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Introduction

The German language, my mother-tongue, is known for its compound nouns that are often hard to
pronounce and hard to understand. The idiomatic German expression, "eierlegende Wollmilchsau"
(literally "egg-laying and milk-giving wool-pig"), is only one colorful example and fortunately com-
parably graspable. It is used as a synonym for an extremely versatile all-in-one device having only
advantages, which can replace several other devices easily. At the same time, it has however a certain
latent ambiguity for something being obviously utopian and too good to be true. This said, the question
arises whether there is a link between this idiomatic expression and the topic of this manuscript?

Lasers in general have become an incredibly useful and versatile tool not only for speci�c scienti�c
purposes but also for countless applications that have changed our everyday life. Semiconductor lasers
are, among the different sources of laser radiation, the most versatile as their spectral properties can
be speci�cally designed. Furthermore, they can be produced in large quantities and are unbeatable in
terms of compactness. In addition to that, they are also the most ef�cient sources of coherent laser
light. The current state of the art of semiconductor laser-technology may be already somewhat close
to the idea of the "eierlegende Wollmilchsau" in the perspective of a German-speaking Physicist in the
early 1960s, at the advent of laser technology. But from today's perspective, it is clear that there are
still many opportunities for the improvement of semiconductor laser systems, one of them being the
increase in optical output power and brightness.

The optical output power of semiconductor laser emitters has signi�cantly increased over the last
two decades and still continues to increase, but is in the long run limited by material damage thresholds.
That is the reason why high power semiconductor laser systems consist of multiple emitters that are
combined into one laser beam in order to reach the targeted power level. Power is however not the only
relevant parameter as other physical properties, such as spatial and spectral quality of the laser beam,
are also important. Most applications of high power lasers require a speci�c wavelength. The optical
power and the spatial properties determine together the brightness of a laser beam. A laser is partic-
ular bright if the optical power remains concentrated in a small surface area over a large propagation
distance.

Approaches to increase the power of a laser system by beam combining methods can be classi�ed
in incoherent and coherent beam combining. Today's high power semiconductor laser systems rely
on incoherent beam combining, where the optical powers from several beams are added by incoherent
side-by-side addition, polarization coupling or spectral beam combining. On the one hand these ap-
proaches allows straightforward scaling of the optical output power, on the other hand these approach
degrade spatial and/or spectral properties of the laser beam. As a result, incoherent beam combining
methods are not in�nitely scalable, as the resulting large optical spectrum or low brightness of the �nal
beam may no longer meet the requirements for certain demanding applications. In contrast to that,
coherent beam combining relies on the constructive interference of several coherent electromagnetic
�elds and allows to increase the total optical power while spatial and spectral properties of the laser
light are maintained. It allows even to suppress imperfections of the individual emitters, such as de-
polarized light or un-wanted stray-light around the main laser beam. Coherent beam combining is on
paper an ideal approach to scale the output power and brightness of laser sources in order to get another
step closer to the idea of the perfect all-in-one laser source.

Although coherent beam combining has been demonstrated in many con�gurations with semicon-
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ductor lasers and other laser sources, it is still an exploratory �eld of research and commercially avail-
able semiconductor laser systems do not make use of this combining approach. One reason may be that
coherent beam combining is not as straightforward as other combining approaches. It is indeed tech-
nologically challenging to combine laser beams coherently in a simple, stable and ef�cient way. Many
of the past demonstrations of coherently combined semiconductor emitters were too complicated, too
unstable or too in-ef�cient in order to be interesting for applications on a large scale. In this context,
one may see a parallel between coherent beam combining of semiconductor lasers and the picture of
the "eierlegende Wollmilchsau": something that may be indeed very useful, but does unfortunately not
exist.

The work described in this manuscript targeted notthe development of the most ambitious, most
powerful or most ef�cient laser source based on coherently combined semiconductor emitters. In con-
trast, the focus lied on simple systems, where only a few optimized emitters are coherently combined
and which can open new perspectives for high-power high-brightness semiconductor laser systems.
My PhD-project was carried out at the Laboratoire Charles-Fabry (Palaiseau, France) in collaboration
with the Ferdinand-Braun-Institut (Leibniz-Institut für Höchstfrequenztechnik, Berlin, Germany). It is
also the continuation of previous research related to the PhD thesis of Guillaume Schimmel (2017).
The content of the work is organized in the following chapters:

Chapter I covers the state of the art of high power semiconductor emitters in the near infrared
spectral regime. The different types of emitters are compared to each other in terms of power, ef�-
ciency and brightness. After that, incoherent and coherent beam combining methods are introduced
and speci�c requirements of coherent beam combining architectures are outlined. The state of the art
of coherently combined semiconductor emitters is summarized. From that, conclusions for the design
of a simple and robust architecture relying on a limited number of high-power high-brightness semi-
conductor emitters, in this case so-called tapered ampli�ers, are made and the underlying experimental
strategy of this work is de�ned.

Chapter II covers a detailed investigation of different designs of high-power high-brightness semi-
conductor emitters. The experimental investigations target to identify the best device design for the use
in a coherent beam combining setup. Factors in�uencing the spatial properties of the laser beams and
therefore in�uencing the brightness of the beams are investigated in detail.

Chapter III covers the basic experimental principles of coherent beam combining in the setups
studied in this work. Coherent beam combining experiments in continuous wave operation are sum-
marized and the effect of the used emitter design on power, ef�ciency and brightness of the whole
setup are discussed. The usefulness of coherent beam combining for nonlinear frequency conversion
is demonstrated. Furthermore, experimental challenges and problems concerning the stability and the
ef�ciency of the experimental setup are pointed out and approaches to overcome these limitations are
demonstrated. Finally the technical realization of a simple and modular experimental setup with excel-
lent long term stability is described and analyzed.

Chapter IV covers coherent beam combining experiments with pulsed semiconductor emitters.
The differences to operation in continuous wave operation are investigated. Coherent beam combining
in the long-pulse regime, with pulse duration in the millisecond regime (also called quasi-continuous-
wave operation) is demonstrated and compared to experiments described in chapter III. Additionally,
perspectives for coherent beam combining with shorter pulses are outlined.



Chapter I

Fundamentals

Objectifs

This chapter covers the fundamentals relevant for this work. The �rst part is devoted
to the basic principles of high brightness semiconductor lasers and ampli�ers. Different
architectures for high brightness diode lasers are discussed and compared regarding their
intrinsic limitations of power and spatial properties of the output beam. In the second part of
this chapter the basic principles of coherent beam combining (CBC) of semiconductor based
laser systems are introduced and the state of the art in this �eld of research is discussed.
The chapter ends with a description of the chosen strategy for brightness scaling in a simple
coherent beam combining architecture.
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10 Chapter I - FUNDAMENTALS

1 High brightness diode lasers

Semiconductor light sources provide the optical energy for many applications in industry and re-
search and bene�t from their elevated electrical-to-optical ef�ciency and their potential for low-cost
mass production, especially when compared to other sources of light. There are several types of semi-
conductor light sources to achieve high power1 emission, coherent or incoherent, at many different
wavelengths. Devices with coherent emission in the near infrared spectral region (NIR), especially
with wavelengths from 900 nm to 1100 nm, are in the focus of this work. Here, III-V compound semi-
conductor materials, such as GaAs, with a forward biased p-n junction are used as the light emitting
material. Such devices are fabricated by the growth of thin layers with slightly different characteristics
on a substrate. Semiconductor laser sources can be roughly be divided two categories shown in Fig. I.1
: (a) Devices where the light is emitted perpendicular to the p-n junction are so calledsurface-emitting
devices and (b) devices where the light is emitted parallel to the p-n junction are callededge-emitting
devices. Only (electrically-pumped) edge-emitting devices will be discussed in this manuscript as most
high-brightness semiconductor laser systems rely on them.

Figure I.1 – Simpli�ed schematic of (a) a surface emitting and (b) an edge emitting smiconductor
laser. HR: highly re�ective, PR: partially re�ective

Furthermore one can categorize coherent light sources in general in so-called laser-oscillators(usu-
ally short: lasers), where the coherent light is oscillating in a cavity containing the gain medium, and
so-called laser-ampli�ers (usually short: ampli�ers), where the gain medium is used in single or mul-
tiple passes for the ampli�cation of a low-power coherent seed signal. See Fig. I.2. Both oscillators
and ampli�ers will be discussed in this work, a large part is of this work is however dedicated to am-
pli�ers. Note that the device architecture of semiconductor lasers and ampli�ers is very similar, the
only difference is that a semiconductor laser has dielectric mirror coatings with a higher re�ectivity or
integrated grating re�ectors.

The device architecture of edge emitting laser and ampli�ers consists of a vertical structure that
is con�ning the �eld perpendicular to the active region of the device and a lateral structure con�ning
both the �eld and the electronic carriers in a de�ned region parallel to the active layer [Epperlein 13a].
There are numerous degrees of freedom regarding the device design, such as the lateral dimensions of
the waveguide, that in�uence the performance of the laser or ampli�er regarding the achievable output
power, the electrical-to-optical ef�ciency (also called PCE for power-conversion-ef�ciency and de�ned
as� e = PCE = optical output power / electrical power) and the beam quality. Unfortunately, there is
no design that is optimal for all of these three aspects. For example, material damage thresholds of the
facets limit the achievable output power. If one increases the dimensions of the waveguide to reduce the

1Emitters with� 1 W optical power are considered as high-power devices in this work.
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Figure I.2 – Simpli�ed schematic of (a) a laser-oscillator and (b) a laser-ampli�er. HR: highly re�ec-
tive, PR: partially re�ective, AR: anti-re�ection coating.

facet load in order to achieve higher powers, one degrades at the same time the achievable beam quality
as the waveguide may guide higher order modes. The design of the actual device is therefore always
a compromise between the limitations regarding output power, ef�ciency and beam quality. The most
common architectures for high-power single emitters will be discussed in the following sections. A
short introduction regarding the spatial properties, beam quality and brightness of laser beams is given
in the paragraph below.

1.1 Spatial properties of laser beams

Laser beams have very distinct spatial properties that can be well described by using the theoretical
model of theGaussian beam, which describes the two dimensional electrical �eld propagating along
the optical axis z as [Saleh 19]

E(x; y; z) = E0
w0

w(z)
exp

�
�

x2 + y2

w(z)2

�
exp

 

� i
�

kz + k
x2 + y2

2R(z)
�  (z)

�
!

: (I.1)

WhereE0 is the maximum �eld amplitude in the center of the focus plane,w is the beam radius1,
w0 the minimum radius or waist,k = 2 �=� is the wavenumber with the wavelength� andR(z) is
the radius of curvature of the wavefront. The Gouy Phase (z) is also included for completeness but
will be of no further interest in this work. A schematic of the spatial properties of such a Gaussian
beam is shown in Fig. I.3. The beam radius is changing during propagation along the optical axis z
by w(z) = w0

p
(1 + ( z=zr )2). The Rayleigh length is de�ned aszr = ( �w 2

0)=� and stands for the
distance from the waist-plane to the plane where the beam radius has increased by a factor of

p
2. The

spatial evolution of the beam radiusw(z) approaches the linear relationw(z) � w0
z
zr

whenz � zr .
The divergence is consequently de�ned as� = w0=zr . The beam parameter product is de�ned as
BPP = w0� and is equal to�=� for an ideal Gaussian beam. This work discusses mostly laser in the
near infrared at a wavelength of about1 � m, theBPP of a diffraction limited beam is 0.3 mm� mrad
at this wavelength.

Such ideal propagation parameters are approximately achieved with purely single mode low power
diode laser and ampli�ers. The beams of high power high brightness lasers and ampli�ers, such as
tapered lasers, are however not ideally Gaussian. Their complex �elds can be decomposed onto the
orthogonal base of the Hermite-Gaussian modes. Any power content in higher order modes leads to

1This speci�es the so-called1=e2 beam radius, which is the distance from the optical axis to the point where the intensity
has decreased to 13.5% of its maximum value.
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Figure I.3 – Simpli�ed schematic of a Gaussian beam propagating along the optical axis z.

an increased BPP. The so-calledbeam propagation factoris de�ned asM 2 = ( BPP � � )=� and is
a frequently used parameter to compare the beam propagation properties of laser beams (which have
M 2 � 1) to the ideal Gaussian beam (which hasM 2 = 1 ). Note that the beams from semiconductor
lasers and ampli�ers are (mostly) not circular and have different spatial properties in the transverse
directions (x,y). The beam pro�le in vertical direction (perpendicular to the active layers) is more often
than not close to a diffraction limited Gaussian beam. The beam quality in lateral direction (parallel
to the active layers) depends on the lateral device structure and can be far from a diffraction limited
ideal Gaussian beam in many con�gurations (see following sections). At the output of the device, the
beam is usually diverging faster in vertical direction (therefore also calledfastaxis, FA) than in lateral
direction (slow axis, SA).

The term brightness is usually used as a synonym for the radiance of a laser beam which is de�ned
as the power divided by the product of the mode area at waist and the solid angle in the far �eld
[Shukla 15]. The brightness can be written as

B =
P

�w 2
0 � � � 2 =

P
� 2 � BPPx � BPPy

=
P

� 2 � M 2
x M 2

y
; (I.2)

where M 2
x;y are the beam propagation factors in x and y direction respectively. To give an ex-

ample, the brightness of an ideal Gaussian beam with 1 W optical power and1� m wavelength is
100 MW cm� 2 sr� 1.

1.2 Common architectures for high brightness edge emitting laser diodes

The light propagates parallel to the wafer substrate in edge emitting laser diodes and ampli�ers. The
lateral structure, which is con�ning the optical �eld and the carriers, can be roughly classi�ed in three
categories shown in simpli�ed form in Fig I.4: (narrow-stripe)single mode ridge waveguideemitters,
broad-area emitters andtapered emitters. The basic principles of these devices and the current state
of the art for such devices are summarized in the following subsections with a focus on tapered lasers
and ampli�ers as these devices are used in this work. A compact summary and comparison of the
different devices discussed in the following subsections is given at the end of the section in Table I.1
on page on page 18.

1.2.1 Single mode ridge waveguide lasers and ampli�ers

Conventional single mode ridge waveguide lasers (RWL) and ampli�ers consist of a narrow (typ-
ically 4 � m or less in lateral direction an about2 � m in vertical direction) index-guided single
mode waveguide. Power scaling of such devices is limited by power and beam steering instabilities
[Achtenhagen 06] at high bias and �nally by catastrophic optical damage (COD), induced by highly
localized heating at the facets or in the bulk waveguide [Tomm 11]. Device designs for high power
operation of single mode ridge waveguide emitters target therefore an increased mode size in lateral
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Figure I.4 – Simpli�ed schematics (top view) of common lateral architectures for high brightness edge
emitting laser diodes: (a) narrow stripe single mode ridge waveguide device, (b) broad area device, (c)
tapered device consisting of a narrow stripe ridge waveguide followed by a tapered section. All three
con�gurations exist both as lasers and ampli�ers. For a laser, the coating R1 is usually a HR-coating
or a highly re�ective DBR-grating and the coating R2 a low (typically around 1%) re�ectivity coating.
High quality AR coatings with a nominal re�ectivity in the order of 0.01% are used for R1 and R2 if
the device is used as an ampli�er.

and vertical direction, which has been achieved by a variety of different strategies [Epperlein 13b].
High power (> 1 W) operation has been demonstrated withslab coupledoptical waveguidelasers and
ampli�ers (SCOWL andSCOWA) [Huang 03] that bene�t from an almost circular mode with a diam-
eter of typically4 � m. Similar power levels have been achieved by increasing the mode size in vertical
direction with a so-calledsuper largeoptical cavity (SLOC) and in lateral direction with a slightly
wider wx > (5� m) leaky ridge waveguide [Wenzel 08]. A schematic cross-sectional view of such a
device is shown in Fig I.5 (a). The beam quality of such devices is usually diffraction limited (M 2

x � 1)
at 1 W optical power and is only slightly degraded in horizontal at the maximum power of 1.5 - 2 W
(M 2

x � 1:3) as can bee seen from the beam pro�les given in Fig. I.5 (b) and (c). The beam propagation
factor in vertical direction is close to unity for all power levels (M 2

y � 1:1). The PCE is below 50%
at low bias and typically below 40% at high bias. The brightness reached with the two types of high
power ridge waveguide lasers and ampli�ers discussed above is in the order of 80 MW cm� 2 sr� 1 (cf.
Table I.1).

Figure I.5 – (a) Schematic cross-sectional view of a high power RW laser with a SLOC and a leaky
ridge waveguide. (b) Near �eld and (c) far �eld intensity pro�les for such a device with5� m wide
ridge waveguide at 1.5 W optical output power. Taken from [Wenzel 08].

The recent development of so-called broad-ridge waveguide lasers [Wilkens 18], with an up to
wx = 15 � m wide ridge waveguide, enable a signi�cantly increased electrical-to-optical ef�ciency
(� e > 60% at 1 W single mode operation). The main challenge is however the onset of lasing of
higher order modes at high bias. Very recently, single mode operation at 2.5 W (� e > 55%) has been
achieved by implementing a transverse mode �lter into the15 � m wide ridge waveguide [Wilkens 19],
corresponding to more than 200 MW cm� 2 sr� 1. The extremely high ef�ciency (PCE= 67% at 1 W)
is promising for potential future applications in high-brightness direct diode laser systems, where the
ef�ciency is one of the most important criteria.
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1.2.2 Broad area lasers and ampli�ers

Broadarealasers (BAL ) and ampli�ers consist of a signi�cantly larger (typically in the range of90� m)
waveguide in lateral direction. The large number of modes guided in the multimode waveguide, allows
to extract the energy more ef�ciently and makes high power near infrared broad area lasers the most
ef�cient laser sources. Electrical-to-optical ef�ciencies as high as 85% at� 50� C heatsink temperature
and 76% percent at10� C have been reported at moderate power levels in the range of a few watts
[Crump 06]. Broad area lasers can however reach much higher output powers (> 10 W) at the cost of a
reduced ef�ciency at high powers. Recent improvements in device design enabled however operation
at 14.5 W with� e > 60%at25� C heatsink temperature and more than 21 W with� e > 60%at� 50� C
[Crump 12].

While conventional broad area lasers have an about 90� m wide lateral waveguide, there are also
con�gurations where narrower waveguides are used. The brightest among these are devices with an
about30� m wide lateral waveguide, so-callednarrow stripebroadarealasers (NBAL) [Decker 14].
The narrow waveguide leads to an approximately two-fold improvement of the beam quality. These
emitters reach output powers >6 W at a BPPx of 1.8 mm-mrad in lateral direction. This corresponds to
a brightness in the order of 125 MWcm� 2sr� 1 and exceeds the brightness of conventional single-mode
ridge waveguide lasers (cf. Table I.1.). The drawback however is the PCE, which is with approximately
40% not as high as for conventional broad area lasers.

Broad area ampli�ers are less common than single mode ampli�ers but do exist (e.g.
[Goldberg 92]). Tapered ampli�ers are however today the preferred alternative. But it is still quite
common to use broad area emitters in a so-called V-shape con�guration, shown in Fig I.6, as the am-
plifying medium for external cavity setups. The lateral structure of the broad area emitter is however
not used as a waveguide in such con�gurations but only as the amplifying medium for an injected (in
most cases single mode) seed beam. Some work on coherent beam combining of diode lasers and
ampli�ers relies on broad area emitters used in such V-shape con�gurations [Liu 08, Liu 10].

Figure I.6 – simpli�ed schematic of a broad area emitter used in a V-shape con�guration. The (in most
cases single mode) beam is not guided by the lateral structure of the device.

1.2.3 Tapered lasers and ampli�ers

Tapered lasers have, in contrast to single mode ridge waveguide and broad area lasers, at least two
monolithically integrated sections with different properties. A simpli�ed schematic of a tapered
laser/ampli�er is shown in Fig. I.7. The ridge waveguide (RW) is an index-guided narrow stripe
single mode waveguide. The widthw1 of the RW is usually in the range from 2 to5� m and usually
1 to 2 mm long. The tapered section (also �ared section) is usually a gain-guided section with no ad-
ditional index waveguide. The tapered section has a full angle� T P of usually around 6 °and is a few
millimeters long. The �eld is con�ned in the vertical waveguide (FA) in the whole device but diverges
in lateral direction (SA) in the tapered section. This leads to a signi�cantly larger aperturew2 in SA
at the front facet, which dramatically reduces the facet load and enables high power operation without
catastrophic optical damage of the output facet.
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Figure I.7 – Simpli�ed schematic of a tapered laser/ampli�er. The electric contact is shown in dark
gray. RW: ridge waveguide; TP: tapered section; QW: quantum-wells;w1: width of ridge waveguide;
w2: maximum width of tapered section;� T P : full taper angle.

The �rst tapered ampli�ers were demonstrated in the early 90s [Bendelli 91]. The initial motivation
was to develop semiconductor laser traveling wave ampli�ers that require lower seed power levels
compared to broad area traveling wave ampli�ers [Goldberg 92]. Index-guided exponentially tapered,
trumpet-like, sections were used in the �rst designs. The index-guided exponentially tapered section
was soon abandoned and replaced by gain-guided linear tapered sections [Walpole 92]. Since then,
high brightness tapered lasers and ampli�ers have been developed over a wide coverage of different
wavelengths and the performance has dramatically increased over the last 25 years. Today, tapered
lasers and ampli�ers are by far the brightest semiconductor lasers and ampli�ers and are the workhorse
for many applications requiring high brightness, such as nonlinear frequency conversion [Sumpf 18].
The challenges of tapered lasers are however to maintain good beam quality at high powers. In fact,
the output beam of tapered lasers is slightly multimode. Only 60-80% of the power are considered to
be in the fundamental mode (also referred as the central lobe) and the rest of the power is distributed in
higher order modes (also referred as higher angle side lobes). This leads consequently to a signi�cantly
increasedM 2 beam propagation parameter (usually in the range of 4 to 15). Furthermore, the power
conversion ef�ciency is in the range of 30-45% at high powers and is signi�cantly lower than for state
of the art broad area lasers. More typical aspects of tapered lasers and ampli�ers will be discussed in
chapter 2.

The most common con�gurations of devices relying on the basic principles discussed above are
summarized in Fig. I.8. Devices with the tapered section as part of the cavity are shown in the upper
row (a)-(c) and are usually referred as tapered lasers. In ampli�er con�gurations, shown in the second
row (d)-(f), the tapered section is not part of the cavity and is used as a single pass ampli�er only.
The simplest concept are conventionaltaperedlasers (TPL), as shown in Fig. I.8 (a). TPLs have
a standard Fabry-Perot type cavity. Drawbacks of such devices are however the unstable spectrum
and the poor beam quality at high bias [Lim 14]. Tapered lasers which are spectrally stabilized by a
distributed Bragg re�ector (DBR-TPL, Fig. I.8 (b)) maintain better beam quality at higher powers.
Here, oscillation of higher order modes is at least partially suppressed by AR coatings at the rear facet.
More than 5 W output power with 60-70% diffraction limited power content have been reported at
many different wavelengths [Sumpf 18]. Particular high powers were so far achieved for wavelengths
around 980 nm, which is also the wavelength range of the coherent beam combining experiments
described in this manuscript. The electro-optic characteristics of a cutting edge 12 W DBR-TPL at
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980 nm is shown in Fig. I.9 (a). The slow axis beam pro�les at waist are shown in Fig. I.9 (b) and are
typical for high-brightness tapered lasers.

Figure I.8 – common con�guration of tapered lasers and ampli�ers. HR: high re�ectivity coating, LR:
low re�ectivity coating; AR: anti re�ection coating; DBR: distributed Bragg re�ector.

Some tapered lasers make use of a bowtie-like structure by including a small additional tapered
section at the rear facets. Record central lobe powers > 10 W were recently demonstrated by Müller et
al. in a Bowtie-DBR-TPL con�guration [Müller 17]. This device con�guration enables an extremely
high brightness of about 950 MWcm� 2sr� 1, which is roughly 10 times brighter than conventional
single mode ridge waveguide lasers or conventional broad area lasers.

Figure I.9 – (a) CW power-voltage-current characteristics of a 6 mm long DBR-TPL. (b) SA beam
waist pro�les for three different output powers. Taken from [Fiebig 08].

The conventionaltaperedampli�er ( TPA) is in principle similar to a conventional TPL but with
AR coatings on both facets (see �gure I.8 (d)). TPAs are most commonly used in single pass master
oscillator power ampli�er (MOPA) con�guration, where the signal from a low power master oscillator
is coupled into the RW. The RW acts as a mode �lter and preampli�er for the large tapered section.
TPAs are the standard concept for watt-level ampli�cation of very-narrow line-width extended cavity
laser diodes required for many applications in the �eld of quantum technology [Toptica 19]. Monolithic
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TPAs carry the master oscillator directly on the chip [Welch 92]. The MO is usually realized in the
form of stabilized cavity between two DBR gratings in the RW, as shown in �gure I.8 (e). The tapered
section is then used as a single pass ampli�er. This concept enables more compact setups in comparison
to conventional MOPA con�gurations. Power scaling is however limited by the onset of multi- cavity
operation at high bias [Zink 19]. So-calledtruncatedtaperedampli�ers (T-TPA) do not have a single-
mode ridge waveguide and in contrast to all other con�gurations only one section as shown in �gure
I.8 (f). These devices can deliver up to 17 W of diffraction limited power inquasicontinuouswave
(QCW) operation1 and are with up to 1800 MWcm� 2sr� 1 by far the brightest emitters available (cf.
Table I.1).

1QCW operation speci�es the pulsed operation of the devices. The pulse durations are in the millisecond range (0.1 -
10 ms) and the duty cycle (ratio of pulse duration over pulse period) is low (0.1 - 10%). The low duty cycle allows to test the
devices at high bias as the thermal load in the device is dramatically reduced.
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1.2.4 Summary and conclusion

The state of the art of high power single emitter semiconductor lasers and ampli�ers given in the
previous subsection is summarized in Table I.1 with additional information. The comparison of the
different speci�cations leads to the following conclusions:

� Broad area lasers are by far the most powerful and most ef�cient emitters. The high beam
parameter product leads however to brightness levels in the range of 70-80 MWcm� 2sr� 1 and
only narrow stripe broad area lasers can provide more than 100 MWcm� 2sr� 1 per emitter.

� Single mode ridge waveguide lasers have by far the best beam quality and are the only emitters
that can provide diffraction limited beam quality. The power and ef�ciency is however limited.
The brightness of conventional designs is the range of 80 MWcm� 2sr� 1 Recent developments
of ridge waveguide lasers with a15� m wide ridge waveguide enable more than 2 W with PCE
> 60% and more than 200 MWcm� 2sr� 1 for the �rst time.

� Tapered lasers and ampli�ers are by far the brightest emitters with up to 900 MWcm� 2sr� 1 in
CW and up to 1800 MWcm� 2sr� 1 in QCW. The power conversion ef�ciency is however signif-
icantly lower than for state of the art broad area lasers.

In other words, the ideal device ful�lling all three �gures of merit (high power, diffraction limited
beam quality, excellent power conversion ef�ciency) does not exist yet. Devices from each group
(single mode ridge waveguide lasers, broad area lasers and tapered lasers) roughly ful�ll only two of
the three factors (see Fig. I.10).

Figure I.10 – Simpli�ed classi�cation of the different single emitter concepts
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1.3 Packaging of high power diode lasers

The packaging and cooling of the emitters is an essential parameter for the development of high bright-
ness lasers sources. Semiconductor lasers and ampli�ers are relatively ef�cient light sources especially
when compared to other laser sources, but the heat load is concentrated in a highly con�ned area. Ef-
�cient heat extraction is essential to maintain a low temperature of the active zone, which is important
for ef�cient and stable operation at high powers. The basic principles of the packaging and cooling of
high power diode lasers are thoroughly described in [Loosen 00] and only some speci�c points relevant
for this work are brie�y mentioned below:

� Semiconductor lasers and ampli�ers can be packaged as single emitters (one heatsink per emit-
ter) or bars (10 or more emitters share a common substrate and heatsink). Bars with only few
emitters (typically about 5 emitters) are usually referred as minibars. The heat extraction in sin-
gle emitter based systems is usually more ef�cient and a low temperature in the active zone can
be maintained at higher bias when compared to operation in a bar con�guration.

� The carrier of the laser chip is usually made from an expansion matched material, such as CuW,
AlN or diamond, to avoid temperature dependent mechanical stress and strain.

� There are different types of heat-sinks for single emitter lasers and ampli�ers. The so-called c-
mount is one of the most common mounts. C-mounts are small copper heat-sinks that carry the
emitter without any protection for the emitter and the wire bonds. C-mounts are very compact
heat-sinks and are the standard solution for systems where other optical components are located
very closely to the emitter. The volume of the heatsink is however limited, which makes ef�cient
heat-extraction at high powers challenging. An active temperature control with a Peltier-element
is usually required.

� The emitters can be mounted with the epitaxial layers facing up (epi-side up) or facing the
heatsink (epi-side down) as shown in Fig. I.11. Heat extraction is usually more ef�cient for
mounting in epi-side down con�guration as the thermal resistance of the substrate can be elim-
inated [Liu 04]. High power NIR diode lasers are most commonly grown on n-type doped sub-
strates. It is therefore common to specify the orientation of the epi-layer asp-side up/down.

Figure I.11 – Schematic cross sectional view of (a) epi-side up and (b) epi-side down mounting.
Approximate heat �ow in orange.

.
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1.4 Applications of high power edge-emitting diode lasers

Laser diodes are used as an ef�cient source of optical power in many industrial applications. Many
applications require high power that can only by achieved by combining several diode lasers (the ap-
proaches for beam combining are discussed in section 2). One categorizes indirect and direct industrial
applications.

Indirect applications The optical power from diode lasers is used indirectly for pumping of other
lasers sources, especially for solid-state-lasers (bulk crystal gain media and glass �ber gain media).
Single emitters are used when comparably low pump powers are required, incoherently combined
emitters are needed for high power pump modules. Broad area lasers are most commonly used for
commercially available pump sources.

Direct applications The optical power from diode lasers is used in many industrial applications in
the �eld of material processing. Comparably low levels of brightness are suf�cient for simple appli-
cations like laser-heating of laser-hardening. High(er) brightness is required for sheet metal cutting,
laser-welding, laser-brazing and additive manufacturing based on selective laser melting. Power and
brightness levels far beyond the performance of single emitters (cf. Table I.1) are necessary. This is
achieved by spectral beam combining architectures (cf. section 2). Broad area emitters are used for
direct applications, as the power conversion ef�ciency of the emitters is a very important factor for the
overall cost of the material processing.

Even though tapered lasers reach signi�cantly higher brightness than broad area lasers, they play
a minor role in the applications listed above. There are however an important niche-product for a few
applications discussed below, where the power conversion ef�ciency is less important.

1.4.1 Applications of tapered lasers and ampli�ers

Tapered lasers and ampli�ers are the workhorse for many applications requiring high power and high
beam quality from a single emitter. These applications include but are not limited to:

Atom cooling, atom interferometry and quantum technology Tapered ampli�ers are used to am-
plify low-power narrow bandwidth signals from extended cavity diode lasers for atom cooling (e.g. for
Potassium or Rubidium atom-physics experiments [Goldwin 02, Nyman 06]). Commercial modules
of tapered ampli�ers designed for such laboratory scale experiments are available [Toptica 19]. The
high power from single ampli�er enabled the design of ultra-compact modules for atom interferometry
experiments on a sounding rocket [Schkolnik 16, Becker 18].

Atmospheric lidar Pulsed tapered ampli�ers are used in compact atmospheric micro-pulse differ-
ential absorption lidars for the ampli�cation of low-power signals from extended cavity diode lasers.
Especially wavelengths around 830 nm are used for water vapor and aerosol pro�ling in the tropo-
sphere [Nehrir 11, Nehrir 12].

Tapered lasers and ampli�ers are in many cases cited above the only technology that can enable the
required optical output power. An increase in the power, e.g. by the use of coherent beam combining
architectures discussed in this work, may improve the performance in those �elds in the future and
may lead to new developments of applications requiring even higher power. The applications listed
above use the light of tapered diode lasers at the emission wavelength directly. In many other cases
however, it is necessary to use nonlinear frequency conversion to reach the desired wavelength. The
role of tapered lasers and ampli�ers in frequency converted semiconductor laser systems is discussed
in the following subsection.
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1.4.2 Visible laser sources based on frequency converted tapered lasers and ampli�ers

High power high brightness visible laser sources are required for biomedical applications [Müller 13].
Semiconductor lasers emitting directly in the visible spectral range (VIS) are however not as bright
as in the NIR. Furthermore, some wavelengths, e.g. in the yellow spectral range, are not directly ac-
cessible with semiconductor laser sources. Nonlinear frequency conversion, such as second harmonic
generation (SHG) of high brightness NIR semiconductor laser sources is one standard approach for the
development of high power visible laser sources. The textbook of Boyd is recommended for a complete
overview of the underlying theory and principles of nonlinear frequency conversion [Boyd 03]. One
main challenge is to achieve high conversion ef�ciencies, as the intensity of CW (or QCW) semicon-
ductor lasers is not as high as in short-pulse solid-state lasers. Therefore, a high conversion ef�ciency
with CW semiconductor lasers requires the use of long nonlinear crystals. This however requires a
high beam quality and a high spectral purity of the used NIR pump laser, as the wavelength acceptance
bandwidth scales inversely proportional to the crystal length (� � / L � 1). Quasi-phase matching in
a periodically poled (PP) nonlinear crystal is the standard concept for nonlinear frequency conversion
of semiconductor lasers. Periodically poled lithium niobate (PPLN) is often used, the high nonlin-
earity (d33 = 28:4 pm/V) enables conversion ef�ciencies up to 3.4%W� 1 cm� 1 [Jechow 10]. The
wavelength acceptance bandwidth of PPLN is in the order of 150 pm cm, meaning that the use of a 6
cm long PPLN bulk crystal requires an optical spectrum with� � F W HM < 25 pm corresponding to
� � F W HM < 7:5 GHz (for � = 1 � m).

Tapered lasers and ampli�ers are the preferred NIR pump source as they are by far the brightest
emitters available. Typical setups for SHG of tapered lasers and ampli�ers are shown in Fig. I.12.

Figure I.12 – Simpli�ed schematic of standard experimental setups for SHG of semiconductor lasers
and ampli�ers. (a) The NIR pump source is either a TPA in a MOPA setup, cf. (a.1) or a DBR-TPL.
(b) The frequency conversion stage is either realized as a resonant ring-cavity, cf. (b.1) or a single pass
setup, cf. (b.2).

The NIR pump source is either realized in a MOPA con�guration or using a frequency stabilized
DBR-TPL directly. The spectral purity in a MOPA con�guration is essentially determined by the
used MO: an ultra narrow spectrum can be achieved with extended cavity diode lasers (� � F W HM <
100 kHz for 5 � s) and the use of low power DFB lasers leads to a spectral width in the MHz range
(� � F W HM < 10 MHz for 5 � s). A similar line-width can be reached with high power DBR-TPLs.
There are however no rigorous measurements of the exact line-width at high powers published. The
published data relies on measurements with optical spectrum analyzers (OSA) and con�rms that the
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line-width is below� � F W HM < 5 pm, limited by the resolution of the OSA [Christensen 17]. Very
high conversion ef�ciencies can be achieved in SHG setups using a resonant ring cavity (cf. Fig. I.12
(b.1)), but they require a high spectral purity and are usually realized with NIR pump sources in a
MOPA setup. A more straightforward, but eventually less ef�cient, approach is a single pass SHG (cf.
Fig. I.12 (b.2)), where the spectral line-width of high-power DBR-TPLs are suf�cient.

Commercially available systems relying on a MOPA setup (MO: ECDL, PA: TPA) provide watt-
level output powers by SHG in a resonant cavity [Toptica 19]. A very narrow spectral line-width below
500 kHz can be achieved in such systems. The setup is however costly and bulky. Recently, ultra-
compact single pass SHG modules with 1.6 W output power at 576 nm have been developed by Sahm
et al. with a spectral line-width of a few MHz [Sahm 18]. The NIR pump source was a miniaturized
MOPA setup. The MO was a 1152 nm DBR-RW (100 mW output power) and was ampli�ed in a
high brightness tapered ampli�er (more than 9 W output power with 70% power content in the central
lobe). The second harmonic output power characteristics and the module are shown in Fig. I.13.
The maximum SHG output power was 1.6 W corresponding to a single pass conversion ef�ciency of
roughly 17%.

Figure I.13 – SH output power for different pump power levels. The inset shows the assembled
ultra-compact module in a butter�y package with a volume of (47 x 76 x 15)mm2 only. Taken from
[Sahm 18].

An even simpler approach is the SHG of DBR-TPLs, which provide a narrow line-width high power
output in a monolithic device. Up to 3.5 W SH power at 515 nm were achieved by Jensen et al. by
SHG of a single high power DBR-TPL in a cascade of two nonlinear crystals [Jensen 17] as shown
in Fig. I.14. The cascade of two crystals was used to avoid thermal effects in the nonlinear crystals
and to increase the overall conversion ef�ciency which was 38.5%. The overall electrical-to-optical
ef�ciency of the whole system was 7% and compares favorably to the ef�ciency of other laser sources
in this spectral range.

Strategies for further power scaling of visible laser sources based on SHG of tapered lasers and
ampli�ers are discussed in [Jensen 14]. The ultimate limitation is however the available brightness
from semiconductor based laser sources. It will be challenging to overcome the SH power barrier of
5 W using single emitters. The coherent beam combining architectures discussed in this manuscript
are one potential pathway for future improvements in the �eld of high brightness visible laser sources
and can potentially enable much higher output powers in the visible spectral range.
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Figure I.14 – Sketch of the experimental setup for cascaded second harmonic generation of DBR-TPL.
Taken from [Jensen 17].
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2 Power and brightness scaling by beam combining techniques

Many technical applications require power and brightness levels that are not accessible with a single
laser source. Beam combining of several emitters is therefore the key approach to develop systems
with the required power and brightness levels. The most common approaches for beam combining
will be discussed in this section. The focus lies on coherent beam combining. The state of the art for
coherent beam combining of diode lasers is discussed and brie�y put in relation with coherent beam
combining of diode pumped solid state lasers.

2.1 Common beam combining techniques

Techniques used for combining N laser beams into one laser beam can be in principle divided into
three categories: (a) incoherent beam combining, (b) spectral beam combining and (c) coherent beam
combining. The basic principles of these three approaches are shown in �gure I.15.

Figure I.15 – Simpli�ed schematics of three common beam combining techniques: (a) incoherent
side by side addition of N laser beams, (b) spectral beam combining of N lasers beams with slightly
different wavelengths and (c) coherent beam combining of N coherent laser beams with stable phase
relationship.

.

(a) Incoherent beam combiningof N laser beams is probably the most straightforward concept as
it does not require a �xed relationship of the spectra and phases of the individual beams. N incoherent
beams with the radiusw1 at waist and the divergence� 1 are spatially stacked side by side leading to
an N fold increase in power of the total beam. The increase in power does however not lead to an
increase in brightness. Indeed the total emission radiuswbar is signi�cantly increased but the angular
divergence� bar remains similar to the divergence of a single element. The BPP of the combined beam
is therefore at least N times larger than for a single element and the brightness (cf. Eq. I.2), de�ned as
power over BPP, is in fact lower (or in the ideal case) equal to the brightness of a single emitter. The
most common methods for beam stacking and �ber coupling of diode laser bars are summarized in
[Brauch 00]. Most high power semiconductor laser systems that are extensively used for both indirect
(e.g. pumping of solid state lasers) and direct applications (e.g. low brightness material processing
such as laser hardening) rely on incoherent beam combining.

(b) Spectral beam combiningis the superposition of N laser beams with slightly different central
wavelengths into one beam. This leads to a combined beam with N fold increased power but with a
spectral width that is at least N times larger. The BPP of the �nal beam is equal or similar to the BPP
of a single emitter which leads in the ideal case to an N fold increase in brightness. Spectrally selective
components, such as diffraction gratings as shown in �gure I.15 (b) are used for beam superposition.
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Other spectrally selective components such as prisms or dichroic mirrors may also be used for spectral
beam superposition. Con�gurations where spectral distance in between the different laser lines is in the
range of a few tens of nanometers are usually considered as coarse wavelength multiplexing. A much
narrower line-width and high wavelength stability of the individual emitters is required in so called
dense wavelength division multiplexing con�gurations, where the laser lines are much closer to each
other. Spectral beam combining is today an important building block for high brightness diode laser
systems used for sheet metal cutting and other material processing application requiring a relatively
high level of brightness. Commercial products in the kW regime with extremely high brightness of
several GW cm� 2 sr� 1 are available [Fritsche 14].

(c) Coherent beam combiningis more demanding than the previously mentioned techniques as it
is based on constructive interference of N coherent and phase-locked electromagnetic �elds. It requires
identical spectral and spatial properties of each beam and a stable phase relationship [Fan 05]. The re-
sult is a single beam with N fold increased power that has the same spectral and spatial properties than
a single beam and is therefore N times brighter. The two key requirements for coherent beam combin-
ing, phase lockingandbeam superposition, will be discussed in the following subsections. Coherent
beam combining with diode lasers and ampli�ers is still an exploratory �eld of current research and
there are no commercial products available that make use of this technique. The state of the art of
coherent beam combining with semiconductor lasers and ampli�ers is summarized in section 2.5.
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2.2 Requirements for coherent beam combining: phase locking

The gain medium is split in N parallel, in principle independent, parts in all coherent beam combining
architectures. Some kind of electromagnetic signal has to be shared by the parallel emitters in order
to achieve coherent phase locked emission. There are two approaches1 to achieve phase-locking: (a)
self-organization in anextended cavityor (b) theparallel MOPA con�guration. The basic principles
of these two approaches are shown in Figure I.16 .

Figure I.16 – Simpli�ed schematic of two approaches for phase-locking in coherent beam combining
architectures: (a) extended cavity con�guration and (b) parallel MOPA con�guration.

(a) The emitters are placed in a common extended cavity between two re�ective elements R1 and
R2. The role of the cavity is to ensure that the individual emitters share their emission and operate
on one common so-called supermode. The modal theory of this approach is thoroughly summarized
in [Khajavikhan 13]. Both external cavities based on beam superposition and parallel coupled cavities
using some kind of spatial or angular �ltering exist. Different concepts for fully self-organized external
cavities and external cavities requiring some kind of active control have been extensively studied for
coherent beam combining of diode lasers. The most signi�cant work is summarized to a large part
in [Schimmel 16, Lucas-Leclin 19]. The key challenge of this approach is to suppress individual and
therefore incoherent operation of the different elements.

(b) The emitters are used as individual ampli�ers in the parallel MOPA con�guration resulting in an
interferometer setup. The beam from a stable master oscillator (MO) is split in N parts using some
kind of beam splitters and injected into the ampli�ers. Hence, the ampli�ed beams are automatically
coherent to each other. However, they may have a time dependent phase mismatch� ' (t) 6= 0 due to
thermal and acoustic noise. Active phase control in each arm is therefore necessary to ensure phase-
locked coherent emission. The parallel MOPA approach is nevertheless a very straightforward concept
and well suited for high power operation. In fact, incoherent self lasing can be omitted by high quality
AR coatings on the emitters. The differences in the optical path lengths should be signi�cantly smaller
than the coherence length of the MO to ensure stable operation. A narrow line-width MO with a
high coherence length, e.g a DFB or an ECDL, are commonly used for coherent beam combining of
semiconductor ampli�ers in parallel MOPA setups.

Active phase control is necessary in most coherent beam combining setups to compensate for acous-
tic and thermal noise. The phase is controlled by some kind of adjustment of the optical path length in
each arm. In setups using semiconductor lasers or ampli�ers, this is most commonly done by variations

1One may also mention coupling via evanescent or leaky waves as a third approach, but this approach has little relevance
for high power operation as the mutual coherence is usually not maintained at high bias [Botez 91]
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of the current into the devices. This may however be unpractical in some cases and an external phase
modulator has to be used (which is also the case for coherent beam combining of �ber lasers). The
common elements used for phase modulation are: piezo mechanic actuators, acousto-optic-modulators,
electro-optic-modulators and spatial light modulators [Fan 05, Brignon 13].

The common methods for active phase control include but are not limited to:

Hill climbing algorithms The phase offsets in each arm are varied so that the combined power,
measured at the output of the interferometer, is optimized. Hill climbing algorithms are straightfor-
ward to implement on embedded control units and require only a single detector. The simplest ap-
proach are sequential algorithms, but there are also more advanced hill climbing algorithms based on
so-called stochastic parallel gradient descent (SPGD) algorithms [Vorontsov 98]. The convergence
time increases linearly with N but is suf�cient to phase-lock hundreds of semiconductor ampli�ers
[Redmond 13].

Synchronous multi-dither This method is also referred as frequency-tagging (locking of optical
coherence via single-detector electronic-frequency tagging - LOCSET) and consists in modulating the
phase in each channel with a small dither at a proper frequency. The error signal for each channel can
be retrieved by applying appropriate rapid frequency demodulation techniques of the recorded signal.
Only one detector is necessary. This method was extensively investigated for coherent beam combining
of high power �ber lasers [Flores 13, Klenke 18]. The scalability is limited by the number of available
tagging frequencies but suf�cient for roughly 100 channels.

Optical-heterodyne detection A reference beam from the master oscillator is frequency shifted
with an acousto-optic modulator and interferes with a low-power sample of each beam in the interfer-
ometer. The beat notes are recorded with one photodiode per channel. The error signal for each arm
can be retrieved by signal processing of the recorded signals [Brignon 13]. The approach is highly
scalable but also complex and of limited interest for coherent beam combining architectures with a
limited number of channels.

Other techniques suitable for phase locking of a large number of channels are based on collective
spatial interferometric measurements on a camera [Heilmann 18] or so called phase intensity mapping
[Kabeya 15]. The choice of the elements and methods for the phase control is usually made after
a detailed analysis of the phase-noise spectrum of the ampli�ers. The bandwidth of the actuators
and the speed of the optimization algorithm should be high enough to ensure phase matching with
peak-to-valley �uctuations in the order of�= 30, which is regarded as a benchmark value for coherent
superposition (cf. section 2.4).
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2.3 Requirements for coherent beam combining: beam superposition

The coherent and phase locked beams have to be superposed in some way in order to interfere con-
structively. The different approaches can be classi�ed in two categories: (a) tiled aperture far �eld
superposition and (b) �lled aperture near �eld superposition. The basic principles for coherent super-
position of N coherent, phase locked and collimated beams are shown for both approaches in Fig. I.17.

Figure I.17 – Simpli�ed schematic for coherent beam superposition of an array of N coherent, phase
locked and collimated beams: (a) tiled aperture superposition (b.1/2) parallel/sequential �lled aperture
superposition.

(a) Coherenttiled aperture far �eld superposition is the simplest approach. The N coherent,
phase-locked and collimated beams with the diameterD = 2w are arranged in an equally spaced array
with the pitch p and form together a coherent near �eld. The combined beam can then be found in the
far �eld, for example in the focal plane of a lens. The far �eld has contrasted fringes with an angular
separation of�=p and its central lobe is considered as the combined beam1. The number of fringes
is related to the �ll factorFF = 2w=p. The achievable combining ef�ciency is equal to the relative
power content in the central lobe and is typically well below 100% for tiled aperture far �eld superpo-
sition. This approach has been mostly used for coherent beam combining closely-packed 2D �ber laser
arrays [Yu 06, Bourderionnet 11, Heilmann 18]. Far �eld superposition is less common for coherent
beam combining of semiconductor lasers and ampli�ers, as it is challenging to achieve high �ll factors
with such devices. The few existing demonstrations typically reach poor combining ef�ciencies well
below 10% only, as the far �eld consists of a high number of fringes [Redmond 11].

(b) Coherent�lled aperture near �eld superposition can be done in parallel or sequential con�g-
urations. Only one optical element, usually a diffractive optical element (DOE), is used in a parallel
con�guration. The maximum achievable combining ef�ciency is limited by the diffraction ef�ciency
of the used DOE (Leger et al. 1987). Sequential con�gurations make use of partially re�ective optical
elements as beam combiners. The combining ef�ciency can be theoretically 100%. Imperfections in
the spatial overlap of the beams lead however typically to minor combining losses at each step. The
simplest approach is a cascade of two-by-two beam superposition on non-polarizing 50:50 beam split-
ters (see Fig. I.17 (b.2)) and is particularly interesting for coherent superposition of a limited number
of high power channels [Müller 18]. Segmented mirror splitters with zones of different re�ectivity are

1The central lobe power content can be understood as a synonym for the combining ef�ciency in the context of tiled
aperture superposition. This is not the case in this work where the technical term "central lobe power content" is used as a
measure for the beam quality of slightly multimode beams.
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a more advanced approach for sequential �lled aperture superposition and are suitable for coherent
superposition of larger numbers of channels [Klenke 18].

2.4 Combining ef�ciency

The combining ef�ciency is the ratio of the useful power in the coherently combined beam over the sum
of the optical powers extracted from the emitters:� CBC = PCBC =(

P
Pi ). The achievable combining

ef�ciency is in�uenced by the spatial overlap of the incident complex �elds, besides other combining
losses inherent to the approach chosen for coherent superposition (e.g. losses related to a poor �ll
factor in tiled aperture superposition or related to the diffraction ef�ciency of the DOE in �lled aperture
superposition). It is suf�cient for the understanding of this work to express the combining ef�ciency for
a very simple case, which is the interference of two beams on a 50:50 beam combiner (�lled aperture
near �eld superposition). Some fundamental aspects of this case are discussed below.

The complex �eld of a laser beam

E j =
q

(I j (x; y)) � ei' j (x;y ) ; (I.3)

gets split in two parts of equal power on a 50:50 beam combiner. The transmitted part isE j;t = E j =
p

2

and the re�ected part isE j;r = iE j =
p

2 (phase shift ofei � �= 2 = i due to re�ection). Figure I.18 (a)
illustrates the interference of two coherent complex �elds on a 50:50 beam combiner. The �eldsE1

andE2 are similar, but not necessarily identical. The �elds interfere on both output paths of the 50:50
beam combiner and there is a�= 2 phase-shift in between them. For a certain phase relationship ofE1

andE2, one can achieve a mostly constructive interference in one pathway and a mostly destructive
interference in the other pathway. In terms of power this means that most of the power, see Fig. I.18
(b) is transmitted in one pathway (PCBC ) and a small part is transmitted in the other pathway (Losses).

Figure I.18 – Simpli�ed schematics of the interference of two coherent �elds on a 50:50 beam com-
biner. (a) expressed as complex �elds and (b) expressed in terms of optical power.
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The combining ef�ciency� CBC depends on the spatial overlap in amplitude and phase of the two
incident �elds and any spatial mismatch reduces the combining ef�ciency. Two exemplary cases are
illustrated in Fig. I.19 (a) and (b).

Figure I.19 – Simpli�ed schematic of the interference of two complex �elds on a 50:50 beam combiner.
Beam pro�les at waist are given in linear false color plots. (a) Interference of two identical Gaussian
beams. (b) Interference of two mismatched �elds: Beam 1 is an ideal Gaussian beam and beam 2 is
slightly multimode (90% power content in the fundamental mode).

(a) 100% combining ef�ciency can be achieved for the trivial case of two perfectly coherent andper-
fectly matched �elds (identical intensity pro�le, identical phase pro�le, identical power:E1(x; y) =
E2(x; y). All the power can be transferred to the output channel and the �elds in the loss channel
interfere completely destructively. The combined beam in the output channel and the input beams have
identical spatial properties (waist, divergence,M 2).

(b) The maximal achievable combining ef�ciency is below 100% for twomismatched �elds (differ-
ences in intensity and/or phase pro�les, power imbalances:E1(x; y) 6= E2(x; y). The interference in
the output channel can still be mainly constructive, but a small part of the power is always transferred
to the loss channel. The spatial properties of the combined beam can be different to both input beams.

There are many different types of spatial mismatch, such as mismatches in: spot size, spot position,
pointing, wavefronts, power or a different modal composition. The modal composition of the incident
beams is different in the example given in Fig. I.19 (b). Beam 1 is an ideal Gaussian beam and beam 2
is an equally powerful but slightly multimode beam (90% of power in the fundamental mode and 10%
of the power in higher order modes). The combined beam in the output channel is slightly multimode
with a strong fundamental mode power content. The rejected beam in loss channel is highly multimode
with almost no power content in the central lobe. This example results in a combining ef�ciency of
95%. These observations can be understood as a mode �lter effect (spatial beam cleanup). In fact, the
fundamental modes of both beams can interfere ef�ciently as they have an ideal spatial overlap. The
higher order modes of beam 2 have however no counterpart in beam 1 and are therefore split in equal
parts at the beamsplitter.

The maximal achievable combining ef�ciency for two coherent �elds with any arbitrary kind of
mismatch can be expressed with two simple equations. One can write, for the interference of two
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�elds, the local combining ef�ciency as [Goodno 10]

� 0(x; y) =
1
2

�
j
p

I 1(x; y) � ei' 1 (x;y ) �
p

I 2(x; y) � ei' 2 (x;y ) j2

j
p

I 1(x; y) � ei' ( x;y ) j2 + j
p

I 2(x; y) � ei' 2 (x;y ) j2
; (I.4)

whereI 1;2(x; y) and' 1;2(x; y) are the intensity and phase pro�les of the two incident complex �elds.
Any kind of mismatch in amplitude and phase at any position (x,y) reduces the local combining ef�-
ciency at this point. The total combining ef�ciency� CBC can then be written as an intensity-weighted
average of� 0(x; y) over the combining aperture

� CBC =

RR
� 0(x; y)[I 1(x; y) + I 2(x; y)]dxdy
RR

[I 1(x; y) + I 2(x; y)]dxdy
: (I.5)

It is worth mentioning that the combining ef�ciency is relatively insensitive to power imbalances in the
incident beams. The combining ef�ciency of two beams withI 1(x; y) = 2 � I 2(x; y) and perfectly
matched phase pro�les can still be as high as 97%. Different types of spatial mismatch, shown in Fig.
I.20, were investigated in order to determine the necessary precision to achieve� CBC � 99% for the
coherent superposition of two coherent beams:

Figure I.20 – Simpli�ed schematics of 6 different types of spatial mismatches.

(a) Mismatched spot positionsof � x � 0:14� w0,
(b) mismatched spot sizesof w0;2 � 1:22� w0;1,
(c) power mismatchesof P2 � 1:5 � P1,
(d) mismatched piston phasesof � ' � 0:2 rad,
(e) mismatched pointingof � � 0:2 � � ,
(f) mismatched fociwith a distance of� z � 0:34� zr ,

with Pi the optical power per beam,w0;i the beam radius at waist,� the divergence angle andzr

the Rayleigh-length.
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2.5 State of the art of coherent beam combining with semiconductor lasers and ampli-
�ers

Coherent beam combining is not limited to edge emitting semiconductor lasers. It has also been demon-
strated with other types of lasers relying on semiconductor gain media, such as VCSELS [Sanders 94],
quantum-cascade-lasers [Zhou 19] and photonic crystal lasers [Zhu 17]. Of course, it has also been
excessively studied with different types of solid-state lasers, see the textbook edited by Brignon for a
broad overview [Brignon 13]. Some light is shed below on a few examples of work on coherent beam
combining with edge emitting semiconductor lasers and ampli�ers, that is the most relevant for the
context of this manuscript.

Coherent beam combining with edge-emitting semiconductor lasers and ampli�ers has been demon-
strated in many con�gurations using all different types of emitters introduced before (single mode ridge
waveguide lasers and ampli�ers, broad area lasers and ampli�ers1, tapered lasers and ampli�ers). Both
external cavity and parallel MOPA con�gurations have been demonstrated. Coherent superposition was
demonstrated in the far �eld and in the near-�eld. A review of the most relevant work can be found in
[Lucas-Leclin 19]. The most successful and most promising demonstrations are brie�y summarized in
the following subsections.

2.5.1 Coherent beam combining of 47 slab coupled optical waveguide ampli�ers

The work summarized below was part of a series of studies performed at MIT Lincoln Labora-
tory (Boston, MA, USA) on coherent beam combining of slab coupled optical waveguide ampli�ers
(SCOWAs). The SCOW concept [Walpole 02, Huang 03] (cf. section 1.2.1) is particularly well suited
for coherent beam combining architectures as the optical mode is comparably large, nearly circular
and nearly diffraction limited in both axis. The experimental setup of the most successful experimental
demonstration of coherent beam combining of SCOWAs is shown in Fig. I.21. The MO, a 1064 nm
DFB laser diode, was pre-ampli�ed in an ytterbium-doped �ber ampli�er (YDFA). The seed beam was
split using a series of one 1! 6 �ber splitter and six 1! 8 beam and injected into a 1x47 SCOWA array.
Each element of the array was individually addressable. The 47 beams were superposed in a �lled
aperture approach on one high ef�ciency DOE. Phase locking was achieved by adjusting the current
into the ampli�ers. The phase matching method was based on a SPGD hill climbing algorithm. The
combined power was 40 W with an excellent combining ef�ciency of 87% [Creedon 12]. This is, to
date, by far the highest coherently combined power from semiconductor-based lasers or ampli�ers.

The impact of this work on further developments of high-power diode laser systems and their appli-
cation was however limited. The reason for that may be the complexity of the experimental setup. An
YDFA is necessary to provide the required seed power for the large array. The mounting and individ-
ual addressing of the large number of elements is complex and requires high technical expertise. The
combined power per elementPCBC =N is 0.85 W and strongly limited by the single mode SCOWA.

2.5.2 Coherent beam combining of a mini-array of tapered ampli�ers

The work summarized below was part of a series of studies performed at the Laboratoire Charles
Fabry (Palaiseau, France) on coherent beam combining of high power diode lasers in the framework of
the doctoral thesis of Guillaume Schimmel [Schimmel 16]. The ampli�ers were developed and fabri-
cated by the Ferdinand-Braun-Institut (Leibniz-Institut für Höchstfrequenztechnik, Berlin, Germany)
and packaged into an individually addressable mini-array at the Fraunhofer Institut für Lasertechnik
(Aachen, Germany) in the framework of the European research project BRIDLE [Unger 13]. The
experimental setup is shown in Figure 13. Both coherent beam combining in (a) an external cavity
con�guration and (b) parallel MOPA con�guration was demonstrated [Schimmel 17].

1Coherent beam combining architectures using broad area emitters are using a V-shape ampli�er con�guration as shown
in Fig. I.6. In this con�guration one can achieve almost single mode emission even though a broad area emitter is used.
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Figure I.21 – Experimental setup for the coherent combining of an array of 47 slab-coupled ampli�ers
(SCOWA). A single-frequency source is ampli�ed in an Yb-doped �ber and split into 48 beams, which
are butt-coupled to the array. The SCOWA output beams are combined using a single Fourier lens and
DOE, and the output is sent to diagnostics. Only three SCOWA beams are shown for clarity. Taken
from [Creedon 12].

(a) Theextended cavitycon�guration makes use of a rear side interferometric cavity approach for
phase locking, which has proven to be particular effective for coherent beam combining of tapered
lasers [Schimmel 17]. DOEs are used for beam splitting and combining on both sides. Fine adjust-
ments of the currents into the emitters were required to operate the cavity in a stable coherent super-
mode. Up to 12 W of coherent emission were extracted from the mini-array, of which 7.5 W were
coherently combined into a nearly diffraction limited beam (>80% central lobe power content). This
is, to date, the highest coherently combined power from semiconductor lasers in an extended cavity
con�guration. The combining ef�ciency was 62% percent.

(b) A 976 nm DFB MO was used in theparallel MOPA con�guration . The DOEs used for beam
splitting and combining were identical to those used in the extended cavity con�guration. Phase match-
ing was achieved with a sequential hill-climbing algorithm. The combined power was higher than for
the extended cavity con�guration and reached 11.5 W, which was until recently the highest coherently
combined power from tapered ampli�ers. The combining ef�ciency was signi�cantly better than in the
extended cavity con�guration and was 78% at the highest power. The beam quality of the �nal beam
was nearly diffraction limited (> 80% central lobe power content).

The results lead to the following conclusions:

� The same mini-array performed signi�cantly better in the parallel MOPA approach than in ex-
tended cavity con�guration. In fact, the drive current was limited by the onset of independent
and therefore incoherent lasing of the individual emitters in the extended cavity con�guration.
Further power scaling appears therefore to be more straightforward in parallel MOPA con�gura-
tions.

� The combined power per element was with 2.3 W signi�cantly higher than for comparable work
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Figure I.22 – Simpli�ed schematic of the experimental setup for the coherent beam combining of an
array of 5 tapered ampli�ers in (a) an extended cavity con�guration and (b) a parallel MOPA con-
�guration. FAC: 0.6 mm fast axis cylindrical collimator; DOE: diffractive optical element used as
beamsplitter and combiner; D1,2,3: 80 mm doublet. Taken from [Schimmel 17].

with single mode SCOWA ampli�ers.

� The combined power per element was still well below the achievable output power from high
power tapered ampli�ers (cf. Table I.1) as the thermal management of the mini-bar was chal-
lenging and collective thermal effects lead to an early thermal rollover of the devices. One can
expect a roughly two fold increase in power per emitter for optimized thermal management.

� The mounting of the mini-bar was quite compact but the overall dimensions of the optical setup
were quite bulky (The diameter (2”) and focal length (80 mm) of the optics required for beam
splitting and combining with the DOEs was quite large).

� The performance of a minibar was limited by its weakest element. The whole bar had to be
replaced in case of failure of a single element. The mounting and individual addressing was
complex.

2.5.3 Overview of work on coherent beam combining with semiconductor lasers and ampli�ers

Coherent beam combining with semiconductor lasers and ampli�ers has been demonstrated in many
con�gurations in the last 25 years. The most important work is summarized regarding the power level
and the number of emitters in Fig. I.23. Work with a demonstration of coherent superposition into a sin-
gle nearly diffraction limited beam is represented by �lled circles (extended cavity con�gurations) and
�lled squares (parallel MOPA con�gurations). Demonstrations of phase locked and coherent emission
without coherent superposition into a single diffraction limited beam (empty symbols) are also given
for completeness, although not directly comparable to the other results. Each data-point is linked to
a row in Table I.2 (see lowercase letters a-n), where a more detailed description of the corresponding
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experiment is given. The graph shows that signi�cantly different approaches have been chosen (using
4 to 900 emitters) with very different output powers.

The overview of the state of the art leads to the following conclusions:

� Coherent beam combining in parallel MOPA con�guration appears to be more adapted for high
power operation.

� Phase locking in a parallel MOPA con�guration was demonstrated with > 100 emitters and
appears to be more scalable than phase locking in an extended cavity con�guration.

� Coherent beam combining in extended cavity con�guration with successful demonstration of
coherent superposition into one diffraction limited beam lead typically to output powers in the
range of a few watts only. These power levels are not competitive to high power single emitter
tapered lasers, capable of > 10 W single mode emission.

� Tapered lasers and ampli�ers are the only architecture that has proven to provide output powers
in the range of 10 watts in a simple setup using a limited number of ampli�ers.

� SCOWA and SCOWLs enable coherent beam combining with > 80% combining ef�ciency but
are limited to operation below 1 W per emitter.

Figure I.23 – Overview of state of the art for coherent beam combining with edge emitting NIR
semiconductor lasers. Con�gurations in extended-cavity (EC – blue symbols) and parallel MOPA
con�guration (black symbols). The �lled symbols represent work, were coherent superposition into a
single nearly diffraction limited beam was demonstrated. Additional information about the different
experiments is provided in Table I.2 (see lower-case letters a-n).
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3 Conclusions for the experimental strategy of this work

The goal of this work is to develop simple high-power high-brightness systems. The architectures
should be based on a limited number of emitters and standard optical elements in a compact setup. The
following choices were made in consideration of the basic principles and the state of the art of high
brightness single emitters and of coherent beam combining discussed before:

� Tapered lasers and ampli�ers are by far the brightest emitters available and are the preferred
building block for simple high-brightness systems based on coherent beam combining. The NIR
around 980 nm was chosen as the spectral range, as high-brightness tapered ampli�ers are widely
available in this spectral range.

� Architectures based on single emitters were chosen to bene�t from the full power potential of the
emitters as the performance per emitter is more limited by thermal effects for arrays of emitters.
Furthermore, this allows very simple individual electrical addressing and individual collimation
of each emitter.

� Phase-locking in a parallel MOPA con�guration was chosen as this has proven to be the pre-
ferred solution for high power operation. Narrow line-width master oscillators were used for
potential application in experiments requiring a high spectral purity. Hill climbing algorithms
are suf�ciently fast for phase control of a limited number of emitters.

� Sequential �lled aperture coherent superposition with standard off the shelf non-polarizing
beamsplitters was chosen to achieve high combining ef�ciencies in a simple and compact setup.

� The focus lies on operation in the continuous wave regime. Further power scaling in the quasi-
continuous-wave regime and operation in the ns regime is investigated.

Figure I.24 – Simpli�ed schematic of the coherent beam combining architectures investigated in this
work.

Figure I.24 shows the typical architecture of the coherent beam combining architectures investi-
gated in this work. The experimental work was realized in a collaboration of the Laser research group
at Laboratoire Charles Fabry (Institut d'Optique Graduate School, CNRS, Université Paris-Saclay,
Palaiseau, France) and the high power diode laser research group at Ferdinand-Braun-Institut (Leibniz-
Institut für Höchstfrequenztechnik, Berlin, Germany).



Chapter II

Investigation of tapered lasers and
ampli�ers

Objectifs

This chapter covers a more detailed investigation of the properties of tapered lasers and
ampli�ers. Methods for the characterization of the beam quality are discussed in the �rst
section. Preliminary experiments with tapered lasers having different epitaxial layer de-
signs are discussed in the second section. One vertical design is chosen for further more
detailed studies of different lateral ampli�er designs. The focus lies on the analysis and un-
derstanding of beam quality degradation effects. Intensity and phase noise measurements
are also discussed.
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1 Spatial beam properties of tapered ampli�ers

The understanding of the spatial beam properties of tapered lasers and ampli�ers is important for the
development of coherent beam combining architectures. Several physical effects in�uence the spatial
beam properties of such devices and lead to beams that are highly astigmatic and slightly multimode
in the lateral (SA) direction. Figure II.1 illustrates in a simpli�ed view the evolution of the spatial
beam properties in a tapered ampli�er (�rst row: top view on SA; second row: side view on FA). DFB
laser diodes with diffraction limited beam quality are most commonly used as the master oscillator.
The beam from the master oscillator is collimated with an aspherical lens (L 1) with a high numerical
aperture (NA). Eventually, additional elements for beam shaping, optical isolation and for control of
the polarization1 may be placed in the collimated beam. The beam is then coupled into the ridge
waveguide of the TPA with a high NA aspherical lens (L 2). The beam is index-guided in FA in the
whole ampli�er by a single mode waveguide and is collimated in SA with a high NA aspherical lens
(L 3). In SA however, the beam is index-guided only in the single mode ridge waveguide and diverges
in the gain-guided tapered section. This affects the spatial properties of the beam in two ways:

Figure II.1 – Simpli�ed schematic of a typical MOPA setup using a tapered ampli�er. The �rst row
shows a the evolution of the beam pro�les in slow axis, the second row shows the evolution of the
beam pro�les in fast axis.

(a) The beam is consequently highlyastigmaticat the output as the virtual source point in SA is not
in the same plane as the virtual source point in FA [Kelemen 04]. The virtual point source is located
at aboutL=nef f distance to the output facet, whereL is the length of the tapered section andnef f is
the effective refractive index of the waveguide. This distance depends on the current into the tapered
section and the temperature of the device as the effective refractive index changes with temperature
and carrier density. The astigmatism is corrected by a cylindrical lens (L 4) used for collimation in SA
(cf. Fig II.1).

1The beams from edge emitting semiconductor lasers and ampli�ers are usually linearly polarized in lateral direction.
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(b) The beam isslightly multimode in SA. There is no mode-�ltering in the gain-guided tapered
section and the beam quality is deteriorated by gain saturation in the center, carrier lensing, thermal
lensing, �lamentation and other effects [Lim 14]. The beam pro�le in SA is therefore far from Gaussian
at the output facet of the ampli�er. In fact, a top-hat-like intensity pro�le with �lament-like intensity
modulations is usually measured at the output-facet (cf. Fig II.1).

The output beam shape at waist (astigmatism corrected) consists typically of a clearly pronounced
central lobe and some higher-angle side lobes in SA (cf. Fig II.1). The beam quality is considerably
deteriorated in SA. While single-mode laser beams maintain the same intensity distribution during
propagation, this is not the case for multimode beams from tapered lasers and ampli�ers as shown in
Fig. II.2 (a-c). The �gure shows three beam shapes from a typical TPA measured with a CCD camera
at three different positions along the caustic (at waist and three Rayleigh lengthszr before and after
the waist)1. The beam shape consists of a clear central lobe only at waist (b) and is far from Gaussian
in SA in the other planes (a,c). The beam pro�les in SA are varying considerably during propagation,
which indicates a signi�cantly deteriorated beam quality in this direction. The beam pro�les in FA are
however nearly Gaussian in all planes, which indicates a nearly diffraction limited beam quality in FA.

Figure II.2 – Measured beam shapes in false color plots of a tapered ampli�er at waist (z = z0) and at
� 3zr distance to waist. Each image was normalized on independently the give false-color scale.

While it is quite straightforward to describe the spatial properties of an ideal Gaussian beam, one
has to pay special attention to apply the right criteria to evaluate:

� the beam radius and divergenceof slightly multimode laser beams. Several de�nitions are
commonly used leading to signi�cantly different values. See subsection 1.2.

� the beam propagation parameterM 2 allowing to compare the spatial properties of slightly
multimode laser beams to those of ideal Gaussian beams. See subsection 1.3.

� the so-calledcentral lobe power content. This is a commonly used term to evaluate the relative
diffraction-limited power content of a slightly multimode laser beam. See subsection 1.4.

In order to de�ne the right criteria for the evaluation of these spatial properties, an analytic expres-
sion of a slightly multimode beam is investigated below.

1.1 Modal content of slightly multimode beams

The model of the Gaussian beam introduced in the previous chapter is not suf�cient for the description
of laser beams similar to the beam shown in Fig II.2. In fact, the Gaussian beam is only the fundamental

1The design of the ampli�er used for this visualization will be characterized in detail in section 3.



42 Chapter II - INVESTIGATION OF TAPERED LASERS AND AMPLIFIERS

mode of a complete orthogonal set of modes, the so-called Hermite-Gaussian modesEnm that can be
used to compose or decompose any arbitrary �eld distribution [Saleh 19]1. The complex electrical
�eld distribution Enm (also transverse electromagnetic modeTEM nm ) is essentially described by the
product of the Gaussian function with a Hermite polynomial in x and y direction respectively:

Enm (x; y; z) = E0
w0
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(II.1)

whereHn;m is the Hermite polynomial of ordern; m used to determine the shape of the �eld inx; y
direction respectively. The functions for the beam radiusw(z) and for the radius of curvatureR(z) are
as described for the fundamental Gaussian beam in chapter one. The intensity distribution of the �rst
Hermite-Gaussian modes are visualized in Fig. II.3.

Figure II.3 – Intensity distribution of a few Hermite-Gaussian modes

One can construct arbitrary optical �elds as a sum of these modes

E(x; y; z) =
X

n

X

m

cnm � Enm (x; y; z); (II.2)

where the complex expansion coef�cientcnm de�nes the relatives amplitudes and phases of the differ-
ent modal contributions.
The power content in each mode writes asPnm = jcnm j2 =

� P
n

P
m jcnm j2

�
. Equations II.1 and II.2

were used to construct two exemplary �elds shown in Fig. II.4 that will be used to demonstrate the
different de�nitions for the beam diameter and the divergence. Both exemplary �elds (a) and (b) have
a strong power content in the fundamental mode (91% and 71% respectively). The rest of the power is
distributed onto higher order modes in horizontal direction. The resulting intensity distribution at waist
is somewhat similar to what is usually observed with tapered lasers and ampli�ers (cf Fig. II.2 (b)),
as the intensity pro�le at waist consists of a clearly visible central lobe and some side lobes at lower
intensity. Furthermore, the intensity pro�les of the two examples are varying during propagation (see

1Another orthogonal base of modes are the Laguerre-Gaussian modes. This base is commonly used for optical �elds
expressed in cylindrical coordinates.
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beam pro�les atz0 + zr andz0 + 2zr in Fig. II.4). The two exemplary �elds (a) and (b) will be used in
the following subsection for visualization of the different de�nitions for the beam radius, divergence
and beam propagation parameter.

Figure II.4 – Intensity distribution of two exemplary slightly multimode �elds constructed as a super-
position of a few higher order Hermite-Gauss modes. Beam (a) and (b) have a relative power content of
91% and 71% in the fundamental mode respectively. The rest of the power is similarly distributed on
higher order modes in x-direction. Only even mode-numbers were used to achieve a symmetric beam
pro�le at waist. Real expansion coef�cientscnm were used for all modes (same phase for all modes).
The1=e2 radius of the fundamental mode was100� m. The exact modal compositions are (in terms
of power per mode): (a) 91% TEM00 + 2.25% TEM40 + 2.25% TEM60 + 4.5% TEM80 and (b) 71%
TEM00 + 7.25% TEM40 + 7.25% TEM60 + 14.5% TEM80.

1.2 Beam width and divergence of slightly multimode laser beams

Different de�nitions are commonly used to de�ne the beam radiusw (or diameterD = 2w) of a laser
beam. A straightforward method is the so-called clip-level method, where the beam radius is de�ned
as the distance from the optical axis to the point where the intensity is equal to a certain clip-level. The
clip levels area commonly chosen at 50% of the peak intensity (full width half maximum - FWHM -
diameter) or at1=e2 = 13:5% of the peak intensity (1=e2 beam diameter). Clip-level beam widths are
easy to measure but neglect the power content below the clip-level intensity completely. Less common
but also useful is the method to de�ne the beam width as the size of an aperture containing 95% of the
optical power. Here, only 5% of the power is neglected for the determination of the beam width. The
spatial distribution of the optical power within the aperture has however no in�uence on the 95%-power
content beam width.

The only method to determine the beam width that takes into account the whole beam and the
spatial distribution of the power within the beam is the so-called second-moment beam width

w2nd = 2

s RR
I (x; y) � (x � �x)2 dx dy

RR
I (x; y) dx dy

; (II.3)

with the beam centroid�x in x-direction

�x =

RR
I (x; y) � x dx dy

RR
I (x; y) dx dy

: (II.4)
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The second-moment beam width in y-direction is calculated accordingly. The root-term in Eq.
II.3 is in fact the standard deviation� of the intensity and one therefore also refers to the second
moment beam diameter asD4� beam diameter (because one considers four times� as the diameter).
For a Gaussian beam pro�le, the second-moment beam diameter is equal to the1=e2 beam diameter.
In contrast, the second moment beam diameter is usually signi�cantly larger for beam pro�les with a
clear Gaussian central lobe and low-intensity side-lobes. The disadvantage of this de�nition is however
that it requires numerical calculations and that noise in measurement data can considerably increase
the measured beam width.

The different de�nitions of the beam widths are now applied to the exemplary slightly multimode
�elds (a) and (b) de�ned earlier in Fig. II.4. The SA beam pro�les (horizontal x-direction) are shown
as solid blue lines in Fig. II.5 (a) and (b). The three different beam diameters are highly different for
the exemplary �eld (a). The side-lobes are well below the1=e2 clipping-level, leading to a smallD1=e2

beam diameter of188� m. TheD95% beam diameter is in this example very large as the two side-lobes
contain more than 5% of the total energy1. The second-moment beam diameter lies in this case in
between the two other diameters. The situation is very different for the second example shown in Fig
II.5 (b), where the differences in between the different diameters are in the range of10� m only. These
two examples illustrate the problems in using methods other than the second-moment method, as the
full beam and the power distribution within the beam has to be taken into account for the de�nition of
a meaningful beam width.

Figure II.5 – Slow axis (x-direction) beam pro�les (blue solid line) of the two exemplary �elds (a) and
(b) introduced earlier in Fig. II.4. The different beam diameters using 13.5% clip-level methodD1=e2 ,
the 95% power content methodD95% and the second moment methodD2nd are given. The dashed
black line represents the pro�le of the TEM00 component (D = 200� m) .

Similar to the different de�nitions of the beam widths one can also de�ne the far �elddivergence
angle with a clip-level method (e.g.� 1=e2 ), a relative power content (e.g.� 95%) or the second moment
method (� 2nd ). The two far �eld pro�les shown in Fig. II.6 (a) and (b) are the far �eld pro�les of the
two exemplary �elds (a) and (b) discussed earlier. Example (a) shows signi�cantly different values of
the divergence for the different methods, similar to the differences for beam widths at waist. The values
are again very close to each other for example (b). As stated above for the beam width, one also should
consider the full beam pro�le in the far �eld and the angular power-distribution withing the pro�le to
determine a meaningful divergence angle. The 95% divergence angle is however very commonly used
for the speci�cations of diode lasers, as this parameter is useful for the design of the optical setup.

1It may be confusing on the �rst glance that the side-lodes contain this much energy for a 91% power content of the
fundamental mode. Interference effects within the different mode lead in this case to an increased intensity in the side-lobes
and a reduced central lobe power content (See dashed black line and blue line in Fig. II.5 (a))
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Figure II.6 – Slow axis far �eld beam pro�les (blue solid line) of the two exemplary �elds (a) and (b)
introduced earlier in Fig. II.4. The far �eld divergence is given using using 13.5% clip-level method
� 1=e2 , the 95% power content method� 95% and the second moment method� 2nd are given. The
dashed black line represents the far �eld pro�le of the TEM00 component (� = 3.2 mrad).

1.3 Beam propagation factor

The beam propagation factorM 2 is used to compare the beam propagation properties of a laser beam
to an ideal Gaussian Beam [Siegman 98]. TheM 2-factor can be simply calculated byM 2 = BP P � �

� ,
where theBPP is the product of beam radius at waist and far �eld divergence angle. As there are
different de�nitions for the measurement of these parameters, theM 2-values appear unfortunately
in the literature in different ways and one usually writesM 2

1=e2 if the parameters were measured by

the 13.5% clip level method,M 2
95%, if the parameters were measured by the 95% method andM 2

2nd or
M 2

4� when the parameters were measured with the second-moment method. The question however is, if
expressing theM 2 - factor with anything other than the second-moment method is actually meaningful?

Exemplary slightly-multimode �elds were again investigated to answer this question. The TEM00

power content was varied from 100% to 50% in steps of 1% and the remaining power was distributed
onto some higher order modes in horizontal direction (in this example: 25% on TEM40, 25% on
TEM60and 50% on TEM80). The exemplary �elds (a) and (b) introduced earlier in Fig. II.4 are
included in this series of samples for a TEM00 power content of (a) 91% and (b) 71% respectively. The
radius at waist and the far �eld divergence were calculated in horizontal SA-direction for each sample
and the SA beam propagation factor was determined using the different de�nitions for beam width
and divergence. The results plotted in Fig. II.7 show that the evaluated beam propagation factors by
the different methods are in fact highly different for almost any slightly-multimode beam. One might
expect that the beam propagation factor is a slowly varying monotonic function of the power content in
the fundamental mode, which is clearly not the case if beam width and divergence are determined by
the1=e2 method. The1=e2-method underestimates theM 2 value and also leads to beam propagation
factors below unity in some cases (cf. Fig II.7), which does not make sense. The values calculated
for the 95% method are also signi�cantly different to the second-moment method and there are some
cases where (a)M 2

95% > M 2
2nd and where (b)M 2

95% < M 2
2nd . TheM 2

95% increases monotonically
but somewhat irregularly with decreasing fundamental mode power content. Only theM 2

2nd method
leads to a meaningful result, which is a (in this example linearly) increasing beam propagation factor
with decreasing fundamental mode power content. There is however no direct connection of the power
content in the fundamental model and theM 2 factor as its value depends on the distribution of the
remaining power on the higher order modes1.

1In other words, the slope of theM 2
2nd -line in Fig. II.7 would for example be signi�cantly shallower if the power would

be shared by the fundamental mode and TEM10 with no power content of other higher order modes.
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Figure II.7 – Calculated SA (horizontal x-direction) beam propagation factors for exemplary multi-
mode �elds at different TEM00 power content. The remaining power was distributed onto some higher
order modes in horizontal direction. The �elds (a) and (b) are identical to the �elds described earlier
in Fig. II.4

.

Nevertheless, it is very common to specify theM 2
1=e2 parameter on data-sheets of commercially

available tapered lasers and ampli�ers [DILAS 19] and also in scienti�c publications (see references
within Table I.1 in chapter I). One should however keep in mind that a speci�cation of aM 2

1=e2 -factor
close to unity does not necessarily mean that the laser beam is close to an ideal Gaussian beam.

Furthermore one has to pay attention when using theM 2-factor for calculation of the beam size at
distancez to the waist by

w(z)2 = w2
0

�
1 +

z2

z2
r

�
= w2

0 +
�

M 2
� 2� �

�w 0

� 2
z2; (II.5)

wherew0 is radius at waist. This only holds true when the second-moment de�nition of beam width
andM 2 are used. In fact, the evolution of the1=e2 or 95% beam radius of a slightly multimode beam
during propagation does not follow the typical caustic-shape of a Gaussian beam as one can see in
Fig. II.8. In fact, only the second-moment beam radius follows for any arbitrary beam (coherent or
incoherent, single or multiple-transverse mode) the relation given in Eq. II.5. One can observe multiple
minima or waists along the axis (cf. 95% beam radius in Fig II.8), plateau-like areas of almost constant
beam radius (cf.1=e2 beam radius in Fig II.8)) and in some cases discontinuous jumps along the axis
[Siegman 98].

The preferred choice in this work is to follow the ISO 11146 standard and to specify always the
M 2

2nd beam parameter. One common way to determine theM 2 value is to measure the beam pro�le
with a CCD sensor in several planes along the caustic and to �t Eq. II.5 to the measured beam widths.
Adequate camera settings, noise reduction and baseline-subtraction are necessary to limit measurement
errors and it often leads to quite high values even for high power content in the fundamental mode (cf.
II.7). The industrial standard for many applications areM 2 values close to unity, which encourages in
some cases researches and engineers to specify a close to unityM 2

1=e2 value, even if this is of limited
physical signi�cance.
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Figure II.8 – Calculated SA (horizontal x-direction) caustic for the exemplary multimode �eld (a)
introduced Fig. II.4. Second moment beam radius in black, 95% beam radius in orange and1=e2 beam
radius in blue.
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1.4 Central lobe power content

Another useful measure for the determination of the beam quality of a slightly multimode beam is the
so-called central lobe power content. This measure is particular relevant for tapered lasers and ampli-
�ers, where the slightly-multimode beams have a strong power content in the fundamental transverse
mode and therefore show a clear central lobe around the waist (cf. Fig II.2). The central lobe power
content is often speci�ed in the literature as an estimation of the diffraction-limited power and as an
additional measure for the overall beam quality of tapered lasers and ampli�ers. The de�nition, the
measurement method and the physical meaning of the central lobe power content are discussed below.

De�nition The central lobe power content� cl is de�ned in the context of this work as the relative
power content of an ideal Gaussian beamI f it (x; y) �tted to the central lobe of the intensity pro�le at
waist of a slightly multimode beamI m (x; y):

� cl =

RR
I f it (x; y) dx dy

RR
I m (x; y) dx dy

: (II.6)

The central lobe of the intensity pro�le at waist of the two exemplary multimode �elds (a) and (b)
introduced earlier is shown in Fig. II.9 and the central lobe power content is given in percent.

Figure II.9 – Central lobe (false color plot) and central lobe power content for two exemplary beam
pro�les (gray scale plot). The �elds (a) and (b) are identical to the �elds described earlier in Fig. II.4
at z0.

Measurement The central lobe power was measured in this work as visualized in Fig II.10 (a-c).
The beam pro�le used in this example is in fact the beam pro�le at waist shown earlier in Fig II.2
(b). The intensity pro�le at waist (astigmatism corrected) was measured with a CCD sensor with high
resolution and signal to noise ratio. The data was then imported as a 16-bit image into Matlab and the
central lobe power content was evaluated numerically following equation II.6. The power not included
in the central lobe leads to higher angle side lobes around the waist (see gray-mesh plot in of Fig. II.10
(a)). Most of the side-lobe power is indeed contained in side lobes along the slow axis (see (b)), there
are however also some minor pedestals in fast axis that contribute to the reduced central lobe power
content (see (c)).

Physical meaning The central lobe power content is often used in the literature as a synonym for the
diffraction limited power content of beams from tapered ampli�ers [Sumpf 18, Müller 17, Wang 13].
The question however is, whether if this central lobe power is rigorously equal to the fundamental-
mode power content of a slightly multimode beam. The central lobe content of the exemplary multi-
mode �elds with varying TEM00-content investigated earlier in II.7 was calculated by the numerical
method introduced above. A comparison of the evaluated central lobe content and the actual TEM00

content is shown in II.11. In this example, the evaluated central lobe content is lower than the actual
power content in the fundamental mode. The exemplary �eld (a) has a central lobe power content of
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Figure II.10 – Visualization of the applied numerical investigation of the central lobe power content.
(a) is a 3D-mesh-visualization of the original beam (gray mesh) and the �tted central lobe (false-color
mesh); (b) shows the SA pro�les and (c) the FA pro�les through the beam centroid. The evaluated
central lobe power content is 73%.

73% (for 91% in the fundamental mode) and �eld (b) has a central lobe power content of 55% (for
71% in the fundamental mode). The quite signi�cant difference is caused by interference effects of
the different modes leading to a central lobe at waist that is somewhat spatially compressed in this
particular example (see Fig. II.5). This may not be the case in other examples or in actual beams from
tapered lasers and ampli�ers, but this example shows nevertheless that the central lobe power content
is not rigorously equal to the power content in the fundamental mode. Furthermore, the assumption
that if one observes a nicely shaped almost Gaussian-Intensity pro�le at several positions along the
caustic, one therefore has a nearly ideal TEM00 beam withM 2 close to unity, can be wrong. In a
very particular case of an incoherent superposition of a few higher-order Laguerre-Gaussian1 one can
achieve a "nongaussian-Gaussian" beam that has in fact an almost perfect Gaussian beam pro�le in any
plane but absolutely no power content in the fundamental mode [Siegman 98]. Figure II.12 shows such
a nongaussian-Gaussian beam compared to an ideal TEM00 beam. The central lobe power content of
such a beam, evaluated with the methods described earlier, is close to 100% but theM 2-factor is signif-
icantly increased. The comparison with an ideal Gaussian beam shows that the nongaussian-Gaussian
beam is in fact diverging about 3 times faster even though an almost perfect Gaussian beam pro�le is
preserved during propagation. Even if this particular case is not relevant for this work, it is a warning
example showing that the central-lobe-power is by no means always equal or less than the power in
the fundamental mode. The central lobe power content is nevertheless a good measure for the beam

1To be precise: 41% on TEM01, 17% on TEM10, 19% on TEM11, 11% on TEM20 and 6% on TEM21.
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Figure II.11 – Calculated central lobe power content for exemplary multimode �elds at different
TEM 00 power content. The remaining power was distributed onto some higher order modes in hori-
zontal direction (in the same way than previously described for II.7). The �elds (a) and (b) are identical
to the �elds described earlier in Fig. II.4.

quality of tapered laser and ampli�ers (cf. Fig. II.11), but should not be used as a synonym for the
diffraction limited power content.

Figure II.12 – Beam pro�les along caustic for (a) a nongaussian-Gaussian beam with absolutely no
power content in the fundamental mode compared to (b) an ideal Gaussian TEM00 beam.

Theoretically, one could also measure intensity and phase of the beam at waist and calculate the
TEM 00 power content by projection on the Hermite-Gauss base. This is however not practical as
phase measurements with a standard wavefront sensor are not straightforward for beams with irregular
intensity patterns. The intensity of the side-lobes is quite low, which leads to highly noise related
measurement errors. Furthermore the projection on the Hermite-Gauss base is highly dependent on the
choice of beam centroid and the waist diameter.

1.5 Conclusion

Anthony E. Siegman wrote in the conclusion of his article "How to (Maybe) Measure Laser Beam
Quality" (1998) that "the term 'beam quality' at this point remains a handy buzz word, but is not yet
a solidly de�ned technical term - and very likely never will be" [Siegman 98]. To date, more than
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twenty years later, this statement still hits the nail on the head. Some kind of classi�cation for the
beam quality is however required for this work, as a nearly diffraction limited beam quality is required
for ef�cient coherent beam combining. TheM 2

2nd -factor, the central lobe power content and the beam
pro�le at waist will be used in the framework of this work to specify the beam quality. These three
points together still do not tell the full story but are nevertheless a consistent method to characterize
and compare the beam quality of tapered lasers and ampli�ers.
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2 Investigation of different epitaxial designs for high brightness tapered
lasers and ampli�ers

In this work, three different vertical epitaxial designs developed and grown by MOVPE techniques at
the Ferdinand-Braun-Institut were investigated experimentally in order to choose the most promising
vertical layer design for further detailed investigations. These preliminary characterizations were per-
formed with DBR-TPLs instead of tapered ampli�ers for the sake of simplicity and for better control
of the test conditions. The lateral design and the mounting are shown in Fig. II.13 (a). The DBR-TPL
had a 6 mm long optical resonator with a 3 mm long ridge waveguide followed by a 3 mm long 6° ta-
per. The facets were passivated and coated with dielectric layers. The front facet re�ectivity was 0.3%
and the nominal rear facet re�ectivity was below 0.01%. The re�ection at the rear facet was provided
by a 1 mm long 6th order surface grating (DBR) located at the rear facet (approx. 35% re�ectivity).
The devices were mounted p-side up on expansion matched CuW-submounts and c-mounts. A 3 mm
long CuW-sandwich was used as an additional heat-spreader on the p-side of the tapered section. The
devices had independent electrical contacts for the currentI rw into the ridge waveguide and the current
I tp into the tapered section. The following vertical layer designs were investigated:

Reference design The so-called Reference design was taken from a process for the development of
high-power DBR-tapered lasers for single-path second harmonic generation [Fiebig 09a]. The vertical
layer structure is shown schematically in Fig. II.13 (b). It consists of an asymmetric4:8 � m wide
waveguide, also called super large optical cavity (SLOC). The active region consisted of two8 nm
thick InGaAs quantum wells separated by GaAsP barrier lasers.

New-TPL The so called New-TPL design targeted an increased power conversion ef�ciency by a re-
duced electrical resistance. The resistance was reduced as compared to the Reference design by a very
low aluminum content in the layers. Additionally a much narrower2:4 � m-wide vertical waveguide
with a conventional double quantum well was used to achieve a higher gain in the device [Crump 15].

ELoD2 The so called ELoD2 designed was developed to achieve anextremely low vertical
divergence. This was achieved by a4:8 � m wide waveguide (SLOC) and three quantum wells sep-
arated by low index quantum barriers [Crump 13b]. This design was developed in the framework of
the BRIDLE project and has proven to maintain good beam quality achieved by the suppression of
�lamentation effects. [Crump 15].

2.1 Optical power and power conversion ef�ciency

Fundamentals The vertical layer design in�uences the electro-optical characteristics. The output
power of a diode laser can be described in a very simpli�ed form as shown in Fig. II.14. The optical
output power at a currentI above the threshold currentI th is

Popt =
hc
e�

� � d � (I � I th ); (II.7)

whereh is the Planck constant,e is the electron charge ,c is the speed of light,� is the laser wavelength
and� d is the external differential quantum ef�ciency. The required electrical power isPel = U(I ) �
I = ( U0 + RsI ) � I , whereU0 is the extrapolated voltage atI = 0 andRs is the series resistance. The
power conversion ef�ciency (PCE) is de�ned as� e = Popt=Pel.

In�uence of the epitaxial design onI th The variation ofI th with design changes can be extrap-
olated with the following parametric equation

I th = NQW Jtr � A � exp
h � i + � m

NQW � QW g0

i
; (II.8)
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Figure II.13 – (a) Simpli�ed schematic of the mounting plan for the DRB-TPLs investigated in this
section. (b) Vertical layer structure of the Reference design. Taken from [Fiebig 09a].

Figure II.14 – Simpli�ed representation of the optical output powerPopt for different drive currentsI .
I th : threshold current,S: slope of power-current curve,� D : slope ef�ciency.

whereNQW is the number of the quantum wells,Jtr is the transparency current density,A is the
lateral in-plane surface area of the waveguide,� i are internal losses,� m = 1

2L ln (R1R2) are mirror
losses,� QW is the con�nement factor per quantum well1 andg0 the gain parameter. Consequently,
a number of parameters that are de�ned by the design of the vertical layer structure in�uence the
threshold current. Although a nominally ideal device has a threshold current close to zero, in some
cases however it may be bene�cial for the overall performance of the device to accept an increased
threshold current to achieve other bene�cial properties, such as an improved beam quality enabled by
low con�nement factors� QW .

In�uence of the epitaxial design on� e The PCE ef�ciency� e can be written as

� e(I ) =
hc

e�U (I )
� � d �

I � I th

I
; (II.9)

1As a side-note, the con�nement factor is not exactly the same per well. Here one should understand� QW as the average
con�nement factor per quantum-well.
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which can be seen as the product of three ef�ciencies� e = � u � � d � � th representing the in�uence
of a non-ideal voltage (� u), a non-ideal slope (� d) and a non-ideal threshold current� th [Crump 13a].
The design of the vertical structure in�uences the maximal achievable ef�ciency therefore in several
ways, for example via the series resistance (leading to a reduced� u) or via a certain threshold current
(leading to a reduced� th ).

Experimental investigation The optical power was measured for each design in quasi continuous
wave operation (QCW -� t = 1 ms, 1% duty cycle). QCW operation was chosen in order to compare
the performance of the device without major in�uences of thermal effects in the devices. The electro-
optic performance characteristics are shown in Fig. II.15 (a) and (b). The reference design (black)
reached about7 W optical power at10 A with a maximal PCE of 34%. The NewTPL design (blue)
showed indeed a very low threshold current, reduced series resistance, evidenced by a lower slope
of U(I ) and therefore signi�cantly improved PCE (max. 48%). The optical power was >8 W. The
ELoD2 design (orange) had the lowest optical output power of about >5:5 W, mainly caused by a high
threshold current. This can be attributed to the low con�nement factor. The maximal PCE was below
30%, mainly limited by high threshold current.

A similar experimental investigation of these three different epitaxial layer structures was previ-
ously published by Crump et al. [Crump 15]. The mounting was however different (p-side down with
a single electrical contact) and both broad area lasers and tapered lasers were investigated.

Figure II.15 – (a) Optical output power and voltage for different currents into the tapered section.
(b) Corresponding power conversion ef�ciency. The current into the ridge section was 400 mA. 20°C
heatsink temperature.

2.2 Lateral beam quality

The vertical layer design in�uences the spatial properties (divergence,M 2) in both vertical and lateral
direction. Differences in vertical direction were however limited to a slightly different divergence and
the beam quality was nearly diffraction limited (M 2 < 1:3) for all three investigated designs. The
lowest vertical divergence was achieved with the ELoD2 design (full angle2� < 26� ). More important
for the context of this work are however the differences in the lateral beam quality discussed below.

Several physical effects in�uence the beam quality in lateral direction. One effect, particularly
relevant for the design of the vertical layer structure is the formation and growth of �laments in the



Part 2 - Investigation of different epitaxial designs for high brightness tapered lasers and ampli�ers 55

Figure II.16 – Beam quality measurements of DBR-TPL at 1 W output power with three different
vertical layer designs. The �rst column shows the intensity pro�le measured at the output facet, the
second column shows the intensity pro�le at waist and the third column shows the angular far �eld
pro�le. The near-�eld pro�le at the output facet for the Reference device appears slightly larger, as a
device with a 4 mm long TP section was used for this measurement for practical reasons.

gain-guided tapered section. Filamentation is attributed to self focusing effects induced by a carrier-
dependent refractive index [Thompson 72]. Filamentation results to highly contrasted modulations in
the intensity, so called �laments, at the output facet of the laser. This leads to a degraded beam quality,
notably to strong side-lobes in the intensity pro�le at waist [Goldberg 93]. The formation and growth
of �laments happens usually at high bias (several times above the threshold current). Filamentation
can be caused by local perturbations, local heat hot-spots and spontaneous emission [Sujecki 03] but
is also related to the modal gain (� g � � i ) in the device. Wang et al. observed experimentally for
tapered ampli�ers that lateral designs with extremely low con�nement factors� and hence low modal
gain are substantially more resistant to the formation and growth of �laments than comparable vertical
designs with higher modal gain [Wang 12]. Similar observations were made for broad area lasers
[Winterfeldt 14]. The three vertical layer designs investigated here have different con�nement factors
(NewTPL: highest con�nement, EloD2: lowest con�nement) and one can therefore expect a different
behavior regarding formation and growth of �laments. Furthermore, the low-index-quantum-barriers
used in the ELoD2 design suppress the impact of changes in the refractive index in the active region
on the beam propagation [Crump 13b, Crump 15].

The lateral beam quality of the lasers was investigated by measurements of the intensity pro�le at
three different positions. The intensity pro�le at the output facet (near �eld) was measured in order
to determine if �lamentation occurs in the tapered section. The intensity pro�les at waist and in the
far �eld were measured to determine the power content in the central lobe and theM 2 beam propa-
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Figure II.17 – Beam quality measurements of DBR-TPL at 6 W output power with three different
vertical layer designs. The �rst column shows the intensity pro�le measured at the output facet, the
second column shows the intensity pro�le at waist and the third column shows the angular far �eld
pro�le. The near-�eld pro�le at the output facet for the Reference device appears slightly larger, as a
device with a 4 mm long TP section was used for this measurement for practical reasons.

gation factor. The measurements were done with a moving-slit beam pro�ler used for standard laser
diode characterization at FBH. The operation conditions were identical to the power characterization
discussed above (QCW operation1, 400 mA into the RW) and are summarized for 1 W optical power
in Fig. II.16 and for 6 W optical power in Fig. II.17. TheM 2-factor and the evaluated power content
in the central lobe� cl are given for each device.

The measurements at 1 W output power in Fig. II.16 show that the behavior of the devices is very
similar at low bias. The central lobe at waist is clearly visible in all cases and contains 89 - 91% of the
power. TheM 2-factor varies between 3.6 for the Reference design and 5.1 for the NewTPL design.
The measurements prove that all device behave normally and as expected at low bias.

The measurement at 6 W output power, shown in Fig II.17, indicate in contrast strong differences
in the performance of the devices. The worst beam quality was observed for the NewTPL design with a
near �eld that indicates signi�cant �lamentation processes, evidenced by highly contrasted and narrow
peaks in the near �eld pro�le. In consequence, a highly distorted and far from Gaussian beam pro�le
was measured at waist leading to a poorM 2-factor and poor central lobe power content. Similar beam
quality degradation was observed with two other chips of this design, which allows the conclusion that
the signi�cant beam quality degradation at high bias is inherent to the device design and not a single-
chip failure. The beam quality of the laser with the Reference design remained reasonably good. The
beam pro�le at waist consists of a clear central lobe and some side lobes. Values typical for DBR-

1It was experimentally veri�ed that the beam quality in QCW and CW mode operation was roughly identical.
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TPLs at high bias were measured for� cl andM 2. The ELoD2 design showed the best beam quality at
high bias, with a beam-pro�le at waist almost identical to the measurements at low bias. The power
content in the central lobe was excellent and compares favorably to the reference design. Overall, the
ELoD2 designs showed the best beam quality at high bias. While contrasted �laments were observed
for devices with the New-TPL design, devices with the ELoD2 and Reference design were found to be
resistant against �lamentation processes.



58 Chapter II - INVESTIGATION OF TAPERED LASERS AND AMPLIFIERS

2.3 Conclusion

The results of the experimental investigations of the three designs are brie�y summarized in Table II.1
below. The results lead to the general conclusions discussed below.

The power-current-voltage characteristics of the NewTPL design compared favorably (lowest
threshold current, lowest series resistance, therefore best ef�ciency and highest total power) to the
other designs but very strong �lamentation-related beam quality degradation was observed. This de-
sign was not further considered for the context of this work, as a good beam quality at high bias is
required for coherent beam combining.

The Reference design appears to provide a good compromise in terms of beam quality, output
power and PCE. The ELoD2 design is particularly resistant against beam quality degradation processes
and shows clearly the best beam quality, but suffers from a signi�cantly reduced PCE. Calculating the
effective PCE for the central lobe power content, one �nds however that the ELoD2 design is effectively
almost as ef�cient as the Reference design.

The ELoD2 design was chosen for further investigations of different lateral device designs which
are discussed in the following section. Coherent beam combining experiments using tapered ampli�ers
with the Reference design and the ELoD2 design are described and compared in chapter III.
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3 Investigation of lateral designs for tapered ampli�ers

The in�uence of the lateral device design of tapered ampli�ers on optical power, power conversion
ef�ciency, beam quality and noise properties is investigated in this section. The focus lies however
on the investigation of beam quality degradation processes. The target of this study was to investigate
the following hypotheses, illustrated in Fig. II.18, concerning the degradation of the beam quality of
tapered ampli�ers at high bias:

(a) The beam quality degradation is mainly driven by a dysfunction of the mode �ltering in the ridge
waveguide. The absorbing region next to the ridge waveguide gets bleached by back-re�ections from
the output facet, which favors the transmission of higher order modes in the ridge section. The higher
order modes may be excited by imperfect coupling of the seed laser or by residual re�ections of the
back-coupled light on the AR coating at the back facet. The higher order modes entering the tapered
section then lead to signi�cant beam distortions. This hypothesis is supported by numerical simula-
tions of beam quality degradation processes in tapered lasers [Helal 17, Larkins 19] and experimental
investigations of tapered diode lasers with reverse bias absorber sections beside the ridge waveguide
[Fiebig 09b].

(b) The beam quality degradation is mainly driven by gain-dependent effects in the tapered section.
High gain may favor the growth of �laments in the tapered section that lead to signi�cant beam distor-
tions. This hypothesis is supported by experimental investigations of truncated tapered ampli�ers with
extremely low con�nement factors (low gain) that enabled a signi�cantly improved beam quality when
compared to similar designs with higher con�nement [Wang 12] (cf. section 2.2). Here a modi�cation
in the lateral device design that may prevent the growth of �laments is investigated.

Figure II.18 – Simpli�ed visualization of two hypotheses for the cause of beam quality degradation in
the tapered section

3.1 Design description

All investigated chips were designed, developed, grown, fabricated and packaged at FBH using the
ELoD2 epitaxial design in the same fabrication process. The facets were passivated and coated with
dielectric layers. The nominal re�ectivity of the rear facet was below 0.01% and below 0.3% for the
front facet (at 976 nm). The re�ectivity of the front facet was slightly higher as these devices have also
been used in extended cavity con�gurations where minor re�ections at the front-facet were required
[Schimmel 16]. The devices were mounted p-side up on C-mounts es described for the DBR-TPLs in
Fig. II.13, the only difference is the use of 5 mm long devices instead of 6 mm long devices. Note that
the mounting was not optimized for a low thermal resistance (both p-side up mounting and the use of
C-mounts make ef�cient heat extraction challenging) but was instead selected for easy handling of the
devices in compact ampli�er setups.

The investigated lateral designs are shown in Fig II.19 (a-e). The designs were taken from a fabri-
cation process of ELoD2 DBR-TPLs [Crump 15] and the DBR grating was cleaved off. The so-called
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baseline design is given in Fig. II.19 (a) and consists of a 2 mm long4� m wide ridge waveguide and
a 3 mm long6° tapered section. The other designs are variations of this baseline design. Ridge width,
taper-angle and coatings are however identical for all designs. The varied parameters are highlighted
in orange in Figure II.19. Design (b) includes aGe-absorberregion around the ridge waveguide. The
concept relies on higher-order lateral mode suppression by a resonant anti-guiding Ge-layer with a high
refractive index1 (anti-waveguide layer - AWL) [Wenzel 13]. The fundamental transverse mode in the
RW is in principle only weakly affected by the Ge-layer but any higher order modes couple strongly to
the Ge-layer, where they get absorbed. The purpose of this design is to assess hypothesis (a) discussed
above.

The other designs, see Fig. II.19 (c-e), target a modi�cation of the gain in the taper. Design
(c), referred as the4 mm taper design, has a 4 mm long tapered section and a 1 mm long ridge
waveguide. The carrier density and gain in the tapered section are therefore signi�cantly different at a
given drive current, as the surface of the tapered section is roughly 1.75 times larger when compared to
the baseline design (but as a side-effect, the design has also a shorter RW). Design (d), referred as the
50% stripes design, has also 4 mm long tapered section but with a stripe patterned electrical contact
(50 � m wide contact stripes). Consequently only 50% of the tapered section are electrically pumped
and 50% remain un-pumped with no gain. Design (e) is similar to (e) but with 70% un-pumped area in
the tapered section and is referred as the70% stripesdesign.

Figure II.19 – Simpli�ed schematics of the investigated lateral device designs. (a) baseline, (b) Ge-
absorber, (c) 4 mm taper, (d) 50% stripes, (e) 70% stripes. RW width, taper angle and facet coatings
were identical for all designs.

3.2 Comparative experimental study

The comparative experimental study of the different device designs was split in two parts. First, a
standard characterization of power and beam quality was performed with 2-3 chips per design. After
that, relative intensity noise and phase noise was measured with a few devices for further analysis.
The seed source was a narrow line-width (< 10 MHz) DFB laser at 976 nm isolated by a double stage

1The refractive index af Ge is approximately 5, which is signi�cantly higher than the refractive index of GaAs in the order
of 3.5.
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Faraday optical isolator (-60 dB isolation). If not speci�ed differently, the seed power at the entrance
facet of the ridge waveguide was30 mW. The spatial pro�le of the seed laser beam was measured at
waist (corresponding to the focal spot after L2 in Fig. II.1) and is shown in Fig. II.20. The measured
beam diameters were almost identical to the dimensions of the fundamental mode guided by the RW
(theoretically: 5.4� m in SA and approximately 3.8� m is FA). The beam quality of the seed laser
beam was nearly diffraction limited (M 2 < 1:3) in both directions.

Figure II.20 – Measured beam pro�le and diameters of the seed laser at waist.

3.2.1 Power characteristics

The CW and QCW-power characteristics of the different lateral designs were investigated at a current
of I rw = 350 mA into the ridge waveguide and for different currentsI tp into the tapered section.
The results are shown in Figs. II.21 and II.22. Each �gure has three sub-�gures (a-c) addressing the
following fundamental questions regarding the lateral device design:

(a) How does the Ge-absorber layer in�uence the electro-optic characteristics of the ampli�er?
(b) How does the lengthL of the taper in�uence the electro-optic characteristics of the ampli�er?
(c) How does the periodic gain modulation generated by the stripe patterned electrical contact of

the tapered section in�uence the electro-optic characteristics of the ampli�er?

CW power characteristics The results in CW operation are shown in Fig. II.21 (a-c) and lead to the
following answers to the three questions given above.

(a) The Ge-absorber layer had a negative impact on the electro-optic characteristics. The output
power of the baseline design and the Ge-absorber design were both limited by a thermal rollover at
high bias, the onset of the rollover was however at lower bias for chips with Ge-absorber layers. One
possible explanation for this effect is that the Ge-layer added minor losses to the RW favoring an early
rollover. The maximum output power measured for the baseline design was 4.4 W and about 20%
higher than for the Ge-absorber design. There was no signi�cant in�uence of the Ge-absorber layer on
the maximal PCE, which was similar to previous measurements of ELoD2 DBR-TPLs with the same
lateral design (cf. Fig. II.15).

(b) The design with a 4 mm long tapered section compares favorably to the baseline design that has
only a 3 mm long tapered section. The increased area of the tapered section makes the device more
resistant against the thermal rollover as the thermal resistanceRth is reduced.Rth scales approximately
with Rth / 1=A, whereA � 0:5 � L 2 tan( �=2) is the surface area of the tapered section. The thermal
resistance of the 4 mm taper design is therefore reduced by 44% when compared to the baseline design.
The maximum output power was 6.6 W at 12 A and there was no indication for an onset of a thermal
rollover. The larger surface area of the taper also reduces the electrical resistance leading to a slightly
lower voltage at high currents. But, the increased surface area of the tapered section also increases the
threshold current leading to a slightly reduced maximal PCE when compared to the baseline design.

(c) The designs with a stripe patterned contact of the tapered section were limited by an onset of
the thermal rollover at about 8 A leading to 15-20% lower output power when compared to the design
without a stripe patterned contact. This can be attributed to a spatial concentration of the heat load in
the pumped regions favoring an earlier thermal rollover. The stripe patterned contacts have a higher
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electrical resistance leading to a slightly increased voltage at high currents.

The most favorable power-voltage-current characteristics was achieved with the 4 mm taper design,
which was the only design not limited by a thermal rollover. This was attributed to the reduced thermal
resistance of the tapered section and the reduced heat load density in the large homogeneously pumped
tapered section.

QCW power characteristics The QCW output power was also measured for comparison of the
device designs with signi�cantly reduced average heat load. The bias conditions (current into RW,
seed power, heatsink temperature) were identical to the measurements in CW mode. The pulse duration
� tqcw was 1 ms and the duty cycle was 10%. Note that only the current into the tapered section was
pulsed as the current into the RW is not relevant for the overall heat-load into the device (approx. 1 W
dissipated heat in RW). The results are shown in Fig. II.22 (a-c).

(a) The baseline design, which was limited by a thermal rollover in continuous wave operation,
showed a linear increase in output power up to 18 A with a maximum power of 9.5 W. The power of
the ampli�er with the Ge-absorber layers however plateaued at about 13 A and was about 25% lower
than for the baseline design. This effect was attributed to a reduced ef�ciency of the RW section (losses
linked to Ge-absorber), leading to a not-saturated power-ampli�er at high bias. The measured maximal
PCEs were similar to the measurements in CW mode.

(b) The design with a 4 mm long tapered section compared again favorably to the baseline design as
the maximal output power was approximately 30% higher. The slope ef�ciency of the 4 mm long taper
design was with0:8 W=A signi�cantly higher than the slope ef�ciency of0:55 W=A for the baseline
design. The maximum PCE of the 4 mm taper was signi�cantly improved when compared to CW
operation.

(c) The designs with stripe patterned electrical contacts of the tapered section behaved similarly to
the 4 mm taper design. The differences observed in CW were related to thermal effects, which are less
critical in QCW operation. Minor differences in the PCE related to increasing electrical resistance of
the stripe patterned contacts were observed.

The most favorable power-voltage-current characteristics in QCW operation was achieved with the
4 mm taper design. The designs with stripe-patterned electrical contacts performed similar to the 4
mm taper design. The Ge-absorber layer in�uences the output power characteristics of the ampli�ers
negatively even under QCW operation. Overall, the results in QCW operation show that the maximal
output power in CW of all designs is mainly limited by thermal effects. Improved packaging of the
ampli�ers may help to improve the CW output power in future experiments.
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Figure II.21 – CW power-voltage-current characteristics for the different device con�gurations. The
current through the RW wasI rw = 350 mA, the seed power into the RW wasPin = 30 mW and the
heatsink temperature was20� C. (a) Comparison of the baseline design with and without Ge-absorber
layers. (b) Comparison of the baseline design with the 4 mm taper design. (c) Comparison of the 4
mm long taper design with the 50 and 70% stripes design.
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Figure II.22 – QCW power-voltage-current characteristics for the different device con�gurations. The
current through the RW wasI rw = 350 mA, the seed power into the RW wasPin = 30 mW and the
heatsink temperature was20� C. Measurements for� tqcw = 1 ms and 10% duty cycle. (a) Comparison
of the baseline design with and without Ge-absorber layers. (b) Comparison of the baseline design with
the 4 mm taper design. (c) Comparison of the 4 mm long taper design with the 50 and 70% stripes
design.
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3.2.2 Beam quality

Central lobe power content The beam quality of the different lateral designs (all with ELoD2 epi-
taxial design) was investigated in CW operation at different bias points. The measurement of the central
lobe power content, following the methods discussed earlier (cf. section 1.4), is a particularly straight-
forward method for the determination of the beam quality and well adapted for the comparison of a
large number of samples. The central lobe power content was measured for a few different bias points
for all ampli�er designs as summarized in Fig. II.23. The measurements show a slight, approximately
linear, decrease of the central lobe power content for increasing currentsI tp into the tapered section.
The highest central lobe power contents were measured for the baseline design (95% at 1 A and 84%
at 9 A), enabling a focal spot at waist with a very clearly pronounced almost circular central lobe and
only minor side lobes in SA (see waist beam pro�les at 1-9 A given in Fig. II.23). The central lobe
power content measured with the 4 mm taper design (93% at 1 A and 82% ar 9 A) was nearly as high as
for the baseline design. Nevertheless, the focal spot at waist1 consists of more higher order side-lobes
when compared to the baseline design even if the total energy content in the side-lobes is very similar.
The other designs incorporating a stripe patterned contact of the tapered section or a Ge-absorber layer
had signi�cantly lower central lobe power contents when compared to the more conventional designs
(baseline and 4 mm taper). An exemplary beam shape at waist is given for the 50% stripes design at
7 A with a central lobe power content of 76% in Fig. II.23, showing that the intensity in the higher
order side lobes is increased when compared to the other designs. The central lobe power content of
the Ge-absorber and the 70% stripes design was with < 70% at 7 A signi�cantly lower than for the
other designs2. For that reason, these two designs were not investigated in details.

Beam propagation factor As an additional measure for the beam quality, theM 2 beam propagation
factors were measured in SA at moderate bias. TheM 2 measurement was done by a caustic mea-
surement (60 samples within� 3zr ) with a CCD camera on an automated translation stage (Dataray
Inc. WinCamD camera and 40 mm translation stage). Figure II.24 shows the measurement for the
baseline ampli�er at 5 A as an example. The Gaussian �t was obtained numerically. The most robust
�tting results are achieved if a strong weight is applied to the data points within one Rayleigh length
of the waist. More results are summarized in Table II.2. Approximate measurement tolerances are
speci�ed. The baseline design had the lowestM 2-factor (3:5� 0:3) followed by the 4 mm taper design
(4:5 � 0:4) and the 50% stripes design (5:5 � 0:5). TheM 2 factor increased with decreasing central
lobe power content, which con�rms that both measures are useful for beam quality measurements of
tapered ampli�ers. TheM 2 factor in FA was close to unity (1:3 � 0:3) for all designs.

Conclusions Overall, the beam quality of the ELoD2 ampli�ers with the baseline design, the 4 mm
taper design and the 50% are good and suf�cient for coherent beam combining experiments, which
will be discussed for this design in chapter 3. The best beam quality was observed for the baseline
design, which may be attributed to a better pre-ampli�cation of the single mode seed laser in the 2
mm long RW when compared to designs with a shorter RW section. The Ge-absorber layers did not
lead to any improvement regarding the beam quality. Together with the poor electro-optic charac-
teristics discussed previously, this may indicate that the Ge-absorber layers in�uence the RW section
negatively and lead to additional losses in the device that are not fully understood to this point. The
designs with the stripe patterned contacts did not show an improved beam quality when compared to
the other designs. The initial idea for this design was that the stripe pattern may prevent the growth
of �laments (by re-absorption and low carrier density in the un-pumped region). There is undoubtedly
experimental evidence in the literature [Goldberg 93, Sujecki 03] and in the results discussed in section

1The focal spot of all designs with a 4 mm long tapered section appear slightly elliptical when compared to the baseline
design. The used optics were optimized for the baseline design and led to a slightly elliptical beam for devices with a 4 mm
long tapered section.

2The ampli�ers with Ge-absorber layer design and the 70% stripes design were investigated in a slightly different exper-
imental setup but under comparable operating conditions.
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Figure II.23 – Measured central lobe power content for the different lateral ampli�er designs as a
function of the currentI tp into the tapered section. The bias conditions for all measurements were
I rw = 400 mA, Pin = 10 mW, 20°C heatsink temperature. A few exemplary beam-pro�les at waist
(astigmatism corrected) are given.

Figure II.24 – Measured and �tted caustic in SA (blue) and FA (orange) for the baseline ELoD2
tapered ampli�er atI tp = 5 A).
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2.2 that �lamentation in the tapered section degrades the beam quality signi�cantly and that �lamen-
tation is especially critical in device designs with high local gain [Wan 12]. The results presented in
this section indicate however that the stripe patterned electrical contacts are probably not an adequate
approach to prevent the formation and growth of �laments by a modulated gain in the tapered section.
The stripe pattern however also increases as a side-effect the local gain and the average carrier density
in the pumped-regions, which may counter-balance any possible bene�cial effect of the un-pumped
regions. Furthermore, effects related to carrier-accumulation at the edges of the tapered section that
favor beam quality degradation processes in tapered lasers [Lim 09], are not suppressed by the chosen
stripe pattern. Numerical investigations of other more complex stripe patterns have shown that patterns
targeting a reduced carrier density at the edges of the tapered section may improve the output beam
quality of such devices [Borruel 04]. Such stripe patterns have however not yet been investigated ex-
perimentally. Further studies of stripe patterned electrical contacts for ampli�ers with epitaxial designs
highly limited by �lamentation processes (e.g. the NewTPL design, cf. Fig. II.17) may be useful to
clarify de�nitely if gain variation using stripe patterned electrical contracts are capable of limiting the
growth of �laments.

3.2.3 Relation of ridge waveguide bias conditions and beam quality tapered ampli�ers

The in�uence of the vertical and lateral chip design on the beam quality was discussed in the previous
subsections. This is however not yet the full story, as the beam quality also depends on the bias
conditions of the ridge waveguide section itself. The EloD2 4mm taper design was chosen for further
more detailed experimental investigations.

The role of the ridge waveguide in a tapered ampli�er consists in bothpre-ampli�cation of the
low-power input signal in order to extract the energy in the tapered section ef�ciently and inmode
�ltering to extract the energy mainly in the fundamental transverse mode. The bias conditions of the
ridge section (seed power coupled into the RW and current into the RW) therefore determine both
power and beam quality at the output of the tapered ampli�er.

Pre-ampli�cation The power-RW-current characteristic shown in Fig. II.25 for three different seed
power levels shows a clear regime of saturation. The optical output power changes only in the order of
5% for 300 mA< I rw < 400 mA. The output power also saturates with increasing seed power (Pin >
10 mW is required).

Mode �ltering The bias conditions of the RW have however an in�uence on the beam quality even
in the saturation regime. The beam pro�le at waist was measured for three different currents into the
tapered section (8, 10 and 12 A) at a current of 300, 350 and 400 mA into the ridge waveguide. The
seed power coupled into the ridge waveguide was 20 mW for all measurements. Figure II.26 shows the
measured beam shapes for a few different operating points. The measured central lobe power content
is given for each case. The central lobe power content was > 80% even at the highest current into
the tapered section forI rw = 400 mA. It decreased however only 55% forI tp = 12 A and a low
currentI rw = 300 mA into the RW. This trend was observed in a similar way for lower currents into
the tapered section but was less dramatic. The decreasing central lobe power content with decreasing
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Figure II.25 – Measured optical output power for a tapered ampli�er (ELoD2 4mm taper design) at
I t p = 12 A for different currentsI rw into the RW and different levels of seed powerPin coupled into
the RW.

currentI rw means that the optical power is somehow transferred from the fundamental mode to higher
order modes, which has only minor effects on the total power (cf. Fig. II.25).

The beam pro�les at waist were investigated in a similar way for three different levels of seed
power and three different currents into the RW forI tp = 12 A. The measurements for the different
operating points are summarized in Fig. II.27. The trend of a decreasing central lobe power content for
decreasing currents into the ridge waveguide was observed for all seed power levels. But this trend was
less surprisingly dramatic for a comparably low seed power ofPin = 5 mW. Here, the difference in
the central lobe power content was only 9% (see �rst row) while the difference was 28% for high seed
power levels (see third row). This observation is somewhat contra-intuitive, as one usually expects
a better beam quality for higher seed power levels. The question arising from that observation is,
why does the beam quality degrade signi�cantly more for high seed power than it does for low seed
power level? One possible explanation for this effect is a so-called bleaching of the ridge waveguide
�lter. Bleaching means that the absorbing region next to the ridge waveguide gets optically pumped
to transparency by stray light. The bleached waveguide is then no longer a proper mode �lter and
may excite higher order modes in the tapered section. This effect has previously been observed in
simulations of DBR-TPLs [Larkins 19]. The hypothesis in the case studied here is that a high seed
power level is contributing to the bleaching of the ridge waveguide �lter (for example by residual light
that is not properly coupled into the RW and by evanescent �eld components).

Analysis of the optical feedback It is not straightforward to verify this hypothesis by experimental
investigation as the possibilities to measure the processes in ridge waveguide section of ampli�er itself
are quite limited. One source of information is however the optical feedback of the ampli�er, which is
mainly caused by backward propagating signal. The forward propagating signal beam gets in fact par-
tially re�ected at the output facet (AR coating with R = 0.3%) and ampli�ed when counter-propagating.
Contributions of ampli�ed spontaneous emission (ASE) to the optical feedback are minor.

A simple experimental setup shown in Fig II.28 (a) was used to measure the spatial distribution of
the optical feedback. The optical feedback from the ampli�er was separated from the seed laser beam
with a 50:50 beam-splitter. A CCD sensor was placed in an image plane of the rear facet. At the same
time power and beam quality of the output beam were also measured on the front side. Figure II.28 (b)
shows a simpli�ed schematic of the rear facet of a tapered ampli�er. The expected spatial distribution
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Figure II.26 – Measured beam pro�les at waist (astigmatism corrected) for different currents into the
tapered and ridge section. All measurements were done with an EloD2 4 mm taper ampli�er. The seed
power at the entrance of the ridge section was 20 mW.

Figure II.27 – Measured beam pro�les at waist (astigmatism corrected) for different currents into the
RW and three different levels of seed power coupled into the RW . All measurements were done with
an EloD2 4 mm taper ampli�er. The current into the tapered section was 12 A. The two beam pro�les
marked by orange boxes will be analyzed regarding the optical feedback in Fig. II.29.
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of the optical feedback is a single Gaussian spot corresponding to the fundamental mode guided by
the ridge waveguide. The electrically un-pumped regions on both sides of the ridge waveguide are
absorbing and in the ideal case completely nontransparent for any higher order mode feedback from
the tapered ampli�er.

Figure II.28 – (a) Simpli�ed schematic of the experimental setup for the investigation the ampli�er
feedback. (b) Simpli�ed schematic of the rear facet of a tapered ampli�er.

Two exemplary measurements of the optical feedback and the corresponding output beams at waist
are shown in Fig. II.29 (a) and (b). The two cases correspond to the beam pro�les marked with orange
boxes in Fig. II.27 and have a very different beam quality even though the current into the tapered
section was in both casesI tp = 12 A. The feedback measured for case (a) atI rw = 400 mA shows
an about4 � m wide nearly Gaussian spot at the position of the ridge waveguide. Almost no intensity
was measured around the ridge waveguide, showing that it works ef�ciently as a mode �lter. The
output beam quality at this operating point was good (83% central lobe power content). The spatial
distribution of the feedback was signi�cantly different for case (b), where a large amount of the optical
feedback is actually transmitted in several tens of micrometer wide areas on both sides of the ridge
waveguide. The ridge waveguide �lters the higher order modal content of the feedback and the un-
pumped regions next to the ridge waveguide do not absorb the optical feedback. The corresponding
output beam quality was poor with only 55% central lobe power content. This experimental observation
indicates a correlation of a dysfunction of the ridge waveguide mode �lter and a degraded beam quality
of the ampli�ed beam. But, it leads at the same time to ahen-egg-dilemma, as it remains unclear to
this point if the observed feedback pattern is the cause or the effect of the beam quality degradation.

Figure II.29 – Measured optical feedback and corresponding output beam at waist (astigmatism cor-
rected) for (a)I tp = 12 A andI rw = 400 mA and for (b)I tp = 12 A andI rw = 300 mA. The 4 mm
taper design was used and the seed power wasPin = 20 mW.
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Analysis of backward ASE The measured optical feedback for the different lateral ampli�er designs
was compared experimentally for further understanding. Three different designs were chosen: (a) The
Ge-absorber design (2 mm long RW with Ge-absorber layers) that was expected to show the best mode-
�ltering in the ridge waveguide section, (b) the baseline design that has a 2 mm long conventional RW
and (c) the 4 mm taper design that has only a 1 mm long RW and has therefore the least effective
mode �lter. It is however not straightforward to compare these designs as the output powers at high
bias are highly different (see Figs. II.21 and II.22). It was therefore chosen to compare the ampli�ed
spontaneous emission (ASE, no injection into the ampli�erPin = 0 ) for an un-pumped ridge section
(I rw = 0 mA) and a moderate current through the tapered section (I tp = 8 A). In other words, the
experimental setup was similar to Fig. II.28 but without the seed beam. The camera consequently
measured the backward traveling ASE from the pumped tapered section that was �ltered by the ridge
waveguide.

The spatial distribution of the ASE is shown in Fig. II.30 (a-c) in false-color plots. The ampli�er
design with the Ge-absorber layers showed clearly the best �ltering of the ASE. The Ge-absorber lay-
ers were located at15� m distance to the ridge section. The measurement of the ASE shown in Fig.
II.30 con�rms that the Ge-absorber layer does indeed absorb the backward traveling ASE. The closer
surroundings of the ridge waveguide (� 15� m from center) are however bleached by the backward
traveling ASE. The backward traveling ASE of the baseline design (see Fig. II.30 (b)) was spread
over a larger area when compared to Ge-absorber design. The 4 mm taper design showed the strongest
backward traveling ASE, which was attributed to the shorter ridge waveguide and the large gain vol-
ume. The measurements show that the ridge waveguide sections of the different lateral designs were
indeed �ltering the backward traveling light differently. The point however is that the design with the
Ge-layers did not show an improved output beam quality (cf. Fig. II.23)) even though it was shown
that the Ge-absorber layers were functional and were in fact effectively absorbing backward traveling
components. The Ge-absorber layer did however not improve the mode �lter of the 4� m wide RW
section. In fact, within the distance� 15� m from center of the RW, there was no signi�cant difference
for the Ge-absorber design and the baseline design (cf. Fig. II.30 (a) and (b)). Furthermore, both the
baseline design and the 4 mm taper design showed a very similar output beam quality for different
lengths of the ridge waveguide �lter. It is therefore questionable if the hypothesis that the beam qual-
ity degradation of tapered lasers and ampli�ers is mainly driven by a bleached ridge-waveguide �lter,
is true. It is likely that the back-coupled light, transmitted through the absorbing region of the ridge
waveguide �lter is not the cause but only the effect of beam quality degradation processes in the taper.

Figure II.30 – Measured ASE at rear facet (Pin = 0 mW, I tp = 8 A and I rw = 0 mA for three
different lateral designs: (a) Ge-absorber (b) baseline and (c) 4 mm taper. The color scale of the three
sub-�gures is identical. The measurements were taken with the same integration time and gain on the
camera.



72 Chapter II - INVESTIGATION OF TAPERED LASERS AND AMPLIFIERS

Conclusions The experiments presented in this section do however clearly point out that the bias
conditions of the ridge wave guide have a signi�cant effect on the output beam quality. The total
output power of the ampli�er may saturate for a range of different bias conditions (cf. Fig. II.25) but
power in the central lobe may vary signi�cantly.

After all, it can be seen that the beam quality degradation processes in tapered lasers and ampli�ers
are still not completely understood and that detailed numerical simulations and more experiments are
needed for further understanding. The Laser research group at Laboratoire Charles Fabry is currently
cooperating with Prof. Eric Larkins (University of Nottingham, Photonic and Radio Frequency En-
gineering Laboratory) in order to develop a full numerical model for ELoD2 tapered ampli�ers with
different geometries for future studies.
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3.2.4 Phase noise

A low phase noise in the ampli�er is besides high beam quality and high output power the most im-
portant requirement for coherent beam combining. Relative piston phase differences lead to a reduced
combining ef�ciency (cf. section 2.4 in chapter I). A piston mismatch of� ' rad = 0.2 rad leads to
losses in the order of 1% for the coherent superposition of two beams. It is often more graspable to
express the relative piston mismatch in waves:� ' � = � ' rad =2� . A piston phase mismatch of 0.2
rad corresponds for example to roughly�= 30. A spectral analysis of the phase �uctuations is required
to determine the required bandwidth of the phase control to ensure correction of the piston phase mis-
matches with suf�cient precision.

The phase noise of tapered ampli�ers with different lateral designs was investigated in order to
verify if a speci�c ampli�er design shows bene�cial noise properties. The signal accumulates a time
dependent phase' (t) in the ampli�er that can be written as

' (t) = �' + �' (t); (II.10)

where�' is the average value of the accumulated phase and�' (t) speci�es any time dependent �uctua-
tions. Such �uctuations can be caused by thermal, electric and acoustic noise. Another potential reason
for phase �uctuations is the gain-phase coupling related to the Kramers-Kronig relations [Saleh 19].
This effect is however not relevant in the context of this work, as the gain, which is related to the carrier
density, can be considered as constant.

Figure II.31 – Simpli�ed schematic of the experimental setup used for phase noise measurements.
QWP: quarter-wave-plate, HWP: half-wave-plate, PBS: polarizing beam splitter, I: in-phase signal
component, Q: quadrature signal component

The experimental setup, shown in Fig II.31, was a simple Mach-Zehnder interferometer. The beam
of a narrow-line-width linearly polarized DFB laser was split by non-polarizing 50:50 beam splitter in
two parts. The tapered ampli�er was located in one of the arms of the interferometer and the second
arm was used as a reference beam in free space. A small part of the ampli�ed beam (1%) was taken for
interference with the reference beam. The �uctuations in the interference were used to investigate the
phase noise in the interferometer. The optical path length in each arm of the ampli�er was in the range
of 50� 1 cm. A quarter-wave-plate (QWP) was used to measure in-phase (I) and quadrature (Q) signal
components with two fast Si-photodiodes after a polarizing beamsplitter (PBS) [Huang 09]. Half wave
plates (HWP) were used in both arms of the interferometer to achieve approximately the same signal
contrast for the I and Q components. A linear phase-drift in the active arm of the ampli�er was applied
(by a linear increase of the current into the ridge section) to calibrate the experimental setup. Figure
II.32 shows the obtained signals for I and Q components, which are in this case (linear phase drift)
sinusoidal functions with a�= 2 phase shift.

The I and Q signal components were then recorded with different tapered ampli�ers at a few dif-
ferent operation points. The measurement time was40 sand the sample rate off max = 25 kHz. The
change in phase' (t) in the active arm of the interferometer can be directly calculated by the relation

' (t) = � arctan
Q(t)
I (t)

: (II.11)
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Figure II.32 – Quadrature calibration signals for phase noise measurement. The (approximately) linear
phase drift was generated by a linear increase ofI rw

An exemplary measurement of the phase drift' (t) (for an ELoD2 TPA with the 50% stripes at
I tp = 10 A) is shown in Fig. II.33 (a). The measured phase drift (see blue line) is slow and the
total amplitude of the variations are in the range of� �= 20only. The detection limit (background noise
of detectors and oscilloscope) is shown in black for comparison. The one sided power spectral density
(PSD)

S' (f ) = 2
Z f max

0

h
�' (t)�' (t + � )

i
e(i 2�f � )d� (II.12)

is shown in Fig. II.33 (a). A moving average �lter was applied to the PSD forf 2 [1 Hz, f max ] for
better visibility. The un�ltered PSD is shown in gray for completeness. Frequencies below 100 Hz are
clearly dominating the noise spectrum and the PSD is close to a1=f 2-noise. The detection at higher
frequencies is limited by the (white) background noise �oor at about10� 8 rad2=Hz. The integrated
phase noise

Sint (f ) =

s Z f max

f
S' (f )df (II.13)

is shown in Fig. II.33 (c) and wasSint (1 Hz) = 0.02 rad� �= 300. This means that a simple phase
control loop, correcting the phase �uctuations only once per second is would be suf�cient to achieve
excellent phase matching. Also free-running operation without any active correction on the order of 10
s seems feasible as the integrated phase noise at 0.1 Hz is still very low.

This measurement showed an excellent phase stability of the interferometer. The question however
is, if the measured phase drift is actually dominated by noise in the tapered ampli�er or dominated
by noise in the optical setup itself. The ampli�er in the experimental setup (cf. Fig. II.31)) was
removed and the phase noise in the interferometer itself was characterized under identical conditions. A
comparison of the phase noise with and without the ampli�er is shown in Fig. II.34 (a) and (b), showing
that the observed phase noise is indeed dominated by �uctuations in the ampli�er. The contribution
of the ampli�er can be estimated by subtraction of the two lines in Fig. II.34 (b), which leads to an
estimate of the integrated phase noise in the ampli�er itself ofSint;T P A (0.1 Hz)� �= 100which was six
times more than the contribution of the interferometer itselfSint;rest (0.1 Hz)� �= 600. Note that these
measurements were done in a laboratory environment well protected from external noise sources. The
interferometer was isolated from external mechanical vibrations and inside a closed box. All acoustic
noise sources in the laboratory were eliminated. The noise contribution from the interferometer itself
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Figure II.33 – Phase noise characterization for the active arm of the interferometer with an EloD2 TPA
ampli�er (50% stripes design,I tp = 10 A, I rw = 350 mA,Pin = 30 mW, measured data in blue, noise
�oor level in black). (a) measured phase drift, (b) PSD, (c) integrated phase noise.

Figure II.34 – Phase noise characterization for the active arm of the interferometer with and without
EloD2 TPA ampli�er (50% stripes design,I tp = 10 A, measured data with TPA in blue, without TPA
in orange, noise �oor in black). (a) �ltered PSD, (b) integrated phase noise.
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can be much higher in a more realistic environment, e.g. in the presence of acoustical noise or air �ow
from an air-conditioning system. In fact, the noise in the experimental setup was clearly dominated by
the noise of the interferometer itself if the box, protecting the interferometer from air convection, was
opened. In other words, a comparison of the phase noise of ampli�ers with different lateral design has
to be performed carefully and with the best possible protection from external noise sources.

For completeness, it was chosen to compare the noise properties of tapered ampli�ers with and
without a stripe patterned electrical contact. The observed phase drift in a device of the 4 mm taper
design and a device of the 50% stripes design was almost identical as shown in Fig II.35. The relative
differences in the integrated phase noise were only in the range of�= 600 and in the order of the
repeatability precision of the noise measurements. A technical challenge is the temperature stability
of the setup and the precision of the used active temperature control. An integrated phase noise in a
5 mm long tapered ampli�er in the range ofSint;T P A (0.1 Hz) � �= 100 means that the optical path
length in the ampli�er is changing in the order of 10 nm only. The refractive index of the waveguide
approximately 3.4 anddn=dT = 2 � 10� 4 [Gehrsitz 00], which leads to a required temperature stability
better than� 0:005 K to achieve a stability of the optical path in the order of� 10 nm. The used
temperature controller (Arroyo Instruments, 5305 TEC Source) had a speci�ed temperature stability of
� 0:01K, meaning that the observed phase drift in the ampli�er can be attributed to a slowly �uctuating
temperature in the device. It is therefore questionable if a comparison of the low frequency noise
components (thermal noise) of different ampli�er designs makes sense, as the observed phase noise is
most probably dominated by thermal noise from the TEC controller.

There was no experimental evidence for an effect of the lateral design on the phase noise. The
conclusion of these experiments was that the phase-noise in the ampli�er is very low and hardly de-
tectable. A comparison of the phase noise of different device designs was not possible, but is also not
required as phase noise in the ampli�er is very low and not critical for coherent beam combining.

Figure II.35 – Phase noise characterization for two different ampli�er designs: 50% stripes design in
orange, 4 mm taper design in blueI tp = 10 A, noise �oor in black.

3.2.5 Phase control

Active phase control is required for coherent beam combining to correct the small phase drift in the
ampli�ers. A straightforward concept is to use an active feedback on the current into the ridge waveg-
uide for phase control. This can be done with limited impact on the optical output power within the
saturation regime in the range of 300 mA <I rw < 400 mA (cf. Fig. II.25). Note that there may how-
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ever be a considerable in�uence on the central lobe power as the beam quality is sensitive to the bias
conditions of the ridge section (cf. section 3.2.3). The effective optical path in the ampli�er is almost
linear to the current into the ridge section withdI rw =d' = 35 mA=� [Schimmel 16, Albrodt 18b].

Figure II.36 – Phase noise characterization of the interferometer without phase control (open loop,
blue line) and with phase control (closed loop, gray line). ELoD2 TPA (50% stripes design),I tp = 10
A, noise �oor in black.

A simple hill-climbing algorithm, implemented on a micro controller, was used to maximize the in
phase signal component (cf. experimental setup Fig. II.31). The used algorithm was based on a small
periodical dither at a frequency of 500 Hz and an adaptive hill-climbing step calculated as a function
of the dither signal. The algorithm is described in details in the annex of this manuscript (see page
2.3). The residual phase noise with the active phase control was characterized under identical bias
conditions as for the previously discussed measurements. The measured residual phase drift was close
to the detection limit as shown in Fig. II.36 (a) with an integrated phase noise ofSint (0.1 Hz)� �= 300
(cf Fig. II.36 (a)). The dither of the hill-climbing algorithm leads to a slightly increased phase noise
around 500 Hz. The low frequency components of the phase noise are however effectively corrected
and the achieved precision is largely suf�cient. The difference between the recorded signal with and
without phase control may seem small in this example, this is however due to the low level of noise in
the interferometer itself.

Sequential correction of a several tens of channels is also possible as the achievable bandwidth of
a simple micro-controller based hill climbing algorithm is in the MHz range, and the bandwidth for
an active current control with commercial laser diode drivers is in the kHz regime. One can therefore
easily sequentially correct the phase �uctuations, dominated by very low frequencies (cf. Fig. II.33) in
the different arms of the interferometer.

3.2.6 Relative intensity noise

The standard speci�cation for optical power �uctuations of laser sources is therelativeintensitynoise
(RIN ). The optical power of a laser source can be written as

P(t) = �P + �P (t); (II.14)

with the average optical power�P and time dependent �uctuations�P (t). The power �uctuations can
be statistically described with a PSD and its integrated form in the same way as previously discussed



78 Chapter II - INVESTIGATION OF TAPERED LASERS AND AMPLIFIERS

for the phase noise (cf. equations II.12 and II.13). The RIN was measured with a fast photodiode and a
low-noise analog ampli�er was used to amplify the signal �uctuations (40 dB gain for f > 100 Hz). The
measured RIN is shown in Fig. II.37 ((a) PSD, (b) integrated RIN) for three different device designs (4
mm taper, 50% stripes and 70% stripes). Minor differences were observed for frequencies from 25 kHz
to 100 kHz, where ampli�ers with a stripe patterned electrical contact showed multiple discrete noise
peaks. The most conventional design, the 4 mm taper design, showed the lowest intensity noise. The
differences to the device design with stripe patterned contact were small but the measurements indicate
that the RIN is slightly increased by the modulated gain in the tapered section. The integrated RIN was
below 0.02% rms (1 Hz - 200 kHz) for all ampli�er designs, which is comparable to commercial low-
noise diode laser modules relying on tapered ampli�ers (e.g. Toptica Photonics, BoosTA pro product
line [Toptica 19]).

Figure II.37 – RIN measurements for three different lateral ampli�er designs (orange: 4 mm taper,
blue: 50% stripes, gray: 70% stripes). The optical power was 5 W for all measurements. The same
current supply was used.
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3.3 Conclusions for the lateral design of tapered ampli�ers

Optical power, power conversion ef�ciency, beam quality, intensity and phase noise properties of �ve
different lateral designs of ELoD2 tapered ampli�ers have been investigated and the results were dis-
cussed in the previous sections. The most relevant results are summarized in Table II.3 including a few
generalized comments on the designs. Three designs with particular good characteristics (baseline,
4 mm taper and 50% stripes), were chosen for CBC experiments that will be discussed in Chapter
3 and 4 of this manuscript. The aim of this comparative experimental study was to investigate if ad-
vanced lateral designs, incorporating absorber layers for an enhanced mode �ltering or stripe-patterned
electrical contacts of the tapered section, help to improve the properties of tapered ampli�ers. The sum-
marized results however show that the more conventional designs (baseline, 4 mm taper), performed
signi�cantly better than the other designs. The results lead to the following conclusions:

Ge-absorber layers in the ridge waveguide section do not improve the beam quality of tapered
ampli�ers. The Ge-absorber layers were located at15� m distance to the ridge waveguide. It has
been shown that the Ge-absorber layers are functional and absorb back-coupled light, they do however
not enhance the �ltering of the close surroundings of the ridge waveguide. Furthermore a decrease
in performance in terms of output power has been observed in CW and QCW operation, which was
attributed to slight additional losses in the device related to the modi�ed ridge waveguide structure. As
there was overall no bene�t from the Ge-absorber layers next to the ridge waveguide, it is questionable
if parasitic oscillation of back coupled higher order modes plays a signi�cant role in beam quality
degradation processes in tapered ampli�ers. Further investigations by numerical simulations are in
progress.

Stripe patterned electrical contacts of the tapered section do not improve the beam quality and the
noise properties of tapered ampli�ers. The idea behind this design variant was that alternating pumped
and un-pumped regions in the tapered section may prevent the growth of �laments and improve the
performance of tapered ampli�ers. There was however no experimental evidence showing that the
stripe patterned electrical contact improves the performance of tapered ampli�ers. It is questionable if
a stripe patterned contact is actually helpful to prevent the growth of �laments as the average gain is
lowered at the cost of an alternating structure of regions with very high gain and regions with no gain.
Stripe patterned electrical contacts may however still be useful in con�gurations where one common
electrical contact is used for tapered section and ridge waveguide section [Crump 19].

The phase noise in high power tapered ampli�ers is not a key-challenge regarding coherent beam
combining. It has been shown that the phase noise in tapered ampli�ers is low (in the order of 0.1
rad rms (0.1 Hz - 10 kHz)) and dominated by very low frequencies. Standard sequential hill-climbing
algorithms are the most straightforward technique for the phase control in coherent beam combining
architectures. There was no evidence for an in�uence of the lateral design of the ampli�er on the
phase noise. Most of the phase �uctuations were attributed to slow temperature �uctuations within the
temperature tolerance of the used TEC controllers.
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Chapter III

Continuous wave coherent beam
combining

Objectifs

This chapter covers continuous wave coherent beam combining experiments. The experi-
mental principles, which are essentially identical for all experiments, are discussed in the
�rst section. The second section is about a preliminary experimental setup for coherent
beam combining of three tapered ampli�ers using the reference epitaxial design. This ex-
periment was used to demonstrate the effect of the scaled brightness for nonlinear frequency
conversion. Different lateral designs of the ELoD2 epitaxial design are investigated in the
third section and a clear improvement of the achievable combining ef�ciency was demon-
strated. In the last section, a simple pathway for the development of coherent beam combin-
ing modules based on commercially available tapered ampli�ers and standard off-the-shelf
optical elements is demonstrated.
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1 Experimental principles of coherent superposition

Several experiments on coherent beam combining will be discussed in this chapter. The difference
in between the experiments described in the sections 2-4. are the type and the number of the used
ampli�ers, but the experimental setup and the general principles discussed below are very similar.

1.1 Typical experimental setup and optimization of the combining ef�ciency

The typical setup for coherent superposition of two tapered ampli�ers is shown in Fig. III.1 (a). The
MO was for all experiments discussed in this manuscript a DFB laser at 976 nm with a spectral line-
width below 20 MHz. An aspherical lens with a high numerical aperture (L1, NA = 0.55, f = 8 mm) was
used for collimation. A double stage optical isolator (2� Thorlabs IO-5-NIR-LP ensuring an optical
isolation > 55 dB) was used. Two folding mirrors were used for alignment of the seed into the �rst
TPA (A1). The 50:50 plate beam-splitter and a third mirror were used for coupling into the second TPA
(A2). A high NA aspherical lens (L2, NA = 0.55, f = 8 mm) was used for coupling into the RW section
and glued to the heatsink of the ampli�er. The tapered ampli�ers, mounted on C-mounts, were �xed
on a large copper heatsink. We used active thermoelectric cooling with a Peltier-element mounted on
a large water-cooled aluminum radiator for each ampli�er.

Note that the optimization of the coupling into the RW is very critical regarding the output beam
quality of the tapered ampli�ers. The coupling was optimized to achieve the highest power in the
central lobe at high bias. The total optical output power of a tapered ampli�er is less sensitive to
misalignment of the seed laser beam as the power in the central lobe. It is therefore required to measure
the power and the beam pro�le at waist simultaneously during the optimization of the setup.

Figure III.1 – Simpli�ed schematic of (a) the typical coherent beam combining architecture used in this
work; (b) Modulated currentI rw to achieve a phase shift in the interferometer; (c) Recorded alignment
signals with three different levels of contrast.

The beam was collimated with a high NA aspherical lens glued to the heatsink at the output of
the ampli�er (L3, NA = 0.55, f = 2.3 mm). A cylindrical lens (L4, f = 19 mm) mounted on a linear
translation stage was used to correct the astigmatism of each ampli�er. The astigmatism of a tapered
ampli�er depends in fact on the current into the tapered section (also calledwandering astigmatism)
[Kelemen 04, Larkins 19] and was corrected individually at each investigated bias point. A pair of
mirror and beam splitter allowed to overlap the beams in near and far-�eld with minimal displacement
and pointing errors, cf. Fig III.1 (a).

Both the coupling into the ampli�er and the superposition have to be optimized to achieve the best



Part 1 - Experimental principles of coherent superposition 83

possible combining ef�ciency at the output of the interferometer. For that reason, the interference
signal of two beams is optimized, while the piston phase in one arm of the interferometer is modulated.
A periodic linear modulation of the currentI rw into the RW of one ampli�er leads to an approximately
linear phase-modulation� ' mod(t) (cf. Fig. III.1 (b) and (c)). The beams interfere on a 50:50 beam
combiner and the optical power in the output pathway was measured with a photodiode1 (PD). The
�eld in one of the output pathways of the beamsplitter is

ECBC (x; y; t ) =
E 1(x; y) + iE 2(x; y)ei � ' mod (t )

p
2

: (III.1)

The photodiode signal is proportional to the optical powerPCBC (t), which can be written as

PCBC (t) =
1
2

�
P1 + P2 + 2

p
P1P2 � C � cos(� ' mod(t))

�
; (III.2)

where�� mod(t) is the piston phase induced by the modulated ridge current andC is the overlap factor
of the two complex �elds

C =

j
RR

E1(x; y)E2
� (x; y)dxdy j2

RR
I 1(x; y)dxdy

RR
I 2(x; y)dxdy

: (III.3)

The induced linear phase shift� ' (t) leads consequently to a sinusoidal oscillation of the output power
PCBC (t). For two perfectly coherent �elds andC = 1 , one would detect a modulation with 100%
contrast. The �elds from the tapered ampli�ers are however slightly mismatched (C < 1 ), which
leads in our case to a modulation with limited contrast. The expected maximal combining ef�ciency
of the setup can be calculated from the recorded signal by the simple relation

� CBC =
PCBC

P1 + P2
=

PCBC

PCBC + Losses
=

Smax

Smax + Smin
; (III.4)

whereSmax andSmin are the maximal and minimal value of the modulated signal shown in Fig III.1
(c). The combining ef�ciency can be put in relation to the overlap byC = 2( � CBC � 0:5). The
photodiode signal was used for the optimization of overlap and combining ef�ciency. Three exemplary
signals for 60, 70 and 80% combining ef�ciency are shown in Fig III.1 (c). The maximal achieved
combining ef�ciencies for the interference of two beams were in the range of 80-90% (cf. following
sections), mostly limited by the slightly degraded beam quality of the tapered ampli�ers. Mismatches
related to spot displacement or pointing errors were not signi�cant. This experimental procedure was
applied for the optimization of the experimental setups described in the following section. The op-
timization of larger setups with for example four ampli�ers, as shown in Fig. III.2 can be done in a
similar way by series of two-by-two optimization steps as indicated in Fig. III.2.

1.2 Stabilization and operating conditions

The phase control was achieved by an active control of the optical path in the arms of the interferometer.
Active control on the currents into the ridge waveguide was used for phase control in the experiments
described in section 2 and 3 and piezoelectric actuators were used in the experiments described in
section 4, where phase control via the currents was not possible. The general principle of the phase
control and the used hill climbing algorithm were however identical. One arm of the interferometer
was always used as thereference(free running - no active control), and the piston phases in the other
arms were actively controlled to achieve phase matching. A sequential hill-climbing algorithm was
used. The phase matching of the �rst arm with respect to thereferencewas optimized, after that the
phase matching of the other arms in sequential order before starting again with the �rst arm. The dura-
tion of one optimization step was in the order of a few milliseconds only, so that the phases in the other

1The beam was focused on the photodiode to average over the full aperture.
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Figure III.2 – Simpli�ed schematic of the optimization procedure for a CBC setup with four ampli�ers.

arms of the interferometer can be considered as constant during the optimization (cf. II.3.2.4). The
general principle of the used hill climbing algorithm is shown in Fig. III.3. A small dither was applied
to the current into the RW, which corresponds to a small dither in the relative piston-phase differences.
The dither allows to measure the local slope ofPCBC (I rw ). The hill-climbing step is calculated as a
function of the measured slope. The dither amplitude is reduced once the maximum is reached. If the
currentI rw approaches the de�ned minimum and maximum values, a large current step� I jump ap-
proximately corresponding to 2� phase-shift is used tojumpto the next local maximum. The difference
I max � I min has to be larger than� I jump to avoid instabilities. A change of approximately� 70 mA
corresponded to a 2� phase shift in the experiments described in this work and currents from 250 mA
to 400 mA were allowed forI rw . A detailed �owchart of the hill-climbing algorithm implemented on
a micro controller is given in the annex(see page 145) of this manuscript. The bandwidth of the used
phase control mechanism was in the order of 1 kHz, which was limited by the modulation bandwidth
of the laser diode drivers and not by the speed of the algorithm. This was however largely suf�cient as
the phase noise in the interferometer is dominated by low frequencies far below 100 Hz (cf. II.3).

Figure III.3 – Simpli�ed schematic of the phase control.
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2 Coherent beam combining using the reference epitaxial design

Preliminary experiments with tapered ampli�ers using the reference epitaxial design (cf. section 2 in
chapter II) are discussed in this section. The ampli�ers used in this work were recycled from previous
experiments in the framework of the BRIDLE project and the PhD-thesis of Guillaume Schimmel
[Schimmel 16].

The coherently combined beam (976 nm) was used as the NIR pump source for nonlinear frequency
conversion to 488 nm in order to demonstrate the usefulness of coherent beam combining for the
development of high power visible laser sources based on semiconductor emitters only.

2.1 Experimental setup

The experimental setup was a simple three arm interferometer shown in Fig. III.4. The setup was
originally designed for two ampli�ers only and then extended for three ampli�ers in total. This is the
reason why it may seem imbalanced and slightly asymmetric at the �rst glance. The idea was however
to investigate if a cascade of combining steps is practical and bene�cial for nonlinear frequency con-
version and to investigate how the beam quality is evolving. The setup was easily adaptable to use the
beam from coherent superposition of A1 and A2 only by removing the second combining element (C2

in Fig. III.4). Similar to that, the beam from A2 only can be used by removing both combiners (C1 and
C2 in Fig. III.4).

The optical elements used for splitting and combining were standard 50:50 beamsplitters. This
leads obviously to imbalanced seed powers (seed power for A3 is lower), which is however not crit-
ical as long as all ampli�ers are saturated. Furthermore, this leads also to power mismatches during
coherent superposition causing however combining losses 3% only (see section I.2.4). The optical
path-length in the interferometer was not balanced for practical reasons. In fact, the path length of the
arm with A3 was about 30 cm longer than the optical path in the other arms.

Figure III.4 – Simpli�ed schematic of the experimental setup. Lenses for collimation and coupling are
omitted for simplicity. Non-polarizing 50:50 beamsplitters were used for separating and combining
the beams. A double stage optical isolator with > 55 dB isolation was used.

The ampli�ers were 6 mm long and mounted p-side down in CuW-submounts and C-mounts. The
RW was 2 mm long and 4� m wide for A1 and A2. A similar device with a 4.5� m wide RW was
used as A3, limited by the availability of the ampli�ers. The tapered section was 4 mm long (6� taper
angle). The facets of the ampli�ers were passivated and AR coated (R < 0.1%). The output power
characteristics of the ampli�ers are shown in Fig. III.5 (a). The maximal power was > 6 W at the
maximum currentI tp = 10 A. Figure III.5 (b) shows the output power of A1 as a function of the
current into the RW and the seed power at constant current into the tapered section. The results show
that > 10 mW of seed power is suf�cient to saturate the ampli�er. The seed power for the coherent
beam combining experiments was approximately 20 mW for A1 and A2 and 10 mW for A3, so that all
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ampli�ers were saturated.

Figure III.5 – (a) Output power characteristicsPout (I tp ) for the three used tapered ampli�ers. (b)
Output power characteristicsPout (I rw ; Pin ) of A1 at I tp = 7 A.

2.2 Coherent beam combining results

Stability The stability of the setup was investigated by recording the signal from the photodiode at
the output of the interferometer, which was also used as the input signal for the phase control loop (cf.
III.4). The currents into the RW of A2 and A3 were also recorded. Figure III.6 shows an exemplary
measurement with excellent stability of the power over about one hour. The rise time of the hill-
climbing algorithm was below 1 s. The standard deviation in the stabilized level was below 0.6%
(rms). The recorded signal for currents into the RW shows that the phase of the whole setup is quite
stable with a slow derivation of� ' < � over 30 min only. The average value of the applied currents
evolved very slowly, however the amplitude of the recorded signal shows that continuous phase control
was required to correct for small �uctuations. Some spontaneous large scale variations in the ridge
currents corresponding approximately to a� -phase shift were occasionally observed, as clearly visible
for the ridge current of A2 at t = 20 min (30 mA jump), but were not fully understood. However, overall
the active phase control is capable of controlling the output power with more than suf�cient stability
[Albrodt 18b]. The power drops slightly at the end of the measurement (see 55 min < t < 60 min),
which was related to the comparably low current into the RW of the ampli�ers 2 and 3 (cf. Fig. III.6).

Figure III.6 – Power stability for coherent beam combining of three ampli�ers atI tp = 7 A. The power
was measured with a calibrated Si-photodiode. This signal was also used as the error signal for the
phase control. The actively currents into the RW are also plotted for A2 (gray) and A3 (blue).
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The stability of the power at the output of the interferometer with and without any phase control was
compared for better understanding. An exemplary measurement at moderate current into the ampli�ers
is given in Fig. III.7. The data shows that the interferometer is quite stable without any active control.
The power �uctuations were only slightly higher (� p < 1.6%) without any phase control for the �rst
5 min. After that, the phase-matching was however lost by some spontaneous fast variations (see pos.
1 and 2 in Fig. III.7). These variations were probably related to perturbations of the master oscillator
discussed later in section 2.3.

Figure III.7 – Power stability for coherent beam combining of three ampli�ers atI tp = 5 A with and
without phase control.

Power and combining ef�ciency Combined power and combining ef�ciency were evaluated for
the use of only two ampli�ers and all three ampli�ers separately. The combining ef�ciency� CBC is
de�ned for the use of two ampli�ers asPA1+ A2=(PA1 + PA2), and for the use of all three ampli�ers as
PA1+ A2+ A3=(PA1 + PA2 + PA3) (cf. Fig. III.4). The results are summarized in Fig. III.8. The power
of one individual ampli�er is also given for completeness.

Figure III.8 – Measured coherently combined power (PCBC ) and combining ef�ciency� CBC for
different currents into the tapered section. The currents into the RW were actively controlled in the
range of 250 to 400 mA, the heatsink temperature was T = 20� C. The astigmatism was corrected at
each operating current. Reference design TPAs were used.
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Coherent beam combining of all three ampli�ers resulted in 12.9 W at the output of the interfer-
ometer. This compares favorably to previous studies in the framework of the PhD-thesis of Guillaume
Schimmel where 12 W were achieved in a more complex setup using a mini-bar of �ve tapered am-
pli�ers [Schimmel 17]. The main bene�t from the single emitter approach (each ampli�er has its own
heatsink) in this work is that the ampli�ers can be operated at higher bias when compared to similar
emitters on a bar (where the ampli�ers share a heatsink).

Operation at high bias comes however at the price of a degraded beam quality of the individual
beams, as beam quality degradation processes in the devices become more severe. This is problematic
as beams with a degraded beam quality are likely to have higher spatial mismatches in amplitude
and phase pro�le and mismatched �elds have a reduced overlap which leads to a reduced combining
ef�ciency. The overall combining ef�ciency was found to be > 65% at the highest power. Furthermore,
it was found that the combining ef�ciency was decreasing with increasing current into the tapered
section, both for coherent superposition of two and three ampli�ers. This observation underlines that
the intrinsic beam quality of the beams in�uences the combining ef�ciency. The combining ef�ciency
was slightly better for coherent superposition of only two ampli�ers: 74% were measured at high
bias and > 85% at low bias, which was consistent to previous experiments in the framework of the
PhD-thesis of Guillaume Schimmel [Schimmel 16]. Factors limiting the combining ef�ciency in this
con�guration are investigated in details below.

Beam clean-up The not-ideal combining ef�ciency is mostly related to a clean-up of the beam pro�le
inherent to the combining process. This effect is visualized in Fig. III.9, where the beam pro�le at waist
is shown for all different steps from the seed laser (diffraction limited beam quality), the individual
ampli�ers (signi�cantly degraded beam quality) to the �nal beam (nearly diffraction limited beam
quality). This detailed analysis was done at a moderate drive current (7 A). The beam pro�les given
for the individual ampli�ers make clear that mismatches in the intensity pro�les are quite signi�cant.
Especially the intensity distribution in the side lobes varies from ampli�er to ampli�er. In some cases,
side lobes were also observed in FA (e.g. for A2). The beam quality of the beams from the individual
ampli�ers was moderate, the typicalM 2 factor in FA and SA and the central lobe power content
� cl are given in Fig. III.9. The beam pro�les for the coherently combined beams show a step-wise
improved beam quality. The central lobe power content of the �nal beam was > 83% and theM 2

factor was below 1.1 in FA and below 3.5 in SA. The reason for the improved beam quality is that the
central lobes interfere ef�ciently with each other while the mismatched power content in the side lobes
exhibits high combining losses and gets consequently �ltered.

The beam quality of the beam at the output of the interferometer was also very good at the highest
power (12.9 W at 10 A) as evidenced in the measurement of the beam shape at waist given in Fig.
III.10 (a). Central lobe power content and theM 2 factor were comparable to the previously discussed
results at lower currents. The more detailed investigations of the beam-clean up effect were done at a
moderate drive current (7 A) as the stability of the setup was problematic at the highest power, which
is investigated in section 2.3.

The beam pro�les of the rejected beams were also measured and the rejected beam at the �rst
combining step is shown in Fig. III.10 (b). The rejected beam has almost no central lobe power content
and is clearly dominated by numerous side-lobes. One can identify certain intensity patterns in the side
lobes that come indeed from far angle side lobes of the individual beams (see marked regions). This
measurement shows that the power losses (the rejected beam) at the combining steps are dominated
by power content in higher order modes, which is useless for many applications anyway. Only a small
part of theusefulcentral lobe power is found in the rejected beam. The results shown above in Fig.
III.9 show however that the beam quality is still improving signi�cantly during the second combining
step, as the power content in the higher order modes does not get �ltered completely in one combining
step. Assuming totally mismatched power content in the side lobes, one can roughly estimate that the
side lobe intensity gets weakened by 50% at each combining step.
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Figure III.9 – Simpli�ed schematic of the beam clean-up effect. The waist beam pro�le (astigmatism
corrected) is given for each step. Below, the power level, power content in the central lobe� cl and the
M 2 factor is speci�ed for the seed laser, the individual ampli�ers and the �nal beam.

Figure III.10 – (a) Beam pro�le at waist (astigmatism corrected) of the combined beam at the highest
power 12.9 W atI tp = 10 A. (b) Beam pro�le at waist (astigmatism corrected) of A1 and A2 and the
rejected beam (losses at C1 in Fig. III.4. Each image was normalized and plotted on a false color scale
separately. The camera settings were also different (longer exposure time) for the measurement of the
rejected beam for better visibility. The dimensions are however identical. Measurement forI tp = 7 A.
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2.3 Challenges and problems

Limitations to the combining ef�ciency Coherent superposition in �lled aperture con�gurations
usually enables high combining ef�ciencies. In the literature, excellent combining ef�ciencies > 87%
has been reported for the coherent superposition of 47 single-mode slab-coupled optical waveguide
ampli�ers [Creedon 12] using a diffractive optical element. Combining ef�ciencies above 98% were
reported for coherent superposition of �ber ampli�ers using a similar two-by-two combining approach
with beamsplitters [Müller 18]. The combining ef�ciency was signi�cantly lower than that in the
experiments discussed in this section. The physical reason for the reduced combining ef�ciency were
investigated using wavefront and intensity measurements of the different beams. The data from the
wavefront sensor allows to calculate the overlap factor of the different �elds which determines the
maximal achievable combining ef�ciency (cf. chapter I section 2.4).

Figure III.11 – Investigation of limitations to the combining ef�ciency. Measurement of intensity
mismatches (a) and (b) and mismatches in the wavefront (c) for the second combining step (cf. C2 in
Fig. III.4). The measurement plane was at waist (astigmatism corrected) of the beams. Two masks
were chosen for the calculation of the measured overlap factor. Mask 1 is signi�cantly larger than
the central lobe, mask 2 corresponds roughly to the central lobe. Measurement forI tp = 7 A. The
given wavefront measurement represents an average wavefront mismatch as 10 measurements (10 ms
integration time) were averaged.

An investigation of the second combining step (superposition on C2 in Fig. III.4) is shown in Fig.
III.11, where the intensity pro�les and the relative wavefront differences' 1(x; y)� ' 2(x; y) are shown.
Two different masks were chosen, the rectangular mask 1 contained the central lobe and a few side-
lobes and mask 2 corresponded approximately to the central lobe. The 2D intensity and wavefront
pro�les were measured with a commercially available wavefront sensor based on quadri-wave lat-
eral shearing interferometry (Phasics SID4). The measurements of the relative wavefront mismatches
showed that the wavefronts were almost identical within mask 2. The wavefront mismatches were
however quite signi�cant for the side lobes (cf. Fig. III.11). The data from the wavefront sensor was
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then used to calculate thetheoreticalcombining ef�ciency of the two �elds following Eq. I.5. The
evaluated combining ef�ciency was 87% for mask 1 (rectangular aperture with� 95% power content)
and 93% for the central lobe (mask 2). The experimentally measured combining ef�ciency of the sec-
ond combining step, taking into account the full beam including the components outside mask 1, was
81%. This indicates that the mismatches within the central lobe power content in the different beams is
well overlapped and interferes ef�ciently. Furthermore, it was experimentally observed by several con-
secutive measurements that the wavefronts in the side lobes were de-correlated from the �at wavefront
in the central lobe, as there were signi�cant differences in the wavefront mismatch from measurement
to measurement. The data shown in Fig. III.11 represents only an averaged wavefront mismatch evalu-
ated by where several consecutive measurements of the wavefront sensor. Slight differences in the FA
collimation slightly reduced the combining ef�ciency of the central lobe, which was nevertheless far
above the average value considering the full beam.

The main limitation to the combining ef�ciency in this setup was therefore the initial intrinsic
beam quality of the single tapered ampli�ers. One can expect that ampli�ers with an improved beam
quality and a higher power content in the central lobe enable coherent beam combining with improved
ef�ciency.

Stability problems at high bias The stability of the setup was excellent for moderate bias conditions
(such asI tp = 7 A as shown earlier in Fig. III.6). At high bias however (I tp > 9 A), there were
however quite signi�cant stability problems that appeared at some moment during the experiments
and got worse and worse during the full experimental characterization of the setup. An exemplary
measurement of the instabilities is shown in Fig. III.12. There were multiple spontaneous perturbations
of the combined power. It was possible to correct them in most cases rapidly with the active phase
control but the overall stability of the power was signi�cantly degraded. These problems occurred only
if the third ampli�er A3 was used and it seemed that the relative piston phase between the third arm of
the interferometer and the other arms was unstable. The stability of the coherent superposition of the
other two ampli�ers was excellent even at high bias.

Figure III.12 – Power at the output of the interferometer for coherent beam combining of all three
tapered ampli�ers atI tp = 9 A.

The interference signal of the �rst arm of the interferometer (with A1) and the third arm of the
interferometer (with A3) was investigated in order to understand the stability problems evidenced in
Fig. III.12. A linear modulation of the current into the RW of A3 was applied as previously discussed
in section 1.1. The interference signal of A1 and A3 was as expected quasi-sinusoidal at moderate
currents (below 7 A) into the tapered section, as shown on the left in Fig. III.13. In contrast to that,
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there were multiple discontinuous jumps of the signal forI tp > 9 A. The amplitude of the phase-
jumps roughly correspond to�= 2 for the measurement shown in Fig. III.13 (b) and indicate that the
current-phase relationship of the third arm of the interferometer was not normal, which explains the
instabilities shown in Fig. III.12. It was experimentally veri�ed that this was not a device-speci�c
effect, as similar observations were made with several other devices in the same way. The conclusion
was that the observed phase jumps were due to the interferometer itself.

Figure III.13 – Interference beat signal of A1 with A3 at (a)I tp = 5 A and (b)I tp = 9 A.

It was found that the instabilities discussed above were in fact related to slight perturbations of the
master oscillator laser and a difference in the optical path of the third arm in the interferometer (cf.
Fig. III.4). Theoretical aspects of the effect of external optical feedback on a DFB laser is brie�y
summarized below and then put in relation with the experimental observations in this experiment.

Effect of external optical feedback on a DFB laser It is well known that optical feedback for
an external re�ector may perturb the lasing process in a DFB laser and may cause a wide variety
of different effects that depend of the level of feedback (Pfeedback=PDF B ) and the distanceL to the
re�ector [Coldren 95, Lang 80]. Optical feedback comes in principle from any optical interface (e.g.
lenses or polarizing beam splitter cubes) in the experimental setups, the highest level of feedback is
however generated by the tapered ampli�er as illustrated in Fig. III.14. The ampli�ed signal in the
ampli�er gets partially re�ected at the AR coating of the front facet and ampli�ed when propagating
backwards. This leads to a signi�cant amount of light that is in fact mostly coherent to the seed
source and that is propagating backwards towards the MO, as already analyzed in chapter II in the
context of section 3.2.3 and Fig. II.29. The DFB laser is protected against this feedback by the optical
isolator, but a small amount of the light is nevertheless transmitted through the isolator and coupled
back into the DFB laser. Additionally, there are in fact multiple sources of such optical feedback as
there is more than one tapered ampli�er in the experimental setups investigated in this work. The
exact phase of the feedback depends on the length of the optical pathway and is also in�uenced by the
phase-noise of the interferometer (cf. chapter II section 3.2.4). In other words, there are quite a few
different factors that in�uence the optical feedback in the coherent beam combining setups investigated
here. It is nevertheless suf�cient to regard this problem in a simpli�ed equivalent con�guration, where
the optical feedback is caused by a passive external re�ector with unknown re�ectivityRe at a large
distanceL (cf. Fig. III.14).

The in�uence of an external re�ector on the spectrum of a DFB laser has been extensively studied
in different context. Tkach classi�ed the effects of optical feedback in different regimes by numerical
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Figure III.14 – (a) Simpli�ed schematic the optical feedback coming from a tapered ampli�er. (b)
Equivalent representation for a system where the optical feedback comes from a passive external re-
�ector with re�ectivity Re at the distanceL .

analysis of a few simple equations brie�y outlined below [Tkach 86].
The analysis of the feedback effects proceeds from a modi�ed Van der Pol equation for the electric

�eld of the laser with an additional source term representing the external optical feedback:

dE
dt

=

 

� i2�� 0 +
� G

2
(1 � i� )

!

E (t) + �E (t � � e); (III.5)

where� 0 is the free running laser frequency,� G is the gain change due to optical feedback,� is the
so-called line-width enhancement factor,� e is the external round trip delay time and� is a coupling
coef�cient which speci�es the level of the optical feedback. The coupling coef�cient can be written as

� =
1
� s
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p
Re; (III.6)

with the internal round trip time� s in the DFB laser,Rs the effective facet power re�ectivity of the
DFB laser andRe the external power re�ection coef�cient. From that, one can derive simple equations
for the change in steady-state gain, the oscillation frequency and the laser line-width. The change in
the oscillation frequency, which is the most relevant effect for the context of this work, can be written
as

� � � � � � 0 = �
�
2�

�
sin(2��� e) + � cos(2��� e)

�
: (III.7)

Different effects of the feedback can be identi�ed by numerical analysis of the equations listed above
for different coupling coef�cients� and different relative phases of the optical feedback represented by
the term2�� 0� e. At the lowest levels of feedback, the laser frequency is only changing slightly (cf. Eq.
III.7) and the laser line-width is slightly broadened or narrowed depending on the phase [Tkach 86].
For slightly higher levels of feedback, one can �nd multiple solutions of Eq. III.71, and mode-hopping
of the DFB laser may occur. This is in particular relevant for feedback coming from a re�ector at a
large distance in the order of 1 m or higher, as it is also the case in the experiments discussed in this
manuscript.

1Multiple solutions exist if
p

1 + � 2 �� e > 1
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The presence of mode-hopping of the DFB laser line was evidenced by measurements with a con-
focal Fabry-Perot interferometer, which was placed in the third arm of the interferometer (instead of
A3) shown earlier in Fig. III.4. The spectrum of the DFB laser was analyzed when all ampli�ers were
turned off (no relevant optical feedback) and if A2 was operated atI tp = 7 A. The free spectral range
(FSR) of the used interferometer was 10 GHz and the �nesse was experimentally determined to be in
the order of 70 as shown in the scanning trace signal given in Fig. III.15 (a). The scanning interfer-
ometer was then biased at a constant voltage and the frequency of the DFB laser was �ne-tuned by
changing the temperature to achieve 50% transmission through the interferometer. The transmission
signal was recorded for 10 s. This signal was then converted to the equivalent DFB frequency drift
� � (t) = � (0) � � (t) by numerical analyze of the scanning trace. The calculated frequency signal
is shown in Fig. III.15 (b) for a measurement where the ampli�ers were turned off (black) and for a
measurement with one ampli�er turned on (blue). Even though the double stage Faraday isolator with
about 55 dB optical isolation protected the DFB laser against optical feedback from the ampli�er, mul-
tiple jumps in the laser frequency with an amplitude of about 80 MHz were observed if the ampli�er
was turned on. The amplitude of the frequency jumps increased with increasing feedback levels (cf.
Eq. III.7) and one can extrapolate that the operation of three tapered ampli�ers in the experimental
setup given in Fig. III.4 may cause spontaneous instabilities (jumps) of the laser frequency higher than
100 MHz.

These jumps were caused a piston phase difference in between the arms of the interferometer as
the optical path lengths of the third arm of the interferometer was roughly� L = 30 cm longer for
practical reasons. The relative phase change� ' = 2 � � L=c � � � in between the third arm and the
other arms of the interferometer was in the order of 0.2� for a 100 MHz frequency jump. This explains
the abnormal current-phase relationship evidenced in the measurement shown in Fig. III.13 and the
instabilities of the coherently combined power at high bias (cf. Fig. III.12).

The conclusion of these investigations is that even higher optical isolation should be used in further
experiments and that differences in the optical path lengths in the arms of the interferometer should be
minimized in order to avoid stability problems at high bias.

Figure III.15 – (a) Measured signal of the DFB laser spectrum with a scanning Fabry-Perot interfer-
ometer (Thorlabs SA210-8B). (b) Measured frequency drift of the DFB laser if the TPA was turned off
(black) or operated atI tp = 7 A (blue).
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2.4 Second harmonic generation

One aspect of the work presented in this manuscript was the development of simple systems that
are actually useful for applications and go beyond proof-of-principle laboratory scale coherent beam
combining demonstrations. Nonlinear frequency conversion enabling high power laser emission based
on semiconductor emitters only was chosen as a �rst simple experiment to demonstrate the usefulness
of the systems developed in this work. The results summarized below were obtained in collaboration
with the "Diode Lasers and LED Systems Group" at DTU Fotonik (Roskilde, Denmark) and were
published recently in a joined-article in Optics Express [Albrodt 19a].

2.4.1 Experimental setup

The output of the CBC-interferometer was used for single pass SHG as shown in Fig. III.16. During
the SHG experiments all three ampli�ers were operated at constant current into the tapered section1

and the power used for SHG was adjusted by turning the polarization before the �rst polarizing beam
splitter (PBS). The optical isolation between the CBC interferometer and the SHG experiment was
> 25 dB. After reshaping optics (two cylindrical lenses with f = 50 mm and f = 100 mm) for beam
size adjustment and astigmatism correction, another half-wave plate was used to align the polariza-
tion of the NIR beam with the crystallographic z-axis of the nonlinear crystal. The beam was then
focused with a lens (f = 150 mm) into the 40 mm long periodically poled bulk MgO:LiNbO3 (PPLN).
PPLN is the most widely available quasi-phase-matching crystal and has a large effective non-linearity
(def f � 16 pm/V). Quasi-phase-matching in a simple single pass con�gurations enables therefore
high conversion ef�ciencies. The 1/e2 waist diameter of the focused beam inside the crystal was mea-
sured to be 95� m, which was experimentally veri�ed to be the optimum focusing condition at the
highest input power. The focusing conditions are in fact critical regarding the achievable combin-
ing ef�ciency [Boyd 68]. Furthermore, the beam quality of the used pump beam also in�uences the
conversion ef�ciency, as evidenced in the experiments described below.

The PPLN crystal was mounted into a temperature-controlled closed-top oven. The temperature
was measured with a temperature sensor in the oven and corresponds to an average temperature of the
PPLN. The spectral components were separated by a dichroic mirror (DM).

Figure III.16 – Simpli�ed schematic of the single pass SHG setup. The beam at the output of the CBC
interferometer was used as the NIR pump beam. DM: dichroic mirror.

2.4.2 Experimental results

The SHG power was measured for three source con�gurations: a single ampli�er (A2), coherent beam
combining of two (A1+2) and three ampli�ers (A1+2+3). Note that the experimental characterization
for coherent superposition of all three ampli�ers was challenging as the stability problems discussed
above appeared during the experiments. The optical path differences in the interferometer were slightly

1I tp = 9 A for A1 and A2 andI tp = 8 A for A3
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reduced and A3 was operated at a slightly lower current which was suf�cient to achieve acceptable
stability.

Conversion ef�ciency using different levels of brightness The SHG output power (P2! ) was mea-
sured at different pump powerP! levels. The equation

P2! = P! tanh2(
p

� nl P! ); (III.8)

where� nl is the nonlinear conversion ef�ciency, describes the evolution of the SH power taking pump-
depletion effects into account, was �tted to the experimental results (see. Fig. III.17). The temperature
of the PPLN crystal was optimized at each pump power level to achieve the highest output power level.

The results clearly show that the beam with the highest central lobe power content (CBC A1+2+3)
enabled the highest nonlinear ef�ciency. In this case coherent beam combining enabled a fourfold
increase in SHG output power and a nonlinear ef�ciency increased by a factor of 1.7 when compared
to SHG with a single ampli�er. The deviation to the theoretical �t for pump powersP! > 6 W was
attributed to thermal dephasing caused by blue-light absorption, which is discussed in details below.
The SHG output power therefore plateaued at 2.1 W and the maximal conversion ef�ciency�̂ was 24%.
Without thermal dephasing, one can expect to achieve SHG output powers > 3 W and a conversion
ef�ciency above 30%, which would be excellent results for SHG in a simple single pass con�guration
[Jensen 14]. This is a promising approach the development of multi-watt visible laser sources based
on semiconductor emitters only.

Figure III.17 – Measured SHG output power using three different NIR pump beams with different
levels of brightness. The beam pro�le at waist of the corresponding NIR pump beam is given on the
right for the three different cases. The central lobe power content is given in percent. The evaluated
nonlinear ef�ciency� nl , maximal conversion ef�ciencŷ� = P2! =P! and the maximal SHG power̂P
are speci�ed for each data series.

Investigation of thermal effects in the nonlinear crystal It is well known that thermal dephasing
in periodically poled nonlinear crystals leads to a reduced conversion ef�ciency at high power and can
cause power instabilities [Sabouri 13]. A MgO doped PPLN crystal was used in this case for practical
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reasons. Unfortunately this material absorbs visible light especially in the blue spectral range. The
absorbed light leads to a local temperature variation, which makes it dif�cult to maintain identical
quasi-phase-matching conditions over the whole interaction length. This effect is in particular critical
for high average powers. Operation in QCW mode is a work-around to prevent the crystal from heating
locally, which reduces the negative effect of thermal dephasing.

A mechanical chopper was placed in the pump beam to reduce the average power in the crystal and
to limit the effects related to thermal dephasing. The duty cycle of the chopping was 50%. The chopper
was operated at the lowest possible frequency (� 0.7 Hz). The intensity of the SH power was measured
with a photodiode at the output of the setup. The recorded signals are shown in Fig. III.18 for 1 W (a)
and 7 W (b) pump power. The signal was nearly rectangular for low pump powers, which indicated that
the crystal temperature is constant during the pulses (see Fig. III.18 (a)). This is however not the case
for high pump power levels, where a clear decrease in power was measured during the pulses (see Fig.
III.18 (b)). This was attributed to a locally increasing temperature induced by blue-light absorption.
The crystal temperature was set to achieve maximal peak power at the start of the pulses in Fig. III.18
(b). This power corresponds approximately to the power theoretically achievable under the absence of
any thermally related dephasing effects.

Figure III.18 – Photodiode measurements of the SHG output power with chopped pump beam for two
different power levels: (a) 1 W pump power, (b) 7 W pump power.

The SHG peak power for a chopped pump beam was measured and compared to the �t function
given in Eq. III.8 as shown in Fig. III.19 (a). The measured peak power data points (see data points
in blue) are in excellent agreement with the �t function (dashed black line). This con�rms that the
observed differences of experimental data forPw > 6 W and the theoretically expected evolution (Eq.
III.8) are indeed caused by thermal dephasing.

The crystal temperature acceptance bandwidth was measured for different pump powers for further
investigation of the thermal effects. Theoretically, one expects a sinc2 shape dependence of the SHG
output power for a varying crystal temperature and one speci�es the FWHM of the main lobe as the
temperature acceptance bandwidth. The measured SHG output power for different temperatures of
the crystal are shown in Fig. III.19 (b) for 1 W pump power (black) and 7 W pump power (blue).
The secondary maxima of the sinc2 function are in both cases not visible, which is attributed to a
non uniform temperature in the nonlinear crystal, but one clearly observes the main lobe. The FWHM
bandwidth was about 0.7� C for 1 W pump power and 0.6� C at 7 W pump power. Furthermore a shift of
0.4� C was observed as the pump power was increased. The shift and the slightly reduced temperature
acceptance bandwidth indicate the overheating of the crystal at high powers. Additionally, one can see
that the slope of the temperature tuning curve forPw = 7 W pump power is more important on the low
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temperature side when compared to the high temperature side, which leads to a slightly asymmetric
main lobe, which is another typical indication for thermal dephasing [Liao 04, Kumar 09].

Figure III.19 – (a) SHG output power in CW and SHG peak power in QCW operation (by mechanical
chopping with 50% duty cycle). The used pump beam was generated by CBC of A1+2. (b) Normalized
SHG power vs crystal temperature at 1 W pump power (blue) and 7 W pump power (black).

The achieved results are however encouraging as the achievable maximal conversion ef�ciency was
limited by thermal effects and not by the beam quality of the pump source. Technical solutions to
circumvent thermal dephasing include the use of a cascade of nonlinear crystals with different mate-
rials, which allows to adapt the focusing conditions and the nonlinear material in the second crystal
to avoid SH absorption [Kumar 11]. NIR pump sources based on coherently combined high power
tapered lasers and SHG architectures adapted for high visible powers may enable > 5 W emission in
the visible spectral range in future work.

Stability and beam quality The power stability of the SHG setup was investigated using CBC of
A1+2 as the pump beam. The power was measured over one hour with 1 Hz sample rate (see Fig. III.20
(a)). The average blue power at maximum NIR pump power was 1.72 W with a stability of 0.8% rms,
which was comparable to the power stability of the NIR beam. Further improvement of the power
stability seems achievable by eliminating the thermal effects in the nonlinear crystal and by further
improvement of the CBC setup. The results demonstrate however that coherent beam combining of
tapered lasers in a simple and robust MOPA con�guration can indeed provide reliable high power
output for high brightness applications.

The beam quality of the SH beam was nearly diffraction limited. The caustic measurement given
in Fig. III.20 (b) shows that theM 2 beam propagation factors were in the order of1:1 � 0:1 in FA
and1:2 � 0:1 in SA. The improved beam quality when compared to the pump beam is related to the
so-called nonlinear beam-cleanup and a typical observation for SHG with tapered lasers and ampli�ers
[Jechow 10].
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Figure III.20 – (a) Measured SH power. Sample rate 1 Hz, 60 min measurement time. Measured and
�tted caustic (2nd moment) of the SH beam at 1.7 W output power. CBC of A1+2 was used as the NIR
pump beam in both cases.
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3 Coherent beam combining using the EloD2 epitaxial design

The coherent beam combining experiments using tapered ampli�ers with the reference epitaxial design
(cf. section 2) clearly indicated that the combining ef�ciency was limited by the intrinsic beam quality
of the tapered ampli�ers. The ELoD2 epitaxial design enables an improved beam quality, evidenced
by a high central lobe power content (cf. chapter 2) and is therefore a promising ampli�er design for
ef�cient coherent superposition.

Coherent beam combining of three different lateral ELoD2 ampli�er designs (so-called "baseline",
"4 mm taper" and "50% stripes" - see chapter II section 3) was investigated and the results were
compared to similar experiments with reference-design tapered ampli�ers described earlier in section
2.

Experimental setup The experimental setup of the interferometer (see Fig. III.21) was similar to the
setup used in the experiments described in section 2 and only a few points were improved:

• optical isolation - a triple stage optical isolator for the DFB seed laser was used with a total
optical isolation better than 73 dB1

• optical path lengths- the total optical path length in each arm of the interferometer was iden-
tical. Furthermore, the optical path from the �rst beam splitter to the input of the ampli�er and
the optical path from the output to the ampli�er to the beamsplitters were identical for each arm
of the ampli�er. This way, beam mismatches on the beamsplitters related to different optical
pathways are minimized.

Figure III.21 – Simpli�ed schematic of the experimental setup used for the comparative study of CBC
with different ampli�er designs.

3.1 Comparison of different lateral ampli�er designs for coherent beam combining of
two ampli�ers

The experimental setup was used to compare the different lateral ampli�er designs in a simple coherent
beam combining setup. Two ampli�ers per design were used, e.g. the baseline design was used for
A1+2 and the 4 mm taper design was used for A3+4. The combined power and the combining ef�ciency
were measured for both subsystems (2 ampli�ers each) and then compared to each other. The results
are summarized in Fig. III.22 for the baseline design (black), the 4 mm taper design (orange) and the
50% stripes design. The baseline design enabled the highest power at comparably low drive currents
(I tp < 8 A), the power then however plateaued as this ampli�er design was limited by an early thermal
rollover (cf. chapter 2 section 3). The coherently combined power did not plateau for the other two
designs (no thermal rollover of the ampli�ers) and the highest power was reached with the 4 mm
taper design (10.2 W). There was no evidence for any bene�t of a stripe patterned electrical contact
(50% stripes design) of the tapered section for the use in coherent beam combining experiments. The

1This corresponds to a transmitted power below 50 nW for a potential optical feedback in the order of 1 W.
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combining ef�ciencies were similar and above 84% for all designs at 8 A. Combining ef�ciencies close
to 100% were measured at low currents. The slight differences in the evaluated combining ef�ciency
should not be over-interpreted. The typical systematic relative error of power measurements is� 1%,
which transfers to the combining ef�ciency de�ned as� CBC = PCBC =(P1 + P2) as a relative error
of � 2%. An additional random error inherent to the coherent beam combining process (alignment
precision during optimization) can be estimated in the order of� 1%. Within this error range, one can
consider the measured combining ef�ciencies of the three different lateral designs as identical (error
bars have been omitted in Fig. III.22 for clarity). The preferred choice is however clearly the 4 mm
taper design enabling the highest output power.

Figure III.22 – Measured coherently combined powerPCBC and corresponding combining ef�ciency
� CBC for CBC of two ELoD2 ampli�ers with three different lateral designs: baseline (black), 4 mm
taper (orange) and 50% stripes (gray).

The results of the ELoD2 4 mm taper design are compared to the results for the reference ampli�er
design (data taken from section 2) in Fig. III.23. The advantage of the ELoD2 design in terms of com-
bining ef�ciency is clear. The disadvantage of the ELoD2 design remains however the high threshold,
which is of course also visible in the coherently combined power. The maximum power for coherent
beam combining of two ampli�ers was similar, the ELoD2 design was however up to higher currents.

The overall system ef�ciency taking into account the power conversion ef�ciency of the ampli�ers
and the combining ef�ciency is however higher for the reference design. The PCE of the ELoD2 design
is currently the main drawback of this approach and should be in the focus of future device development
for coherent beam combining architectures. An additional option is an improved packaging to avoid
the early thermal rollover of the ELoD2 baseline ampli�er design, which was in terms of threshold the
closest to the reference design but not suitable for high power operation.

The reason for the higher combining ef�ciency of the ELoD2 tapered ampli�ers is undoubtedly
the improved beam quality, in particular the high central lobe power content. The central lobe power
content� cl and the combining ef�ciency� CBC are clearly correlated as shown in Fig. III.24. Identical
combining ef�ciency was measured for beams with (almost) identical central lobe power content (cf.
Fig. III.24 ELoD2 at 2 A and Reference at 10 A). The ELoD2 design however enables emission at
high bias (I tp = 10-12 A) with similar central lobe power content than the reference design at low bias.
The combining ef�ciency was in all cases slightly higher than the central lobe power content, as some
of the power content in the side lobes is nevertheless transferred to the combined beam. One should
also keep in mind that the power content in the central lobe is also not transferred with close to 100%
ef�ciency as a few imperfections in the experimental setup have been identi�ed and discussed before
(cf. section 2.3).

This stated, one has however to consider one slight relativization of the results given in Fig. III.24:
the central lobe power content depends always at least slightly on the current into the RW section of
the ampli�ers, as analyzed in detail in chapter II. The current into the RW is however used for phase



102 Chapter III - CONTINUOUS WAVE COHERENT BEAM COMBINING

Figure III.23 – Measured coherently combined powerPCBC and corresponding combining ef�ciency
� CBC for CBC of two 4 mm taper ELoD2 ampli�ers (blue) compared to results obtained with the
reference epitaxial design (gray).

control and was not the same for all data points given in Fig. III.24, where the measured central lobe
power content forI rw = 400 mA was used for plotting the data. It is nevertheless clear that the central
lobe power content and the combining ef�ciency are correlated.

Figure III.24 – Measured combining ef�ciency� CBC as a function of the power content in the central
lobe � cl for CBC of two TPAs with the ELoD2 4 mm taper design (blue) and the reference design
(gray). The corresponding drive current into the tapered section is given in Ampere for each data point.
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3.2 High power coherent beam combining of four ELoD2 ampli�ers with optimized
design

The ELoD2 4 mm taper design enabled, as discussed above, the highest power and the best beam
quality and was therefore chosen for the demonstration of high power coherent beam combining of
four identical ampli�ers in the experimental setup given in Fig. III.21.

Power and combining ef�ciency The coherently combined powerPCBC , the combining ef�ciency
� CBC and the central lobe power content of the coherently combined beam� cl were measured for
a few bias points as summarized in Table III.1. The maximum power was 17.0 W of which 92%,
corresponding to 15.6 W, were contained in the central lobe of the �nal beam. These values are the
highest coherently combined power from tapered lasers or ampli�ers in continuous wave regime and
compare favorably to the coherent beam combining experiments described in section 2 (CBC of 3
TPAs resulted in 12.9 W with 83% in central lobe). The achieved central lobe power compares also
favorably to the state of the art of high-brightness DBR-TPLs with optimized grating structures (e.g.
[Müller 17]: 10 W central lobe power in CW - cf. chapter I section 1). The overall combining ef�ciency
was 71% (� 1%) and almost identical for the different bias points. The combining ef�ciency for the
two subsystems consisting of A1+2 and A3+4 was > 80% (cf. Fig. III.23). The combining ef�ciency of
the �nal combining step, where the beams from the two subsystems are combined, was in the order of
90%. These two values together lead to the overall combining ef�ciency in the order of 71%, which
was signi�cantly higher than for the experiments described in section 2. The combining ef�ciency
considering the central lobe power contents in the individual beams and the �nal beam only was even
higher than that and > 81% for the whole system. Mismatches in the FA collimation were identi�ed as
the most critical parameter regarding the combining ef�ciency of the central lobe. The stability of the
setup was excellent with residual power �uctuations below 1% rms for drive currentsI tp � 10 A. At
the highest powers, there were some instabilities which are investigated below.

Beam quality The beam quality of the �nal beam was investigated by a caustic measurement shown
in Fig. III.25. TheM 2 beam propagation factors obtained by numerical �tting were1:2� 0:1 in FA and
4 � 0:4 SA. The value in SA may appear surprisingly high given the fact that the central lobe power
content was > 92%, but the low intensity side lobes at waist (see beam pro�le 4) still increase the
second moment beam diameter signi�cantly. Furthermore one can see that some data points close to
the waist are slightly off the �t to the caustic. It is indeed challenging to measure the beam shapes close
to waist accurately as the intensity in the side lobes is very close to the noise level of the camera. The
beam pro�les at larger distance to waist also show that the almost Gaussian beam shape at waist is not
maintained during propagation. The beam shapes also indicate that higher order spherical aberration
is contributing to the increasedM 2 value. The asymmetry in the beam shapes on both sides of the



104 Chapter III - CONTINUOUS WAVE COHERENT BEAM COMBINING

caustic (eg. beam pro�le 1 compared to 7 or 2 compared to 6) is typical for laser beams with spherical
aberration [Siegman 93, Albrodt 18a]. Preliminary numerical simulations of beam quality degradation
processes in tapered lasers indicate that these aberrations are caused by perturbations of the refractive
index in the tapered section [Larkins 19]. One should therefore be careful by using the central lobe
power content as a synonym for the diffraction limited power.

The observed beam quality is nevertheless excellent when compared to the typical beam quality
of high power tapered lasers or ampli�ers. An estimation of the beam propagation factor using the
1=e2 beam radius leads to 1.0 is SA and 1.2 in FA, but is as discussed in chapter 2 of limited physical
signi�cance.

Figure III.25 – Measured beam caustic of the coherently combined beam (SA in blue, FA in orange).
Seven false color plots of the beam at different positions along the caustic are given (see pos. 1-7). The
beam pro�les are not to scale and are given with approximately the same beam size in FA for better
visibility. The optical power was 17 W, the current into the tapered section of the ampli�ers was 12.3
A.

Stability The problems with the stability of the coherently combined power discussed earlier in the
context of the experiments described in section 2 were related to a perturbation of the master oscillator.
In this setup, no perturbation of the MO seed laser line was measurable even at high powers. Never-
theless, the stability of the setup was not optimal at the highest powers as shown in Fig. III.26 (a). The
power �uctuations in the stabilized level were in the order of 1.3% rms over 10 min, which was slightly
worse than for the experiments described earlier in section 2. Furthermore long-term operation without
any signi�cant perturbations for more than 10 min was not possible (cf. instabilities in Fig. III.26 (a)).

The reason for the residual power �uctuations in the stabilized level were identi�ed in the strong
dependence of the central lobe power content, which determines� CBC and in�uences thereforePCBC ,
and the current into the RW section, which is used for phase control. This effect was already previously
discussed in the context of section 3 in chapter II. The central lobe power content of the beam from A3

was investigated under the same operating conditions as for the measurement given in Fig. III.26 (a).
Figure III.26 (b) shows clearly that the central lobe power content is varying in the order of 20% for a
change in current into the RW needed for a phase-shift of 2� whereas the total optical power is almost
constant. This explains the residual �uctuations of the power in the stabilized level, where the control
of the RW current leads to slight changes in the combining ef�ciency and hence destabilize the power.
At least at this very high operating current one can say that the control of the phase via the electrical
currents is not decoupled from an in�uence of the relevant optical power. This effect is however much
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less relevant at lower current levels (cf. Fig. II.26 in chapter II), where the stability of the setup was
excellent.

The unstable power in the second half of the measurement Fig. III.26 (a) was attributed to the used
hill-climbing algorithm, which needs to be improved. The residual �uctuations of the power in the
stabilized level distort the functionality of the algorithm which is based an evaluation of the slope of
PCBC (I RW ).

Figure III.26 – (a) Photodiode signal at the output of the CBC interferometer at high power. Average
power and rms stability is speci�ed for period without stability problems. The current into the tapered
section of the ampli�ers was 12 A. (b) Measured output power and central lobe power content for A3

at I tp = 12 A for different current into the RW.

The hill-climbing algorithm is however working extremely well at moderate bias conditions (here
9 A) as evidenced in Fig. III.27. The control loop was turned off to investigate the free-running
stability of the setup without active phase control. The phase matching was lost without active phase
control after approximately 10 s. The observed power �uctuations without active phase control were
signi�cant but slow. After closing the loop again, the combined power reached quickly (rise time < 1
s) the stabilized level.

These observations lead to the conclusion that active phase control via the current into the RW
is critical at very high currents into the tapered section. Active phase control with external elements
was investigated in the experiment described in the following section. The sequential hill combining
algorithm was suf�cient for phase control but needs to be improved to ensure long term stability at the
highest powers.
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Figure III.27 – Measured power at the output of the CBC interferometer. The current into the tapered
section of the four ampli�ers wasI tp = 9 A. The control loop was opened for approx. 30 s to investigate
the free running stability of the setup.

4 Compact coherent beam combining module using commercially avail-
able ampli�ers

The coherent beam combining experiments described in the previous sections relied on custom-built
ampli�ers developed and fabricated by the Ferdinand-Braun-Institut in Berlin. The motivation for the
work described in this section was to develop a compact and simple coherent beam combining module
consisting of off-the-shelf commercially available elements only. Commercially available tapered am-
pli�ers come usually with one common electrical contact for the current only, so that the current into
the RW can not be independently controlled. The concept for the phase control was therefore different
in this work, the hill-climbing algorithm was however identical. The wavelength was still 976 nm, but
a transfer to any other wavelength in the range of 765-1060 nm would be straightforward as only the
MO and the ampli�ers have to be changed.

The module was mounted and characterized with the help of Jonas Hamperl, who was a master-level
intern at Laboratoire Charles Fabry for one year [Hamperl 19].

4.1 Experimental setup

The experimental setup was again a typical four arm Mach-Zehnder interferometer (see. Fig. III.28)
with one 5 mm long tapered ampli�er (DILAS TA-0976-3000) in each arm. The MO oscillator was
a narrow line-width DBR laser diode (Photodigm PH976280TO,� = 976 nm) delivering up to 281
mW in a free space single mode beam. A double stage isolator (> 50 dB isolation) was used. The
beam was split and recombined by a series of standard non-polarizing 50:50 plate beamsplitters. Each
ampli�er was seeded with approximately 30 mW. The ampli�ers were mounted p-side down in a so-
called DHP-inset package, which is larger than a standard c-mount and ensures ef�cient heat removal.
The maximum output power from each ampli�er was 3 W at 5 A. The setup was optimized for operation
at the maximum current. The beam propagation factorM 2 of the PA (at I = 5 A) ranged from 2.1 to
2.7 in fast axis (FA) and from 5.0 to 6.5 in slow axis (SA).

Figure III.29 (a) shows a drawing of the integrated mechanical setup of the CBC interferometer. The
total lateral dimension of the base plate including electronic contacts was in the order of an A4 page.
The footprint of the experiments presented before was signi�cantly larger than that, in the order of 1 m
� 2 m, for practical reasons. The base-plate was a machined aluminum plate on which all mechanical
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Figure III.28 – Simpli�ed schematic of the integrated experimental setup: L1 - aspherical lens (f = 8
mm, NA = 0.5), L2 - aspherical lens (f = 4.51 mm, NA = 0.55), L3 - cylindrical lens lens (f = 15 mm),
Pi - mirror glued on piezoelectric chip, PD - photodiode, MC - micro-controller.

components were �xed. Two heat-pipes were pressed into notches for ef�cient heat transport from the
ampli�ers to the external radiators. The ampli�ers were mounted in groups of two on a sub-module
(see Fig. III.29 (b)). Each sub-module consisted of a gold-plated copper base plate and the temperature
of each base plate was actively controlled by a Peltier element. Two ampli�ers were mounted on each
sub-module and the optics for coupling into the RW, FA and SA collimated were glued on the sub-
module with UV curing adhesive. The correction of the astigmatism of each ampli�er was optimized
for the maximum current 5 A.

Phase control was achieved by folding mirrors glued on a small half-inch piezoelectric chip (see Fig.
III.28 P1-3). The frequency bandwidth of the piezo-mirror arrangement was experimentally evaluated
to 6.6 kHz, which is far above the typically required bandwidth for phase control of tapered ampli�ers.
A voltage change of approximately� 20V corresponded to a piston-phase shift of� in one arm of the
interferometer. The micro controller (MC) delivered at the output of the digital-to-analog converters
(DAC) a voltage of 0-5 V and a piezo driver converted these signals to the drive voltage range 0-50 V.
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Figure III.29 – (a) CAD drawing of the integrated CBC interferometer, (b) photograph of the two
sub-modules.

Figure III.30 – Photograph of the mounted CBC interferometer with schematic indication of the laser
beam line.
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4.2 Experimental results

Power and combining ef�ciency Coherent superposition of the four beams at 5 A resulted in 9.5 W
at the output of the interferometer with excellent stability as shown in Fig. III.31 (a). The residual
power �uctuations over 160 min were below 0.6% rms. The signals sent from the micro controller to
the piezo driver are shown in III.31 (a) and indicate an excellent stability of the experimental setup.
The peak-to-valley �uctuations of the signal sent for controlling the displacement of the actuators P1

and P2 correspond to a peak-to-valley phase �uctuations of�= 2 over 160 min only. This means that
the residual phase �uctuations of two ampli�ers closely packaged on a common temperature stabilized
base-plate are minimal and can easily be corrected. The actuator P3 correcting the residual phase
�uctuations in between the two sub-modules was slightly more active with a peak-to-valley amplitude
of � over 160 min. The extremely slow phase �uctuations were far below the phase �uctuations in
the previous signi�cantly larger experiments. This demonstrates that coherent beam combining of four
tapered ampli�ers in a simple and compact small footprint can be very straightforward with minimal
complexity regarding the required phase control, as the stability of the interferometer is improved.

The combining ef�ciency of the individual combining steps are given in the schematic overview
in Fig. III.32 and were in the order of 80%. This led to a total combining ef�ciency of 66% for the
full system, which was mostly limited by the beam quality of the tapered ampli�ers as evidenced by
the strongly increasing central lobe power content. The combining ef�ciency of the central lobe power
content was however excellent, approximately in the range of 90%-95% at each combining step and in
the order of 86% for the full setup.

Figure III.31 – (a) Stability test of the coherently combined power over 160 min (1 Hz sample rate).
(b) Corresponding output signals of the DAC sent to the voltage-drivers of the piezoelectric chips for
phase control. Bias conditions:I = 5 A, Pin = 30 mW and T = 20� C

Beam quality The beam quality was investigated by measurements of theM 2 beam propagation
factors and the central lobe power content at the different steps. The beam quality of the individual
ampli�ers was not as good as for the ampli�ers used in the previous experiments. The central lobe
power content was typically in the order of 70% at 5 A. TheM 2 beam propagation ranged from 2.1 to
2.7 in fast axis (FA) and from 5.0 to 6.5 on slow axis (SA).

The beam quality was signi�cantly improved by the beam clean-up inherent to the coherent beam
combining process and resulted in a �nal beam with > 85% central lobe power content and anM 2 of
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1:8 � 0:2 in FA and2:7 � 0:3 in SA.

Figure III.32 – Measured beam pro�les at waist (astigmatism corrected) of the beams from the ampli-
�ers (A 1-4) and the beams after coherent superposition of two beams (A1+2 and A3+4) and at the output
of the CBC interferometer A1+2+3+4. The power and central lobe power content is given at each step.
The combining ef�ciency� at each step and the combining ef�ciency of the whole setup� CBC are also
given in percent. The current into the ampli�ers wasI = 5 A and the seed power per ampli�er was
Pin = 25 mW.

Conclusions The development of small footprint modules of coherently combined tapered ampli�ers
based on off-the-shelf elements only was described. The setup is particular simple and can easily
be transferred to other wavelengths. Such modules could signi�cantly improve the performance of
laser systems relying on tapered ampli�ers for applications such as spectroscopy or atom cooling.
Furthermore, coherent beam combining modules might also be an excellent high brightness pump
source for solid-state lasers or nonlinear frequency conversion. Further increase in the power is feasible
by adding more ampli�ers to the setup. Additionally one could combine several of such modules
incoherently by polarization coupling or spectral beam combining to reach powers far above 10 W in
a close to diffraction limited beam.



Chapter IV

Pulsed mode coherent beam combining

Objectifs

This chapter covers coherent beam combining experiments in pulsed mode. As a �rst ap-
proach, quasi-continuous-wave (QCW) operation is thoroughly investigated regarding dy-
namic effects in the ampli�ers as the devices are turned on. The demonstration of QCW
coherent beam combining of four over-driven tapered ampli�ers is described and the results
are compared to the CW regime. Preliminary investigations for transferring the experiments
to the short pulse regime are brie�y discussed in the second section.
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1 Quasi continuous wave operation

Quasi continuous wave (QCW) operation is a common method for peak-power scaling of diode
laser systems. It consists in pumping the emitters electrically only for certain time intervals, which
are short enough to reduce the thermal load in the device, but still long enough that the device is
optically in a steady state (dPopt=dt � 0). The typical pulse duration (� tQCW ) is in the order of 1 ms
and the duty cycle, which is the ratio of the pulse duration and the pulse periodD = � tQCW =T, is
typically in the order of a few percent (see Fig. IV.1). This signi�cantly reduces the average thermal
load, which is related to the not-ideal power conversion ef�ciency, and allows to operate the devices at
higher currents when compared to normal CW operation. Coherent beam combining in QCW mode is
therefore a promising approach to scale the coherently combined power beyond limitations linked to
the thermal rollover of the ampli�ers. The extracted average power is however signi�cantly lower and
depends on the duty cycle�P = D � PQCW . It is common to specify the optical powerPQCW during
the pulses and not the average power for QCW diode laser systems.

Figure IV.1 – Principle of QCW operation with QCW peak powerPQCW and average power�P for (a)
30% duty cycle (b) 10% duty cycle.

Coherent beam combining with diode lasers was demonstrated in CW mostly [Lucas-Leclin 19]
and there are only few demonstrations of pulsed phase-coupled semiconductor optical ampli�ers
[Osinski 95]. Operating a coherently combined systems in QCW operation is not as straightforward
as it may seem at the �rst glance. The devices are indeed optically and electrically in quasi-steady
state during the QCW pulses, but they may exhibit signi�cant thermal dynamics during the pulses.
These temperature changes have to be taken into account regarding the phase matching and the co-
herent superposition. Coherent beam combining of �ber ampli�ers has been demonstrated in the long
pulse regime (100 ns to a few� s) [Lombard 13], where similar to the case investigated here, several
non-trivial effects concerning phase and gain during the pulse were observed.

The so-called turn-on dynamics of tapered ampli�ers in QCW operation will be discussed in section
1.2.2. Three different ampli�er designs (ELoD2: baseline, 4 mm taper, 50% stripes) were used for the
investigations of the turn-on dynamics. The focus lied however on the ELoD2 4 mm taper design
which was chosen for the �nal QCW coherent beam combining demonstration.

Parts of the content of this section were recently published in Optics Express [Albrodt 19b]. The
content of this paper is summarized below and put in relation with additional experimental data.



Part 1 - Quasi continuous wave operation 113

1.1 Experimental setup

The experimental setup for coherent beam combining in QCW mode (see Fig. IV.2) was similar to the
experimental setup used in the experiments described earlier (cf. section 3 in chapter III). The laser
diode drivers (Arroyo 4320-QCW) delivering the currents into the tapered section of each ampli�er
were operated in QCW mode and synchronized by an external function generator (Keysight Technolo-
gies 33210A). The function generator also triggered the micro-controller on which a simpli�ed version
of the previously discussed hill-climbing algorithm was implemented. The phase matching approach
will be discussed in section 1.4. Phase matching was achieved by active feedback on the currents into
the RW. The seed laser and the current into the RW were operated in CW mode and only the currents
into the tapered section were modulated. This had no negative impact on the contrast as the signal from
seed laser and RW were almost completely absorbed when the tapered section was unbiased. Further-
more, the heat load of the RW is in the order of 1 W only and is negligible compared to the heat-load
generated in the tapered section (in the order of 30 W at high bias). The system was operated with a
pulse duration from 1-5 ms at a duty cycle of 10%.

Figure IV.2 – Simpli�ed schematic of the experimental setup for QCW coherent beam combining
of four tapered ampli�ers. The currents into the RW were actively controlled for A2-4. An external
synchro TTL signal was used to trigger the QCW laser drivers for the current into the tapered sections
and to trigger the phase control loop implemented on a micro-controller (MC). The basic optical setup
of the interferometer was identical to the experiments described in chapter III section 3.

1.2 Characterization of tapered ampli�ers in QCW operation

1.2.1 Power and beam quality

The QCW output power was measured individually for the four tapered ampli�ers used in the �nal
coherent beam combining experiments and compared to measurements in CW operation. The in�uence
of the reduced heat load on the optical output power is clearly visible as shown in the Fig. IV.3, showing
the average of the four devices. While there was an onset of the thermal rollover at about 10 A in CW
mode (black line), this was not the case for QCW operation (blue line). The slope ef�ciency remained
constant at approximately 0.7 W/A resulting in a typical output power of 9.3 W at 16 A, which is
roughly 3 W higher than the typical CW output power. In principle one could operate the devices at
even higher currents, this was however not useful for coherent beam combining experiments regarding
multiple effects discussed below concerning the beam quality and pulse stability. The QCW power
characteristics of the other ELoD2 designs, which were used during the investigation of the turn-on
dynamics, can be found in Fig. II.22 on page 64.
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Figure IV.3 – Measured output power in QCW and CW operation (ELoD2 - 4 mm taper). Four of
such ampli�ers were used in the experiments described in section 1.4 (QCW, 1 ms, 10% duty cycle,
I rw = 400 mA, Pin = 20 mW).

Figure IV.4 – Measured beam shaped at waist (astigmatism corrected) for CW and QCW operation at
different current levels. The central lobe power content is given for each beam (QCW, 1 ms, 10% duty
cycle,I rw = 400 mA, Pin = 20 mW, an ELoD2 4 mm taper ampli�er was used). The measurements
in QCW mode where done 0.8 ms after the start of the pulse with an integration time of 50� s in order
to eliminate any effect from a dynamic change in the beam shape (cf. Fig. IV.5).

The beam shape at waist (astigmatism corrected) was measured at different bias points and com-
pared to CW operation as shown in Fig. IV.4. The differences in the beam shapes between CW and
QCW operation were minor at moderate currents. The evaluated central lobe power content was only
slightly lower for QCW operation and a slightly different intensity distribution of the side-lobes was
observed. The central lobe power content decreased however rapidly for currents higher than 12 A
and was in the order of 73% at 16 A. The beam pro�les of the four ampli�ers were similar with minor
differences in the central lobe power content at equal bias conditions (� 5%). As it has been shown
before that the combining ef�ciency is related to the central lobe power content (cf. Fig. III.24) in
chapter III), it is therefore not useful to operate the devices at even higher currents.

Note that the measurements of the beam shape in QCW mode represent however only a snap-
shot-like measurement of the beam pro�le at waist. There is in fact a dynamic change in the beam
propagation in the tapered section during the QCW pulses, which will be discussed below.

1.2.2 Turn-on-dynamics

Beam propagation It is well known that the astigmatism of a tapered laser or ampli�er depends on
the bias condition of the device (cf. section 1 in chapter II) [Kelemen 04]. The virtual point sources in
SA is located approximatelyL=nef f , where L is the length of the gain-guided tapered section andnef f
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Figure IV.5 – Measured second moment beam radius in SA (blue) and fast axis (black) at the measure-
ment plane (see CCD sensor position in Fig. IV.6). Four exemplary beam pro�les (see pos. 1-4) are
shown on the right. Each image was measured with 50� s integration time.I tp = 12 A (QCW, 1 ms,
10% duty cycle),I rw = 400 mA, Pin = 20 mW. A 5 mm long ELoD2 (50% stripes) tapered ampli�er
was used.

is the effective refractive index of the waveguide, behind the front facet of the device. The refractive
index however depends on the temperature and the carrier density at the given bias conditions. Further-
more, a transverse thermal lens in the tapered section may in�uence how the beam is propagating in the
tapered section and the location of the virtual point source. These effects together lead to a so-called
wandering astigmatism [Sujecki 03]. The question however is, what happens if one operates tapered
ampli�ers at high bias in quasi continuous wave operation? During each pulse, the device exhibits
changes in the average temperature, the carrier density is rapidly varied at the beginning of the pulse
and the thermal lens may be varying during the pulse. A CCD camera was placed in a measurement
plane corresponding to the beam waist (astigmatism corrected) in CW mode. The ampli�er was then
operated in QCW mode (� t = 1 ms) and the camera measured the beam pro�le at different instances
during the pulse. Figure IV.5 shows how the second moment beam diameters are changing during the
pulse. The SA beam radius is changing signi�cantly, especially during the �rst 250� s of the pulse.
The beam radius at the beginning of the pulse (cf. pos. 1 in Figure IV.5) was roughly

p
2 times larger

than at the end of the pulse (cf. pos. 4 in Figure IV.5). There was no signi�cant change in the beam
shape after 1 ms if longer pulse durations were used. The FA beam radius was constant during the
pulse duration. This means that only the z-position of the virtual point source in SA is changing dur-
ing the pulse as shown in Figure IV.5, which also leads to a displacement of the beam waist after the
focusing lens L3 and consequently causes the varying SA beam radius as shown in Fig. IV.6. Note
that the absolute z-position of the SA beam waist after the focusing lens depends on the optical setup
and may vary signi�cantly even for a minor displacement of the SA virtual point source in the tapered
section. In the case discussed above, an absolute displacement of the SA beam waist of 20 mm was
observed which corresponded approximately to a displacement of the virtual point source of 50� m in
the tapered section. The measurement presented here was done with the ELoD2 50% stripes design,
the effect was however very similar for the 4 mm taper design.

This dynamic change has to be taken into account for the coherent superposition of the beams, as
the spatial overlap of the �elds on the combining elements de�nes the achievable combining ef�ciency
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Figure IV.6 – Simpli�ed schematic of the dynamic change in the beam propagation in SA during a
QCW pulse. L1: f = 2.75 mm NA = 0.55, L2: f = 19 mm, L3: f = 150 mm.

(cf. section 1 in chapter III). The effect is however deterministic and depends on the bias conditions.
Furthermore the four ampli�ers used in the coherent beam combining experiments showed similar be-
havior, which allows to combine the beams coherently without an active correction of the changing
astigmatism. The condition however is that the devices in the setup have to operate at equal bias con-
ditions so that the dynamic change in the astigmatism issynchronizedin all beams. As a consequence,
the dynamic change in the astigmatism is transferred to the coherently combined beam and may be
impractical in certain cases, for example for �ber coupling. Unfortunately, there is no straightforward
method to correct or circumvent this effect. Strategies to reduce the effect of the wandering astigma-
tism in the tapered ampli�ers include the use of long tapered sections or improved packaging, both
targeting a reduced thermal resistance of the device and therefore limiting the in�uence of thermal
effects [Kelemen 04].

Piston phase drift The effective optical path length in the ampli�er is also changing during the
QCW pulses, which leads to a drift of the accumulated piston phase in the ampli�er. The phase drift
was measured in the experimental setup shown in Fig. IV.7 (a), which was identical to the setup used
for the phase noise measurements discussed in chapter II (section 3.2.4). During the QCW pulse, the
piston-phase in the ampli�er is changing while the piston phase in the second arm of the interferometer
remains unchanged. This leads consequently to a beating of the in-phase (I) and quadrature (Q) signal
components during the QCW pulse as shown in Fig. IV.7 (b). One can see that the period of the
beating signal is increasing with time but a clear piston phase variation is detectable also at the end
of the QCW pulse. The piston phase drift' (t) is directly related to the I and Q signals by the simple
relation ' (t) = � arctan[Q(t)=I (t)] (cf. Equ. II.11) and is shown for measurements at different
currentsI tp into the tapered section in Fig. IV.8 (a). The amplitude of the piston phase drift increased
with I tp and was accurately reproduced using the following �t function:

' (t) = ' 0 + C � t � � ' 1 � exp

"
� t
� 1

#

� � ' 2 � exp

"
� t
� 2

#

: (IV.1)

The time constants� 1 and� 2 of the two exponential functions were found by numerical �tting to be 0.1
ms and 1 ms respectively and there were independent of the currentI tp . It was veri�ed that the shorter
time constant, here 0.1 ms, was related to the rise time of the current into the tapered section. The longer
time constant was found to be related to the packaging. The amplitudes of the exponential contributions
� ' 1 and� ' 2 are proportional toI tp and roughly equal for the two exponential contributions. The
linear termC � t describes a linear increase in the average heatsink temperature during the pulse and is
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also proportional toI tp . The amplitude of the overall piston phase drift is large, reaching 30� at 13 A
for 5 ms long pulses.

Figure IV.7 – Experimental setup for the measurement of the piston phase drift. Exemplary in-phase
and quadrature signals recorded with the photodiodes I and Q during a 5 ms long QCW pulse (ELoD2
4 mm taper).

As a side-note it is worth mentioning that a piston phase drift is equivalent to a slightly changing
frequency of the ampli�ed signal� (t) = � DF B + � � (t), where� DF B is the frequency of the seed
laser. The chirp is related to the piston phase drift by

� � (t) =
1

2�
�

d' (t)
dt

; (IV.2)

and is shown in Fig. IV.8 forI tp = 13 A. The frequency differences are in the kHz regime only and
decrease rapidly with time. The frequency chirp is not relevant in this case as the line-width of the used
DFB seed laser is in the order of a few MHz (over 5� s), which means that the QCW operation of the
tapered ampli�er is not signi�cantly increasing the spectral line-width of the complete MOPA setup.
In other con�gurations, if a ECDL with a line-width in the kHz range is used as the master oscillator,
this might however be a signi�cant effect.

Figure IV.8 – (a) Measured piston phase drift for different currents into the tapered section. The
experimental data is shown as thick solid lines and the numerical �t following Eq. IV.1 is shown as
thin solid lines. (b) Calculated frequency chirp for the piston phase drift atI tp = 13 A (QCW, 5 ms
pulses at 10% duty cycle,I rw = 400 mA, Pin = 20 mW. A 5 mm long ELoD2 (50% stripes) tapered
ampli�er was used).

Phase matching during the entire pulse duration is required for coherent superposition of several ta-
pered ampli�ers operated in QCW mode. It is therefore important to understand what factors determine
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the described dynamic piston phase drift. The investigation was split in three parts:
(a) How does the ampli�er design in�uence the piston phase drift in QCW operation?
(b) How repeatable is the piston phase drift for different devices with identical ampli�er design?
(c) How stable is the piston phase drift in one ampli�er from pulse to pulse?

(a) In�uence of the ampli�er design on the piston phase drift The piston phase drift was mea-
sured for the ELoD2 ampli�ers with different lengths of the tapered section (baseline: 3 mm long
tapered section, 50% stripes: 4 mm long tapered section with stripe patterned electrical contact), and
4 mm taper (4 mm long tapered section with conventional electrical contact)1 and compared to a mea-
surement with a Reference epitaxial structure ampli�er (4 mm long tapered section - cf. II.2). The
measurement shown in Fig. IV.9 (a) shows that a large tapered section is bene�cial to reduce the piston
phase drift and that the difference between different lateral ampli�er designs can be quite signi�cant.
Both the thermal resistance and the density of the heat-load decrease with increasing length of the
tapered section, which leads to a reduced phase drift. The time constants� 1;2 of the �t function (cf.
Equ. IV.1) were however found to be approximately identical (0.1 ms and 1 ms respectively) for all
ampli�er designs. There was no signi�cant difference of the piston phase drift for devices with and
without a stripe patterned electrical contact (cf. solid blue line and dotted black line in Fig. IV.9). The
piston phase drift for a tapered ampli�er with the reference epitaxial design (also 4 mm long tapered
section) that has a slightly better PCE, was slightly lower when compared to the ELoD2 4 mm taper
ampli�er. These observations lead to the conclusion that a design with a high PCE (resulting in a low
heat-load in the device) and a large tapered section (resulting in a low thermal resistance) has a lower
piston phase drift in QCW operation. Furthermore, the packaging may also in�uence the piston phase
drift which was however not investigated here.

(b) Repeatability for ampli�ers with identical design The piston phase drift of the four tapered
ampli�ers (ELoD2 4 mm taper) used in the coherent beam combining experiments was measured and
compared to each other. As shown in Figure IV.9 (b), it is possible to achieve an almost perfectly
synchronized piston phase drift even at high bias. The current into the tapered section was slightly
adjusted (� 0:5 A) in order to achieve the same amplitude of the phase drift in the different ampli�ers.
The inset in �gure IV.9 (b) shows a zoom into the data and indicates that the difference in between the
different measurements is in the order of�= 10only.

The conclusion of this observation is that it is possible to synchronize the piston phase drift of
several tapered ampli�ers (with identical ampli�er design) by �ne-tuning of the current into the tapered
section. An active control of the relative phase within the pulse may not be required as the differences
in the measured phase drift are small. Active phase control is however required to correct slow phase
�uctuations of the interferometer and the ampli�ers that are dominated by very low frequencies (below
100 Hz, cf. II.3.2.4) and can be easily corrected from pulse to pulse.

(c) Repeatability from pulse to pulse The piston phase drift was measured for 40 consecutive
QCW pulses for one ampli�er (ELoD2 4 mm taper). The experimental data illustrated in Fig. IV.10
indicates that the piston phase drift is very repeatable for consecutive pulses. Peak-to-peak variations
within 40 consecutive pulses were found to be in the order of�= 20 only. The conclusion of this
observation is that it is possible to use a very simple pulse-to-pulse approach for the optimization of
the phase-matching in the coherent beam combining interferometer (cf. section 1.4).

1See Fig. II.19 on page 60 for an overview of the different EloD2 ampli�er designs.
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Figure IV.9 – (a) Measured piston phase drift for tapered ampli�ers with different device designs at
I tp = 11 A. Orange - ELoD2 baseline (2 mm RW + 3 mm TP), blue - ELoD2 4mm taper (2 mm RW
+ 3 mm TP), black dotted line - ELoD2 50% stripes (2 mm RW + 3 mm TP with stripes) and gray -
Reference TPA (2 mm RW + 4 mm TP). (b) Measured piston phase drift for four ELoD2 ampli�ers
with identical device design (1 mm RW, 4 mm TP, no stripes) atI tp � 13 A. The inset shows a zoom
into the data att � 1 ms. Bias conditions for all measurements in a and b: QCW, 5 ms pulses at 10%
duty cycle,I rw = 400 mA, Pin = 20 mW.

Figure IV.10 – (a) Measured piston phase drift for 40 consecutive QCW pulses atI tp = 11 A. Envelope
of measurement data (all 40 pulses) is represented in black, the �t to the �rst pulse is represented in
orange. (b) Zoom into the experimental data and each thin black line represents one measurement.
(QCW, 5 ms pulses at 10% duty cycle,I rw = 400 mA, Pin = 20 mW. A 5 mm long ELoD2 (4 mm
taper) tapered ampli�er was used).



120 Chapter IV - PULSED MODE COHERENT BEAM COMBINING

Resonances in the ampli�er The temporal pulse shape in QCW mode should be approximately
rectangular. Measurements however evidenced oscillations in the output power as shown in Fig. IV.11
(a). The period of the oscillations is increasing with time and decreasing with the current into the
tapered section. There were minor differences between ampli�ers with identical device design. The
best ones (see ampli�er 1, black lines) showed signi�cant but stable oscillations at very high currents
only. The peak-to-peak amplitude of the oscillations measured at 16 A for ampli�er 1 were below 6%
of the average power. Devices with slightly lower performance (see ampli�er 2, blue lines) tended to
show stronger oscillations at moderate currents and the oscillations became chaotic at high currents
(e.g. 16 A) with a peak-to-peak amplitude of about 12% [Albrodt 19b].

Figure IV.11 – (a) Measured pulse shapes for two ampli�ers at 8-16 A current into the tapered section
(QCW, 2 ms pulses at 10% duty cycle,I rw = 400 mA, Pin = 20 mW. Two 5 mm long ELoD2 (4 mm
taper) tapered ampli�ers were used). (b) Simpli�ed schematic of the parasitic Fabry-Perot cavity in the
ampli�er. A photodiode (PD) was used to measure the power oscillations at the output.

These quasi-periodic oscillations are attributed to parasitic resonances of the narrow spectral line
seed signal within the ampli�er (see Fig. IV.11 (b)). The ampli�er behaves as a low-�nesse Fabry-
Perot cavity, which �lters the seed laser line. The facets of the ampli�er are AR coated (R1 < 0:01%
andR2 < 0:3%) but the gain in the deviceG(I tp ) increases the quality factor of the parasitic cavity,
especially at high current levels. Furthermore, the piston phase drift in the ampli�ers leads to a scanning
effect as it shifts the resonance peaks during the QCW pulses and is causing the observed quasi-periodic
oscillations in the output power. The modulation depth of the oscillations increases with the current
into the tapered section as the gain in the ampli�er is increasing. The slight disparities within the two
devices shown in Fig. IV.11 were attributed to small differences in the coating re�ectivity, coupling
ef�ciency and gain in the devices.

It would be desirable for further studies into pulsed-mode coherent beam combining to use ampli-
�ers with the best possible AR-coating on both facets in order to avoid those parasitic resonance effects
in the ampli�er. The re�ectivity of the front facet was withR2 < 0:3% still quite high and not ideal.
The reason for that was that these devices were originally fabricated as DBR-TPLs where low re�ec-
tivity of the front facet was required [Crump 15]. The DBR-grating was then cleaved off and the back
facet was AR coated in order to use the devices in an ampli�er con�guration. ELoD2 ampli�ers with
AR coatings on both facets were unfortunately not available during this work for practical reasons.
Furthermore, advanced recent design approaches of tapered lasers and ampli�ers that include a small
angle between ridge waveguide and tapered section may be helpful to prevent parasitic resonances in
the ampli�er [Zink 19].
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1.3 Optical feedback from over-driven tapered ampli�ers in QCW mode

The in�uence of optical feedback coming from the tapered ampli�ers on the DFB laser frequency were
previously discussed in chapter III in the context of section 2.3. Feedback effects are critical when the
tapered ampli�ers are operated at high-currents in QCW mode for two reasons:

� operation at high currents leads to a high level of feedback

� the piston-phase drift in the ampli�er leads to an optical feedback with a rapidly changing phase
over several tens of� in a few milliseconds.

The initial experimental setup for QCW CBC combining was realized with a double-stage Faraday
isolator (55 dB optical isolation). Measurements of the DFB seed laser frequency with a Fabry-Perot
interferometer (similar to the measurements described in chapter III section 2.3) evidenced a strong
perturbation of the frequency during the QCW pulse, as shown in Fig. IV.12(a). The optical feedback
from the tapered ampli�er led to a frequency shift and quasi-periodic frequency hopping with an am-
plitude of about 80 MHz. The period of the frequency hopping clearly decreased during the pulse,
which appears to be linked to the piston-phase drift of the tapered ampli�ers during a QCW pulse (cf.
Eq. IV.1).

Figure IV.12 – (a) Measurement of the seed laser frequency perturbations� (t) � � 0 (blue) induced by
optical feedback from a single tapered ampli�er (A1) operated atI tp = 13 A. The optical isolation was
55 dB for this experiment. An ELoD2 (4 mm taper) ampli�er was used.I rw = 400 mA,Pin = 20 mW.
(b) Equivalent representation for a system where the optical feedback comes from a passive external
re�ector with the re�ectivity Re at the distanceL . Furthermore, the single-pass piston phase drift' (t)
of the tapered ampli�er can be taken into account as a' (t )�

�c increase of the external round-trip time.

In order to understand this observation, it is helpful to investigate the effect of an optical feedback
with a changing phase' (t) numerically for the simpli�ed equivalent optical setup illustrated in Fig.
IV.12(b). A few general equations describing the effect of optical feedback on the DFB laser frequency
have been discussed earlier, Eq. III.7 is reformulated here for clarity:

� � (t) � � (t) � � 0 = �
�
2�

�
sin(2�� (t)� e(t)) + � cos(2�� (t)� e(t))

�
: (IV.3)

The maximum change in the DFB laser frequency is proportional to the coupling factor� which is
itself proportional to

p
Re, the square root of an equivalent external re�ectivity. The value ofRe is

increasing with the operating current as the gain in the device is increasing. Furthermore, the term
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� (t)� e(t) includes the time dependent external round-trip time� e(t), which can be written as

� e(t) = � e(0) +
' (t)

�
�
c

; (IV.4)

where� e is the external round-trip time at the start of the QCW pulse and' (t) is the single-pass
piston-phase drift linked to the QCW operation of the ampli�er (cf. Eq. IV.1). The numerically found
solutions of Eq. IV.3 are shown in Fig. IV.13 for a case where the product

p
1 + � 2�� e was equal

to about 2.44, which leads to multiple solutions for certain feedback phases (multiple solutions exist
if the value of the product is > 1). Frequency hopping may be observed anywhere in the region with
multiple solutions but occurs most likely close to the lower angular point if the phase of the feedback
is monotonically increased from 0 to� as indicated in Fig. IV.13.

Figure IV.13 – Plot of change in laser frequency for varied feedback phase.

The numerical solution of Eq. IV.3 was �tted to the measured frequency drift (see Fig. IV.12(a))
by optimization of the parameterRe and using reasonable values for the other parameters that are
unknown and determine� (e.g.� - the line-width enhancement factor, orRs the re�ectivity of the seed
laser cavity). The measured and simulated evolution of the seed laser frequency shown in Fig. IV.14
are in good agreement. The quasi-periodic frequency hopping was accurately reproduced in amplitude
and periodicity.

The optical isolation in the experimental setup was increased after the study of this effect. Following
the simulation results, it was estimated that frequency hopping, related to the bi-stability of� � (t), can
be avoided for an increased optical isolation of about 63 dB (� /

p
Re). The change in frequency

would be below 10 MHz (roughly corresponding to the detection limit of the used setup) for an optical
isolation increased to 73 dB. The experiments were repeated after adding an additional optical isolator
leading to a total isolation better than 75 dB and no effect on the seed laser frequency was detectable
with the used Fabry-Perot spectrum analyzer.

These investigations show that very high optical isolation has to be used to preserve the narrow
spectral width of the MO in a QCW coherent beam combining setup. The use of three optical isolators
makes the setup bulky and costly. The sensitivity to optical feedback could be reduced in an integrated
optical setup (to minimize� e(0)), by increasing the re�ectivityRs of the seed laser and by further
improvement of the AR coatings of the tapered ampli�er (to reduceRe). Furthermore, small pertur-
bations of the seed laser frequency in the range of 80 MHz are not necessarily a problem for stable
coherent beam combining in QCW mode as the corresponding coherence length is still in the order of
1 m, but is critical for applications requiring a stable frequency [Albrodt 19b].
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Figure IV.14 – Measured signal (blue), the calculated solutions (black dots) and the expected evolution
of the laser frequency with frequency hopping in the multi-stable regime (orange). The optical isola-
tion was 55 dB for this experiment. An ELoD2 (4 mm taper) ampli�er was used.I rw = 400 mA,
Pin = 20 mW. The used simulation parameters were:� = 5 , Rs = 0 :01, Re = 9 � 10� 10,
� e(0) = 10 ns,' (t) was taken from Fig. IV.8 atI tp = 13 A. This corresponds to

p
1 + � 2�� e = 2 :44
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1.4 Demonstration of QCW coherent beam combining

Coherent beam combining of four tapered ampli�ers (all ELoD2 4mm taper) was demonstrated in
QCW regime. The chosen pulse duration was 2 ms and the duty cycle was 10% (50 Hz repetition rate).
The phase control is discussed below and the experimental results are summarized after that in terms
of power and combining ef�ciency, beam quality and stability.

Phase control A simpli�ed version of the hill-climbing algorithm was used for the phase control in
QCW mode. Figure IV.15 illustrates the approach of the phase control. The hill-climbing algorithm
was triggered to the pulse-train and only a single step for the current into one ampli�er was done
per pulse. The step was applied after 50% of the pulse duration. The power was measured with
a photodiode a few� s before and after the hill climbing step in order to measure if the power is
increasing or decreasing and thedirection of the adjustment ofI rw was changed if the power was
decreasing. Steps of5 mA were used at the beginning of the optimization and steps of0:5 mA were
used when the current was already close to the optimum value (� 35 mA corresponds to a� phase-
shift). The convergence criterion was linked to the difference of the two power-measurements and a
de�ned threshold value. The algorithm optimized this way �rst the current into the RW of A2 (cf. Fig.
IV.2), then similarly for A3 and �nally for A4. This procedure was repeated in a loop continuously.
The rise time of the power was typically below 5 s.

Figure IV.15 – Simpli�ed visualization of the phase control in QCW mode. Only one hill-climbing
step for only one ampli�er per pulse was used. The currents into the ampli�ers A2-4 were optimized
sequentially.

Power and combining ef�ciency The combined powerPCBC and the combining ef�ciency were
measured in QCW operation at four different current levels (I tp = 10-14.5 A). Operation at currents
above 14.5 A was unstable as the hill-climbing algorithm was disturbed by the degraded power sta-
bility of the individual ampli�ers (cf. Fig. IV.11). Both the values for coherent superposition of two
ampli�ers (CBC of A1 and A2, cf. Fig. IV.2) and for coherent superposition of all four ampli�ers were
measured and are summarized in Table IV.1 below.

The values for coherent beam combining in CW regime are given as a point of reference. The
experimental results lead in terms of power and combining ef�ciency to the following conclusions:
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� The maximum output power of 22.7 W (QCW, 10% duty cycle) is to date the highest power
reported for coherent superposition of tapered lasers and ampli�ers. The coherently combined
power per emitter is for the �rst time >5 W which underlines the signi�cant power advantage in
using tapered ampli�ers for coherent beam combining architectures when compared to similar
work with single mode SCOWAs [Creedon 12].

� QCW operation allowed to scale the output power from 16.9 W (CW) to 22.7 W, which corre-
sponds roughly to a1:3-fold increase. Although this is already signi�cant, further power scaling
by QCW operation seems to be achievable with optimized tapered ampli�ers. Resonance effects
in the ampli�ers linked to an un-ideal AR coating of the front facet were limiting the current
into the tapered section to 14.5 A which was only slightly higher than the highest current used
in CW operation (12.3 A). Operation at higher currents in the order of 16-20 A with optimized
re�ection AR coatings on the ampli�er may enable output powers > 30 W.

� The combining ef�ciency in QCW and CW mode was comparable and in the order of 70% for
coherent superposition of all four ampli�ers at moderate drive currents (10-12 A). This shows
that coherent beam combining in QCW mode can be as ef�cient as in CW mode by careful
matching of the turn-on dynamics (piston-phase drift and wandering astigmatism) in between
the different devices. The combining ef�ciency was >64% at the highest power, which can be
attributed to the beam quality degradation at high bias. Coherent superposition of only two
ampli�ers yielded however close to 80% combining ef�ciency at the highest operating current,
which underlines again the advantage of the ELoD2 epitaxial design in terms of beam quality
and combining ef�ciency.

Beam quality The beam quality was investigated by an ISO compliant caustic measurement (see
Fig. IV.4 (a)) at the highest output power (22.7 W). The beam pro�les were measured 1 ms after the
start of the pulse in order to limit the in�uence of the wandering astigmatism (cf. Fig. IV.6) on the
measurement. TheM 2 beam propagation factors, evaluated by numerical �tting, were found to be
1:2� 0:1 in FA and4:7� 0:4 in SA. The evaluated second moment beam radius in SA is in some cases
slightly off the theoretical �t, which can be attributed to measurement errors1. The central lobe power
content was found to be 92%, which is an excellent value and comparable to previous experiments in

1It is quite challenging to measure the beam caustic in QCW mode accurately along with a CCD sensor as the maximal
exposure time is limited by the pulse duration (here maximum exposure 1 ms) on the one hand and by the speed of the camera
(minimal exposure 50� s) on the other hand.
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CW mode (cf. chapter III section 3). The central lobe power was consequently >20 W (QCW, 10%
duty cycle), which is to date the highest central lobe power from a single-frequency laser system based
on tapered lasers or ampli�ers.

Figure IV.16 – (a) Measured caustic in SA (blue) and FA (orange). TheM 2 beam propagation param-
eters were evaluated by numerical �tting. (b) Measured beam pro�le at waist. (QCW, 2 ms pulses at
10% duty cycle,I rw controlled actively in the range 300-400 mA,Pin = 20 mW. I tp = 12:3 A)

Stability The stability was investigated by measuring the temporal pulse envelope (minimum and
maximum value at each instant) and the average temporal pulse form over one minute. Figure IV.17
shows three exemplary results at different current levels. The temporal pulse shape of the coherently
combined beam was nearly rectangular at 10 A with only minor power �uctuations (peak-to-valley
�uctuation in the order of 7% of the average power). The temporal pulse shape of the combined power
showed quasi-periodic parasitic oscillations at higher bias (see curve for 12.3 A and 14.5 A). These
oscillations were attributed to the parasitic resonances in the individual ampli�ers and not caused by
temporary mismatched piston phases. The increasing period of the oscillations matched the previously
described observations (cf. IV.11). The peak-to-valley power �uctuations in the stabilized power level
were in the order of 12.5% of the average power at 14.5 A and mostly caused by the oscillating power
of each ampli�er. This was problematic, as the high power �uctuations disturb the phase matching
algorithm and limited the maximum operating current to 14.5 A. Coherent beam combining at even
higher bias was clearly unstable. These oscillations are indeed much higher than the small residual
power �uctuations for coherent beam combining in CW mode. But the power stability of the average
power in QCW mode was also excellent with residual �uctuations in the order of 1% rms (over one
minute forI tp < 14.5 A).

Conclusions Coherent beam combining in QCW mode was successfully demonstrated at high bias
for the �rst time. The coherently combined power was higher than in any other coherent beam combin-
ing setups using tapered lasers or ampli�ers. The detailed analyses of the turn-on dynamics revealed
a few problematic aspects of the QCW operation of tapered lasers (e.g. the wandering astigmatism
within the pulse) that should be addressed in further studies. Tapered ampli�ers with a large tapered
section (here 4 mm long, 6� angle) performed favorably when compared to ampli�ers with smaller
tapered sections. Furthermore, parasitic resonances in the ampli�er were identi�ed as the physical
cause for power instabilities at high bias. Power scaling by QCW operation at high drive currents was
limited by power instabilities linked to these effects. Further increase in power seems to be achievable
by improvements of the ampli�er design, in particular the AR coating at the front facet.
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Figure IV.17 – Measured pulse shape at the output of the interferometer at 10 A, 12.3 A and 14.5
A. The pulse envelope is shown in thick lines (1 min integration time) and the average pulse shape is
shown with thin lines for each bias. (QCW, 2 ms pulses at 10% duty cycle,I rw controlled actively in
the range 300-400 mA,Pin = 20 mW.)
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2 Perspectives for coherent beam combining with nanosecond to mi-
crosecond pulse duration

Many applications require much shorter pulse duration than the millisecond-long pulses of the QCW
experiments discussed above. Perspectives and preliminary experiments for coherent beam combin-
ing of ELoD2 tapered ampli�ers with pulse durations in range from 100 ns to 1�s are discussed in
this section. These pulse durations are still quite long compared to the typical carrier lifetime (in the
order of a few nanoseconds), so that the experimental principles are similar to the QCW experiments
discussed above. It requires nevertheless a few adaptions to the experimental setup that will be dis-
cussed in section 2.2. Note that systems based on tapered ampli�ers with pulse duration of a few
nanoseconds [Vu 14] or even the picosecond-range also exist [Schwertfeger 11], they however require
speci�c device design and advanced pulse drivers and such short pulse durations are not required for
the applications discussed below.

High power pulsed diode laser sources are in demand for remote sensing applications in the �eld
of atmospheric lidar (light detection and ranging) techniques with different requirements regarding
wavelength and pulse energy [Victori 19]. The advantages of diode lasers in this context are the com-
pactness, low maintenance and high repetition-rate. In many cases however, the available power from a
single emitter is not suf�cient to reach the required pulse energy. Coherent beam combining of pulsed
high brightness tapered ampli�ers may be a promising approach to increase the available power from
diode laser based sources. The focus of these preliminary investigations lied on a currently planned
design of a microsecond range ampli�cation stage for future applications in a differential absorption
lidar (DIAL) system for water vapor pro�ling. The motivation for this application and a few general
principles of a DIAL system are discussed below.

2.1 Requirements for laser micro-differential-absorption lidars

Motivation Some of the most dramatic consequences of climate change are linked to the increasing
water vapor concentration in the lower and middle troposphere. The consequences are numerous and
observable on both short and long timescales. Extreme weather events like spontaneous heavy rainfall
leading to dangerous �ash �oods can for example be attributed to abnormal high water vapor concen-
trations [Stott 16]. Long timescale trends, like the dependence of arctic sea-ice melting on low altitude
humidity were also observed [Serreze 12]. In both cases, it is important to have access to measure-
ment data of the water vapor concentration in order to predict extreme weather events more precisely
or in order to improve large scale climate models. The problem however is that the water vapor con-
centration is currently monitored by satellite sensors with insuf�cient temporal and spatial resolution.
Atmospheric lidars can deliver additional data with high temporal and spatial resolution and help to
improve the understanding of extreme weather events and climate change in general.

Principle A differential absorption lidar (DIAL) consists in probing the atmosphere with a narrow-
line-width laser pulse exactly on a water-vapor absorption line (� on) and comparing the recorded signal
with a reference signal for a second laser pulse with a wavelength� of f that is just slightly off the
absorption line. The difference of the recorded signals can then be attributed to molecular absorption.
Water vapor has many absorption lines in the infrared. In the literature, the 828 nm line has for
example been used in a diode laser based �eld-deployable DIAL system (� on = 828:2 nm and� of f =
828:3 nm), which is shown in Fig. IV.18 [Spuler 15]. Two DBR lasers were used for the on and
of�ine signals, which were ampli�ed in a pulsed tapered ampli�er. A tapered ampli�er was used as an
excellent beam quality is required in this context. The pulse duration was 0.9� s at 9 kHz repetition
rate and 5� J pulse energy (corresponding to roughly 5 W peak power). The integration time per
measurement was 10 min. The advantage of this concept is the simplicity and robustness of the laser
source especially when compared to Ti:sapphire lasers [Ertel 05] that are commonly used in other water
vapor DIAL setups.
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Figure IV.18 – . Schematic of a diode laser based water vapor DIAL system. BS is the beam splitter,
T/R is transmit/receive, and I/O is input/output. A tapered ampli�er (TSOA) is used to reach the
required power level. Taken from [Spuler 15].

Potential bene�t from CBC How could coherent beam combining of tapered ampli�ers further
improve the performance of such setups? Coherent beam combining and using optimized tapered-
ampli�er designs may enable signi�cantly increased pulse energy. Taking the QCW coherent beam
combining experiments discussed in the previous section as a reference, pulse energies > 20� J (20 W,
1 �s ) seem to be a realistic estimate for coherent beam combining of four high brightness tapered am-
pli�ers with �s -range pulse duration. This would allow to increase the measurement range or to reduce
the integration time signi�cantly. While long integration times are acceptable for stationary DIAL sys-
tems, short integration times are strictly required for airborne DIAL systems where an airplane is used
to measure the water vapor concentration in a certain area (e.g. for the survey of a cyclone). Airborne
water vapor DIAL systems are therefore currently based on other more powerful but also more com-
plex and maintenance intensive laser systems (Ti:sapphire and alexandrite lasers or optical parametric
oscillators). In consequence, there are only a few airborne water vapor DIAL systems available which
is currently not suf�cient for the intensive study of speci�c extreme weather events.

Three main tasks of research and engineering concerning the semiconductor ampli�cation stage
are necessary for the design of such systems: First, coherent beam combining with pulse micro-second
pulse duration has to be investigated and demonstrated. Second, the wavelength has to be adapted from
currently 976 nm to 828 nm or any other water-vapor absorption line. And �nally one has to transfer
the coherent beam combining experiments from the laboratory to a robust setup capable of autonomous
operation on an airplane. Here in this work, preliminary experimental investigation of only the �rst
task (CBC with� 1 � s pulse duration) are discussed and the other points will be addressed in future
work.

2.2 Experimental setup for the short-pulse operation of tapered ampli�ers

The experimental setup used for QCW coherent beam combining with the ELoD2 tapered ampli�ers
was adapted for operation with shorter pulse duration. The ELoD2 4 mm taper design (cf. chapter II)
was used. The seed laser, the current into the ridge waveguide remained in CW mode and only the
current into the tapered section of the ampli�er was pulsed (as in QCW). The pulse driver has to be
located near the tapered ampli�er in order to limit the rise time of the electrical current. As shown
in Fig. IV.19, the pulse driver was placed directly above the tapered ampli�er and a short (5 cm) low
impedance copper strip-line cable was used for the pulsed currentI tp . A commercially available ultra
compact pulse driver capable of delivering currents up to 50 A with 8 ns to 10�s pulse duration was
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used and was controlled by a programmable unit. The strip-line was soldered to the electrical contact
of the tapered ampli�er (p-side) and to the copper heatsink (n-side). Active temperature control with
a Peltier element was necessary even for low pulse repetition rates as the RW was operated in CW
mode here. The optics used for coupling and collimation were identical to those used in the previously
discussed experiments. The lateral footprint of the setup was4:4 � 7:3 cm2.

Figure IV.19 – Photograph of a mounted ELoD2 tapered ampli�er with optics for coupling and col-
limation, mechanical mount for temperature control and the connected pulse driver for short pulse
operation of the tapered section. The pulse driver (Picolas LDP-V 50-100) is controlled by a pro-
grammable control unit (Picolas PLCS-21) and connected with a low-impedance copper-strip-line to
the tapered ampli�er.

2.3 Preliminary experimental investigations

Most of the dynamic effects in QCW mode (turn-on dynamics) discussed previously were related to
temperature effects on a millisecond-timescale. The target of the preliminary experiments described
below was to investigate if similar effects are also observable on a microsecond-timescale, where tem-
perature effects are expected to play a less important role.

Power and beam quality The optical output power and beam quality was investigated for one ta-
pered ampli�er in pulsed operation (1� s, 1 kHz). The temporal pulse envelope was measured with
a fast photodiode for a few different drive currents as shown in Fig. IV.20 (a). The measured peak
power was in the range from 1 to 4 W (thus pulse energies from 1 to 4� J). Unfortunately, there was an
experimental problem with the current-monitor port of the pulse-driver, so that value of the numerical
value of the current into the tapered section remained unclear. The devices were therefore operated at
moderate bias conditions (corresponding to 1-4 W output power) only in order to avoid un-intentional
device damage. The rise time of the current into the ampli�er was in the order of 100 ns. Minor
residual oscillations of the optical power were measured within the �rst 200 ns of the pulse, and after
that the optical output power was stable. The beam pro�le at waist was measured with a CCD camera
and is shown in Fig. IV.20 (b). As the shortest integration time of the used CCD sensor (Dataray Inc.
WinCamD) was in the order of 50� s, it was not possible to measure dynamic changes of the beam
pro�le at waist during the pulse. The measurement given in Fig. IV.20 (b) corresponds to the average
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pulse shape averaged over 10 consecutive pulses (10 ms integration time). It has to be investigated in
detail if a dynamic change in the beam shape is observable on a� s time-scale, which was not possible
withing these preliminary investigations. The central lobe power content was > 70% which was lower
than for measurements at similar power in QCW or CW operation (> 85% central lobe power content,
cf. section II.3). The slow axis beam pro�le (Fig. IV.20 (c)) showed indeed several side lobes con-
tributing to the decreased central lobe power content. The beam quality in pulsed regime is currently
investigated in details as it remained unclear to this point if the long integration time of the CCD sensor
results in signi�cant measurement errors of the central lobe power content.

Figure IV.20 – (a) Measured temporal pulse shapes for different drive currentsI tp into the tapered
section. (b) Measured beam pro�le at waist (astigmatism corrected) for the highest current into the
tapered section on the left. (4 W peak power). (c) Slow axis intensity pro�le of the beam shown
above. The pulse duration was 1�s and the repetition rate was 1 kHz.I rw = 350 mA,Pin = 20 mW,
T = 31 � C. An ELoD2 tapered ampli�er was used (4 mm taper design).

Piston phase The piston phase drift was investigated similarly to the measurements in QCW regime
(cf. section 1.2.2) in a simple Mach-Zehnder interferometer (see. Fig. IV.21 (a)). The measured piston
phase drift is shown for two different pulse-energy levels in Fig. IV.21 (b). The phase drift was quasi-
linear over 1� s and increased with the current into the tapered section. The amplitude of the variation
was in the order of 0.8� over 1� s at 3 W output power. The measured phase drift in this� s-range
experiment was much faster compared to the phase drift in QCW regime that was described by the �t-
function IV.1 on page 116 (cf. also Fig. IV.8). This was evidenced by comparing the measured data to
a �ctive reference, which was an extrapolation to the microsecond range measurement data (following
Eq. IV.1). This results from the signi�cantly reduced rise-time ofI tp (here approx. 100 ns rise time, in
previous QCW experiments approx. 100� s), favoring faster temperature variations in the waveguide.
It is worth mentioning that a temperature increase of only 1 K in the 4 mm long tapered section
corresponds roughly to a piston-phase drift of� . It is therefore likely that an increasing temperature
is contributing to the observed phase-shift even if the time-scale is an order of magnitude lower than
for the previously discussed experiments. Furthermore, there may be additional physical effects on
this timescale that have to be investigated in detail. The phase drift was however as deterministic and
repeatable in the� s-range than in the ms-range.

The relative phase difference of two tapered ampli�ers was estimated during preliminary coherent
beam combining experiments with two pulsed tapered ampli�ers in the experimental setup illustrated
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Figure IV.21 – (a) Experimental setup for the measurement of the piston phase drift. (b) Measured
piston phase drift for two different pulse energies at the output of the ampli�er.

in Fig. IV.22 (a). The two ampli�ers A1 and A2 were mounted as described in Fig. IV.19 and the pulsed
currents into the tapered section were synchronized. The beams were overlapped on the beamsplitter
the power at the output of the interferometer, which is as a reminder (cf. Eq. III.2)

PCBC =
1
2

h
P1 + P2 + 2

p
P1P2 � C � cos(� ' )

i
; (IV.5)

was measured with a photodiode. The relative phase difference in the two arms of the interferometer
during the pulse� ' (t) = ' 1(t) � ' 2(t) can be estimated by analyzing the interference signal at the
output. This is possible only for relative phase differences far below� and requires the approximation
that the powers of the individual beams P1,2 and the overlap factorC are considered as constant dur-
ing the pulse. With these approximations, the relative phase difference between two pulsed ampli�ers
was found to be below� 0:05� � � �= 40 at 2 W optical output power as shown in Fig. IV.22 (b).
Temporal phase mismatches of this order of magnitude are negligible for the coherent beam combin-
ing ef�ciency. This preliminary investigation con�rms that the phase-drift is indeed almost identical
between independent ampli�ers with independent pulse-drivers on a microsecond timescale. Further
investigations for shorter and longer pulse durations and operation at higher currents are currently in
progress.

Figure IV.22 – (a) Experimental setup for a preliminary coherent beam combining demonstration of
two tapered ampli�ers. (b) Piston phase drift for A1 (taken from Fig. IV.21 (b)) and measured relative
phase difference of the two ampli�ers for 2 W optical output power per emitter.

Combined power and combining ef�ciency The current into the ridge waveguide of A2 was then
optimized manually for maximizing the output power. Coherent beam combining of the two ampli�ers
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with 2 W output power per emitter yielded 2.8 W as shown in Fig. IV.23, which corresponds to roughly
70% combining ef�ciency. The combining ef�ciency was not limited by temporal-phase mismatches
but by a poor spatial overlap factor of the beams in this preliminary experiment. The combining
ef�ciency during the pulse evaluated as� CBC (t) = PCBC (t)=(P1(t) + P2(t)) was nearly constant
for 200 ns < t < 1� s. The slightly lower combining ef�ciency in the �rst 200 ns of the pulse was
attributed to un-optimal synchronization of the pulse drivers. These results were achieved without
automatic phase control (the current into the RW of A2 was optimized manually) and the stability
of the setup was nevertheless suf�cient for basic experimental investigation. This shows that coherent
beam combining with pulse durations in the order of 1� s can be as straightforward as in the long-pulse
millisecond-regime (cf. section 1). A phase control within the pulses seems to be not necessary and it
appears to be suf�cient to optimize the average output power with a basic hill-climbing algorithm.

Figure IV.23 – Measured temporal pulse pro�le for one individual ampli�er (A1 - black line), for the
coherently combined beam at the output of the interferometer (CBC A1+2) and evaluated combining
ef�ciency during the pulse (orange).

Perspectives The �rst results on coherent beam combining with pulse durations in the� s range are
promising as it has been shown that the dynamics in the device are deterministic and very similar to
previous observations on ams-timescale. Further increase in power by operation at higher currents
and by combining four ampli�ers is currently sought. The target of the ongoing studies is to validate
the experimental approach for ef�cient coherent superposition at high powers in this laboratory-scale
proof-of-principle experiment. After that, the next steps would be the design of compact and robust
setup, similar to the setup discussed in III.4, and the transfer to 828 nm for potential future applications
in DIAL systems. Furthermore, operation with pulse durations below 100 ns is also planned for further
peak-power scaling and other applications in the context of atmospheric lidars.





Conclusions and Perspectives

The coherent beam combining experiments demonstrated in this work are summarized and put in re-
lation with the state of the art below. After that, potential pathways for improvement of such systems
and methods for further power scaling are discussed. Finally, perspectives for the application of high
brightness laser systems based on coherent beam combining of semiconductor ampli�ers are pointed
out.

Summary of the coherent beam combining results

This work targeted the development coherent beam combining setups that remain simple but enable
high output powers. Phase-locking in a MOPA con�guration, was used to ensure a high degree of
coherence at high powers. Tapered ampli�ers were used, as they are by far the brightest emitters avail-
able and allow to achieve high powers with a reasonable number of channels and are therefore the ideal
ampli�er for the development of simple coherent beam combining setups. Different designs of cutting-
edge tapered ampli�ers, developed and fabricated at the Ferdinand-Braun-Institut (Berlin, Germany),
were investigated in terms of power, ef�ciency, beam quality and noise properties in order to identify
the best choice for high power coherent beam combining (cf. chapter II). Experimental demonstrations
of coherent beam combining in continuous wave regime with different designs of cutting-edge tapered
ampli�ers were discussed in chapter III. Additionally, the realization of a compact and modular ex-
perimental setup using commercially available off-the-shelf ampli�ers and optical elements only was
described. It has been shown that coherent beam combining of tapered ampli�ers in a MOPA con�gu-
ration is straightforward and that simple hill-climbing algorithms, adapted for operation on embedded
systems, allow to achieve excellent long-term stability. After that, similar approaches were used to
investigate coherent beam combining for pulsed operation of the ampli�ers (cf. chapter IV). Coherent
beam combining in the quasi-continuous-wave regime was successfully demonstrated and preliminary
experiments for the operation at shorter pulse duration were described.

Even though the general approach of the coherent beam combining experiments followed the same
general principles outlined above, each experiment was nevertheless slightly different as different am-
pli�ers were used and the number of the channels was slightly varied. The key-�gures of the different
experiments are summarized in Table V.I. The overview of the results lead to the following conclusions:

� The highest coherently combined power in CWwas 16.9 W in a single beam. This is to date
the highest power (in CW) for coherent beam combining using tapered lasers or ampli�ers. Only
four high brightness tapered ampli�ers were used which corresponds to 4.25 W combined power
per ampli�er.

� The highest coherently combined power in QCWwas 22.7 W in a single beam. The com-
bined power per emitter was > 5 W for the �rst time in coherent beam combining setup with
semiconductor lasers or ampli�ers. This is the �rst demonstration of high power coherent beam
combining in QCW mode and a few interesting observations of the turn-on dynamics in tapered
ampli�ers were made. Further power scaling in QCW seems to be achievable as parasitic reso-
nances in the ampli�ers were limiting the maximal operating current in this work.

� The highest combining ef�ciency at maximum biaswas 82% (at 12 A) using two tapered
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ampli�ers with the ELoD2 epitaxial design. Values above 90% were measured at moderate drive
currents. The high combining ef�ciency was linked to the high central lobe power content of
the used ampli�ers. The combining ef�ciency was > 71% for coherent beam combining of four
ELoD2 ampli�ers. The reason for the slightly lower combining ef�ciency for con�gurations
with more than one combining step is that the beam clean-up leads to additional losses at the
second combining step. Furthermore alignment tolerances of the FA collimation were identi�ed
as the most critical experimental parameter and was limiting the combining ef�ciency slightly.

� The beam qualityof the coherently combined beam was signi�cantly improved when compared
to typical beam quality of the used tapered ampli�ers. The highest central lobe power content
was > 92%. The measured ISO-compliant second moment beam propagation factors were in
the order of 1.1 to 1.3 in FA and 3.5 to 4.7 in SA, which are excellent values for high power
diode laser systems. The beam propagation factors estimated with the 1/e2 beam diameters were
close to unity for all systems but are of limited physical signi�cance. It should however be clear
that there is still room for improvement of the beam quality and that the output of coherently
combined laser systems is not necessarily a diffraction limited Gaussian beam. The central lobe
power has indeed a higher spatial quality than the full beam but should not taken as a rigorous
synonym for the diffraction-limited power.

� The highest brightnesswas achieved for coherent beam combining of four ELoD2 tapered
ampli�ers and was 360 MW cm� 2 sr� 1 in CW and 430 MW cm� 2 sr� 1 in QCW, calculated
following Eq. I.2 using the ISO-compliant second moment M2 values (cf. B � in Table V.I).
This has to be understood as the average brightness over the full second moment beam width
of the beam. It is questionable if this de�nition, even though it is the international standard,
makes sense as the second moment beam propagation factors can be signi�cantly increased by
comparably small amounts of power in higher order modes. AsB / (M 2

F A � M 2
SA ) � 1, one

can �nd signi�cantly higher values, up to 1600 MW cm� 2 sr� 1 in QCW, using the not-ISO-
compliant de�nition of the 1/e2 beam propagation factors (cf.B �� in Table V.I). Both values for
the brightness are speci�ed for all experiments for completeness and to allow comparison with
the state of the art of single emitters (cf. I.1 and Table I.1).

� The overall PCE taking into account the PCE of the ampli�ers and the combining ef�ciency
were in the order of 19 to 25%. This is a major drawback compared to the excellent power
conversion ef�ciency of systems based on incoherently combined broad area lasers (typical PCE
> 60%). Furthermore high power �ber lasers pumped by ef�cient diode lasers are commercially
available with kW-level output power, diffraction-limited beam quality and wall-plug ef�ciencies
> 45%1 Future work on coherently combined semiconductor lasers should target besides the
increase of power also the increase in PCE, which is a very important parameter for large scale
industrial applications.

Strategies for further improvement of power, beam quality and ef�ciency will be discussed in the
following section. Before that, it is worth comparing the achieved experimental results to the state of
the art for coherent combining of semiconductor lasers and ampli�ers. Figure C.1 shows the output
power as a function of the number of emitters for the systems developed in this work (orange) compared
to previous results in MOPA con�guration (black) and extended cavity con�guration (blue), which
were taken from Fig. I.23 (cf. chapter I). The achieved experimental results show by far the highest
output power for systems relying on a limited number (< 10) of coherently combined emitters. The
power record for coherent beam combining of semiconductor lasers, established by Creedon et al. with
47 coherently combined SCOWAs and 40 W output power [Creedon 12] was not reached in systems
relying on tapered lasers. One should however keep in mind that the number of emitters has a major
in�uence on the complexity of the setup. Even though the phase noise in semiconductor ampli�ers

1For example: IPG Photonics YLS-SM 1-10 kW product series (https://www.ipgphotonics.com/en/products/lasers/high-
power-cw-�ber-lasers, accessed: 15/10/2019).
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is low, there is still a need for an active phase control of each channel, which is not straightforward
for a large number of emitters. It makes therefore sense to target a high combined power per emitter,
which was with > 5 W more than �ve-fold increased when compared to coherent beam combining
using single mode SCOWAs.

Figure C.1 – Overview of state of the art for coherent beam combining with edge emitting NIR semi-
conductor lasers. The experimental results of this work are shown in orange. The other data points
were taken from Fig. I.23 in chapter I of this manuscript. The �lled symbols represent work, where
coherent superposition into a single beam was demonstrated. The key-�gures of each experiment are
summarized in Table V.1 (see roman numerals).

The single-emitter approach followed in this work allowed to operate the tapered ampli�ers at
higher currents when compared to similar experiments where a mini-bar of �ve tapered ampli�ers
was used [Schimmel 16] (maximum operating current was limited by thermal effects in the bar). The
maximum power reached in the minibar experiments was 11.5 W (CW) which is much lower than the
power of 16.9 W (CW) reached in this work (cf. Fig. C.1). Furthermore, the architecture based on
a mini-bar of ampli�ers was quite complicated, bulky and required custom mounting and customized
diffractive optical elements. The architectures studied in this work are modular, simple and rely on
standard optical elements only.

The simplicity of the setups, the high power and brightness and the good stability of the coherent
beam combining architectures discussed in this work underline that coherent beam combining is a
promising approach for the development of new high brightness laser systems based on semiconductor
emitters only.
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Compact setups One major advantage of semiconductor lasers and ampli�ers is the compactness of
the emitters. The footprint of most architectures used for coherent beam combining of semiconductor
lasers and ampli�ers in the past was however quite large [Lucas-Leclin 19]. This was also the case in
the initial experiments described in this work, where the footprint of the interferometer was in the order
of 2 m2. As the proposed architectures is however particular simple, it was possible to reduce the size
of the coherent beam combining setup dramatically to the approximate lateral dimensions of an stan-
dard A4 page (� 20� 30 cm2 - cf. Fig. C.2). Further miniaturization is possible and may lead to ultra
compact coherent beam combining interferometer with a lateral footprint in the order of the size of a
standard credit card (� 5� 8 cm2). The miniaturization however requires advanced micro-positioning
technology. Research-groups at the Ferdinand-Braun-Institut have successfully demonstrated several
different high power ultra-compact laser modules for incoherent superposition of diode lasers1 and
modules for coherent beam combining could be realized with similar technology. Ultra compact mod-
ules would also be bene�cial as a fully micro-integrated multi-arm interferometer will automatically
further decrease the phase-noise in the system. An important issue to address regarding the potential
for miniaturization of the setup is however the encountered experimental problem regarding optical
feedback from the tapered ampli�ers. Improved design of ampli�ers and seed source should reduce
the required isolation levels.

A compact and robust setup for a CBC-interferometer with about four tapered ampli�ers could be
easily implemented in experimental setups where tapered ampli�ers are commonly used (e.g. SHG
light sources based on a MOPA NIR pump sources [Jechow 10], ampli�cation of narrow-line-width
signal for quantum technology [Schkolnik 16] etc.) in order to increase the output power by a factor of
3-4. Furthermore, a compact setup with coherently combined tapered ampli�ers in an interferometer
with balanced optical path lengths could also be used as a high power ampli�cation stage for tunable
seed lasers with narrow spectral line-width. High power tunable laser sources are required in the
�eld of absorption spectroscopy and biomedical imaging [Coldren 04]. Coherent beam combining is
a promising approach to reach a 3-4 fold increased output power when compared to setups where the
tunable seed laser is ampli�ed in a single tapered ampli�er [Taw�eq 17].

The experimental setups investigated in this manuscript are also transferable to any other wave-
length withing the large wavelength-coverage of GaInP and GaInAs based tapered lasers and ampli�ers
from 630 nm to 1180 nm [Sumpf 18]. A simple coherent beam combining setup is especially attrac-
tive for wavelengths in the 6xx nm spectral range, where the highest power per emitter are limited to
roughly 1 W.

Improvement of the overall PCE The overall PCE ef�ciency of the system should be improved
in the future by increasing the individual PCE of the emitters on the one hand and the combining
ef�ciency in the system on the other hand. The PCE of the used ELoD2 tapered ampli�ers was limited
due to a high threshold current. Future device development of tapered ampli�ers for coherent beam
combining should target an improved PCE of the ELoD2 design by lowering the threshold current while
maintaining the excellent beam quality at high bias. Furthermore, improved cooling by p-side down
mounting and using larger heat-sinks will increase the PCE slightly by avoiding a thermal rollover.
Additional improvement of the combining ef�ciency in the order of a few percent seem to be achievable
by better control of the FA collimation during the alignment process. Altogether, one can expect to
increase the overall PCE from currently� 20% to > 35%, which would for example correspond to
> 45%PCE of the tapered ampli�ers at high bias and> 80%combining ef�ciency. It will however
be challenging to achieve even higher overall ef�ciencies as the PCE of tapered lasers or ampli�ers
is commonly not as high as for broad area lasers and as the beam clean-up effect inevitably leads to

1e.g. a compact module for polarization coupling of two high brightness tapered lasers:
https://www.fbh-berlin.de/forschung/forschungsnews/detail/micro-integrated-high-power-infrared-laser-source-for-short-
pulse-pumping-applications, accessed 15/10/2019
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Figure C.2 – Simpli�ed illustration of the lateral dimensions of the coherent beam combining setups
studied in this work.

combining losses.

Further power and brightness scaling The use of more emitters is the most natural approach for
further power and brightness scaling. The MOPA approach for phase-locking is extremely robust and
can easily be scaled to a larger number of ampli�ers if necessary. Tapered ampli�ers require typically
10-30 mW of seed power, so that one DBR-TPL (> 5 W) as the seed source of a larger setup would be
suf�cient to phase-lock a large number of ampli�ers. The scaling of the sequential two-by-two �lled-
aperture superposition of the beams becomes however unpractical for a large number of channels. The
number of channels may however easily be increased to 8 as shown in Fig. C.3(a) or to 16 especially
if compact modules with 4 ampli�ers each are used in a building-block system. Beyond that, it is
questionable if the sequential �lled aperture combining approach studied in this work is the best choice.

Figure C.3 – Three concepts for further scaling of power and brightness using compact coherent beam
combining modules with four tapered ampli�ers as the basic building-block. HWP: half-wave-plate,
PBS: polarizing-beam-splitter, DM: dichroic mirror.

It is however possible to use coherent beam combining as a tool to increase the power within
one linear polarization and one wavelength channel to its maximum in a simple building-block-like
setup. The power of several of such coherently combined sub-systems can then be added by incoherent
polarization coupling (cf. Fig. C.3(b)) and wavelength coupling (cf. Fig. C.3(c)). While polarization
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coupling is limited to one stage where two beams can be coupled, coarse wavelength beam combining
is straightforward with more channels. Of course, it is possible to use both approaches in one large
setup in order to increase the total number of channels. This way, the power from diode laser based
systems can be scaled easily without the need for complex phase-locking methods of a large number
of channels as it is suf�cient to ensure phase locking in the coherently-combined sub-systems.

These points considered, what would be a realistic scenario based on the experimental results of this
work for the realization of feasible setup with 100 W in a single beam with nearly diffraction limited
power?

1. Coherent beam combining of 4 ELoD2 tapered ampli�ers yielded in about 17 W output power.
Extrapolated for a coherent beam combining of 8 channels, one may achieve > 30 W at the
output power if the combining ef�ciency at the additional combining step is > 88%.

2. Polarization coupling of two independent sources with 8 high brightness tapered ampli�ers each
may enable > 55 W output power if the ef�ciency of this combining step is > 92% (conservative
estimation).

3. An additional wavelength coupling step of two setups build following step 1 and 2 at slightly
different wavelengths may �nally yield in 100 W output power if the ef�ciency of the wavelength
combining step is > 90% (conservative estimation).

This approach is illustrated in Fig. C.4. Any additional increase of the power by further optimiza-
tion of the ampli�ers, packaging technology and the combining ef�ciency may enable even higher
powers. Furthermore, the use of high power truncated-tapered ampli�ers, enabling > 17 W central
lobe power per emitter [Wang 13], is one potential pathway for the development of high brightness
diode laser systems with output powers far above 100 W.

All things considered, the development of commercial high brightness diode laser systems making
use of coherent beam combining appears more realistic and less utopian after this work. To come back
to the picture of the marvelous animal, that Germans call "eierlegende Wollmilchsau", one can say that
diode lasers may become even more versatile enabled by coherent beam combining.
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Figure C.4 – Simpli�ed schematic view of a potential experimental setup based on coherent beam
combining modules for > 100 W output power. HWP: Half-wave-plate, PBS: polarizing beamsplitter,
DM: dichroic mirror.







Annex

Annex A: Hill-climbing algrorithm

The micro-controller based hill-climbing algorithm was based on a periodic dither test. The dither was
realized by a small perturbation (e.g.� 5 mA) of the current into the ridge waveguide. The power at the
output of the interferometer was measured and the local slope was evaluated. The hill-climbing step
is calculated as a function of the measured slope (similar to SPGD [Redmond 13]). The parameters of
the hill-climbing algorithm are listed in table A1. A simpli�ed �ow-chart of the algorithm is given in
Figure A2. Comments are highlighted in orange.
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Résumé de la thèse en français

Combinaison cohérente d'ampli�cateurs optiques à semi-conducteurs à
section évasée

Des sources laser à semiconducteur avec une forte luminance sont requises pour de nombreuses ap-
plications directes et indirectes. L'augmentation de la puissance émise au-delà des limitations liées
aux seuils de dommage se fait par des techniques de combinaison. La combinaison cohérente per-
met d'augmenter la puissance tout en préservant les propriétés physiques des émetteurs individuels et
est donc le concept idéal pour l'augmentation de la luminance. Les ampli�cateurs optiques avec une
section évasée permettent d'atteindre des puissances élevées par émetteur tout en gardant une bonne
qualité spatiale et sont donc très bien adaptés pour l'augmentation de la luminance par combinaison
cohérente. L'objectif de ce travail est le développement d'architectures simples et robustes pour la
combinaison cohérente d'un petit nombre d'émetteurs de forte luminance.

Les travaux de cette thèse s'inscrivent dans le cadre d'une collaboration entre le groupe Laser du
Laboratoire Charles Fabry (Université Paris-Saclay) et le High Power Diode Lasers Lab – Ferdinand-
Braun-Institut (Leibniz Institut für Höchstfrequenztechnik, Berlin, Allemagne).

Le manuscrit contient une introduction générale, quatre chapitres, une conclusion générale et une
annexe.

Le chapitre I couvre tous les aspects fondamentaux utiles pour cette thèse, ainsi que l'état de l'art
des émetteurs semi-conducteurs de forte luminance et la combinaison cohérente.

Le chapitre II commence par une analyse théorique des faisceaux légèrement multimodes typiques
pour les ampli�cateurs à section évasées. Puis, différents schémas d'ampli�cateurs à section évasée,
développés et fabriqués par le Ferdinand-Braun-Institut, sont évalués dans le contexte de la combinai-
son cohérente.

Le chapitre III résume les résultats expérimentaux de différentes expériences de combinaison
cohérente à forte puissance en régime continu. Les paramètres ayant une in�uence importante sur
l'ef�cacité de combinaison sont analysés en détail. La proportion de puissance dans le lobe central
est identi�ée comme un paramètre clé pour assurer une superposition cohérente de bonne ef�cacité.
Le système développé se compare de manière avantageuse à d'autres expériences de combinaison co-
hérente de diodes laser en termes de complexité et de stabilité du dispositif expérimental. L'intérêt de
la combinaison cohérente pour des applications nécessitant de fortes luminances est démontré par une
augmentation de l'ef�cacité non-linéaire dans le cadre d'une expérience de doublement de fréquence.
De plus, des architectures modulaires et compactes avec une très bonne stabilité sont développées et
caractérisées.

Lechapitre IV contient une analyse d'expériences similaires menées en régime impulsionnel. Dans
un premier temps, le fonctionnement en régime quasi-continu (QCW) avec une durée d'impulsions de
l'ordre de la milliseconde est étudié. Le régime QCW permet de réduire la charge thermique dans
les ampli�cateurs pour faire fonctionner les ampli�cateurs à très fort courant. Cependant le fonction-



nement en QCW conduit aussi à des effets dynamiques au début des impulsions, tels qu'une dynamique
spatiale du faisceau et une dynamique temporelle du piston de phase. Ces phénomènes causent, entre
autres, des effets parasites avec une in�uence importante sur la stabilité des impulsions. La combi-
naison cohérente de quatre ampli�cateurs est démontrée pour la première fois à très forte puissance et
conduit à une puissance optique de 23 W dans un faisceau présentant une très bonne qualité spatiale.
Cette valeur est un record en terme de puissance optique pour une architecture basée sur la combinaison
cohérente d'ampli�cateurs semi-conducteurs à section évasée. Le chapitre IV contient aussi une étude
préliminaire de la combinaison cohérente avec des impulsions plus courtes (durée des impulsions dans
l'ordre de la microseconde, donc environ trois ordres de grandeurs plus courtes qu'en QCW).

Tous les résultats expérimentaux sont regroupés dans laconclusionet mis en contexte avec l'état
de l'art, et les perspectives pour la suite de ces travaux de thèse sont mis en avant. L'annexecontient
une description de l'algorithme de mise en phase.
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