The Pure-quartic Bragg Soliton
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Abstract: We report a new class of Bragg soliton, the pure-quartic Bragg soliton, which arises from
the balance between self-phase modulation and the extraordinarily strong negative fourth-order
dispersion induced by integrated Bragg gratings. © 2024 The Author(s)

1. Introduction

We experimentally demonstrate a new class of Bragg soliton known as the pure-quartic Bragg Soliton (PQBS) on a
low-loss, integrated nonlinear Bragg grating implemented on the ultra-silicon-rich nitride (USRN) platform. The
USRN platform boasts a high Kerr nonlinearity with a value of n, = 2.8x10"'3 cm?W while exhibiting negligible
nonlinear loss in the vicinity of the 1550 nm wavelength [1]. The combination of the USRN material, waveguide and
grating induced dispersion generates a unique dispersion profile on the red side of the grating stopband which supports
the formation of PQBS. We report 2.4 X PQBS-effect compression through experiments, corroborated through
numerical calculations. The advantageous pulse energy scaling associated with PQBS and their ability to generate
short pulses showcase their potential for use in integrated, compact PQBS lasers with higher output pulse energies.

2. Results and Discussion

The PQBS is demonstrated using cladding modulated Bragg gratings (CMBG), where cylinders are placed
periodically alongside a central waveguide with gap (Fig. 1(a)). The gaps between the central waveguide (W=600nm,
h=300nm) and the pillars vary gradually along the grating to apodize the grating; Their value at the center (G) and
ends (G») of the CMBGs are 50nm and 150nm, respectively. The USRN core is both under-clad and over-clad with
SiO; [2]. The total length (L) is 3mm including the apodization sections (La) at each end.

The conditions required for PQBS formation are satisfied under the following circumstances at the pump wavelength:
(1) fourth-order dispersion (FOD, fs) is anomalous and dominant interacting with self-phase modulation (SPM). (2)
group velocity dispersion (GVD, ) and third-order dispersion (TOD, f3) are negligible compared to FOD. In Fig. 1
(b), the PQBS condition is found approximately 7~8nm away from the red side of the photonic bandgap where FOD
is negative, GVD remains minimally small, and TOD becomes zero at the pump wavelength of 1558.8nm. FOD, TOD
and GVD are found to -0.54ps*/mm, negligible and 0.075ps>/mm respectively, as shown by the red arrows of Fig. 1
(e), Fig. 1 (d), and Fig. 1 (c), respectively, at the pump wavelength. Contrary to previously demonstrated Bragg solitons
which reside on the blue side of (or within) the grating stopband, PQBS resides on the red side of the grating stopband.

Theoretical calculations of the temporal and spectral evolutions of PQBS along the propagation are conducted using
the nonlinear Schrodinger equation (NLSE) at input coupled peak powers (Pin) of 1.12W and 15.4W as illustrated in
Fig. 2 (a)-(d). GVD, TOD, and FOD at the pump wavelength are included in the simulation. For P, of 1.12W, we
observed temporal and spectral shapes preserving propagation as an indication of the formation of the fundamental
PQBS as shown in Fig. 2 (a) and Fig. 2 (c), respectively. For the maximum Pi, of 15.4W, we observed a periodic
evolution of solitons as an indication of the formation of high-order solitons with maximum temporal compression
and spectral broadening at the output as shown in Fig. 2 (b) and Fig. 2 (d).

Temporal and spectral PQBS behaviours are experimentally observed by exploiting a 1.3ps input laser with a central
wavelength of 1558.8nm. The measured temporal and spectral outputs were observed at the end of the propagation
length which are compared with theoretical simulations calculated using the NLSE. Let’s focus on the output temporal
traces first. For Pi»=1.12W (Fig. 2 (e)), the output temporal shape is almost the same as the input temporal shape as
the fundamental PQBS because it preserves its temporal shape as it propagates. For Pi,=15.4W (Fig. 2 (f)), the
temporal compression is achieved with a maximum compression factor of 2.4. Their main peaks are in good agreement
with the theoretical predictions. Next, output spectra in the experiment and theory are compared. For Pi,=1.12W (Fig.
2 (g)), the experimental spectral shape agrees well the theoretically calculated ones for fundamental soliton. In the
case of Pi,=15.4W (Fig. 2 (h)), wide spectral broadening is observed whereby the spectrum splits into three main
peaks as a result of a significant SPM effect, which closely matches the theoretical prediction.
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Fig. 1. (a) The schematic of the CMBG and (b) linear transmission (black line) of the Bragg grating and the GVD at the red side (red line) of the
stopband. GVD (c), TOD (d), and FOD (e) near the pump wavelength of 1558.8nm (red side). The red arrows depict the dispersion at the pump
wavelength of 1558.8nm [3].
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Fig. 2. Theoretically calculated temporal and spectral evolution of the PQBS at P;, of 1.12W (a, ¢) and 15.4W (b, d). Temporal and spectral output
for an input peak power of 1.12W (e g), 15.4W (f, h). Experimental results in time/spectral domain are navy and red empty dots (lines) for P;, of
1.12W and 15.4W, respectively. Theoretical results in time/spectral domain are denoted using blue and pink lines for P;, of 1.12W and 15.4W,
respectively. Black dashed lines (e,f) depict the temporal traces of the input pulse. Calculated energy-width scaling for theoretical quartic solitons
(empty squares) fitted with pulse energy (red line) and experimentally obtained fundamental PQBS for 7,=0.74ps (Green empty circle), compared
with conventional solitons (blue line, GVD of -0.81 ps*/mm). All pertain to the case where the fundamental soliton is created [3].

To understand pulse energy properties of PQBS behaviours, the energy-width scaling of PQBS is observed from NLSE
calculations and compared to that of conventional Bragg solitons, specifically focusing on fundamental solitons on
input pulse duration (To= Trwnm/1.76) as shown in Fig. 2 (i). The pulse energy of PQBS is proportional to 7y (red
line) while that of conventional solitons is proportional to 7o' (blue line), which shows that larger pulse energy in
PQBS than conventional solitons can be achieved for input Trwrm < 500fs. This indicates that PQBS possesses larger
pulse energy than conventional solitons at shorter pulse durations. We also experimentally obtained a pulse energy of
1.46pJ for To=0.74ps (Trwrm = 1.3ps) as a fundamental PQBS which agrees well with the theoretical curve.

Our results highlight the potential for exploiting the exceptional dispersion profile of nonlinear, on-chip Bragg gratings
for soliton generation and future implementation in short pulse lasers. This is especially beneficial due to the
advantageous energy scaling and temporal compression associated with pure-quartic solitons.
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