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Ever since the mid-1960’s, locking the phases of modes enabled the generation
of laser pulses of duration limited only by the uncertainty principle, opening
the field of ultrafast science. In contrast to conventional lasers, mode spacing
in random lasers is ill-defined because optical feedback comes from scattering
centres at random positions, making it hard to use mode locking in transform
limited pulse generation. Here the generation of sub-nanosecond transform-
limited pulses from a mode-locked random fibre laser is reported. Rayleigh
backscattering from decimetre-long sections of telecom fibre serves as laser
feedback, providing narrow spectral selectivity to the Fourier limit. The laser is
adjustable in pulse duration (0.34-20 ns), repetition rate (0.714-1.22 MHz) and
can be temperature tuned. The high spectral-efficiency pulses are applied in
distributed temperature sensing with 9.0 cm and 3.3 x 10K resolution,
exemplifying how the results can drive advances in the fields of spectroscopy,

telecommunications, and sensing.

Laser light differs from spontaneous emission owing to the existence
of cavity modes with well-defined and equally spaced frequencies.
A mode-locked laser can generate transform-limited pulses when all
modes are perfectly phase-locked to each other through a coupling
mechanism such as periodic phase or amplitude modulation'™*.
Random lasers®® are based on a stochastic distribution of scattering
centres that help form an effective cavity with laser modes, even when
alaser mirror is lacking” ™. The random mode-spacing makes it difficult
to lock the phases of the modes to each other>?, Mode-locking ran-
dom lasers where the gain and scattering coexist spatially, as in dyes’
or semiconductor powders?, is even more challenging. For this reason,
few random laser reports exist on locking spatial modes"2° or the
longitudinal modal distribution***, and none to the Fourier transform
limit. Stable picosecond pulse generation has also been reported in a
random fibre laser exploiting Raman gain®".

The generation of transform-limited pulses in random lasers can be
attempted in a simplified system. In random single-mode fibre lasers”,
the complexity is reduced to one spatial dimension. Furthermore, it is
possible to use lumped amplifiers to separate the section providing gain
from the section with randomly distributed scatterers®*®, Random

feedback from a Telecom fibre lies at the heart of the mode-locked
transform-limited pulse generation discussed here. The mean back-
scattered power guided back in standard single-mode fibres amounts to
a fraction =72 dB/m of the forward propagating power. The extremely
faint Rayleigh backscattering in a short section of fibre (3 cm-2m)
arbitrarily selected within a much longer fibre spool (10’s m-100’s m)
serves as laser feedback. The chosen backscattering section of fibre is
much shorter than the entire laser cavity. Periodically gated optical
amplification allows synchronising the arrival of the backscattered light
from the distributed mirror to the opening of the gain window. Light
scattered either too early or too late (from points lying before or after
the chosen “addressed” section) does not experience periodic amplifi-
cation and dies off. Provided the amplification in a roundtrip compen-
sates for the incurred loss, the laser reaches threshold. The duration
of the optical pulse defines the length of the section, which acts as a
distributed laser mirror.

Similar to all other fibre segments, this section has an unknown
and random distribution of scattering centres. However, the coher-
ent sum of all backscattered optical fields from this segment at a
given wavelength has a fixed (albeit unpredictable) value if external
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conditions such as temperature and strain are constant. The inte-
grated phase value of the extended random mirror depends critically
on the wavelength (optical frequency) of the input beam®. While
some wavelengths experience mainly destructive interference, oth-
ers add constructively to a peak in reflectivity, as commonly
observed in phase optical time-domain reflectometry (®-OTDR)***",
This has been referred to as the Rayleigh fingerprint®* of the fibre
section. Therefore, the chosen backscattering section of passive fibre
behaves at its entrance as a time-constant faint coloured mirror
reflecting various spectral peaks, like those obtained by printing low
reflectivity random Bragg gratings®. The Rayleigh scattered light
guided back from the extended random mirror repetitively feeds the
laser cavity with a constant phase signal at the dominant wavelength,
and spectrally filters laser emission. With periodic amplification, the
highest of the reflected spectral peaks dominates, imprinting its
central wavelength and bandwidth on the laser pulse formed. This
backscattered signal can be reproduced after a phase-shift equal to
an integral number of 2 radians accumulated along a roundtrip, and
the modes of the laser cavity can be locked.

In this work, synchronous mode-locking® is achieved with repe-
titive amplification of the circulating signal, where the pulse duration
is largely determined by the time-gated amplification and by the
sharply filtered feedback®. The pulses generated by the laser are
found to be exactly or nearly transform-limited in a range of pulse
durations (0.34-20 ns) and cavity lengths (170-285 m). When choos-
ing the laser pulse duration, one also automatically chooses the length
of the spectral filter and its bandwidth, thus maintaining the time-
bandwidth limit. Remarkably, a few centimetres of highly transparent
single-mode telecom fibre can be used as a mirror in a laser cavity, one
with narrow linewidth peaks that guarantee transform-limited pulse
generation.

Results

Theory and simulations

Rayleigh scattering in optical fibres is generated by random fluctua-
tions of the refractive index at the nanoscopic scale, but the
interference of Rayleigh scattered coherent light and the back-
scattered intensity are governed by random fluctuations of the mean
refractive index on a much larger scale. Backscattering of coherent
light can be modelled as the sum of the contributions from every
portion of the fibre in which the phase of each contribution is
randomized®. This allows evaluating the reflectivity of the dis-
tributed random mirror embodied by a chosen section of the

backscattering fibre. The intensity spectrum of the backscattered
light at the input point is frequency-dependent and fluctuations can
be described as:
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where the fibre section is considered as a series of N segments of mean
length d and mean refractive index n; with random variations from
segment to segment. The second term of Eq. (1) is a double sum over all
pairs of segments i and p and describe the fluctuations due to the
interference between the optical field from all segments. The result is
an intensity spectrum with strong frequency dependence, with fluc-
tuations that can reach 10 dB above the mean value in kilometre-long
fibres”, coming from constructive interference of the backscattered
fields. As mentioned above, although extremely faint, this back-
scattered light can trigger laser action in arandom fibre laser, provided
there is sufficient gain in the roundtrip. Previously, kilometre lengths
were used with Raman® and Brillouin®® amplification to build random
fibre lasers. Scattering in long fibre lengths was also used in
combination with lumped amplification such as in SOA- or EDFA-
based random lasers™”’.

The backscattered intensity spectrum calculated using Eq. (1)
for typical standard single-mode fibres and d~5 mm is shown
in Fig. 1la-c within a 10-GHz range of optical frequencies, for illus-
trative fibre sections lengths of 0.5 m,1 mand 2 m. In the full 100-GHz
used in the simulations, peaks as high as 9 dB above the mean were
found. All spectra present randomly spaced relatively strong peaks,
whose spectral width is also random and sharpens as the length is
increased.

Figure 1(d) shows the distribution of peak widths (FWHM) of
Rayleigh scattered light calculated in a 100-GHz spectral range. The
mean width is inversely proportional to the length of the scattering
fibre, and the longer the fibre section, the sharper the peak width
distribution. Remarkably, the most likely spectral width reflected (e.g.,
50 MHz or 0.4 pm linewidth) is that of a very weak FBG of the same
length (e.g., 2m long). A simple approach to understanding this fea-
ture is to consider the backscattering fibre section as consisting of a
long fibre Bragg grating with a very small index depth and a random
period over its length. The longer the grating, the sharper the reflec-
tion peaks™.

Consider now a long lumped-gain laser cavity (e.g., 200 m) in
which one of the mirrors is replaced by a short backscattering fibre
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Fig. 1| Simulated Rayleigh scattering spectra and peak width distribution.
Typical simulated random backscattering spectra within a 10 GHz range for fibre
section lengths of 0.5 m (a), 1 m (b) and 2 m (c). Reflection peaks are formed,
narrower and more frequent for longer fibre sections. Intensities are normalized by

Mode width [MHz]

the mean value. (d) Statistics of the peak widths for three lengths of backscattering
fibre section calculated over a 100 GHz span. The most likely spectral width of the
distributed random mirror (e.g., 50 MHz) predicted by Eq. (1) equals the width of a
very weak FBG of same length (2 m).
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Fig. 2 | Experiment set-up. Schematic diagram of the mode-locked random fibre laser near but below threshold. The distributed random mirror is arbitrarily chosen as a

short section of the single-mode Telecom fibre.

section (e.g., 1 m). Of course, the enormous loss of this cavity must be
compensated by a huge gain, so that the laser can reach threshold. This
concept is displayed in Fig. 2, where a gated semiconductor optical
amplifier (SOA) generates a pulsed gain and a pumped Erbium-doped
fibre (EDF) provides bidirectional CW gain. The gated-gain configura-
tion eliminates the need to consider all backscattered light but the one
from the addressed section.

Consider that a broad amplified spontaneous emission (ASE)
pulse is launched by the SOA and reaches the addressed section after
amplification in the EDF. The faint and randomly coloured back-
scattered signal coming from this section is guided back to the SOA,
arriving at the very moment when another current pulse opens the
gain window. When the EDF gain is sufficient, so that the spectral
density at a given coherence spike of the backscattered pulse exceeds
the spontaneous emission density, then this wavelength dominates the
stimulated emission, depleting the gain at other wavelengths. The
spectral width of the coherence spike defines the lasing linewidth. Any
of these peaks accommodates hundreds of equally spaced cavity
modes that could be phase-locked.

Laser threshold

Experiments were performed with a fibre laser cavity in a sigma con-
figuration, comprising a fibre loop and an open-ended fibre patch. The
loop consisted of a gated semiconductor optical amplifier (SOA) and a
length of fibre used as a delay (125 m), both connected to the two fibres
of a 50/50 fused coupler, as schematically shown in Fig. 2. In some
experiments when more gain was needed, an additional commercial
erbium-doped fibre amplifier (EDFA) and an adjustable spectral filter
were added to the loop to increase the gain and reduce the amplified
spontaneous emission, respectively as detailed in Supplementary
Fig. 1. The open-ended fibre section was also connected to the coupler
and included a 27-m long EDFA without isolators, providing optical
gain in both directions, and a passive single-mode fibre (SMF) spool
that backscattered light into the loop. In most experiments,
dispersion-shifted fibre was employed, but a standard Corning SMF-28
telecom fibre was also used with the inclusion of the extra amplifier
that provided enough gain for laser action. The fourth leg of the
coupler was used as a laser output port. The EDFA(s) provided CW
gain. The SOA was gated with nanosecond current pulses from a
tuneable generator and prevented light transmission while unpumped
(>-60 dB). The repetition rate of the electrical pulses was adjusted in
the interval 714 kHz - 1.220 MHz. As mentioned above, this allowed
matching the nanosecond gain window to the arrival at the SOA of light
from the chosen short section within the spool of Telecom fibre
(3 cm-2 m). The length of the distributed random mirror was selected
by choosing the duration of the electrical pulse applied to the SOA
(e.g., 1 m for 10 ns pulses). The length of the intra-cavity delay fibre
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Fig. 3 | Laser threshold. Distinct random laser threshold for three current pulse
durations. The threshold EDF pump power decreases for longer pulses, while the
efficiency increases. The inset shows the optical spectrum for 20-ns pulses at full
pump power.

used (125 m) ensured that doubling the shortest possible cavity length
(250 m) would fall beyond any point of the piece of single-mode fibre
indicated in Fig. 2. In this way, every RF frequency was univocally
associated to a single cavity length and not its harmonic. The laser
output was characterised in time with an amplified 26-GHz photodiode
and a 3.5-GHz oscilloscope. High-resolution optical spectra were ana-
lysed with a 20-MHz frequency resolution (0.16 pm wavelength)
optical spectrum analyser (OSA).

Figure 3 presents the laser average output power as a function of
the EDFA pump power when the system is driven at 820 kHz with
square current pulses with widths 5,10 and 20 ns. The corresponding
optical pulse durations were 3.6, 8.6 and 18.7 ns, respectively, slightly
shorter than the electrical pulses, as illustrated in Supplementary
Figs. 2 and 3. A distinct random laser threshold is observed in all
cases®*° with a clear sharp laser line emerging from the broadband
ASE when the threshold is reached, as shown in the inset. The higher
feedback provided by longer distributed random reflectors reduces
the pump power needed for lasing as more power is backscattered.
Considering the sum of point losses and the cavity roundtrip gain
(see Supplementary Notes), the average Rayleigh scattering capture
coefficient of the fibre is insufficient to sustain laser oscillation.
Indeed, a coherent reflectivity spike ~10 dB above the average is
needed for the laser to reach threshold, in agreement with the model
above”. It is worth noting that the slope of the curve increases as the
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Fig. 4 | Mode spectrum and linewidth. Self-homodyne optical beat between the
fundamental mode and the first optical sideband of the delayed replica for a -12 ns
pulse. The modulation frequency was 1.176 MHz and the number of modes within
the first notch is ~-86. The inset shows a zoom at around the fundamental tone,
showing the optical beat and mode linewidth.

pulse duration increases, meaning that the efficiency increases with
the random mirror reflectivity.

Mode locking

Figure 4 displays the spectrum of the output signal intensity from a -12
ns pulse, showing a series of equally spaced tones as expected fora 1.17
MHz periodic signal with top-hat shape. To demonstrate phase
coherence among locked modes, a self-homodyne optical beat mea-
surement between the pulse and a delayed replica was performed
using a Mach-Zehnder interferometer (MZI) with ~100 km unbalanced
paths". By carefully adjusting the polarizations in each arm and the
repetition rate to precisely overlap the pulse and its delayed replica,
the self-homodyne spectrum could be measured. Since the spectrumis
a comb of equally spaced modes, the detected self-homodyne spec-
trum will be given by the self-beat of all modes, centred at the base-
band, plus the beat of first neighbouring modes centred at the
repetition frequency tone, the beat of second neighbours at twice the
repetition rate and so forth. Moreover, the detected signal will also
display the frequency comb corresponding to the pulsed signal
waveform, which appears even if the pulses do not overlap in time. The
inset in Fig. 4 shows a zoomed measurement with high resolution (10
Hz) around the repetition rate tone. It presents a clear bell-shaped beat
spectrum corresponding to the optical beat of laser modes, only
detectable when pulses overlap and the polarization on both MZ arms
are parallel. The same bell-shaped phase noise appears in all harmonic
beat tones, including the baseband, meaning that all optical modes
have the same 4.5-kHz linewidth. Interesting enough, this linewidth
corresponds to the background acoustical noise in the laboratory,
which affects the mode phase by sound-induced index variations in the
~200-m-long optical fibre cavity.

Considering the optical powers involved and the small length of
fibres in the cavity, dispersion and nonlinear effects were estimated to
be negligible in the lasing processes here. Hence, the optical field at
any point inside the cavity can be written as a simple superposition of
equally spaced cavity modes:

E@0)="> Exexpli((k2nf +2m6v, )t + Py)] 2)
k

where f is the mode spacing, ¢ is the optical phase of each mode, and
6vy is the mode frequency noise giving its linewidth. Because of the
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Fig. 5 | Average optical spectra. Laser spectral bandwidth measured with an
optical spectrum analyser (50x average) for square current pulse durations 5 ns
(black), 10 ns (red) and 20 ns (blue). The FWHM spectral widths fitted to sinc’
functions are 227, 125 and 65 MHz, respectively, close to those expected for
transform-limited pulses.

intra-cavity pulsed modulation, the time dependence of the optical
field at the SOA must be written as:

E(@®)=Eq ) My expli(k2mf)t + o)) 3)
k

where M are the Fourier coefficients and ¢, the phase of the mod-
ulation waveform. Since 6v, < f, Eqs. (2) and (3) imply that the phase ¢y
of the optical modes are all locked at the SOA and match the phase ¢
of the modulation waveform.

Spectral measurements

Figure 5 presents the experimental optical spectra of laser emission as
a function of frequency shift around 1532 nm wavelength when the
gated amplifier is driven with top-hat current pulses of duration 5, 10
and 20 ns. The traces displayed show an average of 50 measurements.
A solid line is also displayed, indicating the best sinc? fit for the three
data sets. Good agreement (R2-0.99) is observed between the
experimental data and the model predictions shown in Fig. 1d. The
measured bandwidths (227, 125 and 65MHz, respectively) are
approximately inversely proportional to the pulse duration, that is, to
the length of the fibre section providing feedback to the random laser.
Considering the case of 125 MHz bandwidth pulses at a repetition rate
of 0.82 MHz, -10* cavity modes are contained in the 3-dB optical
bandwidth. The averaging used here prevents a more quantitative
comparison between the measured pulses and the Fourier limit. For
example, the time-bandwidth product in this case is 17% higher than
the 0.89 value expected for square pulses*.

For better synchronisation, temporal and spectral measurements
were performed in single-shot acquisitions taken at the same time in
the oscilloscope and spectrum analyser. Figure 6a-d shows time-
domain (traces (a) and (c)) and spectral-domain (traces (b) and (d))
measurements for electrical pulses of duration 10 ns (a) and (b) and 2
ns (c) and (d). The time and spectral measurements shown were taken
in single sweep mode and near synchronism. The optical pulses are
shorter than the electrical ones (8.6 ns and 340 ps FWHM, respectively)
and are fitted in (a) to a square pulse shape and in (c) to a Gaussian,
both illustrated by a red solid line. The red solid lines in Fig. 6b and d
are the corresponding Fourier transform curves, with sinc* and Gaus-
sian shapes, respectively, with no width adjustment. When the pulse
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shapes were closer to Gaussian (e.g., Fig. 6¢) than top-hat (e.g., Fig. 6a),
the time-bandwidth product reduced from -0.89 to -0.44, as
expected*. The good agreement of the Fourier-transform curves in red
and the experimental traces in black in Fig. 6b, d demonstrate that the
present mode-locked random laser can generate transform-limited
pulses using the Rayleigh backscattering from a section of Telecomm
fibre as short as 3.4 cm as cavity feedback (Fig. 6d). Even shorter pulses
should be possible, but experiments here were electronics-limited.

More extensive investigations were conducted for various repe-
tition rates and pulse durations. It was found that the transform limit
characteristics is independent of the repetition rate, as illustrated in
Supplementary Figs. 5, 7-12 and in Supplementary Table 1. While
longer current pulses lead more often to pulsing at two frequencies
separated by hundreds of MHz that beat in the time domain, the pulses
remain transform-limited. This double-pulsing behaviour has been
described in other rare-earth laser systems that lack a saturable
absorber***, Single-pulse generation was more readily obtained for
current pulses <3 ns.

Application

Distributed temperature sensing is an important application area of
optical fibres in industrial settings, to optimise production processes
and minimise maintenance and repair costs. Although one Kelvin
temperature sensitivity and metre-long spatial resolution suffice in
many cases, such as in oil-well facilities, in other applications, such as
monitoring water seepage through temperature variation in dams and
dikes to prevent accidents, much better performance parameters are
advantageous*'. Typically, distributed temperature sensors (DTS)
make use of the relative intensities of Stokes and anti-Stokes signals
from Raman scattering in fibres, monitored via optical time domain
reflectometry***¢, Wavelength-dependent loss due to fibre bending or
ageing is a problem that single-wavelength monitoring systems do not
have. Besides, the poor signal-to-noise ratio in Raman DTS is a limita-
tion not usually encountered when measuring the output wavelength
of a laser. The configurable random laser here, which allows for in situ
selection of the length and bandwidth of the transform-limited probe

pulses, can be exploited in distributed temperature sensing, as an
example of an application area. From Eq. (1), it is clear that the fre-
quency spectrum shifts as the mean refractive index of the selected
fibre section varies with temperature. Given the sharpness of the lasing
peak, even a tiny spectral shift can be detected precisely.

As proof of principle, the open-ended telecom fibre was unwound
from the spool, and a section ~1 m close to the end was immersed in
water in an enclosed polystyrene box. The water temperature was
initially raised, and the cooling process was monitored using a
thermocouple-based thermometer and the laser wavelength. The
repetition rate of the laser was tuned to 728.2kHz so that optical
feedback was provided from the section of fibre immersed in water.
In order to avoid edge effects and to maximise temperature uniformity
in the immersed fibre, the pulse duration was limited to 900 ps (i.e., the
laser feedback came from a central 9.0-cm-long fibre section).
An optical spectrum analyser was used to monitor the frequency
(wavelength) shift, similar to monitoring the spectrum of simple intra-
cavity FBG systems*’*® (see Supplementary Fig. 4). Figure 7 illustrates
the temperature evolution as a function of frequency shift, measured
with ~4 MHz resolution (see Supplementary Methods and Supplemen-
tary Fig. 1). The frequency dependence on temperature in this small
range is linear and approximately 1.19 GHz/K, similar to that found for
FBG’s. However, different from FBG’s that only offer point sensing,
distributed measurement here is accomplished by scanning the repe-
tition rate of the laser. In addition, the mode-locked random laser
also exhibits advantages over distributed sensing techniques such as
®-0TDR, since frequency shifts are directly measured (no post-
processing), have a high signal-to-noise ratio and are robust to power
fluctuations. Moreover, the spectral width of the laser line is much
smaller than those of typical Bragg gratings used for local temperature
measurements, so that the spectral shift can be better determined
(see Supplementary Methods for details).

The robustness of the experimental set-up was verified by re-
starting a measurement campaign a few days later and controlling that
the peak position depends only on the sample temperature (see Sup-
plementary Fig. 6). Note that the laser cavity was protected in the
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Fig. 7 | Temperature sensing. Rayleigh scattering in single-mode telecom fibre
gives rise to transform-limited pulse generation making the laser system highly
spectrally efficient. Here, 9.0 cm resolution and 0.0033 K precision are
demonstrated.

laboratory but not temperature-stabilised. The spectral measurements
depend almost entirely on the temperature of the particular fibre
section being addressed. Other temperature-induced fluctuations
affect the cavity modes but to a large extent do not alter the spectrum
of the random mirror. A temperature variation of 1K, over the full
200-m fibre circuit, would change the optical path of the cavity by a
mere ~1 mm, well below the spatial resolution of the system. The
spectral analysis of the backscattered light, however, can easily detect
a variation two orders of magnitude smaller. It is worth noting that the
relation between laser wavelength for each fibre section and the
absolute temperature is unknown a priori and a calibration is needed
for absolute measurements.

Discussion

A mode-locked random fibre laser, generating transform-limited
optical pulses was demonstrated. The extremely weak coloured
Rayleigh backscattering of a short piece of telecom fibre is used as
cavity feedback. It provides self-adjusted spectral filtering in a laser
cavity, which leads to transform-limited pulse generation at various
pulse durations and repetition frequencies. With such weak feed-
back, a gain of the order of 100 dB is required to compensate for the
loss. These loss and gain values are amongst the most extreme ever
reported for a laser, and this work arguably demonstrates for the first
time, to the best of our knowledge, that the Rayleigh backscattering
of centimetre-long telecom fibres is sufficient to achieve laser action.
An estimate of the number of photons in a 340-ps pulse back-
scattered in the telecom fibre gives ~10? photons. It is likely that
shorter pulses, well into the picosecond regime could be generated
and exploited here. This means that lasing could start with an even
smaller number of photons and the system could be useful to explore
more fundamental questions, such as manifestations of the quantum
behaviour of the laser source and how the optical pulse evolves from
white light to the coherent regime in the Fourier limit. Pulses of
duration under 0.3 ns were not generated for limitations in the
electronics available. The nanosecond regime does, nevertheless,
find important applications**°, as exemplified above for distributed
sensing. The high-resolution measurements made possible with the
transform-limited pulses here can be useful for instance in early
warning of water seepage in dams. The good temperature sensitivity
should allow for the use of the fibre even in a rugged cable, as
necessary for field installations. One strength of the work described
here is the possibility of using short sections of installed standard

telecom fibre for distributed sensing. In some cases, it may be
advantageous to deploy a fibre with enhanced Rayleigh scattering, as
obtained for instance by exposure to UV radiation. Up to 20 dB
increase in backscattering has been demonstrated®. This and other
means*>** could alleviate the need for an additional amplifier in the
laser cavity. In contrast to the interesting work reported in refs. 23,24,
true mode-locking of a random laser is achieved here with the gen-
eration of transform-limited pulses. Unlike those publications, a
single pulse per roundtrip is demonstrated in an electronically con-
trolled cavity capable of performing distributed sensing. Further-
more, the physics of Rayleigh backscattering of coherent light is not
restricted to single-mode fibres, and could also be applied to other
scattering media. Given the sensitivity of the system to extremely low
levels of backscattered light, its concept can conceivably be applied
to distributed sensing of dilute scattering particles in free space, as a
lasing-LIDAR with transform-limited resolution.

Data availability
The data that support the findings of this study are publicly available at
https://zenodo.org/records/10205014.
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