PRAMANA
— journal of

c Indian Academy of Sciences
°

physics

Vol. 75, No. 5
November 2010
pp. 915–921

Nonlinear resonance phenomena of a doped fibre
laser under cavity-loss modulation: Experimental
demonstrations
A GHOSH1 , B K GOSWAMI2 and R VIJAYA1,3,∗
1

Department of Physics, Indian Institute of Technology Bombay, Powai,
Mumbai 400 076, India
2
Laser and Plasma Technology Division, Bhabha Atomic Research Centre,
Mumbai 400 085, India
3
Present address: Department of Physics, Indian Institute of Technology Kanpur,
Kanpur 208 016, India
∗
Corresponding author. E-mail: rvijaya@iitk.ac.in
Abstract. Our experiments with an erbium-doped fibre ring laser (CW, single transverse mode and multiaxial mode) with an intracavity LiNbO3 electro-optic modulator
(EOM) display the characteristic features of a nonlinear oscillator (e.g., harmonic and
period-2 sub-harmonic resonances) when the EOM driver voltage is modulated periodically. Harmonic resonance leads to period-1 bistability and hysteresis. Inside the period-2
sub-harmonic resonance region, the laser exhibits Feigenbaum sequence and generalized
bistability.
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1. Introduction
The lasers in which the polarization decays faster as compared to the electromagnetic field and population are categorized as class B lasers (e.g., CO2 , Nd-YAG,
semiconductor and doped fibre lasers) [1]. Under suitable time-sustained perturbations, such as periodic parameter modulation, injection of external light and feedback, these lasers can exhibit salient features of a vast majority of low-dimensional
nonlinear systems, including those of autonomous and non-autonomous categories.
From the viewpoint of experiments, some attractive features of these lasers are
(i) excellent signal-to-noise ratio, (ii) small experimental time requirement, (iii) reproducibility and (iv) availability of good theoretical models. In particular, the
CO2 lasers have reported the first experimental observations of Feigenbaum sequence and other routes to chaos, generalized multistability and crisis. But, doped
fibre and semiconductor lasers are more compact and easy to operate than CO2
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lasers. They are in the forefront for experimental validation of concepts like control
of chaos and synchronization of coupled chaotic lasers (for communication with a
chaotic carrier).
In recent years, fibre lasers pumped by periodically modulated semiconductor
lasers have been shown to exhibit Feigenbaum sequence and generalized multistability [2–5]. The two basic issues in focus here for the nonlinear dynamical studies
of the fibre lasers are: (i) in pump modulation, a large depth of modulation is
required to create instability, which can be a major limitation. It would be interesting to know what would happen if, instead of pump modulation, the cavity-loss
is driven periodically, say by an intracavity electro-optic modulator (EOM). A similar scenario with the CO2 laser suggests that cavity-loss modulation should be
much more efficient in creating instabilities [6]. Whether it would apply in the case
of doped fibre laser as well is worth knowing. No significant experimental or theoretical explorations have been made in this direction. (ii) It may be believed that
the complexity of parameter-modulated fibre lasers in general may be better understood with the help of nonlinear oscillator theory [6]. No comprehensive effort
made in that direction is available. Theoretical demonstration in [7] shows that
the dynamics of erbium-doped fibre lasers depend on the ion pair concentration (x)
and the pumping ratio. Pumping ratio (r) is defined as
r=

Λ
,
Λth

(1)

where Λ is the input pump power and Λth is the threshold pump power. For low ionpair concentration (x < 5%), a CW regime is known to occur, while a self-pulsing
behaviour is observed for higher concentrations (x > 10%). For intermediate values
of ion-pair concentration, self-pulsing is found to occur for a certain range depending
on the pumping ratio [8].
In this paper, some of these issues are analysed experimentally with an erbiumdoped fibre ring laser (EDFRL), consisting of an intracavity LiNbO3 EOM. The
EOM is driven by a periodic electrical voltage. Feigenbaum sequence and bistability are indeed observed with a relatively small modulation. Moreover, these are
organized successfully from the viewpoint of harmonic and period-2 subharmonic
resonances that occur when the driving frequency is in close proximity of the relaxation oscillation frequency or its multiples.
2. Experimental details
The schematic of the experimental set-up for the EDFRL configuration with loss
modulation is shown in figure 1. An erbium-doped fibre (EDF, x < 5%) of length
5 m, with wavelength division multiplexers (WDM) on either side for coupling power
into and out of the cavity, is pumped by a semiconductor laser diode operating
at 980 nm. 99% of the output power from the EDF is fed back into the cavity
through a directional coupler which completes the ring cavity structure. PC refers
to the polarization controller. A LiNbO3 -based Mach–Zehnder modulator (MZM)
is used in the cavity to provide controlled cavity-loss modulation. It is biased
such that its operating point lies in the linear region of its transfer curve. The
916
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Figure 1. Schematic diagram of EDFRL.

EOM voltage is modulated by a function generator. In the operating regime, the
laser has a single transverse mode and multiple longitudinal modes. The pump
power at 980 nm is kept fixed at ∼57.8 mW. The optical spectrum analyzer shows
the dominant spectral line at 1557 nm. In the presence of cavity-loss modulation,
the laser occasionally exhibits the presence of another spectral line (1562 nm). The
control parameter in this work is the modulation frequency (f ). The laser intensity
time-series is detected by an Agilent oscilloscope that has an in-built photodiode.
3. Results and discussion
The relaxation oscillation frequency of the laser is estimated to be in the range of
35 kHz under the experimental operating conditions. In figure 2, one set of measurements is shown when the semiconductor bias current is 200 mA corresponding
to a pumping ratio of r = 2.89. The laser intensity time series is investigated by
increasing the driving frequency f from 5 kHz to 105 kHz while the EOM-driving
amplitude (Vpp ) is kept constant at 75 mV. In each panel, the green periodic line
denotes the function generator voltage while the bright yellow line denotes the
respective laser output time series (with the corresponding optical peak-to-peak
power V0 , measured from the time series, also given in the figure caption). As f is
increased, the laser remains periodic but its amplitude gradually increases. Secondharmonic resonance features are observed initially as shown in figure 2a at f = 16.3
kHz, the amplitude of which decreases till a certain frequency. This is followed by
a gradual increase of peak-to-peak amplitude with further increase in frequency till
the laser exhibits a sudden increase in amplitude (jump) at a particular frequency.
Figure 2b denotes the period-1 state at 24.04 kHz. When f is 24.94 kHz, the laser
jumps to a large period-1 attractor, as revealed by the jump in the value of V0
from 87.38 to 262.30 µW in figure 2c. This jump occurs due to harmonic resonance
where the jump is associated with a period-1 saddle node bifurcation.
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Figure 2. Laser output as a function of time when the modulating frequency f is increased from 5 to 102 kHz. (a)
f = 16.3 kHz, V0 = 151.03 µW; (b) f = 24.04 kHz, V0 = 87.38 µW; (c) f = 24.94 kHz, V0 = 262.30 µW; (d) f = 51.01
kHz, V0 = 75.17 µW; (e) f = 52.82 kHz, V0 = 182.63 µW; (f) f = 62.94 kHz, V0 = 98.09 µW; (g) f = 68.28 kHz,
V0 = 86.61 µW; (h) f = 101.2 kHz, V0 = 32.19 µW. Optical output (yellow line); Electrical signal (green line).
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Figure 3. Laser output as a function of time when the modulating frequency f is decreased from 102 to 5 kHz. (a)
f = 80.05 kHz, V0 = 40.19 µW; (b) f = 63.31 kHz, V0 = 105.11 µW; (c) f = 52.09 kHz, V0 = 86.43 µW; (d) f = 46.31
kHz, V0 = 91.66 µW; (e) f = 21.82 kHz, V0 = 193.14 µW; (f) f = 20.13 kHz, V0 = 72.99 µW; (g) f = 15.75 kHz,
V0 = 191.86 µW; (h) f = 9.84 kHz, V0 = 27.17 µW. Optical output (yellow line); Electrical signal (green line).
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As f is increased further, the laser output power decreases. As an example, the
laser time series at 51.01 kHz is shown in figure 2d where V0 = 75.17 µW. When
f is increased further, the laser undergoes another discontinuous jump, this time
to a period-4 state, as shown in figure 2e. V0 in this case jumps from 75.17 to
182.63 µW. This jump indicates that the laser has undergone a period-2 sub-critical
period doubling that occurs in a period-2 subharmonic resonance. A similar scenario was extensively dealt with theoretically with a two-level laser model earlier
[6]. With a further increase in f , the laser becomes chaotic at 62.94 kHz (figure 2f),
most likely by a sequence of period doubling. When the bifurcation structure within
a period-2 subharmonic resonance region is scanned with the drive frequency f as
the control parameter, normally beyond chaos, one observes the reverse of Feigenbaum sequence. Indeed, at an f value of 68.28 kHz, the laser goes to period-2
(figure 2g) and at a higher value of f becomes period-1 (figure 2h).
To explore bistability and associated hysteresis in this period-2 subharmonic
resonance region, the measurements are repeated while decreasing the driving frequency f from 102 kHz. The results are shown in figure 3. In this case, the laser
remains periodic as seen in figure 3; an example is shown for instance in figure 3a at
80.05 kHz. As the value of f is decreased, the laser undergoes Feigenbaum sequence
and becomes chaotic. Figures 3b and 3c illustrate chaotic laser at 63.31 and 52.09
kHz, respectively. Past chaos, the laser undergoes inverse sequence of period doubling to become period-1 and then through another inverse period-2 saddle node
bifurcation, jumps to period-1 state, as shown at 46.31 kHz (figure 3d) where the
power becomes periodic with V0 = 91.66 µW. This jump indicates that the laser
is out of period-2 subharmonic resonance region. Next, as f is decreased further,
the laser remains period-1 and its power increases till it reaches an inverse period-1
saddle node bifurcation and then jumps to a low-amplitude period-1 state. The
sudden fall in V0 from 193.14 µW at 21.82 kHz (figure 3e) to 72.99 µW at 20.13
kHz (figure 3f) may be noted. Beyond this, the laser comes out of the period-2
subharmonic resonance region. A further decrease in f also shows features of second harmonic resonance at a frequency of 15.75 kHz as seen in figure 3g. Around
f =10 kHz, the laser output power behaves periodically (figure 3h).
While increasing the frequency f , the first harmonic resonance jump occurs at
f = 24.94 kHz and there is a large optical power increase as can be observed from
figures 2b and 2c whereas when frequency decreases, this jump occurs in the reverse
direction at a frequency of 20.13 kHz resulting in a large fall in power as seen from
figures 3e and 3f. This resonance region in 20–25 kHz frequency range is a bistable
(or hysteretic) region. A wider frequency range of bistability at other conditions of
pumping ratio and driving voltage has also been observed.
4. Conclusion
The doped fibre laser exhibits period-1, period-2 and chaotic behaviour when its
cavity-loss is modulated suitably. These instability phenomena have been explained
from the viewpoint of harmonic and period-2 subharmonic resonances. In comparison to the pump modulation mechanism, the cavity-loss modulation is more efficient
in creating instabilities in the doped fibre laser.
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