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Abstract

Recent studies show that scar-free surgery is possible with picosecond
laser pulses tuned to the strong absorption band of water in the Mid-IR. A
way to generate these pulses is with an optical parametric amplifier (OPA)
pumped by a picosecond infrared laser (PIRL). The PIRL that was used in
the first studies was a rather expensive and high-maintenance design with
a limited output power of 1.7 W. It consisted of a mode-locked oscillator
with an attached regenerative amplifier. Within this work, a simple, com-
pact and robust master oscillator power amplifier (MOPA) design is devel-
oped and tested for its viability as a next generation PIRL (NextGenPIRL).
The design consists of a Q-switched Nd:YAG/Cr**:YAG based microchip
laser and a two-pass Nd: YAG based crystal-fiber amplifier. Via simulations
of the microchip design with a numerical model and a subsequent exper-
imental investigation, multi-longitudinal mode behavior is identified to be
responsible for a substantial deterioration of the stability of the microchip
laser. Several methods to enforce single mode lasing are given and experi-
mentally verified. The final stability-optimized Q-switched microchip laser
runs in a single longitudinal mode at pulse repetition frequencies (PRF) of
up to 5 kHz with a standard deviation of only 0.74% from the average pulse
energy of 17.4uJ. The pulse duration is as short as 226 ps. Together with
the amplifier an output power of up to 8.2W is achieved with an excep-
tional beam quality factor of 1.24. An analysis of the amplifier utilizing the
Franz-Nodvik model shows that the output power is so far only limited by
the available pump power. The presented MOPA laser system proofs to be
a viable design for the NextGenPIRL, with the potential for being highly
scalable.



Kurzzusammenfassung

Aktuelle Studien zeigen, dass bei Inzisionen in Gewebe unter Verwen-
dung von Pikosekunden Laser Pulsen im mitteninfraroten Wellenldngen-
bereich eine narbenfreie Chirurgie moglich ist. Diese Laserpulse kdnnen
durch einen parametrischen Verstirker (Optical Parametric Amplifier - OPA),
der durch einen Pikosekunden-Infrarot-Laser (PIRL) gepumpt wird, erzeugt
werden. Bei dem fiir die Studien verwendeten PIRL handelte es sich um
ein kosten- und wartungsintensives Lasersystem, das zudem in seiner Aus-
gangsleistung auf 1.7 W beschréankt war. Das Lasersystem bestand aus einem
modengekoppelten Oszillator mit einem nachgeschalteten regenerativen Ver-
starker. Gegenstand dieser Arbeit ist die Entwicklung einer neuen Gen-
eration von Pikosekundenlasern (Next Generation PIRL - NextGenPIRL),
die sich durch einen kompakten Aufbau und einen stabilen und wartungsar-
men Betrieb auszeichnen. Das Laserkonzept basiert zum einen auf einem
giitegeschlateten Oszillator bestehend aus einem Nd: YAG/Cr**:YAG Kurz-
puls-Mikrochiplaser und zum anderen auf einen Leistungsverstirker beste-
hend aus einer einkristallinen Nd:YAG Faser. Sowohl numerische Simula-
tionen als auch experimentelle Untersuchungen zeigen, dass die Stabilitit
des Oszillators durch ein anspringen von mehreren longitudinale Moden
stark beeintriachtigt wird. Es werden mehrere Verfahren und Methoden zur
Mehrfachmodenunterdriickung vorgestellt und auch experimentell verifiziert.
Der aus diesen Verfahren entstandene stabilitdtsoptimierte Mikrochip-Laser
arbeitet im Einmodenbetrieb und produziert 226 ps kurze Pulse mit einer
Energie von 17.4 i bei einer Pulswiederhohlungsrate von 5 kHz. Die Stan-
dartabweichung der einzelnen Pulsenergien von ihrem Mittelwert liegt in-
nerhalb von nur 0.74%. In Kombination mit dem Faserverstirker wird eine
gesamte Ausgangsleistung von 8.2 W erreicht, wobei der Strahlqualititsfak-
tor nicht den Wert von 1.24 iiberschreitet. Fine Analyse des Verstirkers
unter Zuhilfenahme des von Franz und Nodvik entwickelten Verstirker-
modells zeigt, dass die Ausgangsleistung des aufgebauten Systems soweit
nur durch die zur Verfiigung stehende Pumpleistung beschrénkt ist. Das in
dieser Arbeit vorgestellte Laserdesign erweist sich als vielversprechendes
NextGenPIRL-Konzept mit dem Potential zu einer hohen Skalierbarkeit hin
zu noch hoheren Ausgangsleistungen.
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Chapter 1

Introduction

1.1 From the Sun to the PIRL

The use of light as a method of tissue dissection and coagulation has a long-
standing history. In 1949, long before the invention of lasers, Prof. Gerhard
Meyer-Schwickrath successfully applied the method of photo-coagulation as means
to halt progressive retinal detachment [ 1]. He collected sun light with a self-made
telescope placed on the rooftop of the ophthalmic clinic at the University of Ham-
burg, steered it through a series of mirrors into the operating room and focused it
into the eyes of the patients. After a series of successful operations, the adventur-
ous optical construction was replaced with a high intensity vapor discharge lamp
developed within a cooperation with the company Carl Zeiss. Nowadays, photo-
coagulation goes beyond the field of ophthalmology [2] where the deposited heat
leads to precision scars. It is also used in other medical areas like phono-surgery
[3] and dermatology [#] to treat capillary malformation by selective destruction of
vasculature.

Whereas Meyer-Schwickrath was using the full spectrum of the sunlight to
perform the first application of photo-coagulation, vascular-selective lasers are
now the preferred sources of light in treating retinal detachment and capillary
malformation [5]. Blood has a high absorption in the visible spectrum due to
its hemoglobin (Hb) and oxy-hemoglobin (HbOs) content with absorption co-
efficients of up to 2957 cm™! at a wavelength of 432nm [6]. Lasers emitting
monochromatic light offer the possibility to selectively address certain tissue types.

When using a laser as a tool for tissue incision or removal it is not sufficient
to just ensure localized energy deposition inside the tissue. The thermally driven
ablation process in soft tissues is based on a phase change of the water-content
from liquid to gas. The necessary energy has to be deposited within a short period
of time in order to super-heat the tissue while at the same time confining the energy
inside the irradiated volume. Anderson and Parrish [5] introduced this concept
of ablation under thermal confinement. They chose a laser at a wavelength that
was strongly absorbed by their chosen target tissue and with a pulse duration short
enough, so that thermal diffusion during the deposition of heat could be neglected.
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This way, they were able to deposit energy thermally confined at their target with
minimal heating of the neighboring not ablated tissue.

Most effective tissue ablation with optimized thermal confinement in the ab-
lated volume and least perturbation to adjacent areas as possible is done nowadays
with Q-switched lasers which address water as a chromophore [7]. Several pro-
cesses are involved in the ablation process with nanosecond laser pulses targeted
at water. Firstly, water molecules are highly absorbent in the Mid-IR, especially
around 2.93 um wavelength where three vibration modes overlap and build up to
an absorption coefficient of 13,300 cm~! [8]. The water starts to heat up quickly
within a confined volume above its boiling point towards a metastable state [9].
At the spinodial temperature of ~300 °C the super-heated water becomes unsta-
ble and relaxes into a mixed state of vapor and saturated liquid. The pressure of
the generated vapor is in the order of 9.2 MPa, which is already high enough to
rupture the inter-cellular matrix (ICM) of soft tissues. The combined process of
bubble nucleation through heterogeneous nucleation and the described spinodal
decomposition is referred to as phase-explosion [7].

Possible sources for a phase-explosion driven ablation are Q-switched Erbium
lasers operating in the 50 to 100 ns pulse duration regime. Apritz et al.[10] con-
firmed that the pressure rise induced by spinodial decomposition is high enough
to overcome the tensile strengths of soft tissues like liver, by studying the ablation
plumes produced with a Q-switched Erbium laser. In case of tissues with a higher
tensile strength like skin, the previously applied fluence of 1.7 J/cm? had to be
raised to 5.1 J/cm? for efficient ablation. A time delay in the ablation process by
several nanoseconds showed that the pressure generated from a single spinodial
decomposition process was not high enough to overcome the tensile strength of
skin, but it has to be performed several times to generate enough vapor pressure to
rupture the tissue. A process which Vogel ef al.[7] describe with confined boiling.

A way to increase the ablation efficiency several fold and to further minimize
collateral damage to non-ablated tissue is to ablate under the condition of stress
confinement [ | |]. The rapid heating of the irradiated tissue leads to the generation
and propagation of thermoelastic stresses. Vodopyanov et al.[12] were the first
to investigate these shock waves in water induced by 80 ps short laser pulses at
2.94 um wavelength. Pressures of up to 2 GPa were measured, which can lead
to an extra heating of the non-irradiated tissue of up to A7T=57°C. The extra
heat facilitates the ablation process by raising the temperature at the border of the
irradiated volume temporarily above the spinodial limit [7].

Dingus and Scammon [|3] hypothesized that the tensile stress generated by
these thermoelastic stress waves being reflected back from the tissues surface into
the irradiated area can lead to tissue fracture, even if the tissue is heated below the
spinodial point of water. Oraevsky et al.[14] showed experimentally that ablation
of liver tissue is possible through stress waves generated by laser irradiation under
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stress confinement, even if the temperature is raised by only 30 °C, which is far
below the spinodial limit. Hence, the stress waves generated by ablation under
stress confinement can rupture the tissue matrix by them self, and they have a
catalytic effect on the phase explosion [7, 15].

Franjic et al.[16] were the first to successfully ablate tooth enamel within
the regime of thermal and stress confinement with a laser targeting the vibra-
tion modes of water at 2.94 um. Due to the high level of stress confinement the
ablation threshold was as low as 0.5J/cm?, which is up to ten times lower than
the threshold determined under thermal confinement only [17, 18, 19]. Franjic et
al.[16] called the ablation process under stress confinement which targets the vi-
bration modes of water the Impulsive Heat Deposition by Vibrational Excitation
(IHDVE) process, which was later renamed to Desorption by Impulsive Vibra-
tional Excitation (DIVE) [20]. The laser that generates the pulses that drive the
ablation under stress confinement was called Picosecond Infrared Laser (PIRL).

Since the first experiment under the DIVE regime, several studies followed.
Amini-Nik et al.[20] performed healing studies on mice skin. They were able to
show that incisions performed with a PIRL showed substantially less damage to
the extracellular matrix and to the cells surrounding the ablated volume than when
performed with a surgical scalpel or a gain-switched microsecond Er:YAG laser.
After nine days of wound healing the width of the remaining scar from the DIVE
incision was only half of what was produced with either one of the other methods.
Petersen et al.[2 1] compared PIRL incisions in rat skin with other ones performed
by surgical knives. After 21 days of wound healing, the average scar width of
PIRL incisions were 1.3 times smaller than in the case of blade based incisions.
The scars produced by the PIRL were not visible by visual inspections, but only
by microscopic analysis of stained histological sections.

Incisions performed by DIVE offer a well-defined ablation area with sharp
edges. Hess ef al.[22] ablated excised cadaver human vocal folds and performed
an environmental scanning electron microscope (ESEM) analysis. The channel
margins of the incisions were sharp edged and appeared rectangular. Single col-
lagen fibers without any signs of damage were visible in the bottom layer of the
ablated channel.

Several other studies showed similar results. Capillaries directly adjacent to

the PIRL incisions did not show any obvious injury (Bottcher ez al.[23, 24]). Only
clinically negligible mean and peak temperature rises of 2 °C or less were seen
during the DIVE driven ablation of porcine skin (Jowett et al.[25, 26]). Thermal

effects were limited to the first layer of cells adjacent to the PIRL incision (Linke
etal.[27]).

Today, further studies on DIVE ablation and its applications in surgery and
in bio-diagnostics are performed at the clinic of the University of Hamburg (Uni-
versitits-Klinikum Hamburg-Eppendorf, UKE) under the supervision of Prof. Dr.
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Hartmut Schliiter [28, 29, 30], at the Max-Planck Institute for the Structure and
Dynamics of Matter (MPSD) under the supervision of Prof. Dr. Dwayne Miller
[31, 32, 33] and at the University of Toronto under the supervision of Dr. Arash
Zarrine-Afsar [34, 35, 36].

1.2 Next Generation PIRL

When targeting the vibration modes of water, the stress confinement condition
sets an upper limit on the laser pulse duration. The idea behind stress confinement
is that stress or sound waves should not leave the irradiated volume during laser
exposure. This way all generated stresses and shock waves can contribute to the
ablation process either by directly rupturing the tissue or by having a catalytic
effect on the phase-explosion. The simplest expression for the condition of stress
confinement is given by the time that a sound wave needs to travel through the
irradiated volume along the shortest distance, which is usually the penetration
depth of the laser. With the speed of sound ¢, and the absorption coefficient «
for the laser beam in the tissue, the condition on the laser pulse duration 7, is
T, < i Soft tissue consists mostly of water, for which ¢, can be estimated
with 1500 m/s [37] and the absorption coefficient for light with a wavelength of
2.94 um was measured by Bertie and Lan [8] to be 13,300 cm™~!. Hence, the laser
pulse duration for ablation under stress confinement in the case of 2.94 um laser
radiation should not exceed 500 ps.

The second condition is that the energy density within the irradiated volume
has to reach an ablation threshold. Franjic et al.[38] investigated DIVE by a nu-
merical hydrodynamic modeling for the case of ablating pure water. When a
laser fluence of 0.7 J/cm? is applied, an ~2 um thick layer is excited in the su-
percritical state with 7" >647.1 K and p >22.1 MPa. This supercritical volume
is rapidly expanding and transforming into a liquid-vapor mixture. Deeper lay-
ers that are heated below supercritical temperatures experience large tensile stress
components that can lead to a phase-explosion as described by Vogel et al.[V]
and Vodopyanov et al.[12]. Hence, the ablation with DIVE consists partly of a
direct transformation through homogeneous nucleation from a supercritical state
into a liquid-vapor mixture within the first few micrometers of depth. Whereas
in deeper layers, the ablation takes place in the form of a tensile stress assisted
phase explosion with mixed homogeneous and heterogeneous nucleation events.
The simulations from Franjic et al.[38] and the experiments on biological tissue
[16] showed, that a fluence of 0.5 J/cm? is required for ablation within the DIVE
regime.

A typical setup for DIVE driven ablation experiments consists of a PIRL with
attached Optical Parametric Amplifier (OPA), some beam guiding, a focusing
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lens and an electronically driven steering mirror to scan the laser beam along
the chosen tissue (see Petersen ef al.[21]). The beam quality factor of the 2.94 ym
wavelength beam after the OPA is typically M? ~5, the beam before the lens
is widened up to 10 mm in diameter in order to increase the focusability and the
working distance between the lens and the tissue is approximately 10 cm. To reach
the necessary fluence of 0.5 J/cm?, the laser pulse has to have an energy of at least
137 wJ. With the OPA working typically at 10 % conversion efficiency from the
pump to the idler, the minimum pulse energy for a PIRL is 1.37 mJ.

For the first experimental investigations of the DIVE process a laser system
has been setup by Franjic et al.[16] consisting of an oscillator, amplifier and an
OPA. The mode-locked Nd: YLF based oscillator produced 100 ps pulses with 3 nJ
of pulse energy. Single pulses have been selected at 1 kHz Pulse Repetition Fre-
quency (PRF) by a pulse-picker and then amplified by a regenerative amplifier
to 1.7 mJ resulting in a slightly longer pulse length of 140 ps. The wavelength
conversion to the Mid-IR was implemented with a Potassium Titanyle Arsenate
(KTA) based OPA with collinear type-II phase matching. The OPA was seeded
by a fiber coupled distributed feedback (DFB) diode laser and the resulting idler
pulses had a wavelength of 2.96 um and a pulse energy of 170uJ at a PRF of
1 kHz. The pulse duration of the idler was 105 ps.

The laser operated within the DIVE regime. Its pulse energy with 170 uJ was
high enough to reach ablation threshold and the pulse duration was shorter than
the stress relaxation time of 500 ps in water. But with the given output power of
0.17 W, only small incisions could be made and only low ablation rates could be
achieved [20]. For advanced medical procedures and experiments, the need came
up for a laser system with a higher output power, that is also easier to maintain
than a system with a regenerative amplifier and a mode-locked oscillator.

A possible route is the usage of a simple and robust Q-switched microchip
laser, that produces pulses with a length of 100 ps to 400 ps and with a pulse
energy that is high enough to be amplified to the mJ-level with only one double-
pass amplifier. This kind of low-maintenance system would offer the advantage of
long-term stability without the need for re-alignment. It would also be very cost-
effective as the oscillator basically consists of a single bonded crystal with no
other optics and the amplifier does not need an electro-optic device. This design
could also be made very compact, so that the transport between the lab and the
medical clinic would be easy to accomplish.

Commercial Master Oscillator Power Amplifier (MOPA) systems producing
100 ps to 400 ps pulses with energies in the mJ-range at kHz repetition frequency
are hard to find. The product portfolio of Coherent Inc. (Santa Clara, USA) in-
cludes several laser systems producing very short pulses in the 1 ps to 10 ps range
with several Watts of output power. But their pulse energy does not reach the
mlJ-level. Their pulse energy of a few 10 uJ are already high enough to achieve

5
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optical breakdown in metal or glass for plasma driven ablation, which is what they
are designed for. The company also offers Q-switched MOPA systems producing
pulses with an energy of several mJ and average output powers of up to 80 W.
These designs preliminary are used to pump other laser sources like Titanium
doped Sapphire lasers or optical parametric oscillators, that cannot be continu-
ously pumped as they have either short upper laser level lifetimes in their gain
material or short photon lifetimes in their cavity. Hence, these designs are opti-
mized towards producing high pulse energies while the pulse durations can be as
long as several nanoseconds. Due to the lack of applications, there is a gap in
available laser sources between the two described laser designs.

The aim of this thesis is to fill this gap, by implementing a Master Oscilla-
tor Power Amplifier (MOPA) design that produces pulses with a few-100 ps in
duration and energies in the mJ-range, with the application being DIVE based
ablation. Limitations and laser effects appearing in that design are identified and
scaling capabilities for this new laser design named the Next Generation PIRL
(NextGenPIRL) are investigated.

¢ The route to the NextGenPIRL starts with a brief introduction into the laser
theory within chapter 2. The presented theory is referred to throughout this
work.

* An overview of implemented Q-switched microchip designs found in liter-
ature will be given in chapter 3. The most promising design is chosen as a
proposed new oscillator for the NextGenPIRL.

* The proposed microchip laser is investigated in detail, first by probing it
in simulations within chapter 4. The model to simulate the laser is based
on the rate equations derived in the theory chapter. Several effects like
multi-longitudinal mode lasing and temperature dependent emission cross
sections are added to the model and the influences of these effects on the
laser’s performance are explained in detail.

* Finally, the proposed microchip laser is set up and tested experimentally
(chapter 5). The measured laser pulse characteristics are compared to sim-
ulations. Especially the stability and the appearing multi-mode effects are
investigated in detail with respect to the predictions from the simulation and
to results reported in the literature.

» Several approaches to enhance the stability of the microchip laser are ex-
plained in chapter 6. Two new microchip lasers are presented, which are
designed according to these stability optimization guidelines.
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* In the end, a novel crystal-fiber based two-pass amplifier is presented that
brings the pulses from the stability optimized microchip laser to the several-
Watt level (chapter 7). It is revealed if the criteria for the NextGenPIRL are
met with the proposed MOPA design. The chapter ends with a concept to
scale the amplifier to higher output powers without increasing the thermal
load.



Chapter 2

Laser Theory

In the following chapter a brief overview of the laser theory is described. After a
short introduction of the stimulated emission, a set of rate equations will be for-
mulated to describe photons within a laser cavity. Laser modes will be described
together with the effect of thermal lensing. This chapter will end with both rate
equations and laser mode description for Q-switched microchip lasers.

2.1 From Einstein to the Rate Equations

2.1.1 Einstein’s Stimulated Emission

According to quantum mechanics a molecule has a discrete set of eigenstates 2,
with inner energy £,. In 1916 Albert Einstein proposed a hypothesis for energy
transfer between molecules seen as Planck-Resonators and an electromagnetic
field [39]. In the first case of *Ausstrahlung’ (emission) a molecule in the state 7,
can emit the radiant energy F,, — E,, with the frequency v without any external
stimulus by changing its state to Z,,. The probability dI¥ for this process to occur
within a time period dt is

dW = A, dt (2.1)

with the Einstein coefficient A,,,, for spontaneous emission. With the sum over all
possible end-states Z,, a radiative lifetime 7,,, analog to the lifetime of a radioactive
decay can be defined as

1 )
T = - with A, = ; A (2.2)

In the second case called ’Einstrahlung’ (irradiation) an energy transfer be-
tween an existing electromagnetic field and a Planck-Resonator leads to a change
of the energy state of the resonator. This energy transfer is valid for both direc-
tions Z,, <> Z,. Analog to the spontaneous emission, this *Zustandsidnderung
durch Einstrahlung’ can be described as a probability dWW over the time period dt
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with the radiation density p and the Einstein coefficients for absorption B,,,, and
stimulated emission B5,,,,.

dW = By, pdt (2.3)
AW = By pdt 2.4)

In the figure 2.1 all three processes are shown schematically.

E E E

m m m

VaVAV'g
VYAV NaV\V.d VAWV NS
E
(@) (b) (c)

Figure 2.1: Schematic drawing of absorption (a), spontaneous emission (b), stimulated
emission (c)

E,

Planck’s law can be deduced from these simple assumptions, which will arise
in the relations between the Einstein coefficients. The equation for a canonical
ensemble with the probability IW,, to find the molecule in the state Z,, is

E

W, = gne™ ™ (2.5)

with the Boltzmann constant k£ and a weighting factor g,, which can be interpreted
as a degeneracy factor. Assuming that a system with energy transfer between a
radiant field and molecules is in equilibrium when there are as many absorption
processes as spontaneous and stimulated emissions it can be said that

If the radiation density should approach infinity together with the temperature, the
Einstein coefficients of absorption and stimulated emission only differ through
their states degeneracy factor.

From the said condition of equilibrium Planck’s law arises, which can be seen as
a confirmation of Einsteins model.

Amn

e (2.8)
et —1
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Together with the known Planck’s law [40] and the ’Lichtenergiequantum’ (pho-
ton’s energy) E,, = E,, — E, = hv, the velocity of light ¢, = cn in an optical
medium with refractive index n the relation between spontaneous and stimulated
emission is revealed.
Amn Smhiin3
Bun 3

(2.9)

2.1.2 Emission Cross Section

The differential equations 2.4 can be combined to describe absorption and stimu-
lated emission for homogeneously distributed ions which can only be in two dis-
crete degenerate eigenstates and a homogeneous radiation density. The ion density
of the lower state is denoted as n( and for the upper state n;. The radiation density
consists of photons all having the same frequency v44, which corresponds to the
energy difference between ion state 1 and 0.

dn
d_l = p(Boing — Biony) = me(&no —nq) (2.10)
t 9o

Equation 2.10 describes transitions between the upper and the lower level, due
to stimulated emission and absorption. For each electron transition from the upper
level 1 to the lower level 0 one photon is emitted and the energy density p gains
one photon with energy hr, whereas in case of absorption one photon of the same
energy is annihilated. This can be written in form of a differential equation for the
radiation density by

=L = pBuohv(n - %no) 2.11)

At this point the radiation density p and the Einstein coefficient are not fre-
quency dependent. The energy levels of the eigenstates are seen as discrete and
the emitted light is seen as monochromatic with the energy hvyy. In many laser
gain media the ions are embedded in a medium. The interaction between the host
medium and the ions deform the transition spectrally, thus the transition is not
limited to a fixed energy hi;y anymore. The deformation or broadening can be
described with a normalized line-shape function ¢g(r) and equation 2.11 becomes

P o) Bgn - L) with [ gyi =1 @12
0

This more realistic description allows a frequency dependent radiation den-
sity. But of course for any interaction to happen the line-shape factor g(v/) at the
frequency v should be non-zero.
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At this point the stimulated emission cross section o1 (») can be introduced as
a replacement for the Einstein-coefficient for stimulated emission. With using the
Einstein-relation (equation 2.9) it can then be rewritten in terms of spontaneous
emission

hvg(v)B
o1(v) = g(c) -
A10€2
ow(v) = - g(v) (2.13)

2.1.3 Population Inversion

In the last section two rate equations were derived for the interaction between ra-
diation described by a radiation energy density and an optically active material
described by two possible energy states with densities ny and n;. When no exter-
nal energy source is applied, the system will progress towards an equilibrium state
between absorption and stimulated emission until, according to equation 2.12 and
in case of identical degeneracies for the two states, the populations of the upper
and the lower state are identical. At this point no further amplification, which
is seen as the difference between absorption and stimulated emission, will occur.
For amplification to occur, the difference between the ions being in the upper state
to the ions being in the lower state has to be positive and that difference is called
the population inversion density An.

There are several ways to fill up the upper state again or continuously. One is
the use of a light source, the pump light, which pumps energy back into the sys-
tem by absorption. The pump light can be incoherent, but due to the stimulated
emission being phase-preservative, the generated or amplified photon field is co-
herent. Such a system can be seen as a converter for incoherent to coherent light
and it belongs to the category of devices for Light Amplification by Stimulated
Emission of Radiation or short LASER.

In a two-level system the pump light will have to have the same frequency as
the generated radiation, so the incoherent pump light would not just pump energy
into the system, but also extract energy due to stimulated emission. One way to
circumvent pump light amplification is three and four level based ion transitions.
In a three level system (see figure 2.2), a third energy level exists with energy
E3, which is slightly above the upper level with energy Es. The pump light with
frequency vy3 will excite electrons from the lower level with energy £y = 0 to the
so called pump band. From here the ion needs to have a fast relaxation into the
upper level, which in turn needs a slow relaxation into the lower level or better
said a long lifetime. What the pump light effectively does is repopulating the
upper state within the medium without influencing the wanted radiation density

11
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-9

Figure 2.2: Schematic drawing of energy levels of a three level laser (a) and a four level
laser (b)

with the frequency v5y. This way a system is found that can transform incoherent
to coherent light.

In a four level laser (see figure 2.2) another level appears right above the
ground level, which is the new lower laser level. The lowest level is then called
the ground level with energy £, and the new lower laser level has the energy Fj.
Starting from the ground level, the pump light with frequency 13 excites electrons
into the pump band with energy FEjs, and the quickly relaxes into the upper laser
level with energy Es. The transition from the second to the first level corresponds
to the stimulated emission with radiation frequency v, = % From the lower
laser level a fast relaxation back to the ground level completes the cycle.

A four level laser can be advantageous because the lower laser level is never
populated, thus the population inversion is always the population density of the
upper laser level. No or close to no re-absorption from the lower n, level to the
upper level n, occurs within the medium. But this is only the case, if the relaxation
rate from the lower laser level to the ground level is infinite. The case where the

lower laser level has a finite non-zero lifetime will be addressed in detail later.

2.1.4 Rate Equations

In order to make use of the stimulated emission, a laser typically consists of a gain
medium with length [, placed between two mirrors. One mirror is highly reflective
for the laser wavelength, whereas the second mirror is partially reflective with a
reflectivity of R,.. The second mirror is also called the output coupling mirror as
it couples a part of the laser light out of the cavity. The photon energy density
from chapter 2.1 can be rewritten as the photon density ¢ with ¢ = ;2 and the rate

12
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equations 2.10 and 2.12 can be written for a four level system as

d
—C’;g = o chmy (2.14)
o _ ¢

i trt<209nglg —In(1/R,.)) (2.15)

Here it was assumed that each photon in the cavity passes the gain medium two
times each round trip which takes ¢,; seconds. The population of the upper laser
level was defined as n, and the lower laser level was assumed to be empty due to
an infinite depopulation rate. Furthermore, each round trip the fraction In(1/R,.)
of the photons is coupled out of the cavity. These rate equations will be the basic
equations to describe g-switched microchip laser.
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2.2 Laser Modes in an Optical Resonator

An optical resonator can be seen as a system in which light beams are traveling
forth and back between two mirrors and in between through several optical ele-
ments. The circulating beams lose on the one hand energy due to diffraction on the
optical elements and due to absorption in the optical elements or just by bounc-
ing out of the resonator. On the other hand they gain energy due to stimulated
emission when they pass through a gain medium. The beams inside the resonator
which survive these processes and resonate forth and back are the modes of an
optical resonator. In this chapter only stable standing wave resonators are treated.
A good review of the theory of laser beams and resonators can be found from
Kogelnik and Li [41].

2.2.1 Longitudinal Modes

In order for the laser resonator to work, several conditions have to be fulfilled, one
of which is the frequency condition. Much like in a Fabry-Perot resonator, the
only frequencies that exist are those that form a standing wave and thus interfere
positively with each other. In mathematical terms, only those frequencies v within
the resonator of optical length L, can exist, which satisfy the round trip phase-
condition ¢(v) = 27v X ZLT"’” = 27 x ¢ with integers ¢. Hence, the possible
frequencies within a standing-wave resonator are given by
c

2L ot

These longitudinal modes form a frequency comb with equally spacing of Av =

57— Figure 2.3 shows the electric field intensity of three adjacent longitudinal
opt

modes. They are all in phase close to the cavity end-mirrors, but start to de-phase

when deviating away from the mirrors. The two adjacent axial modes (¢) and

(¢ + 1) are exactly out of phase at the resonators center. The two next-neighbors

(q) and (g + 2) are completely out of phase at a quarter resonator length away

from each end-mirror, and in phase at the center of the cavity.

Vg = q X q = integer. (2.16)

2.2.2 Transversal Modes

For an accurate description of light beams within a resonator, the wave nature
of light including diffraction effects have to be taken into account. An electro-
magnetic field in free space can be described by the scalar wave equation. For
monochromatic waves with a wavelength of A and a wavenumber of k£ = 27/
the scalar wave equation reduces to the Helmholtz equation

V2 +1%|E(z,y,2) =0 (2.17)
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—— meode (q)
mode (q+1)
----- mode (q+2)
N

|

axial position

Figure 2.3: Electric field intensities of three neighboring resonator modes between two
end-mirrors. Dashed lines mark the cavity center and the first quarter. Intensities of mode
q and q + 1 are out of phase at the center. Intensities of mode q and q + 2 are out of phase
at the first and last quarter.

with an electric field distribution E(z, v, z) that oscillates in time. Common laser
setups generate light beams that circulate along an optical axis where the width
of the light beam is relatively narrow compared to the length of the resonator.
These beams are well collimated and can be treated with the paraxial approxi-
mation. In the paraxial wave approximation the spatial variation in the electric
field E(xz,y, z) of a wave propagating along an optical axis z is primarily given
by a spatial period &k = 27/ of one wavelength A together with a slowly varying
complex wave amplitude u(x, y, 2):

E(z,y,2) = t(z,y, 2)e™ (2.18)

When it is assumed that the amplitude @ varies so slowly with z that its sec-
ond derivatives 9%1/0z* can be neglected, the wave equation 2.17 reduces to the
paraxial wave equation

+Z— — 2ik— = 0. (2.19)

The simplest solution to the paraxial wave equation is a spherical wave originating
at the point (o, yo, z0) With wavefront curvature radius R(z) = Ry + z — 2

(z — 10)* + (y — %0)*
2R(z)

u(x,y,z) = R exp| — ik (2.20)
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The crux about this solution is that it extends out to infinity for every plane along
the optical axes, and there can only be a finite amount of energy within a real
laser resonator. Another solution for the paraxial wave equation can be obtained
when the radius of curvature in the spherical wave is replaced by a complex vari-
able which is called the beam propagation factor ¢(z) = gy + z — zo. Both the
propagation factor and the exponent in the solution for the spherical wave can be
separated in an imaginary and a real component.

= —1 '1 (2.21)

2, .2 2, .2

i@y, 2) = ——eap| — ikt _pT Y 2.22)

q(2) 2g:(2)  24:(2)

The first and imaginary term in the exponent looks like the exponent in the solu-
tion for the spherical wave and ¢, (z) can be interpreted again as the radius of cur-
vature with ¢.(z) = R(z). The second and real term in the exponent is quadratic
and when separated from the first term it resembles a Gaussian profile with a ra-
dius of w?(z) = 2¢;(2). The new solution with complex beam propagation factor

™

is called a Gaussian spherical wave and it can be written as

) 1 'k;x2+y2 22 4y

u(z,y,2) = @exp —1 R() — (2)
The Gaussian spherical wave retrieved from the spherical wave describes the fun-
damental or Gaussian transverse mode of a laser beam with a beam waist of w(z)
and a wavefront radius of curvature of R(z) that propagates along the optical axes
z. The propagation of such a beam can entirely be handled with its propagation
factor ¢(z). There are more solutions to the paraxial wave equation, which repre-
sent the higher order transversal modes of a laser resonator.

Now that we have a description for the transverse profile of a laser beam, we
are one step away of describing the transversal mode in a laser resonator. As
already mentioned, the propagation factor ¢ contains the information of the laser
mode width w and wavefront curvature R by its definition

(2.23)

1

—i 2.24

Zqi(z) (2.24)
1A

ORI (2.25)

1
q(z) qr(2)

When a Gaussian beam with a propagation factor ¢; propagates through a paraxial
element described by the matrix M = (é f; ), the Gaussian beam after the ele-
ment can again be described by its new beam propagation factor ¢;. The law of
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transformation is
_Aq+B

- Cq+D

In the case of a standing wave oscillator with several optical elements M,,, we
are looking for a stable mode that is self-consistent after each round trip. We start
from a reference plane at z = 0 where the laser mode has some propagation factor
¢1- One laser cavity round trip can be described with one single matrix M. After
one round trip, the laser mode should be self-consisted, or

(2.26)

q2

Ap +B

=1 T 4 = 2.27
Cq+ D g1 =49 ( )

q2
This equation can be rewritten in a quadratic form over é with two solutions q,, g,

with
11 D-—A 1 A+ D\?
— = + = —1 2.28
Qa’Qb 2B B\/( 2 ) ( )

From these equations we can derive a criteria for a paraxial resonator to have
a stable Gaussian mode solution, with

‘A+D

5 ' <1 (2.29)

The fundamental Gaussian transversal laser mode in a stable paraxial res-
onator can be easily retrieved with equation 2.28 and the stability criteria 2.29.
More solutions to the paraxial wave equation can be found within the textbooks
of Siegman [42] and Kochner [43].
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2.3 Thermal Lensing

Optically transparent solid-state materials like glass and laser crystals change their
refractive index with temperature. This effect can be described with the coefficient
for temperature dependent refractive index (dn/dT"). Within this work, diode end-
pumped and side-cooled crystals are employed as laser gain media. For this case it
is reasonable to assume that the laser pump is absorbed along the optical axes (see
figure 2.4) and a thermal gradient forms with AT (r, z) = T'(r, z)—T (1o, z), Where
r is the distance from the optical axes z and 7 is the crystal’s radius. This starting
point was used by Koechner [44] and Innocenzi [45] to derive a formulation for
the focal length, which is described in detail in this chapter.

X A

crystal
\ --':Q _____ W Wp(z)
WPE-.. }}h___-‘/
: B
Z Z
0

Figure 2.4: Schematic drawing of an end-pumped cylindrical crystal with radius r, side
cooled with a copper heat sink, pump mode has a radius of wy,(z) with beam waist w,, o
at position 2.

In order to obtain the temperature distribution 7'(r, z) within the crystal the
Poisson equation has to be solved. Within this work only side-cooled crystals are
used, thus a good assumption is to see the heat-flow within the crystal as radial-
only. Hence, the Poisson equation can be written with the thermal conductivity
K and the deposited heat Q(r, z) as

) Q(r,z) 0 10
T = — =—=T -—T 2.30
ViT(r,2) K. or? (r2) + r Or (r;2) (2.30)
The boundary conditions are: Constant temperature 7 on the side-face of
the cylindrical crystal with radius 7, radial-symmetric temperature profile with

the maximum temperature in the center at » = 0, no cooling at the end-faces at
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z=0,lL.

aT(r, z)
or 0 n 0z

r=

T(rog, z) = Ty, = 0 (2.31)

The deposited heat Q)(r, z) is the heat fraction 7, of the absorbed pump power
P, abs(r, 2) per volume.

. dPheat (Ta Z) . dpp,abs (T’, Z)
Q(Tv Z) - dV =Tl dv

With dP/dV = dI/dz and dP,rans/dz = —dP,s/dz the deposited heat
can also be described in terms of transmitted pump intensity I, qns(7, 2)

ap, rans\T'y © dl, rans\T'y Z
Q(T, Z) — _nh p,t dv( )) — _n p,t dz( ) (233)

(2.32)

The heat fraction 7, is the fraction of the absorbed pump power that is con-
verted to heat. A possible assumption is that in a four level laser, each absorbed
pump photon with a wavelength of \, generates one emission photon with a wave-
length of )\; and the rest is converted into phonons. The heat fraction then is

wp=1-— ﬁ. (2.34)
>\€
A more comprehensive description of the heat fraction is given in [46] where not
only lasing but also florescence decay is taken into account.

The intensity of a Gaussian pump beam transmitted through the crystal can be

written as

2P _2r2
Ly trans(1,2) = il NP 169 e P 2.35
p,t ( ) 7TCL)12) (Z) ( )
with an initial power of the pump beam of P, , an absorption coefficient of
o, and a pump mode radius of w,(z). The pump mode itself is assumed to have a
Gaussian beam profile with a beam quality factor M;? and it is focused at position

2o with a waist radius of wy.
M2X\,(z — z)\ 2
2 _ 2 P
wi(z) = wy [1 + (”m—%> ] (2.36)

Solving the differential equation 2.30 with the given parameters and the bound-
ary conditions 2.31, the temperature distribution is

Qe *P* re 272 2r?
AT = Pyo—2 In| 2| +E O ) - B | —— 2.37
(r,2) = mnPpo irK, [ n<r2) + £ (MQ(Z) 1 22 (2) (2.37)

p p
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where F; is the exponential integral function defined as

o] efxt
Ei(z) = / dt. (2.38)
Lt

The thermal gradient induces an optical path difference OPD(r) orthogonal
to the optical axes. The three dominant terms are the change in refractive index
with temperature described by the coefficient dn/dT, the thermal expansion of
the crystal with the according coefficient of thermal expansion a7, the bulging of
the end-faces due to the expansion of the crystal. The OPD distribution within the
pumped crystal then is

dOPD(r, 2) _ |dn +2Cn*ar + (n — 1)(1 + vp)ar) | AT(r, 2) (2.39)
dz ar
where C, is the photo-elastic coefficient, n is the refractive index, v, is the Poisson
ratio. If the cavities end-mirror is coated on the crystals end-face, the term (n — 1)
has to be replaced by n.

The total optical path difference can be calculated by inserting equation 2.37
into 2.39 and integrating along the optical axes (z = 0..[). In order to simplify the
integration the pump beam radius w,(2) can be assumed to be constant within the
crystal and set as wy, 4,,4. The total path difference can be written as

2 2 2 2 2
OPD(r) = 4, x {ln(r—g) +E1( 0 ) = E1< =4 )} (2.40)
r wp,a’ug wp,a’vg

with the parameter

77th,0

A —
O r K, (1 — emowl)

d
X l% +(n—1)1+v,)ar+ 2C’,.n3aT} (2.41)
To get the thermal lens from equation 2.40, it can be expanded into a power series.
On the other side, the OPD of an ideal lens with focal length f is parabolic.

2
OPD (1) = —;—f + OPD,, (2.42)

Considering only the quadratic term from 2.40 and using 2.42 the focal length
of the thermal lens can be approximated with

w2

f= —fzzg. (2.43)

This equation is used very often as it is simple and precise enough for most cases.
It shall be referred to as the parabolic approximation of the thermal lens.
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2.3.1 Strehl-Ratio Corrected Focal Length

As can be seen in figure 2.5, the parabolic term from the power series of the
equation 2.40 is dominant only for small radii (r << wp q4v¢). This approximation
is thus only valid for small laser mode radii (w; << w), q4¢). In most laser setups
the radius of the laser mode is comparable to the radius of the pump mode and the
approximation brings a considerate error with it.

—— numeric OPD
parabolic term T

/ SR corrected
08T / \

06T

10t

047t

optical path difference, OPD[A¢]

02T

0.0

ra T Upaw 0 Wpaw o

radial position, r
Figure 2.5: Optical path difference (OPD) for an end-pumped laser crystal. OPD values
are given in units of the lasing wavelength \.. The average pump mode radius is wp qvg-
The numeric OPD(r) and the parabolic approximation OPD(r) coincide only for small
radii (1 << Wp qug)-

According to the diffraction theory [47] the focus of a light beam is where
the normalized intensity is at its maximum. As the laser mode is aberrated by
the thermal lens, there might be a more precise way to approximate the thermal
lens than by just looking at the second order terms. By definition, the Strehl Ratio
(SR) of a beam is the ratio of the peak aberrated image intensity compared to
the maximum attainable intensity using an ideal optical system limited only by
diffraction over the system’s aperture. The SR without an aperture is defined as

SR = <€i27rALp//\l>’ (2.44)
where ); is the beam’s wavelength and Ay is the phase aberration referred to a

parabolic lens with a focal length of f:

7”2

Ap(r) = OPD(r) — OPD(0) — 27

(2.45)
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To use the SR for the laser mode, the aperture that is given by the cylindrical
laser crystal with radius 7( has to be considered and the S R has also to be weighted
by the Gaussian intensity distribution of the laser beam [4&]. The SR for the laser
mode is

| Jy eap(in Ao/ N)eap(~ 22 rdr ?
e} _ﬁ 2
| fo exp( w2 Jrdr|

A more precise focal length fgp for a certain OPD(r) can be found where the
SR( f) has its maximum. In figure 2.6 the numerically calculated OPD from figure
2.5 is used to calculate the SR over a span of possible focal lengths f. The SR
reaches its maximum at 1.85 times the parabolic focal length. This value is the
SR-corrected focal length, and its OPD is plotted in figure 2.5.

SR = (2.46)

SR:% J

06T

04T

02T

Strehl ratio SR(f)

00T

—0.271

-0.47

l:U l..5 2?0 2:5 3..0 3..5 4..0
focal length fifparassic
Figure 2.6: Strehl ratio SR(f) for the numeric OPD from figure 2.5 plotted over focal

lengths f normalized to the focal length of the parabolic terms fparabolic- The SR has its
maximum at fsg.

Fan et al.[49] derived a simple approximation for the SR-corrected thermal
lens by introducing the correction factor r = ]}q—lR The SR-corrected thermal lens
is given as

w2 2
fSR,Fan: 22 % |:]-+2( L ) :| (2.47)

4A0 wp,,wg
From Fan’s approximation it can be seen that in typical laser setups, where the
pump beam has the same width as the laser beam, the corrected focal length is
three times as long as in the case of the parabolic approximation. But the analyti-
cal solution from Fan is only an approximation valid only within a strict parameter
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regime. In this work the SR-correction has been done by solving equation 2.46
numerically.

2.3.2 Averaged Pump Beam Waist

The pump beam radius w,(z) varies along the optical axes z. For the calculation
of the thermal lens an averaged pump radius was used. To derive an expression for
the average pump radius w, 4,,, We first have to divide the crystal into thin slices
dz and then integrate the single lenses df (z) to the total focal length along the
crystal with length [ according to

1 |
?_Adﬂ5 (2.48)

The single lens slices d1 are defined by the pump waist wp(2) and the pump ab-
sorption according to equation 2.35. Hence, the integral can be written as

1 | ' 4A o
—:/d :/) 22 (2.49)
foodo fz2) 0 Jo wpz)1—em
We again use equation 2.43 to get for the averaged pump beam waist
1 / ! ae
= dz. (2.50)
w]%,avg 0 wp(z)(l - e—al)

This integral can be solved numerically for any pump beam w,(z) given by equa-
tion 2.36 and for any material with absorption « and length [.

The parabolic approximation of the thermal lens (2.43) is a fast way to ap-
proximate the thermal lens. In cases where the laser mode radius is similar or
even bigger then the pump mode, the correction either by solving the SR integral
(2.6) or by using Fan’s approximation (2.47) should be used to get a more precise
value. The correction for the averaged pump beam radius (2.50) becomes inter-
esting when the length of the gain medium reaches two times the Rayleigh length
of the pump beam.
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2.4 Q-switched Laser

The principle of Q-switched lasers was investigated early on by Hellwarth and
McLung [50, 51, 52] in the sixties. The basic idea is that the onset of lasing at
lasing threshold is suppressed by introducing an extra loss inside the cavity. With
the extra loss the population inversion density n, within the gain medium can
now be raised far above the lasing threshold n,. After a certain time of continued
pumping, when for example a defined initial population density n; is reached,
the extra loss inside the cavity is rapidly removed. The laser has now an initial
population inversion density n; that is far higher than its lasing threshold, n; >>
n;. Due to the resulting high gain inside the cavity the photon density ¢ reaches
high levels quickly. A giant laser pulse is formed.

— ¢(n/¢max

1.0t
Ng(t)/Ng, max
- nthllng.max

0.8t

nilh = 3.7

Gt.rt =25.0
0.61

Tpufsetftn =18
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00 02 04 06 08 10 12 14
time t[ns]
Figure 2.7: Schematic example for the dynamics of rapidly Q-switched microchip laser
The initial population inversion density n; is set to a value of 3.7 times the lasing threshold

n¢p. Population inversion density ny(t) is normalized to its initial value and the photon
density ¢ is normalized to its peak value.

Figure 2.7 shows the formation of a giant laser pulse. Plotted are the inversion
density n; inside the gain medium, set to an initial value of 3.7 times the lasing
threshold n,. Shown is also the photon density ¢ inside the cavity. At¢ = 0 a vir-
tual extra loss inside the cavity is removed rapidly and the laser pulse represented
by the photon density ¢ inside the cavity starts to build up. The initial population
inversion density in this example is by a factor of 3.7 above the lasing threshold
which results in a very high gain of 25 per photon round-trip. The photon density
raises until it peaks at the point where the excess population inversion is exhausted
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and the population inversion density is back to threshold level. From there on the
photon density drops rapidly until all photons are coupled out of the laser cavity
through the output coupling mirror.

2.4.1 Rapid Q-switching

The rate-equations for rapidly Q-switched lasers where first derived by Wagner
and Lengyel [53]. Assuming the gain medium with length [, within the laser
resonator of optical length [, is uniformly pumped and the photon density is
axially uniform, both the population inversion density and the photon density can
be treated as spatially averaged values with n, = n,(t) and ¢ = ¢(t). The laser
starts to lase as soon as the extra-loss from the Q-switch is rapidly removed from
the cavity. The gain and losses per round-trip time ¢,, = 2/, /c are determined by
two passes through the gain medium with emission cross section o, one reflection
at the output coupling mirror with reflectivity R,. and the dissipative optical loss
per round-trip L,;. The total gain can be written as a change in photon density
over time with

d
d—f = %(20971919 —In(1/Ry.) — L) (2.51)
As the photon density raises, the population inversion diminishes with
dn
d_tg = —yo4cong (2.52)

where 7 is the population reduction factor and c is the speed of light. In this work
only four-level laser gain media are treated, so the population reduction factor can
be set to one. The power output after the output coupler can be obtained from the
intra-cavity photon density by

Plt) = %huecAlopt In(1/Ror)6 (1), 2.53)

where hv, is the photon energy and A is the area of the transversal laser mode. To
derive the total pulse energy, the output power has to be integrated over time from
the onset of lasing at time point zero to the end of the laser pulse at infinity. With
the help of equation 2.52, the time integral can be written as a integral along the
inversion density ranging from the initial population inversion density n; at lasing
onset to the final population inversion density n.

o A 1 i A 1 ;
Epz/ P(t)dt = m( )/ dng _ hve 1n< )m(ﬁ)
0 204 Roc) Jn; 14 20, Roc ny
(2.54)
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The threshold inversion density can be obtained easily when it is viewed as the
point in time when the total gain is zero with % =0.

1 1
_ 1 L 2.55
. 20_9l9 |: ! (ROC) " t] ( )

By taking the quotient of the rate equations 2.51 and 2.52 the new differential
equation can be integrated along the inversion density to yield the solution

ly

l opt

B(t) = & H . (2.56)

ng(t)

The final inversion density is reached when the pulse is complete and the photon
density is back to zero. Setting ¢(¢) = 0 results in a numerically solvable rela-
tion between initial inversion density, threshold inversion density, final inversion
density.

= mft) = et |

n; —ng = ngln (&> (2.57)

The peak photon density ¢,,., and thus the peak output power P,,,, are reached
when the excess inversion density is exhausted and the inversion density is back
to the value of the threshold inversion density. Setting n(t) = n; in equation 2.56
an using equation 2.53 we obtain for the peak power

Al hve 1 n;
p 19 1 — |14+ 1In | = ) 2.
e 2lopt ! (ROC) {nz nt{ M <nt)}} (2:39)

Assuming the generated pulse has a Gaussian form, a pulse shape factor of 0.86
[54] can be applied to estimate the Full Width at Half Maximum (FWHM) with

Ep 1-72lopt ny —mns
~ 0. = ) 2.
(R Y e ey R (R ) B

The obtained equations represent a very simple set of tools to estimate output
pulse energy and duration for a rapidly g-switched laser. They can be used to
optimize a laser design regarding wanted pulse parameters. When for example a
short laser pulse is wanted, the easiest way to get there is to shorten the cavity
length [,,;. This can be seen in equation 2.59, where the pulse duration 7, scales
linearly with the optical cavity length [,,,. This effect is easily understood if the
Q-switched laser is seen as a energy storage device. Energy is stored within the
gain medium in the form of population inversion and it is transferred into photons
when a laser pulse is formed. The laser pulse is described by the photon density
inside the cavity. The higher the photon density, the more and the faster energy is
transferred from the population inversion into the photon field. A lengthening of
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the laser cavity increases the laser mode volume thus lowers the photon density.
Ultimately it takes longer for the energy inside the gain medium to get transferred
into the laser pulse. From that view it makes sense that if short pulse durations are
needed, the laser cavity should be as short as feasible.

2.4.2 Q-switching by a Saturable Absorber

There are several ways to introduce loss inside a cavity. One is to use a sat-
urable absorber like Tetravalent Chromium doped Yttrium Aluminium Garnet
(Cr**:YAG). The saturable absorber Cr**:YAG is best described by a four level
system with two absorption cross sections, 05 for the absorption from the ground
state and o4, for the excited state absorption (see figure 2.8). The absorptivity
of the saturable absorber is given by the unsaturated initial transmission 7, =
g~ TabsMabs.olabs where Nabs,0 1 the population density in the ground state and [, s

the length of the absorber.
N ‘_

N 1 Oesa

Figure 2.8: Schematic drawing of the energy levels of Crit :YAG. Absorption from ground
state 0 with absorption cross section oups. Phonon relaxation from level 1 to level 2.
Excited state absorption from level 2 to level 3, with excited state absorption cross section
Oesa. Phonon relaxation back to level 2.

When the population inversion density inside the cavity has reached the raised
threshold level, the cavity starts to lase and the absorber starts to bleach out be-
coming more transparent. The bleaching effect is due to the excited state absorp-
tion cross section being lower than the cross section of the ground state and also
the excited state lifetime being longer the laser pulse. The transmission of the
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absorber can raise up to the point where it is completely bleached with the corre-
sponding transmission of Thieacheq = €~ 7cse™abs:1labs where Nabs,1 1 the population
density of the excited state. With this in mind we can formulate a new set of rate
equations for Q-switched lasers with saturable absorbers.

o ¢

i t—(QJgnglg — 20 absNabs,0labs — 20esaMabsilabs  (2.60)
rt

—In(1/Ro.) — L) 2.61)

dn
T (2.62)

d aos
ndi = OasCONasg (2.63)
Nabs,0(0) = Naps,o(t) + Naps1 (1) (2.64)

The initial population inversion density within the gain medium n; = n4(0) is
defined as the raised lasing threshold, or in other words it is given as the population
inversion density where the photon density change over time switches to positive
values with d¢/dt = 0.

o 20absnabs,0labs + ln<1/Roc) + L
B 204l

n; (2.65)

Compared to the rate equations for the rapidly g-switched laser 2.52, the rate
equations for g-switched laser with saturable absorber 2.60 include several new
terms. The differential equation for the photon density was extended by ground
state and excited state absorption of the Saturable Absorber (SA). The equation
for the population inversion density within the gain medium stays the same. Two
new equation for the population density of the saturable absorbers ground state
and excited state are added.

The new terms have several effects on the pulse formation. For one the q-
switching is now slower than in the rapid case. The gain within the cavity raises
slowly while the saturable absorber bleaches out. The generated pulses are thus
longer than in the rapidly g-switched case. Also, during the time the saturable
absorber is bleaching out, photons are absorbed by the saturable absorbers ground
state, and when the saturable absorber is bleached, photons are still absorbed due
to the excited state absorption. Hence, the pulse energy will be lower than in the
rapidly g-switched case.

To visualize this effects, an example cavity setup was taken (see design MCO1
in table 3.2) and the rate equations have been solved for this cavity for both
rapid g-switching and for the g-switching with saturable absorber. The solution is
shown in figure 2.9. Plotted are the photon densities ¢, the population inversion
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(a) Rapid Q-switching (b) Q-switching with saturable absorber

Figure 2.9: Schematic drawing of the dynamics within the laser cavity for (a) rapid g-
switching and (b) g-switching with a saturable absorber. Plotted are the photon densities
¢, the population inversion density of the gain medium ng and the lower level population
of the saturable absorber ngps 0. The cavity design parameters from table 3.2 have been
used. The laser mode radius was set to 78 um.

density of the gain medium n,, the lower level population of the saturable absorber
Nabs,0- The initial population inversion density n,,(0) for the rapid q-switched case
was set to be equal to the case where a saturable absorber with initial transmission
of Ty =20% was used. The output coupler is set to a very low value of R,. =30%
which is close to the optimal value of 27% given by the optimization method of
Degnan [55].

The extracted values from the solutions of the rate equations are the pulse
buildup time )., the pulse energy F, and the pulse duration 7,. Besides the
laser pulse being far longer in the case of Q-switching with saturable absorber, the
pulse buildup-time is also considerably longer. This is because the first photons
emitted by the gain medium are immediately absorbed by the saturable absorber,
and it takes a few hundred nanoseconds for the absorber to bleach out to a point
where the net-gain is high enough to generate a laser pulse that effectively extracts
the stored energy. At the point where the absorber is bleached out (timepoint
t — tpuise = —0.15ns), the round trip gain left within the cavity has a value of
G+ =~ 2.0. In the case of rapidly g-switching, the very high initial round trip gain
of G,y = ﬁ ~ 25 leads to a considerably shorter pulse duration and pulse
buildup time.

Another value which is extracted from the numerically solved rate equations
is the energy stored in the gain medium FE},,;. It is given in comparison to the
channels to which the energy can be transferred to. In the rapid q-switched case,
no energy is lost within the saturable absorber, so neither in bleaching it (Ejpeqcn)
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nor in the excited state absorption (F.s,). Adding a saturable absorber raises the
lasing threshold 7, due to the extra term —20.s,Maps,1laps 10 the rate equation.
The raised threshold is directly responsible for less energy being extracted from
the gain medium, and the remaining energy within the gain medium (E/;,,,;) after
the laser pulse is considerably higher when a saturable absorber is used. All in
all the saturable absorber is a way to implement g-switching, but it adds a lot of
losses and results in lower extraction efficiency then in the ideal rapid g-switched
case.

Example Microchip Laser

gain material 1.1 at.% Neodymium doped YAG, 2.5 mm long
saturable absorber Cr** doped YAG, 2.5 mm long
initial transmission 7y = 20%

end-caps un-doped YAG, 0.5 mm long

convex curvature with radius R = 400 mm
diameter bonded chip cut-out diameter d = 3 mm
coatings input: HR @1064 nm, AR @808 nm

output: PR30% @1064 nm

Table 2.1: Design parameter for Q-switched Microchip laser used as an example setup.
The design consists of a gain medium bonded on a saturable absorber, then again two
un-doped end-caps are bonded on the side-faces. Input coupling mirror for the pump is
on the gain mediums side and the output coupler is on the saturable absorbers side. Both
are coated directly on the end-caps.

2.4.3 Thermal Lensing in Q-switched Lasers

So far a laser mode diameter was assumed for the solutions of the rate equations.
In chapter 2.2.2, it was shown that the laser mode size depends on the optical
elements within the cavity, one of which is the thermal lens forming in the gain
medium due to pump absorption (see section 2.3).

In general, it makes sense to match the size of the pumping mode to the size
of the laser mode. If the pumping mode is bigger, the deposited energy is only
partially accessible as the laser mode does not spatially overlap with the whole
pumped region. If the pump mode is smaller than the laser mode, a higher lo-
cal inversion density has to be reached to get to the needed spatially averaged
initial inversion density. The higher the local inversion density, the more losses
appear due to two-ion processes like up-conversion or cross-relaxation. The total
deposited heat per pump period can be easily estimated with the needed initial
population inversion plus the pump parameter that are given in chapter 2.3. In
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practice, one starts by assuming a pump mode size, and then iterates between cal-
culating the laser mode size and re-setting the pump mode size to that new value,
until it converges to a constant value.

As already mentioned, the laser mode size depends on the total amount of
heat deposited in the crystal. With a fixed laser design, raising the PRF deposits
more heat in the gain medium, therefore creating a stronger thermal lens, which
cases a smaller laser mode size and ultimately in a reduced pulse energy. Figure
2.10 shows the pulse energy for our example microchip laser setup as a function
of PRF. In chapter 2.3, it is shown that there are different ways to calculate the
thermal lens. The method from Innocenzi [45] is the easiest to apply and it gives
a good first estimate for the laser mode width and thus the pulse energy £,. The
pulse energy is also plotted for the case where the Strehl-Ratio correction is ap-
plied (E, sr). The SR-correction averages the focal length of the laser mode over
the whole laser mode size, and it results in a reduction of the thermal lens. Hence,
the laser mode becomes bigger and so does the pulse energy. The second correc-
tion plotted as I, sp 54 includes the calculation of a second thermal lens within
the saturable absorber (which is then also SR-corrected). Due to the saturable
absorber absorbing a considerate amount of the emitted photons, a temperature
gradient similar to the one in the gain medium forms. The combination of SR-
correction and second thermal lens results in a laser mode size and pulse energy
that is smaller than in the approximation by Innocenzi.

120

100

80

pulse energy [u]]

60

0 1000 2000 3000 4000 5000
repetition rate fiep[HZ]

Figure 2.10: Pulse energies over repetition rate (PRF) in case of the example microchip
setup. Pulse energies according to Innocenzi (E,), with SR-correction (Ey, sr), including
second thermal lens inside the saturable absorber (£, sg s4) are given.
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Chapter 3
Q-Switched Microchip Laser

Diode pumped passively Q-switched microchip lasers represent a very simple and
intrinsically robust and reliable type of monolithic laser resonator. When a gain
crystal is bonded onto a saturable absorber and the cavity mirrors are coated di-
rectly onto the end-faces, the resulting microchip laser can have cavity lengths
from a few mm down to 200 um or even less. With their short cavities, passively
Q-switched microchip lasers are able to produce pulse lengths in the sub-ns range
down to a few-10ps. Their pulse energies range from 100 nJ at MHz PRF up to
several hundred pJ at 100 Hz PRF. As their cavities do not contain any movable
parts but consist solely of a single bonded crystal, they are intrinsically insensitive
to vibrations and misalignment. A schematic drawing of such a microchip lasers
is shown in figure 3.1, where a Neodymium doped Yttrium Aluminium Garnet
(Nd:YAG) crystal is used as the gain medium and a Cr**:YAG crystal acts as the
saturable absorber.

An alternative to the passive g-switching with a saturable absorber would be
active g-switching with either an electro-optic or an acousto-optic modulator. The
active methods have several advantages over the passive one. The time point for
lasing onset is electronically trigger-able, which reduces the timing-jitter. The
pulse energy is variable during operation as the initial transmission is not fixed
by the saturable absorber. Another advantage is a considerable lower loss within
the cavity after its Q-value is switched to high as no excited state absorptions are
present. On the other hand have these active modulators a certain length of at
least 10 mm, which will result in a total cavity length that does not allow few-
100ps pulses. Hence, an active Q-switching cavity was not pursued within this
work.

In this chapter an overview of published passively Q-switched microchip laser
designs is given (section 3.1). Based on these publications a microchip design
is proposed that can be used as an oscillator for the NextGenPIRL (section 3.2).
The chapter includes a discussion about how to optimize that design towards the
DIVE application and also some restrictions of the design due to the Laser Induced
Damage Threshold (LIDT).
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undoped YAG end-caps
I Nd:YAG Cr4+:YAG l

input coupling dielectric mirror output coupling dielectric mirror
AR pump, HR laser mode PR laser mode

Figure 3.1: Schematic drawing of a monolithic Q-switched microchip laser. The gain
medium (Nd:YAG) is bonded directly on the Q-switch ( Cr*t:YAG). Two undoped end-
caps are bonded onto the outer surfaces and the cavity mirrors are coated directly on the
end-caps.

3.1 Published Microchip Lasers

The shortest pulse lengths of passively Q-switched microchip lasers can be achieved
when a high gain material like Nd:YVO, (Neodymium doped Yttrium Vanadate)
is bonded on a Semiconductor Saturable Absorber Mirror (SESAM). The SESAM
has a fair modulation depth of typically 10 to 20 percent and it does not contribute
to the length of the cavity. Braun ef al.[56] used for the gain material a very
short and highly doped Nd:YVO, crystal. The high absorption cross section of
Nd:YVO, together with the high doping of 3 at.% resulted in an absorption length
for the pump beam of only 100 um and thus a crystal length of only 200 um was
enough to get a good pump absorption. The achieved pulse lengths varied be-
tween 56 ps and 68 ps with pulse energies of 62nJ at 85 kHz PRF and 370nJ at
160 kHz PRF respectively. Even shorter pulses can be achieved when the cavity
length is further reduced. In the design of Spiiler ef al.[57] a microchip laser with
a 185 um short crystal generated 37 ps pulses. The shortest pulses so far have been
reported by Butler ef al.[58], where a 110 um short cavity led to a pulse duration
of only 22 ps. Although the pulses from these SESAM based microchip lasers
are very short, their pulse energy is very low. As is shown before in the theory
chapter, the pulse energy in Q-switched lasers depends on the amount of stored
energy before the lasing threshold is reached. With the high emission cross section
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of Nd:YVO, and the limited modulation depth of SESAMss only sub-uJ energy
levels are achievable with this kind of lasers. To breach this limitation, different
gain materials with lower emission cross sections have been tried. Spiiler ef al.[59]
used a highly doped Ytterbium doped Y ttrium Aluminium Garnet (Yb:YAG) crys-
tal. But even with the low emission cross section of 2.5 x 1072°cm? the highest
pulse energy achieved was still only 1.1 pJ.

To get to higher pulse energies, a different saturable absorber material with
a higher modulation depth has to be used. Tetravalent chromium doped crystals
like Cr*":YAG are strongly absorbing in the near infrared and their initial trans-
mission can be scaled far beyond of what is possible with a SESAM. Zhou et
al.[60] and Wang et al.[6]] reported about monolithic self-q-switched co-doped
Cr** )Nd:YAG lasers. In their design the gain crystal Nd:YAG is co-doped with
tetravalent chromium ions. The single monolithic crystal acted both as gain medium
and as saturable absorber. The resulting cavities were short enough to generate
pulses with durations down to 290 ps at a pulse energy of 8 uJ. But as the tetrava-
lent chromium ions are also highly absorbent at the pump wavelength, this design
proved to be not viable for high PRFs. The absorption of the pump light by the
saturable absorber led to a high thermal load and the lasers could not be operated
at PRFs above 100 Hz.

Zayhowski and Dill [62] reported on a passively Q-switched microchip laser
with separately grown Nd:YAG and Cr**:YAG crystals. They cut and polished
the two crystals, bonded them together and coated the end-mirrors directly on the
end-faces. The resulting passively Q-switched microchip lasers produced pulses
with a duration of 337 ps and a pulse energy of 11 uJ at up to 6 kHz PRF. Besides
delivering a fair pulse energy at several kHz PRF, the laser was reported to run
in a single longitudinal and in a single transversal mode. It was reported to be
very stable with a pulse-to-pulse amplitude jitter of less the 0.5%. A few years
later Zayhowski reported on a series of Q-switched microchip lasers with vary-
ing design parameters [63]. The initial transmission of the saturable absorber, the
reflectivity of the output coupling mirror and the cavity length were varied to opti-
mize the microchip lasers towards either high pulse energy or short pulse duration
3.1. The generated pulses are reported to be as short as 218 ps, the pulse energies
were up to 250 uJ and average powers of up to 605 mW were reached.
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microchip design laser pulse

year, Lopt TO Roc Wy T Ep f rep P, avg
reference [mm] [%] [%] [um] [ps] [W] [kHz] [mW]

1998, [63](*) 113 26 26 63 310 200 1.0 200
186 26 26 63 380 250 1.0 250

1994, [62] 1.36 87 94 50 337 11 6.0 66
1998, [63] 136 8 80 50 218 40 5.0 20
1998, [63] 11.8 40 40 63 390 110 55 605
1998, [63] 21.8 40 40 63 700 225 2.0 450
(
]

1998, [

Table 3.1: Outline of published Q-switched Microchip lasers with pulse durations below
1 ns. The design HPMCL-3 is marked with a (*)

3.2 Design Considerations

Zayhowski’s reports show that passively Q-switched microchip lasers are a promis-
ing source for the generation of few 100 ps pulses at a few-kHz PRF with pulse
energies in the 10 to 100 uJ range. The achieved pulse duration are below of
what is needed for the DIVE process and the pulse energies are high enough to
be amplified by a simple multipass-amplifier without the need for sophisticated
regenerative amplifiers. The design from Zayhowski named HPMCL-3 [63] is
chosen as a starting point for the proposed microchip laser. That design can be
optimized by shortening the pulse duration further down closer to what was used
in the first DIVE studies performed by Franjic et al.[16] and higher pulse energy
might also be possible.

3.2.1 Shortening the Pulse Duration

The pulse duration of a passively Q-switched microchip laser strongly depends
on the length of the cavity. In the model for rapidly Q-switched lasers, the pulse
duration 7, scales linearly with the optical cavity length /,,,. This effect is easily
understood if the microchip laser is seen as an energy storage device. The energy
is stored in the form of population inversion and it is transformed into photons
when a pulse is formed. The higher the photon density inside the cavity, the faster
the energy is transferred from the population inversion into the photon field. A
lengthening of the laser cavity lowers the photon density as the emitted photons
are distributed over a larger volume. Ultimately it takes longer for the energy
inside the gain medium to get transferred into the laser pulse. From that view,
it makes sense that in order to get short pulse durations the cavity should be as
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short as feasible. Another way to shorten the laser pulses is to decrease the initial
transmission from the saturable absorber. Again from the view point of stored en-
ergy, the lower the initial transmission, the higher the population inversion density
when the pulse forms. High inversion density means higher gain and thus faster
energy extraction.

Decreasing the initial transmission of the saturable absorber does not just
shorten the pulse duration. As more energy is stored in the gain medium before
the lasing threshold is reached, more energy is available to be extracted from a
single laser pulse. Counteracting to the increase in stored energy is the increased
thermal lensing. With increased energy to be stored in the gain medium, a stronger
pumping is necessary which leads to a stronger thermal lensing and ultimately to
a smaller transversal laser mode size.

Figure 3.2 shows simulated pulse durations and pulse energies for varying
initial transmissions of the saturable absorber. For the calculation the example
microchip laser design (MCO1) was used together with the rate equations from
chapter 2.4.2 and a fixed transversal mode radius. It can be seen that the pulse
duration shortens with lowered initial transmission, and that the pulse energy in-
creases as more energy is stored in the gain medium before the initial population
inversion is reached.
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Figure 3.2: Simulated pulse durations 7, and pulse energies E, plotted along varying
initial transmission Ty. The microchip geometry from table 2.1 was used, the reflectivity
of the output coupler is set to 30% and no calculation of the thermal lensing was done but
the laser mode radius was set at 78 um.
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3.2.2 Laser Induced Damage Threshold

With shortening of the cavity and increasing the pulse energy, the peak fluence
after the output coupling mirror F,.q .. Will also increase. The LIDT has to be
checked in that case. It was shown by Stuart ef al.[64] that the fluence at damage
threshold scales with /7.

2F.

-—p
Tw?

Fripr = Fripraons\/7/10ns (3.2)

The simulated output fluence can be plotted together with the scaled dam-
age threshold over varying initial transmissions of the absorber. Starting from
a typical value for the damage threshold of dielectric coatings of 7.5J/cm? at a
pulse length of 10 ns, figure 3.3 shows that the peak fluence of the generated laser
pulses reaches the damage threshold at an initial transmission of approximately
Ty ~ 16%. This can be seen as a lower limit to the initial transmission for which
the laser pulses start to damage the microchip lasers output coupling mirror.
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Figure 3.3: Peak fluence at output coupling mirror F,,y, of simulated example microchip
laser. Laser induced damage threshold Fr;pr according to the simulated pulse length
and scaled by the \/T-law.
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3.3 Discussion

From the published microchip lasers so far, the HPMCL-3 design from Zayhowski
stands out. Its pulse duration is very close to what is needed for the DIVE effect
and the pulse energy of that design is high enough to be amplified to the needed
mJ-level by a simple multipass amplifier module. The design is the basis for the
proposed microchip that should act as a seed for the NextGenPIRL. By shorten-
ing the optical length and by decreasing the initial transmission of the saturable
absorber the pulse duration should be further decreased. For that purpose the
end-caps of the proposed seed are chosen to be shorter. Zayhowski used 1 mm
long ones on both end-faces, to suppress end-bulging and to increase the dam-
age threshold. Shortening the length by a factor of two should still leave enough
thickness to suppress bulging and increase damage threshold. The initial trans-
mission of the absorber with Ty = 26% is lowered to 20%, which is still above
the lower limit of 16% for damage free operation. The length of the gain medium
was also reduced from 3 mm down to 2.5 mm. The resulting proposed microchip
laser design (MCO1) for the NextGenPIRL is shown in table 3.2.

end-cap  gain SA  end-cap optical initial output
length  trans. coupler
[[mm] ([mm] [[mm] [[mm] [[mm] 75[%] R,.[%]

HPMCL-3 1.0 3.0 2.25 1.0 13.2 26 26
MCO1 0.5 2.5 2.5 0.5 10.9 20 30

Table 3.2: Design parameter for Q-switched Microchip laser used as the proposed design
(MCOI) in comparison with the design by Zayhowski (HPMCL-3). Both designs consist
of a gain medium (Nd:YAG) bonded on a saturable absorber ( Cr*t:YAG) and with two
un-doped end-caps bonded on the side-faces.
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Chapter 4

Simulating the Microchip Laser

A model for calculating the laser pulse parameters for a given Q-switched mi-
crochip laser design has been given in chapter 2, where a set of rate equations
(equations 2.60) have to be solved. The thermal lens which determines the laser
mode size in a plane-plane cavity can be calculated according to equation 2.43.
The calculation of the thermal lens can be done more precisely when two cor-
rections are added to the model, with the Strehl-Ratio correction (equation 2.46)
being one and the adding of a second thermal lens within the saturable absorber
being the other. These corrections make a more precise determination of the laser
mode size possible. In this section more corrections and extensions to the pre-
viously given model are shown in detail. These extensions will be vital to un-
derstand the characteristics of the proposed Q-switched microchip lasers (MCO1,
table 3.2) for the NextGenPIRL.

The first extension of the model includes the lower level lifetime of the gain
material (section 4.1). It will be shown that this effect stretches the Q-switched
laser pulses and also lowers the pulse energy. Furthermore, a non-zero lifetime of
the lower laser level can result in satellite pulse generation. It will be investigated
if the proposed microchip laser (MCO1) is prone to generate these pulses. The next
extension is a temperature dependent emission cross section (section 4.2). This
effect also changes the laser pulse parameter. This time the change is dependent
on the temperature within the gain region of the laser crystal. A complex model
will be introduced that enables to simulate the temperature dependence of the
complete emission spectrum of Nd: YAG.

A major extension to the model of Q-switched lasers is introduced in section
4.3. The photon field inside the cavity will be treated with modulations according
to the longitudinal mode frequency. It will be shown that in single longitudinal
mode operation the pulse energy is severely reduced due to spatial hole burning.
The spatially modulated photon field results in further effects, namely the genera-
tion of L-mode satellite pulses (sections 4.4), mode-beating within one laser pulse
(section 4.5) and mode-hopping between consecutive laser pulses (section 4.6).
These effects will be explained in detail and it will be shown how they influence
the stability of the proposed microchip laser.
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4.1 Lower Level Lifetime

The model derived in the theory chapter treats the gain medium of the Q-switched
laser as a four level laser. This treatment is only valid if the lower laser level has a
lifetime that is far shorter than the photon lifetime within the cavity (see Degnan
et al.[65]). In case the lifetime of the lower laser level 7; becomes comparable to
the photon lifetime within the cavity, the afore derived rate equations (2.60) have
to be extended with an equation for the population of the lower laser level.
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Figure 4.1: Energy (sub-)levels of Neodymium doped YAG. The laser transition, the pump
transition and the phonon transitions are added as arrows. Energy levels are taken from
Kaminskii [66].

The gain medium of the proposed microchip laser is a trivalent Neodymium
doped Yttrium-Aluminum-Garnet (Nd*>T:YAG or just Nd:YAG), which is a four
level gain material with a non-zero lower laser level lifetime 7;. Figure 4.1 shows
the energy levels and the transitions important for the proposed microchip laser.
The upper laser level manifold 3/, consists of two sub-levels (2;, 1), the lower
laser level manifold 7, /; consists of six sub-levels (Y7, ...Ys). The relative popu-
lation of each sub-level within its manifold is determined by the Boltzmann dis-
tribution. Their relative populations f,, are given by

_ En—Eg
e kBT

(1) = —— (4.1)
Ee_ kgT
=1

with energies F,, of the sub-levels and Ej representing the lowest sub-level
within the manifold (i.e. Y; or R;), Boltzmann constant £z and temperature 7.
Degeneracies g,, have been excluded, as they have the same value for each sub-
level. Nd:YAG lasers are commonly operated at the wavelength of the highest
emission cross section, and so is our proposed microchip design. The point of the
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highest emission cross section of Nd: YAG is around 1064 nm, which corresponds
to the transition between the 7, and Y3 sub-levels. Their relative populations
within their manifold are fQF 2 = 0.41 and f3[ "2 = (.19 at room temperature.

According to Einstein and in the case of a two-level system, the probabil-
ity for emission is the same as for absorption (reciprocity principle). When the
emission cross section is defined this way, it is called the spectroscopic emission
Cross section o, ,,—; for the photon transition between the upper laser level u and
the lower laser level [, with the spectroscopic absorption cross section between
these two levels being identical 04451y = Oemu—i- This relation is called the
reciprocity of the spectral emission cross sections.

As the upper laser level in Nd: YAG is part of a manifold, the probability for an
electron within this manifold being located at the right sub-level has to be taken
into account. One way to do this is to define the population density of the upper
laser level n,,(t) as a fraction of the total population density in the upper laser man-
ifold n,;(t) = finu.tota(t). The population fraction f; can also be moved from
the population inversion to the emission cross section, resulting in the definition
of the effective emission cross section with o tfy— = fiOem u—i- In order to be
consistent with the conventions used in the rate equations before, the emission
cross sections o, is defined as the effective emission cross section. The effective
absorption cross-section for re-absorption from the lower laser level can thus be
determined from the effective emission cross section and the population fractions
of the upper and lower laser level by

f3(111/2)
reabs — v -\ 4.2
Oreabs = Oy (Fya) 4.2)

With the lifetime 7; of the lower laser level manifold, the new set of rate equa-
tions are

dg ¢
% = a(Qagngvulg - QUreabsng,llg
—20'absnabs,olabs - 2O-esanabs,llabs - ln(l/Roc> o L) (4.3)
dng .,
d_';’ = —O'gC(ZﬁTLg’u + O-reabsC(bng»l (44)
dn n
di’l = UgC(ﬁng,u - UreabsCang,l - TglJ (45)
d abs
% - _Uabsc¢nabs,O (46)
nabs,O(O) = MNabs,0 (t> + nabsvl(t) (47)

The lifetime of the lower laser level of the 1064 nm transition of Nd: YAG was
measured by Bibeau et al.[67] to be 225 ps, which is used within this work. The
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new model can be applied to the proposed Microchip design. Figure 4.2 shows
the result of two simulations for zero and for non-zero lower level lifetimes. Due
to the lowered gain resulting from re-absorption from the lower laser level, less
energy gets extracted from the system. The reduction in pulse energy for the
proposed microchip laser within the simulation is 22%. This value is in good
agreement with the study from Fan [68], who investigated the effect of finite lower
level lifetime in Q-switched lasers. The model he derived is very similar to the
one presented in this work, but it excludes Excited State Absorption (ESA) from
the SA. The model was then used for the two extreme cases, where the lower
level lifetime is either zero or infinite. When applied to Nd: YAG lasers, the study
showed the worst case reduction of 32% in output energy when the lower level
lifetime is set to infinite.

1.0 — OO/ Pmax 1.0 —— Generm()bmax
ng(t)/n; ng,u(t)/n;
=== m/n; —— ng,(t)/n;
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Figure 4.2: Solutions of the rate equations for the proposed microchip laser (see table
2.1). Two cases are shown, which are the model with zero lower level lifetime (a) and
with non-zero lower level lifetime (b). Plotted are the photon densities ¢ and diperm
normalized to the maximum of ¢, the upper laser level population ng and ng ,, the lower
laser level population ng; and the lasing threshold n; including losses due to ESA in the
SA. Given are also resulting pulse energies L, and pulse durations .

Later, Degnan [65] studied the effects of non-zero lower level lifetime ap-
pearing in Q-switched lasers in more detail. His study revealed that when the
cavity photon lifetime ¢, is small in comparison to the lifetime of the lower laser
level, trailing satellite pulses can be generated from the remaining population in
the upper laser level. His simulations showed that after the main pulse is gener-
ated, the population in the upper laser level can turn into inversion that is above
threshold as soon as the lower laser level is depopulated. Depending on the ra-
tio between initial inversion and the lasing threshold at a high Q-factor, trailing
satellite pulses can appear for designs where the cavity photon lifetime is smaller

1

than a tenth of the lower level lifetime ({. < ;7). The photon lifetime within
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the proposed microchip laser is 32.9 ps when losses due to the ESA within the
saturable absorber are included. This value is only slightly bigger than a tenth of
7;. According to Degnan’s studies, no satellite pulse should be generated by the
proposed microchip laser. As other kind of satellite pulses will be introduced later
within this chapter, the satellite pulses due to a non-zero lower level lifetime are
called L3-satellite pulses within this work.

Another hint on if L3-satellite pulses are generated in the proposed microchip
laser can be deduced from the simulation results shown in figure 4.2. The popu-
lation density of the upper state n,,, drops below the lasing threshold n; (drawn
as a dashed line). Hence, no positive gain is accessible within the cavity. This
simulation shows that no L3-satellite pulses are expected to be generated by the
proposed microchip laser.
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Figure 4.3: Residual round-trip gain G, of the proposed microchip laser after the first
laser pulse is extracted in dependency on the lower laser level lifetime 1. Shown is also
the intercept at threshold Gy(7;) = 1 with 7, =~ 1ns.

To see how far the proposed microchip laser is away from generating L3-
satellite pulses, the simulation was performed in a series with increasing life-
time 7;. Figure 4.3 shows the residual round-trip gain G,; within the proposed
microchip laser after the main pulse is extracted. The residual round-trip gain in-
creases with the lifetime and it reaches the lasing threshold at ; =1.0ns. This
value for 7; is more than four times higher than the actual lifetime for Nd: YAG.
According to this simulation, the proposed microchip laser is far away from gen-
erating L3-satellite pulses.

L3-Satellite pulses can be easily achieved experimentally by switching the gain
material from Nd:YAG with its very short lower laser level lifetime of 225 ps to
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a gain material with a lower laser level lifetime in the nanosecond range. Ng et
al.[69] build a Nd:GdVO, (Neodymium doped Gadolinium Vanadate) based Q-
switched laser that was able to generate satellite pulses. The photon lifetime of
their cavity was 780 ps, which is more than 25 times lower than the estimated
value for the lower level lifetime of Nd:GdVO, with 20 ns.
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4.2 Temperature Dependency

After the first reports on doped crystal based solid-state lasers, studies have re-
vealed that direct one-phonon and two-phonon Raman processes play the domi-
nant role in homogeneous broadening of the spectral lines and their thermal shift.
McCumber and Sturge [70] derived a model for the temperature dependent line
width and position in ruby, which can also be applied to other solid-state laser
crystals. The dominant process determining the line-shapes have been interpreted
as direct phonon or two-phonon Raman processes which predict a Lorentzian line-
shape with a line-shape factor

Al/if 1
9is(v) = 79)2 — )2
21 (Avip/2)? 4+ (v — vig)
for all the transitions from state 7 to state f, where v;; is the center frequency
and Ay, is the width of the line profile. Later on, Kushida [71] adopted the

phonon-electron interaction model for Ruby to Neodymium doped YAG, which
can be written as

(4.8)

T\* P x3
Vif(T) = Vif(O) — Cif (@—D) /0 ot _ 1dl’ (49)
T\ [P afer
Avi(T) = A, = _re 4.1
1) = dg0) 4y () [T e 4.10)

The derived model consists of two offsets at zero temperature v;7(0) and
Av;¢(0), two material dependent coupling parameters ¢;; and d,; and the crys-
tal specific Debye temperature © . The Debye temperature can be found in the
literature to be 795K for YAG [72]. Both the spectral offsets and the material
specific coupling parameters have to be determined experimentally by fitting the
model to a data set.

The model so far is only for one single transition from ¢ to j. To get the com-
bined temperature dependent emission cross section, all single line-shape factors
gis for all possible transitions 7 — f between the upper laser level manifold j
and the lower laser level manifold £ have to be weighted for their probability and
transition rate and then summed. The first weighing factor is a normalized transi-
tion probability distribution b;;. The factor represents the normalized distribution
of the transition probabilities into the sub-levels of the lower manifold k for each
upper sub-level 7. It can be used to sum up the line-shape functions over the lower
manifold according to
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= bisgis(v). (4.11)
fek

The definition of the weighting factor b;; is very close to the one for the
branching ratio for transitions from one manifold to all possible lower manifolds.
But here we only look at the transition between two manifolds, and b;; could
be interpreted as an inter-sub-level branching ratio. Starting from a sub-level 7,
its population probability is given by the fractional population f;, that was intro-
duced in the previous section. The probability for a transition from a sub-level ¢
to the lower manifold k& can be described by the decay rate A;. The sum over all
A; weighted with the corresponding fractional population is the total decay rate

Ajy, for the j — £ transition.

Ajp =Y fidi = (4.12)

1€]

Thus each single transition from an upper sub-level to the lower manifold will
have to be weighted by its relative upper sub-level decay rate a; defined by

L
§:iej/4hﬂ'

Now the complete line-shape function for the transition j — k can be written as
the weighted sum over all transitions from ¢ to £ by

F*w)=> aifigf(v),  with Y by =1. (4.14)

i€ fek

(4.13)

a; =

With the definition of the emission cross section from equation 2.13 the emission
cross section for the 7 — k transition becomes

, A2 a;b; r fi Av;
Ry = —2 ] (4.15)
1672027y zE]Zfek (Avip/2)2 + (v — vif)?

Sato and Taira [73] made the effort to carefully evaluate a series of fluores-
cence spectra of the F3 /5 — I, transition in Nd: YAG to retrieve the temperature
dependent coupling parameters c;; and d;, the offsets at zero temperature ;¢ (0)
and Av;¢(0), the relative decay rates a; and the inter-manifold branching ratio b; .
To correlate the parameters to a fluorescence intensity, they used the Fiichtbauer
Ladenburg equation to deduce the expression

3 az%ffﬂsyﬁ
) o v Z B /2Pt v P (4.16)
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As the model of Sato and Taira specifically aims for temperature dependent pa-
rameters, it includes only changes over temperature but not the actual peak value
of the emission cross section. The peak effective emission cross section can be
retrieved from Kochner [43] with a value of 2.8 x 10~'°em? at room temperature.
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Figure 4.4: Effective emission cross section of the F3 ;5 — I11 /o transition in Neodymium
doped YAG at different temperatures. Data retrieved from theoretical model from Sato
and Taira [73]. Peak emission cross section at T = 20°C' retrieved from Kichner [43].
Shown are only the spectral lines of the overlapping Ry — Y3 and Ry — Ya sub-level
transitions.

Figure 4.4 shows the temperature dependent effective emission cross section
spectra of Neodymium doped YAG at different temperatures. Shown are the
Ry — Y35 and the partly overlapping Ry — Y5 transitions. The data is the nu-
meric solution from theoretical model from Sato and Taira [73] combined with
the peak emission cross section given by Koechner [43]. The peak of the emission
cross section spectrum clearly moves to longer wavelengths with increased tem-
perature. With the width of the emission lines increasing with temperature and
the lifetime of Nd:YAG being constant over the plotted temperature range [74],
the peak emission cross section decreases approximately by 0.21%/ K.

Applying the Model to the Microchip Laser

From section 2.3 about thermal lensing, we know that the temperature profile
within an end-pumped laser crystal varies with a rather steep slope both perpen-
dicular and parallel to the optical axes. Within the volume of the laser mode the
laser crystal has a wide range of temperatures 7(r, z). In order to simulate the
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spectral profile of the emission cross section, a spatially averaged temperature
T4yq could be used.

1
Tovg = —/ T(r,z)dV with V, = 271wyl 4.17)
Vo Jv,

This approximation ignores the shift in wavelength of the single emission
cross-section spectra along the temperature gradient within the laser mode vol-
ume V. With the position of the emission peak varying with temperature and the
temperature varying within the gain crystal the total emission profile is smeared
out and thus wider than presumed by this approximation.

An approximation that is closer to the actual emission cross-section spectrum
can be found by integrating all temperature profiles o(\, T'(r, z)) within the crystal
weighted by their contribution to the initial gain d¢/dt < ¢oyn,. This method
provides the emission cross-sectional profile during the pulse build-up time, where
the population n, ~ n; is not reduced considerably. For the weighting of the
single emission cross-section spectra, we are going to define a normalized gain
factor fyqin by

az

Jain(r, 2) < €€ wie w5 with fain(r, 2)dV =1, (4.18)
Ve

where the integral is done over the whole laser crystal volume V, and the
population n, was replaced by the local pumping rate from 2.35. An averaged
weighted emission cross section within the laser mode volume can be retrieved by

Tg.avg (M) :/ ag(NT (7, 2)) X feain(r, 2)dV. (4.19)

The temperature profile within the gain medium and the averaged emission
cross sections for the proposed microchip laser are shown in figure 4.5. The tem-
perature profile shows a high peak temperature of over 70 °C due to the used
strong pumping power that is necessary for the chosen PRF of 5kHz. The spa-
tially averaged emission cross section spectra o, 4, and o,(7},,) show clearly the
difference between the two possible averaging methods.

The change in the emission cross section spectrum will have several effects
on the performance of the proposed microchip laser. For one the emission peak
wavelength will change with temperature and thus the wavelength of the emitted
pulses will vary with the pumping power. The other is an increase in pulse energy
with crystal temperature. When the emission cross section of the gain medium
becomes smaller, the initial population inversion has to raise to higher levels be-
fore the saturable absorber can bleach out. Hence, more energy gets stored in
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Figure 4.5: (a) Temperature profile inside the gain medium of the proposed microchip
laser (Table 2.1) pumped at 5 kHz repetition rate (PRF). (b) Average weighted emission
Cross section 04 qvg plotted together with emission cross section for averaged temperature
0g(Tang). Values for the respective peak emission cross sections and the FWHM of the
spectra are given.

the gain medium before a laser pulse is extracted. This effect is comparable to
a decrease in the initial transmission of the saturable absorber, which increases
the pulse energy and shortens the pulse duration. This of course presumes that
the saturable absorber crystal, which will also heat up during operation, does not
change its absorption cross section with temperature. That was shown to be the
case for Cr**:YAG crystals by Okhrimchuk and Shestakov [75].

Figure 4.6 compares the change in pulse energy over increased repetition rate
(PRF) of the proposed microchip laser for two cases. One time the simulation was
run with a constant emission cross section, the other time a temperature dependent
emission cross section was used. At low repetition rates and thus at low pump-
ing power, both models show the same pulse energy. This is expected, as at low
repetition rates the gain crystal does not heat up much. With increasing repetition
rate the pulse energies for both models start to drop, as the thermal lensing gets
stronger and thus the laser mode width shrinks. At the same time the two models
start to drift apart from each other, as the effect from the temperature dependent
emission cross section kicks in. An interesting aspect of the proposed microchip
laser appears in the simulation at very high repetition rates around 4 kHz. The
increase in pulse energy due to lowered emission cross section starts to compen-
sate the drop in energy due to thermal lensing. Following these simulations, it is
expected that the drop in pulse energy will settle at a constant value at very high
repetition rates.
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Figure 4.6: Simulated pulse energy of the proposed microchip laser over repetition rate
(PRF). Either a constant emission cross section (04, = const.) or a temperature dependent
averaged weighted emission cross section (o4 = 04(T)) is used.

4.3 Modulated Photon Field

The Q-switched microchip laser has been described with a time varying but spa-
tial homogeneous photon-density ¢(t). But the photon-field within a laser cavity
is actually a standing electromagnetic wave that has both amplitude and phase.
Hence, the photon-field inside the cavity should also be described with a phase-
modulation analogue to the electric field. A possible description would be a si-
nusoidal modulation along the optical axes z analog to the sinusoidal modulated
electric field with

Gu(t.2) = 2050(t)sin’(2n ) (420)

q
1 [7o1
Pgo(t) = T / Bq(t, z)dz (4.21)
g Z,O

g

where ¢, () is the space-averaged photon density and ), is the wavelength
of the g-th longitudinal mode. The integral within the averaged photon density
is performed only along the gain medium, so from z, to z, ;. This description
has the advantage that the photon density can be separated into a time dependent
amplitude and a time independent spacial component.

For the time derivative of the population inversion dngd—(tt’z) on the other hand,
the population density has to be split into thin slices Az, which should be far
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smaller than the wavelength (Az << A,). This will resultin N = & separately
numerically solvable differential equations. For each slice n,(t), the equations
for the gain medium and the saturable absorber are

dny(t).

T —C04,404(t, 2)ng(t) (4.22)

with z2=2+ N xAz and N=0...[,/Az. (4.23)
dna s(1)-

#O = _Oabsc¢q(ta Z)nabs,O(t)z (424)

with z=20+ N x Az and N =0...lups/Az. (4.25)

Here it was assumed that the emission cross section for the gain medium o ,
can be different for each longitudinal mode ¢, but the cross sections for the sat-
urable absorber do not differ much between the excited modes.

As the photon density can be separated into a spatial and a temporal part, it
does not have to be sliced up. Instead, the spatially averaged inversion densities
Ng.q.avg(t) and Ngps 4 4vg(t) are going to be defined, which are weighted by their
photon field modulation. The averaged densities will have to be calculated for
each time step during the numerical integration along the time domain.

1 2o
Ng.q.avg(t) = l_/ 23in2(27m)\i)ng(t, 2)dz (4.26)
g Zg’() q
1 Zabs,1 . 9 z
Nabs,g,avg(t) = " 2 sin (27rn)\—)nabs,0(t, z)dz (4.27)
abs J zaps,0 q

The averaged population densities can be used to define a time-only dependent
differential equation for the photon field’s space-averaged amplitude with

dqbq,O(t) . ¢q,0(t)
dt  te

(204,4ng,q.avg(t) = 20absNabs g.avg (t) — [--]) (4.28)

This new set of rate equations include the effects of a modulated optical field
for a pulse with a single longitudinal mode. In Figure 4.7 the modulated photon
density ¢,(z) is plotted together with the modulated final population inversion
Ny, final(2) Of the gain material and the final population density of the ground state
of the saturable absorber 74ps finqi(2). The parameters from the proposed mi-
crochip laser from table 3.2 are used for this calculation. The final populations are
strongly modulated for both the gain material as for the saturable absorber. The
simulation shows that after a laser pulse is extracted, a rather large population in-
version still remains, especially at the points where the modulated photon density
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Figure 4.7: Solution for the rate equations which include a spatially modulated photon
density ¢,(z). Data is plotted for the range of half a wavelength (wavelengths corrected
with the refractive index of the material). The microchip geometry from table 3.2 is used.
Plotted are also the modulated final population of the upper laser level n,, finq and the
population of the ground level of the saturable absorber ngps.

is zero or close to zero. This modulated depletion in population is called spatial
hole burning. As a direct result of spatial hole burning, the extracted energy is
smaller than in the unmodulated case.

To see how much less energy is extracted from the cavity of the proposed mi-
crochip laser, the rate equations are solved and the photon density and the spacial
averaged population densities are plotted for both the modulated and the unmod-
ulated case in figure 4.8. In the case of a modulated photon field, the average final
population density of the upper laser level settles at around 60% of its initial level,
whereas in the unmodulated case the population density drops to roughly 40% of
its initial value. The extraction efficiency is thus lower for a modulated photon
field and the resulting pulse energy drops from 78 pJ to 53 uJ.

Figure 4.8 also shows the population of the saturable absorber’s ground state
after the laser pulse has been extracted. A rather big part centered within each
period )\, 1 /2 is completely bleached out and only in the areas close to the electric
field’s zero-points a population is left in the ground state. The saturable absorber
is bleached out by roughly 80% on average, whereas only 40% of the inversion
in the gain medium are extracted. It is plausible at this point, that a second laser
pulse running in a different longitudinal mode might extract parts of the remaining
inversion.
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Figure 4.8: Solutions of the rate equations for Q-switched microchip laser from table
3.2, with spatially constant photon field (a) and with spatially modulated photon field (b).
Amplitudes are normalized to their maximum value. Plotted are the photon densities ¢,
normalized to the maximum in case of infinite thermalization rate, spatially averaged pop-
ulation density n, of the upper laser level and the spatially averaged population density
Nabs Of the saturable absorbers ground state.

4.4 L-Mode Satellite Pulse

In chapter 2.2, it is shown that two neighboring longitudinal modes overlap con-
structively at the end mirrors, but they drift apart towards the cavity center. After
a single longitudinal mode laser pulse is extracted from the cavity, it leaves a spa-
tially modulated residual inversion in the gain medium. That inversion might be
high enough to generate a second trailing pulse running in a different longitudinal
mode. Figure 4.9 shows the emission cross section spectrum of Nd: YAG for room
temperature together with a few possible longitudinal modes of the proposed mi-
crochip laser. The mode with the highest cross section (L.-Mode 0) represents the
first laser pulse extracted from the microchip. The possible second laser pulse can
have any direct or next neighboring longitudinal mode depending on its emission
cross section and its spatially averaged population inversion.

From the last simulation in the previous section, which included the spatially
modulated rate equations, the final population density n, finq(2) can be used in
conjunction with possible laser modes ¢, (2, A,) to see if the gain, respectively the
time derivative of the photon density, is above zero. The resulting condition

d¢q,0

e (204 qNg.q.009 — 20absTabs,0,avg — |---]) > 0 (4.29)
contains only the second multiplier of d‘Z—i’O, which is enough to see if there
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Figure 4.9: Emission cross section spectrum of Nd:YAG plotted together with longitudinal
modes of the proposed microchip laser described in table 2.1. Operation at 1 kHz PRF.
L-modes are designated with numbers from -3 to +3. The center L-mode 0 has the actual
mode number of ¢ = 20493.

is a positive gain. Table 4.1 shows the values for % ¢ (excluding the term ¢q O)

after the first laser pulse is extracted. For the center mode (L-Mode 0) most of the
spatially averaged inversion is already extracted by the first laser pulse, and thus
the gain here is negative. One neighboring mode (L-Mode -1) on the other hand
shows a raise in photon density, which indicates that a trailing pulse is building up
after the first pulse is extracted.

L-Mode (@) -2 -1 0 1 2
déo —0.28 022 —0.34 —0.09 —0.53

dt

X

Table 4.1: Values proportional to ‘é—f according to equation 4.29 for different longitudinal
modes q after the extraction of the first laser pulse.

To see which characteristics the predicted trailing pulse has, the rate equations
can be further extended to include several competing longitudinal modes. Sev-
eral parameters and properties with their dependency on the laser mode number ¢
have been introduced in the previous section. Both the emission cross section oy,
and the modulated photon field ¢, (¢, z) are wavelength dependent. The averaged
populations 1y g qg(t) and ngps . 40g(t) that overlap with the photon-field are de-
pendent on the modes wavelength and are thus marked with the mode number g.
The new set of rate equations will have to include several possible photon fields
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¢4, each of which will diminish the population further. The single photon fields
¢, are treated as if they would not interfere with each other. This is a reasonable
assumption as a time-independent phase-offset between the single modes like in a
mode-locked system is missing. It is reasonable to assume that the single intensity
fields with mode numbers g can be summed up without interference terms. The
rate equation for the photon density ¢, from the model before (equation 4.28) can
be reused, but it has to be solved for each mode ¢ separately. The rate equations
for the population densities in the case of multi-longitudinal modes are

dnil_it)z = —eng(t): ) Tgat(t,2) (4.30)

with 2 =2+ N x Az and NiO...lg/Az. 431)
dn%st(t)z = —CNabs,0():0abs D G4t 2) (4.32)

with z2=20+ N xAz and N =0. .q. Laps | Az. (4.33)

The new set of rate equations for multi-longitudinal mode lasing are solved
and the results are shown in figure 4.10. The first laser pulse with mode ¢ = 0
is identical to the pulse from the previous single longitudinal mode simulation.
The remaining spatially averaged upper laser level population of roughly 60% of
its initial value is high enough to generate a second laser pulse. The second laser
pulse with the relative mode number ¢ = —1 has a far shorter pulse build-up time
tpear than the first. This is due to the saturable absorber being nearly bleached
out during the first pulse build-up. The second pulse can thus be seen as a mix
between Q-switched and gain-switched pulse. Its pulse duration is accordingly
longer than the fully Q-switched pulse. The simulation shows that the second
laser pulse extracts another 10% of the stored population.

To keep in line with previous publications and name giving, the trailing pulse
running in a different longitudinal mode is called an L-mode satellite pulse within
this work. The simulation shows that L-mode satellite laser pulses are expected to
appear in the proposed microchip laser. In order to see which time delays between
the main pulse and the satellite pulse are expected for the proposed microchip laser
at varying temperatures and PRFs, the multi-longitudinal mode simulations where
conducted in a series with varying crystal holder temperature and at three different
repetition rates (PRFs). The results are shown in figure 4.11. The average delay
between the two pulses for all shown repetition rates is 8.4ns. An interesting
feature appears at each repetition rate. There is a maximum delay between the
two pulses which appears at a certain temperature. At these points the difference
between the emission cross sections of the two pulses is at its maximum. Due
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Figure 4.10: Simulation results for multi-longitudinal mode lasing of the proposed mi-
crochip laser. Shown are the spatially averaged amplitudes of the photon densities with
L-mode numbers 0 and —1, both normalized to the peak value of ¢o(q = 0). The spatially
averaged population densities for the upper laser level ny q.q and for the ground state
of the saturable absorber naps qvg are both normalized to their respective peak values.
Given are also the pulse energies E,, and the pulse durations T, of the generated pulses.
The pulse build-up times tpeqi for both pulses are measured from the pulse onset to its
peak.

to the minimized cross section for the satellite pulse, it needs more time to build
up. Another interesting property of the L-mode satellite pulses is that at certain
temperatures the delay to the main pulse vanishes. At these points the emission
cross sections for both modes are very close to each other and both reach their
inversion threshold nearly at the same time. The two pulses temporarily overlap
with each other. Due to their separation in wavelengths this temporal overlap will
result in mode-beating, which is discussed in more detail in the following section.

The L-mode satellite pulses described in this section differ from the previously
described L3-satellite pulses (see section 4.1) considerably, as they run in a differ-
ent longitudinal modes. The first experimental observations of a L-Mode satellite
pulse can be found by Bartschke er al.[76]. They used Nd:YAB (Neodymium
doped Yttrium Aluminium Borate) as both gain medium and nonlinear crystal
for frequency doubling. The measurements of the temporal profiles of the output
pulses showed a trailing pulse for each main pulse. A look at the spectrum re-
vealed that the two pulses had different wavelengths and their separation could be
explained by being two neighboring longitudinal modes. The given cause for the
second L-mode was spatial-hole burning, which coincided with the model in this
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Figure 4.11: Simulation results for multi-longitudinal mode lasing of the proposed mi-
crochip laser. Shown are the time delays between the main pulse and the L-mode satellite
pulse. The data is plotted along varying crystal holder temperature and for different pulse

repetition frequencies (from 400 to 2000 Hz). A satellite L-mode pulse is observed in every
run of the simulation.

work.

A satellite laser pulse following the main pulse with a different L-mode and
with a far lower energy was also reported by Niu et al.[77]. An explanation on why
or how the second laser pulse was generated is not given by the author, but from
his report it is clear that it was an L-mode satellite pulse. Later Liu et al.[ 78] also
produced L-mode satellite pulses. By correlating the appearance of the satellite
pulses with extra modes seen on a high resolution spectrometer, they showed that
these pulses correspond to different longitudinal modes.
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4.5 Mode Beating

Due to the modulation of the electric field inside the gain material, several laser
modes can be generated independently. This multi-longitudinal mode lasing can
result in several effects. The simulations in the previous section shows that a
trailing pulse is generated after the main pulse was extracted. As a special case,
this second laser pulse or L-mode satellite pulse can be formed at nearly the same
time as the main laser pulse. In the simulations from the previous chapter it is
shown that this can occur at every set repetition frequency, but only at certain
temperatures (see figure 4.11).

Two longitudinal modes might have very similar emission cross sections. As
a consequence these two modes reach threshold either at the same time or very
close to each other. These two neighboring modes compete for the population
inversions in that part of the gain medium, where their photon-field is in phase. To
visualize this effect and to investigate it further, the derived simulation model can
be used. In figure 4.12 the emission cross sections for several longitudinal modes
within the proposed microchip laser (MCO1) pumped at 400 Hz are shown along
varying crystal holder temperature. For the calculation the model for temperature
dependent emission cross section of Nd:YAG is used. As the wavelengths of
the single longitudinal modes are fixed, their cross sections shift with changes in
temperature. At certain temperature points the cross sections of two neighboring
modes are identical. At a crystal holder temperature of 25.75°C, the two central
modes have the same emission cross section, which should result in temporally
overlapping laser pulses.

Using the multi-longitudinal mode model on the proposed microchip laser
with the crystal holder temperature set to 25.73°C, in fact two temporally overlap-
ping laser pulses are generated, which can be seen in figure 4.13. The temperature
was chosen to be slightly off the previously determined point at 25.75°C to get
slightly different pulse amplitudes in the two overlapping pulses. The two gen-
erated laser pulses with absolute L-mode numbers 20463 and 20464 differ from
each other. The mode 20464 features a higher emission cross section, which can
also be seen in figure 4.12. As a direct result, this mode starts lasing first. The
temporal delay is not a result of the needed extra pumping time but of the bleach-
ing of the saturable absorber by the first laser pulse. The second pulse can thus be
seen as a mixed Q-switched gain-switched pulse and its pulse duration is longer
than in the pure Q-switched case. The two pulses have differed wavelengths and
the output of the laser is a pulse with a modulation frequency A f; , defined by the
difference in wavelengths.

This mode-beating effect can be interpreted as a special case of the L-mode
satellite pulse effect. Mode-beating is expected to happen with the proposed mi-
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Figure 4.12: Simulated emission cross sections of the single longitudinal modes of the
proposed microchip laser (MCOI) pumped at 400 Hz. The given numbers in the legend
are the absolute g-numbers. The crystal holder temperature is varied between 20°C and
30°C. Within this temperature range the L-modes 20463 and 20464 feature the high-

est emission cross sections. Their emission cross sections overlap at a temperature of
25.75°C.

crochip laser for every repetition frequency but only at certain temperatures. To
avoid the mode-beating effect, the proposed Q-switched microchip laser has to be
temperature stabilized.
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Figure 4.13: Solution for the model for multi longitudinal modes of the proposed mi-
crochip laser (MCOI1) pumped at 400 Hz solved for a crystal holder temperature of
25.73°C. Two longitudinal modes are overlapping in time. Their interfered signal is
modulated with a frequency A f1 2 due to their slightly different wavelengths. Given is
also the FWHM pulse duration and the time delay At between the peaks of the two inter-
fering pulses.

4.6 Mode Hopping

Between the generated laser pulses the gain medium is pumped until the needed
initial population is reached again. Experimentally it makes sense to pump the mi-
crochip laser not continuously but in pulsed mode. This pulsed pumping reduces
the losses due to the finite lifetime of the upper laser level. With the repetition fre-
quency of the pulsed pump, the pulse repetition frequency (PRF) of the microchip
laser can be set. The duration of a single pump pulse is set as long as needed to
reach the initial inversion.

If the time between two consecutive pulses is in the range of the upper laser
level lifetime or shorter, part of the not extracted upper level population is pre-
served and can be used by a pulse from the second pumping cycle. In the case of
the proposed microchip laser, the final population inversion is strongly modulated
after the main and the trailing L-mode satellite pulses are extracted from the cav-
ity. If the modulated inversion partly remains until the pulse of the following cycle
is generated, then the mode of the main pulse might hop to a neighboring mode.
To investigate this effect, the final populations of the previous simulations can be
used as a starting point. The population of the upper laser level then is reduced
by its decay rate over the time period between two consecutive main pulses and a
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population according to the pumping rate is added. From there the same model as
before is used, but this time with the mixed and thus modulated population density
as a new starting point.

The simulation is performed with a fixed repetition frequency of 1 kHz, and the
energies and mode-numbers of the generated main and trailing pulses are shown
in Table 4.2. It can be seen that indeed the consecutive main pulses exhibit a mode
hopping between the ¢ = 0 and ¢ = —1 mode and that the trailing pulses also hop
between these two modes. What can also be seen is that the pulse energies of
the trailing pulses fluctuate between pulse-cycles, which can be explained by the
difference in emission cross sections for each laser mode.

L-Mode -2 -1 0 1 2
0 166 53.1 0 O
0 531 168 0 O
0 161 53.1 0 O
0 531 168 0 O
0 161 531 0 O

Table 4.2: Given values are the pulse energies Ep[uJ] for the repeatedly solved rate
equations. First row represents the first pulse (L-mode 0) plus trailing pulse (L-mode -1)
after the first pumping cycle. Second row represents the pulses after the second pumping
cycle, etc. Final population densities after each cycle are reduced by their lifetime and
then added to the inversion of the following pumping cycle. Simulations where done for
the proposed microchip design operated at 1 kHz PRF.

The mode-hopping between the laser pulses in the microchip laser strongly de-
pends on the ratio between PRF and upper laser level lifetime. Further simulations
of the proposed microchip laser with different repetition frequencies showed no
mode-hopping effects for PRFs below 500 Hz. Starting between 500 and 1000 Hz
mode-hopping appears, which depended on the set crystal temperature. Compar-
ing the lifetime of the upper laser level of Nd:YAG, which is about 230 us, and
the time delay between pulses at 1 kHz, which is 1000 ps, it can be seen that only
1.3% of the modulated final population is already enough to get mode-hopping
effects. In other words, the proposed microchip laser should be very susceptible
to mode-hopping, especially at high PRFs of 1kHz and above.

The same approach can also be used to look at consecutive pulses for even
higher PRFs. If the microchip laser is pumped at a raised PRF, the crystal will
heat up more. As the emission cross section spectrum is temperature dependent, it
has to be recalculated according to the model given in section 4.2. The weighted
emission cross section spectrum is shown in figure 4.14. The profile is consid-
erably wider than in the case of operation at 1 kHz PRF. Its full width at half
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Figure 4.14: Initial gain weighted emission cross section spectrum of Nd:YAG plotted
together with longitudinal modes of the proposed microchip laser described in table 3.2.
Laser is operated at 5 kHz repetition frequency with accordingly higher gain medium
temperature. The emission spectrum is wider than in the 1 kHz case.

maximum widened from 0.77nm at 1 kHz to 0.93 nm at 5kHz. As a result, the
single longitudinal modes experience a more similar emission cross section. The
trailing pulse condition 4.29 which checks the gain after the first pulse is extracted
is shown in table 4.3. Both next neighboring modes ¢ = —1 and ¢ = 1 have a
positive gain after the main pulse (¢ = 0) is extracted, thus two trailing pulses are
expected. The continued simulation in time is shown in Figure 4.15, where two
trailing pulses can be observed within the simulation. They overlap in time, but
their energies are quite different from each other.

L-Mode (q) -2 —1 0 1 2
o Lo —0.27 0.34 —0.37 0.34 —0.28

dt

Table 4.3: Values proportional to % according to equation 4.29 for different longitudi-
nal modes q after the extraction of the first main laser pulse. Simulation performed for
proposed microchip laser operated at 5 kHz.

Table 4.4 shows the pulse energies of consecutive pulses for the proposed mi-
crochip laser operated at 5 kHz PRF. Due to more inversion preservation between
the pulses, the mode-hopping is much more severe than at 1 kHz. Interestingly the
main mode changes between pumping cycles between ¢ = 0 and ¢ = 1. Appar-
ently the emission cross sections for these two modes must be very similar. What
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Figure 4.15: Simulation results for multi-longitudinal mode lasing of the proposed mi-
crochip laser operated at 5 kHz. Shown are the spatially averaged amplitudes of the pho-
ton densities ¢q of the laser pulses with L-mode 1, 0 and -1 normalized to the peak value
of ¢o(q = 0). The spatially averaged population densities for the upper laser level 1y, quq
and the excited state of the saturable absorber ngps qvg are both normalized to their total
peak values. Given are also the pulse energies E,, and the pulse durations T, for each
mode. The pulse build-up times tyc.) are measured from the pulse onset to its peak.

can also be seen from the simulation, is that both the total pulse energies (sum)
and the energy of the main pulses fluctuate between cycles.

For the proposed microchip laser, mode hopping is expected to happen at
raised PRFs, starting around 1 kHz. The fluctuations in pulse energy seem not
to be severe. The fluctuation in total pulse energy is within a 1% window and the
fluctuation of the energy of the main pulse is also around this value. In experimen-
tal conditions there will be also externally induced fluctuations like in temperature
and also fluctuations in pumping power due to imperfect pumping electronics and
diodes. This will be looked at in more detail within the experimental chapter.

Mode-hopping is known to happen in Q-switched microchip lasers. Dong
et al.[79] investigated on two-mode oscillation in a 1 mm short Nd:YAG based
Q-switched microchip laser. The laser experienced mode-hopping which was at-
tributed to spatial-hole burning effect. The easiest way to achieve mode hopping
is when a gain material with a wide emission cross section spectrum is used and
neighboring modes have very similar emission cross sections. Dong et al.[80]
studied multi-longitudinal mode lasing of a Yb: YAG based Q-switched microchip
laser. The laser started mode-hopping at pumping powers as low as 0.33 W. At
higher pumping powers up to four longitudinal modes were observed. This be-
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L-Mode(q) —2 -1 0 1 2 | sum

88 304 27 0 |39.2
0 08 306 7.7|39.1
96 302 O 0 | 3938
0 08 307 800|394
96 302 O 0 | 3938
0 08 307 8.0]395
96 302 O 0 | 3938
0 08 307 80]395
96 302 O 0 | 3938

eNeNeleNeNeNeNe el

Table 4.4: Given values are the pulse energies Ep[uJ] for the repeatedly solved rate equa-
tions. The first row represents the first pulse plus the two trailing pulses. The second row
represents the pulses after the second pumping cycle, etc. Final population densities after
each cycle are reduced by their lifetime and then added to the inversion of the following
pumping cycle. Besides the values for pulse energies Ey,[uJ] within each L-mode q, the
sum over all modes within one cycle is also given (sum). Simulations were done for 5 kHz
PRF.

havior was attributed to spatial hole burning effects in both the gain medium and
the saturable absorber, which coincides with the findings in this work.
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4.7 Discussion

In the theory chapter a model for calculating the laser pulse parameters for a given
Q-switched microchip laser design has been given (chapter 2). This model was
extended within this chapter to include several effects. The first extension of the
model includes the lower level lifetime of the gain material (section 4.1). It was
shown that this effect raises the pulse duration of the proposed microchip laser
(MCO01) and lowers its pulse energy. For certain Q-switched laser designs the
lower level lifetime can lead to the generation of a satellite pulse. This was ob-
served by Ng et al.[69], where a gain medium with a long lower level lifetime
in the order of nanoseconds was used (Nd:GdVO,). The simulations showed that
this kind of satellite pulses are not expected to be generated by the proposed mi-
crochip laser design. The lifetime of the lower laser level of Nd:YAG with a value
of 225 ps is short enough to depopulate the lower level within the laser pulse du-
ration of 200 to 400 ps.

A model for the temperature dependence of the emission cross section spec-
trum of Nd:YAG was introduced (section 4.2). This effect lowers the peak emis-
sion cross section of the gain medium with increased heat deposition. It was
shown that the lowered emission cross section at increased PRFs leads to an in-
crease in pulse energy. At very high PRFs around 4 kHz, this increase can com-
pensate the loss in pulse energy induced by thermal lensing.

A major extension to the model of Q-switched microchip lasers is the intro-
duction of a modulated photon field inside the cavity (section 4.3). This extension
enables the modeling of multi-longitudinal modes within the cavity. Several new
effects have been derived from this extension: The generation of L-mode satellite
pulses, mode beating and mode hopping (sections 4.4 to 4.6). In case of the pro-
posed microchip design, trailing pulses in the form of L-mode satellite pulses are
expected to appear within the experiments. Mode-hoping is expected to occur at
PRFs starting between 500 and 1000 Hz together with the effect of mode-beating.
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Chapter 5

Q-Switched Microchip Experiments

The proposed microchip design (MCO1) as a new oscillator for the NextGenPIRL
is set up and characterized. The model for temperature dependent emission cross
section is used to compare the measured spectra to the given model from sec-
tion 4.2. Due to a strong deviation of the measured spectral shift within the gain
medium and the calculated temperature distribution within the crystal, a finite
volume solver is introduced to get more precise results for the modeled emission
spectrum.

The generated pulses are characterized regarding their pulse duration and pulse
energy. A rather complex model was developed in the previous chapters to sim-
ulate the lasing behavior within the microchip laser. An overview of the used
extensions is given, the proposed microchip laser is simulated and the results are
compared to the measurements.

In the previous chapter 4 a model has been derived to simulate multi longitu-
dinal mode lasing within the proposed microchip laser. Several effects have been
identified and predictions have been made to when multi-mode lasing starts and
which effects should occur. Within the section 5.4 these effects are reproduced
experimentally and studied in detail.
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5.1 Laser Setup

The proposed microchip design (MCO1) consists of a 2.5 mm long, 1.1 at.% doped
Nd:YAG crystal bonded on a 2.5 mm long Cr*™:YAG crystal with an initial trans-
mission 7j of 20 %. Both end-faces are capped with a 0.5 mm long undoped YAG
crystal to suppress bulging of the end-faces and to enhance the longitudinal heat
flow. The input side is HR coated for the lasing wavelength at 1064 nm and AR
coated for the pump wavelength of 808 nm. The output side has a partial reflec-
tivity of 30 %. Both end-faces exhibit a slight curvature due to the manufacturing
process. When polishing the end-faces of a crystal, a curvature of that surface is
happening because of the crystal sinking slightly into the polishing mate. High
care has to be taken to keep the resulting curvature of the surface limited to the
substrates outer edges, so that the center part stays flat. This is particularly tricky
when the substrate has a small surface area, like in the case of the used microchip
design. The curvature of the available microchip laser is estimated with a radius
of 400 mm. This design is very close to the HPMCL-3 design by Zayhowski, but
considerably shorter. The two designs are compared in table 3.2.

The fiber coupled Volume Bragg Grating (VBG) stabilized pump diode with
a maximum optical power of 30 W and a fiber core diameter of 200 um is placed
on a temperature controlled copper mount. The pump beam after the fiber is colli-
mated with a 50 mm focal length lens and focused inside the Nd: YAG crystal with
a 25 mm lens. The pump beam has a diameter of around 120 um (1/¢?) at the focal
spot and the M2 was measured to be 46. The diode’s emission spectrum is due to
its VBG stabilization far more narrow than in the case of an un-stabilized diode
(see figure 5.1). The spectral narrowing is a direct result of the diode’s output cou-
pler being wavelength selective. With a spectral width A\ gy g, of only 0.20 nm
and a wavelength drift dA\/dT of 0.08 nm/ °C the pump diode’s output spectrum is
already centered close to the highest absorption peak of the Iy, — F5/; transition
of Nd:YAG and an absorption of up to 98% of the pump light can be achieved in
the gain medium of the MCO1 laser.

The microchip laser is carefully pressed inside a temperature controlled copper
mount using thin Indium foil as a buffer to enhance thermal conductivity between
the crystal and the copper heat sink. Special care was taken to press the crystal
not too hard within the mount to ensure that no birefringence was induced. In the
first experiments the copper mount of the microchip crystal was held at a constant
temperature of 20 °C by a thermoelectric cooling device.

Several measurement devices were available during the experiments. The
pulse energy was measured with a fast energy meter, that was able to measure
pulse energies at PRFs up to 25 kHz. The temporal profile of the generated pulses
were measured with a fast 16 GHz photo-diode and a sampling oscilloscope with
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Figure 5.1: Spectrum of the VBG stabilized fiber-coupled diode laser [a.u.], operated at

40% duty cycle and at 25 °C heat sink temperature. Shown is also the absorption cross
section gqps of 1.0 at.% doped Nd:YAG, taken from Kellner [S]].

a bandwidth of 16 GHz. Spectra where taken with a spectrum analyzer, which had
a resolution of down to 0.02 nm. A beam profiler consisting of a high resolution
camera and a translation stage was also accessible for M/? measurements.
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5.2 Spectrum and Temperature

Pumping the microchip laser at varying repetition frequency heats up the gain
medium to different temperatures. The gain mediums emission spectrum shifts
to longer wavelengths with increased temperature. Figure 5.2 shows the laser
emission spectrum for different repetition frequencies. The shift towards longer
wavelengths with increasing temperature can be seen clearly. Besides the main
modes of the laser pulses, weaker side-modes are also excited. This is the result
of the multi-longitudinal mode lasing that also appeared in the simulations (see
chapter 4.4). For a confirmation for each single effect like mode-hopping and L-
mode satellite pulse effect, the temporal profile should also be investigated, which
will be done later. What can be retrieved from the spectrum immediately is the
length of the microchip laser. The average mode spacing of the spectrum at 2 kHz
PRF is 13.77 GHz which translates into a cavity length of 6.00 mm.

—— 100Hz
500Hz
—— 1000Hz

—— 2000Hz

1064.05 1064.10 1064.15 1064.20 1064.25 1064.30 1064.35
wavelength[nm]

Figure 5.2: Spectra of the laser pulses from the example microchip laser (MCOI) for
different repetition frequencies.

In chapter 4.2 a model was derived to calculate the emission cross section
spectrum of Nd:YAG according to its temperature. This model can be used in
combination with the pump and absorption parameters to calculate the emission
peak for varying PRFs. In figure 5.3 the weighted center wavelength of the mea-
sured laser mode spectra is plotted together with the modeled peak of the emission
spectrum for varying PRFs. A deviation between the measured and the modeled
emission spectra can be seen for increased PRFs. The model used includes the
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analytic solution for the temperature profile of a pumped laser crystal given by
Innocenzi (chapter 2.3).
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Figure 5.3: Wavelength of peak emission cross section for different repetition frequencies.
Shown are the results of an analytic model given by Innocenzi [45] and of a FEM based
model in comparison with the measured spectra shown in figure 5.2.

The microchip laser used (MCO1) has an undoped end-cap bonded onto the
gain medium. This end-cap enables a heat flow from the hot center of the crystal
along the optical axis. To model the heat flow along the optical axis, the used
model from Innocenzi can be replaced by a numerical approach, a finite element
method (FEM) that includes both radial and axial heat flow. For this purpose the
FEM Python package FiPy [82] was used.

In figure 5.4 the modeled temperature profiles of both the analytic and the
numeric analysis are shown. Due to the extra heat flow along the optical axes,
the maximum heat temperature at the center of the front-end of the gain medium
((r,z) = (0,0)) is considerably reduced from 81 °C down to 52 °C. The weighted
averaged temperatures within the laser modes are shown in table 5.1. It can be
seen that the end-cap on the gain medium reduces the temperature considerably.
The resulting focal lengths on the other hand do not change from radial to 3D
heat flow. A possible explanation is that the heat can only be conducted out of the
crystal by the side surfaces. The heat flow along the optical axes does not change
the total radial heat flow thus the total OPD does not change. With the analytic
radial-only model delivering the same focal lengths as the numeric 3D model, the
calculated focal lengths within the previous chapters are still valid.

With the FEM method, the central peak emission cross sections of the pro-
posed microchip laser at varying PRFs can be re-calculated. The FEM model
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Figure 5.4: Temperature profiles within the gain medium of the microchip laser MCO1

modeled numerically with (a) radial only heat flow and with (b) a heat flow in all direc-
tions. Pump parameter were used for 2 kHz repetition frequency.

repetition frequency
method 100Hz 500Hz 1000Hz 2000Hz

analytic 216 278 357  51.6
(2371)  (456)  (219)  (105)
FEM radial 215 277 354  51.1

(2378)  (452)  (217)  (103)
FEM 3D 211 256  31.2 427

(2378)  (452)  (217)  (103)

Table 5.1: Averaged weighted temperature T4 °C] (and focal lengths fgqin[mm] in
brackets) of the example microchip laser MCOI in case of three different models. Analytic
solutions according to Innocenzi (analytic), temperature profiles calculated numerically
including radial heat flow (FEM radial), temperature profiles calculated numerically in-

cluding 3D heat flow and end-cap (FEM 3D). Focal lengths are corrected according to
Strehl-ratio.

seen in figure 5.3 shows considerable less deviation from the measurement then

the analytic radial-only model. With the new model the shift in emission wave-
length can be calculated accurately.
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5.3 Pulse Energies and Lengths

The theory of Q-switched microchip lasers predicts varying pulse energies for
varying PRFs. With the peak emission cross section becoming lower with in-
creased temperature and PRF, the stored energy before the lasing threshold is
reached is higher. Hence, the pulse energy should increase with increased PRF.
On the other hand, the thermal lensing increases with PRF, which narrows the
transversal mode size and lowers the pulse energy. Ultimately the increase in
thermal lensing is the predominant effect, which was shown in the chapter 2.4.3.
Many more effects have been combined within this work into a complex model
for Q-switched microchip lasers. The variety of effects can be split into two main
sub-models, that have to be used in combination to model the pulse energy and
the pulse duration. For one there are rate equations to be solved to get the time
dependent photon density within and outside the cavity (1). And with a second
sub-model (2), the beam width inside the cavity is determined.

(1) The first sub-model consists of a set of differential equations for Q-switched
lasers. The rate equations from chapter 2.4.2 including the excited state
absorption of the saturable absorber are used as a starting point. They are
further extended by:

e lifetime of the lower laser level of the gain material (section 4.1)

e temperature dependent emission cross section spectrum of the gain
media (section 4.2) including FEM modeling of the temperature dis-
tribution inside the gain medium

e modulated photon field with spatially resolved population densities
(section 4.3)

e several modulated photon fields for each possible longitudinal mode in
order to include satellite pulses (section 4.4) and mode-beating (sec-
tion 4.6)

e continued solving for several pumping cycles to include mode-hopping
effects (section 4.5)

(2) With the second sub-model the calculation of the beam width within the
cavity is possible. The included steps are:

e calculation of the thermal lens inside the gain medium, taking into
account the pump beam profile and the Strehl-ratio (section 2.3)

e calculation of the second thermal lens inside the saturable absorber,
taking into account the excited state absorption (section 2.4.3)
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e calculation of the fundamental transversal mode within a stable cavity,
taking into account the beam width widening by increased M? due to
wavefront distortions

The beam quality factor M? can be determined experimentally with a beam
profiler, which was done for the example microchip laser (MCO1) at varying PRFs
(see figure 5.5) The M? factor starts close to the ideal value of one, which shows
that it operates at the fundamental transversal mode. With increased PRF the
wavefront distortion and thus the beam quality factor M? of the laser beam in-
crease. This is due to the thermal lens being non-parabolic, which was shown in
chapter 2.3. Ultimately, an increase in wavefront distortion leads to an increase in
the beam width in the focus and thus inside the cavity.
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Figure 5.5: Measured and modeled pulse energy for the proposed microchip laser

(MCO1). The beam quality factor M? was retrieved experimentally and included into
the model.

Figure 5.5 shows both the measured and the modeled pulse energies for the
example microchip laser (MCO1) over varying PRFs. The used pulse energy me-
ter is fast enough to handle pulse repetition rates of up to 25 kHz, but it is not fast
enough do differentiate between main and satellite pulses. Hence, the shown sim-
ulated pulse energies contain both the main and the satellite pulses. At the lowest
measured PRF of 10 Hz the induced thermal lens is very small which would nor-
mally result in an increase in mode diameter. But due to the curved end-faces of
the microchip laser the pulse energy is limited to 95 puJ.

The modeled pulse energies overlap well with the measured pulse energies.
An interesting feature of the change in energy over the PRF can be seen best at
the simulations. The energy exhibits several plateaus after which a steep drop in
energy occurs until the next plateau is reached. With the emission cross section of
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the gain material being temperature dependent but the wavelengths of the longitu-
dinal modes being fixed, the experienced cross sections shrinks under the shifted
emission spectra. The plateau can thus be explained by the drop in cross section
compensating the thermal lensing effect. When the temperature shift becomes
big enough, the lasing longitudinal mode hops to a neighboring mode which then
experiences a raising emission cross section. This effect can also be seen in the
measured pulse energies where it is less pronounced than in the simulations.
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Figure 5.6: Comparison of modeled and measured pulse durations of the example mi-
crochip laser (MCO1). Also shown is a temporal profile of one pulse plus L-mode satellite
pulse measured and modeled at 100 Hz PRF.

The pulse durations of the main pulses are also modeled and measured for
varying PRFs. Figure 5.6 shows that they overlap very well. The mentioned
plateau-effect can also be found here in the measured pulse durations. The big
steps in the simulated data on the other hand are mostly due to the low temporal
resolution of 4 ps in the used time-grid. Figure 5.6 also shows the temporal profile
of the main pulse plus L-mode satellite pulse at 100 Hz PRF. The modeled and the
measured profiles are in good agreement. The pulse form of the main pulse devi-
ates slightly between the measurement and the simulation, which is most likely an
effect of the used measurement device (photo-diode, SMA-cable, oscilloscope).
The L-mode satellite pulse was predicted in the simulations to be between 8 and
O ns depending on the temperature settings of the microchip crystal holder. The
measured pulse delay of 5.2 ns is within this range.

That the measured trailing pulse from figure 5.6 is indeed an L-mode satellite
pulse and not a pulse due to the non-zero lower level lifetime of Nd:YAG can be
confirmed by looking at the pulse spectrum (see figure 5.2 in the previous section).
The spectrum at 100 Hz PRF shows two distinct L-modes separated by two times
the microchips L-mode spacing.
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5.4 Pulse Instabilities

In the simulation chapter 4 several predictions have been made on when multi L-
mode lasing occurs and how it effects the output of the proposed microchip laser.
Each measured spectra shown in figure 5.2 shows at least one side mode. This
indicates the presence of L-mode satellite pulses, which can be found in the taken
time-resolved measurements starting from the lowest measured PRF of 10 Hz up
to the highest at 2 kHz.

Figure 5.7 shows the spectra of the output pulses in more detail. In case of
the spectra at 100 Hz operation, one main mode (@) exists plus two smaller side

modes (@ and @). The side modes correspond to the L-mode satellite pulses
generated due to the spatially modulated electric field of the laser modes. Inter-
estingly there are more than one possible side modes, which was not predicted by
the simulations. The reason for this is that in the simulations an evenly distributed
inversion was assumed whereas in the experiment the main inversion is generated
in the beginning of the gain medium due to the high absorption of the pump beam.
In chapter 2.2, it was explained that direct neighboring longitudinal modes are out
of phase in the cavity center, where in this case less inversion is available then at
a third cavity length, where the next neighboring modes are out of phase. Hence,
the next neighboring side mode @ is favored and has a higher amplitude in the
recorded spectrum.

In the case of the increased PRF of 400 Hz, the mode spectrum shifts towards
longer wavelengths due to the extra heat deposited in the crystal (see figure 5.7).
The intensity distribution between the single modes 1 to 3 also change with the
second mode being more pronounced. The extra energy in the second mode is
a hint on mode hopping between consecutive pulses, where occasionally mode 2
would act as the main mode. This is expected to happen according to the simula-
tions.

A fast energy meter was used to measure the pulse energies. Each of the
measured pulse energies included both the main pulse and the L-mode satellite
pulse (if there was any) summed together. The energy distribution is shown in
figure 5.8. In case of the low PRF of 100 Hz, the pulse energies are Gaussian-like
distributed. When the PRF is raised to 400 Hz, three distinct energy levels each
with a Gaussian-like distribution can be fitted into the data. The parameter for
the fitted Gaussian functions are shown in table 5.2. The spectra indicate mode
hopping. The mode-hopping effect can explain two of the three energy levels.
The remaining one can be explained by mode-beating, which should also occur
according to the simulations. In order to differentiate which energy level belongs
to mode beating and which to mode hopping, the temporal profiles of the output
pulses are studied statistically.
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Figure 5.7: Spectra for the output pulses of the example microchip laser (MCO1 ) operated
at 100 Hz and at 400 Hz. At both repetition frequencies the spectra feature three distinct
modes marked with numbers 1 to 3. Average pulse energies Fq,q and their standard

deviation are given also.
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Figure 5.8: Pulse energy distribution for both stable operation at 100 Hz (10,000 pulses
total) and fluctuating laser output at 400 Hz (60,000 pulses total). Averaged pulse energy
Eavg and standard deviation o are given. Gaussian functions fit to data and plotted
as continuous lines. Fit parameter for the single Gaussian function for low repetition
[frequency operation (marked with number 1) and the three overlapped Gaussian functions
for high repetition frequency operation (marked with numbers I to 3) are given in table

5.2.
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rep. rate level E[W] o[u]] rel. counts

100Hz (1) 916 059  1.00
400Hz (1) 810 053  0.12
(2) 844 115  0.26
(3) 8.2 054 062

Table 5.2: Parameter for Gaussian functions fitted to measured pulse energies at low and
high PRFs. The distribution of the measured pulse energies can be found in figure 5.8.
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Figure 5.9: One temporal pulse shape of the example microchip laser operated at 400 Hz
PRF. A numeric Fourier-filter was applied to separate the measured pulse profile (mea-
surement) into two distinct pulses (pulse 1 and 2). The modulation frequency A f1 2 of the
measured pulse suggests an interference between direct neighboring laser modes. Shown
is also the recombined pulse shape consisting of both reconstructed pulses interfering
with the modulation frequency A f1 2. The recombined pulse overlaps well with the origi-
nal measurement, which suggests that the separation filter delivers accurate information.
Also given is the temporal distance between the two reconstructed pulse-peaks Aty ».

The temporal profile of 1800 laser pulses at a PRF of 400 Hz where recorded
with a fast photo-diode attached to a sampling oscilloscope with a combined res-
olution of 15 GHz (3 dB dampening). The time window for each profile was big
enough to capture both main and trailing pulses within each measurement. Most
of the recorded temporal pulse profiles consisted of a main pulse with an L.-mode
satellite pulse, and modulated pulses where also recorded. Figure 5.9 shows one
of the modulated pulse shapes with a modulation frequency A f; , of 13.88 GHz.
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The modulation frequency coincides with the longitudinal mode spacing retrieved
from the spectra (see section 5.2), which suggests that mode-beating of two direct
neighboring modes is present. Two single longitudinal mode pulses can be re-
constructed from the modulated pulse (pulse 1 and 2 in figure 5.9). The first pulse
has the expected pulse duration of 331 ps, whereas the second temporally overlap-
ping pulse with a longer pulse duration of 551 ps seems to be a mixed Q-switched
gain-switched pulse. The recording window of the shown modulated pulse was
extended to 10’s of nanoseconds and no trailing pulse could be seen. The measure-
ments of the temporal pulse profiles confirmed the occurrence of mode-beating,
which could explain a third energy level within the energy distribution.
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Figure 5.10: Distribution of the total pulse energies retrieved by temporal pulse profiles
at 400 Hz PRF. Pulse profiles were taken with fast diode and sampling oscilloscope. Sin-
gle temporal profiles are integrated over time to include both main and satellite pulse.
Integration values are scaled to match the average pulse energy of 85.1 uJ.

To see if the three-fold energy distribution can be reproduced by the recorded
temporal pulse profiles, the amplitudes of each profile were summed up to a total
detector count value per measurement and then combined to a detector count dis-
tribution over the recorded 1800 pulses. The total count values where multiplied
by a constant factor to match the average pulse energy of 85.1 uJ. In figure 5.10
the energy distribution of the temporal pulse profiles are plotted. The distribution
is very similar to the one retrieved with the energy meter. Three Gaussian like dis-
tributed pulse energy levels can be identified again. Their positions are very close
to the ones retrieved by the energy meter (see table 5.3). The main differences
between the two measurements are the widths of the three energy levels. They are
higher in the case of the fast photo-diode, which can be explained by the rather
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high noise level of the oscilloscope plus photo detector.

level E[W] o[u]] rel. counts

(1) 812 071 012
(2) 847 136 033
(3) 8.2 071 055

Table 5.3: Parameter of Gauss functions fitted to energy distribution from figure 5.10.

Knowing that the energy distribution can be reproduced by the temporal mea-
surements, the occurrence of mode beating can now be correlated with the single
pulse energies. A fitting routine in Fourier space was applied to the temporal
pulse profiles to identify mode beating. That method gives a modulation ampli-
tude for each measured profile. The correlation between these amplitudes along
the corresponding pulse energies are shown in figure 5.11. Mode beating shows
up predominately at the middle energy level @, whereas the other two levels
and @ have low to no mode-beating. From the simulations and the measured
spectrum it was deduced before that the proposed microchip laser is supposed to
mode-hop and that the pulse energies should be distributed around two distinct
energy levels, one for each longitudinal mode. The measured energy spectrum

shows a third energy level @ which can now interpreted as pulses with mode-
beating.
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Figure 5.11: Distribution of the retrieved pulse energies from temporal pulse profiles at
400 Hz PRF (energy distribution). Single energy values have been scaled by a constant
factor to match the distribution to an average pulse energy of 85.1 uJ. Amplitudes of the
pulse-modulations where taken from Fourier-space and binned together along the energy
distribution (amplitude of modulation). The three numbers (1 to 3) mark the three different
pulse types: (1) low pulse energy with low modulation depth, (2) medium pulse energy
with high modulation depth, (3) high pulse energy with no modulation.

5.5 Discussion

A passively Q-switched microchip laser (MCO1) is implemented (section 5.1) ac-
cording to the proposed design (table 3.2) to act as an oscillator for the NextGen-
PIRL. The basis for the implemented microchip laser is a design published by
Zayhowski (HPMCL-3 found in [63]). Starting from the HPMCL-3, the design
is optimized towards short pulse durations around 300 ps and high pulse energies
around 100 pJ without reaching the damage threshold of the used materials. The
pulse energies and pulse durations were measured over a wide range of PRFs from
10 Hz to 2 kHz (section 5.3) and compared to the predictions from the simulations
shown in the previous chapter 4. The measured pulse characteristics are in good
agreement with the simulations.

The simulations shown in the previous chapter 4 predict a multi-longitudinal
mode behavior. This was confirmed experimentally by several measurements. The
measured spectrum of the output pulses show two or more mode operation starting
at around 400 Hz (section 5.2) which is in good agreement with the simulations.
Confirmed by measured spectra and the temporal pulse shapes are the L-mode
satellite pulses. The spatially modulated extraction of the inversion in the gain
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medium by the first single-mode laser pulse and the less modulated bleaching in
the saturable absorber lead to the generation of a second partially gain-switched
laser pulse running in a different longitudinal mode. The experiments showed that
the L-mode satellite pulse effect is indeed independent of the PRF and it cannot
be suppressed by lowering the PRF.

In section 5.4, it was shown that different multi-mode effects, like mode-
hopping between single pulses and mode-beating within a single output pulse,
can be differentiated by their different pulse-energy spectra. Two-mode-hopping
results in a two folded pulse energy distribution, whereas with the occurrence of
mode-beating a three folded distribution emerges. This insight will be of advan-
tage for microchip designs where the mode-beating occurs in a frequency range
above the measurable bandwidth of fast oscilloscopes.

Pulse instabilities are a substantial concern for Q-switched microchip lasers.
Pulse energy bifurcation was already reported by Zayhowski [83] in case of the
HPMCL-03 laser, but it was not investigated further. Indeed, the reported pulse
lengths and pulse energies of that microchip designs (shown in table 3.1) were
taken at a PRF of only 500 Hz. Zayhowski only stated that at raised PRFs, pulse
energy fluctuations appeared, but no further details or explanations were given.

Pulse instabilities are an issue when it comes to the NextGenPIRL. The pulses
have to be further amplified before they can be used as pump pulses for the
OPA. Both the amplifier and the OPA are typically operated close to the damage
threshold of their coatings. Mode-beating drastically increases the maximum field
strength which would result in certain optical damage. The next aspect is that the
nonlinear amplification process within the OPA increases instabilities even more,
which is not advantageous for any experiment attached to the laser system. For
a several stage system like the NextGenPIRL a seed laser as stable as possible is
needed. The proposed microchip laser (MCO1) shows most convincingly how im-
portant stability optimized designs are, when in comes to Q-switched microchip
lasers.
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Chapter 6

Stability Enhanced Microchip Designs

The characterization of the output pulses of the MCO1 laser showed strong pulse
instabilities due to mode-hopping and mode-beating starting at a PRF of only
400 Hz. For the NextGenPIRL a stable operation up to several kHz PRF is needed,
if a high average output power should be reached. There are several ways to
suppress multi longitudinal mode lasing and to enhance the stability in Q-switched
microchip lasers.

(1) First, a shortening of the cavity results in a larger spectral mode spacing.
As can be seen in a figure 4.14 in section 4.6, only a certain amount of longitudinal
modes fit under the roof of the emission cross section spectrum of Nd:YAG. The
spacing between the single modes is defined by the length of the cavity. When it is
shortened, the spectral distance between the single modes increases and thus the
difference in cross sections between neighboring modes increases as well. Ideally
the neighboring modes to the main mode feature a low enough emission cross
section, so that they never reach threshold.

(2) Another method to suppress multi-L.-mode lasing is by temperature tuning.
The main mode can be placed most precisely at the point of maximum emission
cross section, so that for the neighboring modes the difference in emission cross
section is maximized. This method is essential for any microchip design, as at
certain temperature points the two center modes do have the same emission cross
sections. This can result in mode-beating, which is shown in section 4.5.

(3) Cooling the gain medium narrows the emission spectrum and thus in-
creases the drop in cross section from the center mode to its neighbors (section
4.2).

(4) The modulation of the photon field for next neighboring modes gets out of
phase when approaching the cavity center. Designing the lengths of the individual
components (gain medium, absorber, end-caps) in a way that half of the cavity
length or even two third are within the volume of the saturable absorber suppresses
the onset of neighboring modes. This effect also plays a role within the proposed
microchip laser (MCO1), where L-mode satellite pulses run in next-neighboring
modes (see figure 5.2).
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6.1 Shortened Cavity

With these possibilities in mind, a new microchip design MCO02 is implemented
(table 6.1). Starting from the proposed microchip design (MCO1) the length is
gradually reduced by shortening or even removing single individual crystals. As
most of the heat is generated within the gain medium and not within the absorber,
the end-cap of the absorber is left out. The end-cap of the gain medium on the
other side stays the same (0.5 mm). The length of the gain medium is reduced
down to 1.5 mm, which is possible due to the high absorption of the pump beam
from the VBG stabilized pump diode. By raising the initial transmission of the
saturable absorber from 20 to 30%), it is possible to reduce its length to 1.9 mm.

end-cap  gain SA  end-cap optical initial output
of SA  length trans. coupler
[mm] Ifmm] Ilmm] lmm] imm] To[% Roe|%]

MCO01 0.5 2.5 2.5 0.5 10.9 20 30
MCO02 0.5 1.5 1.9 0.0 7.1 30 30
MCO03 0.2 0.8 1.6 0.0 4.7 30 20

Table 6.1: Design parameters for Q-switched Microchip lasers used within this work
(MCOI to MCO3).

The resulting design has several advantages regarding its stability. The re-
duced length results in a wider mode spacing (point 1). Increase of the initial
transmission lowers the needed pump pulse energy to reach the initial population
inversion, thus the gain medium is heated up less (point 3). The crystal is temper-
ature controlled (point 2). Furthermore, the crystal is housed inside a dry nitrogen
purged box with a pump entrance window and a laser pulse exit window. With
the dry air and a strong Peltier element, it is possible to cool the crystal down to
-30 °C during operation (point 3).

As a first test, the new microchip laser is operated at room temperature (20 °C).
The spectrum at 1 kHz PRF shows a single main mode plus one satellite L.-mode
(figure 6.1). The laser stays in single plus satellite mode operation till 3 kHz and
then switches to three mode lasing. The maximum achievable PRF is 3.5 kHz
after which no lasing is possible due to excessive heating of the gain medium.
The mode-spacing retrieved from the spectrum at 3.5kHz is 21.17 GHz, which
translates into a cavity length of 3.9 mm physical or 7.1 mm optical.

Like in case of the proposed microchip laser (MCO1), the multi-L-mode oper-
ation can produce both mode-hopping and mode-beating. For the new microchip
laser (MCO02) the mode spacing is above the resolution of the available oscillo-
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Figure 6.1: Spectra of the laser pulses from the microchip laser MCO2 at different repe-
tition frequencies.

scope, thus another method to check for mode-beating has to be used. In the
section before it was shown that both mode-beating and mode-hopping changes
the energy distribution of the output pulses. The measured pulse energies for the
MCO2 laser operated at 3 kHz shows a single Gaussian distribution (figure 6.2),
which is expected as only one main mode plus one satellite mode is present. At a
raised PRF of 3.5 kHz the pulse energy distribution (figure 6.2) looks very similar
to the one of the MCO1 laser at 400 Hz (figure 5.8). The new distribution can
also be fitted by three separated Gaussian distributions (table 6.2). It can be de-
duced that mode-beating and mode-hopping occur for the MCO2 laser at running
at 3.5 kHz.

rep. rate level FE[W] o[u]] rel. counts

3000Hz (1) 351 019  1.00
3500Hz (1) 335 023 013
(2) 345 041 013
(3) 351 026  0.73

Table 6.2: Parameters for Gaussian functions fitted to measured pulse energies at two
PRFs. The distribution of the measured pulse energies can be found in figure 6.2.

The raise in PRF for stable operation from some 100 Hz with the microchip
laser MCO1 to 3kHz with the MCO2 laser is quite an improvement. In order
to push the border of stable operation further, the active cooling with the Peltier
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Figure 6.2: Pulse energy distribution of the microchip laser MCO2 for two PRFs. Aver-
aged pulse energies Iy, are given width their corresponding standard deviation. Gaus-
sian functions fit to data and plotted as continuous lines. Fit parameter for the single
Gaussian function for 3 kHz operation and the three overlapped Gaussian functions for
3.5 kHz operation (marked with numbers 1 to 3) are given in table 6.2.

element is used to cool the crystal holder down to -19°C. At this temperature
stable single mode (plus satellite mode) operation was achieved with a PRF of
S5kHz (figure 6.3). The energy distribution is a single Gaussian with a standard
deviation of below 1%.

The cooling of the crystal not just narrows the emission cross section spectrum
of the gain medium, but it also raises its peak value. And the raised PRF increases
the thermal lensing. As a direct result, the pulse energy drops from 35.1uJ at
3 kHz uncooled operation down to 21.9uJ at 5kHz cooled operation. Further
increase in PRF led to multi-L-mode lasing.

Even though there is a big improvement in stability when switching from the
proposed design to the new one, there is still room for improvement. The quasi
single L-mode operation at 5 kHz still produces L-mode satellite pulses. When
this laser would be used as a seed laser for an amplifier, these satellite pulses
would be amplified too.
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Figure 6.3: Measured spectrum and pulse energy distribution of the microchip laser
MCO2 operated at 5 kHz PRF and -19 °C crystal holder temperature. Given are the aver-
age pulse energy E, 4,q with its standard deviation and the pulse duration T,

6.2 Asymmetric Cavity

In order to get rid of the satellite pulses for good, the MCO2 laser is further im-
proved. So far, only the first three mentioned methods (point 1 to 3) for enhancing
the stability have been taken advantage of. A third design MCO3 (table 6.1) is
implemented, which is an even shorter version of the MCO02 laser (point 1) and
it uses an asymmetric cavity design to further suppresses multi-L-mode lasing
(point 4). The length of the gain medium plus end-cap is reduced from 2 mm to
only 1 mm whereas the length of the saturable absorber is only reduced by a little
from 1.9 mm down to 1.6 mm. In order to counteract the loss in absorption of
the pump beam by the shortened gain medium, the doping level of Neodymium is
increased from 1.1% to 1.6%.

The spectra of the MCO3 laser operated at room temperature (20 °C) show true
single L-mode operation at up to 2kHz. At 3kHz a small satellite mode starts
to appear and its intensity is raised with further increase of the PRF. The very
short cavity of 2.6 mm successfully suppresses next-neighboring modes, and the
asymmetric crystal lengths lead to the suppression of direct-neighboring modes
for PRFs of up to 2kHz. At an operation above 4 kHz no lasing was possible due
to overheating of the gain medium. A close look to the spectrum at 4 kHz reveals
that two satellite L-modes exist (@ and @ in figure 6.5). The energy distribution
on the other hand does not show any signs of mode-hopping or mode-beating.
Hence, the satellite pulses seem to hop between the two neighboring modes. The
L-mode spacing is retrieved from the spectrum to be 31.77 GHz, which translates
into a cavity length of 2.6 mm physical or 4.7 mm optical.
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operated at room temperature (20°C).
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Figure 6.5: Measured spectrum and pulse energy distribution of the microchip laser
MCO3 operated at 4 kHz repetition frequency and 20 ° C crystal holder temperature. Given
are the average pulse energy Ej, 4,q with its standard deviation and the average pulse du-
ration Tp.

The laser is pushed to its limit of stable operation by increasing the PRF while
cooling the crystal. The highest pulse rate with true single mode operation was
achieved at 5 kHz with the crystal holder cooled down to -15°C. The spectra
consist of a single mode with no satellites (figure 6.6). The stability of the pulse
energy is remarkable with a deviation of only 0.74% from the average pulse en-
ergy. The laser was not as sensitive to temperature fluctuations as the previous
one (MCO02). Stable operation in true single mode was possible even when the
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temperature of the crystal holder drifted by 1 °C.
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Figure 6.6: Measured spectrum and pulse energy distribution of the microchip laser
MCO3 operated at 5 kHz PRF and at -15°C crystal holder temperature. Given are the
average pulse energy Ey, .,q with its standard deviation and the average pulse duration
Tp. The wings of the longitudinal mode are most probably artifacts from the cladding
mode of the used multi-mode fiber to couple the light into the spectrometer.

At uncooled conditions the laser was able to operate till 4 kHz at a wavelength
of 1064.37 nm (main L-mode). At 5kHz cooled operation the pulse wavelength
is centered at 1064.17 nm. It can be deduced that higher pumping rates should
still be possible before the gain medium overheats. The highest achievable point
of operation is reached at 10 kHz PRF. The crystal has to be cooled down to -
28 °C, which is close to the achievable -30 °C of the available setup. The laser
pulses are single mode with one L-mode satellite pulse (figure 6.7). The energy
distribution shows no signs of mode-hopping or mode-beating and the deviation
from the average pulse energy is only 0.8%. The temperature of the crystal holder
can vary by up to =1 °C with the laser continuing to produce quasi single mode
pulses.
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Figure 6.7: Measured spectrum and pulse energy distribution of the microchip laser
MCO3 operated at 10kHz repetition frequency and -28°C crystal holder temperature.
Given are the average pulse energy Ej, 4,4 with its standard deviation and the pulse du-
ration .

6.3 Discussion

The proposed microchip laser (MCO1) produced short sub-400ps pulses with a
high pulse energy of 85 uJ, but it lacks in stability. Multi-L-mode effects lead to
mode-hopping and mode-beating. The design was improved for better stability by
forcing the cavity to stay in single-longitudinal mode operation. Several methods
to do this where identified and implemented in two additional designs (MCO2 and
MCO03).

The length of the cavity was reduced to increase spectral mode spacing (1).
The temperature was tuned in the way that one L-mode is placed at the peak of the
emission cross section spectrum (2). The temperature was lowered even further to
reduce the spectral width of the emission cross section (3) until the next stability
point (2) is reached. The cavity design was chosen to be asymmetrical regarding
the lengths of the gain and absorber medium to suppress L-mode satellite pulses
(4).

With all these optimizations, the laser MCO3 was able to produce single mode
pulses with one L-mode satellite pulse per cycle at PRFs of up to 10kHz. True
single mode operation without any satellite modes was achieved at up to 5 kHz.
The setup was not sensitive to temperature fluctuations of up to =1 °C. The dras-
tically reduced cavity length led to a short pulse duration of only 226 ps at 5 kHz
PRF.

The stability reached with the MCO3 sets a new mark for short-pulse microchip
laser. Most short pulse microchip laser suffer from multi-L-mode effects ([79],
[80]) or even multi transversal mode effects ([84]). Close to the stability of the
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MCO03 laser comes the microchip laser reported by Niu ef al.[77]. A PRF at single
mode operation without L-mode satellite pulses of up to 4.4kHz was reached
with pulse energies of 32.5uJ. The cavity with a length of only 2 mm was even
shorter than the MCO3 laser, but the resulting output pulse duration was 715 ps
which is above of what is needed for the NextGenPIRL. Agnesi et al.[35] reached
short pulses with a duration of 486 ps, but the laser started mode-hopping at PRFs
between 2 and 3 kHz.

Worth mentioning is the report from Dong ef al.[86], where Yb: YAG was used
as the gain medium. A big advantage of Yb:YAG is its low emission cross section
in combination with high doping levels, which lead to a high energy load capacity.
The generated pulses had an energy of 172 pJ with a duration of only 237 ps at
3.5kHz PRF. The presented data from Dong et al.shows the onset of multi-L-
mode lasing at roughly 1kHz. At 3.5kHz PRF the published spectrum shows 3
main L-modes, which suggests that mode hopping occurred. The lasers energy
fluctuations are reported to be 6%, which is several times higher than for any of
the presented microchip lasers in this work (2.1% for the MCO1 laser at 400 Hz
and 0.8% for the MCO3 laser at 10kHz). Even though the usage of Yb:YAG
with its high pulse energy scaling capabilities seems very promising, the broad
emission cross section spectrum makes it impossible to achieve stable operations
within a Q-switched microchip laser in the kHz PRF range.

The remarkable stability of the MCO3 laser comes with a cost. The pulse en-
ergies drop drastically from 85.1 pJ with the first design (MCO1) down to 17.4 uJ
with the stability optimized design (MCO03). Several reasons lead to that drop in
energy. The initial transmission of the saturable absorber is increased from 20 to
30% in order to shorten the cavity length, which also results in less energy being
stored in the gain medium. The gain mediums length is also shortened, and a
shortening of a cavity leads to a narrowed transversal mode diameter. The PRF
and thus the average pumping power was increased drastically from 400 Hz up
to 10 kHz, which leads to a far stronger thermal lensing and again to a smaller
transversal mode diameter. The excessive heating within the gain medium and the
drop in emission cross section would usually lead to an increase in pulse energy.
But the excessive heating had to be compensated by cooling the crystal down to
-28 °C in order to narrow the emission spectrum.
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Chapter 7

Power Amplifier

The OPA stage of the PIRL has typical conversion efficiency of 10% into the Mid-
IR [16, 38]. In order to reach the necessary energy in the idler of at least 100 pJ,
it has to be pumped with pulses in the mJ-level. The pulse energies of the stable
microchip laser MCO3 are around 17 pJ, thus the gain G of the amplifier has to be
60 or more to bring the pulses to at least 1 mJ.

An interesting approach for a very simple amplifier stage is presented by Mar-
tial et al.[87]. A very thin, long and low doped Nd:YAG crystal was used as the
gain medium. The crystal is end-pumped and the thin rod geometry provides beam
guiding for the pump beam through the crystal. This long and thin crystal design
enables a very low doping level of 0.2% while a pump absorption of typically 98%
is reached [88]. The heat is generated within a large volume with a outer surface
that is very close to the heated region. Hence, the heat can be transported out of
the crystal most efficiently and pumping with up to 110 W is possible with this
design [38].

One example setup from the report of Martial [87] is very close to the intended
NextGenPIRL parameters. A pulsed seed with 80 mW of power at 1 kHz PRF was
amplified to 2.7 W with a 60 W pump laser running in pulsed mode at 31% duty
cycle. The microchip laser MCO3 on the other hand produces around 80 mW at
a PRF of 5kHz. The reduced time interval between consecutive pulses to below
the lifetime of the upper laser level enables continuous pumping. With a pumping
power of 60 W at 100% duty cycle, three times the reported output power or a
total power of 8 W or a pulse energy of 1.6 mJ can be expected from this amplifier
in conjunction with the MCO03 laser.

In this chapter the limitations of the crystal-fiber based amplifier are discussed,
the amplifier is tested together with the MCO3 laser and the output pulses are
characterized. It is investigated if the amplifier can deliver the necessary output
power for the NextGenPIRL. Last, a concept to scale the output power further is
presented.
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7.1 Damage Threshold and B-Integral

Two limitations concerning the pulse energies do exist with the proposed fiber
amplifier. With the beam diameter being limited to 400 um due to the small rod
aperture of only 1 mm in diameter, the damage threshold of the coatings on the
crystals end-faces are of concern. The damage threshold is specified by the man-
ufacturer (Fibercryst, France) with 3 J/cm? for 1 ns pulses. Using the root-law for
scaling the threshold down to 200 ps [89], the amplified pulses are limited to a
peak fluence of 1.34 J/cm? or a pulse energy of 3.4 mJ.

The small beam diameter together with the long length of the crystal can result
in nonlinear effects. A common criterion for the appearance of nonlinear effects
is the B-integral [42], defined by

2
B= Tﬂ nol(2)dz (7.1)

where n; is the second-order nonlinear refractive index and /(z) is the peak in-
tensity along the nonlinear medium. The nonlinear index of refraction for YAG is
given by Kochner [43] with 6.9 x 10~15cm?/W. To get an estimate for the beam in-
tensity along the amplifiers optical axis, the amplifier model by Frantz and Nodvik
[20] can be used. Assuming a spatially homogeneous population inversion inside
the amplifier with a small signal gain coefficient gy and a rectangular pulse shape,
the output fluence F,; is given by

Fin
Fout = Fye In (14 (P — 1)) (7.2)

with the input fluence F;,, the saturation fluence Fj,; and the length of the ampli-
fier {44, The Frantz-Nodvik equation can also be applied on a two-pass amplifier,
when the small signal gain coefficient is reduced between the passes according to
the extraction efficiency 7). from the first pass.

. Fou - E
go=go(1—mn.)  with p =" (7.3)

N golgainFsat

The position dependent fluence F'(z) within the gain medium is needed to
calculate the B-integral, and it is given by the differential equation from Avizonis
and Grotbeck [91]

dF(z _F(z)
di ) = Fago (1), (7.4)

assuming a lossless material and square shaped pulses, like in the Franz-Nodvik
equation. For /(z) the peak intensity level for a Gaussian pulse is used with

In(2) F(z)

™ Tp

I(z) =4

(7.5)
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These equations can now be used to calculate the B-integral for varying output
fluencies or energies. One assumption has to be made for the correction parameter
~ within the saturation fluence with F,; = h—;, which is also called the inversion
reduction factor [43]. The exact value for - is retrieved within the section 7.4. For
the present calculation it can be approximated to a value of two.
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B-integral
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Figure 7.1: Approximated B-integral for the amplifier system and different output pulse
energies. Marked are the two points where the B-integral is one or three. Calculations
are done for an input pulse energy of 17 uJ, a beam diameter of 400 um, a pulse duration
of 220ps and a length of the amplifier of 50 mm. For I(z) the peak intensity level has
been used instead of a spatially or temporally averaged intensity.

The B-integral over output pulse energies for the two-pass amplifier seeded
with pulses from the MCO3 laser is shown in figure 7.1. A B-integral with a value
of one or less would be the safest choice where no self-phase modulation occurs.
But with this kind of amplifier this value will be reached at a pulse energy of
0.49 mJ, which is too low for the NextGenPIRL. The next threshold for the B-
integral is somewhere between of 3 and 5, where self-phase modulations might
start to occur [42]. This limit will be reached at an output pulse energy between
2.3mJ and 4.4 mlJ.

Both the damage threshold and the B-integral do limit the achievable output
pulse energy. But the limits are well above 1 mJ, and the amplifier is suited for the
NextGenPIRL design.
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7.2 Amplifier Setup

A two pass amplifier is set up to boost the seed pulses from the stability optimized
microchip laser MCO3 to the mJ-level. The amplifiers gain medium is a low doped
(0.2 at.%) Nd:YAG rod with a diameter of 1 mm and a length of 50 mm (figure
7.2). It can be pumped from one or both sides by fiber coupled diode lasers (P1
and P2), each with up to 40 W of power. The beam from pump P1 is coupled
into the setup by a fiber with a 200 um core diameter. It is collimated by a 50 mm
lens and focused slightly inside the gain crystal with a 100 mm lens. The fiber
coupling from pump P2 has a core diameter of 400 um, it is collimated by a 50 mm
lens and focused with a 75 mm. The seed pulses from the microchip laser are
collimated and focused inside the amplifier crystal. The focal spot diameter inside
the crystal is measured to be 400 um (1/e?) and 420 um at the crystals end-faces.
After the first pass, the diverging beam is refocused inside the crystal rod with
a spherical mirror (SM). The signal after the second pass is separated from the
seed with the use of a quarter waveplate (WP) and a thin-film polarizer (TFP). An
optical isolator is used to prevent feedback from the amplified pulses back to the
microchip laser. The temperatures of the pump diodes and of the amplifier crystal
are tunable by Peltier elements.

Microchip
U

Isolator /
SM
AQFP —+— WP

P1 Amplifier P2

Figure 7.2: Setup of the two-pass power amplifier. Seed pulses from the microchip laser
are collimated and focused into the amplifier, then reflected back by a spherical mirror
(SM). Separation of seed and signal are done with a quarter waveplate (WP) and a thin-
film polarizer (TFP). An optical isolator prevents feedback. The amplifier can be pumped
with up to two pumping modules (P1 and P2).
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7.3 Amplifier Experiments

As a first experiment, the amplifier is operated at single pass with the maximum
seed pulse energy of 13.9 uJ. The pulse energy after the amplifier is measured to be
13.6 W, which gives a transmission of 98% through the crystal. The two percent
losses are due to reflections on the entrance and exit surfaces of the gain medium
and due to absorption within. The output pulse energy over raised pumping power
is shown in figure 7.3, one time with only one pump diode active (P1) and the other
time with both diodes active (P1 and P2). The two diodes seem to have different
resulting gain values at the same pumping power. The reason is that both diodes
have slightly different wavelengths, but they are both temperature controlled by
only one cooling plate. That wavelength mismatch leads to different pumping
rates and gain values. The gain of the module does not show any signs of roll-
over at high pumping rates. Previous reports show that with this kind of amplifier
a roll-over can be expected earliest for pumping powers between 80 W and 100 W

[88].
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Figure 7.3: Single pass amplification seeded by the MCO3 laser. Output pulse energy is
plotted over pumping power, one time with only one pump diode active (diode P1) and the
other time with both diodes (P1 and P2).

A roll-over of an amplifier can have several reasons. In general, the output
fluence of an amplifier should first raise exponentially with the pumping power as
long as the resulting output fluence is well below the saturation fluence. Then if
the two fluences get close to one another, the exponential raise gradually changes
to a linear slope. The change between exponential to linear raise in output fluence
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is due to a saturation effect, that is described by the Franz-Nodvik model. Basi-
cally, the first half of the laser pulse diminishes the population density n within
the amplifier, so that the second half of the pulse experiences a lower gain coeffi-
cient g = no. A roll-over is, when other effects lead to a further diminish in gain.
These effects can be:

* With increased pumping power, the gain medium heats up and the emission
cross section becomes smaller. In the case of the presented amplifier, this
was taken care of in the sense that the amplifier was mounted on a temper-
ature controlled heat sink, and the temperature was always optimized for
maximum gain.

* With increased pumping power, the population inversion can raise to levels,
where multi-ion processes like up-conversion start to happen. This leads to a
reduction in inversion and thus gain. The presented amplifier is specifically
designed with a very low doping level of only 0.2 at.%, so that this effect is
strongly suppressed.

* With increased pumping power, the thermal lens becomes stronger and the
laser beam converges within the gain crystal. The reduced beam diameter
further increases the fluence of the laser pulse towards the exit of the ampli-
fier and the saturation effect is pronounced. The increase in thermal lensing
with pumping power cannot be avoided for end-pumped amplifiers.

* With increased pumping power, the amplified spontaneous emission (ASE)
increases. Spontaneously emitted photons get amplified and diminish the
population inversion. In case of the presented amplifier, throughout all ex-
periments, no ASE is visible as long as the amplifier is seeded. A small
amount of ASE is observed starting at pumping powers of 70 W with a very
sensitive detector card only (VRC2 - Thorlabs Inc.).

In two-pass configuration the amplifier is operated with both pumps active.
The output pulse energy of the amplified pulses is recorded for varying input
pulse energies and for a total of four pumping power levels (figure 7.4). For
every change in pumping power, the spherical back reflector (SM) had to be repo-
sitioned to match the change in thermal lensing. Furthermore, the temperature of
the gain crystal was adjusted to match the gain spectrum to the wavelength of the
seed pulses. The maximal achieved output power was 7.49 W with the amplifier
pumped at 86 W, which is slightly above the pump diodes specifications. The
extraction efficiency 7., when calculated conservatively with the stored energy
Egored = Pp/ frep defined by the total pump power P, and the PRF f,, is 11.4%.
The pulse energy of 1.5mlJ is already high enough to be used for the NextGen-
PIRL, whose minimal pulse energy was derived to be 1.34 mJ (see introduction).

96



7.3. Amplifier Experiments 7. Power Amplifier

1600
1400 * *
1200 * .

1000 *
800 S *

600

energy signal [u]]

400 *

* * P=86.0W
200 * P=82.0W
P=76.0W
0t * *  P=65.9W

0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
energy seed [u]]

Figure 7.4: Double pass amplification seeded by the MCO3 laser. Output pulse energy
is plotted over seeded energy for different pumping powers. Shown as solid lines are the
fitted curves, retrieved from the Franz-Nodvik model, which is explained in section 7.4.

The beam quality of the pulses after the amplifier is extraordinarily good. The
beam profile at an output power of 7W is Gaussian (figure 7.5), with a diame-
ter (1/€?) of 3.57x3.54 mm measured 1 m after the last mirror (TFP). No beam
deformations are visible. A closer look at the beam quality reveals a M? factor
of 1.24 (figure 7.6). That the amplifier does not add extra beam deterioration
onto the seed was also reported by Martial et al.[87] for pump powers of up to
at least 40 W. In the presented system, the total pump power of 80 W is split up
into two pump-beams. Hence, the total heat is distributed within the crystal much
more evenly then in the case of one pump only. This could explain the good beam
quality at such a high pumping level.

In the beginning of the chapter the setup was compared to one used by Mar-
tial et al.[87], which resulted in an extraction efficiency of 33.9%. The definition
for that extraction efficiency includes the loss of inversion during the pumping
time due to finite lifetime of the upper laser level. With that definition, the ex-
traction efficiency for the presented system is 24.3%. That remaining difference
between these two values has several reasons. For one the pulse length of the
MCO3 laser is less than half of the system used by Martial, which leads to a
stronger re-absorption from the lower laser level. Another reason is the stronger
thermal lensing in the presented amplifier, due to several times higher pump pow-
ers. Hence, the presented setup has a smaller beam diameter within the amplifier
and a worse pump to laser-mode overlap.
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Figure 7.5: Beam profile measured 1 m after the last mirror (TFP) of the amplifier run-
ning at an output power of 7W. Measured beam diameters (1/€?) are 3.57x3.54 mm.
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Figure 7.6: Beam radii of the amplifies output beam measured around the focus of a
f =100mm lens placed 1m after the amplifier. The amplifier is operating at 7W of
output power. The resulting M? values are given.
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7.4 Franz-Nodvik Model

The Franz-Nodvik model can be applied to the gain curves from figure 7.4 to find
the pumping power dependent small signal gain coefficient go(F,). The model
was fit to the data to find the values g, and also the unknown gain reduction factor
. There are several factors that lead to an increase in v which ultimately results
in a reduction of the saturation fluence F,; % Commonly v can have values
between one and two, one for an ideal four level system and two for the worst
case of a three level laser. The used gain material Nd:YAG has a non-zero lower
level lifetime, thus the ~ factor has to be raised to a value that depends on the
fractional populations f, and f; of the used Stark-levels within the upper and
lower laser manifold and also on the relation between the pulse duration 7, and
the lower level lifetime 71, /5. For the extreme case of 7, << 715 the value for
the population reduction factor can be as highas v =1 + J{C—l = 1.48.

The next effect that raises +y is the thermal lensing within the amplifier. The
amplifier is aligned while the pump modules are turned off, with the beam size
being maximal at the entrance and exit surfaces of the crystal and the focus of
the seed beam is in the crystal’s center. When the pump modules are turned on,
a thermal lens forms and the collimated beam becomes a converging beam within
the crystal. A smaller beam diameter results in an increase in fluence, and as the
fluence is always looked at in relation to the saturation fluence within the Franz-
Nodvik model, it seems reasonable, that this effect can be added to the model by
increasing the value for . Another effect that decreases the saturation fluence
or increases the value for v is the spatial hole burning. The seed laser emits a
single frequency wave that is strongly modulated. Like in case of the microchip
laser, this modulation leads to less available inversion to be extracted, and thus to
a lower saturation fluence.

pump power [W] go[l/cm]  golgain 7y

65.9 0.611 3.055 1.89
76.0 0.692 3460 1.86
82.0 0.728 3.642 1.87
86.0 0.779  3.897 1.89

Table 7.1: Franz-Nodvik model with parameters gy and -y fitted to the measured gain
curves from figure 7.4.

The resulting parameters gy and  are shown in table 7.1. The values for -y are
constant over the used pumping powers. The small signal gain coefficient on the
other hand raises with increased pump power. With gy being proportional to the
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population inversion, which itself is proportional to the pumping rate, g, should
raise linearly with the pumping power. Figure 7.7 shows that this is the case for
the amplifier system within the used pump power range. That the small signal gain
does not roll-over is not surprising, as previous reports on that kind of amplifier
system did show a linear raise in small signal gain depending on the seed power
until at least 80 or even 110 W of pumping power [87, 88].
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Figure 7.7: Values for the small signal gain coefficient gg obtained by fitting the Frantz-
Nodvik model to the retrieved data from figure 7.1. Data values plotted together with a
linear regression line.

In the characterization of the MCO03 laser it was mentioned, that the pulse
energy dropped drastically from 85 uJ with the MCO1 laser down to 17 uJ with
the stability optimized design. With the Franz-Nodvik model a definition for the
extraction efficiency can be used which includes the fitted coefficients gy and vy
with

o F, out E
e 90 lgain F, sat

The coefficient g, can be seen as a measured value for the gain within the laser
mode. The losses due to the laser mode being smaller than the pump mode are
then ignored and the saturation fluence Fi, is already reduced by the measured ~.
The extraction efficiency defined this way will be far bigger than in case of the
previous definition that relates the output fluence to the total pump power. But
with 7, given by Franz-Nodvik the change in extraction efficiency with varying
input pulse energy can be studied. Figure 7.8 shows the extraction efficiencies
for the different pumping rates. At the highest pumping power of 86 W and an

(7.6)
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input pulse energy of 17 uJ an extraction efficiency as high as 90% is reached.

Increasing the input pulse energy to 85 uJ by using the MCO1 laser again, the
extraction of the stored energy within the amplifier would only increase by another
8%. Hence, the drastic loss in pulse energy due to the stability optimizations does

not compromise the output pulse energy of the amplifier system.

1.0
0.8 . ,//’/ ————————
@ e -~
, -

: '/// -7

9] /y Pl

goe6r [/ 7 Ne(P = 86W, Ep = 174)) = 0.90

© 17 ’

G i Ne(P = 86W, E, = 854)) = 0.98

c 1ur

kel 1y

0.4 [

© iy

=1 [/}

X W

(0] [ }]
L 4]

0.21 1 —-—- P=86.0W
u —-=- P=82.0W
] P=76.0W
H -—- P=65.0W
0.0+

0 5 10 15 20 25 30 35 40

energy seed [u]]

Figure 7.8: Extraction efficiencies of the amplifier system according to values for gy and
~ obtained by the Frantz-Nodvik model applied to the measured data from figure 7.1.

Input pulse energies only shown till 40 uJ for better visibility.
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7.5 Scaling Capabilities

The experiments showed a linear raise in the small signal gain coefficient with
pumping power. From previous reports it is known that this will not be the case
when a certain pumping power is reached. Several effects contribute to that roll-
over. For one the temperature gradient steepens within the gain crystal and thus the
distribution of the spectra of the temperature dependent emission cross sections
widens, which will ultimately result in a lowered average gain, even if the gain
crystals outer surface is cooled to lower temperatures. A raise in the temperature
gradient also leads to increased stress and thus to birefringence. Depolarization
losses have been reported to start to happen at low pumping powers of 10 W and
they reach values of 4% at 80 W [88]. The next contributing factor to loss in gain
is pump bleaching. Calculating back from the retrieved values for the small signal
gain coefficient, about 10% of the Nd ions are already excited at a pumping power
of 80 W and with further increase of the pump power the pumping efficiency will
drop. Another effect contributing to the extraction efficiency is the thermal lens-
ing. As already mentioned, the beam diameter within the crystal shrinks with
increased pumping power and with it the usable volume of inverted gain medium.
For scaling the output power to higher levels, a method is needed to reduce the
amount of heat deposited inside the gain crystal.
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Figure 7.9: Absorption cross sections of Nd:YAG for pumping into the I 5 upper laser
level, taken from Kellner [5]].

The used pump modules populate the F /5 level of the Neodymium ions, from
which the electrons relax into the F3/5 upper laser level. The resulting quantum
defect and thus the fraction of generated heat per pump power in the used system is
24%, including the phonon transition from the lower laser level to the ground level
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of course. When pumping the Neodymium ions directly into the upper laser level,
one phonon transition is left out and the fraction of heat is reduced down to 17%,
depending on which Stark-levels from the ground and upper state manifold are
addressed. The absorption cross section spectrum of Nd: YAG shows two possible
pumping wavelengths (figure 7.9). The Z;-R, transition at a wavelength around
869 nm has a relatively high peak absorption cross section and the overlapping
Z5-Ry Z3-R, transitions at around 885 nm feature a relatively wide spectral width.
Pumping with a VBG stabilized diode at 869 nm would enable a reduction of
the heat fraction down to 19% while still providing a pump absorption of 97%
within the 50 mm long unbleached gain crystal. This absorption is basically the
same as the 99% achieved by pumping into the F5/; band with an unstabilized
diode. Pumping at 885 nm would enable a reduction of the heat fraction down to
17% while still providing a pump absorption of 86% within the gain crystal. The
transmitted 14% could be reflected back into the amplifier with a spherical mirror,
which would lead to a total absorption of up to 98%. Pumping the amplifier
crystal with a VBG stabilized diode at 885 nm is a viable option. Scaling the used
pumping power of 86 W with a heat fraction of 24% to pumping at 885 nm with a
heat load of 17% gives a possible pump power of up to 120 W without increasing
the heat load.

The Franz-Nodvik model is used in conjunction with the fitted regression of
the small signal gain coefficient (figure 7.7) to calculate output pulse energies
for increased pumping power F,. Ata P, = 120W and a seed energy of 15 uJ,
an output pulse energy of 2.27 mlJ is reached. As shown before, the extraction
efficiency is very close to optimal at such high pumping powers and with the given
input pulse energy. At this energy level the set limit for the B-integral being below
three is reached. Further increase in pulse energy would not be recommendable
with this kind of amplifier system.

In the reports by Martial et al.[87], the available pumping power was 60 W
and there was no sign of a roll-over. In the report by Rodin ez al.[88] the crystal
was pumped with up to 110 W and a roll-over in output power can only be seen
merely for pump power levels over 80 W with low seed powers. When the seed
power is high enough, a linear raise with no roll-over is seen for pump powers up
to 110 W. This data suggests that the amplifier can be pumped with more than the
80 W available within the frame of this work.

The seed laser beam, the spherical back-reflector (SM) and the temperatures
of all components where optimized at a pump power level of 86 W, then the pump
power was varied and the output power measured without re-aligning or optimiz-
ing any components. The pump diodes where driven above their specified max-
imal output power of 80 W only for a short period, so the pump diodes did not
get damaged, but long enough to measure the output power with a thermophile
sensor. An output power of 8.2 W is reached with no sign of roll-over. Ultimately,
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Figure 7.10: Modeled (Franz-Nodvik) output pulse energies for direct upper laser level
pumping. Output for three different input pulse energies are given (5, 15 and 50 uJ). The
regression value of the small signal gain coefficient (figure 7.7) and an average v of 1.88
are used as model parameters.

the calculated maximum output power for the case of direct upper level pump-
ing is likely not the upper limit that can be reached with this kind of amplifier in
conjunction with the MCO3 laser.
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Figure 7.11: Amplifier output power over pump power. The seed laser beam, the spherical
back-reflector (SM) and the temperatures of the amplifier crystal and the pump diodes
where optimized at a pump power level of 86 W, then the pump power was increased for a
short period, enough to measure the output power. Data-points for pumping below 86 W
where taken from a previous measurement series (see figure 7.4).
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7.6 Discussion

A fiber-crystal based two-pass amplifier was set up and characterized. The am-
plifier was able to produce an output power of up to 8.2 W when seeded with the
stability optimized microchip laser MC03. The Franz-Nodvik model was used
to investigate its scalability. The small signal gain coefficient showed a linear
raise over the tested pumping powers. No roll-over was visible. This showed that
the amplifier is so far only limited by the available pump power. Several factors
contribute to the good scalability of the design:

» Care was taken to maximize the emission cross section by temperature con-
trolling the crystal. The geometry in form of a fiber makes it possible to
cool the whole crystal volume most efficiently. The lowest temperature for
the heat sink used was 15 °C at a pumping power of 86 W.

* A very low doping level of only 0.2 at.% suppresses losses due to up-conversion
or other two-ion processes. During all experiments no fluorescence light
inside the amplifier was observable. This was the case for the microchip
laser, which shows a bright glow where the pump-mode overlaps with the
Nd:YAG crystal, even at low pumping powers.

* The low doping rate is also beneficial for the thermal conductivity of the
crystal. The Neodymium ions do not fit perfectly into the Yttrium sites
leading to a decrease in thermal conductivity for increased doping levels.

* The amplifier operated below the point of strong losses due to ASE. A cer-
tain onset of ASE could only be observed at pumping power of at least
TOW.

A possible different pumping regime was considered. Pumping directly into the
upper laser level would reduce the heat load. Pumping with 885 nm and with up
to 120 W should be possible without increasing the deposited heat in comparison
to the experiments. An output power of over 11 W is predicted.

The presented crystal-fiber amplifier is a good match for the MCO3 laser. The
presented data shows that the low pulse energies of the microchip laser are high
enough to drive the amplifier to saturation fluence levels. Simulations showed that
a further increase in seed pulse energy would not result in a much higher output
power. The high output power together with the good beam quality showed that
this design is a viable amplifier for the NextGenPIRL design.
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Chapter 8

Summary and Conclusion

Q-Switched Microchip

The aim of this thesis was to follow a Master Oscillator Power Amplifier (MOPA)
design and identify limitations and scaling capabilities for a new laser system
named the NextGenPIRL. As a master oscillator, a microchip design given by
Zayhowski [83] was chosen to be the object of investigation. The microchip de-
sign was reported to run stable regarding its pulse energy at PRF of up to several
kilohertz.

Within this work a numerical model to simulate the Q-switched microchip
laser was developed. The model is based on the broadly used standard description
developed by Degnan [55] using the time dependent average photon and popula-
tion densities ¢(t) and n(¢). These densities were extended by spacial components
to n(z,t) and ¢(z,t), which enabled simulations of longitudinal mode based ef-
fects. The simulations showed that the microchip design suffers from severe pulse
instabilities due to multi-longitudinal mode lasing. Spatial-hole burning causes
the generation of L-mode satellite pulses which can even lead to mode-beating.
Furthermore, mode-hopping between consecutive pulses where the main pulse
hops between two or more longitudinal modes also lead to pulse energy instabili-
ties.

These findings have all been reproduced experimentally within a first Q-switched
microchip laser design (MCO1). L-mode satellite pulses were seen both in the
temporal pulse profile and in the recorded spectra. Starting at a PRF of 400 Hz,
mode-hopping and pulse bifurcation could be identified spectrally and by record-
ing a pulse energy distribution. The pulse energy distribution showed three dis-
tinct energy sections. Through analysis of the recorded temporal pulse profiles,
the middle energy section can be related to pulses with strong mode-beating be-
havior and the outer energy sections can be related to hopping of the main pulse
between two longitudinal modes. This three-fold energy distribution was repro-
duced in a second microchip design (MCO02).

Several methods to enhance the stability of the Q-switched microchip laser by
suppressing multi-longitudinal mode lasing have been introduced. (1) One way is
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to increase the difference in emission cross section between the main mode and
its neighbors by shortening the cavity length, which increases the mode spacing.
(2) Cooling the crystal by several tens of Kelvin narrows the emission spectrum.
(3) With fine-tuning the temperature, the main mode can be placed exactly at the
emission peak wavelength. All these methods have been implemented in a new
design (MCO02). The optimizations led to a considerable improvement of the pulse
energy stability. Mode hopping and mode beating was eliminated for PRF of up to
5kHz. The laser ran stable in one longitudinal mode with a standard deviation in
pulse-to-pulse energy of below 1 %. What could not be eliminated in this design
was the generation of trailing L-mode satellite pulses. The drop in emission cross
sections was increased through the optimizations, but it was not high enough to
suppress the onset of L-mode satellite pulses completely.

Another method was introduced, which specifically suppresses direct neigh-
boring modes. When the cavity is chosen to be asymmetrical in the lengths of the
gain medium and of the absorber, the spatial-hole burning effect leads to a sup-
pression of the direct neighboring modes. By shifting the gain medium towards
the cavity end-mirror where direct neighbors overlap constructively with the main
mode and by shifting the absorber over the cavity center where direct neighboring
modes are out of phase with the main mode, the satellite mode overlaps mostly
with regions of low gain and high absorption.

This method of multi-longitudinal mode suppression by choosing asymmet-
ric lengths was implemented in a third design (MCO03). Spectral and temporal
analysis confirmed that the laser was emitting pulses in single longitudinal mode
without satellite pulses up to a PRF of 5kHz. The stability of the pulse energy
was remarkable with a standard deviation of only 0.74%, and the pulse duration
was determined to be as short as 226 ps. The laser was not sensitive to tempera-
ture fluctuations and stable operation in true single mode was possible even when
the temperature of the crystal holder was varied by 1 °C. With further increased
PRF of up to 10kHz, the laser emitted single L-mode pulses with one trailing
satellite pulse each. The deviation in total pulse energy stayed below 1 % and the
pulse duration was 209 ps. The pulse energy dropped significantly between the
designs. The first microchip laser (MCO1) emitted pulses with an energy of up
to 85 ) and the last design (MCO3) had a pulse energy of 17.4uJ. The drop in
energy is due to the shortening of the cavity and the strong cooling of the crystal
down to -15°C. Furthermore, the initial transmission of the saturable absorber
was raised in between designs, to shorten the cavity, which also leads to a drop in
pulse energy.

All in all, an effort was made to derive a numerical model for Q-switched
lasers that is able to reproduce all longitudinal mode effects that appeared dur-
ing the experimental investigations. Several authors have reported on single L-
mode effects before [92, 79, 80, 86, 84, 77, 76, 78], but this work is the first
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that includes and differentiates between all known and observed L-mode effects
in Q-switched microchip lasers in both simulation and experiment. The effect of
mode-beating for Q-switched microchip lasers is reported on for the first time in-
cluding a method for identification without the usage of a fast oscilloscope. The
suppression of multi-L-mode onset by strong cooling of the microchip and fine-
tuning the emission cross sections by small temperature variations is elaborated
here for the first time. This approach is shown to be simple and effective.

Compared to offerings on the market, the stability optimized microchip laser
(MCO03) sets a new standard. The company ALPHALAS GmbH (Géttingen, Ger-
many) is offering sub-nanosecond Q-switched microchip lasers. Their model
PULSELAS-P-1064-300-FC delivers 800 ps pulses at a PRF of 5 kHz with a pulse
energy of 15 uJ. These parameters are very close to the MCO3 laser, except for the
pulse duration which is four times of the MCO3 laser’s and it is above the DIVE
criteria with 7, < 500 ps. Furthermore, the company reports that their laser suf-
fers from 10 to 20% fluctuations in pulse energy due to intrinsic laser dynamics
starting at 3 kHz PRF. This is clearly a sign for multi-longitudinal mode lasing
and ALPHALAS does not offer stable single-longitudinal mode systems. Since
the year 2017, the company Teem Photonics (Meylan, France) is offering sin-
gle longitudinal mode Q-switched microchip lasers, which suggests that all their
other microchip lasers are unstable multi-mode designs. Their single-mode sys-
tem is specified to deliver 500 ps long pulses and very low pulse energies in the
1 wJ to 2 uJ range. The company BATOP GmbH (Jena, Germany) is specialized in
SESAM based microchip lasers delivering pulses with durations as short as 100 ps
to 200 ps, but with even lower pulse energies in the sub-100 nJ range. From these
companies and their product lines it can be deduced that single longitudinal mode
operation in Q-switched microchip lasers is still hard to accomplish, especially
when a high pulse energy in the 10 to 20 pJ-range is required. This work can help
the industry to overcome that obstacle in the near future.

There is one effect that appeared during the experiments and the simulations
that did not get mentioned in this work so far due to its complexity and it might
be worth to be investigated further as it influences both the efficiency and the sta-
bility of the microchip laser. The pulse characteristics of a microchip laser are
determined by the output coupling, the cavity length and the saturable absorber.
The later is described by two parameters, which are the ground state and the ex-
cited state absorption cross sections. These parameters are strongly dependent on
the doping level of the tetravalent Chromium ions in YAG, the manufacturer of
the crystal and mostly on the investigator. The measured values vary by an order
of magnitude between published reports [93, 94, 95, 96, 97, 98]. An overview of
measured cross sections found in literature and more details can be found in the
Appendix C. A reasonable explanation for the huge variation in measured cross
sections is the existence of extra losses within the crystal, which are not directly
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described by the two parameters. The incorporation of the Chromium ions into
the Yttrium sites of the YAG crystal is suppressed by a difference in charge and
size between these two ions. This can be addressed by co-doping the crystal with
charge compensating ions, but ultimately it leads to residual ions in the crystal that
are not embedded into its structure. The resulting extra losses are not addressed
by the given models found in literature. A thorough investigation of this issue
would be beneficial as it would enable a further optimization of the microchip
laser towards even shorter pulse durations and higher pulse energies.

Fiber Amplifier

A crystal-fiber amplifier was setup to amplify the pulses to the mJ-regime. The
fiber design has several benefits. For one internal reflections ensure a good overlap
between the pump and the laser mode over a long distance. This enables the usage
of a low doped crystal, which suppresses multi-ion processes and enhances ther-
mal conductivity. Additionally, the small diameter enables very efficient cooling.
With a pumping power of up to 86 W an output power of 7.49 W was achieved,
which gives an extraction efficiency of 11.4%. The pulses had an energy of 1.5 mJ
at a PRF of 5kHz. The beam quality was exceptionally good with a M?-factor of
1.24, a Gaussian shape and no ellipticity. The power of the pump diodes was in-
creased for a short period above the manufacturers specifications, which resulted
in an output power of 8.2 W.

An analysis of the measured output pulse energies over varying input pulse
energies and pumping powers was performed, by fitting the Franz-Nodvik model
to the data. It turned out that the amplifier is perfectly suited for the MCO3 laser.
Even though the seeded pulse energy is very low, the amplifier achieved several
times the saturation fluence due to the high gain and the double-pass geometry.
The extraction efficiency with the low seeding pulse energy of 15 uJ was already
at 90% of what 1s achievable according to the Franz-Nodvik model. The analysis
also revealed an inversion or saturation fluence reduction factor v of 1.9, which
can be explained by (1) re-absorption due to the non-zero lower level lifetime,
(2) the narrowed mode diameter due to thermal lensing and (3) spatial-hole burn-
ing effect due to the single mode character of the seed laser. Furthermore, the
analysis showed a linear raise in the small signal gain coefficient over the used
pumping power range. Hence, the amplifier’s output power was only limited by
the available pump power.

The ultimate scalability of the amplifier could not be achieved experimentally
within this work as a pump diode with sufficient output power was not at our
disposal. Several companies like Dilas Diodenlaser GmbH (Mainz, Germany)
and nLight Inc. (Vancouver, USA) offer frequency stabilized fiber coupled pump
modules for direct upper level pumping of Nd:YAG with output powers of up to
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200 W and a fiber core diameter of 200 um. Upgrading the amplifier with such a
high power diode would enable an investigation on ultimate output powers.

NextGenPIRL

The MOPA laser system as implemented and presented has shown to be a viable
design for the NextGenPIRL. The condition for the minimum pulse energy was
determined to be 1.37 mJ in order to reach the necessary fluence level for a typical
DIVE setup (see introduction). The current system delivers an output pulse energy
of 1.5mJ and with an upgraded pump diode, laser pulse energies of above 2 mJ
can be reached. The pulse duration of the presented MOPA is 2.4 times shorter
than the needed 500 ps to ensure stress confinement. The average output power is
four times of what was achieved with the previous regenerative amplifier design
[16]. Hence, four times higher cutting speeds can be expected. The system is
also compact, simple and robust. It offers low-maintenance operation and the
possibility to be transported between the laser lab and a medical clinic.

A crucial part to generate the Mid-IR pulses is the OPA. The first DIVE exper-
iments from Franjic et al.[16] were performed with a PIRL system with attached
KTA based OPA with collinear type-II phase matching. The OPA was seeded
by a fiber coupled distributed feedback (DFB) diode laser and the resulting idler
pulses had a wavelength of 2.96 um. For applications of DIVE in surgery and bio-
diagnostics in Hamburg [21, 22, 28, 29] a commercial PIRL system with attached
OPA was used. That OPA was similar in construction to the first one from Franjic
et al.[16]. The amplification was performed in a single stage pumped by 400 ps to
500 ps pulses with 7mJ of energy, resulting in 700 uJ pulses in the Mid-IR. The
power of the cw-seed can be estimated with 10 mW, which gives a total gain ¢
of 2.5x10%. Due to the gain-guiding effect, the seed and idler beams shrink in
diameter within the OPA. This effect has been described by Arisholm et al.[99]
in detail. Starting with an initial beam diameter of the seed and pump beams of
typically 1 mm, the gain guiding effect can shrink the diameter of both signal and
idler down to 100 um or even less, which is far smaller than the diameter of the
pump beam. The resulting output is a mixture of seeded OPA idler at the center
overlapped with unseeded amplified fluorescence light. Beam quality factors of up
to ten have been measured with this kind of OPA [21]. A promising route towards
a better output beam quality of the Mid-IR idler is to investigate the beam-guiding
effect in the OPA in more detail. Switching from a one-stage OPA to a two or
more stage system will reduce the gain per stage and suppresses the gain-guiding
effect. This upgrade would lead to a better beam quality and a better focusability
of the laser.

Alternative ways to generate picosecond Mid-IR pulses do exist, which could
also be the basis for a NextGenPIRL. For example, Erbium ions emit light in the
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2.7 to 2.94 um wavelength range, depending on the host material. Erbium lasers
generating pulses with durations around 100ns and with output powers in the
Watt range have been reported on [ 100, ]. To generate few-100 ps pulses the
cavity has to be very short with a few millimeters in length. Hence, an inversion
density has to be reached that is far higher than in the mentioned systems that
used few centimeter long Erbium crystals. The first step in designing an Erbium
Mid-IR PIRL would be to investigate if high levels of inversion can be reached,
even though Erbium suffers from strong up-conversion processes from the upper
laser level [102].
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Appendix B

Crystal Constants and Coefficients

The following crystal constants and thermo-optic coefficients have been used for
the calculations and simulations within this work.

Crystal Constants

acronym YAG YSGG Lutetia YLF
formula Y3A15012 Y3SC2G3.3012 LUQ03 LIYF4
symmetry cubic cubic cubic  tetragonal
lattice constant [A] 12.00 12.43 10.39  5.18(10.74)
cation density 139 125 285 139
[10200m3] Y3+ Y3+ Lu3+ Y3+
melting point [ °C] 1930 1780 2450 850
hardness [Mohs] 8.5 7.5 6.5 4.5
density [g/cm?] 4.56 4.55 9.42 3.99
Poisson ratio 0.24 0.30 2 0.29 0.33
max. phonon energy [cm™!] 672 500 618 442

Table B.1: Material properties of undoped crystals.

2estimated value
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B. Crystal Constants and Coefficients

YAG YSGG Lutetia YLF

symmetry [o6]  [108]  [109] [110]
lattice constant [66]  [111]  [112]  [110]
cation density [110] (1131 [112]  [110]
melting point [113] [113]  [114]  [113]

hardness [114]  [113]  [114]  [113]

density [108] [108]  [112] [108]
Poisson ratio [108] na. [115]  [43]
max. phonon energy [116] [113]  [l14] [113]

Table B.2: References to material properties from table B. 1.

material Cy; Cj» Cy reference
YAG 349 121 1.14 [108]
YSGG 2.75 1.00 0.85 [108]

Table B.3: Elastic constants for cubic crystals in 101* N/m? at room temperature.

material Cl 1 C 12 C 13 C 16 Cg 3 C 44 C 66 reference
YLF 1.21 0.609 0.526 —-0.077 1.56 0.409 0.177 [108]

Table B.4: Elastic constants for tetragonal crystals in 10'* N/m?.

Thermo-optic Properties

material Sellmeier equation ref.

2 __2.28200)\° 3.27644)\2

YAG n°—1= /\2—0.0118256;)\/52—282.734 [117]

2 o

Yoee nol _0/\7%?5?%1\2272 0.18849)2 .
2 _ . .
. 2 _ . .

Lutetia. n* —1=0.83439 + 5035552 T 2 s0765z L1 20]

Table B.5: Sellmeier equations for several undoped host crystals.
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B. Crystal Constants and Coefficients

temperature [K]
300 250 200

Blem?/s]  0.041  0.056  0.091
(0.032) (0.043) (0.068)

CplJ/gK] 0.60 0.52 0.42
(0.58) (0.51) (0.41)

k[W/mK]  11.2 13.4 17.6
8.6) (10.2) (13.0)

Table B.6: Thermal coefficients for undoped and doped YAG over temperatures. The
doped YAG crystal contained 2 at.% Ytterbium and the corresponding values are written
in brackets. Data is taken from Aggarwal et al.[12]].

temperature [K]
300 280 260 240 220 200

a[1076/K] 6.14 592 566 536 501 4.61
d10-°/K] 78 73 67 6.1 55 48

Table B.7: Coefficient for thermal expansion and refractive index change over tempera-
ture for undoped YAG taken from Aggarwal et al.[121].
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Appendix C

Cross Sections for Cr*t:YAG

When doping YAG crystals with tetravalent Chromium ions, a charge compen-
sation in form of a divalent ion is needed. Kalisky et al.[93] retrieved the ab-
sorption cross sections of the ground and excited state of Cr**:YAG co-doped
with Ca®" ions. Later Lipavsky et al.[95] retrieved the absorption cross sections
of Cr**:YAG co-doped with Mg?" ions. The two measurements show a depen-
dency of the excited state absorption on the co-dopant ion. Several other groups
re-measured the cross sections [94, 97, 98]. Xiao et al.[96] determined the cross
sections for several Cr**:YAG crystals grown by different manufacturers.

Oabs Oesa Oabs/0esa  COMMent
[10718cm?]  [10¥cm?]

Kalisky [93] 3.2 0.45 7.1 Ca** co-doped
Lipavsky [95] 3.25 0.625 5.2 Mg?* co-doped
Burshtein [94] 7.0 2.0 3.5

Xiao [96] 1.9 0.5 3.8 man. #1, low-dop.
1.6 0.5 3.2 man. #1, high-dop.
1.8 0.4 4.5 man. #2, low-dop.
1.7 0.5 3.4 man. #2, high-dop.

Table C.1: Retrieved values for ground state o, and excited state 0.5, absorption cross
sections of Cr'T:YAG. Xiao et al.[96] compared crystals from different manufacturers
(man.) and with different doping levels (low and high dop.).

The retrieved values from Xiao et al.[96] where used for the calculations and
simulations within this work (see table C.1, crystal from manufacturer #1 with
high doping level).
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