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We demonstrate the operation of a fiber ring laser using a 19.5 cm segment of As,S; chalcogenide fiber. The laser is
passively mode-locked via nonlinear polarization rotation and provides two different operation regimes of picose-
cond and noiselike pulses. This ring configuration also enables an accurate measurement of the chromatic

dispersion of the chalcogenide fiber.
OCIS codes:

Fiber ring lasers are known to produce short and power-
ful pulses, for example, when passively mode-locked
using nonlinear polarization rotation (NPR) [1] or satur-
able absorbers [2]. In the particular case of NPR, the
combined effects of cross-phase modulation (XPM)
and self-phase modulation (SPM) lead to a nonuniform
rotation of the polarization state across the pulse. As a
consequence, the combined effect of NPR and a polarizer
shortens pulses at every cavity round-trip by transmitting
their highest intensity components and attenuating their
wings [3]. It has been shown that the total dispersion in
an NPR-based ring dictates the minimum achievable
pulse width [4], and pulses as short as 77 fs have been
demonstrated in a dispersion-compensated fiber cavity
[5]. In order to avoid the deterioration of pulses and sta-
bility issues, the nonlinear phase shift the pulse experi-
ences must remain under a maximum of 2z [6,7].
However, when it is not the case, noiselike pulses will
propagate in the cavity [8].

Previous reports of mode-locked fiber lasers using chal-
cogenide fiber include only one paper, a chalcogenide fi-
ber ring laser where chalcogenide serves as a host for
neodymium. It has a self-pulsing behavior at 1080 nm with
0.2 us pulses, whose origins are related to a saturable-
absorption effect in the doped fiber [9]. In this paper,
we make a first demonstration of using chalcogenide glass
as the nonlinear medium for self-pulsation in a fiber ring
laser. The high nonlinearity provided by the chalcogenide
glass enables the formation of pulses at low peak power.
This is very valuable in designs with a gain medium of low
saturation power, which occurs when compactness is a
primary requirement. In addition to its high nonlinearity,
chalcogenide glass is also transparent in the midinfrared
(mid-IR), and thus a laser design similar to the one pre-
sented here could be used for the fabrication of mid-IR
lasers. For example, the chalcogenide fiber could be used
not only for NPR, but also as a gain medium via four-wave
mixing or the Raman effect. Another option consists of
doping the chalcogenide glass (e.g., Cr?*/Fe®* /Tb3*)
to provide gain [10,11]. Such a compact laser source could
be used in applications including spectroscopy [12], sen-
sing [13], or Raman amplification and low-coherence
interferometry in the noiselike pulse regime [8].
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Figure 1 shows a schematic of the fiber ring laser. It
comprises an erbium-doped fiber amplifier (EDFA), a
segment of Asy;S; fiber, two polarization controllers
(PCs), and a polarizer. A coupler O; extracts 1% of the
power out of the loop for monitoring purposes. The
AssS; fiber has a length L, = 19.5 cm with a fiber non-
linear parameter y = 0.16 W-'m~!, a material dispersion
coefficient s o5 = —522 ps~! /km, and a numerical aper-
ture NA = 0.23. NPR takes place in that short segment of
fiber having a y parameter ~1000 times that of standard
silica fiber. The As,S; fiber is pigtailed to standard silica
fibers using UV-cured epoxy, with a total insertion loss of
4.5 dB due to Fresnel reflection and mode mismatch.
However, the mode mismatch could be completely elimi-
nated with an appropriate adjustment of chalcogenide fi-
ber core radius. In this case, it is expected that the
insertion loss could be reduced down to the Fresnel
losses, that is, 0.54 dB from n,.5 = 2.4.

The EDFA is composed of ~10 m of erbium-doped
fiber, with a material dispersion coefficient fseqm =
5 ps?/km. The EDFA has a built-in isolator that conveni-
ently ensures self-starting of the laser cavity [6]. The PCs
are adjusted until self-pulsation occurs, in which case the
round-trip losses for the continuous-wave (CW) light
become higher than for the pulsed light. Figure 2 illus-
trates the mechanism of NPR along the pulse profile,
which after passing through a polarizer leads to pulse
shortening.

Fig. 1. Schematic of the As,S; fiber ring laser and its
polarization states.
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Fig. 2. (Color online) Illustration of the mechanism of NPR
and filtering by the polarizer. (a) Initial power profile with linear
polarization at angle a. (b) Power through polarizer. (c) Polar-
ization state along the pulse profile, after NPR. (d) Polarization
axis of the polarizer at angle a + 7 /2.

A proper adjustment of the PCs leads to self-pulsation,
spawned by NPR. The repetition rate of the laser is
10.42 MHz, which corresponds to a cavity length L; =
19.9 m. Two different regimes are observed, each with
its own spectral and temporal properties. The first regime
has a typical solitonic spectral shape including side-
bands, typical of fiber lasers with average anomalous dis-
persion, and will be referred to as the solitonic regime.
Appearing with a different PC adjustment, the second
regime has a wider and flatter spectrum, without
sidebands.

Figure 3 shows the spectrum in the solitonic regime,
centered at a wavelength of 1560 nm. Sharp sidebands
are present, as a consequence of the spectrum superpo-
sition between solitons and dispersive waves. Sudden
variations of both the dispersion coefficient and the non-
linearity, as well as sudden variations of the pulse power
due to an imperfect coupling, prevent the soliton from
adapting adiabatically [14]. Apart from the peak at
1558 nm which corresponds to a copropagating CW sig-
nal, the sidebands are relatively strong [15]. This is a
good indication that the minimal pulse width has been
reached, itself determined by a small average anomalous
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Fig. 3. (Color online) (a) Fiber laser spectrum operating in a

solitonic regime. (b) Operation in a regime of noiselike pulses.
Subplot: photodiode response at output O;.
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dispersion in the cavity. Linearly chirped 1 ps long pulses
with an energy of E; = 37 pJ are measured with the fre-
quency resolved optical gating device. With sufficient dis-
persion compensation, the pulses could be recompressed
down to 340 fs, while leaving no residual chirp.

From the spectrum of Fig. 3, both the average second-
and third-order dispersion terms can be inferred. Accord-
ing to [4], the Nth sideband position in a solitonic regime
is determined by the dispersion terms S5 and fs, the pulse
width z, the cavity length L, and the frequency offset to
the central pulse wavelength Aw:
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By solving Eq. (1) for each discernible N, the optimal
parameters for the second- and third-order dispersion,
plus the pulse width, are calculated using a nonlinear
conjugate gradient algorithm. Applied to this setup, we
obtain 7 =3261fs, (Bsassisiica) = —7.6 ps®/km, and
B3 = 0.03 ps®/km. Figure 4 compares the experimental
results with the best fit obtained out of Eq. (1). It must
be pointed out that a more accurate value of f3 could be
obtained by making a fit of several measurements with
varying cavity lengths.

Moreover, the information carried by the sidebands
can be exploited by comparison with a similar setup, ex-
cept for the absence of the chalcogenide fiber. The aver-
age second-order dispersion term is readily obtained for
that second cavity, and takes into account the dispersion
in the EDFA, and in the silica fiber segments for a total
of (Bosilica) = —12.80 ps?/km. From Eq. (2), it is therefore
straightforward to derive an expression for the second-
order dispersion of the As,Ss fiber:

(Bositica) Lz + (Bo.ass) e = (B2 asstsitica) Lo @)

with L, = 19.7 m the cavity length of the second cavity.
In agreement with the expected values [16], we evalu-
ated (ﬁZ.ASS) = 5173 psz/km.

The noiselike pulse regime provides a wide spectrum
that stretches with respect to the PC tuning, as shown
by the dotted line of Fig. 3. As can be observed on the
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Fig. 4. (Color online) Sideband positions for both cavities. The
second-order dispersion basically determines the slope of the
squared wavelength offset to the pulse center. The small discre-
pancy visible at the first sidebands is due to the relatively short
pulse duration 7, of Eq. (1).
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Fig. 5. (Color online) Autocorrelation of noiselike pulses.

autocorrelation trace for this regime on Fig. 5, no struc-
tured pulse can be retrieved from that regime, but rather
noise at a femtosecond scale inside a picosecond envel-
ope [17]. The temporal envelope of these noiselike pulses
is of 45 ps.

The large bandwidth observed is a consequence of this
pulse pattern, while its smooth profile is due to the fact
that the spectrum analyzer performs an averaging over
many spectra of these noiselike pulses. The origins of this
regime are still unclear [17]. However, the relatively high
energy F, = 3 nJ of these noiselike pulses is interesting
in comparison with Q-switching. Noiselike pulses are
present at the repetition rate of the cavity, while Q-
switched pulses usually have a less stable and lower
repetition rate.

Passive mode-locking via NPR was achieved in a chal-
cogenide fiber, leading to picosecond chirped pulses.
Two different regimes could be observed. As expected
in anomalous dispersion, a solitonic regime with side-
bands was observed, providing information about the
average dispersion in the cavity [4].

In this work, we use the information carried by these
sidebands to derive an accurate value of the material dis-
persion coefficient (fs oss) in the chalcogenide fiber. Be-
cause of the low level of dispersion involved, this can
hardly be achieved with other methods that require sig-
nificant power levels or require the single-mode condi-
tion [18,19]. We note that the high normal dispersion
of AsyS3 compensates by 40% the average dispersion pro-
vided by the silica fiber portion of the ring cavity. Further

optimization of the cavity by reduction of the silica fiber
will lead to shorter pulses.
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