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ABSTRACT High-pulse-energy supercontinuum radiation with
a width exceeding 900 nm in the near-infrared spectral region
has been generated in conventional single-mode fibre. The fibre
was pumped at 1064 nm which is in the normal dispersion
regime, resulting in predominantly red-shifted spectral broad-
ening. Supercontinuum pulse energies exceeding 450 nJ were
obtained. The use of conventional fibre allows for inexpensive
generation of near-infrared supercontinuum radiation, featur-
ing high pulse energies and good spatial beam quality. This
supercontinuum radiation was used to acquire high-resolution
(15 pm) broadband absorption spectra of H2O, C2H2 and C2H4
in the near-infrared spectral region (1340–1700 nm), using an
optical spectrum analyser for detection. H2O spectra were also
recorded at high repetition rates, by dispersing the supercon-
tinuum pulses and detecting the transmitted signal in the time
domain. A spectral resolution of 38 pm was obtained employ-
ing the dispersed supercontinuum pulses, which is comparable
to the H2O line widths at ambient conditions.

PACS 07.07.Df; 42.62.Fi; 42.79.Nv; 42.81.-i

1 Introduction

Broadband light sources are attractive for many
practical spectroscopic applications, for example as sensors
for gas or liquid properties, for optical component and sys-
tem testing or for biological imaging. Broadband wavelength
coverage ensures that spectral signatures of multiple species
or compounds can be detected or that optical properties of
components can be characterized over broad bandwidths. Su-
percontinuum (SC) light sources are of particular interest in
this context, as they can provide broadband pulses cover-
ing extremely wide wavelength ranges [1]. Supercontinuum
light sources have successfully been employed for gas sens-
ing [2–4], optical component characterization [5–7], optical
coherence tomography [8] and confocal microscopy [9, 10].
Rapid wavelength sweeping can be achieved by stretching
the supercontinuum pulses using dispersive fibres, which al-
lows such broadband measurements to be performed very
quickly [2, 3, 11–13].
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Intense laser pulses have been used to generate broad-
band supercontinuum radiation in solids, fluids and gases,
through a variety of non-linear optical processes [1]. Of par-
ticular interest to practical applications is the high efficiency
of supercontinuum generation in optical fibres [14]. Normally
photonic crystal fibres (PCFs) [15] or highly non-linear fibres
(HNLFs) [16] are employed for this purpose. The small core
diameter of such fibres enhances the non-linear processes,
and allows broadband supercontinuum generation at sub-nJ
pulse energies when pumped by femto- or picosecond laser
pulses. However, the reduced threshold of optical damage in
those narrow-core fibres limits the maximum pulse energy
that it is possible to obtain in the supercontinuum (typically
to less than 100 nJ for pumping with pulses less than 10-ps
long), which limits their usefulness for some practical appli-
cations where higher pulse energies are required. Standard
single-mode fibres, on the other hand, exhibit a higher optical
damage threshold and have successfully been employed for
generation of high-pulse-energy (µJ) supercontinuum pulses
in the visible [17–19] and near-infrared (IR) spectral re-
gions [18–22]. Supercontinuum radiation generated in stan-
dard single-mode fibres is furthermore characterized by a bet-
ter spatial beam profile, compared to supercontinua generated
in PCFs, which normally feature a non-circular symmetry.
Other advantages of employing conventional fibre include
low cost and ease of splicing. Supercontinuum generation in
standard single-mode fibres has recently also been demon-
strated in the UV [23] and mid-IR [24, 25] spectral regions.

This paper investigates the generation of high-pulse-
energy near-IR supercontinuum radiation in standard telecom
fibre, and reports the application of such high-pulse-energy
supercontinuum radiation to broadband absorption spec-
troscopy in gases. In this study standard telecommunication-
grade fibre is pumped in the normal dispersion regime of
the fibre, at 1064 nm [19], which results in a predominantly
red-shifted supercontinuum exhibiting a good flatness from
1300 nm to 1700 nm. The effects of changing the energy of the
pump pulse and the fibre length on the spectral shape of the
supercontinuum are investigated. The red-shifted supercon-
tinuum is ideal for gas sensing as many molecules of practical
interest feature vibrational overtone transitions in the near-
IR region [26]. Its usefulness for spectroscopic applications
is demonstrated by obtaining broadband and high-resolution
(15 pm) absorption spectra of the H2O band stretching from
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1340 nm to 1500 nm, the C2H2 band stretching from 1510 nm
to 1545 nm and the C2H4 band stretching from 1610 nm to
1700 nm. The spectral resolution obtained is better than that
previously reported for supercontinuum-based spectrome-
ters [2–4, 12] and allows the ro-vibrational structure of those
molecules to be resolved. Finally, broadband H2O spectra are
also recorded at much higher repetition rates, by dispersing
the supercontinuum pulses and detecting the resulting spectral
sweeps in the time domain [2, 3]. The type of broadband ab-
sorption spectrometer presented here shows large promise for
multi-species concentration and temperature measurements,
with future potential of reactive flow sensing.

2 Instrumentation

The experimental configuration employed for
characterizing the spectral characteristics of the supercon-
tinuum radiation generated in the single-mode fibre, and for
recording broadband absorption spectra of various gases, is
schematically illustrated in Fig. 1a. The supercontinuum ra-
diation is generated by launching 5-ps-long pulses, centred
around 1064 nm, into a single-mode fibre (SMF, Corning,
SMF28). At 1064 nm the SMF28 fibre features a disper-
sion of around −30 ps/(nm km) and a mode field diameter
of around 7.5 µm. Its zero-dispersion wavelength (ZDW) is
located at 1313 nm, and the cut-off wavelength is around
1260 nm. The pump laser is an ytterbium-doped fibre laser
(Fianium, FemtoPower-1060) featuring an acousto-optical
pulse picker which allows the repetition rate to be varied be-
tween 0.33 MHz and 20 MHz. The maximum pulse energy
that it is possible to obtain increases from 45 nJ at 20 MHz
to over 1.4 µJ at 0.33 MHz repetition rate. An aspherical lens
was used for coupling light into the single-mode fibre, with
a typical coupling efficiency of 33%.

For initial characterization of the supercontinuum radia-
tion, the spectral output from the fibre was directly recorded

FIGURE 1 (a) Optical set-up used for characterizing the spectral profile
of the generated supercontinuum and for recording broadband absorption
spectra of various species. (b) Experimental set-up used for rapid acqui-
sition of broadband H2O spectra. The dispersed supercontinuum sweeps
were recorded in the time domain by a photodiode and a real-time os-
cilloscope. (L = lens, SMF = single-mode fibre, OSA = optical spectrum
analyser, DCM = dispersion-compensating module, GS = gas sample, PD =
photodiode, Osc = oscilloscope)

by an optical spectrum analyser (OSA, Ando, AQ6317Q). To
allow the widest range of pump pulse energies to be tested the
lowest repetition rate (0.33 MHz) was employed. The output
power of both the pump laser and the supercontinuum radia-
tion was monitored using a broadband power meter (Melles
Griot, 13 PEM 001).

The same set-up was employed for recording broadband
absorption spectra, by collimating the SC into a 4-mm-
diameter beam, launching it through the gas sample (H2O,
C2H2 or C2H4) to be analysed and then re-launching it back
into a single-mode fibre for subsequent detection using the
OSA. The spectral resolution of the OSA is specified to be
around 15 pm, between 1520 and 1620 nm, which is suffi-
ciently high to resolve individual ro-vibrational lines of many
gaseous species in the near-IR spectral region.

Absorption measurements of H2O vapour were also car-
ried out in the time domain by dispersing and resolving the in-
dividual SC pulses, using the set-up illustrated in Fig. 1b. This
was achieved by employing two dispersion-compensating
modules (DCMs), each featuring a dispersion which varies
from −0.9 ns/nm at 1300 nm to −1.5 ns/nm at 1500 nm
(Fujikura, G652-C+L-band SC-DCFM). The wavelength-
dependent dispersion of the modules has been accurately
characterized using a time-of-flight method developed by
the authors [7]. The resulting output from the two DCMs
is a rapid wavelength scan, which sweeps from 1300 nm to
1500 nm in approximately 180 ns. The SC beam is then passed
through the gas sample to be analysed and the transmitted in-
tensity is detected using a 10-GHz-bandwidth pre-amplified
photodiode (Terahertz Technologies, TIA-3000) connected
to a 8-GHz-bandwidth real-time oscilloscope (Tektronix,
TDS6804B). The spectral resolution is determined by the
amount of dispersion employed. Here two DCMs were used
to achieve a resolution of around 38 pm, which approximately
matches the width (33 pm) of the H2O lines studied.

3 Results and discussion

3.1 Supercontinuum generation

By employing sufficiently intense laser pulses it is
possible to generate broadband supercontinuum radiation in
conventional single-mode fibres, even though their non-linear
coefficient is lower than that of PCFs and HNLFs. The SMF
employed here has a zero-dispersion wavelength of 1313 nm,
which is about 250 nm above the pump wavelength, which
means that pumping is performed well inside the normal dis-
persion regime, where solitons cannot be formed. The spectral
profile of the SC is studied as a function of the energy of
pulses injected into the fibre and as a function of the length of
fibre employed. In this work the prime objective was to max-
imize the intensity in the region stretching from 1300 nm to
1700 nm, as this is a region of interest for near-IR absorption
spectroscopy.

In Fig. 2a the spectral profile of the supercontinuum as
a function of pulse energy is shown for the case of a 10-m-long
fibre. In Fig. 2b the corresponding intensity map illustrating
the evolution of the supercontinuum as a function of pulse en-
ergy is shown. For the lowest pulse energy, 30 nJ, the spectral
profile essentially mimics that of the pump laser. The pump
laser has a spectral full width at half maximum (FWHM) of
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FIGURE 2 (a) Spectral profile of supercontinuum radiation generated in
a 10-m-long conventional single-mode fibre shown as a function of pulse
energy (ZDW = zero-dispersion wavelength). (b) Corresponding spectral in-
tensity map (logarithmic intensity scale)

around 18 nm with a weak wing extending to higher wave-
lengths, which is caused by stimulated Raman scattering in-
side the fibre laser. The supercontinuum generation starts to
take place at a pump energy of around 150 nJ. As the pump
wavelength lies in the normal dispersion regime in this case
it is thought that self-phase modulation in combination with
stimulated Raman scattering initiates the formation of the SC.
As the energy of the injected pulses is increased cascaded
Raman shifting extends the SC towards the anomalous disper-
sion regime, i.e. above the ZDW at 1313 nm. When the pulse
energy is increased from 300 nJ to 450 nJ a rapid broaden-
ing towards higher wavelengths is observed. Further increases
in pulse energy increase the intensity of the supercontinuum
radiation above 1500 nm, and also lead to the emergence of ra-
diation on the shorter-wavelength side of the pump laser. The
principal features of the spectral envelope of the supercontin-
uum are similar to those reported by Chernikov et al., and the
physical processes responsible for the spectral broadening are
believed to be similar to those identified in that study [19, 27].
The fine scale structure visible around 1400 nm is due to ab-
sorption by ambient H2O vapour present inside the spectrum
analyser. The two weak peaks around 725 nm and 850 nm
have been confirmed to be measurement artifacts caused by
the OSA.

The effect of varying the fibre length is shown in Fig. 3,
where the maximum pulse energy (1440 nJ) was employed for
all lengths. For fibre lengths of 1 m and 2 m the spectral pro-
files observed closely resemble that of the pump laser, which
indicates that a fibre length longer than 2 m is required for ef-
fective SC generation to take place in the present case. When
the fibre length is increased to 5 m or longer increased spectral

FIGURE 3 Spectral profile of the supercontinuum radiation generated in
different lengths of conventional fibre

broadening is observed. About 33% and 44%, respectively, of
the energy is converted to higher wavelengths for the 5-m- and
10-m-long fibres. The use of fibres longer than 10 m did not
improve the spectral width of the SC to any greater extent. For
this reason a 10-m-long fibre was employed for the absorption
measurements described in this paper.

At maximum pulse energy the supercontinuum generated
in the 10-m-long fibre spans over 900 nm in width (measured
between the −20 dB points), with 23% of the energy being
transferred into the 1300–1700 nm window of interest. The
relatively high intensity and flat spectral profile in this re-
gion make this ideal for near-IR absorption spectroscopy of
gaseous species.

3.2 Spectrally resolved absorption spectroscopy

To demonstrate the usefulness of the high-pulse-
energy supercontinuum source for broadband absorption
spectroscopy, spectra of vibrational overtone and combina-
tion bands in H2O, C2H2 and C2H4 were recorded at ambient
conditions. From the transmitted (I ) and incident (I0) intensi-
ties the absorbance A can be calculated:

A = log(I0/I ) . (1)

The ratio between transmitted and incident intensities is given
by the Beer–Lambert law, from which the number density N
can be determined:

I/I0 = exp(−σ(λ)NL) , (2)

where σ(λ) is the absorption cross section for the transition
studied, and L is the path length. In Fig. 4a the transmitted
intensity (I ) of the SC after passing through approximately
2.8 m of air is shown. The transmission trace, which stretches
from 1340 nm to 1500 nm, was acquired using the OSA and
covers the entire ro-vibrational structure of the H2O band,
containing over 400 individual absorption features. In Fig. 4b
the corresponding absorption spectrum is shown, which was
obtained by fitting a base line (I0) to the transmission trace
and applying (1). The ambient conditions were a tempera-
ture of 297 K, a pressure of 1001 mbar and a relative hu-
midity (RH) of 39%, which yield a H2O mole fraction of
XH2O = 0.0116. A calculated spectrum corresponding to the
experimental conditions and based on line strength and line
shape data from the HiTran 2004 database [28] is shown in
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FIGURE 4 (a) Intensity of the SC radiation
transmitted through air with a relative hu-
midity of 39%, recorded using an OSA. The
absorption lines observed are vibrational over-
tone transitions of H2O. (b) Corresponding
H2O absorbance spectrum. (c) Theoretical spec-
trum calculated using line parameters from the
HiTran database at the experimental condi-
tions (L = 2.8 m, T = 297 K, P = 1001 mbar,
RH = 39%, XH2O = 0.0116). (d) Magnified
view of the 1380–1382 nm region, showing both
experimental and HiTran H2O peaks

Fig. 4c. To allow a direct comparison between the experimen-
tal and the HiTran spectra, the latter has been convolved with
a Gaussian filter with a width of 15 pm, corresponding to the
spectral resolution of the OSA. Overall, the two spectra are
seen to agree well, which is further evident from the mag-
nified view shown in Fig. 4d. The observed signal-to-noise
ratio, based on the strongest peak, was around 135. The detec-
tion limit using the OSA for acquisition, for the strongest H2O
peak in Fig. 4b, was estimated to be around 135 ppm for a 1-m
absorption path length at room temperature and atmospheric
pressure.

FIGURE 5 (a) Experimental C2H2 absorption
spectrum covering the entire vibrational combi-
nation band (ν1 + ν3) of C2H2. (b) Theoretical
spectrum calculated using line parameters from
the HiTran database at the experimental condi-
tions (L = 14 cm, T = 297 K, P = 1001 mbar,
XC2H2 ≈ 0.007). (c) Magnified view of the
1520.8–1521.8 nm region

Broadband absorption measurements were also per-
formed in a gas mixture of C2H2 and CO (∼ 0.75% C2H2)

contained in a 14-cm-long cell. The experimentally recorded
spectrum is shown in Fig. 5a; C2H2 absorption features
stretching from 1510 to 1545 nm are observed, corresponding
to the vibrational combination band ν1 + ν3. Once again the
recorded spectrum was compared with a spectrum calculated
based on line parameters from the HiTran database, which
is shown in Fig. 5b. A good agreement between experimen-
tal and theoretical results is observed, as is evident from the
magnified view shown in Fig. 5c.
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FIGURE 6 Experimental absorption spectrum of C2H4 stretching from
1610 nm to 1700 nm. Inset: Q-branch of the ν5 +ν9 combination band shown
in magnification

The third test object consisted of a 10.5-cm-long path of
pure C2H4. A 90-nm-wide spectrum of C2H4 is shown in
Fig. 6. The P-, Q- and R-band structure around 1625 nm cor-
responds to the ν5 + ν9 combination band, whereas the lines
above 1640 nm correspond to a number of overlapping com-
bination bands [29]. As the HiTran database does not con-
tain spectroscopic data for those near-IR transitions of C2H4

a direct comparison to a theoretical spectrum is not possible.
However, the observed structure is in good agreement with
the broadband spectrum published by Boschetti et al. [30].
Furthermore, the distinct Q-branch of the ν5 + ν9 transition,
shown in the inset of Fig. 6, agrees well with that measured by
Sanders et al. [31].

3.3 Temporally resolved absorption spectroscopy

Employing a scanning grating based spectrometer
such as an OSA for detection is time consuming and therefore
temporally resolved time-of-flight absorption measurements,
which can be performed at much higher repetition rates, are

FIGURE 7 (a) Intensity of the dispersed SC
pulses, transmitted through air with a relative
humidity of 47%, and captured using a high-
bandwidth photodiode and a high-bandwidth
oscilloscope. The green line corresponds to an
average of 1000 wavelength scans; the stan-
dard deviation of the transmitted intensity is
indicated by the error bars. The baseline fitted
to the transmission trace is shown in red. (b)
Corresponding H2O absorbance spectrum. (c)
Theoretical spectrum calculated using line pa-
rameters from the HiTran database at the ex-
perimental conditions (L = 1.9 m, T = 296 K,
P = 1001 mbar, RH = 47%, XH2O = 0.0133).
(d) Magnified view of the 1392–1397 nm re-
gion, showing both experimental and HiTran
H2O peaks

desirable [2, 3]. Temporally resolved data is acquired by first
dispersing the individual SC pulses and then capturing the
resulting wavelength sweeps using a high-bandwidth photo-
diode and real-time oscilloscope. This technique is demon-
strated here by launching the dispersed SC through a 1.9-m-
long path of ambient air and recording the H2O absorption
spectrum. The transmitted intensity as a function of arrival
time at the detector is shown in Fig. 7a. The transmission trace
shown corresponds to an average of 1000 individual wave-
length sweeps. By detailed knowledge of the DCM dispersion
curve [7] the instantaneous wavelength scale could be deter-
mined, which is shown on the upper axis of Fig. 7a.

An absorbance spectrum is calculated from the recorded
transmission trace (I ) and the fitted baseline (I0) and is shown
in Fig. 7b. The spectral resolution of the dispersed super-
continuum measurement is determined by the dispersion em-
ployed and by the electronic bandwidth of the detection and
acquisition system. By using two DCM modules for dispers-
ing the SC a spectral resolution of around 38 pm was achieved,
which is close to the H2O line width of about 33 pm at am-
bient conditions. This means that the observed spectral lines
are slightly under-resolved. In Fig. 7c a calculated spectrum
corresponding to the experimental conditions is shown. This
spectrum has been convolved with a Gaussian filter, the width
of which corresponds to the experimentally determined spec-
tral resolution, to allow a direct comparison.

The H2O concentration was determined from the experi-
mental absorption spectrum shown in Fig. 7 by fitting the
HiTran spectrum to the experimental spectrum. As part of this
procedure the intensity, centre position and width of each in-
dividual HiTran peak is fitted. The entire fitting procedure was
performed directly in the transmitted intensity trace (Fig. 7a),
in order to preserve the line strength of each peak when con-
volved with the Gaussian filter which controls the line width.
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The thus obtained average intensity scaling factor (1.024 in
the present case) allowed the H2O mole fraction to be deter-
mined to be XH2O = 0.0136. The mole fraction of H2O present
in air was calculated to be XH2O = 0.0133, based on meas-
ured temperature (296 K) and relative humidity (47%). The
observed discrepancy of only 2.4% is within the accuracy of
the hygrometer employed, and demonstrates the feasibility
of rapid concentration measurements, based on this type of
broadband absorption sensor.

The experimental spectra presented here were acquired by
averaging 1000 wavelength sweeps, resulting in a total ac-
quisition time of about 3 ms as the repetition rate employed
was 0.33 MHz. This acquisition rate is almost a factor of 5000
times greater than that achieved using the OSA. The use of
shorter averages would of course offer the possibility of even
higher repetition rates, albeit at the expense of reduced signal-
to-noise ratios. The pulse-to-pulse variations in the supercon-
tinuum profile are indicated by the error bars in Fig. 7a, which
correspond to the observed standard deviation of the intensity
profile. The fluctuations are quite large, with a relative stan-
dard deviation of about 40% at the centre of the spectrum.
The quality of single-sweep spectra is further degraded by ac-
quisition noise, which is the dominant source of noise in the
present case where the use of two DCMs leads to relatively
low powers reaching the detection system. Reduced optical
losses, for example achieved through the use of fibre splic-
ing rather than free space coupling as currently used, in the
experimental set-up could thus lead to improved signal-to-
noise ratios in the future. In this context it is interesting to
note that the use of a single DCM results in sufficient signal
to allow this type of concentration measurement to be per-
formed at rates exceeding 100 kHz, as recently demonstrated
for the case of CH4 [32]. Other sources of noise influencing
this type of rapidly wavelength swept measurement include
photon noise and beating noise [33]. In the averaged spec-
trum shown in Fig. 7 the signal-to-noise ratio was observed
to be about 100 for the strongest peak. The detection limit
for the temporally resolved approach, for the strongest H2O
peak in Fig. 7b, was estimated to be around 500 ppm for a 1-m
absorption path length at room temperature and atmospheric
pressure.

4 Conclusion

Near-IR supercontinuum radiation suitable for
broadband spectroscopic applications has been generated in
conventional single-mode fibre by pumping at 1064 nm, in the
normal dispersion regime of the fibre. The resulting supercon-
tinuum radiation, which is predominantly red shifted from the
pump wavelength, extends from 800 nm to beyond 1700 nm.

The high pulse energy (> 450 nJ) and the relatively flat
spectral profile between 1300 nm and 1700 nm, where many
smaller molecules feature vibrational overtone transitions,
make this light source suitable for gas-phase spectroscopy.
High-resolution (15 pm) spectra of H2O, C2H2 and C2H4 were
obtained in the 1340 nm to 1700 nm region, using an optical
spectrum analyser for detection. The spectra were observed
to be in good agreement with theoretical spectra, and clearly
demonstrate the capability of broadband absorption spec-
troscopy. Finally, the SC pulses were also dispersed in time

to carry out time-resolved absorption measurements at much
higher repetition rates. This technique was demonstrated by
recording 160-nm-wide H2O spectra with a spectral reso-
lution of 38 pm at a repetition rate of 330 Hz.

We believe that the type of high-pulse-energy supercontin-
uum pulses obtained is highly suitable for rapid broadband ab-
sorption sensing in a range of applications. The experimental
set-up employed is simple and can be entirely fibre coupled,
making it relatively compact and easily transportable. Future
applications in various types of flames and combustors are en-
visaged, where concentrations of multiple species could be
probed in real time. The capability of acquiring spectra cover-
ing a large number of H2O absorption lines also opens up the
possibility of measuring temperature distributions in flames,
as described by Liu et al. [34].
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