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Power-scalable thin-disk Ti:sapphire laser amplifier
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We experimentally demonstrate a 38-fs chirped-pulse ampli-
fied (CPA) Ti:sapphire laser system based on the power-
scalable thin-disk scheme with an average output power
of 1.45 W at a repetition rate of 1 kHz, corresponding to
peak power of 38 GW. The beam profile close to the diffrac-
tion limit with a measured M? value of approximately 1.1 is
obtained. It demonstrates the potential for an ultra-intense
laser with high beam quality compared with the conven-
tional bulk gain amplifier. To the best of our knowledge, this
is the first reported Ti:sapphire regenerative amplifier based
on the thin-disk approach reaching 1 kHz. © 2022 Optica
Publishing Group
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Since the concept of thin-disk lasers was first presented in 1994
[1], ultrafast thin-disk lasers have become a promising laser
source for a vast number of applications in micromachining [2],
high-harmonic generation (HHG) [3-5], high-field science [6],
and generation of mid-infrared pulses [7]. Ultrafast thin-disk
lasers have more advantages in terms of thermal management
than conventional bulk lasers, resulting in higher repetition rate,
higher average power, higher pulse energy, as well as better
beam quality [8—10]. Yb-doped materials, especially Yb:YAG,
have been the most significant gain media used for thin-disk laser
amplifiers with regenerative or multi-pass configuration because
of easy growth, sufficiently large emission bandwidth supporting
the generation of femtosecond pulses, the availability of suitable
high-power diode pump sources, small quantum defect, high
doping concentration, and so on [11,12]. To date, the bulk Yb-
doped multistage chirped-pulse amplified (CPA) laser amplifier
has been developed with pulse energies of 67 mJ and pulse
duration of 3 ps at 1.25 kHz employing complicated cryogenic
cooling [13]. Meanwhile, pulse energies as high as 200 mJ [14]
and average output power up to 1.9kW [15] were reached from
thin-disk Yb:YAG laser amplifiers. The above-mentioned thin-
disk laser amplifiers have a pulse duration of a few picoseconds
and operate at low repetition rates. Thanks to the introduction
of chirped-pulse amplification [16] and the progress of thin-
disk welding or bonding technologies with a heat sink [17],
the performances of thin-disk laser amplifiers were dramatically
promoted. A thin-disk regenerative laser amplifier with the pulse
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energy of 550 mJ at a repetition rate of 1 kHz was reported in
2021 [18]. A diode-pumped multistage Yb:YAG laser amplifier
based on the CPA scheme was demonstrated with a pulse energy
of up to 1.1 J and pulse duration of 4.5 ps at 1 kHz [19].

The remarkable success in Yb-doped thin-disk lasers has
drawn attention to other excellent gain media such as Tm:LiYF,,
Nd:YVO,, Tm:KLu(WOQO,), [20-22]. Moreover, the proven
Ti:sapphire crystal has also gradually come into people’s vision
again. as it has the broadest optical absorption and gain band-
width than any other laser gain material [23], supporting less
than 5-fs pulse duration directly generated from a laser oscilla-
tor [24] and sub-13-fs pulse duration from a laser amplifier [25].
Moreover, the Ti:sapphire crystal has superior thermodynamic
and mechanical properties suitable for the multi-pass thin-disk
structure. In 2016, Chvykov et al. reported a high peak and aver-
age output power broadband Ti:sapphire thin-disk laser amplifier
at a repetition rate of 10 Hz, which combined the extraction
during a pumping amplification scheme and the thin-disk tech-
nology [26]. The highest optical efficiency of 11% was achieved
under 48 pump laser passes. In 2019, a multi-passed Ti:sapphire
laser amplifier based on the cross thin slab scheme was proposed
[27], where laser pulses with multi-mJ pulse energy and kW
average power level were generated. In the meantime, numerical
simulations were presented [28,29], which analyzed the thermal
distribution of the thin-disk Ti:sapphire crystal and predicted
that an approximately 300-W average power could be reached in
the near future with doubled-sided cooling arrangements [30].
Due to the quantum defect of higher than 33%, a large amount
of heat accumulation is inevitable, which leads to thermal lens-
ing and aberrations. This will affect the further improvement of
the output parameters for a bulk Ti:sapphire laser amplifier. It
is necessary to explore a new approach to further increase the
output average power or pulse energy of Ti:sapphire laser ampli-
fiers. Naturally, the power-scalable thin-disk scheme becomes
a choice, which is expected to obtain ultrashort laser pulses
with high beam quality at the high output power levels. How-
ever, we must consider that the sufficient pump wavelength of
Ti:sapphire lasers is usually in the blue-green spectral region,
which limits to the availability of the suitable high-power diode
lasers. Therefore, designing a multi-pass pump structure with an
all-solid-state pump laser is also a required work.
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Fig. 1. Schematic diagram of the experimental setup. M1-M6,
double-chirped mirror pairs; OC, output coupler; HI-H18, 45°
highly reflective mirror; P1, RP1, RP2, Glen-Taylor polarizer; A/2,
half-wave plate; FR, Faraday rotator; SG, CG1, CG2, holographic
grating; SM1, spherical mirror (ROC =1219.2 mm); L1-L6, pump
lens; Ti:Sa, thin-disk Ti:sapphire crystal. RL, thin lens (f=1.2 m);
PC, Pockels cell; RM1-RM3, highly reflective mirror inside the
generative cavity; D, dump. The total length of the regenerative
cavity is 1.5 m.

In this paper, we demonstrate the feasibility of a chirped-pulse
regenerative laser amplifier based on the power-scalable thin-
disk Ti:sapphire scheme. The laser system delivers an average
output power of 1.45 W and 38-fs pulse duration, corresponding
to a peak power of 38 GW at a repetition rate of 1 kHz. A pulse
beam close to the diffraction limit with a measured M? value
of 1.1 is obtained. We believe that the thin-disk Ti:sapphire
amplifier is a potential way to replace the bulk Ti:sapphire laser
amplifiers.

Figure 1 shows the schematic diagram of the whole experi-
mental setup. An all-chirped-mirror Ti:sapphire laser oscillator
operating at 83 MHz was built as the seed source of the CPA
laser amplifier, which was capable of producing more than 350-
mW average output power under the pump power of 3.2 W and
a spectrum covering from 700 nm to 950 nm, as shown by the
green curve shown in Fig. 2. It should be clear that the peak at
730 nm arises from the dispersion-matched phase wave instead
of CW or the misalignment of the Ti:sapphire laser oscilla-
tor. The seed pulses were aligned through a Faraday isolator
(including P1, A/2, and FR) and sent into a self-built Martinez
stretcher. Approximately 20-fs pulses were temporally stretched
to approximately 300 ps before the seed pulses were injected
into the regenerative laser amplifier. The spectrum after the
Martinize stretcher is given as the red curve in Fig. 2. The nar-
rowing spectrum originated from the coating bandwidth of the
mirrors and the finite size of the diffraction grating used in the
experiment. The stretched seed pulses were then injected into
the thin-disk Ti:sapphire regenerative laser amplifier with the
linear cavity length of 1.5 m. A regenerative laser amplifier has
the advantages of better output beam quality, higher amplificated
efficiency, and simple structure for alignment compared with a
multi-pass laser amplifier. A 2-mm-thick Ti:sapphire disk was
employed as the end mirror coated with antireflective coating on
the front facet and a highly reflective coating on the other facet
for both the pump and laser wavelengths at 700-900 nm, which
was mounted on a W80Cu20 heat sink maintained at 14°C dur-
ing the experiment. The thermal load can be effectively reduced
by the circulating water. To tune the cavity mode, a thin lens
(RL) with the focal length of 1.2 m was placed approximately 1
m away from the Ti:sapphire disk. The laser mode radius on the
disk was calculated to be approximately 0.4 mm with the ABCD

Vol. 47, No. 21/1 November 2022/ Optics Letters 5635

T T
1.0 4 Oscillator Lg
— Strecter
Amplifier
4 — Spectral Phase @
0.8 pe e Ly 2
3 8
£ 0.6 =
z 0=
g g
s — e
= 0.4 2
L4 =
0.2 4
=
0.0 T 4 T T T
650 700 750 800 850 900 950

Wavelength/nm

Fig. 2. Spectrum of the thin-disk Ti:sapphire laser amplifier
within each stage. The green line represents the spectrum of the
seed pulse, the red curve after the Martinez stretcher, the black line
after the regenerative laser amplifier, and the blue line represents
the phase after the compressor.

Matrix. The pump laser is a diode-pumped frequency-doubled
solid-state laser delivering the highest average power of 20 W
at 527 nm with a repetition rate of 1 kHz. To match up with the
laser mode, a series of thin lenses (f;,=800 mm, f;; =-200
mm, f14, f1s=300 mm, f;5=400 mm) were used to adjust the
pump spot on the disk to approximately 1.2 mm in diameter,
which can sufficiently avoid damage of the coating layer caused
by the high peak power of Gauss beam. The 6-fold passage of the
pump laser through the disk was adopted to obtain an absorption
efficiency of more than 90%. More pump passages were limited
due to the large fold angle increased pump loss.

Initially, an output coupler with a transmission of 10% at
700-900 nm was placed at the end mirror RM1 to realize the
gain-switched operation. Then, the Ti:sapphire disk was rotated
to achieve the highest absorption for the pump laser and the
broadest output spectrum. Subsequently, a Pockels cell (PC) and
a Glen—Taylor polarizer (RP) were successively inserted inside
the regenerative cavity. Finally, the end mirror RM1 was taken to
replace the output coupler. The stretched seed pulses were sent
into the regenerative cavity through reflective mirrors H6 and
H7. When the status of the regenerative cavity and the overlap
of the pump laser, as well as the laser mode on the Ti:sapphire
disk, were adjusted to be optimal, the laser pulses performed 45
round trips inside the regenerative cavity. We directly obtained
the maximum average output power of 1.8 W with an inci-
dent pump power of 16 W at a repetition rate of 1 kHz. The
amplified efficiency of approximately 11% was achieved. At
the maximum output power of the regenerative cavity, we were
able to determine the total group delay dispersion and third-
order dispersion induced by the dispersive materials and optical
path. The optimal settings of the grating compressor, includ-
ing the grating separations and grating incidence angles, were
designed to recompress the pulse duration to be as short as pos-
sible. The compressor consisted of two gold-coated holographic
gratings with grooves of 1500 lines/mm. After the compres-
sor, 1.45-W output power was obtained, corresponding to an
efficiency of approximately 80%. The compressed pulse spec-
trum is given as the black curve in Fig. 2, which supports an
approximately 28-fs Fourier transformation limited pulse. An
actual pulse duration as short as 38 fs was directly measured by
a commercial Wizzler after optimized compression, as shown
in Fig. 3. The reason may be that the high-order dispersion
of the laser material was not well compensated. We measured
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Fig. 3. Measured pulse duration after the compressor and the
Fourier transform limited pulse duration.
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Fig. 4. Near-field beam profiles and M? factor after the com-
pressed pulse.

the beam profile using a commercial beam analyzer. The near-
field beam profile and M? factor of the compressed pulse after
the compressor are shown in Fig. 4. The calculated M? factors
are M2=1.097 and M2=1.133. The output spot indicates that the
amplifier operates in the fundamental mode of the near-Gaussian
beam.

Due to the lack of high-power laser diodes (LD) in the green-
blue wavelength region, we employed an all-solid-state pump
laser and highly reflective mirrors at 527 nm to build a multi-pass
pump module in our experiments. The limited pump passage
made it necessary to use a thicker gain crystal, which resulted in
a high thermal load inside the Ti:sapphire crystal, as shown in
Fig. 5(d). Moreover, A higher pump power was avoided to limit
damage to the rear coating of the Ti:sapphire crystal, because
the welding process of the Ti:sapphire crystal with a heat sink
decreases the damage threshold of the rear coating of the crystal.
The damage threshold of the rear highly reflective coating is
estimated to be only 0.45 J/cm?. It is believed that a higher
output power can be obtained with a higher damage threshold
of the coating layer. In addition, to obtain a high output beam
quality and protective coating on Ti:sapphire crystal, the modes
of the pump laser and gain laser are largely mismatched in
the amplification process. This decreases the energy extraction
efficiency.

To prove the potential of a thin-disk Ti:sapphire scheme, the
thermal distribution inside a Ti:sapphire crystal with a different
thickness was analyzed by finite element analysis, as shown in
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Fig. 5. Thermal distribution in the thin disk for different thick
Ti:sapphire crystal: (a) 0.25 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.
The pumping condition is 100-W pump power at a repetition rate of
1 kHz. The laser beam radius on the Ti:sapphire crystal is estimated
to be 625 um. The heat sink is W80Cu20.
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Fig. 6. Mode evolution of the improved regenerative cavity.

Fig. 5. The central temperature of the 2-mm-thick disk is up
to 61°C and there is a larger thermal gradient along the axial
direction under the pump energy of 100 mJ at 1 kHz, as well
as the radius of 625 um on the Ti:sapphire crystal. As the thick-
ness of the gain crystal decreases, both the temperature at the
center of the Ti:sapphire crystal and the axial thermal gradient
are significantly reduced. The central temperature for a 0.25-
mm-thick Ti:sapphire crystal is only 34°C and the axial thermal
gradient is also smaller under the same pump conditions. At
this time, according to the absorption coefficient of ~7.5 cm™,
the pump passage of 16 passes must be reached to achieve an
efficient absorption rate of up to 95%. Based on the pump con-
ditions as described above, we have simulated a more suitable
regenerative cavity, as described in Fig. 6. The regeneration cav-
ity consists of two concave mirrors (ROC =1 m), two convex
mirrors (ROC =—-0.8 m), and a thin-disk Ti:sapphire crystal as
the active mirror. The thin-disk Ti:sapphire crystal is located
in the center of the regeneration cavity. The amplificated laser
pulses pass through the Ti:sapphire crystal four times per round
trip to increase the energy extraction efficiency. In addition, a
power scalability can be achieved by adjusting the distance of
the two convex mirrors from the crystal. This improved regener-
ative cavity design not only increases the size of the pump on the
thin-disk Ti:sapphire crystal, but also enables power scalability
and increases the output power under the premise of ensuring the
crystal coating. This new scheme will greatly increase the poten-
tial of thin-disk Ti:sapphire regenerative laser amplifiers and
reduce the complexity of the system by removing the structures
such as thermo electric cooler and the vacuum chamber.

We also analyzed the heat distribution inside the Ti:sapphire
crystal with different heat sink materials under the same pump
conditions. The simulated results are shown in Fig. 7. The
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Fig. 7. Heat distribution of the different heat sink materials.

heat conductivity of the W80Cu20 metal and diamond are 210
W/m-K and 2000 W/m-K at room temperature, respectively.
Although there is a huge difference in the thermal conductiv-
ity between the two materials, the thermal accumulation is not
very obvious for a 250-um-thick gain crystal. It is favorable
to economically obtain a power-scaling thin-disk Ti:sapphire
laser amplifier to replace the regenerative or multi-pass bulk
Ti:sapphire laser amplifier.

In conclusion, a Ti:sapphire regenerative amplifier based
on CPA technology and a power-scalable thin-disk scheme is
demonstrated. It delivers an average output power of 1.45 W,
38-fs pulse duration, and peak power of 38 GW at a repetition
rate of 1 kHz. An M? of approximately 1.1 is measured, which
is close to the diffraction limit. Further, the thermal distribution
varies with the thick of gain medium and different heat sink
materials are analyzed to prove the potential of the thin-disk
Ti:sapphire laser amplifier. We believe that better results will
be obtained in the following experiment by means of using a
thinner Ti:sapphire crystal, such as 0.25 mm, and an improved
multi-pass pump module with more than 16 passes. This will
pave the way to obtain high-power, sub-30-fs pulses, and a high
beam quality close to the diffraction limit by a power-scaling
thin-disk Ti:sapphire laser amplifier at a few kilohertz.
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