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Noise amplification in all-normal dispersion
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in ultrafast photonics applications
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Institute of Applied Physics, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
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Abstract: Highly coherent and low-noise supercontinuum (SC) sources based on nonlinear
spectral broadening of femtosecond pulses in all-normal dispersion (ANDI) fibers are attractive
for many applications in ultrafast photonics. By simulating a real nonlinear pulse compression
experiment, we numerically investigate the impact of shot noise and technical pump laser
fluctuations on the quality and stability of single-cycle pulse generation and other multi-shot
experiments based on the manipulation of the SC spectral phase. We find that for pump pulse
durations of less than 600 fs, input relative intensity noise <1%, and correctly chosen fiber lengths,
the initial fluctuations of the pump laser are at most amplified by a factor of three. We also show
that the usual strong correlation between SC coherence and quality of the compressed pulses
collapses in the presence of technical noise, and that in this situation the coherence is not a useful
figure of merit to quantify pulse quality, noise amplification, or decoherence due to incoherent
nonlinear dynamics. Our results highlight the very limited impact of technical pump laser noise
on ANDi SC generation and are of practical relevance for many ultrafast photonics applications
that require high-quality, low-noise SC sources.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The nonlinear spectral broadening of femtosecond pulses in all-normal dispersion (ANDi) fibers
has emerged as an attractive way of realizing low-noise, highly coherent, and octave-spanning
supercontinuum (SC) sources [1]. ANDi SC are particularly attractive for ultrafast photonics
applications since their smooth and stable spectral phase can easily be compensated using static
or active compression devices, resulting in the generation of high quality, Fourier-limited few- or
even single-cycle pulses [2-5]. When considering nonlinear pulse compression based on solid
core optical fibers, the ANDi fiber design has enabled (i) the shortest pulse duration (3.7 fs, 1.3
cycles at 800 nm) [6], (ii) the highest pulse quality (20 dB pre- and post-pulse suppression) [6],
and (iii) the highest compression ratio to the sub-two cycle regime (28%, 180 fs to 6.4 fs, 1.8
cycles at 1040 nm) [7]. Although conventional SC sources, which make use of femtosecond
pulses launched into the anomalous dispersion regime of a fiber, can generate broader spectral
bandwidths and should therefore give rise to even shorter pulses, in practice the complex fine
structure of the spectral phase and its noise sensitivity have prevented their compression to
the sub-two cycle regime, even when maximising the coherence using very short pump pulses
and very short fiber lengths [8—10]. Consequently, ANDi SC sources are the preferred choice
for ultrafast photonics and have found applications, e.g. in nonlinear bio-photonic imaging,
ultrafast spectroscopy, coherent X-ray generation, attoscience, and low-noise ultrafast fiber laser
development, with spectral coverage extending from UV to mid-IR wavelengths. [11-23].

The noise properties of the SC are of particular importance for ultrafast photonics applications
since efficient temporal compression or phase-shaping is only possible when the spectral phase
remains stable from shot to shot, which is usually associated with a high degree of temporal
coherence [9]. Potential fluctuations of the SC translate to intensity noise, pulse duration
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noise, or timing jitter of the compressed pulse train, which affect the sensitivity, resolution,
or synchronisation of ultrafast experiments [8,24]. While the impact of quantum and various
technical noise sources on the stability of conventional SC has been studied extensively already
over a decade ago [25-27], the noise limitations of ANDi SC have only recently started to
be investigated. Numerical studies of the fundamental coherence limits have found that the
low-noise, high coherence properties of octave-spanning ANDi SC are maintained even for very
long pump pulses up to about 1 ps duration if these pump pulses are shot-noise limited [28].
While polarisation noise effects can drastically reduce the stability of ANDi SC, this can be
completely avoided by employing only polarisation-maintaining fibers [17,29-31]. These results
suggest that ANDi SC should be perfectly suitable for ultrafast experiments, including nonlinear
pulse compression to the single-cycle regime, for pump pulse durations up to about 1 ps. This is
quite remarkable when compared to their conventional SC counterparts, which start to exhibit
significant quantum noise amplification and associated instabilities already for 100 fs pulse
durations and short fiber lengths, even when considering shot noise limited input [25,27,32].

The impact of technical noise on ANDi SC generation, such as relative intensity noise (RIN)
of the pump pulses at levels higher than the shot-noise limit, has been subject of several recent
numerical and experimental studies [33-37], with somewhat contradictory results. While it was
found that the ANDi SC generation dynamics do not significantly amplify technical noise and
that the RIN of the SC in the central part of the spectrum can actually be lower than the RIN of
the mode-locked pump laser itself, it was observed that technical noise drastically affects the
SC coherence, which starts degrading already at pump pulse durations of 50 - 100 fs if a weak
pump laser RIN is taken into account [35]. This result could have serious consequences for the
applicability of ANDi SC in nonlinear pulse compression and ultrafast photonics in general, since
reduced SC coherence is usually associated with poor compressed pulse quality and significant
intensity, pulse duration, and timing jitters [9].

In this paper we consider this problem in more detail, following the numerical procedure
outlined in Ref. [9] for the simulation of a realistic nonlinear pulse compression experiment
and studying in particular the compressed pulse characteristics in the presence of both quantum
and technical noise sources. In this way, we are able to compare the noise characteristics of
the pump pulses and the compressed pulses directly in the time domain and determine whether
different types of technical noise experience suppression, amplification, or remain constant
during the ANDi SC generation process. We focus in particular on the quality of the compressed
single-cycle pulses that can be expected in a real experiment as a function of input pulse duration
and technical noise level, and study the relationship between pulse quality and SC coherence in
the presence of technical noise.

We use nonlinear pulse compression as our test scenario as it is straightforward to implement
in a numerical simulation. However, we emphasize that our results apply to a wide range of
different ultrafast ANDi SC applications, which often involve the manipulation of the SC spectral
phase in multi-shot experiments and are therefore subject to the very similar noise limitations.

2. Numerical model

This study is based on a numerical solution of the single-mode generalized nonlinear Schrodinger
equation (GNLSE) in the frequency domain [38]. Propagation in the forward direction in one
polarization axis is assumed. The model includes higher-order dispersion up to 10th order as
well as all relevant nonlinear effects, i.e. instantaneous Kerr-type and delayed Raman response,
self-steepening, and shock formation terms. The solver uses a 4th order Runge-Kutta method in
the Interaction Picture (RK4IP) [39], and runs both efficiently and accurately due to an adaptive
step size algorithm based on photon number conservation [40]. The relative threshold for
step-to-step numerical errors has been set to 107! for every simulation and we use 2'° frequency
bins with a temporal resolution of 1.13fs. Since we expect compressed pulses with smooth



envelopes of around 5 fs duration, we use spline interpolation to better measure their properties.

We base our calculations on the model fiber with ANDi profile optimized for pumping at
wavelengths around 1 um that was previously used for studying the fundamental coherence limits
of SC generation in normal dispersion fibers [28]. It is a hexagonal lattice silica PCF with design
parameters pitch A = 1.5 um and relative hole size ¢/A = 0.37, whose dispersion profile with
maximum of D = —19 ps/(nm km) at 1014 nm was calculated using a simple semi-analytical
approach [41,42]. The Taylor series expansion coeflicients at our chosen pump wavelength
of 1050 nm are given in Table 1. For simplicity, we assume a constant nonlinear parameter
y = 0.018W~!m™! that corresponds to an effective mode field area A.q = 8.6 um?, neglect
fiber loss, and model the delayed Raman response function as in [43]. Fibers with very similar
dispersion profiles are available commercially, and were also used in recent numerical and
experimental studies on the impact of polarization-dependent noise and technical pump laser
noise on the coherence and noise properties of ANDi SC [29,35]. Hence, our results can be
related directly to previous literature and subjected to future experimental validation.

Br= 1.001190-10" ps’/km  B7 = 1.696410- 107! ps’/km
B3 =—2.131124-107"2 ps3/km g =—9.261236 - 107'* ps®/km
Bs= 3.286793-107% ps*/km  Bo = 2.149311-107'6 ps?/km
Bs =—1.290523 - 1076 ps’/km  fBio =—2.028394 - 107 ps!®/km
Bs = 1.047255-1077 ps®/km

Table 1. Taylor series expansion coefficients at 1050 nm for the dispersion profile of
the PCF. A = 1.5 um (pitch) and ¢ = 0.56 um (hole diameter).

In this study we consider a pump laser exhibiting two different kinds of noise: (i) quantum
(shot) noise, and (ii) technical amplitude noise anti-correlated with pulse duration jitter. Both
can be modelled using modifications of an ideal Gaussian pump field. Quantum shot noise is
represented as one photon with random phase added into each frequency bin, while technical
noise is modelled as shot-to-shot field amplitude variations. In order to facilitate the comparison
of our results with previous literature, we follow the definition of technical noise recently given
in Ref. [35] based on measurements of a real pump laser. For a given input peak power Py,
the peak field amplitude /Py of each pump pulse is multiplied by a number 1 + ¥, where ¥ is
randomly picked from a normal distribution with mean 0 and standard deviation § 4 equal to the
noise parameter of the pump laser given in percent. The temporal width is considered to be
anti-correlated with the amplitude [35]. The input spectral amplitude Ay is thus:

}+5N(w) ey

2
Aolw) =F {(1 +WPoexp |- (m)

where w is angular frequency, ¥ denotes the Fourier transform, ¢ is the time in the co-moving
frame of reference, 7y relates to the full width at half maximum 7o rwum = V21n27p, and
On(w) = Vhw/dw exp (—iD(w)) is the quantum noise in the frequency domain, with Planck’s
constant 4, frequency bin size dw and random phase ®(w) sampled in the interval [0; 27r]. Note
that in this definition and for small 64, the experimentally accessible RIN 6; = (1+6 A)2 —1=264.
Although the effects of technical noise on its own can be assessed using only a few simulations [25],
evaluating both quantum and technical noise sources combined requires ensemble averages
in order to compute coherence properties and statistical noise values. Hence, we repeat each



simulation multiple times using different randomly generated noise seeds, and found an ensemble
size of 20 independent simulations sufficient to achieve convergence of the statistical noise
values. No noticeable change was observed for larger ensemble sizes, but it should be noted that
recovering the distribution of d4 programmed into the simulation is not guaranteed. For this
reason, we determine the real RIN and pulse duration noise value of each generated ensemble
and give these values throughout the manuscript, unless otherwise stated.

3. Simulating quality and noise properties of compressed pulses

We focus our numerical investigation on assessing the quality and noise properties of the
compressed pulse train that could be expected in a real multi-shot experiment. Physical phase
compensation devices, e.g. spatial light modulators, are unable to adaptively follow noise-induced
shot-to-shot fluctuations of the spectral phase, but instead can only be set to compensate the
mean spectral phase of the pulse train. To simulate the compression process, at the exit of the
fiber we write the spectral envelope as an amplitude |A| and a phase ®

Aw) = |Aw)]e' ™), @
compute a mean phase across 20 simulations, and find an individual compressed field envelope A,
Ac) = 7~ {lA@)]e @], 3

where (®(w)) denotes the ensemble average over a set of 20 simulations. Any phase fluctuation
results in a different residual spectral phase of each pulse leading to intensity, pulse duration,
and timing jitters of the compressed pulse train, and causing shot-to-shot variations of the pulse
shape.

The quality of the average compressed pulse available for a multi-shot ultrafast experiment
strongly depends on the magnitude and correlations of these shot-to-shot fluctuations. The
fraction of the total pulse energy contained in the central lobe of the average compressed pulse is
often used as a figure of merit for the pulse quality [9]. However, this figure does not only depend
on noise-induced fluctuations, but also on the shape of the spectral envelope that continuously
evolves during SC generation. In order to focus on the impact of noise on the pulse quality, it is
useful to define a normalized figure of merit eliminating the dependence on the spectral envelope.
In ultrafast optics the Fourier-limited pulse Aq(#) of a given laser source is often estimated by
taking the inverse Fourier transform of the spectral intensity measured with a slow spectrometer
assuming a flat spectral phase, i.e.

An() = 7 {\/<|A(w)lz>}. 4)

Therefore, we define the normalized pulse quality factor Fq as the ratio between the fraction
of total energy in the central lobe of the mean compressed pulse and the energy fraction in the
central lobe of the ideal, Fourier-limited pulse,

n (A1) i JA@)Pdr
= k) = — 5
o MO b ©)

where fceniral is the duration of the central lobe. Fp = 1 in the absence of noise, while its value
decreases with increasing fluctuations of the pulse train.

Additionally, by compiling every one of the 190 possible pairs of spectra [A, A;], we also
compute the mean coherence {|g;2|) in the usual way [27],
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Fig. 1. Illustration of the considered noise effects. Individual spectra, mean spectrum
and coherence of an ensemble of 20 simulations of 100 kW, 600 fs pulses after 1 m
of propagation considering (a) only quantum noise (64 = 0), and (b) additional 0.5%
intensity noise (0.19% pulse duration noise). (c) Temporal profiles of 100 kW, 800 fs
initial pulses with 0.9% intensity noise (0.38% pulse duration noise) compressed
after 3.2Lwp = 65 cm of propagation. The inset shows corresponding spectra and
coherence.

I 1gn2@)l - (| A(w)?)dw
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(lg12]) and Fy are used together with the standard deviations of pulse duration, peak intensity
and timing jitters as metrics to assess the pulse quality.

(lgi2l) = (7

4. Results

Fig. 1 (a) and (b) illustrate the impact of quantum and technical noise on the generated SC spectra
and their coherence properties. An input pulse with duration 7o pwrm = 600 fs and peak power
Py = 100kW is considered, propagated over 1 m fiber length (the same Py is used throughout
this work). In (a), only the quantum noise term 6y is added to the input pulse, while in (b) both
quantum noise and additional technical noise with 0.5% RIN, corresponding to 0.19% relative
pulse duration jitter, are considered.

Clearly, the effects of the two noise terms are qualitatively very different. Quantum noise
is subject to nonlinear amplification by stimulated Raman scattering (SRS) and parametric



four-wave mixing (FWM), leading to the strong fluctuations and the coherence collapse in the
900 nm to 1100 nm range in both plots, as described in detail in Ref. [28]. Similar to amplified
quantum noise in conventional SC, this leads to a white noise RIN exhibiting very high frequency
components which substantially exceed the reciprocal pulse duration, i.e. in the frequency range
> 10 THz [26]. In contrast, the action of technical noise is much less dramatic and mainly results
in minimal shot-to-shot variation of the spectral bandwidth, as highlighted in the magnified
section of the short-wavelength edge between 727 - 732 nm in Fig. 1 (b). These fluctuations
are not caused by incoherent nonlinear dynamics, but simply arise from the sensitivity of the
GNLSE to the input pulse parameters. For example, the spectral bandwidth of ANDi SC is
approximately proportional to v/Py [1,28]. Therefore, fluctuations of the peak intensity are
translated to shot-to-shot spectral bandwidth variations, dampened by the square root factor.
Consequently, for a train of SC pulses with repetition rate frep technical noise only occurs at
frequencies lower than the Nyquist frequency, fi.p/2, i.e. typically in the Hz - MHz range. Hence,
quantum and technical noise are usually well separable in the frequency domain. Nevertheless,
the coherence function |gj;| strongly reacts to these low-frequency technical fluctuations and
decreases substantially, especially on the short-wavelength side of the spectrum.

The effect of these spectral fluctuations on the compressed pulses is shown in Fig. 1 (c). We
chose a quite noisy SC generated by an input pulse of 800 fs duration with 0.9% intensity noise
propagated over an excessive fiber length of 3.2 times the optical wave breaking length (Lwg),
i.e. 65 cm, which leads to a complete collapse of the coherence function, as shown in the inset.
We then compress the simulated ensemble according to Eq. (3), compute the mean pulse (A.(¢))
that would be measured by a multi-shot pulse characterization device, and compare it to the
Fourier-limited pulse computed with Eq. (4). We can clearly distinguish three different kinds of
fluctuations : (i) timing jitter, (ii) pulse duration (FWHM) noise, and (iii) peak intensity noise.
The diamond shapes on the plot indicate the limits of the central lobe of the mean pulse, which
are used in the computation of the quality factor, Eq. (5), to determine the fraction of energy
contained in the central lobe.

Using the particular example shown in Fig. 1 (c) we highlight some general noise properties of
the compressed pulses observed in our simulations. Firstly, it is evident that the timing jitter is the
dominant noise source, reaching the same order of magnitude as the compressed FWHM pulse
duration. This jitter is introduced by uncompensated linear phase components of the individual
pulses in the ensemble. In comparison, intensity and pulse duration noise play a secondary role.
Secondly, the pulse shape is very well preserved from shot to shot, and the fluctuations occur in
a quite symmetrical fashion around the mean. As a consequence, and although the coherence
has completely collapsed, the mean compressed pulse that would be measured by a multi-shot
characterisation method retains a very good quality, reflected in a quality factor Fo = 98%, albeit
with a 17 % drop in peak power and an increase in pulse duration from 4.9 fs to 5.6 fs compared
to the Fourier limit. This is a first indication that the close correlation of average coherence and
compressed pulse quality reported for anomalous-dispersion SC is violated for ANDi SC in the
presence of technical noise, and that a more detailed analysis is required to judge the applicability
of compressed ANDi SC pulse for a particular ultrafast application.

Interestingly, previous studies of SC noise in the spectral domain have shown that even in
the long-pulse incoherent regime, ANDi SC exhibit superior shot-to-shot stability compared
to conventional, anomalous dispersion SC [44]. While ANDi SC spectra fluctuate in close
correlation around a long-term mean, conventional SC exhibit more chaotic, radical fluctuations
in which a single-shot spectrum does not resemble at all the long-term mean. Here we observe
the same effect in the time domain. The compressed ANDi SC pulses in Fig. 1 (c) are surprisingly
robust against quantum and technical noise and fluctuate closely around their long-term mean,
although the coherence function has completely collapsed. In contrast, previous studies of
compressed conventional SC pulses describe the appearance of chaotic pulse shape variations
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Fig. 2. Comparison between mean coherence (|g;2|) and quality factor Fg as function
of input pulse duration and propagation distance. Dashed lines show Lywg. (a) {|g12])
and (b) F( heat map considering shot noise only (no technical noise). Solid lines show
Lc and Lg, respectively. (c) L¢ and (d) Ly for various levels of programmed input
RIN 6;.

from shot-to-shot as soon as the coherence function starts to decrease, severely degrading the
quality of the mean compressed pulse [8,9]. These statistical properties of ANDi SC imply that
averaging over a relatively small ensemble size of 20 independent simulations is sufficient to
extract the noise characteristics of the mean field, as confirmed by [35], while the ensemble size
would have to be much larger for conventional SC [44].

4.1. Correlation of coherence and compressed pulse quality

In Fig. 2 we investigate the correlation of average coherence (|g12|) and compressed pulse quality
Fq in the presence of quantum and technical noise in more detail. {|g12|) is plotted in Fig. 2 (a)
as function of pump pulse duration and propagation distance for a fixed input peak power of
Py = 100 kW, taking into account only the quantum noise term dy, i.e. in the absence of technical
noise (64 = 0). The optical wave-breaking length Lyp is indicated as a dashed line, marking
the typical length scale required for the SC to develop its full spectral bandwidth [1,45]. The
solid contour line shows where (|g12]) = 0.9, defining the coherence length Lc and the border
between coherent and incoherent spectral broadening. This figure essentially reproduces the
results discussed in detail in Ref. [28]. Highly coherent, fully developed, near-octave spanning
SC can be generated where Lwp < Lc., i.e. up to 7o rwum ~ 1.4 ps. In the yellow, highly coherent
regions self-phase modulation (SPM) and optical wave breaking (OWB) dominate the nonlinear
dynamics, while in the black region the interplay of SRS and FWM leads to decoherence in the
form of incoherent cloud formation and incoherent optical wave-breaking [28].

In Fig. 2 (b) we repeat the calculations in (a), but using the pulse quality factor F. Lwg
is again indicated by the dashed line, and the solid contour line marks Fg = 0.9, defining the



length scale Ly = max(z|r,>0.9) as the maximum propagation distance allowing high-quality
pulse compression. If Lwp < Lo, high quality, single-cycle pulses can be generated. Since
Figs. 2 (a) and (b) are virtually identical, we conclude that in the absence of technical noise {|g2|)
and Fq are highly correlated over the entire investigated parameter space. Therefore, under
these circumstances the coherence parameters (|g12|) and L¢c =~ Lg are good figures of merit
describing accurately the pulse quality that can be expected in an ultrafast nonlinear compression
experiment. This result confirms previous reports of a strong correlation between coherence and
compressed pulse quality obtained for conventional, anomalous-dispersion SC [9], and extends
this observation to the case of ANDi SC.

However, the situation changes when technical noise is considered. Figs. 2 (c) and (d) show
how L¢ and L, i.e. the 0.9 contour lines in Figs. 2 (a) and (b), respectively, react to varying
amount of technical noise. L¢ collapses dramatically even for small amounts of technical noise,
since (|g12|) reacts sensitively to low-frequency technical fluctuations as was shown in Fig. 1.
The range of pump pulse durations that fulfil the condition Lwp < L¢ for the generation of fully
developed, highly coherent SC reduces to < 400 fs for 0.4% RIN and even < 100 fs for 0.9% RIN.
This qualitatively confirms the results reported recently by Genier et al. [35]. However, in stark
contrast to this strong reaction of the coherence, Ly and consequently also Fg are barely affected
by technical noise for input pulse durations < 1 ps. In our simulations we observe significantly
degrading compressed pulse quality only in the range where decoherence due to quantum noise
amplification by SRS and FWM occurs, i.e. in the parameter space defined by the black regions
of Figs. 2 (a) and (b). Hence, the strong correlation of coherence and pulse quality is violated
in the presence of technical noise. The additional coherence collapse of Fig. 2 (c) caused by
low-frequency technical noise does not correspond to a significant degradation of pulse quality
in an ultrafast experiment, and in fact has also very limited impact in the spectral domain, as
shown in Fig. 1 and Ref. [35].

The comparison between pulse quality and coherence is extended in Fig. 3, which shows the
evolution of both metrics as a 1 ps, 100 kW pump pulse propagates through the fiber considering
(a) only quantum noise, and (b) additional 0.7% RIN. While the correlation is nearly perfect
when only quantum noise is considered, it collapses in the presence of technical noise. In fact,
the evolution of Fg is virtually unaffected by the additional technical noise. We note that the
small dips of Fg in (b) and in Fig. 2 (d) at z < Lwp are caused by slightly different rates of
spectral broadening for different noise seeds. These differences are minimized when the SC is
fully developed at z > Lwg. It is clear that the the amplification of quantum noise by incoherent
nonlinear dynamics has a much larger impact on ultrafast experiments than technical noise, and
the limits of coherence calculated with the quantum noise term only and outlined in Ref. [28] are
useful for the description of the temporal stability of the SC pulses, even if the laser exhibits a
reasonable amount (< 1%) of RIN.

Figs. 3 (c) and (d) show the mean coherence and quality factor, respectively, at z = 1.5Lwg as
we increase technical noise for various inital pulse durations. We consider z = 1.5Lwp as this
is a reasonable fiber length to ensure that the SC is fully developed while avoiding excessive
quantum noise amplification [28]. For a 200fs pulse, 1.5Lwg corresponds to 6.6 cm and at
this distance even the strongest technical noise considered here does not affect the coherence
significantly. While {|g;2|) drops substantially with increasing pump pulse duration and technical
noise level, in agreement with the findings of Genier et al. [35], F does not drop below 0.9 in
all cases for 7o pwam < 1 ps. Only when incoherent broadening dynamics dominate, i.e. for
To,pwrm > 1.4 ps, both (|g12|) and F remain low, independent of the technical noise level.

4.2. Noise amplification

In contrast to previous studies focusing on the ANDi SC noise in the spectral domain, our
approach allows us to compare the noise characteristics of the pump pulses and the compressed
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pulses directly in the time domain. In this way we can easily determine whether the different
types of technical noise experience suppression, amplification, or remain constant during the
ANDi SC generation process. Fig. 4 shows the amplification factor for intensity and FWHM
noise, defined as the ratio of the respective relative noise level of the compressed SC pulses at
z = 1.5Lwp and the input pulses, for various pump pulse durations and input noise levels. In
addition, we show the timing jitter of the compressed SC pulses in absolute values (femtoseconds)
since we assume a perfectly periodic pulse train at the fiber input.

Our simulations validate in quantitative terms the very limited impact of technical noise on the
ANDiI SC generation dynamics. For To pwam < 800 fs,the noise amplification factors show very
little dependence on the technical noise level of the pump pulses. For these pump pulse durations
we observe RIN and FWHM amplification factors in the range 1 - 3. For pump laser RIN < 0.3%,
typical for many ultrafast mode-locked lasers, the noise of the SC is virtually identical to the
pump laser. These results are confirmed by recent experimental measurements in the mid-IR
spectral region, which found that the initial fluctuations of the pump laser are at most amplified
by a factor of three, even for pump pulses of a few hundred femtoseconds duration and long fiber
lengths [37].

Only for longer pump pulse durations we observe significant noise amplification, with the
transition from stable to noisy SC generation occurring around 7o rwum = 1000 fs, where we
observe an amplification of the input noise levels of approximately 10 dB. This coincides with the
onset of quantum noise amplification due to incoherent SRS/FWM spectral broadening dynamics
identified in Figs. 2 (a)-(b). It has to be noted, however, that the compressed pulse duration is
still approx. 6 fs with quality factors F > 0.9, i.e. good quality sub-two cycle pulse generation
with exceptional compression factor of ~ 160 is possible in this case. For comparison, we also
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show the amplification factors for the 7o pwnam = 1600 fs pump pulse, for which Lc < Lwg,
i.e. decoherence due to incoherent SRS/FWM dynamics becomes significant before spectral
broadening is concluded. Here we observe RIN amplification exceeding 20 dB for near shot-noise
limited input. While this is substantial, it is significantly less than observed for conventional,
anomalous dispersion SC, where nonlinear amplification factors for shot noise in the order of
90 dB were measured [26]. With our time domain analysis we can therefore confirm previous
observations made in the spectral domain that even in the incoherent regime, ANDi SC exhibit
better noise properties than the corresponding conventional SC [44]. The decrease of noise
amplification with increasing technical noise level observed in the long-pulse regime can be
understood by the fact that the absolute noise levels are dominated by amplified quantum noise
and therefore remain approximately constant with increasing technical noise. Hence, the ratio of
SC noise and input noise decreases with increasing input noise level.

We observe a linear increase of timing jitter with increasing technical noise level, with steeper
slopes for longer pulse durations. For Torwam < 600 fs the standard deviation of this jitter
remains below 0.5 fs even for the highest considered technical noise levels, but reaches almost
0.9 fs in the long-pulse regime, i.e. almost 20% of the compressed pulse duration. Hence,
in agreement with the observations in Fig. 1 timing jitter can be considered the dominating
impact of technical noise on ultrafast SC experiments. Nevertheless, for the typical pump pulse
durations and technical noise levels used in ultrafast experiments (< 400 fs, <0.5% RIN) the
timing jitter introduced by the ANDi SC generation and compression process will hardly have
practical consequences. It should be noted that commercial, unstabilized femtosecond laser
cavities, which have been used as pump sources in most ultrafast ANDI SC applications to date,
exhibit up to an order of magnitude larger timing jitters than those we have discussed here.
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Fig. 5. (a) Evolution of timing jitter, mean coherence, FWHM noise, RIN and
compressed mean pulse duration for three different sets of 100kW pulses. Dashed
line: theoretical limit computed by compressing a 200 fs pulse without technical noise
assuming a flat phase. The legend indicates measured RIN at input. (b)-(d): illustrations
of the mean and individual compressed pulses at three positions indicated in (a).

4.3. Noise evolution, obtainable pulse durations, and coherence - timing jitter correla-
tion

Finally, we consider the actual duration of the mean compressed pulse as a function of the fiber

length in Fig. 5 for three different sets of pump pulse durations and input noise levels. For each

set we also study the evolution of timing jitter, mean coherence, FWHM noise, and RIN as

functions of the fiber length. The resulting compressed pulse ensemble together with its mean

multi-shot intensity is illustrated for three representative cases.

Despite a relatively large technical noise level with a RIN of 0.8%, the 200 fs input pulse can
be compressed to 4.9 fs, corresponding to 1.4 optical cycles and a compression factor of 40, close
to the theoretical limit computed by compressing a 200 fs pump pulse without technical noise
to its Fourier limit. In agreement with previous experimental studies, we confirm the benefit
of extending the fiber length beyond the wave-breaking length in order to reach the shortest
compressed pulse durations [7]. For the 200 fs pulse, the compressed pulse duration drops
continuously with increasing fiber length, which can be mainly attributed to spectral flattening
occurring for longer propagation distances [28]. Of course, in a real experiment a longer fiber
implies a larger amount of dispersion that has to be compensated, such that the effective fiber
length is limited by the maximum phase shift available from a given compression device. RIN
and FWHM noise remain below 1%, i.e. on the same level as the input, for z < 0.4 m and only
rise slowly to 1.8% and 1.2%, respectively, for z = 1 m. The compressed pulse generally has a



very good quality, Fo = 1, as illustrated in Fig. 5 (b).

The minimum obtainable pulse duration increases with longer pump pulses and higher input
noise level. This effect is caused by an increasing amount of timing jitter (compare also Fig. 4
(a)) limiting the temporal duration of the mean intensity (|A.(f)|>) measured in a multi-shot
experiment. Nevertheless, the 400 fs, 0.7% RIN input pulse can be compressed to a high quality,
sub-5 fs pulse with RIN and FWHM noise level of about 1%, as shown in Fig. 5 (c). Since Lwg
is proportional to Tp, longer input pulses also require longer fiber lengths in order to reach the
shortest possible compressed pulse durations.

For long pulses with input RIN levels exceeding approximately 1% we observe a qualitative
change of the noise evolution along the fiber, which is exemplified by the 400 fs, 1.1% RIN input
pulse (0.4% FWHM noise). The noise of the compressed pulse train reaches a minimum at a
particular fiber length, z = 0.27 m in this case, where RIN is suppressed to 0.6%, i.e. nearly
half of the input level, while FWHM noise doubles to 0.8%. This effect can be qualitatively
understood by revisiting Fig. 1 (b) and noting that the main consequence of technical noise is a
slight SC spectral bandwidth variation, which translates into FWHM noise of the compressed
pulse train. The noise minimum also corresponds to the fiber length providing the minimum
obtainable pulse duration (5.2 fs). For longer fibers, the noise of the compressed pulses increases
almost linearly to reach levels exceeding 10% at z = 1 m. In this regime, the shot-to-shot
fluctuations are substantial, as illustrated in Fig. 5 (d), causing an increase of the mean pulse
duration. Nevertheless, the mean pulse is still of very good quality (Fo ~ 0.97) that will be
acceptable in many multi-shot ultrafast experiments, such as nonlinear imaging.

Interestingly, although the 400fs, 1.1% RIN and the 400fs, 0.7% RIN pump pulses show
very different noise evolutions in Fig. 5 (b), their spectral evolution is virtually identical. Both
show first signatures of incoherent SRS/FWM dynamics starting at about z = 0.35 m, which
coincides with the onset of strong noise amplification for the 1.1% input noise level. Hence, it is
conceivable that the effect of incoherent nonlinear dynamics is enhanced in the presence of high
technical noise levels exceeding ~ 1% at the fiber input. While we could reproduce this effect in
our simulations with different noise seeds, an input RIN > 1% falls outside of the systematically
investigated parameter regime of this study. Therefore, our results provide an indication, but not
conclusive evidence of such an interaction between technical and shot noise amplification.

Fig. 5 (a) also provides an explanation for the coherence collapse in the presence of technical
noise discussed in Sec. 4.1 and by Genier et al. [35]. The drop of (|g12|) is strongly correlated
to the timing jitter introduced by technical fluctuations. This is easy to understand since the
mutual coherence is a function of the relative time delay #; — t, between the SC spectra under
consideration, i.e. {|g12|) = (|g12(w, 11 = 12)|) in Eq. (7). Usually, t; — f, = 0 is assumed when
SC coherence properties are discussed. For #; — > # 0, i.e. when timing jitter is introduced, the
value of (|g12|) naturally drops due to the reduced temporal overlap between the pulses. Unlike
in the shot-noise limited case, Figs. 2 - 5 clearly illustrate that in the presence of technical noise
a reduced value of (|g12]) is not a useful indication of excessive nonlinear noise amplification,
reduced temporal pulse quality, or decoherence due to incoherent nonlinear dynamics, but merely
reflects a non-zero timing jitter.

5. Conclusions

We have presented a detailed numerical study on the impact of technical pump laser fluctuations
on octave-spanning ANDi SC generation and its application in ultrafast photonics. By simulating
a realistic nonlinear pulse compression experiment, the noise characteristics of the input pulses
and the compressed sub-two cycle pulses can be compared directly in the time domain. For
pump pulse durations of less than 600 fs, input RIN <1%, and correctly chosen fiber lengths, we
determine that the initial fluctuations of the pump laser are at most amplified by a factor of three.
For the typically shorter pump pulse durations and lower technical noise levels used in ultrafast



experiments, the noise of the compressed pulse train is virtually identical to the pump laser noise.
Longer pump pulses and higher input noise levels will require a more careful analysis in order to
determine whether or not the resulting SC noise is acceptable for a particular application, and
our results provide an important guideline in this regard. The amplification of shot noise by
incoherent nonlinear dynamics assumes an increasingly dominating role for longer pump pulse
durations and excessive fiber lengths, leading to noise amplification factors in the order of 10 for
a 1 ps pump pulse and reaching 20 - 30 dB in the completely incoherent regime > 1.5 ps pump
pulse duration. These results support the prevailing understanding that noise amplification by SC
generation dynamics in the normal dispersion regime is substantially reduced in comparison to
conventional, anomalous dispersion SC, where amplification factors of 20 dB for technical noise
and up to 90 dB for shot noise were measured [25, 26].

Current conventional and commercial SC sources have been demonstrated to match or even
surpass the brightness of synchrotrons from the visible up to 10.6 um wavelength, which makes
them ideal candidates for spectroscopy and high-resolution imaging applications [46]. However,
the SC suffer from considerable RIN of 50% and more due to the stochastic nature of modulational
instability which all current commercial SC sources are based on. Our results suggest that high
brightness, low-noise SC sources with RIN < 5% can be realized by pumping silica ANDi fibers
with long, high peak power pump pulses up to 1 ps duration, leading to average powers in the
order of 10 W, e.g. for a 100 kW, 1 ps, 100 MHz pump source. Similarly, mid-IR ANDi SC
sources have been demonstrated up to 12 pm wavelength, with brightness limited mainly by the
low repetition rates of the employed pump sources [23]. Hence, the scaling of ANDi SC sources
to the brightness levels of their commercial counterparts is mainly a question of developing
suitable high repetition rate, low-noise pump sources.

‘We have shown that the previously reported drastic reduction of the ANDi SC coherence in
the presence of technical noise is due to a timing jitter induced by technical fluctuations. While
usually zero timing jitter is assumed in the calculation of the SC coherence function, pump laser
fluctuations are translated to linear phase variations, which reduce the temporal overlap between
the SC pulses under consideration. Our results demonstrate that the usual strong correlation
between coherence and quality of the compressed pulses collapses in the presence of technical
noise, and that in this situation (|g|2|) is not a useful figure of merit to judge pulse quality,
noise amplification, or decoherence due to incoherent nonlinear dynamics. Except for the most
demanding applications in precision metrology or attoscience, the minimal timing jitter and
associated coherence degradation introduced by technical fluctuations will have no practical
consequence for most ultrafast photonics applications currently employing ANDi SC sources.
The amplification of shot noise by incoherent nonlinear dynamics has a much larger impact than
technical noise on the quality and noise characteristics of the resulting ultrashort SC pulse train.
Therefore, the limits of coherence determined with shot-noise limited input outlined in Ref. [28]
remain useful, even if the laser exhibits a reasonable amount (< 1%) of RIN.
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