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ABSTRACT

The generation of sub-10 ps pulses around a wavelength of 2 pm with pulse energy at millijoule-level in a compact
CPA-free amplifier chain is presented. This laser source covers a broad range of pulse repetition frequencies
from 1 to 100kHz with a pulse peak power from 136 to 17 MW, respectively. We used highly doped Ho:YLF
crystals to achieve an overall amplification factor of almost 52dB. A characterization of these crystals regarding
upconversion losses and attainable small-signal gain supports this work.

Keywords: Laser amplifiers, Infrared and far-infrared lasers

1. INTRODUCTION

The generation of intense laser pulses at a wavelength around 2pm is of great importance for a multitude
of applications including material processing, micromachining, metrology,’ but also for pumping of optical
parametric conversion stages for mid-IR generation.? ®> Most commonly, the corresponding laser sources rely
on two different approaches: frequency down-conversion driven by near-IR pump sources or the emission in
thulium (Tm)- and holmium (Ho)-doped materials. The direct laser emission and amplification at 2pm in
Tm- and Ho-doped materials benefits from simple architectures and amplification schemes as well as from a
comparably higher optical-to-optical efficiency. In recent years, Ho-doped crystals have proven to be suited for
the generation of sub-10ps pulses with pulse energies up to tens of millijoules. Chirped pulse amplification
(CPA) in regenerative amplifiers (RA) is the most widely used amplification scheme. The first demonstration
of millijoule-level picosecond pulses by Dergachev et al. in 2013 was based on a RA and subsequent single-pass
amplification.® Pulse energies up to 11mJ at a pulse repetition frequency (PRF) of 1kHz have been achieved,
however, with pulse durations in the range of 300 ps. In 2016, Grafenstein et al. presented a 2num CPA source,
which generated 2-pm pulses with an energy of 55mJ at 1kHz repetition rate.” After temporal compression
to a pulse duration of 4.3 ps the pulse energy was 25mJ corresponding to a peak power of 4.4 GW. However,
the PRF in Pockels cell-driven RAs is usually limited to the 1-10kHz regime. In addition, the CPA scheme
requires highly efficient pulse stretchers and compressors. In particular, the proper pulse compression in either
grating-based compressors or chirped volume Bragg gratings can be challenging and costly. In contrast, we
have shown a CPA-free multipass amplification approach in Ho-doped YLiF, (Ho:YLF) crystals just recently.®
We achieved more than 140pnJ in a PRF-tunable design maintaining ultrashort pulse durations of about 8 ps
and less, depending on the PRF. Nevertheless, some strong-field applications demand for intense laser pulses,
thus, millijoule-level pulse energies. A compact CPA-free laser source, capable of generating such pulse energies
even at PRFs exceeding 10kHz, is a versatile tool in a broad field of applications, but its development is still
pending. In a CPA-free amplifier approach, short crystal lengths and high doping concentrations in combination
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with proper beam diameters are necessary to keep the nonlinear effects as low as possible and at the same time
maintain a high gain factor. A special attention has to be focused on the laser-induced damage threshold of the
gain material. Especially, the high peak power levels of the ultrashort pulses in the focus inside the gain medium
demand for a carefully tailored beam size to preserve damage-free operation. Furthermore, Ho-doped materials
suffer from upconversion effects, by which two closely located Ho atoms in the ®I7; manifold interact to promote
one of them to the °I5 and to demote the other to the Iz manifold. This deleterious process sets an upper limit
for the doping concentration in Ho-doped gain media.

In this contribution, we show mJ-level pulse energies from a CPA-free multipass amplifier based on highly
doped Ho:YLF, which is in principle not limited by the PRF. Additionally, we describe the lifetime quenching
in highly doped Ho:YLF crystals in dependence on the excitation intensity and the doping concentration.

2. HOLMIUM CRYSTAL CHARACTERIZATION

The upper-state lifetime 7; is an important parameter for engineering lasers and amplifiers. It affects the
achievable stored-energy and, as a consequence, the overall output efficiency of the laser. High doping concen-
trations and strongly focused pumping, which are essential for high gain ultrashort pulse amplifiers, result in
high population inversion densities. This promotes energy-transfer upconversion losses in Ho-doped crystals,
which negatively influence the laser operation. Experimentally, upconversion can be visualized by measuring the
excited state fluorescence decay. It manifests itself in lifetime quenching and a nonexponential decay slope. Both
the excitation intensity and the doping concentration influence the fluorescence decay as both contribute to the
population inversion density. Hence, the upconversion process is most important, when the energy storage in
the 17 manifold of the Ho3" ion is high.

In 2003, Barnes et al. published the investigation of Ho:Ho upconversion energy-transfer parameters in
different host crystals including Ho-doped YLF.? However, the investigated doping concentrations started at
rather high values of 1% (even 2% in the case of Ho:YLF) because of difficulties to determine values for low
concentrations. In order to roughly estimate the possible impact to our laser system, we measured the excited
state fluorescence lifetime of the transition °I; — ®Ig, which is shown in Fig. 1. We investigated different a-cut
Ho-doped YLF crystals with doping concentrations between 0.5 and 1.5 at. %.
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Figure 1. Normalized fluorescence decay curves in Ho:YLF at several pumping intensities.

In the case of 0.5 % doping concentration the decay is almost exponential and shows only a weak dependence
in terms of the excitation intensity, whereas higher doping concentrations show a nonexponential form within
the first 10 ms, in particular, at medium (35kW /cm?) and high (76 kW /cm?) pump intensities. We calculated
an upper-state lifetime 7, by fitting an exponential decay to the time period between 0 and 5ms. The results
are summarized in Tab. 1. We have to note that an exponential fit is only valid for the rather weak excitation
(9.8kW/cm?). However, fitting the nonexponential curves only within the first 5ms approximates with the
experimental data for a convincing comparison.

We measured an upper-state lifetime of 14.6 ms at low 0.5 at. % doping concentration and weak excitation
intensity. This value agrees with literature data.'®!'! The lifetime of the ®°I; population is then quenched
to 12.1ms, 8.4ms, and 5.7ms at high excitation intensity for doping concentrations of 0.5, 1.0, and 1.5 at. %,
respectively. The effect of lifetime quenching in such lasers gets most prominent when pulse repetition frequencies
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Table 1. Measured excited-state fluorescence lifetime of different Ho-doped YLF crystal samples.

Excitation intensity [kW/cm?] | 0.5 at. % | 1.0 at. % | 1.5 at. %
9.8 14.6 ms 13.6 ms 11.9ms
35 12.8 ms 9.8 ms 7.6 ms
76 12.1ms 8.4ms 5.7ms

close to or below the inverse of 7 are applied. In this case, most of the stored energy is lost due to the upconversion
process. As a first estimate, we believe that high doping concentrations up to 1.5 at. % can still be applied in
kilohertz-rate laser systems.
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Figure 2. (a) 1940-nm continuous wave pump absorption, (b) single-pass small-signal gain, and (c) gain dependence on
the temperature in Ho(0.5/1.0/1.5%):YLF.

The following investigation will show the capabilities of highly doped Ho:YLF crystals for such high PRFs. In
a simple experiment we measured the small-signal single-pass gain of 4-ps pulses centered at 2051 nm in Ho:YLF
with doping concentrations of 0.5, 1.0, and 1.5 at. %. Since the energy storage in this amplification regime is
high, upconversion losses will be revealed. The crystal length is 20 mm and the beam waist radius is set to 85 pm.
The signal pulse energy was 8.5nJ at a PRF of 100 kHz. We used a maximum pump power of 4 W corresponding
to a pump intensity of about 35kW /cm? in the focal area inside the investigated crystals. In Figure 2a the
1940-nm pump absorption in dependence on the incident power for the different Ho:YLF samples is given. One
can clearly see a bleaching of the crystals for high pump intensities, which can be attributed to the quasi-3-level
energy scheme of the Ho3" ion. In Figure 2b the single-pass gain with increasing pump power for different
Ho:YLF samples is presented. At highest applied pump power level we achieved a gain factor of 2.1 (0.5 %),
5 (1.0 %), and 7.6 (1.5 %). At lower pump intensities of < 5kW/cm? (< 10kW /cm?) the Ho(0.5 %):YLF
(Ho(1.0 %):YLF) sample outperforms the higher doping concentrations. This can be explained by the strong
absorption at high doping levels, and thus, an inhomogeneous distribution of the population inversion, which
may result in rather low signal gain at the end of the crystal or even re-absorption. In addition, we investigated
the gain dependence on the crystal temperature at highest pump intensity of 35 kW /cm?. While the fitted slope
(Figure 2c, black solid line) for 0.5 at. % is rather small with 0.5 %/K, it is significantly stronger for 1.5 at. %
with 9.5%/K. These results confirm that Ho doping concentrations as high as 1.5 at. % in YLF crystals can
be applied for high repetition rate amplifiers. During all of the above experiments a clear luminescence of our
Ho:YLF crystals in the visual spectrum indicated an higher-order upconversion mechanism.

3. EXPERIMENTAL SETUP

The laser system, as depicted in Fig. 3, consists of four major parts: (1) an all-fiber ultrashort seed source
generating sub-10 ps in the spectral region of 2 pm,'? (2) an acousto-optical modulator (AOM) for pulse-picking,
(3) a 42-dB gain multipass amplifier based on a Ho(1.5 at. %):YLF crystal,® and (4) a single-pass booster
amplifier in a dual-crystal design with a Ho(1.0 at. %):YLF crystal followed by a Ho(1.5 at. %):YLF crystal.
The Ho:fiber-based seed source is generating up to about 70nJ pulse energy at a fundamental PRF of 24 MHz.
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The AOM exhibits about 50 % diffraction efficiency for the 2-pm radiation. The input pulse energy from the
ultrashort pulse oscillator is set to 20 nJ taking into account the maximum input power of 500 mW as specified by
the manufacturer. This results in a seed pulse spectral bandwidth of 1.7nm at a central wavelength of 2051 nm.
Considering the aforementioned diffraction efficiency of the AOM and losses of several optical components, about
10nJ can be used as input for the crystal-based amplifiers. Measuring the autocorrelation revealed a seed pulse
duration of about 5ps. The high gain in the following multipass amplifier has been achieved by folding pump
and signal beam such that they pass the Ho:YLF crystal six times with a focal beam diameter of 250 um in
the center of the crystal. The main amplifier is generating more than 100-pJ pulses maintaining sub-10 ps pulse
duration. Finally, the single-pass dual-crystal amplifier boosts the pulse energy to the millijoule-level. The setup
with two different doping concentrations is not only beneficial regarding the heat load distribution within the
gain material, but also improves the homogeneity of the inverted fraction. The calculated pump absorption in
this dual-crystal configuration is about 80 %. The beam diameter is significantly enlarged at 450 pm in order to
mitigate laser-induced damage to the crystals. The Ho:YLF crystals exhibit a length of 20 mm and anti-reflection
coating for the pump and the signal wavelength at 1940 nm and 2050 nm, respectively. They are wrapped in
Indium foil and mounted in a copper heat sink, which is kept at about 20 °C.

Ho:fiber AOM Ho:YLF Ho:YLF
24 MHz 1-100 kHz 40-110 pJ 0.1-1.2mJ
20 nd 10nJ 6.2-8.1 ps 6.4-8.3 ps
Pulse- Multipass Single-pass
Seeder |7 picker amplifier amplifier ) I )
Diagnostic
1 L
Pump Pump
Tm:fiber Tm:fiber
18 W 20W
1939 nm 1940 nm

Figure 3. Schematic setup of the laser system. AOM: acousto-optical modulator.

For pumping, we use two Tm:fiber-based lasers with continuous emission at 1940 nm and an optical output
power of about 20 W, each. Both pump sources are linearly polarized in order to meet the requirements of
the uniaxial Ho:YLF crystals. The output wavelength has been tailored such that the narrow-band emission is
located in between two distinct water absorption peaks, which are prevalent around 1940 nm. Pump and signal
polarization are orientated along the crystallographic c-axis of all the Ho:YLF crystals. The whole amplifier
chain fits on a breadboard with an area of about 1m?. It is working in ambient laboratory conditions without
any effort made due to stability improvements.

4. EXPERIMENTAL RESULTS

Fig. 4 shows the multipass amplifier output pulse energy with increasing incident pump power for different PRFs
ranging from 10kHz up to 500 kHz. At pulse repetitions rates below about 50 kHz we were not able to exploit
the complete pump power, since the amplifier started to lase in continuous wave operation on its own due to
the high gain and comparably low seed power. At a repetition rate of 10 kHz we achieved up to 145pJ pulse
energy. The measured pulse duration was 8.3 ps corresponding to a pulse peak power of 16.4 MW. In Fig. 4
the stability of the multipass amplifier over a time period of more than 2h is presented for a pulse energy of
44nJ at 100kHz. The root mean square noise amounts to less than 0.5 % confirming stable output. At the
same time, this proves a good pointing stability since spatial instabilities would significantly affect the signal to
pump beam mode matching. We did neither observe any thermal blooming of the pump beam due to the water
absorption in the laboratory’s environment nor any significant thermal lensing of the signal output beam. The
optical-to-optical efficiency is between 15.5% and 32 % at PRF's of 10 kHz and 500 kHz, respectively.

The second stage is a single-pass booster amplifier. As mentioned earlier, it consists of a sequential design of
a Ho(1.0 at. %):YLF and a Ho(1.5 at. %):YLF crystal. Figure 5a shows the output pulse energy with increasing
seed energy for different PRF's starting at 1 kHz up to 100 kHz. The incident pump power has been kept constant
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Figure 4. (a) Multipass amplifier output pulse energy versus pump power for different PRFs. (b) Long-term stability of
the multipass amplifier at an average output power of 4.4 W at a PRF of 100 kHz.

at 18 W. The highest achieved pulse energy was 1.2mJ at a PRF of 1kHz. The single-pass gain of the booster
amplifier was 11.9 in this case (see Figure 5b). The calculated maximum pulse fluence is about 1.5J/cm?. We
believe that an even higher pulse energy will lead to laser-induced damage. In comparison, the highest achieved
average output power was 10.6 W at a PRF of 100 kHz. This corresponds to an optical-to-optical power extraction
efficiency of almost 40 % (see Figure 5b). In principle, energy scaling at the higher PRFs seems feasible. Here,
we were only limited by the available pump power. Due to the quasi-3-level nature of the Ho?** ions, cooling
of the crystals to far below room temperature has the potential to further enhance the efficiency as described
above. We measured the far-field beam profile (1.2 W at 1kHz) with a scanning-slit beam profiler. The result is
shown in Figure 5c and exhibits a rotationally symmetric Gaussian intensity distribution.
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Figure 5. (a) Booster amplifier output pulse energy versus seed energy for different PRFs. (b) Single-pass gain of the
booster stage and corresponding optical-to-optical efficiency. (c) Far-field beam profile measured with a scanning-slit
beam profiler.
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Figure 6. Autocorrelation traces at different pulse repetition rates (a) 1kHz, (b) 10kHz, and (c¢) 100kHz. The dashed
black line is the Fourier-limited pulse duration of the corresponding spectrum (inset).

The spectral and temporal characteristics for a PRF between 1 and 100 kHz are featured in Fig. 6a-c. The
measured autocorrelation traces exhibit a sub-10 ps pulse duration over the full PRF tuning range. Taking into
account the measured pulse energies, the corresponding pulse peak power is ranging from 136 to 17 MW at PRFs
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of 1 to 100kHz, respectively. Even at the highest pulse peak power we did not see any significant nonlinear
effects or laser-induced damage of the crystal surface or bulk material. The calculated accumulated nonlinear
phase, which is in the range of 1.4rad, is below the critical value of w. The optical spectrum is centered around
2051 nm with a full-width at half-maximum of 1.26nm (1kHz), 1.3nm (10kHz), and 1.4nm (100kHz). The
smaller bandwidth at lower pulse repetition rates can be explained by the gain narrowing effect due to the larger
gain factor.

In principle, the generation of millijoule-level pulse energies at PRFs exceeding 1 kHz seems possible. Here,
the pulse energy at repetition rates > 1kHz is pump power-limited. High power Tm:fiber-based pump sources
(> 100 W) are commercially available, but usually lack narrow-band emission in order to avoid atmospheric
water absorption. For this reason, the development of such high repetition rate (> 10kHz), millijoule-level laser
sources might involve purging with dry air or nitrogen. We believe that cooling the crystal can further improve
the gain factor, resulting in higher output pulse energies. This temperature dependency has been presented
earlier in this manuscript.

5. CONCLUSION

In conclusion, we presented an ultrashort pulse laser system in the 2-m spectral region with millijoule-level pulse
energies. In combination with the rather simplified CPA-free amplification scheme and the PRF tunability, this
laser source can be used for various applications. In addition, we investigated the impact of Ho:Ho upconversion
for high energy amplifiers.
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