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Abstract

A high-power diode laser offers multi-Watt output power from a small and
efficient device, which makes them an interesting source for numerous ap-
plications. The spatial and spectral output however, are of reduced quality
which limits the applicability. This limited quality is connected to the design
aiming at high power. The optical power limit achievable by a single-mode
element is approximately 100 mW, limited by damage to the end-face of the
diode. Scaling to higher power often is usually achieved by increasing the
transverse size of the diode laser waveguide. These lasers are called Broad
Area diode Lasers (BAL). The broad amplification region supports a num-
ber of transverse modes while the broad spectral gain supports oscillation at
many longitudinal frequencies. The output therefore consists of many modes
in space and frequency. These modes compete for gain and connect through
nonlinear effects. The exact superposition of modes emitted at any time de-
pends on many parameters such as the precise dimensions of the waveguide,
temperature distribution in the gain region, spatial profile of pump current.
The output profile is therefore hard to predict, unstable and changes as the
diode ages.

The first part of this work concerns holographic injection locking, a tech-
nique that allows to address both the spectral and spatial complexity for im-
proving the beam quality and obtaining single-frequency operation. In this
approach a low-power, high-quality primary laser is injected into the broad
area laser diode via a hologram written by both the primary laser and the
diode laser. In this way the spatial mode of the primary laser can be con-
verted into a mode fitting the complex superposition of modes preferred
by the diode laser, while the diode laser will adapt the single frequency of
the primary laser. We examine different photorefractive materials, used to
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record the holograms, and different configuration. In the first experiment
we use a photorefractive crystal and the configuration for a double phase
conjugate mirror (DPCM). A previously reported limitation of such a setup
(2k-gratings) is circumvented by the introduction of mirrors that vibrate in a
controlled manner. Holographic locking of the BAL to the single frequency
of the primary laser is achieved for extended periods (30 minutes). Further-
more we demonstrate that the spatially complex output mode pattern of the
high-power broad area laser is converted (diffracted) back into a single spa-
tial mode of high quality.

In a second experiment we introduce photorefractive polymers as an al-
ternative to the photorefractive crystal. We want to replace the crystal be-
cause they are sensitive to mechanical stress and temperature and suffer from
a slow response time (up to minutes at 800 nm) and limited diffraction ef-
ficiency. In the polymers, the various physical processes involved to pro-
vide photorefractive process can be individually tailored by mixing differ-
ent chemicals, which allows a greater freedom to design a material. We use
the polymer in a four-wave-mixing (FWM) setup. Response times of msec-
onds are observed and, with careful wavelength tuning, holographic injec-
tion locking to the single frequency of the primary laser has been maintained

for several minutes.

An alternative approach to achieve high-power output from diode lasers
is not to increase the output of a single emitter, but instead to overlap the out-
put of many emitters. This approach is used for the last experiment. A grat-
ing is used to overlap the output of different elements of an array of single-
mode diode lasers towards a common reflector. Instead of single-frequency
operation, a comb-like emission spectrum is generated and an attempt is
made to lock the phases at these frequencies to produce pulses. In contrast to
conventional modelocked lasers, the pulse parameters in this approach are no
longer directly related the cavity parameters, but they can be adjusted via the
dispersion parameters of the grating. For instance it should be possible to ac-
cess different locking regimes, such as the generation of ultra-high repetition
rates I the range of hundreds of GHz. Also the requirements for modelocking
differ from conventionally modelocked lasers. A Semi conductor Saturable
Absorber Mirror (SESAM) is used to induce modelocking, and several con-
tigurations are explored. Although no stable pulsing was observed yet, clear
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signs of mode-locking were observed. The spectral amplitude profile flat-
tened and broadened, the emission levels between the locked modes reduced.
Also increasing spiking was observed in autocorrelation traces indicating the
increased appearance of pulses. Research will continue in collaboration with
a research group specialising in advanced SESAMs.






Samenvatting

Diode lasers kunnen een vermogen emitteren oplopend tot een aantal Watt.
Bovendien zijn diode lasers klein en efficiént en daarmee interessant voor
vele toepassingen. Echter, bij hoog vermogen zijn de spatiéle en spectrale
eigenschappen van de bundel, bepalend voor de bundelkwaliteit, vaak slecht.
Deze lage bundelkwaliteit is niet inherent aan diode lasers maar houdt ver-
band met het vermogen. Diode lasers met een laag vermogen kunnen wel
een goede bundelkwaliteit leveren. De grens tussen hoog- en laag vermogen
ligt ongeveer op 100 mW. Boven dit vermogen moet de uitkoppelspiegel ver-
groot worden om schade ten gevolge van de hoge intensiteit te voorkomen.
Door het vergroten (meestal in de transversale richting), in het Engels aange-
duid als broad area lasers (BAL), gaan z.g. hogere-orde modes resoneren
naast de laagste orde mode en deze combinatie verlaagt de ruimtelijke bun-
delkwaliteit naarmate een hoger vermogen wordt gewenst. Bovendien kan
elke van de genoemde ruimtelijke modes met een hoger aantal frequenties
resoneren omdat diodelasers over een grote spectrale bandbreedte van het
versterkingsspectrum beschikken. De precieze superpositie van al deze spatiéle
modes en spectrale modes, is een functie van meerdere fabricage- en ope-
rationele parameters, zoals de precieze maten van de resonator, de, van de
pompstroom afhankelijke, temperatuurverdeling in de diode en de ruim-
telijke dichtheidsverdeling van de pompstroom. Verder treedt competitie
tussen de verschillende modes om de versterking op en niet-lineaire pro-
cessen kunnen een rol spelen. Het hoge aantal van resonerende modes leidt
tot een toevallige ruimte-tijdelijke fluctuaties van de intensiteit. Samengevat
is het moeilijk te voorspellen welk ruimtelijke bundelprofiel optreedt, welk
emissiespectrum of tijdelijke gedrag optreedt. Dit proefschrift behandelt een
aantal experimenten gericht op het verbeteren van de ruimtelijke, spectrale
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en tijdelijke kwaliteit van de bundel uit hoog vermogen diode lasers.

Het eerste deel van dit proefschrift behandelt holografische oscillator syn-
chronisatie (in het Engels holographic injection locking): het schijnen van
licht van een enkele frequentie in een complex spatiéel patroon in de diode
laser. Door extern licht in de diode laser te schijnen wordt deze ertoe aangezet
om de frequentie en fase van dat licht over te nemen. Echter, deze overname
levert alleen een stabiel spatiéel patroon als het ruimtelijke patroon van het
externe licht overeenkomt met het patroon (ruimtelijke mode-superpositie)
van de diode zelf. Door gebruik te maken van holografische oscillator synchro-
nisatie kunnen zowel de spectrale als spatiéle complexiteit gereduceerd wor-
den zodat de bundelkwaliteit verbetert: Een primaire laser met een zwakke
laserbundel met een hoge bundelkwaliteit wordt via een hologram in de
diode laser geschenen. Dat hologram wordt gevormd uit het interferentie
patroon tussen de bundels van de primaire laser en de diode laser. Op deze
manier wordt de spatiéle mode van de primaire laser geconverteerd naar een
complexe, passende mode van de diode laser, en zal de diode laser de fre-
quentie en fase van de externe laser overnemen. De daardoor bereikte sta-
biele complexe mode kan via het hologram weer worden omgezet naar de
spatiéle mode de primaire laser (van hoge kwaliteit).

Het fotorefractieve materiaal waar de hologrammen in worden gevormd,
en de soort opstelling zijn de twee meest kritische parameters voor een ex-
perimentele demonstratie. In het eerste experiment gebruiken we een fotore-
fractief kristal in een opstelling voor een "dubbele faseconjugerende spiegel’
(double phase conjugate mirror, DPCM). Een beperking van deze opstelling
(2k-hologrammen) die werd gerapporteerd in de literatuur is omzeild door
het gebruik van speciale vibrerende spiegels in de opstelling. We zijn er in
geslaagd om het spectrum van een BAL te reduceren tot een enkele frequen-
tie en het patroon van de geémitteerde bundel te controleren voor langere tijd
(30 minuten). Bovendien hebben we het hologram kunnen gebruiken om de
spatiéel complexe bundel van de diode te converteren naar de enkele spatiéle
mode van de primaire laser.

In het tweede experiment vervangen we het fotorefractieve kristal door
een fotorefractief polymeer. We doen dat omdat kristallen een aantal nadelen
hebben: zij zijn erg gevoelig voor mechanische schokken en temperatuurver-
schillen, de reactietijd is erg lang (meerdere minuten bij een golflengte van
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800 nm) en de diffractie efficiéntie is beperkt. Een fotorefractief polymeer
bestaat uit een mix van chemische componenten, waardoor er vrijheid is om
de mix voor de verschillende fysische processen te optimaliseren die aan het
fotorefractieve effect bijdragen. Wij gebruiken een fotorefractief polymeer dat
gemaakt wordt door een groep in Arizona met een reactietijd in in de orde
milliseconden. We gebruiken een opstelling waarin vier bundels gekoppeld
worden, die in het Engels aangeduid wordt als fourwave mixing (FWM). De
bundel van de diode kan voor enkele minuten gecontroleerd worden maar
om dit te bereiken moet de frequentie van de primaire laser nauwkeurig wor-
den afgesteld.

In plaats van het vermogen uit een enkele diode te vergroten kan ook een
hoog vermogen verkregen worden door bundels uit vele individuele laser
diodes te combineren. Een goede bundelkwaliteit kan worden behaald als
al die bundels een goede bundelkwaliteit hebben. En een hoge tijdelijke
kwaliteit in de combineerde bundel zou bereikbaar worden door terugkop-
peling met een optisch nietlineaire element, bvb een verzadigbare absorber.
Deze benadering is gekozen voor het laatste experiment en gedetailleerd on-
derzocht via een numerieke modellering. De verschillende diode lasers ma-
ken deel uit van een array en de bundels worden via een tralie gecombineerd
tot een enkele bundel. Deze bundel heeft dezelfde, hoge, spatié¢le kwaliteit
als een enkele diode laser, maar bevat de frequenties van alle diodes in het
array en is daardoor opgebouwd als een frequentiekam. Een dergelijke fre-
quentiekam leidt doorgaans tot een toevallig patroon in de tijd maar door
de spectrale fases van de verschillende frequenties te controleren kan mode-
synchronisatie (mode-locking) bereikt worden en ontstaat een regelmatig pa-
troon van korte pulsen. Modelocking op deze manier is nog niet eerder on-
derzocht. De parameters van de puls zijn af te leiden uit de dispersie pa-
rameters zoals die gegeven worden door de tralie. Dit is in tegenstelling
tot de conventionele lasers waarin modes zijn gesynchroniseerd, waarbij de
resonator lengte de belangrijkste rol speelt. De randvoorwaarden om tot
mode-synchronisatie te komen zijn ook anders dan bij conventionele lasers.
Hierdoor kan onze laser in een ander bereik pulsen produceren, bijvoor-
beeld pulstreinen met een extreem hoge herhalingsfrequentie van tientallen
GHz. Om tot mode synchronisatie te komen wordt een SESAM (semiconduc-
tor saturable absorber mirror, halfgeleider verzadigbare absorptiespiegel) ge-
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bruikt, waarbij verschillende opstellingen worden onderzocht. Spectraal zijn
er duidelijke tekenen van modelocking en in autocorrelatie metingen zijn ko-
rtstondige pulstreinen gemeten, maar stabiele pulsen nog niet. Het is waar-
schijnlijk dat dit veroorzaakt wordt door onvoldoende verzadiging van de
SESAM of omdat de vervaltijd (relaxation time) van de SESAM te lang is.
Het onderzoek zal in die richting worden voortgezet in samenwerking met
een groep die ultrasnelle SESAMs kan leveren. De gemeten veranderingen
in het spectrum en het tijdelijk gedrag tonen dat het concept een duidelijke
kans van slagen heeft.
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Chapter 1

Introduction

Although there exist many different kind of light sources, a certain class
of them, lasers, is unique because of the special properties of the emitted
light. The properties lasers are most associated with is the emission of a well-
defined beam in a single, distinct direction (a spatial property), and the emis-
sion at a single, distinct light frequency (a spectral property). The spectral
properties of a laser, however, comprise more than a well-controlled power
spectrum, namely, also the phase of the emitted light can be controlled in
lasers. For example, if laser oscillation occurs at an entire set of evenly sepa-
rated light frequencies, rather than at a single frequency;, it is the phase spec-
trum that determines whether the light is emitted as short pulses or as quasi-
random fluctuations (a temporal property). When the named properties are
near their theoretical optimum, the output of a lasers is termed to be of high
spatial quality meaning a diffraction limited output beam, of high spectral
quality which usually means a power spectrum with narrow bandwidth, and
of high temporal quality meaning the generation of pulses with a short dura-
tion.

When lasers are scaled to higher powers, as is required for most industrial
and scientific applications, usually the spectral, spatial and temporal quality
of the output degrades significantly. A typical example for this are diode
lasers where a trade-off is routinely required between the quality of the out-
put beam and the output power. On the other hand, diode lasers are highly
attractive for applications, which is due to their small physical size and their
high efficiency in light generation. In view of this, in this thesis, I will fo-
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cus on quality improvements for the output of high-power diode lasers. In
standard operation, such high-power diode lasers show a spatially and spec-
trally rather low output quality. The former is seen as an output beam with
complexly-structured (apparently multi-lobed) spatial beam profile, and the
latter can be seen as a multi-frequency complexly-structured output spec-
trum of significant bandwidth. Temporally, this corresponds to a rapid fluc-
tuation output power.

To improve the spatial and spectral quality of high-power diode lasers,
or to improve the spatial and temporal quality, we chose two approaches
where the diode laser is subject to optical feedback via an optically nonlinear
process.

The first approach, to obtain a high beam quality and single-frequency
output, is based on the injection of light with a single frequency into the com-
plex spatial mode of a high-power broad area laser (BAL) diode. The in-
jected light originates from an external source, a single-frequency laser, with
a beam of high spatial quality, operating at low power. Dynamic holograms,
recorded via the nonlinear optical response of photorefractive materials, are
used to diffract the high-quality beam of the external laser into a specific,
spatially complex pattern which matches the preferred, spatially complex
beam pattern of the high-power diode laser. The injected frequency imposes
its oscillation frequency and phase on the high-power diode, such that the
hologram provides an optical feedback to the beam pattern preferred by the
diode. Simultaneously, the same hologram diffracts the complex beam pat-
tern emitted from the high-power diode back into to a beam of high spatial
quality.

The second approach aims on improving the spatial and temporal quality
from diode lasers with high power. It is based on a diode array of single-
stripe emitters that receive nonlinear optical feedback from a saturable ab-
sorber. For this, the emission frequencies of the individual emitters are brought
into an evenly spaced (comb-like) spectrum and spatially superimposed into
a single, common beam with a diffraction grating. The nonlinear feedback
from the saturable absorber in this common beam should then control the
relative phase of emission for each emitter, to arrive at modelocking for the
generation of a train of ultrashort pulses from the diode array.

Both approaches attempt to circumvent the usual limits of high-power
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diode lasers by harnessing the complexity that comes with high-power oper-
ation and convert the beam of a high-power diode back to the high quality as
found usually only in low power operation.

1.1 A very brief history

The concept of stimulated emission of light, introduced by Einstein in 1917
[1], can be considered the most essential step towards the realisation of lasers.
The first working device, the maser, albeit at a rather low frequency (in the
microwave range), was demonstrated by Gordon and Zeiger in the group of
Townes [2] in 1954, with important contributions from Basov and Prokhorov.
Gordon, Basov and Prokhorov shared the Nobel Prize in 1964 for the inven-
tion of the maser. Maiman realised the first laser, a Ruby-laser emitting at
694.3 nm in 1960 [3]. Also in 1960, the first light emission from a semicon-
ductor material was demonstrated by Lowen [4], followed by the first diode
laser in 1962 by Hall [5]. The high quality of the light that could be generated
by lasers and the high degree of control concerning its spatial, spectral and
temporal properties initiated a huge wealth of laser-based optical research as
well as numerous developments towards applications.

For the research presented here, the spectral, spatial and temporal proper-
ties of diode lasers form a central issue, but also other development are being
made use of. These are, in particular, the invention of holography in 1948
by Gabor [6], and the frequency and phase control of oscillators via injection
locking, as reported for mechanical oscillators by Huygens in 1665 [7].

1.2 Scope of this work

This work describes three experiments, all aiming at improving the spatial
beam quality in combination with an improved spectral or temporal qual-
ity. The first two experiments demonstrate holographic injection locking of a
single high-power diode, either via a photorefractive crystal or via a photore-
fractive polymer. In the third experiment a new type of high-power mode-
locked laser is investigated.

The thesis is organised as follows. The motivation and background for
the holographic locking experiments are described in chapter 2. The causes
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of degradiation of the beam quality of high-power diode lasers are exam-
ined in order to evaluate techniques that may improve the beam quality and
narrow the spectral bandwidth, such as injection locking and holographic
injection locking. Different materials with photorefractive properties, crys-
tals and polymers, are introduced and their properties and differences anal-
ysed in comparison. The experiments follow in chapter 3 and 4. The first
experiment uses a photorefractive crystal in a double phase conjugate mirror
(DPCM) configuration. It extends previous work, by achieving some signif-
icant improvements such as a first-time single-frequency locking of a BAL
diode while the long-term stability of the locking is maintained. The second
experiment using photorefractive materials is described in chapter 4. Here,
for the first time in the context of laser injection locking, a photorefractive
polymer is employed for a successfull locking of a high-power diode laser.

In chapter 5, the concept of a new type of modelocked laser is proposed,
where the amplification of light is spectrally distributed over a larger number
of separate gain elements. An implementation is suggested as based on an
array of single-stripe diode lasers with feedback from a saturable absorber
mirror. The spectro-temporal properties of this implementation are analysed
with a numerical model in order to identify ranges of experimental parame-
ters where modelocking might be feasible.

Chapter 6 describes the first experimental investigations of such a type
of laser, with the goal to achieve modelocking. So far, the results reveal that
the generation of a stable train of output pulses would require an improved
performance of, particularly, the saturable absorber. However, some first in-
dications of modelocking were observed.

In the last chapter 7 conclusions and an outlook are presented.



Chapter 2

Motivation and overview on
holographic injection locking

ABSTRACT
Some of the problems of high-power diode lasers are described

with possible solutions to these problems proposed and evaluated.
Reasons for the deterioration of the beam quality of a laser diode
at higher output power are given. Holographic injection locking,
direct injection locking and phase conjugation are introduced. The
photorefractive effect, a nonlinear effect critical to the creation of
adaptive holograms, is discussed. Photorefractive mechanisms
in inorganic crystals and organic polymers, together with a set of
configurations for photorefractive experiments are introduced.

Low-power diode lasers are efficient, small, low-cost laser sources avail-
able with up to a few tens of mW output power over a wide range of wave-
lengths. Such low-power diode lasers are the preferred source of light in
many existing applications, e.g. in CD/DVD-technology and optic telecom-
munications. However, where it is possible to scale the output power to the
high-power regime (>100 mW and up to the kW scale), without any loss of
coherence, it would be possible to use diode lasers in new applications, or
to replace the much more expensive and bulky gas or solid state lasers. Ex-
amples of applications that would benefit from high beam quality and high
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power include the efficient nonlinear conversion, holographic recording, or
laser-display like applications. The classification “"high-power”, for diode
lasers with an output of already more than 100 mW, seems suprising on a
tirst view. However, this limit arises from a purely physical border, namely
the output power of a single mode laser diode is limited by the catastrophic
optical damage which occurs at the front output facet due to extremely high
intensities with a single-stripe laser emitting a single spatial mode with more
than 100 mW output power [8], due to the microscopically small area from
which the light is emitted, these intensities easily lie in the order of sev-
eral tens of MW/cm?. Engineering of laser diodes has extended the current
single-mode power limits up to 150 mW at 808 nm (Sanyo DL8142-201) and
300 mW single mode output for a more advanced waveguide structure at
980 nm (Thorlabs L980P300]) [9]. These approaches are based on increasing
the emitting area and transverse size of the internal light field, where care has
to be taken in order to maintain the single spatial mode operation or and to
maintain a sufficiently high rate of stimulated emission. For further improve-
ments, different approaches have been devised to increase the output power
significantly beyond this borders.

Diode lasers have been scaled into the high-power regime in two ways.
In the first approach, the output of several independent single mode emitters
are combined into an array for a coherently combined single beam output.
A recent overview of progress in coherent beam combining can be found in
the review paper of Fan [10]. However, despite the numerous experimental
configurations explored since 1968 [11-15] offering increased output powers
while avoiding a degrading beam quality. Major disadvantages are a lack of
scalability of the number of elements, limited efficiency and undesired non-
linear effects which degrade the beam quality.

A second approach is to scale diode lasers into the high-power regime by
increasing the transverse size of the gain medium in a single emitter, a so-
called broad area laser (BAL), allowing a higher output power from a single
element. It can be expected that the holographic feedback method we inves-
tigate here to improve the spatial and spectral output quality of a single BAL
can also be applied to an array of BALs which should increase the output
power further.

As a major part of this thesis will focus on improvements of the spectral
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and spatial quality of light emitted by BALs, we will in the following review
some important properties of such high-power diodes lasers. BALs typically
offer multi-Watt power levels with a high efficiency from a single emitter.
However, this high power is achieved with a transverse increase of size of the
active laser volume, the spectral and spatial beam quality is much below that
of a low-power single mode laser. Typically, a BAL emits a broad spectrum
(>450 GHz) and a complex spatial pattern (M2 >100) and not a single spatial
mode (M?=1) in a small spectral band (<10 MHz) as possible with a low-
power diode laser.

To force a BAL to maintain single-frequency operation, injection locking
can be applied. This is achieved by the injection of the radiation of a low-
power, single frequency laser, called primary oscillator, into the BAL [16-18].
In order to achieve successful injection locking, strict spatial and spectral re-
quirements have to be fulfilled. Spectrally, some detuning between the pri-
mary oscillator and the secondary oscillator (in our case the BAL) is allowed,
as long as the amplitude of the primary oscillator is sufficient to compensate
the losses in the secondary laser. These losses in the secondary laser are intro-
duced by the detuning. Spatially, the transverse mode pattern of the primary
laser should overlap the mode pattern of the secondary laser at the facet.
For injection locking of a BAL this means that the primary laser should be
aligned in such a way that its radiation matches within the microscopically
small (typically several pm in size) facet of the BAL. Sometimes the use of an
additional oscillator can be avoided. Here one takes advantage of the, gen-
erally, two-lobed output of the BAL, and uses feedback of one of the lobes
via a wavelength-selecting element, e.g. with a grating [19]. However, this
approach has turned out to be only partially successful (see below).

The basic properties of injection locking are extensively studied in single-
mode emitters, in which a wide range of dynamically unstable behaviour is
observed [20-22], even when the named tight alignment restrictions are met.
Due to spatial and spectral multi-mode oscillation of a BAL, injection lock-
ing of a BAL is much more difficult and much less successful than locking
of a single-mode diode. Frequency-selective feedback or injection of single-
frequency light into a BAL easily narrows the spectrum of the BAL, how-
ever, this does not improve the spatial beam quality much. This is due to
the fact the simple (high-quality) spatial pattern from the injected radiation
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of the primary oscillator cannot match the preferred, internal spatial inten-
sity distribution (pattern of superimposed transverse modes) of the BAL. On
the other hand, it shows that the spatial beam quality of a BAL improves to a
near-diffraction limited beam by feedback from an external cavity (also called
self-injection locking), but this does not narrow the broad spectrum [23-25].
It turns out that an external cavity cannot be constructed in such a way that it
only supports a single frequency within the emitted bandwidth of the BAL,
feeds back only a single spatial mode, and simultaneously provides a suffi-
ciently high feedback efficiency. For successful spatial and spectral beam im-
provement, a single-frequency emission from the BAL needs to be selected
while avoiding any spatial filtering. For injection locking this means that the
primary laser input beam shape has to be given a rather complex beam shape
such that it matches the preferred output pattern of the BAL.

Recording

Wedlum

- — B

BAL KI/
Hologram Master
oscillator

Figure 2.1: Principle scheme of a holographic locking setup.

Therefore a method is required which converts the simple spatial mode
of the primary oscillator into the spatial mode of the BAL before its radiation
is injected into the BAL. To solve this problem, an interesting possibility is
to provide a suitable hologram which converts the spatial pattern of the pri-
mary oscillator into the pattern preferred by the BAL. It is impossible, how-
ever, to pre-determine the fitting hologram due to the highly complex and un-
predictable mode pattern emitted (and thus preferred) by the BAL. To solve
this problem as well, we propose a method to dynamically record the proper
hologram in a suitable medium using the primary oscillator and the BAL as
the recording beams, see figure 2.1 [18]. This method will be referred to as
holographic injection locking. In this method the spatial properties of the
BAL diode pattern will be copied, by diffraction in a suitable hologram, onto
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the injected single-frequency beam. This way the BAL is offered the possi-
bility to spectrally lock to the primary oscillator frequency, however, without
the primary oscillator imposing a pre-defined spatial mode pattern on to the
BAL. A successful locking should then become apparent as a complex spatial
pattern which is stable in time. It is important to note that, in this state, the
hologram used to diffract the spatial mode of the primary oscillator into the
spatial mode of the BAL should convert the complex, preferred spatial beam
pattern of the BAL into the simple, high-quality mode of the primary oscilla-
tor. In summary, holographic injection locking should allow to lock a BAL to
a single-frequency in a matching spatial mode without actually knowing the
particular shape of this complex spatial mode and, simultaneously, to obtain
high-quality spatial output pattern from the BAL.

In this thesis we will report on two experiments where two different pho-
torefractive materials were used to successfully achieve holographic injection
locking. In the first experiment described in chapter 3, a standard, inorganic
photorefractive BaTiO3-crystal is used. Related experiments with BaTiOs-
crystals to injection-lock BALs have been reported before [26-34]. A prob-
lem in these experiments so far is to maintain injection locking of the BAL
once the BAL and the primary laser become mutually coherent, and we will
show, for the first time, that the stability of the locking is maintained even
after the single-frequency laser and the BAL become mutually coherent by
the injection locking. Further, we demonstrate that the spatial mode of the
single frequency oscillator beam is not only converted into the complex BAL
mode, but also converts the spectrally locked, complex mode pattern of the
BAL beam back into the spatial beam profile of the single-frequency primary
oscillator.

In a second experiment, described in chapter 4, we replace the inorganic
photorefractive crystal by an organic photorefractive polymer, with the mo-
tivation to avoid a number of disadvantages associated with photorefractive
crystals. In this chapter, the first holographic injection locking using a pho-
torefractive polymer is demonstrated. The optical properties of the locked
BAL are comparable to the optical properties of the BAL in the experiment
using the inorganic crystal.

To prepare the presentation of the described results, in the remainder of
this chapter more background on the optical properties of diode lasers is
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given, the properties of photorefractive crystals and polymers are reviewed,
and the concept of phase conjugation is described.

2.1 Diode lasers

In its most elementary form, a conventional laser diode can schematically be
depicted as in figure 2.2 [35,36]. When a current is applied, light amplification
is provided in an active layer formed by the pn-junction. The front and back
facets are cleaved parallel to each other and the backfacet is coated to provide
a mirror with a reflectivity close to unity. Due to the high small-signal gain in
such diodes, laser oscillation can be achieved without a reflective coating on
the front (output) facet. The reason for this is that the high refractive index
n of semiconductor materials (AlGaAs in our case, with a n around 3.5 at
800 nm, depending on the concentration on Al) leads to a sufficiently high
feedback via Fresnel reflection. Thus a cavity is formed between the front
and the back facet, light can be amplified in the medium and coupled out at
the front facet.

Back Facet
Current (R=1)

Front Facet
(R~0.3)

pn-Junction

Active layer

Figure 2.2: Schematic of the basic principle of a diode laser

The Fresnel reflectivity of the output coupler (typically 0.3) is actually a
very low value compared to most other lasers, such as in a HeNe-laser where
the reflectivity of the output coupler is typically 0.99. Laser operation with
much lower reflectivities in a diode laser is possible because of the extremely
high roundtrip gain; the roundtrip gain in a half roundtrip (small-signal gain)
typically amounts to a factor of 10? to 10®. The gain bandwidth is typically
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tens of nanometres due to the energetically wide distribution of levels in the
conduction and the valence band of the semiconductor material. This high
density of states usually allows for light amplification at all light frequencies
within this bandwidth.

Like any cavity, a laser diode cavity can allow oscillation at a multitude
of longitudinal and transverse modes, depending on the cavity parameters ,
such as the cavity length, the mirror curvature and the transverse width of the
active volume. In this thesis I will refer to a single-mode diode if the cavity
selects only a single transverse mode, usually the fundamental transverse
mode, also called the longitudinal mode.

Within this thesis, certain coordinate axes are defined which relate to the
typical divergence properties of the emitted light, as seen in figure 2.3. The
axis along which the light propagates up and down the cavity, is called the
cavity axis. The two axes perpendicular to the cavity axis are referred to as
the fast axis and the slow axis. This is derived from the diffraction angles
observed once the light has left the cavity. Along the fast axis the divergence
is stronger than along the slow axis, because along the fast axis the emit-
ting aperture is small (=1pm) compared to the aperture along the slow axis
(~3um for a single-mode diode, up to tens to hundreds of ym for BALs), also
see figure 2.3.

Fast
axis
‘dﬁs,wl pm
Slow
ear axis
7 - field
dyoniem~3 1M Cavity
Aoy -pa=10um aXiS
Far
field

Figure 2.3: The standard labelling of axes for a laser diode, the near

field due to different diverging angles along the slow and fast axis,
and the shape of the far field.
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In a cavity, different modes can occur, i.e. ways light can propagate in the
cavity with minimum loss and, if a gain medium is present, can be amplified.
When it is relevant whether light is present or not in such modes, the term
cold cavity modes will be used to indicate no light is present, and the term
oscillating, or emitting mode, to indicate light is present in a mode.

Longitudinal modes, (also named wavelength modes as defined by Nu-
mai in [36]) occur when the fundamental transverse mode supports the oscil-
lation of light at several different wavelengths. The condition which needs to
be fulfilled for such a wavelength is that an integer number N of wavelengths
tits a full cavity roundtrip:

N = leavity 2.1

with A the wavelength and l.4.:1, the optical length of a full roundtrip in the
cavity. If a wavelength fits this condition and resides within the gain band
of the diode laser oscillation can occur at this wavelength. A laser diode in
which several longitudinal modes are excited simultaneously can show an

emission spectrum such as depicted in figure 2.4.
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Figure 2.4: Several longitudinal modes emitting in a spectrum.

The longitudinal mode, i.e. the lowest-order transverse mode, is associ-
ated with light propagating on-axis. In single-mode diodes only this lowest-
order transverse mode can be excited along both the slow and fast axes. How-
ever, in BALs higher-order transverse modes are allowed to oscillate along
the slow axis. Along the fast axis light can only oscillate in the lowest-order
transverse mode. The larger the emitter size and width of the active volume
is along the slow axis, the more transverse modes can start to oscillate in

the cavity. As in all lasers, the presence of multiple higher-order transverse
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modes is manifested in a degraded spatial beam quality. The cold cavity
modes are orthogonal, so a that light contained in a first transverse mode
does not influence the amount of light in another transverse mode, although
the two modes show a high spatial overlap. When a gain medium is in-
troduced in the cavity, the light in different transverse cavity modes becomes
coupled via the gain medium. In the gain medium where the modes partially
overlap and light in the modes will compete for the available population in-
version, which is called gain (or mode) competition. Because the gain in a
diode laser is, to a good approximation, homogeneously broadened, all the
available gain can, in principle, be depleted by a single frequency in a sin-
gle transverse mode. However in a BAL, where a high number of different
transverse modes at numerous frequencies experiences gain, this will rarely
be the case. Instead, due to insufficient competition (due to a limited overlap
of all modes at all locations in the active volume), many modes will oscillate
simultaneously in a BAL. This is then seen as a highly complex spatial out-
put pattern which contains the superposition of all oscillating modes. Due to
the multiple-frequency character of this superposition, this leads, in the time
domain, to rapid fluctuations of the output intensity, with times in the order
of the roundtrip time (nanoseconds). However, when a specific transverse
mode superposition is given an advantage, such a via injection of a particu-
lar, single light frequency, this spatial pattern could deplete the other trans-
verse modes. In this case, although he mode superposition selected thereby
is certainly not a single spatial mode, its single-frequency character is of ad-
vantage because it extinguishes the named rapid fluctuations. This temporal
stabilisation of the BAL's spatial output pattern can then be used to obtain
a suitable photorefractive hologram, even when the photorefractive material
shows a slow photorefractive response (see the following sections).

2.1.1 Single mode and broad area diode laser

In figure 2.5 the front viewed structure of a single-mode diode is compared to
that of a BAL. In a single-mode diode the light is confined not only along the
fast axis by waveguiding such as in the active layer, but also along the slow
axis by two electrically insulating layers with a wider bandgap. The light is
confined between these layers, along the slow axis, for two reasons. Firstly,
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no gain is generated there, because no current is present in the insulating lay-
ers. Rather, the absence of pump current renders the semiconductor material
strongly absorbing in these regions. The resulting, gain-related transverse
restriction of the light field is also called gain guiding. Secondly, the wider
bandgap of the insulating layers is associated with a lower refractive index
than the refractive index of the gain (p-n junction) layer. This confines propa-
gating light along the slow axis to the gain layer by waveguiding, also called
index guiding. The geometrical width of the gap between the insulating lay-
ers in the direction of the slow axis is chosen in such a way that it only sup-
ports the fundamental transverse mode, i.e. longitudinal propagation in the
laser cavity, much like in single-mode optical fibres which support only the
fundamental mode as well. For realising a single-mode diode at 800 nm, the
named guiding mechanisms lead to a choice of a size for the active area along
the slow axis of approximately 3 ym . In contrast to this, the width of the ac-
tive volume in the direction of the fast axis is determined by the natural thick-
ness of the p-n-junction, i.e. the typical diffusion distance of carriers (about
1 pum). The resulting maximum area of the emitting facet (1x3 pm) for single-
transverse mode oscillation, together with the typical damage threshold of
10 MW /cm? the semiconductor material its constructed of, limits the output
power to approximately 100 mW. The named or similar constructions of laser
diodes, where the laser gain is restricted to a narrow (3mum wide) stripe to
obtain fundamental transverse mode emission, is often named single-stripe
laser.

In contrast to single-stripe lasers, in a BAL light propagation along the
slow axis is usually defined only by gain guiding and not by index guiding,
as can be seen in figure 2.5(b) . In a BAL, the width of the gain area is de-
liberately chosen much wider than the gain area in a single-mode laser. The
purpose of this approach is to achieve a much higher output power, up to
several Watts for a single emitter. However, the larger gain area also implies
that a broad area diode is no longer restricted to oscillation at a single spatial
mode, rendering the named reduction in spatial and spectral quality of the
output.

The aim of our experiments was to be able to access the high-power out-
put of a BAL and improve the spatial and spectral beam quality comparable
to the beam quality of a single mode emitter.
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Figure 2.5: The front facet of a single-mode diode (a) compared to a
broad area laser(b). The light is confined in a small cavity in the single-
mode case by two insulating areas with a lower refractive index n. In
the broad area laser insulating areas do confine the area where the cur-
rent can flow, but the cavity is not confined at the sides. The effective
cavity size is determined by gain guiding.

2.1.2 Injection Locking

The discovery of the phenomenon of injection locking is often credited to the
Dutch scientist Christiaan Huygens [7] who lived in the 17" century. In his
work on pendulum clocks he discovered that, if two clocks were positioned
on a wall close enough together, after some time the clocks would run syn-
chronous [7,37]. Synchronous means that, the both clocks both oscillate at the
same frequency and with a fixed phase relation. Many similarities between
the injection locking of mechanical oscillators and optical injection locking of
laser oscillator have been discovered since. If two similar lasers are used (see
figure 2.6), instead of two similar clocks, and light from one laser is injected
into the other laser, under appropriate conditions both lasers will oscillate at
exactly the same frequency and maintain a constant phase relation. An op-
tical spectrum analyser (OSA) can be used to verify oscillation at the same
frequency, while the disappearance of a temporal beat can also prove a con-
stant phase relation. In this thesis the two lasers will be termed the primary
and secondary lasers, where the primary locks the secondary one. An un-
desired locking of the primary by the secondary laser is usually excluded by
introducing an optical (Faraday) isolator in the connecting beam path.

The first successful injection locking experiments with lasers was demon-
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- OSA

Primary = BS Secondary
Laser Laser

Figure 2.6: A simple scheme for injection locking of lasers. FI=Faraday
Isolator, BS=Beam-splitter, OSA=Optical Spectrum Analyser.

strated by Stover and Streier in 1966, using HeNe-lasers [38]. In 1980 Kobayashi
and Kimura [16] demonstrated the first locking of a diode laser, a GaAlAs
laser. In their experiment, both the primary and the secondary laser were
single mode lasers.

In the context of this thesis we used the technique of injection locking to
lock a high-power (secondary) diode which, in free-running operation, emit-
ted many wavelengths in many transverse modes, to the single frequency
of a primary laser with a low optical output power. In figure 2.6 a simple
scheme of an injection locking setup is shown. Due to the injection of light
from the primary laser, stimulated emission in the secondary laser leads to
amplification at that same wavelength (or frequency). Stimulated emission
also preserves the phase of the incident light such that the secondary laser
oscillation is also driven into a fixed phase relation with regard to the injected
phase.

Injection locking in diode lasers is much more complex than with other
lasers. Even if just single mode diodes are used, the nonlinear locking dy-
namics can only be understood using extensive theoretical modelling [21,22,
39] and experiments [40,41]. With diode lasers, there is a wide range of types
of behaviour. In particular, there exist various regimes, some of which do
not correspond to stable injection locking, but produce a spectral and spatial
chaotic output pattern of the secondary laser instead, as we also observed in
our experiments. Typically, regimes are characterised by the amount of de-
tuning between the primary and secondary laser (explained below), and the
amount of optical power injected into the secondary laser. The much more
complex behaviour of diode lasers can be largely explained by the fact that
a diode laser does not obtain its gain from a a single laser transition, unlike
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most other lasers, but from a multitude of levels located in a valence and con-
duction band. The high density of energy levels in both these bands allows
many additional transitions, such as intraband transitions, which gives rise
to additional intraband electron and hole dynamics not present in 2-level sys-
tems. Because in our experiments we did not use single mode laser diodes
but BALs we made no attempt to model the locking dynamics, but restricted
ourselves to experimental observations and improvements, with only their

qualitative explanations.

Although the multi-level nature of gain in diode lasers is complicating a
thorough understanding, it provides also some important practical advan-
tages. The same band structure, namely, allows to provide a high value for
high small-signal gain and also a broad spectral bandwith of the gain. Both
are advantageous for injection locking, making laser diodes, despite their
complexity, amenable sources for injection locking. To explain the latter state-
ment, it is important to realise that the extent to which injection locking can
control the oscillation of a secondary laser grows with the locking range. This
range, AvVjocking, is the maximum frequency detuning between the primary
laser frequency, v;,, and the frequency of the free-running mode of the sec-
ondary laser to be locked, v¢,. The locking range is, in a simple picture, e.g.
described by Siegman [37] given by equation 2.2, where P;,, and F, are the
respective powers of the injected and locked lasers, and where Av, ity is the
spectral linewidth of the respective cold cavity mode in the secondary laser.

Qualitatively, as long as the detuned injected beam injects a sufficiently
strong field to compensate for the extra cavity losses induced by the detuning,
injection locking will occur. In a more quantitative way, the locking range
Avjoeking (FWHM) can be defined as [42]:

P

53 (2.2)

AVloclcing = AVcam'ty

Why diode lasers are particularly suitable for injection locking can be ex-
plained by a more detailed discussion of equation 2.2, and here, in particu-
lar, by considering the linewidth of cold cavity modes in diode lasers. This
linewidth, Aveguity (FWHM) is associated with Q (quality) factor of the sec-
ondary laser cavity modes, which is given by [43]:
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Q= (2.3)

AVcavity
where v, is the centre frequency of a cold cavity mode. Most lasers( e.g.
HeNe lasers), have a cavity with a high Q-factor. However, from equations
2.2 and 2.3 it can be seen, a low Q-factor is favourable in for injection locking,
since Avcquity is larger for such a cavity, as illustrated in figure 2.7 where a
low Q and a high Q cavity are compared

1/R~1
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Figure 2.7: The selectivity of a HeNe-laser (top) compared to the mode
selectivity of a diode laser (bottom).

When looking at equation 2.2 and 2.3 a wide locking requires to use a
cavity with a low Q. Furthermore, when v, is fixed, a large Av gy, (lossy
cavity) is the only way to reduce Q. The cavity linewidth Av gy, is inversely
proportional to the photon lifetime 7,,010n, which is the average time a photon
is contained in the cavity:

1

AVcam'ty = F
photon

(2.4)

The photon lifetime 7,500, Which obviously is to be made as short as
possible for a large locking bandwidth, is determined by two factors, as can
be seen from equation 2.5. First, the optical effective length of the cavity is
important, L.y, the physical length multiplied by the refractive index. The
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second factor is the average number of roundtrips a photon makes in the
cavity before it is coupled out by losses.

Nrt * Leff

Tphoton = f (25)

In a standard laser, e.g., a HeNe laser, the number of roundtrips is mostly
given by the reflectivity of the output coupler. Here, typically, the reflectivity
of the output coupler is close to unity and a photon can make hundreds of
roundtrips on average before being coupled out. This is in sharp contrast to
the circumstances in a diode laser. In a diode laser, with a typical reflectivity
of 0.3, the number of roundtrips (V,;) is only 1.5. Furthermore, the cavity
length of a HeNe is typically about 30 cm. With the diode lasers we used, the
cavity length is only 0.7 mm times a refractive index of 3.5, giving a L.y of
2.45 mm.

In conclusion from this comparison it can be seen that, the high output
coupling and short cavity of a diode laser results in a short photon lifetime
Tphoton, @ Wide spectral cavity linewidth Avgyity, a low Q-factor and thus also
in a wide locking range Avjycing. To make a more quantitative comparison,
some typical numbers can be calculated for the HeNe and the diode laser.
For the diode we assume the a reflectivity 0.3 and set the centre frequency at
375 THz (corresponding with the 800 nm light used), the length of the cavity
0.7 mm and the refractive index n=3.5. For the HeNe the reflectivity is taken
at 0.99 and the centre frequency 474 THz (633 nm), the length of the cavity
30 cm and the refractive index of the HeNe gas 1. To estimate a Avjocking,
the injected power from the primary laser is taken to be 1% of the output
power of the secondary laser. The results of this comparsion can be found in
table 2.1.

Table 2.1: Compare cavity parameters HeNe and diode laser

Parmeter units || HeNe laser | Diode laser
Tphoton s 2*1077 2.5¢10~ 1
AVeaity ~ Hz 8.0%10° 6.510°
Q-factor - 6.0*10% 5.8*10*
AVjpcking Hz 8.0*10% 6.5%10%

From the table we can see, for example, the locking range of a diode laser
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is four orders of magnitude larger than that of a HeNe laser, in the order of
hundreds of MHz instead of only tens of KHz. Correspondingly, the injec-
tion locking ranges of a diode laser tolerates about four orders of magnitude
larger detunings. Another way of interpreting this is that a diode laser can
be injection locked also with light of significant spectral bandwidth, such as
hundreds of MHz when looking at the example in table 2.1. This makes diode
lasers very suitable for an external control by light injection.

As illustrated with Huygens’ clocks at the beginning of this section, the
establishment of a fixed phase relation between the two mechanical oscilla-
tors is observed. This is also the case in injection locking of lasers. However,
there is an important difference. The oscillation present in the primary os-
cillator has to propagate, in the form of an emitted light beam, a substantial
distance to reach the location of the secondary laser (propagational distance).
This distance has to be compared to the coherence length of the primary laser
used, which is given by its spectral bandwidth, Av, as L. = ¢/Av. When the
coherence length is shorter than the propagational distance this means that
the oscillation in the locked secondary laser is not temporally coherent with
that of the primary laser. As a result, when the output beam from the locked
laser is superimposed with that of the primary laser, this does not yield a tem-
porally stable interference pattern, although the secondary laser is locked by
the primary one. This lack of mutual coherence will be termed as incoherent
locking. Only when the propagational distance is shorter than the coherence
length of the primary laser, the superposition of their beams yields a tempo-
rally stable interference pattern. This case of mutual coherence between the
two lasers will be termed as coherent locking.

As will be explained below, the build-up of a phase hologram in a pho-
torefractive material requires that a stable interference pattern of light is to
be generated in the material for time intervals longer than the materials re-
sponse time. This means that coherent locking is required, when the inter-
ference pattern is generated by the primary and the secondary lasers beams,
i.e., a hologram will only be generated when the coherence length of the pri-
mary laser is longer than, approximately, the physical separation between the
primary and secondary lasers. This issue has to be taken into account when
realising a corresponding experimental setup.

Besides these spectral considerations, the spatial aspects of injection lock-
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ing are important as was already found in the first locking experiments. In
these, the incoming transverse mode or modes from the primary laser were
precisely matched to the transverse modes of the secondary laser in beamsize
and polarisation with exactly the opposite direction and divergence in order
to achieve stable locking [38]. This can be understood because at optimum
overlap there is a maximum competition of the injected field with the (unde-
sired) free running field. In the case of single-mode lasers this is a matter of
properly aligning the primary and secondary laser, with respect to the men-
tioned properties, so that they emit light in exactly the opposite directions, as
depicted in figure 2.6.

In broad area lasers however, it is impossible to attempt injection lock-
ing in such a straightforward way, because the spatial output pattern from
a BAL is of hard to predict and complex shape and is not stable in time. As
was explained above, this results from the simultaneous oscillation of many
transverse and longitudinal modes in the presence of internal coupling mech-
anisms. However, when the diode can be forced to a emit a single frequency,
the complex spatial pattern would become stable in time, since the mode su-
perposition containing modes of the same frequency, with a constant relative
phase relation. If the wavefront injected from the primary laser had the same
complex shape only that it propagated in the opposite direction, this would
be the perfect wave for injection locking the BAL into single-frequency emis-
sion. A wave with this property, i.e. having the exact same wavefront, beam-
size, frequency and polarisation, but propagating in the opposite direction, is
called the phase-conjugate wave of the incoming wave. The next section will
recall the concept of a phase-conjugate wave in more detail.

2.2 Phase conjugation

Phase conjugation is a well-known concept from nonlinear optics that has
received a lot of attention due to its property to correct wavefront aberra-
tions. Such abberations occur when light is propagating through a medium
in which the refractive index is spatially inhomogeneous. This applies also
to deliberately realised inhomogeneities, such as in a hologram. Here, when
diffracting a beam of high spatial quality in a hologram into a complex pat-
tern, phase conjugation can revert (convert) this pattern back into a high spa-
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tial quality beam. Here we will show the use of phase conjugated beams to
solve the above named problem of the spatial mismatch between the primary
and secondary laser in a direct injection locking scheme for a BAL (with its
highly complex spatial mode pattern).

In this section first the concept of phase conjugation is recalled and fol-
lowed by some examples of nonlinear optical effects used to create phase
conjugated beams of light.

normal phase conjugate
mirror  — mirror [

.

kx

Figure 2.8: Normal mirror and phase conjugate mirror.

Upon reflection on a standard mirror, only the k-vector perpendicular
to the mirror surface (k;;) is reversed in direction. This is illustrated in the
left hand side of figure 2.8 in which the incoming beam is decomposed in a
wavevector k:z, parallel to the mirror and a component k, perpendicular to
the mirror. The difference made by a phase conjugate reflection is that also k?y
is reversed resulting in a beam travelling in exactly the opposite direction of
the incoming beam, independent of the angle of incidence, as is depicted in
the right hand side of figure 2.8. In this sense a photorefractive mirror can be

seen as a “perfect” mirror.

Incoming
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--— --— --—

Figure 2.9: Wavefront correction by a phase conjugate mirror.
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It is this property of reversing all k-vectors which implies that a phase
conjugate mirror can correct an arbitrary distortion on a wave by reflecting
the wave on a phase conjugate mirror and letting it pass through the distort-
ing medium again, if propagating a pre-distorted wave through the medium
results in cancelling of the initial distortion, see figure 2.9. That also arbitrary
distortions can be corrected is explained by the consideration that any dis-
torted wavefront can be seen as a superposition of plane waves, and where
each of these plane wave components will be reflected the way figure 2.8. The
superposition of all the phase conjugated waves will then add up as the same
wavefront before it was reflected by the phase conjugate (PC) mirror , how-
ever, that now it propagates in exactly the opposite direction. The PC mirror
has the property to reflect a distorted wave in as a "pre-distorted” wave so that
passing the medium again will exactly nullify the changes in the wavefront.

Mathematically, it is thus sufficient to model a monochromatic plane wave.
A plane wave, Ey; 4,41, propagating in the +z direction can be written as:

Esignal (2,9, 2,t) = Ay, 2)e” e

(2.6)
= A(x,y, 2)Us(2)Wy(t)

with A being the real-valued field amplitude and ¥4(z) and ¥(¢) being complex-
valued phase factors,:

U, (z) = e 2 (2.7)
W, (t) = et (2.8)

In order to obtain from this the complex conjugate wave, E,, of Eg;gnai,
one has to convert either ¥ (z) or V,(t) into its complex conjugate value.
First, the complex conjugate of E;4q is taken by conjugating W(z2).

EPC = ;kignal

_ A(:L',y, z)e-i-ikzeiwt

Note that this indeed inverts the sign of k as described from phase conju-
gate reflection. the second alternative, E,. can also be calculated by inverting
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U,(t) instead of ¥4(2):

EPC = :ignal
= A(z,y,2)¥s(2) ¥ (1) (2.10)

—ikz —iwt

= A(z,y,z)e” e

Here, not the k-vector, but the time appears as inverted, hence the no-
tion of a phase conjugated beam as a "time-reversed” wave, as illustrated in
tigure 2.9.

Physically, phase conjugation is achieved by letting a signal wave and
possibly other waves to write index gratings into a medium using a nonlin-
ear effect such that the wave diffracted from this grating is the phase con-
jugate signal. One of the nonlinear effects suitable to achieve phase conju-
gation is stimulated Brillouin scattering (SBS) with which phase conjugation
of optical waves was initially discovered by Zeldovich [44]. Here, an optical
wave entering a suitable nonlinear medium creates a phonon wave, spatially
modulates the refractive index of the medium with the period of the phonon
wave. This effectively creates a moving index grating in the medium with its
period fitting the optical wave such that the optical wave can diffract from
this grating in the exact opposite direction that it came from.

Another nonlinear optical effect used to create a phase conjugate wave is
photorefraction. However, for making use of photorefraction, an additional
beam is required from another laser source, the so-called pump beam. When
spatially overlapping the incident beams form an interference pattern and
the photorefractive response converts this into a refractive index pattern of
the same shape. The diffraction of the pump at this pattern then generates
an additional wave being phase conjugate with regard to the incident signal

wave.

We have used the latter approach based on photorefraction to holograph-
ically injection lock the BAL. For these experiments we used two different
types of photorefractive materials, the properties of which will be discussed
in the section 2.5. However, before we discuss an general property of opti-
cally generated holograms that has been made use of for the conversion of an
incident beam into a beam of a desired shape.
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2.3 Holographic beam conversion

To illustrate the working principle of holographic beam conversion we re-
fer to a well-know and simple example as is depicted in figure 2.10. Con-
sider that the goal is to diffractively convert an incident monochromatic wave
of given shape (e.g., the plane wave represented by beaml) into a desired
monochromatic wave of different shape, which is here, e.g., the converging
(focused) wave represented by beam 2. Also assume that the frequency of
the two waves is the same and that the the waves are mutually coherent, i.e.,
that they possess a constant phase relation with regard to each other. The
problem to be solved then is to find and to generate a suitable index pattern,
i.e., a suitable diffractive optical element, that converts beam 1 into beam 2.

Beam 1 Beam 2

. Interference
—

plane

Figure 2.10: The interference pattern between a plane wave and a fo-
cusing wave.

The experimental solution to this problem is the following: One first pro-
vides the desired beam 2 by some other means and lets it counter-propagate
with regard to beam 1. At some plane, chosen for convenience, here labelled
‘interference plane’, the waves are superimposed such that they form an in-
terference pattern. This pattern then contains the information of both wave-
fronts. In the given example, where we have chosen an interference plane
normal to the beam axis, this pattern would consist of a set of concentric
rings generated by alternating constructive and destructive interference, a
so-called Fresnel ring pattern. In a next step, to turn this diffraction pattern
into a diffractive optical element, i.e., to record the ring pattern, one places
a light-sensitive material in the selected plane, e.g., a photorefractive mate-
rial, in which the refractive index changes in proportion with the local light
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intensity. In the considered case this results in concentric rings with alter-
nating low and high index, which is also know as a Fresnel zone plate or
Fresnel lens [45,46]. After this recording, when the Fresnel lens remains to
persist over some certain life-time (depending on the choice of material), even
when beam 2 is turned off, the Fresnel lens found and realised is precisely the
diffractive element that converts, as was the goal, the incident plane wave
(beam 1) into the desired focused wave (beam 2). Note that this Fresnel lens
also fulfils a second function: when letting the diverging beam 2 fall on the
recorded pattern, diffraction generates a plane wave (beam 1).

In the given example the beam shapes are rather simple and result in a
hologram with well-known shape. The importance of this holographic beam
conversion principle, within the scope of the present thesis, is based, how-
ever, on two issues that can be concluded from the example as well. 1) The
shown principle is not limited to particularly shaped beams. For instance, in
place of the converging beam 2, one could inject a beam of any other arbitrary
shape, e.g. a highly complex beam pattern. In this case, of course, the shape
of the recorded index pattern would change and become some highly com-
plex pattern as well. Nevertheless, when sending only beam 1 through this
pattern, diffraction of the plane wave would generated precisely the complex
pattern of beam 2, only with a reverted direction of propagation. 2) In the de-
scribed holographic beam conversion it is neither required to know the par-
ticular shape of a complex beam 2 injected from the left for recording, nor is
it required to know the complex shape of recorded index pattern (hologram).
The working principle of the methods ensures that, after recording, the plane
wave (beam 1) will be diffracted into the original complex pattern of beam 2,
and, the complex pattern (beam 2) will be diffracted by the hologram into a
plane wave. In the holographic locking experiments described in this thesis,
we will make use of the named properties of holographic beam conversion
as follows: By superimposing the (unknown) complexly-shaped beam pat-
tern from an injection locked, single-frequency BAL with the simple beam
from a single-transverse mode, single-frequency Ti:Sa-laser in a photorefrac-
tive material, we record a (unknown) hologram. This hologram diffracts the
simple-shaped beam from the Ti:Sa laser into whatever complex beam the
BAL emits. At the same time, the hologram diffracts whatever complex pat-
tern is emitted by the BAL into the high-quality beam shape provided by the
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Ti:Sa laser.

2.4 Nonlinearity in holographic injection locking

After having discussed injection locking, phase conjugation, and holographic
beam conversion, the fundamental nonlinear optical nature of the concept of
holographic injection locking can be reviewed. A schematic of a correspond-
ing setup is shown in figure 2.11. In this figure it is indicated that, essentially,
two processes which are mutually dependent because the power generated
by one of the processes determines the power generated in the other process.

Locked power ﬁ
increases_with Hologram

diffraction efficiency

— B

‘\
K

Diffraction efficienc
BAL increases with y
locked power

Figure 2.11: The two mutually dependent processes in holographic in-
jection locking

The two processes which are then strongly interdependent are the follow-
ing. First, the (injection locking) response of the BAL to the injected light from
the primary Ti:Sa laser is dependent on the power that arrives from the holo-
gram at the BAL in the form of a matching spatial beam pattern. An injected
power which is too weak will not induce a change in the emitted spectrum
of the BAL. Also too strong a power initiates an strong nonlinear and un-
stable response from the BAL , as was described in the section on injection
locking of diode lasers, section 2.1.2. Only if the optical power of the injected
light is in a certain range, stable injection locking to a single-frequency can be
achieved. This power is, however, depending on the diffraction efficiency of
the recorded of the hologram which is, in turn, is also dependent on the opti-
cal power locked to single-frequency emission of the BAL. This interplay and
feedback between the diffraction efficiency of the hologram and the injection
locking of the BAL is summarised in figure 2.11 as the two arrows labelled as
”Diffraction efficiency increases with locked power” and as “Locked power
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increases with diffraction efficiency”. It is expected that the two mechanisms
form a nonlinear feedback loop which starts off as follows. Initially, when the
BAL is in its free-running mode, there is only a very weak portion of its emit-
ted power accidentally coincident with the frequency of the Ti:Sa laser. How-
ever, this small portion, in superposition with the beam from the Ti:Sa laser,
generates a photorefractive hologram with a certain, low contrast that was
not present without the Ti:Sa laser. Next, this hologram diffracts some extra
power from the Ti:Sa laser into the BAL, thereby increasing also the portion
of single-frequency emission from the BAL, via the onset of weak injection
locking. This then increases the diffraction efficiency of the hologram further,
letting the injected power from the Ti:Sa laser grow, resulting in a stronger
injection locking of the BAL. If the system, in this nonlinear feedback loop,
reaches a steady state, this would indicate that the total diffraction efficiency
of the hologram has increased such that it diffracts sufficient light back into
the BAL to injection-lock it to a single-frequency, while, at the same time, the
diffraction efficiency remained low enough to avoid chaotic behaviour of the
BAL.

The next section will focus on the photorefractive effect, the effect we will
use to record (or ‘'write’) holograms in order to create the phase-conjugate
beam required for stable injection-locking of the BAL.

2.5 Photorefractive effect

The photorefractive effect was discovered by E.S. Chen in 1967 [47] and, fol-
lowing the use of LiNbO3, many types of crystals have been shown to be
photorefractive [48,49]. A lot of potentially interesting applications have been
suggested which take advantage of the holograms (index patterns) the pho-
torefractive effect allows to be written in such materials: Holographic data
storage, optical image processing an real time holography are some exam-
ples [50-56]. In the context of this thesis, the photorefractive effect is relevant
because of its ability to improve injection locking of high-power diode lasers
in spite of their spatially complex output beam pattern, via a suitably opti-
cally written holograms.

Following the class of inorganic crystals, in 1991, the first photorefractive
polymers were discovered (S. Ducharme et al. [57]), adding a new class of
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photorefractive materials. In this chapter both classes of materials are dis-
cussed, particularly, with regard to their behaviour in an experimental setup
for holographic injection locking. For this purpose, a qualitative description
of the basic working of the photorefractive effect in both of these materials
will be given, and the material properties are compared. Before photorefrac-
tive polymers are introduced, an experimental setup used to determine the
photorefractive properties of a material, the two-beam gain configuration, is
introduced.

In the second part of this section, two further configurations, both used
as setups to achieve holographic injection locking and both capable of gen-
erating phase conjugate beams, will be discussed: nondegenerate Four-Wave
Mixing (FWM) and the Double Phase Conjugate Mirror (DPCM).

2,51 Optical axis

In anisotropic materials the refractive indices n,, n, and n, can all be dif-
ferent. In isotropic materials they are all the same, and, therefore a perfect
sphere of the refractive index as a function of the direction in a crystal can be
drawn, as in 2.12(a) . In uniaxial crystals, n,, n, and n. are not all different,
two are still the same. So n, = n, = n, and n, = n.. If the curve of the
refractive index as a function of the direction in the crystal is drawn again an
ellipse for n. will appear and n, is still circular. There are two possibilities,
a negative and a positive uniaxial one, both depicted in 2.12(b) and 2.12(c) .
Now there are two points on the z-axis on which n, = n. making the z-axis
the optic axis, referred to as c-axis.

z (c-axis) z (c-axis) z (c-axis)

N 7 1N
NIPESNVERNYV A

(a) (b) (©)

Figure 2.12: A 2d representation of (a) an isotropic material, (b) a neg-
ative uniaxial crystal (n. < n,), (c) a positive uniaxial crystal(n. > n,).

Normally, not only the direction of the optical axis is relevant, but also
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the sign. There is a c+ and c- direction along the axis if the material is ferro-
electric. This means that, due to the structure of the material, an ion in a unit
cell has an offset and the unit-cell acts as permanent dipole. If the dipoles in
a crystal are all oriented in the same way, a macroscopic effect occurs. This
is comparable to magnets in which all the magnetic dipole moments of elec-
trons are oriented the same way creating a macroscopic effect, hence the name
ferroelectric derived from ferromagnetic [48]. In models and experimental
configurations relying on photorefraction, the direction of the c+ axis is often
given as a reference point. Furthermore, the direction of this axis (labelled as
the "c+ direction” of this axis) is relevant since, as will be explained below, it
determines the spatial phase shift that arises between an illuminating inter-
ference pattern and the resulting index grating. The direction of this phase
shift, as determined by the direction of the c+ axis, is important to judge the
two-beam gain setup.

2.5.2 Photorefractive effect in crystals

Here we recall the generally accepted model to describe photorefraction in
crystals, which is the so-called bandtransport model.

For an extensive and quantitative treatise we refer to the work of Yeh [49]
or Nolte [48]. Here the goal is to focus only on certain issues that are essential
for the understanding of the experimental configurations investigated in this
thesis. Specific differences found with photorefractive polymers, used in our
experiments as well, is presented hereafter.

First, a short overview of photorefraction will be given to provide a gen-
eral understanding of photorefraction, which also apply to crystals as well as
to polymers.

The photorefractive effect is schematically depicted in figure 2.13. The
origin of photorefraction is understood easiest when seen as four separate
steps as illustrated in the figure. The first step is to illuminate the medium
by two beams of mutual temporal coherence, but different k-vectors, which
imposes an interference pattern on the intensity distribution in the crystal. In
the second step, in the bright regions of this pattern, free charge is generated
by the illumination. The free charge diffuses to other regions and becomes
trapped in darker regions. This light-induced charge separation can be ex-



2.5 Photorefractive effect 31

K, k

NENVIAVE
X—»

*

Q — \ X—»

A

w S

*

5 x>

¢

Figure 2.13: Irradiation of a photorefractive material: an interference
pattern (I) causes a spatially modulated charge density (p) and the as-
sociated electric field E causes the desired refractive index modulation
An.

pressed as spatially inhomogeneous charge density, p(x) in figure 2.13 In the
third step, the charge inhomogeneities induce a spatially patterned electric
field, the space-charge field E(z). In the last step, this electric field intro-
duces a modulation in the refractive index An(x), due to the electro-optic
effect, which is proportional to the electric field E(z). The result is a spatially
patterned index distribution, also called index grating. This contains a sin-
gle period if the two incident light waves contain only a single k-vector each,
as can be seen in figure 2.13. However, in the more general case, when two
beams with a wider distribution of k-vectors (i.e. non-plane waves) are su-
perimposed in the material, a more complexly-shaped index pattern is called
a (volume) phase hologram. Note that there occurs some spatial phase-shift
between the intensity modulation function and the index modulation, ¢ on
the horizontal axis.

For inorganic crystals, the charge transport, mentioned in the second step
above is based on the transport of electrons. Once the electrons have been
excited into the conduction band and they become mobile, while the corre-

sponding ions remain rigidly fixed in the crystal lattice. This is described to
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further detail in the band transportmodel [49]. A corresponding sketch of the
typical configuration of the band structure and energy levels in a photore-
fractive crystal is given in figure 2.14
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Figure 2.14: Banddiagram of a photorefractive crystal

As can be seen in the figure, in addition to the valence and conduction
band, two extra types of levels are involved. These are donor levels and
acceptor levels, introduced by imperfections in the crystal lattice and/or by
impurities due to doping. A feature of acceptors is their lower position in the
energy diagram compared to those of the donors, as indicated schematically
Wy <Wp.

The donor levels are found either occupied with an electron (thus neutral-
ising the total charge at that location), or, when they are not occupied , they
can accept electrons, from which these levels have a positive net charge. In a
photorefractive crystal, the electron is, actually, removed from an appreciable
fraction of donors, even when no incident light is present. This is the result of
the simultaneous presence of acceptors at an even lower energy. The internal
equilibrium in the crystal is thus found in an occupational state as shown in
tigure 2.14, where essentially all acceptor levels have bound an electron, thus
creating an equal number of donor levels where the electron is lacking. How-
ever, as usually the number density of available acceptors, N4, is chosen to be
lower than the density of donors, Np, there will still be a substantial number
of electrons present at the donor level.

Now suppose that a photon with a sufficient energy excites an electron
from the donor level to the conduction band. The excited electron will then
be able to diffuse freely through the material, which can be expressed as an
effective diffusion current, jd;f ¢. Due to the anisotropy of the material, ex-
pressed by the existence and orientation of a c-axis, this current will have a

preference for a certain direction. However, due to the existence of many un-
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occupied donors, which can be referred to as electron-traps, the excited elec-
tron will recombine in an electron trap after some time, and this will likely be
at another location than where it was optically excited.

When a medium is illuminated in such a way with an interference pattern
that is sufficiently stable in time, initially many electrons become excited and
start to diffuse in the described way. Since the excitation of these electrons is
based on the absorption of light, it is much more likely electrons are excited
in the bright fringes of the interference pattern. Also, it is likely electrons
diffuse into a dark region, where they remain trapped due to the lack of light

in the dark regions.

dark light dark light
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Figure 2.15: The two competing currents jaiff and jaris:. In the de-
picted case the grating is still growing because jaiff > jarifi-

After irradiating the crystal for some time with a temporally stable in-
terference pattern, a dynamical equilibrium between optical excitation, dif-
fusion, and trapping of electrons is established, thereby creating an inho-
mogeneous charge distribution (i.e. a charge separation) p, in the material.
The charge separation then builds up a space-charge field E, which causes
a second type of (directed) current called drift current i st~ This current
starts to counteract the diffusion by causing drift into the bright regions. This
is shown in figure 2.15. Once these two currents are equal, the contrast of
the charge separation grating will, when looking at this as a macroscopic ef-
fect, stop increasing. At this moment, the maximum spatial modulation in
E is reached, and the maximum contrast in the associated electro-optically
induced index grating (An(x) in figure 2.14) is reached as well.

For obtaining a high diffraction efficiency, the length of the period of the
photorefractively induced grating, and, therefore, the length of the period of
the illuminating interference pattern used, is important. If this spatial period
becomes too small, diffusion results in a weak charge separation field and
thus also in a weak modulation of An(x), i.e., in a low index contrast of the
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hologram to be generated. Also, if the spacing becomes too wide, the light
in the illuminating interference pattern does not provide sufficient energy to
separate the charges over the large distances. This means that j4,, s; becomes
dominant before charge separation is achieved, thereby reducing the index
contrast as well. To adjust for the optimum period of the illuminating inter-
ference pattern (i.e., the maximum contrast of the resulting index) the angle
between the incident beams, can be adjusted

From these physical processes on which the photorefractive effect is based,
it can be seen that the photorefractive response of a specific crystal depends,
in a rather complex manner, on a set of different crystal properties. It depends
particularly on the mobility tensor ( jd;f s Gt t), the dielectric tensor (E) and
the electro-optic tensor (An). In view of this, the quantitative modelling of
the photorefractive response of a specific crystal sample is extremely diffi-
cult, and unreliable because named material properties are usually not well
known. For instance, there is a lack of information on the mobility tensor and
the electro-optic tensor for the cobalt-doped BaTiOs crystals that were used
in our experiments. The main reason for this is that the density of donors and
acceptors cannot be well-controlled during crystal growth, as well as the den-
sity and type of residual irregularities in the crystal structure. Therefore we
have restricted ourselves on the demonstration of the use of photorefractive
crystals for controlling injection locking in high-power diode lasers, rather
than attempting to understand the specific quantitative response of our indi-
vidual crystal samples.

2.5.3 Two beam gain

The two-beam gain (TBG) setup, as depicted in figure 2.16, can be used to
characterise the response of a photorefractive material on two incident light
beams. As was mentioned in the previous section, the phase angle ¢ is the
phase shift between the illuminating pattern of light, (I(z)) and the resulting
pattern of the refractive index, An(z). In crystals, where the charge separa-
tion is achieved by electrons only, one obtains ¢ = 90°, but this is not the
case with photorefractive polymers. Instead, when any nonzero value for the
phase angle is obtained with a polymer, the polymer is classified as a pho-
torefractive polymer. As will be explained, the importance of the TBG setup
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is that it can be used to measure whether a certain material shows a nonzero
phase angle and thus whether how suitable it is for a use in photorefractive
experiments.

Before introducing the working principle of the TBG setup, it is useful to
recall the meaning of the term “thick hologram” [58]. A volume grating, or
volume hologram, recorded by the interference pattern of two beams ("writ-
ten’) in a photorefractive material, can typically be considered as a thick holo-
gram. This means that the spatial extent of the hologram is much larger than
the wavelength used for writing the hologram, and thus also much larger
than the wavelength of the beam that is to be diffracted by the hologram (the
latter is called the 'reading’ beam). In such holograms, light can only diffract
efficiently if the incoming light enters very near the Bragg angle with respect
to the grating vector defined by the writing beams. In this case, the diffrac-
tion efficiency as can be derived from coupled wave theory, can be as high as
1, hence the name "thick hologram’. A high efficiency is important to achieve
holographic injection locking in our experiments, and also to be able to mea-
sure two-beam gain as explained below.

In figure 2.16, a typical setup for realising two-beam gain coupling is de-
picted. Assume, for simplicity, that two plane waves (of the same wavelength
forming a stable interference pattern) are incident as both beams are incident,
indicated by their wavevectors k?l and ]{T_é and overlap in a photorefractive
medium (grey area). The overlapping beams then form an interference pat-
tern characterised by the following grating vector,

— — —

kg = ki — k2, (2.11)
as is also depicted in figure 2.16.
This grating vector points in the direction along which the grating pe-

riod is shortest, and possesses a length inversely proportional to the grating
period Ag:
2m

Ay

The direction of the phase-shift between the interference pattern of the

kgl = (2.12)

beams and the periodically changing refractive index, 6, is determined by the
direction of the optical axis c+, also depicted in figure 2.16. It is important to
note that, due to the nonzero-value of the phase-shift, light is not diffracted
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/\

Figure 2.16: A two-beam gain setup and the corresponding k-vectors
to build the grating. The angles marked by ¢ are the relevant Bragg
angles in this configuration.

in equal amounts to the output directions k?l and k‘é Instead, as shown in
figure 2.16, more light is diffracted into one of the directions, here in the di-
rection 151, such that less light is diffracted into the other direction, of k_é This
asymmetry in power flow, with more power flowing into the direction of the
optical axis, is indicated by the curved arrow. Another way to express this
asymmetry is to speak of the flow into direction k; as being “amplified” by
the flow of another incident light (direction 152), hence the name two-beam
gain. In the optimal case, if # = 90°, and if the diffraction efficiency is 1, all
the light will be diffracted to output beam k;. For photorefractive polymers,
however, the phase angle is typically, smaller than 90°, and the asymmetry
of power flow measured in a TBG experiment can be used to quantify the
photorefractive properties of a material.

2.5.4 Photorefractive polymers

Inorganic crystals possess some distinct disadvantages. An important disad-
vantage is that a low sensitivity to light at wavelengths around 800 nm. This
lack of sensitivity results in a long response time, a low diffraction efficiency
of the hologram and a lack of reproducibility of crystals. Inorganic crystals
typically also have to be handled with great care, in order to avoid a depoling
of the crystal due to mechanical stress or due to temperature changes. These
properties make inorganic crystals quite unsuitable for a use in "real-world’
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applications. In the following we recall the properties of organic photorefrac-
tive polymers because it appears that the named disadvantages of crystals
can be avoided with such polymers.

A first and simple point of interest in photorefractive polymers is that
the physical appearance in which polymers can be brought can be widely
selected because it is not related to crystal growth, cutting an polishing tech-
niques. The named polymers are available in liquid state and thus can be eas-
ily used in the form of a thin film (thin film devices). In this case, the liquid
polymer can be contained between two glass plates to form a layer of, in our
case 105 pm thick. In this case, the glass plates are coated with an ITO-layer
so that an electric field may be applied throughout the polymer. The purpose
of this is to orientate the molecules to obtain a macroscopic photorefractive
effect, similar to the case of a crystal with an optical axis. The direction of the
applied field then defines direction of anisotropy in the material, such that an
electro-optic effect can occur [61].

The mechanisms required for photorefraction in such a polymer are of
somewhat different form those explained in the previous paragraph for inor-
ganic crystals. Here we restrict ourselves to a qualitative description, partic-
ularly with regard to use in diode locking experiments, while a more detailed
treatise can be found in the references 48,59, 60.

Although the four basic steps (nonuniform illumination, charge transport
and trapping, electric field build-up, and electric field induced change in the
refractive index) remain the same in polymers, as depicted in figure 2.13,
however, there are some fundamental differences.

Photorefraction is, again, initiated in the first step by illuminating the
polymer with an interference pattern of incident light. The second step is
to achieve a photoinduced charge separation, p(z). Without the externally
applied electric field, recombination would be dominant and little charge
separation would be seen. However, in with an electric field applied, freed
charges move a certain distance through the material before they are trapped.
While in crystals the process of free charges moving though the material is
entirely due to diffusion, in polymers the drift due to the external field also
plays a critical role. Another difference is that, typically, in polymers the holes
(created by freeing an electron from a certain location within a molecule) are
more mobile than the electrons so that charge transport in polymers is mainly
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based on hole transport. For crystals, we recall that the donor and acceptor
sites are fixed within the crystal lattice and only the electrons become mobile.
As in polymers both carriers are involved in charge transport one obtains
here an index grating which is phase-shifted in space by a non-ninety-degree
value from the illuminating interference pattern, and that this phase angle
grows with the applied electric field.

A further difference with charge transport in polymers is found in the
non-periodic arrangement and physical separation of molecules. Here, trans-
port happens in a hopping-like manner and is not comparable to electrons
diffusing through the conduction band. As a result, the electrical resistance
encountered by charges in polymers is much higher and reduces the charge
mobility. However, to increase the mobility, certain chemical components can
be added to the photorefractive polymer. This facilitates the charge-transport
by supplying a dense network across which holes can hop from one molecule
to the other. Besides changing the mobility, unlike in crystals, the charge mo-
bility in polymers is found to increase with the field (1 ~ eVE, for many
known photorefractive polymers [48]). Because the charge separation pro-
cess and the charge transport are both dependent on the applied external
electrical field, the TBG (measure of ¢) of a photorefractive polymer is also
dependent on the applied external field [62-64]

Also, the trapping times of charges found in a polymer are different from
the ones in a crystal. Longer trapping corresponds to a more persistent grat-
ing. A high density of traps increases the growth rate (i.e. response time of
photorefraction) and it also increases the index contrast in equilibrium (i.e.
the diffraction efficiency for incident light). A qualification of the trapping
time can be achieved via defining so-called trapping areas in the material in
which charges are kept from participation in the transport for some given pe-
riod of time. In the charge-hopping scenario named above, longer trapping
can be achieved with a lower energy for the holes, where the depth of a trap
is determined by the local energy-gap.

When inspecting the various types of photorefractive polymers that have
been fabricated, a general classification of the depth of traps can be made by
considering whether a charge can escape from a trap only via the absorption
of a photon (called a deep trap) or whether it can also escape by absorbing
thermal energy from its environment (shallow trap). If deep traps are domi-
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nant in a polymer, the response time increases, but also the phase shift ¢ in-
creases (i.e. the two-beam gain increases). Shallow traps, on the other hand,
provide a faster photorefractive response, however, this is associated with a
smaller ¢ and thus less TBG coupling.

As the last step, an electric field pattern, resulting from charge transport
and inducing a modulation in the refractive index, An(z) has to be induced.
For this purpose chromophores, i.e., molecules with a strong electro-optic re-
sponse, are used. Besides this, the so-called “orientation enhancement effect’
improves the nonlinear response of the material, discovered by Moerner [65]
and also explained in reference 59.

Having discussed the physical processes that enable and control the pho-
torefractive effect in polymers and standard photorefractive crystals we will,
in the following section, compare the various characteristics of crystals and
polymers with regards to how these would affect their potential use in our
holographic locking experiments.

2.5.5 Crystals compared to polymers

In polymers, to optimise all the different processes that contribute to a pho-
torefractive effect, a variety of chemicals is added to the polymeric liquid.
Chemicals can be added to modify each one of the involved properties, such
as charge generation, carrier mobility, trapping and recombination, thereby
determining the photoconductive behaviour of a polymer over wide ranges.
Alltogether, one can enable an easier separation of electrons and holes, sen-
sitisers can be used to increase the absorption of photons and to reduce the
required photon energy for charge separation, plasticisers can improve the
orientational enhancement provided by the chromophores and, sometimes,
dopings can be used to change the trapping properties. Because for each of
these individual functions a number of different chemicals have been iden-
tified, a wide variety of photorefractive polymers can be designed to fit a
certain purpose in an experiment. In our case, this includes adding sensitis-
ers to improve the response to 800 nm light, in which range we performed
our experiments.

In, for comparison, a crystal the photorefractive effect is largely inherent
to the crystal structure which is responsible for all of the involved physical
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processes at once. The only way to alter the response of a crystal is to add
dopings at various concentrations in order to modify the density and energy
of the donor and acceptors levels. This is done, for example, to improve
the photorefractive response to near-infrared light, in our case with cobalt.
However, this is technically hard to control because during crystal growth
crystallisation tends to drive the doping out of the crystal to an extent that is
difficult to predict.

A clear disadvantage of crystals is that they are very sensitive to mechan-
ical stress and also should be stored at controlled temperatures between 10
and 60 degrees to avoid a depolarisation of the crystal. Polymers are not
very sensitive to mechanical stress and temperature changes, however, as an
organic material they are more sensitive to optical damage.

An clear advantage of polymers is their fast response time which is in the
order of milliseconds, while crystals typically show a rather slow response.
It can take several minutes to build up a photorefractive grating, even with
comparatively high light powers of tens of mW, collimated to a few mm?,
particularly when using near infrared light with its low photon energy. Fur-
thermore, due to the different mechanisms managing the photorefractive ef-
fect, the maximum achievable refractive index modulation, An, can differ by
up to two orders of magnitude. For instance, for BaTiO3;, An is as low as
1075, In polymers, An can be as high as 107. This means that less periods
are required in a grating or hologram to achieve a given efficiency. The slow
response time of crystals also initiates a memory-effect. For example, after
an experiment is conducted, it takes a rather long time (several hours) for the
electrons to diffuse through the crystal and restore a homogenic distribution
of electrons. Although the diffusion can be speeded up by illuminating the
crystal with an intense white-light source, or with a laser of a different wave-
length, practice shows that a second experiment performed on the same day
was almost always hampered by some residual gratings in the crystal.

With a polymer these problems were not encountered, which can be at-
tributed to the much faster response times. Additionally, because the gener-
ation of a photorefractive effect requires the application of a voltage across
the polymer, all gratings in the material are almost immediately erased by
turning the voltage off.

A relatively high refractive index, such as in BaTiO3 (n=2.4) can cause par-
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asitic effects. This is because a high refractive index leads to strong internal
Fresnel reflections (R = 0.17 for BaTiO3 at normal incidence). This allows un-
desired internal roundtrips of the involved light beams through the crystal,
thereby creating undesired gratings at all beam crossings. In contrast to this,
the refractive index of a polymer is comparatively low, only about 1.5. This,
especially when a polymer is used in the shape of a thin film as described
above, reduces parasitic gratings drastically.

Scattering-induced gratings
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Figure 2.17: The mechanism of beam fanning in a photorefractive
medium (grey block). Due to scattering, a new beam is formed which,
in turn, can write a TBG grating with the original beam. Depending
on the orientation of this grating, light can be diffracted in to a greater
or lesser degree from the original beam into the scattered beam. This
process can repeat itself, i.e., the scattered beam can scatter again, and
a next grating will be formed to diffract light to this second scattered
beam. As the overall effect, spatially well-defined, incoming beam be-
comes a wide (fanned) beam after propagating through the photore-
fractive medium.

Another difference between crystals and polymers is the expected amount
of so-called beam fanning. This is, in most cases, an undesired effect occur-
ring because a beam entering a photorefractive material is scattered (by e.g. a
rough air-crystal interface, an inhomogeneous refractive index, impurities in
the material, Rayleigh scattering, etc.). Suppose that a beam enters the crys-
tal with an angle with regard to the optical axis. Then, between a scattered
beam and the incident beam a photorefractive index grating will be recorded
(or “written’) as well, as is indicated in figure 2.17. This grating is essentially
a TBG grating, and optical power from the originally incoming beam is cou-
pled towards the optical axis, as discussed in the section on TBG, i.e., parts
of the incoming beam are slight bent (or fanned) more in the direction of the
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optical axis (see details in figure caption 2.17). The amount of such beam fan-
ning grows with the distance a beam propagates through the medium. Since
crystals haves typical sizes in the order of a few mm and the thickness of an
a photorefractive polymer is in the order of hundreds of ;m, beam fanning is
likely to be much stronger in crystals.

When looking at the described differences between the photorefractive
crystals and polymers, it becomes clear that for our goal, to achieve injection
locking via photorefractive feedback, one has to take into account the differ-
ences between the materials to be able to achieve injection locking in both

cases.

2.5.6 Nondegenerate four-wave mixing

In order to generate a phase-conjugate beam in a photorefractive configura-
tion, the nondegenerate four-wave mixing (FWM) setup is the most simple
and straightforward setup (at least from a theoretical point of view), see also
chapter 19 in [61]. In a FWM setup, one beam becomes phase-conjugated
by using two additional pump beams in opposing directions such that the
three beams overlap in the photorefractive medium. In our experiments we
used the beam from the BAL as the beam we intend to phase-conjugate, and
the beam from a single-frequency continuous-wave Ti:Sapphire (Ti:Sa) laser,
retroreflected by a mirror after a single passing of the medium, as the two
pump beams. The phase conjugated beam possesses the spatial pattern pre-
ferred by the BAL, while at the same time, the phase conjugated beam has
the spectral linewidth (e.g. single frequency) of the Ti:Sa laser.

Geometrically, the typical setup for FWM looks like figure 2.18 where, for
simplicity, we have assumed again that all waves are plane, monochromatic
waves with a fixed relative phase relation (mutually coherent). It can be seen
that there are two index holograms that can be considered for the generation
of a phase-conjugate output, ks, from the signal input, ki, as depicted.

To achieve the gratings shown in figure 2.18 two pump beams are present,
which propagate in opposite direction, k» and k3. In this case ky and k3 are
each others phase conjugates: k5 = k3 and kék — ky, as is expressed in the
following equation:

ki + ko + ks + kg = 0. (2.13)
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Figure 2.18: The two possibilities for a four-wave mixing setup. The
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red arrows indicate which beams are coupled by gain.

In the configuration depicted and the using the fact k; and k3 are each
others” phase conjugates, and cancel each other out in the equation, it can
be seen, the equation can only be fulfilled with k; the conjugate beam of ki,
ie. ky = k} This shows that injecting a wave with ki, independent of the
pump beam wave vectors, the setup always generates a beam which is phase
conjugate tok?l, (k?4).

The next step is to discuss the two ways to achieve the desired beam ks In
the first way, depicted on the left hand side in figure 2.18, k; and k illuminate
the medium and the resulting interference pattern, through the photorefrac-
tive effect, is converted to an index grating. This will be briefly referred to as
"writing’ a hologram or grating. Then, ks diffracts from the written grating
(k; ‘reads’ the hologram), and this results in a diffracted wave, k‘z. So, the two

gratings that possibly generate a phase conjugate beam, k, can be written as:

kg = ki — ky
or
kg = ki — k3

(2.14)

Because of symmetry considerations, light from the grating will not only
diffract from k3 to ks, but also from the opposite direction k; into the direction
of ks, as depicted by the double headed curved arrow in the figure. The
second case is also shown on the right hand side of figure 2.18.

The orientation of the charge grating with regard to the anisotropy direc-
tion of the photorefractive material determines the resulting index contrast,
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i.e., which of the two alternative gratings competes favourably in its build-up.
For example, when k, points parallel to the direction of the electro-optic coef-
ficient, this provides the highest index contrast, leading to a stronger diffrac-
tion from that grating. Similarly, a charge density pattern with a small period
shows a lower contrast, as was explained above, due to a higher value of the
drift field.

The described competition of gratings is a general property of photore-
fractive materials, however, for a particular experiment it is sometimes not
possible to discover beforehand which of the allowed gratings will dominate
and how strong the competition will be. Thus, in the general case, one ex-
pects that a grating builds up which is a superposition of the two possible
gratings. In most experimental situations, however, only one of the gratings
will be present because, simply, one of the gratings is dominating. In this
case, the resulting grating superposition can be accurately approximated by
only the dominating grating. A way to deliberately let a particular grating
dominate is to rotate the the polarisation of the intended read beam is ro-
tated 90°. In the experimental section we will discuss a scenario in which the
grating superposition is important and must be treated in detail.

2.5.7 Double phase conjugate mirror

An alternative way to generate a phase-conjugated beam is by using the setup
of a double phase conjugated mirror (DPCM). In our experiments, the DPCM
setup had, in comparison, offered some advantages over the FWM setup in
achieving holographic injection locking, while from a theoretic point of view
the FWM setup is easier to understand. Our experiments will show using a
DPCM is possible when employing a photorefractive crystal, while this is not
possible when employing the photorefractive polymer. Besides recalling the
DPCM setup, the differences between a DPCM and a FWM for employment
in a holographic injection locking schemes will be discussed.

In figure 2.19 the typical beam configuration to realise a DPCM is de-
picted. Four wave vectors are involved, two that correspond to the incoming
beams, k?l and k_é, and two that correspond to diffracted (outgoing) beams,
k3 and k4. In the context of holographic locking, one of the incoming beams
will be the beam from the BAL, and the other will be the beam from the Ti:Sa
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Figure 2.19: A double phase conjugate mirror setup and the corre-
sponding k-vectors to build the grating.

laser. The diffracted beams have the exact opposite direction to the incom-
ing beams. In this configuration, the grating vector is found as the difference
between k-vectors, however, in this case, the grating vector is determined by
the difference between the incoming beam and its correspondingly diffracted
beam, again, via the phase matching condition:

kg = ki — kg = ky — ks, (2.15)
and not as the difference between incoming beams. The DPCM configuration
can be selected via a corresponding choice of the direction of the anisotropy
of the material as follows. The anisotropy is directed such that the contrast
of the grating in equation 2.15 is higher than that of the competing grating
formed by k; and ky. The DPCM shows an important difference with respect
to the FWM configuration. This difference is that, in the DPCM configuration,
an initial coherence between the incoming beams is is not required because
a grating is written between a beam, and its own, diffracted beam, e.g. be-
tween the pairs k‘? and 154, or the pair k_é and ]{T_é Note that each of these pairs
originates from the same source and can thus be expected to be mutually co-
herent. The FWM-setup, on the other hand, does require initial coherence
between the incoming beams to start the writing process.

In more detail, in a DPCM, the incoming beam k; is diffracted by the
grating vector k::, in such a way that ky is the phase conjugated beam of ks.
This also holds for ks, making ks the phase conjugated of k1. This double
sequence (cascading) of phase conjugation explains the name “double phase
conjugated mirror”.

The advantage that phase matching is fullfilled for all pairs of k; and ks
in a DPCM, independent of the actual choice of k?l, can also be seen as some
technical disadvantage for the proper realisation of a DPCM. Namely, the
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described tolerance with regard to the actual choice of /;1 allows that, besides
the desired grating, many other gratings may build up as well. These gratings
can occur due to scattering and beam fanning (section 2.5.5), such that beams
other than k3 and k; emerge [26].

The gratings that fullfill the phase matching condition and are oriented
such that they have a significant diffraction efficiency will form (a part of) an
ellipse on the plane perpendicular to vector k1 (This plane is also perpendicu-
lar to the page). In this ellipse the phase conjugated beam, ks, is the brightest
spot. This desired grating has the best diffraction efficiency and is written
with the most light [66-68]. The same is true for the other pair of vectors,
ks and kj, on the plane perpendicular to ks [69]. Eventually the ellipse dis-
appears due to competition and only the grating corresponding to the phase
conjugates of the original beams remains.

Due to the rather complex principle of working of a DCPM, it has long
been doubted if a DPCM could be realised at all [70]. This can also be sum-
marised as the following controversy. A grating is built up between the in-
coming wave vector (k; or k) and its phase conjugated wave (k3 for k; and
kz for 152) but, intially, when only k?l and k‘é are present, there is no phase con-
jugated wave yet (ks = kq’f or ky = 15’2*). Thus, the grating would not build up,
and therefore, also the wave with k; (and k;) would not build up. Neverthe-
less, a working DPCM setup was first demonstrated by Weiss and Sternklar
of the group of Fischer in 1986 and 1987 [71,72] and almost simultaneously
by Eason and Smout [73], thereby proving the experimental possibility of a
DPCM while the precise building process is still under debate. The build-up
may be contributed to random scattering processes and beam fanning, fol-
lowed by competition processes as described in the previous paragraph. In
summary, the named controversy in the build-up phase and the additional
complexity introduced by the required anisotropy of the photorefractive ma-
terial is probably the reason why a detailed and generally accepted model of
the best way to realise a DPCM is still lacking.

For any DPCM there are two parameters that can essentially be chosen
freely. These are the angle § between the beams with k1 and ko (k’_é and kg,
respectively) and the angle 3 between the optical axis and the grating vector
k‘;, of the grating between k?l and k‘z (or k_é and k:;), as depicted also in figure
2.20. Based on this freedom of choice, there are many different configurations
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Figure 2.20: The degrees of freedom in a DPCM.

possible with the result that almost all experiments involving a DPCM so far
have used a different configuration [27,28,67]. The motivation to use a variety
of configurations with different values for ¢ and (3 are manifold. A number
of considerations are now explained in more detail, due to their importance
for choosing an appropriate configuration that would enable a holographic
injection locking via a DPCM.

In some experiments, the goal was to attempt a modelling of the DPCM
[67,69,74]. Other work were meant to explore more of the phenomenological
aspects of DCPM'’s, such as: an optimisation of the coupling of light beams
into the crystal by using Brewster’s-angle, an optimisation of the beam over-
lap by anticipating the beam-fanning, or the avoiding of parasitically ampli-
fied roundtrips in the crystal [75,76]. In the realisation of DCPM’s, beam
scattering and resulting beam fanning is generally considered an undesired
effect because this removes light from the paths originally intended. On the
other hand, beam scattering is sometimes considered to form initial, sponta-
neous gratings that initiate the desired growth of the grating for forming a
DPCM.

Parasitic roundtrips of light in a photorefractive crystal occur because,
after a few internal Fresnel reflections in the crystal (minimum 3 for a rectan-
gular crystal), a beam overlaps itself again and a grating in this overlapping
region can be formed (see figure 2.21). Depending on the orientation of this
grating, two-beam gain coupling can occur. The requirements for parasitic
roundtrips are: an angle of incidence that is is sufficiently big to reduce the
number of required internal reflections, a coherence length of the light suffi-
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Figure 2.21: An example of a parasitic roundtrip. Due to crystal-
internal Fresnel reflection of an incoming beam, the beam can over-
lap with itself and a TBG grating is formed at location A. Due to the
direction of the c+-axis in this case, light will be coupled away from
the original incoming beam and may assist to form the grating for a
DCPM.

ciently long (at least a few times the depth of the crystal, which is typically a
few millimetres), to be able to form a temporally stable interference pattern
at the overlapping area, and a high refractive index of the crystal for provid-
ing a high Fresnel reflectivity at the crystal-air interfaces. A last requirement
is a beam with a small divergence angle, i.e. a beam that is not strongly fo-
cused into the crystal. When a focused beam is injected which diverges too
strongly, the power density in the beam drastically decreases with propa-
gation and this reduces the temporal rate at which gratings can be written.
Unfortunately, these requirements are often easily fullfilled in DPCM experi-
ments with typical photorefractive crystals. For example, the refractive index
of BaTiOs is relatively high, 2.4, and the roundtrip length in a crystal is of
typical size of a few millimetres. These conditions would easily lead to the
build-up of undesired gratings via parasitic roundtrips, which was found

also in our initial experiments.

The described phenomena, such as beam fanning and parasitic roundtrips,
can possibly be suppressed by choosing the angles § and 3 properly. Another
perturbing issue can be that, initially, fanning and parasitic roundtrips are ab-
sent until a DPCM develops during successful holographic injection locking.
The spectral changes of the light waves which arise from such locking can
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Figure 2.22: Additional 2k-gratings can occur in a DPCM due to mu-
tual coherence. The dotted lines indicate the reduced amount of light
reading and writing the DCPM grating due to diffraction from the
emerging 2k-gratings.

then let the DCPM diffraction efficiency drop again, due fanning and para-
sitic gratings [77]. To more detail, this reduction of the diffraction efficiency
works as follows. When the beam of a BAL and the Ti:Sa are successfully
coupled in a DPCM, the BAL will be injection-locked by the Ti:Sa laser and
this reduces the spectral linewidth of the BAL reduces to the linewidth of the
Ti:Sa laser. While, initially, the two lasers were temporally incoherent with
respect to each other (this is allowed because a grating is written between an
incoming beam and its own refracted beam which are coherent), a narrow
linewidth renders both mutually coherent, e.g. a temporally stable interfer-
ence pattern can be observed, if the beam coming from the BAL and the beam
coming from the Ti:Sa overlap. These interference patterns will arise between
k‘: and k:;, and between k?; and k‘z, on the way to the DPCM grating (see fig-
ure 2.22) thereby writing a photorefractive gratings there. These so-called
2k-gratings are problematic because they Bragg-reflect the incoming beams
(from the Ti:Sa laser and from the BAL) before they reach the DPCM grat-
ing. This undesired effect, which can perturb the proper working of a DPCM
configuration, was first explained by De La Cruz et al. [78]

One way to suppress these 2k-gratings was presented by lida et al. [79]
and involves two in piezo-driven mirrors by which the ingoing beams are
sent into the crystal. When the position of these mirrors was synchronously
and periodically displaced with regard to the crystal, this was observed to
remove the undesired 2k-gratings. The same approach has been adopted by
us in order to realise the first stable, holographic mutual coherent injection
locking of a BAL. It showed that the removal of 2k-gratings lead to a much
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improved long-term stability of the locking via feedback from the DCPM (see
section 3.2).

Despite these complicating factors, there are good reasons to use a DPCM
setup instead of a FWM setup in a holographic injection locking experiment.
Firstly, complications with beam fanning and parasitic roundtrips also emerge
in other setups, including that based on FWM. A second reason favouring a
DPCM over a FWM has been mentioned before, namely that a FWM requires
initial temporal coherence between the incoming beams. The approach with
a DPCM does not depend on such a requirement because, here, the incoming
beams may be be mutually incoherent. Finally, an advantage of a DPCM over
a FWM setup is the somewhat easier alignment. This is the case because only
two, instead of three incoming beams are involved, and these two beams do
not have to propagate in the opposite direction, as is required for the two
pump beams in a FWM setup. As a conclusion from this comparison, we de-
cided to generally work with the DCPM approach first. Only when we found
this not to be successful, due to specific experimental boundary conditions,
we decided to use a FWM setup, instead.

2.6 Summary

In this chapter we have recalled the optical properties of diode lasers, the
properties of injection locking of diode lasers, phase conjugation and the pho-
torefractive effect as required for a basic understanding of the experiments
that we performed, as will be described in the chapters 3 and 4. Emphasis
was put on essential differences between single spatial mode diode lasers
and broad area diodes lasers (BAL's) in terms of their maximum achievable
output power and their spectral and spatial beam quality. It was discussed
how injection locking can change the spectral and spatial properties of, par-
ticularly, such BAL's.

We reviewed the basic physics of phase conjugation as the perfect mirror,
by which a beam always travels back to its origin. This concept allows for an
exact correction of arbitrary distortions in the wavefront of a beam.

We recalled the differences between photorefraction in inorganic crystals
and organic polymers, by comparing the maximum modulation depth, the
response time, and by comparing the phase angle between the illuminating
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interference pattern and the resulting hologram. Further issues of practical
importance were compared, such as the robustness of the material, the re-
fractive index of the materials and its implications, memory effects and the
limited degree of freedom concerning an appropriate shaping of the photore-
fractive material.

Finally, three basic setups, were presented. The first is two-beam gain
(TBG) coupling of two incident beams as this is a important basic setup for
understanding the spatial power flow imposed by the photorefractive effect
and the origin of a number of parasitic effects. For the two next setups, four-
wave mixing (FWM) and a double phase conjugate mirror (DPCM)), their ad-
vantages and disadvantages with respect to using them as a configuration for
holographic injection locking were discussed.
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Chapter 3

Holographic locking via a
photorefractive crystal

ABSTRACT
This chapter presents our experiments on holographically locking

a broad area laser diode (BAL) to a single-frequency TEMyg beam.
The experiments were performed using a BaTiOs crystal in a
double phase conjugate mirror (DPCM) configuration. The results
show that locking was successful. We achieved and maintained
single-frequency operation of the BAL in a regime in which the
BAL and the single-frequency laser assume a mutual coherence.
Furthermore, the DPCM also allows for a spatial conversion of the
locked complex BAL mode pattern into a high-quality beam which
resembles that of the injected TEM beam.

In our first experiment we used a cobalt-doped BaTiOs crystal in a double
phase conjugated mirror (DPCM) configuration. First some practical issues
involved in using a DPCM in a locking experiment will be discussed, in-
cluding the configuration of beams with respect to the crystal and a practical
solution to avoid parasitic 2k-gratings. Second, a number of setups, will be
explained and the results evaluated.

Although other configurations are possible, we choose for a DPCM be-
cause it requires only a very weak initial coherence between the primary and
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secondary laser. Furthermore like all holographic locking setups, a DPCM
solves the spatial issues involved in injection locking a BAL. In our experi-
ments we used a single-frequency Ti:Sapphire-laser, referred to as Ti:Sa-laser,
as the primary laser. When the beams of the Ti:Sa and BAL are overlapped
in the photorefractive crystal a hologram will be written. This hologram out-
lives many competing holograms because it diffracts the light from the BAL
to the Ti:Sa and vice versa on the same grating. The light that is diffracted from
the Ti:Sa to the BAL will injection lock the spectrum of the BAL while the spa-
tial output of the BAL adjusts the grating until a stable pattern is achieved.

The use of DPCMs, or similar configurations, for injection locking of BALs
has been reported before [26-34]. However, those setups could not provide
stable coherent locking; the build-up of 2k-gratings once the two laser sources
became mutually coherent (see section 2.5.7) reduced the light flow to and
from the DPCM grating such that, locking could not be maintained. There-
fore, mutual temporal coherence was avoided by using a primary laser with
a short coherence length (in the order of centimetres to tens of centimetres),
and maintaining the locking in the mutual incoherent regime (section 2.1.2).

The spatial properties of the DPCM can be exploited beyond the spectral
locking because it diffracts the spatial output pattern of the BAL into the spa-
tial pattern of the Ti:Sa. Since the latter emits a Gaussian TEMy, this offers
the possibility to injection-lock the high-power BAL to a single-frequency and
to also convert this beam to a spatial TEMy.

From an applications point of view, one would like to inject a small amount
of light to lock a BAL at a very high output. However, the contrast in the holo-
gram, and the diffraction efficiency are highest when the two beams carry
equal power. Thus, when the amount of light spectrally locked is maximum,
the conversion efficiency to convert this beam is reduced. This trade-off lim-
its the amount of light one can lock and is a fundamental limitation of the
setup.

As explained in paragraph 2.5.7 on page 47, the lack of a detailed model
of a DPCM troubles the initial choice for a configuration. Our choice is de-
picted in figure 3.1 and appears similar to the setup used by lida et al. [29,79]
and of Ross and Eason [80]. An important difference is the fact that we use a
45°-cut crystal, where the optical axis makes an angle of 45° with the crystal
faces (perpendicular to the plane of the paper), instead of the 0°-cut crystal
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Figure 3.1: The internal and external angles of the Ti:Sa laser and the
BAL with respect to the crystal.

used by Iida et al. The angles v and ¢ are optimised for a low response time
and minimal parasitic effects. Due to the orientation of the c-axis (figure 3.1),
beam fanning of the Ti:Sa beam will occur in such a way, that the Ti:Sa beam
is fanned into the direction of the beam from the BAL. This helps to establish
the DPCM hologram desired to achieve injection locking. Figure 3.2 explains
why the Ti:Sa beam is chosen close to the normal to avoid parasitic oscilla-
tions that rely on internal reflections and parasitic (TBG) gratings.
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Figure 3.2: Incoupling of the Ti:Sa beam close to the normal and not
too close to a crystal edge. This introduces many internal reflections
and thus high loss before the beam can cross itself.

A BAL emits a complex multi-mode pattern along the slow axis and a
much simpler single mode pattern along the fast axis. For different orienta-
tions of the BAL, the required DPCM hologram differs in its orientation with
respect to the c-axis. Since the diffraction efficiency is a function of the angle
with the respect to the c-axis, different orientations could show different be-

haviour. We investigated two orientations: with the fast axis aligned to the
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plane of incidence and with the slow axis aligned to the plane of incidence.
We paid particular attention to differences in locking stability.

Reproducibility in experiments is crucial and, unfortunately, BaTiO3 is
famous for a long memory so that residual holograms in the crystal cannot
be fully suppressed which decreases the reproducibility of the experiments.
The best reproducibility was observed between experiments that were done
as the first experiment of the day so that the electrons had a full night to
diffuse through the crystal back into their initial homogeneous distribution.
To perform several experiments a day, a bright white light source (halogen
spot of 50 W) or a green laser (532 nm, 100 mW) was used to erase holo-
grams and provide the electrons in the crystal with extra energy to speed up
the diffusion process. Despite these measures, measurements showed mem-
ory effects. Therefore, only first-of-the-day experiments are presented in this
chapter.

We start with a single BAL as the secondary laser. In later experiments we
replaced a single BAL with an array of BALs, of, in our case, 19 emitters. This
was done to increase the achievable output power of the secondary laser. The
output beam of a BAL-array is naturally even more complex than the output
of a single BAL. Three series of experiments of increasingly stable locking
will be discussed.

3.1 Firstlocking of a BAL to a Titanium:Sapphire

The initial experiments explored the basic possibility of realising injection
locking via a DPCM. Given the narrow linewidth of the Ti:Sa-laser (< 10 MHz)
and the resulting long coherence length (> 30 m) the Ti:Sa and the BAL are
expected to lock in a mutually coherent way. Instabilities due to 2k gratings,
once locking is achieved, are also expected (section 2.5.7). Since the Ti:Sa and
the BAL are initially mutually incoherent and the time required to form holo-
grams in the photorefractive material is in the order of minutes, we expect to
initiate and observe locking. Furthermore, the formation of 2k-gratings, and
the effects on the locking should also occur on an observable time scale.
Figure 3.3 depicts the setup. The beams from Ti:Sa and BAL overlap in
the BaTiOs-crystal (45°-cut, width=6mm, depth=4mm, height=5mm). The
respective angles at which the beams enter the crystal are v = 13° £+ 2° and
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Figure 3.3: Schematic of the setup. MI1,M2,M3=high reflective
mirrors, BaTiO3=BaTiOs-crystal, BS1=beamsplitter, Ti:Sa=Ti:Sapphire-
laser, FI=Faraday isolator, BAL=broad area laser, \/2=half wave plate,
OSA=optical spectrum analyser,y=angle between the Ti:Sa-beam and
crystal face normal, §=angle between BAL-beam and crystal face nor-
mal, +c=the direction of the positive optical axis.

§ = 38° £ 2°. The beams are both focused into the crystal to a diameter of 3
mm inside the crystal. The BAL is oriented with the fast axis in the horizontal
plane of the experiment and the polarisation of the BAL in the horizontal
plane. The beamsplitter (BS1) reflects a few percent of the light emitted by
the BAL to an optical spectrum analyser (OSA). The polarisation of the Ti:Sa
is oriented in the horizontal plane as well. The wavelength of the Ti:Sa is set
to be within the spectrum of the free-running BAL, i.e. the emission spectrum
when no feedback is present for the BAL. The optical output power of the
BAL is set to 180mW by adjusting the pump current. This is relatively close
to the lasing threshold (80mW) which ensures that the BAL is susceptible to
teedback avoids damage

Before an experiment both lasers are switched on and left to stabilise,
without interaction via the DPCM for at least an hour. Once the lasers are
stable, the beams path to the DPCM is opened and the spectrum of the BAL
is monitored on the OSA. It takes between 5 and 12 minutes before a spectral
response of the BAL is observed. From the response, snapshots are recorded
and presented.

A selection of spectra can be seen in figure 3.4. Figure 3.4(a) shows
the free running spectrum (spectrum without feedback). Figure 3.4(b) is
recorded while the DPCM-grating is forming and the diffraction from the
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Figure 3.4: First locking results.

BaTiOs is insufficient to lock the BAL. These spectra are typically unstable,
indicating that light from the Ti:Sa laser is fed into the BAL. Figure 3.4(c)
and 3.4(d) show increased emission of a single wavelength (at the same
wavelength as emitted from the Ti:Sa laser) after about 5-12 minutes, show-
ing injection locking is indeed achieved. After locking is maintained for 1 to
5 minutes, as expected, a loss of the locking is observed (3.4(e) and 3.4(f) ).
We attribute this loss to the formation of parasitic 2k-gratings which degrade
the DPCM grating. The complete cycle depicted here takes about 7-15 min-
utes: The initial locking from 3.4(a) to 3.4(c) is achieved within 5-12 minutes
and the locking remains stable for 1-5 minutes (3.4(c) and 3.4(d) ) before it
degrades again (3.4(e) and 3.4(f) ). After the initial locking the behaviour of
the BAL was random and we did not observe subsequent cycles of locking.

The observed time intervals show that the time the 2k-gratings require
to build up is much shorter than the build up of the initial DPCM-gratings.
This is expected as the DPCM grating builds from random scattering and
beam fanning processes (section 2.5.7), while the 2k-gratings are driven by
the interference of two mutually coherent, single frequency beams at rela-

tively high intensity.
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3.2 Locking using piezo mirrors

To increase the duration of the locked interval, the 2k-gratings have to be
suppressed. In literature, two methods are reported: A first possibility is,
to increase the distance between the BAL and Ti:Sa laser. If this distance
is longer than the coherence length of the Ti:Sa laser, the mutual coherence
of the waves that create the 2k-gratings disappears. However, at an esti-
mated coherence length >30 m (derived from the lasers <10 MHz spectral
linewidth), this is not practical. A more compact and elegant solution, which
we implemented, was demonstrated by lida et al. [79]. In that experiment
two, piezo mirrors, used to direct the beams into the crystal, were period-
ically moved in synchronism, in order to perturb the build-up of only the
undesired gratings.

Figure 3.5: The setup with piezo mirrors.  P1,P2=piezo mir-
rors. MB3=mirrors, BaTiO;=BaTiOs-crystal, BSl=beamsampler,
Ti:Sa=Ti:Sapphire-laser, FI=Faraday isolator, BAL=broad area laser,
A/2=half wave plate, OSA=optical spectrum analyser,y=angle be-
tween the Ti:Sa-beam and crystal face, §=angle between BAL-beam
and crystal face, +c=the direction of the positive optical axis.

Figure 3.5 shows the setup with two piezo-mirrors (P1,P2). The mirrors
are driven with an sinusoidal voltage (on top of a DC offset) in counterphase,
so that in figure 3.5 the mirrors move synchronously to the left and right.
The frequency of the mirror motion was set to 100Hz, much faster than the
response time of the crystal, which is in the order of minutes. The ampli-
tude of the vibration was chosen to be equal to an integer multiple of half the
wavelength of the light. The effect of the mirror movement is that the po-
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sitions of all standing wave patterns caused by counterpropagating waves are
repeatedly swept through the crystal faster than its response time, so that the
standing wave pattern does not cause the build-up of an index grating. The
DPCM-grating is a transmission grating based on co-propagating waves and
is not disturbed by the moving mirrors, as the relative phase between these
beams is conserved.

Apart from the insertion of the piezo-mirrors, all parameters were kept
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Figure 3.6: Locking spectra with piezo mirrors

The results are shown in figure 3.6. The spectra shown are taken after the
initial start up time of 5-12 minutes. When compared to a free-running spec-
trum (figure 3.4(a) ), the spectrum is significantly narrowed in all the figures.
In some spectra, e.g. 3.6(b) , 3.6(d) and 3.6(e) , the energy at other frequencies
seems completely suppressed, while in other spectra (3.6(a) , 3.6(c) and 3.6(f)

more frequencies are present. The intensity in these unlocked frequencies
is continuously changing, and every scan made by the OSA, which takes be-
tween 1 and 2 seconds is different. The complete time interval during which
these measurements are taken is about 10 minutes, but the behaviour shown
is continuous for at least an hour, after which the longest measurement is

terminated.
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Stable locking is not yet achieved, but, in contrast to the previous mea-
surements, the fact that the spectra are narrow compared to the BAL free-
running spectrum during the complete measurement indicates that the BAL
sees feedback from the Ti:Sa laser all the time. This is in contrast with the first
measurement series in which the BAL signal degraded after 1-5 minutes. The
lack of correlation between two consecutive measurements indicates that the
causes for the unstable behaviour are faster than the second-scale. These facts
combined suggest that the piezo-mirrors are suppressing the 2k-gratings, but
that the feedback is such that the BAL operates in an unstable injection lock-

ing regime.

3.3 Locking outside the spectrum

In the previous series of experiments the BAL appears locked in a chaotic
regime rather than a stable regime [21, 22, 39-41] (section 2.1.2). Typically,
operation in a chaotic regime indicates the feedback from the Ti:Sa laser to
the BAL is too strong for stable operation. It seems straightforward to re-
duce the power of the Ti:Sa beam. However, here, the feedback is also deter-
mined by the diffraction efficiency of the hologram in the crystal which, in
turn, depends on the locking of the BAL via that hologram. The effect of the
teedback can also be reduced without affecting the diffraction efficiency, by
shifting the feedback to a wavelength at which the gain is smaller; to spec-
trally detune the Ti:Sa laser with respect to the the free running spectrum of
the BAL. Locking outside the free-running spectrum was demonstrated for
standard single-mode diode lasers [26] and for BALs, although that was in a
more complicated setup for holographic locking, involving two photorefrac-
tive crystals [33].

The locking for our system was investigated at several wavelengths for
the Ti:Sa laser both on the long(red) side as and the short(blue) side of the
spectrum. From these experiments we found that the most stable lock for the
the BAL could be achieved at a wavelength of about 1 nm on the red side of
the free running BAL spectrum. This is a wavelength close to the maximum
offset at the red side at which locking could be achieved at all. Attempts to
lock on the blue side proved to be hard and hardly show improvements in
the stability of the spectrum.
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Figure 3.7: Locking outside the spectrum

In figure 3.7 typical spectra are shown for an injection wavelength 1 nm to
the long-wavelength side of the free running BAL spectrum. In figure 3.7(a)
, next to the broad irregular free running spectrum of the BAL, the single
wavelength of the Ti:Sa can be seen on the right side. The coupling efficien-
cies into the optical spectrum analyser are different. In the figures 3.7(b)
through 3.7(f) the spectrum of the BAL narrows to the linewidth of the Ti:Sa
laser at the wavelength of the Ti:Sa laser and only small residual part of the
original BAL spectrum remains unaffected. The linewidth of the locked BAL
is below the resolution of the OSA (0.01 nm). We found the output power of
the BAL to be the same before and after locking. The spectra shows stable
locking in time and locking could be maintained for more than 30 minutes
on average in a mutually coherent regime and the reflection efficiency of the
DPCM is between 1-5 % during this interval.

In conclusion we demonstrated that it is possible to injection-lock a BAL
to a single-frequency and maintain locking in a mutual coherent regime. With
piezo-mirrors the 2k-gratings could be suppressed to avoid the loss of locking
after 1-5 minutes as in figure 3.4. By detuning the Ti:Sa laser about 1 nm to the
red side of the spectrum unstable locking behaviour as observed in figure 3.6
could be avoided. The wavelength of the Ti:Sa laser was scanned and locking
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was to be found most stable at 1 nm to the red side, the maximum detuning
within the locking range. Achieving locking on the blue side did not improve
the stability for which we are unable to supply a reasons. In the experiment
of Shimura [26], where a DPCM is used to lock to single-mode diodes, it is
reported that locking outside the spectrum only works if light is injected at a
wavelength fitting the cavity of the diode (e.g. an integer number multiplied
by the FSR away from the (single-mode) free-running spectrum of the diode),
but in our experiment, using the BAL and the Ti:Sa laser instead of the single-
mode diodes, such a relation is not found.

A possible explanation for the loss of locking at large time intervals >30
minutes could be the particular type of motion of the piezo mirrors. We chose
a simple sinusoidal motion, however, this means that the speed of the mir-
ror during a vibration period is not constant. Especially near the two turning
points of this motion the speed of the mirrors is close to zero such that, during
these short time intervals, the interference pattern stands almost still as well,
such that 2k-gratings might build up slowly. If this is what has limited our
locking towards the long time scales (>30 minutes), then an improvement
should, in principle be achievable by using a differently shaped drive func-
tion for the piezo-mirrors, e.g. a triangular (instead of a sinusoidal) shape.
However, a problem in realising this is the finite response time of piezo-
driven mirrors.

Once stable injection locking was achieved, other parameters in the exper-
iment were investigated. All experiments presented so far were conducted
while the fast axis of the BAL was oriented in the plane of the experiment.
We repeated the experiments with the slow axis in the plane of the exper-
iment to see whether this orientation influenced the results. We found that
locking can be achieved along both axes, however locking is more stable with
the fast axis in the plane of the experiment.

3.4 Spatial conversion

As discussed in chapter2, a spatial improvement of the output beam of the
BAL is desirable as well as the spectral improvement. We use a holographic
setup because in this way the spatial pattern of the Ti:Sa laser beam is diffracted
into the spatial pattern of the BAL before it is injected into the BAL. When
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locked, the BAL oscillates in a particular superposition of high-order trans-
verse modes on the slow axis. As the photorefractive grating in the crystal
is self-adjusting to any spatial phase front emitted by the BAL, it can be as-
sumed that this way the grating adjusts to optimum feedback that spatially
matches the BALs most efficient superposition of high-order modes. With a
stable spectrum emitted by the BAL, we expect also a stable (but complex)
spatial output pattern. When this pattern is diffracted by the hologram it is
converted to the high quality spatial pattern of the Ti:Sa laser.

Ti:Sa CCD1

Figure 3.8: The setup with piezo mirrors. P1,P2=piezo-mirrors,
M3=mirror BaTiO3=BaTiOs-crystal, BS1,BS2=beamsampler,
Ti:Sa=Ti:Sapphire-laser, Fl=Faraday isolator, BAL=broad area laser,
A/2=half wave plate, OSA=optical spectrum analyser,y=angle be-
tween the Ti:Sa-beam and crystal face, 0=angle between BAL-beam
and crystal face, CCD1,CCD2=CCD-camera, A=point the Ti:Sa beam
is shortly blocked to demonstrate spatial conversion.

To measure the far field of the (unconverted) BAL, the setup is modified
(figure 3.8) and beamsplitter BS2 and CCD camera CCD1 are introduced to
measure the far field pattern emitted by the BAL.

In figure 3.9 two images captured on CCD1 are shown. The pattern on
the left hand side is recorded while the BAL is injection locked. The slow axis
is oriented horizontally, so only the vertical fringes relate to a multi-mode
distribution along that axis. Fringes along the diagonal are an artifact from
the optical components in the beam. The mode of the locked BAL is observed
as a complex but temporally stable far field pattern, see figure 3.9(left). On
the right hand side, the far field of the BAL is measured without feedback and
the BAL shows a far field pattern with a continuous distribution of intensity
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Figure 3.9: Locked and free running far field pattern BAL compared.
The slow axis is oriented horizontally.

over the width of the beam as expected from a BAL that emits spectrally
broadband multi-mode light.

With the stability of the spatial pattern of the BAL confirmed we can ver-
ify that the hologram that diffracts the light of the single spatial mode of the
Ti:Sa into the complex mode of the BAL should also function in reverse: con-
verting the mode of the BAL into the TEMy, mode of the Ti:Sa. The spatial
shape of the light from the BAL after diffraction is recorded on CCD camera
CCD2 (see figure 3.8). We use this camera to image the weak diffuse reflection
of the diffracted beam on mirror M1, 1s after the Ti:Sa laser beam is blocked
at the point denoted by "A’. After blocking the Ti:Sa beam, the hologram is
no longer supported and will degrade, where the rate of degradation is de-
pendent on the response time of the BaTiO3-crystal. Since this response time
is in the order of at least 10s of seconds we can safely do this and assume the
degradation of the hologram in the crystal is negligible.

Figure 3.10: The light of the BAL converted in the Gaussian TEM
mode of the Ti:Sa

The image of the diffracted light from the BAL beam is shown in fig-
ure 3.10. It can be seen that the beam is round and contains a single spatial



66 Holographic locking via a photorefractive crystal

mode, closely resembling the TEM, beam of the Ti:Sa laser. The size and
position on the mirror are the same as the Ti:Sa laser beam. This shows that,
with our experimental setup, it is possible to diffract the spatially complex
beam of the locked BAL into a (near) diffraction limited good quality TEMy
beam.

3.5 Attempts to lock diode array

Given the success of locking a single broad area diode laser an attempted was
made to lock a diode laser device of higher power specifications; an array
consisting 19 elements, each element a BAL in itself. The beam of the array
is even more complex than that of the single BAL. This increased complexity
must be matched by the hologram required to achieve phase conjugation for
all the BALs.

Two cylindrical lenses were used for the collimation of the output of the
array along the slow and the fast axis (compared to a single aspherical lens
used for the single BAL). Due to the strong divergence along the fast axis
the first lens was only 12.5 mm away from the front of the diode array. De-
spite the anti-reflection coating of the lens, we observed light reflecting back
into the direction of the array, spreading light from one element to the others.
Tilting the first lens reduced the effect, but could not eliminate it. Locking
requires that each element in the diode array, receives a much stronger injec-
tion from the Ti:Sa laser than from other elements. With additional feedback
from back reflection, the threshold for locking increases. We did not achieve
injection locking of the array to the single-frequency of the Ti:Sa. We expect
that the self-injection from the reflection dominated and the feedback from
the DPCM was not strong enough to lock the array.

3.6 Conclusions

In summary, we have shown the first coherent locking of a single broad area
diode to the single frequency of a primary laser with a double phase conju-
gate mirror in the mutually coherent regime. Vibrating piezo-mirrors sup-
pressed parasitic gratings. The highest long-term stability in locked opera-
tion is achieved with the Ti:Sa detuned about 1 nm to the red side of the free
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running BAL spectrum, resulting in uninterrupted locking for longer than 30
minutes. The BAL could be locked with either the fast axis or the slow axis in
the plane of the experiment, but the stability is slightly better on the fast axis.
The measured diffraction efficiency was 1-5%.

In addition to these significant spectral improvements we realised a sig-
nificant improvement of the spatial quality of the BAL. We observe that the
diode is locked into its spatially self-preferred and thus most efficient super-
position of higher order modes. This complex mode superposition, however,
is accompanied by a complementary hologram. Complementary in the sense
that the diffraction of the BAL's complex spatial mode superposition off that
hologram yields a beam of high spatial quality. This diffraction was also ob-
served for the first time. Diffraction of the BAL's complex mode superposi-
tion generated a TEM-like beam of high spatial quality, even when the Ti:Sa
beam was blocked.
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Chapter 4

Holographic locking via a
photorefractive polymer

ABSTRACT
In this chapter, experiments that use a photorefractive polymer in a

thin-film device to achieve injection lockingare described. For such
locking, photorefractive polymers offer a number of advantages
over inorganic crystals. The most important ones are the improved
and more controlled (nonlinear) properties of the material, al-
lowing tailoring of a material for the experiment to increase the
sensitivity of the material to light with a wavelength of 800 nm.
Furthermore, due to their relative robustness, photorefractive
polymers may also be applied outside a controlled environment.
We demonstrate the first holographic injection locking of a laser via
a photorefractive polymer.

In 1991, Ducharme et al. [57] demonstrated the first photorefractive poly-
mers. Since then the field has advanced and new materials are being devel-
oped at a high rate [81-84]. This development of materials aims at applica-
tions like holographic data storage [50,51], optical self-trapping of light [52],
and (medical) imaging [53-56], but such polymers have never been investi-
gated for injection locking of lasers. In this chapter, we collaborated with S.
Tay and J. Thomas from the group of N. Peyghambarian from the College of
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Optical Sciences from the University of Arizona to develop a photorefractive
polymer suited for holographic injection locking of BALs.

4.1 Preparational experiments

The properties required for a photorefractive polymer to achieve holographic
injection locking are different from the properties photorefractive polymers
have for imaging or telecom-oriented applications, which are the kind of ap-
plications the group in Arizona has experience with. For these applications a
short (order milliseconds or shorter) response time is most crucial, and often
polymers will be optimised for response time at the cost of other properties.
Instead of a low response time, we required a low absorption and a phase-
shift of the photorefractive effect to provide two-beam gain (see section 2.5).
The low absorption is needed because injection locking involves higher pow-
ers and high absorption might then destroy the photorefractive polymer. A
phase-shift of 90° would provide an optimum two-beam gain (TBG) (see sec-
tion 2.5.3). In a liquid polymer, the holes are much more mobile than the elec-
trons, but the electrons are still mobile, so the phase-shift is generally smaller
than 90°.

To improve a photorefractive polymer for a low absorption and a strong
phase-shift, we can afford to increase the response time several orders of
magnitude (from ms to seconds) and still be much faster than photorefrac-
tive crystals. A relationship between the response time and the phase shift
and absorption exists via the ratio of deep and shallow charge traps (see sec-
tion 2.5.4). The group in Arizona with whom we collaborated normally re-
duces response time by inducing as many shallow traps in the material as
possible because charges are more easily excited from a shallow trap, while
avoiding the deep traps. But charges can escape from a shallow trap due to
thermal excitations, which means a charge trapped in a dark fringe can still
migrate to the light fringes again, where it is likely to absorb at least one pho-
ton again before it diffuses back to a dark fringe. If many charges migrate
back from the dark fringes into the light fringes per unit of time, the absorp-
tion increases. Also, charges trapped in shallow traps can support only a
smaller value of the internal space-charge field generated by the photorefrac-
tive effect, and with this, the expected phase-shift is smaller than in a polymer
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where deep traps dominate.

Several batches of samples were fabricated by the group in Arizona and
tested by us before a composition was found that promised to work in an
injection locking experiment. The samples were prepared for use in a pho-
torefractive experiment. The liquid, a (usually red) polymer was sandwiched
between two transparent ITO electrodes of about 2.5x2.5 cm? in a layer of
105 pm thickness. The polymer formed a round spot of about 1 to 1.5 cm in
radius. We will refer to a thin film device (TFD) for a photorefractive polymer
prepared in this way.

Besides identifying a suitable photorefractive polymer, several configura-
tions also needed to be investigated, for two purposes, for a TBG-measurement
and for a holographic locking setup. Because of the advantages of a DPCM
over a FWM setup, once a potential successfull polymer is identified, we will
first investigate possibilities for a DPCM configuration.
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Figure 4.1: Two configurations for a two-beam gain experiment. The
curved arrow shows the direction of the gain. The positions PM1 an
PM?2 denote the postions a power meter is placed.

When a TBG experiment is to be performed with the described TFDs, two
orientations can be used, as is shown in figure 4.1. In figure 4.1(a) , the field,
denoted by V, is oriented in the x-direction for maximum coupling and the
beams enter the TFD from different sides. In figure 4.1(b) the TFD is rotated
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by 45° to allow both beams to enter the sample from the same side. Both
setups were investigated for the amount of achievable two-beam gain and
the temporal stability of the TBG coupling between the beams. For the initial
TBG experiments, only the Ti:Sa laser is used as a source and the beam is split
to provide a pump beam (P=30 mW) and signal beam (P=3 mW). Both beams
overlap on the TFD to a spot with a diameter of 0.5 cm. At PM1 or PM2 a
power meter is positioned to measure the change in power due to TBG in the
pump beam and in the signal beam. A voltage of 5 kV is applied over the
TFD, in such a way the field is pointing in the direction indicated by "V’ in
the figure.

Two different experiments are conducted with the TBG setups. Besides
measuring the TBG, first the signal beam is blocked and the absorption of the
light from the pump beam is measured, by positioning the optical powerme-
ter (Ophir) at PM1 and comparing the transmitted optical power to the opti-
cal power before the sample. In successive batches the transmission went up
from below 50%=x2% to 70%=+2%. Applying the external field increases the
absorption because the now available free charges absorb light. The differ-

ence in transmission is within the tolerance of 2%.
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Figure 4.2: The dynamics of the pump beam(a) and the signal beam(b)
in the unstable setup.

In the second experiment the signal beam is introduced and the TBG is
measured. This is done by measuring the evolution of the optical power of
the pump beam at position PM1 as well as the evolution of the power of
the signal beam at position PM2. Both powers are measured in consecutive
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measurements. Initially, the voltage is switched off while the power meter
records the power of pump or signal beam, in order to obtain a reference
signal, which is required for determining the amount of gain due to TBG.

For configuration 4.1(a) , figure 4.2 shows the measured evolution of the
pump(4.2(a) ) and signal(4.2(b) ) beam power over time during half an hour
(1800 seconds), with the time on the x-axis and the measured optical power
on the y-axis. When the voltage is applied shortly after starting the experi-
ment, it can be seen that the power in the pump beam drops sharply and of
the signal beam rises, thereby proving (two-beam) gain for the signal beam.
After the pump has reached a minimum it slowly starts to rise again and in
half an hour, it even overshoots the original level with 1 mW. Disturbances of
the experiment at 800 and 1300 seconds show irregularities, but the overall
trend of the rising signal is not disturbed. The reason for the (small) over-
shoot is not clear, either the optical power by the laser was not constant or
the absorption of the TFD also has a (small) exposure-time dependent part.
The optical power evolution at the signal beam is also shown to be unsta-
ble: it grows rapidly to a maximum, but starts to descent again until it has
its (almost) original level again. We have no explanation for the unstable
behaviour of the TBG. According to our Arizona collaborators it is highly un-
likely that this instability is due to the chemical composition of the photore-
fractive polymer [62-64]. To gain more insight we tried a configuration more
conventionally used for TBG experiments with TFD. Figure 4.1(b) shows
such an arrangement where the grating vector is tilted with respect to the
external field.

In figure 4.3 we show the same pump and signal measurements for the
tilted arrangement. The measurements were again taken over half an hour
and the measurement procedure is the same as the previous measurements.
Now, after the voltage is applied, the pump-beam power drops and remains
low except for two short disturbances. We attribute the disturbances in the
pump-beam (at 900 and 1500 seconds) to mechanical vibrations of the table.
The signal beam shows a continuous increase and is still rising after half an
hour. This setup therefore seems a more reliable option to determine a value
for the two-beam gain. The peak value for both configurations is close to 2.

Following the approach of our work on the photorefractive crystals, we
investigated the possibility of injection locking a BAL using a DCPM-configuration.
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Figure 4.3: The stable setup with the pump beam(a) and the signal
beam(b)
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. M2
M1

Figure 4.4: DPCM setup using a TFD. BAL=Broad Area Laser
Diode, Ti:Sa=Ti:Sapphire laser, FI=Faraday Isolator, (M1,M2)=Mirrors,
OSA=Optical Spectrum analyser, BS=Beamsplitter. V denotes the di-

rection of the electrical field.

In figure 4.4 this setup is shown. Both lasers enter the TFD from the same
side. The angle between the beams ~ 90° and between a beam and the sam-
ple = 45°. Both the BAL and the Ti:Sa emit 100 mW. For all measurements the
laser beams are put on the sample before the voltage is applied. The spectrum
of the output of the BAL is measured using the OSA.

The spectral results are shown in figure 4.5. Figure 4.5(a) shows the spec-
trum without external feedback; i.e. before the voltage is applied and be-
fore the Ti:Sa beam enters the sample. Figures 4.5(b) to 4.5(e) show spectra
with the voltage on the TFD. An increase of the emitted power at the in-
jected wavelength is observed, but other wavelengths persist. Furthermore,
the output spectrum was unstable. The photorefractive grating in the DPCM
configuration has an orientation similar to the TBG grating that was previ-
ously found to be instable (figure 4.1(a) ). These instabilities could originate



4.2 FWM-setup 75

4

7875 708 7985 799 7995 800 8005 7875 798 7985 798 799.5 800 800.5 7875 798 7985 799 799.5 800 800.5
A [nm] A [nm] A [nm]

1
N
N oUW
w S
w EN

-
N

Optical power [a.u.]
Optical power [a.u.]
N

-

Optical power [a.u.,
[
(%)

o
]
-

(a) (b) (c)

N
I

w
w

Optical power [a.u.]
N
Optical power [a.u.]
N

=
N

787.5 798 798.5 799 799.5 800 800.5 787.5 798 798.5 799 799.5 800 800.5
A [nm] A [nm]
(d) (e)

Figure 4.5: Complete locking is not achievable.

from a common cause and a different orientation of the grating could result in
more stable behaviour. Due to the geometry of the mount of the TFD, mount-
ing the TFD on both sides and having a thickness of 1 cm of its own, there
was not much room for tilting the sample, to try an asymmetric setup. We
could only decrease the angle between the sample and the Ti:Sa over about
109, and this did not change the observations.

4.2 FWM-setup

Another setup to generate a phaseconjugate signal is a degenerate fourwave
mixing(FWM) configuration. This configuration has the advantage that the
photorefractive gratings do not start from random fluctuation but from in-
terference between incoming light beams. A disadvantage is that there is a
more stringent requirement on phase stability; in a DPCM the holographic
grating that couples the two sources (BAL and Ti:Sapphire) is maintained
by both beams independently as they scatter in the grating. Stability of the
grating in time requires only that the wavelengths of the sources do not drift
outside the bandwidth of the grating. In a FWM geometry, the grating is

maintained as an interference between incoming beams from both sources
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which requires them to maintain a fixed phase relation. This is a much more
stringent requirement than the bandwidth requirement of the DPCM. To find

Ti:Sa
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¢
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-

X

Figure 4.6: Coherent experimental setup to optimise the angle-
configuration. Mirror M2 is moved along the denoted x-axis while
overlap of the beams is maintained at the sample by rotating M2 also,
to vary the angle ¢

and optimise the angles ¢ and ~ for which fourwave mixing occurs, the setup
is first tested using only coherent beams from the Ti:Sa laser, see figure 4.6.
The pump beam with an optical power of 70 mW is entering the sample from
mirror M2 and retroreflected by M1 as probe beam. The signal beam (later
to be replaced by the BAL) has an optical power of 26 mW and intersects the
pump and probe beams after reflection of M2. Moving the mirror M2 along
the x-axis, while making sure the beams remain intersected in the element by
rotating mirror M2 and M5, varies the angle ¢. Part of the generated phasec-
onjugate beam (of the probe beam) is reflected into the optical powermeter.
In figure 4.7 the optical power, as measured by the powermeter, is shown
as a function of angle ¢. From 14° to 25° the slope is almost zero and after 25°
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the optical power decreases gently with the increasing angle. The optimum
angle is not very critical but should be below 25°.

The angle v can be varied by rotating the element. Varying v from 15° to
25° did not result in a measurable difference in the phaseconjugated beam.
In the following ~ will be maintained at 20°.

Figure 4.8 shows the configuration for locking of the BAL to the Ti:Sa
laser through a FWM configuration. The light from the continuous wave,
single frequency, TEMy Ti:Sa-laser (Ti:Sa, Coherent 899) is used as the pump
and probe beam. The beam from the Ti:Sa laser and its retroreflected part, the
probe beam, intersects in the 105 ym thick photorefractive TFD as a standing
wave pattern. The photorefractive polymer composite selected is PATPD:7-
DCST:APDC:TNFDM:ECZ (39.8:25:25:0.2:10 wt%). In this composite, PATPD
is the hole transporting polymer backbone, 7-DCST and APDC are electro-
optic chromophores, TNFDM is the sensitiser dye which absorbs light and
injects holes to the photoconducting polymer, and ECZ is the plasticiser used
to reduce the glass-transition temperature of the composite. The polymer is
sandwiched between two ITO coated glass electrodes that are used to apply a
DC bias of 4 kV to pole the electro-optic chromophores. The overall transmis-
sion of the photorefractive TFD is around 70%, due to small absorption of the
polymer composite and Fresnel reflection losses at the glass-ITO electrodes.
A passively cooled BAL (Sony SLD323V) generates the signal beam and is
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Figure 4.8: Experimental setup. Insert: Schematic of the k-vectors in-
volved in the four-wave mixing (kT_)51, k};l )=Incoming and phase-
conjugated k-vectors from the Ti:Sa laser, (kB;; 1)=k-vector from the
BAL, ( k};A 1.)=The generated phaseconjugate k-vector form the BAL.

overlapped with the light from the Ti:Sa in the TFD. The angles between the
two beams, ¢, and between the Ti:Sa beam and the TFD, -, are 20° + 2° and
13° £ 2°, respectively, as indicated in figure 4.8. The optical power on the
TFD from the Ti:Sa and the BAL are 50 mW and 100mW, respectively. The
beamspot of the Ti:Sa-laser beams on the TFD is elliptical due to the angled
incidence. The BAL beam just fits within this ellipse with a long axis of 5mm
and a short axis of 3mm. The polarisation of the lasers and the fast axis of
the diode laser lie in the plane of figure 4.8. The spectrum of the BAL is
monitored by an optical spectrum analyser (OSA, Ando AQ6317) with a res-
olution of 0.01 nm. The far field beam profile of the BAL is measured on a
CCD camera (CCD).

The Ti:Sa laser is tunable and can be coarsely tuned to a spectral mode
of the BAL. To carry out the fine tuning, the current to the BAL is adjusted.
Because the system is only passively cooled the operating temperature will
rise slightly with an increasing current, and with a rising temperature the
wavelength shifts to the red.

In the context of the fine-tuning it is relevant to know how close the wave-
lengths of the Ti:Sa laser (Av=10 MHz rms) and the BAL have to match.
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The matching bandwidth can be estimated from the response time of
the polymer if we assume that the dynamic gratings can be written for a
frequency mismatch that is smaller than the response time of the polymer.
In our case, with a response time in the range of 10ms, this means A\ <
107 m(107° nm). The resolution of the OSA is limited to 0.01 nm. To
achieve, and maintain locking, a very gentle fine tuning in the current of the
BAL and a lot of patience was used.
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Figure 4.9: Complete locking is achievable.

Measurements of the BAL spectrum during the locking experiment can
be seen in figure 4.9. In figure 4.9(a) the broad and irregular spectrum of the
BAL without feedback can be seen. In figure 4.9(b) and 4.9(c) some lock-
ing can be observed when the wavelengths of the BAL and Ti:Sa laser beams
partially overlap but is not yet perfect. In figures 4.9(d) and 4.9(e) full lock-
ing can be observed if the wavelengths fully overlap. Only a minor residual
part of the light is still emitted at the original wavelengths of the BAL. The
linewidth of the locked light is below the resolution of the spectum analyser.
Due to temperature drift, locking is eventually lost in figure 4.9(f) . By careful
tuning, locking can be maintained for time intervals up to 5 minutes, which is
very long compared to the diode dynamics (order of the roundtrip time, ns)
and long compared to the 10ms timescale at which gratings can be written
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and erased. From these timescales we conclude that stable injection locking
was achieved.

4.3 Spatial effects of the locking

(@) (b)

(©

Figure 4.10: Compare the ‘complete dynamic ugliness’ (a) of the free
running BAL to the ’static convertable ugliness’ of the injection locked
BAL (b). In (c) the figures from (a) and (b) are subtracted to emphasise
the static regular fringes in the case of the locked BAL.

To further characterise the injection locked BAL, the CCD camera in fig-
ure 4.8 is used to record the far field emission pattern of the BAL and compare
the far field pattern during locking to the pattern without locking (the “free
running” pattern). In figure 4.10 the recorded images are shown. In 4.10(a)
the free running BAL pattern is depicted with the slow axis in the vertical di-
rection. This is the multimode axis of the BAL, but, due to multi-wavelength
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emission, higher-order modes are averaged out on the 1/30 second timescale
at which the CCD records and only a slowly varying envelope can be ob-
served along the vertical slow axis.

This behaviour is different from the injection locked case, depicted in
tigure 4.10(b) . Figure 4.10(c) displays the difference between 4.10(a) and
4.10(b) , to emphasise the changes. While the BAL is locked, a stable and dis-
tinct pattern can be observed along the slow axis. This pattern shows deep
modulations characteristic of a high order mode. The stability of this pattern
confirms the narrow linewidth of the locked BAL.

We can compare these results with section 3.4 on 63. There, the spatial
effects of locking through the DPCM grating are explained, in a two-step
process. First, the free running BAL is converted from a beam with almost
no spatial structure to a superposition of high-order modes. This is, in prin-
ciple, the same step as demonstrated here for the photorefractive polymer
case. The locked far fields in figure 4.10 and figure 3.9 are similar. Based on
the similarity of the result and similar principles on which the experiments
are based, we can claim that the second step also applied to the FWM exper-
iments and assume that the grating converts the spatial pattern of the BAL
into a Gaussian TEMy beam. By definition, the locked BAL beam is also
then a near-diffraction limited beam (rather than limited by an incoherent
addition of modes).

The current setup does not allow us to prove this directly by a measure-
ment similar to section 3.4; blocking the beam of the Ti:Sa laser, cannot be
used because of the improved response time of the photorefractive polymer.
We have tried to monitor the light that is diffracted in either the direction of
mirror M1 or M3 (see figure 4.8). Although mirror M1 and M3 are highly
reflecting mirrors, a small amount of light will be transmitted. If a significant
amount of BAL light is diffracted, the amount of light transmitted through
M1 or M3 should increase. The measurements show fluctuations of few per-
cent but these fluctuations are not correlated and a significant amount of BAL
light could not be isolated from this fluctuations.
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4.4 Discussion

In a FWM setup two orientations of the grating are possible [48, 49]. Nor-
mally, the grating with the preferred orientation with respect to the anisotropy
of the material will be the only hologram that is observed.

Mirror

Mirror

BAL Ti:Sa1l

Figure 4.11: Two possible gratings

In our experiment however, neither of the gratings has a strong advan-
tage. The configuration of the grating vectors is depicted in figure 4.11. The
tirst possible grating vector k:; is constructed by subtracting & B;; 1, from k:T;gal.
For the second grating vector kTiTSal is replaced by kTi:qag. The direction of
the external electrical field in a photorefractive polymer can be compared to
the optic c-axis in a photorefractive crystal. The angle o between the c-axis
denoted by V and the k-vector of the grating, k, determines the preferred
grating. Although the precise optimum depends on a number of factors, for
a FWM setup using a photorefractive polymer, approximately 45° should be
good. In our scenario, one of the both angles « is 30° and the other 60°, so
equally far of the optimum 45°. This means no grating is preferred, and it is
possible both gratings exist in a superposition.

If both gratings coexist, light is diffracted along both directions depicted
in figure 4.12 and only a significant net effect exists in the direction of the
BAL. This might explain the occurrence of coupling despite our inability to
detect any feedback behind the mirrors. However, the BAL is operated in the
weakly coupled regime so that the maximum diffraction efficiency is unlikely
to reach tens of percents.!

n a conventional four-wave mixing setup, the polarisation of the probe beam is rotated
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(BAL) ~(Ti:Sa2),

BAL Ti:Sa1l

Figure 4.12: The net gain changes in all directions due to the two grat-
ings, denoted by the italic text next to the arrows. The subscription
denotes the grating causing the light to diffract in the marked direc-
tion. If all the factors are approximately equal net gain only exists in
the form of the phaseconjugate of the BAL beam.

When the coherent FWM setup is recalled, it might even be likely both
gratings exist in a superposition. From figure 4.12 can be seen the only ef-
fective coupling (both diffracted beams add) into the phase-conjugate of the
incoming BAL beam, which was the signal beam in the coherent FWM setup.
The maximum phase-conjugate signal is likely to be the phase-conjugate sig-
nal at which both gratings contribute.

For practical applications, the overall efficiency has to improve signifi-
cantly to make photorefractive polymers a viable option for building lasers
with a high power output and a good spectral and spatial beam quality.

90° with respect to the writing beams [85]. In this way, it is always clear which grating will
be written and the issue as described above does not emerge. If this technique is used, the
phaseconjugated beam of the BAL would have the opposite polarisation of the emitted beam.
This fact makes this technique not usable for us, because a polarisation rotated beam will not
injection-lock the BAL.
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Rapid developments in in the field of photorefractive polymeric materials
can contribute to to finding new materials. We demonstrated holographic
injection locking using photorefractive polymers as holographic medium is
possible. By using photorefractive polymers the use of photorefractive crys-
tals, with their inherent disadvantages in handling and experimenting can be

avoided.



Chapter 5

Modelocking concept, setup and
modelling

ABSTRACT
A novel concept for a modelocked laser is explored in this chapter.

An implementation is described based on a single mode diode
array. Simulations to estimate the feasibility and constraints of the
designed laser are presented.

The previous chapters described the holographic injection locking of a
BAL. Without external feedback, such a BAL is characterised simultaneous
oscillation of a large number of spatially different modes at multiple frequen-
cies causing a low quality of the overall output beam shape. The goal in
previous chapters was to use injection locking to restrict oscillation of these
modes to the same, single-frequency, with temporally fixed, mutual phases,
with minimal restriction to the spatial superposition of the different modes.
In the final part of the thesis the aim is to achieve the mutual injection lock-
ing of up to 49 single-mode diode lasers in an array. The spatial properties of
the array emission are restricted, due to the diffraction limited output of each
of the single-mode emitters in the array. The goal is to spectro-temporally
control the overall output of the array with feedback from a nonlinear optical
element. Specifically this feedback aims to achieve oscillation of the single-
mode emitters at equidistant frequencies and at fixed phases with respect to
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each other, in order to generate a train of ultrashort pulses. Here we show
that such a mode-locked array of single-mode lasers, which have not been re-
alised or investigated before, will show some special properties that are quite
different from a standard, mode-locked laser. For instance, very high repe-
tition rates and a high average output power seem possible. This can be of
interest for a number of applications, mainly in the field of nonlinear optics.

A comprehensive overview on the generation of ultrashort pulses via
mode-locking can be found in standard textbooks on lasers [37,43]. Briefly,
mode-locking was predicted by Didomenco [86] in 1964 and was soon ex-
perimentally confirmed [87,88]. In the first experiments active mode-locking
was applied; the intracavity losses were modulated, with the period of the
modulation matching the roundtrip time of light through the cavity (syn-
chronous loss modulation). A year later, passive mode-locking was demon-
strated for the first time [89,90]. In a passively mode-locked laser the intra-
cavity losses are higher for CW-light (with a low power) than for pulsed light
(with a higher peak power). This differentiation can be achieved, for example
with a saturable absorber. Such an absorber can be bleached (saturated) at el-
evated intensities for a short time interval. When the light is concentrated in
a time interval smaller than this interval it experiences less loss. Under the
right conditions this leads to a condensation of the intracavity power towards
oscillation in the form of short pulses.

An alternative to such a description in the time domain can be given in the
frequency domain, where the periodic generation of ultrashort pulses corre-
sponds to multi-frequency laser oscillation at a set of equally spaced frequen-
cies. When the saturable absorber is simultaneously irradiated with light at
different frequencies, the nonlinear response of the absorber generates a set of
spectral sidebands at the sum and difference frequencies of the incident light.
If the light frequency of the sidebands is in sufficient proximity to the (inci-
dent) light frequencies of the laser and if they are injected back into the res-
onator, the sidebands cause injection locking. The onset of such self-injection
locking of the laser, also called mode-locking, changes two properties of the
output light field: The spectral power spectrum and the spectral phase.

The power spectrum of the laser initially consists of a spectrally non-
equidistant superposition of modes with a strongly varying envelope and
laser spectral gaps without emission (figure 5.1(a) ). This spectrum changes
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Figure 5.1: Comparing a free-running and a mode-locked spectrum,
along the x-axis the frequency v and along the y-axis the intensity I is

put.

into an array of equidistant modes with a smooth envelope (figure 5.1(b)
). The reason is that the sideband generation initiates a transport of en-
ergy through the laser spectrum which tends to equalise the optical power
of neighbouring modes.

(@) (b)

Figure 5.2: Comparing the phase distribution of a free-running and a
mode-locked laser, along the x-axis the frequency v and along the y-
axis the phase ¢ can be seen. The solid line in (b) indicates the phase
of a bandwidth-limited pulse, while the dotted line indicates the phase
distribution in a mode-locked laser emitting a more complex intensity
distribution in time.

The second change, induced by self-injection locking, is a modified spec-
tral phase of the oscillating modes, as depicted in figure 5.2. The initial
phase distribution is a random distribution because the phases of the laser’s
free-running modes are determined by random spontaneous emission. Their

start, and oscillation, and spontaneous emission, lets each phase diffuse ran-
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domly during oscillation. In contrast, when self-injection locked, the phases
of the modes try to adjust to each other to assume fixed relative values. This
results in a temporally stable spectral phase distribution as shown in fig-
ure 5.2(b) . The shape of this distribution is given by additional phase-shifting
effects, such as linear dispersion in the resonator, or, nonlinear effects, such as
index-gain coupling in the amplifying medium (e.g. through the linewidth
enhancement factor « [22]). If the phase is a linear function of frequency,
the laser output in the time domain consists of bandwidth-limited pulses. If
the phase spectrum contains a second-order parabola, the pulses are called
linearly chirped [91]. This, and other types of output from a modelocked
laser, also such as that given by the dashed trace in figure 5.2(b) , can be
transformed into a bandwidth limited pulse by sending the output through
materials or devices with a suitably chosen dispersion (e.g. grating compres-
sor [92,93].

Note that the description of mode-locking along with the figures 5.1 and 5.2,
depicts two extreme cases: free running, a complete absence of mutual injec-
tion locking between the laser’s modes or groups modes, and mode-locked,
where all the modes participate in the mutual locking. These two extreme
cases are almost never realised so distinctively. For instance, mode-locked
lasers usually show a slow drift of their overall phase spectrum due to per-
turbing effects, such as spontaneous emission, thermal drift and acoustic
vibrations of the optical alignment. Furthermore, towards the edges of the
phase spectrum, one may expect an increasing amount of phase fluctuations
because of the lower power of the generated sideband. Finally, it is well
known that even a weak spectral variation of the roundtrip losses, such as
residual reflections from intracavity surfaces, can suppress modelocking par-
tially or fully. This is the case particularly in lasers with strong spectral mode
competition due to a homogeneous broadening of the laser gain. Here, spec-
trally varying losses can suppress laser oscillation across large ranges of the
gain spectrum such that gaps become visible in the laser output spectrum, as
indicated in figure 5.1(a) . When such gaps remain, because the increased loss
in a gap is not sufficiently compensated by the sideband-generation-induced
energy transport into the gap, such a laser, although partially locked, may
only show partial mode-locking across groups of modes which would re-
sult in a temporal output consisting of random spikes of elevated intensity
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(above average power) and the lack of strictly periodic and well-separated
light pulses.

In conclusion, the laser properties that promote mode-locking are: one, a
nonlinear feedback element which provides strong sideband generation over
wide spectral ranges. Two, a large number of oscillating modes and high
overall (average) power which allows for a strong intensity modulation in
the feedback element. Three, a reduction of intracavity losses to increase the
intensity of the feedback element. Four, the removal of gain competition that
should, via spectral varying of losses, lead to spectral gaps. Note that gain
competition is suppressed to a maximum degree when using a laser gain
medium that is inhomogeneously broadened, i.e., when stimulated emission
into one laser mode does not reduce the gain experienced by any other laser
mode.

5.1 Detection of mode-locking

When looking at the described physical processes and laser dynamics, two
methods are generally applied in detecting mode-locking of lasers. The first
approach, which is experimentally easy to implement, is to observe the lasers
output spectrum with an optical spectrum analyser (OSA). When the spec-
trum of the laser changes to one with equally spaced emission lines with a
smoothed spectral envelope, and where spectral gaps disappear, this indi-
cates the transport of energy across the laser spectrum via successful side-
band generation through the nonlinear feedback element (see figure 5.1.

The second method, is to monitor the changes in the phase spectrum as in
figure 5.2 via time-domain techniques. These two methods are often applied
together. Such techniques are based on temporal self or cross correlation,
such as: intensity autocorrelation [91], interferometric auto-correlation [91],
frequency resolved optical grating (FROG) [91], and, spectral phase interfer-
ometry for direct electric-field reconstruction (SPIDER) [94]. In the simplest
of these techniques (intensity auto-correlation), the laser output is split into
two beams which are overlapped in a second-order nonlinear crystal with an
adjustable delay between the arms. The second harmonic generation from the
crystal is recorded as a function of the delay time, which provides a so-called
autocorrelation trace. When narrow and high peaks appear in this trace, this
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indicates the emission of ultrashort pulses and thus the establishment of a
phase-spectrum such as in figure 5.2(b) . In comparison, the absence of mode-
locking renders autocorrelation traces with only weakly pronounced peaks as
expected from a randomly-phased superposition of the laser modes.

In our experiments, both techniques, the use of the OSA to measure the
spectrum, and, the intensity autocorrelation, will be applied.

5.2 Limits of standard mode-locked lasers

Many different types of lasers have been mode-locked actively and passively,
first gas lasers [95] then solid state lasers [96-98] and diode lasers [99-101].
Nowadays, passive modelocking is the main technique to create ultrashort
pulses because it usually yields to shorter pulses than active mode-locking.

As will be explained in further detail below, three main difficulties have
remained, despite the wide range of modelocked lasers. The first is that it
remains difficult to realise a modelocked laser with a high average output
power directly from the laser oscillator. Secondly, combining a high repeti-
tion rate with a short pulse duration is hard, and, finally shortening the pulse
duration is limited by the gain bandwidth of the gain medium

The average output power and the temporal quality of the generated
pulses are limited due to nonlinear effects and gain saturation in the gain
medium. This is especially true, when high-power pulses have to be sus-
tained by a single gain medium which has to amplify the entire spectrum
of the pulse. The reason for this is that, while the gain medium is pumped
continuously the depletion of the gain occurs during an extremely short time
interval (the duration of the pulses to be generated), which generates an un-
desired reshaping of the pulse during amplification. This problem may be
elevated, but not completely solved, by using lasers with an intracavity pulse
stretcher and compressor [102,103].

Work has been done to increase the repetition rate into the (tens of) GHz
window [104-107] by decreasing the length of the cavity and thereby re-
ducing the roundtrip time, however, the macroscopic physical dimension
of many lasers imposes a limit for the repetition rate in the MHz range.
Thus novel ways of generating extremely high repetition rates should be de-
vised. A range of new applications would become feasible if the repetition
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rate could be increased to the GHz range. Examples of such applications
can be found in telecommunications [108, 109], optical clock distribution in
optical processing [110,111] or in very large scale integrated circuits [112].
Also high-speed electro-optic sampling techniques require pulse trains with
short pulses and low timing-jitter with a repetition rate in the GHz win-
dow [113,114].

In the current generation of modelocked lasers, a single gain medium
is used to amplify the pulse, this requires that the single gain medium has
to support the complete bandwidth of the pulse. For instance, the short-
est pulses that have been generated so far rely mostly on Ti:Sapphire as the
gain medium, which enables the generation of femtosecond pulses. In order
to generate sub-femtosecond pulses directly from mode-locked lasers, novel
approaches have to be identified that allow the employment of several gain
media with the goal of providing a significantly broader gain spectrum. Ex-
amples of proposals that might enable mode-locked lasers in the attosecond
regime are found in [115-118], but are achieved by modulating the polarisa-
tion of a femtosecond pulse and, after it, creating a higher-order harmonic
with the pulse.

A novel approach needs to be identified where the gain of the laser be-
comes inhomogeneously broadened to a maximum extent. This could be
addressed by employing several gain media in parallel so that each single
frequency of the laser is amplified individually in its own gain medium. This
way one could exclude undesired nonlinear effects during amplification, in
particular, inherently-dependent and thus pulse-duration-dependent defor-
mations of the pulse envelope. This novel approach should preferably de-
couple the pulse repetition rate from the physical length of the laser cavity.
This would allow the realisation of ultra-high repetition rates without the
need to provide a laser cavity of extremely short length, where average out-
put powers become difficult to realise due to high spatial power densities.

5.3 [Experimental setup for a SG-mode-locked laser

In the following a novel concept for mode-locked lasers is suggested and
modelled. Although the generation of regular pulse trains in a correspond-
ing experimental setup was not observed, preliminary characterisation of the
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output (chapter 6) indicates first signs of mode-locking.
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Absorber arm

Figure 5.3: Schematic of principle of inhomogeneously modelocked
laser

This concept is schematically depicted in figure 5.3. The central feature
is that the laser gain is provided by a large number of physically separated,
equally spaced gain elements, G1..GN, each of which is responsible for con-
tinuously amplifying a single frequency of the laser’s multi-frequency spec-
trum. The multiple-beam emission from these elements is sent to a diffraction
grating which combines the beams into a single beam. Thus, the laser essen-
tially consists of a number (N) of individual, single-frequency, continuous-
wave (CW) lasers which share one common arm of their laser cavities and a
common output coupler. Without any further intracavity elements, the laser
emission should resemble a spectrum of approximately equidistant frequen-
cies, which are given by the grating dispersion, the location of the gain ele-
ments and the gain spectrum of each element. Temporally, one would expect
a random mode beating due to the random relative phasing within the lasers
multi-line spectrum. However, this should change when introducing a non-
linear feedback element, as would be provided by a saturable absorber in the

common arm, shown in figure 5.3. Depending on a number of physical pa-
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rameters of the setup, shown in detail below, temporal intensity variations in
the absorber, caused by the beating of the superimposed CW spectral compo-
nents, should result in a sideband generation and, possibly, in the emission of
ultrashort pulses. In the following these effects will be addressed by the term
“separated-gain laser” and “separated-gain mode-locking”, abbreviated to
SG-lasers and SG-mode-locking, respectively.

By separating the modes into individual gain elements, cross gain satu-
ration and similar nonlinear effects in the gain medium are avoided. The
repetition rate is determined by the spectral separation of the modes which
can be chosen independently of the cavity length. Since all of the spectral
components of a pulse are amplified in a different gain medium, and differ-
ent gain media can be used, the overall spectrum available can be increased
as desired, e.g. in order to shorten the pulse duration to a value that is shorter
than can be achieved in lasers with a single gain medium.

The concept of physical separation of the laser gain has been proposed
and tested before [119], but only a separation into a few groups of many
modes was considered, which effectively corresponds to a laser with some
intracavity pulse stretching and amplification. In our approach with an SG-
laser, the gain can be considered as completely inhomogeneously broadened
since every mode is amplified in its own gain element. The grating and ar-
ray combination was also explored for high power applications without any
modelocking [120].

The remainder of this chapter is presented in three parts. The concept of
SG-mode-locking is compared to standard mode-locking with a single gain
medium in more detail. In the second part, specific design considerations are
presented that were used in the experiment for SG-mode-locking of an array
of single-mode diode lasers. Finally some results are presented of numerical
modelling with the goal to identify suitable experimental parameters.

5.4 Review of standard mode-locking

For a comparison between standard mode-locking and SG-mode-locking, some
general properties of standard mode-locking are reviewed. In the standard
approach, all laser modes are amplified in a single gain medium. The gain is
not shared among the modes in an inhomogeneous laser and every mode has
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Figure 5.4: Schematic of principle of homogeneously modelocked laser

its own amplification. This is depicted in figure 5.4, where, in a single cavity, a
single, broadband, gain medium and a saturable absorber are inserted. While
the gain medium provides the light amplification, the saturable absorber,
with its intensity-dependent transmission, forms an intensity-dependent feed-
back element that can lead to a condensation of the laser transmission into
ultra-short pulses.

The output of a standard modelocked laser is described by a number of
parameters. The first is the pulse duration 7,,;s., which is inversely propor-
tional to the spectral bandwidth of the pulse, if the mode-locking results in a
linear phase spectrum (see figure 5.2(b) ). This spectral bandwidth is gener-
ally limited by the gain bandwidth of the gain medium, i.e. the broader the
gain bandwidth of the medium is, the shorter the generated pulse will be.

The second key parameter is the repetition frequency v,.,. The repeti-
tion frequency is usually equal to the free spectral range (FSR) of the cavity.
Because of this, a standard modelocked laser can be considered in the time
domain as a laser in which one pulse is making roundtrips through the cavity.

The concept of an SG-modelocked laser as was described above and de-
picted in figure 5.3, provides some essential differences. In this concept, the
light travels in the shape of a pulse only in the common arm, while in the
dispersive arm the various beams contain CW-light. It is the spatial over-
lapping of these spectral modes at the grating and their interference with
each other that synthesises the pulses. The number of modes adding to the
mode-locking is equal to the number of separated mirror-gain(Mn-Gn) ele-
ments. Due to the CW-light between the mirrors M1..Mn and the grating, the
mode-locking dynamics of this laser does not follow the usual mode-locking
behaviour. The gain saturation usually associated with the loss-modulation
of the saturable absorber is only present in a standard modelocked laser. In
an SG-mode-locked laser, each gain element will only see a single-frequency
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which has its phase and precise spectral mode position modulated by the
saturable absorber, but remains CW.

The key parameters like the pulse duration 7,,s. and the repetition fre-
quency vy, are determined differently in a SG-mode-locked laser. The amount
of dispersion introduced between the modes(In figure 5.3 determined by the
line spacing of the grating and the angle between the modes) and the total
number of modes (mirror-gain elements) define 7,5 and vy¢,. In the sepa-
rated part in figure 5.3 the frequencies are represented by v1..vn. The repeti-
tion frequency is given by the difference between two consecutive modes.

Vpep = v(n) —v(n —1) (5.1)
The total width of the spectrum is:
Viotal = (N - 1)V7’ep (52)

From this 7,5, can be calculated as:

1 1
ulse = = 5.3
Tpul Viotal (N - 1)Vrep ( )

Therefore, the key parameters are not directly derived from the bandwidth of
the gain medium and the cavity length, as in a standard mode-locked laser.
The spectral width of the gain medium remains a boundary condition, but
since several different kinds of gain media can be used, it is no longer the
defining parameter of the achievable pulse width 7,,;s.. And with v, which
is now given by the dispersion of the grating and the location of the separate
gain elements, many pulses propagate in the cavity at the same time, so that
the cavity length is not directly linked to repetition frequency.

5.5 Experimental setup

For an implementation of a SG-modelocked laser, all types of lasers may be
suitable. However, here a diode array of single mode emitters is used. In
previous work, the basic feasibility of operation as seen in figure 5.5 (with-
out mode-locking) has been demonstrated [120]. In that experiment, every
element in the used array received a slightly different frequency as feedback
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and, in the common arm beams, these are spatially overlapped via the grat-
ing. The goal of that experiment was solely to increase the spatial brightness
of the output, as compared to the free-running output. The spectrum con-
sisted of a larger set of distinct frequencies, spanning a certain spectral range
but the lines in the comb were not locked in phase with respect to each other
so that the intensity showed random fluctuations as a function of time.

Dispersion arm

\

-
-

SM diode array f L1 f
-

Telescope
P Common arm

Figure 5.5: The concept of the proposed modelocked laser that adds
a saturable absorber the the common arm of a setup for wavelength
combination.

To enable mode-locking a saturable absorber is introduced in the com-
mon part of the cavity. The experimental setup is depicted in figure 5.5. The
number of modes that take part in this locking is exactly the number of ele-
ments in the array. The array is a single mode array with 49 elements emit-
ting at 980 nm provided by Bookham. This diode array, type SEAL-array, is
anti-reflection-coated at the front facet (not standard). The lens L1 is a plano-
convex lens with a diameter of 2 inches. The results from using two differ-
ent focal distances in the configuration are presented below. The grating G
has 1800 sinusoidal grooves per millimetre. In the common arm the light is
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focused on the SESAM by lens L2. In the experimental part, various lenses
were used for lens L2. By rotating the \/4-plate and the polarising beam cube
(PBC) a variable amount of light was coupled out from the SG-laser. The tele-
scope formed by the lenses L3 and L4 was not present in every experiment
hence the dotted lines, but was used in a part of the experiments described in
chapter 6.

The remainder of this section will focus on calculating the pulse param-
eters for different configurations of the lens L1, and the potential geometric
errors that can occur e.g. because the front facet of the diode array is flat and
not curved as in figure 5.3. Different possible configurations for the common
arm will be discussed in the next chapter (chapter 6)

5.5.1 Diffraction and pulse parameters

In order to calculate the pulse parameters, the difference in frequency be-
tween two elements is required. Because a grating maps the frequencies into
real space, the distance between the elements in the array is a parameter
which is required to calculate the difference in frequency between two ele-
ments. This number, and some other critical parameters of the SEAL-diode
array from Bookham, is available from the datasheet in table 5.1. The param-
eters of the diode array are fixed and the most important things to determine
are the focal length of the lens and the grating constant for the grating.

Table 5.1: Critical parameters from the SEAL datasheet from Bookham

Parameter Symbol  Typical  Units
Centre wavelength Acenter 980 nm
Spectral width AN 10 nm
Beam divergence (hwhm)

Parallel to junction o) 7 degrees
Perpendicular to junction 6 22 degrees
Bar width b 10  mm
Number of emitters N 49 -
Emitter spacing Alemitters 200 pm

The number of modes in the cavity is given by the number of elements
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specified in the datasheet. The relation between the repetition period ¢,
and the period of the pulses 7, thus reads:

tren _ (5.4)

Tpulse
The combination of focal length of the lens, the dispersion of the grating, and
the distance between the elements Aly,itters, determine the spectral range
that is spread over the array. First calculations for practical (available) pa-
rameters show, that the dispersion needs to be high to spread the limited
spectral bandwidth of the diode array over the physical width of the array
within a reasonable distance. The grating formula, as can be found in para-
graph 10.2.8 of [45] reads:

a(sinf,, — sinf;) = mA (5.5)

m is the order of the diffraction, A the wavelength, a is the grating constant,
the distance between two grooves in meters. 6; is the angle of the incoming
beam and 6,, the angle of the diffracted beam corresponding to order m. A
is determined by the centre wavelength of the bar, A\.=980nm. If m and a
are known a curve for 6,, against 6; can be drawn, to aid exploring possibil-
ities. From a combination of calculations and catalogue investigation it can
be found that gratings with 1800 grooves per millimetre are the most dis-
persive standard available gratings that can be used with 980 nm. With a at
1/1800*10%=5.56*10"5 m, m is set to -1, because this is the only dispersive
order that provides a solution for equation 5.5 with the chosen A and a. In
figure 5.6 the 6;, 6,,, curve is shown.

It is clear that both 6; and 6,,, have to be substantial. Using 6; = 65° yields
0 = 47°. Two scenarios will be calculated for the focal length of the lens:
f=200 mm and f=300 mm. With these parameters fixed, the dispersion over
the angle « is calculated and shown in figure 5.7. In this figure, €0 is the centre

emitter and el is one emitter next to it. qeenter 1 calculated as:

Qcenter = arctan( M) (56)

f

Since the gain elements are not equally spaced along an arc, as in figure
5.3, but along a straight line at the diode array end-face, the angle « is slightly
different at the outer elements. This estimation will introduce an error. To
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Figure 5.6: A curve for 0; (along the horizontal axis and 0,, along the
vertical axis

determine this error, oy, the angle between the two outermost elements,
e23 and e24 (49 elements, e0 is centre element, so (49-1)/2 is the outermost
element) are calculated. In figure 5.8 the angle a,,:, and its deviation from
the ideal situation is shown.

Qout Can be written as:

% - Alemitters
Qouter = arctan(-—) — arctan(f)

2f

ing i in « o 2%. i
Resulting in an error in gyt compared to aenter 0f 0.2%. This error can

(.7)

potentially create an undesired shift in the frequency comb spectrum, which
has very limited clearance on error.

From the emission data of the array, the spotsizes can be estimated to have
a width bemitter (0))) of 4 um and a height hemitter (¢1) of 1 um. In the context of
the error in ayter compared to acenter the ratio of the width bemitter compared
to the element spacing Alepitters, Pemitter/ Alemitters=2%. This is the error in
the wavelength because of the nonzero width of an element. This error is
much larger than the error of 0.2% in the angles . The width bemitter thus
helps to eliminate the error in a. It should therefore be possible to lock all the
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Al

emitters
center

el

Figure 5.7: Scheme of the calculation of the angle a.center, €0 is the cen-
tre emitter in the diode array and el is an element next to it. f is the
focal length of the lens, an Alemitters is the distance between two emit-
ters.

Figure 5.8: Scheme of the calculation of the angle coyer, €0 is the centre
emitter in the diode array and e23 and e24 the outermost emitters. f
is the focal length of the lens, Al¢pitters is the distance between two
emitters, b/2 the bar width divided by two and g the position of the
grating. The dotted arc illustrates the ideal positions for e23 and e24.

elements on a precisely spaced frequency comb.

With aepnter known the grating equation has to be solved again, but this
time with X as a variable and 0; replaced by 6; — . This will result in the
difference in wavelength between two elements AXcpitter and Aiorai, Amin
and A, can be calculated.

A)\toml = (N - 1)A)\emitter (58)
A

Amin = Ae — /\;otal (59)
A

)\max = >\c + % (510)

With the dispersion known, the frequency comb is characterised, and the du-
ration of a single pulse, 7;,,;5c can be calculated by

1
- ¢ (5.11)

Tpulse >\mm )\max
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with ¢ the speed of light. By using equation 5.4 the repetition rate, 1/7,., can
also be calculated. All the pulsing properties are summarised in table 5.2.

Table 5.2: Results if =200 and f=300

Parameter Symbol f=200 f=300 Units
Spectral width ~ AA 16 10.3 nm
Pulse duration  7ys¢ 200 300 fs
Repetitionrate v, 100 68 GHz

5.5.2 Geometric parameters

In figure 5.9 the relevant angles, beam diameters and distances related to 6;

and 6,, are depicted. For the calculations, a few parameters are given in table

h
-~

Exi

igh

Figure 5.9: The beampaths with the lens and grating included.

5.3. The lens diameter puts a constraint on the maximum diameter of the
beam at d;. This size is given by the focal length and the 6| of an element of
the array. The grating size puts a limit on the diameter dy, this may not exceed
the grating size. The focal length and the lens+mount diameter determine
the height h which should be larger than 0 in order to guarantee clean output

coupling of the exit beam. With some geometry and the grating formula,

Table 5.3: Given dimensions

Parameter Symbol Value Units
Lens diameter diens 50.8 mm
Lens + mount diameter d,,ount 60 mm

Grating size bxh 52x52  mm
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all parameters can now be derived and calculated for any chosen 6#; and the

given parameters.

dy = 2ftand di1 < 50.8mm (5.12)

dy = il dy < 52mm (5.13)
cosb;

ds = docosb,, (5.14)

h = ftan(0,, — 0;) — dmount (5.15)

All sizes that are restricted do not exceed the aperture of the lens or the size
of the grating and the value of h also ensures a good clearance between the
exit beam and the lens.

Table 5.4: Calculated layout of the experiment

Parameter Symbol f=200 f=300 Units
Incoming angle 0; 53.9 degrees
Refracted angle O, 73 degrees
Entrance beam diameter dy 49.1 73.7 mm
Beam diameter on grating do 83.4 86  mm
Exit beam diameter ds 15.2 mm
Clearing distance lens h 9.3 mm

Some light is lost at the lens and the grating. The gain in the diode array
will be sufficient to compensate for these losses. Compared to the losses in
the waveguide in the diode the losses are small.

The fast axis with an opening angle 6, =22° (half angle) is in the vertical
plane. The first lens in the horizontal plane is 300mm away. This will intro-
duce large losses in the vertical plane. To reduce losses, two extra cylindrical
lenses are needed, as is depicted in figure 5.10. The first cylindrical lens, cl1
in the figure creates a parallel beam from the emitted light. The second lens,
a convex lens, cl2 will diverge the beam again, but with a much reduced
opening angle. The diode array will be in the focal plane of the second lens,
seemingly making the light come from this focal plane. Because of this, the
light will be parallel after the spherical lens which also has the diode array in
the focal plane. This last lens is the same as the lens depicted in figure 5.9.
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Figure 5.10: The beampath of the light emitted in the vertical plane
with a large opening angle 6, . cll is a positive cylindrical lens, cI2 is a
negative cylindrical lens, lens is the spherical lens with f=300 also used
in the horizontal plane.

The required f/d needed for the cylindrical lens cl1 to collect all the light
is:

/ 1

d ~ 2tanf n

Foraf, = 22°, f/dwould need to be approximately 0.2. The minimum value

(5.16)

of f/d of a plano-convex lens is 1. Putting two plano-convex lenses together
will make a biconvex lens. If both plano-convex lenses used have an f/d of
1, the resulting biconvex lens has an f/d = 0.5. This is still not sufficient to
collect all the light from the diode array. In our case the biconvex lens is made
of an plano-convex lens with d=20mm and f=20mm and a plano-convex lens

with f=30mm and d=20mm, resulting in an f/d=0.6 which is tolerable.

5.5.3 SESAM

To induce modelocking, a saturable absorber mechanism, reducing the loss
for pulsed light compared to CW light, must be inserted in the cavity. In
literature a number of mechanisms can be found; a reversible bleachable dye
[89,90,98], self-focussing by Kerr-lensing in the gain medium [121-123] and
intracavity frequency doubling [124-126].

In 1992 the semiconductor saturable absorber was introduced [127], im-
proving the widely used reversible bleachable dye solutions as saturable ab-
sorbers. Because SESAMs can be designed and grown like common semicon-
ductor materials, and have advantageous modelocking properties, the appli-
cation of SESAMs has grown enormously since their introduction [107, 128].
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Figure 5.11: Schematic of principle of homogeneously modelocked
laser

A (nonresonant) SESAM structure is shown in figure 5.11. The back is a di-
electric mirror, while in front of the mirror a quantum well or a layer of quan-
tum dots is positioned. This layer is about 10-20nm thick. The mirror is
constructed to be a 100% reflector for the wavelength the SESAM is designed
for. Before light can be reflected, it has to penetrate through the quantum well
layer. The energy band of this layer is chosen in such a way that it absorbs the
light, see figure 5.12. The excited electrons have to stay within the quantum
well layer due to the energy gap between the conduction band of the quan-
tum well and the surrounding substrate. As soon as half the electrons are in
the upper state, absorption of new photons is balanced by spontaneous emis-
sion and the quantum well layer becomes transparent. For stable operation,
all the electrons must be back in the valence band before the next pulse ar-
rives, otherwise the SESAM will be driven to a state of permanent saturation
if the nonlinear absorptance is not sufficient. This means the SESAM only
has to keep up with the repetition rate, while the pulse duration can be much
shorter.

Key parameters in a SESAM are the saturation fluence, the relaxation
time, and the modulation depth of the mirror. For a GHz repetition rate,
while Mhz is more common, one would expect to require a very high av-
erage power to achieve the same level of saturation. To reduce this, a lens
with a short focal length can be used to reduce the spot size on the SESAM
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Figure 5.12: Schematic of principle of homogeneously modelocked
laser

as much as possible. To calculate the fluence of the pulses 6,5, (assuming
the beam is a Gaussian round beam), the average power P,,crqqe, the repeti-
tion frequency v,p, the beam diameter before the focussing lens dj.,,s and the
focal distance f of the lens are needed:

Epuise

Hpulse = pOl (517)
Paverage

Epulse = Vrepg (518)
L o

0 = 17t (5.19)

Af

dfocus = dions (520)

O is the surface of the spot of the beam on the SESAM and E,;,. the energy
of a single pulse.

Modelocking has to start from fluctuations. The random fluctuations of
the field (where you would expect excursion in the order of the square root
of the number of modes) change into pulsed behaviour if there is enough
differentiation in gain (and loss). For 50 competing modes, the pulsed out-
put would vary between all 50 modes in phase (amplitude 50, intensity 2500)
and all modes counter-phased (amplitude and intensity 0). The random case
would vary around the average for incoherent addition (intensity added in-
coherently: 50) with fluctuation of seven coherent modes (amplitude 7 or
intensity 49) so that you would expect a rage mostly between 0 and 100 over
the duration of one repetition period. Thus, the saturation of the SESAM
has to happen between twice the average output power (50) and the aver-
age output power plus the seven coherent modes (50+49~100). When the
SESAM saturates all modes will see a higher reflectivity from the common
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part (e.g. say that the SESAM would be integrated somewhere before the
output coupler) and therefore would see a slightly higher feedback for that
value of the phase. The gain will stay almost the same (compensating for the
total roundtrip losses), and the field amplitude and intensity will also stay
the same (decrease a little because the decreased losses).

Table 5.5: Parameters Batop SESAMs for 980 nm

Parameter Symbol Value  Units
High reflection band (R>99%) A 960-1040 nm
Saturable absorptance SESAM 7  Ag 7 Yo
Saturable absorptance SESAM 18 A 18 %
Saturation fluence Osat 50 uJ/cm?
Relaxation time constant T <10 ps
Non saturable loss SESAM 7 Ans <0.5 %
Non saturable loss SESAM 18 Ans <3 %
Chip area 4x4 mm

In table 5.5 the parameters of the two SESAMs available to us for the ex-
periments are shown. The main difference between the two SESAMS is the
amount of nonlinear, or saturable absorptance A, resulting in different mod-
ulation depths. However, from the table, it can also be seen that SESAM 18,
with the high Ay=18%, has a bit more loss, 3 %. This loss is relevant at high
power (few watts) and might heat and eventually damage the SESAM.

One method to reduce the relaxation time and the fluence level of the
SESAM is to apply a voltage over the SESAM, filling a part of the quantum
well. This method has been proposed by Heck et. al. [119].

5.6 Numerical model

A model is implemented in Matlab to test the basic feasibility of the pro-
posed SG-laser for modelocking, to explore the influence of certain physical
parameters, and to identify promising choices for such parameters in a first

experimental test.
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5.6.1 Simulation description blocks
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Figure 5.13: The scheme for the roundtrips in the SG-laser for the nu-
merical model, the gain elements (G1..G49) are modelled in the fre-
quency domain and the saturable absorber is modelled in the time do-
main, v-;t and vj-t (inverse) Fourier transformation blocks

The model is implemented according to the scheme depicted in figure 5.13,
which shows the physical processes involved in the mode-locking of a SG-
laser. Our model follows the more general lines as given in 119 but, is limited
to those details which concern the actual implementation of the physical pro-
cesses involved. When following the roundtrips through the SG-laser, there
is light amplification in each of the lasers separate gain elements (G1..G49),
the superposition of the light from the elements into a single beam (C), the
temporal modification of the light intensity by a saturable absorber (SA) and,
finally, the spectral decomposition of the light in the common arm by the grat-
ing dispersion (D). The symbols "v-;t" and "vj-t" indicates a (inverse) Fourier
transform, to switch between the time and spectral domain descriptions of
the field generated by the laser.

When looking at one cycle of the simulation, the calculations start from
phase noise with a flat spectrum which is used here to model the random
phase in spontaneous emission. Any intensity peak generated in superpo-
sition (C) experiences reduced losses at the saturable absorber. These losses
depend on the saturation fluence and saturable absorptance of the absorber.
Peaks above the fluence threshold in the time domain, after dispersion by
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the grating (D), correspond to a modified amplitude and phase of the field
envelopes which enter the gain elements. These field envelopes are then am-
plified and, after superposition, fed back to the saturable absorber. After a
number of roundtrips with a suitable set of parameters, the output from the
model corresponds to mode-locked pulses.

To model the overall spectrum of the laser per gain element, five frequen-
cies were assumed to be relevant, briefly called modes. The broadening of
the gain from a single element into these five modes is homogeneous, and,
if internal competition among these modes is dominant, eventually only one
mode will emit light. The spectral range between two adjacent elements was
chosen to be 10 times the free spectral range between the modes. More details
on the gain curve for the overall spectrum and per element can be found in
figure 5.14.

The gain is modelled with three variable parameters, the overall gain pro-
tile (flat or parabolically curved like figure 5.14(a)), the number of side-modes
(0 or 2, with 2 resulting in 5 modes per element), and the shape of the gain
within an element (figure 5.14(c)). The last parameter is not always equal for
all modes, due to the spatial mismatch effects discussed in section 5.5.1.

The saturable absorber is characterised by three parameters; the nonlin-
ear absorptance (absorptivity), response time, and the fluence. A fluence is
expressed in energy per pulse per square meter. The propagation of waves
through the cavity is not simulated and therefore the area is not relevant in
our simulation. The energy of a pulse can be approximated as the product of
the pulse duration multiplied by the peak intensity (multiplied by a constant
to take the shape of the pulse into account). The time duration for a pulse is
fixed for pulsed operation, 1/49'" of a single period for a bandwidth-limited
pulse. The peak intensity of a pulse with such a duration required to saturate
the absorber will be referred to as fluence level, and defined as a multiple of
the average power.

5.6.2 Reference case

In the following basic results are presented, obtained with the described nu-
merical model. In order to demonstrate the basic working of the model and
to put constraints on critical parameters involved in the description of the



5.6 Numerical

model

109

120
100,, ‘ - ‘ - 10 ooooo 6% % 6% % <]
0.8
80l \ ]
c 10 N
£ solf N/ £06
(O] c 60 (O] 0.4
40} &« O
20 i |1 o2
B20 330 340 350
0 H Frequency H Qtcoooe 00000 00000 00000
0 200 400 140 150 160 170
Frequency Frequency

Figure 5.14: Over the full array the gain is modelled parabolic, see fig-
ure (a), with a detail of the same graph in the inset. In figure (b) the
gain profile within an element can be seen. Due to a spatial mismatch
only the centre-mode perfectly fits the gain element and the adjacent
side-modes suffer some loss. The total gain is calculated by multiply-
ing the two curves (a) and (b) for all elements, as can be seen in (c).
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gain and the saturable absorber, calculations are presented with a certain set

of model parameters, referred to as the reference simulation. Both for the

gain and the absorber a set of the three most critical parameters have been

extracted.

For the gain, the gain profile is chosen to be flat at 10%. For all simulations

the roundtrip loss is taken to be 90%. In the reference scenario one mode is

amplified in a single gain element, so no gain competition is present.

For the absorber, the fluence level is chosen to be 1.5 times the CW-level.

The relaxation time constant 7 is defined as a fraction of the pulse period

(which is 1/v;.p) as 1/20"" of the pulse period. The nonlinear absorptance is
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chosen to be 75%. All the used values for the variable parameters for the gain
and the absorber are summarised in table 5.6.

To acquire results all simulations will be run three times. This is needed
because they all start from noise and so different runs can give different re-
sults depending on the initial condition. In the result, a pulse is considered
valid if the peak level is at least half of the maximum achievable peak power.
This implies that the peak power should be 1200, since the CW-level is used
for normalisation and the maximum peak power is 492=2401. When all three
runs show pulses with peak powers above the level of 1200, the parameter
set for this simulation is considered a pulsing laser.

Table 5.6: Parameters used in the reference simulation
Parameter Value Units

Gain

Gain profile over all elements 100 flat -

Modes per element 1 -
Gain per element 1 -
SESAM
Fluence level 1.5 cw-level
Relaxation time constant 7 1/20 period time

Nonlinear absorptance 75%

In a simulation, 1000 roundtrips are calculated in order to reach a steady-
state solution. The results of the simulations are available in both the time-
and frequency domain. In the frequency domain the resulting amplified spec-
trum will be shown, and in the time domain the corresponding figure of a
pulse train will be presented. The latter can be used to determine pulse-to-
pulse differences or pulse shapes.

The results for the reference simulation can be seen in figure 5.15. In
figure 5.15(a) a pulse train, of identical pulses, can be observed. Along
the y-axis the intensity is plotted in units of the average intensity. Accord-
ing to standard mode-locking theory [37,43] the maximum peak power for
bandwidth-limited pulses should be a factor n above the average power,
where n is the number of oscillating modes. In this model the oscillation
of 49 modes (see figure 5.13), and a relative peak power of ~2400 is observed,
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Figure 5.15: The reference simulation. (a) Pulse train (propagating to
the right); (b) A single pulse; (c) The resulting spectrum.

which indicates that the model is in agreement with standard mode-locking
theory. For closer inspection, figure 5.15(b) shows a single pulse. It can be
seen that the leading edge of the pulse, on the rhs, is rather steep. This can be
interpreted as being caused by the saturable absorber, because this absorbs
the strongest at the leading edge of the pulse. In contrast, the falling flank of
the pulse passes the absorber when it is partially saturated, which explains
the less steep falling edge. Figure 5.15(c) , shows the spectrum associated
with the pulse train. The normalisation is chosen to be 10 times the aver-
age power, and, indeed, when taking the spectral integral (49 modes with a

power of 0.2 each), the simulation displays a power of ten.

From the results of the reference simulation it can be seen, that, if the pa-
rameters are suitably chosen, the SG-laser should show mode-locking, seen
as an emission of a periodic pulse train and seen as an output spectrum that
consists of an evenly spaced comb of single frequencies. It should be no-
ticed, however, that in this reference simulation some parameters were cho-
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sen optimistically, such as the flat gain profile, and a single mode per gain
element, which leads to zero power in the side-modes in each gain element
(see table 5.6). What also can be called an optimistic choice of parameters is
a relatively strong value for the nonlinear absorptance and a relatively fast
relaxation time for the saturable absorber. To more systematically investigate
the influence of more realistic parameter choices, the gain and absorber pa-
rameters are varied to determine the sensitivity of the system to their value.

In the next two paragraphs, more realistic gain and absorber parameters
are introduced independently. For example, the parameters for the gain sec-
tion are changed while keeping the absorber parameters constant and vice
verse. This shows what the most critical components are when trying to re-
alise a SG-mode-locked laser.

5.6.3 Realistic Gain

A realistic modelling of the gain includes a curved overall spectral gain pro-
file and gain elements in which more modes (not spaced precisely at the rep-
etition frequency) are allowed to oscillate. The gain profile is approximated
by a parabolic profile that amplifies the outermost modes with only half the
gain (small signal gain 50) of the centre-mode gain (small signal gain 100).

The presence of multiple frequencies in one gain element is modelled
through the introduction of side-modes. These side-modes represent modes
that fit the long laser cavity (approx 1 m) but are not desired for mode-
locking. At the gain centre these side modes have a lower gain than the centre
frequency as this mode is assumed to overlap best with the gain element. For
the outer elements a different profile must be used for the side-modes due to
geometrical considerations (see 5.5.1 on center and oyuter). Only two side-
modes on each side of the centre-mode are considered, so that 5 modes are
present in each the gain element. For the presented the closest side-mode is
estimated to have a 96 % overlap with the gain medium, if the center-mode
exactly overlaps the gain element. Correspondingly, the outer side-modes
have a 92 % overlap. The same spatial side-mode for the overlap were found
for each element (except the outermost, as will be explained below), and the
side-mode pattern becomes: [0.92 0.96 1 0.96 0.92].

To model the difference in the angles acenter and apurer (see section 5.5.1),
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which had a relative fault of 0.2 %, the side-modes are modelled differently
for the three outermost modes on the left and right side. In this case, the mode
fully overlapping the gain element is shifted one mode outwards. The side-
mode pattern for the left becomes: [0.96 1 0.96 0.92 0.88]. And for the right:
[0.88 0.92 0.96 1 0.96]. Because the mode overlapping the gain element is not
the center-mode, the spectral frequency spacing becomes irregular because in
homogeneous gain competition the mode with the least loss will be the only
emitting mode in a steady state. However, it is possible that the sidebands
generated by the absorber can overcome this effect. The parameters of the
complete gain section are summarised in table 5.7.

Table 5.7: Parameters used in the reference simulation
Parameter Value Units

Gain

Gain profile over all elements parabolic: 50-100-50

Modes per element 5

side-modes pattern left 0.9610.96 0.92 0.88
side-modes pattern centre 0.92 0.96 1 0.96 0.92
side-modes pattern right 0.880.920.9610.96

The results of calculations with these more realistic gain settings are shown
in figure 5.16. The pulse train in figure 5.16(a) and the figure of an individual
pulse 5.16(b) show pulses of a good quality, e.g. all are above the chosen
minimum peak power level of 1200. However, modulation over the pulses
can be seen in figure 5.16(a) . This modulation can be considered less severe,
because the individual pulses are of a good quality, with an achieved peak
power close to the maximum. The modulation in the time domain shows up
as unsuppressed side-modes on the left side of the spectrum. Except for these
not fully suppressed side-modes the resulting spectrum shows, compared to
the reference simulation, a slightly curved spectrum over the full range.

These results suggest that the different side-mode patterns for the outer-
most modes, possible in a SG-laser with a geometry described in section 5.3,
is not a severe effect that would inhibit the generation of ultrashort pulses.
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Figure 5.16: Introducing realistic gain. (a) Pulse train (propagating to
the right); (b) A single pulse; (c) The resulting spectrum.

5.6.4 Restriction of parameters of the saturable absorber

Three parameters are included to model the absorber. First the influence of
the relaxation time is investigated, then the nonlinear absorptance and, later,
the influence of the saturation fluence.

To model a more realistic absorber with a slow relaxation time and low
modulation depth compared to the reference simulation, a relaxation time of
half the pulse period is introduced (instead of 1/20"") and for the modulation
depth, 19% is used (instead of 75%). The results of the simulations with these
parameters (while keeping the fluence level at 1.5 times the average level), are
shown in figure 5.17. It is clear from this figure that the pulse train is severely
deteriorated. The spectrum still appears rather smooth, but the time profile is
shows that single pulses are not formed, but a number of smaller pulses are
generated in a rather random way, each of them with a power that is much
lower than the optimum peak power of the reference simulation. However,
since all the smaller pulses are well above the fluence level of 1.5 this pulse
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Figure 5.17: Introducing the absorber. (a) Pulse train; (b) A single
pulse; (c) The resulting spectrum.

train shows long-time stability.

To investigate the effect of increasing the fluence on the peak power and
stability of the pulse train, another simulation was done, with a fluence of
15, of which the results are shown in figure 5.18. It can be seen that, al-
though, compared to the reference pulses, the pulse quality is decreased, the
resulting pulses are clear and of a good quality, i.e. there are periodically
appearing pulses well separated from each other and close to a peak power
of 2000 compared to a maximum achievable peak power of 2400. It should
be noted, however, that a high saturation fluence also introduces a stronger
dependence on the initial conditions, which describes how reliably the laser
dynamics would evolve to a mode-locked state. In the 5 runs made, the pulse
shoulders varied and the peak intensity varied, between the maximum 2400
and a minimum of 1500. The fluence of 15 times the average energy seems
feasible in our system.

In the next simulations, first the fluence level and the nonlinear absorp-
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Figure 5.18: Fluence level increased to 15. (a) Pulse train; (b) A single
pulse; (c) The resulting spectrum.

tance are varied to find pairs of parameter settings where the combination of
the two produces pulses with a minimum peak power of 1200 in three simu-
lations. The relaxation time is held fixed at 1/2 of the repetition period time.
In the next step the nonlinear absorptance is kept constant at a level of 19%
and the relaxation time and the fluence are varied, again to find ranges of
parameters in which temporally stable pulses of high quality are produced.

An overview of the results from the first search of paired parameters is
presented in figure 5.19, where for several combinations of fluence level and
nonlinear absorptance the outcome of the simulation is evaluated. The eval-
uation was as follows: if in three consecutive simulations, the pulses in the
time domain met the requirement of a peak power of at least half the opti-
mal power compared to the reference simulation, the chosen pair of fluence-
absorptance is counted as producing pulses of sufficiently quality. These
pairs can be found within the grey block in figure 5.19. Below 19% (0.19 in
the graph) no pulsing with sufficient quality is found. Above 36% (0.36) no
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Figure 5.19: To identify an area within which mode-locking is feasible,
the saturation fluence level varied at several values for the nonlinear
absorptance at a constant relaxation time of 1/2 the repetition time.
The grey area indicates where modelocking is feasible.

simulations were done, because it is not feasible to acquire an absorber with
a fluence above 36% for the experimental setup.
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Figure 5.20: The saturation fluence level was varied for several values
of the relaxation time, at a constant nonlinear absorptance of 19%. The
grey area indicates where, mode-locking seems feasible.

Figure 5.20 shows the outcome of the second search for parameter pairs
which enable mode-locking. If shorter values for the relaxation time are cho-
sen, the fluence range in which pulses of sufficient quality can be found
in simulations rapidly grows. Note that even with a rather slow absorber,
when the relaxation time is equal to the repetition period, modelocking can
be achieved. However, it can be seen that the fluence has to fall within a small
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window of limit-values when an absorber with a long relaxation time is used.

5.6.5 SESAM and gain

To make a final assessment of the feasibility mode-locking in the proposed
SG-laser, the more realistic assumption of the gain modelling and more real-
istic parameters for the saturable absorber are combined in one simulation.
The goal of this simulation is to check whether or not new effects emerge as

the result of an interplay between gain and absorber properties.
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Figure 5.21: Introducing realistic gain. (a) Pulse train (propagating to
the right); (b) A single pulse; (c) The resulting spectrum.

The results of this full implementation of gain and absorber properties
are presented in figure 5.21. When compared to figure 5.16 (gain) and fig-
ure 5.18 (absorber), it can be seen that the results look like a linear superposi-
tion of gain and absorber-related effects. The modulation of the pulse train’s
overall envelope due to the side-mode mismatch can clearly be seen. The
pulse peak intensity was decreased relative to the maximum achievable level
(when compared to the reference simulation). In this figure, which shows
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only one a single run of the simulation, the peak levels vary between 1600
and 2100, which results in a good pulse quality for all the pulses. However,
the next four simulations showed that the peak power levels varied between
1600 and 400, i.e. this did not meet the requirement named above for success-
ful mode-locking.

So, although it is still seems possible to achieve pulses with the currently
available parameters, it is also clear that our experimental attempts with real
components could fail or deliver pulses with severely reduced quality. For
the gain, the most important parameter contributing to the degradation is the
spectral mismatch between the modes in the centre elements and outermost
elements. The SESAM however, is more critical. As can be seen in figures 5.19
and 5.20, the observation of mode-locking seems to be largely dependent on
using an appropriate value for the nonlinear absorptance and, even more so,
for the relaxation time.

5.7 Summary

In this chapter the concept of a separate gain (SG) modelocked laser was in-
troduced and compared to a conventionally modelocked laser. It was ex-
plained that an SG-modelocked laser can be of special interest, namely in
regimes in which a high repetition rate and a high average power is required.

To prepare a first demonstration of mode-locking an SG-laser, an imple-
mentation was designed. This design was based on an array of single-mode
diode-laser to provide a large number(49) of separate gain elements and, on
a suitable absorber. With this design, the influence of practical potential er-
rors were evaluated, such as geometrical errors, such as the angle a which
depends on the spatial position of the element and can introduce spectral
mismatch. With these considerations, two potentially usable designs were
identified, one with a repetition rate v,., of 100 GHz and a pulse duration
Tpulse Of 200 fs, and one with v,.,=67 GHz and 7,,,;,,=300 fs. These designs
will form the starting point for experimental studies (chapter 6), and form the
basis for further modifications.

In the last part, of the present chapter, the feasibility of mode-locking is in-
vestigated in such an SG-laser within a numerical model. The model predicts
that mode-locking should be possible over a wide parameter range. Spectral
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mismatch due to geometrical deviations were found to only lead to moderate
deterioration of the mode-locking while the parameters for the saturable ab-
sorber proved critical. Decreasing the relaxation time 7 rapidly increases the
range for the fluence for which mode-locking is possible, as does an increase
of the nonlinear absorptance but this effect is less strong.



Chapter 6

Modelocked diode array laser

ABSTRACT
This chapter contains the experimental results from the operation

of the grating-coupled diode array. Two different configurations
of the dispersion arm, yielding different pulse durations and
repetition rates are shown. Several configurations for the common
arm are used, yielding different amounts of output coupling and
different fluences on the SESAM. The fluence on the SESAM is
the most critical (adjustable) factor to achieve pulsing. In the final
results strong, unstable, dynamic behaviour is observed. However,
the pulsing is not sufficiently stable to directly characterise the
pulse. Improvements such as increasing the optical power in
the cavity and reducing the relaxation time of the SESAM, are
discussed.

The previous chapter describes two configurations for the dispersion arm,
with different focal lengths of the spherical lens in this arm; one with f=200mm
and one with f=300mm. The configurations support different pulse charac-
teristics and both will be used in experimental setups.

The focus of this experimental chapter will be on different designs for the
common part of the cavity. Different designs yield different fluences on the
SESAM, which is critical to the nonlinear response of the SESAM. The simu-
lations have already indicated that the SESAM is the most critical component
in the setup. The relaxation time and nonlinear absorptance are fixed by the
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design of the SESAM, leaving the fluence of the (potential) pulse as the vari-
able parameter. We will start with a simple design with only a single lens in
front of the SESAM. Later experiments involve a telescope to reduce losses
and further increase the fluence level.

The laser spectrum, as measured by an OSA, is used as the primary indi-
cator for the modelocking behaviour. When the spectrum shows indications
of modelocking, an autocorrelator (Inrad model 5-14B) is used to analyse the

temporal structure of the beam.

6.1 100 GHz system (f=200 mm)

In the first series of experiments, the =200 mm spherical lens is used in the
dispersion arm, supporting a 200 fs pulse at 100 GHz repetition rate, with a
total spectral width of 16 nm. First the laser is built in the most basic con-
tiguration, omitting the SESAM and lens and using only a mirror to provide
teedback, see figure 6.1. The diode array is water-cooled and driven at 12A.
The quarter wave plate, used for output coupling, is a bit smaller than the
standard 1” from the mirror and is not put into the cavity, because it might
introduce additional losses.

0™ order common arm
To OSA

Ml

Figure 6.1: Configuration of a basic common arm. DB=diode bar,
Ll=spherical lens with focal distance f, G=grating, PBC=polarising
beam cube, M1=mirror. The cylindrical lenses in the fast axis of the
diode bar are not drawn for simplicity.

The free-running spectrum of the diode array is measured by blocking
the beam between lens L1 and grating G and inserting the fibre leading to the
OSA between the beam block and lens L1. All other spectra are measured
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using the 0" order reflection of the beam returning from the mirror on the
grating G, see figure 6.1. In this beam all the spectral components overlap.
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Figure 6.2: (a)The free-running spectrum; (b) Spectrum of grating-
locked diode bar with only a mirror in the common arm.

Figure 6.2 shows a measured spectrum for the basic configuration. The
spectrum is 12 nm wide and contains 35 modes. The modespacing is 0.3 nm
which fits with theory. Within the resolution of the OSA (0.01 nm), the spec-
trum is regularly spaced, except for some low intensity modes that can be
seen close to 969 nm and 976 nm. Between the modes, no intensity is de-
tected, indicating that the emission is dominated by the external cavity for
each wavelength/element in the array. The mode intensities are neither equal

nor regular indicating possible residual interferences.

0" order common arm
To OSA

In \
Triplet /
SESAM W4

M-+ =

Out

Figure 6.3: The common arm with a triplet

Next the SESAM and a lens are introduced. A triplet with a focal distance
of 70 mm and a diameter of 60 mm is used because it creates a good quality
focal spot and the large free aperture, avoids insertion losses, see figure 6.3.
Two different SESAMs are used, SESAM 18 and SESAM 7, where the number
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refers to the nonlinear absorptance: 18 % for SESAM 18 and 7 % for SESAM 7.
More details about these two SESAMs can be found in table 5.5 on page 106.
In general, a higher nonlinear absorbency is preferable to obtain modelocking
but higher nonlinear absorption comes with a higher saturation fluence. This
is not immediately clear from the table where the saturation fluence is spec-

27 for both. The diode array is powered with

ified only as “below 50 pJ/cm
a 25 A current and the output coupling is set such that the output power is

between 700 mW and 1 W.
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Figure 6.4: Spectra measured with the triplet in the common arm and
SESAM 18. The spectrum is shown to be unstable in time.

In figures 6.4 and 6.5, measured spectra are shown for SESAM 18 and 7
respectively. In both cases the spectra were unstable in time and the spectra
shown are snapshots. The changes take place on a speed exceeding the scan-
ning speed of the OSA, which is on the second scale so that each scan is dif-
ferent. The intensity between the modes is clearly not zero at some postions
in figure 6.4(b) , and even for large sections of the spectrum in figure 6.5(c) ,
indicating some lasing that is not dominated by the external cavity. Quite a
few times the spectrum appears to be dominated by modes with intensities
much higher than the rest (figure 6.4(c) ,6.5(b) ).

A possible explanation for the unstable behaviour in time is the relaxation
time constant for both SESAMs, specified to be <10 ps, which is rather high
for a repetition rate of 100 GHz. To decrease the repetition rate, a different
spherical lens is used in the dispersion part of the cavity, with an =300 mm
instead of 200 mm. This way a smaller spectral band is projected over the
width of the diode array, decreasing the mode spacing and the repetition

rate.
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Figure 6.5: Spectra measured with the triplet in the common arm and
SESAM 7. The spectrum shows to be unstable in time.

6.2 67 GHz system (f=300 mm)

All the following experiments were done with a 300 mm lens in the disper-
sion part of the cavity. The rest of the setup remained the same. SESAM 18
was used and the diode-current was 20 A. The output of the lase was sent to
an autocorrelator to measure the time domain properties. In this autocorre-
lator two glass blocks with a thickness of 35 mm rotate in different arms of
the autocorrelator, with a fixed angle between the blocks, to induce different
time delays. The light from both arms was combined in a nonlinear crystal
and a photomultiplier tube measures the light generated by second harmonic

generation.
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Figure 6.6: A spectrum and an autocorrelation trace measured with the
triplet lens in the common arm.

A spectrum and a timetrace are shown in figure 6.6. In the spectrum 20
modes appear to be lasing in an external cavity mode, emitting a single wave-
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length with no detectable intensity between the modes. On the short wave-
length side of the spectrum the modes are not regular and not well separated.
The mode spacing is 0.2 nm as expected. The spectrum was stable in time

In figure 6.6(b) the corresponding autocorrelation trace is shown. Due
to the rotating glass blocks the light reaches the detector only half the time,
causing rectangular measurement windows. One rectangle represents a de-
lay of 119 ps. If pulses shorter than this time are present in the signal, strong
spikes on top of this block signal are expected. We would expect 8 pulses for
a 68 GHz rate. In figure 6.6(b) , no spikes can be seen, indicating that the laser
is not pulsing at a discernible repetition frequency.

Apparently the switch from 100 GHz to 68 GHz, because of the relaxation
time of the SESAM, was not sufficient. However, for the remainder we keep
this configuration because of the fluence; at the same average power, the en-
ergy per pulse is also higher for the 68 GHz repetition rate. This is because the
pulse duration increases, while the peak intensity, the square of the number

of modes and emitters, remains the same.
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Figure 6.7: The common arm with an objective

The lack of any dynamic signature in the autocorrelator-trace makes it
likely the fluence threshold of the SESAM is not yet met. To improve the
saturation of the SESAM, the triplet lens is replaced by a microscope objective
with a numerical aperture (NA) of 0.32, see figure 6.7. Reducing the focal
length also reduces the size of the focal spot, which increases the fluence on
the SESAM.

A spectrum and autocorrelate for a the common arm with the objective
can be seen in figure 6.8. The autocorrelation in figure 6.8(b) , shows no puls-
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Figure 6.8: A spectrum and an autocorrelation trace for the common
arm with the objective lens before the SESAM.

ing. The spectrum appears dominated by the external cavity, with regularly
spaced modes except at the outer edges.

6.3 Telescope system

To further improve the fluence on the SESAM, a telescope is introduced in
the common arm of the laser, see figure 6.9. The telescope consists of a 2”
spherical singlet with a focal distance of 200 mm and a 1” singlet with a focal
distance of 50 mm. It reduces the beamsize by a factor 4, going from a beam
diameter of 15 mm to 4 mm, to fit the complete beam into the aperture of the
objective.

0" order common arm
To OSA

=4 N

Out

Figure 6.9: The common arm with a telescope before the objective

tigure 6.10, shows the spectrum for the configuration with the telescope
at an output power is 300 mW. In this configuration the maximum achievable
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output power is improved from 1 W to 2 W, indicating reduced losses.
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Figure 6.10: Typical spectrum with the telescope in the common arm.

An example of an autocorrelation trace can be found in figure 6.11, in
which figure 6.11(b) is the rightmost part of the trace in figure 6.11(a) . These
traces do not resemble a clean autocorrelation trace but they are far from
featureless as the autocorrelation traces in figures 6.6 and 6.8. The peaks are
too strong to be considered only noise and they appear often, indicating more

dynamic behaviour than seen before.
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Figure 6.11: A spectrum and an autocorrelation trace for the common
arm with the objective lens before the SESAM.



6.4 Discussion 129

6.4 Discussion

The autocorrelations presented suggest that the laser is pulsing for time inter-
vals in the order of milliseconds, shorter than the time required to trace a full
autocorrelator signal. It is likely that this is due to insufficient fluence. Based
on measurements of the beam size and the optical power inside the cavity
(while the laser was unlocked) we estimate the pulse energy to be between
two and five times the nominally required fluence for the SESAM. Translat-
ing this to the simulation results in figure 5.19 (page 117) and 5.20 (page 117),
this compares to a fluence level of 1200 for a factor 2 (2400*7,y1se / 2*Tpuise) and
for a factor 5, 480. Both values are indeed outside the stable pulsing window.

Tighter focusing is not practical and likely to suffer from chromatic abber-
ations. However, the response of the SESAM can be improved by the intro-
duction of a bias. This technique has only been demonstrated a few times but
showed a reduction of the response time of the SESAM, by a factor 50-100.
This would bring the setup well within the stable pulsing regime.

6.5 Summary

In this section two configurations of the dispersion arm have been exam-
ined. The configuration with a lens of f=300mm in the dispersion part of
the cavity was found to perform better in terms of output power and dy-
namic behaviour, despite the increased losses due to the large beam size in
the dispersion part. The energy in a pulse is expected to be superior in this
configuration.

The key to modelocking is in the SESAM and the saturation fluence. Sev-
eral configurations of the common arm have been tried to maximise the amount
of fluence. A maximum fluence was found for the setup in which the tele-
scope is applied, decreasing the beam size to a suitable size before the light is
strongly focused onto the SESAM by an objective lens.

Two major possibilities for improvement are clear: the amount of energy
in the cavity can be increased by reducing insertion losses. Much light is lost
at the first cylindrical lens. A normal lens with an f/d smaller than the lens
we currently use is not available but a microlens directly in front of the diode

bar could be considered, however, backreflections must be avoided.
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Another possibility is to apply a bias over the quantum well of the SESAM
in order to reduce the relaxation time by a factor of 50-100. Despite the work
still to be done, the preliminary experiments shown in this chapter show
some distinct indications yet unstable mode-locking is measured, and with
the still possible improvements the SG-modelocked laser is likely to be feasi-
ble.



Chapter 7

Summary and conclusions

In this thesis three experiments were presented. The aim in all of these exper-
iments was to improve the beam quality of high-power diode lasers, using
nonlinear-optical feedback. In the first two experiments, two different pho-
torefractive materials were used for injection-locking of a high-power Broad
Area Laser (BAL) diode via holographic feedback to the single frequency of
an external laser source. In the last experiment, a saturable absorber mir-
ror was used to obtain multi-frequency, modelocked operation of an array of
single-stripe diode lasers for the generation of a train of ultrashort pulses.

In the first experiment, we employed the photorefractive response of a
BaTiOj crystal to provide feedback from a double phase conjugated mirror
(DPCM) for injection-locking the BAL to a primary laser, which is a continuous-
wave, single-frequency Ti:Sa laser with a high-quality (near diffraction lim-
ited) output beam. With this we have shown what we believe to be the first
locking of a BAL to the single-frequency spectrum of a primary laser using
a DPCM. The locking remained stable for extended time intervals (>30 min-
utes) by suppressing parasitic gratings via a temporally periodic phase shift
introduced by piezo-driven mirrors. The best stability was seen when the
injected light was wavelength-detuned with regard to the spectrum of the
free-running diode by about Inm. Locking was observed with either the fast
axis or the slow axis of the diode oriented in the plane formed by the propaga-
tion vector and the c-axis of the crystal, however the locking showed a higher
temporal stability for the orientation along the fast axis. When looking at the
complex spatial shape of the output beam from the BAL, the advantage of the
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feedback from the DCPM is that it does not impose any particular beam shape
on the diode emission. Thereby, although imposing single-frequency opera-
tion, the DCPM feedback allows that the diode oscillation self-organises into
a preferred superposition of multiple-transverse modes such that the locked
output power is maximised for the injected frequency. This is the case be-
cause, independent of the spatial mode pattern assumed by the diode, the
hologram in the crystal adjusts such that the high-quality beam from the pri-
mary laser is diffracted into the same beam pattern (of high complexity) that
is emitted by the diode, thereby providing an optimum spatial mode overlap
for injection locking. Importantly, even when then the primary laser beam
is blocked, the hologram established via prior locking should then maintain
single-frequency operation in the same complex-shaped mode superposition
selected by the diode. In this case the multi-mode output from the diode
should be diffracted by the hologram into a near diffraction limited beam
resembling that of the formerly injected primary laser. Indeed, in our exper-
iments we observed a single-frequency, round beam of high spatial quality
diffracted from the hologram, after the formerly injected primary laser was
blocked, while the diode remained oscillating in its preferred, spatially com-
plex mode superposition due to holographic feedback. The latter observation
is currently limited to time intervals below the response time of the DCPM
mirror, i.e., to the photorefractive response time of the used BaTiO3 crystal.

In the second experiment the photorefractive crystal was replaced by a
polymer. The motivation for this is that polymeres are much less suscep-
tible to mechanical stress and temperature changes, that a much faster re-
sponse can be obtained, that the chemical composition can be varied for an
optimisation, that a higher diffraction efficiency can be obtained, and that
the fluid-state of the polymer allows for geometries that suppress undesired
teedback paths. In our experiments we made use of the latter by using the
polymer in the form of a thin-film device. With this geometry we investigated
holographic injection-locking of the BAL in a somehat different arrangement
based on Four Wave Mixing (FWM). In these experiments, we have shown
what we believe to be the first holographic injection locking of a BAL using a
photorefractive polymer. In contrast to the DPCM setup, in the FWM setup, a
spectral matching between one of the modes of the BAL and that of the Ti:Sa
laser was required to achieve locking. So far, locking was maintained for up
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to 5 minutes but the experimental data suggest that an active stabilisation
of the diode temperature (instead of passive cooling) can further extend the
locking time.

In the last experiment, an array of 49 single-spatial-mode diode emitters
(elements) fabricated on the same chip was used instead of a BAL. In the
free-running case the output from the array can attain a high average power
(30 Watt). However, the spatial quality of the output is low due to the large
width over which the arrays emits (1 cm). The spectral quality is low as well
because it is formed by the incoherent superposition of the emitters, each op-
erating at a different wavelength, or set of wavelengths. In a first step, in or-
der to obtain a high spatial quality we spatially superimpose the beams from
the individual elements with a grating to form a common beam and by using
a feedback mirror in the common beam. In this setup, which may be termed
a separate gain (5G) multimode laser, a comb-like spectrum is generated, be-
cause each diode element in the array receives feedback at a wavelength that
is slightly different from that of the neighbouring elements. Nevertheless, the
spectral spacing and the overall spectral envelope in this comb remains some-
what random, while the random phasing of the individual emitters gives rise
to the typical, random fluctuations found in multimode-lasers.

To increase the temporal quality as well, we introduce a saturable ab-
sorber into the common-beam feedback arm of the SG-laser, a SESAM (semi-
conductor saturable absorber mirror) in our case. The intended function of
the absorber is to induce pulsed operation by passive modelocking which
constitutes a novel concept for such separate gain lasers because it provides a
number of advantages, as we explored in a numerical modelling of the laser
dynamics. The repetition rate of the laser is no longer associated with the
overall cavity length but it is determined by the dispersion of the grating and
the physical spacing of the diode elements on the array. Thereby high (tens
of GHz) repetition rates can be achieved Furthermore, the laser can be con-
sidered as operating with a inhomogeneously broadened gain. This should
reduce perturbing nonlinear effects in the gain elements, such as the dete-
rioration of ultrashort pulses due to gain saturation, because each single fre-
quency in the comb-spectrum is separately amplified as in a continuous wave
laser.

In the set of experiments hat we performed, first signs of modelocking
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through the saturable absorber were observed, although the generation of a
regular train of ultrahort pulses was not successful so far. Two signatures for
the inset of partial modelocking were detected. The first is a smoothening of
the overall envelope of the lasers power spectrum and the second, found in
intensity-autocorrelation measurements, is the occurrence of sharp temporal
spikes, above the fluctuating background expected from a non-modelocked
laser. These experiments and our numerical modelling indicate that further
improvements for generating a regular train of pulses (in this case with about
300fs duration and a repetition rate of about 70GHz) appears achievable. This
would require to use absorbers with lower saturation fluence or faster re-
sponse time, or by reducing the repetition rate via higher dispersion in the
dispersion arm.
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