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Abstract

In comparison with infrared lasers, high-power continuous-wave (CW) single-
frequency laser sources emitting visible green light are beneficial in various engi-
neering applications and physics experiments. However, in the past their output
powers were limited to about 20W.
Light shining through a wall (LSW) experiments utilized pulsed green lasers

in the past. Their sensitivity was limited by the available average output powers
of those systems with suitable beam quality and pulse length. These remained
below 10W.
In this thesis a CW single-frequency 532nm laser source with an unprecedented

output power of 134W was realized, via the effect of second harmonic generation.
The power level was long-term stable and generated with 90% external conversion
efficiency, the best for high-power devices so far. It was found, that at most
3 % of the harmonic power was contained in higher-order transversal modes. A
new technique was developed here, too, which reduced the uncertainty in this
measurement.
In addition to the work just described, the improvement of a large-scale LSW

experiment to the best sensitivity world-wide was also conducted in this thesis.
The crucial, innovative step was the substitution of the pulsed laser by a combi-
nation of a CW single-frequency high-power green laser and a 9m long production
resonator. An optical power of 1kW was stored on average in the optical resonator
for a data taking duration of 55h.
Finally, design considerations were made here for an enormously improved fu-

ture LSW experiment, which incorporates a regeneration cavity. A specific basic
implementation was designed and its sensitivity was estimated.

Keywords: second harmonic generation, optical metrology,
light shining through a wall
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Kurzzusammenfassung

Verglichen mit Infrarotlasern, besitzen einfrequente Hochleistungsdauerstrichlaser
im sichtbaren grünen Spektralbereich Vorteile in einer Reihe von Ingenieursan-
wendungen und physikalischen Experimenten. Ihre Leistungspegel waren in der
Vergangenheit jedoch auf ca. 20W begrenzt.
Licht durch die Wand (im Englischen abgekürzt durch LSW) Experimente ver-

wendeten in der Vergangenheit gepulste grüne Laser. Daher war ihre Sensitivität
begrenzt durch die Ausgangsleistungen der verfügbaren Systeme mit geeigneter
Strahlqualität und Pulslänge. Diese waren geringer als 10W.
In dieser Arbeit wurde mittels Frequenzverdopplung eine Quelle einfrequenter

Dauerstrichlaserstrahlung mit einer Wellenlänge von 532nm und einer beispiello-
sen Ausgangsleistung von 134W realisiert. Der Leistungspegel war langzeitstabil
und wurde mit einer externen Konversionseffizienz von 90 % generiert, die bis-
her beste für Hochleistungssysteme. Der Leistungsanteil in höheren transversalen
Moden wurde zu höchstens 3 % bestimmt. Hier wurde auch eine neue Messme-
thode entwickelt, die eine Verringerung der Unsicherheit in solchen Messungen
ermöglicht.
Darüber hinaus wurde in dieser Arbeit ein LSW Experiment zum Sensitivsten

weltweit ausgebaut. Der hierfür entscheidende, innovative Schritt war die Erset-
zung des gepulsten Lasersystems durch die Kombination eines einfrequenten grü-
nen Hochleistungsdauerstrichlasers mit einem 9 m langen Produktionsresonator.
Im Mittel wurde eine optische Leistung von 1 kW über eine Messdauer von 55 h
in diesem Resonator gespeichert.
Abschließend wurden Designstudien für ein zukünftiges, immens verbessertes

LSW Experiment durchgeführt, welches einen Regenerationsresonator beinhalte-
te. Es wurde eine spezifische grundlegende Implementierung entwickelt, und ihre
Sensitivität wurde abgeschätzt.

Stichworte: Frequenzverdopplung, optische Messtechnik, Licht durch die Wand
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Chapter1
Introduction

T he realization of the first laser by Maiman in the year 1960 started a new era
in physics [91]. One example is the first observation of the effect of second

harmonic generation (SHG) by Franken et al. only one year later [48].
The collimated beam, which is emitted from a laser, enables the achievement

of high optical intensities. Furthermore, the good spatial and temporal coherence
properties of this beam allows the use of its wavelength as reference for distance
measurements. This increased the precision of such measurements by orders of
magnitude. The effect of SHG in turn helped to realize laser sources for a large
number of different wavelengths.

Today, interferometric gravitational wave detectors measure the phase differ-
ence between two beams to detect distance changes between two mirrors [150].
If a gravitational wave travels through the detector it will change this difference.
These waves represent disturbances of spacetime and were predicted by Albert
Einstein in 1916 in the context of his theory of general relativity [126].
The hunt for the first direct detection of these waves is still ongoing, as the

relative length changes caused by gravitational waves on Earth are tiny. Even for
the most rapidly accelerated and most massive objects in the universe they are
expected to be on the order of only 10−22 or less [127]. Therefore enormous efforts
were made and are still underway to allow for a direct detection in the near future.
These efforts emerged into the realization of several large-scale gravitational wave
detectors (e.g. GEO 600 [150]) and into future missions being under construction
(e.g. Advanced LIGO [51]) and in planning phase (e.g. ET [116] or DECIGO [53]).
For all of them continuous-wave (CW) sources of laser light with highest stability

1



1. Introduction

and beam quality are required. Especially, these lasers have to emit a high power
at a single frequency [149].
Once the sensitivity of those future detectors is good enough to detect gravita-

tional waves on a regular basis, the scientific gain will also be enormous. Gravi-
tational wave observatories will open up a completely new perspective to observe
astrophysical processes, fundamentally different from everything, which is acces-
sible to date. From this new perspective scientists will learn a lot about our
universe from its current state back to its very beginning [127].

Another way to learn a lot about our universe is the analysis of the constituents
of matter and the fundamental forces. Apart from gravity, these aspects are
described accurately today by the Standard Model of particle physics (SM) [113].
However, the SM cannot be a complete description of our universe. This is obvious
as it excludes gravity. Additionally, it misses explanations for the occurrence
of dark matter [160] and dark energy [109], whose existence was approved by
the seven-year results of the Wilkinson Microwave Anisotropy Probe (WMAP)
satellite mission [70].
In contrast, string theory and other extensions of the SM are able to include

those effects [113]. Usually these candidates for extension or substitution of the
SM predict a large set of light particles, which interact only very feebly with
ordinary matter [68]. Such a particle is generally denoted as weakly interacting
slim (or sub-eV) particle (WISP). Additionally, several puzzling astrophysical
observations can be understood much better, if WISPs exist [87]. The same is true
for the non-observation of CP symmetry breaking in case of the strong force [43].
However, up to now such WISPs could not be observed by any laboratory or
collider experiment. In fact, this might be very well caused by the simple fact
that they are weakly-interacting and thus evade detection by collider experiments
due to a too low primary particle flux.
Interestingly, several WISP species are expected to couple also to photons as

their mass is low enough to allow production from photon-photon interactions [68].
This concept is utilized in light shining through a wall (LSW) experiments, which
search for the oscillation of photons from a light beam into WISPs and vice
versa [4]. In these experiments the primary particle flux can be made extraordi-
nary large as, for instance, a beam of green light with an optical power of 100W
corresponds to a huge flux of photons of 3×1020 1

s .
In addition to high-power light sources, LSW experiments require extremely

low-noise detectors, and large-scale vacuum systems and strong magnetic fields
with lengths of ten meters and more are necessary. To exploit the full length,
the light has to be coherent. Additionally, the usually small apertures of the
magnets require a confined beam. Thus the application of lasers seems inevitable.
Furthermore, in this thesis optical resonators were used to further increase the
primary particle flux. The application of this optical metrology technique even
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requires a CW single-frequency laser source with good beam quality and stability.
If WISPs are found they will be a direct proof for the existence of physics be-

yond the Standard Model. The knowledge about their precise mass and coupling
to photons would severely constrain Standard Model extensions or even falsify
some of them. This also would fundamentally change our understanding of the
universe from star evolution to the Big Bang, as completely new constituents and
interactions would have to be taken into account [118].

Both examples given above require high-power CW single-frequency metrology
laser sources with good beam quality. Such sources have already been constructed
in the infrared spectral region [151]. As in both cases the performance of the
experiment is at least theoretically improved with decreasing wavelength of the
applied laser, it is desirable to have such a laser also available in the green visible
spectral region.
The first part of this thesis deals with the construction of such a high-power

CW single-frequency laser source with a wavelength of 532 nm. The second part
deals with the fundamental optimization of LSW experiments, conducted by the
author as member of the Any Light Particle Search (ALPS) collaboration. The
optimization was done by the application of a laser source with the previously
mentioned properties in combination with optical resonators. Implementation
of this concept into the ALPS experiment was the crucial step to achieve large
sensitivity enhancements.

Outline of this Thesis

The structure of this thesis is described in the following.
Chapter 2 deals with the construction of high-power single-frequency laser

sources for the green visible spectral region via the effect of SHG. Starting from the
theoretical basics, a model for SHG in an external cavity is developed. Then two
experiments with essentially different nonlinear crystals are described. In both
cases optimum single-pass conversion was intentionally avoided as suggested by
the modelling process, and both cases achieved leading results. The result was a
laser source, which met all basic requirements imposed on a laser source for a grav-
itational wave detector, and which emitted an unprecedented power of 134W at
532 nm! A new measurement technique was developed to reduce the uncertainty
of conventional spatial beam quality measurements.
Chapter 3 presents the ALPS I experiment. This is the first LSW experiment

world-wide, which utilizes a CW laser in combination with an optical resonator
comprising the WISP production region. After explaining the basics of LSW ex-
periments and related particle physics, the WISP types of interest are introduced
and motivations are given to search for them. Then the two phases of the ALPS I

3



1. Introduction

experiment are described. The first phase demonstrated the compatibility of the
long optical resonator with an existing large-scale LSW experiment. In the sec-
ond phase the experiment was upgraded and subsequently achieved the highest
sensitivity world-wide.
In Chapter 4, design considerations for a future ALPS II experiment are de-

scribed, which is currently in its planning and preparation phase. This experiment
will show an impressive enhancement in sensitivity compared to its precursor, as
it will incorporate a so-called regeneration cavity. First, this and other key tech-
niques for the sensitivity enhancement are explained. Then, basic design consid-
erations for an unprecedented specific realistic implementation are presented, and
its theoretically achievable sensitivity is estimated. The latter will be orders of
magnitude higher than that of ALPS I!
Finally, in Chapter 5, the most important conclusions of this thesis together

with their impact and implications are summarized.
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Chapter2
High-power 532 nm
single-frequency
TEM00 laser sources

H igh-power CW green light is important in many applications of science and
engineering. Examples are pumping of titanium-sapphire lasers or dye la-

sers [17], the latter enabling the construction of laser guide star adaptive optics
systems, which become increasingly important for astronomy [117]. By the pro-
cess of SHG the generation of CW deep-UV radiation from green light is possible,
which is utilized in fiber Bragg grating production or semiconductor mask inspec-
tion [123].
Another application of green laser radiation can be found in the field of laser

material processing, because CW-(micro-)welding in the green spectral region
is advantageous to the usual application of infrared lasers when materials are
processed, that have significantly higher reflectivities for infrared light like copper
or gold [65]. A low amount of power in higher-order transversal modes increases
micro-welding precision.
Future gravitational-wave detectors like the Einstein Telescope (ET) might ben-

efit from a single-mode high-power laser source at 532 nm [53]. Such a detector
maintains the same signal-to-quantum-noise ratio if both the optical wavelength
and the circulating optical power are halved [23]. However, thermal effects would
be greatly reduced. In any case the signal strength grows linearly with the inverse
wavelength. Plans for future space-borne missions like DECIGO or BBO already
incorporate this idea [53]. As coatings and optics have to be tested for quality
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2. High-power 532 nm single-frequency TEM00 laser sources

and reliability at the wavelengths applied in these missions, a high-power CW
laser source at 532 nm might become a valuable tool.
Finally, so-called light shining through a wall (LSW) experiments in particle

physics need powerful lasers as particle sources. A wavelength of 532 nm would
in this case have two advantages, namely the possibility for longer conversion
regions and the availability of more sensitive detectors. Chapters 3 and 4 of this
thesis will deal with such experiments in more detail.
Compared to argon ion gas laser systems, neodymium doped solid-state lasers

emitting at 1064nm are much more efficient. Thus it is a promising technique to
generate high-power laser light at 532 nm via the process of SHG from such an
infrared laser.
A very large amount of scientific publications deal with SHG of light with a

wavelength of 532nm, some of which could demonstrate extraordinary high con-
version efficiencies of up to 92% at low power levels on the order of 100mW [141,
142]. Such efficiencies are indeed remarkable as one has to keep in mind that in
many other fields of research such higher-order nonlinear effects are completely
neglected in everyday perturbation analysis.
Considerably less publications deal with the generation of harmonic power lev-

els in the multi-watt or even 100W regime. At such power levels the single-pass
conversion efficiencies of the nonlinear crystals are often strongly degraded by
thermal dephasing processes originating from optical absorption. Some contribut-
ing effects to the overall absorption coefficients are intensity dependent.
In the scope of this thesis a simple model was developed, which showed that

the scheme of external-cavity doubling is beneficial for high-power SHG. It allows
to strongly reduce the intensities of the fundamental and harmonic beam and
correspondingly the intensity dependent absorption effects without sacrificing the
external conversion efficiency. Based on this idea a resonant high-power SHG
stage with a high nonlinearity crystal was set up, which achieved the highest
long-term stable single-frequency harmonic power reported so far and known to
the author for this material and wavelength. Its performance was in good agree-
ment with the developed model but was still clearly limited by thermal dephasing
processes.
In a next step a very high power metrology infrared laser provided the funda-

mental beam. It emitted a power of 150W. As thermal dephasing could not be
avoided in the previous setup the strategy was changed. In contrast to the pre-
vious experiment, here a low nonlinearity crystal with proven resilience against
high optical powers was utilized. In this experiment an extraordinary high single-
frequency harmonic power of 134W could be achieved in good agreement with the
model mentioned above! This is, to the best of the author’s knowledge, the high-
est scientifically published single-frequency power so far for a 532nm wavelength.
Furthermore, a technique was developed, which allowed to reduce the uncertainty
in the result for the fundamental transversal mode content of the harmonic power.
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2.1. Light propagation through media

In Sec. 2.1 of this chapter the basics of light propagation and second harmonic
generation are explained. These are used in Sec. 2.2 to develop a simple model for
high-power SHG devices, which incorporates thermal dephasing processes to some
extend. Sec. 2.3 reports on the conversion experiment with the high-nonlinearity
crystal and its comparison with the model. Finally, Sec. 2.4 describes the im-
proved technique to determine the fundamental transversal mode content, and
it presents the extraordinary high harmonic power SHG experiment with the
low-nonlinearity crystal.
Some results on an essentially identical experiment like the one described in

Section 2.3 have already been published in [97] and the main results of Section 2.4
can be found in the literature as well [98].

2.1. Light propagation through media

In this subsection the basic models and effects of light propagation, optical res-
onators and second harmonic generation are reviewed in the extend necessary for
the contents of this thesis.

2.1.1. Propagation in a linear medium

Light propagation is governed by Maxwell’s equations. From them a simpli-
fied one-dimensional differential equation can be derived, which describes the
propagation of light in a rather general medium or vacuum (see A.1 in ap-
pendix) [14, 105, 41]

∇2E(z, t)− 1 + χ(1)
m

c02
∂2

∂t2
E(z, t) = 1 + χ(1)

m

ε0c02
∂2

∂t2
P̃ (z, t) . (2.1)

Here E and P̃ are the rapidly varying electric field and atomic polarization field,
χ(1)
m is the magnetic susceptibility, c0 is the speed of light in vacuum and ε0 the

electric constant. All parameters are in SI units.
The right hand side of Eq. (2.1) represents a source term for the propagating

electric field. If the wave propagates in vacuum this term would be assumed to be
zero (because their is nothing to polarize) indicating that the complex amplitude
of the wave is not changed during propagation. But obviously this term is nonzero
if the light propagates inside a medium. Thus one would expect some change of
the amplitude and/or phase of the electric field. This is indeed the case and can
be seen if one inserts the explicit expression for P̃ in the case of propagation inside
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2. High-power 532 nm single-frequency TEM00 laser sources

an ideal linear medium [40, 105]

P̃ (t) = ε0χ
(1)
e (ν)E(t) , (2.2)

⇒ ∇2E(ν, t)− (1 + χ(1)
e (ν))(1 + χ(1)

m )
c02

∂2

∂t2
E(ν, t) = 0 ,

where the relative permittivity εr(ν) = 1 + χ(1)
e (ν) and relative permeability

µr = 1 + χ(1)
m are complex parameters that depend on the optical frequency and

in birefringent crystals also on the orientation of the optical polarization and
propagation direction relative to the crystal’s optical axes. Their real parts have
the ability to change the phase of the wave and their imaginary parts change the
wave’s amplitude. They are related to the real quantities refractive index n(ν)
and extinction coefficient κ(ν) by εrµr = (n + iκ)2.
After this reformulation the source term in the above equation has vanished

showing that within a linear medium no other effects are to be expected.

2.1.2. Gaussian beams and plane waves

The most general solution of Eq. (2.2), which is able to describe electro-magnetic
waves, is given by

E(z, t) = 1
2 U(x, y, z, t) ei(kz−2πνt) + (cc) . (2.3)

is an unnecessarily general model for a beam of laser light. To find a suitable
analytic expression for a realistic laser beam one claims the complex amplitude U
in Eq. (2.3) to be less general. The corresponding solutions are called Gaussian
beams. Their slowly varying complex amplitude has the general form [129]

Ǔ(x, y, z, t) = U0(z, t)
∑
m,n

Cnm(z, t) Vnm(x, y, z) , (2.4)

Vnm(x, y, z) = 1√
2n+m−1 n!m!π w(z)

Hn

[ √
2

w(z)x
]
Hm

[ √
2

w(z)y
]

× exp
[
− r2

w(z)2

]
exp

{
i
[

k

2R(z)r
2 − (n+m+ 1)ψ(z)

]}
,

with Hn[x] denoting a Hermite polynomial of order n, the radial distance r =√
x2 + y2 and the beam radius w(z), phase front radius of curvature R(z) and

8



2.1. Light propagation through media

Gouy phase ψ(z) given by

w(z) = w0

√
1 +

(
z

zr

)2
, (2.5)

R(z) = z

[
1 +

(zr
z

)2
]

,

ψ(z) = arctan
(
z

zr

)
,

and w0 denotes the beam’s nonzero radius at its focus (i.e. its narrowest point,
also called beam waist). While the sign of the phase in Eq. (2.3) was chosen
by convention it is important to choose the signs of the phase contributions in
Eq. (2.4) in the correct relative relation to this convention.
Obviously the radius of a Gaussian beam necessarily grows with increasing

distance from its focus and the divergence angle depends on the wavelength and
waist. This effect is called diffraction. A typical distance is the Rayleigh range,
which is defined as

zr = πnw0
2

λ0
.

It denotes the distance from the waist, at which the beam radius has increased
by a factor

√
2. Hence the intensity of a Gaussian beam also depends on the

distance from its waist, which will become important for the intensity dependent
nonlinear effects discussed below.
The transversally varying part of a Gaussian beam (i.e. Vnm) is often called

transverse electromagnetic Hermite Gauss (TEM) mode. These TEM modes are
normalized such that the surface integral over the cross-sectional plane of their
squared modulus gives unity

∞∫
0

r

2π∫
0

|Vnm|2 dφ dr = 1 .

The set of TEMnm modes made up of all non-negative integers n and m form
an orthonormal basis. This means on the one hand that the projection of any
mode onto any other results in an orthonormality relation

δnjδmk =
∞∫

−∞

∞∫
−∞

Vnm(x, y, z) [Vjk(x, y, z)]† dx dy . (2.6)

On the other hand an arbitrary laser beam with a given propagation direction
can always be expressed as a superposition of TEM modes. Such a decomposition
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2. High-power 532 nm single-frequency TEM00 laser sources

is performed by calculating the overlap integral of the reference transverse mode
Vnm and the beam to be decomposed Ǔd(x, y, z, t) [75]

U0 Cnm =
∞∫

−∞

∞∫
−∞

Ǔd(x, y, z, t) [Vnm(x, y, z)]† dx dy . (2.7)

The transverse mode coefficients Cnm then give the power fraction |Cnm|2 and
the electric field fraction |Cnm| of Ǔd contained within Vnm. The phase shift of
the corresponding transversal mode component of Ǔd relative to Vnm is given by
arg(Cnm). Energy conservation then results in a normalization condition with the
beam’s power Pd (for the general definition of intensity and optical power in this
thesis see A.3 in the appendix)

|U0|2
∑
m,n

|Cnm(z, t)|2 =
∞∫

0

r

2π∫
0

|Ǔd|2 dφ dr = 2
nε0c0

Pd .

The radius and divergence angle of a Gaussian beam grows with a decreasing
relative fraction of its power contained inside its fundamental mode TEM00 [129].

Generally speaking, two laser beams can differ in their alignment, i.e. in a
translation δx or by an angle δθ, they can also differ in their focussing, i.e. in
waist size δw0 or waist position δz0, and by an astigmatic distortion, i.e. they
show a difference of waist dimensions or waist positions along either the x-y axis
or along the 45-degree rotated x’-y’ axis denoted in the following by δw0, ord and
δz0, ord, or δw0, rot and δz0, rot, respectively. If all these deviations are small then
the normalized modal part of the complex amplitude of one of the beams can be
expressed in terms of the basis of the other beam by [11]

Ǔd = U0 [D0V00 + DxV10 + DyV01 + Dfoc (V20 + V02) (2.8)
+Dord (V20 − V02) + DrotV11] ,

10



2.1. Light propagation through media

with the factors given by

Dx = 1
w0

(δx + izrδθx) , (2.9)

Dy = 1
w0

(δy + izrδθy) ,

Dfoc = 1√
2

(
δw0

w0
+ iδz02zr

)
,

Dord = 1√
2

(
δw0, ord

w0
+ iδz0, ord2zr

)
,

Drot =
(
δw0, rot

w0
+ iδz0, rot2zr

)
,

D0 =
√

1 − |Dx|2 − |Dy|2 − 2|Dfoc|2 − 2|Dord|2 − |Drot|2 = √η00 .

If these deviations are varying in time the ones connected to Dx and Dx are often
called pointing or beam jitter.
All of the above considerations are also valid for another set of transversal

modes called transverse electromagnetic Laguerre Gauss (LG) modes. They make
use of the Laguerre instead of the Hermite polynomials and are better suited if
cylindrically symmetric problems are considered.
If transversal variations of the electric field are not important, a simpler ex-

pression for U can be used

U(x, y, z, t) = U(z, t) = U0(z, t) . (2.10)

The corresponding solution for E is called a ’plane wave’, which is considered to
have infinite lateral extension and plane phase fronts.

2.1.3. Optical resonators
An optical resonator or cavity can act as an amplifier for that part of its incident
laser power, which is contained inside its eigenmode. To do so the optical phase of
the eigenmode has to reproduce itself after each round trip, i.e. the resonator has
to be resonant. In that case the amplification factor is given by the ratio of the
laser power inside the resonator, which is traveling into one direction Pcirc, divided
by the fraction η00 Pinc. Here η00 Pinc is the fraction of the power Pinc incident
on the coupling mirror or input coupler, which is contained in the resonator’s
eigenmode (which is assumed here to be the TEM00 mode; see also 2.1.2). This
ratio is called (resonant) power build-up

PB = Pcirc

η00 Pinc

∣∣∣∣
on resonance

. (2.11)
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2. High-power 532 nm single-frequency TEM00 laser sources

Consider an empty linear resonator consisting of two mirrors with an optical
round trip length Lrt fed by a laser, whose frequency difference to the resonance
of the cavity is ∆ν. The coupling mirror CM has a power transmission coefficient
of Tin. After one round trip the light power has diminished due to transmission
through the end mirror Tout, absorption and scattering summed up into the passive
fractional losses Ap = Tout + Ap,a + Ap,s. Another relevant loss one might think
of in case of a cavity enhanced frequency doubling scheme is the loss for the
fundamental light ASHG caused by the effect of SHG. All these fractional power
losses are combined in A = Ap +ASHG.
During a round trip between the mirrors the light acquires a phase ψ =

2πν Lrt/c0. Resonant enhancement of the circulating light power is achieved when
the light wave nearly reproduces itself after one round trip, i.e. when Φ = ψ mod
2π ≈ 0. A cavity has therefore an infinite number of resonance frequencies spaced
by the free spectral range

FSR = c0
Lrt

.

In terms of the wavelength and cavity round trip length the resonance condition
is given by

Lrt = nλ0 (with integer n). (2.12)
Under the assumption that Tin, A and Φ are all small compared to unity, the
power buildup can be approximated by [129]

PB = Tin

1 + (1− Tin)(1−A)− 2
√

(1− Tin)(1−A) cos(Φ)
(2.13)

≈ 4Tin
(Tin +A)2 + 4 Φ2

,

Correspondingly, the power transmitted, reflected, converted and lost is given by

Ptrans = Tout PB η00 Pinc , (2.14)
Ploss = (Ap,a +Ap,s)PB η00 Pinc ,

P h = ASHG PB η00 Pinc ,

Prefl = Pinc − Ptrans − P h − Ploss = Pinc (1−APB η00) .

The derivative of Eq. (2.13) in the resonant case with respect to Tin can be set to
zero to find the maximum power build-up with respect to input coupling. This
maximum is achieved if the so-called impedance matching condition is fulfilled:

Tin = A ⇒ PBmax = 1
Tin

. (2.15)

Hence, the largest power build-up is obtained when Tin is chosen to be as close
as possible to the sum of all losses A. Derivation with respect to A shows that
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2.1. Light propagation through media

there is no maximum of PB over this parameter, clarifying that it is always best
to keep losses as small as possible in order to maximize the power build-up. But,
even when choosing the best optics available and assembling the cavity under as
clean ambient conditions as possible, some passive losses Ap will always remain.
Hence, one normally has to guess A in advance during the design process of an
optical resonator to have a means to optimize PB.
To maximize the power build-up in the cavity, the alignment, shape and res-

onance frequency of the resonator eigenmode must be exactly matched by the
incident laser beam. These parameters are defined by the alignment and radius
of curvature (ROC) of the cavity mirrors and by the optical distance between
them. Many single mode continuous-wave lasers emit most of their power into
the fundamental transversal mode TEM00. However, every slight mismatch in
beam shape or alignment causes some fraction of the incident power to overlap
with higher-order transversal eigenmodes of the cavity. In general, the higher-
order spatial modes have different resonance frequencies than the fundamental
mode. Hence, in such a case this power fraction is not amplified when the funda-
mental mode is resonant.
Small fluctuations of the cavity round trip length ∆Lrt induce correspondingly

small relative changes of its resonance frequency given by ∆νres/νres = −∆Lrt/Lrt.
Thus there is a length change, which induces a difference between laser frequency
and resonance frequency, at which the power build-up is reduced to half its peak
value. The doubled distance between these two points on the frequency axis is
denoted as full linewidth at half maximum FWHM of the optical resonator and
can be calculated by

FWHM ≈ FSR

2π (Tin +A) . (2.16)

With this expression Eq. (2.13) can be casted in another way, which shows, that
the influence of the mirrors and losses, and the influence of the frequency mis-
match can be separated for small frequency deviations ∆ν:

PB ≈ PBmax ·
1

1 +
(

∆ν
FWHM/2

)2 with PBmax = 4Tin
(Tin +A)2 . (2.17)

This frequency dependent power buildup can be utilized to filter sideband frequen-
cies above FWHM/2 from the incident beam, suppressing technical amplitude and
phase modulations in the circulating light.
The ratio FSR/FWHM , which is a measure for the cavity’s quality, is usually

called finesse F .
The full theory on mode structures of laser beams and resonators can be found

in several publications, for instance [129, 75, 80].
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2. High-power 532 nm single-frequency TEM00 laser sources

2.1.4. Propagation in a nonlinear medium
Compared to the case of linear media the situation changes, if media are consid-
ered, whose atomic response to the excitation of the transmitted electric field is
to some extend nonlinear. Now, the expression for the atomic polarization might
be expanded into a Taylor series. It should be noted, however, that this Taylor
expansion does not necessarily converge for some nonlinear processes. This is the
case for resonant optical excitation (because the atomic populations are changed)
and for fundamental intensities on the order of 1016 W

cm2 or bigger (because pho-
toionization occurs). Because this thesis deals with none of these effects and is
interested only in the quadratic part, the atomic polarization simplifies to its
Taylor expansion [26, 40]

P̃ i(t) ≈ P̃
(1)

i (t) + P̃
(2)

i (t) =
∑
j

ε0χ
(1)
e ijEj(t) +

∑
j,k

ε0χ
(2)
e ijkEj(t)Ek(t) .

(2.18)
In this expression Ej and Ek are not necessarily polarized along the same optical
crystal axis.
An intuitive understanding of the origin of the nonlinear components of the

atomic polarization can be obtained by thinking of an electron as a harmonic
oscillator in its ideally parabolic atomic potential (i.e. by application of the
Lorentz model of atoms). Many nonlinear materials are solids where individual
atoms are not free but closely packed in a grid-like structure together with atoms
of different kinds. This leads to deformations of the electronic potentials, which
is in the Lorentz model depicted as deformation of the parabolic potential. While
a parabolic atomic potential would cause only a linear component of P̃ to appear,
noncentrosymmetric deformations can cause components of second and higher-
order. Instead, centrosymmetric distortions can cause only components of third
and higher-order. Fig. 2.1 depicts a these potentials. As will be shown below
the tensor structure in Eq. (2.18) can be reduced to a single scalar parameter for
many crystal materials in a given experimental situation. Therefore it is ignored
here for a while.
Incorporating the thoughts from the paragraph dealing with linear media, the

differential equation describing the light propagation Eq. (2.2) gets a new source
term on its right hand side:

∇2E(t)− εrµr

c02
∂2

∂t2
E(t) = χ(2)

e

c02
∂2

∂t2
E2(t) .

To understand the effect of this new source term one assumes that the electric
field was prepared by the experimentalist to consist of two frequency components
ν1 and ν2

E =
[

1
2 U1ei(k1z−2πν1t) + (cc)

]
+
[

1
2 U2ei(k2z−2πν2t) + (cc)

]
.
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Fig. 2.1: Comparison of ideally parabolic, noncentrosymmetric and centrosym-
metric atomic potentials ’seen’ by an electron in the Lorentz model [26].

Here the complex conjugates have to be inserted because the propagation equa-
tion of a nonlinear medium applies nonlinear operators to E. Because the set
of functions exp(i2πν̂t) forms a complete orthonormal basis one gets a separate
propagation equation for each frequency component ν̂ of the nonlinear atomic
polarization (in the following set of equations the abbreviations denote sum fre-
quency generation (SFG) and difference frequency generation (DFG)):

SHG of ν3 = 2ν1: DE(ν3) = ∂2

∂t2

[
χ(2)
e

2 U2
1 ei[(2k1)z−2πν3t] + (cc)

]
,

(2.19)

SHG of ν4 = 2ν2: DE(ν4) = ∂2

∂t2

[
χ(2)
e

2 U2
2 ei[(2k2)z−2πν4t] + (cc)

]
,

SFG of ν5 = ν1 + ν2: DE(ν5) = ∂2

∂t2

[
χ(2)
e U1U2 ei[(k1+k2)z−2πν5t] + (cc)

]
,

DFG of ν6 = ν2 − ν1: DE(ν6) = ∂2

∂t2

[
χ(2)
e U2U

†
1 ei[(k2−k1)z−2πν6t] + (cc)

]
.

Here the general frequency dependence of χ(2)
e (ν) and the time dependence of

U(t) have been omitted for compactness, the wave vector is again defined as
k = 2πn(ν)ν/c0 and the equation’s left hand side was defined as

DE(ν) = c0
2∇2E(ν, t) − [εrµr]

∂2

∂t2
E(ν, t) .

In contrast to a linear medium, transmission of light through a nonlinear medium
obviously causes a set of frequency components to be created.

15



2. High-power 532 nm single-frequency TEM00 laser sources

For completeness it should be mentioned here that there is still another effect,
which originates from the DC component of the nonlinear polarization

P̃ (ν = 0, t) = 1
2
(
|U1(t)|2 + |U2(t)|2

)
.

This effect is called optical rectification, it causes a DC electric field to become
measurable at the medium’s facets [15], and it recently gained importance because
it allows to generate terahertz radiation from laser light [83].

2.1.5. Nonlinear susceptibility
Often nonlinear materials are crystals and in general their second order suscep-
tibility χ(2)

e is a tensor. For a given nonlinear crystal the second order atomic
polarization P̃

(2)
, which is caused by a transmitted light beam, depends on the

orientation of the optical crystal axes to this beam. However, in many practical
cases (and in all, which are considered in this thesis) the material’s resonance
frequencies lie far off the optical frequencies involved [26]. As a consequence the
system responds essentially instantaneously to the applied fields and the atomic
polarization can be expanded into a Taylor series as was already assumed earlier.
Under these circumstances the nonlinear susceptibility becomes essentially inde-
pendent of the optical frequency and it is symmetric under the permutation of its
indices. This situation is called Kleinman’s symmetry and in this regime often
the so-called contracted notation is used

dijk = 1
2χ

(2)
e ijk .

Then one can define a so-called effective nonlinearity deff. On theoretical grounds
this single parameter fully characterizes the suitability of a certain nonlinear
material on a microscopic scale for a given conversion process at given wavelengths
and given orientation of the light propagation direction and polarization relative
to the optical crystal axes. The way how deff is calculated for different kinds of
materials is described for instance in [99].

2.1.6. (Quasi-)Phase matching
Up to this point all differential equations describing the propagation of waves
inside a medium were only valid for an individual atom (i.e. on a microscopic
scale). But any bulk crystal consists of a very large set of atoms, which all act
as individual sources for tiny partial electromagnetic waves. In order to get a
significant wave out of the crystal all these tiny sources (in the following called
partial waves) have to interfere constructively. This is trivial in the case of a linear
medium because the atomic emission is triggered by the exciting wave, which has
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2.1. Light propagation through media

the same frequency and thus travels at the same speed like all generated partial
waves such that constructive interference is guaranteed.
However, this is not true for the case of a nonlinear medium. It was shown in

connection with Eq. (2.2) that the propagation speed of a wave inside a medium is
governed by the refractive index n(ν), which depends on the light’s frequency and
polarization. Thus the primary wave at ν1 and generated partial waves at another
frequency component ν2 will ’see’ a refractive index difference ∆n = n2 − n1.
Correspondingly, the primary wave, which drives the polarization of each atom
will usually travel at a different speed through the crystal than the generated
partial waves at another frequency. This means that partial waves generated at
different locations along the beam path usually do not interfere constructively.
There are three ways to circumvent this problem, which are collectively denoted

as phase matching:

• Critical phase matching (CPM): When the two wavelengths are polar-
ized orthogonally and travel through a birefringent crystal, the refractive
indices for the two wavelengths depend on the exact orientation of the po-
larizations relatively to the optical axes of the crystal. In some cases this
can be utilized to match them for a given orientation and thus achieve
critical phase matching. The term ’critical’ refers to the point that this
kind of phase matching is rather sensitive to the orientation angles. This
includes the divergence angles of the laser beam, which sometimes necessi-
tates sub-optimal beam radii [106]. Furthermore in the case of critical phase
matching the fundamental and harmonic beams do not travel collinearly
in the medium, which limits their interaction length and tends to distort
the harmonic beam shape [110, 142]. Typical examples of materials used
for critically phase-matched SHG of laser light at a wavelength of 532 nm
are potassium titanyl phosphate (KTiOPO4) (KTP) and lithium triborate
(LiB3O5) (LBO).

• Noncritical phase matching (NCPM): When each wavelength is polar-
ized parallel to the optical axis of the crystal, the corresponding refractive
index values are at their angular extrema and thus rather insensitive to an-
gular alignment changes. For some crystal materials and wavelengths they
can still be matched because they usually depend differently on the crys-
tal temperature [106]. Typical examples of materials used for noncritically
phase-matched SHG of laser light at a wavelength of 532 nm are lithium
niobate (LiNbO3) (LN) and again LBO.

• Quasi-phase matching (QPM): In the case of quasi-phase matching an
entirely different concept is used. Here, the two wavelengths are usually
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2. High-power 532 nm single-frequency TEM00 laser sources

polarized along the same optical axis of the crystal and thus see inherently
different refractive indices. Consequently, they will accumulate a constantly
growing phase difference. If the two waves start in phase the harmonic
power will increase until the waves acquired a phase difference of π. After
the corresponding propagation length (which usually is on the order of a
few micrometers for wavelengths from the near-infrared (NIR) to visible)
the optical axis of the crystal is inverted leading to an inverted sign of the
effective nonlinearity deff [133]. Thus the phase difference will grow further
but the electric fields will interfere constructively again, as deff is inverted
(see Eq. (2.20) further down). The slope of the harmonic power will show a
saddle point and starts rising again until the optical axis has to be inverted
again. On the one hand this technique can lead to much stronger effective
nonlinearities and a broader range of crystal materials can be accessed. On
the other hand the thickness of the crystals is limited (usually to 1mm) and
parasitic processes might also be stronger [106, 26]. Typical examples of
materials used for quasi-phase-matched SHG of laser light at a wavelength
of 532 nm are periodically-poled KTP (PPKTP), periodically poled LN
(PPLN) and periodically poled stoichiometric lithium tantalate (LiTaO3)
(PPSLT).

Application of any of these techniques assures that the partial waves generated
at different positions along the beam path interfere constructively again.

2.1.7. The coupled equations of motion for SHG
It was shown in connection with Eq. (2.19) that a light beam that propagates
inside a nonlinear crystal can in general produce several new frequency compo-
nents. But in practice the phase matching condition in common materials can
often only be realized for two wavelengths. Thus only those nonlinear processes,
which involve these two wavelengths will take place with significant efficiency.
So if one deliberately introduces phase matching for SHG from the fundamental

frequency νf to the harmonic frequency νh then two processes can take place
efficiently, namely the degenerate SHG/SFG process νh = νf + νf = 2νf and the
DFG process νf = νh−νf. Thus using the set of equations around (2.19) the system
of differential equations one has to consider to describe the situation completely
is given by

DE(νh) = ∂2

∂t2

[
χ(2)
e

2 U0
2
,f ei[(2kf)z−2π (2νf) t] + (cc)

]
,

DE(νf) = ∂2

∂t2

[
χ(2)
e U0,hU0

†
,f ei[(kh−kf)z−2π (νh−νf) t] + (cc)

]
.
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2.2. Modelling high-power second harmonic generation

Modern crystal materials usually are of high quality showing only little absorp-
tion. Consequently the influence of optical absorption on the waves’ amplitudes
is ignored here. Although its influence on the field amplitudes is negligible it can
still cause significant heating of the crystal if the optical power levels are high.
This effect will be considered later.
In order to get a valid model for experiments with laser beams this set of

differential equations has to be solved for Gaussian beams. If one inserts Eq. (2.4),
a set of differential equations for the complex amplitudes of TEM00 beams is
obtained. This involve the assumption of a continuous-wave system in its steady
state (i.e. no time dependence of the complex amplitudes), TEM00 mode beams,
and the slowly varying envelope approximation (i.e. the assumption that the
complex amplitudes do not change on length scales of the laser wavelength).
Furthermore here the complex conjugates have been dropped on both sides. All
parameters are in SI units. The equations then read:

∂

∂z
U0,h(z) = iK U0,f(z)2 J̃(z) , (2.20)

∂

∂z
U0,f(z) = iK U0,h(z)U0,f(z)∗ J̃

∗
(z) ,

K = deff k

2
√
π w0,f n2 ,

J̃(z) = ei∆kz 1
1 + i zzr

.

Here, the wave vector mismatch is defined as ∆k = 2kf−kh. The small difference
between kf and kh is only important for the phases but not for the amplitudes.
Therefore in K the simplifications were used that 2kf ≈ kh = k and nhnf ≈ n2

with n taking the value of the arithmetic mean. These assumptions are valid in
a broad range around the phase matching temperature.
Both, the fundamental and the harmonic mode are TEM00 modes. However,

due to the intensity dependence of the conversion process the harmonic waist is
smaller than the fundamental one:

w0,h = w0,f√
2

. (2.21)

2.2. Modelling high-power second harmonic
generation

In this subsection two models are developed to describe a resonant SHG stage
theoretically. One assumes an ideal nonlinear crystal, which is not influenced by
heating from optical absorption, while the other model accounts to some extend
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2. High-power 532 nm single-frequency TEM00 laser sources

for thermal dephasing processes, which are caused by heat deposition inside the
crystal. The responsible absorption processes are explained, too.

2.2.1. The Boyd-Kleinman integral
The Boyd-Kleinman integral accounts for the intensity and phase matching of
Gaussian beams inside the nonlinear crystal due to diffraction and the Gouy
phase shift. For a circular TEM00 beam with its waist at the crystal’s center the
integral is given by

ĥ(σ, ξ) = Im

 Lk/2∫
−Lk/2

J̃(z) dz

 = 1
4ξ

∣∣∣∣∣∣∣
ξ∫
−ξ

eiστ

1 + iτ dτ

∣∣∣∣∣∣∣
2

. (2.22)

Here the parameters are defined as τ = z/zr, ξ = Lk/(2zr) and σ = ∆kzr.
The parameter σ represents an arbitrary phase offset between fundamental and
harmonic beam, which is in the case of an SHG stage usually chosen by the
experimenter to optimize the conversion efficiency (e.g. by changing the crystal
temperature). The value of ĥ for an optimized phase matching condition σ =
σopt was first analyzed as a function of the focussing parameter ξ by Boyd and
Kleinman [25]. Their result is shown in Fig. 2.2 together with its peak value
and two approximations for very large and very small ξ. The exact solution for
ĥ has a broad maximum and approximately equals ξ as long as ξ < 0.7, which
corresponds to waists much bigger than the optimum value. The maximum value
of ĥ = 1.068 is achieved for ξ = 2.84. This condition is often denoted as Boyd-
Kleinman focussing.
As Lastzka et al. showed, the single-pass conversion efficiency can be increased

above the maximum that ĥ would allow by 4.4%. For this to occur a temperature
profile has to be realized, which varies in a special way over the propagation
distance inside the crystal [82].
Boyd and Kleinman also found that for small ξ < 0.5 and for arbitrary σ the

integral can be approximated by [25]

ĥ(σ, ξ) = G sinc2 ( ξ(σ − σopt) ) , (2.23)

with G = ξ and σopt = 1. For bigger values of ξ ≤ 3.5 there is no longer a simple
expression for G but the sinc2() dependence remains valid within the innermost
80% of its central peak and the value of σopt is approximately given by

σopt ≈
arctan(M ξ)

M ξ
with M = 0.775 − 0.175 arctan(0.242 ξ) .

Under these conditions the empirically measurable temperature acceptance band-
width δTbw, which is defined as the FWHM of the central peak of the sinc2()
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Fig. 2.2: Value of the Boyd-Kleinman integral ĥ(σ, ξ) for σ = σopt as a function of
ξ. Also shown is its maximum value and two approximations for much
larger and much smaller ξ than the optimum value.

function under variation of the temperature of a crystal of length 1 m, can be
used to substitute the argument of the sinc2() function by

ξ(σ − σopt) = 1.391 2 ∆T Lk

δTbw
, (2.24)

with the deviation ∆T of the crystal temperature from its value for optimum
phase matching.

2.2.2. Approximate analytic solutions
If the generated harmonic power is small compared to the incident fundamental
power, one denotes the latter as nearly ’not depleted’. In this case the coupled
differential Eqns. (2.20) describing the SHG process can be solved analytically to
give

P h(Lk) = 16π2 deff
2 Lk ĥ P f(0)2

n2 λ0
3
,f ε0 c0

, (2.25)

P f(Lk) = P f(0) − P h(Lk) .

These expressions for the fundamental power P f and harmonic power P h are well
known in literature, e.g. see [26]. Here, Lk denotes the crystal length and ĥ
denotes the Boyd-Kleinman integral.
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2. High-power 532 nm single-frequency TEM00 laser sources

Spiekermann et al. proposed another relation, which was meant as substitution
for Eq. (2.25), namely [134]

P h(Lk) = P f(0) tanh2

 4π deff
nλ0,f

√
Lk ĥ P f(0)
λ0,f ε0 c0

 , (2.26)

P f(Lk) = P f(0) − P h(Lk) .

The origin of this equation is not clear. It certainly cannot be correct in any case,
as it predicts P h to be strictly monotonic over Lk, which is not the case for the
coupled set of differential Eqns. (2.20). Computational tests showed that it gives
acceptably precise results roughly for ξ < 3 and (P f(0) deff) < 1×10−9 Wm

V . In
this range of values it incorporates depletion of the fundamental beam and is thus
much more precise than Eq. (2.25).

2.2.3. Doubling schemes and suitable crystals
A second harmonic generator can be designed in three distinct ways which are
usually referred to as single-/multi-pass, intracavity and external-cavity doubling.
In the case of single-/multi-pass doubling the fundamental laser light is simply
directed once or several times through a nonlinear crystal placed downstream
of the laser. The advantage of this technique is its simplicity. On the other
hand for obtainable nonlinear crystal lengths of typically several centimeters the
material must show a very high nonlinearity to convert a large fraction of the
incident fundamental light. There are nonlinear materials like lithium niobate
(LiNbO3) (LN) or potassium titanyl phosphate (KTiOPO4) (KTP) that show
such high effective nonlinearities of deff≈ 4−5 pm

V in bulk [154, 134]. By periodical
poling still bigger nonlinearities can be achieved, reaching values of deff ≈ 10 pm

V
for periodically-poled KTP (PPKTP) (see [134]) and periodically poled stoichio-
metric lithium tantalate (LiTaO3) (PPSLT) (see [90]) and even deff ≈ 16 pm

V for
periodically poled LN (PPLN) [90].
Another promising way to set up an SHG is to place a crystal inside an optical

resonator with a sufficiently high power buildup. The optical resonator recircu-
lates the fundamental light not converted in previous passes through the crystal
and thus enhances its input power by coherent superposition (see 2.1.3). This
effect allows to use also materials with low nonlinearity, which in turn might have
a higher tolerance to optical power, because the power buildup compensates for
the smaller effective nonlinear coefficient (see Eq. (2.25)). Examples for such ma-
terials with lower nonlinearity that are readily obtainable are lithium triborate
(LiB3O5) (LBO) with deff≈ 1 pm

V [104], beta barium borate (β-BaB2O4) (BBO)
with deff≈ 2 pm

V [103] and bismuth triborate (BiB3O6) (BiBO) with deff≈ 3 pm
V [44].

This design may be realized by stabilizing the primary laser light to an addi-
tional resonator, which comprises the nonlinear crystal, which is usually denoted
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as external-cavity doubling [153]. It prevents unwanted couplings between SHG
and laser process but needs some control loop for the stabilization.
Finally, the optical resonator can also be realized by the laser resonator itself

as it is the case in intracavity doubling [57]. This scheme has the advantage that
no additional control loop and optical resonator is needed. But it suffers from the
so-called green problem, which generally causes the laser to become instable [12].
The green problem denotes a coupling between various longitudinal modes in
the laser resonator due to the nonlinearity of the crystal, which causes large
power fluctuations. Solution to this requires either to tolerate the emission of a
large number of longitudinal modes (which reduces the effect by averaging over
many contributions) or to add several additional optical components to the laser
resonator to force strict single-mode emission. Such additional components tend
to degrade the laser efficiency, scalability of the output power and the emitted
beam shape due to effects that are caused by absorption of optical power.

2.2.4. Processes that lead to thermal dephasing
There are many examples reported in literature, which demonstrate, that the
performance of SHG stages often does not follow the ideal theoretical prediction
by Eq. (2.20) [57, 145, 134, 90, 132, 140, 78, 71, 120]. Many authors relate the
deviations to excessive heat deposition inside the nonlinear crystal.

Deposition of heat

The most important absorption mechanisms, which cause the deposition of heat
inside the nonlinear crystal of an SHG stage, are listed in the following.

Passive absorption. Although the optical quality of most nonlinear crystals has
reached very high levels, the linear absorption coefficients do certainly not van-
ish completely. Especially those materials with high effective nonlinearity like
(PP)KTP, PPSLT or (PP)LN also show significant absorption at wavelengths
below and in the visible spectral range.
For a laser wavelength of 532nm values reported in literature are on the order

of αl,h = 0.5− 4.0 %
cm [84, 92, 78]. For materials with lower nonlinearity like LBO

this value can be as low as 0.005 %
cm [92].

The linear absorption coefficients at 1064 nm are generally rather small. Re-
ported values are in the range αl,f = 3×10−3 − 0.3 %

cm [92, 136, 78].

Gray tracking. The term gray tracking denotes the creation of defect sites (also
known as color centers) in the crystal lattice, which are related to the formation
of excitons, i.e. electron-hole pairs [30]. In KTP, LN PPSLT and other materials
these defects give rise to broad overlapping absorption bands around 510nm and
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420nm in the green-blue visible spectral region and thus represent a photochromic
damage [145]. The defects are created by two photon absorption processes ini-
tiated in turn by precursor defects in the as-grown crystal material [84]. Higher
quality crystals should accordingly be more resistant against gray tracking [101].
Once initiated, this effect is expected to be roughly described by the rate equa-

tion [84]
∂N

∂t
= β (Ns − N) Iw2

,h ,

with the defect creation coefficient β, the steady-state defect density Ns and the
squared harmonic intensity at the crystal center Iw,h. This means that the density
of defects starts at an unknown level given by the precursor defects and tends to
reach Ns on long time scales. This rate equation subsequently gives rise to a time
and intensity dependent nonlinear absorption coefficient given by

αh = αl,h + αgt,h

(
1− e−β Iw

2
,h t
)

. (2.27)

In the case of KTP it was shown, that this effect can be cured by annealing [101].
In contrast, in PPKTP the effect appeared to be unrecoverable. For this mate-
rial it was found to become important above harmonic peak intensities of only
70 kW

cm2 [84]. However, below this intensity it seemed to be not existent. Thus gray
tracking might be avoided if the harmonic intensity is kept below this value!
As stoichiometric crystal materials like (PP)stoichiometric lithium tantalate

(LiTaO3) (SLT) generally have lower defect density they have higher resistance
to gray tracking [132]. A similar effect could be achieved for some materials by
doping with magnesium oxide.
Finally, no reports are known to the author, which state that gray tracking

might be an issue in LBO for any reasonable intensity.

Green-induced infrared absorption. The term green-induced infrared absorp-
tion (GRIIRA) denotes a dependence of the absorption coefficient for infrared
light on the harmonic intensity present at the same place as the absorbed funda-
mental beam

αf = αl,f + αgriira,f Iw,h . (2.28)
This effect shows up in many nonlinear materials and is expected to be at least
partly related to the same defect sites, which cause gray tracking, too [145].
Correspondingly, it is also very susceptible to the crystal quality and stoichiometry
and could also be reduced in some cases by magnesium oxide doping [52, 64].
While GRIIRA is an important effect in undoped (PP)LN even at rather low

harmonic intensities [52], Kumar et al. found that it was of no importance in
PPKTP and PPSLT for harmonic intensities on the order of 0.3 MW

cm2 [78].
Again, no reports are known to the author, which state that GRIIRA might be

an issue in LBO for any reasonable intensity.
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Effects of heat deposition

In the following the detrimental optical effects are listed, which are caused by
the heat deposition inside the nonlinear crystal and which subsequently limit the
performance of SHG experiments.

Photorefractive damage. The effect of photorefractive damage (also known as
optical damage) causes a distortion of the lateral beam shape during transmis-
sion through the crystal [144]. The distortion is caused by temperature dependent
refractive index inhomogeneities inside the crystal material. The thermal gradi-
ents in turn are caused by absorption from a TEM00 beam with Gaussian inten-
sity distribution. During transmission the beam’s wavefront undergoes a space-
dependent delay, which can on the one hand lead to astigmatism and ellipticity
of the beam. On the other hand it can imprint a space dependent polarization
state on the beam, which is converted into a distorted intensity profile by any
polarization dependent process (like SHG) exhibited afterwards [149]. This effect
is more or less observable in any material, which is traversed and thus heated by
a nonuniform intensity distribution.
In the field of SHG congruent undoped lithium niobate and tantalate are es-

pecially prone to show this degradation effect, which can be cured, however, by
doping [73].

Thermal dephasing. Heating of the nonlinear crystal results in changes of the
optical path length by temperature dependent refractive index changes and stress-
induced birefringence [94]. These effects will generally be different for each in-
teracting wavelength due to the dispersion of the nonlinear materials. Hence
they will deteriorate the phase matching. The experimenter can usually compen-
sate for constant mismatches by optimization of the overall crystal temperature.
However, due to absorption from a Gaussian intensity profile, a spatially varying
phase mismatch will be created, which can not be compensated for easily. In
the following subsection a model is developed, which accounts to some extend for
thermal dephasing.

2.2.5. Models with and without thermal dephasing
As explained previously the optical intensity inside the crystal should not be
higher than necessary because it is a source of thermal distortions and efficiency
degradations.
In external-cavity doubling schemes the fundamental light, which is not con-

verted by the crystal in a single round trip is ’recycled’ by the optical resonator
and thus not lost for the conversion process. As long as the passive round trip
losses of the SHG resonator for the fundamental beam are kept much smaller
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than the losses due to conversion, the intensity inside the crystal can be reduced
without significant reduction of the external conversion efficiency. This will be
explained in the following paragraphs.
In intracavity doubling schemes this possibility is usually limited. In addition

to the nonlinear crystal such cavities contain at least the laser medium and often
more optical components, which tend to increase their passive round trip losses.
Additionally, in this case the choice of beam radii is constrained by the coupling
of the SHG process to the laser process.
In single-/multi-pass doubling the intensity of fundamental and harmonic light

inside the crystal is directly linked to the conversion efficiency of the overall device
because there is no resonator.
Thus the scheme of external-cavity doubling offers an additional degree of free-

dom to reduce the impact of the intensity dependent detrimental effects listed in
2.2.4.

Ideal external-cavity doubling

Small depletion of fundamental. Let’s gain an intuitive understanding of this
possibility to reduce the intensity inside the crystal without drawbacks. Let us
assume that the fundamental light is hardly depleted and thus the conversion
process in the crystal (which is located now inside an external cavity) can be
described by Eq. (2.25). To incorporate the effect of the surrounding optical
resonator into these equations, which is assumed to be resonant with the incident
light, the following substitution is made

P f = PBmax η00 Pinc ,

which leads to the starting expression for the fractional round trip losses due to
conversion inside the cavity of

P h

TdcP f
= ASHG = M

n
λ0,f

Lk ĥ PBmax η00 Pinc . (2.29)

As usual subscripts of ’f’ denote parameters of the fundamental light, while such
of ’h’ denote harmonic light parameters. Here Tdc is the harmonic power transmis-
sion coefficient of the dichroic mirror of the SHG resonator, which separates the
harmonic beam from the circulating infrared beam. Correspondingly P h denotes
the power outside of the cavity. The factor M is given by

M = 16π2 deff
2

n3 λ0
2
,f ε0 c0

.

As one is interested in lowering the intensity by enlarging the waist of the cir-
culating fundamental light, the conversion will not be done with Boyd-Kleinman
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focussing (see 2.2.1), and therefore the approximation of ĥ ≈ ξ = Lk/(2zr) is
applied, which was shown in Fig. 2.2.
Furthermore the optical resonator is assumed to be operated in its impedance

matched state. As was found in 2.1.3, the power buildup of an optical resonator
is maximized in this state. This should be desirable for the working point of
any resonant SHG stage as it obviously maximizes the harmonic power, too.
According to this the following substitution is made

PBmax = 1
ASHG +Ap

.

If all these considerations are included into Eq. (2.29) one arrives at the following
expression for the fractional round trip losses due to conversion

ASHG = 1
2

(√
Ap

2 + 2
πw0

2
,f

M Lk
2 η00 Pinc − Ap

)
. (2.30)

The effect of SHG is nonlinear and correspondingly its efficiency ideally grows
with increasing fundamental power. Therefore the latter equation depends on
Pinc. In high-power resonant SHG stages the fractional round trip losses due to
conversion are therefore often rather big and the approximation

Lk

w0,f

√
1

2π M η00 Pinc =: ÃSHG � Ap (2.31)

is valid, especially if high-quality optics with low passive losses are applied. With
this approximation the following expressions are obtained for the key parameters
of a resonant SHG stage with external-cavity doubling scheme. These are the
fractional round trip losses due to conversion ASHG, the circulating fundamental
peak intensity in the waist at the center of the nonlinear crystal Iw,f, the external
conversion efficiency observed from outside of the SHG resonator ηSHG, and the
circulating harmonic peak intensity in the waist at the center of the nonlinear
crystal Iw,h:

ASHG ≈ ÃSHG , (2.32)

Iw,f = PBmax
2η00 Pinc

π w0
2
,f

≈ 2
w0,f Lk

√
2 η00 Pinc

πM
,

ηSHG = P h

Pinc
≈ Tdc η00 ,

Iw,h = 2P h

π Tdc w0
2
,h

≈ 4 η00 Pinc

π w0
2
,f

.
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In the last expression Eq. (2.21) was used.
Eq. (2.32) clearly shows that, as long as the passive losses Ap are much smaller

than the approximate conversion losses ÃSHG, both intensities decrease with grow-
ing fundamental waist size while the external conversion efficiency will stay ap-
proximately constant! The fundamental intensity will fall as 1/w0,f for waist sizes
above the Boyd-Kleinman focussing condition, and the harmonic intensity will
even fall as 1/w0

2
,f. Also the fractional conversion losses ASHG fall as 1/w0,f and

will come closer to the passive fractional losses. This will render the just obtained
results invalid above a certain waist size.
Making the crystal longer will also have a comparably beneficial effect on the

fundamental intensity but not on the harmonic intensity. It will also further
increase the conversion losses. Finally, it is interesting to note, that the circulating
intensity of an SHG resonator rises only with the square root of the incident power.
To obtain a means to estimate the lowest order influence of passive round trip

losses and increased waist size on the external conversion efficiency one has to
relax the condition of Eq. (2.31) to

ÃSHG

2
� Ap

2

4 .

The resulting expressions are

ASHG ≈ ÃSHG

(
1− Ap

2ÃSHG

)
, (2.33)

ηSHG ≈ Tdc η00

[
1− g

(
Ap

ASHG

)]
,

g(r) = r

1 + r
,

and the function g(r) is plotted above the ratio r = Ap/ASHG in Fig. 2.3. For a
realistic SHG resonator with depletion of the fundamental the dependence of ηSHG
on r will be flatter. Summarizing, the external conversion efficiency is limited by
three parameters, namely by r, by the harmonic transmission coefficient Tdc of the
dichroic mirror, which splits the two frequency components, and by the fraction
η00 of the incident power, which is contained in the TEM00 mode.

Including depletion of fundamental. For a more precise model of external-
cavity doubling one has to incorporate depletion of the fundamental wave. As this
cannot be done analytically anymore one now has to start with the set of coupled
differential Eqns. (2.20). The fractional round trip losses due to conversion, which
were previously obtained via Eq. (2.30) have to be obtained numerically now.
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Fig. 2.3: Scaling of external conversion efficiency with ratio of passive losses to
conversion losses due to Fig. 2.33.

To achieve this it was started from a guess of the value of ASHG. As the
passive losses and input coupler transmission were assumed to be known, a value
for PBmax could be calculated via Eq. (2.13). From these values the harmonic
power obtained from the circulating power in a single pass through the crystal
was derived via the coupled differential equations. Finally, a refined value for
ASHG could be obtained from the ratio of harmonic power and circulating power.
This procedure was then repeated until the power buildup values effectively did
not change anymore. From this numerical result the other key parameters of a
resonant SHG stage with external-cavity doubling scheme, which were also derived
in the previous paragraph, could be obtained.
Correspondingly, this model allows the simulation of a resonant SHG stage

with external-cavity doubling design. It incorporates the interaction of Gaussian
beams, possible depletion of the fundamental beam and passive losses inside the
cavity. However, it is assumed that the single-pass efficiency of the nonlinear
crystal is not influenced by heating from optical absorption.

Including thermal dephasing at high intensities

In 2.2.4 several processes were explained, which are caused by heating from op-
tical absorption inside the crystal, and which lead to a spatially varying phase
mismatch between fundamental and harmonic light. This is denoted as ther-
mal dephasing and causes a reduction of the harmonic output power of an SHG
stage. Here, a basic extension of the above described model is developed, which
incorporates thermal dephasing effects to a certain extend.
The following model extension is based on a single-pass SHG model by Liao

et al., who proposed to assign an effective average value ∆σ to the transversally
varying phase mismatch and then to apply Eq. (2.23) with σ = σopt + ∆σ to
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model its deteriorating influence on the harmonic output power of a single-pass
SHG stage under weak focussing conditions [84].
This model was adopted here for the case of resonant SHG. First the temper-

ature gradient in the crystal was calculated and from this ∆σ was obtained via
Eq. (2.24). To enhance the validity of the original model to stronger focussing,
not Eq. (2.23) was used, but the detuned value of σ was directly inserted into
the coupled differential Eqns. (2.20). They were subsequently used to calculate
the harmonic output power of the resonant SHG stage as described above for the
model without thermal dephasing.
Assuming that the absorption coefficients for fundamental and harmonic light

are known, the algorithm was then complemented by an additional outer iteration
loop. Whenever the inner loop had succeeded in finding a pair of values for ASHG

and PBmax for an initial guess of the phase matching detuning ∆σ, these values
were used to calculate the correspondingly absorbed power inside the crystal, and
from that a refined detuning ∆σ was derived. The outer loop was repeated until
the complete parameter set did no longer change. The set of equations, which
was used to do these outer loop calculations was the following:

∆σ = 5.568 zr
∆T
δTbw

, (2.34)

∆T = Pheat

4π Lk κth
[0.577 + ln (4)] ,

Pheat =
(
1− e−αh Lk

)
P (generated)

h +
(
1− e−αf Lk

)
Pcirc ,

P (emitted)
h = e−αh Lk P (generated)

h .

Here, δTbw denotes the thermal acceptance bandwidth of SHG of light with 532nm
wavelength (5.94×10−2 Km for PPKTP [134, 78]), κth denotes the thermal con-
ductivity of the crystal material (3 W

Km for PPKTP [71]), dh the height of the
crystal, and Pheat denotes the heating power.
Heating from the fundamental as well as from the harmonic beam was con-

sidered as source of thermal dephasing. Although the fundamental absorption
coefficient is generally very small, its contribution might still be important as the
circulating power is usually quite high and as the effect of thermal dephasing is
nonlinear such that even small contributions above a certain threshold can have
significant effects. The expressions for the absorption coefficients are given by
Eq. (2.28) for αf and by Eq. (2.27) for αh. Their numeric values are either known
or were determined by fitting the model to experimental data measured within
the work of this thesis.
The spatial heat source profile was assumed to be dominated by the dimensions

of the harmonic beam as its absorbed power was still expected to be larger than
the fundamental one for the experiments done in the scope of this thesis. As
phase matching between harmonic and fundamental beam has to be achieved and
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as the fundamental beam radius is bigger, the overall thermal gradient ∆T was
taken as the temperature difference between the beam center and the fundamental
waist, which emerges into the bracketed term in the ∆T equation. The general
expression for this thermal gradient was derived from [94, 77, 84] to the leading
order. It assumed a rod of material, whose radius is much bigger than the heat
source.
Finally, P h is corrected for the absorption, which created the thermal gradi-

ent. Due to the very small absorption coefficients of modern nonlinear crystals
for 1064 nm light, the circulating fundamental power was not corrected for this
absorption.
The model does not account for the spatial variation of the harmonic power

along the propagation distance inside the crystal. Furthermore, it does not ac-
count for the effect of stress-induced birefringence, which will also originate from
any thermal gradient inside the crystal [93].

2.3. Converting an intermediate power metrology
laser

In 2.2.5 it was explained that external-cavity doubling schemes offer an additional
degree of freedom compared to single-pass SHG stages, which allows to reduce
the fundamental and harmonic intensities inside the nonlinear crystal without
sacrificing the external conversion efficiency. This concept was tested by conver-
sion of an intermediate power single-frequency metrology laser, which provided a
maximum power of 10.2 W at a wavelength of 1064 nm. More than 90 % of this
power were emitted into the fundamental transversal mode.
As nonlinear material for this test PPKTP was chosen. On the one hand it

was obtainable with lengths of up to 2 cm and it combines a high nonlinearity,
a low linear absorption coefficient for 1064 nm light and quasi-phase matching.
On the other hand several authors had already published results, which hinted
on intensity dependent detrimental effects inside such crystals like gray tracking
(e.g. see [84, 30, 101]) or GRIIRA (e.g. see [145, 84, 134]) or thermal dephasing
in general [84, 94] (for all these effects see also 2.2.4). Thus it was interesting to
test its performance when the fundamental and harmonic intensities were lowered
by more than an order of magnitude by utilization of an external-cavity doubling
scheme with enlarged fundamental waist size inside the crystal.

2.3.1. Reported harmonic power levels of green light from
PPKTP

To date several publications on SHG of continuous-wave single-frequency laser
light at a wavelength of 532 nm with PPKTP crystals are available, for exam-
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ple [125, 77, 57]. The highest achieved harmonic powers known to the author are
6.2 W from single-pass experiments [125, 78], and 2.3 W from intracavity exper-
iments [57]. The high single-pass power reported in [125, 78] degraded by about
20 % within the first 60 minutes of operation and is assumed to have suffered
further degradation over longer timescales.
High conversion efficiencies above 40% were only obtained from external-cavity

experiments, but their harmonic output powers remained below 1 W as was for
instance reported in [71].

2.3.2. General external-cavity design considerations
Experimental constraints

The resonator for a second harmonic generator with the desired high output power
had to be designed as a compromise between several constraints. First, thermal
gradients inside the nonlinear crystal had to be kept small to avoid degradation
of SHG efficiency (as explained in [84, 90]) and the laser-induced destruction of
the crystal or of dielectric coatings had to be avoided. The mirrors and crystals
used for the SHG experiments presented in this thesis were coated by the electron
beam deposition coating technique [54]. Their laser-induced damage thresholds
for CW laser light depended on the actual manufacturer and optic used and were
stated to be on the order of approximately 2− 5 MW

cm2 .
Second, the fundamental waist inside the crystal had to be designed such that

it shows no astigmatism to avoid degradation of the conversion efficiency (as was
already found by Boyd and Kleinman [25]) and to avoid ellipticity of the harmonic
beam. For the same reasons only noncritically or quasi-phase-matched crystals
should be used because a walk-off angle between fundamental and harmonic beam
tends to distort the beam shape [142].
Third, some more practical constraints arose from the commercially available

crystal lengths and radii of curvature of the resonator mirrors, the dimensions of
the crystal oven in combination with a desirable compact resonator design, the
maximum tolerable angle of incidence on the resonator mirrors, which are usually
coated for normal incidence, and, of course, a desirable high conversion efficiency.
The SHG resonators described in this thesis were always bow-tie resonators,

which usually are more flexible in achieving the desired waist size than linear
resonators. Moreover, a linear resonator has the disadvantage that the harmonic
light has to travel twice through the crystal in order to avoid the generation of two
equally strong harmonic beams. In this case one end facet of the crystal has to
be coated for high reflectivity at fundamental and harmonic wavelength, because
otherwise the dispersion of air might degrade the phase matching. Apart from the
additional efforts for the crystal manufacturing, this coating generally introduces a
phase shift between fundamental and harmonic wave, which complicates the phase
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matching condition and thus the modelling of the SHG stage [82]. Additionally
in such a case the fundamental intensity seen by the crystal is higher by a factor
of two and also the harmonic intensity is higher.

Optimization procedure

The solution to these constraints was found as described in the following. One
started from an initial design with low circulating intensity. That was obtained
by two steps. First, the single-pass conversion efficiency approximately given by
Eq. (2.25) was optimized by assuming the use of the longest commercially ob-
tainable crystal. Second, the SHG resonator was simulated as described in 2.2.5
to find a range of fundamental waist sizes inside the nonlinear crystal, which sig-
nificantly reduce fundamental and harmonic intensities and simultaneously have
little impact on the external conversion efficiency. As the absorption coefficient of
the crystals at 532 nm was not known, here the model was used, which assumed
no heating of the crystal.
With the knowledge of crystal length and suitable range of fundamental waist

sizes the final design was found by iteratively calculating possible resonator de-
signs by standard ABCD matrix formalism (e.g. see [129, 75]) and testing, if they
fulfilled the experimental constraints listed above, until a satisfactory solution
was found.

2.3.3. Design of the resonant PPKTP SHG stage
Most of the design considerations necessary were already listed in the previous
subsection. The chosen nonlinear material PPKTP is quasi-phase-matched with
fundamental and harmonic wave polarized along the crystal’s optical z-axis. This
implies that the refractive indices are not matched. For a phase matching tem-
perature of 38 ◦C the values are nf = 1.83 and nh = 1.89 [92]. As was described
around Eq. (2.20) it was sufficiently precise here to work with a single average
value of n ≈ 1.86. The crystal’s value of deff for fundamental light polarized paral-
lel to its optical z-axis was measured in a single-pass experiment to be deff = 8.4 pm

V
at optimum phase matching temperature of 38 ◦C (see Fig. 2.4).
Together with the four mirrors of the bow-tie resonator, six facets were ’seen’

by the light at each round trip, which were all polished to a planarity of λ/4 ac-
cording to the international standard MIL-O-1380A and were afterwards coated
by the electron beam deposition coating technique [54]. From experiments with
comparable mirrors at another wavelength their passive loss due to scattering
and absorption of Ap,s +Ap,a = 0.14% was known. Thus an approximate passive
roundtrip loss of Ap = 1% was assumed. Tbl. 2.1 summarizes all parameters and
their values, which were used in the model described in 2.2.5 to simulate this res-
onant SHG stage. The simulation results are shown in Fig. 2.5. In this simulation
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Fig. 2.4: Measurement of the harmonic power obtained from a single-pass of a
fundamental laser beam with a waist of w0,f = 225 µm at the center
of the PPKTP crystal used for resonant SHG. The crystal’s effective
nonlinearity deff was determined from a fit of Eq. (2.25) to the data.

the transmission of the input coupler was set to fulfill impedance matching of the
SHG resonator for each individual waist size. This is meaningful because in a real
experiment the experimenter would choose the input coupler transmission such
that the cavity is impedance matched and the harmonic power maximized after
he has decided on the actual waist size he wants to use.
In each of the three graphs belonging to Fig. 2.5 two vertical lines are shown,

which mark the fundamental waist size corresponding to Boyd-Kleinman focussing
(blue) and that one, which was chosen for the experiment described below (dark
yellow). One can clearly see from the topmost graph that the fractional round
trip losses due to conversion are highest when Boyd-Kleinman focussing is chosen.
It is also obvious that they stay well above the assumed passive fractional round
trip losses of Ap = 1 % in a very broad region of waist sizes. This is confirmed
by the second graph, which shows that the expected harmonic power shows only
small variations in the same region. However, the third graph shows that har-
monic and fundamental intensities fall rapidly within the same region, making it
advantageous to choose a considerably larger fundamental waist size than what is
corresponding to Boyd-Kleinman focussing. For the experiment described in the
following the waist size was increased by a factor of nine (i.e. to 220 µm) com-
pared to Boyd-Kleinman focussing (i.e. to 25 µm), achieving a reduction in the
fundamental intensity by a factor of 18 and a reduction in the harmonic intensity
by even a factor of 90. The corresponding expected reduction in the harmonic
power is only 13%. A further increase of the fundamental waist was not possible
as the clear height of the PPKTP crystal was only about 0.9 mm. One should
note here that for this high-power doubling experiment only the choice of such a
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parameter value
Lk 2.0 cm
n 1.86
λ0,f 1064 nm
Pinc 10.2W
Tdc 95% at 532nm
Ap 1.0%
deff 8.4 pm

V

η00 95%
Tin imp. matched

Table 2.1: List of measured as well as estimated design values for experimental
parameters relevant for the simulation of the resonant PPKTP SHG
stage. The values of Pinc, Ap and Tin are only estimations here. Their
measured values are given further below.

big fundamental waist could reduce the harmonic intensity below the threshold
values for GRIIRA and gray tracking known from literature and given in 2.2.4!
The design value for the power transmission of the input coupler was also

obtained from this figure as the sum of the conversion losses for a waist of 220µm
plus the assumed passive losses of Ap.
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vertical lines depict the waist size corresponding to Boyd-Kleinman fo-
cussing (blue) and the one chosen for this experiment (yellow).
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2.3. Converting an intermediate power metrology laser

2.3.4. Experimental setup
The optical setup of the experiment is shown in Fig. 2.6. The infrared fundamental
light from the intermediate power metrology laser first passed λ/2 waveplate P1
and polarizing beamsplitter Pol-BS1, which formed a variable attenuator to set
the fundamental power incident on the SHG resonator (the beam dump path is
omitted for clarity). A constant fraction of this incident power was sensed by
photodetector PD1. The incident polarization state was also cleaned by Pol-BS1
and afterwards set to maximum conversion efficiency with λ/2 waveplate P2. The
lenses L1 and L2 were used together with alignment mirrors (not shown) to match
the incident mode to the eigenmode of the optical resonator. Photodetector PD2
measured the light, which was reflected from the SHG resonator, photodetector
PD3 measured the light circulating inside it, and photodetector PD4 measured
the harmonic power available outside of the SHG resonator.
The plano-concave resonator itself consisted of four one inch mirrors in a bow-

tie configuration comprising the nonlinear crystal inside its oven. Three of the
resonator mirrors were mounted in high quality commercial mirror mounts. The
fourth mirror was mounted on top of a piezo-electric transducer (also simply called
piezo), which allowed for fast position changes to match the resonance frequency
of the cavity to the frequency of the incident laser light. The combination of piezo
and mirror was clamped together with a viton ring into a very rigid mount. The
mount was optimized to show its lowest frequency relevant mechanical resonance
above 20kHz when completely assembled. A design drawing of the corresponding
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Fig. 2.6: Schematic overview of optical setup of PPKTP based resonant SHG
stage. Red lines depict fundamental infrared light, green lines depict
harmonic visible light, and black lines denote electric wiring. See the
text for a description of the components.
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Fig. 2.7: Design drawing of the self-made rigid mount for piezo-electric transducer
and one inch mirror. All given length values are in units of millimeters.
Its first relevant mechanic resonance with mirror and piezo installed was
above 20 kHz.

mount is shown in Fig. 2.7. By this technique three of the four mirrors remained
adjustable and replaceable. The first point eased the alignment procedure, in
which an eigenmode had to be established without misaligning the beam inside
the nonlinear crystal. The second point was important for the input coupler,
which had to be exchanged to realize an impedance matched situation for the
working point of the SHG resonator. Moreover, assembly of the resonator was
fast and flexible.
At the same time the resonator was very compact with a short arm length of

2.3 cm between the plane mirrors and a long arm length of 7.9 cm between the
curved mirrors. The two parallel arms had a distance of 4.4cm. These dimensions
resulted in an optical round trip length of only 25.3cm with the nonlinear crystal
in place, corresponding to an FSR = 1.18GHz. After optimization the input cou-
pler IC had a measured transmission for the fundamental light of Tin = 8.1%, the
other mirrors were highly reflective with only spurious transmission at a wave-
length of 1064nm. Mirror DC had a dichroic coating, which was highly reflective
for the fundamental light but transmitted 95% of the harmonic light at a wave-
length of 532 nm. The curved mirrors had a radius of curvature of 250 mm and
formed a waist of 220 µm at the center of the 2 cm long PPKTP crystal with
facet dimension of 1 mm× 2 mm. The waist showed no measurable astigmatism
or ellipticity.
To allow for such a compact resonator design, the crystal oven had to be rather
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Fig. 2.8: Design drawing of the self-made compact oven, which was used for the
temperature stabilization of the PPKTP crystal. All given length values
are in units of millimeters. The crystal itself was wrapped into indium
foil and placed between the two copper parts.

compact, too. It used small Peltier elements to keep the PPKTP crystal at
its phase matching temperature of 38 ◦C inside its thermal confinement made
from copper. An isolating shield made from POM protected the crystal from
temperature disturbances from the ambient conditions. To optimize the thermal
contact between crystal and copper, the copper facets were polished and the
crystal was wrapped into thin indium foil. Indium foil was also put on both
sides of the Peltier elements. Additionally, the crystal, the copper parts and the
Peltier elements were clamped from above by its isolating hull with sufficient force
to deform the indium. This was achieved with the help of small angled wings at
the hull’s outer side. These wings were pushed down by screws. For even more
compactness the crystal was placed off-center and the front and back isolation had
recesses for the angled beams of the bow-tie resonator. Thin aluminum covers
protected the isolation material from wandering beams. A design drawing of the
oven is shown in Fig. 2.8.
The stabilization of the oven temperature was done by a feedback control loop
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which read out the voltage drop over an NTC, which was glued into a small
drilling in the copper parts of the oven. The control loop’s unity gain frequency
(UGF) was 0.4 Hz and temperature stabilities of 10 mK were routinely achieved
when no large optical power changes occurred inside the crystal.

The stabilization of a resonance frequency of the SHG resonator to the fre-
quency of the incident light was done via a modulation/demodulation technique
similar to the Pound-Drever-Hall locking scheme [22]. In order to remain inde-
pendent from the availability of a phase modulation device in front of the SHG
resonator or as part of the primary laser, the modulation sidebands were imposed
onto the circulating light inside the SHG cavity by the same piezo-electrically ad-
justable mirror, which was described above. This technique is sometimes called
dither lock [79]. The modulation frequency was approximately 1.5MHz and thus
created sidebands, which lay well inside the linewidth of the optical resonator
of FWHM ≈ 8 MHz. Although such a frequency is orders of magnitude larger
than the first mechanical resonance of the piezo-driven mirror, still a consider-
able number of easily observable mechanical resonances with widths on the order
of 50 kHz could be found in the demodulated signal for modulation frequencies
between 900 kHz and 3MHz. The modulated signal was sensed after leaving the
resonator with photodetector PD3. It was equipped with an additional readout
path, which was made resonant at the modulation frequency actually chosen to
improve the signal-to-noise ratio (SNR). Then its output was demodulated, which
resulted in an error signal with an SNR bigger than about 20 for an root mean
square (RMS) modulation voltage of about 100 mV at the piezo. The demodu-
lated signal was shaped by a proportional-integral-derivative (PID) controller and
amplified within a dynamic range of 0−300V prior to feeding it back to the piezo
driven mirror. The modulation signal was added capacitively to this high-voltage
signal. This control loop had a UGF of approximately 10kHz limited by the first
mechanical resonance of the piezo-driven mirror. It was made independent from
the presence of an experimenter by adding automatic lock-acquisition electronics
to the loop, which reinitiated a locked state within approximately 2 s after a drop
of the harmonic power on photodetector PD4. When these electronics were active
the system was stabilized during 95% or more of its operational time.

All four photodetectors utilized semiconductors as light-sensitive elements and
had bandwidths on the order of 1 MHz. Their output voltage was calibrated to
represent the optical power at calibration points CP1 to CP4 respectively. The
uncertainty of this calibration was determined to be ±3.7 % dominated by the
accuracy of the power meter applied for the calibration.
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2.3.5. Results and discussion
Initial performance

In the first weeks after its assembly the resonant PPKTP SHG stage showed
remarkably good performance. This is presented in the following.

Harmonic power and conversion efficiency. To determine the conversion per-
formance of the resonant PPKTP SHG stage its harmonic output power at cali-
bration point CP4 and its external conversion efficiency from CP1 to CP4 were
measured. The result is presented in Fig. 2.9. A harmonic output power at
CP4 of P h = 6.9 W was stably produced when a fundamental power at CP1 of
P f = 10.2 W was incident on the SHG resonator, corresponding to an external
conversion efficiency of 68%. This external conversion efficiency was defined as

ηSHG = P h(CP4)
P f(CP1) (2.35)

The highest value of ηSHG = 69 % was achieved at a harmonic power of 5.6 W.
The error bars reflect the calibration uncertainty given in the experimental setup
subsection above. To the best of the author’s knowledge this result was among
the highest optical powers at a wavelength of 532 nm ever reported for SHG
in a PPKTP crystal (see also discussion in 2.3.1). The measured power levels
remained stable in time and reproducable within their errors for at least 30 h of
full-power operation.

Importance of losses and damage threshold. Fig. 2.9 compares the measured
data with the prediction of the model developed in 2.2.5, which assumes an ideal
nonlinear crystal, that is not influenced by heating from optical absorption. The
values of the model parameters are mostly those of Tbl. 2.1 already used for the
design simulation of the system with the exception that the transmission of the
input coupler was now measured to be Tin = 8.1 % and the passive roundtrip
losses were determined to be Ap = 1.5 %. For harmonic powers above ca. 3 W
there is an increasing discrepancy between the model prediction and measurement
such that the model predicts a higher harmonic power than is actually measured.
For highest powers this discrepancy grows to 10.1 % of the measured harmonic
power. Thus the assumption of such an ideal nonlinear crystal without heating
by absorption seemed to be invalid for the PPKTP crystal of the SHG resonator.
In Chapter 3 an identical resonant SHG stage is described, which was equipped

with a more powerful infrared laser. For comparable power levels the SHG per-
formance in that case was essentially identical to this system. However, when
testing even higher incident powers the lock acquisition and stabilization of the
SHG resonator became more and more difficult for incident powers above 10 W
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Fig. 2.9: Conversion performance of resonant PPKTP SHG stage in the first weeks
after assembly compared with a model, which neglects absorption inside
the crystal. Incident powers in the yellow region caused the frequency
control loop to become increasingly instable. The gray line depicts the
incident power level, at which the lateral harmonic beam shape was
measured (see Fig. 2.10). At the power level marked by the horizontal
broken line a sudden crystal damage occurred in an identical SHG stage
with a more powerful infrared laser.

(marked as yellow region in the figure). No obvious reason for this could be found
in the frequency stabilization control loop. Instead, it seemed that fluctuations in
circulating power, crystal temperature and resonance frequency became increas-
ingly coupled, which caused the overall system to become instable. In a similar
manner like the harmonic power discrepancy of Fig. 2.9 this increasing instability
also hinted on absorption in the nonlinear crystal to be important. At a harmonic
power of approximately 8.5 W a sudden damage occurred to the crystal, which
caused an irreversible drop of the maximum harmonic output power to approxi-
mately one third of its previous value and a strong increase in crystal absorption.
This power level is also indicated in Fig. 2.9 by the broken horizontal line in the
left half.

Harmonic beam shape. If the harmonic power should be used for precision
metrology experiments or if it should be enhanced inside another optical re-
sonator, it is often important to have a high beam quality, meaning that the
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2.3. Converting an intermediate power metrology laser

fraction of harmonic power η00 contained in the TEM00 mode should be as high
as possible. Examples can be found in literature, where absorption inside the
crystal or other effects distort the lateral beam shape and thus strongly reduce
this fraction [78, 142, 111]. The lateral distribution of the harmonic intensity
was measured at high harmonic power (marked in Fig. 2.9 by the vertical gray
line) to obtain an estimation of its beam quality. The measurement device was a
WinCam charge-coupled device (CCD) camera. The result is shown in Fig. 2.10.
Obviously the harmonic beam showed a high quality, proven by a circular inten-
sity distribution with a Gaussian fit quality of G = 96.6 % on average. This fit
quality is defined as [37]

G = 100×
(

1− sum of absolute differences
Gaussian profile area

)
.

Nevertheless a very weak ring structure was recognizable around the Gaussian
part, which hinted on a shift of several percent of the beam’s power into higher-
order transversal modes. Movement and tilt of the filters and the CCD camera
itself during this measurement caused the narrow stripes and small ring-like inter-
ference patterns in the data to move and partly vanish. From this it was concluded
that they were measurement artifacts and not part of the beam’s intensity.

Modelling of SHG resonator with absorbing crystal. As was found above the
measured harmonic output power could not be well described by a model, which
did not account for heating of the nonlinear crystal by optical absorption. In 2.2.5
an extension to the SHG resonator model was derived, which does account for
such effects by assuming that heating by optical absorption (linear and nonlinear)
causes thermal dephasing, i.e. a spoiling of the phase matching condition as a
function of the lateral position (see Eq. (2.34)). In this model extension the
absorption coefficients are initially free parameters, which can either be measured
directly by some accompanying experiment or are determined indirectly from a
fit to the measured performance data of a resonant SHG stage.
To get an independent measurement of the absorption coefficient for funda-

mental light, an identical PPKTP crystal was traversed by a high-power TEM00
laser beam at a wavelength of 1064 nm, which formed a radius of 76 µm close to
the crystal’s center. The crystal was identical to the one used in the resonant
SHG stage (i.e. both were purchased together from the same manufacturer) and
mounted in the same way, but kept far from its phase matching temperature such
that no harmonic light was generated. After transmission of the near-infrared
(NIR) beam the device described in [80] was used to determine the power frac-
tion, which was shifted into the LG10 mode by the thermal lens induced inside the
crystal by heating through absorption. From this measurement the focal length
fth of this thermal lens was deduced. The result is shown in Fig. 2.11 [24]. How-
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Fig. 2.10: Lateral distribution of the harmonic intensity generated by the reso-
nant PPKTP SHG stage at a harmonic power of 6.3W. The left part
shows a two dimensional measurement with a CCD camera. The color
code is given by the vertical linear color bar on the right edge of the
left part. The higher the color in the bar, the higher was the detected
intensity. The right part shows Gaussian fits to the data along the
white intersection lines in the left part. The fit quality is given as the
value of G defined in the text. The narrow stripes and ring-like inter-
ference patterns were measurement artifacts and not part of the beam’s
intensity. A weak outer ring structure is recognizable (sometimes badly
visible in printed versions, please refer to online version).

ever, neither the development of this measurement technique nor the experiment
itself and its evaluation was done by the author of this thesis.
The resulting value for the thermal focal length for a transmitted power of 120W

was fth = 3.78 m. The SNR appeared to be acceptable. Several models can be
found in the literature for the calculation of the expected focal length of a thermal
lens for a given set of experimental and material parameters [71, 128, 94]. As the
thermal lens in this case is very weak, a lowest order model should be sufficiently
precise. Thus the equation given in [71] was adopted. The model equation reads

1
fth

= αl,f Pinc

π κth

(
∂n
∂T

) z0+Lk/2∫
z0−Lk/2

1
w2(z) dz (2.36)

= αl,f Pinc nf

λ0,f κth

(
∂n
∂T

) [
arctan

(
z0 + Lk/2

zr

)
− arctan

(
z0 − Lk/2

zr

)]
.
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Fig. 2.11: Measurement of the power fraction of a TEM00 laser beam at 1064nm,
which was transferred into the LG10 mode by transmission through a
PPKTP crystal far from its phase matching temperature. The crystal
was mounted in the same way as for the resonant SHG stage. The
beam was focussed to a waist size of 76 µm located 19 mm off the
crystal center.

In this expression Eq. (2.5) was used for the beam radius w(z) and z0 denotes the
distance of the waist from the crystal center. The prediction for fth was plotted
over the linear fundamental absorption coefficient αl,f in Fig. 2.12 to find that
value of αl,f, which causes a thermal lens of the measured size. The material
parameters were κth = 3.0 W

Km , nf = 1.74 and ∂nf/∂T = 7×10−6 1
K , with the

refractive index and its temperature dependence for light polarized perpendicular
to the optical z-axis as was applied in the thermal lens measurement [92]. The
resulting linear absorption coefficient of the PPKTP crystal for the fundamental
light was αl,f = 1.2×10−3 1

m . This is a remarkably low value for a periodically
poled crystal. Even high quality Suprasil (i.e. fused silica) substrates usually
show absorption coefficients on the order of αl,f ≈ 2×10−4 1

m [89].
The absorption coefficient for the harmonic light could not be measured because

a combination of laser source and measurement device for a wavelength of 532nm
was not available. Hence it was used as fitting parameter when modelling the
harmonic power as a function of the incident power incorporating the measured
value of αl,f. The effect of GRIIRA was assumed to be negligible as the harmonic
intensity was reduced far below the relevant intensities already given in 2.2.4 by
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from absorption of 1064 nm light with the prediction from a model.
The model matches the measured value for an absorption coefficient of
αl,f = 1.2×10−3 1
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the realization of a large fundamental waist inside the crystal. The best fit of
the thermal dephasing model to the data is shown in Fig. 2.13 and resulted in
an absorption coefficient for the harmonic light of αh = 2.4 1

m . This value is
much higher than the absorption coefficient for the fundamental light, which is
in agreement with the range of values reported by other authors and also given
in 2.2.4. The thermal dephasing model predicts the harmonic power significantly
better than the model without absorption inside the nonlinear crystal.
If thermal dephasing is an issue then there is an interesting difference between a

resonant SHG stage and a single-pass stage. In the single-pass case the harmonic
power would be reduced by two effects, namely the loss of harmonic power due to
absorption and the loss of single-pass conversion efficiency due to thermal dephas-
ing. This is different in the case of a resonant stage for the same reasons, which
allow for a larger fundamental waist in this case. As the single-pass conversion
efficiency acts as a loss for the optical resonator, its power buildup increases when
thermal dephasing takes place. The power buildup thus compensates largely for
the loss in single-pass efficiency, until thermal dephasing due to fundamental ab-
sorption or passive absorption in the resonator becomes a limiting factor. This
effect of rising circulating power when thermal dephasing takes place could be
measured in the case of the resonant SHG stage described in this section and is
shown in Fig. 2.14. The figure shows the measured circulating power at CP3 and
the predictions of two models, one of which neglects absorption inside the crys-
tal and the other includes thermal dephasing processes. Similar to the harmonic
power also the circulating power is better described by the dephasing model,
which is clearly visible for those incident power levels, where thermal dephasing
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Fig. 2.13: Harmonic output power of the resonant PPKTP SHG stage in the first
weeks after assembly compared with a model, which assumes no absorp-
tion inside the crystal, and with a model, which incorporates thermal
dephasing processes inside the nonlinear crystal caused by absorption
from fundamental and harmonic beam. Incident powers in the yellow
region caused the frequency control loop to become increasingly insta-
ble.

lowers the harmonic power in Fig. 2.13.
All in all the conversion performance of the resonant PPKTP SHG stage could

be well modelled with the set of absorption coefficients given in Fig. 2.14 as
parameters of the thermal dephasing model based on Eq. (2.34). The fitted value
of the harmonic absorption coefficient lies well in the range of values reported in
literature. The one of the fundamental absorption coefficient, which was derived
from an independent measurement is remarkably low (see 2.2.4 for a compilation).
As a final consideration it was interesting to check if the chosen transmission of

the input coupler in fact realized an impedance matched resonator. This was done
by calculating the fraction of incident power, which was reflected from the input
coupler Prefl(CP2)/Pinc(CP1). The result is shown in Fig. 2.15 again together with
the same models as in the figures above. Obviously the reflected power fraction did
not follow the models, which in fact both predicted a nearly impedance matched
SHG resonator for maximum harmonic power. Instead it settled to a reflected
fraction of ca. (1 − η00) = 7.9 %. This fraction was deduced to originate from a
mismatch between the eigenmode of the SHG resonator and the incident beam.
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Fig. 2.14: Circulating fundamental power inside the resonator of the PPKTP SHG
stage in the first weeks after assembly compared with a model, which
assumes no absorption inside the crystal, and with a model, which
incorporates thermal dephasing processes inside the nonlinear crystal
caused by absorption from fundamental and harmonic light.

Careful alignment did not reduce it. As this power fraction never entered the SHG
resonator on its TEM00 resonance, the effective incident power for the calculation
of the models has already been corrected for this fraction in all figures above.
The remaining mismatch between the measured data and the model including

imperfect matching of the modes in Fig. 2.15 is unknown. But it might be ex-
plained by the occurrence of thermal lensing inside the nonlinear crystal. If strong
enough this would change the mode shape of the resonator with varying circulat-
ing (and hence also incident) power. This effect cannot be predicted correctly by
the applied model.

Very slow performance degradation

Settled performance. The performance of the resonant PPKTP SHG stage de-
scribed above remained stable and reproducible within the measurement uncer-
tainties for approximately 30h of operation close to its maximum harmonic power.
On longer timescales a very slow performance degradation became observable. Af-
ter a certain period, whose length could only be roughly estimated to be on the
order of 150 h, this slow performance degradation appeared to have settled to
a considerably lower power level. The diminished harmonic power level is pre-
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Fig. 2.15: Fraction of incident power reflected from the resonator of the PPKTP
SHG stage in the first weeks after assembly. Also shown are the pre-
diction of a model, which assumes no absorption inside the crystal, and
of a model, which incorporates thermal dephasing processes inside the
nonlinear crystal caused by absorption from fundamental and harmonic
beam. The mismatch between incident and resonator eigenmode was
derived from the remaining reflected power fraction in a nearly impe-
dance matched situation and added to the dephasing model.

sented in comparison with the initial one in Fig. 2.16. This power level then
remained stable over more than 300h of operation. Accordingly, this experiment
generated, to the best of the author’s knowledge, the highest long-term stable har-
monic power of single-frequency 532 nm laser radiation obtained from PPKTP,
which was published so far. It amounted to 5.3W.
As was described in 2.2.4 the slow degradation process might have been caused

by the effect of gray tracking, which denotes a time-dependent saturating degra-
dation in nonlinear crystals. Its time constant depends on the harmonic intensity,
which was strongly reduced in this setup by the choice of a particularly big funda-
mental waist. Accordingly one would expect either a non-existent gray tracking
process as was implied for instance by [84], or the process should be very slow,
which would be the implication of the results shown here. If gray tracking was
the reason here, one would expect the harmonic absorption coefficient αh to have
risen, while the fundamental one should have remained the same. Fig. 2.16 also
shows a fit of the thermal dephasing model to the data, where only αh was allowed
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Fig. 2.16: Comparison of the harmonic output power of the resonant PPKTP SHG
stage at its initial state and after approximately 150h of operation close
to maximum harmonic power. Also shown are one prediction from a
model, which assumes no absorption inside the crystal, and two from
a model, which incorporates thermal dephasing processes inside the
nonlinear crystal caused by absorption from fundamental and harmonic
light. Incident powers in the yellow region caused the frequency control
loop to become increasingly instable.

to change in comparison with the parameter set, which successfully modelled the
initial phase of the experiment. The fit resulted in a harmonic absorption coef-
ficient of αh = 6.3 1

m and reproduced the measured data well. Thus the value of
αh seemed to have risen by 4.2 1

m over long timescales. In single-pass experiments
by other authors a much higher increase by 13 1

m was found on much shorter
timescales of only a few hours [84]. The considerable improvement presented here
might be related to a much higher crystal quality or to the by far lower intensities
used in this setup.

Dissipated power. As an independent test of the dephasing model applied above,
the electrical power dissipated in the crystal oven was measured when the SHG
stage was operated at a harmonic power level of 5.0 W in its settled state. As
the phase matching temperature of 38 ◦C was well above ambient temperature
the Peltier elements of the crystal oven were in heating mode when the laser was
off as well as in its ’on’ state at the given harmonic power level. In contrast to
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2.3. Converting an intermediate power metrology laser

the case of cooling Peltier elements, the heat generated by a chain of them in
heating mode should be given simply by the electric power dissipated in them.
The controller of the temperature stabilization loop of the PPKTP oven allowed
to measure this dissipated electrical power. When the circulating fundamental
power was switched from zero to approximately 110W, which corresponded to the
harmonic power level just given, a change in dissipated electric power of 480mW
was measured after two minutes. Obviously the missing electric heating power
in the ’on’ state was provided by the fundamental and harmonic beams in the
crystal via optical absorption. The value of αh for the settled case presented in
Fig. 2.16 implies that for a harmonic power of 5 W a heating power of 590 mW
was generated inside the crystal while the heating effect from the circulating fun-
damental light was negligible. Thus there is at least a qualitative matching of
the reduction in electric heating power and of the increase of heating from optical
absorption. This strengthens the validity of the thermal dephasing model applied
above. The discrepancy should arise from the simplifying assumptions made in
the development of the dephasing model, e.g. the negligence of stress-induced
birefringence from the thermal gradient.

Temperature gradient. The fits of the dephasing model to the initial and settled
SHG performance in Fig. 2.9 and Fig. 2.16 allowed to calculate the evolution of
the radial temperature gradient inside the crystal between the beam’s center and
the waist of the fundamental beam for the two cases. Both are presented in
Fig. 2.17 and were normalized to the thermal acceptance bandwidth δTbw of the
PPKTP crystal to demonstrate its importance. Comparison of this result with
Eq. (2.23) and Eq. (2.24) shows that one would expect a remarkable difference
between the optimum phase matching temperatures for the SHG cavity kept on
resonance and for the case in which its length is ramped.
Such a difference was indeed measured for this setup in its settled state. If

the resonator is ramped and the fundamental airy peaks are monitored for both
directions of the ramp, each of them is expected to be symmetric for the case of
optimum phase matching. In this case the conversion process is simply a loss for
the circulating fundamental light but nothing else happens. If the phase matching
temperature is slightly detuned, the cascaded Kerr effect will become important
in addition to the conversion loss (a detailed description of this effect is beyond
the scope of this thesis; see for instance [138, 147] for a detailed explanation).
The only aspect of this effect, which is important here, is the following. With
increasing detuning of the phase matching temperature the airy peaks will become
increasingly asymmetric, leaning a bit to the side. In contrast to effects caused by
bandwidth limitations of any kind, the cascaded Kerr effect will cause airy peaks
of opposing ramp directions to be inclined into opposing directions [138]. As long
as the inclinations are small enough not to cause a bistability of the resonator,
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Fig. 2.17: The temperature gradient from the beam’s center to the fundamental
waist inside the PPKTP crystal as derived from the dephasing model
for the values of the harmonic und fundamental absorption coefficients
derived in this section. The temperature was normalized to the thermal
acceptance bandwidth of the PPKTP crystal used in the resonant SHG
stage.

the harmonic airy peaks are expected to behave essentially identical. Turning
this argument around clarifies that if one measures such an inclination of the
harmonic airy peaks, one can deduce a non-optimal phase matching temperature
of the conversion process.
The upper graph of Fig. 2.18 presents measurements of the harmonic airy peaks

for two opposing ramp directions. The phase matching temperature of the PP-
KTP crystal was the only parameter that was changed between the three dis-
played airy peaks per ramp, especially the speed of the ramp was the same for all
measurements. The symmetric harmonic airy peak was obtained, when the phase
matching temperature was optimized for the given ramp speed. Slight detuning
of the phase matching temperature resulted in the inclined but undistorted peak.
If, however, the phase matching temperature was adjusted such that the har-
monic power was maximized to about 5 W in a stabilized (i.e. static) situation,
then in the ramped case massively distorted harmonic airy peaks were obtained.
The massive distortion arises from discontinuous jumps of the harmonic power
caused by ramping a bistable optical resonator. Each discontinuous jump is then
distorted by bandwidth limitations of the photodetector. Such a bistability of the
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Fig. 2.18: Measured harmonic airy peaks when the phase matching temperature
was optimized for ramping, slightly detuned from that, and when it was
optimized for a stabilized (i.e. static) SHG resonator with harmonic
power of 5 W. Here, optimization means maximization of harmonic
peak power. In all cases the curves were scaled in vertical direction for
better visibility. The distortion in the latter case is due to a bistability
of the SHG resonator.

nonlinear resonator implies an especially strong detuning of the phase matching
temperature.
Obviously the optimum phase matching temperature differed a lot between a

static situation with high and constant harmonic power and a ramped situation
with low harmonic power on average. Such a behavior would be expected from
the plots in Fig. 2.17 and therefore this result again strengthens the validity of
the dephasing model applied above.

Summary of the PPKTP SHG experiment. Although a long-term stable har-
monic power of 5.3W from PPKTP is a success, it has become clear in this section,
that this material cannot be the choice for significantly higher power SHG stages,
unless crystals of by far superior quality become available. The current quality
levels result on the one hand in too high linear absorption coefficients, especially
for the harmonic light. On the other hand on very long timescales also significant
gray tracking takes place, although the harmonic intensity was reduced to very
low levels.
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Since the time when the original version of this experiment was assembled,
most experimenters in the world decided rather to use PPSLT if a high nonlin-
earity material was necessary. This material has a higher thermal conductivity
and purity and hence allowed higher harmonic output powers, while showing a
nonlinearity comparable in size to PPKTP (e.g. see [132, 124]). If a low nonlin-
earity material is sufficient and if high harmonic powers are intended, focussing
on materials with very low linear and nonlinear absorption is expected to be most
promising.

2.4. A 130 W CW single-frequency TEM00 green
laser source

With the development of the prototype of the Advanced Laser Interferometer
Gravitational-Wave Observatory (LIGO) Pre-Stabilised Laser (PSL) a NIR CW
laser system became available, which extraordinary well combined an extremely
high single-frequency output power of 150 W with all properties necessary for a
precision metrology laser. The laser light at a wavelength of 1064nm was available
downstream of the spatial filter cavity of the PSL. Its higher-order transversal
mode content was measured to be less than 2 % [151]. Its frequency noise was
comparable to that of a non-planar ring oscillator as in [81]. Its relative power
noise usually remained below a few percent within minutes and pointing was
below significance for the experiments described here.
For a gravitational-wave detector like Advanced LIGO such high laser powers

are necessary to achieve the desired sensitivity but they are also a source of
persistent problems, which originate from thermal effects from optical absorption
and from stray light. Therefore lowering the optical power would be desirable
for future generations of gravitational wave detectors. In general it is possible
to do this without reduction of the detector’s quantum noise limited sensitivity
by a transition to shorter wavelengths. In fact the signal-to-quantum-noise ratio
remains constant if both the optical wavelength and the circulating optical power
are halved [23]. If the detector is limited by technical noise sources, which scale
less than linear with the optical power, its sensitivity would be even enhanced.
Plans for future space-borne missions like DECIGO or BBO already incorporate
these ideas (see [53] and references therein).
High-power precision laser sources emitting laser light at a wavelength of 532nm

are also important in other fields of science and engineering as was explained in
the introduction to this chapter. Thus it was interesting to set up an external-
cavity SHG stage to convert the Advanced LIGO PSL prototype to the green
visible spectral region.
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2.4.1. Highest reported harmonic power levels for green light

The various schemes to implement an SHG stage and suitable nonlinear crystal
materials were already explained in 2.2.3.

The single-pass SHG experiments reported in literature so far mainly applied
nonlinear crystals with high effective nonlinearity to achieve acceptable conver-
sion efficiencies. Unfortunately, one can find many examples reporting that the
conversion efficiency of all of these materials is strongly degraded by thermal de-
phasing processes when exposed to incident fundamental powers of multiple tens
of watts [145, 134, 84, 90, 132, 140, 78, 46, 97, 120]. The individual thermal
dephasing processes were described in 2.2.4.

For single-pass SHG Sinha et al. reported the generation of 18 W of single
longitudinal and (nearly) single transversal mode (referred to as single-mode for
simplicity) green light available downstream of the SHG with 24% efficiency [132]
and Samanta et al. reported the generation of 13 W of single-mode green light
with 56 % efficiency [124], which are the highest values known to the author for
a single-/multi-pass design and which were limited by thermal dephasing effects.

To the best of the author’s knowledge, literature on intracavity doubling schemes
reports that in the multi-longitudinal mode case a maximum emission of approx-
imately 60 W was achieved [96], while single-mode emission was limited to less
than 10W by beam distortion or stability of the CW single-mode emission state.
These limitations had various reasons [158, 95], one prominent example being the
so-called ’green problem’, which denotes a problematic coupling between SHG
process and laser process [12]. As an additional note the CUBRILAS collabo-
ration achieved a long-term stable multi longitudinal mode harmonic power of
200 − 250 W at a wavelength of 515 nm from a commercial welding laser. How-
ever, this result was not scientifically published and no further details are known
to the author [34, 157].

Finally, for external-cavity doubling schemes reports on setups with high as
well as low effective nonlinearity crystals can be found in literature. But again
crystals with high nonlinearities suffered from problems, which appeared to be
related to thermal dephasing [57, 115, 71, 139]. This was also demonstrated in
Section 2.3 of this chapter for the case of an external-cavity SHG stage based on
PPKTP.

In contrast, setups, which utilized LBO crystals (which show low nonlinearity)
did not suffer from such problems and generation of more than 20 W of single-
mode light at 532 nm and 50W at 589 nm were reported in literature [136, 137].
Again these values are the highest reported values known to the author.
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2. High-power 532 nm single-frequency TEM00 laser sources

2.4.2. Choice of design and crystal
In general there are three low nonlinearity crystal materials, which are nowadays
widely used and seem to be rather insensitive to high optical powers. These
are LBO, with a typical effective nonlinearity of deff ≈ 0.8 pm

V [104], BBO with
deff ≈ 2 pm

V [103] and BiBO with deff ≈ 3 pm
V [44]. Based on the arguments given

in 2.2.3 and the previous subsection the scheme of external-cavity doubling and
the nonlinear material LBO were chosen for the frequency conversion of the Ad-
vanced LIGO PSL.
Additional reasons for the crystal choice were the following. The experiments

aimed at the generation of a single-mode harmonic beam in the sense described in
the previous subsection. Thus it is beneficial that LBO can be noncritically phase
matched by temperature tuning, because that assures a collinear propagation of
fundamental and harmonic beam inside the nonlinear crystal. In contrast, BBO
and BiBO have to be critically phase matched, which introduces a walk-off angle
between the two beams inside the crystal of more than 25 mrad, which severely
limits the interaction lengths of the two beams and tends to distort the harmonic
beam shape [110, 142]. Additionally, there is some literature, which hints on the
possible onset of degradation of BiBO and BBO (e.g. [69, 36] and [136]) when
exposed to high power levels of light in the visible spectral region. However, many
publications can be found reporting that LBO shows no significant degradation
even when exposed to high optical power levels of several tens of watts (e.g. [136,
153, 137]). Finally, BBO is very hygroscopic [44] but LBO is expected to be
not [86]. If LBO would be slightly hygroscopic the impact on the material quality
should be further reduced if the crystal is steadily kept at its high phase matching
temperature of about 149 ◦C [155].

2.4.3. Design of the SHG experiment
The general design considerations listed in 2.3.2 were applied in the planning
phase of this experiment, too. First the effective nonlinearity of the LBO crystal
was determined by fitting Eq. (2.25) to the result of a single-pass SHG experiment.
This evaluation is shown in Fig. 2.19. An effective nonlinearity of deff = 0.704 pm

V
was obtained.
In analogy to the design procedure of the PPKTP SHG stage in the previous

section the SHG resonator was simulated prior to assembly. This was done to
find a suitable fundamental waist size inside the crystal leading to reduced fun-
damental and harmonic intensities. The model was the same as was applied in
the previous section (see 2.2.5). It neglected thermal dephasing caused by optical
absorption inside the LBO crystal. The estimated and measured design values for
the various parameters are given in Tbl. 2.2. The availability of very long crystals
was another advantage of LBO. The value for the passive fractional round trip
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Fig. 2.19: Measurement of harmonic power obtained from single-pass of laser
beam with waist of w0,f = 78 µm at center of LBO crystal used for
resonant SHG. The crystal’s effective nonlinearity deff was determined
from a fit of Eq. (2.25) to the data.

losses was taken from the one determined for the PPKTP SHG stage because
optics of similar quality were used for this experiment.
The results of the simulation are shown in Fig. 2.20 and their qualitative be-

havior was similar to that obtained for the PPKTP SHG. However, the range
of fundamental waist sizes, over which the reduction of the expected harmonic
power is negligible is smaller in this case due to the smaller value of deff relative to
the passive losses. The waist size, which corresponds to Boyd-Kleinman focussing
is now w0,f = 43 µm because the LBO crystal is much longer than the PPKTP
crystal.
As the phase matching temperature of the LBO crystal is very high the dimen-

sions of its oven were quite big to allow for thermal isolation (a rectangular region
of about 52mm in width and 72mm in length was necessary). These dimensions
considerably limited the flexibility of the design of the resonator’s eigenmode and
correspondingly the achievable fundamental waist sizes. Hence in this case only a
comparatively small increase of the fundamental waist size by a factor of ca. 1.5
compared to the Boyd-Kleinman focussing regime was obtained from the iterative
design procedure described in 2.3.2. Accordingly, a fundamental waist of 65 µm
was chosen, corresponding to intensities at the crystal center of 9.2 MW

cm2 for the
fundamental and 3.9 MW

cm2 for the harmonic. The highest intensities on any coated
facet inside the resonator were then located at the crystal facets and amounted
due to the diffraction of the beams to 3.6 MW

cm2 for the fundamental beam and
1.5 MW

cm2 for the harmonic beam. These intensities were close to the laser-induced
damage thresholds stated for the employed optics (see 2.3.2). As further increase
of the fundamental waist size could not significantly reduce the intensities at the
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2. High-power 532 nm single-frequency TEM00 laser sources

parameter value
Lk 5.0 cm
n 1.60
λ0,f 1064 nm
Pinc 150.0W
Tdc 97.5% at 532nm
Ap 1.5%
deff 0.704 pm

V

η00 95%
Tin imp. matched

Table 2.2: List of estimated as well as measured design values for experimen-
tal parameters relevant for the simulation of the resonant LBO SHG
stage. The values of Pinc, Ap and Tin are only estimations here. Their
measured values are given further below.

facets due to the beams’ diffraction these values were taken as a given.
The expected harmonic output power was nearly not influenced at all by the

waist enlargement. The expected round trip conversion loss for the fundamental
light was determined from the simulation result to be 22%, which had to be added
to the expected passive roundtrip losses of 1.5% to find the design value for the
transmission coefficient of the input coupler IC of ca. 76%.
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Fig. 2.20: Simulation of the LBO external-cavity SHG stage neglecting thermal
dephasing (see 2.2.5 for the model and Tbl. 2.2 for the values of the
parameters). Expected conversion losses (top), harmonic output power
(middle) and peak intensities (bottom) are shown above the fundamen-
tal waist size. The vertical lines depict the waist size corresponding to
Boyd-Kleinman focussing (blue) and the one chosen for this experiment
(yellow).
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2.4.4. Experimental setup
A schematic of the overall experiment is shown in Fig. 2.21. The infrared beam
from the Advanced LIGO PSL was matched to the eigenmode of the SHG reso-
nator by pairs of lenses and mirrors and its power could be adjusted with the
help of a variable attenuator consisting of a λ/2-waveplate and a polarizing beam
splitter. Its polarization was rotated by a second λ/2-waveplate to be parallel to
the optical z-axis of the LBO crystal (which was vertical optical polarization) to
obtain maximum conversion efficiency. A pick-off beam behind one turning mir-
ror was used to measure the fundamental power incident on the SHG resonator
with infrared detector CD1.

SHG resonator

The SHG resonator consisted of two convex (ROC=+1.0 m) and two concave
mirrors (ROC=−0.2m) in a bow-tie configuration. Convex mirrors were applied
to enhance resonator design flexibility and thus to ease the incorporation of the
rather big LBO oven. Mounting of the resonator mirrors was done in the same
way as for the PPKTP SHG stage described in the previous section. The geo-
metric lengths of the parallel resonator arms were 21.5 cm and 27 cm and their
distance was 7.5 cm. The LBO crystal with dimensions 3 mm×3 mm×5 cm was
mounted inside a customized version of commercial oven type KK1 from EKSMA
Optics and placed in the longer resonator arm concentrically between the two
concave mirrors. The oven was equipped with additional metal shields with a
remaining clear aperture of 2.7 mm to prevent the secondary reflections of the
circulating light from hitting teflon parts and it was controlled by EKSMA Op-
tics commercial controller TK1. The crystal was cut for type 1 noncritical phase
matching around approximately 149 ◦C. This resonator design resulted in an
astigmatically compensated waist at the middle of the LBO crystal of 65 µm,
which showed no measurable ellipticity or astigmatism. The second waist of the
bow-tie resonator is denoted here as coupling waist and its average radius was
229 µm with a slight ellipticity of about 10%. The amount of fundamental power
circulating inside the resonator was detected by a pick-off beam, which originated
from residual transmission of one resonator mirror and which was directed onto
infrared detector CD3. The shape of the resonating fundamental mode could
be observed with a CCD camera (omitted in Fig. 2.21), which detected a small
fraction of the same pick-off beam. Most of the fundamental power reflected from
the input coupler of the resonator (IC) was dumped, only a small amount was
detected by infrared detector CD2. Similarly, most of the converted laser light at
532 nm was dumped, too, with the exception of two pick-off beams one of which
was detected by visible detector CD4, while the other was used for modal analysis
of the converted harmonic laser beam at 532 nm.
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Fig. 2.21: Schematic overview of optical setup of LBO based resonant SHG stage.
Red lines depict fundamental infrared light, green lines depict harmonic
visible light, and black lines denote electric wiring. HR/HT xxx nm
denotes a mirror coating that is highly reflective or highly transmissive
respectively for light with a wavelength of xxx nm.

Mode analyzer

The polarization of that beam, which was intended to be used for the modal
analysis, was adjusted by a λ/2-waveplate to be parallel to the table surface. Its
mode was matched by a pair of lenses and mirrors to the eigenmode of a reference
resonator, which consisted of a rigid aluminum spacer with three mirrors glued
to it, one of them spaced by a piezo to allow for fast changes of the resonance
frequency by more than two times its FSR of 714MHz. The resonator finesse was
530 . The light transmitted by the ramped reference resonator was detected by
the fast detector CD5. To gather additional modal information a black circular
aperture of diameter dap = 1.7 mm could be placed in the beam at a distance
of zap = 40.5 cm in front of the reference resonator waist of 263 µm. With the
help of a flip mirror the light incident on the resonator could also be measured by
CD5 directly. This whole set of devices for mode analysis of the harmonic beam
will afterwards be referred to as mode analyzer and further explained in 2.4.5 and
2.4.6.
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Detectors

The detectors CD1 to CD5 utilized photodiodes (made from InGaAs or silicon
respectively) as light sensitive elements. Their response was assured to be linear
over the dynamic range relevant in this experiment. By application of several
filters it was assured that the detector’s output signal was not influenced by light
of undesired wavelengths or in the wrong polarization state. A lens as part of
each detector assured the focussing of all incident light to the active area of the
photodiode. The output voltage of the detectors CD1 to CD4 was calibrated by
comparison with the respective optical power at points CP1 to CP4.
All calibrations and measurements were conducted only after the system had

been in operation for at least an hour to allow it to reach a steady thermal state.
The detector calibration was done by comparison of the detector output voltage on
an oscilloscope with the power value measured by two different power meters (one
for powers up to 10W and one for powers up to 300W), whose uncertainties were
stated as 3% (low power device) and 7% (high power device). The oscilloscope
DC gain accuracy was measured to be ±1.5 %. High frequency influences like
electronic or laser power noise were determined from the measurements to be
smaller than ±1.6%. These uncertainties were expected to be independent from
each other and correspondingly they were added quadratically. From this the
maximum accuracy error of the detector calibration over the full dynamic range
of the measurements was determined to be ±7.3%. Detector output voltage and
power measurement were compared for at least five points distributed over the
relevant dynamic range. In all cases their relation was linear and the obtained
calibration factors from both power measurement devices agreed well within their
accuracy.

Coatings

Most resonator mirrors had a dichroic coating such that they transmit 97.5 %
of light at 532 nm but reflect more than 99.95 % at 1064 nm. This was done
to maximize the external conversion efficiency and avoid unneccessary heating
of the nonlinear crystal by circulating harmonic light. The only exception was
the input coupler IC, which was only specified for 1064 nm and had a measured
power transmission coefficient of Tin = 25.5 %. The LBO crystal was coated to
reduce its reflectivity for both wavelengths to about 0.2 % per facet. To get rid
off remaining infrared light in the beam path behind the SHG resonator dichroic
mirrors were used, which reflected more than 99.8 % of the green light but less
than 10% of the infrared light. Unwanted infrared light in front of detector CD4
was attenuated further by introduction of another dichroic mirror with the same
specifications as those forming the resonator.
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Control scheme

The low reflectivity of the input coupler IC gave rise to a very broad linewidth of
the SHG resonator, which eased the task of stabilization of its resonance frequency
to the frequency of the incident laser light. The frequency stabilizations scheme
itself was a copy of the one described in the previous section 2.3.

2.4.5. Conventional analysis of transverse mode structure
The analysis of the transversal mode structure of the harmonic beam was done
by the mode analyzer as it is described in section 2.4.4. This device was used
in three different operational modes to obtain an upper and two different lower
bounds for the amount of harmonic power emitted into TEM00 mode. They are
explained in the following.

Spectrum mode

The first operational mode will be denoted as spectrum mode (it is also known as
mode scan technique) and it was adopted from [80]. It was realized in a rather
similar way as is described in the following. First, the fraction of the beam
under test, which was contained in the TEM00 mode, was matched to the optical
resonator of the mode analyzer as well as possible. The resonator was ramped over
a bit more than one FSR with a frequency of 250Hz and the fast detector CD5 with
a bandwidth of 5MHz measured the transmitted power. Simultaneously detector
CD4 measured the incident power. The resonator itself was constructed in a way,
which assured that no degeneracy of resonances of transversal modes occurred for
mode index sums below 30. Thus the transmitted power is a decomposition of
the incident beam into its power fractions contained inside the various transversal
eigenmodes of this resonator.
An electrical amplifier with two amplification stages with precisely trimmed

gains of 10 and 100 and with flat bandwidths of 5MHz was constructed. For the
duration of a scan over the resonator’s full FSR the two amplified output voltages,
the not amplified one, and the incident power were recorded simultaneously via
the four input channels of a special digital oscilloscope with a high horizontal
resolution of 20000 points. Three such traces of four channels each were recorded
for averaging purposes. Afterwards a computer algorithm first normalized the
transmitted power to the incident one, then joined the three channels, which
recorded the differently amplified transmitted signals, into a single one, and finally
averaged over the three recorded traces after aligning their large TEM00 peaks.
The result was a single mode scan with a high dynamic range of more than 2×103.
Then another computer algorithm processed this high-resolution mode scan and
identified as many higher-order transversal modes as possible. Finally, a model
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Fig. 2.22: High-resolution mode scan obtained by the spectrum mode of the mode
analyzer from the power transmitted by the ramped mode analyzer
resonator. Also shown is the fit to the identified higher-order transversal
modes and the names of several modes, which were identified visually
from CCD images. This result was obtained when the resonant SHG
stage was set to its maximum harmonic power.

of an incident beam consisting of all identified higher-order modes was fitted to
the mode scan to determine their precise peak heights. The integral incident
power was determined from the sum of all these identified modes, and finally the
power fraction η00 of the incident beam, which was contained inside the TEM00
mode was calculated from this sum and the fitted height of the TEM00 mode.
Determination of the integral power in this way eliminated the need to know
anything about the input coupler transmission or round trip losses of the optical
resonator. The combination of the resonator finesse of 530 and the horizontal
resolution of 20000 points assured that more than 30 data points lay within the
FWHM of each mode’s resonance, which was enough to result in a good fit.
The result of such a procedure at maximum harmonic power is presented in

Fig. 2.22. The vertical resolution was limited by electronic noise. However, in
any case the measurement will at a certain level be limited by the resolution
of the ramped optical resonator, which is linked to its finesse. Thus the tech-
nique sketched above is in principle not able to exclude, that, in addition to all
identified modes, the incident beam consists also of an infinite number of not
identified higher-order modes with fractional powers just below the vertical reso-
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lution. This large amount of higher-order modes might for instance appear as a
broad but arbitrarily weak corona around the beam like those known from ampli-
fied spontaneous emission processes. Therefore the amount of power contained in
the TEM00 mode obtained in the spectrum mode of the mode analyzer is strictly
speaking just an upper limit on η00. From the noise level in Fig. 2.22 the max-
imum power fraction in a single possibly not resolved higher-order mode can be
conservatively estimated to be

γmax ≈ 5×10−4 .

Transmission mode

To obtain also lower limits on η00, the mode analyzer could be used in two addi-
tional operational modes. The first one was called transmission mode. This one
is easily understood as it determined the amount of the incident power contained
inside the TEM00 mode simply by measuring the transmitted power fraction on
the peak of the resonance of the TEM00 mode. This was done by using the flip
mirror in Fig. 2.21. It first diverted the light incident on the resonator and after
that the light transmitted by it onto detector CD5, while the alignment of the
incident beam to the resonator was kept the same as during the spectrum mode.
On the one hand this measurement will result in a true lower limit. But on the

other hand it will in most cases clearly underestimate the value of η00, because
most optical resonators show a significant amount of impedance mismatch and
round trip losses. These effects hinder a part of the incident TEM00 power from
traversing the resonator. Hence they reduce the power detected by CD5 and
lower the derived value for η00. They can easily account for several percent of the
incident power.
A possible technique to determine a more stringent lower limit on η00 is pre-

sented in the following subsection.

2.4.6. Reduction of transverse mode analysis uncertainty
The mode analyzer could be used in yet another operational mode, called aperture
mode. From this mode again a lower limit on η00 was obtained to narrow the
discrepancy between the limits measured by the two operational modes described
above.
Detector CD5 was used to measure the amount of light power incident on the

resonator with and without a circular black aperture of diameter dap, which was
placed symmetrically in the beam at a distance zap in front of the waist position
inside the optical resonator. The alignment of the incident beam to the resonator
was kept the same as in spectrum mode. The detector was placed right behind the
aperture such that its collecting lens focussed all transmitted light, including any
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divergent parts from diffraction at the aperture edge, onto the detector’s active
area. The diameter of the circular aperture was narrowed down until a significant
but very small power fraction Lcut was cut off by the aperture. To achieve a
high measurement precision, a second detector was used, which measured the
power incident on the aperture. Both detectors were not moved and the beam’s
alignment was not changed between the two measurements with and without
aperture. Traces of length 10 s were recorded of the power in front and after the
aperture to allow for normalization and averaging afterwards.
In 2.4.5 it was explained, that the result of the spectrum mode of the mode

analyzer gives only an upper limit for η00, because the incident beam might consist
of a large number of additional not identified higher-order transversal modes. The
aperture mode is used to derive an upper limit on the power in these not identified
modes.
To achieve that, the power fraction Lcut, which is not transmitted by the aper-

ture, is without loss of generality split into two sums of transversal modes

Lcut =
∑

(n,m)∈{ ident.modes}
Cnm (1− Tnm) +

N∑
(w,v)∈{not ident.modes }

Cwv (1− Twv) . (2.37)

Here the Cba and the Tba are the transverse mode coefficients as introduced in 2.1.2
and the power transmission coefficients through the aperture, respectively, of any
transversal mode with mode indices (b,a). The parameter N denotes an effective
number of not identified modes necessary to explain the integral power fraction
Lcut, which is lost by transmission through the aperture. The transmission coef-
ficients Tba depend on the mode index pair (b,a), and on the beam parameters.
Correspondingly, the value of N obviously depends on the specific transversal
modes, which are incident on the aperture.
The transmission coefficients Tba are explicitly calculated by

Tba =
dap/2∫
0

r

2π∫
0

|V′ba(zap)|2 dφ dr

where V′ba in this case denotes Laguerre Gauss modes (LGba), normalized such
that Tba results in unity for dap →∞. With the help of the Laguerre polynomials
Lba(x) these normalized modes are given by [129]

V′ba(z) =

√
2 b!

2π (b+ a)!
1

w(z)

(√
2 r

w(z)

)a
Lba

(
2 r2

w(z)2

)
exp

(
− r2

w(z)2

)
× exp

(
i k r2

2R(z)

)
exp (i aφ− i(2b+ a+ 1)ψ(z)) .
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LG modes are better suited here because a circular aperture is used. The param-
eters appearing in this expression are explained in 2.1.2.
As one is interested here in a lower limit on η00, one needs an upper limit

on N . This can be readily constructed when a worst-case scenario (concerning
the sensitivity of the aperture method) is concerned. In any given situation the
incident beam will consist of those transversal modes identified by the mode scan
technique plus a certain amount of not identified modes, each of which can contain
a maximum power fraction of γmax. At this point the worst-case assumption is
made, which claims that these not identified modes consist only of those modes,
which are transmitted best through the aperture (further details are given below),
and that all of these modes contain the maximum possible power fraction γmax.
As the integral power fraction, which is not transmitted through the aperture

is known to be Lcut from a measurement, a worst-case upper limit for the effective
number of not identified higher-order transversal modes N can be obtained via
a simple algorithm. It first calculates the Tba of a sufficiently large sample of
transversal modes. It then sorts these modes by their value of Tba. And it finally
finds the upper limit for N by summing up the fractions γmax(1− Twv) of all not
identified modes starting from highest Twv until Eq. (2.37) is fulfilled. From the
obtained upper limit on N the power fraction of the incident beam, which is not
contained in the TEM00 mode, is given by

(1− η00) ≤
1
Pinc

P (ident. modes) + N γmax . (2.38)

The first ratio in this expression is known from the result of the spectrum mode
of the mode analyzer.
In this procedure it was assumed, that the power fraction contained in all

identified modes is not significantly reduced by transmission through the aperture,
which is easily checked for with the result of the same algorithm just described.

2.4.7. Results and discussion of the SHG experiment
Measured conversion performance

The external conversion performance and the obtained harmonic power from the
LBO SHG resonator are shown in Fig. 2.23. Each data point for the harmonic
power is the average value of a continuous measurement of length 10 s. The error
bars were derived from the calibration errors stated above. A maximum harmonic
output power of 134W was measured at point CP4 when of fundamental power
149 W was measured at point CP1. To the best of the author’s knowledge this
is the highest power of CW single-frequency laser radiation in the green visible
spectral region, which has been scientifically published so far. Similarly, it is
the highest scientifically published power of green CW laser light generated by
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Fig. 2.23: Measured external conversion efficiency (right axis) and harmonic
power at CP4 (left axis) of LBO SHG resonator.

the effect of SHG in general, even taking multi-mode systems into account (for a
compilation of reported values see 2.4.1).
The spectral linewidth of the harmonic light was measured to consist of a

single spectral line narrower than 700 kHz on timescales of 1 s. This result was
obtained from transmission of the harmonic light through the reference resonator
of the mode analyzer. As the frequency conversion process does not influence
the spectral distribution of narrow-linewidth fundamental light in lowest order,
the spectral linewidth of harmonic light from SHG is in fact strongly expected
to resemble that one of the primary laser. This primary laser was a non-planar
ring oscillator (NPRO) with a spectral linewidth on the order of 100Hz within a
25 ms measurement interval [35]. A representative measurement of the NPRO’s
fundamental frequency noise presented as a linear spectral density was reported
in [81].
The relative peak-to-peak power fluctuations of the harmonic light amounted

to 8% within 100 s at maximum harmonic power. All in all the system was oper-
ated for more than 100h at harmonic power levels above 110W. No degradation
of crystal or optics was measured within this time period. The system also repro-
duced the reported conversion performance after being switched off for a while.
The control loop performance was robust with no obvious signs of coupling of the
circulating or harmonic power to the stability of the frequency or temperature
control loops.
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Fig. 2.23 also presents the overall external conversion efficiency ηSHG of the
SHG resonator as derived from the measured harmonic and incident powers (see
Eq. (2.35)). An external conversion efficiency of more than 90% was achieved at
maximum harmonic power. Again, to the best of the author’s knowledge this is
the highest value reported in literature so far for harmonic powers above 150mW.
For harmonic powers below 150mW a slightly higher value of 92% was obtained
from an etched zink doped PPLN ridge waveguide structure [141, 142]. However,
from the discussion in 2.2.4 and 2.4.1 it is strongly expected by the author of
this thesis, that this value would degrade considerably when scaling the harmonic
power to multiple tens of watts.

Modelling the harmonic power

To further investigate the performance of the LBO SHG resonator presented here,
the experimental data for the harmonic power was compared with the prediction
of a model, which does not account for thermal dephasing processes in the crystal
and which was described in 2.2.5. The comparison is shown in Fig. 2.24 for
three different amounts of mode mismatch between incident beam and resonator
eigenmode. All other parameters were the same and given essentially by Tbl. 2.2
with the exception of the measured values of Tin = 25.5% and Ap = 1.4%. The
latter value was obtained from a measurement of the power buildup when the
phase matching temperature of the crystal was strongly detuned.
The reason for the consideration of the three distinct amounts of mode mis-

match is explained in the following. In the experiment described here the mode
mismatch was determined from a measurement of the fundamental power frac-
tion, which was reflected from the SHG resonator in a nearly impedance matched
situation. A measurement of this power fraction is shown in Fig. 2.25.
Unfortunately, modelling of this measurement was not clear without ambiguity.

While the data at lowest and highest harmonic powers fit best to the simulation,
if a mode mismatch of 4.4% was assumed (which is not shown in Fig. 2.25), the
data in between these regions fit best to the simulation, if no mode mismatch at
all was assumed. The reason for this discrepancy is expected to be caused on the
one hand by a varying mode mismatch from thermal lensing in the SHG resonator.
On the other hand a completely vanishing mode mismatch (as pretended then by
the incident power range between 20W and 80W) is rather unlikely, due to the
slightly elliptic coupling waist, for example.
Therefore one also has to take into account varying contributions to the im-

pedance mismatch from other sources than from conversion losses. In principle,
there might have been two contributions to this. One would be caused by the
effect of GRIIRA in the LBO crystal. The other would originate from changes of
the reflectivity of the input coupler or the coatings on the crystal facets due to
heating from optical absorption. In order to avoid a vanishing mode mismatch
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Fig. 2.24: Harmonic power at CP4 of resonant LBO SHG stage compared with
three predictions of a model for different amounts of mode mismatch
between incident beam and resonator eigenmode. The model did not
account for thermal dephasing effects inside the crystal.

by the assumption of such a varying impedance mismatch contribution to the
measurement of Fig. 2.25, a change of the round trip losses by at least 1 − 2 %
would have been necessary. However, this effect appears to be too strong to be
caused by GRIIRA because it would have led to considerable thermal dephasing.
This in turn would have led to a significantly reduced harmonic power compared
to the applied model, which is not observable in Fig. 2.24.

Summarizing these thoughts, the inconsistencies in the measurement shown
in Fig. 2.25 should have been caused by two effects, one of which was thermal
lensing in the SHG resonator. The other effect is assumed here to have been
caused by reflectivity changes of the input coupler or coatings on the crystal
facets by heating from optical absorption. Such effects cannot be accounted for
by the model used to simulate the measurement of the reflected power fraction.
Therefore one could derive from this measurement only an upper limit on the
mismatch between incident mode and resonator eigenmode. This upper limit was
conservatively taken to be the lowest reflected power fraction measured for any
incident power, which amounted to 7.8 %. In turn, a conservative lower limit
is obtained from the assumption of an indeed vanishing mode mismatch. These
limits are shown in Fig. 2.25 and they were also used to model the result for the
harmonic power in Fig. 2.24. The region of harmonic power levels allowed by
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these limits nicely agree with the measured values within their error bars. As
guide for the eye also the average value of these limits was used to model the
harmonic power.
One should note here, that this agreement between the data and a model, which

does not account for thermal dephasing effects in the crystal, clearly demonstrates
that such effects did not have any significant influence on the SHG resonator per-
formance up to maximum power levels! This is indeed remarkable, as these max-
imum power levels were as high as 640W for the circulating fundamental power
(see below) and 134W for the harmonic power. These power levels corresponded
to peak intensities in the crystal of up to 10 MW

cm2 for the fundamental beam and
4 MW

cm2 for the harmonic beam.

Limiting factors for the conversion efficiency

As was explained in the context of Eq. (2.33), the external conversion efficiency
ηSHG of a realistic experiment will be limited by three parameters. These are
the ratio of passive and conversion round trip losses r = Ap/ASHG, the fraction
of incident power in the resonator’s TEM00 mode η00, and the transmission Tdc
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of the dichroic mirror. The values for these parameters at maximum harmonic
power, which were derived in the previous paragraphs, are listed in Tbl. 2.3. The
value for ASHG was obtained from the simulation of the (1− η00) ≈ 3.9% case in
Fig. 2.24.

parameter value
1-Tdc 2.5%
(1-η00) ≈ 3.9%

g(r = 1.4%/21.9%) 6.0%
sum ≈ 12.4%

Table 2.3: List of parameters, which limit the external conversion efficiency of the
LBO SHG resonator.

Summation over all contributions results here in a value of LSHG = 12.5 %.
In analogy to the concept of external conversion efficiency one might think of
LSHG as an external conversion loss. Its value as derived from the summation
above is only slightly higher than what is expected from the measured maximum
conversion efficiency of ηSHG = 1 − LSHG = 90 %. The discrepancy might arise
from the only roughly estimated value of η00 or because the dependence of g(r)
on r has flattened due to depletion of the fundamental light. In the form given,
passive losses of the resonator had the biggest impact on ηSHG.

Circulating power and linear fundamental absorption

To complete the performance analysis, also the fundamental power circulating
inside the SHG resonator at CP3 was measured and modelled. The comparison
of the data with the simulation results is presented in Fig. 2.26, where the same
limits on the amount of mode mismatch were used as in the figures above.
For the case of an external-cavity doubling scheme the circulating power level

is more sensitive to the onset of thermal dephasing processes than the harmonic
power (see discussion in the context of Fig. 2.14 in the previous section). In this
respect the weak apparent rise of the measured data at maximum circulating
powers above the simulation might be an indication for the onset of thermal
dephasing processes inside the crystal.

The circulating power level reached high values of up to 640W. In the context of
Fig. 2.25, it was assumed that thermal lensing inside the optical resonator might
vary the mismatch between incident and circulating mode. To analyze, if linear
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Fig. 2.26: Circulating fundamental power inside LBO SHG resonator compared
with three predictions of a model for amounts of mode mismatch of
7.8%, 3.9% and vanishing mode mismatch. The model does not account
for thermal dephasing effects inside the crystal.

absorption at the fundamental wavelength could lead to considerable thermal
lensing in the crystal, efforts were made to obtain the linear absorption coefficient
αl,f from an independent thermal lensing measurement. This was conducted in the
same way as described in the context of Figs. 2.11 and 2.12 in the previous section.
Its result is shown in Fig. 2.27 [24]. The experiment itself and its evaluation were
again not done by the author of this thesis.
Obviously the result in this case was dominated by systematic errors of the

experiment, as the drop for highest powers implies. To derive at least an upper
limit on the linear fundamental absorption coefficient the range of dropping mode
content was ignored, when fitting the result. In the same way as described in the
previous section the fit result was compared with the simple model for a thermal
lens given by Eq. (2.36). The comparison is shown in Fig. 2.28. This method
resulted in a surprisingly low upper limit for the linear absorption coefficient of
the LBO crystal for 1064 nm light of αl,f ≤ 4.2×10−4 1

m . This value is much
smaller than those reported in literature (see 2.2.4). It is indeed comparable in
size to the absorption coefficients of high-quality Suprasil substrates, which are
on the order of αl,f ≈ 2×10−4 1

m [89].
Such a low value for the linear absorption coefficient for 1064 nm radiation

implies that at maximum circulating power inside the LBO SHG resonator the
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Fig. 2.27: Measurement of the power fraction of a TEM00 laser beam at 1064nm,
which was transferred into the LG10 mode by transmission through a
LBO crystal far from its phase matching temperature. The crystal was
mounted in the same way as for the resonant LBO stage. The beam
was focussed to a waist size of 76 µm located 40 mm off the crystal
center.

crystal was heated with a power of only 13mW. Therefore, it should not have been
a source of thermal lensing. However, thermal lensing could still have taken place
in the resonator if considerable heating of the resonator mirror facets occurred
(see [152] for a model of this).

The very low dissipation inside the crystal, which was found by this result as
well as by the results from the previous paragraphs, fitted well to the easy ex-
perimental handling and robust control loop performance of the SHG resonator.
Neither the frequency control loop nor that one of the oven seemed to be influ-
enced by larger fluctuations of the circulating or harmonic power. This was very
different from the experiences with the resonant PPKTP SHG stage described in
the previous section.

Temperature tuning curve and linear harmonic absorption

Many publications, which report on efficiency deviations of SHG devices from
theoretical prediction under high power operation, also report on distortions
and shifts of the temperature acceptance curves ideally given by Eqns. (2.23)
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and (2.24) (see 2.4.1 for a compilation of literature). Hence still another way to
search for the possible onset of such effects is to measure this temperature ac-
ceptance curves for high and low power levels. This was done and the result is
presented in Fig. 2.29 together with fits of the above mentioned equations to the
data.
The obtained values for the temperature acceptance bandwidth δTbw agree

well with the values given in literature, for instance 4.2×10−2 Km from [85].
Obviously only small changes of the temperature acceptance curves were measured
when increasing the harmonic peak power by more than a factor of 30 and the
circulating fundamental power depending on the temperature by up to a factor of
10. The range of values for the fundamental power arose because the crystal was
located inside the SHG resonator, whose power buildup varied depending on the
conversion losses. This was necessary to measure the temperature tuning curve
at maximum harmonic power.
Apart from a tiny inclination of the curve for high harmonic power, only a small

shift of the optimum phase matching temperature by 0.11K was observed. In the
following it is assumed that this temperature offset was caused by absorption from
the harmonic and fundamental beam at roughly equal amounts. This absorption
then created a temperature gradient from the crystal’s center to its border, which
can be expressed with the same approximations made in the development of the
dephasing model around Eq. (2.34) by

∆T = Pheat

4π Lk κth

[
0.577 + ln

(
2
(

r0
0.85w0,f

)2
)]

. (2.39)
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Fig. 2.29: Temperature tuning curves of LBO crystal for low and maximum har-
monic peak power while located inside SHG resonator. From the mea-
sured values of Pcirc(CP3) and P h(CP4) the value of the Boyd-Kleinman
integral ĥ was derived by application of Eq. (2.26), which was solved
for ĥ.

In this equation the crystal is again assumed to be a rod. In contrast to the de-
phasing model, here the heat source radius is given by the average of fundamental
and harmonic waist, and it is compared to the radius of the crystal r0. The lat-
ter point is necessary because in this kind of measurement the phase matching
temperature is intended to be not optimized for each data point. From the equa-
tion the measured shift of the temperature tuning curve is obtained for a heating
power of Pheat = 31mW with a thermal conductivity of LBO of κth = 3.5 W

Km and a
radius of the LBO crystal of r0 = 1.5mm. On the one hand this value justifies the
assumption made above, that the temperature profile in the crystal was created
by roughly equal amounts of heating from both wavelengths. On the other hand
the linear absorption coefficient for the harmonic light in the LBO crystal can be
estimated from the values for Pheat and αl,f to be αl,h ≈ 2.6×10−3 1

m . This value
is also rather tiny but nonetheless roughly matches the value reported by [92].

With estimations for αl,f as well as αl,h at hand one can employ the thermal de-
phasing model again to simulate the harmonic power expected from the resonant
LBO SHG stage with thermal dephasing taking place in the crystal. The result
is, however, identical to the prediction of the model neglecting thermal dephasing
within less than 0.1 % of all measured harmonic power levels. This strengthens
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Fig. 2.30: Comparison of external conversion efficiency of resonant LBO stage (as
described in this section) with resonant PPKTP stage (as described in
the previous section). The values for Tdc = 97.5% and Ap = 1.4% were
assumed to be equal for both devices. The input coupler transmission
coefficient was chosen for each device and each incident power level such
that impedance matching was realized. All other parameters had the
values given at the appropriate places in the text.

the result obtained above, that in spite of the extraordinary high powers involved,
thermal dephasing was of no importance for this SHG resonator.

Comparison with resonant PPKTP SHG stage

Once the conversion performance and absorption coefficients are known, another
interesting question is, in which range of input powers an impedance matched
LBO SHG stage as described in this section would be more efficient than the
PPKTP SHG stage, which was described in the previous section. This question
is answered by Fig. 2.30. For the simulations in this figure it was assumed that
the transmission coefficient of the dichroic mirror Tdc = 97.5 % and the passive
round trip losses Ap = 1.4% were the same for both devices, and that each device
was impedance matched for each datapoint anew. All other parameters had those
values reported at the appropriate places in the text.
Obviously the LBO SHG stage is more efficient than the settled PPKTP SHG

stage for all incident power levels above already 2W. This power limit is increased
to 8W for the case of the PPKTP SHG stage in its initial state before settling of
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its harmonic power due to gray tracking occurred.
In any case the LBO SHG stage described in this section seems to be the better

choice for the conversion of even intermediate power infrared lasers.

Long-term stability

To demonstrate the long-term power stability of the LBO SHG resonator it was
equipped with automatic lock acquisition electronics and its incident and har-
monic power were monitored for 48h after a warming period of 13h. During this
warming period the SHG resonator had to be realigned a few times to keep the
harmonic power close to maximum. During the 48h of the measurement the SHG
resonator was realigned only once about half an hour before the measurement was
ended. The time series of the harmonic power is presented in Fig. 2.31. The in-
cident power level was constant over the whole time. In this measurement the
harmonic power was only 112W because the primary infrared laser did not emit
its full power. The duty cycle of the SHG resonator was 99 % and the longest
continuous duration without loss of the stabilized state lasted 6h. After each loss
of the locked state it was acquired again automatically within 1 − 2 s. The time
periods with frequent losses of the locked state (visible as significant accumula-
tions of power reductions) can be avoided in the future by increasing the dynamic
range of the fast frequency actuator of the resonator by approximately 50% (e.g.
by employing a longer piezo or a higher maximum voltage).
The peak-to-peak power variations over the full measurement duration (exclud-

ing losses of the locked state) amounted to 10%. The gradual weak reduction of
the harmonic power was due to slowly drifting alignment of the SHG resonator
eigenmode or the incident mode relative to each other. To demonstrate this, the
setup was manually realigned at the end of the measurement and the data acqui-
sition was continued for another 30min. By this manual realignment essentially
the same power level could be obtained as was emitted at the beginning of the
measurement. The right hand side of Fig. 2.31 shows a zoom to the point in time
when the realingment was made to demonstrate this more clearly. To get rid of
this problem one might either construct a more rigid resonator or implement an
auto-alignment system.
In sum the SHG resonator was operated for more than 100 h at harmonic

powers above 110 W without observable performance loss due to degradation of
the crystal or optics.

Transverse mode analysis

As the LBO SHG resonator was designed as a metrology laser source, its beam
quality (i.e. the harmonic power fraction contained in higher-order transversal
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Fig. 2.31: Measurement of the harmonic power stability of the LBO SHG resona-
tor on long time scales at a harmonic power level of 112W (left graph),
and a zoom of the time period when a manual realignment was made
about half an hour prior to the end of the measurement (right graph).
The red broken line is a guide for the eye and indicates the power level
at the start of the measurement.

modes) was analyzed, too. The results from the various operational modes of the
mode analyzer are presented in the following.

Spectrum mode. For each data point in Fig. 2.23 the mode analyzer was used in
its spectrum mode to determine the transversal mode structure. The experimental
setup, theory and data evaluation process of this operational mode was already
described in 2.4.4 and 2.4.5. The result of the spectrum mode is presented in
Fig. 2.32 where the harmonic power fraction η00 contained within the TEM00
mode is displayed as a function of the harmonic power available at point CP4.
In a first step the value at low harmonic powers was optimized by compensation

of a small astigmatism of the harmonic beam that originated from its transmis-
sion through the curved and angled dichroic resonator mirror and that could be
observed by a non-vanishing amount of power in the TEM02 mode. By tilting the
second mode matching lens of the mode analyzer horizontally by approximately
7 deg this astigmatism could be reduced leading to η00 ≈ 98% of the power being
emitted into the fundamental transversal mode at low powers.
When the harmonic power was increased this fraction reduced, although the

alignment to the mode analyzer cavity was optimized for each data point. Espe-
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Fig. 2.32: The mode analyzer in spectrum mode was used for each data point of
Fig. 2.23 to determine an upper limit on the fraction of the harmonic
power η00, which was contained inside the TEM00 mode. The align-
ment to the mode analyzer was optimized for each data point but the
positions of the mode shaping lenses were optimized only once at a
harmonic power of 90W.

cially the power fraction inside the TEM02 and TEM20 modes increased. Their
resonance frequencies were degenerate and formed a single resonance for the LG10
mode. The increase of the fractional power in these modes hints on a change of
the harmonic mode shape, which most likely originated from thermal lensing.
From the investigation above it can be concluded that this thermal lens was not
located inside the LBO crystal. Suspects for the origin of this thermal lensing are
every resonator mirror, which could have deformed by heating (see [152]), and the
two mirrors, which directed the high harmonic power to the dump (see Fig. 2.21).
At a harmonic power of 90W the positions of the lenses, which matched the in-
cident mode to the eigenmode of the mode analyzer cavity, were slightly changed
to compensate for the thermal lensing and to maximize η00 again. This step re-
stored the high fundamental mode content of η00 = 98%, which surprisingly did
not decrease any more for higher harmonic powers.

Transmission mode. As was described in 2.4.5 the result of the spectrum mode
of the mode analyzer might have been an upper bound for η00 only. For the
highest harmonic power also a strict lower bound should be obtained and thus
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the mode analyzer was also used in its transmission mode. The lower bound,
which was obtained from this measurement was η00 ≥ 91%.

Aperture mode. To reduce the difference between the two limits for η00 obtained
so far, the mode analyzer was also operated in its aperture mode as described in
2.4.6. The chosen diameter and position of the aperture described above resulted
in an integral transmission of 99.6 % of the incident beam through the aperture
and thus in a value of Lcut = 0.4%. The algorithm described above had to sum
up the calculated transmitted powers of N = 28 hypothetical higher-order modes
with mode index sums up to 10. All these transversal modes were correspondingly
assumed to be part of the laser beam, but at the same time were not identified
by the spectrum mode of the mode analyzer. Those modes, which were identified
by the spectrum mode, were inspected visually via a CCD camera to determine
their mode index sums. The corresponding mode scan was already shown above
in Fig. 2.22. These modes were not included into the summation algorithm just
mentioned.
The measurement in the aperture mode resulted in a maximum fraction of har-

monic power within possibly not-resolved higher-order modes of 1.4%. The power
fraction in higher-order modes already identified in the spectrum mode amounted
to 1.9 % and only 0.005 % of this already identified higher-order mode content
would have been cut off by the aperture. Thus the aperture mode determined
a lower bound for the power fraction within the TEM00 mode of 96.7 %. All in
all this limits the power fraction within higher-order transversal modes (1− η00)
at a harmonic output power of 134 W to the remarkably low range of values of
1.9% ≤ (1−η00) ≤ 3.3%. This in turn resulted in at least 130W of laser radiation
at 532nm in the TEM00 mode!

2.5. Summary and outlook
The availability of a metrology laser source at a wavelength of 532nm, which emits
more than 100W, would help to increase sensitivities or efficiencies in many fields
of research. Often single-frequency emission and a high beam quality are also
necessary, e.g. in the search for gravitational waves. While such laser sources
could already be constructed at other wavelengths, the green visible spectral
region proofed hard to cover. In this chapter the solution was found by application
of the nonlinear effect of second harmonic generation.
In Section 2.1 and Section 2.2 the basics of this nonlinear effect were reviewed

and the limitations and problems were explained, which prevented the realization
of a high-power green laser source up to now. As high intensities and absorption
inside the nonlinear crystal were found to be a main concern, a simple model
was developed, which showed the way to reduce the intensities. It was further
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extended to incorporate thermal dephasing effects from optical absorption inside
the crystal to some extend.
To test the potential of an SHG resonator with by far reduced intensities inside

the crystal, a resonant SHG stage based on PPKTP was set up and characterized
precisely, which was presented in Section 2.3. This experiment resulted in a
long-term stable harmonic power of 5.3 W, which is, to the best of the author’s
knowledge, the highest long-term stable harmonic power obtained from PPKTP
at a wavelength of 532 nm. Nonetheless the performance was still not optimal
and considerable efforts were made to identify the limiting effect. This was found
to be thermal dephasing from absorption of the harmonic light, which could be
modelled consistently.
Finally in Section 2.4 a very high-power infrared laser was converted to 532nm.

Based on the experiences of the previous section here another strategy was pur-
sued, which relied on LBO as nonlinear material. This material offers a rather
low nonlinearity, but at the same time it was known to show low absorption and
little sensitivity to high intensities in any other way. The result was remarkably
good, as a huge harmonic power of 134 W could be generated with a very high
external conversion efficiency of 90%. To the best of the author’s knowledge the
first value is the highest scientifically published so far for the generation of CW
single-frequency green laser radiation and also the highest for SHG of CW green
light in general. The external conversion efficiency is the highest reported value
for harmonic powers above 150mW. The SHG resonator was easy to handle and
the harmonic power level was long-term stable. Comparison with a model re-
vealed that thermal dephasing effects in the crystal were not at all an issue even
at maximum harmonic power.
Additionally, a new technique was developed and presented in Section 2.4,

which allows to reduce the uncertainty in the determination of the higher-order
mode content of a laser beam. It was applied as one technique among others to
characterize the beam quality of the LBO SHG resonator. These measurements
found that a fraction of 97−98% of the maximum harmonic power was contained
in the TEM00 mode, which makes the overall device a 130 W CW single-frequency
TEM00 long-term stable 532 nm metrology laser source!

The maximum harmonic output power achieved in this chapter appeared to be
limited almost exclusively by the available fundamental power. This was derived
from the fact that the performance of the LBO SHG resonator could be well
modelled without accounting for thermal dephasing processes in the crystal. Only
the measured fundamental circulating power might have deviated slightly from
this model.
If the harmonic power level of this resonator design would be doubled the

laser-induced damage thresholds of the coatings applied in this experiment are
reached. But this can then be overcome either by utilization of the method of
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fundamental waist enlargement as presented in this chapter and applied in the
PPKTP experiment. Or it can be overcome simply by the employment of higher-
quality coatings, e.g. produced by the technique of ion-beam sputtering (IBS).
The external conversion efficiency of the current setup is expected to rise with

increasing incident power and decreasing passive round trip losses. This will
work until either thermal dephasing processes become observable, or until it gets
limited at about 93.5% mainly by imperfect matching of the incident mode and
eigenmode of the SHG resonator. Further improvement of this matching should
be possible to some extend, e.g. by making the incident beam slightly elliptic
to match it better to the likewise slightly elliptic coupling waist of the SHG
resonator.
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Chapter3
ALPS I project -
Particle physics with
high-power green light

T hanks to the impressively precise results of the WMAP satellite mission,
physicists now have compelling proof that only about 4.6% of the universe we

live in consists of those types of matter that we know about and understand [70].
The physics of all the rest, which is usually denoted as dark matter and dark
energy, are completely unknown, which means it does not fit into the generally
accepted SM.
Since long particle physicists have developed and extended this model in order

to explain as much observable phenomena as possible. As it is the highest mark
and justification of physics to arrive at a single unified and consistent model of
this universe, and as some of those just mentioned SM extensions contradict each
other, it clearly has to be the aim of physics to find experiments, which are able
to approve some of these extensions and falsify the others.
The scientific field of experimental particle physics is usually associated with

the measurement technique of particle accelerators like the Large Hadron Collider
(LHC) at CERN [31]. These huge and costly devices are used to test predictions
of theoretical particle physics as well as to look for new currently not understood
processes. Apart from this specific experimental technique also other possibilities
exist to probe new particle physics, one of these being the search for the effect
of LSW [4]. Here the regenerated photons from an as strong as possible laser
beam are searched for inside a low background environment, which is optically
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shielded from the beam. Various models exist that predict the conversion of a
small fraction of the photons into various hypothetical particles, which (similar to
neutrinos) hardly interact with matter and thus will make their way through the
shielding into the low background environment, where a similar fraction would
convert back to photons. Some models require strong magnetic fields for this
effect to take place.
Several large-scale LSW experiments based on pulsed laser sources have already

been performed in the world, arriving at an impressively high resolution for the
arrival of single photons and at correspondingly strict constraints on the particle
physics models tested (e.g. [33]). The sensitivities of these experiments were
limited by the average power of available pulsed lasers. Utilization of an external
cavity to resonantly enhance the light in the production region instead inside the
laser with its absorbing inner components turned out to be a crucial factor for
further sensitivity enhancements.
Hence in the context of this thesis the optical injection stage and a nearly 9m

long external optical resonator comprising the particle production region of an
existing large-scale LSW experiment were designed, implemented, characterized
and maintained. This LSW experiment was dubbed ’Any Light Particle Search’
(ALPS) experiment, located at DESY, Hamburg, and it was set up around an
approximately 15m long cryogenically cooled accelerator magnet. In a first step
the compatibility of a long optical resonator and a large-scale LSW experiment
was demonstrated. In the next step the experiment’s sensitivity was optimized,
mainly by implementation of a high-power resonant SHG stage and by the im-
provement of the production resonator. The superiority of the applied concept
was proven by obtaining the by far most stringent constraints from laboratory
experiments published so far on the particle physics models tested in a broad
mass region.
In Sec. 3.1 of this chapter the Standard Model of particle physics, the basics of

LSW experiments and some phenomena and observations, which do not fit into the
Standard Model, are described. After that Sec. 3.2 introduces those kinds of hy-
pothetical particles, which were searched for. It also lists various cases of physics
were the existence of those particles would significantly improve the understand-
ing of observations or measurements. Sec. 3.3 lists briefly the state of the art of
other LSW experiments in the world when the work at ALPS started, whereupon
Sec. 3.4 explicitly explains and discusses the design, experimental setup and re-
sults of the compatibility demonstration experiments, dubbed ALPS I (phase 1).
Finally, Sec. 3.5 does the same for the final ALPS I (phase 2) experiments, which
achieved the most stringent laboratory constraints on the particle models so far.
The most important results of this chapter have already been published in [45]

and in [46]. The impact of this latter publication for the field of research was
stressed by the publication of a referencing note by Nature in their Research
Highlights section [58]. Additional experimental details on the optical parts have

86



3.1. Particle physics with laser light

already been published in [97].

3.1. Particle physics with laser light
3.1.1. The standard model of particle physics
All physical phenomena, which have been observed in the laboratory (or at par-
ticle colliders) until today can be explained by the interaction of only four forces
with matter [39, 113]. These forces are

• the electromagnetic force being responsible for example for the existence of
light and the formation of atoms and molecules,

• the weak force, which is relevant mainly in the context of decay processes
like the beta decay,

• the strong force, which binds the constituents of the nucleons together and
whose remnants are observable as the forces, which keep the atomic nuclei
stable

• and finally the gravitational force, responsible for the attraction of masses.

As far as particle physics at laboratory energies is concerned the gravitational
force is of little importance because it is extremely weak compared to the other
three. Furthermore its incorporation into quantized particle physics models proved
to be difficult due to gravity being merely a property of spacetime instead of a
force and because it is unclear how to quantize the equations of motion of general
relativity [119, 113].
However, the remaining three forces could be formulated as exchange of bosonic

particles and merged with a set of fermionic particles describing matter and an-
other special boson into a single model known as the SM (see Fig. 3.1).
The group of leptons consists of the very light (but not massless according to

the existence of neutrino oscillations) neutrinos, which couple only to the weak
force, and the significantly heavier electron, muon and tau, which couple to the
electromagnetic and weak force. The quarks couple to the electromagnetic and
weak force and they additionally carry a so-called color charge, which is a special
property the strong force couples to. They are the constituents of the nucleons
and can also temporarily form other particles (e.g. pions), but they have never
been observed in an unbound state. Because they are fermions, leptons and
quarks all have a spin of 1/2 and the overall number of fermions in the universe is
conserved. Finally, there exists an antiparticle for each lepton, whose properties
are the same as those of the particle but with inverted charges. Thus there are
48 leptons in the standard model.
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class particle flavour electric 
charge

rest mass spin color 
charge

leptons νe 1 0 < 0.7 eV/c2 1/2 --

νμ 2 0 < 0.7 eV/c2 1/2
ντ 3 0 < 0.7 eV/c2 1/2

e- 1 -1 e 510 keV/c2 1/2

μ- 2 -1 e 110 MeV/c2 1/2

τ- 3 -1 e 1.8 GeV/c2 1/2
quarks up 1 +2/3 e 2.4 MeV/c2 1/2 r/g/b
(bound) charm 2 +2/3 e 1.3 GeV/c2 1/2 r/g/b

top 3 +2/3 e 170 GeV/c2 1/2 r/g/b
down 1 -1/3 e 4.8 MeV/c2 1/2 r/g/b

strange 2 -1/3 e 104 MeV/c2 1/2 r/g/b
bottom 3 -1/3 e 4.2 GeV/c2 1/2 r/g/b

--

--

--

--

--

class particle flavour electric 
charge

rest mass spin color 
charge

one anti-lepton with inverted electric charge
for each lepton

one anti-quark with inverted electric charge
for each quark

anti-
leptons

anti-
quarks

class interaction couples to particles rest mass spin

bosons electro-magnetic electric charge 1 photon 0 1
weak weak charge 3:  Z0, W+/- 91 GeV/c2, 80 GeV/c2 1
strong color charge 8 gluons 0 1
inertia rest mass 1 Higgs (?) > 114 GeV/c2 0

Fig. 3.1: The standard model of particles physics (SM) consisting of the fermionic
constituents of matter (top left), which each have a corresponding anti-
particle (top right), and of the bosonic force mediating particles (bot-
tom) [39, 113, 9].

To represent the different interaction types there are eight massless bosons
called gluons, which couple to the color charges and thus mediate the strong force,
one massless boson called photon, which couples to the electric charge and via
this mediates the electromagnetic force, and finally the three very heavy bosons
W± (also electrically charged) and Z0 (electrically neutral), which couple to the
so-called weak hypercharge property of the fermions and represent the weak force.
All the bosonic force representing particles are spin 1 particles. Thus there are
12 force mediating bosons in the SM.
All these particles have already been experimentally observed. But finally,

there is still another particle included in the SM, which has not been observed to
date. It is called Higgs boson and it is used to theoretically describe the effect of
inertia of particles. Thus it couples to all particles with non-vanishing rest mass.
It is expected to be rather heavy (> 114GeV) and one hopes to directly detect it
experimentally for the first time at the LHC in Geneva [31].
Summarizing, the SM consists of 61 particles. The structure of the SM is that

of a set of gauge theories of quantized fields representing interacting particles in
a flat spacetime obeying special relativity. Today it is generally accepted in the
particle physics community (and presumably beyond) and many of its predictions
could already be confirmed experimentally.
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3.1.2. Virtual particles and Feynman diagrams
As in the classical world all interactions of real particles in the context of the SM
have to fulfill energy and momentum conservation. Here the term real denotes
particles, whose existence can be proven directly by their detection. However,
being a quantized model, the SM also knows so-called virtual particles. These
particles are a pictorial representation for quantum fluctuations and higher-order
processes. As such they can evade energy conservation locally because they exist
only for a limited amount of time ∆t and due to Heisenberg’s uncertainty principle
can spontaneously possess an energy amount ∆E given by:

∆E∆t ≥ h .

In order not to violate other conservation laws (e.g. charge), virtual particles
are produced as a pair of a particle and its antiparticle, who will annihilate each
other after the limited period of time ∆t. Therefore this process is often also
called a loop. Antiparticles have inverted charge and lepton number but the same
mass and spin as the corresponding particle. Because rest mass is equivalent to
energy, very heavy virtual particles generally have shorter lifetimes. The large
rest mass of the bosons of the weak force is therefore the reason for the very short
interaction range of this type of interaction (in fact the shortest of all forces) at
low energies [113].
A typical application of virtual photons is to provide a theoretical description

for stationary fields, which becomes necessary if, for example, the Coulomb inter-
action between two approaching electrons is to be described. The virtual photon
carries momentum from one electron to the other and thus scattering can occur.
Interactions between the different particles are described by so-called Feynman
diagrams. Fig. 3.2 shows the lowest order Feynman diagram for the elastic scat-
tering of two electrons. These diagrams are created in the center of mass reference
frame of the depicted process with time increasing from left to right. Lines with
open ends at the sides stand for in- and outbound real particles while lines without
open ends further to the center depict virtual particles. Antiparticles are travel-
ling into opposite time direction. Different particles are depicted by different line
types and within quantum field theory a mathematical expression can be assigned
to each part of the diagram, which enables the calculation of the probability of
this process to take place [113].

3.1.3. One-loop process magnetic vacuum birefringence
Another typical example for the occurrence of virtual particles is in the case of
photon-photon interactions as for the effect of magnetic vacuum birefringence [61],
which interestingly was already treated theoretically by Werner Heisenberg in
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Fig. 3.2: Lowest order Feynman diagram depicting elastic scattering of two elec-
trons.

γ

γm

γm

e- γ

e+

Fig. 3.3: Feynman diagram describing the SM effect of magnetic vacuum birefrin-
gence. The crosses denote the static magnetic field.

1936. Here a beam of light is shone through a strong and extended static mag-
netic field, which turns the vacuum into a dispersive medium. Fig. 3.3 shows the
Feynman diagram of this process. Although the photon energy of visible light
is orders of magnitude below the rest masses of an electron-positron pair, these
particles can still be created as virtual particles for short time scales. The pro-
duction probability is suppressed by the lack of energy. Such a process is denoted
as a one-loop process and is mathematically treated as a process of higher order
because in lowest order the photon would just pass the magnetic field without
interaction. As electrically charged particles they will interact with the virtual
photons of the magnetic field. Thus the vacuum effectively appears to be charged,
correspondingly gets magnetized and light propagation through it has to be ex-
plained in analogy to light propagation through a medium in a magnetic field.
This means the vacuum acquires a refractive index depending on the orientation
between light field and magnetic field (see 2.1) [62, 3].
This effect is understood completely within the SM. However, is predicted to

be very tiny. One expects a difference between the refractive indices of two
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perpendicular optical polarizations of [62]

∆n ≈ 4×10−24×
(
B

1T

)2
.

Present day experiments like the BMV experiment (see 3.3) tries to measure
this effect but have to be improved by approximately two to three orders of
magnitude [87, 16]. Interestingly, the gravitational-wave detector GEO 600 might
in principle be able to measure this effect. As a very basic idea one of its arms
could be equipped with a 2m long and 1T strong magnetic field. A magnetic field
of this strength might be obtainable from several standard room-temperature coils
with iron core, enabling the experimenter to turn the magnetic field on and off at
a few hundred hertz to work at the detector’s best sensitivity. Integration of the
resulting periodic signal at the detector’s output should then allow to isolate it
from the background noise (for GEO 600 and its sensitivity see [38] and references
therein).

3.1.4. Particle accelerators and LSW experiments
In the scope of this thesis virtual particles are mainly important in still another
context. As was explained above, two particles of the SM can in first order
only interact with each other, if the first one carries properties (electric, weak or
color charge), which the second one can couple to. However, this constraint can
be circumvented by the generation of virtual particles, which may mediate an
interaction that cannot take place in lowest order. A typical example was already
given in the previous section, where a virtual electron/positron pair mediated an
interaction between two photons, which do not interact in lowest order. Another
example is shown in Fig. 3.4. Here a virtual electron-positron pair couples to
another virtual Z0 boson. The Z0 subsequently can decay under neutrino emission,
which in sum leads to the decay of a photon inside a magnetic field into a pair of
neutrino and antineutrino [119]. Energy conservation should be fulfilled already
for photon energies of 1 eV (i.e. NIR spectral range) because the neutrino is
supposed to be an extremely light particle (see [9]) and the other particles involved
are only virtual ones. Of course, the same process works in the backward direction.

Neutrinos couple only to the weak force and therefore traverse ordinary matter
nearly unharmed. One might think of placing a wall in the middle of the magnetic
field region, which blocks the light completely but does not significantly hamper
the (anti-)neutrino. A fraction of them will convert back into photons in the
magnetic field on the other side of the wall and the experimenter will observe LSW.
This light will show the same characteristics (polarization, wave vector orientation
and length) as the light in front of the wall [4], merely strongly attenuated. It
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Fig. 3.4: Feynman diagrams of (standard model) light shining through a wall. The
crosses denote the static magnetic field. Left: Individual higher order
process producing light particles from a photon. Right: How light can
traverse a wall (the black bar represents the wall, the hatched bubbles
represent the complex higher-order physics described on the left side).

should be noted, that also this process can be understood completely within the
SM without any extensions or new physics! Unfortunately, it involves a chain of
virtual particles and therefore its predicted probability is so small that it is not
reasonable to expect its experimental observation in the foreseeable future. [119].
But in principle the effect of LSW can be used as a probe for unknown particles.

Let’s imagine for a while that an experimenter lives in a world without knowledge
about the weak force and thus without knowledge about the Z0 boson and the
neutrino. This experimenter might conduct decay experiments to learn about
the existence of this force. He might also does particle accelerator (or collider)
experiments. Moreover, this experimenter might conduct an experiment as is
sketched in Fig. 3.5 and try to observe light behind the ideally non-transparent
wall placed in the middle between the magnets. If he could measure some signal,
he would have obtained a direct experimental evidence that his model of the world
is incomplete because there must be additional particles to explain this effect. By
performing precise measurements of the probability to measure a photon, of the
dependence on the magnetic field strength and other parameters he might in the
end come to the conclusion that he has to include a new force into his model of
the world.
An interesting point lies in the fact that the Z0 boson is very massive. Therefore

a collider experiment with the aim to produce this particle would need to provide
a large amount of energy in the collision. Thus low-energy physics with photons
can in principle complement collider experiments in probing high-energy physics.
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Fig. 3.5: Simple schematic overview of an experiment that uses the effect of LSW
to search for hypothetical particles. Green lines and dots depict laser
light. The red and green fields depict the poles of a magnet. Some
hypothetical particles would need such a symmetry breaking field for
their production from laser light and some would not.

Low conversion probabilities in an LSW experiment might be overcome by the
extraordinary high flux of primary particles compared to a collider experiment.

3.1.5. Problems of the Standard Model
Despite its success the SM is expected to be incomplete for several reasons. On
the one hand its structure appears arbitrary [59]. It consists, for example, of
bosons and fermions, some being very heavy and others completely massless,
with a quantized charge property and exactly three different color charges. On
the other hand there are observations, which cannot be explained at all in terms
of the Standard Model. Some of them are listed in the following.

Dark matter and dark energy

Very much information about the composition of the universe can be obtained
from precise measurements of the cosmic microwave background (CMB), which
can be understood as the remaining light of the Big Bang, red-shifted to very
low frequencies. It resembles a black body emission spectrum with small spatial
anisotropies, which must be met by any model of the evolution of the universe [19].
The WMAP mission measured these spatial anisotropies with very high preci-

sion [18]. Since the publication of the seven year results of WMAP there is little
doubt left that only 4.6 % of the universe is made up of ordinary matter [70].
Additionally there is 23% so-called dark matter, which means matter of unknown
kind not made up of atoms, that does not interact with electro-magnetic radi-
ation (thus it can also be utterly transparent) and only very weakly with other
matter via gravitation [60]. Its existence was first proposed by Zwicky in 1933,
who observed a mismatch between the apparent velocities in the Coma cluster
and its observable luminous media [160].
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The only standard model particle that has similar features and can exist in
free space for long times is the neutrino (see Fig. 3.1). But from current neutrino
mass limits and WMAP data it can be concluded that only a small fraction of
the 23% may consist of neutrinos [20].
The remaining 73% are made up of so-called dark energy. Dark energy is a form

of energy, which tends to increase the expansion rate of the universe. It resembles
the effect of Einstein’s cosmological constant and its corresponding energy scale is
on the order of a millielectron volt [109]. Here the situation becomes even worse
because the standard model of particle physics has no means at all to explain
this.
Due to the accumulated observational evidence for the existence of dark mat-

ter and dark energy especially from the WMAP data the current Cosmological
Standard Model takes their existence as a given, hence it is named LCDM model
for Lambda-Cold-Dark-Matter (Lambda is the abbreviation for Einstein’s cosmo-
logical constant).

Effective number of neutrino species

If the universe for any reason contains a large reservoir of one or more species of
relativistic light particles, which hardly interact with electromagnetic radiation
or other matter, this reservoir would contribute to the energy density of the
universe. In the SM such a reservoir might be filled by neutrinos and thus the
corresponding energy density is generally parametrized by the effective number
of neutrino species Neff, which fill this reservoir [56].
This energy density would again impose some feature on the the CMB, which

should be observable. In the SM a value of Neff = 3.0 follows from the existence
of three neutrino species in this model [76]. But combination of data from the
seven year WMAP results, from latest distance measurements in the distribution
of galaxies [112], and from Hubble constant measurements [121] resulted in a
value of Neff = 4.34 ± 0.9 [70]. Thus it seems possible that additional neutrino-
like particles beyond the SM exist in the universe. The Planck satellite will
significantly reduce the uncertainty in this value.

Strong CP problem

It is generally known that the weak interaction violates the CP symmetry, i.e.
the symmetry of a process under inversion of charge and inversion of all three
spatial coordinates [21]. This is especially interesting because there exists no
experimental evidence for CP violation of the strong interaction although the
underlying well-tested theory of quantum chromodynamics (QCD) clearly allows
for that [27]. This is not impossible. But it appears to be very unlikely from
a theoretical point of view because it requires that two contributions from very
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different physical origins in the Standard Model, which are not necessarily small,
sum up to give a very tiny value of < 10−10 [108, 107]. While a small but non-
vanishing electric dipole moment of the neutron would be a hint for CP violation
of the strong force, very precise measurements have put these stringent constraints
on that.

A possible solution to this problem (maybe even the most likely one), which
was suggested by Peccei and Quinn, is to extend the Standard Model by an
additional symmetry, which is spontaneously broken at low energies [107]. The
breaking of symmetries can be understood in analogy to the thermodynamics of a
medium, which crosses a second-order phase transition where its originally single
state bifurcates into two distinct states, whose selection depend on an additional
parameter (e.g. water cooling below its critical point) [113]. This new symmetry
is called PQ symmetry after its inventors.

Gravity

As is obvious from the schematic of the SM in Fig. 3.1 it does not account for
gravity. This is partly caused by the fact that there is no convenient and non-
divergent way to quantize the field equations of Einstein’s General Relativity.
Due to the weakness of this force this is not important from the particle physics
experimentalist’s point of view. A quantum theory of gravity would simply have
no known observational consequences [113]. These would not become relevant
until the Planck mass scale is reached at

mplanck =
√

~c
G
≈ 1.2×1019 GeV

c2 .

At this scale it seems probable that any model based on continuous spacetime
will break down. A suitable model for the description of spacetime at this scale
might be string theory [113]. It substitutes the point-like particles of the stan-
dard model by extended strings. Since these strings cannot be exactly localized
spacetime itself becomes nonlocal and distances much smaller than the Planck
length 1/mplanck might not exist. Furthermore additional dimensions have to be
added to the model to make it consistent with the observable world.

For comparison, the maximum mass scale that will be reached by the LHC once
it will be at full performance is about 1×104 GeV

c2 .
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3.2. Hypothetical hidden sector particles coupling to
photons

3.2.1. Three kinds of hypothetical particles
At least some of the problematic aspects of the SM, which were listed at the end
of the previous section might be solved by the postulation of extensions to the
Standard Model. Most of these require the existence of new light particles (with
masses below 1eV), which often interact only gravitationally with Standard Model
matter or through higher order processes involving virtual particles. Therefore
such a new particle is denoted as a WISP. Especially string theory motivated
Standard Model extensions are prone of postulating WISPs [68, 6, 107].
Such particles are often also considered as populating a so-called hidden sector.

This means that their particle properties do not match those of the SM parti-
cles (e.g. electric charge). As was explained in the context of 3.1.4 interactions
between such particles and Standard Model particles are therefore only possible
via higher-order processes involving maybe heavy virtual mediator particles or
via gravity. This is the reason for their very low interaction probabilities with
ordinary SM matter.
In the following those WISP species are introduced shortly, which were of spe-

cial interest in the scope of this thesis. For all of them the conversion probability
of a laser photon (γ) into a WISP (φ) and back in a symmetric LSW experiment
with a coherent production light beam is given by [45]

P(γ → φ→ γ) = δ4 L4

16ω4 sinc4
(
M2 L

4ω

)
, (3.1)

Nr = P(γ → φ→ γ)Np .

Here M2 ≈ 2ω2 ∆n + m2, ω is the photon energy, ∆n = n − 1 denotes the
deviation of the refractive index from its vacuum value, m is the WISP mass,
L is the length of the production and regeneration region and δ depends on the
WISP species. Nr denotes the number of regenerated photons in the regeneration
region in a certain time interval and Np the number of photons in the production
region travelling into the direction of the detector within the same interval. The
sinc-function is defined as sinc(x) = sin(x)/x. It should be noted that Eq. (3.1)
and the definitions of δ given below are in natural units with all parameters either
dimensionless or in units of electron volts except g+ and g- which will be in units
of 1

GeV .
As all WISP species listed in the following have a non-vanishing rest mass,

energy and momentum conservation require that the WISP field has a longer
wavelength than the producing laser field. This means that a photon field and a
WISP field will be running out of phase although they are travelling collinearly.
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γ
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a

Fig. 3.6: Feynman diagram depicting the conversion of a laser photon (γ) into an
AP(a). The hatched bubble represents unknown physics in analogy to
Fig. 3.4. The cross denotes the static magnetic field.

Thus after a certain propagation distance destructive interference will occur in the
conversion from one field to the other. This is the reason for the sinc() function
in Eq. (3.1), which periodically reduces the conversion probability to zero over
the propagation distance. This effect is exactly the same, which occurs in the
plane-wave model of imperfect phase-matched SHG (see chapter 2 and [26]).

Axion-like particles

An axion-like particle (AP) is a spin 0 particle. Therefore they can be produced
from spin 1 laser photons only inside a magnetic field where the laser photon can
interact with a virtual photon of the magnetic field to conserve spin. Fig. 3.6
depicts the corresponding Feynman diagram. Depending on the model either
scalar particles are predicted (e.g. [148, 32]), which can be produced in a magnetic
field oriented parallel to the laser electric field polarization with δ = g-B ω, or
pseudoscalar particles are produced (e.g. [146, 50]), which need a magnetic field
oriented perpendicular to the electric field polarization and have δ = g+B ω.
Furthermore here L = Lm is set because for the conversion probability into or
from this species only the propagation distance in the magnetic field is important.

The QCD axion

The QCD axion is a special example of a scalar axion-like particle. It arises from
the postulation of the PQ symmetry, which was explained above to be a likely
solution of the strong CP problem. Many models relate its mass to its coupling
constant in a typical way leading to a band in parameter space with thickness of
ca. one to two orders of magnitude in g- and with its upper limit at [43, 102]

g- ≈ 10−12 m

1meV .
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γ γ′

Fig. 3.7: Feynman diagram depicting the conversion of a laser photon (γ) into a
MHP(γ′). The ’ball’ represents unknown physics.

Astrophysical observations imply that if the QCD axion exists, its mass should
be below 10−2 eV [68, 130], which makes it a typical WISP. As the QCD axion
is only a special axion-like particle it also needs a magnetic field to be produced.
The Feynman diagram and expression for δ are identical to that one for APs.

Massive hidden sector photons and mini-charged particles

The massive hidden sector photon (MHP) and the mini-charged particle (MCP)
often arise from string theory motivated extensions of the standard model. MHPs
are spin 1 particles and thus do not need a magnetic field to be produced from
ordinary laser photons by a process called kinetic mixing. Similar to photons in
the electro-magnetic sector of the SM MHPs represent the force carriers inside
their additional hidden sector [119]. As they have rest mass they are dubbed
here massive hidden sector photons [6, 7]. Other names used for them are hidden
photons or paraphotons [6]. The corresponding Feynman diagram is shown in
Fig. 3.7. The WISP species dependent parameter from Eq. (3.1) for MHPs is
given by δ = χm2.
MCPs are the fermions of the hidden sector. They carry the hidden charge

the MHPs couple to [119]. By the same kinetic mixing process they will also
acquire a small fractional electric charge. Due to this electric charge they will be
pair produced if laser photons travel in a magnetic field. They will act as virtual
mediators coupling laser photons to hidden sector photons, which can either be
MHPs or even hidden sector photons without rest mass [1, 55, 7]. In this process
the magnetic field is not necessary for spin conservation but simply enlarges the
conversion probability [119]. This process is depicted in Fig. 3.8. The WISP
species dependent parameter δ is complex in this case and omitted here. It is
given for instance in [28].

3.2.2. WISPs as answers to puzzling astrophysical observations
Several astrophysical observations exist, which are difficult to understand within
Standard Model physics. For some of them extensions of the Standard Model
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Fig. 3.8: Feynman diagram depicting the conversion of a laser photon (γ) into a
hidden sector photon (γ′) via a virtual MCP loop. The crosses denote
the static magnetic field.

based on the existence of certain WISP species could be developed, which yielded
a more precise theoretical description of the measured data. Examples are:

• If any QCD axion would be found this would proof that the strong CP
problem is in fact due to the existence of a PQ symmetry as explained
above. A QCD axion with a mass in the region of 1 µeV would be a very
good candidate for cold dark matter in the universe [130, 131]. The ADMX
experiment searches for specifically this type of QCD axion [10]. Moreover,
cooling models of white dwarfs fit observational data significantly better if
the emission of QCD axions with masses of 2− 6meV and thus a coupling
constant on the order of 10−13 1

GeV is assumed [66].

• The MAGIC telescope measured a surprisingly high transparency of the
universe for very high energy radiation around 500 GeV hardly consistent
with usual models of the extra-galactic background light [8]. This measure-
ment can be explained much better if the oscillation of high energy photons
into very light APs and vice versa in the intergalactic magnetic field is as-
sumed [122]. Such an AP would have a mass smaller thanm = 10−10 eV and
a coupling constant in the range 10−13 1

GeV ≤ g- ≤ 10−11 1
GeV . Moreover, the

x-ray emission spectrum of the sun and the process that strongly heats its
corona is not understood. If APs exist they would contribute considerably
to the abrupt temperature gradient between the solar corona and the sun’s
interior [159].

• The increase of the effective number of neutrino species Nν,eff found by an
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analysis of the seven year WMAP data combined with other recent results
(see [70] and explanation above) can be explained in such that MHPs with
coupling constant χ ≈ 10−6 formed a so-called hidden microwave back-
ground, which contributes to the value of Nν,eff [67].

3.3. State of the art of LSW experiments in the
world

The results of the first large-scale LSW experiment ever were published in 1993
by the BFRT collaboration at the Brookhaven National Lab New York City,
USA [29]. Interestingly, the BFRT experiment already utilized a delay line to
enlarge the propagation length of the laser pulses inside the magnetic field region.
At the launch-time of the first phase of the ’Any Light Particle Search’ (ALPS)

experiment at DESY, Hamburg there were four other large-scale LSW experi-
ments active in the world. These were

• the ’Gamma to milli-eV’ (GammeV) experiment at Fermilab Batavia, Illi-
nois, USA,

• the ’Optical Search for QED vacuum magnetic birefringence, Axions and
photon Regeneration’ (OSQAR) experiment at CERN Geneva, Switzerland,

• the ’Birefringence Magnetic du Vide’ (BMV) experiment at LNCMI Toulouse,
France, and

• the ’Light Pseudoscalar and Scalar Search’ (LIPSS) experiment at Jefferson
Lab Newport, Virginia, USA.

Tbl. 3.1 gives an overview over their applied technology and highest achieved
sensitivity in the scalar AP coupling constant g-. Obviously the GammeV exper-
iment was the most sensitive one. Most experiments were based on pulsed lasers.
The BMV experiment was mainly set up as a probe for the effect of vacuum
birefringence, which was explained in the context of Fig. 3.3. This effect was also
searched for by the PVLAS experiment [156]. From the results of such experi-
ments also upper limits for the coupling constants of APs, MHPs and MCPs can
be derived if the induced vacuum refractive index is interpreted as oscillation of
photons into WISPs and vice versa.
Apart from these LSW experiments upper limits for the coupling constants

also come from cosmological and stellar evolution requirements. Additionally,
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exp. laser technology total prod.
photons

magnet
B · Lm

g-×107 GeV,
(95%)

GammeV 20Hz, 532 nm,
Pavg = 3.2W

6×1023 2×15Tm 2.9

OSQAR CW (single-pass),
514nm, Pavg = 18W

not
known

2×136Tm 3.4

BMV 0.28mHz, 1064nm,
Pavg = 0.36W

4×1023 2×4.4Tm 11.0

LIPSS 75MHz, 935nm,
Pavg = 180W

5×1025 2×1.8Tm 14.0

Table 3.1: List of all large-scale LSW experiments, which were active when work
at ALPS I (phase 1) started. The applied technology and best sensitiv-
ity is shown for GammeV [33], OSQAR [13], BMV [47] and LIPSS [5]
respectively. The OSQAR collaboration did not publish sufficiently
detailed results to deduce their number of photons in the production
region.

experiments, which try to detect WISPs of astrophysical origin like a future SHIPS
in Hamburg and CAST at CERN determine upper limits. On the one hand those
upper limits are usually more stringent because they do not have to produce the
WISPs first. On the other hand they rely on a necessarily imperfect knowledge
about the exact astrophysical processes involved.
Moreover, upper limits can also be derived from the non-observation of viola-

tions of fundamental principles like the Coulomb law.
A complete compilation of upper limits from all types of experiments just given

for all WISP species of interest in the scope of this thesis can be found in [68]
and references therein.

3.4. The first LSW experiment with production
resonator

To continuously increase the sensitivity of an LSW experiment one has to improve
all vital subsystems. In the GammeV experiment these subsystems were the
pulsed primary laser, the magnets and the photomultiplier used as single-photon
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detector [33]. Apart from the cryogenic magnet technology, improvement of these
subsystems would have been possible to some extend. But at some stage the
chosen technologies themselves will impose limits on the achievable sensitivity.

The very high peak intensities and correspondingly large thermal gradients
and induced nonlinear effects of pulsed lasers with high average power will tend
to degrade their temporal pulse shape and lateral beam shape [74]. This would
become problematic from two points of view. On the one hand typical accelerator
magnets, which are necessary to search for certain WISP types, have rather small
radii of their free aperture on the order of 20mm. Due to the increasing diffrac-
tion of a Gaussian beam with decreasing power fraction η00 contained inside the
TEM00 mode (see section 2.1.2), the distortion of the lateral beam shape will
limit the achievable magnetic field length Lm. On the other hand a benefit of
pulsed lasers is the possibility to gate the detector, which strongly reduces their
effective electronic dark noise. But if the temporal pulse shape gets worse the
detector gate has to be kept open for longer periods of time.

Another limit will arise from the detector, if its dark noise depends on the size
of its active area. This is for instance the case if the dark noise is dominated by
thermal radiation from the surrounding field of view [143]. The same arguments
just given imply that with growing η00 the impinging light beam can be focussed
to smaller spot sizes on the detector, leading in such scenarios to lower dark noise.

In contrast to all other experiments specialized to the LSW effect the ALPS
experiment decided to discard the possibility to gate the detector and instead to
implement a CW laser source in combination with an optical resonator comprising
the production region. In a first step the compatibility of this technology with the
challenges of a large-scale LSW experiment was to be shown. This experiment is
subsequently referred to as ALPS I (phase 1).

The implementation of a production resonator in an LSW experiment in prin-
ciple allows to reduce the intensities and thermal gradients inside of the laser
oscillator, which would be the main cause for a degraded output beam profile.
The lower primary laser power is then resonantly enhanced by the cavity com-
prising the production region (also denoted as production cavity). Because this
cavity is empty, one faces much less problems related to the high circulating power
compared to the case where this power would be circulating inside a (necessarily
not empty) laser resonator. Hence the eigenmode of the optical resonator will
be close to an ideal TEM00 mode, which relaxes the constraints from the small
free aperture of the cryogenic magnets. Substitution of the gated detector by an
integrating single-photon counter based on only a few pixels of a cooled CCD chip
kept the dark noise low. The mode filtering properties of the production cavity
supported this tight focussing.
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Fig. 3.9: Rudimentary schematic overview of the experimental setup of the whole
ALPS I (phase 1) experiment in its initial phase. It is the only exper-
iment specialized to detect LSW that utilizes a production resonator.
Red lines depict a laser wavelength of 1064 nm and green lines 532 nm.
Black lines depict electric signals.

3.4.1. Design and experimental setup of ALPS I (phase 1)

The overall setup

Fig. 3.9 shows a rudimentary schematic overview of the experimental setup of
the overall ALPS I (phase 1) experiment. The experiment was located in build-
ing 55 on the grounds of Deutsches Elektronen Synchrotron Hamburg, Germany
(DESY). This is an industrial-type building, where the necessary mounting and
cooling facilities for the heavy magnet were available. Laser, corresponding optics
and control electronics were located inside of a big container (also called ’laser
hut’), which was equipped with air conditioning and sources of filtered air, which
provided protection against the building’s ambient conditions. At the magnet’s
exit a cabinet was located, which contained the detection stage. A photo of the
complete experiment is shown in Fig. 3.10.
The light from the primary infrared laser with a wavelength of 1064 nm was

first converted to light with a wavelength of 532nm in a single-pass SHG to match
the sensitivity maximum of the employed single-photon detector. The converted
light was directed to the production resonator. A weak so-called reference beam
was split off and sent through a sealed tube along the outer side of the magnet
to the detection stage.
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Fig. 3.10: Photo of the complete ALPS I experiment with laser hut (left, light
gray), magnet (center, light yellow) and detector cabinet (right, dark
green) as it was located in building 55 on the DESY grounds.

A so-called production vacuum tube of length 6.3 m could be inserted into
the laser-side half of the magnet to optimize WISP production efficiency (see
Eq. (3.1)). The far end production resonator mirror was attached to its end. Ap-
proximately half of the production resonator length was permeated by a constant
magnetic field of strength B = 5.3 T. This magnetic field was generated by a
spare dipole of the former Hadron-Electron Ring Accelerator (HERA) particle
accelerator at DESY. This 9.8 m long device generated its magnetic field at a
full length of 8.8m when supplied with a current of 6000A and cooled to 4K by
circulating liquid helium. As it was designed to fit into an accelerator ring, it was
bended with a radius of curvature of ≈ 588 m. The inner beam tube was made
from titanium and had an overall length of 13.5m because it had to extend beyond
the connection chambers for the helium supply. It was kept at room temperature
by a shielding technique called super-isolation and a steady flow of heated filtered
nitrogen through its interior. Because the nitrogen could be injected and removed
only at the ends of the magnet a temperature gradient inside the magnet could
not be avoided. Therefore the magnet center was at ≈ 14 ◦C while the nitro-
gen injection end was significantly above room-temperature. During the time the
vacuum tubes were inserted the center temperature even dropped below ≈ 8 ◦C
as the insertion procedure hindered the nitrogen flow.
The second half of the magnet was used as regeneration region. For this a

second removable vacuum tube of length 7.6m could be inserted. It had a welded
steel cap directed to the magnet center (representing the ’wall’ of the LSW exper-
iment) and a window directed to the detector stage. The various lengths, which
were important for the experiment are summarized in Fig. 3.11.
The detector stage consisted of a small aperture in front of a webcam acting as

spatial reference for the weak reference beam and of a light-tight box containing
the single-photon detector and some alignment and focussing optics. This box
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Fig. 3.11: Summary of important lengths of the ALPS I (phase 1) experiment.
Here CM and EM denote the mirrors of the production resonator, AR
means coated for low reflection and the ’wall’ is denoted as absorber.

could be connected in a light-tight way to the regeneration vacuum tube such
that no photons except those from black body radiation or regenerated light
could hit the single-photon detector. Thermal radiation was calculated and tested
experimentally to have no significant influence. To achieve low dark noise the
single-photon detector was configured to collect data in time segments of 1 h
each. Such a segment is denoted in the following as data frame.
The reference beam was also injected into the light-tight box through a very

effective absorber such that only a few laser photons and no ambient light arrived
at the detector. The full setup was arranged such that the regenerated photons
would have been expected in a tiny so-called ’signal area’ of only 45µm×45µm on
one half of the detector’s active area while the residual photons of the reference
beam could be detected in another small area on the other half. A more detailed
description of the detection stage, the data taking and evaluation can be found
in [45].

Injection stage and production resonator

In the scope of this thesis the optical injection stage, the production resonator
and the corresponding control schemes of the ALPS I (phase 1) experiment were
designed, set up, characterized and maintained. These subsystems are depicted
in greater detail in Fig. 3.12 and are described in the following.

Laser. The beam tube inside the HERA dipole magnet was bent horizontally
and therefore left a free horizontal aperture of only 14 mm in diameter when
the vacuum tubes were in place. Moreover, the laser light should be resonantly
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enhanced within the production region. Especially the second point strongly
constrained the beam quality of a suitable laser as the resonator is usually de-
signed such that the transverse mode resonances do not degenerate. Furthermore,
to efficiently increase the optical power with a cavity, one needed a continuous-
wave laser that emits a single longitudinal and transversal mode with a much
smaller linewidth than the one of the resonator. Thus, the laser source used for
the ALPS I experiment was a narrow-linewidth master-oscillator power amplifier
system (MOPA) operating at 1064 nm, which was provided by the Laser Zen-
trum Hannover (LZH). It is based on the system described in [49] developed for
gravitational wave detectors like LIGO and GEO 600.
Stable narrow-linewidth emission was provided by a NPRO [72], with a spectral

width on the order of 100Hz within a measurement interval of 25ms [35], and a
long term frequency stability of 1 MHz

min , which acted as the master of the system
and thus dominated its frequency characteristics. It was amplified to an available
output power of ≈ 34 W, which were contained in a nearly diffraction limited
beam with a fundamental transverse mode content of 95% [45]. The MOPA was
equipped with several frequency control elements. A piezo-electric transducer
installed on the NPRO laser crystal allowed for a frequency shift of ±120 MHz
with a response bandwidth from dc to ≈ 100 kHz. Slow frequency drifts could
be compensated by controlling the crystal temperature with a tuning coefficient
of −3 GHz

K . Before amplification the NPRO beam was passed through an electro-
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optical modulator (EOM) and an acousto-optical modulator (AOM) giving the
possibility to imprint an amplitude modulation (AM) or phase modulation (PM)
on the infrared laser light.
The amplifier output beam had a polarization extinction ratio of more than

20dB. A polarizing beam splitter (Pol-BS1) was used to further clean the emitted
polarization state.

Single-pass SHG. In case of the effect of LSW the regenerated light behind
the wall has the same characteristics as the laser beam in the WISP production
region [4]. The quantum efficiency of the single-photon detector of the ALPS I
experiment was strongly peaked in the green visible spectral region [114]. There-
fore the infrared laser light was first converted from 1064nm to green 532nm light
utilizing the nonlinear effect of SHG [25, 134].
The ALPS I (phase 1) experiment was meant as a test for the compatibility of

a large-scale LSW experiment and long optical resonator. This test did not need
a high incident power on the production resonator. Thus to avoid unnecessary
complexity a single-pass SHG stage was implemented. As nonlinear material
PPKTP was used, which assured sufficient single-pass conversion efficiency due to
its high intrinsic non-linearity. The crystal’s dimensions were 1mm×2mm×2cm
and its nonlinearity was measured to be deff = 7.9×10−12 m

V . Identical to the
PPKTP crystal of the high power SHG described in 2.3 the crystal was mounted
inside a self-made oven to stabilize its temperature at around 38 ◦C in order to
maintain phase matching of the fundamental and harmonic waves. Two lenses
(L1, L2) were used to focus the infrared beam into the crystal to a waist size of
135 µm. This waist size was chosen as a compromise between highest theoretical
conversion efficiency (obtained for Boyd-Kleinman focussing to a waist of 26µm),
the risk of damaging the crystal and degradation of the harmonic beam shape
(both originating from too high intensities inside the crystal).
The input polarization was adjusted to maximum conversion efficiency by λ/2-

plate (P2). The input power level of the infrared beam was set via a variable
attenuator consisting of another λ/2-plate (P1) and a polarizing beam splitter
(Pol-BS2). Behind the oven the converted green light was separated from the
infrared by means of a dichroic mirror (D1), which was followed by a variable
attenuator for the green light beam (P3, Pol-BS3) and a collimating lens (L3).
Then the light passed a Faraday isolator to protect the nonlinear crystal from
back-reflections from the following optical setup, especially in the case of a non-
resonant production cavity. The amount of power incident on the cavity was
monitored with photodetector PD2. The polarization state of the laser light
entering the cavity could be adjusted by a λ/2 plate (P4). By this a linear
polarization state with an arbitrarily adjustable polarization angle relative to the
magnetic field direction was realized, which was important to be able to search
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for all types of WISPs, which were of interest.

Production resonator. As production cavity of the ALPS I experiment a linear
resonator consisting of two mirrors was realized. Its design was constrained by
several aspects. First, WISPs are produced most effectively in vacuum, and
hence as much as possible of the resonator had to be evacuated. Second, the
site at DESY did not allow for two magnets in a row. Thus the production and
regeneration regions of the LSW experiment had to be located inside the same
magnet. This required that the far end mirror of the cavity had to be placed at the
center of the HERA magnet within a tube with only 33mm inner diameter. Third,
the bending of the magnet bore resulted in a cat’s pupil-shaped free aperture of
only 28mm height and 14mm width.
To keep the complexity of the optical setup as low as possible, both resona-

tor mirrors were located outside of the vacuum tube. The input coupler (CM)
was mounted inside a commercially available manually adjustable mirror mount,
which was placed on the optical table of the injection stage in front of the magnet.
The far end mirror (EM) was mounted on a self-made non-magnetic remotely ad-
justable mirror mount. It was attached to the head of the production vacuum
tube and both were inserted into the magnet. The tube had windows on each
end, which were coated to reduce their reflectivity (AR). The pressure inside this
tube was routinely kept below 10−5 mbar, which kept the influence of the refrac-
tive index of the rest gas far below significance. The design and construction of
vacuum tube and far end mirror mount were not part of this thesis.
The distance of the resonator mirrors resulting from this design was 8.62 m

of which 6.3 m were occupied by the vacuum tube of which 4.3 m were exposed
to the magnetic field. The mirror substrates were polished to a planarity of λ/4
according to the international standard MIL-O-1380A and afterwards were coated
by the electron beam deposition coating technique [54], which could be obtained
fast and at reasonable costs. Their approximate quality was known from other
experiments with comparable mirrors at a wavelength of 808 nm, which resulted
in losses per mirror by absorption and scattering of 0.14%.
A straight-forward way to increase the number of regenerated photons due to

the LSW effect is to increase the number of photons in the production region.
This is done by optimizing the power buildup of the production resonator. As
was explained in 2.1.3 in case of an empty cavity this optimization is done by first
minimizing the fractional passive losses Ap and then choosing the transmission of
the input coupler to match the remaining value of Ap (i.e. realizing an impedance
matched cavity). Therefore the far end mirror was chosen to be highly reflective
with a measured residual transmission of Tout = 170 ppm. The production reso-
nator comprised the two windows of the vacuum tube. Thus the circulating light
had to traverse eight surfaces coated to reduce reflection. Their remaining frac-
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tional reflection was stated by the manufacturer to be ≤ 0.3%. From these values
a design value for the transmission of the input coupler leading to an impedance
matched cavity could be estimated to be Tin ≤ 8 · 0.3% + 2 · 0.14% ≈ 2.7%. Ac-
curate measurements of the transmission of the purchased input coupler resulted
in a power transmission of Tin = 2.3 % ± 0.14 %. From the values stated here
a design value for the linewidth could be calculated as FWHM = 130 kHz. Due
to the large length of the resonator its free spectral range could be determined
with high precision by an ordinary distance measurement of the mirrors to be
FSR = 17.4MHz.
For the given mirror distance several stable resonator designs were possible

that differ in the radii of curvature of the cavity mirrors. They were simulated by
application of the ABCDmatrix formalism [129, 75]. For the production resonator
of ALPS I a plano-concave design was chosen with a plane far end mirror and a
concave input coupler with ROC = −15m. As is shown in Fig. 3.13 the resulting
fundamental cavity eigenmode needs a free circular aperture of less than 6 mm
diameter to keep power losses per round trip due to clipping below 0.2%. Thus
the free aperture of the magnet of 14mm in horizontal direction was not limiting
the power buildup.

Determination of the circulating power during WISP search. If a search for
the LSW effect was conducted, the regeneration tube with the ’wall’ attached to
its end was inserted into the magnet, which blocked the transmitted beam of the
production resonator. Right behind the regeneration tube at the magnet’s exit
the detection stage was placed and it took data for 1h. Only after that detection
stage and regeneration tube could be removed to have access to the transmitted
light from EM again. It appeared certain that the production resonator would
not have been stabilized to its maximum power buildup for this whole period of
time. Correspondingly, while searching for WISPs, the circulating power inside
the cavity had to be monitored by other means than via the transmitted power
to be able to determine the effective sensitivity of the overall LSW experiment
afterwards. This was accomplished by monitoring the incident power with PD2
and the power reflected from the cavity with PD3. Eq. (2.14) gives an expression
for the circulating power Pcirc. Explicitly allowing for static and dynamic mis-
matches of frequency, alignment or focussing between incident mode and cavity
eigenmode the expression can be rewritten as

Ptrans

Tout
= Pcirc = PBmax η00

(opt) Pinc fPB(∆ν) fη(∆η00) (3.2)

= Pcirc
(opt) fPB(∆ν) fη(∆η00)
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where Eq. (2.17) and the definitions

fPB(∆ν) = 1

1 +
(

∆ν
FWHM/2

)2 ,

fη(∆η00) = 1− ∆η00
η00(opt)

were used. Here η00(opt) denotes the value of η00 for a given ’optimal’ alignment
and ∆η00 the (possibly negative) deviation from this starting value.
The transmission factor of the production resonator end mirror was precisely

known and thus prior to insertion of the regeneration vacuum tube the value of
PBmax η00

(opt) could be determined easily by measuring the incident and transmit-
ted power in a well-aligned situation (∆η00 = 0) with stabilized power buildup
(∆ν ≈ 0). The WISP search was performed in time segments of 1 h, during
which the value of PBmax η00

(opt) could be assumed to be constant. Based on this
assumption the value of Pcirc with inserted regeneration vacuum tube could be ob-
tained from measuring the incident power and the relative change of the reflected
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power. Eq. (2.14) with the definitions around Eq. (3.2) gives

Prefl(∆ν,∆η00) − Prefl(∆ν = 0,∆η00 = 0)
Prefl(∆ν =∞) − Prefl(∆ν = 0,∆η00 = 0) = 1− fPB(∆ν) fη(∆η00) . (3.3)

The continuous measurement of the reflected power also allowed for repeated
compensation of slow alignment drifts of the incident mode to the eigenmode,
while searching for WISPs. The focussing did not show any significant drifts on
this timescale.

Where would regenerated light have hit the detector? As long as there was
no regeneration vacuum tube inserted into the magnet, the residual transmission
through the far end mirror of the production resonator could in principle be
used to simulate a beam of regenerated photons for the characterization of the
detection stage. It also allowed to determine the exact position of the tiny signal
area where during a real measurement a hint to regenerated light was searched
for. However, this assumption was only valid as long as the transmitted beam
did not undergo any significant refraction by wedged optics, which would have
caused him to travel along another path than WISPs, which do not interact with
matter. From Snell’s law and usual trigonometrics the misalignment of the beam
behind an angled and/or wedged optic was calculated. For a plane parallel optic,
which is placed under a small angle of incidence α only a beam displacement ∆x
occurs given by

∆x = d
sin
((

1− n0
nm

)
α
)

cos
(

n0
nm
α
) ≈ dα

(
1− n0

nm

)
. (3.4)

This is different in case of an optic with a small wedge angle β, which is placed
under a small angle of incidence of α. In this case the displacement ∆x just
calculated occurs again and also an angular misalignment ∆Θ arises, which is
given by

∆Θ = nm

n0

(
β + arcsin

(
n0

nm
sin(α)

))
− β − α ≈

(
nm

n0
− 1
)
β . (3.5)

In both equations nm is the refractive index of the optic’s material, n0 the
refractive index of the surrounding medium and d denotes the thickness of the
optic. While the displacement was calculated to be of no importance in the
ALPS I (phase 1) experiment, the angular deviation would have been amplified
by the long propagation distance through the magnet. Right in front of the single-
photon detector a focussing lens of diameter 1 inch was placed to concentrate the
incident light onto the tiny signal area. The limit for the allowed wedge angle was
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Fig. 3.14: The method applied to determine the wedge angle β of all optics, which
were placed between production resonator eigenmode and single-photon
detector.

derived from the requirement, that this lens had to be hit by the regenerated light
within 0.5cm from its center. From this value and the experimental parameters of
the overall experiment a maximum allowed wedge angle of the optics of 1 arcmin
was calculated. Each optic, which was placed in the beam path from CM to
the single-photon detector, was selected respecting this requirement. The test
procedure applied was to mount the optic into a rotational stage, rotate it by 360°
and watch the spot of the transmitted beam in the far distance (see Fig. 3.14).
If the optic is wedged, the spot will move on a circle, whose radius and distance
can be linked to its wedge via the equations given above. The optics, which were
actually used in the setup, had wedges comparable to or smaller than 10 arcsec.
Section 2.1.3 explains that the power buildup is optimized when all of the

incident power is contained inside the eigenmode of the resonator. In order to
get as close as possible to this situation, an optimization of the spatial overlap
of laser and resonator mode had to be performed. Once the cavity eigenmode
was established with the help of the two adjustable cavity mirrors, the overlap
optimization was done with the two beam shaping lenses L4 and L5 and the two
alignment mirrors AM1 and AM2.
A pickoff beam (denoted as reference beam) from turning mirror SM was guided

in a sealed tube along the magnet side and was used as spatial reference at
the detector stage. Because the alignment and focussing of the incident beam
was done only with optics in front of SM, this pickoff beam represented a good
spatial reference for the orientation and position of the resonator eigenmode once
alignment and focussing of the incident beam to this eigenmode were optimized.
Due to the sealing of its guiding tube by windows air currents did not harm this
spatial reference. This feature was very helpful for the LSW experiment because
once the regeneration vacuum tube with the ’wall’ was inserted into the magnet
the reference beam was the only possibility to test the correct alignment of the
cavity eigenmode and thus of a hypothetical beam of regenerated photons to the
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tiny signal area of the single-photon detector.

Control schemes. Two feed-back control loops were necessary in the ALPS I
(phase 1) experiment. The first stabilized the temperature of the PPKTP crystal
inside its oven such that the phase matching of fundamental and harmonic waves
was optimized. This control loop was already described in 2.3 and is not repeated
here.
The second control loop had to minimize the mismatch between the frequency

of the incident laser light and the TEM00 resonance frequency of the production
resonator. This was necessary because the RMS value of this mismatch was large
in a not stabilized (also called free-running) situation, which caused the power
buildup to be low on average (see 2.1.3), reducing the number of photons in the
production region and thus the sensitivity of the LSW experiment. To compensate
for this RMS mismatch one could have either actuated on the production cavity
length or on the MOPA frequency. To achieve a high response bandwidth typically
only piezo-electric transducers are an option, which have a limited elongation of
≈ 1 µm for manageable voltages of a few hundred volts. For a wavelength of
532 nm and a production cavity length of 8.6 m this translates into a range of
such an actuator of ≈ 70 MHz, which would decrease with increasing resonator
length. In contrast, as was described above actuation of the MOPA frequency
had a constant range of 240 MHz. Therefore the latter was selected as actuator
of the control loop.
The error signal of the control loop was generated by utilization of the well-

known Pound-Drever-Hall (PDH) technique [22]. The modulation frequency was
29MHz and these sidebands were imposed on the infrared light by the EOM, which
was part of the infrared laser source. The light reflected by the cavity was detected
by photodetector PD3 and the photocurrent was demodulated afterwards. To
increase the SNR of the demodulated error signal, PD3 was equipped with an
output, which realized a resonant readout of the modulation frequency.
One might wonder if the resonant SHG stage had an undesired impact on the

modulation sidebands. By means of Eq. (2.20) together with Eq. (2.3) it is easily
shown what happens if a phase modulated NIR beam with modulation frequency
Ω and index M is converted. Its complex amplitude is described by

U 0,1064 = U 0

[
1 + iM2 eiΩt + iM2 e−iΩt + O(M2)

]
,

which is converted by the SHG effect into a beam, which is described by

U 0,532 ∝ U2
0,1064 = U2

0

[
1 + iMeiΩt + iMe−iΩt + O(M2)

]
.

The conversion process can be understood in analogy to a square detector. The
sidebands of first order of the converted light are the product of a beat of the
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sideband with the carrier of the fundamental light, which increases their size
relative to the carrier. In the experiments described here M was always small
compared to unity and thus the only effect was a bigger demodulated error signal
if equal detected optical powers are compared.
The demodulated error signal was then filtered by a PID controller. Its output

was for one thing amplified to a dynamic range of ±150V and fed to the piezo-
electric transducer of the infrared laser. And for the other thing it was low
pass-filtered and fed to the crystal temperature of the NPRO of the infrared laser
source.
In order to get well defined error signals out of the PDH scheme one had to

assure that the resonance frequencies of higher order transversal modes with low
index sum did not come closer to the TEM00 resonance than approximately three
cavity linewidths. The radii of curvature of the resonator mirrors determine these
resonance frequencies of the higher order modes [75]. The production resonator
was thus simulated in advance by application of the ABCD matrix formalism
(see [129, 75]) to find a suitable combination of round trip length and radii of
curvature, while both parameters were at the same time constraint by the avail-
able space inside the magnet and by such radii available for purchase. The chosen
parameter set guaranteed that no relevant approach of resonance frequencies of
higher order transversal modes to that one of the TEM00 mode occurred includ-
ing a mode index sum of 10. The overlap integral of the incident near Gaussian
beam profile with higher order transversal modes decreased very rapidly with
mode index sum. Correspondingly approaching modes with index sums above 10
were no problem. The simulation result is shown in Fig. 3.15.
To enable the achievement of a high duty cycle of the stabilized production re-

sonator the control loop was equipped with automatic lock acquisition electronics.
The loss of the stabilized state was detected as a jump of the power on detector
PD3. The electronics reestablished the stabilized state again within ≈ 1 s.

3.4.2. Results of ALPS I (phase 1) and discussion
Single-pass SHG

The single-photon detector of the ALPS I experiment consisted of a cooled CCD
chip, from which a rectangular area of 45 µm×45 µm was used for detection.
Single-photon detection in the green visible spectral region is generally superior
to NIR detection because silicon can be used as chip material, which shows a
significantly higher quantum efficiency and lower dark current than chip materials
for the NIR spectral region [42]. Due to long integration times of an hour the
overall dark noise of the detector was dominated by this dark current. Thus,
despite not aiming at highest sensitivities to WISPs with the current phase of
ALPS I, the experiment was designed for a laser wavelength of 532 nm to avoid
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Fig. 3.15: Resonance frequency of transversal modes above its mode index sum
as determined by the chosen mirror distance and radii of curvature of
the ALPS I production resonator. Mode index sum J of a Hermite-
Gauss mode TEMnm or a Laguerre-Gauss mode LGpl is calculated
as J = n + m = 2p + l. The red line marks the TEM00 resonance
frequency as guide for the eye. The designed linewidth is considerably
smaller than the size of the crosses. The full y-scale corresponds to one
free spectral range.

changes of fundamental design considerations in a following project phase.
At its first implementation the single-pass SHG scheme provided a stable har-

monic output power of 1.3 W at a wavelength of 532 nm available behind D1
(transmission for harmonic wavelength T ≈ 94 %) when the incident infrared
power at the crystal entrance facet was set to its maximum power level of 31W.
This was acceptably close to its theoretical optimum, which can be calculated
from Eq. (2.25) to be 1.6 W in this case. Its beam profile appeared to be gaus-
sian. The theoretical harmonic power obtainable from insertion of a 5 cm long
LBO crystal (as was applied in 2.4) into this setup would have amounted to only
0.55W under best conditions including Boyd-Kleinman focussing.
Unfortunately, over the following hours the output power of the PPKTP single-

pass SHG settled to a long-term stable value of 0.9W of which 0.8W were avail-
able at the production cavity input coupler. During this settling process the
transversal harmonic beam shape became slightly non-Gaussian. The reason for
these effects was expected to be due to thermal dephasing dynamics originating
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in time-dependent linear and nonlinear absorption processes as described in 2.2.4
and in 2.2.4. The slight deviation of the harmonic beam shape from a pure Gaus-
sian lowered the coupling efficiency to the production resonator’s TEM00 mode
but did not influence the overall experiment in any other way. Finally, the har-
monic power incident on the production resonator was by far big enough to test
the compatibility of a large scale LSW experiment with a long cavity.

Production resonator and frequency stabilization

Control loop bandwidth. From early inspection of the experimental site it was
obvious that the amount of ambient acoustic and vibrational noise coupling to
the injection optics and production cavity would become a critical aspect. To
overcome these noise sources it was consequently important to achieve a large
enough UGF of the control loop stabilizing the laser frequency to the produc-
tion resonator. After a first rudimentary implementation of this loop its UGF
could be measured and increased. Finally, a UGF of approximately 30 kHz was
achieved and found to be sufficient. Fig. 3.16 shows an in-situ measurement of
the open loop gain of the complete control loop at frequencies around its UGF.
At lower frequencies its gain steadily increased up to far more than seven orders
of magnitude. From this measurement it is obvious that the UGF could not be
increased further due to a complicated structure of high frequency resonances of
the piezo-electric transducer in the region from 100kHz up to 300kHz. It is hardly
possible to compensate for this structure with analog electronics. A possible way
to evade this limitation would have been the implementation of a third actuator
to dominate the control loop at high frequencies, e.g. an EOM. But realization of
this possibility would have meant significant additional efforts, which did not ap-
pear to be necessary for the desired stability, and were thus not pursued further.

Dynamic performance of control loop. After setting up a working frequency
stabilization it could be utilized to gain more information about the frequency
dependence and strength of the noise, which coupled to the length of the produc-
tion cavity. Fig. 3.17 shows the linear spectral densities of the mismatch between
laser frequency and cavity resonance frequency in an unstabilized (so-called free-
running) and in a stabilized situation. Additionally the figure shows the estimated
contribution to this mismatch by the laser frequency noise alone, taken from [81].
In this publication a large number of devices were characterized, which are similar
to the master laser of the infrared laser source used for the ALPS experiment. To
judge their importance for the power buildup, the three curves just mentioned
are normalized to the linewidth of the production resonator. As guide for the eye
the figure also shows the UGF of the frequency control loop.
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Fig. 3.16: In-situ measurement of the open-loop transfer function of the complete
control loop stabilizing the laser frequency to one of the resonance fre-
quencies of the production resonator. The gain popping above unity at
≈ 220kHz is an artifact from the strong driving signal injected into the
loop. The black broken line denotes a gain of unity (defining the UGF
or control loop bandwidth) and a phase loss of 180 ° (theoretical limit
of loop stability) respectively.

It is obvious that the overall mismatch was by far bigger than the contribution
of the laser alone (note the logarithmic scale). Thus nearly all of the frequency
mismatch was caused by noise of the production cavity resonance frequency, i.e.
by its fluctuating microscopic length. A very prominent contribution comes from
the structure just below 10Hz. Correspondingly, if one wants to reduce the noise
in the frequency mismatch, further stabilization of the laser frequency would not
help much. Instead, the distance of the cavity mirrors would have to be isolated
against the coupling of vibrational noise sources. The figure also shows that the
frequency stabilization control loop worked well and suppressed the frequency
mismatch starting from its UGF. The latter was deduced from the open-loop
gain crossing unity in Fig. 3.16. The suppression of the frequency mismatch
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Fig. 3.17: Linear spectral density of the mismatch between laser frequency and
production cavity resonance frequency in an unstabilized (so-called free-
running) and a stabilized state. For comparison also the typical fre-
quency noise of the laser alone is shown (taken from [81]). As guide for
the eye the UGF of the frequency control loop is marked, too.

continued to acquire gain to lower Fourier frequencies reaching more than seven
orders of magnitude of suppression at the leftmost shown Fourier frequency.
To judge if the free-running frequency mismatch is suppressed strong enough

not to degrade the power buildup in the stabilized situation it is best to calculate
the RMS frequency mismatch from the linear spectral density (LSD) given above.
This was done in Fig. 3.18. Again everything is normalized to the production
cavity FWHM . As guides for the eye also the control loop’s UGF is shown and
the value, which corresponded to a RMS reduction of the stabilized power buildup
to half of its resonant value. Application of Eq. (2.17) shows, that at Fourier
frequencies of 0.33 Hz corresponding to observation times of 3 s the stabilized
power buildup is reduced by only ≈ 0.16% due to a remaining dynamic frequency
mismatch. Thus the statement given above is justified, that a further increase of
the control loop’s UGF was not necessary.

Production resonator linewidth. A precise value for the production resonator’s
FWHM was determined by measuring its transfer function for an AM of the
incident beam to the AM of the transmitted beam. The modulation was imprinted
on the beam by the AOM, which was part of the infrared laser. The result of this
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measurement is shown in Fig. 3.19. It was fitted with a simple one-pole lowpass
filter function, which is a good approximation for this kind of transfer function
of a cavity for frequencies much smaller than the free spectral range

TF (ν) = 1
1 + i 2ν

FWHM

.

From this fit an average value of

FWHM = 120.5 kHz ± 1.2 kHz

was obtained.
Comparison of the result for FWHM with the free spectral range of the produc-

tion cavity yields that the latter is approximately 145 times the linewidth. Com-
parison of this value with Fig. 3.18 demonstrates how rapidly the free-running
frequency mismatch between the production cavity resonance and the incident
light increased. In an unstabilized situation the complete FSR of the production
resonator was scanned within only about 130ms! This is most likely much faster
than in most laboratory experiments involving optical resonators.
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Fig. 3.19: Determination of production resonator linewidth by measuring the
transfer function of an AM of the power in front of the cavity to an
AM of the transmitted power. The data was fitted with a single-pole
lowpass filter function to determine the cavity’s linewidth.

Resonant power buildup. The resonant power buildup PBmax of the production
resonator was a crucial value to determine its circulating power and thus the sen-
sitivity of the experiment. It was routinely determined by measuring the power
incident on the input coupler and transmitted through the far end mirror. To get
reliable results it was obviously important to measure the transmission of the far
end mirror Tout very precisely. To improve precision of this measurement it was
conducted in-situ, i.e. when the mirror was at the same temperature and located
and aligned in the same way, as it would have been to form the production reso-
nator. One reason for this step was that the in-situ temperature deviated by up
to 10 ◦C from ambient conditions. The procedure was to deliberately misalign
the input coupler until the cavity no longer existed. Then the combined trans-
mission of input coupler and far end mirror was measured and then this value was
divided by the known transmission of the input coupler. The latter value could
be obtained with high precision at the time of installation because the mirror was
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3.4. The first LSW experiment with production resonator

always at room-temperature and its deliberate misalignment in this measurement
procedure was tiny due to the long production cavity. Determination of the far
end mirror transmission prior to installation and in-situ by the method just de-
scribed resulted in a difference of up to a factor of two. It was decided to stick
to the value from the in-situ measurement due to the big differences in the am-
bient conditions. This value was Tout = 170 ppm ± 12 ppm. Then from several
measurements of the incident and the transmitted power a value of the resonant
power buildup based of the value of Tout was obtained as

PBmax
(EM) = 44 ± 3.8 .

In order to test the reliability of this measurement the value of Tout was compared
with the result from the FWHM measurement (see Fig. 3.19). Presuming that
the free spectral range was known with high precision (which was the case as
explained above), Eq. (2.16) could be used to derive from FWHM and Tin a value
for the fractional round trip losses of Ap,a +Ap,s = 2.0% ± 0.15% corresponding
to a value for the resonant power buildup derived via Eq. (2.17) of

PBmax
(FWHM) = 49 ± 5 .

The achieved value of PBmax
(FWHM) was obviously limited by the high fractional

round trip losses due to scattering and absorption Ap,a + Ap,s. These were ex-
pected to originate mainly from the reflection of the eight facets of the vacuum
tube windows that had to be traversed per round trip. From the measurements
above their reflection per surface was estimated to be < 0.25 %, which is in
acceptable agreement with the assumptions made in the design phase of the ex-
periment. Removal of these windows from the light path inside the production
resonator should enable one to increase the resonant power buildup and thus the
sensitivity of the LSW experiment significantly. Throughout the ALPS I exper-
iment PBmax = PBmax

(EM) was applied because the light, which is transmitted
through the far end mirror is a direct copy of the circulating power, which in
turn is one of the key parameters when calculating the sensitivity of an LSW
experiment.

Power buildup measurement methods. As described in the previous para-
graphs, the resonant power buildup was measured by two different techniques.
The first one, which resulted in PBmax

(EM) was sensitive to RMS deviations of the
circulating power from its maximum because the power incident on and trans-
mitted through the cavity were measured with an averaging power meter. In
contrast, the method to determine PBmax

(FWHM) was mostly insensitive to those
effects. The upper graph of Fig. 3.20 shows a typical time series of the circulating
power inside the production resonator together with its maximum and average
value. From this measurement a difference between average and maximum of
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Fig. 3.20: Typical time series of the normalized circulating power (top) and of the
actuator signal (bottom) in a stabilized state. The latter was calibrated
to show the fraction of its range, which was necessary to maintain the
resonant state.

18 % was obtained, which was in agreement with the error bounds of the power
buildup measurements.
In the context of Fig. 3.18 it was shown, that with active frequency stabilization

the frequency mismatch between incident light and cavity resonance frequency
was reduced below significance and thus was not expected to cause fluctuating
circulating power. Incident power noise was usually on the order of only a few
percent and its influence would have been sensed in front of and behind the
cavity and would thus mostly cancel out of the result for PBmax

(EM). Therefore
the reason was most likely due to an imperfect overlap of the incident mode and
the eigenmode of the production resonator, i.e. an η00 < 1 in Eq. (2.11). Such
an imperfect overlap can be due to stationary reasons, like the slight distortion
of the incident SHG beam profile. It can also be due to dynamic reasons, namely
fluctuating alignment caused by vibrational or acoustic noise, also called pointing.
Nonetheless the upper graph in Fig. 3.20 also shows that despite of the fluc-
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3.4. The first LSW experiment with production resonator

tuations the average value of the circulating power was well defined with small
uncertainty, which allowed to reliably define a sensitivity of the overall LSW ex-
periment.

Range of the actuator. A somewhat more technical issue is answered by Fig. 3.20,
too. Its lower graph shows the corresponding fraction of the actuator range,
which was necessary to maintain the resonant state, i.e. to maintain a high
power buildup. If a realistic search for WISPs was conducted, it was important
to achieve a high duty cycle of the stabilized system because otherwise the time
efficiency of the LSW experiment would have been seriously degraded and the
advantage of the implementation of an optical resonator could have turned into a
disadvantage. After each loss of the stabilized state of the system the automatic
lock acquisition electronics put the system back into its stabilized state within ap-
proximately 1 s. Thus it was desirable to maintain the stabilized state after each
lock acquisition for at least 30s to be able to reach a duty cycle > 96%. The lower
graph of Fig. 3.20 indicates that this could be achieved. In general, considerably
longer times of permanent stablization were achieved. A typical duty cycle of the
system during a WISP search was around or even above 95 %. The dominant
fraction of the actuator signal in Fig. 3.20 was contributed by a rather sinusoidal
signal at frequencies between 6 Hz and 9 Hz. This was in agreement with the
dominant free-running frequency noise structure visible at the same frequencies
in Fig. 3.17.
Although the frequency mismatch between cavity resonance and incident light

was changing rapidly, the acquisition of the stabilized state did not cause prob-
lems.

Circulating power during WISP search

In summary, the experiments discussed in this section could clearly show that it
is technically possible to incorporate an 8.6 m long linear production resonator
into a large-scale LSW experiment located at a site, which was not specifically
selected or designed for this and correspondingly rather noisy. With an average
power buildup of 43 an exemplary search for WISPs was conducted, which in
sum collected data within 29data frames of the single-photon detector, each with
a duration of 1 h. These frames were distributed over the various experimental
parameter sets necessary for the different WISP species of interest (see 3.2. The
optical power circulating inside the production resonator is shown in Fig. 3.21. As
described above it was obtained from measurements of the incident and reflected
power, which were continuously recorded together with the ambient temperatures
at the cavity mirror locations and the magnetic field strength over the whole
run. Before and after each data frame the resonant power buildup PBmax

(EM) was
determined. The alignment was always good enough to assure that the circulating
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Fig. 3.21: Circulating power inside production resonator during exemplary WISP
search measurement run of the ALPS I (phase 1) experiment. Out
of this data 25 valid 1 h-data frames were selected, which were not
influenced by cosmic radiation. The whole measurement run lasted for
approximately half a month.

power could be maintained with a duty cycle of 95% and higher. Obviously the
highest instantaneous circulating power recorded over the whole measurement run
was 38.8W corresponding to a maximum power buildup of 49, which is in excellent
agreement with the value of PBmax

(FWHM) obtained above. To accomplish this
WISP search the production resonator had to remain at comparable performance
levels for at least half a month. This was due to the complexity of the overall
LSW experiment and measurement procedure (the latter permanently involving
between three and five people), and it was due to the necessity to record additional
data to characterize the apparatus and make the results reliable.

To the best of the author’s knowledge the ALPS I (phase 1) experiment was the
first large-scale LSW experiment reported in literature, which was able to search
for WISPs with a production resonator. Although originally meant only as a
demonstration for the compatibility of a large-scale LSW experiment with a long
production resonator, the experiment obtained exclusion limits, which already
came close to the best reported so far. These results were published in [45].
In this publication also a detailed description can be found of the overall LSW
experiment, of the exemplary measurement run and the evaluation of its data.
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3.5. ALPS I (phase 2) - the world’s most sensitive
WISP detector

In section 3.4 it was argued that the incorporation of a production resonator into
a large-scale LSW experiment is beneficial if its sensitivity should be increased
by significant enlargement of the number of primary particles, i.e. the number
of photons in the production region. Such an LSW experiment was set up and
it was demonstrated that the implementation of a long production resonator is
compatible with the general requirements of the overall experiment.
Consequently, now its sensitivity for the various WISP species should be in-

creased as much as possible. The realization of this aim benefited heavily from
the precise characterization of the precursor experiment presented in the previ-
ous section, especially from the identification and selection of the important noise
sources and from the tests of the long-term performance. In the following the
upgrade process is described. Unless otherwise noted all described devices and
experiments were developed or conducted respectively by the author of this thesis.

3.5.1. Experimental setup of ALPS I (phase 2) experiment
To improve the sensitivity as much as possible the following steps were taken:

• It was discussed in the context of ALPS I (phase 1) that the setup of its
production resonator did not result in lock acquisition problems. Conse-
quently, the resonant power buildup of the production resonator for ALPS I
(phase 2) was planned to be increased considerably by a strong reduction
of the round trip losses and consecutive selection of an input coupler with
much smaller transmission.

• The laser power incident on the production resonator was planned to be
increased by substitution of the single-pass SHG stage by a resonant SHG
stage.

• The detection stage was equipped with an improved single-photon detector
of type PIXIS 1024B by Princeton Instruments. It was operated with the
same parameters as the original one but its quantum efficiency was 96 %
and its dark noise was as low as 46 photons

1h−frame following approximately a
poissonian distribution [114, 88]. Selection, characterization and operation
of this detector were not part of this thesis and thus it is not considered
here further.
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Fig. 3.22: Detailed schematic view of the improved optical setup of the injection
stage and the production resonator of ALPS I (phase 2). Red lines
depict a laser wavelength of 1064 nm and green ones of 532 nm. Black
lines depict electric signals.

The improved experimental setup of the injection stage and the production
resonator is depicted in Fig. 3.22. Apart from this the overall setup of the LSW
experiment did not change significantly compared to Fig. 3.12. The changes are
explained in the following.

SHG resonator

The former single-pass SHG stage was rather limited in its output power and
therefore substituted by a resonant one. As nonlinear material PPKTP was used.
The SHG resonator was identical to the device described in 2.3 and thus its design
and experimental setup is not repeated here. Again the light power incident on
the production cavity was measured with photodetector PD2. The infrared power
reflected from the SHG resonator was detected with PDSHG.
From this resonant SHG stage an output power of 5W was available compared

to the 900mW obtained from the single-pass SHG stage of ALPS I (phase 1).

Production resonator

For the same reasons that were enumerated in the context of the ALPS I (phase 1)
experiment the green light produced by the resonant SHG was guided through
a variable attenuator, a Faraday isolator, beam-shaping lenses, a λ/2 waveplate
and alignment mirrors to the production resonator. But in comparison with the
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precursor experiment this time photodetector PD3, which measured the power
reflected from the cavity, was located closer to the cavity and separated from the
input coupler CM only by a single mirror, which was hit by the reflected beam
under an angle as small as possible. This setup change strongly reduced polariza-
tion dependent effects in the output signal of PD3 and eased the commissioning
of the production resonator.
The resonant power buildup factor of the ALPS I (phase 1) production reso-

nator was shown to be limited mainly by the round trip losses introduced by
the windows of the production vacuum tube. In order to increase PBmax the
production vacuum tube of the ALPS I (phase 2) experiment was extended to
encompass both resonator mirrors. Thus the production resonator was now an
ideally empty resonator, whose resonant power buildup was limited by the losses
introduced by its mirrors only. These losses were expected to be especially low
if one could manage to keep the mirrors during their installation phase as clean
as possible. This was easy to arrange for the input coupler of the production
cavity, which was installed into a vacuum tank located on the optical table of the
injection stage. From the beginning of the ALPS I experiments the whole optical
table of the injection stage was located underneath a so-called flow-box equipped
with high efficiency particulate air (HEPA) filters. They produced a steady flux
of very clean air to fill the whole area of the injection stage. Measurements with a
particle counter resulted in values of ca. 100particles/ft3 while people are moving
in the area and even less otherwise, which was considered acceptable.
In contrast, for the installation of the far end mirror one had to insert it to-

gether with its mount into the opened production vacuum tube from in front
of the magnet outside of the laser hut. There, all parts were exposed to the
unfiltered air of building 55, which was measured to consist of approximately
5×105 particles/ft3. Consequently, it was very likely that this exposition would
lead to increased losses of the far end mirror. Therefore an auxiliary clean-room
tent was constructed to cover the area in front of the magnet and thus to keep the
far end mirror clean. It consisted of a large cleaned foil and a movable ventilation
system, which was equipped with a HEPA filter stage and which blew air into
the tent from above. It worked rather efficiently reducing the particle density
measured with a particle counter to values comparable to those measured on the
optical table of the injection stage underneath the flow-box. Thus both resonator
mirrors could be installed inside of the production vacuum system under clean
conditions.
Coating and planarity of the resonator mirrors were the same as for ALPS I

(phase 1) and hence the same losses per mirror of approximately 0.14% were as-
sumed. In order to maximize the resonant power buildup, again the construction
of an impedance matched resonator was desired, leading to a design value for
the transmission of the input coupler of 0.28%. Resonator length and free aper-
ture hardly changed and thus the mirrors had the same radii of curvature as for
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ALPS I (phase 1). Precise measurements of the transmission of the input coupler
prior to installation resulted in a value of 0.16 % ± 0.01 %, which was accepted
because the resonant power buildup depends only weakly on the transmission of
the input coupler if the cavity is at least nearly impedance matched.
To start with a new and clean set of resonator mirrors also the far end mir-

ror was exchanged. After installation of both resonator mirrors the production
vacuum system was closed and evacuated until the rest gas pressure was smaller
than 10−5mbar. Then the transmission of the new far end mirror was determined
by the same in-situ measurement procedure extensively described in the previous
section. The obtained value was 88ppm ± 5 ppm.
For some experiments a considerably higher pressure of 0.1 − 0.2 mbar could

be created by filling purified argon gas into the vacuum system. This was done
to ’fill’ the sensitivity zeroes in the parameter space plot at WISP masses above
1meV (see Eq. (3.1)).

Control schemes

The control scheme of the ALPS I (phase 2) production cavity was identical to
that of the ALPS I (phase 1) experiment with one exceptions. The large reduction
of the production resonator linewidth caused the remaining mismatch between
laser frequency and production cavity resonance frequency in a stabilized state to
degrade the stabilized power buildup. In order to mitigate this, the control loop
electronics were enhanced by a broad notch filter centered around 200kHz, which
rudimentary suppressed the whole complex resonance structure observable in the
ALPS I (phase 1) measurement of the control loop’s open-loop gain in Fig. 3.16.
This step allowed the enhancement of the control loop’s UGF from 30 kHz to
51 kHz. The above mentioned degradation of the stabilized power buildup was
reduced by this step to an acceptable amount.
Furthermore an additional control loop had to be implemented for the resonant

SHG stage, which kept the SHG cavity resonant with the incident NIR light. The
control loop itself actuated on the SHG resonator length and was a copy of that
one described in 2.3. But in the case of ALPS I (phase 2) the SHG control loop
was coupled to the outer control loop, which minimized the frequency mismatch
between laser and production cavity resonance. Here the term ’coupled’ is used
instead of ’nested’ as the inner loop was not part of the electric signal path of the
outer loop and thus did not impose any significant linewidth limitation on the
outer loop. If at any given point in time the outer loop compensated for some
frequency mismatch, it did that by actuating on the NIR laser frequency, and
thus the resonator length of the SHG stage had to be changed correspondingly
and fast enough by the inner loop such that its resonance followed the NIR laser
frequency change. In such a case control theory finds that ideally the inner loop
should have a higher UGF than the outer loop [2]. Unfortunately, this was not
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possible in the ALPS I (phase 2) setup because on the one hand the outer loop
needed an as high UGF as possible for the reasons just explained. On the other
hand the inner control loop UGF was restricted to approximately 10 kHz due
to complex mechanical resonance structures starting from approximately 20kHz.
These structures originated from the necessity to move a heavy one inch optic at
high speed. Despite this problem the coupled control loops worked in the case of
ALPS I (phase 2), which was due to the compact and low finesse design of the SHG
resonator. Its optical round trip length was only 25 cm corresponding to a large
FSR = 1.2GHz. As normal for a high power resonant SHG stage its finesse was
low, around a value of 40 , which led to a huge linewidth of FWHM = 30MHz.
The fast outer loop had to compensate steadily for the free-running frequency
mismatch between laser and the resonance of the production resonator. The
inner loop UGF was lower and thus could not compensate for that RMS mismatch,
which was acquired within observation times on the order of the inner loop’s UGF
of 10 kHz. Comparison with Fig. 3.18 gives a value of this remaining frequency
mismatch between NIR laser and SHG cavity resonance of less than 10kHz. If this
value is inserted into Eq. (2.17) the corresponding drop in the converted power
can be calculated to be completely negligible. Here it was assumed that the SHG
resonator length fluctuated much less than the production cavity length, which
was estimated to be true.
The error signals of the SHG resonator were obtained with photo detector

PDSHG via the PDH technique from the same modulation sidebands at 29MHz,
which were also used for the production cavity stabilization. The cavity linewidth
of the SHG resonator was broad enough to transmit a considerable fraction of the
modulation sidebands to the production cavity. Hence both control loops obtained
big enough error signals.

3.5.2. Results of ALPS I (phase 2) and discussion
SHG resonator

The resonant PPKTP SHG stage for the ALPS I (phase 2) experiment had to
work reliably more or less continuously for several months and thus it was operated
with some safety margin with respect to the maximum output power obtained
in 2.3 to avoid crystal damage and to make the frequency stabilization control
loop more robust. After settling of its output power as described in 2.3 it was
set to 5W at a wavelength of 532 nm while approximately 10W at a wavelength
of 1064 nm were incident. Approximately 4.6W were constantly available at the
input coupler of the production resonator. The output power showed a good sta-
bility with fluctuations typically on the order of only 3% as is shown in Fig. 3.23.
The lateral modeshape was close to gaussian without the distortions reported in
the previous section in the context of the single-pass SHG stage. The TEM00
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Fig. 3.23: Typical time series of the harmonic power incident on the input coupler
of the production resonator.

resonance frequency of the SHG resonator was stabilized to the incident laser
frequency by actuation on its roundtrip length.

Production resonator

Production resonator linewidth. In any case the extension of the vacuum sys-
tem to encompass both resonator mirrors increased the vacuum distance on which
massive hidden photons (MHPs) could be produced from 6.3 m to 8.6 m, which
directly increased the sensitivity to this WISP species (see Eq. (3.1)). Further-
more the elimination of the vacuum tube windows from the production cavity and
the efforts for increased cleanliness led to a reduction of the cavity linewidth and
thus to an increase of the power buildup factor by nearly one order of magnitude.
Fig. 3.24 shows a measurement of the linewidth obtained by the same method
described in the previous section.
From a fit to this measurement a value of

FWHM = 12.3 kHz ± 68Hz

is obtained corresponding to passive fractional losses introduced by the resonator
mirrors of Ap,a +Ap,s = 0.275% ± 0.01% (see Eq. (2.16)), which was in excellent
agreement with the value assumed in the design phase. Combination of these
losses with the measured mirror transmissions implied a value for the resonant
power buildup derived via Eq. (2.17) of

PBmax
(FWHM) = 325 ± 16 .

Power buildup measurement methods. As also described in the previous sec-
tion another value for the resonant power buildup could be obtained from a mea-
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Fig. 3.24: Determination of the linewidth of the ALPS I (phase 2) production
resonator, measured with the same technique described in the context
of Fig. 3.19.

surement of the light transmitted through the far end mirror. In the ALPS I
(phase 2) experiment the discrepancy of PBmax

(EM) from PBmax
(FWHM) was on the

order of 10%, which was slightly higher than the difference between maximum and
average value of a typical time series, which is shown in Fig. 3.25. Correspond-
ingly, during this characterization the circulating power inside the production
resonator was always above 1 kW!
In the ALPS I (phase 1) experiment it turned out that remaining frequency

noise in the stabilized state was not an issue and most of the discrepancy be-
tween the two methods to determine the power buildup was due to alignment
fluctuations. This was different in ALPS I (phase 2) because the linewidth of its
production cavity was smaller by an order of magnitude, while the ambient noise
did not change. In analogy to Fig. 3.18, Fig. 3.26 shows the RMS value of the
frequency mismatch between laser and cavity resonance in the present case. As
was explained above the control loop’s UGF was increased to 51kHz but still the
stabilized RMS mismatch remained at 13.6% of the cavity’s FWHM for observa-
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Fig. 3.25: Typical time series of the circulating power in a stabilized state of the
ALPS I (phase 2) experiment.

tion times of seconds. Via Eq. (2.17) this value could be translated into an RMS
power buildup degradation of 6.9%.
Thus only ca. 3 % of the power buildup discrepancy stated above had to be

attributed to pointing or a mismatch between incident mode and eigenmode.
This was an improvement compared to ALPS I (phase 1) and most likely due
to a combination of the following changes made during the upgrade to ALPS I
(phase 2):

• There was no doughnut-like distortion of the incident beam visible (origi-
nally caused by single-pass SHG stage in ALPS I (phase 1)).

• Air currents and acoustics could no longer dynamically change the align-
ment of the production resonator eigenmode relative to the incident beam
because both resonator mirrors were now located inside the vacuum system.

• If such a dynamic alignment change was caused by vibrational noise it should
have been suppressed in ALPS I (phase 2) because the rigid vacuum tubes
somewhat fixed the alignment of the input coupler relative to the far end
mirror.

Mirror damage. As was explained above up to this point only ca. 10W of the
35W supplied by the infrared laser were used to generate green light as input for
the production cavity. The ALPS I (phase 2) experiment aimed at a maximized
sensitivity and hence it might seem questionable, why no efforts were made to
further increase the incident harmonic power.
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trol loop and the RMS mismatch corresponding to 50% power buildup
loss are marked, too.

The reason was that already at the current level of circulating power of about
1 kW the production resonator mirror coatings had a very limited lifetime of ap-
proximately 20− 30h. After this period of time the resonant power buildup of the
cavity suddenly started dropping and was reduced below one third of its original
value within only about two additional hours. This effect occurred repeatedly for
at least four times although huge efforts were made to assure clean mirror facets,
like precise visual inspection of the mirror facets prior to installation, cleaning of
the vacuum system or further reduction of the particle density in the air during
mirror installation. Due to this problem several mirror sets had to be used during
the characterization and WISP search phases of the ALPS I (phase 2) experiment.
However, they did not differ too much in their performance.
Visual inspection of the damaged mirror revealed a darkened region at the place

where the beam of the eigenmode hit the mirror. It should be noted here that
the intensity on the mirror facets was always far below their typical laser-induced
damage thresholds stated by the supplier to be on the order of 2 MW

cm2 for CW
radiation. In the context of ALPS I (phase 1) it was explained that the radius
of the beam on the mirrors was 1 − 2mm. At a circulating power of 1.5 kW the

133



3. ALPS I project - Particle physics with high-power green light

mirrors had to withstand a peak intensity not bigger than 100 kW
cm2 .

Due to its comparatively small radius on the mirrors the eigenmode of the plane-
concave resonator could be shifted up or down by alignment of both mirrors until
it reached a region, which was not hit by the beam before. This procedure was
done while the mirrors were still in vacuum. After repositioning of the eigenmode
the resonant power buildup was up again, often it nearly reached its original value
but then dropped again after another approximately 10 hours. This demonstrated
that the power buildup reduction was not caused by some material, which covered
the mirror facet and reduced its reflectivity more or less equally. Moreover, no
obviously higher damage probability for one or the other resonator mirror was
observed although the intensities differed by a factor of two. Finally, it made
no obvious difference for the mirror lifetime if the cavity was operated at gas
pressures below 10−5mbar or 0.2mbar. However, the thermal load on the mirrors
appeared to vary considerably, which was estimated from the rather different
strength of thermal alignment drifts at the two gas pressures.
The ALPS I (phase 2) experiment was thus limited by the lifetime of the chosen

mirrors and a further enhancement of the circulating power did not seem to be
meaningful.

Circulating power during WISP search

Finally, after implementation of all improvements and upgrades to the original
experiment a search for WISPs was conducted with the ALPS I (phase 2) exper-
iment. Two of the three main sources for the significantly improved sensitivity of
the experiment were

• the implementation of a high power laser source for light at a wavelength of
532 nm providing nearly 5W of optical power to the production resonator,

• and the improvement of the power buildup factor of the production reso-
nator by nearly a factor of 7 , requiring a cavity with a linewidth of only
12 kHz and a finesse of 1400 .

The performance of these devices during the whole WISP search is shown in
Fig. 3.27. As already explained in the context of ALPS I (phase 1) the circulating
power was obtained from measurements of the incident and the reflected power.
The power buildup was calculated as ratio of circulating power divided by incident
power. All in all 55 data frames, each of 1h duration, were recorded, distributed
over a time period of 3 months. In the same manner as in ALPS I (phase 1) a
duty cycle of 95 % or higher was achieved when the optical system was aligned
well enough.
The overall data taking period was considerably longer than in ALPS I (phase 1)

because, first, more data was collected, second, the cavity mirrors had a limited
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lifetime, and third, problems occurred with the superconducting magnet, which
repeatedly underwent so-called quenches. In a quench the magnet, which was
constantly driven with a current of 6000A, spontaneously lost its superconduct-
ing state and rapidly heated up causing all the cooling helium to evaporate nearly
instantly. On the one hand such a process induced massive vibrations and distor-
tions into the optical system, leading to realignment efforts of varying complexity
before it could be stabilized again. On the other hand such quenches, if they
occur repeatedly, tend to damage the magnet reducing its maximum magnetic
field. To reduce this risk, time consuming efforts to investigate the reasons of
such quenches were undertaken.
The stretches in time, in which the performance of the production resonator

was influenced by these quenches, is depicted in Fig. 3.27 by vertical yellow col-
ored bars. After the third quench time-consuming realignment of the resonator
eigenmode with respect to its free aperture was necessary, which was postponed
to the end of that day and caused the following data frame to show rather bad
performance.
Beyond the production resonator the resonant SHG stage had to be stabilized

also as part of two coupled control loops. Its performance is shown in the same
figure. The steps in the provided power to the production resonator were without
exception due to changes of the working point. Obviously its implementation did
not have any negative influence on the overall performance.
The performance of the production resonator can be better judged if the influ-

ence of the varying incident power is removed from the circulating power, which
was done in the third part of Fig. 3.27 where the effective power buildup of
the production cavity is plotted as ratio of circulating power divided by incident
power.
The high circulating power repeatedly caused the cavity mirrors to degrade

after 20 − 30 h. In Fig. 3.27 the stretches of time, during which the cavity was
operated with a certain mirror set, are marked by the red and green horizontal
bars. The rather slow drop of the power buildup at the end of the region marked
by the red bar (compared with the fast ones caused by quenches or general losses
of the stabilized state) indicates the degradation of the mirror set, which was
used from the beginning of this WISP search. After installation of a new set the
power buildup was up again but a bit lower than before due to slightly higher
losses. Together with the installation of this set purified argon was injected into
the production vacuum tube at a pressure of 0.1 − 0.2 mbar to collect data for
’filling’ the sensitivity zeroes in the parameter space plot. Those times, at which
data was recorded with argon gas in the production region are marked with violet
bars in Fig. 3.27. Maybe other materials contained in this gas caused the slightly
higher losses of the second mirror set. The second mirror set started to degrade,
too, right at the end of the measurement period shown here.
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The average circulating power, excluding such time periods influenced by quenches
(and also the bad performance period after quench number three), amounted to
1.2 kW, while the first mirror set was installed. After installation of the second
set the average value dropped but still kept at nearly 1 kW. The average power
buildup varied between 230 and 300 depending on mirror set and time span. An
interesting feature was its rise to its maximum average at times between 14h and
21 h. This maximum occurred right after a realignment and repositioning of the
eigenmode with respect to the magnet’s free aperture and also with respect to the
point where the eigenmode hit the mirrors. Therefore it is likely that the round
trip losses introduced by the mirrors were not equal for varying positions on the
mirror facets.
Finally, variations of the circulating power on the order of 20% were not that

important for the sensitivity of the experiment because the coupling constant of
the quantum fields of light and WISPs scales with 4

√
Pcirc (see Eq. (3.1)).
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Fig. 3.27: Circulating and incident power and derived power buildup of the
ALPS I (phase 2) production cavity during WISP search. Yellow re-
gions were influenced by quenches. Red and green bars at the bottom
depict different cavity mirror sets, violet bars depict measurements with
argon background gas. Regions with gaps in the average lines were
excluded from averaging. The overall average circulating power was
1.04 kW.
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Most sensitive experiment in the world

The recorded data could be translated into upper limits for the value of the
coupling constants, describing the linear coupling between the quantum fields of
light and a WISP species. To the best of the author’s knowledge the obtained
results of the ALPS I (phase 2) experiment for APs and MCPs are the most
stringent laboratory upper limits among all LSW experiments in the world for
masses up to at least 10meV. For MHPs the mass range of most stringent results
extends from approximately 0.15meV to at least 10meV with some tiny regions in
between, where the LIPSS experiment achieved a higher sensitivity. The results
are depicted in Fig. 3.28 as those labeled ’ALPS’ and ’ALPS(gas)’. This figure is
a compilation of those published in [46]. The evaluation of the WISP search data
itself was not part of this thesis.
For APs and MCPs there are stricter upper limits from astrophysical observa-

tions, however these results rely on inherently uncertain models of the processes
involved. In any case there are no more stringent bounds for MHPs with masses
from 0.15meV to 3meV than those obtained by ALPS I.
In the context of 3.2.2 it was explained that MHPs might have formed a hidden

microwave background, which contributes to the effective number of neutrino
species [67]. The corresponding parameter space of MHPs that could explain
these recent results from [70] is shown in Fig. 3.28 in the bottom-left graph as
reddish shaded region. The ALPS I (phase 2) experiment could restrict this model
to a very small remaining range in parameter space.
To the best of the author’s knowledge the ALPS experiment also was the first

LSW experiment reported in literature, which utilized a background gas in the
production and regeneration region to ’fill’ the sensitivity zeroes in the parameter
space plots at masses starting from approximately 1 meV. The exclusion limits
obtained from this gas enhancement are also shown in Fig. 3.28 and labeled
’ALPS(gas)’. The overall experiment of ALPS I (phase 2), its complete results
and data evaluation procedure were published in [46]. The importance of this
publication for the field of research was stressed by the publication of a referencing
note in the Research Highlights section of Nature [58]. Additional information on
the optical part of the experiment was published in [97].
The costs of the overall experiments including cooling of the magnet and pur-

chase of all components but excluding staff costs amounted to approximately half
a million euro [88]. From the very first discussions about possibilities for ALPS I
(phase 1) to the publication of these final results of ALPS I (phase 2) it took only
two years.
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Fig. 3.28: Exclusion limits (95% confidence intervals) for relevant WISP species
set by the ALPS I (phase 2) experiment (denoted ’ALPS’ and
’ALPS(gas)’) and by others (taken from [46]). With the exception
of small parameter regions of MHPs the ALPS exclusion limits are the
world’s most stringent limits obtained from laboratory experiments in
the meV-region. In the case of APs and MHPs the broken/dotted lines
show limits derived from searches for magnetic vacuum birefringence
and dichroism [156]. For MHPs of masses 0.15 − 3 meV the obtained
exclusion limits are even the most stringent in general. The validity of
a currently proposed model [67], which utilizes MHPs to explain the
deviation of the effective number of neutrino species from its SM value
(as suggested by recent WMAP data) could be constraint to a tiny
parameter region (reddish-shaded region in bottom-left plot).
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As was explained above the exact parameters of the LSW experiment varied
to a certain extend. However, for rough comparison Tbl. 3.2 lists the approxi-
mate values of all parameters, which were relevant for the sensitivity of ALPS I
(phase 2).

parameter value
B 5.0T
Lm 4.3m
λ0 532nm
Pinc 4.6W
PB 275
n-1 0 and 5×10−8

detection efficiency 82%
detection frame duration 3600 s

average dark counts per frame 46
confidence interval 95%

Table 3.2: Approximate parameters of the ALPS I (phase 2) experiment, which
resulted in the exclusion limits shown in Fig. 3.28.

3.6. Summary and outlook
The ALPS collaboration operates a large-scale LSW experiment to search for
WISPs. The ALPS I experiment was the first LSW experiment worldwide, which
utilized an optical resonator comprising the production region to enhance the
amount of primary particles, namely photons. Application of this technique of-
fered the chance to circumvent sensitivity limitations set by the average power
levels of available pulsed lasers, which up to now have been the basis of all other
LSW experiments in the world. The author of this thesis developed, commissioned
, characterized and maintained the optical injection stages with their second har-
monic generators, the production resonator and the necessary control loops.
In this chapter, first, the various types of WISPs were introduced, which the

ALPS I experiment was sensitive for. Evidence for them was collected from
physical observations, which are hardly understood in the scope of the Standard

140



3.6. Summary and outlook

Model of particle physics and which might be related to or better explained by
the existence of these types of WISPs (Sections 3.1 and 3.2).
Then the state of the art of large-scale LSW experiments in the world was sum-

marized (Section 3.3). In Section 3.4 the challenges of the design, implementation,
characterization and maintenance of the injection stage and production resonator
of the ALPS I (phase 1) experiment were presented. It was explained how the
author accomplished the compatibility of an 8.6m long optical resonator with an
existing large-scale LSW experiment. This compatibility demonstration included
the acquisition and long-term retention of a resonant state of the production
cavity, starting from an unstabilized situation, in which the frequency mismatch
between cavity resonance and incident light grew from zero to the cavity’s free
spectral range within only 130ms.
Finally, the ALPS I (phase 2) experiment was presented, which was an upgrade

of the previous phase and which heavily benefited from the insights obtained in
the precursor. It employed a high-power resonant SHG stage as source for 532nm
laser light and stored an optical power of about 1kW in its production resonator
over an integrated data taking duration of 55h (Section 3.5).
Thanks to the incorporation of the SHG and production resonators the ALPS I

(phase 2) experiment could set the most stringent upper limits obtained from
laboratory experiments on the WISP types of interest! It is still the most sensitive
experiment in the world.

Based on the experiences from both phases of ALPS I, the ALPS collaboration
decided to plan a follow-up experiment with a by orders of magnitude higher
sensitivity. By now, this experiment is in its design phase and first technical tests
are under way. It will be discussed further in Chapter 4.
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Chapter4
ALPS II - High-precision
optical metrology boosts
sensitivity

A s was explained in the previous chapter, evidence for the existence of sev-
eral WISP types is cumulating and therefore a finding might be just around

the corner. But there are also several models, which predict WISPs with cou-
pling constants to photons, which are still way off the sensitivity of current LSW
experiments.
The implementation of a second large-scale resonator denoted as regeneration

cavity, and the use of a local oscillator, allow in principle to considerably increase
the sensitivity of an LSW experiment. Hence the ALPS collaboration decided to
plan and build a new ALPS II experiment, which should include the implemen-
tation of such a regeneration cavity.
In Section 4.1 of this chapter sensitivity enhancement techniques are explained,

which can be employed on the regeneration side of an LSW experiment. One
example is the regeneration cavity. Then, in Section 4.2, a basic design study of
some important aspects of the ALPS II experiment is presented. Based on this,
Section 4.3 presents a possible realistic experimental setup of the optical part of
a regeneration cavity enhanced LSW experiment. Finally, Section 4.4 shows the
projected sensitivity of such a setup.
Some basic aspects of the proposed experimental setup have already been pub-

lished in [97].
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4.1. Signal enhancement on the regeneration side
On the production side of the LSW experiment, primary laser and production
cavity provide an as high circulating field as technically possible. Once this is
done, from an optics point of view no other techniques are known enhance the
amplitude of the produced WISP field. In the previous chapter the regeneration
side of the experiment was optimized only by utilization of a single-photon de-
tector with an as low as possible dark detection rate. In order to improve the
sensitivity even further, two techniques are discussed in this section, which can
be implemented on the regeneration side.

4.1.1. Local oscillator
As is well known from optical metrology, the application of a local oscillator allows
to overcome the electronic noise of a detector. This is an option also in the case
of LSW experiments. If one detects a weak regenerated field Er with the help of
a large local oscillator (LO) field ELO, then the electric field seen by the detector
consists of two contributions

Edet = Er(ωr, φr) + ELO(ωLO, φLO) .

Here the signal and LO field are allowed to have different frequencies ω and slowly
varying phases φ. The detector usually measures the optical power Pdet ∝ |Edet|2
with a certain efficiency ηqe. Hence the average number of seemingly detected
photons Ndet ∝ Pdet∆t during any given time interval ∆t including the average
number of electronic dark detections Nn is given by

Ndet = ηqe

(
Nr + NLO + 2

√
NLONr cos(∆ωt+ ∆φ)

)
+ Nn . (4.1)

If no LO beam is present, then NLO is zero and Nr could be masked by Nn.
With the LO beam, however, an interference term arises, whose amplitude is
proportional to the product

√
NLONr. This term can in most cases be made larger

than the electronic noise and thus the regenerated signal can be recovered from the
electronic noise. However, this works only if the phase difference ∆φ = φr − φLO

is sufficiently small during ∆t. If ∆ω = ωr − ωLO 6= 0, the result for Ndet has to
be demodulated to retrieve the regenerated signal.
Due to the interference term, Eq. (4.1) predicts a surprising additional power

contribution to the detected signal when the local oscillator is turned on and kept
in phase with the regenerated light. In this case the detected power is bigger
than the sum of the LO power and the regenerated power. Of course, energy
conservation is still valid, as the additional power is drawn from the WISP field.
The reason for this effect is that in quantum field theory the coupling between
the fields is linear. As a direct consequence, the coupling between field powers
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Fig. 4.1: Basic schematic of LSW experiment with regeneration cavity.
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Fig. 4.2: Electric fields in case of a regeneration cavity.

cannot be linear and the amount of power drawn from one field in an interaction
depends on the amplitude of the second field, which is already present.
For completeness one should note that Eq. (4.1) assumes a vanishing mismatch

of the LO mode and signal mode. The interference term decreases with increasing
mode mismatch.
In principle, an LO could have been used already in the ALPS I experiment. In

this experiment it was assured for alignment reasons, that the beam transmitted
through the end mirror of the production resonator and the regenerated beam
are essentially collinear. Therefore the transmitted beam could have been used
as local oscillator. However, controlling the phase difference ∆φ would have been
difficult, as the transmitted optics at the center of the magnet were not accessible
during the experiment and thermally induced changes of the optical path length
of the transmitted light would have caused problems.

4.1.2. Regeneration cavity
The term regeneration cavity denotes another large-scale optical resonator, which
comprises the regeneration region of an LSW experiment (see Fig. 4.1). It was
first proposed in 1991 by Hoogeveen and Ziegenhagen (while working for the
University of Hannover, by the way) [63]. In the following its benefit for an LSW
experiment is briefly explained from an optics point of view.
The way how to calculate the transfer function from the incident to the circu-

lating electric field of a general linear optical resonator has been shown by many
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authors, e.g. [129, 40]. If the cavity mirrors are described by the matrix(√
1− Tx i

√
Tx

i
√
Tx

√
1− Tx

)
,

then the transfer function from the regenerated field to the circulating field in
Fig. 4.2 is obtained by exactly the same procedure to be

Ecirc

Er
= 1

1−
√

(1− Tin)(1−Ap) exp
(
−i 2π ∆ν

FSR

) .

Since the light can only be detected outside of the cavity, it has to leave through
one mirror (the other is assumed here to be perfectly reflecting). The electric
field outside of the cavity is thus given by

Eout

Er
= i

√
Tin

Ecirc

Er
. (4.2)

If one derives from this equation the transfer function for the optical power by
calculating the squared modulus, one arrives at the expression for the power
buildup of Eq. (2.13).
Thus the gain of the implementation of the regeneration cavity is its power

buildup factor. Furthermore, it was derived already in 2.1.3, that this gain is
maximized for the realization of an impedance matched regeneration cavity.
Finally, the technique of signal recycling, which is used in gravitational wave

detectors, works very similar to the regeneration cavity.

4.1.3. Possible experimental realizations
Up to now two proposals have been published for the realization of a regeneration
cavity enhanced LSW experiment. They are introduced in the following and their
sensitivity is roughly compared.

DC detection scheme

This scheme was developed in the scope of this thesis and a detailed explanation
is given further down. The detection is done here with a single-photon counter,
which integrates all arriving light for a duration of one hour. Regenerated light
will thus appear as an excess signal on the integral amount of electronic dark
detections.

Heterodyne detection scheme

This scheme was proposed by Mueller et al. [102]. For the realization of a regen-
eration cavity enhanced LSW experiment two lasers are used here. They emit
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light with a certain frequency offset of ∆ν ≈ 10 MHz, which equals one FSR of
the regeneration cavity, and which is kept constant by a phase-locked loop. The
production cavity resonance is stabilized to the first laser and the regeneration
cavity resonance is stabilized to the second. Regenerated light will subsequently
appear as a single sideband on the light, which leaks out of the regeneration cav-
ity. It is detected by an ordinary photodiode, whose output signal is demodulated
at frequency ∆ν to look for a signal. As the correct demodulation phase is not
known, one has to demodulate two times with phases differing by π/2 and add
the result quadratically.

Comparison of sensitivities

The demodulation process shifts sideband frequencies of positive and negative
demodulation frequency to DC. Thus in the case of the heterodyne detection
scheme the regeneration signal, which is a single sideband, is superimposed with
the shot noise from both sides of the carrier. Nothing comparable happens in
the case of the DC detection scheme, where the regenerated signal is represented
by the carrier itself. Thus in the absence of any technical noise source the latter
should be more sensitive.
On the other hand it is difficult to find a detector for the DC scheme, whose

electronic noise is low enough to be essentially shot noise limited. Maybe a
transition edge sensor can achieve that [100]. In contrast, a heterodyne detection
scheme can be easily made shot noise limited.

4.2. Basic design study for the ALPS II experiment
In the following basic design considerations for the ALPS II experiment are made
to derive approximate values for the most crucial parameters of the optics part.

4.2.1. Cavity design
The regenerated light has to be resonant inside the regeneration cavity in order
to be amplified. Thus it has to match the regeneration cavity eigenmode, which
can only be achieved efficiently, if each resonator is the extension of the other’s
eigenmode. Accordingly, they should be designed as plano-concave resonators
with the plane mirrors at the center. This is depicted in Fig. 4.3.

4.2.2. Power buildup factors
The power buildup of production and regeneration cavity should be as high as
possible. In the case of the production resonator an upper limit is given either
by the damage threshold of the mirror coatings or by the maximum tolerable
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Fig. 4.3: Schematic of eigenmodes of production and regeneration cavity for
ALPS II.

thermal effect in the optics. As far as the thermal effects are concerned an upper
limit might be derived from the design of Advanced LIGO, where an optical
power of 800 kW shall be stored in the arm cavities [51]. On the one hand in
case of Advanced LIGO it is planned to compensate thermally induced wavefront
distortions with the help of complex compensation systems, which represents
efforts that shall not be undertaken for ALPS II. On the other hand, wavefront
distortions are of no concern in ALPS II, as here only the resonator’s ability to
enhance the power level is important. From this discussion a conservative design
value for the circulating powers of 150kW is derived. As the losses of high quality
mirror coatings can be Am ≤ 10 ppm (and less than half of this should be due
to absorption), the mirrors are heated with a power of less than 1 W, which
should be acceptable if the beam radius is big enough on their surfaces. With the
frequency conversion device presented in Chapter 2 at hand, an incident power
level of roughly 30 W should be achievable either for 532 nm or for 1064 nm.
The infrared laser source would be the same, which was already used for the
ALPS I experiment. These considerations result in a design power buildup for
the production cavity of PBp = 5000.
The regeneration cavity will not store significant amounts of power and thus

its power buildup is not limited by a damage threshold or thermal effects. Thus
its power buildup factor can be larger than PBp and would be limited by the
losses of the mirrors. With the estimated losses given above a power buildup in
an impedance matched case of PBr = 40000 should be achievable (see Eq. (2.17)).

4.2.3. Cavity length and free apertures
The power buildup factors just derived can only be obtained if additional losses
due to clipping of the beam remain small enough. This is an important issue as
far as searches for APs or MCPs are concerned, because the apertures of cryogenic
magnets are rather small.
Due to the diffraction of a Gaussian beam this condition translates into a

condition for the maximum cavity length and minimum free aperture. As both
cavities will have their waist at the inner mirrors, the clipping losses per round
trip will be dominated by the outer apertures. In this case the beam, which is
clipped least by an aperture of radius rap and a cavity length d, has a waist radius
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at the central mirror of

w0 =
√
λ0 d

π
.

The overall fractional losses per round trip are then given by

Ap = Am + exp
(
− π

λ0
Q

)
with Q =

r2
ap

d
. (4.3)

These losses are plotted in Fig. 4.4 as a function of the parameter Q for assumed
losses per mirror by scattering and absorption of 8 ppm. One can see that the
power buildup factors chosen above are possible with such mirrors. Obviously the
clipping losses rise very rapidly below a certain threshold value of Q. Due to its
smaller divergence angle, 532 nm light would be a clearly better choice here.
Another way to demonstrate these results is shown in Fig. 4.5. Here Eq. (4.3)

was solved for rap under the condition that the chosen values for the power buildup
factors are achieved. Obviously the necessary aperture grows rapidly with the
cavity length. As the maximum realistic free aperture radii of cryogenic magnets
are on the order of 25mm, the maximum cavity length is limited to about 160m
for 1064nm and to about 320m for 532nm. The corresponding linewidth of such
a regeneration cavity is on the order of only 10Hz.
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As these lengths are upper limits one should include some safety margin into the
calculations for a realistic experiment. Thus cavity lengths of 100m for infrared
and 200 m for visible light are proposed here, both requiring a minimum free
aperture of rap = 20mm. As the sensitivity of an LSW experiment for low mass
WISPs is strongly dependent on these lengths, an experiment with visible light
would ideally achieve a significantly higher sensitivity than an experiment with
infrared light.

4.2.4. Highest intensity
The highest intensity will occur on the central plane mirror of the production
resonator. For the proposed cavity lengths just mentioned the waist size on this
mirror would be w0 = 5.9mm for both wavelengths. With the power buildup of
the production cavity the peak intensity on this mirror is 270 kW

cm2 . This value is
well below the laser-induced damage thresholds of most dielectric mirror coatings,
especially those of very high-quality optics coated with the IBS technique.

4.2.5. Spatial overlap of cavity modes
In order to assure a good matching of the regenerated mode to the eigenmode of
the regeneration cavity their relative alignment has to be correct. Because the
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Fig. 4.6: The fractional power overlap of production and regeneration cavity mode
as a function of relative lateral translation. To represent a worst-case, the
same amount of translation is assumed here for both lateral dimensions.

mode of the regenerated light is the same as the eigenmode of the production
cavity, this condition translates into a condition for the overlap of the two eigen-
modes. The fraction of the regenerated power, which remains resonant at the
TEM00 mode of the regeneration cavity is given by η00. With the definition, that
the light propagates along the z-axis, η00 can be easily estimated for small relative
translations along and tilts around the x- and y-axis with the help of Eq. (2.9).
Fig. 4.6 shows the result for a relative translation of the cavity eigenmodes of
equal amounts in both dimensions. When the cavity length is optimized for each
wavelength, the mode’s waist size w0 is the same for both wavelengths. Hence the
sensitivity to translations is also the same for both wavelengths. Additionally, the
case of equal cavity lengths for the two wavelengths is shown. Due to the large
beam diameter, a relative translation of the eigenmodes should be of no concern
in ALPS II.
Fig. 4.7 shows the dependence of η00 on a relative angular tilt. Here a completely

different result is obtained as relative angular tilts as tiny as shown in this figure
are difficult to achieve. Moreover, selection of a shorter wavelength makes the
result even worse. As a reduction in η00 up to ten percent might be acceptable,
angular tilts have to be smaller than 6.3µrad in the case of a wavelength of 532nm
and smaller than 13 µrad in the case of a wavelength of 1064 nm. It is currently
unclear how to achieve such small tilt angles in ALPS II. Maybe bonding and
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interferometric alignment techniques as applied in the construction of the LISA
optical bench are an option [135].
As was explained in 4.2.1, the production and regeneration cavity will be de-

signed as plane concave mirrors with their central mirrors being plane. To fa-
cilitate the stabilization of the regeneration cavity to the production light, and
to enable tests of their relative alignment in situ, additional optical components
have to be placed between these plane cavity mirrors. Hence the cavity modes
are no longer exact extensions of each other. Correspondingly, the matching of
the regenerated light to the eigenmode of the regeneration cavity will be reduced.
The same is true for a difference in waist size of the two eigenmodes due to toler-
ances in the manufacturing of the curved mirrors. However, a similar calculation
like the ones above shows that waist distances on the order of 2m and waist size
variations on the order of a few percent are negligible for the power overlap.

4.2.6. Mirror lifetime
To achieve the high power buildups proposed above, the coatings of the cavity
mirrors have to have very high quality. Such a high quality is offered by coatings
produced via the IBS technique.
In the field of gravitational wave detection lots of experience has been acquired

on the long-term stability and laser-induced damage thresholds of IBS coatings
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at a laser wavelength of 1064 nm. From this experience it is expected that IBS
coatings for this wavelength will show sufficiently long life times at the power
levels proposed above.
Considerably less experience has been acquired with high-power applications of

such coatings for a wavelength of 532nm. Additionally, for lower quality coatings
a rather short life time was observed in the ALPS I experiment (see 3.5.2). There-
fore a simple long-term test was conducted with an identical experimental setup
as it is described in 2.4.4 and shown in Fig. 2.21. Here, the original mode analyzer
cavity was exchanged by an essentially identical device, which was fabricated in
a low class clean room to reduce contamination of its coatings as far as possible.
Its interior was sealed completely when the mirrors were glued to the spacer. By
this means, it was assured that no dust or gas from the outside could contaminate
the mirror coatings after leaving the clean room. The same glue was used since
years for the production of similar resonators for a wavelength of 1064 nm and
caused no major problems.
This resonator was equipped with a frequency stabilization control loop and

automatic lock acquisition electronics. Thus the harmonic power at 532nm could
be made resonant inside the cavity over long timescales. The incident harmonic
power and the power transmitted through the curved cavity mirror were con-
stantly monitored to determine the power buildup. The result is presented in
Fig. 4.8.
Obviously, the mirror coatings of this resonator had a limited life time of ap-

proximately 250 h. The apparent rise of the power buildup in the beginning was
in fact caused by a rise of the detected transmitted power. The corresponding
photodetector was positioned right behind the resonator mirror and this mirror
showed a dramatically increased scattering of green light after the power buildup
had degraded. Thus it is assumed here, that the rise in this measurement was
caused by a steadily increasing amount of scattered light from this mirror surface
over time, and that the same process caused the strong power buildup degradation
in the end. The deeper nature of this process is not known to the author.
Of course, this result is not a general proof of a limited life time of the applied

coatings at a wavelength of 532 nm. But it represents at least a hint that such
problems might exist. Therefore it was decided to use 1064nm light in the ALPS II
experiment.
For further testing a similar resonator should be prepared, which avoids the

use of glue or a piezo, as these components are suspects for contamination of the
mirror surfaces.
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Fig. 4.8: Result of a long-term power buildup measurement at a wavelength of
532 nm. The circulating power was about 400 W, the highest intensity
on a mirror surface was 600 kW

cm2 . The resonator was nearly impededance
matched.

4.3. A proposed experimental setup
In order to benefit from the implementation of a regeneration cavity, its resonance
has to be stabilized to the frequency of the regenerated light. If one uses a local
oscillator, it can be used for the stabilization. However, if no local oscillator beam
is used, the setup has to assure, that the power of any not regenerated light, which
arrives at the detector is much smaller than the detector’s noise equivalent power
Pne. One should note here, that one expects

Pne ≤ 3.4×10−21 W ,

as the single photon detector of the ALPS I experiment showed a dark flux of
only 32.4 photons

h !

4.3.1. Proposed experimental setup for ALPS II
The experimental setup, which was proposed for the ALPS II experiment, and
which was to a large extend developed in the context of this thesis is presented
in Fig. 4.9.
The crucial idea is the utilization of two different wavelengths. The single-

photon detector is protected by dispersive and dichroic optics, such that it can
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Fig. 4.9: Rough schematic of the proposed experimental setup of production and
regeneration cavity for the ALPS II experiment.

only be hit by the regenerated wavelength. The regeneration cavity mirrors CBS2
and REM are coated such that the cavity has a very high power buildup for the
regenerated wavelength and a low one for the other. Hence the other wavelength
can be used to stabilize the cavity. For simplicity this stabilization wavelength is
again obtained via second harmonic generation from the infrared light.

General structure

As regeneration and production resonator are planned to be very long the overall
optical setup is distributed onto three optical tables. On optical table 1 the
injection stage for the infrared light is located together with the input coupler of
the production cavity PIC.
The second table encompasses a rigid central board made from Zerodur, on

which the inner cavity mirrors CBS1 and CBS2 are mounted. These mirrors are
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realized as very plane-parallel, coated beamsplitter cubes, such that they do not
divert the transmitted light from the WISP path, which is the common axis of
both cavities (the same has to hold for DBS). The board is divided into a left
and a right half by walls, to separate the infrared light of the production cavity
from the regenerated light. The converted light can pass this wall through a set
of dichroic optics, which does not transmit any significant amount of infrared
light. A shutter (or several successive ones) in this wall can be opened to test the
mode overlap between production and regeneration cavity in situ with the help
of PD3 and PD4. To accomplish that the plane-parallel cube DBS is designed to
transmit a few percent of its incident light.
Some auxiliary optics, the single-photon counter and its protective dichroic

and dispersive optics are also placed on the second table. On the third table the
far-end mirror of the regeneration cavity and one detector for the in situ mode
overlap test are located.
The central board and both long cavities are contained in a single vacuum

enclosure to protect the optics from contamination and to avoid noise from air
currents and acoustics.

Wavelength selection and frequency control scheme

The stabilization of the frequency of the incident light to the resonance of the
production cavity is done in the same way as in ALPS I. The laser frequency is
the actuator of the control loop. Its error signal is derived from a demodulation
of PD1.
A small fraction of the infrared light, which is circulating inside the production

resonator is transmitted through the inner cavity mirror CBS1. A fraction of this
transmitted light is converted to 532nm by a KTP crystal. This crystal is mounted
such that its optical z axis is oriented under an angle of 45deg to the optical table.
By this, conversion from vertical and horizontal infrared polarization is possible,
which is necessary to search for certain WISP species. The main part of the green
light then leaves the vacuum and the Zerodur plate.
Outside of the vacuum some optics are located, which are either hardly vac-

uum compatible or have to be accessible by the experimenter. First the beam’s
polarization is corrected by a pair of λ/2 waveplates depending on the infrared
polarization, and the beam may also be attenuated in combination with Pol-BS.
An AOM in double-pass allows for a fixed frequency shift M2 and an EOM im-
prints phase modulation sidebands at frequency M1 for the stabilization of the
regeneration cavity.
Then the green light is send back into the vacuum and its outside acquired

phase noise is read out via a Mach-Zehnder interferometer formed by a highly
reflecting mirror MZ1, a weakly reflecting plate MZ2 and by detector PD2. After
demodulation of the signal from PD2 at two times the frequency M2, the piezo
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driven mirror IM is used to compensate for this phase noise. After that the green
beam leaves the production side of the Zerodur plate.
On the regeneration side the green light is injected into the regeneration cavity

through its inner cavity mirror CBS2. The length of the regeneration cavity is
stabilized to the incident light’s frequency via its piezo-driven end mirror REM.
The error signal for this control loop is obtained by demodulating the integral
output of quadrant PD QPD5 with frequency M1. Any green light, which leaves
the regeneration cavity into the direction of the single-photon detector is split
off the regenerated light by the dispersive and dichroic optics, which protect the
single-photon detector.
The two employed wavelengths differ exactly by a factor of two. Furthermore,

the phase stable SHG process, the Mach-Zehnder interferometer, the vacuum and
the rigid Zerodur baseplate assure sufficient phase stability between infrared and
green light. Hence for ideal cavity mirrors every second resonance of the harmonic
wavelength will also be a resonance of the fundamental one.
Finally, as was found in [82], the mirrors are not ideal. The penetration depths

of the two wavelengths circulating inside the regeneration cavity into the mirror
coatings differ by an amount, which is stationary but varies from mirror to mirror.
Thus in general the resonance frequencies will not be the same. Their constant
frequency offset has to be measured once with open shutter, and frequency M2
has to be adjusted to compensate for this.

Alignment control scheme

As the three optical tables will move relative to each other, control loops have to
be set up, which continuously reestablish optimum alignment of the whole setup.
Only minor parts of this control scheme were developed in the scope of this thesis
and it is therefore only briefly summarized here.
The spatial reference is defined by the positions and angular alignment of CBS1,

CBS2, QPD3 and QPD4 which are bonded to the Zerodur board. These define
the axis of each cavity and they will be aligned initially such that the two axes are
collinear. The Zerodur board is assumed to be stable enough to give a sufficiently
precise reference.
Once the eigenmodes of the cavities are established, the technique of differential

wavefront sensing will be used via QPD1-5 to maintain the eigenmodes themselves
and the alignment between incident beams and eigenmodes.

4.3.2. Technical challenges
Examples for technical challenges of this design, which need to be investigated
further in the future are the following:
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• Plane parallelism of optics: A wedge angle of the optics CBS1, CBS2
or DBS would result in a tilt of the transmitted beam relative to the WISP
beam. Such a tilt would be a problem, as the transmitted beam will be used
to characterize and maybe even to align the overlap between production and
regeneration cavity. From Eq. (3.5) it can be seen that for usual optics the
tilt angle becomes approximately half the wedge angle, which has to be
compared with the tilt sensitivity of the long cavities, shown in Fig. 4.7.
Hence one would need optics with wedge angles significantly smaller than
10 µrad or 2 arcsec to keep their influence negligible. As so-called etalon
substrates are commercially available with wedge angles below 1arcsec, this
problem appears to be solvable.

• Down-conversion: The discrimination between the two wavelengths ap-
plied in this setup works only if the green light does not exhibit down-
conversion into infrared light. Even a tiny effect can be a problem here due
to the especially tiny value of the noise equivalent power Pne of the single-
photon detector, which was given at the beginning of this section. This
might be caused for instance by fluorescence after optical absorption. Some
experiments, which were not done by the author, could already measure
such effects in usual dispersive optics or absorbing spectral filters. An exact
quantification and spectral analysis is not know to the author and has to
be done in the future.

4.4. Projected sensitivity
In this section the sensitivity of the ALPS II experiment is estimated as it was
proposed in this chapter. The estimation was done exemplarily for the coupling
constants g-/+, which describe the coupling of axion-like particles (APs) to pho-
tons. The scaling of these constants as a function of the parameters discussed in
this chapter is for low AP masses given by (see Eq. (3.1) and [102])

g-/+ ∝
1

BLm

√
1
ηovl

4

√
1

λ0 PBp PBr Pinc
. (4.4)

Here B is the magnetic field strength, Lm the length of the magnetic field region
on each side of the wall and ηovl denotes the spatial overlap of production and
regeneration cavity mode. The coupling constants for the other WISP types of
interest scale in a similar manner. Tbl. 4.1 lists the values, which were assumed
for the parameters in Eq. (3.1).
Fig. 4.10 shows the projected sensitivity. It compares the published results for

the ALPS I experiment with the predicted results for two versions of a future
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parameter value
B 5.0T
Lm 100.0m
ηovl 0.9
λ0 1064 nm
Pinc 30.0W
PBp 5000
PBr 40000

Table 4.1: Assumed parameters of a future ALPS II experiment.

ALPS II experiment. The first version assumes utilization of the same detector
and data taking duration as for the ALPS I results. Obviously incorporation of
the optical metrology techniques described in this chapter boosts the sensitivity
of the LSW experiment by orders of magnitude. It drops even below the results
of the CAST experiment. This means it explores parameter space, which no
experiment has probed before. For the case of MHPs (which is not shown here)
this applies even for the whole parameter space from the ALPS I results down to
the projected ALPS II results.
For the second projection of the ALPS II sensitivity it was assumed that a

shot noise limited detector was available and that the data taking duration was
increased to 50h for this single WISP species. Such a shot noise limited detector
might possibly be realized by utilization of a so-called transition edge sensor [100].
In this case the sensitivity gets close to a region in parameter space, whose corre-
sponding particles could explain a surprisingly high transparency of the universe
for very high energy radiation observed by the MAGIC collaboration (see 3.2.2).
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Fig. 4.10: Projected sensitivities (95% confidence intervals) of two versions of the
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ity. Additionally, the sensitivity of the CAST experiment is shown (only
as guide for the eye because it is a 99.7 % confidence interval result).
The yellow region marks those APs, which could explain the surpris-
ingly high transparency of the universe for very high energy radiation
(see 3.2.2).

4.5. Summary and outlook
The ALPS collaboration decided to plan and build a new, enormously improved
LSW experiment, which shall incorporate a regeneration cavity. It was dubbed
ALPS II.
In this chapter first some techniques were explained, which have the ability to

enhance the sensitivity of an LSW experiment (Section 4.1). The most important
one is the regeneration cavity. Two different ways to realize such a cavity were
briefly compared.
A basic design study was made to find suitable values for the most important

parameters of the optical part of the ALPS II experiment (Section 4.2). A length
of production and regeneration resonator of 100m each appeared feasible. With
laser light at 532 nm these could be made even twice as long. Strong constraints
were derived on relative tilts between production and regeneration cavity mode.
These are on the order of 10µrad. A simple long-term test of the life time of mirror
coatings at 532nm was conducted and yielded disappointing results. Hence it was
proposed to design the experiment for 1064 nm.
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4.5. Summary and outlook

A basic experimental setup of the optics part of the ALPS II experiment was
presented (Section 4.3). It utilizes a two wavelength scheme to stabilize the
regeneration cavity to the regenerated light, without influencing the single-photon
detector. Some technical difficulties like possible down-conversion were briefly
described.
Finally, the projected sensitivity of such a setup was presented and compared

to other experiments (Section 4.4). Its sensitivity was boosted by orders of mag-
nitude by the incorporation of several techniques from optical metrology.

If the ALPS II experiment is built, it would probe big regions of parameter
space, which have never been probed before. Therefore it has good chances to
detect WISPs and thus revolutionize our understanding of the universe.
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Chapter5
Conclusion

T he availability of high-power 532 nm laser radiation offers the chance to en-
hance the efficiency of engineering applications as well as the sensitivities

of many physics experiments, which were previously conducted in the infrared.
Examples for such experiments are gravitational wave detectors or light shining
through a wall (LSW) experiments. In the latter case, the combination of such a
laser with optical resonators achieves a break-through in sensitivity.

In this thesis, first, a technique was developed, which allows to reduce the inten-
sities inside the nonlinear crystal of an external-cavity second harmonic generation
(SHG) scheme without sacrificing its external conversion efficiency (Chapter 2).
This technique facilitates the reduction of intensity dependent absorption effects,
which in the past were a limiting factor for the harmonic power levels achieved
from many nonlinear materials. This was tested for a setup utilizing a PPKTP
crystal and resulted in a constant power of 5.3W, which is the highest long-term
stable single-frequency 532nm power from this material reported so far. A model
was developed, which adequately linked the remaining deviations of the crystal
performance from the ideal case to thermal dephasing processes caused by linear
absorption and gray tracking.
The experiences with the PPKTP experiment set the basis for the development

of a 134W CW 532nm metrology laser source. The extraordinary high power was
emitted at a single frequency and at least 97% of it was contained in the TEM00
mode. The nonlinear material applied here was LBO. This SHG device represents
a break-through in the amount of CW single-frequency power available at this
wavelength. In fact it is the by far highest level reported to date. The external
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conversion efficiency of 90 % was also the best reported so far for high-power
devices. Despite the high power levels involved, the output power was limited
only by the available amount of infrared light. Hence there is a good chance to
generate considerably more harmonic power with this SHG scheme in the future,
when more powerful infrared lasers become available.
To derive the fundamental mode content of the harmonic power with high

precision, a new measurement technique was developed in this thesis, which helps
to reduce the uncertainty of this value compared to other techniques.
Simulation of the LBO device obtained, that this specific setup should be able

to achieve external conversion efficiencies of more than 80 % for any incident
fundamental power level above only 12W. It is thus a very interesting frequency
conversion device also for any intermediate power infrared laser.
The demonstration of a high power, low noise 532nm laser source is important

as it opens up a new domain of design parameters for future experiments, as for
example third generation gravitational wave detectors.
The detection of gravitational waves would open up a fundamentally new way

to observe astrophysical processes in our universe.

Benefits for one field of research obtained from important progress in another
are common in science and often have led to break-through developments. A
recent example of such a fruitful combination of generally dissimilar fields of
science was also presented in this thesis. Here the joining of precision optical
metrology and hypothetical particle physics led to a huge step forward in the
sensitivity of LSW experiments. They search for so-called weakly interacting
slim particles (WISPs), which are not part of the Standard Model of particle
physics.
Such experiments traditionally used pulsed lasers as sources for their primary

particles, namely photons. In this thesis the first LSW experiments were pre-
sented, where the pulsed laser was substituted by a frequency doubled continuous-
wave source, which was stabilized to a large-scale optical resonator (Chapter 3).
First, a proof of principle experiment was set up with the additional goal to

gain important design parameters for an optimized LSW experiment. The design,
implementation, characterization and maintenance of the optical injection stage,
the harmonic generator and of the 9 m long production resonator of this initial
phase of the ALPS I experiment were described.
Based on the presented findings, in the next step the ALPS I experiment was

upgraded to maximize its sensitivity. This upgrade process paved the way to
the most stringent exclusion limits world-wide from laboratory experiments for a
certain class of WISPs. The implementation of a resonant high-power SHG stage
and of a narrow-linewidth production resonator was described in the scope of this
thesis. These were the crucial steps to improve the upper limits by a factor of
two to four in broad regions of the parameter space. A very high optical power of
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1kW at a wavelength of 532nm was stored on average inside the optical resonator
for an integral data taking duration of 55 h. Finally, these numbers demonstrate
beyond any doubt the superiority of a resonator-enhanced LSW experiment above
the traditional pulsed laser based schemes.

On the one hand evidence for the existence of a certain class of WISPs is
cumulating and therefore a finding might be just around the corner. On the other
hand there are also several models, which predict WISPs with coupling constants
to photons, which are still way off the sensitivity of current LSW experiments. The
implementation of a second large-scale resonator denoted as regeneration cavity,
and the use of a local oscillator, allow to considerably increase the sensitivity
of an LSW experiment. Hence it was decided to plan and build the ALPS II
experiment with resonator lengths of several tens of meters each.
In this thesis the dependence of the performance of ALPS II on several impor-

tant experimental parameters was investigated (Chapter 4). This showed again,
that the application of 532nm light would theoretically lead to a higher sensitiv-
ity than utilization of infrared light. However, a simple experiment demonstrated
that the life-times of mirror coatings for 532nm laser light might be limited. An
unprecedented basic design for the control of the regeneration cavity was devel-
oped, which ideally does not influence the employed single-photon detector.
The sensitivity of a realistic ALPS II experiment was estimated here. It turned

out to be orders of magnitude higher than that of all LSW experiments, which
have been implemented to date. Thus its realization has good chances to detect
WISPs. Such an event would start a new era in particle physics and would
fundamentally change our understanding of the universe.

165





AppendixA
Basic optics

A.1. Maxwell’s equations
It is fascinating that the propagation of any electro-magnetic wave (i.e. any light
wave) through an arbitrary medium is completely described by a single set of
differential equations, namely Maxwell’s Equations [14, 105, 41]

∇B(r, t) = 0 , ∇D(r, t) = ρc(r, t) , (A.1)

∇×E(r, t) + ∂

∂t
B(r, t) = 0 , ∇×H(r, t)− ∂

∂t
D(r, t) = Jc(r, t) ,

with

B(r, t) = µ0 (H(r, t) + M(r, t)) , D(r, t) = ε0E(r, t) + P̃(r, t) , (A.2)

∇Jc(r, t) = − ∂

∂t
ρc(r, t) , E(r, t) = σJc(r, t) ,

where E, B, D, P̃, H and M denote the electric, magnetic, displacement, atomic
polarization, magnetizing and magnetization field respectively, and ρc and Jc are
the charge and current density. Here SI units were used and the electric and
magnetic constants are defined by the vacuum speed of light as c0 = 1/√µ0ε0 and
σ is meant to be a tensor. Within the scope of this thesis above equations can
be simplified considerably. Typical transparent media are isolators without free
charges

ρc = 0 , Jc = 0 ,
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they are not ferromagnetic (introducing the linear magnetic susceptibility, which
is assumed here as frequency independent for simplicity)

M = χ(1)
m H ,

and it is sufficient to deal with only one dimension of propagation

r→ z .

With these simplifications the propagation of the electric field component of a
light wave is described by

∇2E(z, t)− 1 + χ(1)
m

c02
∂2

∂t2
E(z, t) = 1 + χ(1)

m

ε0c02
∂2

∂t2
P̃ (z, t) , (A.3)

and an analogous equation describes the propagation of the magnetic field com-
ponent. Because one finds that the amplitudes of the two components compare
like

|E| = c0|B| ,

the contribution of the magnetic field is negligible to the effects analyzed in this
thesis and thus it is not investigated further (nonetheless the energy density of
the electromagnetic field is distributed equally over the electric and magnetic
component).

A.2. General solution describing light propagation
A general solution to the above differential Eq. (A.3) in a linear medium or vacuum
with

P̃ (t) = ε0χ
(1)
e (ν)E(t) ,

where χ(1)
e (ν) denotes the linear electric susceptibility is given by

E(z, t) = 1
2 U(x, y, z, t) ei(kz−2πνt) + (cc) , (A.4)

which describes a monochromatic electromagnetic wave, and which is necessar-
ily real because the electric field is a measurable quantity. The quantity U in
Eq. (A.4) is called slowly varying complex amplitude because it encompasses only
variations of the wave’s amplitude and phase that are much slower than ν. The
parameter k is called the wave vector and given by 2πn(ν)/λ0 with λ0 denoting
the laser wavelength in vacuum and n(ν) the refractive index of the medium.
Following the superposition principle for linear operators the right complex con-

jugate part (often abbreviated by ’(cc)’) can be simply ignored whenever equations
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are considered, which make use of linear operators only. In such cases all calcula-
tions can be performed with the remaining complex exponential function (which
is much easier than involving trigonometric algebra) and the transition to a real
expression can be postponed to the end and done just by adding the complex con-
jugate again [105]. In order not to loose factors of 2 it is important to obey this
convention (and not to obtain the complex field first by dropping the conjugate
part and later return to a real field just by dropping the imaginary part again).
At the same time the correct definition of the field’s intensity (see below) has to
be used. Also note, that this thesis deals with nonlinear effects, which means that
the complex conjugate part is essential at some points, where nonlinear operators
are used (like the square operator applied to the electric field)!

A.3. Intensity and power
The amount of energy per unit time, which is carried by a light wave described by
Eq. (A.4) is usually expressed in terms of intensity I and power P . The calculation
of these quantities is a typical example of a problem involving nonlinear operators.
Thus application of the convention for such cases defined below Eq. (A.4) leads
to the following definitions for the electric field under investigation in its complex
and real versions and for the corresponding expressions for its intensity [105, 40]:

Real el. field: E(x, y, z, t) = 1
2U(x, y, z, t) ei(kr−2πνt) + (cc) (A.5)

= Re
{

U(x, y, z, t) ei(kr−2πνt)
}

,

Intensity: I(x, y, z) = | 〈S 〉t | =
∣∣ 〈E×H†

〉
t

∣∣
= 1

2

∣∣∣∣√ εrε0
µrµ0

|U |2 k
|k |

∣∣∣∣ ≈ 1
2nε0c0 |U |2 .

Here S denotes the Poynting vector. The notation 〈x 〉t means averaging of x
in time over a period of the oscillation. Finally, in the last equation the relative
permeability µr was assumed to be very close to unity, which is true for all media
and effects relevant in the context of this thesis.
The optical power of the beam is then obtained from the intensity by integration

over the complete transversal plane

P =
∞∫∫
−∞

I(x, y) dx dy =
∞∫

0

r

2π∫
0

I(r, φ) dφdr . (A.6)
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