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Abstract: The stability of the phase difference between two white-light continua, generated
from the same 180-fs pulses at ≃1035 nm, is assessed by a modified Bellini-Hänsch interferometer.
Mutual spectral phase stability is studied and quantified as a function of several parameters: pulse
energy, position of the nonlinear crystal with respect to the beam waist and interaction length.
Our results show that intrapulse decoherence may significantly contribute to the measured CEP
noise floor. In addition, spectrally-resolved intensity-to-phase coupling coefficients are measured
and stability regions are identified.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Third-generation femtosecond sources [1] can deliver wavelength-tunable, high average power,
few-cycle pulses with not only a reproducible intensity but also a reproducible electric-field. The
latter has proven to be an essential feature for field-driven phenomena such as in attosecond
physics [2–4]. A prerequisite to field control is to stabilize the phase between the optical carrier
and the amplitude envelope (CEP, for carrier-envelope phase). Nonlinear optics provide an
elegant and robust way to generate CEP-stable seeds, especially via the difference frequency
generation (DFG) between two waves sharing the same phase fluctuations [5,6]. So far, even if
record long-term CEP noise as low as 65 mrad rms [7] has been demonstrated, the origin and
level of the CEP noise floor remains an open question.

Third-generation sources rely on white-light continuum generation (WLG) to extend the
spectrum of picosecond or sub-picosecond optical pump pulses, so as to allow DFG between the
pump pulses and a visible- or infrared-wing of a single filament. By focusing µJ-level 1030 nm
pulses in a nonlinear transparent crystal such as YAG, a broad and stable spectrum extending
from the visible to >1.5 µm can be sustained [8,9]. Among the essential properties of WLG is
the pulse-to-pulse phase relationship between the spectral components of the continuum, which
may be referred to as the intrapulse coherence [10]. Intrapulse coherence plays an essential
role in pulse compression and decoherence can be a source of CEP noise. As pointed out by
numerical simulations, the plasma contribution in filaments could be a major source of loss of
intrapulse coherence [10], in contrast with supercontinuum generation in fibers [11,12]. As it is
difficult to disentangle fundamental from technical noise in CEP measurements, because of the
complexity and nonlinearity of the measurement process, an alternative approach is to assess the
phase stability of the new frequency components generated by filamentation and to compare this
lower bound with the lowest recorded CEP noise.

In this paper, we experimentally characterize the intrapulse coherence of a continuum generated
in a thick YAG crystal by an amplified Ytterbium laser. The characterization method relies on a
variant of the Bellini-Hänsch interferometer [13]: two identical WLGs are inserted in a balanced
Mach-Zhender interferometer and the shot-to-shot phase fluctuations are analysed by spectral
interferometry. Compared to former results, the proposed analysis is quantitative and extends
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from the visible to the short infrared spectral range. Furthermore, as a complement to [10], the
relative phase noise is frequency-resolved, continuously over the full spectral bandwidth, which
makes application of our results not limited to CEP stabilization and measurement. The effects
of seed energy, crystal position, and crystal length are assessed. From this multi-parameter study
we define stability ranges for WLG, assess intensity-to-phase coupling coefficients [14], and
identify an operating range in which these coefficients vanish.

2. Experimental methods

The generation parameters for WLG follows the general guidelines indicated by for sub-ps WLG
[15]. We use Yttrium Aluminum Garnet (YAG) crystals and the seed laser is focused with a
numerical aperture of 0.015 to optimize the generation of the infrared part of the spectrum. Two
configurations are distinguished in this work, depending on the position of the crystal relatively
to the laser focus. When the front face of the crystal is placed before the waist, the broadening is
limited in the infrared and the visible wing of the continuum is broad and stable. When placed
after the waist, the infrared wing is extended and the visible wing tends to become unstable. In
addition, two crystal lengths are studied: 6 mm and 10 mm. Increasing the crystal length tends to
increase the intensity and the width of the infrared spectrum.

The pump laser is a regenerative CPA system (Pharos, Light Conversion) delivering pulses
at ≃1035 nm with a pulse duration of ≃180 fs FWHM. The beam diameter (1/e2) is 4.5 mm
with excellent beam quality (M2=1.1). For these experiments, the repetition rate is set at 1

Fig. 1. Diagram of the interferometer. M: mirrors, BS1: 1030 nm 50/50 beam splitter, BS2:
low GDD 600-1500 nm 50/50 beam splitter, λ/2: half wave plate, P: polarizer, L1: focusing
lens f = 150 mm, L2: achromat focusing lens f = 50 mm, Y: YAG crystal, DM: dichroic
mirror. (a) Pulse-to-pulse energy stability of the driving laser. (b) Zoom over 100 ms (each
red bar is a laser shot). (c) Typical fringed spectrum from the short wavelength range.
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Table 1. Different experimental configurations and parameter-scans
performed in this study. z-scan (resp. E-scan) refers to a controlled

change of the YAG position (reps. seed energy) in the test arm.

Exp. config. YAG length Position Scan Figures

I 6 mm z-scan 4

II 6 mm Before focus E-scan 5,6

III 6 mm After focus E-scan 5,6

IV 10 mm After focus E-scan

V 10 mm z-scan

kHz and ≃9 uJ are sampled from the available ≃1 mJ of pulse energy. The interferometer is
of Mach-Zehnder type. Each arm includes a half-waveplate and a polarizer to adjust the pulse
energy on each YAG crystal independently. A pair of f=150 mm lenses focus the beam in
identical 6-mm-long YAG crystals (NA: 0.015) and f=50 mm achromatic lenses collimate the
spectrally-broadened beams. One arm of the interferometer serves as a test arm whereas the other
one is the reference arm (Fig. 1). The adjustable parameters in the test arm are reported in Table 1
of Fig. 1. Although not shown in Fig. 1, a reflective delay line controls the relative group delay
of the two arms. Once recombined, the beams are focused into two array-based spectrometers:
a 450-1100 nm Silicon spectrometer (resolution of 0.26 nm, integration time of 1.1 ms) and a
1000-2500 nm InGaAs spectrometer (resolution of 3.27 nm, integration time of 1 ms). These
spectral ranges will be referred to as the short wavelength range and the long wavelength range.

For a relative group delay of a few hundreds of fs, the measured spectra show interference
fringes over the full spectral range, as illustrated in Fig. 1(c). To study the relative phase
stability, 1000 consecutive single-shot spectra are acquired and analyzed. From each single-shot
interference spectrum, the spectral phase is extracted by a discrete Hilbert transform [16,17].
The standard deviation of the phase (σ) at each wavelength is then used as metric to assess
the intrapulse coherence (Fig. 2). Prior to the computation of the standard deviation, a 5-Hz
high-pass filter is applied to remove slow phase drifts. The rationale for this choice is that (i) most,

Fig. 2. Illustration of the significant quantities extracted from the acquisitions: the phase
is calculated by Fourier transform for an arbitrarily chosen wavelength as a function of
acquisition time for each acquired spectrum. The blue dashed line indicates the threshold
applied to filter out the effect of laser overshoots (see text). σ is the standard deviation of the
measured phase noise, and ∆φ is the phase jump induced by laser overshoots. The process is
repeated for each wavelength.
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Fig. 3. (a,b) Typical spectrograms over 1000 single shot measurements, in the short (a) and
long (b) wavelength range. (c,d) Retrieved phase from each acquisition, at two arbitrarily
selected wavelengths in the short (c) and long (d) wavelength range. (e,f) Retrieved phase
standard deviation as a function of wavelength with a 5 Hz high pass filter alone (1) and
with an additional filtering on the fast energy peaks of the pump laser (2). The absorption
window of silicon is also highlighted to discard the measurements in this range because of
the low signal to noise ratio.
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if not all, CEP-stable sources include a slow feedback loop [18], (ii) we focus on shot-to-shot
phase fluctuations. Wavelengths for which the spectrometer noise equals or exceeds the detected
level of light were discarded from this analysis.

The shot-to-shot energy stability of the Pharos system is shown in Figure 1(a). Despite an
overall stability below 0.5% rms, 1% peak-to-peak fluctuations followed by a fast relaxation
(i.e. over few laser shots) are observed (Figure 1(b)). These events appear randomly and this
behaviour is not explained at this time. Here, we decided to study the contribution of these
fluctuations separately from the stability analysis. Thus, the overall phase data set is divided into
two distinct subsets. First, the stochastic phase noise is analyzed by filtering out the jumps due to
energy overshoots, thanks to a threshold applied to the phase fluctuations. These data correspond
to less than 10% of the total data volume, so filtering them does not affect the analysis (Fig. 2(b)).
In a second step, the impact of a 1% peak-to-peak energy change is analyzed by measuring the
spectrally-resolved amplitude-to-phase transfer coefficient [14].

To subtract the phase artifacts from the optics and assess the precision of the measurement,
we proceed in two steps: (i) without YAG crystals and (ii) with YAG crystals and balanced
WLGs. Without crystals the typical measured standard deviation is <5 mrad at 1030 nm, which
provides a ground floor for the phase noise measurement. For (ii), the front face of the 6-mm
YAG crystal is placed slightly before the waist with the energy set slightly below the double
filamentation threshold. This configuration, which corresponds to the stable range of [14] is
chosen as the operating point of the reference arm in the following. Figures 3(a) and 3(c) show
the recorded spectrograms. Figures 3(b) and 3(d) show the respective phase stability with and
without removing the 1% energy overshoots. Compared to the ground floor, the phase noise
shows an expected increase due to the addition of nonlinearity, from <5 mrad to <20 mrad. The
phase stability tends to decrease as the wavelength offset from the pump wavelength increases.
The filtering on the laser overshoots has a stronger effect in the visible and almost no influence in
the infrared, as will be detailed in the last section. Nevertheless, the stability remains excellent
and this value of 20 mrad will be our reference for the later experiments.

3. Results

The first investigated parameter is the position of the YAG crystal along the propagation axis
(I). Figure 4 shows the phase stability as a function of the crystal position for three selected
wavelengths in the short wavelength range (Fig. 4(a)) and in the long wavelength range (Fig. 4(b)).
The long wavelength side shows a wide stability range of 4 mm (from z = 0.2 to z = 4.2) with a
phase noise below 20 mrad rms. Although the crystal position modifies the spectral shape, almost
no influence on the phase noise is measured, except when the crystal is moved far from the waist.
Conversely, the stability range for the short wavelength range is much narrower (1 mm around
z = 2 mm). This range coincides with the generation of an intense, broad and stable spectrum in
the visible. Out of this range, the phase noise tend to increase (at 700 nm especially), even if a
second noise plateau can be identified at z = 4 mm.

To study the influence of pulse energy, both crystals are set to z = 2 mm (II) and then to z =
4 mm (III). For z = 2 mm (II), the energy is varied from 0.35 to 1.57 µJ (step of 20 nJ steps),
that is, from the onset of filamentation to above the threshold of double filamentation (1.13 µJ).
Double filamentation is easily identified via the deep modulation of the spectrum caused by
the interference between the two filaments. Both short and large wavelength ranges display the
same qualitative behavior: the phase noise first decreases and then increases with pulse energy
(Fig. 5(a,b)). At low energy, there is not enough to establish a stable filament and intensity
fluctuations have a higher impact on the phase. At some point, the filament is well established
and adding more energy does not decrease the impact of the fluctuations anymore until there is
enough energy to generate and additional filament after the first one. As identified in [14], the
phase noise is low, 20 mrad rms for the visible range and 30 mrad rms for the IR range, when the
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Fig. 4. (I) Phase standard deviation as a function of crystal position in the short (a) and
long (b) wavelength range. The focus (z=3.2 mm) is indicated with a dashed line. Lower
z-values values gets the YAG closer to the focusing lens while higher z-values are further
away from the lens. The red line indicates the balanced stability of the interferometer. The
grey areas refer to the stability operating zone.

single filament is stable. The stability range extends from 0.66 to 1.15 µJ in the short wavelength
range and from 0.83 to 1.11 µJ in the long wavelength range. In both cases, the stability range
extends up to the threshold of double filamentation.

Fig. 5. Phase standard deviation as a function of seed pulse energy in the short (a, c)
and long (b, d) wavelength ranges for z = 2 mm (II) and z = 4 mm (III) respectively. The
energy axis starts at the onset of filamentation. The dotted black line refers to the onset of
double-filamentation. The grey areas refer to the stability operating zone.
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For z = 4 mm (III), which is the position for which the infrared wing is favoured, the energy
was varied from 0.5 to 1.23 µJ (15 nJ steps). The results are very similar: noise decreases with
increasing energy and reaches a stability plateau until double filamentation breaks in (Fig. 5(c,d)).
However, as expected from Fig. 4(a), by comparison with configuration (II), the range where the
noise is below 20 mrad is narrower in the short wavelength range (0.89 - 1.1 µJ) and slightly
larger in the long wavelength range (0.79 - 1.1 µJ).

The last parameter studied in this paper is the crystal length. Here we compare a 6 mm crystal
with a 10 mm crystal, all other parameters being equal. With a longer crystal, the infrared
spectrum is broader and the infrared cut-off wavelength (measured at 20% of the maximum
spectral density) increases from 1580 nm to 1720 nm. The behaviours are qualitatively similar.
Table 2 gathers some significant phase stability values measured in this study. Stability range and
minimum phase jitter are reported. The long wavelengths range shows better stability (i.e. larger
stability ranges, lower minimal jitter) in all configurations but configuration (II). On the contrary,
placing the YAG crystal before the waist (II) is the best for the short wavelengths range, as the
stability range is almost twice as large in (II) than in (III). Increasing the crystal length (IV and
V) shows no benefit on the stability.

Table 2. Significant phase stability values for the different experimental configurations : phase
stability ranges for the two spectral bands (two first rows); minimum phase noise for two

wavelengths (two last rows).

I II III IV V

Stab. range (short λ) 1.6 - 2.5 mm 0.66 - 1.15 µJ 0.89 - 1.1 µJ above 20 mrad above 20 mrad

Stab. range (long λ) 0.7 - 4.32 mm 0.83 - 1.11 µJ 0.79 - 1.1 µJ 0.83 - 1.3 µJ 0.5 - 4.8 mm

min jitter @750 nm 12 mrad 9 mrad 9.5 mrad 28 mrad 21 mrad

min jitter @1300 nm 12 mrad 14 mrad 12 mrad 5 mrad 7 mrad

4. Intensity-to-phase transfer coefficients

Finally, the impact of the 1% energy overshoots (Fig. 1(b)), that were first filtered out, are analyzed.
The intensity-to-phase coupling is actually visible in the spectrogram, as wavelength-dependent
phase jumps (∆φ, Fig. 2) correlated to the seed energy fluctuations, as also shown in Fig. 6(a).
Quantifying the intensity-to-phase coupling as a function of wavelength and of WLG regime is
of interest for two reasons. First, it plays an important role in CEP-stable sources implementing
pump amplitude modulation for CEP control in DFG-based systems [19]. Second, a stationary
point can be identified.

We therefore extract the phase jumps values, related to the 1% energy laser fluctuations
for all experimental configurations, and compute for these laser pulses the spectrally-resolved
energy-to-phase transfer coefficient (κ(λ)). The results for experimental configurations II and
III are shown in Figures 6(b) and 6(c), featuring κ(λ) as a function of seed energy in the test
arm. In both cases the infrared part of the continuum seems not to be affected by the intensity
fluctuations, i.e. the transfer coefficient is close to 0. In the visible part of the spectrum, κ(λ) is
(i) larger when the energy is low or close to the onset of double filamentation, and (ii) larger for
shorter wavelengths. The maximum value of κ is much larger for experimental configuration
(III) than (II): 2 rad./% versus 0.6 rad./% at 650 nm, implying that WLG favorable to the
short-wavelength generation is intrinsically more compatible with CEP-stable systems. Finally,
in both configurations, a stationary point is identified when κ(λ) vanishes across the whole
spectrum at 0.785±0.085 µJ for configuration (II) and at 0.955±0.015 µJ for configuration (III).
For the latter configuration, the stationary point lies just below the double-filamentation threshold.
Somewhat counter-intuitively, the stationary point is narrower in (II) than in (III), despite a lower
coupling coefficient, and a larger stability range for the stochastic noise.
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Fig. 6. (a) Spectrogram zoomed over 300ms and over 580 nm-650 nm spectral bandwidth
so as to emphasize the phase fluctuations due to amplitude-to-phase coupling. The white
dashed line is the retrieved phase at 620 nm. Amplitude-to-phase coupling coefficient for
experimental configurations II (b) and III (c). The dashed black line refers to the onset of
double-filamentation.
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5. Conclusion

To conclude, by means of a modified Bellini-Hänsch interferometer, we characterized the
stochastic fluctuations of the spectral phase of a continuum generated via the filamentation of
≃180 fs pulses at ≃1035 nm in YAG crystals. Compared to the original publication by Bellini
and Hänsch [13], the analysis is quantitative, spectrally-resolved, and extended to the short-wave
infrared. Lenient generation conditions have also been identified and it is found that even if the
crystal position modifies the spectral shape, the spectral phase of the continuum remains stable
across the full bandwidth for large range of positions. We have also quantified the chromatic
dependency of the intensity-to-phase coupling coefficient. For all the studied configurations, we
could identify an experimental configuration for which this coupling coefficient vanishes. In
the context of CEP-stable sources, our results indicate that intrapulse coherence may contribute
to the measured CEP noise, both at the DFG level and in the f-to-2f interferometer, to a level
>10-20 mrad (each). Our results thus confirm that intrapulse decoherence may significantly
contribute to the measured CEP noise floor and may even represent the major contribution in
third-generation sources displaying a non-averaged CEP noise below ≃60 mrad. Beyond CEP
stability, our results may also be of interest for pulse synthesis as well as for broadened frequency
combs. These results could, however, depend on the characteristics of the driving laser, and, in
particular, on wavelength, beam quality, temporal contrast and spectro-temporal stability.
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