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Kurzfassung

Die Leistungsskalierung von Scheibenlasern hoher Brillanz ist durch thermisch in-

duzierte Wellenfrontstörungen im Scheibenlaserkristall limitiert. Durch die sphäri-

sche Komponente dieser Wellenfrontstörungen wird - analog zur klassischen
”
ther-

mischen Linse“ - eine Abhängigkeit der Strahlqualität von der Pumpleistung her-

vorgerufen, durch die asphärische Komponente entstehen hauptsächlich pumpleis-

tungsabhängige Beugungsverluste. Durch Verringerung der im laseraktiven Me-

dium erzeugten Wärmelast, beispielsweise durch Optimierung der Kühlung oder

Zero-Phonon-Pumpen, lassen sich diese Störungen betragsmäßig zwar verringern,

Ausgangsleistungen im kW-Bereich mit beugungsbegrenzter Strahlqualität über

den gesamten Leistungsbereich sind allerdings ohne Kompensation der thermisch

induzierten Wellenfrontstörungen nicht möglich.

Die vorliegende Arbeit befasst sich daher mit der resonatorinternen Kompensati-

on dieser charakteristischen Wellenfrontstörungen. Ziel war es, mittels geeigneter

deformierbarer Spiegel im Resonator eine Kompensation der beiden Komponenten

der Wellenfrontstörungen zu erreichen, so dass bei Ausgangsleistungen im Kilowatt-

Bereich eine beugungsbegrenzte Strahlqualität erreicht werden kann, die von der

Pumpleistung unabhängig ist.

Hierfür wurden auf dem Flächenlastprinzip basierende Spiegel eingesetzt, deren

Deformation durch Anlegen eines pneumatischen Drucks an eine dünne Spiegel-

membran erzeugt wird. Auf Basis der Kirchhoff’schen Plattentheorie wurden die

Dickenverteilungen der Spiegelmembranen so ausgelegt, dass die resultierende De-

formation jeweils einer Komponente der Wellenfrontstörungen entspricht. Anhand

von interferometrischen Messungen der Oberflächendeformation der entwickelten

sphärisch und asphärisch deformierbaren Spiegel bei unterschiedlichen Drücken

konnte gezeigt werden, dass die Oberflächenform der jeweiligen Spiegeltypen in

sehr guter Näherung den angestrebten Sollverformungen entspricht. Der Einsatz

der beiden Spiegeltypen in unterschiedlichen Resonatoren hat darüber hinaus ge-

zeigt, dass auch die Beschichtungsqualität der deformierbaren Spiegel den Anfor-

derungen an Resonatorspiegel genügt.
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Für Ausgangsleistungen bis zu ca. 1 kW konnte gezeigt werden, dass der reso-

natorinterne Einsatz eines sphärisch deformierbaren Spiegels eine Einstellung und

Stabilisierung der Strahlqualität ermöglicht. Der asphärische Spiegel bewirkt einer-

seits eine Kompensation der entsprechenden asphärischen Anteile der thermisch

induzierten Wellenfrontstörungen, andererseits wurde darüber hinaus eine Stabi-

lisierung gegenüber Instabilitäten der Modenposition auf der Scheibe beobachtet.

Insgesamt konnte für ein Zero-Phonon-gepumptes Scheibenlasersystem eine Aus-

gangsleistung von 1077 W bei einer Beugungsmaßzahl von M2
R = 1,23 (bzw. M2

x

= 1,27 und M2
y = 1,19) gezeigt werden, wobei durch den sphärischen Flächen-

lastspiegel eine Stabilisierung der Strahlqualität auf M2 < 1,5 über den gesamten

Leistungsbereich demonstriert wurde.

Für ein breitbandig bei 940 nm gepumptes Scheibenlasersystem konnte durch

gleichzeitigen Einsatz eines sphärischen und eines asphärischen Flächenlastspie-

gels eine Ausgangsleistung von 1036 W bei einer Beugungsmaßzahl von M2
R = 1,29

erreicht werden. Auch hier konnte mittels des sphärischen Flächenlastspiegels die

Beugungsmaßzahl stabilisiert und mit M2 < 1,3 nahezu beugungsbegrenzt und

über den gesamten Leistungsbereich konstant gehalten werden.

Die in dieser Arbeit vorgestellten Ergebnisse zeigen, dass Flächenlastspiegel eine

effektive Kompensation thermisch induzierter Wellenfrontstörungen innerhalb des

Laserresonators ermöglichen. Besonders vielversprechend erscheint die Kombina-

tion dieses Kompensationsansatzes mit einer zusätzlichen Verringerung der Wär-

melast im laseraktiven Medium, die beispielsweise durch Zero-Phonon-Pumpen er-

reicht werden kann. Hierdurch sollten sich Grundmode-Scheibenlaser im Multi-kW

Bereich realisieren lassen, deren Strahlqualität über den gesamten Leistungsbereich

konstant und nahezu beugungsbegrenzt ist.



Extended Abstract

Power scaling of high-brightness solid-state lasers is limited by wavefront distortions

caused by thermal effects in the laser crystal. The magnitude of these pump-power

dependent aberrations is significantly reduced for thin-disk lasers owing to the

efficient cooling concept. However, when it comes to fundamental-mode operation,

even the comparably weak residual wavefront distortions in thin-disk laser crystals

have significant impact on output power and beam quality. By optimization of

the cooling of the laser crystal or pumping at the zero-phonon-line, the heat load

and hence the magnitude of thermally induced wavefront distortions can be further

reduced. Accordingly, output powers in the kW-range have been demonstrated with

almost diffraction-limited beam quality at a specific operating point of the laser.

However, it is not possible to constantly maintain diffraction-limited beam quality

throughout the full power range without effective compensation of the thermally

induced wavefront distortions in the thin-disk laser crystal.

This thesis aims at the development of a suitable method for the compensation of

thermally induced aberrations in thin-disk lasers. The approach pursued for this

purpose is the intra-cavity use of deformable mirrors designed for the compensati-

on of the characteristic wavefront distortions present in thin-disk lasers. The main

objective is the demonstration of a kW-level thin-disk laser with almost diffraction-

limited and above all constant beam quality throughout the full power range.

The basic shape of thermally induced wavefront distortions generated in pumped

thin-disk laser crystals is well-known from literature. In general, these aberrations

can be separated in a spherical and an aspherical component. The spherical com-

ponent leads to a dependency of beam quality of the output beam on pump power,

in analogy to the “thermal lensing”-effect known from other types of solid-state

lasers. The aspherical component causes a slight degeneration of beam quality, but

mainly generates diffraction losses which reduce the overall efficiency and can lead

to a suppression of the laser oscillation especially in fundamental-mode operation.

Although both effects can be reduced by a decrease of heat load in the laser crys-

tal, they cannot be suppressed completely. Therefore, intra-cavity compensation of

these distortions inevitably becomes necessary beyond some point.



16 Extended Abstract

The compensation of the spherical component of the thermally induced wavefront

distortions can be achieved by using a spherically deformable mirror featuring a

controllable refractive power. Accordingly, an aspherically deformable mirror can

be used for the compensation of the aspherical wavefront distortions, if the phase

modulation generated by the mirror is exactly inverse to the wavefront distortion.

The spherical mirror can be placed at an almost arbitrary position within the laser

cavity, whereas some restrictions apply for the position of the aspherical mirror. As

a deformable mirror is a phase-only modulator, perfect compensation of wavefront

distortions can only be achieved if the compensating mirror is placed in a conjugate

plane of or close to the source of the distortion, so that the change of the intensity

distribution of the distorted wave caused by propagation is negligibly small. If

these conditions are met, an effective intra-cavity compensation of the aspherical

wavefront distortions can be achieved by using a deformable mirror which induces

a phase distortion which is the inverse of the shape of the a priori known wavefront

distortions generated in the thin-disk laser crystal. The diffraction losses caused

by the aspherical component of the thermally induced wavefront distortions hence

can be effectively reduced. This could be verified in this thesis using a diffractive

model of a thin-disk laser cavity.

As the gain in thin-disk laser crystals is usually very small in comparison to e.g.

rod- or fiber-shaped gain media, laser operation is very sensitive to cavity losses.

Therefore, for the use in high-power resonators, the deformable mirrors should

feature a very high reflectivity in the range of R > 99.95%. Furthermore, for an

effective compensation of wavefront distortions, the deviations of the mirror sur-

face from the ideal shape should be negligibly small, i.e. preferably less than 1/20

of the laser wavelength. The approach for the implementation of such high-quality

mirrors chosen in this thesis is the concept of deformable mirrors based on the de-

formation of a thin membrane caused by a distributed surface load, i.e. pneumatic

or hydraulic pressure, as this type of mirrors has shown promising performances in

previous experiments. With only one degree of freedom, however, a “surface-load

deformable mirror” (SLDM) has to be designed specifically for the targeted app-

lication. It is therefore beneficial to make use of the separability of spherical and

aspherical wavefront distortions and compensate for these distortions separately

using two discrete mirrors. Accordingly, in this thesis, different types of SLDMs

have been designed for the compensation of the spherical distortions as well as for

the typical super-Gaussian-shaped aspherical distortions which are characteristic

for homogeneously pumped thin-disk laser crystals.
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The shape of deformation of SLDMs is primarily depending on the distribution

of the thickness of the mirror membrane. In this thesis, a formalism based on

Kirchhoff-Love plate theory is elaborated which allows the calculation of the thick-

ness distribution of a mirror membrane from a given desired deformation curve of

the mirror surface at a defined pressure applied from the back side of the membra-

ne. This formalism was used in order to specifically design and manufacture mirrors

for the given compensation tasks: Mirrors which feature an almost ideal parabo-

lic shape of deformation on the one hand, and mirrors featuring super-Gaussian

deformations on the other.

Different types of SLDMs have been fabricated from high-quality HR-coated laser

mirrors by an ultrasonic lapping process. Interferometric characterization of the

surface deformation under load of different samples of these mirrors have shown

excellent agreement of the measured surface shapes and the desired shapes of de-

formation used as target functions for the mirror design. For spherically deformable

mirrors, diffraction-limited performance (i.e. peak-to-valley deviations of less than

λ/20) could be demonstrated for refractive powers of up to ± 0.2 dpt at beam

diameters of up to 7 mm. This is more than sufficient for the compensation of the

spherical component of the thermally induced wavefront distortions in thin-disk

lasers, which typically range to some mdpt/kW/cm2. It could be shown that with

slightly higher deviations from ideal parabolic deformations, refractive powers of

up to ± 1 dpt and/or larger useable diameters should be possible as well. Similar

results have been demonstrated for the aspherically deformable mirrors: The de-

viation of the measured surface shape from the given super-Gaussian functions of

8th order as well as the residual surface distortion at zero pressure were measured

to be well below λ/20.

In order to evaluate the intra-cavity performance of these mirrors as well as to

verify the approach pursued for the distortion compensation, a series of experi-

ments was carried out. Firstly, the controllability of the operating point of a laser

resonator by the intra-cavity use of a spherically deformable mirror was investi-

gated. In order to reduce overall thermal effects and specifically the influence of

the aspherical component of the wavefront distortions in the thin-disk laser crys-

tal, a zero-phonon-pumped setup was used for these experiments. Nevertheless, a

well-pronounced thermal lensing behavior, i.e. a distinct dependency of the beam

quality of the output beam on pump power, could be observed. With the use of a

spherically deformable mirror as cavity end-mirror, the beam quality of the output

beam could be controlled reproducibly at different levels of output power of up to

1.1 kW by tuning the refractive power of the deformable mirror. This enabled al-
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most diffraction-limited beam quality (M2 < 1.5) of the output beam, which could

be kept mostly constant throughout the full power range. At the maximum output

power of 1077 W, a beam quality of M2
x = 1.27 and M2

y = 1.19 was measured in

this experiment.

The investigations on the compensation of the aspherical component of the ther-

mally induced wavefront distortions were carried out on a thin-disk laser resonator

designed for fundamental-mode operation. The aspherically deformable mirror was

used as an end-mirror in close proximity to the laser crystal in this cavity. A stan-

dard pumping scheme at a central wavelength of 940 nm was applied for pumping

the Yb:YAG crystal. The surface shape of the deformable mirror used in these

experiments was designed to match the corresponding component of the wavefront

distortions in the thin-disk laser crystal. Without using the aspherically deforma-

ble mirror, increasing fluctuations of the output power could be observed at pump

powers of above 800 W, leading to a decrease of overall efficiency and hence limit-

ing output power to below 400 W. These fluctuations were attributed to wavefront

distortions generated in the air in front of the laser crystal due to convective flow

caused by the hot surface of the disk. By using the aspherically deformable mirror

and optimizing the magnitude of deformation in order to achieve maximum output

power, a signficant reduction of these fluctuations could be observed. This enabled

a more than two-fold increase of output power to about 815 W with a measured

beam quality of the output beam of M2
x = 1.38 and M2

y = 1.17, respectively.

With the successful demonstration of a separate compensation of both spherical

and aspherical wavefront distortions, a third series of experiments was carried out

in order to demonstrate the combined intra-cavity compensation of both compo-

nents simultaneously. For this purpose, a thin-disk laser pumped at 940 nm was

implemented, with the cavity designed for low-order multimode operation (M2 <

3). Similar to the experiments on aspherical compensation, a decrease of overall ef-

ficiency was observed at pump powers above 800 W when no compensating mirrors

were used. By replacing the end-mirror of the cavity by an aspherically deformable

mirror, which was placed in proximity to the thin-disk laser crystal, this decrease

of efficiency could be effectively compensated for. As the pressures and hence the

magnitudes of surface deformation applied to the deformable mirror were found to

correspond well to the measured magnitude of the corresponding thermally indu-

ced wavefront distortions in the thin-disk laser crystal, it can be concluded that an

actual distortion compensation was achieved in this experiment.
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Subsequently, one of the folding mirrors of the cavity was replaced with a spherically

deformable mirror, enabling the reproducible control of the beam quality of the

output beam at different power levels of up to 1 kW. The simultaneous optimization

of both output power (using the aspherically deformable mirror) and beam quality

(using the spherically deformable mirror) has enabled an output power of up to

1036 W at an almost diffraction-limited performance (M2
R < 1.29). The dependency

of beam quality on pump power could be effectively suppressed by control of the

refractive power of the spherically deformable mirror, leading to a beam quality

which was constant and almost diffraction-limited (M2
R < 1.3) throughout the full

power range.

In summary, these experimental observations allow the conclusion that the defor-

mable mirrors presented in this thesis enable an effective intra-cavity compensation

of thermally induced wavefront distortions and hence offer significant advantages

for the operation of high-power, high-brightness lasers. Both the stabilization and

increased efficiency observed when using an intra-cavity aspherically deformable

mirror as well as the possibility of controlling the operating point of the laser ca-

vity by using a spherically deformable mirror offer the potential to overcome the

typical limitations of solid-state lasers imposed by thermal lensing effects.

Based on the observations described in this thesis, it is to be expected that the

combination of intra-cavity compensation schemes and zero-phonon-pumping will

enable thin-disk laser systems generating output powers in the multi-kW-level with

constant and diffraction-limited beam quality once sufficiently powerful stabilized

pump diodes are available. Apart from continuous-wave applications, this is of

utmost interest for the development of laser systems generating ultrashort pulses

at high average powers. Stable single-transversal-mode operation is a prerequisite

for stable generation of pulses in modelocked oscillators. The benefits of a controlled

intra-cavity stabilization of the operating point of such an oscillator are therefore

obvious.

Furthermore, extra-cavity applications such as the compensation of wavefront dis-

tortions in high-power laser amplifiers and beam delivery optics are of growing inte-

rest, as both continuous-wave and pulsed laser systems generating average powers

in the kW-range are on the verge of entering the industrial environment. The de-

formable mirrors presented in this thesis offer a simple, cost-effective and above all

powerful solution for these applications.
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