the fundamental (HE, ) modes, and the second-order (TEy;, HE;,
and TM,,) modes, The dips migrate toward shorter wavelengths
as the strain increases, but the quality of the resonances is main-
tained.

Analysis of the mode [ields and the perturbation induced by the
{flexural acoustic wave shows that coupling to the azimuthalty
symmictric modes (TEy and TM,,) is polarisation dependent,
whereas coupling to the degenerate pair of HEy; modes is not [6].
This featvre is confirmed in Fig. 2, where the atlenuation level of
the TEy, and TMjg, peaks is in all cases ~3dB whereas attenua-
tions as high as L8dB are obtained for the HE,; peak.

Fig. 3 gives the centre wavelengih of the three peaks as a func-
tion of the mass, for three different frequencies. A shift over a
500nm range is shown. This shows how strain can be used as a
tuning parameter as well as to compensate for changes in fre-
quency. For small strain values, the slope is ~75 nm/me, decreas-
ing slightly as the operating frequency increases.

Theoretical calculations of the resonance wavelengths using
exact electromagnetic theory are included in Fig. 3, and excellent
agreement with experimental data is confirmed. The calculations
take into account the I, and A dependence upon strain, as well as
the non-Hookean behaviour of fused silica [8]. One result where
no dependence of Young’s modulus upon strain is assumed is also
shown in Fig. 3. An increasing deviation [rom the experimental
dala is observed as the mass increases, highlighting the signifi-
cance of the non-Hookean behavior of fased sifica.

Conclusions: In this Letter, a systematic study of strain effect on
tapered fibre acousto-optic {ilters has been reported. High strain
sensitivity (75nm/me) and wideband (> 500nn) strain induced
tunability have been demonstrated.
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Mode-partition noise in fibre lasers

Z.M. Liao and G.P. Agrawal

The presence of mode-partition noise in an erbivm-doped fibre
taser has been experimentally demonstrated. A numerical model
has been developed wsing the Langevin rate cquations. Iis
predictions are in qualitative agreement with the expetimental
data.

Introduction: Mode-partition noise has been observed in a variely
of lasers including semiconductor lasers [1 — 3], gas lasers [4], and
dye lasers [5} In semiconductor lasers, mode-partition nois¢ ariscs
from competition among multiple longitudinal modes. Mode-par-
tition noise can also occur when the cavity design forces counter-
propagating modes to compete for the same pain. In particular,
bidirectional-ring dye lasers have been found to exhibit random
on-off switching between the two counter-propagating modes of
the cavity such that whenever one mode turns on, the other turns
off completely [5]. This phenomenon is atiributed to the strong
mode coupling that can accur in a homogencously broadened gain
medium [6]. Fibre lasers are made using silica fibres the cores of
which are doped with rare-earth ions, together with other codo-
pants such as aluminium and germanium. Depending on the pro-
porlion of codopanis, the gain spectrum of fibre lasers can be
dominated by homogeneous or inhomogencous broadening [7]. Tn
this Letter, we present expetimental evidence for mode-parlition
noisc in fibre lasers. We have also developed a theoretical model,
based on the Langevin rale equations, the predictions of which
agree well with our expetimental rosults.

photoreceiver 980 pump light

erbium-doped fibre

Y N
output E%Q E%s WDM
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photorecaiver 42471

Tig. 1 Experimental sctup used to observe mode-partition noise

power, m\W
N
;
.

Fig, 2 Ouiput powers in clockwise and counter-clockwise directions
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FExperiment: The ring-cavity ol our fibre laser (see Fig. 1) con-
sisted of ~7.2m of crbium-doped fibre and 11.1m of standard
fibre, resulting in a total cavily length of ~18.3m [8]. A 980nm
pump laser (Lasertron QLLM9S470) injected light through a 980/
1550nm WDM coupler; it coupled ~95% of the pump light into
the cavity. The oulput coupler transmitted ~10% of the bidirec-
tional circulating poweis per round trip. Each end of the output
coupler was connected to a large-area germanivm photoreceiver
(New Focus Model 2033). Temporal evolution of the photore-
ceiver signals was monitored using an oscilloscope. Since we did
not use an intracavity isolator, the laser emitted light in both the
clockwise and counter-clockwise directions.

[ig. 2 shows the output powers for the two dircctions when the
laser was pumped 3.6 times above its threshold. The two modes
were found to be almost perfectly anticorrelated; an increase in the
power of the one mode corresponded to a decrease in the other,
The sum of the powers remained nearly constant, excepl lor small
fluctuations occurring al the relaxation oscillation frequency (=
29kHz). The individual powers on the other hand fluctuated on a
rather slow time scale (~0.1s), These fluctuations are due to mode-
partition noisc induced by cross-gain saturation. This interpreta-
tion is confirmed by the following theoretical model.

t.4
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Fig. 3 Numerical simulation of ouiput powers in clockwise and counter-
clockwise directions

() clockwise

{ii) counter-clockwise

Theory: We use the standard three-level rate-equation model but
simplily it by assuming rapid transfer of the pumped population
1o the exciled state, The resulting rate equations with added Lan-
gevin noise terms can be written as [9]

ﬁl :(BN-—"/)PI'}‘RSQJ"'F]('E) (J')
Py = (BN — )Py + Ry + F(t) (2)

N =W,(Ng — N} — 2(P + P)BN — (N + Ny)/Ty (3)

where P| and #; are the number of photons in the co- and coun-
ter-propagating modes, respectively, and A represents the popula-
tion-inversion level. The cavily-decay rale y is related to the
photon lifetime 1, as ¥ = 1/1,. The ratc of spontaneous emission is
taken to be Ry, = n, BN, where ny, is Lthe inversion parameter, and
B is related to the rate ol stimulated emission. [n eqn. 3, W, is the
pump rate, Ny is the total number of dopants, and 7; is the fluo-
rescence time, The coupling between £ and Py is solely due to
cross-gain saturation resulting (rom gain sharing,

The Langevin noise sources F,(f) and Fy(2) are responsible (or
fluctuations in P; and P, respectively, They vanish on average
{F()) = 0). Assuming noisc 10 be Markoflian (white noise), we
use [9]

(T8 Fy(t)) = 2Dyb(t — 1) {4)

where 4, j = 1, 2, The diftusion cocfficient is related to the rate of
spontancous cmission as follows:

Dy = Egppl Dzz - Hsppz D]‘E =0 (5)
where P) and P, are the average steady-state values.

The stochastic rate equations, eqns. 1 — 3, are solved numeri-
cally using parameter values appropriale to our fibre laser (a noisc
figure of 3.4dB corresponding to s, = 1.1 is assumed). Fig. 3
shows a 3s section of the time series simulated numerically. Com-
paring Figs, 2 and 3, we sce that our model reproduces all quali-
tative  features ol the mode-partiion noise  observed
experimentally. This agreement confirms that the anticorrelation
seen in Fig. 2 has its origin in cross-gain saturation.

Discussion: We have experimentally observed mode-partition noise
in a libre laser. We have developed a ratc-cquation model that is
capable of reproducing the experimentally observed hehaviour.
We did not observe complete on-off swilching similar to that
observed in dye lasers [5]. We believe that the inhomogeneous
broadening of the gain spectrum in our fibre laser leads to weak
made coupling, Ft is well known that codopants such as alumin-
inm can make the gain spectrum ncarly homogencously broad-
ened. Such [ibre lascrs may exhibit complete on-off switching.
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Real-time optical spectrum analyser based
on chirped fibre Bragg gratings

N.K. Berger, B. Levit, A. Bekker and B. Fischer

A real-time fibre optic spectrum analyser for optical pulses is
realised. It is based on a chirped Nbre Bragg grating and the
formation of a time domain analoguc of the Fraunhofor
diffraction regime. The spectrum of a modelocked diode laser was
measured, with a resolution of 03nm, which can be casily
improved to 0.061m.

Introduction: 'Wo demonstrate a fibre optic spectrum analyser
which is based on a chirped fibre grating, and the formation of a
time domain analogue of the Fraunhofer diffraction regime, where
a light pulse is transformed, in real time, into its Fourier image.,
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