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Abstract

This thesis presents work done on two external cavity semiconductor
laser systems with different types of frequency modified feedback. The
first system, based on a vertical-cavity surface-emitting laser (VCSEL)
with feedback from a volume Bragg grating, is used to investigate the
control of laser cavity solitons (LCSs). The temporal dynamics of a
second system, relying on an edge-emitting semiconductor laser (EEL)
with frequency-shifted feedback (FSF), is investigated.

LCSs are trapped in local minima of a disorder potential landscape
which is created by the growth induced inhomogeneities of the cavity
resonance. The positions, frequencies and thresholds of the LCSs are
dictated by the disorder and as a result LCSs appear at certain loca-
tions in the VCSEL aperture. These properties are used to demon-
strate a method to quantitatively characterize the disorder in a VC-

SEL with frequency-selective feedback.

LCSs, as any laser, have the freedom to choose their optical phase.
The effects of disorder on the interaction of two LCSs are considered.
We demonstrate frequency and phase synchronization of paired LCSs
as their relative detuning is varied. In both theory and experiment
the locking behavior is well described by the Adler model for the

synchronization of coupled oscillators.

In the case of the second system, dynamics of the output of an EEL
with FSF is systematically and comprehensively measured for the first
time. Three fundamentally different regimes of operation are identi-
fied corresponding to low, medium and high levels of FSF. Low levels
of FSF cause the emission spectrum to broaden. Medium levels of FSF
are consistent with those found in semiconductor with conventional
feedback systems. High levels of FSF result in periodic oscillations
on a cw baseline which is similar to the pulsed comb of mode output
observed in analogous FSF systems using solid state gain media when
the FSF is resonant.
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Chapter 1
Introduction

Semiconductor lasers have become ubiquitous in application in the last few decades.
Their size, cost, efficiency and reliability make them attractive in many applica-
tions such as optical data communications, medicine, sensors or optical storage
systems. They are very versatile and can be designed to operate over a broad
range of wavelengths from the ultraviolet [1, 2] up to a few microns [3]. Despite
the fact that from a dynamical point of view, semiconductor lasers can be con-
sidered as stable class-B lasers, they are easily affected by external perturbation.
Since the pioneering work of Lang and Kobayashi [4] a good deal of attention has
been paid to the modeling of feedback effects on the dynamics of semiconductor
lasers [5]. Such devices constitute a hotbed of creativity in which to explore tem-
poral dynamics via countless external cavity configurations that one can think of
to alter the operation of the laser.

The effects of conventional optical feedback in semiconductor lasers have been
well documented and under certain conditions, i.e. very high levels of optical feed-
back, it is possible to achieve stabilization of the laser [4]. It was soon discovered
that the single mode stabilization of the laser could be enhanced by the substi-
tution of the plane mirror by a frequency selective element in the external cavity
[6, 7]. Such a configuration is also known to greatly reduce the linewidth of
the laser emission and is therefore widely used in spectroscopy [8] and optical
telecommunication [9]. This scheme caught a lot of additional attention when it
was discovered that it could support bistability [10, 11]. The subsequent exper-

iments were naturally oriented towards the implementation of a vertical-cavity



surface-emitting laser (VCSEL) with frequency selective feedback. VCSELs are
capable of supporting many transverse modes and the addition of a diffraction
grating in an external cavity configuration can provide transverse mode control
[12]. This system was then regarded as a means of creating cavity solitons (CSs)
when it was discovered that such a scheme could support bistability between
lasing and non-lasing states close to threshold [13]. Due to their mobility and
bistable nature CSs would be good candidates for optical memory applications
[14, 15] and all-optical delay lines [16].

The first semiconductor system capable of supporting CS was demonstrated in
a VCSEL with an externally injected laser beam to support bistability [17]. This
experiment demonstrated that CSs could be created and individually switched on
and off by external injection. However, some drawbacks were rapidly identified
and particularly the reliance on external injection as a mechanism to support
bistability. This means that the polarization, phase and frequency of the CS is
locked to that of the holding beam. The idea of creating CS in a system that
does not rely on external injection to sustain bistability emerged shortly after and
laser cavity solitons (LCSs) were born [18]. The first demonstration of LCSs was
performed in a broad area VCSEL with a diffraction grating as the frequency
selective element [18]. LCSs, in common with other lasers, are free to choose
their own optical phase and additionally, if the system is isotropic, they have the
freedom in their polarization and frequency (within the limitations imposed by
the cavity resonances of the laser and the reflection bandwidth of the diffraction
grating). This presents new opportunities for fundamental studies of LCSs and
particularly interaction between them.

In the first part of this thesis I present a demonstration of phase and frequency
locking of two LCSs. The system is based on a broad area VCSEL with feedback
from a volume Bragg grating [19]. Preliminary results showed that such a system
can sustain LCSs and, more importantly, that under favorable conditions LCSs
can lock in phase and frequency [20]. Due to their intrinsic properties LCSs
are mutually incoherent, i.e. they are independent microlasers. However, under
certain conditions the interaction of two LCSs leads to synchronization due to

phase and frequency locking. In a broader picture, where thousands of LCSs



could potentially be synchronized in the same device, it could open the door to
network synchronization in a fruitful analogy with brain activity [21].

In this experiment, frequency selective feedback is used to support bistability
close to threshold in an external cavity VCSEL. The external cavity allows the
LCSs to lase on several external cavity modes which is a prerequisite for mode-
locking. Interesting temporal dynamics in such a system have been investigated
in [20]. It was discovered that under favorable conditions LCSs could mode-lock.
However, this was observed in a parameter space where LCSs were not bistable,
i.e. the VCSEL was operated at an injection current above the bistability curve
of the LCSs. The observation of such pulses is nevertheless promising and the
generation of pulsed LCSs could potentially lead to 3D solitons (2 dimensions
in space and 1 dimension in time). Self-localized states in all 3 dimensions can
be regarded as light bullets [22, 23] and received a lot of attention [24, 25, 26].
The main limitation for observing pulsed LCSs comes from the scheme used to
support bistability. Regardless of the gain medium, frequency selective feedback
is not known to achieve mode-locking, and therefore, a second external cavity
scheme was studied.

The second part of this thesis deals with frequency shifted feedback (FSF).
This has been used with different laser systems since the late eighties [27, 28, 29].
An FSF laser system is a gain cavity in which a frequency shifting element has
been introduced. This is commonly achieved by closing the cavity on the first
order diffracted beam of an acousto optic modulator (AOM). Soon after their dis-
covery, FSF laser systems showed interesting temporal behavior and particularly
the observation of short pulses in a dye laser system [30, 31]. Short pulses were
later reported in fiber laser based FSF systems [29, 32] and recent studies reported
the generation of picosecond pulses in Er:fiber lasers [33, 34, 35]. Despite their
large gain bandwidth, it is difficult to generate pulses shorter than a picosecond
with semiconductor lasers when using conventional mode-locking techniques [36].
However, the potential of mode-locked semiconductor lasers remains attractive
for optical communication purposes [36, 37, 38].

The FSF external cavity setup used in this thesis is based on a quantum-well,
Fabry-Perot cavity, edge emitting semiconductor laser. The temporal dynamics of

such a system have never been analyzed in detail and the few reports available on



the subject belong to the last century when multi-GHz bandwidth oscilloscopes
and convenient computer controlled experiments were not available. In the second
part of this thesis I report the systematic study of the nonlinear dynamics of a
semiconductor laser with FSF. Dynamical maps and more particularly maps of a
complexity measure, the permutation entropy, have been recently generated for a
similar semiconductor laser with conventional optical feedback [39]. These maps
provide the necessary information to allow the difference between conventional
optical feedback and FSF to be completed once a similarly comprehensive set of
maps is generated for an FSF system. The results reported in this thesis focus
on both the near resonance of the external cavity frequency case and the non-
resonant case. The former has the potential to generate pulsed output from the
system [30, 31] but this has never been demonstrated in a semiconductor laser
based FSF system.

In Chapter 2 I will introduce the relevant background topics such as semi-
conductor lasers, frequency selective feedback leading to the creation of cavity
solitons in VCSELs as well as an overview of frequency shifted feedback laser
based systems. The properties of the devices and equipment used in the experi-
mental setup utilized to generate LCSs will be described in Chapter 3.

The spatial and spectral properties of a broad-area VCSEL with frequency-
selective feedback by a volume Bragg grating will then be addressed in Chapter 4.
The effects of the deviations from the self-imaging will be investigated and partic-
ularly how the pattern formation is affected by these deviations. A technique to
map the variations in the cavity resonance of the VCSEL will also be introduced.

The interaction of two LCSs pinned by the defects induced by the variations
in the cavity resonance of the device will be explored in Chapter 5. We will
see that despite their mutual incoherence, the interaction of LCSs can lead to
synchronization due to phase and frequency locking with strong similarities to
the Adler-scenario of coupled oscillators.

The second experimental system based on frequency shifted feedback will be
explored in Chapter 6. The dynamics of the output of an edge emitting semicon-
ductor laser are measured and high resolution maps will be used to investigate

the temporal and spectral behavior of the output power of the nonlinear system.



The results will be then contrasted with those from conventional semiconductor
laser with optical feedback systems.

I will then conclude the thesis with a brief summary, together with some
suggestions for future work to be conducted on LCSs and semiconductor laser
based FSF systems. I will also discuss the possibility of tying together spatial

and temporal dynamics in the same system.



Chapter 2

Background

2.1 Semiconductor Lasers

2.1.1 Principle

In the last few decades semiconductor lasers have become the most common type
of laser. Nowadays they represent 50% of the global laser market in monetary
term and about 95% of lasers sold in number [40]. There are many reasons why
semiconductor lasers have become so popular. They are very compact, efficient,
reliable, electrically pumped and inexpensive to produce, just to name a few.
They find applications in medicine, optical data communications, optical storage
devices, optical pumping of solid state lasers and many more.

The conductivity of the material used to make a semiconductor laser lies be-
tween a isolator and a conductor, hence the designation semiconductor. The
simplest principle of operation of a semiconductor laser relies on a p-n junc-
tion, i.e. a combination of two semiconductor materials. The conductance can
be modified by adding donors or acceptors to the material. When donors, i.e.
atoms providing electrons, are added into the semiconductor material, the latter
becomes n-doped and inversely when acceptors, i.e. atoms providing holes, are
added into the material, it becomes p-doped. When both materials, i.e. p-doped
and n-doped, are positioned next to each other, a p-n junction is formed.

Thermal equilibrium of the p-n junction, i.e. the Fermi energy level is con-

stant throughout the junction, is obtained when no voltage is applied across the
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Figure 2.1: A p-n junction and its associated energy band diagram for (a) zero
bias and (b) forward bias. Ep, is the Fermi level of the p-type material and Ep,
is the Fermi level of the n-type material. E. is the conduction band and FE, is the
valence band. Vj; is the built in potential barrier and V, is the positive voltage
applied to the p region with respect to the n region.

junction. Because the relative position of the conduction and valence bands with
respect to the Fermi energy varies between p and n regions, these bands must
bend in the space charge region as illustrated Fig. 2.1(a). This implies that a
large potential V}; is seen by the electrons at the interface of the junction thus
preventing any electron-hole recombination [41]. However, when a forward bias
voltage V, is applied to the junction, the Fermi levels become separated by the
energy bandgap of the semiconductor material as seen in Fig. 2.1(b). This causes
the valence and the conduction bands to bend in a small region called the deple-
tion region where the donors and acceptors can now recombine due to the lower
potential seen by the electrons at the interface of the junction. Spontaneous
emission arises from the radiative recombination process and it generates pho-
tons with an energy corresponding to the energy bandgap of the semiconductor
material.

Even if the first experimental demonstration of coherent light emission from
a p-n junction has been established more than 50 years ago [42, 43, 44], this gain
medium configuration does not form an efficient semiconductor laser. It requires

extremely high currents and low temperatures in order to reach lasing threshold.
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For that matter this configuration is now only used for Light Emitting Diodes
(LED). These considerations led, a few years later, to the development of the
double-heterostructure [45], which made cw, coherent emission possible at room
temperature. A double-heterostructure design consists of two semiconductor ma-
terials with different bandgaps. A smaller bandgap material, i.e. the active layer,
is effectively sandwiched between two larger bandgap materials. This means that
the carriers are confined in the active layer region thus enabling greater popu-
lation inversion than in a single-heterostructure configuration. Additionally, the
refractive index of the active layer is larger than that of the outer layers thus
providing a top-hat refractive index profile similar to what is used in optical
fibers to achieve optical confinement, i.e. waveguiding. This leads to a threshold
reduction such that lasing can be achieved at room temperature. Even though
this configuration allows coherent emission at room temperature, nowadays most
semiconductor lasers use quantum wells (QW) as the gain medium.

A quantum well is formed in a double-heterostructure laser when the thickness
of the active layer is less than the de-Broglie wavelength (A & h/p) of the carriers.
This means that the energy states available for the carriers become discrete and
as a result less electron-hole pairs are required in order to achieve lasing. This
results in higher gain, higher quantum efficiency and lower lasing threshold. Due
to its high efficiency, the double-heterostructure QW design is now commonly
used in modern semiconductor lasers.

As with any laser, semiconductor lasers require stimulated emission in order
to achieve coherent emission. In a conventional laser this is usually done by
placing the gain medium in a cavity formed by high reflectivity, i.e. >99 %,
mirrors. However, due to the relatively small size of semiconductor lasers, i.e.
typically 100 gm x 200 gm x 50 pm, it is not desirable to implement conventional
mirrors in the cavity design. Instead the Fresnel reflection at the interface between
the gain medium material (high refractive index) and air (low refractive index)
will often suffice to obtain reflectivities which are high enough to achieve lasing.
However, if lower losses are required it is possible to achieve higher efficiency by

coating the facets of the device with a high reflectivity coating.
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2.1.2 Edge Emitting Lasers

Edge emitting semiconductor lasers (EELs) became popular in the early develop-
ment of semiconductor laser and nowadays this design still remains widely used
in many applications. A basic schematic diagram of an EEL design is shown in
Fig. 2.2. Layers of n-doped semiconductor material are grown onto a substrate.
The active region is sandwiched between n-doped and p-doped semiconductor
layers and electrical contacts are coated on each side of the active region for
pumping.

As observed in Fig. 2.2 the emission is parallel to the active region and is
reflected or coupled out at the facets, i.e. cleaved edges, of the semiconductor
material. EELs can exhibit a cavity, i.e. active region, length of a few hundred
microns thus resulting in a high gain. This means that coherent emission is
possible even when using uncoated facets with poor reflectivity (around 30% due
to Fresnel reflection at the interface between the semiconductor material and
air) accounting for high losses inside the resonator. The main advantage of this
design is that gain can be increased either simply by increasing the length of
the active region in the longitudinal direction and that losses can be reduced
by applying a high reflectivity coating to the cleaved facets forming the cavity.
However, increasing the cavity length will also cause more longitudinal modes to
be supported by the cavity following the relationship L=q A/2, where L is the
cavity length, q is the number of modes supported by the cavity and A is the
emission wavelength.

The attractiveness of such devices comes from their compactness and makes
them desirable for integration in optical networks for instance. However, this asset
comes at a cost of a high beam divergence. Indeed, the small beam dimension in
the direction orthogonal to the active region, i.e. around 1.5 ym, results in a beam
divergence half-angle-cone at 1/e? intensity point of about 20° in this direction.
Similarly, the beam dimension in the plane parallel to the active region (about
6 pm) gives a divergence half-angle-cone at 1/¢? intensity point of about 5°. For
this reason, EELs suffer from a high output beam asymmetry as illustrated in
Fig. 2.2. The strong ellipticity of the beam (typically with a ratio 4:1 fast to

slow axis) in both shape and divergence makes the implementation of such lasers
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Figure 2.2: Schematic diagram of an edge emitting laser. The emission takes
place in a plane parallel to the active region and as a result the shape of the
output beam exhibits a strong ellipticity.

in communication systems not ideal despite their compactness. Indeed, optical
fibers used in communication networks have circular cross sections and therefore
the coupling efficiency strongly depends on the shape of the incoming beam. In
addition to having a limited coupling efficiency, EELs also require a collimation
optic with a high numerical aperture in order to achieve effective collimation with

minimal losses.

2.1.3 Vertical Cavity Surface Emitting Lasers

Coherent emission in a plane perpendicular to the active region was first demon-
strated in 1965 [46] however, vertical cavity surface emitting lasers (VCSELSs)
as we know them nowadays were demonstrated in the year 1990 by Iga [47, 48].
This revolutionary design combines the advantages of semiconductor lasers with-
out the main limitation of EELSs, i.e. their high beam divergence and ellipticity.

The main difference between EELs and VCSELs lies in the emission direction, in

10
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Figure 2.3: Schematic diagram of a vertical cavity surface emitting laser. The
emission takes place in a plane perpendicular to the active region.

a VCSEL the emission takes place in a perpendicular plane to the gain medium.
A basic schematic diagram of a VCSEL design is shown in Fig. 2.3.

In addition to a very small beam divergence (<5° for small circular single
mode devices), VCSELs also provide advantages over conventional EELs. The
fact the emission is perpendicular to the gain region allows the chips to be tested
directly on the wafer in which they are grown as they do not require cleaving in
order to achieve lasing. This design also allows the emission shape to be chosen by
shaping the aperture to the required form. Due to their low beam divergence and
the possibility to achieve a perfectly circular output beam, VCSELs are perfect
candidates for fiber coupled telecommunication systems where compactness and
high coupling efficiency is required.

However, VCSELs suffer from a very small gain. The length of the active
region is very short (typically 1-3 A where \ is the emission wavelength of the
device) and therefore after a single roundtrip inside the cavity stimulated emission
is less likely to occur. If with EELs lasing can be achieved with intra-cavity

reflectivity around 30%, this is not the case with VCSELs where the small gain
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due to the small cavity needs to be overcome to achieve coherent emission. This is
done by using distributed Bragg reflectors (DBRs) which can achieve reflectivities
up to 99.99%. Typically one side of the cavity has a reflectivity >99.9% while
the outcoupling mirror has a reflectivity of about 99%. DBRs also have the
advantage of being relatively easy to manufacture, they are made of A/4 thick
layers of alternating high and low index semiconductor material and can therefore
be grown directly onto the device. With such high reflectivities greater gain can
be achieved as the photon lifetime is increased and as a result the stimulated
emission events are more likely to increase inside the cavity.

In VCSELSs the dimensions of the gain region are somewhat fixed. Indeed,
the length of the gain region in the direction perpendicular to the emission can
not be increased as desired. This would lead to an increase of the number of
transverse modes supported by the cavity and would thus degrade the beam
shape quality of the device which is not desirable in most applications. However,
in some cases such as cavity soliton generation, it is necessary to use broad area
devices (>80 pm). In the direction parallel to the emission, the length of the gain
region is also limited (typically 1 ) so that single longitudinal mode operation
is obtained. If the cavity length is increased, higher gain would be achieved
but unwanted longitudinal modes would also be supported by the cavity thus
eliminating one of the key advantages of VCSELSs, their single longitudinal mode
operation.

The short cavity length also accounts for small scattering and absorption
losses in the active region which thus results in low threshold currents. The
dimensions of the active region as well as the electrical injection are responsible
for very low threshold currents in VCSELs. Indeed, the most effective technique
to inject the current into the laser is achieved by the growth of oxide apertures into
the structure of the device. This technique provides current confinement which
induces better power conversion efficiency by focusing the carriers directly into
the gain region thus avoiding diffusion through the device. Similarly to a double-
heterostructure in an EEL, the oxide confinement provides optical guiding due to
a high refractive index jump between the oxide aperture and the semiconductor

material.
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2.2 Frequency Selective Feedback

The main challenge when manufacturing VCSELs is to ensure that the wave-
length selection of the gain region in the direction of the emission matches the
peak of the reflection bandwidth of the DBRs. The second technological difficulty
is to grow many layers of exactly A/4 thickness to form the DBRs with high re-
flectivities. Because of the size restriction of the gain region, the output power of
a single transverse mode VCSEL is rather low (a few milliwatts). However, due
to their vertical geometry VCSELs are well suited for making large laser arrays

capable of producing very high output power of up to a few kilowatts [49].

2.2 Frequency Selective Feedback

The effects of optical feedback on edge-emitting semiconductor lasers were inves-
tigated shortly after the first devices became available [50, 51]. A few years later
the different behaviors were identified and a theoretical model for weak levels of
feedback was introduced in the seminal experiment of Lang and Kobayashi [4].
Four regimes of operation were observed and classified depending on the feedback
strength. Six years later Tkach et al. investigated the effect of high feedback lev-
els on a 1.55 pum distributed feedback laser diode [52] and identified one particular
regime which was described as regime V. This regime was found to stabilize single
longitudinal mode operation of the laser regardless of the feedback phase, i.e. the
length of the external cavity. In this particular regime the laser cavity acts as
a small active section of a longer cavity closed by the external cavity reflector.
A couple of years later it was found that the use of a dispersive element in the
external cavity provides a more stable single mode operation of the laser along
with a reduction of its linewidth [6, 7]. The highly coherent sources obtained via
this technique are of particular interest in metrology [53], atomic physics [54] or
optical telecommunication [55]. The first schemes relying on frequency selective
feedback were based on a diffraction grating [6, 7], a narrow-band resonator [56],
a fiber-Bragg reflector [57] or by using the transition lines of a medium inside
the external cavity [58]. Due to its compactness and ease of implementation a
diffraction grating constitutes a good candidate for frequency selective feedback
in semiconductor lasers. In addition to greater stabilization, a frequency selective

element such as a diffraction grating also provides fine frequency tuning, over a
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wide range of a few tens of nm, of the laser emission [6, 7]. This configuration with
EELs is however, not perfect and a few stability issues may arise such as multi-
stability [7, 59, 60, 61] or mode hopping [62]. In particular bistability [10, 11] and
low-frequency fluctuations [11, 60, 63] are commonly observed in such external
cavity laser systems.

The bistability between different emission states found in such systems could
be particularly interesting when observed in VCSELs. Their design provides
strong frequency selective feedback (see Sec. 2.1.3) and as a result achieves sin-
gle longitudinal mode operation. However, the addition of a diffraction grating
can provide transverse mode control of the device [12]. The same scheme also
demonstrated the ability of such a system to support bistability between lasing
and non-lasing states close to threshold [13]. Since many transverse modes are
supported in broad area VCSELs, bistability would provide a considerable asset
in the excitation of spatially localized emission states, i.e. cavity solitons. Such
self-localized lasing states would show great potential for information processing
and particularly, due to their bistable nature and mobility, in all optical memory

devices [14, 15] and in all-optical delay lines [16].

2.3 Solitons

2.3.1 History

A soliton is a solitary wave that travels without changing shape. Such a wave is
formed when a fine balance of linear and non-linear effects occurs in the medium of
propagation. The first observation of a solitary wave was reported by John Scott
Russell in 1834 near Edinburgh in Scotland [64]. J. S. Russell was observing a boat
in a canal when the vessel suddenly stopped. This caused the water accumulated
at the front of the boat to form a wave of large elevation and velocity. He then
followed the wave for a couple of miles along the canal without noticing any
change of shape or diminution of speed. However, before losing the wave in the
windings of the channel he noticed a slight diminution in its height. Russell called

this phenomenon wave of translation’.
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Russel tried to recreate this phenomenon in a tank of water and came to
the conclusion that such a wave was a fundamental mode of propagation [65].
However, Russel’s work failed to convince the scientific community. In particular
Airy and Stokes questioned the existence of a wave that travels without changing
shape above the water. Their main argument was based on the fact that the wave
loses amplitude with time, which at the time they attributed as a sign that the
wave was actually temporary. Russel contested these claims and attributed the
diminution of amplitude to friction. It was only in the late 1870’s that Russel’s
work was accepted and the theory describing waves in shallow water surfaces was
finally demonstrated at the end of the century in 1895 by Korteweg and deVries
[65].

Solitons can either be conservative or dissipative. In this section we will give a
description of each category before introducing cavity solitons and cavity soliton
lasers, which are different types of spatial dissipative solitons. We will here focus
on optical solitons but solitons in other media such as water or plasma share

similar properties.

2.3.2 Conservative Solitons

A conservative soliton is a solitary wave whose energy is conserved. In other
words, the losses in the system are completely absent and the latter does not
require any continuous energy input. Such solitons have been experimentally
observed in systems where the losses were low enough for the solitons to be
regarded as conservative [66, 67].

In optics conservative solitons exist when a fine balance of nonlinear and
linear (diffraction for a spatial soliton and dispersion for a temporal soliton)
effects occurs. In particular a spatial soliton is formed when the Kerr effect
balances the effect of diffraction in the propagation medium. Indeed, when light
propagates through a linear medium diffraction occurs, i.e. the light spatially
spreads, it diverges. However, when light propagates through a nonlinear medium
it can experience the so-called Kerr effect. The refractive index of this nonlinear
medium is proportional to the intensity of the electric field passing through, i.e.

n = ng+nsl, where ng is the linear refractive index of the medium, n, is the Kerr
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Figure 2.4: Schematic diagram of a spatial soliton supported by a fine balance
of Kerr effect and diffraction in a nonlinear medium. The dashed line represents
the diffraction of the light in the propagating medium. The dotted line represents
the effect of Kerr lensing. The red solid line illustrates the spatial soliton, when
the two effects exactly balance each other out.

coefficient and I is the intensity of the radiation [68]. In the case of a Gaussian
beam the refractive index gradient takes the form of a Gaussian profile, i.e. the
effective refractive index is higher in the center of the beam than in the wings.
Therefore, this modified refractive index profile acts like a focusing lens.

This situation is illustrated in Fig. 2.4. If the Kerr effect compensates the
diffraction of the beam such that the incoming beam retains its shape while prop-
agating through the nonlinear medium, a spatially localized emission is obtained.
This is schematically shown in Fig. 2.4 where the longer dash line represents the
natural diffraction of the beam and the dotted line is the Kerr effect. The red
solid line illustrates the resulting propagating beam which does not change shape
while traveling, i.e. a spatial soliton, when the two effects exactly compensate for

each other.
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2.3.3 Dissipative Solitons

A dissipative soliton, as the name suggests, is a solitary wave whose energy is
partially dissipated in the system. FExperimentally, real systems exhibit losses,
i.e. they lose energy, and therefore require a constant energy input in order to
sustain solitons. Indeed, if the losses are too high, a soliton can only exist for
a very limited distance of propagation. However, it is possible to overcome the
losses by injecting energy to the system. Dissipative solitons in laser systems
are a good example of optical dissipative solitons. In a laser, after each round
trip inside the cavity, several photons leave the cavity thus accounting for a con-
stant loss of energy which is compensated by gain sustained by external driving.
Therefore, under favorable circumstances, i.e. fine balance of linear and nonlinear
effects as well as gain counteracting the energy loss of the system, formation and

stabilization of dissipative solitons occur.

2.3.3.1 Cavity Solitons

As described in Sec. 2.3.2 the refractive index variation of the nonlinear medium is
intensity dependant. In order to achieve a sufficient refractive index change such
that the Kerr effect balances the natural diffraction of the beam, high intensity
inside the nonlinear material is required. Therefore, the nonlinear medium is
placed within a cavity. This allows for greater net gain as well as high beam
powers required for Kerr lensing. When dissipative solitons are formed in a cavity
they are referred to as cavity solitons (CSs).

This situation is illustrated in Fig. 2.5. A nonlinear gain medium is sand-
wiched by two stacks of high reflectivity DBRs. The Kerr effect acts as a focusing
lens and balances the natural diffraction of the beam. Due to the plane-parallel
cavity, stable Gaussian modes are not supported by the cavity. However, for the
reasons mentioned earlier, under favorable circumstances CSs can exist. They
retain their spatial profile after each roundtrip in the cavity, i.e. locally stable
cavity, and are therefore referred to as spatial cavity solitons [69, 70].

Each of these localized structures behave as an independent object and should

be able to exist anywhere in the transverse aperture of the laser. Indeed, CSs are
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Figure 2.5: Schematic diagram of a cavity soliton sustained by a fine balance of
Kerr effect and diffraction in a nonlinear medium. The gain inside the cavity is
responsible for stabilizing the cavity solitons by counteracting the energy loss of
the system.

independent of the system boundaries and are only stabilized by the nonlineari-
ties. Their shape and size are governed by the system parameters. This means
that several CSs should be able to coexist within the same cavity and that they
can also exist in arbitrary locations within the transverse aperture of the device.
They should also be able to be independently controlled which means that each
CS can be independently switched on or off. Further, because they should be
able to exist anywhere in the transverse aperture they should also have motion
freedom.

The formation of CSs occurs because of the coexistence of a homogeneous
background state and a patterned stationary state. Below threshold the back-
ground state (or off-state) is stable and as injection increases a spatially extended
emission pattern forms. At this point the background is unstable whilst the pat-
terned state becomes stable. However, below the threshold value of the patterned

stationary state there exists a small region in which the background remains stable
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and the CS can exist. CSs can then be considered as intermediate states between
the background and the spatially extended pattern emission. This specificity
means that in the CS region there exist two stable states, i.e. the background
state (off-state) and the CS state (on-state). This is called bistability and opens
up a whole new world of possible applications in information processing.

These properties make CSs good candidates for optical memories and poten-
tial applications in this field were first addressed in [16]. However, industrial
applications become more attractive in a fast, compact and inexpensive system
suitable for implementation in modern electronic devices. This is why a few years
later, following the work of Brambilla and co-workers, the idea of realizing CSs
in semiconductor lasers rose for possible large scale industrial applications [71].
CSs can exist anywhere in the transverse aperture of a broad area semiconductor
laser and can be independently switched on or off by a local perturbation. In
turn, these can be regarded as spatial logical bits. Their freedom of movement
and position across the aperture of the laser make them potentially suitable for
the creation of 2D matrices.

The bistability along with the mobility exhibited by CSs also seem well suited
for all-optical delay lines. The speed limitation of current optical networks could
be significantly increased if the information could be stored and routed optically.
However, routing the information optically would also require the ability to buffer
data when the router is occupied dealing with another set of data. CSs seem
particularly attractive for this job. They can be written (switched on) at a
certain location and then be dragged to a second location anywhere across the

transverse plane of the cavity where they can be read and then erased (switched
off) [72, 73].

2.3.3.2 Cavity Solitons In Semiconductor Lasers

Semiconductor lasers are compact, relatively inexpensive to produce and also ex-
hibit fast intrinsic time scales. Fast time-scales and small spatial scales associated
with a CS in a semiconductor laser make this system very attractive compared

to systems based on liquid crystals [74] or atomic vapors [75]. The characteristic
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time-scale for CS formation in semiconductor lasers is on the order of a nanosec-
ond, i.e. the carrier recombination time. This, along with the dimensions of a
broad area semiconductor laser lying in the hundreds of micrometers range, show
the key features of a system for all-optical networking.

Broad area semiconductor lasers appear to be a preferred candidate for such
applications. In particular, broad area VCSELSs are a main interest. Broad area
devices are required in order to support several transverse modes, thus allowing
the formation of multiple CSs in the same device. VCSELs are compact, they
exhibit a fast intrinsic time-scale and they also have a nonlinear gain medium.
However, VCSELs alone do not support bistability and two different techniques
have been proven to support bistability in broad area VCSELs. The first ap-
proach relies on the injection of a holding beam (HB) into the device whereas the
second approach requires the addition of an external element in order to achieve
bistability. The latter can be a frequency selective element such as a grating or a
saturable absorber. The CSs emerging from this configuration are referred to as
Laser Cavity Solitons (LCSs). Experimental work conducted on CSs in VCSELSs
up to the year 2011 is reviewed in [76].

Cavity Solitons In Driven Systems

The first experimental demonstration of CSs in VCSEL amplifiers happened
at the beginning of the century [17]. Barland et al. used a broad area (150 pm)
VCSEL driven by a homogenous optical beam, i.e. holding beam (HB), covering
the whole aperture of the device. The VCSEL was operated below threshold but
above transparency. An external beam, the writing beam (WB), derived from the
HB, was used to locally ignite a region of the aperture, i.e. a cavity soliton. This
confirmed that the device was operated in a bistable region. The beam size of the
WB needs to be close to the size of a CS, i.e. about 10 pum, when it reaches the
device. When a beam with the proper size is achieved, the switch on mechanism
requires the WB to have a matching phase with the HB. Inversely, for switch off,
the phase of the WB must be opposite to that of the HB.

CSs in driven systems have been experimentally observed in both electrically

[17, 77] and optically pumped [78] semiconductor amplifiers. The latter experi-
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ment demonstrated that there is no need for a phase reference between the HB
and the WB. One of the advantages of driven systems is that the CSs are locked
to the HB and therefore exhibit the same phase, polarization, and frequency as
the HB. This means that a phase reference is available and that the erasure of a
CS can be done by shining the WB with the opposite phase on an existing CS
via destructive interference between the WB and the CS. However, shortly after
the first experimental demonstration of CSs in driven systems greater flexibility
was achieved as it was found in [78] that CSs can be successively generated and
erased by using a WB which had no phase relationship with the HB. Note that
the WB was blue detuned with respect to the cavity resonance. Short pulses
(around 60 ps) emitting at a different wavelength from the HB, with no phase
reference to the latter, were used both to create and erase CSs. This excitation
via addition of carriers at specific locations allows for creation and erasure of a
CS. However, the time scales in the writing process involved in this configura-
tion are much slower than that of the coherent case (a few hundred nanoseconds
rather than a few nanoseconds). Note that the latency in switching on a CS can
be reduced by increasing the power of the WB and was later attributed to be due
to local temperature effects [79]. The switch off process is, however, faster and
occurs in a few nanoseconds.

The formation of CSs in such systems originated from theoretical predictions
in which a translational invariant system is required. Material gradients are of
particular importance in the formation and control of CSs. It was demonstrated
in [80, 81, 82] that self-organized patterns have the freedom of translation or
rotation and can therefore exist anywhere. This Goldstone mode implies that
the CSs should be able to move under the influence of any gradient. The speed
at which they would travel would make them undetectable by most CCD cam-
eras. Gradients are always present in experimental systems and mainly originate
from growth fluctuations of the semiconductor material. These gradients would
in practise induce the CS to drift across the aperture of the device until the point
where the CS reaches a boundary and then dies. This would make the observa-
tion of CSs practically impossible. Fortunately these gradients, i.e. defects, form
stabilizing traps for the CSs. At locations where the defects are deep enough the

CSs are pinned, i.e. trapped in the defects, and can therefore survive, avoiding
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reaching the boundaries of the device. This was indeed verified in [17] where the
CSs always appeared at the same locations. These properties were later used as
a way of mapping inhomogeneities in the device [83].

The main advantage of CSs in driven systems, i.e. the phase, polarization and
frequency are locked to the HB, is also the main drawback in the sense that it
does not allow for many degrees of freedom. In addition to this lack of freedom,
the need for both a HB and a WB in the system does not lead to compactness

and, ultimately, integration for applications in optical networking.
Laser Cavity Solitons

CSs in driven systems do not currently represent a viable configuration for
industrial applications. The main reason is that such systems require an exter-
nal laser of high spatial and temporal coherence which removes some degrees of
freedom that CSs could potentially show. A system in which each individual CS
could have the freedom to choose its own phase, polarization and frequency would
lead to new possibilities. This would also allow for interactions between CSs to
be studied and could open up a new world of possibilities in the formation of
large arrays of CSs. Therefore, the interest in laser cavity solitons (LCSs) rapidly
rose a few years after the first CSs were demonstrated in driven systems. LCSs
would be generated in a system where bistability would be provided by frequency
selective feedback or by a saturable absorber in an external cavity configuration.
Such CSs would behave as independent lasers and are therefore referred to as
laser cavity solitons.

Each LCS originates from a spontaneous symmetry breaking and can thus be
seen as a microlaser which has the freedom to choose its optical phase. In an
isotropic system the polarization of each LCS should also be unique as there is
no external influence on the system. The frequency freedom is somewhat differ-
ent as, for example, in the case of frequency selective feedback, the frequencies
at which the LCSs can operate are limited by the bandwidth of the frequency
selective element. However, LCSs still have the possibility to be lasing on several
external cavity modes. The defects in the transverse aperture of the device are

also expected to play a role in the frequency distribution of LCSs. They change
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the local resonance of the VCSEL cavity which causes the LCSs to operate at
different wavelengths across the aperture of the device. In addition, any scheme
relying on an external cavity gives the opportunity for each LCS to lase on dif-
ferent external cavity modes. This ability is of importance as it could lead to
mode-locking which then opens up a great avenue towards pulsed LCSs. The
ability for individual LCSs to arbitrarily choose their phase and frequency is of
great interest as it could potentially lead to phase and frequency locking. In-
dividually controllable yet mutually coherent LCSs would open the door to the
possibility of creating large laser arrays where coherence can be established be-
tween the different emitters, even in the presence of variations in the natural
frequencies of the emitters forming the array.

The first experimental realization of LCSs in a semiconductor laser was demon-
strated in a system with frequency selective feedback [18]. This scheme supports
bistability via the addition of a frequency selective element in an external cavity
configuration. The idea of generating LCSs in a semiconductor laser started with
the observation that optical injection which is slightly detuned to the VCSEL
resonance can provide bistability [84, 85| and became very promising when the
first CSs were demonstrated a few years later in a broad area VCSEL [17]. There-
fore, by providing detuned feedback from a diffraction grating to the VCSEL, one
expects that it should be enough to provide optical injection without the need of
a second laser. Indeed, if the reflection bandwidth of the grating is small enough
compared to the frequency band of the VCSEL emission there can exist a fre-
quency detuning between the resonance of the VCSEL and the peak reflection of
the grating. This scheme can then support bistability and allows for the creation
of LCSs [13]. Bistability arises because there exist two stable states. When the
VCSEL is below lasing threshold only spontaneous emission occurs resulting in a
high carrier density and low refractive index. As feedback is increased, i.e. higher
injection, the carrier density drops and therefore the refractive index increases.
This phenomenon leads to a red shift of the VCSEL cavity resonance which in
turn increases feedback and creates a positive feedback loop until a high intensity
state is reached. However, lasing is not stable over the whole aperture and it

sets in locally. At this point the background state is also stable thus providing
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bistability to the system (see Chap. 4 Sec. 4.2.1.1 for a more detailed analysis).
A discussion for small area VCSELSs is given in [13, 86].

In the first experimental demonstration of LCSs in a semiconductor laser
system, the frequency selective element used for feedback was a diffraction grating
in a Littrow configuration [18]. A self imaging cavity was used in order to keep
a high Fresnel number cavity which allows for many transverse modes to be
supported by the device. LCSs were created when the peak reflection of the
grating was set to be red detuned to the VCSEL cavity resonance. With increasing
injection current several laser spots appeared at different locations. The threshold
for each spot is different and all the spots show bistability and are almost identical
in size (FWHM 10 pm) and shape. They are individually controllable and emit
on axis (FWHM 10 MHz). Each spot is a small, localized, coherent emitter, i.e. a
LCS. In order to demonstrate the independence of the LCSs the VCSEL is biased
in a region which is known to support bistability for several LCSs. An incoherent
external beam, i.e. WB, with a transverse size close to the size of a LCS is then
injected onto the device at the locations where LCSs are known to be supported.
This results in the switching on of the LCSs at the exact same locations. The LCSs
remain switched on even after the WB is removed, i.e. they are self sustained.
Several LCSs are independently switched on without affecting the state of the
LCSs already present in the cavity. The LCSs also show some mobility. Indeed,
the WB can be used to drag the LCSs in the transverse plane. The mobility of
the LCSs mainly depends on the shape of the traps they are sitting in. Refer
to [87] for a detailed analysis of the different switching techniques and [88] for a
theoretical model supporting the experimental observations. The first limitation
of this configuration is that the frequency selection provided by the diffraction
grating is not narrow enough. This leads to the formation of LCSs with the
presence of extended states, even at low injection currents. The second drawback
is the non-isotropic nature of the diffraction grating [89]. The orientation of lines
composing the grating imposes a polarization state in the external cavity, thus
removing the desired polarization freedom that LCSs should show.

The issues related to the broadband frequency selection as well as the non-
isotropic nature of the feedback element closing the external cavity led to the idea

of using a different frequency selective element. A volume Bragg grating (VBG)
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meets the criteria of narrow frequency selectivity and isotropic feedback. A con-
figuration with a VBG as the frequency selective element was first demonstrated
in [19]. The narrow reflection bandwidth of the VBG allows for a better contrast
between the LCSs and extended states. This means that higher currents are
available at which LCSs are still supported that were not available with feedback
from a diffraction grating, i.e. more LCSs are observed. The VBG also increases
the width of the LCS hysteresis loop [19]. In addition to fundamental LCSs, the
first observation that differs from [18] is that the system shows multipeak struc-
tures. Indeed, the LCSs show a tendency to split in a particular sequence of one
peak to two peaks and then a triangular arrangement of three peaks [19]. Similar
observations are found in an optically pumped vertical-cavity amplifier [90] and
are believed to be associated with homoclinic snaking. A WB, injected at the
back of the VBG, is used to drag the LCSs across the aperture of the VCSEL,
thus demonstrating some mobility. Several LCSs can be independently switched
on and then switched off. In order to switch off a LCS the WB is injected in its
vicinity so that it can be dragged out of its trap and then die. The location of
the WB, relative to the position of the LCS, at which the switch off process is the
easiest is different for each LCS. This matches the observations in configurations
with saturable absorption [91, 92] which are also isotropic in contrast with feed-
back from a diffraction grating where the orientation of the grating breaks parity
and a preference for up/down switching is observed [18, 87]. It was demonstrated
that LCSs can be switched on by pulses down to 15 ns (limited by the equip-
ment) and it was observed that for long pulse length, i.e. >100 ns, there exists a
constant threshold power. Finally, given the very weak anisotropy of the VBG,
this scheme gives some freedom for the LCSs to choose their own polarization
which results in each LCS having a unique polarization angle [19].

Frequency selective feedback is not the only way to provide bistability in semi-
conductor lasers. Saturable absorption is another well known technique that can
support bistability in semiconductor lasers [93, 94]. For that reason this scheme
represents a good candidate for the creation of LCSs. The first experimental re-
alization of LCSs in such systems was observed in [91]. This scheme relies on two
mutually coupled VCSELs in face to face configuration. One VCSEL works as

an amplifier while the second, biased below transparency, is used as a saturable
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absorber. Similarly to [19], this configuration shows very little anisotropy which
should result in an arbitrary polarization state for each individual LCS. The LCSs
observed in such systems show similar properties as the LCSs in [19]. Monolithic
integration of an optically pumped VCSEL with intracavity saturable absorber
is demonstrated in [95, 96] and shows great potential for industrial applications.

The stabilization of mutually incoherent emitters inside a cavity is conducive
to extensive study of their interaction. The results presented in this thesis follow
the work of [20] on phase and frequency locking of LCSs in a VCSEL with feed-
back from a VBG. Frequency and phase locking of two LCSs was experimentally
observed in [20], though no systematic characterization was conducted at the
time. It was confirmed that the disorder in the VCSEL aperture was responsible
for pinning the LCSs at certain locations as well as the differences in thresh-
old and frequency between them. However, it was noted that a detuning of the
self-imaging cavity could affect the locking strength. Therefore, it is essential to
characterize the external cavity and particularly the effects of deviations from the
self-imaging condition on the pattern formation before conducting a systematic
characterization of phase and frequency locking between two LCSs. Nevertheless,
due to their intrinsic nature, i.e. phase, frequency and polarization freedom, the
interaction of LCSs leading to synchronization due to phase and frequency lock-
ing is an interesting topic that may open the door to network synchronization of

many LCSs.

2.4 Frequency Shifted Feedback

2.4.1 Frequency Shifted Feedback Systems

In the late eighties, a new kind of external cavity laser was developed that showed
unique frequency properties [30, 97]. A frequency shifted feedback (FSF) laser is a
specific external cavity laser in which a frequency shifting element (commonly an
acousto-optic modulator (AOM)) has been introduced [27]. A schematic diagram
of an FSF laser system seeded by a cw single frequency laser in a ring cavity
configuration is shown in Fig. 2.6. The seed laser is injected into the ring cavity
via the AOM while the output is observed at the undeflected beam output of the
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AOM

Output

Figure 2.6:  Schematic diagram of an FSF laser seeded by a cw single fre-
quency laser in a ring cavity configuration. Seed: cw single frequency laser,
AOM: Acousto-optic modulator, M: Mirror, Gain: Gain medium, Output: Out-
put beam of the FSF laser.

AOM. The ring cavity is closed on the first order diffracted beam of the AOM
which implies that a photon experiences a frequency shift after each round trip
made in the cavity. Therefore, even if regenerative amplification occurs inside the
cavity such laser systems do not support constructive interference over consecutive
roundtrips, i.e. the frequency of the light field fed back to the laser changes
after each roundtrip. As a result such lasers do not exhibit the conventional
longitudinal mode structure observed in Fabry-Perot resonators commonly used
to sustain laser oscillation. The spectral profile of an FSF laser is therefore
determined by the frequency dependence of the gain medium. The spectral and
temporal characteristics of such laser systems show some diversity. They depend
on the interplay of various nonlinearities in the system, the cavity geometry and
elements, the various sources of technical and fundamental noise, along with the
aforementioned laser gain medium. In particular, both the frequency shift induced

by the AOM and the free spectral range of the external cavity play an important
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role in the characteristics of the output emerging from FSF laser systems. When
these two parameters are carefully chosen, the system can operate under different
regimes. Farly reports based on a dye laser FSF system demonstrated that when
the frequency shift is significantly smaller than the free spectral range (FSR) of
the laser the output consists of chirped comb lines, the frequency will change in
a discrete step after each round trip time and can be seen as a moving comb
of frequency modes [98]. However, when the frequency shift is on the order or
greater than the FSR, the laser system is capable of emitting in the pulsed regime
(30, 31]. Here the repetition frequency of the pulses was that of the roundtrip
frequency shift for the first order of diffraction beam of the AOM which was in
turn matched to the longitudinal mode-spacing of the laser cavity. This is a case
of a FSF-based mode-locked laser. Broadband modeless operation from dye lasers
has also been demonstrated when the roundtrip frequency shift of the first order
beam from the AOM does not match that of the laser cavity [97, 99].

The first mention of an FSF laser in the literature appeared in 1971 when
Taylor et al. [100] introduced an acousto optic cell inside an organic dye laser
cavity for the first time. They achieved electronic frequency control of a pulsed
dye laser over 78 nm, ranging from 544 to 622 nm with a laser linewidth of 0.135
nm. Nearly two decades later FSF lasers were revisited by Kowalski et al. with
the idea of generating stable trains of short optical pulses [30]. The authors in-
jected the output of a laser into a passive frequency shifted ring cavity. An AOM
was placed inside the cavity so that after each round trip the light was frequency
shifted. The ring cavity was designed such that only the first order diffraction
beam of the AOM, i.e. the frequency shifted light, was fed back to the laser.
The zeroth order output of the AOM was used to couple the external pump laser
into the cavity. Short pulse generation was observed by tuning the cavity mode
spacing such that it matches the AOM frequency. This particular configuration
is known as the resonant condition. Their first observation was the direct relation
between the number of cavity round trips of the light and the number of frequency
components of the output spectrum. The authors observed a spectrum consisting
of 18 distinct components but due to the short number of round trips the pulses
were 1.5 ns wide, i.e. longer than hoped for. In 1988 Kowaslski et al. [97] demon-

strated the use of FSF laser systems to produce laser radiation with a broadband
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modeless spectrum. The authors demonstrated CW emission by placing a dye
jet into a detuned FSF cavity, i.e. when the roundtrip frequency shift does not
match that of the laser cavity. The modeless structure observed at the time was
attributed to the fact that no discrete frequencies were coupled in. The sponta-
neously emitted light from the dye jet provides a broadband input and as a result
the output of the FSF laser is broadband. Shortly after, this group demonstrated
pulsed operation from the same laser system by having the external cavity set
up to be in the resonant condition with the roundtrip frequency shift [30] and by
placing etalons inside the external cavity to reduce the overall bandwidth [27].
The pulse repetition rate of the laser was directly proportional to the frequency
shift induced by the AOM, ranging from 220 MHz to 1760 MHz in multiples of
the frequency shift of the AOM. Short pulses have also been demonstrated by
placing an AOM in a ring interferometer with cw single frequency injection [101].
Two years later Hale et al. [31] introduced a theoretical model describing the
output in both the time and frequency domain for the two regimes of operation
aforementioned.

Broadband lasers find applications in spectroscopy, white light cooling or can
be used as a tool to explore the effect of phase and amplitude fluctuations on
nonlinear optical phenomena. Developing such sources by using compact laser
diodes with FSF offers advantages over solid state lasers in term of price and size.
Following this statement, in 1991 Richter et al. [28] demonstrated an FSF broad-
band output with a controllable bandwidth of up to 5 GHz, while the laser output
remained single longitudinal mode, using both near infrared and red Fabry-Perot
cavity semiconductor lasers. A theoretical rate equation model was later intro-
duced in order to describe the spectral characteristics of such lasers [102]. Subse-
quent research demonstrated similar results using semiconductor lasers with low
reflectance facets for the internal semiconductor laser facets of the external cavity
laser system aiming to generate modeless output of larger frequency bandwidth
[103]. The expectation that broader FSF bandwidth would be achieved before
multilongitudinal mode operation commenced was not met in the experiments.
The maximum diffraction efficiency achieved with the AOM meant at most 12%
of the emitted light could be fed back to the semiconductor laser in the first
order diffracted beam. The coupling efficiency of this light is typically 20-30%
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for the laser system used. Higher single longitudinal mode broadening was also
reported by using a diffraction grating rather than a plane mirror as the closing
element of the external cavity. Use of a distributed feedback (DFB) laser would
also be expected to maintain single longitudinal mode output to higher FSF feed-
back levels but even using a DFB laser gave FSF bandwidths of a few hundred
MHz [104]. This work also contrasted conventional feedback and FSF, and noted
the suppression of phase dependent linewidth variation of the lasing mode using
FSF. Measurements of the RMS noise level of the photodetected output power as
a function of feedback level suggested that a transition to the coherence collapse
dynamical regime occurred in both systems. This regime of operation had been
well documented in the sequence of regimes observed for a semiconductor laser
with optical feedback from an external mirror [5]. In the FSF system the tran-
sition was not the expected discontinuous switch at a single feedback level. The
transition was more gradual. However, the increase in noise level was about 20
dBm/Hz in both cases. This research suggests that FSF does not dominate nor
significantly modify the usual coherence collapse nonlinear dynamics that occurs
in these systems and which is predicted reasonably well by the Lang-Kobayashi
rate equation model [4].

The transition, in an FSF dye laser, from a broadband modeless output to
a chirped comb of frequency was observed in [105]. The generation of a comb
of modes spaced by the laser cavity roundtrip frequency shift was provided by a
monochromatic seed laser injected into the broadband FSF laser system. Several
solid state laser based optical frequency comb lasers have been reported starting
with one based on Nd:YLF which generated a comb of modes with a bandwidth
of 140 GHz [106]. This is essentially the full gain bandwidth of the 1.047 pm
lasing transition in Nd:YLF. Fiber laser based FSF systems have been reported,
such as a short pulsed Er:fiber laser at 1.55 pum [29, 32] and multi-frequency
lasers for telecommunications applications [107, 108]. Er:fiber FSF laser based
systems have been demonstrated for the generation of ps pulses associated with
an optical bandwidth of a few nm [33, 34, 35]. Fiber FSF laser systems also
allow fine tuning of the emission wavelength over a broad range (typically around
30 nm for Er doped fiber lasers) limited by the gain bandwidth of the laser
(34,109, 110, 111, 112]. Recently a numerical model for Er:fiber FSF lasers based
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on the rate equation and nonlinear Schrodinger equation managed to successfully
capture the spectral and temporal behaviors of such systems [113]. The gain
bandwidth when the host is glass, rather than a crystal of YAG or YLF, is signif-
icantly increased. Typically by a factor of order ten. The bandwidth of the comb
of modes or modeless output that can be generated has the gain bandwidth as its
upper limit. The pulse duration of mode-locked pulses decreases as the recipro-
cal of the FSF bandwidth. The potential to generate sub-picosecond pulses from
FSF systems exists but in many of the demonstrated systems it has been neces-
sary to reduce the gain bandwidth using intracavity frequency selective elements
to achieve identifiable FSF laser outputs. A titanium sapphire FSF laser has
shown a range of different dynamical regimes with increasing pump power [114].
Starting at low pump powers it operated cw then transitioned through sustained
spiking, low frequency pulsation on a cw baseline, high frequency pulsations with
a zero baseline, and finally to cw output again at high pump powers. Much of
this behavior has been predicted by a model [115], applied to simulations for
Ti:sapphire, Nd:YAG, Nd:YLF and Nd:YVO4 gain media used in the FSF sys-
tem. The theoretical models that capture much of the complex behavior that has
been seen in FSF laser systems show they can be complex nonlinear laser systems.
A careful study of the cw, broadband, modeless FSF output [116, 117] has shown
that, with appropriately chosen laser parameters, the output is a chirped comb
of modes spaced by the round trip frequency shift.

Early reports showed that when the frequency shift is similar or greater than
the external cavity mode separation, the output of an FSF laser is modeless
[97, 99]. However, when the frequency shift becomes small compared to the ex-
ternal cavity mode spacing, it is possible to obtain a chirped comb of frequency
components without the need of a single frequency seed laser. Balle et al. re-
ported the existence of a chirped comb of frequency components separated by
the external cavity frequency. This was observed in a homogeneously broadened
dye laser with spontaneous emission feeding where the chirp is stepwise. A few
years later Nakamura et al. [118] used different interferometric schemes in order
to demonstrate, for the first time, the existence of continuously chirped frequency
components in an FSF based solid-state laser system without seeding. Their work

contrasts with [98] in which the chirp is stepwise. Nakamura and coauthors based
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their demonstration on the observation of a continuous change of the beat fre-
quency through the Michelson interferometer as the path difference was varied.
A year later the same group supported the existence of a continuously chirped
comb by presenting a model predicting a continuous chirp across the oscillation
bandwidth of a solid state laser [119]. A few years later, Kowalski et al. discussed
the properties of the frequency chirped output of FSF lasers [120] directly com-
paring observations in [98] and [118, 119]. At the time the exact nature of the
electric field emerging from such lasers was a matter of discussion and by using
results and parameters from two contradictory previous studies, supporting the
stepwise [98] and continuous model [118, 119], the authors tried to determine
which model is appropriate to describe the output of an FSF laser. Two different
kinds of interferometry, namely homodyne and heterodyne, were compared. The
former requires an ultrafast time analysis of the output whereas the latter needs
an extensive study of the interference pattern. Even though the study failed to
give a description of the nature of the output, it paved the way for interpreting
future results using homodyne or heterodyne interferometry methods. More re-
cently Guillet de Chatellus et al. [121] demonstrated that the moving comb of
frequencies model is only valid if the frequency shift is small, i.e. when it does

not exceed a few percent of the FSR of the laser.

2.4.2 Applications

FSF fiber laser based systems started to draw a lot of attention in the nineties
when people realized that such compact systems could be very attractive for
telecommunication applications. In particular, short pulse operation has been
demonstrated and shown potential in secure communications. The unique spec-
tral characteristics of such sources, i.e. comb of equally spaced and potentially
frequency stabilized lines, would make them perfect candidates for spectroscopy
or metrology applications as well as distance measurement. However, one of the
first applications of FSF was discovered in the early seventies when Smith intro-
duced the concept of optical isolation via FSF [122]. He demonstrated efficient
optical isolation by using an acousto-optic modulator under the condition that

the frequency shift induced by the AOM does not correspond to a multiple of the
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cavity resonance. Smith came to the conclusion that a frequency shift of 2 MHz
between the external cavity roundtrip and the AOM is sufficient to achieve good
optical isolation. Nine years later, Furch et al. achieved 40 dB isolation using an
AOM in the near IR [123]. Even though Faraday isolators became more popular
in the nineties they were not flawless. Optical waveguide birefringence was one
of their major drawbacks. This is the reason why in 1996 optical isolation using
FSF was still considered as an effective method when Benoist showed a suppres-
sion of the phase dependent noise enhancement at low feedback level for DFB
lasers operating in the NIR [104]. Nowadays Faraday isolators can achieve really
high isolation along with very low absorption coefficient, low non-linear refractive
index and high damage threshold. Undesired thermal effects are avoided by en-
suring a short optical path within the birefringent material. In addition to these
features, their size and ease of alignment have made Faraday isolators a stan-
dard tool to achieve high optical isolation for a very broad range of wavelengths,
therefore rendering FSF based optical isolation uncompetitive.

FSF laser systems can also be used to broaden the linewidth of a laser which
finds applications in optical pumping, white light cooling or frequency combs
generation. In 1998 Lim and co-workers constructed an external cavity diode laser
with frequency shifted feedback from an AOM for optical pumping of Zeeman-
split lines in the kilogauss regime [124]. Their new design involving a diffraction
grating as a reflective surface of the external cavity allows a control of the average
frequency supported by the cavity. They demonstrated a tunability of 8 nm, along
with a bandwidth of 5 GHz. This design was capable of achieving simultaneous
optical pumping on 85 Rb and 87 Rb, allowing for easy tuning to the D1 or D2
transition manifolds. In 2001 a wideband multiwavelength Er-doped fiber laser
was demonstrated by Kim and co-workers [107]. Such sources have applications in
optical communication systems such as wavelength division multiplexing (WDM)
transmission systems which rely on several wavelengths being transmitted at the
same time via the same optical fiber. The main challenge is to manage to achieve
lasing with as many wavelengths as possible within the third transmission window
(1530-1565 nm), i.e. C band, of silica fibers. A high number of channels is required
to achieve high bit rate communication and the output power in each channel

needs to be equal. The authors used an intra cavity gain flattening filter in order

33



2.4 Frequency Shifted Feedback

to increase the lasing spectral bandwidth. They managed to achieve lasing of 34
channels with a 0.8 nm channel spacing across 28 nm in C band. However, it
was observed that ripples as small as 0.4 dB in the spectral transmission of the
gain flattening filter can lead to a 10 dB output difference between the different
channels. Two years later a broader emission spectrum was obtained when Maran
et al. demonstrated multiwavelength operation of an Er-doped fiber laser covering
the whole C band [108]. They used the FSF scheme introduced in [107] with a
fiber Bragg grating array instead of a gain flattening filter. The addition of
this frequency selective element allowed lasing of 17 laser lines with an output
power flatness greater than 3 dB. Even though this system is capable of emitting
a few tens of lines in the C band it remains insufficient for a commercial use in
optical communications. Indeed, such a system seems limited when current WDM
communication systems can handle more than one hundred wavelengths within
the C band. Chromatic dispersion in optical fibers is one of the factors limiting
the performance of WDM systems. Therefore, in 2004, Maran proposed to use the
same FSF laser scheme in order to characterize optical components and networks
by measuring the optical fiber chromatic dispersion [125]. Due to the chromatic
dispersion, the different wavelengths simultaneously injected into the fiber will
propagate with different group delay velocities. Therefore, by capturing the time
delay between the different pulses at the end of the fiber and thus allowing the
differentiation of the corresponding group delays, it is possible to retrieve the
chromatic dispersion of the fiber. This method, called time of flight, is capable
of achieving a precision in the evaluation of pulse arrival time of 10 ps, and a
repeatability of the chromatic dispersion measurement better than 0.5%. These
results are on par with the standard phase-shift method commonly used for such
measurements [126, 127]. This technique however, seems particularly suited for
measurement of already installed fiber networks as no reference is needed between
the input and the output of the fiber.

High precision distance measurements relying on optical reflectometry are a
main interest in various fields such as fiber-optic component and module charac-
terization [128, 129], biomedical imaging [130] or distributed optical sensing [131].
A common technique called optical frequency domain reflectometry (OFDR) has
been widely used in the past decades for this purpose [132, 133, 134, 135, 136,
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137, 138]. OFDR allows high resolution measurements ranging from short to
long distances with a high dynamic range and is well suited to tomographic ap-
plications. This technique relies on a cw frequency-chirped laser to be injected
into a Michelson interferometer. The beat signal from the interferometer has a
frequency proportional to the path difference of the Michelson interferometer and
can therefore allow accurate distance measurement and beat frequency determi-
nation with high precision. This technique is also insensitive to material phase
shifts that occur upon reflection as it relies on time measurement rather than
phase. It does not require the knowledge and use of a material-dependent phase
shift at the surface of the measured object either. For this purpose, semiconduc-
tor lasers appear to be the most practical devices available due to their size, cost,
gain medium and frequency tunability. The latter can be achieved by varying the
injection current [134], the temperature [139] or by adding a diffraction grating in
an external cavity configuration [140]. However, the main problem of this tech-
nique, when using a frequency chirped laser, is that there is a trade-off between
range and resolution. The distance range is a function of the ratio between the
frequency chirp range and the chirp rate. Nevertheless, in 1998 Nakamura et al.
demonstrated that the use of an FSF laser rather than a frequency-chirped laser
overcomes the limitations of the OFDR method [141]. In this first experimental
work a distance of 3.7 km was measured with a resolution of 9.4 mm. Since
then there has been considerable effort to demonstrate accurate ranging using
FSF lasers operating in the chirped comb of modes regime. In 2000, Nakamura
et al. improved the maximum operating range of their FSF laser system, i.e. a
diode-pumped Nd:YVO4, up to 18.5 km with a precision of 20 mm [142]. Because
the resolution is mainly limited by the frequency chirp range it was also reported
that the latter can be improved by using a gain medium with a wider gain band-
width than Nd:YVO4. Therefore, new FSF laser based systems have been used
to achieve OFDR with higher resolution. Yoshida et al. proposed an Er-doped
FSF fiber laser to achieve a resolution greater than 2.5 mm over distances of a few
tens of a kilometer [143]. In 2004, Yatsenko and co-workers theoretically stud-
ied the limitations of phase modulated seeded FSF lasers in OFDR [144]. The
authors found a link between the effective number of discrete frequency com-
ponents and the spectral width of the FSF laser. They demonstrated that the
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width ultimately limits the resolution by restricting the precision by which the
beat frequency can be determined. Theoretically, and under favorable conditions,
they showed that the errors in the beat frequency determination can allow sub-
wavelength precision determination that matches what is typically achieved with
conventional interferometry. Two years later Ogurtsov et al. confirmed the theo-
retical prediction introduced in [145]. The authors used a Yb3+ doped fiber ring
FSF laser with phase modulated seed to achieve distance measurements with an
accuracy better than 10 pm and resolution greater than 100 pm over distances
of a few meters. It was established that the phase modulated seed laser allows
the signal to be encoded in a narrow bandwidth and that it does not affect the
large bandwidth signature of the FSF laser, but improves the signal to noise ra-
tio. However, the coherence length of the seed laser limits the distance range
achievable with this technique which was measured to be about 1 km. In 2006,
Paul et al. demonstrated the first OFDR using an FSF laser system based on
a distributed feedback (DFB) semiconductor laser [146]. However, neither the
resolution nor the accuracy of the measurement were reported. The ease of im-
plementation of this method along with the intrinsic performance offered by the
gain bandwidth of such lasers make this compact, inexpensive system very inter-
esting for commercial applications. A few months later the same group, using
the same FSF system, reported the accuracy and the resolution of the system in
more detail [147]. Accuracies below 0.2 mm for distances not exceeding 0.5 m
were reported as well as an accuracy of 3 mm at 588 mm with an estimated reso-
lution of 52 mm. In 2008, following up on the work presented in [145], Ogurtsov
and co-workers demonstrated the use of an Er3+ doped fiber with an external
phase modulated seed laser as a tool for OFDR [148]. Their system suffered from
a bandwidth limitation and could only achieve distance measurements up to a
few tens of meters. An accuracy better than 0.1 mm and a resolution greater
than 1 mm, also limited by the bandwidth of the laser, were reported. A year
later Yatsenko et al. discussed the physics behind the observation of the dramatic
signal enhancement resulting from the phase modulation of the FSF seeded by
a phase modulated laser [149]. The authors theoretically showed that using a
PM seed enhances the interferometer output signal by a few orders of magnitude

if the modulation frequency of the seed obeys a certain resonance condition. A
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few weeks later the same group presented a theoretical analysis of the coherence
properties of the output from a FSF laser seeded simultaneously by an external
seed laser and by spontaneous emission (SE) [150]. It was established that the
competition between SE and seed induces a balance which is linearly related to
the control parameters rather than being exponentially related in conventional
laser systems. It was also demonstrated that it is not possible to suppress the SE
component of the signal which would therefore increase the performance of the
system for optical ranging by increasing the signal to noise ratio. More recently,
Pique demonstrated that fast long distance measurements, i.e. up to 250 m, with
a good accuracy (better than 1 um) are possible by using a pulsed FSF laser
[151].

The results presented in the second part of this thesis focus on an edge emit-
ting semiconductor laser coupled to a high reflectivity mirror in an external cav-
ity configuration with frequency shifted feedback. The dynamics of the output
of the system are systematically analyzed. Nowadays multi-GHz bandwidth os-
cilloscopes for real time data analysis and collection are available on the market.
This state of the art equipment allows us to investigate the temporal and spectral
behavior of the output power of the nonlinear system with a resolution that was
not imaginable when the last similar studies were reported [28, 103, 104]. With
the help of computer controlled experiments, it is now possible to collect tens of
thousands of time series, as laser parameters are varied, in experiment run times
that are measured in hours. This, along with a fast oscilloscope, enables us to
explore a broad parameter space and could potentially lead to the observation of
new dynamics. Dynamical maps of a complexity measure, the permutation en-
tropy [152], have been recently generated for a similar semiconductor laser with
conventional optical feedback [39]. These maps for conventional optical feedback
provide the necessary information to allow the difference between conventional
optical feedback and FSF to be conducted once a similar set of maps is generated
for an FSF system. The investigations focus on both the near resonant case,
i.e. when the roundtrip frequency shift of the first order beam from the AOM

matches that of the laser cavity, and the non-resonant case.
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Chapter 3

Experimental Equipment and
Basic Properties of Laser Cavity

Solitons

This chapter introduces the basic properties of the experimental equipment used
in the frequency selective feedback experiment. The interaction of LCSs leading
to phase and frequency locking arise from their unique properties. Therefore, a

brief description of the basic properties of LCSs will be given in this chapter.

3.1 VCSEL Characterization

The VCSEL used in the experiment was fabricated by Ulm Photonics and is
similar to the ones described in more detail in [18, 19, 153, 154, 155]. It is
a large aperture device specifically designed for the creation of cavity solitons.
Commercial VCSELs are designed such that they only support one, or a few,
transverse modes. The high quality beam shape achieved by these single mode,
small aperture devices is not a vital factor to create cavity solitons. A typical
single mode VCSEL has an aperture diameter of a few tens of microns. This
small aperture does not allow the formation of multiple CSs, which typically have
a radius of about 6 ym, within the same aperture. Thus, a larger aperture device

was manufactured so that multiple CSs can potentially co-exist, independent of
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Figure 3.1:  Schematic diagram of the VCSEL structure. In the multi-layer
structure, the curved lines indicate the resulting current paths.

boundary, within the same aperture. A recent experimental realization reported
the formation of multiple CSs in an 80 pm diameter VCSEL [156]. This is, as of
today, the smallest VCSEL aperture which has experimentally been demonstrated
to sustain multiple CSs.

The VCSEL has a large aperture of 200 pum, allowing the formation of many
transverse cavity modes of fairly high order and has an emission wavelength
around 975 nm at room temperature. Figure 3.1 shows the layer structure of
the VCSEL. Three InGaAs quantum wells are serving as gain medium leading
to emission in the 980 nm range. The quantum wells are surrounded by pas-
sive AlGaAs spacer layers with a total thickness of one wavelength. The cavity
is closed by high reflectivity distributed Bragg reflectors (DBR) with 33 layers
AlGaAs/GaAs on the top side (p-contact) and 22 layers on the bottom side
(n-contact). The emission takes place through the n-doped Bragg reflector and
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Figure 3.2: Near field intensity distribution of the VCSEL at a temperature
of 16 °C for (a) I=450 mA (this, and all other images in this chapter, depict
intensity in a linear gray scale with black denoting high intensity), (b) I=500 mA,
(c) I=550 mA, (d) [=600 mA. Note that the slight non-homogenous behavior of
the emission (decrease of intensity from the upper left to the lower right) is due
to the detection setup.

through the transparent substrate. In this so-called bottom-emitting geometry a
reasonable uniformity of carrier injection can be achieved over fairly large aper-
tures [153, 154] compared to a standard top-emitter VCSEL. A 200 pum diameter
circular oxide aperture provides optical and current guiding. The oxide layer
provides an abrupt refractive index jump inducing a strong optical confinement.
This confines the emission to take place within the circular aperture of the device.
Because the oxide does not conduct electricity, when the current is injected from
the top of the device, the carriers are directly channeled into the gain region thus
improving the efficiency of the device. This active diameter is much larger than
the effective cavity length of about 1.2 um. As a result, the VCSEL has a large
Fresnel number allowing for the formation of many transverse cavity modes of
fairly high order. An anti-reflection layer is applied in the emission window on
the substrate in order to avoid back reflections into the cavity. The VCSEL is
then mounted to a diamond heat spreader (see Fig. 3.1) which is attached to the
top DBR in order to minimize the distance between the heat spreader and the
laser cavity. This improves the thermal dissipation of the device.

In spite of the large aperture the device is still capable of lasing at low
enough temperatures. The lower the temperature the lower the current required
to achieve lasing. In order to be conservative the device was never operated
above 600 mA, regardless of the temperature of the VCSEL. Figure 3.2 shows
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Figure 3.3: Peak wavelength position of the spontaneous emission with increasing
injection current for the free-running VCSEL. The laser was operated at 70°C
and current steps of 1 mA were used. Black line is the experimental data. Red
line is a numerical fit to data.

the emission pattern of the VCSEL for different injection currents at a tempera-
ture of 16 °C. The spontaneous emission is rather homogeneous below threshold
(Fig. 3.2(a)) but as the current increases the intensity becomes higher at the
boundaries due to current crowding at the oxide aperture [154]. Above threshold
the laser starts to lase on a kind of whispering gallery mode (e.g. [155]), depicted
as a ring with a substructure of fringes around the boundaries of the VCSEL
(Fig. 3.2(b)). The gain is the highest around the boundaries due to the current
crowding previously observed therefore leading to a lower threshold of this mode.
The whispering gallery mode continues to lase up to 600 mA with higher inten-
sity in the fringes associated with small variations in their structure as illustrated
in Fig. 3.2(c-d). For further details on the free-running properties of large arca
VCSEL:s refer to [157].

As mentioned earlier, the laser emits around 975 nm at room temperature.
However, this wavelength can be tuned by changing the operating temperature

of the device. This can be achieved by directly changing the temperature of the
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VCSEL via the peltier element attached to the heatsink of the device. This in-
crease in temperature expands the cavity and as a result it increases the optical
path length. According to the specifications of the manufacturer, this results in
an emission wavelength shift of 0.066 nm/K. The emission wavelength of the VC-
SEL can also be tuned by increasing the injection current driving the device. Fig-
ure 3.3 illustrates the spontaneous emission wavelength shift of the free-running
VCSEL at 70°C with increasing injection current. The laser is operated at high
temperature and, as indicated earlier, its emission wavelength increases at a rate
of 0.066 nm/K. Therefore, the VCSEL operates around 980 nm at 70°C. The
spontaneous emission of the free-running laser shows an approximately linear in-
crease with a rate of 0.0035 nm/mA (red fitted line in Fig. 3.3). In this case
the expansion of the cavity is caused by Joule heating, i.e. heat induced by the
current flowing through the device. These two phenomena allow for a very fine
tuning of the emission wavelength of the VCSEL, which is a crucial parameter
for the formation and control of LCSs. This is also a key parameter when trying

to interact two, or more, solitons.

3.2 Devices and Experimental Setup

3.2.1 Experimental Setup

In this section the frequency selective feedback experimental setup is detailed.
A schematic diagram of the experimental setup is illustrated in Fig. 3.4. The
VCSEL previously introduced is temperature controlled to 0.01 K and driven by
an ultra-low noise current source (Arroyo 4210). The VCSEL is coupled to a
volume Bragg grating (VBG) via a self-imaging external cavity. Every point of
the VCSEL is imaged at the same spatial position after each round trip therefore
maintaining the high Fresnel number of the VCSEL cavity and ensuring local
feedback compatible with self-localization. The VCSEL is collimated by f; =
8 mm focal length plano-convex aspheric lens. The second lens is a fo = 50 mm
focal length plano-convex lens and is used to focus the light onto the volume Bragg
grating (VBG). This telescope setup gives a 6.25 : 1 magnification factor onto the
VBG. This cavity has a round trip frequency of 1.23 GHz which corresponds to
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Figure 3.4: Experimental setup. VCSEL: Vertical-cavity surface-emitting laser,
f1=8 mm: Collimation lens, fo=50 mm: Focusing lens, f3=80 mm, f4;=75 mm,
f5=100 mm and fz=200 mm: Lenses in the detection arm of the setup used
to image both near and far field images of the VCSEL onto the cameras. BS:
Beamsplitter, VBG: Volume Bragg grating, HWP: Half wave plate, A: Aperture,
M: Mirror, PD: Photodiode, CCD1: CCD camera in far field image plane of
VCSEL, CCD2: CCD camera in near field image plane of VCSEL, OSA: Optical
spectrum analyzer, FP: Fabry-Perot interferometer.

a round trip time of 0.81 ns. The light is coupled out of the cavity using a glass
plate (beam splitter with a front uncoated facet and a back anti reflection coated
facet). The reflection is relying on Fresnel reflection and therefore is polarization
dependent. The reflectivity is on the order of 10 % for s-polarized light and 1 %
for p-polarized light.

An optical isolator is used to prevent reflection from the detection from passing
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into the external cavity. The half wave-plate (HWP) in front of the isolator aligns
the incoming polarization to match the front polarizer for maximum transmission
through the isolator. Outside the external cavity, a 50/50 beamsplitter (BS) is
used to couple half of the laser output to the optical spectral characterization
arm of the setup. The optical spectra are recorded with an optical spectrum
analyzer (OSA, Hewlett-Packard 86140A) with a resolution of 0.07 nm and/or
by a custom made Fabry-Perot interferometer (FPI). The confocal scanning FPI
consists of two mirrors with radius of curvature -7.5 mm and reflectivities greater
than 99%. One of the mirrors is fixed and the second mirror is attached to
a piezoelectric transducer thus allowing the cavity to be actively scanned (see
Chap. 6 Sec. 6.1.4 for a more detailed description of an FPI). The free spectral
range (FSR) of the FPI was measured at 10 GHz with a finesse of 80. This allows
the FPI to achieve a resolution of 125 MHz. The remaining light is then used for
images collection and power measurement via three 50/50 beamsplitters. There
are two charge-coupled-device (CCD) cameras used for detection, one is used to
produce images of the VCSEL emission in the gain region (near field) and the
other camera produces images of the Fourier plane of the gain region (far field). A
photodiode is used to measure the laser power in order to produce LI curves. The

instrumentation is controlled via a computer through the software LabVIEW.

3.2.2 Volume Bragg Grating

Frequency selective optical feedback is provided by a volume Bragg Grating
(VBG). VBGs are usually made out of a photosensitive glass or polymer ma-
terial. It consists of alternating high and low refractive index layers of /4 thick-
ness. The photosensitive glass piece is irradiated by a coherent UV beam, with
A/4 wavelength where X is the peak reflection wavelength of the VBG, spatially
modulated by an interference pattern in order to write the grating into the glass
material. The reflectivity and the position of the reflection peak are determined
by the number of layers and the thickness of each layer, respectively. Peak re-
flectivities of up to 99.9 % can be achieved. The reflectivity of a VBG relies
on constructive interference caused by the reflection of the light at each inter-

face between the different layers. This allows VBGs to achieve small reflection
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Figure 3.5: Peak reflection of volume Bragg grating 1 (VBG 1). Curve supplied
by Optigrate [158].

bandwidths, typically <0.3 nm, and they are therefore referred to as frequency
selective elements.

Two VBGs, with a different peak reflection, were used in the experiment.
They were both manufactured by OptiGrate for the purpose of the project [158,
159]. The bulk material is crown glass and both VBGs have a size of 4x5x4.56 mm.
In order to avoid interference between the grating and the facets, the grating is
written with a wedge angle of 0.5°. An anti-reflection coating is also applied to
the VBGs in order to prevent any interferometric effects occurring at all.

Both VBGs were characterized by OptiGrate and Fig. 3.5 shows the reflec-
tion bandwidth of VBG 1. The specifications state that the peak reflection is
centered at 980.9 nm with a full-width half-maximum (FWHM) of 0.19 nm. The
diffraction efficiency at the peak reflection is 99.1%. In order to ensure self-
consistency in the data the peak reflection was remeasured using a tunable laser
and the OSA. The emission wavelength of the laser was swept through a couple
of nanometers around the stated peak reflection of the VBG and the transmission
of the VBG was measured. The peak reflection was found at 981.1 nm with a

FWHM of 0.19 nm. The discrepancy is probably caused by a miscalibration of
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our equipment. However, since the absolute wavelength is not of interest and
that only the relative detuning between the VCSEL and the VBG is important,
the value of 981.1 nm will be used throughout this thesis. The second VBG used
in the experiment has a peak reflection at 978.2 nm with a FWHM of 0.11 nm.
The diffraction efficiency at the peak reflection is 92.0%. This grating will be
referenced as VBG 2.

Optical alignment of the laser system is achieved by looking at the emission
pattern of the VCSEL in both near field and far field. At high injection currents,
when the VBG is perfectly aligned, the VCSEL lases in an extended pattern up
to a point where the entire aperture of the device is lasing. If the VBG is not
correctly aligned then the whole aperture of the VCSEL does not lase and the
emission is localized on one side of the device. In far field, high injection currents
lead to the formation of a ring which corresponds to off-axis emission. Similarly,
if the VBG is slightly misaligned then the symmetry of the ring is broken. The
alignment was carefully checked and optimized in this consistent manner before

any data collection was performed.

3.2.3 Detection

3.2.3.1 Cameras and Images Collection

Two CCD cameras are used for detection, one is used to produce images of the
VCSEL emission in the gain region (near field) and the other camera produces
images of the Fourier plane of the gain region (far field). The near field cam-
era (Pulnix TM-765E) has a 756x581 pixel matrix. The size of the sensor is
8.32 mmx6.39 mm, this means that each photosite, i.e. pixel, is 11gymx11pm in
size. The second CCD camera, used in far field, is custom made and has the same
pixel matrix of 756 x581.

In order to take advantage of the large surface area of the cameras (about
5 mmx5 mm), the aperture of the VCSEL needs to be magnified by a factor
20 to fill most of the detection area of the cameras (200 pmx20=4 mm). Two
telescopes, i.e. beam expanders, are set-up in the detection area of the experi-
mental setup as illustrated in Fig. 3.4. The first telescope consists of two lenses,

f1 = 8 mm and f3; = 80 mm, and it has a magnification factor of f3/f; = 10.
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The second telescope is formed by f5; = 100 mm and fg = 200 mm which gives a
magnification factor of 2. The total magnification factor is then 10x2=20, there-
fore, the aperture of the VOCSEL has a size of about 4 mmx4 mm. The near field
camera is placed such that the spontaneous emission pattern of the VCSEL looks
the sharpest. The lens f; is placed in between the two telescopes and provides a
1:1 image of the VCSEL aperture in order to allow spatial filtering of the beam.
By placing an adjustable iris or a slit in the re-imaged plane of the VCSEL, it is
possible to isolate a fraction of the VCSEL aperture such that only one, or a few,
solitons are observed in the detection.

The far field image of the VCSEL is obtained after careful positioning of the
camera in the far field plane of the laser. An estimate of the position of this plane
is determined by placing a thin wire after the collimation lens f;. The position of
the camera is then adjusted so that the edge of the wire has the highest definition.
This method is only reliable if the wire is placed exactly in the far field plane
of the VCSEL, i.e. 8 mm (the focal length of the lens). However, it is not easy
to precisely determine this position as the lens is rather thick and placed in a
mount. Thus, this method was only used to obtain an estimate of the position of
the far field plane and numerical calculations were conducted to accurately find
its position. The results indicated that the plane was located 233.34 mm after
f5. Because the camera was moved manually, its position was adjusted to match
this distance with an accuracy of -1 mm.

The cameras are connected to a computer via an IMAQ frame grabber. This
allows the images to be exported in LabVIEW where they can then be saved as
10-bit greyscale images. The experiment is completely automated via LabVIEW
which means that images, output power or optical spectra can be recorded inde-

pendently if required.

3.2.3.2 Near and Far Fields Cameras Calibration

The near field camera was calibrated after the experimental setup illustrated in
Fig. 3.4 was achieved and properly aligned. The calibration was done by using a
near field image of the spontaneous emission of the VCSEL similar to that shown
in Fig. 3.2(a). The diameter of the lasing aperture of the VCSEL is 200 pm.
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Therefore, by importing Fig. 3.2(a) into a graphics software it is possible to know
how many pixels correspond to the diameter of the VCSEL aperture. Then each
pixel can be converted to a distance by using the 200 pm diameter as a reference.
After calculation the calibration was used to calculate the size of the LCSs or the
size of the lasing structures in the aperture.

The far field camera calibration, however, requires the VCSEL to be operated
outside of the external cavity. This means that the calibration has to be done
before the alignment of the experimental setup. In order to calibrate the far
field camera the free running VCSEL was operated outside of the external cavity
without a collimation lens. As illustrated earlier the free running VCSEL lases
on a whispering gallery mode which is depicted as a ring in near field. The
divergence of the beam is used to calibrate the camera. The diameter of the
ring observed on an IR card was calculated at two distances (about 25 cm apart)
away from the VOSEL. Meanwhile an image of the VCSEL aperture was recorded
at each position with the far field camera. Then it is possible to determine
the angle at which the beam diverges by using a simple trigonometric function.
To relate this angle to the number of pixels on the camera it is necessary to
calculate the ring diameter difference in pixels between the two positions. Once
this is done the pixels on the camera can be converted to mrad. Once this
first calibration is achieved two far field images of the VCSEL are taken at two
different injection currents (500 mA and 600 mA). From these two images the
angular spread difference between the two currents is recovered. After calibration
the VCSEL is then placed in the external cavity for alignment and the camera is
positioned in the far field plane of the VCSEL following the procedure described in
the previous section. Two far field images of the VCSEL at 500 mA and 600 mA
are then recorded and a calibration of the far field camera at this position is
achieved using the angular spread difference between the two injection currents

previously calculated.

3.2.4 LI Curves

A Light-Injection (LI) curve measures how the laser output power varies with

injection current. This is usually done by increasing the current in small steps
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so that the transition to lasing can be identified with good accuracy and the
threshold can be determined. However, since CSL are bistable, the injection
current needs to be ramped upwards and then downwards. When bistability
occurs, a different CSL output power level is observed between the up ramp and
the down ramp within a small range of injection currents (typically about 2 mA).

The light output of the laser is measured using an amplified photodetector
(Siemens BPW 34) with adjustable gain. The output of the power meter is
then connected to a computer and controlled through a custom made LabVIEW
program. The ultra-low noise current source (Arroyo 4210) can deliver currents
up to 1000 mA with a precision of 0.1 mA and an accuracy of 0.05%. The current
applied to the laser is increased until the specified maximum injection is reached,
it is then decreased to the starting injection with the same resolution.

The maximum speed at which the current ramp can be performed was exper-
imentally determined. Because an increase of the injection current leads to joule
heating, it is necessary to ensure that the laser is thermally stable before taking
a power reading at each injection current probed. If this is not the case, then,
this will cause erroneous bistability. A maximum ramping speed of 1 mA /s was
used in order to avoid this issue and all the LI curves presented in the next two

chapters were performed at this rate.

3.3 Basic Properties of Laser Cavity Solitons

The characteristics of LCSs in the experimental setup introduced in Sec. 3.2.1
have been investigated in detail in [19, 20]. This section summarizes the basic
properties of LCSs, refer to [20] for a more detailed analysis.

Frequency selective feedback is only effective if the VCSEL emits within the
reflection wavelength bandwidth of the VBG. This means that at room tempera-
ture, where the VCSEL has an emission wavelength around 975 nm, the VBG has
no effect (978.2 nm or 981.1 nm peak reflection wavelength). Therefore, the de-
vice must be tuned in temperature such that its emission wavelength approaches
the peak reflection wavelength of the VBG. The laser must be tuned up to 70°C
to reach the peak reflection bandwidth of VBG 1, i.e. 981.1 nm. The peak reflec-
tion of VBG 2, i.e. 978.2 nm, is reached when the device is operating at 40°C.
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Figure 3.6: (a) Near field image of the VCSEL aperture taken at 396 mA showing
the relative position of a few solitons. (b) Near field intensity profile (points) with
Gaussian fit of the soliton marked 1 in subcaption (a).

At such a high temperature the free running laser has an infinite threshold and

lasing only occurs because of the feedback from the VBG.

The parameters and the description given in this section are associated with
VBG 1. When increasing the VCSEL injection current, LCSs appear at spe-
cific spatial localizations. The first lasing emission occurs at currents of about
360-380 mA, depending on the exact temperature and alignment of the VBG. Fig-
ure 3.6(a) shows a typical near field intensity distribution slightly above threshold.
There are several distinct spots of emission, which are approximately circularly
symmetric and approximately equal in amplitude and shape. These are the LCSs.
The size of a LCS is about 5-7 ym (1/e? radius) as seen in Fig. 3.6(b). The far
field has also a single-lobe, well-behaved profile with a width of a few tens of mil-
liradians [19], i.e. the LCSs have a high spatial coherence. The emission is also
temporally coherent with a typical linewidth of about 6 MHz when operating on
a single longitudinal mode of the external cavity [19], quite a typical value for
grating-controlled lasers on millisecond and second time scales. Hence each LCS
is a coherent emitter, a microlaser. By increasing the current, a soliton typically

splits into a compound state with two humps, and then possibly three or four,
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Figure 3.7:  Light-current (LI) curve for two sample LCSs (shown in inset). The
solid line refers to increasing current and the dashed line to decreasing current.
Measurements taken at 0.1 mA intervals at a rate of 1 mA per second to avoid
thermal hysteresis.

followed by disordered extended states. Evidence for these states, stemming from
the LCS with the lowest threshold, is visible in the lower right part of the aper-
ture in Fig. 3.6(a). Details on the LCSs and pattern evolution beyond threshold
can be found in [19].

The appearance of each LCS is abrupt and we observe hysteresis when the
current is ramped up and down, i.e. each LCS shows bistability. Figure 3.7
illustrates this phenomena for two sample LCSs shown in the corresponding inset.
The right one switches on abruptly at about 379.5 mA, the left one only slightly
later at about 381 mA. If the current is decreased again, the latter survives till
about 376 mA, the former till 372.5 mA. In between 376 mA and 379.5 mA the two
LCSs are simultaneously and individually bistable, i.e. they can be independently
switched on and off by an external writing pulse [18, 19, 87]. This represents a 2-
bit memory, which is interesting for optical information processing when extended
to more channels that can display the potential for massive parallelism in broad-

area VCSELs. The details of the hysteresis loops are different for distinct LCSs
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Figure 3.8: Optical spectra taken with the OSA of four LCSs just above their re-
spective thresholds. The vertical black line denotes the peak reflection of VBG 1.
The LCS denoted by the blue curve has the lowest threshold followed by red,
green and purple. Extracted from [20].

and also depend on alignment. Typically switch-on occurs to the single-humped
fundamental LCSs as demonstrated in Fig. 3.7. Corresponding scenarios are
described in [18, 19, 87, 160], but a direct transition to multi-humped and ring-
shaped states leading to single and multiple vortex solitons is also possible [161].

The reason for the difference in threshold for the different solitons as well as
for the preference of certain locations lies in growth irregularities of the semicon-
ductor material. This phenomenon will be described and illustrated in detail in
Chap. 4 and is summarized here. If the cavity resonance of the VOCSEL is spatially
varying, the linear gap between the grating frequency and the cavity resonance
is changing in space and a minimum value of the detuning for switch-on is met
at different locations or different injection currents. Hence the lasing will start
first at the most reddish location with the smallest gap. This is illustrated in
Fig. 3.8 (extracted from [20]) which shows the absolute wavelength of four LCSs
just above their respective thresholds. The emission wavelength of LCSs is usu-

ally blue detuned to the peak reflection of the VBG and increases with increasing
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3.3 Basic Properties of Laser Cavity Solitons

injection current. With increasing currents more locations reach the critical de-
tuning value and additional LCSs switch on, whereas the LCSs formed originally
may give way to high-order compound states and extended, off-axis lasing states.
This motivated the idea of mapping variations in the cavity resonance of the VC-

SEL with a high spectral resolution and it will be explored at length in Chap. 4.

The basic properties of cavity solitons have been established but in order
to be classified as cavity solitons, these micro-lasers need to fulfill four condi-
tions. A cavity soliton must be self-localized, bistable, independent and mobile
[17, 18, 162]. Localization ensures that CSs are confined by non-linearities and not
boundary conditions or disorder. Independence means that CSs are not part of
large pattern. Bistability was previously introduced and is illustrated in Fig. 3.7.
Mobility is required to ensure that CSs have some freedom to move in the trans-
verse aperture of the VCSEL, thus excluding that CSs are transverse modes of
the cavity.

The fact that each individual spot has approximately the same size and di-
mensions means that their shape is determined by non-linearities and not by the
spatial disorder of the aperture. This confirms the locality of these spots in the
transverse aperture of the VCSEL.

Bistability is illustrated in Fig. 3.7 and confirms that in between 376 mA and
379.5 mA the two LCSs are simultaneously and individually bistable. This means
that for each spot, within this injection range and for a given current, there exists
two possible states, i.e. on or off.

The LI curve in Fig. 3.7 shows that each spot has a unique injection current
threshold. This indicates that each spot is independent and does not belong to
an extended pattern. A second approach [20, 163] to demonstrate independence
will be introduced in Chap. 5. An external laser beam, injected from the back of
the VBG, is used to switch different spots on and off without altering the states
of the other spots.

In theory, a laser cavity soliton can exist anywhere within the transverse
aperture of the VCSEL [16, 162]. LCSs will couple to parameter variations and
drift [16, 164] until they either disappear from the system or reach a point in

which all gradients vanish at a local extremum of the landscape imposed by the
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3.3 Basic Properties of Laser Cavity Solitons

variations. Spatial LCSs in real systems are usually pinned by defects resulting
from fluctuations during the epitaxial growth process [19, 163]. These preferred
locations are the ones where we find LCSs in Fig. 3.6(a) and are referred to as
traps or defects. However, some minor external influence on the position of the
LCSs is possible by alignment changes in the external cavity. This degree of
freedom within the different traps of the aperture can be used to instigate the
interaction of two LCSs. This can lead to their synchronization due to phase and

frequency locking. This phenomenon will be discussed in detail in Chap. 5.
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Chapter 4

Spatial Emission Structures and
Disorder Mapping in VCSELSs
with Frequency Selective
Feedback

In this chapter, the spatial and spectral properties of a broad-area VCSEL with
frequency-selective feedback by a volume Bragg grating are addressed. The inves-
tigations focus on a self-imaging external cavity. Deviations from the self-imaging
condition and their effects on the pattern formation are investigated. The exper-
iment was also proven to be a reliable tool for mapping variations in the cavity
resonance of the VCSEL, i.e. growth irregularities in the laser structure.

As discussed in Chap. 3, volume Bragg gratings are compact, narrow-band
frequency filters which prove to be of increasing use in photonics. One particular
application is the wavelength control of edge-emitting laser diodes (EELs), where
VBGs can stabilize the emission wavelength very effectively against the red-shift
connected to an increase of ambient temperature or to the Ohmic heating due to
increasing current [165, 166, 167]. In addition, the spectral and spatial brightness
of broad-area EELs can be increased significantly by the feedback from a VBG
[165, 166]. Commercial versions are referred to as wavelength-locker or power-

locker.
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4.1 Analysis of Spatial Emission Structures

Frequency-selective feedback was proposed, and demonstrated, to provide
some control of transverse modes also for VCSELs, both for medium-sized de-
vices emitting Gaussian modes [12, 168] as well as for broad-area devices emit-
ting Fourier modes [155]. These investigations used diffraction gratings and the
only investigations using VBG were performed by our group at the University of
Strathclyde with a focus on the close-to-threshold region where bistable spatial
solitons are formed [19, 169]. This work reports experiments on how the solitons
formed at threshold give way to spatially extended spatial structures and analyzes
their properties quantitatively. Similarities and differences to the edge-emitting

case will be discussed.

4.1 Analysis of Spatial Emission Structures

4.1.1 Experimental Results

This work is focused on a specific setup of the external cavity close to a self-
imaging situation. The effects of deviation from the self-imaging condition on
the pattern formation are investigated. These effects are not only important for
pattern formation as investigated in this chapter and feedback experiments for
modal control [12; 155, 168], but there is recent interest in using self-imaging, or
close to self-imaging cavities, for studying large arrays of coupled lasers [170, 171]
and coupled laser solitons [172]. Deviations from the self-imaging condition mod-
ify the strength of coupling between the oscillators via the non-locality introduced.
Hence, a proper characterization and thorough understanding of cavity properties
near a self-imaging situation is required when exploring synchronization dynam-
ics and frequency and phase locking in these systems. These phenomena will be

investigated in detail in Chap. 5.

4.1.1.1 Alignment of the Self Imaging Cavity

The basic experimental setup is illustrated and described in Chap. 3. The VCSEL
is coupled to the VBG via a self-imaging external cavity. Every point of the

VCSEL is imaged at the same spatial position after each round trip therefore
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Beam
VCSEL
v Splitter VBG

Detection

Figure 4.1:  Schematic diagram of the self-imaging cavity. VCSEL: Vertical-
cavity surface-emitting laser, f{ = 8 mm: Collimation lens, fo = 50 mm: Focusing
lens, VBG: Volume Bragg grating.

maintaining the high Fresnel number of the VOCSEL cavity. The external cavity
consists of an aspheric lens f; with a focal length of 8 mm and a plano-convex lens
f2 with a focal length of 50 mm arranged as an afocal telescope as seen in Fig. 4.1.
Therefore, the magnification factor M of this telescope is determined by the ratio
of the two focal lengths. The position of the first lens, Dy, is adjusted to provide
the best collimation of the VCSEL output. The distance between the two intra-
cavity lenses, Dy should be f; + f5 for an afocal telescope, where f; and f; are the
focal lengths of the collimation lens and the focusing lens, respectively. In reality
this is difficult to adjust because the lenses are thick, i.e. Dy should refer to the
distance between the principle planes, which is not easy to measure. In addition,
there is no simple criterion for aligning D, just from observing images of the
VCSEL output on a CCD camera. Therefore, the first alignment of the external
cavity was setup with an approximate placement given by the focal lengths of
the lenses. This alignment will be improved and validated as discussed later in
Sec. 4.1.3.

Taking dispersion data from the manufacturer into account, the nominally
8 mm collimation lens and the 50 mm focusing lens have an effective focal length
of respectively 8.07 mm and 50.79 mm at 980 nm. The principal plane of a

plano-convex lens (or a nearly plano-convex lens as the aspheric lens) at the
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(a) fi f2

f

(c)

Figure 4.2: Schematic diagram of the telescope when (a) the intra-lens distance
D, is correct, (b) the intra-lens distance Dy is too long and (c) the intra-lens
distance D5 is too short.

curved side should be directly at the tip. The intra-cavity beam splitter (BS)
makes the diffractive length about 0.8 mm shorter than the real length. Hence
the distance between back (curved side) of the collimation lens and the front
(curved side) of the focusing lens should be (8.07450.79+0.8) mm = 59.66 mm.
In the setup, the distance from the front side of the mount of the collimation lens
to the back of the mount holding the focusing lens (each adds 1 mm) is the only
convenient distance to measure and was taken to represent Dy. The thickness of
our lenses is 3.69 mm and 5.3 mm for the collimation lens and the focusing lens,
respectively. Therefore the self-imaging intra-cavity distance is estimated to be
(59.66+3.69+1+45.34+1) mm = 70.65 mm. Obviously, adjusting this distance only
by measurement with a caliper will have an uncertainty on the order of £+ 0.5 mm.

In order to confirm these considerations, another experiment was set up to
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Figure 4.3: Near field intensity distribution of the VCSEL with feedback from a
VBG (a,b) and a plane mirror (c). The injection current was (a, ¢) I = 450 mA,
and (b) I = 550 mA. Other parameter: T=70°C.

study the effects of the intra-lens distance D, on the divergence of the beam
in detail. It consists of the same telescope with the exact same optics (i.e. a
collimation lens, a focusing lens and a beam splitter) as seen in Fig. 4.2. A
tunable laser is coupled into a single mode fiber. The collimated output beam
is then injected into the telescope from f;. It is expected that the beam coming
out of the telescope at the focusing lens, i.e. f5, has the smallest beam divergence
if the intra-lens distance Dy is correct (see Fig. 4.2(a)). Three scenarios are
illustrated in Fig. 4.2. When the intra-cavity distance is correct the output beam
is collimated (Fig. 4.2(a)), when it is too long the beam is converging (Fig. 4.2(b))
and when it is too short the output beam is diverging (Fig. 4.2(c)). The best
output beam collimation was found for an intra-cavity Dy=70.65 mm, within
40.2 mm, which is considered to be the accuracy of the distance measurement.
This falls into the range of the theoretically estimated distance of 70.5 mm and
will therefore be used as the reference position.

Figure 4.3 shows the near field intensity distribution of the VCSEL with feed-
back from a VBG (Fig. 4.3(a,b)) and a plane mirror (Fig. 4.3(c)). The position of
the VBG (or the mirror) closing the cavity at Ds is determined from images like
in Fig. 4.3(b) obtained at high current. When the boundaries of the aperture are
sharp and well defined this is supposedly the self-imaging position. The telescope

is still imaging the intensity distribution for correct Dy and D3 but incorrect Dy
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4.1 Analysis of Spatial Emission Structures

(see the discussion around Eq. 4.5 later). However, for self-imaging of intensity

and phase profiles, the intra-cavity distance needs to be equal to f; + f.

4.1.1.2 Feedback with a Plane Mirror

For completeness, the case of feedback with a plane mirror was first studied, i.e.
without frequency selection. Figure 4.4 depicts the near field intensity distribu-
tion of the VCSEL with feedback from a VBG at several injection currents (first
three columns on the left) and intra-cavity distances, and with feedback from a
plane mirror (right column). The data given in the first column of Fig. 4.4 cor-
respond to the optimized intra-lens distance Dy established in Sec. 4.1.1.1. The
laser starts at a quite low threshold of around 170 mA. The emission is char-
acterized by a ring with fringes perpendicular to the aperture and this is very
similar to what we observe in the free-running laser at lower temperature (see
Fig. 3.2(d)). This preference for the perimeter is again a gain effect due to the
current crowding.

If the current is increased, the inner part of the lasing aperture also starts to
lase, but a certain preference for the perimeter stays (upper image, right column,
Fig. 4.4). If the current is increased further, the output power increases further
but the spatial structure stays essentially the same (lower images, right column,
Fig. 4.4). Figure 4.5 shows the far field intensity distribution of the VCSEL with
feedback from a VBG at several injection currents (first three columns on the
left) and intra-cavity distances, and with feedback from a plane mirror (right
column). The emission in far field (Fig. 4.5, right column) is quite broad with
a disk-shaped structure on axis surrounded by a faint halo. At the transition
between center and halo, one wavenumber is somewhat enhanced leading to a
ring. The latter does not change much with increasing current. This means
that this wavenumber is probably the one favored by the detuning between the
frequency of the gain maximum and the longitudinal cavity resonance as expected

for free-running devices of this kind [157].
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Figure 4.4: Near field intensity distribution of the VCSEL with feedback from
a VBG at different currents. Left column: Dj3 at self-imaging distance; center
columns: D3 too short or too large by 4 mm; right column: Feedback with plane
mirror. Other parameter: T=70°C.
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Figure 4.5: Far field intensity distribution of the VCSEL with feedback from
a VBG at different currents. Left column: D3 at self-imaging distance; center
columns: D3 too short or too large by 4 mm; right column: Feedback with plane
mirror. Other parameter: T=70°C.
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4.1.1.3 Feedback with a VBG

When feedback is provided by the VBG the lasing threshold is much higher
(around 390 mA), and at this injection, small localized spots spontaneously ap-
pear in the near field of the laser, away from the boundaries (left column, upper-
most image in Fig. 4.4). These spots are the laser cavity solitons (LCSs) inves-
tigated in [18, 19, 169] and previously introduced in Chap. 3. If the current is
increased further, more LCSs appear at other locations and LCSs already formed
give way to extended lasing states of lower amplitude (images in left column of
Fig. 4.4). At about 500 mA essentially the whole aperture is lasing, whereas with
feedback from a mirror this is already the case for about 400 mA. The patterns
are actually quite similar to the ones obtained with a plane mirror, i.e. fine waves
at high spatial frequency filling up the whole aperture of the device. However,
the main difference is that the length scale now depends on injection current.
When comparing Fig. 4.3(a) and 4.3(b), it is clear that the wavelength of these
waves decreases with increasing current.

This feature can be much better investigated in far field images. The se-
quence depicted in the leftmost column of Fig. 4.5 illustrates that the emission
is very much dominated by a single ring with negligible background, i.e. only a
single transverse wavenumber is lasing. The solitons start to emit on axis and
the wavenumber increases monotonically with increasing current. A quantitative
investigation will be conducted in the next section.

If the distance D3 is changed away from the self-imaging condition the far-
field images do not show a significant change except for quantitative corrections
to the wavenumber (analyzed in more detail in the next section), but the near-
field images do. For a longer cavity (+4 mm) one observes a defocusing effect,
i.e. the emission is shifting towards the boundaries of the aperture, especially at
high currents. Inversely, for a too short cavity (—4 mm) the pattern seems to be
focused, i.e. it contracts towards the center of the device.

Figure 4.6 gives an indication of the change of emission wavelength with in-
creasing current of the spontaneous emission of the free-running laser (blue dashed
line), with feedback from a VBG (black solid line) and feedback from a plane mir-

ror (green solid line). The spontaneous emission of the free-running laser shows
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Figure 4.6: Peak wavelength position with increasing injection current. Black
solid line: Wavelength shift of one mode of the VCSEL with feedback from a
VBG (M = 6.25). Green solid line: Feedback from a plane mirror. Blue dashed
line: Spontaneous emission of the free Running Laser (FRL) at 70 °C. Red solid
line: Fit to the FRL.

an approximately linear increase with a rate of 0.0035 nm/mA as discussed earlier
in Chap.3. This is due to Joule heating. The VCSEL with feedback from a mirror
shows a corresponding behavior, whereas the emission wavelength of the VCSEL
with feedback from the VBG is essentially locked to one value (within 0.06 nm)
given by the peak reflection of the VBG (981.1 nm). This matches qualitatively
the observations in EELs discussed earlier [165, 166, 167]. A closer inspection
shows that the wavelength is in tendency increasing, by about 0.06 nm, at the

beginning (the soliton area) and then slowly decreasing (by about 0.02 nm).

4.1.2 Interpretation

The resonance conditions for a VCSEL cavity are identical to the ones of a plano-
planar Fabry-Perot cavity in diverging light and were investigated in detail in

[157, 173]. The dispersion relation of plane waves with a transverse wavenumber
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Figure 4.7:  Schematic diagram illustrating the mechanism for selecting the
transverse wavenumber. Ag: Central reflection wavelength of the volume Bragg
grating. A; : VCSEL wavelength at low current. Ay : VCSEL wavelength at
higher current. A3 : VCSEL wavelength at high current. The arrow corresponds
to the wavelength shift induced by the increase of the VCSEL injection current.

A

¢q in the VCSEL is given by [157, 173]:

8m2n0ngr (Ae — A 8T2non gy
QVCSEL = \/ L g)\3( ) = \/%\/O\c—)\) = aVAM, (4.1)

where ng is an average refractive index of the VOSEL and ng, is the group
index, A is the vacuum wavelength of the emission and A, is the vacuum wave-
length of the longitudinal resonance. If the wavelength of the emission is fixed by
the VBG, as indicated by Fig. 4.6, and the longitudinal resonance shifts due to
Joule heating, then different transverse wavenumbers should come into resonance
with the feedback starting with those at ¢ = 0. This situation is schematically
depicted in Fig. 4.7. A, represents the grating frequency, A is the longitudinal
resonance of the cavity, which increases with increasing temperature or current.
Due to the dispersion relation of the VCSEL, one expects not only a selection
of wavelength, but also of transverse wavenumber, i.e. the emission should cor-
respond to a ring in the far field, which is exactly what is observed in Fig. 4.5.
The emission angle should increase monotonically with current. Quantitatively,
one expects an increase as the square root of the detuning of the VCSEL cavity,

which we will be investigated below. Note that close to threshold, around ¢ = 0,
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Figure 4.8:  Schematic diagram illustrating the effect of the magnification M
on the dispersion curve of the VBG. M =~ 6 corresponds to the short cavity and
M ~ 15 corresponds to the long cavity. A), is the wavelength shift between A,
and the emission wavelength of the VCSEL.

nonlinear frequency shifts play a role leading to the possibility of bistability of
solitons by reducing the wavelength gap between grating and VCSEL resonance.
This increases the intensity, which reduces the carrier density, increases the re-
fractive index and thus red-shifts the cavity resonance further. This positive
feedback can create an abrupt transition to lasing [13, 18, 19] and can explain
also the variation in wavelengths in the range below 420 mA in Fig. 4.6. If the
cavity resonance condition is not quite homogenous then the transition to lasing
takes place at different current levels. This explains the fact that the VCSEL
starts to lase locally at the locations where the resonance is the most reddish, i.e.
closest to the grating, and then slowly fills up the entire aperture as shown in the
near field images (see left column in Fig. 4.4). This relationship can be used in
order to provide a mapping of the disorder of the cavity resonance. This will be
addressed later in Sec.4.2.

The small remaining wavelength shift observed in Fig. 4.6 at high currents
(above 420 mA) is due to the fact that the dispersion curve of the VBG is not
straight. This curvature means that there is a small difference between the op-

erating wavelength of the device and the intercept as shown schematically in
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Fig. 4.8.
From the condition that the phase shift in a single layer of the VBG should
remain /4 also at oblique incidence, the dispersion relation of the VBG can be

expressed as:

2A_>\ 2
qWG:M¢%”( N&SH/A—A_wv (4.2)

Ag is the peak reflection wavelength of the VBG and n is the refractive index

of the glass host. From Eq. 4.2, one can see that if the telescope magnification M
is increased then the dispersion curve of the VBG will straighten up thus reducing
the wavelength shift A)\,. By equating (4.1) and (4.2), the emission wavelength

for Ay < A¢ can be expressed as:

Ag—‘é—i% — )\ — ﬁ()‘c_)‘g)

2 2
1-2 ® 1-2
For M = 6.25, ny = 3.51, ng = 4.1, n = 1.5 and for a shift of A\. by
0.0035nm/mA x 210mA = 0.735nm, one obtains A = Ay, — 0.10 nm which is on

the order of (though somewhat larger) what is observed in Fig. 4.6.

A= (4.3)

In order to verify the theoretical calculations from Eq. 4.3, the same experi-
ment was performed with a second telescope arrangement, i.e. a longer external
cavity, with fo = 125 mm giving a magnification factor M of about 15. Figure 4.9
illustrates the emission wavelength shift of the VCSEL with increasing injection
for the longer external cavity. The shift is barely noticeable and within the ac-
curacy range of the equipment it is not possible to quantify it. From Eq. 4.3,
A=Ay —0.02 nm with M = 15.6. This result is in good agreement with the ex-
perimental observation that the curve is essentially flat beyond the soliton region,
i.e. above 430 mA. The remaining variations are below the limit of the accuracy
of our OSA (about 0.03 nm relative accuracy within a single run). These results
confirm the presence of frequency locking when feedback is provided from a VBG
and also that the remaining frequency shift depends on the magnification factor
of the external cavity. For a large magnification (M >> 1), b >> a, Eq. 4.3
gives A & ), i.e. perfect locking, because the dispersion relation of the VBG

approaches a vertical line.
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Figure 4.9: Peak wavelength position with increasing injection current. Black
solid line: Wavelength shift of the VCSEL with feedback from a VBG (M = 15.6).
Blue dashed line: FRL at 70 °C. Red solid line: Fit to the FRL.

As derived earlier in this section, the wavenumber of the emission should follow
a square root behavior with detuning. This can be checked quantitatively using
data like the ones obtained in Fig. 4.5. The results are shown in Fig. 4.10 which
shows the transverse wave number of the emission as function of detuning between
emission wavelength and longitudinal resonance. Figure 4.10 is produced by
calculating the increase in diameter of the ring in far field with increasing injection
current (see left column in Fig. 4.5). A plot of the wave number ¢ as function of
injection current is then produced. From this plot, the intersect Iy and the scaling
exponent s are determined by using the following fitting function ¢(I) = ¢(I—1)®.
The intercept Iy corresponds to the zero detuning condition. The detuning scale
can be then determined using the measured rate of 0.0035 nm/mA for the FRL.
A fit is then applied to the wave number vs detuning curve which returns a
scaling exponent with parameter error and a regression coefficient. Figure 4.10(a)
shows a square-root behavior with a scaling exponent of 0.502 with a negligible
parameter error (on the order of 3x 1073) and a high-fidelity regression coefficient
(R? = 0.9989) returned by the nonlinear fitting code.
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4.1.3 Effects of Deviation from Self-Imaging

The effect of the VBG on wavelength locking is rather clear but the influence of
the distances between the intra-cavity lenses and the self-imaging position, i.e.
D, and D3 respectively, remains to be investigated. For instance, Figs. 4.4 and
4.5 clearly indicate that D3 has an influence on the spatial structures.

As shown in Fig. 4.1, a self imaging cavity is characterized by three distances.
The first one is the distance D; between the laser and the collimation lens. It
is found by adjusting the position of the lens until the divergence of the beam
is minimal. The second distance D5 is the distance separating both lenses also
referred as the intra-cavity distance in the following; ideally it is (f; + f2). The
last distance is the distance D3 separating the second lens and the VBG. It is
determined by moving the VBG until the near field image of the VCSEL has
the sharpest boundaries. Matrix theory indicates that D, is not influencing the
imaging condition for the intensity distribution. Since Dy is the most poorly
defined distance (in the sense that there is no obvious alignment criterion based
on the VCSEL images like for D; or D3, but only an estimated distance from
the specifications of the lenses and the collimation experiment as explained in
Sect. 4.1.1.1) it is the first distance investigated.

Figure 4.10(b) shows a dispersion relation similar to that obtained in (a) but
obtained for an intra-cavity distance Dy = 78 mm, away from the self-imaging
condition. Even though the data follow a square-law like behavior, they are more
scattered. The lower quality of the fit is also evidenced by a reduction of the
regression coefficient to R? = 0.9845 and the parameter error returned is 11x1073.
The scaling exponent turns out to be slightly different from the reference value
of 0.502 found in Fig. 4.10(a). From Fig. 4.10(b), the fitting function returns a
scaling exponent of 0.479. This scattered behavior combined with a reduction of
the fitting quality and a deviation of the scaling exponent from 0.502 is typical
also for other intra-cavity distances Dy different from D, = 70.5 mm depicted in
Fig. 4.10(a). For example, for Dy = 74 mm, the scaling exponent is 0.508 and
R? = 0.9874.

A tendency for slight variations of the details of the patterns (not the basic

structure) from run to run away from Dy = 70.5 mm was also observed. Hence
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Figure 4.10: Transverse wave number of the VCSEL versus detuning between
emission wavelength and longitudinal resonance (circles represent data points and
solid lines fits). These plots are produced from plots of the wave number ¢ vs
current I by finding the intersect [y and the scaling exponent s using a fitting
function ¢(I) = ¢(I —1y)*®. The intercept Iy then corresponds to the zero detuning
condition. Starting from that, the rate of 0.0035 nm/mA is applied as a coefficient
to define the detuning scaling, which is used to plot the fitting curve (red curve
in the figure). a) For Dy=70.5 mm leading to a scaling exponent s = 0.502; b)
for D,=78 mm leading to a scaling exponent s = 0.479.

results averaged over three runs are reported in Tab. 4.1, which summarizes the
effect of the intra-cavity distance on the scaling exponent over a larger range.
Figure 4.11 illustrates the same results graphically. The first observation is that in
general the averaged scaling exponent is oscillating around 0.500 with a tendency
to larger values for smaller distances. However, there exists two positions at
Dy = 74 mm and 78 mm in addition to D, = 70.5 mm at which the averaged
scaling exponent is again close to 0.500. However, as stated already above, the
quality of the fits is lower and there is a larger variation between runs. This was
characterized by calculating the standard deviation ¢ of the scaling exponents
for the different runs (see Tab. 4.1, second to last column).

In order to get further insight into the nature of these deviations and vari-
ations, the width of the ring in Fourier space as a measure of the quality of
wavenumber selection was analyzed (see last column in Tab. 4.1 and blue dashed
line in Fig. 4.11). It has a minimum around D, = 70.5 mm, i.e. the antici-

pated self-imaging condition, and increases, except for one exception interpreted
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Table 4.1: Effect of Dy on the scaling exponent. Three rounds of data taking
averaged. The data for both 70.5 mm and 72 mm are actually based on nine
runs. The standard deviation o of the scaling exponent is given as an indication
of the quality of the fits. The width of the ring in Fourier space gives a measure
of the quality of the wavenumber selection and it is given at 500 mA.

D, (mm) Scaling Exponent Intersect (mA) St. deviation o0 Width (um™)

64 0.597 389 0.022 0.195
66 0.667 381 0.011 0.195
68 0.532 395 0.013 0.186
70 0.551 392 0.011 0.176
70.5 0.502 395 0.002 0.176
71 0.550 393 0.032 0.176
72 0.513 396 0.022 0.176
74 0.508 391 0.010 0.204
76 0.561 384 0.022 0.195
78 0.503 394 0.043 0.214
80 0.489 397 0.009 0.223

as scatter, monotonically away from this position. In particular, at 70.5 mm the
ring is narrower than at both 74 mm and 78 mm (see also the width in Tab. 4.1).
These observations reinforce the fact that the expected correct intra-lens distance
Dy = 70.5 mm is indeed the self-imaging position.

This can be understood by using ABCD matrix calculations. The external
cavity consists of two lenses and a VBG as depicted in Fig. 4.1. Using the ray
transfer matrix analysis and considering a single trip in the external cavity, i.e.

before the reflection of the light by the VBG, the resulting matrix can be expressed

by
0 1 -+ 1 0 1 -+ 1 0 1

After a round-trip through the external cavity and if Dy = f; + fo + = and
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Figure 4.11: Scaling exponent and thickness of the far field ring as function of
D,. Black solid line: Scaling exponent vs. Ds. Blue dashed line: Width of the
ring in far field vs. Ds.

D3 = f5 the matrix is expressed by

() .

A small misalignment x leads to a change of phase curvature or ray angle
for the returning light. Hence the spatial Fourier spectrum broadens. Therefore,
it can be assumed that the intra-cavity distance corresponding to the narrowest
ring in far field, i.e. Dy=70.5 mm, corresponds to the self-imaging distance. On
a quantitative level, for a ray emerging at a distance r from the optical axis, the
change in angle is given by

2

AO =——uzxr.
fi

(4.6)

Taking r ~ 0.05 mm (half the radius of the VCSEL, i.e. an average r), and
r = 8 mm (the maximal deviation investigated in Fig. 4.11), one obtains A® =

1.3 x 1072, This corresponds to a change in wavenumber by Ag = 0.08um™".
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This is somewhat larger but comparable to the maximum change in wavenumber
observed in Fig. 4.11. A change by x = 0.2 mm, i.e. the uncertainty in placing
the lenses (see Sec. 4.1.1.1 for details), yields only A© = 3.1 x 10~ and a corre-
sponding change in wavenumber by Ag = 0.002um™!, supporting the notion that
there is some tolerance in placing the lenses.

Finally, the influence of D3 on the pattern formation is investigated. Fig-
ure 4.12 illustrates the variations of the scaling exponent as function of Dj. It
suggests that D3 also has an influence on the scaling exponent as well as on the
manifestation of structures. It was already observed in Fig. 4.4 that for a too long
cavity the near field intensity distribution seems to be pushed to the perimeter,
whereas for a short cavity it seems to contract inwards. Also the boundaries
are not as sharp and well defined. Similarly, these features can be explained
by ABCD matrix calculations. After a round-trip in the external cavity and if
D3 = fo+x and Dy = f; + f5 then the matrix is expressed by

|
M = . (4.7)
0 1

Because in this case D3 is detuned, it means that the system is not imaging

anymore. For a ray emitted at a radius r at an angle ©, the returning rays hit at

2 2
r=r+ i; O. (4.8)
3

This means that for 2 > 0 (too long cavity), the emission is pushed outwards,
whereas for z < 0 (too short cavity) it is pushed inward. This is the tendency
observed in the experiment. This effect should increase with increasing ray angle
or wavenumber of emission, i.e. increasing current, which seems to be supported
by the evolution of the near field patterns in Fig. 4.4.

A maximum variation of x = +£4 mm was investigated in Figs. 4.4, 4.5 and
4.12 and the highest transverse wavenumber in Fig. 4.10 is smaller than 0.7 gm™!,
i.e. about 100 mrad. Then the (single-pass) shift from Eq. 4.8 is Ar < 20 pm.
For an uncertainty of z = 0.1 mm, it is less than 1 pym. Therefore, one can
expect that D3 can be adjusted to an accuracy such that a potentially remain-

ing deviation from the self-imaging condition has a negligible influence on the
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Figure 4.12: Scaling exponent as function of D3. The zero position indicates the
self-imaging position and a negative sign means that the VBG is moved towards
the telescope. Inversely, a positive sign means that the VBG is moved away from
the focusing lens.

pattern formation, especially in view of the fact that there is an explicit align-
ment criterion (sharpness of the images in near field, see Fig. 4.4). From Eq. 4.7
and Eq. 4.8 it is clear that the influence of x on Dj evolves as f2/f3 leaving
the variation very small for fo >> f;. This is in line with the expectation from
geometrical optics that the depth of focus at the VBG increases for large fo/f
because the incidence angles decrease. Hence, a long cavity is beneficial for re-
ducing the sensitivity to a misadjustment of D3 and for minimizing wavelength
shifts (as discussed in Sect. 4.1.2), but comes at the expense of a large footprint

and vibration sensitivity.

4.1.4 Conclusion

We have established that VBGs work as wavelength lockers for VCSELSs as well as
for EELs for which they are of significant importance for wavelength and modal
control. VCSELs have already a lower temperature dependence than EELs be-
cause their wavelength shift is determined by the cavity shift of about 0.1 nm/K
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(for GaAs based devices) compared to the gain shift of 0.2-0.3 nm/K relevant to
EELs. Nevertheless, an external VBG can decrease this shift even more and the
fidelity increases with increasing magnification of the imaging system, unfortu-
nately increasing the footprint of the system.

For increasing temperature or current, the on-axis modes come into resonance
first and here phase-amplitude coupling leads to the possibility of bistability [13]
and, via self-focusing, soliton formation [18, 19, 169] as explained in detail in
Chap. 3 Sec. 3.3. Beyond threshold, it is possible to stabilize single-wavenumber
and narrow bandwidth emission with fairly high fidelity. These structures might
find applications where ring-shaped foci are desired. The radius of the ring can be
tuned by current or temperature. This feature constitutes an important difference
between VCSELs and EELs and stems from the fact that VCSELs are intrinsically
single-longitudinal mode devices. Hence, the wavelength locking is accompanied
by an increase in mode order (transverse wavenumber) for increasing temperature
(induced either directly via the ambient temperature or via Joule heating). In
contrast, for an EEL, consequent longitudinal orders will shift into resonance.
Therefore, the modal distribution will contain the mixture of low-order and high-
order modes typical for broad-area EELs. However, the average mode order will
not increase as much as in a VCSEL.

The effect of deviations of the external cavity from the self-imaging condition
has also been analyzed. It turns out that the system is remarkably insensitive to
deviations even in the millimeter range for a cavity length in the 100 mm range.
This is good news for the robustness of experimental conditions. The self-imaging
condition remains of interest for these kind of experiments because it allows for
best feedback efficiency in terms of amplitude and phase. An autocollimation
setup using only the collimation lens [12, 168] introduces an image inversion
(relevant for Gauss-Hermite modes for example) but, due to the shortness of the
focal lengths of typical collimation lenses, it is also likely that the length of the
external cavity is larger than the perfect telescope length (an imperfect Dy in
our terminology). Hence, there is a phase curvature of the returning beam for
Gaussian modes and a chance of ray direction for Fourier modes which results in
an imperfect interference with the cavity mode. Also, deviations from the self-

imaging condition make the returning field distribution more difficult to model,
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though in principle methods like the Collins-integral are available [174]. On the
other hand, a controlled deviation from the self-imaging condition might provide
a convenient handle on coupling strength in arrays of lasers and laser solitons

(171, 172].

4.2 Disorder Mapping

Based on the observation, in the previous section, that VBGs act as wavelength
lockers for VCSELSs, a simple method with a high spectral and spatial resolution
for mapping variations in the cavity resonance of the VCSEL is reported in this
section. The growth induced inhomogeneities of the VCSEL are of particular im-
portance. The experiment relies only on a stand-alone laser (broad-area VCSEL)
with a narrow-bandwidth passive filter (VBG) avoiding the need for an expensive
tunable laser or high-resolution spectrometer.

A high uniformity of the resonance condition of laser cavities — and hence of
the emission wavelength — is very important not only for laser arrays and broad-
area lasers but also for the yield in gas sensing and dense wavelength multiplexing
communication applications. These considerations are particularly important for
semiconductor lasers due to their plano-planar cavities, but are also relevant for
other monolithic laser designs with flat end mirrors. In particular, VCSELSs re-
quire on the order of one hundred layers to grow and the cavity resonance is
defined by the interference conditions between all these epitaxial grown layers.
With modern semiconductor growth technologies like molecular beam epitaxy
(MBE), metalorganic chemical vapor deposition (MOCVD) and techniques like
rotating the wafer and in situ monitoring, systematic large scale gradients and in-
homogeneities can be reduced to below £0.2% over a 3 inch wafer [175]. However,
the question of growth irregularities on small scales remains and has potentially
harmful implications for applications. For example, a typical fingerprint of dis-
order, coherent backscattering or weak localization, is found in semiconductor
microcavities [176]. Inhomogeneities limit the coherence of VCSEL-arrays [177]
and hence their usefulness as high-power sources or for beam steering [177, 178].

One other repeated observation is that broad-area VCSELSs tuned to emit on-axis
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[155, 179, 180] display irregularly shaped filamentary spots instead of a funda-
mental mode filling the aperture. Inhomogeneities are also very important in
the strong coupling regime [181, 182]. In the latter case, it is photonic disorder
(cavity resonance) as well as excitonic disorder (quantum well) [181, 182]. Driven
nonlinear microcavities should display an abrupt transition to self-organized spa-
tial states like hexagons and cavity solitons [71]. In the case of extended patterns
such as hexagons, experiments show that linear scattering due to disorder smears
out the threshold as well as the distinct hexagonal symmetry [183, 184]. The
change of length scale with inhomogeneities was proposed to characterize long
range gradients [185].

As described in Chap. 3, cavity solitons [17, 169] are self-localized bistable
waves in a nonlinear cavity and should be able to exist anywhere in the plane
of a homogenous plano-planar cavity, but will couple to any perturbation of this
translational symmetry. Therefore, gradients will lead to a drift [16, 164] which
could be used in all-optical delay lines [72]. However, in reality the drift distance
is found to be limited (the best result being about 40 pm [72, 87]). Hence the
solitons are trapped in local minima of a potential landscape, which is created
by the growth imperfections. Thus, typically experiments find them pinned to
certain positions [17, 18, 19, 72, 83, 91].

It was suggested that this sensitivity of soliton position to growth imperfec-
tions can be used to probe the underlying disorder [83] instead of measuring
spatially resolved reflection spectra of the micro-cavity with a tunable, narrow-
linewidth laser [182, 186]. In [83] a mapping is demonstrated by looking at pre-
ferred locations of cavity solitons in a VCSEL with external injection operated
below threshold, i.e. as amplifier. By spatially modulating the input beam with
a fringe pattern, the solitons acquire new equilibrium positions given by local
minima of the combined potential of frozen growth disorder and external modu-
lation. Rotating the fringe pattern and averaging over the obtained distribution
results in a map of preferred soliton positions including features beyond the local
minima of the disorder-potential like ridges, but a quantitative interpretation is
not straightforward. Indeed, an analysis of the data numerically obtained for
comparison (Fig. 3 of [83]) indicates that the experiment is mainly sensitive to

identifying the contour line where the cavity resonance has a certain detuning
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(corresponding to the transition between the existence of solitons and extended
states in a homogeneous system) to the frequency of the injected field, though
this works with a high resolution. Probing contour lines corresponding to other
frequencies is possible in principle but it would be very tedious in this scheme.
It would imply that one needs to sweep the frequency of the injection, which is
tedious in this approach, since the averaging over several fringe orientation needs
to be done at every step. In addition, a tunable laser of high spatial and temporal

coherence is still needed.

4.2.1 Experimental Realization

4.2.1.1 Motivations and Experimental Setup

A scheme using a VCSEL with frequency-selective feedback which can run stand-
alone with any VCSEL or optically pumped VECSEL gain chip, i.e. without the
need for a tunable laser, is demonstrated. It allows quantitative analysis of the
fluctuations in the cavity resonance. Though, as seen earlier, it occurs in a system
which shows cavity solitons at threshold [18, 19], it does not use this property but
only the sensitivity of the laser losses being in or out of resonance with a narrow
band filter in an external cavity. The first experimental realization of disorder
mapping with the current setup was reported in [20]. However, it was not clear
whether the fluctuations observed were actually related to the growth imperfec-
tions of the VCSEL aperture or to the imperfections of the VBG. Therefore, a
more complete characterization of the system is considered in order to address
this specific issue.

The experimental setup is illustrated and described in Chap. 3. The VCSEL is
coupled to a frequency-selective element via a self-imaging external cavity. This
provides a 1:1 mapping of each point of the VCSEL onto itself on subsequent
round trips, thus providing a local probe needed for mapping. As described in
Sec. 4.1.1.1, the imaging optics of the cavity consist of an aspheric lens with focal
length 8 mm and a plano-convex lens with focal length of 50 mm arranged as
an afocal telescope. This cavity will be referred to as the short cavity. In some

realizations, similarly to Sec. 4.1, the second lens is replaced by one with a focal
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Figure 4.13: Examples of near field intensity observed for increasing current. a)-
h) Feedback with VBG, i) feedback with plane mirror. The intensity is depicted
in a linear gray scale with black denoting high intensity). The subpanels b)- h)
are scaled to the maximum intensity occurring in the whole sequence. The black
circle surrounding the near field patterns gives an indication of the boundaries
of the aperture of the VCSEL. They are, however, not representative of the real
aperture of the device. The slightly elongated shape of the patterns is due to the
detection setup.

length of 125 mm and the external cavity length is increased correspondingly.
This external cavity configuration will be referred to as the long cavity.

The VCSEL is grown by MBE and the wafer has a high homogeneity on
long scales with a variation of the cavity resonance by less than 0.15% over the
central 40 pm. As discussed in Chap. 3, the VBG is operated at normal incidence
and provides frequency-selective feedback which breaks parity and can cause a
wavefront tilt and a corresponding shift of the emission structures, thus breaking
potentially locality [18, 87].
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In this section another set of near field intensity images is shown. The images
show essentially the same features which are already illustrated in Fig. 4.4. How-
ever, Fig. 4.13 shows a more detailed evolution of the near field intensity of the
VCSEL for increasing current. Figure 4.13(a) shows the spontaneous emission
emitted below threshold. It is essentially featureless, indicating that the gain is
quite homogeneous. As discussed in Chap. 3, the enhancement at the perimeter
is due to current crowding at the oxide aperture [154]. As a consequence the free-
running laser is only operating at the perimeter and the emission is also strongest
at the perimeter — and starts there at threshold — for the case of feedback by a
plane mirror, i.e. without frequency-selection (see Fig. 4.13(i) and right column
in Fig. 4.4). The latter shows some structures within the aperture, but with the
exception of two defect lines they are not very pronounced. This is very different
for the case of feedback from the VBG as illustrated in Fig. 4.13(b-h) where the
laser starts to emit abruptly at very distinct spots (see Fig. 4.13(b)), the solitons
[18, 19]. Increasing the current, the emission spreads over the aperture. Solitons
arise at new positions (see Fig. 4.13(c, d, e, f)), and solitons formed previously
give way to lower amplitude, more extended states, which correspond to off-axis
emission as reported in Sec. 4.1. In other regions, the lasing intensity starts to
grow in a continues way taking about 8-10 mA to reach the 90% point of emis-
sion. These observations can be interpreted in the following way: Initially, the
cavity resonance of the VCSEL is at a higher frequency (blue shifted) than the
reflection peak of the VBG. Ohmic dissipation due to the current increase heats
the VCSEL and causes the resonance to red-shift. The first locations coming
into resonance with the VBG are the most reddish ones of the disorder induced
cavity resonance fluctuations. However, lasing across the whole aperture is not
stable. This is the reason why lasing sets in locally and the solitons form due
to nonlinear beam shaping. The blue most solitons are not stable either in this
region (marked unstable soliton region in Fig. 4.14) and the frequency of the
soliton cascades until a stable mode is reached which is slightly blue detuned to
the peak reflection of the VBG (see Chap. 3). If the current is increased further,
the cavity resonance at these reddish locations overshoots the reflection peak of
the grating and on-axis states are no longer in resonance, but off-axis high-order

modes are. In addition, the more bluish parts of the cavity come into resonance
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Figure 4.14:  Schematic diagram illustrating the LCS switching mechanism.
wg: Grating frequency. wr: Threshold frequency. wycsgr: Cavity modes of the
VCSEL. The arrow corresponds to the frequency shift induced by the increase
of the VCSEL injection current. The lines representing the cavity modes of
the VCSEL illustrate the dispersion relation of the transverse wavenumber vs.
frequency for a plano-planar cavity as discussed in Sec. 4.1.2.

and start to emit. Hence the emission is spreading over the aperture. This sce-
nario is illustrated in Fig. 4.14. In regions where solitons can not exist, lasing
starts immediately with off-axis states as observed in Sec. 4.1.

These observations motivate the idea to use the difference in threshold at dif-
ferent locations to create a detuning map by using the tuning rate of the cavity,
which can be measured for cavity modes without frequency-selective feedback, to
convert from current to frequency. Initially, the VCSEL is biased just below the
threshold for the first soliton. The current is then increased in 1 mA increments
and at each current the near field intensity distribution is recorded. When all
images are taken they are analyzed by a MATLAB program. The purely spon-
taneous emission images are disregarded and, starting from the threshold of the
first LCS, the images are converted from gray scale to a binary black and white

image with a threshold in between the spontaneous emission level and the lasing
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states (1/e* point of intensity of the maximal amplitude). All of these binary
images are then added together to produce one image in which the parts of the
cavity which begin to lase first have the highest value and vice-versa. This is then

normalized to a detuning using the known cavity tuning rate of 0.0035 nm/mA.

4.2.1.2 Experimental Results

Length Scales of Disorder

The disorder map of the VCSEL is shown in Fig. 4.15(a). Obviously, there
is a lot of small-scale disorder within the 200 um aperture on top of what seems
to be a radial gradient. The most dark red locations are those where emission
starts first. Typical length scales of disorder are about 10 gm and the span some
tens of GHz. In addition to small-scale disorder, there is one distinct defect line
with a width of 8 yum and a depth of about 24 GHz in the upper left part of the
device running at an angle of about 45° to the horizontal, and some less expressed
lines perpendicular to this. Since these are not apparent as dark or bright lines
in the spontaneous emission image (see Fig. 4.13(b)) they seem to result from a
dislocation line influencing cavity length and not from a defect line in the active
area influencing gain. A cut through the map is shown in Fig. 4.15(b), which
illustrates very well the small scale irregularities and the depth of the resulting
potential wells and ridges.

The length scales observed are similar to the ones obtained in the injected
VCSEL amplifier [83], but there it is difficult to assess the depth of fluctuations,
as discussed in the introduction. We do not have a direct comparison with reflec-
tion measurements for our device, because our tunable laser is not of sufficient
quality, but the numbers are in agreement with values in the literature [182, 186].
For a state-of-the-art material, [182] reports a variation of a few hundred peV
(300 peVa 70 GHz) and length scales of 5-20 pym. The sensitivity of the cavity
resonance to length fluctuations can be numerically determined by performing a

simple calculation. Indeed, for a Fabry-Perot cavity, a simple calculation shows
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Figure 4.15:  Disorder map of the VCSEL generated following the procedure
described in the text. The pseudocolors denote the local detuning of the cavity
resonance with respect to the location with the lowest frequency. (a) Short cavity,
(b) cut through the 2D disorder map in (a) along the black vertical line, (c) long
cavity, (d) and (e) long cavity with the VBG rotated by + 90° compared to (c).
The dashed lines in (b) denote the radial distances where the emission without
frequency-selective feedback is, i.e. in images as in Fig. 4.13(a) and (i). Outside
this range the notion of an effective detuning is not valid because the emission
is strongly affected by the drop in gain and not by the properties of the cavity
resonance.
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that the cavity length variation AL induces a frequency shift

ALc
L)\’
where L is the cavity length, ¢ is the speed of light and A\ = 980 nm is the

Av = (4.9)

operating wavelength. An effective length of L ~ 1.2 pum is considered, which
includes an effective penetration depth of the field into the distributed Bragg
reflectors [187]. Then a monolayer variation of AL ~ 0.3 nm corresponds to a
frequency variation of Arv ~ 76 GHz. Since the cavity linewidth of a low-loss
VCSEL is about 0.1 nm or 30 GHz, this explains the extreme sensitivity of the
feedback patterns to disorder. Similar results are obtained with more accurate
models of the multi-layer stacks forming a VCSEL [186, 188].

The measurements obtained are robust as evidenced, for example, by the
images in Fig. 4.15(c-e), which are obtained in a different external cavity configu-
ration (the longer cavity mentioned in Sec. 4.2.1.1). However, small quantitative
deviations between the maps in Fig. 4.15(a, b) and (c-e) are observed. Between
the subpanels in Fig. 4.15(c-e) the VBG was rotated by 90°, again leaving the
map essentially the same. These checks demonstrate that disorder is probed in
the VCSEL and not in the VBG. The non reproducible fine details are mainly
related to minute changes of the alignment of the VBG. The major part of the
deviations between different realizations is related to the impossibility to define
what an optimal alignment of the VBG corresponds to. Even though the same
technique, described in Sec. 4.1.1.1, was used to align D3 there remains an uncer-
tainty on the position of the VBG, especially for the longer cavity as discussed
in Sec. 4.1.3. This issue does not affect the validity of this technique to map dis-
order and it remains of interest as similar sensitivity to alignment and wavefront

distortion will occur if probing with a tunable laser.
Spatial Resolution
The lower limit of spatial resolution is given by the minimal area in a plano-

planar resonator coupled by diffraction. In a plano-planar resonator, light will

diffract over several round-trips and thus couples a finite part of the transverse
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area limiting the locality of any spatially resolved measurement. This minimal
area a® can be derived from the condition that the diffraction angle of the light
multiplied by the effective propagation distance should equal the transverse size

again,

a =~ @divLeff, (410)

with O4;y = Ao/ (mna) and Leg = vg/k. This results in the so-called diffraction
parameter [189]. The mathematical derivation introduced in [189] includes a pre-

factor such that the diffraction parameter is defined by

A
o = Lngi’ (4.11)

where v, is the group velocity, Ao is the vacuum wavelength, ~ is the field
decay time of the cavity and n is the refractive index. The cavity transverse area
divided by a? corresponds to the Fresnel number of the cavity. Taking into ac-
count only mirror losses, the field decay rate in the VCSEL is k ~ 90 x 10% s7!
leading to a space unit of a = 4.4 um; adding intra-cavity losses, a field decay rate
of k &~ 150 x 10° s7! leads to a space unit of @ = 3.4 ym. The exact amount of
intracavity losses is difficult to estimate, but @ ~ 4 pym and a corresponding res-
olution is a good estimate. This is in good agreement with the minimum length
scales appearing in the subpanels of Fig. 4.15. It should be noted that — due to
the disorder — the non-solitonic extended states are also changing on comparable,
i.e. small, length scales as seen in Fig. 4.13(c-e) (see also [190]). The spectral
resolution is given by the accuracy and reproducibility of the threshold determi-
nation. Since, in the case of a continuous switch-on, the transition between the
spontaneous emission background to 90% of the final amplitude takes place in
a current range of about 810 mA, the resolution is estimated to be better than
0.03 nm or 8 GHz. The nonlinear frequency shift at the abrupt switch-on of a
soliton is in the same range, the variation of emission wavelength in the initial
soliton region is about 0.06 nm for the short cavity and 0.03 nm for the long
cavity as discussed in Sec. 4.1.3. This might lead to a slight overestimation of
the depth of the wells (the most dark red points in Fig. 4.15) the solitons are

nucleating in by up to 0.03 nm or 8 GHz. The worst case estimate can be based
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on the variation of the peak of the emission spectrum with current, which stays
constant within a range of 0.06 nm or 15 GHz for the short cavity and 0.03 nm or
8 GHz for the long cavity. A current increase of 1 mA corresponds to a detuning

change of 1 GHz, indicating the potential for high spectral resolution.
Influence of Temperature and Carrier Variations on Resonance Condition

It is apparent from all subpanels of Fig. 4.15 that the areas close to the
perimeter are strongly blue detuned. The main question is whether this is due
to boundary effects or indicates a true change of effective detuning. For a clar-
ification the radial distances at which the spontaneous emission (Fig. 4.13(a))
and the emission with a plane mirror (Fig. 4.13(i)) have maximum intensity were
identified. These are identical within experimental resolution and denoted by
the dashed vertical lines in Fig. 4.15(b). Outside these dashed lines, in the very
proximity of the perimeter, the fairly abrupt reduction of gain at the transition
to the un-pumped regions plays a role by delaying lasing and hence indicating
wrongly a high detuning. Therefore, the range of the detuning map larger than
about 150-200 GHz should be disregarded. However, the image with feedback
from a plane mirror, Fig. 4.13(i), clearly illustrates that lasing states can exist
quite close to the perimeter, but within the dashed lines, and have even higher
amplitude than in the center. Hence, the more gradual blue shift outside of the
center but within the dashed lines is interpreted to be related to a detuning effect
and can be explained indeed with a variation of refractive index and hence cavity
resonance due to radial temperature and carrier variations.

From [154], the thermal resistance of the device is Ry, = 1/(2A.D) =20 K/W
with a thermal conductivity of A, = 125 W/(Km) and a diameter D = 200 ym. At
a current of 500 mA the dissipated power is about 1 W resulting in an increase in
temperature of about 20 K. Numerical simulations indicate that the temperature
in the center of the device is maximal and drops slowly by only 15% at a distance
of 20 pm from the center (for a D = 46 um device) and the temperature drops
quickly by another 15-20% thereafter [191]. Therefore, the temperature difference

between the center and the perimeter of the device is about 3-9 K. The refractive
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index shift of GaAs is about 2 x 1071 /K and the refractive index difference is in

the range of An = 0.6 — 2 x 1073, From

Av = —cAn/(nXg), (4.12)

one then obtains a temperature induced detuning variation of the order of
Av = 54 — 180 GHz. These values and the shape of the radial profile, with a
quite abrupt drop very close to the perimeter, seem to be in agreement with the
findings in Fig. 4.15.

Again from numerical simulations [191], one can estimate that there are about
20% more carriers at the perimeter than in the center of the device [191]. Tak-
ing some approximate values for the phase amplitude coupling from [192], this
translates into a refractive index difference of An ~ 0.8 x 10~* and a frequency
shift of about Av = 9 GHz. This means that the carrier effect is of minor im-
portance compared to the temperature distribution and thus the relatively high
uncertainty is not important.

It has been demonstrated that the temperature is highest in the center whereas
the carrier density is highest at the perimeter. Therefore, both variations lead
to a reduction of refractive index at the perimeter compared to the center and
thus to an increase of resonance frequency at the boundary. This confirms that
the detuning obtained by this method (as well as in [83]) is actually an effective
detuning, i.e. temperature and carrier variations affecting the refractive index

and thus the cavity resonance in addition to the growth fluctuations.

4.2.2 Conclusion

A relatively simple and fast method to characterize quantitatively the disorder
in a vertical-cavity device by frequency-selective feedback on scales relevant for
device work and laser arrays has been demonstrated. This technique relies on
electrical pumping but optical pumping of VCSEL or VECSEL structures should
also be straightforward. The main advantage to this method is that there is
no need of a high-quality tunable laser. However, since this method relies on the
light emitted by the structure itself, it is only suitable to characterize hot devices,

not the cold cavity, i.e. the growth-induced fluctuations alone. Since they occur
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typically on different scales, this does not seem to be a major drawback. In
addition, it enables probing of temperature inhomogeneities due to mounting
imperfections as observed in some lasers.

Though this might be a drawback in some cases, it should be noted that the
variations introduced by pumping are usually on large scales and thus the intrinsic
disorder can still be resolved as demonstrated here. Obtaining a good map of the
inhomogeneities would also be a first step for a compensation scheme, where
the basics were recently demonstrated using the carrier-induced refractive index
shift stemming from an external light beam with suitable spatial modulations to

compensate the built-in length fluctuations [193].
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Chapter 5

Frequency and Phase Locking of

Laser Cavity Solitons

As demonstrated earlier, spatial LCSs in real systems are usually pinned by traps
resulting from fluctuations during the epitaxial growth process [19, 160]. Besides
fixing the position, these traps induce a shift in the LCS natural frequency [19,
194]. The diversity in natural frequencies among LCSs pinned by defects is a
critical ingredient of their description in real systems. The frequency shift depends
on the characteristics of the defect itself and typically is different for each of them.
A demonstration of phase and frequency locking is established in this chapter. In
particular, it is verified that the interaction of pinned LCSs with different intrinsic
frequencies can be suitably described by the Adler locking mechanism [195]. Both
experimental and theoretical investigations also demonstrate that the coupling,
if strong enough, can overcome the natural disorder leading to a synchronous
regime characterized by emission at a common frequency with a phase difference

that has a precise dependence on the frequency difference.

5.1 Coupled Lasers and Synchronization

Lasers are a famous example of self-sustained nonlinear oscillators, which have,
within the limitations of the cavity setup, the freedom to choose frequency and

polarization. The phase of the oscillation of the electromagnetic field is not deter-
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mined but results from the spontaneous breaking of the time symmetry present
for cw pumping. Hence, the phase is a Goldstone mode of the dynamics and
couples easily to perturbations, such as, for example, spontaneous emission. As a
result of the induced phase diffusion [196], a laser has a finite linewidth (Schalow-
Townes limit) and the mutual coherence between two independent lasers will be
limited even if they have the same center frequency. Therefore, the phenom-
ena of frequency and phase locking caught a lot of attention by which coupled
lasers can synchronize their frequency and phases to achieve coherent emission
[197, 198, 199, 200].

A mathematical model known as the Kuramoto model [201], named after is
inventor Yoshiki Kuramoto, has been widely used during the past few decades to
model the behavior of a large array of coupled oscillators with different intrin-
sic frequencies. In this model, coupling between the oscillators in the network
happens through the sine of their phase differences. This model successfully de-
scribes synchronization in a variety of systems such as biology, physics, chemistry
or neuroscience [202]. However, when the coupling between the oscillators is
strong enough such that they all exhibit the same phase, i.e. one big oscillator,
their interaction is well captured by the Adler model [195]. The Adler locking
mechanism has relevance in biological clocks, chemical reactions, mechanical and
electrical oscillators [203]. In optics, frequency locking of the Adler type was first
observed in lasers with injected signals [204] with more recent generalizations to
coupled lasers [199], the spatio-temporal domain [205], quantum dot lasers [206]
and frequency without phase locking [207].

Laser synchronization is just a special example of synchronization dynamics of
coupled oscillators, which is of high importance in all fields of Nonlinear Science
[203, 208]. The first reported observation of synchronization was made by Chris-
tiaan Huygens on two pendulum clocks as early as in the 17th century. Biological
examples of coupled oscillators include synchronously flashing fireflies [203, 208],
pacemakers cells in the heart [209], chorusing crickets [210] or glycolytic oscilla-
tions in yeast populations [211]. Synchronization is not only limited to physics and
biology but is also present in social behavior. Unintentional synchrony is found

in the applause of a large crowd after a performance. Collective synchronization
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can also result in undesirable effects in civil engineering where synchronous lat-
eral excitation by pedestrians caused the Millennium bridge in London, a few
days after it opened, to sway from side to side [212]. Tt has also been shown
that people can synchronize in various ways while interacting. Several studies
reported the existence of synchronization in postural sway [213, 214], walking
[215, 216] or conversation pausing frequency [217]. A recent study examined the
temporal structure of non-oscillatory actions such as language, facial and gestu-
ral behaviors during a conversation between two persons [218] and synchronized
matching behaviors of the interlocutors was demonstrated. This confirms that
synchronization is part of our everyday life and can be triggered by something as
simple as human interaction.

In laser physics, frequency and phase locking has caught a lot of attention
in various fields such as high power coherent emission obtained by large arrays
of synchronized lasers. Robust synchronization was achieved in arrays showing
discrepancies in the frequencies of the free running lasers composing the array
[178, 219]. This frequency shift between the different lasers forming the array is a
good analogy to the frequency discrepancies exhibited by the LCSs in our system
(see Chap. 3 Sec. 3.3). High power output was also observed in large arrays of
synchronized microwave oscillators [220]. Synchronization of chaotic lasers shows
a lot of potential for secure communication [221, 222, 223].

As discussed in Chap. 4 spatial LCSs observed in real systems are pinned
by defects caused by the growth irregularities of the semiconductor material.
These defects also induce a frequency shift of the LCSs. This means that LCSs
are mutually incoherent and the obvious question is whether the disorder can
be overcome so that several LCSs can become coherent emitters. A method
which allows for compensation of the disorder would potentially provide control
of the phase and frequency of LCS arrays. This would pave the way for the
synchronization of several LCSs within the same aperture, thus making possible

the creation of large arrays of phase and frequency locked LCSs.
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5.2 Experimental Setup and Basic Observations

The experimental setup is illustrated and described in Chap. 3. The LCSs in-
vestigated in this chapter are labeled in Fig. 5.1 which shows a near field image
of the VCSEL aperture taken at 396 mA. Note that the results presented in this
chapter are obtained with VBG 1 at 70 °C unless otherwise stated. As discussed
in Chap. 3 Sec. 3.3, each LCS emits at a different frequency. The frequency at
which each LCS emits is given by a combination of VCSEL cavity resonance and
external cavity resonance (feedback phase). Hence, some control on one of the
resonance conditions is required in order to achieve frequency locking. However,
the choice quickly leaned towards a control of the feedback phase since a modi-
fication of the VCSEL cavity resonance is experimentally awkward and requires
the use of an external tunable laser. Therefore, in order to compensate for the
inherent disorder of the VCSEL, which allows phase and frequency locking of
two LCSs, the precise alignment of the VBG is very important. This is achieved
by tilting the VBG with a PZT which allows minute tilts of the feedback with
respect to the optical axis. This leads to a differential change of the external cav-
ity length for the two LCSs and thus to a differential change in feedback phase.
The coarse alignment of the VBG is controlled by fine adjustment screws. These
however, do not provide sufficient precision to achieve locking of LCSs. A more
precise, computer controlled scheme with a PZT, which is stabilized against drift
by a servo-loop controlled by a strain gauge, attached to the VBG mount was
implemented in the experimental setup.

The tilt 8 induced by the PZT in the horizontal direction is schematically
illustrated in Fig. 5.2. A computer controlled voltage U applied to the PZT leads
to a tilt of §3/6U = 2.1 x 107°/V, a change of the external cavity length at a
rate of L /6U = 0.628 pum/V, and a change of the resonance frequency in the
external cavity by év/6U = 1.576 GHz/V. More importantly for what follows,
there is also a differential shift for two LCSs. If their distance projected onto a

plane orthogonal to the rotation axis is Az, this shift is given by

2VFSR sin 5

Av =A
v x 3 ,

(5.1)
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Figure 5.1: Near field image of the VCSEL aperture taken at 396 mA showing
the relative position and numbering of a few solitons. Output VCSEL images, like
all in the following, are in a linear gray scale with black denoting high intensity.

where vpgr is the free spectral range of the external cavity and A is the oper-
ating wavelength of the VCSEL. The change of the ray angle after returning to
the VCSEL (corrected for the magnification of the telescope) is § = 5 M. The
adjustment of the self-imaging condition is described in detail in Chap. 4 and the
same procedure is applied here. After optimization the self-imaging condition
is estimated to be within +0.2 mm with a reasonable depth of focus. However,
small deviations from the self-imaging condition are not critical for the reported
phenomena.

As explained in Chap. 2, LCSs will couple to parameter variations and drift
[16, 164] until they either disappear from the system or reach a point in which
all first order perturbations, i.e. gradients, vanish at a local extremum of the
landscape imposed by the variations. These preferred locations are the ones
where LCSs are found in Fig. 5.1 and, as discussed in the previous chapter,
they arise from growth fluctuations in the semiconductor material. They will
be referred to as traps or defects. This disordered landscape is frozen after the

growth process of the semiconductor structure although some minor external
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AL
!

Figure 5.2: Scheme of VCSEL cavity carrying two LCSs with feedback from a
tilted VBG. The tilt angle # of the VBG controls the mutual detuning of the
two LCSs (see text for details). The pivot point is much further away from the
optical axis in reality (about 30 mm).

influence on the positions of the LCSs is possible by alignment changes in the
external cavity. In particular, a tilt of the VBG induces a tilt of the wavefront
of the returning beam, which should lead to continuous drift of the LCSs in a
homogeneous system. For a LCS in a trap, the tilt shifts the position where the
potential minimum of the combined perturbation (frozen disorder plus tilt) lies
and hence the LCS shifts to a new equilibrium position [19]. As the quantitative
analysis in Fig. 5.3(a) shows, this shift is quite small. It should also be noted
that the tilt is minute, about 0.15 mrad total, leading to a change of ray angle at
the VCSEL smaller than 1 mrad, much smaller than the angular width of a LCS
(about 50 mrad). The shift within the trap is also different for different solitons,
which is expected for a disordered system because the curvature of the potential
should vary randomly from trap to trap. At some critical tilt angle (larger than
typically achievable with the PZT), the LCS disappears. The expectation is that
the potential minimum disappears for a critical tilt and the LCS unpins and

starts to drift. A corresponding transition between drifting and pinned patterns
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Figure 5.3: (a) Peak position of the near field profile as a function of the tilt
angle for LCS 1 (red curve) and 2 (black curve); (b) Peak position of the far
field profile as a function of the tilt angle. The curves are averaged over two
runs and most of the undulations are likely to stem from measurement noise,
although a deterministic contribution due to small-scale disorder within the trap
cannot be ruled out. The zero of the y-axis in panel (b) is set at the center of
the two individual angular centers of the far fields of LCS 1 and 2. For a better
comparison with the results presented below the horizontal axis is scaled in the
change of differential detuning between the two LCSs in the external cavity as
obtained from Eq. (5.1). The total tilt is 0.15 mrad.

was found in [81]. In our system, an experimental investigation of the unpinning
phenomenon requires simultaneous spatial and temporal resolution and has not

been undertaken.

5.3 Experimental Results

5.3.1 Illustration of Frequency and Phase Locking of Laser
Cavity Solitons

Investigations conducted on the interaction of LCSs were done on different pairs.

In this chapter, results on LCSs with a separation distance between 36 um and

79 pum are reported. The qualitative features of the observations are robust,

but the details can vary a fair amount as one would expect since parameters
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are affected by spatial disorder. Investigations only focus on the interactions of
LCSs in different, separate traps. The coherence properties of compound, high-
order states of LCSs in the same trap are a separate issue and more detailed
investigations are needed in our system. This section illustrates both phase and
frequency locking phenomena and a detailed analysis of the locking behavior will
be investigated in Sec. 5.4 onwards. Note that VBG 2 is used in this section, thus
the VCSEL was operated at a lower temperature of about 40 °C.

The following example illustrates the interaction of two LCSs and how the
compensation of the inherent disorder of the VCSEL via the control of the ex-
ternal cavity, i.e. feedback phase, can lead to a synchronous regime characterized
by emission at a common frequency with a phase difference that has a precise
dependence on the frequency difference. The two LCSs were frequency and phase
locked by both tilting the VBG and adjusting the injection current until maxi-
mum fringe visibility was achieved in far field.

To perform switching experiments the system requires an external writing
beam. The WB allows switching of LCSs by shining it onto the locations which
are known to support LCSs (see discussion in Chap. 2). The incoherent switching
technique, i.e. no phase reference between the LCS and the WB, has been suc-
cessfully demonstrated in several systems (frequency selective feedback and SA)
[18, 19, 78, 91, 95] and is therefore well suited for individual spatial control of the
LCSs in our experiment. The WB is an external tunable laser which is injected
straight into the external cavity from the back of the VBG. The laser operates
cw and the beam size is set, via a beam expander before entering the external
cavity, so that it matches that of a LCS at the VCSEL surface, i.e. about 10 pm.
The WB also needs careful alignment so that it is on axis with respect to the
LCSs. Because the reflection peak of the VBG is very narrow, it is necessary
to adjust the wavelength of the WB so that it falls outside the reflection band-
width of the VBG and that sufficient power attains the VCSEL. The experiment
described below is performed at a bias current at which both LCSs involved are

individually bistable.
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5.3.1.1 Observation of Phase Locking

Two spatially separated LCSs are incoherent implying that their combined far
field is the incoherent sum of the intensity distributions of the individual LCSs as
illustrated in Fig. 5.4(a). To overcome this a PZT is used to minutely tilt the VBG
with respect to the optical axis. As a result, a pronounced fringe pattern is visible
across the far field intensity profile as seen in Fig. 5.4(b). Its wavevector is parallel
to the connection line between the two LCSs, i.e. the fringes are orthogonal to
it. This far field fringe pattern is stable for longer than the exposure time of the
CCD (20 ms), typically it can be observed for minutes to hours, once achieved.
This evidences phase-coherence between the two LCSs over time spans orders of
magnitude higher than the intrinsic dynamics (nanoseconds) and also higher than
typical time scales of technical noise (microseconds to seconds). This indicates
that this is a very robust phenomenon.

In order to evaluate both the fringe visibility and the fringe phase a cut
through the fringe interference pattern is taken across the center of the far field
intensity (see dashed line in Fig. 5.4(b)). Then a Gaussian profile modulated by

a sine-wave is fitted to this cut as illustrated in Fig. 5.4(c),

—(0 — 90)21 [1 + M sin(F(0 — 6y) + P)

14+ M (5:2)

Yy =1yo+ Aexp { W
Here yq is the intensity offset, A is the amplitude, 0 is the peak center, # is the
angular spread, w is the width, M is the modulation depth or fringe visibility,
F' is the frequency of the sine modulation and P its phase. This allows us to
experimentally obtain both the fringe phase and fringe visibility of the interference
pattern in far field. In Fig. 5.4(c) the fitting function returns a fringe visibility
and a fringe phase of about 0.6 and 1.5 7, respectively. The spacing of the fringes
in far field is related to the separation of the two LCSs in near field. Indeed, from
the Fourier theorem a field distribution shifted by a distance a in the near field,
acquires a phase shift of exp (ik, a) in the far field. Hence a, the separation of the
interference source (here the LCS) in near field and the fringe period Af = 2x/F
are related by

a=——. (5.3)
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Figure 5.4: Far field images of the VCSEL for two LCSs separated by 28 pum,
(a) before phase locking is achieved, (b) after careful alignment of the VBG and
phase locking is obtained. (c) Cut of the far field intensity profile through the
dashed line depicted in (b). The circles represent data points and the red solid
line is a fit obtained with Eq. 5.2.

For a far field fringe spacing of 37.3 mrad obtained from the fit this calculation
yields a near field separation of 26 ym which agrees very well with the measured
LCS separation of 28 um thus confirming that the interference comes from the

two interacting LCSs.

5.3.1.2 Independent Control

LCSs are normally independent micro lasers, i.e. they are mutually incoherent.
However, we have just established that under certain conditions robust phase
locking can be achieved. Phase locking is only possible because LCSs can be
independently controlled. It is not clear, however, whether the LCSs still show
the same properties when they are in this locked state.

As discussed in Chap. 4 each individual LCS is trapped by growth imperfec-
tions in the laser. Despite the fact that LCSs are pinned in these locations, they
still retain their position freedom. The local perturbations caused by the WB can
affect the position of the LCSs. If the trap is large enough so that the dimensions
of the LCS allow for movements within the trap, the WB can be used to move
its the position within the same trap or to drag it out of the trap thus resulting
in the extinction of the LCS. Similarly, it is also possible to switch on a LCS by
shining the WB onto an empty trap. In order to do this the WB needs to be
carefully tuned in frequency so that it is slightly blue detuned to the frequency of
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the VBG peak reflection [224]. The images shown in this section were captured
on the fly, both near and far field images were saved at a rate of 3 images/s. This
relatively slow capture time did not allow us to capture optical spectra which
would have slowed the process down to less than 1 image/s.

The investigations were done on a pair of LCSs with a separation distance
of 49 ym. The images in Fig. 5.5 and Fig. 5.6 have been selected to illustrate
a relevant state of the phase locking phenomenon. In total the whole process
can take up to 10-15 minutes depending on the time required until switching is
achieved. Figure 5.5 shows how the near and far field images evolve as the WB is
moved across the laser aperture. After robust locking was achieved, with a fringe
visibility of 0.43 and a fringe phase of 1.93 7 between two LCSs (see Fig. 5.5(a)),
the WB was shined onto the laser aperture slightly below the location of the
bottom left LCS. This results in a fringe visibility being close to 0 (about 0.04)
in far field, as seen in Fig. 5.5(b). Note that due to the very low fringe visibility
the fitting function does not return any phase value, i.e. the far field profile is
essentially Gaussian. Figure 5.5(c) shows the extinction of the bottom LCS by
the WB. The latter was used to drag the LCS out of its trap in a region where it
is no longer stable thus resulting in the extinction of the LCS. As a result the far
field image consists of the remaining LCS seen in near field. The switch off time
of a LCS is rather fast (a few ns) however, the process leading to the extinction
of a LCS can take a few minutes as both the power and the wavelength of the
WB need to be correctly tuned so that the interaction between the LCS and the
WRB is maximized. Once the bottom LCS has been switched off the next step is
to switch it back on at the exact same location. This is achieved by shining the
WB onto the former position of the LCS as seen in Fig. 5.5(d). In Fig. 5.5(e)
the bottom LCS was switched back on at its exact former location by adjusting
the wavelength of the WB until the resonance condition is achieved and a LCS
appears. The fringe visibility was measured at 0.32 with a corresponding fringe
phase of 1.79 7. As seen in Fig. 5.5(b, ) the WB causes a drop in visibility,
i.e. the WB is not phase locked with any of the two LCSs thus resulting in a
lack of coherence between the WB and the LCS. Figure 5.5(f) shows the two
LCSs after the WB was switched off, the visibility was measured at 0.4 with

a phase of 1.95 w. These parameters are comparable with these measured in
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Figure 5.5: Upper row of the subcaptions: far field images, bottom row of the
subcaptions: near field images. (a) Phase locking between two LCSs achieved by
tilting the VBG until robust locking is obtained. (b) The WB is coupled inside
the cavity through the back of the VBG, slightly below the location of the bottom
LCS. (c¢) The bottom LCS is switched off by the WB which is then removed. (d)
The WB is coupled back inside the cavity. (e) The bottom LCS is switched back
on by shining the WB at its former location. (f) The WB is removed and the
two LCSs remain. The VCSEL was operated at =355 mA and T=39°C.
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Fig. 5.5(a) at the beginning of the experiment. The latter experiment was run
several times and was always reproducible. When the LCSs were strongly phase
locked, switching one LCS off and then switching it back on always resulted in
phase locking with the same initial parameters. This confirms that when two
LCSs are strongly locked the resulting state is not a single entity but two coupled
LCSs. This means that the coupling between the LCSs is still weaker than their
solitonic properties alone, i.e. they remain independently controllable LCSs.

For completion the same experiment was also conducted on the second LCS.
The situation is illustrated in Fig. 5.6. The experiment was conducted in a similar
way, the two LCSs were phase locked as seen in Fig. 5.6(a) with a visibility of
0.4 and a phase of 1.88 7. It was not possible to drag the upper LCS out of its
trap either because it sits in a deeper defect and/or because it sits rather high
in the bistability loop thus making the extinction much harder than the ignition.
Figure 4.15(a) seems to confirm the former hypothesis as the LCS is located
in a dark red region surrounded by lighter red regions of the map. Therefore,
the WB is no longer used in the switching off process. Instead the feedback
from the LCS was suppressed by blocking a fraction of the beam in the external
cavity as close as possible to the VBG, i.e. where the magnification factor is
the highest. This is only possible because the external cavity provides a large
6.25 : 1 magnification factor. Therefore, by using a sharp object such as a razor
blade, it is relatively easy to block the feedback from only one LCS. Figure 5.6(b)
illustrates the situation after the feedback from the upper LCS was suppressed.
In Fig. 5.6(c) the WB was turned on and no fringe pattern was observed in far
field. Then as described in the previous paragraph the wavelength of the WB
needs to be tuned such that it meets the resonance condition which can ignite
a LCS at this specific location in the transverse aperture of the VCSEL. The
result is shown in Fig. 5.6(d) where the bottom LCS was switched back on and a
fringe pattern appears in far field. Note that the WB is still on at this stage thus
resulting in a low fringe visibility of 0.15 and a fringe phase of 1.447. Similarly to
Fig. 5.5(e), the WB affects both the visibility and the phase of the fringe pattern
in far field. The result, after the WB was turned off is illustrated in Fig. 5.6(e),
the fringe pattern is very similar to the initial pattern depicted in Fig. 5.6(a) with

a visibility of 0.4 and a corresponding fringe phase of 1.857. Despite confirming
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(@) (b) (c)

Figure 5.6: Upper row of the subcaptions: far field images, Bottom row of the
subcaptions: near field images. (a) Phase locking between two LCSs achieved
by tilting the VBG until robust locking is obtained. (b) The upper soliton is
switched off by blocking the feedback from the WB. (¢) The WB is coupled
inside the cavity through the back of the VBG. (d) The upper soliton is switched
back on by the WB. (e) The WB is turned off and the two solitons remain. The
VCSEL was operated at I=355 mA and T=39°C.
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that the locking is weaker than the intrinsic properties of the LCS alone it also
proves that once two LCSs are locked in phase, they will regain this locked state
even after being independently switched off. The locking mechanism is robust
and was observed for hours no matter how many times the LCSs were ignited
and switched off beforehand. Phase locking was also observed after extinction
of both LCSs, when switched on again they regained their locked state with the
same visibility and phase they had when they were first locked.

5.3.1.3 Spectral Behavior

Robust phase locking between two independent LCSs was demonstrated in Sec. 5.5
but the spectral behavior of the LCSs associated with this locking state remains
unknown. This section will focus on optical spectra data that has been recorded
from the FPI along with near and far field images. A second pair of LCSs is used
to illustrate the phenomenon, this pair has a smaller separation of 36 ym than
the pair chosen in Sec. 5.5 because strongest locking is usually achieved with a
smaller separation between the two LCSs. Similarly to Sec. 5.5, phase locking of
the LCSs is obtained by tilting the VBG until strong, robust locking is achieved.
Once phase locking is established the remaining adjustments to vary the feedback
are done using the PZT which allows one axis of the VBG to be finely tilted. The
fine adjustments from the PZT are enough to go from a complete locked regime
to an unlocked state. Optical spectra as well as near and far field images are
recorded for each state.

The first case discussed here is the unlocked state. It is illustrated in Fig. 5.7
and was stable and robust as expected once the VBG is tilted, i.e. the most com-
mon situation in the system as phase locking only occurs once careful alignment
of the VBG is achieved. One LCS is blocked in the detection so that individual
characterization of LCSs is possible. The left and right LCSs are individually
shown in Fig. 5.7(a) and (b), respectively. From Fig. 5.7(a, b) it is clear that
the two LCSs emit on different longitudinal modes with a similar optical power.
However, the LCS located on the right of the VCSEL aperture shows side modes
separated by approximately 2.5 GHz, i.e. two external cavity modes of 1.23 GHz,
as seen in Fig. 5.7(b). This indicates that LCSs have the freedom to lase on
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Figure 5.7: Spectral behavior of two unlocked LCSs separated by 36 um. Upper
row: near and far field images respectively, bottom row: Optical spectra. (a)
The right LCS is blocked in the detection, near and far field images and optical
spectrum associated to the left LCS. (b) The left LCS is blocked in the detection,
near and far field images and optical spectrum associated to the right LCS. (c)
Near and far field images and optical spectra of both LCSs. The VCSEL was
operated at =350 mA and T=39°C.
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several external cavity modes. It was demonstrated that, if one mode becomes
suddenly unstable because of a change in the cavity resonance or in the feedback
phase, LCSs have the ability to jump to the next stable neighbouring mode [20].
In Fig. 5.7(c) the optical spectrum confirms that both LCSs are emitting on dif-
ferent longitudinal modes and as a result the visibility in far field is very close
to 0 (measured at 0.05 due to background noise). It is important to notice that
now both LCSs exhibit side modes and that even if they are unlocked they show
a tendency to mode hop, due to thermal drift, together during the experiment.
Therefore, the frequency shift in the optical spectrum observed in Fig. 5.7(c)
compared to the individual optical spectra in Fig. 5.7(a, b) is associated with
the ability of the LCS to jump between stable longitudinal modes. The unlocked
state is very stable and even though the LCSs are subject to mode hoping, the
phenomenon is robust and unless a change of the feedback phase is applied, i.e.
a tilt of the VBG, locking does not occur.

The spectral behavior of the locked LCSs is now investigated. Similarly, one
LCS is blocked at the time thus allowing the characterization of individual LCSs.
Figure 5.8 illustrates the locked state case where Fig. 5.8(a) shows the left soliton
and Fig. 5.8(b) the right soliton individually. Both LCSs have similar intensity
and seem to be separated by one external cavity mode. In Fig. 5.8(c) the detec-
tion captures both LCSs and a fringe pattern appears in far field in contrast to
Fig. 5.7(c) but similar to what was observed in Fig. 5.5(f) and Fig. 5.6(e). The
fringe visibility is measured at 0.61 and the amplitude in the optical spectrum
corresponds to the sum of the amplitude of each individual LCS. The difference in
frequency between the two LCSs is probably a confirmation that the locking state
survives mode hopping. Indeed, the time required to swap LCSs in the detection
for observation is enough for the LCSs to jump simultaneously on a different ex-
ternal cavity mode. This will be confirmed in Sec. 5.5 where the ability for the
LCSs to remain locked whilst mode hopping is observed. Locking was robust and
remained stable for very small tilting angles of the VBG. In tendency this LCS
pair prefers to lock out of phase, i.e. fringe phase of 7, as opposed to what was
observed in Sec. 5.5. However, with a fine adjustment of the tilt angle the phase
difference between the two LCSs can be adjusted. Indeed, after fine adjustment

a fringe phase of about 0 can be achieved before locking is lost. This fringe phase
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Figure 5.8: Spectral behavior of two locked LCSs separated by 36 pum. Upper
row: near and far field images respectively, bottom row: Optical spectra. (a)
The right LCS is blocked in the detection, near and far field images and optical
spectrum associated to the left LCS. (b) The left LCS is blocked in the detection,
near and far field images and optical spectrum associated to the right LCS. (c)
Near and far field images and optical spectrum of both LCSs. The VCSEL was
operated at =350 mA and T=39°C.
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drift is associated with an abrupt fringe visibility reduction until locking becomes
too weak and the LCSs return to an unlocked state as seen in Fig. 5.7. This VBG
tilt dependence on the fringe phase shift will be investigated in detail in Sec. 5.4.
The locked state was stable over minutes and locking was robust but when tilt-
ing the VBG during the transition to an unlocked state LCSs can exhibit some
partial locking. However, as discussed previously the LCSs show a tendency to
mode hop together regardless of their locking state. It is therefore not surprising
that the partial locking state is even more difficult to investigate systematically
and due to the very unstable nature of this intermediate state, it was not possi-
ble to collect systematic reliable data. From observations however, it seems that
partial locking is obtained when both LCSs share the same side mode but again

the instability of the phenomenon makes any interpretation difficult.

5.4 Phase Locking of Laser Cavity Solitons via
Change of Current

Joule heating caused by an increase in the VCSEL injection current is responsible
for a shift in the resonance condition. Therefore, increasing the injection current
will result in a change in the emission wavelength of the LCSs. In this section
the effect of the shift in the resonance condition on phase locking between a pair
of LCSs separated by 79 pum (LCS labeled 1 and 2 in Fig. 5.1) is investigated.
First the two LCSs were phase locked by tilting the VBG until robust locking was
achieved with a stable injection current of 383 mA. Then the injection current
scan was spanning +2.5 mA from the injection at which LCSs locked in a region
where both LCSs are bistable. This injection range is only limited by the fact
that below 380.5 mA LCS 2 switches off and that above 385.5 mA another LCS
switches on thus disturbing the detection of the two previous LCSs leaving the
fringe visibility close to 0 in far field. The current was scanned with 0.1 mA steps
at a rate of 1 mA /s. The fringe visibility and phase are obtained from a fit of far
field profiles to Eq. (5.2).

Figures 5.9(a, b) show the locking behavior of LCS 1 and 2 during an upward

scan of the current. The dominant features of the spectra in Fig. 5.9(b) are multi-
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Figure 5.9: (a) Fringe visibility (black line) and fringe phase (green line) as a
function of current for LCS 1 and 2, 79 pum apart. The zero of the current scale
corresponds to a current of 380.5 mA. (b) Evolution of frequencies; the frequency
distribution is obtained from the optical spectra recorded by the FPI. The fre-
quency separation between side modes corresponds to the free spectral range of
the external cavity (1.23 GHz). (c) Far field intensity distribution at 380.5 mA
corresponding to a fringe visibility of 0.55. (d) Far field intensity distribution at
385.5 mA corresponding to a fringe visibility of 0.95. Other parameter: T=69°C.
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frequency emission and the common red shift of all modes due to the Ohmic
heating discussed earlier. This shift is about 0.44 GHz/mA, about half the value
of the free-running laser. A reduction is expected because the grating stabilizes
the emission frequency as discussed in Chap. 4 and was also observed in [13]. At
low current the LCSs emit on two or three different external cavity modes which
corresponds to a fringe visibility close to 0.5. This indicates that the LCSs operate
on different external cavity modes but share side bands, i.e. each LCS is not single
mode. Then, as the current is increased, the fringe visibility increases abruptly
to reach up to 0.95. At this point, only one spectral line is strongly dominant and
both LCSs occupy the same external cavity mode and are then strongly frequency
and phase locked. Increasing the current further leads to a jump of one LCS to
an adjacent external cavity mode inducing a drop in fringe visibility back to 0.5.
A similar scenario with a transition to full locking occurs at the end and high
visibility is reached again. Beyond this point, a third LCS switches on in the
detection area thus complicating the interpretation of the results.

Equation 5.3 gives a relationship between the fringe separation in far field and
the LCS separation in near field. Using this equation for a far field fringe spacing
of 12.6 mrad obtained from the fitting function this calculation yields a near field
separation of 77.8 um which agrees very well with the measured LCS separation
of 79 pm thus confirming that the interference comes from the two interacting
LCSs.

From Fig. 5.9(a) it is apparent that the fringe phase fluctuates apparently
quite erratically during the current scan, but remains bound to a limited range
close to a value slightly smaller than 7. As it will be discussed below, a locking
phase of 7 is typical for two coupled oscillators without detuning while a non-zero
detuning changes the locking phase away from 7. The current induced heating
is a global parameter and hence it should not change the detuning condition
between the two LCSs in the VCSEL cavity, in line with the fact that the locking
phase is not varying by much. The operating frequency of the solitons, however,
is a compromise between the VCSEL cavity resonance and the external cavity
resonance leading to a transcendent equation for the operating frequency [4] (see
(A.3) of [13] for a VCSEL with frequency selective feedback). With an initial,
position dependent offset, a global shift of the VCSEL resonance conditions can
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result in a change of relative stability and frequency of the modes of the coupled
cavity system (e.g. a destabilization of an external cavity mode for one LCS but
not for the other), leading to the possibility of a non-synchronous evolution of
soliton frequencies and locking or unlocking. In addition, there might be small
local variations either in gain or cavity resonance because the current induced
temperature shift is only nominally homogeneous. These considerations indicate
that the global parameter current is not a good handle to investigate the locking

behavior, but one should look for a local control.

5.5 Phase and Frequency Locking of Laser Cav-
ity Solitons via Change of Feedback Phase

Since it is experimentally difficult to change the detuning of two LCSs by locally
changing the properties of the VCSEL itself, the PZT is used to minutely tilt
the VBG of the external cavity with respect to the optical axis as illustrated in
Fig. 5.2. As indicated by Eq. (5.1) this induces a difference in the external cavity
length AL for the two solitons therefore leading to a difference of feedback phase
and detuning in the external cavity. It is then possible to adjust the frequency
difference, i.e. the detuning, between two LCSs. Indeed, the locking discussed in
the previous section was achieved by aligning the VBG such that a high fringe
visibility was obtained for a broad range of injection currents (about 5 mA). This
follows the procedure used to control the detuning of coupled solid-state lasers,
see [199, 200], but with the additional complication of coupled cavity effects due
to the high reflectivity of the VCSEL out-coupling mirror, whereas the gain chip
in the solid-state lasers is anti-reflection coated.

As indicated in Sec. 5.2, the tilts are actually quite small and it turns out
that the soliton profiles are essentially unaffected. The width of the near field
is constant to within 0.3 pm (variation <5 % of a single soliton width) and
the width of the far field profiles to within 1.5 mrad (6 % of a single soliton
width). When tilting the VBG both near and far field profiles of the LCSs are
not affected while the positions are. As discussed in conjunction with Fig. 5.3,

the positions and beam pointing of the LCSs change slightly in the trap, but the
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changes are small and the differential changes are even smaller. Hence, it seems
reasonable to assume that the dominant effect of the tilt is indeed the change
of differential feedback phase. In order for the VBG tilt to have a significant
effect, it is necessary for the different LCS pairs to be located on a horizontal
plane. This ensures that the detuning between the LCSs can be controlled and
automated via a computer.

Figure 5.10 illustrates the locking phenomenon between two LCSs, marked 1
and 2 in Fig. 5.1, separated by 79um. It shows the fringe visibility, the fringe
phase, the frequency distribution of the LCSs and a cut through the far field
intensity distribution orthogonal to the fringe orientation as function of the de-
tuning. The x-axis in Fig. 5.10(a), i.e. detuning, is proportional to the tilt angle
of the VBG that changes the difference between the feedback phases for LCS 1
and 2. This difference is converted to a frequency scale by multiplying it by the
free spectral range of the external cavity thus providing the change of the rela-
tive detuning between the two LCSs in the external cavity (see Eq. 5.1). When
tilting the VBG a region of phase and frequency locking appears as illustrated in
Fig. 5.10(a, c) by a range of high fringe visibility in the far field. The two dashed
lines in Fig. 5.10(b) correspond to the region of strong locking, i.e. fringe visibility
> 0.5. This region of high fringe visibility can last for seconds to hours depending
on parameters. It confirms that locking is a robust feature once achieved by a
fine alignment of the VBG.

Note that the choice to start the x-axis displaying the detuning parameter with
zero is arbitrary. If one considers the locking-dynamics, it would be reasonable
to expect that the zero lies at the center of the locking region. However, as
the fringe phase is only approximately symmetric with respect to the center of
the locking range and the details of the underlying dynamics are unknown, the
position of the zero is somewhat ill-defined and no adjustments were made. Such
cautious choice comes at the expense of a slightly awkward labeling: whereas the
real detuning decreases in the left half (slightly) of the figure and increases in the
right half, the detuning parameter chosen increases all along the x-axis.

As qualitatively apparent from Fig. 5.10(c), the fringes shift with detuning
within the locking region (within a fringe visibility higher than 0.5), i.e. the
locking phase changes. The quantitative analysis in Fig. 5.10(a) indicates that
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Figure 5.10: (a) Fringe visibility (black line) and fringe phase (green lines) as a
function of the detuning. The zero of this detuning scale is arbitrary. The solid
and dashed green curves are obtained for scanning the tilt back and forth. (b)
Evolution of frequencies, the frequency distribution is obtained from the opti-
cal spectra recorded by the FPI. (¢) Cut through far field intensity distribution
orthogonal to fringe orientation. Other parameters: T=69°C, [ = 373 mA.
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this variation is nearly linear over most of the strong locking range. The width
of the locking range is close to w. If the direction of the scan of the tilt is
reversed (see green dashed line in Fig. 5.10(a)) the locking phase shadows the one
obtained in the up-scan which indicates that there is no discernible hysteresis. As
it will be discussed in the theoretical section, these features are fingerprints of the
Adler locking. The noise of the fringe phase is considerably smaller in the region
corresponding to complete locking than in the partially locked regions. For even
larger tilts (not achievable with the PZT), the two LCSs are completely unlocked
and their phases random. Modulation depths of about 5% are due to noise in the
images.

Both transitions at the strong frequency and phase locking region are rather
abrupt and one might expect hysteresis at their onset. Due to the mechanical
scanning, there is some jitter of the transition point. Therefore, only one sweep is
shown in Fig. 5.10(a) and possible hysteresis was not investigated systematically.
However, the detuning width at which strong locking occurs is very stable and
no noticeable variation, within the resolution of the equipment, was observed
between the different runs.

Figure 5.10(b) shows the optical spectra of the LCSs recorded with the FPI
as function of the detuning and illustrates the evolution of the frequencies of the
LCSs with increasing detuning. The first obvious feature is that all spectral lines
are shifted due to the tilt of the VBG. The Finesse of the FPI is around 80, hence
the frequency resolution is only about 130 MHz. This means that the differential
frequency shift of the two LCSs cannot be resolved (it is in total about 30 MHz),
but only inferred from its indirect effect via stabilization and destabilization of
external cavity modes and the resulting possibility of locking and unlocking. It
is worth noting that when the fringe visibility is high, i.e. >0.5, the two LCSs
operate on a single frequency (region within dashed lines in Fig. 5.10(b)), they are
frequency and phase locked. There is a jump in the common operation frequency
of the LCSs by one FSR slightly after 15 MHz, where the fringe visibility is
nearly maintained. It drops from 0.9-1 to 0.8-0.9. This indicates that the two
LCSs do a common mode jump retaining phase and frequency locking, though at
this point there is a change of behavior in the phase evolution (green solid line

in Fig. 5.10(a)) and it becomes essentially flat. These observations reinforce the
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hypothesis formulated in Sec. 5.3.1.3 regarding Fig. 5.8 and the LCSs ability to
mode hop together whilst remaining locked.

Outside the locking region the two LCSs operate on two different external cav-
ity modes (with a frequency separation of 1.23 GHz between two adjacent modes).
In this region the fringe visibility is rather low (below 0.25) and the locking is
very weak. Some residual coupling via side-modes is probably responsible for
this residual partial locking. The observation of single LCSs in Sec. 5.3.1.3 seems
to confirm this scenario. As indicated, for higher tilts, the visibility drops to a
background given by noise on the order of 5% or less.

Although the transition from locking to unlocking seems to be accompanied
by a transition between a one frequency to a two frequency spectrum, there are
other regions in which the spectrum appears to be predominantly single-humped
(possibly with weak side-modes) but with low fringe visibility. A close inspection
however shows that the spectral line is wider there than in the central locking
range, by around 45-55% in the region between 2-6 MHz detuning, and by 27% in
the region at 19.5-20.5 MHz (close to the strong locking region). This indicates
that the two LCSs are operating close in frequency so that the difference cannot
be resolved within the limited resolution of the FPI (about 130 MHz). There is
a third region around 26 MHz, where the spectral line seems to be slightly, but
not significantly, broader and it is assumed that the frequency difference is below
the resolution there.

The basic features of the scenario described for LCS 1 and 2 (79 pm apart) are
also typical for other distances and other pairs of LCSs. Figure 5.11 shows phase
and frequency locking for LCSs labeled 3 and 4 in Fig. 5.1, which are 49 ym apart.
In this case one observes a far field fringe spacing of 19.1 mrad which corresponds
to a near field separation of 51.3 um. Again, it agrees well with the measured
LCS separation of 49 pum. Similarly, there is a region of nearly complete locking
with a high fringe visibility. The phase (within the strong locking region) is cen-
tered around 7 and varies linearly with the detuning from 0.67 to 1.47 (green
curve in Fig. 5.11(a), see also Fig. 5.11(c)). The locking-unlocking transition
is accompanied by a transition between a single-frequency and a two-frequency
regime. Around a detuning of 4 MHz, the transition leads to a single locked state

with a visibility of 0.7 dominated by a single mode, although weak side-modes
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Figure 5.11: (a) Fringe visibility (black line) and fringe phase (green lines) as a
function of the detuning. The zero of this detuning scale is arbitrary. The solid
and dashed green curves are obtained for scanning the tilt back and forth. (b)
Evolution of frequencies, the frequency distribution is obtained from the opti-
cal spectra recorded by the FPI. (¢) Cut through far field intensity distribution
orthogonal to fringe orientation. Other parameters: T=69°C, [ = 387 mA.
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are still present in the spectra. The latter disappears with a further increase of
the visibility to the 0.9 level. Similarly to what happens in Fig. 5.10(b), the LCSs
perform a common mode-hop within the locking region (around 7.5 MHz detun-
ing), but remain locked. In contrast to the previous case, the phase evolution
is not perturbed, i.e. the phase continues to grow approximately linearly. This
might be related to the fact that the visibility remains above the 0.9 level, which
is significantly higher than in Fig. 5.10(a).

Before the strong locking region, there are already small regions (around
1.5 MHz and 3 MHz) in which partial locking takes place. An extrapolation
of the phase in the main locking region seems to match qualitatively phase val-
ues obtained in these regions. There are also some ranges of non-monotonous
behavior of the phase (a decrease with increasing detuning) in the partial locking
regions around 3 MHz and 4 MHz. The significance of these observations is not
clear at the present stage of investigations.

A third pair of LCSs with a near field separation of 33 um was investigated.
Only one of the two LCSs is labeled, 3, in Fig. 5.1. The second one is located
to the right of LCS 3. Figure 5.12 shows phase and frequency locking for this
pair of LCSs. In this case a far field fringe spacing of 27.6 mrad was measured
which corresponds to a near field separation of 35.5 ym. Again this result agrees
well with the measured LCS separation of 33 pm which confirms that the fringes
observed in far field are the result of the interference of the two LCSs. The basic
features observed for the two previous pairs are also observed here. The phase
(within the strong locking region) is centered around 7 and varies linearly with the
detuning from 0.87 to 1.357 (green curve in Fig. 5.12(a), see also Fig. 5.12(c)). In
this case the transition to locking is first associated with a multi-frequency regime.
At the beginning of the locking region and up to a detuning of 8 MHz the LCSs
operate on 3 adjacent external cavity modes. However, within this detuning range
the locking is not very strong as indicated by a fringe visibility of about 0.5. In
this region the two LCSs operate on 2 external cavity modes and locking seems to
be the result of side-mode locking. The fact that the third frequency on which the
LCSs emit in this region lies exactly in between the two individual frequencies
of the LCSs in the unlocked region tends to confirm this hypothesis. Indeed,
in the unlocked region, i.e. from 0 till 5.8 MHz detuning, the two LCSs do not
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Figure 5.12: (a) Fringe visibility (black line) and fringe phase (green lines) as a
function of the detuning. The zero of this detuning scale is arbitrary. The solid
and dashed green curves are obtained for scanning the tilt back and forth. (b)
Evolution of frequencies, the frequency distribution is obtained from the opti-
cal spectra recorded by the FPI. (¢) Cut through far field intensity distribution
orthogonal to fringe orientation. Other parameters: T=69°C, [ = 380 mA.
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emit on two consecutive external cavity modes but are separated by two external
cavity modes. After strong locking is achieved, i.e. between 8 MHz-15.5 MHz
detuning, the two LCSs mainly operate on a single frequency associated with a
fringe visibility of 0.8-1. Similarly to what was observed in the two previous cases,
in the strong locking region the two LCSs mode-hop together, they retain phase
and frequency locking. Although, between 13 MHz and 15.5 MHz one observes
weak side-modes in the spectra. Within the dashed lines (see Fig. 5.12(b)) the
phase varies linearly with detuning as observed in Fig. 5.11(a) and Fig. 5.10(a).
However, the variations in the phase are more pronounced between 5 MHz and
8 MHz where the visibility is >0.5. After 8 MHz the phase is not perturbed and
increases approximately linearly even when the two LCSs mode-hop together.
Outside the locking region the phase remains constant, i.e. the fitting function
picks up noise that is not related to locking.

In summary, a variety of different dynamical behaviors for pairs of LCSs with
different distances ranging from 30 pum to 80 um were obtained. They all share
the common feature of a region of nearly complete locking in which the phase is
evolving approximately linearly with detuning. The locking is dominantly anti-
phase (7 locking phase) and the locking phase is centered around 7 and varies by
nearly 7 over the locking range. Strong locking is associated with single frequency
emission of the two LCSs, however they retain the ability to mode-hop together
thus maintaining frequency and phase locking. We will argue in the next sections
that these observations are a manifestation of the Adler-scenario. The observed
variations in dynamics are expected since important parameters are associated

with background disorder that cannot be controlled by the operator.

5.6 Theoretical Description

The theoretical model introduced below has been developed by the computa-
tional nonlinear and quantum optics group (CNQO) at Strathclyde following
experimental guidance. The figures presented in this section were produced by
Craig McIntyre and for a more detailed analysis see [225]. The CNQO, and
more particularly Craig Mclntyre, provided valuable insight and collaboration

with the theoretical side of the interaction of two LCSs leading to frequency and
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phase locking. We will see that in theory the locking behavior is well described
by the Adler model for the synchronization of coupled oscillators and matches

the experimental results introduced earlier in this chapter.

5.6.1 The Semiconductor Class-B Model

The behavior of semiconductor lasers with feedback has caught a lot of attention
since the pioneering work of Lang and Kobayashi in 1980 [4]. In particular,
the modeling of feedback effects on the dynamics of semiconductor lasers is of
significant interest [5]. However, most of the work has been done by neglecting the
spatial degrees of freedom in the transverse direction. Transverse space degrees of
freedom are critical for LCSs, therefore they should be included in the model that
describes the experimental setup discussed in the previous sections. Following
[226], the dynamical evolution of the intra-VCSEL optical field E and carrier
density N of a VCSEL with frequency-selective feedback can be modeled by the

following system of coupled partial differential equations and mapping:

2V
(T} + T5)
ON = —y[N—J+|EP(N—1)+ DV>N] (5.5)

F(t) = e @Gt —1;/2) {_ 1— T F(t —75) + TlE(t—Tf)} (5.6)

OE = —(1+i0)E+iV’E+o(1 —ia)(N —1)E + (5.4)

In Eq. (5.4), 0 is the detuning of the VCSEL cavity with respect to the carrier
reference frequency, o is a coupling constant, a is the linewidth enhancement
factor, and T and T, are the transmittivities of the VCSEL mirrors. The term
V?2E describes diffraction in the VCSEL cavity. Note that light propagation
in the external cavity is considered here without approximations typical of the
Lang-Kobayashi model [227]. This allows for the consideration of large feedback
reflectivities without incurring unphysical results (refer to [226] for more details).

In Eq. (5.5), J is the injection current normalized to the value at transparency.
Time is scaled to the VCSEL cavity lifetime, and v is the ratio of the cavity
lifetime to the carrier response time in the VCSEL. The term DV?2N describes

carrier diffusion but is usually considered small and is therefore omitted.

119



5.6 Theoretical Description

In Eq. (5.6), d is the external cavity carrier field detuning, 7y the external
round-trip time. See [227] for a detailed description of the external cavity. The
operator G describes the frequency-selective operation of the Bragg reflector on
the field envelope and is taken to be

t

G(t) {h(t)} = ;"—Z - =0 (¢’ dt (5.7)

where ), is the grating central frequency relative to the reference (carrier)
frequency (shifted to zero in the following), ¢ the inverse of the filter bandwidth
and r, the overall reflection coefficient. Note that this description neglects the
transverse wavevector dependence of the reflector response. Transverse effects of
free-space propagation, i.e. diffraction, in the external cavity are also disregarded,
since in the experimental setup the VCSEL output coupler is imaged directly onto
the Bragg reflector as described in Chap. 3.

The validity of this model goes beyond the standard regimes of operation
described by the Lang-Kobayashi (LK) model for semiconductor lasers with ex-
ternal feedback which only describes weak to moderate optical feedback effects,
i.e. the effects of multiple round trips in the external cavity are neglected, and

successfully describes the operational regimes of LCSs with high reflectivities of

the VBG.

5.6.2 The Simplified Ginzburg-Landau Model

As we are primarily interested in single-frequency laser solutions, and in partic-
ular solitons, the carrier dynamics can be eliminated, reducing the model to a
nonlinear equation for E(x,t) coupled to a linear equation for the feedback field
F. In this case we consider the simplest scenario of LCSs by setting aside compli-
cations such as delay and high-order nonlinearity. This scenario is well described
by a simple generic model consisting of a cubic-quintic Complex Ginzburg Lan-

dau (CGL) equation where solitons are stabilized by coupling to a linear filter
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equation [228]:

OE = goE + ¢2| E’E —i0?E + F + in(2)E,
(5.8)
atF = —)\F + XE,

where E(z) is the intra-cavity field and F(z) is the filtered feedback field.
We focus here on one transverse spatial dimension but similar results are ex-
pected in 2D. The time and space coordinates (t, z) are scaled to 1 ns and 40 pm,
respectively, so that gg, describing linear gain and detuning, and g,, describing
nonlinear gain and dispersion, are dimensionless. Note that gy and g, are complex
solutions and that the imaginary part of g, corresponds to either the strength of
the self-focusing or defocusing nonlinearity. The real function n(z) describes spa-
tial variations of the cavity tuning due to background defects that predominantly
perturb the material refractive index. In the second equation of (5.8) x is the
feedback strength, X its bandwidth, and the reference frequency is set to the peak
of the filter response. Small variations of n(x) lead to pinning and small changes
in the soliton frequency. This is analogous to tilting the VBG in the experiment,
i.e. the relative detuning between the two LCSs. System (5.8) has exact solutions

corresponding to stable single-frequency chirped-sech solitons [228].

5.6.3 Adler Equation

LCSs have intrinsically two Goldstone modes, namely position and phase. How-
ever, due to growth fluctuations, the positions of the LCSs is fixed by the frozen
disorder of the VCSEL aperture. Thus, only one Goldstone mode remains. Since
the amplitudes of the LCSs does not play a role in the locking phenomenon
and that the trapped soliton pairs have a pure phase dynamics, it is possible to
describe the system by an Adler equation [195], i.e. the archetypical equation
describing synchronization between coupled oscillators. It can be written in the

form

dd

= = Aw — esin(P), (5.9)
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Figure 5.13: Locked phase differences ® of pinned LCSs for different frequency
detunings (controlled by the potential depths 1y and ns) from direct integration
of Eq. (5.8) (dots, LCS separation of 5.3 soliton widths) and Eq. (5.4, 5.6) (tri-
angles, LCS separation of 4 soliton widths). The solid line refers to the Adler
equation (5.9). The inset shows the spatial profile of the near-field intensity of
two interacting LCSs. Such profile is almost constant across the Adler locking
region. Figure courtesy of Craig Mclntyre [225].

where Aw = wy — wy is the trap-detuning (which is zero for n; = ny with
ny = n(zy) and ny = n(zy)) where w; and wy are the frequencies of the indi-
vidual solitons, € is a coupling constant and & is the locked phase. In-phase
and anti-phase solutions are selected for Aw = 0, depending on the sign of the
coupling. For positive € the stable final state is ® = 0, for negative ¢ it is ¢ =
m. A comparison of the results of the Adler equation with negative ¢ and the
simulations of the synchronization of LCSs trapped by defects in both equations
(5.8) and the class-B model equations (5.4, 5.6) is presented in Fig. 5.13. The
Adler equation predictions (solid line in Fig. 5.13) show an excellent agreement
with the other two models. Note that the 7/2 value observed in phase locking of
dissipative solitons without defects [229] is now replaced by the 7 value typical
of Adler synchronization.

In order to characterize the Adler locking in the spatial and temporal domains,

the time averaged far field images and the optical spectra are shown in Fig. 5.14
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Figure 5.14: Far field fringes (a)-(c) averaged over 2 us, and optical spectra (d)-
(f) for a time window of 5 us, for Aw/Awy, = 0 (a,d), 0.99 (b,e) and 2.0 (c,f)
obtained from simulations of the semiconductor class-B model. In (d,e) the LCS
spectral peaks (dashed and solid lines) overlap. Figure courtesy of Craig Mclntyre
[225].

for two points inside (Aw/Awy, = 0 and 0.99) and one outside the Adler locking
region (Aw/Awy, = 2), respectively. From Fig. 5.13 it is clear that when LCSs
are in the locked state they have a fixed phase difference and the same frequency.
This is demonstrated in Fig. 5.14(d, e) where the optical spectra of two values
of Aw inside the locked region are shown and corresponding to Aw=Awy, = 0
and 0.99, respectively. Within the locked region, the spectra of the two LCSs
overlap exactly indicating a strong interaction. There is a progressive shift of the
locked frequency while scanning the Adler region. This matches qualitatively the
experimental results in Fig. 5.12, 5.11, 5.10 though the absolute value is much
lower. This is not surprising, because the technique used to change detuning
in the experiment is different. The corresponding far field images are shown in

Fig. 5.14(a, b). Interference fringes between the two locked solitons are clearly
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visible. Progressive change of the LCS phase difference ® (from 7 at Aw=Awy, =
0 to around 1.5 m at Aw=Awy, = 0:99) is reflected in the change in the symmetry
of the fringe pattern. These features are also characteristics of the different
experimental realizations where the phase difference is centered around 7w with a
total shift of about 7 in all three cases investigated.

Both optical spectrum and far-field fringes change significantly as soon as one
moves outside of the locking range as shown in Fig. 5.14(c, f) for Aw=Awy, = 2.
The spectra of the two LCSs are now clearly separated although a partial overlap
of some of the peaks is still present due to the non-uniform evolution of the
relative phase. Such feature affects the far-field image too where some interference
maxima are still visible although progressively disappearing with increasing Aw.
For very large difference of the defect minima (not shown), the fringe visibility
is expected to disappear completely [225], as expected for two LCSs with large
frequency separation. This matches the experimental results introduced earlier in
this chapter and demonstrates the validity of Adler’s model for two LCSs pinned
by defects.

The Adler locked state between LCSs is a robust feature independent of initial
conditions such as initial phases, frequencies and sequential order of creation of
the two LCSs. Once the locked state is attained, one of the two LCSs can be
switched off by a short, localized perturbation to the carrier density at its location.
Hence, LCSs retain their solitonic properties in the phase-locked state in the sense

that they are still individually bistable and optically controllable.

5.7 Conclusion

We demonstrated that locking does not affect the intrinsic properties of the LCSs,
the coupling is therefore weaker than their solitonic properties alone and they re-
main individually controllable. We also demonstrated both experimentally and
theoretically that two trapped LCSs in VCSELs with frequency selective feed-
back display Adler synchronization leading to phase and frequency locking. The
synchronization is induced by spatial defects where the LCSs are pinned and by

changing the frequency of each soliton with respect to that of its neighbor. The
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presence of the defects breaks the translational symmetry, fixes the relative dis-
tance between solitons and locks the relative phase to values different from /2
observed numerically in the absence of defects or experimentally in temporal-
longitudinal systems.

Although the validity of Adler’s model for only two solitons has been demon-
strated, network synchronization in the spirit of Kuramoto’s model (with coupling
possibly controlled by the deviation from the self-imaging condition) should be
possible with many LCSs in a fruitful analogy with brain activity [21] and, pos-
sibly, with spatio-temporal excitability [205].
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Chapter 6

Dynamics of a Semiconductor
Laser with Frequency Shifted
Feedback

In this chapter experimental results of an 830 nm, Quantum-Well (QW), Fabry-
Perot cavity, edge emitting semiconductor laser (EEL) coupled to a high reflec-
tivity mirror in an external cavity configuration with frequency shifted feedback
(FSF) are reported. In particular, the dynamics of the output of an EEL with FSF
are investigated. Different cavity lengths, matching a multiple of the frequency
shift of the optical feedback, are investigated and the results are contrasted with
those from conventional optical feedback systems. Results obtained with resonant
cavities are also compared with non-resonant frequency shifts giving a complete
picture of the dynamics of an EEL with FSF.

The dynamics are mapped as a function of the level of FSF and the injection
current. Two different external cavity configurations were investigated; when
the frequency shift of the optical feedback is the fundamental or a sub-harmonic
of the external cavity frequency and when the frequency shift of the feedback
is off resonance with the external cavity. Multi-GHz-bandwidth real time data
collection and analysis is used to investigate the temporal and spectral behavior of
the output power of the nonlinear system. Three fundamentally different regimes

of operation are identified for the FSF system corresponding to low, medium and
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6.1 Preliminary FSF Laser Characterization

high levels of FSF. The medium FSF level regime is consistent with that found in
a semiconductor with conventional optical feedback (COF) system [5]. However,
for high levels of FSF the output of the system gives a noisy, near periodic output
similar to the pulsed comb of mode output observed in analogous FSF laser
systems using solid state gain media with a resonant cavity [105, 106, 119]. For a
very small range of medium FSF levels the system exhibits spectral behavior never
observed in semiconductor laser with FSF. A dual-wavelength laser emission at

two widely spaced wavelengths (10 nm) was observed.

6.1 Preliminary FSF Laser Characterization

6.1.1 Experimental Setup

In this section the frequency-shifted feedback experimental setup is detailed. A
schematic diagram of the experimental setup is illustrated in Fig. 6.1 and a pho-
tograph in Fig. 6.2. A quantum well, edge-emitting, Fabry-Perot cavity, laser
diode emitting at 830 nm (APL 830-40) is temperature controlled to 0.01 K and
driven by an ultra-low noise current source (Profile ITC-510). An output power
of 12 mW was obtained with a bias current of 70 mA. The output power ver-
sus injection current (LI) characteristic for the free running laser is discussed in
Sec. 6.1.3. An aspheric lens (L1) is used to collimate the output beam of the laser.
However, a beam divergence of order 2 mrad remains. Frequency shifted feedback
is obtained using an acousto-optic modulator (Gooch and Housego R23080-2-.85-
LTD, AOM) placed inside the external cavity. The AOM is driven by a nominally
80 MHz RF generator. A 79.6 MHz frequency shift was measured in the first or-
der diffracted light on each pass through the AOM. Optical feedback is provided
by an external cavity mirror (M) mounted on a translation stage. This allows
fine cavity length tuning to a precision of 0.1 pm.

A 50/50 beamsplitter (BS1) inside the cavity is used to couple light out for
distribution to the diagnostic equipment. An optical isolator (OI) is used in order
to prevent reflections from the detection system returning into the external cavity.
Outside the laser system, a second 50/50 beamsplitter (BS2) is used to couple half
of the laser output onto an ultra-fast detector (Alphalas UPD-40-VSI-P 8 GHz
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Figure 6.1: Experimental setup. Solid line: Alignment on the first diffraction
order beam of the AOM, Dotted line: Alignment on the zeroth order beam of
the AOM. M: Mirror, LL1-L4: Aspheric Lenses, BS1-BS3: Beamsplitters, AOM:
Acousto Optic Modulator, OI: Optical Isolator, PD: Photodetector, PMT: Pho-
tomultiplier Tube, OSA: Optical Spectrum Analyzer, FPI: Fabry-Perot Interfer-
ometer.

bandwidth, PD). A 20 gigasample per second sampling rate digital oscilloscope
with 4 GHz bandwidth (Agilent Infiniium 54854A DSO) was used to capture the
output power time-series. A minimum of 20 000 points (1 us) are sampled for
each data point to allow complexity analysis to be completed. The remaining
light is then split by a beamsplitter (BS3). One beam is coupled to a multimode
fiber connected to an optical spectrum analyzer (Anritsu MS9710C, OSA), with
a resolution of 0.07 nm. The second beam goes into a Fabry-Perot interferometer
(Burleigh RC-110, FPI). The FPI is actively scanned and its cavity length can
be adjusted to cover a free spectral range (FSR) from 1 GHz to 1.5 THz. The
output from the FPI is measured by a photomultiplier tube (Hamamatsu R636-
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Figure 6.2: A photograph of the experimental setup. The external cavity mirror
can be aligned such that it reflects the zeroth or the first order diffraction beam
of the AOM. Here the first order is fed back into the laser.

10, PMT).

The translation stage, controlled via the computer to a precision of 0.1 pm,
was used to tune the external cavity length such that it matched a multiple of
the AOM roundtrip frequency, i.e. 160 MHz, 320 MHz, 480 MHz or 640 MHz.
The shortest cavity corresponding to 640 MHz was technically possible but the
angular separation between the zeroth and first order beams from the AOM was
not large enough to ensure that the first order was completely coupled back into
the laser without any overlap with the zeroth order. The external cavity length
corresponding to a roundtrip frequency of 80 MHz was not investigated due to
the fact that this frequency shift is very small compared to the expected relevant
time scales of the dynamics (/ ns) and also because the roundtrip frequency shift
of the AOM is 160 MHz. On top of that the external cavity length would have
been too long to be set-up in a straight line on the optical table. Therefore the

addition of a high reflectivity mirror inside the external cavity would be needed,
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adding unnecessary complication to the already careful alignment the system
requires. And because of the beam divergence, the coupling efficiency is likely to
be reduced for longer cavities which means that the returning beam might not
entirely pass through the AOM.

The instrumentation is controlled via a computer through the software Lab-
view. This automated computation system allows us to capture 1001 different
FSF levels for 71 injection currents in a little more than 60 minutes. The output
power time-series, OSA data, and FPI spectra are all captured at the same time
for each FSF level at every injection current. For a given cavity length, a com-
plete characterization of the system requires a total number of 71 071 time-series.
The characterization of the system at the highest resolution, i.e. collection of all
the data, required to generate high density maps can take up to 3-4 full days to

complete depending on whether the optical spectra are saved or not.

6.1.2 Acousto-Optic Modulator

Acousto-optic modulators (AOMs) are commonly used as a device to control
the power or the spatial direction of a laser beam traveling through it. AOMs
also find applications as frequency shifters and wavelength filters. They act as
a controllable diffraction grating. They rely on the acousto-optic effect, which
allows the oscillating mechanical pressure of a sound wave to modify the refractive
index of a crystal. A piezo-electric transducer (PZT) is attached to the crystal
such that when an oscillating electric signal is sent to the transducer it creates a
sound wave in the crystal. The sound wave then generates a traveling periodic
refractive index grating in the crystal which therefore causes some of the light to
be diffracted. Even at maximum diffraction efficiency, a small fraction of the light
remains in the zeroth order of the AOM. The frequency of the diffracted beam
is then increased, but it can also be decreased depending on the propagation
direction of the acoustic wave relative to the beam. The frequency of the sound
wave traveling through the crystal controls the frequency shift of the diffracted
beam. The diffraction efficiency is controlled via the acoustic power, i.e. the

amplitude of the electric signal sent to the AOM. AOMs find many applications
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Figure 6.3: AOM Bragg adjustment. A sound wave propagating through the
crystal creates a traveling periodic refractive index grating. As a result some of
the light is diffracted in the 1% order with an angular separation ¢4 corresponding
to 2637,(199.

such as in Q switching solid-state lasers [230], cavity dumping [231] or mode
locking [232].

The modulator rise time is limited by the acoustic velocity of the modulator
material and the size of the laser beam. Diffraction occurs when the acoustic
wave has traveled through the optical beam. In case of a Gaussian profile the

time required to cross the 1/e? beam diameter is

Dy e
TT Ty

where D; .2 is the diameter of the optical beam at 1/ e? and V is the acoustic

(6.1)

velocity of the modulator material. The rise time is calculated from the relation-
ship [233]

t, = 0.64r. (6.2)

A diagram of the angular relationship between the acoustic wave and the
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optical beam is shown in Fig. 6.3. It illustrates a particular case known as the
Bragg regime. For a specific incidence angle 0p,,4, only one diffraction order is
generated, the others are extinguished by destructive interference. This requires
the AOM to be slightly tilted off perpendicular to the optical beam so that the
Bragg condition is met. The AOM was operated at the Bragg regime during
the experiment as this configuration allows maximum diffraction efficiency of the
AOM. The deflection angle ¢4 illustrated in Fig. 6.3, i.e. the separation between
the zeroth and first order beams, is given by [233]

E
V

where F'is the acoustic drive frequency and A the wavelength in the crystal.

de - 2QBragg = (63)

Experimentally, with the shortest external cavity used, a separation of 4.00 mm
(£ 2%) was obtained after a roundtrip in the external cavity between the zeroth
and first order beams.

The experiment previously described in Sec. 6.1.1 relies on the frequency shift-
ing properties of the AOM. In an FSF laser system an AOM is commonly placed
inside the external cavity implying that the light experiences a frequency shift
on each propagation through the AOM. The AOM is driven by an 80 MHz RF
generator, thus the intracavity electric field experiences a nominal frequency shift
of 160 MHz after each round trip in the external cavity. The diffraction efficiency
of the AOM can be adjusted by varying the amplitude of the electric signal sent
to the AOM. Increasing the voltage increases the power of the diffracted light
until maximum power in the first diffraction order of the AOM is achieved for a
drive voltage of 0.8 V. The transmission of the crystal was measured as 91.4%
(£ 0.5%), which is slightly lower than the specification maximum transmission
of 97% for the crystal. This is an indication that the collimated beam is a little
too large for the aperture of the AOM. This was indeed verified by using a beam
profiler. The 1/e? diameter of the fast axis beam was measured at 3.35 mm and
3.21 mm before and after the AOM, respectively. It is worth mentioning that a
small beam diameter difference was observed between the zeroth and first order
beams and was estimated to be approximately 7% with the first order always

being larger than the zeroth order beam. The size limitation of the beam could
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be solved by placing the crystal at the focal spot of a telescope formed by two
converging lenses thus reducing the size of the beam when propagating through
the AOM. It is usually required to focus the laser beam in the crystal in order to
achieve maximum diffraction efficiency. However, since the experiment requires
feedback from the first order diffracted beam, i.e. the beam coming out of the
AOM with an angle, the ease of the FSF alignment would suffer from it. And
it is also important to avoid the extra losses induced by the telescope in order
to achieve high FSF levels. But more importantly, the extra space required to
place the telescope inside the cavity would not allow us to work with the external
cavity corresponding to a roundtrip frequency of 480 MHz. In order to maximize
the diffraction efficiency of the AOM the laser was mounted in such a way that
the beam was linearly polarized, perpendicular to the acoustic propagation axis.
According to the specifications of the AOM given by the manufacturer, a random
polarization orientation would reduce the diffraction efficiency by at least 5%.
After careful alignment the AOM reached a maximum diffraction efficiency
of 90%. Figure 6.4 shows the normalized diffraction efficiency of the AOM with
increasing voltage for the zeroth (solid line) and the first order (dashed line). The
diffraction efficiency is not linear with the voltage applied to the AOM. Between
0 V and 0.2 V there is no significant change in the zeroth and first order beams
output power. The FSF varies from 0.03% to 0.08%. The diffraction efficiency
improves quickly from 0.2 V to 0.8 V with a close to linear trend, and decreases
slowly thereafter. It is worth noting that when operating with the zeroth order it
is not possible to achieve complete extinction of the beam thus even for an input
voltage of 1 V there is still a small amount of feedback, around 0.03%, going back
into the laser if it is aligned on the zeroth order beam of the AOM. The direction
of the first order beam, with respect to the zeroth order, is shifted by the AOM,
as described by Eq. 6.3 and illustrated in Fig. 6.3. Thus, it is possible to optimize
the feedback such that only the first order diffraction beam is fed back into the
system. However, this condition is only valid if the angular separation between
the first and zeroth order is large enough so that even when there is no voltage
applied to the AOM the reflected light from the zeroth order does not travel
back through the AOM. This was indeed verified theoretically using Eq. 6.3 and

experimentally with a beam profiler for all the external cavity lengths studied

133



6.1 Preliminary FSF Laser Characterization

< < @
N (@) [*-]
T T

Intensity (Normalized)

<
)

0 0.2 0.4 0.6 0.8 1
Voltage (V)

Figure 6.4: Output power of the AOM in the zeroth order (solid line) and first
order (dashed line) normalized to the maximum power transmitted in the zeroth
order for increasing voltage

in this chapter. A separation of 4.00 mm (£ 2%) between the center, i.e. peak
power, of the zeroth and first order beams was measured after a roundtrip in
the external cavity at the shortest cavity length investigated in this chapter, i.e.
480 MHz. The 1/e? fast axis beam diameter was measured as 3.40 mm at this
cavity length, which also corresponds to the separation between the center of the
two beams. This ensures an effective separation of 0.6 mm (£ 9%) between them.
Larger separations were achieved with longer external cavities. This separation
was considered large enough to ensure that after careful alignment, only one beam
was fed back into the system. Before any data collection the optical alignment was
optimized such that the diffraction efficiency of the AOM was maximum. And
when careful alignment was not enough to ensure maximum diffraction efficiency
then the amplitude of the RF signal was adjusted and another version of Fig. 6.3
was generated until the diffraction efficiency was maximized and best performance
of the AOM was achieved.
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6.1.3 LI Curve and FSF Alignment

A Light-Injection (LI) curve measures how the laser output power varies with
injection current. This is usually used to find the laser threshold point. The light
output of the laser is measured using a photodetector (Ophir PD300) attached to
a power meter (Ophir Nova). The output of the power meter is then connected
to a computer and controlled through a custom made LabVIEW program. The
ultra-low noise current source can deliver currents up to 200 mA with a precision
of 0.01 mA and an accuracy of £100 pA.

The laser diode used in this experiment is a GaAlAs, quantum well, edge-
emitting Fabry-Perot cavity diode. The maximum output power of the free run-
ning laser is given as 40 mW when operated below 25.0°C. Because the laser
is driven with optical feedback, it is important not to overdrive the laser. The
free running laser has a recommended maximum output power of 30 mW with
an injection current of 160 mA. The BS inside the external cavity transmits 50%
of the light and thus, at most, half of the light reaching the external mirror is fed
back into the laser, this is neglecting the attenuation of the zeroth order of the
AOM which is close to 0. Taking into account the transmission of the BS and
the diffraction efficiency of the first order beam after a roundtrip in the external
cavity, approximately 20% of the light emitted from the laser contributes to the
feedback. The coupling coefficient of the laser was not calculated but is estimated
to be that of standard EEL diode, i.e. & 20-30%, which means that at most ~
6% of the output power of the laser is fed back. Therefore, it is safe to operate
the laser up to 150 mA. In order to be conservative the laser was not driven
above 100 mA. When the laser diode was operated at 70 mA at a temperature
of 25.0°C the operating wavelength of the free running laser was measured as
830.8 nm using the OSA.

Figure 6.6 shows the spontaneous emission of the free running laser at 25.0°C
just below threshold with an injection current of 55 mA. From this figure the gain
seems to be maximum around 829 nm which indicates that the laser apparently
prefers to emit on the next longitudinal mode, i.e. 830.8 nm. However, the center
of the gain bandwidth can shift at higher injection currents. Figure 6.5 shows the

LI curves at 25.0°C with maximum FSF (dashed line) and free running (solid
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Figure 6.5: LI curves for the FSF laser (with maximum FSF) (dashed line) and
the free running laser (solid line). The laser was operated at 25°C and current
steps of 0.2 mA were used.

line) with a bias current resolution of 0.2 mA. The threshold has dropped from
57.2 mA to 33.4 mA with FSF, resulting in a reduction of 23.8 mA as indicated
in Fig. 6.5. When FSF was applied the lasing builds up from the frequency
shifting light field, not from the spontaneous emission. The sharp threshold
current transition observed with FSF as compared to the gradual transition from
LED operation to lasing when the laser is free running indicates the FSF laser
is behaving as expected as it has been observed in other FSF laser systems with
different gain media [114, 119].

Optical alignment of the laser system is achieved using the threshold minimiza-
tion method. The external cavity mirror is aligned until a minimum threshold
current is obtained. For optimized maximum feedback, laser threshold occurs at
33.4 mA £ 0.2 mA but as the laser was aging, towards the end of the experiment
the threshold was 34.6 mA 4+ 0.2 mA. Figure 6.7 shows the output power as a
function of the tilt of the external mirror for two different injection currents with

maximum FSF. Zero mirror tilt corresponds to the alignment when minimum
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Figure 6.6:  Spontaneous emission of the free running laser. The laser was
operated at 25°C and 55 mA.

threshold is achieved. For high injection current, see Fig. 6.7(b), the zero mirror
tilt does not correspond to the maximum output power as observed in conven-
tional optical feedback systems [234, 235]. Hence, the output power corresponding
to minimum threshold sits in between two maxima and the feedback can not be
aligned by maximizing the output power at currents well above threshold. How-
ever, when the laser is operated close to threshold, the maximum output power
is reached when minimum threshold is obtained as seen in Fig. 6.7(a). Multiple
realizations were performed and the large plateau at which the power is maxi-
mum and its variations very small was always observed. The small dip located
in between the two maxima in Fig. 6.7(b) was present most of the time but the
fact that a plateau was systematically observed for a broad range of tilt angle
makes the interpretation of maximum output power rather difficult and most of
the time random. Thus, the threshold minimization method was systematically
used to align the mirror after the length of the external cavity was changed. Also,
as it was observed that a small misalignment can cause the laser to behave in

a very different way, the alignment was carefully checked and optimized in this
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Figure 6.7: Output power as a function of the tilt of the external mirror for two
different currents, 40 mA (a) and 70 mA (b), with maximum FSF. Zero mirror
tilt corresponds to the alignment when minimum threshold is obtained.

consistent manner before any data collection was performed.

6.1.4 Optical Wavelength/Frequency Spectra

Two different types of instruments were used to capture optical wavelength /frequency
spectra, an optical spectrum analyzer (OSA) [236] and a Fabry-Perot interfer-
ometer (FPI) [237]. The OSA relies on a high resolution diffraction grating to
separate the different wavelength components the laser output may have. It has
a maximum resolution of 0.07 nm or 30 GHz at 830 nm. The laser beam needs
to be coupled into a single mode fiber connected to the OSA. The small diameter
(typically 8 pm) of the core makes the coupling a difficult exercise, as well as
being very lossy, if the beam does not have a circular shape. Therefore a pair
of anamorphic prisms was used to obtain a near circular beam. Despite having
a rather low coupling efficiency (less than 50%), an optical fiber is an easy and
compact solution to implement in a system. An OSA is also useful to find the
absolute wavelength of a laser. The main limitation of this instrument is its low
spectral resolution.

An FPI was used as a second tool to measure optical frequency spectra from
the system at higher resolution than the OSA. The equipment used was a plano-
planar FPI. As the name suggests, the cavity consists of two high reflectivity
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Figure 6.8: Optical frequency spectra obtained with the scanning Fabry-Perot
interferometer for the free running laser. The injection current was 70 mA.

plane mirrors mounted on three carrier rails which allow the cavity length, i.e.
the free spectral range (FSR) to be adjusted. One of the mirrors is fixed and
the other is attached to a PZT. The coarse position of this mirror can be set to
adjust the cavity length from 0.1 to 150 mm, corresponding to a FSR of 1.5 THz
to 1 GHz, respectively. The FPI mirror holders and carrier rails are made of very
low thermal expansion material to ensure the stability of the mirror spacing. The
length of the cavity is scanned by sending a high voltage ramp to the PZT. A
photomultiplier tube is placed after the cavity and is connected to an oscilloscope
which triggers on the voltage ramp such that the scan of the cavity is synchronized
with the detection. Multiple roundtrips inside the cavity are then responsible for
creation of the interference patterns. Constructive interference is observed when
the cavity is in resonance resulting in a high signal captured by the photodetector
whereas an off resonance cavity leads to destructive interference. This is why a
careful alignment of the cavity has to be made such that the highest signal is
obtained when operating the free running laser. The Finesse (F) is a measure
of the cavity resolution and is defined as the ratio of the FSR and the FWHM
bandwidth of the resonance peaks F' = Af/df (see Fig. 6.8) [237]. If F becomes

too small then the peaks will overlap each other resulting in a poor resolution of
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Figure 6.9: Optical spectra obtained with the optical spectrum analyzer for the
free running laser operated at 70 mA (a), for the FSF laser with maximum FSF

at 40 mA (b), 50 mA (c), 70 mA (d), 80 mA (e) and 100 mA (f).

the measure. A finesse of 70 + 5 with a FSR of 7.7 + 0.3 GHz was measured
using the experimental trace shown in Fig. 6.8. These parameters give a maximum
resolution of 110 MHz meaning that the 160 MHz features associated with the
roundtrip FSF were resolvable, if they were present. The determination of the
FSR of the cavity is critical when working with such a short cavity. Any drift,
any instability could lead to a change in the FSR and thus in the FPI spectra.
The easiest way to determine the FSR is to characterize the frequency drift of
the laser induced by Joule heating. This can be done by recording the optical
spectra from the OSA with increasing temperature. This is only valid if the
laser does not show mode hopping during the temperature scan. However, due
to the insufficient frequency range without mode hopping achieved by the laser,
this method was not implemented. Instead a tunable laser, (New Focus 6226),
tunable from 829-856 nm) with a resolution of 0.02 nm was used to calibrate the
Fabry-Perot cavity. The high stability of the laser output along with the very fine
tuning of the laser wavelength allowed the FSR to be determined to a precision
of 300 MHz, i.e. 7.7 GHz (£ 4%).

The optical frequency spectrum of the output of the system was measured at
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Figure 6.10: Optical frequency spectra obtained with the scanning Fabry-Perot
interferometer for the free running laser (a), for the FSF laser with a FSF of
0.08% (b), 0.25% (c), 1.15% (d), 1.50% (e) and with maximum FSF (f). The

injection current was 70 mA.

several injection currents and with several levels of frequency shifted feedback.
Fig. 6.9 shows the optical wavelength spectra measured by the OSA. The free
running laser at 830.8 nm shows a single longitudinal mode, with at least 25 dB
of suppression for the neighbouring modes, at an injection current of 70.0 mA
Fig. 6.9(a). When maximum FSF is applied the threshold drops, as seen previ-
ously in Fig. 6.5. The laser operates on a single longitudinal mode, with several
low-power longitudinal modes as illustrated in Fig. 6.9(b), for an injection current
of 40 mA. When the injection current is increased to 50 mA, see Fig. 6.9(c), the
output power of the longitudinal modes starts to increase but the laser remains
single mode as the side mode suppression relative to the main mode is greater
than 20 dB. In Fig. 6.9(d) the laser is operated at 70 mA and it is now clear
that the laser no longer operates on a single longitudinal mode, one can observe 3
modes with less than 25 dB of side mode suppression relative to the main mode.
As the injection current increases the output power of the longitudinal modes
increases as seen in Fig. 6.9(e). When the laser is driven at 100 mA with maxi-

mum FSF it operates on 4 longitudinal modes with less then 25 dB of side mode
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suppression as depicted in Fig. 6.9(f). A higher injection current also means more
power in the side modes as observed in Fig. 6.9(e) and 6.9(d). The main mode
has a higher power at 100 mA than 80 mA but the power in the three side modes
flattens out and they show similar power with &~ 10 dB suppression to the main
mode. Figure 6.9 shows that the power in the side modes increases gradually
with injection current while maintaining a similar power level to that of the free
running laser in the main mode. This multiple longitudinal modes operation of
the laser with increasing injection current means that overlap of FSF broadened
features associated with these multiple longitudinal modes may be increasing the
apparent laser bandwidth in Fig. 6.10(f). The slight modulations in the spectral
envelope also indicate this. One can also notice that the center of the optical
wavelength spectrum shifts to longer wavelengths with FSF, see Fig. 6.9(b).
The effect of FSF on the spectral bandwidth of the laser is illustrated in
Fig. 6.10, using the FPIL. The full width half maximum (FWHM) of the main free
running laser mode is less than 110 MHz, the instrument linewidth, at 70 mA
Fig. 6.10(a). When a FSF of 0.08% is applied the spectrum broadens to 140 MHz
as seen in Fig. 6.10(b). As FSF is further increased the FWHM reaches 200 MHz
with a FSF of 0.25%, see Fig. 6.10(c). The FWHM increases to 230 MHz in
Fig. 6.10(d) when the FSF is still at a relatively low level of 1.15%. A FSF level
of 1.50% is enough to change the behavior of the laser. Beyond this point the
laser is no longer lasing on a single longitudinal mode, therefore one needs to be
careful with the interpretation of the optical spectra from the FPI beyond this
FSF level. With maximum FSF applied, Fig. 6.10(f), the FWHM increases to
2.92 GHz and has an approximately Gaussian shape as observed in other FSF
laser systems. The FSF laser optical frequency spectrum is expected to show
features spaced by 160 MHz if the laser has a pulsed output. Fig. 6.10(f) does
not show such features. The output is consistent with a broad band modeless
output, or a chirped comb of frequencies that are not resolved due to the slow
scanning rate of the Fabry-Perot compared to the frequency-shift rate of the
intracavity light field. But this interpretation of Fig. 6.10(f) may also need to
be modified because, as discussed previously, at this FSF level the laser is not

emitting on a single longitudinal mode.
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6.1.5 Resonance Condition

The resonance condition of the external cavity was established by looking at the
autocorrelation function (ACF) in combination with the fast fourier transforms
(FF'Ts) of the output power time-series of the system. For high levels of FSF the
autocorrelation function, calculated using a custom program in Matlab, shows
strong, sharp peaks located at the external cavity frequency. The location of the
peaks can be determined with a precision of 400 kHz. Thus, it is possible to
adjust the cavity length to match the AOM roundtrip frequency to a precision
of 400 kHz. The AOM roundtrip frequency is determined using the FFTs of
the time-series because the AOM features occurring for low levels of FSF do not
appear in the autocorrelation function. It has been found that the FFTs, for
low FSF levels, exhibit peaks located at multiples of the AOM frequency, i.e.
~ 80 MHz, ~ 160 MHz, ~ 240 MHz, etc. The amplitude of these peaks decreases
with higher order multiples, 160 MHz being the strongest peak. This peak is
always located at the same frequency regardless of the cavity length. Therefore
the cavity length can be adjusted so that both features, from the AOM and the
external cavity, overlap within 100 kHz. The external cavity features also appear
in the FFTs of the output power time-series of the system for high FSF levels.
Strong, evenly spaced, sharp peaks are observed in the FFTs and are directly
related to the external cavity roundtrip frequency. However, these peaks are
jittering in frequency a little more than the autocorrelation peaks, therefore the
absolute frequency can only be determined with a precision of 1 MHz (4 10%).
It is also common that for certain parameters these peaks do not appear in the
FFTs. This usually happens for low injection currents when the system is more
likely to be dominated by the FSF (see Sec. 6.4). Thus, the FFTs will only be
used to know the frequency shift introduced by the AOM and the autocorrelation
functions for a precise measurement of the external cavity roundtrip frequency.
The 320 MHz case will be described in this section but the same procedure was
applied for all the different cavity lengths studied in this chapter.

For a given injection current a fast fourier transform was performed on each
of the output power time-series for every FSF level. The AOM voltage controls
the FSF level, i.e. the fraction of the incoming light transmitted through the first
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Figure 6.11:  Map of the FFTs of the output power time-series for increasing
FSF (a) with an off resonance cavity of 248 MHz and (b) with a resonant cavity
of 320 MHz. The injection current was 70 mA.

order beam. It ranges from 0 V to 1 V, with 1 V corresponding to maximum
FSF. For each injection current a total of 1001 time-series have been captured
with 0.001 V steps applied to the AOM. The FFTs are then used to produce a
color map of the RF spectra as a function of FSF as illustrated in Fig. 6.11.
The frequency axis in Fig. 6.11 spans from 0 to 2 GHz but the bandwidth
limit of the oscilloscope allows us to observe dynamics up to 4 GHz. Beyond
this frequency the amplitude drops, even though it is still possible to observe
features up to 5 GHz with good clarity. Figure 6.11(a) illustrates the non resonant
case with an external cavity length corresponding to a roundtrip frequency of
248.1 MHz. Peaks located at 248.1 MHz (see online version for better clarity)
and its integer multiples are observed in Fig. 6.11(a) for high FSF levels. When
the cavity length is modified to match the frequency shift of 318.4 MHz induced
by the AOM, as seen in Fig. 6.11(b), the location of the peaks changes and
now matches the frequency roundtrip of the cavity length. This means that the
features observed for high FSF levels match the external cavity roundtrip time.
The external cavity frequency has be observed in the literature with conventional
optical feedback systems [238, 239, 240]. However, the frequency jitter of these
peaks is too large to allow precise determination of the external cavity roundtrip
frequency. Indeed, both the location and the frequency spacing between the peaks

is not constant and it is common to observe variations due to the frequency jitter
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Figure 6.12: FFTs of the output power time-series for two FSF levels, (a) 0.34 V
and (b) 0.7 V. The injection current was 70 mA.

on the order of a few MHz, making FFTs an unreliable tool to determine the cavity
roundtrip frequency. However, a strong, sharp peak located around 160 MHz and
appearing for low FSF levels up to maximum FSF is also observed in both graphs
in Fig. 6.11. It is worth noting that all the low amplitude peaks observed for the
entire FSF range are not features related to the dynamics of the system but noise
related to the oscilloscope. Those peaks are low in amplitude and always appear
at the same frequencies, they are more easily visible in the digital version of the
manuscript.

Figure 6.12 shows two slices extracted from Fig. 6.11(b) at 0.34 V and 0.7 V in
order to have a closer look at the peak located ~ 160 MHz. The amplitude of the
peak observed at 157.7 MHz is almost constant with increasing FSF and when
the cavity is in resonance a second peak located at 318.4 MHz corresponding to
the first multiple of the peak appearing at 157.7 MHz is observed, as seen in
Fig. 6.11(b) and 6.12(a). This second peak is lower in amplitude and appears for
higher FSF levels than the main peak at 157.7 MHz, probably suggesting that the
external cavity is in resonance with the frequency shift of the AOM. Note that
the 0 frequency of the FFTs is slightly offset so that the high amplitude peak
located at 0 does not appear in the graph for better clarity. This offset explains
the appearance of the second peak in Fig. 6.12(a) at 318.4 MHz rather than
the expected 315.4 MHz, the same offset was applied to the ACF. However, the
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Figure 6.13:  Autocorrelation function at 70 mA and 0.6 V. One sample pe-
riod=50 ps.

frequency spacing between the two peaks can be determined with confidence and
was measured at 160.7 MHz. Note that the linewidth of the peak associated with
the AOM is much narrower than the ones of the external cavity related peaks,
as observed in Fig. 6.12(b), and remains constant for all FSF levels. Figure 6.13
shows the autocorrelation function at 70 mA and 0.6 V. The strong peak, and
its integer multiples, corresponding to a delay of 63 sample periods observed in
Fig. 6.13 is directly related to the time delay introduced by the external cavity.
Note that this delay is constant with increasing FSF. This delay of 63 sample
periods corresponds to a frequency of 318.1 MHz (4 500 kHz) and this result
agrees, within the uncertainty of the measure, with the location at 318.4 MHz
of the AOM peak observed in the FFTs. Thus, the external cavity was assumed
to be resonant, within this uncertainty, with the frequency shift introduced by
the AOM. The peak associated with the frequency shift of the AOM for low FSF
levels and the peak related to the external cavity roundtrip frequency for high
FSF levels can be seen overlapping in Fig. 6.11(b) and confirms that the external

cavity is now resonant.
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6.2 Theoretical Models

The effects of optical feedback in semiconductor lasers have been studied since
the late 70s [241, 242]. A few years later, in 1980, Lang and Kobayashi published
a paper [4] explaining the effects of optical feedback on semiconductor lasers.
They demonstrated that high level of external optical feedback can make the in-
jection laser multistable and can also cause hysteresis phenomena. The authors
attributed these effects to be related to the gain medium characteristics of semi-
conductor lasers such as the strong dependence of the refractive index on carrier
density in addition to a broad gain spectrum. This paper also introduces the
widely used model of a semiconductor laser with optical feedback. The present
experimental setup, however, requires the inclusion of the frequency shift under-
gone by the carrier frequency of the field and high reflectivity of the feedback

mirror.

6.2.1 Overview and Description

Since the first FSF laser systems have been demonstrated, their unique properties
found various applications in diverse fields. But the precise nature of the field
emerging from such lasers is still being discussed [120]. One of the reasons is that
FSF lasers can operate in various regimes, ranging from a broadband modeless
operation [97, 99, 102, 243|, to pulsed output [27, 30, 31, 101, 244], and also a
chirped comb of frequency components [98, 116, 118, 245, 246], depending on
controllable parameters such as the amount of gain, the external cavity roundtrip
frequency and/or the frequency bandwidth of the laser. Broadband modeless
output originated from the observation that the build up of the intra cavity light
field by regenerative amplification after multiple roundtrips in the cavity does not
apply anymore. The frequency shift experienced by the electric field after each
roundtrip in the cavity prevents constructive interference from occurring at fixed
frequencies determined by the cavity length. Thus, the generation of radiation
exhibiting a continuous spectral profile is possible. The Fabry-Perot structure of
such radiation no longer exists but it retains the common features of conventional

laser sources. However, when the cavity length matches a multiple of the AOM
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frequency shift the system shows pulsed output. As it is not possible to obtain
an electric field which is identical in phase and frequency after several roundtrips
in the cavity, mode locking is a result of temporal overlap of consecutive passes
through the cavity which then leads to constructive interference. A few years
later, the nature of the broadband modeless output was reinvestigated [98]. De-
spite previous observations it was made clear that the output of an FSF laser
showed a mode structure, precisely a chirped comb of frequencies. This moving
comb consists of a superposition of the optical modes separated by the AOM
frequency whose instantaneous frequency chirps with time at a rate proportional
to the intracavity frequency shift. The chirp rate is such that any mode struc-
ture would be washed out in the detection of a Fabry-Perot interferometer or an
optical spectrum analyzer which were the only optical spectral characterization
tools used in the early reports. This is why two-beam interferometry studies are
required to characterize the true nature of FSF laser systems. In a two-beam
interferometer, the beat frequency between the two beams (shifted by the time-
delay introduced by the interferometer) is directly related to the difference in
the instantaneous frequencies of the modes of the the two beams. Therefore the
observation of extra beat notes at the output of such an interferometer has been
attributed to be a chirped comb of frequency components [118]. This model is
generally accepted to describe the nature of the electric field emanating from
FSF laser systems [246] and it has been experimentally demonstrated with FSF
systems based on a broad range of gain media [98, 118, 245, 247].

Theoretical models have been developed to support two different views of the
nature of the field emerging from FSF lasers; either the discrete set of frequencies
which describes the FSF laser as a static comb of frequencies [31, 248, 249] or
the moving comb model where the electric field is seen as a moving comb of
chirped frequencies [29, 116, 119, 250]. More recently a study from Yatsenko
and coauthors [246] presented a new approach for treating the coupled equations
linking electric field output and population inversion for a FSF laser based on a
unification of both models previously introduced in the literature.

In a nutshell, several models have been developed for an FSF laser and most of
them describe the dynamics of solid state lasers with FSF [114, 115, 119, 144, 246].
Other models have been developed for FSF semiconductor laser systems [251, 252]
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but none of them is as complete as the solid state laser based systems previously
mentioned. None of these models have been used to conduct simulation studies
of the system because they fail to describe the dynamics of a semiconductor laser
with FSF. Developing a new model would require a lot of time which was not
available during my time at Macquarie University and could potentially be a PhD

project on its own.

6.3 Time-series Characterization Tools

6.3.1 Root Mean Square Amplitude

The first tool used in order to characterize the system is the root mean square
(RMS) amplitude of the output power time-series. Detailed maps of the RMS
amplitude of the system can be produced for a broad range of injection/feedback
parameter space. These maps help us in understanding the complexity of the
dynamics of the laser under various injection/feedback regimes and illustrate
where the system shows fluctuations in the output power. These fluctuations
are a good indication of where the coherence collapse region is located in the
injection /feedback parameter space. The coherence collapse region has very dis-
tinct boundaries when the laser is operated with conventional optical feedback
[253] but shows a gradual rather than a discontinuous shift with FSF [104]. The
relatively low computing power required to perform the RMS calculations and
then produce the maps makes this tool very appealing for identifying regions of
instabilities of the system.

The RMS amplitude, also known as the quadratic mean, is a statistical mea-
sure of the magnitude of the power of the output time-series of the system. Con-
sider a set of n values of a discrete distribution {xi, e a:n}, the RMS is mathe-

matically expressed by

(6.4)

2+ 2+ .+ a2
LTRMS = n =
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In order to produce a high resolution map of the system the RMS amplitude
was calculated for the 71071 output power time-series collected for the character-
ization of the system, and a color map was generated from the RMS calculations
in order to show how the dynamics of the system evolve as a function of injection

current and optical feedback parameters.

6.3.2 Permutation Entropy

The second tool used to characterize the dynamics of the system is a measure
of entropy, i.e. the permutation entropy (PE), and has been first introduced by
Bandt and Pompe [152] as a tool of complexity measure for chaotic time-series.
This measure of entropy, used here, is different from the famous Shannon entropy
[254] or the Kolmogorov-Sinai entropy [255]. The Shannon entropy does not take
into account the temporal order of values in a time-series which can be prob-
lematic when looking at dynamics evolving on the time scale of the time-series.
The Kolmogorov-Sinai entropy is computationally expensive. The PE method
has demonstrated to be similar to Lyapunov exponents [256], computationally
more efficient and also less sensitive to noise. It is therefore more suitable for
experimental data analysis.

The Bandt and Pompe methodology is described in detail in [152]. It is
summarized here. PE is a measure of time series complexity based on the entropy
of ordinal permutations. The ordinal pattern symbols are determined by looking
at the relative amplitudes of the points forming the ordinal patterns in the time-
series. Two parameters, the ordinal pattern length D and the delay 7, need to be
carefully chosen in order to obtain meaningful information from the PE. Consider
a vector of length D. There exist D! possible permutations (see Fig. 6.14) so the
choice of D is directly influenced by the length n of the time-series to be analyzed.
In order to obtain reliable statistics distribution it is assumed that n must be much
larger than D [257]. But if D becomes too small, i.e. smaller than 3, then it is
quite likely that the statistics distribution will be biased by experimental noise.
In our case the time-series collected consists of 20000 data points, therefore in
most cases D = 5 was chosen. It gives D! = 120 possible ordinal permutations,

which is a good trade off between calculation time and insight into the types
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Figure 6.14: Illustration of the 6 possible permutations 7 for an ordinal pattern
of length D = 3.

of dynamics shown by the system. The delay 7 is the time separation between
the points used to construct the vector D and it corresponds to a multiple of
the signal sampling period. The complexity of the system can be investigated at
different time scales by changing the delay. The investigation of complexity maps
generated from permutation entropy calculations at different time scales has been
reported in [39].

Consider the example shown in Fig. 6.14, where D = 3 was chosen. It means
that there exists D! = 6 possible ordinal permutations. Each permutation is then
assigned with a unique symbol 7, then by sweeping through a complete time-
series and counting how many times each ordinal pattern symbol appears, it is
possible to generate a probability distribution as illustrated in Fig. 6.15. The
permutation entropy is then calculated from this probability distribution.

Given a time-series {a:t,t = 1,2, ...,N}, an ordinal pattern of length D, a

delay 7, and an embedding procedure forms a vector

s —= (:BS*(Dfl)T’ Ls—(D—2)7s -+ Ls—1, zs)- (65)

At each time s the ordinal pattern of this vector can be converted to a unique
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Figure 6.15: Example of a probability distribution of the 6 possible permutations
associated with an ordinal pattern of length D = 3.

symbol © = (rg, 71, ...,rp_1) given by

Ls—ror > Ls—ri1 > 2> Ts—rp_or > Ls—rp_17- (66)

For each of the D! permutations 7 of length D we determine the ordinal
pattern probability distribution P = {p(m),i =1,.., D!}. The normalized per-

mutation entropy is then defined as

D!

— > p(mi) Inp(m;)

H, = =1 . .
y In D! (6.7)

The normalized permutation entropy ranges between 0 and 1, with 1 corre-

sponding to a completely stochastic process with a uniform probability distribu-

tion and 0 to a completely predictable time-series.
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6.4 Experimental Results of the Effects of the
Cavity Length on the Dynamics of the Sys-

tem

In this section the dynamics of a semiconductor laser with FSF are investigated.
High resolution dynamic maps depicting the RMS amplitude and the PE as a
function of laser injection current and FSF level are produced. These allow us
to investigate the complexity of the system for a broad range of this parameter
space. Three different cases, corresponding to 3 cavity lengths, are reported. As
discussed previously in Sec. 6.1.5, the external cavity length was matched with a
multiple of the AOM roundtrip frequency. Near resonant FSF is used which has
the potential to generate pulsed output from the system [30, 31]. The nature of
the nonlinear gain and group velocity dispersion in single section semiconductor
lasers is such that poor mode-locking usually results if any mode-locking occurs
at all in single section devices [258, 259]. These results are also compared with
the non-resonant case where the AOM roundtrip frequency does not match the
external cavity frequency where broadband modeless output has been seen in
other FSF laser systems [97, 99].

The gain in semiconductor lasers is sufficiently different from that in many
other laser media that it is to be expected that the spectral and temporal output
of a semiconductor-laser-based FSF laser will be different from that in other FSF
laser systems. Early reports of semiconductor laser with FSF systems demon-
strated an FSF broadband output with a controllable bandwidth of up to a few
GHz, while the laser was operating on a single longitudinal mode [28, 103]. How-
ever, broader FSF bandwidths associated with single longitudinal mode operation
of the laser could not be achieved as multi-longitudinal mode operation was ob-
served beyond an FSF level of 12% [103]. Similar results were also obtained in
[124, 245, 251, 260]. The effects of FSF on DFBs were reported in [104] and even
though such devices offer better spectral selectivity than conventional EELs, FSF
bandwidths of a few hundred MHz were observed. In the same study, the compar-

ison with conventional optical feedback was also conducted and showed that the
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transition to the coherence collapse dynamical regime occurred in both systems,
however with a more gradual transition in the FSF system.

The previous studies on FSF semiconductor systems were performed using low
resolution acquisition methods and focused on the optical and RF spectral behav-
ior of the system [28, 103, 104, 245]. Here, the temporal and spectral behavior of
the output power time-series are investigated by means of multi-GHz-bandwidth
real time data collection and LabVIEW controlled experiments that can collect
tens of thousands of time series, as laser parameters are varied, in experiment run
times that are measured in hours. High resolution maps were recently generated
for a semiconductor laser with conventional optical feedback [39] and such maps
provide the necessary information to allow conventional optical feedback and FSF
to be contrasted once a similarly comprehensive set of maps is generated for an
FSF system.

This section is divided in 6 subsections, a brief summary of the main results
is introduced in the first subsection which is then followed by 5 sets of results
for different cavity lengths corresponding to 4 roundtrip frequencies, 160 MHz,
248 MHz, 320 MHz and 480 MHz are introduced. Three of these (160 MHz,
320 MHz and 480 MHz) match a multiple of the frequency shift of the optical
feedback. A discussion contrasting this work with earlier work done on semicon-
ductor laser with FSF will follow. The last section introduces the results from
the zeroth order diffraction of the AOM, i.e. conventional optical feedback, with
a cavity corresponding to a roundtrip frequency of 320 MHz. Overall, the results
give a complete picture of the dynamics of an EEL with FSF. The new insight
gained by the high resolution data collected helps understand the system better
and will support the development of a theoretical model capable of describing the

dynamics of such a system.

6.4.1 Main Results

Four different external cavity lengths have been studied and are reported here.
Three of these (160 MHz, 320 MHz and 480 MHz) match a multiple of the fre-
quency shift introduced by the AOM. Permutation entropy maps are specially
suited to identify regions exhibiting different temporal dynamics. Figure 6.16
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shows the normalized PE as a function of FSF and injection current correspond-
ing to the four different external cavity configurations. Each map is labeled with
a set of numbers corresponding to several regions of the map, above an FSF level
of 0.7 V, where the temporal dynamics are noticeably different. Indeed, below
this FSF level the four maps are identical and show the same dynamics. The first
observation is that the four maps have common features, the regions marked 1, 2,
3 and 5 are present in each of them. Region 1 is depicted as a narrow pale green
band of injection current near threshold. It is associated with PE values <0.9.
Region 2 appears for higher injection currents and it is associated with PE values
<0.8. In these regions the temporal dynamics show well defined periodic oscilla-
tions on a cw baseline. The lower PE values observed in region 2 indicate more
periodic dynamics in this region. In both regions, however, the laser is strongly
single mode. Region 3 is associated with high PE values >0.9 and the dynamics
are dominated by the external cavity delay with strong peaks at multiples of the
external cavity frequency in the FFT spectra. Region 5 shows PE values >0.95
and it is associated with cw, multi-mode operation of the laser. In this region
the external cavity delay observed in region 3 does not affect the dynamics of the
system.

The external cavity corresponding to a roundtrip frequency of 320 MHz, 1.e.
Fig. 6.16(b), shows a region where the dynamics are different from the other
maps. This region, marked 4, shows dynamics which are similar to that observed
in regions 1 and 2, 1.e. periodic oscillations on a cw baseline with single mode
operation of the laser, and it also shares the same PE values.

Region 6 appears when the external cavity has a roundtrip frequency of
480 MHz, 1.e. the shortest cavity, and is depicted in Fig. 6.16(c) as a narrow
pale green band. This region shows dynamics which are similar to that found in
region 1. Both regions share the same PE values and are associated with single
mode operation of the laser.

The first observation is that there is no fundamental difference between reso-
nant and non resonant external cavity configurations. The main effect is related
to the FSF strength. Indeed, the main difference is the range of injection cur-
rents at which regions 1 and 2 occur. The two longer cavities, 1.e. 160 MHz and

249 MHz, show a narrower region 2 (about 1 mA) with PE values varying from
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Figure 6.16: (a) Maps of the normalized permutation entropy (D =5, 7 = 2) as
a function of FSF and injection current with a cavity roundtrip frequency of (a)
160 MHz, (b) 320 MHz, (c¢) 480 MHz and (d) 249 MHz. The numbers 1-6 refer
to six distinct regions, above 0.6 V, where the dynamics are noticeably different.

0.78 to 0.95. The shortest cavity shows periodic time-series on a cw baseline over
a range of 6 mA with FSF levels >0.8 V. The fact that one observes a gradual
increase of the injection range at which the system shows periodic time-series on
a cw baseline with shorter cavities is related to the FSF strength. This is due to
the remaining divergence of the laser beam after collimation. The longer external
cavities suffer from higher losses when the beam travels back through the AOM
compared to short cavities as explained in Sec. 6.1.2.

The following subsections describe in details the temporal dynamics of the
system for the four different external cavity configurations. PE maps are very
useful to identify regions of the map where the dynamics are different but in

order to have a complete picture of the dynamics it is necessary to compare both
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temporal and optical data. The following subsections introduce different high
resolution maps such as FFTs, ACFs, optical spectra and RMS amplitude maps

in order to characterize the system.

6.4.2 160 MHz Cavity Roundtrip Frequency

The color map of the RF spectra as a function of FSF depicted in Fig. 6.17(a)
was produced following the procedure described in Sec. 6.1.5. A color map show-
ing the dominant frequency of the FFTs of the output power time-series as a
function of FSF and injection current was also produced, see Fig. 6.17(b). Color
maps depicting the root-mean-square (RMS) amplitude of the time-series and the
normalized permutation entropy as a function of FSF have also been produced in
order to show how the system dynamics evolve. Figure 6.18 shows (a) the RMS
amplitude of the output power time-series of the system and (b) the normalized
PE. Three distinct regions were identified in these maps where the dynamics of
the system are fundamentally different. The FSF levels indicated in this chapter,
all refer to the percentage of light transmitted after passing through the AOM.
For an estimation of the portion of the light fed back to the laser see Sec. 6.1.2.
Regions of low, medium and high FSF levels correspond to FSF levels of 0-12%
(0 V-0.40 V), 15-57% (0.42 V-0.56 V) and 57-100% (0.56 V-1 V) of the light

reflected from the external mirror, respectively.

In Fig. 6.17(a), a strong peak is located at 157.7 MHz for low FSF level, i.e.
below 12% (0.40 V) of the reflected light. This peak first appears around 0.25 V,
which corresponds to an FSF level of 0.4%, and is seen up to 0.40 V. Below
0.25 V any effect of FSF is too small to be discerned in this experiment. This is
confirmed by the fact that, in this region, the laser operates cw which leads to
the observation of noise in the FFTs as seen in Fig. 6.17(b) where the dominant
frequency of the FFTs seems rather random compared to the rest of the map. The
RMS map shown in Fig. 6.18(a) indicates that the dynamics of the system are not
affected at these low levels of FSF, although the output power of the laser seems a
little more stable for high injection currents, 82 mA and above, and low FSF level,

below 0.40 V. This higher stability of the laser is also seen in the optical spectra
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Figure 6.17: (a) Map of the FFTs of the output power time-series for increasing
FSF at 70 mA. (b) Map of the dominant frequency of the FFTs of the output
power time-series as a function of FSF and injection current.

where mode hopping is also completely absent in this region. The laser operates
cw within this FSF and injection range (dark blue region in Fig. 6.18(a)) as areas
of low RMS amplitude correspond to cw operation of the laser or the laser is below
threshold. The optical frequency spectra associated with this low FSF regime are
illustrated in Fig. 6.10(a,b,c,d,e), where a broadening of the laser line of up to
300 MHz with an FSF level of 1.5% was observed. Optical spectra of the system
taken with the FPI are only available up to this FSF level because above this level
the laser is not operating on a single longitudinal mode as discussed in Sec. 6.1.4.
These observations are comparable with previous work done on semiconductor
laser systems with low FSF level in [28, 103, 104, 251]. Figure 6.18(b) shows
detailed maps of the normalized permutation entropy. The PE was calculated for
an ordinal pattern of length D = 5 and a delay 7 = 2. The delay of two sampling
periods was chosen so that the fastest laser oscillations could be captured, yet
allowing the dynamics to be distinguished from noise. With low FSF level the
PE approaches 1 (H; > 0.98) and corresponds to complex time-series associated
with noise on a cw output or when the laser is below threshold. In these regions
the AC recorded signal is principally photodetector and oscilloscope noise. This
low FSF region is characterized by a high value of PE (H; ~ 0.98) which matches
the RMS amplitude results where the laser is operating cw. Figure 6.19(a) shows

a dynamic map of the number of longitudinal modes lasing as a function of FSF
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Figure 6.18: (a) Map of the RMS amplitude of the output power time-series as
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1, 2, 3 and 5 refer to four distinct regions where the dynamics are noticeably

different.
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Figure 6.19: (a) Map of the number of longitudinal modes lasing as a function
of FSF and injection current. The threshold for side mode suppression was set at
15 dB. (b) Map of the emission wavelength of the main lasing mode as a function
of FSF and injection current.

and injection current. The map was produced by determining the number of
maxima, with at most 15 dB of side mode suppression relative to the main mode,
extracted from the OSA spectra. Even though a side mode suppression of 20 dB
is commonly required to consider a laser single mode, the maximum of 15 dB
suppression was chosen for clarity of the map. When the laser is operating with
low FSF level, it is mainly emitting on a single longitudinal mode, see the dark
blue region in Figure 6.19(a). Several longitudinal modes start appearing with
an FSF level as low as 1.5% (0.3 V) resulting in a side mode suppression of about
20 dB at this FSF level which means that multiple modes cannot be observed
in Fig. 6.19(a). Note that the threshold current is not affected by low levels
of FSF and remains constant in this region. Figure 6.19(b) shows the emission
wavelength of the most intense mode extracted from the OSA spectra. With a low
level of FSF, the emission wavelength is around 829 nm. It increases gradually
towards longer wavelength with increasing injection current as expected from the
thermal expansion of the laser cavity by Joule heating.

The temporal dynamics of the system for low FSF level are either not, or,
are weakly affected by FSF, with no instabilities in the output time-series where
the laser is operating cw. The sharp peak, related to the AOM RF signal, in the
FFTs is the only temporally distinctive feature associated with the low FSF level
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region. However, the spectrum is affected by very low FSF level (< 1.5%). A
significant broadening (~ 300 M Hz) of the laser bandwidth was observed in the

FPI spectra associated with single longitudinal mode operation of the laser.

The dynamics of the system radically change once FSF levels reach 12%, i.e.
0.40 V, as seen in Fig. 6.18(a). One can notice a region of instabilities associated
with a high RMS amplitude depicted in red in Fig. 6.18(a). This region is located
between 0.48 V and 0.56 V, respectively corresponding to 31% and 57% AOM
transmission. It covers a broad range, 60-90 mA, of injection currents. This be-
havior is primarily the well known coherence collapse and has been observed in
many laser systems with conventional optical feedback [5]. Recent studies have
investigated the complexity of the output in this regime and the system more
completely [39, 240]. In this region the sharp peak located at 157.7 MHz gradu-
ally disappears and broad, low amplitude peaks appear centered at the external
cavity frequency multiples in Fig. 6.17(a). This transition in the dynamics is also
illustrated in Fig. 6.18(b) where the PE value, for small time delay, reaches a
lower complexity (Hs, = 0.75) compared to the fundamental and technical noise.
Figure 6.20 shows a typical time-series and the corresponding FFT spectrum in
the coherence collapse region. In this region the RF spectra show broad, low
amplitude peaks with low power at high frequencies (>2 GHz) and separated
by the external cavity frequency roundtrip as illustrated in Fig. 6.20(b). The
FWHM of the envelope of these features is approximately 2 GHz. The transition
to the coherence collapse regime is abrupt and can be looked at as a discontin-
uous switch for most of the parameter space investigated. The switch occurs
within the AOM voltage step resolution of the experiment, i.e. 0.001 V, and is
located at the transition between high PE values (Hs; ~ 0.99) and lower PE
values (H; ~ 0.9) as illustrated in Fig. 6.18(b). As discussed in Sec. 6.1.2 and
illustrated in Fig. 6.4, the first order beam diffraction efficiency of the AOM with
increasing voltage is not a linear function. Therefore, a step of 0.001 V at 0.40 V
(where the transition to the coherence collapse occurs) and 0.56 V (where the
second transition occurs) corresponds to an FSF increase of 0.2% and 0.38%, re-
spectively. The longitudinal mode spectral behavior of the system is also affected

when reaching the coherence collapse regime. In this region the laser operates on
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Figure 6.20: (a) Output power time-series with an FSF level of 47% (0.53 V) at
70 mA and (b) corresponding FFT spectrum.

multiple longitudinal modes (mostly on at least 3 modes) as seen in Fig. 6.19(a).
The emission wavelength of the main mode is also shifted towards longer wave-
lengths. The most intense mode of the laser is also mainly operating at the same
wavelength in this region despite a significant increase in the injection current
as illustrated in Fig. 6.19(b). One can also notice a slight reduction of the laser
threshold current. The characteristic drift towards longer wavelength expected
with increasing injection current and observed with low FSF level does not occur
with this medium FSF level which seems to stabilize the main emission wave-
length of the laser. The individual spectra recorded by the FPI show a gradual
broadening of the laser linewidth with increasing FSF up to 1.9 GHz with an
FSF level of 57% (0.56 V). This bandwidth is comparable with that observed in
Fig. 6.20(b) where the envelope of the frequency features exhibits a bandwidth of
approximately 2 GHz. This observation reinforces the moving comb of frequency
output theory suggested previously.

Both temporal and spectral dynamics of the system are strongly affected by
medium levels of FSF, the system reaches the coherence collapse regime with an
FSF level of 12% and enters a new regime of operation beyond 57%. In this re-
gion, the time-series show power fluctuations, the RF noise increases and external
cavity peaks appear in the RF spectra. This is accompanied by further broad-

ening of the optical spectrum and associated with multiple longitudinal mode
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operation of the laser with a small reduction of threshold.

Beyond an FSF level of 57% the system switches to a third different regime.
The FSF reduces the laser threshold by ~ 20 mA as seen in Fig. 6.19. The rate
at which threshold reduction occurs is also higher than that of the coherence col-
lapse region. The system shows an abrupt shift towards a longer wavelength of
the main mode as the FSF level reaches 57% then gradually shifts back towards
shorter wavelengths with increasing FSF as depicted in Fig. 6.19(b). There are
two competing effects in this region as the FSF shifts the emission towards shorter
wavelengths whereas the injection current shifts it in the opposite direction as
illustrated by the different color bands with positive slopes in Fig. 6.19(b). It is,
however, clear that the FSF is the dominant effect here as it induces the largest
shift on the emission wavelength. Four distinct regions, marked 1, 2, 3 and 5 in
Fig. 6.18(b), were identified where the PE values are noticeably different. Note
that there is no region marked 4 in this map and that the corresponding region
will be introduced later in this chapter. The first region (marked 1 in Fig. 6.18(b))
is depicted as a narrow pale green band of injection current near threshold asso-
ciated with PE values ~ 0.87. In this band, the time-series show periodic oscilla-
tions on a low amplitude cw baseline, see Fig. 6.21(a), and the FFT spectra show
a high amplitude peak located at the external cavity roundtrip frequency f.. The
FFT spectra also show strong peaks precisely located at 7f,, 14f. and 21f.. It
is worth noting that the location of the main peak is not always the same but
most of the time it is 6 or 7f, as illustrated in Fig. 6.17(b). It always corresponds
to a multiple of the external cavity roundtrip frequency. Figure 6.21(a) shows a
time-series extracted from region 1 (see Fig. 6.18(b)) and its corresponding FFT
spectrum and autocorrelation function (ACF). The latter shows fast oscillations
with a delay of 18 sampling periods corresponding to a frequency of 1.113 GHz
(£7 M Hz) which matches the main peak located at 1.106 GHz (£1 M Hz) in
the FFT spectrum. The envelope of the ACF has a delay of 127 sampling periods
which corresponds to a frequency of 157.7 MHz (£200 kH z) and matches the ex-
ternal cavity roundtrip frequency. The time-series in the second region, marked 2
in Fig. 6.18(b), also show periodic oscillations on a cw baseline. The higher am-

plitude of the cw baseline observed in this region is due to higher injection current
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Figure 6.21:  Output power time-series and corresponding FFT spectra and
autocorrelation function for different regions of the parameter space as marked
in Fig. 6.18(b). One sample period=50 ps. The FSF level was 97.5% (0.75 V)
and the injection current was (a) 1=44 mA, (b) 2=45 mA, (c¢) 3=70 mA and (d)
5=100 mA.

operating the laser. This region is identified as the narrow blue band following the
pale green band in the PE map. Here, the PE values drop to ~ 0.77 and the main
peak in the FFT spectra is shifted towards higher frequencies (around 2 GHz),
i.e. Tfe, as seen in Fig. 6.17(b). The dominant frequency in the RF spectra is now
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14f, with a lower amplitude peak at 21f.. However, the frequency bandwidth
of the oscilloscope does not allow the observation of higher order multiples. The
main peak frequency is measured at 2.212 GHz (£1 M Hz) in the FFT spec-
trum and matches, within the uncertainty of the measure, the measured delay
of 9 sampling periods of the ACF oscillations. This corresponds to a frequency
of 2.226 GHz (£24 M Hz). The delay of the envelope of the ACF oscillations
remains 127 sampling periods, i.e. 157.7 MHz (£200 kHz), even though they
are not as pronounced as in region 1. Note that even if the case illustrated in
Fig. 6.21 shows a frequency doubling of the main period in the FFT spectra as
compared to region 1, it is not always the case and other scenarios are possible.
It is quite likely that the RF spectra show a stepped (at the external cavity fre-
quency) frequency shift of the main component with increasing injection current
as the resolution of the measure, i.e. 1 mA, does not allow such characterization.
In both regions, i.e. 1 and 2, the laser is emitting on a single longitudinal mode
as seen in Fig. 6.19(a) with a greatly enhanced side mode suppression (>55 dB).
The average power is rather low and the dc offset is small thus indicating that
the laser shows periodic fluctuations on a cw baseline. This is also confirmed
in Fig. 6.18(a) where the RMS amplitude is low in these regions. The spectra
recorded with the FPI indicate that the linewidth of the laser mode increases
with increasing FSF up to about 2.4 GHz. However, the linewidth decreases with
increasing injection current, which means that the highest bandwidth is obtained
at threshold with maximum FSF. Region 3 shows another differentiated region of
dynamics with higher values of PE (& 0.94), indicating a higher complexity of the
time-series. There is then a gradual increase in complexity as the system parame-
ters approach high injection and FSF values identified as region 5 in Fig. 6.18(b).
In region 3, the FFT spectrum shows strong peaks at multiples of the external
cavity frequency (157.7 MHz), right up to the bandwidth limit of the measure-
ment equipment, see Fig. 6.21(c). Their bandwidth and location indicate that
they are associated with the external cavity roundtrip frequency. These peaks
are a common feature of semiconductor lasers with high level of conventional
feedback and have already been reported in the literature [4]. In most cases the
dominant frequency of the FFT spectra is <2 GHz as seen in Fig. 6.17(b). The

strong influence of the external cavity delay on the dynamics of the system is also
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seen in the ACF where strong peaks corresponding to a delay of 127 (157.7 MHz)
are observed. Here the laser is emitting on 2 or more longitudinal modes with
a gradual increase of the number of longitudinal modes with increasing injection
current as illustrated in Fig. 6.19(a). The increase in complexity associated with
increasing injection current corresponds to cw operation of the laser (within the
bandwidth resolution of the equipment). These observations in regions 1, 2 and
3 suggest that there is a competition between FSF and delayed feedback in this
region. This is reinforced by the observation of slow temporal dynamics in re-
gions 1 and 2, i.e. envelope corresponding to the external cavity delay. In region
5, the laser is strongly multi-mode (> 4) as seen in Fig. 6.19(a), but operates
cw as discussed before. A typical time-series from region 5 and corresponding
FFT spectrum and ACF is shown in Fig. 6.21(d), and here the time-series is
essentially fundamental, photodetector noise. The dynamics associated with the
external cavity delay in region 3 are here completely absent and resemble that of
low level of FSF, see Fig. 6.17(b).

Very high levels of FSF affect the dynamics of the system in different ways.
Close to threshold (regions 1 and 2) the dynamics become more regular with
periodic time variations (lower PE values) associated with single longitudinal
mode operation of the laser but multiple external cavity modes. The bandwidth
of the laser is the largest at threshold with maximum FSF. For higher injection
currents (region 3) the dynamics are dominated by the external cavity delay with
strong peaks at multiples of the external cavity frequency in the FFT spectra.
The gradual increase in complexity (higher PE values) is associated with an
increase of the number of longitudinal modes the laser is operating on. For the
highest injection currents and FSF levels (region 5) the high complexity (highest
PE values) corresponds to cw, strong multi-mode operation of the laser. The
external cavity delay does not affect the dynamics of the system anymore and

results in noisy time-series similar to that obtained with low FSF level.

6.4.3 320 MHz Cavity Roundtrip Frequency

The external cavity is now set up such that it matches another multiple of the

AOM frequency shift, i.e. 318.4 MHz. The resonance condition was determined
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Figure 6.22: (a) Map of the FFTs of the output power time-series for increasing
FSF at 70 mA. (b) Map of the dominant frequency of the FFTs of the output
power time-series as a function of FSF and injection current.

by following the procedure described in Sec. 6.1.5. The data collection was sim-
ilar to that in Sec. 6.4.2 and the same figures were produced in order to allow

comparison between different external cavity lengths.

Figure 6.22(a) shows a color map of the RF spectra as a function of FSF at
70 mA. A strong peak located at 318.4 MHz associated with FSF levels as low as
0.4% up to 12% appears in the RF spectra. This peak matches the external cav-
ity roundtrip frequency and the fact that another sharp peak, sharing the same
spectral bandwidth, located at 157.7 MHz also appears in Fig. 6.22(a) indicates
that these peaks are directly related to the AOM frequency shift. This is also
confirmed by the fact that the temporal dynamics of the system are not greatly
affected with low levels of FSF as seen in Fig. 6.23. However, the temporal dy-
namics seem to be slightly affected when the laser is operating closer to threshold
as seen in the both the RMS and PE map (see the region circled in black in
Fig. 6.23(b)). Here the increase in complexity is associated with more periodic
time variations than cw operation would normally exhibit. These instabilities
close to threshold can also be seen in Fig. 6.24(a) where the laser is operating on
several longitudinal modes. This behavior is probably the result of mode switch-
ing of the laser. Beyond an injection current of 80 mA the system is more stable

with lower RMS amplitudes and higher PE values associated with single mode
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Figure 6.23: (a) Map of the RMS amplitude of the output power time-series as
a function of FSF and injection current. (b) Map of the normalized permutation
entropy (D =5, 7 = 2) as a function of FSF and injection current. The numbers
1-5 refer to five distinct regions where the dynamics are noticeably different. The
circle highlights another region where the dynamics are different.

168



6.4 Experimental Results of the Effects of the Cavity Length on the
Dynamics of the System

@ (b)
1 1
4+ 838
»
0.8 £ 0.8
o = = 836 _
= £
~ 3 .E ~
;c’n 0.6 g gu 0.6 g
S g g 834 E“
2 5]
Z 04 0z 204 §
< 5 < 832
£
0.2 3 0.2
1 830
0- 04
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Injection Current (mA) Injection Current (mA)

Figure 6.24: (a) Map of the number of longitudinal modes lasing as a function
of FSF and injection current. The threshold for side mode suppression was set at
15 dB. (b) Map of the emission wavelength of the main lasing mode as a function
of FSF and injection current.

operation of the laser. The emission wavelength of the main mode of the laser
increases gradually with injection current but does not seem to be affected by
low levels of FSF as illustrated in Fig. 6.24(b). The optical spectra recorded with
the FPI are similar to the spectra shown in Fig. 6.10. A gradual broadening of
the laser linewidth (= 300 M H z) occurs up to an FSF level of 1.5% and beyond
this FSF level the laser starts operating on several longitudinal modes. For both
cavity lengths, i.e. 160 MHz and 320 MHz, with low FSF level the system shares
the same dynamics. Temporal dynamics are not affected by low FSF level unless
the laser is operated close to threshold where it becomes multi-mode. However,
the spectral behavior of the system is affected and shows a broadening of the
laser line up to an FSF level of 1.5% before the laser starts emitting on several
longitudinal modes. The linewidth still broadens beyond this level of FSF but it
can not be linked to the effect of the FSF alone. This multi-mode operation of
the laser is associated with weak power on the side modes (< 15 dB) as depicted
in Fig. 6.24(a) where the map indicates single mode operation of the laser for low
FSF levels. The threshold current of the laser remains constant with low levels
of FSF as seen in Fig. 6.24(a).

Beyond an FSF level of 12% the dynamics of the system change radically.
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Figure 6.25: (a) Output power time-series with an FSF level of 47% (0.53 V) at
70 mA and (b) corresponding FFT spectrum.

The strong peak located at 318.4 MHz in Fig. 6.22(a) is now replaced by a broad,
low amplitude peak centered around 318.4 MHz. However, the peak located at
157.7 MHz is still sharp and increases in amplitude with increasing FSF. This
suggests a direct pickup from the AOM power supply confirming that the AOM
induces a roundtrip frequency shift of 157.7 MHz. The coherence collapse regime
observed in Fig. 6.23(a) now occurs within FSF levels of 28% and 53%. The PE
values associated with this regime show similar complexity (Hs < 0.75) to that
in Sec.6.4.2. A typical time-series and its corresponding FFT spectrum extracted
from the coherence collapse regime is illustrated in Fig. 6.25. The FF'T spectrum
shows broad, low amplitude peaks with low power at high frequencies (>2 GHz)
and separated by the external cavity frequency roundtrip, see Fig. 6.25(b). The
transition in and out of this regime is abrupt and occurs within the resolution
limit of the equipment, i.e. AOM step voltage resolution (0.001 V). In this region
the laser is strongly multi-mode, mostly operating on 4 longitudinal modes, as
seen in Fig. 6.24(a). The emission wavelength of the main mode is stable at about
832 nm with increasing injection current, see Fig. 6.24(b). A threshold reduction
of about 4 mA is also observed in Fig. 6.24 with medium FSF level. Similarly to
the observations in Sec. 6.4.2, the individual spectra recorded by the FPI show
a gradual broadening of the laser linewidth with increasing FSF up to 1.9 GHz
with an FSF level of 53% (0.55 V). Both temporal and spectral dynamics show
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significantly different behavior with medium FSF level. The system shows large
instabilities in the time-series when entering the coherence collapse regime; high
RMS amplitude and lower PE values are distinctive features of this region. The
delay introduced by the external cavity is prominent, the RF spectra show broad
peaks separated by the external cavity frequency roundtrip. At this point the
threshold is slightly reduced, the laser linewidth broadens and the laser becomes

strongly multi-mode.

The dynamics of the system are radically different once the FSF level reaches
53%. A threshold reduction of about 22 mA occurs as seen in Fig. 6.24. A sud-
den change of the emission wavelength of the main lasing mode towards longer
wavelengths (>7 nm) also occurs as the FSF level approaches 53% up until 72%.
Then the emission wavelength is shifted towards shorter wavelengths (approxi-
mately 833 nm). In this region the shift is mainly controlled by the FSF and
not the injection current as is the case with low FSF level. The injection cur-
rent does have an effect on this shift but the FSF is the dominant effect here.
At high levels of FSF, five regions have been identified where the PE values are
significantly different, they are marked 1-5 in Fig. 6.23(b), four of which have
already been identified and described in Sec. 6.4.2. The new region, marked 4
in Fig. 6.23(b), is associated with PE values similar to that found in region 2.
Figure 6.26 shows time-series with corresponding FFT spectra and ACF for each
region marked in Fig. 6.23(b). Region 1 shows periodic oscillations on a cw base-
line in the time-series associated with a dominant frequency component in the
RF spectrum similar to observations in Sec. 6.4.2 as seen in Fig. 6.26(a). However
the ACF is slightly different, the delay associated with the oscillations still cor-
responds to the main frequency component appearing in the RF spectrum but
the envelope corresponding to the delay of the external cavity does not appear
here. This suggests that the external cavity delay does not affect the dynam-
ics of the system. The dominant frequency peak in the FFTs is still located at
about 1 GHz (3f.) as illustrated in Fig. 6.22(a). In region 2, see Fig. 6.26(b),
the time-series are also periodic on a cw baseline but the main peak in the RF
spectra is now located at about 2 GHz (8 f. as depicted in Fig. 6.22(b). The delay
of the oscillations in the ACF is also related to the frequency of the peak in the
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Figure 6.26: Time-series with corresponding FFT spectra and autocorrelation
functions for different regions of the parameter space as marked in Fig. 6.23(b).
One sample period=50 ps. The FSF level was 97.5% (0.75 V) and the injection
current was (a) 1=44 mA, (b) 2=47 mA, (c) 3=70 mA, and (d) 4=78 mA. The
FSF level was 99.5% (0.98 V) and the injection current was (e) 5=100 mA.
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RF spectra but the envelope previously described does not appear in this region
either. The PE values in these two regions are comparable with that of Sec. 6.4.2.
In both regions, the laser is strongly single mode and the side mode suppression is
greatly enhanced (>55 dB) compared to that with low FSF level as illustrated in
Fig. 6.24(a). In both regions the FPI spectra show an increase of the laser mode
bandwidth (up to about 2.4 GHz) with increasing FSF. However, the bandwidth
of the mode decreases with increasing injection current so the maximum band-
width is obtained at threshold with maximum FSF in region 1. In region 3, the
external cavity delay is strongly affecting the dynamics of the system as shown in
Fig. 6.26(c), where the RF spectrum shows strong peaks located at multiples of
the external cavity frequency (318.4 MHz), right up to the bandwidth limit of the
measurement equipment. This is also confirmed by the presence of strong peaks
in the ACF in Fig. 6.26(c) with a delay directly related to the delay introduced by
the external cavity. The laser becomes multi-mode, see Fig. 6.24(a), and the PE
values (= 0.97) increase gradually towards 1 in Fig. 6.23(b). The region marked
4 in Fig. 6.23(b) shows dynamics similar to that observed in region 2 as seen in
Fig. 6.26(b) and (d). The RF spectrum shows a strong peak located at about
2 GHz (7f. and the ACF shows oscillations with a delay corresponding to the
frequency of this peak. There is still no sign of the external cavity delay in the
ACF even though higher amplitude peaks do appear at this delay. The dominant
frequency of the peak in the RF spectra is >2 GHz as depicted in Fig. 6.22(b).
These thin bands corresponding to this region appear for a broad range of FSF
levels (90%-100%) and injection currents (68 mA-82 mA). In this region, the
laser is single mode but emitting at a longer wavelength (around 835 nm) than
in region 2. Stable operation of the laser is achieved with much higher FSF' level
(= 99%) than in Sec. 6.4.2, see region 5 in Fig. 6.23(b). Both the FFT spectrum
and the ACF in Fig. 6.26(e) show no sign of periodic dynamics in the time-series
which is also confirmed by having PE values close to 1 in this region. Despite
the laser being cw in this region, Fig. 6.24(a) shows a clear tendency to a strong
multi-mode operation of the laser as observed in the pink region in the top right
corner of the map. High levels of FSF affect the dynamics of the system similarly
to what was observed in Sec. 6.4.2 with the exception of a new region, marked

4 in Fig. 6.23(b), which, despite being in region 3, shows the same dynamics as
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in region 2. Region 5 now occurs at much higher FSF levels (>98%) than in
Sec. 6.4.2. Periodic time-series associated with lower PE values and single mode
operation of the laser are related to regions 1 and 2 while region 3 is still strongly
affected by the external cavity delay. However a new region, i.e. 4, appears clearly
in the PE map and shows dynamics similar to that observed in region 2. Region
5, where the external cavity delay does not affect the dynamics of the system,

now occurs at higher FSF levels.

6.4.4 480 MHz Cavity Roundtrip Frequency

This section introduces the results obtained with the shortest external cavity
length matching a multiple of the AOM frequency shift, physically possible due
to the space constraint. The external cavity is now set up such that it is three
times the AOM frequency shift, i.e. 478.1 MHz. The resonance condition was de-
termined by following the procedure described in Sec. 6.1.5. The data collection
was similar to that in Sec. 6.4.2 and 6.4.3 and the same figures were produced in

order to allow comparison between different external cavity lengths.

The color map of the RF spectra as a function of FSF level depicted in
Fig. 6.27(a) shows strong peaks located at 157.7 MHz, 318.4 MHz and 478.1 MHz.
The strongest peak is located at 157.7 MHz and the weakest at 478.1 MHz. In
this case both peaks, at 318.4 MHz and 478.1 MHz, only appear in the RF spec-
tra with FSF levels up to 12%. The peak at 157.7 MHz is, however, present for
a broad range of FSF levels, appearing at around 0.4% all the way up to 100%.
This observation reinforces the fact that this feature is a direct pickup from the
AOM power supply. As observed in longer cavity lengths, the temporal dynamics
are not affected by low FSF levels but the system shows some instabilities close to
threshold (see the region circled in black in the PE map in Fig. 6.28(b)). In this
region the laser is strongly multi-mode, see Fig. 6.29(a), the RMS amplitude is
slightly higher than in the cw operation range and the PE values are below 0.97.
For higher injection currents, > 82 mA, the output power of the system becomes
more stable with lower RMS amplitudes and higher PE values associated with

single mode operation of the laser. Note that the emission wavelength of the
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Figure 6.27: (a) Map of the FFTs of the output power time-series for increasing
FSF at 70 mA. (b) Map of the dominant frequency of the FFTs of the output
power time-series as a function of FSF and injection current.

main mode of the laser increases with increasing injection current as illustrated
in Fig. 6.29(b). As already observed in both Sec. 6.4.2 and 6.4.3 the linewidth of
the laser broadens with increasing FSF. The FPI spectra indicate a broadening
of up to =~ 300 M Hz with an FSF level of 1.5% before the laser starts emitting
on several longitudinal modes. Note that at this FSF level, i.e. 1.5%, the side
mode suppression is still high (= 20 dB) and therefore cannot be observed in
Fig. 6.29(a) as the threshold is set at 15 dB. Strong multi-mode emission, with
a side mode suppression < 15 dB, only occurs with an FSF level of about 8%
(0.38 V) as seen in Fig. 6.29(a). This external cavity length shares the same
dynamics as the two cavity lengths already investigated in Sec. 6.4.2 and 6.4.3.
Temporal dynamics are moderately affected at low injection currents, < 82 mA,
but remain unaffected beyond this point. However, as described before, the sys-
tem shows spectral broadening and multi-longitudinal mode operation with low
FSF level.

Beyond an FSF level of 12%, new dynamics arise in the system. The sharp,
strong peak located at 478.1 MHz in Fig. 6.27(a) is now replaced by a broad,
low amplitude peak centered around the same frequency. The coherence collapse
regime, associated with medium FSF levels, now ranges from 12% up to an FSF

level of 45% as illustrated in Fig. 6.28. The reduced upper value is believed to
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Figure 6.28:  (a) Dynamic map of the RMS amplitude of the output power
time-series as a function of FSF and injection current. (b) Dynamic map of
the normalized permutation entropy (D = 5, 7 = 2) as a function of FSF and
injection current. The numbers 1, 2, 3, 5 and 6 refer to five distinct regions where
the dynamics are noticeably different. The circle highlights another region where

the dynamics are different.
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Figure 6.29: (a) Map of the number of longitudinal modes lasing as a function
of FSF and injection current. The threshold for side mode suppression was set at
15 dB. (b) Map of the emission wavelength of the main lasing mode as a function
of FSF and injection current.

result from the coupling coefficient of the optical feedback to the laser chip. It
is higher in the shorter cavity because the beam divergence has less effect in the
smaller cavity. This regime is characterized by high RMS amplitude and low
PE values. A time-series and its corresponding FFT illustrating this regime is
depicted in Fig. 6.30. The FFT spectrum shows broad, low amplitude peaks with
low power at high frequencies (>2 GHz) and separated by the external cavity fre-
quency roundtrip, see Fig. 6.25(b). Both transitions, to and from the coherence
collapse regime, are abrupt and occur within the resolution limit of the equip-
ment, i.e. AOM voltage step resolution (0.001 V). This regime is also associated
with multi-mode operation of the laser on at least 3 longitudinal modes as seen in
Fig. 6.29(a). The emission wavelength of the main mode is stable at 832 nm with
increasing injection current and FSF, see Fig. 6.24(b), but increases a little with
increasing injection current (lighter blue region beyond 85 mA). However, the
shift towards longer wavelengths in this region is sudden and not gradual as ex-
pected from a free running semiconductor laser with increasing injection current.
It is in this region that the first threshold reduction of about 4 mA with 45% FSF
level occurs as seen in Fig. 6.29. The optical spectra from the FPI show a gradual
broadening of the laser linewidth of up to 1.87 GHz with 45% FSF level. How-

ever, as discussed previously, the laser is emitting on multiple longitudinal modes
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Figure 6.30: (a) Output power time-series with an FSF level of 43.6% (0.52 V)
at 70 mA and (b) corresponding FFT spectrum.

in this region which means that overlap of FSF broadened features associated
with these longitudinal modes may be increasing the apparent laser bandwidth
observed in the FPI spectra. In this configuration, the dynamics of the system
are strongly affected by medium FSF levels as reported in Sec. 6.4.2 and 6.4.3.
The system enters the coherence collapse regime and shows high RMS amplitude
as well as lower PE values. The RF spectra show broad, low amplitude peaks
separated by the external cavity frequency. This region is also associated with

strong multi-mode operation of the laser and a moderate reduction of threshold.

Once the FSF level reaches 45% (0.525 V), the dynamics show a transition
to the high FSF levels region. The effect of the FSF on the system is now
more pronounced and this is illustrated by sharp, high amplitude peaks separated
by the external cavity roundtrip frequency in Fig. 6.27(a). A large threshold
reduction of about 25 mA is observed with maximum FSF as depicted in Fig. 6.29.
The rate at which the threshold current decreases is higher than in the coherence
collapse region. The emission wavelength of the main lasing mode abruptly shifts
towards longer wavelengths (> 838 nm) once the FSF level reaches 45%, see
Fig. 6.29(b). Then as FSF further increases a gradual shift occurs towards shorter
wavelengths up to maximum FSF level where the emission takes place at about

832 nm. The two competing effects already observed in longer cavity lengths also
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occur in this region. The FSF shifts the emission towards shorter wavelengths
whereas the injection current shifts it in the opposite direction as illustrated by
the different color bands with positive slopes in Fig. 6.29(b). It is, however, clear
that the FSF is the dominant effect here as it induces the largest shift on the
emission wavelength. Five regions have been identified where the PE values are
significantly different, they are marked 1, 2, 3, 5 and 6 in Fig. 6.23(b), four of
which have already been identified and described in Sec. 6.4.2 and 6.4.3. The
new region, marked 6 in Fig. 6.28(b), is associated with PE values similar to
that found in region 1. Figure 6.31 shows time-series with corresponding FFT
spectra and ACF for each region marked in Fig. 6.28(b). Regions 1 and 2 have
already been identified in Sec. 6.4.2 and 6.4.3 and show similar dynamics here.
Region 1 shows cw with periodic dynamics in the time-series as illustrated in the
ACF in Fig. 6.31(a). The delay of the oscillations in the ACF corresponds to
the frequency of the main frequency component in the FFT spectrum. The PE
values are significantly lower than that of the fundamental noise in this region
and are about 0.85. The main frequency component in the RF spectra is still
<1 GHz (2f. as depicted in Fig. 6.27(b) and corresponds to a multiple of the
external cavity roundtrip frequency. Region 2, see Fig. 6.28(b), shows similar
dynamics with periodicity on a cw baseline in the time-series but it is associated
with different PE values and different main frequency components in the RF
spectra. In Fig. 6.31(b), the delay of the oscillations in the ACF also corresponds
to the frequency of the main peak observed in the RF spectrum. However, the
main peak in the RF spectra is now located at frequencies >2 GHz (4f, as seen
in Fig. 6.27(b). The PE values associated with region 2 are lower than that
found in region 1 and are about 0.80. In both regions the laser is strongly single
mode with a much larger side mode suppression >55 dB than the free running
laser (>20 dB), and is operating cw. However, the laser is probably operating
on several external cavity modes but this hypothesis could not be confirmed as
the spectra recorded by the FPI show a broad band modeless output (>1.7 GHz
and up to 2.4 GHz) which could potentially be a chirped comb of frequencies
that are not resolved due to the slow scanning rate of the Fabry-Perot compared
to the frequency shift rate of the intracavity light field. Region 3 is strongly
affected by the external cavity delay and the corresponding RF spectra show
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Figure 6.31:  Output power time-series and corresponding FFT spectra and
autocorrelation function for different regions of the parameter space as marked
in Fig. 6.28(b). One sample period=50 ps. The FSF level was 97.5% (0.75 V)
and the injection current was (a) 1=40 mA, (b) 2=44 mA, (c¢) 3=70 mA and (d)
5=100 mA.

strong peaks separated by the external cavity frequency (478.1 MHz) right up to
the bandwidth limit of the measurement equipment as seen in Fig. 6.31(c). In
this region the laser starts emitting on several longitudinal modes with increasing

injection current as depicted in Fig. 6.29(a). The PE values gradually increase
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Figure 6.32: (a) Output power time-series with an FSF level of 99.8% (0.90 V)
at 45 mA and (b) corresponding FFT spectrum and (c¢) ACF. One sample pe-
riod=50 ps.

with increasing injection current until they reach 0.99 corresponding to region 5 in
Fig. 6.28(b). In region 5 the PE values are >0.99 and the dynamics of the system
are not affected by the external cavity delay anymore as seen in Fig. 6.31(d).
This region is associated with multi-mode operation of the laser, see Fig. 6.29(a),
low RMS amplitude as seen in Fig. 6.28(a) and high output power indicating
cw operation of the laser. In this external cavity setup another region has been
identified and is marked 6 in Fig. 6.28(b). This region appears with higher FSF
levels (>99%) as a band where the PE values are about 0.85 in Fig. 6.28(b).
In this region, periodic time-series on a cw level are observed and the dynamics
are similar to that found in region 2 as seen in Fig. 6.32(c). The delay of the
oscillations in the ACF are also related to the main peak in the RF spectrum.
The location of the main frequency component is however >3 GHz (7f.) as seen
in Fig. 6.27(b). In these 3 regions (1, 2 and 6), the system shows periodicity in the
time-series on a cw level with the period of the oscillations gradually increasing
with injection current until it reaches region 3 where the dynamics are dominated
by the external cavity delay. The dynamics observed in both regions, 1 and 2,
and 3 suggest that there is a competition between FSF and delayed feedback.
These regions are also associated with strong single mode operation of the laser.
High levels of FSF affect the system in a similar way to Sec. 6.4.2 and 6.4.3 with
the exception of region 6 which shows similar dynamics to regions 1 and 2 and is
associated with periodic time-series on a cw baseline and single mode operation

of the laser. The dynamics in region 3 are affected by the delay introduced by
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the external cavity while region 5 shows sign of external cavity dynamics but is

associated with multi-mode, cw operation of the laser and high PE values.

6.4.4.1 Dual Wavelength Emission

Despite the new region marked 6 in Fig. 6.28(b), another regime of operation was
observed when this external cavity length was setup. Within a small range of
FSF levels (= 0.02 V), the laser was able to operate at the same time, within
the resolution of the equipment, on two different wavelengths separated by about
10 nm. More surprisingly, the two wavelengths were located at about 831 nm and
then at about 841 nm where the gain is very low (see Fig. 6.6). Figure 6.33 shows
an optical spectrum from the OSA at 70 mA with 60% FSF level. The modes
are located at 831.2 nm (mode 1) and 841.4 nm (mode 2), which corresponds to
a separation of 25 longitudinal modes, and the power difference between the two
lines is 5.91 dB.

This phenomenon had not been observed previously as the wavelength span
of the OSA was set to be between 829 nm and 839 nm. It is also a rather unstable
phenomenon that could be observed from seconds to minutes depending on the
parameters, and was very sensitive to FSF alignment. It would always occur
within the same FSF level range but never at the same level. The relatively slow
sweep time of 16 ms (16 nm wavelength span) of the OSA does not allow the
characterization of the fast temporal dynamics of the two modes. It is indeed
not possible to know whether the two modes are lasing at the same time or
not. In order to verify that, the experimental setup was modified such that the
two spectral components could be individually coupled to a fast photodetector.
Because of the large spectral separation between the two peaks, i.e. & 10 nm, a
simple diffraction grating was used to physically separate the two wavelengths so
that easy coupling could be achieved. Dynamics up to 4 GHz, i.e. the bandwidth
limit of the oscilloscope, could then be investigated in each spectral component.
Figure 6.34 shows 3 sections of a typical time-series and corresponding RF spectra
of each beam illustrating the different dynamics found in the same time trace for
the two modes. Note that a small time offset between the two signals could result

from a different optical path between the two beams or different cable lengths from
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Figure 6.33: Optical spectrum from the OSA at 70 mA with an FSF level of
60%.

the detector to the oscilloscope. For clarity the signal associated with mode 1 was
offset by 5 mV. In Fig. 6.34 modes 1 (831.2 nm) and 2 (841.4 nm) are represented
by black and blue curves, respectively. Note that because of the losses introduced
by the diffraction grating the dc components in both signals are rather low. The
noise floor was measured at 2 mV which means that the dc component associated
with mode 2 (about 3 mV) in Fig. 6.34 is just above the noise floor when the
laser is emitting at this wavelength. In Fig. 6.34(a) mode 1 shows maximum dc
amplitude whereas mode 2 is close to the noise level. Mode 2 is showing period
doubling behavior compared with mode 1 dynamics as illustrated in the FFT
spectrum where the main blue peak is twice the frequency of the main black peak.
The situation is different in Fig. 6.34(b) as the dc amplitude of mode 2 increases
up to 4 mV while the amplitude in mode 1 decreases to 4 mV. In this region,
period tripling occurs as illustrated in the FFT. Even though it can be regarded
as such, one has to be careful when stating frequency tripling as there are some
other strong frequency components in the signal. Mode 1 shows slower dynamics
while mode 2 is still exhibiting some fast dynamics. It is worth mentioning that

the amplitude drop in mode 2 occurs at the exact same time the increase in mode
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Figure 6.34: Black line: Mode 1 (831.2 nm). Blue line: Mode 2 (841.4 nm).
Sections of the output power time-series and corresponding RF spectra at 70 mA
with an FSF level of 60.8%. (a), (b) and (c) illustrate different time intervals of
the same time-series.

1 happens, considering the time delay introduced by the optical path difference
between the two beams. Figure 6.34(c) illustrates a situation where, both modes
have the same dc amplitude. The dynamics of mode 1 seem more regular than
in (b) as seen in the FFT spectrum where the main black peak has a higher
amplitude than in Fig. 6.34(b). However, the dynamics associated with mode 2
occur at faster time scales as illustrated in the FFT spectrum where the main
peak is located well above 2 GHz. This means that mode 2 shows a strong
frequency quintupling. However, other frequency components indicate that the
dynamics are not only dominated by this frequency. These observations lead to
the conclusion that both modes are emitting at the same time. Even though they
show anticorrelated power, both modes are on at the same time. However, it is
possible that switching occurs between the two modes at time-scales higher than
the bandwidth of the oscilloscope, i.e. 4 GHz. As the laser was aging, mode 1
became weaker until lasing at 831 nm did not occur anymore but only occurred at
841 nm. The laser eventually died a few weeks later and no further investigation

on this peculiar phenomenon could be carried out. In order to check whether this
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phenomenon was affecting the dynamics of the system or not, a second identical
laser was set-up and showed the same dynamics associated with the same FSF
levels but no sign of a dual wavelength emission. This indicated that this one
laser probably showed the two wavelengths lasing as an artefact of aging and was

a pre-failure phenomenon.

6.4.5 Non Resonant Cavity

The results obtained with an external cavity which does not match a multiple of
the AOM frequency shift are presented in this section. The frequency shift of the
AOM is assumed to be f.=157.7 MHz. The external cavity frequency roundtrip
is now 249.3 MHz which corresponds to 1.58 f, and is therefore considered non-
resonant. The data collection was similar to that in Sec. 6.4.2, 6.4.3 and 6.4.4 and
the same figures were produced in order to allow comparison between different

external cavity lengths.

Figure 6.35(a) shows a color map of the RF spectra as a function of FSF.
A low amplitude peak located at 157.7 MHz associated with low FSF level ap-
pears, then decreases in amplitude until the system reaches an FSF level of 37%
(0.5 V) where it becomes strong and then decreases gradually with increasing
FSFE. This confirms that the sharp peak, and its multiples, are related to the
AOM frequency and not with the external cavity roundtrip frequency. Note that
the peak located at 318.4 MHz is very low in amplitude and does not appear
clearly in the map. The temporal dynamics of the system are not affected much
by low FSF level as illustrated in Fig. 6.36(a), the RMS amplitude does not vary
significantly in this region and stays very low. However, the system is a little
more stable when the laser is operated at higher injection currents (>85 mA). In
this parameter space mode hopping of the laser is completely absent. The PE
map shown in Fig. 6.36(b) reinforces this observation where PE values close to
1 are observed in this region with the exception of lower values near threshold.
These low instabilities close to threshold are associated with multi-mode opera-
tion (most probably mode hopping) of the laser as depicted in Fig. 6.37(a) which

contrasts with the single mode operation of the device at high currents and low

185



6.4 Experimental Results of the Effects of the Cavity Length on the
Dynamics of the System

a
( ) 1 2.5 (b) 1
4
. 2 .
Z 5 2 32
2 156 & <
2 2 £ 5
> i z >z 28
3 2 3 :
< E < )
0.5 1
0
300 400 500 600 40 60 80 100
Frequency (MHz) Injection Current (mA)

Figure 6.35: (a) Map of the FFTs of the output power time-series for increasing
FSF at 70 mA. (b) Map of the dominant frequency of the FFTs of the output
power time-series as a function of FSF and injection current.

FSF level. The expected gradual increase in the emission wavelength of the laser
with increasing injection current is also observed as illustrated in Fig. 6.36(b).
Spectra recorded with the FPI show a gradual broadening of up to 300 MHz of
the laser mode associated with very low levels of FSF (< 1.5%) while single mode
operation of the laser is maintained. Beyond an FSF level of 1.5% the laser starts
emitting on several longitudinal modes with a gradual increase of the power in
the side modes with increasing FSF. The observations reported here are similar
to what has been observed in the different resonant cavity configurations. The
dynamics of the system are not influenced much by low levels of FSF. Temporally,
the time-series show some periodicity on a cw level and spectrally the laser shows
instabilities, i.e. mode hopping. This region is located near threshold and is as-
sociated with low injection currents as previously observed in the resonant cases.
The spectral behavior of the main longitudinal mode is, however, significantly
affected by low FSF level and the laser line shows FSF dependent broadening of

a few hundred MHz before the device starts lasing on several longitudinal modes.

A significant change in the dynamics of the system occurs when the FSF level
reaches 15% (0.42 V). A broad, low amplitude peak centered at 249.3 MHz ap-
pears in Fig. 6.35(a). The coherence collapse regime occurs with mid range FSF
level with switch levels at 15% (0.42 V) and 55% (0.55 V) as seen in Fig. 6.36
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Figure 6.36: (a) Map of the RMS amplitude of the output power time-series as
a function of FSF and injection current. (b) Map of the normalized permutation
entropy (D =5, 7 = 2) as a function of FSF and injection current.
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Figure 6.37: (a) Map of the number of longitudinal modes lasing as a function
of FSF and injection current. The threshold for side mode suppression was set at
15 dB. (b) Map of the emission wavelength of the main lasing mode as a function
of FSF and injection current.

for this system. This region shows high instability corresponding to high RMS
amplitude in Fig. 6.36(a) and low PE values (<0.8) in Fig. 6.36(b). A time-series,
and its corresponding RF spectrum, extracted from the coherence collapse regime
are shown in Fig. 6.38. The RF spectrum shows broad, low amplitude peaks with
low power at high frequencies (>2 GHz) and separated by the external cavity fre-
quency roundtrip, see Fig. 6.38(b). Both transitions, to and from the coherence
collapse regime, are abrupt and occur within the resolution limit of the equip-
ment, i.e. the AOM voltage step resolution (0.001 V). The coherence collapse
regime is also associated with multi-mode operation of the laser as depicted in
Fig. 6.37(a). The PE values are related to the number of longitudinal modes the
laser is emitting on, small PE values correspond to a strong multi-mode emis-
sion (> 4 longitudinal modes) whereas larger PE values are associated with 3
longitudinal modes, as seen by comparing Fig. 6.36(b) and Fig. 6.37(a). In this
region the dominant frequency of the RF spectra increases with increasing injec-
tion current, see Fig. 6.35(b). A threshold reduction of 4 mA is also observed in
Fig. 6.37 and indicates that FSF has a bigger impact in this region. This region is
also associated with a stabilization of the emission wavelength of the main lasing
mode as illustrated in Fig. 6.37(b). The optical spectra recorded with the FPI
show a gradual broadening of the laser linewidth of up to 1.84 GHz with 55%
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Figure 6.38: (a) Output power time-series with an FSF level of 47% (0.525 V)
at 70 mA and (b) corresponding FFT spectrum.

FSF level which is comparable to observations made in Sec. 6.4.2, 6.4.3 and 6.4.4.
Note that within this moderate range of FSF level, i.e. 15%-55%, the laser is
strongly multi-mode as depicted in Fig. 6.37(a). As reported earlier, for the case
of resonant cavities, the system shows similar dynamics. The system enters the
coherence collapse region illustrated by high RMS amplitude and low PE values.
The external cavity delay has a significant effect depicted in the RF spectra by
broad, low amplitude peaks separated by the external cavity frequency. Higher
levels of FSF also mean a small threshold reduction as well as a strong multi-

mode operation of the laser.

High levels of FSF, i.e. >55%, lead to a change in the dynamics of the system.
In this case, similarities with resonant cavity configurations are quite pronounced.
The external cavity delay now has a strong influence on the dynamics and is the
dominant effect in most of the parameter space investigated here. This is illus-
trated in Fig. 6.35(a) where high FSF level is associated with strong, high ampli-
tude peaks separated by the external cavity roundtrip frequency. The transition
from the coherence collapse region is abrupt and is characterized by a sudden shift
(=~ 6 nm) of the emission wavelength towards longer wavelengths as depicted in
Fig. 6.37(b). Then the emission wavelength gradually decreases with increasing

FSF while higher injection currents slightly balance this effect by shifting the
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emission towards longer wavelengths. A threshold reduction of at most 21 mA
is observed in Fig. 6.37. Four regions, marked 1, 2, 3 and 5, with significantly
different PE values have been identified in Fig. 6.36(b). These four regions have
already been introduced in Sec. 6.4.2, however small differences distinguish both
cavity configurations.

Regions 1 and 2 have already been identified in Sec. 6.4.2, 6.4.3 and 6.4.4 and
show similar dynamics here. Region 1 is characterized by periodic time-series
as illustrated in the ACF in Fig. 6.39(a). The period of the oscillations in the
ACF corresponds to the frequency of the main frequency component in the RF
spectrum. The latter corresponds to a multiple of the external cavity roundtrip
frequency and is located at frequencies <1 GHz (2f,) as depicted in Fig. 6.35(b).
The PE values are about 0.87 in this region. Region 2 is associated with lower PE
values, about 0.79, and faster dynamics. The delay corresponding to the period of
the oscillations in the ACF is also related to the frequency of the main frequency
component in the RF spectra, see Fig. 6.39(b). However, the main peak in the
RF spectrum is now located at frequencies >2 GHz (10f.) as seen in Fig. 6.35(b)
and 6.39(b). In both regions, i.e. 1 and 2, the laser is operating on a single
longitudinal mode as illustrated in Fig. 6.37(a) and exhibits a large side mode
suppression (>55 dB). Similar observations have been made in Sec. 6.4.2, 6.4.3
and 6.4.4. However, in this case the system shows inconsistency in the dynamics
in region 2. This can be seen in Fig. 6.36(b) where the PE values oscillate between
0.79 and 0.95 in region 2. The laser, however, remains single mode. In region 3
the dynamics are dominated by the delay introduced by the external cavity. The
RF spectra show sharp, high amplitude peaks separated by the external cavity
roundtrip frequency as seen Fig. 6.39(c). The PE values gradually increase from
0.92 up to ~ 1 with increasing injection current. This increase in PE values is
related to the number of longitudinal modes the laser is emitting on as depicted in
Fig. 6.37(a). Region 5 is associated with PE values close to 1 and is not affected by
the external cavity delay as seen in Fig. 6.39(d). In this region the laser is multi-
mode and operates cw as seen in Fig. 6.36(a) where the RMS amplitude is low.
High FSF level is associated with different dynamics which depend on the system
parameters. Regions 1 and 2 show periodic time-series on a cw baseline with

single mode operation of the laser associated with low PE values and low RMS
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Figure 6.39:  Output power time-series and corresponding FFT spectra and
autocorrelation function for different regions of the parameter space as marked
in Fig. 6.36(b). One sample period=50 ps. The FSF level was 97.5% (0.75 V)
and the injection current was (a) 1=41 mA, (b) 2=45 mA, (c) 3=70 mA and (d)
5=100 mA.

amplitude. These regions are also associated with a low dc level indicating that
the laser is operating cw with low amplitude periodic oscillations. The ACF show
that the period is very well defined but its amplitude follows more of a chaotic

behavior. Region 3 shows dynamics strongly dominated by the external cavity
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delay while region 5 exhibits noisy time-series and cw, multi-mode operation of

the laser.

6.4.6 Discussion

Four different cavity configurations were investigated, 3 of which are resonant
with the AOM frequency shift. The 3 resonant cavities show similar behavior
with high levels of FSF, the same basic observations have been made with low
levels of FSF and the only difference comes from the FSF level required to reach
the coherence collapse regime. The variations in the transition to the coherence
collapse regime, i.e. 12% £1%, are, however, small and are probably related to
the increase in FSF strength associated with shorter cavity lengths. Indeed, be-
cause of the beam divergence, the longer cavity lengths suffer from higher losses
when the beam travels back through the AOM as described in Sec. 6.1.2. When
medium FSF level is applied to the system the dynamics are the same regardless
of the external cavity length or the resonance condition. The FSF range over
which the coherence collapse occurs is slightly different, but again it is proba-
bly due to the beam divergence. This explanation is consistent with the results
previously introduced as the system transitions from the coherence collapse re-
gion at the medium to high FSF regime with an FSF level of 57%, 55%, 53%
and 45% corresponding to a cavity roundtrip frequency of 160 MHz, 249 MHz,
320 MHz and 480 MHz, respectively. However, a few differences arise between the
different cavity configurations with high FSF levels. The first difference, which
is also probably related to the FSF strength, is the stability and the injection
range at which regions 1 and 2 appear. The two longer cavities, i.e. 160 MHz
and 249 MHz, show instabilities in region 2 with PE values varying from 0.78 to
0.95. The range of injection currents at which region 2 appears is also very small
(about 1 mA) whereas it is > 2 mA for the two shorter cavities. The shortest
cavity of 480 MHz shows periodic time-series on a cw level over a range of 6 mA
in injection current associated with high FSF level >99%. The external cavity
corresponding to a roundtrip frequency of 320 MHz shows periodic modulations
in the time-series for system parameters that do not show such dynamics in the

other external cavity configurations. The high resolution maps illustrating the
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dynamics of the system do not show any significant difference between the reso-
nant and non-resonant cases, the dominant effect seems to be the FSF strength.
Regardless of the cavity length the dynamics in region 1 always occur at frequen-
cies about 1 GHz, which mean that a shorter cavity would be required to match
these frequencies. However, the experimental setup does not allow the character-

ization of such short external cavities, as explained in Sec. 6.1.5.

Experimental results reported in the literature show a direct effect of the
resonance condition on the dynamics of the system. Early reports described the
generation of short pulses in a dye laser system [27, 30, 31] in which the external
cavity was resonant with the AOM frequency shift. Pulses with a repetition rate
corresponding to multiples of the fundamental cavity frequency were observed.
The same system also showed a broadband modeless output when the external
cavity was non-resonant [97, 99]. However, pulsed output has also been reported
in a non resonant cavity configuration with a titanium-sapphire as a gain medium
[114]. If a single frequency seed laser is injected into such a broadband FSF
laser system a comb of modes spaced by the laser cavity roundtrip frequency
shift is generated [105]. Fiber laser based FSF systems in a non resonant cavity
configuration have also been reported, such as a short pulsed Er:fiber laser at
1.55 pm [32].

The gain in semiconductor lasers is sufficiently different, i.e. large group ve-
locity dispersion or short carrier lifetime make mode-locking a difficult exercise,
than that of previously introduced FSF systems that different dynamics such as
chaotic behavior are quite likely to occur [259] in a semiconductor-laser-based
FSF laser system. Despite the fact that the system shows dynamics which are
not affected by the resonance condition of the external cavity, these two cases
will be differentiated. Previous studies on FSF semiconductor laser systems were
differentiated by the type of diode laser used in the experiment. More specifically,
the intracavity facet reflectance (IFR) was the main difference between them and
was brought forward to explain the different behaviors observed experimentally.
As presented in the previous sections, the 3 regimes of FSF (low, medium and

high FSF levels) will be discussed separately.
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All studies conducted on FSF semiconductor laser systems are at least 10
years old and did not characterize the dynamics with high resolution. Tradition-
ally, system behavior was tracked manually by observation of optical and/or RF
spectra but recent major developments in the field of collecting and analyzing out-
put power time-series from nonlinear laser systems now allow high density maps
to be generated. The previous studies covered at most 1, low resolution, FSF
regime but did not include any detailed analysis of the system. Therefore, the
maps previously reported in this chapter are a new tool which give new insights
into the dynamics of such systems and pave the way for increased understanding
of the nature of the electric field emanating from such sources. The results are
not an obvious fit with available theories so new theoretical developments will be

needed to explain them.

Low levels of FSF do not affect the temporal dynamic behavior of the system,
however, they influence the spectral bandwidth. Strong alteration of the spectral
behavior of a semiconductor laser with low FSF level was reported in [28]. The
authors used first an infrared (IR) diode laser with an IFR of 32%. They reported
a broadening of the laser mode up to 5 GHz with FSF levels above 35% associated
with single longitudinal mode operation of the laser. Figure 6.40 illustrates the
output spectrum for different levels of external feedback of the IR laser diode and
is extracted from [28]. The linewidth of the laser can be estimated as 100 MHz
with an FSF level of 5.8% as seen in Fig. 6.40 from [28]. However, the second
visible laser diode with FSF exhibited a more drastic broadening where small FSF
levels (below 3%) caused a broadening of up to 3 GHz to the main laser mode. The
spectral broadening observed in our system does not match quantitatively with
the observations of Richter and Hansch. A gradual broadening of up to 300 MHz
of the laser mode associated with FSF levels (< 1.5%) while single longitudinal
mode operation of the laser is observed in our experiment which indicates that
the devices they used were more stable to the onset of multi-longitudinal mode
operation. The main laser mode output power drop associated with FSF reported
in [28] was also observed in our experiment. Several groups observed this spectral
broadening with increasing FSF and most of them managed to achieve single

mode operation of the laser with FSF levels greater than 1.5%. Martin et al.
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Figure 6.40: Frequency shift and line shape at the output of the infrared diode
laser (IRDL) versus diffraction efficiency n of the AOM. Extracted from Ref. [28].

used a visible diode laser (IFR of 20%) with FSF and reported a broadening of
180 MHz with an FSF level of 0.002% [251]. A broadening of modes spaced by
the frequency shift of the AOM has also been observed in [103] for low levels of
FSF, i.e. below 12%. Willis and coauthors worked with 3 different external cavity
designs and observed, in the same external cavity configuration, a broadening of
500 MHz for an FSF level of about 1% before the diode laser (IFR of 4.5%) started
emitting on multiple longitudinal modes, as illustrated in Fig. 6.41. The same
study also reported an increase in noise of the laser when operated with injection
currents close to threshold. Willis et al. improved the side mode suppression
by introducing a frequency-selective element inside the external cavity where the
plane mirror was replaced by a diffraction grating. This led to a broadening of
about 7.5 GHz with an FSF level of 6% associated with single mode operation
of the laser. It would be expected to achieve single mode emission with higher
FSF levels by using a DFB FSF system, the spectral selectivity of such diodes
should allow the device to be operated at much higher FSF level without exciting
longitudinal modes of the laser. Surprisingly, the bandwidths of a DFB FSF

system reported in [104] were only on the order of several hundreds of MHz with
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Figure 6.41: The optical frequency spectra of the FSF external cavity diode
laser introduced in Ref. [103]. The diffraction efficiency n (and RF power to
the AOM) in each case is (a) 0.08% (3.2 mW), (b) 0.26% (10 mW), (c) 0.83%
(32 mW), (d) 1.04% (40 mW), (e) 1.3% (50 mW). (f) 2.6% (100 mW). Extracted
from Ref. [103].

an FSF level of 0.1%.

The experimental results reported in this chapter match qualitatively the
observations made in the literature on similar systems but go well beyond the
published literature. It has been shown that low FSF levels induce a gradual
broadening of the laser mode with increasing FSF until the laser starts operating

on multiple longitudinal modes. This broadening associated with single mode op-
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eration of the laser is different in each system reported in the literature. Both the
bandwidth and the rate at which the broadening occurs are different and probably
related to the specific laser device gain medium and the diode laser system cavity
configuration. Also, the maximum diffraction efficiency 7 of the AOM can be sig-
nificantly different between the various crystals commonly used in AOMs. The
beam shape, geometry of the external cavity and alignment of the AOM can also
alter the diffraction efficiency, thus misleading the reader when comparing FSF
levels between different studies. The FSF level threshold at which multi-mode
operation occurs is related to the IFR of the diode and Ref. [260] showed that
a low IFR is required in order to increase this threshold and therefore increase
the bandwidth of the laser mode. The IFR of the laser used in our experiment is
unknown but the fact that the diode becomes multi-mode with an FSF level of
1.5% indicates that the IFR is comparable to that in [103], i.e. about 4%. This is
consistent with the standard high/low reflectivity coatings of standard commer-

cial lasers.

The medium FSF level range is not well documented in the literature as most
studies have been focused on low FSF levels [103, 251]. Nevertheless, Richter
and Hansch reported a broadening of the laser linewidth up to several GHz asso-
ciated multi-longitudinal mode operation of the visible diode with medium FSF
level (11%). The IR diode showed a broadening of 5 GHz while maintaining a
single mode operation of the laser as seen in Fig. 6.40. Beyond a certain FSF
level, multi-mode operation is a characteristic feature of Fabry-Perot semicon-
ductor laser systems with FSF. However, no temporal data was ever reported
in the literature which makes it difficult to interpret any regimes of instabilities.
The analysis of the data reported in this chapter allows a better identification of
regions exhibiting different temporal behavior. This study is the most comprehen-
sive experimental study a semiconductor-laser-based FSF laser system. Spectral
data alone is not enough to fully characterize the dynamics of the system. Indeed,
as seen previously, multi-mode operation of the laser does not always correspond
to different temporal behavior, i.e. regions identified in both PE and RMS maps
do not exactly match with regions showing very distinct behavior in the spectral

maps even though a strong correlation can be established. Careful interpretation
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of all these different maps allowed us to identify, with very high precision, the
coherence collapse region. The work of Benoist contrasted conventional optical
feedback and FSF and noted the suppression of phase dependent linewidth varia-
tion of the lasing mode using FSF [104]. Measurements of the RMS noise level, of
the photodetected output power as a function of feedback level indicated that a
transition to the coherence collapse dynamical regime occurred in both systems.
This regime of operation has been well documented in the sequence of regimes
observed for a semiconductor laser with optical feedback from an external mirror
[5]. In the FSF system the transition was not the expected discontinuous switch
at a single feedback level reported in the Benoist et al. study. The transition
was more gradual. However, the increase in noise level was about 20 dBm/Hz in
both cases. This research suggests that FSF does not dominate nor significantly
modify the usual coherence collapse nonlinear dynamics that occurs in these sys-
tems and which is predicted reasonably well by the Lang-Kobayashi rate equation
model [4]. However, Benoist’s work does not specify what the resolution of the
FSF level was and this makes it difficult to compare results with our experiment.
The transition into and out of the coherence collapse region always occurs within
the resolution limit of the equipment which corresponds to a change in the FSF
level of about 0.2%, depending on the actual FSF level at which the transition
occurs as discussed in Sec. 6.4.2. It is clear that the transition is similar to that
of a conventional optical feedback system. The time-series extracted from this
region show broad external cavity peaks in the RF spectra, with less power at
higher frequencies (>2 GHz). Similar behavior has been reported in [39, 240]
using the same characterization tools. The sharp transitions surrounding the co-
herence collapse region may suggest that this regime of operation “interrupts or
disturbs” FSF behavior which otherwise would be a continuum of FSF dynamic
behavior. These results suggest that this region of the parameter space, i.e. the
coherence collapse, can be predicted and modeled by using the Lang-Kobayashi

rate equation model [4].
The third region of the parameter space investigated where the system shows

significantly different dynamics is associated with high levels of FSF. In this region

the device exhibits a broadening of the laser linewidth (regions 1, 6) and is often
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operating multi-mode (regions 3, 5) depending on the injection current. Richter
and Hansch reported the broadening of the laser linewidth up to 1 THz with an
FSF level of 80%. This, however, was associated with multi-mode operation of
the diode. In a similar configuration but with a lower IFR (8 x 107°%) Sato
and co-authors achieved a spectral broadening of 780 GHz with an FSF level of
90% [260] also associated with a multi-mode emission. Single mode operation
of the laser with high FSF levels was only achieved by using an external cavity
with a diffraction grating as a reflective element instead of a plane mirror. The
frequency narrowing of the bandwidth of the feedback provided by a diffraction
grating allows much higher FSF levels to be fed back to the laser than a plane
mirror. Sato et al. demonstrated the influence of the spectral selectivity on
the isolation of side modes and showed that with a grating providing a high
selectivity (1800 lines/mm) it was possible to achieve a spectral bandwidth of
12 GHz while achieving single mode emission of the laser. They also managed to
obtain a broadening of 15 GHz using a diode with a lower IFR of 107°%. Lim
and co-workers achieved a linewidth broadening of 5 GHz along with a tunability
of 8 nm associated with single mode operation of the laser by using a laser diode
with an IFR of about 4% in a Littman-Metcalf cavity configuration in which the
AOM is placed between the diffraction grating and the external reflecting mirror
[124]. A comparable spectral broadening of 5.28 GHz was obtained in Ref. [245].
Following the observations of [260] and comparing them with earlier studies seems
to indicate that two main conditions are required in order to achieve spectral
broadening while single mode operation of the laser is maintained. While a high
spectral selectivity is necessary to maintain a single mode operation of the laser
at high FSF level, a low IFR is also required to suppress multiple longitudinal
modes of the laser. Sato and co-workers demonstrated that an IFR <4 x 107%% is
sufficient for the system to behave as a one segment cavity, thus avoiding multiple
chip mode operation. The results presented in this chapter have been produced
with high resolution data and the amount of details that these high density maps
show have no equivalent in the literature. It is because the system has been
analyzed in such a complete way that it is now possible to identify regions of
the parameter space where the system shows significantly different complexity

and behavior. This allows us to distinguish a region where the laser is strongly
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single mode and associated with high FSF level (>47%) even though multi-mode
operation was already achieved with low FSF level (1.5%). The fact that the
system shows such abrupt transitions between the different complexity regions
is an indicator that unless high resolution dynamic maps are generated it is not
possible to have a complete understanding of the dynamics of the system.
Single mode operation of the laser was achieved with either low FSF level,
i.e. <12%, or high FSF level (>47%). This work reports the first observation of
single longitudinal mode operation of the device when operated with high levels
of feedback provided by a plane mirror (regions 1, 2 and 6) in a semiconductor
laser FSF system. A broad laser linewidth of up to 2.4 GHz has been observed
with single longitudinal mode operation of the laser. This is the first observation
of such a broadband single longitudinal mode output with a semiconductor-laser-
based FSF system without using frequency selective feedback. However, when the
system is driven with high levels of FSF the laser needs to be operated close to
threshold in order to remain single mode. The power in the mode remains high
but higher average power is achieved when multi-mode operation of the laser
is observed in region 5. The threshold current for the solitary device is about
57 mA and drops to about 33 mA with maximum FSF. This operation below
the free running laser threshold may explain why this region of the parameter
space has not been investigated in the literature so far. The relatively small
injection range at which single mode operation is observed is also a limiting
factor. In this region the laser linewidth broadens up to 2.4 GHz but no features
spaced by the AOM frequency are observed in the FPI spectra. However, the
scanning rate of the FPI (about 10'® Hz/s) is much slower than the frequency shift
rate inside the external cavity (about 10'” Hz/s for an external cavity length of
about 30 cm) which means that the observation of a chirped comb of frequencies
separated by the AOM frequency was not possible. Yoshizawa and co-authors
demonstrated that, regardless of the resonance condition of the external cavity, a
chirped frequency comb output with a comb spacing corresponding to the AOM
frequency was observed and that the chirping rate was linearly decreasing with
increasing cavity length [245]. From these observations a longer cavity of about
2.5 m was set up but because of the beam divergence a longer external cavity

could not be used as the minimum amount of FSF required for the system to
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go beyond the coherence collapse region was not satisfied. Increasing the cavity
length did not allow us to observe any mode structure in the FPI spectra therefore
in order to investigate the internal structure of the spectra the output of the laser
was coupled to a fixed, i.e. non scanning, FPI. It has been reported in different
solid state FSF systems that if the laser exhibits a chirped frequency comb output
then a periodical pulse train whose repetition interval is inversely proportional to
the round-trip frequency shift, while the output power stays constant, is observed
(98, 117, 118, 119]. However, it is expected that the time interval between the
pulses is about 6 ns therefore it is necessary to observe the signal with a detector
having a good sensitivity and a response time <6 ns which is not the case as the
PMT used in the experiment has a response time of about 25 ns. Therefore, the
internal structure of the spectra could not be observed in the experiment but it is
with good confidence that one believes that, at least in these regions, the system
shows a chirped frequency comb output. The characteristic signs associated with
this behavior, i.e. spectral broadening with single mode emission, are observed
in the experiment and this reinforces this theory. Also the periodic oscillations
associated with sharp frequency components in the corresponding RF spectra has
to be the result of a beating between several external cavity modes, since the laser
is operating single mode in these regions, which supports the chirped frequency
comb output model.

Numerous studies [106, 142, 144, 145, 146, 147, 148, 149, 150, 151, 247, 261]
have demonstrated the use of a chirped comb of frequencies for optical frequency
domain ranging, i.e. accurate distance measurement. In the experiment, the
output power time-series show periodic oscillations on a low amplitude cw baseline
and this regime has also been observed in a titanium sapphire FSF system for
a certain pump power [114]. Bonnet et al. demonstrated a range of different
dynamical regimes with increasing pump power. Starting at low pump powers it
operated cw then transitioned through sustained spiking, low frequency pulsation
with a zero baseline, high frequency pulsations on a cw baseline, and finally to
cw output again at high pump powers. They also observed that the transition
from cw to mode-locking is associated with a significant broadening (2 GHz)
of the laser linewidth. In our experiment the transition from high frequency

pulsations on a cw baseline to cw output is accompanied with a broadening of
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about 0.8 GHz. However, the system does not show mode-locking but shows
an increase in the repetition rate of the pulsations while their modulation depth
decreases slightly, which matches the observations of [114]. The main difference
between the laser system in [114] and our system, despite the gain medium, is
the addition of an etalon with an FSR of 200 GHz inside the gain cavity which
restricts the emission to a single transmission order of the resonator. Naturally,
in our case, the integration in the external cavity of an element that could reduce
the effective gain bandwidth of the laser cavity should be the first step towards
short pulse generation. This could be achieved by using a frequency selective
element rather than a high reflectivity mirror to close the external cavity.

The behavior observed in [114] has also been observed in [262] where a ring
dye laser FSF system showed increasing pulse repetition rates (associated with
the external cavity roundtrip time) with increasing pump power. In these regions,
where the system exhibits periodic time-series, the RF spectra show strong peaks
located at multiples of the external cavity frequency which has also been ob-
served in a dye FSF laser seeded by a single-mode stabilized dye laser and in a
diode-pumped Nd:YVO FSF system [117, 263]. However, in [263] the peaks were
observed at frequencies corresponding to common multiples between the external
cavity frequency roundtrip and the AOM frequency which in our case would lead
to the appearance of RF frequencies below the gigahertz range in the four exter-
nal cavity configurations investigated. Because it was not possible to resolve the
internal structure of the optical spectra it is assumed that the chirp rate is related
to the AOM frequency. However, the frequency spacing between the modes seems
to be related to the external cavity frequency as discussed in Sec. 6.4.5. Indeed,
the peaks in the RF spectra for the non resonant cavity are located at multiples
of the external cavity frequency and are not associated with the AOM frequency
which means that if beating between two modes occurs then these modes are
spaced by the external cavity frequency. This observation agrees with the work
of Paul et al. in which, by using the unique properties of FSF lasers, they man-
aged to demonstrate accurate distance measurement with a DFB FSF system
[146, 147]. The loss of periodic oscillations in the time-series associated with in-
creasing injection current is accompanied by a much higher cw baseline level and

irregular spiky output in the time-series. This, eventually leads to cw operation of
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the laser for the highest injection currents. This behavior is documented in [114],
however, the transition from periodic time-series to cw output is not detailed
but the maps presented in this chapter indicate that this is a sharp transition.
The transition from regions 1, 2 and 6 to region 3 is sharp and the reasonably
well defined oscillations on a cw level suddenly change to a more irregular spiky
output in region 3. Then the time-series show decreasing oscillation amplitude
with increasing injection current. The PE values increase smoothly until they
reach 1 and high power cw output is obtained. These results are a great source
of information on semiconductor-laser-based FSF systems. They pave the way
for theorists to investigate the effect of FSF on a semiconductor laser. What has
been observed so far suggests that there is a competing effect between FSF and
conventional optical feedback with certain levels of FSF, i.e. medium and high
levels of FSF. The dynamics of the system are completely dominated by FSF
when low levels of FSF are fed back to the laser. Then for higher levels of FSF
the system seems to be dominated by conventional optical feedback (COF). The
coherence collapse regime seems to disrupt the FSF behavior of the system and
the dynamics resemble that of a semiconductor laser system with COF in the
coherence collapse region. Finally, when high levels of FSF are applied the two
effects, i.e. FSF and COF, compete and show characteristics features specific to
each kind of feedback. Close to threshold, FSF dominates the dynamics with
well defined oscillations on a cw level then COF becomes more prominent with
increasing injection current. The level of details this study shows may be used to

understand and model the different dynamics observed in this system.

6.5 Conventional Optical Feedback

In this section the dynamics of a semiconductor laser with conventional opti-
cal feedback (COF) are investigated. The same setup previously described in
Sec. 6.1.1 was used. The only difference lies in the type of feedback utilized. The
zeroth order beam of the AOM is now used for feedback which means that the
light fed back to the laser diode does not experience any frequency shift. The

system is therefore considered as a conventional optical feedback system and is

203



6.5 Conventional Optical Feedback

a b
@ | O
4

< 1.5 ’g S _
< 5 < 3z
20 £ 9 <
£ . 3
Z 04 z Z 28
g 2 2 3
< 052 < =

0.2 1

0 0 .

200 400 600 800 40 60 80 100
Frequency (MHz) Injection Current (mA)

Figure 6.42: (a) Map of the FFTs of the output power time-series for increasing
feedback at 70 mA. (b) Map of the dominant frequency of the FFTs of the output
power time-series as a function of feedback and injection current.

expected to show dynamics well documented in the literature [5]. The same dy-
namic maps were produced with the same resolution in order to allow comparison
with the FSF laser system. However, because the first order diffraction beam of
the AOM can not achieve 100% efficiency a small portion of the light is still
transmitted through the zeroth order even when maximum voltage is applied as
depicted in Fig. 6.4. Therefore, voltages should not be used when comparing feed-
back levels between FSF and COF systems. The external cavity length does not
affect the dynamics of COF systems, therefore the external cavity corresponding
to a roundtrip frequency of 320 MHz will be discussed here. Similar maps have
been generated in [39, 240] with an identical laser diode and AOM. The maps
presented in these studies were generated with a different resolution, 0.1 mA and
0.01 V steps in injection and feedback level, respectively. A comparable param-
eter space was investigated and thus allows for direct comparison between both

studies.

Figure 6.42(a) shows a color map of the RF spectra as a function of feedback
at 70 mA. A strong, sharp peak located at 157.7 MHz appears with low feedback
levels (<32%) and gradually decreases in intensity with increasing feedback. A
second, weaker peak located at 318.4 MHz also appears in Fig. 6.42(a). This low

feedback region is also associated with broad, low amplitude peaks centered at
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multiples of the external cavity roundtrip frequency. This regime shows distinc-
tive features associated with the coherence collapse regime previously observed
in the FSF system. No feature appears in the RF spectra beyond a feedback
level of 32%, the remaining peaks are related to noise coming from the oscillo-
scope. The dominant frequency map illustrated in Fig. 6.42(b) shows the smooth
transition from 1 GHz up to 2 GHz in the coherence collapse region and has also
been observed in the FSF system. The coherence collapse region can be seen
in the RMS map depicted in Fig. 6.43(a) where it is associated with high RMS
amplitude with low feedback level. Two other regions can be identified from
Fig. 6.43(a), a first region associated with very low feedback level (<5%) and a
second region associated with high injection currents and high feedback levels.
The transitions to and from the coherence collapse region are rather abrupt, even
though the transition from this region is more gradual. The PE map illustrated
in Fig. 6.43(b) shows four distinct regions, marked 1 to 4, where the PE values are
significantly different. Region 1 is associated with low PE values (around 0.65)
and single mode operation of the laser, see Fig. 6.44(a). In this region below
the coherence collapse boundary, the PE values have lower complexity compared
to the fundamental noise and the time-series show periodic dynamics as seen in
Fig. 6.45(a). The frequency spectra associated with this region show very sharp,
very high power peaks separated by approximately 289 MHz which is smaller
than the external cavity roundtrip frequency of 318.4 MHz. The oscillation pe-
riod in the ACF is associated with the frequency of the main RF peak. Region 2
is located in the coherence collapse region and is associated with high RMS am-
plitude, see Fig. 6.43(a), and PE values of about 0.8 as seen in Fig. 6.43(b). The
time-series are noisy and the associated RF spectra exhibit broad peaks separated
by the external cavity frequency and low power at high frequencies (>2 GHz),
see Fig. 6.45(b). The delay of the low amplitude peak in the ACF corresponds
to the frequency of the external cavity frequency. The low amplitude associated
with a rapid decrease in power suggests that the oscillations in the output time-
series are only weakly correlated with the external cavity delay. In this region
the laser is strongly multi-mode as depicted in Fig. 6.44(a) and the higher level
of feedback leads to a threshold reduction, see Fig. 6.44(b). The most complex

region, which is not associated with cw operation of the laser, is marked 3 in
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Figure 6.43: (a) Map of the RMS amplitude of the output power time-series as
a function of feedback and injection current. (b) Map of the normalized permu-
tation entropy (D = 5, 7 = 2) as a function of feedback and injection current.
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Figure 6.44: (a) Map of the number of longitudinal modes lasing as a function
of feedback and injection current. The threshold for side mode suppression was
set at 15 dB. (b) Map of the emission wavelength of the main lasing mode as a
function of feedback and injection current.

Fig. 6.43(b) and occurs at medium feedback (>30%) with a broad range of injec-
tion currents (60-95 mA). Here the output power is dynamically fluctuating and
shows low frequency fluctuations as seen in Fig. 6.45(c). The frequency spectra
associated with this region reveal sharp, strong peaks separated by the external
cavity roundtrip frequency right up to the bandwidth limit of the measurement
equipment. The ACF shows high amplitude peaks separated by a delay corre-
sponding to the external cavity frequency. Similarly to region 2, the laser is also
operating on multiple longitudinal modes as seen in Fig. 6.44(a). High complexity
in the output power time-series of the system means that the laser is operating cw
or beyond lasing threshold. Region 4 is associated with feedback levels >32% and
PE values close to 1 (=~ 0.99). A typical time-series is shown in Fig. 6.45(d) and its
corresponding frequency spectrum shows essentially noise which is also confirmed
by the ACF which shows no sign of periodicity in the dynamics of the output
power of the laser. The laser is strongly single mode, as illustrated in Fig. 6.44(a)
and the threshold is greatly reduced by at most 18 mA with maximum feedback.
The emission wavelength of the laser mode increases with increasing feedback
and injection current, as illustrated in Fig.6.44(b). There is a region, associated
with high feedback and high injection currents, of higher RMS amplitude and

multi-mode operation of the laser, as seen in Fig. 6.43(a) and 6.44. However, the
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Figure 6.45:  Output power time-series and corresponding FFT spectra and
autocorrelation function for different regions of the parameter space as marked
in Fig. 6.43(b). One sample period=50 ps. The injection current was 70 mA and
the feedback level was (a) 1=4%, (b) 2=30%, (c) 3=31% and (d) 5=81%.

PE values associated with this region are close to 1 and the laser operates cw.
The observations reported here for the conventional optical feedback system

match that of Ref. [39, 240]. The same dynamics are observed at the same

feedback levels and the region of lower complexity, below the coherence collapse
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boundary, associated with more regular dynamics, reinforced by the RF spectra
showing much sharper peaks than those seen in the coherence collapse region, is
also observed in [39]. As reported by Toomey and coauthors the system shows
high RMS amplitude for a range of feedback levels and a broad range of injec-
tion currents, typically from 60-90 mA with feedback levels between 5% and 30%
consistent with coherence collapse. This regime is associated with intensity fluc-
tuations, i.e. low frequency fluctuations, in the output power time-series of the
laser resulting in PE values (/= 0.8) lower than that of fundamental noise observed
when the laser is operating either below threshold or cw. This lower complexity
indicates more periodic time-series with a strong influence of the external cav-
ity roundtrip frequency on the dynamics. Beyond 32% the system becomes cw
and stable over the whole range of injection currents investigated and the lasing
threshold is also greatly reduced. This is also the case in Ref. [39, 240] where
the stabilizing effect for very high feedback levels is observed over a large range
of injection currents. The maps introduced here and the results previously re-
ported in [39] confirm that, at this resolution, there are no unexpected islands of
differentiated dynamics within the coherence collapse region.

The dynamics observed for the conventional optical feedback system share
some similarities with those of the FSF system. The coherence collapse regime
occurs at lower feedback levels in the COF system (5-32%) than in the FSF system
(12-45%) but the range of feedback levels at which it happens is comparable.
The low feedback region is somewhat different, COF does not show any sign of
broadening of the laser mode and the device operates cw on a single longitudinal
mode. Within the coherence collapse region, both systems show similar behavior
with dynamics dominated by the external cavity delay and strong multi-mode
operation of the laser. At higher feedback levels and injection currents away
from the lasing threshold the dynamics are similar in both systems. The laser
operates cw and the dynamics of the system are no longer influenced by the delay
introduced by the external cavity. The main difference in the dynamics between
the two systems is the presence of a region of periodic oscillations associated
with the external cavity delay in the time-series when the laser operates close
to threshold in the FSF system. This suggests that the behavior, in the FSF
system, that is dominated by the FSF is only observed at low and high levels
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(close to threshold) of feedback power and that FSF does not affect the dynamics
of the system in the coherence collapse region although low frequency fluctuations
appear with COF. This may indicate that the coherence collapse regime disturbs
the FSF dynamics for a range of FSF levels and that COF dynamics dominate
in this region then start competing with FSF dynamics for higher levels of FSF.
This is also verified in the optical spectra where the threshold does not decrease
with low levels of FSF. At these levels of FSF the threshold is expected to be
reduced in COF systems and the fact that it reduces in the coherence collapse
region is a good indication that COF influences the system in this region. Once
the system leaves the coherence collapse regime the threshold reduction rate is
similar in both systems. FSF and COF compete with higher levels of FSF. Close
to threshold, periodic fluctuations on a cw level are observed in the time-series
associated with strong single longitudinal mode operation of the laser in the FSF
system. Then at higher injection currents the system seems to be influenced
by COF with dynamics associated with the external cavity delay. The emission
wavelength of the main laser mode tends to confirm that there are two competing
effects with high levels of FSF. COF shifts the emission wavelength towards longer
wavelengths whereas FSF shifts it the other direction. The shift induced by FSF
is clearly dominating that of the COF. The domination of FSF over COF is more
pronounced close to threshold (where supposedly FSF has a bigger impact on the
dynamics) where the emission wavelength of the laser is gradually decreasing.
The maps generated in this chapter provide new insights into the dynamics of a
semiconductor-laser-based FSF system and a great source of information towards

the understanding and modeling of such a system.
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Chapter 7
Conclusions

In this thesis, we have investigated the dynamics of two external cavity semicon-
ductor laser systems with different types of frequency modified feedback. The
first system, based on a VCSEL with feedback from a VBG, has been used to in-
vestigate the spatial self-organization of LCSs with synchronized dynamics. Fur-
thermore, the temporal and spectral dynamics of a second system, relying on an
EEL with FSF, have been investigated.

In the first experiment we first characterized the external self-imaging cavity.
We showed that VBGs work as wavelength lockers for VCSELs similarly to what
is found using conventional EELs. A shift of the wavelength emission smaller
than 0.03 nm over a range of 200 mA, much smaller than the shift of 0.7 nm
measured with feedback from a plane mirror, was observed in the experiment.
This shift can be further reduced by increasing the magnification of the imaging
system but comes at a cost of increasing size of the system. We demonstrated
that beyond threshold, it is possible to stabilize single-wavenumber and narrow
bandwidth emission with high fidelity.

We analyzed the effect of deviations of the external cavity from the self-
imaging condition (SIC). We demonstrated that the system is remarkably in-
sensitive to deviations from the SIC, even in the millimeter range, for a cavity
length in the 100 mm range, thus being beneficial for the robustness of experi-
mental conditions. The self-imaging position allows for best feedback efficiency
in terms of both amplitude and phase, thus providing stronger feedback for single

LCS. However, controlled deviations from the self-imaging condition may provide
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a convenient handle on coupling strength in arrays of lasers and laser solitons
(171, 172].

We demonstrated a relatively simple and fast method to characterize quan-
titatively the disorder in the VCSEL by frequency-selective feedback on scales
relevant to devices and laser arrays. We showed that the positions, frequencies
and thresholds of the LCSs are dictated by the disorder and as a result LCSs
appear at certain locations, i.e. defects, in the VCSEL aperture. The presence of
the defects breaks the translational symmetry, fixes the relative distance between
solitons and locks the relative phase to values different from 7 /2 observed numeri-
cally in the absence of defects or experimentally in temporal-longitudinal systems
[229]. We demonstrated both experimentally and theoretically that two trapped
LCSs in VOSELSs with frequency selective feedback display Adler synchronization
leading to phase and frequency locking. We showed that locking does not affect
the intrinsic properties of the LCSs. This implies that the coupling is weaker
than their solitonic properties alone which means that they remain individually
controllable. The synchronization is induced by spatial defects where the LCSs
are pinned and by changing the frequency of each soliton with respect to that of
its neighbor.

The coupling mechanism between two LCSs is not well understood yet. Theo-
retically it is believed that there is a spatial overlap of the electric fields emerging
from the LCSs. However, the experimental observations reported here show phase
and frequency locking of two LCSs separated by almost 80 pm which is a distance
over which it is not possible to achieve sufficient coupling strength that leads to
locking. It seems clear that there exists an additional, different, coupling mecha-
nism. There are several possibilities to explain the provenance of this additional
coupling. The most probable reason is that it may be the result of scattering
at the VBG in the external cavity which would then favor the overlap of the
electric field over larger distances. The results reported in this thesis focus on the
self-imaging position but the effects of deviations from this position on coupling
strength is interesting. Some time has been spent on quantifying these effects
and preliminary results seem to indicate that the strongest locking happens away
from the self-imaging position. However, at this point further investigations need

to be done in order to use this tool as a way of controlling the coupling strength
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between two LCSs in a similar fashion to what has been achieved in large arrays
of coupled lasers [171, 264].

Early in the project, before the first systematic characterization of phase and
frequency locking, further interesting locking dynamics were observed. High visi-
bility fringes in the far field associated with an optical spectrum showing multiple
peaks were observed. The peaks were separated by the external cavity frequency
and a fringe visibility higher than 0.5 was observed in the far field. Although the
external cavity modes of a single LCS do not have a definite phase relationship,
this suggests that the two LCSs oscillate on these external cavity modes together,
i.e. the phases are locked at all external cavity modes, and that they show syn-
chronized dynamics. A handle to achieve phase locking of the different external
cavity modes of a single LCS could potentially open the door to mode-locked
LCS.

Future work should also be focused towards the study of interaction of pinned
LCSs from two to multiple elements. In view of the random detuning conditions
due to the disorder, it can be anticipated that it is impossible, or at least difficult,
to achieve locking of more than two LCSs by a single, global control parameter,
i.e. the VBG tilt. It would be necessary to have control over the local values
of the detuning in addition to the global one used here. Previous investigations
established that the hysteresis loop of a LCS can be shifted independently by
local injection of an external beam [193]. The external beam generates or depletes
carriers (depending on wavelength), the refractive index changes and this causes
a shift of the cavity resonance, with a possible additional thermal effect, which
then induces a shift of switching thresholds. It is expected that this will be
accompanied by a change in frequency.

In the second experimental system, experimental output time-series measure-
ments have been used to create for the first time high resolution 2D maps of
permutation entropy, RF spectra and RMS amplitude as function of FSF and
injection current for an FSF semiconductor laser external cavity system. These
maps have been used to identify regions of instabilities exhibited by this FSF laser
system. Three distinct regimes of operation have been identified corresponding
to low, medium and high levels of FSF. Four different cavity configurations were

investigated, three of which are resonant with the AOM frequency shift. The
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three resonant cavities show similar behavior with high levels of FSF, the same
basic observations have been made with low levels of FSF and the only difference
comes from the FSF level required to reach the coherence collapse regime.

We showed that low levels of FSF do not affect the temporal dynamics behav-
ior of the system, however, they do influence the spectral bandwidth. A gradual
broadening of the laser mode with increasing FSF until the laser starts operating
on multiple longitudinal modes is reported. For low levels of FSF the system
shows characteristics similar to observations in earlier work [28, 103]. Despite the
fact that the laser used here has less side mode suppression, the system shares
the same features. A linewidth broadening of up to 300 MHz for an FSF level
of 1.5% has been observed as well as a good stability of the system for low FSF
levels over the entire range of injection currents studied.

Further increase of FSF causes the RF peak to broaden. In this region the
system becomes chaotic for a broad range of FSF levels, typically between 12%
and 58%, and injection currents. In this region the FSF laser system behaves
in a similar way to conventional optical feedback systems, showing a region of
high instability known as the coherence collapse. The differences in the FSF level
required to reach this regime observed between the different external cavity con-
figurations are believed to be due to the increase in FSF strength associated with
shorter cavity lengths having higher coupling coefficient to the semiconductor
laser.

Very high levels of FSF cause the system to be either stable or periodic on
a cw baseline depending on the parameters. For high levels of FSF and high
injection current the laser becomes stable with a tendency to be emitting on
several longitudinal modes. However, close to threshold and for a small range of
injection currents, the laser shows periodic oscillations on a cw baseline associated
with single longitudinal mode operation. Additionally, preliminary results seem
to indicate that in this region the linewidth of the laser broadens up to several
GHz. We concluded that the dominant effect on the dynamics of the system
seems to be that the FSF strength makes no significant difference between the
resonant and non-resonant cases that were observed.

These dynamics were finally compared with those from a conventional optical

feedback system. In the latter we found that the coherence collapse regime occurs
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over a similar range of feedback levels. Within the coherence collapse region, both
systems show similar behavior with dynamics dominated by the external cavity
delay and strong multi-mode operation of the laser. At higher feedback levels
and injection currents away from the lasing threshold the dynamics are similar
in both systems. However, in this region single mode operation is maintained in
the COF system. The main difference in the dynamics between the two systems
is the presence of a region of periodic oscillations on a cw baseline when the laser
operates close to threshold, at high FSF level, in the FSF system. This suggests
that the behavior, in the FSF system, that is dominated by the FSF is only
observed at low and high FSF levels close to threshold and that FSF does not
dominate the dynamics of the system in the coherence collapse region.

The fact that, close to threshold for high levels of FSF, the system shows
dynamics similar to those reported in [114] is promising for short pulse generation.
The integration in the external cavity of an element that could reduce the effective
gain bandwidth of the laser cavity might unlock such dynamics. This could be
achieved by using a frequency selective element rather than a high reflectivity
mirror to close the external cavity. Three fundamentally different regimes of
operation have been identified but more regimes potentially exist in regions of
the parameter space not yet accessible with the current setup. Higher FSF levels
could be reached by replacing the 50/50 beamsplitter by a 70/30 thus allowing
more light to be fed back to the laser. However, the configuration allowing the
highest achievable FSF levels is a ring cavity in which the beamsplitter is removed
and detection occurs via the zeroth order beam of the AOM. This, along with a
frequency selective element, could potentially unlock interesting new dynamics.
Nevertheless, at the current stage the maps generated provide new insights into
the dynamics of a semiconductor-laser-based FSF system and a great source of
information towards the understanding and modeling of such a system.

This thesis adds to the knowledge and understanding of LCSs and FSF sys-
tems. The common factor is the possibility of frequency selection and tailoring by
adding specific elements in the feedback loop to generate and control dynamics.
In the future these two systems could potentially be combined with a view to

creating spatial temporal self-localized states, pulsed LCSs.
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