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As an alternative/additional approach, Yb:YAG systems have also been operated at cryogenic

temperatures [13–17]. Cooling the laser crystal not only improves the thermo-mechanical strength

of the YAG host [18], but also improves the spectroscopic properties of the Yb-dopant [19],

and hence providing significant advantages in terms of gain and power scaling. However, these

benefits come at the expense of increased laser complexity (requirement to operate under vacuum

at cryogenic temperatures etc. . . ), and reduced gain bandwidth [14]. As a consequence of the

reduced gain bandwidth, pulsewidths obtainable in cryogenic Yb:YAG amplifiers is limited to 4-5

ps level [20–23]. Hence, despite the advantages of cryogenic Yb:YAG systems in power/energy

scaling, their intrinsic limitation in obtainable pulse width hinders performance in several ultrafast

laser applications.

As an attractive alternative to Yb:YAG, Yb:YLF systems could offer broad gain bandwidths that

ideally support generation/amplification of pulses down to sub-250-fs length even at cryogenic

temperatures [24–31]. This broader emission comes at the expense of reduced emission cross

section values; however, the longer upper state lifetime of Yb:YLF partially balances this

drawback in terms of attainable gain. Additionally, the birefringent/biaxial nature of the YLF

host minimizes depolarization loss and the different spectral and thermal properties in E//a and

E//c axis enables the laser engineer to optimize the crystals used for the specific needs of the

system, which is not possible in the case of the isotropic YAG host [4]. Furthermore, the YLF

host possesses a weaker thermal lens (TL) due to its negative dn/dT coefficient [32–39], which

enables implementation of higher average power systems with better beam quality, as it is already

confirmed in earlier room-temperature studies with Nd:YLF [34, 36–45]. To our knowledge,

literature lacks a comprehensive study comparing the pros and cons of YLF and YAG hosts

at cryogenic temperatures. Especially, there is almost no comparative discussion of thermal

lens behavior of Yb-doped YAG and YLF crystals, and current literature with comparative

analysis primarily focuses on room-temperature Nd-based systems [32,33,46]. Without the

presence of comparative data taken in almost identical systems, it is hard for researchers to look

at independently performed studies and make design decisions.

Motivated by this need, we have performed detailed spectroscopic (absorption, emission, and

lifetime), temperature, lasing, and thermal lens measurements with Yb:YAG and Yb:YLF rods

at cryogenic temperatures under almost identical conditions. Our analysis has demonstrated

that, despite the known advantages of the YAG host in terms of thermal conductivity, thermal

expansion coefficient and fracture toughness, Yb:YLF systems provide better lasing performance

compared to Yb:YAG in terms of power scalability and output beam quality. We have shown that

this advantage is due to the lower quantum defect and weaker thermal lens observed in Yb:YLF,

especially in its E//c axis.

The paper is organized as follows: In Section 2, we first describe the experimental methodology

that is applied. Section 3 presents absorption, emission, fluorescence lifetime, crystal temperature,

thermal lens and lasing data taken with cryogenic Yb:YLF and Yb:YAG systems under almost

identical conditions. Finally, in Section 4, we finalize with a brief summary and provide an

outlook for future cryogenic Yb:YLF systems.

2. Experimental approach

We used identical experimental conditions in our experimental campaign, as much as possible, to

obtain a fair direct comparison between YAG and YLF hosts. Therefore, we employed Yb:YAG

and Yb:YLF samples with almost identical specifications. All the samples used in this study have

a Yb-doping of 1%: a concentration level that we found to be rather optimum in rod geometry.

This doping is low enough to enable rather homogeneous distribution of heat load along a fairly

long portion of the crystal, yet it is still high enough to enable sufficient absorption even at high

pumping intensities [47,48]. One a-cut and one c-cut Yb:YLF crystals with 20 mm length and

aperture sizes of 10× 15 mm2, and one Yb:YAG crystal with a length of 24 mm and an aperture
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size of 5× 15 mm2 are used in the experiments. These lengths (20-24 mm) still enable fairly

good mode-matching between the laser and the low-brightness (large M2) pump mode. The

Yb:YLF crystals contain 3 mm long undoped endcaps diffusion-bonded on both ends, and hence

the total crystal length is 26 mm. The Yb:YAG crystal has a 3 mm undoped cap on its front

side only, and thus has a total length of 27 mm. The undoped endcaps enable minimization of

surface bulging induced thermal lensing for both cases. All crystals are antireflection coated

with a simple few-layer coating that is effective at the pump and laser wavelengths. The crystals

are indium soldered from the top side to a multi-stage pyramidal cold head, which is cooled to

cryogenic temperatures by boiling liquid nitrogen using a vacuum sealed dewar system. Hence,

the cooling cross section surface is almost identical for Yb:YAG (27× 15 mm2) and Yb:YLF

(26× 15 mm2). In the experiments the pump beam is located close to the top side of the crystals

(Fig. 1), to minimize the thermal resistance of the system and to enable better cooling. Therefore,

the different height of the Yb:YLF (10 mm) and Yb:YAG (5 mm) samples do not create much

difference in cooling efficiency, as long as the distance between the pump light and cooling

surface is kept equal.

Fig. 1. Dimensions and orientations of the 1% Yb-doped (a) a-cut Yb:YLF, (b) c-cut

Yb:YLF and (c) Yb:YAG crystals used in the experiments. The location of the pump mode

within the crystals are also shown (shaded cylindrical area inside rectangular gain medium).

The pump line upper edge was around 2 mm below the crystal upper surface in all cases.

The crystals are indium soldered from their top side to a multi-stage pyramidal cold head

that is cooled via direct contact with boiling liquid nitrogen. (d) Picture of the cryogenically

cooled Yb:YAG crystal inside the dewar. The emission from the pump beam is also visible.

We have recently discussed the experimental methodology used in absorption, emission, and

lifetime measurements of Yb:YLF and Yb:YAG crystals in detail in [49,50], and we will only

provide a brief summary here. A home-built broadly-tunable (770-1110 nm) continuous-wave

(CW) Cr:LiSAF laser [51] is used in the absorption and emission measurements. The Cr:LiSAF

laser produced up to 100 mW of linearly polarized output with a spectral width below 0.1 nm at

full-width at half-maximum (FWHM). For the absorption measurements, the Cr:LiSAF output

beam (diameter: 1.3 mm) is sent through the sample’s center. The incident and transmitted power

levels are recorded carefully using a sensitive power meter (Thorlabs S121C). The absorption of

the crystals at each wavelength is calculated after subtracting the background loss of the system.

The temperature dependent emission spectra are measured at a 90° angle to the Cr:LiSAF beam

propagation direction using a window at the side of the dewar. These measurements use a smaller

excitation beam size of around 100 µm to minimize self-absorption effects (the crystals are also

excited from their edge). In the case of Yb:YLF, a thin- film polarizer (Thorlabs LPNIRE100-B)

is used for selecting the fluorescence emission in the relevant axis. A 3648 pixel CCD array

(Toshiba TCD1304AP) based Ocean Optics spectrometer with a spectral resolution of 0.1 nm

in the 900-1060 nm range is used for recording the fluorescence spectra. The emission cross

section in absolute units is calculated using the modified Füchtbauer–Ladenburg formula. The

temperature dependence of emission spectra is used to estimate the average crystal temperature

and the procedure for this is outlined in detail in [52,53].
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We have used fiber-coupled, 960 nm and 940 nm laser diodes with peak powers of up to 3 kW

as the excitation source in lifetime and lasing experiments of Yb:YLF and Yb:YAG, respectively.

The pump modules employed 600 µm core diameter fibers with a numerical aperture (NA) of

0.22, and the pump output from the fiber tips are 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).

In typical emission lifetime measurements, crystals are excited with 200 µs long pump pulses

with 2 kW of peak power at a repetition rate of 1 Hz (average incident power: 0.4 W). The

fluorescence decay signal is measured at 90° to the direction of excitation beam, and a 1000

nm high-pass filter (Thorlabs, FELH1000) is implemented to cut out scattered pump light. A

free-space 350 MHz Si detector (Thorlabs, DET10A) with a sub-20 µs response time is used to

monitor the fluorescence decay signal. Pinholes with diameters between 10 µm and 2 mm are

used to estimate of radiation-trapping free lifetimes.

In CW laser experiments, we have compared the performance of Yb:YAG and Yb:YLF crystals

in two different cavities. In the initial experiments (Fig. 2 (a)), a very simple compact flat-flat

cavity is implemented using a flat dichroic mirror (DM) and a flat output coupler. The total cavity

length is around 30 cm, just long enough to contain the dewar system (named as a short cavity).

The dichroic mirrors have a transmission > 95% for the pump wavelengths (940-960 nm) and

have a reflectivity higher than 99.9% in the 990-1040 nm range. We have tested output couplers

with transmissions of 10-80% for both materials and among these the optimum performance is

obtained with around 25% coupling (obtainable slope efficiencies do not vary much for output

coupling in the 20-60% range: details could be found in [47]). As in lifetime measurements,

a pump spot diameter 2.08 mm is also employed in the lasing experiments (obtained via usage

of f1-f2 telescope). In all the experiments, the Yb:YAG and Yb:YLF crystals absorbed more

than 80% of the unpolarized pump light. Up to 1 kW of pump light was incident on the crystals

(2.1 mm diameter spot), and despite the lower mechanical strength of YLF host, we have not

observed any crystal fracture damage in our experiments, owing to the quality of thermal contact

to the cold head.
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Fig. 2. Simplified schematic of the setups used in (a) short-cavity, and (b) long-cavity

CW laser experiments with Yb:YAG and Yb:YLF. Short cavity: flat-flat configuration,

long-cavity: x-shaped standing wave cavity with two curved dichroic mirrors. f1-f3: Lenses

for pump coupling, DM: Dichroic mirror, HR: High reflectivity mirror, OC: Output coupler.

The CW laser performance of the Yb:YAG and Yb:YLF crystals are then compared in a long

standing wave cavity, that is more sensitive to the pump induced thermal lensing in the gain

element. This long cavity consisted of two 20 m radius of curvature curved dichroic mirrors,

a flat high reflector and a flat output coupler (Fig. 2 (b)). For this cavity, the distance between

the curved mirrors is around 70 cm, and due to the small working range of the f1-f2 telescope,

another 150 mm focal length lens (f3) is necessary to re-image the pump beam inside the gain

media (again to a spot diameter of 2.08 mm). Short and long arm lengths of 70 cm and 85 cm

are employed, resulting in a cold cavity beam diameter of 2.1 mm at the center of the crystals

and 2.02 mm at the output coupler. For this cavity, we have monitored the variation of the laser

output beam profile with absorbed pump power level: (i) to probe the beam quality of the laser,

and (ii) to estimate the induced thermal lens strength of the laser.
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Figure 3 shows a simplified schematic of the setup used to directly measure the thermal lens

strength. We employed the same pump module system to obtain a 2.08 mm pump spot diameter

at the center of the crystals. In order to explore the strength of the thermal lens, the system is

probed with an Nd:YAG laser at 1064 nm. At this wavelength neither Yb:YLF nor Yb:YAG has

gain at cryogenic temperatures. The probe beam profile is monitored using a high resolution

(2048× 2048 pixels) beam profiler camera (DAT-WinCamD-LCM). The collimated output of the

probe beam has a size of around 3.7 mm diameter at the position of the beam profiler camera,

which is positioned 1 m and 2 m after the crystal for the case of Yb:YAG and Yb:YLF crystals,

respectively. We have first monitored the variation of the beam size with absorbed pump power

level, and afterwards the strength of the thermal lens induced inside the laser crystal is estimated

using simple ABCD matrix beam propagation formalism for Gaussian beams. Finally, the

incident polarization of the probe beam is adjusted using a half-wave-plate in order to investigate

the polarization dependence of the thermal lens strength.
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head

Fig. 3. Simplified schematic of the thermal lens measurement setup. The system measures

the variation of the beam size of the collimated 1064 nm probe beam as a function of

absorbed pump power. Usage of dichroic mirrors and several apertures along the path of the

probe beam minimizes the presence of pump light near the beam profiler camera. HWP:

Half-wave plate, DM: Dichroic mirror, A: Adjustable circular aperture, ND: Neutral-density

filters, HR: High-reflector mirrors, BD: Beam dump.

3. Comparison of Yb:YAG and Yb:YLF

In this section, we will first present spectroscopic properties of Yb:YAG and Yb:YLF crystals at

cryogenic temperatures and comparatively discuss their advantages and disadvantages for ultrafast

laser/amplifier development. As the second step, based on this spectroscopic information, we

will look at the variation of the quantum defect with temperature in these crystals, and directly

estimate crystal temperatures under pumping conditions. Later, the cw laser performance of

Yb:YAG and Yb:YLF will be compared in short and long cavity configurations. The section will

be finalized by comparing thermal lenses of the different gain media.

3.1. Comparison of the absorption spectrum

Figure 4 shows measured absorption cross section spectra for the Yb:YAG and Yb:YLF crystals

at temperatures of 78 K and 295 K. This data is taken with 1% Yb-doped samples and agrees

reasonably well with previous reports in the literature [54–57]. From Fig. 4 (a), we see that,

Yb:YAG has three strong absorption bands centered around 914 nm, 941 nm and 969 nm at room

temperature. Among those bands, pumping at the zero-phonon line at 969 nm has advantages due

to smaller quantum defect [58]. This line has a width of around 3 nm at room temperature, but it

gets quite narrow at cryogenic temperatures: sub-0.1 nm at 78 K, and sub-0.5-nm at 150 K [59].

Current state-of-the-art high power (multi-kW) diodes have an emission bandwidth of around 2-3

nm (Fig. 2 in [60]), and hence the zero phonon line of Yb:YAG is not very suitable for pumping
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of cryogenic systems [61]. As a result, the 940 nm line, which is also rather broad at cryogenic

temperatures (∼3 nm at 78 K), is employed to pump cryogenic Yb:YAG systems [20–23].
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Fig. 4. Measured absorption cross section of (a) Yb:YAG, (b) Yb:YLF E//c axis and (c)

Yb:YLF E//a axis at 78 K and 295 K.

In the case of room-temperature Yb:YLF, there are absorption peaks around 960 nm and 993

nm for E//c axis (Fig. 4 (b)), and around 933 nm, 948 nm, 960 nm and 974 nm in the case of E//a

axis (Fig. 4 (c)). Note that, the E//a axis is broader, but it has lower peak cross section values.

The zero-phonon line, which is located at around 971.5 nm in Yb:YLF is also rather narrow at

cryogenic temperatures (sub-0.5 nm). As a result, the 960 nm line with a FWHM of around

1.5 nm is usually employed for efficient pumping of cryogenic Yb:YLF systems. Note that this

transition is strong for both polarizations (5.6× 10−20 cm2 for E//c and 2.5 ×10−20 cm2 for E//a

at 78 K), which provides flexibility while pumping with unpolarized fiber-coupled laser diode

systems. We refer the interested readers to [49] for further detailed data on temperature variation

of absorption cross section in Yb:YLF, including the 960 nm transition.

From Fig. 4 (a), we see that the 940 nm line of Yb:YAG has a peak absorption coefficient of

1.4 ×10−20 cm2 at 78 K, that is relatively low compared to the 960 nm line of Yb:YLF. We want

to also mention that, due to its lower fluorescence lifetime, the absorption saturation intensity of

Yb:YAG (15.1 kW/cm2) is higher than for Yb:YLF (1.85 kW/cm2 for E//c, 4.2 kW/cm2 for E//a).

Hence, it is harder to reach pump saturation in cryogenic Yb:YAG systems, which enables more

efficient absorption at high pump intensities [62]. On the other hand, the pump saturation can

be used to better distribute the thermal load in long laser crystals, which provides advantages

to Yb:YLF in terms of thermal effects as we will see later. Lastly, under lasing/amplification

conditions, the intracavity circulating laser beam will partially suppress the pump saturation effect

via stimulated emission. Hence, the pump saturation effect is expected to create challenges only
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in some rare cases, where efficient extraction could not be achieved (e.g. in Yb:YLF amplifiers

operating at low repetition rates).

3.2. Comparison of fluorescence lifetimes

The observed variation of effective fluorescence lifetime of Yb:YAG and Yb:YLF in the 78-300

K temperature range is shown in Fig. 5 (a). As we can see, the 1% Yb-doped YAG sample has a

fluorescence lifetime of 1.02 ms at 78 K, which monotonically increases with temperature and

reaches a value of 1.18 ms at room temperature (similar trends are reported in [19]). Fluorescence

lifetime measurements performed with pinholes show that (Fig. 5 (b)), the measured increase

in fluorescence lifetime with temperature is most likely due to the increased role of radiation

trapping (due to the overlapping absorption and emission bands at elevated temperatures). As we

can see from Fig. 5 (b), for the 1% Yb-doped sample, the intrinsic radiation trapping free lifetime

of Yb:YAG is estimated to be around 1 ms both at 78 K and 300 K.
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Fig. 5. (a) Measured variation of fluorescence lifetime of 1% Yb-doped Yb:YAG and

Yb:YLF crystals in the 78-300 K range. (b) Measured variation of fluorescence lifetime with

circular pinhole aperture diameter for 1% Yb-doped Yb:YAG and Yb:YLF samples at 78 K

and 300 K. The reduced pinhole diameter minimizes radiation trapping effects, and could

be used to estimate the intrinsic (radiation trapping free) fluorescence lifetime of the laser

materials.

For the case of 1% Yb-doped YLF, we have measured a lifetime of 2.02 ms at 78 K, which

again monotonically increases to 2.7 ms at room temperature. Due to the smaller crystal field

strength of the YLF host (compared to YAG), the overlap of absorption and emission bands

is stronger, and radiation trapping effect is more dominant in Yb:YLF. Hence, the increase of

effective lifetime with temperature (from 2.02 ms to 2.8 ms) is larger compared to Yb:YAG (from

1.02 ms to 1.18 ms). By employing measurements with pinholes, we have estimated the radiation

trapping free intrinsic lifetimes of Yb:YLF as 1.97 ms and 2.1 ms at 78 K and 300 K, respectively.

These values are in relatively good agreement with literature [4,13,56,57,63]. We would like

to note that, the estimated intrinsic lifetime at room-temperature (2.1 ms) is slightly higher

than the intrinsic lifetime estimates at 78 K (1.97 ms). We believe that this difference might be

due to the remaining radiation trapping effect that could not be eliminated fully. As another

explanation, Püschel et al. proposed [56] that, this increase in estimated intrinsic fluorescence

lifetime might be due to an increase in effective radiative lifetime with temperature (lifetime of

the upper laser manifold changing due to variation of the Boltzmann occupation factors of the

Stark sub-levels with temperature [64]). Overall, when we compare Yb:YLF and Yb:YAG in

terms of their fluorescence lifetime, we see that Yb:YLF with its 2-fold longer lifetime could

provide advantages in terms of inversion acquisition in the design of cryogenic amplifier systems.
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3.3. Comparison of emission spectra

The emission cross section (ECS) is one of the most important parameters in determining

amplifier performance, and in this sub-section we will compare the ECS curves of cryogenic

Yb:YAG and Yb:YLF in great detail. Figure 6 (a-c) presents the measured ECS spectra of

Yb:YAG and Yb:YLF in the 78-200 K range. From our earlier work, we know that, under thermal

load, the crystals in cryogenic systems easily reach temperatures of 125-150 K during regular

laser/amplifier operation [29,53]. Hence, rather than comparing the emission spectra at 78 K, it

is more beneficial to look at the spectra at slightly elevated temperatures. For that purpose, Fig. 6

(d) shows the measured emission cross section for Yb:YAG and Yb:YLF at 150 K. At 150 K,

Yb:YAG has a peak emission cross section of 7.8 ×10−20 cm2 at around 1029.5 nm, and the line

had a FWHM of around 1.75 mm. This transition also has a rather sharp shape, and as earlier

results have shown, upon strong gain narrowing, the obtainable pulses from cryogenic Yb:YAG

systems are then only around 4-5 ps short [20–23].
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Fig. 6. Measured variation of (a) Yb:YAG, (b) Yb:YLF E//c axis and (c) Yb:YLF E//a axis

emission cross section with temperature in the 78-200 K range. (d) Emission cross section

of Yb:YAG and Yb:YLF at 150 K.

For comparison, the E//c axis of Yb:YLF has a peak ECS of 3.05×10−20 cm2 centered around

995.1 nm with a FWHM of around 3 nm (extends to a width as wide as 5.5 nm if one considers

the asymmetric shoulder towards the shorter wavelengths). As we can see, at 150 K, the 995.1

nm transition of Yb:YLF is around 2.5 times weaker compared to the 1029.5 nm transition of

Yb:YAG. On the other hand, the 995.1 Yb:YLF peak is around 2 times wider, and in well-designed

systems, it could potentially produce sub-2-ps level pulses [28].

Note that, the E//c axis of Yb:YLF has another line centered around 1019.3 nm with a peak

ECS value of 1.8×10−20 cm2 at 150 K, and this transition has a FWHM of around 8 nm, that

could be used in generation/amplification of sub-500-fs level pulses [29]. More importantly, the

E//a axis of Yb:YLF has a transition around 1017.5 nm with a peak ECS value of 0.65 ×10−20
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cm2. The interesting part for this transition is, the emission curve around this transition is rather

flat, which is quite beneficial in minimizing gain narrowing effect. Moreover, this transition has

a FWHM of around 12 nm at 150 K, which could ideally support generation/amplification of

sub-250-fs level pulses [25]. Hence, despite its lower emission cross section, due to its broad

emission lines, especially in the E//a axis, the cryogenic Yb:YLF amplifier system has attracted a

great deal of interest over the last decades [14,24,27–29,65,66]. On the other hand, compared to

Yb:YAG, Yb:YLF systems have lower gain, and care must be taken in terms of optical losses for

the design and implementation of efficient cryogenic Yb:YLF amplifiers.

In closing this sub-section, it is also beneficial to compare Yb:YAG and Yb:YLF systems

in terms of emission saturation fluence parameter. The 1029.5 nm transition of Yb:YAG has a

saturation fluence of around 2.5 J/cm2 at 150 K. In comparison the saturation fluence of Yb:YLF

is 6.55 J/cm2 and 10.8 J/cm2 for the 995.1 nm and 1019.3 nm transitions of E//c axis, and around

30 J/cm2 for the 1017.5 nm transition of E//a axis, respectively. We want to point out that the

saturation fluence for the broadband E//a axis transition of Yb:YLF around 1017.5 nm is even

higher than the laser-induced damage threshold of standard optics (20 J/cm2 for 10 ns pulses).

As a result, the cryogenic Yb:YLF amplifiers are operated at much lower fluences than their

saturation fluence [67], resulting in lower extraction efficiencies than in Yb:YAG amplifiers that

can be operated at fluences close to their saturation fluence (2.5 J/cm2). One way to improve the

extraction efficiency of Yb:YLF systems is to operate them at high repetition rates (multi-kHz

regime) and use the benefit of cumulative saturation effect of close by pulses. In this mode,

Yb:YLF amplifiers could reach efficiencies close to 80% [29]. Moreover, high repetition rate

operation of Yb:YLF amplifiers also enables better performance in terms of pulse-to-pulse energy

stability.

3.4. Comparison of fractional thermal load

One of the crucial factors determining the power scalability of a laser system is the thermal

conductivity of the laser material. The thermal conductivity of the YAG host is around 1.5 times

higher than for the YLF host at cryogenic temperatures (e.g. 26.4 Wm−1K−1 in YAG versus

17.1 Wm−1K−1 for E//c axis of Yb:YLF at 150 K) [18]. Hence, the higher thermal conductivity

of YAG provides an advantage in terms of thermal effects. On the other hand, one should also

consider the thermal load on the crystal, and in a first order approximation the thermal load on

the crystal scales with the quantum defect of the system (fractional thermal load might be 1.5× 2

times higher than the quantum defect [5,53]).

For this purpose, in Fig. 7 (a) (right vertical axis), we show the calculated mean emission

wavelength for Yb:YLF and Yb:YAG gain media as a function of temperature (calculations are

performed by using the temperature-dependent emission data that is discussed earlier). As we

can see form Fig. 7 (a), the mean emission wavelength in Yb:YLF is shorter than Yb:YAG at

all temperatures due to the smaller crystal field strength of YLF host. As an example, at 150

K, the mean emission wavelength for Yb:YLF and Yb:YAG are 1000.45 nm and 1021.85 nm,

respectively. Of course, these values might be different for different doping levels and gain media

geometries due to the effect of radiation trapping, but the numbers given here are adequate for a

first order estimation. Based on the calculated mean emission wavelength data, we have also

estimated variation of quantum defect with temperature in Yb:YAG and Yb:YLF considering a

pump wavelength of 940 nm for Yb:YAG and 960 nm for Yb:YLF (left vertical axis in Fig. 7

(a)). As one can see, due to the longer pump wavelength and shorter mean emission wavelength,

Yb:YLF has a much lower quantum defect compared to Yb:YAG. Estimated quantum defect of

Yb:YLF is around 4.05%, compared to 8% in Yb:YAG (under non-lasing conditions).

Overall, we see that, YAG host provides around 1.5 times higher thermal conductivity than

YLF, but Yb:YLF has around ∼2 times lower thermal load under the same absorbed pump

power level. This shows that Yb:YLF is slightly better in terms of thermal heating of the
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Fig. 7. (a) Calculated mean emission wavelength and quantum defect for Yb:YAG and

Yb:YLF in non-lasing conditions, assuming pump wavelengths of 940 nm (Yb:YAG) and

960 nm (Yb:YLF). (b) Measured variation of estimated average crystal temperature with

absorbed pump power level for Yb:YAG and Yb:YLF.

crystal when one only considers thermal conductivity and thermal load parameters (one expects

around 25% lower temperatures in YLF host compared to YAG). Our direct measurements of

crystal temperatures under almost identical conditions also confirmed this first order expectation.

Figure 7 (b) shows the measured average temperatures of 1%Yb-doped Yb:YAG and Yb:YLF

crystals as a function of absorbed pump power under non-lasing conditions in identical setups.

We see that, for Yb:YAG the temperature of the crystal increases with a slope of around 0.23

K/W, whereas the slope in Yb:YLF is lower and is at 0.19 K/W (∼20% lower slope). The analysis

shows that in equally designed systems, the temperatures in Yb:YLF crystals could actually be

lower than Yb:YAG despite its lower thermal conductivity. As a final note, the lasing wavelength

of Yb:YAG (∼1030 nm) is considerably higher than its mean emission wavelength (∼1021.85 nm

at 150 K), and hence while lasing the quantum defect in Yb:YAG is actually higher compared to

its non-lasing condition. In comparison, in Yb:YLF, for the lasing wavelength of 995 nm, the

quantum defect in lasing conditions is actually lower than in the non-lasing situation.

3.5. Comparison of lasing performance in the short-cavity

In the earlier sections, we have discussed the spectroscopic properties of Yb:YLF and Yb:YAG in

a comparative manner, and presented pros and cons of each system. Starting from this sub-section,

we will begin to compare the performance of the cryogenic Yb:YAG and Yb:YLF crystals in

lasing experiments. During these experiments, we have just exchanged the dewars (containing

either the Yb:YLF and Yb:YAG crystals) in the setup, and everything else was kept identical in

the setups (except the pump wavelength). Hence, to the best of our knowledge the following data

compares the performance of Yb:YAG and Yb:YLF in almost identical conditions.

In this sub-section, we will first compare the lasing performance for the short flat-flat laser

cavity as described earlier (Fig. 2 (a)). Figure 8 summarizes the measured lasing performance

of Yb:YAG and Yb:YLF for this configuration. All the data in Fig. 8 are taken using a 25%

output coupler. In Fig. 8, we have also plotted the measured average temperature of the crystals

at different pumping levels under lasing conditions. As we can see from Fig. 8 (a), in the

short-cavity configuration, the Yb:YAG laser has a lasing threshold of 12.5 W, and initially

it reaches a slope efficiency as high as 86%. At an absorbed pump power of 468 W (485 W

incident, ∼96.5% absorption), the Yb:YAG laser produces 365 W of output power at a 1030 nm

wavelength. Note that the observed slope efficiency (86%) is rather close to the quantum defect

limited performance (91.2%: considering 940 nm pumping and 1030 nm lasing). We see from

Fig. 8 (a) that, at an absorbed pump power above 300 W, the performance of the system starts
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to degrade due to deleterious effect of thermal lensing, and beyond 480 W of absorbed pump

power, the thermal lens becomes too dynamic to stabilize the laser, and the output power starts to

decrease. Note that, at these pump power levels we have measured average crystal temperatures

above 200 K. Also, part of the increase of crystal temperature is due to the retro-reflection of the

unabsorbed pump light by the output coupler (hence measured temperatures are higher compared

to non-lasing case: Fig. 7). Finally, the kink in the temperature estimation curve at around 250

W absorbed pump power is due to an effort for the realignment of the laser at that point, which

proves the sensitivity of the employed temperature estimation method [53].
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Fig. 8. Measured CW lasing efficiency for (a) Yb:YAG, (b) Yb:YLF in E//c axis and

(c)Yb:YLF in E//a axis in short flat–flat cavity configuration using 25% output coupling.

Variation of measured average crystal temperature with absorbed pump power level is also

shown for all cases.

For comparison, by using the E//c axis of Yb:YLF (Fig. 8 (b)), we have measured a lasing

threshold of around 35 W, and obtained a slope efficiency of 72%. We can partially explain the

higher lasing threshold of Yb:YLF (35 W) compared to Yb:YAG (12.5 W) with the lower small

signal gain coefficient (the gain product, the product of emission cross section and lifetime is

around 8 x10−23 cms in Yb:YAG versus 6 x10−23 cms in Yb:YLF at 125 K). However, on top of

that, we believe the stronger thermal lens in Yb:YAG also results in a smaller intracavity laser

beam, which also reduces the lasing threshold. For the E//c axis of Yb:YLF, at an absorbed pump

power of 683 W (710 W incident, ∼96.2% absorption), the Yb:YLF E//c axis laser produced 462

W of output power at the wavelength of 1019 nm. At lower pump powers, the lasing wavelength

is 995 nm (up to 50 W of output power), which then shifts to 1019 nm due to temperature induced

changes in the gain spectrum (the wavelength transition point is output coupler dependent, since

besides temperature, the gain spectra also depends on inversion [47,49]). It is interesting to see

that, due to better thermal behavior of the Yb:YLF crystal, we could apply around 1.5 times higher

pump power to the Yb:YLF crystal in comparison to the Yb:YAG, which enables extraction of
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higher output power levels (462 W in YLF host versus 365 W in YAG host). The measured

average temperature of the Yb:YLF crystal is also lower compared to Yb:YAG due to reasons

that have been discussed earlier.

Finally, using the E//a axis of Yb:YLF with the lower gain cross section (Fig. 8 (c)), we have

measured a lasing threshold of around 85 W, and obtained an initial slope efficiency of 73%. At

an absorbed pump power of 709 W (793 W incident, ∼89.4% absorption), the E//a axis Yb:YLF

laser produced 376 W of output power at 1018 nm wavelength. Note that, despite its lower gain,

the performance obtained in E//a axis of Yb:YLF laser is still slightly better than Yb:YAG, but

not as good as the performance observed with E//c axis of Yb:YLF due to the stronger thermal

lensing observed while lasing in this axis (the anisotropic thermal lens behavior of YLF host will

be discussed in greater detail in the upcoming sections).

3.6. Comparison of lasing performance in the long standing-wave cavity

In the previous section, we compared the laser performance of Yb:YAG and Yb:YLF in a short

flat-flat cavity. In this section, we will compare their CW laser performance in a long standing-

wave cavity (Fig. 2 (b)), that is more sensitive to thermal lensing of the gain element. Note that,

this cavity resembles regenerative amplifier cavities we have employed with Yb:YLF earlier

[29,60,66]. Hence the data presented here provides a better hint for regenerative amplification

performance of these systems. The CW lasing performance of Yb:YLF and Yb:YAG in the long

cavity configuration is summarized in Fig. 9. Again, this data is taken in the same cavity by just

exchanging the laser crystals and pump module. In the case of Yb:YAG (Fig. 9 (a)), we have

measured a lasing threshold of 12.5 W and an initial slope efficiency of 80% using 25% output

coupling, a performance somewhat similar to the short-cavity case. On the other hand, due to the

sensitivity of the longer cavity to thermal lensing, we could only apply incident pump power up

to 217 W, and achieved a cw output power of 112 W from the system (absorbed power: 191 W,

absorption:88%). At this pump power level, the average crystal temperature is measured to be

just around 130 K, which shows that the limited performance is not due to the overheating of

the crystal (as the Yb:YAG crystal in the short cavity reaches temperatures of 200 K). The main

reason for limited performance is the strong thermal lensing created in the Yb:YAG rod that

deteriorates the mode-matching between the cavity and pump modes, and destabilizes the cavity.

The measured near-field beam profile of the Yb:YAG laser output (Fig. 9 (d)) also confirms the

presence of a strong positive thermal lens. Note that the original beam with a dimeter of around

2 mm, shrinks down to a dimeter of 1.2 mm at 200 W absorbed pump power.

For comparison, while employing the E//c axis Yb:YLF crystal, we have measured a lasing

threshold of 50W and a slope efficiency of 76% using a 40% transmitting output coupler (Fig. 9

(b)). Unlike, Yb:YAG, the thermal lens was rather weak, and we could apply incident pump

power levels up to 840 W, and obtained an output power of 506 W at a wavelength of 1019 nm

(absorbed power: 782 W, absorption: 93%, crystal temperature: 155 K). Due to the weak thermal

lens, the performance obtained in the long standing wave cavity is similar to the short cavity for

the case of E//c axis of Yb:YLF. The measured output beam profile near the OC (Fig. 9 (e)) also

confirms that, the thermal lens is weak and oscillates between positive and negative values for

horizontal and vertical directions.

Lastly, Fig. 9 (c) shows the laser performance of the long-standing cavity while employing the

E//a axis of Yb:YLF. We have measured a lasing threshold of 55 W and a slope efficiency of 74%

using a 25% transmitting output coupler. At an absorbed pump power of 717 W (843 W incident,

∼85% absorption, crystal temperature: 178 K), the Yb:YLF E//a axis laser produced 325 W of

output power at the wavelength of 1018 nm in the long standing-wave cavity. As can be seen

from Fig. 9 (f), for the E//a axis, the TL is stronger than E//c axis of Yb:YLF, and this results in

a faster deterioration of beam quality and bending of the CW efficiency curve. As a side note,

compared to E//c axis, the crystal temperature is higher while using the E//a axis of Yb:YLF, and
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some of these temperature increase is due to the inefficient extraction of the laser. As we can see

from Fig. 9 (c), once the laser power curve starts to bend down due to the mode mismatch caused

by the thermal lens, the slope of the measured crystal temperature starts to increase.

Overall, the laser experiments performed either in the short or long cavity configurations

demonstrated that, Yb:YLF is more suitable for power scaling due to its weaker thermal lens.

Especially, there is a significant performance difference while employing the long-standing wave

cavity (506 W with YLF host versus 112 W with YAG), due to the sensitivity of the cavity to

thermal lensing. Furthermore, a polarization dependent thermal lens is observed in Yb:YLF

which provides an advantage to its E//c axis compared to the E//a axis in terms of power scalability

(506 W with E//c axis versus 325 W with E//a axis).

3.7. Comparison of thermal lens strength

In the earlier sections, the experimental data on laser performance of Yb:YAG and Yb:YLF

indicated that the thermal lens is rather weak especially in E//c axis of Yb:YLF, which provides a

strong advantage in terms of power scaling. In order to confirm these results independently, we

have also performed a direct measurement of the thermal lens strength. To start our discussion,

Fig. 10 shows the recorded variation of the beam shape of a transmitted probe beam at 1064 nm

at different levels of absorbed pump power. In the experiments, the collimated beam passes

through the dewar containing the Yb:YAG/Yb:YLF crystals and is monitored 1 m after crystal for

Yb:YAG and 2 m after the crystal for the case of Yb:YLF (a shorter distance is used in the case

of Yb:YAG due to the stronger thermal lensing). Hence, the 1064 nm beam probes the status of

the thermal lens of the crystals while the system is pumped with the high power diode modules,

and provides us direct information on the thermal lens.
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Fig. 10. Measured variation of the transmitted 1064 nm probe beam profile as a function of

absorbed pump power for (a) Yb:YAG, (b) Yb:YLF E//c axis configuration, and (c) Yb:YLF

E//a axis configuration.

First of all, note that the behavior of the beam shape at different absorbed pump power levels

are in accordance with the measured near-field beam profile data in the long cavity cw laser

experiments (Fig. 9 (d-f)). As an example, for the E//c axis of Yb:YLF, the beam size does not

change much in the vertical direction and elongates in the horizontal direction as we see both

from Fig. 9 (e) and Fig. 10 (b). As a side note, the behavior of the beam is also similar to what

we have observed earlier in the regenerative amplifier studies performed using E//c [29] and E//a

axis configuration [60,66] of Yb:YLF. As the next step, using the measured beam profile data

and simple ABCD matrix formalism, we have calculated the thermal lens strength in Yb:YAG



Research Article Vol. 12, No. 7 / 1 Jul 2022 / Optical Materials Express 2522

and Yb:YLF crystals and the data is summarized in Fig. 11. Figure 11 also includes thermal lens

strength estimation using the long-cavity near-field beam profile data, which is denoted as cavity

in the figure legends. Furthermore, some of the data is repeated a few times for confirmation.
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Fig. 11. Estimated thermal length strength of (a) Yb:YAG (b) Yb:YLF in E//c axis and

(c)Yb:YLF in E//a axis using direct thermal lens measurements as well as estimation from

measured cavity beam size after the output coupler in standing-wave cavity. Some of the

data is repeated a few times for confirmation of the results.

In the case of Yb:YAG (Fig. 11 (a)), we see that the thermal lens is positive and rather strong

and reaches a value of around ∼1.1 m (∼0.9 m−1 diopters) at an absorbed pump power of only

300 W (crystal temperature: ∼145 K, Fig. 7(b)). The thermal lens estimated from the long cw

lasing cavity data matches the direct measurements quite well, confirming the accuracy of the

measurements. Moreover, there is no significant difference for different incident probe beam

polarizations and for the different directions of the beam (vertical and horizontal) as expected

from the isotropic crystal structure of YAG. This also shows that, to first order, the asymmetric

cooling of the crystals (from their top side) does not create a significant asymmetry in thermal

lens behavior: more sensitive measurement with wave-front sensors is required to resolve the

higher-order effects of asymmetric cooling.

When we look at the thermal lens behavior in E//c axis of Yb:YLF (Fig. 11 (b)), we see that the

thermal lens is much weaker and oscillates between± 5 meters (±0.2 m−1 diopters). We believe

that, this oscillation of thermal lens strength and sign is due to temperature dependence of the

strength of thermal lens coming from different mechanisms (as an example the thermo-optic

coefficient of Yb:YLF increases with temperature [18]). There is some fluctuation in the

experimental data, but one can also see that, at the absorbed pump power of 850 W, the thermal

lens strength is rather small and very close to zero (-0.05 m−1 to 0.02 m−1 diopters) in the vertical

axis (parallel to the c axis direction for this a-cut crystal). For the horizontal axis, the thermal
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lens is negative and a little stronger, and reaches a value of minus 5-6 meters (-0.2 m−1 diopters),

which creates the observed asymmetry in the beam profile. Similar to the Yb:YAG case, the

thermal lens estimated from the long cw lasing cavity data and earlier regenerative amplifier

studies [29] matches the direct measurements relatively well.

Finally, for the E//a axis of Yb:YLF (Fig. 11 (c)), we see that the thermal lens is positive and

stronger compared to E//c axis. At an absorbed pump power of 600 W, we have estimated a

thermal lens of 3 m (0.35 m−1 diopters) and 4.5 m (0.22 m−1 diopters) for the horizontal and

vertical directions, respectively. Note that, the E//a axis of Yb:YLF could be explored using

either a-cut and c-cut crystals. A slightly better performance is observed with the a-cut sample,

which might be due to the more efficient cooling of the sample via the c-axis which has higher

thermal conductivity (in identical conditions, crystal in Fig. 1. (a) will cool better than the crystal

in Fig. 1 (b), as the c-axis with higher conductivity is employed for cooling). Finally, for the E//a

axis, the thermal lens behavior in the long cw lasing cavity and earlier regenerative [60,66] and

multi-pass amplifier [65,68] studies are also in accordance with direct measurements.

To our knowledge, literature lacks detailed information on thermal lens behavior of Yb:YLF,

especially for systems operating at cryogenic temperatures. On the other hand, thermal lensing

has been studied at room-temperature in other YLF systems doped with laser active ions of Nd

and Tm [69–71]. Looking at the literature on Nd:YLF, which also provides lasing in a similar

wavelength range, we see that an asymmetric/anisotropic and weak thermal lens is also observed

in many studies confirming the finding in this study [32–39]: a negative thermal lens while

employing E//c axis, and a positive thermal lens while using E//a axis. Hence, we see that, the

thermal lens observations in cryogenic Yb:YLF systems made here, are in good agreement with

the room-temperature Nd:YLF systems [32–39].

It is also interesting to understand the origin of the thermal lens asymmetry observed in

Yb:YLF (or similarly in earlier Nd:YLF systems). As also underlined by Zhang et al. [35], due to

the biaxial anisotropy of the YLF crystal, many of the parameters of Yb:YLF including thermal

conductivity, thermo-optical coefficient, thermal expansion coefficient are different for a and c

axes [18], which leads to the observed asymmetry. For our specific case, asymmetric and one

sided cryogenic cooling of the samples might also play a role (which we believe to be minor).

Several mechanisms contribute to the overall thermal lensing of a laser crystal, including:

(i) the change of optical path due to change in refractive index with temperature, (ii) bulging

of the end faces of the rod due to thermal expansion, (iii) thermally induced mechanical stress

generating changes in refractive index (lensing due to photoelastic effect) and (iv) population

inversion induced changes in refractive index (also known as electronic lensing). The thermal

coefficient of the refractive index (dn/dT, thermo-optic coefficient) is reported to be negative

for both axes of YLF [18,72,73]. For the c-axis, the dn/dT parameter of YLF has a larger

reported value compared to that of the a-axis (-2.5 ppm/K in c-axis versus -1 ppm/K in a-axis, at

150 K [18]). Hence, the thermal lens induced by the thermo-optic effect will be negative and

will be larger while employing the E//c axis for lasing. Other contributions to thermal lensing,

e.g. due to surface bulging and photoelastic effect with a positive sign, then partially balance

or even overcompensate the negative thermal lens induced by the thermo-optic effect [67] (as

an example see Table 2 in [35]). To our knowledge, the contribution of thermal lensing due

to population/electronic lensing is not yet known for Yb:YLF, as the polarizability difference

parameter (α) has so far not been measured [74].

In earlier reports with Nd:YLF, stress-induced birefringence is assumed to be small [32], and

Pollnau et al. explained the anisotropy in thermal lens performance with the difference in surface

bulging induced by the asymmetric pump beam profile. Note that, for our case, the surface

bulging contribution is expected to be small due to the usage of undoped YLF/YAG caps on

crystal surfaces [67]. Moreover, due to the symmetric pump profile used, we do not have a

pump induced asymmetry in surface-bulging induced lensing: only a small asymmetry will be
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present due to one sided cooling [67]. Hence, for the current study, surface-bulging should have

a little role for the asymmetry observed in thermal lensing. Later reports of thermal lensing in

Nd:YLF have shown that stress-induced changes in refractive index could be significant [35,38]

in YLF, and could explain the asymmetry observed in thermal lensing quite well. We believe

that, as in the case of Nd:YLF [35,38], for our cryogenic Yb:YLF system, stress-induced changes

in refractive index are probably the main cause of the asymmetry observed in thermal lensing.

Overall, additional detailed experiments should be performed for a better understanding of the

thermal-lensing behavior observed in cryogenic Yb:YLF laser and amplifier systems.

4. Conclusions

We have presented detailed spectroscopic, temperature, lasing and thermal-lens measurements

made with almost identical Yb:YLF and Yb:YAG systems at cryogenic temperatures, and based on

these experimental data, we have discussed pros and cons of each system from many perspectives.

Table 1 lists the main parameters of Yb:YAG and Yb:YLF that is discussed throughout this text

and provides a brief summary.

Table 1. Comparison of thermal, mechanical and optical parameters of Yb:YLF and Yb:YAG for
cryogenic lasing/amplification. Unless specified implicitly, the reported values are those

measured at 150 K for un-doped samples

Gain Medium Yb:LiYF4 (Yb:YLF) Yb+3:Y3Al5O12 (Yb:YAG)

Fracture toughness [x106 Pa m1/2] 0.27 [75] 1.4 [75]

Thermal conductivity [W/K.m] 12.4 (//a), 17.1 (//c) [18] 26.4 [18]

Thermal expansion coefficient
[x10−6/K]

5.68 (//a), 5.51 (//c) @ 140 K [18] 3.15 @ 140 K [18]

Temperature dependence of refractive
index [x10−6 K]

-1 (//a), -2.5 (//c) [18] 3 [18]

Suitable pumping wavelength [nm] 960 940

Peak absorption cross section [x10−20

cm2]
2.5(//a), 5.6 (//c) @ 78 K 1.4 @ 78 K

Absorption saturation intensity
[kW/cm2]

4.2(//a), 1.85 (//c) @ 78 K 15.1 @ 78 K

Laser/amplification central wavelength
[nm]

1017.5 (//a), 995.1 and 1019.3 (//c) 1029.5

Peak emission cross section [x10−20

cm2]
0.65 (//a), 3.05 and 1.8 (//c) 7.8

Laser/amplification bandwidth [nm] 12 (//a), 3 and 8 (//c) 1.75

Quantum Defect (%) 5.7(//a), 3.5 and 5.8 (//c) 8.7

Fluorescence lifetime [ms] 2 1

Gain product [x10−23 cm2s] 1.3 (//a), 6.1 and 3.6 (//c) 7.8

Gain saturation fluence [J/cm2] 30 (//a), 6.6 and 10.8 (//c) 2.5

In terms of absorption, neither Yb:YLF nor Yb:YAG could be pumped efficiently at their zero

phonon wavelength (∼970 nm) at cryogenic temperatures, as the current state-of-the-art high

power diode modules have an emission bandwidth much broader than the absorption bandwidth of

these lines. As a result, cryogenic Yb:YLF systems are usually pumped at 960 nm, and compared

to the Yb:YAG systems that are pumped at 940 nm, this provides YLF host an advantage in terms

of quantum defect. Moreover, the mean emission wavelength of Yb:YLF is located at a shorter

wavelength compared to Yb:YAG, which also lowers the quantum defect of the crystal. Overall,

despite the higher conductivity the YAG host, the temperature increase of the Yb:YLF crystals
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under similar pumping conditions is lower than to Yb:YAG in otherwise identically designed

systems.

In terms of emission cross section, Yb:YAG provides a stronger emission band than Yb:YLF

(2-4 fold stronger than E//c axis and 10 fold stronger than the E//a axis). On the other hand, the

emission bands are much wider in Yb:YLF, and especially the E//a axis emission located around

1017.5 nm has the potential to achieve sub-250-fs level pulses. Moreover, the fluorescence

lifetime is about twice as long in Yb:YLF compared to Yb:YAG, which partially balances

out its lower ECS compared to Yb:YAG. The thermal lens is also much weaker in Yb:YLF,

especially while lasing in the E//c configuration, which enables pumping at higher intensities,

which increases attainable gain levels and provides great advantage to Yb:YLF in terms of

power scaling. Direct lasing performance measurements performed in identical cavities further

confirmed the advantage of the YLF host. Especially in the long standing wave-cavity, where

one is more sensitive to thermal lensing, we have achieved up to 506 W of output power while

using the E//c axis configuration of Yb:YLF. In comparison, the Yb:YAG laser produced only up

to 112 W under identical conditions.
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