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We report an experimental study of low-frequency (~10 kHz) self-pulsing of the output intensity in a high-

concentration erbium-doped fiber laser. We suggest that the fast intensity fluctuations caused by multimode
and polarization instabilities play the role of an external noise source, leading to low-frequency auto-oscillations

through a coherence resonance scenario.
OCIS codes: 060.3510, 060.2410, 140.3500, 140.1540.

Output intensity self-pulsing in high-concentration
erbium-doped fiber lasers (HC EDFLs) has been exten-
sively studied for its importance in communications, re-
flectometry, distributed fiber-optic sensing, biomedicine,
etc. [1-7]. For a long time, the presence of clustered er-
bium ions and their role as saturable absorber was re-
garded as the only possible mechanism responsible for
self-pulsing at frequencies of 10-100 kHz [7]. However,
detailed microscopic study of erbium-doped glasses by
means of x-ray-absorption fine structure spectroscopy
(XAFS) has revealed a short-range coordination order
of erbium ions, rather than pair clustering [8]. It was also
found that suppression of the short-range order leads to
improved characteristics of high-concentration erbium-
doped fiber amplifiers and lasers. The suppression can
be realized by increasing the solubility of erbium in
the host matrix (codoping by Al [9]) or by changing the
deposition process (direct nanoparticle deposition
[10,11]). Because self-pulsing was observed in HC EDFLs
even with these types of fibers, the pair-clusters ap-
proach cannot explain this effect [4,5]. On the other
hand, experiments and theory indicate that the pump-to-
signal intensity noise transfer (PSINT) can significantly
contribute to low-frequency self-pulsing [4,5]. However,
PSINT decreases as the pump current increases, and
therefore this process can induce self-pulsing only near
the lasing threshold [1,2]. To reveal a mechanism that can
drive self-pulsing with pump currents beyond the lasing
threshold, we test and experimentally prove the concept
of coherence and anticoherence resonance (CR and
ACR) [12-14]. The details are reported in this Letter.
The experimental setup used to study self-pulsing in
EDFL is shown in Fig. 1. The laser cavity consists of a
high-concentration  (cg, = 3.7 10%° ions/m?)  erbium-
doped fiber (6 m, Liekki Er40-4/125), with a Faraday
mirror (R =90%) and a fiber Bragg grating (Apex =
1556 nm, Als45 =02 nm, R =86%) as reflectors.
According to manufacturing data [10] and previous ex-
perimental results [11], the short-range coordination or-
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der of erbium ions is suppressed and no saturable
absorption is present. Total intracavity losses are 5 dB.
The Faraday mirror rotates the plane of polarization of
the reflected beam by z/2 at A = 1550 nm. To pump the
erbium-doped fiber, we used a 978 nm laser diode (LD)
with a tunable current source (200—600 mA). The pump
current at the lasing and self-pulsing threshold was
240 mA.

To characterize the polarization instability as a possi-
ble source of high-frequency chaotic oscillations, we
used an in-line polarimeter (Thorlabs, IPM 5300, 1 MHz
bandwidth). The states of polarization (SOP) of the laser
output at pump currents 250 and 265 mA, over a time per-
iod of 1 ms (1024 data points), are shown in Figs. 2(a)
and 2(b) (left) as normalized Stokes parameters si, Ss,
and s3. With noise added to the pump current (265 mA),
we observed a transformation of the SOPs from a loca-
lized to almost uniform distribution [Fig. 2(c)]. The
corresponding variations of the intensities of two cross-
polarized modes (I, and I,) are shown in Fig. 2 (right).
As seen in Figs. 2(a) and 2(b), the SOP fluctuations are
very fast, with characteristic switching time of 1 us. The
fast polarization changes manifest as rapid variations of
two orthogonal components of the electric field (Fig. 2,
right). At the same time, low-frequency (" 10 kHz)
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Fig. 1. Experimental setup: FM, Faraday mirror; EDF, high-
concentration erbium-doped fiber; FBG, fiber Bragg grating;
WDM, wavelength division multiplexer; Pump LD, pump laser
diode; NG, noise generator; IPM, in-line polarimeter; PD LPF,
photo detector with low-pass filter; OSC, oscilloscope.
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Fig. 2. Fluctuating polarization of the EDFL: normalized
Stokes parameters on the Poincaré sphere (left) and intensity
of x-polarization (solid curve) and y-polarization (dotted curve)
versus time (right). Parameters: (a) pump current 250 mA, no
additional noise; (b) pump current 265 mA (maximum variance
of interspike intervals), no additional noise; (c) pump current
265 mA (suppression of intermittent self-pulsing), noise applied
to pump current.

self-pulsing of the cross-polarized modes is clearly seen.
With noise (6 kHz bandwidth) added to the pump cur-
rent, a variable modulation of the period and amplitude
of pulses was observed [Fig. 2(c)]. The chaotic nature of
the SOP fluctuations in EDFL has also been reported
in [2,3].

A related phenomenon, intermittent self-pulsing, also
occurs in EDFL, but as follows from [6], this effect can
be revealed on time scales of seconds. We used a photo-
detector, low-pass filter (New Focus, 2051-FC, 10 MHz
bandwidth, cutoff frequency 100 kHz), and oscilloscope
(Tektronix TDS3054, 500 MHz bandwidth) to collect data
over a few seconds (Fig. 3). Intensity self-pulsing occurs
at current 250 mA [Fig. 3(a)], with slight irregularities in
amplitude and period (though the period is not resolved).
For the pump current of 2656 mA, the period irregularities
lead to intermittent self-pulsing [Fig. 3(b)] in the form of
radiation suppressions on 1 Hz scale. With a noise mod-
ulation of the pump current, such self-pulsing vanishes
[Fig. 3(c)]. For quantitative description of the observed
low-frequency self-pulsing, we define a normalized var-
iance of spiking intervals R and intensity correlation time
T. [12]:

R=\/6)- w2/, 1= [ o )
0

Cla) = I(OI(t+2)/(PP(1).  1(2) =1Ip(1) - I (1).

@)
Here the brackets denote time average, ¢, is the fluctuat-

ing interspike interval, I; (t) and I(t) are the lasing output
intensity and associated zero-mean intensity, and C(7) is
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Fig. 3. (a) Self-pulsing of the EDFL intensity with 250 mA
pump current (no noise added), (b) intermittent self-pulsing
with 265 mA pump current (no noise added), (c) disappearance
of intermittent self-pulsing with 265 mA pump current and
added noise.

a normalized autocorrelation function. Experimental re-
sults for R and T, as a function of the laser pump current
without (solid curves) and with (dotted curves) external
noise modulation are shown in Fig. 4 for the current in
the range of 250-500 mA.

Several observations can be made from Fig. 4. The var-
iance R increases as the current varies from 250 mA to
265 mA. The latter value corresponds to the large varia-
tions of the interspike intervals [Fig. 3(b)], i.e., the case of
intermittent self-pulsing. Similar behavior was observed
for ring cavity EDFLs in [6]. At this pump current, the
correlation time 7', takes its minimum. Further increase
of the pump current leads to the minimum of R and the
maximum of 7', at 280 mA. According to [4,5], noise
added in the pump current increases random laser output
variations through PSINT. Hence, the distribution of in-
terspike intervals approaches homogeneous distribution
with variance of one-third. Also, the increased random
amplitude modulation results in suppressed correlation
time T'.. The pump power fluctuation is shown in the in-
set in Fig. 4.

To treat the results in terms of coherence resonance,
one needs to identify the noise source that drives the am-
plitude and spiking intervals of intensity self-pulsing,
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Fig. 4. Normalized variance of interspike intervals R (thick so-
lid and dotted curves) and correlation time 7', (thin solid and
dotted curves) as a function of the pump current. Inset, pump
power fluctuations rms versus pump current. No noise (solid
curve) and additional noise (dotted curve) applied to the pump
current.
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which depends on the pump current. It is known that for
currents above the lasing threshold, the population of the
first excited level of erbium is clamped, and so the average
amplitude of spontaneous emission noise also is clamped
[13]. However, if the laser dynamics shows the presence of
a spiral Shilnikov attractor, the clamped spontaneous
emission noise transforms it to fast chaotic oscillations
[15]. Itis likely that such an attractor is typical for EDFL’s
polarization dynamics, as in dye lasers [15]. In analogy to
results in [15], the threshold value for this type of chaos
can be found as u; = y/(2k), where k and y are the relaxa-
tion rates for cavity photons and population inversion, re-
spectively, u; = I,,/I, 4, — 1, and I}, and I, 5, are the pump
current and its threshold value. For EDFL, y = 10% s,
k=107 s7! andsoy; ~ 0;i.e., the first threshold coincides
with the threshold of polarization chaos. Because of lim-
ited sampling rate of polarimeter (1 MHz), we cannot ob-
serve polarization dynamics, including polarization
chaos, on ns scale as was done in [1-3]. We simply show
that fast chaotic switching between cross-polarized com-
ponents occurs in the range of few microseconds. In ad-
dition to polarization instabilities, multimode instability
resulting in spontaneous mode locking can also lead to
high-frequency chaotic oscillations [6,16]. The threshold
value of such instability is u; = 0.05, which is quite close
to the threshold of polarization instability [6]. It is likely
that nanosecond-scale chaotic dynamics can be caused
by combination of multimode and polarization instabil-
ities. The amplitude of such fluctuations is proportional
to the pump current [3]. So extrema in coherence reso-
nance signatures, viz., the intensity correlation time and
the variance of interspike intervals, as functions of the
pump current, indicate the presence of deterministic co-
herence resonance due to deterministic origin of high-
frequency chaotic oscillations [13].

Because of proximity to the threshold, intermittent
self-pulsing [Fig. 3(b)] and growing variance R with in-
creased pump current (Fig. 4) can be driven by sponta-
neous noise rather than by deterministic chaos due to
multimode instabilities [6,16]. The spectral gain of EDFL
is flat, and the operating mode at the threshold is not de-
fined. Coinciding thresholds for single- and multimode
lasing can result in hysteresis and hopping between these
regimes driven by spontaneous noise (amplified sponta-
neous emission and noise caused by PSINT) [6]. The total
intensity of multimode operation depends on the phase
difference between modes, and can be very low [6]. Be-
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cause the maximum of the variance R coincides with the
minimum of the correlation time 7T, for intermittent
self-pulsing, the effect can be called anticoherence
resonance [14].

In conclusion, we have shown that fast intensity fluc-
tuations caused by multimode and polarization instabil-
ities play the role of an external noise that leads to
low-frequency (" 10 kHz) self-pulsing of the output inten-
sity in a high-concentration erbium-doped fiber laser
through a deterministic coherence resonance scenario.
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