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Using phase-modulation-induced potential gradient whose period is synchronized to a microwave
optoelectronic oscillator, dissipative Kerr solitons generated in a crystalline optical microresonator
are trapped by the soliton tweezing effect, exhibiting a stabilized soliton repetition rate. In the
meantime, side-mode suppression of the microwave signal is enabled by the photodetection of the
soliton train. Substantiated both experimentally and theoretically, the hybrid system produces a
drift-reduced microcomb and a spectrum-purified optoelectronic oscillator simultaneously, yielding
a low-cost toolkit for microwave and optical metrology.

I. INTRODUCTION

Formed from the double balance of cavity loss and ex-
ternal pump on the one hand, and cavity dispersion and
Kerr nonlinearity on the other, dissipative Kerr solitons
(DKSs) are spatiotemporally localized lightwave struc-
tures that give rise to microresonator optical frequency
combs (microcombs) [1]. In the past few years, the
studies on microresonator DKSs have seen a remarkable
proliferation into a wide variety of applications, includ-
ing spectroscopy [2, 3|, ranging [4, 5], time-keeping [6],
and parallel photonic processing [7, 8]. While in many
applications feedback control is implemented to stabi-
lize the repetition rate of DKS, an alternative approach
of using periodic pumping waveform to synchronize the
DKS has achieved considerable frequency drift suppres-
sion, leading to the successful demonstrations of astro-
spectrometer calibration [9], deterministic single-soliton
state initiation [10, 11], and nonlinear filtering of radiofre-
quency (rf) signals [12-14]. Yet, a microwave synthesizer
of high performance is indispensable for producing the
periodic pumping fields in these prior works, which sub-
stantially increases the system cost and footprint.

Based on a delayed positive feedback loop, an opto-
electronic oscillator (OEQ) is a simple and inexpensive
device that can generate stable microwave signals [15, 16].
Since the quality factor (@) of the feedback loop can be
easily enhanced by increasing the length of the low-loss
optical delay line, optical fibers with a length of a few
to a few tens of kilometers are frequently adopted to
develop OEOs with ultralow frequency drifts and phase
noise [17-20]. Despite the obvious benefit, a serious is-
sue of side-mode oscillation is triggered by the long fiber
delay line at the same time. As the free spectral range
(FSR) of the long OEO loop is very small in compari-
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son with the bandwidth of the rf-frequency-selective fil-
ter, a large number of an OEQ’s resonances can exist
within the oscillation bandwidth. As a result, multiple
intensive side-mode oscillations are excited together with
the main OEO oscillation at the offset frequencies of the
loop FSR and its harmonics, leading to unwanted spikes
and elevated noise level in the phase noise spectrum. To
cope with this issue, advanced methods including using
Vernier effect with a multiloop configuration [21] and ex-
ploiting the phenomenon of parity-time-symmetry break-
ing with coupled modes [22, 23] have been proposed and
experimentally verified, showing high side-mode suppres-
sion ratios. Yet, these approaches require significantly in-
creased structural complexity, which may severely limit
their stable operation in practical scenarios.

In this work, by utilizing a bias-current-modulated
semiconductor gain-switched laser (GSL) [11, 24| as the
optical source, we develop an OEO to produce a sta-
ble microwave frequency that is close to the repetition
rate of the DKSs generated in a crystalline microres-
onator. Using this self-started microwave signal as the
rf source for pump laser modulation, we create intracav-
ity phase gradient as a soliton tweezer to trap DKSs [12],
thus synchronizing the DKS repetition rate to the OEO
frequency. Our experiment shows that such a synchro-
nization allows for the reduction of the soliton repetition
rate drift by up to two orders of magnitude. In addition,
the photodetection of the synchronized DKSs reproduces
the OEO frequency with a purified phase noise at off-
set frequencies above 7 kHz. In particular, the inten-
sive side-mode oscillations of the OEO are suppressed by
at least 17 dB. To corroborate the experimental obser-
vations, extensive modelling of the OEO and numerical
simulation of DKS dynamics are performed, showing that
the trapped DKSs may be applied as side-mode suppres-
sors for different types of OEOs.
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Figure 1. Using the phase gradient of a pump laser to synchronize microresonator DKSs to a GSL-based OEO. (a) The principle
of DKS trapping. (b) Schematic of the experimental setup. A picture of the MgFs microresonator is displayed too. SMEF:
single-mode fiber; VOA: variable optical attenuator; EDFA: erbium-doped fiber amplifier; FBG: fiber Bragg grating notch filter.
(c) The upper panel shows the optical spectrum of the DFB laser (manufactured by NTT Electronics) when the OEO is in
operation. The inset shows the unmodulated spectrum of the semiconductor laser driven by a DC bias current of 50 mA. The
simulated optical spectrum and the temporal intensity profile of the DFB laser pulse are presented in the lower panel. (d) In
the upper panel is the optical spectrum of the DKS microcomb. The inset shows that the relative intensity difference between
the central pumping line and the two first-order PM sidebands is 11.4 dB, corresponding to a PM depth of 8 = 0.5. The lower
panel shows the simulated microcomb spectrum. The inset is the intensity profile of the DKS in the time domain.

II. EXPERIMENTS

To synchronise the repetition frequency of DKSs to an
external microwave source whose frequency is close to the
microresonator FSR, we phase-modulate the continuous-
wave (cw) pump laser at the microwave frequency so the
group velocity of the intracavity DKS is locked to the
group velocity of the phase gradient potential of the in-
tracavity cw background. As illustrated in Fig.1 (a),
the intracavity DKS is normally trapped at an equilib-
rium position that is close to the phase maximum of the
cw background [10, 11, 25-27]. Yet, the timing jitter
contained in the microwave frequency signal, especially
those in the relatively short time scales (that are equiv-
alent to phase noises at high frequency offsets) would
have damped influence on the motion of the DKS. As a
result, the photodetection of the output DKSs can gen-
erate a microwave signal whose phase noise at relatively
high offset frequencies is much lower than that of the in-
put microwave source, despite that the frequency of the
newly generated microwave is unchanged [12, 13].

Figure 1 (b) shows the schematic of the experiment.
Laser light with a power of 1 mW produced by a 1546-
nm distributed feedback (DFB) laser is coupled into a
9.25-km-long single-mode fiber. The transmitted light

is registered by a photodetector (bandwidth ~ 15 GHz),
whose voltage output is amplified and then filtered with a
custom-made rf bandpass filter (with a center frequency
of 14.092 GHz and a 3-dB bandwidth of 25 MHz) before
being fed back into the AC level of the bias current of the
laser. A variable optical attenuator is manually tuned to
adjust the loop gain to obtain a stable OEO signal whose
frequency is around the center frequency of the rf band-
pass filter. Once the OEO is established, the laser essen-
tially works as a GSL (with an rf modulation power be-
tween 15 and 20 dBm), producing periodically modulated
waveform that corresponds to a narrow comb in spectrum
(see Fig.1 (c)). We also use laser rate equations to sim-
ulate the GSL spectrum and the pulse profile, which are
presented in the lower panel of Fig.1 (c¢). Details of the
simulation can be found in the Supplemental Material
[28]. Next, the generated microwave signal is used with
an electro-optic modulator (EOM) to add phase mod-
ulation (PM) to a 1550-nm external-cavity diode laser
(ECDL). The modulated light is then amplified with an
erbium-doped fiber amplifier to 300 mW and coupled into
a high-Q (~ 4 x 10®) resonance in a magnesium fluoride
(MgF3) whispering-gallery-mode microresonator (whose
FSR is 14.092 GHz) to generate DKSs [12]. To observe
the DKS state, 10% of the transmitted light is sent into
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Figure 2. Experimental results of using an OEO to synchronize DKSs.
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(a) Frequency drifts of the repetition rate of the

free-running DKS (upper panel) and the OEO (lower panel). (b) Relative Allan deviations of the frequency instabilities in
(a). The error bars are barely visible in the figure due to their small values. (c) The rf spectra of the OEO oscillation signal
(upper panel) and the synchronized DKS repetition rate (lower panel). The resolution bandwidth (RBW) of the measurement
is 1kHz. (d) Spectrogram of the DKS repetition rate when the microwave generated by the OEO is used to drive the PM. Two
snapshots at the positions denoted by the red dashed lines are displayed in the lower panels, showing the spectral profiles of
the synchronized and the unsynchronized DKS repetition rate, respectively.

an optical spectrum analyzer (OSA) for monitoring the
microcomb spectrum (see the upper panel in Fig.1 (d)
and the simulated comb spectrum in the lower panel for
comparison). The relative intensities of the pump laser
and the two first-order PM sidebands indicate that the
modulation depth 8 is nearly 0.5. For the majority (90%)
of the transmission, a fiber Bragg grating (FBG)-based
optical notch filter is used to filter out the pumping light
before the soliton train is detected by a fast photode-
tector (bandwidth ~ 40 GHz). The rf output port of the
photodetector is connected to an electrical spectrum ana-
lyzer (ESA) to characterize the spectrum of the DKS rep-
etition rate. Owing to the temperature-stabilized cham-
ber that shelters the microresonator and the self-thermal-
stabilization mechanism of the soliton state [29], without
any active control on the laser-resonance detuning the
DKS state can be maintained for more than an hour. If
the PM frequency is close to the intrinsic DKS repetition
rate (typically within a mismatch less than a few kHz),
only one frequency peak is observed in the rf spectrum
of the output solitons, showing that the DKS repetition
rate is synchronised to the OEO.

We first compare the frequency stabilities of the OEO
and the repetition rate of the free-running DKS (with
PM disabled). The measured frequencies are mixed down
to approximately 10 MHz and counted by a frequency
counter with a gate time of 0.1s. Figure2 (a) shows the
frequency drifts while the calculated fractional Allan de-
viations are presented in Fig.2 (b). Due to the small
size of the microresonator and the fluctuation in the un-
controlled laser-resonance detuning, the repetition rate
of the free-running DKS exhibits a frequency instability
that is higher than that of the OEO by one to two orders

of magnitude at averaging times between 0.1 and 100 s.
Using a thermistor-heater pair attached to the base of
the microresonator setup, we tune the temperature of the
microresonator to match the repetition rate of the gen-
erated DKS to the OEO frequency. As shown in Fig.2
(¢), soliton trapping is observed as the soliton repetition
rate and the OEO frequency are overlapped. Figure?2
(d) presents the spectrogram of the DKS repetition rate
recorded in a lapse of 2000s, showing that the solitons
are in a trapped state until the time of ~1840 s. As
can be seen from the two spectra taken from the tempo-
ral positions denoted by the numbered red dashed lines,
when the soliton is trapped, a single intensive peak at
the OEO frequency is shown. Adjacent side-modes with
a frequency gap of 22.1kHz are also observed, which is
consistent with the estimated FSR of the OEO loop. In
contrast, after the soliton trap fails to stably capture the
DKS due to the increased mismatch between the OEO
frequency and the intrinsic DKS repetition rate, multi-
ple peaks in the spectrum are shown, which is a typical
feature of the frequency pulling phenomenon [12].

From Fig.2 (c) one can already see that the relative
intensities of the side-mode oscillations become weaker
in the rf spectrum of the trapped DKS repetition rate.
In Fig.3 (a) we further compare the rf spectra of the
microwave directly derived from the OEO and that gen-
erated by the photodetection of the trapped DKS with a
finer RBW of 10 Hz. The amplitude of one of the spec-
tra is offset so the peak powers of the two spectra are
aligned to be equal. The comparison clearly shows that
the averaged power of the first-order side-mode pair in
the DKS spectrum is lower than that in the OEO spec-
trum by approximately 17dB, and that a suppression



ratio of 25 dB on the second-order side modes is achieved
with the trapped DKS. Since the resonance bandwidth of
the microresonator is close to 500 kHz that is higher than
the OEO FSR by more than one order of magnitude, the
strong suppression of the side modes that are within the
resonance bandwidth is attributed to the nonlinear spec-
tral filtering effect yielded by the DKS dynamics [12, 13].
Fundamentally, this sub-bandwidth filtering effect is re-
lated to the dynamical-attractor nature of DKS, which
allows DKS to effectively dissipates external perturba-
tions and to store information longer than the microres-
onator’s photon storage time.
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Figure 3. Spectral purification enabled by soliton trapping.
(a) Spectra of the OEO oscillation and the repetition rate
of the trapped DKS. The DKS spectrum shows suppression
ratios of 17dB for the first-order side modes and 25dB for
the second-order side modes, respectively. (b) Phase noise
spectra of the microwave signals. The OEQO oscillation signal
is tapped from the OEO using a microwave power splitter.
The DKS signals are generated by the photodetection of the
soliton pulse train with a fast photodetector.

Next, we use a phase noise analyzer (Rohde&Schwarz
FSUP26) to acquire the phase noise spectra of the mi-
crowave signals. The results are presented in Fig. 3 (b).
At offset frequencies below 60 Hz, the phase noise spec-
trum of the synchronized DKS repetition rate is iden-
tical to that of the OEO oscillation, showing that the
PM-induced potential gradient tightly locks the soliton

repetition rate in this frequency range. Compared with
the phase noise of the free-running DKS signal, the phase
noise reduction is more than 20dB at the low offset fre-
quencies, which is in good agreement with the Allan de-
viation comparison displayed in Fig.2 (b). Above the
offset frequency of 60 Hz, however, the potential gradient
starts to lose its full control over the solitons, and the
phase noise of the DKS repetition rate becomes closer to
that of the free running situation. Owing to the intrinsic
ultralow timing jitter of the microresonator DKS [30, 31],
this behavior allows the trapped DKS to perform spectral
purification on the OEO oscillation. Due to the unsup-
pressed side modes, the phase noise of the OEO oscilla-
tion mainly stays above the level of —100dBc/Hz at the
offset frequencies above 10kHz. In contrast, in the same
offset frequency range the repetition rate of the trapped
DKS shows a phase noise magnitude that is decreased by
around 20dB. While the spectral purification effect has
been confirmed with the phase noise analysis, we note
that the phase noise of the trapped DKS repetition rate
is still higher than that of the free running repetition rate
by nearly 15dB at offset frequencies above 300 kHz. It
is unexpected because the phase noise reduction effect
is supposed to become stronger at higher offset frequen-
cies. We attribute this limitation to the residual pump
power of 150 uW contained in the light after the optical
notch filter. This residual pump transfers the phase noise
spectrum of the OEO into the DKS spectrum via pho-
todetection due to the residual amplitude modulation in
the PM process, thus contaminating the spectral purity
of the trapped DKS repetition rate. We also observe a
rise of the phase noise of the trapped DKS repetition rate
around the offset frequency of 4 MHz. This phase noise
increase is caused by the DKS relaxation oscillation that
has been numerically investigated [32] and experimen-
tally observed in the time domain recently [33].

III. THEORIES AND SIMULATIONS

It has been theoretically derived [25, 27] that when the
PM frequency for the cw pump modulation is matched to
the natural repetition rate of the DKSs, the drift velocity
of a DKS, that is the velocity relative to the co-rotating
reference frame, is linearly proportional to the phase gra-
dient (¢'(7)) of the intracavity background field as:

dr

Varity = q

= o) 1)

where 7 € [ 4, &) is the temporal position of the DKS
in the co-rotating reference frame, tg is the round-trip
time, D; is the microresonator FSR (in radian), and Dy is
the second-order dispersion coefficient (see [28] for more
information on the DKS simulation). With PM applied

on the cw pump we write the phase of the intracavity
background as ¢(7) = [ cos (2”), and the DKS is at-

tr
tracted to the phase maximum at 7 = 0. By including



the exerted relative displacement &(¢), the motion of the
DKS under the impact of the background phase gradient
can be analyzed with:

dr__BQ%m<2ﬂT+ﬂwd
dt N D1 1553

(2)

When 7+&(t) is close to 0 (i. e., the amplitude of the tim-
ing jitter of the intracavity gradient potential is small),
Eq. 2 can be simplified by linearization of the sinusoidal
function [13] as:

9T BDy(r +£(t)) (3)

dt
Assuming that &(¢) is a random process that obeys
(E()E(H)) = €26(t — '), we note that Eq. 3 has the same
form of the equation of motion that studies the dynam-
ics of a particle trapped by an optical tweezer in a fluid
[34, 35]. Such an equation of motion can be directly
solved in the frequency domain by applying Fourier trans-
form, yielding the power spectrum of the DKS motion as:

e2K?

Srrlw) = Tz

(4)
where K = D5 is the corner frequency. Since normally
the modulation depth is of § < 1, and D is signifi-
cantly smaller than the loss rate of the microresonator,
the DKS-based spectral purification effect is shown at the
offset frequencies much lower than the resonance band-
width. When the magnitude of the power spectrum of
&(t) is high so the approximation with Eq. 3 is no longer
applicable, the motion of the DKS can be numerically
computed with arbitrary £(¢) by using Eq. 2, and one may
expect that the noise purification effect becomes weaker
as the phase gradient increases with increased deviation
of the DKS position from the center of the potential well.
Interestingly, as the amplitude of the fluctuation of £(t)
increases to a certain level that is larger than %R, the noise
purification effect can become stronger again because the
DKS is completely out of the original trap and the net
effect brought by the periodic nature of the potential well
is averaged down (see [28] for more information).
Computational models for simulating the OEO dynam-
ics have been developed [36-38], offering a convenient
tool to design OEOs and to analyze experimental re-
sults. To highlight the potential of using synchronised
DKS in OEO side-mode suppression, here we adopt the
approach similar to the one in [37] to simulate the mi-
crowave phase evolutions of a typical optical-intensity-
modulator-based OEO and a GSL-based OEO. Figure 4
(a) plots the diagram of the OEO loop in the simulation.
Based on a Mach-Zehnder interferometer intensity modu-
lator (whose modulation response curve that is described
by the Bessel function of the first kind [37] is also shown),
the OEO loop comprises an rf bandpass filter and a gain
section that includes all the gain and loss in the optical-
to-electrical and electrical-to-optical conversion processes
as well as in the rf amplification and optical transmission.

The OEO starts from weak noise, and Gaussian random
noise is numerically added to the microwave field enve-
lope in a roundtrip-by-roundtrip fashion. In Fig.4 (b)
and (c) we plot the phase evolution of the microwave
field after the OEOQ is fully built up, showing the period
of 2 us that is in agreement with the round-trip length we
set in the simulation. We then use this phase evolution
as the phase variation for the DKS-trapping gradient po-
tential to compute the motion of a DKS in an integrated
SizN4 microring resonator (FSR = 10 GHz, Q ~ 107,
other parameters can be found in [28]), which allows us
to calculate the phase variation of the microwave sig-
nal generated by the DKS. Fig.4 (d) and (e) present
the phase evolutions of the DKS-based signal computed
with the method based on the Lugiato-Lefever equation
(LLE) [12, 39] and the numerical integration of Eq.2,
respectively, showing excellent agreement between these
two approaches. Figure 4 (f) shows the phase noise spec-
tra calculated with the data in Fig.4 (b), (d) and (e).
Phase noise spectra of the microwave signal generated
by the DKS show significant spectral purification effect
with a side-mode suppression ratio of approximately 40
dB for the first-order side mode of the OEO. Comparing
the results derived with LLE and the motion equation of
Eq. 2 reveals that at offset frequencies above 1.5 MHz the
high-order side modes exhibit much higher magnitudes in
the LLE-simulation-based spectrum. The reason for this
discrepancy is that the LLE method simulates the full
soliton dynamics that include the transient soliton pro-
file fluctuations and soliton relaxation oscillations, thus
yielding a more accurate phase noise spectrum at the
high offset frequency range.

Next, we simulate the GSL-based OEO in our experi-
ment. We simulate the semiconductor laser output pulses
with varied bias current modulation amplitudes at the
modulation frequency of 14 GHz. Then we calculate the
rf spectra of the laser output and obtain the saturable
modulation response curve by data fitting (see [28] for
more details). As shown in Fig.4 (g), while the rest of
the OEO loop is similar to the one illustrated in Fig. 4
(a), we add an extra loss (i.e., the adjustable loss (AL)
in the figure) into the loop to prevent the OEO from os-
cillating chaotically. This is also in qualitative agreement
with our experiment as we need to carefully adjust the
variable optical attenuator to secure the stable operation
of the OEQO. In this simulation the OEO loop length is
much longer so the FSR of the OEO is 22.1 kHz — same
as the one in our experimental setting. With the rf band-
pass filter whose bandwidth is 20 MHz, the small OEO
FSR causes intensive side-mode oscillations, which leads
to the large phase variations of the OEO signal shown
in Fig.4 (h) and (i). Based on the set of parameters
that are in accordance with the MgFs; microresonators
in our experiment, we repeat the DKS noise purification
simulation processes using LLE and Eq. 2, respectively.
Figure 4 (j) and (k) show the results when the long-term
DKS drift is stabilized. We notice that the final trapping
point calculated by these two methods differs by ~ 0.16
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Figure 4. Simulation of synchronized-DKS-based OEO side-mode suppression. (a) Schematic of the computational model of
an optical-modulator-based OEO. The Mach-Zehnder interferometer structure of the modulator and the qualitative saturable
curve of the modulation response are illustrated. OM: optical modulator; G: gain; BF: bandpass filter; RN: random noise. (b)
The simulated phase variation of the 10-GHz OEO signal. (¢) A 10-us-long piece in the curve in (b), showing the details of 5
consecutive round-trips of the phase of the OEO signal. (d, e) Computed phase evolutions of the synchronized DKS when the
phase variation in (b) is applied to the intracavity soliton trap. The parameters related to the microresonator are set to be in
accordance with an integrated SizN4 microring resonator. The result in (d) is derived with the LLE-based simulation, while
the result in (e) is calculated by numerical integration of Eq.2. (f) Phase noise spectra of the 10-GHz OEO signal and the
synchronized-DKS-purified signal computed with the data in (b), (d) and (e), respectively. (g - 1) Simulation results similar to
(a - f). The modelling of the 14-GHz OEO is based on a GSL and a loop length that is the same as the one in the experiments.
An adjustable loss (AL) is included in the loop to mimic the effect of the variable optical attenuator to obtain stable oscillations.
For the simulation of the DKS dynamics the microresonator-related parameters are set to be in close agreement with the MgF»

whispering-gallery-mode resonator used in the experiments.

radian, which may be related to the small parasite am- ent potential well would be converted into phase noise
plitude modulation in the intracavity background [10]. in the photodetection process, which would set a phase
Again, computed phase noise spectra in Fig4 (1) confirm noise floor. Nevertheless, as proved by our experimental
the side-mode suppression phenomenon, showing a sup- results, the synchronized DKS provides a practical ap-

pression ratio of more than 50 dB for the first-order side proach to effectively filter out the side-mode oscillations
mode. Such a high suppression ratio may not be eas- in a high-@QQ OEO.

ily realized in experiment because the soliton amplitude
instability caused by the fluctuation of the phase gradi-



IV. CONCLUSIONS

In conclusion, an OEO made of a bias-current-
modulated semiconductor laser and an optical fiber de-
lay line is developed. Besides the potential in developing
cost-effective sources for high-bit-rate optical telecommu-
nications [24] and quantum key distribution [40] based on
GSLs, in this work the OEO is implemented to provide
a stable microwave signal for trapping microresonator
DKS. With the phase gradient cast upon the pumping
field, the soliton trap successfully synchronizes the repeti-
tion rate of the DKS to the OEO frequency without using
any feedback servo control on the pump laser frequency
or power. Owing to the low frequency drift of the OEO
oscillation, the frequency instability of the DKS repeti-
tion rate is suppressed by up to two orders of magnitude.
Moreover, the photodetection of the DKS pulse train pro-
duces a microwave signal that has the same frequency
of the OEO oscillation but with highly suppressed side-
mode oscillations because of the nonlinear spectral fil-
tering effect. The hybrid OEO-microcomb system takes
advantage of the soliton trapping technique to improve
each sub-system’s performance with the other party’s rel-
ative strength, thereby bringing forth an economic solu-

tion to versatile optical and microwave metrology. With
the recent progress in the miniaturization and integration
of both the OEO [41, 42] and the microcomb systems
[43, 44], the OEO-microcomb hybridization may be real-
ized in a fully integrated fashion to facilitate the matu-
ration of the portable, energy-efficient, and commercially
viable frequency combs.

The data used to produce the plots within this article
are available from Zenodo [45].
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