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Quintic Dispersion Soliton Frequency Combs in a
Microresonator

Shuangyou Zhang, Toby Bi, and Pascal Del’Haye*

Chip-scale optical frequency combs have attracted significant research
interest and can be used in applications ranging from precision spectroscopy
to telecom channel generators and lidar systems. In the time domain,
microresonator based frequency combs correspond to self-stabilized soliton
pulses. In two distinct regimes, microresonators are shown to emit either
bright solitons in the anomalous dispersion regime or dark solitons (a short
time of darkness in a bright background signal) in the normal dispersion
regime. Here, the dynamics of continuous-wave-laser-driven soliton
generation is investigated in the zero-group-velocity-dispersion regime as well
as the generation of solitons that are spectrally crossing different dispersion
regimes. In the measurements, zero-dispersion solitons with multipeak
structures (soliton molecules) are observed with distinct and predictable
spectral envelopes that are a result of fifth-order dispersion of the resonators.
Numerical simulations and the analysis of bifurcation structures agree well
with the observed soliton states. This is the first observation of soliton

gain.[*l Rich nonlinear physics in mi-

croresonators have been revealed in
the past decade, including breather
solitons,[>®! soliton crystals,l”#! Stokes
solitons,[®)  Pockels solitons,['” laser
cavity solitons,[!!] dark solitons,['213] and
dark-bright soliton pairs.'*] In many of
the aforementioned soliton types, the
GVD of microresonators plays a critical
role in microcomb formation. Solitons in
microresonators are separated into two
distinct cases, bright solitons (intensity
peaks on a low-level background),[*l and
dark solitons (intensity dips embedded
in a high-intensity background),?! de-
pending on the second-order resonator
dispersion at the pump wavelength.
Bright soliton generation in microres-

generation that is governed by fifth-order dispersion, which can have
applications in ultrafast optics, telecom systems, and optical spectroscopy.

1. Introduction

Optical frequency combs based on monolithic high-Q microres-
onators have been intensively studied over the past 15 years.!!-3!
In particular, their chip-scale footprint and low power consump-
tion are of interest for out-of-the-lab applications. The discov-
ery of dissipative Kerr solitons in microresonators enables low-
noise, coherent, and broadband frequency combs due to the
double balance between the Kerr nonlinearity and group veloc-
ity dispersion (GVD) and between the cavity losses and cavity
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onators requires anomalous GVD at the
pump wavelength, while dark solitons
can be observed when pumping in the
normal dispersion regime. Bright soli-
tons can be described to originate from
modulation instability,!*] in contrast to dark solitons, which arise
through the interlocking of switching waves connecting the ho-
mogenous steady-states of the bistable cavity system.['>1¢] Recent
research theoretically predicted the coexistence of bright and dark
solitons in the regimes of normal,['”] zero,'®2° and anomalous
GVD,?! when taking account of higher-order dispersion (third-
and fourth-order).

Among these studies, soliton generation in the zero GVD
regime is of particular interest.?>->* Especially in conventional
mode-locked lasers, dispersion compensation with prism pairs
and chirped mirrors has been the key to the generation of fem-
tosecond and attosecond pulses. Working in this regime, comb
lines from different spectral regions relative to the pump laser
(or gain region) experience opposite dispersion, normal disper-
sion on one side and anomalous dispersion on the other side.
As a result, the solitons exhibit asymmetrical behavior both in
frequency and time domains. Moreover, working at zero GVD al-
lows us to investigate the higher-order dispersion, which plays
a dominant role in the soliton formation dynamics. The bright
and dark soliton formation in this regime can also be described
by the interlocking of switching waves.['S] Additionally, when
pumping close to the zero-dispersion crossing, a dispersive wave
(DW) is expected to be generated close to the pump, and hence,
soliton formation will be strongly affected by the soliton recoil
effect.'8] Zero or small GVD is the key to obtaining spectrally
broadband frequency combs, in particular with rapidly growing
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Figure 1. Experimental demonstration of soliton dynamics crossing different dispersion regimes. a) Experimental setup. The 1.3 um pump laser is used
to generate bright solitons by pumping a fused silica microtoroid whose GVD evolves from anomalous to normal within the wavelength range from 1270
to 1330 nm. The 1.5 um auxiliary laser thermally stabilizes the resonator during the 1.3 um soliton generation. ECDL: external cavity diode laser; EDFA:
erbium-doped fiber amplifier; SOA: semiconductor optical amplifier; PC: polarization controller; PD: photodetector; AC: autocorrelator; OSA: optical
spectrum analyzer; OSC: oscilloscope; FBG: fiber Bragg grating. Inset: scanning electron microscope image of the microtoroid used in the experiments.
b) Measured mode spectrum of the microtoroid. Inset shows the zoomed-in spectrum around 1304 nm. c) Dispersion of the mode family marked with
red circles in (b). Red circles are experimental data while the solid blue trace is a 4th-order polynomial fit, considering up to the fifth-order dispersion.

ways to control microresonator dispersion in waveguide struc-
tures. Li et al. recently reported soliton dynamics in a dispersion-
managed near-zero net GVD Si;N, microresonators.?l In addi-
tion, Li et al. reported on the first experimental observations of
bright soliton generation in a close-to-zero, weakly normal GVD
fiber loop resonator.!??l Soon after Anderson et al. demonstrate
soliton formation pumping in near zero GVD (weakly normal
dispersion) regime in chip-based Si;N, microresonators, result-
ing in a near octave-spanning spectrum.!?}l The zero-GVD soli-
tons observed in these studies are enabled by third-order disper-
sion (TOD) and both studies use synchronously pulsed-driving
of the cavities rather than a continuous wave (CW) laser. How-
ever, this synchronously pulsed-driving can be seen as quasi-CW
since the generated solitons are much narrower than the driving
pulses. Especially in microresonator systems, pulsed pumping
can strongly influence the soliton formation process and enables
thresholdless comb generation.!?]

In this paper, we demonstrate and explore the soliton dynam-
ics in a microresonator pumped by a CW source in different
dispersion regimes ranging from anomalous, crossing zero, to
normal GVD. Our studies reveal that the close-to-zero-dispersion
solitons in our system are enabled by fifth-order dispersion (5th-
OD), aregime that has so far received little attention in the micro-
comb community but also in other areas such as ultrafast laser
systems and fiber femtosecond lasers. This is in contrast to pre-
vious studies,!17182223] in which zero-dispersion solitons are in-
duced by the TOD. Different zero-dispersion soliton states can be
accessed with a predictable spectral profile by adiabatically tuning
the laser frequency and pumping different optical modes. To the
best of our knowledge, this is the first observation of continuous-
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wave-pumped zero-GVD soliton molecules in a microresonator,
and more importantly, the first report of 5th-OD induced solitons.
Our study could stimulate future research in this area with inter-
esting applications in pump probe spectroscopy, telecom systems
and optical sensing.

2. Experimental Setup

Figure 1a shows a schematic of the experimental setup. The
pump laser at 1.3 pm wavelength is used to generate bright soli-
ton structures to study the soliton dynamics in different GVD
regimes. Another laser at 1.5 um wavelength is used as an aux-
iliary laser to passively stabilize the circulating optical power
within the microresonator to assist soliton generation for the
1.3 um pump laser.?®l A 250 um diameter fused silica micro-
toroid with an free spectral range (FSR) of 257 GHz is used in
the experiments and shown in the inset of Figure 1a. This partic-
ular microresonator is fabricated from a silicon wafer with a 6 um
layer of thermally grown silicon dioxide (SiO,).?”] The two lasers
are combined with a wavelength division multiplexer (WDM) and
evanescently coupled into the microresonator via a tapered op-
tical fiber. Two fiber polarization controllers (PCs) are used to
match the polarization of the two lasers to the respective cav-
ity mode polarizations. At the resonator output, the light of the
two lasers is separated by another WDM. Part of the 1.3 um soli-
ton comb light is monitored with an optical spectrum analyzer
(OSA) and a photodiode (PD). An autocorrelator (AC) based on
second-harmonic generation is used to measure the autocorrela-
tion traces of the 1.3 um comb light. In addition, a fiber Bragg
grating (FBG) filter is used to suppress the pump power before
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the AC. In the experiments, the auxiliary laser is used to pump a
mode at 1556 nm for the thermal stabilization of the resonator.[*°]
To mitigate nonlinear interference of the auxiliary laser on the
soliton comb, a low-Q optical mode with a large group velocity
mismatch relative to the FSR of the pump mode is selected for
the auxiliary laser.[?®] In addition, the optical power of the auxil-
iary laser is kept as low as possible, while still being able to pas-
sively stabilize the resonator temperature.

The resonance frequencies of a mode family in a whispering-
gallery mode resonator made of a dispersive medium can be de-
scribed as

D D

o, =500+D1/4+%M2+ 3—fu3+%u4+ 5—!5;45 (1)
where y is the mode number offset from the pump mode at
# =0 and o, are the resonance frequencies. D, /2r is the FSR
of the resonator at the pump mode (4 = 0), and D,, D,, D,, and
D; are coeflicients of second-, third-, fourth-, and fifth-order dis-
persion, respectively. We employ a high-precision calibrated fiber
loop cavity for providing reference frequency markers to measure
the mode spectrum of the resonator.[2*3!l The FSR (x40 MHz) of
the fiber reference cavity is calibrated with sub-15 Hz frequency
precision over a range from 1270 to 1330 nm. This calibration en-
ables a measurement of the #250 GHz microresonator FSR with
an error of less than 250 GHz/40 MHz x 15 Hz ~ 90 kHz. Fig-
ure 1b shows the measured mode spectrum of the microtoroid
used here in the region between 1270 and 1330 nm. There are
three different mode families observed in the transmission trace
(see Figure S1, Supporting Information). The mode family (red
circles) with an intrinsic optical quality factor of 30 million is se-
lected. The GVD of this mode family changes from anomalous
to normal. Figure 1c shows the corresponding FSR evolution of
the selected soliton mode family. In this measurement, we con-
firm that the variation of the FSR with respect to the wavelength
changes its sign. The GVD of the optical modes shorter than
1294 nm is anomalous (FSR increases with optical frequency),
while it becomes normal for wavelengths larger than 1294 nm
(ESR decreases with optical frequency). Even though some ex-
perimental data points in Figure 1c deviate from the fitted curve,
we believe these modes are not related to avoided mode crossings
(see Section S1, Supporting Information, for details). In the ex-
periments, the 1.3 um pump laser is tuned from 1270 to 1304 nm,
correspondingly, the GVD of the soliton modes changes from
anomalous to normal. Within this range, each longitudinal res-
onator mode (from the same mode family that is marked with red
circles in Figure 1b) supports the formation of a bright soliton,
but shows significantly different dynamics due to the variation of
the GVD.

3. Bright Soliton Generation with Asymmetric
Dispersion

First, we start by pumping a mode at 1283.4 nm in the anoma-
lous GVD regime with a pump power of 55 mW. By optimiz-
ing the power and laser-cavity detuning of the 1.5 pm auxiliary
laser, 1.3 um soliton states can be deterministically accessed by
manually tuning the 1.3 ym pump laser across its resonance
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from the blue-detuned side to the red-detuned side.[?®! Figure 2a
shows the measured integrated dispersion profile (blue circles)
D, (4) =@, — @, — uD; of this pump mode (1283.4 nm), together
with a 5th-order polynomial fit (blue curve). The dispersion trace
shows anomalous GVD (D, /2z = 2.1 MHz, D,/2x = 424 kHz,
D,/2n = 48.3 kHz, and Ds/2x = 2.8 kHz) but also an asymmet-
ric profile on either side of the pump mode. On the left side of the
pump wavelength, the dispersion is much stronger than that on
the right side, which can be seen from the sharper slope on the
left side. As a result, the noncoherent, chaotic spectrum shown
in Figure 2b shows a strong asymmetry with a relatively narrow
spectrum on the lower wavelength side and a broad spectrum
on the higher wavelength side. Subsequently tuning the 1.3 um
pump laser to the red-detuned side of its resonance, a bright sin-
gle soliton can be generated as shown in Figure 2¢, with a sech?
envelope and a DW at 1388 nm.

In the next step, we further increase the pump wavelength to
approach the zero-GVD regime. Figure 2d shows the integrated
dispersion measurement (red circles) at the pump wavelength
of 1292 nm together with the fitted curve (red). Here, the local
dispersion around the pump laser has opposite signs, transition-
ing from positive values for D, to negative values for increasing
wavelengths. The calculated D, /2x, D;/2x, D, /2, and Ds/2x at
this pump wavelength are 307.8, 184.2, 31.6, and 2.8 kHz, respec-
tively. Figure 2e,f shows the comb spectra in a chaotic state (Fig-
ure 2e) and a single-soliton state (Figure 2f). The single soliton
spectrum in Figure 2f has one DW around 1353 nm, which is not
phase-matched according to the dispersion profile in Figure 2d.
After the soliton formation, the mismatch between the repetition
rate and the local FSR creates phase-matching for the DW in Fig-
ure 2f. This is attributed to the influence of the dependence of the
repetition rate on the soliton recoil, Raman shift, and the laser-
cavity detuning!?*3?] (see Section S2, Supporting Information, for
details). As a result of the soliton recoil effect,3*] the appearance
of the DW on the red side of the spectrum causes a blueshift of
the central wavelength of the spectral envelope with respect to
the pump wavelength. Comparing both spectra in Figure 2¢.f, in-
deed, soliton formation is strongly affected by the soliton recoil
effect when pumping close to the zero-dispersion regime.

4, Soliton Generation at Zero GVD

To explore the soliton dynamic in the close-to-zero GVD regime,
we tune the pump wavelength to slightly longer wavelengths. Fig-
ure 3a shows the integrated dispersion measurement at the new
pump wavelength of 1303.6 nm together with a fifth-order poly-
nomial fit of the data. The calculated D, /2z, D;/2x, D, /27, and
Ds /27 at this pump wavelength are —390.4 kHz (+ 21.9 kHz),
19.9 kHz (« 5.1 kHz), 9.5 kHz ( 0.9 kHz), and 2.8 kHz (=
0.2 kHz), respectively. When the pump laser approaches the
zero-GVD regime, the dispersion close to the pump mode be-
comes flatter compared to Figure 2a,d. Figure 3b shows a trans-
mission trace when slowly scanning the 1.3 um pump laser (at
~1 GHz s7!) across the resonance from the blue- to the red-
detuned side while simultaneously coupling the 1.5 pm auxiliary
laser into its resonance for thermal compensation. On the blue-
detuned side of the soliton resonance (left side of the dashed line),
the comb is in a noncoherent chaotic state and the corresponding
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Figure 2. Bright soliton generation with asymmetric dispersion. a) Measured integrated dispersion profile (blue circles) at pump wavelength of 1283.4 nm
together with a polynomial fit (solid trace). Optical spectrum when the microcomb is in b) a chaotic and c) single-soliton state. d) Measured integrated
dispersion profile (red circles) at pump wavelength of 1292 nm together with a polynomial fit (solid trace). Optical spectrum when the microcomb is in
e) a chaotic and f) single-soliton state.
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Figure 3. Measurement of a zero-GVD soliton in a microresonator driven by a continuous wave laser. a) Integrated dispersion measured at 1303.6 nm.
b) Measured transmission trace when scanning the 1.3 pm pump laser frequency from the blue-detuned to the red-detuned side of the resonance. c)
Measured spectrum when the microcomb is in a chaotic state. d) Measured spectrum of a soliton state overlaid with a simulated spectral envelope in
red. e) Numerically simulated optical spectrum and the corresponding intracavity temporal waveform. f) |y|? is the dimensionless intracavity power.
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Figure 4. Numerically simulated snaking bifurcation structure under different dispersion parameters as a function of laser detuning @ (normalized to
half of a cavity linewidth). a) Simulation with dispersion parameters of D, /2x, D3 /2x, D,/2x, and Ds/2z of —390.4, 19.9, 9.5, and 2.8 kHz. b) Simulation
with dispersion parameters of D, /2x, D3 /2z, and D4/2x, of —390.4, 19.9, and 9.5 kHz. c) Simulation with dispersion parameters of D, /27, and D3 /2%
of —390.4 and 25.3 kHz. Note that the D3 used for this simulation is higher than the experimentally measured value due to the difficulty in obtaining
stable bright-soliton structures at lower TOD. d) Corresponding stable bright-soliton temporal profiles of (a)—(c) offset by the total energy in the cavity.
e) Histogram of peak numbers of numerically simulated solitons when sweeping the laser detuning using the dispersion parameters from panel (a).

spectrum is shown in Figure 3c. Note that, even though under
normal dispersion, the field experiences modulation instability
gain, which is enabled by the fourth-order dispersion (4th-OD)
of our system. The 4th-OD has an opposite sign compared to the
second-order dispersion, making the phase-matching condition
possible for four-wave mixing.**371 This enables the generation
of bright solitons in the normal dispersion regime with an adia-
batic laser detuning scan. As expected from Figure 3a, the spec-
trum becomes more symmetric with respect to the pump laser,
in comparison to the spectra in Figure 2b,e. We can still observe
a distinct DW at 1277 nm.

When tuning the pump laser frequency into the soliton step
(shaded area in Figure 3b), a bright soliton is formed with a sig-
nificantly smoother spectral envelope compared to the chaotic
spectrum in Figure 3c. Figure 3d shows the optical spectrum of
this bright zero-GVD soliton. Interestingly, the soliton spectrum
has a distinct envelope with a spectral dip on the blue-detuned
side of the pump and a DW on the red-detuned side. The distinct
envelope is different from those of conventional bright (sech? en-
velope) and dark solitons. To investigate the intracavity dynamics
of the zero-GVD soliton, a number of numerical simulations are
performed based on a generalized mean-field Lugiato-Lefever
equation (LLE),3#*] taking into account up to 5th-OD (see the
Experimental Section for details about the numerical model). Fig-
ure 3e,f shows the numerically simulated optical spectrum and
the corresponding intracavity temporal waveform, respectively.

Laser Photonics Rev. 2023, 17, 2300075 2300075 (5 of 9)

The simulated spectra are in excellent agreement with the mea-
surements. The intracavity temporal waveform in Figure 3f re-
veals a two-peak bright soliton with a DW-induced oscillation in
the pedestals.

Theoretical studies predicted that TOD can enable the coexis-
tence of dark and bright solitons under normal dispersion.!'718]
Recent works have demonstrated that zero-GVD solitons with
multiple peaks are induced by TOD.[?2?3] In contrast, even
with the maximum possible value (D,/2z = 25 kHz) from the
polynomial fitting uncertainty, the TOD in our system is too
weak to support bright solitons or multipeak bright solitons. To
verify the dominant effect of 5th-OD, we theoretically investigate
the bifurcation structure and stability of the soliton states in
our system. By solving the steady-state solutions of the LLE
using a Newton—Raphson continuation algorithm,[*! Figure 4
shows three collapsed snaking bifurcation structures!'”?2l under
different dispersion configurations (see the Numerical Methods
section at the end of the paper for details about the Newton—
Raphson continuation algorithm). Figure 4a presents the
snaking bifurcation structure of the energy of bright solitons!!’!
as a function of laser detuning with dispersion parameters of
D,/2x = —390.4 kHz, D,/2x = 19.9 kHz, D,/2x = 9.5 kHz, and
Dy /2n = 2.8 kHz, where several different stable soliton solutions
(solid trace) coexist in the system and each solid line at different
energy levels corresponds to different bright soliton states with
different peak numbers in the temporal profile, as shown in the
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first column of Figure 4d. The detuning range of two-, three-,
and four-peak solitons is relatively large, while those of other
soliton states are narrow. However, we also observe single-peak
solitons in the simulation, suggesting that the two-peak soliton
in Figure 3 can be understood as two solitons that are bound
together, which can also be referred to as a soliton molecule.[*!4?]
In this case, the binding mechanism is determined by the 5th-
OD of the resonator. On the other hand, the measured two-peak
soliton can be possibly explained as interlocked switching waves,
where the upswitching wave has two peaks on the high-intensity
solution induced by 5th-OD. Note that, with the particular pump
wavelength used in this measurement, accessing a single-peak
soliton is experimentally challenging due to the relatively narrow
detuning range of its existence, as shown in Figure 4a.

In comparison, Figure 4b,c shows the bifurcation dia-
gram with dispersion parameters of D,/2x = —390.4 kHz,
D,/2x = 19.9 kHz, D,/2x = 9.5 kHz, and D /27 = 0 kHz for (b)
and D, 2z = —390.4kHz, D,/2x = 25.3kHz, D,/2x = 0kHz, and
Dy /27 = 0 kHz for (c), respectively. Figure 4b shows the bifurca-
tion diagram in the presence of second-, third-, and fourth-order
dispersion. Without 5th-OD, there is only one bright soliton so-
lution in the system, with a temporal profile shown in the middle
column of Figure 4d. As discussed above, the 4th-OD in our sys-
tem enables the generation of bright solitons by inducing phase-
matching for four-wave mixing in the zero GVD region. However,
itis notresponsible for the observed zero-GVD solitons. Figure 4c
shows the bifurcation diagram under the impact of only D, and
D,. Please note that under normal dispersion, the existence range
of bright solitons increases with the value of D,.I'7] In our system,
the experimental value D, /2 is weak (19.9 kHz, corresponding
to —0.17 in dimensionless units('’l) and hinders the numerical
simulation from finding the stable solutions. To illustrate the ef-
fect of TOD on the bifurcation structure, we increase D;/27 to
25.3 kHz, corresponding to a dimensionless TOD of —0.22. As
shown in Figure 4c, there are several stable solutions of bright
solitons with different peak numbers coexisting in the system,
whose temporal profiles are plotted in the third column of Fig-
ure 4d. However, there are no stable single-, two- and three-peak
solitons. The first stable bright soliton in the system is a four-
peak soliton with an existence range of only 25% of a resonance
linewidth. With the bifurcation results in Figure 4, we conclude
that the existence range of multipeak solitons is greatly extended
by the 5th-OD, and therefore, the zero-dispersion solitons ob-
served here are enabled by 5th-OD. The same simulation results
are observed when modifying the 5th-OD Ds /27 within the error
margin of the polynomial fitting (see Supporting Information for
details on the impact of TOD, 4th-OD, and 5th-OD).

Figure 4a suggests that multipeak soliton states with different
temporal and spectral profiles can coexist under the same system
parameters with the influence of the 5th-OD (see first column
in Figure 4d and the Supporting Information for details). How-
ever, apart from the two-peak soliton in Figure 3, other multipeak
soliton states are not observed in our experiments when adiabati-
cally scanning the laser detuning. The reason is that the existence
range of the two-peak solitons is larger than that of other multi-
peak soliton states. When slowly changing the laser frequency
from the blue- to the red-detuned side of the resonance, the in-
tracavity field experiences intense and random chaotic states, and
the spontaneous formation of bright soliton structures tend to
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be the state with the highest probability (two-peak soliton in our
case). To further verify the two-peak soliton as the highest prob-
ability state, Figure 4e shows the histogram of peak numbers of
the generated soliton states when repeatedly running a split-step
LLE simulation by scanning the laser frequency across the cav-
ity resonance using the same parameters as used in Figure 3.
Here, the LLE simulation does not include thermally induced res-
onance shifts and instabilities of the microresonator. The thermal
instabilities as well as modulational instability make it challeng-
ing to observe multisoliton states with more than two peaks in the
experiments. However, with more advanced experimental meth-
ods, such as actively locking the laser detuning, we believe that
different soliton states could be accessible.[?? Note that, once gen-
erated, the zero-GVD solitons demonstrated in this work are sta-
ble and sustain their shape within a large cavity-pump detuning
range (see the Supporting Information for details).

The results presented above demonstrate that zero-GVD soli-
tons at a specific pump mode can be generated with a predictable
profile and sustain its shape regardless of cavity-pump detun-
ing variation. Here, we highlight that several types of zero-GVD
solitons with different temporal and spectral profiles can be ac-
cessed by pumping different optical modes. Figure 5a shows two
measurements of the transmission signal when scanning the
1.3 um pump laser across a resonance at 1299.2 nm, with dis-
persion parameters of D, /2z = —275.8 kHz, D;/2z = 60.7 kHz,
D,/2n = 17.8 kHz, and Dy/2z = 2.8 kHz. In the red-detuned
regime (right side of the vertical dashed line), we observe two
different soliton steps. Figure 5b shows an experimental spec-
trum of a bright soliton when the microcomb is in the lower soli-
ton step (yellow area in Figure 5a). It is interesting to note that,
in contrast to the experimental spectra in Figure 3, there is an-
other spectral dip on the longer-wavelength side of the pump,
in addition to the one on the shorter-wavelength side. Similar
to Figure 3, there is also a DW on the longer-wavelength side
of the pump laser. Figure 5c shows the numerically simulated
spectrum, which agrees well with the measured spectrum in Fig-
ure 5b. Figure 5d shows the simulated intracavity temporal wave-
form corresponding to the spectrum in Figure 5¢, which suggests
that the experimental result in Figure 5b corresponds to a bright
doublet soliton in the time domain. To further verify the tem-
poral profile, we measure the autocorrelation traces by sending
the light with the spectrum from Figure 5b into an autocorre-
lator. An FBG filter is used to suppress the pump laser and a
semiconductor optical amplifier amplifies the comb signal before
sending the light into the autocorrelator. The filtered and ampli-
fied comb spectrum is presented in the Supporting Information.
Figure 5e shows the normalized autocorrelation trace (blue) of
the two-peak soliton. The two sidelobes are associated with the
doublet structure shown in Figure 5d. The temporal separation
of the sidelobes is larger compared to the calculated result (red
trace in Figure 5e) based on the temporal waveform in Figure 5d.
This mismatch originates from the distortion by the SOA am-
plifier, as well as fiber dispersion and the used FBG filter. Com-
pared with Figure 3f, the temporal delay between the two peaks
in Figure 5d is larger, further suggesting that the two-peak soli-
ton demonstrated here can be considered as a soliton molecule,
where two individual solitons are bound together. In fact, when
pumping this mode, a single isolated bright soliton can also be
accessed experimentally. The existence range of the single-peak
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Figure 5. Measurement of different zero-GVD solitons driven at different microresonator modes. a) Experimental transmission traces when scanning
the 1.3 um pump laser frequency across its resonance from the blue- to the red-detuned side. The right side of the dashed line shows two steps (marked
with blue and red shaded background) corresponding to two different soliton states. b) Measured spectrum of a zero-GVD soliton at 1299.2 nm. ¢)
Numerically simulated intracavity optical spectrum and the corresponding temporal waveform (d). €) Measured autocorrelation trace (blue) of the zero-
GVD soliton with the spectrum shown in (b) after propagation through an amplifier and several meters of optical fiber, together with a calculated trace
(red) based on temporal waveform in (d). f) Spectrum of a single isolated bright soliton in the zero-GVD regime.

soliton at this pump mode is extended due to different disper-
sion parameters, compared to the parameters used in Figure 3.
The corresponding spectrum is shown in Figure 5f when the mi-
crocomb is in the upper soliton step (blue area) in Figure 5a.

5. Conclusion

In conclusion, we explored microresonator soliton dynamics
in the zero-GVD regime and in the transition range between
anomalous and normal dispersion, driven by a continuous wave
laser. Numerical simulation and investigations of bifurcation
structure reveal that the observed zero-GVD solitons are enabled
by fifth-order dispersion. This is the first demonstration of soliton
formation induced by fifth-order dispersion. Multipeak soliton
structures can be accessed with a stable temporal profile when
pumping optical modes close-to-zero GVD. The shape and tem-
poral delay of the zero-GVD solitons can be controlled by chang-
ing the pump modes. These results could be used for new types of
chip-integrated pump-probe experiments. In particular, the rapid
advances in photonic integration and emerging techniques of in-
verse photonic design and machine learning,/**~*] more complex
and specially tailored dispersion profiles can be realized. This dis-
persion control enables further studies on the soliton dynamics
induced by higher-order dispersion in these systems. A precise
understanding of the soliton dynamics is important for optical
frequency comb generation in microresonators with applications
in precision spectroscopy, attosecond science, optical telecom-
munication systems,*’! and chip-integrated lidar systems.

Laser Photonics Rev. 2023, 17, 2300075 2300075 (7 of 9)

Note added: we would like to draw the reader’s attention to two
related recent works[“*#7l that were published during the review
process.

6. Numerical Methods

6.1. Numerical Simulations

To simulate the temporal dynamics of the formation of zero-
dispersion solitons in a microresonator, a generalized LLE was
solved4048]

n>2
dy (6,7) _ : ity = S (gt P O
a—T——(1+w)w+lIwIw—;(—t) o )

where 7 is the slow time, normalized to twice the photon lifetime
(t,n) and 0 is the azimuthal angle in a frame corotating at the
group velocity. y (0, 7) is the intracavity field envelope. « is the fre-
quency detuning of the pump laser (angular frequency w,) with
respect to the resonance frequency (angular frequency w,) and
normalized to the half-width at half-maximum of the resonance
Aw,

- Wy =@ 0)

Aw, /2

B, are the nth-order dimensionless dispersion coefficients at the
primary pump mode, normalized as f, = —2D, /Aw,. The con-
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stant F is the dimensionless external pump amplitude,[*®) nor-
malized as

8g,A
F= 808 Weyy i ( 4)
Ag heoy,

where P is the input optical power in watts and Aw,,, is the cou-
pling linewidth. The nonlinear gain g, is given as

2
n,chw,

2
nyVy

& = (5)

where n, and n, are the nonlinear (second-order) and linear in-
dices of refraction, respectively, ¢ is the vacuum speed of light
and, V,, is the effective nonlinear mode volume. The LLE simula-
tions are solved numerically using the split-step Fourier and the
Newton-Rapson method.

6.2. Newton—Raphson Continuation Algorithm

In Figure 4a—c, the existence detuning range of different peak
solitons is calculated using a Newton-Rapson continuation algo-
rithm. The search was initialized using a stable soliton solution
of the LLE which was numerically calculated with the split-step
Fourier method. Using the Newton-Rapson method, the system
approached a stationary solution and the stability was evaluated
at this specific detuning. For the next search at a slightly differ-
ent detuning, the previous solved solution was used as the ini-
tial guess and the system stability is evaluated. This was repeated
until all the connected stationary solutions were found in the pa-
rameter space of interest. For this simulation, the system was ini-
tialized in the soliton regime with a stable soliton solution. The
detuning was slightly changed within the red-detuned regime
between different search rounds. Figure 4a—d in the main text
shows the theoretically possible solutions in the system and their
respective detuning existence ranges.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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