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Abstract
A simple and compact single-stage Yb:YAG single-crystal fiber amplifier was setup to amplify 784 fs long seed pulses to an 
output energy of 6 μ J and an average output power of 290 W. The experimental results are verified by numerical models to 
estimate the limitations of the SCF technology with regards to beam quality and average output power.

1 Introduction

Radially and azimuthally polarized beams exhibit various 
advantages for scientific [1] and industrial applications 
[2–4]. For laser cutting at a wavelength of 1.0 μ m, it was 
shown that the feed rate can be increased by 43% using radi-
ally polarized beams in comparison to unpolarized beams 
[2]. Azimuthally polarized ultra-short pulses also proved to 
be beneficial for the production of micro holes with high 
aspect ratio, where the machining time was reduced by 50% 
compared to the application of circularly polarized pulses 
[3]. The symmetry of the electric field of radially and azi-
muthally polarized femtosecond pulses furthermore was 
exploited to manufacture complex biomimetic structures [4]. 
The potential benefit of radially or azimuthally polarized 
laser beams led to several scientific reports on different tech-
niques for the generation of these polarization states [5–10]. 
Figure 1 gives an overview of the state-of-the-art laser sys-
tems that generate radially polarized ultra-short pulses (< 10 
ps) with average output powers of more than 50 W [11–16].

So far, the highest average power of radially polarized 
ultra-short pulses was achieved with the thin-disk laser tech-
nology [16]. Up to 125 W of average output power was dem-
onstrated with a passively mode-locked thin-disk oscillator 
[11] and up to 1 kW was shown with a two-stage thin-disk 

multipass amplifier (TDMPA) [16]. The low gain of the 
thin-disk crystal requires a comparatively large number of 
passes of the seed beam over the thin-disk laser crystal for 
efficient amplification. This leads to long propagation of the 
beam inside the amplifier and can affect its stability if no 
special measures are taken. In contrast, the single-crystal 
fiber (SCF) technology enables a very compact and simple 
amplifier setup [17]. With this technology, radially polarized 
ultra-short pulses were amplified to 85 W [12] and linearly 
polarized pulses were amplified to 160 W [18]. The aim of 
the present study was to investigate the capability of this 
amplifier architecture to scale the average power of beams 
with radial or azimuthal polarization. A numerical model 
that allowed us to estimate the output power as well as the 
beam quality by taking into account thermal effects inside 
the SCF was developed for this purpose. To experimentally 
investigate the limitations of power scaling, we used a setup 
similar to the one described in [19], comprised of a mode-
locked thin-disk oscillator and a single SCF amplification 
stage. Compared to [19], we increased the average seed 
power by a factor of about 4–53 W and used an SCF with 
a doping concentration of 1 at% instead of 0.5 at.%. As a 
result this led to an average output power of 290 W, which 
demonstrates that the SCF technology can be an interesting 
alternative to TDMPAs for the amplification of radially (and 
also linearly) polarized pulses to a power level of 300 W at 
significantly reduced system costs and complexity.

The paper is structured as follows: Sect. 2 describes the 
numerical model to estimate the output power and beam 
quality that can be expected with the available pump power 
(1 kW) and seed power (53 W). The experimental setup as 
well as the experimental results are described in Sects. 3 and 
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4, respectively. Finally, the experimental results are com-
pared to the simulations in Sect. 5 to predict the possible 
output power and beam quality that can be obtained by using 
a more powerful pump and seed source.

2  Numerical model

A numerical model that takes into account the distribu-
tion of the pump light within the SCF and thermal effects 
such as the temperature dependence of gain, absorption 
and refractive index was developed to calculate the out-
put power and beam quality of the amplified beam. The 
model also considers the dependence of the refractive 
index on the optical intensity (Kerr lens self-focusing). 
The temperature dependence of the refractive index leads 
to thermal lensing as well as to aberrations of higher order. 
Due to the ring-shaped intensity distribution of the radially 
polarized LG∗

01
 mode [20], the Kerr-effect leads to aberra-

tions of higher order and does not contribute to the lensing 
effect as in the case of a Gaussian beam. A similar model 
is described in [21] to analyze wavefront distortions of 
linearly polarized fundamental-mode beams in SCFs but 
neglecting the temperature dependence of the gain and 
absorption coefficients as well as the non-linear part of the 
refractive index. The electric field of an ideal LG∗

01
 mode 

with parameters as used in the experiment (waist diameter 
0.208 mm located 33 mm in front of the SCF’s entrance 
facet) was used for the calculations. The distribution of the 
pump light within the SCF as given by our pumping optics 
was modeled by means of raytracing (Zemax). For the 
computation the SCF with a length of 40 mm was split into 
discrete planes along the longitudinal direction z with a 

distance Δz . For the plane located at zj , the amplitude and 
phase modulation caused by gain and temperature varia-
tions was calculated according to [21]

Here, E�

j
(r) denotes the distribution of the modulated electric 

field, �j(r, T , I) denotes the effective phase modulation, 
gj(r, zj) denotes the gain coefficient and r denotes the radial 
coordinate. The formulas employed to calculate the effective 
phase modulation and the gain coefficient are given in the 
appendix. Due to the temperature dependence of the absorp-
tion and emission cross sections [22, 23], the gain and 
absorption coefficients too depend on temperature. To 
account for this effect, the measured absorption and emis-
sion cross sections presented in [22] were fitted as proposed 
in [23] by taking into account the spectral properties of the 
pump diode (more details are given in the appendix). After 
the computation of the effective amplitude and phase modu-
lation in the plane located at zj , the modulated electric field 
E�

j
(r) of the seed beam is propagated to the next plane located 

at zj+1 by means of Fourier optics with the Fresnel approxi-
mation [24, 25]. After one propagation of the seed beam 
through the SCF, the heat source Pheat(r, z) inside the SCF is 
calculated from the absorbed pump power Pabs(r, z) by taking 
into account the fractional thermal load �th [26], which 
describes the part of absorbed pump light which is converted 
into heat (for more details see appendix). In addition to the 
extraction efficiency and the quantum defect, the fractional 
thermal load depends on the non-radiative quantum effi-
ciency �r , which represents the amount of excited ions that 
decay by emission of fluorescence radiation. In [27] the 
measured non-radiative quantum efficiency was reported to 
be between 0.898 and 0.932. The spatially varying heat 
source Pheat(r, z) is transferred to a finite element analysis 
(FEA) model using COMSOL Multiphysics to calculate the 
temperature field T(r, z) inside the SCF. The calculation of 
phase and amplitude modulation as well as the beam propa-
gation is repeated, taking into account the previously calcu-
lated temperature field T(r, z). Due to thermal lensing, the 
beam diameter inside the SCF changes with each iteration. 
Consequently, this again leads to a change of the heat source 
Pheat(r, z) which, in turn, results in a different temperature 
field T(r, z). The numerical model repeats these iterations 
until convergence was reached. The beam diameter at the 
exit facet of the SCF was monitored as a convergence crite-
rion. After typically eight iterations the change of the beam 
diameter was < 0.01%.

To estimate the expected output power and beam qual-
ity based on the described model the parameters were set 
according to the experimental setup, see Table 1. The 
focal position and waist diameter of the seed beam were 

(1)E�

j
(r) = Ej(r) ⋅ e

−i⋅�j(r,T ,I)
⋅ e

gj (r)

2
⋅Δz
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Fig. 1  State-of-the-art ultrafast lasers with radially polarized output
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varied to find the best performance at maximum pump 
power. These values were finally used in the experiment.

Since the radiative quantum efficiency �r and the 
heat resistance between crystal and heat sink Rs were 
not precisely known, a best-case scenario and a worst-
case scenario were simulated. In the best-case scenario, 
the highest quantum efficiency reported in [27] and a 
perfect thermal contact of crystal and heat sink were 
assumed ( �r = 0.932 and Rs = 0

m2K

W
 ). For the worst-

case scenario the lowest quantum efficiency �r = 0.898 
reported in [27] and a thermal resistance of Rs = 10−4

m2K

W
 

between crystal and heat sink were assumed. The ther-
mal resistance between the Yb:YAG laser crystal and the 
copper heat sink Rs was discussed in [28] for different 
contacting techniques, where values ranging between 
Rs = 0.5 × 10−4

m2K

W
 (thermal contact with heat sink grease) 

and Rs = 4 × 10−4
m2K

W
 (bare contact with copper heat sink) 

were reported. The supplier of the used SCF modules 
specifies the thermal resistance to be Rs = 0.2 × 10−4

m2K

W
 

for the latest generation of the modules. Since we were 
not working with the latest generation, we chose a value 
of Rs = 10−4

m2K

W
 for the worst-case scenario. Figure  2 

shows the calculated output power, optical efficiency 
and beam quality factor M2 for the best-case scenario 
(black symbols) and the worst-case scenario (red sym-
bols), respectively. Consequently, an output power in the 
range of 240–360 W can be expected. However, as can 
be seen in Fig. 2c), the beam quality decreases signifi-
cantly with increasing output power. A good beam quality 
( M2 < 2.5 ) can be expected for output powers of up to 240 
W, assuming the best-case scenario and 200 W, assuming 
the worst-case scenario. The highly degraded beam qual-
ity calculated for low pump powers can be attributed to 
diffraction of the diverging seed beam at the crystal’s exit 
aperture. Due to thermal lensing, the seed beam becomes 
smaller at the exit aperture with increasing pump power, 
resulting in a higher beam quality.

3  Experimental setup

3.1  Seed laser

A passively mode-locked thin-disk oscillator similar to the 
one presented in [11] was used to seed the SCF with radi-
ally polarized ultra-short pulses. A Semiconductor Satura-
ble Absorber Mirror (SESAM) was implemented as cavity 
end-mirror to stabilize soliton mode-locking and a Grating 
Waveguide Output coupler was used to select the radially 
polarized LG∗

01
 mode. In contrast to [11], this oscillator 

was pumped at a wavelength of 940 nm. To reduce thermal 
effects, a thinner Yb:YAG crystal with a higher doping 
concentration than in [11] was used (thickness of 110 μ m 

Table 1  Parameters used for the simulations

Parameter Value

Seed power 53 W
Pulse repetition rate 48.5 MHz
Pulse duration 830 fs
Max. pump power 1000 W
Pump wavelength 969 nm
Beam waist diameter of the pump beam 600 μm
Focal position of the seed beam with 33 mm
regard to the SCF’s entrance facet
Beam waist diameter of the seed beam 208 μm
Doping concentration 1 at.%
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and 11 at.% doping). The oscillator delivered an average 
power of 53 W at a repetition rate of 48.5 MHz. The pulse 
duration of the seed pulses was 784 fs and the spectral 
bandwidth amounted to 1.56 nm, resulting in a close to 
transform limited time-bandwidth product of 0.345. The 
measured autocorrelation trace, spectral intensity and the 
pulse train are shown in Fig. 3.

The beam quality factor M2 of the seed beam was meas-
ured to be < 2.3 and the polarization purity was analyzed 
qualitatively by a rotating polarizer in front of a camera. 
Figure 4 shows the intensity distribution recorded behind 
the polarizer for different orientation angles (indicated by 
the white arrows). The well separated lobes indicate a high 
degree of radial polarization (which is typically > 95%).

3.2  Single‑crystal fiber amplifier

The SCF used in this experiment had a length of 40 mm, a 
diameter of 1 mm and the doping concentration was 1 at.%. 
Significant thermal lensing of SCFs was observed in previ-
ous experiments [19]. The seed beam was therefore injected 
with a slight divergence into the SCF to avoid a tight focus 
at the exit facet and to maximize the overlap with the pump 
beam (Fig. 5).

A spherical mirror with a radius of curvature of 750 mm 
was used to focus the seed beam to a location approximately 
33 mm in front of the SCF. The focal diameter was measured 
to be 208 μ m and the beam diameter at the entrance facet of 
the SCF was measured to be 465 μ m. To reduce the pump-
induced heat load, the SCF was pumped at the zero-phonon 
line [29] of Yb:YAG by a fiber-coupled laser diode emitting 
at a wavelength of 969 nm. The beam leaving the pump fiber 
with a diameter of 600 μ m was imaged to plane at 1 mm in 
front of the SCF’s entrance facet by two aspheric lenses with 
a focal length of 80 mm. The seed beam and the pump beam 
were first combined and then separated by a pair of dichroic 
mirrors. The pump radiation that was not absorbed in the 
single pass through the SCF was dumped on a power head. 
To preserve the radial polarization of the seed laser, it was 
necessary to implement a variable phase retarder in the beam 
path in front of the SCF to pre-compensate for a power-
dependent linear phase shift between s- and p-polarization 

(a)

(b)

(c)

Fig. 3  a Measured autocorrelation trace, b measured spectral inten-
sity and c pulse train of the seed laser

Fig. 4  Qualitative polarization 
analysis
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Fig. 5  Experimental setup for the amplification in a Yb:YAG single-
crystal fiber
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inside of the amplifier crystal.This phase shift can be attrib-
uted to stress induced birefringence inside the crystal which 
increases with the thermal load. The retardation between 
s- and p-polarization had to be adapted for each power level 
to ensure pure radial polarization of the amplified beam.

4  Experimental results

Figure 6a shows the extracted output power and the opti-
cal extraction efficiency versus absorbed pump power, and 
Fig. 6b depicts the absorption of the pump power as a func-
tion of the incident pump power. At an incident pump power 
of 1 kW, an average output power of 290 W was obtained. 
The corresponding pulse energy and pulse peak power was 
6 μ J and 6.4 MW, respectively. The maximum extraction 
efficiency of 33.2% with respect to the absorbed pump 
power was reached at an output power of 274 W (666 W 
of absorbed pump power). At the maximum output power 
of 290 W, the extraction efficiency dropped to 30.9%. The 
absorption of the pump power in the SCF decreased from 
86.5% at 37 W of incident pump power to 77.5% at 1 kW of 
incident pump power.

Figure 7a shows the beam quality factor M2 measured 
according to ISO 11145 as a function of the output power. 
As can be seen from Fig. 7a the beam quality is less affected 
along the vertical direction. In fact, the stronger degrada-
tion of the beam quality along the horizontal axis can be 
attributed to a higher temperature gradient along this direc-
tion, as can be seen in the thermography image of the SCF’s 
entrance facet shown in Fig. 8.

At the maximum output power of 290 W, a beam qual-
ity factor of 2.4 and 3.4 was measured along the vertical 
and horizontal direction, respectively. Figure 7b shows the 
measured caustic (beam width measured with the second 
moment method) at the maximum output power. The far-
field intensity distribution is shown in Fig. 9a.

The polarization purity of the amplified beam was 
analyzed qualitatively by implementing a rotatable polar-
izer into the diagnostic beam path. Figure 9b–d show the 
recorded intensity distribution for different angles of the 
polarizer, indicated by white arrows. The clearly separated 
intensity lobes aligned along the transmission axis of the 
polarizer indicate a high radial polarization purity.

Figure 10a, b show the measured autocorrelation trace 
and spectral intensity at 290 W of output power. The meas-
ured pulse duration was 829 fs and the spectral full-width 
bandwidth at half maximum was 1.43 nm, resulting in a 
time-bandwidth-product of 0.326 and indicating almost 
transform-limited pulses.

To summarize, we amplified ultra-short radially polar-
ized pulses to an average output power of 290 W with a beam 
quality factor of 2.4 and 3.4 along the vertical and horizontal 
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direction, respectively. Significantly higher beam quality could 
be obtained with laser amplifier systems based on the thin-
disk technology [13, 15] for even higher average powers of 
up to 635 W. However, this improvement comes at the cost of 
complexity, footprint size and overall costs of the laser system.

5  Discussion

To fit the simulation more precisely to the experimental 
results, rather than just using the two scenarios mentioned 
in Sect. 2, both the radiative quantum efficiency �r and the 
thermal resistance Rs between crystal and heat sink were 
adapted and used as fitting parameters.

The best agreement between the numerical model and the 
experimental data was obtained by setting the radiative quan-
tum efficiency to �r = 0.932 and the heat resistance between 
crystal and heatsink to Rs = 10−4

m2K

W
 . Figure 11 shows a com-

parison of the experimental data and the data obtained from the 
numerical model with the abovementioned parameters. As can 
be seen from Fig. 11a, b, both the calculated output power and 
the calculated optical extraction efficiency are slightly higher 
than the measured values. This can be explained by additional 
losses due to imperfections in the crystal. The slightly increas-
ing extraction efficiency calculated for absorbed pump powers 
in excess of 600 W can be attributed to an increased overlap 
between seed and pump beams. Experimentally, this behav-
ior was not observed, indicating a slightly different thermally 
induce lens inside the crystal. The calculated absorption at 1 
kW of incident pump power is 17% lower than the measured 
absorption, most likely due to a higher actual doping concen-
tration of the SCF than the specified value of 1 at%.

Figure 12a, b show the calculated and the measured maxi-
mum temperature of the SCF’s entrance and exit facet. The 
calculated temperature of the entrance facet is significantly 
lower than the measured one, whereas the calculated and 
measured temperature of the exit facet are in good agree-
ment. As observed with the absorption, the difference of the 

higher measured temperature indicates a higher than speci-
fied doping of the SCF. A higher doping concentration of the 
crystal results in a higher amount of absorbed pump power 
at the entrance facet and a lower amount of absorbed pump 
power at the exit facet. As a result, an increased doping con-
centration leads to a higher temperature at the entrance facet 
and a lower temperature at the exit facet. Figure 12c shows 
the measured as well as the calculated beam quality factor 
(mean value of horizontal and vertical direction of the values 
shown in Fig. 7b) as a function of the output power. For out-
put powers < 100 W, the model predicts a highly degraded 
beam quality as a result of diffraction of the seed beam at 
the SCF’s exit facet. However, no beam quality degradation 
at low output power was observed in the experiment. We 
therefore conclude that the thermal lensing inside the SCF, 
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which reduces the beam diameter at the SCF’s exit facet, was 
stronger in the experiment compared to the one considered 
in the numerical model. This effect can again be attributed 
to a higher doping concentration of the SCF.

Based on the numerical model, the potential of further 
average and peak power scaling using the SCF technology is 
discussed in the following. The parameters that led to the best 
agreement between simulation and experiment ( �r = 0.932 
and Rs = 10−4

m2K

W
 ) were used for this purpose. In order to 

estimate the potential performance of the SCF technology 
for the scaling of the average power, a continuous-wave seed 
beam with different powers of up to 500 W was considered. 
Consequently, the degradation of the beam quality caused 
by the non-linear contribution to the refractive index was 

neglected. Figure 13 shows the results calculated for incident 
pump powers of up to 2 kW. At an incident pump power of 2 
kW and a seed power of 53 W, the model predicts an output 
power of 375 W with a beam quality factor of 3.84. The cal-
culated absorption of the pump power significantly drops to 
about 40% at this power level. Consequently, a higher seed 
power is required to increase the absorption of the pump light 
and the output power for incident pump powers in excess of 
1 kW. Assuming a seed power of 500 W (which might be 
available from a mode locked thin-disk oscillator in the near 
future [30]), the numerical model predicts an output power 
exceeding 1 kW at an incident pump power of 2 kW. The 
beam quality calculated at this power level amounts to 3.63 
and the calculated absorption of the pump radiation is 54%.

To investigate the potential with respect to the pulse peak 
power imposed by the non-linear contribution to the refrac-
tive index (Kerr-lens self-focusing), the pulse repetition 
rate was varied at a fixed incident pump power and seed 
power. The black symbols in Fig. 14 show the evolution of 
the beam quality with increasing peak power of the pulses 
at an average power of 120 W (250 W incident pump power 
and 53 W seed power). At pulse peak powers exceeding 10 
MW, the beam quality starts to degrade rapidly. The red 
symbols in Fig. 14 show the evolution of the beam quality 
at an average output power of 280 W (1 kW incident pump 
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Fig. 13  Investigation of the scaling of the average power using 
the numerical model with �
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function of extracted optical power
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power and 53 W seed power). Due to the tighter focus inside 
the SCF caused by the thermal lens at this power level, the 
degradation of the beam quality caused by the non-linear 
contribution to the refractive index starts at slightly lower 
peak powers of the pulse of around 8 MW. Consequently, 
the numerical model indicates that the obtainable pulse peak 
power is limited to approximately 8 MW. At this peak power, 
the energy density at the SCF’s exit facet is significantly 
below the damage threshold of about 1.1 J∕cm2 [17] for 
pulses with a duration of around 1 ps.

To summarize, the numerical model clearly shows that the 
average output power with good beam quality ( M2 < 2.5 ) is 
limited to 240 W assuming a seed power of 53 W. Further-
more, the numerical model suggests that further power scaling 
towards the kW-level is feasible at the cost of a reduced beam 
quality ( M2 > 3.5 ) when higher seed powers and pulse peak 
powers below 8 MW are applied. Hence, for applications that 
tolerate a degraded beam quality (up to M2

= 4 ), the SCF 
technology might be an interesting approach to amplify radi-
ally polarized pulses at GHz repetition rates towards the kW 
power level for efficient material removal [31].

6  Conclusion

In conclusion, we demonstrated for the first time, to the best 
of our knowledge, the amplification of sub-picosecond pulses 
up to an average output power of 290 W with a compact 
single-stage SCF amplifier. The experimental results indi-
cate that there is still room for improvement concerning the 
mounting technology of the SCF to achieve a symmetric heat 
flow, which will result in a more symmetric output beam.

The numerical model that was developed to investigate 
the potential for further power scaling of radially polar-
ized beams with the SCF technology predicts that the out-
put power from a single-stage SCF amplifier with good 

beam quality ( M2 < 2.5 ) is limited to 240 W assuming a 
seed power of 53 W. The numerical model suggests that 
power scaling towards the kW-level is possible by inject-
ing a significantly higher seed power of 500 W with a 
pulse peak power < 8 MW when a reduced beam quality 
( M2 > 3.5 ) can be accepted. To sum up, our experimental 
investigations showed that the SCF technology represents 
a simple, compact and cost efficient alternative to the thin-
disk multipass technology for output powers up to 250 W. 
Moreover, a single-stage SCF amplifier can be used as 
pre-amplifier in front of a thin-disk multipass amplifier to 
scale the average power toward 2 kW or even more.
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Appendix

Calculation of the effective phase modulation

As a result of thermal dispersion and the non-linear response 
of the medium to high optical intensities, the refractive index 
of the SCF crystal depends on the temperature field T(r, z) as 
well as on the optical intensity I(r, z) . The resulting phase 
modulation experienced by the electric field after propaga-
tion from one plane located at zj to the next plane located at 
a distance of Δz was calculated as follows [23, 32]:

Here, �L , 
dn

dT
 , n0 , �th , Δnr and n2 denote the laser wavelength, 

the thermal dispersion coefficient, the initial refractive index, 
the thermal expansion coefficient, the stress induced change 
of the refractive in radial direction and the second order non-
linear refractive index, respectively.

(2)

�j(r, T , I) =
2�

�L
⋅

((

dn

dT
+ (n0 − 1) ⋅ �th

)

⋅ T(r, zj) + Δnr

)

⋅ Δz +
2�

�L
n2 ⋅ I(r, zj) ⋅ Δz.
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Calculation of gain and absorption coefficients

The steady-state absorption coefficient for the pump 
beam �p(r, zj) and the gain coefficient for the seed beam 
gl(r, zj) in the plane located at zj were calculated accord-
ing to [32]

Here, Il(r, zj),Ip(r, zj),I(l, sat),I(p, sat),�abs(�p, T) , �em(�p, T) , 
�abs(�l, T) , �em(�l, T) and N denote the laser intensity, the 
pump intensity, the laser saturation intensity, the pump 
saturation intensity, the absorption cross section for the 
pump beam, the emission cross section for the pump beam, 
the absorption cross section of the seed beam, the emis-
sion cross section of the seed beam and the density of laser 
active ions, respectively. To take into account the tempera-
ture dependence of the absorption and emission cross sec-
tions, the measurement values given in [22] were fitted as 
proposed in [23]. Furthermore, the power-dependent spectral 
properties of the pump source were taken into account for 
the calculation of the absorption and emission cross section 
for the pump radiation. Table 2 shows the parameters used 
to calculate the absorption and gain coefficients.

(3)�p(r, zj) =
Il(r, zj) ⋅ N ⋅ �

[

�abs(�p, T)�em(�l, T) − �abs(�l, T)�em(�p, T)
]

+ �abs(�p, T) ⋅ N
(

1 +
Ip(r,zj)

Ip,sat
+

Il(r,zj)

Il,sat

)

(4)gl(r, zj) =
Ip(r, zj) ⋅ N ⋅ �

[

�abs(�p, T)�em(�l, T) − �abs(�l, T)�em(�p, T)
]

− �abs(�l, T) ⋅ N
(

1 +
Ip(r,zj)

Ip,sat
+

Il(r,zj)

Il,sat

)

Calculation of the fractional thermal load

According to [26], the fractional thermal load which 
describes the part of the absorbed power that is converted 
into heat is calculated as follows (Fig. 15):

Table 2  Material parameters of Yb:YAG used to calculate the absorption and gain coefficient

Parameter Symbol Value References

Pump wavelength �p 969 nm
Laser wavelength �l 1030 nm
Absorption cross section �abs(�p,T) e−0.005K

−1
⋅T
(

79.68 − 0.27 ⋅ T + 4.01 ⋅ 10−4 ⋅ T2
)

× 10−25 m2 [22, 23]

Pump beam
Emission cross section �em(�p,T) e−0.005K

−1
⋅T
(

87.59 − 0.33 ⋅ T + 4.84 × 10−4 ⋅ T2
)

× 10−25 m2 [22, 23]

Pump beam
Absorption cross section �abs(�l,T) e−0.005K

−1
⋅T
(

6.67 − 0.05 ⋅ T + 1.65 × 10−4 ⋅ T2
)

× 10−25 m2 [22, 23]

Seed beam
Emission cross section �em(�l,T) e−0.005K

−1
⋅T
(

207.81 − 0.67 ⋅ T + 9.9 × 10−4 ⋅ T2
)

× 10−25 m2 [22, 23]

Seed beam
Lifetime of excited level � 951μs [20]
Active laser ion density N 1.38 × 1026 m−3 [20]
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Fig. 15  a Temperature dependent absorption cross section for pump 
and seed beam. b Temperature dependent emission cross section for 
pump and seed beam. The measured values are taken from [22]
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Here, �p , �f  , �l denote the pump wavelength (969 nm), the 
average fluorescence wavelength (1008 nm) and the laser 
wavelength (1030 nm), respectively. Furthermore, �P denotes 
the pump quantum efficiency, which describes the part of 
pump photons that contribute to inversion. In the simula-
tions, we assumed a pump quantum efficiency of unity. �l 
denotes the laser extraction efficiency which is the ratio of 
extracted laser power to absorbed pump power. Finally, �r 
denotes the radiative quantum efficiency for the upper mani-
fold, which describes the part of excited ions that decay by 
emission fluorescence radiation.
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