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Pulse-train nonuniformity in a fiber soliton ring laser mode-locked by using the nonlinear
polarization rotation technique
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We report on the experimental observation of periodical intensity fluctuations on the output of a fiber soliton
ring laser passively mode-locked by using the nonlinear polarization rotation technique. It is found that the
appearance of such intensity fluctuations is independent of the orientation of the polarizer in the cavity, but
closely related to the pump intensity. We have also numerically simulated the pulse dynamics of the laser. Our
numerical simulations confirmed the experimental observations and showed that the soliton pulse nonunifor-
mity is caused by the interaction between the nonlinear polarization rotation and the polarizer in the cavity.

DOI: 10.1103/PhysRevA.69.043808 PACS nuniber42.55.Wd, 42.81.Dp, 42.60.Fc, 42.65.Re

[. INTRODUCTION average solitofil2]. Suggested by the average soliton theory
of the laser, it was generally believed that the output of the
Nonlinear polarization rotatioNPR) technique has been lasers is uniform soliton pulses. Until very recently, Ken

widely used to passively mode-lock the erbium-doped fiberl. theoretically analyzed the pulse dynamics of the lasers
lasers to generate ultrashort puldés-4]. The principle of passively mode-locked by using the NPR technifg@11.
the technique is quite simple. When a linearly polarized lightThey found that due to the interaction between the nonlinear
is incident on a piece of weakly birefringent fiber, the polar-polarization rotation and the passive polarizer inside the cav-
ization of the light will generally become elliptically polar- ity, there exists an intrinsic intensity fluctuation of the output
ized in the fiber. The orientation and ellipticity of the final soliton pulses unless the polarizer is aligned with either the
light polarization is fully determined by the fiber length and slow or the fast axis of the fiber. To our knowledge, so far
its birefringence. However, if the intensity of the light is this theoretical prediction has not been experimentally con-
strong, the nonlinear optical Kerr effect in the fiber must befirmed. In addition, we noticed that for the sake of simplicity,
considered, which introduces extra changes to the light pan their analysis Kimet al. have ignored the effect of reso-
larization[5,6]. As the polarization change introduced by the nant sideband generation of solitons in the laser. But in prac-
optical Kerr effect depends on the light intensity, if a polar-tice this effect always exists and significantly affects the
izer is put behind the fiber, the light intensity transmissionproperties of the soliton§l4,15. So to what extent their
through the polarizer will become light intensity dependent.theoretical prediction describes the real soliton pulse dynam-
By appropriately selecting the orientation of the polarizer orics in the lasers needs to be further studied.
the length of the fiber, an artificial saturable absorber effect In this paper we present the experimental observation of a
with ultrafast response could then be achieved in such a sy&ind of periodic soliton intensity variation in a passively
tem, where light of higher intensity experiences less absorpmode-locked fiber soliton laser using the NPR technique.
tion loss on the polarizer. The NPR technique makes use ddur experimental results showed that the nonuniformity of
this artificial saturable absorption to achieve the passivéhe output pulses is another intrinsic feature of the laser,
mode-locking in a fiber laser. Once a mode-locked pulse isvhose appearance is independent of the orientation of the
formed, the nonlinearity of the fiber further shapes the pulsgolarizer in the cavity but closely related to the pump
into an optical soliton and consequently the ultrashort solitorstrength. With exactly the same polarizer orientation either
operation is obtained in the laser. Soliton operation is almosstable uniform or strongly nonuniform soliton pulse output
a generic feature of the fiber lasers mode-locked by this teckean be experimentally obtained by simply adjusting the
nigue and has been intensively investigaiéd13. Conven- pump power. To understand our experimental observations,
tionally, the soliton operation of the fiber lasers is modeledwe have further numerically simulated the soliton dynamics
by the extended nonlinear Schrodinger equation or the conin our laser based on the coupled, extended, nonlinear
plex Ginzburg-Landau equation, and the formed solitonsSchrédinger equations. In particular, we have taken into ac-
have a sech-form intensity profile. Although in a fiber lasercount the effect of the resonant sideband generation of soli-
due to the influence of the laser gain and output, a pulséns in our simulations. Our numerical simulations have ex-
circulating in the cavity periodically changes its intensity, it cellently reproduced all the details of the experimental
was theoretically demonstrated that at a fixed position in theesults. Both of our experimental studies and numerical
cavity the pulse has a fixed pulse profile and pulse intensitysimulations suggested that the observed soliton pulse nonuni-
which is invariant of the time, namely, a soliton. This prop- formity is a result of the interaction between the nonlinear
erty of solitons formed in the fiber laser is known as thepolarization rotation of the soliton pulses and the passive
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pump strength, different linear light polarization rotation

bias, and orientations of the passive polarizer in the cavity.
Depending on the pumping strength, multiple solitons can
also coexist in the laser cavity. Due to the internal energy

|
1 . .
/ ; balance of each soliton, all the solitons have exactly the same
2000ppm WDM
EDF

1480
Laser

properties: the same pulse width and pulse energy. This prop-

erty was known as the soliton energy quantization effect

[16]. In our laser the soliton has a pulse widfhll width at

Collimation Lens half maximum) of about 340 fs.

/ 1 A special property of the solitons formed in the laser is

1% the sideband emissidi5]. Since a soliton circulating in the
cavity periodically experiences the laser gain and the output

7 A A
T3 P33
Coupler
\ loss, its energy varies periodically, which results in that the
H H I‘—‘:{ H }—-< 50% soliton resonantly transfers its energy into dispersive waves
Splitter of specific wavelengths. As an example Fig. 2 shows some
7em Fiber Bench typical soliton spectra observed in our laser, where the gen-
erated sidebands are clearly seen. The strength of the experi-
SA - OSA mentally observed sidebands is normally asymmetric, which
is a result of the asymmetric linear cavity loss of the laser
[13]. The sideband emission resonantly drains away the soli-
. ) ton energy, which imposes another loss mechanism to the
wa\'/:eleﬁl alté-f\/ Scuzmt:vgpfgfe-eéfeggfaer?ztzlnfﬁ.tggfén%ﬁrtt?sr&a- soliton. Gordon has theoretically studied the resonant inter-
o S action between a soliton and its sidebarfdg]. He found

tor; WDM, wavelength division multiplexer; EDF, erbium-doped that the energy flowing from the soliton to a sideband is
fiber; DSF, dispersion-shifted fiber; PD, photodetector; SA, spec- ) . ) .
trum analyzer; OSA, optical spectrum analyzer. p_roportlonal to the spectral intensity of the soliton at the
sideband position. In order for a soliton to be stable in the
o ) L L cavity, apart from balancing the laser cavity losses, the laser
polarlzer in t_he cavity, which is indeed an intrinsic feature Ofgain must also balance the sideband emission loss. There-
the fiber soliton laser. fore, changing the gain of the laser will change the soliton
parameters such as the soliton pulse width and peak power,
and ultimately this change is reflected on the variation of the
sideband strength of the soliton. In a laser, a soliton with
Our experimental setup is shown in Fig. 1. The fiber lasestronger sidebands has narrower pulse width and higher peak
has a ring cavity of about 5.5 m long. The cavity comprisespower. To explain this we note that a narrower soliton
a 3.5 m long 2000 ppm erbium-doped fiber with a group-pulse means a broader spectral bandwidth, while the side-
velocity dispersion of about 10 ps/nm km, a piece of 1 mband positions on the soliton spectrum are fixed; based on
long single mode dispersion-shifted fiber, whose group-Gordon’s analysis it further means that more soliton
velocity dispersion is 2 ps/nm km and a piece of 1 m longenergy will be transferred to the sidebands. Thus in the
standard single-mode fibé6MF28. The nonlinear polariza- steady state, higher gain is required to maintain the soliton
tion rotation technique is used to achieve the self-startedperation.
mode-locking in the laser. To this end a polarization- Experimentally we have investigated the uniformity of the
dependent isolator together with two polarization controllerssoliton output of our laser by simultaneously monitoring the
is used to adjust the polarization of light in the cavity. Theoptical spectra of the solitons with an optical spectrum ana-
polarization-dependent isolator and the polarization controllyzer and the rf spectra of the laser output with a rf spectrum
lers are mounted on a 7 cm long fiber bench to achieve a@nalyzer. Experimentally we found that independent of the
curate polarization adjustments. The laser is pumped by arientation of the passive polarizer in the cavity and the lin-
pigtailed InGaAs_,P semiconductor diode of wavelength ear light polarization rotation bias, we can always obtain
1480 nm. The output of the fiber laser is taken via a 10%either stable uniform or nonuniform soliton pulse output by
fiber coupler and analyzed with an optical spectrum analyzechanging the pump strength. For example, Fig. 2 shows the
A 10 GHz rf spectrum analyzer together with a 7 GHz pho-respective soliton spectra of our laser as the pump power is
todetector is used to simultaneously monitor the intensityslightly increased from 97 mW irja) to 100 mW in (b),
spectrum of the laser output. A commercial optical autocor-105 mW in (c), and 115 mW in(d). Associated with the
relator has also been used to measure the pulse width of tiump power increase, the spectral strength of the dispersive
soliton pulses. waves increases fronte) to (d). Figure 3 presents the rf
Provided that the orientations of the waveplates are appraspectra of the laser output corresponding to the four states in
priately set, soliton operation of the laser can be automatiFig. 2, respectively. In the rf spectra only the fundamental rf
cally obtained by increasing the pump power above theomponent is displayed, which corresponds to the cavity rep-
mode-locking threshold. As far as the artificial saturable abetition rate of 37.8 MHz. Except the pump power, all the
sorber effect is attained, the soliton operation can be obtainegther experimental parameters were fixed in obtaining the
in a wide range of the laser parameters, such as differeriigures. Figure 2 shows that as the pump power is increased,
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FIG. 2. Experimentally measured soliton spectra of the laser under different pump levels(&yitonid), the pump power is 97 mWw,
100 mW, 105 mW and 115 mW, respectively.

the sideband strength also increases slightly. When the pungdways obtain stable uniform soliton output. On the contrary,
power is too strong, even the cw emissions had also appearedth all the other conditions fixed, when we increase the
in our experiment as shown in Figgcpand 2d). However, pump power the output pulses always become nonuniform,
the cw components did not affect the soliton dynamics. Fronexhibiting a periodic-kind pulse amplitude variation.

Fig. 3 we see that when the sidebands are weak, correspond-

ingly, the soliton peak power is weak, there is only one peak

located at 37.8 MHz in the rf spectrum of Figag which 1. NUMERICAL SIMULATIONS

indicates that the laser has very uniform soliton output under

the condition. However, as the pump power is increased 0 @o 0 soliton pulse nonuniformity, we further conducted nu-

certain level that depends on the settings of the wave platgse jca| simulations to study the soliton dynamics in our la-

in our experiment, two symmetric frequency sidebands apge again our simulations are based on the coupled complex

peared beside the mai.n fundamental peak in FGQ),@how- nonlinear Schrédinger equations describing the optical pulse
ing that the output soliton pulses are no longer uniform, bu ropagation in weakly birefringent fibers:

endure a periodic amplitude modulation. The modulation fre-
qguency is about 2.1 MHz, which is the frequency difference au . duv i ,,&Zu . 5 2
between the sidebands and the 37.8 MHz main peak. This PR Tty +iy(|ul*+2p[Hu
modulation frequency corresponds to a period of 18 round _ 5

trips. Slightly increasing the pump power further, we found + l_?’vzu* + gu+ g Ju

that the modulation strength increases, as shown in @y, 3 3 2 29; at?’

and even the harmonic sidebands appear as in Fity. B-

creasing pump power the modulation frequency increases

To get an insight into the physical mechanism of the ob-

@

. . A ! v ) au i v .
slightly as well. The modulation frequency in Fig(cB is —==ipu+d— = =K' +iy2u+ D
2.5 MHz, corresponding to a period of 15 round trips, and 9z gt 2 4t
the modulation frequency in Fig.(® is 2.7 MHz, corre- iY ... 0 g *v
sponding to a period of 14 round trips. Experimentally we + EU v EU + 2_512?
found that independent of the orientation of the polarizer, as g

long as the pump power is appropriately adjusted, we cawhereu andv are the two normalized slowly varying pulse
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FIG. 3. rf spectra of the laser output corresponding, respectively, to the soliton operation states shown in Fig. 2.

envelopes along the slow and the fast axes of the opticdder, «”"=10 ps/nm km (for erbium-doped fibgr «”
fiber, respectively. B=2xAn/\ is the wave-number differ- =18 ps/nm km(for standard single-mode fiber( =2
ence and 3=28\/2xc is the inverse group-velocity differ- X 10 THz, gain saturation intensitis=120, cavity length
ence.«” is the dispersion parameter apds the nonlinearity L=6 m, beat lengtt.,=L/4, passive polarizer orientation to

of the fiber.q is the gain coefficient for EDF anf, is the the fiber fast birefringent axig=0.152, and linear polar-
ization rotation phase biag=1.4.

gain bandwidth. _ _
The gain saturation is described by A fundamental difference of our numerical model to those
used by other groups is that we did not make the so-called
T (Ju]?+ [v[>dt master-equation simplificatiofil8]. Therefore, there is no
9=0o 1+ e | 2 limitation on the action of cavity components to the soliton
S pulse when it circulates in the cavity. As in a practical fiber

where g, is the small signal gain anéds the saturation soliton laser, although after one round trip the overall pulse
energy. Whether the laser gain subjects to saturation depen@fange may be small, the pulse change caused by a specific

on the total light energy in the laser cavity. For an undopedavity component could still be very big. We have used a
pulse tracing technique in our numerical simulations;

flb?,:’%lesfrz:éﬁ'ency domairg has a spectral profile of namely, we start a num_eri(_:al calcqlation Wit_h an arbitr_ary
weak noise light and let it circulate in the cavity. According

- wp\> to our laser cavity configuration, within one round trip the

9(@)=gp 1 - Q ' ©) noise light beam will first propagate in the three pieces of

g fibers with different group-velocity dispersions, where the

whereg, is the peak gain andyis the peak gain frequency. light propagation is described by E€l). Then it will pass

In accordance with our experimental condition we havethrough the polarization controllers and the polarization-
used the following parameters for our simulationg: dependent isolator. We modeled the action of the polarization
=3 Wlkm™, «"=2 ps/nm km(for dispersion shifted fi- controllers and the isolator by their corresponding transfor-
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mation matrices. After one round trip of propagation in theconsistent with the experimental results. However, we noted
cavity, the final state of the light is then used as the startinghat due to the average effect of the experimentally recorded
state for the next round of calculation. This process repeatsptical spectra, the periodical change of the sideband
until a stable state of light pulse is obtained. With this pulsestrength could not be observed on the optical spectra re-
tracing technique we have explicitly taken into account thecorded in the experiment. We could only observe the slight
effect of nonlinear coupling between the two orthogonal po4ncrease of the sideband strength as the pump power is in-
larization components c_)f the Iight_ in a birefringent fiber. Thecreased in the experiment as shown in Fig. 2. Our numerical
frequency-dependent linear cavity loss, and the nonlineagmations reproduce well details of our experimental obser-
saturable absorber effect introduced by the combined effecfyiions which demonstrated that the observed periodic soli-

lari ic al " tically included in th lculati Ieton pulse intensity fluctuation is indeed an intrinsic feature of
polarizer, is also automatically included in the calculation. Iny &0« 1o 2cers.

addition, since every next round of numerical calculation
starts with the calculation result of the previous round as the
initial condition, effects of periodic gain and loss perturba- IV. MECHANISM OF PULSE NONUNIFORMITY
tion on the soliton pulses are also included. Furthermore, as
in the numerical simulations apart from the optical pulse the We further investigated the physical origin of the ob-
dispersive waves within a calculation window are alsoserved soliton pulse nonuniformity based on our experimen-
traced, the effect of the resonant sideband emission by th&l results and numerical simulations. We found that it could
soliton is then taken into account. still be explained as a result of interaction between the non-
By properly setting the linear cavity phase bias, whichlinear polarization rotation of the soliton pulse and the polar-
corresponds in the experiment to appropriately selecting thizer in the cavity. We know that the laser is mode-locked by
orientations of the wave plates so as to ensure the laser ising the nonlinear polarization rotation effect. Through the
operating in the positive-feedback regime, soliton operatiortombined action of the nonlinear light polarization rotation
can be always obtained in the simulation. The exact solitormnd a passive polarizer in the cavity, an artificial saturable
parameters, such as the pulse width and peak power, asbsorption effect is generated in the laser, which results in
determined by the laser parameter settings. However, in athe mode-locking of the laser and further stabilizes the soli-
our simulations we found that when the value of the gain isgons once they are formed. However, we should also bear in
so selected that the generated soliton pulse peak power iBind that the nonlinear polarization rotation is pulse peak
weaker than that of the polarization switching power of thepower dependent. The latter is further related to the laser
laser, we can always obtain the ideally uniform soliton pulsegain. Chenet al. have analytically derived the cavity trans-
train as shown in Fig.@). Figure 4d) is the corresponding mission of such lasergl9]. With a fixed linear light polar-
spectrum of Fig. ). In this case the soliton pulses are very ization rotation bias, the actual cavity transmission is a sinu-
stable and uniform from round to round. In our simulationssoidal function of the nonlinear light polarization rotation.
the orientation of the passive polarizer is not aligned with theThis means that even when the laser cavity is initially biased
principal axes of the optical fiber. But obviously we could to the positive feedback regime, if the pump power is so
still obtain stable uniform soliton pulse output from the laser.strong that the soliton peak power becomes too high, the
This result is very different from theoretical predictions of nonlinear polarization rotation could drive the laser cavity
Kim et al. We have also checked laser output under differentransmission from the positive feedback regime to the nega-
polarizer orientations; similar results have been observedive feedback regime. This means when the soliton peak
However, independent of the polarizer orientation and theower increases beyond a certain value, which is determined
linear cavity light polarization rotation bias, if the gain is setby the linear cavity polarization rotation phase bias, it will
so large that the soliton peak power becomes larger than thtben experience negative feedback. It is this negative feed-
polarization switching power, periodiclike amplitude varia- back effect that makes the soliton pulse intensity in the laser
tions always appear on the output soliton pulses as shown ito vary periodically. This process could also be understood
Fig. 4b). This can be more obviously observed on its corre-phenomenally. Ideally the nonlinear polarization rotation
sponding spectrum shown in Fig(e). The strength of the should bias the polarization of the soliton pulse in such a
soliton sidebands changes with a period of around 20 rounday that when the soliton arrives at the position of the po-
trips, showing that the amplitudes of the output solitonlarizer, its polarization is aligned with the polarizer. In this
pulses are no longer uniform, but vary periodically. If the case the soliton will experience a positive feedback, and the
gain is further increased, the strength of the pulse intensitgoliton is stabilized in the cavity. However, if the laser gain is
variation increases, and the modulation period reduces d@so strong, the pulse peak power could become too high and
shown in Fig. 4c) and its corresponding spectrum, Figf)4  a big amount of nonlinear polarization rotation could be ac-
In this case the amplitude modulation becomes quasipercumulated before it reaches the polarizer. Since the action of
odic, as indicated by the appearance of the harmonic sidehe polarizer on the soliton is discrete, in this case the non-
bands in the experiment as shown in Figd)3We note that linear polarization rotation will bias over the polarization of
only the gain parameter, which experimentally correspondshe soliton such that it becomes no longer aligned with the
to the pump power, is increased in the calculation conditionpolarizer, and thus the soliton pulse will endure loss and
of Fig. 4. We showed that by increasing the gain parametegradually will lose its energy every time it passes through the
the strength of the sidebands increases and periodical intepelarizer. This process will continue until the polarization of
sity fluctuations are then observed, which is qualitativelythe soliton becomes realigned with the polarizer. Then start-
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FIG. 4. Soliton pulses and the corresponding optical spectra numerically calculated under different pump étyesgtlid) Case of
stable soliton operatiorg=300; (b) and(e) case of periodic soliton intensity fluctuatiags360; (c) and(f) case of strong soliton intensity
fluctuation,g=450. All the other parameters are fixed.

ing from this point, the pulse peak power will increase againappropriately adjusting the linear polarization bias to a posi-
and the process repeats. Therefore, a periodiclike pulse pesibn where the polarization switching power is higher. In this
power variation is obtained. case as long as we increase the pump power, the pulse non-

Based on the mechanism we discussed above, it is postiformity will always appear again. These two methods
sible to see that to suppress the periodical intensity fluctuahave been proved both feasible in our simulations. However,
tions, one needs to reduce the pump power with all the othein practical experiment, since the accuracy of adjusting the
conditions fixed so that the peak power of the solitons idinear polarization bias by rotating the wave plates is limited,
below the polarization switching threshold. On the otherand also the cavity operation is much more sensitive to the
side, as the polarization switching threshold is related to th@olarization change than to the pump power, it is very diffi-
linear polarization bias in the cavity, with a fixed pump cult to suppress the pulse intensity fluctuation by adjusting
power, one can also suppress the pulse nonuniformity bthe linear polarization bias.
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V. CONCLUSION soliton pulse polarization rotation and the passive polarizer

in the cavity. When the peak intensity of the soliton pulse is

In conclusion, we have experimentally observed a peritoo high, the generated nonlinear polarization rotation can

odic amplitude variation of the soliton pulses from a pas-pias over the polarization switching point, and consequently

sively mode-locked fiber soliton laser, mode-locked by thegrive the laser cavity from the positive feedback regime to
nonlinear polarization rotation technique. Experimentallythe negative feedback regime, which consequently causes the

this periodic intensity fluctuation can be eliminated by ap-amplitude of the soliton pulses to periodically vary.
propriately reducing the pump power. We have also numeri-

cally simulated the laser operation and C(_)nfirmed the experi- ACKNOWLEDGMENTS
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