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We report on investigations concerning the shot-to-shot spectral stability properties of a supercontinuum source
based on nonlinear processes such as self-phase modulation and optical wave-breaking in a highly concentrated
K,ZnCl; double salt solution. The use of a liquid medium offers both damage resistance and high third-order
optical nonlinearity. Approximately 40 pJ pulses spanning a spectral range between 390 and 960 nm were
produced with 3.8% RMS energy stability, using infrared input pulses of 500 & 50 fs FWHM durations and
2.42 £ 0.04 m] energies with an RMS stability of 2%. The spectral stability was quantified via acquiring
single-shot spectra and studying shot-to-shot variation across a spectral range of 200-1100 nm, as well as by
considering spectral correlations. The regional spectral correlation variations were indicative of nonlinear proc-
esses leading to sideband generation. Spectral stability and efficiency of energy transfer into the supercontinuum
were found to weakly improve with increasing driver pulse energy, suggesting that the nonlinear broadening
processes are more stable when driven more strongly, or that self-guiding effects in a filament help to stabilize
the supercontinuum generation.
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1. INTRODUCTION

A supercontinuum laser is an ultra-broadband source of

photonic crystal fibers (PCFs) [12-14], gas-filled [15,16] or
liquid-filled hollow-core PCFs [17,18], or liquids [19-24].
Much of the reported work on supercontinuum sources and
their stability focuses on fiber-based sources [25-30] or spectral
broadening in solid bulk materials, such as YAG crystals
[11,31]. Preceding works have used heterodyne detection
techniques to study supercontinuum noise [32,33], and the

light with high spatial coherence generated by nonlinear
optical methods [1]. Because of their large bandwidths and
coherence properties, white-light pulses are potentially com-
pressible to extremely short transform-limited pulse durations

[2-5], subject to appropriate management of spectral phase.
Supercontinuum  light sources may be used for a variety of
purposes, including numerous biomedical applications [6] such
as optical coherence tomography [7], fiber-optic communica-
tions [8], chemical sensing (spectroscopy) and microscopy [9],
remote sensing and atmospheric analysis [10], and white-light
interferometry. Typically, spectral broadening is achieved via
propagating short or ultrashort pulses through highly nonlinear
media, such as crystalline solids and other bulk materials [11],
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dispersive time stretch technique, a powerful tool allowing
real-time measurement, has been used to measure spectral fluc-
tuations related to supercontinuum seeding [34] and spectra
broadened by modulation instabilities [25,26], which typically
contain fine structure that can vary considerably pulse-to-pulse.
The spectral stability of supercontinua from liquid CS,-filled
fibers was studied by Chemnitz ez a/. [18], where molecular
re-orientational effects contributing to the optical nonlinearity
associated with elongated liquid molecules were found to
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increase the pulse-to-pulse reproducibility of spectra compared
to nonlinearity purely due to the electronic response.

A combination of nonlinear processes is often responsible
for broadening; these might include self-phase modulation
(SPM), optical wave breaking [35,36], modulation instabilities
[25,37,38], four-wave mixing [39-41], soliton self-frequency
shift effects [42—-48], or stimulated Raman scattering. SPM
arises as a consequence of the optical Kerr nonlinearity, where
the refractive index of a material exhibits intensity dependence.
The refractive index 7 of a material in this case is given by the
well-known equation

n(r, t) = ny + myl(r, t), (1)

where /(r, r) describes the spatio-temporally varying laser pulse
intensity profile, and 7, is the material-dependent nonlinear
refractive index. The spatially varying component of #(x, z)
can lead to self-focusing, while the temporal variation results
in SPM. For an initially unchirped pulse propagating through
a normally dispersive medium, SPM leads to accumulation of
chirp due to an instantaneous frequency shift across its tempo-
ral profile, and subsequent spectral broadening [49-51].
The combined effects of SPM and group velocity dispersion
(GVD) were shown by Tomlinson ez al. to lead to optical wave
breaking, resulting in the formation of well-developed coherent
spectral side lobes [35]; this occurs where the frequency-shifted
light overruns the pulse tails, by either traveling faster than the
non-shifted light at the leading edge or slower at the trailing
edge, such that the interference between the shifted and
non-shifted light generates new frequencies.

A pulsed supercontinuum source based on focusing ~500 fs
infrared (IR) pulses (1054 nm center wavelength, 3.5+
0.2 nm FWHM bandwidth) into a concentrated K,ZnCly
(aq) double-salt solution was developed and spectrally charac-
terized for its stability at a range of input energies. The work
reported in this paper describes a broadband spectral stability
characterization of a supercontinuum generated in a liquid
medium spanning the visible to near-IR spectral regions.
Although other liquids or solvents, such as CS,, have better
transmission properties with high optical nonlinearities, there
are some key advantages to using aqueous salt solutions.
Compared to CS,, which is teratogenic, highly toxic, volatile
at room temperature, and flammable, the salt solutions pose far
fewer handling risks beyond mild corrosiveness and unlikely
accidental ingestion. As CS, evaporates at room temperature,
it is unwise to photo-ionize a flammable liquid—gas mixture.
Unlike salt solutions, nonlinear liquids such as CS, or toluene
chemically degrade many common sealants, potentially leading
to containment issues. In addition, we do not expect lifetime
issues such as photochemical degradation to affect salt solu-
tions; ZnCl, and KCI molecules in solution are already disso-
ciated, unlike CS; or hydrocarbon molecules, which have been
observed to dissociate following multiphoton ionization of
inner-shell electrons by 200 fs IR pulses [52].

The linear optical absorption of aqueous salt solutions has
been shown by Li et al. [53] to increase with salt concentration
for wavelengths between 300 and 700 nm, although the change
is less pronounced for near-IR wavelengths. The laser-induced
bulk damage thresholds were measured for the K,ZnCl, sol-
ution and pure water; these were found to be at pulse energies
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of 1544 pJ and 12 &+ 3 pJ for the salt solution and pure
water, respectively, suggesting that damage thresholds increase
with salt concentration. A similar trend with salt solutions
was found by Hammer ez 4/. using 400 fs pulses [54]. As the
light was focused into the center of a bulk liquid, the damage
thresholds were not determined in terms of intensity or fluence,
as the beam size at the breakdown point is not easily measur-
able, and hence are reported in terms of input energy. This
short-pulse supercontinuum source was previously used for
interferometry applications [55] and calibration of the absolute
photon response of optical streak cameras in a fast-sweep mode
for optical pyrometry diagnostics at the Orion laser facility
[56], as this required high-brightness pulses on a picosecond
timescale. Shot-to-shot stability is needed to ensure good repro-
ducibility, essential for absolute streak camera calibration.
Similarly, all multi-shot scanning applications benefit from
spectrally and energetically stable pulses. Hence, the work
reported in this paper is necessary to demonstrate the source’s

stability.

2. SPECTRAL STABILITY ANALYSIS

A. Optical Setup

The Cerberus laser at Imperial College London, a Nd:glass sys-
tem using optical parametric chirped pulse amplification
(OPCPA) capable of 10 Hz operation, was used to provide
test pulses of up to 2.5 mJ with 500 = 50 fs FWHM dura-
tions and 10.0 & 0.5 mm 1/¢* beam widths. These were
focused into cells containing the double-salt solution using a
f = 60 mm plano-convex lens, in order to generate the super-
continuum within the focal volume under conditions of
SPM and self-focusing, leading to filamentation. The focal spot
size within the liquid was not possible to measure directly, and
indeed varied with input energy due to self-focusing. The ap-
paratus used to acquire spectra for characterizing the source’s
spectral stability is shown in Fig. 1.

Spectra were measured with a B&WTek BRC624E spec-
trometer, 2 modular grating/linear-CCD device with a manu-
facturer-quoted resolution of 1.8 nm within a spectral range of
190-1100 nm and built-in nonlinearity correction. All spectra
were acquired as single-pulse spectra; this was achieved by
electronically triggering the spectrometer and a physical shutter
to ensure each acquisition corresponded to a single light
pulse, with a trigger source synchronized to the laser system.

‘ Spectrometer
Holographic

Ener;
Diffuser Mete%y
Beam
Dump
f=60mm PCX Uncoated
f=60mm PCX - IR Mirror Glass Wedge
Mzplate Liquid Cell
0, —=
Polarizer Beam Dump

Fig. 1. Layout of the setup used to acquire spectra for analysis of
the supercontinuum source’s spectral stability. A holographic diffuser
was used to spatially smooth the pulses in order to isolate the overall
pulse-to-pulse spectral stability.
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The acquisition time was set to 100 ms to minimize any
detection of any stray light. A spectrum was then saved for
each single acquisition. A 1/2 plate and polarizer were used
to control the input pulse energies focused into the liquid cell,
containing an aqueous K,ZnCly solution of concentration
652 £ 7 g/L. The liquid cell was 80 mm in length, and sealed
at each end with an 8 mm thick N-BK7 window. An infrared
mirror was used to direct the fundamental 1054 nm compo-
nent into a beam dump. To prevent the spectrometer saturat-
ing, an uncoated glass wedge was used to pick off ~4% of the
white light, which was focused into the spectrometer. As the
pulses in our case were relatively energetic, a substantial signal
could be recorded even with a single pulse coinciding with the
acquisition time window. The transmitted component was
directed onto a Gentec broadband surface-absorbing energy
meter for simultaneous white-light energy monitoring capabil-
ity. A holographic diffuser was used to spatially smooth the
pulse’s intensity profile prior to the spectrometer input to
isolate the overall pulse-to-pulse spectral stability, in terms of
generation of spectral content across the full beam, from
any spatial inhomogeneity resulting in the spectrometer incom-
pletely sampling the spectrum.

The energy content of the supercontinuum pulse (with the
1054 nm fundamental wavelength removed using an IR
mirror) scales quadratically with the driver pulse energy within
the range of energies considered (Fig. 2). This implies that
the system efficiency of spectral broadening, defined here
as the ratio of output supercontinuum energy (affer removal
of the fundamental wavelength) and input IR energy,
weakly increases with input energy from 0.99 & 0.05% to
1.57 £ 0.06%.

The conversion efficiency is limited by the nonlinear medi-
um’s 7, value and the interaction length over which the pulse is
sufficiently intense for nonlinear effects to occur, which
depends on factors such as the focal geometry and self-focusing
in the liquid. For this reason, PCF supercontinuum sources
typically exhibit higher conversion efficiencies due to their
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Fig. 2. Variation of the supercontinuum pulse energy with the
input driver pulse energy, measured after removing the fundamental
1054 nm component using an IR mirror. Each data point is the mean
value measured over 100 shots. A quadratic fit was found to match the
data most closely. Error bars shown are the standard deviations of the
mean input IR and supercontinuum energies.
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longer interaction lengths. However, the usable pump energy
in PCF is relatively low due to the risk of damaging the fiber’s
internal structure, not an issue in our case. The supercontin-
uum pulse duration, broadened due to normal dispersion in
the liquid, was measured to be ~5 ps using an optical streak
camera with 1 ps time resolution. The source can be simply
implemented and is resistant to damage from high light inten-
sities breaking down the focal volume due to liquid media
being “self-healing.” Salt-solution-filled cells are low-cost rela-
tive to PCF, although a relatively powerful laser is required to
drive the supercontinuum. The salt solution used for this study
was chosen based on work by Jimbo ez al, who reported
enhanced spectral broadening via SPM in concentrated salt
solutions relative to water, due to increased nonlinearity by
addition of metal cations [19].

B. Stability Results

A supercontinuum spectrum generated using 2.42 £ 0.04 m],
500 =+ 50 fs, 1054 nm driver pulses and averaged over 50 shots
is shown in Fig. 3. The standard deviation of the measured
intensity counts at each wavelength point is shown as an error
bar, with all 50 spectra displayed in gray to demonstrate the
spatially integrated shot-to-shot variability. These show that
the spectra remain very consistent shot-to-shot. From Fig. 3,
it is clear that the stability is not constant across the full spec-
trum, hence it is important to characterize the stability over the
widest possible wavelength range. An absorption profile for
water [57] is overlaid on the spectrum in Fig. 3, and a predicted
spectrum before and after propagation through 5 cm of water is
shown in Fig. 4.

From these, it is apparent that the structure in the super-
continuum is partly modulated by light absorption in the
solvent, as strong absorption features coincide with some
troughs in the supercontinuum spectrum. As a linear process,
the absorption modulations on the spectral shape are expected
to be highly reproducible shot-to-shot. However, based on
Fig. 4, the structure in the measured supercontinuum spectra
can only partly be explained by absorption, and, hence, is
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Fig. 3. Supercontinuum spectrum generated from the K,ZnCly
(aq) solution using 1054 nm drive pulses of 2.42 4 0.04 m] and
500 & 50 fs. The spectrum was spatially smoothed using a holo-
graphic diffuser, and averaged over 50 shots, with the ensemble
standard deviation at each wavelength point shown as an error bar.
All 50 spectra measured at this input energy are also shown in gray
for comparison. The spectrum is overlaid with the water absorption

profile [57].
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Fig. 4. Absorption curve for a broadened spectrum (with the driver
centered on 1054 nm) before and after propagation through 5 cm of
water, calculated using absorption data reported in [57]. Spectral
intensities have been normalized to the peak of the initial spectrum.

possibly a signature of the underlying nonlinear processes,
such as the occurrence of optical wave breaking following
SPM and GVD. Spectral content above ~1000 nm is also
largely removed by the high-reflectivity IR mirror used to re-
move the drive pulse; however, a residual component of this is
nonetheless detected by the spectrometer. In addition, water
has strong absorption bands above 1.2 pm, hence any generated
longer wavelengths will be attenuated heavily within the liquid.
For applications requiring broadband near- to mid-IR pulses
generated in a liquid medium, the absorption on the spectral
profile could be reduced by shortening the propagation path
through the liquid, or alternatively using a liquid jet [22], at
the expense of increased engineering complexity.

The spectrometer used for these measurements had a sam-
pling (linear CCD pixel read-out) resolution (0.53 nm) higher
than the manufacturer’s quoted optical resolution (1.8 nm),
and so there is additional uncertainty introduced to spectral
measurements, on top of electrical and dark noise and shot-
to-shot variation of the supercontinuum pulses, as a given pixel
could detect photons with wavelengths outside of its 0.53 nm
wide bin. Hence, the spectral intensity data was sorted into
wavelength bins of 1.8 nm widths to reduce the effect of this
wavelength-resolution pixel uncertainty when quantifying the
spectral stability.

C. Scaling Properties with Input Energy

A key advantage of using a fluid for the nonlinear medium is its
inherent resistance to permanent damage via photo-ionization,
color center formation, or mechanical fracture. Ionic salt
solutions are also already dissociated and therefore resistant
to chemical degradation by bond breaking via irradiation over
time. Hence, pulses with intensities exceeding the material
breakdown threshold can be used to drive the supercontinuum,
allowing larger broadband pulse energies to be obtained.
Increasing the energy was found to be advantageous not only
for supercontinuum generation efficiency, but also in terms of
stability; if the nonlinear processes are driven further above
the threshold intensities, small variations in input energy are
expected to have less of an effect on output pulse properties
than when operating very close to threshold. Alternatively, self-
guiding effects in filaments [58,59] could help to stabilize the
supercontinuum by maintaining a sufficiently small beamwidth
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in order to be above the threshold intensity for spectral broad-
ening over longer interaction lengths. However, this requires a
relatively smooth spatial pulse profile, as spatial intensity mod-
ulations are amplified by self-focusing, eventually resulting in
muldple filaments or catastrophic beam breakup. The effect
cannot be accounted for by considering only the input RMS
energy stabilities; as shown in Fig. 5, where each data point
was taken at a different mean input energy, there is no clear
correlation between input and output RMS stabilities when
measuring over a range of mean input energies, suggesting
the output pulse stabilities must also be dependent on another
variable.

The stability improvement with increasing drive energy was
tested in the case of the K,ZnCly source by considering two
metrics: the energy stability of the white-light measured using
an energy meter and the spectral stability across the full spec-
trum over 50 shots. Spectral stability was quantified by consid-
ering the standard deviation (SD) of the measured intensity
counts (as a percentage of the mean) at each wavelength value,
or by considering standard deviations of spectral counts binned
into variable wavelength bands. A reduction in the SD as per-
centage of the mean signifies an increase in the spectral stability.

The variation of global spectral stability o, with input en-
ergy is shown in Fig. 6, where the quoted stability values are
calculated by sorting spectral intensity data into 1.8 nm width
wavelength bins, determining the SD (5;) of intensity counts
(1;,) in each bin (4;), as a percentage of the mean value of in-
tensity counts (711,). We then calculate the mean of these SDs
across the full spectrum to obtain an overall spectral stability
value for each tested input laser energy. The spectral stability
0, of each wavelength bin as a percentage of 7, is given by

100
A

i

(12) - T, 2

where X denotes the mean of a variable X. For a given input
energy, oy, is thus simply the mean of o, such that

o = E/li' (3)

1.8 nm bin widths were used to reduce the effect of the
aforementioned pixel resolution uncertainty on the measured
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Fig. 6. Energy scaling of the global shot-to-shot spectral stability
Ogo in the cases of (2) no scaling to input RMS energy stability
and (b) with the data scaled to the input RMS stability values for each
energy. The metric for stability at each energy is quantified by sorting
spectral intensity data into 1.8 nm bins, and calculating oy, using
Egs. (2) and (3). Uncertainties shown in the error bars reflect the
standard deviations of the mean stability percentages for each input
energy value.

spectra, and were chosen based on the manufacturer’s quoted
optical resolution of 1.8 nm. A gradual increase in spectral
stability, evidenced by a reduction in the SDs as percentages
of the mean count values, was observed by increasing the input
energy [Fig. 6(a)].

This effect was found to be more pronounced if the RMS
stabilities of the input pulse energies were taken into account,
as shown in Fig. 6(b), where the stability dataset has been scaled
according to the input RMS stabilities. For comparison with
the spectral stability scaling with input energy, the scaling
of the RMS stabilities of the energy contained within the super-
continuum with increasing input energy (Fig. 7) was also
analyzed.

The energy stability is approximately constant across the
range of energies considered, with some indication of a weak
trend toward increased stability with increasing input energy.
Similarly to the spectral stability behavior, the trend becomes
more pronounced (steeper) after correcting for the variations in
input RMS energy stabilities, but the uncertainties are relatively
large compared to the differences between stability values. The
scaled RMS supercontinuum energy stabilities range between
~2.4% and ~4.5% for input energy RMS stabilities ranging
between ~1.4% and 2%, so the K,ZnCl; supercontinuum
source has favorable energy stability properties considering
its reliance on nonlinear optical spectral broadening processes.

Shape variations in the spectral stability plots (4; versus o, )
were observed as the driver pulse energies were increased, as
shown in Fig. 8.

These manifested as both an overall decrease in the standard
deviations in intensity counts measured in each bin, suggesting
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a global increase in spectral stability (reduction in unscaled o,
from 8.3% to 6.7%), and also apparent localized improvements
in the stability of particular spectral regions, particularly around
the edges of spectral peaks (400 nm, 970 nm). The effect
is particularly pronounced close to 400 nm, the furthest
generated wavelength from the drive wavelength, where o,
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Fig. 8. Sample of spectral stability plots depicting o, , the SD of the
measured intensity counts as a percentage of the mean value for each
1.8 nm wide wavelength bin. Each plot was obtained using spectra
measured at the various indicated input driver pulse energies.
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decreases from ~15% to ~5% This is likely because there
is a larger numbers of photons in these wavelength bands as
the supercontinuum is driven more strongly, progressively
improving the signal-to-noise ratio, which has a much more
pronounced effect in the regions with small photon counts.
The spectral stability plots in Fig. 8 are meaningful only for
wavelength bands in which there is clearly measurable signal;
otherwise, standard deviations of the counts as a percentage of
the mean value in each band for each measured spectrum can
become very large, as they only reflect the standard deviations
in the mean counts due to instrument noise. Away from the
edges of spectral features, the detected counts are far beyond
the instrument noise level (<40 counts), with signal counts
exceeding the noise level by x100—1000, such that the global
increase in spectral stability percentages is less pronounced.
Hence, for spectral content between 410 and 970 nm, the
spectral fluctuation inherent to the nonlinear broadening
mechanisms dominates the detector noise. In regions where
there are strong water absorption features, such as >970
and <1050 nm, the standard deviations are locally higher,
reflecting the lower signal-to-noise ratios in the presence of
absorption.

3. SPECTRAL CORRELATIONS ANALYSIS

Spectral correlation maps provide insight into the relationships
between intensities in different regions of the supercontinuum
spectrum and can be used quantify its dynamical evolution
[26,29,31,60]. The spectral correlation p(4;,4;) between
wavelengths 4, and 1, is defined as
Py dy) = (1(21)1(4)) - {1(21)) {1 (4))

VUP0)) -0 (I (A2)) - (1(32))?)
where quantities inside angle brackets are the ensemble averages
across (in this case) the ~50 spectra taken at each input
drive pulse energy. The correlations vary as -1 < p < 1, where
p = Lis by definition observed along the line 4, = 4,. Positive
correlations indicate that spectral intensities /(4,) and 7(4,)
increase or decrease together, whereas a negative correlation
arises where a spectral intensity component increases at the
expense of the other and vice versa. This is informative about
the transfer of energy among different spectral regions, and thus
the spectral broadening mechanisms involved in the laser—
liquid interaction by association. For example, the presence
of a positive correlation between the relative intensities of
two adjacent spectral regions suggests that they are generated
by the same or directly linked processes, as might be seen with
sideband generation associated with SPM or SPM followed by
optical wave breaking. Strong correlations between particular
separated and localized regions only could indicate the signifi-
cance of anti-Stokes stimulated Raman scattering processes.

A correlation map spanning the full spectrum of the super-
continuum (A4 > 600 nm) is shown in Fig. 9, with the region
around the 1054 pump wavelength shown in greater detail in
Fig. 10(a). Yellow indicates perfect positive correlations, while
cyan denotes negative correlation. Areas where there are no
correlations are shown in black, such as the region below
400 nm where there is no measured spectral content above
the noise level, so no correlation would be expected with
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Fig. 9. Spectral correlation map covering the full measurable spec-
trum of the supercontinuum generated in the double-salt solution,
measured for 1054 nm drive pulses of 2.42 £ 0.04 m] energies
and 500 £ 50 fs FWHM durations. The positively correlated (orange)
region spanning 390-900 nm suggests that this part of the spectrum is
generated via the same process, while the negative correlation between
this wavelength band and the narrow region around the fundamental
is consistent with sideband formation via self-phase modulation as
energy is shifted from the drive pulse to the supercontinuum.
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Fig. 10. Spectral correlation map covering multiple regions of the
continuum in more detail. Input pulse energies of 2.42 £ 0.04 m]
were used. The region around the fundamental wavelength is shown
in (a), with regions of negative correlation around the drive wavelength
implying transfer of energy to the sidebands, visible in greater detail in
(b). In (c), bands of negative correlation between the peaks at ~894
and ~927 nm and the rest of the supercontinuum imply that some
secondary process shifts energy from these peaks into the visible spec-
tral region. The effect of absorption features reducing the correlation
magnitudes is examined in (d), where the map is centered on
~780 nm, corresponding to the trough visible in Fig. 3.
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the rest of the spectrum. The spectral correlation maps indicate
that self-phase modulation within a dispersive medium (with
initially unchirped pulses), possibly followed by additional
coherent sideband generation via another mechanism such
as optical wave breaking, are likely broadening mechanisms.
We observe regions of strong positive correlation, far from the
1054 nm fundamental wavelength, across the 400-800 nm
region (Fig. 9), whereas there are negative correlations between
the residual component of the 3 nm FWHM bandwidth
near-IR 1054 nm fundamental and the entire spectral region
spanning 400-960 nm (correlation values of =~ -0.5),
which is not removed by the IR mirror in the beamline
[Fig. 10(b)].

This suggests that energy is being shifted away from the fun-
damental into broad side bands, as would be expected from a
mixture of nonlinear processes such as SPM and GVD followed
by optical wave breaking. There are many nonlinear optical
processes that could be responsible for spectral broadening,
so it is likely that the observed spectra arise based on a complex
interplay of multiple different nonlinear effects as well as some
modulation contribution due to absorption in the liquid
medium. It is, however, not possible to conclusively determine
the dominant broadening mechanism within this work, as
much of the spectral information is lost via absorption and
the limited measurable spectral range, so any possible Stokes
sidebands are not analyzable. The negatively correlated regions
were observed to have weaker correlation values than the pos-
itively correlated areas, mainly due to the much lower signal
levels in the fundamental spectral region, which consisted only
of the leaked IR through a high-reflectivity IR mirror. The cor-
relation maps are consistent with those reported by van de
Walle ez al. [31] arising from propagating short pulses through
solid-core fibers or focusing them into bulk media, in their case
YAG crystals. However, the supercontinuum was primarily in
the mid-IR rather than the visible and near-IR, as is the case
with the aqueous K,ZnCly solution.

Localized weak negative correlation bands between the
spectral peaks at ~894 and ~927 nm and the full visible region
[Fig. 10(c)] imply that there is some weak effect transferring
energy between these features; this could be due to secondary
self-phase modulation of light in these spectral regions, or
alternatively another nonlinear effect resulting in spectral shifts.
It is unlikely that this is an anti-Stokes Raman scattering effect,
as the negative correlation is with the full band rather than a
localized spectral region, which would be characteristic of
photon energy gain from a particular water vibrational mode.
In 24°C liquid-phase water, Raman modes are reported to be
present at 3200 and 3400 cm™! [61], corresponding to photon
energy shifts of 0.397 and 0.422 eV, respectively. These would
potentially result in shifts from 1054 nm to 789 and 776 nm,
from 894 nm to 696 and 686 nm, and from 927 nm to 715
and 705 nm. A two-stage anti-Stokes Raman shift would result
in peaks at approximately 630, 615, 583, 569, and 557 nm
from the aforementioned initial peaks. While there are indeed
slight negative correlations observed between the proposed fun-
damental wavelengths and the calculated Raman shifts, these
do not stand out in terms of their correlation strengths from
the large numbers of other wavelengths that are also negatively
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correlated with the fundamental wavelength and two main
spectral peaks in the supercontinuum. Hence, we cannot con-
clude based on this evidence that Raman scattering contributes
significantly toward the spectral broadening, in comparison to
sideband-producing effects such as SPM followed by optical
wave breaking, which are more consistent with the correlation
maps.

The presence of water absorption features coinciding with
certain areas of the spectral profile, as shown in Fig. 3, can also
be examined using spectral correlations; regions containing
strong absorption features relative to the strength of the spectral
broadening processes should exhibit weaker correlations, as
these dominate the spectral intensity content to a greater extent
and lower the signal-to-noise ratios. In Fig. 10(d), around the
spectral trough feature located at ~780 nm, some evidence of
weaker correlations can be seen, along with a few bands where
there is no correlation with the remainder of the spectrum.
However, the effect is weak, as there is sufficient spectral
content in this region to be well above the spectrometer’s noise
level, such that the dominant behavior for this region is
still negative correlation with the region around the drive
wavelength and positive correlation with the remainder of
the supercontinuum generated by nonlinear effects producing
distinct sidebands. The weakness of this effect further suggests
that absorption modulation is only partly responsible for the
spectral shapes observed.

4. CONCLUSIONS

We have demonstrated that the spectral and energy stability of
a simple-to-implement and spatially smoothed supercontin-
uum laser source based on spectral broadening in a concen-
trated K,ZnCl; double salt solution is limited to variation
of only a few percent of the mean energy or spectral intensity
values. This stability intrinsically depends on the energy stabil-
ity of the infrared driver pulses, with white-light energy RMS
stability values typically being approximately twice those of the
driver pulses. Furthermore, a quadratic relationship between
input and supercontinuum pulse energies was observed, while
increasing the input energy has also been shown to improve the
spectral stability and increase the efficiency of energy transfer
from the IR into the supercontinuum. In addition, the use of a
liquid nonlinear medium allows the source to be driven beyond
its ionization threshold without causing permanent damage.
The shape of the supercontinuum spectrum appears to be
determined partly by modulations due to absorption in the sol-
vent (water), and an interplay between possibly several nonlin-
ear processes, such as SPM followed by optical wave breaking.
The source’s stability, relatively high single-shot energy, and
~5 ps pulse durations (due to dispersive broadening in the
liquid nonlinear medium) render it suitable for applications
such as dynamic calibration of optical streak cameras in fast-
sweep mode. The results represent a major improvement on
previously published results concerning a supercontinuum
source using K,ZnCly solutions [19], with an increase in spec-
tral width of ~500 nm and supercontinuum energies of 40 pJ,
approaching the preceding work’s drive pulse energy of 80 pJ.
Analysis of the correlations between the intensities of differ-
ent spectral peaks shows positive correlations, indicative of
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sideband generation from a separate driver pulse that is char-
acteristic of nonlinear effects such as SPM and GVD, leading to
optical wave breaking. Furthermore, filaments were observed
within the liquid, suggesting that the source operated in a
regime of strong self-focusing. From these factors, we conclude
that the spectral broadening is most likely driven by a complex
mixture of nonlinear processes, such as SPM in a high 7, and
normally dispersive medium followed by further sideband
generation via optical wave breaking, rather than soliton effects
or stimulated Raman scattering.

Data underpinning this work can be found in Zenodo [62]
and is made openly available under a CC-BY license.
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