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Generation of a supercontinuum in fibres
by a continuous train of ultrashort pulses”

E M Dianov, P G Kryukov

Abstract. The generation of a supercontinuum in fibres re-
quired for precision metrology and fibreoptic communications
is considered.
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1. Introduction

The generation of extremely short radiation pulses is one of
the most important problems of laser physics and quantum
electronics. The shortening of the laser-pulse duration opens
up the possibilities for achieving extremely high radiation
intensities, measurements of extremely short time intervals,
and the study of ultrafast processes in a variety of fields of
science and technology.

Since the advent of first lasers, a tremendous progress
has been achieved in the shortening of the laser pulse du-
ration and increasing its power and intensity. Modern lasers
can produce pulses of duration of no more than 5 fs, i.e.,
less than two cycles of a light wave. In this case, the peak
intensity of laser radiation exceeds 1 PW and the intensity of
focused radiation achieves 10! W cm™2. Femtosecond stu-
dies are discussed in more detail in review [1].

The possibility of generation of pulses of duration of less
than 100 fs is mainly caused by the fact that modern femto-
second lasers operate in the cw mode. This allows one to use
the unique features of their emission spectrum and obtain
the limiting time coherence, which opens up new and very
important prospects of applications of these lasers.

A combination of ultrashort-pulse lasers with fibreoptic
elements of a special structure permits the fabrication of
devices capable of generating a huge number of narrow,
strictly equidistantly spaced emission lines of the same inten-
sity (the so-called comb generator). Such comb generators
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provide a direct comparison of optical frequencies with freq-
uencies of microwave frequency standards, thereby solving
the problem of creation of optical frequency standards.

Another important application of comb generators is the
dense wavelength-division multiplexing (DWDM) in fibre-
optic communications. The DWDM is considered as a
revolutionary breakthrough in informatics [2]. Both these
applications require the use of narrow-band cw lasers, while
the application of ultrashort-pulse lasers for these purposes
seems rather unexpected.

We consider the features of the spectrum and time
coherence of ultrashort-pulse lasers, the possibility of using
these features in practice, and present the results of studies
of the generation of a supercontinuum by femtosecond
pulses from a cw Cr: forsterite laser.

2. Features of the spectrum and time coherence
of radiation from cw femtosecond lasers

Continuous-wave femtosecond lasers emit a strictly periodic
train of ultrashort pulses (Fig. 1a). The spectrum of such a
pulse train represents a comb of equidistant discrete lines
(modes) separated by intervals equal to the pulse repetition
rate (Fig. 1b). The dependences of the radiation intensity on
time and frequency are related by the Fourier transform, so
that AF ~ 1/T, 8f ~ 1/At, Af = 1/t, where AF is the pulse
repetition rate; of is the linewidth; Ar is the pulse-train
duration; Af is the full width of the spectrum; and t is the
pulse duration. It follows from these relations that the ultra-
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Figure 1. Dependences of the ultrashort-pulse intensity on time # (a) and
frequency f'(b).
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short-pulse laser emits during sufficiently stable and long
operation the narrow lines of constant intensity.

Consider two experimental situations. Let us assume
that a single pulse is separated from a continuous train of
ultrashort pulses with the help of an electrooptical gate
(Fig. 2a). Then, the emission spectrum becomes continuous,
and the time coherence is determined by the pulse duration
(the pulses are assumed to be transform-limited, i.e., they
have no chirp). A single line (mode) can be separated from
the continuous emission spectrum (Fig. 2b) using a mono-
chromator with an appropriate diffraction grating. In this
case, the intensity of the separated line becomes constant,
while the time coherence is determined by the duration of
the stable operation of the laser. Thus, a cw femtosecond
laser is a source of both ultrashort pulses and extremely
narrow emission lines.

Figure 2. Dependences of the ultrashort-pulse intensity / on time 7 and
frequency f upon separation of a single pulse (a) and a single line (b)
from radiation of a cw self-mode-locked laser (/) with the help of an
electrooptical gate (2) and a monochromator (3).

These properties of a cw femtosecond laser are manifes-
ted in experiments of two types. For example, in optical
coherent tomography, extremely low time coherence is
required because it determines the spatial resolution. Indeed,
with the shortest pulses of duration of 5 fs, the spatial
resolution close to the diffraction limit in optical microscopy
has been achieved [3]. On the other hand, femtosecond lasers
have found applications in precision metrology of optical
frequencies [4, 5] and in wavelength-division multiplexing in
fibreoptic communications [6—8], where cw radiation at
discrete frequencies is necessary.

3. Fibreoptic supercontinuum generators

In both applications considered above, however, the width
of the comb spectrum emitted by a laser proves to be insuf-
ficient. The bandwidth of modern fibreoptic communication
systems operating at 1.5 um is of about 3 THz. This cor-
responds to the pulse duration of ~ 100 fs, which can be
comparatively easily obtained in modern lasers. However,
the technical and operation characteristics of these lasers do
not satisfy the requirements imposed on lasers used in fibre-
optic communications.

The width of the comb spectrum required for metrology
of optical frequencies should cover an octave, i.e., the maxi-
mum frequency of the comb should be twice as large as its
minimum frequency. However, such width cannot be ob-
tained even for the shortest pulse duration (5 fs at 0.8 pm).

This raises the problem of a substantial increase in the width
of the comb spectrum by retaining the strictly equidistant
spacing of the spectral lines in the comb.

It is well known that using high-power ultrashort pulses,
lasing with a continuous spectrum can be achieved, the
width of the spectrum, which is called a supercontinuum,
being many times larger than the width of the spectrum of
these pulses [9]. It is important that such lasing can be
obtained only upon pulsed pumping. The lasing mechanism
represents a sophisticated combination of nonlinear effects
such as self-phase modulation, four-photon mixing, stimu-
lated Raman scattering, etc. It has been shown experimen-
tally that the phase of the supercontinuum is coherently
coupled to that of the pump pulse [10]. Therefore, if a
supercontinuum is generated by a train of equidistantly
spaced pulses, the supercontinuum pulses will have the same
repetition rate. This means in turn that the supercontinuum
will consist of the comb of equidistantly spaced lines.

However, there exists a fundamental problem. The su-
percontinuum width depends on the peak power and the
length of nonlinear interaction. The average power of mo-
dern femtosecond lasers is determined by the power of a
pumping laser. Typically, it does not exceed 1 W, while the
pulse repetition rate is ~ 100 MHz, i.e., the energy of a
single pulse does not exceed 10 nJ. The pulse repetition rate
(the comb interval) in fibreoptic communication systems
should be even higher, up to 10 and even 100 GHz. Of
course, this reduces the peak intensity and, thereby, the
efficiency of the supercontinuum generation. It seems that
this fundamental problem can be overcome by compensat-
ing a decrease in the peak power by increasing the length of
nonlinear interaction resulting in the supercontinuum gene-
ration.

The use of optical fibres allows one to achieve all the
above-mentioned aims. The radiation launched into a
single-mode fibre and, therefore, having a high intensity
can propagate over large distances in the fibre. However,
because of the group velocity dispersion (GVD), the du-
ration of the pulse increases during its propagation in the
fibre, resulting in a decrease in its intensity. To provide the
required length of nonlinear interaction, it is necessary to
have the opportunity to change the GVD in a desired way at
the given wavelength of ultrashort pulses. Because the GVD
in optical fibres is determined not only by the dispersion of
the fibre material but also by its waveguide properties,
which depend on the refractive index of the fibre core and
cladding, it is possible in principle to change GVD by manu-
facturing fibres with a special structure. In addition, the
nonlinear effect can be increased using strongly concen-
trated radiation.

Consider some examples.

3.1 Hole fibres (of the photonic crystal type)

A hole fibre is a single-mode fibre whose cladding contains a
set of closely packed air holes with diameters smaller than
the core diameter. Examples of such structures are shown in
Fig. 3. The holes can form a periodic two-dimensional struc-
ture. Because of a periodic arrangement of the air holes (the
refractive index n = 1) in glass (n = 1.5), the transmission
spectrum of such a structure for certain directions of the
light propagation has the wavelength regions, the so-called
forbidden photonic bands, in which radiation cannot pene-
trate into the cladding. For this reason, such structures were
called photonic crystal fibres. The fabrication of such fibres
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was first reported in paper [11]. To generate a superconti-
nuum, one layer of holes is sufficient, so that along with the
term ‘photonic crystal fibres’, the term ‘hole fibres’ is also
used, which refers to a broader class of fibres with a com-
plicated cladding structure [12].

a b

Figure 3. Types of microstructure fibres: a photonic crystal (a) and a
hole fibre (b).

One of the main advantages of hole fibres is the possi-
bility of obtaining in them a single-mode (over transverse
modes) propagation of radiation in a very broad spectral
region covering the emission spectrum of a Ti:sapphire
femtosecond laser (0.8 um). Due to a mutual compensation
of the waveguide and material components of the disper-
sion, hole fibres allow one to shift the zero dispersion of
group velocities to the visible region.

The use of hole fibres for the supercontinuum generation
upon pumping by a continuous train of femtosecond pulses
from a Ti:sapphire laser with energy of no more than 10 nJ
was experimentally demonstrated in paper [13]. Fig. 4 shows
the laser and supercontinuum emission spectra. One can see
that the supercontinuum spectrum covers more than an
octave. Because of this, the hole fibre supercontinuum
generators have become an important component of femto-
second laser setups on which excellent results have been
obtained, which produced a real revolution in the optical
frequency metrology.
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Figure 4. Supercontinuum spectrum at the output of a hole fibre (solid
curve) and the laser spectrum (dashed curve) [11].

3.2 Tapered fibres

Recently [14], the generation of supercontinuum covering
the spectral range from UV to near-IR region (i.e., more
than two octaves) was demonstrated. The supercontinuum

was excited by a continuous train of femtosecond pulses
from a Ti:sapphire laser in fibres of another type, shown in
Fig. 5.

90 mm

2 um

9.5 um
120 pm

Figure 5. Tapered fibre [14].

A Corning SM-28 fibre with a cut-off wavelength
of 1250 nm and a numerical aperture of 0.1 was drawn
using controllable heating. A thread of diameter of about
2 um was obtained, which was connected with the original
fibre by tapered junctions. Such a tapered fibre provided
the blue shift of the GVD zero. The thread length was
90 mm.

The supercontinuum spectrum excited by a train of 3.9-
nJ femtosecond pulses covered the spectral range from 370
to 1545 nm at a level of 20 dB. This spectrum and the laser
spectrum are shown in Fig. 6. In this way, an intense source
of single-transverse mode ‘white’ light was obtained. Beca-
use the supercontinuum is generated by a continuous pulse
train, the spectrum of ‘white’ light represents a comb of
equidistant lines.
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Figure 6. Supercontinuum spectrum at the output of a tapered fibre
(solid curve) and the laser spectrum (dashed curve) [14].

3.3 Dispersion-shifted fibre

There is no need to generate supercontinuum with a very
broad spectrum for fibreoptic communications, the width of
the spectrum of about 3 THz at 1.5 pm being sufficient.
However, this width should be obtained using compact and
efficient fibre and semiconductor lasers emitting pulses of
duration from 0.3 to 5 ps, with peak powers substantially
lower than for vibronic crystal lasers. The supercontinuum is
generated using semiconductor and fibre lasers in combi-
nation with single-mode fibres of length 1-3 km with
special dispersion parameters [6—S8].
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4. Applications of cw femtosecond lasers based
on their ability to emit continuous frequencies

4.1 Multiplexing in fibreoptic communication systems

To increase the bit rate in fibreoptic communication
systems, the signal multiplexing of two types is used. In
the first case (Fig. 7a), time-division multiplexing (TDM) is
employed by using sufficiently short pulses. Modern
electronics ensures handling of pulses of duration as short
as 10 ps, providing the bit rate from 2.5 to 40 Gbit s~'. To
further increase the bit rate, parallel spectral channels are
used with different carrier frequencies, the so-called wave-
length-division multiplexing (WDM) (Fig. 7b).

In the WDM, radiation at different wavelengths (at
present, as a rule, from independent light sources), carrying
its own information at each of the wavelengths, is launched
into one optical fibre with the help of a special device
(multiplexer), amplified by a broadband optical amplifier,
and propagates along a fibreoptic communication system.
After an additional amplification, the radiation is separated
over wavelengths at the output of this system with the help
of a demultiplexer. An increase in the bit rate is achieved by
increasing the number of spectral channels, which can
exceed 100. Thus, researchers at NEC (Japan) reported
the bit rate of 6.4 Tbit s™! achieved in a 186-km fibreoptic
cable using 160 channels [15]. As radiation sources, a set of
wavelength-stabilised semiconductor lasers with a distrib-
uted feedback is commonly used.
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Figure 7. Multiplexing in fibreoptic communication systems: time-

division multiplexing (a) and wavelength-division multiplexing (b); B; is
the information capacity of a channel.

The ability of ultrashort-pulse lasers to emit a contin-
uous, strictly equidistant train of pulses with the spectrum
representing a comb of equidistantly spaced lines can
provide in principle both TDM and WDM. In this case,
only one laser can be used for multiplexing instead of a set
of lasers.

Recently, the data transmission was reported over 106
channels at a bit rate of 10 GHz s™! over a distance of
640 km using a continuous mode-locked diode laser and a
fibreoptic supercontinuum generator [16].

4.2 Precision optical frequency metrology

Laser frequency standards are one of the most important
achievements of quantum electronics [17]. Their develop-
ment requires the measurement of frequencies of extremely
narrow resonances in the optical range with respect to the
frequency of the international cesium standard, which lies in
the microwave range (about 9.2 GHz). This means that
optical frequencies (about 500 THz) should be transferred to
the microwave range without the loss of accuracy.

For this purpose, radio-optical bridges are used [18].
They represent rather complicated and bulky setups con-
sisting of a chain of specially selected phase-matched near-,
mid-IR, and submillimetre lasers, microwave oscillators
(klystrons and Gunn oscillators), and fast frequency con-
verters. An optical clock and a unified length and time
standard are based on this scheme [17]. The method for
measuring optical frequencies based on radio-optical bridges
was used until recently, but it was available only for few
national scientific centres.

The problem of comparison of optical and microwave
frequencies can be alternatively solved using a source of
many optical frequencies separated by a constant interval
lying in the radio-frequency range, i.e., if a stable comb
generator of optical frequencies is available. A continuous
ultrashort-pulse laser is such a source.

The idea of using cw ultrashort-pulse lasers in optical
frequency standards and ultrahigh-resolution laser spectro-
scopy was first proposed by Chebotaev in papers [19, 20]. It
has been shown in these papers that the method of separated
resonators proposed in paper [21] for obtaining narrow
resonances in the radio-frequency range can be in principle
used in the optical range. Of course, the difference in the
wavelengths by four-five orders of magnitude requires a
sophisticated modification of this method.

It has been shown that the pulses separated in time can
be equivalent to resonators separated in space. In paper [22],
this idea was experimentally realised using a synchronously
pumped picosecond cw dye laser.

When the spectrum of an optical comb generator covers
more than an octave (i.e., when f,.x > 2fin), it is possible to
compare directly the optical frequency lying within the
spectrum of the comb generator with a microwave fre-
quency. The principle of such measurements of optical
frequencies is explained in Fig. 8. Having measured the
beat frequency Af; between the optical frequency f,, being
measured and its second harmonic 2f,, and the beat freq-
uency Af, between the nearest frequencies of the comb
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Figure 8. Principle of measuring optical frequency f using a comb of
equidistantly spaced frequencies with the interval AF in the radio-
frequency range.
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generator at the long-wavelength and short-wavelength ends
of the comb, one can determine the exact value of f,, =
2fop = fop = NAF + Afi + Af>, by counting the number N of
lines in the comb. Therefore, an optical comb generator with
the spectrum covering more than an octave can be used
instead of a radio-optical bridge.

It follows from the above that the same cw ultrashort-
pulse laser in combination with a fibreoptic supercontinuum
generator can be used in principle in both applications
instead of rather complicated systems involving many lasers.

5. Cr: forsterite supercontinuum generator

All the results on the generation of supercontinuum reported
in the literature were obtained using Ti:sapphire femto-
second lasers. We studied tapered fibres using a 1.25-pum
Cr: forsterite femtosecond laser. The parameters of this laser
are:

Pump power/W. . ... ... ... 7.5
Self-mode-locking threshold/W. . . . . ... .. .. 6.2
Average power / mW ... 320
Pulse repetition rate / MHz. .. ........... 100
Minimum pulse duration/fs. . . ... .. ... ... 67
Wavelength/pum. . .. ... ... ... ... ... 1.25
Spectral width/nm . . .. ... ... ... ... ... 25

The tapered fibre had dimensions shown in Fig. 9. We
studied two samples with waist diameters 6 (sample 1) and
2 um (sample 2). Upon launching a beam from a femtose-
cond laser into a fibre with the help of a microscope objec-
tive, the radiation that was reflected from the fibre back to
the laser destroyed self-mode-locking. Therefore, a Faraday
isolator should be used. Unfortunately, because only a Fa-
raday isolator at 1.3 pum was available to us, the maximum
average power coupled to the fibre did not exceed 150 mW.

| 40 mm

A

@6 um (Nel)
@2 pm (Ne2)

Figure 9. Tapered fibre with the waist of diameter 6 (sample 1) and 2 pm
(sample 2).

The emission spectra obtained before and after prop-
agation of radiation through samples 1 and 2 are shown in
Fig. 10, which demonstrates the broadening of the spec-
trum. Note that, unlike the results presented in Fig. 8, the
detection was performed at a level of several decibels. It
seems that the waist length, as follows from Fig. 10, is
insufficient for the maximum broadening of the super-
continuum spectrum.

6. Conclusions

The development of femtosecond lasers opened up their new
possibilities. They are not only sources of extremely short
pulses but also allow one to obtain, in conjunction with fib-
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Figure 10. Emission spectra at the input (m) and output (e) for samples 1
(a) and 2 (b).

reoptic devices, a comb of a vast number of strictly equi-
distantly spaced frequencies. This remarkable feature resul-
ted in two extremely important applications of femtosecond
lasers in the precision frequency metrology and fibreoptic
WDM communications. Note, by the way, that both these
applications are closely related because the modern com-
munications cannot be imagined without accurate measure-
ments of frequencies and time intervals.

In both applications, fibreoptic elements play a crucial
role. First, they are used in supercontinuum generators
without which no outstanding advances would have been
achieved. Second, there is reason to believe that the deve-
lopment of femtosecond fibre lasers will result in the crea-
tion of systems of a new generation, which will be more
compact, more efficient, and broadly available. It is obvious
that studies in this field are very urgent and promising.
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