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Abstract: We present a study on temperature dependent spectroscopic data for Yb:KGW,
Yb:KYW and Yb:YLF between 80K and 280K and Yb:YAP between 100K and 300K.
Absorption and emission cross sections are determined. The latter ones are obtained by using a
combination of the McCumber relation and the Füchtbauer-Ladenburg equation. Fluorescence
lifetimes are measured within a setup optimized for the suppression of re-absorption and compared
to the radiative lifetimes calculated from the previously determined cross sections to cross check
the validity of the measurements. The cross sections are evaluated with regard to the materials’
potential for supporting the generation of ultra-short laser pulses, low quantum defect lasing and
requirements for suitable diode laser pump sources.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

During the last two decades diode pumped solid state lasers based on ytterbium doped gain
media have demonstrated outstanding performance and efficiency. Non-birefringent materials
like yttrium aluminum garnet (Y3Al5O12, YAG) and CaF2 are widely used a host material for the
threefold positive ytterbium ions (Yb3+). Besides these materials, birefringent hosts, especially
the two tungstates potassium gadolinium tungstate (KGd(WO4)2, KGW) and potassium yttrium
tungstate (KY(WO4)2, KYW also have a long history as gain media, particularly for the generation
of ultra-short pulses [1–3] and their amplification [4]. The success of these materials is strongly
linked to their broad emission spectra and relatively high emission cross sections.
Like in other Yb3+-doped gain media, the relatively low quantum defect is coincident with a

significant overlap of the absorption and emission bands, which causes re-absorption. In laser
operation, however, this limits the gain and the efficiency, that can be obtained. Re-absoprtion, can
- to some extent - be suppressed by operating the laser medium at cryogenic temperatures. Also
the thermo-mechanical properties become more favorable at lower temperatures [5]. Therefore,
tungstates have already been used quite early in combination with cryogenic cooling designs [6]
to improve their performance.
Besides the two tungstates also yttrium aluminum perovskite (YAlO3, YAP) enables the

generation of ultra-short pulses [7] due to a broad emission band, but the cross sections are
comparably small.
Another well known birefringent ytterbium host material suitable for the application in ultra-

short pulse lasers is yttrium lithium fluoride (YLiF4, YLF) (cf. e.g. [8,9]). It also features a
broad emission band but in comparison to the other mentioned materials a long fluorescence
lifetime of ≈2ms.
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Besides the usability for ultra-short pulse lasers, another attribute that is common among
the mentioned materials is that their emission spectra exhibit peaks near 1000 nm. This allows
for the operation with low quantum defect and therefore low heat-load when pumped around
≈940-980 nm with commonly used diode laser pump sources. Such an operation scheme is
especially sensitive on temperature due to the strong re-absorption at the lasing wavelength.
Furthermore, such lasers often need to be operated at cryogenic temperatures [10]. Due to
their, for ytterbium doped media, untypically large cross sections such operation could be easier
maintained with the laser materials mentioned here rather than e.g. with Yb:CaF2 that was used
in a similar scheme in [11].
To develop laser systems based on these materials, a reliable data basis is crucial. Especially

in the case of pulse pumped laser amplifiers, which mostly operate under small signal gain
conditions, even small deviations in the input data for simulations can cause significant differences
of the results. Therefore, temperature dependent data especially for cryogenically cooled systems
is needed. Nevertheless, the current data basis on the mentioned materials is quite sparse and
often limited to room temperature spectra or singular measurements at 80K.

In this work we present a detailed spectroscopic study on these materials to fill this gap. Cross
sections are determined within the temperature range from 80K to 280K using a proven work
flow and an optimized setup for diminishing the influence of re-absorption, which we also used in
our previous works on Yb3+-doped gain media [12,13]. Also measurements for the fluorescence
lifetime are presented, which are used to validate the determined cross sections.

The results are discussed in the following with respect to the impact on the laser performance
and compatibility with common laser diode technology as the pump source.

2. Setup and data processing

All samples presented in this work were prepared by commercial suppliers for laser material.
For Yb:KGW (FEE GmbH) and Yb:KYW (EKSMA Optics, UAB) we used two crystals of each
type, one prepared with Ng cut, the other with Np-cut, to be able to access all three polarization
orientations. In case of Yb:YAP (Scientific Materials by FLIR Systems) four crystals were used,
two with b-cut and two with c-cut. For the naming of the axes we applied the Pnma notation.
The two samples for each cut direction had thicknesses of 10mm and 2mm, respectively, to
increase the absorption measurement’s dynamic range. The thick samples were used for the
measurements in the low absorption spectral parts, while the thin samples were used in the high
absorption areas. The results for Yb:YLF were obtained from a single sample having the π-axis
within the cut plane. Since this is a uni-axial crystal, both polarization axes could be investigated.
An overview of the samples’ parameters is given in Table 1.

Table 1. Parameters of the investigated samples: cdop . . . doping concentration, n . . . mean
refractive index, d . . . thickness.

host cdop d n

KGW
3.15·1020 cm−3

1.5mm 2.0 [14]
(5 at.%)

KYW
3.19·1020 cm−3 2.2mm (Np) 2.0 [15]

(5 at.%) 1.4mm (Ng,m)

YAP
1.97·1020 cm−3 10mm

1.956 [16]
(1 at.%) 2mm

YLF
14.0·1020 cm−3

4mm 1.455 [16]
(10 at.%)
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The Setup and data processing routines have already been described in [12,13]. Here, we only
give a short description of the evaluation routines.
The setup for the measurements is shown in Fig. 1. The fiber coupled white light source

WLS1000 (WLS, Bentham Instruments Ltd.) is focused with a spherical mirror (SM) and
propagates through the sample. The transmitted light is collected with a second spherical mirror,
which produces a second focal spot. This second focus is then re-imaged to the entrance of the
fiber connected to the analysis equipment using two parabolic mirrors (PM) in a 4f-telescope
setup. All spectral measurements were done with an AQ-6315A/B (ANDO Electric Co. Ltd.)
optical spectrum analyzer. The spectral resolution in the measurements was set to 0.5 nm. The
plane of polarization could be selected with a polarizer in the collimated beam path between the
two parabolic mirrors.

Fig. 1. Schematic of the measurement setup: LD. . . fiber coupled laser diode, M. . . plane
mirror, P. . . polarizer, PM. . . off axis parabolic mirror, S. . . sample (mounted in cryostat),
SM. . . spherical mirror with radius of 300mm, WLS. . . fiber coupled white light source.

For fluorescence and lifetime measurements the sample was excited using a fiber coupled
laser diode (LD), which was focused onto the sample’s surface under an angle with respect to
the beam path of the transmitted white light. The pump spot was aligned to intersect with the
analysis beam path on the sample’s surface. This ensures that only light emitted from a small
volume close to the sample’s surface is collected for the measurement, thus strongly reducing the
influence of re-absorption.
The samples were kept in a high vacuum environment to avoid condensation during the

measurements at low temperatures. Cooling was achieved with a ST300 flow cryostat (Janis
Research Company, LLC) operated with liquid nitrogen and a counter heater to stabilize the
temperature. Thermal contact was realized by directly clamping the samples to the cold finger
using indium foil on the contact surface.
The absorption cross sections σξa were determined by measuring the transmitted intensity

Iξt (λ) of the white light source in comparison to a previously measured reference intensity Iξref(λ).
Measurements were conducted for each polarization orientation ξ. In case of the bi-axial crystals
two individual samples were used to access all three polarization orientations. To compensate for
alignment uncertainties after replacing the sample as well as for Fresnel losses, Iξt (λ) and Iξref(λ)
were normalized to each other at multiple wavelengths both in the non absorbing spectral areas
on the short and the long wavelength side of the absorption band. The intermediate normalization
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factors were then determined by a polynomial approximation. Using these normalized intensities,
σ
ξ
a can be obtained with Lambert-Beer’s law:

σ
ξ
a =

ln
(
Iξref(λ)
Iξt (λ)

)
Ndopd

. (1)

Here, Ndop is the sample’s doping concentration in cm−3 and d is its thickness.
The emission cross sections σξe are obtained by combining the so-called McCumber (MC) or

Reciprocity relation and the Füchtbauer-Ladenburg (FL) equation. The MC-relation allows to
directly calculate σξe (λ) from the previously determined σξa (λ) [17,18]:

σ
ξ
e = σ

ξ
a ·

Zl
Zu
· e

EZL−
hc
λ

kT . (2)

Here k is the Boltzmann constant, h the Planck constant, c the vacuum speed of light and T
the temperature. EZL = hc/λZL is the energy of the zero phonon line (ZPL) transition. Zu/l are
the partition functions for the upper 2F 5

2
(u) and the lower 2F 7

2
(l) manifold, which are the only

manifolds involved in the laser transitions of Yb3+. These are calculated by:

Zu/l(T) =
∑
i
di · e−

Ei
kT . (3)

di=2 is the degeneracy of the individual energy levels and Ei the corresponding intra-manifold
energies in relation to the lowest energetic level within the corresponding manifold. The energies
El for the lower and Eu for the upper manifolds for the investigated materials can be found in
Table 2.

Table 2. Energy levels and zero phonon line positions of the investigated laser materials as used
in the McCumber relation. The according sources are noted behind the host materials.

host El [cm−1] Eu [cm−1] λZL

KGW [19,20] 0, 163, 385, 535 10188, 10471, 10682 981.5 nm

KYW [19] 0, 169, 407, 568 10187, 10476, 10695 981.6 nm

YAP [21] 0, 209, 341, 590 10220, 10410, 10730 978.5 nm

YLF [22] 0, 218, 248, 485 10293, 10416, 10554 971.5 nm

The FL-equation uses the normalized line-shape of the optical transition gξλ(λ) to determine
σ
ξ
e (λ):

σ
ξ
e (λ) =

λ2

8πn2τrad
· gξλ(λ) (4)

n is the refractive index of the laser medium, which for simplicity reasons we assume as the mean
value of all polarization axes in each birefringent crystal as given in Table 1. τrad is the radiative
lifetime of the excited state. This value is not directly accessible through measurement, since
the fluorescence decay is influenced e.g. by re-absorption or non radiative decay mechanisms.
Therefore, this parameter is treated as an unknown variable that should be similar to τf. gξλ(λ)
can be obtained from the polarized fluorescence intensity Iξf (λ):

gξλ(λ) =
λ3

c · I
ξ
f (λ)

1
3 ·

∑
j
∫ λmin
λmin
λIξjf (λ)dλ

(5)

The denominator contains the sum over all three polarization axes. For a uni-axial material the
σ-polarization needs to be used twice.
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Within our setup, an absolute measurement of the fluorescence intensity would suffer from
significant inaccuracies, due to the alignment sensitivity in between the individual measurements.
Therefore, the denominator in Eq. (5) in combination with τrad is treated as a variable during data
processing.

Based on the absorption measurement, the MC-relation yields accurate results in spectral areas,
where σξa (λ) can be measured with high signal to noise ratio. In contrary the σξe (λ) obtained by
the FL-formalism will have significant errors in such spectral regions due to re-absorption, while
it features high reliability for low absorbing areas. Therefore, the variables in the FL-formalism
were determined by overlapping the results of both methods in a spectral area with low but
accurately measurable absorption. The final σξe (λ) are generated by selecting the results from
either method depending on which leads to the more accurate results.

After retrieving σξe (λ) according to this method, we can now use the FL-formalism to calculate
τrad, which together with the denominator of Eq. (5) was used as an arbitrary variable to overlap
the results from both methods with each other. As the denominator in Eq. (5) is the same for all
three polarization axes, one obtains for Iξf (λ):

Iξf (λ) = a ·
σ
ξ
e (λ)

λ5
(6)

Here, a is a constant for scaling the total intensity. As long as a has the same value for all
polarizations the relative intensities would be scaled to a common total emission. Therefore, τrad
can be calculated by transforming Eq. (4):

τrad =
3

8πn2c
·

1∑
j
∫ λmin
λmin

σ
ξ
e (λ)
λ4

dλ
(7)

3. Cross sections

The resulting cross sections for Yb:KGW and Yb:KYW are shown in Figs. 3 and 2 respectively.
Comparing the results for Yb:KGW with data measured at room temperature from the literature
[23], our data is in good agreement. Both materials show very similar spectra both in emission
and in absorption. Likewise with varying temperature both materials behave in the same way.
Therefore, it should be possible to switch between both materials within a laser setup without
significant changes in the laser performance.
In comparison to room temperature the tungstates show a strong increase of about a factor

of two to three for the according major emission peak at 80K in each polarization axis. This
is accompanied by a decrease in bandwidth. At 80K the residual full width at half maximum
(FWHM) bandwidth for σξe (λ) is ≈6 nm and centered at 1023 nm for the Nm and Ng-polarizations
and 5 nm centered at 1029.5 nm for the Np-polarization. In comparison to room temperature,
where broad emission bands dominate, this limits the material’s capability for ultra-short pulse
amplification or generation, though sub 500 fs pulses should still be feasible with some effort,
especially for Nm and Ng-polarizations. As re-absorption is significantly reduced for low
temperatures, especially the emission line in Nm polarization at 1023 nm becomes attractive for
laser operation. The peak emission cross section of 8.5·10−20 cm2 is about four times higher than
for Yb:YAG’s 1030 nm emission at room temperature, but still features a comparable bandwidth
and a lower quantum defect.
With respect to the suitability of the absorption cross sections for laser diode pumping, the

absolute values reveal only limited information, since the spectral width of the actual pump source
always needs to be considered. Therefore, we numerically calculated the product of the material
length d in cm and its doping concentration ca in at.% for absorbing 90% of the pump beam with
a Gaussian spectral distribution. For this we neglected saturation effects using Lambert-Beer’s
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Fig. 2. Polarized absorption (left) and emission cross sections (right) for Yb:KYW at
different temperatures. The according polarization is noted in the upper left corner of the
graph.

Fig. 3. Polarized absorption (left) and emission cross sections (right) for Yb:KGW at
different temperatures. The according polarization is noted in the upper left corner of the
graph.
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law. For more details about this we would like to refer to our previous publication [13] The results
are shown as a function of the pump’s central wavelength λp and 1/e2 half-bandwidth for each
polarization for room temperature and 100K in Figs. 4(a) for Yb:KGW and 4(b) for Yb:KYW.

Fig. 4. Material length for 90% absorption for (a) Yb:KGW and (b) Yb:KYW as a function
of the pump’s central wavelength λp and 1/e2 half-bandwidth for each polarization (from
top to bottom: Np, Nm, Ng) at 100K (left) and room temperature (right).

In principle both tungstates offer two absorption bands that can be used for excitation. One
ranges – with some internal structure – from about 930 nm to 960 nm and is therefore compatible
with 940 nm pump sources used in Yb:YAG. In this band the use of relatively broad-band
pump sources is possible, with up to approximately 10 nm half-bandwidth. Only if the higher
values of σξa in the individual peaks in the low temperature range are to be used, sources with
accordingly narrow bandwidth are necessary. The second interesting excitation wavelength is
the zero phonon line at 981.5 nm, which allows the operation with reduced quantum defect. To
access this absorption line a pump source of less than 5 nm half-bandwidth is required at room
temperature. For 100K the half-bandwidth should be less than 2 nm. Due to the limited spectral
resolution of 0.5 nm in our setup the absolute height for the ZPL transition could not be fully
resolved at the lowest temperatures.

The retrieved cross sections for Yb:YAP are shown in Fig. 5. A comparison with values from
the literature that are available at room temperature [7] shows a good agreement with our data.

The typical wavelength range for ytterbium around 1030 nm is only represented with a relatively
weak feature, most pronounced in the b-polarization. Nevertheless, as the spectrum is smooth
over a broad range, the material found some application for the generation of ultra-short pulses
[7] in this spectral range. In a- and c- polarization σξa undergoes only minor changes when
cooled to 80K for these wavelengths. However, in the b-polarization the peak cross section
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Fig. 5. Polarized absorption (left) and emission cross sections (right) for Yb:YAP at
different temperatures. Each polarization is noted in the upper left corner of the according
absorption graph. The insets use a different scale to visualize the major peaks.

centered at 1039 nm is about doubled and features a residual FWHM of approximately 5 nm that
could be useful for ultra-fast lasers.

The major emission features of Yb:YAP are found in the range from 995 nm to 1015 nm. The
peak at 999.2 nm has the highest cross section (see insets in Fig. 5). When cooled to 100K its
peak value is increased approximately by a factor of seven in all polarization axes. In combination
with the strongly reduced re-absorption at low temperature this wavelength can be an attractive
laser operation wavelength for this material, featuring a low quantum defect. The peak value
at 100K corresponds to more than four times the emission cross section of Yb:YAG at room
temperature, and hence promises also a relatively high gain and reasonable saturation fluence for
pulsed laser amplifiers.

To evaluate the compatibility for diode pumping an equivalent evaluation as for the tungstates
is shown in Fig. 6. In a- and b-polarization a broad absorption band between 930 nm and 940 nm
allows compatibility with standard diode pump engines otherwise used with Yb:YAG. A higher
absorption can be obtained at the absorption line at 961 nm, though at 100K a source with less
than 2 nm half-bandwidth is required. Also zero phonon line pumping is an option at 978.5 nm
but with even higher restrictions according to the half-bandwidth of the pump source, which
should be below 1 nm. Again, as in the case of the tungstates, the ZPL was not fully resolved
for the lowest temperature measurements to give accurate values of its maximum height and
bandwidth.

As a uni-axial fluoride crystal Yb:YLF is quite different when compared to the other investigated
materials. Nevertheless, the overall spectral characteristics are quite similar. The determined
values for σξa and σξe are shown in Fig. 7. The measured values are in good agreement with
the values presented by [24] despite the values for σσe . We determined the latter ones to be
about half the value given by Kawanaka et al. Further comparison with data in [25] yields a
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Fig. 6. 90% absorption length for Yb:YAP as a function of the pump’s central wavelength
λp and 1/e2-half-bandwidth for each polarization (from top to bottom: a, b, c) at 100K (left)
and room temperature (right).

good agreement for both polarizations at room temperature. Therefore, we will assume that the
determined values are correct.
In π-polarization the peak height at 1020 nm is increased from 0.83·10−20 cm2 at room

temperature to 1.95·10−20 cm2 at 80K. At room temperature the structure of the peak extends on
the short wavelength side down to≈1000 nm and reaches its half value on the long wavelength side
at 1025 nm. At 80K it is a well-defined peak with a FWHM bandwidth of 4 nm. In σ-polarization
the peak cross section at room temperature is increased from 3.9·10−20 cm2 to 8.8 ·10−20 cm2 at
80K. The peak wavelength is at 1018 nm and therefore slightly shorter than for π-polarization.
The general spectral characteristic of the emission peak is similar to π-polarization, though the
bandwidth is significantly larger. At room temperature the half value is reached at 1026 nm on the
long wavelength side. At 80K the remaining FWHM neglecting the side peak on the blue side is
10 nm. As the peak features a plateau region it can be interesting for ultra-short pulse lasers.

In π-polarization another strong emission line can be found at 993 nm. For low temperatures
the line breaks up into a double line, while the peak cross section is strongly increased from
1.2·10−20 cm2 at room temperature to 9.4·10−20 cm2 for the line centered at 995.5 nm and
6.5·10−20 cm2 at 992.75 nm. Due to re-absorption this line is complicated to be used at room
temperature, though efficient laser operation has already been demonstrated [10]. Mainly due
to the drastic increase of σπe and the reduced re-absorption at low temperatures it becomes an
attractive laser transition, with low quantum defect in a quite uncommon wavelength range, which
supports high power laser operation [26].
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Fig. 7. Polarized absorption (left) and emission cross sections (right) for Yb:YLF at different
temperatures. The according polarization is noted in the upper left corner of each absorption
graph.

The ZPL at 971.5 nm is only visible as a relatively small peak. It is prominent in the σ-
polarization and will most likely not practically useful for laser operation. Similar to the case of
the other samples its bandwidth becomes too small to be fully resolved at the lowest temperatures
in our setup.
As for the other materials, we calculated the 90% absorption length as a function of λp and
∆λp in Fig. 8. The main absorption peak is situated close to the ZPL at 960 nm. The peak

Fig. 8. 90% absorption length for Yb:YLF as a function of the pump’s central wavelength
λp and 1/e2-bandwidth for each polarization (from top to bottom: π, σ) at 100K (left) and
room temperature (right).
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features a higher absorption in π-polarization and can be well accessed with a pump source of up
to approximately 5 nm half-bandwidth. The bandwidth and absorption length for this spectral
line is nearly constant over the measured temperature range. If a broader pump source is to be
used the band ranging from 930 nm to 950 nm in σ-polarisation is an option that would also be
compatible with standard 940 nm pump sources. The actual ZPL is rather weak and narrow and
therefore not well-suited for diode pumping.

4. Fluorescence lifetimes

Lifetimes have been determined both by direct measurement of the fluorescence decay under
pulsed excitation and from the spectral measurements with the formalism described in section 2.

Though carried out in the re-absorptionminimized setup, the result from the direct measurement
using a photo diode (DET36A/M, Thorlabs Inc.) needs to be interpreted as a fluorescence lifetime
τf, since remaining re-absorption and other effects like quenching may influence the decay curve.
Measurements were carried out at multiple temperatures and the decay was fitted with a single
exponential decay to determine τf. With this method a good overlap of the fitting function was
obtained for all samples independent of the temperature. The results for τf with according 95%
confidence bands for the fit parameter are given in Fig. 9 as a function of temperature for all
investigated materials.

Fig. 9. Results for τf obtained by fitting a single exponential decay model to the measured
fluorescence decay curves under pulsed excitation. The error bars indicate the 95%
confidence bands of the according fit. Data points in red are neglected for further processing
due to their relatively high uncertainty.

For Yb:KGW only a weak tendency to a longer τf at lower temperatures can be seen. In
case of Yb:KYW this tendency is much clearer, due to a better signal to noise ratio during our
measurements. For both materials the overall variation of τf is in the range of less than ±5%.
The slight increase of τf for lower temperatures might be attributed to a reduction of quenching.
Comparing τf to the values for τrad determined from the spectra (cf. Table 3), τf is about 30%
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longer, which indicates a still significant influence of re-absorption in our measurements, caused
by the high doping concentration of our samples in combination with the large cross sections.
Comparing τrad with other values from the literature our values are ≈10% longer, which is a
reasonable agreement, given the different means of measurement. Therefore, this is also a good
validation for the cross sections presented in section 3.

Table 3. Retrieved lifetimes of the samples and comparison to data from the literature.
τf. . . fluorescence life time, τrad. . . radiative life time. ∗The radiative lifetimes where calculated from

the emission cross sections according to Eq. (7)

host τf τrad

KGW 401±10 µs
272±14 µs *

242 µs [28]

KYW 359±12 µs
260±21 µs *

234 µs [28]

YAP 532±16 µs
594±75 µs *

600 µs [21]

YLF 2100±100 µs
2040±180 µs *

2210 µs [27]

For Yb:YAP, the measured values for τf are nearly constant over temperature, except the values
for 80K and 100K. However, the low temperature measurement also suffered from a relatively
low signal and therefore greater uncertainty. Hence, we will neglect these in the following.
Comparing τf and τrad, both are matching within the error margins, also the comparison to values
from the literature especially for τrad shows a good agreement, which also validates our cross
section data.
In case of Yb:YLF τf is slightly shorter at lower temperatures, which could be attributed to

re-absorption caused by the relatively high doping concentration of our sample (cf. table 1). With
decreasing temperature the overlap of absorption and emission is reduced, which also reduces
the amount of radiation trapping. Therefore, the low temperature value of τf of 2.0ms should be
considered closest to τrad. This value also compares well with the value for τrad retrieved from
the spectra measurements. Comparing to the literature value our value for τrad is slightly lower,
but still within the error margin of 20% the authors of [27] mention. Therefore, the retrieved
lifetimes further support the validity of the cross sections determined in section 3.

5. Conclusion

We presented measurements of the absorption and emission cross sections for Yb:KGW, Yb:KYW
and Yb:YLF in the temperature range from 80K to 280K and Yb:YAP between 100K and 300K.
Our results for room temperature are in good agreement with data found in the literature.
The tungstates where found to have nearly identical spectral properties. The height of major

emission peaks centered at 1023 nm and 1029.5 nm with respect to polarization are approximately
doubled by cooling the sample to 80K when compared to results at room temperature. Though
the emission bandwidth is significantly decreased at lower temperature, the materials should still
support the amplification of pulses shorter than 500 fs.

Yb:YAP showed only a weak dependency on temperature for the emission bands starting from
≈1010 nm. Only in b-polarization a significant peak emerged for lower temperatures with about
the doubled peak cross section at 80K compared to room temperature.
Like the aforementioned laser media, Yb:YLF also showed an increase of the peak emission

cross section in the major emission band at ≈1020 nm by an factor of approximately two when
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cooling from room temperature down to to 80K. In σ-polarization the remaining bandwidth at
80K is 10 nm and therefore still broad enough for ultrashort pulse amplification.

To evaluate the potential of the measured materials to be excited by laser diode pump engines
the product of the material length d in cm and its doping concentration ca in at.% for absorption of
90% of pump beam with Gaussian spectral distribution was calculated and plotted as a function
of the pump’s central wavelength λp and 1/e2 half-bandwidth.
All tested materials also showed a strong increase of emission bands at ≈1000 nm for low

temperatures, while re-absorption is suppressed. These materials are therefore especially
interesting for low quantum defect operation, which would enable lower heat load and higher
output power. Especially Yb:YAP is promising for such an operation scheme due to relatively
high cross sections. Additional measurements of the fluorescence lifetime and the determination
of the radiative lifetime from the determined emission cross sections showed good agreement
with data from the literature, which also supported our data.
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