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Abstract

Thermal profile modification of an active material in a laser amplifier via optical pumping results in a change in the
material’s refractive index, and causes thermal expansion and stress, eventually leading to spatial phase aberrations, or
even permanent material damage. For this purpose, knowledge of the 3D spatio-temporal thermal profile, which can
currently only be retrieved via numerical simulations, is critical for joule-class laser amplifiers to reveal potentially
dangerous thermal features within the pumped active materials. In this investigation, a detailed, spatio-temporal
numerical simulation was constructed and tested for accuracy against surface thermal measurements of various end-
pumped Yb3+-doped laser-active materials. The measurements and simulations show an excellent agreement and the
model was successfully applied to a joule-class Yb3+-based amplifier currently operating in the POLARIS laser system
at the Friedrich-Schiller-University and Helmholtz-Institute Jena in Germany.
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1. Introduction

Advances in relativistic laser plasma physics are reliant
on the optimization of state-of-the-art laser systems toward
higher peak and average powers. These laser pulses, when
focused to intensities in excess of 1020 W/ cm?, can acceler-
ate electrons!!! and ions!?! to relativistic velocities, as well
as generate X-rays®! and high harmonics!*!. Attaining and
increasing such laser intensities requires the proper design,
characterization, and optimization of the final multi-pass
amplifier stages to amplify the seed laser pulse well into the
multi-joule regime while maintaining its spatial and temporal
fidelity.

Within these final multi-pass amplifier setups, large beam
diameters are necessary to reduce the fluence of the laser
pulse below the laser-induced damage threshold (LIDT) of
the active materials. Consequently, these large beam profiles
are particularly susceptible to effects leading to wavefront
aberrations, the ramifications of which are prominent due
to the long propagation distances typically found in non-
imaging joule-level multi-pass amplifiers. Such wavefront
aberrations occur in part due to the quantum defect, in which
a portion of the pump laser energy is transferred to the active
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material in the form of heat, resulting in a change in the
temperature profile that forms within the timescale of the
pump pulse. This pump-induced temperature change causes
a modification of the refractive index!®!, leads to thermal
expansion and stress, and alters the emission and absorption
spectral® of the laser material.

To mitigate the impact of these effects, narrowband diode-
pumped Yb3*-doped active materials can be employed,
which can provide a significantly lower quantum defect
of 9%!° when compared to other dopants, such as Nd>*
(4% or Ti** (33%!%)). Present-day high-power Yb-
based laser systems have used this advantage to achieve
pulse energies higher than 50 J®! and 100 JI'O1 within
pulse durations of 100 fs and 10 ns, respectively. De-
spite the reduced heat load within Yb3*-doped materials,
significant detrimental effects can still occur due to the
pump-induced thermal profile. The influence of strong ther-
mally induced®! wavefront aberrations — in conjunction
with electronic contributions!!!] — may heavily distort!'?! the
amplified beam profile upon propagation. Additionally, the
spatially varying depolarization of the amplified seed beam
due to thermal stress”®! induced by the thermal gradient in
a multi-hundred-joule pumped active material can directly
lead to energy loss and possible spatial profile deformations
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after interacting with polarization-sensitive optical compo-
nents within the laser system. If not properly characterized
and controlled, the thermal profile within a strongly pumped
active material can not only limit the maximum achievable
energy and final focusability of the laser pulse, but ulti-
mately, in cases of high thermal stress, result in permanent
damage to the active material.

A measurement technique that is capable of resolving
the complete spatio-temporal thermal profile of the pumped
active materials is challenging, due to the high emissiv-
ity of these materials. Measurements®! utilizing thermal
infrared imaging cameras, for example, are only able to
access the surface temperature profiles with limited tem-
poral resolution, due to the camera’s long integration time
compared to the typical pump pulse durations utilized with
Yb**-doped active materials!®. Interferometric temperature
measurements or measurements of temperature-dependent
absorption!'3], on the other hand, only provide informa-
tion about the temperature averaged over the thickness of
the material. Recently, a novel scanning method!'*! that
is capable of measuring the temperature inside the active
material has been reported. The applicability of this method
to joule-class laser amplifiers is currently limited, however,
due to the large active material radius in conjunction with
the typically low amplifier repetition rates, as well as the
vast material dataset required to calibrate the fitting function.
Therefore, a characterization of the temporally resolved 3D
thermal profiles of active materials under complex pumping
configurations, such as with the 3D multi-spot pump setup of
the POLARIS! laser system, cannot be adequately realized
with these methods alone.

However, with extensive knowledge of the material pa-
rameters, including the doping-dependent thermal properties
of the materials and the inversion-dependent absorption of
the pump pulse, a highly accurate numerical model can be
constructed and verified to provide access to the complete
spatio-temporal thermal profiles. Such thermal simulations
are a necessary tool to access the temperature profile within
the materials, which may strongly differ from the surface
temperatures. A pump profile that is optimized solely ac-
cording to the surface temperature distribution may produce
high thermal gradients elsewhere in the active material,
leading to significant wavefront aberrations and permanent
material damage from the thermally induced stress.

In this paper we describe the temporally and spatially
resolved temperature study of Yb:YAG, Yb:CaF, and
Yb:fluorophosphate glass!!>l (Yb:FP15), which are com-
monly used in diode-pumped high-power laser systems such
as the POLARIS laser system at the Friedrich-Schiller-
University and Helmholtz-Institute Jena in Germany. A
simple pump geometry with a homogeneous, square-shaped
pump pulse together with a thermal camera was used as a
measurement setup to benchmark the detailed temperature
simulations, which showed excellent agreement with the
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measurements. The calibrated measurement method was
then applied to the 3D pumping configuration of a joule-
class Yb:FP15-based amplifier operating in the POLARIS
laser system. The individually measured surface temperature
profiles of each pump pulse on the front and back sides of the
active material could be combined via a complex simulation
to enable access to the 3D spatio-temporal thermal profiles.

2. Thermal profile simulation

2.1. Heat transfer and active material parameters

Numerical simulations of the spatio-temporal behavior and
magnitude of the temperature profile throughout the pumped
material can be accomplished through the use of finite
element analysis software. Here, COMSOL (Version 5.2,
Sweden) was employed to construct a 3D model of the
pumped active material and solve the time-dependent heat
transfer equation

0T (x,y,z,t
pcp% — KaV2T(x,y,2,1)
=npal(x,y,1)A(z, 1), (1

which predicts the flow of heat through a material via
conduction!®!, based on the given pump conditions.

The individual components of Equation (1) grant an under-
standing into how the material parameters contribute to the
thermal profile T (x, y, z, t) of the material. The specific heat
capacity C)p, [kgL.K], which can be calculated using the Debye

model'®! for a given doping concentration, along with the
density p [%] affects the temperature variation in the pulsed

regime. The magnitude of the temperature gradient in the
material scales with the thermal conductivity Ky [%],

which can be determined from Gaumé’s model as!!”!

K VKno-d
Ky =B - % - arctan (%)

where d is the doping concentration, Ky, ¢ is the undoped

) 2

thermal conductivity, and B is an empirically determined!!”!
fit parameter.

The term on the right-hand side of Equation (1) represents
the absorbed power density of the heat source within the
material. Here, the heat source is the pump laser with
intensity I (x, y, t), which exhibits a homogeneous spatial
profile and a square-like periodic temporal profile. The
strength of the absorbed power density is also determined by
the absorption « [%] of the material, which is dependent on
the dopant concentration, and the percentage n; of energy
transferred to heat through the quantum defect and other
nonradiative transitions due to material impurities. The form
of the pump laser depletion along the material’s length is
given by the parameter A(z,t). The material parameters
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Figure 1. Numerical calculation of the normalized pump intensity within
a Yb:YAG crystal in comparison to the Lambert-Beer and saturated
absorption models.

required for the thermal profile simulation of the considered
active materials are given in Table 1.

2.2. Inversion-corrected pump depletion

The profile of the pump depletion A(z,t) = I(z,1)/1(0, 0)
along the propagation direction z was calculated numeri-
callyl® by iteratively determining the remaining pump in-
tensity /(z, ) and population inversion level B(z, ) along
the length of the active material throughout the pump pulse
duration:

2D N0 [1 - —ﬁg’ ”] dEn. O)
eq
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In Equations (3) and (4), o, is the absorption cross-section,
Ngot is the dopant density, 77 is the fluorescence lifetime,
and Beq represents the equilibrium inversion level, which is
required to ‘bleach’ the material, such that the increase of the
inversion induced by the pump is balanced with its decrease
via emission. The influence of the nonzero inversion on the
pump absorption is not included in the frequently utilized
models of Lambert—Beer
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Figure 2. A slice through the pumped Yb:YAG model in COMSOL.
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Figure 1 displays the numerical calculation of the pump
depletion, corrected for the nonzero inversion, for the case
of Yb:YAG pumped near the saturation intensity Igy. The
Lambert-Beer model was found to underestimate the re-
maining pump intensity along the 4.5-mm-thick active ma-
terial by <12%, while the saturated absorption model over-
estimated the remaining pump intensity by <7%. By im-
plementing a proper numerical calculation of the pump
depletion in the active material, significant inaccuracies in
the value of the absorbed power density in the thermal
simulation can be avoided, the relevance of which increases
for high pump energies and multiple pump sources.

3. Verification of the numerical simulation

An example of the simulated Yb: YAG model is displayed in
Figure 2. The results of the thermal simulation — including
the doping-dependent active material parameters and the
inversion-corrected pump depletion — reveal the transforma-
tion of the temperature profile throughout the material, but
must be checked for validity using thermal measurements
and well-defined pumping conditions.

For a controlled investigation of the temperature changes
within the pumped active materials, a homogenized 6.8 kW
laser diode source was constructed as the pump laser. Each
active material was end-pumped with an empirically deter-
mined repetition rate according to the ability of the material

Table 1. Relevant optical and thermal properties of the considered active materials.

ions W k 1 J 1
Material Yb3+—Doping tons Kn | —— P £ or 1076— Cp | —= o | — Iim
cm’ " m-K m3 K ?lkg-K m
Yb:YAG 4.2 x 1020 9.2L16] 4660101 716l 615L10] 2961191 0.07L19!]
Yb:CaF, 3.8 x 1020 6.3[171 3180[18] 18.5018] 816110] 671191 0.06!191
Yb:FP15 6 x 1020 0.88201 3800201 141201 720201 1871151 0.13(15]
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Figure 3. Pump profile (a) and thermal image (b) of the end-pumped and
water-cooled Yb:CaF,.

to diffuse heat (Yb:YAG - 2 Hz, Yb:CaF, — 4 Hz, Yb:FP15
— 0.2 Hz). The pump pulse duration was chosen according to
the fluorescence lifetime: Yb:YAG — 0.95 ms!®!, Yb:CaF, —
1.9 msf®, Yb:FP15 — 1.4 ms!!!. Thermal measurements
were taken after the materials reached a steady-state
(‘thermalized’) regime, in which the average temperature
no longer increased with the number of pump cycles.

The numerical model was tested for accuracy using the
thermal IR camera FLIR P6201?!), which has 640 x 480
pixels and a thermal sensitivity of 0.04 K. The camera uti-
lizes a microbolometer array with a temperature-dependent
electrical resistance. By imaging IR radiation in the range
8—12 wm onto the array, a local change in the resistance
occurs due to the absorbed radiation, from which the local
temperature can be determined. The thermal camera can be
calibrated using the emissivity value ¢ of the object to be
measured, which was determined by placing black tape onto
the water-cooled mount with a known temperature value of
20.5°C and adjusting the emissivity setting on the thermal
camera until the measured temperature matched the temper-
ature of the mount. Additional calibration measurements, in
which the temperature of Yb:CaF, and Yb:FP15 was varied
between 20 °C and 50 °C and simultaneously measured with
a temperature sensor, resulted in an emissivity value of
& = 0.94 for both materials and both calibration methods.
Due to the high emissivity value, only radiation from a very
small depth through the material can be detected by the
thermal camera. Hence, only the surface temperature could
be measured. The pump profile and a thermal image of the
pumped Yb:CaF, with the FLIR P620 camera are displayed
in Figure 3.

The thermal camera additionally provides a minimum time
interval of 30 ms between two consecutive measurements,
which enables the measurement of the surface temperature
profile at various times throughout the pump cycle. Thus,
the temporally and spatially resolved temperature measure-
ments are well suited for verifying the thermal simulations.
Comparisons of the thermal measurements and simulations
are displayed in Figure 4.
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The time-resolved detection of the temperature profile
during the cooling phase of the pump cycle was possible
for Yb:FP15 due to the low thermal conductivity, and con-
sequently, the long thermal diffusion timel!?!, that leads
to a quasi-static state during the integration time of the
thermal camera. For Yb:YAG (Figure 4(a)) and Yb:CaF,
(Figure 4(b)), the simulated (dashed) front (black) and back
(red) temperature profiles averaged over the pump cycle
were compared to the measured (solid) profiles, with a
maximum discrepancy between simulation and measurement
of less than 0.3°C. The maximum temperature difference
between the measured and simulated temperature profiles
of the pumped Yb:FP15 (Figure 4(c)) material throughout
the 5 s pump cycle was determined to be below 0.2°C.
The modeling and validation principles described here are
not only applicable to the comprehensive characterization
of thermal effects — such as the inhomogeneous thermal
contribution to pump-induced wavefront aberrationst!?) —
in isolated setups, but can also be utilized to access the
crucial 3D spatio-temporal thermal profile of a pumped
active material in a high-energy amplifier under complex
pumping configurations.

4. 3D spatio-temporal thermal profile characterization

The pump energies employed in joule-class laser amplifiers
lead to the formation of strong thermal gradients within
the active material that can significantly impact the quality
of the amplified seed beam and limit the final fluence and
intensity of the laser system. Such thermal gradients can be
directly transferred to the phase of the amplified seed beam
and result in wavefront aberrations, and thus a deterioration
of the spatial profile during propagation within the multi-
pass amplifier. Another consequence of a strong thermal
gradient is the buildup of thermal stress within the pumped
active material, in which spatially varying stress-induced
birefringence causes the inhomogeneous depolarization of
the amplified seed beam, leading to energy loss as well
as spatial deformations after interactions with polarization
optics. Furthermore, the inhomogeneous thermal profile can
directly influence the local absorption and emission cross-
sections, resulting in spatial variations not only for the
amplified spectrum, but also the transverse gain profile. For
example, as the emission cross-section decreases in regions
of higher temperature, a strong thermal gradient within the
pumped active material can deform the spatial profile of the
amplified seed beam via a reshaping of the gain profilel®].
Additionally, the spatially inhomogeneous spectrum of the
amplified pulse directly leads to a distortion of the spatio-
temporal profile after compression, with different pulse du-
rations along the beam radius. Consequently, as these effects
lead to lower final energies, a reduced focusability of the
laser system, and in the worst case, permanent material
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Figure 4. Comparison of measured (solid) and simulated (dashed) thermal profiles. The measured temperature profiles for (a) Yb:YAG and (b) Yb:CaF, on
both the front and back surfaces were compared to the simulated temperature profiles averaged over the pump cycle. (c) The front and back Yb:FP15 profiles
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Figure 5. Schematic of the 3D pumping configuration of the Yb:FP15-
based (perimeter in blue) A4 multi-pass amplifier at POLARIS with thermal
images of an example of a single pump spot (top left) and the full pump
profile (top right).

damage via thermal stress, the complete 3D thermal profile
within the pumped active material must be accessed and
controlled, if possible.

For this purpose, the verified model was utilized to charac-
terize the 3D spatio-temporal thermal profile of the pumped
Yb:FP15 in the joule-class ‘A4’ multi-pass amplifier cur-
rently operating in the POLARIS!® laser system. Within the
A4 amplifier, a complex 3D pumping configuration!??!, a
schematic of which is displayed in Figure 5, is employed,
which contains 40 2.5 kW laser diode modules with an
average 6.2 mm x 2.7 mm 1/e*> beam radius delivering a
total pump energy of over 250 J within a 17.5 mm 1/e?
beam radius to the water-cooled Yb:FP15 active material
that is utilized to amplify the seed beam up to 7 J in a nine-
pass configuration. The position of each of the pump spots

is individually tailored by a specially developed routine[*’!
to achieve the desired pump distribution with regards to the
spatial gain profile.

To adequately model the 3D pumping configuration, the
front and back beam profiles of each of the 40 pump spots as
well as the complete front and back pumping profiles were
captured by the thermal infrared imaging camera, which was
triggered and synchronized with each pump pulse. Due to
the very low thermal conductivity and high emissivity of
Yb:FP15, the surface thermal profiles generated by the in-
dividual beams can be assumed to be quasi-static within the
integration time of the thermal camera. Thus, the individual
thermal profiles could be directly correlated to the beam
profiles, which were then best characterized by an elliptical
Gaussian-like spatial distribution according to their energy
E;, central positions x, and y,, orthogonal 1/e? beam radii
®Wmax and wmin, rotation angle 6 with respect to the xy-frame,
incidence angles ¢, and ¢, and pump pulse duration Tpump:

I(x,y,z,1)
40 cos®; - X; +sinb; - Y; 2
iz ®max,i

(—sin@,- - X; +cosb; - Y,->2

@min,i

-Ai(2) orect( ! ) , (7
Tpump

where X; =x — (x; —z-tangy), ¥; =y — (yc — 2z - tangy).

The total A4 pump profile I(x,y,z,t), as seen in
Equation (7), including the numerically calculated pump
depletion profile A;(z), was inserted into the thermal model
along with the doping-dependent thermal properties of
Yb:FP15. The results of the numerical simulation were
compared to surface temperature measurements utilizing
the thermal infrared imaging camera of both the front and
back sides of the thermalized Yb:FP15 material, which
was pumped by the full pump profile (Figure 5, top right).
As seen in Figure 6, the thermal model and measurements
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are in good agreement, with an RMS (root mean square)
temperature difference of less than 1.5% (0.5°C) of the
maximum temperature.

Additionally, the spatio-temporal thermal model of the
Yb:FP15 material in the A4 amplifier reveals details about
the thermal profile inside the laser medium that are in-
accessible from the surface thermal measurements. The
results displayed in Figure 7 show that the amplitude of the
thermal gradient, defined here as the temperature difference
AT between the center (radius = 0 mm) and the edge
(radius = 4+22.5 mm) of the pumped and thermalized active
material, is 24% higher in the middle than on the measurable
(front and back) surfaces. The consequences of this strong
inner thermal gradient are not only higher thermal stresses
than anticipated based on the surface pump fluence, but also
stronger wavefront aberrations that add up with each of the
nine passes in the joule-class amplifier.

A comparison of the thermal profile of Yb:FP15 glass
with that of the two crystals in Section 3, Yb:YAG and
Yb:CaF,, under the same pumping conditions within the
A4 amplifier would result in an overall stronger thermal
gradient and higher peak temperature for Yb:FP15, as the

thermal conductivity — seen in Table 1 — is nearly an order of
magnitude lower than for the cases of Yb:YAG and Yb:CaF,.
The crystals would allow for a higher repetition rate of
the amplifier; however, at the cost of narrower emission
cross-sections and an increase in the impact of the thermal
contributions to the spatial degradation of the amplified
seed pulse, due to the significantly higher thermo-optic
coefficients!!?],

The information provided by this benchmarked 3D spatio-
temporal thermal profile model can be employed for further
investigations of spatially and temporally varying wave-
front aberrations, stress-induced depolarization, and local
modifications in the absorption and emission properties in
the context of a joule-class multi-pass Yb>*-doped laser
amplifier.

5. Conclusion

An optimization of the final multi-pass amplifier stages
in a high-peak-power laser system can directly lead to an
increase in the pulse energy and an improvement in the beam
focusability, thereby increasing the achievable intensity and
allowing access to new developments in relativistic laser
plasma physics. However, the high pump energies required
to achieve a sufficient gain result in strong thermally in-
duced changes in a pumped active material’s refractive index
profile, along with thermal expansion and stress, which can
cause permanent damage to the active material. In addition,
the large beam diameters and long propagation distances
present within joule-class multi-pass amplifiers increase the
importance of managing the pump-induced refractive index
changes, which can otherwise significantly deteriorate the
amplified seed beam’s spatial profile. To further investigate
and possibly mitigate these effects in a joule-class amplifier,
the knowledge from a 3D spatio-temporal thermal profile
characterization of the pumped active material, currently
only accessible via benchmarked thermal simulations, is
crucial.

In this investigation, multiple spatio-temporal numeri-
cal simulations were tested for accuracy against thermal
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measurements of end-pumped and water-cooled Yb:YAG,
Yb:CaF, and Yb:FP15. The realized pump source was a
homogenized square-shaped 6.8 kW laser diode module,
which was utilized to pump the active materials with pulse
durations from 0.9 to 2 ms and repetition rates from 0.2 to
4 Hz.

The COMSOL-based spatio-temporal thermal profile
models were constructed using knowledge of the dopant-
dependent thermal properties of the considered active
materials. A numerical calculation of the pump depletion
throughout the material was utilized and compared to the
Lambert-Beer and saturated absorption approaches, which
neglect the inversion within the pumped active materials.
The thermal simulations agreed with surface measurements
utilizing a thermal infrared imaging camera for Yb:YAG
and Yb:CaF, within 0.3 °C and for Yb:FP15 within 0.2°C
throughout the pump cycle.

The model was then applied to a joule-class Yb>*-based
amplifier in the POLARIS laser system currently operating
with 40 pump modules in a complex 3D pumping config-
uration. Each pump beam was characterized according to
its energy, spatial profile, position and incidence angle, and
recreated within the numerical simulation. The results of
the thermal model deviated from front and back surface
thermal measurements of the pumped active material with
an RMS value of less than 0.5 °C throughout the pump cycle.
Utilizing the detailed and benchmarked thermal simulation,
a localized hot region — thus far undetectable by the thermal
infrared imaging camera due to the high emissivity of the
material — was revealed in the center of the pumped active
material. With this complete spatio-temporal thermal profile,
such potentially dangerous thermal features can be discov-
ered and controlled to prevent material damage and lessen
the extent of spatial deformations that may severely limit the
final fluence of joule-class laser systems.

Acknowledgements

The research leading to these results has received fund-
ing from the European Union’s Horizon 2020 Research
and Innovation Programme (LASERLAB-EUROPE, Grant
No. 654148), from the European Union (EFRE) through
the Thuringian Ministry for Economic Affairs, Science and
Digital Society (2016FE9058), and from the Bundesmin-
isterium fiir Bildung und Forschung (BMBF) (03ZIK445,
05P15SJFA1, 03Z1H531 and 03VNE2068D).

References

1.

2.

3.

S

10.

11.

12.

13.

14.

15.
16.

17.

20.
21.

22.

23.

E. Esarey, C. B. Schroeder, and W. P. Leemans, Rev. Mod.
Phys. 81, 1229 (2009).

A. Macchi, M. Borghesi, and M. Passoni, Rev. Mod. Phys. 85,
751 (2013).

S. Corde, K. T. Phuoc, G. Lambert, R. Fitour, V. Malka, A.
Rousse, A. Beck, and E. Lefebvre, Rev. Mod. Phys. 85, 1
(2013).

B. Dromey, M. Zepf, A. Gopal, K. Lancaster, M. S. Wei,
K. Krushelnick, M. Tatarakis, N. Vakakis, S. Moustaizis, R.
Kodama, M. Tampo, C. Stoeckl, R. Clarke, H. Habara, D.
Neely, S. Karsch, and P. Norreys, Nat. Phys. 2, 456 (2006).

S. Chénais, F. Druon, S. Forget, F. Balembois, and P. Georges,
Prog. Quantum Electron. 30, 89 (2006).

J. Korner, C. Vorholt, H. Liebetrau, M. Kahle, D. Klopfel, R.
Seifert, J. Hein, and M. C. Kaluza, J. Opt. Soc. Am. B 29,2493
(2012).

H. Ebendorff-Heidepriem, W. Seeber, and D. Ehrt, J. Non-
Cryst. Solids 183, 191 (1995).

P. E. Moulton, J. Opt. Soc. Am. B 3, 125 (1986).

M. Hornung, H. Liebetrau, S. Keppler, A. Kessler, M.
Hellwing, F. Schorcht, G. A. Becker, M. Reuter, J. Polz, J.
Korner, J. Hein, and M. C. Kaluza, Opt. Lett. 41, 5413 (2016).
P. Mason, M. Divoky, K. Ertel, J. Pilaf, T. Butcher, M. Hanus,
S. Banerjee, J. Phillips, J. Smith, M. D. Vido, A. Lucianetti,
C. Hernandez-Gomez, C. Edwards, T. Mocek, and J. Collier,
Optica 4, 438 (2017).

O. L. Antipov, D. V. Bredikhin, O. N. Eremeykin, A. P.
Savikin, E. V. Ivakin, and A. V. Sukhadolau, Opt. Lett. 31,
763 (20006).

I. Tamer, S. Keppler, M. Hornung, J. Korner, J. Hein, and
M. C. Kaluza, Laser Photonics Rev. 12, 2 (2018).

J. Korner, F. Yue, J. Hein, and M. C. Kaluza, Opt. Lett. 41,
2525 (2016).

H. Chi, K. A. Dehne, C. M. Baumgarten, H. Wang, L. Yin,
B. A. Reagen, and J. J. Rocca, Opt. Express 26, 5240 (2018).
D. Ehrt and T. Topfer, Proc. SPIE 4102, 95 (2000).

R. L. Aggarwal, D. J. Ripin, J. R. Ochoa, and T. Y. Fan, J.
Appl. Phys. 98, 103514 (2005).

F. Druon, S. Ricaud, D. N. Papadopoulos, A. Pellegrina,
P. Camy, J. L. Doualan, R. Moncorgé, A. Courjaud, E.
Mottay, and P. Georges, Opt. Mater. Exp. 1, 489 (2011).

. Hellma Materials, CaF, data sheet, http://www.hellma-materi

als.com/text/993/en/laser-crystals.html.

J. Korner, V. Jambunathan, J. Hein, R. Seifert, M. Loeser,
M. Siebold, U. Schramm, P. Sikocinski, A. Lucianetti, T.
Mocek, and M. C. Kaluza, Appl. Phys. B 28, 75 (2014).
Schott AG, https://www.schott.com/english/index.html.

FLIR Systems, High speed thermal cameras, http://www.flir.d
e/science/blog/details/?1D=74352.

M. Siebold, S. Podleska, J. Hein, M. Hornung, R. Bodefeld,
M. Schnepp, and R. Sauerbrey, Appl. Phys. B 81, 615 (2005).
S. Keppler, C. Wandt, M. Hornung, R. Bodefeld, A. Kessler,
A. Siavert, M. Hellwing, F. Schorcht, J. Hein, and M. C.
Kaluza, Proc. SPIE 8780, 878001 (2013).


http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
http://www.hellma-materials.com/text/993/en/laser-crystals.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
https://www.schott.com/english/index.html
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352
http://www.flir.de/science/blog/details/?ID=74352

	Modeling of the 3D spatio-temporal thermal profile of joule-class Yb3+-based laser amplifiers
	Introduction
	Thermal profile simulation
	Heat transfer and active material parameters
	Inversion-corrected pump depletion

	Verification of the numerical simulation
	3D spatio-temporal thermal profile characterization
	Conclusion
	Acknowledgements
	References


