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Kurzfassung der Arbeit

Die kommerzielle Verfligbarkeit von Festkorperlasern mit nahezu beugungsbegrenzter
Strahlung bei hoher Leistung (d.h. hoher Brillanz) birgt groes Potenzial fiir industriel-
le Anwendungen. Eine Steigerung der Brillanz ermdglicht einerseits eine Produktivi-
tatssteigerung durch hohere Prozessgeschwindigkeiten und andererseits die Erschlie-
Bung und Verbesserung neuer Laserverfahren wie z.B. das Remote-Schweillen oder
die Generative Fertigung. Die wirtschaftlichen Vorteile des Einsatzes solcher Laser-
strahlquellen sind der Antrieb permanenter Entwicklungsbestrebungen, um zu héheren
(mittleren und/oder Spitzen-)Leistungen bei sehr guter Fokussierbarkeit zu gelangen.
Das volle Potenzial hoher Laserleistung bei hervorragender Fokussierbarkeit kann je-
doch nur ausgeschopft werden, wenn die zur Strahlfithrung und -formung eingesetzten
optischen Elemente nur eine minimale Absorption der Laserstrahlung aufweisen und
auf diese Weise vernachlédssigbare thermisch induzierte Aberrationen hervorrufen, so
dass die Strahlqualitdt auf dem Weg von der Strahlquelle zur Wechselwirkungszone
erhalten bleibt.

Voraussetzung fiir ein aberrationsarmes Optikdesign sind zum einen optische Materia-
lien mit niedriger Absorption und zum anderen eine gute Kenntnis der Absorptions-
werte der eingesetzten Substrate und Vergiitungsschichten. Vor allem in Féllen, in de-
nen keine eindeutigen Herstellerangaben oder Literaturwerte vorliegen, konnen Ab-
sorptionsmessungen hierbei die benétigten Informationen liefern und die Entwicklung
komplexer Optiken wesentlich unterstiitzen. In dieser Arbeit wird daher ein am Laser-
Laboratorium Géttingen entwickeltes photothermisches Messverfahren erweitert, das
die Bestimmung von Schicht- bzw. Oberflichen- und Volumenabsorption aus einer
einzigen Messung an einer Quaderprobe ermdglicht. Durch Modifikationen des Auf-
baus, der Kalibrierung anhand von numerischen Berechnungen sowie der Auswer-
tungsmethodik wird die Anwendbarkeit dieses Verfahrens von relativ groflen, isotro-
pen Glasproben ausgeweitet auf anisotrope Materialien und relativ kleine Quaderpro-
ben (laterale Dimension ca. drei- bis vierfacher Strahldurchmesser). Anhand von Mes-
sungen an zwei verschiedenen optisch nichtlinearen Kristallen (KTP, BBO) wird die
Eignung des angepassten Verfahrens demonstriert.



12 Kurzfassung der Arbeit

Neben der Messung der Absorption ist ebenso die quantitative Betrachtung der daraus
resultierenden thermo-optischen Aberrationen von erheblicher praktischer Relevanz.
Beim Einsatz von Hochleistungslasern im Umfeld der industriellen Fertigung konnen
durch thermisch induzierte Verschiebungen der Strahltaille unerwiinschte Prozessin-
stabilitidten verursacht werden. Ist eine ausreichende Vermeidung der Absorption als
Ursache der thermo-optischen Effekte nicht mdglich, bilden geeignete Kompensati-
onsmethoden eine Moglichkeit, um die erforderlichen Prozessparameter zu gewéhr-
leisten. Hierzu werden in dieser Arbeit Untersuchungen eines Verfahrens zur passiven
Kompensation thermisch induzierter Effekte gezeigt. Zundchst wurde eine Kompensa-
tion des thermisch induzierten Taillenlagenshifts mit einem einfachen, planparallelen
Kompensationselement entwickelt und die Tauglichkeit durch Messungen nachgewie-
sen. SchlieBlich wurde mit dem Ziel der Vermeidung inhérenter Einschrankungen und
Nachteile dieser einfachen Methode ein darauf aufbauendes Konzept einer umfassen-
deren passiven Kompensation thermo-optischer Effekte mit einem mehrstufigen, plan-
parallelen Kompensationselement entwickelt. Dessen Eignung zur passiven Kompen-
sation von Aberrationen héherer Ordnung wurde mit Simulationen und Experimenten
untersucht und nachgewiesen.



Extended Abstract

In order to increase the efficiency of industrial laser-based manufacturing processes,
but also to broaden the field of application for scientific laser applications, it is desira-
ble that average powers and/or pulse energies as well as beam quality be further in-
creased. However, with any advancement in laser development leading to higher bril-
liance, the performance of beamline optics requires careful consideration. The ad-
vantages of high-power lasers with beam qualities close to the diffraction limit can
only be fully exploited when the optical elements which guide and shape the beam
exhibit negligible amounts of thermally induced effects.

In order to design low-aberration optics for high-power laser applications, it is thus
necessary to gain knowledge about the absorption properties of the employed optical
materials. While for many standard materials volume absorption values are available
from datasheets, it may sometimes be necessary to individually measure the absorption
characteristics of optical materials. With respect to characterizing coating/surface ab-
sorptions it is all the more inevitable to carry out particular measurements in many
cases. Alongside a number of existing measurement techniques at disposal, each one
with their inherent advantages and drawbacks, a crossed-beam photothermal method
has been developed at Laser-Laboratorium Goéttingen which allows for comparatively
short measurement times and a simultaneous but separate acquisition of bulk and sur-
face absorptions. One of the drawbacks of this technique has been so far its limited
applicability to large, isotropic glass samples. In order to extend its field of applica-
tion, further development has been made to enable absorption measurements of aniso-
tropic crystal samples with small dimensions relative to their thermal diffusion length.
To this end, the measurement setup, the calibration procedure by means of numerical
simulations as well as the evaluation procedure were modified, enhanced and adapted
to the conditions of small anisotropic samples. The suitability of the improved tech-
nique was verified by investigating absorptions of KTP and BBO crystal samples.
With this technique, the effect of annealing on the relaxation of irradation-induced
structural damages (“gray-tracking”’) in KTP and their effect on bulk absorption could
be shown. For BBO, a wavelength-dependent study of bulk absorption in the NIR
range was made, comparing the results of the enhanced photothermal method to litera-
ture values.
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Besides the quantification of absorption properties of laser optics it may, furthermore,
also prove necessary to control their consequences on functionality. Residual absorp-
tions in laser optics lead to an increase of the temperature and consequently to thermo-
optic effects, which in turn partly or fully obliterate the intrinsic advantages of a high-
brilliance laser beam. The most prominent effect in this regard is the thermally induced
focal shift, which leads to a displacement of the beam waist along the beam axis.
However, the entirety of thermo-optic effects is much more complex, comprising not
only focal shifts but also higher-order aberrations, which deteriorate the focusability
and therefore affect process parameters. If, for any laser application, thermo-optic ef-
fects do not range within the required parameter window, compensation approaches
may become of interest.

Among all conceivable compensation schemes, actively controlled adaptive optics of-
fer the greatest flexibility. By means of e.g. adaptive mirrors, highly flexible and dy-
namic correction of aberrations up to higher orders is possible. However, active com-
pensation techniques generally require additional electronic equipment, such as beam
monitoring devices, control units, and actuators. Thus, in order to establish an active
compensation of thermo-optic effects, a large amount of complexity must be intro-
duced to the optical system. However, in terms of cost and reliability, but also with
respect to the aptitude for easy retrofitting, this may be undesirable, particularly for
industrial applications.

As an auspicious alternative to expensive and elaborate active compensation systems,
passive compensation approaches may be taken into consideration. Through the utili-
zation of optical materials with a negative temperature coefficient of the refractive in-
dex (dn/dT), compensation systems can be designed, exploiting the thermo-optic be-
haviour of these materials to counteract the thermally induced effects of the actual op-
tical system. In this work, the development of a passive compensation technique for a
high-power NIR focusing optics for material processing purposes is demonstrated. As
a first step, the thermo-optic behaviour of different optical materials was characterized
by means of Hartmann-Shack wavefront measurements with the objective of assessing
their potential for passive compensation. Subsequently, a reduction of the thermally
induced focal shift of an F-Theta lens was shown by measurements of the beam caus-
tic, using a single plane optical Schott N-PK51element.

With the knowledge of the limitations and shortcomings of the above straightforward
one-element approach gained from the experiments, a more sophisticated passive
compensation scheme was developed. Aiming at passive compensation of higher-order
aberrations, theoretical considerations were made about the elimination of aberrations
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with a multi-stage layout and counterbalancing stress-birefringence by exploiting po-
larization effects. Through the use of various consecutive compensating elements of
different materials, the number of degrees of freedom for an optimized compensation
of wavefront deformations was increased. The enhanced layout was simulated and op-
timized numerically. It was demonstrated that an effective passive compensation of
higher-order aberrations is possible and the effects of stress-birefringence can be lev-
elled out by distributing the compensating mechanism over two symmetric sections
and rotating the polarization of the laser beam by 90° in between, thus achieving a po-
larization-neutral compensation. Based on the numerical results, an experimental setup
was designed and fabricated. The efficacy of the compensation of astigmatism through
stress-birefringence was verified by means of wavefront measurements. Beam caustic
measurements complemented the findings, proving a passive compensation of the fo-
cal shift and higher-order aberrations.
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