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Fig. 5 Temperature dependence of light output
Device length: 120um

These measured characteristics demonstrates the potential of the
proposed EXSAS-LDs in forming low threshold laser arrays. The
laser structure has not yet been fully optimised, however, excellent
characteristics have been already achieved.

Conclusion: A new type of low-threshold laser array, the EXSAS-
LD array, which has submicrometre-wide bulk active stripes, was
proposed and fabricated by selective  MOVPE. A uniform
17channel array with average threshold of 3.5mA was demonstrated.
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High-accuracy measurement of the
linewidth of a Brillouin fibre ring laser

J. Boschung, L. Thévenaz and P.A. Robert

Indexing terms: Stimulated Brillouin scattering, Fibre lasers, Ring
lasers, Laser linewidth, Laser variables measurement

A high resolution spectral analysis of the emission of a stimulated
Brillouin scattering fibre ring laser has been performed,
demonstrating the single frequency operation of such lasers and a
3Hz emission linewidth.

Introduction: Increasing interest in stimulated Brillouin scattering
(SBS) in optical fibres has led to great efforts to develop SBS fibre
ring lasers and study their spectral properties [1]. Promising appli-
cations in the field of optical fibre laser gyros {2] and tunable
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microwave beat signal generation [4] have been reported. Stimu-
lated Brillouin scattering (SBS) is a nonlinear inelastic process that
occurs in optical fibres at a much lower pump power than most
other nonlinear effects. It leads to amplification of a backward-
propagating Stokes wave shifted in frequency by v, = 2aV/A.
where ¥, is the acoustic velocity within the fibre, # is the refractive
index and A the wavelength of the incident lightwave. Laser emis-
sion using SBS can be achieved in an all singlemode fibre resona-
tors and the low round-trip loss leads to a threshold pump power
in the submilliwatt range [4]. The generated Stokes wave is
expected to be highly coherent and a 30Hz linewidth has been
reported [3]. Nevertheless true single frequency operation has not
been clearly shown to date.

In this Letter we demonstrate single-frequency operation of a
Brillouin fibre ring laser, even though many cavity modes lie
under the Brillouin gain curve and may thus potentially give rise
to laser emission. The free-running linewidth of this laser was
measured in the Hertz range. This is to our knowledge the most
accurate measurement performed to date on such lasers.
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PZT: piezoelectric fibre stretcher, SMC: singlemode fibre coupler with
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Laser description: The SBS laser ring resonator is made of a 2§ m
standard singlemode fibre (9um core diameter) spliced to a sin-
glemode coupler with a 3% coupling ratio, as shown in Fig. 1. The
resonator free spectral range (FSR) is 6.9MHz with a finesse of
80. The pump laser is a 1319nm single frequency Nd:YAG laser
with a 100kHz linewidth. The fibre ring resonator length is tuned
using a PZT stretcher, so that it is kept in resonance with the
pump laser light. The threshold for SBS emission is reached for a
0.4mW pump power in the resonator input fibre and a laser line is
observed 12.8GHz below the pump laser frequency. The maxi-
mum power launched into this fibre exceeds 10mW, so that the
generation of successive Stokes waves is possible up to the fourth
order, a sufficiently intense Stokes wave pumping the next order
Stokes wave above threshold. Even order Stokes waves are
copropagating with the Nd:YAG pump light in the resonator,
while odd order waves are contrapropagating, sc that even and
odd order Stokes waves have a distinct output fibre.
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Fig. 2 Beat signal between first Stokes wave and tunablz Nd:YAG laser,
showing SBS laser sidemode amplitude

Sidemode measurement: The single frequency operation of the SBS
laser was first checked. This was achieved using a second
Nd:YAG laser, tunable over more than 30GHz, so that its light
can beat with the SBS laser output, as shown in Fig. 2. The differ-
ent frequency components are each separated by one FSR. The
major peak corresponds to the beat note betwesn the tunable
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Nd:YAG and the SBS laser lines. Sidemode beats are 50dB below,
corresponding to a nearly 100dB intensity sidemode suppression
ratio.

Linewidth measurement: The measurement shown in Fig. 2 pro-
vides no information about the coherence of the SBS emission,
because the 100kHz linewidth of the tunable Nd:YAG laser is
much larger than the expected Stokes linewidth. This information
was obtained by analysing the beat note between two Stokes
waves of different order, because they are uncorrelated and their
linewidths are equally narrow. The major issue is the 12-13GHz
beat frequency, making difficult a highly accurate linewidth meas-
urement with affordable instrumentation. However this beat fre-
quency can be arbitrarily decreased by optically modulating one of
the Stokes waves, so that one of the modulation sidebands is close
in the optical spectrum to the other Stokes wave. This was
achieved using a guided-wave electro-optic intensity modulator
with a bandwidth in excess of 12GHz.
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Fig. 3 Experimental setup used to measure linewidth of SBS laser
shown in Fig. 1

M: monochromator, EOM: guided-wave electro-optical modulator,
SMC: singlemode fibre coupler

Fig. 3 shows the experimental setup used to measure the SBS
laser linewidth. The power of the pump YAG laser is set, so that
the second Stokes wave is above threshold. The remaining pump
light is entirely filtered out from the copropagating second Stokes
wave using a monochromator with a 0.1nm resolution, because
their frequency difference 2v, = 25GHz corresponds to a 0.17nm
wavelength difference at 1319nm. The filtered light is then modu-
lated using the intensity modulator driven by a microwave signal
generator. The frequency of the generator is set close to vy, so that
the frequency difference between the upper sideband of the modu-
lated second Stokes wave and the first Stokes wave is below
100kHz. The resulting beat signal therefore lies in the low fre-
quency range and can be analysed with an arbitrary resolution
using an FFT analyser.
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Fig. 4 Spectrum of beat note between first Stokes wave and upper side-
band of modulated second Stokes wave

The multiple peak pattern is due to the optical line drift during the 2s
measuring time

Results: Fig. 4 shows the spectrum of the beat signal between the
first Stokes and the upper sideband of the modulated second
Stokes. The 3Hz linewidth is five orders of magnitude narrower
than the pump laser linewidth. A slow 200Hz drift of the beat sig-
nal is observed in a'minute time scale, due to fluctuations of the
pump laser frequency v,. This corresponds to a 3.5MHz pump
frequency drift, according to the scaling relation 8v,,, /vy = 8vy/v,,
where v, is the Brillouin Stokes shift. This drift prevents us from
measuring the ultimate Brillouin linewidth that should lie in the
subhertz region.
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By increasing the pump power even further, the threshold of the
third Stokes wave is reached, and the lower sideband of the modu-
lated second Stokes can beat with the third Stokes, as shown in
Fig. 5. The two beat frequencies are not identical owing to the
fibre chromatic dispersion that changes the cavity optical length.
However an 800Hz beat frequency difference was expected from
calculations, which is much less than the 1.8kHz experimental
value. This discrepancy can be explained by either an enhanced
dispersion in the coupler, or the presence of the Kerr effect [5] and
mode pulling [6] in the cavity.
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Fig. 5 Beat signals between first Stokes and upper sideband of modu-

lated second Stokes, and between third Stokes and lower sideband of
modulated second Stokes, showing chromatic dispersion effect
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Optical sampling using nondegenerate four-
wave mixing in a semiconductor laser
amplifier

M. Jinno, J.B. Schlager and D.L. Franzen

Indexing terms.: High-speed optical techniques, Multiwave mixing,
Semicond, optical amplifiers

Picosecond optical sampling using nondegenerate four-wave
mixing in a semiconductor laser amplifier (SLA) is demonstrated
for the first time. High-peak-power pulses and electrical gating of
the SLA produce an optical sampling signal with a high signal-to-
noise ratio.
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