
Controllable two-dimensional Kerr and Raman–
Kerr frequency combs in microbottle resonators
with selectable dispersion
XUEYING JIN,1,3 XIN XU,1,4 HAORAN GAO,1 KEYI WANG,2 HAOJIE XIA,1 AND LIANDONG YU1,*
1School of Instrument Science and Opto-electronics Engineering, Hefei University of Technology, Hefei 230009, China
2Department of Precision Machinery and Precision Instrumentation, University of Science and Technology of China, Hefei 230026, China
3e-mail: xyjin007@hfut.edu.cn
4e-mail: xuxin@hfut.edu.cn
*Corresponding author: liandongyu@hfut.edu.cn

Received 27 August 2020; revised 25 November 2020; accepted 8 December 2020; posted 8 December 2020 (Doc. ID 408492);
published 25 January 2021

We report a broadband two-dimensional (2D) Kerr and Raman–Kerr frequency comb generation in a silica bottle
resonator accounting for azimuthal and axial degrees of freedom and pioneer a method that allows for controlled
and reversible switching between a four wave mixing (FWM) state and a stimulated Raman scattering state. The
repetition rate of the Raman–Kerr comb is not an integer number of the free spectral range, which spans more
than 242 nm with hundreds of teeth. We show that, experimentally and numerically, multiple 2D comb regimes
can be selectively accessed via dispersion engineering by exciting different orders of axial modes or modifying the
curvature of the axial profile, involving cascaded FWM, Raman lasing, and Raman-assisted FWM. The effect of
axial curvature on dispersion is associated with the axial mode number in bottle resonators. Our approach enables
dispersion and spectral engineering flexibility in any resonator with localized axial modes. © 2021 Chinese Laser

Press

https://doi.org/10.1364/PRJ.408492

1. INTRODUCTION

Optical frequency comb (OFC) generation in ultrahigh-Q
whispering gallery mode (WGM) microcavities, denoted as mi-
crocombs [1,2], has attracted a broad spectrum of interests in
science and technology, such as low-threshold microlasers,
atomic clocks [3], and precision spectroscopy owing to their
flexible repetition rate, wide bandwidth, and compact size. The
exceptionally long photon lifetime (>1 μs) and small modal
volume (V ) enhance the light–matter interaction, which ena-
bles us to realize intracavity nonlinear frequency conversions
with a low parametric oscillation threshold and broad band-
width. In the case of a silica whispering gallery mode resonator
(WGMR), the leading nonlinear effects, i.e., the third-order
nonlinearities such as four-wave mixing (FWM), stimulated
Raman scattering (SRS), and stimulated Brillouin scattering
are observed and investigated [4,5]. In this regard, light–matter
interaction in a continuous-wave (cw) pumped microcavity
may initiate either a Kerr comb or Raman comb, as the
Brillouin scattering frequency is more difficult to overlap with
the resonant frequency. Specifically, the Kerr comb is related to
Kerr nonlinearity induced optical parametric oscillation arising
from the quasi-instantaneous electronic response of the
medium to pump excitation; whereas the Raman comb, a

fundamental inelastic scattering process, originates from the in-
teraction between light and molecular vibrations. The interplay
between the Kerr and Raman combs in microcavities has at-
tracted great interest in recent years, and the application of
SRS to comb generation has potential in fruitful fields such
as Raman lasing [6,7], sensing, and self-frequency shift devices
[2]. A central challenge in this area is selective excitation of the
Kerr comb and Raman comb in a nonlinear WGMmicrocavity
in regards to finding a convenient method to enhance or sup-
press the Raman process.

There have been promising efforts to achieve transitions be-
tween the Kerr comb state and the Raman oscillation state by
designing the resonator size/free spectral range (FSR) [8,9],
changing the pump power or laser-cavity detuning [10], adjust-
ing the coupling gap [11], or optimizing the group velocity
dispersion (GVD) through varying the wall thickness of bubble
resonators [12]. However, geometrical control needs a high de-
gree of controllability in the fabrication process, and the geo-
metrical parameters are difficult to modify in practical
applications once the microcavity is fabricated. As for silica mi-
crobottle resonators, the transition between a Kerr comb state
and Raman oscillation state is more difficult due to their broad
Raman line width and dense mode spectrum, compared to the
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case in SiN, AlN, or silica microspheres. In this regard, align-
ment between the cavity resonance and the Stokes line may be
impractical.

In this work, we present a convenient and simple approach to
selectively accessing the parametric and/or Raman oscillation
state without modification of resonator geometry based on
the ultrahigh-Q silica microbottle platform. A controlled and
reversible transition between modulation instability (MI) and
Raman oscillation is realized by selectively exciting localized axial
modes, designing the axial profile of the device, or adjusting the
pump detuning. This Kerr–Raman competition is well described
and analyzed by numerical simulations based on the generalized
Lugiato–Lefever (L-L) equation, with the Raman effect included,
which give important insights into the interplay between axial
mode numbers and bottle axial curvature on dispersion.
Moreover, wideband two-dimensional (2D) Kerr and Raman–
Kerr frequency combs are experimentally demonstrated with a
repetition rate smaller than one FSR. Our study provides a route
for efficient Raman lasing and sensing applications in a silica mi-
crocavity and may be a critical step towards 2D frequency comb
generation [13] in microcavity devices.

2. EXPERIMENTAL PRINCIPLE AND METHOD

Figure 1 describes the idea and generation principle of 2D Kerr
combs and Raman combs in a silica microbottle, taking into

account the azimuthal and axial mode families. In contrast
to equatorial WGM resonators, light in a bottle resonator not
only circulates circumferentially around the equator but also
harmonically oscillates back and forth along the resonator axis
between two “turning points,” which are defined by an angular
momentum barrier [14]. As seen in Fig. 1(a), the platform in-
volves a coupling microfiber and a bottle microresonator.
The microfiber was exploited to couple light in/out of the res-
onator and excite the frequency comb. In our device, both the
parametric process (including degenerate FWM and non-
degenerate FWM) and non-parametric process (SRS) exist in
our bottle microresonator. SRS dominates when GVD is in the
normal regime, since silica exhibits a large Raman gain band-
width without the need of phase matching, while, in the
anomalous GVD regime, FWM initiates before SRS due to
its lower threshold. Experimentally, GVD is controlled by cou-
pling the microfiber along the axis of the resonator [indicated
by black arrow in Fig. 1(a)] or designing a proper axial profile
and, therefore, achieving selective switching between the
FWM-dominant state and SRS-dominant state. In particular,
not only are the fundamental/azimuthal combs generated in the
bottle, but also the axial comb lines can be created.

We propose two mechanisms to generate 2D frequency
combs: (i) by employing degenerate FWM only [method I
in Fig. 1(b)] and (ii) by combining degenerate FWM and
non-degenerate FWM [method II in Fig. 1(b)]. It is worth not-
ing that the FWM for axial combs includes redistribution of
photon momentum along the bottle axis (Z ) in comparison
to the fundamental comb case, which leads to different spatial
distributions of comb modes. Routine FWM, including only
the fundamental mode family, is also presented in the lower
panel of Fig. 1(b) for comparison. It is seen that the mode fields
are located in the vicinity of the equatorial plane of the reso-
nator without the conversion of photon momentum along the
resonator axis (Z ) in the FWM process. Besides, the generation
principle of SRS is also presented in the bottom left panel of
Fig. 1(b). Figure 1(c) displays the axial distribution of the
WGMs power for the quantum numbers q � 0, 5, 15, 30.
The WGMs in the bottle resonator are characterized by three
mode numbers (m, p, q), and m, p, and q indicate the azimu-
thal, radial, and axial quantum number, respectively. It is shown
that this axial standing wave is greatly enhanced around the
turning points of the harmonic motion. To effectively generate
broadband 2D frequency combs, the axial mode eigenfrequen-
cies have to match the azimuthal mode eigenfrequencies in a
bottle resonator. Thus, the axial curvature should be carefully
modified.

To make a high-Q bottle resonator with different geomet-
rical parameters, a simple and convenient technique was
employed by using a standard fiber fusion splicer (Fujikura
FSM-80S) similar to the “soften-and-compress” method [15].
The single mode fiber (SMF) was first treated by the “heat-and-
pull” technique with a hydrogen torch and then was cut off
from the center. The microbottle was fabricated from control-
lably splicing together two sections of SMFs (Corning, SMF-
28e) with a simple pretreatment on the fiber ends. The
fabrication process contains four steps, as shown in Fig. 2.
First, two normal stripped fibers were placed on two V-groove

Fig. 1. Experimental method and principle of proposed device.
(a) Illustration of tunable 2D frequency comb generation principle.
The blue comb lines represent the fundamental combs, and the other
comb lines indicate the axial combs. The black arrow denotes the
GVD tailoring approach. (b) 2D wideband Kerr comb generation
mechanisms of the FWM-based oscillation process with both axial
and azimuthal modes involved. (I) Degenerate FWM oscillation for
axial mode series; (II) non-degenerate FWM oscillation for axial mode
series. Bottom: general principle for SRS and degenerate FWM for
fundamental Kerr comb generation. (c) Characteristic axial field dis-
tributions of WGM powers in a bottle resonator.

172 Vol. 9, No. 2 / February 2021 / Photonics Research Research Article



clamps on the splicer. Then, the two fiber ends were softened
by electrical arc discharge and reshaped into two spheres with
smooth surfaces due to surface tension. Third, the left and right
spheres move towards each other by driving motors of the
splicer until a small overlap 2d 0 was realized. Finally, we apply
multiple short arcs with a duration of about 3 s to controllably
soften the overlapping region. After the treatment, the bottle
resonator was fabricated, which was caused by surface tension
and material flow of fused silica. By this method, bottle reso-
nators with different geometrical parameters (R0, L, Δk) can be
fabricated by controlling the size of the spheres on fiber ends,
the number of arcs, and the overlapping region. We here
prepared three bottle resonators (Device 1–Device 3) with dif-
ferent axial curvatures Δk but with approximately the same
radius (∼81.9 μm). The microbottle resonator fabricated by
this method possesses Q factors up to 108 and large mode de-
coupling due to its prolate profile. Compared with the conven-
tional “soften-and-compress” method, this approach generates
a wider range of axial curvature (0.002–0.0075 μm−1) and a
larger bottle radius with good repeatability, allowing their
use for generation of 2D frequency combs.

3. 2D KERR COMB GENERATION

The experimental setup, sketched in Fig. 3(a), is used for OFC
generation with a microbottle resonator platform. The pump
field from a cw pump laser (Toptica CTL 1550) with a line-
width smaller than 10 kHz is amplified by an erbium-doped
fiber amplifier (EDFA) and, after passing a polarization control-
ler (PC), is then launched into a bottle resonator to excite the
OFC. We employed a power meter (PM) to monitor the op-
tical power injected into the resonator. The polarization state of
light was adjusted and stabilized by the PC. We selectively ex-
cited the axial modes as well as the coupling efficiency by ver-
tically scanning the microfiber along the bottle axis. Afterwards,
the output light from the microfiber is split into two paths.
One was sent to an optical spectrum analyzer (OSA, Anritsu
MS9740A), and the other was routed to a photodetector

(PD, Thorlabs PDA05CF2) followed by an oscilloscope
(Keysight DSO 4054A). The comb spectrum is also fed to a
signal and spectrum analyzer (ESA, R&S FSW26) to monitor
the corresponding RF spectra.

To generate wideband 2D Kerr combs, the microfiber was
firstly excited at the center of a bottle resonator with R0 �
81.9 μm, L � 428.6 μm, and Δk � 0.003056 μm−1, as
shown in Fig. 3. In this case, both of the basic mode and axial
mode sequences can be excited [16,17] under an anomalous
regime (see Section 4 for theoretical verification). The shape
of the microbottle was fitted with parabolic profile Rz≈
R0�1 − �Δkz�2∕2�, where R0 is the maximal radius at z � 0,
and Δk indicates the axial curvature of the profile. We adjusted
the cavity loading by scanning the coupling microfiber along
the bottle axis, measured the parametric oscillation threshold,
and finely tuned the pump wavelength so that the pump can be
self-thermally locked to a certain WGM. During the measure-
ment process, the coupling microfiber was always in physical
contact with the bottle resonator to ensure the coupling stabil-
ity. Figure 3 presents the measured transmitted optical spectra
for the different identified Kerr comb patterns, corresponding
to 1∕4-FSRm, 1-FSRm, 7∕6-FSRm, 5∕4-FSRm, 5∕2-FSRm,
7∕2-FSRm, 7-FSRm, and 17∕2-FSRm of the bottle resonator,
respectively. Here, FSRm is the azimuthal FSR of the resonator.
The “Type I” [18] fundamental comb with sidebands separated

Fig. 2. Fabrication process of the microbottle resonators. The inset
on the right indicates the microscopic images of the microbottle
during the process.

Fig. 3. (a) Experimental setup and device illustrating the optical fre-
quency generation in bottle resonators. CW pump, continuous wave
tunable pump source; EDFA, erbium-doped fiber amplifier; PC,
polarization controller; PM, power meter; OSA, optical spectrum
analyzer; ESA, signal and spectrum analyzer; OSC, digital storage
oscilloscope; PD, photodetector; AFG, arbitrary function generator.
(b)–(i) Experimental observation of eight primary Kerr combs
exhibiting very different spacings of (b) 1∕4-FSRm, (c) 1-FSRm,
(d) 7∕6-FSRm, (e) 5∕4-FSRm, (f ) 5∕2-FSRm, (g) 7∕2-FSRm,
(h) 7-FSRm, and (i) 17∕2-FSRm. The 2D Kerr comb spectrum is
demonstrated in (a). The microfiber is placed at the bottle center
[(d), inset] to excite the azimuthal and axial mode families.
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by one azimuthal FSR was realized [Fig. 3(c)], and, by tuning
the pump wavelength, the “Type II” comb with multimode
spaced lines was also verified [Fig. 3(h)]. It is seen from
Fig. 3(c) that the first-order signal–idler photons are symmet-
rically located with respect to the pump with the spacing of
3.24 nm, which is in good agreement with the calculated
FSRm [FSRm ≈ λ2∕�2πnR0� � 3.241 nm]. Different primary
comb spacings use the same pump power, since different radial
mode families are excited simultaneously in the resonator, and
the energy conservation condition is met for these modes. The
detuning between the pump and resonance may induce the var-
iations of comb spacing, but the effect is limited owing to the
on-resonance requirement. In our experiment, we observed a
ratio of less than two when changing the detuning parameter.
Thus, the geometrical dispersion difference is responsible for
this observation. We attribute the above two types of funda-
mental combs to degenerate FWM [lower right panel of
Fig. 1(b)], as no Raman oscillation signal is observed. Note that
the pump wavelengths in Fig. 3 are larger than the zero
dispersion wavelength (ZDW) of Bottle 1 [1531 nm see
Section 5] and thus correspond to the anomalous dispersion
regime for q � 0.

It is interesting to find that the repetition rate of the comb is
not an integral multiple of the fundamental FSR in some cases,
as shown in Figs. 3(d)–3(g), 3(i), and 3(b). For example, in
Fig. 3(b), a broadband comb spaced by 1∕4-FSRm can be

generated, which is simultaneously initiated at the axial and azi-
muthal eigenfrequencies. The low repetition frequency axial
comb lines match a series of equidistant axial eigenfrequencies
and are localized between adjacent azimuthal comb series. The
FSR of the wideband azimuthal mode series is exactly four times
the FSR of the narrowband axial mode series [FSRm∕
FSRq � 3.24 nm∕0.81 nm � 4, the calculated value FSRq≈
λ2Δk∕�2πn� � 0.811 nm]. Such a comb is termed a 2D fre-
quency comb by taking into account dynamics in the azimuthal
and axial directions with different orbital momenta, which was
theoretically predicted in Refs. [13,19]. Additionally, the fre-
quency comb with 5∕4-FSRm spacing is also excited by degen-
erate FWM [Fig. 3(e)]. Therefore, the generation of 1∕4-FSRm
comb lines may be ascribed to the cascaded non-degenerate
FWMbetween the 1-FSRm mode series and the 5∕4-FSRm series
[mechanism II in Fig. 1(b)]. Besides the 1∕4-FSRm and its in-
teger multiples mode series, there is also the 7∕6-FSRm series that
is excited, as shown in Fig. 3(d). This may be explained similar to
the case of the 5∕4-FSRm series, but belongs to the family of
modes with different radial quantum number p.

4. DISPERSION ENGINEERING AND
CONTROLLED RAMAN–KERR TRANSITION

We then investigate the dispersion engineering by selective ex-
citing of axial modes or designing the axial profile of the device

Fig. 4. Comparison between experimental and simulated spectra along with the GVD dispersion curves: dispersion engineering and controllable
Raman–Kerr transition. (a)–(c) The 2D Kerr combs excitation in the anomalous dispersion regime when the silica bottle resonator (Device 1,
Δk � 0.003056 μm−1) was excited at the center. (d)–(f ) Raman–Kerr comb excitation in the weak normal dispersion regime when the silica bottle
resonator (Device 1) was excited at 78 μm from center. (g)–(i) Raman–Kerr comb excitation in the anomalous dispersion regime when the silica
bottle resonator (Device 2, Δk � 0.003771 μm−1) was excited at the bottle center. (j)–(l) Raman lasing excitation in the strongly normal dispersion
regime when the silica bottle resonator (Device 3, Δk � 0.004041 μm−1) was excited at 96 μm from center. Corresponding numerical simulation
for (b), (e), (h), and (k) with the same detuning δ � −5.4 × 10−8. (m) Magnified view of aperiodic hyperparametrical oscillations observed in (d).
Inset A: magnified view of the comb spectrum from 1476 to 1520 nm. Inset B: magnified view of the comb spectrum from 1588 to 1610 nm. The
peak widths of the comb lines are limited by the resolution and sampling points of the OSA.
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and demonstrate that a controlled deterministic transition be-
tween Kerr combs and Raman oscillation can be achieved in
our microbottle-taper coupling system. In our experiment,
Raman–Kerr combs are generated in three silica bottle resona-
tors (Device 1–Device 3). The three microresonators have the
same radius (∼81.9 μm) but with different axial curvatures Δk.
We excited different orders of axial modes by changing the
microfiber axial position and measured the comb spectra with
nearly zero pump detuning. Figures 4(a) and 4(d) describe two
distinct regimes of operation by selective excitation of different
orders of axial modes. The pump power was always fixed at
300 mW, and the mode selection has been changed by
scanning the coupling fiber along the resonator axis [17].
Figure 4(a) shows cascaded FWM combs with 1/4-FSR axial
modes when the microfiber was coupled at the bottle center
so that it falls into the anomalous regime. To demonstrate
the GVD adjustment based on the coupling position, the mi-
crofiber was moved 78 μm away from the bottle center of
Device 1 (q � 95, Δk � 0.003056 μm−1). This position
was monitored by a CCD camera above the coupling regime.
Figure 4(d) presents aperiodic wideband hyperparametric oscil-
lation under weak normal dispersion [Fig. 4(f )]. Different
FWM oscillations as well as SRS family modes are initiated:
the FWM photon pairs around the pump and 1600 nm are
separated by 1-FSR (basic mode sequence); 5/6-FSR and
1/2-FSR mode families are also observed in the vicinity of
∼1506 nm and 1483 nm, respectively [see Fig. 4(m) for hyper-
parametric oscillation details]. The peak located at 1673.02 nm
indicates the SRS line, with a Stokes shift of ∼13 THz from the
pump. These axial modes have a large spatial overlap and in-
teraction among them, leading to different frequency spacing
and, hence, an asymmetric spectrum [20]. It is noteworthy that
the generated comb lines are stronger than the pump in this
case. This can be ascribed to the fact that higher power trans-
ferring to the combs could put the pump effectively into the
under-coupled regime, and, hence, the pump transmission may
decrease or even exhibit a dip [see Fig. 4(m)]. Additionally, the
spectra on the anti-Stokes side are denser than on the Stokes
side, which is similar to the results obtained in Ref. [21].
We attributed it to the increase of probability for FWM oscil-
lation on the blue side of the spectrum due to higher Q factors
and larger WGM density. Another peculiarity of this frequency
comb is the significant asymmetry in the signal and idler side-
bands. For example, in Fig. 4(m) close to the pump, the idler
photon (at 1548.8 nm) is much stronger than the signal photon
(at 1555.3 nm). We may ascribe this phenomenon to the high
modal density of the bottle microresonator. Experimentally, the
laser usually pumps a mode cluster (not a single mode), which
involves several degenerate modes. Each mode sequence with
slightly different geometrical dispersion has its own parametric
oscillation. Yet, the signals and idlers generated by these oscil-
lations have nearly the same frequency, and, thus, they can in-
terfere with each other. Consequently, this interference may
suppress either the signal light or idler light, leading to the
asymmetry of the comb spectrum.

Figure 4(g) shows a Raman-assisted Kerr comb with an
identical spacing of 1/4-FSR. It was realized by switching to
another bottle resonator with a different axial profile

(Device 2, Δk � 0.003771 μm−1) for pumping. This broad-
band spectrum is formed by the initial Raman scattering and
the subsequent non-degenerate FWM process. The SRS has a
broad bandwidth gain of more than 40 THz in silica, which is
much larger than FSRm (0.40 THz) and FSRq (0.10 THz) of
the bottle resonator. As a result, more than 86 Kerr comb lines
arise near the pump, and 29 Raman comb lines occur in the
Raman waveband. We found that the Stokes components are
not a single Raman lasing but a series of comb lines spaced by
one FSRq [left inset in Fig. 4(g)]. To the best of our knowledge,
this is the first experimental observation of a 2D Raman–Kerr
comb that simultaneously excites the axial and azimuthal
components. One expects that the transition process is deter-
mined by the cavity GVD, circulating power (pump detuning),
and polarization state of the pumped mode. For low q modes,
variation of Δk has little influence on the cavity dispersion
[Figs. 4(c) and 4(i)]. Thus, the transition from an FWM state
to a Raman–Kerr state in Fig. 4(g) may be explained by the
excitation of modes with different polarizations [10]. By further
excitation of higher-order axial modes q � 180 in a bottle
with more pronounced axial profile (Device 3, Δk �
0.004041 μm−1), we also observed Raman lasing in a strongly
normal GVD regime. Figure 4(j) describes a multimode Raman
lasing spectrum with nearly no FWM, which verifies a simple
and convenient method for mode dispersion management.
Note that the changing of axial profile Δk works only for large
axial mode numbers q (see Section 5 for detail). Figure 4 offers

Fig. 5. (a) Transition between FWM oscillation and Raman oscil-
lation in a bottle resonator with decreasing pump detuning from top to
bottom. State (i): when the pump is largely blue-detuned, the Kerr
comb with 5/4-FSR spacing is obtained; state (ii): when the detuning
is decreased, the Kerr comb broadens, and the single Raman line starts;
state (iii): when the pump is further decreased, the Kerr comb lines
disappear, and only the Raman-assisted comb exists; state (iv): when
the detuning is at its smallest, the Raman comb vanishes, and a 7/2-
FSR Kerr comb starts. (b) RF spectra corresponding to state (ii) and
state (iv) in (a). (c) Transmission measurement of the bottle resonator
at ∼1567 nm. The laser is tuned into the resonance with an increasing
wavelength.
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insightful understanding of the GVD effect on the formation of
Raman–Kerr combs. Our results suggest that three distinct re-
gimes can be selectively accessed via dispersion engineering by
excitation of different axial modes, designing a proper axial pro-
file, as well as adjusting the polarization state.

Next, we explore the pump detuning dependency.
Figure 5(a) shows the Kerr–Raman transition process for a de-
creased blue detuning of the pump. By tuning the pump
(Pin � 300 mW) from a short to a long wavelength, a stable
Kerr oscillation with 5/4-FSR spacing is firstly generated [state
(i)]. We perform in the effective blue-detuned region, where
the spectrum is thermally stable [22]. Hence, it can be regarded
as a Turing pattern comb in the case of axial modes. The ex-
hibited 5/4-FSR spacing characteristics originate from the axial
components of modes with the same axial but different azimu-
thal quantum numbers. Then, we slightly decreased the detun-
ing of the pump and obtained a broadband spectrum [state
(ii)]. The occurrence of a broader spectrum is ascribed to
stronger coupling of pump light into the cavity resonance
and the subsequent additional cascaded FWM peaks based
on degenerate and non-degenerate processes. Meanwhile, a
5/4-FSR Kerr comb converts into a Raman–Kerr comb with
the same frequency spacing. The non-equidistant comb lines
in the vicinity of 1600 nm are caused by the coupling between
different transverse modes. By further decreasing the detuning,
we observed a distinct behavior where the Kerr comb disap-
peared and SRS comb (Raman shift ∼12.9 THz) started,
which is an indication of a Raman-dominant state [state
(iii)]. There are no multiple overlapped comb lines for this
Raman-assisted Kerr state, indicating that the Stokes and ad-
jacent FWM components are supposed to arise from the same
mode family (fundamental mode family), and the modal over-
lap is practically negligible in this case. When the detuning is at
its smallest, the SRS comb disappeared, and a 7/2-FSR Kerr
comb reappeared [state (iv)]. We observed a reduction in
the RF noise from state (ii) to state (iii), as shown in Fig. 5(b),
which implies that the low-noise state may be affected by
Raman oscillation. The comparable high RF noise in state
(ii) suggests the loss of the mode-locked state for the Kerr–
Raman comb. Figure 5(c) displays the typical transmission
spectrum of the bottle resonator, where a resonance mode with
a high-Q factor up to ∼1 × 108 is presented. The laser was
scanned until the selected high-Q mode was excited.
Compared to previous work where a 2-FSR comb at the fun-
damental mode sequence is generated in this case [9], a silica
bottle platform here provides much more flexibility in its rep-
etition rate. In summary, we demonstrated controllable switch-
ing from FWM to the Raman state and then back to the FWM
state. The experimental results are in good agreement with the
following simulation results.

5. THEORETICAL MODEL AND SIMULATION

To gain more physical insight into the tunable Raman–Kerr
combs generated in bottle resonators, we analyzed the
dispersion engineering and Kerr–Raman transition process
utilizing our theoretical models. Kerr combs initiated in a
bottle resonator mainly involve two different families of
WGMs: the azimuthal mode series with spacing of one FSR,

FSRm � f m − f m−1, and the axial mode series with
FSRq � f q − f q−1 spacing. Here, we focus on the dispersion
tailoring based on these longitudinal FSR spaced WGMs. The
total dispersion in a bottle resonator consists of two contribu-
tions: that is the material dispersion ΔFSRM and geometry
dispersion ΔFSRG. The geometrical dispersion is interpreted
as the variation of the FSR and can be calculated via an approxi-
mation of the eigenfrequencies of bottle resonators. The reso-
nance frequency f m of bottle microresonator modes with a
harmonic profile is given by [23]

f m � c
2πn

��
Ump

R0

�
2

�
�
q � 1

2

�
ΔEm

�
1∕2

, (1)

where Ump � m� αp�m∕2�1∕3 � �3∕20�α2p�m∕2�−1∕3, αp is
the pth root of the Airy function for different radial modes,
which is equal to 2.338, 4.088, and 5.521 for p � 1, 2, 3, re-
spectively, and ΔEm � 2UmpΔk∕R0. Δk and R0 indicate the
axial curvature and maximum radius of a bottle resonator. m is
the azimuthal mode number, and q denotes the axial mode
number. c is the speed of light in vacuum, and n denotes
the refractive index of the material. Hence, the FSR and geo-
metrical dispersion can be calculated from the resonator eigen-
frequencies f m as follows [24]:

FSR � f m − f m−1,

ΔFSRG � �f m�1 − f m� − �f m − f m−1�: (2)

On the other hand, the material dispersion is proportional
to the material GVD and can be expressed as ΔFSRM ≈
�c2λ2∕�4π2n3R2

0�� · GVD; here, GVD � −�λ∕c��∂2n∕∂λ2�,
which can be solved numerically by exploiting the Sellmeier
equations. The total dispersion, which takes into account geo-
metrical dispersion as well as material dispersion, can therefore
be expressed as

ΔFSR �ΔFSRM � ΔFSRG: (3)

We then converted ΔFSR into the widely used second-order
dispersion β2 by applying the approximated expression [25]

β2 � −
1

4π2R0

·
ΔFSR
FSR3 �ps2∕km�: (4)

Figure 6(a) shows the calculated total dispersion ΔFSR as a
function of wavelength for silica bottle resonators with axial
mode number q � 0. We study three bottles with different
maximum radii of D1 � 163.8 μm, D2 � 185.6 μm, and
D3 � 200 μm. Larger diameters offer a flattening of the
dependence of FSR on the wavelength. Specifically, the
dispersion of sample 1 increases from −2.16 to 3.51 MHz
within the waveband of 1.4–1.7 μm, whereas, for sample 2
and sample 3, this value changes from −1.40 to 3.10 MHz and
−1.07 to 2.83 MHz, respectively. The flat dispersion is critical
for a wideband frequency comb generation. Additionally, the
ZDW shifts to a shorter wavelength with an increased diameter
[see inset in Fig. 6(a)]. Figure 6(b) plots the dispersion for dif-
ferent dimensions of bottle resonators at a wavelength of
1550 nm. It is seen that larger bottle sizes increase the
dispersion for a fixed q. For fundamental mode family q � 0,
the anomalous dispersion occurs when the size of the resonator
exceeds 75 μm. At the radius of 81.9 μm [vertical black dashed
line in Fig. 6(b), Device 1], the total dispersion for q � 0 and
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q � 30 is in the anomalous regime (ΔFSR > 0), while for
q � 60 is in the normal dispersion regime (ΔFSR < 0).
This provides a convenient and flexible scheme for dispersion
and ZDW adjustment without modifying the resonator geom-
etry. Experimentally, this can be implemented simply by adjust-
ing the axial coupling positions of the microfiber. For example,
the fundamental mode q � 0 is excited when the coupling fi-
ber is positioned at z � 0, and the axial mode q � 30 can be
initiated when the microfiber is moved 45.2 μm away from the
center (at the caustic of bottle modes), which can be obtained
by calculating axial mode field distributions of the bottle res-
onator [17]. Indeed, to ensure that the 2D modes, including
the azimuthal and axial series, are excited in the bottle, the
central excitation position is preferable. To further confirm
the GVD adjustment depending on axial mode number q,
we provided the calculated ZDW when q is increased from
0 to 190, as shown in Fig. 6(c). Specifically, ZDW alters from
1531 to 1809 nm with an increase of q from 0 to 150, sug-
gesting a simple and large-scale ZDW and GVD engineering
approach. This interesting characteristic may push the ZDW of
silica towards the mid-infrared (mid-IR) range and is favorable
for broadband Kerr comb generation in this waveband.

We next study the relationship between GVD and resonator
axial curvature Δk and demonstrate an additional degree of
freedom to control the dispersion in bottle resonators.
Figures 6(d)–6(f ) show the calculated dispersion for three bot-
tles with different axial curvatures (Devices 1–3) but approx-
imately the same radii as a function of axial mode number q and
wavelength. It is found that the GVD does not change signifi-
cantly for smaller q modes. Nevertheless, for higher q modes,
the dispersion becomes larger with an increased Δk. There ex-
ists a point (by selecting an appropriate axial mode q) at which
the bottle exhibits a weak flattened normal dispersion, and the

GVD value at this point can be tuned by choosing the bottle
axial profile. From the above discussions, we can conclude that
the total dispersion in a bottle resonator can be managed by
selecting different axial modes and axial profile curvatures,
and the interplay between these two effects should be consid-
ered. Compared to the dispersion control method in the micro-
bubble [26], which can be realized by designing the diameter
and wall thickness, the bottle resonator provides a post fabri-
cation dispersion management scheme without changing the
resonator geometry.

Based on the above dispersion analysis, we introduce the
generalized L-L equation, with SRS taken into account, to
model and analyze the Kerr–Raman transition dynamics.
The generalized L-L equation is given as�
tR

∂
∂t

� α� θ

2
� iδ� i

β2L
2

∂2

∂τ2

�
E − i�1 − f R�γLjE j2E

− if RγL
�
E
Z

τ

−∞
hR�τ − τ 0�jE j2dτ 0

�
−

ffiffiffi
θ

p
E in � 0: (5)

The second and third terms on the left side describe the Kerr
and Raman effects, respectively. Here, E is the envelope of the
intracavity field, t and τ are the slow time and fast time, respec-
tively, tR refers to the roundtrip time, L is the cavity length, α
and θ indicate the intrinsic loss and external coupling coeffi-
cient, respectively, δ accounts for the pump phase detuning,
β2 represents the GVD, γ denotes the nonlinear coefficient,
and jE inj2 refers to the pump power. f R is the Raman fractional
response for silica, f R � 0.18, and hR�τ� indicates the Raman
response function. In our simulations, the Raman effect is cal-
culated in the frequency domain with a Lorentzian lineshape of
central frequency ΩR � −13 THz and bandwidth ΔΩR �
40 THz [27]. To simulate the experimentally exploited device,

Fig. 6. (a) Calculated dispersion of silica bottle microresonators with fundamental modes q � 0 for three different resonator radii. (b) Dispersion
versus the maximum radius of the microbottle resonator for different axial modes q � 0, q � 30, and q � 60. (c) Calculated ZDW of sample 1 as a
function of axial mode numbers q. (d)–(f ) Dispersion curves as a function of axial modes q and wavelength for different axial curvatures
(d) Δk � 0.003056 μm−1, (e) Δk � 0.003771 μm−1, and (f ) Δk � 0.004041 μm−1.
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we choose tR � 2.49 ps, L � 2π × 81.9 μm, α � 4.3 × 10−6,
θ � 1.4 × 10−6, γ � n2ω0∕�cAeff � ≈ 0.0060 W−1⋅m−1, and
jE inj2 � 1 mW. Numerical simulations were performed by
solving Eq. (5) with split-step Fourier algorithm [28]. The
wavelength-dependent dispersion is taken into account within
the Fourier term. The GVD curves on the right column of
Fig. 4 were calculated by solving Eqs. (1)–(4) and extracted
from Figs. 6(d)–6(f ).

Figure 4 (second and third columns) shows the simulation
results of multiple different regimes involving the Kerr
comb, Raman–Kerr comb, and Raman comb generation.
The switching between three distinct regimes was realized
via dispersion engineering just by adjusting the coupling
positions of the microfiber along the bottle axis or choosing
different axial curvatures. We first excited Device 1 (Δk �
0.003056 μm−1) at the bottle center, which exhibits a weak
anomalous dispersion. As seen in Fig. 4(b), a stable Kerr comb
spectrum appears as we expected. This corresponds to a Turing
pattern regime or primary comb [29], which originates from
the cascaded FWM process at a 1-FSR spacing. Note that no
Raman comb lines were observed, suggesting that the FWM
comb is dominant in this state. Then, we moved the coupling
microfiber 78 μm away from the bottle center and observed the
output spectrum [Fig. 4(e)]. The excitation of the q � 95 axial
mode pushes the resonator to a weak normal dispersion regime.
It is found that both Kerr and Raman combs are simultaneously
excited in this regime. Next, we switched to a bottle resonator
with larger axial curvature (Device 2, Δk � 0.003771 μm−1)
and excited it at the bottle center (q � 0). Figure 4(h) displays
a spectrum where Raman-assisted non-degenerate FWM has
been initiated in the resonator. It was realized by pumping an-
other WGM resonance with a different polarization state [6].
The results further confirm that both Kerr and Raman effects can
be generated under anomalous dispersion once the pump power
exceeds the Raman threshold. Distinct from the weak normal
GVD case, the Raman oscillation without FWM is observed
in simulations with a strongly normal dispersion regime. This
was generated when Device 3 (Δk � 0.004041 μm−1) was ex-
cited at 96 μm away from the bottle center [Fig. 4(l)].
No appreciable Kerr combs were excited, and strong Raman lines
were created at a frequency of ∼13 THz red shifted from the
pump. The absence of the Kerr comb in this case is the result
of the strongly normal GVD, therefore rendering a negligible MI
gain [30]. The Kerr–Raman transition behavior revealed by sim-
ulations is similar to our experimental observations. The
differences between the experimental results and numerical re-
sults can be explained by the following two main reasons.
First, theQ factor and theWGMdensity are different for various
modes, thereby rendering different probabilities of optimal con-
ditions for FWM oscillation in different modes. Second, mode
coupling between different mode families and additional device
loss in the system could increase the loss in our experiment. Our
numerical results further confirm the feasibility of the dispersion
management method in our bottle resonators.

Widely known, the transition between Kerr and Raman
combs depends on the gain competition between the MI
and Raman gain in WGM microcavities [8,9]. In contrast
to the MI gain spectrum in an optical fiber [31], the MI gain

in the cavity system has a discrete density-of-state and is absent
adjacent to the pump. As a result, with an increase of input
power, the MI gain spectrum may shift away from the pump
due to the variations of the phase-mismatching term [32].
Nevertheless, the Raman gain in a silica cavity has a broadband
spectrum that spans more than 10 THz, which covers several to
tens of FSRs of the WGM cavity system. Thereby, when we
decrease the detuning gradually (equivalent to increasing the
pump power), the system could evolve from a 1-FSR
FWM-dominant regime to an SRS-dominant regime and then
change back to the multi-FSR FWM-dominant regime. As seen
in Fig. 7, we observed that, by decreasing the cavity detuning in
the simulation, the Kerr comb and Raman comb would appear
and disappear by turns. Typically, as the pump power starts to
build up in the cavity, Kerr oscillation is first initiated, as dis-
played in Fig. 7(a). This is a Turing pattern comb with the
maximum MI gain at 1-FSR frequency spacing. With further
pump detuning, we observe the formation of Raman oscilla-
tions as well [Fig. 7(b)], since the Raman gain is larger than
the parametric gain. As the pump is tuned further, the occur-
rence of Stokes and anti-Stokes Raman lines at ∼13 THz on
both sides of the pump [Fig. 7(c)] suggest that the Raman gain
outperforms the MI gain in this case. Figure 7(d) displays the
final detuning step, where a stable 2-FSR Turing pattern Kerr
comb is initiated at phase detuning of −5.4 × 10−8, and the
Raman effect diminishes. This simulation result provides an-
other possibility of switching between the Kerr comb and
Raman comb state without changing the resonator geometry,
which is in accordance with the experimental results in Fig. 5.

6. DISCUSSION AND CONCLUSION

The 2D Kerr and Raman–Kerr combs presented here provide
more degrees of freedom when compared with conventional
frequency combs based on fundamental WGMs [5], and the

Fig. 7. Simulated spectrum and temporal profile (insets) for gener-
ated combs in silica bottle resonators with 402 GHz FSR pumping at
1551 nm for phase detuning of (a) −0.05, (b) −0.002, (c) −0.001, and
(d) −5.4 × 10−8 from cold-cavity resonance.
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bottle platform allows for better control of dispersion. Our
method is also applicable for any resonator with axial/polar
modes. However, the experimental demonstration of wideband
2D frequency combs involving both the axial and azimuthal
mode series in a microcavity, although predicted by numerical
simulations [33], has proven to be difficult. The first challenge
is the much larger mode volume occupied by the bottle resona-
tor. Hence, a higher Raman oscillation threshold is predicted in
this case. Second, the axial modes are decoupled, and a large
number of spatial overlapped modes are supported in the bottle
resonator. This generates numerous avoided mode crossings that
impede the formation of solitons in the cavity [34]. We also ob-
served the measured transmission spectra of different resonances
overlapping with each other in our experiment. Moreover,
matching the axial lines with the azimuthal lines is difficult.
Although it could be realized in the surface nanoscale axial pho-
tonics (SNAP) platform [35] with a delicate technique, the
extremely large mode volume (∼10 times larger than the conven-
tional equatorial resonator) as well as the inevitable coupling and
interference with the delocalized radiation modes [36] makes the
initiation of the combs a great challenge. Therefore, in this work,
we propose to exploit the non-degenerate FWM with axial
WGMs included for generation of 2D Kerr frequency combs
in bottle microresonators. This mechanism overcomes the rela-
tively low MI gain close to the pump frequency similar to the
parametric seeding method [37]. With the aid of a simple and
convenient fabrication technique, the axial series are brought to
match the azimuthal mode series such that the wideband 2D
frequency combs are created.

In summary, we have experimentally and theoretically vali-
dated an approach for generation of controllable 2D Kerr and
Raman–Kerr frequency combs in a high-Q bottle resonator
platform. The gain transition between FWM and SRS-
dominant states can be achieved in a controllable and reversible
way via dispersion management by adjusting the axial coupling
position of the microfiber (axial mode q) or axial curvature of
the bottle resonator (Δk). In particular, the effect of axial mode
number and bottle axial curvature on the GVD couples with
each other in the bottle resonator. Notably, broadband 2D Kerr
and Raman–Kerr frequency combs with spans of 114 and
242 nm were realized for the first time, to the best of our
knowledge, by simultaneous excitation of axial and azimuthal
mode sequences (FSRm � 4FSRq). These interesting 2D fre-
quency combs can extend from hundreds to thousands of comb
lines with flexible repetition rates and could find applications
for future precision spectroscopy and optical clocks in both
telecommunication and mid-IR spectral ranges.
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