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gday
Whatever may be their use in civilized societies, mirrors are essential to all violent
and heroic action.
Virginia Woolf, “A Room of One’s Own”
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Zusammenfassung
Laser ermöglichten unter anderem die Untersuchung der molekularen Dynamik auf
ultrakurzen Zeitskalen sowie die hochpräzise Mikrostrukturierung im Maschinenbau und in der Zahnmedizin und helfen die Grenzen der sich dynamisch entwickelnden Disziplinen in der Wissenschaft ultrakurzer Prozesse und der Industrie
zu erweitern. Derzeit ist das gemeinsame Streben vieler Forschungsgruppen die
Skalierung von passiv modengekoppelten Femtosekunden-Oszillatoren zu höchstmöglichen Intensitäten, möglichst kurzen Pulsdauern und hohen Wiederholungsraten bei gleichzeitig stabiler Leistung. Aufgrund der Skalierbarkeit der Leistung
kann die Yb:YAG Scheibenlaser-Technologie die Grundlage für die nächste Generation der Femtosekunden-Laseroszillatoren werden. Eine Schlüsselkomponente
zur Verbesserung von Scheibenlasersystemen sind speziell entwickelte dielektrische
Beschichtungen, die gegenwärtig bereits in eine große Anzahl von Ultrakurzpulslasersystemen integriert sind.
Auf der einen Seite erfordert die Skalierung von Laseroszillatoren zu immer höheren Pulsenergien, Spitzenleistungen und Wiederholungsraten immer höhere negative Gruppengeschwindigkeitssdispersionen im Resonator. Des Weiteren hängt die
Erzeugung von kürzeren Pulsen und der Hochleistungsbetrieb von breitbandigen
hochdispersiven Spiegeln ab, welche geringe optische Verluste, eine hohe laserindzierte Zerstörschwelle und minimale thermische Effekte besitzen. Diese Arbeit zielt
auf die Entwicklung von präzise hergestellten dispersiven Beschichtungen mit den
angegebenen Eigenschaften ab. Auch werden zusätzlich mehrere Substratmaterialien untersucht, welche die resonatorinternen thermischen Effekte reduzieren. Zuerst
wird ein hochdispersiver Spiegel mit extrem hoher Gruppengeschwindigkeitsdispersion von −10 000 fs2 vorgestellt. Dieser Spiegel wurde erfolgreich in einem modengekoppelten Yb:YAG-Festkörperoszillator eingesetzt: er liefert 320-fs-Impulse mit
einer mittleren Leistung von etwa 4 W, bei gleich gutem Oszillatorverhalten im
Vergleich zu einem hochdispersiven Spiegel mit −3000 fs2 .
Auf der anderen Seite sind neue Quellen von Nichtlinearitäten erforderlich um
eine stabile Modenkopplung bei ultraschnellen Oszillatoren zu erreichen, welche
die Einschränkungen der derzeit existierenden Ansätze überwinden. Der optische
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Kerr-Effekt, dies ist die intensitätsabhängige Änderung des Brechungsindex, ist unverzichtbar in Ultrakurzpulslasern und hat so zum Beispiel die Modenkopplung von
Lasern und deren spektrale Verbreiterung in den Single-Cycle-Regime der Pulsdauer ermöglicht. Jedoch sind die nicht-linearen Materialien welche für ultraschnelle
Laseranwendungen geeignet sind begrenzt. Somit ist ein weiteres Ziel dieser Arbeit
die Berechnung und Realisierung von mehrschichtigen dielektrischen Strukturen
mit schichtspezifischen Kerr-Nichtlinearitäten. Dadurch können intensitätsabhängige Effekte über spezielle mehrlagige Interferenzbeschichtung angepasst werden.
Als Beispiel werden dielektrische nichtlineare Spiegel mit zunehmendem Reflexionsvermögen bei zunehmender Laserintensität demonstriert, welche für die Modenkopplung geeignet sind. Mit einem Pump-Probe Experiment wird gezeigt, dass
die Erholungszeit der Kerr-Effekt basierenden Nicht-Linearität schneller ist als die
Einhüllende des Laserpulses von 1 ps. Aufgrund ihrer Flexibilität im Design, haben die nichtlinearen mehrlagigen Beschichtungen das Potenzial, bisher ungeahnte
Möglichkeiten in der nichtlinearen Optik und im Kurzpulslaserdesign zu ermöglichen.
Die Entwicklung hochdispersiver Spiegel und nichtlinearer, mehrlagiger Beschichtungen erlaubt die Weiterentwicklung ultraschneller modengekoppelter Oszillatoren, insbesondere Yb:YAG-Oszillatoren, hin zu neuen Generationen.
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Abstract
Ultrafast laser oscillators have enabled investigation of molecular dynamics at ultrashort time scales, allowed high-precision microstructuring in machinery as well
as in dentistry and proceed pushing the limits of dynamically developing disciplines
of ultrafst science and industry. Currently, the joint aspiration of many research
groups is directed at scaling passively-mode-locked femtosecond oscillators to the
highest possible intensities, shortest possible pulse durations and highest possible
repetition rates, demonstrating stable performance. Due to its power scalability,
thin-disk technology, which most frequently uses Yb:YAG gain medium, may constitute the basis for next-generation femtosecond laser oscillators. The universal
key capable of enhancing the possibilities of ultrafast thin-disk laser systems is
dielectric multilayer coatings, presently integrated into a great number of laser
systems.
On one hand, scaling ultrafast laser oscillators to ever higher pulse energies, peak
powers and repetition rates requires ever higher negative group delay dispersion
in the cavity. Furthermore, generation of shorter pulses and high-power operation depends on broadband HDMs with low losses, large laser-induced breakdown
threshold and minimal thermal effects. This work is aimed at the development
of precisely engineered dispersive coatings with the specified properties, additionally considering several substrate materials reducing intracavity thermal effects.
Firstly, a highly-dispersive mirror possessing an extremely high group delay dispersion of −10 000 fs2 is presented. This mirror is demonstrated to successfully
operate in a mode-locked Yb:YAG solid-state oscillator, delivering 320-fs pulses
with an average power of about 4 W, revealing no degradation in the oscillator
behavior compared to a highly-dispersive mirror with −3000 fs2 .
On the other hand, new sources of nonlinearity are required to achieve stable
mode-locking of the ultrafast oscillators, which would allow to overcome the limitations of the currently existing approaches. The optical Kerr effect, i.e. the
intensity-dependent change of refractive index, is ubiquitous in ultrafast science
and has, for example, enabled the mode-locking of lasers and their spectral broadening into the single-cycle regime of pulse duration. However, the nonlinear ma-
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terials suitable for ultrafast laser applications are limited. Thus, another aim of
this work is designing and realization of multilayer dielectric optical structures with
layer-specific Kerr nonlinearities, which permit tailoring of the intensity-dependent
effects. As an example, dielectric nonlinear multilayer coatings with increasing reflectance at increasing laser intensity are demonstrated, which are in principle
suitable for mode-locking. By means of thorough diverse characterization, it is
shown that the nonlinearity is based on the optical Kerr effect, with the recovery
time faster than the laser pulse envelope of 1 ps. Due to high flexibility in design, the presented dielectric nonlinear multilayer coatings have the potential to
open hitherto unprecedented possibilities in nonlinear optics and ultrafast laser
applications.
Developing highly-dispersive mirrors and nonlinear multilayer coatings allow
for advancement of the ultrafast mode-locked oscillators, Yb:YAG oscillators in
particular, to a new level.
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Chapter 1
Introduction
1.1 Motivation
Lasers generating ultrashort light pulses have become a substantial part of the
modern scientific, as well as daily, life. The diverse range of ultrafast laser applications spans from new-level imaging techniques [1] to material processing with unprecedented precision [2–4], from time-resolved spectroscopy [5] to highly delicate
surgeries in ophthalmology [6] and neurology [7,8]. Furthermore, ultrashort pulses
are a unique tool in the research fields of femtochemistry [9, 10], high-resolution
spectroscopy [11, 12] with extreme ultraviolet (XUV) frequency combs [13, 14] and
the rapidly developing field of attosecond science [15–18]. More specifically, a
closer insight into the microcosm has been evinced due to the ability to trail ultrafast relaxation processes on strikingly short time scales [19–22]. By the same
token, ultrashort light pulses have empowered studies of light-matter interactions
in tremendously intense laser fields, never achieved previously [23–25]. Advancing
laser technology to ever shorter pulses, ever higher repetition rates, ever higher intensities, and ever higher peak as well as average powers holds promise for further
pioneering scientific studies together with new industrial applications.
The discovery of laser mode-locking in 1964 [26, 27] sparked the development of
ultrafast optics. Further on, the breakthrough of Kerr-lens mode-locking (KLM)
[28] has brought ultrafast laser technology to a completely different level, making the generation of stable sub-10-fs pulses with peak powers surpassing 3 MW
directly from a Ti:sapphire (emission wavelength around 800 nm) laser oscillator
feasible [29]. These revolutionary values were achieved by virtue of dispersive dielectric multilayer mirrors (DMs) [30]. The design of the layer sequence enables
a highly flexible control of the linear optical properties, such as reflectance, bandwidth, phase and dispersion. Generally speaking, dielectric multilayer coatings,
widely exploited in ultrafast laser systems, have played an increasingly important
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role in the progress of ultrafast science. High-power lasers, for example, heavily
rely on highly-reflective (HR) mirrors. DMs have become indispensable for dispersion control [29, 31–33]. Moreover, DMs have permitted not only the synthesis of
subcycle light transients [34, 35], but also shaping the waveform within the wave
cycle [22, 36]. Broadband DMs allow for chirp compensation with multiple degrees of freedom, making pulse compression of intense light at sub-terawatt power
levels down to 4 fs possible [37]. Multilayer coatings designed for the XUV and
soft-X-ray spectral ranges [38–41] are extremely important for attosecond pulse
generation [15, 42–44]. Specially tailored multilayer coatings [45, 46] are of great
significance for newly arising challenges in developing nonlinear science.
At the same time, femtosecond pulse generation has been developing, seeking for
new approaches along with new gain media to enhance pulse characteristics. Thirdgeneration femtosecond technology [47] is currently emerging from a combination
of optical parametric chirped-pulse amplification (OPCPA) [48] and pulses with
terawatt peak powers from Yb-doped solid-state lasers at kilowatt average powers.
Operation of solid-state KLM oscillators comprising the broad gain bandwidth
(600−1000 nm) Ti:sapphire active medium [28,49], in which the shortest (to date)
pulses have been generated directly from a laser [50], is technically troublesome
in the regime of high average powers and high energy pulses (multi µJ). Highpower operation in KLM oscillators is easier to achieve with Yb-doped thin disk
(TD concept introduced by Gisesen et al. [51]) technology [52]. In spite of its
limited gain bandwidth of about 9 nm [52], the gain material Yb:YAG (emission
wavelength around 1030 nm) has been well developed and acquired a prominent
position among other TD gain materials [53] due to its excellent power scaling
properties [54]. In particular, the Yb:YAG oscillators employed in this work, are
at the front edge of the third-generation femtosecond technology.
Regardless of which type of laser technology is employed, high-power femtosecond oscillators have several common requirements. HR and focusing mirrors are
necessary to compose the resonators themselves. State-of-the-art laser oscillators
rely on two basic effects: a passive amplitude nonlinearity (Kerr-lensing effect, at
present) and large amount of negative dispersion. As mirrors are essential to all
laser oscillators, the integration of both these effects into mirrors would offer the
most compact and advanced implementation of mode-locking. Steps towards compact laser cavities have already been undertaken, and resulted in wide utilization
of DMs [30] for dispersion manipulation [29, 31–33]. The next ambitious step is to
combine both large dispersion and nonlinearities in mirrors, which represents the
global goal of this thesis.

2

1.1 Motivation
Pursuing one of the specified goals, highly-dispersive mirrors (HDMs) introducing extremely high negative dispersion levels are developed in this work. Higher
levels of dispersion in the cavity permit scaling TD ultrafast laser oscillators to
higher energies and repetition rates. Including more dispersion by simply increasing the number of bounces off DMs in the cavity leads to the growth of round-trip
losses and overall alignment complications. Simultaneously, it is important to take
thermal effects into account, likely to arise for high-power third-generation femtosecond technology, and find an optimum dispersion to thermal effects ratio per
bounce. To this end, reducing the electrical field inside the multilayer mirrors may
bring positive results. Additionally, different substrate materials, allowing heat
extraction away from the HDMs, is the first approach considered in this work.
While being made use of in the field of nonlinear optics, dielectric multilayer
coatings themselves primarily operate in the linear regime. Typically, efforts are
taken to avoid the manifestation of nonlinear effects in the optical elements. For
optics implemented in laser oscillators, third harmonics, multiphoton absorption
(MPA) or any other losses are commonly considered parasitic as many applications require lossless elements. However, it is possible to exploit nonlinearities in
order to create a nearly-lossless device. Thus, the second goal of this thesis is to
develop nearly-lossless optical elements as a result of a merger between nonlinear
and multilayer optics. These nonlinear elements would need to demonstrate higher
reflectance at higher intensities in the cavity – behavior, that can be provided by
the optical Kerr effect. The optical Kerr effect is a quasi-instantaneous nonlinear optical phenomenon which results in an intensity-dependent refractive index.
Adopting the optical Kerr effect for laser technology has led to various applications, among which are the ultrafast light gate [55], the KLM technique [28], near
at hand light modulators presented here and may potentially lead to optical-tooptical computers. However, the selection of nonlinear materials applicable for
ultrafast lasers is limited. The specially designed multilayer dielectric coatings
presented here possess layer-specific Kerr nonlinearities, which allow the tailoring of intensity-dependent effects. Particularly, the reflectance of such nonlinear
multilayer coatings (NMCs) increases with increasing intensity, demonstrating a
nonlinear response dominated by the optical Kerr effect. This result shows that
it is generally feasible to create lossless elements based on NMCs with desirable
properties for future ultrafast applications.
Coating technology [56], creating versatile components for laser oscillators, is
a silver bullet for the aforementioned challenges: It can provide not only high
negative dispersion levels but can also serve as a nonlinearity source. Existing
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in many facilities around the world, coating machines allow for the production of
dense layers with excellent homogeneity, high reproducibility and high stability
with respect to the environmental conditions, as well as rapid manufacturing and
relatively cheap deposition (in the case of magnetron beam sputtering, for example)
[57–60]. Developing laser elements based on a combination of linear and nonlinear
dielectric multilayer coatings by means of conventional coating techniques may
become a turning point for a vast number of laser applications.

1.2 Thesis outline
This thesis is structured as follows: Chapter 2 presents the fundamental optical effects that occur in ultrafast oscillators, including dispersion, the optical Kerr effect
and the processes it causes, and the basics of mode-locking. Chapter 3 concludes
the introductory part of the thesis and introduces a review of the theoretical approaches to the design of multilayer coatings, existing coating and layer thickness
control techniques, as well as the available characterization methods. Chapter 4
introduces the basic principles of dispersive mirrors and further deals with dispersive dielectric multilayer mirrors, analyzing several substrate materials in order to
avoid thermal effects inside oscillators operated at high powers, and demonstrating unprecedented levels of dispersion of HDMs. Chapter 5 introduces the idea
of applying the optical Kerr effect to multilayer dielectric coatings along with its
experimental realization. This chapter demonstrates that the optical coatings can
be utilized as a fount of nonlinearity in laser oscillators. Chapter 6 discusses the
potential, as well as executed, applications arising from exploiting the optical Kerr
effect in multilayer coatings. One of the most thrilling possible prospects is various
mode-locking applications. Finally, chapter 7 concludes the thesis and provides an
outlook towards the further advancement of multilayer coatings for ultrafast laser
oscillators.
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Chapter 2
Optical processes in ultrafast
oscillators
This chapter is devoted to the basic theoretical principles of the optical processes
taking place in ultrafast laser oscillators. In order to create the optics advancing
laser systems, it is important to understand how an ultrashort optical pulse propagates through dispersive media contained within the oscillators, such as various
laser crystals, glasses and air, which is discussed in section 2.1. A closer insight
into the optical Kerr effect, which plays an important role in ultrafast science, is
given in section 2.2, followed by the processes resulting from this nonlinear physical phenomenon (section 2.3). Section 2.4 discusses the basics of the mode-locking
in general, followed by the fundamental principles of Kerr-lens mode-locking technique, which has recently acquired a great importance.

2.1 Ultrashort pulse propagation and dispersion
The Maxwell wave equation for an isotropic, either linear or nonlinear, medium
describes the propagation of an optical pulse through this medium and is given by
(ref. [61], p. 566):
!

∂2
∂2
1 ∂2 ~
1 ∂2 ~
∂2
+
+
−
E(x,
y,
z,
t)
=
P (x, y, z, t) ,
∂x2 ∂y 2 ∂z 2 c2 ∂t2
0 c2 ∂t2

(2.1)

~ is the strength of the electromagnetic field, c is the speed of light and
where E
0 is the permittivity of free space. Microscopic dipoles aligned with the electric
field cause the emergence of the electric dipole moment per unit volume inside the
material. This response of the medium is characterized by the electric polarization

5

Chapter 2 Optical processes in ultrafast oscillators
P~ . Considering a linearly polarized electric field propagating in the z-direction,
along with a transfer into the frequency domain through Fourier transformation,
allows one to simplify equation 2.1:
!

∂2
1 2
+
ω (ω) Ẽ(ω, z) = 0 .
∂z 2 0 c2

(2.2)

The complex representation Ẽ of the electric field amplitude is convenient to
use as its real part yields the measurable electric field. A solution of this reduced
wave equation is the Gaussian pulse represented as:
Ẽ(ω, z) = Ẽ(ω, 0) e−ik(ω)z ,

(2.3)

with the frequency-dependent propagation constant k (ω) = ωc n(ω), determined
by the frequency-dependent refractive index of the medium n(ω) and the angular
frequency ω. Propagation in the dispersive medium with a thickness l, an optical
pulse acquires a spectral phase:
ω
n (ω) × l .
(2.4)
c
The propagation constant k (ω) can be defined by the truncated Taylor series
expansion around the central frequency ω0 :
ϕ(ω, z) = k (ω) × l =

k (ω) = k0 +

∂k
1 ∂ 2k
1 ∂ 3k
2
|ω0 (ω − ω0 ) +
|
| (ω − ω0 )3 . . . (2.5)
(ω
−
ω
)
+
ω
0
0
2
3 ω0
∂ω
2
∂ω
6
∂ω
| {z }
| {z }
| {z }
GD

GVD

TOD

with a constant phase shift k0 = n0cω0 . Different order terms in equation 2.5 affect
∂k
the pulse shape, each in a different manner. The inverse group velocity ∂ω
|ω0 ≡
1
describes an overall time delay without affecting the pulse shape – termed
νg (ω0 )
group delay (GD). The quadratic term, causing a symmetric temporal broadening
of the pulse, can be viewed as the group velocity dispersion (GVD):
"

∂ 2k
∂
1
GVD =
|ω0 ≡
2
∂ω
∂ω vg (ω)

#

=−
ω0

1 ∂vg
|ω ,
vg2 ∂ω 0

(2.6)

usually given in fs2 /mm and is a term of interest. Dispersion is of crucial importance for ultrashort pulses generation. The dependence of the group velocity on the
wave frequency leads to optical pulse broadening as different spectral parts propagate with different group velocities in the dispersive medium (figure 2.1). This

6

2.1 Ultrashort pulse propagation and dispersion

Dispersive
medium
Figure 2.1: Optical pulse broadening after propagating through a dispersive medium
(e.g. laser crystal, glass, air): long-wavelength components travel faster than the
short-wavelengths ones.
process is sometimes referred to as chirping. In case of normal dispersion, when
∂2k
> 0, the long-wavelength components travel faster than the short-wavelength
∂ω 2
ones. The cubic term in equation 2.5, third order dispersion (TOD) per unit
length, is responsible for an asymmetric pulse shape. The GVD can be used for
calculating the duration of a spectral limited pulse with an initial pulse duration
τ0 propagating through a medium of length l:
τ = τ0

v
u
u
t

4ln(2) × GV D × l
1+
τ02

!2

(2.7)

Here, the GVD multiplied by the propagation length l in a medium yields the
group delay dispersion (GDD):
GDD =

1 ∂ 2k
× l.
2 ∂ω 2

(2.8)

By adjusting the GDD to the specific requirements, it is possible to manipulate
the phase response of pulses, which is vital for various laser applications.
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2.2 Optical Kerr effect
In recent decades, the optical Kerr effect has played a considerable role in the
evolution of ultrafast science. Let us consider the origin of this nonlinear phenomenon.
The electric polarization describes how a medium reacts to an incident light field,
as follows from the Maxwell wave equation for an isotropic medium (equation 2.1).
This induced medium polarization P 1 , described by a Taylor expansion for high
electromagnetic field strengths, can be divided into two parts: linear polarization
Plin and nonlinear polarization Pnl :

(1)
(2)
P = 0 (χ(1) E + χ(2) E 2 + χ(3) E 3 + . . . ) = P
+ P{z(3) + . . }. ,
| {z } + P
|
Plin

(2.9)

Pnl

assuming an instantaneous medium response. The coefficients χ(n) are termed nth order optical susceptibilities and depend on the medium properties. The nonlinear
susceptibilities determine the nonlinear polarization of the medium in terms of the
strength of the applied optical-frequency electric field [62]. Equation 2.9 implies
that the nonlinear polarization of the medium gives rise to different nonlinear
optical effects. Notice that the relative values of the terms increase with increasing
field strength and, therefore, with increasing intensity denoted as:
I = 2n0 0 cE 2 .

(2.10)

Generally, the second-order susceptibilities are on the order of 10−12 m/V, and
third-order susceptibilities are on the order of 10−22 m2 /V2 [62], therefore, nonlinear effects primarily manifest themselves only at high optical intensities. In
isotropic nonlinear media, the third-order nonlinearity is usually the lowest nonzero nonlinearity as the second-order nonlinearity disappears in media possessing
inversion symmetry (liquids, gases, amorphous solids). However, third-order nonlinear optical susceptibility χ(3) can take place for both centrosymmetric and noncentrosymmetric media. In a dispersionless, isotropic medium, the total induced
polarization is given by:




P = 0 χ(1) E + χ(3) E 3 = 0 [χ(1) + 3χ(3) E 2 ] E ,
|
1

8

{z

χef f

}

For the sake of simplicity, the fields are considered as scalar quantities henceforth.

(2.11)

2.2 Optical Kerr effect
A refractive index of the medium can be derived from the generally accurate relation:
n2 = 1 + χef f .

(2.12)

The term within the brackets in equation 2.11 may be viewed as the effective
susceptibility χef f with the field-induced contribution causing a small, complex
modification of the refractive index, the real (4n) and imaginary (4κ/2k0 ) part
of which can be inferred by introducing equation 2.11 into equation 2.12 [63]:

n2 = (n0 +4n+i4κ/2k0 )2 ≈ n20 +2n0 4n+in0 4κ/k0 = 1 + χ(1) +3χ(3) E 2 , (2.13)
|

{z

n20

}

where n0 specifies a linear (or low-intensity) refractive index determined by χ(1) .
Recall that the third-order susceptibility is generally complex χ(3) = Re(χ(3) ) +
Im(χ(3) ), and E 2 is connected to the field intensity I through equation 2.10. With
that in mind, comparing the last two expressions in equation 2.13 yields for the
real and imaginary corrections of the refractive index:
4n =
4κ =



3
(3)
Re
χ
I = n2 I ,
4n20 0 c

(2.14)



3ω0
(3)
Im
χ
I = κ2 I .
2n20 0 c2

(2.15)

Therefore the refractive index can be expressed as follows2 :
n = n0 + n2 I

(2.16)

with
n2 =



3
(3)
Re
χ
.
4n20 0 c

(2.17)

Formula 2.16 indicates that the refractive index of a medium possessing third-order
nonlinearities depends on the optical intensity, which in turn is time and space
dependent in a general case. This phenomenon is the optical Kerr effect, a quasi
instantaneously occurring nonlinear response of the material. More specifically, the
intensity-dependent distortions of the electron clouds (electronic wave functions)
2

2

Useful relations are n2 [ m
W ]=

283 (3) m2
χ [V2]
n20

2

and n2 [ cm
W ]=

0.0395 (3)
χ
n20

[esu] (ref. [62], p. 210).
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provoke nonresonant variations of nonlinear refractive index in the medium [62]. As
it follows from the derivation of equation 2.16, the nonlinear polarization induced
in the medium, influencing the properties of the light propagating in this medium,
is responsible for the optical Kerr effect. The n2 defined in equation 2.17 is the
second-order nonlinear refractive index of the medium (often referred to as the Kerr
coefficient). Typical values for the electronic polarization (for linearly polarized
light) are: n2 ∼ 10−16 cm2 /W, χ(3) ∼ 10−22 m2 /V2 and a response time of 10−15
s (1 fs) (ref. [62], p. 211). Since the nonlinear effect accumulates in the medium
during the propagation process, field intensities above 109 W/cm2 may produce
noticeable nonlinearities [61].
Two-photon absorption, for example, leads to an intensity-dependent contribution κ2 I to the linear absorption coefficient κ0 . Likewise, an intensity-dependent
absorption coefficient is expressed as:
κ = κ0 + κ2 I

(2.18)



3ω0
(3)
Im
χ
.
2n20 0 c2

(2.19)

with:
κ2 =

Coming back to pulse propagation, the expression 2.5 for the propagation constant
k can be modified as:
k (ω) = k0 + 4k +

∂k
1 ∂ 2k
|ω0 (ω − ω0 ) +
|ω (ω − ω0 )2 + . . . ,
∂ω
2 ∂ω 2 0

(2.20)

0
where 4k = 4nω
with 4n expressed by equation 2.14. Furthermore, with the
c
∂k
introduction of the retarded time τ = t − ∂ω
z, the pulse envelope function is
redefined as Ẽ0 (z, τ ) = Ẽ0 (z, t). Making use of equations 2.14 and 2.10, the
nonlinear contribution to k is given by:

4nω0
ω0
= n2 I = 2n0 0 n2 ω0 |Ẽ0 |2 ≡ γ|Ẽ0 |2 ,
(2.21)
c
c
where the coefficient γ [rad / (W·m)] describes the self-phase modulation (SPM)
effect, discussed below in section 2.3.
Finally, the equation describing optical pulse propagation through the dispersive
nonlinear medium can be derived as:
4k =

∂ Ẽ0
1 ∂ 2 k ∂ 2 Ẽ0
˜ 0 |2 Ẽ0 ,
+i
= iγ |E
∂z
2 ∂ω 2 ∂τ 2
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(2.22)

2.3 Processes arising due to the optical Kerr effect
which is often referred to as the nonlinear Schrödinger equation. The full computation chain can be found elsewhere (ref. [62], p. 377). Observe, that it is possible
∂2k
for the GVD effects (the term including ∂ω
2 ) to compensate for the SPM effects
∂2k
(the term including γ). The latter is feasible if ∂ω
2 and γ have opposite signs.
In this case, the shape of the optical pulses propagating through the dispersive
nonlinear medium remains unchanged, leading to the formation of temporal solitons. In particular, such solitons are sought for KLM mode-locking [64]. At the
same time, for soliton pulse propagation in a lossless dispersive medium, the pulse
energy Ep and soliton pulse duration τp have to satisfy the following criterion [65]:
Ep =

2 |GDD|/l
.
|γ| τp

(2.23)

Hence, large constant negative values of GDD are essential for KLM. Possible
ways of providing GDD control are discussed in section 4.1.

2.3 Processes arising due to the optical Kerr
effect
According to formula 2.16, the intensity-induced alterations of the refractive index,
influencing light propagation, bring up various self-action processes such as selffocusing [66], self-phase modulation [67], self-amplitude modulation (SAM) [68],
self-diffraction, self-steepening etc. The two essential for KLM phenomena, selffocusing and self-phase modulation are discussed below.
Self-focusing
The spatial dependence of the intensity-dependent refractive index results in the
self-focusing effect, and is illustrated in figure 2.2. For a Gaussian laser beam, the
spatial intensity profile is translated into a spatial refractive index profile: As n2
is positive in most materials, the refractive index at the central part of the beam
is higher compared to the wings. This behavior can be considered as a positive
lens, resulting in beam convergence and, eventually, in a catastrophic collapse in
one point.
Despite the dependency of the refractive index on the laser intensity, the occurrence of self-focusing is governed by the peak power of the laser pulse [69]. An
expression for the critical power Pcr for a Gaussian continuous wave (CW) laser
beam with a central wavelength λ0 is given by (ref. [62], p. 329):
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n=1

n2 > 0

I(r)
w0

w0
r

n

Figure 2.2: Schematics of the laser pulse intensity profile and the according refractive
index profile (left): The refractive index at the central part of the beam is higher
compared to the wings. Self-focusing effect of a laser beam in a nonlinear optical
medium with n2 > 0 (right): A positive lens results in beam convergence and a
catastrophic collapse in one point.

Pcr =

π(0.61)2 λ0
.
8n0 n2

(2.24)

The characteristic self-focusing distance zsf is estimated as follows (ref. [62], p.
332):
zsf =

2n0 w02
1
q
,
λ0
P/Pcr − 1

(2.25)

where w0 is the Gaussian beam radius – the 1/e radius, at which 63.2% of the
maximum intensity is contained.
Another self-action effect, the so called self-trapping of light, takes place when
the power of the beam reaches the critical Pcr value. During self-trapping, the
diffraction (defocusing) and self-focusing processes come to a counterbalance inside
a medium, not allowing the laser beam to collapse and consequently preventing
the damage of the material. In this situation, the laser beam propagates through
the material with a confined diameter, in which case the beam can be viewed as
its own waveguide.
Self-phase modulation
While the spatial dependence of the refractive index leads to self-focusing, the time
dependence results in self-phase modulation. As a result of SPM, the phase of an
optical pulse experiences a modification, specifically for high peak intensity pulses.
Under the assumption of an instantaneous response of the nonlinear medium with
the length l small enough, so that no reshaping of the optical pulse takes place,
the acquired nonlinear phase shift 4φ(t) is given by (ref. [62], p. 375):
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NLO-medium

Figure 2.3: Self-phase modulation of an optical pulse: (a) The temporal intensity
profile of a Gaussian pulse; (b) The variation in instantaneous frequency of the pulse
for the case n2 > 0; (c) SPM observation: The leading edge of the pulse undergoes a
shift to lower frequencies (red-shift), whereas the the trailing edge is shifted to higher
frequencies (blue-shift). Figure adapted from [62].

4φ(t) = −n2 I(t)ω0 l/c .

(2.26)

An example of a Gaussian pulse shape is shown in figure 2.3(a). Passing through
the nonlinear medium, the pulse modulates its own phase because of the timedependent intensity slope. The instantaneous frequency concept, describing the
spectral properties of the transmitted pulse, can be applied if the change of the
optical pulse amplitude is slow compared to an optical period. The instantaneous
frequency ω(t) of the pulse is expressed as:
ω(t) = ω0 + δω(t) ,

(2.27)

with the change of the instantaneous frequency δω(t) defined as:
δω(t) =

n2 ω0 l dI(t)
d
(4φ(t)) = −
.
dt
c
dt

(2.28)

A depiction of the instantaneous frequency variation is presented in figure 2.3(b)
for a medium with a positive nonlinear refractive index. Figure 2.3(c) shows that
the leading edge of the pulse ( dI
> 0) undergoes a red shift (to lower frequendt
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OC

Resonator

Figure 2.4: Schematic of a mode-locked laser. Resonator contains an output coupler
(OC), through which a pulse train is emitted. Resonator round-trip time Tr , pulse
duration τp , peak output power Pp , average output power Pav , number of locked
modes N . Figure adapted from [19].
< 0) is blue-shifted (to
cies, longer wavelengths), whereas the trailing edge ( dI
dt
higher frequencies, shorter wavelengths). Thus, the spectrum of the pulse normally becomes broader compared to that of the incident pulse. The instantaneous
frequency change is called a chirp; an up-chirp for the above described fashion.
Note that for the central part of the pulse, the SPM-induced positive chirp is
almost linear, which is widely made use of in pulse compression techniques.

2.4 Basics of mode-locking
In a general case, different longitudinal modes with random phase relations interfere inside an oscillator, and result in a randomly fluctuating output power. When
the phases of the longitudinal modes are fixed, i.e. locked, a constructive interference of the oscillating modes takes place. As a consequence, the immense number
of adjacent phase-locked longitudinal modes oscillate synchronously, leading to
boosts of radiation energy concentrated within time periods of very short duration
(figure 2.4). The radiation boosts occur periodically with a period determined
by the resonator round-trip time Tr . Through a partially reflecting mirror (output coupler), a small fraction of the pulse energy is coupled out of the oscillator.
Hereby, a mode-locked oscillator generates a train of ultrashort pulses [27, 64].
Solid-state (ruby, Nd:glass, Nd:YAG) lasers delivering sub-100-ps pulses formed
the first generation of mode-locked lasers, mode-locking of which was achieved
either actively or passively. The former technique was implemented through externally governed active loss or frequency modulation [70,71]. The latter technique,
allowing more efficient pulse shaping and consequently shorter pulses, relied on a
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Figure 2.5: Fundamental principle of KLM: The lens influence becomes more severe
for smaller beam radii and highly-nonlinear media. Self-focusing takes place for the
beam of increased intensity, reducing losses in the cavity via an aperture of suitable
size blocking of the low-intensity beam. This ultrafast SAM process triggers the modelocking, and practically performs as an artificial saturable absorber. Figure adapted
from [52].
fast saturable absorber [72,73] providing passive loss modulation [74,75]. Saturable
absorbers are designated as fast or slow based on their recovery time compared to
pulse duration.
Passive mode-locking methods use a nonlinear optical element with intensitydependent losses, decreasing for increasing laser pulse intensity. Kerr-lens modelocking is a technique of passive mode-locking, which utilizes an artificial saturable
absorber based on Kerr lensing in the gain medium. Spence et al. [28] were the first
to demonstrate this revolutionary technique in 1991, and later that year Piché [76]
explained mode-locking operation through the self-focusing process. The optical
Kerr effect (equation 2.16) translates the transverse laser beam intensity profile
into a lens effect. The higher the light intensity, the stronger the lens effect. The
lens influence becomes more severe for smaller beam radii. Self-focusing takes
place for the beam of higher intensity, reducing losses in the cavity via an aperture
of suitable size, blocking the low-intensity part of the (CW) beam. This ultrafast
SAM process triggers the mode-locking, and practically performs as an artificial
saturable absorber (figure 2.5).
Under particular conditions, the Haus master equation of mode-locking (ref.
[64], p. 9) embraces the nonlinear Schroedinger equation (equation 2.22), leading
to soliton solutions. These solutions occur when only the Kerr effect and GVD
are considered (equation 2.6). As discussed in the preceding section 2.2, equation
2.22 states that solutions exist only when GDD and the coefficient γ have opposite
signs. As the Kerr coefficient n2 , and correspondingly the SPM coefficient is usually
positive, a high constant negative level of GDD is required for compensating the
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SPM in order to obtain a mode-locked system.
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Chapter 3
Multilayer coatings for ultrafast
physics applications
Optical multilayer coatings have become an indispensable element of nearly all
advanced ultrafast laser systems. Nowadays, multilayer dispersive coatings and
high-damage-threshold broadband dielectric coatings are integrated in plenty ultrafast laser oscillators. This chapter is primarily concerned with a sequence of
problems that needs to be solved in order to create a particular multilayer coating. First, the coating needs to be designed, the different theoretical approaches
for which are discussed in section 3.1. The next step is a deposition of the designed
coating, which can be realized by several means, as described in section 3.2. Additionally, section 3.2 considers available methods of thickness control, essential for
the coating process, and explains the choice for both the deposition and thickness
control techniques used in this work. Once fabricated, it is necessary to characterize the optical coating, inspecting its properties such as reflectance, transmittance,
total optical losses and GDD. Section 3.3 lists characterization systems used in this
work.

3.1 Design of the multilayer coatings: theoretical
approach
Coating designs, as they exist today, first began development in 1958 when Baumeister introduced a merit function to estimate the proximity of designed spectral characteristics to a target, and formulated the design of optical coating problems as
an optimization problem [77]. Prior to this, designs were either achieved through
adapting microwave theory methods, an area that had already been well established for nearly two decades [78,79], or through the equivalent layers theory, which
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Incident plane
wavefront
ϑ0

N0

d1

Incident medium
Boundary 1

N1
Nj

dj
dm

Nm
Ns

Boundary m+1
Substrate

z

Figure 3.1: Schematic of a multilayer coating. A plane wavefront is incident on an
assembly of thin films at an oblique angle of incidence ϑ0 . Z-axis is directed from
the incident medium to the substrate. Symbols N1 . . . Nm and d1 . . . dm denote the
refractive indices and thicknesses of the individual layers, respectively. The refractive
indices of the incident medium and of the substrate are designated as N0 and Ns
respectively. The interfaces between the thin films assembly and the incident medium
and the substrate are denoted by the boundary 1 and boundary m+1 respectively.
was summarized along with its cohesion with other design methods by Thelen [80].
In its early stages, Baumeister’s merit function only allowed for the optimization
of a given suitable starting design. However, at present, this procedure, generally
known as refinement [81], is the most common out of modern multilayer optical
coating design techniques. Typically the final design is obtained through the convergence of the refinement method to the local minimum of the merit function,
which is close to the initial design. However, for the reason that there are no
feasible starting designs for many important design problems, nonlocal design approaches were investigated. The Fourier transform technique [82–84], the needle
optimization technique [85, 86] and the gradual evolution technique [87, 88] are all
extremely effective and enable one to obtain theoretical designs with the required
spectral characteristics while avoiding the problem of convergence at a local minimum. Note, however, that there is no universal recipe, and the most appropriate
routine needs to be found empirically when solving a particular design problem.
In order to formulate the design problem, a multilayer coating consisting of m
thin homogeneous and isotropic layers on a thick substrate is considered (figure
3.1). Normally, a film is considered to be thin in the case when full interference
effects are observable in the reflected or transmitted light. Such a case is referred
to as coherent. Whether the case is coherent or incoherent depends on whether the
phase relationship between different beams is constant or not, which is dictated
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by the nature of the light, by the light detector and the film quality. Here, the
coherent case is discussed.
The optical admittance η (tilted implying oblique incidence) at a boundary
between two media (e.g. boundary 1 in figure 3.1) is introduced as follows:
ηs = YN cos ϑ for s-polarizatrion
ηp = YN/ cos ϑ for p-polarizatrion,

(3.1)

q

with the optical admittance of free space Y = µ00 = 2.6544 × 10−3 S. Here, the
refractive index N (complex in a general case) and the angle ϑ stand for either N0
and ϑ0 of the incident medium or N1 and ϑ1 for the exit medium (e.g. the first
layer) as appropriate.
For either direction of polarization, the amplitude reflection r and transmission
t coefficients are:
r=

η0 − η1
η0 + η1

(3.2)

t=

2η0
.
η0 + η1

(3.3)

and

In order to avoid fundamental difficulties [89], the incident medium is considered
to be absorption-free, which means η0 is real, then the intensity transmission and
reflection coefficients (transmittance T and reflectance R) are given by:
R=
T =

η0 − η1
η0 + η1

!

η0 − η1
η0 + η1

!∗

4η0 Re(η1 )
,
(η0 + η1 )(η0 + η1 )∗

(3.4)
(3.5)

where * denotes a complex conjugation procedure.
The reflectance of a multilayer is obtained through the optical admittance concept. The arrangement is displayed in figure 3.1, where a plane wavefront is
incident on an assembly of thin films at oblique angle of incidence (AOI) ϑ0 . The
physical thicknesses of the layers are denoted by d1 through dm and their refractive
indices by N1 through Nm . The refractive indices of the incident medium and of
the substrate are designated as N0 and Ns respectively. Now, the thin film assembly (between boundaries 1 and m+1 in figure 3.1) is substituted with a single
surface, possessing an optical admittance Υ , given by the ratio of the normalized
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tangential magnetic field C and electric field B amplitudes:
Υ = C/B .

(3.6)

The general characteristic matrix of an assembly of m layers according to the
Abeles matrix method is [89, 90]:
"

B
C

#

=


m
Y


cos δj
(i/ηj ) sin δj
iηj sin δj
cos δj

j=1

! "



1
ηs

#

,

(3.7)

where δj = 2π
Nj dj cos ϑj is the j-th layer phase thickness with angle of refraction
λ
ϑj and the wavelength of the incident light in vacuum λ; ηs is the substrate admittance. It should be noted, that the correct order of the product of individual
characteristic matrices, in the case where m is the layer closest to the substrate,
is:
"

B
C

#

"

= [M1 ] [M2 ] . . . [Mm ]

1
ηs

#

,

(3.8)

where M1 is the matrix for layer 1, M2 is the matrix for layer 2 etc. The general
characteristic matrix of an assembly of m thin layers, saliently important in optical
thin-film engineering, establishes the basis of the majority of the calculations. Then
the basic formulas for calculating spectral characteristics of a multilayer coating
are given as follows:
R=

T =

η0 B − C
η0 B + C

!

η0 B − C
η0 B + C

!∗

(3.9)

4η0 Re(ηs )
.
(η0 B + C)(η0 B + C)∗

(3.10)

The phase shift on reflection, defined for the front surface of the assembly, is
expressed by:
Im [ηs (BC ∗ − CB ∗ )]
ϕr = arctan
ηs2 BB ∗ − CC ∗

!

(3.11)

and the phase shift on transmission, detected between the emergent wave at its
exit from the assembly and the incident wave at its entry, by:
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!

-Im [η0 B + C]
ϕt = arctan
.
Re [η0 B + C]

(3.12)

In order to solve an inverse1 design problem one needs to determine the number
of layers of a multilayer coating, and refractive indices and thicknesses of each
layer, which provide the required target spectral properties. The parameters m,
nj and dj for j = 1, . . . , m are hence referred to as the design parameters.
A multilayer coating with reflectance and phase shift characteristics close in some
respect to the target spectral characteristics, denoted R̃(λ) and ϕ̃(λj ) respectively,
are often as good as can be achieved, as typically there is no exact solution to meet
the target [91]. The set of physical layer thicknesses can be described through a
vector X where:
X = {d1 , d2 , . . . , dm } .

(3.13)

Now, the reflectance shall be denoted by R(X, λ) and the phase shift by ϕ(X, λj )
under the assumption that the other design parameters (m and nj ) are fixed.
Treating the wavelength as a discrete set of L points λ1 , λ2 , . . . , λL is necessary
since it is not possible to compute R (X, λ) or ϕ(X, λj ) using a continuous function
over the considered spectral region. The most common way to estimate the deviation between the resultant and the target characteristics is by using a weighted
mean square deviation on the introduced wavelength mesh [92]:
"

L 
1X
R(X, λj ) − R̃(λj )
F (X) =

L j=1
4Rj

#2



#2
ϕ(X, λj ) − ϕ̃(λj ) 
,
+

4ϕj
"

(3.14)

where 4Rj and 4ϕj are design tolerances. The merit function F(X) is governed by
the vector X. As already mentioned, introducing F(X) enables the design problem
to be defined as an optimization problem, which is currently the most popular
general approach for designing multilayer optical coatings. It is also worthwhile to
point out that the total design thickness is of significant importance for successful
approximation of the target spectral characteristics, particularly when dealing with
abrupt features (such as edge filters, bandpass filters, etc.).
All the designs presented in this thesis were obtained using a commercial OptiLayer software package [93]. The software utilizes the aforementioned powerful
1

A direct design problem defines the spectral properties of the multilayer structure based on
the known number of layers, refractive indices and thicknesses of each layer.
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approaches such as needle optimization and gradual evolution algorithms [86–88].

3.2 Coating techniques and layer thickness
control
There is a considerable amount of processes used for the deposition of optical
coatings. The most common ones take place in vacuum and are classified as
physical vapor deposition2 (PVD). In this class of processes, the thin film is formed
in the solid phase as a result of direct condensation from vapor. PVD processes are
classified based on the methods used for producing the vapor and on the energy
involved in the thin films deposition and growth.
Due to its simplicity, flexibility and relatively low cost, as well as to a vast
amount of existing deposition systems, thermal (or vacuum) evaporation has been
the widely-used PVD method for a long time [56]. In thermal evaporation, the
vapor is produced by simply heating the evaporant (material to be deposited).
The vapor then condenses as a solid film on a substrate, kept at a temperature
below the melting point of the evaporant. The position of the spot can be varied
by supplementary magnetic fields derived from coils in order to be placed in the
center of the crucible. However, thermal evaporation possesses major disadvantages, especially in regard to the microstructure of the films. Layer microstructure
defines the properties of optical thin films and the manner they diverse from those
of the same bulk material. Typically, thermally evaporated thin films have columnar structure, with the columns following the direction of growth, normal to the
substrate surface. The columns, the shape of which is more or less cylindrical with
a bottom diameter of several tens of nanometers, are packed in a nearly hexagonal way with gaps in between, which are basically pores running across the entire
film. The large areas of column surface forming the pores are exposed to the surrounding air. The porous layers with lower refractive indices are likely to show a
so-called vacuum shift: Pores exposed to ambience are filled with water, the refractive index of the thin film increases and the spectral curves shift to the longer
wavelengths [79, 94, 95]. Packing density, defined as a ratio volume of solid part of
the film (i.e. columns) to the total volume of the film (i.e. pores and columns), is a
parameter of a great importance. For thermally evaporated thin films it commonly
2

The term chemical vapor deposition (CVD) is reserved for a group of techniques where the
composition and properties of the film being grown differ substantially from the components
of the vapor phase.
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ranges from 0.8 to 0.95. Packing density lower than 1 indicates a reduction of the
refractive index compared to that of the bulk material, the columns are formed of.
Therefore, for high-performance specialized coatings other processes, such as
sputtering, have been developed. In sputtering, the vapor is produced by bombarding a target with energetic particles (most commonly ions) in order to cause
the ejection of the atoms and molecules from the target. The energy of such vapor
particles is considerably higher than that of the products of thermal evaporation
and has a significant impact on the condensation and film-growth processes. In
particular, the films produced by sputtering are usually much more dense and
solid. In other kinds of PVD, additional energy derived from direct bombardment
by energetic particles supplies the condensation of thermally evaporated material.
Such processes, along with sputtering, are generally referred to as energetic ones.
A metallic target is used in the conventional form of sputtering, so that it conducts and the bombarding ions are derived from a direct current discharge near
the target. In the magnetron sputtering process, this discharge may be confined
by crossed electric and magnetic fields. The magnetron sputtering technique is the
most common process applied in optical coatings. One of the main advantages of
magnetron sputtering is the much longer path length of the electrons. This means
that the discharge can be sustained at a relatively low pressure (0.3 Pa or 0.3 × 10−2
mbar for example) compared to that required for conventional sputtering in the
absence of the magnetic field. Twin magnetron targets connected to opposite poles
of a mid-frequency power supply (known as mid-frequency sputtering, or twin/dual
magnetron sputtering) avoid both “target poisoning” and “disappearing anode” –
two issues common for normal single-target sputtering. In brief, target poisoning
arises due to molten droplets in the target material caused by stored charge in
insulating film patches of a high capacitance, which are formed by oxidation or
nitriding. An insulating film gradually covering an anode from one coating run
to another is essentially the reason for the disappearing anode phenomenon. The
arrangement of alternating anode and cathode solves both of these problems.
Despite the fact that PVD methods are prevalent among the variety of deposition
processes used for optical coatings, the utilization of CVD has been gradually
rising. Electrically induced plasma in the active vapour is probably the most
common way to trigger the chemical reactions between the precursors (starting
materials) forming the material of the coating. These processes are classified as
plasma enhanced ones [56]. The most advanced form of sputtering techniques,
known as ion-beam sputtering (IBS) [96], utilizes a separate chamber to generate
the ions that afterwards are extracted and directed towards the target. This
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method provides a very high degree of film purity. The optical coatings with the
lowest published losses (1 ppm or less) have been obtained via this process [97,98].
Ion-beam sputtering is slow compared to most other processes and is mainly used
for coatings where low loss is the critical criterion.
There are many issues in the preparation of and during the coating process
that need to be taken care of: choosing suitable materials, cleaning substrates,
designing a proper substrate–holder geometry to provide the required distribution
accuracy, and more. However, layer thickness monitoring and control is the main
remaining problem as the other issues have been reasonably resolved. Refractive
index and optical thickness are the most important parameters.
Presently, there is no method of measuring the refractive index of exactly that
portion of a film which is being deposited. Such measurements can be made
later, but for closed loop control, dynamic measurements are essential. Therefore,
normally, deposition parameters affecting refractive index are controlled in a way
that the refractive index produced for any given material, or mixture of materials,
is as consistent as possible. The value of the refractive index obtained a posteriori
is used in the coating design. The results of this procedure are usually satisfactory
results, albeit far from ideal. Nowadays, no better method has been developed.
The physical thickness of a layer can easily be measured and controlled. Among
a variety of methods, the most frequently used are based on either optical measurements of reflectance or transmittance, measurement of the total deposited mass
by the quartz-crystal microbalance, or on time deposition control. Optical monitoring systems include a light source illuminating a test substrate and a detector
analyzing the reflected or transmitted light. The deposition of the layer proceeds
according to the results of this analysis. A shutter inserted in front of the evaporation sources is a common way to stop the layer deposition as sharply as possible.
There is an assortment of various optical monitoring techniques, both operator
controlled and automatic, capable of different levels of errors (which scale from
being just sufficient for the simplest designs to 0.2–0.3 nm) described by Macleod
(see ref. [99] and references therein).
The principle of monitoring by the quartz-crystal microbalance is to expose the
crystal to the evaporant stream and to measure the change in its resonant frequency
as the film deposits on its surface and changes the total mass [100]. The frequency
change is then converted internally into a measure of film thickness using known
film constants. It is possible to conduct the measurement of mass thickness with
an accuracy of around 2% for a typical layout [99]. The sensitivity of the crystal
decreases with increasing mass, and the total amount of material which can be
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Figure 3.2: The Helios magnetron sputtering system of LEYBOLD OPTICS (BÜHLER
AG) integrates the intermittent deposition technique in a chamber that is never opened
to atmosphere except when servicing is necessary. Figure adapted from [56].
deposited before the crystal must be replaced is limited. Implementing a multiple
crystal head solves this problem. Alignment is much easier than that for optical
monitors, however the dimensional stability requirements are as strict.
The stability of the the energetic processes, especially sputtering, in terms of
refractive index and other properties allows for control of layer thicknesses by
time, or, alternatively, by the number of substrate turn-table rotations. For example, Gibson et al. [101] have reported run-to-run reproducibility of ±0.3 % in
the TiO2 /SiO2 edge filter characteristics for the visible region, manufactured by
the close-field magnetron sputtering technique.
As already mentioned, the very stable sputtering technique renders very consistent thicknesses and therefore, makes precise time-controlled monitoring of layer
thicknesses possible [59]. Magnetron sputtered thin films demonstrate packing
density of almost unity, which means that the thin film properties are nearly the
same as those of bulk material. For these reasons, the method for multilayer structures production used in this work was the magnetron sputtering technique (figure
3.2) equipped with broadband in-situ monitoring (BBM) [102], providing additional control. The plant is equipped with two TwinMags magnetron targets and
a plasma source for plasma/ion-assisted reactive middle-frequency dual-magnetron
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sputtering. Layers at deposition rates of 0.4 nm/s allow for rapid manufacturing
as well as the production of extremely dense (near intrinsic solid density), smooth
and amorphous layers with high reproducibility. Helios plant covers the spectral
range from 250 to 3000 nm; substrate diameters up to 100 mm are suitable for
coating. A fused silica (FS) or a B270 glass substrate is typically used as a test
witness sample during the process.

3.3 Characterization of the multilayer coatings
In order to improve performance of DMs one needs to precisely characterize manufactured samples. The main parameters such as reflectance, transmittance, total
optical losses and GDD need to be quantified. Losses in thin films are of particular importance in the laser field where they determine the limiting performance of
multilayers.
The first indicators of a successful deposition process is a good correspondence
of the measured reflectance and transmittance of the coating to the designed ones.
An industrial spectrophotometer Perkin Elmer Lambda 950 is capable of measuring both transmittance and reflectance (via an integrating sphere) at different
AOIs in the wavelength range from 175 nm to 3300 nm. According to the specifications supplied by the company, the device provides a wavelength accuracy of
±0.08 nm for ultraviolet/visible (UV/vis) range and (±0.3 nm for near-infrared
spectral region, NIR), and a UV/vis resolution of ≤0.05 nm (≤0.2 nm for NIR).
Spectrophotometric measurements yield a good general representation of the spectral performance of a fabricated multilayer structure. However, the accuracy of the
reflectance obtained by this method is often limited to fraction of a percent (∼0.1
%). Higher precision is ensured by an industrial lossmeter based on the cavity ringdown technique (NovaWave Technologies LossPro) measuring total optical loss at
available AOIs of either 7.5° or 45°. The measurements can be performed at 808
nm, 1030 nm and 1550 nm. Total optical loss on the scale of a few parts per million
(ppm) can be accurately measured via this method [103]. Minimum instrument
precision is typically less than 1 % of the total measured loss (data from the manual). Although, it is reliable in the low-loss approximation only (L < 1000 ppm)
and is limited by the speed of the electronics, which makes cavities with total
optical losses larger than 0.1 % difficult to measure. If the measured optical characteristics drastically differ from the designed ones, another batch needs to be
coated with the corrections obtained from the mismatch analysis. Otherwise, if
the measured and designed spectra of an optical coating are within acceptable
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tolerance, the next step is to conduct GD and GDD measurements.
A good match between theoretical and experimentally acquired data for GD
and GDD, characteristics of great importance, validates a proper performance
of the produced DMs. Nowadays, a white light interferometer (WLI) technique
[104–107], usually based on the two-armed Michelson interferometer, is widely used
for measuring dispersion characteristics of DMs. The sample under investigation is
placed in one of the interferometer arms. The reference mirror, placed in the other
arm, is moved and a resulting interferogram (interference pattern) is recorded for
each position. Obtained data is subsequently processed and provides GD and GDD
curves of the sample. In this work, a home-built WLI, allowing measurements of
the GDD over a large bandwidth from 320 nm to 2150 nm and providing a spectral
resolution of 2.2 nm, was used [108, 109].
Another important parameter is the surface quality of the substrates. Low
surface quality of the substrates leads to high scattering losses, which in turn means
bad performance of the optical coating deposited on such low quality substrates.
In order to examine the surface roughness of both uncoated and coated substrates,
an industrial atomic force microscope (AFM) from Fries Research and Technology
(FRT) providing an accuracy of 0.1 nm was used.
In case this comprehensive characterization of an optical coating, DMs as well as
other specially tailored coatings, yields adequate results, the coating is considered
successful and ready to be utilized.
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Highly dispersive optics for
ultrafast oscillators
Highly-dispersive mirrors (HDMs) have become a key tool in the field of ultrafast physics over the last two decades [30, 110–112]. Presently, the majority of
femtosecond lasers include dispersive mirror optics which allow precise control of
GDD characteristics.
Diode-pumped solid-state TD laser technology has the potential of achieving the
highest peak powers directly from laser oscillators [51]. Due to its power scalability,
TD technology may constitute the basis for next-generation femtosecond laser
oscillators [47], as they have already permitted the generation of sub-picosecond
pulses at unprecedented power levels in the multi-100-W average power and near100-MW peak power range [54,113–116]. The first high-power KLM TD oscillator
providing values such as an average power of 45 W and a pulse duration of 250 fs
directly available from the oscillator at a repetition rate of 40 MHz (corresponding
to a pulse energy of 1.1 µJ and peak power of 4.5 MW) was demonstrated in
2011 [117]. Recently, such a system has been scaled up to an average output
power of 270 W and a pulse duration of 210–330 fs at 18.8 MHz repetition rate
(corresponding to a pulse energy of 14.4 µJ and peak power of 38 MW) in the
mode-locked regime, operating in ambient air [54]. Mode-locked operation in the
regime of anomalous dispersion was realized by 8 bounces each on two HD folding
mirrors with a GDD of −3000 fs2 each [112], introducing a total roundtrip GDD
of −48 000 fs2 . Furthermore, a compact KLM Yb:YAG TD oscillator (footprint
70 cm by 40 cm without a laser diode) delivering 215-fs pulses with 75-W average
power and 1.4-MW peak power at a high repetition rate of 260 MHz has been
reported [118]. Successful operation and the advancement of such systems heavily
relies on the ability of HDMs to provide high dispersion levels.
For high-power intra- and extra-cavity applications, a combination of several
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parameters is important. These include a high constant GDD level for SPM compensation, a large bandwidth, low scattering losses, low thermal effects to avoid
mirror radius curvature distortions, as well as a high damage threshold. Local
changing of the radius of curvature leads to a change in the focal lengths in the
resonator, which might cause a reduction of the DT and a malfunction of the
oscillator.
This chapter focuses on the basic principles (section 4.1), design, fabrication,
characterization and implementation of optics considering different substrate materials (section 4.2), and reaching new levels of dispersion in HDMs (section 4.3)
towards finding the best possible solution to the aforementioned issues.

4.1 Dispersive mirrors: operational principles
As already emphasized in chapter 2, the ability to control the dispersion is of great
importance. To this end, methods based on different concepts are commonly applied: Diffraction gratings [119], prism pairs [120], dispersive mirrors [30,121–123],
or a combination thereof [124, 125]. A pair of diffraction gratings has allowed successful pulse compression [119], however these gratings possess rather high losses.
Widely used since their discovery, prism pairs were the first to provide negative
GDD with low losses, albeit the prisms possess unwanted nonlinearities. On the
contrary, dispersive mirrors (DMs) with high reflectance and approximately constant GDD over unprecedented broad bandwidths have been enabled by progress
in the design and fabrication of dispersive coatings at that time [126,127]. Two operational principles of DMs, resonance effect and penetration effect, are discussed
below.
Resonance effect
Dielectric multilayer mirrors, designed as Gires-Tournois interferometers (GTI),
were used to manipulate the net cavity dispersion for the first time [121]. The
main property of these GTIs is a frequency-dependent optical phase shift, due to
which a GD between resonant and non-resonant frequencies is introduced (figure
4.1(a)). This effect is often referred to as resonant storage. Large amounts of
GDD can be introduced through this resonant storage. However, the operational
spectral bandwidth of the GTI mirrors is relatively narrow, owing to their nature.
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a) Resonance effect
Interface 1

b) Penetration effect

Interface 2
Lm

Air

Substrate

L1 L2

Layer

Aperiodic multilayer stack

Figure 4.1: Basic principles of multilayer dispersive mirrors: (a) Resonance effect.
Two layer interfaces separated by a half-optical thickness distance resonantly enclose
the incident resonant wave. These nanoscale GTIs built into the multilayer structure
can introduce large amounts of GD and GDD between resonant and non-resonant
frequencies due to the frequency-dependent optical phase shift [128]. (b) Penetration
effect. Optical layer thicknesses of a multilayer stack are gradually decreasing with
increasing layer number (L1 , L2 ... Lm ), which results in different penetration depths
for different wavelengths before being reflected. This “penetration effect” is caused
by the constructive interference of the coherent beams partly reflected from each
interface between low- (e.g. yellow bars) and high- (e.g. violet bars) index materials of
the aperiodically arranged multilayer stack. Shorter wavelengths (indicated by a blue
arrow) are reflected in the upper layers of the structure. Whereas, longer wavelengths
(indicated by a red arrow) penetrate deeper and are reflected deeper in the structure.
Since the longer wavelengths leave the mirror structure later compared to the shorter
ones, an increasing with increasing wavelength (decreasing frequency) GD emerges,
resulting in negative GDD.
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Penetration effect
DMs, initially introduced as chirped mirrors (CMs) by Szipöcs et al. in 1994 [30],
have become more and more prominent in dispersion compensation techniques
due to their ability to control second- as well as higher orders of dispersion with
unprecedented precision [58, 129]. If the dispersion needs to be controlled over a
narrow spectral range only, it is possible to produce DMs with reflectance exceeding
99.9% [110, 112]. As a further advantage, DMs are easier to build into an optical
setup compared to prisms and gratings [110].
The basic operational principle of a DM [30] is depicted in figure 4.1(b) and
can be described as follows. As a consequence of the gradual modulation of optical layer thicknesses of a conventional mirror, for example in quarter wave stack
(QWS), with respect to the layer number, different wavelengths penetrate to different depths before experiencing the reflection. This “penetration effect” is caused
by the constructive interference of the coherent beams partly reflected from each
interface between low- and high-index materials of the aperiodically arranged multilayer stack. In particular, shorter wavelengths are reflected in the upper layers
of the structure, whereas longer wavelengths penetrate deeper before reflection.
Since the longer wavelengths leave the mirror structure later compared to the
shorter ones, an increasing GD with increasing wavelength (decreasing frequency)
emerges, resulting in a negative (anomalous) GDD (see equation 2.6).
A set of DMs (compressor) allows for the compression of amplified pulses, broadened in a dispersive medium (stretcher) prior to amplification. Ideally, the dispersion introduced by the DMs should be equal to the dispersion of all the components inside the particular laser system, but with an opposite sign. The described
technique, enabling amplification of ultrashort laser pulses up to the peak powers
of 1015 W, is termed chirped pulse amplification (CPA) [130]. Both the resonance and penetration effects were simultaneously utilized in broadband HDMs
for all-dispersive CPA, which resulted in nearly ideal Gaussian beam profiles of
19.1-fs-pulses [128].
Multilayer coatings discussed in this work are based on a combination of resonance and penetration effects.

4.2 Substrates for highly-dispersive mirrors
Surface defects are merely a divergence from the smooth flat surfaces of the ideal
film which lead to scattering losses. Surface defects can be due to roughness of the
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substrate surface which tends to be reproduced at each interface in a multilayer.
Superior surface quality of substrates (flatness and parallelism) is required for
use with ultrafast lasers. Furthermore, when operating at high average powers,
distortions may arise at mirror surfaces. For example, the change of a mode profile
and beam-pointing drifts, indicating a slow and time-dependent misalignment of
the cavity, has been observed in a CW cavity comprising HDMs deposited onto
fused silica substrates (GDD values of −1000 fs2 and −3000 fs2 [112]) at intracavity
power levels above 1 kW [52]. Although, a solely thermal origin of these powerdependent effects could not be identified, the reported temperature rise was 10–
20°C. In order to minimize the thermal effects appearing intracavity, one needs to
consider different substrate materials which might aid transferring the heat away
from the coated surface.
The performance of such materials as FS, copper, silicon, sapphire and nickel
plated copper was investigated in this section to find the ideal characteristics for
substrates. The properties of these materials are summarized in table 4.1. FS is a
widely used substrate material, even though its thermal conductivity coefficient is
rather small. Sapphire substrates demonstrating high surface quality are common
as well. The thermal conductivity of this material is significantly higher than that
of FS. Metal substrates can transfer heat better than FS substrates, although the
roughness of metals is somewhat high (usually 10–50 nm [131]). Nickel plating
supposedly prevents the copper from oxidizing and allows the surface to be better
polished. It should be mentioned, that some undesirable effects can appear seeing
that the thermal expansion of metals is relatively high. In spite of the low coefficients of thermal expansion of ultra low expansion glass ULE (0±30×10−9 /K)
and extremely low expansion glass ceramic Zerodur (0.05±0.1×10−6 /K), the thermal conductivity coefficients of these materials are comparable to that of FS
(1.31 W/(m·K) for ULE; 1.46 W/(m·K) for Zerodur) [132, 133]. Thus, ULE and
Zerodur remain outside the present discussion.
HDMs with a designed GDD value of −3000 fs2 and a designed reflectance of
100% for a wavelength range of 1025–1035 nm (entitled HD1302 in house, HDM2
in ref. [112]) were deposited onto the aforementioned substrates with the help of
the magnetron sputtering technique described in section 3.2. These mirrors were
already successfully implemented in several Yb:YAG TD oscillators [52,54,112]. As
an example, the designed and measured data for the HDM coated on a FS substrate
obtained with the WLI and the lossmeter described in section 3.3 is presented in
figure 4.2. The comparison of the theoretical and experimental evidence reveals a
good agreement.
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Substrate material

Fused Silica (FS),
SiO2

Thermal
conductivity
coefficient,
W/ (m·K)

Thermal expansion
linear coefficient,
10−6 /K

σrms ,
nm

1.4 [134],
1.46 [135]−
3 [136]

0.54 [135]

0.7±0.1

35.1, 33 [137],
35−40 [135]

5.6, 5 [137],
5.8 [135]

0.4±0.1

80−150 [135],
149 [138]

2.56 [139],
4.7-7.6 [135]

0.6±0.1

401 [138]

16.5 [138]

1.7±0.1

∼400∗

∼17∗

1.5±0.1

Sapphire, Al2 O3

Silicon, Si

Copper, Cu

Nickel-plated copper,
Ni-plated Cu
∗

No data was found for nickel-plated copper in the available sources and was
therefore assumed to be close to that of pure copper.
Table 4.1: Thermal properties and surface roughness of the substrates under consideration; the listed data is for room temperature (25°C). The values of surface roughness
σrms for a randomly chosen area of 7×7 µm were obtained experimentally with AFM
described in section 3.3. The diameter of the substrates is 25.4 mm. Thickness of the
substrates is 6.35 mm, except for Si substrate with a thickness of 3 mm.
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Figure 4.2: Comparison of the designed and measured data for the HDM with
–3000 fs2 [112] coated on a FS substrate: The designed GDD for 3° angle of incidence (blue curve), error bars ± 0.5 nm (green curves); the measurement performed
with a WLI at 3° angle of incidence (black triangles). The designed reflectance for 7.5°
angle of incidence (magenta curve), the square at 1030 nm represents the measurement
performed with a lossmeter at 7.5° angle of incidence.
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Roughness rms (nm)
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uncoated substrates
coated substrates (DMs)

1.5
1.0
0.5
0
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Al2O3

Si

Ni-plated
Cu

Cu

Substrates
Figure 4.3: Comparison of surface roughness σ rms for a randomly chosen area of
7×7 µm of uncoated (light blue bars) and coated substrates (red-orange bars). The
measured area is not the same for uncoated and coated substrates. The dark blue
dashed line is set at 0.84 nm.
Next, all the samples were characterized with the AFM and the lossmeter reported in section 3.3. The rms (root mean square) surface roughness σrms defined
as the rms deviation of the surface from the mean surface level for a randomly
chosen area of 7×7 µm of both the uncoated and coated substrates (listed in table
4.1) is displayed in figure 4.3. The measured area was not the same for uncoated
and coated substrates. One can see that FS, sapphire and silicon substrates possess quite similar roughness (σrms below 0.84 nm) which is barely affected by the
coating process. At the same time, the initially relatively high (σrms above 1.5 nm)
roughness of uncoated copper and nickel-plated copper substrates increases after
the deposition of the multi-thin films onto the surfaces. The polishing process
consists partly of a smoothing out of irregularities in the surface by moving the
substrate. If the grinding (which always precedes the polishing) has been too
coarse, then the deeper pits during the polishing are filled in with material which
is only loosely bonded to the surface. During the heating and then coating of the
surface, this poorly bonded material breaks away, leaving a patch of surface that is
etched in appearance and often possesses well-defined boundaries. This might be
the case here. Nevertheless, the examined metal surfaces show rather high quality
(usually σrms of metals is 10–50 nm).
The reflectance R, transmittance T , absorbance A and scattered losses S in a
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multilayer structure are connected by the relationship:
R + T + A + S = 100%,

(4.1)

where T + A + S is the total optical loss T OL measured by the lossmeter. For
the DMs under consideration, A is assumed to be insignificantly small during the
design process, therefore the total optical loss may be expressed as following in
this particular case:
T OL = T + S.

(4.2)

The optical scattering is mainly determined by the surface roughness. The
functional relationship between total integrated scatter (TIS, the total amount of
light scattered by a surface) and surface roughness is given by [140, 141]:





4πσrms cos ϑi
T IS = R0 1 − exp −
λ

!2 

,


(4.3)

where R0 is the theoretical reflectance of the surface, ϑi is the AOI on the surface
and λ is the wavelength of the incident light. Taking into account equation 4.3,
the final theoretical estimation of T OL depending on the surface roughness σ rms
is brought to the following expression:





T OL = T0 + R0 1 − exp −

!2 
4πσrms cos ϑ 
,

λ

(4.4)

where T0 is the theoretical transmittance of the surface. Figure 4.4 shows the
dependence of T OL for the multilayer structures (figure 4.2) coated onto different
samples on the surface roughness σrms . The values are averaged over a number of substrates and measurements. As expected, the coating on the copper
and Ni-plated copper substrates have quite significant losses of about 7000 ppm
(R = 99.3 %, measured via the spectrophotometer described in section 3.3), which
despite their excellent conductivity, unfortunately makes them inappropriate for
application in Yb:YAG oscillators. Alternatively, the DMs deposited on FS, silicon and sapphire substrates demonstrate quite good surface quality and low losses
(minimum R = 99.968 %, measured via the lossmeter described in section 3.3).
The estimated correspondence of the total optical loss to a surface roughness of
up to 3 nm (blue curve in figure 4.4) was obtained by implementing the following
parameter values into equation 4.4: T0 = 0.01959 %, R0 = 99.98041 %, ϑi =7.5°,
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Figure 4.4: Dependence of the total optical loss T OL of the HDMs with –3000 fs2
on the surface roughness σrms (the legend assigns the substrates used). Blue curve
represents the simulated total optical loss T OL using equation 4.4 (the legend enumerates the parameters used). The values are averaged over a number of substrates
and measurements.
λ=1030 nm. As one can notice, the simulated curve nicely fits the measured
data for the DMs coated on FS, silicon and sapphire substrates, whereas the total
optical loss of the DMs deposited on Cu and Ni-plated Cu is much higher than
the predicted values. Although all the mentioned substrates were coated during
the same process, such discrepancies might be justified by the fact that the surface quality of the whole area (25.4 mm) of Cu and Ni-plated Cu substrates (and
thus, the DMs deposited onto them) is in reality worse than σrms of an arbitrarily
selected area of 7×7 µm.
According to the performed investigations, the silicon (thermal conductivity
coefficient 80–150 W/(m·K)) and sapphire (thermal conductivity coefficient 33–
40 W/(m·K)) substrates appear to be the best candidates for high-power applications in Yb:YAG oscillators. FS substrates are commonly used substrates, however
the poor thermal conductivity coefficient of this material is insufficient.

4.3 Highly-dispersive mirror with −10 000 fs2
Scaling passively-mode-locked femtosecond laser oscillators to ever higher pulse
energies calls for ever higher negative GDD in the cavity (as discussed in section
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2.2). Meeting this requirement with an increasing number of bounces off dispersive
mirrors tends to increase alignment sensitivity, round-trip losses, and an overall
complexity of the system. Advancing femtosecond oscillator technology to higher
peak as well as average powers relies on the development of HDMs with higher
levels of dispersion. Generally, the larger the required bandwidth, the smaller the
achievable mean value of GDD in dispersive mirrors [110, 112]. Recent studies
[142] have shown that there are certain limitations for the maximum achievable
negative value of GDD, which depend on the total thickness of coatings and the
layer material combination. For multilayer structures based on the material pair
Ta2 O5 /SiO2 this value reaches −7000 fs2 for a thickness of 9.8 µm. Today, state
of the art coating technology allows the production of coatings with total physical
thicknesses larger than 10 µm and reaching of even higher levels of GDD. Here an
achievement of the maximum possible negative GDD allowed by this total design
thickness and its successful application in an Yb:YAG TD oscillator is described.
Data presented in this section has been published in E. Fedulova et al. Optics
Express 23, 13788−13793 (2015).

4.3.1 Design considerations and production process
An implementation of a single HDM with a GDD of −10 000 fs2 is a challenge
due to the high sensitivity of the design performance to manufacturing errors. In
view of this fact additional considerations had to be made. A method to circumvent manufacturing errors is presented in ref. [143], which can be considered as
a generalization of the highly efficient needle optimization and gradual evolution
techniques [86–88]. The “robust synthesis procedure” described in that work was
used here. The beauty of this approach is that it takes manufacturing errors into
consideration during the design process.
The design was optimized to have a GDD of −10 000 fs2 and reflectance of 100 %
(entitled HD1499 in house) for the wavelength range 1025–1035 nm. According
to ref. [142], where the limits for the maximum achievable negative value of the
GDD have been studied, the target GDD of −10 000 fs2 is achievable for the
specified spectral range and for the chosen thin film materials with modern coating
technology. The layer thicknesses of the optimized multilayer structure are shown
in figure 4.5.
The dependencies of the refractive index on wavelength is described by the
Cauchy formula:
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Figure 4.5: Physical thicknesses of the individual layers of the HDM with –10 000 fs2 .
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index material Ta2 O5 . The layers are displayed starting from a substrate. The bottom
layer #1 is closest to the substrate, the top layer #50 is closest to the incident medium
(air).

B
A
+
,
(4.5)
λ2 λ4
where λ is the wavelength expressed in microns. The coefficients n∞ , A and B for
the substrate and coating materials are presented in table 4.2. The design obtained
via the robust procedure described above consists of 15 pairs of alternating quarterwave layers (corresponding to the central wavelength of 1030 nm) of Ta2 O5 and
SiO2 , the material pair which is usually used for low loss coatings with relatively
small bandwidths (200–300 nm), and 20 chirped top layers, resulting in 50 layers
and a total thickness of 13.7 µm. Production of the multilayer design was achieved
n(λ) = n∞ +

FS
SiO2
Ta2 O5
Nb2 O5

n∞
1.4433
1.4653
2.0657
2.2185

A
4.06×10−3
0.0
1.6830×10−2
2.1827 ×10−2

B
6.94818×10−6
4.71080×10−4
1.686×10−3
3.99968×10−3

Table 4.2: Cauchy coefficients for the substrate and layer materials.
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Figure 4.6: Comparison of the designed and measured data for the new HDM with
–10 000 fs2 : The designed GDD for AOI=3° (blue curve), error bars ± 0.5 nm (green
curves); the measurement performed with a WLI at AOI=3° (black triangles). The
designed reflectance for AOI=7.5° (magenta curve), the square at 1030 nm represents
the measurement performed with a lossmeter at AOI=7.5°.
with the magnetron sputtering technique described in section 3.2. A standard FS
substrate with a diameter of 25.4 mm and a thickness of 6.35 mm was used during
the coating process. The produced samples were characterized with the help of
the home-built WLI and the lossmeter (see section 3.3). The comparison of the
designed and measured data is presented in figure 4.6, revealing a good agreement
between theory and experiment. Most importantly, the agreement is particularly
good in the relevant (1025–1035 nm) wavelength range. The result proves the
feasibility of robust HDMs with negative GDD relying on physical thicknesses in
excess of 10 µm.

4.3.2 Implementation in Yb:YAG TD oscillator
The advantage of having only one mirror providing the GDD is that fewer mirrors
can be used to build a working cavity. This improves the stability and simplifies the
alignment since fewer degrees of freedom need to be taken into account and fewer
surfaces are prone to optical damage. The use of fewer mirrors also establishes the
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Figure 4.7: Schematic of the oscillator built for testing the intracavity behavior of
the new HDM with –10 000 fs2 . The oscillator is a basic diode-pumped KLM Yb:YAG
TD laser. OC, output coupler. R300, HR mirrors with radius of curvature ROC=300
mm. Mode-locking was achieved by hard aperture KLM with the sapphire crystal and
a pinhole. Mirrors 1 to 4 were either a set of 4 known DMs with a total roundtrip
GDD of –20 000 fs2 or 3 HR mirrors and the new HDM with the same amount of GDD.
During the measurements the oscillator ran at 33.7 MHz repetition rate with an output
power of ~4 W.
possibility to build shorter cavities with higher repetition rates.
The first application of the newly-created HDM (for more details see ref. [144]),
a source of GDD required to implement stable KLM in an Yb:YAG TD laser, is
presented here. The basics of the KLM method were discussed in section 2.4. In
order to test the new HDM four standard DMs from [110] (3 bounces on −3000 fs2
mirrors and 1 bounce on a −1000 fs2 mirror in a reference setup) were replaced by
three highly-reflective (HR) mirrors and the new HDM (test setup), providing the
equivalent GDD, namely −20 000 fs2 per roundtrip. The beam radius (at 1/e2 ) at
the new HDM surface was 1.24 mm. The oscillator used was a basic diode-pumped
Yb:YAG TD oscillator in which mode-locking was achieved by hard-aperture KLM
with a 2-mm sapphire crystal serving as the nonlinear Kerr medium (figure 4.7).
The oscillator was operated in the mode-locked regime at a repetition rate of
33.7 MHz with an average output power of approximately 4 W.
The spectra and the autocorrelation functions (ACF) of the pulses were measured for both setups. Figure 4.8 provides evidence that the measured curves fit
the expected sech2 -function well. The spectra are centered around a wavelength of
1030.5 nm with a full width at half maximum (FWHM) of 4.2 nm in the reference
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Figure 4.8: Comparison of spectra (top) and autocorrelations (bottom) of a basic
KLM Yb:YAG oscillator working with the known mirror set and with the new HDM
with –10 000 fs2 . In both graphs the color coding as follows: measured data with
reference setup (blue solid curve), measured data with test setup (red solid curve),
fitted sech2 -function to reference data (green dashed curve), fitted sech2 -function to
test data (violet dashed curve). The spectra are centered around a wavelength of
1030.5 nm with a FWHM of 4.2 nm in the reference case and 3.9 nm in the test case.
Pulse durations of 290 fs and 320 fs in the reference and test setup respectively were
calculated from their autocorrelation via τp = τac /1.543, where τp is the FWHM of the
pulse intensity and τac is the FWHM of the intensity autocorrelation.
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case and 3.9 nm in the test case. Pulse durations of 290 fs and 320 fs in the reference and test setup respectively were calculated from their autocorrelation via
τp = τac /1.543 (ref. [1], p. 477), where τp is the FWHM of the pulse intensity and
τac is the FWHM of the intensity autocorrelation. Since realignment of the cavity
between the two experiments is unavoidable it cannot be concluded that the slight
difference in spectral width and pulse duration is solely attributed to the advanced
HDM.
The main benefit of the HDM developed in the present study is the possibility
to obtain high negative GDD in a single optical element. The HDM under consideration operates perfectly in a laser system and exhibits total optical losses of
600 ppm. HDMs having a GDD of −4000 fs2 with total optical losses of 1000 ppm
and a GDD of −3000 fs2 with total optical losses of 300 ppm were demonstrated
in ref. [112] (see figure 4.2). The presented HDM possesses over twice the GDD
without the expense of introducing further losses.
It should be noted that although the output peak power was rather low (about
0.4 MW), the experiments described were performed in order to demonstrate a
feasibility of both a successful production and implementation of the HDM with
an extremely high value of GDD in the wavelength range of 1025–1035 nm. A
standard FS substrate was used due to the same reason. Also, it is important
to mention that the rather large thickness of the produced coating may lead to
a reduction in the damage threshold or to thermal effects, such as expansion and
deformation of the coating at higher intracavity powers. The exact laser induced
damage threshold (LIDT) determination for the new HDM operated in the intracavity was obstructed due to dust particles located both on top and inside the
coating, unwanted appearance of Q-switching and possible degradation of the coating over long time operation. HDMs with a GDD of –10 000 fs2 possessing higher
damage thresholds and negligible thermal effects are in the process of development.
In summary, silicon and sapphire substrates have been found to be best suited
for high-power applications in Yb:YAG oscillators if one desires to minimize the
thermal effects appearing in the intracavity. Furthermore, a single HDM with a
GDD reaching the value of –10 000 fs2 in the wavelength range 1025–1035 nm has
been presented. The recently reported robust technique has been used in order
to circumvent manufacturing errors and to produce a challenging, rather thick
(13.7 µm) coating with a large negative GDD for a central wavelength of 1030 nm.
The produced HDM was successfully utilized in an Yb:YAG TD oscillator, operating at 33.7 MHz repetition rate with an output power of about 4 W with no
conclusive degradation in the oscillator performance, which resulted in a pulse du-
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ration of 320 fs. Employing fewer mirrors providing the required amount of GDD
implies undeniable advantages, such as improved stability and simplification of the
alignment of a working cavity. Using fewer mirrors with larger GDD provides the
possibility to build shorter femtosecond laser systems with higher repetition rates
and higher pulse energy levels in femto- and in the near future, attosecond physics
applications.
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Nonlinear effects in dielectric
multilayer coatings
Dielectric multilayer coatings are fundamental to almost all kinds of laser systems
and have therefore significantly contributed to progress in optics. High-power
lasers, for example, heavily rely on HR mirrors, and DMs are indispensable for
dispersion control in ultrafast science. The design of the dielectric coatings enables
a highly flexible control of almost the entire range of linear optical properties, such
as reflectance, bandwidth, phase and dispersion. Nonlinear optics, however, is still
mostly based on bulk materials with mm-sized dimensions. A prominent mechanism is the optical Kerr effect, which can be viewed as an intensity-dependent
change of refractive index (see chapter 2). Two technologically important consequences of the Kerr effect are self-focusing, used for laser mode-locking, and selfphase modulation, used for compressing laser pulses to few-cycle duration. The
quasi-instantaneous response time of several femtoseconds of the Kerr effect [62]
is essential for both applications. Adopting the optical Kerr effect for laser technology has enabled a plethora of ultrafast applications, ranging from the ultrafast
light gate [55] to spawning the revolutionary KLM technique [28], from near at
hand light modulators presented here to potential all-optical computers. Previous
implementations of nonlinear multilayer mirrors have not been based on the Kerr
effect, but rather relied on nonlinear absorption [145] or frequency conversion [146].
However, a lossless element is essential for many applications, in particular within
lasers or enhancement cavities. To this end, dielectric oxide films with low losses
(in contrast to metals) come into sight as promising sources of nonlinearity. Moreover, dielectric materials are appealing as they are highly resistant to laser damage,
can excellently withstand abrasion and environmental influence, as well as due to
the maturity of available deposition technologies.
In this chapter, a comprehensive research at the intersection of several fields:
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thin film coatings, nonlinear optics and ultrafast physics, is realized. It experimentally demonstrates dielectric optical coatings with nonlinear behavior dominated
by the optical Kerr effect, created in order to produce a device with almost instantaneous nonlinearity and, preferably, low losses. This idea has not, to date, transcended theoretical investigations [147]. In many simulations foreshowing a strong
nonlinear response of dielectric multilayer structures, authors have used materials (often not specified) with overestimated values for Kerr coefficients [148–152].
In reality, the fundamental challenges of experimental observation of the optical
Kerr effect emerge from the comparatively small nonlinear refractive indices of
dielectric materials [62, 153, 154] and the necessity to work at high intensities.
Here, the design guidelines for creating multilayer structures in which the overall
optical response is made extremely sensitive to slight changes of the layer refractive indices are presented. The result is a Kerr-effect-driven dielectric multilayer
element with intensity-dependent reflectance and transmittance. Specifically, reflectance increases at higher intensities, making the device potentially useful for
mode-locking applications. This result holds the prospect for devices purely based
on dielectric materials and the optical Kerr effect—nonlinear multilayer coatings
(NMCs)—allowing nearly-lossless operation for future applications [155].
This chapter introduces the novel NMC elements for the NIR spectral region,
the particular choice of the dielectric materials for which is justified in section 5.1.
Further on, the design considerations and production of the NMCs are treated in
section 5.2. Finally, the explicit nonlinear, pre-damage, Kerr effect-driven behavior
of the manufactured NMCs is thoroughly studied using different approaches such
as laser characterization (section 5.3), spectrophotometry (section 5.4) and the
pump-probe technique (section 5.6). Additionally, some possibly relevant effects
previously observed in multilayer coatings are briefly addressed in section 5.5.
Partly, data presented in this chapter has been published in E. Fedulova et al.
Optics Express 24, 21802-21817 (2016).

5.1 Optical Kerr effect in multilayers
The optical Kerr effect in a medium results in an almost instantaneously occurring
intensity-induced change in the refractive index, and is described by equation 2.16
(section 2.2):
n = n0 + n2 I .
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Here n0 is the linear refractive index, n2 [cm2 /W] is the second-order nonlinear
refractive index, and I [W/cm2 ] is the light intensity. For example, in a quartz
crystal with n0 =1.5 and n2 =3 ×10−16 cm2 /W, a light intensity of about 109 W/cm2
can cause observable nonlinearities [61]. The typical response time for the nonlinearity induced by the electronic polarization is 1 fs [62]. Through simulations, a
significant reflectance increase of dielectrics dominated by the optical Kerr effect
along with an increasing absorption has been deduced [147]. In order to enhance
the impact of the optical Kerr effect, the optical characteristics of an NMC design need to be sensitive to slight changes in refractive index, considering that
the nonlinear refractive indices of dielectric materials used for optical coatings are
rather small (see table 5.1). Moreover, as discussed previously (see section 2.4)
the GDD of the elements must be uniformly flat if utilized for mode-locking of
lasers. In other words, the goal is to create a new class of multilayer structure
with enhanced sensitivity to slight changes in refractive index, based on the Kerr
effect and possessing controlled constant GDD over the desired wavelength range.
It has been established that the factors determining the nonlinear optical response of the simple oxides are very complex. However, it has been shown that
the nonlinear refractive index increases with increasing linear refractive index and
decreasing bandgap energy, which is attributed to an increase in metallicity [154].
Based on this observation, it has been suggested that materials containing PbO,
TiO2 , Sb2 O3 , CdO, Ta2 O5 , Nb2 O5 , CeO2 , TeO2 , V2 O5 , Bi2 O3 , MoO3 , WO3 , MnO,
Fe2 O3 , CoO, and NiO in appropriate amounts would be promising materials for
nonlinear optics.
Previously, it has been shown that the nonlinear refractive index depends on
the proximity of the test wavelength to the bandgap, and scales in proportion to
the inverse fourth power of the bandgap energy Eg [156]:
n2 ∼ Eg−4

(5.1)

For transparent crystals and glasses, n2 is normally on the order of 10−16 –
10−14 cm2 /W [157]. SiO2 , with the bandgap energy E g ∼8.3 eV, has a relatively
low nonlinear refractive index of 3 ×10−16 cm2 /W [157], whereas some chalcogenide
glasses exhibit several hundred times higher values. Semiconductor materials also
possess rather high nonlinear index values.
There are several oxide materials available for the the magnetron beam sputtering technique, which is the method of choice, as stated previously (see section
3.2). These oxide materials, together with their respective bandgaps, linear and
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nonlinear refractive indices at the indicated wavelengths are summarized in table
5.1. The linear refractive indices are taken from the online database [158], and
might differ slightly from the indices obtained with the Helios plant described in
section 3.2. It is also important to keep in mind that the nonlinear indices were
measured for bulk materials only, and these values can only be used as an estimate
for the according thin film properties.
The first three oxides in the table 5.1, TiO2 , Nb2 O5 and Ta2 O5 , are the best
candidates out of the presented group of the coating materials due to their low
bandgap energies. The nonlinear refractive index of bulk rutile TiO2 is known to
be 30 times that of silica (see table 5.1). However, TiO2 appears to be a tricky
material to sputter: Producing titania thin films of good quality is challenging
since this material has several states with different optical properties (such as
rutile or anatase for instance). Moreover, the relatively slow deposition rates cause
instability in the coating process, which evokes instability of the refractive index
of magnetron-sputtered TiO2 (it lies in the range of 2.15–2.45 in our case). Apart
from this issue (which has possible solutions as described in [167]), TiO2 is an
extremely attractive material to use in view of its high nonlinearity and vanishing
two-photon absorption (2PA) around 800 nm [159].
Adair et al. [153] have presented both measured and calculated nonlinear refractive indices (in esu units) of a significant number of bulk optical materials.
However, thorough studies of nonlinear refractive indices of the dielectric materials Nb2 O5 and Ta2 O5 widely used for multilayer dielectric coatings have not been
reported in the available literature. Moreover, the thin film properties of all the
coating materials remain unexplored. Dimitrov and Sakka have computed the coefficients n2 (in esu units) for many oxides including TiO2 , Nb2 O5 and Ta2 O5 [154].
Although, when comparing the nonlinear refractive indices (in cm2 /W, not esu
units) of Nb2 O5 and TiO2 , they turn out to be equivalent [154]. Up to now, Tai
et al. have determined n2 in a Ta2 O5 rib waveguide (sputtered 1 µm thick film on
a Si wafer with a 2 µm thick buffer SiO2 layer) at 800 nm based on SPM induced
spectral broadening to be 7.23×10−15 cm2 /W at 800 nm [163]. Nevertheless, the
works of Tai et al. and Dimitrov and Sakka [154] together with the bandgap energies of Nb2 O5 and Ta2 O5 allow one to assume that the typical values of n2 for
these high-index dielectric materials are on a scale of (1–9)×10−15 cm2 /W (using
equation 5.1).
Further advantages of Ta2 O5 are its transparency over a broad spectral range,
which drastically reduces 2PA [168], and its high laser damage threshold. The
linear absorption for a single layer of Ta2 O5 , produced by the same magnetron
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7.23×10−15 @ 800 nm [163],
2.6×10−15 [154]
not found
1.2×10−15 @ 1060 nm [153]

2.08
2.08
2.12

5–7 [165],
[164]a
6.5 [160],
6.2–7 [164]a

5.1–6 [164]a

3.4 [154, 161],
3.49 [162]
3.8 [160],
4 [154]

3 [154],
3.3 [160]

Bandgap
energy
Eg , eV

a

and references therein

1.76

2.9 ×10−16 @ 1060 nm [153],
4×10−16 [154]
2.2 ×10−16 [166], 2.7 ×10−16
SiO2
8.3 [160],
1.45
@ 1500 nm [157],
(Silicon dioxide, Silica, Quartz)
8.9–9 [164]a
3.1 ×10−16 @ 1060 nm [153]
Table 5.1: Coating materials available for magnetron beam sputtering. The values for linear refractive indices n0 are
taken
the online database [158]. If originally presented in esu, the values for n2 in cm2 /W were calculated via
h 2from
i
n2 cm
= 4.19 × 10−3 n2n[esu]
[157]. The values for nonlinear refractive indices n0 are presented for a wavelength of
W
0
1030 nm unless stated differently.

2.1×10−15 [154]

7.9×10
@ 800 nm [159],
9×10−15 @ 1060 nm [153]

−15

2.1×10−15 [154],

Nonlinear refractive index
n2 , cm2 /W

2.26

2.48

TiO2
(Titanium dioxide, Titania)

Nb2 O5
(Niobium pentoxide )
Ta2 O5
(Tantalum pentoxide, Tantala)
HfO2
(Hafnium dioxide, Hafnia )
ZrO2
(Zirconium dioxide, Zirconia)
Al2 O3
(Aluminium oxide, Sapphire)

Linear refractive
index
n0 @ 1030 nm

Coating material
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sputtering plant used in this work, has been estimated to be ∼ 0.8 × 10−3 [145];
the linear absorption for Nb2 O5 is usually somewhat higher. Despite the latter fact
and the fact that the threshold fluence for Nb2 O5 has been found to be slightly
lower compared to that of Ta2 O5 [169], it remains a promising material with its high
nonlinear index. Therefore, Ta2 O5 and Nb2 O5 were chosen as two different highindex materials for the first realizations of the new dielectric multilayer devices.
The linear absorption for a single layer of SiO2 , which was used as the low-index
material, has been found to be ∼ 10−4 [145].

5.2 Design, fabrication and characterization of
NMCs
In the past, considerable attention has been given to different types of nonlinear
optical materials and devices [170] for their ability to tailor the intensity, as well
as the spatial and temporal profile of laser pulse trains. Silicon [171, 172], siliconorganic [173] and silicon-inorganic hybrids [174] possessing rather large nonlinear
refractive indices, together with phase-change materials [175] are of high interest
for ultrafast all-optical signal processing. A mirror structure, the nonlinear optical
response of which is mostly governed by the electric field distribution inside the
embodied gold film, may be useful for all-optical applications [176]. The nonlinear
response of dielectric dispersive mirrors in the visible spectral range has been shown
to be dominated by 2PA [145]. An optimized stack of dielectric thin films has been
demonstrated to generate the third harmonic [146]. In contrast to all previous
works, this thesis is concerned primarily with multilayer dielectric structures for
the near-infrared spectral region (namely 1030 nm) operating at high intensities
on the order of 109 W/cm2 .

5.2.1 Design considerations
It is possible to exploit the optical Kerr effect to develop 1) devices working in
transmission and 2) devices working in reflection. Furthermore, there can be several types of elements operating in reflection: a) devices working in the middle
of the reflectivity zone, and b) devices whose design is extremely sensitive to a
change of refractive index. The GDD of such structures must be carefully tailored
and remain constant over the desired wavelength range if used for mode-locking
of lasers. As a matter of fact, the slope of a conventional QWS mirror can be
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interpreted as a device of type b). Although, the GDD of a QWS mirror is zero at
the central wavelength, a standard 6.35 mm FS substrate may cause self-focusing
complications (see subsection 5.3.1). To emphasize the difference in the design approaches, it is important to state that the possible refractive index modifications
are taken into account during the design process in our case. This is not the case
when designing a conventional QWS mirror where only constant refractive indices
are usually considered.
An important advantage of the a-type NMC (figure 5.1(a)), designed for operation in reflection, is its broad bandwidth, which can result in the generation of
pulses in the range of several fs, although an absolute increase of reflectance is
unlikely to exceed several percent. The second type (graphs (b) and (c) in figure
5.1) of NMCs, on the other hand, is extremely responsive to an intensity increase.
The working range of the edge filter design is the edge itself (figure 5.1(b)), the
position of which can be easily adjusted by varying the AOI of the incident light,
thus influencing the modulation depth of the device. However, the estimated bandwidth of the edge filter design (figure 5.1(b)) is 10 nm, which would limit the pulse
duration down to 100–200 fs (at 1030 nm). Additionally, it is possible to create
an edge filter with an opposite slope resulting in decreasing reflectance (increasing transmittance) for increasing laser intensity. Another example is a so-called
“resonant structure” (figure 5.1(c)) consisting of two QWS mirrors and a full-wave
cavity in between (Fabry-Perot filter). A salient feature of a resonant structure
is the electric field enhancement in the cavity. The latter fact means that much
lower intensities are required for approaching the nonlinear regime. It is also evident that the rising slope of a resonant structure can be used to achieve decreasing
reflectance (increasing transmittance). More complicated multiresonant structure
embodiments can be designed in order to further amplify the optical Kerr effect.
The edge filter design (figure 5.1(b)), extremely sensitive to small refractive
index variations in the transition zone between high and low reflectance around
1030 nm, was chosen for the first implementation of the NMC idea [155]. The
Abeles matrix method [89, 90], discussed in section 3.1, for a given wavelength λ
determines the initial reflectance Ri of an m-layer structure through the physical
thicknesses of the layers d1 , ..., dm , and the AOI ϑ:
Ri = R (d1 , ..., dm ; nH , nL ; λ; ϑ),

(5.2)

where nH and nL are the refractive indices of the high-index and low-index materials comprising the multilayer stack, respectively. In simplified form, the optical

53

Chapter 5 Nonlinear effects in dielectric multilayer coatings

(b)
100

51
50

Reﬂectance (%)

Reﬂectance (%)

(a)

ΔR

49
48

low intensity
high intensity

80

ΔR

60
40
low intensity
high intensity

20
0
1020

950 1000 1050 1100 1150
Wavelength (nm)

1030

1040

Wavelength (nm)
(b)
c

Reﬂectance (%)

100

ΔR

80
60
40
20
0

low intensity
high intensity

1029 1030 1031 1032

Wavelength (nm)
Figure 5.1: The optical Kerr effect illustration. Examples of designs enhancing the
observable optical Kerr effect: (a) An example of a broadband NMC working in the
middle of the reflectivity zone, (b) Edge filter – an example of an NMC whose design
is extremely sensitive to refractive index variations, (c) Resonant structure – another
example of an NMC whose design is extremely sensitive to refractive index variations.

54

5.2 Design, fabrication and characterization of NMCs

SiO2

100
50
0

Incident medium

150
Substrate

Physical thickness (nm)

Nb2O5

0

10

20 30 40 50
Layer number

60

70

Figure 5.2: Physical thicknesses of the individual layers of F502. Orange bars represent
the low refractive index material SiO2 . Blue bars represent the high refractive index
material Nb2 O5 . The layers are displayed starting from the substrate. The bottom layer
#1 is closest to the substrate, the top layer #69 is closest to the incident medium
(air).
Kerr effect in multilayer coatings can be described as follows. The incident laser
beam interferes with itself in the multilayer structure and, consequently, manifests
a standing wave distributed along the coordinate perpendicular to the coating
surface. Due to the presence of such a standing wave, a weak increase in layer refractive indices, corresponding to the field intensity profile, emerges in accordance
with equation 2.16. The latter can also be considered as an additional microstructure, which in turn leads to an increase in reflectance of the whole multilayer
structure from Ri at low intensities up to its final value Rf at higher intensities:
Rf (I) = Ri + 4R(I),

(5.3)

where 4R(I) is the modulation depth of the NMC (see figure 5.1(b)).
The first realization of an NMC (F502) with a central wavelength of 1030 nm
consisted of 69 alternating layers of the dielectric materials Nb2 O5 as the highindex material and SiO2 as the low-index material (figure 5.2), resulting in a total
physical thickness of 8.7 µm. Another realization, F503 (figure 5.3) was obtained
with the dielectric materials Ta2 O5 and SiO2 , with a total physical thickness of
9.2 µm. As this was a first proof of principle study, the GDD curves of both
NMCs F502 and F503 were not optimized and remain uncontrolled. In contrast
to the initial two, the next realization of an NMC, F504 was designed to have
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Figure 5.3: Physical thicknesses of the individual layers of F503. Orange bars represent
the low refractive index material SiO2 . Green bars represent thehigh refractive index
material Ta2 O5 . The layers are displayed starting from the substrate. The bottom layer
#1 is closest to the substrate, the top layer #69 is closest to the incident medium
(air).
an optimized flat GDD of −5000 fs2 over the wavelength range 1024–1033 nm,
essential for potential laser applications. The design NMC F504 corresponds to a
central wavelength of 1030 nm and consists of 69 alternating layers of Ta2 O5 and
SiO2 , resulting in a total thickness of 9.3 µm (figure 5.4).
The presented designs are highly sensitive to manufacturing errors; a slight
change of any layer thickness would shift the central wavelength of the slope drastically. As already noted, the position of the slope can be simply tuned via the
AOI. Therefore, all three NMC designs were tailored for a non-zero AOI = 20°. An
advantage and at the same time an alignment challenge of the edge filters when
used in a setup originates from this angular sensitivity. Figure 5.5 depicts how the
slope position of the F504 design changes remarkably when the AOI is varied in a
minor range from 19° to 22° at a wavelength of 1030 nm.

5.2.2 Fabrication and characterization of NMCs
The designed multilayer structures were deposited on two kinds of FS substrates:
1) 145 µm thick, 10 mm diameter and 2) 6.35 mm thick, 25.4 mm diameter by
means of the magnetron sputtering technique described in section 3.2. The produced samples were characterized with the help of the industrial spectrophotometer
(Perkin Elmer Lambda 950) and the WLI (see section 3.3). The comparison of the

56

5.2 Design, fabrication and characterization of NMCs

SiO2

100
50
0

Incident medium

150
Substrate

Physical thickness (nm)

Ta 2O5

0

10

20 30 40 50
Layer number

60

70

Figure 5.4: Physical thicknesses of the individual layers of F504. Orange bars represent
the low refractive index material SiO2 . Green bars represent the high refractive index
material Ta2 O5 . The layers are displayed starting from the substrate. The bottom layer
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Figure 5.6: Comparison of the designed and measured data for F502: (a) The designed
transmittance (blue curve) and the measured data (via spectrophotometer, red circles)
at AOI=0°, (b) The designed GDD (blue curve) and the measurement performed with
a WLI (red circles) for s-polarized light at AOI=8°.
designed and measured data is presented in figures 5.6–5.8, revealing imperfect
agreement between theory and experiment data, as expected. The measured data
matches the theoretical curves at different AOIs. This mismatching is, however,
not important as it can easily be compensated for by tuning the AOI of the incident
light at an NMC. Note also that even though the slit size of the spectrophotometer
was set to the minimal 1 nm size, it might not have been possible to detect the
proper steepness of the slope of the deposited NMCs.

5.3 NMCs with intensity-dependent reflectance
5.3.1 Laser characterization: experimental setup
The pre-damage behavior of the NMCs F502, F503 and F504 coated on 145 µmthick substrates was studied experimentally with the setup shown in figure 5.9.
The measurement setup included a Yb:YAG TD regenerative amplifier (central
wavelength 1030 nm, pulse duration 1 ps, pulse energy 400 µJ) with a repetition
rate of 50 kHz and a spatially Gaussian beam profile [177]. The pulse intensity
was gradually varied with a half-wave plate followed by a polarization cube placed
in front of the focusing lens.
All the optics described in this thesis were characterized in the pre-damage
regime, therefore a way to detect the laser induced damage threshold (LIDT), in
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Figure 5.9: Schematic of the setup for measuring the change of reflectance, transmittance and relative temperature of the NMCs at increasing laser intensity. Laser
radiation source is Yb:YAG TD regenerative amplifier: 1030 nm central wavelength,
50 kHz repetition rate, 1 ps pulse duration.
order to accordingly stop the measurements, was required. There are several standard and a few other methods of defining LIDT used by different groups [178–182],
among which are: measurements based on plasma emission, and Nomarski microscopy – detecting any visible permanent sample modification. A rapid change
of the scattering behavior of the sample has been used as a damage indicator by
different authors [160, 183–185]. When illuminated with a laser beam, the surface of the sample reflects most of the light in a certain direction; there is only a
small amount of scattered light. As damage occurs, the surface area exposed to a
laser beam is altered to a crater-like topology, which results in a rapid increase of
the scattered light. This rapid increase of the scattered light can be detected by
a photodiode (PD) or a charge-coupled device (CCD) camera placed nearby the
sample. The increase in surface scattering of the laser light at damaged sites has
nowadays become a routine exploited in damage detection [186]. A comparison of
the experiments exploiting different damage determining techniques have proven
this method to be accurate with adequately small error [187]. Consequently, a
strong escalation of the scattered light from the sample surface (figure 5.10), monitored with a CCD camera (IDS Imaging Development Systems GmbH), served as
an indication of damage occurrence in the presented experiments [186].
The p-polarized laser beam was focused on a sample in order to provide inten-
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Not damaged
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Intensity=41 GW/cm2
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Figure 5.10: An example of a CCD camera image for NMC F502 at an incident
laser intensity of 41 GW/cm2 (not damaged sample) and 51 GW/cm2 (damaged sample). The breakdown was observed as a distinct change of the scattered light off the
illuminated spot.
sities up to slightly below the LIDT of the NMCs. Note that the peak intensity
Iˆ for a Gaussian pulse, both temporally and spatially in the transverse direction,
was calculated as follows [188]:
 − 3
2

π
Iˆ =
2

P̄
,
frep τp w02

(5.4)

where P̄ is the average power1 , frep is the repetition rate, τp is the pulse duration,
and w0 is the Gaussian beam radius – the 1/e2 radius, at which 86.5% of the
maximum intensity is contained. For the sake of convenience, in future the peak
intensity will be referred to simply as intensity. Notice also that the intensity
values presented in this thesis should only be used as a guide due to imperfect
beam radius estimation. Equation 5.4 may also be related to the pulse energy Ep ,
defined by the relation Ep = P̄/frep and the peak power P̂ , given by P̂ = 0.94 Ep/τp
for a Gaussian-shaped pulse. It should be mentioned that peak powers not higher
than 75 MW (average power 4 W) were used for sample characterization, and the
beam waste w0 at the sample was rather large (about 180 µm at 1/e2 level).
Let us estimate possible self-focusing effects in FS substrates. For FS the critical
power, according to equation 2.24, is Pcr ∼75 MW at 1030 nm. Plugging this value
of the critical power and w0 ∼180 µm at 1/e2 level (130 µm at 1/e level) into equation 2.25, we arrive at zsf ∼10 mm. Thus, no self-focusing would occur in 6.35-mm
FS substrates in this experimental geometry. On the other hand, many systems
1

Dash (¯) is henceforth omitted.
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operate at lower intracavity peak powers of 5–40 MW [117] requiring much tighter
focusing, which may cause self-focusing over the 6.35-mm propagation distance of
a standard fused silica substrate. In such thick substrates, self-focusing processes
may alter the properties of the transmitted beam, which is detrimental for the potential laser applications. In order to characterize the potentially applicable laser
components, the NMCs deposited on the particularly thin (145 µm) substrates
were used over the course of the laser characterization.
Both the reflected and transmitted average power values were measured for each
incident power value via a powermeter PM-10 (COHERENT). The reflectance R
and transmittance T of the NMCs were obtained as follows:
R=

Pref
Ptr
× 100% , T =
× 100% ,
Pinc
Pinc

(5.5)

where Pref , Ptr and Pinc are the measured reflected, transmitted and incident
average powers respectively. The total losses T L were afterwards computed as:
T L = 100% − R − T.

(5.6)

The relative temperature change of the sample was monitored during the measurements via an IR camera (FLIR SC 300 Series camera A325) with a measurement accuracy specified to ±2°C or ±2% of reading. The IR camera realized an
additional control in monitoring damage occurrence, as the relative temperature
increased rapidly at the onset of damage. The IR camera was set to measure the
temperature difference ∆Temp between the spot where the laser hit the sample
surface and the ambient medium. The IR camera was positioned in front of the
sample at an angle of 30ř relative to its normal, so that a free path for the laser
beam was ensured. The sample was placed on a rotational stage in order to adjust the angle of incidence and achieve different initial reflectance Ri to initial
transmittance Ti ratios (Ri /Ti ) at low intensities.

5.3.2 Laser characterization: experimental results
The measurements were performed in different sessions spanning over several
months. Figures 5.11 and 5.12 illustrate the pre-damage behavior of the NMCs
F502 (Nb2 O5 /SiO2 ), F503 (Ta2 O5 /SiO2 ) and F504 (Ta2 O5 /SiO2 , GDD = −5000 fs2 )
carried out using the setup described in the preceding section for Ri /Ti of 25/75,
50/50 and 80/20. The plots reveal evidence that the reflectance of all three samples increases, the transmittance decreases, the relative temperature grows with
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Figure 5.11: Change of reflectance, transmittance, relative temperature and total
losses of NMCs F502 (magenta diamonds) and F503 (blue circles) for the ratios Ri /Ti
of 25/75, 50/50 and 80/20. The last measurement point in each set of measurements
is the point after which the damage occurred.
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Figure 5.12: Change of reflectance, transmittance, relative temperature and total
losses of NMC F504 for the ratios Ri /Ti of 25/75, 50/50 and 80/20. The last measurement point in each set of measurements is the point after which the damage
occurred.
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the incident intensity; the total losses are on the scale of measurement error.
The observed temperature growth could be justified by absorption, inevitable
even in multilayer structures of high quality [189]. The discussion of the origin of
absorption lies outside the present discussion, however, among the possible causes,
the following might be important: multiphoton absorption (MPA) processes, dust
particles and impurities, native defects (shallow traps, see section 5.5) [190], selftrapped excitons (deep traps, see section 5.5) subsequently leading to long-lived
color center formations [182,191,192], or a complex combination thereof. At intensities on the order of 109 W/cm2 , absorption processes become relevant and result
in the temperature increase. However, the extent to which absorption contributes
to the total losses is not quantifiable as the latter lies within the measurement
error (figures 5.11 and 5.12), which allows one to conclude that absorption is not
the dominant process in the present case. On the other hand, the modulation
depths for all F502, F503 and F504, both in reflectance and in transmittance, are
well-defined and are certainly larger than the errors (figures 5.11 and 5.12).
It is also to be noted, that the measured relative temperature increase scales
exponentially with the laser intensity. Comparable temperature dependence on
the incident intensity in Ta2 O5 thin films has been observed by Mero et al. [182]
and has been attributed to incubation effects (discussed below in section 5.5) for
the multi-pulse exposure case. The researchers [60, 160, 187, 193] usually try to
avoid incubation effects by reducing the repetition rate of the laser or moving the
sample after each shot. However, for the 1-ps pulses used here most of the change
in the damage threshold occurs due to either the first or second pulses [194, 195].
The modulation depths of the NMCs are determined by the AOI (according position of the edge), which also defines the initial proportion Ri /Ti . Additional measurements were performed for NMC F502 at intensities ranging from 3 GW/cm2
up to 63 GW/cm2 (5% below the LIDT observed at 66 GW/cm2 in this case)
for different levels of Ri . As indicated in figure 5.13, the maximum modulation
depths are observed for the central part of the slope: for Ri levels of about 30–50
%. It is evident, that the edge filter design is highly responsive to an intensity
increase, and 4R can reach 16 % under particular conditions (for Ri /Ti = 50/50).
The observed behavior was reversible, no hysteresis phenomena were present.
The measured values remained the same regardless of the acquisition order. Figure 5.14 illustrates a representative measurement for NMC F504. First, the intensity was gradually increased (green circles), and varied arbitrarily (black circles)
afterwards.
From these and other measurements it can be concluded that the damage inten-
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Figure 5.13: Dependence of the reflectance increase (a) and transmittance decrease
(b) on the initial reflectance level Ri for NMC F502. The changes were measured over
the intensity range 3 - 63 GW/cm2 , damage occurred at about 66 GW/cm2 . Data
was kindly provided by T. Amotchkina.
sity for different samples of NMCs F502 varies between 30 and 110 GW/cm2 , for
F503 – between 40 and 250 GW/cm2 , and for F504 – between 80 and 170 GW/cm2 .
Random dust particles are present inside the coatings, and could explain such a
significant discrepancy of the LIDT values. For comparison, the damage threshold intensity for an HDM consisting of 20 pairs of Ta2 O5 /SiO2 [112] (see figure
4.2) placed in the same setup reached a value of 200 GW/cm2 . Usually, the damage threshold of Nb2 O5 /SiO2 coatings is lower compared with that of Ta2 O5 /SiO2
coatings [169], which is mostly the case for the results presented here as well (figures 5.11 and 5.12, compare the last measurement points). Note also, that the
thin (145 µm) substrates cannot be polished as well as the standard (6.35 mm)
ones, which might explain the reduced damage threshold values.

5.4 Temperature influence
As a temperature rise of the samples irradiated by the laser was observed (figures
5.11 and 5.12), studies were conducted in order to analyze the influence of temperature on the NMCs performance. Both theoretical estimations and experimental
investigation were carried out and are presented in this section.
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Figure 5.14: Reversibility of the nonlinear behavior of NMC F504 for the initial ratio
Ri /Ti = 50/50. The intensity was varied both gradually (green circles) and arbitrarily
(black circles). The dashed line is set at 116 GW/cm2 – the intensity where damage
occurred.
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5.4.1 Theoretical estimations
The materials are known to expand in response to a change in temperature [196].
Optical coatings expand when heated as well. For an accurate characterization,
it is necessary to determine the evolution of the optical properties of each layer
material composing the multilayer stacks in response to a change in temperature.
Therefore, knowledge of the physical parameters describing each dielectric material, such as the coefficient of thermal expansion α (CTE) and the thermo-optic coefficient β is required. Franc et al. have nicely summarized the thermo-mechanical
and optical parameters for several optical coating materials (ref. [197] and references therein). The coefficients α and β for the dielectric materials used in this
study are shown in table 5.2. However, these parameters have mainly been determined for single layers and are in general different for multilayer stacks. Moreover,
the coefficients α and β of a single layer always depend on the deposition process.
Thus, the coefficients α and β for the NMCs presented here most probably differ
from those in the literature. Nevertheless, they suit well for theoretical estimations
of the temperature impact.
As evident from table 5.2, Nb2 O5 is more susceptible to temperature than Ta2 O5 :
The CTE for the former is 1.6 times larger, and the thermo-optic coefficient is an
order of magnitude higher than that of Ta2 O5 . One can estimate the change in
reflectance due to thermal effects 4Rtemp , for a certain temperature rise 4T emp,
based on the coefficients above:

4Rtemp = R (d1 (1 + α1 · 4T emp), ..., dm (1 + αm · 4T emp);
nH + βH · 4T emp, nL + βL · 4T emp; λ; ϑ) − Ri ,

(5.7)

where the coefficients nH and nL are, for instance, described by the Cauchy formula
(equation 4.5) stated in section 4.3. Figure 5.15 demonstrates that the temperature
rise has a considerable effect on the NMC F504 at 4T emp = 113°C (observed
during the laser characterization, see figure 5.12), and the reflectance increases by
4.7 % at a wavelength of 1030 nm from Ri = 80 %. The theoretical estimations
based on the parameters given in table 5.2 will be presented in subsection 5.4.3
along with the experimental results.
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Layer material Thermal expansion coefficient α, K−1 Thermo-optic coefficient β: dn/dT
SiO2
0.51×10−6 [159, 198]
8×10−6 [159]
−6
Ta2 O5
3.6×10 [198–200]
2.3×10−6 [201]
Nb2 O5
5.8×10−6 [200]
1.43 ×10−5 [200]
Table 5.2: Thermo-mechanical and optical parameters for the layer materials at room temperature.
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Figure 5.15: Comparison of the initial design at room temperature (blue curve) and
the thermally shifted design (4T emp = 113°C, red curve) for NMC F504. The inset
shows that the reflectance at 1030 nm increases by 4.7 % due to the temperature rise.

5.4.2 Spectrophotometric measurements
Next, in order to estimate the temperature influence experimentally, the NMCs
F502, F503 and F504 coated on FS substrates of 25.4 mm diameter were placed
into an oven (for 2–2.5 hours at 100°C, 100°C and 150°C respectively) and were
afterwards characterized with the help of the industrial spectrophotometer Perkin
Elmer Lambda 950 described in section 3.3 and a portable FLIR E5 camera (with
the measurements accuracy of ±2°C or ±2 % of reading). The minimal slit size
of 1 nm of the spectrophotometer was chosen, the data interval was set to 0.1
nm, the integration time was 0.48 s; the samples were measured at AOI=0°. Both
the reflectance spectra and the absolute temperature of the samples were recorded
starting from the maximal temperature (red curves in figure 5.16(a-c)) down to
the ambient air temperature (blue curves in figure 5.16(a-c)). Figure 5.16(a-c)
experimentally confirms that a temperature rise unavoidably causes a shift of the
edge position to longer wavelengths i.e. in the same direction as the optical Kerr
effect (see figure 5.1(b)). Essentially, the steeper the edge of the NMC (enhancing
the optical Kerr effect), the more susceptible it is to temperature shifts.
The measured data in figure 5.16(d-i) allows one to estimate the dependence of
4R on temperature for all the NMCs (violet diamonds for F502, cyan-blue circles
for F503 and green circles for F504) at two levels of Ri /Ti (50/50 and 80/20).
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Figure 5.16: Comparison of temperature influence for NMCs F502 (first column),
F503 (second column) and F504 (third column). First row presents reflectance spectra of F502 (a), F503 (b) and F504 (c): Spectra measured at AOI=0° shift to longer
wavelengths with increasing temperature enumerated by the legend. Black circles positioned at dashed lines set for two cases of Ri /Ti of 50/50 and 80/20 show the
increase of reflectance due to the temperature rise. Second row presents reflectance
increase due to temperature rise for F502 (d), F503 (e) and F504 (f) for the case of
Ri /Ti of 50/50 based on experimental (magenta diamonds, blue or green circles, accordingly) and literature estimations (black diamonds and circles, accordingly). Third
row presents reflectance increase due to temperature rise for F502 (g), F503 (h) and
F504 (i) for the case of Ri /Ti of 80/20 based on experimental (magenta diamonds,
blue or green circles, accordingly) and literature estimations (black diamonds and circles, accordingly). Solid black lines are linear fits of both experimental and literature
estimations.
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Theoretical appraisals for 4R (black diamonds for F502 and black circles for F503
and F504 in figure 5.16(d-i)) based on literature coefficients, were computed by
virtue of equation 5.7 for the temperature values measured in the experiment (see
subsection 5.3.2) at the same two levels of Ri /Ti . As indicated in figure 5.16(di), the theoretical and experimental estimates correlate quite well for NMC F504,
while the data for NMC F502 does not quite agree. This discrepancy may be the
result of more reliably defined coefficients for Ta2 O5 thin films compared to those
for Nb2 O5 as more studies have been performed for Ta2 O5 thin films than for films
composed of Nb2 O5 (e.g. see ref. [197] and references therein). Furthermore, one
can notice that the sample F504 is less prone to temperature effects than F502. The
theoretical and experimental approximations for F503 for Ri /Ti = 50/50 match
well (figure 5.16(e)), but, surprisingly, not for Ri /Ti = 80/20 (figure 5.16(h)). This
observation could be vindicated by the likely different edge slopes of the designed
and produced multilayer structures for NMC F503. The results obtained above
indicate that while increasing the intensity of the incident laser pulses does result
in an increase in the reflectance of the NMCs, it cannot be solely attributed to the
optical Kerr effect.

5.4.3 Laser-induced temperature modulation
In order to experimentally exclude the impact of temperature on the NMCs, a
chopper wheel was introduced into the setup described above (in front of the lens,
figure 5.9). When the laser beam is modulated by a chopper wheel (10% duty
cycle), the incident average power drops by approximately a factor of ten (as well
as the induced temperature modulations) while the incident peak intensity remains
the same. Figure 5.17 displays the surface temperature of NMC F502 measured by
the IR camera (FLIR SC 300 Series camera A325) with (chopper on) and without
(chopper off) laser beam modulation.
Figure 5.18 shows the decoupling of the temperature-induced and nonlinear behavior for F502 obtained using the setup shown in figure 5.9 with the incorporated
chopper wheel. The temperature-induced modulation depths 4Rtemp for F502
(red triangles in figure 5.18) were computed with the help of the experimentally
determined linear slope of the dependence of R on T emp, mentioned above (figure
5.16(d, g)). Next, these 4Rtemp estimations were subtracted from both the modulation depths measured with the chopper 4Rch (blue diamonds in figure 5.18(b,
d)) and the total modulation depths measured without the chopper 4Rtot (violet diamonds in figure 5.18(a, c)). Thus, the nonlinear change in reflectance was
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Figure 5.17: An example of an IR camera image for NMC F502 at 47 GW/cm2 , with
and without laser beam modulation (chopper).
obtained as follows:
tot
ch
4Rnl = 4Rtot − 4Rtemp
or 4Rnl = 4Rch − 4Rtemp
,

(5.8)

ch
tot
where 4Rtemp
and 4Rtemp
are the temperature-induced modulation depths with
and without the chopper, respectively. Analogous estimations were performed
for the NMCs F503 and F504 and yield similar results (figures 5.19 and 5.20
respectively). The negative values seen in figures 5.18-5.20 can be vindicated by
an increased error budget of the powermeter at low intensities.
Finally, the “pure” nonlinear changes estimated in this manner for all the NMCs
correspond to the measured values of modulation depths of reflectance in absence
of temperature growth within the experimental uncertainty (figures 5.18–5.20).
The temperature impact appears to be almost 50% (or even more depending on
the value of Ri /Ti ) of the observed modulation depths in reflectance and transmittance for the unmodulated laser radiation case (chopper off in figures 5.18–5.20).
Basically, the experimentally observed nonlinear pre-damage behavior of the studied elements appears to be an interplay of the temperature-induced and nonlinear
effects in these particular NMC realizations. Nevertheless, it is possible to circumvent the temperature influence by introducing an optical modulator. Thus,
the modulation depths measured in this way can be regarded as “pure” nonlinear
effect estimations. Notice, that the nonlinear effect of about 6% occurs at 50%
edge of the filter F504 (figure 5.20). At 80% of the same edge filter, the effect is
about 3%. These values might not seem large, however, one can conclude that they
are quite significant if one takes into consideration that the nonlinear coefficients
of dielectrics are estimated to be on the order of 10−15 cm2 /W (as discussed in
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Figure 5.18: Estimation of the “pure” nonlinear effect for NMC F502: Estimated nonlinear 4Rnl (yellow diamonds) is obtained as a result of subtracting the temperatureinduced 4Rtemp (red triangles) from the total measured 4Rtot (a,c: magenta diamonds) without chopper and 4Rch (b,d: blue diamonds) with the chopper for two
cases of Ri /Ti of 50/50 (upper panels) and 80/20 (lower panels). The error bars
represent standard deviations. Parabola fits (solid black curves) serve as a guide to
the eye.
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Figure 5.19: Estimation of the “pure” nonlinear effect for NMC F503: Estimated
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76

5.5 Some remarks on self-trapped excitons and incubation effects
section 5.1) and a typical change in refractive index is not higher than 0.01.

5.5 Some remarks on self-trapped excitons and
incubation effects
in the multilayer coatings
As already pointed out, the characterization of optics was conducted in the predamage regime. Nevertheless, it is worthwhile to discuss several issues related
to the LIDT. Optical damage (also referred to as breakdown) can generally be
defined as a permanent change of the optical properties of a material [202]. There
are several different physical mechanisms that can cause laser induced damage
[62]. The actual damage occurrence depends on the laser parameters such as
pulse duration, central wavelength, number of pulses, as well as properties on the
sample such as surface quality and bandgap energy. The critical plasma density
in the conduction band (CB) is commonly assumed to be the criterion of damage
onset [178,179,203,204], for the reason that the free electron density exceeding the
critical plasma density makes the material highly absorbing. It is also generally
known that a decrease in damage threshold with increasing number of incident
pulses S irradiating the same spot (see for example ref. [205]) is caused by the
accumulation of defects at fluence values below the single pulse damage fluence F1
(1-on-1). Typically, the threshold reduces with increasing S before saturating at
a particular level F∞ (infinite number of pulses damage fluence). The mentioned
defects can be native defect states as well as laser induced defects (traps). It
is then easier for subsequent pulses to excite these defects rather than stimulate
electrons from the valence band (VB) to the CB, which results is a decreased
damage threshold. The formation of a defect state possessing a large binding
energy within picoseconds or faster, depending on the oxide material, has been
observed during femtosecond time-resolved pump-probe experiments [187]. These
laser induced intermediate levels are most likely related to self-trapped excitons
(STEs), which are known to appear in wide-gap dielectric materials [206].
In ideal ionic crystalline bulk materials, electrons and holes can spontaneously
form localized states in the bandgap by self-trapping [207]. The electron-hole
couple can in turn trap a complementary charge to generate a transient state,
the STE. Through atomic displacements, STEs can subsequently develop into
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long-lived states, called color centers (also known as F-center, from the original
German Farbzentrum) [191, 192, 208–210]. The life times of such color centers can
reach minutes, hours, and even months at room temperature [209, 210]. In optical
coatings, which are in fact neither entirely crystalline nor amorphous, the picture
is much more complicated [211]. First, the thin film deposition techniques result
in pre-exisitng (native) defects [190], which can create mid-gap states (shallow
traps). Vacancy and interstitial ions are examples of native oxide defects. Shallow
traps can manifest themselves as small tails in the transmission spectrum near
the bangap observed in oxide films [182]. Second, optical excitation of dielectric
materials can produce additional defects similar to what has been studied in pure
crystalline bulk materials i.e. it can lead to STEs and subsequently color center
formation [191, 192, 209, 210].
The widely reported observation of a decreased damage threshold fluence of dielectric materials for multipulse exposure compared to single-pulse illumination
is known to be an incubation (or cumulative) effect [191, 205, 212]. The aforementioned long-lived lattice defects are likely to contribute to material incubation
since they can accumulate during multipulse laser excitation. Shallow traps (usually native defects) lie within a one-photon resonance of the CB, whereas deep
traps (either native or laser induced) are more than one photon energy below the
CB and can be excited by MPA. Shallow traps can be occupied by the CB electrons with high efficiency. Laser induced deep defects in dielectric oxide materials
have been concluded to be STEs. Once in the CB, an excited electron can either
relax straight to the VB or decay into shallow and deep traps. The number of
possibly re-excitable states grows with the number of pulses. The populated traps
decrease the LIDT for pulses following the first one in a train.
Usually, the authors [60, 160, 187, 193] try to avoid incubation effects by reducing the repetition rate of the laser or moving the sample after each shot for
subpicosecond pulses. However, for the 1-ps pulses used here, most of the change
in the damage threshold was recognized to occur between the first and second
pulses [194,195]. Through simulations, the effect of shallow traps has been ratified
to be the reason for the latter fact. The effect of shallow traps is the consequence
of the weakening contribution of MPA to producing the critical electron density for
longer pulse durations (opposed to 50 fs). The intensity at the damage threshold
decreases with increasing pulse duration. Subsequently, the importance of linear
absorption and avalanche ionization rises. Note, that the effect of shallow traps at
longer pulse duration may restrain the effect of deep traps but the former does not
exclude the latter; the combined effect of both shallow and deep mid-gap states
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always results in a reduced LIDT.

5.6 Time-resolved measurements of the optical
Kerr effect in multilayers
Pump-probe measurements, presented in this section, were performed in order to
fully verify the Kerr-based nature of the nonlinear response of the NMCs.

5.6.1 Pump-probe experimental setup
The experiments were performed with a degenerative pump-probe setup (figure
5.21) with the aforementioned laser source. The incoming pulse was divided by a
beam splitter into pump and probe pulses, and the latter was sent through a variable delay line. The delay line step resolution was 0.01 mm which resulted in 67 fs
step in the time domain. The probe beam was attenuated by a factor of 100 with
respect to the pump in order to measure only pump-induced reflectance changes.
Both pulse replicas were focused on the sample by lenses, and the reflected probe
pulse was detected by a photodiode. To examine an approximately uniformly excited region of the sample, the probe was focused onto a spot significantly smaller
than the area of the pump (about a factor of 2 smaller). The probe beam remained
s-polarized whereas the polarization of the pump was rotated through 90° after
propagating through a half-wave plate and a polarization cube, which decreases
the possibility of a pronounced so-called “coherence spike” appearing [213]. Many
scientific groups have reported on observing a peak around zero delay time (figure
5.22), termed coherence spike (known as coherent interaction or coherent nonlinearity as well) in pump-probe femtosecond measurements [187, 215–217]. The
possible presence of the coherence spike needs to be taken into account because
the measurement results achieved with the pump-probe method may contain artefacts which can falsely be attributed to the sample response. The photodiode was
set to detect s-polarization by employing another half-wave plate and a cube immediately before the detector, hence reducing the influence of unwanted scattered
light (figure 5.21). The pump pulse was mechanically modulated by a chopper and
the pump-induced reflectance modulation of the probe was detected by a lock-in
amplifier in order to increase the signal-to-noise ratio. The setup is capable of a
sensitivity up to ∆R/R = 10−4 at 1 kHz [218]. The linear reflectance Ri of the
samples was measured separately by a powermeter. The time response measure-
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Figure 5.21: Schematic of a degenerate pump-probe setup. BS, beam splitter; AF,
attenuating filter. Laser radiation source is a Yb:YAG TD regenerative amplifier: 1030
nm central wavelength, 50 kHz repetition rate, 1 ps pulse duration. The incoming
pulse is divided by a beam splitter into pump and probe pulses; the latter is sent
through a variable delay line. The probe beam is attenuated (by a factor of 100) with
respect to the pump. Both pulse replicas are focused on the sample by lenses, and
the reflected probe pulse is detected by a photodiode. To examine an approximately
uniformly excited region of the sample, the probe was focused onto a spot significantly
smaller than the area of the pump. The probe beam remains s-polarized whereas the
polarization of the pump is rotated through 90° one after propagating through a halfwave plate and a polarization cube, which decreases the possibility of a pronounced
coherence spike appearing [213]. The photodiode is set to detect s-polarization by
employing another half-wave plate and a cube immediately before the detector, hence
reducing the influence of unwanted scattered light. The pump pulse is mechanically
modulated by a chopper and the pump-induced reflectance modulation of the probe is
detected by a lock-in amplifier in order to increase the signal-to-noise ratio.
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Coherence spike

Figure 5.22: Coherence spike observation: The peaks around zero delay time in the
measured signals are ususally referred to as coherence spikes (marked by the blue
ellipse). Figure adapted from [214].
ments of the NMCs were performed at approximately 85% of the damage threshold
intensity.
In order to ensure the reliability of the pump-probe measurements, the time
recovery of semiconductor saturable absorber mirror (SESAM, ref. [219]) M4937
[52] was obtained with the help of the assembled pump-probe setup. Figure 5.23
contrasts SESAM M4937 and the NMC F504. The SESAM M4937 demonstrates
the two-time-scale response typical for SESAMs [219–221]. It is also evident, that
the NMC F504 recoveres much more rapidly.

5.6.2 Pump-probe measurements
Time-resolved recovery curves of the NMCs F502 (Nb2 O5 /SiO2 ), F503 (Ta2 O5 /SiO2 )
and F504 (Ta2 O5 /SiO2 , GDD = −5000 fs2 ) for different values of Ri /Ti are presented in figures 5.24–5.26 respectively. Due to the fact that the source pulse
duration is 1 ps, any possible coherence spike, typically on the order of 5–20 fs,
cannot be resolved. The detected relative changes of R are presented in the normalized view as these values are most probably affected by the presence of the
coherence spike, and thus are not of interest. Figures 5.24–5.26 provide evidence
that the reflectance change disappears very quickly after the pulse for both initial
conditions.
Over the course of the measurements, the recovery of NMC F504 was consistently
below the 1 ps sensitivity of the detection system (for the cases Ri /Ti 50/50 and
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Figure 5.23: Time response of SESAM M4937 (Ri = 98.4 %), hit by a 1-ps pulse at
zero time delay, obtained with the described pump-probe setup. The time response of
the NMC F504 for Ri /Ti = 80/20 is provided for comparison as well.
80/20). The response time of NMCs F502 and F503, however, contained some
features observed after the pump pulse is gone. Figure 5.27 depicts the statistics of
the pump-probe measurements for all three NMCs for Ri /Ti = 90/10 collected over
several months performed at different sites of the sample surfaces. The ACF of the
laser source used in the experiments was measured with the help of a commercial
autocorrelator (A·P·E pulseCheck 15). The measured ACF was then fitted by
the expected Gaussian function with τac =1.46 ps, from which the pulse duration
τp =1 ps can be calculated via τp = 0.707·τac (ref. [1], p. 477). The normalized
time response of the three NMCs is compared to the Gaussian fitted ACF (solid
black curves in the right panels of figure 5.27). The short time behavior in figure
5.27 makes it obvious that the recovery of the NMC F504 entirely follows the 1-ps
pulse. Much slower temperature effects, usually occurring within seconds, cannot
contribute to response of NMCs on 1 ps time scale. Thus, at least for F504, the
“pure” change in reflectance measured previously (figure 5.20) is fully related to
the nonlinear time response with an upper limit of 1 ps. For comparison, the
nonlinear response of a metallodielectric mirror [176] does not fully recover after
a delay of 16 ps.
To date, it is not clear whether the witnessed “tails”, which can be seen in
the long time behavior in figure 5.27, have physical explanation or not. In case
the “tails” can be regarded as artifacts (e. g. due to some electronics issue),
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F502: time response at 83 % of LIDT
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Figure 5.24: Time response of NMC F502 at 83% of LIDT, hit by a 1-ps pulse at
zero time delay for the cases of Ri /Ti of 95/5 (a), 90/10 (b), 80/20 (c), 50/50 (d).
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F503: time response at 88 % of LIDT
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Figure 5.25: Time response of NMC F503 at 88% of LIDT, hit by a 1-ps pulse at
zero time delay for the cases of Ri /Ti of 95/5 (a), 90/10 (b), 80/20 (c), 50/50 (d).
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F504: time response at 85 % of LIDT
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Figure 5.26: Time response of NMC F504 at 85% of LIDT, hit by a 1-ps pulse at
zero time delay for the cases of Ri /Ti of 95/5 (a), 90/10 (b), 80/20 (c), 50/50 (d).
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Figure 5.27: Reproducibility of pump-probe measurements for NMCs F502 (a),
F503 (b) and F504 (c) where Ri /Ti = 90/10. The long time behavior (left panels) is contrasted with short time behavior (right panels). Short time behavior (right
panels) of the NMCs is compared to a Gaussian fitted ACF (black solid curve). The
presented measurements were performed on different days and at different sites on the
NMCs.

86

5.6 Time-resolved measurements of the optical Kerr effect in multilayers

Figure 5.28: Phase shift as a function of time measured in SiO2 . The initial positive
phase shift is due to the Kerr effect, then free carriers induce a negative phase shift
(plasma effect) and finally electron–hole pairs are trapping deeply in the band gap,
leading to a positive phase shift. The intensities are kept well below the threshold.
Figure and the caption are adapted from [193].
then the time response of all the studied NMCs could certainly be claimed to be
below 1 ps. If the features detected at long delay times have, on the contrary,
a physical origin, only NMC F504 demonstrates more or less reproducible rapid
recovery. As a remark, the pre-damage nonlinear behavior of oxide dielectric singlelayer thin films (including Ta2 O5 and SiO2 ) has been attributed to several effects
[193, 214, 222]. Among the latter, MPA processes, the optical Kerr effect and the
ultrafast formation of STEs (discussed in section 5.5) on a 1-ps time scale have
been stated to be the dominant ones.
More specifically, using either conventional pump-probe or femtosecond pumpprobe interferometry technique, a group of researches [192, 193, 223] has investigated the kinetics in both quartz (α-SiO2 ) and amorphous silica (a-SiO2 ). Mouskeftaras et al. [193] have measured the change of the phase shift in time (figure 5.28),
which is basically proportional to n2 , and is somewhat similar to the pump-probe
traces presented here (figure 5.27(a,b)). The first positive part has been attributed
to the Kerr effect, followed by a negative part (when the pump is gone), proportional to the density of photo-excited electrons. The final positive phase shift has
been justified by STE formation. Likewise, it could be that the STEs form in the
multilayer structures presented in this work as well, resulting in both the temperature rise (due to MPA via the induced mid-gap states) and the long-time tails
in the pump-probe measurements. However, this remains only speculation at this
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point, and these undetermined features need to be further investigated.
Overall, in multilayer thin films, nonlinear absorption has been shown to only
lead to decreasing reflectance (e.g. ref. [145]), which is not the case in the present
study (see section 5.3). The temperature-induced effects were isolated, enabling
the observation of the “pure” nonlinear effect (see section 5.4). Recovery of the
NMCs limited to 1 ps was shown (figure 5.27). Hence, from a physical point of
view, the nonlinear pre-damage performance of the NMCs is dominated by the
optical Kerr effect.
Previously reported calculations [147, 150, 152] and experiments with various
nonlinear optical materials and devices [145, 146, 170–176] have predominantly
been performed for wavelengths equal to or shorter than 800 nm, where MPA
processes arise in dielectrics with a high probability. For the present investigation,
any MPA processes are considered detrimental. The longer the wavelength, the
less the probability of MPA and other intensity-dependent absorption effects, hindering the beneficial optical Kerr effect (for the same Eg ). A step towards longer
wavelengths and, consequently, to a nonlinear optical response dominated solely by
the optical Kerr effect, was undertaken herein. Operating at longer wavelengths
such as 1.5 µm or 2 µm is expected to bypass the limitations originating from
intensity-dependent absorption.
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Applications of nonlinearities in
dielectric multilayer coatings
This chapter introduces the first potential applications of the NMCs, among which
are limiters (section 6.1), spatial (section 6.2) or temporal filters (section 6.3), and
light modulators (section 6.4). As mode-lockers, the NMC devices, could be used
in combination with other mode-locking techniques, for instance with Kerr-lens
mode-locking.

6.1 Limiter
Here, one of the possible applications is demonstrated, namely performance of an
NMC as a passive, intensity-stabilizing element for laser pulse trains. A plot of average transmitted power versus incident laser peak intensity (figure 6.1) illustrates
that the transmitted power Ptr practically remains constant in the nonlinear regime
(starting from about 100 GW/cm2 ) despite the increasing incident intensity. This
result shows that NMC F504 exhibits “limiting performance”, i.e. limits the transmitted power to a certain value which depends on the value of Ri /Ti . The nearly
instantaneous Kerr effect thereby ensures fast stabilization of the transmitted radiation, whereas the temperature effect additionally provides slow stabilization at
a time scale of 1 s.

6.2 Spatial filter
One of the potential applications of NMCs is the spatial filtering of optical pulses.
Generally, the spatial intensity distribution of pulses produced by laser oscillators
and amplifiers can be represented by a Gaussian function. Such beam profiles
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Figure 6.1: Limiting performance of NMC F504: Dependence of transmitted power
Ptr on the peak intensity for different Ri /Ti values enumerated by the legend.
usually contain additional higher order modes of non-Gaussian shape. The nonlinear spatial filter, based on the propoerty of the NMCs demonstrating higher
reflectance for higher intensities, can effectively filter these modes out. Hence,
mostly the lower order Gaussian part of the beam will be reflected by the spatial filter. Furthermore, it is sometimes necessary to obtain a nearly flat spatial
distribution in order to prevent undesirable self-focusing effects in air and gain
media. This can be achieved with the help of a nonlinear π-shaper which is more
absorbant at higher intensities (due to 2PA in the dielectric layers), thus flattening
the laser beam profile as shown in figure 6.2.

6.3 Temporal filter
The NMCs may possibly lead to the creation of temporal filters, allowing the
reduction of noise of the incident laser radiation. Such “noise eaters” would stabilize the laser output and would be incredibly useful for laser applications, where
stability plays an important role. Similar to the demonstrated limiting behavior
of the NMCs (section 6.1), a certain constant pulse intensity will be transmitted
through the nonlinear stabilizer regardless of the incident pulse intensity in the
time domain (figure 6.3). Naturally, the fast time response of the NMCs is the
necessary condition for the stabilizing performance.
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Figure 6.2: Principle of a nonlinear π-shaper: It absorbs stronger at higher intensities
(due to the 2PA in dielectric layers), thus flattening the laser beam profile. The original
figure was kindly provided by T. Amotchkina.
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Figure 6.3: Principle of a nonlinear stabilizer: A certain constant pulse intensity is
transmitted through the nonlinear stabilizer regardless of the incident pulse intensity
in the time domain.
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6.4 Mode-locking device: Multilayer Amplitude
Modulator
Originally, the idea for creating a light modulator exploiting intensity-dependent
refractive indices of a multilayer coating beneficial for mode-locking in particular has emerged. In this case, the NMC would serve as a multilayer amplitude
modulator (MAM).
The current design has a rather narrow bandwidth of about 10 nm (see e.g. figure 5.1(b)), which would limit the pulse durations down to 100–200 fs (the upper
limit) if the presented NMCs are implemented as mode-locking devices. However, in combination with Yb-doped gain media (Yb:YAG, Yb:KYW, Yb:KGW),
whose emission bandwidths are intrinsically narrow (about 9–15 nm), the edgetype structure does not restrict the attainable bandwidth. For the possible modelocking applications, the change in reflectance on the order of 0.5% (modulation
depth currently demonstrated by SESAMs) is sufficient to achieve mode-locking of
a laser system. Potentially, the NMC devices could outperform such mode-lockers
as SESAMs due to much faster time response and absence of linear absorption.
A typical mode-locked oscillator configuration (figure 6.4) consisting of a laser
gain medium, linear or ring resonator, HR mirrors and DMs. The MAM operated
in reflection is schematically depicted in figure 6.4(a), whereas figure 6.4(b) illustrates the MAM functioning in transmission. MAM should be positioned inside
the cavity in such a fashion that the beam size is small enough to reach the required intensity and thus induce the appropriate reflectance change. For instance,
the MAM can be located in the beam focus created by two concave mirrors as
shown in figure 6.4(a), where it at the same time serves as an output coupler. A
person skilled in the art of cavity design can suggest many other cavity configurations providing the small beam size inside of the cavity. For instance, a small
beam size can be achieved closer to one of the end mirrors. In this case, the
MAM would be used as an end mirror or positioned closer to the end mirror as
exemplified in figure 6.4(b). The MAM could also be used in combination with
other mode-locking techniques, e.g. KLM. Multiple MAMs, integrated in the laser
cavity, could enhance the SAM effect. Moreover, complimentary MAMs can be inserted in the cavity such that the overall bandwidth (or dispersion curve) provided
by two or more MAMs is better than that provided by a single MAM. The laser
gain medium can be chosen as a bulk crystal medium, as a slab crystal and as a
TD crystal. Dispersion compensation can be provided by a set of DMs (see section
4.1). A mode-locked oscillator can be operated in the regime of either anomalous
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Typical mode-locked oscillator:
MAM works in reﬂection
MAM

a

MAM

Gain (laser crystal)
Gain: Laser crystal
Typical mode-locked oscillator:
MAM works in transmission

b

Gain: Laser crystal

MAM

Figure 6.4: Oscillator configuration with the integrated MAM as a mode-locking
device: (a) MAM works in reflection; (b) MAM works in transmission. MAM should
be positioned inside the cavity in such a fashion that the beam size is small enough to
reach the required intensity and thus cause an appropriate reflectance change. MAM
is located in the beam focus created by two concave mirrors, where it at the same time
serves as an output coupler (a). Alternatively, the small beam size can be achieved
closer to one of the end mirrors, where MAM is positioned (b).
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(negative) or normal (positive) dispersion.
However, the MAM application has not, up to now, been realized. The temperature effects caused by nonlinear absorption (discussed in section 5.4) are probably
one of the most considerable obstacles for achieving mode-locking. One of the possible consequences is that the temperature could change the ROC of mirrors, thus
preventing the locking of the phases. More details about the undertaken attempts
to achieve mode-locking can be found elsewhere [144]. Nevertheless, the application of an NMC as a mode-locking device, as a multilayer amplitude modulator
(MAM) remains one of the most exciting and promising potential applications.
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Chapter 7
Summary and outlook
This work has demonstrated the high capacity of coating technology to provide
solutions to pushing the boundaries of ultrafast oscillator performance. The feasibility of the coating technology to implement not-hitherto-accessible levels of
negative dispersion holds promise for developing laser oscillators with ever shorter
pulses possessing ever higher energy, peak and average power values. A single
highly-dispersive mirror (HDM) with a group delay dispersion reaching the value
of –10 000 fs2 in the wavelength range 1025–1035 nm has been presented here.
This HDM was successfully employed in a mode-locked Yb:YAG thin-disk oscillator, resulting in 320-fs pulses with an average power of about 4 W; and lead to no
degradation in the oscillator behavior in comparison to an HDM with −3000 fs2 .
In the course of time, HDMs providing unprecedented levels of dispersion may
be integrated in high average power regenerative amplifiers. Advancing HDMs to
ever higher negative dispersion benefits the development of compact, user-friendly,
high-power and high-repetition rate femtosecond oscillators and may, in prospect,
simplify pulse stretching-compression schemes in chirped-pulse amplifier systems.
Further research directed at HDMs deposited on suitable substrates concurrently
demonstrating high dispersion values for a broad wavelength range, low losses, high
damage threshold and negligible thermal effects will promote the development of
ultrafast oscillators.
At the same time, the coating technology can become a source of nonlinearity
and spawn a novel class of laser elements. Dielectric optical coatings whose operating principle is based on the nonlinear optical Kerr effect are near at hand
and may become a key element in enhancing the capabilities of ultrafast oscillators. Nonlinear multilayer coatings (NMCs) for the near-infrared spectral range
have been designed, manufactured and intensely characterized in the frame of this
work. The observed nonlinear behavior of the NMCs has been found to be the
result of two separate manifestations: a quasi-instantaneous nonlinear response
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driven by the optical Kerr effect, and temperature-induced effects arising through
thermal expansion and the thermo-optic effect. The detrimental temperature influence has been studied independently. The modulation depth in reflectance of
the NMCs due to the optical Kerr effect has been shown to be as high as 6 %,
which is fairly significant considering the small Kerr coefficients of the composing
dielectric materials. Pump-probe measurements have shown that the nonlinearity
of the NMCs has a rapid recovery time shorter than the laser envelope width of 1
ps.
Investigating the origin of absorption in the presented NMCs as well as the
unexplained long time dynamics should enable the creation of elements exhibiting a solely Kerr-based nonlinear response. It may also be interesting to create
NMCs for longer wavelengths, around 2 µm, where the probability of multiphoton absorption and other intensity-dependent absorption effects is lower (given the
bandgap energy remains the same). There, a nonlinear response based entirely on
the quasi-instantaneous change of the refractive index is expected. Dielectric NMC
elements, which can be fabricated using standard coating techniques available in
many facilities around the world, could be a viable alternative for conventional
nonlinear materials in laser applications. NMCs can potentially be integrated in
laser oscillators as intensity-limiting, spatial or temporal filters. With further optimization, NMCs may serve as multilayer amplitude modulators for initiating or
assisting laser mode-locking. In a greater outlook, the NMCs may betoken the
advent of a novel all-dielectric mode-locking technique.
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Data archiving
The experimental raw data, evaluation files, and original figures can be found on
the Data Archive Server of the Laboratory for Attosecond Physics at the Max
Planck Institute of Quantum Optics: /afs/rzg/mpq/lap/publication_archive.
The data is organized with respect to the chapters and sections of the thesis. All
original figures are named fig_xx-xx_text, where xx-xx corresponds to the figure
number in the thesis and _text gives a short figure caption. A text file within
each folder named ChapterX.docx or ChapterX_SectionY.docx (X/Y being the
chapter/section number) gives detailed information for the figures contained in
the according chapter (section of that chapter) in the order of appearance. These
text files describe the organization and format of the raw data, as well as the
processing, evaluation or simulation performed in order to obtain the final figure.
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