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Abstract

This work concerns techniques for improvement of the coherence
properties of diode lasers so that they may be used be used in two
specific medical applications: (Interstitial) photodynamic therapy
(PDT) and laser-induced fluorescence diagnostics. In the first ap-
plication, spatial coherence is crucial, since the therapeutic light
should be delivered through relatively thin optical fibers to op-
timize treatment and to facilitate minimally invasive treatment.
In the second application a pulsed, blue source at 405 nm is de-
sired. This has been approached by frequency doubling the output
from an external-cavity laser diode at 810 nm. Thus, both spatial
and temporal coherence are important to ensure that the second
harmonic generation is efficient.

Two red (635 nm) laser diode systems for PDT, a first and a
second generation, have been developed and tested in preliminary
clinical trials. The first generation system is based on asymmetri-
cal optical feedback from a BaTiO3 crystal. This system is coupled
into a thin (50µm core diameter) optical fiber and tested in pre-
liminary clinical trials involving interstitial PDT of solid tumors
in rat. The second generation system couples two similar systems
by means of polarization coupling, whereby the output power is
doubled. The individual systems are based on asymmetrical feed-
back from ordinary mirrors. This system has been tested in PDT
treatment of skin cancer in human and has been compared with a
conventional treatment.

For laser-induced fluorescence diagnostics, an 810 nm external-
cavity laser diode system with improved spatial and temporal co-
herence has been constructed. The system is based on a new con-
figuration that employs double feedback from the first diffracted
and the zeroth reflected order of a diffraction grating. The output
from this system is frequency doubled to 405 nm using a single
pass configuration with a periodically poled KTP crystal. It has
been shown that the double grating feedback improves the second
harmonic conversion efficiency by several orders of magnitude as
compared with the freely running laser.
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Sammanfattning

Arbetet i denna avhandling syftar till att utveckla bättre ljuskällor
för fluorescensavbildning och fotodynamisk behandling av cancer-
tumörer. Sm̊a kompakta diodlasrar är ideala ljuskällor för detta,
men en del kliniska användningar kräver att deras prestanda förbät-
tras. Gemensamt för de bägge diagnostik- och behandlingsme-
toderna är att man behöver uppn̊a högre str̊alkvalitet av laserljus
med hög effekt. Detta har till dels förverkligats i detta arbete
genom att utveckla en speciell återkoppling av ljus tillbaka in i
diodlasern med hjälp av en yttre kavitet.

Fotodynamisk tumörterapi (PhotoDynamic Therapy - PDT)
är en behandlingsmetod som p̊a senare tid utnyttjas allt mer i be-
handlingen av vissa tumörsjukdomar, medan metoden fortfarande
utvecklas och utvärderas i kliniska studier för andra tumörtyper.
Metoden innebär att patienten tar ett läkemedel som gör att tumör-
en blir ljuskänslig. Om man sedan belyser tumören med ljus av en
speciell färg, startar en kemisk reaktion som dödar tumörcellerna.
Metoden har m̊anga fördelar, s̊asom att den är effektiv mot tumör-
en, medan den ofta kan spara omkringliggande frisk vävnad. Läk-
ningen after behandlingen är även ofta bättre än för de flesta
andra behandlingsmetoder. Den stora nackdelen med metoden
är att ljuset inte n̊ar till alla delar av tumören om tumören är
stor, och därmed blir behandlingen inte effektiv i dessa delar av
tumören. Vid behandling av större tumörer med PDT, är det
därför en fördel att sticka in en eller flera optiska fibrer som kan
belysa tumören innifr̊an, och därmed lysa ut tumören bättre. För
att kunna göra detta effektivt, önskar man kunna leda ljuset i rela-
tivt tunna optiska fibrer. Problem uppst̊ar d̊a när man ska koppla
in laserljuset in i fibrerna. För att detta ska kunna ske effektivt,
behöver str̊alkvaliteten p̊a laserljuset vara god. Arbetet i denna
avhandling handlar bland annat om att förbättra str̊alkvaliteten av
behandlingslasern, s̊a att denna koppling blir effektiv och därmed
göra det möjligt att utveckla bättre lasrar för denna behandling.

Fluorescensavbildning är ett diagnostiskt hjälpmedel som kan
användas för att finna tidiga tumörer eller för att markera var
tumörgränsen g̊ar. Med fluorescens menas ljus som molekyler i
olika matrial skickar ut när de de belyses med ultraviolett eller
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viii Sammanfattning

violett ljus. Fluorescens gör t.ex. att vita kläder lyser bl̊att p̊a
diskotek där man har lampor med osynligt ultraviolett ljus i taket.
När man använder fluorescens för diagnostik av cancer, utnyttjar
man att tumörer fluorescerar annorlunda än frisk vävnad, eftersom
de delvis inneh̊aller andra molekyler. Denna typ av diagnostiska
mätningar kan göras punktmässigt, där man belyser vävnaden
genom en optisk fiber som h̊alles i kontakt med vävnaden som un-
dersöks, eller genom en avbildning där en större vävnadsyta kan
studeras. Ofta görs dessa undersökningar med hjälp av endoskop,
s̊a att vävnadsytor av inre organ, s̊asom matstrupe, magsäck, tar-
mar, urinbl̊asa, luftvägar, osv, kan undersökas. Detta medför att
ljuset m̊aste ledas genom optiska fibrer. Det är därmed viktigt
att utveckla en kompakt och robust ljuskälla som klarar att ge
tillräckligt mycket violett ljus genom en fibrer. Denna avhan-
dling handlar delvis om utveckling med syfte att ta fram en s̊adan
ljuskälla.

Diodlasrar kan vara konstruerade p̊a olika sätt för att opti-
mera olika egenskaper. De viktigaste egenskaperna är ofta utef-
fekten, str̊alkvaliteten och hur smalbandig lasern är (dvs hur bred
lasertoppen är v̊aglängdsmässigt). För de tillämpningar som nu
är aktuella är uteffekten den viktigaste egenskapen, men de andra
parametrarna är ocks̊a mycket viktiga. Generellt kan man säga
att ju högre uteffekt en laser har, ju sämre blir ofta de andra egen-
skaperna. Huvuddelen av arbetet för denna avhandling har varit
att teoretiskt modellera, bygga upp och testa olika typer av yttre
kaviteter till diodlasrar som väsentligt förbättrar en högeffekts-
diodlasers str̊alegenskaper och bandbredd, utan att förlora för my-
cket ljus. Arbetet har dessutom g̊att ut p̊a att effektivt konvert-
era rött ljus fr̊an en s̊adan laser till violett ljus i en olinjär op-
tisk kristall. Detta kan vara den mest effektiva metoden idag att
åstadkomma hög effekt med i diodlaser vid dessa v̊aglängder.
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Chapter 1

Introduction

Lasers based on semiconductors are attractive in a clinical en-
vironment due to their compactness, simple operation, excellent
efficiency, and relatively low costs. They are continuously replac-
ing conventional lasers in medicine, as the wavelength range is
expanded and the output power increased. Remaining drawbacks
are poor spatial and temporal coherence of such lasers. These
drawbacks lead to poor coupling efficiency to thin optical fibers,
e.g. single-mode fibers, and poor conversion efficiency in nonlinear
optical processes that requires a narrow spectral bandwidth, e.g.
second harmonic generation.

Photodynamic therapy (PDT) is an interesting treatment modal-
ity for cancerous and precancerous lesions in addition to a number
of other diseases. PDT involves irradiation of the diseased tissue
with a light source that matches an absorption band of a pread-
ministered tumor marker. To avoid thermal effects, lasers are often
preferred due to their narrow spectral bandwidth. Furthermore,
the ability to couple laser light into optical fibers, facilitating guid-
ance of the therapeutic light, is advantageous. The most impor-
tant drawback of PDT is the limited penetration of the therapeutic
light.

Interstitial PDT of solid, deeper lying tumors or body cavities
is a research area that receives a large amount of interest. For this
treatment, it may be an advantage that the therapeutic light is
guided through relatively thin optical fibers so that the treatment
is minimally invasive and so that several fibers may be inserted at
optimized positions within the lesion.

Laser-induced fluorescence diagnostics is a powerful method
suitable for monitoring tissue before, during, and after PDT treat-
ment. It relies on the excitation and monitoring of fluorescence
from the tumor selective compound added in connection with the
PDT treatment. By monitoring this fluorescence, a means of di-
agnosis is provided, and the physician may use this information
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4 1.1. Status of clinical apparatus

to keep track of important treatment parameters, such as tumor
boundaries and treatment status of irradiated tumor volume.

This Ph.D. project is the result of a collaborative project be-
tween the Optics and Plasma Research Department (OPL) at Risø
National Laboratory in Denmark and Lund University Medical
Laser Centre in Sweden. Experimental setups concerning improve-
ment of the coherence properties of diode lasers and their adapta-
tion to a clinical environment were developed at Risø from where
they could be transported to Lund University Hospital for clinical
testing. Furthermore, part of the clinical testing was performed at
Marselisborg Hospital in Denmark.

1.1 Status of clinical apparatus

The first laser system, an Nd:YAG laser-pumped dye laser sys-
tem, for ALA-PDT at Lund University Medical Laser Centre was
implemented in 1991. This system was relatively expensive and
voluminous with a weight of about 300 kg. A further disadvantage
with such a laser is the complexity of management. In 1998, a
commercial diode laser system for PDT, yielding approximately
1.5 W at 635 nm, was implemented at Lund University Medical
Laser Centre (CeramOptec, Ceralas PDT635). This unit only
weighs about 15 kg and is remarkably smaller and easier to handle
than the previous system. However, this diode laser system (and
all other commercial diode lasers available for PDT) delivers the
therapeutic light through relatively thick optical fibers of 400µm
core diameter or more. At Lund University Medical Laser Cen-
tre, intensive research regarding interstitial PDT is ongoing. It is
believed that this treatment modality may be optimized by the
use of thinner treatment fibers. However, if fibers thinner than
400µm are used in connection with the commercial PDT laser, a
large amount of output power is lost. For PDT at Lund University
Medical Laser Centre a wavelength of 635 nm is required due to
the choice of tumor marker (ALA-PDT).

For laser-induced fluorescence diagnostics, two systems are cur-
rently available at Lund University Medical Laser Centre. Both
systems are pulsed to facilitate suppression of the surrounding
white light by gated detection. One is a nitrogen laser-pumped
dye laser system (337 nm or 405 nm) and the other is a frequency
doubled alexandrite laser (385 nm). The former system has a pulse
energy around 1-2µJ and can only be used for point monitoring
purposes. The latter system has a pulse energy around 1 mJ and
can be used for imaging as well. However, the alexandrite laser
system is large (0.5 × 1 × 1.5m3), heavy (> 200 kg), and needs
water cooling. Recently, a compact system based on a GaN laser
diode (400 nm) has been introduced. However, the output power
from this system is low (< 5mW) and the laser is not pulsed.
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Thus, background light has to be turned off during fluorescence
measurements, and that is a serious drawback in a clinical envi-
ronment. For laser-induced fluorescence diagnostics of malignant
and premalignant lesions at Lund University Medical Laser Centre,
a wavelength around 405 nm is required.

1.2 Specifications

The purpose of this Ph.D. work was to develop and construct diode
laser-based systems suitable for (interstitial) PDT treatment and
laser-induced fluorescence diagnostics. The systems should meet
the required specifications, i.e. the PDT system should emit ap-
proximately 1 W at 635 nm through thin optical fibers with core di-
ameter(s) around 50µm. The system for laser-induced fluorescence
should approximately resemble the frequency doubled alexandrite
laser system. However, it was estimated that a pulse energy around
0.1 mJ was sufficient for the purpose. The wavelength should be
405 nm, the pulse length should not exceed 1µs, and the repetition
rate should be in the range 25-50Hz.

1.3 Motivation

There are no commercial diode laser-based systems available for
(interstitial) PDT that deliver the therapeutic light through fiber(s)
of the desired thin diameter. Neither is there, to the authors knowl-
edge, a diode laser-based source for laser-induced fluorescence di-
agnostics available. The tasks were to develop diode laser-based
systems with improved coherence properties and adopted to a clin-
ical environment so that the clinical requirements could be met.
At the time of initiation of this project, broad area laser diodes
at 635 nm and 405 nm were available with output powers around
250 mW and 5 mW, respectively. The PDT system was realized in
a first (Paper I) and second (Paper II) generation using external-
cavity configurations with optical feedback from a phase conjugate
crystal and mirrors, respectively. In the second generation system,
the output power was doubled by the coupling of two independent
external-cavity systems. The diagnostic system was based on fre-
quency doubling of an external-cavity diode laser with improved
spatial and temporal coherence. It is shown that the so-called
double grating feedback system (Paper III) improves the second
harmonic conversion efficiency by several orders of magnitude as
compared with the freely running laser (Paper IV). In the mean-
time, the blue GaN based laser diodes have become available at
high (>30 mW) output powers. However, these devices lack the
long lifetime of the GaAs based near infrared diodes and their
wavelength is limited by the material band gap. Furthermore, the
laser for diagnostics should be pulsed. By the use of second har-
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monic generation, large peak powers in the blue spectral region
may be obtained by pulsing the pump (fundamental wavelengh)
laser.

1.4 Structure of thesis

The thesis has been divided into Part I and Part II. Part I contains
seven chapters and serves as an introduction to the scientific work,
which is presented as six original papers in Part II.

Chapter 2 introduces high-power diode lasers, which are the
lasers applied throughout the experimental work of this Ph.D.
project. The main focus has been put on the semiconductor ma-
terials relevant for the present work, i.e. materials emitting at
405 nm, 635 nm, and 810 nm. Some experimental results are present
at the end of chapter 2. The poor coherence properties of diode
lasers may be improved by implementation in an external cavity.
Different variations of such cavities, which have been applied in
the experimental work, are presented in chapter 3, which also pro-
vides some experimental results. Chapter 4 introduces the theory
of second harmonic generation, which is a technique applied in this
work to generate blue light for fluorescence diagnostics. In chap-
ter 5 the basic mechanisms for PDT are described and followed by
laser-induced fluorescence diagnostics, which is treated in chapter
6. Finally, in chapter 7, the clinical experience with the developed
laser systems is described. Only the lasers for PDT were tested in
the clinic. However, clinical evaluation of both systems is provided
and an outlook regarding their future clinical relevance is given.
This chapter concludes Part I of the thesis and is followed by the
scientific papers in Part II.



Chapter 2

High-power diode lasers

Diode lasers are preferred in many of todays photonics applica-
tions due to their numerous advantages, such as compactness, high
efficiency, and reasonable cost. Since the invention of the semicon-
ductor laser in 1962 [1–4] its performance has improved steadily,
primarily in terms of lifetime and output power. This chapter
deals with the basic physical properties of typical high-power diode
lasers.

2.1 Emission and absorption in semiconductors

Unlike gas and solid-state lasers, which have sharp energy levels,
the energy levels of diode lasers are broadened into energy bands,
see Fig. 2.1. In the figure, Ec(k) and Ev(k) denote the electron en-
ergies in the conduction band and in the valence band, respectively,
and k = 2π/λ is the wavenumber. For a free electron, the energy as
a function of wavenumber is given by E(k) = (~2k2)/(2m0) since
the kinetic energy of a free electron is E = p2/(2m0), where m0 is
the free electron rest mass and p = ~k is the quantum-mechanical
momentum with ~ = h/(2π) being the reduced Planck constant.
Thus the electron energies show parabolic band structures, which
are given by

Ñw

E(k)

E (k )2 2

E (k )1 1

E (k)c

E (k)v

k

Photon

Conduction band

Valence band

Eg

Figure 2.1. The parabolic
conduction and valence bands,
Ec(k) and Ev(k) are separated by
an energy band gap, Eg.
Recombination of an electron at
E2(k2) in the conduction band
and a hole at E1(k1) in the
valence band occurs at k1 = k2

and generates a photon with
energy ~ω.

Ec(k) = Eg +
~

2k2

2me
and Ev(k) = −~

2k2

2mh
, (2.1)

where Eg denotes the energy gap between the two bands. The
introduction of effective masses me and mh (me,mh 6= m0 in gen-
eral) for electrons and holes, respectively, accounts for the interac-
tion of the carriers with the solid-state lattice. The energy gap, Eg

between the conduction and valence bands is typically in the order
of 0.5− 2.5 eV [5] for semiconductor materials used for high-power
diodes. Conservation of energy and momentum must be fulfilled

7
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in the radiative band-to-band transitions and the associated ab-
sorption or emission of photons. Thus, since the momentum ~k
of the photon is negligibly small (p = ~k = ~ω/c = Ephoton/c) in
comparison to the momentum of the free carriers, radiative transi-
tions between the conduction and valence bands occur at the same
wavenumber k, i.e. k2 = k1 in Fig. 2.1.

When pumped, the active volume has a large concentration of
electrons in the upper energy band, the conduction band, and holes
(missing electrons) in the valence band. Three types of radiative
transitions transitions occur in semiconductors. These are sponta-
neous emission, (stimulated) absorption, and stimulated emission.
The processes are sketched in Fig. 2.2.

Electron

Hole

Conduction band

Valence band

Eg

E2

E1

Ñw

(a) (b) (c)

Figure 2.2. Radiative band to band transitions in semiconduc-
tors: (a) Spontaneous emission, (b) Absorption, and (c) Stimu-
lated emission.

In thermal equilibrium at temperature T , The Fermi function,
f(E, T ), expresses the probability whether a state with energy
level E is occupied by an electron:

f(E, T ) =
1

exp
(

E−EF

kBT

)

+ 1
, (2.2)

where kB = 8.617347 × 10−5 ev/K is the Boltzmann constant and
EF is the Fermi-level energy. At T = 0K, f(E, T ) = 1 (i.e. all
electronic states filled) for E < EF and f(E, T ) = 0 (all states
empty) E > EF .

An electron in the conduction band may recombine with a hole
in the valence band under the emission of a photon, with random
direction and phase. This is called spontaneous emission (Fig. 2.2
(a)) and is the dominating process in light emitting diodes (LEDs).
This transition must be proportional to the product of the electron
density at E2, and the hole density at E1. The density of electrons
in the state E2 is given by the density of electronic statesDE2

times
the probability that they are occupied, f(E2, T ). Furthermore it
depends on the density of holes at the energy E1, which is the
density of electronic states D(E1) times the probability that they
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are not occupied by an electron, [1−f(E1, T )]. Thus the transition
rate per volume for spontaneous emission, Rsp of photons with a
fixed energy ~ω = E2 − E1 (k2 = k1) may be expressed as:

Rsp = AD(E2)f(E2, T )D(E1)[1 − f(E1, T )] , (2.3)

where A is the proportionality constant for spontaneous emission.
On the other hand, a photon may be absorbed thereby gener-

ating an electron-hole pair (Fig. 2.2 (b)). The transition rate, R12

for this process is proportional to 1) the density of non-occupied
states in the conduction band at energy E2: D(E2)[1 − f(E2, T )],
2) the density of states occupied by electrons in the valence band
at E1: D(E1)f(E1, T ), and 3) the density of photons ρ(~ω) with
energy ~ω = E2 − E1. We thus have:

R12 = B12ρ(~ω)D(E1)f(E1, T )D(E2)[1 − f(E2, T )] , (2.4)

where B12 is the proportionality constant for spontaneous emis-
sion.

Finally, a photon may stimulate the recombination of an electron-
hole pair, thus leading to the emission of yet another photon, with
the same direction and phase as the first photon. Due to the co-
herence between the stimulating and the emitted photons, this
stimulated emission is the process leading to the optical amplifica-
tion responsible for laser action (Fig. 2.2 (c)). Analogous to Eq.
(2.7), the rate for stimulated emission R21 becomes:

R21 = B21ρ(~ω)D(E2)f(E2, T )D(E1)[1 − f(E1, T )] , (2.5)

where B21 is the proportionality constant for spontaneous emis-
sion.

The proportionality constants, Einstein’s A and B coefficients,
in Eqs. (2.3)-(2.5) can be shown to satisfy [5]

B12 = B21 = B, A =
n3

π2~3c3
(~ω)2B , (2.6)

where n is the refractive index of the medium.
Laser operation can only be achieved if the rate of stimulated

emission is larger than the absorption rate, i.e. R12/R21 < 1.
Furthermore, by using Eqs. (2.3), (2.5), and (2.6), the ratio be-
tween the rates of stimulated and spontaneous emission, can be
formulated:

R21

Rsp
=
B

A
ρ(~ω) =

π2
~

3c3

n3(~ω)2
ρ(~ω) . (2.7)



10 2.2. Structures of diode lasers

From this ratio it is apparent that a high photon density ρ(~ω) is
necessary in order to suppress spontaneous emission. Furthermore,
it is observed that a higher value of the photon density is necessary
for lasers with higher photon energy ~ω. This means that short
wavelength lasers, e.g. blue or red diode lasers, require a higher
photon density in order to operate than does e.g. infrared diodes.

2.2 Structures of diode lasers

A diode laser is realized from a number of basic elements, such
as a gain medium, a waveguide, other guiding/confinement mech-
anisms, and a resonator. A typical diode laser, exemplified by
a double heterostructure, is shown in Fig. 2.3. The coordinate
system represents the lateral (x), the transverse (y), and the lon-
gitudinal axes (z), respectively. The active layer, which is typically
made of AlxGa1−xAs (x: molar fraction) (see section 2.3.1) is sand-
wiched between two cladding layers of another semiconductor ma-
terial. The cladding layers are p- and an n-doped, respectively such
that when the p-n junction is forward biased, electrons and holes
are injected into the active region and optical gain by stimulated
emission becomes possible. The laser cavity is formed between two
cleaved surfaces of the sandwich-like structure. The end-surfaces

V

Output

Electrons
Holes

x

y

z

AlxGa As1-x

AlyGa As (p-type)1-y

GaAs (p-type)

AlzGa As (n-type)1-z

GaAs (n-type)

Metallization

Figure 2.3. The double
heterostructure diode laser
exemplified by a AlGaAs
structure. The active layer is
sandwiched between the cladding
layers. The coordinate system
represents the lateral (x), the
transverse (y), and the
longitudinal (z) axes, respectively.

of the cavity, the facets, have a natural reflection coefficient of
approximately 30%. Most commonly, two different coatings are
applied to the facets, such that and end facet and an output facet
are formed. The end-facet typically has a high reflection coat-
ing applied (R > 99%), while the output-facet is anti-reflection
coated (R < 4-10 %). The lasing action takes place in the active
medium, which is also referred to as the junction. The external
voltage acts as a pump, constantly providing new electrons and
holes, which migrate into the active region where they recombine
and leads to the emission of a photon. When the external current
exceeds a critical value, known as the threshold, population inver-
sion is achieved. When this happens, the rate of photon emission
is superior to the rate of absorption and the lasing action takes
place.

Fundamental mode AlGaAs lasers typically have an emitting
aperture of 1×3µm2 (y×x). The output power of such lasers is lim-
ited to approximately 200 mW during continuous wave (CW) op-
eration. This limitation is due to the occurrence of damage effects,
such as local heating damage or catastrophic optical damage at the
facet mirrors [6, 7]. Such damage effects typically occur when the
intensity density becomes too large. Numerous approaches have
been made in order to increase the power level of diode lasers.
Some of them are discussed in the sections 2.2.1-2.2.3 below.
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2.2.1 Broad area lasers

The most straight-forward solution to obtain high output power isi
to simply increase the area of the emitting aperture, thereby creat-
ing a broad area laser (BAL) diode, see Fig. 2.3. This may be done
by applying a wide metallization contact, also known as the stripe,
on top of the structure. In a BAL the lateral dimension of the junc-
tion is typically 100-200µm, but BALs up to at least 1 mm have
been manufactured [8]. However, when increasing the width of the
junction, several problems occur. When the width is increased to
above approximately 6µm, the laser is no more single-mode and
several lateral modes emerge on the expense of spatial and tempo-
ral coherence. The intensity distribution on the output facet of a
BAL has a periodic variation due to a self-induced filamentation
mechanism [9]. The filamentation is caused by a carrier-induced
change of refractive index, know as the lateral antiguiding effect,
which in addition results in a double-lobed intensity pattern in
the far field. Lateral antiguiding and filamentation effects are dis-
cussed in more detail in section 2.4 and the optical modes of BALs
are discussed in section 2.5. When the width exceeds a couple of
hundred microns, lateral lasing may occur. Finally, thermal effects
takes place in wide aperture BALs, which causes an envelope on
the refractive index profile [10]. Commercial BALs with a stripe
width of 200µm emit up to approximately 4 W during CW op-
eration. The experimental work performed during this Ph.D. is
based on work with BALs (Papers I-V). Therefore, this thesis
will mainly focus on these structures.

2.2.2 Laser diode arrays

The structure of laser diode arrays (LDAs) is based on multiple
stripes placed next to each other. Proton implantations between
the stripes enhances the separation of the current flow from each
stripe. This results in a controllable periodic gain profile and the
self-induced filamentation, known from the BALs, may be avoided.
The intensity profile on the facets is controlled by controlling the
stripes (and thus the gain profile). The resulting intensity profile is
generally more uniform than for the BAL such that the risk of facet
damage, is reduced. The width of a LDA is typically 100-500µm
containing a number of 5-10µm wide stripes, with a separation
similar to the stripe width. The optical power from a commercial
LDA is on the order of 1-2 W CW for a 100µm wide array with
ten stripes.

2.2.3 Laser diode bars

Laser diode bars (LDBs) consists of a number of arrays placed next
to each other in a monolithic structure. The width of the individual
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array is typically on the order of a few hundreds of microns and
they are generally separated by a distance of that same order. The
ratio between the optically active area to the whole area of the bar,
is between 30 and 80 % [11]. The typical width of a LDB is around
10 mm and the output power may exceed 100W in CW mode (see
e.g. [12]). However, the high power is obtained on the expense
of coherence. Further power increase to several hundreds of watts
may be obtained by stacking LDBs on top of each other thereby
fabricating stacked arrays or two-dimensional LDBs [13].

2.3 Materials for high-power diode lasers

Semiconductor materials that exhibit lasing action are represented
in large numbers, covering the optical spectrum from ultraviolet
to far infrared. One of the most important criteria when select-
ing a semiconductor material is the reduction of lattice defects.
This criteria is related to the quality of the interface between the
two semiconductor materials with different band gaps. Typically,
the lattice match, i.e. the match between the lattice constants
of the two compounds, should be better than 0.1% [4] for a high
quality lattice interface. Another important criteria is, of course,
the desired lasing wavelength. Since the photon energy is approx-
imately equal to the band gap energy (see section 2.1), the lasing
wavelength is found from Eg = hc/λ, where h is the Planck con-
stant and c is the speed of light in vacuum. With Eg expressed
in electron volts, the lasing wavelength in micrometers is given by
[4]:

λ =
1.24

Eg
(2.8)

In the following, a brief discussion of three of the most important
structures for semiconductor lasers will be given. The selected
materials are of interest for active regions with emission around
800 nm, 630 nm, and 400 nm, respectively. These wavelengths are
central in the present work.

2.3.1 GaAs and AlGaAs

(Aluminium) gallium arsenide ((Al)GaAs) was already mentioned
as a candidate for a semiconductor laser material in section 2.2.
This material is widely used for manufacturing near-infrared laser
diodes around 800 nm and it is the most intensively investigated
(see e.g. [14]). The reason for its success is mainly a small lattice
mismatch between AlAs and GaAs, which result in a fairly prac-
ticable fabrication of heterostructures, since the requirements on
composition control are lower than for other structures. Further-
more, arsenide is easier to handle than e.g. phosphide (P), which



High-power diode lasers 13

has a high vapor pressure and occurs in different modifications,
some of which self-ignite. The limitations in (Al)GaAs are mainly
related to impurity problems. Increasing the content of Al will
increase the impurity incorporation in the structure, due to the
reactive nature of Al, which result in an increased reaction rate
for formation of oxides. The oxide formation will decrease as tem-
perature increases, which is why high growth temperatures around
750◦C are used when growing AlGaAs lasers. Also carbon (C) im-
purities are found in AlGaAs, but it is the addition of Al into
the active layer, that lead to degradation of performance due to
its introduction of centers of nonradiative recombination [15, 16].
However, AlGaAs lasers are in general highly reliable structures
with lifetimes exceeding tens of thousands of hours. AlGaAs laser
diodes are used in the work described in Papers III-IV.

2.3.2 GaInP and AlGaInP

(Aluminium) gallium indium phosphide ((Al)GaInP) lattice match-
ed to GaAs is used for manufacturing visible red laser diodes
around 630 nm. The lattice match is far from as well established
as for AlGaAs and the red diode lasers remain a challenge to man-
ufacture at high powers. GaInP has also found its applications
in the cladding layers of the longer wavelength AlGaAs-structures
[17]. The rate of oxidation in GaInP is much smaller than in
the AlGaAs devices, which makes the red laser diodes more robust
against facet damage, such as catastrophical optical damage. How-
ever, as for AlGaAs, the incorporation of Al lead to an enhanced
oxide impurity incorporation. Again, this problem may be over-
come by the use of high growth temperatures, which suppresses
the incorporation of oxygen in the structure. However, due to the
risk of re-evaporation of In, the temperature must not be too high.
The temperature range for growing these structures is thus rather
narrow and contributing to the challenge in manufacturing these
devices [18]. AlGaInP based laser diodes are applied in the work
described in Papers I-II, V.

2.3.3 InGaN, AlGaN, and GaN

The (indium/aluminium) gallium nitride (In/Al)GaN-based laser
diodes emit their radiation at the ultraviolet-blue/green wave-
lengths around 370−470 nm. These lasers have experienced a ma-
jor break through during the past decade. In the beginning of the
nineties, S. Nakamura and coworkers initiated an intensive work
in the area, and in 1999 the first commercial products from violet
InGaN-based laser diodes became available (see [19] and references
therein). InGaN structures grown on sapphire substrates have a
large number of threading dislocations originating from the inter-
face between GaN and the sapphire substrate, which suffer from a
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large lattice mismatch of 15% [20, 21]. These defects lead to the
formation of non-radiative recombination centers (”dark spots”) at
the dislocations. In order to reduce the number of threading dis-
locations in the laser diodes, epitaxially laterally overgrown GaN
(ELOG) on sapphire was developed [22–24]. Using ELOG, the
number of dislocation were reduced, but the lifetime of the laser
diodes (< 500 hours) was still very low compared to the lifetime
of the InGaN-based LEDs (> 100.000 hours). This difference was
attributed to the difference in operating current density in the
two devices and to localized energy states formed by In composi-
tion fluctuations [20, 25–28]. The effect of varying In composition
fluctuations is depicted in Fig. 2.4. When the In composition de-

(a)

(b)

Electron

Hole

Figure 2.4. Localized energy
states formed by In composition
fluctuations: (a) When the
fluctuations are small, carriers
easiily overflow the localized
states with increasing current, (b)
When the fluctuations are large,
carriers are still confined even at
high current operation [29].

creases, the In composition fluctuations decrease, and the carriers
easily overflow the localized states with increasing current (Fig.
2.4 (a)). However, with increasing In composition, the degree of
In composition fluctuations increase and the carriers are still con-
fined even at high currents (Fig. 2.4 (b)). At low currents, the
carriers are easily captured by localized energy states formed by
In composition fluctuations and they radiatively recombine before
they are captured by non-radiative recombination centers formed
by the dislocations [30]. When current is increased, some carri-
ers can overflow from the localized energy states due to a small
In composition fluctuation, and reach non-radiative recombina-
tion centers. As a result, the internal loss of the laser diode-cavity
and the threshold current density of the laser diode is increased,
which leads to a decrease in efficiency and a shortening of life-
time. The lasing wavelength decreases with decreasing In com-
position. Furthermore, the In composition fluctuations decrease
with decreasing In composition. This means that the problem
is most pronounced for laser diodes at the short UV-blue wave-
lengths λ . 400 nm [29]. By using ELOG, and thereby reducing
the dislocation density and threshold current desity, the lifetime
of the InGaN/GaN/AlGaN structures was increased from around
500 hours at 30 mW in the year 2000 [29] to several thousands of
hours today [31]. Recently, an engineering sample with an output
power of 60 mW and an estimated lifetime exceeding a couple of
thousands hours, became available [31]. The InGaN laser diodes
must be remembered when considering the possibilities for simple
laser systems for laser-induced fluorescence diagnostics.

2.4 Field confinement

Different mechanisms are available to confine the optical field in
the active region. A convenient way to describe the confinement
of the optical field is through the confinement factor [5] (or filling
factor [4]) Γ, which represents the fraction of the mode energy
contained within the active region:
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Γ =

∫ +d/2

−d/2
J(y)dy

∫

∞

−∞
J(y)dy

. (2.9)

Here J(y) is the optical intensity pattern along the direction y and
d is the thickness of the active layer so that this is an expression for
the transverse confinement factor, see Fig. 2.5. Since Γ depends
on the overlap of the optical mode pattern with the gain region of
the laser, it can be used to describe the relation between modal
gain gm and material gain g, gm = Γg.
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Figure 2.5. The confinement factor Γ is defined as the overlap
between the mode pattern and the active region (bottom). The
top figure depicts the corresponding band-gap energies in the
transverse direction of the structure.

2.4.1 Transverse confinement

Fig. 2.6 illustrates the simultaneous confinement of carriers and
the optical wave in the transverse direction (y) of the double het-
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Figure 2.6. Transverse
confinement of carriers and field
in the double heterostructure
diode laser. Shown are the
electron energy diagram (top), the
refractive index profile (middle),
and the the electric field
distribution (bottom) of the
fundamental nearly Gaussian
optical mode.

erostructure laser (Fig. 2.3) when it is forward biased by the ap-
plication of an external voltage. The active layer with band gap
Eg, refractive index n2 and thickness d is sandwiched between the
high-band-gap cladding layers. The band gap of the cladding lay-
ers is Eg,cl and the refractive index is n1, with n2 > n1, such that
the optical field is confined to the active region. For sufficiently
small index step and core thickness, a nearly Gaussian field distri-
bution may be obtained since only the fundamental mode propa-
gates. The refractive index neff experienced by an optical wave
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travelling in the active medium is different from the refractive in-
dices of the core and the cladding, n1 ≤ neff ≤ n2. The confine-
ment mechanism described above, is know as index-guiding, since
the refractive-index discontinuity between the active an cladding
layers is responsible for the mode confinement through the total
internal reflection occurring at the interface.

2.4.2 Lateral confinement

There is no index-guiding in the lateral direction of the double
heterostructure laser shown in Fig. 2.3. In this direction, the car-
riers and the optical field may be confined by current-confinement
leading to a gain-guided lateral waveguide, see Fig. 2.7. The
current is confined by controlling the width W of the metalliza-
tion contact, i.e. by providing a current aperture, on top of the
structure. By narrowing W , a better confinement of the injected
carriers and thus a narrower gain region for the optical field is ob-
tained. However, gain-guided devices suffer from an effect known
as antiguiding, which leads to a broadening of the optical field.
This effect is discussed in the paragraph below.x

y

p-Cladding

n-Cladding

Active layer

I Current aperture
W

Figure 2.7. Lateral current
confinement. The current I is
injected through the aperture of
width W which confines the
carriers.

Outside the metallization stripe, an optical wave experiences
high optical losses. If a single-lateral-mode device is desired, the
current aperture has to be small enough to allow only for ampli-
fication of the fundamental lateral mode. Pure current-confined
lasers are often referred to as stripe-lasers and the lateral confine-
ment of the optical field is formed by gain-guiding. Other lateral
guiding mechanisms are possible. Lateral index-guiding is imple-
mented by introducing a step in the thickness of the upper cladding
layer, such that a lateral effective refractive index step provides the
guiding. A typical example of a lateral index-guided laser is the
ridge-waveguide laser [5]. Finally, lateral carrier confinement may
be implemented by an epitaxial regrowth technique, where bar-
riers are grown and then used to prevent the lateral diffusion of
electrons and holes. The buried heterostructure laser is an ex-
ample of a diode laser with all three types of lateral confinement
implemented [5]. The lasers used in the experiments carried out
in this work are all index-guided in the transverse direction and
gain-guided in the lateral direction. Their stripe widths are all in
the range W = 100 − 200µm, i.e. they are all multi-lateral mode.

Lateral antiguiding

The increase in carrier density (increase in gain) just beneath the
stripe region leads to a local reduction of refractive index since
the refractive index of a semiconductor materials depends on the
concentration of free carriers [4]. The local decrease in refractive
index in the center of the device will broaden the optical field to-
wards the edges of the active region. This antiguiding of the lateral
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optical field may be quantified through the antiguiding parameter
[4] (also known as the line width broadening factor [32]:

βc = − 2k0
∆n

∆g
, (2.10)

where k0 is the free-space wave vector and ∆n is the change in
the real part of the refractive index when the gain has changed ∆g
due to a change in the carrier density. The antiguiding parameter
βc thus describes the coupling between the carrier-concentration
induced variations of real (refractive index) and imaginary (gain
or loss) parts of complex index of refraction, which is responsible
for defocusing and broadening of the optical field. The change ∆ñ
in local complex refractive index originating from a change in the
carrier density in the center of the active layer, is given by

∆ñ = ∆n+ i∆g/(2k0) , (2.11)

where i is the imaginary unit. The antiguiding parameter βc varies
in general, e.g. with current, but is often treated as a fixed pa-
rameter. The sign in Eq. 2.11 is chosen to have βc positive for
semiconductor materials [32], and its value for GaAlAs lasers typ-
ically lie in the range 1.5-3 [33].

For lasers with a broad-stripe geometry, the antiguiding effect
will lead to a radiation pattern with two symmetric lobes in the
far field. This is due to the lateral variation in effective refractive
index, which imparts an overall phase curvature to the travelling
wave mode (as opposed to the transverse, planar phase front).
Diffraction from the edges of the output-facet results in a double-
lobed intensity distribution in the far field.

Furthermore, the antiguiding effect will lead to filamentation
for BALs with stripe widths W ' 6µm [34]. Due to stimulated
emission, the gain is locally depleted in high intensity regions (spa-
tial hole-burning), which leads to a local increase in refractive in-
dex. Thus the optical field experiences self-focusing and a periodic
variation in the lateral intensity profile occur. The spatial modes
of diode lasers are treated in sections 2.5.1 - 2.5.2.

2.5 Emission characteristics

This section deals with the emission characteristics of laser diodes,
with the main focus put on BALs. The full derivation of the BAL
mode structure is beyond scope of this thesis. However, main re-
sults will be present and the physical mechanisms will be discussed.
Throughout this section, we consider modes with electrical fields
Em of each mode m of the form [4]:
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Em(x, y, z) = êφm(y)ψm(x) exp(iβmz) , (2.12)

where ê is the polarization vector, φm(y) and ψm(x) are the field
distributions of the mth transverse and lateral modes, respectively,
and βm is the propagation constant of the mth mode. In Eq.
(2.12), we have assumed the effective index approximation [4],
which splits up the problem into two one-dimensionnal parts in
stead of having one two-dimensional wave equation. This approx-
imation is valid when the dielectric constant ǫ(x, y) varies slowly
in the lateral x direction compared to its variation in the trans-
verse y direction. In general several spatial modes oscillate, and
the resulting field is a superposition of the individual modes.

2.5.1 Transverse modes

The transverse modes depend on the thicknesses and refractive
indices of the various layers used to fabricate the semiconductor
laser. In the transverse direction, where the laser is index-guided,
the waveguide is generally designed in such a way that only the
fundamental spatial mode is supported. In practise, this is done by
controlling the thickness of the active layer d. The transverse field
distributions φm(y) are obtained by solving the time-independent
wave equation, obtained from Maxwells equations [4] and insert-
ing the boundary conditions (slab waveguide). The solutions are
trigonometric functions in the active layer with an evanescent ex-
ponentially decaying field in the cladding. Due to the periodic
nature of trigonometric functions, several solutions exists. How-
ever, a condition on the active-layer thickness may be formulated
that ensures oscillation of the fundamental transverse mode only.
The condition is [4]

d <
λ

2
(n2

2 − n2
1)

−
1

2 , (2.13)

where n2 and n1 are the refractive indices of the active and cladding
layers, respectively, with n2 > n1, and k0 = 2π/λ is the vacuum
wavenumber. D = k0(n

2
2 − n2

1)
1/2d is the normalized waveguide

thickness. The single-transverse-mode condition is usually satis-
fied in practical devices, and it holds for all the diode lasers used
and described in Papers I-VI. The fundamental, almost Gaus-
sian, mode in the transverse direction is denoted φ0(y).

2.5.2 Lateral modes

The lateral-mode behavior depends on the guiding mechanism in
the lateral direction. Here we will only consider laterally gain-
guided devices, with the main focus on the lateral modes of BALs,
which we will denote BAL modes.
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As noted in section 2.4.2, BALs suffer from filamentation [34],
originating from the antiguiding effect and the boundary condi-
tions (the edges of the structure). As a result of local gain de-
pletion, spatial-hole burning induces self-focusing of the optical
beam within the semiconductor laser [35, 36]. Furthermore, a pos-
itive feedback mechanism between the field and the material which
forms its confining waveguide occurs, since the carrier-density is
dependent on the intensity. In regions with high intensity, the gain
is locally depressed by stimulated emission, which lead to a local
increase in refractive index, and thus a further confinement of the
light. The situation is shown in Fig. 2.8.

Gain
profile

Refractive
index profile

Metallization

xz
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Intensity
profile

Injected current

0
x0

Figure 2.8. Carrier induced gain
and index gratings in the lateral
direction. The resulting near field
has a ripple superimposed on a
large DC field. See Ref. [37].

The lateral modes depend on the gain and index gratings in-
troduced by the steady-state carrier distribution. In the near field
(on the output facet), they turn out to consist of a large, broad
dc value with a small ripple (filamentation) superimposed on it,
see Fig. 2.8. In the far field, as mentioned in section 2.4.2, they
show a double lobed behavior originating from diffraction due to
the antiguiding effect.

In order to obtain the lateral modes, ψm(x), where m denote
mode index, the wave equation has to be solved with the proper
gain and carrier induced index change inserted (both dependent
on the carrier-density profile). A complete description of the lat-
eral BAL modes is found in the model by Mehuys et al. [37].
This model describes the self-stabilized nonlinear lateral modes
of BALs, and takes into account the carrier induced gain and in-
dex gratings in addition to the intensity induced gain depletion
(the positive feedback mechanism) that further confines the light
and leads to a self-stabilization condition above a certain current
level or saturation intensity. This comprehensive model serves as
a more detailed description of the phenomena observed in BALs.
However, the main experimental observations may be explained in
a much simpler way, by the introduction of the perturbed broad-
area model by Verdiell et al. [10]. Though, originally developed
to describe the modes of multiple-stripe LDAs, experiments show
that this model serves as a description of the main experimen-
tally observed features of BALs as well. The perturbed broad-area
model, however, does not take into account the intensity induced
gain depletion. Below a brief review of the main results, applica-
ble to BALs, are given in order to understand the experimentally
observed behavior.

The infinite square potential well

Let us first consider a simple, but very illustrative, approach to the
problem. Assume that the optical field is confined in an infinite
square well potential with half-width x0, corresponding to the half-
width of the junction (W/2). Outside the well, infinite absorption
is assumed, i.e. the field is perfectly confined within the broad-
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area waveguide. The real refractive n0(x) index and the gain g0(x)
are assumed to be uniform with values n0 and g0 inside the well.
The corresponding wave equation to be solved is similar to an
eigenvalue problem. In this simple case, the unperturbed solutions
(eigenvalues), ψm(x), to the problem are the solutions to the well-
known infinite square potential well problem [10]:

ψm(x) =
1√
x0

sin

(

mπx

2x0
+
mπ

2

)

ψm(x) = 0 for |x| > x0 ,

(2.14)

where m again denotes the mode number. Thus ψm(x) describes
the near field distribution of the BAL modes. In [10], these so-
lutions are denoted the unperturbed broad-area modes and their
propagation constants (eigenvalues) are given by:

βm = ñmk0 = nmk0 − i
g0
2
, (2.15)

where ñm is the complex refractive index for the mth mode. The
real refractive index is given by nm = [n0 −m2π2/(4k2

0x
2
0)]

1/2 and
we have used the assumption that modal gain, gm ≃ g0 since we
have k0nm ≫ gm, i.e. the small deviations in modal gain may be
ignored.

The far field of the BAL modes may be obtained as the Fourier
transform of the near field in 2.14 i.e. [38]:

FT{ψm(x)} =

√
x0

2π
[exp

(

i
(m− 1)π

2

)

sinc
(mπ

2
− k0x0θ

)

+ exp

(

i
−(m− 1)π

2

)

sinc
(mπ

2
+ k0x0θ

)

] ,

(2.16)

where the radiation angle in radians with respect to the longitu-
dinal axis (z-axis), θ, is assumed small, such that sin θ ≃ θ. Since
the BAL mode is the product of a sine wave and a square function,
its far field pattern mainly consists of two narrow lobes radiating
at angles [10, 38]:

θm = ± mπ

2k0x0
= ±mλ0

4x0
, (2.17)

where the plus sign refers to the ”positive” lobe and the minus sign
refers to the ”negative” lobe. The fundamental mode (m = 1) is
single-lobed.
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Though the unperturbed resolution of the lateral modes is not
accurate, and does not take into account the gain and index grat-
ings, it reveals some of the most important aspects of BAL modes
for the purpose of this work. The spatial separation between the
modes, which is apparent from Eq. (2.17), allows for discrimina-
tion between them e.g. with spatial filters. This is a technique
which is used frequently in Papers I-V and it will be discussed
in chapter 3.

The perturbed broad-area model

In the perturbed broad-area model [10], two perturbations are ini-
tially induced in the effective index profile. These are (a) a periodic
modulation of the gain and (b) a modulation in the real refractive
index originating from the carrier induced index change, due to
the antiguiding effect. Eq. (2.10) describes the coupling between
these two effects, which are accounted for by introducing a sinu-
soidal perturbation to the change in complex index:

∆ñ(x) = (−1)N ∆g

2k0
(βc + i) cos(

πNx

x0
) , (2.18)

where N denotes the number of stripes, ∆g is half of the amplitude
of the gain perturbation and i2 = −1. The factor (−1)N ensures
that the gain is minimum in the center of the device for even
values of stripes and maximum for odd values. Equation 2.18 thus
describes a gain and index grating along the lateral axis of the
laser.

Temperature variations across the laser width may be included
as a perturbation. The temperature perturbation is purely real and
it does not affect the gain of the lateral modes. It does, however,
change the mode envelope and in the far field it shows as small
lobes that are usually less than 1% of the main lobes [38]. The
temperature has negligible effect on the position of the far field
lobes, and we chose to ignore it in the present discussion. The
overall result of the perturbations is a broadening of the far field
lobes in terms of side-lobes originating from the gain, index and
temperature variations.

As noted earlier, to find the lateral modes, the wave equation
has to be solved with the index change (Eq. (2.18)) inserted. The
presentation of the full solution is beyond the scope of this thesis,
and the reader is referred to Refs. [10] and [38] for a complete
description. Here we settle with the unperturbed solution to the
problem, from which the main features of the lateral radiation can
be resolved.
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2.5.3 High and low coherence axes

To summarize on the spatial mode pattern of the laser diode emis-
sion, each spatial mode, Φtot

m (x, y), of the diode laser is a multipli-
cation of the transverse φ0(y) and the the lateral ψm(x) contribu-
tions, i.e.

Φtot
m = φ0(y)ψm(x) . (2.19)

In general several spatial modes are excited, and the resulting field
is formed by a superposition of them. However, as mentioned
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qy

Contact stripe

Near field

Far field

Cleaved facet

Figure 2.9. The optical near field
on the output facet is transformed
by diffraction into the far field
intensity distribution radiated at
angles θx (slow/low coherence
axis) and θy (fast/high coherence
axis) with respect to the optical
axis.

previously, the transverse part, φ0(y), usually only consists of the
fundamental mode, so they differ only in lateral behavior, ψm(x).
Thus, the spatial coherence is very different in the two directions,
which are often denoted the high (y) and the low (x) coherence
axes, respectively. Sometimes the notations fast (y) and slow (x)
axes are also used, referring to the fast and slow divergence of the
emission in the two directions (see Fig. 2.9).

2.5.4 Astimatism

Due to the different guiding mechanisms in the lateral and the
transverse directions, BALs suffer from astigmatism. This means
that the beam waists in the two directions are not coinciding and
that their far field angles θx and θy differ, see Fig. 2.9. In the
narrow transverse direction, which typically has a dimension of
d . 1µm, the waist is located on the output facet, while, in the
broader lateral direction, which may be several hundreds of mi-
crons wide, the waist is located behind the output facet. The
longitudinal astigmatism results in the need for cylindrical op-
tics and/or anamorphic prism pairs in order to collimate the laser
and/or re-image the junction. For gain-guided diode lasers, the
astigmatism may be as large as 30 − 50µm [39].

2.5.5 Spectral properties of diode lasers

For high-power diode lasers, Fabry-Perot resonators are used. This
type of resonator is shown in Fig. 2.10, which depicts two mirrors,
corresponding to the cleaved and coated facets of the diode laser.
The active semiconductor material, with unpumped refractive in-

l0 eff/2n

L

Figure 2.10. Fabry-Perot
resonator with cavity length L
and standing wave with q = 7
nodes. The wave propagates in a
waveguide with refractive index
neff such that the distance
between two neighboring nodes is
λ0/2neff, where λ0 is the vacuum
wavelength.

dex neff, is situated in between the mirrors, which are separated
by a distance L. Several longitudinal modes are allowed to oscil-
late, since the high-power diode laser has no mechanism for dis-
crimination of modes and since spatial hole-burning permits the
simultaneously oscillation of many modes. The longitudinal mode
spacing, ∆λFP , also denoted the free spectral range, may be found
by noting that the cavity length is given by (see Fig. 2.10)
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L = q
λ0

2neff
. (2.20)

where q is the number of nodes of the standing wave (the order
of the longitudinal mode), and λ0 is the vacuum wavelength. Ac-
cording to Eq. (2.20), an increase of q by 1, e.g. from qn to qn+1,
switches to the next resonant value for λ0. We thus have for the
free spectral range:

λFP =
2neffL

qnqn+1
≈ 2neffL

(2neffL/λ0)2
=

λ2
0

2neffL
. (2.21)

where we have used q1 ≈ q2. The refractive index for GaAlAs is
approximately neff ≈ 3.6, so for λ0 = 810 nm and L = 1mm, we
obtain a longitudinal mode spacing of ∆λFP ≈ 0.1 nm. The spec-
tral bandwidth (FWHM) of a typical diode laser is ∆λ ≈ 1−2 nm,
i.e. 10-20 longitudinal modes may oscillate simultaneously. Each
longitudinal mode contains a number of spatial modes. Since the
various spatial modes all oscillate with slightly different oscillation
frequencies, these frequencies will be observed as substructures in
the Fabry-Perot modes. The spatial mode spacing, i.e. the dif-
ference in resonant wavelength for two adjacent spatial modes is
typically in the range 0.01 − 0.03 nm [40, 41].

2.6 Pulsing diode lasers

By modulating e.g. the injection current, high peak powers may be
obtained, which have advantages in a lot of areas such as cutting,
welding, and various medical applications including tissue cutting
and evaporation. In second harmonic generation (SHG) of new
frequencies, pulsed lasers are very interesting since the power of
the frequency doubled light depends quadratically on the power
of the incoming light at the fundamental frequency. Unlike Q-
switched or mode-locked lasers, where a large amount of energy is
accumulated inside the gain medium before it is released in a huge
pulse, pulsed diode lasers are usually realized by direct current
modulation. Since the lifetime of the carriers is low, diode lasers
do not store energy.

2.6.1 Fundamentals of pulsed diode lasers

Usually a periodic sequence of laser pulses are considered when
lasers operate in pulsed mode. In Fig. 2.11 a few laser pulses are
plotted as a function of time. The frequency f , or the repetition
rate, of the sequence is determined from the period, T , as
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f =
1

T
. (2.22)

To determine the relative part of the time that the laser is on, we
use the relation between the pulse duration δτ and and the period
of the pulse train. This quantity is denoted the duty cycle (DC)
of the pulsed laser:Time

Power

Ppeak

Pav

T

½ Ppeak

Dt

Epulse

T

Figure 2.11. Periodic laser pulses
as a function of time. Ppeak is the
peak power, Pav is the average
power, Epulse is the energy of each
pulse, T is the period of the pulse
train, and ∆τ is the pulse
duration.

DC =
∆τ

T
. (2.23)

The duty cycle of diode lasers is usually rather low. consider e.g.
a diode laser emitting 100 ns pulses with a repetition rate of 1 kHz,
equivalent to a period of 1 ms. this yields a duty cycle of DC =
100 × 10−9 s · 1 × 103 s−1 = 1 × 10−4 = 0.1 0/00, i.e. the laser
only emits radiation during 0.1 thousands of the time. If in stead
the repetition rate was as low as 50 Hz, which is not uncommon
in medical purposes, the DC would be as low as 0.005 0/00, if the
pulse duration of 100 ns is maintained.

The average power Pav of a pulsed laser is defined as the power
of a continuous laser that would emit the same amount of energy
per second as the pulsed laser. The amount of energy Epulse carried
by each pulse (see Fig. 2.11) is given by the relation between the
average power and the frequency, i.e.

Pav = Epulse · f , (2.24)

and the peak power, Ppeak of the pulses can be expressed by

Ppeak =
Epulse

∆τ
=

Pav

∆τf
=
Pav

DC
. (2.25)

Pulsed diode lasers ususally operate with a maximum pulse dura-
tion limited to 100-200 ns and a DC not exceeding 1-2 %. There
are certain important issues to take into account when pulsing a
diode laser. These are summarized in sections 2.6.2-2.6.3 below.

2.6.2 Impedance

One of the fundamental principles involved when pulsing diode
lasers is impedance matching. Impedance is a measure of how
much a device resists the flow of an AC signal. It is similar to
resistance, which is how much a device resists the flow of a DC
signal. It is a measure in Ohms of the degree to which an electric
circuit resists the flow of electric current when a voltage is im-
pressed across its terminals. Impedance is expressed as the ratio
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of the voltage impressed across a pair of terminals to the current
flow between those terminals.

When a laser diode is in ”on”-mode it represents a low impe-
dance, while in ”off” mode it represents a high impedance. Modu-
lation signals may be an incentive to an impedance mismatch at the
laser diode and be reflected back toward the source. If the reflected
energy is not absorbed by the source, undesirable effects can occur
[42]. This may cause the light from the laser diode to show ex-
tra detail depending on cable length, pulse width, and impedance
mismatches. Impedance mismatches may also overdrive or reverse
bias the laser diode, possibly causing damage. It is thus important
to match the impedance of the lead to the impedance of the diode.
This may be done simply by the insertion of a resistor in series
with the diode. The impedance of the lead is typically around
50 Ω, while the diode impedance is much less (maybe a couple of
Ohms). If the laser diode has an impedance of 3 Ω, the resistor
should then have an impedance of 47 Ω [43].

2.6.3 Turn-on delay and relaxation oscillation

The turn-on time of a laser diode is typically 1 ns. Most laser
diodes exhibit relaxation oscillations (ringing) in response to fast
input current waveforms. This is illustrated in Fig. 2.12. For
BALs, the ringing has about 0.5 ns period, and damps to steady
state in 5 ns. Overshoot and undershoot can be as much as 50%
to 80% of final steady state power [42]. Diode lasers typically
have relaxation resonances of about 1-3 GHz, so intrinsically they
can respond in less than a nanosecond. The frequency of these
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Figure 2.12. Typical output from
a laser diode when a square
current pulse is applied. The
period of the relaxation
oscillations is typically around
0.5 ns.

relaxation oscillations sets an upper limit to the frequency with
which the laser can be modulated by varying the input current.
This maximum modulation frequency is given by [44]:

fr =
1

2π

√

I/Ith − 1

τpτs
(2.26)

where I/Ith denotes the ratio of the injection current to its
threshold value, τp is the photon lifetime and τs is the charge-
carrier lifetime at threshold. For semiconductor lasers, typical val-
ues of τs is on the order of a nanosecond. For τp ≃ 3× 10−12 s and
I/Ith ≃ 2, we calculate fr ≃ 3 GHz.

2.6.4 Experimental results

Initial experiments concerning pulsing of laser diodes have been
performed. The experimental setup is shown in Fig. 2.13. The
laser is a 200µm, 4 W, 810 nm BAL (SLI-1169). It is collimated
in the fast axis using an achromate with focal length f = 4.5mm.
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The laser diode is temperature controlled with a Peltier element
and pulsed by direct current modulation using a pulsed current
supply from Avtech Electrosystems (Av-107D-B). The average po-
wer is measured in front of the laser, and the peak power is cal-
culated according to (2.25). The current pulse from the pulse
generator, the signal measured by the power meter, and the volt-
age over the laser diode, are monitored using an oscilloscope. The
parameters used in the experiment are a frequency of f = 50Hz
and a pulse duration of ∆τ = 250 ns, which match the specifica-
tions required for a blue laser system for laser-induced fluorescence
diagnostics at Lund University Medical Laser Centre [45].

BAL

fCurrent
modulation

Temperature
control

Power
meter

Oscilloscope

Figure 2.13. Experimental setup for pulsing a 200 µm, 810 nm
BAL. The temperature controlled BAL is pulsed by current mod-
ulation. The current pulse delivered from the pulsed current
source, the voltage over the diode, and the signal measured by
the power meter, are visualized by the oscilloscope. The test
parameters are f = 50Hz and ∆τ = 250 ns.

Fig. 2.14 shows experimental results in terms of peak and
average powers as a function of current. As apparent from the
figure, peak powers far exceeding the rated maximum CW power
of 4W (at I = 4A) are obtainable.
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Figure 2.14. Experimentally obtained average and peak powers
from 200 µm, 810nm BAL. The results are obtained with f =

50Hz and ∆τ = 250 ns.

In the case in Fig. 2.14, the maximum peak power is approximately
30W at a pump current of 20A. However, the average power is
rather low. This is due to the extremely low duty cycle of DC =
50Hz×250 ns = 1.25×10−5. The average power may be increased
by increasing the pulse duration and/or the frequency (see Eqs.
(2.24) - (2.25)).
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Unfortunately this laser suffered from damage before the av-
erage power was increased. The reason for the damage is not
completely clear, but it may be due to reverse biasing of the diode
during the high-current pulsing. Fig. 2.15 shows a plot from the
oscilloscope during 20 A current modulation with pulse duration
∆t = 500 ns. The upper track (a) shows the signal from the current
modulator to the diode, the middle (b) shows the voltage over the
diode and the lowest track (c) is the signal measured by the power
meter, i.e. the output power from the diode. From (b) a volt-
age undershoot of approximately 3 V is observed. The overshoot
reaches about 13 V and the steady-state voltage is approximately
4 V. The laser front facet was investigated and showed no signs
of damage, so the damage is most likely due to some electrical
phenomenon. However, this problem remains to be thoroughly
investigated.
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Figure 2.15. Plots from the oscilloscope in Fig. 2.13 showing (a)
The signal from the current modulator, (b) The measured voltage
over the diode, and (c) The output power from the diode. The
results are obtained with I = 20 A and ∆τ = 500 ns.





Chapter 3

External-cavity diode lasers

This chapter serves as a brief overview of the external cavity tech-
niques that are used for improvement of the spatial and/or tem-
poral coherence properties of laser diodes. Only off-axis configura-
tions are considered, in which mode selection occurs using asym-
metrical feedback of only part of the intensity distribution in the
far field. One of the lobes in the double-lobed far field is selected
by spatial filtering and fed back into the laser diode using an exter-
nal reflector. This is in contrast to on-axis configurations, where
the entire far field radiation is directed towards the external re-
flector. In order to improve the temporal coherence, means for
spectral filtering must be included in the cavity. In this chapter
different external reflectors and configurations are considered, and
typical emission characteristics, which have been measured exper-
imentally during this Ph.D. work, of the discussed external-cavity
laser diodes are provided.

3.1 Single lobe far field formation

Fig. 3.1 shows the off-axis self-injection locking scheme. One of
the far field lobes of a single BAL mode, mode number m, is ex-
ternally injected back into the active region at an angle −θm by an
external reflector. The reflected beam propagates towards the laser
back facet, where it is reflected before it enters the front facet and
(partly) leaves the laser in the angle +θm. Propagation through

-qm +qm-qm

Back facet

Front facet

output
beam/lobe

Injection
beam/lobe

External reflector

Injection
angle

Radiation
angle

BAL

Figure 3.1. The off-axis
self-injection locking scheme. One
of the far field lobes of a single
BAL mode is reflected back at
angle −θm into the laser by an
external reflector. After reflection
at the back facet, the amplified
lobe leaves the front facet as the
output at the opposite angle.

the laser gain medium by multiple reflections amplifies the lobe
in the positive angle, which constitutes the output. This scheme
thus leads to a single-lobed far field profile radiated at angle +θm.
This mechanism is explained by the model suggested by Pillai [46],
which furthermore suggests that the output lobe is not true single-
lobed, but rather consists of an overlap of the central mode with
its nearest neighbors, i.e. positive angle lobes of modes m− 1 and
m + 1. Due to the spatial overlap of the modes, they cannot be
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completely discriminated by a spatial filter and thus the modes
contributing to the single-lobed output are weighted according to
their spatial overlap with the mode m addressed by a spatial filter
(see next section).

3.2 Spatial mode filtering in the Fourier plane

Various kinds of external reflectors, such as mirrors, diffraction
gratings, phase conjugate crystals, or combinations thereof, may
be applied in an external-cavity setup. Fig. 3.2 shows a side view
of the basic scheme for the external-cavity laser diodes considered
in this Ph.D. work. The coordinate system represents the lateral
(x), the transverse (y), and the longitudinal (z) axes, respectively.
Typically, the laser is collimated using two lenses, L1 and L2, with
focal lengths f1 and f2. L1 is inserted at a distance f1 from the
BAL emission facet, thereby collimating the transverse direction.
At the same time L1 generates a far field plane, FF , for the lateral
direction in its front focal plane. L2 collimates the beam in the
lateral direction and generates an image of the far field plane, FF ,
in the plane FF ∗ at distance s2. The distance s2 is determined
by f2 and the distance s1 between FF and L2 through the Lens-
maker’s equation [47]:

1

s1
+

1

s2
=

1

f2
(3.1)

BAL
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y z
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number m

SF

Output lobe

To external
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+qm
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Far-field
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Near-field
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f1

s1 s2
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Figure 3.2. Side view of the basic configuration and experimental
setup for the off-axis external-cavity laser diodes considered in
this work. The external reflector may be a conventional mirror,
a grating, a phase conjugate crystal or a combination of such
elements. L1, L2: Collimating lenses; f1: Focal length of L1;
FF , FF ∗: Far field planes; SF : Spatial filter; x, y, and z:
Lateral, transverse, and longitudinal axes. The mode number m
radiates its lobes at far field angles ±θm.

As discussed in section 2.5.2, different spatial modes radiate
their lobes at different angles. In FF ∗, where the intensity distri-
bution of mode number m, is double-lobed and radiated at angles
±θm (see Eq. (2.17) and Fig. 3.2), a spatial filter SF can be in-
serted to allow for one of the lobes to reach the external reflector.
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This ”feedback lobe” is thus reflected back into the active layer
where it is amplified. The other lobe serves as the output from the
system. By careful filtering, this scheme may result in an almost
diffraction limited output (see e.g. [48]). However, since several
longitudinal modes oscillate, the spatial filtering will in general not
lead to an improvement of the spectral properties of the laser diode.
In order for this to occur, a spectral filter, such as an etalon, must
be included in the cavity. Single spatial and longitudinal mode op-
eration may be achieved by appropriate use of spatial and spectral
filtering or by highly selective spectral filtering alone. The spatial
and temporal behavior of the external-cavity laser diode shown in
Fig. 3.2 may be measured by inserting a beam splitter plate af-
ter L2 thereby extracting reflections for beam diagnostics. These
reflections may also be used for alignment purposes.

3.3 External cavity modes

The external reflector will lead to oscillation of external cavity
modes, which have their own set of resonance frequencies. The
length of the external cavity, Lext, is in general much longer than
the length of the semiconductor laser cavity itself, such that the
external cavity modes are closely spaced and form a continuum
around each longitudinal mode of the laser cavity itself. The mode
spacing of the external cavity modes is given by c/2Lext, where c is
the speed of light. A single mode laser exposed to optical feedback
will in general suffer from a broadening of the spectral bandwidth,
and thus a reduction of coherence length, due to the appearance
of external cavity modes [49].

3.4 Feedback mechanisms

Various external reflectors can be used. In this section, only a few
will be mentioned, which have been applied to more or less extent
during the experiments in this Ph.D. work.

3.4.1 Mirror feedback

When using an ordinary mirror as the external reflector, nearly
diffraction limited emission may be obtained (see e.g. [38, 48, 50–
52]). Fig. 3.3 shows the far field intensity distributions with (solid)
and without (dashed) conventional mirror feedback as a function
of lateral radiation angle θ according to the setup in Fig. 3.2. The
intensity profiles are measured by inserting a beam splitter after
the collimating lenses. The beam splitter extracts a reflection in
which a beam scanner (Melles Griot SuperBeamAlyzer) is inserted
at a distance corresponding to the far field plane. The results are
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obtained experimentally using a 3 W, 200µm wide (lateral direc-
tion), 810 nm BAL from Coherent Inc.
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Figure 3.3. Intensity distribution in the far field from 200 µm,
810 nm BAL with (solid) and without (dashed) spatial filtering
and feedback from a conventional mirror.

From the figure it is observed that the intensity profile assumes
the asymmetrical, double-lobe in the far field, when spatial fil-
tering and mirror feedback are applied. The high-intensity lobe
constitutes the output from the system and the small lobe is the
feedback lobe. The width (FWHM) of the output lobe is 0.71◦

corresponding to 2.6 times the diffraction limit [38]. In compari-
son, the freely running laser is 17 times the diffraction limit. The
spectral behavior of the laser is not changed significantly when
conventional mirror feedback is applied (see e.g. [53]).

3.4.2 Grating feedback

Littrow configuration

The external reflector in Fig. 3.2 may be a diffraction grating ar-
ranged in a Littrow configuration [54] and otherwise unchanged
from the mirror-feedback configuration. In the Littrow configura-
tion, the first diffraction order is sent directly back into the laser
and the zeroth order is lost, see Fig. 3.4. With this configura-
tion, the spatial intensity distributions in the far field resembles
the profiles obtained with mirror feedback, as expected. Fig. 3.5

Negative
angle lobe

1 order
st

0 order
t h

Figure 3.4. Littrow configuration.
The first diffracted order is
directed back into the laser and
the zeroth order is lost.

shows the measured intensity distributions in the far field from
a grating feedback setup with a similar laser as the one used in
the mirror feedback experiment described above. The grating is
a ruled diffraction grating with 1200 lines/mm. The FWHM of
the output lobe is 0.66◦ corresponding to 2.4 times the diffraction
limit, or a factor of 7 less than than the freely running profile. Due
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Figure 3.5. Intensity distribution in the far field from a 3W,
200 µm, 810 nm BAL with (solid) and without (dashed) spatial
filtering and feedback from a conventional mirror.

to the dispersion of the grating, this setup introduces a spectral
filtering. This can be seen e.g. in Ref. [53], where a narrowing
of the spectrum from approximately 1.5 nm to 0.3 nm is observed.
By tilting the grating, the center wavelength of the emission may
be tuned several nanometers.

Littman configuration

The grating may also be arranged in a Littman configuration [55],
where the first diffraction order is directed to an external mirror.
From here, it is directed back onto the grating where it is diffracted
a second time before it reenters the diode, see Fig. 3.6. As ex-
pected, the spatial results with this configuration are comparable
to the results obtained with mirror feedback and Littrow-grating
feedback. Due to the second diffraction, the spectrum may be
narrowed more with the Littman configuration as compared to the
Littrow configuration. As before, the wavelength may be tuned

Negative
angle lobe

0 order
t h

Mirror

1 order
st

Figure 3.6. Littman configuration.
The first diffracted order is
directed to an external mirror
from where it is directed back
onto the grating before it reenters
the diode laser.

several nanometers by rotation of the grating. This is observed in
Fig. 3.7, which shows the measured spectra from a laser diode in
an asymmetrical Littman configuration, i.e. the grating is placed
in the Littman configuration, but only one of the far field lobes is
reflected, as indicated in Fig. 3.2. The spectrum of the freely run-
ning laser (low intensity, dark curve) has a bandwidth (FWHM) of
1.2 nm, which narrows down to approximately 0.1 nm when spatial
filtering and Littman-grating feedback are applied (high intensity,
single-peaks). When using an on-axis configuration, where all the
far field radiation is collected and directed towards the external
reflector, a stronger coupling between the diode and the external
reflector is obtained. This lead to tuning ranges exceeding several
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Figure 3.7. Measured spectra from the freely running (low in-
tensity, dark curve) and the Littman grating-feedback laser (high
intensity, single-peaks). The spectrum from the feedback laser
can be tuned by rotating the grating. The laser is a 3 W, 200 µm,
810 nm BAL and the grating is a ruled diffraction grating with
1200 lines/mm.

tens of nanometers (see e.g. [56]). However, such systems lack the
possibility to extract a large fraction of the laser beam with a high
spatial coherence as well.

Simultaneous feedback from the first and the zeroth
order of a grating

The spatial and temporal coherence of laser diodes may be im-
proved by using simultaneous feedback from the first diffracted
and the zeroth reflected order of a diffraction grating. The grating
is arranged in a configuration similar to a Littman configuration,
but in addition to feedback from part of the first order, part of
the zeroth order is also coupled back into to the laser. For exper-
imental setup, see Paper III [57]. With this method, the spatial
coherence is controlled by adjusting the filtering of the zeroth order
feedback, and the spectral coherence is controlled by adjustment of
the first order feedback. This configuration improves the spectral
bandwidth of the laser from approximately 1.2 nm to below 0.1 nm
[57]. The spatial, and temporal properties of a laser diode in this
double-grating feedback configuration is shown and described in
detail in Paper III.
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3.4.3 Phase conjugate feedback

A phase conjugate crystal may be used as the external reflector
in an external-cavity laser diode system [58–60]. Phase conjugate
crystals may be arranged in the self-pumped Cat geometry [61],
such that no additional mirrors or pump beams are needed. There
are some advantages of using phase conjugate feedback over con-
ventional feedback, such as mirror or grating feedback. The phase
conjugate mirror is self-aligning and provides a suitable feedback
signal independent of the external cavity length and aberrations
due to imperfect components (distortion correction). However,
phase conjugate crystals are expensive and less robust than ordi-
nary mirrors or gratings. Furthermore, their reflectivity is often
low and the spatial filter may have to be partly removed in order
for the phase conjugation to start up after the laser system has
been turned off. They are well suited for research purposes, but
maybe less suited in a commercial product. Inclusion of a Fabry-
Perot etalon in such a cavity can lead to true spatial and spectral
single-mode operation of the laser diode [53, 62].

Various combinations of the above reflectors may form other
possibilities for configurations, such as a grating in a Littman con-
figuration where the Littman mirror is a phase conjugate crystal
[63].

3.5 Single lobe output formation without

spatial filtering

Experiments have shown that a single-lobed output can occur
without the incorporation of a spatial filter in the external cavity
setup. This observation indicates that a mode selective mecha-
nism occurs inside the gain medium of the laser diode cavity itself.
Fig. 3.8 shows the intensity profile in the far field of a laser diode
exposed to phase conjugate feedback from a Rh:BaTiO3 crystal.
The laser is a 200µm, 3 W, 810 nm diode which was originally
implemented in the configuration shown in Fig. 3.2. However,
the spatial filter was removed when the results in Fig. 3.8 were
recorded. The asymmetrical double lobe is clearly present even
though no spatial mode selection has been applied. The FWHM
of the high-intensity lobe is 0.72◦ or 2.6 times the diffraction limit,
which corresponds to an improvement of a factor of 7 compared to
the freely running laser. Fig. 3.9 show results from a similar exper-
iment, where the external reflector is a Fabry-Perot etalon placed
in the focal plane of a f = 40mm plane convex lens. Here the out-
put lobe is 2.1 times the diffraction limit (0.58◦ FWMH), which
is again a factor of 7 less than the freely running profile. Experi-
ments with ordinary mirror feedback have shown similar behavior.
This is presented in Paper VI, which provides a theory that has
been developed in order to explain these findings. The theory is
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based on the presence of self-pumped degenerate four-wave mixing
in the semiconductor amplifier. The interacting waves inside the
active medium form gain and index gratings. These gratings lead
to selective amplification of one spatial mode and suppression of
other modes.
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Figure 3.8. Intensity distribution in the far field from a 200 µm,
810 nm BAL with (solid) and without (dashed) feedback from a
Rh:BaTiO3 crystal. No spatial filtering applied.

-6 -4 -2 0 2 4 6

0

20

40

60

80

100

-2
o

+2
o

Feedback from etalon
Freely running laser

Angle [deg]q

In
te

n
s
it
y
 [
a

rb
. 
u

n
it
s
]

Figure 3.9. Intensity distribution in the far field from a 200 µm,
810 nm BAL with (solid) and without (dashed) feedback from
an etalon placed in focal plane of f = 40 mm lens. No spatial
filtering applied.



Chapter 4

Second harmonic generation

The invention and experimental realization of the laser in 1960
[64, 65] lead to a major breakthrough for nonlinear optics. The
high intensities obtainable with a laser was already in 1961 demon-
strated to generate second harmonic frequencies in an experiment
with a ruby laser and quartz [66]. This was the beginning of nonlin-
ear optics, which ever since have been intensively explored. This
chapter deals with second harmonic generation (SHG), which is
one of the most applied second order nonlinear effects, since it
opens the possibility of creating lasers at twice the fundamental
frequencies.

4.1 Basic principles of SHG

Light propagation in matter can be described through the electric
and magnetic field vectors E and H and the corresponding electric
and magnetic flux densities, D and B through Maxwell’s equations
[67]:

∇× E = −∂B/∂t (4.1)

∇× H = J + ∂D/∂t (4.2)

∇ · D = ρ (4.3)

∇ · B = 0 (4.4)

where J and ρ represent the current density vector and the charge
density, respectively. The flux densities D and B, which arise
in response to the electric and magnetic fields propagating in the
medium, are expressed in the constitutive relations, as [67]:

D = ǫ0E + P (4.5)

37
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B = µ0H + M (4.6)

J = σE (4.7)

where ǫ0 and µ0 are the free space permittivity and permeability,
respectively, and σ is the conductivity of the medium. The induced
polarization P and magnetization M are defined as induced electric
and magnetic dipole moment pr. unit volume, respectively. In the
following M is assumed to be zero.

Maxwells equations can be used to obtain a wave equation that
describes how the optical field propagates inside the medium. First
take the curl of Eq. (4.1):

∇×∇× E = −µ0
∂

∂t
(∇× H) (4.8)

where Eq. (4.6) have been used and we have assumed a nonmag-
netic material. We now use Eqs. (4.2), (4.5), and (4.7) to obtain

∇2E = µ0σ
∂E

∂t
+ µ0ǫ0

∂2E

∂t2
+ µ0

∂2P

∂t2
(4.9)

where we have used the vector identity ∇×∇×E = ∇(∇·E)−∇2E
and assumed an isotropic media with no free charges (∇ · E = 0).
The wave equation (4.9) is valid for arbitrary time-varying fields
and we will use it in the following to obtain a fundamental wave
equation for propagation in a medium with nonlinear polarisation.

4.1.1 The nonlinear polarization

When a medium is exposed to light with the field vector E, a po-
larization field P will be induced. Consider the simplified model
in Fig. 4.1(a), where the nonlinear crystal is made up of atoms
which we consider to be comprised of a positively charged nu-
cleus surrounded by an electron cloud (depicted by the gray cloud
with white minuses). In the equilibrium situation, there is no net
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Figure 4.1. Semiclassical model of
an atom. a positive nucleus is
surrounded by an electron cloud.
(a) No field is applied, (b) The
applied E-field slightly displaces
the electron cloud so that a
polarization P is induced.

polarization in the material and the centers of positive and nega-
tive charges coincide. Applying a light wave with frequency ω1 to
the material, the electric field E associated with that light wave
exerts a force upon the electron cloud, which becomes distorted,
Fig. 4.1(b). In this situation, the centers of positive and negative
charges, becomes spatially separated, and a polarization is induced
in the material.

For linear optical phenomena, the induced polarization is pro-
portional to the applied field, i.e. a sinusoidally-varying electric
field will induce a polarization that varies sinusoidally at the same
frequency, see Fig. 4.2(a). However, if the light intensity is large,
P may no longer depend on E in a linear manner, and a number of
nonlinear phenomena may be excited. This situation is depicted
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in 4.2(b). The induced polarization (lower part in black) can be
decomposed into frequency components at higher harmonics of the
original frequency ω1. In the example in Fig. 4.2(b), P contains a
component at the applied (fundamental) frequency (dashed), and
at the second harmonic frequency 2ω1 (gray). To describe the non-
linear effects, it is convenient to consider the ith component of the
induced nonlinear polarization as a power series expansion in the
applied electrical field [68]:

Pi = ǫ0χ
(1)
ij Ej + 2χ

(2)
ijkEjEk + 4χ

(3)
ijklEjEkEl + ... (4.10)

where summation must be made over repeated indices. χ(n) is the
nth order complex susceptibility of the material and it depends
on the frequencies of the n + 1 interacting waves. The frequency
dependency of χ(n) indicates how the waves interact inside the
nonlinear medium. Ej is the jth component of the instantaneous,
total electric field. This field is in general composed of a superpo-
sition of n+ 1 electrical fields, each with frequency ωi [68]:

P P

E E

(a) (b)

Linear case Nonlinear case

Generated polarization:

w1

2w1

P P

t t

w1

Applied electric field:

w1

E E

Figure 4.2. The induced
polarization may be a linear (a) or
nonlinear (b) function of the
incident field. In the former case,
the generated polarization
oscillates at the same frequency,
ω1, as the applied field (left). In
the latter case (right), the
generated polarization will
contain frequency components at
higher harmonics, here at the
second harmonic (gray), of the
original frequency (dashed).

E(ωi) =
1

2
A(r, t) exp[i(ωit− ki · r)] + c.c. ,

i = 1, 2, ..., n+ 1 .
(4.11)

In Eq. (4.11), A(r, t) is the field amplitude, ki is the wave vector,
r is the direction of propagation, and c.c. is the complex conjugate.

The first term in Eq. (4.10) gives rise to the first-order, lin-

ear, phenomena, such as index of refraction. If χ
(1)
ij is complex,

its imaginary part describes the light absorption. The linear phe-
nomena does not cause the formation of new fields. The second-
order term, which involves the square of the applied electric field,
gives rise to the nonlinear effect which is important in the present
work: SHG. It also leads to sum-frequency mixing, difference-
frequency generation, linear electro-optic effect, and parametric
mixing. Throughout this chapter, we will only consider SHG, i.e.
we ignore the processes of sum/difference-frequency generation and
assume χ(2) = χ(2)(ω3 : ω1, ω2) with ω1 = ω2 = ω and ω3 = 2ω.
The third-order term, involving the cube of the electric field, leads
to third-harmonic generation, quadratic Kerr-effect, and intensity
dependent refractive index [68]. The latter effect is used in degen-
erate four-wave mixing, which is a method to generate phase con-
jugate wavefronts. Phase conjugate crystals were briefly discussed
in chapter 3, where they were considered as phase conjugating mir-
rors in external cavities. In the following, we will concentrate on
the second order term and SHG.
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Frequencies of the nonlinear polarization

To clarify the appearance of higher-order frequencies in the non-
linear polarization, consider a monochromatic light wave propa-
gating along z: E1(z, t) = 1

2A1 exp[i(ω1t− k1z)]+ c.c. We rewrite,
to obtain E1(z, t) = A1 cos(ω1t− k1z). Now the (scalar) nonlinear
polarization can be written (insertion into Eq. (4.10)) [69]:

P (z, t) = ǫ0χ
(1)A1 cos(ω1t− k1z)

+ 2χ(2)[A1 cos(ω1t− k1z)]
2 + ...

= ǫ0χ
(1)A1 cos(ω1t− k1z)

+ χ(2)A2
1[1 + cos(2ω1t− 2k1z)] + ...

(4.12)

where we have used the identity cos2A = 1
2 [1 + cos(2A)]. In the

expression (4.12), we clearly recognize the appearance of the fun-
damental and the second harmonic contributions to the nonlinear
polarization, as described above.

Wave propagation in nonlinear media

The polarization in Eq. (4.5) can, according to Eq. (4.10) be
decomposed into a linear and a nonlinear (Pnl) part:

P = ǫ0χ
(1)E + Pnl . (4.13)

Insertion of this expression for the polarization into the wave equa-
tion (4.9), results in the fundamental wave equation for propaga-
tion in a medium with nonlinear polarization [68]:

∇2E = µ0σ
∂E

∂t
+ µ0ǫ0ǫ

∂2E

∂t2
+ µ0

∂2Pnl

∂t2
, (4.14)

where ǫ = (1 + χ(1)) is the linear part of the permittivity.

4.1.2 The d coefficient

Often the nonlinear coefficient d is used instead of the second-

order nonlinear susceptibility χ(2), χ
(2)
ijk = dijk [68, 69]. With this

notation, the ith component of the second-order polarization may
be expressed as (second term in Eq. (4.10)):

P
(2)
i = 2

∑

j,k

dijkEjEk . (4.15)

In general, the nonlinear coefficient is a 27-element tensor of the
third rank. However, the number of independent elements of dijk
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can be reduced considerably. Since the order of appearance of Ej

and Ek in Eq. (4.15) is trivial and without physical significance, we

have dijk = dikj . Since the j, k indices in d
(2)
ijk are interchangeable,

we are able to reduce the number of elements from 27 to 18, by
introducing the contracted notation:

jk : 11 22 33 23, 32 13, 31 12, 21
l : 1 2 3 4 5 6

(4.16)

With this notation we have χ
(2)
ijk = dijk → dil, and Eq. (4.15) may

be written in matrix form, as:





Px

Py

Pz



 =





d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36





















E2
x

E2
y

E2
z

2EyEz

2ExEz

2ExEy

















[1+cos(2ωt)]

(4.17)
with E = (Ex, Ey, Ez) cosωt. The d-matrix given in Eq. (4.17)
is for the least symmetric, triclinic, class-I crystals [69]. Usually,
a high degree of symmetry is present, which limits the number
of elements in d even more. For example, the Kleinman symme-

try [70, 71] applies if all the frequencies involved in the nonlinear
process are sufficiently different from any resonance frequencies of
the material. This symmetry results in a further reduction in d
from 18 to 10 elements. Moreover, certain orientations of applied
electric fields may be equivalent to others, due to some regularity
in the arrangement of the crystal. Such spatial symmetries reduce
the number of independent elements in the d-matrix further.

4.1.3 The generated wave

When the nonlinear polarization is known (from Eq. (4.15)) we can
determine the second-harmonic wave radiated by that source using
Maxwell’s equations. For second-order nonlinear effects, two light
fields E1(ω1) and E2(ω2) interact through the nonlinear coefficient
dil to generate a third light field E3(ω3). If we, for simplicity,
assume that all waves propagate along the z-axis and that they
are all polarized along the same direction, we may consider scalar
fields of the form:

Ei(ωi) =
1

2
Ai exp i(ωit− kiz) + c.c. , i = 1, 2, 3 (4.18)

where the indexing i now refers to the numbering of the interacting
waves. Taking the Laplacian of this field, yields:



42 4.1.3. The generated wave

∇2Ei =
1

2

(

d2Ai

dz2
− 2iki

dAi

dz
− k2

iAi

)

exp[i(ωit− kiz)] + c.c.

(4.19)

If we now apply the slowly varying envelope approximation:

|k2
iAi| ≫

∣

∣

∣

∣

ki
dAi

dz

∣

∣

∣

∣

≫
∣

∣

∣

∣

d2Ai

dz2

∣

∣

∣

∣

, (4.20)

which is valid when the complex amplitude Ai only depends weakly
on z, the wave equation (4.14) may, for stationary fields (dAi/dt =
0), be reduced to a first order differential equation:

dAi

dz
ei(ωit−kiz) + c.c. = − 1

2

√

µ0/ǫ0ǫi σiAie
i(ωit−kiz) + c.c.

+ i
√

µ0/ǫ0ǫi
1

ωi

∂2Pnl

∂t2
,

(4.21)

where Pnl is the component of Pnl in the direction of the Ai-field,
and where we have used ki = ωi

√
µ0ǫ0ǫi. The first term to the

right is an attenuation term, which is often expressed in terms of
an absorption coefficient: αi = σi

√

µ0/(ǫ0ǫi). For SHG, we have
ω1 = ω2 = ω and ω3 = 2ω. The component of the nonlinear
polarization in the direction of the generated field A3 = A2ω is
thus

Pnl,2ω =
1

2
deffA

2
ωe

i(2ωt−2kz) + c.c. , (4.22)

where deff is the relevant element of the dil matrix. Taking the
second time-derivative of this component and insertion into Eq.
(4.21) yields:

dA3

dz
ei(ω3t−k3z) + c.c. =

dA2ω

dz
ei(2ωt−k3z) + c.c.

= − 1

2

√

µ0/ǫ0ǫ3σ3A2ωe
i(2ωt−k3z) + c.c.

− i
√

µ0/ǫ0ǫ3ωdA
2
ωe

i(2ωt−2kz) + c.c.

Division by ei(2ω−k3z) and assuming that the medium is transpar-
ent at ω3 (σ3 = 0) finally yields for the second-harmonic field:

dA2ω

dz
= −iµ0cdeffω

n2ω
A2

ωe
i∆kz , (4.23)
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where we have used
√

µ0/ǫ0ǫ3 = µ0c/n2ω, where c is the speed
of light and n2ω is the index of refraction at the second harmonic
frequency and where ∆k = k3 − k2 − k1 = k2ω − 2kω. In a similar
way, we may find for the fundamental fields A1 = A2 = Aω [68]:

dAω

dz
= −iµ0cdeffω

2nω
A2ωÃωe

−i∆kz , (4.24)

where nω is the refractive index at the fundamental frequency, and
the tilde denotes the complex conjugate. The coupled equations
(4.23) and (4.24) are the fundamental equations describing SHG.
When they are satisfied, the three waves in Eq. (4.18) with the
conditions ω3 = ω1 + ω2 and ω1 = ω2 = ω are solutions to the
Maxwell equations. In practice, the relevant d-element must be
found from Eq. (4.17) and the equations (4.23) and (4.24) may
be supplemented by the equivalent equations for the other spatial
components.

Intensity of the generated second harmonic wave

For a crystal of length L and assuming that A(ω) does not de-
pend on z (non-depleted pump approximation), Eq. (4.23) may
be integrated to obtain

A2ω = −iµ0cdeffω

n2ω
A2

ω

ei∆kL − 1

i∆k
. (4.25)

The intensity I2ω of the second harmonic wave is described by
the numerical value of the Poynting vector S = (1/µ0)E × B
([S] = W/m2), and is thus found from I = (1/2)n|A|2/cµ0 (with
1/c2 = µ0ǫ0) by insertion of (4.25) as:

I2ω =
n2ω

2cµ0
|A2ω|2 =

2µ3
0c

3ω2d2
eff

n2
ωn2ω

I2
ωL

2

(

sin(∆kL/2)

∆kL/2

)2

, (4.26)

where deff is in units of As/V2 (division by ǫ0 gives the unit pm/V).
Thus, the intensity of the second harmonic wave depends on the
square of the intensity of the incident field I2

ω and the length L2

of the nonlinear crystal. We note that L also appears in the sine
function, i.e. the second harmonic intensity oscillates throughout
the crystal. Such oscillations are referred to as Maker fringes [72,
73]. Furthermore, it is noted that in practical cases where the beam
is often focused into the crystal, some constraint has to be applied
to L. Long crystals will eventually cause the conversion efficiency
to fall off, due to an increase in beam cross section. Later, we will
see that when focused Gaussian beams are used, the conversion
efficiency increases as the crystal length L rather than as L2. For
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highly efficient SHG, where Aω is dependent on z, a more accurate
expression than (4.26) must be used, which can be found from
solving Eqs. (4.23) and (4.24). The parameter ∆k is of particular
interest. It is apparent from Eq. (4.26) that in order to have
efficient SHG, we must have

∆k = k2ω − 2kω =
2ω

c
(n2ω − nω) = 0 (4.27)

which is the important phasematching condition in SHG. The im-
portance of this condition is easily observed from a plot of the last

term in Eq. (4.26), i.e.
(

sin(∆kL/2)
∆kL/2

)2

= sinc2(∆kL/2) as a func-

tion of ∆kL/2, see Fig. 4.3. Methods to fulfill the condition (4.27)
and thus accomplish phasematching are discussed in section 4.3.DkL 2/
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Figure 4.3. The sinc2 function.
Phasematching is obtained when
∆k = 0.

4.2 Spatial confinement

According to Eq. (4.26), the intensity of the second harmonic light
depends on the square of the intensity of the incident beam. Since
intensity is power per unit area, one may expect that for a given
power, the conversion efficiency from fundamental to second har-
monic light could be maximized by confining the incident beam as
tightly as possible. This could be achieved by focusing an incident
laser beam with a short focal length. However, strong focusing
lead to rapid diffraction, and the confinement of the beam to a
small area, will not be maintained over a long length. Since the
second harmonic intensity also depends on the nonlinear interac-
tion length, there is a tradeoff between having both tight focusing
and long interaction length. From these arguments, it may be ex-
pected that an optimal focusing in a given situation may exist. As
will be apparent from section 4.2.1, this is in fact the case.

4.2.1 Boyd-Kleinman analysis for SHG with
circular gaussian beams

In 1968, Boyd and Kleinman developed the analysis of SHG for
focused, circular, gaussian beams [74]. In this section, the main
results of their analysis will be summarized. The full derivation is
beyond the scope of this thesis and the interested reader is referred
to the original work.

Assume a circular, gaussian beam with an electrical field that
has a radial distribution e−r2/w2

0 . The beam is focused to a waist
w0 at the center of a nonlinear crystal of length L. This is the
fundamental beam and it may be characterized by its confocal
parameter b = 2πnωw

2
0/λω, where λω is the wavelength of the fun-

damental beam and θ0 = λω/(πnωw0) is the angle by which, the



Second harmonic generation 45

beam diverges in the far field. The approach by Boyd and Klein-
man is illustrated in Fig. 4.4. [69]. The nonlinear crystal is divided
into slices of infinitesimal width dz and SHG takes place in each
slice. In the observation plane, all the fields from the infinitesimal
slices adds up, taking their respective phases into account, to the
total second harmonic field. Since the fundamental beam is fo-
cused, the intensity of the second harmonic beam vary from slice
to slice.

z = 0 dz z = L

Slice I Slice II Second harmonic
contribution from slice I

Second harmonic
contribution from slice II

Superposition of
contributions from

all slices

Observation plane

x

y

Fundamental

Second
harmonic

q0

r

Figure 4.4. The geometry in the analysis by Boyd and Kleinman
[74]. A fundamental, Gaussian beam (black) is focused into a
nonlinear crystal. The SHG takes place in each slice of width dz
and adds up to the total field in the observation plane [69].

It is sometimes necessary to have beam propagation along a
direction at some angle with respect to the crystal axes in order to
achieve phasematching at the wavelenght of interest (see section
4.3.1). If this is the case, the effect of birefringent walk-off must
be taken into account, since the fundamental and the second har-
monic beams propagates at a small angle ρ with respect to each
other (see Fig. 4.4). This put a limit for the interaction length
in the crystal, since the waves propagate away from each other.
Furthermore, the second harmonic contributions to the field at
the observation plane generated near the entrance of the crystal
has a larger spatial displacement than the second harmonic fields
generated near the crystal output. These dislocations result in a
total second harmonic output which is distorted and thus no longer
Gaussian (see Fig. 4.4).

All these effects are discussed in closer detail in Ref. [74]. Here
we suffice with the main result (in SI units [69]), which expresses
the second harmonic power (for ∆k = 0):

P2ω =
16π2d2

eff

ǫ0cλ3
ωn2ωnω

P 2
ωe

−α′LLh(σ, β, κ, ξ, µ) (4.28)
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The expression is obtained from the intensity by integration over
the area of a Gaussian beam. The nonlinear coefficient, deff, is now
expressed in pm/V and h(σ, β, κ, ξ, µ) is the Boyd-Kleinman focus-
ing factor, which must be evaluated in the individual case. The
parameters in the argument are κ = αb/2, σ = b∆k/2, β = ρ/θ0,
ξ = L/b, and µ = (L − 2f)/L, where α is a combined absorp-
tion coefficient (see below Eq. (4.21)), which describes the loss at
both wavelengths, and z = f is the position of the focus. If we
neglect losses, and assume a focus in the center of the crystal, the
focusing factor is reduced to h(σ, β, 0, ξ, 0). We are interested in
the behavior of h as the focusing is changed. Thus, we keep all
the parameters fixed except for the confocal parameter b. Further-
more, we define a parameter B = ρ

√
Lkω/2 = β

√
ξ, which only

depends on fixed parameters, such that we can define h(σ,B, ξ) =

h(σ,Bξ−
1

2 , 0, ξ, 0). This h can now be maximized by choosing an
appropriate degree of focusing, ξ = L/b, and assuring that the
phasematching condition is fulfilled by adjusting σ = b∆k/2. We
now assume phasematching, such that σm(B, ξ) is the value of σ
that maximizes h for fixed B and ξ. The maximized value of h is
then denoted hm(B, ξ) = h(σm, B, ξ) = h[σm(B, ξ), β

√
ξ, 0, ξ, 0].

Calculated values of the maximized focusing factor hm(B, ξ) for
different degrees of birefringence (B) is shown in Fig. 4.5.

Figure 4.5. The Boyd-Kleinman focusing factor hm versus ξ for
various values of B (From [74]).

From this figure, we see that for each value of B (walk-off angle
and crystal length), a maximum value of ξ = ξm can be found.
This value of ξ corresponds to a maximum value of hm, such that
hmm(B) = hm[B, ξ(B)]. We also note from the figure that as B
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increases, ξm decreases, i.e. the optimal focusing is looser for the
case of walk-off as compared to no walk-off (B = 0). Finally, it is
observed that the maximum value of the focusing factor is a rapidly
decreasing function of ξ, i.e. the second harmonic power decrease
rapidly, as we move away from the optimal focusing condition.

A special case, is the case with no walk-off, B = 0. In this
case hmm = 1.068 and ξ = 2.84, i.e. the focusing condition is
b = L/2.84 and Eq. (4.28) reduces to

P2ω = 1.068
16π2d2

eff

ǫ0cλ3
ωn2ωnω

P 2
ωL , (4.29)

for optimal focusing and neglecting absorption.

4.2.2 Extended analysis for SHG with elliptical
Gaussian beams

The Boyd-Kleinman analysis summarized in the previous section
applies to circular, Gaussian beams. However, sometimes the in-
teracting beams are elliptical, which is especially the case for diode
lasers. In 1975 Librecht and Simons [75] extended the theory of
Boyd and Kleinman to include the case of elliptical, Gaussian
beams. It turns out that for crystals displaying strong walk-off
the second harmonic generation efficiency may in fact be opti-
mized by the use of asymmetric focusing [75, 76]. The reason for
this is the simultaneous ability to 1) increase intensity and thus
SHG efficiency by tight focusing in the direction orthogonal to
walk-off and 2) to use looser focusing in the direction of walk-off
in order to maintain the spatial overlap of the fundamental and
second harmonic beams over a long distance in the crystal. Here
the Librecht-Simons analysis of SHG by Gaussian beams with el-
liptical cross sections is shortly reviewed.

The analysis assumes no depletion of the fundamental beam
by the doubling process and in addition absorption is neglected
at both the fundamental and the second harmonic wavelengths.
The beam propagates along the z-axis and the geometry is as fol-
lows: A nonlinear crystal of length L is placed in the focus of the
propagating Gaussian beam with elliptical cross section, such that
the beam diameter at z = 0 (center of crystal) is 2wx and 2wy in
the x and y directions, respectively. The electromagnetic field of
a Gaussian beam with an elliptical cross section is described by
Carter [77] and adopted in the paraxial approximation in the ana-
lysis. This field is dependent on the Rayleigh ranges zRx = kw2

x/2
and zRy = kw2

y/2 in the two directions respectively.
Now the ellipticity of the beam is defined as α = wy/wx and

a focusing parameter (analogue to ξ in Boyd-Kleinman analysis)
is defined as ζ = L/(α)kw2

x. The second harmonic field is then
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calculated following the formal analysis from [78] and [79] and
finally the second harmonic power is found by integrating the z-
component of the time-averaged Poynting vector (intensity) over
the beam cross section.

The reader is referred to the original work for the full solution
to the problem. Here we suffice with some important asymptotical
values of the second harmonic power, P2ω. We will only consider
the cases with no walk-off (i.e. ρ = 0):

ζ <<1 ,
ρL

wx
<< 1 ⇒ P2ω = K

L2

αw2
x

P 2
ω

ζ >>1 ,
ρkwxα

2
<< 1 ⇒ P2ω = Kπ2αk2w2

xP
2
ω

(4.30)

where

K =
8πd2

eff

ǫ0n2
ωn2ωcλ2

. (4.31)

Thus, for elliptical beams in the limits of loose (ζ << 1) or strong
focusing in phasematching interactions with no walk-off, the equa-
tions 4.30 may be used to estimate the efficiency of the interaction.
The loose-focusing limit and the corresponding expression for P2ω

given in (4.30) is used for comparison in Paper IV, where an
elliptical diode laser beam is applied in a SHG experiment.

4.3 Phasematching

In section 4.1.3 it was found that a phasematching condition ∆k =
k2ω − 2kω = 0 must be fulfilled in order to have efficient SHG.
This condition is equivalent to the condition that the refractive
indices n2ω = nω (Eq. (4.27)), i.e. the fundamental and the
second harmonic wave must travel at the same rate through the
crystal. If this is in fact the case, then the contributions to the
second harmonic wave generated at each position along the crystal
add up in phase, such that the total second harmonic power is
maximized. However, due to normal dispersion (n2ω > nω) of the
material, this is generally not the case, and several techniques have
been investigated to overcome this problem. The most important
techniques, birefringent phasematching and quasi-phasematching,
are discussed in the following sections.

4.3.1 Birefringent phasematching

The arrangement of atoms in a three-dimensional lattice constitut-
ing a particular crystal defines three crystallographic, orthogonal
axes a, b, and c. It turns out that for some materials, the velocity
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of light propagating along one of these axes depend on the polar-
ization of that light, i.e. the light may propagate slower along a if
linearly polarized along b than if linearly polarized along c. Thus
nb > nc. This means that if we arrange for the fundamental beam
to be polarized along the ”slow” axis of polarization (here b) and
the second harmonic beam to be polarized along the ”fast” axis of
polarization (here c), the phase velocity difference due to disper-
sion of the material may be compensated for by the phase velocity
difference due to birefringence, such that nc,2ω = nb,ω. This results
in ∆k = 0, as desired. This phasematching technique only applies
for a particular wavelength, the phasematching wavelength λpm of
the fundamental beam. See Fig. 4.6, which depicts the refractive
index profiles for nb and nc as a function of wavelengths. It is
observed that for wavelengths λω > λpm, the dispersion due to
birefringence exceeds the material dispersion, while the opposite
is the case for λω < λpm.
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Figure 4.6. The birefringent
phasematching technique.
Refractive index profiles nb and
nc illustrate how birefringence can
be used to achieve phasematching.
From [69].

Finally, in order for efficient second harmonic conversion, the
nonlinear d tensor must contain an appropriate component that
couples the fundamental and the second harmonic waves. For a
given crystal, and for given polarizations, this component is found
from Eq. (4.17).

Temperature tuning

Phasematching is sensitive to crystal temperature. This is due to
the fact that the refractive indices involved in the SHG process
change at a slightly different rate with temperature (see eg. [80]).
Thus the wavelength at which ∆k = 0 varies with temperature,
and the desired phasematching wavelength may be obtained by
tuning the temperature of the crystal.

Angle tuning

Also the direction of propagation affects the phasematching. The
phasematching wavelengths when propagating the fundamental
beam along the crystallographic a- or b-axes are different. Thus, if
propagating the fundamental beam along some intermediate direc-
tion in the a− b plane (keeping the polarization of the second har-
monic along c), an intermediate phasematching wavelength may
be obtained. This is illustrated in Fig. 4.7, which in analogy with
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Figure 4.7. Refractive index
profiles for nc, na and nb in
addition to some intermediate nθ

illustrates how angle tuning of the
fundamental beam may be used to
obtain phasematching. From [69].

Fig. 4.6 show the refractive index profiles of na, nb, and some
intermediate nθ, which applies for a fundamental beam propa-
gating at an angle θ with respect to the a-axis. Though angle
tuning often makes it possible to obtain phasematching around
room temperature, this technique involves the problem of spatial
walk-off as mentioned in section 4.2.1. Phasematching by angle-
tuning is sometimes referred to as critical phasematching, since
the tolerance to angular deviation of the phasematching condition
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is decreased when propagation is not along one of the crystal prin-
cipal axes [69]. Correspondingly, when propagation is along one of
the crystal principal axes, the phasematching (e.g. by temperature
tuning) is said to be noncritical.

Phasematching tolerances

When a phasematching solution is found for a wavelength of in-
terest, the tolerance of this phasematching may be evaluated. I.e.
the degree of accuracy to which the temperature and angle must
be controlled can be examined. A common way to describe this
phasematching tolerance is by the deviation in a phasematching
parameter, ς (ς = T, θ, ...), of interest that results in a decrease
in second harmonic power to 50% of its maximum value, P2ω,max.
That is, if the second harmonic power is rewritten in the form

P2ω = P2ω,maxsinc2

[

∆k(ς)L

2

]

, (4.32)

where ∆k now depends on ς, we wish to evaluate the change in ς
that causes the sinc2 function to equal 0.5. The maximum value of
1 is reached when ς is phasematched, ς = ςpm, i.e. for ∆k = 0. In
order for the sinc2 function to equal 0.5, the argument must equal
1.39. By expansion of ∆k in a Taylor series, we obtain:

∆k(ς) =
∂∆k

∂ς

∣

∣

∣

∣

ς=ςpm

(ς − ςpm) +
1

2

∂2∆k

∂ς2

∣

∣

∣

∣

ς=ςpm

(ς − ςpm)2 + ... ,

(4.33)

where we may choose to disregard the second derivative, which
is usually negligible as compared to the first. The condition that
the second harmonic output is one-half of its maximum value thus
reads

1

2

∂∆k

∂ς

∣

∣

∣

∣

ς=ςpm

(ς1/2 − ςpm)L = 1.39 , (4.34)

i.e. the the tolerance in a phasematching parameter may be writ-
ten

∆ς1/2 = (ς1/2 − ςpm) =
2.78

∂∆k
∂ς

∣

∣

ς=ςpm

L (4.35)

Eq. (4.35) can be applied to estimate the phasematching tolerance
for any phasematching parameter of interest.
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4.3.2 Quasi-Phasematching

As we saw in the preceding section, there are some problems oc-
curring when using birefringent phasematching, such as walk-off,
possibly low effective nonlinear coefficient, and inconvenient phase-
matching temperatures and angles. Furthermore, the material may
not possess enough birefringence to provide phasematching at the
desired wavelength and the phasematching tolerances may be very
strict. Quasi-phasematching (QPM) is an alternative method to
enable a continous growth of the second harmonic wave along the
crystal. QPM is based on an artificial structuring of the material
rather than on its birefringent properties. It can even be achieved
in materials possessing no birefringence at all, i.e. isotropic me-
dia, such as certain semiconductors having large nonlinearities (e.g.
GaAs and GaN). A significant advantage of QPM is that any in-
teraction within the transparency range of the crystal can be non-
critically phase-matched at a specific temperature. Another bene-
fit is that QPM gives access to the largest element of the d-tensor,
by appropriate choice of the interacting waves. The method of
QPM was suggested as early as 1962 by Armstrong et al. [81].
Numerous realizations were attempted during the 1970’s (see e.g.
[82–85]), but with limited success due to manufacturing problems
of periodic nonlinear structures on micrometer scales.

Basic ideas of QPM

The flow of power from one wave to the other in the nonlinear
crystal is determined by the relative phase between the waves. The
continuous phase slip between the fundamental and the second
harmonic waves caused by their differing phase velocities leads
to an alternation in the direction of the flow of power. After a
certain distance, known as the coherence length Lc, the conversion
efficiency reduces and energy flows back from the second harmonic
to the fundamental wave. This distance has been travelled when
the relative phase of the two waves has changed by π, i.e. Lc =
π/∆k = λ/4(n2ω − nω). For a crystal of a length much longer
than the coherence length, the efficiency thus behave in the way
of the Maker fringes discussed in section 4.1.3 (see Eq. (4.26)
and text below). The period of these oscillations is 2π/∆k =
2Lc so that after one coherence length maximum energy has been
transferred to the second harmonic wave. This oscillating behavior
is illustrated in Fig. 4.8(d), which shows the second harmonic
intensity as a function of crystal length. Fig. 4.8(a), shows the
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Figure 4.8. Output power versus
crystal length for (a) perfectly
phasematched, (b) first-order
QPM, (c) third-order QPM, and
(d) non-phasematched frequency
conversion.

ideal phasematching situation, where by some means n2ω = nω.
We will return to curves (b) and (c).

In QPM, the relative phase between the fundamental and the
second harmonic waves is repeatedly inverted after an odd num-
ber of coherence lengths. In this way, the phase is periodically
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”reset” when the transfer of energy to the second harmonic wave
is at its maximum. Thus, the second harmonic wave continues to
grow through the crystal. One way to accomplish phase inversion
is by changing the sign of the nonlinear coefficient. This can be
done e.g. by slicing the crystal into sections one odd number of co-
herence lengths long and rotate every other section by 180◦ about
the direction of propagation. However, in blue-green generation,
where the coherence length is only a couple of micrometers, this
mechanical approach is difficult to handle.

A more practical approach, which can be used for ferroelectric
crystals, involves forming regions (”domains”) of periodically re-
versed spontaneous polarization. Ferroelectric materials exhibit a
spontaneous electric polarization below a certain temperature (the
Curie temperature), even with no electric field applied. Reversing
the direction of the spontaneous polarization by some means and
then applying a fundamental electric field will result in a second-
harmonic component of the induced polarization which is indeed
180◦ out of phase with the component when no reversal has been
applied [69]. Thus in order to obtain QPM, the spontaneous po-
larization must be periodically inverted. The process of aligning
the direction of the spontaneous polarization is called poling and
a region of the crystal in which the spontaneous polarization has
the same alignment is called a ferroelectric domain. Thus a crystal
having periodic reversals of the spontaneous polarization is said to
be periodically poled (PP) (or periodically domain inverted). In
practice domain-inversion may be obtained by applying a periodic
electrode, such as e.g. a patterned metal film, on one surface of the
crystal. On the other side, a uniform electrode is applied. When a
sufficiently large (in the range of kV/mm) electric field is applied
to the electrodes, inverted domains begin to form below the areas
where the electrode is in contact with the crystal. The domain
continue to grow until the entire volume below the electrode is
inverted and a periodically poled crystal is formed. The electrical
field necessary to start the inversion process is referred to as the
coercive field. Periodically poled crystals benefit from the possibil-
ity of phasematching any nonlinear process and thus are limited
only by the transparency range of the crystal.

The most efficient QPM appears when the sign of the spon-
taneous polarization is changed every coherence length. This sit-
uation is shown in Fig. 4.8(b), and is denoted first-order QPM.
Third-order QPM, shown in Fig. 4.8(c) is less efficient, but may
be applied, e.g. if the coherence length is too small in order to
produce a high-quality periodic poling in the crystal. By mixing
different domain lengths, even-order QPM may also be obtained
and in general mth order QPM results in modulation with a period
2mLc, where m is an integer.

As apparent from Fig. 4.8, even first-order QPM is not as ef-
ficient as birefringent phasematching. However, as mentioned in
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the beginning of this section, the advantages of QPM are numerous
and of great significance. The results in Paper IV are obtained
using QPM in a periodically poled KTiOPO4 (KTP) crystal. With
this material, phasematching at 810 nm can be achieved at modest
temperature and the QPM approach permits access to the highest
nonlinear coefficient, which is the d33 coefficient in KTP. Further-
more, any walk-off problems are avoided because parallel polariza-
tions along the crystal main axis are used. (PP)KTP is described
in more detail in section 4.4.1.

Theory of QPM

The summary of the theory of QPM given in this section largely
follows the work by Fejer et al. [86]. In that work, special attention
is given to the imperfect QPM structures and the influence on
these imperfections on effeciency. Using the same assumptions as
in section 4.1.3, the growth of the second harmonic field is given
by (see Eq. (4.23))

dA2ω

dz
= −Γd(z)ei∆k′z , (4.36)

where A2ω is the amplitude of the second-harmonic field, z is the
distance along the propagation direction, d(z) is the spatially vary-
ing nonlinear coefficient, and Γ = iωA2

ωµ0c/n2ω. ∆k′ is the wave
vector mismatch caused by dispersion in the material:

∆k′ = k2ω − 2kω = π/Lc , (4.37)

where Lc = λ/4(n2ω − nω) is the coherence length of the QPM
structure. Integration of (4.36) yields the second harmonic field at
the end of a crystal of length L:

A2ω(L) = −Γ

∫ L

0

d(z)ei∆k′zdz (4.38)

For perfect and conventional phasematching, i.e. d(z) = deff,
where deff it the appropriate nonlinear coefficient for the interac-
tion, and ∆k′ = 0, (4.38) readily yields:

A2ω(L) = −ΓdeffL , (4.39)

in agreement with (4.25). In the QPM approach, assume d(z)
consists of domains of nonlinear coefficient ±deff with sign changes
occurring at the positions zj . If the sign of the jth domain is
denoted gj , Eq. (4.38) may be written:
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A2ω =
iΓdeff
∆k′

N
∑

k=1

gk[ei∆k′zk − ei∆k′zk−1 ] , (4.40)

where N is the number of domains. If the structure is perfect, the
sign changes occur at positions zk,0 which are chosen to satisfy

ei∆k′

0
zk,0 = (−1)k , (4.41)

where ∆k′0 is the wave vector mismatch at the design wavelength.
For symmetrical odd-order QPM, we have zk,0 = mkLc. If the
device structure differs from the ideal and/or ∆k′ differs from the
designed value, phase errors will accumulate. We define the posi-
tion error of the kth boundary as δzk = zk−zk,0, and the deviation
of the actual wave vector mismatch from that of the designed value
as δ∆k′ = ∆k′ − ∆k′0. The accumulated phase error at the kth

boundary is then given by

Φk =∆k′zk − ∆k′0zk,0

=∆k′(δzk + zk,0) − (∆k′ − δ∆k′)zk,0

=∆k′δzk + δ∆k′zk,0 .

(4.42)

Rewriting Eq. (4.40), collecting terms, and using (4.41) and (4.42)
gives

A2ω =
iΓg1deff

∆k′

[

2
N−1
∑

k=1

eiΦk + (eiφN + 1)

]

, (4.43)

where the last two terms originate from the the N th and the first
(ei∆k′z0) terms in the sum, respectively. For N >> 1, which is
usually the case, the following approximation holds

A2ω =
iΓg1deff

∆k′

N
∑

k=1

eiΦk . (4.44)

For a structure without phase errors, Φj = 0 for 1 > j > N ,
the sum in (4.44) equals N , which for a perfect structure obeys
N = L/mLc = L∆k′/mπ. Thus, in this situation, (4.44) becomes

A2ω,ideal ≈ iΓg1deff
2

mπ
L . (4.45)

Comparing this expression for the second harmonic field to Eq.
(4.39), it is observed that the effective nonlinearity of SHG with a
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perfect mth order QPM structure is reduced by a factor of 2/mπ
compared to conventionally phasematched SHG. Thus, the effec-
tive nonlinear coefficient dQ of QPM interactions is related to deff
by:

dQ =
2deff
mπ

(4.46)

Phasematching tolerances for QPM with an ideal grating

The phasematching tolerances for QPM structures may be found in
a similar way as for birefringent phasematching, see section 4.3.1
and Eq. (4.35). The main difference is that the phasematching
condition for QPM involves a term that accounts for the periodic
domain-inversion. For QPM the total wave vector mismatch is
defined as [86]:

∆k ≡ k2ω − 2kω −Km (4.47)

where Km = 2πm/Λ is the grating vector of the mth order QPM

Km

k2w

kw

kw

L

Figure 4.9. The effective
mismatch of a QPM interaction is
shifted by an amount Km (the
grating vector) with respect to the
mismatch of conventional
phasematching. Λ is the period of
the poling and m is the order of
the phasematching.

grating and Λ is the period of the poling, see Fig. 4.9. Thus,
the effective mismatch ∆k of the QPM interaction is shifted by an
amount Km with respect to the the mismatch ∆k′ of conventional
phase matching. Below we briefly present the equations describ-
ing the wavelength and temperature phasematching tolerances in
QPM interactions.

The wavelength tolerance in QPM SHG The wavelength
tolerance for QPM interactions is given by [69, 86]:

∆λFWHM =
1.39λpm

πL

∣

∣

∣

∣

1

2

∂n2ω

∂λ
− ∂nω

∂λ
− n2ω − nω

λpm

∣

∣

∣

∣

−1

(4.48)

where the derivatives are evaluated at their respective wavelengths.
The last term in this expression would vanish in the case of Type-I
birefringent phase matching, where n2ω = nω.

Temperature tolerance in QPM SHG The temperature tol-
erance for QPM interactions is given by [69, 86]:

∆TFWHM =
1.39λpm

πL

∣

∣

∣

∣

(

∂n2ω

∂T
− ∂nω

∂T

)

− γ(n2ω − nω)

∣

∣

∣

∣

−1

(4.49)
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where γ ≡ L−1∂L/∂T is the coefficient of linear thermal expan-
sion. As before, for type-I birefringent phasematching, the last
term disappears.

The derivatives of n with respect to λ and T are found from the
relevant Sellmeir equations (e.g. for fluxgrown KTP, see [87]) and
relevant temperature derivatives (for KTP see [88]), respectively.

4.3.3 Other Phasematching techniques

A number of other phase matching techniques are available. These
include waveguide phasematching [89, 90], anomalous dispersion
[91], counterpropagating waves [92–94], total internal reflection
[81, 95, 96], and form birefringence [97, 98]. However, birefrin-
gent phasematching and QPM are far the most applied, and we
will not deal with the remaining techniques.

4.4 Materials for SHG

In this section, some of the nonlinear materials used for SHG are
reviewed with special emphasis on materials suited for blue-light
generation and in particular potassium titanlyl phosphate, which
is the material used for SHG in Paper IV.

4.4.1 Potassium titanyl phosphate - KTiOPO4

Potassium titanyl phosphate (KTP) was introduced in 1976 by
Zumsteg et al. [99] and belongs to the family of isomorphic com-
pounds with the general composition of MTiOXO4, with X={P, As}
and M={K, Rb, Tl, Cs (only for X = As)}. KTP exhibits the or-
thorhombic classmm2 point group symmetry at room temperature
[100], and it posses a large nonlinearity, high damage threshold,
and excellent thermal stability. It is transparent in the range 350 -
4500 nm, see Fig. 4.10 for transparency curve [101]. A typical mor-Wavelength [ m]m
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Figure 4.10. Transmission window
of KTP (and KTA). Adopted
from [101].

phology of the orthorhombic mm2 crystal is shown in Fig. 4.11,
where the four families of crystallographic planes ({100}, {110},
{011}, {201}), constituting the fourteen facets, are outlined.

The properties of KTP depend on the method of growth. Mainly
two methods are used: the hydrothermal method and the flux
growth technique. The former method requires high pressure and
high temperature in small chambers, which results in rather small
crystals. The flux growth method, on the other hand, uses high
temperatures at atmospheric pressure, which opens the possibility
for larger crystal structures. Hydrothermally grown crystals have
lower ionic conductivity and higher resistance to optical damage,
such as ”gray tracking” than flux grown materials. Gray track-
ing is a spectrally broad absorption that occurs with exposure to
intense short-wavelength radiation [102, 103]. Also the Sellmeier
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equations determined from measurements on crystals grown after
the two methods are different.

Type-II birefringent phasematching is efficient in KTP [104,
105] and non-critically phasematched type-II interactions can ex-
hibit remarkably large tuning ranges with respect to temperature
and angle [106, 107]. The effective nonlinearity for type I phase-
matching, however, is too small for this interaction to be of general
interest. This latter statement does not apply in the case of QPM,
which is discussed below. In table 4.1 some of the important prop-
erties of KTP, including its d tensor, are collected.

z

y

x

(201)
(201)

(100)

(110)
(011)

(011)

Figure 4.11. Typical habit of the
orthorhombic crystal. Such
crystals exhibit fourteen facets
belonging to four families of
crystallographic planes, namely
{100}, {110}, {011}, and {201}.

Periodically poled KTP

Different methods have been proposed in order to form inverted-
domain gratings in KTP. Periodic poling by the application of an
electrical field (see section 4.3.2) is far the most applied method,
and the method that we will focus on here. With this technique,
4µm-period gratings have been induced in hydrothermally grown
KTP using a periodic metal electrode [110]. A relatively low field
of 2 kV/mm successfully poled a thick (1 mm) KTP crystal in am-
bient atmosphere pressure. Due to the larger ionic conductivity of
flux grown crystals, electric-field poling of these structures is more
difficult than for hydrothermally grown crystals. In 1997, Rosen-
man et al. suggested a method to overcome the difficulties and
obtain domain-inversion by electric field-poling of flux grown KTP
[111]. The method was demonstrated to produce first-order grat-
ings at 6.9µm-period in KTP yielding a high SHG efficiency [112].
This method has been applied extensively (see e.g. [113, 114])
ever since. The crystal used in Paper IV is a flux grown PPKTP
crystal.

4.4.2 Other materials

Several other materials for SHG exist. Here a few materials, which
all have been periodically poled, are mentioned.

(PP) Lithium niobate - LiNbO3 (LN)

(PP)LN is a trigonal class 3m crystal and one of the most widely
used nonlinear materials. Its nonlinearity is high with d33 ≃
25 pm/V at 1064 nm [115]. The transparency ranges from 330 nm
to 5500 nm so PPLN may be applied to a wide range of frequency
conversions with its period matched to the wavelength of interest.
The coercive field in LN is around 21 kV/mm, i.e. about ten times
higher than for KTP. This results in a more difficult poling pro-
cess and a more strict limit to the thickness of the crystal that can
be poled as compared to KTP. Furthermore, the optical damage
threshold is lower than for KTP [116].
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Table 4.1. KTP

Refractive indices
Flux-grown material [87]

n2
x = 2.16747 + 0.83733

1−0.04611λ−2 − 0.01713λ2

n2
y = 2.19229 + 0.83547

1−0.04970λ−2 − 0.01621λ2

n2
z = 2.25411 + 1.06543

1−0.05486λ−2 − 0.02140λ2

Wavelength λ in µm.
Hydrothermal material [108]

n2
x = 2.1146 + 0.89188

1−0.04352λ−2 − 0.01320λ2

n2
y = 2.1518 + 0.87862

1−0.04753λ−2 − 0.01327λ2

n2
z = 2.3136 + 1.00012

1−0.05679λ−2 − 0.01679λ2

Wavelength λ in µm.
Temperature derivatives [88]

∂nx

∂T = (1.427λ−3 − 4.735λ−2 + 8.711λ−1 + 0.952)(10−6/◦C)

∂ny

∂T = (4.269λ−3 − 14.761λ−2 + 21.232λ−1 − 2.113)(10−6/◦C)

∂nz

∂T = (12.415λ−3 − 44.414λ−2 + 59.129λ−1 + 12.101)(10−6/◦C)

Nonlinear properties

d tensor - Symmetry class mm2




0 0 0 0 d15 0
0 0 0 d24 0 0
d31 d32 d33 0 0 0





d coefficients [109]
dil

d15 d24 d31 d32 d33

880 nm 2.04 3.92 2.76 4.74 18.5
1064 nm 1.91 3.64 2.54 4.35 16.9

(PP) Lithium tantalate - LiTaO3 (LT)

(PP)LT has a high nonlinearity with d33 = 13.8 pm/V [115]. This
crystal is an interesting candidate for ultraviolet light generation
since it is transparent down to 280 nm [117]. Optical damage
threshold is higher than for LN [118], but the coercive field is
equally high, i.e. around 21 kV/mm. Thus PPLT crystals are
usually rather thin (∼ 0.2 mm) (see e.g. [119]).
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(PP) KTP isomorphs

Rubidium titanyl arsenate (RbRiOAsO4 or RTA) may be the most
important isomorph of KTP for blue/green light applications. Flux
grown RTA has a ionic conductivity which is comparable to that of
hydrothermally grown KTP, which makes RTA fairly easy to pole
[120]. The largest nonlinear coefficient is d33 = 15.8 pm/V [120].
Other isomorphs of KTP, such as KTA and RTP, have also been
investigated. PPKTA [121] and PPRTP [122] have been reported,
but neither of the materials have been investigated thoroughly in
blue-light generation.





Chapter 5

Photodynamic therapy

Photodynamic therapy (PDT) is a modality that may be used
for local treatment of precancerous and cancerous tumors. PDT
relies on the coexistence of a photosensitive compound (a photo-
sensitizer), oxygen, and light. The photosensitizer is administered
to the patient, where it accumulates selectively in the cancerous
tissue. Subsequent irradiation with non-ionizing radiation, such
as laser light, causes a photochemical reaction to occur, which de-
structs the cancerous cells. The first clinical studies of PDT using
hematoporphyrin derivative (HpD) took place during the 1960’s
[123, 124] and the field has been expanding ever since. Today,
PDT is approved for various clinical applications and commercial
drugs and light sources are available. Some of the most important
features of PDT are high selectivity, fast healing rates, and the
ability to treat the same tissue several times, if necessary. An im-
portant drawback is limited penetration of the therapeutic light.
This disadvantage may be partly overcome by the development
of photosensitizers, which are sensitive in the near-infrared wave-
length range or by the use of interstitial PDT, where the thera-
peutic light is guided into the tumor using optical fibers. The laser
systems described in Papers I-II were both developed for inter-
stitial PDT and tested in preliminary clinical trials. The results
from these trials are summarized in chapter 7. In this chapter, the
basic mechanisms of PDT, and the parameters important for PDT
are briefly discussed.

5.1 Mechanisms of action

The therapeutic light, which must match an absorption band of
the photosensitizer, excites the photosensitizer molecule from its
singlet ground state to its first excited singlet state. From here
the molecule may transfer to its first excited triplet state. Though
this transition is spin forbidden, it has a relatively high probability
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of occurring due the small energy separation between the states.
The final relaxation to the ground state is again spin forbidden,
leading to a long life time (& 100µs) and thus a high probability for
interaction with the surrounding molecules. The excess energy of
the photosensitizer may be transferred to oxygen molecules, which
thereby are excited from their triplet ground state to one of the
first excited singlet states, which are biologically active. Singlet
oxygen is highly cytotoxic and its formation leads to degradation
of the cancerous cells by various mechanisms.

One of the advantages of PDT over other existing tumor treat-
ment modalities, such as radiation therapy or cryotherapy, is that
the photosensitizer accumulates selectively in the diseased tissue.
This means that irradiation of the healthy tissue occurs at low
damage risk and that full treatment of precancerous or cancer-
ous cells outside the visible tumor border can also be achieved.
Other advantages count fast healing rates, modest scar formation,
and the possibility for re-treatment several times if necessary. Fi-
nally, PDT is fairly uncomplicated to perform with few potential
hazards involved. Pain is experienced in variable degree, but in
general anaesthesia is not required.

5.1.1 Photosensitizers

A photosensitizer is often a fluorescent, tumor-selective compound.
Numerous variants of photosensitizers for PDT exist, and only a
few will be mentioned here. Some important parameters must be
considered when synthesizing photosensitive compounds for PDT.
It is important that they absorb light at wavelengths where the tis-
sue is relatively transparent. In Fig. 5.1 the absorption coefficients
of the major absorbers, the chromophores, in biological tissue are
shown as a function of wavelength. Also shown is the absorption of
a commonly used photosensitizer, Photofrin r©. The area marked
in gray between approximately 630 and 1300 nm is denoted ”the
tissue optical window”. In the tissue optical window, the water
absorption is low, and the blood absorption falls off. The ab-
sorption from melanoma in the skin, however, remains rater high.
As apparent from Fig. 5.1, reasonable tissue penetration requires
that the wavelength of the therapeutic light lies within the tissue
optical window. Thus, the photosensitizer should have an absorp-
tion band in this window. For deeper penetration, and thus larger
treatment volumes, the treatment wavelength should belong to the
longer wavelength part of the window. However, the triplet state
energies are lower for photosensitizers absorbing in this region and
there is an upper limit for the generation of singlet oxygen. Photo-
sensitizers absorbing at longer than approximately 800 nm cannot
be used [125]. Here we will concentrate on the photosensitizer for
which the laser systems in Papers I-II were developed.
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Figure 5.1. Absorption coefficient as a function of wavelength
for the major absorbers in biological tissue together with a com-

monly used porphyrin-based photosensitizer, Photofrin r©. The
area marked with gray is the ”tissue optical window” in which the
water absorption is low and the blood absorption falls off. The
melanoma absorption remains rather high. The area marked by
dashed lines represents the visible spectrum of light. Adopted
from [126].

The use of endogenous photosensitization is an interesting pos-
sibility in PDT. With this method, a precursor is administered
to the patient and the photoactive compound is produced by the
target cancerous tissues themselves. In 1987, Malik et al. [127]
introduced the photoactive protoporphyrin IX (PpIX) induced by
the precursor 5-aminolevulinic acid (ALA) as an endogenous pho-
tosensitizer for PDT. The method was fully developed by Kennedy
and Pottier [128, 129] and soon thereafter adopted by the group
at Lund University Medical Laser Centre [130]. PpIX has a strong
absorption around 405 nm and a weaker absorption around 635 nm.
In order to have maximum penetration depth, the red absorption
band is frequently used for PDT. However, by irradiation with blue
light, an easily recognizable, dual-peaked, red fluorescence may be
excited that can be used for diagnostic purposes (see chapter 6).
The dual-peaked fluorescence from PpIX is emitted at 635 nm and
700 nm. Today, ALA-PDT is one of the most widely used varia-
tions of PDT.

Accumulation of ALA-induced PpIX

ALA is a naturally occurring, 5-carbon, straight-chain amino acid,
see Fig. 5.2. It is required for synthesis of haem, which is the

Figure 5.2. Chemical structure of
ALA.

porphyrin molecule PpIX with an iron atom incorporated into its
core. PpIX (see Fg. 5.3) is thus the last molecule in the haem
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cycle before the incorporation of iron by the action of the enzyme
ferrochelatase. The haem biosynthetic pathway is illustrated in

Figure 5.3. Chemical structure of
PpIX.

Fig. 5.4. The production of PpIX is regulated by a feedback
mechanism, but when ALA is exogenously supplied, the negative
feedback on the enzyme δ-aminolevulinic acid synthase, which cat-
alyzes the formation of ALA and is considered to have a main reg-
ulatory function in the synthesis, is bypassed. Furthermore, the
capacity of ferrochelatase is exceeded. Finally, some pre-malignant
and malignant lesions show a reduced activity of ferrochelatase,
and an increased activity of the enzyme, porphobilinogen deam-
inase, catalyzing the third step [131, 132]. These features con-
tribute to a build-up of PpIX in malignant tissue, as compared to
normal tissue, upon ALA administration [133].

Figure 5.4. Biosynthetic pathway of haem. When ALA is sup-
plied in excess, an accumulation of PpIX in the diseased tissue
occurs. This is partly due to changes in the enzymatic activities
of porphobilinogen deaminase and ferrochelatase in the cycle.
From [125].

The kinetics of the PpIX build-up vary with tumor location
and the administration method of ALA. For applications in der-
matology, where ALA is mixed and supplied as a cream, increased
permeability of the diseased skin, enhances the selectivity of the
ALA uptake. In most other cases, ALA is diluted in juice and
orally administrated, but intravenous administration is also a pos-
sibility. Typically, the selectivity and build-up of PpIX is sufficient
for the treatment to begin after a couple of hours. The fluorescence
emission from PpIX is maximized after 4-6 hours [134] and it is
usually cleared after 24 hours.

In order to increase penetration depth in topical applications
of the hydrophilic ALA, esterified versions have been investigated
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[135, 136]. It has been verified that by attachment of lipophilic
carbon chains to ALA, a deeper penetration and a reduced accu-
mulation time can be achieved. Studies have been performed to
establish the optimal length of the attached carbon chain, and they
show that the PpIX formation rate is higher for long chained ALA
esters than for short chain ALA esters [137]. However, if the chain
is too long, ALA may get trapped in the upper layers of the lesion.
The studies in [138] show that methyl-esterified ALA accumulates
more selectively than ALA in basal cell carcinomas.

5.1.2 Photo-oxidation

The generation of molecular oxygen in its excited single state is
believed to be the primary cause of cell-damage in connection with
PDT. This highly reactive oxygen species is generated by transfer
of energy from the photosensitizer in its excited triplet state to
molecular oxygen. In the transfer, the photosensitizer relaxes to
its ground state from where it again is prone to excitation under
the influence of the therapeutic light. In this way the cycle can
be repeated. Singlet molecular oxygen reacts rapidly with various
cellular components, such as unsaturated lipids, proteins, nucleic
acids etc.

The diffusion length of singlet oxygen in biological tissue is
around 0.01-0.04µm [139] which is less than one percent of the
diameter of a red blood cell (∼ 7µm). This indicates that it is
the localization of the photosensitizer that determines the type of
damage induced in the tissue during treatment. If the photosensi-
tizer is lipophilic, it will accumulate in the plasma and organellar
membranes of cells and the photo-oxidation may result in a di-
rect rupture of the membranes and inactivation of the enzymes
and receptors affiliated with that membrane. Hydrophilic photo-
sensitizers, on the other hand, may accumulate in lysosomes and
endosomes [140, 141], such that photo-oxidation results in the re-
lease of lysosomal enzymes in the cytoplasm. In this case another
mechanism of tissue damage is induced [140]. Studies show that
the probability of cell damage per quantum of absorbed energy is
higher for lipophilic than for hydrophilic photosensitizers, indicat-
ing that the membranes are more vulnerable to treatment.

As for the case of ionizing radiation therapy, well oxygenated
tissue is more vulnerable to cell destruction and thus to treat-
ment than tissue with low oxygen content. Limitations in oxygen
can occur during treatment either due to vascular damage, or to
the fact that oxygen is consumed during treatment. When using
oral or intravenous administration of the photosensitizer, a large
amount will accumulate in the endothelial cells of the blood ves-
sels, which may suffer permanent damage [142, 143]. Vascular
damage results in a restricted blood perfusion in the tumor, and
measurements of blood perfusion during treatment indeed indicate
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these vascular effects [144]. Studies have been performed in which
the treatment has been fractionated in various ways in order for
the oxygen content to increase. In some cases fractionation leads
to an improvement in treatment efficiency, but in others it does
not imply a significant difference from continuous treatment.

5.1.3 Therapeutic light

Coherent light sources, such as lasers, as well as incoherent light
sources, such as filtered lamps or LEDs, are used for PDT. Due to
their narrow bandwidth, lasers are able to minimize hyperthermal
effects during PDT since they can be confined to the absorption
band of the photosensitizer. Heating of the tissue due to absorp-
tion can thus be minimized by decreasing the light dose absorbed
by non-PDT-active chromophores. Furthermore, the spatial prop-
erties of lasers makes them suitable for fiber coupling. Fiber guid-
ance of the light facilitates the treatment of body-cavities using
endoscopes or interstitial PDT, where fibers are inserted into the
tumor using needles. LEDs and filtered lamps, such as Xenon
lamps, may be used for superficial PDT, especially of larger le-
sions, where fiber guidance of the therapeutic light is unnecessary.
Here we will focus on laser sources, which may be used for super-
ficial and interstitial PDT in addition to PDT of body-cavities.

In the beginning of the nineties, the typical lasers for PDT were
Argon-ion or Copper-vapor laser pumped dye lasers in addition
to frequency doubled Nd:YAG laser pumped dye lasers. These
lasers are large, expensive, and complicated systems which require
frequent service. Furthermore, they have a high electrical energy
consumption, and need extensive water cooling. An advantage
is that, by using appropriate dyes, these lasers can be used for
PDT with several different photosensitizers. However, the dye
introduces yet another disadvantage, since it has to be exchanged
regularly in order to maintain high output power.

Diode lasers are compact, easy to operate, requires no water
cooling, and are available at a reasonable cost. They are thus
attractive in a clinical environment. As described in chapter 2,
diode lasers are available at very high powers in the near-infrared.
However, at these wavelengths no photosensitizers are available.
In the late nineties, diode laser systems emitting at 635 nm for
ALA-PDT became commercially available. These laser systems
deliver approximately 2 W through a fiber with core diameter of
400µm or more. Today, diode lasers are the most important laser
light sources for PDT. They are available at several wavelengths
matching various photosensitizers. Some of the important photo-
sensitizers, which have commercial diode laser sources available at
their absorption wavelengths for PDT are collected in table 5.1.
Common for all the diode laser sources for PDT, is that the thera-
peutic light is delivered through relatively thick optical fibers with
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core diameters of 400µm or more (See e.g. [145]). This is due to
the poor spatial coherence of diode lasers, as discussed in chapter
2, and it sets a limitation for the procedure of interstitial treat-
ments, where a thinner treatment fiber may be the optimal choice
(see e.g. [146]). By using a thinner treatment fiber with the com-
mercial systems, a considerable amount of output power is lost.
One of the aims of this Ph.D. work was to realize diode laser sys-
tems for ALA-PDT delivering the therapeutic light through thin
optical fibers without discarding a large fraction of optical power
from the diode laser. Commercial diode laser systems for PDT are
available from numerous companies, such as Diomed, Biolitec Inc.
(CeramOptec), Coherent Inc., and Carl Zeiss.

Table 5.1. Some of the photosensitizers, which have commercial
diode laser sources available at their excitation wavelengths for
PDT. HpD: Hematoporphyrin derivative, PpIX: Protoporphyrin
IX, mTHPC: Meso-tetrahydroxyphenyl chlorin, BPD-MA: Ben-
zoporphyrin Derivative-monoacid Ring A, Lu-Tex: Lutetium
texaphyrin.

Sensitizer Tradename Wavelength

HpD Photofrin r© 630 nm

PpIX ALA 635 nm

mTHPC Foscan r© 652 nm

BPD-MA Verteporfin 690 nm

Lu-tex LUTRIN r© 732 nm

5.2 Clinical applications

PDT can be applied in the treatment of various diseases [147],
such as psoriasis, age-related macula degeneration, and diabetic
retinopathy. In this work, we focus on its ability to treat cancerous
and pre-cancerous lesions, such as skin cancers and deeper-lying
solid tumors, or cancers in body-cavities.

5.2.1 Superficial PDT of skin cancers

The laser system described in Paper II was used in the treatment
of superficial basal cell carcinomas (BCC) (see chapter 7, section
7.1.2) and compared to a conventional treatment. BCC is not the
most malignant type of skin cancer, but it is the most common type
of cancer and thus constitutes a considerable health risk to a large
segment of the world population. PDT is used for the treatment
of BCCs in many clinics. However, conventional treatments such
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as excision (surgically removing the cancerous lesion), curretage
(scraping), electrocautery (burning away the abnormal cells with
an electric rod), and cryosurgery (freezing the site with carbon
dioxide or nitrous oxide) are still widely used. In Ref. [148] PDT
is compared to cryotherapy in a phase III clinical trial. The cure
rates are comparable, but the healing rates and cosmetic outcome
for the lesions treated with PDT are clearly superior to the results
obtained with cryotherapy. The results obtained with the laser
from Paper II in PDT of BCC show a similar tendency. Here the
PDT was compared to electrocautery and curretage (see section
7.1.2), and again the results with PDT were superior in terms
of healing rate and cosmetic outcome, while the cure rates were
equally successful.

5.2.2 Interstitial PDT of deeper-lying solid tumors

When treating thick lesions or deeply localized solid tumors, super-
ficial treatment may not be sufficient, and interstitial PDT must
be applied. The first system for combined light dosimetry mea-
surements and interstitial PDT at Lund University Medical Laser
Centre was presented in 1996 [149–151], which splits up the ther-
apeutic light into several optical fibers. The lay-out of the system
is shown in Fig. 5.5. This system facilitates the use of three or six
independent treatment fibers, which are inserted into the tumor
so that the therapeutic light attacks the tumor from different po-
sitions. Optimal positions, depending on tumor topography, are
calculated using dosimetry software, which has been developed for
the system. The laser unit used for treatment (e.g. the Ceralas

Photo
diodes

Beam stops

Lenses

Beam splitters

Beam
splitters

Figure 5.5. Setup of the beam-splitting light-flux-measureing
unit for interstitial PDT at Lund University Medical Laser Cen-
tre. Each fiber is used both for delivery of therapeutic light and
for collection of light from the tumor in order to measure fluence
rates for diagnostics purposes. Adopted from [151].
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PDT635, CeramOptec) is coupled through a fiber into the system
where it is divided into six different pathways, each containing
an equal amount of light, by appropriate choice of beam splitters.
The light fluence rates at the individual fiber tip locations in the
tumor are measured for dosimetry purposes. This is realized us-
ing six independent photodiodes, which can be rotated into the
light path of the incoming light from the treatment fibers (see Fig.
5.5). In this way, each fiber both delivers and collects light. A
computer with a dosimetry software is used to control and auto-
matically operate the beam-splitting unit. The programme also
performs necessary dosimetry calculations. It calculates the opti-
cal fiber positions and minimum treatment time using given tissue
optical parameters, as well as the tumor size and shape, light dose
for successful treatment and output powers from the fibers.

For some purposes it may be an advantage to use treatment
fibers which are thinner than the fiber provided by the commercial
treatment laser. However, if the six treatment fibers in Fig. 5.5
are thinner than the input fiber, therapeutic light will be lost.
The laser systems described in Papers I-II were developed to
facilitate the use of optical fibers with core-diameters around 50µm
in connection with interstitial PDT at Lund University Medical
Laser Centre. However, the power obtained in the preliminary
laser systems was too low in order to obtain complete treatment
of the rather large tumors involved in the interstitial PDT trials
(see chapter 7, section 7.1.1). Therefore, one of the laser systems
was tested in the superficial PDT treatments mentioned above,
to verify their ability to be used in connection with PDT. Today,
635 nm laser diodes of the kind used in the developed laser systems,
are available with twice the output power of the ones used in the
original work.





Chapter 6

Laser-induced fluorescence

diagnostics

In 1852, Stokes described the phenomenon of fluorescence from
fluorite [152]. Almost 60 years later, fluorescence was observed in
animal tissue exposed to UV radiation [153]. Today, laser-induced
fluorescence diagnostics is a powerful technique to be used in op-
tical characterization of tissue. With this method, the need for
invasive and time consuming biopsies may be reduced and in some
applications replaced by noninvasive optical techniques. Fluores-
cence diagnostics is a natural companion of PDT since the photo-
sensitizers, which accumulate in the diseased tissue, are frequently
highly fluorescent. They thus act as fluorescent tumor markers
applicable for diagnosis, in addition to precursors for cell damage
when activated by light. The work described in Paper IV was
initiated in order to accomplish a diode laser based system for
laser-induced fluorescence imaging of malignant tissue.

6.1 Basic principles

The basic mechanisms of laser-induced fluorescence (and partly of
PDT) are shown in Fig. 6.1. When a photosensitizer molecule is
irradiated with light matching an absorption band, it is excited
from its singlet ground state S0 to a higher singlet state Sn. The
energy levels of molecules consists of a large number of vibrational
states with rotational sub levels. This is in contrast to atoms,
which have sharp electronic levels. The excitation of the photo-
sensitizer may occur to a higher vibrational singlet state Sn, but it
rapidly decays to the lowest rotational-vibrational state by inter-
nal conversion (IC). The energy lost from this decay is transferred
to surrounding molecules or converted to heat. Now the molecule
either relaxes to its ground state by a non-radiative transition (in-
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ternal conversion) or a photon is emitted as it returns to S0. In
the latter case, the emitted radiation is known as fluorescence,
and it is shifted towards the red (Stokes shift) compared to the
excitation wavelength. Since the ground state also contains sub
levels, the fluorescence radiation is broad banded. As indicated
in the middle part of Fig. 6.1, the excited molecule may transfer
to the triplet system (intersystem crossing - IX), even though this
transition is spin-forbidden. It occurs because of the small energy
separation between the states. From the lowest triplet state, the
molecule may relax to its ground state under the emission of a
photon. However, this transition is again spin-forbidden, which
results in a long-lived, meta-stable lowest triplet-state. When a
molecule relaxes from the first excited triplet state to its singlet
ground state under the emission of a photon, the emitted radiation
is called phosphorescence.

Diagnosis

Therapy
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Figure 6.1. Simplified diagram showing the decay paths from
an excited state of a (photosensitizer) molecule. Sn: Singlet
states; Tn: Triplet states; Abs: Absorption; F: Fluorescence;
P: Phosphorescence; 3O2: Triplet oxygen (ground state); 1O2:
Singlet (excited) oxygen.

To the right in the figure, the triplet ground state 3O2 and the
excited singlet state 1O2 of molecular oxygen are shown. The ar-
rows indicate the possibility for transfer of energy from the excited
states of the photosensitizer to the surrounding molecular oxygen,
whereby the mechanisms of PDT are initiated (see chapter 5).
Other arrows indicate that the emitted radiation can be used for
diagnostics.
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6.2 Tissue autofluorescence

As indicated in the introduction to this chapter, mammalian tissue
emits fluorescence when irradiated with UV (or near UV) radia-
tion. The emitted fluorescence is a broad-band blue-green radi-
ation centered around ∼ 490 nm, and denoted tissue autofluores-

cence. An example of a tissue autofluorescence spectrum is shown
in Fig. 6.2(a), which has been recorded in connection with a PDT
treatment of a skin cancer at Lund University Medical Laser Cen-
tre just before the application of ALA. The spectrum is recorded
10 mm outside the visible boundary of the lesion. For comparison,
Fig. 6.2(b) shows the fluorescence spectrum recorded in the center
of the malignant lesion four hours after the application of ALA.
The latter spectrum shows the dual peaked fluorescence of the
ALA-induced tumor marker PpIX in addition to to the autofluo-
rescence. The fluorescence from the tumor marker is easy distin-
guished from the autofluorescence. The autofluorescence originates
from the endogenous fluorophores in tissue, such as tryptophan,
elastin, collagen, β-carotene, NADH, and endogenous porphyrins.
The complex composition and nature of living tissue, makes the
interpretation of autofluorescence spectra difficult. Furthermore,
absorption by the tissue chromophores (see section 5.1.1) of the
excitation light and of the emitted fluorescence may cause attenu-
ation and distortion of the observed fluorescence signal. The domi-
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Figure 6.2. Fluorescence spectra
from (a) endogenous fluorophores
in tissue (tissue autofluorescence)
and (b) PpIX in tissue. PpIX
emits its fluorescence at 635 nm
and 700 nm. In (b) some
autofluorescence is present since
the spectrum has been recorded in
living tissue.

nating contributor in the autofluorescence spectrum, is determined
by the excitation wavelength, such that e.g. NADH is dominating
for excitation at 365 nm (Mercury line) and collagen/elastin dom-
inates for excitation wavelengths around 337 nm (nitrogen laser).
Although the autofluorescence is broad-banded, a wavelength shift
towards the red part of the spectrum has been observed for some
types of malignant tumors [154]. Furthermore, malignant and pre-
malignant lesions are characterized by a decreased overall autoflu-
orescence intensity as compared to normal tissue [155].

6.3 Instrumentation

When choosing the instrumentation, for fluorescence diagnostic
measurements, several factors must be considered. First, the exci-
tation wavelength and an appropriate light source must be deter-
mined. Moreover, the detection principles must also be evaluated
and adopted into a clinical environment. The instrumentation
may be intended for either point-monitoring, where the fluores-
cence from a single spot is recorded, or for imaging, where a larger
area, such as the entire lesion, is considered.
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6.3.1 Excitation light sources

The choice of wavelength for an excitation source depends on
whether the target is the tissue autofluorescence (or one of its com-
ponents) or the excitation of fluorescence from a tumor marker,
such as the endogenous photosensitizer ALA-induced PpIX. Exci-
tation light sources for fluorescence diagnostics can be divided into
two groups: lamps and lasers. The broad-band near-UV Xenon
lamp may be filtered to yield an appropriate excitation wavelength.
Also one of the discrete lines, such as the 405 nm line for excitation
of PpIX fluorescence or the 365 nm line for excitation of autofluo-
rescence (especially NADH), from the Mercury lamp is an option.

Alternatively, lasers can be used. These light sources are at-
tractive for fluorescence diagnostics due to their high intensity in
a narrow wavelength range and due to the possibility for fiber
guidance of the excitation light, such that endoscopical sites be-
comes accessible. A lot of possibilities are available. Continuous
wave sources, such as the Krypton-Ion or the Helium-Cadmium
lasers have several appropriate lines for fluorescence diagnostics
(e.g. 337 nm and 407 nm in the former case or 325 nm and 442 nm
in the latter). Pulsed lasers in the near-IR are interesting, since
high peak powers can be obtained and used for higher harmon-
ics generation with high efficiencies by pumping nonlinear crystals
(see chapter 4 and remember P2ω ∝ P 2

ω). Thereby high intensi-
ties in the UV-blue may be generated for fluorescence excitation.
Furthermore, by applying a pulsed excitation source, the detection
may be gated, such that the influence of ambient light in a clinical
environment can be suppressed during measurement (see section
6.3.2). Examples of pulsed sources based on this technology are the
frequency tripled Nd:YAG laser (355 nm) for excitation of autoflu-
orescence, the frequency doubled alexandrite laser (390 nm), the
UV eximer laser (308 nm), and the nitrogen laser (337 nm), which
may be used to pump a dye in order to obtain the right wavelength
for the purpose. The eximer laser is large and contain dangerous
gases, which make it unappropriate for clinical uses. However, high
pulse energies can be obtained, which makes it a candidate for flu-
orescence imaging (see section 6.3.2). Finally, diode lasers may be
used for fluorescence diagnosis. Diode lasers are far more simple,
compact, and easy to operate than any of the lasers mentioned
above. As discussed in chapter 2, GaN-based diode lasers emit-
ting in the UV-blue recently became available. In [156] a compact
diode laser-based system is described for point-monitoring pur-
poses. The system employs an integrated spectrometer for the
monitoring of the collected fluorescence. One drawback is that the
system does not provide gated detection. There are, to my knowl-
edge, no examples of diode laser-based systems for fluorescence
imaging.
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6.3.2 Detection principles

As indicated above, two methods, point-monitoring and imaging,
exists for detecting the excited fluorescence. There are no com-
mercial point-monitoring systems available. However, the imag-
ing systems, which are more interesting in a clinical perspective
since they provide more information, exists in several commercial
variants (e.g. HyperSpectral Diagnostic Imaging r©, Science and
Technology Int., Honolulu, HI, USA; CerviscanTM, LifeSpex Inc.,
Bothell, WA, USA; LIFE, Xillix Technologies Corp, Richmond,
BC, Canada; D-Light/AF system, Karl Storz, Tuttlingen, Ger-
many). Common for these systems are their comprehensive sizes
and weights. In addition they lack the implementation of an au-
tomatic real-time evaluation system. Some of the systems provide
the raw image of the fluorescence to be evaluated by the clinician
while others use complicated algorithms in order to outline the
borders and areas of lesions.

Several systems for laser-induced fluorescence diagnostics have
been developed at Lund University Medical Laser Centre. For
point-monitoring measurements for diagnostic purposes of malig-
nant and premalignant lesions, a nitrogen laser (3 ns at 10 Hz) is
usually employed. It is either used alone (autofluorescence) for in
combination with a dye laser tuned to 405 nm (PpIX) [157, 158].
In the system developed in Lund, the excitation light and the emit-
ted fluorescence are transmitted through the same 600µm fiber. A
dicroic mirror and an optical filter separates the fluorescence from
scattered excitation light. The collected fluorescence is dispersed
in a spectrometer and detected with an intensified CCD camera.
Also the newly developed diode laser-based system has been used
in clinical measurements [156]. Again, a 600µm fiber is used for
both excitation light and collection of fluorescence. A CCD de-
tects the dispersed fluorescence with a resolution of 5 nm, which is
adequate for the medical monitoring.

For fluorescence imaging purposes, a frequency doubled alexan-
drite laser tuned to 390 nm is useful for pulsed excitation below
400 nm. In the system developed at Lund University Medical Laser
Centre such a laser is employed. The pulse energy of the system is
around 1 mJ, which is approximately a factor of 103 more than for
the point monitoring system, in order to obtain real-time imag-
ing of entire lesions. The alexandrite laser is large and heavy
(> 200 kg) and in addition it needs water cooling. Multi-color flu-
orescence imaging is possible via simultaneous acquisition of spa-
tially identical images, using different optical bandpass filters [159].
The system is shown in Fig. 6.3. It uses beam splitting optics to
produce four identical images, each of which are filtered in sepa-
rate wavelength bands. The four images are then captured on the
same image-intensified CCD camera, the gating of which is syn-
chronized with the excitation light source. A color video camera
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Figure 6.3. Multi-color fluorescence system at Lund University
Medical Laser Centre. The excitation light source is currently a
frequency doubled alexandrite laser at 390 nm. From [159].

record the ordinary white light reflection image, which finally can
be mixed with the fluorescence images. Usually three wavelength
bands are applied: One that is related to the photosensitizer flu-
orescence (i.e. red band), one related to the autofluorescence (i.e.
blue-green band), and one band in the green-yellow, which is used
for subtraction of that part of the autofluorescence signal which
overlaps the photosensitizer spectrum (see also Fig. 6.2). An op-
timized contrast function is then defined by appropriate relations
of the intensity in the various bands, which yields a measure for
the malignancy in the tissue. High values of the intensity in the
red band and low values in the blue-green indicates malignant tis-
sue, as discussed previously. The final image, which is a mixture
of the white-light image and the fluorescence images, is updated
in real-time at a rate of up to eight images per second. See e.g.
[159] for clinical measurements using this system in connection
with ALA-PDT.

It would be interesting to develop a compact, easy to operate,
diode laser-based fluorescence imaging system for medical diagnos-
tic applications. This was indeed the intention when the project
described in Paper IV was initiated. However, the first gener-
ation system was not pulsed and did not provide enough power
to be used for imaging purposes. Results from the experiments
concerning pulsing of diode lasers suggest that shorter pulses and
higher peak power may still be obtainable (see section 2.6.4), and
more work is thus necessary in this area.
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6.4 Clinical applications

As indicated above, laser-induced fluorescence has the ability to
be used for diagnosis of malignant tissue. The autofluorescence is
usually lower in malignant tissue than in healthy tissue and the
contrast may be enhanced by the use of fluorescent tumor mark-
ers, such as ALA-induced PpIX. In the case of skin lesions, such as
BCCs, this may then be used in the delineation of tumor boundary,
which is not always possible to discriminate for the unaided eye.
In connection with PDT and interstitial PDT, the fluorescence de-
tection can be used as a real-time indicator for the photosensitizer
accumulation before and consumption during the treatment.

In chapter 7 the clinical possibilities of the blue diode laser-
based system developed during this Ph.D. is evaluated. Sugges-
tions for further development and possibilities for clinical imple-
mentation in connection with a fluorescence imaging system will
be discussed.





Chapter 7

Diode laser-based systems for

PDT and laser-induced

fluorescence diagnostics

The diode laser systems described in Papers I-II were tested in
preliminary clinical trials involving interstitial PDT and superficial
PDT, respectively. The interstitial PDT was performed at the
University Hospital in Lund (SE) using the system from Paper
I in the treatment of colon adenocarcinomas inoculated into the
hind legs of rat. The PDT was performed at Marselisborg Hospital
in Århus (DK) using the system from Paper II in the treatment of
superficial BCC in human. The results from these clinical trials are
discussed in section 7.1. Unfortunately, no clinical trials involving
laser-induced fluorescence diagnostics, using the blue diode laser-
based system described in Paper IV, were performed. In section
7.2, an evaluation of the clinical possibilities of this system are
given.

7.1 Diode laser systems for PDT

Two diode laser systems for ALA-PDT were developed. The first
generation system (Paper I) was based on a single broad area
laser at 635 nm exposed to phase conjugate feedback. The second
generation system (Paper II) was based on the coupling of two
identical external-cavity laser diode systems, such that the output
power was approximately doubled as compared to the first sys-
tem. In the following sections, the clinical results using these two
systems, are described.
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7.1.1 Interstitial PDT of colon adenocarcinomas

Preliminary experimental animal trials were performed at The De-
partment of Oncology, Lund University Hospital, Lund in collabo-
ration with Dr.med. K. Svanberg. The trials were performed using
the first generation system described in Paper I. Unfortunately,
the output power from this system (through a 50µm core-diameter
fiber) was only 80 mW. This turned out not to be sufficient for
complete treatment within a reasonable period of time of the large
tumors involved in the interstitial PDT trials. However, two treat-
ments were initiated and they are shortly reviewed here.

Animals and drug

Two Wistar/Furth rats (Rat I and Rat II), with colon adenocar-
cinoma inoculated into the muscles of each hind leg, were treated.
More rats were included in the trial, but they were treated with a
conventional laser source (CeramOptec, Ceralas PDT635 through
an optical fiber with core-diameter of 600µm). The sizes of the tu-
mors were approximately 3 cm3 each. One tumor was treated with
interstitial ALA-PDT, while the other served as a control tumor
for histopathological and statistical tumor examination. The rats
were injected intra peritoneally with ALA at a dose of 100 mg/kg
body weight 3 hours before treatment. Both animals were under
general anaesthesia during the procedure. They were put to sleep
using chloral hydrate and Temgesic was used for pain relief.

Interstitial PDT system

Interstitial PDT was performed using the multiple-fiber system
shown in Fig. 5.5. The light source from Paper I delivered the
therapeutic light through a 50µm optical fiber. The total out-
put power from the fiber of this system was only around 80 mW,
which was insufficient to completely treat the large tumors within
a reasonable time period. When the conventional laser system is
coupled into the multiple-fiber system, approximately 50-160 mW
is extracted from each of the 6 fibers [146]. This results in a treat-
ment time around 5-40 minutes depending on light dose, tumor
geometry and amount of power in the treatment fibers.

Interstitial PDT procedure

After 3 hours of build-up of PpIX following the injection of ALA,
the animals were treated with interstitial PDT. The skin covering
the tumors was shaved to avoid hair in the operating field. Three
treatment fibers were carefully placed in the calculated positions.
Also, a fiber for fluorescence measurements using the nitrogen-
laser pumped dye laser with an excitation wavelength of 405 nm
(see section 6.3.2) was inserted. Fig. 7.1 shows a picture of the
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Control tumor

3 Treatment fibers
1 fluorescence fiber

Figure 7.1. Interstitial PDT treatment of colon adenocarcinoma
in muscle of rat hind leg. Here three treatment fibers and one
fiber for fluorescence measurements are used.

treatment situation. The first rat was treated for 15 minutes and
the second rat was treated for 30 minutes. The treatment du-
ration was limited due to the hazards of prolonged anaesthesia.
For a successful treatment the treatment time should have been
much longer (several hours), due to the low power of the laser.
The treatment was interrupted in time intervals of 30 seconds to
measure the light fluence rate and the photo bleaching of PpIX
within the tumor. The animals were sacrificed three days post
treatment and both control and treated tumors were removed for
histopathological examination.

Laser-induced fluorescence

The fluorescence spectra were obtained and recorded in the wave-
length range 400-800 nm using the system described in section
6.3.2. The fluorescence from twenty laser pulses was integrated
to obtain spectra with high signal-to-noise ratios. The recorded
spectra were displayed on a screen and stored in a computer for
subsequent evaluation. Fluorescence spectra were acquired just
before and every 30 seconds during the treatment. For illustra-
tion, the first six fluorescence measurements obtained from Rat
I are shown in Fig. 7.2. The uppermost curve corresponds to
t = 0 sec and the lowest curve corresponds to t = 150 sec. It is
observed that the photosensitizer is bleached during treatment.
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Figure 7.2. Laser-induced fluorescence measurements before and
during PDT treatment. The fluorescence is measured every 30
seconds during treatment. Uppermost curve corresponds to 0 sec,
lowest curve to 150 sec. It is observed that the PDT treatment
bleaches the photosensitizer away.

Tumor volume change

The tumor sizes were measured with sliding callipers just before
the treatment and again when the animals were sacrificed and the
tumors removed. The tumor volumes were calculated from the
approximative formula 4

3π(a × b2), where a is the half-width of
the maximum tumor dimension, and b is the half-width of the
minimum dimension of the tumor. The measured tumor volumes
before and after treatment are shown in Table 7.1.

Table 7.1. Measured tumor volumes pre and 3 days post inter-
stitial PDT treatment.

Rat Volume of Volume of
no. treated tumor control tumor
PRE
I 3.3 cm3 5.0 cm3

II 2.8 cm3 4.1 cm3

3 DAYS POST
I 5.7 cm3 5.9 cm3

II 4.1 cm3 3.8 cm3

The growth rates of the individual tumors were calculated by form-
ing the ratio between tumor volume 3 days post treatment and tu-
mor volume pre treatment. This value was used as an estimation
(normally together with the histopathological examination) of the
therapeutic efficiency. The volume increase/decrease of the four
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tumors are shown in Table 7.2.

Table 7.2. Change in tumor volumes.

Rat Treated Control
no. tumor tumor

I + 73 % + 18 %

II + 46 % - 7 %

Unfortunately, but as expected, these results are not encouraging.
Both treated tumors show a profound growth during the three days
after treatment. The volume increment of the treated tumors is
due to the insufficient treatment power and the short treatment
time. To improve the performance of the laser system, power must
be increased. Possibilities for this are discussed in section 7.1.3.

Photobleaching

Despite the poor results regarding tumor volume reduction, the
laser-induced fluorescence measurements indicate that the PpIX
was partly bleached away as a result of the PDT treatment. Fig.
7.3 shows the photo bleaching of the 635 nm peak of the PpIX
fluorescence during treatment (15 min.). The remainder of PpIX
fluorescence indicate that the treatment time should have been
longer or that a more powerful laser is needed.
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Figure 7.3. Photo bleaching of the
PpIX 635 nm fluorescence peak
measured with laser-induced
fluorescence during the interstitial
PDT treatment.

7.1.2 PDT of superficial BCC

The treatments were performed at The Department of Dermatol-
ogy, Marselisborg Hospital, Århus in collaboration with Dr.med.
H. Sølvsten and Prof.dr.med. P. Bjerring.

Lesions

The patient, a 37 year old male, had three lesions on the shoulder,
diagnosed as superficial BCCs, see picture in Fig. 7.4 (a). One
lesion was treated with PDT and had a diameter of 1 cm (upper
lesion in the picture). A safety margin of 7 mm was used around
the lesion, which resulted in an irradiation area with a radius of
12 mm, or a total treatment area of 4.5 cm2. The remaining two
lesions had similar areas and were treated with a conventional
modality.

Treatment procedures

Biopsies were taken from the lesions. ALA was mixed in a oil-in-
water emulsion to a 20 % concentration which was applied to the
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lesion that should be treated with PDT. Two lesions were treated
with electrocautery and curretage (see section 5.2.1). The PDT-
irradiation procedure was performed 4 hours after the application
of ALA. The polarization coupled diode laser system was used
as the light source. The laser was irradiating at 635 nm and the
light was conducted through a 200µm optical fiber. The intensity
profile of the output from the fiber was verified to be top hat-like
so that a uniform light intensity was applied to the treatment area.
By adjusting the distance between the fiber tip and the patient,
the size of the light field could be varied. A total light dose of
60 J/cm2 was supplied in a single illumination session. The fluence
rate was kept low with a value of 56 mW/cm2, ensuring minimal
light-induced thermal effects on the tissue. The total treatment
time was 18 min, since:

Dose [J/cm
2
] = Fluence rate [W/cm

2
] × Treatment time [s] .

(7.1)

Preferably, the treatment time should be shorter. This could be
accomplished e.g. by using a fluence rate of 100 mW/cm2, which
is still below any hyperthermal rate, and which would result in at
treatment time of 10 min. However, since the maximum output
power through the fiber from our laser system was 250 mW, this
was not possible.

Tolerability assessment

Pain and discomfort

During the PDT procedure no conventional local anesthesia was
supplied to the patient. However, the patient did experience pain
during the light exposure. These sensations were simply and read-
ily relieved by spraying with water of about 15-20◦C.

Course of healing

The course of healing was followed by 1-month, 3-months, and 12-
months follow-up visits, see Fig. 7.4 (b) and (c) for the latter two.
Full remission was observed in all three lesions at all follow-ups.
The lesion treated with PDT was healing faster than the remaining
two.

Cosmetic outcome

The cosmetic outcome can be evaluated from the 12-months follow-
up (Fig. 7.4 (c)). Treatment of these three lesions was in favor
for PDT, which resulted in better outcome than electrocautery
and curretage. There is almost no scar formation and only a slight
hyper-pigmentation where the PDT procedure was conducted. Fur-
thermore, the skin is smooth and even. In the case of the other two
treatment areas, where electrocautery and curretage has been ap-
plied, the skin show both scar formation and hyper-pigmentation.
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(a) Pre treatment (b) 3 months follow-up (c) 1 year follow-up

Figure 7.4. Treatment of superficial BCCs at Marselisborg Hos-
pital in Århus with PDT using the laser system from Paper II
compared to electrocautery combined with curretage. (a) Pre
treatment, (b) Three months follow-up, (c) One year follow-up.

7.1.3 Clinical evaluation of PDT systems

As is apparent from the description of the preliminary trials, the
power output of the diode laser systems for PDT must be increased
in order for them to become interesting for interstitial PDT. The
power should be comparable with the power from the commer-
cially available PDT lasers. These lasers have output powers in
the range of 1-2 W through 400-800µm core diameter fibers. Thus,
an output power around 1 W through a 50-100µm fiber is desir-
able. The power of the first generation system was far too low
to treat the large, solid adenocarcinomas in the interstitial PDT
trial. The second generation system was successful in the treat-
ment of superficial BCCs, although the treatment time was longer
than desired.

Today, broad-area laser diodes at 635 nm are available with
twice the output power of the diodes used in the second generation,
polarization coupled system for PDT. Implementation of the novel
laser diodes will result in a laser system capable of yielding at least
0.5 W through a 50µm fiber (2×0.5×0.7×0.8 assuming that 70 %
is extracted in the output beam and 80 % is coupled through the
fiber). Such a system is indeed interesting for superficial PDT of
thin lesions (but in this case there is no need for a thin fiber) and
it may be sufficient for treatment of some solid tumors.

However, a better way to accomplish a suitable diode laser-
based system for interstitial PDT may be to construct a system
with six independent external-cavity diode lasers, each coupled to
separate treatment fibers. With such a system, several hundreds of
mW can be extracted through each treatment fiber. The treatment
fibers may be as thin as desired, and even single-mode.

In conclusion, several possibilities exist for the development of
a compact diode laser-based system meeting the requirements for
interstitial PDT.
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7.2 Frequency doubled diode laser system for

laser-induced fluorescence diagnostics

In Paper IV a diode laser system at 405 nm is described, which
is based on frequency doubling of an external-cavity laser diode
with double grating feedback (Paper III). The work leading to
the design and construction of this system was initiated in order
to design a diode laser-based system for laser-induced fluorescence
imaging in connection with ALA-PDT. Such a system should be
pulsed with a maximum pulse width of 1µs and a repetition rate
around 25-50 Hz [45]. The pulse energy of an existing system at
Lund University Medical Laser Centre is on the order of 1 mJ for
the frequency doubled alexandrite laser (imaging) and 1-2µJ for
the nitrogen laser-pumped dye laser (point-monitoring). The sys-
tem described in Paper IV does not match these specifications
in its current form. The laser system is not yet pulsed and the
output power is still too low. Therefore, it is premature to test
this system in a clinical setup. However, by further development
of a second generation, pulsed system, it may be ready for clinical
trials.

7.2.1 Evaluation of clinical possibilities

The blue output power must be increased and the system must
be pulsed to have clinical relevance. Operating the pump laser in
pulsed mode will lead to an increase in SHG efficiency due to the
high peak powers. However, this experiment remains to be com-
pleted. Table 7.3 collects estimations of the parameters obtainable
for a pulsed system based on the experiments described in chapter
2, section 2.6.4 and in Paper IV assuming a repetition rate of
50 Hz and a pulse length of 1µs.

Table 7.3. Estimations of obtainable peak powers (Pp), pulse
energies (E), and average powers (Pav) of the frequency doubled
diode laser system in its current form. ω and 2ω refer to the
fundamental (810 nm) beam and the second harmonic (405 nm)
beam, respectively.

Pω
p Pω

p,out × Pω
cw,out P2ω

p Eω E2ω Pω
av P2ω

av

[W] [W] [-] [mW] [µJ] [µJ] [mW] [µW]

15 7.5 19 180 7.5 0.2 0.4 10

20 10 25 312 10 0.3 0.5 15

Pω
p,out is the near-infrared peak power available for pumping the

KTP crystal assuming that 50 % of the power is coupled out of the



Diode laser-based systems for PDT and laser-induced fluorescence diagnostics 87

system; ”× Pω
cw,out” is Pω

p,out divided by the cw power of approx-
imately 400 mW (from Paper IV); P2ω

p = (×Pω
cw,out)

2 × 0.5mW
is the estimate of obtainable blue peak power, since a pump power
around 400 mW yields a second harmonic power around 0.5 mW
(see Paper IV). From these estimations, it is apparent that if
the system is pulsed in its current form, it may be used for point-
monitoring purposes. However, for fluorescence imaging purposes
the average power must be increased more than is possible with
the system in its current form. The second harmonic power may
be increased by using an AR coated BAL so that the external-
cavity diode can be driven at higher currents without destruction
of the improved coherence. Furthermore, a BAL with higher out-
put power than the one used in this work may be applied. We may
also use a grating with lower diffraction efficiency, thus increasing
the amount of power in the zeroth order output beam of the dou-
ble grating feedback laser. Finally, the results may be improved in
terms of blue output power by implementing the nonlinear crystal
in a resonator enhanced setup.

The simplest solution is to apply the new high-power GaN
diode lasers at 405 nm for laser-induced fluorescence diagnostics.
As mentioned in chapter 2, section 2.3.3, an engineering sample
with an output power of 60 mW and an estimated lifetime that
exceeds a couple of thousands hours has recently become avail-
able from the Japanese company Nichia. Such a sample should be
tested for the application and it should be verified whether these
lasers are capable of meetinig the specifications with respect to
pulsing and pulse energy. It is estimated (but not guaranteed) by
Nichia that a peak power of approximately twice the cw power can
be extracted from the laser if it is pulsed [31]. Assuming a peak
power around 120 mW from the Nichia diode yields a pulse energy
of 0.12µJ and an average power of 6µW if the repetition rate and
the pulse length are 50 Hz and 1µs, respectively. These numbers
are lower than for the pulsed external-cavity diode laser system.
The estimations are uncertain and have not been experimentally
verified.

To conclude, a diode laser-based system for laser-induced flu-
orescence imaging may be constructed by a frequency doubled
external-cavity diode laser system. With such a system, the spec-
ifications may be obtained by improving the current system using
one or more of the suggestions mentioned above. If pulsed, the
blue GaN diode may be suitable for point-monitoring purposes.
However, the power is still too low, even in pulsed mode, for the
laser to be used for imaging purposes, where a pulse energy of at
least 0.5 mJ is necessary.

As a final remark it should be mentioned that the double grat-
ing feedback system has interesting potential for efficient gener-
ation of UV light, since the double grating feedback scheme also
applies to lower, e.g. red or green, wavelengths. Such a laser would
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be interesting, e.g. as a source for disinfection of catheters with
UV light. This application employs the germicidal effectiveness
of UV which relies on the fact that light around 200-300 nm (the
”germicidal range”) is absorbed by DNA with a peak effectiveness
around 260 nm. This causes disruption in the DNA chain so that
when the cell undergoes mitosis (cell division) the replication of
DNA is inhibited. In this way bacteria may be removed effectively
from catheters. UV light has many commercial applications in so-
ciety. The major ones are: UV disinfection of water and air, UV
curing of inks and coatings, UV disinfection of foods, UV-based
advanced oxidation destruction of pollutants in water and air.



Acknowledgements

First of all, I would like to thank my supervisors at Risø, Peter
E. Andersen and Paul Michael Petersen, for motivation and in-
spiration throughout the years. I have enjoyed our many fruitful
discussions, the scientific as well as the personal ones. Further-
more, my gratitude is directed towards my supervisors from Lund:
Stefan Andersson-Engels, for his inspiration, and good spirits, and
Katarina Svanberg for introducing me to the clinical aspect of my
work and for her colorful and caring nature. My sincere gratitude
to all of you for the understanding, support, and space given to
me in the dark and difficult times around my fathers disease and
depart from this life. It meant a lot to me.

I have been fortunate to enjoy a collaboration with prof.dr.med.
Peter Bjerring and dr.med. Henrik Sølvsten from Marselisborg
Hospital. I learned a lot from our clinical collaboration and for
that I am grateful.

Thanks to former and present fellow students at Risø and from
Lund, without whom the past couple of years would not have
been the same: Frederik D. Nielsen, Bo T. Christensen, Peter
Lodahl, Steven R. Kitchen, Kim G. Jespersen, Per Malm, Jesper
Holm, Søren Blaaberg, Sussie Juul Jensen, Thomas Nikolajsen,
Niels Kjærgaard, Morten Bache, Maria Stenberg, Sara P̊alsson,
and Marcelo Soto Thompson. The rest of my colleagues at OPL
also receive my gratitude for decent behavior and good spirits. Es-
pecially, Lone Astradsson, for keeping me in good shape, Christian
Pedersen for inspiring scientific discussions and for training my
crystals when they were lazy, and Bitten Skaarup for proofread-
ing parts of this manuscript. My appreciations to the competent
technical staff at OPL: Bjarne Sass, for his skilful work and cheer-
fulness; Jess Thorsen, and Finn Pedersen, for their help with the
electronics. My roommate, Frederik D. Nielsen, deserves a spe-
cial thanks for many interesting discussions on life, science, and
beyond.

Finally, I would like to express my most sincere gratitude to-
wards my mother, my brother, and my beloved Anders for their
infinite support and love and for their patience with me. Thank

89



90 Acknowledgements

you, Anders, for rewarding discussions on the biological aspects of
my work and for always being there for me.

This research project was supported by the Danish Technical
Research Council, grant number 9901433.



Comments on the Papers

The work performed during this Ph.D. has resulted in the prepa-
ration of six scientific papers. The contents of these papers and
the authors contributions to them are summarized below.

The prototype PDT laser was developed and is described in
Paper I. The author developed the laser system, prepared the
manuscript, and brought the laser system to the university hospi-
tal in Lund. Here she participated in preliminary clinical trials in
connection with interstitial PDT treatments of solid tumors in rat.
The results from these trials are not published, but are described
in this thesis in Ch. 7. It was quickly realized that in order to
obtain an effective treatment, the power of the system should be
increased. Thus, a second generation system was developed, which
couples the output from two separate external-cavity laser diodes
by means of polarization coupling. This work is published in Pa-
per II. The author developed the laser system yielding the results
described in this paper and prepared the manuscript. The second
generation system was brought by the author to Marselisborg hos-
pital for clinical testing. In this clinical trial, PDT treatment using
the second generation PDT laser was compared to a conventional
treatment of skin cancer in human. The results from these trials
have not been published, but can be found in this thesis in Ch. 7.
Following this, the focus was shifted towards the development of a
diode laser system for laser-induced fluorescence diagnostics. For
this purpose a novel external-cavity configuration was suggested
and developed by the author. The novel scheme improved the
spatial and temporal coherence of a broad area laser, which then
could be used for second harmonic generation, such that the de-
sired wavelength for fluorescence diagnostics could be generated.
The novel external-cavity system, which was intended to consti-
tute the pump laser, is described in Paper III, which has been
prepared by the author. Finally, the second harmonic generation
was carried out using the developed pump laser described in Pa-
per III. The first results from this work is presented in Paper
IV, which has been prepared by the author. A lot of different
external-cavity configurations have been tested during this Ph.D.
work. Sometimes it was observed that the single output lobe os-
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cillation was preserved even though the spatial filter was removed
from the cavity. Similar observations had been made earlier and
a theory explaining these findings was developed. This theory is
presented in Paper VI. The author have contributed to this work
with experimental measurements and help with the manuscript
preparation. Finally Paper V is somewhat beyond the scope of
this thesis. This paper is an example of the versatility of the
external-cavity feedback laser diodes. The laser system described
in Paper V was developed for display purposes, but the main core
of the system is similar to (half of) the PDT laser described in Pa-
per II. The author contributed to this work with experiments and
help with the manuscript preparation.
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