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We demonstrate a high-power, octave-spanning, Kerr-lens mode-locked Ti:sapphire laser using double-chirped mirrors to precisely compensate
for intracavity dispersion. The ultra-broadband spectrum spans from 550 nm to 1100 nm and the few-cycle pulse is as short as 6.6 fs with an
average power up to 880 mW corresponding to the peak power of 1.6 MW. This is, to the best of our knowledge, the highest average output power
directly achieved from an octave-spanning Ti:sapphire laser oscillator at the repetition rate of 80 MHz. In addition, the third-order harmonically
mode-locked phenomenon was observed in our experiments. © 2019 The Japan Society of Applied Physics

been an excellent gain crystal for producing near-

infrared femtosecond laser pulses because of its
superior  optical, thermodynamic and mechanical
properties."? In the past few decades, Ti:sapphire lasers
are able to emit sub-10-fs pulses with an octave-spanning
spectrum thanks to the invention of Kerr-lens mode-locking
(KLM) technology and double-chirped mirrors (DCMs).>™
Octave-spanning Ti:sapphire lasers are widely used for
frequency comb,” generation of isolated attosecond
pulses,” broadband spectroscopy,'” excitation of multiple
fluorescence proteins'" and so on.'?

To date, three methods have been reported to generate an
ultra-broadband spectrum from a Ti:sapphire oscillator. The
first approach is usually to employ the strong nonlinear
effects in a photonic crystal fiber (PCF) to generate an
octave-spanning spectrum outside the resonant cavity.'>~'®
However, due to the low damage threshold of the PCF end
facets and the relatively low coupling efficiency, it is difficult
to deliver an octave-spanning spectrum with high average
power. The coherence of the supercontinuum is usually
reduced because of additional amplitude-to-phase noise
induced by the complex nonlinear processes in fiber.
Moreover, the complicated coupling mechanism and the
accumulated heat on the PCF end facets degrade the long
term stability. The second approach is to combine DCMs
with prism pairs inside the cavity for fine tuning the
intracavity dispersion to achieve an ultra-broadband spectrum
and shorter pulse.'””'” However, insertion of the prism pairs
may cause high order dispersion, which cannot be fully
compensated by DCMs. Due to the long distance between the
prism pair, it is also hard to increase the laser repetition rate
to more than 200 MHz. The third approach is to use DCMs
for dispersion compensation in the resonator.”” DCMs have
higher reflectivity, large dispersion, and are easy to align. A
pair of small-angle wedges is usually inserted into the optical
path for dispersion fine tuning. In 2001, an octave spanning
Ti:sapphire laser with 120 mW output power was first
reported by Ell et al., which utilized additional self-phase
modulation in a BK7 plate inside the cavity.z” Then, Matos
et al. described an octave-spanning, prismless Ti:sapphire
laser with the phase stabilization, but the average power was
only 90 mW under the mode-locked operation.”” Zhang et al.
reported an octave-spanning Ti:sapphire oscillator with

Titanium—doped sapphire (Ti:sapphire, Ti:Al,O3) has
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output power of 200 mW in 2012.**> Most recently, Yu
et al. reported an octave-spanning Ti:sapphire laser with the
maximum power of 320 mW, which was developed as a
monolithic optical comb.”” Although, there are many ap-
proaches to generate an ultra-broadband spectrum,” 2" the
high output power close to watt-level has been a challenge.
The typical average output power of octave-spanning Ti:
sapphire lasers is usually below 400 mW, which limits the
feasible applications in many fields. A high-power octave-
spanning laser oscillator has been applied for a monolithic
optical comb to improve the signal-to-noise ratio (SNR) of
beat signal where the different frequency crystal MgO: PPLN
can handle higher power.”®?” Higher average power also
benefits frequency comb spectroscopy. Furthermore, high
power lasers with one octave spectrum can be utilized to
surface second harmonic generation in some two-dimen-
sional materials (e.g., graphene).3‘)’3')

In this letter, we use specially designed DCMs to precisely
compensate for intracavity dispersion and implement a high-
power, octave-spanning, Kerr-lens mode-locked Ti:sapphire
laser oscillator. The laser delivers 6.6 fs pulses with 0.88-W
average output power and an ultra-broadband spectrum
covering from 550 nm to 1100 nm. This is, to the best of
our knowledge, the highest output power directly delivered
from a Ti:sapphire oscillator at the repetition rate of 80 MHz.

The schematic experimental setup is shown in Fig. 1. A
typical astigmatically compensated Z-fold eight-mirror cavity
is adopted. The total length of cavity is 1874 mm, in which
the long and short arm are 1254 and 624 mm respectively,
corresponding to the repetition rate of 80 MHz. Two folding
mirrors M5 and M6 with a radius of curvature (ROC) of
75 mm are utilized to increase the power intensity in the
crystal. We estimated the intracavity beam waist is 8.2 x 9.6
um? (1/¢%) under the ABCD matrix analysis. The pump laser
was focused onto the Ti:sapphire crystal by a lens with the
focal length of 50 mm. The waist radii of the pump laser were
measured to be 7.6 x 8.1 um? (1/e*) by a commercial CCD
camera. A diode-pumped, frequency-doubled CW laser
capable of providing a maximum output power of 15W at
532nm was chosen as the pump source. A 2-mm-long,
Brewster-angle-cut Ti:sapphire crystal with a3, = 7.3 cm™!
and figure of merit (FOM) >100 was employed as the active
medium whose single-pass absorption coefficient was 75% at
532 nm. To reduce the accumulated heat in the Ti:sapphire

© 2019 The Japan Society of Applied Physics
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Fig. 1.

(Color online) Experimental setup of the high-power octave-spanning Ti:sapphire laser. Three pairs of DCMs (M2-M7) with smooth average are used

in the cavity. M5, M6: plane-concave chirped mirror pair with ROC of 75 mm, OC: output coupler with transmittance of 20%, L: pump lens (f = 50 mm), FS:
fused silica plate, W1, W2: a pair of fused silica wedges, M1, M8, M9: plane silver mirror. M10, M11: DCM, BS: beam splitter, M14: off-axis parabolic mirror
coated with gold film. BBO: barium metaborate crystal with the thickness of 20 ym. PMT: photomultiplier tube.

crystal and keep a stable operation, the Ti:sapphire crystal
was wrapped with indium foil and mounted tightly on a
water-cooled copper heat sink block kept at 18 °C during the
experiment. Two concave spherical mirrors of M5 and M6
were coated with high reflectivity over 99.9% in the range of
600-1080nm and high transmission at 532 nm as pump
mirrors. Moreover, in order to generate sub-10-fs pulse
directly, three pairs of double-chirped mirror pairs (M2-
MT7) were employed in the cavity to provide ultra-broadband
negative second-order dispersion. The group dispersion delay
(GDD) of the M2 and M3 oscillates around —45 fs?, but the
average GDD is very smooth between 650 nm to 1100 nm.
The average GDD of the M4 and M5 is around —55 fs* at
650-1150 nm, and M6 and M7 have —55 fs? of the flat
average GDD ranging from 600nm to 1200 nm. For the
purpose of increasing the average output power, a 0.5-mm-
thin specially designed output coupler (OC) with high
transmittance of 20% at 600-1000 nm was employed in the
cavity. A plane silver mirror (M 1) was placed on a translation
stage as the end mirror. Meanwhile, a pair of fused silica (FS)
wedges (W1) and a 1-mm-thick FS plate were used to finely
compensate the intracavity dispersion. The schematic dia-
gram of the autocorrelator for measuring the pulse duration is
shown in the dotted line of Fig. 1.

First, we calculate the dispersion of common material and
the net dispersion in the cavity, as displayed in Fig. 2. The net
dispersion in the cavity is approximately —20 fs* ranging
from 640 nm to 1100 nm, which is the key for achieving
stable octave-spanning mode-locking. The laser cavity was
aligned carefully to ensure operation at the fundamental
TEMo mode. The maximum CW output power is 1.2 W with
a 20% output coupler under 5.5-W pump power. The KLM
laser operation was realized by carefully adjusting the
position of chirped mirror M5 and the crystal to the edge
of the stable region. Fast shaking end mirror M1 initiated
stable mode-locked operation that delivers a stable pulse train
with a repetition rate of 80 MHz detected by a fast photo-
diode and a digital oscilloscope.

In order to further characterize the mode locking perfor-
mance, we measured the output power at different pump
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Fig. 2. (Color online) Calculated unit dispersion of common material curve

(a) and net dispersion curve of the intra-cavity component.

power, as shown in Fig. 3. The beam profile under the
maximum output power is shown in the insert of Fig. 3. The
highest mode-locked average power of 0.88 W is achieved at
the pump power of 5.5 W. The slope efficiency is calculated
to be 20.1%. Further increasing pump power leads to multi-
pulsing.

By optimizing the position of the pump mirror M5 and the
Ti:sapphire crystal, as well as the insertion of FS wedge pairs
W1, we obtained ultra-broadband and smooth spectrum

© 2019 The Japan Society of Applied Physics
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Fig. 3. (Color online) Mode-locked average power at different pump
power. Insert: beam profile measured by a commercial CCD camera.

spanning from 550nm to 1100nm centered at 760 nm
(Fig. 4). The interferometric autocorrelation trace is measured
by a second-order autocorrelator. Chirped mirror M10 and
M11 with smooth average GDD of —60 fs* from 550 nm to
1080 nm was used to pre-compensate for the dispersion of
OC, air and BS outside the cavity. The inserted length of W2
is changed for optimization of pulse duration. The results in
Fig. 5 showed that the pulse duration is 6.6 fs, which slightly
deviates from Fourier-transform-limited pulse duration of 5.3
fs. Both smooth wings in the autocorrelation trace indicated
the nice compensation of third-order dispersion. We believed
that even shorter pulse duration could be obtained by fine
dispersion compensation outside the cavity.

Using a radio-frequency (RF) spectrum analyzer and a
photodetector (PD), we measured the RF power spectrum, as
shown in Fig. 6. An SNR of 89dB of the fundamental
80 MHz repetition rate was recorded in a frequency span of
20 MHz with a resolution bandwidth (RBW) of 1kHz, as
shown in Fig. 6(a). Figure 6(b) described several harmonics
of repetition frequency in a frequency span from O to 1 GHz
under the RBW of 100kHz. The RF power spectrum in
Fig. 6(b) illustrated that the stable KLM operation was
realized without multi-pulse operation. The decrease of the
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Fig. 4. (Color online) Typical output spectrum of the high-power Ti:
sapphire laser, covering from 550 nm to 1100 nm.
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Fig. 5. Measured autocorrelation trace from the Ti:sapphire laser, corre-
sponding to the pulse duration of 6.6 fs.
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Fig. 6. The RF power spectrum of pulse train detected with a 1 GHz photo
detector: with a resolution bandwidth of 1 kHz at the fundamental repetition
rate of 80 MHz (a) and full spectrum up to 1 GHz with 100 kHz resolution
(b).

harmonics peaks in Fig. 6(b) might be originated from the
limited frequency response of the RF spectrum analyzer.

In addition, the harmonically mode-locked phenomenon is
observed in our experiments, which is common in fiber
lasers. The third-order harmonically mode-locked pulse at a
repetition of 240 MHz was obtained, as showed in Fig. 7,
when the M5 and Ti:sapphire crystal was adjusted to the
proper position. The harmonically mode-locked pulses were
established when multiple soliton with same amplitude
propagate periodically in the cavity. Meanwhile, the phase

© 2019 The Japan Society of Applied Physics
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Fig. 7. (Color online) Oscilloscope traces of the harmonically mode-locked
1

pulse trains in the time scales of 2 ns div ™.

difference of the adjacent soliton pulse is equal to 2 7. It is
beneficial for generating femtosecond pulses at ultra-high
repetition rate.
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