the other hand,
SPM as a dominant nonlinear effect introduces a positive chirp (C>0) on the propagating
pulse. As a result, when the GVD parameter #, <0is negative, namely the pulse

propagates in anomalous regime; the broadening effect of GVD can be totally balanced
by SPM induced chirp mainly in the central part of the pulse. More specifically, since the
SPM induced chirp can be adjusted by tuning the power properly, it cancels the negative
chirp induced by GVD. [6] The basic physics under the Soliton wave is explained as in
anomalous regime the lower frequency components travel faster than the high frequency

components as a result of GVD. SPM, however, affects the pulse in a way that the high
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frequencies are moved to the leading edge and low ones to the tailing edge, namely
induces a positive chirp. As a result of such corporation, total chirp on the pulse is
cancelled and enables an undistorted propagation. Briefly, Soliton is a solution of

nonlinear Schrédinger equation including both SPM and GVD effects as:

04 B, 0°4 2

—+i=—=iy|4 A4 1.25

oz 2 of 7/‘ ‘ (1.25)
By introducing 7 = L , &= Z and U = iwhere T, is the measure of pulse width, P,

L7 L VB,

2

EO

is the peak power of the pulse and L, = is the dispersion length. [5] The equation

18.]
(1.25) normalizes to:
oU 50U
SF 2o TN U =0 (1.26)

2

T
where s =sgn(,)is the sign of S,and the N’=yBL, =P, ﬁ represents the
2
dimensionless parameter related with the Soliton order. Also, by defining ©# = NU and
setting s = —1 (propagating in an anomalous dispersion regime) the final form of the NLS
equation becomes
Oou 10°u

i +——+‘u‘2u=0 (1.27)
o0& 207’ '

which is a special class of nonlinear differential equations that can be solved by inverse
scattering method. This equation supports the Soliton wave solution. According to this

normalized NLS equation, when the input pulse having an initial envelope of

21



u(0,7) = Nsech(N7)is launched into the fiber, it either preserves its shape and
remains undistorted or repeats its shape periodically at every & =m % distance. [5]

As a result, the parameter N determines the propagation pattern of the pulse. If
N=1 which means the fundamental soliton case, pulse propagate without changing its
shape. However, if N>1 which means high-order soliton case, pulse follows a periodic

pattern. The physical meaning behind the parameter N is hided in its definition of

L . : . .
N? = =2 N can be thought as the comparison between the dispersion and the nonlinear
NL

lengths where only GVD and SPM dominate, respectively.

Soliton Propagation and Simulation Results

Soliton propagation inside a lossless fiber is analyzed for different soliton-order cases. In
order to test the reliability of our simulation program, the results are compared with the
theoretical ones. For simplicity, we analyzed only the first, second and the third order

Soliton propagation.

In the first case, we analyzed the propagation of first order, namely the
fundamental soliton pulse. As seen in the following figure, the fundamental soliton whose
the pulse width and the peak power is chosen to satisfy N=1, preserves its shape along the

propagation inside the lossless fiber.
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Fig.1.7 Fundamental Soliton pulse evolution in a fiber.

In the following figure, it is seen that the pulse width remains same along the

propagation. Pulses at initial, half-soliton period and soliton period positions are also

extracted to show that pulse shape remains undistorted.
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Fig.1.8 Ratio of the pulse width of final pulse to the initial pulse (up), pulses at L=0
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However, for the higher-order soliton case, the situation is completely different.
Soliton pulses chosen such that N>1, propagate by changing their shapes, pulse widths

and peak powers periodically. In fact, this periodicity occurs for all higher-order solitons.

At every & = mEdlstance, soliton recovers its original shape. This pattern is repeated

: : : o 7
over each section of soliton period which is defined asz, = — L, .

For the second order case, as seen in the following figures, soliton contracts to a

fraction of its initial pulse width and merges again to its original shape.

Power (W)
=~ [@)

N

50

Figure 1.9 Second order Soliton pulse evolution in a fiber.
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For the third order case, as seen in the following figures, soliton first compresses,

splits into two distinct pulses at the half period and merges again to its original shape.
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Fig. 1.11 Third order Soliton pulse evolution in a fiber.
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1.5.2 Perturbation of Soliton
Soliton pulses propagate by retaining their shapes in a fiber where only the GVD and
SPM effects are included. However, for the fiber Raman Soliton laser experiment such
other impacts of fiber losses and stimulated Raman scattering should be included in NLS
equation. Thus, these effects can be treated in Soliton propagation equation as small

perturbations. Perturbed NLS can be considered as:

0u 2 .
e +‘u‘ u=ieu) (1.28)

ou 1
[—+—

o 2

where &(u) represents the small perturbation that is a function of u.[5] This equation can

only be solved for small perturbation by assuming the functional form of Soliton solution
remains same but having different parameters. Thus the solution for perturbed NLS

equation becomes:
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u(s,t) =n(5)sech[n(S)(z —q())]explig(s) —id(S)7] (1.29)

where 77,0,¢,@ are defined as the amplitude, frequency, position and the phase

parameters of the Soliton which all depend on the propagation distance. The impact of
the perturbation results in a change of these Soliton parameters. The evolution of these
four parameters due to the perturbation can be solved by using variational method. To

determine the final values of parameter set, the following equations are required to be

solved:

;Z—g =Re zg(u)u*(f)dfa

d_77 . % e .

= m j g(u) tanh[17(z — ¢)Ju” (7)d,

fl_g = —5+n—1218(u)(f —qu’(z)dr,

o | e(u){%—(r —q)tanh[n(r—q)]}u*mdr 0 =gl o

where Re and Im stands for the real and imaginary parts respectively. [14]
a) Fiber Loss as a Perturbation

Soliton preserves its shape as a result of balance between GVD and SPM effects.
However, if the fiber loss is accounted, the peak power of the Soliton decreases with the
length reducing the effect of SPM. Since the Soliton dissipates the perturbation to
preserve its shape, it adjusts its pulse width accordingly. To balance the reduction in SPM

effect, Soliton reduces GVD effect by increasing its pulse width. The fiber losses can be

. [ : . : .
treated as ie(u) = —EFu where I' = al, and the analytical solution by integrating the
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equations in (1.23) shows that only the amplitude and phase parameters are affected by

fiber losses.

[1—exp(-2I'¢)]
4T

() =n(0)exp(-T'%) #(S) =p(0)+ (1.31)

Since the pulse width 7 is inversely proportional to the amplitude7(s), the final pulse

width becomes 7, =T exp(-I'¢) . [15]

b) Soliton Amplification as a Perturbation

Soliton amplification can also be treated as a kind of perturbation on soliton pulses.
Basically, there are such two different approaches for soliton amplification as lumped and
distributed amplification. [16] In the lumped case, which is mainly used for long-haul
communication systems to compensate the fiber losses due arbitrarily long distances,
soliton pulses are amplified abruptly after propagating certain distance. Soliton pulses

start to adjust themselves to maintain their initial shape by dispersing some energy. If the
period of amplification L ,, namely the distance between successive amplifiers, is
comparable to the dispersion length L, soliton pulses responds to this perturbation by
releasing the extra energy as dispersive waves. Thus, the amplification length should be

much less than the dispersion length, L , << L, to prevent soliton pulses to break up. [6]

On the other hand, for our fiber Raman Soliton laser case, where the stimulated
Raman scattering acts as a source of amplification, solitons are amplified adiabatically
along the fiber. Since the amplification is distributed over the entire length and there is no

abrupt gain, dispersive waves are almost eliminated.
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In order to eliminate pulse break up completely even for distributed case, the
amplification should be small enough to allow soliton pulse to readjust its parameters
along the propagation. Thus, to generate Stokes pulses, the pump power should be

selected in the close vicinity of threshold power.

29



CHAPTER 2

FIRST ORDER RAMAN SOLITON LASERS AND

STABILITY ANALYSIS

Fiber Raman Soliton Laser is a new kind of laser that provides an output in the form of
soliton with sub-picoseconds widths at the first order Stokes wavelength and it is
downshifted by 13.2 THz-14.7 THz. [5] This Raman Soliton lasers mostly include two
fiber sections as gain and pulse shaping fibers in a ring cavity configuration. They can
also be reduced to a single fiber if the pulse shaping is introduced in the gain fiber [18].
The laser uses the Raman effect to provide gain for the Stokes signal and facilitate lasing.
While the pump pulse is circulating inside the cavity, the first order Stokes pulse can be
excited. If the required pumping level is satisfied to reach the threshold, Stokes pulse
builds up in the cavity and acquires the proper energy to converge to a fundamental

soliton with much shorter pulse width.

To assess the conditions where first order solitons can be generated we developed
a numerical and analytical formula that includes the nonlinear and linear effects of fibers
and interactions between pump lasers and Stokes signals at the first order. The mutual
interaction between the pump pulse and the Stokes pulse inside the cavity is governed by
a set of two non-linear Schrodinger equations including all processes of GVD, SPM,

XPM, walk off between the pulses, Raman gain and pump depletion as: [5]
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where vV, .. is the group velocities, 7, ;is the nonlinearity coefficients, 5, 25 18 the

GVD parameters and 4 p.s 18 the amplitudes of the pump and Stokes signals, respectively.

Here, Rp (z,t) generates the depletion of the pump signal and R (z,?) is responsible for

gain on the Stokes signal due to Raman effect.

SSFM is used to solve these coupled differential equations. In the simulations,
transform-limited Gaussian pulses with 10ps (FWHM) pulse width and 5W to 10W peak

power, were used as a pump signal. For the pump  signal

2

. . T
(A, =1550nm and p, ~—3ps’/km), the dispersion length L, = —2-becomes more

1.l

than 12km and nonlinear length L,, = PL becomes around 100m (for 7=2W'1km'1).

Y4

Since the condition L, >>/, >L,, is satisfied, GVD effect on the pump pulse in

equation (2.1) can be neglected and pump pulse propagation can be treated as in a SPM
dominant regime where it is only affected by SPM. Thus, it propagates without changing
its shape in time domain except being attenuated due to fiber loss and depletion due to

Stokes signal.

However, for the Stokes signal both dispersive and nonlinear effects become
important. Stokes pulses evolve from a pre-defined low power DC background through
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stimulated Raman amplification. In order for the Stokes pulses to form, the pump power
must be greater than the threshold. Threshold power is determined due to the fiber losses,
attenuation factor and the output coupling ratio. According to the simulation set up, total

distributed loss in which attenuation and coupling factors are treated as distributed loss is
calculated by @, = a(l, +1,)—In(CX), where « is the fiber loss coefficient, /, , are

the gain and shaping lengths, respectively, C is the coupling percentage and X is the
attenuation factor. Stokes pulses start to be amplified when the pump power exceeds the
threshold. However, there is an upper limit to which the pump power can be increased. If
the pump power is adjusted far away from the threshold, Stokes pulses cannot converge
to a soliton and break up into several pulses immediately. This effect can be easily
explained when we treat amplification as a perturbation to the pulse as discussed before.
Stokes pulse, while propagating inside the cavity, slowly adjusts its pulse width and peak
power to converge to a fundamental soliton. However, if the gain is very large, Stokes
pulse cannot adjust itself quickly and starts to disperse additional energy by extracting
dispersive waves. In other words, the perturbation, that is the gain for this case, should be
small to prevent Stokes pulse to break up. Thus, the operating region of the pump power

is limited to the vicinity of threshold power.
2.1 Time-Dependent Gain

While the Stokes pulse is propagating in a ring cavity, it experiences a time and
frequency dependent gain due to Raman effect. The time-dependent gain without

saturation, namely in small signal operation regime, can be expressed by: [18]
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t—(z/vy, —z/vy) ’

a,(t,z)= ag exp| —
Ty (2.2)

0 0
a, =g.P,)!
£ s 2.3)

where g, (Wij is the Raman gain coefficient, P; is the pump peak power and /, is the
m

gain fiber length. In equation (2.2), it is obvious that the gain has a Gaussian profile
exactly same as the square of pump pulse(‘A p‘z). The position dependency

(z/v,, —z/v,) of the gain is nothing short of the walk-off effect on the gain. The peak

value of the gain is determined by equation (2.3). Raman gain, as seen in the equation, is
proportional to pump peak power, Raman gain coefficient and the propagation length.
However, since the pump and the Stokes pulses travel at different velocities the actual

interaction length decreases which results in less gain.

When the Stokes signal starts to form and be amplified, its intensity becomes
comparable with the pump intensity. The gain medium (fiber in our case), however,
cannot maintain the same gain for high signal powers. Since the high power signal
suddenly reduces the population of excited atoms, the strength of the gain decreases.
Gain is directly proportional to the number of excited atoms in the medium. This effect is
called the saturation phenomenon, which must be included in simulations. There are
actually two such kinds of mechanisms as homogeneous and inhomogeneous broadening
which saturation shows up. In homogeneous broadening case, since all emitters (excited

atoms) responds in a same manner, namely has a same emission spectrum, the spectral
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shape does not change. The energy to amplify the Stokes signal is supplied by all the
atoms making the whole line shape of gain profile decreases. On the other hand, for in
homogeneously broadened system, since each emitter has different emission profile and
responds individually, saturation in the gain line shape shows up locally by causing hole
burning in spectrum. For the simulation of Fiber Raman Soliton Laser, the fiber medium
is assumed as a homogeneously broadened system. The saturation effect, as a result, can

be shown as;

_ "I 407 ) ~ 1
P, =P, exp| - gx|4!| L, NPpT
L4+
sat
1 " Wp 0]? :
o = and g,=|——|g, and ‘AS‘ = Peak signal power (2.4)
gng WS '

In this equation, the term ‘ASO‘Z (peak power of the Stokes signal) rather than the time-

varying envelope, implies that the pump depletion is applied by attenuating the whole

line shape as defined by homogeneous broadening. [18] The term inside the exponential

. . . o . 1
is much less than unity, thus we can use Taylor series approximation (e * ~——). Also
+x

" w . . . .
the term g, = (—p}g » 1s the Raman gain coefficient for the pump signal. The reason
w

s

why g, > g, is the energy conversion from pump to Stokes pulse being not %100

efficient, in other words, some of the emitted energy is lost in the form of phonons.
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Another factor that must be included in gain calculation is the frequency
dependency of stimulated Raman scattering. As discussed before, Raman scattering has a
special multi-peak structured spectrum with the maximum ~13.2 THz away from the
pump frequency. Thus, through all the simulations frequency dependency of Raman gain

coefficient is approximated by second order parabola profile.

In frequencydomain:

2
, =, 1{%}
g g Wg

In time domain:

(2.5)

where Aw=[w, —w, ]—w,is the frequency shift deviation fromw, =13.27Hz at which

the gain is maximum. [18]
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Fig.2.1 Approximated Raman Gain Spectrum.
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The band-limiting property of Raman gain spectrum acts as a band-pass filter. For
our case the exponential of this spectrum forms a Gaussian band-pass filter with a broad

bandwidth.
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Fig. 2.2 Raman gain filter with Gaussian profile.

After all effects as saturation and frequency dependency are included, the Raman gain is

calculated as:

t—(zlvg, —z/v)Y | .1 &
+ R

a (t,z =’ exp| — (04 —

«(6:2) ¢ ©XP T, o wz, ot*
where

(2.6)
PO

0 _ 4

ag =1 8r ‘A:) 2 Zg
1+
. P,
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2.2 Simulation Set up and Parameters

To generate the first order Raman Soliton pulses, two-fiber configuration was used. The

set up of the simulation is summarized in the Figure 2.3 below.

WDM WDM
Mode-locked
Laser /’O Gain O Pump
(1550nm) Fiber
=
D
:
Q
=)

Oscilloscope Signal \
05A 1660 /
Autocorrelator nm 5/95 Shaping
Fiber

Fig. 2.3 First order Raman Soliton Laser Simulation set up.

In the simulations, 10ps (FWHM) transform-limited Gaussian pulses from Mode-
Locked color-center laser operating at 1550nm and having ~ 40nm tunability, was used to
generate Raman signal pulses synchronously. Since the Raman frequency shift of ~13.2
THz corresponds nearly to 110nm shift at 1550nm, Raman pulses are generated at around
1660nm and can be tunable due to pump wavelength. The cavity consists of 100m
dispersion shifted (Corning Vascade) gain fiber which has -3 (ps/km-nm) dispersion and
0.05 (ps’km-nm?2) dispersion slope at 1550nm. The dispersion and the GVD profile of the
dispersion shifted fiber used in the simulations can be approximated by a linear

equation as:
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D =-3+0.05(A%) where AA=A1-1550nm
12

=——D
B, - (2.7)

Dispersion Profile with 0.05 (ps/km-nm?2) slope at 1550nm
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GVD Profile
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Fig. 2.4 Dispersion and the GVD profile of the DSF.

Due to material dispersion which is the frequency dependency of refractive index,
pump and Stokes pulses at different wavelengths travel at different speeds. This causes
both pulses slide over each other through the propagation. Walk-off between the pulses

(At=2z/v, —z/v,) can be calculated by using dispersion profile of the fiber. Integral of

the dispersion from the pump to the Stokes wavelength gives the corresponding walk-off

time per unit length. Thus the total walk-off between the pulses in one round trip is:
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At = [ L D(/l)d/l}lg 2.8)

The wavelength of the pump signal determines both the output Stokes signal
wavelength and corresponding walk-off time. Thus, walk-off between the pulses changes
when we tuned the pump wavelength. The walk-off times between the corresponding

Stokes and the pump pulses (~110nm down-shifted) are shown in the Figure 2.5 below.
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Fig. 2.5 Walk-off time between the Pump and Stokes pulses.

As a result of walk-off between the pulses, the overlapping length decreases and

so does the gain. The effect of the walk-off on the gain can be explained as the effective

gain length becomes shorter than the actual length.
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In simulations, SSFM (Split Step Fourier Method) is used to analyze the
propagation of pulses. The parameters used in the simulation are summarized in a table

below.

Table 2.1 The parameters used in SSFM simulation for 1* order Raman Soliton Laser.

h Step size in SSFM 0.5m

dt Time increment 10 fs

[, Gain Length 100m

l, Shaping Length 20m

a Fiber Loss 0.2 (dB/ km)
gr Raman Gain coefficient | 0.8 (W 'km™)
4 Nonlinearty coefficient | 2 W 'km™)
X Attenuatian factor %30

C Output coupling %35

According to these parameters, N (number of steps in gain fiber at every round
trip) becomes 200 and the distributed loss acting on the Stokes pulse by the cavity at each
circulation becomes @, = a(/, +1,)—In(0.95X) = 0.4. In order to focus the gain more
on the central part of the Stokes pulse, pump is adjusted in a way that it spans the Stokes

pulse from left to right symmetrically by tuning the repetition rate of the Mode-locked

laser.
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At steady state the gain and loss acting on the Stokes pulse through the beginning

to the end of the cavity becomes equal. The peak power of the Stokes pulse P at
steady state can roughly be estimated by the following formula. In this equation Afis the

walk-off at each step size (h) and 7 ,is the pump pulse width.

~ O ~
gain gRPp h _ZN Ppeak N+n+1 loss 0 4
B
where
1 " w 2.9
et a2 o
R s

2.4 Simulation Results and Discussion

To analyze the performance of the set up, pump pulses ranging from 1515nm to 1554nm
with the increment of 1.5nm were used to generate stable, soliton pulses at 1625nm to
1664nm Stokes wavelengths. Since each pump and the Stokes pulse combination has
different group-velocity dispersion (GVD) and walk-off behavior, both the required
pump and the output signal characteristics are different from each other. To eliminate the
walk-off between the pulses, pump wavelength should be selected such that the zero
dispersion wavelength of the fiber should be nearly in the middle of the pump and the
Stokes signal wavelengths. For our case, the zero dispersion of the fiber is nearly at
1610nm which means the pump signal at 1550nm should be used to eliminate almost all

the walk-off.
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Since the walk-off changes the effective gain length, different threshold pump
powers are required to generate Stokes pulses at different wavelengths. For Stokes pulses
with large walk-off, namely at short wavelengths for our case, the effective gain length
decreases more and so the threshold power increases. Based on the gain and loss
calculation, the threshold power can be calculated by equating loss to the gain in small

signal case where there is no saturation.
0
g, ~a,, =04

where

2
ul nAt
leffzhz exp —( OJ
n=—N

tP

(2.10)

To analyze the evolution of Stokes pulses at specific wavelength, twelve different
pump powers which span 1.1W regime starting from the corresponding threshold power,
are used. Since, the Stokes signal starts to break up for high pump powers, the operating

point should be close to threshold.

In the following figures, the output Stokes pulses at 1637nm with £,= -1.9192
(ps*/km), 1650nm with B,=-2.9265 (ps*/km), and 1664nm with B,=-3.9662 (ps*/km)

are selected as an example to summarize the evolution of first order Raman Stokes
pulses. The output Raman soliton pulse, its peak power and the pulse width evolution
through the circulation are shown.

Casel: (4, =1527nm, A, = 1637nm, 5, =-1.919 ps® / km). Pump power is varied

from 8.56W to 9.66W. Particular results obtained for power levels at 8.56W, 8.96W and
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4.94W are presented below for discussion. The calculated threshold power for this GVD
value is 8.38W. Thus, since the power is very close to threshold as seen below, it requires

long time to reach steady state.
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Fig. 2.6 Stokes pulse with p,=-1.919(ps*/km) and P,=8.56 W.

However, when we increase the power to 8.96W, the Stokes pulse reaches steady
state that can be understood by looking at the peak-power and pulse width profile through
900 round trips. When we analyze the steady-state output pulse, it perfectly fits to

hyperbolic secant square pulse with 1.33ps pulse width and 1.278W peak power.
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Output Stokes Pulse Evolution of Peak Power
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Fig. 2.7 Stokes pulse with B,=-1.919(ps*/km) and P,=8.96 W.

As we increase the pump power more, the pulse starts to break up and release additional

energy by extracting dispersive waves as shown in the figure below.
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Fig. 2.8 Stokes pulse with p,=-1.919(ps*/km) and P,=9.66 W.
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Case2: (4, =1540nm, A, =1650nm, 5, = -2.927ps* / km). Pump power is varied

stokes
from 5.98W to 7.08W. Particular results obtained for power levels at 5.98W, 6.38W and
7.08W are presented below for discussion. The calculated threshold power is 5.9W
which is less than the previous case because of shorter walk-off. Since the power is very

close to threshold as seen below, it reached to steady-state at very low power.
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Fig. 2.9 Stokes pulse with p,=-2.927(ps*/km) and P,=5.98 W.

As we increase the power up to 6.38, the Stokes pulse reaches steady state. When
we analyze the steady-state output pulse, it perfectly fits to hyperbolic secant square pulse

with 1.43ps pulse width and 1.5322W peak power.
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Fig. 2.10 Stokes pulse with B,=-2.927(ps*/km) and P,=6.38 W.

When we increase the pump power more to 7.08 W, the pulse starts to break up

and release additional energy by extracting dispersive waves as shown in the figure

below.
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Output Stokes Pulse Evolution of Peak Power

1.5 _ 10
g g
S i
o
R
3 /
1 A~ 2 J
%/ 00 200 400 600 800 1000
2 Normalized time (t/Tgrt)
L Evolution of Pulse width
10
0.5 g g
k=
S
S 6
2 4fl
u\l
O (T
-4 -2 0 2 4 00 200 400 600 800 1000
Time (ps) Normalized time (t/Trr)

Fig. 2.11 Stokes pulse with p,=-2.927(ps*/km) and P,=7.08 W.

Case3: (4, =1554nm, A, =1664nm, ;" = -3.9662ps’ / km). Pump power is varied

from 5.12W to 6.12W. Particular results obtained for power levels at 5.12W, 5.52W and
6.12W are presented below for discussion.. The calculated threshold power is 5.05W
which is less than the previous cases because of much shorter walk-off. Since the pump

power is less than the threshold power, pulse cannot build up in the system and

attenuates.
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Fig. 2.12 Stokes pulse with p,=-3.9662(ps*/km) and P,=5.12W.

When we increase the power up to 5.52W and 6.12W shown in the following figures, the
Stokes pulse reaches the steady state. When we analyze the steady-state output pulse at
P,=5.52 W, it perfectly fits to hyperbolic secant square pulse with 1.34ps pulse width and
1.632W peak power. On the other hand, the output pulse at P,=6.12 W converges to

hyperbolic secant square pulse with 1.09ps pulse width and 3.926W peak power.
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Fig. 2.13 Stokes pulse with B,=-3.9662(ps*/km) and P,=5.52 W.
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Fig. 2.14 Stokes pulse with p,=-3.9662(ps*/km) and P,=6.12 W.
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2.5 The Stability Analyses

To analyze the stability regime of the generated Stokes signals where they converge to a
hyperbolic secant square soliton pulse, SSFM simulation was repeated at combinations of
27 different Stokes wavelengths and 12 pump powers. The output signals obtained from
each simulation was analyzed and categorized as below threshold, saturated or broke up.
The results are shown in the following contour plots to investigate the output Stokes

signals with respect to their both peak-powers and the pulse widths.

Since the walk-off between the pump and the Stokes pulses is highly dependent to the
GVD parameter, the threshold required to generate the Stokes signal is different at each
wavelength. As a result, the pump power for each GVD value (namely for each Stokes
wavelength) is varied in a 1.1W regime starting from the corresponding threshold which
is estimated by using equation 2.10. In the following contour plots, the pump power
index is used instead of the actual power for each GVD value. The actual pump powers

applied in the simulations can be calculated by the using the following formula and the

estimated threshold powers ( £, ) shown in the Table 2.2 as:
Ppk (B, =P, (B, +k*Ap  where Ap=0.1W and k =1-12(indexnumber)

Table 2.2 Calculated Threshold powers at specific GVD values at Stokes wavelength.

Stokes Estimated Stokes Estimated Stokes Estimated

GVD Threshold GVD Threshold GVD Threshold
(ps*/km) Power(W) (ps*/km) Power(W) (ps*/km) Power(W)
-1.0507 11.3 -2.0296 7.77 -3.0405 5.98
-1.1579 11.3 -2.1403 7.77 -3.1548 5.6
-1.2655 10.34 -2.2514 7.07 -3.2695 5.6
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-1.3734 10.34 -2.363 7.07 -3.3846 5.33
-1.4818 9.42 -2.4749 7.07 -3.5001 5.33
-1.5906 9.42 -2.5872 6.47 -3.616 5.33
-1.6997 9.42 -2.6999 6.47 -3.7323 5.17
-1.8093 8.56 -2.813 5.98 -3.849 5.17
-1.9192 8.56 -2.9265 5.98 -3.9662 5.12

Figure 2.15 shows the peak powers of the converging Stokes pulses at specific
GVD walk-off and pump power. Also, the region (upper-left) where the pulses break up
is highlighted in the graph.
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Fig. 2.15 Stability region contour plot with respect to Stokes peak power.
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As seen in the figure, laser does not reach the threshold and pulse cannot build up
in the system for low pump powers (below or in a very close vicinity of threshold)
independent of operating wavelength. With increase in the pump power, Stokes pulses
starts to be generated and reach to steady state. The width of stability regime for each
GVD value, however, is directly proportional to GVD at Stokes wavelength and the
walk-off between the pump and Stokes pulses. Since the Stokes signal power is much
less than the pump and the XPM is as twice as effective than the SPM, walk-off becomes
very important to control the effectiveness of pump induced XPM on the Stokes signal.
Pump signal with 10ps pulse width is quite wide compared to the Stokes pulse with
nearly 1ps pulse width. If the walk-off is small, the Stokes pulse experiences only the
central part of the pump signal. Thus, the pump induced XPM on the Stokes signal
becomes almost linear, which has no drastic effect on the spectrum rather than shift in
frequency domain. However, if the walk-off is large, pump induced XPM on the Stokes
signal drastically distorts the spectrum. As a result, even for small GVD values Stokes
pulse cannot maintain its shape and breaks up. In addition to walk-off, GVD value
determines the limit up to which peak power the nonlinearity can be tolerated. The
positive chirp due to XPM and SPM must be balanced by the negative chirp due to GVD.

The less the group velocity dispersion is, the less the nonlinearity can be tolerated.

In the following analysis, stability region is investigated with respect to final
pulse width. As illustrated in Figure 2.16, the final pulse width the Stokes signals
converges to is highly dependent on the pump power and the dispersion values. Also, the
regions where the pulse cannot build up and break up due to excessive nonlinearity are

highlighted in the graph.
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Fig. 2.16 Stability region contour plot with respect to Stokes pulse width.

Since SSFM is not efficient computationally, pulse evolution for each Stokes
wavelength and the pump power combination is iterated only by N=900 round trips.
Thus, for some cases especially for low pump powers (close to threshold), the number of
round trips is not enough to enable the generated Stokes pulses to reach steady state. The
ambiguity in the bottom left region of the Figure 2.16 represents the unsaturated Stokes

pulses with much wider pulse widths than the ones at steady state.

The pulse width of the output Stokes signal shown in the previous figures

converges to its final value that almost satisfies the fundamental soliton condition as

N2 =L_D= Ty

7 | | =1. Thus, both the GVD value at that wavelength and the peak
NL 2

power of the signal determine the output pulse width. It is shown in the following figures
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(three different cases as an example) to which soliton order the output Stokes pulses
converge. Since the set up consists of an attenuator and a coupler, the pulse suddenly

decreases in intensity. Thus, at these points the soliton pulses have different soliton

orders.
X Y Z
e g O o
Gain Shaping 5/95
Fiber T Fiber
Fig. 2.17 X, Y and Z are three different positions in the cavity where the
Stokes pulses analyzed.
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Fig. 2.18 Stokes pulses (1 = 1637nm, B, = —1.9192(ps* / km) and P, =8.96W) at points

X, Y and Z with converged soliton order N.
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X, Y and Z with converged soliton order N.
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X, Y and Z with converged soliton order N.
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CHAPTER 3

SECOND ORDER RAMAN SOLITON LASERS AND

STABILITY ANALYSIS

Fiber Raman Soliton Laser is generally designed to generate first order Raman Stokes
signal. However, the Raman laser output at first order Stokes wavelength can act as a
pump for the cascaded generation of higher order Raman lasing at much longer
wavelengths. Cascaded Raman lasing enables to generate coherent laser pulses at very
broad range where it is difficult to achieve by other methods [20]. Since the fiber is the
gain medium for cascaded lasing of high-order Raman Stokes signals, the Stokes signals

at higher orders may also converge to a soliton at steady state.

To assess the conditions where second order solitons can be generated we
developed a numerical and analytical formula that includes the nonlinear and linear
effects of fibers and interactions between pump lasers and Stokes signals at the first and
the second order. The mutual interaction between the pump pulse, first and the
second-order Stokes pulses is governed by a set of three non-linear Schrodinger equations
including all processes of GVD, SPM, XPM, walk off between the pulses,

Raman gain and pump depletion as: [5]
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where vgp,gsl,gs2 is the group velocity, Y p.sl,s2 1s the nonlinearity coefficient,
5, p.2si 252 18 the GVD parameter and A p.sl,s2 18 the amplitude of the pump, first order
Stokes and the second order Stokes signals respectively. R » 1s the pump depletion and

Rsl,sZ is the Raman gain coefficient for the Stokes signals.

In a cascaded Raman laser system, n™ order Stokes signal is generated by (n-1)"
order Stokes and acts as a pump for (n+1)th order Stokes signal. For our case, we only aim

to generate first and second order Raman Stokes signals.

In order to generate the first order Stokes pulse, pump power must be greater than
the threshold of the first order. When the threshold power condition is met, first order
Stokes pulse starts to build up in the cavity through the circulation. On the hand, second
order Stokes signal cannot be generated until the first order Stokes signal has enough
energy to build up a gain that compensates the loss of the second order. Once the second
order Stokes is generated, the generated second order Stokes pulses acts as a new loss

mechanism for the first order Stokes and thus decreases the slope efficiency.
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First and the second order Stokes pulses propagate in two different cavities where
they only interact through the gain fiber. Thus, the threshold powers required to generate
first and the second order Stokes are not the same. They are determined by each cavity.
Fiber losses, attenuation factor and the output coupling in each cavity define its threshold

power.
3.1 Time-Dependent Gain and the Loss on the Propagating Pulses

As discussed in the previous chapter, first order Stokes pulse experiences a time
dependent gain through the propagation in a cavity and reaches steady state when the
gain becomes equal to the loss. There is no other loss acting on the first-order Stokes
pulse rather than fiber loss, attenuation and coupling losses. However, in this case the
generation of second order Raman Stokes is reflected as an additional loss for the first-
order pulses. On the other hand, second order Stokes pulse only experiences a gain
induced by first order Stokes. The effective gain and the loss on the pulses through the

gain-fiber (treated as step by step with the step size h) are summarized below.

1) Pump signal is the main source of energy to generate all the Stokes signals. There

is no gain on the pump signal, it attenuates due to fiber loss as P, exp(-a/,) and

transfers energy to generate first-order Stokes pulse. The depletion of the pump signal

due to first order Raman Stokes is as follows:
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where g,, and g, are the Raman gain coefficient for the first order Stokes and depletion

coefficient for the pump signals, respectively.

2) First-order Stokes signal is amplified by the pump signal. The time dependent

gain in which frequency dependency, walk-off and the saturation effects are included, is:

2
t—(z/v, —z/v >
ag1(t, z)= 0‘21 exp [ ( gp gsl)J o 1 0

where_ ) (33)
P° 1
0 P
a), =|gny—2—1 and P, =—
¢ ‘ASOI 2e t gRllg
1+
i P, ]

According to the simulation set up, total distributed loss in which attenuation and

coupling factors are treated as distributed loss is calculated as @, = af, —In(CX) where
a is the fiber loss coefficient, /,is the length of the gain fiber, Cis the coupling

percentage and X is the attenuation factor. In addition to cavity loss, first order Stokes
signal transfers energy to generate second order Stokes pulses. Thus, the evolution of the

second order Stokes signal depletes the first order Stokes as:
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where g,, and g,, are the Raman gain coefficient for the second order Stokes and

depletion coefficient for the first order Stokes signals, respectively.

3) Second order Stokes signal is generated and amplified by the first order Stokes

signal by stimulated Raman scattering. The effective gain on the pulse becomes: [18]

t—(z/vgsl—z/vgsz)jz Lo L

a.(t,z)=a’, exp| — a,, ———

g2( ) g2 p ( Tsl g2 WZ, atz

where_ ; (3.4)
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0o _ ‘Asl d P _ 1

agz Er2 0ol2 8 an sat — " ]

A, Eraty
1+
L Psat

Second order Stokes signal attenuates only due to fiber loss and the output
coupling. The effective distributed loss acting on the second order Stokes pulses becomes

Qe = al, —In(C) where a is the fiber loss coefficient, /, is the length of the gain fiber,

and C is the output coupling percentage.

At steady state, all the Stokes pulses converge to their final peak power and pulse

width which do not change significantly through one round trip. Thus, the peak power of
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the Stokes pulses P”*** at steady state can roughly be estimated by the equaling the loss

and gain acting on themselves.

3.2 Simulation Set up and Parameters

To verify the analytical expectations, set of numerical simulations are performed in a ring
cavity illustrated in Figure 3.1. Ring cavity with the corresponding couplers functions as
a partially reflective mirror placed at the ends of the gain fiber and enables the pulses to
resonate. Wavelength division multiplexers (WDM) are used at the connections to
combine and separate the pulses at different wavelengths. Cavity for the 1* order Stokes
signal also includes an attenuator which represents all the bulk losses inside cavity and
functions as a balance mechanism to prevent the generated Stokes pulses to break up due

to excessive power dependent nonlinear effects.

Mociz;l:::ked WDM WDIVIK_\ PUMP
(1050mm) /v 7~ filnr V\ v\

Joienuany

Oscilloscope \. )
OSA Cc2
Autocorrelator \. /

C1

Fig. 3.1 Second order Raman Soliton laser Simulation Set up.

In the simulations, transform-limited Gaussian pulses with 10ps (FWHM) pulse
width and 3W to 5W peak power, were used as a pump signal. For the pump signal,

61



2

. . T
(4, =1060nm and 3, ~—0.23ps> /km) the dispersion length L, = ——becomes more

.|

than 140km and nonlinear length L,, = PL becomes around 100m (y = 3w km™ ).
o/

Since the condition L, >>/, >L,, is satisfied, GVD effect on the pump pulse in

equation (3.1) can be neglected and the pump pulse propagation can be treated as in a
SPM dominated regime. Because the peak powers of the first and second order Stokes
signals are much less than pump power, XPM effect can also be neglected. Thus, it
propagates without changing its shape in time domain except being attenuated due to
fiber loss and depletion. However, for the Stokes signals both dispersive and nonlinear
effects are strongly effective. Both first and the second order Stokes pulses evolve from a

pre-defined low DC background through stimulated Raman amplification.

Initial Pump and Stokes Signals
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Fig. 3.2 Initial pump, first and the second order Stokes pulses.

Each Stokes pulse as shown in the set up propagates in a different cavity where

they only interact through the common gain fiber. Gain fiber is the key component of the
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set up and should be selected carefully to minimize the walk-off between the pulses. For
the first order Raman soliton laser analyzed in chapter 2, the walk-off can be eliminated
by using a commercial DSF with zero dispersion in the middle of the pump and Stokes
signal wavelengths. However, for the second order Raman soliton laser, since three
pulses with large frequency separation, propagate inside the fiber it is impossible to
eliminate walk-off between all the pulses completely. Thus, to minimize the walk-off
between the pulses, fiber with low dispersion value over a broad range, i.e. dispersion
flattened fiber, should be used. When we searched such fibers in literature, it points out
the photonic crystal fibers. Photonic crystal fibers can be designed with a flattened near
zero dispersion profile. The gain fiber used in our set up is a special photonic crystal fiber
which has a flattened near zero dispersion profile (DFF-PC) in a very broad range. The
fabricated photonic crystal fiber and measurement results of its dispersion profile are

shown in the following figures.
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Fig. 3.3 Ultra-flattened dispersion photonic crystal fiber with 11 periods.
A =2.47um and an average d of 0.57um. [19]
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Fig. 3.4 Measured dispersion plots for ultra flattened dispersion PCF similar to the
fiber shown in Figure 3.3. Red (upper) curve: d = 0.58, A =2.59, dark (below)
blue curve: d= 0.57, A=2.47. [19]

This photonic crystal fiber, as shown in the Figure 3.3, has a solid silica core and
radially distributed air holes as cladding. There are 11 period of holes between the core
and the external jacket. The number of holes can be increased by adding extra ring of
holes. By changing the hole diameter (d) and hole-to-hole spacing (A), much greater
flexibility can be achieved on dispersion profile to satisfy the requirements of an
application. [19] As seen in the Figure 3.4, dispersion (red curve) is very close to zero
over the wavelength range from lum to 1.6um. Since the fiber has near zero dispersion
profile over broad wavelength range, it is very useful to eliminate the walk-off between
the pulses especially between first and the second Stokes pulses with very narrow pulse

widths.

According to dispersion profile of this photonic crystal fiber (PCF), it is more

reasonable to operate around 1060nm region where the walk-off can be made minimum.
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On the other hand, when compared with the DSF (Corning Vascade) with 50um’
effective area and zero-dispersion at 1550nm, PC fiber has a 44um? effective area and is
operated at 1060nm. Thus, due to both operating wavelength and the composition of the
PC fiber, Raman gain and nonlinearity coefficients are scaled by ~1.5. In addition, due to
air holes, the confinement loss of the photonic crystal fiber is quite higher than DSF

(more than 0.4dB/km).

Table 3.1 The parameters used in SSFM simulation for 2™ order Raman Soliton laser.

h Step sizein SSFM Im

dt Time increment 10 fs

[, Gain Length 100m

a Fiber Loss 0.4 (dB/ km)
gr Raman Gain coefficient 1.2 (W km™)
/4 Nonlinearty coefficient 3W ' km™)
X Attenuatian factor %30

Cl Output coupling for 1" Stokes | 705

C2 Output coupling for 2™ Stokes | 760.2

N Number of round trips 4000

3.3 Simulation Results and Discussion

To generate first and the second order Raman soliton pulses simultaneously, the proper

pumping condition should be selected. To analyze the performance of the set up, the
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pump is tuned to operate at five different wavelengths as 1060nm, 1080nm, 1100nm,
1120nm and 1140nm. The first and the second order Stokes signals are generated at

Av =13.2THz downshifted frequency which corresponds to A4 ~52nm for the first order
and AA ~110nmfor the second order. Since the optical solitons occur only in an
anomalous (3, <0) dispersion regime, the wavelength of the pump signal cannot be

tuned below 1060nm. Thus, the walk-off between the 1% and the 2™ order Stokes signals
cannot be eliminated completely. In order to minimize the walk-off between the Stokes
pulses, the pump wavelength should be tuned to 1060nm which generates 1* order Stokes
at ~1100nm where the dispersion is almost zero. Compared to Stokes pulses with sub-
picosecond pulse widths, the pump signal with 10ps pulse width is broad enough to
compensate the walk-off to some extent. Thus, the walk-off between the Stokes pulses is
more important than the walk-off between the pump and the first order Stokes signals. As
a result, according to the dispersion profile of the photonic crystal fiber in Figure 3.4, the
optimum condition with respect to walk-off is to use pump signals at ~1060nm.
However, there is a trade-off between the walk-off and the robustness to nonlinear
effects. If the GVD is very low, the capability of the pulse to compensate the nonlinearity
due to SPM and XPM decreases and the Stokes pulses start to break up immediately.
Each pump and the Stokes pulse combination, corresponding GVD values and the walk-

off between them are shown in Table 3.2.
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Table 3.2 The Pump, 1* and the 2™ Stokes signals wavelengths, GVD values and corresponding

walk-off times between them.

Pump 1" Stokes 2" Stokes Walk —off Walk —off
Signal Signal Sl'gnal Pump & 1St ISI & 2nd
Stokes Stokes
1060nm 1109nm 1163nm 0.49ps 1.08ps
0.23(ps*> /km) | —0.06(ps*/km) | —0.28(ps” / km)
1080nm 1131nm 1187nm 0.51ps 2.44ps
0.09(ps’ /km) | —0.14(ps* /km) | —0.41(ps* | km)
1100nm 1153nm 1211nm 1.06ps 29ps
0(ps* / km) —0.28(ps> /km) | —0.51(ps’ / km)
1120nm 1175nm 1235nm 1.92ps 39ps
—0.1(ps* /km) | —0.37(ps*/km) | —0.61(ps* / km)
1140nm 1197nm 1260nm 2.85ps 4.41ps
—021(ps* /km) | —0.46(ps* /km) | —0.67(ps” / km)

In the following cases, especially the effects of the pump power, GVD parameter ( S3,)

and fiber loss, on the generation of 1% and 2™ order Stokes pulses is summarized.

Case 1: (1, =1100nm and a =0.4dB/km ). At constant dispersion and fiber loss, pump

power is varied from 3.56W to 5.7W. Particular results obtained for power levels at

3.56W, 3.64W and 4.94W are presented below for discussion.

Power level of 3.56W demonstrates near threshold behavior. When the pump power is

close to threshold, the first order Stokes signal starts to build up inside the cavity and

reaches to steady state without breaking up. If the power of the 1* order Stokes signal at

steady state exceeds the threshold, it amplifies the 2" order Stokes signal. Thus, the first
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order Stokes signal starts to deplete and reaches its final steady state power at which the
gain and the loss acting on the second order Stokes signal become equal. Since the
saturation effect becomes negligible for low powers, any increase in the pump power
within an allowable range, does not cause a significant change in the final steady state
power of the 1* order Stokes signal. The additional energy from the pump is transferred
to amplify the 2™ order Stokes signal more. To generate stable Stokes pulses at the

output, it is required for the pulses to converge almost to a fundamental soliton where the

2

peak power and the pulse width are related as N° = P, y —2- =1.
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Fig.3.5 4, =1100nm and o =0.4dB/km atP, =3.56//.
When the pump power is increased to 3.64W, 1*' order Stokes signal cannot preserve its

stability and breaks up due to nonlinear effects. Since the Raman effect is an
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instantaneous process, instability of the 1* order Stokes signal also distorts the evolution
of the 2™ order Stokes signal. However, since the final expected powers of the Stokes

signals are in stable region, they reach to steady state and converge to a soliton.
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Fig.3.6 A, =1100nm and o =0.4dB/km at P, =3.64l.

As the pump power is increased beyond 4.5 Watts the power of the second order
Stokes signal increases beyond the stable region, such as the results obtained for the
power level of 4.94W. As a result of excessive power, 2" order Stokes signal starts to

break up. The insatiability in 2™ order also distorts the stability of 1 order Stokes signal.
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First order Stokes Peak power evolution Pulse width evolution
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Fig.3.7 4, =1100nm and o =0.4dB/km at P, =4.94W.

Case 2: (A, =1100nm and P, =3.68//") At constant dispersion and pump power, the
simulation is repeated for such three different fiber loss conditions as

0.4dB/ km,0.6dB/ km and 0.8dB/ km..

The fiber loss due to different core compositions and design parameters affects
propagation of the entire pump and the Stokes pulses. There are basically two different
scenarios where the fiber loss affects the pulse evolution. In case of low pump power, the
increase in the fiber loss prevents the generation of the Stokes signals since the gain
cannot compensate the loss. On the other hand, if the pump power is high compared to

threshold, the increase in the fiber loss raises the final steady state power of the 1* order
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Stokes signal up and thus decreases the power of the 2™ order Stokes signal. As long as
the final peak powers of the Stokes signals are in an allowable region where the nonlinear
effects can be tolerated, Stokes pulses reach to steady state and converge to fundamental
soliton. In particular, for 0.4dB/km fiber loss, since the attenuation is minimum
(compared with the 0.6dB/km and 0.8dB/km fiber loss), the nonlinear effects are more
pronounced and thus, it takes long time especially for second order Stokes signal to

converge to its final power level.
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Fig. 3.8 4, =1100nm and P, =3.68W for a =0.4dB/km.

As the fiber loss is increased to 0.6dB/km, because of such two reasons as in a

more lossy medium at the same pump power less nonlinear effects are pronounced and
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the final expected pulses are in stable region, Stokes pulses immediately converge to their

steady state power levels.
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Fig.3.9 A, =1100nm and P, =3.68W for a = 0.6dB/ km.

The simulation results performed for 0.8dB/km fiber loss, on the other hand,
illustrates that the loss is quite high for the 2" order Stokes signal to grow up more and
deplete the power of the 1% order Stokes signal to stable levels. Although less nonlinear
effect are pronounced due to high loss, in order to generate the 2™ order Stokes pulses
more power is the required. Since, the 1* order Stokes signal cannot maintain its stability

at high powers, both 1" and 2™ Stokes pulses start to break up.
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Fig.3.10 A, =1100nm and P, =3.68W for o = 0.8dB/ km.

Case 3: (P, =3.8W and a =0.4dB/km) At constant pump power and the fiber loss, the

GVD parameter ( S, ) of the pump signal is varied from 0.23ps*/km to -0.21 ps*/km. The
results performed at 0.23ps*/km, Ops®/km and -0.21ps*/km are presented in the following

figures as an illustration.

By changing the zero dispersion wavelength of the fiber, the GVD parameters for
each pump, 1% and the 2™ order Stokes pulse combination changes. Any change in the
dispersion, as a result, alters the walk off between the pulses. Operating at higher GVD
values causes an increase in the walk-off and leads the Stokes pulses to experience less
gain in each round trip. This as a result, increases both the threshold to generate the 2™

order Stokes signal, i.e. 1* order Stokes signal with more power is needed, and the time

73



required for the pulses to reach the steady state. At 7" =0.23ps’ /km , the 1*" and the
2" order Stokes signals with the smallest walk-off (1.08ps) between them instantly

converge to stable soliton pulses with 0.17W and 0.35W peak powers, respectively.
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Fig.3.11 P, =3.8W and a =0.4dB/km atf3, =0.23ps” /km..

The walk-off between the Stokes pulses increases to 2.41ps at 7" = 0ps’ /km,

and 4.41ps at B/ =—-0.21ps® /km. As seen in the following figures, increase in the

walk-off leads the peak power of the 1% order Stokes signal to increase and the one for

the second order Stokes signal to decrease. In addition, walk-off affects the convergence
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rate such that the oscillations due to excessive nonlinear effects last for longer time. On
the other hand, since the GVD parameter increases, the Stokes pulses become more
robust to the nonlinear effects and the upper limit of the stable region may rise but with

the slower convergence rate.
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Fig.3.12 P, =3.8W and o =0.4dB/kmat 5, = 0ps’ | km..
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First order Stokes Peak power evolution Pulse width evolution
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Fig. 3.13 P, =3.8W and o =0.4dB/kmat 3, =—-0.21ps* / km.).

34 The Stability Analyses

To assess the stability regime of the generated Stokes signals where they converge to a
hyperbolic secant square soliton pulse, SSFM simulation was repeated for combinations
of 5 different pump wavelengths and 8 pump powers. The output Stokes signals obtained
from each simulation was analyzed and categorized with respect to their peak powers and

pulse widths and results are represented in the following contour plots.

Figure 3.14 shows the peak powers and the pulse widths of the output Stokes
pulses at specific GVD value (for the pump signal) and the pump power for the fiber with

0.4dB/km loss.
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Fig. 3.14 Contour plots of 1*' and 2™ order Stokes signals due to peak power and pulse width for
the fiber loss 0.4dB/km ( 3, values due to Figure 3.4 belong to the pump signal).

As seen in the contour plots for 0.4dB/km fiber loss, the output Stokes pulses
show a regular pattern. Since 1% order Stokes pulses converge to the peak power which is
almost determined by the loss acting on the 2™ order Stokes signal at steady state,
increase in the pump power has no significant effect on the peak powers and the pulse
widths of the 1% order Stokes pulses at specific GVD. However, increase in the pump
power provides an additional gain for the 2" order Stokes pulses. Thus, while the peak

powers of the 2" order Stokes pulses increase, the pulse widths reduce to satisfy the

2
fundamental soliton condition as N? = T—OPO;/ =1.In addition, since the walk-off is

5|
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more pronounced at high GVD values (such as S, =-0.41 to -0.68ps*/km for the Stokes
signals) in anomalous dispersion regime (at longer pump wavelengths), 2" order Stokes
pulses experience less gain and cannot deplete the 1% order Stokes pulses sufficiently.
This, as a result, causes an increase in the peak powers of the 1% order Stokes pulses and
a reduction in the peak powers of the 2" order Stokes pulses. Pulse widths of the Stokes
pulses at steady state, however, are determined by the fundamental soliton condition. As
shown in the Figure 3.14, Stokes pulses generated at longer wavelengths (with high £,

values) and at low pump powers converge to a soliton with larger pulse widths.

In the following contour plots, the effect of the fiber loss on the evolution of the Stokes

pulses is illustrated for such two different fiber loss as 0.6dB/km and 0.8dB/km.
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Fig. 3.15 Contour plots of 1** and 2™ order Stokes signals due to peak power and pulse width for
the fiber loss 0.6dB/km. ( 3, values due to Figure 3.4 belong to the pump signal).
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Fig. 3.16 Contour plots of 1*' and 2™ order Stokes signals due to peak power and pulse width for
the fiber loss 0.8dB/km ( £, values due to Figure 3.4 belong to the pump signal).

Fiber loss is the common term that defines the cavity losses acting on the both

Stokes pulses. Any increase in the fiber loss, causes more attenuation in the entire pump

and the Stokes pulses which as a result lead the gain experienced by the Stokes pulses to

decrease. In addition, since the threshold to generate the Stokes pulses is directly

proportional with the fiber loss, more power is required for the Stokes pulses to build up

and converge to steady state. Thus, at low pump powers especially the 2" order Stokes

pulses cannot be generated due to insufficient power levels. When we analyze the contour

plots for the 2™ order Stokes pulses carefully, it can be seen that, the dark region at the



bottom which corresponds to unsaturated (below or close to threshold) output Stokes
pulses at low pump powers, increases with the fiber loss. Also, at the same pumping
conditions (same pump power and GVD) with enough power to generate the Stokes
pulses, increase in the fiber loss leads the 1% order Stokes pulses to converge to high
powers because the second order Stokes do not have enough power to deplete the first
order Stokes. As a result of an increase in the steady state powers of the 1% order Stokes
pulses, the nonlinear effects become more pronounced and unless being in a stable region
where the nonlinear effects can be totally compensated, pulses start to break up. The
irregularity in the contour plots especially for the 1* order Stokes pulses indicates the

break up regions and increases with the fiber loss.
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CHAPTER 4

CONCLUSIONS AND SUMMARY

The nonlinear interactions that lead to generation of a Raman Soliton laser such as
soliton formation and Raman scattering are discussed and a theoretical model which aims
to assign the design criteria for especially 1% and the 2" order Raman soliton lasers was
developed. Split Step Fourier Method is used as a numerical method to simulate the
governing propagation equations for the pulses. Stability analyses for 1% and the 2" order
Raman soliton lasers are conducted for the parameters from existing fibers. To conclude,
it is showed that if the proper dispersion and pumping conditions are met, high power
stable soliton pulses at 1 and the 2" order Stokes wavelengths with sub-picosecond

pulse widths varying from 300fs to 1ps can be generated.

Due to its potential for delivering wavelength tunable, high power, stable output
pulses with 1000cm™ spectral separation, Raman soliton lasers will find applications in

many areas such as spectroscopy, sensing, communication and microscopy.
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