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ABSTRACT

In this paper, an all-fiber Brillouin laser ring cavity using a 3-m-long suspended-core chalcogenide AssgSegs fiber
is reported for the first time to our knowledge. For a nonresonant ring cavity with no servo-locking, a laser
threshold power of 37 mW and an efficiency of 26 % were obtained for a fiber having a core diameter of 5 pm.
The linewidth of the Brillouin fiber laser and the pump laser were respectively measured to be below 4 kHz,
the resolution of our autocorrelator, and 250 kHz, thus showing the linewidth-narrowing nature of the Brillouin
laser. This result paves the way to compact Brillouin lasers with low threshold power and good spectral purity.
A full experimental Brillouin characterization is also reported. We measured a Brillouin gain spectrum of 14.2
MHz, a Brillouin gain coefficient of 5.6x10~% m/W and a Brillouin frequency shift of 7.95 GHz in our fiber.

Keywords: Stimulated Brillouin scattering; chalcogenide fiber; Brillouin gain coefficient; Brillouin gain spec-
trum; suspended-core fiber; Brillouin fiber laser.

1. INTRODUCTION

Although stimulated Brillouin scattering (SBS) in optical fiber is a penalizing nonlinear effect in optical commu-
nication systems,! it is possible to make good use of SBS in other applications such as in optical amplification,?
optical sensing,® slow light generation? and Brillouin fiber lasers (BFLs).? Silica-based optical fibers are often
used for these applications. However, due to the relatively small Brillouin gain coefficient gp of 4x1071 m/W
in silica,® optical fibers of several kilometers or pump power of several hundred milliwatts are required to reach
Brillouin threshold.®

One approach to make low-power consuming and more compact devices based on SBS is to use a material with
a higher Brillouin gain coefficient. SBS has been reported in bismuth,” tellurite,® AsS? and AsSe? ! chalcogenide
bulk fibers with gp of 5x10711, 1.7x1071%, 3.9x10? and 6x10~? m/W respectively. Another approach is to
use fibers with large nonlinear efficiencies. Microstructured optical fibers (MOFs) offer the advantage of having
reduced effective areas, thus ensuring a stronger light confinement of the electromagnetic field in the fiber core
which increasing the nonlinearity of the bulk fiber.?

For our experiment, we have combined both alternatives by using a suspended-core microstructured fiber
made of chalcogenide glass to make a BFL. These lasers have lately attracted much attention for many ap-
plications due to their extremely narrow linewidth.'® Chalcogenide MOFs are an attractive option to make
BFLs. The high Brillouin gain coefficient in chalcogenide fibers, which is 134 times higher than in standard silica
fibers,'0 associated to the small effective area of a suspended-core structure, open the perspective of lower laser
threshold as well as smaller laser cavity length. In 2010, self-phase modulation and 10-GHz four-wave mixing
were demonstrated in a low-loss and ultra-highly nonlinear suspended-core AsSe chalcogenide fiber having a large
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nonlinear coefficient of 31300 W—'m~!.'* Cascaded Raman wavelength shifting up to the fourth order ranging
from 2092 to 2450 nm was also demonstrated in those fibers in 2011.1° Concerning Brillouin effects in MOFs, the
gp in a MOF made of GeSbS chalcogenide fiber was measured to be 8x1071% m/W16 and a gp of 5.91 x10~°
m/W was predicted through theoretical simulation in a microstructured As;Ses chalcogenide MOF having a
2-pm hole-to-hole pitch and a 0.5-um hole diameter.!” But, to our knowledge, no BFL based on chalcogenide
MOF's have yet been mentioned in the literature.

In this paper, we will report, for the first time to our knowledge, a Brillouin fiber laser made of chalcogenide
microstructured optical fiber. Using a 3-m-long AsszgSegs fiber having a suspended-core structure with a 5-pm
core diameter, a low threshold of 37 mW was obtained for nonresonant pumping with a noise reduction in terms
of relative intensity noise and frequency noise as compared to the pump source.!® The article is organized as
follows. First, the fabrication process of the fiber is described in the section 2. Section 3 is dedicated to the
experimental characterization of stimulated Brillouin scattering (SBS) in these fibers. Finally, a BFL made of
chalcogenide MOF is presented in section 4 and its noise performances are discussed in section 5.

2. SUSPENDED-CORE CHALCOGENIDE FIBERS

The AsSe suspended-core fiber (figure 1) used in this paper is prepared with high purity glass. An AssgSege glass
rod is previously purified thanks to several synthesis steps using a small amount of oxygen and hydrogen getter.'?
Then, the preform is prepared by using a casting method.?° The chalcogenide glass is heated around 500 °C and
flowed into a silica mould which contains aligned silica capillaries. This method enables the realization of low
loss fibers. During the drawing step, the hole sizes are adjusted by applying a positive pressure in the 3 holes
of the preform.?! With a suspended-core structure, the fiber contains 3 holes around a solid core as shown in
figure 1. The external diameter of the AsSe suspended-core fiber is 240 pym and the core diameter d is 5 pm.
The mode effective area was estimated to be around 13 ym? and the fiber losses o were found to be 1 dB/m at
1.55 pm.

Figure 1. Transverse section of the AsSe suspended-core chalcogenide fiber

3. BRILLOUIN GAIN COEFFICIENT AND BRILLOUIN GAIN SPECTRUM IN A
SUSPENDED-CORE CHALCOGENIDE FIBER

The experimental setup used to determine the Brillouin gain coefficient of the AsSe suspended-core chalcogenide
fiber is detailed in figure 2. A commercial DFB fiber laser from NKT photonics, Koheras, having a spectral
linewidth of around 1 kHz and emitting at 1551.6 nm, was used as pump laser (PL). This pump signal was
amplified to 23 dBm thanks to an erbium doped fiber amplifier (EDFA) and injected into the fiber via the port 2
of an optical circulator. A variable attenuator and a 90/10 coupler were also included in the experimental setup,
which allowed variation and monitoring of the power injected in the chalcogenide fiber. The backscattered light
from the fiber is collected at the port 3 for analysis. An optical spectrum analyzer (OSA) with a resolution of
10 MHz was used to measure the intensity of the Stokes component for different pump powers.

Figure 3(a) shows the optical spectrum of the backscattered signal obtained on terminal 3 of the circulator
for 20 dBm of pump power. The peak observed at 1551.4 nm represents the Fresnel-reflected pump signal at
the entry facet of the chalcogenide fiber caused by the large refractive index of 2.81 of the chalcogenide glass.
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Figure 2. Experimental setup used for Brillouin characterization in AsSe suspended-core fiber

The second peak, redshifted by 0.0636 nm (-7.95 GHz) with respect to the pump signal, corresponds to a first-
order Stokes Brillouin component generated in the chalcogenide fiber. The third peak on Figure 3(a) is the
back-reflected second-order Brillouin wave generated when the injected power exceeds 150 mW.
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Figure 3. (a) Optical spectrum of the backscattered light from terminal 3 of the circulator (b) SBST measurement

In order to determine the SBS threshold power (SBST) and gp, the backscattered power of the Brillouin
component for different injected powers are plotted in figure 3(b). In fact, the SBST in an optical fiber is defined
in various ways in the literature. One can arbitrarily define the SBS threshold power to be the pump power for
which the backscattered Stokes power, Psiores is equal to some fraction p of the pump Ppypmyp such that Psiopes
= f1 X Pyump. Definitions with p =0.012224 are often used in articles. For this paper, we have fixed p = 1616 to
be able to compare our results with those given in the literature. Based on this latter definition, a SBST value
Py, of 45 mW was measured for our fiber.

The Brillouin gain coefficient, gg, can be determined from the SBS threshold power using the small-signal
steady-state theory of stimulated Brillouin scattering® :

Acsy
Py~ 21— 1
S Lerrgn K L



where Acys is the effective area, K a constant that depends on the polarization properties of the tested fiber
(K=0.5 for a standard single mode fiber and K'=1 for a polarization maintaining fiber) and L.y is the effective
interaction length in our 3-m-long fiber (L = 3 m) given by Lesf = 1/a[(1—e~*L)]. Our fiber has an o = 1 dB/m,
thus leading to an effective length of 2.16 m. We have calculated a gp of 5.6x10~2 m/W for the suspended-core
chalcogenide fiber. This value is compared to results published in the literature in table 1. We can notice that the
gp of a suspended-core AsSe chalcogenide fiber is two orders of magnitude higher than that of fused silica® and
slightly less than in a bulk chalcogenide fiber. This difference can be explained by the suspended-core structure
and by the definition of the Brillouin threshold used in these articles.

Table 1. Brillouin gain coeflicients measured in different chalcogenide fibers and in fused silica fiber at 1.55 pm

Parameters | Silica (Agrawal)® | AsS (Florea)® | AsySes(Abedin)I® | AsySes(Florea)® | AsssSesa( FOTON)
n 1,47 2.45 2,81 2,81 2,81
Acrr (um?) 67.8 13.9 39.4 63.1 13
a (dB/m) 0.001 0.57 0.84 0.90 1.0
g5 (W/m) 4.40E-11 3.9E-9 6.1E-9 6.75E-9 5.50E-9
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Figure 4. (a) Example of a Brillouin Gain Spectrum below threshold using a heterodyne detection. (b) Brillouin spectrum
linewidth as a function of injected pump power.

A complement to the above characterization could include spectral characterization of the Brillouin Gain
Spectrum (BGS) to quantify the Brillouin frequency shift, linewidth and gain shape. Several methods to measure
the BGS are mentioned in the literature.?®26 A direct method to obtain the BGS in optical fiber is by using
a heterodyne detection.?” This approach consists in interfering the pump wave with its generated Stokes wave,
and subsequently converting the beat signal into the electrical domain, by means of a photodiode (PD) coupled
to a low noise transimpedance amplifier (LNA), where it is resolved using an electric spectrum analyzer (ESA).
The electrical signal spectrum reproduces the optical spectrum of the Brillouin signal with a higher resolution.
In our case, the Fresnel-reflected pump signal at the entry facet of the chalcogenide fiber is used as a local
oscillator for the heterodyne detection and is mixed with the backscattered Brillouin signal from the port 3 of
the circulator. The measured BGS corresponding to an injected power of 25 mW is depicted on figure 4 (a).
This experimental plot presents a Lorentzian spectral profile?® centered around 7.95 GHz, the Brillouin shift vg
in our fiber. The curve can be fitted with a Lorentzian function from which a FWHM of 21.8 MHz for the BGS is
obtained. Increasing the injected power in the chalcogenide fiber leads to a narrowing of the SBS gain linewidth
to a constant value, the linewidth of the spontaneous Brillouin scattering Avg (as shown in figure 4(b)). This
value, 14.2 MHz for our fiber, is slightly larger than the 13.5 MHz measured for a bulk fiber by Abedin et al,'°
and can be explained by the presence of the air holes in the fiber.2:30 It is worth noting that since the pump



laser linewidth (& 1 kHz) is much smaller than the measured 3-dB BGS linewidth (= 14 MHz), we can consider
that the beating between the pump and the Stokes waves correspond to the 3-dB Brillouin gain linewidth. If
not, a convolution correction must be taken into account. The gg of the suspended-core AsSe chalcogenide fiber
can also be calculated from the 3-dB BGS linewidth using the following equation®! :

7,2
2mn ' piy

_— 2
cpoAEAVEV, (2)

9B =
where p12 is the longitudinal elasto-optic coefficient, A, the pump wavelength, ¢ the vacuum velocity of light, pg
the density of the material and V, the acoustic velocity. Taking Avg = 14.2 MHz, and also the published values
of n = 2.81, pg = 4.64 x 103 kg/m3, V, = 2250 m/s, p12 = 0.266, a g of 5.75 x10~% m/W is calculated for our
fiber. This value corresponds to the gp of 5.6 x10~% m/W measured using the SBST value.

4. BRILLOUIN FIBER LASER MADE OF SUSPENDED-CORE CHALCOGENIDE
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Figure 5. Experimental setup used for the Brillouin fiber ring laser

A compact Brillouin fiber ring laser was also made by using the 3-m-long fiber. The same experimental
setup explained earlier was used. In this case, the ring cavity was obtained by connecting the terminal 3 of the
circulator to the output facet of the chalcogenide fiber as shown in figure 5. The output of the BFL is extracted
with a 10 % fiber coupler. The remaining 90 % is fed back into the cavity. This particular design of the BFL
cavity with a circulator allows free propagation for the Stokes waves to perform multiple roundtrips, while the
pump performs only a single roundtrip. The main advantage of this cavity over a conventional ring-resonator
cavity'® 32 is that there are no resonant conditions for the pump, and thus, no need to servo-lock it with a
feedback loop.

The Brillouin gain depends on the relative polarization between the pump and the Stokes wave since it
originates from their coherent mixing. Our fiber being not polarization-maintained, a polarization controller was
inserted into the cavity to ensure that the polarization of the pump is kept parallel to that of the Stokes wave
thus yielding maximum Brillouin gain.33

The total cavity length of the ring laser is set to about 5 meters so that the free spectral range (FSR) of the
ring cavity is less than the Brillouin gain bandwidth in the fiber. This results in only one single longitudinal
mode Stokes wave oscillating in the ring cavity. The total round-trip losses, which include transmission losses in
the chalcogenide fiber as well as the coupling losses, are estimated to be around 12 dB.

Figure 6 shows the Brillouin laser output power as a function of the pump power. Pump power was measured
thanks to a coupler inserted between the EDFA and the circulator and Brillouin laser output was measured at
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the 10 % port of the 90/10 coupler. As shown in figure 6, the output power is proportional to the pump power
as expected. The BFL obtained with the AsSe fiber exhibits a low threshold of 37 mW for single pass pumping
and converts the pump to the first-order Stokes wave with an efficiency of 26 %. The same experiment was
performed using another suspended-core AsSe fiber having similar characteristics (length, losses) but having a
smaller core diameter of 4 ym. This time a lower threshold of 22 mW was obtained.

A self-heterodyne detection technique, shown in figure 6(c), was set up using an unbalanced Mach-Zehnder
interferometer to measure the linewidth of the Brillouin fiber laser.3* The output signal from the fiber laser
is injected into an acousto-optic modulator (AOM) with a carrier frequency of 200 MHz generated by a RF
synthetiser. The first order, shifted at 200 MHz, and the delayed zero order are combined and detected by a
photodiode associated to a RF electrical amplifier. The beat RF signal is measured using an ESA. A polarization
controller (PC) has also been included in the setup to maximize the beat signal. A 50-km optical fiber delay line
was used, which corresponds to a delay time of 240 ps (resolution of 4 kHz). The self-heterodyne spectra of the
AsSe BFL and the pump laser are illustrated on figure 6(b). Based on the oscillatory shape of the spectrum,?
thus suggesting that the length of the delay line used is too short to decorrelate the self-heterodyne beat signal.
We can therefore conclude that the laser linewidth is less than 4 kHz.

5. NOISE PERFORMANCES OF THE BFL

The relative intensity noise (RIN) and the frequency noise of the BFL were also measured. Figure 7(a) shows
the RIN of the BFL obtained using the method described by Poette et al.3® with a noise measurement limited
to 10 MHz due to the bandwidth of our low-noise transimpedance amplifier. The RIN of the pump source (PL),
which includes the noise and the pump laser and that of the EDFA, was also included on the same plot for



comparison. The RIN of the PL presents a classical behaviour: an excess noise for frequencies up to 10 kHz
brought by the EDFA followed by a peak due to the relaxation oscillation frequency (ROF) at 150 kHz and by
a decrease at higher frequencies. This ROF peak is transferred to the BFL with an overall noise reduction of
about 5 dB. However, an excess of intensity noise for the BFL is measured for frequencies above 3 MHz. It is
also worth noting that the BFL is very sensitive to environmental noise as illustrated by the multiple noise peaks
in the BFLs spectra for low frequencies (10° Hz - 10* Hz).
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Figure 7. (a) Relative intensity noise spectra for (i) the pump laser source (ii) BFL (b) Frequency noise spectra for (i) the
pump laser source (ii) BFL .

The frequency noise of the AsSe BFL (figure 7(b)) was also measured with the same setup illustrated in
figure 6(c). This time, a delay length Ly of 338 m, which is less than the coherence length of the laser, was
used. The system functions in coherent mode and the fluctuations of the frequency of the laser is measured by a
signal source analyzer (R&S FSUPS). The frequency noise spectra of the PL was also added on the same plot.
As mentioned earlier, the BFL is very sensitive to environmental noise; this results in an important frequency
noise contribution for frequencies below 5 kHz. This is, however, not the case for the Koheras PL since it is
properly packaged making it insensible to thermal and acoustic variations. However, for frequencies above 5
kHz, around 6 dB frequency noise reduction compared to the pump laser is observed as theoretically predicted?”
and experimentally demonstrated® in silica BFLs.

6. CONCLUSIONS AND PERSPECTIVES

Stimulated Brillouin scattering in a suspended-core AsSe chalcogenide fiber, having a core diameter of 5 pum,
was experimentally studied. A Brillouin shift of 7.95 GHz, a Brillouin gain coefficient of 5.6x10™° m/W and
a 3-dB Brillouin linewidth of 14.2 MHz were measured. A compact, single-frequency Brillouin fiber laser was
obtained using a 3-m long sample of our fiber. The linewidth of the BFL was measured to be below 4 kHz, the
limit of resolution of our self-heterodyne measurement, thus demonstrating the very good spectral purity of the
laser. The BFL had a threshold for as low as 37 mW with an efficiency of 26 % for nonresonant pumping. This
threshold was lowered to 22 mW for a BFL made of a fiber with a smaller core diameter of 4 ym. Moreover, this
laser exhibits excellent noise properties; a relative intensity noise and frequency noise reduction as compared to
the pump laser noise was measured for the BFL. BFLs operating at submilliwatt threshold power can even be
achieved by the use of reported AsSe MOFs with smaller effective area and equivalent linear losses (1.15 pum?
and 0.9 dB/m)*® 39 or by resonant pumping of the fiber cavity, provided a Pound-Drever-Hall frequency-locking
technique is used.*°
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