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Abstract: We present a fully bonded, misalignment-free, diode-pumped Yb:ceramic (Yb:Y2O3)
oscillator producing 190-fs pulses at a repetition frequency of 2.185 GHz. Self-starting Kerr-
lens-modelocked operation was obtained from both outputs of the ring cavity with an average
combined output power of 14–30 mW for pump powers from 380–670 mW. The fully bonded
design provided self-starting, turnkey operation, with a relative intensity noise of 0.025% from
1 Hz–1 MHz. Tuning of the pulse repetition rate over a 120 kHz range was demonstrated for a
2°C change in temperature. Chirped-pulse amplification in a semiconductor optical amplifier
was shown to increase the pulse average power to 69 mW and the pulse energy (peak power) from
2.5 pJ (12 W) to 32 pJ (71 W).

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Miniature and robust GHz-rate ultrafast lasers have considerable potential as sub-components in
future quantum timekeeping systems, terabit communications systems and ultrafast sampling
instrumentation. Candidate technologies include fiber lasers, integrated-optical micro-resonators
and solid-state modelocked lasers, within which those based on Yb-doped crystals [1,2] and
notably on Yb-doped ceramic are attractive due to their efficient pumping and ability to be
Kerr-lens modelocked at high GHz repetition rates [3,4]. The exact alignment needed for Kerr-lens
modelocking requires precision optomechanics, typically at a cost of size, weight, and mechanical
stability. Recently, we solved this problem by directly bonding the intracavity elements of a
1.5-GHz Yb:ceramic laser onto an aluminum breadboard, demonstrating improvements in noise
performance and long-term stability [5]. This system retained optomechanically mounted pump
formatting optics. We now present the next step in this development by demonstrating a turnkey,
2.2-GHz Kerr-lens-modelocked laser in which the entire intracavity and pumping optics are
directly bonded onto a single aluminum platform, and we demonstrate the implementation of
chirped-pulse amplification to achieve an 11-dB energy gain and pulses with a peak power of
71 W.

2. Laser design

The resonator design followed one previously presented in a demonstration of our 1.5-GHz
system [5]. The bow-tie ring-cavity was formed around a 2-mm-thick, 2%-doped Yb:Y2O3
crystal inserted into the cavity at Brewster’s angle. Intracavity focusing was provided by two
curved mirrors with radii of curvature of -15 mm and a high-reflectivity coating. The ring was
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completed by two plane mirrors, one high-reflector mounted on a piezo-transducer (PZT) for
repetition rate control, and the other a 0.2% output coupler with a Gires-Tournois interferometer
(GTI) coating with a group delay dispersion of -550 fs2. The laser operated bidirectionally and
produced two counter-propagating outputs (Fig. 1(a)). The crystal was pumped with a single
980-nm diode which was pigtailed with an FC/PC-terminated polarization-maintaining fiber. The
fiber output was relay imaged into the crystal through a 2:1 telescope comprising two positive
lenses with focal lengths of 12.5 mm (L1) and 25 mm (L2). Robust and permanent alignment of
the pump beam was achieved by bonding an FC/PC fiber bulkhead connector and both lenses
onto the aluminum laser breadboard using custom aluminum adaptors. Following a similar
approach to that described in [5], the Yb:Y2O3 gain crystal and each of the cavity mirrors was
bonded to the aluminum breadboard in positions that were first adjusted to obtain Kerr-lens
modelocking. This design extends our previously reported approach demonstrated in a 1.5-GHz
oscillator by fully bonding both the pump and cavity optics, resulting in a laser which is entirely
free of optomechanical mounts. Once the breadboard temperature was set correctly, the laser
self-started in Kerr-lens-modelocked operation, and has been operated for over one year in this
configuration. Additionally, due to the higher repetition rate, the use of a fully bonded design,
and a reduction in size of the pump imaging system, the footprint of the laser has been halved in
comparison to the previous design, reducing from 177×50 mm2 to 104×36 mm2, as shown in
Fig. 1(b).

Fig. 1. (a) Resonator design with the main elements and distances between them highlighted
as follows: FC, fiber-coupled pump; L1 and L2, 2:1 telescope; M1 and M2, focusing mirrors
with R= -15 mm; M3, plane high-reflector on a piezo-transducer (PZT); M4, GTI-coated,
0.2% plane output coupler. (b) Laser oscillator with a £1 coin shown for scale. (c-d)
Propagation model of the cavity sagittal (top) and tangential (bottom) beam inside the
oscillator in cw and KLM modes, with the faces of the optical elements highlighted. The
model origin (distance= 0 mm) is the intra-crystal beam waist. (e-f) Beam propagation
model inside the crystal (shaded area): sagittal (top) and tangential (bottom) planes.

We implemented a nonlinear ABCD matrix model describing power-dependent propagation
within the crystal to simulate the propagation of the beam inside the cavity at low and high peak
powers. The theory is an extension of that presented by Bouma et al. [6] and Paye et al. [7],
which implements approaches from [8–13]. Shown in Figs. 1(c) and 1(d), the change in the
cavity mode size is separately modeled for cw and KLM operation. The model origin is the waist
formed in the middle of the crystal, and the beam propagation is shown for exactly one roundtrip
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through the cavity, highlighting an additional beam waist between the two plane mirrors, which
results in slightly diverging output beams transmitted through M4. As discussed in [14] and
[15], a sufficient power-dependent change in the cavity transverse mode size ensures self-starting
Kerr-lens modelocking. According to the propagation model, the self-focusing effect inside the
crystal reduces the beam waist radius by 2% from 13.5 µm in cw mode to 13.2 µm in KLM mode
(assuming an intra-crystal power of 0.1 Pcrit). This spot size is well matched to the pump spot
formed by the telescope relay optics, which image the 6.6-µm mode size of the pump fiber into a
13.2-µm focal spot in the crystal, ensuring good modematching for both operating modes.

3. Laser performance

As the bow-tie ring cavity results in two outputs, the pump-power dependency of both was
measured individually and the spectra of the outputs recorded. Three main regions of laser
operation were identified as shown in Fig. 2(a), with their corresponding spectra shown in
Fig. 2(b). Yellow indicates the region where both outputs operated in the cw regime, extending
from 80–380 mW pump power. Red indicates the regime where both outputs were Kerr-lens-
modelocked in a self-starting bidirectional mode, and this region spanned from 380–670 mW.
The output powers produced in this modelocked region ranged from 7–15 mW in each beam,
depending on the pump power, and resulted in a bidirectional modelocking optical conversion
efficiency of 5.7%, consistent with previously reported performance from similar systems [3].
The central wavelength of the laser was measured to be 1077.8 nm and the bandwidth of the
modelocked spectrum increased from 6–7.5 nm as the pump power was raised. Above 670 mW
the modelocking mechanism became overdriven (blue region) with one output reverting to cw
operation while the other remained modelocked, i.e. unidirectional modelocking. However, due
to the identical optical paths of both beams inside the cavity, and the potential for cross talk
between them, the strong cw component was also observed in the spectrum of the modelocked
output (Fig. 2(b)).

Fig. 2. (a) Laser slope efficiency with cw (yellow), bidirectional KLM (red) and unidirec-
tional cw and KLM (blue) regions of operation highlighted. The symbols show the combined
power (circles) and the individual powers from outputs 1 and 2 (triangles). The solid red line
is a linear fit showing a slope efficiency in bidirectional modelocking of 5.7%. (b) Spectra
of the respective modelocking regions. (c) Radio-frequency spectrum of the laser showing
the fundamental repetition rate at 2.185 GHz and its higher harmonics.
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The repetition rate of the oscillator was recorded using an InGaAs photodiode for a measurement
span of 10 GHz and is shown in Fig. 2(c). The resolution bandwidth of the instrument was set to
50 kHz. This measurement highlights the repetition rate of 2.185 GHz and confirms the absence
of double pulsing during the modelocked operation.

To emphasize the stability of the laser components in a fully bonded configuration, the power
spectral density of the relative intensity noise (RIN) was recorded for frequencies between 1 Hz
and 1 MHz and is shown in Fig. 3(a) along with the background measurement of the noise floor in
Fig. 3(b), integrated from 1 µs to 1 s. The cumulative RIN of the modelocked laser was measured
to be 0.025%, with the background noise constituting 0.0075%. The low frequency noise peak
can be explained by the electrical noise contribution from the pump diode, and the high frequency
noise is contributed by the background electronics. The very low noise performance is consistent
with the previous 1.5-GHz prototype.

Fig. 3. RIN measurement recorded with an observation time of 1 s and a bandwidth
of 1 MHz. (a) Power spectral density of the RIN on the laser output with an rms value
of 0.025% and (b) background measurement with the laser beam blocked, showing a
measurement-system rms RIN of 0.0075%.

We investigated the impact of temperature variation on the laser during prolonged operation by
varying the temperature of the aluminum breadboard. Peltier heating elements were placed under

Fig. 4. Change of repetition rate as a function of temperature for (a) output 1 and (b) output
2.
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the breadboard and the behavior of each output was investigated individually by recording the
repetition rate deviation from a 2.185 GHz reference signal supplied by a frequency synthesizer.
From the measurements in Fig. 4 it can be seen that the modelocking remained stable within a 2°C
temperature change, accompanied by a 120-kHz repetition-rate change before going out of locking,
as represented by the empty datapoints. Due to the self-starting nature of Kerr-lens-modelocked
operation of the laser, its operation was immediately regained by returning the temperature to the
original region of stability. Both outputs behaved similarly over the investigated region. For pure
aluminum, the coefficient of thermal expansion (CTE) is around 18–24 ppm °C−1 [16], implying
a repetition-rate change of 79–105 kHz, close to the observed value for a 2°C temperature change.

4. Chirped-pulse amplification in a semiconductor optical amplifier

Many applications of ultrafast lasers exploit their high peak powers to drive nonlinear processes
such as supercontinuum generation, but the high pulse repetition rate of the laser means that
significant average power is needed to achieve sufficient peak power for nonlinear optics. Two
alternative solutions are to scale the pump power to the laser or to amplify its output. The KLM
action in the laser requires a high-quality single-mode pump beam, which at 980 nm is typically
only available at ≈1000 mW powers, limiting the direct scalability available. This motivates
an exploration of post-amplification of the output pulses. For this purpose, semiconductor
optical amplifiers (SOAs) offer high gain, compact size, easy integration, and moderate cost
at a wavelength compatible with the 1078-nm Yb:Y2O3 laser output. Their application to
ultrafast pulse amplification has been studied over many years, highlighting several challenges
for femtosecond pulse amplification. When the pulse width is much shorter than the carrier
lifetime (a few tens of ps), the gain is reduced [17] and the spectral shape of the amplified pulses
is distorted [18,19] because such pulses quickly deplete the gain and carrier density, leading to
changes in index of refraction that are responsible for self-phase modulation [18,20,21]. Lee et
al. [22] showed that two regimes exist for different pulse repetition rates, such that amplification
is limited by the energy saturation for low repetition-rate pulses, while the power saturation is
the limiting factor for high-repetition-rate pulses, consistent with experiments showing that the
saturation energy for 150 fs pulses was considerably lower than for 15 ps pulses [23]. This insight
led to the concept of extreme chirped-pulse amplification (CPA) [24], in which the input pulses to
the SOA are stretched using chirped fiber Bragg gratings [25] to durations that nearly fill the time
window between pulses and so simulate cw optical injection into the amplifier. This approach
maximizes energy extraction from the SOA and suppresses the strong amplified spontaneous
emission (ASE), which would otherwise be emitted whenever the gain was unsaturated, including
in the gaps between successive pulses [26]. Amplification of femtosecond pulses has been
reported for 580 fs, 4 GHz pulses at 922 nm [27] and for 160 fs, 1.6 GHz pulses at 860 nm [28].
Here, we demonstrate amplification and compression of the Yb:Y2O3 laser pulses to 400 fs using
a fiber-coupled SOA (Innolume GmbH, SOA-1080-20-PM-40 dB) and CPA implemented in
chirped volume Bragg gratings (CVBGs) similar to the design presented by Sakamoto et al. [28].

Output 1 of the laser operating in the bidirectionally modelocked regime was used for
amplification, following the scheme shown in Fig. 5(a). A collimating lens was introduced
after the cavity to compensate for the slight divergence of the output. The 41-mm-long CVBG
(OptiGrate, USA) was designed for a central wavelength of 1078 nm and had a chirp of 26.6 ps
nm−1, corresponding to a stretching time of 500 ps, which was well matched to the pulse repetition
period of 450 ps. The CVBG, with a diffraction efficiency> 85% and spectral bandwidth of
15 nm, was anti-reflection coated and was used at normal incidence to the beam to stretch the
pulses; the infrared photograph of the grating in operation can be seen in Fig. 5(b). A combination
of a quarter-wave plate (QWP) and a polarizing beamsplitter (PBS) was used to reflect the
stretched pulses and couple the beam into the input fiber of the SOA. A symmetrical conditioning
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scheme was performed after the output fiber of the SOA to recompress the pulses using the same
optical path inside the CVBG and to extract them for subsequent characterization.

Fig. 5. (a) Layout of the CPA scheme with elements highlighted as follows: L1, collimating
lens; M1–M4, silver beam-steering mirrors; PBS, polarizing beamsplitters; QWP, quarter-
wave plates; CVBG, chirped volume Bragg grating; SOA, fiber-coupled semiconductor
optical amplifier. (b) Infrared photograph taken of CVBG in operation, with the seed pulses
incident from the right and the amplified pulses incident from the left. (c) The fiber-pigtailed
SOA package used.

The modelocked amplification of the SOA was evaluated by varying the drive current as shown
in Fig. 6(a). The power of the seed light coupled into the input fiber was around 5.5 mW due
to the loss on the reflective elements used for beam steering. At the quoted typical operating
current of the device of 400 mA, the seed was amplified from 5.5 mW to 69 mW. The amplified
spontaneous emission (ASE) was measured with the seed beam blocked and was found to be
consistently below 2 mW ±0.4 mW at drive currents above 200 mA. The low unseeded value can
be explained by the CVBG spectral characteristic, which acts as a strong optical bandpass filter
around 1078 nm, which together with the PBS acts to reject much of the strong, long-wavelength
ASE. In Fig. 6(b) we show spectra of the ASE before and after the CVBG, illustrating how the
grating reflectivity crops a significant portion of the ASE.

Fig. 6. (a) Gain characterization curve of the SOA when seeded with a cw 1078 nm laser
with a power of 5.5 mW (blue) and ASE values measured with no seed laser (red). (b) ASE
spectra before (red) and after (blue) the compression output of the CVBG.

To investigate the time-domain performance of the laser before and after amplification, a
two-photon autocorrelation (TPA) was measured to analyze the pulses. Both autocorrelation
traces were taken when the laser was operating in the bidirectional modelocking regime. The
TPA of the pulses directly from the laser oscillator is presented in Fig. 7(a) and shows good
agreement with the autocorrelation envelope (black) calculated using the Fourier transform of
the measured spectrum shown in Fig. 7(c) and corresponding to chirp-free 188 fs sech2(t) pulses.
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The estimated pulse shape inferred from this measurement model is shown in Fig. 7(d) and
corresponds to pulses with a peak power of 12 W.

Fig. 7. (a) Two-photon autocorrelation (TPA) of the pulses directly from the oscillator and
(b) TPA of the amplified pulses. The black curves are the autocorrelation envelopes of the
pulses computed from the Fourier transform of the pulse spectrum and adding quadratic
spectral phase to obtain the best agreement with experiment. No additional phase was
added in (a), while 0.035 ps2 was added in (b). (c) Spectra of the pulses before and after
amplification. (d) Estimated peak power of the pre-amplified and amplified pulses.

The TPA of the amplified pulses was measured using the same technique and is shown in
Fig. 7(b), with the spectrum and modeled pulse power compared to the pre-amplified results in
Figs. 7(c) and 7(d). With a drive current of 400 mA applied to the SOA, the pulses were amplified
from 5.5 mW to 69 mW of average output power. The amplified pulse duration was inferred from
the fitted autocorrelation to be 400 fs, and the peak power was increased to 71W.

From the frequency-domain perspective, the modelocked spectrum of the amplified pulses
exhibited a red-shift as seen in Fig. 7(c), where the central wavelength shifted from 1077 nm
to 1079 nm and the FWHM bandwidth remained around 7 nm. Due to the CVBG transmission
bandwidth, the shape of the amplified spectrum does not follow the ideal shape expected for
sech2(t), pulses since the wings are sharply cut off, as is most evident at wavelengths over
1086 nm. Importantly, even when the bandwidth remains the same, this spectral reshaping has a
significant impact on the pulse shape, since soliton-like sech2(t) pulses possess a particularly low
duration-bandwidth product (0.315) in comparison to other pulse shapes like Gaussian (0.441)
or parabolic (0.728). Consequently, the transform-limited full-width half-maximum duration
corresponding to the amplified pulse spectrum is 256 fs, substantially longer than the seed pulse
duration despite its similar bandwidth, and corresponding to a duration-bandwidth product of
0.50. The remaining chirp is a result of the optical fiber used to couple the light into and out of
the SOA, as each fiber pigtail was 49 cm long and introduced group-delay dispersion which could
not be compensated by the CVBG. By reducing the length of the fiber or changing to an entirely
free-space coupled SOA we believe it will be possible to easily exceed 100 W of peak power.
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5. Conclusions

In summary, we have demonstrated a compact and misalignment-free Kerr-lens-modelocked
Yb:Y2O3 oscillator operating at 2.2 GHz and its amplification in a semiconductor optical amplifier.
In a bidirectional modelocking regime the laser exhibited an optical conversion efficiency of
5.7% and produced 30 mW of combined power from both outputs, with a RIN of 0.018% from
1 Hz–1 MHz and 100 kHz tuning of the repetition-rate for a temperature change of 2°C. Chirped-
pulse amplification in a fiber-coupled SOA was demonstrated with a gain of 11 dB, increasing
the pulse peak (average) powers from 12 W (5.5 mW) to 71 W (69 mW) and accompanied by
an increase in pulse durations from 186 fs to 400 fs. Correspondingly, the pulse energies were
increased from 2.5 pJ to 32 pJ.

The results presented here show a potential route to a very compact, robust, low noise and
misalignment-free few-GHz optical frequency comb. By employing a free-space tapered optical
amplifier with a higher saturated output power we expect that the small footprint can be maintained
while achieving peak powers sufficient for supercontinuum generation in fibers or other nonlinear
waveguides. This approach is also expected to be directly applicable to the power scaling of
recently reported directly-diode-pumped GHz Ti:sapphire oscillators [29].
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Council (EP/P005446/1).
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