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ABSTRACT

The work presented in this thesis aims at the development of highly efficient and low-
cost tunable solid-state lasers at different wavelength regions and in different operation
regimes. We show that employing inexpensive, high brightness laser diodes as pump
sources greatly reduces the cost of the systems. By utilizing low-threshold cavity designs,
we also demonstrate experimentally that the laser performance can be greatly enhanced.
Moreover, we have also designed and developed these systems in a very compact manner
for easy integration into other measurement systems. To achieve this goal, at first, we
developed a laser cavity design software that simplifies the determination of the optimum
cavity and beam parameters for the laser. Then, we applied these techniques to different
laser systems operating in different wavelength ranges.

In the experiments, we first developed low-threshold 2-pum lasers based on the Tm®*
doped YAG and LuAG crystals. These lasers were pumped with single-mode 785-nm laser
diodes which are widely used in optical data storage (CD-ROM technologies). In these
systems, we obtained continuous-wave power efficiencies approaching the theoretical limit.
Moreover, by incorporating saturable absorbers into the cavities, we obtained Q-switched
mode-locked pulses with pulse energies in the pico-joule levels. In particular, 22% and
19% slope efficiency was obtained from continuous-wave laser experiments of Tm:YAG
and Tm:LuAG lasers, respectively, where the theoretically expected limits for these
systems were 23% and 21%. In the Q-switched mode-locked experiments, the pulse
energies around 250 pJ were obtained.

In another set of experiments, we applied the low-threshold design principles to
characterize the self-q-switching properties of a Cr’" doped LiCAF laser by using 660-nm
single-mode pump diodes used in DVD-ROM technologies. Here, we obtained Q-switched

pulses with pJ energies without adding any extra modulators into the resonator. In these
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experiments, we obtained 4 microsecond-long pulses at a repetition rate of 24 kHz. 400
mW of peak power and 1.6 puJ of pulse energy were obtained at the wavelength of 795 nm
in this configuration. Moreover, we estimated that the effective modulation depth of the
self-Q-switching mechanism was 0.5%.

We then employed recently developed high-brightness tapered diode lasers as pump
sources to excite the Alexandrite gain medium and obtained power efficiencies close to the
theoretical limit at the output wavelength of 755 nm. In particular, with 900 mW of pump
power, we obtained 200 mW of continuous-wave output power. In this system, the intrinsic
slope efficiency was estimated to be 63%, where 65% is the theoretical limit for
Alexandrite lasers.

In the last part of the thesis, we discuss a series of experiments which investigated
efficient femtosecond pulse generation from Cr:LiSAF lasers by using single-mode and
tapered diodes as pump sources. In particular, we obtained as short as 13 fs and 14.5 fs
pulses with 200 pJ and 940 pJ of pulse energy from single-mode diode pumping and
tapered diode pumping configurations, respectively. Finally, temperature dependence of
spectroscopic properties and laser performance of an Alexandrite laser was investigated by
pumping with single mode-diodes. In these experiments, the laser wavelengths can be
tuned from 736 nm to 823 nm and as low as 13 mW of lasing threshold pump power could
be achieved

All of these experiments described in this thesis clearly show that the low-threshold
cavity design approach is a very effective method in the development of low-cost, energy
efficient tunable solid-state lasers in the 700-2100 nm wavelength region of the
electromagnetic spectrum and should find numerous applications in biomedical optics,

spectroscopy, and materials processing.



OZET

Bu doktora tezinde, farkli dalgaboylarinda ve rejimlerde ¢alisan enerji verimliligi
yiiksek, diisiik maliyetli dalgaboyu degistirilebilinen kati hal lazerlerinin gelistirilmesi
amaclanmistir. Yiiksek parlakliga sahip ekonomik lazer diyotlarinin pompa kaynagi olarak
kullanimu ile lazer sistemlerinin maliyeti 6nemli 6l¢iide azaltilmigtir. Diislik pompa esik
giiclerinde ¢alismaya izin veren kavite tasarimi ile lazerlerin performansi arttirilmistir.
Bununla birlikte olusturulan sistemler, gerekli alanlarda kullanimin1 kolaylastirmak igin
kompakt bir sekilde tasarlanmistir. Bu amagla ilk once en uygun dizayn parametrelerinin
tespitini kolaylastiran bir bilgisayar program gelistirildi. Daha sonra bahsedilen bu
teknikler, degisik dalgaboylarinda ¢alisan lazer sistemlerine uygulandi.

Deneylerde ilk 6nce, 2 pm bolgesine 1s1ma yapan Tm®" iyonlar: katkili YAG ve LuAG
lazerleri gelistirildi. Bu lazerler cd-rom teknolojisinde kullanilan tek-kipli 785 nm’de
1s1n1m yapan lazer diyotlariyla uyarildi. Bu sistemler ilk olarak stirekli-dalga rejiminde
calistirildi. Deneylerde Tm:Y AG lazerinden teorik limit olan %23’e ¢ok yakin olan %22
giic verimliligi elde ediliriken; Tm:LuAG lazerinde elde edilen %19 ¢ikis giicii verimliligi
teorik limit olan %21’e oldukg¢a yakindir. Daha sonra bu sistemlerde doyabilen sogurma
ozelligi olan yariiletken Bragg gecirgenler kullanarak Q-anahtarlamali kip-kilitli darbeler
elde edilmistir. Bu darbelerin tepe giigleri ortalama 250 pJ civarindadir.

Bu tez kapsaminda, diisiik pompa esik giicii teknigi ve DVD-rom teknolojisinde
kullanilan tek-kipli 660 nm de 1s1yan lazer diyotlari kullanilarak Cr’* katkili LiICAF
lazerlerinin kendiliginden Q-anahtarlamali 6zelligi karakterize edilmistir. Bu sistemlerde
herhangi bir modiilasyon eleman1 kullanmadan pJ seviyesinde darbeler elde edilmistir.
Elde edilen darbeler 795 nm’de 4 mikrosaniye genisligine ve 24 kHz tekrarlanma

frekansina sahiptir. S6z konusu darbelerin tepe giigleri 400 mW ve darbe enerjileri 1.6
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pJ’diir. Bununla birlikte sistemin %0.5 modiilasyon derinligine sahip bir doyabilen
yariiletken 6zelligine sahip oldugu gézlemlenmistir.

Daha sonra, yeni gelistirilmis yiiksek parlakliga sahip daralan kilavuz yapili diyotlar
kullanilarak Aleksandrite lazerleri calistirilmis ve teorik limitlere yakin gii¢ verimliligi
gbzlemlenmigtir. Bu sistemde 755 nm’de 900 mW pompa giicliyle 200 mW c¢ikis giicii elde
edilmigtir. Bununla birlikte sistemin gergek verimliligi %63 olup teorik limit olan %65’e
cok yakin sonug elde edilmistir.

Bu tezin son kisminda, Cr:LiSAF lazerlerinin tek-kipli ve daralan kilavuz yapili
diyotlarla uyarilarak kip-kilitli rejimindeki ¢alismalarimizdan bahsedilmistir. Bu
sistemlerde tek-kipli diyotlarla 13 fs genisliginde ve 200 pJ darbe enerjisine sahip darbeler
elde edilmistir. Daralan kilavuz yapili diyotlar kullanilarak 14.5 fs genisliginde 940 pJ
darbe enerjisine sahip kip-kilitli darbeler elde edilmistir. Son olarak, Aleksandrite lazerinin
degisik sicakliklardaki spektroskopik 6zellikleri ve lazer performansi tek kipli diyotlarla
uyarilarak incelenmistir. Bu sistemin ¢ikis dalgaboyu 736 ile 823 nm arasinda
degistirilmistir. Ayn1 zamanda bu sistemin 13 mW ile ¢alismasi da gézlemlenmistir.

Bu tez kapsaminda tamamlanan ¢alismalar, diisiik pompa esik giiciinde ¢calismaya izin
veren kavite dizayn yonteminin 700-2100 nm dalgaboylar1 arasinda diigiik maliyetli ve
enerji verimligi yliksek kati hal lazer sistemlerinin gelistirilmesine imkan veren ¢ok etkili
bir yontem oldugunu gostermistir. Bu yontemle iiretilen lazerlerin biyomedikal optik,
spektrsokopi ve madde islemeciligi gibi alanlarda 6nemli bir rol oynayacagi

diistiniilmektedir.
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Chapter 1

INTRODUCTION and MOTIVATION

The invention of the first ruby laser in 1960 triggered intensive research on solid-state
lasers [1]. Since then, different gain materials and pumping techniques have been
investigated to obtain desired properties i.e. special wavelengths, pulse widths, resonator
frequencies and so on. Providing narrow line width and diffraction limited beams makes
these systems an ideal light source in many scientific and industrial areas, such as medical
procedures, computer technology, material processing and spectroscopy. These world-wide
applications, especially in medical operations, made the energy and cost efficiency of the
laser systems two very important parameters to optimize. For this purpose, different
pumping techniques and resonator designs are tested to achieve the most efficient and most
economical laser architecture.

The development of low-threshold, diode-pumped, solid-state lasers has attracted a lot
of interest in recent years because of their energy and cost efficiency properties. Since the
cost of the pump laser increases with the output power, a considerable reduction of the
overall system cost becomes possible with the use of special resonator geometries that
allow low-threshold operation. If diode pump sources are further employed, the laser can
be constructed in a compact layout, hence enabling its large-scale production and
integration into other measurement systems. Recently, this approach was applied to the
development of low-cost, low threshold chromium-doped colquiriite lasers, which can be
broadly tuned around 800 nm. By using commercially available single-mode AlGalnP
laser diodes that operate near 660 nm and produce 100-150 mW power, an efficient low-
threshold tunable operation was demonstrated with Cr:LiCAF, Cr:LiSAF, and Cr:LiSGAF
lasers in the 754-1042 nm range [2-4]. Along with these initial promising systems, there
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occurs an increasing demand for similar low-cost, low-threshold solid-state lasers operating
at different wavelengths for a wide range of applications. Additionally, the results that are
obtained from Cr:Colquiirite laser systems can be further examined, because of having the
self-modulation properties of Cr’* ions in several hosts [5, 6].

One of the most desirable wavelength regions is the 2 um band, due to the important
role that it plays in urological cancer treatment, as demonstrated by recent studies [7-9].
One of the most commonly used schemes employs thulium-doped gain media to access this
wavelength range. Depending on the particular host used, the central excitation wavelength
varies between 775 and 810 nm [10-20] and laser tuning can be obtained over the
wavelength range of 1.8-2.2 um. Typically, when 4-mirror resonator geometries are used,
tunable Ti:sapphire lasers are used to excite these gain media [10, 15, 16]. Other pumping
schemes include flash lamp pumping [21], and medium- or high-power diode pumping [22-
26]. In the case of high-power diode pumping, multi spatial-mode diodes were used with
large pump volumes and the laser operation typically occurred at high threshold powers
[26]. These techniques bring electrical and economic inefficiency to the laser systems and
make more difficult the integration into the necessary fields. One of the best pumping
alternatives for those systems is pumping with low-cost single-mode laser diodes by
employing architectures that allow low lasing thresholds. In this method, an economic
advantage could be obtained by using low-cost single-mode laser diodes, and superior
electrical efficiency could be achieved as a result of low-lasing threshold.

With the development of tapered diode technologies, more powerful diodes (1 W) that
can provide an almost single-mode beam around 670 nm were used for pumping the same
Cr:colquiirite systems. As a result, further increase in the output laser power could be
obtained [27]. However, due to wavelength limitations in the Cr:colquiirite crystals,
alternative systems will be more attractive for different applications. For example,

Alexandrite (Cr’":BeALOs) systems mainly used in hair removal operations have
y y
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maximum gain at 750 nm, where Cr:colquiirite systems have lower power in this
wavelength region. This region is quite important for optimum excitation of several widely
used fluorophores in multiphoton microscopy [28-31]. As a result, development of a low-
cost alexandrite laser has the potential to revolutionize the field of biomedical imaging
based on multi-photon microscopy.

In this thesis, low-threshold diode-pumped operation of several solid-state laser systems
was examined. With this technique, laser output was obtained in the wavelength ranges of
724-935 nm and 1935-2045 nm. Furthermore, different regimes of operation such as
continuous-wave and self-Q-switching were demonstrated with different systems.

Chapter 2 provides the necessary background on solid-state lasers. The fundamental
aspects of laser operation and resonator analysis for designing an efficient low-threshold
cavity are reviewed.

In chapter 3, a stand-alone application powered in MATLAB is presented, based on the
resonator design rules described in Chapter 2. This program is designed for determining the
optimum cavity parameters in different types of resonator architectures.

Chapters 4 and 5 describe the application of the low-threshold laser design to 2 micron
lasers. Tm®" doped YAG and LuAG hosts were used as the gain media to generate laser
radiation. Chapter 4 examines the continuous wave operation of these lasers in detail, while
in chapter 5 describes their passively Q-switched operation.

In chapter 6, based on the self-pulsing properties of Cr’* ions in several hosts, the
development and the results of the self-Q-switched Cr:LiCAF lasers were investigated
experimentally. In this study, the curved mirror separation of the 4-mirror resonator was
varied to initiate pulsed operation at discrete mirror locations.

Chapter 7 describes the first demonstration of tapered diode pumping of Alexandrite
lasers. This method provides an alternative approach to power scaling in Alexandrite lasers,

based on the most recent developments in tapered diode technology.
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In chapter 8, the collaborative experiments conducted with other members of the Laser
Research Laboratory are briefly described. More specifically, a single mode diode pumped
Alexandrite system with high intrinsic slope efficiency was developed to explore the
possibility of building a low-cost version of this laser system. In addition, Kerr-lens mode
locking of a diode-pumped Cr:LiSAF laser was investigated by using a Gain Matched
Output Coupler (GMOC), which increases the effective modulation depth during Kerr-lens
mode-locking. Successful application of the GMOC technology to Cr:LiSAF laser yielded

pulses as short as 13 fs.
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Chapter 2

THEORETICAL BACKGROUND

Lasers are optical oscillators that combine optical amplification with positive feedback
provided by highly reflecting mirrors to produce highly directional and intense light beams.
The amplification occurs in the gain medium of the oscillator. Then, with the help of a
stable resonator, the coherent light enhancement occurs in the system. In the first section of
this chapter, the amplification process will be described briefly. Next, a stable resonator
design that produces efficient lasing will be described. Once the laser operation is obtained,
the lasers can operate in two different regimes - continuous wave or pulsed. Moreover, the
pulsed regime can be divided into two different categories depending on their pulse
durations and repetition rates, i.e. g-switching and mode-locking. In the last section of this

chapter, these regimes will be described shortly.

2.1. Optical Amplification

As the abbreviation of the LASER (light amplification by stimulated emission of
radiation) implies, lasers are the systems that optically amplify (i.e. increase or enhance)
the light waves. To understand the amplification process, first we need to understand the
interaction of light with atoms or molecules.

The atoms or molecules have energy levels and they tend to occupy the lowest energy
states (ground state) in equilibrium. Consider a 4-level energy system (Fig. 2.1.1). When
the light at a certain frequency comes in, (three photons are incident on these atoms in Fig
2.1.2 a), they will interact with the atoms and excite them to a higher energy state (state [3>

in the Fig. 2.1.1. b). If the wavelength (frequency) of the light meets the resonance
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condition, in other words, if the photon energy is nearly equal to the energy separation
between the levels, the atoms are excited from one level to another level. When the atom is
excited, it takes energy (or photons) from the light, since the atom now has a higher energy
than it started with. As a result, the light gives up its energy to the atom and therefore has

less energy when it leaves the medium. This process is called absorption.

|3>
[ 2>
[1>
—000000—
lg>

Figure 2.1.1 Energy States for a 4-Level System
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|3>
[2>
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| 1>
|g>
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|3>
./!\'/,\ [2>
: W
o000 11>
lg>

Figure 2.1.2 Absorption Scheme

The resonance frequency (v) for maximum absorption is given by
E,-E,
ok

where E; and E, are energy levels of the states |3> and |g>, respectively, and 4 is the

v 2.1.1)

Planck’s constant. In a laser system, the pumping system that provides light at this
absorption frequency is chosen to obtain maximum transfer of atoms from the ground level
to the upper energy level. Once the pump is determined, it is arranged for the most
effective excitation with a proper focusing lens system. The procedure for this lens

combination is described later in this chapter.
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When the atoms are excited, they decay from state |3> to state [2>, and then from |2>
to|1> until the atoms finally go down to the ground state |g> (Fig. 2.1.3). In each transition,
the atoms emit light at the transition frequency in random directions. This random decaying
process is called spontaneous emission.

For a 4 level system, the decays (or emission) from |3>-|2> and |1>-|g> states are very
fast. On the other hand, the emission from |2>-|1> states is relatively slow. This decaying
time is called the fluorescence lifetime (z7). The resonance frequency in this decay is

expressed as

(2.1.2)

where E; and E; are energy levels of the states |2> and |1>, respectively. If a photon at the
decaying frequency (Eq. 2.1.2) comes into the crystal, the atoms in state |2> will be
stimulated to decay to state |1> and emit light in the same direction as the incoming light.
This process is called stimulated emission. This is where the optical amplification occurs
because the number of incoming photons (the energy of the incoming light wave) is
increased at the end of the crystal and the direction of the new photons is the same as the
incoming ones (Figure 2.1.4). When the number of atoms in the state |2> is equal to the
state |1>, amplification due to stimulated emission process vanishes. The rapid transition
from state |1> to state |g> means that there are always more atoms in the state |2> than state
|1>; as a result, the condition for optical amplification is automatically satisfied in a 4- level
system.

For a 3-level system, the state |1> does not exist. Because of this, the atoms decay
directly from the state |2> to the ground state |g>. As a result, the stimulated emission
becomes harder, because the number of atoms in the state |2> should now exceed the
number of atoms in the ground state |g>.

To obtain directional laser output based on stimulated emission, it is important to design

a stable resonator so that photons emitted by spontaneous emission and aligned along the
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optical axis of the resonator can initiate the amplification process. General rules for the
design of a stable resonator are described in the following section. Minimum input power
that initiates optical amplification is called threshold power. Designing a proper lensing
mechanism for the pump beam and an ideal stable resonator design will reduce the
threshold power for a laser. So, decreasing the threshold value for a laser improves it’s
efficiency. In our experiments we are aiming to obtain laser system with a threshold pump

power as low as possible.
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| 3>
S

% | 2>
L 4 4
| 1>
|g> (a)
|3>
| 2>
‘:o‘““:o‘ ,W
P
v V V'/'/S
LA
| 1>
|g> (b)
|3>
[2>
—0®
[1>

lg> -

Figure 2.1.3 Spontaneous emission decays (a) from |3> to [2> (b) from |2> to |1> and (c) from |1> to |g>
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Figure 2.1.4 Stimulated emission process (a) incoming photons (b) optical amplification

2.2. Designing Laser Resonators

As mentioned before, lasers are optical oscillators. The resonator which is used for
generating laser light determines the spatial mode properties and the frequency of the
output. To develop a very simple view, we can say that a laser resonator is very similar to
a stretched string. We need two ends (in the case of the laser, two end mirrors) that are a
certain distance L apart. The wavelength of the lowest electromagnetic mode that can
oscillate between these two mirrors satisfies

A=2L, 2.2.1)
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where 4 is the wavelength. Since Av=c (where v is the frequency and c is the speed of light),
we obtain

C
V1=Z.

This is the lowest frequency that is supported for a laser resonator. It can easily be

(2.2.2)

observed by drawing half of a sinusoidal wave between the end mirrors (Fig 2.2.1)

The corresponding electric field over time for this mode can be written as
E,(t) = E, ™, (2.2.3)

Here E; is the amplitude of the mode, ¢ is the time and ¢,(?) is the phase of the mode.

L

Vi

(a) (b)

Figure 2.2.1 Lowest resonant mode (a) Sketch of the field distribution inside the cavity (b)

Corresponding spectral distribution of the mode

We can also determine the conditions for a full wavelength that fits between the two

mirrors (Fig 2.2.2). In this case

A2t (2.2.4)
2
C
v, =2—, 225
2=257 (2.2.5)

and the corresponding electric field is
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E,(t) = E, ™), (2.2.6)

(a) (b)

Figure 2.2.2 Second resonant mode (a) Sketch of the field distribution inside the cavity (b)

Corresponding spectral distribution of the mode

Additionally, one and a half of the wavelength that fits into the cavity (Fig. 2.2.3)

would be:
A= Z—L, (2.2.7)
3
c
v, =3—, 2.2.8
=357 (2.2.8)

E,(t) = E,e/ ™), (2.2.9)
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L

(a) (b)

Figure 2.2.3 Third resonant mode (a) Sketch of the field distribution inside the cavity (b) Corresponding

spectral distribution of the mode

If we generalize, for the ¢ mode (Fig. 2.2.4):

= 2—L, (2.2.10)
q
C

vV o=q—, 2.2.11

L bY; ( )
i(27v t+4,(1))

E,(t)=Ege ) (2.2.12)

ViV V3 Vq

(a) (b)

Figure 2.2.4 the qth resonant mode (a) Sketch of the field distribution inside the cavity (b) Corresponding

spectral distribution of the mode
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Sum of all the electric field until the ¢” mode yields:
E(l) — iEkeiZJr(v,+(k—l)Av)t+i¢k(t) (2213)
=1

One can conclude that the difference between any two consecutive frequencies is
constant and equal to

c

Av =—
2L

(2.2.14)

This difference is called the free spectral range (FSR) of the resonator. These are the
modes that this resonator can support. However, they cannot overcome the losses
themselves and hence they cannot oscillate inside the cavity. To overcome the losses we
include an optical amplifier in the cavity. The amplifier provides optical gain for the light
with specific frequencies as mentioned in the previous section. If the amplified mode
overcomes the losses, it starts to oscillate inside the cavity (Fig. 2.2.5). Some of the power
that is carried in that mode can be extracted from the resonator by making one of the

mirrors partially transmitting. This mirror is called the output coupler.

Figure 2.2.5 Resonant modes inside the cavity (blue triangles) and the gain band of the optical amplifier

(red curve)

This section explained how a laser resonator works. In order to design a resonator for a
stable laser operation, first we need to understand Gaussian beams and their behavior when

they pass through the optical elements.
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2.2.1 Gaussian Beams

From the solutions of Maxwell’s equations and the spherical boundary conditions for a
resonator, we know that the electric and magnetic fields of a confined laser beam have a
Gaussian distribution in the transverse plane which is perpendicular to the direction of
propagation. Such modes are known as Gaussian beams. These Gaussian beams are
generally transverse electromagnetic (TEM) waves because the laser wavelength is much
smaller than the spotsize of the beam, in which case, the axial components of the confined
field are negligible. In the paraxial regime, the solution of the wave equation gives the

amplitude variation of the electric field in the transverse direction as

u(r,z) =exp

—i(P(z)+ r ” (2.2.15)

24(2)

Above, r is the transverse radial coordinate, z is the longitudinal coordinate, and £ is the
wave vector. P(z) describes the axial phase factor whereas ¢(z) is known as the Gaussian q-
parameter [32]. The g-parameter provides information about the radius of curvature of the
equiphase surfaces R(z) and the spotsize w(z) describes the radial position where the field
decays to //e of its maximum value. g(z) is given by,

1 1 . A

_ i , (2.2.16)
q9(z) R(z) mao’(2)

where # is the refractive index of the medium [32]. In a homogeneous medium R(z) and

w(z) can be calculated from

2

R(z)=(z-z,) 1+( Z ] (2.2.17)

z _Zf

2

o(z) = @, 1+(Z'Zf) (2.2.18)

2
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In the above equations, zris the focus location; w is the beam waist (i.e. minimum
spotsize) which occurs at zj; and z,is the Rayleigh range which gives the distance from the
focus to the position where the spotsize increases to V2w, (Fig 2.2.6) [32]. The Rayleigh
range can be expressed in terms of the wavelength of the medium 4, refractive index of the
medium », and the beam waist wg as

naw,
S

This equation is valid only for a diffraction limited Gaussian beam. However, most of the

(2.2.19)

Zy

laser beams are non-ideal. For this case, an M * factor is introduced to describe the

deviation of the laser beam from the ideal diffraction-limited mode, so that:

nw,
Zy = 3
M2

(2.2.20)

As it can be seen from this equation, if the M *factor is close to or equal to unity, the laser
has an ideal Gaussian beam variation. On the other hand, the laser has a larger divergence

angle for the case when M 2>1[32].

N

2V2w,

2\/2(1)0 i
Zs- Z, Zr zf+ z,

Figure 2.2.6 Sketch of a Gaussian beam near the location of the beam waist, showing the distances

corresponding to one Rayleigh range.
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For obtaining maximum efficiency from a laser system, the Gaussian beam inside the
cavity should be arranged (i.e. the resonator should be designed) such that the beamwaist is
located near the middle of the gain medium and the RMS volume of the beam should be
minimized. This holds for both the pump and the laser beams. As a result, the highest
power density can be obtained inside the gain medium and the maximum amount of
population inversion and amplification will occur. For this condition, the calculation shows

that the beamwaist inside the gain medium is equal to

dA
w, = | (2.2.21)
’ 2\/§nﬂ

Here d is the length of the gain medium. To see where Eq. 2.2.21 comes from, first assume

the focus point zris located exactly in the middle of the gain medium. Then RMS of the

beam waist over the length of the gain medium can be written as

% % 252
Opyys = lfa)z(z)dz= lf(a)o)2 1+%ﬁ4 dz
d_% d_% n (a)O)

Solution of the above equation will give the RMS value of the spotsize inside the whole

gain medium such that:

d* X’
Woro =@, 1+ ——
s 0 12n°7? (%)4

Next, to obtain maximum intensity of the power inside the gain medium, the area of the
spotsize inside the gain medium should be minimized, i.e. the derivative of the (wgys)’ with
respect to beamwaist should equal to zero:

8((0)0)2 + d*A )

a(wRMS)z _ 12712”2(0)0)2

dw, dw,

=0
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Solution of the above derivative will give us
dZA’Z
a, —— =
* en*nt(w,)’

Arranging above equation will yields the best beamwaist that maximizes the efficiency

which we have written as Eq. 2.2.21

o - dA
’ 23n7

In an actual operating laser, the exact locations of the pump and laser beam waists will

(2.2.21)

depend on many parameters such as pump power, intracavity laser power, thermal lensing,
absorption coefficient of the crystal and so on. However, Eq. 2.2.21 is a good starting point
in the design of an efficient laser resonator.

When a Gaussian beam passes through an optical element, the g-parameter of the beam
is modified. To formulate this modification we need the ray transfer matrix coefficients of

the optical element.The method used in performing these calculations is described next.

2.2.2 The Ray Transfer Matrix of Optical Elements

Since a ray, by definition, is normal to the optical wavefront, understanding the ray
behavior helps to trace the evolution of the optical waves (i.e. light as it passes through
various optical elements). Since the laser beams propagate at a very small divergence
angle, it is possible to assume that the paraxial ray approximation holds and that the angles
made with the optical axis remain small.

In this approach, each ray is represented by a 2-by-1 ray vector that consists of the ray
height from the optic axis » and the ray angle & made with the optical axis, at any position z

on the axis:
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Pl (2.2.22)
-] .

If we consider the optical system as a black box (Fig. 2.2.7), the input ray and output

ray vectors can be written as:

| 2223
7 [6’,] (2.2.23)
Pl 2.2.24
7 [o] (2.2.24)

and the ray transfer matrix relates to these two vectors such that:
r,=M.,r (2.2.25)

The ray matrices of some of the optical elements are summarized in Table 2.2.1 1 and
their derivation may be found in standard texts on Photonics and Lasers [32]

In an optical system consisting of a series of optical elements, the output ray vector can
be obtained by multiplying the ray matrices in sequence with the input ray vector. For
example, consider a cascaded optical system consisting of three elements Mr;, My, Mr3,
respectively. The relation between output ray and input ray is written in the form:

r,o=M M M,.r (2.2.26)

and in more general form:
N
P = HMT(n_k)f,. (2.2.27)

where N is the number of optical elements in the system.
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Optical
System

Optical Axis

Figure 2.2.7 Representative sketch of an optical system with input and output rays

Table 2.2.1 Ray transfer matrices of some of the optical elements

Component Ray transfer Matrix
Free S M b
ree Space =
p "o 1
I 0]
Thin lens M, = 1 1
1 0]
Curved Mirror M,=| 2
R
1 0
Interface M. =g "
n,

It can be shown that the ray transfer matrix elements can also be used to calculate the
evolution of a Gaussian beam through an optical element. In particular, the g-parameter
before the optical element (g;) and after the optical element (¢,) can be related by the

elements of the ray transfer matrix according to
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g, = datB (2.2.28)
Cq,+D
assuming
A B
= 2229
r [C D] ( )

2.2.3 Resonator Design

As mentioned earlier, a laser resonator has two end-mirrors. Between these two mirrors,
the beam goes back and forth for an indefinite number of times. To have a stable resonator,
after each round trip, the g-parameter should return back to its value during the previous

roundtrip, at each point inside the cavity. This requires that

Agq + B
=g, =1 (2.2.30)
T =4 Cq, +D

The solution of the above equation tells us that, for a stable resonator

Cq°-(A-D)q-B=0 (2.2.31)
which leads to:
1_(A+Df
1_D-4 . 2 (2.2.32)
q 2B |B|

Since only the negative imaginary part gives a confined Gaussian beam, the correction

of absolute value and minus sign is added into Eq. 2.2.32. Hence, for a stable resonator, the

inner part of the square root should be greater than zero i.e.

A+ D
2

(2.2.33)

<1
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By comparing Eq. 2.2.16 and Eq. 2.2.32, one can see that the expressions for the radius

of curvature R and the spotsize ® at that location are given by

1 = D-4 (2.2.34)
R 2B
- (A +D)2
A 2
pe = |B| (2.2.35)

Once the laser resonator is designed and the losses are overcome, the system can be

operated in different regimes. These regimes will be explained briefly in the next section.

2.3. Laser Operation Regimes

As mentioned in the beginning of this chapter, the lasers are generally operated in two
different regimes: continuous wave regime, in which the output power is constant over
time, and pulsed regime, in which the output of a laser is non-zero only over a finite
duration of time. The pulsed regimes are also divided into two different regimes depending

on their repetition rate and pulsewidths.

2.3.1 Continuous-Wave

In the continuous-wave regime, the output power of the laser is constant over time.
Once the threshold for laser is reached for lasing operation, the maximum obtainable

efficiency (7) can be determined by using the Caird’s formula:

AT
_p L 2.3.1
1= A T+L @3.0)

Here /4, and /; are wavelengths of the pump and laser beam, respectively, and 74 is the

pump beam absorption of the gain medium [33]. 7 is the transmission percentage of the
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output coupler and L is the passive loss of the resonator. The value of L generally comes
from the non-ideality of the optical elements used in the resonators, since they all have
non-zero losses, and can be estimated from threshold pump power measurements obtained
with different output couplers. According to the Findlay-Clay analysis, the threshold pump
power value varies linearly with the cavity loss according to

P, =AT+1L) (2.3.2)
In the above equation, Py is the threshold pump power, and A4 is the proportionality
constant [34].

The comparison between the efficiencies obtained from a laser system and estimated
from the Eq. 2.2.21 gives us a measure with which to evaluate the actual performance
relative to the ideal performance. As the results approach each other, one may conclude
that the design is approaching the ideal configuration.

If the gain medium of the laser has longer 7rthan 1/FSR (1/ 4v) of the cavity, then small
fluctuations in pump power also lead fluctuations in the output power. This phenomenon is

called relaxation oscillation and the frequency of these oscillations can be estimated from:

W, = /r(T -;L)Av (2.3.3)
A

where wg, is the relaxation oscillation frequency in radian/sec, 7 is the ratio of the pump

power to the threshold pump power and the other parameters are as defined earlier [35].

2.3.2 Q-Switching

Q-switching is one possible regime of pulsed operation for lasers. It is obtained by
changing the quality factor (Q-factor) of the resonator, which determines the amount of
loss present in the resonator. To obtain Q-switching operation, a variable loss is inserted

into the cavity that lowers the Q-factor of the cavity. When this switch is closed, the
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amount of loss in the cavity is increased and therefore the number of atoms in the upper
state (state [2> in the Fig. 2.1.1) is increased because stimulated emission becomes harder.
On the other hand, when this switch is opened, the loss of the cavity decreases, the
transition from upper state to lower state becomes easier, and stimulated emission occurs.
This on and off process occurs in a very short period of time, and creates short pulses
coming from the laser. Moreover, these pulses result in very high peak powers because of
the large number of atoms undergoing stimulated emission over a very short time, typically
several round trips or less. The pulse durations are in the range of micro- to nano-seconds,
depending on the length of the cavity. In repetitively Q-switched lasers based on a saturable
absorber, the repetition rate of the pulses (f.,) depends on the fluorescence lifetime of the
medium (), the small-signal gain of the laser (G,), and the modulation depth of the loss
element (Q,) according to [36, 37]:

1,
7,20,

The small-signal gain varies almost linearly with the pump power and can be estimated

(2.3.4)

.f;fep =

from the efficiency equation given by:

Jy i | (2.3.5)
2 |G,

Above, P, 1s the output power of the laser system, and Gy, is the fractional threshold gain
needed to reach lasing which can be expressed as G, =~ 0.5 (T+L). The saturation power P,
is further given by:

_h o, (2.3.6)

oz,

P

sat

for a 4-level laser. Here, o, is the emission cross-section of the gain medium and 4 is the

cross-sectional area of the laser beam inside the gain medium.
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2.3.3 Mode-Locking

As mentioned previously, from a Q-switched laser, one can obtain pulsewidths in the
micro- to nano-second range. Shorter pulse durations can be obtained via the mode-locking
technique. Typical pulse durations in this method are in the pico- to femto-second range. In
this technique, the resonator is designed such that the relative phase of all of the oscillating
longitudinal electric fields (4(2)) are constant and equal to each other. If the gain of the
amplifier is broad enough to support more than one mode and if these modes can overcome
the loss of the resonator, then essentially all these modes oscillate inside the cavity. Since
their phases are equal to each other, they will superimpose and generate ultrashort optical
pulses. In this regime, spectrum broadening occurs in the laser output. This operation can
be achieved by using an intracavity modulation element just like in the Q-switched case.

To see the effect of mode-coupling, one can set all the phase factors to zero in Eq.

2.2.13 and calculate the total electric field as

. ( M2aAwvt
sin —

E(t)=Ee™ 2.3.7
0= e vt (237

sin| ——

=)

This is assuming that the M modes are oscillating inside of the cavity and that all of them
have the same amplitude £y. Also, it is assumed that the resonant frequencies of all the
modes are equally spaced. Eq. 2.3.7 tells us that the electric field has a local maximum at
t=0. The following maxima occur at integer multiples of t=1/Av, which yields that the
repetition rate of the pulses is equal to the FSR of the cavity and is given by

C

=—. 238
2L (2:3.8)

.f;ep = AV

Furhermore, the pulsewidth (7,) can be roughly estimated as
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1
T =
P MAv

In a typical mode-locked laser, the number M is quite large. In such case, one can

(2.3.9)

replace the summation in Eq. 2.2.13 with an integral
E(t) = pr (w)e”" "' dw (2.3.10)

In the equation above E,(w) is the spectral amplitude distribution, w is the angular
frequency and @(w) is the phase. As in the discrete case, for effective mode-locking the
phase term should be constant. However, in a practical system, nonlinear and dispersive
effects distort the phase over the bandwidth. This distortion can be minimized by different
compensation tricks. If these unwanted effects are eliminated from the system, the laser can
produce the shortest possible pulsewidth for the given spectral bandwidth. Such pulses are
called transform-limited pulses. For a transform-limited pulse, the pulsewidth and the
spectral bandwidth (44) of the laser are inversely related and satisfy

T, AA=K (2.3.11)

where K is a constant, of the order of unit, known as the time-bandwidth product. The exact
value of K depends on the functional shape of the generated pulses. For a sech® pulse

profile, which is typically generated from solitary lasers, K=0.315.
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Chapter 3

DEVELOPMENT of a CAVITY DESIGN SOFTWARE

The design rules for a stable laser resonator were described in the previous chapter. This
condition has been well studied for some specific types of cavities. However, in a more
complicated cavity, it will be very hard to find the exact combination of optical elements
that produce a stable configuration. Moreover, to satisfy the conditions for efficient laser
operation (given in Eq. 2.23),a more detailed calculation is necessary. To overcome these
difficulties and to facilitate fast design of general stable resonators, a comprehensive
software is required. In this chapter, we will first design a four mirror resonator and
determine the necessary parameters by using analytic formulas. Next, a computer program
will be introduced for solving the same problems. Finally, complicated non-trivial cavity

design will be analyzed with the same computer program.

3.1 Four-Mirror Optical Resonators

Four-mirror cavities are often used in solid-state laser systems. This geometry consists
of two flat end mirrors, two intra-cavity curved mirrors (typically with the same radius of

curvature R) and, finally, a gain medium between the curved mirrors (Fig. 3.1.1).



Chapter 3: Development of Cavity Design Software 29

Gain
CM1 Medium cM2

ds

Figure 3.1.1 Typical four-mirror resonator FMx:flat end mirrors, CMx:intracavity curved mirrors

dx:distance between the optical elements

Starting from the location of the first flat end mirror FM1, the round-trip ray transfer

1201612
-— 1o 1

matrix for this cavity becomes
A B 1 d,
M=l plTlo 1

R R

1 0 1 07r
x[l 2d4l [1 d3} 1]1 d”l 0][1 a’zl [1 dl] G.LD)
0 1 o 11|0 o 1f[o ajj0 1 0 1

-— 1
where d is the length of the gain medium and # is its refractive index. The cavity will be

1 0

o 3l o 3]

1 0

2

0 — S

1 0

A |
R

R

stable when Eq. 2.2.33 satisfies. If the cavity is stable then, the Rayleigh range on the
mirror FM1 is given by

; - 1Bl (3.1.2)

1_(A+D)2
2

Then, the beamwaist inside the gain medium can be computed by tracing the Gaussian

beam passing through the optical elements.
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Since the optical elements are symmetrically positioned with respect to the gain
medium, one can conclude that the symmetric distances should be equal to obtain a focus
in the middle of the gain medium i.e. d;= dsand d,= ds. Next, these distances should be
arranged such that the beamwaist inside the gain medium is almost equal to the assumption
in Eq. 2.2.21.

As an illustration, consider a Tm:YAG laser resonator operating at 2 pm . The crystal is
2 mm long with a refractive index of 1.8. Assume that the radius of curvature of each
curved mirror is 5 cm. According to the assumption given by (Eq. 2.2.21), the optimum
beamwaist inside the crystal is 14.3 pm. After some iterations, the distances d;= d,=37 cm

and d,= d3=2.62 cm give this result for the beamwaist inside the gain medium.

3.2 Cavity Design Program

Analysis of the 4-mirror resonator is simple and well-studied so far, because these types
of cavities are often used in solid-state laser systems. Moreover, symmetrical positioning
simplifies the computation. However, for more complicated cases, such as curved mirrors
which are not identical or more than four elements (not necessarily symmetric) used in the
system, the ray transfer matrix will become more complex and the determination of the
distances for the optimum beamwaist will become extremely difficult. Hence, a computer
program is required to solve such problems in an easier fashion. Based on this need, we
have developed a software by the name of “ersen’s abcd”.

This program essentially takes the elements and plots the spotsize inside the entire
cavity. Moreover it can provide the slider bars to adjust the distances between elements.
The Matlab code for this program and its simple application is described in Appendix A.

Using this program, the result for the example in Fig. 3.1.1.can be seen in Fig. 3.2.1.
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Figure 3.2.1 Solution of a typical four-mirror Tm:YAG cavity in the ersen’s abcd program.

The results show that for the optimum cavity, the distances should be 37 and 2.62 cm as
found from the matrix calculation. For these distances, the beamwaist inside the crystal is

14.2 pum.

3.3 A Non-Ordinary Cavity Design

A resonator could have more than one curved mirror pair for different purposes. For
this case, the ray transfer matrix will be more complex. Hence, designing such cavities in
an optimum way, in other words, determining the distances that give a desired spotsize,
becomes harder.

As an example, consider a Tm:YAG (refractive index=1.8 and length=2 mm) laser

resonator that can provide 2 um output. The laser will operate in the pulsed regime with the
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help of a transparent saturable absorber (SESAM/SBR). Inserting a BBO crystal (refractive
index=1.55 and length=3 mm) into the cavity, 1 um laser output can be obtained by second
harmonic generation. So, for this configuration, three focus locations are needed inside the
cavity; i.e., the first location inside the crystal, the second location inside the saturable
absorber and the last one inside the BBO crystal. Optimum beamwaists for the Tm:YAG
and BBO crystal are 14.3 and 18.9 um respectively. Fig. 3.3.1 illustrates a simple scheme
of the cavity.

TmYAG
cM1 Crystal cM2

%l CMé

Figure 3.3.1 Sketch of the pulsed TmYAG laser cavity with an intracavity BBO crystal

CM5

BBO
Crystal

In this system, the curved mirrors are not identical as before. The radius of curvature of
CM1, CM2, CM5, and CM6’s are 5 cm, whereas those of CM3, CM4 are 10 cm. One can
assume that, since we are using SESAM in the system, it can be considered as an empty
focus point because of having a very small length.

After drawing the cavity inside the program, the system is unstable with the initial
distances (as expected). However, just by changing the distances with the slider-bars, the

cavity becomes stable. Moreover, an optimum configuration of the system can be achieved
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by carefully changing the slider-bars. As a result, the distances for the optimum design
configuration become as follows (Fig. 3.3.2):

FM1-CM1 =37 cm

CMI1- TmYAG Crystal =2.62 cm

TmYAG Crystal - CM2  =2.62 cm

CM2-CM3 =19.2 cm
CM3-CM4 =10.15 cm
CM4-CM5 =5.1 cm
CMS5-BBO Crystal =2.57 cm
BBO Crystal-CM6 =4.98 cm

These distances yield the beamwaists of 15.7 pm for the TmYAG crystal and 19.2 um
for the BBO crystal. Moreover, the spotsize on the saturable absorber is 47 pm, which is
small enough to cause saturation and enable pulsed operation.

In conclusion, with the help of this program, a sophisticated laser resonator can be
designed and optimized to determine the component distances that produce a desired set of

spot sizes.



Chapter 3: Development of Cavity Design Software 34

=
[ s ey

N

=

=]

Figure 3.3.2 Solution of the pulsed TmYAG laser system with an intracavity BBO crystal by using

“ersen’s abcd” program.
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Chapter 4

LOW-THRESHOLD CONTINUOUS WAVE OPERATION of Tm:YAG and
Tm:LuAG LASERS

In this chapter, we report a low-threshold continuous-wave Tm:YAG and Tm:LuAG
laser that can be excited near 785 nm with low-cost, single-mode AlGaAs laser diodes.
Low-threshold operation was achieved by using a tightly focused, astigmatically
compensated x-cavity containing a 2-mm-thick Tm:YAG and 3-mm-thick Tm:LuAG
crystals with 5% Tm®" concentration. Two linearly polarized single-mode diodes were
polarization coupled to end pump the resonators. With a 6% output coupler, as high as 32
mW of output power can be obtained at 2016 nm with 184 mW of incident pump power
from the Tm:YAG laser. The outputs could be further tuned by 100 nm in the 2-um band.
Slope efficiency measurements indicated that cross-relaxation was very effective at this
doping level. With a 2% output coupler, laser operation can be obtained with as low as 30
mW of pump power. In the first section of the chapter, we will briefly introduce the Tm>"
lasers. Then, we will give the experimental details. In the third section, we will present the

results and compare with the theoretical predictions.

4.1 Introduction to Tm>' Lasers

Lasers operating near the wavelength of 2 microns are useful for medical applications
because of the strong absorption by water in this wavelength range [7, 38-40]. Also, since
the 2 um wavelength is eyesafe (no transmission is possible up to the retina), lasers

operating at this wavelength are of interest for remote sensing and laser radar[41, 42].
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Moreover, for pumping other laser systems and Raman applications, the 2 um band is also
one of the desirable wavelength regimes [43-45].

Some of the most commonly used 2 pum laser sources are based on the Tm®" ion-doped
lasers. Depending on the host crystal used, one of the excitation wavelengths is around 800

nm and the emission wavelength varies between 1.8 and 2.2 um (Fig. 4.1.1) [10-20].

°H: e
L\

3F4
800 nm

pump -> - == 1.8-2.2um

laser

\ 4
*He I

Tm3*

Figure 4.1.1 Energy Band Diagram of Tm3+ ions

In the 2-pm operation of Tm lasers, the ions behave as a 3-level system (see Fig. 4.1.1).
Hence the gain of these systems is relatively low. On the other hand, the photons produced
in the fast decay from state |3> to state |2> can excite the ions in the |g> state to the state
|2>. So, effectively two photons emitting at 2 pm are generated from one absorbed photon.
This process is called cross-relaxation (Fig. 4.1.2.). As a result of cross-relaxation, the
efficiency of the Tm’" laser systems will become twice the quantum-limit. The effect of
cross-relaxation improves if the ions are close to each other inside the crystal. This

advantage makes the Tm’" laser systems more desirable for 2 pm operation [46].
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Figure 4.1.2 Cross-relaxation process in Tm3+ lasers

At first, these systems were pumped by the flashlamps. However, since the flashlamps
provide light in a very broad spectral region, the gain of the system is extremely low [47-
49]. Later, Ti:Sapphire laser systems were used for excitation of these systems [10, 15, 16].
Their tunability range of 800 nm makes them one of the best choices for Tm’" lasers. But,
pumping with another laser system increases the cost and complexity of the laser system.
These disadvantages limit the use of Ti:Sapphire option except in places such as research
centers and laboratories. AlGaAs laser diodes developed in the last two decades have
become one of the best alternatives to Ti:Sapphire lasers. Their bandgap can be arranged
for the desired wavelength around 800 nm so that the best overlap is obtained between the
Tm’" absorption band and the diode wavelength [22-26]. The only disadvantage of these
systems is that their beam quality is very low i.e. M* values are much greater than 1 [26].
Hence, the gain of the systems is reduced. One of the best pumping alternatives for these
systems is pumping with low-cost, single-mode laser diodes by utilizing low-threshold
resonator designs. In this method, superior electrical-to-optical conversion efficiency can
be obtained and the overall cost of the system can be considerably reduced.

In this study, we report low-threshold, continuous-wave (cw) operation of Tm:YAG

and Tm:LuAG lasers excited with low-cost, single-mode 100-mWAIGaAs diode lasers
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operating near 785 nm. In principle, other thulium-doped media could also be used to
demonstrate such low-threshold operations. In this study, the Tm:YAG and Tm:LuAG gain
media were chosen since their absorption bands were close to the room-temperature

operating wavelength of our diode pump lasers.

4.2 Experimental Setup

In order to attain low-threshold laser operation, we used a 4-mirror x-cavity with a tight
focusing geometry as shown in Figure 4.2.1. Two linearly polarized, single-mode diode
pump lasers (D1 and D2, Blue Sky Research), each capable of producing up to 100 mW at
the driving current of 125 mA, were used to end pump the crystals through the input curved
mirror (M1). The output wavelength of the diode lasers could be tuned from 775 nm to 795
nm with a thermoelectric cooler and temperature controller which matches with Tm:YAG
and Tm:LuAG absorption bands (Fig. 4.2.2). A cylindrical micro lens was used to obtain a
circular beam profile from each diode laser. Each pump beam was further collimated with
an anti-reflection coated aspheric lens that had a focal length of 4.5 mm. The direction of
polarization of one diode was rotated by 90° and a polarizing beam splitter (PBS) was used
to combine the two pump beams. An AR-coated input lens (L3) with a focal length of 5 cm

was used to focus the pump beams inside the gain crystal.
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Figure 4.2.1 Experimental setup of the low-threshold Tm:YAG laser pumped with two polarization

coupled single-mode AlGaAs laser diodes.

In the initial stage of the experiments, the gain medium was removed and the knife-edge
method was employed to determine the parameters of the pump beams. Figure 4.2.3 shows
the measured variation of the spotsize function from each diode as a function of position
around the focal point. As can be seen from Fig. 4.2.3, the collimating lens of each diode
was carefully adjusted to bring the waist locations of the two beams to approximately the
same position. Least square fitting was further performed between the measured data and

the theoretically expected spotsize function w(z)which varies with axial position z
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Figure 4.2.2 Absorption bands of the (a) Tm:YAG (b) Tm.LuAG crystals

according to Eq. 2.2.20. By taking / as 785nm, M’ and w, were determined to be 1.05 and
11.55um for the horizontally-polarized beam and 1.38 and 15.85um for the vertically-
polarized beam. This further shows that the pump beams from the two diodes were nearly
diffraction limited. The theoretical value of the pump beam waist that gives confocal
focusing (Eq. 2.2.21) comes to about 13 wm in the crystals, suggesting that the obtained

beam waists are close to the desired optimum value.
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Figure 4.2.3 Measured and best-fit variation of the spotsize function as a function of the axial position

around the focus location for each pump diode.
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The laser resonator consisted of two identical intra-cavity input curved mirrors
(M1,M2, with R=50 mm), a highly reflecting end mirror (HR), and a flat output coupler
(OC). The lengths of the high reflector and output coupler arms were both set to 37 cm.
The gain media, which was a 2-mm-long uncoated Tm:YAG and 3-mm-long uncoated
Tm:LuAG crystal with 5% Tm’" concentration, was positioned at Brewster incidence
between M3 and M4. The calculated total pump absorption at 785.8 nm was 79.5 % for the
Tm:YAG crystal and was 75% for the Tm:LuAG crystal (at 787.5 nm). The Fresnel
reflection loss of the horizontally polarized pump beam was negligible. On the other hand,
the estimated reflection loss of the vertically polarized pump beam was around 28%. By
using the software we developed, the laser beam waists inside the gain media were
estimated to be about 14 um. In the experiments, power efficiency curves were measured
with a 2% and a 6% output coupler (6% one was used only in the Tm:YAG system because
the gain was not enough for laser operation in Tm:LuAG for output coupling above 2%)).
In order to tune the output wavelength of the laser, a 2.5-mm-thick quartz birefringent
tuning plate (BTP) was added to the cavity on the high reflector arm and a 2% output

coupler was used.

4.3 Results and Discussions

Horizontally polarized diode laser (H-polarized LD) was used to obtain lasing and the
vertically polarized diode laser (V-polarized LD) was later added for power scaling. By
using the tightly focused pump and resonator geometries described in the previous section,
lasing could be obtained with as low as 32 mW of incident pump power at 785.8 nm for the
Tm:YAG laser, when the transmission of the output coupler was 2%. Figure 4.3.1(a)
shows the power efficiency curve taken with the 2% output coupler. Note that the slope
efficiency of the laser was 22% when pumped with the horizontally polarized laser diode

and decreased to 17% at higher pumping powers when the vertically polarized laser diode
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was turned on. As noted earlier, the decrease in the slope efficiency arises because of the
additional 28% reflection loss of the vertically polarized diode from the first Brewster
surface of the Tm:YAG crystal. With a total input power of 187 mW, as high as 30 mW of
output power was obtained from the Tm:YAG laser with the 2% output coupler. The output
wavelength of the free-running resonator was at 2016 nm. Figure 4.3.1(b) further shows the
power efficiency curves taken with the 6% output coupler. In this case, the slope efficiency
decreased from 36% (for pumping with the horizontally polarized laser diode) to 25%
(pumping with the vertically polarized laser diode). The threshold incident power for lasing
was 63.7 mW in the case of the 6% output coupler and a total of 32 mW was obtained with
184 mW of incident pump power. Next, we replaced the gain medium with the Tm:LuAG
crystal. In this case, we tune the wavelength of the diodes to 787.5 nm with the temperature
controller to get maximum absorption. Figure 4.3.1 (c) shows the power efficiency curves
for the Tm:LuAG laser taken with 2% output coupler. In this system, with 179 mW input
power, as high as 22 mW of output power was obtained at 2026 nm. Moreover, the slope
efficiencies decreased from 19% (for pumping with the horizontally polarized laser diode)
to 13% (pumping with the vertically polarized laser diode). The gain for this situation is
relatively low with respect to Tm:YAG systems possibly due to the lower pump absorption
of our Tm:LuAG crystal. The estimated threshold value in Tm:LuAG is 30 mW. The
reason for lower threshold value is that the ratio of the Tm>" ions in the *Fy4 level at the
lasing threshold to the total number of Tm’" ions was estimated to be around 0.06 for
Tm:LuAG crystal and 0.08 for Tm:YAG crystal [50]. It is important to note that, the
threshold data were obtained via slope efficiency curve fitting, not directly from the
threshold measurement, because, the diode wavelengths cannot be controlled by

temperature controllers at low power levels.
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Figure 4.3.2 shows the measured variation of the incident threshold pump power as a
function of the output coupler transmission for the Tm:YAG laser system. Here, in addition
to the 2% and 6% output couplers, the threshold pump power was also measured with a

highly reflecting output coupler that had a reflection of 99.9%. The measured threshold
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pump power was 25 mW in the limit of vanishing output coupling. From Findlay-Clay
analysis (Eq. 2.3.2), the round-trip cavity loss was estimated to be 3.3 %. The estimated
total absorption (7,) of the Tm:YAG crystal (the effective length at Brewster incidence was
2.3 mm) at the pump wavelength of 785.8 nm was 79.5%. Hence, from Caird-analysis (Eq.
2.3.1), the expected value for # was estimated to be 12% in the case of the 2% output
coupler. The fact that the measured slope efficiency (22%) far exceeds the estimated value,
is a clear indication that cross-relaxation which facilitates the 2-for-1 process is very
effective at this doping level in the Tm:YAG crystal. Since the cavity-loss was possibly due
to the optical elements we used, we can assume that the Tm:LuAG system has the same
loss level. Therefore, the estimated maximum efficiency () was 11% (7,= 75% at 787.5 nm
for Brewster distance), where we measure 19%. This also indicates high cross-relaxation

effect in Tm:LuAG.
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Figure 4.3.2 Measured and best-fit variation of the incident threshold pump power as a function of the

output coupler transmission for the Tm:YAG laser.

Our measurements also indicate that the slope efficiencies of the lasers would be even
higher if the spectral overlap of the pump diodes and the absorption band could be further
improved. Figure 4.3.3 shows the measured spectra of the pump diodes at the diode

temperature that gives the highest measured slope efficiencies and the absorption band of
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the crystals at normal incidence. The maximum background-corrected absorbance Aax
(A=Log(T) where T=crystal transmission) was measured to be 0.598 and 0.529,
corresponding to a pump absorption of 74.8% and 70% for Tm:YAG and Tm:LuAG
crystals, respectively, at normal incidence. Note that the pump spectrum has a shoulder on
one side, leading to a reduction in the overall absorption. We can estimate the effective

absorbance 4.y of the crystal from the equation

A
[AD)g,(A)dA
A4, =" (4.3.1)

eff A
[g0(2)dA
A

where gp(4) is the measured spectral intensity distribution of the pump diode. Here, the
limits 4; and 4, of integration were taken to be 783 and 789 nm for Tm:YAG and 785 and
791 for Tm:LuAG, respectively. From Eq. 4.3.1, the effective absorbance for Tm:YAG
came to 0.539, (corresponding to a total absorption of 71.1%). On the other hand this value
increases to 0.456, (65% of total absorption). These results suggest that by using a diode
which has a sharper spectrum that coincides better with the maximum of the absorption
bands, the slope efficiencies can be further improved to approximately
22%x(74.8/71.1)=23% and 19%x(70/65)=20.5%. For the 2% output coupler, the theoretical
limit of the slope efficiencies would be 24% and 22% if the cross-relaxation efficiencies
were 100%.

Finally, by using a quartz birefringent tuning plate in the high reflector arm of the
resonator, the cavities could be tuned continuously from 1935 to 2035 nm for the Tm:YAG
system and from 1945 to 2045 nm for the Tm:LuAG system. Figure 4.3.4 shows the
measured variation of the power as a function of the output wavelength at the incident
pump power of 187 mW for the 2% output coupler. The tuning data obtained in our

experiments are in agreement with what was previously reported in the literature [10].
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4.4 Conclusions

In conclusion, we have demonstrated low-threshold continuous-wave Tm:YAG and

Tm:LuAG lasers that can be excited near 785 nm by using low-cost, single-mode AlGaAs
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laser diodes. Low-threshold operation was achieved with a tightly focused, astigmatically
compensated x-cavity. The incident threshold pump powers were around 30 mW in the
case of the 2% output coupler. To our knowledge, these are among the lowest lasing
thresholds reported to date for continuous-wave thulium-doped lasers operated at room
temperature [11, 51]. By using the 6% output coupler, as high as 32 mW of output power
could be obtained from the Tm:YAG laser at 2016 nm with 184 mW of incident pump
power. The laser outputs could be further tuned by 100 nm around 2 um. In the case of the
2% output couplers, the measured slope efficiencies (22% and 19%) were far higher than
the expected slope efficiencies (12% and 11%), clearly indicating that cross-relaxation
efficiency was quite high. We further estimated that by using diode pumps with sharper
output spectrum, the slope efficiency could be further increased to about 23% and 20%.
Low-threshold, low-cost 2 um lasers of the type described in this work should find

important applications in medicine, atmospheric communication, and spectroscopy.
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Chapter 5

PULSED OPERATION of Tm:YAG & Tm:LuAG LASERS

In the near future, we believe that low-threshold continuous-wave Tm:YAG and
Tm:LuAG lasers will become one of the indispensable sources for 2 um applications such
as urological cancer treatment, coherent LIDAR, remote sensing and so on. Their compact
design, efficient cross-relaxation process and low-cost properties make them attractive for
these applications. However, the output power they could provide (>100 mW) will possibly
limit the integration of these lasers into some of the systems, because the desired powers
for these systems are in the Watt levels [7, 41, 42, 52]. On the other hand, there is a
possibility that these systems can be operated in the pulsed regime by inserting a saturable
absorber into the resonator. With this technique, although the average powers will be low
with respect to the continuous wave regime, the peak powers will reach the Watt levels
over the duration of the pulse.

Q-switched mode-locking is one possible regime of pulsed operation of lasers. In this
regime, the mode-locked pulse train appears under the envelope of a Q-switched pulse.
Typically, the temporal separation between the mode-locked pulses is equal to the cavity
round trip time, which is of the order of nanoseconds, whereas the duration of the Q-
switched pulse is in the range of tens of nanoseconds to microseconds.Hence, the amplitude
of each mode-locked pulse is not constant. Unlike the mode-locking case, a little
broadening can be observed in the carrier frequency of the output while monitoring with a
radio frequency spectrum analyzer. This represents the Q-switching tendency of the laser.
Intuitively speaking, this mode of operation can be considered as a transition regime from
pure Q-switching to pure continuous-wave mode-locking. This is because, in the Q-

switched mode-locking configuration, if we decrease the pump power there is a chance to
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observe pure Q-switched operation of the laser, whereas we can obtain pure mode-locked
pulses by increasing pump powers.

In this study, we incorporate a transmissive saturable absorber into the Tm’" laser
resonator and obtain Q-switched mode-locked pulses near 2 um. The obtained laser pulses
have Watt-level peak powers which are more advantageous for 2 pm applications based on
nonlinear interactions such as pumping of optical parametric oscillators.

In this chapter, we first describe the experimental setup of the Q-switched mode-locked
lasers. Next, we present the results. We end the chapter with a general discussion of the

results.

5.1 Experimental Setup

Figure 5.1.1 shows of a schematic of the Tm’" doped laser cavities. Two linearly
polarized ~785 nm AlGaAs single-mode diodes (D1-D2) with diffraction limited beam
profiles were used as the pump source (VPSL-785-90-5-A, Blue Sky Research, the same
diodes we used in the low-threshold Tm:YAG and Tm:LuAG experiments). Although these
diodes were designed for 100 mW of output power at a driving current 125 mA, they can
provide up to 140 mW at a driving current 160 mA. It should be noted here that, using
these diodes at this power level reduces the operational lifetime of the diodes. In front of
the diodes, cylindrical microlenses were used to obtain a circular beam profile. The diodes
are mounted on the diode holders with thermoelectric cooler and temperature controller to
adjust the output of the diode wavelengths. 4.5 mm focal length lenses (L1-L2) were used
to collimate the output beams. A polarizing beam splitter (PBS) cube was used to combine
the diodes and a 5 cm lens (L3) focused the pump beams into the crystals.

An astigmatically compensated, x-folded laser cavity was used in the continuous wave

experiments (solid lines in Fig. 5.1.1). The resonator had two curved pump mirrors (M1
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and M2, R=5 cm) and a highly reflecting mirror (HR), each with high reflectivity extending
from 1.8 to 2.2 um and >99.9% transmission at the pump wavelength (~785 nm). Different
from the previous work described in Chapter 4, the high reflector was replaced with a
better quality one to reduce the loss of the cavity (3.3%). Moreover, we used a 2% output
coupler (OC) to increase the intracavity intensity. The symmetric arm lengths, each of 37
cm gave a laser mode size of ~15 pm inside the crystal. The gain media were 2-mm-long
Tm:YAG and 3-mm-long Tm:LuAG crystals, each having 5% Tm’" ion concentration. At
the maximum driving current, 260 mW of pump power was incident on the crystals. For the
vertically polarized pump light, an estimated 28% of the pump light was lost by Fresnel

reflection from the crystal surface.
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Figure 5.1.1 Schematic of the single-mode diode-pumped Tm:YAG and Tm:LuAG lasers. Dashed lines
show the addition to the cavity containing the SESAM saturable absorber to initiate Q-switched mode-locked

operation.
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For Q-switched mode-locking operation of the lasers, we replace the HR mirror with
two extra curved mirrors (M3 and M4, R=5 cm), to obtain an additional focus point
(dashed line in Fig. 5.1.1). The distance between the curved mirrors was arranged to be 7.6
cm to preserve the beam waist inside the crystals by using the software we developed (see
Chapter 3 for a detailed discussion). A transmitting saturable absorber (SESAM) was
placed at that focus point, which could initiate the pulsed operation of the lasers. The
SESAM had 0.6% modulation depth with 0.4% non-saturable loss per pass for the 2 um
beams. The pulses are monitored with a 12.5 GHz biased InGaAs detector connected to a

500 MHz oscilloscope and a 3.6 GHz RF spectrum analyzer.

5.2 Results and Discussion

We first measured the power efficiency of the four mirror resonator. We expect more
output power than what was was obtained in the previous low-threshold experiments,
because of replacing HR with a better quality one and driving the diodes at 140 mA current
(this is higher than therated driving current). Figure 5.2.1 shows the graphs obtained from
these measurements. For the Tm:YAG case, the output power increased up to 77 mW with
a slope efficiency of 39% (31% for the vertically polarized diode). These results become 58
mW and 34% (24%) when we replaced the gain medium with Tm:LuAG crystal. From the
slope efficiencies, we can easily observe the effect of the new HR mirror. Because, the
values are increased from 22% to 39% for Tm:YAG case (from 19% to 34% for the
Tm:LuAG laser), which suggests that the passive loss of the resonator was dramatically
decreased as a result of this replacement. The threshold values obtained from these
configurations remain in the same level (~30 mW) and also, we observe the same
phenomena that the threshold value for the Tm:LuAG laser (32 mW ) is less than that for
the Tm:YAG laser (35 mW)[53]. Again, it should be noted that the threshold data were
obtained from the Tm:LuAG laser system by slope efficiency curve fitting, not directly
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from the threshold measurement, because, the diode wavelengths could not be controlled

by temperature controllers at low power levels.
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Figure 5.2.1 Measured variation of the output power as a function of the incident power for the (a)
Tm:YAG (b) Tm:LuAG laser.

Figure 5.2.2 represents the power efficiency graphs and Figure 5.2.3 shows the Q-
switched envelope repetition rate variation with respect to the pump power for the Q-
switched mode-locked cases. Q-switched mode-locking could be obtained by driving both
diodes together. When vertically polarized diode was turned off, the Q-switched mode-
locking regime disappeared. Hence, the threshold values for pulsed regimes could not be
determined. In the Tm:YAG laser system, Q-switched mode-locked pulses with 20 mW
average output power could be obtained with a 22.5 kHz repetition rate. For the Tm:LuAG
case, the average output power remained near 20 mW whereas the repetition rate decreased
to 17 kHz. The power slope efficiency for the Tm:YAG laser system (14%) was higher
than the value obtained from Tm:LuAG laser system (10%). Although the slope efficiency
of Tm:YAG laser was higher than the Tm:LuAG laser, the output power remains in the



Chapter 5: Pulsed Operation of Tm:YAG & Tm:LuAG Lasers 53

same level (A possible reason will be explained later in this section). The minimum

repetition rates we could observe from these systems were around 13 kHz.
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Figure 5.2.2 Measured variation of the output power as a function of the incident power for the (a)

Tm:YAG (b) Tm:LuAG laser in Q-switched mode-locked regime.
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Figure 5.2.3 Measured variation of the repetition frequency of the Q-switched pulse train as a function of

the input pump power for the (a) Tm:YAG (b) Tm:LuAG laser.

Figure 5.2.4 shows the pulse trains in different time scales. In the nano-second scale we

can observe the separate mode locked pulses at the mode-locked repetition rates (around
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170 MHz). In the millisecond range, we observe the Q-switched envelopes of the systems.
In the microsecond range, we can easily distinguish the Q-switched pulses and measure the
peak to peak time difference to obtain the periods (44 ps for Tm:YAG and 58 ps for
Tm:LuAG).

The pulsewidths of the Q-switched pulses are 10 us and 15 ps long for the Tm:YAG
and Tm:LuAG lasers, respectively. Since our average output powers are 20 mW, the Q-
switched envelopes carry 88 mW and 77 mW averaged mode-locked pulse powers in the
Tm:YAG and Tm.LuAG lasers, respectively. These powers correspond to pulse energies of
880 nJ for the Tm:YAG and 1.2 mJ for the Tm:LuAG lasers.

We can do a very crude estimation of the averaged peak power within the pulse
envelope. Since the actual temporal extend of the Q-switched pulse is approximately twice
the pulsewidth, and since the repetition rates of these lasers are around 170 MHz,
approximately 3400 and 5100 mode-locked pulses are present within one Q-switched burst
of the Tm:YAG and Tm:LuAG lasers, respectively. Hence, the mode-locked pulses in
Tm:YAG laser system carry 0.26 nJ of energy in average. This value decreases to 0.23 nJ
energy in the Tm:LuAG system. To estimate the peak power of our mode-locked pulses,
we need to know their durations. However, since our 500 MHz oscilloscope can resolve
down to a minimum temporal resolution of 300 picosecond, we cannot directly obtain the
mode-locked pulse durations. For the worst scenario, we can assume that our mode-locked
pulses are 300 picoseconds long. From this assumption, we can roughly say that the
averaged peak powers of the mode-locked pulses are more than 850 mW for the Tm:YAG
laser and 750 mW for the Tm:LuAG laser. We expect the actual mode-locked pulsewidth
to be significantly smaller than 300 ps, in which case, the actual peak powers are higher.

Finally, we recorded the radio frequency spectra of the lasers (Figure 5.2.5). The
measurements were taken at 1 kHz bandwidth. For the Tm:YAG laser, the carrier signal

was located around 170 MHz with a 0.15 MHz full width at half maximum (FWHM). On
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the other hand, the same signal was located again around 170 MHz but with a 0.5 MHz
FWHM for the Tm:LuAG laser. We also observed in the Tm:LuAG system that, the carrier
signal sharpens in the middle of the spectrum. This behavior suggests that the laser could
be closer to the Q-switching regime rather than the mode-locked regime in the Tm:LuAG
laser since the overall bandwidth of the carrier signal was broader, possibly due to

additional modulation brought about by Q switching.
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Figure 5.2.4 Pulse trains for (a,c,e) the Tm:YAG and (b,d,f) Tm:LuAG in different time scales.
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Figure 5.2.5 Radio frequency spectra of the Q-switched mode-locked (a) Tm:YAG (b) Tm:LuAG lasers.

5.3 Conclusions

In conclusion, by inserting a saturable absorber into the Tm:YAG and Tm: LuAG
lasers, we obtained low-threshold, low-cost Q-switched mode-locked laser operation in the
2 um regime. In this regime, up to 22.5 kHz Q-switched repetition rates were obtained.
Moreover, the mode-locked pulses had more than 1.5 W of peak power and 250 pJ pulse
energies. We believe that, these powers and energies in the 2 pm regime will be more

attractive for biomedical, coherent LIDAR and remote sensing applications.
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Chapter 6

SELF-Q-SWITCHED OPERATION of Cr:LiCAF LASERS

In this chapter we introduce a different technique to obtain Q-switching operation from
solid-state lasers: self-Q-switching. Different from other techniques, no extra modulation
element is used to initiate Q-switching mechanism. In the first section of this chapter, we
introduce the mechanism and provide a discussion on the historical development of this
method. Section 2 describes the experimental setup of the self Q-switched Cr:LiCAF laser.
In Section 3, we present the experimental results on the observed self-Q-switching
phenomena in detail. Finally, in Section 4, we summarize the results, provide a general

review of the SQS process and propose some possible causes of the effect.

6.1 Self-Q-Switching

Another mechanism for the generation of nanosecond-to-microsecond pulses is self-Q-
switching (SQS), first named by I. Freund in 1968 [54]. In this technique, no special
modulation elements are required inside the laser cavity to initiate and sustain the pulsing
mechanism. The laser cavity simply consists of an optical resonator, a suitable gain
medium, and a pump source. SQS was first observed in flashlamp-pumped ruby lasers in
1968 [54-57]. In these studies, to initiate SQS, either the laser crystal was operated at
liquid-nitrogen-temperatures [56, 57], or one of the laser cavity end-mirrors was misaligned
in systems operated at room temperature [54, 55]. We note here that in these initial studies,
the pump sources were also pulsed [54-57]. Hence, SQS was used to switch the laser
operation so that, it produces a giant single high-energy laser pulse rather than several

lower energy pulses with unequal energy and period (transition from random spiking to
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SQS operation) [54-57]. In the same year, the SQS effect was also observed in Nd:SeOCl,
liquid lasers under low feedback conditions (using high output coupling) [58]. A year later,
SQS was reported in Nd:YAG laser media at 77 °K [59]. In 1970, Mikaelyan et al. showed
that SQS could also be initiated by adjusting the cavity length [60]. In 1976, SQS was
demonstrated in a quasi cw pumped room-temperature Nd:YVOy laser at 1.06 um and 1.34
um by using cavity misalignment [61]. In 1978, for the first time, A. Szabo obtained SQS
operation in a cw argon ion laser pumped ruby laser operated at 80 °K (earlier studies were
all with pulsed pump sources [62]). Since then, SQS operation has been reported in
flashlamp pumped Cr:LiSAF lasers [5, 63], Nd:YVO4 microchip lasers [64], Erbium fiber
lasers [65], broad area semiconductor lasers [66], Nd:YVO4KTP lasers [61], ytterbium
fiber lasers [67], and thulium-fiber lasers [68]. The underlying mechanism for SQS is not
very well understood and it might differ depending on the physical characteristics of the
gain medium and the operating regime of the laser. In the case of Cr’*-doped gain media
such as ruby and Cr:LiSAF, the SQS effect is attributed to a nonlinear loss mechanism
created by a time-dependent lens occurring inside the gain medium and originating from
refractive index changes induced by the population inversion [5, 63, 69-72]. However, as a
recent study by Godin ef al. demonstrates, the origin of the nonresonant contribution to
refractive index change in Cr’*-doped gain media (as well as the underlying physics behind
SQS effect) is not yet clear and requires further investigation [73].

In this chapter, we report on the observation of the SQS effect in Cr:LiCAF gain media
for the first time to our knowledge. In our experiments, SQS could be initiated in a standard
4-mirror, x-folded Cr:LiCAF laser that was pumped with a continuous-wave (cw) single-
spatial-mode diode at 660 nm. No special modulation elements such as saturable absorbers
or acousto-optic switches were present in the cavity. In the regular cw regime, at an
incident pump power of 140 mW, the Cr:LiCAF laser produced a diffraction limited output

beam with greater than 50 mW of output power. The free running laser spectrum was
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centered around 795 nm and had a full width at half maximum (FWHM) of about 0.5 nm.
However, by fine adjusting the separation of the cavity curved mirrors, we could initiate
SQS in the Cr:LiCAF laser. At several values of curved mirror separation (not necessarily
near the edge of the stability region), the laser switched from cw operation to SQS
operation with an accompanying decrease in the output power. In the SQS regime, the laser
generated pulses with around 5 microsecond duration at repetition rates between 10 and 30
kHz, and with average powers ranging from 30 to 45 mW. The corresponding pulse
energies and peak powers were as high as 3.75 microjoule and 590 mW, respectively. In
the SQS regime, the laser transverse mode switched from being single-mode to a structured
beam containing higher-order spatial modes, and spectral widening up to 10 nm (FWHM)
was also observed. When the laser was forced to operate in single transverse mode with the
insertion of an intracavity slit, the effect disappeared and the laser returned back to normal
CW operation.

As mentioned above, similar self-pulsing phenomena have been reported earlier in
several other gain media. However, to our knowledge, these systems were mostly
flashlamp-pumped, and sometimes required cooling of the crystal [57] or misalignment of
the laser cavity end-mirrors [55] to initiate the SQS effect. Moreover, for the first time, we
present data that delineate the interesting role of the cavity geometry, in particular, the
cavity curved mirror separation, on self-pulsing phenomena. We believe that detailed
investigation of the SQS effect is important for several reasons. First, as earlier studies
have shown, this effect can be used in a favorable way to obtain high-energy microsecond
pulses. Second, because this effect can be deleterious in building lasers operated in the pure
cw or cw mode-locked regime, it is of paramount importance to be aware of the conditions
under which it is initiated or it can be prevented. We believe that the experimental data
presented here will help in better understanding of the underlying physical mechanisms

behind the self-pulsing phenomena.
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6.2 Experimental Setup

Figure 6.2.1 shows a schematic of the Cr:LiCAF laser cavity that was used in the
experiments. A linearly-polarized, 660-nm, 140 mW, AlGalnP multi-quantum well single-
spatial-mode diode laser (SMD, HL6545MG, Hitachi) with a diffraction-limited beam
profile was used as the pump source. An aspheric lens with a focal length of 4.5 mm (NA =
0.55) collimated the diode output beam. A converging lens with a focal length of 60 mm
focused the collimated pump beam into the Cr:LiCAF crystal. The Cr:LiCAF laser
resonator was a standard x-folded, astigmatically compensated cavity, consisting of two
curved pump mirrors, each with a radius of curvature (roc) of 75 mm (M1 and M2), a flat
end high reflector (HR), and a flat output coupler (OC). Mirrors M1-M2-HR had a
reflectivity of greater than 99.9% in the 730-910 nm wavelength range and had >98%
transmission in the pumping window. The cavity arm lengths were 25 cm (OC arm) and 35
cm (HR arm), giving a laser mode size of ~15-20 um inside the Cr:LiCAF crystal. The gain
material was a 4 mm long, 2.6 mm wide, and 1 mm thick piece of Cr:LiCAF crystal with 5
mole % chromium (corresponding chromium concentration ~4.75x10* ions/cm’ [74]) and
was grown at the Leibniz Institute for Crystal Growth by using the Czochralski method
[75-77]. The crystal absorbed 95% of the TM polarized pump light at 660 nm. The
estimated passive losses of the Cr:LiCAF crystal were below 0.15 % per cm, which
corresponds to a figure of merit (FOM) of above 2000 [78]. Neither the pump diode nor the
Cr:LiCAF laser crystal required active cooling. Temporal characterization of the laser was
performed using a 1 GHz Si photodetector and a 500 MHz digital sampling oscilloscope
using a 10 kQ termination. The laser spectrum was measured with a scanning, fiber
coupled spectrometer (Ocean Optics USB2000) and the laser transverse mode was

monitored with the Coherent Lasercam HR beam profiler.
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Figure 6.2.1 Schematic of the Cr:LiCAF laser pumped with one single-spatial-mode diode (SMD) laser.
The laser operates in self-Q-switched (SQS) mode at some discrete values of the curved mirror (M1-M2)

separation.

6.3 Experimental Results

In our experiments, we observed the SQS operation of the Cr:LiCAF laser in a
reproducible manner at several positions within the cavity stability range. To elucidate this
regime of operation, the power efficiency data shown in Fig. 6.3.1 were taken. The graph
shows the measured variation of the laser output power within the outer stability range as a
function of the curved mirror separation (M1-M2 separation in Fig. 6.2.1). The data were
taken at an incident pump power of about 140 mW, by using a 0.75% transmitting output
coupler and without any active cooling of the gain medium. Also, while taking the data, the
position of the laser crystal, pump focusing lens and the cavity alignment were first
optimized at the center of the stability range. Then, during the measurements, only the

curved mirror separation was varied without adjusting any other cavity component.
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Figure 6.3.1 Experimentally measured variation of the laser output power as a function of the curved
mirror separation within the outer stability range. (Triangles: pure cw operation, Squares: self Q-switched

operation)

At most values of the curved mirror separation, the Cr:LiCAF laser operated in regular
cw regime (shown with solid triangles in Fig. 6.3.1). At these positions, the laser was quite
stable with a TEMgo output (M* was below 1.05) and average powers of 40 to 50 mW could
be obtained. Furthermore, the laser output was quite stable with no noticeable tendency
toward Q-switching and typical free running laser line widths were about 0.5 nm near the
center wavelength of 795 nm. However, at several distinct positions within the stability
range (marked by solid squares in Fig. 6.3.1), the laser switched to SQS operation. Once
initiated, SQS operation was quite stable and could be reproduced at these points in a
repeatable fashion. We note here that obtaining SQS operation required fine adjustment of
the curved mirror separation within about 10 micrometers. At these specific curved mirror
distances, the laser output power was in general lower compared to the cw case. Moreover,

during SQS operation, the laser transverse mode also switched from being single-mode to a
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structured multimode, and spectral widening was also observed. However, during SQS
operation, when we inserted a mechanical slit inside the laser resonator to force the laser to
operate in pure TEMy mode, the laser switched back to pure cw operation. This was
accompanied with an increase in the output power and a decrease in the spectral bandwidth.

In summary, with our setup, transition to SQS regime of operation was signaled by
several factors including (i) an abrupt decrease in the output power, (ii) a sudden widening
of the output optical spectrum, (iii) pulsing of the laser output in the time domain, and (iv)
a change in the transverse mode structure. We also note here that the SQS positions
indicated in Fig. 6.3.1 with solid squares do not represent the complete list as there were
other positions, not marked in Fig. 6.3.1, where weak SQS tendency was observed.
Moreover, even though SQS operation could be initiated at several different positions
within the stability range, the temporal characteristics of the laser output such as pulse
shape, pulse modulation depth, and repetition frequency varied at different positions. We
have also checked the SQS operation tendency within the inner stability range. The inner
stability range showed similar SQS operation parameters. However, compared to the outer
stability range, we observed SQS operation at fewer discrete positions. In the remaining
parts of this section, we will provide representative data (Figs. 6.3.2-6) to describe the rich
behavior of the SQS operation that was obtained at different curved mirror separation
distances.

Figure 6.3.2 shows the output characteristics at the curved mirror separation of 8.45 cm
taken at an incident pump power of 140 mW. For this case and similar others, we have
observed relatively weak widening of the optical spectrum (widening from about 0.5 nm to
1.2 nm). When SQS operation was initiated by fine adjustment of the curved mirror
separation, the average output power of the Cr:LiCAF laser decreased from 45 mW to 42
mW. The laser produced 6.5 microseconds long pulses at a repetition rate around 17 kHz

with 11% duty cycle. The corresponding pulse energy and peak power were 2.5 microjoule
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and 360 mW respectively. The SQS operation also transferred the TEMy, laser output to a
structured beam, consisting of higher-order modes (Fig. 6.3.2(d)). In general, during SQS
operation, the laser transverse mode had rectangular transverse mode patterns. For most of
the cases, the mode became multimode only along one axis and stayed as a fundamental
mode along the other axis (modes such as TEM;o, TEM 59, TEM 39, TEMy;, TEM,, and
TEMy; were observed). As an example, at the mirror separation of 8.45 cm, the M’
parameter of the beam was measured to be around 5 along the fast axis. One should not
forget that, as indicated by earlier studies, the observed transverse beam profile as well as
the divergence and, hence, the M* of the beam are time dependent during SQS operation
[71]. Hence, the beam profile shown in Figs. 6.3.2 and 6.3.3 are time-averaged
acquisitions. In our experiments, once the desired curved mirror separation was obtained,
the SQS operation was in general quite robust, meaning that the laser stayed in the SQS
regime and did not jump between SQS and regular cw operation. The pulsewidths were
also quite stable and the pulse-to-pulse energy variation was below 20 %. For the SQS
configuration summarized in Fig. 6.3.2, the repetition frequency of the laser varied by
about 20% around 17 kHz due to fluctuations in laser dynamics (see Fig. 6.3.2 (b)). It may
be possible to further reduce the jitter by active modulation of the pump power or by quasi
CW pumping.

Even more stable SQS operation with lower amount of variation in the laser parameters
(10%) was obtained at several other curved mirror separations. For this case, the widening
of the optical spectrum was also more pronounced. As a typical example, Fig. 6.3.3 shows
the measured SQS laser parameters at a curved mirror separation of 8.46 cm. The laser
output spectrum was significantly broader with a width (FWHM) of 10 nm. The coherence
length of such a broad—bandwidth source around these wavelengths is about 30
micrometers in air; which could be useful for applications such as high axial resolution

optical coherence tomography [79].
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Figure 6.3.2 (a) The measured optical spectrum, (b) fast Fourier transform of the output and (c) the

measured temporal output profile and (d) the output transverse mode for the self-Q-switched Cr:LiCAF laser

at the curved mirror separation of 8.45 cm.
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Figure 6.3.3 (a) The measured optical spectrum, (b) fast Fourier transform of the output and (c) the

measured temporal output profile and (d) the output transverse mode for the self-Q-switched Cr:LiCAF laser

at the curved mirror separation of 8.46 cm.

Using the 0.75 % output coupler, we also observed SQS operation at repetition rates as

low as 12 kHz. The pulses were 6 microseconds long and the laser average power was

around 45 mW (7 % duty cycle). The optical spectrum width was centered near 790 nm

with a FWHM of 7 nm. The corresponding pulse energy and peak power were 3.75

microjoule and 587 mW, respectively. These results show that, using SQS, the peak power

of the laser can be scaled by about 10 times. Such a scaling can be useful for performing
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nonlinear experiments such as intracavity second harmonic generation [78]. We note here
that, SQS has also been observed in earlier experiments with higher power multimode or
tapered diode pumped Cr:LiCAF laser systems [80, 81]. Hence, using high power diodes, it
is feasible to scale the pulse energies and peak powers reported in this study to at least 200
microjoule and 20 W levels, respectively. On the other hand, the current system with
reasonable average and peak powers is still attractive for many applications due to its
simplicity, compactness, and low cost.

By using standard passive Q switching theory (Eq. 2.3.4-6), we can model the SQS
action as a simple saturable absorber and use the experimental pump-dependent repetition
rate data to determine the small-signal saturable loss. The SQS data that were used for the
determination of Q) were taken at the curved mirror separation of 8.46 cm. By using the
cavity design software we developed, the laser beam waist inside the gain medium was
estimated to be 25 pm, giving 4=2.75x10” cm”. Hence, from Eq. 2.3.6, the corresponding
saturation power was determined to be about 3W.

To determine the small-signal round-trip gain Gy, the power efficiency data of the cw
and SQS Cr:LiCAF laser were recorded as shown in Fig. 6.3.4. At each pump power level,
the cw output power was used together with equations (Eq. 2.3.4) and (Eq. 2.3.5) above to
determine the corresponding value of Gy. Figure 6.3.5 shows the measured variation of the
repetition rate of the pulse train as a function of the incident pump power. By using Eqgs.
2.3.4 and 2.3.5, the variation of the repetition frequency f., as a function of G, was
determined (taking zras 175 ps for Cr:LiCAF [74]). Linear list-squares fit to the data gives
a best-fit value of 0.5% for Qy. Also note that when the laser makes a transition to SQS
regime, the threshold pump power increased from 24 mW to 44 mW due to the additional
0.5% small-signal loss represented by Qy. Moreover, the slope efficiency also decreased

from 47% to 33%. For both cases, the transmission of the output coupler was 0.75%.
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Figure 6.3.5 Measured variation of the frequency of the repetitive pulse train as a function of the input

pump power.

Similar to the 0.75% output coupler, the output couplers with 0.1 %, 0.25%, 2% and 3%
transmission also required fine adjustment of the curved mirror separation to initiate SQS
operation. Similarly, SQS could be observed at several discrete curved mirror separations

as in Fig. 6.3.1. Roughly speaking, with lower output coupling, SQS operation could be
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initiated at larger number of discrete mirror separation values. This might be due to the
presence of higher intracavity powers at lower output coupling.

Since SQS parameters strongly depend on the exact mirror separation value that is used,
it is not possible to make a very precise comment on the effects of output coupling on SQS
parameters. However, comparing the SQS operation results taken with different output
couplers, we can qualitatively conclude that with increasing output coupling, (i) self-Q-
switched pulsewidth decreases, (ii) pulse repetition frequency increases, and (iii) the output
optical spectral width decreases. For example, 2.8 microsecond long pulses at 27 kHz
repetition rate were obtained with an average power of 33 mW by using a 3% output
coupler (1.2 microjoule pulse energy, 410 mW peak power, 7.6% duty cycle, and 37
microsecond period). The spectral width was 5.8 nm wide and was centered around 780
nm. On the other hand, 4.8 microsecond long pulses at 15 kHz repetition rate were
generated at an average power of 19 mW using the 0.1% transmitting output coupler (1.3
microjule pulse energy, 250 mW peak power, 7.2% duty cycle, 67 microsecond period).
For this case, the spectral width was centered around 794 nm with a FWHM of about 10
nm.

In our experiments, the repetition rate during the SQS operation varied between 10.35
kHz and 31 kHz at different curved mirror separation distances (at the full pump power
level). Here, we would like to first compare this frequency range with the relaxation
oscillation frequency of the Cr:LiCAF laser. Taking Avas 200 MHz, r as 10, T as 0.0075,
L. as 0.002, the estimated relaxation oscillation frequency of our laser comes to 330 kHz
(Eq. 2.3.3), which is significantly above the observed range of SQS repetition frequencies.
However, in some configurations, in which the pulsewidth is relatively long, we have
observed a higher-frequency oscillation in the pulse intensity. For example, Fig. 6.3.6
shows the measured temporal profile of the laser output taken with the 0.1 % transmitting

output coupler. The pulse train intensity had a weak oscillation around 250 kHz. We
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believe that the observed intensity oscillation within the pulse envelope was due to

relaxation oscillations
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Figure 6.3.6 Measured temporal output profile for the self-Q-switched Cr:LiCAF laser taken with a 0.1 %
output coupler. One can notice oscillations in the pulse intensity at higher frequencies (around 250 kHz),

which might be caused by relaxation oscillations

As was mentioned in the introduction, most of the earlier studies report SQS operation
in pulsed pumped systems. Hence, in these systems, the SQS frequency was the same as
the pumping frequency. As an example, Weber et al., obtained 200 to 500 ns pulses from a
Cr:LiSAF laser pumped by rectangular 60 microsecond flashlamp pulses at a repetition rate
of 100 Hz [5]. There are only a few reports of SQS operation in cw pumped systems. In
[82], SQS has been reported in cw pumped Nd:Y VO, laser, and pulsewidths of 40 ns were
obtained by misalignment of cavity end-mirrors. However, the SQS repetition frequency
was not mentioned in this study. In another study, SQS was obtained in a cw pumped ruby
laser, and pulses with 2 nanosecond duration at 3-kHz repetition rate were obtained [62]. In
comparison, the SQS frequency we observed in Cr:LiCAF is about 5 times larger than that

reported in ruby. The laser systems are quite different and the difference in the SQS
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frequencies may be due to numerous factors including the fluorescence lifetime, small-
signal gain, and the effective small-signal loss parameter of the effective SQS action as can
be seen from Eq. 2.3.4. In particular, the fluorescence lifetime in ruby (3 ms) is about 17

times higher than that in Cr:LiCAF.

6.4 Summary and Discussions

In summary, to the best of our knowledge, this study reports the SQS operation of a
Cr:LiCAF laser for the first time. Furthermore, this is also the first demonstration of SQS in
a cw pumped room-temperature solid-state laser. Different from most of the earlier studies,
initiation of SQS action in the present study did not require the misalignment of the cavity
optics. SQS could be initiated just by fine adjustment of the curved mirror separation
within the cavity stability range. Moreover, SQS was observed at several different values of
curved mirror separation and these points were not necessarily at the edge of the stability
range. Finally, the pump power levels we have used here are also relatively low. Hence,
compared to the earlier reports in the literature, this study shows unique characteristics of
the mechanism responsible for obtaining SQS. We hope that, the data presented in this
work will help in better understanding of SQS and the physics behind it.

For our case, there does not exist any earlier reports of SQS in Cr:LiCAF. Hence, the
physical mechanism behind SQS effect is not yet studied. However, both Cr:LiCAF and
Cr:LiSAF belong to the Cr:Colquiriite family, and roughly speaking, they possess similar
optical, physical and spectroscopic properties [3]. Actually, when we repeat our SQS
experiments with a Cr:LiSAF laser (just replacing the Cr:LiCAF crystal with a 5 mm long,
1.5% chromium doped Cr:LiSAF), we have also observed SQS by fine adjustment of the
curved mirror separation. However, SQS operation was less stable and could be obtained
only at fewer locations. Hence, both media also show similarities in terms of SQS

operation. Earlier studies with Cr:LiSAF gain media suggest that SQS in Cr:LiCAF is
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probably due to the time dependent population lens created by population inversion [5, 63,
69-72]. However, it is hard to make concluding remarks and further studies are required for

better understanding of a general theory of SQS action.
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Chapter 7

TAPERED DIODE PUMPED CONTINUOUS WAVE ALEXANDRITE LASERS

In this chapter, we describe a low-cost and efficient Alexandrite (Cr:BeAl,O4) laser that
is pumped by a high-brightness tapered diode laser. The tapered diode provides up to 1.1 W
of output power and its wavelength can be fine-tuned to either 680.4 nm (R1 line) or 678.5
nm (R2 line) for efficient in-line pumping. Continuous wave (cw) output powers of 200
mW, slope efficiencies as high as 38% and a cw tuning range extending from 724 nm to
816 nm have been achieved. The cw power levels and slope efficiencies are the highest
demonstrated so far from such a minimal complexity and low-cost system based on the
Alexandrite gain medium. Consequently, tapered diodes operating in the red spectral region
have the potential to become the standard pump sources for cw Alexandrite lasers in the
near future. The chapter is organized as follows: Section 7.1 describes the spectral
properties and previous laser performances of alexandrite crystals. Section 7.2 introduces
the experimental setup and methods employed. Section 7.3 presents detailed continuous
wave lasing results. In Section 7.4, we summarize the results and provide a general

discussion.

7.1 Introduction

Ti:sapphire has the broadest gain bandwidth among all solid-state laser media,
facilitating tuning from 680 to 1180 nm [83], as well as direct generation of pulses as short
as 5 fs [84]. The ideal pump wavelength for Ti:Sapphire is around 500 nm [85]. However,
due to the lack of suitable low-cost and high-power diode lasers in this spectral region,

currently Ti:sapphire lasers are pumped by GaN diodes at 450 nm [86-89]. In a recent
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work, using two 1.2 W multimode, single emitter diodes as the pump source, Durfee et al.
generated 15-fs pulses with 34 mW average power from a Kerr-lens mode-locked
Ti:Sapphire laser [88]. Cw powers as high as 159 mW and mode-locked powers as high as
101 mW (111 fs long pulses) have also been reported from a similar diode pumped system
[90]. Progress in directly diode-pumped Ti:sapphire laser systems is promising. Currently
the optical-to-optical conversion efficiency of the systems is rather low (5%), partly due to
the low pump beam quality and high passive losses of the Ti:Sapphire gain medium [86].
We also note here that, frequency doubled tapered diode lasers have also been recently
demonstrated as a possible pump source for Ti:Sapphire [91].

Similar to Ti:sapphire, Cr’*-doped laser materials also possess broad emission bands
around 800 nm. Moreover, their strong and broad absorption bands in the visible region of
the spectrum enable wavelength and polarization flexible direct diode pumping by low-cost
red diodes (630-690 nm). There exists a relatively large number of Cr’*-doped materials in
which lasing has been reported [74]. Only a few like Cr:Colquiriites (Cr: LiSAF [92],
Cr:LiCAF [74], Cr:LiSGaF [93]), emerald (Cr:B3;Al(Si03)¢) [94, 95] and Alexandrite
(Cr:BeAl,O4) [96-100] are suitable for efficient laser operation with slope efficiencies
above 50% since most of the other candidates suffer from strong excited-state absorption.
In this work, our attention has been focused on Alexandrite due to its blue-shifted gain
profile compared to Cr:colquiriites. The peak emission of Alexandrite is around 750 nm.
This wavelength is quite important for optimum excitation of several widely used
fluorophores in multiphoton microscopy, including DAPI (4',6-diamidino-2-phenylindole
dihydrochloride), Alexa flour 488, indo-1, and fura-2 [28-31].
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Table 7.1.1 Comparison of the spectroscopic and laser parameters of the gain media Ti:sapphire,

Cr:LiCAF and Alexandrite.

Ti’:ALO; Cr":LiCaAlF Cr":BeALO,
Gain Medium
(Ti:Sapphire) (Cr:LiCAF) (Alexandrite)
Maximum gain wavelength (nm) 790 [101] 780[101] 750 [98]
701-858[98,
Tuning range (nm) 660-1180 [83] 720-887[74, 102] 103]
Peak emission cross section (Gen) (x1072° cm?) 41 [104] 1.3 [104] 0.7 [99]
Room-temperature fluorescence lifetime (tr)
3.2 [104] 175 [104] 262 [99]
(us)
OenTr (us x1072° cm?) 131 [104] 228 [104] 183 [99]
Intrinsic slope efficiency (%) 64 [105] 67 [74], 69[102] 65[106]
Relative strength of excited-state absorption 0 [85] 0.18 [107] ~0.1[108]
Passive losses (%/cm) 2 [86] 0.15[109] 0.06 [106]
Crystal figure of merit (FOM) 150 [86] 2150 [109] 3000
Thermal conductivity (W/K.m) 28 [110] 5.1[110] 23 [99]
255[11171,190
T1/2, TF(T]/z):OSTR(C) ~100 [85] [1 12] 225 [98]

Alexandrite (Cr-doped chrysoberyl) was first shown to lase in 1978 by Walling et al
[97]. It has many superior optical and thermal properties (see Table 7.1.1), including an
intrinsic slope efficiency of 65% [106], a broad tuning range from 700 to 860 nm [98, 103],
lack of concentration quenching of fluorescence lifetime [101] and, interestingly, increased
laser performance at elevated temperatures above room temperature [103]. Due to all of
these, Alexandrite was one of the most popular tunable lasers in the market during the
1980s [101]. This continued until the emergence of Ti:sapphire systems, at which time
attention paid to Alexandrite lasers began to diminish. However, we believe that with the

recent progress in laser diode technology, Alexandrite lasers can now offer a low-cost,
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efficient, and compact alternative to the existing Ti:sapphire laser technology in selected

areas of applications, especially for multi-photon microscopy.
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Figure 7.1.1 (a) Simplified energy level diagram for the Alexandrite gain medium. Lasing occurs between
the vibronically broadened “T, and “A, levels. (b) Measured variation of the absorption coefficient as a
function of wavelength for the transition from the *A, ground level to the doublet of the °E level for the E//b

axis (in absorption coefficient scale).

Figure 7.1.1 shows a simplified energy level structure for Alexandrite in E//b
orientation. Transitions from the ground state to the vibronically broadened *T; and *T,
states generate two broad (FWHM around 100 nm) and strong absorption bands with peaks
around 410 nm and 590 nm [97]. These states have relatively short lifetimes (the intrinsic
lifetime of *T, state is around 6.6 us). Moreover, similar to ruby [1], the metastable °E state
lies below the vibronically broadened “T; level in Alexandrite. Hence, ions excited to the
*T, and T, states rapidly decay to the metastable °E state with a lifetime of around 1.54 ms
[99]. Using transitions from the “E level to the ground state (*As), lasing at the sharp line
around 680.4 nm could be obtained (three-level lasing mode). The same transition produces

lasing at 694.3 nm in ruby [1].
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One can directly pump Alexandrite laser ions to the storage level (in line pumping to
level “E) to reduce the energy difference between the pump and lasing wavelengths and
hence to minimize the quantum defect. The “E level is actually an orbital doublet (R; and
R, lines), and the *A, > Ry, transitions (zero-phonon transitions) create two narrow
(FWHM around 0.5 nm) absorption peaks at 678.5 nm and 680.4 nm [98]. The graph in
Fig. 7.1.1 (b) shows the measured absorption spectrum of Alexandrite in this region.
Diverse excitation bands (broadband *Ty, excitations and narrowband Ry, excitations)
allow different pump options for Alexandrite. Flashlamps [113], Xe/Hg arc lamps [99,
114], krypton ion lasers (647 nm) [115], dye lasers (615-680 nm) [106], frequency doubled
neodymium lasers around 530 nm [116, 117] and even sun light [118] have been used for
pumping continuous-wave (cw) Alexandrite lasers. With lamp pumping, output powers as
high as 60 W could be obtained. However, the systems are complex and bulky. Maximum
reported slope efficiencies are 1.5 % (optical-to-optical with respect to incident pump
power) [99, 114]. On the other hand, single transverse-mode pump sources like dye lasers
or Argon ion lasers resulted in more efficient laser operation (up to 64 %) [106, 115].
However, for these cases, the pump source itself is an expensive laser system. Hence, none
of these pump sources could provide the advantages of direct diode pumping and cannot
compete with the Ti:sapphire lasers in the market.

Alexandrite lasers were first pumped by diodes in 1990, using two 5 mW single-mode
diodes around 680.5 nm [119]. The Alexandrite laser output power was less than 1 mW
[119]. The same group has then pumped Alexandrite lasers using two 250 mW multimode
diodes around 640 nm and obtained 25 mW of cw output power [106]. In a study published
in 2005, using a high power (10W) diode array consisting of many single-emitter
multimode diodes around 680 nm, cw output powers as high as 1.3 W have been obtained
from Alexandrite lasers [120]. However, the transverse intensity profile of the emission

from the diode array was quite structured. This resulted in a multimode laser output (M* of
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2.8) as well as relatively low slope efficiencies. Recently, Damzen et al. obtained cw output
powers as high as 6.4 W from an Alexandrite laser system side-pumped by two 29 W diode
arrays at 635 nm [121]. In this study, the slope efficiencies remained below 20 %.

In this work, to our knowledge, we present the first demonstration of high-brightness
tapered diode lasers (TDL) as pump sources for the Alexandrite gain medium. The TDL
provided up to 1 W of output power with a tunable optical spectrum centered around 678.5
nm or 680.4 nm that is suitable for in-line pumping of Alexandrite by populating the R-
lines. The diodes possess M* values of 1.1 in the fast axis and 5 in the slow axis, and a
brightness of about 500 mW/um” which represents a 2-fold improvement compared to the
state-of-the-art single-mode and broad-stripe single-emitter diodes in the same wavelength
range[80]. While pumping at the 678.5 nm line, using a 0.5% output coupler, we have
obtained output powers as high as 168 mW, slope efficiency as high as 38%, and a cw
tuning range from 724 nm to 816 nm. The laser output was multimode with M? values of
1.25 and 4.5 in the horizontal and vertical axes, respectively. Upon insertion of a slit near
the output coupler, we could also obtain a beam profile close to TEM at an output power
of 112 mW. Using Findlay-Clay analysis, the round-trip loss of the cavity was estimated to
be around 0.4 %. Caird analysis gave a value of 0.3% for the round-trip loss and 63% for
the intrinsic slope efficiency. Lastly, upon pumping at the 680.4 nm line with a stronger
absorption, cw output powers as high as 200 mW could be obtained. These results
demonstrate the suitability of recently available tapered diode technology as efficient pump
sources for Alexandrite lasers. This initial study has the potential to pave the way for the
development of low-cost, compact femtosecond Alexandrite lasers near 750 nm as optimal

pump sources for multiphoton microscopy.
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7.2 Experimental Setup

We start this section with a brief description of the tapered diode (TD) that was
employed as a pump source for Alexandrite. Similar TDs have been used to pump
Cr:LiCAF and Cr:LiSAF gain media to minimize the complexity in pumping geometry
[80]. Similarly, we believe that the TDs which provide the highest brightness output at
these wavelengths will considerably simplify the complexity and lower the cost of
continuous wave Alexandrite lasers. The TDs used in this study were grown and
characterized at the facilities of Ferdinand Braun Institute [122]. The TD has a total cavity
length of 2 mm. It consists of a 500 um long ridge waveguide section and a 1.5 mm long
tapered amplifier section with a flared angle of 3°. At the output the TD has an aperture
with a width of 80 um. The front facet and rear facts of the TD have reflectivities of 1%
and 94%, respectively. The TD is mounted on standard C-mounts, with p-side down with
copper tungsten submounts using AuSn solder. A commercial c-mount diode fixture (ILX

LDM-4409) with thermoelectric cooling is used for housing the diode.
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Figure 7.2.1 (a) Measured variation of optical output power with input current for the tapered diode laser
at the diode holder temperatures of 15 °C, 20 °C and 25 °C. Corresponding voltage values of the tapered
diode for 25 °C operation are also shown. (b) Measured optical spectrum of the tapered diode at 2 A diode
current and at the diode holder temperatures of 15 °C, 20 °C and 25 °C. By adjusting diode current and
temperature, it is possible to tune the central wavelength of emission to the absorption peaks at 678.5 and

680.4 nm.

Figure 7.2.1 (a) shows the measured variation of the optical output power of the tapered
diode with drive current at the diode holder temperatures of 15 °C, 20 °C, and 25 °C. At 15
°C, the TD has a lasing threshold of 500 mA and a slope efficiency of 0.75 W/A. At a drive
current of 2 A, the diode provides up to 1100 mW of output power, with a diode voltage of
2.5 V, which corresponds to an electrical-to-optical conversion efficiency of about 22 %.
The diode spectrum is centered at 678.5 nm and has a width of about 1.5 nm (FWHM) at
15 °C case temperature and 2 A diode current. We note here that this wavelength directly
matches the R, line of the Alexandrite crystal. As we can see from Fig. 7.2.1 (b), by
increasing the diode case temperature to 25-30 °C it was possible to shift the diode
wavelength to the R; line of Alexandrite, which actually has a stronger absorption [98]

(Fig. 7.1.1 (b)). However, the diode output power is lower for this case (980 mW at 2 A
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and 25 °C) due to the increased temperature. In most of our lasing experiments, we have
exploited the R, line for pumping. For comparison, lasing results obtained while pumping

the R; transition will be presented in Fig. 7.3.7.
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Figure 7.2.2 (a) Beam waist, (b) far field and (c) near field profile for the slow axis of the tapered diode

laser (TDL) measured at 1 W of output power and at a cooling temperature of 15 °C.

The method of the moving slit (ISO Standard 11146, Annex A) is applied to measure
the beam quality of the tapered diode. The intensity profiles of the beam waist, the intensity
distribution along the front facet, and the astigmatism of the diode output are also
investigated. During the measurements, the laser spot is magnified by using a telescope
with a magnification of about 60. The studies were carried out at a diode output power of 1
W and at the diode holder temperature of 15 °C. The beam waist, far field and near field
profiles of the tapered diode laser in the slow axis are shown in Fig. 7.2.2. Around 96% of
the emitted power originates from the central lobe of the beam waist. We have found a
beam waist of 16.4 um at the 1/e*-level, and a far field angle of 7.5° (1/¢%), which leads to a
beam propagation ratio of 5 (1/¢%). In the fast axis, the beam propagation ratio is
determined to be better than 1.1 at the 1/e* level, and the beam divergence was about 30°.
The astigmatism of the diode is measured to be 650 um. Using the above mentioned

parameters, the brightness of the laser device is estimated as B = 500 mW/um? which is
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about 2 times higher than the commercial single mode diodes and single-emitter devices in
the market. However, it is possible to grow tapered diodes with brightness approaching
1000 mW/um?* [80, 122]. Hence, the results presented in this study are likely to be
improved in the near future by using even higher quality tapered diodes.

Beam Blocker

L2

M1

TD$ L1 Alexandrite M2

HWP

Figure 7.2.3 Schematic of the continuous wave Alexandrite oscillator pumped by a tapered diode laser
(TD). M1-M2: Curved pump mirrors with a ROC of 75 mm. OC: Output coupler.L.1: Collecting &
collimating aspheric lens. L2: Cylindrical collimating lens (matches the divergence in both axes). L3:

Focusing lens. HWP: Half-wave plate. PBS: polarizing beam splitter cube.

Figure 7.2.3 shows a schematic of the tapered diode pumped Alexandrite laser. The
diode output beam was first collimated with a 4.5 mm focal length aspheric lens with a
numerical aperture of 0.54 (L1 in Fig 7.2.3). A cylindrical lens with a focal length of 50
mm (L2, acting on fast axis) matched the diode divergences in both axes to minimize
astigmatism. Then the pump beam was focused inside the Alexandrite crystal, using an
achromatic doublet with a focal length of 60 mm (L3). A half-wave plate (HWP) and a
polarizing beam splitter cube (PBS) were used to adjust the incident pump power on the
crystal. Variation of the diode current changes the output wavelength. Therefore, the diode
current was kept at 2 A in all the experiments. The incident pump power on the crystal at
the maximum drive current was 925 mW (lower than 1.1 W due to the transmission losses

of the optics). The cw laser experiments are based on an astigmatically-compensated x-
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cavity consisting of two curved mirrors (M1 and M2, ROC = 75 mm), a flat end mirror
(HR) and a flat output coupler (OC). The HR mirrors have a reflectivity greater than 99.9%
from 725 nm to 925 nm and a pumping window with transmission above 98% in the red
spectral region. The length of the long cavity arm was adjusted to 45 cm to obtain a beam
waist of approximately 20 um inside the gain medium. The short arm length was 35 cm
long in all the experiments. A Brewster-cut, 10-mm-long, Alexandrite crystal (Northrop
Grumman) with a thickness of 3 mm and a width of 5 mm (chromium doping level 0.2%)
is used in the study. The crystal absorbs 73% and 95% of the incident TM polarized pump
light at 678.5 and 680.4 nm, respectively. The crystal was mounted with indium foil in a
copper holder which is temperature stabilized to 25 °C with a circulating water chiller. We
note that we have observed a strong tendency of Alexandrite lasers for self-pulsing (also
known as self-Q-switching as described in the previous chapter) [123]. Similar phenomena
have also been reported in other Cr’‘-doped materials such as Cr:LiCAF [123], Cr:LiSAF
[5, 63] and Ruby [54-57]. However, it is possible to obtain pure cw operation by fine

adjustment of the separation of the curved mirrors.
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7.3 Results and Discussion
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Figure 7.3.1 Measured continuous-wave output power of the tapered diode pumped Alexandrite laser as a

function of the absorbed pump power at various levels of output coupling between 0.1% and 2.5%.

Figure 7.3.1 shows the measured efficiency curves of the continuous-wave Alexandrite
laser using several different output couplers, with transmission ranging from 0.1% to 2.5
%. The highest power was obtained using a 0.5 % output coupler. With this OC, the laser
produced 168 mW at an absorbed pump power level of 670 mW. The free running laser
wavelength was 755 nm. The laser slope efficiency was 25 % at low incident power levels
and then increased to 38% at higher pump powers (an overall fit gave an average slope
efficiency of 31%). This unusual effect is clearly visible in Fig. 7.3.1. We believe that this
is possibly due to an improvement in mode-matching between the cavity and pump modes
at increased pump power levels. The overall optical-to-optical and electrical-to-optical
conversion efficiencies were ~15% (168 mW / 1100 mW) and ~3.4% (168 mW / 5 W),
respectively. We note here that while using the 0.5% output coupler, 30 mW of total laser
power was found to be leaking from the cavity high reflectors (a total of 5 bounces, 2
bounces from M1, 2 bounces from M2 and one bounce from HR, Fig. 7.2.3). With the
0.5% OC, the estimated intra-cavity power was 32.6 W. This finding shows that the cavity
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mirrors have a leakage loss of about 0.1% (30mW/32.6 W), corresponding to a leakage loss
level of 0.02% per bounce. Using high reflectors with improved coating, the obtained

output power can exceed 200 mW from this configuration.
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Figure 7.3.2 Measured variation of lasing threshold and maximum obtainable output power as a function

of the output coupler transmission.

Figure 7.3.2 demonstrates the measured variation of lasing threshold as a function of
the output coupler transmission. Variation of maximum obtainable power with output
coupler transmission is also shown in the same graph (at the maximum absorbed pump
power of 670 mW). First of all, the optimum output coupling is 0.5-1 %, as a result of the
low-gain nature of the material. This fact also underlines the importance of using high
quality crystals and mirrors with low passive losses in the resonator to attain high slope
efficiencies.

The measured lasing threshold was 143 mW with the 0.5 % output coupler (optimum
output coupling, Fig. 7.3.2). A lasing threshold of 83 mW was measured using a 0.1 %

output coupler. Moreover, operating a cavity with all high reflective mirrors, a lasing
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threshold of 78 mW was achieved. We have determined the best linear fit to the
experimental data as P;~60+148T (in mW units, solid line in Fig. 7.3.2). According to the
Findlay-Clay analysis (Eq. 2.3.2), the total round trip cavity loss (L) was estimated to be
0.4+ 0.1 %.
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Figure 7.3.3 Measured position dependence of the spot size (1/e) function from the Alexandrite laser

near the focus of a 6 cm lens in the z and y axes.

Due to the multimode nature of the pump beam in the slow axis, the Alexandrite laser
output was also multimode in the corresponding axis. Figure 7.3.3 shows the measured
position dependence of the spot size function of the Alexandrite laser near the focus of a 6
cm lens. The best fit value for M° was determined to be 1.25 and 4.5 in the x and y axes,
respectively. We note here that, despite the multimode pump beam, it was possible to push
the Alexandrite to operate with a TEMy mode. To this end, we have inserted a circular slit
near the output coupler and decreased the aperture size until the laser produced a circular
beam profile. The inserted slit generates a high level of losses for the higher-order modes
and the laser power predominantly appeared in the fundamental mode (Fig. 7.3.4).
However, this has a negative effect on the mode matching between the pump and cavity

modes. Hence, with the insertion of the slit, using the 0.5% output coupler, the laser slope
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efficiency decreased from 38% to 25% and the obtained output powers decreased from 168

mW to 112 mW.
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Figure 7.3.4 Continuous-wave output power versus absorbed pump power for the tapered diode pumped

Alexandrite laser taken using a 0.5% output coupler and an intracavity slit.
g p p y

1/Eff (1/%)
=Y

0 T T T T
0 200 400 600 800 1000 1200

1/0C Transmission

Figure 7.3.5 Measured variation of the inverse of the slope efficiency as a function of the inverse of the

output coupling for the tapered diode-pumped Alexandrite laser.
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We have also used the measured variation of the slope efficiency with output coupler
transmission (Fig. 7.3.5) to estimate the resonator losses at the lasing wavelength (Caird
analysis Eq.2.3.1). Least-squares fitting to the experimentally measured data gave best-fit L
and 7 values of (0.3 = 0.1) % and (63 £ 5) %, respectively. We note here that in the Caird
analysis, we have only considered the slope efficiency data taken with 0.1, 0.22 and 0.5%
output couplers (filled squares in Fig. 7.3.5) and ignored the data taken with 1.2, 1.7, and
2.5% output couplers (empty squares in Fig. 7.3.5). In conflict with theory, the obtained
slope efficiencies at high output coupling would start to decrease. A similar effect is also
observed in Cr:colquiriites where it is due to the presence of Auger energy upconversion
processes [109]. Here, the decrease in the slope efficiency is a side-effect of increasing
lasing threshold due to the decrease in fluorescence lifetime. We suspect that a similar
mechanism might also be at work in the Alexandrite gain medium, though this needs
further verification.

The cavity loss estimate using Findlay-Clay (0.4 + 0.1%) and Caird (0.3 0.1%)
analyses are in relatively good agreement with each other. As we have discussed earlier,
due to the non-optimum reflectivity bandwidths of the high reflector mirror set that was
used in this study, we had about 0.1% leakage loss from the HRs. Other parasitic losses of
the HRs are specified to be about 0.005%, so we estimate that an additional loss of 0.05%
will be present from all the bounces on the cavity optics (four bounces on curved high
reflector mirrors, one bounce on the flat cavity high reflector and the output coupler). The
remaining 0.2 % loss should be attributed to the Alexandrite crystal, where in each pass one
roughly gets a loss of 0.1%. For the 10-mm-long Alexandrite crystal, this corresponds to a
quite low loss level of only about 0.1% per cm, which is similar to what can be achieved
with Cr:LiCAF (0.14% per cm [109]) and Cr:LiSAF (0.2 % per cm [124]), and much better
than typical Ti:Sapphire crystals (2 % per cm [86]). This also shows itself in the crystal

figure of merit (FOM) values, which is defined as the ratio of the absorption coefficient at
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the pump wavelength to the absorption coefficient at the lasing wavelength. The
Alexandrite crystal that was used in this study has an estimated FOM of about 3000
(=3/0.001), which is relatively high in comparison with Cr:LiCAF (2150 [109]), Cr:LiSAF
(1500 [124]) and Ti:Sapphire (150 [86]). On the other hand Scheps at al. reported a
passive loss level of 0.06% per cm from a 0.2% chromium doped Alexandrite crystal (the
crystal probably had even lower losses since they assumed that the cavity optics did not
contribute to the resonator losses) [106]. Hence, the slope efficiencies that were reported in

this study could be further improved by using better quality Alexandrite crystals and cavity

optics.
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Figure 7.3.6 Continuous-wave tuning curve of the Alexandrite laser taken with the 0.5 % output coupler,
at an absorbed pump power of 670 mW. Measured variation of lasing threshold with wavelength and room-

temperature emission spectrum (E//b) of the Alexandrite is also shown.

Fig. 7.3.6 shows the measured cw tuning range of the Alexandrite laser using the 0.5%

output coupler. For comparison, we have also included the emission spectrum of the
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material (note the sharp R lines that were used for pumping). Fig. 7.3.6 also includes the
measured variation of lasing threshold with wavelength. The laser wavelength was tuned
by (i) inserting an SF11 prism into the HR arm or by (ii) inserting a birefringent tuning
plate. Both methods give similar results in terms of tuning range and output power, but the
spectra were narrower with the birefringent plate (0.5 nm FWHM). With the 0.5 % output
coupler, the Alexandrite laser could be tuned smoothly from 724 nm to 810 nm (86 nm).
When we replaced the output coupler with a high reflector, the long wavelength edge could
be extended up to 816 nm. We believe tuning below 724 nm was prevented due to the
increased passive losses of the cavity high reflectors, which had reflectivity above 99.9%
from 725 nm to 925 nm. On the long wavelength side, the mirrors had good reflectivity, but
the emission cross section of the material becomes too low to have sufficient gain above
816 nm.

In earlier studies, using flashlamp pumping, Walling et al. demonstrated tuning of a
pulsed Alexandrite laser from 701 nm to 818 nm [98]. Pulsed pumping with high lamp
energies (100 J) and use of a lower Cr’* doping of the crystal (0.043%) was effective in
reaching the short wavelength (701 nm) limit in that study [98]. Later, a tuning range
extending up to 858 nm has been reported by Kuper et al. from a flash lamp pumped pulsed
Alexandrite laser at elevated temperatures above room temperature [103]. With
temperature, the emission profile of the Alexandrite shifts to longer wavelengths and the
emission cross section also increases due to the increased role of the storage level [98,
103]. In particular, reaching the 858 nm range required an Alexandrite rod temperature of
513 °C and a pump energy of 105 J [103].

So far, we have presented continuous wave laser results of the Alexandrite laser taken
while pumping at the 678.5 nm line. For this case, the incident pump power was 925 mW,
the absorption of the Alexandrite crystal was 73% and the total absorbed pump power was

675 mW. As mentioned earlier, by adjusting the diode temperature, it was possible to tune
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the tapered diode wavelength to the other R-line (680.5 nm). At this line, the incident pump
power on the crystal decreased to 865 mW. However, the crystal absorption climbed to
95%, resulting in an overall absorbed pump power of 820 mW. Therefore, we expect a rise
in the obtainable output powers from the Alexandrite crystal. The efficiency curves taken
with 0.22%, 0.5% and 1.2% output couplers are shown in Fig. 7.3.7. Using a 0.5% output
coupler, we measure output powers as high as 195 mW. The lasing threshold values and the

slope efficiencies remained almost the same as those obtained in the case of 678.5 nm

pumping.
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Figure 7.3.7 Measured continuous-wave output power as a function of the absorbed pump power for the
tapered diode pumped Alexandrite laser taken at 0.25 %, 0.5 % and 1.2% output coupling. The laser is
pumped at the 680.5 nm (R1) line.

7.4 Conclusion

To provide a comparison with earlier work, Table 7.4.1 represents a summary of the
published laser results for continuous wave Alexandrite lasers in the literature. Results

obtained in this work have also been listed at the end of the table (marked with *). As
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mentioned earlier, the broad emission bands of Alexandrite in the visible enables the use of
a variety of pump sources including flashlamps [113], Hg & Xe lamps[99, 114, 125], sun
light [118] and second harmonic of Nd-based systems [116, 117]. Using these pump
sources, tens of watts of continuous wave output power have been obtained from
Alexandrite lasers. However, these pump sources are complicated, which limits the
usability of Alexandrite lasers. On the other hand, there are only a handful of studies that
report diode-pumped cw Alexandrite lasers.

Earlier studies on diode pumping of cw Alexandrite lasers have used low brightness
sources that were available at the time, resulting in limited levels of output power [106,
119]. Later studies using high-power diode arrays as pump sources resulted in the
generation of cw output powers as high as 1.3 W [120] and 6.4 W [121]. Here we have
reported pumping of cw Alexandrite lasers with high-brightness tapered diode lasers for the
first time. Moreover, this is probably the first report of pumping Alexandrite via the R,
transition at 678.5 nm. The obtained slope efficiencies are the highest achieved so far from
diode-pumped cw Alexandrite lasers and the obtained output powers (200 mW) are also
sufficient for many applications. We also note here that there is a great potential for future
improvements by using better quality Alexandrite crystals and cavity optics as well as
higher brightness tapered diodes. Our present results clearly show that the recent advances
in tapered diode technology are key factors that result in the development of low-cost,

compact, and efficient cw Alexandrite lasers with moderate output power levels.
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Table 7.4.1 Summary of results from literature obtained for continuous-wave Alexandrite lasers. For
comparison, pump source, pump wavelength, pump power, laser power, laser slope efficiency, and laser beam
quality have been specified for each case. Results obtained under diode pumping have been listed at the

bottom of the table.* Denotes the experimental results obtained in this work.

Pump Pump power Laser power Slope Laser output
Pump source wavelength efficiency Ref.
(W) (mW) (M? value) Year
(nm) (%)
Flashlamp Broadband 3,000 6,500 0.8 Multimode 80 [113]
Hg Arc lamp Broadband 6,000 60,000 1.5 Multimode 85 [99, 114]

Xe Arc lamp Broadband 8,000 20,000 0.5 Multimode 85 [99]
Xe Arc lamp Broadband - 2,000 - TEMO0 85 [99]
Krypton laser 647 1.6 600 51 - 83 [115]
Hg Arc lamp Broadband 8,000 17,000 0.5 - 93 [125]
Dye laser 615 0.3 150 64 - 93 [106]
Sun-light Broadband ~1000 12,000 1.2 - 99 [118]
SH of Nd:YAG 532 0.215 11 10.5 - 05 [116]
SH of Nd:YVO4 532 5 1,420 36 TEMO00 06 [117]
Single mode diode 680.4 2 x0.005 - 25 - 90 [119]
Multimode diode 640 2x0.25 25 28 - 93 [106]
Multimode diode array 680.4 10 1,300 24 2.8 05 [120]
Multimode diode array 635 2x29 6,400 ~15-20 - 13 [121]

Tapered diode 678.5 1 112 25 <1.2 13 *

Tapered diode 678.5 1 168 38 ~2.4 13 *

Tapered diode 680.4 1 200 34 ~2.4 13 *
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Chapter 8

FURTHER STUDIES on the DEVELOPMENT of LOW-THRESHOLD Cr**-
DOPED TUNABLE SOLID-STATE LASERS

In this chapter, some of the collaborative work conducted with other members of the
Kog¢ University Laser Research Laboratory will be described briefly. These studies can be
considered in the scope of this PhD thesis. In the first section of this chapter, the single-
mode diode pumped Alexandrite laser will be introduced. Different from the previous
Alexandrite study, in this project temperature dependent performance of the laser system
was examined. Next, a single-mode diode pumped efficient and robust Kerr-lens mode-
locked (KLM) Cr:LiSAF laser will be presented. In this project, a different output coupler
design (Gain Matched Output Coupler) was used to increase the mode locking stability of
the laser system. Later, the tapered diode pumping scheme was employed to the Cr:LiSAF
laser to improve the mode-locking performance and the obtainable peak powers. In the last

section of this chapter, we will briefly describe this project and present the results.

8.1 Alexandrite Laser Pumped by a Single-Mode Laser Diode

The power performance of the Alexandrite laser systems depends on the crystal
temperature [126]. At elevated temperatures the operating wavelength and the gain of the
system changes accordingly. Unfortunately, this phenomenon cannot be observed with
inline excitation technique, which we used in the tapered diode pumped Alexandrite laser
because, the absorption band of the system shifts as the temperature of the crystal varies.
However, due to the fixed spectrum of the diode, the comparison at different temperatures

will not tell any meaningful information about the laser performance. On the other hand,
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the Alexandrite crystal also has a broad absorption band around 590 nm (530-650 nm)
[113]. Moreover, state-of-art single mode diodes operating at 635 commercially exist in
today’s market. Hence, the crystal properties and laser performance can be examined by
using these diodes. Moreover, the low-threshold operation of this system can be examined
effectively with these diodes, because of having diffraction limited beam quality (M°~1).
As a result, in this study we used these didoes as an input source to determine the crystal
behavior at different temperatures. In this section, first we introduce the experimental setup
and the methods employed in the spectroscopic and laser characterization experiments.
Next, we present experimental results on the emission spectrum, fluorescence lifetime and
continuous wave laser performance at different temperatures. Finally, we summarize the

results and provide a general discussion.

8.1.1 Experimental Setup

In our experiments, an Alexandrite crystal with a Cr’" doping level of 0.2 % was used
(Synoptics, Inc.). It is 10 mm long, 5 mm wide and 3 mm thick and Brewster/Brewster cut
to minimize reflection losses at the pump and lasing wavelengths. Moreover, it was cut so
that, for TM polarized incident light, the direction of the electric field of the
electromagnetic wave inside the crystal is parallel to the crystal b axis. It is mounted with a
gold foil in a copper holder. The temperature of the copper crystal holder was stabilized by
using a controller and can be adjusted in the 25 - 300 °C range.

Emission spectrum and fluorescence lifetime measurements were carried out using a
pulsed green source based on the frequency doubled output of a commercial Nd-vanadate
laser at 1064 nm. The pulses had a full-width-half-maximum (FWHM) of around 70 ns. A
pulse repetition rate of 250 Hz was used in lifetime and emission spectrum measurements.

Pulse energies of around 1 wJ were sufficient to perform the measurements. For each case,
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the pump beam was focused at the center of the Alexandrite samples to a spot size of
around 30 um using a converging lens with a focal length of 60 mm. The fluorescence
signal was collected with a MgF, lens with a focal length of 8 cm at 90° with respect to the
direction of the excitation beam. For emission spectrum measurements, we used a
commercial spectrometer (Ocean Optics, model USB2000-VIS-NIR) which had a
resolution of 1.5 nm and a spectral responsivity covering the range from 350 nm to 1000
nm. The time dependent fluorescence decay signal was measured using a fast (1 GHz) Si
detector and recorded with a 500 MHz digital sampling oscilloscope. The temperature
dependence of the emission spectrum and the fluorescence decay time were measured for
crystal holder temperatures ranging from 25 °C to 300 °C. We note here that due to the
relatively high thermal conductivity of the Alexandrite crystal, the calculated temperature
difference between the crystal holder and the center of the crystal is at most 2-3 °C. Hence,
we assumed that the center temperature of the crystal is nearly equal to the holder
temperature.

Figure 8.1.1.1 shows a schematic of the Alexandrite cavity that was used in the
continuous-wave (cw) laser experiments. A linearly polarized, 635 nm AlGalnP single-
mode diode was used to pump the alexandrite crystal. The SMD temperature was stabilized
to 20 °C with a thermoelectric cooler. The SMD provided a maximum output power of 170
mW at a diode drive current of 300 mA. The output of the SMD was first collimated using
a plano-concave lens with a focal length of 4.5 mm. An anamorphic prism pair with a
magnification of 2 was then used to transform the elliptical output beam to a nearly circular
profile. The pump beam was focused inside the alexandrite crystal using an anti-reflection
coated achromatic doublet with a focal length of 60 mm (L2). The cavity elements were the
same with the ones used in tapered diode pumped experiments. Using the software we
developed, arm lengths of 30 cm and 55 cm gave an estimated beam waist of around 20 um

inside the Alexandrite gain medium near the center of the cavity stability region. The laser
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performance was investigated in detail by varying the crystal holder temperature and by
using output couplers with different transmission. In the cw tuning experiments, a quartz

birefringent filter was used to vary the laser output wavelength.

SMD$ 0L1

Anamorphic

Prism Pair
{\ M1 Alexandrite M2

ocC

Figure 8.1.1.1 Experimental setup of the single-mode diode pumped continuous-wave Alexandrite laser.

8.1.2 Experimental Results

In the previous chapter, a simplified energy level diagram of the Cr’" ions in the
Alexandrite gain medium was given for the E//b orientation (Fig. 7.1.1 (a)). As mentioned
in the previous chapter, Alexandrite possesses two strong and broad absorption bands
(each with widths of approximately 100 nm) with absorption peaks located near 410 nm
and 590 nm [97]. Four-level lasing operation in Alexandrite has been obtained using the
transition of excited ions from the *T, level to the A, level. So, we will investigate the
temperature dependence of the emission spectrum and fluoresce lifetime for the *T, and °E
levels to understand the effects of increased temperature on the cw laser parameters. Here,
we note once again that the dynamics of the *T, level cannot be separated from that of the
metastable “E level, which acts as a reservoir of ions for the *T> level.

Figure 8.1.2.1 shows the measured variation of the fluorescence lifetime as a function

of the crystal temperature for temperatures ranging from 25 °C to 300 °C. We measured the
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room temperature (25 °C) fluorescence lifetime of the alexandrite crystal to be 268 ps.
Considering the experimental error bars (+5 ps), the measured fluorescence lifetimes can
be considered to be in good agreement with the previously reported values in the literature
[99]. The lifetime for the sample decreases monotonically, and reaches a value of 55 ps at

300 °C. In this temperature range, a similar decrease in the fluorescence lifetime was also

reported in previous studies [99].
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Figure 8.1.2.1 Measured variation of the fluorescence lifetime as a function of the crystal temperature
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Figure 8.1.2.2 Emission spectra of the alexandrite crystal measured between 25°C and 300°C.

Figure 8.1.2.2 shows the measured variation in the fluorescence spectrum of the
Alexandrite crystal around 800 nm, as a function of the crystal temperature, for
temperatures ranging from 25 °C to 300°C. We first note that the emission strength
(emitted number of photons at each wavelength) decreases as the crystal temperature is
increased. This is mainly due to the decrease in the fluorescent lifetime at increased
temperatures (the decrease in the fluorescence lifetime is stronger than the increase in the
effective emission cross section). Second, the peak emission wavelength for the “T, 2 *A,
transition shifts from around 700 nm at room temperature to around 725 nm at 300 °C. A
much slower shift is also observed in the peak wavelength of emission resulting from the
transition from the “E (Ry;) level to the ground state (emission from the R lines) [127,
128]. Moreover, note that, with increasing temperature, the strength of the °E emission
decreases sharply. For example, in the emission curve taken at 300 °C, we don’t even see
any structure around 680 nm any more. Basically at these temperatures the effective
emission cross section of the *T, transition is much higher than the ’E level due to the

increased phonon dynamics at elevated temperatures.
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Figure 8.1.2.3 Measured output power variation as a function of the absorbed pump power for the cw

alexandrite laser taken with various output couplers (OCs)

Figure 8.1.2.3 shows the measured cw laser efficiency of the Alexandrite laser at room
temperature using five different output couplers with transmissions ranging from 0.22% to
1.7%. The free running laser wavelength was around (760 + 10) nm with all the output
couplers. The spectral width (FWHM) of the laser output was around 3 nm. The laser
output beam had a TEMy, beam profile. Output powers as high as 48 mW and slope
efficiencies as high as 36% were obtained using a 0.5% output coupler. The absorbed pump
power level was 166 mW, which corresponds to an optical-to-optical conversion efficiency
of 29%. The measured lasing threshold was 28 mW. The measured threshold pump power
was as low as 13 mW when we replaced the output coupler with a highly reflecting mirror.

Note from Fig. 8.1.2.3 that, the slope efficiencies obtained with 1.2 % (31%) and 1.7%
(29%) output couplers are lower than what can be achieved with the 0.5% (36%) output
coupler. Similar trends have also been reported in our previous chapter where we discussed
cw Alexandrite lasers pumped by tapered diodes at 680 nm [129]. This unexpected
decrease of the slope efficiency at increased output coupling values limited the obtained
slope efficiencies (36%) and output power levels (48 mW) in our study. A similar effect is

also observed in Cr:Colquiriites due to the presence of Auger energy transfer upconversion
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(known as ETU) [130]. In the literature, we could not come across previous work that
identified ETU as a possible transfer process in Alexandrite. While further detailed
investigation is necessary, based on our power efficiency measurements, a likely cause of
the abrupt decrease in the laser efficiency with output coupling could be possibly attributed
to ETU.

Figure 8.1.2.4 shows the power efficiency curves taken at the crystal temperatures of 25
°C, 100 °C, and 200 °C, by using the 0.5% output coupler. First of all, note that, as the
crystal temperature was increased, the lasing threshold values increased dramatically. For
example, the lasing threshold increased 3.4 fold, from 28 mW to 95 mW as the Alexandrite
crystal temperature increased from 25 °C to 200 °C. This is an expected result and is
mostly due to the observed decrease in the fluorescence lifetime (decreases by a factor of
3.3 from 265 us to 80 us). Second, we also observed a decrease in the power efficiencies
with increasing temperature. For example, the measured laser efficiency decreased from 36
% to 12 % (3 fold decrease), as the Alexandrite crystal temperature increased from 25 °C to
200 °C. The decrease in the slope efficiencies with temperature might be partly due to the
increased role of excited state absorption at longer lasing wavelengths [131]. Moreover,
there is a slight increase in the quantum defect due to the increase observed in the laser
output wavelength from 760 nm to 805 nm. However, this effect will only decrease the
efficiencies by about 6%. The observed decrease in the slope efficiencies (3 fold) should be
attributed to the increased role of additional loss mechanisms such as excited state

absorption at longer wavelengths.
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Figure 8.1.2.4 Power efficiency curves measured at 25°C, 100 °C, and 200 °C using the 0.5%

transmitting output coupler showed a monotonic decrease in the slope efficiency with increasing temperature.
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Figure 8.1.2.5 Continuous-wave tuning curves of the alexandrite laser taken at the crystal temperatures of

25°C, 100°C, and 200°C by using the 0.5% output coupler. The pump power was 170 mW.

We have also investigated the cw tuning capability of the single-mode diode pumped
Alexandrite laser. Figure 8.1.2.5 shows the variation of the laser output power with output

wavelength measured by using the 0.5 % output coupler, at an incident pump power of 170
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mW. The data were taken at three different crystal temperatures to observe the effect of
temperature increase on the wavelength tuning capability. The obtained output powers are
slightly lower (for example, at the peak wavelength of 760 at 25 °C, the output power
decreased from 48 mW to 34 mW), due the insertion of the birefringent tuning plate that
introduced some unwanted losses. At room temperature, we could smoothly tune our cw
laser wavelength from 736 nm to 795 nm. Note that, tuning on the short wavelength side
was limited by the reflectivity bandwidth of the cavity high reflectors whose transmission
increased below 750 nm (for example, the transmission was about 0.1% at 735 nm). Earlier
studies reported tuning down to 701 nm in a pulsed high energy Alexandrite laser [98].
More studies are required with broader bandwidth high reflectors to investigate the cw
tuning limit of Alexandrite on the short wavelength side. We also note here that increased
role of excited state absorption and self-absorption losses are also a limiting factor on the
short wavelength end [108].

On the long wavelength side, the tuning limit was 795 nm at room temperature. An
upper limit of 816 nm was reported earlier for the cw tuning from a cw Alexandrite laser
operated at room temperature [129]. We believe that the limited pump power available in
our study could be one of the factors in the observed decrease in the overall tuning range.
On the other hand, we have seen that, by increasing the Alexandrite crystal temperature, the
long wavelength tuning limit can be shifted up to 823 nm. Earlier, a tuning range extending
up to 858 nm wasreported by Kuper et al. from a pulsed Alexandrite laser at a crystal

temperature of 513 °C [103].

8.1.3 Conclusions and Summary

In this study, we investigated in detail the continuous-wave and self-Q-switched

operation of a low-threshold and efficient Alexandrite laser system. The Alexandrite laser
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was pumped by one single-mode diode providing up to 170 mW of pump power at 635 nm.
Laser output powers as high as 48 mW, laser slope efficiencies of 36%, lasing thresholds as
low as 13 mW were demonstrated during cw operation. The cw laser output wavelength
could be tuned from 736 nm to 795 nm at room temperature, and from 776 nm to 823 nm at
200 °C. We believe that this compact, low-cost and efficient Alexandrite laser has the

potential to become an attractive source of 800-nm radiation for several applications.

8.2 Single-Mode Diode Pumped Mode-Locked Cr:LiSAF Laser

The Kerr effect is the intensity-dependent response of the material to light. At high
intensities the refractive index can be considered as a summation of the linear (n) and
nonlinear (n,) contributions (i.e n(l)= n+ n,I where I is the intensity of the light) due to the
presence of third-order nonlinear light-matter interactions. Hence, a laser beam may
undergo focusing or defocusing due to the Kerr-effect while passing through the gain
medium. Inside a solid-state laser, when the intra-cavity laser beam is further focused, it
will be occupy a smaller volume inside the gain medium and could overlap better with the
pump beam. (Of course, initially the pump spotsize should be smaller than the laser
spotsize inside the medium) Since an intense laser beam will experience higher gain, the
presence of the Kerr effect will favor the operation of the laser in the mode-locked regime
where higher intensities are available.

Mode-locking with Kerr nonlinearity (Kerr-lens mode-locking, KLM) is a very well-
known and successful technique that is widely used for generation of ultrashort pulses from
broadband gain media such as Ti:Sapphire [84, 132], Cr:ZnSe [133], Cr:Forsterite [134],
Cr:LiSAF [135], Cr:LiCAF [136] and others. KLM generates an artificial saturable
absorber with an instantaneous lensing effect that shortens the circulating intracavity
pulsewidth via self-amplitude modulation (SAM). Hence, unlike saturable Bragg reflectors,

KLM does not impose any bandwidth limitation effect and the obtainable pulsewidths are
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limited only by the gain bandwidth of the lasing material and dispersion bandwidth of the
laser cavity. However, to achieve the shortest pulses: (i) flat dispersion profile over the
whole gain bandwidth should be utilized, and (ii) strong gain filtering effect of the active
medium should be overcome. To fulfill the second requirement a large SAM is desired,
which necessitates use of low output coupling, high pump powers and critical cavity
alignment, and operation near the edge of the stability range. These result in low laser beam
quality, low laser efficiency, high mode locking threshold, low laser stability and problems
in long-term operation. These issues are even more significant in gain media with a low
nonlinear refractive index (n,) such as Cr:LiSAF (0.8 x10™'® cm*W, which is four times
lower than Ti:Sapphire [101]). Even though pulses as short as 10 fs have been
demonstrated from low-cost diode-pumped Cr:LiSAF lasers [135], the technology could
not go beyond research laboratory demonstration.

To overcome the above mentioned limitations imposed by KLM, the gain filtering
effect should be minimized. In that respect, recently Chen et al. suggested the use of gain
matched output couplers with a transmission profile that matches the gain profile of the
laser active medium[137]. This creates a loss profile that has the same shape as the cavity
gain, which results in a broadband flat net gain profile (the gain matched output couplers is
also named as inverse gain output couplers (IGOC)). Then this minimizes the need to
generate strong SAM, and an arbitrarily low KLM action (nonlinearity) is sufficient for
sustaining ultrashort pulses. By employing a 4% IGOC in a Ti:Sapphire laser, Chen et al.
demonstrated robust mode-locking at greatly-reduced Kerr nonlinearity requirements [137],
and the laser produced sub-8-fs pulses with excellent beam quality.

In this study, we demonstrated long—term stable and robust KLM operation of a diode-
pumped, low-cost Cr:LiSAF laser with a gain matched output coupler. The laser is pumped
by a single-spatial-mode diode with 125 mW of diffraction-limited output power around

660 nm. A 0.7% IGOC has been used as the output coupler. In this section, first we
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introduce the experimental setup. Next, we present experimental results on KLM
performance of the laser. Finally, we summarize the results and provide a general

discussion.

8.2.1 Experimental Setup

Figure 8.2.1.1 shows a schematic of the KLM Cr:LiSAF laser. The pump diode beam
was first collimated with a 4.5 mm focal length aspheric lens (L1), and then focused into
the Cr:LiSAF crystal using a 60 mm focal length achromatic doublet (L2). The Cr:LiSAF
crystal was 1.5% Cr-doped, had a length of 6 mm and absorbed around 98% of the incident
pump power. The Cr:LiSAF laser cavity consisted of two curved mirrors with a radius of
curvature of 75 mm (M1, M2), one flat high reflector (HR), two fused silica prism pair (FS)
and the GMOC mirror. The GMOC had a transmission of around 0.7% around the gain
peak and the spectral transmission profile of the GMOC matched quite well to the gain
profile of Cr:LiSAF (Fig. 8.2.1.2). The curved pump mirrors and the cavity high reflector
were custom-made double-chirped mirrors (M1, M2, and HR) with transmission above
98% from 625 nm to 685 nm to transmit the pump beam. Their reflectivity was above
99.9% from 790 nm to 940 nm and provided around -80£10 fs* of group delay dispersion
(GDD) per bounce in the 780-950 nm wavelength range. A fused silica prism pair with a

separation of 30 cm was also used to fine tune the net cavity dispersion.
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Figure 8.2.1.1 Schematic of the single-mode diode (SMD) pumped Kerr-lens mode-locked Cr:LiSAF

laser with a gain matched output coupler.
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Figure 8.2.1.2 Gain profile of Cr:LiSAF crystal and the designed transmission of the gain matched output

coupler.

8.2.2 Results and Discussion

Fig. 8.2.2.1 shows the measured variation of the Cr:LiSAF laser output power with
incident pump power. The cw lasing threshold is around 15 mW, and the laser operates in

only pure cw regime for pump powers up to around 40 mW. The slope efficiency in the cw
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regime is around 35%. For pump powers above 50 mW, it was possible to initiate mode-

locked operation by slightly translating one of the cavity mirrors.
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Figure 8.2.2.1 Measured variation of theCr:LiSAF laser output power as a function of incident pump

power at CW and KLM regimes.

The optical spectrum extends from 750 nm to 980 nm (Fig. 8.2.2.2 (a)), and is broad
enough to support 11.8-fs pulses (calculated transform-limited pulsewidth). The minimum
achievable time bandwidth product for this spectral shape is calculated to be 0.45. We have
also calculated the autocorrelation deconvolution factor for this spectrum as 1.78. With
these parameters, the measured pulsewidth was 13-fs (Fig.8.2.2.2 (b)) and the pulses were
slightly chirped with a time-bandwidth product of 0.5. The average power of the pulses was
measured as 25 mW at the incident pump power of 120 mW. This corresponds to pulse
energy of 200 pJ for the 126 MHz cavity. The peak power of the pulses was as high as 15
kW. The corresponding optical-to-optical and electrical-to-optical conversion efficiencies

of the system were 21% and 7%, respectively.
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Figure 8.2.2.2 (a) Measured optical spectrum (b) interferometric autocorrelation of the generated pulses

8.2.3 Conclusion

In conclusion, we have employed a gain-matched output coupler to demonstrate robust
and efficient KLM operation of a diode-pumped, low-cost Cr:LiSAF laser with long-term
stability. An electrical-to-optical conversion efficiency of around 7% was attained, which is
around two orders of magnitude better than what is achievable with today’s commercial
Ti:Sapphire systems. We believe that, with future progress, low-cost, compact and efficient
KLM Cr:LiSAF lasers with GMOC technology have the potential to serve as attractive

laser sources for many scientific and technological applications.

8.3 Tapered Diode Pumped Mode-Locked Cr:LiSAF Laser

In this study, we applied the tapered diode pumping scheme to the mode-locked
Cr:LiSAF laser system described in the previous section to improve laser performance in

terms of peak power and pulse energy. First, we briefly describe the experimental setup.
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Then, we present the results obtained from the laser and finally we summarize our results

and finish the section with a general discussion.

8.3.1 Experimental Setup

Fig. 8.3.1.1shows the schematic of the tapered diode (TD) pumped Cr.LiSAF laser. The
TD and correction/focusing elements are the same as those we used in the TD pumped
continuous wave Alexandrite system. Similarly, an astigmatically compensated, x-folded
laser cavity was employed in the tapered diode pumped mode-locked Cr:LiSAF laser
experiment. The resonator had two curved pump mirrors (M1 and M2, R=75 mm), with a
reflectivity above 99.9% from 790 nm to 940 nm and a transmission above 98% from 625
nm to 685 nm to transmit the pump beams. Dispersion compensation was employed by
using double-chirped mirrors (HR1, HR2) and/or fused silica prism pairs. Two different
dispersive mirrors were available during the experiments with group delay dispersion of -
80+20 fs* (780-950 nm, HR1) and -40+20 fs* (750-920 nm, HR2) per bounce. A fused
silica prism pair separation of 45 cm was used for dispersion compensation. The gain
medium was the same we used in SMD pumped system and was mounted with indium foil
in a copper holder. The crystal absorbed about 93% of the incident TM polarized pump
light at 680 nm. The crystal holder temperature was controlled with circulating water from
a chiller. In this system, the low transmission of the GMOC mirror limited the obtainable
output pulse energies due to intracavity nonlinearities. Hence, a double bounce
configuration on the GMOC mirror was used to increase the total output coupling to 1.4 %

level, which enabled us to reach higher pulse energies from this system.
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Figure 8.3.1.1 Schematic of the tapered diode (TDL) pumped Kerr-lens mode-locked Cr:LiSAF lasers.

8.3.2 Results

Due to TD’s higher brightness and higher average powers, the TD pumped system
enabled us to investigate the power scalability of ultrashort pulse Cr:LiSAF laser. Figure
8.3.2.1 shows the measured variation of the Cr:LiSAF laser output power as a function of
the incident pump power. All the data were taken by using the GMOC. Data with the
square markers were taken near the center of the outer stability range, where the
continuous-wave (cw) laser power was optimized (CW optimum in Fig. 8.3.2.1). For this
case, the measured cw lasing threshold and laser slope efficiency were 160 mW and 34%,
respectively. The laser produced a total of 232 mW of cw output power around 850 nm
from its two outputs (116 mW from each), at an absorbed pump power of 875 mW. To
minimize thermal effects, the crystal holder temperature was kept at 15 °C during these

measurements.



Chapter 8: Further Studies on the Cr’"-Doped Lasers 113

250
g

200 - ¢ Optimum CW
s " ¢ =
3 W CW at KLM Position ¢ [
5 150 KLM . ’. |
£ 100 - ¢ gt
g +nm
(o}

50 * |

*nm
0 ¢+ B \ !
0 200 400 600 800 1000

Absorbed Power (mW)

Figure 8.3.2.1 Measured variation of the Cr:LiSAF laser output power as a function of the absorbed

pump power.

Lasing thresholds as low as 45 mW and slope efficiencies as high as 47% have been
reported earlier, in a TDL pumped cw Cr:LiSAF laser using a 0.5% output coupler [80].
The modest performance we have observed here is partly due to the use of dispersion
optimized broadband DCM pairs, which had higher passive losses than cw laser optimized
high reflectors. Moreover, the insertion loss of the fused silica prism pair might have
contributed to the observed decrease in the cw laser performance. Lastly, the effective
output coupling in our case was 1.5 % (two bounces on the GMOC), which is slightly
above the optimum output coupling value. For example, it is well-known that, increased
role of Auger transfer up-conversion process, increases the thermal effects and limits the
obtainable power levels at high output coupling [80]. One should note that, there is an
optimum output coupling value for fs Cr:LiSAF oscillators (that also depend on available
pump power levels). Use of an output coupling higher than the optimum, limits the
obtainable average power levels due to thermal effects. On the opposite side, if one uses
too low output coupling, the intracavity nonlinearities limit the obtainable peak power

levels.
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Data shown with the red square markers in Fig. 8.3.2.1 summarize the measured cw
performance at the KLM operation point. Note that obtained cw powers decrease only
slightly, from 232 mW to 220 mW, at the KLM position, indicating similarly good mode-
matching conditions. KLM operation could be initiated by slightly translating one of the
cavity mirrors. Once mode-locked, the laser stayed in the mode-locked regime for hours.

106 mW of mode-locked average power could be obtained from this system.

1 8

0.75

o

0.5

Intensity (a.u.)
Intensity (a.u.)
S~

0.25 -

N

0

o

AN
S
s}

700 750 800 850 900 950 1000 -50 0 50 100
Wavelength (nm) Time (fs)

(a) (b)

Figure 8.3.2.2 Measured (a) optical spectrum, (b) interferometric autocorrelation

Figure 8.3.2.2 summarizes the properties of the shortest pulses obtained from the TDL
pumped Cr:LiSAF laser. The optical spectrum extends from 740 nm to 950 nm and is
broad enough to support 12.5-fs pulses (calculated transform-limited pulsewidth). The
minimum achievable time bandwidth product and autocorrelation deconvolution factor for
this spectral shape is calculated to be 0.36 and 1.3, respectively. With these parameters, the
measured pulsewidth was 14.5-fs and the pulses were slightly chirped with a time-
bandwidth product of 0.42. The average power of the pulses was measured as 106 mW at
an absorbed pump power of 850 mW. This corresponds to a pulse energy of 940 pJ for the
113 MHz cavity. The peak power of the pulses was as high as 60 kW. These, we believe,
are the highest peak powers directly obtained from any diode pumped Cr:LiSAF oscillator

to date. The corresponding optical-to-optical conversion efficiency of the system was 11%.
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Figure 8.3.2.3 Typical spectra from the Cr:LiSAF laser showing tunability of central the wavelength from
807 nm to 919 nm (112 nm bandwidth), for sub-50-fs pulses

As we have mentioned earlier, broad tunability in the mode-locked regime is quite
important for applications such as multiphoton microscopy, time-resolved
photoluminescence, or pump—probe spectroscopy. In that respect, we have also investigated
tuning capability of our KLM Cr:LiSAF laser in the fs regime. Tuning of the central
wavelength of the optical spectra was achieved by using an adjustable slit after the fused
silica prism pair (Fig. 8.3.1.1). For each central wavelength, we have optimized the
dispersion of the cavity, for the generation of the shortest pulses. In that way, continuous
tuning of the center wavelength of the spectra from 807 nm to 919 nm was achieved.
Figure 8.3.2.3 shows typical spectra obtained in the tuning range. Femtosecond tuning
ranges of 835-910 nm [138] and 809-910nm [139] have been demonstrated from KLM
Cr:LiSAF lasers earlier. A broadband SBR has also been employed to obtain fs tuning in
the 800-905 nm range, from an SBR mode-locked Cr:LiSAF laser. The tuning range
obtained in this study slightly extends the earlier results into the infrared region [140]. We
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believe that, a dispersion optimized Cr:LiSAF cavity employing a GMOC, could

potentially extend the fs tuning range to above 1000 nm in future studies.

8.3.3 Conclusions and Summary

To summarize, we have developed a low cost and efficient Kerr-lens mode-locked
Cr:LiSAF laser systems by using a gain-matched output coupler. The laser is pumped by 1-
W tapered diode lasers around 680 nm. Use of the GMOC mirror enabled long-term stable
and robust KLM operation. Pulse-widths as low as 14.5-fs, peak powers as high as 60 kW
and optical-to-optical conversion efficiencies as high as 11%, and a fs tuning range
extending from 807 nm to 919 nm have been demonstrated. To our knowledge, these are
the highest peak powers as well as the broadest fs tuning range demonstrated from
Cr:LiSAF laser oscillators to date. We believe that, the obtained results clearly
demonstrates the usefulness of GMOC mirrors in reducing the requirements of Kerr lens
mode locking even in gain media with a low n, like Cr:LiSAF, resulting in significant
improvement in long-term stability as well as the efficiency of the laser. Demonstrated
pulsewidths and fs tuning ranges in this study were limited by the reflectivity and
dispersion bandwidth of the available optics. In future studies, KLM Cr:LiSAF lasers based
on GMOC technology have the potential to generate pulsewidths down to 7-fs, fs tuning

ranges covering the 800-1000 nm region, and peak powers exceeding 100 kW level.
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Chapter 9

CONCLUSIONS

In this thesis, we have developed energy efficient low-cost tunable solid-state laser
systems in different wavelength bands and operating regimes. Employing low-cost laser
diodes, the cost of the lasers is greatly reduced. Designing resonators that enable laser
operations with low threshold pump power, increase the efficiency of the lasers.

Determination of the optimum cavity parameters is hard and a bit challenging. To
overcome these difficulties we have developed a comprehensive computer program that
simplifies the design of the resonators in an efficient way.

Then, we apply these techniques, at first, to the Tm:YAG and Tm:LuAG lasers. In those
systems we used two low-cost single-mode laser diodes operating at 785 nm as pump
sources. In the experiments, continuous-wave and Q-switched mode-locking regimes are
examined. In the continuous wave experiments, the slope efficiencies are very close to the
theoretical limits. In particular, from Tm:YAG systems we have obtained 29 mW output
power with 22% slope efficiency. The limit for the slope efficiency of this system is 24%.
Also from this system as low as 25 mW lasing threshold was obtained. From Tm:LuAG
system, similarly, we have obtained 23 mW output power with 19% slope efficiency where
the limit of this system was 22%. Moreover, by inserting a birefringent tuning plate into the
systems a smooth tuning between 1935-2035 nm and 1945-2045 nm were obtained from
Tm:YAG and Tm:LuAG lasers, respectively. In the Q-switched mode-locking experiments
we inserted a transmissive SESAM into the cavities and obtained Q-switched mode-locked
pulses. The average powers of these systems are around 20 mW. The Q-switched mode-

locked pulses carry more than 250 pJ pulse energies at a 170 MHz repetition rate.
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Next, we characterize the self-pulsing properties of Cr:LiCAF lasers operating at 795
nm. In this experiment, we used one single-mode low-cost laser diodes operating at 660
nm. In this study, by carefully arranging curved mirror separations, we obtained Q-
switched pulses at kHz level repetition rates. In particular, we have obtained 4 microsecond
long pulses at a repetition rate 24 kHz. The average output power of the pulses was 40 mW
corresponding to 1.6 pJ pulse energy and 400 mW peak power. From that configuration, 10
nm spectral broadening centered around 790 nm was obtained. Furthermore, we estimate
the modulation depth of the self-pulsing mechanism 0.5%.

Moreover, Alexandrite laser was pumped with a recently developed high-brightness
tapered diode. The tapered diodes can provide up to 1 W output power around 680 nm.
From this system we have obtained 200 mW output powers near 755 nm. The intrinsic
slope efficiency of this system was 63% where the theoretical limit of this value was 65%.

In the last part of this thesis, we briefly described some of the further improvements of
Cr’" doped laser systems using the low-threshold and low-cost diode pump methods. In
those experiments, Alexandrite laser is pumped with low-cost single-mode diodes at 635
nm and its low-threshold and temperature dependent characterization are studied. In this
system, as low as 13 mW lasing threshold is obtained. By changing temperature from
room-temperature up to 200 °C, the laser tuning was obtained between 723-823 nm.
Furthermore, Kerr-lens mode-locked Cr:LiSAF lasers pumped by single-mode and tapered
diodes were investigated. From single-mode pumping system as short as 13 fs pulses with
200 pJ pulse energies were obtained. From tapered diode system, the pulse durations are
14.5 fs long and each pulse carries 940 pJ energy. By inserting an extra slit into the tapered
diode pumped Cr:LiSAF system, femtosecond tuning was obtained in the 807-919 nm
range.

All of these studies clearly demonstrate that the low-threshold cavity design technique

is very effective way of obtaining low-cost tunable solid-state lasers operating in the 700-
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2100 nm wavelength region. The lasers developed in these projects have a great potential to
integrate numerous applications in the biomedical, material processing, range finding and

spectroscopy fields.
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Appendix A: ERSEN’S ABCD

The software we developed in this thesis to estimate optimum laser configuration is

described in chapter 3. Here we will provide the MATLAB code of the program and simple

use of it by solving standard four mirror cavity example described in section 3.1.

The MATLAB code for this program as follows:
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function []=ersensabcd()

global Cavity;Cavity=[];

global Cavity2;Cavity2=[];

global numElements;numElements=0;
global numElements2;numElements2=0;
global scsize;scsize=get(0,'ScreenSize');
global names;names={};

global fm;fm=1;

global cm;cm=1;

global Xtal;Xtal=1;

global A; A=0.05;

global B; B=1;

global h;

h.fig=figure('Position',[scsize(3)*0.005 scsize(4)*0.05 scsize(3)*0.99
scsize(4)*0.915],'menubar’,'none’,'resize’,'off','Name','ersen''s abcd','numbertitle’,'off');
h.noBut=uicontrol('Style','text','Parent’,h.fig,'Units','Normalized','position',[0.005 0.825
0.24 0.175],'enable’,'off','BackgroundColor',get(h.fig,'color'));
h.buttonFlat=uicontrol('Parent',h.fig,'style’,'pushbutton’,'Units','Normalized','position',[0.0
05 0.825 0.05 0.05],'string','Flat Mirror');
h.buttonCurved=uicontrol('Parent',h.fig,'style','pushbutton’,'Units','Normalized','position’,[
0.06 0.825 0.05 0.05],'string','Curved Mirror');
h.buttonXtal=uicontrol('Parent’,h.fig,'style','pushbutton’,'Units','Normalized','position',[0.1
15 0.825 0.05 0.05],'string','Substrate','enable’,'off');
h.buttonRemove=uicontrol('Parent',h.fig,'style','pushbutton’,'Units','Normalized','position',
[0.17 0.825 0.05 0.05],'string','Remove Element','enable’,'off");
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22 - h.radioAstig=uicontrol('Parent’,h.fig,'style','checkbox’,'Units','Normalized','position',[0.003
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0.88 0.075
0.04],'string','Astigmatism’,'BackgroundColor',get(h.fig,'color'),'FontSize', 10, 'visible','off','e
nable','off");
h.drawButton=uicontrol('Parent’,h.fig,'style','pushbutton’,'Units','Normalized','Position',[0.
12 0.9 0.1 0.05],'string','Draw’,'enable’,'off');
h.wvTextBox=uicontrol('Parent’,h.fig,'style','text','Units','Normalized','position’,[0.003
0.935 0.075 0.026],'string','Wavelength
(nm):','HorizontalAlignment','center’,'FontSize',10,'BackgroundColor',get(h.fig,'color'));
h.wvText=uicontrol('Parent’,h.fig,'style','edit’,'Units','Normalized','position',[0.077 0.93
0.035 0.04],'FontSize',10);

h.cavityName=uicontrol('Parent',h.fig,'style’','text’,'Units','Normalized','position',[0.005 0.8
0.24 0.025],'string','Cavity
Sketch:','HorizontalAlignment','left','FontSize',10,'BackgroundColor',get(h.fig,'color'));
h.mirrorPanel=uipanel('Parent',h.fig,'Position',[0.005 0.005 0.24
0.77],'BorderWidth',0,'BackgroundColor',get(h.fig,'color'));
h.cavityScroll=uicontrol('Parent’,h.fig,'Style','slider','Units','normalized’,'Position',[0.23
0.005 0.015 0.765],'Value',1,'enable’,'off','visible','off");
h.drawLines=axes('Parent',h.fig,'Position',[0.005 0.005 0.24
0.77],'color',get(h.fig,'color'),'visible','off");

h.distanceName=uicontrol('Parent’,h.fig,'style','text’,'Units','Normalized','position',[0.247
0.980.3
0.02],'string','Distances:','HorizontalAlignment','left','FontSize',10,'BackgroundColor',get(h.f
ig,'color'));

h.sliderPanel=uipanel('Parent’,h.fig,'Units','Normalized','Position',[0.247 0.005 0.3
0.88],'BorderWidth',0,'BackgroundColor',get(h.fig,'color'));
h.distanceScroll=uicontrol('Parent',h.fig,'Style','slider’,'Units','normalized','Position',[0.547
0.005 0.015 0.925],'Value',1,'enable’,'off','visible','off");

h.stabilityRes=uicontrol('Parent’,h.fig,'style','text','Units','Normalized','position',[0.58 0.1
0.4 0.2],'BackgroundColor',get(h.fig,'color'));
h.drawPanel=axes('Parent’,h.fig,'Position',[0.58 0.5 0.4 0.45]);
h.drawPanel2=uipanel('Parent',h.fig,'Position',[0.58 0.005 0.4
0.45],'BorderWidth',0,'BackgroundColor',get(h.fig,'color'));

h.cursorButton=uicontrol('Parent’,h.fig,'style','toggle','Units','Normalized','Position',[0.61
0.4 0.1 0.05],'string','Cursor’,'enable’,'off');
h.zoomInButton=uicontrol('Parent’,h.fig,'style','toggle','Units','Normalized','Position',[0.73
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0.4 0.1 0.05],'string','Zoom In','enable’,'off');

h.zoomOutButton=uicontrol('Parent’,h.fig,'style','push’,'Units','Normalized','Position’,[0.85
0.4 0.1 0.05],'string','Zoom Out','enable’,'off');
set(h.cursorButton,'callback',{@dataCursor});

set(h.zoomInButton,'callback',{@zoomiIn});
set(h.zoomOQutButton,'callback',{@zoomOut});

h.signature=uicontrol('Parent',h.fig,'style','text','Units','Normalized','position',[0.58 0.005
0.4 0.025],'string','designed & powered by Ersen Beyatli & Alphan
Sennaroglu','BackgroundColor',get(h.fig,'color'));

set(h.buttonFlat,'callback’,{@addFlatDialog});
set(h.buttonCurved,'callback',{@addCurvedDialog});
set(h.buttonXtal,'callback',{@addXtalDialog});

set(h.buttonRemove,'callback',{@removeButton});

set(h.drawButton,'callback',{@draw});

function []=addFlatDialog(hObj,evData)
global numElements;

global scsize;

global fm;

global names;

if numElements==

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2 scsize(4)*0.1],'Name','Flat
Mirror Input');

h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.4 0.48
0.4],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.4],'string',['Fm' num2str(fm)]);
h2.buttonFlatOk=uicontrol('Parent',h2.dlg,'style','pushbutton’,'Units','Normalized','position
',[0.75 0.01 0.2 0.29],'string','Ok’);

set(h2.dlg,'KeyPressFcn' {@flatEnterOk,h2});
set(h2.buttonFlatOk,'callback’,{@flatOk,h2},'KeyPressFcn',{@flatEnterOk,h2});

else
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h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2 scsize(4)*0.1],'Name','Flat
Mirror Input');

h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.7 0.48
0.3],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.7
0.48 0.3],'string',['Fm' num2str(fm)]);
h2.textDistance=uicontrol('style’,'text’,'Units','Normalized','position',[0.01 0.4 0.48
0.3],'string',['Distance to ' names{end} ":'],'HorizontalAlignment’,'left');
h2.editDistance=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.3]);
h2.buttonFlatOk=uicontrol('Parent',h2.dlg,'style','pushbutton’,'Units','Normalized','position
',[0.75 0.01 0.2 0.29],'string','Ok’);

set(h2.dlg,'KeyPressFcn' {@flatEnterOk,h2});
set(h2.buttonFlatOk,'callback’,{@flatOk,h2},'KeyPressFcn',{@flatEnterOk,h2});

end

function []=flatEnterOk(hObj,evData,h2)
if strcmp(evData.Key,'return')
flatOk(hObj,evData,h2);

end

function []=addCurvedDialog(hObj,evData)
global numElements;

global scsize;

global cm;

global names;

if numElements==

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2
scsize(4)*0.1],'Name’','Curved Mirror Input');
h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.7 0.48
0.3],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.7
0.48 0.3],'string',['Cm' num2str(cm)]);
h2.textFocal=uicontrol('style’,'text','Units','Normalized','position',[0.01 0.4 0.48
0.3],'string','Focal Length of the Mirror:','HorizontalAlignment','left');
h2.editFocal=uicontrol('Parent',h2.dlg,'style’,'edit','Units','Normalized','position',[0.5 0.4
0.48 0.3]);
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h2.buttonCurvedOk=uicontrol('Parent’,h2.dlg,'style','pushbutton’,'Units','Normalized','posi
tion',[0.75 0.01 0.2 0.29],'string','Ok");

set(h2.dlg,'KeyPressFcn' {@curvedEnterOk,h2});
set(h2.buttonCurvedOk,'callback’,{@curvedOk,h2},'KeyPressFcn',{@curvedEnterOk,h2});
else

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2
scsize(4)*0.1333],'Name’,'Curved Mirror Input');
h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.8 0.48
0.2],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit’,'Units','Normalized','position’,[0.5 0.8
0.48 0.2],'string',['Cm' num2str(cm)]);
h2.textFocal=uicontrol('style’,'text','Units','Normalized','position’,[0.01 0.6 0.48
0.2],'string','Focal Length of the Mirror:','HorizontalAlignment','left');
h2.editFocal=uicontrol('Parent',h2.dlg,'style’,'edit','Units','Normalized','position',[0.5 0.6
0.48 0.2]);

h2.textDistance=uicontrol('style’,'text’,'Units','Normalized','position',[0.01 0.4 0.48
0.2],'string',['Distance to ' names{end} ":'],'HorizontalAlignment','left');
h2.editDistance=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.2]);
h2.buttonCurvedOk=uicontrol('Parent’,h2.dlg,'style','pushbutton’,'Units','Normalized','posi
tion',[0.75 0.01 0.2 0.29],'string','Ok");

set(h2.dlg,'KeyPressFcn',{@curvedEnterOk,h2});
set(h2.buttonCurvedOk,'callback’,{@curvedOk,h2},'KeyPressFcn',{@curvedEnterOk,h2});

end

function []=curvedEnterOk(hObj,evData,h2)
if strcmp(evData.Key,'return')
curvedOk(hObj,evData,h2);

end

function []=addXtalDialog(hObj,evData)

global scsize;
global Xtal;
global names;

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2
scsize(4)*0.1666],'Name’','Substrate Input');
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h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.85 0.48
0.15],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.85
0.48 0.15],'string',['Xtal' num2str(Xtal)]);
h2.textRefln=uicontrol('style’,'text’,'Units','Normalized','position',[0.01 0.7 0.48
0.15],'string','Refractive Index:','HorizontalAlignment','left');
h2.editRefln=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.7
0.48 0.15]);

h2.textLength=uicontrol('style','text','Units','Normalized','position',[0.01 0.55 0.48
0.15],'string','Length:','HorizontalAlignment','left');
h2.editLength=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.55
0.48 0.15]);

h2.textDistance=uicontrol('style’,'text’,'Units','Normalized','position',[0.01 0.4 0.48
0.15],'string',['Distance to ' names{end} ":'],'HorizontalAlignment’,'left');
h2.editDistance=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.15]);
h2.buttonXtalOk=uicontrol('Parent',h2.dlg,'style','pushbutton’,'Units','Normalized','position
',[0.75 0.01 0.2 0.29],'string','Ok’);

set(h2.dlg,'KeyPressFcn' {@xtalEnterOk,h2});
set(h2.buttonXtalOk,'callback',{@xtalOk,h2},'KeyPressFcn',{@xtalEnterOk,h2});

function []=xtalEnterOk(hObj,evData,h2)
if strcmp(evData.Key,'return')
xtalOk(hObj,evData,h2);

end

function []=flatOk(hObj,evData,h2)
global Cavity;

global Cavity2;

global numElements;
global numElements2;
global names;

global fm;

global Xtal;

global h;

global A;

global B;
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if numElements==
name=get(h2.editName,'string');
if ~isempty(name)
names{end+1}=name;
Cavity=flat();

Cavity2=flat();
numElements=numElements+1;
numElements2=numElements2+1;
set(h.buttonXtal,'enable’,'on');
set(h.buttonRemove,'enable’,'on');
fm=fm+1;
h.mirrorButton(numElements)=uicontrol('style','pushbutton’,'parent',h.mirrorPanel,'Units’,

'normalized’,'position',[A B-0.075 0.2 0.075],'string',names{end});
set(h.mirrorButton(numElements),'callback’,{@flatButtons,numElements});

if A==0.05

A=0.69;

else

A=0.05;

end

B=B-0.075;

delete(h2.dlg);

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');
set(h.stabilityRes,'string',");
set(h.drawButton,'enable’,'on');

else

errordlg('You should enter a name','error');

end

else

name=get(h2.editName,'string');

if ~isempty(name)
dist2prev=get(h2.editDistance,'string');

if ~isnan(str2double(dist2prev)) && ~isempty(str2double(dist2prev)) &&

str2double(dist2prev)>0
names{end+1}=name;
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dist2prev=str2double(dist2prev);

if Cavity2(2,end)~=1
set(h.lines(numElements-1),'visible','off");
end

Cavity=[Cavity dist(dist2prev) flat()];

Cavity2=[Cavity2 dist(dist2prev) flat()];
h.distMin(numElements)=uicontrol('style','edit','parent’,h.sliderPanel,'Units','normalized’,'
position',[0 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback’,{@sliderMinVal,numElements},'string',num2str(0.5*dist2prev));
h.distMax(numElements)=uicontrol('style','edit’,'parent',h.sliderPanel,'Units','normalized',’
position',[0.85 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback',{@sliderMaxVal,numElements},'string',num2str(1.5*dist2prev));
h.distVal(numElements)=uicontrol('style','edit','parent’,h.sliderPanel,'Units','normalized’,'p
osition',[0.65 B+0.0375-0.075*(Xtal-1)+0.087 0.15
0.04],'callback’,{@sliderVal,numElements,numElements2},'string',num2str(dist2prev));
h.distText(numElements)=uicontrol('style’,'text’,'parent’,h.sliderPanel,'Units','normalized',’
position',[0.15 B+0.0375-0.075*(Xtal-1)+0.09 0.5 0.03],'string',['Distance between '
names{end-1}'-'
names{end}],'HorizontalAlignment','Left','FontSize',10,'BackgroundColor’,get(h.fig,'color'));
h.distSlider(numElements)=uicontrol('style','slider','parent',h.sliderPanel,'Units','normalize
d','position’,[0.15 B-0.075*(Xtal-1)+0.1 0.7
0.025],'callback’,{@sliderCall,numElements,numElements2},'min',0.5*dist2prev,'max',1.5*
dist2prev,'val',dist2prev);

if A==0.69
h.lines(numElements)=plot(h.drawLines,[0.25,0.69],[B+0.0375,B-0.0375]);
else
h.lines(numElements)=plot(h.drawLines,[0.69,0.25],[B+0.0375,B-0.0375]);
end

hold(h.drawLines,'on');
set(h.drawlLines,'Xlim',[0,1],'Ylim',[0,1],'color',get(h.fig,'color'), visible','off");
numElements=numElements+1;

numElements2=numElements2+2;

fm=fm+1;
h.mirrorButton(numElements)=uicontrol('style','pushbutton’,'parent',h.mirrorPanel,'Units’,

'normalized’,'position',[A B-0.075 0.2 0.075],'string',names{end});
set(h.mirrorButton(numElements),'callback’,{@flatButtons,numElements});
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248
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if A==0.05
A=0.69;
else
A=0.05;
end
B=B-0.075;

if B<=0

uistack(h.noBut,'top');
uistack(h.buttonFlat,'top');
uistack(h.buttonCurved,'top');
uistack(h.buttonXtal,'top');
uistack(h.buttonRemove,'top');
uistack(h.radioAstig,'top');
uistack(h.drawButton,'top');
uistack(h.wvTextBox,'top');
uistack(h.wvText,'top");
uistack(h.cavityName,'top');

set(h.mirrorPanel,'Position’,[0.005 0.005 0.24 0.77]);
set(h.cavityScroll,'enable’,'on’,'visible','on');
pos=get(h.mirrorPanel,'Position');
set(h.cavityScroll,'callback',{@mirrorScroll,pos},'min',1-abs(B),'max',1,'val',1);

if B-0.075*(Xtal-1)+0.075<=0

set(h.distanceScroll,'enable’,'on’,'visible','on');
set(h.sliderPanel,'Position',[0.247 0.005 0.3 0.88]);
pos2=get(h.sliderPanel,'Position');
set(h.distanceScroll,'callback',{@sliderScroll,pos2},'min',1-abs(B),'max',1,'val',1);
end

end

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');
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set(h.stabilityRes,'string',");
set(h.drawButton,'enable’,'on');

delete(h2.dlg);

else

errordlg('You should enter a valid distance','error');
end

else

errordlg('You should enter a name','error');

end

end

function []=curvedOk(hObj,evData,h2)
global Cavity;

global Cavity2;

global numElements;
global numElements2;
global names;

global cm;

global Xtal;

global h;

global A;

global B;

if numElements==
name=get(h2.editName,'string');

if ~isempty(name)
fcm=get(h2.editFocal,'string');

if ~isnan(str2double(fcm)) && ~isempty(str2double(fcm)) && str2double(fcm)>0
names{end+1}=name;
fcm=str2double(fcm);
Cavity=lens(fcm);
Cavity2=lens(fcm);
numElements=numElements+1;
numElements2=numElements2+1;
set(h.buttonXtal,'enable’,'on');
set(h.buttonRemove,'enable’,'on');
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287 -

288 - cm=cm+1;

289 - h.mirrorButton(numElements)=uicontrol('parent’,h.mirrorPanel,'Units','normalized’,'positi
on',[A B-0.075 0.2 0.075],'string',names{end});

290 - set(h.mirrorButton(numElements),'callback’,{@curvedButtons,numElements,numElements

2});
291 - if A==0.05
292 - A=0.69;
293 - else
294 - A=0.05;
295 - end

296 - B=B-0.075;

297 - set(h.stabilityRes,'string',");

298 - cla(h.drawPanel,'reset');

299 - set(h.cursorButton,'value',0,'enable’,'off');dataCursor();

300 - set(h.zoomlInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
301 - set(h.zoomOutButton,'enable’,'off");

302 - set(h.drawButton,'enable’,'on');

303 - delete(h2.dlg);

304 - else

305 - errordlg('You should enter a valid focal length','error');
306 - end

307 - else

308 - errordlg('You should enter a name','error');

309 - end

310 - else

311 - name=get(h2.editName,'string');

312 - if ~isempty(name)

313 - fcm=get(h2.editFocal,'string');

314 - if ~isnan(str2double(fcm)) && ~isempty(str2double(fcm)) && str2double(fcm)>0

315 - dist2prev=get(h2.editDistance,'string');

316 - if ~isnan(str2double(dist2prev)) && ~isempty(str2double(dist2prev)) &&
str2double(dist2prev)>0

317 - if Cavity2(2,end)~=1

318 - set(h.lines(numElements-1),'visible','off');

319 - end

320 - names{end+1}=name;
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321 - fcm=str2double(fcm);

322
323
324
325

326

327

328

329

330
331
332
333
334
335
336
337
338
339
340
341
342

343

344

dist2prev=str2double(dist2prev);

Cavity=[Cavity dist(dist2prev) lens(fcm)];

Cavity2=[Cavity2 dist(dist2prev) lens(fcm)];
h.distMin(numElements)=uicontrol('style','edit','parent’,h.sliderPanel,'Units','normalized’,'
position',[0 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback’,{@sliderMinVal,numElements},'string',num2str(0.5*dist2prev));
h.distMax(numElements)=uicontrol('style','edit’,'parent',h.sliderPanel,'Units','normalized',’
position',[0.85 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback',{@sliderMaxVal,numElements},'string',num2str(1.5*dist2prev));
h.distVal(numElements)=uicontrol('style','edit','parent’,h.sliderPanel,'Units','normalized’,'p
osition',[0.65 B+0.0375-0.075*(Xtal-1)+0.087 0.15
0.04],'callback',{@sliderVal,numElements,numElements2},'string',num2str(dist2prev));
h.distText(numElements)=uicontrol('style’,'text’,'parent’,h.sliderPanel,'Units','normalized',’
position',[0.15 B+0.0375-0.075*(Xtal-1)+0.09 0.5 0.03],'string’,['Distance between '
names{end-1}'-'
names{end}],'HorizontalAlignment','Left','FontSize',10,'BackgroundColor’,get(h.fig,'color'));
h.distSlider(numElements)=uicontrol('style','slider','parent',h.sliderPanel,'Units','normalize
d','position’,[0.15 B-0.075*(Xtal-1)+0.1 0.7
0.025],'callback’,{@sliderCall,numElements,numElements2},'min',0.5*dist2prev,'max',1.5*
dist2prev,'val',dist2prev);

if A==0.69
h.lines(numElements)=plot(h.drawlLines,[0.25,0.69],[B+0.0375,B-0.0375]);
else
h.lines(numElements)=plot(h.drawLines,[0.69,0.25],[B+0.0375,B-0.0375]);
end

hold(h.drawLines,'on');
set(h.drawlLines,'Xlim',[0,1],'Ylim',[0,1],'color',get(h.fig,'color"), visible','off");
numElements=numElements+1;

numElements2=numElements2+2;

cm=cm+1;
h.mirrorButton(numElements)=uicontrol('parent',h.mirrorPanel,'Units','normalized’,'positi
on',[A B-0.075 0.2 0.075],'string',names{end});
set(h.mirrorButton(numElements),'callback’,{@curvedButtons,numElements,numElements

2});
if A==0.05
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A=0.69;
else
A=0.05;
end
B=B-0.075;

if B<=0

uistack(h.noBut,'top');
uistack(h.buttonFlat,'top');
uistack(h.buttonCurved,'top');
uistack(h.buttonXtal,'top');
uistack(h.buttonRemove,'top');
uistack(h.radioAstig,'top');
uistack(h.drawButton,'top');
uistack(h.wvTextBox,'top');
uistack(h.wvText,'top");
uistack(h.cavityName,'top');

set(h.mirrorPanel,'Position’,[0.005 0.005 0.24 0.77]);
set(h.cavityScroll,'enable’,'on’,'visible','on');
pos=get(h.mirrorPanel,'Position');
set(h.cavityScroll,'callback',{@mirrorScroll,pos},'min',1-abs(B),'max',1,'val',1);

if B-0.075*(Xtal-1)+0.075<=0

set(h.sliderPanel,'Position',[0.247 0.005 0.3 0.88]);
set(h.distanceScroll,'enable’,'on’,'visible','on');
pos2=get(h.sliderPanel,'Position');
set(h.distanceScroll,'callback',{@sliderScroll,pos2},'min',1-abs(B),'max',1,'val',1);
end

end

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');

set(h.stabilityRes,'string',");

set(h.drawButton,'enable’,'on');
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delete(h2.dlg);

else

errordlg('You should enter a valid distance','error');
end

else

errordlg('You should enter a valid focal length','error');
end

else

errordlg('You should enter a name','error');

end

end

function []=xtalOk(hObj,evData,h2)
global Cavity;

global Cavity2;

global numElements;

global numElements2;

global names;

global Xtal;

global h;

global B;

name=get(h2.editName,'string');
if ~isempty(name)
leng=get(h2.editLength,'string');

if ~isnan(str2double(leng)) && ~isempty(str2double(leng)) && str2double(leng)>0

refln=get(h2.editRefln,'string');

if ~isnan(str2double(refin)) && ~isempty(str2double(refin)) && str2double(refln)>1

dist2prev=get(h2.editDistance,'string');

if ~isnan(str2double(dist2prev)) && ~isempty(str2double(dist2prev)) &&

str2double(dist2prev)>0
names{end+1}=name;

leng=str2double(leng);
refIn=str2double(refln);
dist2prev=str2double(dist2prev);
Cavity=[Cavity dist(dist2prev) xtal(leng,refln)];
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- Cavity2=[Cavity2 dist(dist2prev) xtal2(leng,refln)];

- h.distMin(numElements)=uicontrol('style','edit','parent’,h.sliderPanel,'Units','normalized’,’
position',[0 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback’,{@sliderMinVal,numElements},'string',num2str(0.5*dist2prev));

- h.distMax(numElements)=uicontrol('style’,'edit','parent’,h.sliderPanel,'Units','normalized','
position',[0.85 B-0.075*(Xtal-1)+0.1 0.15
0.04],'callback’,{@sliderMaxVal,numElements},'string',num2str(1.5*dist2prev));

- h.distVal(numElements)=uicontrol('style','edit’,'parent’,h.sliderPanel,'Units','normalized’,'p
osition',[0.65 B+0.0375-0.075*(Xtal-1)+0.087 0.15
0.04],'callback',{@sliderVal,numElements,numElements2},'string',num2str(dist2prev));

- h.distText(numElements)=uicontrol('style','text','parent’,h.sliderPanel,'Units','normalized','
position',[0.15 B+0.0375-0.075*(Xtal-1)+0.09 0.5 0.03],'string’,['Distance between '
names{end-1}'-'
names{end}],'HorizontalAlignment','Left’,'FontSize',10,'BackgroundColor',get(h.fig,'color'));

- h.distSlider(numElements)=uicontrol('style’,'slider','parent’,h.sliderPanel,'Units','normalize
d','position’,[0.15 B-0.075*(Xtal-1)+0.1 0.7
0.025],'callback’,{@sliderCall,numElements,numElements2},'min',0.5*dist2prev,'max',1.5*
dist2prev,'val',dist2prev);

- numElements=numElements+1;

- numElements2=numElements2+4;

- if B-0.075*(Xtal-1)+0.075<=0

- set(h.sliderPanel,'Position’,[0.247 0.005 0.3 0.88]);

- set(h.distanceScroll,'enable’,'on','visible','on");

- pos2=get(h.sliderPanel,'Position');

- set(h.distanceScroll,'callback’,{@sliderScroll,pos2},'min',1-abs(B),'max',1,'val',1);

- end

- Xtal=Xtal+1;

- addXtalButtons();

- cla(h.drawPanel,'reset');

- set(h.cursorButton,'value’,0,'enable’,'off');dataCursor();
- set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off");
- set(h.zoomOutButton,'enable’,'off');

- set(h.stabilityRes,'string',");

- set(h.drawButton,'enable’,'on');

- delete(h2.dlg);

- else

- errordlg('You should enter a valid distance','error');
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end
else

errordlg('You should enter a valid refractive index (should be greater than 1)','error');

end
else

errordlg('You should enter a valid substrate length','error');

end
else

errordlg('You should enter a name','error');

end

function []=addXtalButtons(hObj,evData)

global h;

global A;

global B;

global Cavity2;

global numElements;
global numElements2;
global names;

index=numElements2;
counter=0;

while Cavity2(2,2*index)~=1
counter=counter+1;
index=index-4;

end

Axtal=(0.44-counter*0.1)/(counter+1);
if A==0.69

Ax=0.69-Axtal-0.1;

elseif A==0.05

Ax=0.25+Axtal;

end

Bxtal=0.075/(counter+1);
Bx=B-(counter)*Bxtal;
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h.mirrorButton(numElements)=uicontrol('parent',h.mirrorPanel,'Units','normalized’,'positi
on',[Ax Bx 0.1 0.075],'string',names{end});
set(h.mirrorButton(numElements),'callback’,{@xtalButtons,numElements,numElements2});

if A==0.69
h.lines(numElements-1)=plot(h.drawLines,[0.25,Ax+0.05],[B+0.0375,Bx+0.0375]);
else
h.lines(numElements-1)=plot(h.drawLines,[0.69,Ax+0.05],[B+0.0375,Bx+0.0375]);
end

hold(h.drawLines,'on');
set(h.drawlLines,'Xlim',[0,1],'Ylim',[0,1],'color',get(h.fig,'color'),'visible','off');

for ii=1:counter-1

if A==0.69

Ax=0.69-(ii+1)*Axtal-(ii+1)*0.1;

elseif A==0.05

Ax=0.25+(ii+1)*Axtal+ii*0.1;

end

Bx=B-(counter-ii)*Bxtal;
set(h.mirrorButton(numElements-ii),'position',[Ax Bx 0.1 0.075]);
set(h.lines(numElements-ii-1),'visible','off');

end

function []=sliderCall(hObj,evData,index,index2)

global h;
global Cavity;
global Cavity2;

distValue=get(h.distSlider(index),'value');
set(h.distVal(index),'string',num2str(distValue));
Cavity(1,4*index)=distValue;
Cavity2(1,2*index2+2)=distValue;

if strcmp(get(h.drawButton,'enable'),'off')==1
draw();

end
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function []=sliderMinVal(hObj,evData,index)

global h;

distMin=get(h.distMin(index),'string');
distMin=str2double(distMin);

distVal=get(h.distVal(index),'string');
distVal=str2double(distVal);

if distMin<distVal
set(h.distSlider(index),'min’',distMin);

else

set(h.distSlider(index),'min',0.9*distVal);
set(h.distMin(index),'string',num2str(0.9*distVal));
end

function []=sliderMaxVal(hObj,evData,index)

global h;

distMax=get(h.distMax(index),'string');
distMax=str2double(distMax);

distVal=get(h.distVal(index),'string');
distVal=str2double(distVal);

if distMax>distVal
set(h.distSlider(index),'max’,distMax);

else

set(h.distSlider(index),'max’,1.1*distVal);
set(h.distMax(index),'string',num2str(1.1*distVal));
end

function []=sliderVal(hObj,evData,index,index2)
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global h;
global Cavity;
global Cavity2;

distValue=get(h.distVal(index),'string');
distValue=str2double(distValue);

minValue=get(h.distSlider(index),'min');
maxValue=get(h.distSlider(index),'max');

if distValue<minValue
set(h.distVal(index),'string',num2str(minValue));
elseif distValue>maxValue
set(h.distVal(index),'string',num2str(maxValue));
end

distValue=get(h.distVal(index),'string');
distValue=str2double(distValue);
set(h.distSlider(index),'val',distValue);
Cavity(1,4*index)=distValue;
Cavity2(1,2*index2+2)=distValue;

if strcmp(get(h.drawButton,'enable'),'off')==1
draw();
end

function []=flatButtons(hObj,evData,index)

global names;

global scsize;

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2 scsize(4)*0.1],'Name','Flat
Mirror Input');

h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.4 0.48
0.4],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.4],'string',names{index});
h2.buttonFlatOk=uicontrol('Parent',h2.dlg,'style','pushbutton’,'Units','Normalized','position
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',[0.75 0.01 0.2 0.29],'string','Ok’);
set(h2.dlg,'KeyPressFcn',{@flatButtonsEnterOk,h2,index});

set(h2.buttonFlatOk,'callback’,{@flatButtonsOk,h2,index},'KeyPressFcn',{@flatButtonsEnte
rOk,h2,index});

function []=flatButtonsEnterOk(hObj,evData,h2,index)
if strcmp(evData.Key,'return')
flatButtonsOk(hObj,evData,h2,index);

end

function []=curvedButtons(hObj,evData,index,index2)

global names;

global scsize;

global Cavity;

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2
scsize(4)*0.1],'Name’','Curved Mirror Input');
h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.7 0.48
0.3],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.7
0.48 0.3],'string',names{index});

fcm=-1/Cavity(2,4*index-3);
h2.textFocal=uicontrol('style’,'text','Units','Normalized','position',[0.01 0.4 0.48
0.3],'string','Focal Length of the Mirror:','HorizontalAlignment','left');
h2.editFocal=uicontrol('Parent',h2.dlg,'style’,'edit','Units','Normalized','position',[0.5 0.4
0.48 0.3],'string',num2str(fcm));
h2.buttonCurvedOk=uicontrol('Parent’,h2.dlg,'style','pushbutton’,'Units','Normalized','posi
tion',[0.75 0.01 0.2 0.29],'string','Ok");
set(h2.dlg,'KeyPressFcn',{@curvedButtonsEnterOk,h2,index,index2});
set(h2.buttonCurvedOk,'callback’,{@curvedButtonsOk,h2,index,index2},'KeyPressFcn',{@c
urvedButtonsEnterOk,h2,index,index2});

function []=curvedButtonsEnterOk(hObj,evData,h2,index,index2)
if strcmp(evData.Key,'return')
curvedButtonsOk(hObj,evData,h2,index,index2);

end

function []=xtalButtons(hObj,evData,index,index2)
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global names;

global scsize;

global Cavity2;

h2.dlg=dialog('Position',[scsize(3)*0.4 scsize(4)*0.4 scsize(3)*0.2
scsize(4)*0.1],'Name’','Substrate Input');
h2.textName=uicontrol('style','text','Units','Normalized','position',[0.01 0.8 0.48
0.2],'string','Name of the mirror:','HorizontalAlignment','left');
h2.editName=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.8
0.48 0.2],'string',names{index});

refIn=Cavity2(2,2*index2);
h2.textRefln=uicontrol('style’,'text’,'Units','Normalized','position',[0.01 0.6 0.48
0.2],'string','Refractive Index:','HorizontalAlignment','left');
h2.editRefln=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.6
0.48 0.2],'string',num2str(refin));

leng=Cavity2(1,2*index2-2);
h2.textLength=uicontrol('style','text','Units','Normalized','position',[0.01 0.4 0.48
0.2],'string','Length:','HorizontalAlignment','left');
h2.editLength=uicontrol('Parent',h2.dlg,'style','edit','Units','Normalized','position',[0.5 0.4
0.48 0.2],'string',num2str(leng));
h2.buttonXtalOk=uicontrol('Parent',h2.dlg,'style','pushbutton’,'Units','Normalized','position
',[0.75 0.01 0.2 0.29],'string','Ok’);
set(h2.dlg,'KeyPressFcn',{@xtalButtonsEnterOk,h2,index,index2});
set(h2.buttonXtalOk,'callback',{@xtalButtonsOk,h2,index,index2},'KeyPressFcn',{@xtalButt
onsEnterOk,h2,index,index2});

function []=xtalButtonsEnterOk(hObj,evData,h2,index,index2)
if strcmp(evData.Key,'return')
xtalButtonsOk(hObj,evData,h2,index,index2);

end

function []=flatButtonsOk(hObj,evData,h2,index)

global names;

global h;

global numElements;

if ~isempty(get(h2.editName,'string'))
names{index}=get(h2.editName,'string');
set(h.mirrorButton(index),'string',get(h2.editName,'string'));
if index==1
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if numElements~=1

set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
end

elseif index==length(names)

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
else

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
end

set(h.drawButton,'enable’,'on');

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value’,0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');

set(h.stabilityRes,'string',");

delete(h2.dlg);

else

errordlg('You should enter a name','error');
end

function []=curvedButtonsOk(hObj,evData,h2,index,index2)

global names;

global h;

global numElements;

global Cavity;

global Cavity2;

if ~isempty(get(h2.editName,'string'))

fcm=get(h2.editFocal,'string');

if ~isnan(str2double(fcm)) && ~isempty(str2double(fcm)) && str2double(fcm)>0
names{index}=get(h2.editName,'string');
set(h.mirrorButton(index),'string',get(h2.editName,'string'));

if index==1

if numElements~=1

set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
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end

elseif index==length(names)

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
else

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
end

fcm=str2double(fcm);
Cavity(2,4*index-3)=-1/fcm;
Cavity2(2,2*index2-1)=-1/fcm;

set(h.drawButton,'enable’,'on');

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');

set(h.stabilityRes,'string',");

delete(h2.dlg);

else

errordlg('You should enter a valid focal length','error');
end

else

errordlg('You should enter a name','error');

end

function []=xtalButtonsOk(hObj,evData,h2,index,index2)

global names;

global h;

global Cavity;

global Cavity2;

if ~isempty(get(h2.editName,'string'))

leng=get(h2.editLength,'string');

if ~isnan(str2double(leng)) && ~isempty(str2double(leng)) && str2double(leng)>0
refln=get(h2.editRefln,'string');
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if ~isnan(str2double(refin)) && ~isempty(str2double(refin)) && str2double(refln)>1
names{index}=get(h2.editName,'string');
set(h.mirrorButton(index),'string',get(h2.editName,'string'));

if index==1

set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
elseif index==length(names)

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
else

set(h.distText(index-1),'string',['Distance between ' names{index-1} '-' names{index}]);
set(h.distText(index),'string',['Distance between ' names{index} '-' names{index+1}]);
end

refln=str2double(refln);

leng=str2double(leng);
Cavity(1,4*index-2)=leng/refln;
Cavity2(:,2*index2-5:2*index2)=xtal2(leng,refln);

set(h.drawButton,'enable’,'on');

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');

set(h.stabilityRes,'string',");

delete(h2.dlg);

else

errordlg('You should enter a valid refractive index greater than 1','error');
end

else

errordlg('You should enter a valid crystal length','error');

end

else

errordlg('You should enter a name','error');

end
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function []=removeButton(hObj,evData)

global h;

global A;

global B;

global numElements;
global numElements2;
global Cavity;

global Cavity2;
global fm;

global cm;

global Xtal;

global names;

names{numElements}=";

if numElements==1

fm=1;

cm=1;

Cavity=[];

Cavity2=[];
delete(h.mirrorButton(numElements));
numElements=0;
numElements2=0;

A=0.05;

B=1;
set(h.buttonXtal,'enable’,'off");
set(h.buttonRemove,'enable’,'off');
set(h.drawButton,'enable’,'off');
else

if Cavity(1,end)~=0
delete(h.mirrorButton(numElements));
Cavity=Cavity(:,1:end-4);
Cavity2=Cavity2(:,1:end-8);
numElements=numElements-1;
numElements2=numElements2-4;

index=numElements2;
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counter=0;

while Cavity2(2,2*index)~=1
counter=counter+1;
index=index-4;

end

Axtal=(0.44-counter*0.1)/(counter+1);
if A==0.69

Ax=0.69-Axtal-0.1;

elseif A==0.05

Ax=0.25+Axtal;

end

Bxtal=0.075/(counter+1);
forii=1:counter

if A==0.69
Ax=0.69-(ii)*Axtal-(ii)*0.1;
elseif A==0.05
Ax=0.25+(ii)*Axtal+(ii-1)*0.1;
end

Bx=B-(counter-ii+1)*Bxtal;
set(h.mirrorButton(numElements-ii+1),'position’,[Ax Bx 0.1 0.075]);
end

Xtal=Xtal-1;

else

if A==0.05

A=0.69;

else

A=0.05;

end

B=B+0.075;
delete(h.mirrorButton(numElements));
numElements=numElements-1;
numElements2=numElements2-2;

if Cavity(2,end-1)<0

cm=cm-1;

else
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fm=fm-1;

end
Cavity=Cavity(:,1:end-4);
Cavity2=Cavity2(:,1:end-4);
end

delete(h.distMin(numElements));
delete(h.distMax(numElements));
delete(h.distVal(numElements));
delete(h.distText(numElements));
delete(h.distSlider(numElements));
delete(h.lines(numElements));

if numElements>1
set(h.lines(hnumElements-1),'visible','on');
end

cla(h.drawPanel,'reset');
set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');

set(h.stabilityRes,'string',");

set(h.drawButton,'enable’,'on');

set(h.sliderPanel,'Position',[0.247 0.005 0.3 0.88]);
set(h.mirrorPanel,'Position’,[0.005 0.005 0.24 0.77]);
set(h.cavityScroll,'min',1-abs(B),'max',1,'val',1);
set(h.distanceScroll,'min',0,'max’,1,'val',1);
set(h.drawlLines,'Ylim',[0 1]);

if B-0.075*(Xtal-1)+0.075>0
set(h.distanceScroll,'enable’,'off','visible','off');
end

if B>0
set(h.cavityScroll,'enable’,'off','visible','off');
end
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end

function []=mirrorScroll(hObj,evData,pos)

global h;

slidervalue=get(h.cavityScroll,'Value');
set(h.mirrorPanel,'Position’,[pos(1) pos(2)-slidervalue+1 pos(3) pos(4)]);
set(h.drawlLines,'Ylim',[slidervalue-1 slidervalue]);

function []=sliderScroll(hObj,evData,pos)

global h;

slidervalue=get(h.distanceScroll,'Value');
set(h.sliderPanel,'Position',[pos(1) pos(2)-slidervalue+1 pos(3) pos(4)]);

function []=dataCursor(hObj,evData)
global h;

if get(h.cursorButton,'value')==0
datacursormode off;
set(h.drawlLines,'HitTest','off')
else

datacursormode on;
set(h.drawLines,'HitTest','off')
end

function []=zoomIn(hObj,evData)

global h;

X=zoom;
setAllowAxesZoom(x,h.drawLines,false);
if get(h.zoomInButton,'value')==0
zoom(h.drawPanel,'off');

else

zoom(h.drawPanel,'on');

end

function []=zoomOut(hObj,evData)
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global h;

X=zoom;
setAllowAxesZoom(x,h.drawLines,false);
if get(h.zoomInButton,'value')==0
zoom(h.drawPanel,'off');

else

zoom(h.drawPanel,'out');

end

function []=draw(hObj,evData)
global h;

global Cavity;

global Cavity2;

lambda=get(h.wvText,'string');

if ~isnan(str2double(lambda)) && ~isempty(str2double(lambda)) &&
str2double(lambda)>0
lambda=str2double(lambda);

lambda=lambda*107-9;

totaldist=0;

distMatrix=[];

mirrorMatrix=[];

for ii=1:length(Cavity2)/2

if Cavity2(1,2%*ii)~=0

totaldist=totaldist+Cavity2(1,2*ii);

distMatrix=[distMatrix [Cavity2(1,2*ii-1) Cavity2(1,2*ii); Cavity2(2,2*ii-1) Cavity2(2,2*ii)]];
else

mirrorMatrix=[mirrorMatrix [Cavity2(1,2*ii-1) Cavity2(1,2*ii); Cavity2(2,2*ii-1)
Cavity2(2,2*ii)]];

end

end

Mt=[1,0;0,1];

for ii=1:length(Cavity)/2

M=[Cavity(1,2*ii-1) Cavity(1,2*ii); Cavity(2,2*ii-1) Cavity(2,2*ii)];

Mt=Mt*M;

end
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for ii=length(Cavity)/2-1:-1:2

M=[Cavity(1,2*ii-1) Cavity(1,2*ii); Cavity(2,2*ii-1) Cavity(2,2*ii)];
Mt=Mt*M;

end

stability=(abs((Mt(1,1)+Mt(2,2))/2)<=1);

if stability==

set(h.stabilityRes,'string','the system is NOT
stable','BackgroundColor',get(h.fig,'color'),'FontSize',15);
cla(h.drawPanel,'reset');

set(h.cursorButton,'value',0,'enable’,'off');dataCursor();
set(h.zoomInButton,'value',0,'enable’,'off');zoom(h.drawPanel,'off');
set(h.zoomOQutButton,'enable’,'off');
set(h.drawButton,'enable’,'off');

else

set(h.stabilityRes,'string','the system is
stable','BackgroundColor',get(h.fig,'color'),'FontSize',15);
set(h.cursorButton,'enable’,'on');

set(h.zoomInButton,'enable’,'on');

set(h.zoomOQutButton,'enable’,'on');

set(h.drawButton,'enable’,'off');

resol=0.00001;

n=1;
g=1/((Mt(2,2)-Mt(1,1))/(2*Mt(1,2))-1i*sqrt(1-((Mt(1,1)+Mt(2,2))/2)*2)/abs(Mt(1,2)));
20=-1/imag(1/q);

distance=0:resol:totaldist;

wOnew=zeros(1,length(distance));

counter=1;

counterMatrix=[];

wOnew(counter)=sqrt(z0*lambda/pi);

for ii=1:length(distMatrix)/2

M=[mirrorMatrix(1,2*ii-1) mirrorMatrix(1,2*ii);mirrorMatrix(2,2*ii-1) mirrorMatrix(2,2*ii)];
if M(2,2)~=1

n=n/M(2,2);

counterMatrix=[counterMatrix counter];

end

a=(M(1,1)*q+M(1,2))/(M(2,1)*q+M(2,2));
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for jj=1:distMatrix(1,2*ii)/resol

M=dist(resol);
a=(M(1,1)*q+M(1,2))/(M(2,1)*q+M(2,2));
20=-1/imag(1/q);

counter=counter+1;
wOnew(counter)=sqrt(z0*lambda/pi/n);

end

end

plot(h.drawPanel,distance,wOnew);
axis(h.drawPanel,[0 max(distance) 0 max(wOnew)]);
grid on;

end

else

errordlg('You should enter a valid wavelength','error');
set(h.drawButton,'enable’,'on');

end

function res=dist(d)
res=[1d;01];

function res=flat()
res=[10; 0 1];

function res=lens(f)
res=[10; -1/f1];

function res=xtal(d,n)
res=[1d/n; 0 1];

function res=xtal2(d,n)
M1=[10; 0 n];
M2=[1d; 01];
M3=[10;0 1/n];
res=[M3 M2 M1];
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After running this program, Figure A1 appears in the window. To construct the four

mirror cavity fallow the steps described below.

Beoehs RS eS——————— e el
Il Distances:
Wavelength (nm): 1
09
: o
FlatMiror | (Curved Mimor| | Subsirate | | Remove Ele

Cavity Sketch: 07

designed & powered by Ersen Beyath & Alphan Sennarodlu

Figure Al: Empty screen of ersen’s abcd program

1-) Enter the wavelength of the laser in nanometers to the text box next to the
‘Wavelength (nm):” field. (2015 nm)

2-) Press Flat Mirror button to place the output coupler. A dialog box appears (Fig. A2)
in the window that asks the name of the mirror. Write OC and press Ok button. This action

places a button under the ‘Cavity Sketch’ field with a name OC

u Flat Mirror lnpuf‘é‘ﬂlg

Name of the mirror:

Figure A2: The dialog box appears after pressing the Flat Mirror button
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3-) Press Curved Mirror button to place the first curved mirror. A dialog box appears
(Fig. A3) in the window that asks the name of the mirror, the focal length and the distance
to the previous element i.e. OC. Fill the text boxes as in Fig. A3 then press ok. After that, a
sliderbar appears under the ‘Distances:’ field. Changing this bar changes the distances
between Cm1 and OC. There is also three text box appears around the bar. The left one
represents the minimum value of the bar, the right one show the maximum value and the
upper one shows the current value of the bar. One can change these numbers by changing
these fields and the bar updated itself accordingly. Moreover, another button appears in the
‘Cavity Skecth:’ field named Cm1 and a line between Cm1 and OC buttons that illustrates

the path between these mirrors.

r Curved Mirror Input e o '&‘
Name of the mirror: cm1
Focal Length of the Mirror: 0.025
Distance to OC: 0.37

. V)

Figure A3: The dialog box appears after pressing the Curved Mirror button

4-) Press Substrate button to place the crystal. Another dialog box appears (Fig. A4) in
the window that asks the name of the crystal, the refractive index, the length of the crystal
and the distance to the previous element. Fill the text boxes as in Fig. A4 then press ok.
This action places a button in the cavity sketch field for the crystal and a connection to
Cml. Moreover, a sliderbar and three different text boxes appear in the ‘Distances’ fields.

5-) Repeat the step 3 to place second curved mirror. Instead of writing Cm1, write Cm2
for the name of the mirror. Moreover, in this case let the distance to the crystal become

0.03 meter.
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6-) Repeat the step 2 to place high reflector to the cavity. Let the initial distance to the
previous element become 0.37 meter. At this point the window will become as in Figure

AS.

Figure AS5: The window appearance after placing each element
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7-) Press the Draw button, initially a sentence appears under the graph area ‘The system
is NOT stable’.

8-) Change the distance sliderbar values of ‘Cm1-TmYAG’ and ‘TmYAG-Cm2’ to
0.026 meter. Then a graph appears in the window that shows the spotsizes along the cavity

(Fig. A6).

" Distances:
x10*

Wavelength (nm): 2015 Distance between OC-Cm1 037 GIREN
or o18s || | | osss 9 ]
Distance between Cm1-TmYAG 0.0261 8
Flat Mirror (curved Mirror| | Substrate | |Remove Ele: 0015 | [l I
7
Cavity Sketch: Distance between TmYAG-Cm2 0.0261
6

0.045

0015 | |

0185 | ] y| osss l
cmt
l

=

|

°
H
- N w s oo

the system is stable

designed & powered by Ersen Beyati & Alphan Sennarogiu

Figure A6: Final window for the 4-mirror Tm:YAG laser cavity

Additional Features:

- To see exact values of the spotsize at the specific locations press Cursor Button

- To zoom in (out) the graph press Zoom In (Zoom Out) button

- To change the properties of the elements press the corresponding buttons. In the
opening dialog boxes change the properties accordingly

- To remove an element from the cavity press Remove Element button.
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- If you make syntax error while entering the element properties such as writing a
letter in the distance fields an error dialog box appears just after pressing Ok button

and wants you to enter the value correctly.
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