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Abstract
Direct diode lasers are of great interest in many fields of today’s industrial laser
materials processing. The striking advantages of such lasers compared to optically pumped solid-state lasers consist of a higher compactness and an enhanced
electrical-to-optical conversion efficiency of up to 50 % or higher. During the
past decade low-brightness multi-kW direct diode lasers have successfully replaced
lamp-pumped solid-state lasers in high-power metal processing applications such
as brazing, cladding and welding. Quite recently, high-brightness dense wavelength beam-combined direct diode lasers have come of age which are potentially
suited to serve all kinds of high-brightness kW-class laser metal processing applications like flat sheet metal cutting or remote welding, where, to this day,
well-established high-power thin-disk or fiber lasers dominate the market. In this
thesis, a novel external cavity architecture for dense wavelength beam combining
of high-power broad-area laser diode bars has been investigated with regard to
an efficient spatial brightness scaling towards the kW power level with minimal
beam quality deterioration. The external wavelength-stabilizing multi-laser cavity is based on a single customized ultra-narrowband thin-film filter as dispersive
optical element inside the resonator and enables spectral stabilization of hundreds
of broad-area laser diode emitters at once, each at a unique wavelength. Subsequent spectral beam combination of the cavity output is performed by means of a
diffraction grating and a cylindrical telescope which is used for linear dispersionmatching between the thin-film filter and the combiner grating. For the investigations, both commercial and non-commercial state-of-the-art high-power 9xx-nm
broad-area laser diode bars are used which are equipped with micro-optical beam
transformation systems enabling beam combining in the fundamental-mode fastaxis beam dimension of the broad-area laser diode bar emitters. The achieved
experimental results are benchmarked with respect to wavelength beam combining efficiency and beam quality preservation against a well-known external cavity architecture for dense wavelength beam combining using a single intra-cavity
diffraction grating for simultaneous wavelength stabilization and beam combining. Using the novel approach, cross-talk-free spectral stabilization of individual
diode bar emitters with a spectral channel spacing below 200 pm is achieved over
the total diode operation current range with low thermo-optically induced wavelength shift of about 1 pm/W. The wavelength beam combining efficiency in the
external laser cavity is about 80 % and mainly limited by power losses at both the
thin-film filter due to the spectral filtering and the combiner grating due to the
restricted diffraction efficiency and depolarized power fractions of the diode bar
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emitters. Detailed experimental and theoretical studies of beam quality preservation in the external cavity show that the resulting beam quality of the combined
cavity output is affected by several mechanisms which deteriorate beam quality
in the beam-combining axis. These are the residual spectral linewidth of the stabilized emitters, diode bar smile, beam distortion induced by the spectral filtering
and the dispersion mismatch between the thin-film filter and the combiner grating. As a result, the achieved beam parameter product in the beam-combining
axis at the 100-W power level is an order of magnitude larger compared to the
diffraction-limited value of an individual unstabilized diode bar emitter, where
still no thermo-optically induced beam distortions are present. On the basis of
simulations of the resulting beam quality deterioration, the cavity and the combiner setup are optimized for optimal beam quality preservation. An impact of
the wavelength stabilization on the beam quality in the non-beam-combing axis
is not observable. The novel external cavity structure has been applied to a
laser diode module consisting of ten horizontally stacked actively cooled 150-W
broad-area laser diode bars in order to realize a high-brightness kW-class direct
diode laser module which potentially serves as a building block for a 4-kW direct
diode laser system. An output power of 1.1 kW is achieved corresponding to an
electrical-to-optical conversion efficiency of about 40 %. The combined output
beam has a symmetrical beam parameter product of about 6 mm × mrad in both
beam axis. The 230 broad-area laser diode emitters of the laser diode module
are spectrally stabilized within a bandwidth of 43 nm. Thermo-optically induced
wavefront aberrations due to the heating of the thin-film filter and the combiner
grating and furthermore an imperfect magnification of the dispersion-matching
telescope are identified to be the reason for a degrading beam quality in the beamcombining axis in high-power operation which is not observable in individual-bar
experiments, where an order of magnitude lower intra-cavity power and stabilized
spectral bandwidth are present.

Kurzzusammenfassung
In vielen Bereichen der heutigen industriellen Lasermaterialbearbeitung sind direkte Diodenlaser von großem Interesse. Die großen Vorteile dieser Laser, im
Vergleich zu optisch gepumpten Festkörperlasern, bestehen aus einer erhöhten
Kompaktheit und einer verbesserten elektrooptischen Konversionseffizienz von
bis zu 50 % und höher. Im Laufe des vergangenen Jahrzehnts haben niederbrillante Multi-kW-Diodenlaser lampengepumpte Festkörperlaser in HochleistungsMetallbearbeitungsanwendungen, wie zum Beispiel Löten, Schweißen und Auftragschweißen, erfolgreich abgelöst. Erst kürzlich hat das Zeitalter der hochbrillanten dicht wellenlängengekoppelten direkten Diodenlaser begonnen. Diese Laser
sind potenziell für alle möglichen hochbrillanten Lasermetallbearbeitungsapplikationen der kW-Leistungsklasse, wie zum Beispiel Dünnblechschneiden und RemoteSchweißen, geeignet, wo bis heute etablierte Hochleistungs-Scheiben- oder Faserlaser den Markt dominieren. In dieser Dissertation wurde eine neue externe
Resonatorarchitektur für die dichte Wellenlängenkopplung von HochleistungsBreitstreifen-Laserdiodenbarren hinsichtlich einer effizienten Skalierung der räumlichen Brillanz in Richtung des kW-Leistungsniveaus mit minimaler Strahlqualitätsverschlechterung untersucht. Die externe wellenlängenstabilisierende MultiLaser-Kavität basiert auf einem einzigen angepassten ultra-schmalbandigen Dünnschichtfilter als dispersives optisches Element im Resonator und ermöglicht die simultane spektrale Stabilisierung von hunderten Breitstreifen-Laserdiodenemittern
auf eine spezifische und eindeutige Wellenlänge. Die nachfolgende spektrale Strahlkombination wird mittels eines Beugungsgitters und eines Teleskops ausgeführt.
Letzteres dient der linearen Dispersionsanpassung zwischen dem Dünnschichtfilter und dem Kombinationsgitter. Für die Untersuchungen werden sowohl kommerzielle als auch nicht-kommerzielle moderne Hochleistungs-Breitstreifen-Laserdiodenbarren mit einer Emissionswellenlänge zwischen 900 nm und 1000 nm verwendet, welche mit mikrooptischen Strahltransformationssystemen ausgestattet
sind. Diese ermöglichen eine Strahlkombination in der beugungsbegrenzten Strahlachse der Breitstreifen-Laserdiodenemitter des Diodenbarrens. Die erzielten experimentellen Ergebnisse werden bezüglich der Effizienz der Wellenlängen-Strahlkombination und der Strahlqualitätserhaltung mit einer bekannten externen Resonatorarchitektur für die dichte Wellenlängenkopplung verglichen, bei welcher
ein einziges resonatorinternes Beugungsgitter für die simultane Wellenlängenstabilisierung und Strahlkombination eingesetzt wird. Mittels des neuen Ansatzes
konnte eine übersprechungsfreie spektrale Stabilisierung einzelner Diodenbarrenemitter mit einem spektralen Kanalabstand von unterhalb 200 pm erreicht werden.
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Kurzzusammenfassung

Der thermooptisch induzierte Wellenlängendrift über den kompletten Betriebsstrombereich ist mit etwa 1 pm/W sehr gering. Die Effizienz der WellenlängenStrahlkombination in der externen Laserkavität beträgt ungefähr 80 % und ist
hauptsächlich limitiert durch die Leistungsverluste sowohl am Dünnschichtfilter
durch die spektrale Filterung, als auch am Kombinationsgitter durch die begrenzte Beugungseffizienz und depolarisierte Leistungsanteile der Diodenbarrenemitter. Detaillierte experimentelle und theoretische Untersuchungen der Strahlqualitätserhaltung in der externen Kavität zeigen, dass die resultierende Strahlqualität des kombinierten Ausgangsstrahls durch mehrere Mechanismen beeinflusst
wird, welche die Strahlqualität in der Achse der Strahlkombination verschlechtern.
Dazu zählen die spektrale Restlinienbreite der stabilisierten Emitter, die Durchbiegung des Diodenbarrens (“Smile”), Strahldeformation durch die spektrale Filterung und die Dispersionsfehlanpassung zwischen dem Dünnschichtfilter und
dem Kombinationsgitter. Infolgedessen ist das erreichte Strahlparameterprodukt
in der Achse der Strahlkombination auf einem Leistungsniveau von 100 W, wo
noch keinerlei thermooptisch induzierte Strahlstörungen vorhanden sind, eine
Größenordnung größer als der beugungsbegrenzte Wert eines unstabilisierten Diodenbarrenemitters. Auf Basis von Simulationen der resultierenden Strahlqualitätsverschlechterung wird die externe Kavität und der Strahlkoppler für eine
optimale Strahlqualitätserhaltung optimiert. Ein Einfluss der Wellenlängenstabiliserung auf die Strahlqualität in der nicht-kombinierenden Strahlachse ist nicht
beobachtbar. Die neuartige externe Resonatorarchitektur ist für die Realisierung
eines hochbrillanten direkten kW-Diodenlasermoduls verwendet worden, welches
aus zehn horizontal angeordneten aktiv gekühlten Breitstreifen-Diodenlaserbarren
mit einer jeweiligen Leistung von 150 W besteht. Dieses Diodenlasermodul dient
als potentieller Grundbaustein für ein direktes Diodenlasersystem mit einer Ausgangsleistung von 4 kW. Mittels des verwendeten Laserdiodenmoduls wurde eine
optische Ausgangsleistung von 1,1 kW erreicht mit einer elektrooptischen Konversionseffizienz von ungefähr 40 %. Der kombinierte Ausgangsstrahl weist ein symmetrisches Strahlparameterprodukt von circa 6 mm × mrad in beiden Strahlachsen auf. Die 230 Breitstreifen-Laserdiodenemitter des Laserdiodenmoduls sind
innerhalb einer spektralen Bandbreite von 43 nm stabilisiert. Thermooptisch induzierte Wellenfrontaberrationen, aufgrund der Erhitzung des Dünnschichtfilters
und des Kombinationsgitters, und eine nicht optimale Vergrößerung des Teleskops
für die Dispersionsanpassung sind nachweislich der Grund für eine abnehmende
Strahlqualität in der Achse der Strahlkombination beim Betrieb mit hoher Leistung, was bei Einzelbarren-Experimenten, wo eine um eine Größenordnung geringere resonatorinterne Leistung und stabilisierte spektrale Bandbreite vorliegen,
nicht beobachtbar ist.
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Introduction
Over the past 30 years, high-power lasers have come of age and are nowadays wellestablished processing tools for all kinds of highly productive metal processing
applications. The laser can certainly be considered as one of the most disruptive
high-tech enablers being brought to the metal processing industry in those years.
In a few lines, the unique advantages of the laser against conventional metal processing tools are obvious. In modern body-in-white automotive manufacturing
lines, it allows for force- and contact-free spot and seam welds. Combined parts
themselves, such as pillars, are formed by tailored welded blanks which themselves
are joined with high-power lasers as well. For such applications, the metal sheets
being used are cut in a high-speed 2D laser cutting process. Over conventional
metal cutting technologies, like water-jet cutting or punching, the laser has the
advantage of providing burr-free edges without further edge treatment at highest
productivity. For very recent applications like cutting of high-strength steels to
lower weight and carbon dioxide (CO2 ) emission of cars, conventional punching
tools can not be used anymore, eventually leaving the laser as the only tool of
choice. Besides the laser emission wavelength, which determines the material absorption of the incident laser power by the work piece, the output power and the
beam quality of the laser beam are the most important laser parameters for metal
processing applications, as illustrated in Fig. 1.1. The better the beam quality,
the smaller the resulting spot size in the beam waist behind a focusing optics
which leads to a high beam intensity in the focus. Typically, beam quality is
quantified either by the beam parameter product (BPP), which is given by the
product of the beam waist radius ω0 and the far-field divergence θ0 of the laser
beam, or alternatively by the wavelength-independent beam quality factor M 2 [1].
Physically, the BPP describes the phase-space volume of the laser beam which,
according to Liouvilles’s law, remains constant by the transformation of the laser
beam by passive optical components such as mirrors or lenses in the absence of
any aberrations. The lowest possible BPP, corresponding to the best achievable
beam quality, is given by ω0 θ0 = M 2 λ/π with M 2 ≥ 1, where λ being the emission wavelength of the laser beam. In case of the absolute minimum (M 2 = 1),
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Fig. 1.1: Comparison and overview of different scientific and commercially available
continuous-wave high-power lasers in a BPP vs. laser power diagram. Typical beam
parameter ranges of the most common industrial high-power laser metal processing
applications are indicated [2]. The data which are not explicitly referenced in the
text are taken from [3–13]. The curve labeled “Theoretical limit” indicates the theoretically achievable minimal BPP as a function of laser power for direct diode lasers
using pure beam stacking techniques. For the calculation, a typical emitter output
power of 5 W and a symmetrized BPP of 1 mm × mrad have been assumed.

the laser exhibits a diffraction-limited Gaussian output beam which is achieved
for laser operation at a single transverse resonator mode. A physical quantity
which combines both the laser output power and the BPP (BP P : rotationally
symmetric BPP; BP Px , BP Py : BPP in the lateral or vertical beam dimension)
represents the spatial brightness B, given by
B=

P
P
P
≈ 2
= 2
,
2
A·Ω
π · BP P
π · BP Px · BP Py

(1.1)

which defines the optical laser power P per beam spot area A in the focus and
solid angle Ω in the far field [14]. Laser applications in the field of metal processing can be divided into three groups according to the spatial brightness which
the laser beam has to meet [2]. Brazing and cladding are low-brightness applications which demand for a laser power between 0.3 kW to 10 kW with a BPP of
larger than 100 mm × mrad. Lasers with comparable output powers but significantly improved beam quality are required for moderate-brightness applications

3
as for instance welding. First near-infrared high-power solid-state lasers which
were capable to address these applications were lamp-pumped neodymium-doped
yttrium aluminum garnet (Nd:YAG) rod lasers. Fiber-coupled multi-kW lamppumped Nd:YAG rod lasers with a BPP of 30 mm × mrad were realized and
predominantly used for welding applications in the automotive industry [15, 16].
Metal cutting and remote welding are applications which demand for the highest
brightness of the laser beam. Depending on the cutting process, the sheet material thickness and the desired edge quality of the cut, a laser power in the range
of 1 kW to 10 kW and a BPP below 5 mm × mrad are required. The marked sweet
spot in Fig. 1.1 indicates where presently the majority of laser cutting machines
are sold by market-leading companies [17]. High-dynamic remote welding applications, using scanner optics in the laser processing head, require comparable
spatial brightness to laser cutting in order to keep the size of the galvanometerdriven scanner mirrors small and to realize a significantly increased working distance of the laser output to the work piece compared to classical welding [18,
19]. Until the mid nineties, high-brightness laser applications have primarily
been served with electrical discharge-pumped CO2 gas lasers operating at output powers of multiple Kilowatts and providing almost diffraction-limited beam
quality of about 3 mm × mrad (λ = 10.6 µm). At those times, nearly every 2D
flat sheet cutting machine incorporated a CO2 laser and its subsequent free-space
beam delivering components. Since 2010, multi-kW diode-pumped solid-state
lasers of equivalent spatial brightness have come of age to replace step-by-step
these in a way old-fashioned working horses [20, 21]. The technology change was
driven by different factors [16, 22, 23]. Compared to lamp-pumped solid-state
lasers and CO2 lasers, ranging at about 3 % and 15 % [16, 24], modern diodepumped solid-state lasers provide electrical-to-optical (e-o) conversion efficiencies larger than 30 %. In particular, high-power gallium arsenide (GaAs) based
laser diodes, with an emission wavelength in the near-infrared spectral region
from 900 nm to 1000 nm, paved the way for efficient optical pumping of ytterbiumdoped laser gain media [25–28]. Due to the smaller quantum defect compared to
most common neodymium-doped laser crystals in conjunction with the enhanced
e-o conversion efficiency and more narrowband spectral operation of the pump
diodes compared to gas discharge lamps, power conversion efficiencies of highpower solid-state lasers could be significantly improved. Relating thereto, lower
induced heating of the gain medium simultaneously reduced thermo-optically induced beam quality degradation with scaling of the laser output power. Furthermore, the enhanced spatial brightness of laser diode pump sources compared
to gas discharge lamps enabled the realization of pumping optics architectures
for ytterbium-doped thin-disk and fiber lasers whose quasi-three-level gain media
require excellent cooling conditions and high pump power densities [29–32]. As
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a consequence of the mentioned facts, diode-pumped ytterbium based thin-disk
and fiber lasers today represent the most prominent state-of-the-art high-power
solid-state lasers which provide the highest spatial brightness [33]. Commercial
and scientific high-power fiber lasers provide diffraction-limited beam quality of
about 0.3 mm × mrad (λ = 1070 nm) up to 20 kW of output power [12, 13, 34–
37]. Fiber-coupled thin-disk lasers are commercially available with output powers
between 1 kW to 10 kW and a BPP in the range of 3 mm × mrad [38, 39]. Nowadays, edge-emitting broad-area diode lasers themselves have been developed to
a maturity that, in conjunction with certain beam shaping, transforming and
coarse wavelength beam combining (CWBC) optics, provide a spatial brightness
which can compete with optically pumped solid-state lasers in the field of classical tactile welding applications. The striking advantages of direct diode lasers
compared to optically pumped solid-state lasers consist of a higher compactness
and an enhanced e-o conversion efficiency of up to 50 % [40]. In principle, higher
e-o conversion efficiencies for direct diode lasers are accessible due to the direct
usage of the laser diode output beams and the omission of power losses which
are induced by the resonator and the laser crystal in optically pumped solid-state
lasers. These features are the driving factor for direct diode laser technologies in
the field of high-power laser applications.
Among the different types of diode lasers, arrays made up of edge-emitting broadarea laser (BAL) diode emitters (laser diode bars and stacks) are the most efficient, compact and reliable solid-state high-power radiation sources which is the
reason why these devices are the most promising building block for realizing efficient high-power direct diode lasers. Several hundred Watts of output power
have been demonstrated for an individual 10-mm wide BAL diode bar with an
e-o conversion efficiency of up to 65 % [41]. Since the output power of an individual BAL diode emitter is limited to about 10 W and furthermore exhibits
multi-transverse-mode operation in the lateral beam direction with a BPP typically larger than 3 mm × mrad, the resulting spatial brightness of bare high-power
laser diode bars and stacks are fairly low in the lateral and/or stacking dimension.
As a consequence, direct diode lasers which are based on bare laser diode bars
and stacks are not capable to directly address high-brightness laser applications
even in the ideal case of maximal closely packed emitters in space domain and in
the absence of any brightness degrading mechanisms (see Fig. 1.1). During the
last decades, intensive research has been carried out on spatial brightness scaling
of laser diode emitter arrays in order to build high-power diode laser for direct
applications [42]. Generally, these techniques can be divided into two groups
which are coherent and incoherent beam combining. Coherent beam combining
requires a precise and stable control of the relative phase of the individual com-
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bined gain elements on a sub-wavelength scale which is the reason why, presently,
various demonstrated approaches in the context of laser diode arrays [2, 43–46]
can not provide robust, cost-effective and simple coupling schemes and laser designs which are suited for noisy industrial environments [14]. Less challenging
and more commonly used are incoherent beam-combining techniques which comprise spatial beam combining (SBC), polarization beam combining (PBC) and
wavelength beam combining (WBC). SBC enables a scaling of the output power
by placing laser sources simply side-by-side in a one- or two-dimensional array.
But the spatial brightness of the resulting beam can not be increased by this
technique, since, in the ideal case without aperture underfilling, the output power
as well as the BPP are simultaneously increased by the same factor which is
given by the number of spatially multiplexed laser beams according to Eq. (1.1).
Incoherent beam-combining techniques which enable an increase of the output
power while simultaneously maintaining the BPP of the involved laser beams are
PBC and WBC. In systems utilizing PBC, two input laser beams of orthogonal
polarization are coupled into a combined colinear beam via polarizing coupling
optics. Thus, the spatial brightness of the resulting beam can be increased by a
factor of 2 at maximum. Higher brightness scaling factors, at the expense of an
increased spectral bandwidth, are achievable in terms of WBC. Here, multiple
beams exhibiting different wavelengths are combined via a wavelength-selective
beam coupler which consist of dispersive optical elements such as bandpass interference filters [47], volume Bragg gratings (VBGs) [48] or a diffraction grating.
In this case, the theoretical brightness scaling factor is given by the number of
coupled wavelength channels Nλ . In conventional architectures, the wavelength
channels of the diode laser sources have a spectral spacing of 20 nm to 40 nm.
Predominantly spectrally unstabilized laser diode modules operating at different
emission wavelengths are used for this technique and beam combining is performed by sequentially employing dichroic edge filters which are tailored to match
the spectrum of the laser diode source in the corresponding wavelength channel.
The spectral denseness, and therefore the spectrally induced brightness enhancement factor, is technically limited by the spectral slope steepness of the filters and
furthermore by the spectral linewidth in conjunction with the current-dependent
wavelength shift of the emitted laser diode spectrum [14]. As consequence, a
brightness scaling factor of Nλ < 10 is attainable employing CWBC of GaAs
based BAL diodes in the 9xx-nm wavelength band. The direct diode lasers whose
beam parameters in Fig. 1.1 lie within the typical range for welding applications
make use of the discussed incoherent beam combining techniques. Depending on
the design and beam characteristics of the applied laser diode platform in the
different wavelength channels for CWBC, multi Kilowatts of output power and
a BPP in the range of 40 mm × mrad have been demonstrated with excellent
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e-o conversion efficiencies [49–52]. Compared to reported direct diode laser systems without a WBC implementation [53–55] employing certain beam shaping,
transforming and stacking techniques, the achievable spatial brightness could be
significantly improved and reaches the presented theoretical limit for pure beam
stacking with maximal spatial filling factor (FF). However, the mentioned technical constrains for the brightness scaling factor prevent direct diode laser systems
which are based on CWBC from entering a higher spatial brightness level.
This thesis deals with the possibility of applying direct diode lasers to even
brighter laser metal processing applications, such as flat sheet metal cutting or remote welding, by using dense wavelength beam combining (DWBC) of hundreds
of individual BAL diode emitters. In contrast to CWBC, spectrally stabilized
diode laser sources are used in DWBC architectures which enable a significantly
smaller spectral channel spacing of the combined laser beams and consequently
a larger brightness scaling factor. Due to the spectral stabilization of the laser
diode source, the current-dependent wavelength shift of the emitted laser diode
spectrum is overcome and therefore allows for a denser spectral stacking. Different implementations of DWBC have been demonstrated over the years predominantly in terms of fiber-optic communications for the telecom industry [56, 57]
but only recently successfully applied to realize kW-class high-brightness direct
diode lasers systems with comparable beam quality to diode-pumped solid-state
lasers [58, 59]. The approaches generally differ by the optical components which
are used for beam combining and the form of how spectral stabilization of the
laser diode emitters is performed. DWBC architectures where the spectral stabilization of the laser diode source is decoupled from the beam combining element
are referred to as open-loop [60]. In this case, laser diode emitter arrays are
wavelength stabilized and spectrally narrowed via VBGs [61, 62] and beam combining is realized either by a sequential series of several bandpass interference filters [63–65] or VBGs [66], or alternatively by use of a single diffraction grating [67]
which allows for simultaneous coupling of multiple beams. By using open-loop
DWBC techniques, several companies and research institutes have demonstrated
direct diode lasers with output powers at the kW level and a BPP in the range
of 10 mm × mrad (see Fig. 1.1). The only well-known architecture for closed-loop
DWBC are external resonators employing a single intra-cavity diffraction grating
for simultaneous wavelength stabilization and beam combination. This approach
has been proposed by White in the early nineties in the context of WDM of
low-power semiconductor laser transmitters for optical communication [68]. Figure 1.2 shows the reported schematic setup of the external grating cavity from
the original publication. It is important to note that the external cavity structure
was intended not to scale the power of the optical output but to increase the
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Fig. 1.2: Schematic setup of a multi-channel grating cavity laser for WDM applications
proposed by White constituting the first demonstration of DWBC in the context of
fiber-optic communication using low-power semiconductor laser transmitters [68].

optical transmission bandwidth by coupling multiple wavelength channels into a
single fiber. Effectively, this is the same as scaling the spatial brightness. Later,
this architecture has been adapted to high-power laser diode arrays and successfully used for spatial brightness scaling [69]. Here, very similar to the setup
shown in Fig. 1.2, the combination of a Fourier lens, a diffraction grating and
output coupling mirror in the external laser cavity forces the emission spectrum
of each individual emitter of a laser diode array on a unique wavelength. Consequently, Nλ is given by the number of individual gain elements which is provided
by the diode laser source in the beam-combining dimension. At the same time,
the individual spectrally stabilized emitter sub-beams are diffracted into a single
combined beam at the grating. Commercially available high-power laser turnkey systems which make use of this technology in conjunction with conventional
SBC and PBC techniques provide an output power of 4 kW with an e-o conversion efficiency of 44 % and a BPP of 4 mm × mrad [70]. Consequently, DWBC
based high-brightness direct diode lasers are potentially suited to serve all kinds
of high-brightness continuous-wave kW-class metal processing applications. However, competitive costs and equivalent reliability, compared to well established
high-power solid-state thin-disk or fiber lasers, and a sufficient lifetime of the
laser diodes under external optical feedback [71–73] will be basic prerequisites for
a successful market penetration of those lasers in the future.
This thesis is a contribution to DWBC of laser diode emitter arrays in external laser cavities. Two different external cavity architectures for either open- or
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closed-loop DWBC are investigated and compared with regard to an efficient spatial brightness scaling of high-power BAL diode bars towards the kW power level
with minimal beam quality deterioration. First, the mentioned closed-loop approach for DWBC employing an intra-cavity transmission grating in the external
laser cavity (hereafter referred to as “Transmission grating approach”). Second,
a novel external multi-laser cavity for open-loop DWBC which is based on a
single thin-film filter (TFF) as dispersive optical element inside the external resonator (hereafter referred to as “Thin-film filter approach”). TFFs have already
been used for WDM applications in fiber-optic telecommunication networks [74,
75] or spectral narrowing and wavelength tuning of single laser diodes [76, 77]
but not yet for spatial brightness scaling of high-power BAL diode bars in external laser cavities. Using a TFF as wavelength selective element inside the
external resonator has major advantages. First of all, TFFs exhibit an increased
spectral angular dispersion compared to conventional diffraction gratings which
allows for a high spectral denseness of the stabilized wavelength channels even at
moderate focal lengths of the Fourier lens. Furthermore, the TFF multi-laser cavity provides an intrinsic suppression of spectral emitter cross-talk in the optical
feedback between adjacent laser diode emitters which in intra-cavity transmission grating based DWBC approaches is typically accomplished by introducing
space-frequency filters. Compared to commercial VBGs, which are recorded into
photo-thermo-refractive glass, TFFs exhibit much lower thermo-optically induced
wavelength shift which ensures a stable wavelength stabilization with respect to
the beam-combining element. Finally, spectral stabilization of hundreds of individual gain elements can be achieved by only one individual optical component
inside the resonator. This is the reason why this approach is suited to realize
robust and low-cost optical designs of the external laser cavity. The overall aim
of this work is the realization of a 1-kW high-brightness direct diode laser module
with largest possible e-o conversion efficiency by using the investigated approaches
for DWBC (see Fig. 1.3). The consequential research issue is the question if the
spatial brightness provided by BAL diode emitters of state-of-the-art high-power
laser diode bars is sufficient for the realization of highly efficient kW-class direct
diode laser systems by use of DWBC in external laser cavities whose beam parameters are suited for high-brightness laser applications and furthermore, what
are the limiting brightness degrading mechanisms using this technique in either
open-loop or closed-loop cavity architectures in general. The thesis is structured
as follows: Chapter 2 gives a brief introduction to the physical properties of
BAL diode bars. The focus is mainly on the physical properties and beam characteristics of the laser diode bars which have been used for the experiments in
this thesis. In Chapter 3, the theoretical background and the functional principle of both investigated DWBC approaches are explained. Based on theoretical

9
Bar 1
(nem emitters)

.....

.....

.....

.....

Bar kbar
(nem emitters)

.....

SBC

DWBC
(Nλ = kbar ∙ nem)

P = Nλ ∙ Pem
BPP ≥ BPPem

Diode laser module:
P = 1 kW
BPPx ≤ 1.5 mm*mrad
BPPy ≤ 5 mm*mrad
Δλ ≤ 50 nm

SBC

PBC

P = 4 kW
BPP ≤ 5 mm*mrad

Fig. 1.3: Left, schematic principle and key beam parameters for a 1-kW high-brightness
direct diode laser module which is based on DWBC of multiple horizontally stacked
BAL diode bars in an external laser cavity (kbar : number of BAL diode bars; nem :
number of emitters per diode bar; Pem : emitter output power; BP Pem : BPP of an
individual emitter; ∆λ: stabilized spectral interval). Right, modular concept for a
potential 4-kW high-brightness direct diode laser system employing the 1-kW module
as building block for power scaling by use of conventional SBC and PBC techniques.

considerations and results of individual-bar experiments, the capability of both
external cavity designs for an efficient spatial brightness scaling of BAL diode bars
is discussed and the dominant mechanisms of beam quality deterioration, which
limit the minimal achievable BPP of the combined output beam, are identified
and investigated. Chapter 4 deals with the high-brightness direct diode lasers
which have been realized in this thesis. Experimental results of the 1-kW highbrightness direct diode laser modules are presented. Here, the focus is mainly on
the impacts of both an increased intra-cavity power and an order of magnitude
larger stabilized spectral interval on the beam parameters of the combined output beam of the laser compared to the individual-bar experiments presented in
Chapter 3. Based on the experimental results which have been achieved using
both DWBC approaches, the advantages and disadvantages of both systems are
discussed regarding spatial brightness scaling to multi-kW power levels.

2

High-Power Broad-Area Laser
Diode Bars

The topic of this chapter are the physical properties of high-power BAL diode bars.
In this context the architecture, micro-optical components for beam shaping and
the radiation characteristics are explained with regard to the usage of BAL diode
bars for dense wavelength beam-combined high-brightness direct diode lasers. A
more comprehensive description of the discussed aspects and a detailed treatment
of the underlying semiconductor physics can be found in [2, 14, 78–81].

2.1. Architecture and setup
A laser diode bar (see Fig. 2.1a) consists of a horizontal array of several BAL
diodes which are fabricated onto a single monolithic chip, which exhibits the vertical layer structure, by dividing the p-contact area into several contact stripes
through photo-lithographic pattering, etching and the deposition of insulating dielectric layers. The resulting individual beam sources of a diode bar are called
emitters and are electrically connected in parallel. The emitter pitch pem describes
the lateral spacing of adjacent emitters on a diode bar and defines, in conjunction
with the width W of the contact opening, the FF W/pem of the diode bar. Typically, the lateral chip dimension is 10 mm comprising between 8 to 50 BAL diode
emitters depending on the specific application and the desired optical output
power. Figure 2.1b shows the schematic setup of a state-of-the-art edge-emitting
laser diode emitter. In all modern semiconductor laser diodes double-hetero p-i-n
junctions are utilized to achieve population inversion. In this structure a thin
layer of intrinsic direct semiconductor material is embedded between p- and ndoped regions of semiconductor material with a larger band gap. The intrinsic
layer serves as laser-active region and is typically realized in form of a quantum
well (QW) with a thickness dQW of 5 nm to 10 nm (see Fig. 2.2). Laser diodes with
an emission wavelength in the spectral region from 700 nm to 1000 nm are typi-
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Fig. 2.1: Schematic setup of a BAL diode bar with beam axis and emitter pitch definition (a) and an edge-emitting semiconductor laser diode emitter with epitaxial layer
growth, refractive index profiles and beam axis definition (b).

cally realized on gallium arsenid (GaAs) substrates with epitaxially grown layers
of III-V compound semiconductor alloys which are lattice-matched to GaAs. The
wavelength of the laser transition is mainly determined by the band gap energy Eg
and can thus be tuned by the material composition of the intrinsic semiconductor
crystal or by introducing mechanical biaxial strain into the QW using material
compositions whose lattice constants are not completely matched. For example, in
an indium gallium arsenide (InGaAs) QW, as shown in Fig 2.2, the incorporation
of In atoms into a GaAs QW results in a compressively strained QW. Depending
on the In concentration, which is typically below a few ten percents, the emission wavelength ranges from 870 nm (bulk GaAs) of up to about 1100 nm [2, 14].

2.1. Architecture and setup

13

.......

.......
Waveguide
Al0.3GaAs0.7

QW
InGaAs

Waveguide
Al0.3GaAs0.7

.......

.......
e2

Eg = 1.25 eV

Eg = 1.7 eV

e1

hω = 1.28 eV

hh1
lh1

E

.......
500 nm

.......

10 nm

.......
500 nm

.......
y

Fig. 2.2: Band gap distribution and relevant energy levels of an InGaAs QW which
is embedded between larger-band-gap waveguide layers consisting of AlGaAs. The
QW results in a quantization of the electronic wave function in discrete energy levels
for the electrons in the conduction band (subband energies e1 , e2 ) and holes in the
valence band (subband energies hh1 , lh1 ). In the transition region of the junction,
where both carrier types coexist and population inversion takes place, an electron in
the conduction band and a hole in the valence band will radiatively recombine. A
photon with energy ~ω > Eg is generated (~: reduced Planck constant; ω = 2πc/λ
photon angular frequency; c: speed of light) [14].

In case of edge-emitting laser diodes, the resonator for optical feedback at the
laser transition is realized by the laser diode structure itself by using the cleaved
front and back facets of the semiconductor crystal as resonator mirrors (reflectivities Rf f and Rbf ) to realize a Fabry-Pérot resonator with cavity length L for the
generated radiation. Dielectric mirror coatings are used to change the reflectivity
of the back and front facet and furthermore to passivate the cleaved crystal surfaces. In order to achieve an emission of the major portion of the generated optical
power through the front facet, the back facet mirror exhibits a high reflectivity
of Rbf > 95 %. Due to the high modal gain, large light extraction can be achieved
in semiconductor laser diodes resulting in a high e-o conversion efficiency. Laser
threshold can be reached with low values of the front facet reflectivity. Thus,
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the front facet mirror typically exhibits a single layer anti-reflection (AR) coating with a reflectivity of Rf f < 5 % for high-power devices with cavity lengths
between 2 mm to 4 mm [2, 14]. The vertical layer structure serves as a dielectric
optical waveguide, since the refractive index of the low-band-gap active layer is
higher than the refractive index of the surrounding larger-band-gap layers, which
consist of aluminum gallium arsenide (AlGaAs), enabling low-loss wave-guiding
by internal total reflection. The resulting refractive index profile n(y) of the vertical layer structure is shown in the inset of Fig. 2.1b. Since the thickness of
a single QW is too small to realize sufficient wave-guiding and confinement of
an optical mode, the double heterostructure in QW lasers is embedded between
an additional layer of larger-band-gap material which are called cladding layers.
The actual waveguide is formed by the core region, which consists of the laseractive QW and the waveguide layers, in conjunction with the cladding layers.
The small dimension of the waveguide in conjunction with the diffraction-limited
beam quality of the propagating optical mode result in a large far-field divergence
of the output beam in the vertical beam dimension (y-axis) which is the reason
why the vertical beam axis is called fast-axis (FA). Depending on the waveguide
thickness, the full-angle beam divergence is typically between 40° to 60° [2, 14]. In
the lateral dimension (x-axis) of the laser diode, the width W of the active layer
is defined by the opening of the top Ohmic p-contact (see Fig. 2.1b). In order to
achieve lateral current and photon confinement, different mechanisms are used [2,
82, 83]. A very common mechanism is current confinement by use of a current
aperture beside the contact opening which is realized by either an insulating dielectric layer or ion implantation resulting in a gain-guided lateral waveguide. In
these so-called gain-guided lasers only those lateral optical modes are amplified,
whose electric field distributions have a sufficient overlap with electrically pumped
active area below the top contact. In case of BAL diodes, the width of the contact opening is typically around 100 µm allowing for high output powers of several
Watts at moderate optical power densities on the front facet. The large extent of
the lateral waveguide results in multi-transverse-mode operation of the device in
the lateral beam dimension. The lateral beam axis is called slow-axis (SA), since
the far-field divergence is approximately an order of magnitude smaller compared
to the beam divergence in vertical beam dimension. Depending on the lateral
waveguide structure and the operation conditions, the full-angle beam divergence
is typically between 5° to 10° resulting in a BPP in the range of 3 mm × mrad.
Due to the multi-mode beam characteristics, the far-field intensity distribution
shows a top-hat-like profile.
The basic parameters of the BAL diode bars which are used for the experiments
in this thesis are listed in Table 2.1. Both commercial (bar A and bar B) [84]
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Tab. 2.1: Basic parameters of the deployed BAL diode bars within this thesis.
Parameter

Bar A

Bar B

Bar C

Number of emitters

19

45

23

Pitch (µm)

500

200

400

FF (%)

20

50

25

Cooler

passive (CN)

passive (CN)

active (ILASCO)

Typical operation current (A)

120

200

180

Optical power (W)

100

140

150

Central wavelength (nm)

960

1010

940 - 1000

FA divergence (°) (95 % p.c.)

47

47

40

FAC focal length (µm)

410

160

300

8

9

8

Typical SA divergence (°) (95 % p.c.)
n-contact

n-contact

p-contact

Au wire bonds

Semiconductor
(chip)
Insulating layer

Heat sink

Micro-optics

Semiconductor
(chip)

p-contact
AlN layer
(insulation)

Microchannel
cooler

Fig. 2.3: Schematic setup of the used passively and actively cooled BAL diode bar packages. Left, passive conduction cooling (bar A and B) [84]. Right, active convection
cooling by use of a Cu microchannel cooler (bar C) [85].

and non-commercial (bar C) BAL diode bars with 100-µm contact opening of different FFs are used. All diode bar chips have a cavity length of 4 mm and a front
facet reflectivity Rf f < 0.5 % which is necessary for the spectral stabilization of
the diode bar emitters in an external laser cavity (see section 2.2.2). The vertical
layer structure of the chip exhibits a single InGaAs QW which is embedded in an
AlGaAs waveguide structure. The laser diode bar emitters have an uncollimated
full-angle beam divergence 2θF A,em in FA of 40° or 47°, corresponding to a power
content (p.c.) of 95 %. The different beam divergence parameters result from a
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varying thickness of the vertical optical waveguide. For lateral emitter confinement, exclusively ion implantation is used in case of bar A and bar B. In case of
bar C, an emitter design with either ion implantation or an insulating dielectric
layer beside the contact opening is used. Different operation wavelengths of the
diode bars in the spectral region from 940 nm to 1000 nm are obtained by using epitaxial chip designs with varying photoluminescence wavelength. In a laser
diode bar package, the chip is mounted on a copper heat sink for the removal
of Ohmic heat from the laser-active region. For this purpose, different cooling
techniques and mounting technologies are used [14]. Two of the most common
techniques and types of diode bar packages are deployed for the diode bars which
are used in this thesis (see Fig. 2.3). The first type of package or cooling technique
is passive conduction cooling as in case of bar A and B. Here, soft soldering with
ductile In solder is used for mounting the diode bar on the p-side to a massive
copper (Cu) heat sink. The diode bar package itself is mounted on a water-cooled
Cu plate. In the second type of package, as in case of bar C, a Cu microchannel
cooler is used for active convection cooling [86]. The diode bars are hard-soldered
on the p-side, using gold-tin (AuSn) solder, on a copper-tungsten (CuW) submount which provides an adaption of the coefficient of thermal expansion (CTE)
between the chip and the used active isolated laser cooler (ILASCO) [85]. The
second interface between the submount and the cooler is also hard-soldered. For
both discussed diode bar package types, the typical cooling water temperature
is 25 ◦C. The diode bars are operated at a flow rate of 60 L/h.
For the collimation of the emitter sub-beams of the diode bar in the fundamentalmode FA, an aspherical cylindrical micro-lens is used which is referred to as fastaxis collimator (FAC). The principle of beam collimation in FA is schematically
shown in Fig. 2.4. The resulting emitter beam divergence θF AC,em in FA behind
the FAC mainly depends on the focal length fF AC of the FAC, the quality of the
aspherical lens surface and the alignment accuracy and stability during the lens
mounting process [14]. The used diode bars exhibit a commercial FAC [87–89]
with a focal length of either 160 µm, 300 µm or 410 µm depending on the FF of
the respective diode bar (see Table 2.1). Besides the FAC, an additional microoptical component is used for shaping the output beams of the diode bar after
beam collimation in FA. The micro-optical component, which is referred to as
beam transformation system (BTS), consists of an monolithic array of cylindrical
micro-lens telescopes which are tilted by 45° with respect to the beam axis of the
propagating emitter sub-beams of the diode bar (see left part of Fig. 2.5) [52, 90].
As a result of the imaging, each individual emitter sub-beam is rotated by 90° in
the direction of propagation, so that FA and SA beam direction are interchanged
with respect to the fixed coordinate system of the laser diode bar (see right part
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of Fig. 2.5). The beam transformation yields a horizontal array of emitter subbeam which are stacked in FA and thus a significantly improved symmetry of the
BPP of the diode bar output [91]. As later explained in section 3.1, the emitter
Semiconductor
(chip)

y,FA
x,SA

Heat sink

FAC
θFAC,em

y
θFA,em
x

fFAC

Fig. 2.4: Schematic principle of beam collimation in FA by use of an aspherical cylindrical micro-lens which is referred to as fast-axis collimator (FAC).

Incident beams:
y,FA
1

.......

nem

.......

nem
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Shaped beams:
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y,SA
FAC
Bottom tab

1
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Fig. 2.5: Beam shaping by use of a micro-optical beam transformation system (BTS).
Left, principle of beam imaging using a tilted cylindrical micro-lens telescope and
schematic setup of the micro-optical component. Right, schematic emitter beam
cross-sections before and after beam shaping by the BTS. Each emitter sub-beam is
rotated by 90° in the direction of propagation.

beam transformation by use of the BTS plays a key role in terms of feedback reimaging and beam quality preservation in the investigated external laser cavities
for DWBC. The FF of the diode bar in conjunction with the beam divergence
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of the emitter sub-beams in SA limit the aperture of the array elements of the
BTS and furthermore the maximal distance of the micro-optical component from
the front facet of the diode bar chip. In order to achieve individual beam transformation for each individual emitter, it has to be ensured that adjacent emitter
sub-beams are sufficiently spaced in the lateral SA direction in front of the BTS
which consequently limits the distance from the front facet. In turn, the focal
length of the FAC is determined by this distance. Due to the mentioned reasons,
the maximum focal length of the FAC is a function of the FF. The higher the
FF of the diode bar for a fixed emitter beam divergence in SA, the smaller the
possible FAC focal length. Relating thereto are the differing FAC focal lengths
of the used diode bars in Table 2.1. For the experiments in this thesis, commercially available BTSs are used [92–94] which match the geometrical design of the
respective laser diode bar in terms of emitter pitch and number of emitters.

2.2. Radiation characteristics
2.2.1. Optical output power and polarization
The optical output power P of a laser diode emitter has a linear dependency on
pumping current I above threshold which can be described by [14]:
P = ηd ·

~ω
· (I − Ithr ) .
q

(2.1)

Here, the elementary charge is denoted by q, ηd represents the differential efficiency
of the laser and Ithr corresponds to the diode current at laser threshold. The first
two factors in Eq. (2.1) comply with the slope efficiency ηs = dP/ dI of the
power characteristics curve above threshold. The corresponding e-o conversion
efficiency ηeo is given by the quotient of the optical output power to the electrical
input power
ηeo =

P
,
U ·I

(2.2)

where U = U0 + I · Rs being the device voltage which comprises the voltage U0
applied to the p-n junction and the voltage resulting from the series resistance Rs
of the device. The output power characteristics curves of the diode bars which
are listed in Table 2.1 are presented in Fig. 2.6. For each diode bar type, the
curve of one selected device is exemplary shown. The measurement of the optical output power is performed after lensing of the FAC. Bar A, emitting at
a central wavelength of 962 nm, provides an output power of about 120 W at a
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Fig. 2.6: Output power characteristics curves for different 962-nm diode bars (bar A
and bar C) and a 1010-nm diode bar (bar B). Measured output power (a) and
corresponding e-o conversion efficiency (b) vs. diode current.

diode operation current of 140 A. The corresponding e-o conversion efficiency
is about 58 % at 140 A. The maximal e-o conversion efficiency (ηeo = 59 %) is
achieved at 120 A (106 W). The output power of the actively cooled 962-nm
bar C is 170 W at a diode operation current of 200 A. At this operation current,
the e-o conversion efficiency is approximately 53 %. The diode bar provides an
e-o conversion efficiency maximum of 59 % at a diode current of 120 A (105 W).
The used diode bar exhibits an ion implantation for lateral emitter confinement.
Devices exhibiting an insulating dielectric layer as current aperture of the identical type (bar C) and with similar spectral emission show no significant differences
in the output power characteristics curve. Both bar A and bar C show a similar linear output power characteristics curve with comparable slope efficiencies
(ηs ≈ 0.94 W/A) and threshold currents (Ithr ≈ 15 A). In the investigated current
range, no thermal rollover of the output power is observable. Bar B provides an
output power of about 140 W at a diode operation current of 200 A. The corresponding e-o conversion efficiency is about 50 % at 200 A which is 2 % lower
than the maximum value which is attained at 160 A (114 W). The lower slope
efficiency (ηs ≈ 0.81 W/A) and e-o conversion efficiency compared to bar A and
bar C is related to the long-wave emission at a wavelength of 1010 nm. Due to the
increased number of emitters of bar B, a larger threshold current of Ithr ≈ 30 A is
needed to achieve laser operation. The measured optical output power after lensing of the FAC serves as benchmark for the spectrally stabilized and wavelength
beam-combined output power. Hereafter, the measured optical output power of
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the diode bar or an individual emitter after lensing of the FAC is referred to as
“free-running”, since no implementation of wavelength stabilization is present at
this stage.
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Besides the achievable optical output power, the degree of polarization (DOP) of
the emitted radiation of the diode bar is an important property which, as later
discussed in Chapter 3, has a major impact on the diode bar performance in
both investigated external laser cavities for DWBC. The DOP depends on both
the mounting technology of the laser diode bar package and the type of lateral
emitter confinement. In case of compressively strained InGaAs QWs, the main
optical transition yields transverse electric polarized laser emission with an electric field vector oscillating in plane with respect to the epitaxial layers of the
chip [81]. Packaging-induced external and internal strain in the diode bar chip
result in a depolarization of the laser output due to stress-induced birefringence
in the waveguide [14, 83]. The source for the mechanical strain is related to the
thermal expansion mismatch between the diode bar chip and the heat sink materials during the mounting process as well as during operation. Figure 2.7a shows
the output power characteristics curve for transverse electric (TE) and transverse
magnetic (TM) polarization of an 962-nm diode bar (bar C) with ion implantation. For the measurement a polarizing beamsplitter (PBS) is used to split the
respective power fraction of the diode bar output. From the presented data it
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Fig. 2.7: (a) Measured output power vs. diode current for TE and TM polarization
of a 962-nm diode bar (bar C) exhibiting an ion implantation for lateral emitter
confinement. (b) DOP for TE polarization vs. diode current for 962-nm diode bars
(bar C) exhibiting an emitter design with an insulating dielectric layer as current
aperture or ion implantation.
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becomes evident that the optical output power is mainly emitted in TE polarization. The DOP, given by the ratio of the emitted power in TE polarization to the
overall optical output power of the diode bar, is 98 % and shows no dependency on
diode current as shown in Fig. 2.7b. Furthermore, Fig. 2.7b shows a comparison
of the DOP as a function of diode current for different diode bar package types
and diode chip designs for bar C. Compared to the data presented for the diode
bar with ion implantation, the same bar type (bar C; CuW submount; AuSn
hard solder; 962-nm emission wavelength) exhibiting an lateral emitter design
with an insulating dielectric layer as current aperture has a significantly lower
DOP which furthermore shows a dependency on diode current. At the typical
operation current of 180 A, the DOP is about 94 %. Similar results are obtained
for diode bars of the same type independent of the operation wavelengths in the
spectral region from 940 nm to 1000 nm. A possible explanation for the differing
performance of both bar types is a lower packaging-induced strain in case of the
chip design with ion implantation due to the flat and homogeneous chip surface
at the p-contact. In case of the emitter design with an insulating dielectric layer
as current aperture, the lateral pattering of the p-contact of the diode bar chip results in a more complex surface topography which inherently yields higher strain
of the diode chip after packaging using hard solder. An even lower value for the
DOP (≈87 % at 100 A) is obtained for the diode bar package without submount,
where no thermal expansion matching between the hard-soldered chip and the
cooler is present. The DOP of the soft-soldered diode bars (bar A and bar B),
which exhibit an ion implantation for lateral emitter confinement, has not been
discussed so far. The DOP of the optical output of these bars is larger than 98 %
due to the ductile solder which significantly reduces mechanical stress which is
induced in the diode bar chip. In this case, stress is balanced out by plastic
deformation of the solder [14].

2.2.2. Spectrum and wavelength tunability
At laser threshold, the longitudinal mode of the Fabry-Pérot resonator of the laser
diode bar emitter which is in closest spectral vicinity to the peak wavelength of
the modal gain spectrum is amplified. The cavity length determines the spectral
spacing of the longitudinal Fabry-Pérot modes which is typically below 100 pm
for devices with a cavity length larger than 2 mm [2]. Due to the high spectral density of the longitudinal modes in conjunction with the multi-mode lateral
beam characteristics, the spectral bandwidth of the emitted spectrum is typically
between 1 nm to 2 nm (FWHM) for BAL diodes [14]. The emission wavelength
furthermore depends on temperature. With increasing device temperature, the
emitted spectrum shifts to longer wavelengths. The main reason for the thermally
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induced wavelength increase is the shift of the peak wavelength of the modal gain
spectrum by about 0.3 nm/K for GaAs based laser devices due to the decreasing
band gap energy with temperature [95]. Figure 2.8 exemplary shows the measured
spectrum of the optical output of a 954-nm diode bar (bar C) at different diode
operation currents and the corresponding current-dependent shift of the extracted
central wavelength of the spectrum. From the presented spectra in Fig. 2.8a one
can see that both the spectral bandwidth and the peak wavelength of the emitted
spectrum increase with increasing diode operation current. Slightly above laser
threshold at a diode current of 20 A, the spectral width is about 760 pm (FWHM)
and grows to a value of 4.4 nm (FWHM) at 200 A. With increasing diode cur-

N o r m a liz e d in te n s ity

2 0 A

8 0 A

1 4 0 A

2 0 0 A
4 .4 n m
(F W H M )

7 6 0 p m
(F W H M )

0 .5

0 .0
9 4 0

9 4 5

9 5 0

9 5 5

W a v e le n g th (n m )

(a)

9 6 0

C e n tr a l w a v e le n g th (n m )

9 6 0

1 .0

M e a s u re d d a ta
L in e a r c u r v e fit

9 5 5
9 5 0

1 2 .5 n m

9 4 5
9 4 0
0

4 0

8 0

1 2 0

1 6 0

2 0 0

C u rre n t (A )

(b)

Fig. 2.8: (a) Spectrum of the output beam of a 954-nm diode bar (bar C) at different
diode operation currents. (b) Current-dependent wavelength shift. Measured central
wavelength vs. diode current extracted from the spectra shown in (a) and linear
curve fit.

rent, the shape of the spectrum becomes asymmetrical with a short-wave blue tail
which arises from varying operation temperatures of the diode bar emitters along
the lateral chip dimension. Outer emitters experience lower thermal cross-talk
of neighboring emitters, thus resulting in a lower operation temperature compared to the inner emitters of the diode bar. Besides this non-uniform lateral
heat spreading, the lateral stress distribution in the mounted diode bar chip also
affects the emitted spectrum due to a varying strain in the QW of the diode
bar emitters [14]. The current-dependent shift of the central wavelength of the
measured spectra shown in Fig. 2.8a is extracted from the data and presented
in Fig. 2.8b. The central wavelength is evaluated by calculating the centroid of
the corresponding spectrum. The data show that the central wavelength linearly
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increases with increasing diode current due to the thermally induced decrease of
the band gap energy in the InGaAs QW. The total wavelength shift amounts
to 12.5 nm from 20 A up to an operation current of 200 A, which corresponds to a
relative shift of 70 pm/A or 76 pm/W with reference to the optical output power.
The current-dependent wavelength shift depends on the heat transfer of the dissipated thermal power from the p-n junction to the heat sink of the diode bar
package. In this context, the thermal resistance of the laser diode bar package
is a characteristic value for the cooling performance and mainly determines the
thermal operation conditions of the diode bar. The thermal resistance Rtherm ,
given by
Rtherm =

∆T
,
Ptherm

(2.3)

describes the increase in temperature ∆T at the p-n junction which is induced by
the dissipated thermal power Ptherm during operation [14]. Both quantities can
either directly or indirectly be obtained from electro-optical diode bar characterization data, as presented in the Figs. 2.6 and 2.8, by use of the following two
relations. The dissipated thermal power Ptherm is directly given by
(2.4)

Ptherm = U (I) · I − P

and consequently follows from the measured output power characteristics curve.
The rise in junction temperature ∆T can indirectly be obtained by measuring the
shift of the central wavelength λc of the emitted diode bar spectrum as a function
of the dissipated thermal power:
∆T =

λc (Ptherm ) − λc (Ptherm = 0)
,
∆λtherm

with ∆λtherm =

dλ
dT

(2.5)

being the thermal wavelength drift factor which describes the spectral shift of
the modal gain spectrum of the laser structure. Using the described method, a
thermal resistance of about 0.71 K/W is obtained for the passively cooled diode
bar package of bar A and bar B, as can be seen from the data which are presented
in Fig. 2.9a. The actively cooled diode bar package of bar C provides a significantly lower thermal resistance of approximately 0.33 K/W and 0.23 K/W with
and without submount, respectively. For the calculation of the thermal resistance
according to Eq. (2.3), the slope of the corresponding linear curve fit in Fig. 2.9a
is divided by the measured wavelength drift factor of ∆λtherm = 0.31 nm/K
(see Fig. 2.9b). For the measurement of the wavelength drift factor, presented
in Fig. 2.9b, the device is operated in pulsed mode (100-A diode current; 4-µs pulse
width) with low duty cycle (d.c.) (0.02 %) in the absence of cooling water flow.
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The diode bar package is mounted on a heat plate for temperature control and
the device temperature is measured on top of the cooler beside the diode bar chip
by use of a platinum resistance temperature detector.
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Fig. 2.9: (a) Thermal resistance Rtherm for the passively (bar A and bar B) and actively
(bar C) cooled laser diode bar package. Measured central wavelength of the diode
bar spectrum vs. dissipated power of 962-nm diode bars and linear curve fit used
for the calculation of the thermal resistance. (b) Measured central wavelength of the
diode bar spectrum vs. junction temperature of a 962-nm diode bar (bar C) in pulsed
operation and linear curve fit used for the determination of thermal wavelength drift
factor ∆λtherm .

In contrast to standard high-power devices, the front facet of the chip of the
deployed diode bars exhibit a broadband multi-layer AR coating with a reflectivity below 0.5 %. As a result, important laser parameters like threshold current,
slope efficiency and optical output power are affected by a reduced front facet
reflectivity, whereby an increased threshold current is the most clear indication
for the higher mirror losses at the front facet of the laser diode emitter. At
laser threshold, the modal gain of the guided optical mode within the vertical
waveguide compensates the internal losses αin and the mirror losses αoc of the
Fabry-Pérot resonator for a roundtrip. Scattering of the optical mode at defects
and free carrier absorption are the main contributions to the internal losses [96].
The mirror losses of the Fabry-Pérot resonator depend on the mirror reflectivities
Rf f and Rbf of the front and back facet, respectively, and the cavity length L.
The threshold gain gthr for laser operation can be described by the relation [2]:


1
1
gthr = αin + αoc = αin +
ln
.
(2.6)
2L
Rf f Rbf
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A low reflectivity of the front facet is an important requirement for wavelength
stabilization of the diode bar emitters in an external laser cavity. Due to the
low front facet reflectivity, the spectral emission of the diode bar emitters can be
controlled by an external resonator which provides optical feedback for spectral
locking by use of a frequency-selective component such as a diffraction grating [97],
an interference filter [76, 77] or a VBG [98]. In a simplified model, the operating
principle of the external resonator can be described by a wavelength-selective reflector which effectively replaces the front facet of the laser diode. For a sufficiently
small front facet reflectivity, the influence of the emitter facet can be neglected
and the wavelength-dependent reflectivity of the external resonator dominates
the spectral emission of the laser diode due to a significantly lower threshold gain
value [see Eq. (2.6)] compared to free-running operation [99]. Hence, laser emission occurs at the wavelength which is determined by the external resonator. The
spectral bandwidth of the optical feedback provided by the external resonator in
turn determines the spectral narrowing of the laser diode spectrum and depends
on the specific external cavity design and implementation. Wavelength tunability
and the spectral locking range of the wavelength-stabilized diode bar emitters are
affected by both the value and spectral course of the front facet reflectivity and
furthermore by the amount of optical feedback which is coupled back into the laser
diode. The spectral bandwidth of the modal gain in an InGaAs QW can reach
values of several ten nanometers [14] which basically makes wavelength tuning
possible. Figure 2.10 schematically shows the principle of spectral stabilization
and wavelength tuning of a laser diode emitter by use of an external resonator.
The wavelength range over which spectral stabilization is possible, is limited by
the difference in threshold gain between the internal laser diode and the external
resonator, as simplified shown in Fig 2.10a. The external threshold gain is reached
with the smallest excess carrier density (N1 ) if the stabilized wavelength λc corresponds to the peak wavelength of the modal gain spectrum. Due to the lower
excitation level of the excess carrier density, the voltage at p-n junction of the laser
diode emitter declines [100, 101] which is, besides a reduced threshold current, a
clear indication for wavelength stabilization. If the stabilized wavelength is detuned from this spectral position, the external threshold gain can only be reached
for a higher pumping level (N2 > N1 ) which correspondingly leads to an increased
threshold current (see Fig. 2.10b). Spectral stabilization can be achieved within
the wavelength interval where the modal gain equals or surpasses the threshold
gain of the external resonator. At the border of the spectral locking range, the
peak value of the corresponding modal gain spectrum (carrier density N3 ) equals
the internal threshold gain of the laser diode. Beyond this region, spectral locking is not possible, since the modal gain for the internal laser diode is higher.
As a consequence, the laser diode emits at its free-running radiation spectrum.
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Fig. 2.10: Schematic principle of spectral stabilization and wavelength tuning of a laser
diode by use of an external resonator. (a) Schematic modal gain spectrum of a
free-running and wavelength-stabilized laser diode at threshold. (b) Excess carrier
density vs. injected current corresponding to the modal gain spectra shown in (a).

The larger the difference of the threshold gain values, which is achieved for a
large ratio of the reflectivity of the external reflector to the front facet reflectivity,
the larger the resulting locking range. In reality, both the internal and external
threshold gain depend on wavelength due to the wavelength dependency of the
internal losses and the spectral course of the front facet reflectivity. Thus, besides
a low value of the front facet reflectivity, also a spectrally flat course is needed
to provide a sufficiently large locking range. In order to investigate spectral stabilization of the diode bar emitters, an external laser cavity is employed where a
-1st order reflection grating in Littrow configuration is used as frequency-selective
component. The schematic setup of the external resonator is depicted in Fig. 2.11.
Similar external cavity setups have been reported in [102–104] and used for wavelength stabilization and spectral narrowing of BAL diode bars. In the vertical
FA direction (y-axis), the emitter sub-beams emerging from the BAL diode bar
are collimated by use of a FAC. Subsequent, the far fields of the collimated and
coaxially propagating emitter sub-beams are imaged onto a -1st order reflection
grating by a cylindrical lens with a focal length of fF A = 150 mm. Each subbeam, which is incident on the grating, has the same angle of incidence (AOI) α
with respect to the surface normal of the grating. The cylindrical lens is placed in
a telecentrical configuration with respect to the front facet of the diode bar and
the grating. Consequently, the near field of the diode bar output of each emitter sub-beam is imaged upon the grating. In the lateral SA direction (x-axis), a
4f -telescope, consisting of two cylindrical lenses (focal lengths fSA1 = 50 mm and
fSA2 = 100 mm), is used to image the beam waist of the emitter sub-beams in
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Fig. 2.11: Schematic setup and states of polarization of the external laser cavity with
adjustable optical feedback strength for wavelength stabilization of individual diode
bar emitters by use of a -1st order reflection grating in Littrow configuration.

SA onto the grating. The reflection grating, exhibiting Λ−1 = 1250 lines/mm, is
placed in Littrow configuration with respect to the emitter rays which propagate
along the optical axis of the external resonator. In Littrow configuration, the
AOI α equals the diffraction angle into the -1st order which is the reason why
each incident emitter sub-beam is reflected back into itself at the grating. The
angular dispersion of the grating determines the diffracted wavelength. From the
grating equation it follows that the corresponding wavelength-to-AOI dependency
in Littrow configuration is given by
λc = 2Λ sin (α) ,

(2.7)

where λc is the central wavelength of the diffracted emitter beam and Λ denotes
the groove spacing of the grating. In order to adjust the optical feedback strength,
a polarization-dependent output coupling unit is used which consists of a PBS
and an achromatic quarter-wave plate (QWP). Each emitter sub-beam passes
the unit twice during one cavity roundtrip. In the first pass, most of the incident laser power Pin is transmitted by the PBS because of the TE-polarized
diode bar emission which corresponds to TM polarization with respect to the
plane of incidence at the PBS (see bottom part of Fig. 2.11). Depolarized power
fractions are reflected out of the external cavity by the PBS. Behind the PBS,
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the emitter sub-beams pass the QWP a first time. After the back reflection by
the grating, the sub-beams again are incident upon the QWP. In this way, the
QWP effectively acts as half-wave plate (HWP) and leads to a rotation of the
initial TM polarization of the emitter sub-beams. The respective power fraction
in TM or TE polarization after the second pass depends on the rotation angle
of the QWP between its optic crystal axis and the oscillation direction of the
electric field vector of the incident linearly polarized laser beams. Since exclusively TM-polarized power fractions are transmitted by the PBS at the second
pass, the optical feedback power PF B which is coupled back into the diode bar
emitters can be adjusted by rotating the QWP. The adjusted optical feedback
strength is controlled using two power meters (PMs) by which a defined power
fraction of the input laser power (P1 ) respectively optical feedback power (P2 )
is measured which is reflected out of the external cavity by a partially reflective
mirror (PRM) of known spectral transmission. In this way, the adjusted optical
feedback strength corresponds to the averaged optical feedback over all diode bar
emitters. In the described measurement configuration, the feedback ratio with
reference to the input laser power is given by (see appendix A):
P2
PF B
=
· TT M,P RM (λ) .
Pin
P1

(2.8)

In the upper equation, TT M,P RM (λ) corresponds to the wavelength-dependent intensity transmission coefficient of the PRM for TM polarization. The deduced
optical feedback ratio in Eq. (2.8) constitutes an upper limit for the optical feedback strength, since the effective optical feedback power, which is coupled back
into the waveguide of the laser diode emitter, furthermore depends on the coupling
efficiency of the feedback light into the waveguide of the laser diode emitter which
is mainly determined by the imaging quality of the external resonator [105]. The
emitter sub-beams which are transmitted at the grating are spatially separated
by a short focal length lens and then sent to an integrating sphere in order to
measure the spectrum of an individual stabilized diode bar emitter by a spectrometer (Ocean Optics HR4000; 100-pm spectral resolution at 960 nm). Figure 2.12a
exemplary shows the locking range measurement of an individual emitter of a
954-nm diode bar (bar C) at a diode current of 120 A. The adjusted optical feedback ratio is 10 %. As a reference, the free-running diode bar spectrum at 20 A
and 200 A are shown. In the center of the locking range, where the stabilized central wavelength corresponds to the central wavelength of the free-running emitter
spectrum, the external cavity is adjusted for maximal peak intensity of the stabilized emitter spectrum in order to ensure optimal feedback re-imaging. The
sideband suppression amounts to about 20 dB (see Fig. 2.12b). By changing the
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Fig. 2.12: (a) Locking range measurement of an individual emitter of a 954-nm diode
bar (bar C). (b) Stabilized spectrum of an individual emitter in the center of the
locking range at a diode current of 120 A extracted from the measurement shown
in (a). (c) Locking range vs. optical feedback ratio of an individual emitter of
a 962-nm diode bar (bar C) at a diode current of 90 A for different locking range
definitions. (d) Locking range for a complete wavelength stabilization at 90 A and
an optical feedback ratio of 10 % vs. central wavelength of the free-running diode
bar spectrum at a diode current of 200 A.

grating AOI, the central wavelength of the stabilized emitter spectrum is detuned
from the center to shorter respectively longer wavelengths. As can be seen from
the stabilized emitter spectra presented in Fig. 2.12a, no free-running power fractions appear in the spectrum within a wavelength range of 35 nm. Beyond this
spectral region, self-lasing of the diode bar emitter at its free-running spectrum
sets in and the peak intensity of the stabilized emitter spectrum declines. The
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wavelength range without any appearance of free-running power fractions in the
spectrum is defined as the spectral locking range for a complete wavelength stabilization of the diode bar emitter. The locking range sub-linearly increases with
increasing feedback ratio. Figure 2.12c shows the locking range of an individual emitter of a 962-nm diode bar (bar C) as a function of the optical feedback
ratio at a diode current of 90 A for different locking range definitions. Besides
the discussed locking range definition, an alternative way to specify the spectral
locking range is to use a certain drop of the peak intensity of the stabilized emitter spectrum with reference to the intensity maximum of the stabilized emitter
peak in the center of the locking range. Assuming a constant spectral linewidth,
the peak intensity decline is directly proportional to a power drop. As can be
see from Fig. 2.12c, the power drop within the locking range for a completely
stabilized emitter is ≤10 % for all investigated feedback strengths. Outside the
locking range for a completely stabilized emitter, the stabilized power rapidly
decreases to half the maximum value within less than 3 nm. Thus, the initial
locking range definition for a complete wavelength stabilization of the diode bar
emitter provides a reasonable value for the spectral interval over which spectral
locking can be achieved without significant power losses. The dependency of the
spectral locking range on the operation wavelength of the diode bar is presented
in Fig. 2.12d. The graph shows the average value of the measured locking range
at 90 A and a feedback ratio of 10 % of at least ten diode bars with identical epitaxial chip design as a function of the central wavelength of the free-running diode
bar spectrum at a diode current of 200 A. The indicated error bars result from
the statistical analysis of the presented data. As can be seen from the data, the
spectral locking range only slightly varies for diode bars with different operation
wavelengths. A trend to an increased locking range for long-wave diode bars is visible. For all investigated operation wavelengths, the AR coating of the front facet
provides a spectral locking range of larger than 30 nm at a feedback ratio of 10 %.
Consequently, the achieved locking range is large enough to compensate for the
current-dependent wavelength shift of the free-running spectrum (see Fig. 2.12a)
which amounts to about 15 nm (bar A and bar C) resp. 30 nm (bar B) for the
employed BAL diode bars over the whole diode operation current range. In this
way, a stable and current-independent wavelength locking is ensured which is a
basic requirement for DWBC in external laser cavities.

2.2.3. Beam quality
As already mentioned in section 2.1, the diode bar emitters exhibit diffractionlimited (M 2 = 1) beam quality in the vertical FA direction which, at an emission wavelength of λ = 960 nm, corresponds to a BPP of BP PF A,em = λ/π ≈
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0.31 mm × mrad. The intensity distribution in the far field exhibits a Gaussian
shape (see Fig. 2.13). The far-field width for a power content of 95 % corresponds
to the full-angle emitter beam divergence 2θF A,em in FA which amounts to 47°
resp. 40° for the BAL diode bars which are deployed in this thesis (see Table 2.1).
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Fig. 2.13: Measured FA far-field intensity distribution of a 938-nm diode bar (bar C)
at 180-A diode current and Gaussian curve fit.

By use of the FAC, the output beam of the individual diode bars emitters are collimated resulting in a significantly smaller beam divergence θF AC,em (see Fig. 2.4).
In the ideal case, the diffraction-limited emitter beam quality is preserved and not
affected by the FAC. For a completely flat arrangement of the individual emitters
on the diode bar, the beam divergence behind the FAC of the total emitter ensemble (θF AC ) equals the beam divergence of the individual gain element (θF AC,em ).
In reality, diode bar smile results in a deviation of both quantities. One speaks of
diode bar smile if the emitters of a diode bar have vertical offsets of the centroid
positions in the optical near field compared to each other. The reasons for diode
bar smile are related to mounting- and packaging-induced strain of the diode bar
chip [106]. The corresponding smile parameter is defined as the total difference in
height between the highest and lowest emitter [107]. The relative vertical position
offsets of the emitters result in beam pointing deviations of the emitter sub-beams
in FA after the collimation by a FAC which consequently increase the far-field
divergence θF AC of the beam ensemble along this direction. Figure 2.14a shows a
measurement of the far-field intensity distribution in FA behind the FAC of diode
bars with different smile values at diode current of 25 A. The investigated bars
(bar C) have an uncollimated emitter beam divergence in FA of 2θF A,em = 40°
and each exhibit a 300-µm FAC (see Table 2.1) which gives a far-field divergence
of an individual collimated emitter of 2θF AC,em = 5.6 mrad behind the FAC. This
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Fig. 2.14: Far-field broadening in FA due to diode bar smile. (a) Measured FA far-field
intensity distribution behind the FAC for diode bars (bar C) with different smile at
25-A diode current. (b) Measured far-field divergence 2θF AC vs. smile of the BAL
diode bar at 25-A diode current and linear curve fit. The presented data correspond
to a power content of 95 %.

value represents the ideal theoretical minimum which can only be reached in case
of a diode bar with zero smile. The far-field divergence of the beam ensemble linearly depends on the smile value as can be seen from Fig. 2.14b. The deviations
of the measured data compared to the linear curve fit result from the particular
shape of smile which is not incorporated by using the unweighted total difference
in height for the definition of the smile value. Typical values for the beam divergence behind the FAC of the total emitter array for the deployed low-FF diode
bars are 2θF AC = 5 mrad (bar A) resp. 2θF AC = 6 mrad (bar A) for low smile
values (≈1 µm). Due to the significantly smaller FAC focal length in case of the
high-FF bar B, the beam divergence is typically in the range of 2θF AC = 12 mrad.
An influence of the emitter beam transformation by the micro-optical BTS on the
collimated far-field divergence in FA is not present.
In the lateral SA dimension, the diode bar emitters exhibit multi-transversemode operation which is the reason why the resulting BPP is typically about
an order of magnitude larger (M 2 ≈ 10) compared to the fundamental-mode FA
direction. The BPP in the SA dimension depends on operation current for all
implementations of lateral emitter confinement (insulating dielectric layer or ion
implantation). The SA-BPP increases with increasing diode current due to a
effect referred to as far-field blooming, meaning an increase of the far-field divergence in SA which consequently leads to a poorer beam quality [14, 108]. Far-field
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blooming is related to both thermal and non-thermal contributions. Self-heating
of the device due to the series resistance and non-radiative carrier recombination rise the temperature in the active region which leads to an increase of the
refractive index. The lateral heat flow away from the active region results in a
non-uniform temperature distribution which leads to a lateral refractive index
gradient similar to a thermal lens. The thermal lensing effect enhances indexguiding of higher order lateral modes with increasing diode current which exhibit
a larger far-field divergence [109]. Besides the described thermally induced lateral
index-guiding, a substantial non-thermal contribution to the far-field blooming is
caused by an increasing carrier and gain non-uniformity in the QW with rising operation current which results in an excitation of higher order lateral modes [110].
Figure 2.15a exemplary shows the effect of far-field blooming with increasing operation current by use the measured far-field intensity distribution in the lateral
SA dimension of a 946-nm BAL diode single-emitter with 100-µm contact opening at different emitter currents. The corresponding measured near-field intensity
distributions are shown in Fig. 2.15b. The deployed single-emitter is mounted on
Peltier cooler which is operated at a temperature of 25 ◦C. The laser structure
for lateral confinement and the vertical layer structure of the device are comparable to the emitter design of bar C with an insulating dielectric layer as current
aperture. The presented far-field intensity profiles in Fig. 2.15a clearly show an
increasing width with rising emitter current. The far-field width for a power
content of 95 % corresponds to the full-angle emitter beam divergence 2θSA,em in
SA. As can be seen from Fig. 2.15c, the emitter beam divergence 2θSA,em linearly
depends on current within the investigated emitter current range. The measured
near-field width 2ωSA,em (95 % p.c.) shows an increase (10 % to 20 %) beyond the
lateral dimension of the contact stripe which is the result of lateral current spreading [111]. By use of both deduced quantities, the SA-BPP for a power content
of 95 % is given by BBPSA,em = ωSA,em θSA,em for the respective operation current.
The resulting data of the SA-BPP as a function of emitter current are depicted
in Fig. 2.15d. The presented data show an almost linear increase of the SA-BPP
with increasing diode current. At typical emitter operation currents in the range
of 6 A to 8 A, the SA-BPP is BBPSA,em ≤ 3.5 mm × mrad. As a comparison, the
measured SA-BPP data of a 954-nm BAL diode single-emitter with ion implantation are shown in Fig. 2.15d. The ion-implanted single-emitter shows an only
slightly improved SA-BPP, since lateral current spreading is typically less pronounced in case of ion implantation for lateral emitter confinement. Due to the
varying operation conditions in terms of cooling, packaging-induced strain and
current injection, the beam quality in SA of an individual diode bar emitter is
significantly worse compared to a single-emitter BAL diode device. Figure 2.16a
shows the measured far-field divergence 2θSA,em and near-field width 2ωSA,em in
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Fig. 2.15: Measured far-field (a) and near-field (b) intensity distribution in the lateral SA
dimension of a 946-nm BAL diode single-emitter with an insulating dielectric layer as
current aperture at different emitter currents. (c) Left axis, far-field width 2θSA,em
in SA vs. emitter current. Right axis, corresponding near-field width 2ωSA,em in SA
vs. emitter current. The presented data correspond to a power content of 95 % and
are extracted from the corresponding measured intensity profile which is partially
shown in (a) and (b). (d) SA-BPP vs. emitter current of a 946-nm BAL diode
single-emitter with an insulating dielectric layer as current aperture and a 954-nm
BAL diode single-emitter with ion implantation.

SA as a function of the emitter current of an individual emitter of a 954-nm
diode bar (bar C) with an insulating dielectric layer as current aperture. At the
typical diode bar operation current of 180 A, which corresponds to an emitter
current of 7.8 A, the emitter beam divergence amounts to 2θSA,em ≈ 8° corresponding to the value given in Table 2.1, where also typical values for the SA
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emitter beam divergence of the other deployed diode bar types are listed. The
deduced SA-BPP as a function of emitter current resulting from the measured
near- and far-field widths (see Fig 2.16a) is depicted in Fig. 2.16b. The data show
a linear increase of the SA-BPP from 2.8 mm × mrad at 2.2-A emitter current
to about 4.6 mm × mrad at the maximal investigated current of 8.7 A. In the
typical diode bar operation current range around 180 A (7.8-A emitter current),
the SA-BPP is BBPSA,em > 4 mm × mrad. For the passively cooled diode bars
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Fig. 2.16: (a) Left axis, measured far-field divergence 2θSA,em in SA vs. emitter current
of an individual emitter of a 954-nm diode bar (bar C) with an insulating dielectric
layer as current aperture. Rigth axis, corresponding near-field width 2ωSA,em in SA
vs. emitter current. The presented data correspond to a power content of 95 %.
(b) SA-BPP vs. emitter current calculated by use of the data shown in (a).

(bar A and B) with ion implantation, the SA beam quality of an individual diode
bar emitter is the range of 3.5 mm × mrad for the respective typical operation
current listed in Table 2.1. The measured values later serve as a rough reference
for the achieved SA-BPP of the combined output beam using the approaches
for DWBC which are presented in Chapter 3. As shown by the presented measurements in this section, the beam quality of a individual diode bar emitter in
both the fundamental-mode FA and the multi-transverse-mode SA beam dimension are in the range which is sufficiently for high-brightness laser applications
(see Fig. 1.1). In the following chapter, the technique of spatial brightness scaling
by use of DWBC in external laser cavities is introduced which enables coupling of
individual low-power emitter sub-beams of a diode bar into a single high-power
beam, whereby the high beam quality of the individual diode bar emitter is mostly
preserved.

3

Dense Wavelength Beam
Combining in External Laser
Cavities
In this chapter, the theoretical background and the functional principle of the
DWBC approaches, which have been investigated in this thesis, are explained.
First of all, the general functional principle of DWBC of BAL diode bars in
external resonators is discussed in section 3.1. On this basis, the wavelength
stabilization, beam combination and beam quality preservation in the two different external resonators of the investigated DWBC approaches are explained.
In section 3.2, the transmission grating based external cavity is discussed which
represents a well-known closed-loop architecture for simultaneous wavelength stabilization and beam combination. In the following section 3.3, a novel open-loop
external cavity architecture for DWBC is presented which is based on a TFF as
dispersive optical element.

3.1. Introduction and functional principle
Diffraction grating based DWBC architectures work like an inverse spectrometer,
as depicted in Fig. 3.1. Instead of splitting and spatially separating the spectral
components of a polychromatic input beam by a dispersive optical element like in
a spectrometer, sub-beams of different wavelengths are diffracted at the grating
into a combined output beam. Due the grating diffraction, the incident sub-beams
spatially overlap in the near and far field. For a fixed spectral resolution of the
grating, the overall spectral bandwidth of the combined output beam increases
with increasing number of resolved wavelength channels, which corresponds to the
number of wavelength-combined beams. Thus, the spatial brightness is increased
at the cost of an increased spectral bandwidth. DWBC requires a precise control
of the wavelength and the AOI of the sub-beams which are incident upon the
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Fig. 3.1: Functional principle of diffraction grating based DWBC architectures by the
example of an inverse spectrometer.

grating. In this context, mainly two basic configurations for DWBC are utilized
which are closed-loop and open-loop WBC [60]. Closed-loop external cavity architectures enable simultaneous wavelength stabilization and beam combination.
The principal setup is similar to the scheme presented in Fig. 3.1. It consists of
a horizontal array of laser diode emitters, a Fourier transform lens, a transmission grating and an additional PRM in the optical path of the diffracted beam
which serves an output coupling mirror (OC) (not shown in Fig. 3.1). The OC
in conjunction with the back facet of each emitter of the horizontal laser diode
array forms an optical cavity. In order to get optical feedback from the OC, the
emitter sub-beams must be normally incident upon the OC. The transform optic
converts the lateral position xi of each emitter of the array into a unique AOI αi
at the location of the grating. Due to this position-into-angle mapping by the
transform lens, the stabilized central wavelength λi of each individual emitter
is self-determined by its lateral position along the array. Transmission grating
based external laser cavities for closed-loop DWBC are discussed in detail in section 3.2. In open-loop cavity architectures, spectral stabilization of the laser diode
emitters is decoupled from the beam-combining element, as indicated in Fig. 3.1.
DWBC takes place in two steps. The laser diode emitters are first spectrally
stabilized each at an appropriate and unique wavelength. Subsequent, the individual wavelength-stabilized emitter sub-beams pass the transform optics and
are superimposed upon the grating for beam combination. In this case, it has to
be ensured that the wavelength-AOI pairing of each emitter sub-beam perfectly
fits the spectral angular dispersion of the combiner grating to achieve a combined
beam, where all sub-beams completely overlap in the far field. A novel approach
for open-loop DWBC is presented in section 3.3.
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Both discussed DWBC approaches are subjected to a generic constraint concerning the spectral denseness of the coupled wavelength channels resp. number of
combinable gain elements [60]. By analogy to the inverse grating spectrometer
shown in Fig. 3.1, the number of sub-beams that can be combined within a given
spectral bandwidth is limited by the spectral resolution RG of the grating
λ
2ωG
1
= NG =
· ,
∆λG
cos(β) Λ

RG =

(3.1)

where ∆λG denotes the minimal spectral resolution of the grating at wavelength λ.
NG corresponds to the number of illuminated grating grooves which is given by
∗
the ratio of the projected beam diameter 2ωG
= 2ωG / cos(β) upon the grating,
with β being the grating AOI, to the groove spacing Λ of the grating. Imaging
a collimated beam with Nλ wavelength channels, which are equally spread over a
certain spectral bandwidth, passing the scheme shown in Fig. 3.1 in reverse order.
In this case, the wavelength channels can only be completely spatially resolved in
the focal plane of the transform lens if the spectral channel spacing is larger than
the minimal spectral resolution of the grating. Consequently, ∆λG constitutes a
lower limit for the spectral channel spacing ∆λem of adjacent emitter sub-beams
of a horizontal laser diode array, given by:
(3.1)

∆λem ≥ ∆λG =

λ·Λ
.
2ωG / cos(β)

(3.2)

The number of emitter sub-beams, which can be combined within a given spectral
bandwidth ∆λ, therefore follows from the relation
Nλ ≤

∆λ
1
∆λ
(3.2)
· % = 2ωG · % ·
·
,
∆λG
λ Λ · cos(β)
| {z }
=: Dα

(3.3)

where the fraction of the last factor of the product corresponds to the angular
dispersion Dα of the grating and % < 1 being the FF which accounts for the
spectral gap between adjacent beams [60]. Following Eq. (3.3), the beam diameter
upon the grating must be
2ωG ≥

Nλ
λ
·
% · Dα ∆λ

(3.4)

in order to combine Nλ sub-beams. Figure 3.2a shows lines of constant Nλ in a
plot of the minimal beam diameter 2ωG at the location of the grating as a function
of the bandwidth ratio ∆λ/λ resulting from Eq. (3.4). The graph shows that 100
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Fig. 3.2: (a) Beam diameter 2ωG at the location of the grating vs. bandwidth ratio ∆λ/λ
for different values of a constant number Nλ of sub-beams that can be combined.
For the grating dispersion a value of Dα = 2.5 mrad/nm. A typical FF of % = 0.25
for BAL diode bars is used. For a operation wavelength at λ = 960 nm, the gray
shaded area indicates the typical bandwidth ratio (5 %) for GaAs based BAL diodes
of different wavelength-shifted epitaxial layer designs. (b) Left axis, spectral channel
spacing ∆λem vs. transform focal length fT L for typical diode bar and grating
parameters (pem = 400 µm; 2θF AC,em = 6 mrad; 2θSA,em = 8°; Dα = 2.5 mrad/nm).
∗ upon the grating for DWBC
Right axis, calculated projected beam diameter 2ωG
along the FA and SA beam dimension. The red and green curve indicate the minimal
spectral resolution ∆λG of the grating which follows from the corresponding beam
diameter in FA (2ωG,F A ) and SA (2ωG,SA ) at the location of the grating.

to 1000 sub-beams and even more can be combined by allowing for sufficiently
large values of both the beam diameter 2ωG and the spectral bandwidth ∆λ.
Since the beam diameter upon the grating is a linear function of the transform
focal length fT L , scaling of Nλ within a certain spectral bandwidth can only be
achieved by an increase of the transform focal length by the same factor. Due to
the telecentrical optical imaging by the transform lens, raising the spectral denseness simultaneously results in an increased length of the external laser cavity.
Applying the general considerations to the case of high-power BAL diode bars as
beam source for DWBC, which have been discussed in Chapter 2, the stabilized
spectral interval is limited to about 50 nm for GaAs based laser diodes due to the
availability of different wavelength-shifted epitaxial layer designs. Furthermore,
concerning potential high-power laser applications, the bandwidth has to be kept
in the same range in order to allow for good imaging quality without chromatic
aberrations in laser processing heads with few optical elements. The beam di-
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ameter at the location of the grating is determined by the far-field divergence of
the emitter sub-beams in the beam-combining axis and the focal length of the
transform lens. On the other hand, for a fixed dispersion of the grating, the
focal length of the transform lens also determines the spectral channel spacing
of adjacent emitters ∆λem = pem /(fT L Dα ) which are spatially separated by the
emitter pitch pem along the lateral dimension of the array. For successful beam
combination, the spectral channel spacing must exceed the minimal value which is
imposed by the spectral resolution of the grating [see Eq. (3.2)]. Figure 3.2b shows
the calculated spectral channel spacing as a function of the transform focal length
for typical diode bar and grating parameters (pem = 400 µm; 2θF AC,em = 6 mrad;
2θSA,em = 8°; Dα = 2.5 mrad/nm). As one can see from the graph, beam combining in both beam dimensions is possible, since the spectral channel spacing is
larger than the minimal spectral resolution of the grating for all presented focal
lengths. For practical reasons, the beam size should be kept within acceptable
levels in order to prevent from spherical aberrations in the transform optics and
to keep the size of the grating small. The transform focal length and thus the
spectral denseness of the coupled emitter sub-beams are restricted by those technical constraints.
The spatial brightness of the resulting combined output beam emerging from
the DWBC architecture shown in Fig. 3.1 depends on the power of the spectrally stabilized laser diode emitters and the beam quality of the combined output
beam, which is in the ideal given by the beam quality of an individual emitter
sub-beam. Introducing some kind of cavity losses (factor ηW BC ) and beam quality deterioration induced by the external cavity (factor ∆), the resulting spatial
brightness BCB of the combined beam can be described as
BCB =

π2

Nλ · Pem · ηW BC
· BP PF A,em · BP PSA,em · ∆

(3.5)

according to Eq. (1.1). In the upper equation Pem is the power of an individual
wavelength-stabilized BAL diode emitter. BP PF A,em and BP PSA,em represent
the BPP in the FA and SA beam direction of an individual emitter, respectively.
Examples for typical cavity loss mechanisms, incorporated by the factor ηW BC , are
losses at the diffraction grating due the limited diffraction efficiency and losses due
to absorption of optical components inside the resonator. For practical reasons,
the WBC efficiency ηW BC is in the following defined by the ratio of the power of
the combined output beam to the free-running power of the diode bar after lensing of the micro-optics. Several beam quality degrading mechanisms, which are
captured by the factor ∆, result in a BPP in the beam-combining axis of the combined output beam which is larger than the beam quality of an individual emitter
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sub-beam. For example, both closed-and open-loop transmission grating based
DWBC architectures suffer from beam quality deterioration due to the residual
spectral emitter linewidth of the stabilized diode bar emitters and diode bar smile.
In general, diffraction grating based DWBC architectures can be applied either
to the FA or SA beam direction of the BAL diode bar, as suggested by the calculations presented in Fig. 3.2b. However, FA-DWBC by use of a micro-optical
BTS [112, 113], which has been discussed in section 2.1, has major advantages
compared to beam combining in the multi-transverse-mode SA direction. First of
all, due to the diffraction-limited beam quality of the diode emitters in FA, the
collimated beam divergence is comparatively small with values between 5 mrad
to 12 mrad depending on the FAC focal length. Consequently, Fourier transform
lenses with large focal lengths can be used to achieve a high spectral denseness of
the stabilized emitters without the leakage of spherical aberrations which deteriorate beam quality. At the same time, the resulting beam diameter of the overlapping emitter sub-beams at the location of the grating is small (see Fig. 3.2b),
even at large transform focal lengths, which keeps the resulting size of the grating
small. For identical transform focal lengths, the beam diameter at the location
of the grating in SA is approximately an order of magnitude larger compared to
the FA beam dimension which results from the intrinsic lower beam quality. Furthermore, the usage of a BTS reduces diode bar smile-induced imaging errors and
losses in the optical feedback in closed-loop DWBC architectures, since the external laser cavity is self-compensating with regard to beam pointing errors in the
beam-combining axis [114]. However, as it will be presented in section 3.2.3, the
associated beam quality degradation due to diode bar smile can not be impeded
or improved using a BTS. In case of SA-DWBC, there is no space left for external
cavity induced beam quality deterioration, since the BPP of an individual BAL
diode emitter in SA is typically above 3 mm × mrad, as discussed in section 2.2.3.
Beam quality deterioration in the SA beam dimension would result in an increased
astigmatism of the output beam which will prevent from efficient fiber coupling
into beam delivery fibers for high-brightness laser applications typically requiring
a BPP of less than 5 mm × mrad. This is the reason why SA-DWBC is generically
unfavorable for realizing high-brightness direct diode lasers. Not yet experimentally verified is the potentially detrimental impact of SA beam combining on the
lifetime of the diode bar under external optical feedback [71, 72]. In the lateral
multi-transverse-mode SA direction, the diode emitters tend to filamentation in
the optical near field which can be enforced by the position-into-wavelength transformation inside the external resonator [115]. Near-field filamentation results in
large spatio-temporal peak intensities on the front facet [116, 117] which can cause
catastrophic optical mirror damage (COMD) and instabilities in power and beam
quality of the combined output beam.
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Due to the mentioned reason, the focus in this thesis is exclusively on FA-DWBC.
In order to realize a 1-kW high-brightness direct diode laser module with key beam
parameters presented in Fig. 1.3, Nλ ≥ 200 sub-beams have to be combined within
the available spectral interval of ∆λ ≤ 50 nm assuming a typical emitter power
of Pem = 5 W. The resulting maximal limit for the spectral channel spacing
of ∆λem ≤ 250 pm is achieved for transform focal lengths of fT L ≥ 900 mm for
the low-FF bars A and C (see Fig. 3.2b). In order to realize a comparable spectral denseness in case of individual-bar experiments, this value serves as design
criterion for the transform optics in both investigated DWBC approaches which
are discussed in the following two sections.

3.2. Transmission grating based cavity
3.2.1. Wavelength stabilization and beam combination
The schematic setup of the investigated external laser cavity is shown in Fig. 3.3.
The emitter sub-beams emerging from the BAL diode bar are collimated in the
vertical FA direction (y-axis) by use of a FAC. In order to perform beam combining in the fundamental-mode FA direction, commercial micro-optical beam rotators are used, as discussed in section 2.1. Consequently, beam combining in FA
can be done along the horizontal dimension (x-axis) of the cavity architecture.
In the beam-combining direction, the far fields of the collimated and coaxially
propagating emitter sub-beams are imaged onto a -1st order transmission grating by a cylindrical Fourier transform lens with a focal length of fT L = 900 mm.
Consequently, each sub-beam, which is incident on the grating, has an individual
AOI with respect to the surface normal of the grating. The transform lens is
placed in a telecentrical configuration with respect to the front facet of the diode
bar and the grating. A zero-order HWP is used to rotate the TE-polarized laser
output of the diode bar emitters into TE polarization with respect to the plane
of incidence at the grating. The grating is placed in Littrow configuration with
respect to the central ray propagating along the optical axis of the external resonator, which means that the AOI of the central emitter upon the grating equals
the diffraction angle into the -1st order. The grating in conjunction with an OC
with a reflectivity of about 5 % complete the external resonator and force the individual emitters to adjust their emission wavelengths in such a way that they get
optical feedback from the OC. The respective emitter sub-beam is diffracted at
the grating in the direction of the newly defined optical axis which emerges along
the diffraction angle of the central emitter. The wavelength stabilization can be
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Fig. 3.3: Schematic setup of the external laser cavity based on a -1st order transmission
grating.

explained by use of the grating equation for a -1st order transmission grating with
groove spacing Λ
Λ · [sin (α) + sin (β)] = λ ,

(3.6)

where α is the AOI upon the grating and β denotes the diffraction angle into the
-1st order. Applying Eq. (3.6) to the cavity architecture of Fig. 3.3, each emitter
of the diode bar is stabilized at an unique central wavelength λi which is given
by:
λi = Λ · {sin (αi ) + sin [βL (λc )]} .

(3.7)

In the upper equation, αi is the AOI of the ith emitter (i = 1, . . . , nem ) upon the
grating and
 
λc
(3.8)
βL (λc ) = arcsin
2Λ
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describes the Littrow angle of the central emitter of the diode bar which is stabilized at wavelength λc . The Littrow angle follows from Eq. (3.6) by applying the
Littrow condition (α = β). Using a small-angle approximation, the AOI of the
emitter sub-beam can be expressed as
αi = βL (λc ) −

xi
,
fT L

(3.9)

where xi is the lateral emitter position along the beam-combining axis (x-axis).
Simultaneously, as a consequence of the wavelength stabilization, a combined
output beam is realized behind the OC with all emitter sub-beams overlaying in
the near and far field. The corresponding stabilized spectral interval ∆λ of the
diode bar is given by
pem
,
∆λ = (nem − 1) · Dα−1 [αi = βL (λc )] ·
fT L
{z
}
|
=: ∆λem

(3.10)

where ∆λem is the spectral channel spacing of the nem stabilized diode bar emitters
with lateral pitch pem and
Dα :=

1
dα
|λi =
dλ
Λ · cos (αi )

(3.11)

being the angular dispersion of the grating. Alternative to the definition in
Eq. (3.10), the stabilized spectral interval can more generally be expressed in
terms of the lateral spatial separation ∆x between the outer emitters of an arbitrary horizontally arranged diode emitter array:
∆λ = Dα−1 [αi = βL (λc )] ·

∆x
.
fT L
|{z}
=: ∆α

(3.12)

In the upper equation, ∆α defines span of the angular spectrum which is incident
on the grating. The telescope in the optical feedback path behind the grating consists of two cylindrical lenses with focal lengths fX1 = 300 mm and fX2 = 50 mm.
The telescope complies two tasks. First, it is used for imaging the optical feedback
back into the originating emitters. Second, in conjunction with the OC, it acts
as a space-frequency filter to suppress spectral emitter cross-talk in the optical
feedback between adjacent emitters. Due to the lateral beam compression, crosstalk beams, exhibiting larger diffraction angles, are deflected by the telescope in
such a way that they can not hit the OC under normal incidence and are consequently not fed back by the external resonator. The specific configuration of
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the telescope lenses and the OC for cross-talk suppression is explained in detail
in section 3.2.3.3. In order to collimate the rotated emitter sub-beams in SA,
a cylindrical slow-axis collimator (SAC) with a focal length of fSAC = 40 mm is
used. Subsequent to the SAC, two additional cylindrical lenses (focal lengths fSA1
and fSA2 ) are used to image the beam waist of the emitter sub-beams in SA onto
the OC for feedback re-imaging.
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The -1st order transmission grating is the key component inside the external resonator. Specifically, the grating is a dielectric rectangular surface relief transmission grating [118, 119] with Λ−1 = 1600 lines/mm. The grating structure is
fabricated into a fused silica substrate. The structure parameters are optimized
for a maximal diffraction efficiency into the -1st order for TE polarization and a
design wavelength of 955 nm. The operation of the grating in Littrow configuration ensures a maximal diffraction efficiency for the incident laser beam at the
corresponding wavelength. The theoretical diffraction efficiency of the grating in
Littrow configuration is ηG = 98.5 % for TE-polarized light at the design wavelength of 955 nm, which corresponds to a Littrow angle of about 50° according
to Eq. (3.8). The diffraction efficiency ηG is defined as the ratio of the optical
power P−1 which is diffracted into the -1st order to the incident laser power Pin .
Figure 3.4 shows the calculated diffraction efficiency of the grating as a function
of the AOI α upon the grating and wavelength of the incident laser beam. The
presented data are based on numerical calculations by rigorous Fourier modal

6 0

G r a tin g A O I a (° )

Fig. 3.4: Numerically calculated diffraction efficiency ηG of the used -1st order transmission grating vs. grating AOI α and wavelength of the incident laser beam based
on rigorous Fourier modal method (data provided by [120]).
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method which have been performed by [120]. The diffraction efficiency of the
transmission grating mainly affects the resulting WBC efficiency of the external
resonator. Generally, there exist three loss channels which are shown in Fig. 3.5.
These are the portions of the optical power of the incident beam Pin which are
reflected (PR ) and transmitted (PT ) at the grating and furthermore the optical
power P−1,R which is diffracted into the -1st reflected order. The loss channel of
the beam which is reflected at the grating is related to the Fresnel reflection at the
interface between air and the grating substrate. The transmission losses are due
to the restricted diffraction efficiency of the grating into the -1st order and furthermore, in external cavity operation, remaining TM-polarized power fractions
of the incident emitter sub-beams after the rotation of the initial polarization by
the HWP. One can see from the left part of Fig. 3.5 that for a grating which is
Littrow: α = β = βL(λc)

off-Littrow: α = β

PR

PR
P-1,R

P-1,R

PT

α

Pin
γ

β

P-1

PT

α
Pin
γ

β

P-1

Fig. 3.5: Loss channels of a -1st order transmission grating. Left, grating alignment
in Littrow configuration [α = β = βL (λc )]. Right, grating is rotated off the initial
Littrow condition (α 6= β).

placed in Littrow configuration [α = β = βL (λc )], the beam of the -1st reflected
order propagates along the direction of the input beam. Consequently, depending
on the actual value of P−1,R , the beam causes a unintended locking of the diode
bar emitters in the external cavity, which negatively affects the wavelength stabilization resulting from the optical feedback which is provided by the OC. In
order to prevent this effect, the grating in the external cavity is operated slightly
off the Littrow condition (α − β ≈ 0.3°) with respect to the optical axis of the
resonator, as shown in the right part of Fig. 3.5. In this case, the beam which is
reflected into the -1st diffraction order can not be imaged back into the locations
of the originating emitters. Experimentally, the Littrow configuration of the grat-
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ing is indicated by a turning point of the beam pointing angle γ of the diffracted
beam with reference to incident beam, when the grating AOI is changed during
the alignment of the external cavity. Assuming that an arbitrary laser beam with
wavelength λc is incident on the grating, the diffraction angle β into the -1st order
as a function of the grating AOI can be expressed as


λc
− sin (α)
(3.13)
β(α) = arcsin
Λ
using the general grating equation of Eq. (3.6). Consequently, the beam pointing
angle γ(α) in Fig. 3.5 is given by:


λc
(3.13)
γ(α) = 180° − α − β(α) = 180° − α − arcsin
− sin (α) .
(3.14)
Λ
The resulting curve of the beam pointing angle γ(α) for a wavelength of λc =
955 nm is shown in Fig. 3.6a. The plot shows that the maximal pointing angle
is achieved in Littrow configuration [α = βL (λc )] for the corresponding wavelength of the incident beam. For a grating AOI smaller or larger than the Littrow
angle, the beam pointing angle decreases which explains the experimentally observable turning point. During wavelength stabilization in the external cavity, the
beam pointing angle stays constant when the grating AOI is varied, since exclusively the alignment and position of the OC determines the diffraction angle into
the -1st order. A change of the AOI of the emitter sub-beams upon the grating
results in a variation of the stabilized wavelength governed by Eq. (3.7). This
fact shows the self-compensating character of the wavelength stabilization inside
the external cavity, since any change of the AOI of the emitter sub-beams is compensated by a change of the stabilized wavelength and hence does not affect the
pointing angle of the combined output beam. Furthermore, the self-compensating
character of the external cavity in terms of a variation of the AOI of the emitter
sub-beams in the beam-combining axis upon the grating is the reason why imaging
errors and losses in the optical feedback due to diode bar smile or optomechanical
misalignments are significantly reduced in case of FA-DWBC by use of a BTS.
However, wavelength tuning by a variation of the grating AOI can only be done
within the locking range around the free-running central wavelength of the diode
bar emitters without significant power losses, as discussed in section 2.2.2. The
accompanied spectral shift again shows a turning point in the stabilized wavelength, if the grating AOI α approaches the Littrow angle βL (λc ), as can be seen
in Fig. 3.6b. The plot shows the stabilized wavelength of the central emitter
(solid line) as a function of the relative angle (off-Littrow angle) of the grating
AOI with reference to the Littrow angle βL (λc = 955 nm). In Littrow configura-
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Fig. 3.6: (a) Beam pointing angle γ vs. grating AOI α for a wavelength of λc =
955 nm. (b) Left axis, stabilized wavelength of the central emitter (solid line) and
the outer emitters (dotted and dashed line) of a horizontal diode emitter array (∆α =
111.5 mrad) vs. relative angle (off-Littrow angle) of the grating AOI with reference
to the Littrow angle βL (λc = 955 nm). Right axis, corresponding stabilized spectral
interval ∆λ vs. off-Littrow angle. The turning point of the beam pointing angle and
the stabilized central wavelength are achieved for the Littrow angle [α = βL (λc )],
respectively.

tion, the stabilized wavelength reaches a maximum and decreases if the grating
AOI is detuned. Furthermore, the plot shows the stabilized wavelengths of the
outer emitters (dotted and dashed line) of a horizontal diode emitter array with
an angular span of ∆α = 111.5 mrad, which corresponds to the span of the angular spectrum of the emitter sub-beams of the multiple-bar laser diode modules
which will be presented in section 4.1. Besides the spectral turning point, the plot
shows another effect which concerns the stabilized spectral interval of the horizontal diode emitter array. As one can see from Fig. 3.6b, the spectral interval ∆λ,
which is defined in Eq. (3.12), significantly changes when the grating AOI is detuned. With increasing grating AOI, the spectral interval is compressed which is,
according to Eq. (3.11), a direct consequence of the increasing angular dispersion
of the grating. However, a lower diffraction efficiency is expected if the grating
is operated off the Littrow configuration. In order to investigate the diffraction
efficiency of the transmission grating, Fig. 3.7a shows the experimentally deduced
diffraction efficiency of the transmission grating in Littrow configuration for a
wavelength of λc = 955 nm. Furthermore, as a comparison, the theoretically expected values from the simulation, which has been presented in Fig. 3.4, are shown.
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Fig. 3.7: Experimentally deduced diffraction efficiency ηG of the used transmission
grating in Littrow configuration for a wavelength of λc = 955 nm vs. (a) wavelength
of the incident laser beam and (b) off-Littrow angle compared to the theoretically
calulated values, which are extracted from the simulation shown in Fig. 3.4.

For the measurement, the collimated output beam of a wavelength-tunable fibercoupled single-mode diode laser (Sacher Lasertechnik LION) is used. The laser
provides a wavelength tunability from 920 nm to 1000 nm. The output power at
a wavelength of 960 nm is about 30 mW. Initially, the laser is operated at a wavelength of 955 nm. The AOI of the laser beam upon the grating corresponds to the
Littrow angle of the grating [α = βL (λc = 955 nm)]. The beam hits the grating in
a central region and has a diameter of about 5 mm. From the measured incident
laser power and the measured optical power which is diffracted into the -1st order,
the diffraction efficiency is deduced. Subsequent to the initial configuration, the
laser wavelength is detuned. Simultaneously, the AOI of the incident laser beam
is changed in such a way that the diffracted beam exhibits the identical -1st order
diffraction angle compared to the initial wavelength. The rotation angle of the
grating remains unchanged. In this way, the measurement configuration exactly
corresponds to the operation of the transmission grating during wavelength stabilization inside the external cavity. The measured data are in good agreement
with the theoretical predictions in the spectral range from 940 nm to 990 nm.
The diffraction efficiency is larger than 95 % in the spectral interval of 930 nm
to 980 nm. A maximal diffraction of 98.5 % is achieved in Littrow configuration,
as expected from theory. The impact of the grating detuning from the initial
Littrow configuration [α = βL (λc = 955 nm)] is shown in Fig. 3.7b. The data
of both the theoretical simulation and the experiment show that the diffraction
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efficiency symmetrically decreases with increasing off-Littrow angle. The decline
is at maximum about 2.5 % within the investigated angle interval between −3° to
2°. As a consequence, the discussed detuning of the grating of only 0.3°, in order
to suppress the unintended locking of the diode bar emitters by the -1st reflected
diffraction order, is uncritical in terms of the power losses at the grating inside
the external cavity.
Besides the output coupling via the OC, a second output coupling method has
been used in this thesis, which is the polarization-dependent output coupling
scheme. The schematic setup of the polarization-dependent output coupling
scheme in the feedback branch of the external cavity and the corresponding states
of polarization are shown in Fig. 3.8. The functional principle is similar to the
method of output coupling in the external cavity which was used for the measurement of the spectral locking range of individual diode bar emitters (see Fig. 2.11)
presented in section 2.2.2. As depicted in Fig. 3.8, the OC in the cavity architecture of Fig. 3.3 is replaced by an arrangement which consists of a thin-film
polarizer (TFP), an achromatic QWP and a highly reflective mirror (HR). The
emitter sub-beam which is diffracted by the grating is mainly TE-polarized with
reference to the input plane at the TFP. The TFP is operated at an AOI of 70°
for which a reflectivity of larger than 99 % is achieved for TE-polarized light in the
wavelength range from 900 nm to 1000 nm. Consequently, the main part of the optical power Pin of the input beam is reflected at the TFP towards the achromatic
QWP. After the reflection by the HR, the beam passes the QWP a second time.
Depending on the rotation angle of the QWP, the initially TE-polarized beam
is rotated into a polarization state with TE- and TM-polarized power fractions.
The TE-polarized power fraction again is reflected at the TFP providing the optical feedback power PF B which is imaged back into the originating emitter. The

QWP

HWP

HR

x

Pin

y
PFB

70°
TFP

Grating
TM polarization
TE polarization

Fig. 3.8: Schematic setup and states of polarization of the polarization-dependent output coupling scheme.
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TM-polarized power fraction of the polarization-rotated beam is coupled out of
the cavity at the location of the TFP, which has a transmission coefficient for TM
polarization of larger than 98 % in the spectral region from 930 nm to 1000 nm.
Hence, the polarization-dependent output coupling unit provides variable optical feedback which can be adjusted by the rotation angle of the QWP. For the
wavelength stabilization in the external cavity it is important in terms of output
power, e-o conversion efficiency and lifetime of the diode bar emitters that the
output coupling unit provides wavelength-independent optical feedback within
the range of the stabilized spectral bandwidth. Assuming, that the layer design
of the TFP exhibits a wavelength-independent course of the reflectivity for both
polarization states within the relevant spectral bandwidth of the stabilized diode
bar emitters, the spectral response of the polarization-dependent output coupling
scheme is mainly determined by spectral retardance of the QWP. An achromatic
performance of the QWP is crucial to achieve a wavelength-independent feedback
ratio using the polarization-dependent output coupling scheme. Specifically, the
achromatic design of the used QWP pairs an air-spaced positive uniaxial birefringent quartz and magnesium fluoride (MgF2 ) plate. The design represents a
common way to realize achromatic waveplates for input beams with normal incidence [121, 122]. Besides the correct thickness of both plates, the orientation of
the birefringent optic crystal axis compared to each other is a critical parameter
which influences the spectral retardance of the optical component. A spectrally
flat course of the wavelength dependent retardance is only achieved, if the orientation of the ordinary optic axis of the quartz plate corresponds to the extra
ordinary optic axis of the MgF2 plate and vice versa.

3.2.2. Characteristics of the combined output beam
In the following, the stabilized spectrum, the output power characteristics and the
measured BPP of the combined output beam for the BAL diode bars of Table 2.1
are investigated. The presented results are achieved using the cavity architecture
of Fig. 3.3. The output coupling is performed by use of an OC with a reflectivity
of about 5 %. After the external cavity, the combined output beam is sent to
a variety of diagnostics including a PM, an integrating sphere whose output is
fiber-coupled to a high-resolution spectrometer (HighFinesse HDSA; 40-pm spectral resolution at λ = 960 nm) and a camera based automatic laser beam profiler
(Ophir Photonics; M2 -200s) for beam quality measurements.
By way of example, the spectrum of the combined cavity output of bar A at a
diode current of 100 A is shown in Fig. 3.9. The 19 emitters of the diode bar are
stabilized within a spectral bandwidth of ∆λ = 3.8 nm at a central wavelength
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of λc = 958 nm. This value is in good agreement with the theoretical prediction of
Eq. (3.10). For nem = 19, pem = 500 µm, fT L = 900 mm and the corresponding angular dispersion of the transmission grating (Dα = 2.49 mrad/nm at λc = 958 nm)
the theoretical value is 4.0 nm. A possible reason for the small discrepancy of 7 %
1 .2
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Fig. 3.9: Spectrum of the combined output beam of bar A at 100-A diode current.

is a higher angular dispersion of the grating if the AOI of the central emitter upon
the grating differs from the Littrow angle βL (λc ), as discussed in the previous section. The spectral channel spacing of adjacent emitters is ∆λem = 209 pm. The
spectrum shows a high modulation depth and the spectral lines of the stabilized
emitters are completely resolved which proves that no spectral emitter cross-talk
is present inside the external resonator. The residual spectral linewidth of the
stabilized emitters is δλ = 105 pm (4σ). The stabilized spectra of the other investigated bars show a similar course and comparable parameters, with the exception
of the spectral channel spacing and the central wavelength of the spectrum of the
high-FF bar which is stabilized around 1000 nm.
The measured output power and the related e-o conversion efficiencies as a function of diode current are depicted in Fig. 3.10a. An output power of 110 W
at a diode current of 140 A is achieved using the passively cooled low-FF bar
(bar A). The corresponding e-o conversion efficiency is larger than 50 %. The
same output power is achieved for the high-FF bar (bar B) at 200-A diode current. The significantly lower e-o conversion efficiency of about 40 % is due to
higher power losses at the transmission grating. For wavelengths around 1000 nm
with a corresponding Littrow-angle of about 53°, the theoretical diffraction efficiency into the -1st order for TE-polarized light is reduced to approximately 90 %
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(see Fig. 3.4). The actively cooled bar (bar C) provides a higher combined output
power of approximately 150 W at 200 A. The e-o conversion efficiency of 48 % is
slightly lower compared to the value of the passively cooled bar (bar A) at 120 A,
due to a principally lower free-running e-o conversion efficiency of bar C at an
operation current of 200 A (see Fig. 2.6b). In order to investigate the power losses
inside the external resonator in more detail, Fig. 3.10b shows the WBC efficiency
with respect to the free-running optical output power for bar A. Furthermore,
the corresponding measured relative power loss of the three loss channels at the
transmission grating (see Fig. 3.5) with respect to the free-running optical output
power are shown, which represent the main loss channels which are experimentally
accessible during ongoing diode bar operation in the external cavity. The WBC
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Fig. 3.10: (a) Measured power of the combined output beam and corresponding e-o
conversion efficiencies vs. diode current. (b) Left axis, WBC efficiency vs. diode
current for bar A. Right axis, relative power losses at the transmission grating with
reference to the free-running optical output power vs. diode current for bar A.

efficiency is about 90 % and shows a current-independent course. The currentindependent course of the WBC efficiency implies that the emission characteristics
of the diode bar is mostly determined by the external resonator. Additionally,
this observation shows that the spectral locking range is large enough to realize
a sufficient spectral overlap of the wavelength-stabilized diode bar emitters with
the modal gain spectrum within the investigated diode current range. In this
way, a stable locking performance of the laser diode bar is achieved without a decrease in WBC efficiency with diode current variation. In case of a stabilization
of the diode bar emitters outside the locking range at a specific operation current,
the diode bar emitters partially begin to emit at their free-running spectrum, as
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discussed in section 2.2.2. The free-running power fractions are not diffracted
into the combined output beam, governed by Eq. (3.7), and consequently cause
a decrease of the combined output power. The measured overall relative power
loss at the grating is about 4 %. The losses are slightly higher than the losses
of 2 % predicted by the diffraction efficiency of the grating (see Fig. 3.7), since
the incident emitter sub-beams are not completely TE-polarized. Furthermore,
the optical feedback, which is imaged back into the originating emitters, influences the powers which are measured in the corresponding loss channels at the
grating in ongoing operation. In a good approximation, the grating losses stay
constant with diode current variation. The lowest relative power loss of 0.5 % is
attributed to the power which is reflected at the grating. The relative power loss
due to the transmission of depolarized power fractions is about 1 %. This loss
channel mainly depends on the degree of TE polarization of the incident emitter
sub-beams, which is about 98 % for bar A (see section 2.2.1), and the wavelengthdependent retardance of the HWP. The largest relative power loss of about 2 %
is caused by the power fraction which is reflected into the -1st diffraction order.
The power fraction is in the same order of magnitude as the feedback provided
by the OC. Consequently, an unintended locking of the diode bars is very likely
to occur if the grating is operated in Littrow configuration with respect to the
optical axis of the external cavity. This results proves the importance of operating the grating slightly off the Littrow condition. The remaining relative power
loss of about 6 % is caused by output coupling losses at the OC, losses at other
the resonator optics and furthermore by the alignment and configuration of the
cross-talk filtering telescope. The measured relative power loss of the resonator
optics which are located in front of the grating (lenses and HWP) is about 3 %
in free-running diode bar operation. The impact of the cross-talk suppression
optics are, depending on the alignment and configuration, smaller than 5 % (see
section 3.2.3.3).
Figure 3.11 shows the measured FA- and SA-BPP of the combined output beam of
the cavity as a function of diode current. The BPP values correspond to a power
content of 95 %. The BPP in the beam-combining FA is about 0.45 mm × mrad
(M 2 ≈ 1.5) at low currents. Depending on the diode current, the BPP increases
and reaches a value of 0.85 to 1.05 mm × mrad (M 2 ≈ 3) at the maximum operation current of the corresponding diode bar. The BPP in SA shows a typical linear dependency on diode current. At low currents, the BPP is approximately 1.5 mm × mrad. At the maximum operation current of the corresponding
diode bar, the SA-BPP of the combined beam is in the range of 4 to 6 mm×mrad.
Due to the higher FF of bar B, the emitter current is a factor of about 2 lower
compared to the low-FF bars A and C which is the reason why a significantly
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Fig. 3.11: (a) Measured FA-BPP of the combined output beam vs. diode current.
(b) Measured SA-BPP of the combined output beam vs. diode current.

lower SA-BPP is achieved at a given diode operation current. Furthermore, no
significant impact of the wavelength stabilization in the external cavity on the SABPP of the emitter sub-beam is observed in the experiments. If one compares the
SA-BPP of the combined output beam for bar C with the measured free-running
SA-BPP of an individual emitter, presented in Fig. 2.16b, both quantities are in
the same range of 4.5 to 5 mm × mrad at diode current of 180 A resp. emitter
current of about 8 A. In a good approximation, the SA-BPP of the combined
output beam corresponds to the SA-BPP of an individual stabilized diode bar
emitter.

3.2.3. Beam quality deterioration
The presented results in Fig. 3.11a show that the output beam quality in the
beam-combining FA is significantly larger compared to the diffraction-limited
(M 2 = 1) value of an individual unstabilized emitter (BP PF A,em ≈ 0.31 mm×mrad
at λ = 960 nm) and furthermore shows a dependency on diode operation current.
These observations can be related to three main mechanism which deteriorate
beam quality. These are the residual spectral linewidth of the stabilized emitters,
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diode bar smile and spectral emitter cross-talk. Consequently, the resulting BPP
in the beam-combining FA can be described as:
BP PF A = ωG,F A · θG,F A
= (∆linewidth · ∆smile · ∆X ) · BP PF A,em .
|
{z
}
=: ∆

(3.15)

The factor ∆ in Eq. (3.15) captures the contribution of the three mechanisms
to the deterioration of the beam quality BP PF A,em of the free-running emitter. The effects are multiplicative, since each mechanism affects only one factor
of BP PF A - either the beam waist radius ωG,F A upon the grating or the farfield divergence θG,F A behind the grating. In the following, these mechanisms are
investigated in detail.

3.2.3.1. Residual spectral emitter linewidth
The residual spectral linewidth of the stabilized emitters is determined by the
interaction and phase relation of the internal mode characteristics of the laser
diode emitter and the mode spectrum which is imprinted by the external laser
cavity [123, 124]. Depending on the optical feedback strength and the external
cavity length, the effects of linewidth narrowing or broadening are reported for
single-mode emitters [125, 126]. To the best of knowledge, analogous detailed investigations for BAL diode emitters, which exhibit spectral multi-mode operation
in the lateral SA direction, have not been reported so far. However, regardless
of the laser diode source, the coupling bandwidth δλcb of the external laser cavity depicts an estimate for the upper limit for the residual spectral linewidth δλ
of the stabilized emitters. The coupling bandwidth describes the maximal spectral linewidth which enables a complete re-imaging of the optical feedback in the
beam-combining axis into the originating emitters after a resonator roundtrip and
can be regarded as the passive spectral filter function of the external cavity. In
the absence of lens aberrations and beam distortions, the coupling bandwidth is
proportional to the far-field divergence θG,F A,em of an emitter sub-beam in the
beam-combining FA at the location of the transmission grating, which can be
expressed in terms of the focal lengths fT L and fF AC , and inversely proportional
to the angular dispersion Dα of the grating [127]:
2λ
fF AC
· Dα−1 ≈
· Dα−1 .
δλ ≤ δλcb = 2 · θF A,em ·
f
π · θF AC,em · fT L
|
{z T L}
=: θG,F A,em

(3.16)
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In the upper equation, θF A,em denotes the uncollimated beam divergence of an
emitter in FA and θF AC,em is the corresponding collimated far-field divergence
behind the FAC. Figure 3.12a shows a generic measurement of the stabilized
spectrum of an individual emitter. The 4σ-linewidth was measured using a highresolution spectrometer (HighFinesse HDSA; 40-pm spectral resolution at λ =
960 nm). Starting from a low-current value of 93 pm, the linewidth increases to
a value of 131 pm at a maximum emitter current of 8.7 A. Besides, the central
wavelength of the stabilized emitter peak shifts by about 10 pm which is related
to a small change (≈2 %) of the beam pointing angle in FA with increasing diode
current. According to Eq. (3.16), an increasing emitter linewidth could be the
result of an increasing beam divergence at the location of the grating which could
not be observed in the experiment. Linewidth broadening is also observable in
wavelength stabilization experiments using diode bars without a BTS, as for example in the external cavity of Fig. 2.11 which has been used for the locking
range measurements. Hence, the influence of the BTS on this effect can be neglected. Even in pulsed operation (5-ms pulse duration; 5 % d.c.), where thermal
impacts, e.g. thermal lens effects in the micro-optics or a thermally induced misalignment of the FAC, can be neglected, linewidth broadening was still present.
This indicates that this effect has a non-thermal character. A potential explanation for the dependency of the stabilized spectral emitter linewidth on emitter
operation current are higher order lateral modes of the radiated electric field in
SA with increasing emitter current, which prevent narrowband spectral operation
of the diode emitter [97, 108, 128]. The BPP in SA hereby indicates the increas-
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Fig. 3.12: (a) Linewidth broadening with increasing emitter current. (b) Residual
spectral emitter linewidth δλ and SA-BPP vs. emitter current.
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ing lateral modality of the radiated electrical field of the emitter. The measured
spectral emitter linewidth and the corresponding SA-BPP as a function of emitter
current are shown in Fig. 3.12b for an individual emitter of two different diode
bars. Furthermore, as a comparison, the corresponding coupling bandwidth of
the external cavity is plotted. The coupling bandwidths are calculated on the
basis of Eq. (3.16) and the experimentally determined far-field divergence of the
emitter sub-beam at the location of grating. The latter quantity can be deduced
by a measurement of the emitter beam diameter at that location of the grating.
The data show that both the emitter linewidth and the SA-BPP linearly evolve
with increasing diode current. For low emitter currents, the linewidth of both
bars is approximately 100 pm and thus below the calculated coupling bandwidth
limit. With increasing current, the SA-BPP gets larger which leads to a significant increase of the emitter linewidth. The presented measurements show that
both quantities correlate. The linewidth at high currents approaches the value of
the corresponding coupling bandwidth. In case of bar C, the measured linewidth
seems to cross the coupling bandwidth limit which can be explained by the limited
spectral resolution of the spectrometer and the fact that aberrations are neglected
in the calculation of the coupling bandwidth.
Regarding beam quality preservation of the combined cavity output, the residual
spectral linewidth results in an increased far-field divergence of the emitter subbeam due to the diffraction at the grating. The higher beam divergence behind
the grating, compared to a monochromatic emitter (δλ = 0), will consequently
deteriorate the BPP of the combined beam [129]. In order to determine the associated deterioration factor, the far-field intensity distribution of the diffracted
emitter sub-beam has to be calculated, which is given by the convolution of the
monochromatic Gaussian emitter intensity distribution Jθ (4σ-width 2θG,F A,em )
with the Gaussian approximated spectral intensity distribution Jeλ transformed
into angle space (4σ-width δθ):
Zπ/2
Jθ (θ; 2θG,F A ) =

Jeλ (θk ; δθ) · Jθ (θ − θk ; 2θG,F A,em ) dθk .

(3.17)

−π/2

The corresponding far-field intensity distributions, which enter the calculation in
the upper equation, are exemplary depicted in Fig. 3.13 for typical experimental
parameters. The analytical result of Eq. (3.17) is a Gaussian intensity distribution
with a 4σ-width given by:
q
(3.18)
2θG,F A = δθ2 + (2θG,F A,em )2 , with δθ = Dα · δλ .
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Fig. 3.13: Increase of the far-field divergence of the emitter sub-beam which is diffracted
at the transmission grating due to the residual spectral emitter linewidth. For the
calculation of the corresponding far-field intensity distribution, typical experimental
parameters have been used (λc = 960 nm; δλ = 127 pm; 2θG,F A,em = 317 µrad;
Λ−1 = 1600 lines/mm).

The ratio of the width θG,F A of Eq. (3.18) to the far-field divergence θG,F A,em of
an individual monochromatic emitter sub-beam yields the following deterioration
factor:
s

2
θG,F A (3.18)
δλ
∆linewidth :=
=
1 + Dα ·
.
(3.19)
θG,F A,em
2θG,F A,em
Equation (3.19) represents a general expression for the beam quality deterioration factor which is valid for an arbitrary laser beam which is incident on a
diffraction grating. By use of the theoretical expression for the coupling bandwidth δλcb of Eq. (3.16) as an estimate for the upper limit of the√stabilized emitter
linewidth δλ, the deterioration factor simplifies to ∆linewidth = 2. Consequently,
this value constitutes an upper limit for the minimal achievable BPP in the beamcombining axis. In order to verify the validity of Eq. (3.19), Fig. 3.14a shows the
measured FA-BPP as a function of emitter current compared to the theoretical
predictions. As input parameters for the theoretical calculations, the measured
emitter linewidth of Fig. 3.12b and the experimentally deduced far-field divergence of the emitter sub-beam at the location of the grating are used. Both
emitters are stabilized at a central wavelength of 963 nm, where the angular dispersion of the grating is 2.50 mrad/nm. The measured data are in good agreement
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with theory at emitter currents <2 A for both investigated diode bars. The measured FA-BPP is 0.44 mm × mrad which corresponds to a deterioration factor
of about 1.4 compared to the diffraction-limited value. The deviation is in the
range of the measurement accuracy of ±0.05 mm × mrad of the automatic laser
beam profiler which was used for the measurement. In a good approximation,
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Fig. 3.14: (a) Measured and calculated FA-BPP and deterioration factor ∆linewidth vs.
emitter current. (b) CCD camera image of the beam spot at the location of the
grating at an emitter current of 5 A imaged by a telescope with 0.4x magnification.

the measured BPP for bar A stays constant over the whole emitter current range,
as predicted by the theoretical calculations. At emitter currents >6 A, the measured data show a slight increase of up to 0.49 mm × mrad. On the contrary,
in case of bar C, the experimental data deviate from the theoretical predictions
with increasing emitter current. A significantly larger FA-BPP is measured at
emitter currents >2 A. Furthermore, the FA-BPP shows a linear dependency on
the emitter current. The reason for the deviation is a tilted beam cross section at
the location of the grating. Figure 3.14b shows a charged-coupled device (CCD)
camera image of the beam spot at the location of the grating. The FA direction
of the emitter beam has an angle of about 4.5° compared to the horizontal beamcombining axis. Because of that projection effect, a significant part (≈4.8 %) of
the emitter beam in SA is diffracted into the beam-combining axis which further increases the resulting BPP. By including the beam tilt into the theoretical
calculations, a good agreement with the measured data for bar C is achieved.
For this purpose, based on the measured SA-BPP data of Fig. 3.12b, 4.8 % of the
SA-BPP value is added to the theoretically calculated FA-BPP at the corresponding emitter current. If the beam tilt of 0.9° is also included into the theoretical
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calculations for bar A, a better matching with the experimental data at emitter
currents >6 A is achieved. Reasons for the observed beam tilt are an incomplete
beam rotation by the micro-optical beam rotators due to deviations of the center
thickness of the tilted telescopes and the uncollimated SA beam divergence at the
location of the BTS [130]. From the measurements it is obvious that for sufficient
beam quality preservation a good BTS performance is crucial to achieve minimal
beam quality degradation. Furthermore, the presented results show that the BPP
deterioration factor, exclusively due to the residual spectral emitter linewidth, is
well described by Eq. (3.19). Consequently, depending on the spectral linewidth
of the stabilized emitter,
the minimal achievable FA-BPP is deteriorated by a fac√
tor of ∆linewidth ≤ 2 compared to the diffraction-limited value of an individual
unstabilized emitter.
3.2.3.2. Diode bar smile
The influence of diode bar smile on the beam quality in the beam-combining axis
has been excluded so far. In case of FA-DWBC using a micro-optical BTS, the
smile-induced beam pointing errors of the emitters, which have been discussed in
section 2.2.3, are transformed into the beam-combining axis. The beam pointing
errors are the reason for an increased beam diameter 2ωG,F A upon the diffraction
grating, since the individual emitter sub-beams (beam diameter 2ωG,F A,em ) can
not completely overlap in the focal plane of the Fourier transform lens. This effect
leads to a degradation in beam quality which can be approximated by:
∆smile :=

θF AC
tan (θF A,em ) · fF AC
ωG,F A
=
≈ θF AC ·
.
ωG,F A,em
θF AC,em
λ/π

(3.20)

Since the far-field divergence θF AC of the beam ensemble linearly increases with
increasing smile, as shown in Fig. 2.14b, the deterioration factor ∆smile is also
expected to show a linear dependency on this parameter. Figure 3.15a shows
a measurement of the resulting BPP in the beam-combining FA as a function
of smile of the diode bar at a diode operation current of 40 A. Furthermore,
the FA-BPP of an individual emitter of the corresponding bar is plotted which
experimentally realizes the case of a bar without smile. The deterioration factor ∆smile can be extracted from the experimental data and is given by the ratio
of the FA-BPP of the complete bar to the FA-BPP of an individual emitter. In
accordance with the theoretical prediction of Eq. (3.20), the smile-induced beam
quality deterioration factor linearly increases with the value of diode bar smile.
For low-smile (≈1 µm) bars, the factor is ∆smile ≈ 1.2. For bars with large smile
of >2 µm, the deterioration factor exceeds a value of 1.4. As input parameter
for the theoretical calculations, the linear curve fit of Fig. 2.14b is used for the
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dependency of far-field divergence 2θF AC on the smile value. In a further measurement, the FA-BPP of a bar (bar A; 0.7-µm smile) as a function of the number of
emitters, which are present inside the external cavity, is investigated for low- and
high-power operation of the diode bar. For this purpose, an adjustable aperture is
used to block the corresponding emitter sub-beams directly in front of the diode
bar, where the emitters are still far enough separated to be individually blocked.
Additionally, the beam diameter 2ωG,F A at the location of the grating is mea-
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Fig. 3.15: Beam quality deterioration in FA due to diode bar smile for FA-DWBC
using a micro-optical BTS. (a) Measured FA-BPP and beam quality deterioration
factor ∆smile vs. smile of the BAL diode bar at a diode current of 40 A. As a
comparison, the theoretically expected curve for ∆smile as a function of smile is
plotted. (a) Measured FA-BPP and beam diameter 2ωG,F A at the location of the
grating vs. numbers of emitters resonating inside the external cavity at a diode
current of 20 A and 140 A (bar A; 0.7-µm smile).

sured for the corresponding configuration by imaging the zero-order transmitted
beam upon a CCD camera by use of a cylindrical telescope with 0.4x magnification. As expected, the measured data in Fig. 3.15b show that the BPP and the
beam diameter are lowest for only one individual emitter of the diode bar resonating inside the cavity which corresponds to the case of a bar with zero smile.
The larger FA-BPP of the individual emitter at 140 A is related to the currentdependent effects of beam quality deterioration which have been discussed in the
previous section. If, starting from the central emitter, adjacent emitters are successively faded in, the FA-BPP increases, since the more emitters present the
higher the smile-induced beam pointing errors which lead to an increased beam
diameter 2ωG,F A and, according to Eq. (3.20), a higher BPP deterioration factor.
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The effect is plainest to see at the maximal operation current of 140 A, where
the deterioration factor is ∆smile ≈ 1.8. For lower operation currents, the smileinduced deterioration factor is significantly smaller (∆smile ≈ 1.4 at 20 A). This
deviation can be explained by an increasing far-field divergence θF AC of the bar
with increasing diode current indicated by an increased beam diameter at the location of the grating. From Fig. 3.15b it is evident that the beam diameter 2ωG,F A
increases by about 15 % from 20 A to 140 A, in case of the configuration with the
total emitter number (nem = 19). According to Eq. (3.20), this effect leads to a
higher deterioration factor. A potential reason for this observation are additional
thermally induced beam pointing errors of the emitter sub-beams due to a heating of the FAC micro-lens. The theoretically predicted BPP deterioration factor
(∆smile ≈ 3.5 at 140 A; nem = 19) based on Eq. (3.20) and the measured beam
diameters presented in Fig. 3.15b significantly deviates from the experimentally
deduced value. The reason for this discrepancy is most likely an error in the measurement of the beam diameter upon the grating. Potentially, the CCD camera
was not exactly positioned in the focal plane behind the telescope resulting in a
measured value which is larger than the actual beam diameter, especially at large
emitter numbers. In summary, the presented results show that diode bar smile
can drastically affect the beam quality of the combined cavity output which is
the reason why low-smile BAL diode bars are needed for sufficient beam quality
preservation.
3.2.3.3. Spectral emitter cross-talk
Besides the residual spectral linewidth of the stabilized emitter and diode bar
smile, spectral emitter cross-talk deteriorates the beam quality in the beamcombining axis of the resulting cavity output. Emitter cross-talk is present, if
parts of the optical feedback of an individual emitter of the diode bar is partially
coupled back into a neighboring emitter, since the feedback sub-beam has a small
angle deviation ∆β compared to the combined output beam (see Fig. 3.16a).
The stabilized wavelength λX of the spectral cross-talk channel, which enables a
resonator roundtrip, is given by
λX =

λi + λi+1
λi + λi+1
+ sin [βL (λc )] · [cos (∆β) − 1] ≈
2
2

(3.21)

for low-order cross-talk with small angle deviations (∆β → 0) compared to
the diffraction angle βL (λc ) of the combined output beam. The derivation of
Eq. (3.21) can be found in the appendix B. Emitters, exhibiting spectral crosstalk, are partially stabilized at the cross-talk wavelength λX , which means that
these power fractions are not diffracted into the combined output beam, governed
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by Eq. (3.7), and consequently deteriorate beam quality of the cavity output. In
order to suppress spectral emitter cross-talk even of the lowest order, a cylindrical telescope is used acting as a space-frequency filter in conjunction with the
OC. As shown in the left scheme of Fig. 3.16a, the distance z3 of the OC from
the telescope is crucial for cross-talk suppression. For small distances, a spectral
cross-talk channel can resonate inside the cavity. In this case, cross-talk can generally be suppressed by introducing an aperture in the region of the focal plane
between the two telescope lenses to block the channel. But this approach is very
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Fig. 3.16: (a) Spectral emitter cross-talk. (b) Corresponding output spectra at 100-A
diode current. The blue spectra indicate spectral emitter cross-talk. The labels 1A,
1B, 2A and 2B are explained in the text.

critical because the cross-talk beam and the combined beam are only slightly separated which potentially leads to a cutting of the combined beam by the aperture
and significant power losses, as reported in [113]. By increasing the distance z3
of the OC from the telescope, the cross-talk channel is no longer fed back by
the external cavity and cross-talk is suppressed without the use of an aperture.
Figure 3.17a shows a measurement of the FA-BPP of the combined cavity output
beam as a function of the distance z3 of the OC from the position of the telescope
at a diode current of 100 A. For the measurements, two different telescopes are
used with magnifications fX1 /fX2 equal to 6 and 9. The telescope is placed in
a non-telecentrical configuration (z1 = 80 mm; z2 = fX1 + fX2 ). Using the telescope with lower magnification, cross-talk is present inside the cavity for small
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Fig. 3.17: (a) Measured FA-BPP and normalized power of the combined cavity output
vs. distance of the OC from the telescope z3 for two telescopes with different magnifications at 100-A diode current. (b) Measured FA-BPP and normalized power of
the combined cavity output vs. deviation of the distance z2 between the telescope
lenses at 100-A diode current (fX1 /fX2 = 9). The labels 1A, 1B, 2A and 2B are
explained in the text.

distances which can clearly be seen in the corresponding spectrum 1A shown
in Fig. 3.16b, where the blue spectra indicate spectral emitter cross-talk. The
spectral peaks of the individual emitter show a low contrast and are not clearly
distinguishable due to the resonating cross-talk. Furthermore, the beam quality
in the beam-combining FA is significantly deteriorated to about 2.3 mm×mrad. If
the distance is further increased, the FA-BPP is lowered and reaches a minimum
value of approximately 0.8 mm × mrad at z3 = 450 mm accompanied by a power
drop of 10 %. The corresponding spectrum 1B shows distinct emitter peaks and
a high modulation depth. No cross-talk is present for this configuration and the
beam quality deterioration is purely dominated by the residual spectral emitter
linewidth and smile of the diode bar [∆X → 1 in Eq. (3.15)]. The power drop-off
can be explained by a reduced imaging quality of the optical feedback, since the
effective feedback ratio stays constant when the mirror is moved. If the magnification of the telescope is changed to 9, cross-talk is suppressed independently of
the distance of the OC from the telescope indicated by a constant FA-BPP and
the spectrum 2A without any distortion due to upcoming resonating cross-talk
wavelengths. Furthermore, the influence of a deviation of the distance z2 between
the telescope lenses on the combined cavity output beam quality and power for a
fixed position of the OC is investigated (fX1 /fX2 = 9). From Fig. 3.17b one can
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see that there exist two configurations with a trade-off between the minimal beam
quality and maximal output power. In case of an individual emitter being present
inside the external cavity, a maximum of the output power and a minimum of the
BPP is reached if the telescope is aligned for best optical feedback imaging into
the originating emitters. In contrast to that, one can see that the complete bar
exhibiting the same telescope configuration has not the minimal BPP. Due to the
optimal alignment, a small amount of cross-talk is still present which deteriorates
beam quality. By changing the lens position, the BPP can be minimized at the
cost of a lower output power which shows that a slightly detuned cavity is needed
to achieve a complete suppression of cross-talk for the entire emitter ensemble.
In summary, the presented results show that a telescope with appropriate magnification can be used for cross-talk suppression without major power losses. In
the telescope configuration for minimal BPP deterioration the losses are <5 %.
The magnification depends on the spectral channel spacing of the emitters which
is proportional to the ratio of the emitter pitch to the transform focal length
[see Eq. (3.10)]. With decreasing channel spacing, the angles of the cross-talk
channels become smaller which is the reason why telescopes with higher magnifications are needed. This effect makes cross-talk filtering more sophisticated. For
example, in case of using a high-FF bar (bar B) with an emitter pitch of 200 µm,
a telescope with a magnification of 20 has to be used to completely eliminate
cross-talk inside the external cavity.
3.2.3.4. Conclusion
The presented results in this section demonstrate that beam quality deterioration in dense wavelength beam-combined BAL diode bars, employing an external
resonator with an intra-cavity transmission grating, can be related to the discussed three main mechanisms in case of beam combining in the fundamentalmode FA beam dimension by use of a micro-optical BTS. The residual spectral
linewidth of the stabilized emitters constitutes a lower limit to the √
beam quality
in the beam-combining axis with a deterioration factor ∆linewidth ≤ 2 compared
to the diffraction-limited value (M 2 = 1) of an individual free-running emitter
(BP PF A,em ≈ 0.31 mm × mrad at λ = 960 nm). The factor depends on the emitter linewidth and reaches its maximum if the linewidth is equal to the coupling
bandwidth of the external cavity. The deterioration factor due to diode bar smile
is ∆smile ≈ 1.2 for low-smile (≈1 µm) diode bars. Beam quality deterioration due
to cross-talk inside the external cavity is negligible (∆X → 1) if an appropriate
cross-talk filtering telescope is used in the optical feedback path of the cavity.
Consequently, the overall deterioration factor amounts to ∆ ≈ 1.7 which sets up
a minimal value of ∆ · BP PF A,em ≈ 0.53 mm × mrad (M 2 ≈ 1.7) for the resulting
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BPP in the beam-combining axis. Here, a residual spectral emitter linewidth
in the range of the coupling bandwidth of the external cavity is assumed, as it
has been observed in the experiment. Deviations from the minimal value with
increasing diode current are due to an incomplete beam rotation of the microoptical BTS and thermally induced beam pointing errors of the emitter sub-beams
in the beam-combining axis.

3.3. Thin-film filter multi-laser cavity
3.3.1. Wavelength stabilization
The thin-film filter (TFF) approach for DWBC represents an open-loop external cavity architecture, where the wavelength stabilization is decoupled from the
beam-combining element, in contrast to the transmission grating based cavity
which has been discussed in the previous section. The stabilization of the diode
bar emitters is realized by the angle-dependent spectral transmission of an ultranarrowband TFF, whereas beam combining is performed by use of a -1st order
transmission grating. The TFF represents the key component of the external
resonator whose functionality is based on multiple beam interference similar to
a Fabry-Pérot etalon. As depicted in Fig. 3.18a, a Fabry-Pérot etalon consists
of a plane-parallel plate (thickness dF P ; refractive index nF P ) whose partially reflective surface layers exhibit identical reflection and transmission properties. A
plane wave with amplitude E0 of the electric field vector which is incident upon
the etalon undergoes multiple reflections inside the etalon. The reflected and
transmitted sub-beams, which are coupled out after propagation through the optical component, interfere. Depending on the optical path difference resp. phase
relation of the sub-beams compared to each other, the multiple-beam interference
is constructive or destructive. The geometrical phase difference δF P is given by
δF P (λ, Θ0 ) =

4πnF P dF P
cos (Θ0 ) ,
λ

(3.22)

where λ is the wavelength of the incident plane wave [131]. The angle Θ0 is
related to the AOI Θ upon the etalon by Snell’s law nF P sin(Θ0 ) = na sin(Θ),
where in the following na = 1 is assumed for the refractive index of air as the
surrounding medium. Assuming an ideal etalon, without optical power losses
due to absorption, the intensity of the transmitted light can be deduced by the
taking the sum of the electric field amplitudes of the transmitted sub-beams under
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consideration of the correct phase relation. The resulting transmitted intensity JT
is given by the Airy function [131]:
2

1
4R
2r
JT = J0 ·
=
, with F =
. (3.23)
2
1 − r2
1 + F sin (δF P /2)
(1 − R)2
In the upper equation J0 denotes the overall intensity of the incident plane wave
and R = r2 represents the intensity reflection coefficient. Figure 3.18b shows
the course of the transmitted intensity for different values of the reflectivity R of
the surface layers of a Fabry-Pérot etalon as a function of the phase δF P . The
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Fig. 3.18: (a) Beam path of an incident plane wave at a Fabry-Pérot etalon. (b) Transmitted intensity of a Fabry-Pérot etalon as a function of the geometrical phase difference δF P for different values of the reflectivity R of the surface layers (dashed line:
R = 4 %; dotted line: R = 30 %; solid line: R = 90 %).

modulation depth strongly depends on the reflectivity, since this value determines
the number of sub-beams which participate in multiple-beam interference. For
small values (R = 4 %), the modulation is weak and shows a cosine-like course.
With increasing reflectivity, sharp interference peaks build up. At high values
(R = 90 %), the course of the transmitted intensity in the vicinity of a interference maximum can be described as a Lorentzian line with full width at half
maximum [131]:
4
∆δF P,F W HM = √ .
F

(3.24)
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The finesse F̃ , with
√
√
2π F
π R
F̃ =
=
,
4
(1 − R)

(3.25)

is defined as the ratio of the distance of adjacent transmission maxima to the
width of a maximum and determines the effective number of interfering subbeams. Furthermore, the finesse constitutes an important value in terms of the
spectral resolution, if the etalon is employed as a spectrometer. The spectral
resolution RF P of a Fabry-Pérot etalon, in case of vertical incidence, is given by
RF P =

λ
= m · F̃ ,
∆λF P

(3.26)

where m = 2dF P /λ being the transmission order and ∆λF P being the minimal
spectral resolution of the etalon [132]. Besides the spectral resolution, the spectral
position and the spectral bandwidth of the transmitted interference maximum is
important for the understanding of the wavelength stabilization in the external
TFF multi-laser cavity. The transmitted wavelength of the first-order interference
maximum (m = 1) can be calculated from Eq. (3.22) by using the condition
δF P (λ, Θ0 ) =

4πnF P dF P
!
cos (Θ0 ) = 2π
λ

(3.27)

for which the denominator of Eq. (3.23) equals to one. Solving Eq. (3.27) for the
wavelength λ and using Snell’s law for the angle Θ0 yields
q
(3.28)
λF P (Θ) = 2nF P dF P 1 − [sin (Θ) /nF P ]2
| {z }
=: λ0
for the dependency of transmitted wavelength λF P on the AOI Θ of the plane
wave upon the etalon. Here, λ0 denotes the resonant transmitted wavelength for
vertical incidence. The corresponding spectral transmission bandwidth follows
from Eq. 3.26 and is given by:
∆λF P,F W HM = λ · F̃ −1 .

(3.29)

Furthermore, Eq. (3.28) enables the calculation of the spectral angular dispersion
of an etalon which determines the stabilized spectral interval of the wavelength
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stabilized diode bar emitters in the external cavity. The angular dispersion DΘ
is given by:
p
dΘ
nF P
n2F P − sin2 (Θ)
DΘ :=
=−
·
.
(3.30)
dλ
λ0
sin(Θ) cos(Θ)
Contrary to the angular dispersion of a transmission grating [see Eq. (3.11)], the
angular dispersion DΘ of a Fabry-Pérot etalon is negative, which means that a
decrease of the AOI results in a larger wavelength of the resonance. The principal
difference of a TFF compared to a standard Fabry-Pérot etalon is the differing distance between the partially reflecting surface layers. Typically, the plane-parallel
plate of an etalon is a glas substrate with a thickness of several centimeters on
which a coating is applied. In case of a TFF, the plane-parallel plate is realized as
a thin spacer layer with a thickness in the range of the wavelength of the incident
light which is located in between a highly reflective layered stack. Due to the small
spacer layer thickness, a TFF provides a high spectral angular dispersion. Figure 3.19a shows the schematic layer design of the ultra-narrowband TFF which
has been used for the wavelength stabilization experiments in this thesis. The
filter is made up of a tantalum pentoxide (Ta2 O5 )/quartz (SiO2 ) quarter-wave
stack, 0.57L(HL)10 HLLH (HL)10 , exhibiting a low-index SiO2 spacer in the middle. The filter is designed for 100 % transmission at a wavelength of λ0 = 1037 nm
for an AOI of 0°. The stack of alternating high- and low-index quarter-wave
layers (refractive index nH and nL ) on top and below the spacer layer provides a high reflectivity (>99.99 %) which results in a transmission bandwidth
of ∆λF P,F W HM = 50 pm for TE-polarized light. The complete layer structure is
sputtered on a fused silica substrate with a thickness of 3 mm and a diameter
of 25.4 mm. The substrate material ensures low absorption in the wavelength
range from 900 nm to 1000 nm and consequently a stable performance of the filter
even at kW power levels. Figure 3.19b shows the calculated transmitted intensity
as a function of wavelength of an ultra-narrowband TFF exhibiting the layer design shown in Fig. 3.19a for TE and TM polarization of an incident plane wave
at an AOI of Θ = 40°. The presented curves are the result of a simulation of the
spectral transmission characteristic of the dielectric layer design of the filter by
use of a ray-transfer matrix solver. As already discussed, the TFF design provides
a transmission bandwidth of 50 pm (FWHM) for TE-polarized light. At an AOI
of 40°, the wavelength for maximal transmission is λF P (Θ = 40°) = 953 nm. This
configuration corresponds to the operation condition of the TFF for the wavelength stabilization in the external cavity. For TM polarization, the transmission
bandwidth is >500 pm and consequently more than a factor of 10 larger than
for TE-polarized light. The reason for the differing transmission bandwidths is
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Fig. 3.19: (a) Schematic layer design of the ultra-narrowband TFF which has been used
for the wavelength stabilization experiments. (b) Calculated transmitted intensity
vs. wavelength of an ultra-narrowband TFF exhibiting the layer design shown in (a)
for TE and TM polarization of an incident plane wave at an AOI of Θ = 40°.

the significantly lower reflectivity of the quarter-wave stack for TM polarization.
According to the Eqs. (3.25) and (3.29), a lower reflectivity results in a larger
transmission bandwidth. Furthermore, the presented data in Fig. 3.19b show
that the wavelength for maximal transmission is slightly shifted by about 30 pm
for TM polarization compared to TE-polarized light. This deviation is the result
of both the differing refractive index of the SiO2 spacer layer for TM and TE
polarization due to birefringence and furthermore differing distributions of the
electric field amplitude inside the filter, as explained in the following. Due to the
half-wave spacer thickness of the TFF, the electric field amplitude of the resonant
mode inside the spacer layer is strongly enhanced. As shown in the simulation
of Fig. 3.20, the evanescent mode of the electric field significantly penetrates into
the layers of the quarter-wave stack which surround the spacer layer. Both the
intensity enhancement and the overlap with the surrounding layers is strongest
for TE polarization. For TM polarization the effects is significantly weaker due
to the smaller reflectivity of the quarter-wave stack. Consequently, an incident
resonant plane wave not only experiences the refractive index of the spacer layer
but also, depending on the polarization, a significant part of the refractive index
of the surrounding layer materials. The result of the discussed effects is a changed
refractive index of the filter which has to be used for the calculation of the resonant wavelengths according to Eq. (3.28). The changed index of refraction due
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Fig. 3.20: Simulation of the intensity distribution inside the layered stack of the ultranarrowband TFF and course of the refractive index of the layer design. Left axis,
relative intensity vs. layer thickness for TE and TM polarization of an incident
resonant plane wave. Right axis, refractive index vs. layer thickness.

to the evanescent mode can be deduced by an effective index model [133]. The
resulting effective refractive index nT F F,ef f of the filter is given by
q

m−(m−1)·(nL /nH )


nH · (m−1)−(m−1)·(nL /nH )+(nH /nL ) for high-index spacers
(3.31)
nT F F,ef f =
q


m−(m−1)·(nL /nH )
n ·
for low-index spacers
L

(m−m·(nL /nH )+(nL /nH )2

depending on the design of the spacer layer which exhibits either a high- or
low-index material. Using the refractive indices nL = 1.4509 [134] and nH =
2.0822 [135] for Ta2 O5 and SiO2 at a wavelength of 960 nm, respectively, yields
nT F F,ef f ≈ 1.63 for the presented TFF layer design with a low-index spacer. Consequently, the refractive index nF P in the equations presented for a Fabry-Pérot
etalon has to be substituted by the effective index nT F F,ef f to ensure a correct
description of the transmission properties of the TFF. In order to proof the validity of the effective index model, Fig. 3.21 shows the calculated transmitted
wavelength as a function of the AOI upon the TFF based on Eq. (3.28) and the
deduced effective refractive index. Furthermore, as a comparison, the experimental deduced resonant wavelength for the corresponding AOI is shown. As laser
source for the measurement, the collimated output beam of a wavelength-tunable
fiber-coupled single-mode diode laser (Sacher Lasertechnik LION) is used. The
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Fig. 3.21: Left axis, theoretically calculated transmitted wavelength vs. AOI upon the
TFF based on the effective index model compared to the experimentally deduced
values. Right axis, theoretically calculated angular dispersion vs. AOI upon the
TFF.

TFF is mounted on a rotation stage which allows for a precise angular alignment of the filter with respect to the incident laser beam. For the measurement,
the rotation angle of the filter is aligned and optimized for maximal transmitted
power at various wavelengths of the incident laser beam. The experimentally
deduced data are in good agreement with the theoretical calculations based on
the presented effective index model. The results proof and justify the usage of
the discussed effective index model for the theoretical description of the spectral transmission characteristic of the TFF. Furthermore, Fig. 3.21 shows the
calculated angular dispersion of the used TFF as a function of AOI based on
Eq. (3.30) and the deduced effective refractive index of the filter. At an AOI
of 40°, which corresponds to a resonant wavelength of 953 nm, the angular dispersion is DΘ = −4.77 mrad/nm. This value is a factor of about 2 larger in amount
compared to the angular dispersion of a transmission grating with 1600 lines/mm
at the identical AOI.
The schematic setup of the external wavelength-stabilizing multi-laser cavity is
shown in the upper part of Fig. 3.22. As in case of the transmission grating based
cavity, the emitter sub-beams emerging from the BAL diode bar are collimated
in the vertical FA direction (y-axis) by use of a FAC. The diode bar exhibits a
commercial micro-optical BTS (see section 2.1) in order to perform beam combining in FA along the horizontal dimension (x-axis) of the cavity architecture. The
cylindrical Fourier transform lens with a focal length of fT L = 500 mm images the

3.3. Thin-film filter multi-laser cavity

fSAC
x

75

fTL

fTL
fSAC + fSA1

fFB

fFB

Beam block

HWP

fSA2

TFF

φi

y

fFB

HR

Θ0
f C1
fSA2

f C1

fC1 + fC2

f C2

Gratin

g com

biner

fSA1
fSAC
BAL diode FAC BTS
Fourier
transform
bar
lens (fTL)
TFF multi-laser cavity

φ i*
βL(λc) f C2

Combined
beam
βL(λc)

Grating
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far fields of the collimated and coaxially propagating emitter sub-beams of the
diode bar in the beam-combining direction upon the ultra-narrowband TFF. The
transform lens is placed in a telecentrical configuration with respect to the front
facet of the diode bar and the TFF. A zero-order HWP in front of the transform
lens is used to rotate the TE-polarized laser output of the diode bar emitters into
TE polarization with respect to the plane of incidence at the TFF. The transform
lens creates a fan of angled rays which overlap at the location of the TFF. Each
sub-beam strikes the TFF under an unique AOI. Mathematically, the Fourier
lens transforms the lateral position xi of the ith emitter (i = 1, . . . , nem ) of the
diode bar with respect to the optical axis into an unique angle Θi with respect to
the surface normal of the TFF, given by:
Θi = Θ0 + ϕi = Θ0 +

xi
.
fT L

(3.32)

Here, Θ0 denotes the angle between the optical axis and the surface normal of the
TFF. Furthermore, a small-angle approximation has been used for the derivation
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of the angle ϕi which describes the relative angle of the corresponding emitter subbeam with reference to the optical axis of the external resonator. According to
the derived spectral angular dispersion characteristic in Eq. 3.28 and the effective
index model of the TFF, the transmission of the incoming emitter sub-beams is
fixed to a specific wavelength λi which is given by:
q
λi = λ0 1 − [sin(Θi )/nT F F,ef f ]2 .
(3.33)
Behind the TFF, a cylindrical lens with a focal length of fF B = 250 mm in
conjunction with a HR complete the external resonator and image the transmitted frequency-filtered sub-beams back into the originating emitters providing
wavelength-selective optical feedback. Consequently, the external laser cavity stabilizes each emitter on an individual wavelength λi , given by Eq. (3.33), realizing
a stable position-to-wavelength mapping for each emitter of the laser diode array
which is required for subsequent spectral beam combining by means of a diffraction grating. The corresponding stabilized spectral interval ∆λ of the diode bar
is given by
−1
∆λ = DΘ
(Θi = Θ0 ) ·

∆x
,
fT L
|{z}
=: ∆Θ

(3.34)

where ∆x is the lateral spatial separation of the outer emitters of a diode bar or
an arbitrary horizontal diode emitter array and
q
n2T F F,ef f − sin2 (Θi )
nT F F,ef f
DΘ = −
·
(3.35)
λ0
sin(Θi ) cos(Θi )
being the angular dispersion of the TFF at the corresponding angle Θi which
results from Eq. (3.30). The span of the angular spectrum, which is incident on
the TFF, is denoted by ∆Θ. As in case of the transmission grating based cavity,
an equivalent definition of the stabilized spectral interval can be given in terms
of the channel spacing and the number of stabilized diode bar emitters by replacing the angular dispersion of the grating by the angular dispersion of the TFF
in Eq. (3.10). The residual spectral linewidth of the stabilized emitters is larger
than the spectral transmission bandwidth of the TFF due to the residual far-field
divergence of the emitters in FA in the focal plane of the Fourier transform lens.
Furthermore, the spectral multi-mode character of the BAL diode emitter in SA
prevents a narrowband spectral operation of the stabilized diode bar emitters. As
in case of the transmission based cavity for DWBC, the resulting coupling bandwidth δλcb of the TFF multi-laser cavity depicts an estimate for the stabilized
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spectral linewidth δλ and can be calculated in the absence of lens aberrations and
beam distortions based on Eq. (3.16) by simply replacing the angular dispersion
of the grating Dα by the absolute value of the angular dispersion DΘ of the TFF.
Besides, as later explained in section 3.3.4, the filter exhibits a laterally inhomogeneous spacer thickness which results in a spatially varying spectral transmission
characteristic of the incident emitter sub-beams. The above mentioned effects are
the reason for a stabilized spectral emitter linewidth larger than the transmission
bandwidth of the filter. The resulting excess spectrum of the stabilized emitters
can not be transmitted through the TFF and is reflected out of the cavity. As a
result, only a small amount of the intra-cavity power is used for optical feedback,
whereas the major portion is coupled out of the resonator at the location of the
TFF. In the vertical SA direction (y-axis), perpendicular to the beam-combining
axis, the rotated emitter sub-beams are collimated in SA by a cylindrical SAC
with a focal length of fSAC = 50 mm. Subsequent to the SAC, two additional
cylindrical lenses (focal lengths fSA1 and fSA2 ) are used to image the beam waist
of the emitter sub-beams in SA onto the HR for feedback re-imaging. In contrast
to the transmission grating based cavity for DWBC, spectral emitter cross-talk
is inherently suppressed inside the external TFF multi-laser cavity due to the
small transmission bandwidth of the TFF compared to the channel spacing of
adjacent emitters in conjunction with the specific angle-to-wavelength mapping
described by Eq. (3.33). A potential cross-talk channel of a stabilized emitter
ray in the optical feedback branch, which exhibits a small angle deviation in the
beam-combining axis, has a non-resonant AOI-wavelength pairing after the reimaging by the cylindrical lens and the HR. Consequently, cross-talk beams are
reflected out of the cavity at the location of the TFF after passing the optics in
feedback branch of the resonator. A beam block behind the TFF is used to block
the corresponding portions of the optical feedback power which are reflected out
of the cavity.

3.3.2. Beam combination and dispersion-matching
In order to perform beam combining of the wavelength-locked emitter sub-beams
emerging from the TFF multi-laser cavity, a grating combiner setup is used. A
schematic of the setup is shown in the lower part of Fig. 3.22. The setup consists
of a cylindrical lens telescope (focal lengths fC1 = 100 mm and fC2 = 194 mm)
and a -1st order transmission grating which is placed in Littrow configuration
with respect to the central ray of the diode emitter array exhibiting the central
wavelength λc of the stabilized spectrum. Specifically, the grating is a dielectric
transmission grating with Λ−1 = 1600 lines/mm and an optimized diffraction efficiency for TE-polarized light at a Littrow angle of βL (λc = 955 nm) = 50°. The
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optical component is of the same type as the grating which has been discussed in
section 3.2.1 for DWBC using the transmission grating approach. As in case of
the transmission grating based cavity, the grating is operated slightly off the Littrow condition (≈0.3°) with respect to the optical axis of the resonator in order to
suppress an unintended locking of the diode bar emitters by the beam of the -1st
reflected order. Since the wavelength-to-AOI dependency and the spectral angular dispersion characteristic of the TFF, governed by the Eqs. (3.33) and (3.34),
and the transmission grating [see Eqs. (3.7) and (3.11)], are different and additionally nonlinear across the relevant wavelength band of the TFF cavity, an
exact dispersion-matching upon the combiner grating is required to preserve beam
quality after beam combining [136]. The cylindrical telescope is used for linear
dispersion-matching between the TFF and the combiner grating across the stabilized bandwidth ∆λ of the laser diode array, as shown in Fig. 3.23a. The telescope images the individual emitter sub-beams of the wavelength-stabilized cavity
output upon the combiner grating. According to the magnification of the telescope, given by M = fC2 /fC1 , the relative angles ϕi of Eq. (3.32) are transformed
as ϕ∗i = −ϕi /M in order to match the angular dispersion characteristic of the
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Fig. 3.23: Spectral beam combining of the TFF wavelength-locked cavity output.
(a) Linear dispersion-matching by use of a telescope. Left axis, measured (symbols)
and calculated (lines) relative angle with respect to the TFF AOI Θ0 and Littrow
angle βL (λc ) of the combiner grating at the central wavelength λc of the stabilized
spectrum vs. wavelength. Right axis, dispersion ratio of the TFF to the combiner
grating vs. wavelength. (b) Calculated beam pointing angles ∆θi of the diffracted
emitter sub-beams with reference to the Littrow angle βL (λc ) vs. wavelength for
different magnifications M of the telescope.
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combiner grating. As a result, the incident emitter sub-beams are diffracted into
one single combined output beam. The magnification of the telescope is given by
the absolute value of the dispersion ratio of the TFF and the combiner grating at
the central wavelength λc of the stabilized spectrum (M = 1.94 for λc = 955 nm).
The residual nonlinear part of the dispersion, which can not be matched by the
telescope, results in beam pointing errors of the emitter sub-beams with respect
to each other after beam combining. Consequently, the far-field divergence of
the combined output beam is increased which can, besides diode bar smile and
the residual spectral linewidth of the stabilized emitters, significantly deteriorate beam quality in the beam-combining axis. By use of the grating equation
[see Eq. (3.6)], the beam pointing angles ∆θi of the diffracted emitter sub-beams,
with reference to the Littrow angle βL (λc ), are given by:


λi
∗
−1
(3.36)
− sin [βL (λc ) + ϕi (M )] − βL (λc ) .
∆θi = sin
Λ
Figure 3.23b shows the calculated beam pointing angles ∆θi as a function of
wavelength for different magnifications M of the telescope. From the plot one
can see that the curve for M = 1.94 lies within the region of the emitter beam
divergence 2θG,F A in the beam-combining axis behind the grating for a spectral
bandwidth of ∆λ = 40 nm around the central wavelength λc of the stabilized
spectrum. That implies that beam quality is sufficiently preserved. For magnifications differing from the optimal value, the beam pointing angles above and
below the central wavelength λc increase in amount and become larger than the
beam divergence of a diffracted individual emitter. As a result, the far-field divergence of the combined beam is increased and the beam quality significantly
differs from the BPP of an individual emitter sub-beam in the beam-combining
axis. Here, the value of the stabilized spectral interval is crucial for the resulting
beam quality. In case of small stabilized bandwidths (∆λ < 5 nm), a deviation
from the optimal value of the magnification is expected to have a minor influence,
whereas for large spectral bandwidths, an exact dispersion-matching is needed to
prevent from beam pointing errors which significantly deteriorate beam quality
of the combined beam.

3.3.3. Characteristics of the combined output beam
In this section, the stabilized spectrum of the output beams out of the TFF
multi-laser cavity, the output power characteristics and the measured BPP of
the combined output beam are investigated based on individual-bar experiments.
The presented results are achieved using the cavity architecture and the grating
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combiner setup presented in Fig. 3.22. For the experiments, passively cooled lowFF bars (bar A in Table 2.1) are used. For the analysis of the stabilized cavity
output and the combined beam, the identical diagnostic tools are used as in case
of the transmission grating based cavity in section 3.2.2.
The spectrum of the stabilized emitter sub-beams out of the TFF multi-laser
cavity at a diode current of 100 A is shown in Fig. 3.24. The 19 emitters of the
diode bar are stabilized within a spectral bandwidth of ∆λ = 3.4 nm at a central
wavelength of λc ≈ 963 nm. This value is in good agreement with the theoretical
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Fig. 3.24: Spectrum of the output beams out of the TFF multi-laser cavity of bar A at
100-A diode current.

prediction of Eq. (3.34). For nem = 19, pem = 500 µm, fT L = 500 mm and the corresponding angular dispersion of the TFF (DΘ = −4.93 mrad/nm at λc = 963 nm)
the theoretical value is 3.7 nm. A possible reason for the small discrepancy of 8 %
is a slightly differing angular dispersion of the TFF due to the manufacturing
tolerance of ±1 % of the design wavelength λ0 of the filter and furthermore the
laterally inhomogeneous spacer thickness (see section 3.3.4). The spectral channel spacing of adjacent emitters is ∆λem = 178 pm. The spectrum shows a high
modulation depth and the spectral lines of the individually stabilized emitters are
completely resolved which proves that no spectral emitter cross-talk is present inside the TFF multi-laser cavity, as expected from the theoretical considerations.
The residual spectral linewidth of the stabilized emitters is δλ = 124 pm (4σ).
The measured output power characteristics and the related e-o conversion efficiencies of the free-running laser diode bar, the wavelength-stabilized cavity output and the combined output beam as a function of diode current are depicted
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in Fig. 3.25a. At a diode current of 140 A, the combined output power is 84 W
with a corresponding e-o conversion efficiency of 39.8 %. The WBC efficiency
with respect to the free-running optical output power of the laser diode bar is
depicted in Fig. 3.25b. Furthermore, the corresponding measured relative power

5

3 0
2 0

0
0

4 0

8 0

C u rre n t (A )

C u rre n t (A )

(a)

(b)

1 2 0

1 6 0

Fig. 3.25: (a) Left axis, optical output power vs. diode current for the free-running
diode bar, the wavelength-stabilized cavity output and the combined output beam.
Right axis, corresponding e-o conversion efficiencies vs. diode current. (b) Left axis,
WBC efficiency vs. diode current. Right axis, relative power losses at the TFF
and the combiner grating with reference to the free-running optical output power vs.
diode current.

losses at the location of TFF and the combiner grating, with reference to the
free-running optical output power, are shown in order to investigate the main loss
channels inside the external cavity. The resulting WBC efficiency is about 80 %
and shows, with the exception of the value at 20 A, a current-independent course.
The deviation of the deduced value at 20-A diode current is most likely related
to the measurement error of the power meter at low optical powers. The currentindependent course of the WBC efficiency indicates a stable locking performance
of the diode bar in the investigated diode current range and an emission characteristics which is mostly determined by the external resonator. The relative
power loss of 18 % of the stabilized cavity output compared to free-running laser
diode bar output can mostly be related to the measured power ratio of about 14 %
which is reflected out of the cavity towards the beam block at the location of the
TFF in the feedback branch. The remaining relative power loss of 4 % is potentially caused by the resonator optics which are placed in front of the TFF. The
measured overall relative power loss in the three discussed loss channels at the
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combiner grating is about 4 % in the investigated current range and consequently
consistent with the losses which have been deduced using the transmission grating
approach for DWBC.
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Figure 3.26 shows the measured FA- and SA-BPP of the combined output beam
behind the combiner grating as a function of diode current. The BPP values
correspond to a power content of 95 %. The BPP in the beam-combining FA
is 1.35 mm × mrad (M 2 ≈ 4.5) at a diode current of 20 A. The FA-BPP shows a
strong dependence on diode current and reaches a value of about 3.1 mm × mrad
(M 2 ≈ 10.3) at the maximum operation current of 140 A. The BPP in SA shows
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Fig. 3.26: (a) Measured FA-BPP of the combined output beam vs. diode current.
(b) Measured SA-BPP of the combined output beam vs. diode current.

a typical linear dependency on diode current. At low currents, the BPP is approximately 2.1 mm × mrad. At the maximum operation current, the SA-BPP of the
combined beam is 5 mm × mrad. Here again, no significant impact of the wavelength stabilization in the external cavity on the SA-BPP of the emitter sub-beam
can be observed in the experiments. As in case of the transmission grating based
external cavity (see section 3.2.2), the SA-BPP of the combined output beam
corresponds in a good approximation to the SA-BPP of an individual stabilized
diode bar emitter.

3.3.4. Optical feedback and spectral characteristics
Based on the theoretical preliminary considerations of the spectral transmission
characteristic of a TFF in section 3.3.1 and the experimental results, presented
in the previous section, the optical feedback and spectral characteristics of the
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external TFF multi-laser cavity will be investigated in the following in more detail. Figure 3.27a shows a measurement of the stabilized spectrum of the cavity
output of an individual emitter of the laser diode bar (bar A) at two different
operation currents. The 4σ-linewidth was measured using a high-resolution spectrometer (HighFinesse HDSA; 40-pm spectral resolution at λ = 960 nm). As in
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Fig. 3.27: (a) Stabilized spectrum of the cavity output of an individual emitter and
linewidth broadening with increasing emitter current. (b) Residual spectral emitter
linewidth δλ and SA-BPP vs. emitter current.

case of the transmission grating based cavity, a broadening of the stabilized emitter linewidth is observable with increasing emitter current. At an emitter current
of 2.1 A, the linewidth is 121 pm. The linewidth increases to a value of 134 pm
at 7.4 A. As already mentioned, a potential explanation for the dependency of
the stabilized spectral emitter linewidth on emitter operation current are higher
order lateral modes of the radiated electric field in SA with increasing emitter
current which prevent narrowband spectral operation of the diode emitter in the
external cavity. The measured spectral emitter linewidth and the corresponding
SA-BPP, which indicates the increasing lateral modality of the radiated electrical
field of the emitter, as a function of emitter current are shown in Fig. 3.27b. Furthermore, as a comparison, the corresponding coupling bandwidth of the external
TFF multi-laser cavity is plotted. The coupling bandwith has been calculated
on the basis of Eq. (3.16) by replacing the angular dispersion of the grating by
the angular dispersion of the TFF [see Eq. (3.35)]. The data show that again
both the emitter linewidth and the SA-BPP linearly evolve with increasing diode
current. For low emitter currents the linewidth is approximately 100 pm and thus
below the calculated coupling bandwidth limit. With increasing current the SA-
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BPP gets larger which leads to a significant increase of the emitter linewidth.
A correlation between both quantities is clearly visible. The linewidth at high
currents (>4 A) approaches the value of the coupling bandwidth. At two emitter
currents, the measured linewidth crosses the coupling bandwidth limit which can
be explained by the limited spectral resolution of the spectrometer. Another important point concerns the shape of the spectral emitter line. The spectral emitter
line in Fig. 3.27a shows no dip in the spectrum in the region of the stabilized central wavelength at both currents. From theory, one would expect a dip in the
stabilized emitter spectrum which is reflected out of the external cavity according
to the transmission bandwidth of the TFF [50 pm (FWHM) resp. 85 pm (4σ)]
which has been presented in Fig. 3.19b. Furthermore, the residual spectral emitter linewidth in the range of 110 pm to 135 pm (4σ) can not explain the small
relative power loss of wavelength stabilization in the external cavity of <15 %
(see Fig. 3.25), since both quantities differ only by a factor of about 1.4. In
this case, a significantly larger relative power loss (≈70 %) of the free-running
laser output compared to the stabilized cavity output is expected, due to a large
amount of optical feedback. Both mentioned discrepancies between experiment
and theory are related to the laterally inhomogeneous spacer thickness of the
TFF, which results in a spatially varying spectral transmission characteristic of
the incident emitter sub-beam.
Before analyzing the impact of the laterally inhomogeneous spacer thickness of
the TFF on the optical feedback and spectral characteristics of the external cavity, the experimentally deduced feedback ratio, provided by the external cavity, is
investigated. In order to determine the optical feedback ratio inside the external
cavity during ongoing laser diode bar operation, a measurement setup is used
which is shown in Fig. 3.28. For this purpose, the HR in the feedback branch of
the external cavity is replaced by a PRM with known spectral transmission properties for TE polarization. At a wavelength of 963 nm, where the stabilized central
PM 3
Beam block
PRM

TFF
PFB
Pin
Beam block

PM 2
PM 1

Fig. 3.28: Schematic setup for the measurement of the optical feedback ratio provided
by the TFF multi-laser cavity for the complete bar and an individual emitter.
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wavelength of the diode bar is located, the transmission of the PRM is 2.2 %. A
beam block in front of the laser diode bar enables the operation of an individual
emitter inside the external cavity. For the simultaneous measurement of the optical power at the three indicated measurement locations, respectively one PM is
used. From the measured stabilized output power P1 and the powers measured
behind the PRM (P2 ) and at the location of the beam block (P3 ), the feedback
ratio with reference to the incident laser power at the location of the TFF can be
deduced and is given by (see appendix A):
P2 · τ − P 3
PF B
=
Pin
[P1 · TT E,P RM (λ) + P2 ] · τ

with τ := TT E,P RM (λ)−1 − 1 .

(3.37)

In the upper equation, TT E,P RM (λ) is the spectral transmission coefficient of the
PRM for TE-polarized power fractions. Figure 3.29a shows the deduced feedback
ratio as a function of diode current for the complete diode bar (bar A) and an
individual central emitter. At a diode current of 100 A, the deduced feedback
ratio amounts to 9 % for the complete bar and about 8 % for the individual stabilized emitter. In the region from 80 A to 120 A, the feedback values of the
complete bar and the individual emitter are, in a good approximation, consistent.
Beyond this range, the deduced feedback ratio significantly deviates and shows
a current-dependent course. The reason for this deviation is most likely related
to the measurement errors of the optical powers using three PMs in conjunction
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Fig. 3.29: (a) Deduced optical feedback ratio vs. diode current for the complete laser
diode bar (bar A) and an individual stabilized emitter. (b) Spectra of an individual
stabilized emitter at the location of the cavity output, the PRM and the beam block
at an emitter current of 5.3 A.
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with the one order of magnitude differing power levels for both measurements.
The deduced feedback ratio of smaller than 10 % is an additional indication for
a changed spectral transmission characteristic of the TFF compared to the theoretically expected performance. Figure 3.29b shows the measured spectra of an
stabilized individual emitter at the locations of the optical power measurements
for the deduction of the optical feedback ratio at a diode current of 100 A. The
emitter spectra of all measurement channels show a comparable course and similar spectral bandwidths in the range of 72 pm to 83 pm (FWHM). The spectrum
behind the PRM, which corresponds to the transmitted spectrum of the TFF, is
not significantly different compared to the spectrum of the stabilized cavity output. The spectrum of the loss channel in the feedback branch at the location of
the beam block is shifted by 25 pm to a smaller central wavelength. The presented
spectra will later be used for a qualitative comparison with the theoretically calculated spectra and transmission characteristics of the external cavity including
the laterally inhomogeneous spacer thickness of the TFF.
The spatially resolved spacer thickness and the spectral transmission characteristic of the TFF were investigated using the measurement setup which is depicted
in Fig. 3.30. As laser source for the measurements, the collimated output beam
of a fiber-coupled laser diode with a wavelength of 1030 nm and a spectral bandwidth of 40 pm (FWHM) is used. The collimated output beam is first incident
upon a PBS to realize a well-defined TE polarization state of the input laser beam
with reference to the plane of incidence at the TFF. Behind the PBS, the beam
is expanded by use of a telescope with 3x magnification. The telescope consists of
two spherical lenses. The collimation of the beam behind the telescope is verified
by a shearing interferometer plate. The laser beam, which is incident upon the
TFF, has a beam diameter which is larger than the optical aperture of the TFF.

3x telescope

Fiber
collimator

PBS

CCD

Sied view:
Screen

Rotation stage

TFF

Top view:
Laser diode

...

Θ

Fig. 3.30: Schematic setup for the measurement of the laterally varying spacer thickness
and the spectral transmission characteristic of the TFF.
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Consequently the complete surface of the optical component is illuminated. The
TFF is mounted on a rotation stage which allows for a precise angular alignment
of the filter with reference to the optical axis of the incident laser beam. Behind
the filter, a black anodized screen is located which is illuminated by the transmitted laser beam of the TFF. The surface of the screen exhibits a laser-engraved
rectangular target grid which is used for a length calibration of the CCD camera
picture. The transmitted laser beam upon the screen is monitored by a CCD
camera which is equipped with an objective lens with manually adjustable focus.
Figure 3.31 shows the CCD camera images of the transmitted laser beam on the
screen for different AOIs Θ upon the filter. As a reference, the dashed red circle
indicates the dimension of the filter. In case of a lateral homogeneous spacer
thickness it is expect that the resonant transmission of the beam occurs exclusively for one individual AOI upon the TFF which is described by Eq. (3.33).
Furthermore, the transmission is expected to occur homogeneously distributed
over the complete illuminated area of the filter. Contrary to that, the CCD camera pictures show a ring-shaped structure of the transmitted beam, whose radius
depends on the specific AOI of the incident laser beam upon the TFF. The observed circular transmission of the input beam is related to a laterally varying
spacer thickness of the filter which results from the manufacturing process by
magnetron sputtering. The laterally inhomogeneous spacer thickness is the reason why an angle-dependent transmission of the filter is observable at varying
lateral locations. In the center of the filter, the thickness dF P is maximal. Consequently, according to Eq. (3.33), the transmission for a fixed wavelength occurs
at the largest AOI, as can be seen in Fig. 3.31. If the AOI is decreased, the transmission can only take place at locations where the thickness is smaller in such
a way that the condition of Eq. (3.33) is fulfilled. The presented measurements
in Fig. 3.31 clearly show a symmetrical lateral decrease of the spacer thickness
with decreasing AOI, which results in a ring-shaped structure of the transmitted
beam. The width of the transmitted ring-shaped beam depends on the linewidth
of the incident laser beam. The presented data enable a determination of the
spacer thickness of the TFF as function of the lateral position upon the filter.
The spacer thickness dF P for the corresponding AOI Θ follows from Eq. (3.28)
by employing the wavelength λ = 1030 nm of the incident laser beam and the
effective refractive index nF P = nT F F,ef f ≈ 1.63 of the filter. The lateral position
of the transmitted light can be deduced from the CCD camera pictures by using
the laser-engraved rectangular target grid with a edge length of 1 cm for length
calibration. Furthermore, the specific AOI has to be taken into account for a
correct determination of the lateral position, due the resulting projection effect
when the filter is rotated. The resulting data of the deduced spacer thickness
as a function of the lateral position upon the TFF are shown in Fig. 3.32. The
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Fig. 3.31: CCD camera pictures of the transmitted laser beam on the screen behind
the TFF for different AOIs Θ upon the filter. As a reference, the dashed red circle
indicates the dimension of the filter.
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Fig. 3.32: Deduced spacer thickness vs. lateral position upon the TFF resulting from
the analysis of CCD camera pictures shown in Fig. 3.31.
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spacer thickness shows a symmetrical lateral decrease of about 1.1 nm from the
center to a lateral position of ±10 mm. The lateral varying spacer thickness is
well described by a second order polynomial curve fit of the form
dF P (rT F F ) = A0 + A1 · rT F F + A2 · rT2 F F ,
p
where rT F F = x2 + y 2 being the radial position upon the filter.

(3.38)

Based on the measurement presented in Fig. 3.32, the spectral transmission characteristic of the filter has been simulated. Furthermore, by using the calculated
spectral spatial transmission of the filter, the optical feedback ratio and the stabilized emitter spectra are calculated and compared with the measurement results
which have been presented in Fig. 3.29. According to Eq. (3.23), the spectral
transmission coefficient TF P of the TFF is given by:
TF P =

1
.
1 + F sin2 (δF P /2)

(3.39)

Due to the laterally inhomogeneous spacer thickness dF P (rT F F ), the geometrical
phase difference δF P [see Eq. (3.22)] exhibits an additional dependency on the
radial position rT F F upon the filter and can thus be describes as
q
4πnT F F,ef f dF P (rT F F )
δF P =
1 − [sin (Θ) /nT F F,ef f ]2 ,
(3.40)
λ
where again Snell’s law has been applied to express the phase difference as a function of the AOI Θ of the incident laser beam. Consequently, the spectral transmission coefficient TF P (λ, rT F F , Θ) of the TFF is a function of wavelength λ, radial
position rT F F and AOI Θ. Figure 3.33 shows the calculated spectral transmission
coefficient TF P (λ) as a function of the lateral position upon the TFF for an AOI
of Θ = 40°. The calculations were carried out using the deduced polynomial curve
fit of Fig. 3.32 for the dependency of the spacer thickness on the lateral position
upon the filter. Furthermore, an effective index of nT F F,ef f ≈ 1.63 has been used,
according to the effective index model which has been discussed in section 3.3.1.
The factor F in Eq. (3.39) follows from the Eqs. (3.29) and (3.25) by employing
the spectral transmission bandwidth ∆λF P,F W HM = 50 pm of the TFF layer design. The simulation results clearly show that the laterally inhomogeneous spacer
thickness strongly affects the transmission characteristic of the filter. Two effects
are observable from the data presented in Fig. 3.33. First, the transmission bandwidth is strongly increased to about 175 pm (FWHM) compared to the calculated
transmission bandwidth of 50 pm (FWHM) of an ideal filter with laterally homogeneous spacer thickness (see Fig. 3.19b) and shows an asymmetrical shape. The
transmission wavelength for a fixed lateral position are smeared out to smaller
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Fig. 3.33: Spectral transmission characteristic of the TFF including the deduced laterally inhomogeneous spacer thickness. Calculated spectral transmission coefficient TF P (λ) vs. lateral position upon the TFF for an AOI of Θ = 40°.

wavelengths. Second, the resonant wavelength for maximal transmission shows a
dependency on the lateral position upon the filter which leads to a bending of the
transmission band. Originating from the center of the filter, the resonant wavelength shifts to smaller wavelengths. At a lateral position of ±5 mm, the absolute
decrease of the resonant wavelength is approximately 1 nm with reference to the
resonant wavelength of 953 nm in the central position. In a next step, the calculated spectral transmission characteristic is used to calculate the transmitted and
reflected spectral spatial intensity distribution of an emitter sub-beam which is
incident upon the TFF in the external laser cavity of Fig. 3.22. In general, the
transmitted (PT ) and reflected (PR ) power fractions of the input laser power Pin
and the power PF B of the optical feedback can be expressed in the following way:
Z Z Z
PT =
Jλ (λ) · JSA (y) · JF A (x) · TF P (λ, x, y) dx dy dλ
(3.41)
PR = Pin − PT
Z Z Z
PF B =
Jλ (λ) · JSA (y) · JF A (x) · TF2 P (λ, x, y) dx dy dλ .

(3.42)
(3.43)

In the upper equations, the normalized spectrum of the stabilized emitter subbeam is denoted by Jλ . JF A and JSA represent the corresponding normalized
spatial intensity distribution of the beam along the horizontal FA and vertical
SA direction at the location of the TFF, respectively. The emitter spectrum
is assumed to have a Gaussian shape Jλ (λ) = exp{−2[λ/(δλ/2)]2 } with a 4σ-
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width δλ given by the residual spectral emitter linewidth. The beam profile
in FA and SA are assumed to have a Gaussian intensity distribution JF A (x) =
exp[−2(x/ωT F F,F A,em )2 ] and JSA (y) = exp[−2(y/ωT F F,SA,em )2 ] with a 4σ-width
which corresponds to the respective beam diameter 2ωT F F,F A,em and 2ωT F F,SA,em
upon the filter. The latter assumption truly holds for the nearly diffraction-limited
beam in FA, but only constitutes an approximation for the top-hat-like beam
profile in the multi-mode SA beam dimension. Furthermore, in the expressions of
the Eqs. (3.41) to (3.43) it is implicitly assumed that the angular spectrum of the
far-field intensity distribution of the incident emitter sub-beam in both beam axis
has a negligible impact on the calculations. This approximation can be justified
by the following facts. The far-field divergence of the beam in the beam-combining
FA is indirectly incorporated in the calculations by the spectrum of the stabilized
emitter and the resulting residual spectral emitter linewidth. Furthermore, the
TFF is located in the beam waist of the emitter sub-beam in FA behind the
transform lens in the external laser cavity, where the beam divergence is a factor
of about fT L /fF AC = 1200 smaller compared to the AOI upon the filter (Θ ≈ 40°).
In the vertical SA beam dimension slightly different conditions take place. At the
location of the TFF, the beam in the SA direction does not pass its beam waist.
The beam divergence θT F F,SA,em is about 17 mrad (≈1°) assuming a SA-BPP
of 4 mm×mrad. Due to the significant beam divergence in SA, an AOI Θef f upon
the TFF can be defined (see Fig. 3.34) which describes the resulting effective AOI
by combining the angles of both beam axis. The calculation of the effective AOI

TFF

Incident beam
Θ

θTFF,SA,em
Θeff

y

Surface normal
x

Fig. 3.34: Geometry of the incident emitter sub-beam upon the TFF and definition of
the effective AOI Θef f .
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by use of standard trigonometric relations (see appendix C) yields the following
expression:
(
)
cos(Θ)
Θef f = arccos p
.
(3.44)
1 + tan2 (θT F F,SA,em )
Based on Eq. (3.44) and the mentioned experimental parameters, a value for Θef f
is obtained which deviates by a factor of only 6 × 10−5 compared to the AOI
of Θ ≈ 40°. Due to the mentioned facts and estimations, it can be expected
that the beam divergence of the emitter sub-beam in both beam axis has a negligible impact on the spectral transmission characteristic of the filter and the
optical feedback strength provided by the external laser cavity. In a first step,
the expressions of the Eqs. (3.41) to (3.43) are used to calculate the corresponding spectral spatial intensity distributions of an incident wavelength-stabilized
emitter sub-beam. As input values for the simulation, the experimental parameters which are listed in Table 3.1 are used. The listed parameters correspond
to the experimental configuration and results which have been presented in the
Figs. 3.27 and 3.29. In order to obtain the spectral spatial intensity distribuTab. 3.1: Input parameters for the simulation of the optical feedback characteristics of
the external TFF multi-laser cavity.
Parameter
AOI Θ (°)

37.2

Stabilized wavelength λc (nm)

963

Linewidth δλ (pm)

136 (4σ)

FA beam diameter 2ωT F F,F A,em (mm)

5 (4σ)

SA beam diameter 2ωT F F,SA,em (mm)

6 (4σ)

tions along the horizontal FA dimension, which are depicted in Fig. 3.35, the
integration has only been carried out in the vertical SA beam direction (y-axis).
Figure 3.35a shows the normalized intensity distribution of the incident emitter
sub-beam as a function of the horizontal FA position and wavelength according
to the experimental parameters of Table 3.1. Figures 3.35b and 3.35c show the
spectral spatial beam profiles of the transmitted and reflected beam, which have
been calculated based on the Eqs. (3.41) and (3.42) using the deduced laterally
varying spacer thickness of Fig. 3.32. The spectral spatial intensity distribution of the feedback beam after the second transmission at the TFF follows from
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Eq. (3.42) and is depicted in Fig. 3.35d. The simulation results of Fig. 3.35 clearly
show that the laterally inhomogeneous spacer thickness of the TFF strongly affects the spectral spatial beam profile of the transmitted and reflected beam. A
significant transmission (19.2 %) of the incident intensity occurs only in a small
spectral spatial interval around the central wavelength and the central horizontal
position. The border areas of the spectral spatial intensity distribution of the
input beam are off-resonant with respect to the local resonance wavelength of the

9 6 3 .1
9 6 3 .0
9 6 2 .9
9 6 2 .8
-4

-2

0

2

4

F A : x (m m )

(d)

Fig. 3.35: Calculated spectral spatial intensity distributions of an incident wavelengthstabilized emitter sub-beam at the location of the TFF. Normalized intensity vs.
horizontal FA position vs. wavelength for (a) the incident beam, (b) the transmitted
beam, (c) the reflected beam and (d) the feedback beam. The respective spectral
spatial intensity distribution is normalized using the maximum of the input beam
intensity.
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filter. As a consequence, these power fractions are reflected by the TFF. Figure 3.36 shows the corresponding calculated spectra of the transmitted beam, the
reflected beam and the feedback beam. The spectra were calculated based on the
presented data of Fig. 3.35 by carrying out the integration along the horizontal
FA direction (x-axis). Furthermore, the spectrum at the location of the beam
block has been calculated, which is given by the complementary spectrum with
respect to the spectrum of the transmitted beam and the feedback beam. The
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Fig. 3.36: Calculated spectra of the transmitted beam, the reflected beam, the feedback
beam and the beam at the location of the beam block in comparison with the spectrum of the input beam. The respective spectrum is normalized using the maximum
of the input beam intensity.

presented calculated spectra can be used for a qualitative comparison with the
experimentally measured spectra shown in Fig. 3.29b. Here, the measured spectrum of the cavity output corresponds to the calculated spectrum of the reflected
beam and the measured spectrum behind the PRM complies with the calculated
spectrum of the transmitted beam. In accordance with the measured spectrum
of the cavity output, the calculated spectrum of the reflected beam shows no
dip in the spectrum. Both the spectral shift of about 50 pm between the calculated spectrum of the reflected and transmitted beam and the resulting slightly
asymmetrical shape are not visible in the presented measured spectra. This is
most likely due to the limited spectral resolution of the spectrometer. However,
the theoretically predicted spectral shift of the spectral line at the location of
the beam block compared to the spectrum of the reflected beam is consistent
with the experiment. A further comparison between the experimental results and
the theoretical calculations is enabled by the calculation of the optical feedback
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ratio. By spectrally integrating the calculated spectrum of the feedback beam
in Fig. 3.36, a feedback ratio of 11.2 % with reference to the power of the input beam is obtained. The calculated feedback ratio lies in the same range as
the experimentally deduced value for an individual emitter at large emitter currents (10 %) resp. complete diode bar at low diode currents (12 %), which has
been presented in Fig. 3.29a. In summary, a qualitative good agreement between
the theoretical calculations and the experiment could be obtained. The presented
results of the calculation of the spatial spectral transmission and the optical feedback characteristics of the TFF multi-laser cavity clearly show that the laterally
inhomogeneous spacer thickness is the reason why small optical feedback ratios
below 15 % can be achieved even for a residual spectral emitter linewidth which
compares to the theoretical transmission bandwidth of 50 pm (FWHM) of an ideal
device with a spatially homogeneous spacer thickness. As a direct consequence
of the described effect, the optical feedback ratio depends, besides the residual
spectral emitter linewidth, both on the position and the beam diameter of the
input beam upon the filter. The calculated dependency of the optical feedback
ratio on both values is presented in Fig. 3.37. The calculated optical feedback
ratio as a function of the lateral position of the input beam with reference to
the center of the filter is depicted in Fig. 3.37a. The presented curve shows that
even for a small deviation of the position of the input beam from the center of
the filter of ±2 mm, the feedback ratio significantly decreases to about half of the
value in the center. A qualitatively similar dependency can be observed from the
measured experimental data shown in Fig. 3.37b. The deviation of the position
of the input beam from the center of the filter is a first explanation for the differing experimentally deduced and theoretically calculated values of the optical
feedback ratio. The second explanation approach concerns the beam diameter
of the input beam upon the filter. As shown in Fig. 3.37c, an increasing beam
diameter leads to a decreasing feedback ratio, since the input beam experiences a
larger fraction of the inhomogeneity of the spacer layer. Differing beam diameters
in the beam-combining axis of an individual emitter compared to the complete
diode bar can be the result of diode bar smile, as discussed in section 3.2.3.2.
Consequently, diode bar smile is a potential explanation for the measured different feedback ratio of an individual emitter compared to the feedback ratio of the
complete diode bar, as presented in Fig. 3.29. Based on the previous theoretical
considerations, the measured current-dependent decrease of the feedback ratio of
the complete diode bar can be related to two experimental observations, which
are an increasing residual spectral linewidth of the wavelength-stabilized emitters
(see Fig. 3.27b) in conjunction with an increasing beam diameter of the emitter
sub-beams in SA upon the TFF with increasing diode current. The enlarged beam
diameter in SA is a direct consequence of the increasing SA-BPP with increas-
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Fig. 3.37: (a) Calculated optical feedback ratio vs. lateral position of the input beam
upon the TFF with reference to the center of the filter. (b) Experimentally deduced
optical feedback ratio vs. lateral position upon the TFF with reference to the center
of the filter for a complete diode bar (bar A) at a diode current of 40 A. (c) Calculated
feedback ratio vs. FA beam diameter 2ωT F F,F A,em at the location of the TFF. The
input beam position corresponds to the center of the filter.

ing diode current, as shown in Fig. 3.26b. Due to the dependency of the optical
feedback ratio on both the residual emitter linewidth and the beam diameter of
the emitter sub-beams upon the TFF, the feedback ratio depends on the focal
length of the transform lens in the external laser cavity. The focal length of the
transform lens determines the beam diameter of the input beam in FA upon the
filter and furthermore, according to Eq. (3.16), the coupling bandwidth of the
external laser cavity which constitutes an upper limit for the resulting stabilized
emitter linewidth. Figure 3.38a shows the calculated feedback ratio as a function
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of the focal length fT L of the transform lens for an individual emitter of bar A,
which is stabilized at a central wavelength of λc = 953 nm corresponding to an
AOI of Θ = 40° upon the TFF. The calculated coupling bandwidth δλcb and the

1 4
1 2
1 0
8
6
2 0 0

4 0 0

T ra n s fo rm

6 0 0

8 0 0

fo c a l le n g th (m m )

(a)

1 0 0 0

7 0 0

5

6 0 0
4

d ia m e te r (m m )

F e e d b a c k r a tio (% )

1 6

8 0 0

5 0 0
3

4 0 0
3 0 0
2

2 0 0
1

1 0 0
0

0
2 0 0

4 0 0

T ra n s fo rm

6 0 0

8 0 0

1 0 0 0

P r o je c te d b e a m

C o u p lin g b a n d w id th (p m )

1 8

fo c a l le n g th (m m )

(b)

Fig. 3.38: (a) Calculated optical feedback ratio vs. focal length fT L of the transform
lens for a stabilized individual emitter of bar A (λc = 953 nm; Θ = 40°). (b) Input values of the coupling bandwidth and the corresponding FA beam diameter for
the calculations. Left axis, calculated coupling bandwidth δλcb vs. transform focal
length. Right axis, calculated projected FA beam diameter 2ωT∗ F F,F A,em upon the
TFF vs. transform focal length.

corresponding projected FA beam diameter 2ωT∗ F F,F A,em = 2ωT F F,F A,em / cos(Θ)
as a function of the transform focal length are depicted in Fig. 3.38b and serve
as input values for the theoretical calculation. As before, the SA beam diameter
is kept at the value given in Table 3.1. The presented data in Fig. 3.38a show
that the feedback ratio increases with increasing transform focal length for focal
lenghts fT L < 400 mm, since the decrease in coupling bandwidth overcompensates
the increase of the beam diameter. A maximum of about 17 % is reached at a
transform focal length of fT L = 500 mm. For larger focal lengths, the feedback
ratio decreases, since the increase of the beam diameter is more pronounced than
the decrease of the coupling bandwidth. The presented values of the optical feedback ratio for an individual emitter correspond to the case of an ideal system
and thus constitute an upper limit for the feedback ratio. As already discussed,
a lower actual feedback ratio can be the result of a deviation of the input beam
position from the center of the filter and an increased beam diameter upon the
filter due to diode bar smile.
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3.3.5. Beam quality deterioration
The presented results of the BPP of the combined output beam in Fig. 3.26a show
that, as in case of the transmission grating based cavity, the output beam quality
in the beam-combining FA is significantly larger compared to the diffractionlimited (M 2 = 1) value of an individual unstabilized emitter (BP PF A,em ≈
0.31 mm × mrad at λ = 960 nm). Besides, the presented data also show a dependency of the FA-BPP on diode operation current. The deviation of the beam
quality in the beam-combining axis from the ideal diffraction-limited value can
be related to four main beam quality deterioration mechanisms, which are the
residual spectral linewidth of the stabilized emitters, beam distortion due to the
spatial spectral filtering of the TFF, diode bar smile and the dispersion mismatch
between the TFF and the combiner grating in case of large stabilized spectral
bandwidths. In analogy to the discussion in section 3.2.3, the resulting BPP in
beam-combining FA can consequently be expressed as
BP PF A = ωG,F A · θG,F A
= (∆linewidth · ∆bd · ∆smile · ∆dm ) · BP PF A,em ,
{z
}
|
=: ∆

(3.45)

where ωG,F A describes the beam waist radius of the emitter sub-beams upon the
combiner grating and θG,F A represents the corresponding far-field divergence of
the combined beam behind the combiner grating. The factor ∆ in Eq. (3.45)
captures the contributions of the four mechanisms to the deterioration of the
beam quality BP PF A,em of the free-running emitter. Again, the contribution of
the specific mechanism multiplicatively enters Eq. (3.45), since each effect affects
only either the beam waist radius or the far-field divergence of the combined
beam. As observed in the measured spectrum of the wavelength-stabilized output beams presented in Fig. 3.24, spectral emitter cross-talk is not present in
the external TFF multi-laser cavity. Consequently, the beam quality deterioration factor ∆X due to spectral emitter cross-talk can be omitted in Eq. (3.45).
The impact of the residual spectral emitter linewidth and diode bar smile on the
beam quality of the combined beam are identical to the case of the transmission
grating based cavity. This is the reason why the corresponding results of the
sections 3.2.3.1 and 3.2.3.2 can directly be transfered and adopted in the following considerations. The assumption is valid due to the following two facts and
approximations. First, assuming identical transform focal lengths, the coupling
bandwidth in the external TFF multi-laser cavity is, according to Eq. (3.16), a
factor of about two smaller compared to the transmission grating based cavity
due to the higher angular dispersion of the TFF. This results in a smaller residual
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spectral emitter linewidth. But the imaging of the dispersion-matching telescope
simultaneously decreases the beam divergence of an individual emitter sub-beam
upon the combiner grating by the same factor. Because of that, the ratio of the
residual linewidth of the stabilized emitter to the emitter beam divergence at the
combiner grating stays in a good approximation unchanged. As a consequence,
the beam quality deterioration factor ∆linewidth , described by Eq. (3.19), remains
the same. Second, assuming an ideal imaging of the dispersion-matching telescope
without additionally induced beam pointing errors, the considerations concerning
beam quality deterioration due to diode bar smile are also valid in case of the TFF
multi-laser cavity. An ideal telescope images the near-field intensity distributions
of the incident emitter sub-beams in the focal plane of the Fourier transform lens
upon the combiner grating which is located in the focal plane of the second lens
of the telescope. Thus, the corresponding beam diameters are scaled according
to the magnification of the telescope. The beam offsets in the near field of the
emitter sub-beams compared to each other, which are induced by diode bar smile,
are likewise transformed by the telescope. Consequently, the dispersion-matching
telescope will increase both the beam diameter of the individual emitter sub-beam
and the beam diameter of the complete emitter beam ensemble in the same way
and the beam quality deterioration factor ∆smile , described by Eq. (3.19), can
directly be applied. Deviations from an ideal imaging of the telescope are for example related to spherical lens aberrations in the telescope which can potentially
be the reason for a larger smile-induced BPP deterioration factor compared to
the results which have been presented for the transmission grating based cavity.
As indicated by Eq. (3.45), two additional factors have to be considered in case of
the external TFF multi-laser cavity. The factor ∆bd describes the beam quality
deterioration due to the beam distortion by the spatial spectral filtering of the
TFF in the external cavity, whereas the factor ∆dm accounts for the impact of the
dispersion mismatch between the TFF and the combiner grating on the BPP of
the combined cavity output. In the following, both mechanisms are investigated
in detail.
3.3.5.1. Beam distortion
Beam distortion due to the spatial spectral filtering of the TFF is an effect
which affects the beam quality of each individual gain element in the beamcombining FA direction. The beam distortion is related to the spatially dependent transmission of the incident emitter sub-beam at the location of the filter, which results from the laterally inhomogeneous spacer thickness which has
been discussed in section 3.3.4. The inhomogeneous TFF represents a spatiospectrally apodized diffraction aperture leading to a near and far field modifi-
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cation of each stabilized emitter. Both the increased effective near-field beam
diameter due to the distorted spatial intensity distribution and the increased
far-field divergence due to the diffraction at the TFF will deteriorate the BPP
of the wavelength-stabilized resonant emitter sub-beam which is reflected at the
TFF. In order to experimentally prove this hypothesis, Fig. 3.39a shows the
measured FA-BPP as a function of emitter current of an individual emitter of
bar A for two different experimental configurations. In the first configuration,
the BPP of the wavelength-stabilized emitter beam is measured behind the combiner grating in the cavity architecture of Fig. 3.22. In the second configuration,
the BPP of the identical emitter beam is measured after the reflection at the
TFF in front of the dispersion-matching telescope, with and without wavelengthstabilization. In oder to prevent wavelength stabilization by the external TFF
multi-laser cavity, the transmitted beam in the feedback branch of the resonator
is simply blocked. At first, the presented results for the emitter beam behind
the combiner grating are discussed. The presented data in Fig. 3.39a show
that the FA-BPP is about 0.7 mm × mrad even at the lowest emitter current
of 1 A and therefore is significantly larger than the deduced maximum value
of ∆linewidth · BP PF A,em ≈ 0.44 mm × mrad resulting from the BPP deterioration due to the residual emitter linewidth. Here, a stabilized emitter linewidth
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Fig. 3.39: (a) Measured FA-BPP vs. emitter current of an individual emitter of bar A
behind the combiner grating. Furthermore, the FA-BPP data of the wavelengthstabilized and unstabilized emitter beam in front of the dispersion-matching telescope
are shown. (b) CCD camera image of the beam spot behind the grating combiner at
an emitter current of 2.1 A in the focal plane of a spherical lens with 300-mm focal
length.
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√
in the region of the coupling bandwidth, with ∆linewidth (δλ = δλcb ) = 2, is
assumed. The current-dependent increase is, as already explained for the transmission grating based cavity in section 3.2.3.1, related to a tilt of the emitter beam
cross section by an angle of about 10° at the location of the combiner grating,
which can be seen from the CCD camera image shown in Fig. 3.39b. However,
the beam tilt can not explain the deviation of the measured FA-BPP from the
theoretical maximum value. Considering the FA-BPP data in Fig 3.39a for the
emitter beam in front of the telescope, it is obvious that the wavelength stabilization negatively affects the beam quality of the cavity output. The FA-BPP of the
wavelength-stabilized beam is on average deteriorated by a factor of ∆bd = 1.7
compared to the FA-BPP of the emitter beam in case of no wavelength stabilization. The presented results clearly prove the impact of wavelength stabilization
in the external cavity on the beam quality of an individual emitter beam in the
beam-combining axis. As already mentioned, a theoretical explanation for this
observation is a distortion of the emitter beam due to the spatial spectral filtering
of the TFF, which is only present in case of wavelength stabilization. In the following, the near- and far-field intensity distributions of a resonant emitter sub-beam
in the beam-combining FA are theoretically calculated, in order to qualitatively
reproduce the experimentally observed beam distortion. For this purpose, one
can refer to the theoretical considerations and simulation results of the previous
section 3.3.4. At first, the spatial intensity distribution of a wavelength-stabilized
emitter beam, which is reflected at the TFF, is considered. The intensity distribution of the reflected beam in the FA direction follows from Eq. (3.42) by omitting
the integration in the spatial FA dimension (x-axis). Since only the FA beam profile is of interest, without loss of generality JSA (y) ≡ 1 is assumed, which makes
the integration in the SA beam dimension (y-axis) redundant. The input beam
parameters for the calculations correspond to the values which have already been
used for simulation of the optical feedback characteristics of the external TFF
multi-laser cavity (see Table 3.1). Figure 3.40a shows the calculated normalized
spatial intensity distribution of a reflected wavelength-stabilized emitter sub-beam
and the normalized beam profile of the input beam at the location of the TFF.
The presented beam profiles show that the beam diameter of the reflected beam
is effectively broadened compared to the beam diameter 2ωT F F,F A,em of the input
beam. The ratio of the input beam diameter to the effective beam diameter of the
reflected resonant emitter sub-beam can be considered as the beam quality deterioration factor ∆bd due to the beam distortion in the near field. The quantitative
analysis of the distorted intensity distribution of the reflected beam yields a value
of ∆bd = 1.08 by calculating the beam diameter for a power content of 95 %. As a
next step, the far-field intensity distribution of a reflected resonant emitter subbeam in the FA direction is calculated by taking diffraction effects into account.
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Fig. 3.40: (a) Calculated normalized spatial intensity distribution along the horizontal
FA direction of a reflected wavelength-stabilized emitter sub-beam at the location
of the TFF. As a comparison, the normalized spatial beam profile of the input
beam is shown. (b) Calculated normalized far-field intensity distribution along the
horizontal FA direction of a diffracted wavelength-stabilized emitter sub-beam for
different slit widths bs of the spatial aperture provided by the TFF. As a comparison,
the normalized far-field beam profile of the input beam is shown.

Based on the simulation results of the Figs. 3.33 and 3.35 it can be concluded that
the spatial interval where a significant transmission of a resonant input beam occurs is small compared to the beam diameter upon the TFF of about 5 mm. The
spatial interval is limited by the laterally declining spacer thickness of the filter
which results in a shift of the resonance wavelength. The spatial region where
the transmission coefficient can be approximated to be constant for a fixed wavelength is smaller than 500 µm. As a consequence, the TFF constitutes a spatial
aperture for the input beam. The spatial width of the aperture is determined by
the course of the lateral spacer thickness. Depending on the width of the aperture, a diffraction of the input beam takes places which will increase the far-field
beam divergence of the resonant emitter beam. In analogy to the diffraction at a
slit, an opening function Ωs (x, bs ), which describes the spatial aperture distribution of the filter, can be defined. Here, bs defines the width of the aperture over
which the input beam is completely transmitted (Ωs = 1 for −bs /2 ≤ x ≤ bs /2;
Ωs = 0 for x > bs /2 or x < −bs /2). According to the Fraunhofer diffraction,
the resulting diffraction pattern in the far-field region is given by the Fourier
transform of the aperture distribution [132]. The far-field intensity distribution
of the diffracted beam Jθ (4σ-width 2θT F F,F A ), which is transmitted by the TFF,
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follows from the convolution of the diffraction pattern in the far-field region with
the Gaussian emitter intensity distribution Jθ (4σ-width 2θT F F,F A,em ):
Zπ/2
Jθ (θ; 2θT F F,F A ) =

FT[Ωs (x, bs )](θk ) · Jθ (θ − θk ; 2θT F F,F A,em ) dθk .(3.46)

−π/2

In the upper equation, θT F F,F A,em defines the far-field divergence of an emitter
sub-beam in the beam-combining FA at the location of the TFF. A resonant
emitter beam, which is reflected by the TFF, experiences the complementary
aperture distribution compared to the transmitted beam. Since, according to
Babinet’s principle, both aperture distributions yield the identical diffraction pattern, Eq. (3.46) is valid for both the transmitted and reflected resonant emitter
beam. Figure 3.40b shows the calculated normalized far-field intensity distribution of a reflected wavelength-stabilized emitter sub-beam for different aperture widths using Eq. (3.46). As a comparison, the normalized far-field beam
profile of the input beam is shown, whose far-field divergence θT F F,F A,em =
BP PF A /ωT F F,F A,em = 122 mrad follows from the beam parameters of Table 3.1
assuming a diffraction-limited FA-BPP. The presented calculated far-field beam
profiles in Fig. 3.40b show that, depending on the slit width, the beam divergence
of the diffracted reflected beam is significantly increased compared to the beam
divergence θT F F,F A,em of the input beam which results in a deterioration of beam
quality. The ratio of the input beam divergence to the far-field divergence of
the reflected resonant emitter sub-beam can be considered as the beam quality
deterioration factor ∆bd due to the beam distortion in the far field. The quantitative analysis of the far-field intensity distribution for a slit width of bs = 400 µm
yields a value of ∆bd = 1.54 by calculating the width of the far-field beam profile
for a power content of 95 %. For even smaller slit widths, which correspond to
a larger inhomogeneity of the spacer thickness, the beam quality deterioration
factor increases. The calculation yields ∆bd = 2.45 (bs = 200 µm) and ∆bd = 4.39
(bs = 100 µm) for the other presented data in Fig. 3.40b. The total beam quality deterioration factor, which accounts for both the beam distortion in the near
and far field, is given by the product of the calculated values in the respective
case. In conjunction with the calculated factor for the beam distortion in the near
field, a total factor of ∆bd = 1.66 follows for a slit width of bs = 400 µm. This
result is in good agreement with the experimentally deduced value of ∆bd = 1.7
resulting from the measurement presented in Fig. 3.39a. In conclusion, the experimentally observed beam quality deterioration of an individual resonant emitter
sub-beam could be reproduced by the calculations of the near- and far-field intensity distributions. The simulation results prove that the mentioned effects of
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beam distortion are the reason for a FA-BPP of an individual emitter sub-beam
behind the combiner grating beyond the limit which is determined by the beam
quality deterioration due to the residual spectral emitter linewidth.
3.3.5.2. Dispersion mismatch
As previously explained, an exact dispersion-matching between the TFF and the
combiner grating is needed for sufficient beam quality preservation of the combined beam in case of large stabilized spectral bandwidths. In the following,
the beam quality deterioration factor due to the dispersion-mismatch is numerically calculated in order to quantify the considerations which have been made
in section 3.3.2. For this purpose, two different experimental configurations are
investigated and compared, which significantly differ in the stabilized spectral
bandwidth. The first configuration corresponds to the case of individual-bar experiments using the external cavity architecture of Fig. 3.22. The second configuration corresponds to the case of spectral beam combining a laser diode module
consisting of a horizontal stack of ten laser diode bars which is used to realize a
high-brightness direct diode laser (see Chapter 4). In order to quantify the beam
quality deterioration in the beam-combining FA due to the dispersion mismatch
between the TFF and the combiner grating, the far-field intensity distribution JCB
of the combined beam has to be calculated, which is given by the sum of the normalized Gaussian intensity distributions Ji = exp[−2(θ/θG,F A )2 ] of the diffracted
emitter sub-beams:
X
JCB (θ; 2θCB ) =
Ji (θ − ∆θi ; 2θG,F A ) .
(3.47)
i

Each emitter sub-beam has an angle offset ∆θi according to Eq. (3.36) and a
far-field divergence of:
fF AC
· ∆linewidth .
2θG,F A = 2θF A,em ·
f ·M
|
{z T L }
=: 2θG,F A,em

(3.48)

In Eq. (3.48), the FA beam divergence of the uncollimated diode bar emitter is
denoted by 2θF A,em and 2θG,F A,em represents the far-field beam divergence of an
individual monochromatic (δλ = 0) emitter sub-beam in the beam-combining
axis behind the grating. The factor ∆linewidth [see Eq. (3.19)] accounts for the
broadening of the far-field divergence of an individual emitter sub-beam due to
the residual spectral linewidth of the wavelength-stabilized emitters which has
been discussed in section 3.2.3.1. The ratio of the 4σ-width 2θCB of the far-
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field intensity distribution JCB to the beam divergence 2θG,F A of an individual
emitter sub-beam is a measure for the deterioration factor ∆dm of the BPP in the
beam-combining axis:
∆dm =

θCB
.
θG,F A

(3.49)
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The width 2θCB has to be numerically deduced by means of Eq. (3.47), whereas
the beam divergence θG,F A can directly be calculated from Eq. (3.48). The calculation of the beam quality deterioration factor yields ∆dm = 1.02 in case of
beam combining of an individual laser diode bar using the experimental beam
parameters which have been presented in section 3.3.3 for bar A (∆λ = 3.4 nm;
δλ = 124 pm (4σ); λc = 963 nm). The calculation has been carried out using a magnification M = 1.94 of the dispersion-matching telescope according to
the used experimental setup. The factor only slightly increases to ∆dm = 1.07
(M = 2) and ∆dm = 1.24 (M = 1.9) if the magnification differs from the theoretical optimal value. A further impact on the beam quality deterioration factor
is expected if the AOI of the central emitter sub-beam at the combiner grating differs from the Littrow-angle βL (λc ) at the corresponding stabilized central
wavelength. Figure 3.41 shows the measured FA-BPP of the combined beam of
bar A behind the combiner grating as a function of the grating AOI at a diode
current of 20 A. The measured data are normalized with reference to the minimal

5 4

G r a tin g A O I (° )

Fig. 3.41: Left axis, measured FA-BPP of the combined output beam of bar A behind
the combiner grating vs. grating AOI. Right axis, experimentally deduced and
calculated beam quality deterioration factor ∆dm vs. grating AOI.
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value and used for a comparison with the calculated beam quality deterioration
factor ∆dm . One can see, that the experimentally deduced values are in good
agreement with theory. The presented data in Fig. 3.41 show a parabolic increase
of the beam quality deterioration factor ∆dm with increasing deviation of the grating AOI from the Littrow condition. Within an angular range of ±1° around the
grating AOI for which the minimal value ∆dm = 1.02 is achieved, the beam quality
deterioration factor is ∆dm ≤ 1.1. The grating AOI in the minimum is shifted by
about 0.6° compared to the Littrow angle βL (λc = 963 nm). This observation is
related to the changed stabilized central wavelength of the investigated diode bar,
which differs from the design wavelength λc = 955 nm of the grating combiner for
which the dispersion ratio of the TFF to the combiner grating exactly matches
the magnification M = 1.94 of the dispersion-matching telescope. In conclusion,
the calculations prove that, as expected, the beam quality deterioration due to
the dispersion mismatch is negligible in case of small stabilized spectral bandwidths (∆λ < 5 nm). A different situation takes place for large stabilized spectral
bandwidths, as they occur in case of beam combining an arrangement of multiple
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Fig. 3.42: Calculated far-field intensity distribution JCB of the combined beam of laser
diode module 1b (key parameters see Table 4.2) for two different magnifications M
of the dispersion-matching telescope.
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wavelength-stabilized laser diode bars. The theoretical stabilized spectral bandwidth of the laser diode module (module 1b in section 4.1), which was used for
the high-power experiments, amounts to ∆λ = 42.9 nm at a central wavelength
of λc = 955 nm (see Table 4.2). The laser diode module consists of a horizontal
stack of ten diode bars (bar C in Table 2.1) of which each bar is equipped with
a 300-µm FAC and a commercial BTS. The transform optics in the external
cavity provides an effective transform focal length of fT L,ef f = 565 mm. In the
following, this configuration is exemplary used for the calculation and investigation of the beam quality deterioration factor in case of large stabilized spectral
bandwidths. The calculations are later used for a comparison with the experimental results in section 4.3. Figure 3.42 shows the calculated far-field intensity
distribution JCB of the combined beam for two different magnifications M of
the dispersion-matching telescope. As a comparison, the far-field intensity distribution for perfect matching (∆θi = 0) is plotted. Furthermore, the far-field
intensity distributions of the ten individual bars of the module are shown. As
input parameter for the residual stabilized emitter linewidth, the experimentally
observed value of δλ = 129 pm (4σ) at a diode current of 40 A is used. In case
of good matching (M = 1.94), the widths of both distributions are comparable
(2θCB ∼
= 2θG,F A ). If the magnification is exemplary changed to M = 2, the simulation shows a significant far-field broadening (2θCB  θG,F A ). One can see
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Fig. 3.43: Simulation of the beam quality deterioration factor ∆dm as a function of the
magnification M of the dispersion-matching telescope for different groove spacings Λ
of the combiner grating. The experimental configuration and simulation parameters correspond to the setup and transform optics of laser diode module 1b (key
parameters see Table 4.2).
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from Fig. 3.42 that the widths of the far-field intensity distributions of the individual bars are not significantly affected by the changed magnification due to
the one order of magnitude smaller stabilized spectral interval. The simulations
yield a deterioration factor of ∆dm = 1.2 for the ideal magnification (M = 1.94).
For M = 2 the factor is significantly higher (∆dm = 7.6). Furthermore, the dependency of the factor ∆dm on the magnification M of the telescope for different
groove spacings Λ of the combiner grating has been simulated. The simulation
result presented in Fig. 3.43, shows that the system sensibly reacts on both parameters demanding for a precisely adjusted magnification of the telescope and a
stable performance of the grating at high power levels for sufficient beam quality
preservation.
3.3.5.3. Conclusion
The presented results in this section demonstrate that beam quality deterioration
in dense wavelength beam-combined BAL diode bars, using the described novel
TFF approach for DWBC, can be related to the discussed four main mechanisms
in case of beam combining in the fundamental-mode FA beam dimension by use
of a micro-optical BTS. As in case of the transmission grating based external cavity, the residual spectral linewidth of the stabilized emitters constitutes a lower
limit to the beam√ quality in the beam-combining axis with a deterioration factor ∆linewidth ≤ 2 compared to the diffraction-limited value (M 2 = 1) of an
individual free-running emitter (BP PF A,em ≈ 0.31 mm × mrad at λ = 960 nm).
The corresponding results of section 3.2.3.1 can directly be transfered. The same
applies to the beam quality deterioration factor due to diode bar smile (see section 3.2.3.2). Assuming an ideal imaging of the dispersion-matching telescope,
the demonstrated result of ∆smile ≈ 1.2 for low-smile (≈1 µm) diode bars is also
valid in case of the TFF approach. The experimentally deduced deterioration factor ∆bd = 1.7 due to the beam distortion, which is induced by the spectral filtering
of the TFF, could theoretically be reproduced by the calculation of the near- and
far-field intensity distributions of a resonant emitter sub-beam. The discussed
effects of beam distortion are the reason for a FA-BPP of an individual emitter
sub-beam behind the combiner grating beyond the limit which is determined by
the beam quality deterioration due to the residual spectral emitter linewidth. The
beam quality deterioration due to the dispersion mismatch is negligible (∆dm → 1)
in case of small stabilized spectral bandwidths (∆λ < 5 nm) using a telescope with
appropriate magnification for linear dispersion matching. For larger bandwidths,
the deterioration factor sensibly reacts on a deviation of the magnification from
the ideal value. In summary, the overall deterioration factor amounts to ∆ ≈ 2.9
which sets up a minimal value of ∆ · BP PF A,em ≈ 0.9 mm × mrad (M 2 ≈ 2.9) for
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the resulting BPP in the beam-combining axis. Here, a residual spectral emitter linewidth in the range of the coupling bandwidth of the external cavity is
assumed, as it has been observed in the experiment. Furthermore a sufficiently
small stabilized spectral bandwidth has been assumed, where the dispersion mismatch can be neglected. Deviations from the minimal value with increasing diode
current can again be related to an incomplete beam rotation of the micro-optical
BTS and thermally induced beam pointing errors of the emitter sub-beams in the
beam-combining axis. For the discussed experimental parameters of laser diode
module Ib with increased stabilized spectral bandwidth (∆λ = 42.9 nm), the calculated beam quality deterioration due to the dispersion mismatch is ∆dm = 1.2
assuming an ideal telescope magnification (M = 1.94). Consequently, the resulting overall deterioration factor is in theory 20 % larger and amounts to ∆ ≈ 3.5,
subject to the condition that the deployed diode bars exhibit low smile values
(≈1 µm) for which ∆smile ≈ 1.2 can be assumed.

4

High-Brightness Direct Diode
Lasers
This chapter deals with applying the concepts introduced before to multiple laser
diode bars in one cavity in order to demonstrate their capabilities and restrictions
in power scaling. The setup of the deployed laser diode modules, the transform
optics designs and the epitaxial diode bar placement are explained in section 4.1.
In the sections 4.2 and 4.3, the experimental results of the high-brightness kWclass direct diode lasers using the corresponding DWBC approach are presented.

4.1. Laser diode modules
4.1.1. Setup and transform optics design
Two different laser diode module architectures were used to a realize a kW-class
direct diode laser based on the DWBC approaches which were presented in Chapter 3. Generally, the architectures differ in the form of the transform optics which
are used to image the emitter sub-beams of the diode bars onto the dispersive
optical element inside the external resonator. The schematic setup of the two
laser diode modules is shown in Fig. 4.1. Both modules consist of a horizontal
stack of ten BAL diode bars which are mounted on a shared Cu heat sink. The
diode bars are connected in series between the contacts of the current supply
via Cu contact bridges. In order to provide a free-running optical output power
of around 1.5 kW, the actively cooled diode bars (bar C in Table 2.1), which
were presented in Chapter 2, are used as laser source. Each diode bar exhibits
a 300-µm FAC and a BTS which enables FA-DWBC along the direction of the
horizontally stacked diode bars. In case of module I, which is depicted in Fig 4.1a,
the equidistant horizontal pitch between two adjacent diode bars on the heat sink
is 21 mm. Subsequent to the BTS, a cylindrical SAC with 40-mm focal length
collimates the emitter sub-beams of each diode bar in SA. The collimated output
beams of the diode bars are directed towards the front of the module by HRs to
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Fig. 4.1: Schematic setup and transform optics design of the laser diode modules for
FA-DWBC of ten BAL diode bars. (a) Module I and (b) module II.

create an ensemble of coaxially propagating sub-beams. The architecture ensures
a maximized spatial FF at the front of the module for a high spectral denseness
and equal propagation distances of the emitter sub-beams of the diode bars with
respect to each other. The pitch between the output beams of two adjacent diode
bars of the module at the front is 12 mm which results in a horizontal spread of the
emitter beam ensemble of 116.8 mm along the FA direction. In order to telecentrically image the far field of the coaxially propagating beam ensemble of the module
upon the dispersive element of the external resonator, a transform optics design
is used which consists of two cylindrical transform lenses with focal lengths fT L1
and fT L2 . The advantage of using a combination of two cylindrical lenses instead
of a single transform lens to create the angular spectrum upon the dispersive
element is the reduction and compensation of spherical aberrations, since the refraction of the input beams is distributed over several optical interfaces. Due
to the large horizontal spread of the output beams of the laser diode module,
a single cylindrical transform lens would induce significant spherical aberrations
into the optical imaging system even at large transform focal lengths. Hence, the
presented multiple-lens transform optics architecture is a cost-effective alternative
to more expensive acylindrical transform lens designs. Based on a ABCD matrix
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analysis of the optical system (see appendix D), using a paraxial approximation
and assuming ideal lenses, the resulting effective transform focal length fT L,ef f of
the two-lens transform optics configuration is given by
fT L,ef f =

fT L1 · fT L2
,
fT L1 + fT L2 − d2

(4.1)

where d2 is the distance between the two transform lenses. In order to provide a
telecentrical imaging, the distance d1 of transform lens 1 to the front facet of the
diode bar and the distance d3 of transform lens 2 to the dispersive optical element
have to fulfill the following expressions:




d2
d2
and
d3 = fT L,ef f 1 −
.
(4.2)
d1 = fT L,ef f 1 −
fT L2
fT L1
The two different transform optics configurations which are used in case of module I are listed in Table 4.1. As one can see from the presented parameters, the
total distance of the dispersive optical element from the front facet of the diode
bar is significantly smaller compared to a telecentrical imaging using a single
transform lens in 2f -configuration with the same effective focal length. Hence,
Tab. 4.1: Transform optics configurations of the laser diode modules.
Module
Parameter

Ia

Ib

II

fT L1 (mm)

1250

1100

1100

fT L2 (mm)

1350

1100

1100

d1 (mm)

280

535

40

d2 (mm)

989

58

1059

d3 (mm)

219

535

40

fT L,ef f (mm)

1048

565

1060

another advantage of the two-lens transform optics architecture is the reduced optical assembly space which allows for shorter external resonator lengths and more
compact setups. The setup and the transform optics design of module II, which is
shown in Fig. 4.1b, differ from the architecture of module I in two points. First,
the beam angle of the diode bars is 47° with respect to the direction of the horizontal diode bar stack and exhibits no equidistant horizontal pitch. Second, transform
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lens 1 is split into ten individual cylindrical lenses which are placed in front of
every diode bar itself to further decrease the impact of spherical aberrations on
the optical imaging system. Actually, transform lens 1 is a cross-cylindrical lens
which simultaneously acts as transform lens in FA and SAC in SA. The HRs are
used to direct the output beams towards the front of the module and, in conjunction with transform lens 2, to overlap the emitter sub-beams of every diode bar
upon the dispersive optical element. Due to the non-equidistant horizontal diode
bar pitch and the requirement of equal propagation distances of the emitter subbeams of the diode bars with respect to each other, the angular spectrum of the
emitter sub-beams at the location of the dispersive optical element is asymmetrical and not equally distributed with reference to the optical axis of the external
resonator. The specific transform optics configuration for module II can be found
in Table 4.1.

4.1.2. Epitaxial diode bar placement
The architecture of the laser diode modules and the effective transform focal
length of the corresponding transform optics configuration are selected such that
the resulting stabilized spectral interval at a central wavelength λc = 955 nm is
smaller than ∆λ = 50 nm. Table 4.2 shows the calculated stabilized spectral intervals ∆λ of the wavelength stabilized laser diode modules for the corresponding
DWBC approach according to the Eqs. (3.12) and (3.34). Furthermore, the re∗
∗
sulting projected beam diameters (2ωG,F
A ; 2ωT F F,F A ) of the overlapping emitters
upon the dispersive optical element along the FA beam direction are listed which
gives a rough estimate for the horizontal dimension of the optical component.
The epitaxial diode bar placement plays an important role for the performance
of the wavelength beam-combined laser diode module. The placement affects the
combined output power, the e-o conversion efficiency and the current-dependent
locking performance. For the epitaxial diode bar placement of the laser diode
modules, five different epitaxial chip designs are used. The free-running central
operation wavelengths are centered around a design wavelength of 938 nm, 946 nm,
954 nm, 962 nm and 970 nm at a diode current of 160 A, respectively. In order
to realize a stable locking performance of the diode bars over the whole diode
operation current range, the spectral distance between the central wavelength of
free-running diode bar output and the wavelength of the spectral channels of the
outer emitters of the stabilized diode bar has to be smaller than the spectral
locking range of the diode bar emitters at every diode current value to ensure a
sufficient overlap with the modal gain spectrum of the active laser medium. As
discussed in section 2.2.2, the AR coating of the front facet allows for a spectral
locking range of the diode bar emitters of more than 30 nm at an optical feed-
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Tab. 4.2: Calculated stabilized spectral intervals ∆λ and projected beam diameters
∗
∗
upon the dispersive optical element (2ωG,F
A ; 2ωT F F,F A ) of the wavelength stabilized
laser diode modules for the transmission grating and TFF approach for DWBC at a
central wavelength λc = 955 nm of the stabilized spectrum.
Module
Parameter
fT L,ef f (mm)
2ωG,F A , 2ωT F F,F A (mm)

Ia

Ib

II

1048

565

1060

6.1

3.3

6.2

∆x (mm)
∆α, ∆Θ (mrad)

116.8

×

111.3

206.0

117.7

9.4

×

9.5

44.9

×

47.5

Grating

∗
2ωG,F
A (mm)

(λc = 955 nm)

∆λ (nm)

TFF

2ωT∗ F F,F A (mm)

×

4.2

8.0

(λc = 955 nm)

∆λ (nm)

×

42.9

24.5

back ratio of 10 %. Within the locking range, the power drop of the stabilized
emitter is measured to be smaller than 10 % and a stable locking performance is
expected. This is the reason why the discussed criterion is reasonable to optimize
the locking performance of the diode bar array. The maximal WBC efficiency
is expected at the current value, where the sum of the wavelength deviation of
all bars is lowest. In the ideal case, this current value is in between the current
region of the desired operating point of the laser diode module which ensures a
maximal e-o conversion efficiency. As an example, Fig. 4.2 shows the epitaxial
diode bar placement of laser diode module Ib using the TFF approach for DWBC
and module II employing DWBC based on the transmission grating approach,
as they were used in the experiment. In case of module Ib (see Fig. 4.2a), two
bar slots of the module, respectively, are assembled with diode bars exhibiting
identical epitaxial designs. The identical epitaxial diode bar placement is used in
case of module Ia for the experiments based on the transmission grating approach
for DWBC, since the stabilized spectral intervals are comparable. In both cases,
the maximal WBC efficiency is expected at a diode current of 190 A, where the
calculated wavelength deviations are lowest. Due to the asymmetrical spectral
distribution of the stabilized diode bars and the larger stabilized spectral interval,
the epitaxial diode bar placement of module II differs from the configuration of
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Fig. 4.2: Epitaxial diode bar placement of the wavelength-stabilized laser diode modules.
Diode current vs. measured central wavelength of the free-running diode bar output
for (a) module Ib using the TFF approach for DWBC and (b) module II employing
DWBC based on the transmission grating approach. As a comparison, the calculated
spectral channels of the central emitter (dotted lines) and the outer emitters (dashed
lines) of the corresponding stabilized diode bar of the laser diode module are shown.
The used color scheme complies with the design wavelength of the corresponding
epitaxial chip design.

module I. The three diode bars exhibiting the largest wavelength are assembled
with bars from the 970-nm epitaxial design, whereas only one diode bar of the
946-nm design is used (see Fig. 4.2b). The presented epitaxial diode bar placement provides a calculated maximal WBC efficiency at a diode current of 138 A.
In case of the DWBC experiments with module II using the TFF approach, the
significant smaller stabilized spectral interval enables to reduce the amount of re-
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quired different epitaxial chip designs. In particular, five diode bars of the 954-nm
and the 962-nm epitaxial design, respectively, are used.

4.2. Transmission grating approach
4.2.1. Module Ia
The first high-power experiments, based on the transmission grating approach for
DWBC, were performed using laser diode module Ia. The module is assembled
with ten actively cooled BAL diode bars (bar C), which exhibit an emitter design
with an insulating dielectric layer as current aperture, according to the epitaxial
placement presented in Fig. 4.2. The schematic setup of the external laser cavity
is shown in Fig. 4.3. In the beam-combining FA dimension, the transform optics
design provides an effective focal length of fT L,ef f = 1048 mm (see Table 4.1).
The telescope for cross-talk suppression consists of two cylindrical lenses with focal lengths fX1 = 300 mm and fX2 = 30 mm, thus providing a magnification of 10.
The telescope is placed in a non-telecentrical configuration. The distance of the
f TL1

fSA1

f TL2
HWP

2fFAC + fSA1

Grating

z1
fSAC

fX1

fSA2

z2

fSA2

fX2

z3
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Fig. 4.3: Schematic setup of the external laser cavity based on laser diode module Ia.
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first lens of the telescope from the grating is z1 = 50 mm. The distance between
the two lenses is given by z2 = fX1 + fX2 = 350 mm and the distance from second
lens to the OC is z3 = 400 mm. In order to image the beam waist of the emitter
sub-beams in SA onto the OC, subsequent to the SAC lens of the laser diode module, two additional cylindrical lenses with focal lengths fSA1 = fSA2 = 500 mm
are used. All emitter sub-beams share a zero-order HWP which is placed in front
of the transmission grating. The OC has a reflectivity in the range of 5.3 % to
5.7 % within the relevant spectral interval of the external cavity (see Fig. 4.4).
As in case of the individual-bar experiments, the combined output beam is sent
6 .0
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Fig. 4.4: Spectral photometric measurement of the wavelength-dependent reflectivity of
the deployed OC.

to a variety of diagnostics including a PM, an integrating sphere whose output is
fiber-coupled to a high-resolution spectrometer (HighFinesse HDSA; 40-pm spectral resolution at λ = 960 nm) and a camera based automatic laser beam profiler
(Ophir Photonics; M2 -200s) for beam quality measurements.
Figure 4.5 shows the spectrum of the combined output beam of the external cavity
at a diode current of 60 A. The 230 emitters of the laser diode module are stabilized within a spectral bandwidth of ∆λ = 41.5 nm around a central wavelength
of λc = 953.3 nm. The measured data deviate from the theoretically deduced
spectral interval (see Table 4.2) by 3.4 nm, since the grating is operated off the
initial Littrow configuration with reference to the optical axis. As explained in
section 3.2.1, this results in a shifted central wavelength of the stabilized spectrum
and a compressed stabilized spectral interval. Figure 4.6 shows the measured
stabilized wavelength of the central emitter of the diode bar as function of the
bar number. As a comparison, the calculated stabilized wavelengths for a grating
operation in Littrow configuration for a central wavelength of 955 nm is plotted.
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Fig. 4.5: Spectrum of the combined output beam of the external grating cavity at a
diode current of 60 A. The lower part shows an extract of the spectrum to provide a
higher resolution of the spectral lines of the individually wavelength-locked emitters.
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The measured data are in good agreement with the theoretical expected curve
for a grating AOI which differs by 3.7° from the Littrow angle. As a consequence
of the larger grating AOI, the stabilized spectral interval is smaller than for a
grating which is operated in Littrow configuration. The spectral channel spacing
of adjacent emitters is ∆λem = 145 pm which can be seen in the extract of the
stabilized spectrum in Fig. 4.5. The spectral linewidth of the stabilized emitters
is δλ = 60 pm (FWHM). The spectrum shows a high modulation depth and the
spectral lines of the individually wavelength-stabilized emitters are completely
resolved, which implies that emitter cross-talk is mostly suppressed. However,
partially residual upcoming cross-talk wavelengths are visible in the spectrum,
e.g. for diode bar 4 and diode bar 9, which are indicated by a reduced modulation depths of the spectral emitter lines of the corresponding stabilized diode
bar. Furthermore, some diode bars show initial emitter failures which are not
caused by the wavelength stabilization in the external cavity. The stabilized
spectrum further indicates that predominantly the long-wave diode bars have a
lower intensity compared with the short-wave diode bars and additionally show an
asymmetrical shape in the stabilized spectrum. Both observations are the result
of the epitaxial diode bar placement. As can be seen from Fig. 4.2, at low diode
currents, the stabilized spectral channels of the long-wave diode bars are significantly further shifted from the central wavelength of the free-running diode bar
output which results in a reduced modal gain overlap. At higher diode currents,
the overlap with the modal gain spectrum is higher due to the thermal wavelength
shift of the free-running central wavelength and the locking performance of the
long-wave diode bars is significantly improved. Figure 4.7 shows the spectrum
of the combined output beam of the external cavity at a diode current of 180 A.
The extract in the lower part of Fig. 4.7 shows the spectrum of three bars of the
laser diode module at a diode current of 60 A and 180 A, respectively. Due to
the increasing residual spectral emitter linewidth with increasing diode current,
the modulation depth of the spectral lines is significantly reduced compared to
the spectrum at 60 A. With increasing diode current, a very low thermo-optically
induced wavelength shift of 60 pm can be observed in the stabilized spectrum.
The wavelength shift is in the range of the resolution of the spectrometer and can
be estimated to be in the order of 0.1 pm/W with reference to the combined output power of the laser diode module. Due to material absorption of the incident
laser power in the substrate, the transmission grating heats to a peak temperature
of the radial temperature distribution of more than 65 ◦C at high power levels.
Figure 4.8 shows a thermographic camera image of the temperature distribution
upon the transmission grating at a diode current of 140 A, which corresponds to
an incident laser power of the free-running laser diode module of 1.17 kW. Due
to thermal radiation emitted from the beam blocks which block the reflected and
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Fig. 4.7: Spectrum of the combined output beam of the external grating cavity at a
diode current of 180 A. The extract in the lower part shows the spectrum of three
bars of the laser diode module at a diode current of 60 A and 180 A, respectively.
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Fig. 4.8: Thermographic camera image of the temperature distribution upon the transmission grating at a diode current of 140 A, which corresponds to an incident freerunning laser power of 1.17 kW.
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transmitted light at the grating, the radial temperature profile upon the grating is disturbed and not completely resolved in the thermographic camera image.
According to Eq. (3.7), the observed spectral shift can be induced by a change
of the grating groove spacing or a changed AOI of the emitter sub-beams upon
the grating. Since the CTE of fused silica glasses is in the order of 10−6 /K [137],
the impact of the heating of the grating on the change of the groove spacing due
to thermal expansion is comparatively low (≈0.002 %). A greater impact on the
wavelength shift is expected from a changed AOI of the emitter sub-beams upon
the grating. A changed beam angle in FA with increasing diode current can be
the result of thermally induced beam pointing errors of the emitter sub-beams
due to a heating of the FAC, as discussed in section 3.2.3.2.
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Figure 4.9a shows the output power characteristics and the related e-o conversion
efficiencies of the free-running laser diode module and the combined output beam
as a function of diode current. At a diode current of 180 A, the combined output
power is 1.19 kW with a corresponding e-o conversion efficiency of 41.3 %. The
WBC efficiency with respect to the free-running optical output power of the laser
diode module is depicted in Fig. 4.9b. Furthermore, the corresponding measured
overall relative power loss at the grating with respect to the free-running optical
output power is shown. The free-running optical output power of the laser diode
module is measured behind transform lens 2. The relative power loss in the op-
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Fig. 4.9: (a) Left axis, optical output power vs. diode current for the free-running
laser diode module and the combined output beam. Right axis, corresponding e-o
conversion efficiencies vs. diode current. (b) Left axis, WBC efficiency vs. diode
current. Right axis, relative power losses at the transmission grating with reference
to the free-running optical output power vs. diode current.
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tics of the laser module and the transform optics with reference to the aggregated
free-running optical output power of the individual laser diode bars are in the
order of 4 % at a diode current of 180 A and consequently not incorporated in the
following considerations. The WBC efficiency is 80 % at a diode current of 180 A.
At low currents the WBC efficiency is significantly lower due to the discussed
decreased modal gain overlap of the long-wave diode bars. As a consequence, the
combined output power below 120 A shows a reduced slope efficiency compared to
the free-running laser diode module operation and a significantly reduced e-o conversion efficiency. The measured overall relative power loss in the three discussed
loss channels at the grating is about 13 %. In a good approximation, the grating
losses stay constant with diode current variation but are significantly higher compared to the presented results in case of the individual-bar experiment for bar A
(see Fig. 3.10b). The higher grating losses can be related to the lower DOP of the
deployed diode bars (bar C; insulating layer) and the increased stabilized spectral
interval, for which the transmission grating exhibits a lower average diffraction
efficiency into the -1st order (see Fig. 3.4). The remaining relative power loss with
reference to the free-running optical output power is most likely caused by material absorption and reflection losses at the optical interfaces of the non-high-power
optimized coatings and substrates of the optical components inside the external
resonator, the output coupling losses at the OC and furthermore by the spectral
cross-talk filtering, as discussed in section 3.2.3.3.
The BPP of the combined output beam as a function of diode current is depicted in Fig. 4.10a. The presented BPP values correspond to a power content of 95 %. The SA-BPP of the combined cavity output lies within a range
of 3.9 to 6.3 mm × mrad and shows a typical linear dependency on diode current.
Compared to the results of the individual-bar experiment for bar C presented in
Fig. 3.11b, the SA-BPP is about 1 mm × mrad larger at a diode current of 180 A.
This deviation can be explained by alignment tolerances of the beam pointing
angles in SA in the far field of the output beams of the diode bars compared
to each other. At a diode current of 60 A, the FA-BPP is about 0.9 mm × mrad.
The FA-BPP shows a linear dependency on diode current and increases to a value
of 1.7 mm × mrad at a diode current of 180 A. Consequently, the FA-BPP is deteriorated by a factor ∆ = 5.7 compared to the diffraction-limited (M 2 = 1)
BPP in FA of an individual free-running emitter (BP PF A,em ≈ 0.30 mm × mrad
at λ = 955 nm). Reasons for the dependency of the FA-BPP on diode current have
already been discussed in section 3.2.3 for DWBC of an individual diode bar and
can be related to the increasing residual spectral emitter linewidth, a potential
beam tilt at the location of the grating induced by the BTS and thermo-optically
induced beam pointing errors of the emitter sub-beams in FA. In case of DWBC
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Fig. 4.10: (a) FA- and SA-BPP of the combined cavity output vs. diode current.
(b) FA-BPP of the combined cavity output of the laser diode module and selected
individual bars at a diode current of 100 A and 180 A, respectively. (c) FA-BPP at
a diode current of 180 A and measured smile value of selected individual bars of the
laser diode module.

of multiple-bar arrangements, thermo-optical effects in the resonator optics are
expected to have an additional impact on the beam quality of the combined
cavity output, since the intra-cavity power is one order of magnitude higher. Figure 4.10b shows the FA-BPP of the combined cavity output of the laser diode
module and selected individual bars at a diode current of 100 A and 180 A, respectively. For the measurement of the individual bars, the output beams of nine
of the ten diode bars are blocked in front of the laser diode module. In this case,
only one individual bar is present inside the external cavity and the intra-cavity
power is correspondingly small. At both diode currents, the mean value of the
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presented data of the FA-BPP of the individual bars is in good agreement with
the measured FA-BPP of the combined cavity output of the complete laser diode
module. This implies that beam combination of the diode bar ensemble inside
the external cavity is successfully performed and the increase of the FA-BPP is
dominated by the increase of the FA-BPP of the individual diode bar. Hence, the
present data show no thermo-optical impacts on the beam quality, e.g. due to the
heating of the grating. In theory, one would expect a significantly lower FA-BPP
mean value of the individually operated diode bars compared to the FA-BPP
of the entire diode bar ensemble if thermo-optical effects are present, since the
thermal heat load on the optical components inside the resonator is by one order
of magnitude smaller for only an individual diode bar being present inside the
external cavity. A possible explanation for this discrepancy is the alignment of
the cross-talk filtering telescope which is optimized for maximal output power and
locking performance of the entire wavelength beam-combined diode laser module
at a diode current of 140 A. As discussed in section 3.2.3.3, in this configuration,
the FA-BPP of the individual bars is not necessarily at their minimal values due
to residual cross-talk. Due to this fact, the impact of thermo-optics on the beam
quality can not be monitored by the data presented in Fig. 4.10b. However, comparing the presented data with the beam quality results which have been achieved
in case of the individual-bar experiment for bar C (see Fig. 3.11a), the FA-BPP
deviates by a factor of 2 over the whole diode current range, although a higher
magnification of the cross-talk filtering telescope (fX1 /fX2 = 10) has been used
in the external cavity of module Ia. The higher FA-BPP of the combined output
beam can be related to thermo-optical effects in the transmission grating, as for
example thermo-optically induced wavefront front aberrations [138, 139], due to
the heating of the optical component. As expected from theory, the FA-BPP of
the individual bars of the laser diode module correlates to the measured smile
value. Figure 4.10c shows the measured FA-BPP at a diode current of 180 A and
the corresponding smile value of selected individual bars of the laser diode module. For low-smile (≈1 µm) bars, as for instance bar 7 and bar 8, the FA-BPP is
about 1.3 mm × mrad. Bars with larger smile values (≥1.5 µm), as for instance
bar 3 and bar 4, exhibit a FA-BPP in the range of 1.9 mm × mrad.

4.2.2. Module II
The schematic setup of the external laser cavity in case of laser diode module II is
shown in Fig. 4.11. As in case of laser diode module Ia, the module is assembled
with ten actively cooled BAL diode bars (bar C) which exhibit an emitter design
with an insulating dielectric layer as current aperture. The diode bars are assembled on the module according to the epitaxial placement presented in Fig. 4.2b.
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Fig. 4.11: Schematic setup of the external laser cavity based on laser diode module II.

Although different diode bars and a different epitaxial diode bar placement are
used for both laser diode modules, the diode bars exhibit similar characteristics
in terms of free-running output power, DOP and spectral locking range. In the
beam-combining FA, the transform optics design of the module provides an effective focal length of fT L,ef f = 1060 mm (see Table 4.1). The telescope for cross-talk
suppression consists of two cylindrical lenses with focal lengths fX1 = 200 mm
and fX2 = −35 mm. Thus, the telescope provides a magnification of about 5.7,
which is smaller than the magnification of 10 as in case of the external cavity of
laser diode module Ia. The telescope is placed in a non-telecentrical configuration.
The distance of the first lens of the telescope from the grating is z1 = 40 mm. The
distance between the two lenses is given by z2 = fX1 + fX2 = 165 mm and the
distance from second lens to the HR is z3 = z3a + z3b = 195 mm. The SA imaging
of the emitter sub-beams onto the HR is performed by a cylindrical lens telescope
with focal lengths fSA1 = 401 mm and fSA2 = −361 mm. The first lens of the
SA telescope is integrated into transform lens 2 which exhibits a cross-cylindrical
design. As in case of module Ia, all emitter sub-beams share a zero-order HWP
which is placed in front of the transform lens 2. For the output coupling of
the combined output beam, the polarization-dependent output coupling scheme,
which has been discussed in section 3.2.1, is used. The TFP is operated at an
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angle of 20° with reference to the optical axis in order to realize an AOI of 70°
of the combined beam. The rotation angle of the QWP and thus the optical
feedback strength is optimized such that a maximal output power and a stable
locking performance is achieved at diode current of 140 A.
Figure 4.12 shows the spectrum of the combined output beam of the external
grating cavity at a diode current of 180 A. The measured spectral interval of the
wavelength-stabilized laser diode module is ∆λ = 47.6 nm and therefore in good
agreement with the theoretically calculated value (see Table 4.2). The same applies to the position of the stabilized central wavelength of the diode bars which
are consistent with the calculated spectral channels presented in Fig. 4.2b. The
spectral channel spacing of adjacent emitters is ∆λem = 174 pm which can be
seen in the extract of the stabilized spectrum in the lower part of Fig. 4.12. The
spectral linewidth of the stabilized emitters is δλ = 65 pm (FWHM). The spectrum shows a high modulation depth and the spectral lines of the individually
wavelength-stabilized emitters are completely resolved, which implies that emit-
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Fig. 4.12: Spectrum of the combined output beam of the external grating cavity at a
diode current of 180 A. The lower part shows an extract of the spectrum to provide a
higher resolution of the spectral lines of the individually wavelength-locked emitters.
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ter cross-talk is mostly suppressed, although the magnification of the cross-talk
filtering telescope is smaller compared to laser diode module Ia.
Figure 4.13a shows the output power characteristics and the related e-o conversion efficiencies of the free-running laser diode module and the combined output
beam as a function of diode current. At a diode current of 180 A, the combined
output power is 1.32 kW with a corresponding e-o conversion efficiency of 46.4 %.
The WBC efficiency and the measured relative power losses at the grating and
the TFP with respect to the free-running optical output power of the laser diode
module are shown in Fig. 4.13b. The free-running optical output power of the
laser diode module is measured in front of the HWP. The relative power loss
in the optics of the laser module and the transform optics with reference to the
aggregated free-running optical output power of the individual laser diode bars
are about 5 % at a diode current of 180 A and therefore only insignificantly larger
than in case of laser diode module Ia. The WBC efficiency is larger than 80 %
over the whole diode current range and reaches a value of 89 % at a diode current
of 180 A. The maximum WBC efficiency of about 90 % is achieved at a diode
current of 140 A which is consistent with the theoretically predicted diode current value for a maximal WBC efficiency in the analysis of epitaxial diode bar
placement for laser diode module II in section 4.1.2. The measured relative power
loss at the grating is about 8 % at a diode current of 180 A. The grating losses
are 5 % lower than in case of module Ia which can not be explained by a higher
degree of TE polarization of the diode bars of the laser diode module, since the
average DOP of the diode bars of both modules does not significantly differ. The
average DOP of the diode bars of module Ia is 93.5 % and 94.3 % for the diode
bars of module II at a diode current of 160 A, respectively. An explanation for
the lower power losses at the grating is that the transmission grating is operated
in Littrow configuration with reference to the optical axis in case of module II,
which was not the case for laser diode module Ia. The relative power loss at the
TFP is approximately 3 % at a diode current of 180 A and shows only a minor
fluctuation, when the diode current is varied. This additional loss channel is related to the transmission of residual TM-polarized power fractions of the emitter
sub-beams at the first pass of the TFP. The BPP of the combined output beam as
a function of diode current is depicted in Fig. 4.13c. At a diode current of 180 A,
the FA-BPP amounts to 1.6 mm × mrad and is therefore in the same range as
in case of laser diode module Ia. Due to different smile values of the used laser
diode bars and deviating magnifications of the cross-talk filtering telescope, the
results of both module configurations are not directly comparable in terms of the
achieved FA-BPP. The SA-BPP of the combined cavity output is 4.7 mm × mrad
at a diode current of 180 A. This value is 1.6 mm × mrad (25 %) smaller than in
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Fig. 4.13: (a) Left axis, optical output power vs. diode current for the free-running
laser diode module and the combined output beam. Right axis, corresponding e-o
conversion efficiencies vs. diode current. (b) Left axis, WBC efficiency vs. diode
current. Right axis, relative power losses at the transmission grating and the TFP
with reference to the free-running optical output power vs. diode current. (c) FAand SA-BPP of the combined cavity output vs. diode current.

case of laser diode module Ia. Such a significant deviation of the SA-BPP is not
expected, since diode bars with the identical lateral emitter design are used for
the experiments which should yield a comparable beam quality in the SA direction. A potential explanation for the observed deviation is an optimized CCD
camera based alignment procedure which is used in case of laser diode module II.
The alignment setup allows for a more precise control of the beam positions and
beam pointing angles in SA in the near and far field of the output beams of the
diode bars compared to each other, which is crucial for a sufficient beam quality
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preservation in the non-beam-combining axis.
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A further improvement of the laser performance in terms of the combined output power and e-o conversion efficiency could be achieved by the replacement
of the diode bars of the module with an insulating dielectric layer as current
aperture by diode bars which exhibit an ion implantation for lateral emitter separation. As discussed in section 2.2, the diode bars with ion implantation provide
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Fig. 4.14: Comparison of the combined output beam parameters and the WBC performance for module II which is assembled with diode bars exhibiting an emitter design
with an insulating dielectric layer as current aperture or ion implantation. (a) Left
axis, optical output power vs. diode current for the combined output beam. Right
axis, corresponding e-o conversion efficiency vs. diode current. (b) WBC efficiency
vs. diode current. (c) FA- and SA-BPP of the combined cavity output vs. diode
current.
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a higher degree of TE polarization. The free-running output power of both diode
bar variants are comparable. Figure 4.14a shows a comparison of the achieved
combined output power and the corresponding e-o conversion efficiency for laser
diode module II assembled with both diode bar variants. At a diode current
of 180 A, the combined output power for the ion-implanted emitter design of the
diode bars is 1.38 kW. The corresponding e-o conversion efficiency is 48.4 %. The
combined output power is about 60 W (5 %) higher than for the diode bars which
exhibit an insulating dielectric layer as current aperture and the e-o conversion
efficiency is increased by about 2 %. The higher output power results in an increased WBC efficiency which can be seen from Fig. 4.14b. At a diode current
of 180 A, the WBC efficiency is 95 %. The observed improved performance of the
wavelength beam-combined laser diode module can be related to the increased
average degree of TE polarization of the diode bars which results in lower power
losses at the transmission grating and the TFP in the output coupling unit. The
average DOP of the output beams of the laser diode module amounts to 97.1 %
for the ion-implanted diode bars at 160 A which is 2.8 % higher than the value
measured for the diode bars exhibiting an insulating dielectric layer as current
aperture. For a further comparison, Fig. 4.14c shows the measured beam quality
of both laser diode module implementations. A minor improvement of the SABPP could be achieved using the diode bars with ion implantation. The SA-BPP
is 4.4 mm × mrad at a diode current of 180 A. This value is 0.3 mm × mrad (6 %)
smaller than in case of the diode bars with an insulating dielectric layer as current
aperture. In a good approximation, the presented data of the FA-BPP show a
similar course with diode current variation with a more or less constant offset
which is approximately 0.2 mm × mrad at a diode current of 140 A. The deviating FA-BPP can be related to dissimilar smile values of the used diode bars.
Consequently, the observed deviation is not a generic effect resulting from the
different diode bar implementations of the laser diode module.

4.2.3. Conclusion
A kW-class direct diode laser was successfully realized using both laser diode
module configurations based on the transmission grating approach for DWBC.
The achieved results at a diode operation current of 180 A in terms of combined
output power, e-o conversion efficiency and beam quality are listed and compared in Table 4.3. The listed values for module Ia correspond to the presented
data for output coupling via an OC with a reflectivity of about 5 %, whereas the
listed values for module II were achieved using the polarization-dependent output coupling unit which provides an optical feedback ratio between 3 % to 7 %
in the relevant spectral interval from 930 nm to 980 nm. Both modules are sta-
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Tab. 4.3: Comparison of the output beam characteristics of the wavelength beamcombined laser diode modules using the transmission grating approach for DWBC
at a diode current of 180 A.
Module
Parameter

Ia

II

Combined output power (kW)

1.19

1.38

e-o conversion efficiency ηeo (%)

41.3

48.4

FA-BPP or BP Px (mm × mrad)

1.7

1.5

SA-BPP or BP Py (mm × mrad)

6.3

4.4

Symmetrized BPP (mm × mrad)

3.3

2.6

1126

2119

BPP deterioration factor ∆

5.7

5.0

WBC efficiency ηW BC (%)

80

95

Optical feedback ratio (%)

5–6

3–7

Spatial brightness BCB (MW/cm2 /sr)

bilized at a central wavelength of about λc = 955 nm within a spectral interval
of ∆λ < 50 nm. A current-independent WBC efficiency and locking performance
of the module could be achieved by the proposed epitaxial diode bar placement
of the modules in conjunction with the spectral locking range of the used diode
bars at the corresponding optical feedback ratio. The thermo-optically induced
wavelength shift is extremely low (0.1 pm/W) and has a negligible influence on
the performance of the wavelength beam-combined laser diode module. A combined output power above the kW power level is achieved with an e-o conversion
efficiency of more than 40 %. In general, the combined output power is limited by the output power and the DOP of the wavelength-stabilized diode bar
emitters. The main loss channel in the external cavity are related to the losses
of depolarized power fractions at the transmission grating and the TFP in the
polarization-dependent output coupling scheme. The highest combined output
power of 1.38 kW with an e-o conversion efficiency of 48.4 % was achieved using
laser diode module II which was assembled with diode bars with ion-implanted
lateral emitter design. Due to the improved DOP compared to the diode bars
with an insulating dielectric layer as current aperture, which have been used in
case of module Ia, a maximal WBC efficiency of 95 % could be achieved. The FA-
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BPP of the combined cavity output is about 1.5 mm × mrad which corresponds
to a deterioration factor of ∆ = 5.0 compared to the diffraction-limited (M 2 = 1)
BPP in FA of an individual free-running emitter (BP PF A,em ≈ 0.30 mm × mrad
at λ = 955 nm). Besides the beam quality deterioration mechanisms which have
been discussed in terms of DWBC of individual diode bars in section 3.2.3, the resulting FA-BPP of the wavelength beam-combined laser diode module is affected
by thermo-optical effects in the transmission grating, as for example thermooptically induced wavefront front aberrations, which limit the minimal achievable
FA-BPP. An impact of the wavelength stabilization in the external cavity and the
thermo-optical effects in the transmission grating on the SA-BPP could not be
observed. Depending on the alignment procedure of the output beams of the laser
diode module in the non-beam-combining direction, a SA-BPP of the combined
cavity output could be achieved which is in a good approximation consistent with
the SA-BPP of an individual diode bar emitter. In conjunction with the achieved
FA-BPP, the overall symmetrized BPP of the combined cavity output amounts
to 3.3 mm × mrad for laser diode module Ia and 2.6 mm × mrad for module II.
The resulting spatial brightness of the combined beam equals to 1126 MW/cm2 /sr
resp. 2119 MW/cm2 /sr according to Eq. (1.1). The achieved beam quality of module II is sufficient for fiber coupling into commonly used beam delivery fibers for
high-brightness laser applications with a core diameter of 100 µm and a numerical aperture (NA) of 0.12 without significant power losses. Hereto, a BPP of
less than 6 mm × mrad in either beam dimension is required. Furthermore, the
achieved beam parameters allow for further spatial brightness scaling towards
the multi-kW power level by SBC and PBC, as proposed by the modular concept
shown in Fig. 1.3. The necessary key beam parameters of a 1-kW direct diode laser
module, which can serve as a building block for a potential 4-kW high-brightness
direct diode laser system, could be demonstrated using the transmission grating
approach for DWBC. The presented beam parameter values of Table 4.3 serve
as a benchmark for the experimental results which have been achieved using the
TFF approach for DWBC. The results of the wavelength beam-combined laser
diode modules in case of the TFF approach are presented in the following sections.

4.3. Thin-film filter approach
4.3.1. Module Ib
The first high-power experiments, based on the TFF approach for DWBC, were
performed using laser diode module Ib. The module is assembled with ten actively
cooled BAL diode bars (bar C), which exhibit an emitter design with an insulating
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dielectric layer as current aperture, according to the epitaxial placement presented
in Fig. 4.2. The diode bars are identical to the diode bars which were used for the
high-power experiments, based on the transmission grating approach for DWBC,
in case of laser diode module Ia. Hence, due to the identical diode bar placement
and similar stabilized spectral intervals, equivalent experimental conditions are
realized. Consequently, the achieved results of both DWBC approaches are directly comparable. The schematic setup of the external TFF multi-laser cavity
and the grating combiner are shown in Fig. 4.15. In the beam-combining FA,
the transform optics design provides an effective focal length of fT L,ef f = 565 mm
(see Table 4.1). In the feedback branch behind the TFF, a cylindrical lens with a
focal length of fF B = 200 mm is used for feedback re-imaging in FA. In order to
image the beam waist of the emitter sub-beams in SA onto the HR, subsequent
to the SAC lens of the laser diode module, two additional cylindrical lenses with
focal lengths fSA1 = 500 mm and fSA2 = 250 mm are used. As in case of laser
diode module Ia, all emitter sub-beams share a zero-order HWP which is placed
in front of the TFF. The dispersion-matching telescope consists of two cylindrical
lenses with a focal length of fC1 = 100 mm and fC2 = 194 mm which are placed

f TL1

fSA1 f TL2

fFB
Beam block
fSA2

TFF
2fFAC + fSA1

fFB
HR

f C1

HWP

fSA2

f C1
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fFB

fC1 + fC2

f C2

f C2

Grating

Fig. 4.15: Schematic setup of the external TFF multi-laser cavity and the grating
combiner based on laser diode module Ib.
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in 4f -configuration. Hence, the telescope provides an magnification of M = 1.94
which corresponds to the theoretical optimal value for minimal beam quality deterioration at a stabilized central wavelength of λc = 955 nm, which was deduced
in section 3.3.2.
Figure 4.16 shows the spectrum of the output beams out of the TFF multilaser cavity at a diode current of 40 A. The spectrum was measured using
a high-resolution spectrometer (HighFinesse HDSA; 40-pm spectral resolution
at λ = 960 nm). The 230 emitters of the laser diode module are stabilized
within a spectral bandwidth of ∆λ = 42.3 nm around a central wavelength
of λc = 954.5 nm. This value is in good agreement with the theoretically calculated value (see Table 4.2). The spectral channel spacing of adjacent emitters
is ∆λem = 153 pm. Each emitter is stabilized at a unique wavelength. The spectrum shows a high modulation depth and the spectral lines of the individually
wavelength-stabilized emitters are completely resolved in the spectrum without
any appearance of spectral emitter cross-talk. The spectral linewidth of the stabi-
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Fig. 4.16: Spectrum of the output beams out of the TFF multi-laser cavity at a diode
current of 40 A. The lower part shows an extract of the spectrum to provide a higher
resolution of the spectral lines of the individually wavelength-locked emitters.

136

4. High-Brightness Direct Diode Lasers
1 .0

N o r m a liz e d in te n s ity

0 .5

0 .0
9 3 0

9 3 5

9 4 0

9 4 5

9 5 0

0 .5 0

9 5 5

9 6 0

9 6 5

9 7 0

5 5 0 p m

9 7 5
4 0 A
1 8 0 A

0 .2 5

0 .0 0
9 6 3

9 6 4

9 6 5

9 6 6

9 6 7

9 6 8

9 6 9

9 7 0

9 7 1

9 7 2

9 7 3

9 7 4

9 7 5

9 7 6

W a v e le n g th (n m )

Fig. 4.17: Spectrum of the output beams out of the TFF multi-laser cavity at a diode
current of 180 A. The extract in the lower part shows the spectrum of three bars of
the laser diode module at a diode current of 40 A and 180 A, respectively.

lized emitters is δλ = 76 pm (FWHM). With increasing diode current a thermooptically induced wavelength shift can be observed in the stabilized spectrum.
Figure 4.17 shows the spectrum of the output beams out of the TFF multi-laser
cavity at a diode current of 180 A. The extract in the lower part of Fig. 4.17
shows the spectrum of three bars of the laser diode module at a diode current
of 40 A and 180 A, respectively. The absolute wavelength shift is about 550 pm
corresponding to a relative shift of 0.6 pm/W with reference to the combined output power of the laser diode module. The reason for this observation is a heating
of the TFF to a peak temperature of 53 ◦C at high power levels, due to the residual absorption of the incident laser power by the substrate of the filter. The
heating of the TFF leads to thermal expansion of the spacer layer and a thermooptically induced change of the effective refractive index of the filter which results
in a shift of the resonant wavelengths to higher values according to Eq. (3.28).
Figure 4.18a shows a measurement of the central wavelength of the stabilized
spectrum and the thermographically measured peak temperature of the TFF as
a function of diode current. Both quantities show a linear dependency on diode
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current which shows that the observed wavelength shift is clearly correlated to
the temperature increase of the TFF. Figure 4.18b shows the correlation between
the central wavelength of the stabilized spectrum and the peak temperature of
the TFF. Furthermore, the theoretically expected temperature dependence of
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Fig. 4.18: Wavelength shift of the stabilized spectrum of the TFF multi-laser cavity.
(a) Central wavelength λc of the stabilized spectrum and thermographically measured peak temperature of the TFF vs. diode current. (b) Measured and calculated
correlation between the central wavelength λc of the stabilized spectrum and the
peak temperature of the TFF.

Tab. 4.4: Material parameter values of the layer materials of the TFF at room temperature used for the calculation of the thermo-optically induced wavelength shift of
the stabilized spectrum [137, 140–142].
Material
Parameter

SiO2

Ta2 O5

CTE (10−6 /K)

0.54

3.6

1.29

12

dn/dT

(10−5 /K)

the stabilized central wavelength, based on the Eqs. (3.33) and (3.31), is plotted.
For the calculations both the temperature-dependent thermal expansion of the
low-index SiO2 spacer thickness dF P (T ) and the temperature-dependent increase
of the effective index of the filter nT F F,ef f (T ) are determined using the material
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parameter values of the layer materials of the TFF listed in Table 4.4. By use
of Eq. (3.33), the resulting wavelength shift can be deduced assuming a constant
angle between the surface normal of the filter and the optical axis. A good matching is achieved between the measured data and the theoretically deduced values.
Besides the discussed thermo-optically induced wavelength shift, the spectra in
Fig. 4.17 show a significant broadening of the stabilized emitter linewidth with
increasing diode current, which is accompanied by a reduced modulation depth of
the spectral emitter lines. The linewidth at 180 A is δλ = 119 pm (FWHM). This
effect is potentially related to higher order lateral modes of the radiated electric
field in SA with increasing emitter current, as explained in section 3.2.3.1.
Figure 4.19a shows the output power characteristics and the related e-o conversion efficiencies of the free-running laser diode module, the wavelength-stabilized
cavity output and the combined output beam as a function of diode current. At a
diode current of 180 A, the combined output power is 1.14 kW with a corresponding e-o conversion efficiency of 39.6 %. The maximal e-o conversion efficiency
of 41.8 % is reached at a diode current of 140 A, where the combined output
power is about 920 W. The WBC efficiency with respect to the free-running
optical output power of the laser diode module is depicted in Fig. 4.19b. Furthermore, the corresponding measured relative power losses at the location of
TFF, the dispersion-matching telescope and the combiner grating with reference
to the free-running optical output power are shown which represent the main loss
channels. The free-running optical output power of the laser diode module is
measured behind transform lens 2 and is consistent with the optical power measured in case of laser diode module Ia. This is the reason why the relative power
loss in the optics of the laser module and the transform optics are identical and
amount to 4 % at a diode current of 180 A. The WBC efficiency is 77 % at a
diode current of 180 A. The relative power loss of 10 % of the stabilized cavity
output compared to free-running laser diode module operation can be related to
the measured power ratio of about 8 % which is reflected out of the cavity towards
the beam block at the location of the TFF in the feedback branch. The measured
overall relative power loss at the grating is about 13 %. Furthermore, a relative
power loss of 2 % is caused by the dispersion-matching telescope. Compared to
the results which have been achieved in case laser diode module Ia using the transmission grating approach for DWBC (see Fig. 4.9), the combined output power
is 50 W (4 %) lower at a diode current of 180 A which results in a deviation of the
e-o conversion efficiency of both lasers of 1.7 %. A significantly (15 %) improved
WBC efficiency is achieved at low diode currents which can be explained by a
better locking performance of the diode bars of the laser diode module. Since the
epitaxial diode bar placement of both configurations is identical, a better locking
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Fig. 4.19: (a) Left axis, optical output power vs. diode current for the free-running
laser diode module, the wavelength-stabilized cavity output and the combined output
beam. Right axis, corresponding e-o conversion efficiencies vs. diode current. (b) Left
axis, WBC efficiency vs. diode current. Right axis, relative power losses at the TFF,
the dispersion-matching telescope and the combiner grating with reference to the
free-running optical output power vs. diode current.

performance can be the result of an increased locking range of the diode bars due
to a higher optical feedback ratio. Differing optical feedback conditions can furthermore explain the decreased combined output power and WBC efficiency at a
diode current of 180 A which have been achieved in case of laser diode module Ib.
As expected, the measured relative power losses at the grating are consistent for
both configurations at a diode current of 180 A, since identical diode bars with
identical DOP are used and no change of the DOP is expected due to the wavelength stabilization inside the external cavity [143].
In order to determine the wavelength-dependent optical feedback ratio inside the
external cavity during ongoing laser diode module operation, a measurement setup
is used which is shown in Fig. 4.20. The setup and measurement configuration
are identical to the setup presented in Fig. 3.28, which has been used for the
investigation of the optical feedback characteristics in case of individual-bar experiments in section 3.3.4. A beam block in front of the laser diode module is
used to block the output beams of nine of the ten diode bars in order to realize
individual-bar operation inside the external cavity. Again, Eq. (3.37) is applied to
deduce the optical feedback ratio from the measured optical powers of the PMs at
the three indicated measurement locations in conjunction with the known spectral transmission coefficient for TE polarization of the PRM. Figure 4.21a shows
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Fig. 4.20: Schematic setup for the measurement of the wavelength-dependent optical
feedback ratio provided by the TFF multi-laser cavity.

the deduced feedback ratio as a function of diode current for six individual bars
of the laser diode module. For the central bars (bar 5 and bar 6), the deduced
feedback ratio is in the range of 4 % to 5 % at a diode current of 120 A. In a
good approximation, the feedback ratio stays constant, when the diode current is
varied. The outer bars of the laser diode module show a different behavior. The
feedback ratio for bar 1 and bar 2, exhibiting a smaller stabilized wavelength, is
higher (6 % resp. 8 %) at low currents, but approaches the value of the central
bars at a diode current of 120 A. For bar 8 and bar 10, exhibiting a larger stabilized wavelength, the feedback ratio is significantly higher both at low and high
diode currents and shows a dependency on diode current. At 120 A, the feedback
ratio of bar 8 is 11 % and the feedback ratio of bar 10 is 9 %. This deviation can
be explained by an incomplete rotation of the polarization of the outer bars, due
to larger AOI upon the HWP compared to the central bars. Consequently, the
outer bars exhibit larger TM-polarized power fractions, for which the TFF has
significantly broader transmission bandwidth of 440 pm (FWHM) (see Fig. 3.19b)
resulting in an increased optical feedback strength. Figure 4.21b shows the deduced feedback ratio data of Fig. 4.21a plotted as a function of the stabilized
wavelength of the diode bars at a diode current of 40 A and 120 A, respectively.
The data clearly show that the feedback ratio inside the external resonator exhibits a wavelength dependency. At both presented diode currents, the feedback
ratio strongly increases for wavelengths larger than the central wavelength of the
stabilized laser diode module. For wavelengths below the central wavelength, the
feedback ratio increases at a diode current of 40 A as well but shows a significantly
lower increase at 120 A. The wavelength-dependent optical feedback affects the
stabilized output power of the bars, as can be seen from Fig. 4.21c. The higher
feedback ratio for the long-wave diode bars results in a lower stabilized output
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Fig. 4.21: (a) Deduced optical feedback ratio vs. diode current for six individual bars of
the laser diode module. (b) Deduced optical feedback ratio vs. wavelength at a diode
current of 40 A and 120 A, respectively. (c) Normalized stabilized output power of
the TFF multi-laser cavity vs. wavelength at a diode current of 120 A.

power compared to the diode bars which are stabilized at smaller wavelengths.
The BPP of the combined output beam as a function of diode current is depicted
in Fig. 4.22a. The presented BPP values correspond to a power content of 95 %
and were measured using a camera based automatic laser beam profiler (Ophir
Photonics M2 -200s). The SA-BPP of the combined cavity output lies within a
range of 3.0 to 5.7 mm × mrad and shows a typical linear dependency on diode current. At a diode current of 20 A, the FA-BPP is about 3.2 mm × mrad and is consequently deteriorated by a factor ∆ = 10.7 compared to the diffraction-limited
BPP in FA of an individual free-running emitter (BP PF A,em ≈ 0.30 mm × mrad
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at λ = 955 nm). This value is much larger than the factor ∆ ≈ 3.5 predicted
by the theoretical considerations in section 3.3.5 for the optimal configuration
of the grating combiner (M = 1.94; Λ−1 = 1600 lines/mm) and the presented
experimental parameters. An explanation for this deviation is a slightly detuned
telescope magnification and beam quality deterioration due to smile of the laser
diode bars. As the simulation of Fig. 3.43 shows, the deterioration factor due to
the dispersion mismatch sensibly reacts on the magnification of the dispersion-
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Fig. 4.22: (a) FA- and SA-BPP of the combined cavity output vs. diode current.
(b) FA-BPP of the combined cavity output of the laser diode module and selected
individual bars vs. diode current. (c) FA-BPP at a diode current of 40 A and smile
measurement of selected individual bars of the laser diode module. (d) FA-BPP of the
combined cavity output of the laser diode module vs. thermographically measured
peak temperature of the TFF.
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matching telescope. A variation of the ideal magnification value by ±0.04 leads
to an increase of the deterioration factor to a value of ∆dm ≥ 5 resulting in an
overall deterioration factor of ∆ ≥ 10. Such a deviation is very likely to occur,
since it lies in between the manufacturing tolerances of the telescope lenses and
the alignment errors of the grating combiner setup. Furthermore, smile of the
laser diode bars significantly affects the BPP of an individual bar in the beamcombining axis, as discussed in section 3.2.3.2. For the theoretical calculations,
low-smile values (≈1 µm) have been assumed, which is not the case for all deployed diode bars of the laser diode module. Figure 4.22b shows the FA-BPP of
the combined output beam as a function of diode current for selected individual
bars of the laser diode module. The smile measurement of the corresponding bars
is shown in Fig. 4.22c. For low-smile (≈1 µm) bars, as for instance bar 1, the
FA-BPP is around 1.5 mm × mrad. For bars with larger smile, the BPP is significantly increased. For example bar 5, exhibiting 2.2-µm smile, has a FA-BPP
of 3 mm × mrad. The FA-BPP of the individual bars correlates to the smile value,
as can be seen from Fig. 4.22c. Depending on the smile value, the FA-BPP differs
from the value of a stabilized individual emitter of the diode bar, which lies in the
range of 0.6 to 1.1 mm × mrad. In summary, the interaction of diode bar smile
and an imperfect telescope magnification cause the FA-BPP to be larger than the
expected theoretical minimum for the optimal configuration. Furthermore, the
measured data in the Figs. 4.22a and 4.22b show that the FA-BPP of the combined output beam has a linear dependency on diode current and reaches a value
of 6.6 mm × mrad at a diode current of 180 A. Since the FA-BPP of an individual
bar stays constant over the whole diode operation current range, the increasing
BPP of the complete laser diode module must be related to a thermo-optical effect.
For the measurement of the FA-BPP of the individual bars, the output beams of
nine of the ten diode bars were blocked directly in front of the laser diode module.
Hence, only one individual diode bar is present inside the external cavity and the
thermal heat load on the TFF is correspondingly small. Furthermore, due to the
small stabilized spectral interval of the individual bar of ∆λ < 4 nm, the influence of the dispersion mismatch on the FA-BPP is negligible in this case. Thus,
besides the discussed beam quality deterioration mechanisms, thermo-optically
induced effects in the resonator optics, mainly in the TFF, have to be considered.
Both the observed spectral shift of the stabilized spectrum due to the heating of
TFF and the increased emitter linewidth can not explain the strongly increased
BPP at large operation currents. The spectral shift results in a deviation from
the Littrow condition at the combiner grating and a changed diffraction angle of
the combined output beam into the -1st order. The resulting beam pointing deviation is about 1 mrad from 40 A to 180 A, which corresponds to only 5 % of the
far-field divergence of the combined output beam in FA direction. The increased
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linewidth of the stabilized emitters results in a higher beam divergence of the
emitter sub-beams behind the grating, governed by the Eqs. (3.48) and (3.19).
If both effects are included into the simulation of beam quality deterioration, a
deterioration factor ∆ results which is only a factor of 1.3 larger than the value
for the optimal configuration and the experimental parameters at low currents.
The experimentally observed increase of the FA-BPP from 3.2 to 6.6 mm × mrad
corresponds to a factor of 2.1 which is much larger than the theoretically predicted
increase. A possible explanation for the increasing FA-BPP with increasing diode
current are thermo-optically induced wavefront aberrations [138, 139] due to the
heating of the TFF, which additionally deteriorate the beam quality in FA. Figure 4.22d shows the measured FA-BPP of the combined cavity output of the laser
diode module as a function of the peak temperature of the TFF. The data show
that both quantities show a strong linear correlation. Besides, thermo-optically
induced effects in the combiner grating can have an additional impact on the FABPP, as briefly mentioned in section 4.2.1 using the example of DWBC based on
the transmission grating approach. A more detailed investigation of beam quality
deterioration due to thermo-optically induced wavefront aberrations is presented
in the following section 4.3.2 using laser diode module II.

4.3.2. Module II
In order to improve the laser performance in terms of output power, e-o conversion efficiency and beam quality of the combined cavity output, an external laser
cavity based on laser diode module II was built up. The schematic setup of the
external TFF multi-laser cavity and the grating combiner are shown in Fig. 4.23.
The module is assembled with ten actively cooled BAL diode bars, which exhibit
an ion-implanted lateral emitter design, providing an average degree of TE polarization of the free-running laser diode module of 98 % at a diode current of 160 A.
This value is 3.5 % larger than in case of laser diode module Ib which is equipped
with diode bars exhibiting an emitter design with an insulating dielectric layer as
current aperture. The free-running output power of both laser diode modules is
comparable and amounts to about 1.5 kW at a diode current of 180 A. Furthermore, the diode bars of both modules exhibit similar characteristics in terms of the
spectral locking range. In the beam-combining FA, the transform optics design
of the module provides an effective focal length of fT L,ef f = 1060 mm (see Table 4.1). Due to the larger effective transform focal length, the spectral interval
is significantly reduced which is the reason why a lower impact of the dispersion
mismatch between the TFF and the combiner grating on the FA-BPP is expected.
Compared to the external cavity in case of module Ib, some minor modifications
have been performed. In the feedback branch behind the TFF, a cylindrical lens
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Fig. 4.23: Schematic setup of the external TFF multi-laser cavity and the grating
combiner based on laser diode module II.

with a focal length of fF B = 250 mm is used for feedback re-imaging in FA. The
telescope for SA imaging subsequent to the SAC consists of two cylindrical lenses
with focal lengths fSA1 = 500 mm and fSA2 = 300 mm. As in case of laser diode
module Ib, all emitter sub-beams share a zero-order HWP which is placed in front
of the TFF. The dispersion-matching telescope remains unchanged and consist
of two cylindrical lenses with a focal length of fC1 = 100 mm and fC2 = 194 mm
which are placed in 4f -configuration. Hence, the telescope provides an identical
magnification of M = 1.94.
Figure 4.24 shows the spectrum of the output beams out of the TFF multi-laser
cavity at a diode current of 40 A. The diode bars of the laser diode module are
stabilized within a spectral interval of ∆λ = 24.2 nm around a central wavelength
of λc = 955.2 nm. This value is in good agreement with the theoretically calculated value (see Table 4.2). Due to the compressed stabilized spectral interval,
the channel spacing of adjacent emitters is smaller than the spectral resolution
provided by the used spectrometer (HighFinesse HDSA; 40-pm spectral resolution at λ = 960 nm). This is the reason why the spectral lines of the individually
wavelength-stabilized emitters can not be resolved in the spectrum and no com-
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Fig. 4.24: Spectrum of the output beams out of the TFF multi-laser cavity at a diode
current of 40 A. The extract in the lower part shows the spectrum of three bars of
the laser diode module at a diode current of 40 A and 160 A, respectively.

ments about the locking performance of the emitters and the residual stabilized
emitter linewidth can be given. As in case of laser diode module Ib, a thermooptically induced wavelength shift with increasing diode current can be observed
in the stabilized spectrum due to the heating of the TFF. The extract in the
lower part of Fig. 4.24 shows the spectrum of three bars of the laser diode module
at a diode current of 40 A and 160 A, respectively. The absolute wavelength shift
is about 415 pm from 40 A to 160 A, which is consistent with the results obtained
in case of laser diode module Ib. Due to a higher achieved combined output
power, the relative shift with reference to the combined output power of the laser
diode module amounts to 0.4 pm/W, which is 0.2 pm/W (33 %) smaller than in
case of laser diode module Ib. Figure 4.25a shows a measurement of the central
wavelength of the stabilized spectrum and the thermographically measured peak
temperature of the TFF as a function of diode current. As in case of laser diode
module Ib, both quantities show a linear dependency on diode current. The wavelength shift is clearly correlated to the temperature increase of the TFF, as can
be seen from Fig. 4.25b, and a good agreement between the measured data and
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Fig. 4.25: Wavelength shift of the stabilized spectrum of the TFF multi-laser cavity.
(a) Central wavelength λc of the stabilized spectrum and thermographically measured peak temperature of the TFF vs. diode current. (b) Measured and calculated
correlation between the central wavelength λc of the stabilized spectrum and the
peak temperature of the TFF.

the theoretically deduced values is obtained.
Figure 4.26a shows the output power characteristics and the related e-o conversion efficiencies of the free-running laser diode module, the wavelength-stabilized
cavity output and the combined output beam as a function of diode current. At a
diode current of 180 A, the combined output power is 1.34 kW with a corresponding e-o conversion efficiency of 47.0 %. The maximal e-o conversion efficiency
of 49.2 % is reached at a diode current of 120 A, where the combined output
power is about 890 W. The WBC efficiency with respect to the free-running
optical output power of the laser diode module is depicted in Fig. 4.26b. Furthermore, the corresponding measured relative power losses at the location of the
TFF and the combiner grating with reference to the free-running optical output
power are shown. The free-running optical output power of the laser diode module is measured in front of the HWP. The measured relative power loss of 5 %
in the optics of the laser module and the transform optics with reference to the
aggregated free-running optical output power of the individual laser diode bars
is consequently not incorporated in the following discussion. In a good approximation, the WBC efficiency shows a current-independent course and is 88 % at
a diode current of 180 A. The improved current-dependent locking performance
compared to laser diode module Ib is related to both the compressed stabilized
spectral interval and the optimized epitaxial diode bar placement. An overall
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Fig. 4.26: (a) Left axis, optical output power vs. diode current for the free-running
laser diode module, the wavelength-stabilized cavity output and the combined output
beam. Right axis, corresponding e-o conversion efficiencies vs. diode current. (b) Left
axis, WBC efficiency vs. diode current. Right axis, relative power losses at the TFF
and the combiner grating with reference to the free-running optical output power vs.
diode current.

higher WBC efficiency is achieved due to the lower overall relative power loss
at the grating of only 1.4 %. The losses are significantly (>10 %) lower than in
case of laser diode module Ib. The reasons for the reduced grating losses are
related to the higher degree of TE polarization of the used diode bars with ionimplanted lateral emitter design and the significantly smaller stabilized spectral
bandwidth, for which the grating exhibits a higher average diffraction efficiency
into the -1st order (see Fig. 3.4). Due to the higher WBC efficiency, the combined
output power is 200 W (18 %) higher at a diode current of 180 A compared to
laser diode module Ib. The corresponding increase of the e-o conversion efficiency
is 7 %. The main loss channel is related to the power ratio of 6 % which is reflected
out of the cavity towards the beam block at the location of the TFF in the feedback branch. Since the identical dispersion matching telescope has been used, a
similar additional relative power loss of 2 % is expected. Compared to the results
which have been achieved in case laser diode module II, using the transmission
grating approach for DWBC and diode bars exhibiting an ion-implanted lateral
emitter design (see Fig. 4.14a), the combined output power is 40 W (3 %) lower
at a diode current of 180 A, which results in a deviation of the e-o conversion efficiency of both lasers by 1.4 %. Although a different epitaxial diode bar placement
is used in both cases due to differing stabilized spectral bandwidths, the used
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diode bars with ion-implanted lateral emitter design exhibit similar characteristics in terms of the free-running optical output power, the spectral locking range
and the degree of TE polarization, which justifies a comparison of the achieved
results.
The BPP of the combined output beam as a function of diode current is depicted
in Fig. 4.27a. The SA-BPP of the combined cavity output shows a typical linear
dependency on diode current and is 4.2 mm × mrad at a diode current of 180 A.
This value is 1.5 mm × mrad (26 %) lower than in case of laser diode module Ib.
The reason for the significantly improved SA-BPP is an optimized CCD camera
based alignment procedure which is used in case of laser diode module II. The
measured SA-BPP is consistent with the achieved result in case of laser diode
module II using the transmission grating approach for DWBC and diode bars
exhibiting an ion-implanted lateral emitter design (see Fig. 4.14c). At a diode
current of 20 A, the FA-BPP is about 4.3 mm × mrad and is consequently deteriorated by a factor ∆ = 14.3 compared to the diffraction-limited BPP in FA of an
individual free-running emitter (BP PF A,em ≈ 0.30 mm × mrad at λ = 955 nm).
Consequently, contrary to the theoretical expectation, no improvement of the FABPP could be achieved compared to laser diode module Ib due to the compressed
stabilized spectral interval. Specifically, the FA-BPP is 1.1 mm × mrad (34 %)
larger. Furthermore, the measured data show that the FA-BPP of the combined output beam has a linear dependency on diode current and reaches a value
of 10.9 mm × mrad at a diode current of 180 A. Due to the stronger currentdependent increase, the deviation of the FA-BPP of both lasers at 180 A is even
larger and amounts to 4.3 mm × mrad. In order to investigate the beam quality deterioration in the beam-combining FA in more detail, Fig. 4.27b shows the
FA-BPP of the combined cavity output of the laser diode module and individual
bars at a diode current of 40 A. Furthermore, the smile measurement of the corresponding diode bars is shown. For the measurement of the individual bars, the
output beams of nine of the ten diode bars are blocked in front of the laser diode
module. In this case, only one individual bar is present inside the external cavity. Due to the small stabilized spectral bandwidth of the individual diode bar of
about 2 nm, the influence of the dispersion mismatch on the beam quality of the
combined output beam can be completely neglected in this case. Furthermore, due
to the comparatively small intra-cavity power, thermo-optically induced effects in
the TFF are negligible for the presented data of the individual bars. From the
presented data one can see that the mean value of the FA-BPP of the individual
bars is 4.3 mm × mrad. With the exception of bar 10, no significant deviations
from the mean value are observable. A correlation between the measured FABPP of the individual bars and the corresponding smile value is not observable,
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Fig. 4.27: (a) FA- and SA-BPP of the combined cavity output vs. diode current.
(b) Left axis, FA-BPP of the combined cavity output of the laser diode module and
selected individual bars at a diode current of 40 A. Right axis, measured smile value
of selected individual bars of the laser diode module. (c) Beam waist location in FA of
the combined cavity output of the laser diode module and selected individual bars at
a diode current of 40 A after beam propagation through a spherical lens with a focal
length of 300 mm. (d) Correlation between the measured FA-BPP of the combined
cavity output of the laser diode module and the thermographically measured peak
temperature of the TFF.

which shows that another effect dominates the beam quality deterioration in this
case. Compared to the FA-BPP of the individual bars, which have been presented
in Fig. 4.22c for laser diode module Ib, diode bars with similar smile values exhibit
a significantly larger BPP which deviates by a factor of about 2. An explanation
for the increased FA-BPP of the individual bars in case of laser diode module II
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is the stronger impact of beam quality deterioration due to the diffraction of the
emitter sub-beams at the TFF. Due to the larger transform focal length, provided
by the transform optics design, the far-field divergence of the emitter sub-beams
which are reflected at the TFF is a factor of 1.9 smaller. According to the discussion in section 3.3.5.1, this results in an increased deterioration factor of the same
magnitude. Furthermore, Fig. 4.27b shows that the mean value of the FA-BPP of
the individual diode bars and the FA-BPP of the combined cavity output of the
complete laser diode module deviate by about 1.5 mm × mrad (26 %). Assuming
that the dispersion mismatch has a minor impact on the FA-BPP, due to the
compressed stabilized spectral interval, the deviating results can be related to
spherical and chromatic aberrations in the dispersion matching telescope or, as
already proposed in section 4.3.1, thermo-optically induced wavefront aberrations
due to the heating of the TFF. In order to check the argument of lens aberrations,
Fig. 4.27c shows the beam waist location in FA of the combined cavity output
of the laser diode module and individual bars at a diode current of 40 A after
beam propagation through a spherical lens with a focal length of 300 mm. The
presented data are extracted from the corresponding beam caustic measurement
using the camera based automatic laser beam profiler. The measurement results
show that the beam waist location of the individual bars has a parabolic-like dependency. Originating from the central bars, the beam waist location decreases
for adjacent bars and is lowest for the outer bars of the module which have the
largest distance from the optical axis of the telescope. The decreasing beam waist
location with increasing distance of the beam from the optical axis is a typical
effect which results from spherical aberrations. However, the observed shift of the
beam waist location of the corresponding bar with reference to the mean value lies
within the range of the Rayleigh length zR , what implies that the observed lens
aberrations have only a minor impact on beam quality in the beam-combining
FA. The same applies to the thermo-optically induced beam waist shift, since the
deviation of the mean value of the beam waist locations of the individual bars
compared to the beam waist location of the complete diode bar ensemble lies also
within this range. Figure 4.27d shows the measured FA-BPP of the combined
cavity output of the laser diode module as a function of the peak temperature
of the TFF. As in case of laser diode module Ib, the data show a strong linear
correlation between both quantities, which supports the hypothesis that thermooptically induced effects in the TFF significantly influence the resulting FA-BPP.
In order to validate this hypothesis, the dependency of the FA-BPP of an individual bar of the laser diode module on the peak temperature of the TFF is
investigated. For this purpose, two experimental configurations are used which
are depicted in Fig. 4.28. In configuration A, the output beams of nine of the
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A
TFF

Beam block

B

Grating

Fig. 4.28: Experimental configurations A and B for the investigation of the influence of
thermo-optical effects in the TFF on the FA-BPP of the combined cavity output of
the laser diode module.

ten diode bars are blocked in front of the laser diode module as in case of the
individual-bar measurements presented in Fig. 4.27. In configuration B, the output beams of the diode bars are blocked behind the TFF. Consequently, the
complete output power of the module is incident on the TFF. Figure 4.29a shows
a thermographic camera image of the temperature distribution upon the TFF
in configuration B at a diode current of 20 A and 120 A, respectively. The corresponding incident free-running laser power is 58 W and 1.02 kW, respectively. The
thermographic camera image is taken from the back side of the filter, where the
substrate is located. The front side of the filter, where the layered stack is located,
shows a similar temperature distribution and consistent peak temperatures. The
measured FA-BPP as a function of diode current and the corresponding peak
temperature of the TFF for both configurations are shown in Fig. 4.29b. Figures 4.29c and 4.29d show the corresponding correlation between the measured
FA-BPP and the peak temperature of the TFF. The data show that the FABPP of the individual bar correlates to the peak temperature of the TFF in both
cases. The results prove that thermo-optically induced effects in the TFF are
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Fig. 4.29: (a) Thermographic camera image of the temperature distribution upon the
TFF at a diode current of 20 A and 120 A, respectively. The corresponding incident
free-running laser power is 58 W and 1.02 kW, respectively. (b) Left axis, FA-BPP
vs. diode current for the combined cavity output of an individual bar of the laser
diode module vs. diode current for the experimental configurations A and B (see
Fig. 4.28). Right axis, corresponding thermographically measured peak temperature
of the TFF vs. diode current. Correlation between the measured FA-BPP and
the thermographically measured peak temperature of the TFF for (c) experimental
configuration A and (d) experimental configuration B.

the reason for the dependency of the FA-BPP on diode current. Besides the
thermo-optically induced effects in the TFF, thermo-optically induced wavefront
front aberrations at the combiner grating can have an additional impact on the
FA-BPP. The presented results in Fig. 4.29 only incorporate the FA-BPP deterioration due to thermo-optically induced wavefront front aberrations in the TFF,
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since, in both experimental configurations, only one individual bar is incident on
the combiner grating. Hence, the thermal heat load on the combiner grating is
comparatively small and no thermo-optically induced effects are expected. If one
compares the FA-BPP of the individual bar in experimental configuration B from
Fig. 4.29b with the FA-BPP of the combined cavity output of the complete diode
laser module, which is shown in Fig. 4.27a, the measured FA-BPP values deviate
by 3 mm × mrad (33 %) at a diode current of 120 A. Assuming that neither the
dispersion mismatch nor spherical or chromatic lens aberrations in the dispersionmatching telescope affect the FA-BPP of the combined output beam of the entire
bar ensemble, the larger FA-BPP of the complete laser diode module can be related to the additional thermo-optically induced effects in the combiner grating.
In order to carry out which thermo-optical effect in the TFF leads to the beam
quality deterioration, an interferometer was built up which enables the measurement of thermo-optically induced wavefront aberrations. The schematic setup
of the interferometer is shown in Fig. 4.30. As laser source for the experiment,
the collimated output beam of a wavelength-tunable fiber-coupled single-mode
diode laser (Sacher Lasertechnik LION) is used. The laser is operated at a wavelength of 976.5 nm, where the output power is about 30 mW. Due to the small
linewidth of the laser in the MHz-range, the coherence length is well above the
beam propagation distances inside the interferometer. The collimated output
beam is expanded by a spherical telescope with a magnification of 2, in order
to increase the laser beam diameter upon the TFF for a sufficiently large probe
area. Behind the telescope, the laser beam is split into a probe and a reference
beam by use of a non-polarizing beamsplitter (NPBS). The probe beam is direct
towards the TFF by a HR. The AOI upon the TFF is close to 0°, which is the
reason why the probe beam is off-resonantly operated compared to the resonant
2x telescope
HR

NPBS

Fiber
collimator

Probe beam
Reference beam
TFF
NPBS

CCD

Single-mode
diode laser

Fig. 4.30: Schematic setup of the interferometer for the measurement of thermo-optically
induced wavefront aberrations in the TFF.
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transmission wavelength of the filter. Consequently, the probe beam is completely
reflected by the TFF. Two additional HRs redirect the probe beam towards a
second NPBS, where the probe beam is superimposed with the reference beam.
Both beams exhibit a small angle in the horizontal FA dimension compared to
each other, in order to probe the wavefront aberrations in the FA beam direction
by the resulting two-beam interference pattern. The angle between both beams
determines the spacing of the fringes of the interference pattern [144] and therefore the lateral spatial resolution of the wavefront disturbance. The interference
pattern is detected by a CCD camera at the location where both beams overlap.
Figure 4.31 shows the CCD camera image of the two-beam interference pattern
resulting from the back side of the TFF in case of a turned-off laser and at a diode
current of 120 A, which corresponds to an incident free-running laser power on
the TFF of 1.02 kW. As a reference, the area of the TFF, which is irradiated by
the incident laser beam of the laser diode module, is indicated in the CCD camera image. As one can see, the interference pattern is strongly disturbed, when
the output beam of the laser diode module is incident on the TFF and the TFF
heats up. The fringes of the interference pattern exhibit a strong curvature in the
center of the area, where the incident laser beam of the laser diode module hits
the TFF. In this region the incident intensity and consequently the temperature

L a s e r o ff

1 0

1 2 0 A

1 0
8

6

6
4

4
2

2

S A : y (m m )

8

0

2 ω*

= 9 .9 m m

T F F ,F A

0
0

2

4

6

8

1 0

0

2

4

6

8

1 0

F A : x (m m )

Fig. 4.31: CCD camera image of the two-beam interference pattern resulting from the
back side of the TFF in case of a turned-off laser and at a diode current of 120 A
which corresponds to an incident free-running laser power on the TFF of 1.02 kW.
As a reference, the area of the TFF which is irradiated by the incident laser beam of
the laser diode module is indicated.
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of the TFF is highest. According to the lateral temperature distribution in the
TFF, the curvature of the fringes decreases towards the borders of the irradiated
area. From the detected two-beam interference pattern, the thermo-optically induced OPD along the lateral direction on the TFF is extracted and plotted as a
function of the horizontal FA position x in Fig. 4.32. The OPD in the center of
the irradiated area amounts to 0.6 µm which corresponds to 0.6λ with reference
to the wavelength of the single-mode diode laser. The extracted OPD data are
used for a polynomial curve fit of the form:
(4.3)

OP D = A0 + A1 · x2 + A2 · x4 .

According to the definition of wavefront aberrations, given by Seidel, the terms of
the polynomial curve fit of Eq. (4.3) contain both the impact of thermal lensing
(∝ x2 ) and the impact of spherical aberrations (∝ x4 ) on the wavefront disturbance. As one can see from Fig. 4.32, the polynomial curve fit is in good
agreement with the extracted data. In the center region of the illuminated area
(−2 mm ≤ x ≤ 2 mm), the wavefront disturbance is mainly caused by thermal
lensing which results in a defocus of the incident emitter sub-beams of the laser
diode module. In the outer regions of the illuminated area (2 mm < x ≤ 5 mm;
−5 mm < x ≤ −2 mm), spherical aberrations dominate the thermo-optically induced OPD which cause a deterioration of beam quality in this direction. The
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Fig. 4.32: Extracted thermo-optically induced OPD from the CCD camera image of the
two-beam interference pattern resulting from the back side of the TFF vs. lateral
position on the TFF along the horizontal FA direction and polynomial curve fit of
the extracted OPD data.
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impact of both effects on the beam parameters of the probe beam are shown in
Fig. 4.33. Figure 4.33a shows the measured BPP and Fig. 4.33b the measured
beam waist location after beam propagation through a spherical lens with a focal
length of 300 mm in the horizontal FA direction as a function diode current of the
wavelength beam-combined laser diode module, with and without a 2x telescope
for input beam shaping. The presented BPP values correspond to a power content
of 95 % and were measured using a camera based automatic laser beam profiler
(Ophir Photonics M2 -200s). The beam waist locations are extracted form the corresponding measured beam caustic. Without the telescope, the beam diameter
of the probe beam upon the TFF in the horizontal FA direction is about 3.6 mm.
Consequently, based on the presented OPD data in Fig. 4.32, the beam is only
affected by the thermal lens in the TFF which dominates the thermo-optically
induced wavefront disturbance in the center of the irradiated area. Accordingly,
the presented data in Fig. 4.33 show a significant shift of the beam waist location
due to the defocus resulting form the thermal lens in the TFF and no significant
deterioration of the beam quality of the probe beam. By using the 2x telescope,
the beam diameter of the probe beam is increased to about 7.1 mm. In this case,
the probe beam additionally experiences thermo-optically induced spherical aberrations in the TFF which result, besides the defocus due to the thermal lens, in a
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Fig. 4.33: Measured beam parameters of the probe beam of the single-mode diode
laser in the horizontal FA direction after the reflection at the back side of the TFF.
(a) Measured BPP and (b) measured beam waist location after beam propagation
through a spherical lens with a focal length of 300 mm vs. diode current of the
wavelength beam-combined laser diode module, with and without 2x telescope for
input beam shaping.
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significant deterioration of beam quality. Specifically, the FA-BPP is deteriorated
by a factor of more than 2 at a diode current of 120 A, which is in the same order
of magnitude as the measured increase of the FA-BPP of the individual bar of the
laser diode module presented in Fig. 4.29b. Hence, a current-dependent increase
of the FA-BPP is mainly related to thermo-optically induced spherical aberrations in the TFF. Since the beam diameter of the incident emitter sub-beams
of the laser diode module on the TFF (2ωT∗ F F,F A = 9.9 mm) is larger than the
probe beam diameter, the impact of thermo-optically induced spherical aberrations on the FA-BPP of the combined cavity output is expected to be even larger
than the measurement results presented for the probe beam in Fig. 4.33. Up to
now, only the thermo-optically induced wavefront disturbance resulting from the
back side of the filter, where the substrate is located, has been investigated. In
the external cavity, only the frequency-filtered emitter sub-beams of the optical
feedback propagate through the substrate of the filter and experience the associated thermo-optically induced wavefront aberrations. The part of the emitter
sub-beam which is reflected at the TFF undergoes multiple reflections inside the
layered stack and only experiences the thermo-optically induced wavefront disturbance resulting from the front side of the filter, since the beam does not penetrate
into the substrate. Due to the fact that the front side of the TFF shows a similar
temperature distribution and consistent peak temperatures compared to the back
side of the filter and multiple reflections of the resonant stabilized emitter subbeams occur inside the layered stack, a comparable wavefront disturbance and
beam quality deterioration for the reflected emitter sub-beams resulting from the
front side of the filter is expected, although the layered stack and the substrate
of the TFF differ in thickness by three orders of magnitude. The interferometric measurement of the thermo-optically induced wavefront aberrations resulting
from the front side of the TFF are not directly experimentally accessible. Since
the probe beam is off-resonantly tuned with reference to the resonant transmission wavelength of the TFF, the thermo-optically induced wavefront aberrations
which are exclusively induced by the front side of the filter can not be monitored.
As shown in Fig. 4.34, the probe beam can not penetrate into the layered stack.
The beam only experiences the Fresnel reflection at the optical interface. This
is the reason why the resulting interference pattern can only image the thermomechanically induced surface curvature of the filter. In order to investigate the
thermo-mechanically induced wavefront aberrations resulting from the front side
of the TFF, where the layered stack is located, the identical interferometer setup
to the one shown in Fig. 4.30 has been used. Figure 4.35 shows the CCD camera
image of the two-beam interference pattern resulting from the front side of the
TFF in case of a turned-off laser and at a diode current of 160 A, which corresponds to an incident free-running laser power on the TFF of 1.37 kW. As a
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Fig. 4.34: Schematic layer setup of the TFF and the incident probe beam of the interferometer.
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Fig. 4.35: CCD camera image of the two-beam interference pattern resulting from the
front side of the TFF in case of a turned-off laser and at a diode current of 160 A
which corresponds to an incident free-running laser power on the TFF of 1.37 kW.
As a reference, the area of the TFF which is irradiated by the incident laser beam of
the laser diode module is indicated.

reference, the area of the TFF which is irradiated by the incident laser beam of
the laser diode module is indicated in the CCD camera image. As one can see, the
interference pattern shows only a week disturbance, when the output beams of
the laser diode module are incident upon the TFF. The fringes of the interference
pattern exhibit only a small curvature in the center of the area, where the incident
laser beam of the laser diode module hits the TFF. From the detected two-beam
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interference pattern, the thermo-mechanically induced OPD along the lateral direction on the TFF is extracted and plotted as a function of the horizontal FA
position x in Fig. 4.36a. The OPD in the center of the irradiated area amounts
to 0.1 µm, which corresponds to λ/10 with reference to the wavelength of the
single-mode diode laser. This value constitutes the contribution of the thermomechanically induced surface curvature of the TFF to the OPD measured at the
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Fig. 4.36: (a) Comparison of the extracted OPD from the CCD camera image of the
two-beam interference pattern resulting from the front and the back side of the TFF
vs. lateral position on the TFF along the horizontal FA direction. (b) Measured BPP
and (c) measured beam waist location after beam propagation through a spherical
lens with a focal length of 300 mm of the probe beam of the single-mode diode laser
in the horizontal FA direction vs. diode current of the wavelength beam-combined
laser diode module for the front and the back side of the TFF.
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back side of the TFF and is a factor of 6 lower compared to the measured OPD
in the center at the back side of the TFF. Consequently, in contrast to the back
side of the filter, both the measured BPP and the beam waist location of the
probe beam in the horizontal FA direction are only insignificantly affected by the
thermo-mechanically induced surface curvature of the TFF, as can be seen from
the data presented in the Figs. 4.36b and 4.36c.

4.3.3. Conclusion
The TFF approach for DWBC was successfully applied to realize a kW-class direct
diode laser using both laser diode module configurations. The achieved results at
a diode operation current of 180 A in terms of combined output power, e-o conversion efficiency and beam quality are listed and compared in Table 4.5. Both
modules are stabilized at a central wavelength of about λc = 955 nm within a
spectral interval of ∆λ < 50 nm. As in case of the experiments using the transmission grating approach for DWBC, a current-independent WBC efficiency and
locking performance could be achieved by the proposed epitaxial diode bar placement of the modules in conjunction with the spectral locking range of the diode
bars at the corresponding optical feedback ratio. The external cavity of module Ib provides a wavelength-dependent feedback ratio between 4 % to 11 % in the
relevant spectral interval from 930 nm to 980 nm. Consequently, the wavelengthdependent feedback ratio deviation within the stabilized spectral interval is larger
(4 % resp. 6 %) than in case of the external transmission grating based cavity with
either output coupling via an OC or the polarization-dependent output coupling
unit. A spectrally varying feedback ratio is disadvantageous in terms of lifetime
of the diode bar emitters under external feedback [71–73], since diode bars with
increased optical feedback are expected to show premature power degradation
due to a higher probability of COMD of the diode bar emitters. The measured
thermo-optically induced wavelength shift in the range of 0.4 pm/W to 0.6 pm/W
is significantly larger than the spectral shift, which was measured in case of the external transmission grating based cavity (<0.1 pm/W) and affects the FA beam
pointing angle of the combined output. The induced beam pointing deviation
amounts to 5 % at the maximal diode operation current of 180 A compared to
the corresponding far-field divergence of the combined output beam. Hence, the
beam pointing deviation is expected to be critical in terms of fiber coupling of
the combined output beam into a beam delivery fiber. The achieved combined
output power lies above the kW power level for both modules. The corresponding
e-o conversion efficiencies are larger than 39 %. As in case of the transmission
grating approach, the combined output power is limited by the output power and
the DOP of the wavelength-stabilized diode bar emitters. The main loss channels
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Tab. 4.5: Comparison of the output beam characteristics of the wavelength beamcombined laser diode modules using the TFF approach for DWBC at a diode current
of 180 A.
Module
Parameter

Ib

II

Combined output power (kW)

1.14

1.34

e-o conversion efficiency ηeo (%)

39.6

47.0

FA-BPP or BP Px (mm × mrad)

6.6

10.9

SA-BPP or BP Py (mm × mrad)

5.7

4.2

Symmetrized BPP (mm × mrad)

6.1

6.8

Spatial brightness BCB (MW/cm2 /sr)

307

297

BPP deterioration factor ∆

22

36

WBC efficiency ηW BC (%)

77

88

Optical feedback ratio (%)

4 – 11

×

are related to the power losses at the TFF in the feedback branch of the external cavity and the losses of depolarized power fractions at the combiner grating.
The achieved combined output power in case of laser diode module Ib is 4 %
smaller compared to the results of laser diode module Ia (see Table 4.3), where
the transmission grating approach for DWBC has been applied to the identical
diode bar array. The resulting deviation of the e-o conversion efficiency equals
to 1.7 %. The deviations are mainly caused by differing optical feedback conditions and the additional loss channel in the external TFF multi-laser cavity. The
FA-BPP of the combined cavity output is 6.6 mm × mrad which corresponds to
a deterioration factor of ∆ = 22 compared to the diffraction-limited (M 2 = 1)
BPP in FA of an individual free-running emitter (BP PF A,em ≈ 0.30 mm × mrad
at λ = 955 nm). Hence, the FA-BPP is a factor of about 4 larger compared to
the FA-BPP of the combined cavity output of laser diode module Ia, which was
assembled with the identical diode bars. The larger FA-BPP is caused by two effects. First, besides the beam quality deterioration mechanisms which have been
discussed in section 3.3.5 in terms of DWBC of an individual diode bar, the resulting FA-BPP of the wavelength beam-combined laser diode module is affected
by the dispersion mismatch between the TFF and the combiner grating due to the
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increased stabilized spectral bandwidth. The accompanied beam quality deterioration is a generic effect of the open-loop architecture of the cavity. Although the
theoretically predicted configuration of the grating combiner for optimal beam
quality preservation is used, a significantly larger FA-BPP is measured compared
to the theoretical simulations. The discrepancy between the theoretically calculated BPP deterioration factor in the beam-combining axis and the experimental
results can be explained by an imperfect telescope alignment and diode bar smile.
Second, thermo-optically induced wavefront aberrations in the TFF and the combiner grating limit the minimal achievable FA-BPP and are proven to be the
reason for a strongly increased FA-BPP at the kW power level of the combined
output beam. A significant improvement in terms of the combined output power
and e-o conversion efficiency could be achieved using laser diode module II, which
was assembled with diode bars with ion-implanted lateral emitter design. Due to
the improved DOP compared to the diode bars exhibiting an emitter design with
an insulating dielectric layer as current aperture, which have been used in case of
module Ib, the combined output power could be increased to 1.34 kW with an e-o
conversion efficiency of 47.0 %. In this configuration, a maximal WBC efficiency
of 88 % could be achieved. Due to the larger effective transform focal length, the
stabilized spectral interval is significantly reduced which is the reason why a lower
impact of the dispersion mismatch between the TFF and the combiner grating on
the FA-BPP was expected in case of laser diode module II. But in contrast to the
theoretical expectation, no improvement of the FA-BPP could be achieved, since,
as a consequence of the larger beam diameter of the emitter sub-beams upon the
TFF and the combiner grating, the impact of thermo-optically induced wavefront
aberrations on the FA-BPP is simultaneously increased. The resulting FA-BPP
amounts to 10.9 mm × mrad (∆ = 36). In a good approximation, the achieved
SA-BPP of the combined output beam of both modules is consistent with the
achieved SA-BPP in case of using the transmission grating approach for DWBC.
With the exception of the alignment procedure of the output beams of the laser
diode module in the non-beam-combining direction, no further impact on the
SA-BPP due to the wavelength stabilization in the external cavity or thermooptical effects in the dispersive optical elements could be observed. The overall
symmetrized BPP of the combined cavity output amounts to 6.1 mm × mrad for
laser diode module Ib and 6.8 mm × mrad for module II. The resulting brightness
of the combined beam equals to 307 MW/cm2 /sr resp. 297 MW/cm2 /sr according
to Eq. (1.1). The achieved beam quality of both modules is not sufficient for
fiber coupling into commonly used beam delivery fibers for high-brightness laser
applications (100-µm core diameter; 0.12 NA) without significant power losses,
since the FA-BPP exceeds in either case the required BPP of ≤6 mm × mrad
for efficient fiber coupling. Furthermore, due to a FA-BPP above 5 mm × mrad
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of both modules, no space for further power scaling by spatial stacking is left.
The output power could be doubled by applying PBC of the combined output
beam of two modules. Higher laser output powers can only be a addressed at the
cost of a decrease in beam quality. Due to the mentioned constraints in beam
quality, wavelength beam-combined laser diode modules based on the TFF approach for DWBC are not yet suited as optical engine for building an efficient
high-brightness multi-kW direct diode laser, as proposed by the modular concept
shown in Fig. 1.3. The necessary key beam parameters of a 1-kW direct diode laser
module, which can serve as a building block for a potential 4-kW high-brightness
direct diode laser system, could not be demonstrated using the TFF approach for
DWBC. However, the presented results show that the approach provides comparable combined output powers and e-o conversion efficiencies compared to the
transmission grating approach for DWBC. This is the reason why the TFF approach is already well suited for building efficient direct diode laser systems of
lower spatial brightness, with a beam quality in the region of 14 mm × mrad at
the multi-kW power level.

5
Summary and Outlook
In this thesis, two different approaches for either open- or closed-loop DWBC were
investigated and compared with regard to an efficient spatial brightness scaling
of high-power BAL diode bars towards the kW power level with minimal beam
quality deterioration in order to realize a 1-kW high-brightness direct diode laser
module with largest possible e-o conversion efficiency. The module shall serve
as a building block for a potential high-brightness direct diode laser system with
an output power of 4 kW and a BPP below 5 mm × mrad. These beam parameters match the sweet spot for high-brightness industrial laser applications, as e.g.
laser cutting and remote welding, where presently less efficient diode-pumped
solid-state thin-disk or fiber lasers dominate the market.
For the experiments, state-of-the-art high-power 9xx-nm BAL diode bars have
been deployed whose architecture, radiation characteristics and micro-optical
components for shaping of the output beams were explained in Chapter 2. Key
beam parameters for the usage of BAL diode bars as radiation source for DWBC
in both investigated external laser cavities are found to be the spectral locking
range, the DOP and the SA-BPP of the output beams of the diode bar emitters.
A high DOP of the diode bar emitters is crucial to achieve a large WBC efficiency,
since depolarized power fractions mainly determine the power losses at the combiner grating in the external cavity. The spectral locking range, provided by the
AR coating of the front facet of the diode bar chip, has to be large enough to
compensate for the temperature-dependent wavelength shift of the spectrum of
the diode bar emitters which is determined by the thermal resistance of the diode
bar package. In order to realize a current-independent locking performance of the
diode bar emitters, a sufficiently large locking range is needed. The SA-BPP of
the diode bar emitters limit the achievable BPP in the non-beam-combining dimension in case of FA-DWBC by use of a micro-optical BTS. In order to achieve
the claimed beam parameters of the 1-kW high-brightness direct diode laser module, the SA-BPP may not exceed the level of 5 mm × mrad at the corresponding
operation current.
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The theoretical background and the functional principle of both investigated
DWBC approaches have been explained in Chapter 3. Furthermore, based on
theoretical considerations and results of individual-bar experiments, the capability of both external cavity designs for an efficient spatial brightness scaling of BAL
diode bars and the dominant mechanisms of beam quality deterioration, which
limit the achievable spatial brightness of the combined output beam, have been
discussed and investigated. The external cavity of the closed-loop transmission
grating approach is based on a single intra-cavity diffraction grating for simultaneous wavelength stabilization and beam combination. The presented results of
the individual-bar experiments demonstrate the capability of this approach for
an efficient spatial brightness scaling of BAL diode bars. The WBC efficiency
with respect to the free-running output power of the diode bar is in the range
of 90 %. The main loss channels in the external cavity are related to the transmission of depolarized power fractions at the grating, the limited diffraction efficiency
of the grating and the power fraction which is reflected into the -1st diffraction
order. Depending on the deployed diode bar type, a power of the combined
output beam between 100 W to 150 W could be achieved with a corresponding
e-o conversion efficiency of about 50 %. The dominant effects which limit the
minimal achievable BPP of the combined output beam in the beam-combining
axis could be identified. In case of beam combining in the fundamental-mode
FA beam dimension by use of a micro-optical BTS, beam quality deterioration is
related to three main mechanisms. These are the residual spectral linewidth of
the stabilized emitters, diode bar smile and spectral emitter cross-talk. Based on
theoretical considerations and results of individual-bar experiments, a minimal
value of ∆ · BP PF A,em ≈ 0.53 mm × mrad (M 2 ≈ 1.7) for the resulting BPP
in the beam-combining axis could be deduced for low-smile (≈1 µm) diode bars.
Deviations from the minimal value with increasing diode current are due to an
incomplete beam rotation of the micro-optical BTS and thermally induced beam
pointing errors of the emitter sub-beams in the beam-combining axis. An influence of the wavelength stabilization in the external cavity on the beam quality
in the non-beam-combining axis, which corresponds to the SA beam dimension,
could not be observed. In a good approximation, the SA-BPP of the combined
output beam corresponds to the SA-BPP of an individual stabilized diode bar
emitter. The presented novel cavity architecture of the open-loop TFF approach
is based on a single customized ultra-narrowband TFF as dispersive optical element inside the resonator. Individual cross-talk free spectral stabilization of
the diode bar emitters in the external cavity could be successfully demonstrated.
Subsequent spectral beam combination of the cavity output has been performed
in a grating combiner setup consisting of a diffraction grating and cylindrical
telescope which is used for linear dispersion-matching between the TFF and the
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combiner grating. Compared to the individual-bar experiments using the transmission grating approach, a reduced WBC efficiency of about 80 % is achieved at
comparable optical feedback strengths due to an additional loss channel in the
feedback branch behind the TFF in the external resonator, which consequently
results in both a lower power and e-o conversion efficiency of the combined output
beam. Regarding beam quality preservation, the effects which have been deduced
for the transmission grating approach can be directly transferred concerning the
residual spectral linewidth of the stabilized emitters and diode bar smile. Two
additional effects could be identified to be the reason for an increased BPP in
the beam-combing axis compared to the closed-loop transmission grating based
cavity. First, beam distortion by the spectral filtering of the TFF. Second, beam
pointing errors of the emitter sub-beams with respect to each other after beam
combining due the dispersion mismatch between the TFF and the combiner grating in case of large stabilized spectral bandwidths (∆λ > 5 nm) or a telescope
magnification which differs from the ideal value. As a result, the deduced minimal achievable beam parameter product in the beam-combining axis at the 100-W
power level is ∆ · BP PF A,em ≈ 0.9 mm × mrad (M 2 ≈ 2.9) assuming a negligible
impact of the dispersion mismatch and low smile values (≈1 µm) of the diode
bars.
Both investigated cavity architectures have been applied to two different laser
diode module configurations, each consisting of ten horizontally stacked actively
cooled 150-W BAL diode bars, in order to realize a high-brightness kW-class
direct diode laser module which potentially serves as a building block for a
4-kW direct diode laser system. The setup of the used laser diode modules
and the achieved results by employing both DWBC approaches have been presented in Chapter 4. Using the transmission grating approach, the demanded
key beam parameters for the 1-kW module platform (P = 1 kW; ∆λ ≤ 50 nm;
BP Px = BP PF A ≤ 1.5 mm × mrad; BP Py = BP PSA ≤ 5 mm × mrad) could be
successfully demonstrated with excellent e-o conversion efficiency of up to 48 %.
Besides the beam quality deterioration mechanisms which have been identified
in terms of individual-bar experiments, the resulting BPP in the beam-combing
axis of the wavelength beam-combined laser diode module is affected by thermooptical effects in the transmission grating which limit the minimal achievable
beam quality. In case of the TFF approach, the required key beam parameters
could have not yet been achieved with regard to the claimed beam quality of the
combined output beam in the beam-combining axis. An output power above the
kW power level could be demonstrated with an electrical-to-optical conversion
efficiency of about 40 % resp. 47 %. The BPP of the combined output beam in
the beam-combining axis is larger than 1.5 mm × mrad and consequently exceeds
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the required value. Thermo-optically induced wavefront aberrations due to the
heating of the TFF and the combiner grating and furthermore an imperfect magnification of the dispersion-matching telescope are identified to be the reason for
a degrading beam quality in the beam-combining axis in high-power operation
beyond the observed value in individual-bar experiments, where an order of magnitude lower intra-cavity power and stabilized spectral bandwidth are present. A
future improvement of the laser performance is possible by using TFF substrates
with lower absorption in order to reduce thermo-optical effects inside the filter
and thereby solving the issues of BPP deterioration. In this context, a shift of the
stabilized spectrum above the strong OH absorption band of fused silica glasses
at a wavelength of 940 nm [145, 146] is beneficial to further reduce absorption of
the filter. Additionally, in order to achieve better beam quality preservation, a
cylindrical zoom lens telescope for dispersion-matching could be employed which
enables a more precise adjustment of the magnification. However, due to the
additional beam quality deterioration resulting from the beam distortion by the
spectral filtering of the TFF, a comparable beam quality in the beam-combining
axis or spatial brightness as in case of the transmission grating approach can
generically not be achieved.
Regardless of the specific DWBC approach, the presented results in this thesis
show that the spatial brightness provided by BAL diode emitters of state-of-theart high-power laser diode bars is sufficient for the realization of highly efficient
high-brightness kW-class direct diode lasers by use of DWBC in external laser
cavities. The limiting brightness degrading mechanisms using this technique in
either open-loop or closed-loop cavity architectures have been generally deduced
and show that, as of today, the closed-loop transmission grating approach exhibits
the greatest potential for realizing multi-kW direct diode laser systems with highest spatial brightness. The future success of this technology strongly depends on
the reliability and lifetime of laser diode emitters under external optical feedback
and further improvements concerning output power and beam quality in the lateral multi-transverse-mode SA beam dimension of diode bar emitters. Only if
these prerequisites are fulfilled, high-brightness direct diode lasers can compete
with well established high-power solid-state thin-disk or fiber lasers and successfully exploit their advantage of a superior e-o conversion efficiency.

A

Calculations for the measurement
of the optical feedback ratio
Locking-range setup
According to the measurement setup of Fig. 2.11, the power of the optical feedback PF B can be expressed as
PF B = Pin · TT M,P RM (λ)2 · Trem ,

(A.1)

where Pin is the input laser power and TT M,P RM (λ) being the spectral transmission
coefficient of the PRM for TM-polarized power fractions. The unknown spectral
transmission of the remaining optical components of the external cavity behind
the PRM during one roundtrip is denoted by Trem . The power P1 , measured by
the first PM (PM 1), is given by:
P1 = Pin · [1 − TT M,P RM (λ)] .

(A.2)

The power P2 , measured by the second PM (PM 2), is given by:
P2 = Pin · TT M,P RM (λ) · Trem · [1 − TT M,P RM (λ)] .

(A.3)

Solving Eq. (A.2) for Pin and inserting the resulting expression into Eq. (A.2)
yields:
Trem =

P2
· TT M,P RM (λ)−1 .
P1

(A.4)

By using the Eqs. (A.1) and (A.4), the feedback ratio with reference to the incident
laser power is given by:
PF B
P2
=
· TT M,P RM (λ) .
Pin
P1

(A.5)
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The result of the upper equation represents the expression from Eq. (2.8) which
was used to deduce the optical feedback ratio for the corresponding measurement
of the spectral locking range.

Thin-film filter multi-laser cavity
According to the measurement setup of Fig. 3.28, the input laser power Pin at
the location of the TFF can be expressed as
(A.6)

Pin = P1 + P2 · TT E,P RM (λ)−1 ,

where P1 is the measured stabilized output power and P2 being the power which
is measured behind the PRM. The spectral transmission coefficient of the PRM
for TE-polarized power fractions is denoted by TT E,P RM (λ). The power of the
optical feebdack PF B is given by:
PF B =

P2 · TT E,P RM (λ)−1 · [1 − TT E,P RM (λ)] − P3
.
1 − TT E,P RM (λ)

(A.7)

The expression in the nominator, corresponds to the optical feedback power in
case of the presence of a PRM instead of a HR. The factor [1 − TT E,P RM (λ)]−1 is
used to correct the optical feedback power for the case, if a HR is present instead of
a PRM. Consequently, this factor is needed to deduce the actual optical feedback
power which is present inside the external cavity under normal operation. By
using the Eqs. (A.6) and (A.7), the feedback ratio with reference to the incident
laser power simplifies to:
P2 · τ − P3
PF B
=
Pin
[P1 · TT E,P RM (λ) + P2 ] · τ

with τ := TT E,P RM (λ)−1 − 1 .

(A.8)

The result of the upper equation represents the expression from Eq. (3.37) which
was used to experimentally deduce the wavelength-dependent optical feedback
ratio provided by the TFF multi-laser cavity.

B
Calculation of the spectral
cross-talk wavelength λX
Assuming two adjacent emitters which exhibit an AOI αi and αi+1 upon the transmission grating, respectively. Without loss of generality αi > αi+1 is assumed.
From Eq. (3.7) it follows that the corresponding stabilized wavelengths λi and
λi+1 have to fulfill the following conditions:
λi
Λ
λi+1
sin (αi+1 ) + sin [βL (λc )] =
.
Λ

(B.1)

sin (αi ) + sin [βL (λc )] =

(B.2)

In this way, both emitters sub-beams are diffracted into the combined beam which
exhibits the Littrow angle βL (λc ) of the stabilized central emitter of the diode bar.
Adding both upper equations yields:
sin (αi ) + sin (αi+1 ) + 2 sin [βL (λc )] =

λi + λi+1
.
Λ

(B.3)

In the following, it is assumed that the feedback sub-beam has a small angle deviation ∆β compared to the combined output beam, as depicted in Fig. 3.16a.
A resonator rountrip is enabled if the feedback sub-beam of the ith emitter is
diffracted at the grating into the direction of the incident sub-beam of the neighboring emitter after the propagation through the optics in the feedback branch
of the external cavity. This condition can mathematically be expressed in terms
of the grating equation as
λX
Λ
λX
sin (αi+1 ) + sin [βL (λc ) − ∆β] =
,
Λ
sin (αi ) + sin [βL (λc ) + ∆β] =

(B.4)
(B.5)
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where λX denotes the wavelength of the spectral cross-talk channel, which enables
the described resonator roundtrip, and ∆β > 0 is assumed. By applying the sine
addition theorem and adding the Eqs. (B.4) and (B.5), the following expression
is obtained:
sin (αi ) + sin (αi+1 ) + 2 sin [βL (λc )] cos (∆β) =

2λX
.
Λ

(B.6)

The first two summands of the upper equation can be expressed in terms of the
stabilized wavelenghts λi and λi+1 of the adjacent emitters by use of Eq. (B.3).
In this way, the upper equation simplifies to:
λX =

λi + λi+1
+ sin [βL (λc )] · [cos (∆β) − 1] .
2

(B.7)

The upper equation corresponds to the expression for the wavelength λX of the
spectral cross-talk channel presented in Eq. (3.21).

C

Calculation of the effective angle
of incidence Θef f upon the
thin-film filter

Based on Fig. 3.34, an auxiliary geometry can be defined which is shown in
Fig. C.1. The auxiliary geometry consists of three rectangular triangles which are
constructed in the plane of incidence of the emitter sub-beam at the location of
the TFF. Using the law of cosine and the definitions of the auxiliary geometry,

TFF

θTFF,SA,em
c
d
a'

Θ
Θeff

a

b

a''

Fig. C.1: Definitions of the auxiliary geometry for the calculation of the effective
AOI Θef f of an emitter sub-beam upon the TFF.

the effective AOI Θef f is given by:
 2

−a + b2 + c2
Θef f = arccos
.
2bc

(C.1)
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In the following, expressions for the values of a, b, c and d as a function of the
known angles Θ and θT F F,SA are deduced, where without loss of generality b ≡ 1
is assumed. From the Pythagorean theorem it follows:
√
a = a02 + a002 .
(C.2)
The value a00 in the upper equation results from the following trigonometric relation:
a00
sin(Θ) =
b

b≡1

=⇒ a00 = sin(Θ) .

(C.3)

Using again the Pythagorean theorem in combination with Eq. (C.3), an expression for the value of d as a function of the AOI Θ can be deduced:
q
b≡1
2
2
002
2
2
(C.4)
b = d + a = d + sin (Θ) =⇒ d = 1 − sin2 (Θ) = cos(Θ) .
The remaining expression for the value of a0 in Eq. (C.2) can be deduced by use
of the following trigonometric relation in combination with Eq. (C.4):
tan(θT F F,SA,em ) =

a0
d

=⇒ a0 = tan(θT F F,SA,em ) · cos(Θ) .

Consequently, Eq. (C.2) simplifies to
q
√
02
002
a = a + a = tan2 (θT F F,SA,em ) cos2 (Θ) + sin2 (Θ) ,

(C.5)

(C.6)

where the expressions of the Eqs. (C.3) and (C.5) have been employed. The
remaining expression for the value of c in Eq. (C.1) is given by
q
√
02
2
(C.7)
c = a + d = tan2 (θT F F,SA,em ) cos2 (Θ) + cos2 (Θ) ,
where the Pythagorean theorem in combination with the Eqs. (C.4) and (C.5)
have been used. Inserting the deduced expressions of the Eqs. (C.4), (C.6)
and (C.7) into Eq. (C.1) yields:
)
(
cos(Θ)
Θef f = arccos p
.
(C.8)
1 + tan2 (θT F F,SA,em )
The result of the upper equation represents the expression from Eq. (3.44) which
was used for the calculation of the effective AOI Θef f of the incident emitter
sub-beam upon the TFF.

D
ABCD matrix analysis of the
transform optics design
The ABCD matrix analysis is a ray tracing technique of geometrical optics which
enables the calculation of the propagation of paraxial light rays in an arbitrary
optical imaging system [131, 132]. Hereby, the impact of the optical system on
a light ray, which enters the input plane, is described by a ray transfer matrix.
The input light ray is characterized by its distance ωin from the optical axis and
its angle θin to the optical axis at the input plane which are composited in a
ray vector (ωin , θin ). The ray transfer matrix M describes the transformation of
the input light ray parameters from the input plane to the output plane by the
relation
 
  

ωin
A B
ωout
,
(D.1)
·
=
θin
θout
C D
| {z }
=: M
where (ωout , θout ) represent the ray vector at the output plane. The ray transfer
matrix M tc for the telecentrical imaging (2f -configuration) of a single ideal lens
with focal length f in paraxial approximation is given by






1 d
1
0
1 d d=f
0
f
M tc =
=
,
(D.2)
0 1
−1/f 1
0 1
−1/f 0
where d is the propagation distance of the light ray before and after the lens.
From the upper equation one can see that for a telecentrical imaging (d = f ), the
transfer matrix elements has to fulfill the following conditions:
A ∧ D = 0 and B = −1/C .

(D.3)
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The ray transfer matrix M ml for the multiple-lens transform optics design, which
is presented in Fig. 4.1, is given by:






1 d3
1
0
1 d2
1
0
1 d1
M ml =
. (D.4)
0 1
−1/fT L2 1
0 1
−1/fT L1 1
0 1
Carrying out the matrix multiplication yields the following matrix elements of M ml :

 

d3
d2
d3
A =
1−
· 1−
−
(D.5)
fT L2
fT L1
fT L1

 

d3
d1 d2
d1 d3
B =
1−
· d1 + d2 −
+ d3 −
(D.6)
fT L2
f1
fT L1
1
1
d2
C = −
−
+
(D.7)
fT L1 fT L2 fT L1 fT L2
d1
d2
d1 d2
d1
D = −
−
+
+1−
.
(D.8)
fT L2 fT L2 fT L1 fT L2
fT L1
By comparison with the transfer matrix of Eq. (D.2) it is clear that the matrix
element C of Eq. (D.7) represents the resulting negative inverse effective transform focal length fT L,ef f of the two-lens transform optics configuration and is
consequently given by:
fT L,ef f = −C −1 =

fT L1 · fT L2
.
fT L1 + fT L2 − d2

(D.9)

This is the result for the effective transform focal length fT L,ef f presented in
Eq. (4.1). In order to provide a telecentrical imaging, the other matrix elements
have to fulfill the conditions of Eq. (D.3). Using the condition A = 0, it follows
from Eq. (D.5):


1
d2
d2
1
!
− d3
+
−
A=1−
=0
fT L1
f
fT L2 fT L1 fT L2
| T L1
{z
}
= 1/fT L,ef f


d2
=⇒ d3 = fT L,ef f · 1 −
.
(D.10)
fT L1
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Using furthermore the condition D = 0, it follows from Eq. (D.8):


1
1
d2
d2 !
D = 1 − d1
+
−
−
=0
fT L1 fT L2 fT L1 fT L2
fT L2
|
{z
}
= 1/fT L,ef f


d2
=⇒ d1 = fT L,ef f 1 −
.
fT L2

(D.11)

The deduced results of the Eqs. (D.10) and (D.11) correspond to the distance
d1 of transform lens 1 to the front facet of the diode bar and the distance d3 of
transform lens 2 to the dispersive optical element presented in Eq. (4.2) for a
telecentrical imaging of the two-lens transform optics configuration.
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