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Numerical study of the polarization proprieties
in a ring cavity with total polarization control
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We report the numerical study of the polarization properties of a net anomalous dispersion ring cavity with total polarization control. As
a mode locker, we use the nonlinear polarization rotation (NPR) method. The initial ellipticity and azimuth were fixed to 0.23 rad and 0
rad, respectively. The simulations, made by the split-step Fourier method, show changes in polarization with respect to initial conditions
after the mode-lock process, such as previously reported in the literature. It was found that polarization changes are caused by non-linea
birefringence. The pulsed laser produces solitonic pulses with 0.4 ps FWHM and 240 W peak power.
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1. Introduction In order to fulfill these polarization investigations, we
perform the numerical investigation of a passively the mode-

Passively mode-locked fiber lasers have attracted much attetocked fiber laser to demonstrate the origin of the polarization

tion since it can operate in a wide variety of regimes [1-10],changes after mode-locking process caused by non-linear

including the generation of a single soliton in the cavity [3- birefringence. The obtained results show promising advances

5]. The regime of generation depends on many factors, sudin the investigations in the full understanding, development,

as dispersion, amplification, attenuation, and nonlinearitiesand generation of different types of pulses in passively mode-

Many efforts have been done in the laser numerical modelingpcked fiber lasers.

to find the dependence of generation regimes on laser param-

eters [11]. Some regimes such as the dissipative soliton resoy .

nance (DSR) [12] and spiny solitons [13] were predicted first%' Theoretical model

by modeling. These numerical simulations have shown thafne proposed laser cavity under study is shown in Fig. 1. The
many regimes can be generated in a single cavity. cavity model consists of a free birefringence mode-locked
The dependence experimental study of the regimes on théng cavity fiber laser by the NPR-technique [17-18].
laser parameters is usually complicated since some laser pa- To have total polarization control in the cavity, it is impor-
rameters are uncertain and others, as birefringence, are difffant to mitigate the linear birefringence in the Erbium-doped
cult to eliminate or to control. One of the most important as-fiper amplifier (EDFA) to preserve the polarization state of
pects is the polarization dynamics of the pulses and the birehe light. The model includes a double-pass EDFA as pre-
fringence of the elements included in the cavity. It has beerented in [17-18]. The simulated gain was Erbium-doped
proved that it is possible to switch between regimes throughiber with a central peak centered at 1550 nm. An optical
polarization controllers (PC) adjustments [14-16]; howeverjsolator is commonly used to ensure the unidirectionality of
in most published papers, the appropriate position of the Pe cavity. A polarization controller (PC) is usually inserted
was found randomly. in the cavity to change the polarization state of the light be-
In recent years, Kuziret al. [17-18] have been dedi- fore propagation through the non-linear element. A delay
cated to performing the experimental investigation of pasiine is used as a non-linear and dispersive media where the
sive mode-lock nonlinear polarization rotation (NPR) fibernon-linear and dispersive effects interact to generate differ-
lasers with strict polarization control. In these investigationsent types of dynamics in the function of different parameters
it was possible to show the initial conditions required to gen-as the nonlinearity, dispersion, length, pump power, and po-
erate different types of pulses in a controlled and reproducibléarization of the light [17]. To ensure the total polarization
manner. In [17], it was shown that a change in polarizationcontrol in the cavity, and therefore the NPR effect, the delay
after the mode-locking process occurs. It was mentioned thdine is commonly a twist conventional SMF fiber [19]. The
this behavior was due to the existence of some degree of lintwisted fiber in the cavity is used to maintain constant ellip-
ear birefringence still present in the cavity. ticity during propagation. Recently, some investigations have
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FIGURE 1. Laser cavity, a) conceptual cavity, b) effectively cavity.

shown that it is possible to mitigate the linear birefringencestate described by a Jones vector in circular basis,
and even the circular birefringence produced by the twist of

the fiber allowing the total control of the light polarization no E. — [ Ay }

matter the environmental conditions [20]. Finally, a polariza- b A7

tion beam splitter (PBS) is used as a polarizer. The PB'S usg o polarization state with ellipticity and azimuthe, is
necessary to build the double-pass amplifier detailed in [18]; iven by: '
the PBS contains three ports. When light enters through pog '

1, the beam is divided into two orthogonal linear polarization ;

components that travel to ports 2 and 3, respectively. On the Epe = \/E [ \/%i);lz(ji;) } @)
other hand, when incident light with any state of polariza-

tion enters through port 2, only one linear component passgghere P, — A2+ A_]Zand

through the PBS to port 1, working as a polarizer. This com-

ponent travels through the EDF, changing its polarization due (1+e)?

to the fiber birefringence; then the light is reflected in a Fara- T m’ P=1-P. @)
day Mirror (FM). The reflected light has a polarization or-

thogonal to that of the incident light. The light then travels  The delay line of lengtl¥ was modeled by the coupled
back through the birefringent fiber and returns to port 1 of thenonlinear Schdinger equations in circular basis given by:
PBS with a linear polarization orthogonal to that of the inci-

dent light so that it transfers to port 3 of the PBS. The light 0A4 5 0A4 n s *Ay L%
after the port 3 of the PBS had been amplified, a coupler, 0z "ot 2 ot? 2"
90/10 in our case', is us.ed as the ca.1V|ty'eX|t. _ @A, N 2ﬂ(|f4+|2 oA PA,. @)
To start the simulation, we begin with the place marked 2 3
as a start point in Fig. 1b). The initial signal is a noise signal, 0A_ 0A_ i3 0*°A_  «
created by a photon in every frequential point of the computa- 0z +h ot * 2 o2 + 5147
tional window, and the numerical model is solved by a split- N %y ) )
step Fourier method. We took step sized small enough to be = TA+ + ?(IA_I +2[A49)A-. D)
sure that the parts of the solution with sharply growing am-
plitudes are finely discretized along battand¢ axes; more 0B1, B2 are the first and second-order dispersion coeffi-

precisely, we use 212 mesh points in the transverse directiotients,AS is the linear birefringencey is a linear loss and

to sample the t-interval up to [- 150, 150], that is sufficiently ~ is the nonlinear coefficient in both Egs. (3) and (4), the lin-
large to have practically zero values of the evolve function aear and circular birefringence effects are misprized because
its edges. The first step in the cavity effectively is a PC; theof the fiber is considered a bi-twist fiber [20]. The value of
mathematical expression used to transform every polarizatiothe coefficients used for the delay line is shown in Table I.
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TABLE |. Delay line parameters.

Coefficients Values
B 1x 1072 ps/km
B2 -20 pg/km
0
1.5 1/W*km
AB 0
A 50m

39

3. Simulation results and analysis

To start the simulation, we fixed some crucial initial parame-
ters as all-polarization control cavities that the authors men-
tioned in [17], the pump power, the ellipticity, and the az-
imuth of the polarization ellipse. For specific parameters
shown in Table Il, we find solitonic pulses, the normalized
spectrum, and the temporal profile are shown in Fig. 2.
Figure 2 a) present the normalized spectrum in point
marked as number 4 in Fig. 1, before the output coupler. The
spectrum is centered at 1550 nm and has a full width at half-

The double-pass amplifier is model as a gain, which der,g, ¢ 1. initial cavity parameters.

pends on frequency, and considering the gain saturation
effect:
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FIGURE 2. a) Spectral profile and b) temporal profile.
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FIGURE 4. Mode-locked convergence, a) spectral behavior, b) time behavior.
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FIGURE 5. a) Azimuth changes because of NPR (red dots), transmission through the polarizer (black squares), b) ellipticity, initial at point
1 (red dots), final at point 2 (black squares).

maximum (FWHM) of 2.95 nm. It has a typical shape for occurs, a close-up from the 70 to 100 roundtrip is presented

soliton mode-locking with symmetrical Kelly's sidebands. in Fig. 4. We can observe in Fig. 4 a) that after the 85th

The amplitude of Kelly’s sidebands could vary, changing dis-roundtrip, the spectral peak power begins to collapse in a

sipative terms and the spectral filtering [20,21]. The temporabroader spectrum, while in Fig. 4 b) the opposite happens,

profile is shown in Fig. 2 b), the FWHM is around 0.40 ps. the temporal energy is distributed in a width temporal area,
In order to show the evolution and the stabilization of the@bruptly the temporal trace begins to narrow until it collapses

laser, a 500 roundtrips analysis is presented in Fig. 3. into a pulse of 0.4 ps FWHM with constant amplitude after

. . . the 90th roundtrip.

Figure 3 shows the formation and evolution of a mode- . ) . o

Three points of interest were fixed, red numbers in Fig. 1

locked pulse, a soliton from a noise signal. In simulations, . o . .
a noise wave is assumed as an initial value. We can have '§veal the points, number 1 indicates the point after PC, this

formed soliton after several round-trips. Figure 3 a) showdoint is crucial to know the state of polarization before the
the spectral behavior within the first 500 roundtrips, somePropagation, the circle labeled with number 2 indicates some

roundtrips after starting the laser operation, the noise signaight Properties after propagation, we are interested in the po-
converges to a narrow signal in the frequency domain pelarization state, this will give us a clue of the non-linear bire-
fore the mode-locked occurs. Once the pulsed behavior hd§ngence induced by the delay line; finally, point 3 is des-
begun, the signal is broadened, less than ten roundtrips afi§€d to study the transmission through the polarizer, so we

necessary to adopt the final spectral shape, after 100 tunf@" b€ able to know how the saturable absorber works. The
the signal is stable. On the other hand, Fig. 3b) shows thR@olarization properties were calculated by the stokes param-

soliton trajectory in a round-trip. The energy is distributed ®t€rs in circular basis.

throughout the time window, becoming narrower roundtrip 2Re(A%A_)

by roundtrip until it converges to a temporal FWHM less than So=lat]* +]A_>, S1=- o

1 ps after 100 roundtrips. The pulse presents the same time So

width roundtrip by roundtrip, a stable pulsed signal. g lay]? —|A_|? g 2Im(A%A)
2= o 3 —— o -

In order to see in detail when the mode-locked process So So

(6)
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ezl ' ; ' : o An imp_orte_mt result is _shown in Fig. 5b): in ca\_/iti_e§ with
5] - Reak Fower D PR total polarization control it was supposed the ellipticity be-
Ve e i {200 fore and after the mode-locking does not change although
B . , i , ":ir 3 experimental results report this change, the authors mention
E §_ 044 , S {10 g 8 the ellipticity changes before and after mode-lock are gen-
8o 03] ' ' ' ' H 2 erated by residual linear birefringence in the fibers used, in
£ , | .0 < : Cc -
=8 2l /L = our model the linear birefringence has been eliminated, how-
= | ! : ' : v Jdsp ever, it was found that the ellipticity changes from 0.23 rad to
e i . | "_._,1/ | 0.29 rad after mode-lock due to non-linear birefringence, in
00 angupatiifenangnnt 40 Fig. 5b) the starting ellipticity is different to the ellipticity af-

o M & & s M ter the propagation once the mode-lock process is started, as a
Roundtrips result of this ellipticity change, the NPR effect would have to
be affected roundtrip by roundtrip during the mode-lock pro-
cess, affecting previously assumed behavior, opening a gap
in the study of polarization in the mode-lock cavities with to-
tal polarization control. The ellipticity and azimuth have a
repercussion in the formed pulse power. Figure 6 shows the
Figure 5a) shows the azimuth in point 2, red dots, pelntracavity average and peak power in the mode-lock process;
cause of the NPR effect, the polarization ellipse rotates, théhe data for Fig. 6 is taken in point 4 in Fig. 1.
NPR rotation is proportional to the peak power, ellipticity,  1he average power change before mode-lock has a slope
and the fiber length. The 75th roundtrip is a crucial lap forslightly greater than the peak power slope can be explained
mode-locking, the polarization ellipse begins to rotate startWith the temporal pulse behavior showed in Fig. 4 b), and
ing this lap, the saturable absorber has begun to discriminatfe temporal width is greater than the change in amplitudes.
the low power ComponentS, turn by turn the pu]se power in.Again, it is shown that this type of cavities can form stable
creases, as a consequence the azimuth rotates linearly urRPwer pulses as shown in Fig. 6 after thé"g6undtrip.
lap 87, after this point the saturable absorber makes a radical
power discrimination, sharp jump around 0.61 rad rotation i,  Conclusion
present, subsequently the gains and non-linear losses are im-
mobilized in the next 5 laps, once the 95th laps are achievediVe have numerically studied an NPR ring mode-locked cav-
the laser has finished discriminating low powers, reaching th&y with total polarization control. Under fixed initial po-
stabilization. The azimuth changes impact the transmissiofarization conditions, we were able to find a solitonic pulse.
through the polarizer, Fig. 5 a), black squares, although th@he polarization of the pulse was studied before and after the
transmission slope is less than the azimuth slope, the threshmrode-lock process, by the roundtrip method into the ring. We
old for the abrupt change is lap 87. The transmission througfound that the azimuth jumps from 0 rad to 0.36 rad and the
the polarizer gives us an idea about the pulse energy, this spelipticity from 0.23 rad to 0.29 rad. Numerically, we found
cific case with the initial conditions of the light beam at point similar results to the one reported in [17]. In contrast to the
1, pumping and polarization, the maximum reached transassumptions by the mentioned authors, it has been found that
mission is close to 80%, this percentage can be altered bghanges in polarization after mode-lock are not caused by
changing these initial conditions generating different typesmperfections in the experimental setup, they are caused by
of pulses as shown in [17]. nonlinear birefringence.

FIGURE 6. Intracavity power, average (red dots), peak (black
squares).
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