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ABSTRACT

Antti Penttinen: Second-harmonic generation of SESAM Q-switched microchip lasers
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Pulsed laser sources are vital for a wide range of applications throughout the daily life. They
are the key components in data transfer, medical use, industry as well as in variety of micro-
scopic and spectroscopic applications. Novel microscopic and spectroscopic applications, such
as photoacoustic microscopy or time-gated Raman spectroscopy require very specific pulsed
laser sources. Even further, for many of these novel applications to reach a mature phase and
foothold in our society, the light sources in use must come with affordable cost and compact
footprint.

The optical properties required in many applications feature a combination of short pulses,
high pulse repetition rates, high energies and suitable operation wavelengths. Many of these
properties define the application measurement time or imaging depth and thus the right combina-
tion of these is vital.

For many novel applications requiring specific pulsed lasers, the options tend to be rather
limited. Some solutions offer the required pulse repetition rates, enabling imaging speed and
resolution, but are limited in pulse peak power, not generating imaging depth or targeted phenom-
ena. Others can offer the correct optical parameters but the size or cost of such systems limits
the applications. This issue of right combination of pulse parameters with a suitable technology
platform was at the heart of this master thesis, with the focus on enabling novel imaging methods
in the microscopic and spectroscopic applications.

This thesis focuses on the development of a compact microchip laser sources at 1534 nm with
optical properties targeted for photoacoustic microscopy use. Lasers studied take advantage of a
semiconductor saturable absorber mirrors (SESAM) technology to offer a unique combination of
parameters with ns pulse duration, high repetition rate from tens of kHz to hundreds of kHz and
kW pulse peak power. These lasers were frequency doubled to 767 nm using second harmonic
generation in periodically poled lithium niobate (PPLN) to offer novel wavelength regions with
suitable pulse parameters.

Keywords: LASER, SESAM, microchip, passive Q-switching, second-harmonic generation
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Pulssitetut laserit vaikuttavat jokapaivaisissa laitteissa nykymaailmassa. Niitd hyddynnetéan
tiedonsiirrossa, leikkausoperaatioissa, seké@ useissa teollisuuden sovelluksissa. Niitd kaytetdan
myds moderneissa spektroskopia ja mikroskopiasovelluksissa, joissa vaatimukset laserien koh-
dalla ovat paljon erityisemmat. Sovellusten yleistymiseen, lasereilta vaaditaan myds paljon enem-
man kuin vain optisia ominaisuuksia. Niiden pitd& olla kustannustehokkaita ja kannettavia, joka
aiheuttaa omat haasteensa.

Monien pulssilasereita hyédyntavien sovellusten optisten ominaisuuksien vaatimuksiin kuulu-
vat lyhyt pulssin pituus, korkea pulssien toistotaajuus ja riittava pulssienergia. Toistotaajuus vaikut-
taa monesti mittausnopeuteenja -tarkkuuteen, kun taas ilman riittdvaa pulssienergiaa koko sovel-
luksen efekti voi jdada havaitsematta. Naille sovelluksille sopivassa koossa toteutettu yhdistelma
oikeita pulssiparametreja olisi tarvittu ratkaisu ja voisi saada myds kaupallista kiinnostusta.

Useat nykyisista laser ratkaisuista kykenee tarjoamaan osan optisista ominaisuuksista, mutta
jA& uupumaan joistain toisista. Toiset taas kykenevat tarjoamaan sopivat optiset ominaisuudet,
mutta lasereiden koko tai hinta rajoittavat suuren mééran sovelluksia pois. Tamé tyd keskittyi
moderneihin spektroskopiasovelluksiin keskittyvan laser ratkaisun kehittdmisessa, joka pystyisi
vastaamaan kokonaisvaltaisiin laserille asetettuihin vaatimuksiin.

Diplomity6 keskittyy puolijohdepeililla toimivien mikrosirulasereiden kehittdmiseen modernei-
hin spektroskopia ja mikroskopiasovelluksiin. Tydn tavoitteena oli tutkia sopivaa laserkombinaatio-
ta hyddyntamalla SESAM -puolijohdepeilirakenteita ja pienikokoista mikrosirulaseria. Kokeellinen
osuus koostui sopivien pulssiominaisuuksien |6ytdmisestd, seka laserin aallonpituuskonversiosta
tyyppillisesti haastavalle infrapuna aallonpituusalueen alkupuolelle.

Avainsanat: LASER, SESAM, microchip, passivinen Q-kytkentd, taajuuskahdennus
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1 INTRODUCTION

Many novel applications, such as time-gated Raman spectroscopy, photoacoustic mi-
croscopy (PAM) or Stimulated emission depletion (STED) microscopy are groundbreak-
ing in their field of art, offering unique properties such as sub-diffraction limited resolution
[1], real-time material analysis [2] or sub-tissue micrometer resolution images [3] to the
end-user. All of these novel applications however require specific pulsed laser sources
in the visible or near infrared range in order to bring out their benefits to the end user.
Options for producing such pulsed lasing for these applications are limited due to their
requirements on optical properties such as pulse duration, pulse repetition rate and pulse
energy. Such applications in the fields of spectroscopy and imaging have strict require-
ments on the combination of high peak powers, good beam properties and sufficiently
high repetition rates. Valid options for the light sources vary from semiconductor lasers
to mode-locked lasers, but they all tend to have some drawbacks in terms of the compre-
hensive performance.

Semiconductor lasers can nowadays provide usable wavelengths in the visible to near in-
frared range by advancements in the GaN materials, but typically lack the peak power re-
quired in the above mentioned applications.[4] Otherwise the semiconductor lasers could
create a viable option for many of such applications in the future due to their small size
and low cost. Solid-state lasers on the other hand can offer sufficient energies but typi-
cally operate in the infrared region, namely 1 um or 1.5 um wavelength region and thus
are directly not the solution in these cases. They are also often optically pumped and the
availability of pump lasers limits the wavelengths to the typical regions.

One suitable option would be to use nonlinear conversion to allow for additional wave-
lengths, beyond the primitive operation frequencies. Second-harmonic generation with
solid-state lasers, transforming the fundamental infrared operation frequency into the vis-
ible or near visible range. The need for pulsed laser source raises another question
on how the pulsing should be formed. Viable options for these applications are limited
to mode-locking and Q-switching due to the power limitations of pulsed semiconductor
lasers.

Mode-locking is a pulsing form where different longitudinal laser modes are circulated
around the laser cavity forming very short pulses with high repetition rates typically rang-
ing from tens of MHz up to GHz. [5] Due to the short pulse durations and extremely
high pulse repetition rates, these systems don’t naturally support high energy pulses at
100-200 kHz and require expensive amplifiers to increase the energy and pulse pickers



to bring down the pulse repetition rate. [6] For example in photoacoustic microscopy the
repetition rate goes beyond the maximum pulse repetition rate allowed by the detection
system [7] and the mode-locked laser could not be of use as such. These additional
requirements make mode-locked lasers rather complicated, ending up with too bulky and
expensive for many applications.

Another traditional method of pulse forming is Q-switching, where the laser properties
are modified to first store and then release energy in high energetic pulses. [8] By Q-
switching, repetition rates from single pulses to tens of kilohertz have been typically avail-
able. These pulses can be in the sub-ns to ns pulse duration, which would be suitable
for many of the applications and can provide pulse energies from uJ to mJ but is typically
not suitable for operation in the hundreds of kilohertz pulse repetition rate. For many ap-
plications this is simply too low a repetition rate, limiting the measurement resolution or
measurement time.

SESAM based Q-switching is a form of passive Q-switching, where a semiconductor
saturable abrosber mirror (SESAM) is used as the passive Q-switching element. Pulsing
mechanism is still Q-switching and thus high energy pulses can be formed. However, by
using the semiconductor element for pulsing, the pulse repetition rate and pulse duration
can be tuned to higher repetition rates up to MHz region and pulse durations to shorter
than typically, down to 16 ps.[9] The positioning of SESAM Q-switching in comparison to
mode-locking and traditional Q-switching is shown below in figure 1.1.

Q-switching with

Mode-locking SESAM Q-switching bulk absorber
10 MHz - 1 GHz 1 kHz - 1 MHz 1hz-1kHz
100 fs 1 ps 10 ps 100 ps 1 ns 10 ns 100 ns

Figure 1.1. Comparison of different pulsing method by pulse duration and pulse repetition
rate. Modified from [10].

Due to the good combination of pulsing parameters offered by the SESAM Q-switching
and the clear benefits of nonlinear conversion to offer additional wavelengths, this com-
bination was chosen as the technological approach of this thesis. By combining these
two concepts with the methodology of compact microchip lasers, in which the laser cavity
is formed between combined components a feasible study on generating optimal pulse
parameters suitabls for novel microscopy and imaging applications.

Lasers were targeted to operate with pulse repetition rates between 10 - 100 kHz, offering



sufficient imaging resolution and imaging time. Pulse duration target was set in the ns
region with peak powers ranging from hundreds of Watts up to Kilowatts. To extend the
usability of the microchip lasers, wavelength conversion of these lasers into the near-
IR region by second-harmonic generation was studied targetting combination of pulse
parameters and operation wavelength hard to achieve by mature technologies.

The thesis will start from the theory of Q-switching, giving the focus on passive Q-
switching and different saturable absorber options. A further outlook will continue to
microchip lasers and moreover the SESAM Q-switched microchip lasers and extend to
nonlinear conversion, covering the most typical forms of second and third order nonlin-
earities and the most often used nonlinear crystals. Lastly, the experimental work on the
microchip seed lasers and the second harmonic generation will be covered, summarising
the main results of the thesis.



2 THEORY OF Q-SWITCHING

In typical pulsed operation of lasers, such as pulsed semiconductor lasers, the upper
limit of population inversion is restricted by simultaneous emission starting to eat away
the upper state inversion at an early stage. Due to this, the amount of energy stored in
the upper state of the gain material, never reaches an especially high amount and thus
the pulses formed have a relatively low pulse energy. Q-switching is a method to change
the cavity ability to lase thus allowing the system to gain much higher population inversion
before lasing takes place. [8]

Laser cavity gain over losses per one roundtrip can be described by the cavity quality
factor, also known as the Q—factor. Q—factor describes the laser cavity’s ability to gain
energy over the losses caused, meaning in case the Q—factor is very high, gain is much
higher than losses over single roundtrip. But in case the Q—factor is very low, the losses
over a roundtrip exceed the gain obtained. [5][10] Thus the Q—factor can be described as

Q=2 2.1)

Clloss

where L is the length of the cavity and f is the frequency of the laser, which combined
describe the energy gained over a single length around the cavity. c is the speed of light
and «oy,,s are the losses per cavity round trip. [8]

The principle of Q-switching is to allow the system to gain population inversion much
higher than required for lasing by causing additional losses to the system. Once the
energy has been stored, the additional losses can be removed and lasing can take place
in the form of high energetic pulses. The procedure is called Q-switching, since the
losses in the system are changed by switching the cavity Q-factor from high to low. Once
a certain threshold has been achieved the Q-factor is switched to high value and pulse
formation begins. [8][5] This process is described in figure 2.1 by Koechner.
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Figure 2.1. Operation principle of pulse formation in Q-switching. Modified from [5].

Figure 2.1 describes the three different factors influencing a Q-switching pulse formation.
All three axis operate on the same timeline, the x-axis. In the beginning the resonator
losses are kept at a high level to prevent lasing while population inversion is accumulated.
Since the resonator losses are high, population inversion gains up but even though the
threshold inversion n, is passed in the figure up middle, the photon flux still remains at
minimum level. This is the main difference of Q-switching to normal cw operation, where
lasing would start to occur at n;. In this case, the population inversion is increased and
eventually saturates to n;, until the resonator losses are changed, at time = 0 in figure
2.1. Once the losses are dropped, pulse forming starts

At a certain time point, namely at t=0 in the picture 2.1, the resonator losses are dropped
and lasing may take place. Population inversion consequently drops down since the pulse
formation begins. With rapid decrease in population inversion, the system is not able to
support lasing for long and thus the laser pulse duration is kept very short.

Once the sequence has passed on for the first time, the resonator losses are increased
back to a high value and lasing cannot take place. Population inversion starts to rise up
again and after the next cycle the resonator losses can be dropped again for another
laser pulse. The sequence of Q-switched lasing functionality is described by Nikkinen in
picture 2.2.
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Figure 2.2. Functionality of a Q-switched laser. Modified from [10].
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Due to the pulsing method of Q-switching, each pulse is formed independently from the
others. This method has some benefits, such as reaching pulse repetition rates from
few hertz up to MHz region and not having dependencies between the pulses. There
are however also some disadvantages, for example, the fact that each pulse is formed
independently causes intensity variations between the pulses as well as pulse-to-pulse
timing jitter, which are natural to Q-switched lasers. In comparison, with mode-locked
lasers the pulse repetition frequency is locked by the laser cavity, reducing timing jitter,
where as with laser diodes the accumulation of inversion is at such a low level that delays
between electronic pumping and optical output remain at very short time periods. [8]

The Q-—switching cycle can either be externally activated or let to operate passively on
its own. The two methods are namely called active and passive Q—switching. Active
Q-switching includes methods such as mechanical Q—switches or electro-optical Q—
switches, which allow for the tuning of cavity losses over time. In mechanical Q—switches
the cavity Q—factor can be tuned by misaligning cavity mirrors or reducing reflectivity of
the resonators. In the case of electro-optical switches, a very fast electronic shutters can
be applied to change polarization of light within the cavity to prevent lasing before the Q-
switching is preferred. [5] An example of an electro-optic Q-switch structure is presented
by Koechner in figure 2.3.

While the actively Q-switched laser systems have some nice advantages, such as low
timing jitter and high accuracy of the laser pulse emission, they also have some disad-
vantages. The systems are often bulky and large due to the components required for the
Q-switching. Many of the systems require water cooling and complicated high-voltage
driver electronics to operate the Q-switch. As reported by Koechner, the Q-switch needs
to transit from high to low value in less than the laser build-up time. As an example for a
very typical gain material, Nd: YAG, this means in a range of 150 - 200 ns. [5] This sets
rather strict conditions to the Q-switch electronics, especially when the considering gain
materials with shorter build-up time than Nd:YAG.

In comparison to active Q-switching, passive Q-switching goes through the pulsing cycle
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Figure 2.3. Example structure of an electro-optic Q-switch. Modified from [5].

on its own. This thesis will focus on passive Q-switching where the Q-switch and it's
properties define the pulse characteristics without active control over the laser cavity.
We'll discuss passive Q-switching, different Q-switch options and look into some of the
passively Q-switched lasers.

2.1 Passive Q-switching

Due to the complexity of actively Q-switched devices, the branch of passive Q-switching
is very popular method in pulse forming. In passive Q-switching the cavity losses are
modulated by the nonlinear properties of the Q-switching element automatically. [8] Pas-
sively Q-switched lasers are thus much more simple, compact, robust and cost effective.
However, they do not have equal precision of output pulse timing and have typically lower
optical powers compared to the actively Q-switched lasers.[5]

Typical downsides of passive Q-switching include intensity variation and pulse-to-pulse
timing jitter. Both of the artefacts are a consequence of passive pulse formation and typi-
cally occur in every passively Q-switched laser but their effect can be reduced. Intensity
variation of the laser can be reduced by homogenising the Q-switch. In other words, in
case the saturable absorber produces similar losses round after round, the system should
work similarly overtime. Another very typical issue is the timing jitter between pulses. This
effectively means that the pulsing frequency of the laser varies while the time between
pulses does not remain constant. The effect comes as a consequence of the passive
pulse forming, as no active element controls the exact pulse formation time.

For both of these artefacts the laser pumping can have a major impact. Especially when
considering the timing jitter, great improvements can be achieved by using pulsed pump-
ing instead of continuous wave pumping. In pulsed pumping, the optical pump is mod-
ulated by the pulse frequency, thus forcing the Q-switching to take place within certain
pulse repetition rate. This method will limit the time within which the pulses can be emit-
ted, also reducing timing jitter.



2.2 Saturable absorber

The passive Q—switch, called saturable absorber functions by initially absorbing the laser
wavelength, causing additional losses to the cavity and thus preventing lasing. Saturable
absorbers can be sformed of solid-state material, such as doped crystals or out of semi-
conductor materials. With solid-state absorbers, as the intensity on the absorber in-
creases and the initial losses are saturated and the absorber eventually turns into a
nearly transparent component, supporting the pulse formation [8][5] Figure 2.4 shows
the nonlinear transmission behaviour of a typical, solid-state Q-switch in relation to the
normalized saturation fluence of the absorber.
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Figure 2.4. Example of a nonlinear transmission of a saturable absorber, as a function
of optical input fluence. [5].

The initial transmission of the absorber starts here at approximately 60 %, preventing any
lasing due to too high losses. As the spontaneous emission in the system increases, the
losses start to dissipate as the Q-switch element saturates. Once the absorber has been
saturated, the final transmission of 90 % allows lasing to take place and the Q-switched
pulse is formed. [5]

The saturable absorber can be formed of a cell containing absorbing dye, gas, solid-state
or semiconductor material. [8]. The first saturable absorbers were made of organic dyes,
such as bis 4-dimethyl-aminodithiodibenzil-nickel (BDN) but the issue with dye absorbers
was that they wore out over time and thus had very limited lifetime. Nowadays solid state
absorbers, such as doped crystal materials, are much more popular. [5] These materials
have improved thermal and mechanical properties providing extended lifetime and also
easy operability due to solid-state structure. Such a saturable absorber operates like a
three level energy diagram presented by Koechner in picture 2.5.

In such a material the transition from level 3 to 2 needs to be fast compared to transition
between levels 2 and 1. The upper state lifetime on level 2 must also be long enough to
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Figure 2.5. Energy level diagram of a saturable absorber. Modified from [5].

accumulate inversion and clear out the ground state. As the material absorbs light and
fills the upper state, it starts to change its transmission according to figure 2.4. Once the
population inversion is gained, absorber becomes practically transparent allowing lasing.

[5] 18]

A very popular material for saturable absorber at 1 pm region is Cr*t:YAG. The YAG crys-
tal acts as a host for the Cr** ions with good thermo-optical and mechanical properties
and is sufficiently easy to produce. The Cr** ions provide good absorption cross section
for this wavelength region and are thus especially suitable for saturable absorber. [5][11]
This particular absorber material combined with Nd: YAG gain material was demonstrated
by Raikkonen et. al. in 2008 [11] producing 4 ns pulses with 12 kHz pulse repetition rate
and 5 pd pulse energy allowing good combination of pulse energy and pulse repetition
rate in over ten Kilohetrz range from the seed laser itself.

For 1.3 - 1.5 um wavelength region Co:MgAIl,O, (Co:MALQ) absorbers have been widely
demonstrated. Very short pulse durations and high energies, such as 1 ns [12] and 2.7
- 10 mJ [13] have been demonstrated using Co:MALQO absorbers. These absorber ma-
terials have excellent damage threshold and thus can be used to produce high energetic
pulses. Alternative Co?* based absorbers include e.g. Co:YAG, Co:LMA, or Co:ZnSe.
These materials are very typically seen in the development of Er- based lasers at 1534
nm. [14] Results with the different Co based absorbers vary from extremely high ener-
gies to rather short pulses and high pulse repetition rates. For example, Chinn et. al. [15]
recorded peak powers up to nearly 40 kW with kHz pulse repetition rate. Similarly Denker
et. al. [16], reported pulse repetition rates up to 70 kHz with Er-based materials and Co
-absorbers.

Different solid-state absorbers have been widely in use, both in academic and commercial
use for decades. Nowadays the most used ones include the Co -based absorbers for the
1.5 um region and the Cr:YAG for 1 um region. There are also others, depending on the
use case but these were picked for this thesis with the target of covering the most typical
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options with an emphasis on the options for the eye-safe 1.5 um region. Table 2.1 shows
the most typical solid-state saturable absorbers for 1.5 um and 1 pum region with their
upper state lifetime and damage threshold.

Table 2.1. Typical solid-state saturable absorber materials with their operation wave-
length, upper-state lifetime and damage threshold. Combined from [14], [17] and [18].

Parameter Co:MALO | Co:YAG | Co:ZnSe | Cr*t:YAG
Operation wavelengths (um) 1.3-1.5 1.3-1.5 1.3-1.5 1.0-1.1
Upper state lifetime (ns) 350 1 2.9x10° | 3.5x10°
Damage threshold [J /cm?] 7.5 25 1.8 900

Co:MALO, Co:YAG and Co:ZnSe are all for the 1.5 um wavelengths, with different sub-
strates for the Co?* doping. The upper state lifetime for these absorbers varies from ns
range all the way to ms region, offering different use cases for the absorbers. Damage
threshold on the otherhand is rather close to one another with some Joules per square
cm and highest on the Co:MALO. Due to this purpose the Co:MALO is often used in high
energy lasers targetting low pulse repetition rates. For the 1 um region, the Crit:YAG
absorber is as well very often seen in high energy applications. Compared to the Co?*
based materials, this absorber has approximately hundred times higher damage thresh-
old. Itis thus one of the most used solid-state absorbers in the ns Q-switched high energy
lasers.

Overall passive Q-switches are relatively simple components to operate. They do not
require complex electronic systems which allows for a compact and robust footprint. They
are low cost compared to alternative options but cannot produce as accurate pulsing or
generate as high a pulse energies as active Q-switching methods.

2.3 Passively Q-switched laser

Any laser will require gain, pump and feedback to be operational. Laser gain provides
material where first spontaneous and later on stimulated emission can take place. Cavity
is needed for the emitted photons to circle around and receive feedback and pump energy
is required to initiate the cycle and offer energy for the energy level transitions. [8][5] In
terms of pulsed lasers, the pulsing element needs to be included within, or sometimes
outside the cavity. For passively Q-switched lasers the saturable absorber is inserted
inside the laser cavity. For typical Q-switched lasers the cavity is formed between two
mirrors, one of which can be curved to better support the lasing. The required elements,
such as the gain medium and the saturable absorber can then be included between these
two mirrors as shown in picture 2.6 below.
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Figure 2.6. Schematics of a passively Q-switched laser cavity with mirrors M1 and OC.

In the figure above, mirror 1 (M1) has high reflective (HR) coating for the lasing wave-
length and an highly transmission (HT) for the pump wavelength to allow for maximum
transmission of pump into the gain. Mirror 2, in the schematics marked as output coupler
(OC) is typically a partially reflective (PR) mirror keeping most of the energy within the
cavity but allowing for some lasing to exit the system. Typical output couplers vary from
1 % all the way to 20 - 30 %. This value needs to be defined and tested for each laser
cavity as it depends on the gain and losses caused by the gain and saturable absorber.
The overall losses including the OC need to be in line with formula 2.1 for the lasing to
take place.

The benefit of separate components in the cavity structure is that they can be tuned, or
changed if needed. One can also add additional components into the cavity, such as
intracavity frequency conversion, or etalons for wavelength tuning. [19] The downside
of this concept is that each laser cavity must be specifically aligned and the laser may
be very delicate to the alignment, meaning it would need to be operated in stable condi-
tions. It also naturally extends the cavity length, lengthening the possible pulse durations
available as will be seen later on. Thus a concept for short cavity lengths, using bonded
components known as microchip lasers was introduced.

2.4 Microchip lasers

Microchip lasers consist of a a cavity structure, where the cavity is formed around a piece
of solid-state gain material. Typically the mirrors are optically coated on the polished end
surfaces of the gain. Laser cavity can be a flat-flat or a flat-curved cavity and the system
is typically pumped with a semiconductor laser diode. [19] Structure of the most simplistic
flat-flat microchip cavity is illustrated below in figure 2.7.
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Figure 2.7. Schematics of a simplistic microchip laser cavity consisting of a gain material
and mirrors M1 and M2, which are coated on the optical surfaces of the gain.

Flat-flat cavities are not especially known for supporting stable operation, which is why
typically one of the mirrors is curved. In the case of microchip lasers, thermal lensing
effect in the gain material stabilizes the laser cavity, supporting operation with flat-flat
surfaces. [19]

For pulsed operation of microchip lasers, additional components need to be included
within the cavity. Q-switching of a microchip laser can be performed by adding an ac-
tive Q-switching element, such as a tunable etalon with partially reflecting mirrors, shown
by Zayhowski. [19] A much more straightforward way of pulsing a microchip laser is
to use passive Q-switching. Passively Q-switched microchip lasers do not require any
switching electronics and can thus be much more compact and cost-effective than alter-
native options. They can also be structured in a very compact package and allow for
mass-production. [19] Passive Q-switching of a microchip laser is performed by adding
an intracavity saturable absorber into the system. Schematics of such a laser cavity is
shown below.

Saturable
absorber

Gain material

__PuMP_

M1 M2 OoC

Figure 2.8. Schematics of a microchip laser cavity with gain material, Q-switch and
mirrors M1, M2 and OC.

The basic structure of Q-switched microchip cavity is very similar to a normal Q-switched
laser cavity. The components are compressed between two mirrors, again M1 and OC in
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the figure below. M1 is a HR/AR mirror for the laser and pump wavelength, respectively.
OC mirror again extracts a small portion of the energy outside the system, seen as the
external lasing. Main differences are that all the components are connected to one an-
other, either by bonding or by pressing. Another difference comes from the M2 mirror,
not present in typical Q-switched cavity such as 2.6. The purpose of M2 is typically to act
as a HR for the pump and AR for the lasing, preventing pump absorption from heating
the saturable absorber. [15] The use of microchip cavity allows for a much shorter cavity
length, typically from 100 um to few millimeters. This naturally supports a shorter pulse
duration as the cavity length has a linear factor on the laser pulse duration as shown by
Zayhowski [19] in equation 2.2:

8.171,115
ln(G,-t) ’

T= (2.2)
in which 7,; is the round-trip time around the cavity and G,; is the gain allowed within
the round-trip.[19] With the microchip cavity structure pulse durations down to 16 ps have
been shown with Nd -based materials [9] and down to 700-800 ps with Er -doped mate-
rials [15][20].

2.5 State of the art

Commercial state of the art solutions for passively Q-switched lasers include many op-
tions in wavelengths, pulse repetition rate, pulse energy and pulse duration. Typical prod-
ucts operate on Nd -based materials at 1050 - 1064 nm with repetition rate from few
hertz up to some tens of kilohertz. Different wavelength regions can be accessed using
alternative gain materials, such as Er-based materials in the 1.5 um region. Wavelength
offering can also be widened using second or third-harmonic nonlinear effects.

Directly from the oscillator, energies up to 1.5 mJ can be offered from AlphaLAS PULSE-
LAS P-series at 1064 nm, producing 800 ps - 1 ns pulses with pulse repetition rate of
10 - 20 kHz. This corresponding peak powers up to 1.5 MW.[21] Even higher energies,
exceeding 45 mJ can be accessed by utilizing different stages of power amplifiers. Espe-
cially in the industrial applications of welding and cutting as well as in pumping of different
lasers, long lifetime and extremely high energies are required. Coherent Revolution has
been targeted for this purpose, offering up to 10 kHz pulse repetition rate with 45 mJ
energy at 527 nm. [22]

For many applications the pure power is not sufficient but for example pulse repetition
rate plays an important role in measurement time. Thus, there is a need for higher pulse
repetition rates in the hunderds of kHz region. Teem Photonics SNP-130F-1XO offers
pulse repetition rate from few tens of kHz up to 130 kHz. By utilizing microchip technol-
ogy, these products are capable of offering short pulse duration varies all the way from
130 ps to few ns, and depending on the model pulse energies up to ud level. [23] Bright
Microlasers are offering compact solutions for a variety of applications with wavelengths
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from 1064 nm to 213 nm. These lasers can provide pulse durations between 300 ps and
few ns with output energy up to 80 pJs. The pulse repetition rate can be increased to
100 kHz with 2 pJ pulse energy. [24]

One of the most compact passively Q-switched lasers on the market is the Horus laser
by Leukos. This device operates at 1064 nm or 532 nm with ns pulses and maximum
energy up to 18 pd. Laser is especially interesting due to its lightweight down to 100 g
and external trigger capability, which is not given for all passively Q-switched lasers.[25]
Table 2.2 combines the optical parameters of the state-of-the-art passively Q-swithed
lasers at 1064 nm.

Table 2.2. Commercial state-of-the-art passively Q-switched lasers at 1064 nm.[21]-[25]

Pulse  duration | Repetition rate | Pulse energy (uJ)
(ns) (kHz)

AlphaLAS PULSELAS | 0.8-1 10-20 1500

P-series

Coherent Revolution 150-220 1-10 45000

TeemPhotonics SNP- | 1.4 130 1.5

130F-1X0O

Bright Mircolasers 400 100 2

Leukos Horus 1 20-30 12

Typically passive Q-switching for high energy applications and ns -region pulse duration
is conducted with solid-state absorbers as discussed before. Such absorbers, as the
Co:MALO or Cr**:YAG offer high damage thresholds but can be limited in pulse repetition
rate. The highest repetition rate with Co:MALO absorbers is recorded by Denker et. al.
[16] at 70 kHz with 1.4 kW peak power. Typically though the repetition rates are in the
range of hundreds of hertz to few kilohertz as reported by Qi [14].

To reach a new range of parameters, alternative absorber materials need to be con-
sidered. One of the options widely demonstrated in academia is to use semiconductor
saturable absorber mirrors (SESAM) as the Q-switch. In many cases this offers more
tunability and different parameter combinations compared to solid-state absorbers.

2.6 SESAM - semiconductor saturable absorber mirror

SESAMs are semiconductor components typically faced with lasers as the pulsing com-
ponents. SESAMs are mostly used in mode-locking, where a vast number of the femto-
and picosecond fiber lasers utilize SESAMs for pulsing. SESAMSs can also be used as a
passive Q-switch in lasers, as demonstrated multiple times over the years. [26] [10][9]

A SESAM typically consists of a substrate, on top of which there is a semiconductor
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mirror structure, called Bragg mirror. On top of the mirror, there is an absorber layer and
on the front surface typically optical coatings. [27] [10] Figure 2.9 shows a typical SESAM
structure with the average thicknesses of each layer.

Saturable absorber Bragg mirror

/ Substrate
N !

F

H

-
R(F)F

y

~5um  ~300 pum
~1 pm

Figure 2.9. Schematics of a SESAM structure. [10].

As seen in figure 2.9, substrate is typically the thickest part of a SESAM structure. It
is often gallium arsenide (GaAs) for 1 um region or indium phosphate (InP) for 1.5 um
wavelength region. Basically the substrate is chosen on the operation wavelength aiming
for lattice match to generate sustainable absorber structures on top. Next layers include
a semiconductor Bragg mirror and saturable absorber, which typically have thicknesses
of a few microns. An absorber can consists of quantum wells or bulk material absorbing
the photons on the operation wavelength. The top surface of a SESAM can have different
optical coatings, for example for pump blocking purpose. [10]

Compared to solid-state absorbers, a notable detail is that in SESAMSs, typically the sig-
nal is reflected back to the original direction, rather than directed through the substrate.
This changes the laser cavity structure of SESAM based lasers compared to solid-state
absorbers. This feature will be further discussed later on. Since the signal is typically
reflected in SESAMSs, also the change of Q-factor is considered as change in reflectance.
Figure 2.10 shows a typical nonlinear reflectance of a SESAM.
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Figure 2.10. Nonlinear reflectance of a SESAM. R, shows the initial reflectance and
R, the saturation reflectance. AR is the difference between these two points, called
modulation depth.

Figure 2.10 illustrates a typical nonlinear reflectance of a SESAM. Reflectance is shown
as a function of fluence J/em?. Reflectance starts at level Ry, namely around 88 %. As
the SESAM faces photon fluence, it rises up to the saturation value R, in the 96 % region.
The difference AR between R, and Ry is called modulation depth and describes the total
modulation capability of the semiconductor. As noted before, the saturation value reaches
reflectance of approximately 90 %. The remaining reflectance, i.e. 1-R, are nonsaturable
losses in the semiconductor. These are typically unwanted, as they are additional losses
in the cavity and cause heat. [10][5]

When compared to solid-state absorbers, the clear benefits allowed by SESAMs is the
short length of the absorber. As shown in formula 2.2 the cavity length in Q-switched
lasers has a linear factor on the pulse duration. Since the SESAMs optical structure is in
the range of few hundred microns, it can support pulses down to sub-100 ps region when
combined with a microchip structure, compared to solid-state absorbers typically in the
mm range. [10] The semiconductor structures can be fabricated in large amounts which
makes them attractive for mass production across a widespread field of applications.
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2.7 SESAM Q-switched microchip lasers

In comparison to traditional microchip lasers, also SESAM microchip lasers typically con-
sist of two flat-flat mirrors. One of the mirrors is inserted on top of the gain material and
the SESAM structure acts as the second end of the cavity. [28] Additional mirrors can be
added within the laser cavity, e.g. to prevent excess heating of the semiconductor. Figure
2.11 shows the schematics of a SESAM microchip laser cavity.

SESAM

OoC

Figure 2.11. SESAM based microchip laser cavity structure

The benefits of using SESAMs as the saturable absorber, instead of solid-state absorbers
is to allow for higher tunability of the absorber, as well as use of shorter cavity lengths.
For example in nonlinear conversion the pulse duration is a critical parameter as it has a
linear factor on the peak power of the pulses, thus effecting the conversion efficiency, as
will be seen later on in 3

In the quest of shorter pulses, the options are indeed limited to a couple of laser prop-
erties; cavity length and absorber modulation depth. When using solid state absorbers,
the length of the absorber is typically in mm range, always extending the pulse duration
into ns regimes. SESAM structure can be down to few microns and it has thus allowed
demonstrations of the shortest pulses generated with microchip lasers, down to 16 ps
at 1064 nm. [9] [10] In the framework of this thesis, the aim was to have good control
over the microchip laser, allowing for accurate tuning of different pulse properties, such
as pulse duration and repetition rate, aiming to find the optimal combination for nonlinear
conversion.
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3 NONLINEAR CONVERSION

Nonlinear conversion is a phenomenon, where the optical properties of a material are
changed by light interaction. The effects are nonlinear as they have a nonlinear depen-
dency on the intensity of light encountered. Many of the phenomena related to nonlinear
effects are often encountered with lasers, as they tend to have sufficient intensity for
effects to take place. [29]

In relation with lasers, nonlinear conversion has the benefits of allowing more wave-
lengths than fundamentally available. Especially when considering typical Q-switched
lasers operating with solid-state gain media, such as Nd or Er-based materials, the tran-
sitions in the gain are the only fundamental frequencies allowed. This causes some
limitations on the wavelengths and thus limits the applications, even though the pulse
repetition rate and laser peak power could be viable for the application.

Nonlinear phenomenon offer also other benefits and direct applications besides extending
the wavelength offering. For example in nonlinear optical microscopy the nonlinear pro-
cess is utilized in enhancing imaging resolution. Since the nonlinear process is strongly
dependent on the intensity, by focusing the light onto a tight spot, only the very focus
point will face the nonlinear effects increasing imaging resolution in both transversal and
longitudinal axis. [29] The scope of this thesis is to focus on second and third order
nonlinearities to show the usability if these phenomenas in producing application specific
laser sources.

3.1 Second-order nonlinearities

Nonlinear effects can be characterized by order of nonlinearity, i.e. by the number of
waves interacting with one another. The simplest cases come with the second-order of
nonlinearity, such as sum-frequency generation or second-harmonic generation, in which
two waves interact with each other, forming a third wave. [5] The general form of sum
frequency generation can be illustrated as shown in figure 3.1.

0, I
Nonlinear conversion medium
w2 )

Figure 3.1. Sum-freqency generation.
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As the sum of frequencies must be equal on input and output, the sum frequency gener-
ated can be written as [5]:

w +w? =uw? (3.1)

As a special case of the three-wave interaction, there is second harmonic generation
(SHG), where the incoming waves w' and w? are the same, namely w. [29] In this case
the sum frequencies can be described as:

w+w=2w (3.2)

Light interaction of the two photons in the form of energy diagram has been shown by
Nikkinen in 2017. The two absorbed photons are emitted as one with frequency double
to the original as shown in 3.1.
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Figure 3.2. Second harmonic generation energy diagram. Modified from [10].

In practise, the principle of second harmonic generation leads to the fact that there can
always be less photons emitted as 2w than in w. Typically the conversion efficiencies
seen in SHG can rise up to 80 %. [5]

3.2 Third-order nonlinearities

The same principle can be applied also to higher order of nonlinearities, such as third-
order effects. In the third-order, three different waves can interact causing the generation
of a fourth wave. As the order of nonlinearity increases, the need for higher intensities
rises simultaneously.Typical third order optical effects include third harmonic generation
and Raman effect. [5][29]

In the third harmonic generation, three identical photons interact with one another gen-
erating a fourth one with a frequency equaling the sum of all three. Third harmonic
generation can thus be interpreted as [5]:
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W+ w+w=3w (3.3)

Third harmonic generation is a very typical way of generating frequencies that are nor-
mally hard to achieve. The most commonly known third harmonic generation is generat-
ing frequencies in the UV from 1 um. E.g. 354.6 nm wavelength in the UV region can be
accessed by third harmonic generation of 1064 nm lasers, which are widely available.

Another example of a third order nonlinear phenomena is stimulated raman scattering
(SRS). In SRS the interactions of light and molecular vibrations either redure or increase
the energy of the photons and thus change their frequency. Stimulated Raman scattering
can be thus divided into two parts. In the first one, the incoming photons give energy
to the vibrating molecules and the emitted photon thus has a smaller frequency. This
process is called Raman Stokes scattering. The countering version for Stokes is called
anti-Stokes, in which the vibrational energy of the molecules is added to the photon and
the frequency thus increases. [10] Both Stokes and anti-Stokes scattering are described
in figure 3.3 below.

Stokes ) anti-Stokes
"'h" virtual level A
wpy Wg = Wy - Ly iy Wgs = Wy + Wy
L

c Wy = vibrational energy level

Figure 3.3. Energy diagram of the two parts of stimulated Raman scattering, Stokes
scattering and anti-Stokes [10].

All of the phenomena discussed above, take use of light-matter interaction. They require
a high number of photons for the frequency conversion to take place, because the prob-
ability of the nonlinearity taking place is not high. However, there are additional require-
ments to the material, in which the nonlinear phenomena can take place, such as phase
matching and damage threshold. Materials should also allow for easy usability and thus
come typically in the form of solid-state structure. These properties and requirements will
be discussed in the following.

3.3 Phase matching

In order to achieve high frequency conversion efficiency, the fundamental and the gener-
ated harmonic frequencies should be able to travel nearly coherently distances far greater
than the typical coherence length of typical crystals. The interaction length of these waves
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increase the harmonic power output by a factor of square, making it a very crucial param-
eter for decent conversion efficiencies. For this requirement to be fulfilled, the two waves
should have a refractive indices as close to one another as possible in the conversion
material. [5] This means that the sum of wavenumbers would equal to zero, i.e. Ak = 0.
This can be also referred as the phase-matching condition [10]:

niwi + Nawo = N3Ws. (3.4)

Typical way to fulfill the phase-matching condition is to use uniaxial crystals as the non-
linear material. These birefringent crystals can have same refractive indices for different
wavelengths on different crystalline axes. [10] [5] This allows the two waves to travel
coherently throughout the crystal producing effective frequency conversion.

Phase matching can be divided into to categories, type | and type IlI. In type | the polar-
ization of the two waves is the same, as in type Il it is orthogonal to one another. In this
thesis we will look only into type | phase-matched crystals due to their general popularity.
Typical phase matching parameters for a nonlinear crystal are the acceptance angle, in
which the phase matching can be achieved and operation temperature, which can be
used to tune the phase difference. [5]

Besides phase matching, the requirement of having the two waves travel coherently can
also be allowed with different crystalline structure. Quasi-phase matching (QPM) is a
method to fulfill the conditions for phase matching by changing the sign of nonlinearity
in the crystal after a certain period. In QPM, the propagating waves are allowed to face
some phase mismatch for a certain period, but the nonlinearity is reversed before the
conversion would fall back into the fundamental wave. [10][30] The basic principle of
changing the sign of nonlinearity is illustrated below in a picture by Dr. Paschotta:
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Figure 3.4. Change of nonlinearity in quasi-phase matching. Modified from [30].
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QPM is typically produced by making a periodically poled crystal for frequency conver-
sion. The biggest benefits of QPM based frequency control is that it allows for a use of
materials where the normal phase matching conditions would not be satisfied, widening
the spectrum of materials and thus also frequencies that can be used. For nonlinear crys-
tals the main properties of interest are related to their ability to fullfill the phase matching
conditions, as well as their mechanical and thermomechanical properties.

3.4 Nonlinear crystals

Besides the ability to allow phase matching, nonlinear crystals are required to have wide
optical transparency and acceptance angle, high damage threshold, large nonlinear co-
efficient and good homogeneity. [10] By these standards, some of the most popular sec-
ond harmonic conversion crystals based on birefringence are monopotassium phosphate
(KDP), beta barium borate (BBO) and lithium triborate (LBO). Most popular nonlinear
crystal based on the quasi-phase matching is periodically poled lithium niobate (PPLN).
This thesis will cover the main properties of these crystals, keeping the emphasis on the
PPLN, as this was the crystal used within the experimental work in this thesis.

3.4.1 KDP

One of the most popular crystal for frequency conversion is potassium dihydrogen phos-
phate, KDP. This crystal has an extremely high damage threshold up to 8 GW/cm?, which
is nearly four times more than typical competing crystals. KDP also has very wide trans-
parency between 200 nm and 1600 nm and the birefringence is not too strongly depen-
dend on wavelengths, allowing doubling of broad sources at a wide emission range. [5]

However compared to BBO and LBO, KDP has a low nonlninear coefficient, down to
0.37 ps/V. It is also very sensitive to thermal shocks and needs to be operated at a high
temperature due to its water-soluble structure. [5] This often leads to the laser system
having batteries or similar connected to the system, preventing any rapid drop of crystal
temperature in the occasion of a power cut.

3.4.2 BBO and LBO

Beta-Barium Borate, BBO is one of the nonlinear crystals from the borates. It has nice
nonlinear coefficient, good transparency and very high damage threshold. BBO has been
demonstrated with conversion efficiency up to 60 % and due to the good transparency and
nonlinear coefficient, it can be typically seen with converting 1064 nm light to visible and
all the way to the UV region. [5] Downside of BBO is that it has very low angular tolerance
of 0.8 mrad xcm, requiring good beam quality for efficient frequency conversion.

Lithium triborate, LBO is the second typically used borate based nonlinear crystal. It
has as well good mechanical structure and transparency. LBOs have higher damage
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threshold than BBO, up to 2.5 GW/cm?. They also can be phase matched with high
temperatures, giving large acceptance angle up to 8.5 mradxcm, which is about ten
times higher than with BBO. [5]

3.4.3 LINBO; and PPLN

Fouth type of material, which is of special interest in regard to this work is lithium niobate
LINBOs. Lithium niobate has high nonlinear coefficient, up to 4.7 pv/V, but requires high
temperatures and is especially vulnerable to photorefractive damage. [5] Nowadays it is
not that popularly used as such, but a periodically poled version has gained interest. The
most typical properties of these four nonlinear crystals are shown below in table 3.1.

Table 3.1. Typical nonlinear crystals and key parameters. Modified from [5]

Parameter KDP BBO LBO LiNbO3
Nonlinear coefficient [pm / V] | 0.37 1.94 1.16 4.7
Angle [9] 41,2 22,8 11 90
Angular  bandwidth Af | 8.2 0.84 8.5 46.3
[mradxcm]

Damage threshold [GW /cm?] | 8* 1.5 25 0.2

* in the use as second harmonic generation.

The periodically poled version of lithium niobate, PPLN has indeed becomed extremely
popular within the recent years. This is mainly due to the extremely good nonlinear coeffi-
cient and the use of quasi-phase matching, allowing for much wider region of wavelengths
previously unavailable. The main difference in PPLN compared to the previous materials
is that the periodic structure of the crystal corrects the phase of the propagating beams
every time the nonlinearity changes. The structure of a PPLN crystal is shown below in
figure 3.5.

PPLN crystal

| Input wave > I l I u u I H H

Poling period, 1

Output wave >

Figure 3.5. Periodic poling in a PPLN crystal. The arrows point out the direction of
nonlinearity. Distance | marks the poling period.
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The distance [ of different nonlinearity is called poling period and corresponds to the
distance shown in figure 3.4 in which the phase-matching is corrected. This affects the
nonlinear generation in steps as the light passes in the medium. This effectin QPM PPLN
is illustrated below:

Poling period, |

Generated photons

Distance

Figure 3.6. Quasi-phase matching photon generation in PPLN nonlinear conversion.
Modified from [31]

So in practice the nonlinear photon generation in QPM goes in cycles, where at the
middle of each nonlinear sign cycle, the effectiveness of nonliear conversion is at its
highest. Then once the cycle goes towards the zero point, conversion slows down and
starts up again once the direction of nonlinearity is changed again. This cycle goes on
throughout the distance of the crystal, constantly gaining up the generated photons, i.e.
in the chassis of this work, the second harmonic frequency of the primary waves.

The downside of PPLN is that it has low damage threshold. Typically it offers high con-
version efficiencies though, due to the high nonlinear coefficient, but cannot support op-
eration with high powers. For perspective of this work, PPLN was the ultimate choice as it
offered good conversion efficiency with low output power and was able to convert primary
wavelengths from the 1.5 um region into the early NIR | region.
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4 EXPERIMENTAL WORK

Microchip lasers have been studied since 1988 when Zayhowski introduced the concept
of a flat-flat bonded cavity [32]. Since then, the work has spun around 1 um lasers to
provide a viable option for mode-locked lasers with short pulses but complex structure
and 1.5 um lasers to generate eye-safe lasing for sensing or distance measurements.
[28] This generated extremely short pulses down to sub-100 ps region with Nd:YVO,
gain and GaAs SESAMs as Q-switched [10] and over 10 kW of peak power at the 1.5 pm
regime for range-finding applications [28].

A different set of parameters were introduced in 2020 when a SESAM Q-switched Er,
Yb-glass based microchip lasers were studied [20] for LIDAR purposes to allow for a
tunable, high repetition rate operation in the eye-safe regime. This work introduced kW
peak power with repetitino rate upto 50 kHz aiming for UAV LIDAR applications. A further
work aimed to extend the measurement resolution, producing pulse repetition rate up to
700 kHz but with a peak power of only 6 Watts. [26]

The experimental work of this thesis aimed to investigate a suitable combination of pulsed
laser parameters for microscopy and sensing applications by tuning the SESAM mi-
crochip component to generate high peak powers with ns pulse duration and tens of
kHz pulse repetition rate. This laser was then frequency converted to the NIR | regime by
second-harmonic generation to allow these pulsed properties in action for the challenging
700 - 800 nm wavelength region.

The experimental work focused on developing a tunable, SESAM Q-switched seed laser
operating at 1534 nm and to frequency convert this laser to 767 nm. The set of parame-
ters from pulsing perspective were investigated as one part and the conversion efficiency
with these parameters as the other one.
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4.1 Experimental setup —check!

The experimental setup constructed of a microchip seed laser with optical pumping and
focusing optics, as well as collimation and focusing optics for the second harmonic gener-
ation after the seed. For optical pumping a single mode, fiber coupled 976 nm laser diode
from II-VI was used with output power up to 1 W. This laser was wavelength locked and
temperature stabilized, which allowed for accurate analysis of the microchip seed lasers,
taking out any variations from the pump. The pump diode optics included a Thorlabs fiber
collimator (FC/PC 980 nm Collimation Package) and a changeable focusing lens for quick
tunability of the setup. Schematics of the seed laser are shown in figure 4.1

Heatsink

Msssssd  SESAM

Er, Yb -glass |
||
Dichroid beam N Measurement
splitter devices
Focusing lense
Collimation 976 nm, fiber-coupled
optics SM laser diode

Figure 4.1. Seed laser schematics.

Pumping was performed through a 45 degree dichroid beam splitter with low reflectivity
at 0 degrees for 976 nm and high reflectivity at 45 degree for the emitted 1534 nm region
to split the pump and lasing signals from one another. The microchip seed was mounted
on an aluminium heatsink and connected to a Thorlabs 3-axis MicroBlock (MBT616D/M),
which enabled tuning of all three dimensions of x-y-z with um resolution. The pump
optics, the dicroid beam splitter and the microchip seed were all mounded on 1" or 0.5"
mirror mounts to allow for accurate angle-tuning of the components, individually from
one-another. The seed laser lab structure is shown in figure 4.2 below.
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Figure 4.2. Seed laser pump setup.

The seed laser was constructed as one piece of the experimental setup and once suitable
output from the seed was achieved, further pieces were added to allow for wavelength
conversion. For the purpose of second harmonic generation, additional filtering and op-
tics were added to the setup. First the emitted seed laser signal was collimated and
further on focused to the second harmonic crystal. With such a setting the focusing size
could to the SHG crystal could be altered while maintaining the seed laser setting without
any changes.

The second harmonic crystal was a Covesion PPLN crystal with a length of 20 mm and
9 channels for the 1.5 pum operation region. The crystal was mounted on a Covesion
temperature stabilized crystal mount and attached to a micrometer stage, allowing for
accurate temperature tuning of the crystal while being able to move the crystal with ac-
curate resolution to reach the right channels. Schematics of the complete experimental
setup is shown below in picture 4.3.
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Figure 4.3. Schematics of the experimental setup.

The pump laser diode was operated using a Thorlabs Combined Laser diode and TEC
controller (ITC4020). The ITC4020 benchtop controller allowed operation up to 20A, 11
V with both, CW and Quasi-CW pumping options. For optical measurements, a Thorlabs
5 GHz InGaAs photodiode (DET08CL/M) with a risetime of 70 ps and a Keysight 1 GHz
oscilloscope with 5 GSa/s and a risetime of 550 ps were utilized. Powermeter for 1534
nm in use was a 3W thermal Ophir Optronics (3A-SH) powerhead with the stand-off
reading mount. 767 nm power levels were measured with a Si-based PD300 power meter
from Ophir Optronics. For spectrum measurements an Ando AQ6317B optical spectrum
analyzator was used with a resolution up to 20 pm and spectrum coverage from 600 nm
up to 1700 nm.

Within the measurements, several different seed laser combinations, including different
pairs of gains and SESAMs were studied at repetition rates of 1 - 5 kHz as well as
above 100 kHz. The second harmonic conversion studies on efficiency at different beam
sizes and optical parameters were studied along the seed lasers to define the optimum
combination in terms of both, seed parameters and conversion efficiency.
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4.2 Seed lasers

The seed laser constructed of a Er, Yb -glass based gain material, with varying thick-
nesses from 0.5 to 1 mm. The glass gain was chosen on the good performance shown
by earlier work in [20] [14] generating several kW of peak power and withholding tens of
kilohertz pulse repetition rate. Gain dimensions were 3x3 mm to allow for easy handling
of the chips. These gain chips were optically clamped or bonded to a semiconductor sat-
urable absorbers, which acted as the Q-switch in these lasers. Below is a picture of the
bonded microchip seeds with the gain and SESAM attached to an aluminium heatsink.

(a) Microchip seed laser chip. (b) Seed laser in operation.

Figure 4.4. 1.5um seed laser chips.

The SESAM Q-switch were constructed on InP substrates using InGaAs absorbing struc-
tures. Several different options of Q-switches were studied with varying absorbtion and
structure. Optical cavity was structured between the front-surface of the gain glass and
the back-structure of the SESAM. Cavity reflectances were manufactured and tuned by
ion beam sputtering coater by CEC [33], allowing for a very accurate reflectances at dif-
ferent wavelengths. Optical coatings were typically TiO2 / SiO2, dielectric coatings with
output coupler reflectances varying between 80 - 99 %. A typical reflectance spectrum of
a seed laser gain is shown below in picture 4.5.
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Figure 4.5. Example of a typical reflectance spectrum of a cavity end coating.

Coating has an AR structure for the pump region at 980 nm area, and a PR coating for
the output coupler between 1500-1600 nm. The coating was typically structured as 2 - 5
pairs of high and low refractive indice materials, in this case TiO2 and SiO2 with refractive
index of 2.45 and 1.44, respectively at 1.5 um wavelength. [34] With this combination and
a Essential MacLeod design tool, different optical coatings for filters and output couplers
were designed for the laser structure. These optical coatings included the mirrors at the
end of the microchip cavity as shown in figure 2.8.

Development of the seed lasers at 1534 nm, included several trials of different SESAM
gain combination, with variable optical coatings. Testing focused on short pulsed lasers,
with gain medium distance of 0.5 - 1.5 mm, aiming to have high enough peak power for
efficient nonlinear conversion. Different parameters of the cavity were tuned to discover
the laser limits in terms of pulse parameters. The extended laser parameters of differ-
ent combinations, in terms of pulse repetition rate, peak power, and pulse duration are
presented below in table 4.1.

Table 4.1. Combination of seed laser parameters during development at 1534 nm.

Repetition rate (kHz) Pulse duration (ns) Peak power (kW)
5 1.1 2.85
10 1.2 2.22
40 1.25 1.26
100 2.58 0.25
315 0.87 0.05
820 0.94 0.03

As showed in table 4.1 above, the variance of parameters possible with the SESAM
microchip seed lasers is quite vast. Pulse repetition rate extends from few kHz all the
way to nearly over 800 kHz. Pulse duration varies in the range of 1-3 ns and pulse peak
power reduces with the increasing repetition rate. In general, the work conducted aimed
at keeping the pulse duration as short as possible to generate high peak powers for the
nonlinear conversion. However, as the pulse duration is dependent on the cavity length,
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some differences can be seen between the seed lasers. For example, the 100 kHz laser
utilized a longer cavity, aiming for higher average powers, thus generating much longer
pulse duration of over 2.5 ns. Typical pulse duration is shown below in figure 4.6.
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Figure 4.6. Typical pulse duration of a 15634 nm microchip seed laser.

Reduction of pulse peak power with increasing repetition rate is very typical, caused by
the increasing probability of damage to the laser with more pulses. Pulse peak power
varies between 2.85 kW and 30 Watts within this range. For the second harmonic gener-
ation, a laser source with higher peak power would be more suitable, and thus the further
development focused on pulse repetition rates below 40 kHz.

4.3 Second harmonic generation

To reach a novel wavelength region, considering Q-switched solid state lasers, studies
on second harmonic generation of the seed lasers were conducted. These experiments
were especially interesting when combined with the pulse parameters generated with the
SESAM microchip seed lasers. The aim of the SHG studies was to allow for high as
possible conversion efficiency into 767 nm while obtaining the pulse parameters of ns
pulse duration and several tens of kHz pulse repetition rate which could be of interest in
photoacoustic or LIDAR applications.

For the purpose of second harmonic generation, several conversion crystals were con-
sidered. After an evaluation of different options and the operation wavelength of the seed,
periodically poled lithium niobate crystals were chosen as the conversion crystals. The
advantage of PPLN is that they allow use of long length due to their poling structure,
thus typically being able to offer higher conversion efficiencies than the phase-matched
options. PPLN normally has a lower damage threshold and requires higher operation
temperatures, but in the case of this work, the average powers used were in the range of
tens to hundred milliwatts, which is well in the limits of PPLN damage threshold.

The conversion crystals chosen for the tests were Covesion MgO doped PPLN crystals.
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Crystal length was decided to 10 mm, aiming to allow for sufficient conversion efficiency
and not being too long for the beam to divert. PPLN crystal had 0.5 mm channels with 9
poling periods allowing operation from 1530 - 1600 nm. This crystal was chosen as the
main component, as it offered adjustability in case other operation wavelengths were to
be studied. Since the PPLN crystals are not phase matched, they are typically operated
in higher temperatures than room temperature to allow for accurate phase matching. This
causes collateral issues, as the crystal should be heated and mounted at the same time.
For easy fix to this issue a crystal mount, oven and temperature controller, designed for
the specific crystals by Covesion were all utilized. Especially the crystal mount with a
spring-like attachment proved to be essential, since mounting of the long, delicate crystal
without it would have required significant work to be conducted. This mount also allows
for fixing during heating into high temperatures, which was essential for the measure-
ment, as shown later on. Figure 4.7 shows the crystal and the crystal mount used in the
experiments.

Figure 4.7. Covesion PPLN crystal and the crystal mount.

Phase-matching of the quasi-phase matched PPLN crystals is typically conducted by
controlling the operation temperature. This allows for use of different wavelengths in the
same crystal and even channel, but also requires operation in reasonably high temper-
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atures, typically 50 - 100 °C and accurate temperature control. In the crystal used with
this thesis, the channel used was with 18.80 um poling period. This was chosen to op-
erate at reasonable temperatures, which in the tests conducted between 65 - 75 °C. The
phase-matching curve of the MSHG1550-0.5 crystals is shown below in figure 4.8.
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Figure 4.8. Phase matching curve for the PPLN crystal. [35]

In the work of this thesis, the second channel of the PPLN crystal was used. This equals
to a poling period of 18.80 um and is shown as the second from below in the figure. This
channel was chosen as it allowed operation at the 1534 nm wavelength at temperatures
of approximately 75 °C. Since the crystal is optimally targeted for operation at 1550 nm
wavelength, no other channels offered good wavelength fit for the 1534 nm.

For the optimal conversion efficiency, to provide usable power levels after the second
harmonic at 767 nm only primary lasing at repetition rates up to 40 kHz were considered.
Higher pulse repetition rates were studied, but they rapidly showed much lower frequency
conversion efficiency and thus were neglected from SHG studies. For the seed laser, the
targeted peak power was over 1 kW.

A broad coverage of pulse repetition rates between 5 kHz and 40 kHz were chosen for
the SHG studies. All lasers were targeted to have short pulse duration below 2 ns, for
the peak power to stay in decent numbers. Different focusing lenses for the second
harmonic were studied in order to achieve the highest conversion efficiency. The best
conversion efficiency was found with beam waist of 46 um at the center of the nonlinear
crystal. Different beam waists were studied between 30 and 65 um but the 46 um proved
to provide the best efficiency. Table 4.2 shows the pulse repetition rate, peak power and
pulse duration of frequency converted 767 nm with this particular beam size.
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Table 4.2. Frequency converted output to 767 nm.

Repetition rate (kHz) Pulse duration (ns) Peak power (kW) Conversion efficiency (%)

5 1.1 1.8 57.3
10 1.2 1.4 52.4
40 1.25 0.83 57.8
100 2.18 0.09 31.4

Conversion efficiency up to 57.8 % was achieved, when a primary lasing power of 63.1 mW
was converted to 36.4 mW with 40 kHz pulse repetition rate. Typically the conversion ef-
ficiency varied between 52 - 58 % which can be considered a reasonably good result for
a seed laser conversion with ns pulses. It should be noted that it is exceptional that the
40 kHz pulses results same conversion efficiency as the 10 kHz, but this may be due to
thermal effects in the crystal or by the great number of average power seen. In compar-
ison, the dependency of conversion efficiency on peak power is seen with the 100 kHz
laser, where the efficiency is greatly lower due to longer pulse duration and higher pulse
repetition rate.

Intensity variation is a very typical downside of passively Q-switched lasers, as the pulses
are formed independently. The effect tends to reinforce as the nonlinear conversion
is taken into use, as every difference with the primary waves goes through nonlinear
process, highly dependent on the intensity. Thus the more powerful pulses gain bet-
ter conversion as the weaker ones, increasing the difference between these. Figure 4.9
illustrates the typical intensity variation faced with the 767 nm lasers in this thesis.
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Figure 4.9. Typical pulse to pulse intensity variation of the 767 nm pulses.

Figure 4.9 shows a typical intensity variation of a frequency doubled microchip laser at 26
kHz pulse repetition rate. With the difference of 13.125 mV between the highest, 216.25
mV and the lowest pulses, 203.125 mV as seen the figure, the percentual variation is
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approximately +/- 3.1 %. This is a very normal value for a passively Q-switched laser,
taking into consideration the fact that the nonlinear effect increases the normal differences
between pulses.

Another typical disadvantage of passive Q-switching is the timing jitter between pulses.
Timing jitter is not dependent on the second-harmonics, as the intensity variation, but re-
lates to the pulse repetition rate of the lasers. As the studied lasers are optically pumped
with quasi-cw pumping, the duration of pump energy needed, depends on the pulse rep-
etition rate. Thus, with smaller pulse repetition rates, as needed for the higher pulse peak
powers, the pumping time is extended. This often leads to larger timing jitter, between
pulses, as the laser pulses have a larger time window to be emitted in. Typical timing jitter
of the generated 767 nm pulses is shown below in figure 4.10.
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Figure 4.10. Typical pulse to pulse timing jitter of the 767 nm pulses.

In the figure above, the pulse repetition rate is rougly 26 kHz. This means that the time
between pulses is approximately 38.5 us. With the timing jitter of 4.2 ps, as shown in
figure 4.10, the percentual jitter is around 11 %. This is a rather large timing jitter, mainly
due to the reasonably low pulse repetition rate. For comparison, with a pulse repetition
rate of 100 kHz, a typical timing jitter is in the range of 200 ns, equaling to about 6 % of
the pumping period.

For applications in which the timing jitter or intensity variations are critical parameters,
there are several means to reduce their effect. These include for example timing of the
pulse generation with an external source or using shorter pump periods with higher in-
tensity. However, for most of the spectroscopy and microscopy applications, as targeted
in this work a simple trigger line, to inform of emitted pulses is often sufficient for the start
of measurements.
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5 CONCLUSIONS

5.1 Main outcomes

This thesis describes the structure and properties of second-harmonic generation of high
repetition rate microchip lasers. The development of ns pulsed lasers at 767 nm were
targeted as an essential part of the thesis aiming at demonstration of a microchip laser
source for novel spectroscopic and microscopic applications. This work included progress
on short pulsed SESAM Q-switched microchip seed lasers as well as the nonlinear con-
version of these sources to a novel wavelength region.

The targeted specifications included short pulses in the ns regime, high repetition rate
from tens to hundreds of kilohertz, short pulse generation with kilowatt pulse peak powers
in the early NIR | regime. Studies of different seed laser combinations shooting for these
parameters were conducted, showing pulse repetition rates from few kHz all the way to
over 800 kHz, all in the ns pulse duration. Out of these sources, second harmonic studies
were further conducted, aiming to resolve the best combination of optical parameters both
in microscopic wise, as well as for the PPLN frequency doubling.

From the seed laser development, it was noticed that pulse repetition rates of over 40 kHz
did not support high enough conversion efficiency to offer sufficient peak powers in the
final wavelength and thus the focus was switched to the pulse repetition rates of tens of
kHz. This showed promising results, offering conversion efficiencies up to nearly 60 %,
and peak powers of over 1 kW. Table 5.1 shows the best output of the 767 nm laser source
in tens of kilohertz, representing average power conversion efficiency up to 57.8 %.

Table 5.1. Frequency converted output to 767 nm.

Repetition rate (kHz) Pulse duration (ns) Peak power (kW) Conversion efficiency (%)

10 1.2 1.4 52.4

40 1.25 0.83 57.8

It should be however noted, that since the second harmonic generation tends to shorten
the pulse duration the peak power conversion efficiency is slightly bit higher than average
power conversion efficiency, which is presented in table 5.1. This is in the range of 65.5 %
for the 40 kHz laser source, offering some more flexibility for the application use.

Such lasers can be of great use in novel applications such as photoacoustic microscopy.
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Microchip lasers have been demonstrated in PAM use multiple times and the combination
of short pulses with high repetition rates has shown increase in improving axial resolu-
tion of the images. [3] Such lasers require precisely the pulse repetition rate in tens or
hundreds of kilohertz with sufficient pulse energy and correct wavelength. Especially the
767 nm wavelength is of interest for the studies of deoxyhemoglobin and hemoglobin sep-
aration, in combination with a traditional 532 nm wavelength. This could offer a unique
combination of wavelength separation by different absorption levels for different wave-
lengths.

The medical and academic applications of microchip lasers could include identification
of artery from vains, beneath the tissue surface or microscopic imaging ex-vivo. PAM
studies have shown that lateral resolution down to 3.8 um is possible, with such a system
utilizing microchip lasers, and the laser properties are essential in the application. Proper
emission wavelength is vital for reaching targeted absorption or transmission, depending
on the application and the 700 - 800 nm region is extremely useful. For example in the
case of hemoglobin, the absorption at 767 nm is very low, whereas at 532 nm there is
significant amount of absorption. [36] Thus the use of such lasers together allows for nice
separation of different tissues in imaging.

These lasers could have viable placing also in the commercial grounds, as they offer the
good optical performance in a compact footprint and affordable cost. The use of SESAM
absorbers allows for scalable production and the microchip structure could support ef-
ficient production of such devices. The same seed lasers could be utilized in eye-safe
LIDAR and ranging applications, due to the good tunability of the optical parameters.
Same could be offered to different applications utilizing the nonlinear effect.

Even though the optical development in this thesis aimed at providing a viable laser
source for microscopic applications, the same platform could provide laser source for
767 nm sensing. Wavelength range could support Si-based sensing applications, where
high pulse repetition rate and short pulses would be highly required. The downside of
nonlinear conversion is that compared to the 1534 nm lasers for eye-safe sensing, cost
and complexity would be greatly increased. For the microscopic applications this would
not be a big issue, as the system requirements on otherparts demand for certain pa-
rameters, hard to reach otherwise. For much more price critical sensing, the competing
technologies may lack some peak power, but would often beat the microchip solution in
size and price.

5.2 Future developments

Demonstration of 767 nm, ns pulsed high repetition rate lasers was a great step in offer-
ing a comprehensive and progressible laser solution for novel microscopic applications.
However, as seen the results of this thesis, the pulse repetition rate was limited to around
40 kHz due to poor conversion efficiency at higher pulse repetition rates. Considering
the application viability of these lasers, this is a significant drawback as the microchip
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platform itself can offer repetition rates up to MHz region.

For many applications the need for more accurate sensing correlates to the high number
of pulses. This is a clear development step to take for future, enabling use of similar laser
platforms at the 767 nm wavelength with repetition rates in the hundreds of kilohertz. The
main effects causing this were related to seed laser peak powers, dropping rapidly after
40 kHz and should thus be developed further on to support use of higher repetition rates.

Another development step should focus on bringing the table-top version of these lasers
into a more compact casing, naturally encouraged by the microchip structure. The chal-
lenges of such development include pushing the nonlinear conversion phase into a chip
level process, potentially directly after the microchip itself. These development go how-
ever beyond the academic ambition and should be considered taking place in a commer-
cial phase.
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