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Abstract

We identify the spectral gain filtering as a mechanism of multiple pulse formation in a fiber laser passively mode-locked through nonlinear
polarization rotation operating in the normal dispersion regime. A correlation is theoretically established between the spectral gain bandwidth
and the possibility for the laser to deliver several pulses by cavity round-trip: narrow spectrum favours multiple pulsing. Moreover the model
allows to show that spectral loss or gain filtering are equivalent with respect to their consequences on the multiple pulsing regime. Experimental
results obtained with an erbium-doped fiber laser and an ytterbium-doped fiber laser confirm the theoretical calculations. In addition, an indirect
confirmation of the influence of the spectral filtering is proposed using an experimental setup involving a unique laser.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Multiple pulsing is a usual behaviour in passively mode-
locked fiber lasers, independently of the exact optical config-
uration. Indeed, it has been observed in figure eight lasers,
stretched pulse lasers and in lasers passively mode-locked
through nonlinear polarization rotation [1-6]. In the latter case,
multiple pulsing occurs both in the normal and in the anomalous
dispersion regime and also with different rare—earth ions such
as erbium or ytterbium. In the anomalous dispersion regime,
the quantization of the soliton energy is responsible for the
generation of several pulses by cavity round-trip above some
pump threshold value [6-9]. In the normal dispersion regime,
the pulse energy is not quantified but multiple pulses are still
obtained above some value of the pump power [10] or some-
times at the lasing threshold. In the following we will consider
fiber lasers operating in the normal dispersion regime and pas-
sively mode-locked through nonlinear polarization rotation. In
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our experiments, we have observed the following trends. Sta-
ble mode-locking with single pulse per cavity round-trip can
be easily obtained with the ytterbium-doped double-clad fiber
laser; multiple pulsing can be also found by a suitable adjust-
ment of the intracavity phase plates [11-13]. In the case of
the erbium-doped double-clad fiber laser, single-pulse mode-
locking is very difficult to obtain; the most usual behaviour
is multiple pulsing. Single pulse per cavity round-trip occurs
in a very narrow pumping range and can be reached only by
first starting on a multiple pulsing state and then decreasing the
pumping power near the lasing threshold. From the theoretical
point of view, we have recently shown that additional spec-
trally selective losses are required to model several pulses by
cavity round-trip in the normal dispersion regime [14]. This ad-
ditional term is however difficult to justify because it is linked
to uncontrolled wavelength-dependent losses. The aim of this
paper is to clarify the influence of the spectral filtering on the
formation of several pulses by cavity round-trip in the normal
dispersion regime. The spectral gain bandwidth is intimately
linked to the ability for the laser to deliver multiple pulsing.
To demonstrate it we first consider in Section 2 theoretical re-
sults showing the effect of the spectral gain filtering on the
laser operation of a passively mode-locked fiber laser exploiting
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Fig. 1. Schematic representation of a fiber ring laser passively mode-locked
through nonlinear polarization rotation.

the nonlinear polarization rotation. A first experimental confir-
mation of such behaviour is presented in Section 3 where we
give typical results obtained with an erbium-doped and with an
ytterbium-doped double-clad fiber lasers. Because it is difficult
to have comparable experimental configurations for both lasers,
we propose in Section 4 an original setup which would lead to
fully convincing results. The corresponding theoretical results
are given in the same section and permit to demonstrate that
spectral loss filtering is equivalent to spectral gain filtering with
respect to the multiple pulse formation.

2. Theoretical model

We consider a rare—earth-doped fiber ring laser passively
mode-locked through nonlinear polarization rotation. The setup
is schematically represented in Fig. 1. For isotropic fibers this
scheme involves all necessary elements for control of nonlin-
ear losses. After the polarizing isolator the electric field has
a linear polarization. Such state of polarization does not ex-
perience polarization rotation in the fiber because the rotation
angle is proportional to the area of the polarization ellipse. Con-
sequently, it is necessary to place a quarter wave plate 3 (o3
represents the orientation angle of one eigenaxis of the plate
with respect to the laboratory frame). At the output of the fiber,
the direction of the elliptical polarization of the central part of
the pulse can be rotated toward the passing axis of the polarizer
by the half wave plate 2 (the orientation angle is «3). Then this
elliptical polarization can be transformed into a linear one by
the quarter wave plate 1 (the orientation angle is «1). In this sit-
uation the losses for the central part of the pulse are minimum
while the wings undergo strong losses. The setup of Fig. 1 has
been modelled as follows [14]. The fiber has been assumed to
have group velocity dispersion (GVD), optical Kerr nonlinear-
ity and saturable gain. The nonlinear losses are described by
solving in a first step the equations for a vectorial electric field
propagating in a Kerr medium when dispersion is neglected,
and then taking into account the three phase plates and the po-
larizer (self- and cross-phase modulation terms were considered
together with four-wave mixing terms). On the other hand, a
scalar equation has been written for a wave propagating in a sat-
urable amplifying medium with GVD, to account for dispersion
and gain. The resulting model assumes localized effect for the
nonlinear loss due to the Kerr nonlinearity and the phase plates,
while gain and GVD are distributed. In dimensionless form, the
final set of equations for the electric field amplitude is [14]

8—E=<Dr+iD,»>32—E+(c;+i|E|2)E (1)
ac a2 ’
Eyy1(t) = —B[cos(pl, + a) cos(a) — o3)

+isin(pl, + o) sin(a) + a3) | Eq (1), )

where ¢ =z/L, T =1/8t, G=a/(1 +b [1dt), D; = GD?
+ di, D) =2/(If2lLwy), In = |Enl*, dv = 2pc/|Bal, p =
Bsin2w3, a = goL, b = I8t/ (PsuTy), 8t = \/|B2lL/2, I, =
1/yL,a =207 — o] — 3.

D; and L (m) are the dispersion and the length of the fiber,
respectively (D; = —1 in the normal dispersion regime, and
D; =1 in the anomalous dispersion regime). y (W= Im™1)is
the nonlinear coefficient related to the nonlinear index coeffi-
cient ny, and B = 1/3 for silicate fibers [15]. B8 is the transmis-
sion coefficient of the polarizer (free parameter). 8, (ps2 m~1)
is the second-order GVD. T, = Lng/c (s) is the photon round
trip time, ng is the refractive index, c is the velocity of light in
free space, go (m~1) is the unsaturated gain, and Pgy (W) is the
saturating power. Py = (hvrr?) /(o Ty), where hv (J) is the
photon energy, o (m?) is the stimulated emission cross-section,
Ty (s) is the lifetime of the upper level of the lasing transition,
and r (m) is the radius of the fiber core, v is the optical fre-
quency, and 4 is the Planck constant. w, (rad/s) is the spectral
gain bandwidth. p. describes the frequency-dependent loss due
to both additional spectrally selective elements for control of
a radiation spectrum or uncontrolled spectrally selective losses
related with intracavity elements. The parameter a represents
the dimensionless pumping level.

The numerical procedure starts from the evaluation of the
electric field after passing through the Kerr medium, the phase
plates and the polarizer, using Eq. (2). The resulting electric
field is then used as the input field to solve Eq. (1) over a
distance L, using a standard split-step Fourier algorithm. The
computed output field is used as the new input for Eq. (2). This
iterative procedure is repeated until a steady-state is achieved.

In our previous works we showed that additional spectrally
selective losses were necessary to achieve multiple pulsing in
the normal dispersion regime [14]. Before to proceed, let us
briefly recall some general features reported in [14]. It has been
demonstrated that pulses appear one by one when the pump
power is increased and that large hysteresis occurs versus the
pumping parameter. Full detail, including the emergence of sin-
gle and multiple pulsing is given in [14]. Although other para-
meters, such as pulse duration, are important to study, we focus
in the following only on the number of pulses generated in the
laser cavity. This is motivated by the fact that prior to optimize
any pulse characteristics, it is needed to control the number of
pulses by cavity round-trip.

For simplicity, we consider a single fiber operating in the
normal dispersion regime at the lasing wavelength. Of course,
the doping ion will be different depending on the exact op-
erating wavelength but, in any case, the fiber core diameter
is expected to allow a normal dispersion. In this section we
consider that p. = 0 (i.e., no additional spectrally selective
losses) and vary the spectral gain bandwidth . For the nu-
merical simulations we use the following parameters y = 3 x
100°W ! im™ L=9m,c=3x108ms™!,r =5x107%m,
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Fig. 2. Theoretical dependence of the number of pulses in the cavity versus
the pumping parameter for different spectral gain bandwidths. The parameters
used are D; = —1, « = —1.1, o) = —0.2, 3 = 0.2, b =0.017, and p. = 0.
(a) wg = 10'% rad/s, (b) wg = 10'3 rad/s, and (¢) wg = 10'* rad/s.

0=25x10"*m?, fo=0.026 ps>m~!, T} =8 x 107* s, and
B = 0.95. Results of numerical simulations are summarized in
Fig. 2 which gives the evolution of the number of pulses in the
cavity as a function of the pumping parameter a for 3 different
values of wg. While in our previous papers we presented such
evolutions in presence of spectrally selective losses leading to
results similar to those of Fig. 2a, it is the gain which limits
the effective optical bandwidth in this study. Fig. 2a proves that
additional spectrally selective losses are not required to model
multiple pulsing operation. Indeed, the natural spectral selec-
tion of the gain also leads to several pulses by cavity round-trip.
Inspection of plots of Fig. 2 reveals that, for a given pumping
parameter, the multiple pulsing behaviour tends to disappear
when the spectral gain bandwidth is increased. The pump power
for which a second pulse appears is pushed toward higher val-
ues. These results are very important from a practical point of
view because they mean that the spectroscopic properties of the
amplifying medium are mainly responsible for the emergence
of several pulses in the normal dispersion regime.

However, multiple-pulsing behaviour can be more or less
favoured by the orientation of the intra-cavity phase plates. For

the same laser parameters as in Figs. 2a and 2b, but changing
the phase plates orientations, additional simulations show that
the single pulse operation occurs for pumping rates up to 2. The
conditions favourable for the single pulse operation are the fol-
lowing: the rotation angle of polarization ellipse for central part
of the pulse must be less than the optimal one. This is achieved
by changing the orientation angle of the half wave plate and by
decreasing the orientation angle for the quarter wave plate o3.
In this case the polarization entering into the fiber is close to
linear and the rotation angle velocity becomes small (i.e., the
effective rotation is small). As a consequence, the most power-
ful pulse undergoes less loss and wins competition. In the case
of anisotropic fiber this mechanism allowing to suppress mul-
tiple pulsing disappears. Indeed, the fiber anisotropy works as
an additional phase plate and transforms the linear polarization
into an elliptic one. It is probably this circumstance which pre-
vents to obtain the single pulse operation in experiments for
narrow spectral gain bandwidth.

The important result in our theoretical analysis is that, for
large values of wg, multiple pulsing is not possible whatever the
orientation of the phase plates. On the other hand, for narrow
spectral gain bandwidth, multiple pulsing is the most probable
behaviour although for moderate pumping rates, single pulse
regime can be obtained with a suitable adjustment of the phase
plates. However, the range of values of the «;’s for which a sin-
gle pulse operation is possible decreases while the gain band-
width decreases. This means that it is more difficult to obtain
the single pulse regime. We expect that this range tends to van-
ish for anisotropic fibers. This point cannot be investigated in
the framework of our model. In summary, spectral gain filtering
is a necessary condition for multiple pulse operation. Conse-
quently, it appears as a mechanism of the formation of several
pulses per cavity round-trip.

However, in Ref. [16], a strong additional spectral filtering
(10 nm) did not lead to multiple pulsing (in [16], it is used
a spectral loss filtering while we have considered the natural
spectral gain filtering: it will be shown in the last paragraph
that both filtering are equivalent). In fact, a careful reading of
the cited paper allows to rule out any contradiction. Notice first
that experimental results do not formally allow to conclude if
there are several pulses separated by some tens of picoseconds.
Indeed, when pulses are not bound, the optical spectrum is not
modulated; therefore an absence of modulation does not imply
a single pulse by cavity round-trip. More important is the fact
that the pumping power is experimentally limited to 20% above
the mode-locked threshold. Such pumping ratio is probably too
small to generate several pulses by cavity round-trip as shown
in Fig. 2a. Hence, the results of Ref. [16] are compatible with
our predictions.

3. Experimental results

The aim of this section is to present two experimental ex-
amples which confirm the theoretical predictions. Because it
is not possible to vary the spectral gain bandwidth of the am-
plifying medium, we consider the case of the erbium-doped
fiber for the narrowest bandwidth (about 30 nm) and the case
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Fig. 3. Experimental setup for the erbium-doped fiber laser. DSF: dispersion
shifted fiber, PC: polarization controller, VSP: v-groove side pumped, DCF:
double-clad fiber, PBS: polarization beam splitter.
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of the ytterbium-doped fiber for the larger bandwidth (about
60 nm).

Let us first consider the case of the erbium fiber which is
in fact an erbium/ytterbium-doped fiber, in which the ytterbium
ions are optically pumped at 980 nm and transfer their energy to
the erbium ions thus creating gain at 1.55 um. The experiments
have been performed with an erbium—ytterbium-doped double-
clad fiber amplifier in a unidirectional ring cavity as shown in
Fig. 3. The double-clad fiber consists in a single-mode core
doped with ytterbium (for the pumping) and erbium ions (emit-
ting at 1.55 pm) and two clads. The inner cladding allows hav-
ing the multimode propagation of the pump beam thus allowing
to use compact high power semiconductor lasers for the optical
pumping. It has a flower shape in order to break the cylindrical
symmetry and then to increase the pump absorption coefficient.
Two semiconductor laser diodes in counter-propagating con-
figuration are used. Both have an available output power of
about 3.5 W. The V-groove technique is employed to launch
the light into the fiber [17]. This technique allows to leave the
fiber ends free and is then well adapted for ring cavities [11].
An independent-polarization optical isolator is used to obtain
unidirectional oscillation. The double-clad fiber (DCF) and the
standard SMF fiber have anomalous dispersion (8 < 0). In or-
der to manage the total cavity dispersion, a piece of dispersion
shifted fiber is used (DSF, 2 > 0). The different lengths are
such that the laser operates in the stretched pulse regime where
the total cavity dispersion is slightly positive S, L = 0.06 ps?,
the repetition rate is about 8.85 MHz. The mode-locking is
achieved through nonlinear polarization rotation occurring in
the fibers and the resulting fast intensity-dependent losses pro-
duced by the intracavity polarization beam splitter. Three phase
plates are also used in order to change or to optimize the oper-
ating regime of the laser. Indeed, a simple rotation of a phase
plate allows to observe different regimes such as continuous,
Q-switch, regular or irregular mode-locking, multiple pulsing,
etc. as already reported both experimentally with a Yb-doped
fiber laser [11] and theoretically [18]. A 50/50 single-mode
fiber coupler is used to extract the energy from the cavity. The

Number of pulses

-

0 T T T T T T T 1
1.5 20 25 3.0 35 40 45 5.0

Pump

Fig. 4. Experimental results for the erbium-doped fiber laser. Evolution of the
number of pulses versus pump power.

output is analyzed with a 12 GHz photodetector and a fast 12
GHz oscilloscope. An optical spectrum analyzer and an optical
autocorrelator are also used when needed.

The procedure of investigation of the multiple pulsing is the
following. The pump power is fixed to an intermediate value
and the different phase plates and polarization controllers are
adjusted to obtain a regular signal consisting in several pulses
per cavity round-trip. The bunch of pulses is well resolved
with the fast photodetector and the high bandwidth oscillo-
scope (pulses are typically separated by some 10 ps). There-
fore, it is possible to count the number of pulses for increasing
and decreasing pumping power. Experimental results are sum-
marized in Fig. 4. When the pump power increases, the laser
directly starts in the regime of 2 pulses per cavity round-trip.
When the pumping is further increased, additional pulses ap-
pear one by one, up to 5. At this pumping level, if the power
decreases, pulses disappear also one by one but for different
values of switching powers. Results clearly demonstrate pump
power hysteresis. Similar results can be obtained in the anom-
alous dispersion regime. We have tried many positions for the
phase plates and also several configurations with different val-
ues of the GVD. We never observed spontaneous single pulse
operation in a wide range of pumping rates (i.e., the laser can-
not operate directly with a single pulse, this regime is obtained
only in a small range of pumping and after an evolution in a
multiple pulse state). The evolution of the number of pulses
can be different from the one of Fig. 4 but multiple pulsing al-
ways occurred. The spectral gain bandwidth is of the order of
wg X2 X 10" rad/s and experimental results favourably com-
pare with theoretical evolution of Fig. 2b. What is important in
this comparison is not the exact evolution neither the possible
differences in the hysteresis curves (it is possible to obtain very
different evolutions with a simple rotation of a phase plate) but
rather the fact that multiple pulsing occurs experimentally for
any position of the phase plates.

Let us now consider the case of the ytterbium-doped double-
clad fiber lasers, using already published experimental results.
The spectral gain bandwidth is of the order of wg ~ 10'* rad/s
and we can expect that single pulse operation is easily achiev-
able (see Fig. 2c). The experimental setup is similar to the one
used with the erbium-doped fiber and the mode-locking is ob-
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tained through nonlinear polarization rotation. As it is predicted
by the theory, the laser generally delivers one pulse per cavity
round-trip [12]. However, as in previously published numeri-
cal simulations [18] (not reported here because they are related
to Q-switching and unstable regimes), other operating regimes
with several pulses can be experimentally obtained by a suitable
adjustment of the phase plates [11]. Recall that the operating
regime of the laser strongly depends on the orientation of the
phase plates [11,19].

In summary, the experimental results, obtained in the normal
dispersion regime, lead to the following comments. Because of
its narrow spectral gain bandwidth, the erbium-doped fiber laser
operates always in a multiple pulsing regime. Single pulse op-
eration can be obtained only in a narrow pumping range and
is reached by first starting on two-pulse regime and then de-
creasing the pumping power (in other words, single pulse is
not a self-starting regime). As mentioned in the theoretical sec-
tion, the residual birefringence of the fibers could participate
to a significant reduction of the range of parameters allowing
a single-pulse operation. In contrast, the ytterbium laser easily
delivers a single pulse by cavity round-trip even if other behav-
iours can be found both theoretically [18] and experimentally
[11] (CW, Q-switch, imperfect mode-locked). The case of the
erbium is particular because other teams have observed a regu-
lar and spontaneous single pulse regime. It is well known that
co-doping [20] and also high erbium concentration [21,22] can
significantly modify the spectral properties and, in particular,
the gain bandwidth. This fact explains why an erbium-doped
fiber laser passively mode-locked can operate on single pulse
or multiple pulse regime depending on the exact composition
of the doped fiber.

4. Proposal for a new experimental confirmation

Although previous experimental results confirm the theoret-
ical predictions, they are not completely satisfactory because
they are obtained with two distinct lasers. This problem can-
not be overcome because it is not possible to vary the spectral
gain bandwidth in a unique laser. The ideal will be a fiber laser
with a sufficiently large spectral gain bandwidth allowing a sin-
gle pulse operation and then to reduce its bandwidth in order
to highlight the generation of more and more pulses. Unfortu-
nately this theoretical experiment cannot be realized. However,
there is an indirect way which will consist to start with a fiber
laser having a large spectral gain bandwidth and to insert in the
cavity a spatially dispersive element in order to be able to fil-
ter the spatially spread spectrum. When the filter is adjusted to
reduce the selected spectrum we can expect that the laser be-
comes multiple pulsing. Of course, this experiment does not
allow varying the gain bandwidth but it allows to control the
spectral loss filtering. We have not at this time all the necessary
material to conduct such experiments. We can however investi-
gate theoretically the influence of a reduction of the spectral
loss bandwidth in order to check if it is equivalent to a re-
duction of the gain bandwidth. For that, we solve numerically
Egs. (1) and (2) where the spectral gain bandwidth is fixed
to @y = 10! rad/s and take different values for the spectral
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Fig. 5. Theoretical dependence of the number of pulses in the cavity versus
the pumping parameter for different spectral loss bandwidths. The parameters
used are D; = —1, @ = —1.1, @] = —0.2, a3 = 0.2, and wg = 10'% rad/s.
(a) wqg = 1012 rad/s, (b) wg = 1013 rad/s, and (c) wq = 1014 rad/s.

loss bandwidth (wq = 1/+/pcL). Results are presented in Fig. 5
which gives the evolution of the number of pulses for increas-
ing and decreasing pumping parameter. The parameters used
are exactly the same as those taken in Section 2 except that the
spectral gain bandwidth is fixed. It is clearly demonstrated that
the spectral loss filtering induces multiple pulses regime. When
the spectral loss bandwidth is equal to the spectral gain band-
width, the laser operates exclusively in a single pulse regime as
shown in Fig. 5S¢ and multiple pulsing is not possible. We have
checked by running simulations for values of the pumping pa-
rameter a up to 4 that the laser remains in single pulse regime.
Hence multiple pulse operation appears to be suppressed and
not only shifted to higher values of a. Higher values will not
be of practical interest because they will correspond to pump-
ing powers above 4 times the pump power threshold. While the
pump power is increased, the pulse energy increases.

While the spectral loss bandwidth is decreased, the laser ex-
hibits several pulses by cavity round-trip (see Figs. 5a and 5b).
These theoretical results demonstrate that spectral loss or gain
filtering are equivalent with respect to their influence on the
laser ability to deliver multiple pulses per cavity round-trip. In-
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deed, without spectral filtering (gain or loss), multiple pulsing
is not possible in the mode-locked regime and the laser deliv-
ers one pulse by cavity round-trip. When spectral filtering acts,
the laser can operate on multiple-pulse regime although single-
pulse is not completely forbidden. The latter is however more
difficult to obtain.

5. Conclusion

In this paper we have identified the spectral gain filtering
as a mechanism of multiple pulse formation in a passively
mode-locked fiber laser. The work was motivated by the fact
that, in the normal dispersion regime, the ytterbium-doped fiber
laser generally operates with a single pulse per cavity round-
trip while this regime is very difficult to obtain with our own
erbium-doped fiber laser. The main difference between the two
doping ions is the resulting spectral gain bandwidth. We have
theoretically demonstrated that multiple pulsing is not possi-
ble if there is not enough spectral gain filtering. This is in good
agreement with the experimental data because the spectral gain
bandwidth is larger in the case of the ytterbium-doped fiber.
These results make a direct link between the exact composi-
tion of the doped fiber and the operating regime in passively
mode-locked experiments because even for a given doping ion,
co-doping or high doping concentration significantly affects the
spectral properties of the doped material. In order to confirm
the theoretical results with a single laser, which would be more
convincing, we have proposed a new experiment in which a
spectrally selective element with a variable bandwidth is in-
serted inside the cavity. Of course, such experiment does not
allow varying the spectral gain bandwidth but rather the spec-
tral bandwidth of the losses. We have then theoretically checked
that spectral loss and gain filtering are equivalent because both
lead to the generation of multiple pulses by cavity round-trip
when their bandwidth is narrow enough.
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