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Abstract

We present detailed experimental results with cryogenic Yb: YLF gain media in rod-geometry. We have comparatively inves-
tigated continuous-wave (cw) lasing and regenerative amplification performance under different experimental conditions. In
the cw lasing experiments effect of crystal doping, cw laser cavity geometry and pump wavelength on lasing performance
were explored. Regenerative amplification behavior was analyzed and the role of depolarization losses on performance was
investigated. A recently developed temperature estimation method was also employed for the first time in estimating average
crystal temperature under lasing conditions. It is shown that the thermal lens induced by transverse temperature gradients
is the main limiting factor and strategies for future improvements are discussed. To the best of our knowledge, the achieved
results in this study (375 W in cw, and 90 W in regenerative amplification) are the highest average powers ever obtained

from this system via employing the broadband E//a axis.

1 Introduction

Yb-doped solid-state laser gain media possess a simple
energy level structure that enables low-quantum-defect
pumping with high-power laser diodes [1-5]. Moreover, they
are mostly immune to undesired processes such as excited-
state absorption, cross-relaxation, up-conversion or tem-
perature quenching of fluorescence lifetime. The ideal host
for Yb-ions should not only allow for adequately high gain,
i.e. enable sufficient Yb-doping with minimal side effects,
but it should also combine a broad emission bandwidth
with thermo-mechanical strength to assist efficient high-
power laser/amplifier operation. Among all the candidates,
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Yb:YAG has been the most widely studied member. It is
shown that, when seeded by optimized broadband sources,
Yb:YAG systems have the capacity to support 0.5-2 ps pulse
widths at 100 W to kW average power levels [6-9]. Unfor-
tunately, in terms of pulse width, this performance is at the
edge for several applications [10] and the search for alterna-
tive thermo-mechanically strong host materials with broader
bandwidth has been ongoing [11-14]. It is clear that other
approaches such as nonlinear spectral broadening for pulse
shortening could also benefit from shorter seed pulses [15].

In recent years, we have focused our attention on the YLF
(LiYF,) host. In comparison with YAG (865 cm™Y), YLF
has a lower maximum phonon energy (460 cm™!), which
increases the radiative transfer probability of the active
ions [16, 17]. The lower refractive index of YLF (~1.45)
minimizes radiation trapping effects due to total internal
reflection from crystal surfaces [18] and its lower nonlinear
refractive index (1.5 107'% cm?/W [19]) reduces undesired
side effects observed in high-power mode-locking [20, 21]
or high-energy amplification.

Lasing in Yb:YLF has been first demonstrated as early
as 2001 [22]. The room-temperature (RT) bandwidth of
Yb:YLF is broad enough (996-1076 nm [23]) to support
sub-100-fs pulses [24]. However, at RT, the materials’ ther-
momechanical properties limit the achievable power levels
to around 1 W in rod [25], 3 W in waveguide [26] and to
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6 W [27] in thin-disk geometry. As a solution, Yb:YLF
gain media are operated at cryogenic temperatures, which
improves their thermomechanical properties [28-31].
Interestingly, the emission spectrum of Yb:YLF crys-
tals stays relatively broad even at cryogenic temperatures
(FWHM: ~ 10 nm in E//a axis) [22, 29, 32], and can poten-
tially enable generation/amplification of sub-250-fs level
pulses [28]. By employing cryogenic Yb:YLF crystals in
rod-geometry, cw power above 300 W [33, 34], Q-switched
power of 150 W [35], amplifiers with 100 W average power
[36, 37], and mode-locked pulses with 28 W average power
[38] were already achieved.

In this work, we investigate limits to further power scal-
ing in cryogenic Yb:YLF systems in rod geometry. For that
purpose, we use for the first time a new method to measure
the temperature of Yb:YLF crystals under thermal load in
lasing condition. Detailed comparative cw lasing experi-
ments are performed and the effect of Yb-doping, pump
wavelength and cavity geometry on laser performance are
analyzed. A regenerative amplifier cavity was built to pin-
point the limitations of the rod geometry in amplification.
Record power levels are achieved in both cw and regenera-
tive amplification experiments for the broadband E//a axis
employed in this work. Limitations of thermal lensing and
depolarization loss on laser and amplifier performance have
been clearly shown, and paths for possible improvements
are further discussed.

The paper is organized as follows: Sect. 2 introduces the
experimental setups considered. In Sect. 3, we present the
cw and regenerative amplification results with accompany-
ing temperature measurements and in Sect. 4, we conclude
with a brief summary and discussion.

2 Experimental setup

Figure 1 shows the schematic layouts of the laser and ampli-
fier setups we have used in this study. Two different fiber-
coupled pump diode modules were tested: (a) a2 kW system
at 960 nm and (b) a 3 kW system at 940 nm. Pumping at
940 nm is interesting because this pump wavelength is often
available from pumping Yb:YAG laser systems. At cryo-
genic temperatures Yb:YLF pumped with E//c axis shows
only little absorption around 940 nm, but the E//a axis pos-
sesses a broad absorption band covering the 930-950 nm
region, with sub-peaks centered around 934 nm and 948 nm
(Fig. 2a) [32]. A better option for Yb:YLF is of course the
960 nm absorption peak with a FWHM of around 2 nm: this
band is stronger, is available for both polarizations, and ena-
bles pumping with a lower quantum defect (Fig. 2¢). Assum-
ing lasing at the 1018 nm peak of the E//a axis, the quantum
defect under 960 nm pumping is only 5.7% (versus 7.7% for
940 nm pumping).
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Fig. 1 Schematic of the Yb:YLF laser used for a short-cavity, b long-
cavity cw laser experiments. Short cavity: flat—flat configuration,
long-cavity: x-shaped standing wave cavity with two curved dichroic
mirrors. ¢ Schematic of the Yb:YLF regenerative amplifier. f1-f3:
lenses for pump coupling, DM: dichroic mirror, HR: cavity high
reflector, PM1-2: power-meters, OC: output coupler, TFP: thin-film
polarizer, PC: pockell-cell, HWP: half-wave plate

In the experiments, a 600 pm core diameter fiber with
a numerical aperture (NA) of 0.22 was used to transfer the
pump beam from the pump modules (full divergence angle:
25.2°, M?: ~220) to the laser crystal. The pump output from
the fiber tip is collimated with 72 mm focal length lenses
(f1), and focused to a pump diameter of 2.08 mm using
lenses with 250 mm focal length (f2). Other pump spot
diameters in the 1.5-2.5 mm range were also investigated,
but the 2.1 mm spot size was found to be the optimum for the
crystals and pump sources used in this study (the root-mean
square value of the beam diameter along the crystal length
is minimized for this spot size). A discussion of variation
of pump beam profile along the crystal length and variation
of cw laser performance with pump spot size can be found
in [34].

In cw laser experiments, two different cavities have been
investigated. In the first case (Fig. 1a), a simple compact
flat—flat cavity was employed which consisted of a flat
dichroic mirror (DM) and a flat output coupler with a sepa-
ration of around 28 cm (named as short cavity). The DM
had a reflectivity higher than 99.9% in the 990-1040 nm
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Fig.2 a Measured small-signal absorption of 2 cm long 1% Yb-»

doped YLF and YAG crystals at 78 K. Corresponding calculated
absorption cross section (ACS) curves are shown in b. For Yb:YLF,
absorption spectra are shown for both axes. The data are taken using
a broadly tunable continuous-wave Cr:LiSAF laser [32]. ¢ Meas-
ured optical spectra of the 2 kW 960 nm diode at pump power levels
of 70 W, 490 W and 840 W, along with the measured small-signal
absorption of 1% Yb-doped 2 cm long Yb:YLF. The pump spectral
data are taken at a diode cooling water temperature of 30 °C. The
central wavelength of the diode could be tuned with temperature with
a slope of around 0.35 nm per °C to match the absorption profile of
Yb:YLF

range, and a transmission > 95% for the pump wavelengths.
In the experiments, output couplers with transmissions of
10%, 20%, 25% and 40% were investigated, and among
these the optimum performance was obtained with 25%
coupling; therefore, results will only be presented for 25%
output coupling.

Two different Yb:YLF laser gain elements were tested
with Yb-doping levels of 0.5% and 1%. Both crystals were
20 mm long (with 10 mm X 15 mm cross section), and con-
tained 3-mm-long un-doped end caps diffusion bonded to
both ends of the crystals. The crystals were antireflection
coated with a simple few-layer coating that is effective both
at the pump and laser wavelengths. The crystals were c-cut,
and the E//a axis was used for lasing experiments. However,
the c-axis of the crystals were oriented 10+ 1° away from
the direction of propagation to create some natural birefrin-
gence (a sketch of crystal orientation is available in [37]).
The crystals were indium soldered from the top side to a cold
head, which was cooled by boiling liquid nitrogen. Antire-
flection coated windows on each side of the dewar served as
entrance and exit ports for the pump and laser beams.

The cw laser performance of the crystals was also tested
in a longer standing wave cavity, consisting of two 20 m
radius of curvature curved dichroic mirrors, a flat high
reflector and a flat output coupler (Fig. 1b). For this cav-
ity, due to the small working-range of the f1-f2 telescope,
another 150 mm focal length lens (f3) was used in 2f-2f
geometry to re-image the pump beam inside the gain media.
The distance between the curved mirrors was around 70 cm
in length, and short and long arm lengths were 70 cm and
85 cm, respectively. The cold cavity had a calculated beam
diameter of 2.1 mm at the center of the Yb:YLF crystal.

For the regenerative amplification experiments, the
standing wave cavity above was converted into a bow-
tie type regenerative ring cavity [36]. A half-wave plate
(HWP), a Pockell cell (PC) and two thin-film polarizers
(TFPs) were used for seeding the amplifier. The regenera-
tive amplifier cavity had a total cavity length of around
3 m, and the cold cavity provided a beam diameter of
around 2.25 mm and 2.15 mm at the center of the Yb:YLF
crystal and on the PC, respectively. The system is seeded
by stretched (~ 1.6 ns) pulses with 20 nJ energy from a
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fiber front-end, and the details of the seed source can be
found in [39]. The seed spectrum was centered around
1019.5 nm and had a FWHM of 2.2 nm. The regenerative
amplification is operated at 10 kHz repetition rate, and
the system is pulse-pumped at 50% duty cycle using 50 us
long pulses.
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The temperature of the crystal was determined by observ-
ing the temperature variation of the emission in E//c axis.
The ratio of the emission intensity around the 993.5 nm dip
to the emission intensity around the 995 nm peak was used
for the temperature estimation. This simple technique pro-
vides temperature estimation capability with a+5 K error
bar. The experimental details on this measurement technique
can be found in [40].

3 Experimental results and discussion
3.1 Short-cavity cw lasing results

As a starting point, Fig. 3a shows the measured cw lasing
efficiency of the cryogenic Yb:YLF laser using 25% output
coupling in the short flat—flat cavity. The measured average
temperature of the Yb:YLF crystal under thermal load is
also shown in Fig. 3 (temperature data are denoted by open
markers in the graph). Two different pump wavelengths are
used in the experiment: (a) 940 nm and (b) 960 nm. As we
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Fig.3 a Measured variation of cryogenic Yb:YLF cw laser per-
formance with pump wavelength: 940 nm versus 960 nm pumping.
Measured variation of average crystal temperature versus absorbed
pump power is also shown. The data are taken using the 1%-doped
Yb:YLF crystal in the short flat-flat cw cavity using a 25% output

coupler. b Sample near-field (nf) and far-field (ff) beam profiles of the
short-cavity cw Yb:YLF cryogenic laser
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can see from Fig. 3, despite the small difference in quan-
tum defect (5.7% versus 7.7%), there is a clear advantage of
using the 960 nm pump. With the 960 nm diode, a record
cw output power up to 375 W was achieved at an absorbed
pump power of 710 W (incident power: 795 W, absorp-
tion: ~89.3%). The lasing threshold was around 85 W. The
slope efficiency with respect to absorbed pump power was
initially around 73%, and gradually decreased to 40% for an
absorbed pump power above 600 W (a fit to the whole data
set results in a slope efficiency of 61.5%). The overall opti-
cal to optical conversion efficiency of the system is around
47% (375 WIT95 W).

It is very elucidating to track the variation of measured
crystal temperature as a function of absorbed pump power.
As we can see from Fig. 3a, for 960 nm pumping, the aver-
age temperature of the crystal increases gradually from 78
to 156 K as the absorbed pump power increases to 700 W
(with a slope of around 0.11 K/W: ~1.1 K increase in crys-
tal temperature per 10 W of absorbed pump power). Note
that assuming a fractional heat load 1.5 times the quantum
defect 8.5% [2], the total estimated heat load on the crystal
is around 60 W at this absorbed pump power level. This
corresponds to a~ 1.3 K increase in average crystal tem-
perature per 1 W of thermal load. In an earlier numerical
study, we have estimated an average temperature of 120 K
for a 1% Yb:YLF crystal at 400 W absorbed pump power
corresponding to a thermal load of about 33 W or 1.27 K
temperature increase per W of thermal load [41]. At 400 W
absorbed pump power, we observed a crystal temperature of
around 125 K, which demonstrates that the average crystal
temperature estimated using the fluorescence intensity ratio
method matches the simulation results quite well.

In the experiments, for the 960 nm pumped system, out-
put power scaling of the laser beyond 375 W power level
was not possible because of deteriorating output beam
quality and lack of cavity stability caused by thermally
induced lensing effect. Once the temperature of the crystal
reached ~ 155-160 K, the cavity became unstable: the laser
was harder to align and the beam profile and laser output
were fluctuating. Sample near-field and far-field beam pro-
files of the laser output are shown in Fig. 3b. As one can see,
initially the beam is quite symmetric and homogeneous. As
the laser power increases, the laser output slowly becomes
super-Gaussian (mimicking the pump beam profile) and at
elevated pump powers, hot spots appear in the beam profile,
which eventually prevents further power scaling. The beam
quality factor (M?) is measured as low as 1.1 at low power
levels (100 W). Similar to the case reported in [34], a meas-
urement of the laser beam divergence angle has shown that
the beam quality of the laser increases slowly at elevated
powers, but still stays below 3 for all cases.

In comparison, for the 940 nm pump diode, the thermal
effects limited the output power to 240 W at an absorbed
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pump power of 410 W (incident pump power: 715 W,
absorption: ~57.3%). Note that, within experimental error
bars, the slightly shorter pump wavelength did not signifi-
cantly change the lasing threshold or the slope efficiency
(with respect to absorbed pump power). Under 940 nm
pumping, the slope efficiency was 73% but the crystal could
not handle a pump power above 400 W: the average power
started to decrease and could not be improved via cavity re-
alignment. When we look at the estimated average tempera-
ture of the crystals, we clearly see that, for 940 nm pumping,
the temperature of the crystal rises with a faster slope of
around 0.2 K/W. Part of the faster increase of temperature
with 940 nm pumping is of course due to higher quantum
defect. On top of this, the lower pump absorption at 940 nm
also created an issue for this short flat—flat cavity. As an
example, at an incident pump power of 715 W, the crystal
absorbed only around 410 W of the pump power, and around
65% of the remaining transmitted pump (~200 W) is retro-
reflected back to the dewar by the flat OC. The retroreflected
pump beam had a diameter of around 50 mm at the crystal:
did not really help with lasing but created a significant addi-
tional heat load on the crystal. Usage of a dichroic output
coupler with high transmission at the pump wavelength and
25-30% reflectivity at the lasing wavelength could help to
resolve this issue in future studies with similar short flat—flat
cavities.

As a side note, the zero-phonon line absorption peak of
Yb:YLF lies around 971.7 nm and has a FWHM of around
1 nm at 150 K (typical operation temperature of Yb:YLF
rods under heavy thermal load) [32]. For the E//a axis, the
lasing peak is around 1018 nm, and the corresponding quan-
tum defect is 4.5%. On the other hand, for the 995 nm peak
of E//c axis, the quantum defect is only 2.3%. We believe
that a~971.7 nm pumped 995 nm cryogenic Yb:YLF laser
system has the potential to generate cw output powers above
1 kW from a single rod (the quantum defect is about 2.5
times lower when compared to a 960 nm pumped 1018 nm
laser: assuming the crystal could still handle ~60 W thermal
load, one rod should be able to absorb 1.75 kW of pump
power, and generate cw output powers above 1 kW).

3.2 Long-cavity cw lasing results

In this subsection, we will present cw lasing results obtained
in the long standing-wave cavity configuration (using the
cavity in Fig. 1b). To start, Fig. 4 shows cw performance
comparison of short and long cavities while using the
960 nm pump source. With the long-cavity, cw laser power
up to 325 W was obtained at an absorbed pump power of
717 W (incident power 843 W). The lasing threshold was
60 W (~25 W lower than for the short cavity), and the laser
slope efficiency with respect to absorbed pump power was
around 50% (~ 10% lower compared to the short-cavity). It
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Fig.4 a Measured variation of cryogenic Yb:YLF cw laser perfor-
mance with cavity configuration: comparison between the short flat—
flat cavity and the long standing-wave cavity (comparison of cavities
in Fig. la and b). Variation of measured average crystal temperature
with absorbed pump power level is also shown for both cases. The
data are taken using the 1%-doped Yb:YLF crystal, by employing
a pump spot diameter of 2.1 mm with the 960 nm pump. b Sample
near-field (nf) beam profiles of the long-cavity Yb:YLF cryogenic cw
laser

is also instructive to see that, for both short and long cw
cavities, the measured average temperature of the crystal
increases with a similar trend, except above-absorbed pump
powers of 500 W, where the lower performance of the long-
cavity laser creates additional heat load. Overall, we can
argue that, the long cavity with curved mirrors, provides a
cavity mode that enables a lower lasing threshold. On the
other hand, it is harder to mode-match to the multimode
super-Gaussian pump beam profile, which results in a lower
slope efficiency. As a benefit, the beam profile of the laser
output is more symmetric/homogeneous, and most of the
laser power is contained in the TEM,,, beam profile (Fig. 4
b). From the measured variation of the near field beam pro-
file (beam profile on the OC mirror), we have estimated a
positive thermal lens as strong as+2 m inside the Yb:YLF
gain medium at an absorbed pump power of 700 W. The
thermal coefficient of the refractive index for YLF is known
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to be negative [31]; hence, contributions from the surface-
induced deformations (thermal expansions), population/
electronic lensing, and/or photoelastic effect should be the
cause of the overall positive thermal lens [42—44].

We have also tested the laser performance using a lower
Yb-doped YLF crystal, as it is clear that, the thermal lens
originating at elevated temperatures limits the output powers
with the 1%-doped crystal. Figure 5 shows the performance
of the 2 cm long 0.5% Yb-doped crystal in comparison with
the 2 cm long 1% Yb-doped YLF crystal under same condi-
tions. The lasing threshold level with respect to absorbed
pump power was similar for both dopings (60 W). Within
experimental errors, the slope efficiencies were also similar,
but with the 0.5% Yb-doped crystal the obtainable output
power was lower. To be more specific, the laser provided
250 W of output power at an absorbed pump power of
520 W (incident power: 915 W, absorption: 56.8%). When
we look at the estimated temperature of the crystals, we see
that the temperature increase in both crystals is roughly sim-
ilar, and at 500 W absorbed pump power, the temperature of
the 0.5%-doped crystal is about 145 K, which still allows for
stronger pumping. We have realized that it is hard to obtain
absorbed pump powers above 500 W from the 2 cm long
0.5%-doped YLF crystal for the spot size of 2.2 mm, even
under lasing conditions due to: (i) decreasing small-signal
absorption with temperature, (ii) limitations of single-pass
pumping (limited length and doping), and (iii) onset of pump
saturation effect (bleaching of ground-state).

As a closing note, earlier [34, 41] without the knowl-
edge of average crystal temperature, we have attributed the
lower performance of the 0.5% crystal to the limited heat
extraction capability of the boiling liquid nitrogen boundary
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Fig.5 Measured variation of cryogenic Yb:YLF cw laser perfor-
mance with Yb-doping level of the crystal for the long standing-wave
laser cavity: 0.5 versus 1% doping. Variation of estimated average
crystal temperature with absorbed pump power level is also shown.
The data are taken using the long-standing short flat—flat cw cavity,
using a pump spot diameter of 2.1 mm with the 960 nm pump
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(Leidenfrost effect limitation) [45-48]. Recent temperature
measurements that we are presenting in this work show that
the limited performance of the 0.5%-crystal is most prob-
ably due to heating induced pump saturation of the crystal
and we are not yet limited by the heat extraction capability
of the system.

3.3 Regenerative amplification results

In this last subsection, we present regenerative amplifica-
tion results taken with the 1% Yb-doped YLF crystal and
discuss the observed limitations. The regenerative amplifier
is operated at 10 kHz repetition rate to check the average
power scaling potential of the system. Figure 6a shows the
obtained pulse energy as a function of absorbed pump power
at cavity round-trip numbers 95, 100 and 105. Measured
average temperature of the crystal is also shown for the case
of 100 round-trips (a similar temperature trend is observed
for others). The best regen performance was obtained at
100 regen round trips, where we have reached average
regen powers above 90 W (9 mJ at 10 kHz) at an absorbed
pump power of 500 W (incident power: 580 W, absorption:
86.2%). At~ 85 W average output power, we have measured
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Fig.6 a Measured performance of cryogenic Yb:YLF regenerative
amplifier using the 1% Yb-doped YLF crystal at different round-trip
numbers. Variation of measured average crystal temperature with
absorbed pump power is also shown. b Sample near-field (nf) beam
profiles of the regenerative amplifier output
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a shot-to-shot rms energy stability below 4% in a 5 min
interval (Fig. 7 shows a sample measurement with 3.65%
rms noise). During the noise measurements, the amplifier
setup was not fully covered, and better performance could
potentially be achieved in a well-covered and temperature-
stabilized system. Due to the flat gain-profile of E//a axis, the
gain narrowing effect was not strong, and the systems pre-
served bandwidth of the seed pulses (FWHM: ~ 2 nm, typical
spectra shown in [36]). At all output power levels, the regen-
erative amplifier output beam profile was TEM,,, and the
beam quality factor was below 1.2 (Fig. 6b). Further increase
of the regenerative cavity output power to around 95 W was
possible but resulted in bifurcation behavior of the regen
[49, 50]. This bifurcation instability could be suppressed
by increasing gain via stronger pumping, but the thermal
effects limited this approach in our case: as is also evident
from the measured reduction of output beam size (shown in
Fig. 6b), the thermally induced lens in the Yb:YLF crystal
becomes strong. From the measured variation of the output
beam profile, we estimated a thermal lens focusing strength
as large as+2.5 m at an absorbed pump power of 500 W.
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Fig.7 a Measured variation of Yb:YLF regenerative amplifier energy
for a sample 1.7 min time interval (a shot to shot output energy meas-
urement at 10 kHz). b Histogram of the regen energy data shown in
a. Mean regen energy 8.68 mJ, maximum energy: 10.42 mJ, mini-
mum energy:7.34 mJ, standard deviation: 0.32 mJ

In our experiments, we have also realized a considerable
amount of depolarization loss in the regenerative ampli-
fier setup (measured via the rejection port of the thin-film
polarizers). This motivated us to measure the absorbed pump
power dependence of depolarization loss in the 1% Yb:YLF
crystal. Figure 8 shows this data along with the measure-
ment of small-signal gain and average crystal temperature.
We see that the small-signal gain attainable from the system
increases almost linearly with absorbed pump power (only
a small decrease of the slope is observed probably due to
reduced emission cross section with temperature [32]). As
an example, the system reaches a single-pass gain of around
1.6 (60%) at an absorbed pump power of 470 W (2.1 mm
pump diameter).

On the other hand, the depolarization loss, which is
below 0.5% for the cold crystal, increases to 2.3% level at
an absorbed pump power of 470 W. We note here that, it
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Fig.8 Measured variation of small signal gain and depolarization
loss with absorbed pump power for the 2 cm long 1% Yb-doped YLF
crystal (pump and seed spot diameter: ~2.1 mm). Variation of meas-
ured average crystal temperature with absorbed pump power level is
also shown
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was not possible to minimize the depolarization loss further
by fine-tuning the tilting of the crystal. We think that the
observed depolarization is possibly due to the error mar-
gins in the bonding of the undoped and doped YLF parts
together, where a few degrees of error in crystal cut direction
determination could result in the observed depolarization
effect [51]. This clearly shows that ultimate care needs to be
taken in minimizing the crystal axis determination errors
both in the doped and undoped parts of the YLF crystal. A
simple simulation of the system shows that [41], the obtain-
able average power could easily be scaled to above 125 W
when eliminating the depolarization loss observed in this
study.

For comparison, regenerative amplification with the 0.5%
Yb-doped YLF crystal resulted in 70 W of average power
at 10 kHz repetition rate [36]. For the 0.5% doped crystal,
the observed depolarization loss was not as high, showing
that crystal orientation in the doped and undoped sections
matched better for this gain assembly.

4 Conclusion

In this study, we have investigated the limitations of the rod
geometry in cryogenic Yb:YLF systems. We have experi-
mentally demonstrated the advantages of lower quantum
defect pumping for power scaling. Record cw average power
approaching 400 W was obtained with the E//a axis, and the
thermal lens induced by the transverse temperature gradient
in rod geometry is shown to be the main limiting factor for
further output power increase. Regenerative amplification at
10 kHz resulted in an average power above 90 W, which can
potentially be improved to above 125 W level by minimizing
the depolarization losses.

Usage of (i) lower quantum defect pumping via employing
the 971.5 nm line, (ii) longer crystals with lower doping (0.5%
to 1% Yb-doped 3—4 cm long samples), (iii) E//c axis with the
higher gain cross section, (iv) double-crystal geometry [41,
52] and (v) slab and thin-disk geometry are all interesting
paths for further improvement to kW level in cw regime and
500 W level in regenerative amplification regime.
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