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Efficiency of pulse pumped soliton microcombs
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Temporal soliton mode locking in coherently pumped microcavities is a promising route towards miniaturized fre-
quency comb systems. However, the power efficiency of the resulting microcombs is usually quite low. Soliton generation
by pulse pumping provides a way to increase conversion efficiency (so far, as high as 8%). Here, we study conversion effi-
ciency and report a single-soliton conversion efficiency as high as 54% using a scanning laser, as well as a steady-state
single-soliton conversion efficiency as high as 34%. We use the Lagrangian approach to develop analytical expressions
for efficiency and soliton temporal placement within the pumping pulse, and our measurements reveal features in the
tuning dependence of soliton power and efficiency not seen in continuous pumping. Our experimentally confirmed

expressions for efficiency will be useful in understanding advantages and limitations of pulse pumped systems.
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1. INTRODUCTION

Soliton mode locking in optical microresonators provides chip-
scale frequency combs at microwave to terahertz repetition rates
[1,2]. These microcombs can ultimately reduce the size, weight,
and power consumption of conventional frequency comb systems.
They have been applied across numerous applications including
optical frequency synthesis [3], spectroscopy [4,5], astrocombs
[6,7], and optical communication [8,9]. An undesirable feature of
soliton microcombs is their low continuous wave (cw) pumping
efficiency [10-13]. A simple analysis shows that the maximum cw
pumping efficiency (soliton power divided by input pump power)
of'soliton microcombs is given by [11,14]

w 2 2%

'v=2n"n o (1)
where 7, is the soliton pulse width, 7% is the cavity round-trip
time, and ) = Q/ Q. is the resonator loading factor, with Q and
Qex being the total and external Q factors (Q~! = Q' + QZ!,
where Qy is the intrinsic Q factor). I'*Y results from operation at
maximum possible pump detuning (maximum soliton power)
or equivalently minimum possible pumping power for a given
pump detuning (see Ref. [11] and Supplement 1, Section 6). Since
1) is at most unity, this result makes clear that efficiency varies like
7,/ Tk, a scaling that has restricted bright soliton efficiency to the
1% range. While non-bright soliton microcombs can have a much
higher conversion efficiency (up to 49%) [15-18], these normal
dispersion microcombs have so far operated with relatively narrow
comb bandwidth, and their larger duty-cycle makes amplification
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to high peak power challenging. Other more complicated schemes,
such as coupled dual cavities, have also been proposed to enhance
the conversion efficiency of cw pumped bright soliton microcombs
[19]. The interplay between x ® and x @ effects in an AIN micro-
cavity was also used to reach a conversion efficiency of 17% for
solitons [20].

Pulse pumping of microcavities offers a straightforward way to
increase pumping efficiency [21]. Solitons are generated by a peri-
odic pulsed pump instead of a continuous pump, and this pumping
scheme has been receiving increasing interest in recent years [7,21—
25]. Improved efficiency results because the soliton resides under a
pump pulse profile having a significantly higher peak power than
the average power of the pump pulse. Using this method, a 5%
soliton conversion efficiency was measured by pumping a mono-
lithic fiber Fabry—Perot (FP) resonator with 2 ps pulses at 9.8 GHz
repetition rate [21]. A silicon-nitride microcomb at a detectable
repetition rate (28 GHz line spacing) was also demonstrated to
have a conversion efficiency of 8% [22]. The same device, when
operated with nearly an octave span, achieved an efficiency of
2.8%. The latter result is particularly significant since detectable
rate operation at octave span facilitates comb self-referencing [26],
while at the same time this combination of features (large 73 and
small 7,) causes very low efficiency for continuous pumping [see
Eq. (1)]. Pulsed pumping also overcomes microcomb designs fea-
turing relatively larger V// Q* (V is mode volume), which sets the
scaling of the parametric threshold [7,24]. As additional benefits
of pulse pumping, the generated soliton repetition rate is locked
to the pumping repetition rate, thereby obviating stabilization of
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the repetition rate [21], and suppression of noise transfer from the
pump pulse repetition rate to the soliton repetition rate has been
observed [22,23]. Pulse pumping has also been used for discrete
tuning of the comb line spacing by application of a pump rate that
isarational harmonic of the cavity free-spectral-range [24]. Finally,
it provides additional parameters (e.g., pump repetition rate, pump
pulse width, and chirp) to manipulate soliton states and study their
underlying physics, including spontaneous symmetry breaking
[27] and soliton tweezing [28].

In this paper, we study soliton generation in a picosecond pulse
pumped silica wedge microcavity [29]. With strong over-coupling
of the cavity, single-soliton operation with steady-state conversion
efficiency up to 34% is attained using 2 ps pump pulses, while
a transient efficiency up to 54% is measured using 1 ps pump
pulses under frequency-scanning conditions. These values are
conservatively measured by omitting comb lines that lie at pump
frequencies. The Lagrangian method is used to develop analytical
expressions for soliton power efficiency as well as relative temporal
location of the soliton and pumping pulse in the cavity. These
results are compared with simulation and experiment and show
the importance of the Raman process in controlling power transfer
efficiency.

2. POWER AND EFFICIENCY

Under conditions of pulse pumping, assume that the input pump
power is given by P (#) such that £ = 0 corresponds to the pump-
pulse maximum. A soliton having pulse width much narrower than
the pumping pulse would therefore experience an average local
pumping power P(z), where 7 is the temporal location of the
soliton pulse in the resonator relative to a pump pulse maximum
[see Fig. 1(a)]. A Lagrangian analysis presented in Sections 3 and
4 of Supplement 1 shows that the soliton power is given by the
expression

_ 200 Do), 2 -
P= o Dot [1+§3/2 502 g], @)

where Dy =2m/Tx, D, is the second-order dispersion (i.e.,
mode g has a frequency w, =wy+ D+ Dyp?/2), and
g’ = wony/ Aeng is the nonlinear coupling parameter with 7,
the Kerr coefficient, 7q the refractive index, and Ay the mode
effective area. Also, the normalized pump detuning is defined as
£ =2Q8w/w, with §w = wy — wp (wp and wy are the pumping
frequency and resonator frequency that are pumped), and &y (%) is
given by

2p
";:O(t:) = W_ﬁ

s P, (©)

where Py, = @} Tz /(8¢'n Q?) is the parametric oscillation thresh-
old pumping power [11]. For convenience in the theoretical
analysis, we calculated the output power based on a sech-pulse
shape in the time domain, which means that power in the pump
frequencies within the sech® spectral envelope is included in Eq.
(2). However, power carried by the pump frequencies was not
included when calculating the measured efficiencies (see Sections
3.A and 3.B). This means that measured efficiencies are expected
to be lower than for theory. Overall, it is interesting to note that the
form of Eq. (2) is similar to a version derived for cw pumping [30],
but with the important difference that &(%) depends upon the
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location, 7, of the soliton relative to the pumping pulse. In effect,
the Lagrangian analysis shows that the soliton experiences a local
pump field provided that the pumping pulse is temporally wider
than the soliton (which is an assumption of the analysis).

The pumping efficiency (soliton power divided by averaged
pulsed input power) is given by the following expression:

[1 + ° Vo) —5}

Fpu[se — 27_[2 2 Tf(;;:) é
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where a pump pulse power given by P(z) = PSinc*(7w¢/7,)
has been assumed (7, characterizes the pump pulse width). This
temporal profile is close to the form generated in this work using an
electro-optic (EO) comb, and it results in an average input power of
Pyg = PyT,/ Tk, where a pumping rate close to 1/ 7% is assumed.
In the first line, Eq. (4) has been written in a way to allow better
comparison with Eq. (1) giving the cw efficiency. Here, it can be
seen that the leading order form of both equations is similar (note:
Eq. (1) gives the maximum possible efficiency in the cw case, which
occurs at £ = &). However, in the pulse pumping efficiency, the
soliton pulse width 7, is normalized by the pumping pulse width 7,
as opposed to the cavity round-trip time 7%. It is this modification
that is primarily responsible for most of the efficiency boost pro-
vided by pulse pumping. The extra higher-order correction term
appearing in Eq. (4) [and a similar correction in Eq. (2)] is needed
to account for the increased pumping power that is possible under
pulse pumping conditions.

The Lagrangian analysis also shows that the soliton location #
(which enters the efficiency through &y(%)) is a function of pump-
ing repetition rate @, and & through the following generalized
Adler equation [31]:

D
8a)rep = _ZQRaman(tyv E) — K (t, ‘i:)v (5)
Dy
where §w,ep = wyep — D is the detuning of the pumping rate @y,
relative to Dy, and Qraman is the Raman self-frequency shift [14].
Also, K (%, &) isgiven by
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where Ay is the background field, and ¢, is the phase of the soliton.
Ay is normalized so that | A|? gives the intracavity background
power associated with the pumping field. Equation (5) determines
t, upon specification of §wyep, &, and the pumping field profile.
Significantly, the local slope of the pumping pulse (i.e., 9.4} /9%)
at the soliton location figures prominently in determination of 7.
This also elucidates the symmetry breaking for solitons trapped by
anonuniform background in the presence of Raman effects, which
was numerically studied in Ref. [32]. In addition, the Lagrangian
analysis gives the following result:

_ Dl 5a)rep
= D, s

5Q 7)
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Pulse pumped microcavity soliton. (a) Pulse pumping of a microcavity soliton in the presence of the Raman effect. Main panel: illustration of soli-

ton position relative to the pump pulse under different pump rates and detunings. Inset: a relatively broad pumping pulse (width 7,) is coupled into a micro-
cavity. A narrower soliton pulse (width 7,) is generated and trapped by the pump field. (b) Analytical efficiency iso-contours (dashed colored curves, in units
of percent) versus soliton position and normalized pump detuning for Q.x = 11 million. Also shown are analytical [Eq. (5)] and numerically simulated soli-
ton positions for the pump-rate detunings indicated. The dotted lines and points use the same parameters except that the dotted lines correspond to scan-
ning of the pump detuning (i.e., non-steady state). The analysis assumes a 2 ps (FWHM width) pump pulse and Qg = 95 million. (c) Analytical efficiency
iso-contours for Qe = 34 million. Also shown are analytical [Eq. (5)] and numerically simulated soliton positions for the pump-rate detunings indicated.
The soliton jump is indicated by the vertical dashed red line. (d) Analytical and simulated soliton power (efficiency) versus (normalized) detuning w (£) for
Qex = 11 million. (e) Analytical and simulated soliton power (efficiency) versus (normalized) detuning 8w (§) for Q. = 34 million at two different pump
rates. Soliton power can reach an extremum when overlapping the pump pulse center (see arrow and vertical dashed line). The oscillations in the red solid

line are attributed to breather solitons.

where 8€2 is the frequency shift of the soliton spectral center rela-
tive to the pump frequency. In contrast to cw pumping, this result
shows that the soliton spectral center does not shift with changes in
& (i.e., dw) and instead is locked by the pump repetition rate.

To understand the implications of Eq. (4) for optimally effi-
cient operation, Fig. 1(a) provides a visualization of the soliton
trajectory with respect to the pumping pulse as w is increased.
Trajectories are illustrated for two pump repetition rates that are
detuned increasingly negative relative to the cavity round-trip rate.
As an aside, theoretically, positive pumping-rate detuning is made
difficult on account of the Raman contribution in Eq. (5), but it
could not be confirmed experimentally because of challenges in
accurate absolute determination of D;. With a relatively high Qe
and beginning with a pump repetition rate that is only slightly
negatively detuned (green curve), the soliton is initially on the
trailing edge of the pumping pulse (positive #) and progresses
towards the center of the pumping pulse with increasing detuning
Sw. Its advancement, however, is limited such that the soliton
never resides at the pump maximum. Numerical studies of pulse

pumped operation have also shown that the soliton does not always
sit atop the peak of the pump pulse [27]. Next, if §w,, is set more
negative for the high Q. case, then the situation changes, and the
soliton is initially positioned on the leading edge of the pumping
pulse (red curve). It then advances towards the pump maximum
with increasing dw, but again never reaches the maximum and
instead jumps to the trailing edge, where it then advances towards
the pump pulse maximum. Finally, consider a low Q. case (dark
blue curve). Subject to proper pump rate detuning, the soliton can
cross and sit atop the pulse center. This is consistent with a previous
numerical report that the soliton sits atop the pump pulse center
with relative low peak power [27]. Further analysis based on the
Lagrangian method shows that this occurs in the present case as a
result of Kerr-induced modification of the phase by the pumping
pulse (see Supplement 1, Section 3, where a discussion about the
soliton trapping stability is also included). An approximate expres-
sion for the critical Q. that allows stable trapping of a soliton atop
the pump pulse isalso included in Supplement 1, Section 3.
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Quantitative representation of this process is provided in
Figs. 1(b) and 1(c), where soliton iso-efficiency contours are
plotted versus normalized detuning € and # using Eq. (4). The
contours show that operation near the pumping pulse maximum
(#, = 0) is preferred for higher power and efficiency. Soliton tra-
jectories are plotted for lower Q. in Fig. 1(b) and higher Q. in
Fig. 1(c) cases. These are calculated using the analytical result [Eq.
(5)] as well as with numerical simulations using the generalized
Lugiato—Lefever equation (LLE, see Supplement 1, Sections 2
and 3) [32,33]. The numerically simulated trajectories are pre-
sented for steady state and temporal sweeping of Sw. The swept
case simulation allows the soliton to transiently occupy regions
of higher soliton power. These transient trajectories and their
associated higher efficiency (and power) operation are observable
in the measurement as discussed below. Overall, for the higher Q.
case, trajectories associated with more negative Sy, attain better
efficiency. Interestingly, this occurs for a specific dw that is not at
the maximum allowable detuning. For the lower Qc case, steady
trapping atop the pump pulse becomes feasible, which results in
a higher efficiency. In this case, the allowable dw, to generate a
soliton becomes limited, which is different from the high Q. case,
where two cases of §y, are considered.

Opverall, the steady-state simulated trajectories are in reason-
able agreement with the analytical prediction (also steady state).
However, a discrepancy in these trajectories occurs at the soliton
hop location in the higher Q. case. Also, there is a discrepancy
in the lower Q. case that required adjustment of the pump-
rate detuning. These are believed to result from approximations
used in the analytical derivation, especially for Eq. (5), which is
responsible for determination of %. The numerically simulated
and analytical results are further compared in Fig. 1(d) (lower
Q.x) and Fig. 1(e) (higher Q.), where efficiency and power are
plotted versus detuning 6w and normalized detuning &. The
simulated plots are performed in the swept mode. The analytical
results use Eqs. (2) and (4) for soliton power and efficiency, but
with the #, obtained from the simulation. Simulated (solid) and
analytical (dashed) results are in reasonably good agreement. For
the lower Q case in Fig. 1(d), the normalized detuning & sup-
porting solitons is relatively small, and the correction factor in Egs.
(2) and (5) is therefore significant. As a result, the soliton power
and efficiency decrease monotonically as the detuning increases.
This is in strong contrast to cw pumping, where soliton power
monotonically increases with detuning. On the other hand, the
higher Q. case in Fig. 1(e) shows power and efficiency that ini-
tially increase. For the more negative pump-rate detuning (red
curve, 8wy, /2m = —50 kHz), power and efficiency are maximum
before reaching the detuning range limit. From comparison with
Fig. 1(c), this corresponds to the soliton transiting across the pump
pulse maximum. For the less negative pump-rate detuning (green
curve, 8wrep /27w = —20 kHz), the soliton remains on the trailing
edge of the pumping pulse, and the attainable soliton power and
efficiency are lower.

An interesting feature of the soliton jump between the leading
edge and the trailing edge of the pumping pulse is a hysteresis
behavior (see Supplement 1, Section 3). This results from the
change in slope of the pumping pulse, which enters through Eq. (5)
and abruptly switches sign upon the soliton jump. The hysteresis
manifests itself by the soliton not retracing its trajectory upon
increase and decrease of §w. The behavior was not observable in
measurement, as it occurs where soliton power decreases with

increasing tuning. This makes servo control of the soliton difficult
as discussed below.

For soliton generation to be possible, it is necessary that
£0(%) > /3 [1,34] and therefore P (%) > 8+/3Py/n? [from
Eq. (3)]. For cw pumping, this has required careful attention to
high Q resonator designs so as to maintain low enough Py, espe-
cially in low repetition-rate designs, where the pumping volume
is large [35]. However, the higher peak power available with pulse
pumping accommodates lower Q designs so that, once a suitable
pumping threshold has been achieved, only proper tuning con-
trol of the pumping laser is required for optimization of £(%) per
Eq. (5). Moreover, Eq. (4) illustrates how pulse pumping some-
what decouples from efficiency the repetition-rate considerations
that are manifestin Eq. (1) under cw pumping. For£(%,) /&0 = 1, it
simplifies to the following form:

[pulse — 212y’ /Ty (8)

This form, while not reflecting the maximum efficiency [which,
as shown above, occurs for £(z,) < &g] is nonetheless close in value
and can serve as a convenient way to estimate efficiency. For the
pump temporal profile assumed here [i.e., EO comb generated
P(t)= POSinCZ(JTl’/'Ep)], we also have 7, = Tx/ N, where N is
the number of spectral lines in the pump, and where pumping close
to the round-trip rate of the microcomb is assumed. In this case, the
pump line number NV gives a simple estimation of the maximum
efficiency that takes on the form

rpubse — N[V, )

As a caution, however, the validity of Eq. (4) [and hence also
Egs. (8) and (9)] is in question when the pump pulse width
approaches the soliton pulse width. In this case, the calculated I
can be non-physical (i.e., soliton power larger than pump power).
This problem is explored in Supplement 1, Sections 4 and 5 and is
shown to result from omission of coherent interference between
the intracavity field and the transmitted pump. In the numeri-
cal simulations presented there, the highest achievable soliton
conversion efficiency is 76%.

3. RESULTS
A. Operation of Pulse Pumped Silica Microcomb

Figure 2(a) shows the experimental setup. The silica microcavity
has Dy /27 (equivalent to the free-spectral-range at the mode
1 =0) of 22.1 GHz and Qg ~ 100 million. The microcavity is
coupled by a tapered fiber [36,37], which enables variation of the
coupling conditions. The pump source is an EO comb comprised
of one or two phase modulators and one intensity modulator. By
compensating the phase chirp and controlling the bandwidth
of the EO comb using a pulse shaper, 4 ps, 2 ps pulse, and 1 ps
full-width-half-maximum pulse widths can be obtained from EO-
combs containing V=7, 15, and 31 comb lines, respectively. [In
addition to pulse width, the number of pump lines /V will be given
for comparison to Eq. (9)]. The 31-line comb used two phase mod-
ulators. The EO-comb repetition rate is approximately matched
to 1/ T, and soliton formation occurs by scanning the pump laser
from the blue side of a cavity resonance to the red side. With the
pump frequencies filtered by a wavelength division multiplexer,
a soliton step can be observed during laser scanning [Fig. 2(b)].
Although the transient nonlinear thermal effects in laser scanning
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Fig.2. Operation of the pulse pumped microcavity soliton. (a) Experimental setup showing an electro-optical (EO) comb used to generate pump pulses

with repetition rates that closely match the free-spectral-range (22.112 GHz) of the microdisk resonator. The center frequency of the pump pulse was swept
across the microcavity resonance from blue to red detuning to trigger soliton formation. The soliton comb power was detected and used to stabilize the soli-
tons. A wavelength division multiplexer (WDM) was used to separate the pump comb lines and the soliton comb lines. A balanced optical cross-correlator
(BOC) was used to measured temporal delay between the pump pulse and the soliton. PS, pulse shaper; EDFA, erbium-doped fiber amplifier; PM, power
meter; PD, photodetector. (b) Measured soliton step when scanning the EO comb seed laser frequency under different cavity loadings (given by Q). The
black arrow indicates the power maximum when the soliton crosses the pumping pulse center. No power extremum is observed, and the comb power mono-
tonically decreases for the strong over-coupling case, e.g., Q. = 9.8 million. (c) Optical spectra and their sech? fits of the generated microcavity solitons
measured with Q. = 20.7 million. Pulse pump repetition rates are 22.112015 and 22.112050 GHz, respectively. An EO comb spectrum is shown in the
inset. (d) Measured soliton spectral center (red dots) plotted versus soliton pulse width (varied by change of pump frequency detuning). The solid red line
is the theoretical Raman self-shift for cw pumping. (¢) Spectral center frequency of the soliton (left axis) and pumping efficiency (right axis) plotted versus

repetition rate of the pump pulse. The linear fit (blue) uses Eq. (7).

complicate a quantitative comparison with the theory, the mea-
sured soliton steps qualitatively agree with the theoretical analysis
in Fig. 1. For example, there is an extremum within the soliton step
when Q. is relatively high [see arrows in Fig. 2(b)], while no such
power extremum is observed for the strongly over-coupled cases,
e.g., Qex = 9.8 million. In the latter case, the comb power is mono-
tonically decreasing with increasing laser-resonance detuning as
theory predicts. It is also noted that for the Qe = 9.8 M case the
soliton step becomes short, which is a result of the reduced possible
detuning range.

Solitons are stabilized by detection of the comb power and servo
control of the laser frequency [38]. The EO-comb optical spec-
trum produced using one phase modulator is shown in the inset of
Fig. 2(c), comprising 15 comb lines. Single-soliton spectra using
an average pumping power of 25 mW are shown at two pumping
rates in Fig. 2(c). The stabilized solitons feature a sech? spectral
envelope. In Fig. 2(c), the Q¢ = 20.7 million, and the efficiency is
approximately 18% and 21% for the corresponding microcombs,
i.e., upper and lower efficiency points in Fig. 2(e).

As predicted by Eq. (7), the spectral center frequency of pulse
pumped solitons [determined by fitting of the sech? soliton spec-
trum such as shown in Fig. 2(c)] is nearly unchanged when varying
the pump detuning, as shown in Fig. 2(d). This behavior is also
in contrast to continuous pumping in silica resonators, where
the presence of broad Raman gain causes a considerable red shift
due to the Raman effect [14,39]. For comparison, the solid line
in Fig. 2(d) gives the Raman soliton self-frequency shift under cw
pumping based on the theory in Ref. [14]. In the experiments,
the pump detuning 8w [upper x axis in Fig. 2(d)] was adjusted
by the locking power level of the servo [38] and was estimated as
8w = D,/(2D}t?), with 7, determined from the soliton spectral

bandwidth. A spectral center frequency shift such as that caused by
the Raman effect induces a change in the soliton round-trip time
(and repetition rate) as a result of group velocity dispersion [14,40].
Because pulse pumping enforces a fixed repetition rate, the spectral
center frequency shift is suppressed.

On the other hand, a change in the pumping pulse repetition
rate will induce a shift in the soliton spectral center, as the soliton
adjusts its round-trip time to accommodate the pumping rate
using dispersion [21]. In this measurement, the soliton can be
generated at repetition rates ranging between 22.112050 and
22.112015 GHz [see Fig. 2(c)]. Beyond this tuning range (35
kHz), the soliton fell out of lock with the pump. By fitting several
spectra between these rate limits, the soliton spectral center is
plotted versus pumping rate in Fig. 2(e) (blue points). From Eq. (7)
above, the measured slope of this linear shift can be used to infer
D, with knowledge of D, (approximately given by the pumping
repetition rate). The linear fitin Fig. 2(e) gives the cavity dispersion
D, =21 x 13.5 kHz. A separate measurement of the cavity dis-
persion using a radio-frequency calibrated spectrometer [11] yields
D, =2m x 11 kHz (see Supplement 1, Section 1), in reasonable
agreement with the linear fit.

B. Soliton Conversion Efficiency Measurement

The effect of pump pulse repetition rate on efficiency is presented
in Fig. 2(e) (red points, right vertical axis). For this measurement,
the pump EO comb consisted of 15 comb lines (2 ps pulse), the
average pump power was 25 mW, and the cavity loading condition
was fixed such that Qe was 21 million. However, w was adjusted
to maximize soliton power for each repetition rate. The data show
that the soliton efficiency (and output power) increases when the
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Fig.3. Measurement of soliton efficiency. (a) Measured soliton conversion efficiency versus Q. for different numbers of pulse pump comb lines: seven

comb lines (red circles, 4 ps FWHM duration), 15 comb lines (green circles, 2 ps FWHM duration), and 31 comb lines (blue circles, 1 ps FWHM dura-
tion). The solid curves are inverse Qc fits of the measured efficiencies. Pump pulse peak power is the same for all measurements. The blue dashed line is the
soliton efficiency under the cw pumping case assuming the maximum detuning limit and the same peak power as the pulse pump case. The red dashed line
is the theoretical threshold Q. for soliton formation. (b) Optical spectra of pulse pumped soliton microcombs with Q. = 14 million (blue) and 37 million
(yellow). The soliton output power is higher for lower Q. with the same pump average power. (c) Color plot of the simulated intracavity soliton power ver-
sus detuning and Q.. The pulse pump consists of 15 comb lines, the average pump power is 25 mW, and Qy is 100 million. The noisy comb regime is plot-
ted at a fixed level of 3.2 W. (d) Simulated soliton conversion efficiency versus Qe obtained from (c) when using sweeping dw (blue) and steady dw (red) in
simulations, respectively. The plot optimizes pump detuning w for each Q. value, and the contribution from the pump frequencies is excluded when cal-
culating the simulated soliton powers (similar to experimental measurements).

pump pulse repetition rate is reduced, which is consistent with Fig.
1. This phenomenon has also been observed in prior experimental
[21] and simulation studies [32] and is attributed to the balance
between the de-synchronization (repetition-rate offset) and the
Raman-induced drift [32], which leads to a more extended soliton
step with higher output power. The scale used for the repetition
rates in Fig. 2(e) is relative to the highest drive repetition rate (i.e.,
22.112050 GHz) used in the experiment.

The second line of Eq. (4) shows that the efficiency scales nearly
inversely with Q.. when the detuning 8w is held fixed. To test this
dependence, the single-soliton power was measured at a series of
Qex corresponding to different taper-coupling gap values. Qe
was determined by measuring the transmission linewidth and
relative power transmission on the pumping resonance. The mea-
sured single-soliton conversion efficiency (soliton comb power,
excluding the pump comb lines, divided by the average power
of the input pulse pump) was measured for N=7, 15, and 31
pump comb lines (effectively 4, 2, and 1 ps pulses), as shown in
Fig. 3(a). Average input pump power was set to 54, 25, and 12
mW, respectively, to maintain the same peak power for the pump
pulse. [As an aside, if the pump peak power is increased at a fixed &
and Q. in Eq. (4), the efficiency ultimately decreases since £,(0)
increases.] The following maximum single-soliton conversion
efficiencies are measured: 54% (/N = 31) when Q. = 12 million;
34% (/N =15) when Q. = 14 million; and 15% (N =7) when
Qex = 13.6 million. Note that the soliton with 54% efficiency
was measured with a scanning laser and was not stabilized. The
pumping pulse repetition rate was held fixed in each measurement.
However, the detuning frequency $w was increased slightly as Qe
was decreased so as to maximize soliton power (and efficiency) at
each loading condition. This overall detuning change resulted in

the soliton pulse width changing slightly from 100 fs at Q.x = 37
million to 89 fs at Q. = 14 million, as obtained by fitting to the
soliton spectra [see example in Fig. 3(b) corresponding to 2 ps
pump pulses or 15 comb lines in pump]. Since the soliton pulse
width is given by 7, =/ D,/(2 D}w), the actual variation in
during these measurements was modest. This is further verified
through a reasonably good inverse Q fit to data, as provided by
the solid colored curves in Fig. 3(a). As an aside, the decreasing effi-
ciency for the lowest Q. values coincided with decreasing soliton
power versus pump detuning [e.g., see Fig. 2(b) for Q. = 9.8 M].
Under normal power locking conditions, this would have required
reversing the sign of the servo loop for stable operation. Instead, the
efficiencies were inferred from the step scan, itself.

Alower bound on Q can be derived by considering the soliton
generation criterion noted above [i.e., P(%) > 83 Py /2.
Making the approximation of temporal alignment of the soliton
with the pumping pulse, the corresponding threshold Q. is nine
million [dashed vertical red line in Fig. 3(a)]. Even though the
formula is derived for continuous pumping conditions, there is
reasonable agreement with the measured lower bound on Q.

Simulations based on the generalized LLE provide additional
confirmation of these measurements (see Supplement 1, Section
2 for details). A pulse driving waveform and a de-synchronization
term representing the repetition-rate offset between the pump
pulse and the cavity free-spectral-range were used [32]. The 2D
color plot in Fig. 3(c) shows soliton power versus Q. and dw.
Simulation parameters are intrinsic Q factor = 100 million, EO
comb lines = 15, average pulse pump power = 25 mW, and pump
pulse repetition-rate offset = —28.6 kHz relative to the cavity
free-spectral-range. The color map corresponds to average circu-
lating power, and the green region in the plot corresponds to the
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soliton step. Within the step, circulating soliton power is relatively
constant versus 8w for Qe > 15 million with the exception of a
narrow band (yellow band within green step), where soliton power
increases slightly. This increase corresponds to temporal alignment
of the soliton and pump pulses as discussed above. At the lowest
Qe values, soliton steps shorten and soliton power decreases.

Using the simulated maximum circulating soliton power, the
maximum output power is calculated (excluding the pump lines)
and used to calculate the efficiency in Fig. 3(d). Both a steady-state
and swept efficiency are plotted. The latter is evaluated when the
soliton position transiently coincides with the pump pulse maxi-
mum and is therefore consistently larger than the steady-state case.
A maximum efficiency of 39% is reached at Q., = 15 million. At
this point, both the swept and steady-state results converge since
the soliton is able to stably align with the pumping maximum for
this lower Q. value. The efficiency decrease at the lowest Q. (less
than 10 million) is also reproduced. Since power carried by the
pump frequencies was excluded in calculating the experimental
and numerical efficiency, this exclusion can cause the observed
efficiency reduction, as the comb bandwidth becomes narrower
with very low Q.

The measured efficiencies are also consistent with the approxi-
mate values given by Eq. (8). However, to make a comparison
between this expression and measurement, it is necessary to add
back the pumping power within the sech’? envelope to the mea-
surement. For example, the microcomb generated in Fig. 3(b)
with Qe = 14 million has a 3 dB bandwidth of 2 THz (pump
bandwidth is about 0.3 THz), and the experimental conversion
efficiency is 34%, while Eq. (8) gives an efficiency of 46%. By
fitting the soliton envelope and adding back the pump lines power
removed by filtration of the pump, we arrive at an experimental
efficiency of 43%, which is in reasonable agreement with Eq. (8).

C. Soliton and Pump Pulse Delay Measurement

Here, the temporal delay of the pump and soliton pulses are mea-
sured using a balanced optical cross-correlator (BOC), as shown in
Fig. 2(a). While a temporal delay was observed for solitons gener-
ated in a free-space enhancement cavity [41], the dependence of
this delay on pump conditions has not been experimentally studied
yet, especially in the presence of broad Raman gain, such as insilica
microcavities. At the same time, the above analyses have shown that
this delay is critical to the soliton pumping efficiency under pulse
pumping. For this measurement, a portion of the pumping pulse
was coupled and used as a timing reference. The BOC converts
the delay change between the soliton and pumping pulse into a
voltage signal [42,43]. Figure 4(a) shows the measured relative
delay change versus soliton pulse width (pump detuning §w). Note
that the absolute relative delay could not be measured due to the
difficulty in calibrating the absolute zero delay accurately. The
soliton moves about 600 fs (about six times the soliton pulse width)
when varying the detuning under the 2 ps pump pulse. The relative
delay was also observed to change with varying pump power for
a fixed soliton power, as shown in Fig. 4(b). In the experiment,
to obtain a wider tuning range in the soliton trapping position, a
slightly chirped pump pulse is used [22,23].

Analytical and simulated results are also included in Fig. 4.
Since only relative delay was measured, these were shifted vertically
to align with the measurements. The specific regime studied here
corresponds to Fig. 1(c) (red markers, higher Q.. =34 M), and

the pump rate is more negatively detuned. Also, for consistency

(
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Fig. 4. Relative temporal delay between the pump pulse and the soli-
ton. (a) Measured and theoretical (analytical and simulated) relative delay
change between the soliton and pumping pulse when changing the detun-
ing 8w (plotted as soliton pulse width). (b) Measured and theoretical (ana-
lytical and simulated) relative delay change with varying pump power.

with the experiments, the analytical and simulated results in Fig.
4 include a modest amount of chirping in the pump pulse, which
was used to fit the data. To provide comparison, an unchirped
analytical trace is included in Fig. 4(a) (dashed blue curve). As can
be seen (and noted above), chirping extends the pulse width range
(equivalently detuning §w) over which solitons exist. Specifically,
solitons that are longer than 95 fs do not exist for the unchirped
case. But, otherwise, the chirping does not dramatically alter the
behavior. The presence of the Raman effect, on the other hand,
can be seen to have a significant impact on the relative delay versus
tuning. Specific parameters used in the simulated and analytical
results are provided in Supplement 1, Sections 2 and 3.

4. SUMMARY

A closed form expression for pulse pumping efficiency was devel-
oped using the Lagrangian method and compared with experiment
and simulation [Eq. (4)]. Motion of a soliton under a pulsed
pump is shown to obey a generalized Adler equation [Eq. (5)].
The efficiency expression for cw pumping [Eq. (1)] showcases the
challenge of operating microcombs at low repetition rates [11].
Pulse pumping enables a tradeoff, wherein low-rate operation
is facilitated by the added complexity of pumping pulse genera-
tion. Beyond this, pulse pumping introduces new features into
the soliton step (i.e., power versus pump detuning). Depending
upon the pumping repetition rate relative to the cavity round-trip
rate, the step can feature extrema that occur interior to the step.
Moreover, in the overloaded case, the soliton power monotonically
decreases with increasing detuning. These behaviors are in contrast
to cw pumping, where soliton power monotonically increases with
pump detuning. Likewise, the Raman process creates a complex
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relationship between the soliton position relative to the pumping
field maximum. The resulting motion of the soliton relative to
the pumping pulse under various tuning and pump power condi-
tions was measured. Efficiency is maximum when using a strongly
over-coupled resonator, and record high efficiency was demon-
strated. Overall, the presented experimental and theoretical results
show how pulse pumped solitons can be optimized to improve the
efficiency of microcomb systems. They also provide new insights
on soliton dynamics in coherently pumped cavities under pulse
pumping conditions.
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