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Abstract
This thesis shows how sources of coherent radiation in the mid-infrared (mid-IR)
region can be enhanced. To achieve this, optical parametric oscillators (OPOs)
employing improved novel materials, new optical elements, and novel cavity designs
have been implemented. Moreover, important measurements for the development
of ultrashort-pulsed lasers were conducted. In turn, such lasers are suitable pump
sources for the nonlinear conversion to the mid-IR.

The mid-infrared spectral region is of interest for many applications in the areas
of medicine, sensing, climate monitoring, and ranging. Here the target wavelength
6.45µmwas especially interesting since it is considered particularly useful in surgical
applications. Commercially available lasers perform poorly as pump sources for the
generation of this wavelength. Therefore, a superior cascaded conversion scheme
with large aperture crystals was implemented. In these, Rb-doped KTiOPO4 (KTP)
was employed since it was found that Rb-doping improves the poling properties of
KTP. Moreover, for the conversion scheme to be efficient, a narrow-band output
spectrum of the OPO is required. It was shown here that this can successfully be
achieved by utilizing a volume Bragg grating (VBG).

Alternatively, for the direct generation of mid-IR radiation, KTiOAsO4 (KTA)
crystals with an extended transmission into the mid-IR as compared to KTP have
been investigated. Novel room-temperature periodic-poling of KTA was shown and
the fabricated crystals were successfully employed in a highly-efficient OPO.

The newly developed pump sources based on the Rb-doped KTP crystals were
successfully implemented in a cascaded OPO experiment. Here, a so-called RISTRA
cavity was employed and high-energy nanosecond pulses at 6.45 µm with improved
beam quality were demonstrated.

Pulsed lasers emitting at around 1 µm, e.g. Yb-doped host materials, are fre-
quently employed as pump sources of nonlinear optical conversion schemes. To al-
low further development of ultrashort pulsed Yb-doped double tungstate lasers, the
nonlinear refractive index of several materials was measured. Among these are new
materials which were for the first time characterized with regard to their nonlinear
refractive index.

In addition to the pulsed experiments above, a periodically poled lithium nio-
bate crystal was employed to generate continuous-wave output. Even here, a volume
Bragg grating was implemented and thereby demonstrated a novel method to con-
trol the threshold of the OPO. Thus, a stable high-energy highly-efficient OPO
could be demonstrated.
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Sammanfattning
Det infraröda spektralområdet är av intresse för många tillämpningar inom medi-
cin, spektroskopi, klimatövervakning och avståndsmätning. Av särskilt intresse är
våglängden 6,45µm som anses särskilt användbar för kirurgi.

Denna avhandling visar hur befintliga koherenta strålkällor i det infraröda om-
rådet kan utvecklas genom användning av optiska parametriska oscillatorer (OPO),
baserade på förbättrade nya material, optiska element och kavitetsdesign. Dess-
utom behandlas mätningar av intensitetsberoende brytningsindex, av stor vikt för
utveckling av ultrakorta laserpulser som i sin tur är användbara som pumpkällor
för ickelinjär frekvenskonvertering i IR-området.

Kommersiellt tillgängliga lasrar för pumpning av parametriska oscillatorer vid
6,45µm levererar oftast otillräcklig effekt. Därför utvecklades ett effektivt system,
baserat på tjocka periodiskt polade KTiOPO4 (KTP)-kristaller, dopade med Rb för
förbättrade polningsegenskaper. Smalbandig pumpstrålning för optimal effektivitet
uppnåddes genom användandet av ett volymbraggitter (VBG). Systemet använ-
des sedan för att pumpa ett flerstegs OPO-system i en sk RISTRA-kavitet som
emitterade nanosekundpulser med hög energi vid 6,45µm våglängd.

Ett alternativ för generering av mid-IR, är att använda KTP isomorfen KTiOAsO4

(KTA), med utökad transmission i IR-området relativt KTP. I avhandlingen de-
monstreras att KTA kan polas vid rumstemperatur och att kristallerna sedan kan
användas för att konstruera en högeffektiv OPO.

Pulsade lasrar kring 1µm, baserade på t ex Yb, används ofta som pumpkällor i
ickelinjära optiska system. För att möjliggöra utvecklingen av ytterbiumlasrar med
ultrakorta pulser har det ickelinjära brytningsindexet mätts för ett flertal mate-
rial. Bland dessa var ett antal tidigare helt okarakteriserade vad gäller ickelinjärt
brytningsindex.

Utöver de ovannämnda experimenten med pulsad strålning användes en peri-
odiskt polad litiumniobatkristall för att konstruera en kontinuerligt emitterande
OPO. En ny metod för att styra pumptröskeln med hjälp av ett volymbraggitter
utvecklades och den resulterande OPO:n uppvisade god stabilitet och rekordhög
uteffekt.
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Chapter 1

Introduction

1.1 Historic background

In 1960, Maiman demonstrated the first laser, a flash-lamp pumped ruby (Cr3+:Al2O3)
laser [1]. This was the starting point for the development of many different kinds
of lasers, a development that is still ongoing today. Nowadays, lasers are used in
many different applications: they are part of the backbone of our world-wide com-
munication networks, they are useful when giving a presentation, and they enable
you to listen to music from a CD.

However, right from the start, people where aware of the dangers of lasers as even
the very first models were powerful enough to burn skin. At especially high risk is the
eye because a collimated laser beam can be focused by the lens of the eye onto the
retina and high intensities are reached at the focus [2]. This can cause temporary or
permanent blindness. On the other hand, lasers have also prevented blindness in tens
of millions of patients suffering from diabetic retinopathy, where the treatment was
performed with an argon ion laser [3] in a procedure called photocoagulation1. Here,
a laser beam is also focused onto the retina, just as described above, but, by doing so,
the retina gets reattached to the underlying choroid. The first time a ruby laser was
used with a photocoagulator on a patient was already in 1961 [4], just one year after
Maiman’s demonstration. This was how lasers entered the huge field of medicine.
Nowadays, lasers are not only used in ophthalmology (photocoagulation, LASIK2),
but e.g. also in dermatology (removal of port-wine stains), cosmetic surgery (tattoo
removal), and urology (prostate surgery). A more detailed description of the use of
lasers in surgery follows in Sec. 1.4.

Just after the invention of the laser, the field of nonlinear optics also developed
due to the then available (and necessary) high intensity coherent light sources. Non-

1Photocoagulation was already known and used with electrical lamps and even the sun as
the light source prior to the invention of the laser. Nevertheless, lasers as light sources perform
superiorly due to the shorter treatment time and an improved accuracy.

2Laser-assisted in situ keratomileusis is a procedure to reshape the cornea to improve vision.
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4 CHAPTER 1. INTRODUCTION

linear optics extends the field of lasers to a wider spectral region, and, for the first
time, second-harmonic generation (SHG) was presented in 1961 by using a quartz
plate to frequency double a ruby laser [5]. This was done without any particu-
lar type of phase matching but, already in 1962, birefringent phase matching was
demonstrated [6, 7] and a much larger conversion efficiency could be reached. Sum-
frequency generation (SFG) [8], difference-frequency generation (DFG) [9], optical
parametric amplification (OPA) [10, 11] and optical parametric oscillation (OPO)
[12] followed in 1962, 1962, 1965, and 1965, respectively. Quasi-phase matching was
proposed in 1962-63 [13, 14] and periodic poling of crystals by electric-field pol-
ing was first performed in 1993 [15]. Today, one of the common uses of nonlinear
optics in medicine is the use of the second-harmonic of a Nd:YAG laser in oph-
thalmology to do the above-mentioned photocoagulation. This is a good example
of how the capability of nonlinear optics can be employed to reach wavelengths not
directly accessible by lasers themselves. This can be very advantageous in certain
applications.

As mentioned above, high intensity is a basic requirement for an efficient non-
linear conversion of light. This also means that, sometimes, it is of great advantage
to have a spectrally narrow source with, at the same time, a high intensity in order to
reach an efficient conversion to the desired wavelength(s). One way to achieve spec-
trally narrow lasers and optical parametric oscillators is by using a volume Bragg
grating (VBG) as the output coupler. Experiments with a VBG as line-narrowing
elements showing laser output and even single longitudinal-mode radiation were
presented in 2004 [16] and 2006 [17], respectively. The first OPO with a VBG was
demonstrated in 2005 [18].

Some medical applications, or, more precisely, their beam delivery systems, put
high demands on the beam quality of the light provided. To improve the symmetry
of the OPO output beams one can use the so-called RISTRA cavity. RISTRA
cavity stands for rotated-image, singly resonant, twisted-rectangle cavity and was
proposed and built in 2002 [19]. These cavities offer a great improvement in the
beam quality by “averaging over pump beam inhomogeneities” [19] and make the
output beam more suitable for fiber delivery systems. See also Sec. 2.6.

1.2 Continuous-wave optical parametric oscillators

Much of the early work in nonlinear optics was done in the pulsed regime, because, in
general, pulsed sources provide a larger peak power if compared to continuous-wave
lasers and, thereby, provide higher efficiency. However, as the pump sources devel-
oped, continuous-wave singly resonant optical parametric oscillators (SRO) became
possible [20]. In recent years, diode-laser and fiber-laser pumped SROs [21, 22] have
attracted increasing attention [23, 24]. Nevertheless, it is not trivial to build such
systems due to the large gain that is required within the OPO crystal. Therefore,
periodically-poled gain materials are favorable since they usually provide a larger
effective nonlinearity as compared to birefringent phase-matched materials, because
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they can be designed for collinear operation and, by that, enable long interaction
length. Nowadays, cw OPOs can provide reasonable output from the visible to the
mid-IR, a wide tunability, spectrally narrow output, and output powers in the tens
of Watts range [25–27]. Especially for the high output power systems, it might be
of advantage to have a variable output coupling to control the OPO threshold. This
can be done by using several different mirrors as output couplers [28], an antires-
onant ring interferometer [29], or a variable-reflectivity volume Bragg grating as
demonstrated in the present work.

1.3 Double tungstates as laser host material

Double tungstate crystals with the chemical formula MRE(WO4)2, where M is a
monovalent alkali ion and RE is a trivalent Y, Yb, La, Gd, Lu or Bi cation, are
usually suitable to be doped with Yb3+ ions. Such crystals can then provide a broad
gain bandwidth and are used in mode-locked lasers with pulse lengths of down to
70 fs in Yb:KY(WO4)2 [30]. The mode-locking itself can be achieved through a
semiconductor saturable absorber mirror (SESAM) or via Kerr-lens mode-locking.
However, the combination of a broad gain-bandwidth with a large Kerr nonlinearity
makes these materials promising candidates for further improvement of Kerr-lens
mode-locked lasers. In order to be able to design and build such lasers, a detailed
knowledge of not only their absorption and emission cross-sections is necessary, but
also the Kerr nonlinearity needs to be known. In this work, several materials – some
of them, such as KLu(WO4)2, are rather new – have been characterized with regard
to their Kerr nonlinearity employing the z-scan technique.

1.4 Laser surgery

The laser made its way into the medical applications almost right from the start.
However, concerns and caution were high, as nobody had any experience and know-
ledge about (long term) risks for either patients or staff members present during
the treatment. Much of the early work on lasers in medicine, as well as on assessing
the dangers of lasers in general, was “focused” onto the eye. The eye was found
to be at higher risk because its lens can focus the laser light onto the retina and
thus higher intensities can be reached in the eye compared to e.g. if the laser beam
directly hits the skin of the hand.

By now, the laser has not only entered ophthalmology but is employed in nearly
all fields of surgical medicine. However, the extent of acceptance and practical use
varies much between different medical specialties. The potential advantages of using
a laser lie in the high precision that can be reached with laser surgery. This allows
ablation of unwanted tissue while minimizing damage to the surrounding healthy
tissue.

Fig 1.1 shows the absorption spectra of soft tissue elements for a wavelength
range from the UV to the mid-IR and beyond. Water (dark blue line) shows strong
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water

wavelength [µm]

water

collagen

melanin

protein

Hb

HbO2

Figure 1.1: Absorption coefficient for different components of tissue. Hb –
Hemoglobin, HbO2 – Hemoglobin saturated with oxygen [31].

absorption in the UV as well as in the IR region, below 200 nm and above 1.5µm,
respectively. This can be exploited in laser surgery by rapidly heating the water
inside cells using a laser pulse, which will lead to explosion-like evaporation of
water and to ablation of tissue. However, if the ablation of tissue is not wanted, a
wavelength in the visible spectrum is used, where the absorption in water is low.
This is the case in e.g. tattoo removal or in the above-mentioned photocoagulation
where the laser light needs to pass through the vitreous body3 without damaging
it. If, on the other hand, ablation is wanted, light in the UV or the IR region is
used instead. Nevertheless, as UV light is accompanied by a mutagenic risk, it is
unfavorable for many applications. Nowadays, most of the commercially available
lasers used in surgery to ablate or to cut tissue operate in the wavelength region
between 2 and 11 µm, namely Ho:YAG (2.1 µm), Er:YAG (3.1µm) or CO2 (10.6 µm)
[31]. At first sight, the 3.1 µm Er:YAG laser is most suitable as it employs the largest
absorption coefficient, and, due to the commercial availability of such lasers, these
are also often used. Still, in both operational modes, cw or pulsed, these lasers are
unfavorable because of the collateral damage caused by depositing too much heat
in the surrounding tissue.

To achieve a superior surgery with minimal damage, a slightly different ablation
mechanism can be used [31]: Collagen is the most common protein in mammals and
is often found as elongated fibrils inside many different kinds of tissue, especially
in the connective tissue. It is a structural protein that strengthens the structure of
cells from inside the cells as well as via the extracellular matrix. Collagen shows
strong absorption in the amide I and amide II absorption bands at 6.1 µm and

3The clear gel between the lens and the retina of the eye.



1.5. SUBJECT OF THE THESIS 7

6.45µm, respectively. If collagen is irradiated with light at 6.45 µm, it is transformed
into gelatin which has much less strength than collagen. As water also has a high
absorption at this wavelength, cells can still be evaporated just as described above,
but, as a result of the weakening of the collagen prior to the evaporation, less energy
is needed. This reduces the collateral damage to a minimum and allows for high-
precision surgery where each laser pulse ablates approximately one cell layer, which
is considered to be the optimum [31].

To reach the necessary pulse energies at 6.45 µm, one can use a free-electron
laser (FEL), and successful test surgery has been performed on animals as well as
on humans [32]. However, the large investment and maintenance costs for a FEL,
in combination with the large space requirements, make this solution impractical
for everyday patient care. To start the development of a table-top, mid-IR laser
source at 6.45 µm, the European Commission financed under the Seventh Frame-
work Programme the MIRSURG (mid-infrared solid-state laser systems for mini-
mally invasive surgery) project under which a major part of the work in this thesis
was done.

To directly create 6.45µm radiation, one can use several approaches including
the FEL with its above-mentioned disadvantages as well as quantum cascade lasers
(QCL) which, however, do not provide high enough peak powers [33]. The approach
to reach 6.45µm output with high energies, investigated within the work of this
thesis, is based on a cascaded OPO scheme as will be outlined in greater detail in
Sec. 3.5.

Lasers used in surgery have to meet requirements not only in wavelength but
in regard to many other different parameters. In fact, these requirements can be
contradicting each other and are usually different for different tissues and treat-
ments. However, radiation at 6.45µm is especially suitable for brain surgery where
minimal collateral damage is essential [31].

1.5 Subject of the thesis

The aim of this thesis work is on the one hand to measure the nonlinear refractive
index of Yb-doped and undoped double tungstates crystals. On the other hand the
purpose is also to present several highly efficient pulsed and continuous-wave (cw)
optical parametric oscillators (OPO) in the mid-IR region. To not only reach high
efficiencies, but also to achieve large output powers, state-of-the-art periodically-
poled crystals were investigated. 5 mm thick periodically-poled KTiOAsO4 (KTA)
crystals were studied to be able to take advantage of the wide transparency window
KTA offers as compared to the more common KTiOPO4 (KTP). Rb-doped KTP
was used in several experiments and even here, 5 mm thick crystals were used to
show that this material is suitable to act as a high energy pump source for a follow-
ing nonlinear conversion stage. This second stage was realized by a RISTRA cavity
work with a ZnGeP2 (ZGP) crystal as gain medium. The report about this cavity
is believed to be the first independent RISTRA cavity without the participation
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of the original inventors. Moreover, as this ZGP OPO was pumped close to the
wavelength degeneracy point, special investigations for OPOs tuning over the de-
generacy point using a transversally chirped VBG were performed. Finally, a high
power cw OPO was constructed using a novel output coupler, a variable-reflectivity
VBG.

1.6 Outline of the thesis

This thesis is divided into two parts. Part I includes this introduction, an overview
over the theoretical background (Chapter 2) and a description of the experiments
and the results obtained (Chapter 3). The last chapter in Part I, Chapter 4, contains
a conclusion. In the printed version of the thesis, the following Part II contains a
reprint of the peer-reviewed journal papers I-VI.



Chapter 2

Theory

This chapter provides an overview of the theory of nonlinear optics relevant to
this thesis. The first part is based on the textbooks by Powers, Sutherland, and
Boyd [34–36] which give a deeper insight into the field. However, some important
concepts are explicitly explained here and different nonlinear processes of light-
matter interaction such as SHG, SFG, DFG and OPA are outlined. The chapter
continues with a description of the gain materials used, and a short introduction to
volume Bragg gratings and the RISTRA cavity is presented.

2.1 Nonlinear optical processes

Light is often considered to be an electromagnetic wave with spatially and tem-
porally varying electric and magnetic components E(r, t) and B(r, t), respectively.
Such a light wave can interact with matter or, more precisely, with the charged par-
ticles inside matter. However, the interaction between the magnetic field and the
medium is normally much weaker compared to its electric interaction and, there-
fore, the magnetic field will be disregarded from now on. The electric field can be
described by a complex amplitude, A, and an exponential function:

E(r, t) =
1

2
A exp(i(kr − ωt)) + c.c. (2.1)

with A = E0e
iφ. (2.2)

Here, c.c. denotes the complex conjugate and ω is the frequency of the light, while
k denotes the wave vector with the magnitude |k| = ωn

c = 2πn
λ with n being

the refractive index, c the speed of light in vacuum, and λ the wavelength. The
interacting electric fields are considered to be quasi monochromatic as provided
by a laser. Such a light beam exerts force on the charged particles in a dielectric
medium and is regarded to mainly move the electrons relatively to the heavier

9
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nuclei. Thereby, dipole moments are induced and these dipole moments per unit
volume are called polarization P (r, t). The induced polarization depends on the
strength of the external electric field and the polarizability of the medium. For
most cases, the polarization can be expressed by a power series given by:

P =

∞∑
N=1

P (N) = P (1) + Pnonlinear, (2.3)

where the first term with N = 1, is the linear polarization and all following terms
constitute the nonlinear polarization. Each term of Eq. (2.3) consists of N contri-
butions of the electric field, and N frequencies can mix and additional frequency
components can be generated for N > 1. The electric fields are related to the
polarization via the susceptibility, χ(N):

P (N) = ε0

∞∑
N=1

χ(N)EN , (2.4)

with EN being the electric field consisting of N monochromatic electric fields which
do not need to have unique frequencies. ε0 is the permittivity of free space and χ(N)

is the N -th order susceptibility tensor. As mentioned above, the polarization term
with N = 1 describes the linear interactions such as the refractive index n with
n =

√
Re[χ(1)] + 1 and the absorption coefficient α = Im[χ(1)]ω/nc. Re[χ(1)] and

Im[χ(1)] describe the real and the imaginary part of the χ(1) term, respectively.
However, the terms for N ≥ 4 can usually be disregarded due to their relative

weakness. It is noteworthy that in centrosymmetric materials, χ(2) = 0 and, there-
fore, the term with χ(3) is often the first nonlinear term that is nonzero. Nonetheless,
many materials used within this thesis are noncentrosymmetric and, consequently,
the second-order term is the dominant nonlinear contribution.

Second-order nonlinearity

The second-order nonlinear polarizability, P (2), can be used to describe the so-called
three-wave mixing processes. These processes involve three waves, which interact
in the medium via the polarization. Eq. (2.4) can be written for N = 2 as:

P (2) = ε0χ
(2)E2. (2.5)

Here, E can describe an input field consisting of two monochromatic beams Ek and
El, and with the help of Eq. (2.2), and assuming that ωk > ωl, the above expression
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nonlinear process abbreviation photon energies
second harmonic generation SHG 2ω = ω + ω ; ω = ω2 = ω3

sum frequency generation SFG ω1 = ω2 + ω3

difference frequency generation DFG ω1 = ω2 − ω3

optical parametric amplification OPA ωi = ωp − ωs
optical parametric generation OPG ωi = ωp − ωs
optical parametric oscillation OPO ωi = ωp − ωs
optical rectification OR ω1 = ω2 ; ω3 = 0

Table 2.1: List of different nonlinear processes.

can be expanded to

P (2) = ε0χ
(2)



1
4A

2
kexp(i(2kkr − 2ωkt)) + c.c. second harmonic of ωk

+ 1
4A

2
l exp(i(2klr − 2ωlt)) + c.c. second harmonic of ωl

+ 1
4 (A2

k +A2
l ) + c.c. optical rectification

+ 1
2AkAlexp(i((kk + kl)r − (ωk + ωl)t)) + c.c. sum frequency of

ωk and ωl

+ 1
2AkAlexp(i((kk − kl)r − (ωk − ωl)t)) + c.c. difference frequency

between ωk and ωl



,

(2.6)

from which the different processes such as second harmonic generation (SHG), op-
tical rectification (OR), sum frequency generation (SFG), and difference frequency
generation (DFG) can be seen. An overview of the second-order nonlinear pro-
cesses is shown in Table 2.1. The second-order induced polarization is then given
for j = 1, 2, 3, representing the Cartesian coordinates, by

P
(2)
j (ωα) = ε0D

(2)
∑
kl

∑
(βγ)

χ
(2)
jkl(−ωα;ωβ + ωγ)Ek(ωβ)El(ωγ). (2.7)

Here, the susceptibility is now written with the frequencies involved to show that
the frequency of the polarization (left of the semicolon) depends on the two input
frequencies (right of the semicolon). The negative sign is used such that the sum over
all involved frequencies is zero i.e. −ωα+ωβ+ωγ = 0. The degeneracy factor,D(2), is
given by D(2) = 2, if the fields Ek and El can be distinguished; otherwise D(2) = 1.
The sum over (βγ) is taken over negative frequencies as well, were Ek(−ω) =
Ek(ω)∗.

Of note, the tensor character of the susceptibility allows the polarization in
one Cartesian component to be exited by an electric field in another Cartesian
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kl index contracted index m
xx 1
yy 2
zz 3

yz, zy 4
xz, zx 5
xy, yx 6

Table 2.2: Index convention.

component. The χ(2)
jkl tensor has 27 elements, but several symmetry considerations

help to reduce the number of the nonzero elements. The χ(2)
jkl tensor reflects the

crystal’s symmetry and, as mentioned above, in isotropic media, all χ(2)
jkl tensor

elements are zero. However, in non-isotropic materials, one can exploit that the
χ(2) tensor possesses full permutation symmetry. Therefore, χ(2)

jkl(−ωα;ωβ + ωγ) =

χ
(2)
jlk(−ωα;ωγ + ωβ) = χ

(2)
ljk(ωγ ;−ωα + ωβ) = ... is valid. Note that not only the

indices permute but also the frequencies.
Moreover, if the so-called Kleinmann symmetry holds, i.e. all interacting wave-

lengths are far from any absorption lines and no such absorption lines lie between
the interacting wavelengths, the frequencies involved can permute independently
of the jkl indices. That means that χ(2)

jkl(−ωα;ωβ + ωγ) = χ
(2)
jkl(−ωα;ωγ + ωβ) =

χ
(2)
jkl(ωγ ;−ωα+ωβ) = ..., and, in conclusion, the indices can permute independently

of the frequencies, i.e.

χ
(2)
jkl(−ωα;ωβ + ωγ) = χ

(2)
jlk(−ωα;ωβ + ωγ) = χ

(2)
ljk(−ωα;ωβ + ωγ) = ... . (2.8)

Therefore, the nonlinear coefficients are the same for different second-order non-
linear processes such as SHG, DFG, etc., and from now on we again omit to ex-
plicitly state the frequencies in the χ(2)

jkl tensor. Usually, if the above symmetry
considerations hold, the nonlinear coefficient is written in the form of a matrix
denoted d such that the original kl indices are contracted to just one index, m,
as shown in Table 2.2. The d matrix is then related to the χ(2)

jkl tensor such that

djm = 1
2χ

(2)
jkl. Due to this contraction in combination with the above-mentioned

permutation of the jkl indices, the number of independent elements is now reduced
to just ten, as can be seen in the matrices below. As an example, regard the d12

and the d26 coefficients: d12 = d122 = d212 = d26. d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

⇒
 d11 d26 d35 d36 d31 d21

d21 d22 d23 d32 d36 d26

d31 d32 d33 d23 d35 d36

 .

(2.9)
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To further simplify the d matrices, the number of nonzero elements can be reduced
by taking advantage of the crystal symmetry. Each of the 32 symmetry classes has
a specific d matrix associated with it. As an example, we can consider KTiOPO4

(KTP) which belongs to the point group 2mm and a d matrix consisting out of
only five nonzero elements,

djm =

 0 0 0 0 d31 0
0 0 0 d32 0 0
d31 d32 d33 0 0 0

 , (2.10)

which is valid for the transparency range between 0.4 - 4µm and with d31 = 2pm/V,
d32 = 4pm/V and d33 = 15pm/V [37].

We can further assume that the electric fields Ek(ωβ) and El(ωγ) are polarized
along the z direction and state the second-order polarization for this case as follows: P

(2)
x (ωα)

P
(2)
y (ωα)

P
(2)
z (ωα)

 = ε0D
(2)

 d13Ez(ωβ)Ez(ωγ)
d23Ez(ωβ)Ez(ωγ)
d33Ez(ωβ)Ez(ωγ)

 . (2.11)

Applying that according to Eq. (2.10), d13 = d23 = 0, reduces the polarization term
further to:

P (2)(ωα) = ε0D
(2)deffE(ωβ)E(ωγ), (2.12)

where deff is the effective nonlinearity and the z index is omitted because all fields
are polarized along a single direction. The effective nonlinearity, deff , depends on
the djm matrix elements and the propagation and polarization directions of the
involved fields. The value of deff is then determined by trigonometric functions of
the propagation direction and the d matrix element(s). However, in this example,
the deff is just equal to one of the d matrix elements, deff = d33.

Phase matching and energy conservation

There are two main restrictions to the nonlinear processes: energy conservation and
momentum conservation. The latter is also know as phase matching. The energy
conservation can be seen in the photon frequencies where the equality,

ω1 = ω2 + ω3, (2.13)

must hold. Sometimes, an alternative notation is used where the indices 1, 2 and
3 are replaced by p, s, and i which stand for pump, signal, and idler, respectively.
The different processes such as SHG, DFG etc. can therefore be described by the
involved frequencies as in Table 2.1. Here, DFG, OPA, OPG and OPO describe the
same process with the only difference being in the nomenclature and the strength
of the individual input signals.
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Figure 2.1: Restrictions to the nonlinear processes: (a) Energy conservation. (b)
Collinear and (c) noncollinear phase matching.

To actually select one of the different processes, which, as mentioned above,
share the same d matrix and all fulfill energy conservation, phase matching is used.
Only if the phase velocities of the interacting waves are the same, efficient conversion
can be achieved. The phase mismatch, ∆k can be calculated from

∆k = k3 − k2 − k1, (2.14)

with kα = ωαnα(ω)/c. Perfect phase matching is accomplished for ∆k = 0. How-
ever, this is usually not the case if no special techniques are applied. ∆k = 0 can
be reached in the collinear configuration, where all of the wave vectors point in
the identical direction, or in the noncollinear configuration, where the wave vec-
tors are non-parallel to each other, see Fig. 2.1. To achieve phase matching, one
often employs birefringent phase matching (BPM), where the interacting waves
have different polarizations and the different refractive indices along the different
crystal axes in birefringent materials can be exploited. To do so, the input and out-
put beams should be in different polarizations with regard to the crystallographic
axes i.e. in ordinary or extraordinary polarization. If we consider the process where
ω3 → ω1 + ω2, one can write the polarizations of the waves using the letters o
and e for "ordinary" or "extraordinary" polarized waves, respectively. One distin-
guishes two types of birefringent phase matching, type I and type II. Type I is
then described by

o→ e+ e or e→ o+ o, (2.15)

while type II is

o→ e+ o or o→ o+ e, (2.16)
and e→ e+ o or e→ o+ e. (2.17)
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χ(2)

ω1ω2 ω3=ω1+ω2

z direction

Figure 2.2: Scheme of SFG in a crystal with all waves propagating along the z
direction.

By using the correct angle with respect to the crystal axis, phase matching can be
considerably efficient. However, such conversions can suffer from Poynting vector
walk-off, where the direction of the phase front differs from the beam propagation
direction. The propagation direction is the direction of the energy flow, given by
the Poynting vector, S = E ×H, with H being the magnetic field, H = B

µ , while
the direction of the phase front is given by the k vector, which is (E + P/ε0)×H.
Since the polarization P is only parallel to the electric field E if it oscillates along
a principal axis of the crystal, the Poynting vector is often pointed at an angle to
the direction of k, and the beams will be separated. This leads to a smaller spatial
overlap and, therefore, the conversion efficiency will be reduced. However, if the
birefringence of a material allows it, the propagation angle inside the crystal can
be chosen such that the propagation direction is parallel to a principle axis of the
crystal, while at the same time the phase matching condition (2.14) is fulfilled.
This case, where the walk-off angle is zero, is called noncritical phase matching, as
opposed to critical phase matching. One may also notice that under BPM, certain
elements of the d matrix are not accessible. Namely, d11, d22, and d33 cannot be
exploited because BPM requires the interacting beams to be in different polarization
states which is not the case with the aforementioned diagonal matrix elements.

Coupled amplitude equations

As an example, we consider monochromatic fields propagating along the z direction,
with frequencies such that ω3 = ω1 + ω2 and ω2 6= ω1 and with ω1,2,3 > 0. This
corresponds to an SFG term as shown in Table 2.1 and is schematically depicted in
Fig. 2.2. From solving the wave equation, three coupled amplitude equations can
be derived:

dA1

dz
= i

ω1

n1c
deffA3A

∗
2e
i∆kz, (2.18)

dA2

dz
= i

ω2

n2c
deffA3A

∗
1e
i∆kz, (2.19)

dA3

dz
= i

ω3

n3c
deffA1A2e

−i∆kz, (2.20)



16 CHAPTER 2. THEORY

−10 −8 −6 −4 −2 0 2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

si
nc

2 (∆
kL

/2
)

∆kL/2

Figure 2.3: Sketch of sinc2(∆kL/2) over ∆kL/2.

where Aj ≡ A(ωj), A∗j ≡ A(−ωj) and nj ≡ n(ωj). The above expressions are
specific to SFG; however, similar expressions are available for other second-order
nonlinear processes. The coupled equations describe how energy is exchanged be-
tween the different fields. Considering the intensity, I, of a given wave by

I =
ε0cn

2
AA∗, (2.21)

the Manley-Rowe relationship can be derived as

1

ω3

dI3
dz

= − 1

ω2

dI2
dz

= − 1

ω1

dI1
dz

. (2.22)

This relationship shows that for each photon annihilated at ω3, one photon at ω2

and another one at ω1 are created. The same applies vice versa, i.e. to create one
photon at ω3, one photon at ω2 and another one at ω1 need to be annihilated.

With the inputs A1 and A2 approximately constant integration of Eq. (2.20)
gives the intensity of the generated wave at the distance L inside the crystal as

I3(L) =
ω2

3I1I2d
2
effL

2

ε0c3n1n2n3
sinc2(

∆kL

2
), (2.23)

where the function sinc(x) ≡ sin(x)
x , and it is assumed that I3 starts from quantum

noise.
Fig. 2.3 shows a plot of sinc2(∆kL/2) as a function of ∆kL/2. The function has

a maximum at ∆kL/2 = 0, and the half maximum value is reached for ∆kL/2 =
0.886π. The function approaches zero at ∆kL/2 = ±π, and the length Lc, after
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Figure 2.4: Intensity of a generated wave as a function of the distance inside the
crystal.

which this occurs, is called the coherence length with

Lc =
π

|∆k|
. (2.24)

Until the coherence length is reached, the intensity grows with the distance z.
However, after one coherence length, the generated optical field is again reduced
and the energy flows back to the original field(s). Such a cycle of transferring the
energy back and forth between the fields is completed after two coherence lengths,
as shown in Fig. (2.4), and it repeats itself subsequently. This shows that proper
phase matching is essential because, otherwise, Lc will be short and no efficient
conversion will be reached within a crystal. Coupled amplitude equations can be
formulated for all processes in Table 2.1 and all of them involve a sinc2(∆kL

2 ) term.
However, since the photon energies differ, the phase mismatch is different for SHG,
SFG and DFG. Achieving ∆k ≈ 0 greatly enlarges the coherence length of one
specific process, making the competing processes negligible. Such efficient phase
matching can be achieved by BPM or, as will be presented in the next section, by
quasi-phase matching.

Quasi-phase matching

An alternative phase matching technique to BPM is the so-called quasi-phase
matching (QPM). The QPM technique was proposed already in 1962 [13] and,
therefore, prior to the introduction of birefringent phase matching. However, it was
first demonstrated in 1966 [38] i.e. after the birefringent version was demonstrated
(1962) [6, 7]. Today, QPM is also widely used, but it is probably not as common
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ΛLc
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direction

Figure 2.5: Scheme of a periodically-poled crystal indicating the periodic direction
change of the c-axis of the crystal.

as birefringent phase matching. The basic idea of QPM is to periodically flip the
direction of the χ(2) tensor by 180◦ with regard to the propagation direction of the
beams, as shown in Fig. 2.5. QPM is usually employed in a configuration that is
called type 0, where all interacting beams have the same polarization and, therefore,
it allows the exploitation of the d11, d22, and d33 elements as opposed to if BPM is
used. Because the largest nonlinear coefficients are often the diagonal ones, see Eq.
(2.10), this can be of great advantage.

The coupled amplitude equation, Eq. (2.20), needs to be slightly adjusted in
order to be valid for QPM as well:

dA3

dz
= i

ω3

n3c
deff(z)A1A2e

−i∆kz, (2.25)

where the term deff(z) now shows a z dependency. With a periodic change of the
sign of the nonlinear coefficient deff , as can be created by stacking several slabs of
material with opposite orientations, the deff(z) term can be written by a Fourier
series in the following way:

deff(z) = d0

∞∑
m=−∞

Gme
iKmz, (2.26)

where the grating vector, Km, is given by

Km =
2πm

Λ
. (2.27)

Here, Λ is the period of the grating and the Fourier coefficients, Gm, are

Gm =
2

mπ
sin(mπD). (2.28)
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Figure 2.6: The d coefficient as a function of distance inside the crystal. The duty
cycle is defined as D = l/Λ.

The duty cycle, D, as can be seen in Fig. 2.6, is defined as D ≡ l
Λ . Usually, a duty

cycle of D = 0.5 is used and therefore

Gm =

{
2/(mπ) for odd m
0 for even m

}
(2.29)

is valid. m refers to the order of the quasi-phase matching. Integration of Eq. (2.25)
and moving the summation out of the integral gives

A3 = i
ω3

n3c
A1A

∗
2d0

∞∑
m=−∞

Gm

∫ L

0

ei(∆k−Km)zdz. (2.30)

Performing the integration and substituting

∆kQPM = ∆k −Km (2.31)

yields

A3 = i
ω3

n3c
A1A

∗
2d0

∞∑
m=−∞

Gme
i∆kQPML/2sinc(∆kQPML/2). (2.32)

Since ∆kQPM ' 0 can only be achieved for one particular value of m, and because
all other contributions, at least after several coherence lengths, average out, the
summation can be eliminated:

A3 = i
ω3

n3c
A1A

∗
2d0Gme

i∆kQPML/2sinc(∆kQPML/2). (2.33)

This expression shows a large similarity to the expression for BPM phase matching.
Due to the reduction of Gm with 1/m (for odd orders of m, see Eq. 2.29), the lowest
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Figure 2.7: The so-called phase matching curve for a first-order QPM conversion in
KTP with a pump wavelength of 1064 nm.

order phase matching with m = 1 is desirable; however, for the ease of fabrication,
higher orders are sometimes employed. To achieve efficient QPM, the grating period
Λ needs to be chosen such that ∆kQPM = 0 is valid. For m = 1, this is the case
with

Λ =
2π

∆k
= 2Lc =

1
n3

λ3
− n2

λ2
− n1

λ1

. (2.34)

The necessary refractive indices, n1, n2, and n3, can be found using the material-
specific Sellmeier equations. As an example, a so-called phase matching curve is
shown in Fig. 2.7. It depicts a first-order QPM conversion in KTP of a pump
photon with λp = 1064nm to signal and idler photons with λs = 1550–2128 nm
(blue line) and λi= 3400–2128 nm (red line), respectively.

To compare a first-order QPM process with a duty cycle of D = 0.5 with a
perfectly phase matched (∆k = 0) BPM process, Eq. (2.30) can be rewritten to

A3,QPM =
2

π
A3,BPM . (2.35)

At first glance, one would notice that QPM reduces A3 with a factor of 2/π, however,
as different elements of the d matrix are accessible for the different phase matching
schemes, the comparison has to be altered. For QPM, the djm element can be
freely chosen and in e.g. KTP, QPM can exploit the largest nonlinear coefficient,
d33 = 15pm/V, while BPM is achieved with deff,BPM < d32 = 4pm/V. Therefore,
as d33 > 2d32/π, using QPM can be of advantage. Fig. 2.8 depicts a comparison of
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Figure 2.8: A comparison between different phase matching scenarios.

different phase matching scenarios in KTP. A perfect phase matching (black curve)
with deff = d33 = 15 pm/V cannot be achieved due to the dispersion in KTP. For
first and third-order QPM, with deff = 2d33/(mπ), the solid blue lines show the
evolution of the intensity considering all values of m, while the dotted lines show
the case where only the relevant term is plotted. As a comparison, BPM, type II,
with an assumed deff = d32 = 4pm/V is shown in red. Moreover, as QPM is
usually in the type 0 configuration, larger interaction lengths are possible due to
the absence of Poynting-vector walk-off. In addition, some novel nonlinear devices
can be manufactured to phase match counter-propagating waves. Here, BPM is not
suitable since no (known) material has a large enough birefringence. On the other
hand, QPM periods Λ as small as the interacting wavelengths are required and are
not readily available.

The index QPM is from now on omitted again, even if QPM is actually used. To
fabricate QPM crystals, especially with short periods, electric-field poling [15, 39] is
used since the mechanical stacking of thin slabs is a difficult process and the losses
at the boundaries are substantial. Another possibility is to grow the material with
a periodic change in the crystal direction. This orientation pattern is achieved with
semiconductor materials such as gallium arsenide (GaAs), gallium nitride (GaN),
and gallium phosphide (GaP) [40–42].
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Figure 2.9: Scheme of a singly resonant optical parametric oscillator.

2.2 Optical parametric oscillators

An optical parametric oscillator (OPO) is a device that converts a single input
wave, referred to as the pump, with frequency ωp into two output waves, namely
signal and idler, with frequencies ωs and ωi, respectively. These frequencies obey
ωp = ωs + ωi and the convention is used such that ωs ≥ ωi. Such an OPO can be
built by placing a nonlinear crystal into a resonant cavity where, in the simplest
form, only one of the two generated waves resonates (Fig. 2.9). This configuration
is called singly-resonant OPO (SRO) and within this work, usually the signal is
resonated. However, if the idler wave resonates as well, the configuration is called
doubly-resonant OPO (DRO). It is even possible to build triply resonant OPOs
(TRO), where, additionally to the signal and the idler, the pump is resonated. In
DROs, the cavity usually requires active stabilization and within this thesis only
SROs were constructed. The advantage of placing the crystal inside a cavity is
that due to the cavity feedback, lower threshold values and larger conversion can
be reached and the output can have a narrower output spectrum as compared to
an optical parametric generator (OPG). Alternatively, a suitable seed source can
be used and an optical parametric amplifier (OPA) can be thus constructed. In its
most basic configuration, the OPO consists of two mirrors, the input and the output
couplers, and the OPO crystal itself. The input coupler is transparent for the pump
wave and highly reflective at the signal wavelength. The output coupler transmits
both the pump and the idler wavelengths while reflecting the signal wavelength.
If the amplification of the resonating signal is equal to or greater than the losses
inside the cavity, the process is self-sustaining. The losses are mainly caused by
the transmission of the mirrors, absorption in the crystal and the coatings, the
scattering losses, and the clipping of the beam due to the finite size of the device.

The OPO has some similarities with lasers: a gain material is placed in a reson-
ator cavity. Both lasers and OPOs have a threshold of operation and emit coherent
radiation. On the other hand, there are also some differences. There is no energy
stored in the OPO crystal by converting a pump photon to a pair of signal and idler
photons. However, in a laser, it is inevitable that a fraction of the pump energy is
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not converted to the laser output but, instead, it is absorbed inside the material.
Moreover, in an OPO, the phase of the output is often directly related to the phase
of the pump beam; in a laser, the phase of the pump is irrelevant to the phase of
the output.

Usually, an OPO starts from random quantum noise which then is amplified. In
the non-depleted pump approximation, the amplification from the initial intensity,
I(0) = 0 to I(L) at the end of the crystal with length L, is given by

I(L)

I(0)
= 1 + Γ

sinh2
(
L
√

Γ2 − (∆k/2)2
)

Γ2 − (∆k/2)2
, (2.36)

with a gain coefficient Γ defined as

Γ2 = κIp(0), with κ =
8π2d2

eff

ε0cnpnsniλsλi
. (2.37)

In SROs, the oscillation threshold is reached when the gain exceeds the round-trip
losses of the signal. For confocally focused Gaussian beams, the threshold power of
a cw SRO is given by [35]

Pth =
ε0cn

2
snpλ

2
p

π2d2
effhm(B, ξ)L2

(Ts + Vs), (2.38)

where Ts stands for the transmission of the mirrors at the signal wavelength, Vs
denotes all other losses of the signal, and hm(B, ξ) is the Boyd-Kleinman reduction
factor [43]. This factor depends on the crystal properties and the focusing condition,
where the lowest threshold is reached for hm(B, ξ) = 1.

For plane-wave, pulsed SROs with nanosecond pulse lengths the energy thresh-
old is

Eth =
0.6τ(w2

p + w2
s)

κL2
cav

[
25L

τc
+

1

2
ln

2

Rs(1− Vs)

]2

, (2.39)

where τ is the FWHM pulse length, wp and ws are the mode radius of the pump
and signal beam, respectively, Lcav is the cavity length, and Rs is the reflectivity
of the output coupler [35, 44].

Here, these threshold expressions are stated for different conditions since they
are, in each case, the conditions that reign in the experiments described later in the
thesis. A comparison of Eq. (2.38) and Eq. (2.39) shows that, in the pulsed regime,
the threshold depends on the cavity length Lcav whereas this is not the case in the
cw regime. Therefore, ns pulsed OPOs are usually built with rather short cavities,
where the crystal length L defines the lower limit. On the other hand, cw OPOs can
have long cavities with Lcav > 10L, which allows the optimization of other aspects
of the cavity, i.e. the focusing condition. Note that a pulse with a FWHM duration
of 10 ns and a pulse energy of 10mJ, has a peak power, Ppeak

ns , of roughly 1MW.
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This peak power is much larger than the usual average power of a cw pump laser
and, consequently, the gain in the pulsed mode is much larger than in a cw OPO.
For pulsed OPOs, the high gain allows large output coupling percentages, where
values >50% are not unusual. In cw OPOs, output coupling above 10-15% is rather
unusual, and typically it is <10%. On the other hand, the large peak powers imply
that the damage threshold of the gain material is easily reached and therefore plays
a crucial role in the design of high energy ns OPOs.

To characterize the quality of an OPO, the efficiency, ηeff , and the depletion,
ηdepl, are usually used:

ηdepl = 1−
Poutp

Pinp
, (2.40)

ηeff =
(Ps + Pi)out

Pinp
=

(
λp
λs

Ts
Ts + Vs

+
λp
λi

)
ηdepl, (2.41)

where losses for the idler wave are ignored. For a perfect (lossless) OPO, ηeff = ηdepl
should be valid; however, the comparison of the two shows a measure of the cavity
losses.

2.3 Third-order nonlinearity

The parametric third-order processes are similar to the second-order processes.
Third-order interactions can take place whether or not the material is centrosym-
metric, but they are usually much weaker than the χ(2) related processes. The
third-order nonlinear polarization can be described, similar to Eq. (2.7), with

Pj (3)(ωα) =
1

4
ε0D

(3)
∑
βγδ

∑
klm

χ
(3)
jklm(−ωα;ωβ , ωγ , ωδ)Ek(ωβ)El(ωγ)Em(ωδ),

(2.42)

where D(3) is a degeneracy factor with D = 1 if all fields in the sum are indistin-
guishable, D = 3 if two fields in the sum are indistinguishable, or D = 6 if all fields
in the sum are distinguishable. Because the above equation describes the energy
exchange between up to four fields with distinct frequencies, such an interaction is
also referred to as a four-wave mixing process. However, if just three input fields
are present, many new frequency terms can be created, and phase matching again
plays a crucial role in some of the many processes.

Nonlinear index of refraction

Consider an intense laser beam propagating along the z direction and polarized
in the x direction to travel through a lossless material. If this pump beam has a
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frequency ω, then the third-order nonlinear polarization will be

Px (3)(ω) =
3

4
ε0χ

(3)
xxxx(−ω;ω,−ω, ω)|Ax(ω)|2Ax(ω)e(k−k+k)z. (2.43)

To simplify the expressions, we omit the frequency arguments and the indices of
the χ(3) tensor and the polarization. Substituting Eq. (2.43) into the wave equation
gives

dA

dz
= i

3ω

8nc
χ(3)|A|2A. (2.44)

It is important to understand that the eikz term cancels out and, thus, the process
is automatically phase matched. Eq. (2.44) can be solved by substituting A(z) =
u(z)eiφ(z) where u(z) and φ(z) are real functions. This leads to

du

dz
+ iu

dφ

dz
= i

3ω

8nc
χ(3)u3. (2.45)

Remembering that we assumed a lossless medium, only the real part of the χ(3)

tensor is considered and Eq. (2.45) can be split into two parts:

du

dz
= 0, and (2.46)

dφ

dz
=

3ω

8nc
Re[χ(3)]u2. (2.47)

Integration of the second part yields a nonlinear phase shift ∆φ for a thin sample:

∆φ =
3ω

8nc
Re[χ(3)]u2∆z. (2.48)

This phase shift can now be compared to the linear phase shift

∆φlinear =
n0ω

c
∆z, (2.49)

which a wave experiences while propagating in a medium with a linear index of
refraction n0. Therefore, the total phase shift is

φ =
ω

c

(
n0 +

3

8n
Re[χ(3)]u2

)
∆z. (2.50)

This shows that the nonlinear index of refraction can be treated as a perturbation
of the linear refractive index and, hence,

n =

(
n0 +

3

8n
Re[χ(3)]u2

)
(2.51)
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is an expression for the refractive index including the nonlinear phase shift. As u2

is directly related to intensity, the equation can be rewritten:

n =

(
n0 +

3

4ε0n2c
Re[χ(3)]I

)
. (2.52)

Usually, this is written as

n = (n0 + n2I) , (2.53)

where n2 is the nonlinear refractive index with

n2 =
3

4ε0n2c
Re[χ(3)]. (2.54)

This change of the refractive index depending on the intensity (of a laser beam)
is often called the optical Kerr effect. The z-scan technique, a method used to
characterize the Kerr nonlinearity, is shown in the next chapter, in Sec. 3.1.

Dismissing the above limitation, that the medium is considered lossless, leads to
a change in Eq. (2.46) where now the imaginary part of χ(3) needs to be considered
as well,

du

dz
=

3ω

8nc
Im[χ(3)]u3. (2.55)

This leads to a change in the amplitude of the field, if nonlinear absorption is
present. Similar to the refractive index, Eq. (2.53), the linear absorption coefficient
α is accompanied by an intensity dependent term β:

α(I) = α+ βI, (2.56)

with

β =
3ω

2ε0n2c2
Im[χ(3)]. (2.57)

The rate of change in intensity, with both linear and nonlinear absorption present,
is

dI

dz
= −αI − βI2. (2.58)

Here, remarkably, depending on the sign of β, the absorption can both be increased
or decreased over/below the linear case. The coefficient β is related to two-photon
absorption (TPA), where two photons are absorbed simultaneously and can bridge
an energy gap as large as the sum of the two photon energies. As will be shown in
Sec. 3.1, the z-scan technique allows measuring β as well.
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2.4 Materials

This section describes the materials employed as gain medium in this thesis work.

Lithium niobate

Lithium niobate (LN) is one of the most frequently used materials in nonlinear op-
tics, especially if it is periodically poled. LN has the point group 3m and a trigonal
structure and is usually grown by the Czochralski method. The uniaxial material
is suitable for electric-field poling and high quality, periodically-poled crystals are
commercially available. Lithium niobate is wide-spread as nonlinear gain material
because of its high nonlinearity, high optical quality, and broad transparency range
between 350-5000 nm [45]. The doping with MgO into LN (Mg:LN) showed im-
proved damage thresholds due to a lower photorefractive effect in such crystals
[46]. Typical poling periods range from 5 to 35 µm, and the maximum thickness
reached in a periodically poled LN crystal is 10mm [47]. However, these crystals
suffer from inhomogeneity and a varying duty cycle. Moreover, LN is often used at
elevated temperatures of ∼150 ◦C to reduce photorefraction and thereby improve
the damage threshold. The absolute values of the components of the d matrix for
lithium niobate are [48, 49]

d(LN) =

 0 0 0 0 4.6 2.6
2.6 2.6 0 4.6 0 0
4.6 4.6 25 0 0 0

 (pm/V). (2.59)

KTP and KTA

KTP (potassium titanyl phosphate) and its isomorphs can be described by the
formula MTiOXO4, where M usually is K, Rb, Cs or Ti and X is P or As. KTP
isomorphs are orthorhombic and belong to the point group 2mm. Of special inter-
est for this thesis are KTiOPO4 (KTP), KTiOAsO4 (KTA) and Rb-doped KTP
(Rb:KTiOPO4 (RKTP)). All of these crystals are grown from a flux and are com-
mercially available, mainly because they, especially KTP, are used for many non-
linear applications. This is, among other reasons, due to their high nonlinearity,
high damage threshold, large mechanical stability, and high optical quality. The
transparency range of KTP and KTA is depicted in Fig. 2.10. The biaxial crystals
are ferroelectric and are suitable for periodic poling by the electric-field poling ef-
fect, which is frequently done to take advantage of QPM. Periodic poling of KTP
has been demonstrated with short poling periods below 1 µm [50] and large aper-
ture sizes of up to 3mm [51]. As will be shown in this thesis, Rb doping leading
to 0.3% of the K sites being occupied by Rb ions, lowers the ionic conductivity
and leads to superior poling properties as compared to undoped KTP. This allows
the fabrication of high quality, 5 mm thick periodically-poled crystals for high en-
ergy, nonlinear applications. Since the d coefficients of KTA are very similar to the
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Figure 2.10: Transmission window for KTP and KTA [52].

coefficients for KTP, only the d matix for KTP is shown here [37]

d(KTP) =

 0 0 0 0 2.02 0
0 0 0 3.75 0 0

2.02 3.75 15.4 0 0 0

 (pm/V). (2.60)

ZGP

Zinc germanium phosphide (ZnGeP2, ZGP) is a material that is suitable for the
generation of mid-IR radiation. It offers a high nonlinear coefficient, low absorption
at the wavelengths used in this thesis, a high laser-induced damage threshold, and
large thermal conductivity [53]. Moreover, ZGP is suitable for birefringent phase
matching over the complete mid-IR region. The crystal growth of ZGP is somewhat
more challenging than for LN or the KTP isomorphs. Nevertheless, the horizontal
gradient freeze technique has been improved and allows manufacturing of large
(several cubic centimeters) single domain crystals [54]. The ZGP crystals have a
tetragonal structure with a 42m point group and are transparent between 2-9µm
[55]. Unfortunately, ZGP is not suitable for direct pumping with the well-developed
pump sources at 1 µm because of two-photon absorption and the resulting damage
to the crystal. However, pumping with sources above 2µm, as shown in this work,
works well for the generation of mid-IR radiation. Nevertheless, it is challenging
to build suitable pump sources with high energy pulses and with ns pulse lengths.
Moreover, the access to high-quality samples is very limited and typical ZGP crys-
tals, suitable as gain medium in an OPO, can be very costly. The d matrix for ZGP



2.5. VOLUME BRAGG GRATINGS 29

θ

Λ

in

out

d
Figure 2.11: Simplified schematic of an incoming beam Pin being reflected in a
volume Bragg grating. The shadow gradient shows the variation of the refractive
index.

is depicted below [56]:

d(ZGP) =

 0 0 0 75 0 0
0 0 0 0 75 0
0 0 0 0 0 75

 (pm/V). (2.61)

2.5 Volume Bragg gratings

Volume Bragg gratings (VBG) are within the scope of this thesis considered to be
glass pieces with a periodically varying refractive index. VBGs are produced by ex-
posing UV-sensitive, photo-thermo-refractive glass with an interference pattern of
two UV beams and a following thermal treatment. The interference pattern trans-
lates into a (sinusoidal) change in the refractive index along one or several axes of
the glass piece. Usually, the grating is written into the bulk, hence the term volume,
but also in order to distinguish a VGB from other gratings with periodic structures
on the surface. Typical photo-thermo-refractive glass is transparent between 500 to
2800 nm [57]. This transparency range limits the range of possible center reflectivity
wavelengths. Also, scattering losses inside the VBG glass are, especially for shorter
wavelengths, non-negligible.
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VBGs can be designed to be reflecting as well as transmitting, however, in
this thesis only reflective gratings were used, see Fig. 2.11. A typical grating along
the z direction can be described by a sinusoidal variation of the refractive index
with n(z) = n0 + n1 sin(2πz/Λ), where n0 is the average refractive index, n1 is the
strength of the modulation, and Λ is the period of the grating. The Bragg condition
then defines the peak wavelength of the reflectivity,

λB = 2n0Λ cos θ, (2.62)

where θ is the angle of incidence on the grating. In the limits of plane wave theory,
the grating’s power reflectivity can be described by [58]

R(δ) =
κ′2 sinh2(

√
κ′2 − δ2d)

κ′2 cosh2(
√
κ′2 − δ2d)− δ2

, (2.63)

where δ is the detuning from the Bragg condition, with δ = π/Λ−2πn0 cos θ/λ and
d the thickness of the VBG. The maximum reflectivity is given by

Rmax = tanh2 κ′d, (2.64)

where κ′ = πn1

λcosθ .
Fig. 2.12 displays a typical curve of the reflectivity of a VBG. A simple expres-

sion for the so-called zero-to-zero bandwidth, defined as the distance between the
two zeros located closest to the peak, is

∆λ = λB

√
n2

1

n2
o cos4 θ0

+
4Λ2

d2
. (2.65)

This zero-to-zero distance is stated here, because the more usual FWHM requires
numerical calculations and depends on the strength (maximum reflectivity) of the
grating. It is now possible to describe a VBG by its optical properties, i.e. the
central reflectivity wavelength, the maximum reflectivity and the bandwidth of
the reflectivity. Alternatively, the grating can be fully characterized by stating the
material properties, i.e. the index modulation n1, the thickness of the grating d,
and the period of the grating Λ. Even though VBGs have principal similarities with
dielectric mirrors, one of the differences is the number of Bragg planes. Dielectric
mirrors with advanced coatings have no more than tens of layers, as opposed to
VBGs which can have more than 10 000 periods. This allows the VBG to have a
very narrow reflectivity peak. More advanced VBG can be designed by varying the
properties of the grating in the transversal direction. This was done with the grating
used in Paper IV where a chirped VGB with a varying central wavelength along the
transversal direction was used. To achieve this, the grating period had a chirp in the
transversal direction, not to be confused with gratings with a wavelength chirp in
the longitudinal direction used for pulse compression. In Paper VI, another grating
with a varying reflectivity along the transversal direction was used. Such a chirp
in the (maximum) reflectivity can either be achieved by changing the modulation
strength n1 or the number of periods, i.e. the grating thickness.
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Figure 2.12: Reflectivity of a VBG under normal incidence.

2.6 RISTRA cavity

To construct high-energy, nanosecond OPOs, it is of advantage to use a short cavity
in order to reach a low threshold, and often large apertures are required to avoid high
(peak) intensities. Otherwise, the laser-induced damage threshold (LIDT) limits
the possibility to scale up the output energies. Consequently, the large aperture,
in combination with the short cavity length, leads to large Fresnel numbers, F =
(2w)2

λLcav
, where 2w is the beam diameter, and Lcav is the cavity length. Large Fresnel

numbers give rise to higher order transversal modes of the cavity and, therefore,
possibly decrease the transversal beam quality and spectrally broaden the output.
To overcome this problem in high-energy, nanosecond OPOs, the RISTRA cavity
(rotated-image, singly resonant, twisted-rectangle) was designed and presented in
2002 [19]. The RISTRA cavity is a cavity where the signal beam undergoes an image
rotation of 90◦ during each cavity round-trip. This is accomplished by a non-planar
configuration of the cavity mirrors. The rotation of the resonating beam improves
the symmetry of the output beam and its spacial beam quality. Therefore, high-
energy nanosecond OPOs with an improved beam profile are possible. Typically,
the cavity is built from a monolithic metal block to ensure the correct alignment of
the cavity mirrors. However, once the cavity is correctly established, it is immune to
small misalignments (i.e. translations) of the hole metal block or the pump beam.
On the other hand, turning the cavity relative to the optical axis of the crystal
usually allows tuning the signal and idler wavelength. The cavity itself consists
of four plane mirrors and one half-wave plate. It is important to understand that
the RISTRA cavity rotates the image of the resonating beam and not only its
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Figure 2.13: Scheme of a RISTRA OPO cavity. Legs L1 and L2 lie in the horizontal
plane and L3 and L4 are in the vertical plane.
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Figure 2.14: Sketch of the reflection of a beam on two mirrors. The reference frames
are labeled with X and Y. The image is represented by the two clubs.

polarization. Moreover, as the polarization is rotated simultaneously with the beam,
the half-wave plate rotates the polarization back into its original state to allow
proper phase matching in the crystal. Fig. 2.13 shows the scheme of a RISTRA
cavity. A brief theoretical description based on the original publication by Smith
and Armstrong [19] follows below.

First, we will look at an image rotation created by the reflection at two plane
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mirrors (Fig. 2.14); following that, an image rotating cavity will be constructed
using four mirrors, and, at last, some of the properties of such a cavity will be
described. Consider an image point, described by the coordinates (x, y), in the
reference frame (X,Y ) of a beam being incident on mirror M1. Here, the Z axis
always lies along the propagation direction, while the Y axis lies in the plane of
incidence. Upon the reflection at mirror M1, the reference frame is adjusted to
(X ′, Y ′) and the image point coordinates are transformed to (x′, y′). A reflection
on a plane mirror leaves the x value unchanged; however, the y value is reversed to
−y. Such a transformation can be described by(

x′

y′

)
=

(
x

−y

)
= M

(
x

y

)
, (2.66)

with M =

[
1 0
0 −1

]
. (2.67)

The image point now has the coordinates (x′, y′) in the coordinate system (X ′, Y ′).
Before the next reflection can be handled in a similar way, it is necessary to note
that the planes of incidence for mirrors M1 and M2 are tilted against each other by
an angle γ. Since the Y component, and all of the following dashed Y components,
should lie in the plane of incidence of mirrorM1 or one of the following mirrorsMk,
the reference frame (X ′, Y ′) needs to be rotated such that the new Y ′′ component
is parallel to the plane of incidence of mirrorM2. Therefore, the image point (x′, y′)
is also rotated by the angle γ to adjust for the change of reference frames:(

x′′

y′′

)
= R

(
x′

y′

)
, (2.68)

with the rotation matrix

R =

[
cos γ sin γ
− sin γ cos γ

]
. (2.69)

The beam with the image point (x′′, y′′) can now be reflected at mirror M2 in the
same manner as the previous reflection at mirror M1. The overall transformation
from the initial reference frame (X,Y ) to the new reference frame (X ′′′, Y ′′′) after
the mirror M2 is (

x′′′

y′′′

)
= MRM

(
x

y

)
. (2.70)

In a cavity, which in the case of a RISTRA cavity consists out of four mirrors, it is
possible to choose the transformations such that the initial and the final reference
frames are identical. The overall transformation of the initial image point (x0, y0)
to the final image point (x1, y1) is(

x1

y1

)
= MR41MR34MR23MR12

(
x0

y0

)
, (2.71)
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where Rkl is the rotation matrix for the transformation of the reference frame
between mirrors Mk and Ml. Eq. (2.71) can be rewritten(

x1

y1

)
= (MR41M)R34(MR23M)R12

(
x0

y0

)
, (2.72)

and with (MRM) = R−1 =

[
cos γ − sin γ
sin γ cos γ

]
, Eq.(2.72) becomes

(
x1

y1

)
= R−1

41 R34R
−1
23 R12

(
x0

y0

)
. (2.73)

Here, R−1 can be seen as an inverse rotation and, therefore, R(γ)−1 = R(−γ) is
valid. By inverting the direction of the rotation between mirrors M2 and M3, as
well as the mirrors between M4 and M1, the overall rotation angle Θ becomes

Θ = −(γ1 + γ2 + γ3 + γ4), (2.74)

where γk is the angle of rotation after mirror Mk.
In a RISTRA cavity, the overall image rotation angle Θ is 90◦. Moreover, by

restricting the design of the cavity to form a so-called twisted-rectangle cavity, it can
be ensured that the rotation angle of the polarization is also 90◦. This allows one to
compensate for the polarization rotation by a half-wave plate. If these conditions are
fulfilled, the RISTRA OPO cavity forms an unidirectional ring cavity, and thus high
intensities at the anti-nodes are avoided. Moreover, by choosing the angle of the first
mirror, all other mirror angles are determined. In the RISTRA cavity this is done in
a way such that the angle of incidence on all mirrors is 32.765◦. This allows the use
of identical mirrors for three of the four cavity mirrors, since usually only the output
coupler differs in reflectivity. When the angles of the mirrors are now established,
the ratio between the different legs inside the cavity is also fixed. The ratio between
the length of the legs is given by |L1| = |L3| =

√
2|L2| =

√
2|L4|. Usually, since

all of the angles and the ratio between the longer and the shorter cavity legs are
predetermined, as stated earlier, the cavity is constructed from a monolithic metal
block. The cavity then has a fixed optical axis, it is rather insensitive to vibrations,
and it is immune to smaller misalignments such as a tilt or a beam displacement
which could be introduced by the inserted OPO crystal. However, if the pump
beam or the cavity itself is turned, angle tuning of the phase matching process is
still possible.



Chapter 3

Experiments

3.1 Measurements of the nonlinear refractive indices of Yb-doped
double tungstates

KREW double tungstate laser crystals

Double tungstates are interesting laser host materials and often used with Yb3+ as
the active laser ion. The crystals with the general formula KRE(WO4)2 (KREW,
RE=Gd, Y, Yb, Lu) investigated in Paper I are potassium gadolinium tungstate
(KGd(WO4)2, KGW), potassium yttrium tungstate (KY(WO4)2, KYW), potas-
sium ytterbium tungstate (KYb(WO4)2, KYbW), and potassium lutetium tungstate
(KLu(WO4)2, KLuW). All of these crystals are suitable for doping with Yb, with
the doping concentration being 100% in the case of KYbW.

In this work, all crystals were grown using the top-seeded solution-growth slow-
cooling method using K2W2O7 as the solvent [59]. The typical Yb-doping concen-
tration was 5 at.% in solution in relation to the rare earth (RE) ions. The monoclinic
crystals are optically biaxial, and in consequence, three refractive index axes can
be defined. These principal axes are labeled Np, Nm, Ng and can be ordered as
Np < Nm < Ng after their corresponding refractive indices. The Np axis is parallel
to the crystallographic b axis, while the axes Nm and Ng are perpendicular to Np
and to each other. However, the Ng axis is not in parallel with any crystallographic
axis but slightly rotated against the crystallographic c axis.

The exact value of the rotation angle varies between 18.5–19.5◦ for the materials
investigated [60–63]. In Paper I, the crystals were prepared in such a way that the
nonlinear refractive index for the electric field parallel to Np and Nm could be
measured. This was done because in lasers based on Yb:KREW, usually the fields
are polarized parallel to Nm, since thereby the largest emission and absorbance
cross sections can be employed. There was and still is an interest in lasers utilizing
the above-mentioned host materials such as for Kerr-lens mode-locking (KLM) [64],

35
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Figure 3.1: Schematic drawing of the z-scan measurement setup. The sample is
scanned through the focus and the transmission through the aperture changes with
the z position.

mode-locking by carbon nanotubes [65], SESAM mode-locking either with a thin-
disk as gain material [66] or with bulk crystals [67], chirped pulsed amplifiers [68],
and cw operated lasers [69]. The double tungstates are interesting because they
offer a broad gain bandwidth, are available with good optical quality, are largely
anisotropic allowing linearly polarized laser output, and, even if compared to other
suitable Yb hosts such as YAG, a small quantum defect with λemisson = 998nm
and λabsorption = 982nm [70].

The measurements in Paper I were motivated by the uncertainty regarding the
nonlinear coefficient of KYW which was previously found to be 8.7 · 10−16 cm2/W
(not measured parallel to any principal axis) [71] as well as 21 · 10−16 cm2/W
(measured parallel to Nm), and no anisotropy was found within the accuracy of the
experiment for measurements parallel to Np [72]. These values differ substantially
from each other and one would expect a rather strong anisotropy as was found in
similar materials such as KGW [73]. In addition, KLuW had not been previously
characterized regarding its nonlinear refractive index.

The z-scan technique

The z-scan technique is a method to characterize a material’s nonlinear refractive
index as well as its nonlinear absorption. In this section, the measurement technique
and the complementary theory are outlined following the original publication by
Sheik-Bahae et al.[74]. The general principle is outlined in Fig. 3.1. Only a single
focused beam is applied and the sample is scanned along the beam axis through the
focus of the beam while the transmitted power is monitored. Here, an aperture is
placed behind the sample, and in the open configuration the nonlinear absorption
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can be characterized. In the partly closed configuration, the nonlinear refractive
index is measured instead. Since the beam diameter varies along the z direction, so
does the intensity.

In the first case with the aperture open, where all transmitted light is incident
on the power meter, the change of intensity leads to a change of the amount of
nonlinear absorption. Usually, the probe wavelength is selected such that the linear
absorption is low. Moreover, the linear absorption coefficient is independent of the
intensity and thus not related to the position of the sample. Therefore, any variation
of the transmitted power due to the altered position of the sample can be related
to nonlinear absorption.

In the second case, with the aperture partly closed, only a part of the light
transmitted by the sample is incident on the power meter. The amount of light
reaching the power meter depends on the phase shift which the beam acquires
while passing through the sample. This phase shift varies in the transverse direction
as does the input beam profile which usually has a Gaussian transverse intensity
distribution. Therefore, the acquired nonlinear phase shift acts in a lens-like manner
and can focus or defocus the beam depending on the sign of the nonlinear phase
shift. This lens-like behavior is also called Kerr-lens effect. In the case of a positive
nonlinear refractive index, the measured intensity is decreased when the sample
approaches the focus from the left (z < 0), see Fig. 3.1, and increased just after
passing the focus (z > 0). Far from the focus, the Kerr effect is weak, since the
intensities are rather small and the transmitted power is not affected. In the second
case, when the aperture is partly closed, the effect of nonlinear absorption is also
present and influences the measured transmitted power. Therefore, the results need
to be adjusted accordingly.

Usually the sample is scanned with the aperture open prior to the measurement
of the nonlinear refractive index, or a beam sampler is inserted in the beam path
just after the sample. By monitoring the power reflected from the beam sampler, the
nonlinear absorption coefficient and the nonlinear refractive index can be measured
with a single scan. The scan range is related to the Rayleigh range z0 of the beam
and should be at least a few Rayleigh ranges long in order for the signal to reach
its baseline. On the other hand, the sample thickness L should be much smaller
than the Rayleigh range, L << z0, which facilitates a simplified mathematical
evaluation of the nonlinear refractive index. Conveniently, it has been shown that
identical results can be measured on samples where L < z0 [74]. This allows the
use of rather thick samples, with the advantage of a larger nonlinear phase shift
while the beam passes through the sample. Thus, the intensities necessary to reach
a measurable nonlinear lensing are sufficiently below the damage threshold of the
material. In addition, the scan range can be kept within the limits of standard
motorized precision translation stages which greatly improves the practicality of
the measurement.

The following description of the theory of the z-scan measurements is based on
the original publication by Sheik-Bahae et al. [74]. The refractive index is assumed
to be n = n0 + n2I as described in Sec. 2.3. Moreover, due to the small linear
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absorption coefficient α at the wavelength of the employed laser beam, the effective
sample length Leff = (1 − exp(−αL))/α is presumably Leff ' L. The laser beam,
propagating in the z direction, can be described by a Gaussian spacial intensity
distribution with a beam waist radius of w0

I(ρ, z, t) = I0(t)
1

1 + (z/z0)2
exp

[
− 2ρ2

w2(z)

]
, (3.1)

where ρ is the radial distance from the center of the beam, I0 is the intensity at
the center of the beam at the beam waist, and w(z) = w2

0[1 + (z/z0)2]. In the time
domain the beam is assumed to be pulsed, with nearly transform-limited pulses,
and the slowly-varying envelope approximation (SVEA) is used. The intensity de-
pendent phase change at the exit of the sample can be written as

∆φ(ρ, z, t) = ∆Φ0(t)
1

1 + (z/z0)2
exp

[
− 2ρ2

w2(z)

]
, (3.2)

where the on-axis phase shift at the focus ∆Φ0(t) is

∆Φ0(t) =
2πn2I0(t)Leff

λ
, (3.3)

and n2 being the nonlinear refractive index.
Since time-varying pulses are used in the measurement, and assuming a Gaussian

temporal shape, the time-averaged refractive index change

〈∆n2(t)〉 =
n2I0√

2
(3.4)

was measured in the experiment. I0 is the peak on-axis intensity at the focus.
Therefore, from Eq. (3.3) the average phase shift can be written

〈∆Φ0〉 =
2πn2I0Leff√

2λ
. (3.5)

Now, a circular aperture with radius ρa is placed at a distance d >> z0 behind
the focus. This on-axis aperture transmits only a fraction of a Gaussian beam, with
the power transmittance function S = 1 − exp(−2ρ2

a/w
2
a), where wa is the 1/e2

intensity beam radius at the position of the aperture. Again, if linear absorption
is low, and nonlinear absorption is ignored for now, the beam size at the aperture
depends on the sample position z. Thereby, the transmitted power is modulated if
the sample is moved along the z direction due to the nonlinear phase shift ∆Φ0.
This effect vanishes if the aperture is fully open, S = 1, and is most pronounced
for S ' 0. However, a small S becomes impractical because the measured power
approaches zero, too, and the measurement is very sensitive to misalignments e.g.
due to the pointing stability of the laser, or irregularities on the surface of the
sample.
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A normalized transmittance is defined as the ratio of the power transmitted if
the sample is at position z to the power transmitted if the sample is at a position
with |z′| >> 0. This transmittance T is described by

T (z, 〈∆Φ0〉) ≈ 1− 4〈∆Φ0〉x
(x2 + 9)(x2 + 1)

, (3.6)

where x ≡ z/z0. It was found that the distance between peak and valley, see Fig.
3.1 lower part, is related to the Rayleigh range

∆zpv ≈ 1.7z0. (3.7)

Assisted by numerical calculations, it was deduced that the transmittance at the
peak and valley positions are related to the phase shift with an uncertainty of ±2%,

∆Tpv ≈ 0.406(1− S)0.25|〈∆Φ0〉|. (3.8)

Finally, the nonlinear index of refraction can be obtained as

n2 ≈
√

2
λ

2π

〈∆Φ0〉
I0L

≈
√

2
λ

2π

∆Tpv
0.406(1− S)0.25I0L

. (3.9)

As mentioned above, two-photon absorption (TPA) might occur simultaneously
with the Kerr-effect and therefore the measurement needs to be corrected for the
TPA.

Experimental results and discussion

The z-scan measurements were conducted with linearly-polarized pulses from a
Ti:sapphire regenerative amplifier. The central wavelength of the pulses was 819 nm
and was chosen such that it was fairly close to the wavelength of operation of
Yb:KREW lasers at ∼1 µm but still not suffering from significant absorption. The
pulse length was 4 ps (FWHM) and the pulses had a repetition rate of 1 kHz. The
beam was focused to a spot size of ∼25µm (1/e2 intensity) radius and the peak
intensity at the focus was approximately 50GW/cm2. The aperture with the trans-
mittance set to S ≈ 0.18 was placed about 60 cm behind the sample which is much
further away than the Rayleigh length z0 of about 2mm. The sample thickness was
1mm for all samples. A CaF2 beam sampler allowed to monitor the amount of TPA
simultaneously with the measurement of the nonlinear refractive index. However,
the amount of TPA found was small with a maximum value measured for KLuW
to be ∼3%. The measurements of the power transmitted through the aperture were
corrected for TPA, and then Eq. (3.9) was fitted to the data. This was done for
the Yb-doped and the undoped samples both with light polarized along Np and
Nm. The results are presented in Table 3.1, while Fig. 3.2 shows a representative
curve measured on KLuW. The measured values range from 15 · 10−16 cm2/W to
26 · 10−16 cm2/W, and for every material the nonlinear refractive index measured
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Figure 3.2: Z-scan measurement on KLu(W04)2 along the Nm direction. The mea-
surement results (dots) are plotted together with a fit of Eq. (3.9) (line).1

parallel to Nm, denoted as n2m, was larger than the corresponding nonlinear refrac-
tive index measured parallel to Np, denoted as n2p. This is shown in Fig. 3.3(b).
In Fig. 3.3(a) a plot of the measured n2m values over the ionic radius of the RE3+

cation is displayed. It was found that the increase in n2m shows an approximately
linear dependency on the radius of the RE3+ cation. A similar effect is visible in
Fig. 3.3(b), however, the dependency is not equally strong.

In conclusion, the nonlinear refractive index of Yb-doped and undoped KLuW,
KYbW, KYW, and KGW was measured along the Nm and Np axes. The measured
data agreed well with literature for Yb:KGW [73]. The larger values were found
for n2m which is promising since the absorption and the emission cross sections
are larger along this axis, too. The values for n2m ranged from 19 · 10−16 cm2/W
to 26 · 10−16 cm2/W which can be compared to the nonlinear refractive index of
the for KLM widely employed Ti:Sapphire of 3.1 · 10−16 cm2/W [75]. Therefore,
the investigated double tungstate materials remain interesting materials for the
construction of lasers, especially if KLM is employed.

1To follow the usual convention, the sign of the z-axis is reversed as compared to Paper I.
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Crystal Dopant n2m n2p

[10−16 cm2/W] [10−16 cm2/W]
KLuW - 23 17
KLuW Yb(5 at.%) 22 19
KYbW - 23 17
KYW - 24 15
KYW Yb(5 at.%) 19 15
KGW - 25 15
KGW Yb(5 at.%) 26 17

Table 3.1: Measured nonlinear refractive indices of KRE(WO4)2 crystals.
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Figure 3.3: (a) Nonlinear refractive index and (b) its birefringence over the radius
of the rare-earth cation (RE3+) [Paper I].
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Figure 3.4: Photograph of the domain structure revealed by selective etching on (a)
the patterned face and (b) the non-patterned face [Paper II].

3.2 Periodically-poled KTA for mid-IR OPOs

KTiOAsO4 (KTA) is a suitable material for OPOs in the mid-IR since it can employ
the well-developed pump sources at ∼1µm, has a good nonlinearity and a rather
high damage threshold, and large aperture (1 cm2) crystals are commercially avail-
able. Low absorption of the idler wave is essential especially at high powers, since,
absorption of the idler wavelength can lead to thermal lensing which decrements
the OPO performance also with respect to the signal output. KTA is used as gain
material in high energy [76] or high power [77] mid-IR OPOs since its transmission
window reaches further into the infrared if compared to KTP, see Fig. 2.10. Besides
the transmission spectrum, many optical properties are similar to the ones of KTP.
To take advantage of quasi-phase matching it is necessary to be able to periodically
pole the KTA crystals. However, due to the higher ionic conductivity this is more
challenging than e.g. in KTP. Indeed, periodic poling of KTA has been demon-
strated, however this was done at a temperature below 170K [78]. In Paper II the
first periodic poling at room temperature was shown and the crystal’s performance
was evaluated in an OPO setup.

The KTA crystal used for periodic poling had a thickness of 0.5mm, and an
aluminum grating with a period of Λ=39.5 µm was deposited on the c− face of
the crystal. This was done by standard lithographic techniques and the photoresist
remained as an isolating layer. The poling was done with liquid electrodes and
electric pulses with a length of 5ms and a voltage of 2.3–2.6 kV/mm were used.
The periodic domain structure had an area of 8 x 3 mm2, and both the patterned
and non-patterned crystal face are shown in Fig. 3.4. The domain structure shows
high quality and good homogeneity while the duty cycle was measured to be 54%
and 56% on the patterned and non-patterned side, respectively.

The setup used for the experiments consisted of a linear cavity with a flat input
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Figure 3.5: Experimental OPO threshold values for different cavity lengths together
with theoretical lines for different effective nonlinearities. [Paper II].

coupler that transmitted the pump light and was highly reflective for the signal.
In the first part of the experiments, the flat output coupler had a reflectivity of
90% for the signal. The crystal was left uncoated and rested on a temperature-
stabilized copper block at ∼25◦C such that entrance and exit surfaces were rotated
5◦ against the direction of the pump beam. This was done in order to avoid any
parasitic oscillations involving the crystal surfaces, and Fresnel losses were taken
into account. The OPO was pumped by a Q-switched flash-lamp pumped Nd:YAG
laser that emitted 6.5 ns long pulses with a repetition rate of 20Hz at a central
wavelength of 1064.4 nm. The OPO was phase matched for signal and idler waves at
1.538 µm and 3.452 µm, respectively. Here, the threshold of the OPO was evaluated
for several cavity lengths and the effective nonlinear coefficient deff was determined.
Fig. 3.5 shows the OPO threshold for cavity lengths in the range of 30–50mm. The
threshold for different values of deff was calculated and is also depicted. It was found
that a value of deff = 10.1 pm/V is in good agreement with our measurements.

This experimentally deduced value is also in good agreement with the value
deduced by SHG experiments for a duty cycle of D = 0.5 which is deff = 2d33/π =
10.3 pm/V for d33 = 16.2 pm/V.

In the next part of the experiments, the output coupler with a reflectivity of
90% was replaced by a mirror with 50% reflectivity for the signal in order to allow
a highly efficient OPO to be constructed. The cavity length was fixed at 30mm.
At the maximum pump energy of 2mJ the signal output reached 0.6mJ and had a
wavelength of 1538.2 nm with a bandwidth (FWHM) of 2.5 nm. Fig. 3.6 depicts the
conversion efficiency of the signal, the conversion efficiency of the combined signal
and idler output, and the pump depletion as a function of the pump energy. The
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Figure 3.6: Pump depletion, conversion efficiency to the signal, and conversion ef-
ficiency to signal and idler combined for different pump energies [Paper II].

combined efficiency was calculated from the signal efficiency using the Manley-Rowe
relationship Eq. (2.22). The pump depletion was calculated from the transmitted
pump power including linear losses measured below the OPO threshold. The com-
bined efficiency and the depletion have similar values throughout the measurement
range and reach a maximum of about 45% for the maximum input energy.

In the third and last part of the experiments, the crystal was rotated such
that the pump and signal beams were now in parallel with the grating vector of
the periodically-poled crystal. The temperature was scanned between 15–65◦ C to
investigate the temperature tuning of the output. The signal wavelength varied
between 1536.5 and 1545.5 nm and the idler wavelength was calculated using the
Manley-Rowe relationship. The results are plotted in Fig 3.7 together with a the-
oretical curve that was calculated using the Sellmeier equations by Fradkin-Kashi
et al. [79] with the temperature corrections proposed by Emanueli and Arie [80].
There is a mismatch between the theoretical curve and the experimental data which
might be caused by slightly different impurity concentrations in the evaluated KTA
samples. This work has shown, that KTA can be periodically poled by electric-
field poling at room temperature and high-quality periodic-domain gratings can be
created. Moreover, a highly efficient OPO process employing quasi-phase matched
KTA in the mid-IR was demonstrated.
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Figure 3.8: Photograph of the domain structure of periodically-poled KTP (PP-
KTP) as revealed by selective etching on (a) the patterned face and (b) the non-
patterned face after two poling pulses [Paper III].

3.3 Large aperture periodically-poled Rb-doped KTP for high energy
OPOs

In the design of nanosecond high-energy OPOs, it is often desirable to take advan-
tage of a large aperture since this eases operateting the OPO below the damage
threshold of the gain material. In order to take advantage of quasi-phase matching,
large-aperture (>1mm) periodically-poled crystals are required and were demon-
strated in several materials. 10mm thick LiNbO3 [47] and 5mm thick LiTaO3 [81]
crystals were poled at elevated temperatures. However, the created domain pattern
is inhomogeneous and therefore not optimal for a quasi-phase matched conversion
process. 3mm large apertures were shown in periodically-poled KTiOPO4 (PP-
KTP) as well as in RbTiOAsO4 (PPRTA) [51, 82]. The latter suffers from its limited
availability, while the former suffers from inhomogeneities between different wafers
as well as within a single wafer. Therefore, only a limited yield can be reached.
KTP is also not a feasible candidate for apertures above 3mm due to broadening
of the domains. However, by doping KTP with Rb, the ionic conductivity can be
reduced and superior poling results can be achieved.

The 5mm thick Rb-doped KTP (RKTP) crystals were poled by the electric-
field poling technique with square electric pulses and a voltage of 3.2 kV/mm. Two
pulses were required to pole the crystals throughout the 5mm aperture. Poling
with single (triangular) pulses was not possible due to the maximum voltage being
limited by the equipment. The crystals were prepared with a period of Λ = 38.86µm
for the down-conversion of 1064 nm pump light to the degenerate 2128 nm output.
Homogeneous, high-quality domain patterns were created as can be seen in Fig. 3.8.
The duty cycle was close to 0.5 on the patterned and 0.57 on the non-patterned
face. The poled area was 8x3 mm2.

In order to confirm the good quality of the domain structure, the crystal was
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Figure 3.9: OPO output energy map of the yz plane of the 5mm thick PPKTP
crystal [Paper III].

characterized in an OPO setup. The linear cavity consisted of two flat mirrors with
an output coupler reflectivity of 50%. A rather small pump beam with a beam
waist of 250µm (1/e2 intensity radius) provided by a Q-switched Nd:YAG laser
was scanned along the uncoated sample. The pulses had a length of 6.5 ns and a
repetition rate of 20Hz. The OPO was operated at about four times the threshold
energy, and the results of the measurement are shown in Fig. 3.9. The crystal shows
a good homogeneity along the yz plane of the crystal. The lower output at the edges
is attributed to the beams getting clipped by the crystal’s aperture.

To demonstrate a high energy OPO, a Q-switched Nd:YAG master-oscillator
power amplifier system was employed. This system provided pulses at a wavelength
of 1064 nm with a length of ∼12 ns at 100Hz repetition rate. The linear OPO cavity
was 20mm long and the output coupler had a reflectivity of 30% at 2.1 µm. The
crystal rested on a temperature-stabilized copper block at 55◦C and the collimated
pump beam had a radius of 2mm in order to take advantage of the large aperture of
the RKTP crystal. The results are depicted in Fig. 3.10. The maximum signal and
idler output was 60mJ, limited by the maximum pump energy of 120mJ. Note that
the crystal was uncoated; thus, the incident pump energy is corrected for Fresnel
reflections. The maximum efficiency reached was 50%.

Temperature tuning was studied in the range from 10–70◦C. The signal and
idler wavelengths were deduced from measurements of sum-frequency waves created
either by the sum of pump and signal waves, or by the sum of pump and idler waves.
The results are presented in Fig. 3.11 together with theoretical predictions based
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Figure 3.10: Output energy (right scale), efficiency (left scale), and depletion (left
scale) of the OPO employing a 5mm thick PPKTP [Paper III].

on Sellmeier equations by Fradkin et al. [83] with the temperature correction by
Emanueli and Arie [80], and the temperature dependent equations by Kato and
Takaoka [84]. There is a clear discrepancy between the measured wavelengths and
the theoretical values, however, none of the Sellmeier equations were derived for this
wavelength span. A spectrum at degeneracy for a crystal temperature of 50◦C was
measured directly with a grating spectrometer. The output spectrum is displayed in
Fig. 3.12 and shows a spectrum centered around 2.1 µm with a FWHM bandwidth
of 80 nm. In addition, two side peaks at a distance of ±8THz can be seen. These are
attributed to the lowest-frequency infrared-active transverse optical (TO) phonon
mode in KTP [85]. As mentioned, the maximum output power was only limited by
the available pump power, moreover, as will be shown in Paper IV and employed
in Paper V, the output spectrum of an OPO at degeneracy can be narrowed by a
volume Bragg grating as output coupler.
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Figure 3.11: Temperature tuning of the signal and idler waves together with the-
oretical curves based on the Sellmeier equations by Fradkin et al., and Kato and
Takaoka [Paper III].
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Figure 3.12: Output spectrum of the OPO at degeneracy [Paper III].
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3.4 OPO tuning with a chirped VBG over degeneracy

Optical parametric oscillators (OPOs) are useful sources of coherent radiation and
often provide a broad gain bandwidth and therefore a spectrally broad output. This
is especially true near the wavelength degeneracy point, where λs ≈ λi, as can be
seen from Fig. 2.7. Such OPOs, operated close to or at degeneracy, are suitable
pump sources for a following nonlinear conversion step [86]. In order to achieve
narrow-band operation of an OPO, several approaches have shown to be successful.
In this work, a volume Bragg grating (VBG) was employed as an output coupler of
an OPO. This was first demonstrated in [18], and even close to degeneracy operation
was shown [86]. To maintain wavelength tuning capabilities while using a VBG, it is
possible to (1) change the temperature of the VBG, (2) rotate the VBG with respect
to the beams, or (3) take advantage of a transversely-chirped VGB (TC-VBG) [87].
The exact tuning characteristics depend on the specific setup, however, temperature
tuning is usually very limited in VBGs due to the small tuning coefficient. Rotating
the VBG adds complexity to the cavity design and allows tuning of the OPO by
several nm [88]. Using a transversely-chirped VBG allows maintaining a simple
linear cavity and provides tuning ranges of more than 10 nm [87]. In this thesis
work, a TC-VBG is used as the output coupler in a linear OPO cavity employing
a type 0 phase matched PPKTP crystal. The TC-VBG allowed tuning the output
wavelength to and beyond the wavelength degeneracy point.

Setup and Experiment

The linear OPO cavity was formed by a flat input coupling mirror and the TC-
VBG as output coupler, with a periodically-poled KTP crystal as gain medium (Fig.
3.13(a)). The poling period was Λ = 9 µm which allowed for the conversion of one
photon at the pump wavelength of 532 nm to two photons at ∼1064 nm. The pump
laser was a frequency-doubled q-switched Nd:YAG laser with a pulse repetition
rate of 20Hz providing 6 ns long pulses. The crystal was anti-reflection coated, but
nevertheless rotated by 5◦ to prevent parasitic oscillations from the crystal surfaces.
The TC-VBG was characterized by directing a cw Ti:Sapphire beam onto it and
varying its wavelength for several positions on the grating. The 17mm wide grating
had a chirp rate of 0.8 nm/mm and its central reflectivity wavelength varied between
1054 and 1066 nm while the FWHM bandwidth was measured to be 0.4–0.6 nm.

The OPO could be operated and its output wavelength tuned from 1052 to
1066 nm by a simple translation of the TC-VBG. The tuning characteristic is de-
picted in Fig. 3.14, and the figure shows that the resonating wavelength can be tuned
over the degeneracy point. Note that, for grating positions larger than ∼15mm the
idler wave is resonating.

Fig. 3.15 shows the output spectra at and off degeneracy, and, as a comparison,
the spectrum if the OPO was operated with a broadband mirror. For the operation
at degeneracy, only a single peak can be seen, however, if the OPO is operated off
degeneracy, two separated signal and idler peaks can be identified together with
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Figure 3.13: (a) The OPO setup in the linear configuration and (b) in the L-
configuration [Paper IV].
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Figure 3.15: Spectrum of the OPO output at degeneracy (solid line), off degener-
acy (dashed line), and with a broadband mirror (dotted line). The insert shows a
logarithmic spectrum off degeneracy [Paper IV].

additional side peaks. The insert in Fig. 3.15 shows an off-degeneracy spectrum
with a logarithmic scale revealing up to eleven side peaks. These side peaks were
attributed to a cascaded χ(2) : χ(2) four-wave mixing (FWM) process [89, 90]. The
additional peaks occur at a frequency separation of δ = ωs−ωi and the peak labeled
s1 has a frequency ωs1 with ωs1 = ωs + ωs − ωi. The process can be described by
first considering second harmonic generation on the resonating signal, which in turn
acts as a pump for a second OPO process in which the signal at ωs1 is created. Due
to the broad gain bandwidth, which is also shown by the output spectrum recorded
with the broadband mirror, these cascaded processes are also phase matched. The
peak at ωi1 = ωi + ωi − ωs is reached in a similar way as ωs1. The FWM comb
is then formed by continuing the cascaded process including the newly generated
wavelength, see simplified schematics in Fig 3.16. The spacing of the FWM comb
is determined by the frequency distance between signal and idler and can be varied
by changing the position of the TC-VBG.

The output energy of the OPO is shown in Fig. 3.17 for two different pump en-
ergies together with the reflectivity curve of the VBG. The output energy is nearly
constant throughout the operational range, besides a slight decrease at degeneracy
and the falling-off at the edges. The decrease at degeneracy occurred for all pump
powers and was further investigated. The OPO was not singly resonant at degen-
eracy as opposed to operation off degeneracy. The spectral width (FWHM) of the
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decrease in output energy was similar to the FWHM of the VBG and, therefore,
related to the OPO changing from singly-resonant (off degeneracy) to becoming
doubly-resonant (at degeneracy). At degeneracy, both the signal and idler waves
are reflected from the VBG and the overall output coupling is changed if compared
to the singly-resonant case. However, the change in output coupling cannot ex-
plain the loss in output energy, since the output recovers if the OPO is tuned over
degeneracy, even though the VBG’s reflectivity decreases throughout the tuning
process. Moreover, the OPO threshold is almost unaffected by the OPO operating
at or off degeneracy. This can be attributed to the high gain in ns pump OPOs. To
investigate the possibility of light being back-converted to the pump wavelength in
the backward direction, an additional setup was built, that allowed to monitor the
amount of backward directed light at the pump wavelength (Fig. 3.13(b)). Note,
in this setup there are no surfaces perpendicular to the beam since the VBG was
written with a tilt with regard to the surface of the glass block containing the
VBG. This ensures that no pump light is reflected directly backwards. Only a small
amount of 0.01mJ of backwards directed light at the pump wavelength could be
detected in the case of operating the OPO at degeneracy. Off degeneracy, no back-
wards directed light could be measured. Therefore, only a minor part (30%) of the
decrease in output energy can be attributed to backwards directed back-conversion.

Instead, the decrease in output energy is attributed to the coherence bandwidth
of the pump. In a singly resonating OPO the phase relation φp − φs − φs = π/2
is easily fulfilled since the non-resonating field can freely adapt its phase such that
the relation is fulfilled. However, in a doubly resonant OPO the cavity restricts
the phases of signal and idler and none of them can adapt its phase to fulfill this
relation. The pump laser was a flash-lamp pumped laser and its coherence time
was estimated elsewhere to be 140 ps [89]. The round-trip time in the cavity was
approximately 197 ps and therefore larger than the coherence time. This means,
assuming a Gaussian dependence of the pump correlation function, a probability of
0.13 that the resonating signal and idler fields encounter the correct phase of the
pump beam necessary to fulfill the above-mentioned phase relation. Therefore, the
decrease in output energy at degeneracy can be related to the coherence time of
the pump laser.
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Figure 3.18: Schematic drawing of the PPKTP master-oscillator power amplifier
system and the following ZGP RISTRA OPO.

3.5 ZGP RISTRA OPO in the mid-IR

Radiation in the mid-IR region can be suitable for surgery applications, as described
in Sec. 1.4. Especially with a wavelength of 6.45µm, less collateral damage to the
surrounding tissue can be expected. Radiation at this wavelength can be generated
with a free electron laser (FEL), however, such machines are not a feasible solution,
mainly because of their high costs. Moreover, it was shown that an OPO with
ZnGeP2 (ZGP) as gain medium can perform equally well or even superiorly to an
FEL [91]. However, not only the wavelength but also other criteria such as pulse
duration, pulse energy and pulse repetition rate have to be met in order to achieve
superior results in clinical surgery. In this work, as a part of the EU 7th Framework
Programme MIRSURG project, the aim was to build a so-called tabletop-size source
to generate pulses at 6.45 µm wavelength with a repetition rate of 100Hz, a pulse
duration of <10 ns, and a pulse energy in the mJ range with a high spatial beam
quality. To achieve this, a ZGP OPO employing the RISTRA cavity (Sec. 2.6) was
built. Since ZGP requires a pump wavelength of above 2 µm, the number of suitable
high energy pump sources is very limited. Ho3+-doped laser materials can be used
for the pumping of ZGP and provide a good overall efficiency, but are limited in
the pulse energy and cannot provide short enough pulses to meet the requirements
[92, 93]. Therefore, an OPO system based on periodically-poled KTP and Rb-doped
KTP was employed to provide the pump light at around 2 µm. The ZGP crystal
was placed in a RISTRA cavity to enhance the spacial beam quality.
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Master-oscillator power amplifier system at 2 µm

The experimental setup is schematically depicted in Fig. 3.18. The overall system
can be divided into a master-oscillator power amplifier (MOPA) stage and the fol-
lowing ZGP RISTRA OPO. The MOPA system provides the pump light at 2µm
that is required to operate the ZGP OPO, which in turn generates the output radi-
ation around 6.45µm. The MOPA consisted out of an OPO and a following optical
parametric amplification (OPA) stage. Both the OPO and the amplification stage
were pumped by a diode-pumped Nd:YAG laser, which provided pulses with a pulse
length of 10 ns and a repetition rate of 100Hz at a wavelength of 1064 nm. The out-
put of the pump laser was split in two beams and then distributed individually to
the OPO and the OPA. Here, the OPO was built with a linear cavity employing
a VGB as output coupler to provide narrow-band output close to degeneracy [Pa-
per IV]. A 3mm thick periodically-poled KTP (PPKTP) crystal with a poling pe-
riod of Λ=38.86 µm was the gain medium. This period allowed the down-conversion
of pump light at 1.064µm to 2.1µm. The output of the OPO was separated from
the remaining pump light and fed into the OPA crystal which had the same poling
period as the OPO crystal. However, the OPA crystal had a 5mm thick aperture
and therefore a Rb-doped KTP was employed [Paper III]. Both crystals rested on
temperature-controlled copper blocks and both crystals were anti-reflection coated
for the involved wavelength. The output from the OPA stage was again separated
from the remaining pump beam in order to avoid any radiation with 1 µm wave-
length to reach the ZGP crystal. The MOPA system is somewhat more complicated
than a single-stage OPO, however, it provided a superior overall performance. Since
high energies are required, large aperture crystals have to be employed. The first
limitation was that the VBG only had an aperture size of 3mm and therefore was
not suitable as output coupler in a cavity with >3mm thick gain crystals. More
importantly, at higher pump levels, the beam quality of the OPO can suffer due to
back-conversion and four-wave mixing processes. Therefore, the OPO was pumped
just two times above threshold and provided a narrow-band seed to the OPA, which
amplified the pulse energy to the required levels.

Fig. 3.19 shows the output spectrum of the PPKTP OPO operated with the
VBG as output coupler, and, for comparison, with a broadband mirror instead. The
signal and idler peaks were close to degeneracy and both had a spectral bandwidth
(FWHM) of ∼0.7 nm. The OPO provided 3.6mJ radiation at 2.1µm as a seed to
the following amplification stage. This OPA was pumped with up to 60mJ of pump
light at 1.064 µm and its output characteristic is shown in Fig. 3.20. Also depicted
in the insert is a beam profile, recorded with a pyroelectric array camera at the
maximum pump energy for which 26mJ of output energy with a pulse length of
∼8 ns could be generated. This radiation at 2.1µm was used as the pump energy
for the ZGP OPO.
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Figure 3.19: Output spectrum of the PPKTP OPO with a broadband mirror
(dashed line) and a volume Bragg grating as output coupler (solid line).
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Figure 3.21: Pulse energy of the signal and idler waves for (a) collinear and (b) non-
collinear phase matching. The inserts show intensity profiles of the beams recorded
with a pyroelectric array camera [Paper V].

ZGP RISTRA OPO

The available pump energy behind the input coupler of the RISTRA was 21mJ.
The output energy of the ZGP OPO signal and idler beams is displayed in Fig. 3.21.
In a collinear birefringence phase-matching configuration, the RISTRA OPO gener-
ated maximum energies of 0.84mJ and 1.25mJ at wavelength of 6.27 µm (idler) and
3.22µm (signal), respectively. The pulse length of the ZGP output was measured
to be 5 ns. By a simple rotation of the RISTRA cavity with ±1 degree with respect
to the pump beam, the idler wavelength could be tuned between 6.27 and 8.12µm
with the corresponding signal tuning from 3.22–2.88µm. The pulse energies for the
operation at 6.45 µm and 3.176 µm are depicted in Fig. 3.21(b). In this noncollinear
configuration the maximum output energies were 0.91mJ and 1.4mJ for the idler
and the signal, respectively. Also shown in the inserts in Fig. 3.21 are the beam
profiles of the signal and idler beams recorded at maximum pump energy. A com-
parison with the pyroelectric-array camera with the pump beam of the RISTRA
OPO in Fig. 3.20 reveals a remarkably improved symmetry of the beam shapes in
all cases. This was expected due to the image-rotation cavity configuration. The
results of tuning the signal yielded the spectra shown in Fig. 3.22. The tuning was
symmetrical around the collinear phase-matching angle of 52.5◦. Overall, the ZGP
RISTRA OPO pumped by an optical parametric MOPA system showed good per-
formance and the generated pulse energies were approximately four times above
tissue ablation thresholds with 6.45 µm radiation.
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Figure 3.22: Signal spectra for different rotations of the ZGP RISTRA cavity. The
collinear phase-matching angle was 52.5◦ [Paper V].
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Figure 3.23: Scheme of the singly resonant bow-tie cavity employing a variable-
reflectivity volume Bragg grating [Paper VI].

3.6 Continuous-wave OPO employing a variable-reflectivity volume
Bragg grating

Continuous-wave optical parametric oscillators (cw OPOs) can, besides academic
interest, be used in spectroscopic applications [94, 95] and countermeasures against
heat seeking missiles [96]. The advances of high-power fiber lasers as suitable pump
sources accelerated the development of especially singly-resonant cw OPOs (SOPO)
and provided more than 20W of output power [27]. However, to reach high output
powers, it is essential to avoid detrimental effects that occur and diminish the OPO
performance if left unattended. This can be e.g. stimulated Raman scattering or
cascaded nonlinear processes. It has been shown theoretically that an optimal ratio
of pump to threshold power of (π/2)2≈ 2.5 should not be exceeded [97, 98]. In ad-
dition, for some specific OPOs even lower ratios have been suggested [99]. However,
control of the OPO threshold can ensure stable high-energy operation. This can be
achieved by controlling the output coupling, and several approaches have been suc-
cessfully demonstrated. Mirrors with different reflectivities can be employed [28],
however, this requires many mirrors and is potentially time-consuming and costly.
Anti-resonant ring interferometers can also be used [29], but they suffer from addi-
tional optical elements – associated with losses – and add to the space requirements
of the setup. In Paper VI a different approach is demonstrated. Previous work al-
ready demonstrated volume Bragg gratings as output coupler in cw SRO [100],
however, in Paper VI a VBG with a variable reflectivity has been employed as the
output coupler.

The setup (see Fig 3.23) was, besides the variable-reflectivity VBG, a standard
bow-tie ring cavity. The ring cavity, in conjunction with the VBG, leads to sin-
gle longitudinal signal output. An Yb-doped fiber laser with up to 100W of single
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Figure 3.24: (a) Measured OPO threshold power for different positions of the vol-
ume Bragg grating. (b) Measured (squares) and calculated (dashed line) thresholds
assuming losses Vs=1.2% plotted vs the transmission of the volume Bragg grating
[Paper VI].

transversal mode output power served as pump laser. The OPO was built with a
1mm thick 50mm long periodically-poled MgO2-doped lithium niobate (PPLN)
crystal. The poling period was Λ = 30.5 µm allowing quasi-phase matching the
conversion of the pump at 1.064 µm to 1.55 µm signal and 3.4 µm idler waves. The
crystal was placed in a temperature-controlled copper block and kept at ∼25◦C.
Since it is essential in cw OPOs to reduce internal losses, the PPLN crystal was
anti-reflection coated for all interacting wavelengths. Mirrors M1 and M2 where
curved with a radius of curvature of 100mm, while mirror M3 and the VBG were
flat. This in conjunction with a cavity length of approximately 410mm led to a
signal mode radius (1/e2 intensity) in the crystal of 85 µm. Thus, a good overlap
with the pump, which was focused to a (1/e2 intensity) radius of 75 µm, was en-
sured. All mirrors were highly reflective for the signal wave and transmitting the
pump wavelength. The VBG was purchased from a commercial vendor and had
an aperture of 18 x 3mm2. Under normal incidence, the central reflectivity of the
VBG was at 1550.6 nm and its peak reflectivity varied along the transversal direc-
tion between 90 and 99.3% while the FWHM bandwidth was approximately 0.5 nm.
Since the VBG was positioned in an angled configuration, with an internal angle of
β = 3.2◦, the reflectivity in the experiment varied between 88.8 and 99% and the
central wavelength shifted to 1548.2 nm.

The OPO was operated with different positions of the VBG and the OPO thresh-
old power was measured. Fig. 3.24(a) shows the threshold for different positions
of the VBG. In Fig. 3.24(b) the linear dependency of the OPO threshold on the
VBG reflectivity is shown. The losses, Vs, could be deduced to be 1.2% by fitting
Eq. (2.38) to the data points. In the this experiment, the OPO was operated just
above threshold and pump powers above 20W were avoided to minimize any risk
of laser-induced damage to the crystal. In the consecutive experiment, the OPO
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Figure 3.25: Depletion (a) and efficiency (b) curves for different OPO threshold
powers. Ts is the VBG transmission for the signal wave. The dotted lines show
theoretical values assuming losses of Vs=1.2% [Paper VI].

was operated at up to 2.5 times above threshold for threshold powers of 4.4W,
8W, 12W, and 16W. The corresponding maximum pump powers were then 11W,
20,W, 30W, and 40W, respectivly. The depletion and efficiency curves are de-
picted in Fig. 3.25. For larger OPO threshold powers, depletion and efficiency are
in good agreement with each other, and a maximal extraction efficiency of 75% was
reached. Consequently, while pumping with 40W, 19W signal and 11W idler power
were measured. Again, numerical calculations employing Eq. (2.41) showed good
agreement with the measured data presented in Fig. 3.25(b) for losses of Vs=1.2%.
Measurements with a cavity, where the VBG was replaced by a mirror, showed that
the internal losses for the signal wavelength, Vs, in this case were ∼0.5%. These
losses were probably caused by scattering and absorption losses in the crystal, the
coatings on the crystal, and the mirror coatings. Moreover, the difference between
the losses Vs of 0.7% if the VBG was replaced by a mirror, can be understood by
considering that the beam had to pass twice through the anti-reflection coating on
the VBG’s glass block.

The spectral quality of the signal was confirmed by measurements with a waveme-
ter and a temperature-stabilized Fabry-Pérot scanning interferometer (FPI). The
spectral line-width (FWHM) was measured to be 1.65MHz, clearly below the cavity
mode spacing of 310MHz and therefore confirming single longitudinal mode output.
Long-term measurements over 1.5 h were conducted and the results are presented
in Fig. 3.26. It shows the frequency deviation (measured both with the FPI and the
wavemeter), signal output power, idler output power, and the room temperature.
The frequency deviation was as little as 200MHz over this time span, however,
a trend following the increasing room temperature can be seen. The signal and
idler output powers are not strongly affected and show fluctuations of <5%. Still,
a temperature controlled housing of the OPO might further improve the stability.
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Figure 3.26: Measurement over 1.5 hours showing (a) the frequency deviation mea-
sured both with a wavemeter and a Fabry-Pérot interferometer, (b) signal output
power, (c) idler output power, and (d) room temperature [Paper VI].





Chapter 4

Conclusions

In this thesis I have demonstrated how optical parametric oscillators in the mid-IR
can be improved. This was done by employing new materials, new optical elements,
and new cavity designs. In addition, valuable measurements for the further devel-
opment of short-pulse lasers are presented.

Suitable laser pump sources are required for the nonlinear conversion of coherent
radioation to the mid-IR spectral region. Therefore, the nonlinear refractive index
in Yb-doped and undoped potassium gadolinium tungstate (KGd(WO4)2, KGW),
potassium yttrium tungstate (KY(WO4)2, KYW), potassium ytterbium tungstate
(KYb(WO4)2, KYbW), and potassium lutetium tungstate (KLu(WO4)2, KLuW)
was measured. These biaxial crystals show a strong birefringence of the nonlinear
refractive index, which was confirmed via measurement of n2 along the Np and
Nm principal axes. The measurements in Paper I were conducted with the z-scan
technique and showed values for the nonlinear index of refraction between 15–
26·10−16 cm2/W. In all cases, the measured values along the Nm direction were
larger than those along the Np direction, and it was noticed that this birefringence
was reduced with Yb-doping. Moreover, an approximately linear dependency of the
n2 index along the Nm principal axis, in relation to the ion radius of the rare earth
cation (Gd, Yb, Y, and Lu) in the crystal structure, was found.

KTiOAsO4 (KTA) provides an extended transparency range into the mid-IR
region if compared with the more widespread KTiOPO4 (KTP). This was utilized
in an OPO with a periodically-poled KTA crystal where quasi-phase matching was
employed. Paper II was the first report of room-temperature electric-field poling
of KTA and successful operation in an OPO was demonstrated. The OPO emitted
radiation at 1.538 µm and 3.452 µm, where KTP is already suffering from strong
absorption of the idler. With the KTA crystal, a combined efficiency of 45% could
be reached and the nonlinear coefficient, deff , of the periodically-poled crystal was
shown to be 10.1 pm/V which is close to the theoretical maximum value.

To allow higher output energies of optical parametric oscillators, large aper-
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ture crystals are required. Periodically-poled KTiOPO4 (PPKTP) is commonly
employed in quasi-phase matched nonlinear conversion schemes, however, it suffers
from its rather large ionic conductivity. This leads to domain broadening, especially
in thick periodically-poled crystals. To improve the poling capabilities, doping with
Rb can lower the ionic conductivity, and up to 5mm thick crystals were demon-
strated in Paper III. These crystals were employed in an OPO that emitted radiation
close to degeneracy at 2.1µm. The total output energy reached 60mJ, with an ef-
ficiency of 50%. 5mm thick Rb-doped KTP was also employed in Paper V, here as
the gain material in an optical parametric amplifier (OPA).

Efficient nonlinear conversion to the mid-IR requires narrow-band pump sources.
To narrow down the emission wavelength of OPOs suitable as pump source in a
cascaded conversion scheme, volume Bragg gratings can be implemented as the
output coupler. Especially at degeneracy, where the output is otherwise broad-band,
VBGs can strongly reduce the bandwidth of the output spectrum. In Paper IV, a
VBG with a wavelength chirp in the transversal direction was employed to tune the
output wavelength of an OPO. The wavelength could be tuned to and around the
degeneracy point. Interesting phenomena such as cascaded four-wave mixing could
be studied, and wavelength tuning of a narrow-band OPO was demonstrated.

The generation of high-energy nanosecond pulses in the mid-IR is demonstrated
in a cascaded conversion scheme. In Paper V, a KTP OPO was operated close to
degeneracy, similar to the OPO described in Paper IV, and its output radiation
was amplified in a 5mm thick Rb-doped PPKTP, similar to the crystal described
in Paper III. This radiation was then utilized as the pump energy of a ZGP OPO,
generating idler output around 6.45µm. To improve the spacial beam profile and the
symmetry of the beam, a RISTRA cavity was employed in the ZGP OPO. Moreover,
wavelength tuning of the idler in the range of 6.27–8.12 µm, and correspondingly
for the signal between 3.22–2.88 µm, could be demonstrated. Since laser surgery
with reduced collateral damage seems possible at a wavelength of 6.45 µm, this
wavelength was of special interest for this work. An output energy of 0.9mJ could
be demonstrated and this energy is above the limit for tissue ablation.

A new method, employing a volume Bragg grating, to control the output cou-
pling in high power continuous wave OPOs is presented. Owing to the recent ad-
vances in Yb-doped fiber lasers, with an emission wavelength ∼1µm, continuous-
wave OPOs reach output powers >20W. Such high power cw OPOs require careful
control of the output coupling. In Paper VI, a VBG with a variable reflectivity along
the transversal direction was employed as output coupler. The variable reflectivity
allowed precise control of the output coupling percentage and thereby also of the
OPO threshold. This ensured stable operation of the OPO with an efficiency of 75%.
19W of signal with a wavelength of 1.55µm and 11W of idler with a wavelength
of 3.4 µm could be extracted from a pump power of 40W.
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4.1 Outlook

Yb-doped double tungstate crystals remain interesting candidates for the further
development of mode-locked lasers, especially if Kerr-lens mode-locking (KLM) is
employed. The knowledge of the nonlinear refractive index, and the possibility to
compare different materials measured in the same setup, might be beneficial in the
future design of KLM lasers with Yb-doped double-tungstate crystals.

The poling of KTA with the electric field method at room temperature allows an
easier fabrication of high quality periodically-poled KTA crystals and might lead
to a wide range of experiments employing KTA. Especially in the transparency
region of 2.8–3.5 µm, where KTP is not suitable, KTA might be an alternative to
more established materials such as lithium niobate. For example, besides LIDAR1

applications, a KTA OPO could be employed in a cw OPO similar to the one
described in Paper VI, or, as a seed source for an ZGP OPO. Moreover, the poling
properties of KTA might benefit from Rb-doping and allow large aperture sizes in
periodically-poled KTA crystals.

Periodically-poled Rb-doped KTP with a thickness of 5mm is now available.
Therefore, the thickness of the crystal is seldom the limiting factor in an application.
Moreover, larger aperture sizes are probably mostly limited by the large poling
voltage required, even though thicker crystals seem possible. Additionally, it is
probably more important to also scale the length of the crystals, such that they
can be employed in cw experiments.

The OPO with a transversely-chirped VBG (TC-VBG) as output coupler cre-
ated a comb of output frequencies caused by four-wave mixing (FWM). The distance
between the FWM output frequencies could be controlled by the position of the
TC-VBG. The comb spacing could also be tuned in the THz range. This might be
useful for the generation of THz radiation.

The RISTRA cavity remains an interesting research subject. The output ener-
gies can probably be further increased due to the increase in available pump energy
at ∼2µm. Moreover, other nonlinear materials besides ZGP, e.g. in a quasi-phase
matching geometry, could be suitable as gain medium in a RISTRA cavity.

The cw OPO described in this thesis was wavelength-locked with the help of
a volume Bragg grating. This VBG had a variable reflectivity, however, the cen-
tral reflectivity wavelength was fixed. A VBG with a chirp in the reflected wave-
length allowed wavelength tuning. Here, a VBG with a varying reflectivity along
one transversal direction, and a chirp in the reflected wavelength along a second
transversal direction could be implemented. Thereby, control over the output cou-
pling percentage and the emission wavelength could be obtained. As mentioned
above, a periodically-poled KTA crystal might also be an interesting gain medium
in a cw OPO.

1Light Detection And Ranging.
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