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Pulses as short as 8.1 fs were generated from a blue laser-diode-pumped Kerr-lens mode-locked Ti:sapphire
oscillator, with an average power of 27 mW and a repetition rate of 120.6 MHz. The full width at half-maximum
exceeds 146 nm, benefitting from the dispersion management by a combination of a low-dispersion fused silica
prism pair and a series of double-chirped mirrors. To the best of our knowledge, this is the first time to generate
sub-10-fs pulses from a laser diode directly pumped Ti:sapphire oscillator.
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Ti:sapphire is an excellent and widely used gain medium in
the near-infrared region due to its high thermal conduc-
tivity, broad absorption bandwidth, and large cross sec-
tion of the stimulated emission. In 1991, the Kerr-lens
mode-locking (KLM) phenomenon was firstly, to the
best of our knowledge, discovered in a Ti:sapphire laser
pumped by an argon-ion laser”. Various types of pump
sources were used to pump Ti:sapphire lasers, including
an argon-ion laser’?, frequency-doubled diode-pumped
solid-state laser (DPSSL)E, frequency-doubled fiber la-
serd, and optically pumped semiconductor laser (OPSL)2.
Although many of them have good beam quality and high
brightness, these pump sources tend to be quite compli-
cated and therefore very expensive. The laser diode
(LD), on the other hand, with compact fabrication and
simple packaging, can support high output power with
stable performance at much lower cost'>Y. With the devel-
opment of GaN-based materials, high-brightness and
high-power blue—green LDs have become increasingly ma-
ture, which also enables the development of LD directly
pumped Ti:sapphire laser.

In 2009, a 452 nm LD directly pumped Ti:sapphire laser
demonstrated by Roth et al. obtained continuous wave
(CW) laser output?®. Mode-locked Ti:sapphire lasers,
directly pumped by blue—green LDs were reported later
by different groups, based on either KLM or passive
mode-locking using a semiconductor saturable absorber
mirror (SESAM)%2X. In contrast to SESAM passive
mode-locking, which is usually limited by the operable
bandwidth, KLM can support larger bandwidth for
mode-locking and, therefore, shorter pulse duration. So
far, the shortest pulses reported were achieved by
KMLabs Inc. from a blue LD-pumped KLM Ti:sapphire
laser™. A single 3.1 W 465 nm LD was used as the
pump, and pulses as short as 13 fs were generated from
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a prism-dispersion-managed oscillator. Further reduc-
tion of the pulse duration needs to manage the self-phase
modulation (SPM) and residual high-order dispersions.
Few-cycle pulses down to sub-10-fs can find important ap-
plications in spectroscopy?, metrology2Y, optical coherent
tomography, optical frequency comb, etc. Till now,
there is no report on sub-10-fs pulse generation directly
from an LD-pumped Ti:sapphire oscillator.

In this Letter, we report sub-10-fs pulse generation from
an LD directly pumped Ti:sapphire oscillator by fine man-
agement of the dispersion and SPM. Pulses as short as
8.1 fs were obtained with an average power of 27 mW
and a repetition rate of 120.6 MHz. This is, to the best
of our knowledge, the first demonstration on LD directly
pumped Ti:sapphire lasers to deliver sub-10-fs pulses.

The experimental setup is schematically illustrated in
Fig. 1. We used a 455 nm LD with a maximum power
of 3.5 W as the pump source (Beijing Laserwave Opto-
Electronics Technology Co. Ltd., Model LWBL455-
3.5 W). The pump diode emits p polarized laser radiation
(p:s =100:1). The LD beam firstly passed through a
beam shaping system consisting of an aspheric lens
(f1 =4 mm) and two cylindrical lenses (fr., = —30 mm
and fr3 =300 mm), after which the beam spot size was
8 mm and 3 mm in the horizontal and vertical direc-
tions, respectively. For the gain medium, a 3.5-mm-long,
Brewster-cut Ti:sapphire crystal with 0.25% doping was
mounted in a copper heat-sink, maintained at 20°C by
a water cooling system. The single-pass absorption coeffi-
cient through the gain medium is 71% for the 455 nm LD,
which is lower than that of the 532 nm laser (88%), pri-
marily because the 455 nm wavelength deviates far from
the Ti:sapphire absorption peak. For the laser cavity, the
oscillator used a standard Z-fold cavity with astigmatism
compensation. The output-coupler (OC) arm and the
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Fig. 1. Experimental setup of the blue LD-pumped Ti:sapphire 700 800 900 1000
oscillator. A 455 nm LD was used with a beam shaping system Wavelength (nm)
(Ly, Ly, and Ly) as the pump source. The lens L, focused the
pump into a Ti:sapphire crystal, with the pump spot as shown
in the inset. Curved double-chirped mirrors DCM; and DCM,, 600
flat double-chirped mirrors DCM3 and DCM,, output-coupling 3001
mirror OC, and prism pair P; and P, formed the laser cavity.
Chirped mirrors CM; and CMg and a pair of wedges were used 2’? 0
for extra-cavity dispersion compensation. R
~ -300
a
dispersion-compensating arm (or prism arm) were 360 mm Q "o0or
and 840 mm in length, respectively, corresponding to 900 = Z ‘::S: Sun(:rys“‘l' - DCMT
a repetition rate of 120.6 MHz. Two concave mirrors
-chi i i i -1200 L L L
(double-chirped mirrors, DCM; and DCM,) with radius =00 300 900 T000

of curvature (ROC) of 50 mm were used to increase the
power intensity inside the crystal, where the waist
radius of the cavity was about 22 pm. In order to achieve
better spatial mode matching, the pump was focused to be
30pm x 18 pm by a spherical lens (fr, = 60mm). CW
laser output of 65 mW could be obtained with a 1% OC
when the pump power was 3.5 W.

DCMs and a pair of fused silica prisms were used to
compensate for the positive chirp introduced by the
Ti:sapphire crystal material, SPM, and the air along the
optical path. The wavelength range with high reflectivity
of the DCM (R > 99.7%) was from 650 nm to 1000 nm, as
shown in Fig. 2(a). The dispersion bandwidth of these
DCMs was 720-1000 nm [Fig. 2(b), for seven DCMs in
a round trip], which could provide a relatively flat nega-
tive group delay dispersion (GDD) of —70 fs?>. By changing
the insertion amount of the prism, we could have continu-
ous adjustment of the net dispersion in the cavity. An OC
as thin as 1 mm was selected to minimize the material
dispersion with 1% transmission in the 660-920 nm range
[Fig. 2(a)].

Figure 2(b) shows the total cavity round-trip GDD
(green curve), taking into account the Ti:sapphire crystal,
the prism pair with 380 mm separation, 2500 mm
air, and seven reflections of the DCMs, where the GDD
of the Tisapphire crystal per round trip was +406 fs?
at 800 nm, the GDD of the 2500 mm air was +50 fs?,
and the total negative GDD by seven reflections on the
DCMs was —490 fs2. Moreover, the third-order dispersion
(TOD) of a 3.5-mm-long Ti:sapphire crystal per round
trip was +296fs?, and the 2500 mm air introduced extra
+25fs3 TOD. We continuously adjusted the prism inser-
tion to obtain a net GDD and a TOD of approximately
—101fs? and —6 fs?, respectively. We initiated soft-aperture

Wavelength (nm)

Fig. 2. (a) Reflectivity of the mirrors in the cavity. (b) Round-
trip GDDs of the Ti:sapphire crystal, seven DCMs, prism pair,
air, and their total sum.

KLM in the vertical direction by moving the Py prism. In
this case, the average output power reduced to 27 mW.

A saddle-shaped mode-locking spectrum was recorded
by a commercial optical spectrum analyzer showing the
center wavelength at 800 nm with 146 nm full width at
half-maximum (FWHM) bandwidth [Fig. 3(a)], which
could support as short as 8.4 fs Fourier-transform-limited
(FTL) sech?-shaped pulses [inset in Fig. 3(a)]. We specu-
lated that the sign of GDD changed around 800 nm, which
may contribute to the middle dip in the saddle-shaped
spectrum due to a worse condition for mode-locking near
the center of the spectrum®. Such saddle-shaped spec-
trum is a benefit for seeding the Ti:sapphire amplifier,
which may effectively reduce the gain narrowing effect.
A pair of chirped mirrors (CM; and CMg, with —40 fs?
GDD per bounce at 650-1000 nm) and a pair of wedges
were used for chirp compensation outside the cavity.
Though frequency-resolved optical gating (FROG) or
self-referencing spectral phase interferometry for direct
electric field reconstruction (SPIDER) methods could
give more information for complete characterization of
sub-10-fs pulses, the pulse energy in this case is only
0.25 nJ, which is difficult for carrying out FROG or
SPIDER measurements, while the interferometric auto-
correlation (TAC) is simple and acceptable for few-cycle
pulses down to 5 £s229. Ag a result, we measured the pulse
duration using IAC in the experiment. Figure 3(b) shows
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Fig. 3. Pulse profiles of the LD-pumped Ti:sapphire oscillator.
(a) Mode-locking spectrum. Inset shows the FTL pulse in the
time domain. (b) TAC trace of the pulse (blue curve), and an
envelope of a theoretical sech? pulse of 9.8 fs (red curve).

the TAC trace of the pulses measured by an interferometric
autocorrelator (Femtolasers GmbH). A sech? fit of the
IAC trace yielded a pulse duration of 9.8 fs. The side lobes
on both sides of the main TAC peak indicate uncompen-
sated higher-order dispersions, which are common but dif-
ficult to eliminate in sub-10-fs pulses2:22,

When the insertion amount of the P, prism increased,
the signs of the intra-cavity net GDD and TOD shifted
to positive, resulting in a broader mode-locking spectrum
with multiple peaks, as shown in Fig. 4(a). The peaks of
the spectrum are a result of the interaction of dispersion
substructure and SPM in the laser crystal. However, the
output power remained almost the same as before. This
spectrum could support FTL sech?-shaped pulses as short
as 7.6 fs [inset of Fig. 4(a)]. Finally, 8.1 fs pulses were ob-
tained, as shown in Fig. 4(b). The number of interference
fringes was significantly reduced, while the side lobes in
the TAC trace were more prominent than that in Fig. 3(b),
which meant that the pulses contained more higher-order
dispersion. When the prism insertion increased, the
positive GDD and TOD increased correspondingly in
the cavity, and the residual positive TOD would make
the spectrum asymmetric, shifting the pulse central wave-
length and producing dispersive waves22J,

In the case of a certain dispersion oscillation intensity,
the saturation behavior of the KLM mechanism is critical
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Fig. 4. Pulse profiles after adjusting the prism insertion.
(a) Mode-locking spectrum. Inset shows the FTL pulse in the
time domain. (b) TAC trace of the shortest pulse generated from
the Tiisapphire oscillator (blue curve) and theoretical IAC
envelope of a sech? pulse of 8.1 fs (red curve).

to the final substructure in the spectrum2. Therefore, it is
necessary to provide a stronger KLM action to suppress
the modulation in the spectrum, so as to keep a flat spec-
trum phase and to better compress the pulses outside the
cavity.

To check the status of mode-locking when the oscillator
outputs the shortest pulses, radio-frequency (RF) spectra
of the mode-locked laser were measured with an RF spec-
trum analyzer (Agilent E4407B) using a photo-detector
with a 3 dB bandwidth of 1 GHz. Figure 5 shows a distinct
signal-to-noise ratio as high as 63 dB of the fundamental
beat at 120.6 MHz with a resolution bandwidth (RBW) of
1 kHz. The RF spectrum was clean, without side peaks
or harmonics of the fundamental frequency. Harmonics
modulation was not observed in the 1 GHz range with
an RBW of 100 kHz (inset of Fig. 5).

The mode-locking operation was very stable with an
output power of 27 mW under 3.5 W pump power. Even
if the laser was exposed to the open air, the power re-
mained stable with a power stability of 0.8% (RMS) over
3 h, as shown in Fig. 6.

In conclusion, we have generated sub-10-fs pulses di-
rectly from a blue LD-pumped Kerr-lens mode-locked
Ti:sapphire oscillator by fine dispersion management
inside and outside the laser cavity. The 9.8 fs pulses
with 146 nm spectral bandwidth and 8.1 fs pulses with
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Fig. 5. RF spectra of the 8.1 fs Kerr-lens mode-locked
Ti:sapphire laser, with an RBW of 1 kHz. The inset shows
the RF spectrum in the 1 GHz range with a 100 kHz resolution.
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Fig. 6. Power stability of the single LD-pumped Kerr-lens mode-
locked Ti:sapphire oscillator over 3 h.

mode-locking spectrum from 650 nm to 950 nm were ob-
tained, respectively. Although wavelengths of 515-525 nm
LDs are closer to the absorption peak of the Ti:sapphire
crystal than that of 445-465 nm LDs with a higher pump
efficiency, they are limited to ~1 W in terms of the output
power. Double-ended pumping with the blue LDs, a higher
transmission OC, and the crystal with suitable length and
absorption coefficient may have the chance to improve the
laser output power2. Moreover, we would like to employ
the 465 nm blue LD and a CaF, prism pair with lower
higher-order dispersion to further reduce the pulse dura-
tion to the 5 fs regime.

This work was supported by the National Key R&D
Program of China (No. 2016YFB0402105).
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