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given time and with a pulse repetition rate such that the pulses are
fundamentally mode locked. This invention relates to optical waveguide
lasers  The value of the pulse energy, which can be ad- and in particular
to soliton lasers.               Justed fora given optical waveguide
laserby adjusting Ultra-fast light pulse sources will be key compo-   5
the pump power, Is not critical. As will be discussed nents in future high
bit rate telecommunications sys-  later a low level pedestal component is
Introduced if tems and soliton pulse sources in particular are rec-  the
energy is too high. ognised as being valuable for long distance high bit
The laser Is preferably arranged as a ring laser. rate systems. A current
requirement is for the gener-  Conveniently, the laser is a mode-locked
laser to form ation of solitons with picosecond optical pulses and   10
initial pulses which then become true soliton pulses. sufficient peak
powers for soliton propagation in the  The method of seeding the pulses is
not an essential 1.55[err] silica optical fibre transmission window.
elementof the presentinvention so othermethods, in- Although soliton pulses
are robust to quite large  cluding self seeding may be used. effects of
both chirp and phase noise, the evolution   The invention is applicable
generally to optical of such pulses inevitably involves the shedding of ra-
15  waveguides, where by optical is meant that part of diation, leaving
behind a less energetic soliton super-  the electromagnetic spectrum which
is generally posed on a continually spreading background compo-  known as
the visible region together with those parts nent. This dispersive
radiation cart give rise to inter-  of the infra-red and ultraviolet
regions at each end of action between soliton bits and thereby limit the
Infor-  the visible region which are capable of being transmit- mation
capacity of the system. The ideal soliton   20  ted bydielectric optical
waveguides such as opticalfi- source, therefore, is one providing
picosecond dura-  bres. tion pulses with temporal, spectral and power
charac-  The invention is of particular application to long teristics
compatible with those of fundamental soliton  distance optical
communications systems which gen- pulses in the transmission fibre.
erally use the 1.5[err] transmission window of silica One method of
generating picosecond pulses is  25  optical fibres. Preferably, therefore,
the optical wave- discussed in an article entitled "Mode-locked erbium-
guide comprises an erbium doped optical fibre which doped fibre laser with
soliton pulse shaping by J. D.  has a highly efficient operation over the
1.52[err] to Kafka, T. Baer and D.W.Hall, Optics Letters 14, N[err]22
1.58[err] wavelength range and is readily coupled to an (Nov 89) pp
1269-1271. Amode-locked erbium doped   optical fibre network. fibre laser
is in the form of a ring laser incorporating   30  It will be appreciated
that other host and dopants a 70m long erblum-doped fibre as the gain
fibre, an  may be employed for use within different transmis- integrated
modulator and a 2km length of telecommu-  sion windows of other networks or
for the generation nications fibre. The telecommunications fibre pro-  of
soliton pulses for laboratory experiments. vides a degree of soliton pulse
shaping to the pulse   Semiconductor diode pumping of the erbium fibre
produced by the laser.                        35  laser at 1480nm or 980nm
may be a possibility along According to the present invention, there is
pro-  with pumping by a diode-pumped frequency-doubled vided a laser
including a soliton supporting wave-  YAG laser. guide doped with a
material capable of providing opt-  An embodiment of the present invention
will now ical gain, wherein, in use, the soltons propagating in  be
described by way of example only with reference the waveguide have a
soliton period greater than the   40  to the accompanying drawings of which
amplification period of the laser.                     Figure 1 is a
schematic diagram of an erbium fi- The invention also provides a method as
defined    bre soliton laser according to the present inven- in any one of
claims 10 to 18.                        tion; The pulse energy in the pulse
has to be sufficient  Figures 2 and 3 are graphs of the launched pump to
allow the pulse to cancel out the effects of anom-  45  power and output
power of the laser of Figure 1; olous group delay dispersion (which may be
positive    Figures 4 to 6 are oscillographs of the autocorre- or negative)
through the non-linearity of the wave-   lation traces of the output of the
laser of Figure 1 guide, i.e. the change in refractive index of the wave-
at different operating conditions; guide with optical intensity. This is
the basic mecha-  Figure 7 is a graph of [err](W) of the short pulse nism
of soliton formation.                    50       component as a function
of [err]; The applicants have determined that even           Figure 8 is a
graph of the energy profile of the sol- though the pulses may undergo large
excursions in     iton pulses for an amplification period for 14 dB peak
power, in a laser with mirrors of reflectivity of  output coupling
normalised to the input energy; 100% and 4%, for example, there is a stable
solution   Figure 9 is a graph of the change in pulse area, of a soliton
nature when the laser is made according   55  [err], for an N=1 soliton
after a single amplification to the present invention.
period as a function of [err] for (a) 3 dB, (b)6 dB Preferably the laser is
operated such that there   and (c) 14 dB output coupling; are atmostfive
pulses propagating In the laser at any  Figures 10(a) and 10(b) are graphs
of the results 2   
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simulation for [err]= 0.026 propa-  the combination of the lens 8 and the
beamsplitter 4. gating over a distance of 20 [err] (1000 amplifica-   Since
the upper state life-time of the [err] ion is tion periods) and [err]=1.93
over 1 km respective-  long (9.8ms), the pump pulse train ( [err]50ps in
dura- ly;                                            tion at a repetition
frequency of 76 MHz) is integrated Figure 11 is a schematic drawing of a
fibre ring   5   and essentially looks like a CW pump. laser embodying the
present invention; and        The performance of the 532 nm pumped CW er-
Figures 12(a) and 12(b) are graphs of autocorre-  bium laser is illustrated
in graphs of Figures 2 and 3. lation traces of outputs of the laser of
Figure 11.  For the experiments in which the data shown in these Referring
to Figure 1 a soliton laser comprises a  two graphs were obtained, a 1200
line/mm gold coat- 1Om length of e[rr] optical fibre host 2   10  ed
grating replaced the mirror 12 and modelocker 20 with an [err] doping level
of 1100 ppm having a core  arrangement of Figure 1. Powers in excess of
100mW radius of 2.5[err] and a core-cladding refractive Index  were
available over the 1.52-1.58[err] range for an es- difference of 0.015.
Adichroic beamsplitter4 permits  timated launched pump power of600mW as
shown in efficient coupling of pump radiation at 532nm from  Figure 2. At
the peak of the tuning curve, about the frequency doubled output of a
mode-locked cw   15  1.56[err], an output of about 140mW was obtained as
Nd:YAG laser6via an uncoated microscope objective  shown in Figure 3.
Assuming a 70% reflectivity for the 8 adjacent an end 10 of the fibre 2 and
high ([err]90%)  grating, the maximum expected slope efficiency Is
throughput of 1.55[err] erbium laser output.         about 26%. This is in
good agreement with the 24% The end 10 of the fibre 2 was polished to form
an  slope efficiency inferred from Figure 2 and Is a con- approximately 4%
output reflector while a nominally  20  sequence of the low excited state
absorption at 100% reflecting mirror 12 completed the laser reso-  532nm.
nator.                                                The mode-locked
operation of the erbium fibre A further microscope objective 14 adjacent an
laser of Figure 1 is depicted in Figures 4 to 6, where end 16 of the fibre
2, optimised for transmission at  there are shown autocorrelation traces of
the laser 1.55[err], was used to collimate and direct light exiting   25
output under various conditions. Since the round-trip the fibre at the end
16 to a 1mm thick silicon filter 18  erbium fibre length was 20 m, there
are [err]40 laser and a lithium niobate mode-locker20 positioned close
pulses in the cavity at any one time. By Incorporating to the mirror 12.
The filter 18 blocks residual pump  suitable bandwidth restricting elements
inside the light to prevent photorefractive damage to the mode-  laser
resonator, for example a birefringent tuner locker 20.
30  plate, pulse durations ranging from 40 ps down to 15 The mirror 12
could be replaced with a grating to  ps (assuming a sech2 pulse shape) were
produced provide a bandwidth restriction and/or tunability. Re-  with
time-bandwidth products [err] of 0.5-1.0 respec- flections from the end 16
of the fibre 2 were effective-  tively. The higher products for the shorter
pulses are ly suppressed by making it a polished, 5[err] angle face.
indicative of the increased role of nonlinear phenom- Further suppression
was achieved by placing a silica  35  ena In the pulse formation process.
block 17 close to the fibre end 16 with a blob of index-  Figure 4 shows an
autocorrelation trace of 17.3 matching gel 19 bridging the block-fibre
interface.  ps pulses (AtAv) obtained with a 0.5mm thick quartz Fine
adjustment of the lasercavitylength was accom-  birefringenttuner plate.
Average output powers of the plished by mounting the mirror 12 on a
precision  laser were in keeping with the performance depicted translation
stage 22.                         40  in Figure 2. As expected for phase
modulation mode- The mode-locker 20 comprised a Brewster an-    locking,
two sets of 420 MHz pulse trains were ob- gled 3x3x10mm lithium niobate
slab mounted within  served corresponding to either extremum of the a
resonant LC circuit tuned to 420 MHz and used to  phase modulation.
Eitherset can be selected through mode-lock the laser bythe phase
modulation scheme  etalon tuning (via the filter 18) and fine adjustment of
discussed in the text book "LASERS" by A.E. Sleg-  45  the focus of lens
14. In addition, these adjustments man University Science Books ISBN
0-935-7 02-11-  facilitated some control of the laser bandwidth and 5 which
has been employed with Nd[err] fibre laser to  hence the pulse-width.
generate pulses as short as 20ps.                     When the laser
bandwidth restriction was re- Fibre polarisation controllers 24 were
Included in  moved, further pulse compression was observed. order to
optimise the polarisation of the light Incident  60  Four low output pulses
(less than [err]5W peak) with on the modulator.
durations in the 3-5ps range were recorded with time- The output pulse
durations of the mode-locked  bandwidth products of [err]0.4. By increasing
the pump laser were recorded using the standard non-colinear,  power,
however, pulse durations of 2-3ps were gen- second harmonic
auto-correlation technique. Spec-  erated with time-bandwidth products in
the range 0.3- tral data were recorded using a scanning grating  55  0.35.
spectrometer (not shown). Output powers were          Figure 5 shows an
autocorrelation of 2.9ps puls- measured with a Scientech 362 power meter
and cor-  es recorded at an average (peak) power of 8.5mW rected for the
known transmission characteristics of  (6.9 W). Asech2 pulse shape is an
excellent fit to the 3  
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is also consistent with the meas-  dispersion ([err]. ured AtAv = 0.3.
These pedestal-free pulses dearly    In the model presented here, we have
numerical- have the appropriate temporal and spectral charac-  ly solved
the Nonlinear Schrodinger Equation (NLSE) teristics for fundamental
solitons. Previous work on  with a periodically varying pulse energy. As a
crude femto-second amplification In erbium fibres with sim-   5
approximation to the laser configuration, we em- ilar dopant levels and
core geometries to the above  ployed a distributed gain (G [err]14dB) which
exactly fibre is consistent with a low positive group delay dis-  cancelled
the large lump loss output coupling (96% persion. If we take D = 5ps/nm/km
and [err], we  transmission) forthe resonator. An amplification per-
calculate a final soliton power [err] = 0.5W for a pulse  iod, L, of 20m
was chosen, i.e. the round-trip fibre width of 3ps.
10  length of the resonator. We also take a low, positive Although this is
significantly lower than the   group delay dispersion D=5ps/nm/km, in
keeping with measured output, the discrepancy Is not surprising  the
dispersion-shifted properties of the erbium fibre. when we consider that
the laser output corresponds  A simple uniform amplitude gain coefficient,
G, is as- to the peak of the energy changes occurring within the  sumed
throughout the amplification period such that distributed amplification.
15  the pulse energy, [err], where [err] is the input en- At higher output
powers, although a significant  ergy, and Z is the distance a pulse has
propagated compression of the pulse-width was observed, a low  along the
fibre. level pedestal component was clearly evident. Figure    Figure 8
illustrates the pulse energy profile as- 6 shows the output of the
laserat48mWaverage pow-  sumed in the computer simulations. The dashed line
er. From both autocorrelation and spectral measure-  20  represents the
average energy, [err] In addition, ow- ments, [err]53% of the output energy
was estimated to  ing to the long life-time ([err]Oms) and low gain cross-
be in the pedestal, which implies a peak power of 44W  section [err] of the
erbium Ions, the effects of for the short, 1.2ps component It is noteworthy
that  gain saturation during the pulse are neglected. (For even in the
pedestal region, the autocorrelation and  picosecond pulses the calculated
saturation energy spectral measurements of the short component were  25  Is
[err] i.e. six orders of magnitude greater than the still in accordance
with a sech2 pulse shape.      typical output pulse energies). Figure 7 is
a graph of the data recorded over a    The key result of the numerical
simulations Is as range of output powers as the pump power was in-
follows: Stable fundamental soliton propagation creased into the pedestal
region. It indicated that the  is achieved In the limit of a "long" soliton
period peak power of the short component scales in direct  30  (i.e.
[err]L) when the average energy in the amplifi- proportion to [err]. These
results add further weight to  cation period, [err] is set equal to that of
the funda- the notion of soliton formation.                   mental
soliton energy, [err]. The input pulse energy is It is informative to
compare these results to the  therefore set by the following equation
predictions of the standard Kuizenga and Siegman            [err] FM
mode-locking model for a homogenously broad-  35    For example, in the
[err]14 dB loss case, (i.e. ened laser medium. For the case of zero
frequency  [err] then [err]. detuning, typical values of the saturated
round-trip   Figures 9, 10(a) and 10(b) illustrate the essential gain
coefficient [err]-1.6), and modulation depth [err] results of the
simulations. Figure 9 shows the [err]0.1), lead to a Gaussian pulse width
depending pri-  changes in pulse area, LS (normalised to unity), for marily
on [err] where fm Is the modulation fre-  40  the fundamental soliton (with
[err] calculated as above) quency and [err] is the effective gain
bandwidth. If we  as a function of [err] after a single amplification per-
take [err]we there-  iod. The pulse area (defined as the time integral of
the fore expect a chirped [err] pulse with a dur-  absolute value of the
pulse amplitude) is commonly ation of [err]50ps. By detuning the drive
frequency, the  utilised as a sensitive indication of the distortion from
mode-locked pulses can be compressed (to [err]35 ps)  45   a true soliton.
Clearly, in the "long" [err] limit, the com- and thereby dechirped such
that AtAv = 0.44. It is  puted pulse distortions are negligible. This is
also ap- clear that the model incorrectly predicts both the  parent In
Figure 10(a), where a simulation over a total pulse shapes and durations
observed In our experi-  distance of 20km (26 soliton periods) is depicted
for ments.                                            [err]=0.026 and 14dB
output loss [err]3ps). In Figure 9 We believe that in orderto fully explain
ourobser-  6o   we also show the computed pulse distortions for 3dB
vations, the interplay between fibre nonlinearity and  and 6dB output
losses. As expected, by reducing the dispersion must be invoked. In the
case where the  magnitude of the energy deviations (and thereby ap- group
delay dispersion is positive, then soliton-like  proaching the Ideal
lossless limit) pulse distortions compression to picosecond duration sech2
pulse     can be significantly reduced. shapes would be expected to follow.
Indeed, femto-  55   It is important to note that operation in the long
second pulse amplification in erbium fibre with do-  soliton limit Is
prefered but that the operation regime pant levels and core geometries
similar to our sam-  of the present invention extends to [err] as discussed
ple, are consistent with a low, positive group delay  below. 4 
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calculate the soliton parame-  steady state, although the modulator Imposes
an im- ters associated with pulses generated by the laser.  measureable
frequency chirp on the soliton pulses, it For a 3ps pulse, a dispersion of
5ps/nm/km and an ef-  is highly likely that the phase modulation plays a
ma- fective area, [err]we obtain[err]=705m and a       jor role in shaping
the pulse pedestal i.e. in trapping fundamental soliton power, [err]5W.
Clearly, the   5   the spreading radiative wave. We have also made no long
soliton period criterion is easily satisfied with  effort to model the more
complex gain dynamics in- [err]0.03. The calculated value of [err] however,
is  volved in the amplification process. In fact, we find significantly
less than the measured output power of  that in the long [err] limit, the
soliton pulses are insen- 5W. This can be understood in terms of Figure 8.
We  sitive to the exact details of the energy profile. The must remember
that the Important soliton parameter  10  simulations presented here assume
a constant value is the path average value, E,,, represented by the  for D.
We have also modelled a totally integrated sol- dashed line in Figure 8. In
the case of our simplified  iton laser configuration, where a variety of
dispersive energy model, the energy at the peak of the profile  components
are combined. Here, for[err] the rele- (96% of which Is coupled out) is
approximately 3xE[err] vant dispersion is the average value over the ampli-
In reality, a more accurate modelling of the energy   15  fication period.
profile, including, for example, the effects of pump   The experimental and
theoretical investigations absorption and additional Intracavity loss,
would be  strongly support the idea that the interplay between expected to
increase the appropriate multiplication  fibre nonlinearity and dispersion
is crucial to pulse factor.
formation. Indeed, the temporal, spectral and power A further
characteristic of the laser which can be   20  characteristics of the laser
output are appropriate for understood in terms of our model is the [err]20
fundamental soliton pulses. From our theoretical behaviour depicted in
Figure 7. If the pulse area, S is  studies, we find that in the limit
[err], the laser is well preserved during propagation, then E scales as
D/tor  described by a simple NLSE model with [err]. In equivalently [err]
is proportional to D/[err]. In the limit  particular, the soliton energy,
E, was observed to vary [err], S is well preserved provided that rate of
ener-  25  in accordance with D/t. This scaling relationship is of gy
modification is "small" le, is adiabatic. This Is con-  particular
relevance to proposed applications. For ex- veniently expressed by the
condition [err], where  ample, in the case of nonlinear all-optical
switching, a is the average gain coefficient (averaged over the
subpicosecond duration pulses may be desirable in total fibre path). In the
laser of Figure 1 , increasing  orderto reduce the average power
requirementsfrom the soliton pulse energy by, say, a factor of 2 over a
30  the switching source. Since t is proportional to D for period of a few
seconds (corresponding to a total fibre  a given pulse energy, then low
dispersion erbium fibre path length of [err] kml ), translates to an a
would be required for the shortest pulses. In addition, [err]. For a
typical [err], adia-  in order to minimise the pulse distortions incurred
as baticity is ensuredwith a [err]Afundamental lim-  the pulse compresses,
a low loss, short resonator itation to the 1/[err] scaling behaviour is the
compression   35  would be advisable (see Figure 9). On the otherhand, of
the soliton period ([err proportional to [err]. Eventually,  forsoliton
communication systems the requirement is as the pulse compresses, [err]
becomes comparable to  for pulses with durations of some tens of picosec- L
and the pulse area suffers distortions. A simulation  onds. This might be
achieved by incorporating a lump- for L/[err]=1.93 and 14dB loss is
depicted in Figure    ed, highly dispersive element, e.g. a grating, in the
10(b) and shows the evolution of a soliton pulse to-  40  cavity. In terms
of our model, In the long [err] limit, the gether with a spreading
radiative component. Figure  soliton will adopt the average value of the
cavity dis- 10(b) is a rather extreme case [err]0.3) but serves  persion.
Also, in order to eliminate pulse chirp a pure to illustrate the point that
the pulse continually sheds  AM modulation scheme would be appropriate to
ini- energy and finally evolves to a stable, somewhat   tiate the
mode-locking process. broader soliton pulse. it is possible that this
mecha-  45  Figure 11 shows a ring laser incorporating a 13m nism of pulse
distortion is the origin of the low-level  long [err] host fibre 42 with an
erbium pedestal observed in the experiments.              doping level of
200-300 ppm, a core radius of 2.5[err] The model presented here is very
successful in  and an index difference of 0.01. The laser40 also in-
describing the observed characteristics of the erbium  cludes an Integrated
optic lithium niobate phase mod- soliton laser. This is a consequence of
the dominant  50  ulator 44 and optical fibre couplers 46 and 48 fusion
role of nonlinearity and dispersion in the pulse forma-  spliced together
at the points marked "X". tion. Our model is not intended to be a complete
de-   Fibre polarization controllers 50, 52 and 54 were scription and,
strictly speaking, should follow pulse  Incorporated into the Figure 11
ring laser order to en- evolution form noise. Clearly, a key role of the
mod-  sure correct polarization of the light incident on the ulator 20 is
to provide a seed modulation upon which  55   phase modulator 44. the
compressive combination of SPM and dispersion      The phase modulator 44
has a 3GHz electrical can act. Broadly speaking, this evolution must take
bandwidth, an insertion loss of about 6dB and a the form of a high-order
soliton compression. In the  switching voltage of about 10V. Gigahertz
modulation 
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together with low modulation voltages re-  itive group delay dispersion to
ensure soliton pulse quired for about [err] phase change make these devices
generation. potentially very attractive for the modelocking of in-  Figure
12(a) shows an autocorrelation trace of tegrated fibre lasers.
the output of the ring laser 40 recorded at an average Unlike the linear
cavity laser described previous-   5   power of 0.6mW and a repetition
frequency of 810.6 ly with reference to Figure 1 where the mode-locker
MHz. An autocorrelation function of a 2.8ps (FWHM) must be located close to
an end mirror, in a ring laser  sech2 Intensity profile is an excellent fit
to the exper- there is no equivalent constraint on the position of the
imental data as is dearly shown by theoretical points modulation. The
choice of a ring configuration of Fig-  depicted. The corresponding
spectrum Is shown in ure 11 therefore greatly facilitates the use of high
10  Figure 12(b) from which a spectral width (FWHM) of speed, pigtail
lithium niobate technology.A pack-  O.9nm is measured. The time-bandwidth
product aged/pigtailed GPINSCH (Graded Index Separate    [err] of 0.31 is
also In excellent agreement with a Confinement Heterostructure) InGaAsP MQW
semi-   sech2 pulse shape. conductor laser 54 with output pigtail 56
provides the  The powers measured above are consistent with pump source for
the ring laser 40. The threshold cur-  15  the values expected for
fundamental soliton pulses. rent for the 1000[err]-long laser 54 was
[err]25 mA. Its  We note that in the "long" soliton period [err] regime
power output increased linearly with current and at  (i.e.[err] the
relevant soliton quantities (e.g. ener- 450mA output 36 mW with a spectral
width (FWHM)  gy and dispersion) are simple averages over the am- of some
7nm centred around 1.473[err]. The fibre pig-  plification period. For the
13 m length of erbium fibre tail 56 of the MQW device 54 is spliced to
fibre coupler  20  42, a low, positive group delay dispersion Is expected.
48 which permits efficient coupling of the pump light  In addition, the
ring configuration contains approxi- into the erbium fibre 42. At the same
time optical cou-  mately 2m of standard telecommunications fibre as- pler
46 allowed the erbium emission to be coupled  sociated with the couplers
46, 48 and the pigtailed straight through to the coupler 48 which provided
a  modulator 44. If we take, for example, dispersion 3dB output coupling
for the cavity.          25  parameters D = +2 and +1 5ps/nm/km for the
erbium In spite of the high cavity losses, laseraction was  fibre and
standard fibre respectively, the average dis- achieved ata pump power of
only [err]15mW atthe input  persion can be calculated to be -3.7ps/nm/km.
Fora to the coupler 48. This threshold power was estimat-  3ps pulse, we
calculate the soliton period, [err]950m ed from the 200mA current typically
applied to the  which easily satisfied the [err]>>L criterion. In addition,
MQW device 54. There are two counter-propagating   30  we calculate a
soliton power, [err]0.4W (assuming light beams in the ring laser 40 and,
therefore, two  [err]. This is in good agreement with the possible outputs
from the 3dB coupler 46. As the  measured output powers of the
counter-clockwise drive current to the laser 54 was increased, the CW  beam
which in turn is a reasonable estimate of the output power of both these
outputs increased linearly.  path average soliton power within the cavity.
For the For the counter-clockwise beam a CW output of  35  travelling wave
modulator 44 used here, the counter- [err]2mW was typically recorded at a
current of 450mA.  propagating light beams experience equivalent phase The
clockwise direction output beam was significant-  modulation depths
provided that the drive frequen- ly lower in power (by [err]6dB) due to
traversing the  cies are less than -1 GHz. Although the clockwise out-
modulator immediately prior to output coupling.  put was significantly
lower in power, the measured Mode-locked operation was achieved by simply
40  temporal and spectral characteristics were similar to tuning the drive
frequency of the modulator 44 to a  the other arm. This is in keeping with
the fact that the high harmonic of the fundamental cavity frequency.  path
average power for the two directions were es- We employed the amplified
sinusoidal output (5-  sentially equal. 1OV[err] of a frequency synthesiser
58. The drive fre-  At higher pump powers, a slight compression of quencies
were restricted to <1 GHz by the synthesis-  45  the output pulse was
observed (to [err]2.4ps) together er/amplifier combination for the results
reported be-  with a low-level pedestal component ([err]30ps FWHM). low.
Since the total length of the fibre cavity was  The corresponding spectral
measurements revealed [err]13m we infer that [err]60 pulses were in the
cavity at  the appearance of a narrow ([err]0.1 nm FWHM) spike any one
time. Typically, pedestal-free pulses were  close to the peak of the broad
([err]1 nm) soliton spec- obtained with durations [err]3ps and average
(peak)  50  trum. In the configuration of Figure 11, increasing the powers
(counter-clockwise output) in the range 0.5-  pump power did not produce
the [err] proportional to 1.2mW (0.2-0.5W). In this ring configuration, the
1/[err] previously noted with respect to the Figure 1 em- standard
telecommunications fibre associated with  bodiment We attribute this to a
restriction of the laser the couplers 46 and 48 and the pigtails of the
modu-  bandwidth by residual etalon effects or birefringence lator 44 Is
not essential for the soliton shaping and   55   in the lithium niobate
phase modulator 44. Consistent could, in fact be totally non-soliton
supporting be-  with this notion, we observed that for both CW and cause
the erbium-doped waveguide providing the   CW mode-locked operations, the
inclusion of the 



gain for the laser40 is chosen to provide the total pos-  modulator 44 gave
rise to a strong wavelength dis- 6    11                  EP 0 527 158 B1
12 crimination in the output of the laser 40 which was  13. A method as in
claim 12, wherein said bandwidth confined to wavelengths separated by
[err]0.7nm.           limiting is achieved using a lumped, highlydisper-
sive element. Claims                                         5   14. A
method as In claim 13, in which the highly dis- persive element utilises a
diffraction grating. 1. A laser including a soliton supporting waveguide
doped with a material capable of providing optical  15. A method as in any
one of claims 10 to 14, includ- gain wherein, in use, the solitons
propagating in  ing use of a tuning filter within an optical cavity the
waveguide have a soliton period greater than   10  of said laser. the
amplification period of the laser. 16. Amethod as in any one of claims 10
to 15, Includ- 2. A laser as claimed in claim 1 in which the laser is  ing
driving the laser at a pulse repetition rate such a mode-locked laser.
that the pulses are fundamentally mode locked. 15 3. A laser as claimed in
any preceding claim in    17. Amethod as in anyoneof claims 10to 16 in
which which the laser includes a bandwidth limiting ele-  the wavegulde
comprises an erbium-doped sili- ment.
ca-based optical fibre. 4. A laser as claimed in claim 3 in which the band-
20  18. A method as in claim 17 in which the optical fibre width limiting
element is a lumped, highly disper-  comprises [err] with an erbium dop-
sive element                                       ing level of 1100ppm,
the fibre having a core ra- dius of 2.5[err] and a core-cladding refractive
in- 5. A laser as claimed in claim 4 in which the highly   dex difference
of 0.015. dispersive element comprises a diffraction grat-  25 ing.
19. An optical communications system comprising an optical fibre network,
characterised in that said 6. A laser as claimed in any preceding claim
includ-   network incorporates at least one laser according ing a tuning
filter.                               to any one of claims 1 to 9. 30 7. A
laser as claimed in any preceding claim oper-  20. Amethod of operating an
optical communications ated to have a pulse repetition rate such that the
system, said system comprising an. optical fibre pulses are fundamentally
mode locked.              link suitable for transmission of a plurality of
sol- itons, characterised In that said solitons are gen- 8. A laser as
claimed in any preceding claim in  35    erated by a method according to
any one of which the optical waveguide is an erbium doped     claims 10 to
18. silica based optical fibre. 9. A laser as claimed in claim 8 in which
the optical  PatentansprOche fibre is of [err]with an erbium doping   40
level of 1100 ppm, the fibre having a core radius  1. Laser, der einen
solitonunterstOtzenden Wellen- of 2.5[err] and a core-cladding refractive
Index dif-  lelter umnfait, der mit elnem Material dotiert 1st, ference of
0.015.                                  das eine optische Verstdrkung
erm5glicht, wobei im Betrieb die sich im Wellenlelter ausbreitenden 10. A
method of producing soliton pulses, including   45  Solitonen eine
Solitonperlode aufweisen, die gr6- generating solitons using a laser, the
laser having  Ber ist als die VerstArkungsperiode des Lasers. a soliton
supporting waveguide doped with mate- rial capable of providing optical
gain, wherein the  2. Laser nach Anspruch 1, wobel der Laser ein mo-
solitons generated have a soliton period greater   dengesperrter Laser ist.
than the amplification period of the laser wave-  so guide.
3. Laser nach elnem der vorhergehenden AnsprO- che, wobel der Laser sin
Bandbreitenbegren- 11. A method as in claim 10, Including the step of
zungselement aufweist mode-locking the laser. as   4. Laser nach Anspruch
3, wobel das Bandbreiten- 12. Amethod as In claim 10 or claim 11, including
the  begrenzungselementein konzentriertes hochdis- step of bandwidth
limiting pulses within an optical  peraives Element ist. cavity of said
laser. 7 
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crimination in the output of the laser 40 which was  13. A method as in
claim 12, wherein said bandwidth confined to wavelengths separated by
-0.7nm.           limiting Is achieved using a lumped, highly disper- sive
element. Claims                                         5   14. A method as
in claim 13, in which the highly dis- persive element utilises a
diffraction grating. 1. A laser including a soliton supporting waveguide
doped with a material capable of providing optical  15. Amethod as in any
one of claims 10 to 14, includ- gain wherein, in use, the solitons
propagating In  Ing use of a tuning filter within an optical cavity the
waveguide have a soliton period greater than   10  of said laser. the
amplification period of the laser. 16. A method as In any one of claims 10
to 15, includ- 2. A laser as claimed in claim 1 in which the laser is  Ing
driving the laser at a pulse repetition rate such a mode-locked laser.
that the pulses are fundamentally mode locked. 15 3. A laser as claimed in
any preceding claim in     17. Amethod as in any one of claims 10to 16in
which which the laser includes a bandwidth limiting ele-  the waveguide
comprises an erbium-doped sili- ment.
ca-based optical fibre. 4. A laser as claimed in claim 3 in which the band-
20  18. A method as in claim 17 In which the optical fibre width limiting
element Is a lumped, highly disper-  comprises [err] with an erbium dop-
sive element                                       ing level of 11 00ppm,
the fibre having a core ra- dius of 2.5[err] and a core-cladding refractive
in- 5. A laser as claimed in claim 4 in which the highly   dex difference
of 0.015. dispersive element comprises a diffraction grat-  25 ing.
19. An optical communications system comprising an optical fibre network,
characterised in that said 6. A laser as claimed in any preceding claim
includ-   network incorporates atleastone laseraccording Ing a tuning
filter.                                to any one of claims 1 to 9. 30 7. A
laser as claimed in any preceding claim oper-  20. Amethod of operating an
optical communications ated to have a pulse repetition rate such that the
system, said system comprising an optical fibre pulses are fundamentally
mode locked.               link suitable for transmission of a plurality of
sol- Itons, characterised in that said solitons are gen- 8. A laser as
claimed in any preceding claim in  35    erated by a method according to
any one of which the optical waveguide is an erbium doped      claims 10 to
18. silica based optical fibre. 9. A laser as claimed in claim 8 in which
the optical  PatentansprOche fibre is of [err] with an erbium doping   40
level of 1100 ppm, the fibre having a core radius  1. Laser, der einen
solitonunterstiitzenden Wellen- of 2.5[err] and a core-cladding refractive
index dif-  leiter umfalt, der mit einem Material dotiert ist, ference of
0.015.                                   das eine optische VerstArkung
erm6glicht, wobel Im Betrieb die sich im Wellenleiter ausbreitenden 10. A
method of producing soliton pulses, including   45  Solitonen eine
Solitonperiode aufweisen, die gr8- generating solitons using a laser, the
laser having  Ser ist als die Verstirkungsperiode des Lasers. a soliton
supporting waveguide doped with mate- rial capable of providing optical
gain, wherein the  2. Laser nach Anspruch 1, wobei der Laser ein mo-
solitons generated have a soliton period greater    dengesperrter Laser
ist. than the amplification period of the laser wave-  50 guide.
3. Laser nach einem der vorhergehenden Anspr0- che, wobei der Laser ein
Bandbreitenbegren- 11. A method as in claim 10, including the step of
zungselement aufweist. mode-locking the laser. as   4. Laser nach Anspruch
3, wobei das Bandbreiten- 12. Amethod as in claim 10 or claim 11, including
the  begrenzungselementein konzentriertes hochdis- step of bandwidth
limiting pulses within an optical  persives Element ist. cavity of said
laser. 7  
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||||| ||||| |    || * C   L   N 5. Laser nach Anspruch 4, wobei das
hochdisper-    17. Verfahren nach elnem der vorhergehenden An- sive Element
sin Beugungsgitter lbt.               sprOche 10 bis 16, wobel
derWellenleitereine Er- blum-dotierte optische Faser auf Siliciumdloxid- 6.
Laser nach einem der vorhergehenden Ansprfl-       basis ist. che, wobel
der Laser sin Abstimmfllter aufweist.   5 18. Verfahren nach Anspruch 17,
wobei die optische 7. Laser nach elnem der vorhergehenden Ansprr-
Faser aus SiO2-AI203-P203 besteht, sin Erblum- che, der derart betrieben
wird, daB er sine Puls-  dotierungsniveau von 1100 ppm aufwelst und ei-
wiederholrate aufweist bel der die Pulse im Prin-  nen Kernradius von 2,5
gm und sine Kern- zip modengesperrt sind.                   10
Mantel-Brachungsindexdifferenz von 0,015 be- sitzt. S. Laser nach slnem der
vorhergehenden AnsprO- che, wobei deroptische Wellenleiter sine Erbium-
19. Optisches Kommunikationasystem, das sin opti- dotlerte optische Faser
auf Siliclumdioxidbasis    sches Fasernetzwerk umfallt, dadurch gskenn-
ist.                                      15      zeichnet da% das Netzwerk
mindestens einen Laser nach elnem derAnsprfche I bis 9 umfallt. 9. Laser
nach Anspruch 9, wobei die optische Faser aus SiOr-AI203-P20B bestsht, sin
Erbiumdotie-  20. Verfahren zum Betreiben sines optischen Kom- runganiveau
von 1100 ppm afweist und einen         munikationssystsms, wobel das System
elne op- Kernradius von 2,5 lm und sine Kern-Mantel-  20   tische
Faserleitung umfa~t die zur Obertragung Brechungsindexdifferenz von 0,015
besitzt.         mehrerer Solitonen geeignet ist, dadurch ge- kennzeichnet
dal die Solitonen durch sin Ver- 10. Verfahren zur Erzeugung von
Solitonpulsen ein-    fahren nach einem der Anspruche 10 bis 18 or-
schileBlich der Erzeugung von Solitonen, wobei     zeugt werden. eln  Laser
verwendet  wird,  der  ilnen   25 solitonunterstfltzenden Wellenleiter
umfalft, der mit einem Material dotiert ist, das sine optische
Revendicatlons Verstarkung errn6glicht, wobei die erzeugten Solitonen eine
Solitonperlode aufweisen, die gr8.  1. Laser comprenant un guide d'onde
support de Berist als die Verstarkungsperiode des Wellenlii-  30  solitons
dope avec un materiau capable de pro- tors des Lasers.
curer un gain optique, dans loquel, en utilisation, les solitons se
propageant dans le guide d'onde 11. Verfahren nach Anspruch 10, das den
Schritt der   pr6sentent une p6riode de solitons superieure a Modensperrung
des Lasers umfaft                    la periode d'amplification du laser.
35 12. Verfahren nach Anspruch 10 oder 11, des den    2. Laser selon la
revendication 1 dane lequel le la- Schritt der Bandbreitenbegrenzung von
Pulsen       ser est un laser a mode verrouill6. Innerhalb eines optischen
Hohiraums des Lasers umfamt.                                        3.
Laser solon l'une quelconque des revendications 40      pr6cedentes dans
lequel le laser comprend un 13. Verfahren nach Anspruch 12, wobei die Band-
element de limitation de largeur de bande. breitsnbegrenzung untbr
Verwendung sines kon- zentrierten hochdispersiven Elements erzielt   4.
Laser solon la revendication 3, dans lequel l'el- wird.
ment de limitation de largeur de bands est un 616- 45      ment localis6
hautement dispersif. 14. Verfahren nach Anspruch 13, wobei das hochdis-
persive Element sin Beugungsgitter verwendet.  5. Laser solon la
revendication 4 dans lequel l'616- ment hautement dispersif eat oonstitue
d'un re- 15. Verfahren nach einem der vorhergehenden An-       seau de
diffraction. sprOche 10 bie 14, das dieVerwendung sinesAb-  50 stlmmfliters
innerhalb sines optischen Hohl-   6. Laser solon lune quelconque des
revendications raums des Lasers umfaBt.
precedentes comprenant un f litre d'accord. 16. Verfahren nach einem der
vorhergehenden An-    7. Laser solon l'une quelconque des revendications
spruche 10 bis 15, wobel der Laser derart betrie-  65  pr6c6dentbs mis en
oeuvre de fagon A obtenir ben wird, dal er sine Pulswiederhoirate auf-
une frequence de r6p6tition d'impulsion tells que weist, be! derdle Pulse
im Prlnzip modengesperrt   lea Impulslons solent fondamentalement A mode
sind.                                              verrouill6. 8 
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11111 lilii II INI * C   L   M   S* 8. Laser solon l'une quelconque des
revendications   de 0,015. pr6cedentes dans lequel 10 guide d'onde optique
eat une fibre optiquea base deosilicedope A l'er-  19. Systeme de
communications optique compre- bium.
nant un reseau A fibre optique, caract6ris6 en ce c      quo ledit riseau
Incorpore au moins un laser 9. Laserselon la revendication 8 dans loquel la
fibre  conforme a l'une quelconque des revendications optique est
constituee de SiO2-A1203-P206 avec    I a 9. un niveau de dopage A l'erbium
de 1 100 ppm, la fibre comportant un rayon de coeur de 2,5 jim et  20.
Procdd6 de miss en oeuvre d'un systeme de une diff6rence d'indice de
r6fraction coeur-gaine   10  communications optique, ledit systbme compre-
de 0,015.                                         nant une liaison A fibre
optique appropriee pour la transmission d'une pluralite de solitons, carac-
10. Proc6de de production d'impulsions de solitons,  t6rise en ce quo
lesdits solitons sont engendr6s comprenant la g6n6ration de solitons en
utilisant  par un proced6 conformo A l'une quelconque des un laser,
lelasercomportantunguided'ondesup-   15  revendicatlons 10 A 18. portant
les solitons dop6 avec un materiau capa- ble de procurer un gain optique,
dans lequel les solltons engendr6s pr6sentent une p6riode de so- litons
sup6rieure A la p6riode d'amplification du guide d'onde du laser.
20 11. Procede solon la revendication 10, comprenant l'etape consistant A
verrouiller le mode du laser. 12. Proc6d6 solon la revendlcation 10 ou la
revendi-  25 cation 11, comprenant l'etape consistant A limiter en largeur
de bande les impulsions A l'interleur d'une cavIt6 optique dudit laser. 13.
Proc6d6 solon la revendication 12 dans lequel la-  30 dite limitation de
largeur de bande eat obtenue en utilisant un 6l6ment hautement dispersif
localis6. 14. Proc6de solon la revendication 13, dans lequel l'element
hautement dispersif utilise un r6seau   35 de diffraction. 15. Proc6d6
solon l'une quelconque des revendica- tions 10 A 14, comprenant
l'utillsatlon d'un filtre d'accord A I'int6rieur d'une cavit6 optique dudit
la-  40 ser. 16. Proced6 solon l'une quelconque des revendica- tions 10 A
15, comprenant le pilotage du laser A une fr6quenoe de r6p6titlon
d'impulslon tells quo  45 les impulsions solent fondamentalement A mode
verrouille. 17. Proc6de solon l'une quelconque des revendica- tions 10 A 16
dans lequel le guide d'onde   50 comprend uneofibre optique A base de
silice do- p6e A I'erbium. 18. Proc6d6 solon la revendlcation 17 dens
lequel la fibre optique comprend du SiOa-AJ20-P208 avec  55 un niveau de
dopage A l'erbium de 1 100 ppm, la fibre pr6sentant un rayon de coeur de
2,5 jIm et une difference d'indice de refractbon coeur-galne 9    


