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ABSTRACT

We demonstrate a novel polarization-maintaining all-normal dispersion photonic crystal fiber (PM-ANDi PCF)
engineered for femtosecond pumping at 1030 nm, enabling ultra-stable and highly coherent supercontinuum generation
from 650 to 1300 nm. Polarization control is achieved through an innovative two-hole design that replaces traditional
stress rods, offering simplicity and robustness. Numerical and experimental studies reveal excellent noise performance,
with relative intensity noise below 0.5% and phase fluctuations under 15 mrad. This new PM fiber platform provides a
powerful tool for ultrafast metrology, coherent optical synthesis, and broadband light sources requiring exceptional
stability and polarization control.
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1. INTRODUCTION

Broadband, low-noise light sources are essential for many applications in modern photonics, and supercontinuum
generation (SCG) in all-normal dispersion (ANDi) optical fibres has emerged as a powerful solution [1-6]. ANDi SC
sources provide spectrally flat, highly coherent light with excellent stability, making them particularly suitable for
applications such as optical coherence tomography (OCT), nonlinear imaging, and dual-comb spectroscopy [7-9]. In
contrast to soliton-based SCG, which is sensitive to noise through modulation instability, soliton interactions, and Raman
effects, ANDi SCG is governed by self-phase modulation (SPM) and optical wave breaking (OWB), enabling
deterministic and low-noise spectral broadening [1-4].

However, the performance of ANDi fibres can be limited by polarisation-related instabilities such as polarisation
modulation instability (PMI) and stimulated Raman scattering (SRS) [10]. Polarisation-maintaining (PM) photonic
crystal fibres (PCFs) have been developed to mitigate these effects, although conventional designs based on stress rods
remain complex to fabricate [11].

Here, we propose a simplified PM-ANDI silica PCF design based on two enlarged air holes near the core, enabling
robust polarisation maintenance without stress-applying elements. The fibre is engineered for near-zero dispersion
around 1030 nm, making it well suited for pumping with Yb-based femtosecond lasers. We demonstrate broadband, flat
SC spectra spanning 630-1350 nm using two different pump sources. The stability of the generated SC is assessed
through dispersive Fourier transform measurements and phase-noise analysis, confirming excellent shot-to-shot
coherence.
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2. EXPERIMENT

Figure 1(a) shows the scanning electron microscope (SEM) image of the photonic crystal fiber (PCF) cross section,
fabricated using a standard stack-and-draw process from silica capillaries. The structure comprises 11 rings of air holes,
ensuring low confinement losses below a few dB/km up to 1300~nm (Fig.~1(b)). The fibre core diameter is 2.3~um,
with an air-filling fraction d/A=0.41, enabling single-mode operation across the supercontinuum bandwidth, as
confirmed by the measured mode profile (inset of Fig.~1(b)). By optimizing the pitch (A=1.46 um) and hole diameter
(d1=0.58 pm), a smooth all-normal dispersion profile was achieved, with a minimum dispersion wavelength around
1010~nm. The dispersion for both slow and fast axes was obtained from finite-element simulations based on the SEM
image and validated experimentally using a Mach—Zehnder interferometer and a broadband SC source, following the
method of Ref. [12].

Polarization maintenance is achieved using two enlarged holes (d2=0.66 um) placed near the core, yielding a phase
birefringence of ~2x107* at 1030~nm (Fig.~1(c)). This approach avoids the use of stress rods, allowing a reduced fibre
diameter (120~pm) and improved handling. The phase birefringence was obtained numerically, while the group
birefringence was measured using a broadband polarimetric technique based on spectral interference between orthogonal
polarization modes.
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Figure 1. PM-ANDIi PCF characterization: (a) Measured and simulated group-velocity dispersion (inset: SEM
cross-section). (b) Simulated confinement losses (inset: mode profile). (c) Phase and group birefringence,
measured vs. simulated.

3. RESULTS

3.1 Pumping at 1034 nm with 175 fs pulses

A 12.5 cm section of the drawn fibre was pumped with an Yb:YAG CPA femtosecond laser (Pharos PH1-SP-1mlJ, 175 fs
FWHM, 1034 nm). The output spectra were measured with an optical scanning spectrometer (APE waveScan).
Figures 2(a)—(b) show SC spectra along the two polarization axes versus input peak power, comparing experiment (solid)
and GNLSE simulations (dashed), which used the measured input spectrum (Fourier-limited, 175 fs). The numerical
simulations were performed by solving the scalar generalized nonlinear Schrédinger equation (GNLSE) including
quantum and technical (laser) noises [13,14]. Good agreement is observed, except in the infrared due to confinement
losses. At 44 kW peak power (8 nJ pulses), the SC extends from 720-1300 nm (580 nm at —10 dB), with strong spectral
modulations between 900—1100 nm, due to the impact of input pulse spectral shape on the SC output.



Figure 2. Experimental (solid) and numerical (dashed) ANDi-fibre output SC spectra (logarithmic scale, arbitrary units)

along both fibre principal axes as a function of input pulse peak power, using a Ytterbium femtosecond laser pump at
1034 nm. All spectra are vertically shifted for improved clarity.
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3.2 Pumping at 1030 nm with 120 fs pulses

A 20 cm functionalized PM-ANDi fibre with end-caps and connectors was then tested using a tunable
Ti:Sapphire femtosecond laser (Coherent Chameleon Ultra 1l, 120 fs FWHM, near transform-limited pulses).
Figure 4 shows the results at a pump wavelength of 1030 nm. The spectral ripples observed previously are
significantly reduced, while the SC still spans 730—1300 nm. Numerical simulations using 120 fs sech? pulses
(dashed lines) show excellent agreement with the measurements. At full coupling, the SC output power
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reaches 360 mW, corresponding to a spectral density of ~0.5 mW/nm.

Figure 3. Experimental (solid) and numerical (dashed) fibre output SC spectra (logarithmic scale, arbitrary units)
versus input peak power using a Ti:Sa femtosecond laser at 1030 nm when pumping the PM-ANDI fibre on (a) fast axis

and (b) slow axis.
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4. NOISE MEASUREMENTS

The stability and coherence of SC sources are essential for applications such as frequency metrology, spectroscopy, and
imaging. SC generation in ANDi fibres is known for its low noise and high spectral coherence [1-6]. Here, we
characterise the SC noise using two complementary approaches: (i) shot-to-shot relative intensity noise (RIN), and (ii)
spectral phase fluctuations.

4.1 RELATIVE INTENSITY NOISE (RIN) MEASUREMENTS

Shot-to-shot spectral fluctuations were characterised using the dispersive Fourier transform (DFT) technique [15], which
maps the SC spectrum into the time domain via propagation in a dispersive fibre. In our setup, a 232 m dispersion-shifted
fibre (DSF, are P2=36.5 ps?km and B3=4.9 ps*/km,) provided sufficient stretching for real-time spectral measurements
with an effective resolution of ~8 nm. The temporally stretched signals were detected using a 5 GHz photodiode and a 12
GHz oscilloscope.

Figure 7(a) compares the averaged DFT spectra with OSA measurements, showing excellent agreement and validating
the method. The relative intensity noise (RIN) was then extracted from the DFT data, with results shown in Fig. 7(b) for
increasing input peak powers. RIN values remain as low as ~0.5% across most of the SC bandwidth, with higher noise at
short wavelengths attributed to detector sensitivity and stretching fibre limitations.

To confirm these results, independent RIN measurements were performed without the stretching fibre using a tunable
bandpass filter and statistical analysis of pulse-to-pulse fluctuations [13]. Good agreement is observed, especially at long
wavelengths. Overall, the SC exhibits nearly constant low RIN, indicating the absence of significant noise amplification
during generation.
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Figure 7. (a) Experimental (a) DFT spectra (solid) compared with OSA measurements (dashed) for increasing input
peak power (fast axis). (b) Corresponding RIN spectra (colour). Grey lines show shot-to-shot fluctuations, black curves
the averaged spectra. The dotted line indicates the 0.5% noise floor.

4.2 OPTICAL PHASE NOISE MEASUREMENTS

Phase noise was assessed using Bellini-Hénsch interferometry [16], by recording spectral interference between two SC
sources in identical PM-ANDI fibers under the same pulse conditions. The setup, shown in Fig. 8(a), is a balanced
Mach—Zehnder interferometer. Single-shot interference spectra were processed via a discrete Hilbert transform [17] to
extract relative phase fluctuations versus shot number and wavelength. Analysis of 1000 consecutive spectra allowed
quantification of statistical phase stability across the accessible bandwidth.

Figure 8(b) shows phase noise with a standard deviation of 8—15 mrad over 700925 nm and 7-10 mrad over 1100—
1330 nm. These results match a noise model (dashed line) including the interferometer’s passive stability (~6 mrad rms



at 1030 nm) and shot/read noise effects (grey area). The measurements confirm that SC generation in PM-ANDI fibres is
highly deterministic, with stochastic phase fluctuations below the detectable limit.
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Figure 8. Optical phase noise measurements. (a) Interferometer setup with thin-film polarizers P1 and P2. (b) Relative
phase noise of the two SCs (solid line) with model (dashed line); gray area shows SNR of the fringe envelope from
1000 single-shot measurements.

5. CONCLUSION

In conclusion, we demonstrate a simplified polarisation-maintaining all-normal-dispersion (PM-ANDi) photonic crystal
fibre based on two enlarged central holes, removing the need for stress rods and enabling a compact 120 um diameter.
The fibre exhibits a near-parabolic dispersion around 1030 nm and generates broadband, flat supercontinua spanning
630-1350 nm. Its compatibility with different femtosecond sources and excellent noise performance highlight its
potential for ultrafast photonics applications, including dual-comb spectroscopy, nonlinear imaging, and frequency comb
technologies.
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