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Abstract

Femtosecond oscillators with gigahertz (GHz) repetition rate are appealing sources for spectroscopic applications
benefiting from the individually accessible and high-power comb line. The mode mismatch between the potent pump
laser diode (LD) and the incredibly small laser cavity, however, limits the average output power of existing GHz Kerr-
lens mode-locked (KLM) oscillators to tens of milliwatts. Here, we present a novel method that solves the difficulty and
permits high average power LD-pumped KLM oscillators at GHz repetition rate. We propose a numerical simulation
method to guide the realization of Kerr-lens mode-locking and comprehend the dynamics of the Kerr-lens mode-locking
process. As a proof-of-principle demonstration, an LD-pumped Yb:KGW oscillator with up to 6.17-W average power and
184-fs pulse duration at 1.6-GHz repetition rate is conducted. The simulation had a good agreement with the experimental
results. The cost-effective, compact and powerful laser source opens up new possibilities for research and industrial

applications.
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1. Introduction

Femtosecond lasers with gigahertz (GHz) repetition rate act
as a cornerstone for the development of femtosecond optical
frequency combs (OFCs), which are an indispensable tool
for high-precision frequency metrology!'l, fast spectroscopy
with resolved comb lines'?!, astronomical spectrometer cal-
ibration®! and other applications requiring simple access
to the individual comb lines. In recent years, dual-comb
spectroscopy has drawn the interest of the scientific com-
munity due to the fast acquisition speed in spectroscopic
applications!*!. However, the traditional dual combs usually
require two fully stabilized OFCs with slightly different
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repetition rates, which makes the system complex. Currently,
the development of single-cavity dual-comb lasers provides
an emerging way to solve the problem, and has become a
powerful tool for dual-comb spectroscopy!®~'". Furthermore,
dual combs with GHz spacing have the advantages of suffi-
cient density of comb lines to directly observe absorption
features, fast update rates and high sensitivity in signal
measurements!' ! leading to them recently being studied
eagerly. However, it is challenging to obtain GHz mode-
locked femtosecond lasers due to the relatively low intracav-
ity pulse energy and the compact geometry.

To date, mode-locked femtosecond lasers with GHz
repetition rates have been realized by various schemes, such
as fundamental or harmonic mode-locked fiber lasers!!*!41,
mode-locked vertical external-cavity surface emitting lasers
(VECSELs)!1, all-solid-state lasers (ASSLs) based on
semiconductor saturable absorber mirrors (SESAMs)H®
and Kerr-lens mode locking''”l. Trade-offs are unavoidable
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for different applications according to the benefits. Among
them, a polarization multiplexing VECSEL with the
repetition rate of 10 GHz has been demonstrated for
dual-comb spectroscopy measurements of water vapor),
Ten-GHz passively mode-locked ASSLs based on SESAMs
have also been reported'®’, and watt-level average power
was achieved from a customized SESAM and a high-power
multimode pump laser diode (LD). With Kerr-lens mode-
locking technology, the highest repetition rate was up to
10 GHz in green laser pumped Ti:sapphire lasers!'®! and
23.8 GHz in LD-pumped Yb-doped ASSLs!'”l. However,
the beam waist of the pump and the laser beam is tightly
focused in GHz resonators, which requires an excellent pump
beam quality (M?~1) to form a soft aperture inside the gain
medium!'®!, such as single-mode fiber-coupled LDs. As a
result, the average output power of Yb-doped GHz Kerr-
lens mode-locked (KLM) oscillators has been consequently
restricted to the few tens of milliwatts range, which
limits further applications. Recently, we have demonstrated
watt-level average output power in Yb-doped GHz KLM
oscillators for the first time by using a single-mode fiber laser
as the pump source. Bidirectional mode-locked operation
was also demonstrated, but the scaling of average power
is still constrained by the limited pump power’”). Another
work showed that watt-level average power can be realized
in multimode fiber-coupled LD-pumped Yb-doped GHz
KLM oscillators as well®'l; the key is that a hard aperture
was introduced for increasing the loss of the continuous
wave (CW). It is suited for lasers with linear cavities and
it is difficult to further increase the average power and
repetition rate. In contrast, the bow-tie ring cavity based
on the soft aperture effect is more appropriate for multi-GHz
femtosecond laser generation with Kerr-lens mode locking,
which also has the potential to be a single-cavity dual-comb
source based on the directional dependence of the Kerr
nonlinearity!'*?!, However, to the best of our knowledge,
there are currently no reports on multimode LD-pumped
GHz KLM lasers with a bow-tie ring cavity.

Here, we redesign the ring cavity so that it satisfies
the requirement of soft aperture Kerr-lens mode locking
when pumped by a multimode LD with a poor beam
quality. The unique cavity geometry consists of two pairs
of concave mirrors that produce two beam waists within
the cavity. One of the waists is large enough to match
well with a multimode fiber-coupled LD. The other small
waist allows employing an additional Kerr medium to
increase self-phase modulation (SPM) or using a nonlinear
crystal to realize intracavity frequency conversion”’!. In
order to realize Kerr-lens mode locking easily, we present
a numerical simulation method that provides guidance
to search for the mode-locking regime; the variation of
stability and the strength of Kerr-lens mode locking are also
characterized at different intracavity peak powers. As proof-
of-principle experiments, unidirectional KLM operations
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with 3.3- and 6.13-W average powers as well as bidirectional
KLM operation with average powers of 3.7 and 3.8 W,
respectively, at the repetition rate of 1.6 GHz were obtained
from a multimode LD-pumped KLM Yb:KGW oscillator.
This approach opens up a new way to generate high-power
GHz KLM lasers and the numerical simulation method
provides guidance to achieve stable high-power KLM
operation.

2. Experimental setup: design and simulation

2.1. Experimental design

A dual-confocal ring cavity was proposed as shown in
Figures 1(a) and 1(b); the cavity consisted of two pairs
of concave mirrors with radius of curvature (ROC) of 50
and 30 mm, respectively. Here, we set two configurations
with different output couplers (OCs) and group delay dis-
persion (GDD). In the two configurations, one of the mirrors
with ROC of 50 mm has transmittance of 1% and 2% as
the OC. To compensate for the intracavity positive GDD
and balance the nonlinearity, Gires—Tournois interferometer
(GTI) mirrors were used to provide a negative GDD. For the
first configuration with a 1% OC, approximately —1200 fs
GDD around 1035-1055 nm was provided by one of the
mirrors with an ROC of 30 mm, and the other one was
a dichroic mirror. For the second configuration with a 2%
OC, the total GDD of —1100 fs? around 1020-1050 nm was
provided with two concave mirrors of 30 mm ROC. Due
to the dual-confocal geometry, two laser waists are formed
in this resonator, as shown in Figures I(c) and 1(d). In
CW operation (blue curve), one of them has a radius of
approximately 65 pwm, which is slightly larger than that
of the pump beam, and it shrinks to 55 pm in pulsed
operation, which matches better with the pump beam; this
behavior enables Kerr-lens mode locking based on the soft
aperture effect to be implemented. The other one has a
smaller radius of approximately 39 wm in CW operation and
shrinks to approximately 33 wm in pulsed operation (orange
curve), which is beneficial for employing an additional Kerr
medium or conducting frequency doubling. It is therefore
feasible to realize GHz Kerr-lens mode locking pumped by a
multimode LD. In this proof-of-principle experiment, we did
not employ an additional Kerr medium, instead using a 2-
mm-long Yb(5%, atomic fraction):KGW crystal with a high
nonlinear coefficient (2x 107 ¢cm?/W), which acts as both
the gain medium and the Kerr medium. The pump laser was
a multimode fiber-coupled LD with 105-pum core diameter
(BWT, M? = 19.5), which can offer a maximum pump power
of 60 W at 980.5 nm. The pump beam was shaped through
a commercially available coupling optics system that has an
imaging ratio of 1:1 and a transmission of 97% for the pump
wavelength. The focused pump spot size was measured to be
about 101 wm x 104 pm (1/e?).
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Figure 1. (a), (b) Schematic and corresponding photo of the dual-confocal Yb:KGW ring cavity. M1 and M2 have a radius of curvature (ROC) of 50 mm.
M2 also acts as the OC with transmittance of 1% and 2% in two configurations. M3 and M4 have an ROC of 30 mm and provide the total GDD of —1200
and —1100 fs? in two different experiments. (c) Laser beam radius throughout the whole ring cavity, in which the green area marks the position of the gain

crystal. (d) Detail of the beam radius inside the gain crystal.

2.2. Simulation method for Kerr-lens mode locking

For realizing Kerr-lens mode locking, the soft aperture effect
is a prerequisite. In addition, the mode matching between
the pump spot and the circulating laser is a key factor for
realizing stable high-power KLM operation. Here we define
the mode matching ratio n that is equal to the ratio of the
pump waist to the laser waist in the crystal. This ratio n
characterizes the loss of the pulsed laser. When the value
of 1 is close to 1, that is, the beam sizes of the pump and the
laser are approximately equal, the loss of the pulsed laser is
minimized. As well as mode matching, the Kerr sensitivity
parameter § that describes the relative spot size variation is
also considered significant. It is widely used to quantitatively
evaluate the stability of KLM operation. The larger absolute
value of § indicates more stable mode locking and self-
starting is possible, which is defined as follows!**I:

5 1 dw 1

“wd @
where o is the mode radius at a given plane inside the res-
onator, which is a function of the intracavity peak power, P.
In the case of small signal relative spot size variation (P = 0,
CW operation), the calculation of the § parameter is simple
and it can provide the basic guidelines for searching the
regime of Kerr-lens mode locking. However, both the beam
sizes of the laser and the pump are reduced simultaneously as
a result of the changed refractive index of the crystal caused
by the self-focusing effect. In addition, the corresponding
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values of n and § vary accordingly. Therefore, the calculation
of n and § at different stability regimes and at different
intracavity peak powers is necessary when it comes to high-
power KLLM operation. For more accurate quantification of
the high-power KLM operation, the normalized intracavity
peak power is defined as follows:

K=P/P, 2)

where P, is the critical intracavity power for self-focusing,
which is related to the carrier wavelength A, linear refractive
index ny and the nonlinear coefficient n,, defined as follows:

ar? 3
Ll —— (3)
where « is a constant calculated to be 1.86-2.0 for a Gaussian
beam!?*!. Using the normalized intracavity peak power K to
evaluate the Kerr-lens mode locking operation, Equation (1)
is extended as follows:

_lda)

gy @

K

The case of K = 0 corresponds to Equation (1), which
represents CW operation. According to Equation (4), the
Sk parameter can be calculated at different intracavity peak
powers and the optimal intracavity peak power can be pre-
dicted. When it is negative, the mode radius would be
reduced with the increase of intracavity peak power, which
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indicates that self-focusing occurs due to the enhanced Kerr-
lens effect so that the system can support KLM operation
with a soft aperture. In 1993, Magni et al.>*! presented an
analytical method to calculate the Kerr sensitivity of linear
cavities, where the nonlinearity effect of the Kerr medium
was approximated as a thin element with lumped Kerr
nonlinearity. However, the analytical method is not easily
applied to ring cavities and the thin element approximation
of the Kerr effect is less precise for a thick Kerr medium
due to the variation of laser mode sizes at different positions
inside the thick Kerr medium. Xia et al.l’) quantified the
Kerr sensitivity of ring cavities by calculating the self-
consistent Gaussian mode based on the ABCD matrix, but
the same approximation of Kerr nonlinearity was followed
as by Magni et al.”*1.

To quantify KLLM operation more precisely, we optimized
the above methods. The Kerr nonlinearity was regarded as a
stack of nonlinear lenses whose focal length depends on the
beam radius and laser intensity. For a Gaussian beam, the
beam size wg(z) and ROC Rk(z) can be described by the ¢
parameter:

1 1 . A
= —i )
gk (@)  Rx(2) Twg*(2)

®)

Based on the ABCD matrix, wg(z) and Rk(z) can be given by
the following:

L. Zheng et al.

|B| A 1
7\ 1—(A+D)*/4

(N

wg(2) =

where A, B, C and D are the elements of the cavity propa-
gation matrix. In CW operation (K = 0), the solution of the
q parameter is straightforward because the transformation of
the Gaussian beam in the Kerr medium can be calculated by
standard ABCD law. In contrast, the solution of the spatial
mode in KLM operation (K > 0) is complicated. Due to
the Kerr-lens effect, the cavity mode depends on the optical
intensity, which, in return, depends on the cavity mode,
leading to crosstalk between them. Here, the solution of
the g parameter is calculated iteratively. A flowchart of the
simulation is shown in Figure 2. Starting with the solution of
gcw (K = 0) as the initial iteration value, the ABCD matrix
of the nonlinear Kerr lens can be calculated based on the
beam radius in the crystal given by gcw. Then a new matrix
of the resonator including the Kerr effect is achieved, and the
new solution of beam radius will be found. The iteration is
continued in this manner until the g parameter is obtained
at assumed intracavity peak power K. In this simulation
approach, the calculation accuracy of the Kerr-lens effect
directly affects the results of the gx parameter. If the diopter
of the Kerr lens is represented by a thin lens approximatively,
non-negligible errors will be introduced when the thickness
of the Kerr medium is larger than the Rayleigh range of

Re(2) = 2B ©) the laser mode. For calculating the diopter of the Kerr-lens
9= p—a effect accurately, the Kerr-lens effect in the crystal is also
Dy . Nonlinear Kerr Effect
: [ ® :
O |, H i
a) —2| | | |KerrLens| |
AK M |
vl
Dcy W, M

Start: ABCD Matrix

9o (@)

4,k (@) <—| Nonlinear ABCD Matrix

Gaax (@)

qx (@)

Figure 2. Flowchart of the simulation. The cavity mode is calculated by using g parameters, and the ¢ parameters at different intracavity peak power K are
calculated iteratively in steps of AK. In this way, we can obtain the cavity mode at any K according to Equation (7). In this process, the introduced nonlinear
Kerr effect and the resonant cavity form the nonlinear ABCD matrix, where the calculation of the Kerr effect in the crystal is not equated to a thin lens. The
laser crystal is split into a series of slices with a thickness of AL that is much less than the Rayleigh range, and the laser beam size in the crystal is calculated
in an iterative manner, which avoids the coupling of the laser intensity and laser mode in the crystal.
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calculated iteratively, as shown in Figure 2. The laser crystal
is split into a series of slices with a thickness of AL that is
much less than the Rayleigh range; then the nonlinear ABCD
matrix of the crystal is represented by a stacking of each
thin-lens matrix Mgj;ce, Which can be expressed as a nonlinear
matrix and the propagation in a linear medium of length AL:

1 071 AL 1 AL
Mice = [— 1/fstice 1 } [0 1 :| N [_ Vftiee 1 :|
(3

In Equation (8), fgice is the equivalent focal length of each
slice caused by the Kerr-lens effect. The self-focusing effect
of the Gaussian beam propagating in a medium is related to
the intensity-dependent nonlinear refractive index n,, which
can be described by a radially varying refractive index n(r).
In an aberration-free system, n(r) is given by the following:

n(r) = no+nalpe ™2/, )

where g is the linear index of refraction and I is the laser
peak intensity. The optical path difference (OPD) in the
crystal is generated due to the refractive index difference
between the center and the radial direction of the slice, which
can be expressed as follows:

OPD(r) = AL[n(0) — n(r)] = ALnol, (1 —e—zfz/wz) . (10)

According to the geometric properties of the Gaussian
beam focusing, the OPD can also be described by

no [\/ r2+12(r)—f (r)], and it can be approximated as
nor*/2f(r) by neglecting the higher order terms that have
omitted in the expansion due to the much smaller » than f(r).
As a result, in Equation (10) the equivalent focal length f(r)
of a slice as a function of r can be rewritten:

no 7‘2

f(r) = 2ALI’L210 (] _e_2r2/w2) .

an

The center of laser beam (» = 0) has the strongest focusing
power:

no a)2

fCenter f( ) 4ALn2[0

(12)

It is not reasonable to use fceneer directly to represent the
equivalent focal length fgic.. because of the radially varying
focusing strength. Therefore, the weighted average focal
length f,, is calculated to characterize fgc., defined as
follows:

S0y 2w frydr nyw?

= ~ 1.645——. (13)
f0+ I(r)-2mrdr 4ALnyly

Jav =
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Combining the weighted average focal length of Equa-
tion (13) and the thin-lens matrix M., one can calculate
the nonlinear Kerr-lens effect in the laser crystal. By the
iterative calculations of the gx parameter and the nonlinear
ABCD matrix, the cavity modes and the dx parameter can be
obtained at arbitrary intracavity peak power K. The evolution
of the pump waist can also be simulated by the gx parameter
based on Gaussian beam propagation, where we approximate
that the Kerr effect on the pump laser is the same as the
circulating laser. As a result, the mode matching ratio n
can be simulated. According to the calculations of n and
Ok, the optimal regime and intracavity peak power can be
predicted.

3. Results and discussion

3.1. Predictions of the KLM regime

We firstly calculated the relative spot size variation &g at
K = 0, as shown in Figure 3(a), where z is the distance
between the concave mirrors on both sides of the Yb:KGW
crystal and x is the displacement between the laser waist
and the center position of the crystal (see Figure 1(a)).
The self-consistent solutions are in the colored region; the
closer to the edge of the inner stability, the larger |dk| is,
indicating that the Kerr-lens mode locking can be initiated
more easily. The small displacement x had a negligible effect
on Jk. Based on the guidance, one can search for the mode-
locking regime toward the inner stability. For the high-power
operation, the parameter was calculated at K = 1, 1.5 and
2 to facilitate the search for positions of Kerr-lens mode
locking. In contrast to the CW operation, the regime of the
stability map decreases with the increase of intracavity peak
power, indicating that the stable CW operation will evolve
to unstable pulse propagation in this range during the KLM
process, as depicted in Figures 3(b)-3(d). At K = 1, the
maximum of &k is close to the edge around z = 52 mm of
inner stability. When K increases, the regime of the maximal
8k gradually moves in the direction of increasing z. For
example, the maximal g exists around 52.9 mm < z < 53.6
mm at K = 1.5, and 53.8 mm < z < 55.3 mm at K = 2,
where stable Kerr-lens mode locking is relatively easy to
realize. In addition, the stable pulse operation also depends
on the balance of gain and loss in the cavity, as well as
being sensitive to the intracavity power. Proper intracavity
peak power is important for the formation of soliton pulses.
Consequently, we further calculated the variation of the §g
parameter and the mode matching ratio n as a function
of intracavity peak power K for some fixed configurations
(z = 53, 53.5, 54 and 54.5 mm), as shown in Figures 3(e)
and 3(f); there are always inflection points, and their values
vary with different distance of z. The absence of partial
solutions in the curves indicates that the cavity is unstable in
this case.
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Figure 3. (a)-(d) The stability maps are simulated at various normalized intracavity peak powers of K = 0, 1, 1.5 and 2. Here, z is the distance between the
concave mirrors on both sides of the crystal, and x is the displacement between the laser waist and the center position of the crystal (see Figure 1(a)). The
absolute value of §k increases gradually when it is closer to the edge of the inner stability at K = 0. However, at K = 1, 1.5 and 2, §x always maintains a large
value within a certain regime, which offers us a direction in our quest for the KLM regime. (e), (f) Variation of the §x parameter and the mode matching ratio
n with the intracavity peak power K for some fixed configurations, indicating that the best intracavity peak power varies with z; the various configurations

have different optimal values of x and 7, leading to a different K.

The simulated curves describe the dynamic of the
Kerr-lens mode locking. Origin pulses are generated by
optimizing the CW operation close to the edge of inner
stability, accompanied by an increase of the intracavity
peak power K and an enhanced self-focusing effect. As a
result, the beam radius inside the crystal reduces so that ||
becomes larger and the mode matching ratio 1 increases,
which means that the loss of pulsed laser reduces. When
n reaches the extremum value, the pulsed laser gets the
maximal gain while the CW laser gets the maximal loss. In
this instance, soft aperture Kerr-lens mode locking and the
stable pulse operation are easy to establish. If one only
considers the influence of 5 for stable KLM operation,
as shown in Figure 3(f), the optimal K should be slightly
larger than the value at the inflection point, where the mode
matching ratio n will deteriorate as K continues to increase
and cause a reduction in the average power. The reduced
average power in turn causes a lower value of K, leading to a
larger laser mode and better mode matching. Consequently,
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it will play a balancing role and keep the mode locking stable
when K is fluctuating. On the other hand, the larger |§k| is,
the easier it is to initialize and maintain stable Kerr-lens
mode locking. So in order to obtain a stable high-power
KLM operation, one should take into account the influence
of n and |8k|. It is worth noting that the maxima of n and
|6k| correspond to an almost equal value of K at a fixed z,
as shown in Figures 3(e) and 3(f), which indicates that it
is preferable to achieve stable Kerr-lens mode locking with
the configuration where K is larger than the maximum 7
and around the inflection point of |§k|. As further illustrated
in Figure 3(e), the smaller z is, that is, the closer to the
edge of the inner stability, the larger the |5x| value and the
better mode matching that may be attained, while a smaller
corresponding K at the inflection point indicates that the
power supported during steady-state mode locking is lower.
In a trade-off between them, the ideal condition of z for
achieving high power is between 53.5 and 54 mm for this
cavity.
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3.2. Mode-locking results

The implementation of Kerr-lens mode locking is guided by
the simulation. At first, the mirror M2 with 1% transmission
was used as the OC. According to the simulation, the CW
operation was firstly optimized around z & 53.5 mm, and
the self-starting Kerr-lens mode-locking operation occurred
at 22.3-W pump power by finely adjusting to z &~ 53.8 mm,
which has a good agreement with the predicted regime of
z = 53.5-54 mm. The output power of P2 grew to 3.3 W
once the Kerr-lens mode locking was initiated, while the
output power of P1 dropped to 0.6 W. Using an optical spec-
trum analyzer and an intensity auto-correlator, the optical
spectrum and temporal features were subsequently assessed.
The optical spectrum of the pulses was centered at 1049 nm,
with a full-width at half-maximum (FWHM) bandwidth of
5 nm (Figure 4(a)). The measured intensity autocorrela-
tion trace had an FWHM duration of 415 fs. Assuming a
sech’ pulse shape, the corresponding pulse duration was
269 fs (Figure 4(b)). Figure 4(c) shows the radio frequency
(RF) spectra measured via a fast photodetector (bandwidth:
12.5 GHz) and an RF spectrum analyzer. The short-term
stability of the mode-locked operation is proven by the RF
spectrum. The fundamental signal had a distinct signal-to-
noise ratio (SNR) of 57 dB beating at 1.64 GHz with a

resolution bandwidth (RBW) of 10 kHz; the inset displays
RF spectra of the pulse trains in the 10 GHz region, where
there is no significant spectral modulation.

The 3.3-W average power with 269-fs pulse duration was
realized at repetition rate of 1.64 GHz, corresponding to a
peak power of 6.58 kW (Ppeak = SpPav/(frepT), Where S, is
the pulse shape factor, S, = 0.88 for sech’ pulses). With
1% transmittance of the OC, the intracavity peak power was
658 kW, resulting in a normalized intracavity peak power
K = 1.57 (P. = 418.5 kW). In this case, we calculated the
n and |8k| as a function of K at z = 53.8 mm, and the
maxima of 1 and |8k| are 0.890 and —0.580 at K = 1.45 and
K = 1.59, respectively, as shown in Figures 5(a) and 5(b).
The experimental intracavity peak power K of 1.57 is very
close to the simulation value for the maximal |§g| and is
slightly larger than the simulation value for the maximum
n, which has a good agreement with the simulations.

To obtain higher average power, the OC was replaced with
a larger transmittance of 2%. As shown in Figure 3(e), it is
worth noting that if the intracavity peak power K is increased
further, the absolute value of |§k| at the inflection point
would decrease, making it difficult to initiate Kerr-lens mode
locking. By slightly reducing the length of both arms, it
was found that the resonant cavity can handle more power
while keeping an acceptable |5k| value. Thus, the length of
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the cavity was slightly reduced, and the design of the heat
sink was modified to prevent crystal damage, including stress
relief and heat dissipation. Using the same methods, the n
and |8k| of this configuration were simulated, as shown in
Figure 6(a). In high-power operation, such as K > 2, the
predicted z needs to be greater than 53.5 mm (the blue curve
in Figure 6(a)).

According to the guidance, the laser was firstly optimized
in CW operation. The average output power of the bidirec-
tional laser was 4.17 and 4.27 W in CW operation at the
pump power of 30 W, and the optical-to-optical efficiency
climbed to 28.1%. By finely adjusting the cavity alignment
and the distance of z, bidirectional Kerr-lens mode locking
was realized with average powers of 3. 7 and 3.8 W at 31.4-W
pump power. The green and orange curves in Figure 7(a)
show the optical spectra of bidirectional Kerr-lens mode
locking, centered at 1039 and 1040 nm with respective
FWHMs of 9 and 8 nm. Single transverse mode oscillation
was obtained in both CW and KLM operation with the mul-
timode pump LD, as illustrated in the inset of Figure 7(a).
The measured pulse durations were 187 and 195 fs, as shown
in Figure 7(b). The repetition rate is 1.68 GHz due to the
slightly shortened cavity, as shown in Figure 7(c).

Unidirectional Kerr-lens mode locking is also demon-
strated, in which case the mode-locked laser had an average
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power of 6.17 W and the other laser’s power dropped to
0.9 W. The measured optical spectrum is centered at 1038 nm
with an FWHM of 9 nm and the corresponding pulse
duration was 184 fs, as also shown in Figures 7(a) and 7(b).
The result of unidirectional Kerr-lens mode locking was
obtained at z = 53.5 mm, with the parameter calculated of
n and 8k as shown in Figure 6(b). The maximum values
of n and 8§k are 0.891 and —0.444, corresponding to the K
values of 2.12 and 2.00, respectively. In this experiment, the
normalized intracavity peak power K is 2.14 (P, = 409.8 kW
for this configuration), as marked by the red dotted line
in Figure 6(b), and the corresponding n and g are 0.891
and —0.421, respectively, which also match well with the
predictions.

4. Conclusion

In conclusion, by designing the dual-confocal ring cavity,
we overcome the issues faced by conventional GHz KLM
oscillators in which the average power is limited to few tens
of milliwatts. Two laser waists are formed in such geometry,
one of which can mode-match well with the multimode
fiber-coupled LD pump laser so that high-power KLM GHz
oscillators are realized, which offers powerful sources for
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compact OFC generation. The ring cavity geometry also
has the potential to produce single-cavity dual-comb lasers
that take advantage of the bidirectional Kerr-lens mode
locking. Due to the sensitivity of KLM oscillators to cavity
configuration and intracavity power, especially in the dual-
confocal cavity, it is challenging to initiate Kerr-lens mode
locking rapidly. We have proposed a numerical analysis
method to predict the mode-locking regime, in which an
accurate model for calculating the Kerr nonlinearity &g
is employed in the self-consistent equation-based ABCD
matrix. The values of 1 and the §k parameter as a function of
normalized intracavity peak power K at different z allow us
to determine where the stable Kerr-lens mode locking can
be obtained. Combining the dual-confocal design and the
numerical analysis method, we have demonstrated a multi-
mode fiber-coupled LD-pumped KLM Yb:KGW oscillator
around 1.6 GHz repetition rate, in which both high-power
unidirectional and bidirectional Kerr-lens mode lockings
were obtained. Higher average power and shorter pulse dura-
tion are expected by using OCs with high transmittance and
a gain medium with a broad emission band. The attenuated
Kerr nonlinearity caused by large OCs can be compensated
by an additional Kerr medium positioned at the smaller waist
in the dual-confocal cavity, which can enhance the SPM
effect and enable the use of various laser crystals as gain
media, even in the absence of a sufficiently high nonlinear
coefficient. Not only is the cavity design applicable for the
average power and pulse length scales, but also for the
repetition rate scale. A higher repetition rate can be designed
by employing the combinations of concave mirrors with
smaller ROCs, and the cavity mode can also match well
with a multimode LD and is appropriate for soft aperture
Kerr-lens mode locking. The cavity design holds not just for
ultrafast 1-pwm laser sources, but it can also be deployed at
other wavelengths, such as for GHz Cr:ZnS/ZnSe oscillators
at longer wavelength in the mid-infrared band, because the
GDD introduced by Cr:ZnS/ZnSe crystals can be compen-
sated by the additional Kerr medium in the cavity, such as
yttrium aluminum garnet (YAG), which has a negative GDD
around 2 pum™®’!, The new class of ultrafast lasers enabled by
this technique represents an important step towards compact
GHz KLM oscillators with tens of watt-level average power.
These powerful sources will be desirable for applications
involving high-power OFCs and dual-comb spectroscopy.
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