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Abstract: Cascaded quadratic nonlinearities from phase-mismatched second-harmonic genera-
tion build the foundation for robust soliton modelocking in straight-cavity laser configurations
by providing a tunable and self-defocusing nonlinearity. The frequency dependence of the
loss-related part of the corresponding nonlinear response function causes a power-dependent
self-frequency shift (SFS). In this paper, we develop a simple analytical model for the SFS-induced
changes on the carrier-envelope offset frequency (fceo) and experimentally investigate the static
and dynamic fcgo dependence on pump power. We find good agreement with the measured
dependence of fcgo on laser output power, showing a broad fcgo tuning capability from zero up
to the pulse repetition rate. Moreover, we stabilize the relative intensity noise to the —157 dBc/Hz
level leading to a tenfold reduction in fcgo-linewidth.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency combs (OFCs) [1-3] with line spacings of several gigahertz from passively
modelocked lasers [4—10] are attractive sources for applications that require easy access to
individual comb lines or for trace-gas spectroscopy [11-13]. These systems can produce high
average power and femtosecond pulses with low-noise performance [14—16]. In recent years, dual-
comb modelocking [17-20] and dual-comb spectroscopy [21-23] gained a lot of attraction due to
their mechanical simplicity, high-speed acquisition, high sensitivity, and accuracy. Typically, the
frequency resolution of dual-comb spectroscopy is limited by the comb mode spacing but can be
increased to the intrinsic comb mode linewidth by interleaving slightly shifted spectra [24-26].
This can be achieved by acting on either of the two comb parameters, i.e. the spacing between
two comb modes, given by the pulse repetition rate (frp) or the offset of the first comb tooth with
respect to zero, called the carrier-envelope offset frequency (fcgo). The absolute comb mode of
an OFC is given by fcgo + mfrep, With m being the comb line number. Since fcgo affects all
comb modes equally it is the preferred sweeping parameter for spectrally interleaved dual-comb
spectroscopy. A tuning range of fcgo over frep/2 is required to fully cover the gap between comb
modes. Typically, such broad tuning of fcgo in laser-based OFCs cannot be covered by pump
power modulations and requires mechanical translation of intracavity parts. However, we have
recently demonstrated broad fcgo tuning over a range from zero up to frep, with pump power in a
new type of laser architecture [27,28] based on cascaded quadratic nonlinearity (CQN) [29] from
phase-mismatched second harmonic generation (SHG).

Stable femtosecond soliton modelocking [30] results from a balance between self-phase
modulation (SPM) and group delay dispersion (GDD). In the infrared wavelength region,
SPM is typically obtained from the intrinsic third-order electronic nonlinear susceptibility of
wide bandgap materials [31] and balanced with engineered negative GDD from dispersion
compensating optics. However, since the pulse energy scales inversely with f ¢, the relatively
weak nonlinearity of these materials makes it increasingly difficult to obtain sufficient SPM to
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support stable pulse formation for several gigahertz OFCs. In addition, the long upper state
lifetimes and low cross-sections of gain media used for many solid-state lasers cause Q-switching
instabilities for power levels below the threshold for stable continuous-wave (cw) modelocking
[32]. The randomly occurring high-intensity spikes during Q-switching in combination with the
self-focusing Kerr-lens resulting from the positive nonlinear refractive index can easily reach the
damage threshold of intracavity optical components [33]. The challenges involved in gigahertz
OFCs based on watt-level modelocked solid-state lasers can be overcome by introducing an
engineerable negative nonlinear response obtained from a CQN. The associated defocusing
nonlinearity in combination with a semiconductor saturable absorber mirror (SESAM) [34]
allows for a simple straight-cavity architecture that is well suited for watt-level femtosecond
modelocked lasers with pulse repetition rates exceeding 10 GHz [27,28].

Precise control of the frequency comb parameters, i.e. frep, and fcgo, is required for many
frequency comb applications. Commonly, the spacing of the OFC is stabilized by detecting frep
with a sufficiently fast photodiode and acting on the cavity length by modulating a mirror with
a piezoelectric element. The second parameter cannot be detected directly with a photodiode
since the pulse energy is not modulated at fcgo. Instead, one has to rely on the beating of
optical frequencies with either a stable optical reference or another comb tooth. The latter
technique is most commonly implemented in f-to-2f detection schemes, which require an
octave-spanning spectrum [1]. However, the low pulse energy and limited peak power make it
increasingly challenging for high repetition rate lasers to generate sufficient nonlinear broadening
for coherent octave-spanning supercontinuum generation (SCG). We recently demonstrated the
first self-referenced f'cgo detection of a diode-pumped SESAM-modelocked laser with a 10-GHz
straight-cavity architecture. This was achieved by combining SCG in a highly efficient silicon
nitride (Si3N4) waveguide [16,35] with SHG in a reverse proton-exchange periodically poled
lithium niobate (RPE-PPLN) waveguide [36] for f-to-2f interferometry. Stabilizing fcgo can be
achieved by acting on the pump current and hence the pump power. The exact transfer function of
pump modulation to fcgo depends on various laser parameters and has been studied for different
types of solid-state and fiber lasers [37—40].

In this paper, we present the first analytical and experimental investigation of fcgo dynamics
of a 10-GHz straight cavity laser architecture based on defocusing CQNs. In the first part, we
develop an analytical model to describe the quasi-static dependence of fcgo on laser output power
(Pavg) under the presence of a SFS. In the second part, we characterize the static and dynamic
fceo dependence on P,y,. We find good agreement between our model and the measured broad
tuning behavior of fcgo from zero up to frp. Further, we measured the dynamic fcgo response
to pump current modulations and the fcgo frequency noise. We observed a significant reduction
in the out-of-loop fcgo frequency noise by stabilizing the average output power of the laser,
validating the strong coupling predicted by our model. Our results represent the first analytical
and experimental investigation of fcgo dynamics in CQN-modelocked lasers.

2. Analysis of fcgo changes induced by a self-frequency shift

Consider a laser pulse propagating through a hypothetical free-space medium having different
group (v¢) and phase velocities (v,) but no group delay dispersion. As a consequence, this pulse
experiences a change in the carrier-envelope phase (CEP) [41] that equates to:

1 1

A(¢cep) = w(———)L. )
b Vg

For a system free of dispersion and nonlinearity, there is no change in pulse shape and this relation

should capture the full behavior. The equation also assumes that A(¢cgp) has the same sign as

the propagation phase k - L. The reason for using this definition is that the two types of pure
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phases (k - L and CEP) add without a minus sign. The phase of the electric field envelope, using
a carrier term of exp(iwt — ikz) convention, would pick up a minus sign relative to these phases.

For systems involving soliton formation, there is a balance between group delay dispersion
(#cpp) and the nonlinear phase shift arising from SPM (¢spym). Consequently, the soliton pulse
maintains a fixed pulse shape up to a constant phase (¢soliton ) SO its CEP shift at different positions
can be meaningfully compared without having to consider changes in pulse shape. Under these
conditions, the constant phase acquired by the pulse amounts to half the nonlinear phase shift
that the peak of the pulse would experience and can be expressed in terms of GDD via the soliton
formation condition [42]:

GDD
¢Solilon = ¢52PM = ¢G2DD = - 2T02 . (2)

In the context of a modelocked laser cavity, the GDD term corresponds to the total cavity
round trip group delay dispersion, Ty is the soliton pulse width and the full-width half maximum
(FWHM) pulse duration would equate to Tpwpm = 2 - cosh™ (\/5) - Ty. We neglect the influence
of soliton self-frequency shift effects on this phase shift because we consider cavity-based systems
in which the soliton frequency is not changing versus propagation, but only versus some static
system parameter like the average power and cavity length. Under these assumptions, we can
express the CEP changes for a laser cavity of total length 2L with a cavity round trip time

Ty = ?(%) dz:

2L dk
A(¢cep) = ¢Solilon(wml) + [ | Kwsor) = Wsor (d ) d
0 W [, [
GDD(w;0r) 2L ) v
Wso
= _TQZ + (({ k(a)ml)dZ) - U)solTrt(wsnl)-

It should be noted that the CEP change is evaluated at a soliton carrier frequency ws,;, which
has to be defined such that it captures the linear-optical phase and group delay experienced by
the intracavity soliton. For an ideal soliton pulse, the pulse spectrum is symmetric, and the peak
frequency arises as a natural choice. In a modelocked laser exhibiting a SFS effect, this frequency
wso; depends on the laser output power. In addition, the soliton dynamics cause T} to shorten
with increasing P,y;. By using partial derivatives w.r.t. wy, rather than full derivatives (so that
the implicit dependencies of Ty> on other system parameters are not included), we can calculate
the effect of SFS on the CEP change as:

1 0GDD(w T (w
3 A(¢pcep) = ——ZM + To(wsot) — Tre(Wsor) — Wsol r(Wsor)
Wyol 2T() (9ws,,; Bws()l (4)
TOD(w
= — ( 2501) — Wyl GDD(wm[).
2Ty

Based on this equation, we can identify two mechanisms by which the presence of an SFS
affects the CEP. The first coupling mechanism results from cavity roundtrip third-order dispersion
(TOD) and the inverse soliton pulse duration squared (1/Ty?). The second mechanism arises
from GDD and the SFS. These two terms can carry opposite signs, differ in magnitude, and
strongly depend on the underlying laser architecture.

3. Characterization of fcgo dynamics

In our recent work [28], we presented a dispersion optimized 10.5-GHz straight-cavity SESAM-
modelocked laser and demonstrated self-referenced fcpo —detection without the need of any



Vol. 29, No. 22/25 Oct 2021/ Optics Express 36918 |

Optics EXPRESS N

extra-cavity optical amplification. In this work, we used the same 10.5-GHz laser consisting
of four elements: an ytterbium-doped CaGdAlO4 (Yb:CALGO) gain crystal, a periodically
polled lithium niobite (PPLN) crystal incorporating an apodized two-dimensionally patterned
quasi-phase-matching (QPM) grating structure, a single quantum-well SESAM and a curved

output coupler (OC) with a multi-functional thin-film coating (Fig. 1).

110-GHz straight-cavity laser!  SHG in PPLN 7 )
! SESAM — : P for f-to-2f detection oscilloscope
en | mrermay L —
E Yb;?:pLu?o : E T T TR T s::aly;er
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polarizing b
beam splitter I polarized output beam l E P, signal source
beam splitter detection analyzer
I A J
pump diode

Fig. 1. Experimental setup used to characterize the CEO dynamics of a straight-cavity
10-GHz Yb:CALGO laser, enabled by the use of self-defocusing cascaded quadratic
nonlinearity in a PPLN crystal. Supercontinuum generation (SCG) in dispersion-engineered
Si3N4 waveguides and subsequent f-to-2f interferometry are used for fcgo detection.
Simultaneously, the average power (Payg) is detected and used with a proportional-integral-
derivative (PID) feedback loop to act on the pump power to stabilize Payg.

In this work, we used a low pulse-energy (29 pJ) platform for self-referenced fcgo-detection
enabled by two highly efficient chip-scale waveguides: A SizN4 for SCG and RPE-PPLN for
SHG in f-to-2f interferometry. The temporal fluctuations of the fcgo beat-note were measured
with an oscilloscope and the radio frequency (RF) spectrum was measured with a spectrum
analyzer. Simultaneously, we detected P,y with a free-space reverse-biased photodiode and
measured the relative intensity noise (RIN) spectrum with a signal source analyzer. The rest
of this section is structured as follows. In section 3.1 we characterize the quasi-static CEO
tuning by ramping the pump power and measuring both CEO beat-notes for P,y from 300 mW
to 740 mW and compare it with the predicted CEO change from Eq. (5). The dynamic tuning
of fceo (section 3.2) becomes apparent by measuring the transfer function from a modulation
voltage (Vimod) to pump power (Ppump,mod)s Pavg and fceo. Finally, we show stabilization of Py,
with a proportional-integral-derivative (PID) feedback-loop acting on Ppymp,mod, and analyze the
noise spectrum of fcgo.

3.1. Static CEO tuning

The self-defocusing cascaded nonlinearity is the key-enabling element of the investigated straight-
cavity laser architecture [27,43]. To incorporate CQNss in a laser cavity, it is important to avoid
excessive losses from the phase-mismatched SHG process. This can be achieved by adiabatically
exciting and deexciting the second harmonic soliton in an apodized quasi-phase-matching (QPM)
device [43]. Nonetheless, group velocity mismatch (GVM) between the fundamental soliton and
its second-harmonic in the QPM device causes a SFS [44]. In a process somewhat similar to
the Raman soliton SFS effect [45], the loss-related part of the CQN response scatters the low-
frequency spectral components, which are closer to SHG phase-matching, to the high-frequency
part of the spectrum.
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As a result, an asymmetric laser spectrum appears, as shown in Fig. 2(c). This asymmetry
raises the question of how to define the correct soliton frequency for use in Eq. (4). A similar
question emerges when choosing a carrier frequency to facilitate computationally efficient
numerical simulations of ultrashort pulses. The predictions from a model that captures all the
relevant effects are invariant w.r.t. the choice of this carrier frequency [46]. However, the correct
choice of carrier frequency becomes important when using reduced models. In the context of our
experiments, we found that our simple model [Eq. (4)] slightly overestimates the CEP change
if the carrier frequency is chosen to be equal to the peak frequency or the centroid frequency
(i.e. the center of mass) of the laser power spectrum. Excellent agreement with the experimental
data was found if the carrier frequency was defined as the centroid frequency of the electric field
amplitude |E(w)|, corresponding to the square root of the measured laser power spectrum:

Iy w- |E(w)|dw
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Fig. 2. (a) Measured self-frequency shift (SFS) of soliton frequency vgoiton as a function
of laser output power (blue dots) and quadratic polynomial fit. (b) Soliton pulse width
(Ty) (Eq. (2)) and fourth-order polynomial fit (red). (c) Normalized spectral power (blue)
and soliton angular frequency (vgoliton red dashed) defined as the spectral amplitude’s
centroid frequency (Eq. (5)) at Payg = 623 mW. (d) cavity roundtrip group delay dispersion
(GDD) and (e) third-order dispersion (TOD) as a function of frequency. (f) contribution
to the carrier-envelope offset phase (CEP) on a semilogarithmic scale. See Data File 1 for
underlying values.

The effective soliton frequency defined in this equation was calculated for the experimentally
measured laser spectra recorded at Py, ranging from 300 mW to 740 mW, and the resulting
curve was fitted with a quadratic polynomial (Fig. 2(a)). The soliton pulse duration T initially
follows the 1/(power) trend of conventional soliton modelocking but flattens for Py, exceeding
500 mW due to the SFS and the therefore reduced SPM from the PPLN crystal. Therefore, we
used a fourth-order polynomial to fit the average power dependence of T (Fig. 2(b)).

The prediction of the SFS-induced CEP change requires precise knowledge of the total cavity
roundtrip dispersion. In this laser, the intracavity GDD, the output coupling rate in the range
of 1030 nm-1060 nm, and the pump transmission at 980 nm are all managed with a single
multi-functional thin-film coating on the curved end mirror. Due to the difficulty of meeting
all of these specifications simultaneously, there is a slope in the resulting total cavity round trip
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GDD and TOD. The dispersion of the OC and the SESAM were measured with a home-built
white-light interferometer with a spectral resolution of 1 nm. The obtained GDD values were
fitted with a fifth-order polynomial. Further, we calculated the dispersion of the 1.5-mm long
Yb:CALGO crystal and the 2-mm long PPLN crystal using the Sellmeier equations [47,48] to
obtain the total cavity round trip GDD (Fig. 2(d)). The cavity roundtrip TOD was determined by
taking the numerical derivative of the GDD (Fig. 2(e)).

We calculated the SFS-induced CEP change as a function of P,y using Eq. (4) and compared the
two coupling mechanisms for our laser system (Fig. 2(f)). We found that the GDD induced CEP
change exceeds the TOD term by more than two orders of magnitude. Further, the contributions
carry an opposite sign, which could result in a turning point of the CEP for laser systems with
comparable contributions.

To verify our model, we measured the RF spectrum at a series of output power levels; an example
measurement at 623 mW is shown in Fig. 3(a). We then compared the two carrier-envelope
offset beat-notes (fceo,1 and fceo,2 =frep —fcEo,1) With expected CEP changes (fcEo,1,model
and fceo.2.model) based on Eq. (4), using the experimentally determined power dependence of
Wsoliton = 27 * Vsoliton- Since the model only predicts the rate of change, we set the initial value
equal to the first measured beat-note frequency fcro,1 =fcEo,2 =frep /2. As shown in Fig. 3(b),
our model agrees well for output powers up to 500 mW and slightly underestimates the CEP
change above that point. That point also coincides with the power at which the pulse shortening
starts to deviate from the expected 1/(power) scaling. Our model predicts that the relatively large
SFS present in the laser couples, via intracavity GDD, to the CEP and causes a large shift in the
order of 2 over the full output power range from 300 mW to 740 mW.

10 . . . . . 12

3 - f - Pooevscsvcssseonnnee LI NN N N
0 P, =623 mW ol .
10l RBW = 300 kHz ~Fegotmode

(o]

frequency [GHz]
F N

RF power [dBc]

N

il

CEO2,model

0300 350 400 450 500 550 600 650 700

0 2 4 6 8 10
(a) frequency [GHz] (b) output power [MW]

Fig. 3. (a) Exemplary radio frequency (RF) spectrum at Payg =623 mW measured with a
resolution bandwidth (RBW) of 300 kHz. The pulse repetition rate (frep, green circle) and
both CEO beat-notes (fcgo,1 and fcgo,2, blue and red circles) were measured for a series
of laser output powers. Predicted CEO (fcEo1,model @and f'CEO2,model) beat-note positions,
emerging from the presence of a SFS and intracavity GDD. See Data File 2 for underlying
values.

3.2. Dynamic CEO tuning

For many frequency comb applications, it is necessary to lock the comb parameters to stable
references. PID feedback loops are widely used for that purpose. The monotonic scaling of
fceo with output power (Fig. 3(b)) fulfills the system requirements for a PID loop. While our
model (Eq. (4)) captured the low quasi-static tuning sufficiently well, it does not include laser
rate equations or other dynamic phenomena, and hence it does not predict the dynamic response
of fcgo to fast pump power (Ppymp) modulations.
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For this reason, we measured the dynamic response of Ppump, Pave, and fcgo to voltage
modulations (Vnoq) on the low-noise laser diode driver (Wavelength Electronics LD2.5CHA).
We used a lock-in amplifier with an internal frequency generator (UHFLI Zurich Instruments)
for the sinusoidal excitation and demodulation of the quantity of interest. While Ppymp and Pay,g
could be demodulated directly, we used a frequency discriminator (Miteq FMDM-160/35) to
convert changes in fcgo to changes in voltage, centered around zero. The obtained transfer
functions for relative amplitude and phase in the range of 10 Hz to 1 MHz are shown in Fig. 4.
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Fig. 4. Transfer functions between laser diode driver modulation voltage Vo4 and pump
power (blue curves), laser average power (orange curves), and fcgo (yellow curves). (a)
relative amplitude transfer functions. (b) phase transfer functions. See Data File 3 for
underlying values.

The diode driver can modulate the multimode-fiber-coupled pump diode module up to
frequencies exceeding 1 MHz (90° phase shift and 2.4 dB amplitude drop at 1.2 MHz). In
contrast, the 420-us upper-state lifetime of Yb:CALGO [49] introduces a low-pass filter for
pump-power modulations resulting in significantly lower modulation bandwidth of Py (90°
phase shift and 8.4 dB amplitude drop at 94 kHz). Similarly, we observed a comparable
modulation bandwidth of fcgo (90° phase shift and 11.9 dB amplitude drop at 80 kHz). As Pay,
strongly influences the CEP via the SFS (Eq. (4)), we expect the dynamic behavior of fcgo and
Py to be strongly correlated.

To further investigate the correlation between P,y and fcgo fluctuations, we stabilized the
relative intensity noise (RIN) of our laser and compared the corresponding fcgo fluctuations to
the measurements for the free-running laser. We used an average power of 5 mW on a modified
commercial InGaAs detector (Thorlabs DET10N2) to reach a shot-noise level below -160 dBc/Hz
at frequencies above 1 MHz. We used a PID controller (Vescent Photonics D2-125) to stabilize
the obtained detector voltage to its internal voltage reference. The corresponding RIN spectrum
was measured out-of-loop using a second photodetector and a signal source analyzer (Agilent
E5052B) (Fig. 5(a)). The PID-feedback loop significantly reduced the RIN in the frequency
range of 1 kHz to 100 kHz, to a level of —157 dBc/Hz. The RIN-suppressed spectrum crosses the
free-running spectrum at a frequency of 300 kHz due to the appearance of a servo bump peaking
at around 500 kHz. The noise suppression at frequencies below 1 kHz was compromised by
discrete noise frequency components of the voltage reference originating from the 50-Hz power
grid frequency and the long airpath (approx. 3 m) between the laser cavity and the photodetector.
The feedback loop reduced the integrated rms-RIN (1 Hz — 10 MHz) from 7.7 x 107 t0 0.7 x 107>
(Fig. 5(b)).

The frequency noise power spectral density (PSD) of the fcgo beat-note were calculated from
time-traces measured with an oscilloscope (Teledyne LeCroy WavePro 254HD, WPHD-2000MPT
Option) (Fig. 5(c)). The internal acquisition memory of the oscilloscope imposes a trade-off
between sampling rate and trace length. In order to reduce the discretization noise, we chose
a high sampling rate of 2.5 GS/s and recorded 800-ms time traces with an analog bandwidth
of 2.5 GHz, allowing for frequency noise measurements down to 1.25 Hz. The PSD can be
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Fig. 5. (a) Relative intensity noise (RIN) spectrum and (b) resulting rms integrated RIN for
the case of the free-running laser (orange) and PID-feedback on Pyyg (blue). (c) Measured
power spectral density (PSD) of fcgo fluctuations and (d) estimated fcgo full-width half
max linewidth (fcgg FWHM). See Data File 4 for underlying values.

linked to the CEO-beat note full-width half maximum (FWHM) linewidth via the 5-separation
line [50]. In this formalism, the frequency noise for a given frequency f only contributes if the
corresponding fcgo PSD lies above the -separation line, i.e. if PSDcgo(f)>(8 In(2)/7?) - f.
An estimate of the required feedback bandwidth for locking fcgo to a stable reference can be
obtained from the crossing of the free-running fcgo PSD with the S-separation line [50]. For our
laser system, the fcgo PSD exceeds the B-separation line up to the crossing point at 300 kHz
leading to a broadening of the fcgo-linewidth (Fig. 5(d)). By stabilizing Py, of the laser, we
reduced the CEO FWHM linewidth from 4.7 MHz to 0.45 MHz for an observation time of 800
ms.

A tight lock of fcEo is characterized by the reduction of the PSD below the -separation line,
meaning that the noise does not broaden the fcgo linewidth but only contributes to its wings.
While the fcgo frequency noise was significantly reduced by the P,y feedback loop, it did not
reduce it below the S-separation line. In addition, the increased RIN around the servo bump at
500 kHz leads to an increase in f'cgo frequency noise. This servo-bump causes the majority of the
CEO-linewidth broadening. Achieving a tight lock of fcgo is complicated by two factors: First,
the significant high-frequency noise requires a large feedback bandwidth of at least 300 kHz,
compared to the 80 kHz modulation bandwidth. Second, the large initial fcgo linewidth of more
than 4 MHz combined with GHz-level carrier frequencies requires a fast phase detector with a
large demodulation bandwidth. Further, fast short-term and large long-term drifts of fcgo can
easily deregulate a PID feedback loop. While we showed that a significant part of fcgo noise is
caused by P,y fluctuations, we cannot rule out other effects independent of pump power.

Our findings indicate five possible strategies for achieving a tight lock of fcgo in a modified
laser design based on CQN: First, the SFS-induced coupling between RIN and fcgo-noise could
be reduced by using a different material platform with a smaller GVM for the implementation
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of CQN. Second, the SFS-induced coupling could be reduced by lowering intracavity GDD
and TOD via optimized dispersion coatings. Third, the RIN could be further reduced by using
a higher power photodetection for a lower shot-noise limit in combination with a lower noise
voltage reference and PID-feedback loop. Fourth, the fcpo modulation bandwidth could be
increased by switching to a shorter lifetime gain material. Lastly, the electronic and frequency
noise requirements could be greatly reduced by lowering the pulse-repetition rate of the laser
system. Despite the significant challenges involved in achieving a fully stabilized OFC based
on CQN, they represent a unique platform offering a large degree of tuning that can be used for
spectral interleaving techniques including dual-comb measurements.

4. Conclusion

In this paper, we have investigated analytically and experimentally the effect of a self-frequency
shift effect on the carrier-envelope offset frequency in a modelocked 10-GHz straight-cavity laser
based on cascaded quadratic nonlinearities.

In the first part, we have developed a simple analytical model to describe the quasi-static
dependence of fcgo on average laser output power in the presence of an SFS effect. We found
that the SFS couples via the intracavity GDD to the carrier-envelope offset phase, leading to a
large phase shift in the order of 27 over an output power range of 300 mW to 740 mW. This effect
can be used to freely tune fcgo from zero to the pulse repetition rate frequency of 10.5 GHz.

In the second part, we experimentally investigate the static and dynamic fcgo dependence on
average power. We find good agreement between our model and the observed static fcgo tuning.
Moreover, we have measured the transfer function from pump current modulation to pump power,
laser power, and fcgo. The observed low-pass behavior with a characteristic 90° phase shift and
11.9 dB amplitude drop around 80 kHz for the case of fcgo is caused by the upper-state lifetime
of the Yb:CALGO gain material. From the measured free-running fcgo frequency noise, we
have estimated a minimum required locking bandwidth of 300 kHz. Finally, we demonstrated
that the fcgo frequency noise is reduced up to four orders of magnitude at kHz-frequencies by
stabilizing the laser’s relative intensity noise to the —157 dBc/Hz level (compared to free-running
-120 dBc/Hz), validating the strong coupling predicted by our model. Our results provide the
basis for developing the next generation of versatile, high repetition rate, and low-noise optical
frequency combs from modelocked lasers based on CQN.
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