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Abstract

A numerical model for the generation of ultrashort soliton pulses from erbium-doped fiber ring lasers is presented. The
model is used to study the pulse dynamics of a simple cavity configuration that uses a low birefringence fiber combined with
crossed polarizers. Simulations show that stable pulses with a FWHM as short as 70 fs can be generated. It is also shown
that coherent coupling may enhance mode-locking in a weakly linearly birefringent fiber under optimum operation
conditions, and in certain cases a period doubling bifurcation occurs due to residual linear birefringence in the fibers.
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The phenomenon of nonlinear polarization rota-
tion (NPR) in materials with Kerr type nonlinearities
has led to the use of optical fibers in many applica-
tions. An important application of NPR in optical
fibers has led to a new mode-locking technique for
fiber ring lasers [1-6]. Picosecond pulses and sub-pi-
cosecond pulses have been generated by using a
relatively long length of low-birefringence fiber op-
erating in the multibeatlength regime [2,3]. Further
improvements have been obtained by using short
standard fibers [4,5]. More recently, the stretched
pulse technique combined with external chirp com-
pensation have been employed to produce high en-
ergy ultrashort pulses [6]. Previous modeling of the
NPR fiber lasers was based on the coupled nonlinear
Schrodinger equations without third-order dispersion,
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cross-Raman effects and coherent coupling [7,8].
Another kind of mode-locking that exploits polariza-
tion instability in an extremely weakly birefringent
fiber was also proposed [9].

Nonlinear polarization rotation can exist in bire-
fringent fibers [10] due to nonlinear birefringence
induced phase shifting, it can also exist in isotropic
media and is referred to as ellipse rotation [11].
Theoretical results from Winful [12] show that the
use of low birefringence fiber provides an additional
reduction in the optical power required to observe
nonlinear polarization effects, and that the linear
birefringence and coherent coupling that can be ne-
glected in highly birefringent fiber [10] plays an
important role in low birefringence fibers. In prac-
tice, perfectly isotropic fiber does not exist, standard
fibers usually have weak linear birefringence with
beat lengths L, around 2-3 m at 1.55 um [4].
Therefore, it is practically important to understand
the details of pulse evolution in passively mode-
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locked fiber lasers with short cavity length and weak
birefringence.

This paper presents numerical results that com-
pletely describe pulse propagation in NPR fiber
lasers. We have considered third-order dispersion,
cross-Raman effects and coherent coupling for the
ultrashort pulses. Following our earlier work on soli-
ton pulse train amplification [13], we describe the
propagation of optical pulses in erbium-doped fibers
by means of a complex Lorentzian gain model that
also includes the effect of gain saturation and pump
absorption. The model can be used to estimate fiber
llcusun and \,avuy ulopcxmuu needed to écuci'a{e sta-
ble short pulses with fiber ring lasers.

The coupled modified nonlinear Schrodinger
equations describing femtosecond-range pulse propa-
gation in a linearly birefringent erbium-doped fiber
are [13,14]
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In Egs. (1) and (2), u and v are the normalized field
components of the slow and fast axes, respectively
(when & is positive), 2k is the normalized
wavenumber difference, 28 is the corresponding
inverse group velocity difference. d is the normai-
ized third-order dispersion parameter, ¢ is the nor-
malized distance, and 7 is the normalized time. The
terms with factors of 2/3 represent the effect of
CTOSS- nhnqp modulation. The effect of coherent cou-

pling is represented by the terms with factors of 1/3.
The terms within parentheses represent the Raman
effect in birefringent fiber [15]. Both the parallel and
perpendicular Raman effects are retained in these
equations, where ¢, =Ty/T, and ¢, =c;=c,/3.
Here T, = TFWHM/I 763 is the normalized pulse
nnnnnnnnnnnnnnnnnnnnnn
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be 3 fs in our simulations. The lineshape functions

flo—w,) and g(w— w,) represent pump-induced

dispersion and gain profiles, where w, is the carrier
frequency of the signal pulse and 7, is the polariza-
tion relaxation time of the pumped erbium ions. T,
is the normalized peak gain coefficient and I, = 0 is
the passive fiber, where 3, is the group veiocity
dispersion parameter, o, is the emission cross sec-
tion at the <ignal wavplpnoth and W (.C\ is the
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steady-state solution of the population mversmn. Be-
cause the gain saturation can be described by the
averaged power of the signal pulse train [13], the
steady-state solution W_( £ ) can thus be obtained by
solving the three-level rate equation as follows:

[_p( g) —~1 .
Wi(€)= > = Ny, (3)
L1, (6) +1(€)
where
- o, 1,1, i 2001T,
P hv, o hyv,

In Eq. (3), I, and I are the intensities of the pump
and signal beams, respectively: hv, and hy, are the

nhoton enercies of the pump qnd sional waves
paoton energies o e pump sighal waves,

respectively; o,

, is the absorption cross-section at the
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Fig. 1. Schematic diagram of the fiber laser caviiy. The ring cavity
of this laser incorporated 1 m of erbium-doped fiber with a total
length of 4 m.

pump wavelength; N, is the doping density of the
erbium ions, and 7, is the relaxation time of the
population inversion. Also, the equation describing
the evolution of the pump intensity is

1 dlp(g)_~a W

_Ip—(§—) aE WN(€) — ey, (4)
where

N(E) = 1+051(¢)

L+L(€) +1(€) No-

In Eq. (4), N, is the population density of the lower
laser level in the steady state, and e, is the intrinsic
fiber loss at the pump wavelength. It is worth men-
tioning that the effect of pump absorption plays an
important role in the amplification of ultrashort pulse
trains in erbium-doped fibers, but it has usually been
neglected by many authors.

Fig. 1 is a schematic diagram of the mode-locked
fiber ring laser used in our simulations, and first used
by Nakazawa et al. [5] to demonstrate experimentally
that stable 136 fs pulses can be obtained. The ring
laser consists of an erbium-doped fiber section, a
polarizer (P), and a Faraday (polarization-sensitive)
isolator. The Faraday isolator plays the dual role of
an isolator that forces unidirectional operation and a
polarizer such that light leaving the isolator is lin-

early polarized. In our analysis, the isolator consisted
of an input polarizer and an output polarizer rotated
by 45° relative to each other, and the polarization
axis of the input polarizer was assumed to be orthog-
onal to that of the polarizer (P). It is interesting to
note that the simple cavity design does not include
any of the polarization controllers that are usually
used in fiber ring lasers [1-4], thus the nonlinear
transmission is due to the presence of linear bire-
fringence, which changes the polarization state from
linear to elliptical. However, this simple configura-
tion can still provide information about important
features of concerned mode-locked ring lasers.

The typical parameters used to solve Egs. (1)—(4)
numerically are: soliton wavelength = 1.53 um,
pump wavelength = 0.98 um, B, = —4 ps®/km,
B;=0.1 ps’/km, T,=0.1 ps, T, = 11.5 ms, Ty = 3
fs, 0,=775X10"" m’, ¢,=3.12x10"% m?,
a, =10 dB/km, N, =239 X 10" jons/cm’
which corresponds to 2300 ppm doping density, 0
= 20°, which is the angle between the polarization
axis of the polarizer (P) and the slow axis of the
fiber, and pump power = 80 mW. Egs. (1) and (2)
are solved using the split-step Fourier method assum-
ing the initial condition

u( £=0,7) = Asech(7)cos( 6+ 7/4), (5)
v(£=0,7) = Asech(7)sin(0+ 7/4), (6)

which is a linearly polarized pulse injected into the
fiber right behind the output polarizer of the isolator

A\

number of round trips

T

Fig. 2. Evolution of the stable output pulse (FWHM = 100 fs)
with GVD = —4 ps® /km.
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Fig. 3. Output pulse width as a function of GVD parameter.

at amplitude A and polarization angle 8 + 7/4 with
respect to the u axis. Stable operation regimes for a
large range of parameters have been found, and the
final steady-state pulse is independent of the ampli-
tude and width of the initial injected pulse.

In Fig. 2, we show the evolution of an injected
pulse with A = 0.1, width = 1 ps FWHM and L,
= 2 m through fifteen round trips. The result is a
stable pulse train of width 100 fs that is free of
pedestal. However we observed that the pulse shape
became asymmetric with a ripple near its trailing
edge, that is due to the effect of third-order disper-
sion. The Raman self-frequency shift does not play
an important role in stable pulse regimes, which is
suppressed by bandwidth-limited amplification. As
can be seen, the pulse is delayed in the moving
frame; 1.e., the group velocity of the pulse decreased
due to gain-induced dispersion, which is typical in
pulse propagation through an amplifier [16). Fig. 3
shows the output pulse width as a function of the
group velocity dispersion (GVD), which is in good
agreement with experimental results [17]. As GVD
decreased, output pulse width decreased and the
trailing edge of the pulse began rippling until the
pulse broke up at GVD ~ —2 ps’/km. The mini-
mum stable pulse width obtained is around 70 fs for
GVD ~ —3 ps?/km, which is almost gain band-
width limited.

INTENSITY

Fig. 4. Pulse shapes at the output of the ring laser after fifteen
round trips with GVD = —4 ps® /km. Dashed curve shows the
case in which the coherence term was neglected in Egs. (1) and

.

In Fig. 4, it is shown that the coherent coupling
term has the effect of increasing the output peak
power. The reason for this can be referred to the
coherent coupling between the two polarizations af-
fecting both the amplitude and phase of the waves,
and it may be exploited for enhanced mode-locking
under the optimum condition. In our simulation, the
approximation of high birefringence is valid for L <
0.1 m, where the effect of the coherence term is
ignored. In order to understand the effect of residual
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Fig. 5. Pulse peak power as a function of the linear phase bias that
is due to the residual linear birefringence.



222 C.-W. Chang, S. Chi / Optics Communications 134 (1997) 218-222

(23
o
C
-—
k)
C
3
[}
ud
-— { H
o |
.
o -
0 R
E =
ol "l\E
T

Fig. 6. Evolution of the laser pulse showing the phenomenon of
period doubling with linear phase bias of — 7 /10.

linear birefringence, in Fig. 5 we have shown the
changes in the output peak power as a function of
residual linear birefringence by varying the beat
length of the fiber. The output peak power was
normalized with the value at null phase bias, and 27
phase bias corresponds to one beat length. We note
that the NPR is strongly affected by the residual
linear birefringence, and a period doubling bifurca-
tion occurs for a certain phase bias. In Fig. 6, we
have shown the phenomenon of period doubling that
is the output pulses alternating between two intensity
values on successive round trips, which has been
observed experimentally [18-21].

In conclusion, a numerical model has been devel-
oped to study the dynamics of pulse train generation
in a fiber ring laser. We have shown that stable
pulses with a FWHM as short as 70 fs can be
generated in an erbium-doped fiber ring laser using
nonlinear polarization rotation. The influence of cav-
ity dispersion, coherent coupling and residual intrin-
sic birefringence on the pulse generation were also
discussed. The numerical results clearly show that a
complete description of such a pulse propagation is
necessary.
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